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Kürsat Uzun, MD
Professor of Medicine
Department of Pulmonary and Critical Care Medicine
Meram Medical School
Selcuk University
Konya, Turkey



Contributing Authors xxxvii

Edward Valenstein, MD
Professor and Chair
The William L. and Janice M. Neely Professor of Neurology
Department of Neurology
University of Florida College of Medicine
Attending Neurologist
Shands Hospital at the University of Florida
Gainesville, Florida

Johannes H. van Oostrom, PhD
Associate Professor
Department of Anesthesiology
University of Florida
Associate Chair for Graduate Education
Department of Biomedical Engineering
University of Florida
Gainesville, Florida

Joseph Varon, MD, FACP, FCCP, FCCM
Clinical Professor of Medicine
The University of Texas Health Science Center
Professor of Acute and Continuing Care
St. Luke’s Episcopal Hospital
Houston, Texas

Thomas C. Vary, PhD
Distinguished Professor
Cellular and Molecular Physiology
Penn State University College of Medicine
Hershey, Pennsylvania

Theodoros Vassilakopoulos, MD
Associate Professor
Department of Critical Care
University of Athens Medical School
Attending Physician
Department of Critical Care
Evangelismos Hospital
Athens, Greece

George Velmahos, MD, PhD, MSEd
Professor of Surgery
Chief, Division of Trauma, Emergency Surgery, and Surgical

Critical Care
Harvard Medical School
Boston, Massachusetts

Nicholas Verne, MD
Professor and Chief
Division of Gastroenterology, Hepatology, and Nutrition
The Ohio State University
Columbus, Ohio

David B. Waisel, MD
Associate Professor of Anaesthesia, Harvard Medical School
Senior Associate in Anaesthesia,
Department of Anesthesiology, Perioperative and Pain

Medicine
Children’s Hospital Boston
Boston, Massachusetts

Howard Waitzkin, MD, PhD
Distinguished Professor
Departments of Sociology, Family &

Community Medicine, and Internal Medicine
University of New Mexico
Albuquerque, New Mexico

J. Matthias Walz, MD
Assistant Professor
Department of Anesthesiology
University of Massachusetts Medical School
Anesthesiologist
SICU Attending
Department of Anesthesiology
UMass Memorial Medical Center
Worcester, Massachusetts

Hsiu-Po Wang, MD
Associate Professor of Internal Medicine
College of Medicine
National Taiwan University
Chief, Endoscopy Division
Chief, Department of Internal Medicine
National Taiwan University Hospital, Yun-Lin Branch
Taipei, Taiwan

Michael F. Waters, MD, PhD
Director, Stroke Program
Assistant Professor of Neurology and Neuroscience
University of Florida College of Medicine
McKnight Brain Institute
Gainesville, Florida

Kenneth Waxman, MD
Director of Trauma and Surgical Education
Department of Surgical Education
Santa Barbara Cottage Hospital
Santa Barbara, California

Christian Waydhas, MD
Associate Professor
Department of Trauma Surgery
University of Duisburg—Essen
Head of Trauma—ICU
Department of Trauma Surgery
University Hospital Essen
Essen, Germany

Carl P. Weiner, MD, MBA, FACOG
Chairman, Department Obstetrics and Gynecology
University of Kansas - Kansas City
Kansas City, Kansas

Dale H. Whitby, PharmD, BCPS
Senior Editor
Department of Clinical Pharmacology
Gold Standard, Inc.
Tampa, Florida
Clinical Staff Pharmacist
Kentucky Children’s Hospital
University of Kentucky Health Care
Lexington, Kentucky

Eelco F. M. Wijdicks, MD
Professor of Neurology
Department of Neurology
Chair, Division of Critical Care
Mayo College of Medicine
Rochester, Minnesota



xxxviii Contributing Authors

Robert D. Winfield, MD
Resident
Department of Surgery
University of Florida
Gainesville, Florida

William E. Winter, MD
Professor
Departments of Pathology, Immunology &

Laboratory Medicine
Pediatrics, and Molecular Genetics & Microbiology
University of Florida, College of Medicine
Clinical Chemist
Shands Hospital
Gainesville, Florida

Charles C. J. Wo, BS
Department of Surgery
Division of Trauma, Critical Care
Los Angeles County — USC Medical Center
Los Angeles, California

Linda L. Wong, MD
Professor
Department of Surgery
University of Hawaii John A. Burns School of Medicine
Director of Liver Transplant
Department of Surgery
Hawaii Medical Center East
Honolulu, Hawaii

Gregory W. Woo, MD
Division of Cardiovascular Medicine
University of Florida
College of Medicine
Gainesville, Florida

Kenneth E. Wood, DO
Professor of Medicine and Anesthesiology
Department of Medicine and Anesthesiology
University of Wisconsin School of Medicine
Senior Director of Medical Affairs
Director of Critical Care Medicine and Respiratory Care
University of Wisconsin Hospital and Clinics
Madison, Wisconsin

Jean-Pierre Yared, MD
Staff
Outcomes Research
Medical Director
Cardiovascular ICU
Department of Cardiothoracic Anesthesiology
Cleveland Clinic
Cleveland, Ohio

Mihae Yu, MD, FACS
Professor of Surgery
University of Hawaii John A. Burns School of Medicine
Vice Chair of Education of
University of Hawaii Surgical Residency Program
Program Director of Surgical Critical Care Fellowship

Program
Director of Surgical Intensive Care
The Queen’s Medical Center
Honolulu, Hawaii

Yakov Yusim, MD
Instructor
Anesthesiology and Intensive Care
Tel-Aviv University, Sackler Faculty of Medicine
Tel Aviv, Israel
Staff Anesthesiologist
Department of Anesthesiology
Sheba Medical Center
Ramat-Gan, Israel

Arno L. Zaritsky, MD
Executive Medical Director
Children’s Hospital of The King’s Daughters
Norfolk, Virginia

R. Zafonte, DO
Physical Medicine & Rehabilitation
University of Pittsburgh Medical Center
Pittsburgh, Pennsylvania

Janice L. Zimmerman, MD
Head, Critical Care Division and Director,

Medical ICU
Department of Medicine
The Methodist Hospital
Houston, Texas

Roberto T. Zori, MD
Professor
Division of Genetics and Metabolism

(Department of Pediatrics)
University of Florida
Chief
Division of Genetics and Metabolism

(Department of Pediatrics)
University of Florida
Gainesville, Florida



■ F O R E W O R D

The first edition of this textbook was published in 1988. The
three of us (JMC, RWT, and RRK) requested Dr. Robert Zeppa,
then Chairman of the Department of Surgery at the University
of Miami, to draft the first Foreword. He did so in a succinct
and beautifully articulated fashion, noting that Dr. Civetta was
recruited in 1972 to manage the SICU at (then) Jackson Memo-
rial Hospital. Dr. Zeppa’s expressed purpose was to “provide
a classroom for the teaching of applied pharmacology and ab-
normal physiology to house officers.” Although this concept is
well accepted nowadays, in many institutions during the 1970s
and 1980s it was a radical departure from traditional care and
was not always greeted with unbridled enthusiasm and good
grace by other physicians. The synergy of the operating sur-
geons and the on-the-spot intensivists was effective in Miami
and we believed that the model was worth promulgating for use
elsewhere. The three of us became fast friends and colleagues.
One of the results of these relationships was the publishing of
Critical Care, an early attempt to meld the specialties of surgery,
internal medicine, and anesthesiology into the still rather new
specialty of critical care medicine. If anyone actually read it, we
hoped that the collaborative model of critical care would also
be fostered.

Four years later in 1992 we had been persuaded to pub-
lish a second edition of Critical Care. The second edition con-
tained 1,998 pages compared to the first edition’s 1,769 pages.
Since the number of chapters was essentially the same, we liked
to think that the extra 200+ pages represented an increase
in knowledge concerning the topics covered. We wrote “ that
the revisions tended to provide greater documentation and less
opinion, as if it took visualization as an actual textbook chapter
to stimulate conversion from a personal, generalized manner of
thinking to a more defined and documented presentation de-
signed to impart information.” Do we feel the same way today
when electronic publishing supersedes much of the traditional
textbook? We’re not sure, but with the publishing of the fourth
edition, we expect to find out!

In 1995 the publishers, pleased by the previous two editions
we assumed, prevailed upon us to generate a third edition, which
appeared two years later in 1997. This edition was dedicated by
us to Dr. Zeppa who had died in 1993. We commented that “His
visions and his love for patients, students, and residents will live
on in the minds and memories of his disciples and associates.”
The book was one means by which this rather lofty goal might
be achieved. The page count had increased to 2,363. We hoped

that the additional pages reflected improved clinical applica-
tions of increased knowledge rather than superfluous verbiage.

In 2004, a fourth edition was requested, but this time we
demurred and suggested that new editors would bring a fresh
approach and an improved knowledge base compared to the
old (literally and figuratively) editors. After a rather extensive
search to find the best and the brightest, Drs. Mihae Yu, A.
Joseph Layon, and Andrea Gabrielli were first recruited and
then recommended enthusiastically by us. They were just as en-
thusiastically accepted by the publishers to plot the course of
the new version. In keeping with the earlier editions, the spe-
cialties of surgery (Dr. Yu), internal medicine (Dr. Layon), and
anesthesiology (Drs. Layon and Gabrielli) were once again rep-
resented. They have both kept the book the same (it is orga-
nized to help at the bedside right now) and radically revised
it (new concepts, new chapters, and new authors). There are
about 25 new chapters—reflecting the state of the world, not
just the critical care world, today. Section XX contains four
of the new chapters: Chapter 175, Mass Casualty Incidents:
Organizational and Triage Management Issues Which Impact
Critical Care; Chapter 176, Bioterrorism; Chapter 177, Emer-
gent Pandemic Infections and Critical Care; and Chapter 178,
Disaster Response. Half of the remaining chapters are totally
new and almost all the rest (mostly those which must be there
in every text, such as electrolytes, physiology of diseases of sys-
tems, shock and its subdivisions, and technical procedures) have
new authors. The added authors range from well-known names
who “own” the topic to the up-and-comers, whom we have
always loved to choose. The chapters range from Chapter 12,
The Virtual ICU and Telemedicine: Computers, Electronics, and
Data Management; Chapter 133, High-Frequency Ventilation:
Lessons Learned and Future Directions; and Chapter 4, Break-
ing Bad News to Patients; to Chapter 13, Universal Precau-
tions: Protecting the Practitioner; Chapter 30, Intensive Care
Unit Point of Care Testing; and Chapter 52, Gene Therapy in
Critical Illness: Past Applications and Future Potential. In fact,
there are only a few of the original chapters with the original
authors, including Chapter 137, Extracorporeal Circulation for
Respiratory or Cardiac Failure by Robert Bartlett, and Chapter
20, Bedside Assessment and Monitoring of Pulmonary Func-
tion and Power of Breathing in the Critically Ill by Michael J.
Banner.

Suffice it to say, however, that our confidence in these editors
and their accomplishments with the publishing of this edition
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knows no bounds. We look forward to reading all the new mate-
rial with as much enthusiasm as we did our own earlier versions,
perhaps even more so since we no longer will fear the possible
slings and arrows of exuberant (read: outrageous) critics. We
know these editors well, having worked with them and par-
ticipated in their education in their formative years. They are

superbly qualified to carry on the tradition of this publication.
In nautical terms, we wish them fair winds and a following sea.

Joseph M. Civetta, MD
Robert W. Taylor, MD

Robert R . Kirby, MD



■ P R E F A C E

A preface is the remarks made before speaking or writing, from
the Latin prae, in front of or before, and far, to say. It precedes
or heralds whatever is coming—in this case, a book with 178
chapters. As such, it is our last chance to tell the readers the
story behind this work.

First of all, without the help, guidance, forbearance, and
pluck of Ms. Hope Olivo, whose full-time job as an Editor in
the Department of Anesthesiology at the University of Florida
College of Medicine is to help the likes of Doctor Gabrielli and
me with our writing and pursuits in publications, our book
might not have made it to the publisher.

Second, our colleagues at Lippincott Williams & Wilkins—
Brian Brown, Nicole Dernoski, Rosanne Hallowell, Kathleen
Brown, Angela Panetta, Teresa Mallon, and Larry Didona—and
the production services group, Aptara—Max Leckrone and his
associates-kept us on time (more or less) and provided us the
encouragement needed as we headed into the last 5 miles of
our marathon. Our colleagues and families have put up with
us—quite an achievement and, for this, we thank them.

Third, as editors and writers, we tried to ensure that this
book has an international flavor, which represents Critical Care
Medicine today. As such, it is not an American book, but a text
written by colleagues from throughout the world that deals with
common issues, whether one practices in America, Asia, Europe,
Antarctica, Africa, or Oceania.

Fourth, we have added a handful of new chapters to address
additional issues: financing intensive care medicine, collabora-
tive care, decision making, breaking bad news to our patients
and their families, quality and safety in critical care medicine,
computers and the remote intensive care unit, skin care and
the prevention of pressure sores, genetics, pandemic infections,
triage, disaster response, bioterrorism, and ethics, among oth-
ers. Given our recent history, it is not by accident that the last
two chapters are juxtaposed.

We wanted to provide for our colleagues an accessible,
reader-friendly, and, as much as possible, a complete and up-to-

date reference for the intensive care unit, although the readers
need to keep in mind that Critical Care Medicine is a rapidly
changing field as research gallops forward. It has been our in-
tention that practitioners at various levels of training could use
this book; whether we have succeeded will be judged by our
readers.

In the last book by Nico Kazantzakis, Report to Greco, as
the main character dies, he gives a summary of his life to his
metaphorical grandfather, the painter, El Greco. His grandfather
says to him, “Report!” And the character of the book says,
“Grandfather, I have done what I can. I have done the best I
can.”

El Greco replies, “That is not good enough.”
“Grandfather, I have done more than I could,” says the main

character. And with this, El Greco is satisfied.
You be the judge. Have we succeeded? Let us know.
Lastly, of course—as is often said and remains true—success

has a thousand parents, failure only one. Whatever mistakes
of omission or commission are found herein are ours and ours
alone. We three editors share a friendship, have given each other
guidance and moral support, and will share any failures and
successes of our travail.

A. Joseph Layon
(layon@ufl.edu)

Gainesville, Florida

Andrea Gabrielli
(agabrielli@anest.ufl.edu)

Gainesville, Florida

Mihae Yu
(mihaey@hawaii.edu)

Honolulu, Hawaii
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SECTION I ■ INTRODUCTION/GENERAL CONCEPTS

CHAPTER 1 ■ NATIONAL HEALTH SYSTEMS
AND THE PLACE OF INTENSIVE CARE
MEDICINE: WHICH MODEL?
HOWARD WAITZKIN r A. JOSEPH LAYON

INTRODUCTION
Barriers to access and the financial burden of health care, no
longer problems in many economically developed nations, have
emerged as major concerns in the United States. Over the past
century, initiatives to resolve barriers to access, as well as leg-
islative and administrative maneuvers to rein in cost, have
failed. New investigative techniques in health services research,
based largely on the cost-effectiveness model, have entered into
the evaluation of technology and clinical practices, including
those in critical care medicine. In this chapter we will place criti-
cal care in the context of the U.S. health system characterized—
especially—by access and cost problems; offer an interpretation
that traces problems of costs to underlying social contradic-
tions and social structures within and outside the health sys-
tem; and consider how these issues might change under varying
models of a national health program.

While we provide a discussion of possible organizational
and financing methods for a health system, the reader should
understand that our viewpoint of a potentially optimal system
is clearly expressed; while some of our colleagues will disagree
with this view, we welcome the needed debate.

BARRIERS TO ACCESS: THE
HUMAN EXPERIENCE

Barriers to health care access have become pervasive in the
United States. These barriers not only prevent a sizeable num-
ber of our fellow citizens from receiving needed services—the
number is approximately 57 to 59 million without access (1)
at some point during a year (Fig. 1.1 and Table 1.1) and 47
million (16% of our population) without access throughout
the year (2, 3)—but also impose fundamental ethical problems
for physicians and other health workers who find themselves
unable to solve problems that may lead to patients’ morbidity
or even mortality.

We will detail the global picture in a later section. However,
below we wish to use the following summaries to depict the
experiences of patients seen personally by one of us (HW), a
practitioner of general internal medicine, and teacher of res-
idents and students at community health centers and public
hospitals. Although these examples do not comprehensively
depict all the barriers to access that patients experience in the

United States, they do give a human face to the troubling statis-
tical data on access barriers. Some of the patients experienced
problems that required critical care; others might well have re-
quired critical care if primary care practitioners had not inter-
vened. The stories also provide a context for the policy analyses
and recommendations for change that follow.

Fe llow Cit ize ns Suffe ring from Cut b acks
and Incre ase d Cop ayme nt s und e r

Me d icaid

The first two patients illustrate problems of access for patients
covered under Medicaid, the joint state–national program that
aims to ensure access to care for eligible, low-income people.
Medicaid covers individuals with dependent children, those
who are disabled, and many people in nursing homes. To be
eligible, a person must earn a monthly income falling below the
level of poverty determined by state and federal governments.

■ A 31-year-old diabetic and legally blind man began to ex-
perience severe unilateral headaches but could not afford a
computed tomography (CT) scan of the head because his
monthly deductible under Medicaid, which he was required
to pay out of pocket each month, increased from $50 to
$250. He later was brought delirious to the emergency room,
where an emergency CT scan revealed a brain tumor with
poor prognosis. After several days in the intensive care unit,
he died. At his death, his physicians felt that the tumor may
have been resected successfully if he had received attention
earlier, when his severe headaches first began.

■ A 56-year-old man with metastatic soft tissue sarcoma could
not afford follow-up visits, medications, visiting nurse, or
hospice, because his deductible under Medicaid had in-
creased to $350 per month. This patient died in pain and
without adequate nursing support in his home because of
financial barriers.

Fe llow Cit ize ns Facing Re st rict ions d ue t o
Policie s of a Count y-ad minist e re d
Me d ically Ind ig e nt Ad ult Prog ram

The next group of patients did not receive needed care despite
eligibility for medical benefits under the county government’s

1
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FIGURE 1.1. Estimated number of nonelderly people without health
insurance at defined periods of 1998. Numbers in millions. Source:
Congressional Budget Office.

program for medically indigent adults (MIAs). This program
covers adults who are not eligible under the Medicaid pro-
gram, but whose income is below the state-defined poverty
limit. To reduce costs, many states decentralized MIA programs
to county governments during the early 1980s. Counties vary
widely in services provided and in copayments required from
patients.

■ A 63-year-old man with hypertension, renal insufficiency,
and prostatic hypertrophy causing urinary obstruction could

not gain approval from the county’s MIA program for a
prostatectomy, because it was considered an elective proce-
dure. His urinary obstruction and renal function gradually
worsened. Eventually, he was admitted to an intensive care
unit with renal failure and severe hypertension. At that point,
because he required dialysis, he became eligible for federal
Medicare benefits. The very significant costs of dialysis—
more than $100,000 per year—were likely avoidable had he
been allowed to undergo the prostatectomy when initially
indicated.

■ A 52-year-old man developed unstable angina after a my-
ocardial infarction, for which he was admitted to a coronary
care unit. The MIA program disapproved funding for elec-
tive coronary angiography, even though national standards
of cardiologic practice required its being performed under
these circumstances.

Ab and onme nt d ue t o Inab ilit y t o Pay

Many patients in the United States have established rela-
tionships with physicians who follow them for many years
until, either because of job loss, a company’s decision not
to provide insurance as a fringe benefit, divorce or death
of a spouse, geographic relocation, or other changes in cir-
cumstances, they lose their insurance. While some physicians
will continue to care for a patient with whom they have
an established relationship, others, at the time that their pa-
tient loses insurance, may decline to continue to follow the
patient, because of the patient’s inability to pay full fees. “Aban-
donment” is a legal principle, by which the physician is pre-
vented from declining to see a patient whom he or she pre-
viously has followed unless a suitable substitute is arranged
and the patient agrees to this arrangement (4). Nevertheless,
neither governmental agencies nor professional organizations
enforce these principles in cases when patients lose insur-
ance.

TA BLE 1 . 1

SOME CONSEQUENCES OF BEING UNINSURED IN THE UNITED STATES

Health care indicators for eight countries New United United
Australia Canada France Germany Japan Zealand Kingdom States

Health expenditures per capita
($)

2,876 3,165 3,159 3,005 2,249 2,083 2,546 6,102

Life expectancy at age 60a 18.2 17.7 18.4 17.5 19.6 17.1 16.9 16.6
Deaths amenable to medical

care/100,000 population
88 92 75 106 81 109 130 115

Access problems (% )b 34 26 n/a 28 n/a 38 13 51
Breast cancer 5-year survival (% ) 80.0 82.0 79.7 78.0 79.0 79.0 80.0 88.9
Myocardial infarction 30-day

hospital mortality (% )
8.8 12.0 8.0 11.9 10.3 10.9 11.0 14.8

Deaths from surgical or medical
mishaps/100,000 population
(2004)a

0.4 0.5 0.5 0.6 0.2 n/a 0.5 0.7

aAverage of male and female healthy life expectancies. bPercentage of adults with health problems who did not fill prescription or skipped doses, had a
medical problem but did not visit doctor, or skipped test, treatment, or follow-up in the past year because of costs.
From Davis K. Uninsured in America – Problems and possible solutions. Br Med J. 2007;334:346.



Chap t e r 1: National Health Systems and the Place of Intensive Care Medicine : Which Model? 3

■ A 63-year-old man with hypertension, renal insufficiency,
and prostatic enlargement causing urinary obstruction, de-
scribed above, had worked for many years as a custodian
for a small health maintenance organization (HMO). While
he worked there, one of the HMO’s physicians saw him in-
formally for his high blood pressure. Because the HMO did
not provide health care as a fringe benefit for its own non-
professional employees, these visits generally were provided
as a free service by the physician, who believed that an em-
ployee with a major health problem should receive at least
some needed care. After a cutback, however, the HMO laid
off this patient from his job, and the physician decided that
he no longer could justify offering free services. As a result,
the patient spent several months with severe hypertension,
until he could be seen at a local community health center.

■ A 44-year-old unemployed woman was followed by her
physician for about 8 years because of reflex sympathetic
dystrophy, a very painful condition of her legs and feet that
periodically required low doses of a narcotic and a tranquil-
izer for symptom relief. When the patient went through a
divorce, she lost her husband’s insurance coverage. Shortly
thereafter, her long-time physician informed her that, be-
cause she now lacked insurance, he could no longer see her.
Several months passed during which she could not receive
needed treatment, until a physician at a community health
center agreed to see her.

Tre at me nt De lay b e cause of Noninsure d
St at us and Early De at h

One of the most troubling effects of access barriers in the United
States involves deaths that could be prevented if people were
able to obtain required care. In our experience, such tragedies
arise most commonly when patients cannot find appropriate
services for the diagnosis and treatment of cancer. When symp-
toms of cancer arise, such patients experience critical delays,
with a deleterious impact on the eventual outcome of their dis-
ease. Problems in cancer services arise for patients who face
access barriers despite coverage by public insurance, as noted
previously. Barriers become especially grim, however, when pa-
tients lack insurance altogether.
■ A 48-year-old Japanese American woman ran her own small

landscape gardening business. Because of the high cost of
individual health insurance policies, she decided to remain
uninsured. After noticing a breast lump, she delayed seek-
ing care because she did not have a regular doctor and be-
cause she feared the expenses of care; she hoped the mass
would disappear. When the mass continued to grow after 3
months, she began to seek care from private physicians, who
declined to see her due to lack of insurance. After 6 months,
she eventually was able to find care at a community health
center. Evaluation for metastatic disease was arranged by
special request with a nuclear medicine facility at a univer-
sity hospital; without the personal intervention of her physi-
cians and the donation of specialty services, the appropriate
scan would not have been done. The scan revealed extensive
metastatic cancer. Her chemotherapy also was delayed be-
cause of access barriers. At one point, she was admitted to
an intensive care unit with life-threatening complications of
metastatic cancer. Within 6 months, the patient died.

Lack of Me d ical Care t o t he Home le ss
Thre at e ning t he He alt h of t he Ge ne ral

Communit y

Other social problems in U.S. society heighten the impact of
barriers to health care access; among these problems, home-
lessness is of great significance. Despite their poverty, homeless
people experience difficulty in obtaining needed care under
public insurance programs. For instance, many programs re-
quire an address to ensure that the expenses of care are assigned
to the correct county or other governmental unit. Because they
may not be able to provide an address, the homeless frequently
cannot obtain public coverage. In addition, they tend to be
more vulnerable to access barriers even when covered.

■ A 38-year-old uninsured, homeless man was admitted to a
university hospital from the emergency room because of ac-
tive pulmonary tuberculosis. He had come to the emergency
room because of hemoptysis. During a week of hospitaliza-
tion, including 2 days in the medical intensive care unit be-
cause of respiratory insufficiency, he was treated with three
antibiotics, until his sputum was free of organisms. Due to
financial problems, the hospital recently had initiated a pol-
icy that outpatient prescriptions would not be filled unless
they were paid for directly by the patient or were chargeable
to public or private insurance. For this reason, the patient
was asked to travel after discharge to the county health de-
partment for his outpatient prescriptions to continue nec-
essary treatment for tuberculosis. However, the patient did
not find transportation and consequently did not receive his
outpatient medications. Four weeks later, he again developed
bloody sputum and respiratory distress, and was readmitted
to the intensive care unit for active tuberculosis; this time, his
treatment became more complicated since he had developed
a medication-resistant organism because of the interruption
in antibiotics.

Und ocume nt e d Immig rant s

Another patient group experiencing major barriers to access is
undocumented immigrants, who are not covered under most
public programs. These individuals contribute substantially to
the economic productivity of the United States, especially in
the Southwest and Southeast regions, and pay much more in
taxes than they receive in public benefits (5). Although they
tend to be healthier and to utilize health care services less than
age-matched U.S. citizens (6), they have few options for care
when ill.

■ A 31-year-old undocumented man from Mexico presented
with carpal tunnel syndrome of his right hand, interfering
with his work as a tailor. He had worked and had taxes
deducted from his pay at a local clothing factory for the past
18 years. Acromegaly associated with a pituitary tumor was
diagnosed, but radiation therapy or neurosurgery could not
be arranged because of financial impediments. After waiting
nearly 3 months for care, the patient was lost to follow-up
when he returned to Mexico.

■ A 22-year-old undocumented woman from Mexico with sys-
temic lupus erythematosus was admitted to the intensive
care unit because of delirium associated with end-stage renal



4 Sect ion I: Introduction/General Concepts

failure and, after emergency dialysis, was stabilized. Hospi-
tal administrators decided not to permit long-term dialysis
because of an anticipated cost of about $100,000 per year
and the patient’s lack of insurance. As a result, she was dis-
charged from the hospital. Two weeks later she died at home.

The Working Poor

The following two patients show the special problems of work-
ing people who lose their insurance because of job loss. They
also illustrate issues that are especially important for work in
health services research and policy, described below.
■ A 55-year-old man who served as office worker in a small

horticultural company lost his job after 25 years with the
same firm. One month later, he lost his health insurance,
which had been provided as a fringe benefit of employment.
After another month, he suddenly passed out and was taken
to a county hospital’s intensive care unit because his pri-
vate physician refused to see him without insurance. Upper
gastrointestinal hemorrhage from a bleeding duodenal ul-
cer, with resulting loss of consciousness, was diagnosed. Af-
ter treatment with transfusions and medications, the patient
slowly recovered. Nearly 1 year after losing his job, the pa-
tient found employment again as an office worker, received
insurance coverage, and returned to his former physician for
care.

■ A 53-year-old woman, who had worked as a receptionist and
clerical worker, was not working partly because of symp-
toms of pain and limited mobility associated with prema-
ture osteoporosis. She relied on the insurance coverage of
her husband. About 3 months after he lost his job, she fell
and fractured her forearm and wrist. Her private physician
would not see her, due to lack of insurance coverage. She was
taken to the county hospital, where resident physicians tried
to realign the fractures, but she was left with a deformity.

These last two patients have been particularly influential
for one of us (HW), as they were his parents. These individuals
were proud people, who worked hard throughout their lives
and were very reluctant to avail themselves of public welfare
or insurance programs. As such, they viewed their problems
as their own responsibility. At various times, they expressed
the view that they somehow deserved the misfortunes that be-
fell them, because they had not found a way to attend college
during and after the Great Depression.

These cases illustrate two central themes regarding barriers
to health care access in the United States. First, these barriers
involve fundamental issues of personal dignity. The difficulties
faced by each of these fellow humans degrade the individuals
and families involved, at a time when they are most in need.
Personal dignity requires more from social policy than we have
yet achieved in the United States.

Second, such problems can happen to anyone, largely as a
matter of bad luck. Severe illness, often requiring access to crit-
ical care medicine, can strike people who have lived their lives
in accord with the mainstream standards of their communities.
When misfortune arises, the United States does not provide a
“safety net” ensuring access to basic medical services. Further,
these problems do not only affect poor people and members of
minority groups, although their impact is particularly severe

for such individuals and families. Indeed, the barriers alluded
to above—and detailed below—can exert unpredictable and
devastating effects for a large part of the U.S. population, in-
cluding a substantial part of the middle class.

THE NATIONAL PROBLEMS OF
ACCESS AND COSTS

Having described barriers to access at the level of individual,
flesh-and-blood patients who suffer from these problems, we
now turn to the national level. The United States remains the
only economically developed country in the world without a
national health program that ensures universal access to health
care services. Barriers to access and escalating costs of care have
created a chronic crisis, which will continue as a target of policy
during coming years.

Acce ss

As of 2005, approximately 47 million people in the United
States lacked health insurance (3). This number, representing
about 16% of the population, has increased by more than 13
million persons during the past decade; most of the uninsured
are working people (Fig. 1.2). Uninsured workers are spread
across company size, as both large and small businesses fre-
quently do not pay for health insurance as a fringe benefit of
employment.

In addition to the uninsured, approximately 50 million peo-
ple are underinsured (7). These are persons who, even though
they hold health insurance policies, would be bankrupted by
a major illness. Indeed, illness is currently the most frequent
cause of personal bankruptcy in the United States (8). The un-
derinsured include many elderly people, as well as a substan-
tial part of the so-called middle class. For instance, Medicare
pays for less than half of the medical expenses of senior citi-
zens 65 years of age or older, and elderly people spend more
money out of pocket on health care, in inflation-controlled
dollars, than they did before the enactment of Medicare in
1965 (7). Many more millions of people cannot use their

Employed 
50% 

Children 
25% 

Unemployed 
5% 

Out of labor force  
20% 

FIGURE 1.2. Who are the uninsured? Out of labor force = students
older than 18 years, homemakers, the disabled, and early retirees.
Source: Himmelstein DU, Woolhandler S. Available at: www.pnhp.org.
Accessed March 15, 2007.
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insurance because of copayments, deductibles, exclusions, or
pre-existing medical conditions that disqualify them from cov-
erage. U.S. private insurance ironically excludes those who
need it most: People with pre-existing illness.

Public programs do not adequately protect people who ex-
perience such barriers. For example, the national Medicaid
program, which was initiated to provide needed care for poor
people, has proven insufficient and has deteriorated over time.
States have varied widely in the proportion of the population
below the poverty level who are covered by Medicaid, and
on average the proportion of the poor population eligible for
Medicaid benefits has declined markedly since 1980. Indeed,
our own experience at public, state-supported teaching hospi-
tals suggests that some states work very hard not to pay for
the services their citizens need. For example, at the Univer-
sity of Florida Health Science Center, patients from southern
Georgia—often covered by Georgia Medicaid—are cared for.
Interestingly, the state of Georgia Medicaid office often will not
only not pay for the services provided their citizens, but also
will not take calls from the Faculty Group Practice—the billing
arm of the medical school—to determine what needs be done
so payment from Georgia will be made. Caught in the middle,
as one might expect, are the children of Georgia whose medical
care is provided by University of Florida physicians, and whose
expenses are covered by Georgia Medicaid.

Cost s

In spite of these access problems, the costs of health care in the
United States have continued to grow. Uncontrolled costs have
become the second major component of the nation’s health cri-
sis. In 2005, these costs totaled more than $2 trillion annual,
or about 16% of the gross national product (9). Between 1985
and 1992, health spending grew exponentially, despite explicit
policies to control costs, including the expansion of managed
care, the initiation of Medicare’s program of diagnosis-related
groups, and the spread of mandated utilization review. Al-
though costs to corporations that purchased health insurance
for employees moderated during the mid-1990s, these costs be-

gan to increase again during the late 1990s; costs for consumers
continued to rise, as corporate employers passed on a greater
proportion of their costs to employees (10).

The costs of health care in the United States far exceed those
of any other country. For instance, on both an absolute and
per capita basis, the United States spends much more on health
care than any of the economically developed nations of Europe,
Canada, and Japan (Fig. 1.3). All these other countries, despite
their lower health care costs, have initiated national health pro-
grams that provide universal access to needed services (11).

Although uncontrolled costs comprise a multifaceted prob-
lem, administrative waste deserves special emphasis (12). Fig-
ure 1.4 shows the growth of physicians and administrators in
the U.S. health care system since 1970. As can be seen, ad-
ministrators represent the fastest-growing sector of the health
care labor force, expanding at three times the rate of physicians
and other clinical personnel. The United States spends more on
administration than any other economically developed coun-
try, with approximately 25% of health care costs going to this
area. This figure compares unfavorably to all countries with
national health programs, which spend between 6% and 14%
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FIGURE 1.4. Growth of physicians and administrators, 1970–2004.
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W hat We Can Do About It. Lanham, MD: Rowman
and Littlefield; 2004.

of health care costs on administration (Fig. 1.5). If the United
States could reduce administrative spending to a proportion
comparable to that of countries with national health programs,
the savings—currently about 10% of total expenditures of $2
trillion, or about $200 billion—would be adequate to provide
universal access to health services without additional spending
(9,13).

FIGURE 1.6. A nurse suffering from a hospital-acquired infection
Source: Waitzkin H. At the Front L ines of Medicine: How the Health
Care System Alienates Doctors and Mistreats Patients. . . And W hat We
Can Do About It. Lanham, MD: Rowman and Littlefield; 2004.

How might administrative savings be achieved to help con-
trol costs? To answer this question, let us discuss the intensive
care unit nurse shown in Figure 1.6. As judged by the spots
on her uniform, this nurse suffers from a common hospital-
acquired infection: “billing sticker-itis.” These stickers come
from the sources shown in Figure 1.7. In most U.S. hospi-
tals, each intravenous line, each medication, each gown, each

FIGURE1.7. Source of the nurse’s hospital-acquired infection, “billing
sticker-itis.” Source: Waitzkin H. At the Front Lines of Medicine:
How the Health Care System Alienates Doctors and Mistreats Pa-
tients. . . And W hat We Can Do About It. Lanham, MD: Rowman and
Littlefield; 2004.
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surgical instrument, and each toothbrush has a billing sticker
attached to it. A typical nurse like this one spends between 10%
and 30% of his or her time gathering these stickers and on
related administrative functions. The billing stickers are con-
verted to cards or other pieces of paper and sent to the hospital’s
billing department, where—in a typical urban hospital—more
than 100 employees computerize the charges and prepare sepa-
rate bills for the more than 1,000 insurance companies that pro-
cess private and public insurance claims. These companies dif-
fer widely in their reporting requirements, billing procedures,
copayments, deductibles, exclusions, and other policies. Such
different provisions greatly increase the administrative costs of
submitting bills by hospitals and practitioners.

A national health program in the United States could drasti-
cally reduce such wasteful administrative practices by eliminat-
ing the need for billing in hospitals. As in Canada and several
European countries, hospitals could be funded through global
annual budgets negotiated with the national health program,
rather than the present costly and cumbersome billing appa-
ratus. From the standpoint of insurance companies, adminis-
trative overhead comprises a rapidly growing component of
costs. Overall, insurance overhead has increased to 11.7% , as
compared to about 1.3% in Canada (12).

An additional component of administrative waste arises
from the intense marketing and advertising of medical prod-
ucts. U.S. pharmaceutical and supply firms annually spend
more than $10 billion on advertising and “detailing” of drugs
and other medical products; this figure exceeds the total costs
for teaching medical students in the United States. Such promo-
tional activities are intended to influence physicians’ prescrib-
ing habits. Patients and/or insurers bear the costs of these pro-
motional activities through higher than necessary drug prices.
Again, such wasteful practices could be restricted under a na-
tional health program that would provide needed medications
and supplies, but at a lower overall cost.

In summary, we face a cruel contradiction in the United
States. On the one hand, at least a third of our population
face barriers to health care access because of lack of insurance,
underinsurance, or insurance that cannot be used to meet exist-
ing needs. On the other hand, we spend more money on health
care than any other economically developed nation, and the
costs of care continue to rise at a rate that threatens our eco-
nomic security. Paradoxically, the numbers of uninsured in the
United States have increased roughly in parallel to increases
in spending.

THE FAILURE OF PAST POLICIES
At the heart of the health policy debate in the United States
has been a very basic question: Is health care a basic human
right, one that each of our citizens should have simply because
they are citizens? Or should health care be treated like other
commodities, such as cars, houses, and food—if one has the
resources, one can obtain them; otherwise, one cannot? On
the individual level is the issue of the inherent value of each
person, and whether that value entitles one to health care. The
concept of a right to needed services is not new to this country.
For example, the constitutional right to legal representation
guarantees that all individuals are entitled to basic services.
However, the U.S. Constitution does not provide for a clear

right to health care, in contrast to the constitutions of many
other countries (14).

Po licy Op t ions

Comp e t it ive St rat e g ie s
Since the 1980s, competitive strategies have achieved promi-
nence in health policy circles. Such proposals aim to foster
competition among providers, and thus to lower costs (15).
Competitive strategies culminated in “managed competition,”
a policy option favored initially by the Clinton Administration
(1992–2000) and whose elements appear in many recent pro-
posals for a national health program. The basic assumption
is that, by allowing competitive forces of the market to con-
trol health care delivery, competitive policies would result in a
high-quality, cost-effective system.

Competitive strategies have received major criticism. Forces
of competition generally have not controlled health care costs,
as illustrated by the rise in overall costs at a rate higher than
general inflation and by higher costs in regions with greater
competition among health care providers (16). Further, med-
ical services have never shown the characteristics of a com-
petitive market, since government pays for more than 40%
of health care, and the insurance, pharmaceutical, and medi-
cal equipment industries all manifest monopolistic tendencies
that inhibit competition. Hospitals and physicians maintain
political–economic power through professional organizations
that reduce the impact of competitive strategies. Physicians also
affect the demand for services through recommendations about
referrals, diagnostic studies, and treatment. Analytically, the
effects of competition on costs are difficult to separate from
other important changes, especially the effects of general infla-
tion, the requirement of major copayments by patients, and the
impact of prepayment. Additionally, competitive strategies do
not curtail administrative waste, as noted above.

Such competitive strategies in public programs also have led
to major dislocations and gaps in services (17). For example,
competitive contracting and prospective reimbursement under
Medicaid have worsened the financial crises of hospitals with a
large proportion of indigent clients. The resultant disruption in
services due to underfunding of Medicaid has led to a measur-
able worsening of some patients’ medical conditions. In some
states, competitive health plans have suffered severe and unpre-
dicted financial problems, and patients have encountered major
barriers to access, including direct refusal of care by providers.

Several ethical issues have also arisen with competitive
strategies. On an individual level, autonomy may be compro-
mised through elimination of a patient’s free choice of physi-
cians and hospitals. Increased out-of-pocket costs may further
impair autonomy by restricting access to care, especially among
the poor. A multitiered system remains in place, as the working
poor and unemployed receive more limited coverage than the
middle class, who receive care different from that received by
the wealthy and our national elected officials.

Corp orat e Involve me nt in He alt h Care
Various policies have encouraged corporate expansion in the
medical field. By the mid-1970s, private insurance compa-
nies, pharmaceutical firms, and medical equipment manufac-
turers had already achieved prominent positions in the medical
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marketplace. In the 1980s and 1990s, multinational corpora-
tions took over community hospitals in all regions of the coun-
try, acquired and/or managed many public hospitals, bought
or built teaching hospitals affiliated with medical schools, and
gained control of ambulatory care organizations (18).

Corporate profitability in health care has encountered few
obstacles, despite declines in profit margins for some corpora-
tions during the late 1990s. For instance, in 2006, profits as
a percentage of revenues for the seven largest pharmaceutical
corporations were between 14% and 21% —the highest among
U.S. industrial groups (19). Nationally, for-profit chains came
to control about 15% of all hospitals, but in some states—for
example, California, Florida, Tennessee, and Texas—the chains
operate between one third and one half of hospitals. Ownership
of nursing homes by corporate chains has increased by more
than 30% . For-profit corporations have enrolled over 70% of
all HMO subscribers throughout the country.

While proponents perceive several economic advantages of
corporate involvement in health care, substantiation of such
claims is limited. For example, it is argued that tough-minded
managerial techniques increase efficiency, enhance quality, and
decrease costs, although several studies have shown that for-
profit health care organizations perform worse or no better on
these criteria than nonprofit ones (20). Similarly, research on
corporate management has not supported the claim that corpo-
rate takeover can alleviate the financial problems of hospitals
serving indigent clients (7).

Corporate involvement in health care has also raised ethical
questions. For instance, there is concern that corporate strate-
gies lead to reduced services for the poor. While some corpora-
tions have established endowments for indigent care, the ability
of such funds to ensure long-term access is doubtful, especially
when cutbacks occur in public-sector support. Other ethical
concerns have focused on physicians’ conflicting loyalties to
patients versus their corporate employers, the implications of
physicians’ referrals of patients for services to corporations in
which the physicians hold financial interests, and the unwilling-
ness of for-profit hospitals to provide unprofitable, but needed,
services, such as trauma programs. Such observations lead to
doubts about the wisdom of policies that encourage corporate
penetration of health care.

Pub lic-se ct or Prog rams
Policies enacted since 1980 have greatly reduced public-sector
health programs. Cutbacks have occurred in the Medicaid and
Medicare programs, block grants for maternal and child health,
migrant health services, community health centers, birth con-
trol services, health planning, educational assistance for medi-
cal students and residents (affecting especially minority recruit-
ment), the National Health Service Corps, the Indian Health
Service, and the National Institute of Occupational Safety and
Health. Many federally sponsored research programs have also
been cut. During this same time period, some measures of
health and well-being in the United States either stopped im-
proving or actually became worse. For example, a marked
slowing in the rate of decline in infant mortality coincided with
cutbacks in federal prenatal and perinatal programs; indeed,
in several low-income urban areas, infant mortality increased.
Among African Americans, postneonatal and maternal mortal-
ity rates stopped falling after decades of steady decline, many
African American women did not receive adequate prenatal

care, and overall mortality rates for African Americans, espe-
cially men, remained much worse than those for Caucasians
(7). These reversals in health status and health services, emerg-
ing as direct manifestations of changes in federal policies, have
been unique among economically developed countries.

Alongside these programmatic cutbacks, bureaucratization
and regulation in the health care system have grown rapidly.
A distinction between the rhetoric of reduced government, ver-
sus the reality of greater government intervention, is nowhere
clearer than in the Medicare diagnosis-related group (DRG)
program. Intended as a cost-control device, DRGs introduced
unprecedented complexity and bureaucratic regulation. By
providing reimbursement to hospitals at a fixed rate for spe-
cific diagnoses, DRGs encouraged hospitals to limit the length
of stay, as well as services provided during hospitalization. Hos-
pitals responded to DRG regulations with an expansion of their
own bureaucratic staffs and data-processing operations, more
intensive utilization review, and a tendency to discharge pa-
tients with unstable conditions. Private hospitals admitting a
small proportion of indigent patients profited under DRGs;
public and university hospitals that served a higher percentage
of indigent and multiproblem patients faced an unfavorable
case mix within specific DRGs and, thus, fared poorly. The
extensive utilization review that DRGs encouraged focused on
cost cutting, rather than ensuring quality of care. Moreover,
DRGs’ contribution to cost control remained unclear, in com-
parison to other factors such as reduced inflation in the econ-
omy as a whole.

THE PLACE OF CRITICAL CARE
MEDICINE IN A HEALTH SYSTEM

Any health system, however organized, will have need for sub-
specialty care, including critical care medicine services. Even in
a system in which primary and preventive services are empha-
sized, there will be traumatic injuries, perforated colons, and
massive hemorrhages resultant from surgical interventions, all
requiring intensive care services. In the United States 27% of
Medicare spending is for end-of-life care, and 46% of all Medi-
care charges occur in the last year of life, most in the last 60 days
of life (21, 22). This is a significant portion of national health
spending—encompassing about $91 billion in 2001 (0.9% of
the gross domestic product) (23)—and one might ask if there
is value generated by this spending.

While, in general, life-saving therapy costing less than or
equal to US $100,000 per quality adjusted life year (QALY)
saved is considered “cost effective” (i.e., is of “value”), there
are some technical problems with this method of determining
usefulness, or cost effectiveness of different therapies. For ex-
ample, QALY is a mathematically derived value of the health-
related quality of life during a given time period during which
survival has occurred. One QALY may not be equal to another
and, in fact, it has been suggested that this is not the case (24).
When considering terminally or critically ill patients, cost per
QALY may not be useful for several reasons: (a) in physician–
patient interactions, decisions are not frequently made based
on this parameter; (b) data and methodologic uncertainties in-
herent in the generation of this metric are not easily handled,
making the analysis appear mathematically rigorous when it is
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in fact not; and (c) the metric does not answer the question of
how one treatment compares with another (24).

Finally, although palliative care—as appropriate—has been
suggested as a means to decrease the use of health resources,
including use of critical care services, it appears that this would
impact only about 10% of spending during the last year of life
(22).

Thus, for better or for ill, in the system of care in the United
States, 33% to 50% of individuals spend time in an intensive
care unit (ICU) during their last year of life. Approximately
20% of those who die do so in an ICU. The use of ICU services
incurs significant costs of between approximately $2,000 and
$3,000 per day; this is about sixfold higher than a non-ICU
day. Although the ICU accounts for only 8% of total hospi-
tal beds, 20% of hospital expenditures are incurred while pa-
tients are in the ICU (23, 25). While these numbers apply to
the United States, other industrialized countries have similar is-
sues, although ICUs may represent, in these countries, a smaller
portion of the health system.

So if in any health system, no matter whether organized
under capitalist (United States), social democratic (Norway),
or socialist (Cuba) principles, ICUs will make up a compo-
nent of the system, at least part of the duty of those in charge
of these units must be to ensure that the social resources are
efficiently utilized (23, 25). Table 1.2 details some of the tech-
niques that may be put in place in an attempt to ensure the
quality of ICU services. And how might we define quality? Sim-
ply put, the services provided are those that are needed; they

TA BLE 1 . 2

PARAMETERS ENHANCING QUALITY OF INTENSIVE
CARE UNIT (ICU) CARE

Open vs. closed ICU structure
24-h intensivist presence
Length of shifts for intensivists
Weekend cross-coverage by intensivists
Remotely located intensivist (telemedicine)
Length of shifts for house officers
Nighttime cross-coverage by house officers
Use of a daily goals sheet for each patient
Mobile ICU team to assess unstable ward patients
Formation of a ventilator team
Computerized nighttime cross-coverage signouts
Role of the ICU medical director
Availability of an intermediate care unit
Pharmacist participation in ICU rounds
Role of advanced nurse practitioners
Nurse/patient ratio
Supplying cost information to ordering physicians
Disallowing standing orders for diagnostic testing
Infection control processes
Automated early identification of clustered infections
Dissemination of clinical performance data
Family visiting hours
Palliative and end-of-life care
Nurse–physician communication and other aspects of ICU

“culture”

From: Garland A. Improving the ICU—part 2. Chest. 2005;127:
2165–2179.

are provided humanely; the services follow—at minimum—
best practice, evidence-based medicine; the services utilized are
provided with technical excellence; and, finally, the principle of
the “commons”—that these resources are social and that they
need be distributed with fairness—is observed. The fact that
the health system of the United States is the most expensive of
the industrialized countries, while ranking 37th in performance
and 72nd in population health, is suggestive of what we ought
to try to change (23). Figures 1.8 through 1.10 detail some of
this information.

WHERE TO FROM HERE?
With increasing discontent among the general public and prac-
titioners, health policy debates have taken on a certain urgency.
While an ethical perspective tells us that basic health care for all
is an individual right and a societal obligation, the burgeoning
costs of the U.S. system hamper domestic economic growth and
stability, and meanwhile, millions of people face major access
barriers. Is there a better way to handle this problem? What are
some of the models from which we might draw inspiration?

Change in health policies to address these problems doubt-
less will occur, but the specifics of change remain difficult to
predict in the complex political terrain of the United States.
The last part of this chapter examines local and national ac-
tions to correct the difficult problems of access and costs. There
is no justification for the continuing and needless suffering ex-
perienced by human beings such as those whose stories are
summarized earlier in this chapter. In this rich and powerful
country, we deserve better.

Pe rsp e ct ive s from Ot he r Count rie s

Planning for a national health program in the United States re-
quires open-minded consideration of the strengths and weak-
nesses of presently existing national health programs around
the world. For instance, most countries in Western Europe and
the Scandinavian area have initiated national health program
structures, permitting private practice in addition to a strong
public sector. Canada has achieved universal entitlement to
health care through a national health program that depends
on private practitioners, private hospitals, and strong planning
and coordinating roles for the national and provincial govern-
ments. Thus, we must not condemn ourselves to the fallacy
that thinking and planning for a national health care system
must, by definition, remove some of what is most loved about
our health system today: The intimate, one-on-one personal
interaction between physician and patient.

National health programs vary widely in the degree to
which the national government employs health professionals
and owns health institutions. For example, the national health
programs of the United Kingdom, Denmark, and the Nether-
lands1 contract with self-employed general practitioners for
primary care; Canadian private practitioners receive public
insurance payments on a mainly fee-for-service basis; and in

1Although the Dutch have recently embarked upon a managed care
system comprised of a partnership between the government and private
insurance. See Enthoven AC: Going Dutch – Managed Competition
Health Insurance in the Netherlands. N Engl J Med. 2007;357:2421.
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Finland and Sweden a high proportion of practicing doctors
work as salaried employees of government agencies. In the
United Kingdom, the national government owns most hospi-
tals; regional or local governments own many hospitals in Swe-
den, Finland, and other Scandinavian countries; and Canada’s

system depends on governmental budgeting for both public and
private hospitals.

The Canadian system is very pertinent to the United
States, because of geographic proximity and cultural similar-
ity. Canada ensures universal entitlement to health services
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through a combination of national and provincial insurance
programs. Doctors generally receive public insurance payments
on a fee-for-service arrangement. Hospitals obtain public funds
through prospectively negotiated contracts, eliminating the
need to bill for specific services. Progressive taxation finances
the Canadian system, and the private insurance industry does
not play a major role in the program’s administration. Most
Canadian provinces have initiated policies that aim to correct
remaining problems of access based on geographic maldistri-
bution. Cost controls in Canada depend on contracted global
budgeting with hospitals, limitations on reimbursements to
practitioners—a policy that remains controversial for physi-
cians in some provinces—and markedly lower administrative
expenses because of reduced eligibility, billing, and collection
procedures.

Because of the commonly expressed concern about costs
in the United States, the experiences of existing national health
programs are instructive. U.S. health care expenditures, already
the highest in the world, account for approximately 16% of
the gross domestic product. The presumption that a national
health program would increase costs is not necessarily correct;
depending on how it is organized, costs might well fall to be-
low their prior level. First, a major savings would come from
reduced administrative overhead for billing, collection proce-
dures, eligibility determinations, and other bureaucratic func-
tions that no longer would be necessary. In the Canadian na-
tional health program, for instance, global budgeting for hos-
pitals has greatly reduced administrative costs, and a much
smaller role for the private insurance industry has lowered costs
even further by restricting corporate profit. A classic but still ac-
curate analysis by the U.S. General Accounting Office showed
that, due to savings from reduced administrative functions and

entrepreneurialism, a single-payer national health program like
Canada’s, if introduced in the United States, would lead to neg-
ligible added costs despite achieving universal access to care
(13).

A Nat ional He alt h Prog ram for t he
Unit e d St at e s

Because of the deepening crisis created by the problems of ac-
cess and costs, both locally and nationally, a national health
program for the United States has cycled on and off the pol-
icy agenda for many years. Unsuccessful proposals for such a
program span three quarters of a century of U.S. history (26),
so the pace of passage and implementation remains in doubt.
During the first years of the Clinton Administration, another
cycle of intense debate occurred, but proposals again suffered
defeat. As a result, the United States remains the only econom-
ically developed country without a national health program
that provides universal entitlement to health care services. Yet
because the underlying problems of access and costs have per-
sisted, and have actually continued to worsen in many respects,
the need for a national health program still remains recognized
by broad segments of the U.S. population.

Although policy debates change quickly and often focus
on much more limited reforms, two options have remained as
the most prominent proposals for a national program: Those
based on managed care versus those based on a “single-payer”
system modeled broadly along the lines of Canada’s national
health program. At the outset, we wish to make clear that
one of us (HW) helped develop the single-payer proposal, and



12 Sect ion I: Introduction/General Concepts

that the following discussion favors the single-payer approach
(27). While taking a more critical view of managed care as
an organizing principle for a U.S. national health program,
the references include defenses of this approach, which can be
reviewed to obtain more information about the proponents’
views.

Princip le s and Prosp e ct s for a U.S.
Nat ional He alt h Prog ram

National health program proposals can be appraised against
several basic principles:

■ The national health program would provide for comprehen-
sive care, including diagnostic, therapeutic, preventive, reha-
bilitative, environmental, and occupational health services;
dental and eye care; transportation to medical facilities; so-
cial work; and counseling.

■ These services generally would not require out-of-pocket
payments at the “point of delivery.” While carefully limited
copayments for certain services may be appropriate—as is
done in Canada—the careful, thoughtful, and appropriate
implementation of copayments would ensure that they do
not become barriers to access.

■ Coverage would be portable, so that travel or relocation has
no effect on a person’s ability to obtain health care.

■ Financing for the national health program would come from
a variety of sources, including continued corporate taxation,
“health taxes” on cigarettes and alcoholic beverages, “con-
servation taxes” on fossil fuels and other energy sources,
“pollution taxes” on known sources of air and water pollu-
tion, and a restructured individual tax. Taxation would be
progressive, in that individuals and corporations with higher
incomes would pay taxes at a higher rate.

■ The national health program would reduce administra-
tive costs, private profit, and wasteful procedures in the
health care system. A national commission would estab-
lish a generic formulary of approved drugs, devices, equip-
ment, and supplies. A national trust fund would disburse
payments to private and public health facilities through
global and prospective budgeting. Profit to private insur-
ance companies and other corporations would be closely
restricted.

■ Professional associations would negotiate the fee structures
for health care practitioners regionally. Financial incen-
tives would encourage cost-control measures through health
maintenance organizations, community health centers, and
a plurality of practice settings.

■ To improve geographic maldistribution of health profession-
als, the national health program would subsidize education
and training in return for required periods of service by med-
ical graduates in underserved areas.

■ The national health program would initiate programs of pre-
vention that emphasize individual responsibility for health,
risk reduction—including programs to reduce smoking, al-
coholism, and substance abuse—nutrition, maternal and
infant care, occupational and environmental health, long-
term services for the elderly, and other efforts to promote
health.

■ Elected community representatives would work with
providers’ groups in local advisory councils. These coun-
cils would participate in quality assurance efforts, planning,

and feedback that would encourage responsiveness to local
needs.

■ The central democratic and representative principle that
decisions—local, regional, and national—about health sys-
tem financing priorities, and delivery decisions, would be
made by the “ three-legged stool” approach; namely, the gov-
ernment, practitioners, and patients would all be involved
in the debate and decision making, as a matter of law.

There is and has been wide support for a national health
program in the United States. Public opinion polls have shown
that a majority of the U.S. population favors a national policy
that ensures universal entitlement to basic health care services.
Professional organizations including the American Medical As-
sociation,2 the American College of Physicians, the American
Public Health Association, the American College of Surgeons,3

and Physicians for a National Health Program—a major physi-
cians’ organization favoring a single-payer option—have called
for a national health program. Leaders and members of corpo-
rations, senior citizens’ groups, and a large number of civic or-
ganizations have pressed Congress to create a national health
program, although the specific proposals have varied. Likewise,
many state legislatures have considered setting up state health
programs to provide universal access to care.

Strong opposition to a national health program will con-
tinue to come from the corporations that currently benefit from
the lack of an appropriate national policy: The private insur-
ance industry, pharmaceutical and medical equipment firms,
and the for-profit health care chains. While corporate resis-
tance should not be underestimated, there is also support for a
national health program from the corporate world. The costs of
private sector medicine have become a major burden to many
nonmedical companies that provide health insurance as a fringe
benefit to employees. Corporations that do not directly profit
from health care have influenced public policy in the direction
of cost containment. In Canada, Western Europe, and Scan-
dinavia, corporations have come to look kindly on the cost
controls and services that national health programs provide,
even when corporate taxation contributes to the programs’ fi-
nancing.

A Nat ional He alt h Prog ram Base d
on Manag e d Care

Proposals for managed care as the basis of a national health
program have been complex and have changed over time. The
Clinton Administration presented a lengthy proposal that re-
ceived wide attention during the mid-1990s but was ultimately
defeated by a broad coalition of interest groups. Although
Clinton did not pursue this proposal in the later years of his

2However, the “prescription made by the AMA” consists of a se-
ries of relatively standard approaches, including relying on incen-
tives and voluntary approaches; building upon the employer-based
system and not weakening incentives for employers to offer cover-
age; using a combination of public and private approaches to ex-
pand coverage; recognizing the budget challenges facing most states;
and recognizing the importance of consumer outreach and educa-
tion on health coverage options. A single-payer plan is explicitly ex-
cluded by this branch of organized medicine. See http://www.ama-
assn.org/ama1/pub/upload/mm/450/hccu-final.pdf.
3The American College of Surgeons stated that the single-payor ap-
proaches probably provide the best assurance that patients would be
able to seek care from the physician of their choice. Russell TR. From
my perspective. Bull Am Coll Surg. 2003;88:3–4.
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presidency, its framework has remained the basis of other pro-
posals, and the managed care approach likely will persist in
future proposals. For instance, elements of the managed care
approach appeared in the proposals of candidates entering the
2008 presidential campaign. Our purpose here is to summarize
the key features of managed care as the central principle of a
national health program and some of the concerns that have
been raised about this approach.

Managed care, although difficult to define simply since
it encompasses diverse organizational structures, generally
refers to administrative control over the organization and
practice of health services, through large corporate entities.
Historically, managed care has included such prepaid ap-
proaches as HMOs, preferred provider organizations (PPOs),
and proposals for national programs organized on princi-
ples of administrative control and market competition. Man-
aged care assumes that quality of care is ensured through
administrative control and through competition in the market-
place.

The first proposals for a national health program based on
managed care appeared during the 1970s. In 1977, Alain En-
thoven, an economist whose prior career had focused on mili-
tary policy analysis at the U.S. Department of Defense and cor-
porations serving as military contractors, offered to the Carter
Administration a proposal for a “Consumer Choice Health
Plan,” based on “regulated competition in the private sector.”
This proposal was built in part on prior initiatives by Paul
Ellwood for a national “health maintenance strategy” and by
Scott Fleming for “structured competition within the private
sector” (28). Although Carter rejected the plan, Enthoven soon
afterward published the proposal in the medical literature (29)
and in a separate monograph (30). This plan, which presented
the basic conceptual structure of all subsequent proposals for
national health programs based on managed care, contained
important concepts from the military policy work that En-
thoven had spearheaded a few years earlier at the Pentagon
(31).

During the 1980s, Enthoven collaborated with Ellwood,
other proponents of HMOs, corporate executives, and offi-
cers of private insurance companies in developing refinements
of the proposal. An emphasis on “managed competition”
arose during the mid-1980s, in response to concerns raised by
economists and business leaders that the original proposal con-
veyed free-market assumptions requiring modification through
closer “management” of the program (32). After publication of
a revised proposal in 1989 (33), the coalition supporting man-
aged competition broadened to include officials of the largest
U.S. private insurance companies that were diversifying into
managed care. These business leaders entered into continu-
ing meetings with Enthoven and other proponents of managed
competition at Ellwood’s Wyoming home, as part of the so-
called “Jackson Hole group.” The managed care sector of the
private insurance industry provided major funding for the Jack-
son Hole group, as well as financial and logistic support for the
Clinton presidential campaign and consultation for the Presi-
dential Health Care Task Force.

Although most proposals for managed competition have
emerged from this intellectual tradition, certain proposals have
suggested modifications in the conceptual structure outlined
by Enthoven and colleagues. For instance, although managed
competition traditionally has encouraged employer-sponsored
plans with participation by private insurance companies, other

proposals have separated employment from insurance through
the creation of a single, tax-financed, globally budgeted pub-
lic fund, which would contract with private plans for a mini-
mum benefit package (34). All managed competition propos-
als, however, incorporate concepts initiated by Enthoven and
colleagues, and all of them call for large-scale changes in how
professionals practice medicine, and how physicians and con-
sumers make choices.

There are four essential features of managed competition.
The first element involves large organizations of health care
providers. As described in the Clinton proposal, these “ac-
countable health partnerships” (AHPs) are large, integrated
organizations of insurers and providers that would offer health
plans competitively. Large businesses would participate in these
partnerships. The AHPs would operate much as do current
managed care organizations (MCOs) and would drastically re-
duce medical practice based on fee-for-service reimbursement.
Instead, physicians and hospitals would be largely absorbed
into MCOs. In principle, this shift in the organization of med-
ical practice would allow more stringent management of prac-
tice conditions by high-level managers, whose responsibility
would be to control costly and potentially self-interested ac-
tions by physicians and hospitals.

A second major element of the proposal involves large orga-
nizations of purchasers. The Clinton proposal referred to these
organizations as “health insurance purchasing cooperatives”
(HPICs); similar proposals have used somewhat different ter-
minology. Such organizational purchasers would buy health
plans from the large organizations of health care providers
(AHPs in the Clinton plan). Organized mainly by state govern-
ments, these large purchasers would represent small employers
and individuals, including both self-employed and unemployed
people. In theory, these large, “ intelligent purchasers” would
make informed decisions about costs and quality of services.
Under managed competition, Medicaid and possibly Medicare
eventually would be privatized and converted to sponsorship
by state-organized purchasers.

A uniform benefits package, referred to as “uniform effec-
tive health benefits” (UEHBs) in the Clinton proposal, is the
third essential component of a national health program based
on managed care. This benefits package would be extended
to the entire population. An appointed national health board
would define the minimum benefits contained in the package.
This board’s decisions about coverage would rely mainly on re-
search about the outcomes and effectiveness of health services.

Tax code changes comprise the fourth essential element
of a national health program based on managed care. These
changes would restrict the ability of corporations and individu-
als to claim tax deductions for health care expenditures. Specif-
ically, corporations and individuals could not claim tax deduc-
tions for coverage that exceeds the basic coverage provided
by the minimum benefits package. Although corporations
and individuals could buy additional coverage without tax de-
ductions, these changes in tax code would provide incentives
to purchase less expensive coverage overall.

Advocates of a managed care approach to a national health
program claim several advantages of this approach. First, it
would expand access to health services while still preserving a
major role for the private insurance industry. Insurance com-
panies, for instance, could run large managed care programs as
fundamental parts of AHPs. As a result, this approach would
create less drastic changes in the U.S. health system than a
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single-payer plan and thus, proponents argue, would stand a
better chance of passage in Congress. Because managed care
would rely on market forces for cost containment, accord-
ing to advocates, it would prove more consistent with main-
stream political and economic values. Competition, from this
view, would lead to improved quality, since managed care plans
would have to compete with one another for patients. In se-
lecting among competitive plans, consumers also would need
to become more informed about cost-effective care, partly be-
cause they would be required to pay copayments for most
services.

Several unknowns have persisted in such proposals, and the
Congressional debate on the Clinton Administration proposal
was unable to fully clarify these issues. The extent of the basic
benefits to be covered under a national program remained to
be worked out. Details of how a national program based on
managed care would be financed, in particular the tax increases
to be borne by families and corporations, were not clearly spec-
ified. This latter question about the specifics of projected tax
code changes, of course, was important, since estimates of the
additional costs of a national health program based on man-
aged care ranged from $30 billion to $100 billion per year.
Whether overall health care expenditures would be capped
through a global budgeting mechanism remained ambiguous.
How transition would occur from the present system was not
clarified. Further, the degree to which state governments would
enjoy flexibility to enact varying forms of coverage and orga-
nization remained under debate.

Both supporters and opponents have raised major concerns
about managed care as the basis of a national health program.
Demographic limitations would restrict its impact, since about
30% of the U.S. population live outside metropolitan areas that
could support three or more competing managed care plans.
Proponents of managed care have emphasized these demo-
graphic limitations to the success of a national health program
based on managed care principles (35). Whether managed care
could control costs remains unclear; states with the most ex-
tensive managed care programs have shown costs as high, or
higher, than elsewhere. Administrative costs, already more than
25% of overall health care expenditures, likely would increase
still further, since managed care is administratively intensive
and new organizational sponsors would introduce additional
managerial layers. Despite intent to use research on effective-
ness and outcomes to define the uniform minimum benefits
package and to assess quality of care, such research has pro-
duced verified data about only a small number of medical con-
ditions and procedures.

Several practical questions also have arisen concerning ac-
ceptability of a national health program based on managed care
to providers and consumers. While expanding the decision-
making power of large insurance companies, such a program
probably would reduce consumers’ freedom to choose prac-
titioners, and micromanagement of clinical decisions likely
would increase. Because the ability to buy additional coverage
beyond the basic benefits package would depend on income,
this provision would perpetuate unequal, multitiered coverage.
Whether a national program would succeed in curbing insur-
ance companies’ selection or exclusion of patients by risk of
costly illness remains in doubt. Managed care likely would cre-
ate higher out-of-pocket payments and taxes for a substantial
part of the population who currently are insured. Furthermore,
several polls have shown less public support for managed care

as a basis for a national health program than for other alterna-
tives. Evidence that managed care would solve the access prob-
lem while controlling costs remains uncertain. Importantly, it
is not clear whether a national health program could address
successfully the problems and tensions that managed care has
introduced into the patient–doctor relationship.

Finally, the place of academic medicine, especially in the
context of continuous and ongoing funding needed for edu-
cation, research, and quality improvement, is unclear in this
system.

We look to our system of university-based health science
centers not just for scientific and technical advances, but for
the creation of the next generation of practitioners: Physicians,
nurses, respiratory therapists, occupational and physical ther-
apists, laboratory technicians, and so forth. How will the al-
teration in funding impact the education of these individuals?
How will the altered organization of health care affect the al-
ready precarious financial position of the academic medical
center? Such questions remained unanswered under managed
care proposals for a national health program.

The powerful coalition built up around managed care as
the basis for a national program did not succeed in enacting
this policy. Although it addressed some of the concerns raised
about managed care, the Clinton team did not agree to change
the basic structure of the proposal. This reluctance to consider
other options seriously may have stemmed partly from the sup-
port that the Clinton campaign received from the managed care
sector of the private insurance industry, as well as a perception
that simpler and more popular options, including a single-payer
approach, were unlikely to pass Congress.

Failure to achieve a workable national health program gen-
erated great disappointment, as well as financial waste. Some
analysts believed that failure of managed care was a neces-
sary step toward adoption of a simpler approach such as a
single-payer option. A less sanguine view holds that the Clin-
ton failure led to retrenchment, cutbacks, and reinforcement
for the paradox of pervasive access barriers coupled with high
costs.

A Sing le -p aye r Nat ional He alt h Prog ram
This option would provide universal entitlement to needed
health care while controlling costs through a single-payer fi-
nancing system. A single-payer, or “monopsony,” financial
structure has achieved substantial savings by reducing adminis-
trative waste in the national health programs of Canada, Swe-
den, and Australia. While none of these programs is without
problems, all have minimized barriers to access while control-
ling costs.

The following features of a single-payer option are based
on the proposals of Physicians for a National Health Program
(PNHP), of which one of us (HW) is a founding member. The
summary provided here leaves out details contained in national
publications to which many colleagues have contributed (28,
36–38). From its initiation in 1985, PNHP has grown as a
national organization to include more than 13,000 members,
who are physicians and other health professionals spanning
all specialties, states, age groups, and practice settings. Partici-
pants in PNHP have come together with a common perception
that the problems of access and costs are intolerable and a be-
lief that a single-payer national health program will remove
barriers to access while controlling costs. Although supported
by a substantial proportion of the U.S. population in polls, a
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FIGURE 1.11. Funding for a national health pro-
gram (NHP) under the single-payer proposal. HMO,
health maintenance organizations.

single-payer system was not the option proposed by the Clinton
Administration. On the other hand, a single-payer approach
did emerge as one of the two options for a national health
program under consideration in the U.S. Congress.

Coverage under the single-payer proposal would be
universal—everyone would be covered. The national health
program would provide comprehensive coverage for all med-
ically necessary care, including long-term care. Under this
plan, there would be no out-of-pocket costs or copayments
for needed services. Copayments are not preferred since they
have been found to be substantial disincentives to needed care
among low-income patients. Further, copayments would not be
necessary because costs would be controlled by a single, pub-
licly financed plan that would greatly curtail administrative
waste and would achieve cost reductions through monopsony
financing. A single-payer national health program would elim-
inate competing private insurance. This approach would facili-
tate cost control and would discourage multiple tiers of care for
different income groups, but of course would engender opposi-
tion from the wealthy and powerful private insurance industry.

Under a single-payer national health program, hospitals
would receive payment through a global budgeting system. The
very costly billing apparatus, which is responsible for unneces-
sary administrative costs in hospitals under the present system,
would be eliminated. Instead, hospitals would negotiate an an-
nual global budget for all operating costs. It is important to note
that hospitals would remain privately owned and run, rather
than becoming part of a nationalized ownership structure. To
reduce overlapping and duplicative facilities that increase over-
all costs, capital purchases and expansion would be budgeted
separately, based on regional health planning goals. Regional
health planning boards, with members elected by consumers
and providers, would make these decisions about capital ex-
penditures and expansion.

The national health program would collect and disburse vir-
tually all payments for health services (Fig. 1.11). This single-
payer structure would provide the major overall source of cost
control. Total expenditures would be capped at the propor-
tion of the gross domestic product spent for health services
during the year prior to implementation of the national health
program. Initially, during a transition period of approximately
3 years, funding would come from existing sources to mini-
mize economic disruption: Medicare and Medicaid, state and
local governments, employers, and private insurance premi-
ums. After the transition period, the collection of payments
would be converted to a simplified process based on taxation,
in which the average company, individual, and family would

pay approximately the same in taxes as was previously paid in
insurance premiums, deductibles, copayments, and other out-
of-pocket spending.4 The national health program would dis-
tribute payments for services to hospitals, MCOs, physicians,
home care agencies, and long-term care agencies.

Payment for physicians and ambulatory care would occur
under one of three options. First, physicians could choose to be
paid on a fee-for-services basis. Under this option, state med-
ical associations would negotiate a simplified fee schedule for
the range of covered services; practitioners would accept fees
as payment in full and would not bill patients separately, ex-
cept for a small number of uncovered services such as purely
cosmetic surgery. As a second option, the national health pro-
gram would provide capitation payments to MCOs employing
salaried physicians. However, provisions of this option would
protect against possible abuses seen under prior managed care
programs; for instance, free disenrollment privileges would be
required, and MCOs would be prohibited from selective enroll-
ment of healthier patients. Capitation fees would cover operat-
ing costs only, rather than capital purchases, profits, or physi-
cian incentives. Under the capitation option, global budgeting
would apply to inpatient care. The third option for physician
payment would involve salaries received from globally bud-
geted institutions, such as hospitals, community clinics, and
home care agencies.

The national health program would cover all needed drugs
and medical supplies. An expert board would develop a na-
tional formulary based on principles of generic drug substitu-
tion and assurance of high standards of biologic quality. As
far as possible, reimbursement procedures would encourage
the use of less expensive generic alternatives. This provision
would reduce the excessive costs incurred from the promotion
and detailing of new drugs without greater demonstrated effi-
cacy than less expensive formulations.

How would the national health program look from the pa-
tient’s point of view? First, universal access to comprehensive
care would remove barriers to access. There would be no out-
of-pocket costs, and patients would have free choice of doctors
and hospitals. Hassles in using and processing private or public
insurance would be reduced through the implementation of a
single program for everyone.

From the practitioner’s point of view, conditions of prac-
tice would improve considerably, especially because the wallet

4A PNHP publication provides further details about these financing
mechanisms (37).
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biopsy—that emotionally and ethically degrading procedure
that physicians often must use before deciding how to diagnose
or treat a patient—no longer would be necessary. Instead, the
national health program would cover fully all needed services.
Doctors would most likely experience greater clinical freedom
and less intrusive micromanagement by administrators. In ad-
dition, physicians would be free to choose from a variety of
practice settings. Overall, there would be little change in antic-
ipated income; as in Canada, practitioners in the primary care
specialties could anticipate equal or somewhat greater earnings
than previously, and only the highest paid surgical subspecial-
ists could expect to see a fall in income.

From the corporate viewpoint, companies would experi-
ence stabilization in costs of health care. Those corporations
that currently provide health insurance as a fringe benefit of
employment likely will see a reduction in health care expenses;
projections for automobile manufacturers like Ford or Chrysler
indicate that costs will decline more than $4,000 per employee
per year. Companies that do not currently provide health in-
surance as a fringe benefit will experience higher costs, but the
single-payer national health program will provide subsidies for
small businesses that are at greatest financial risk. Economic
competitiveness of U.S. corporations overall will increase, since
companies will incur health care costs more in line with those
of their international competitors. Figure 1.12 depicts the inter-
national disadvantage for U.S. automakers, which spend much
more per car on health care than do their competitors in coun-
tries with national health programs.

In summary, a single-payer national health program would
provide universal, comprehensive coverage, without out-of-
pocket payments. Hospitals would be paid a global, “ lump
sum” operating budget, to be negotiated annually. Capital bud-
gets for hospitals would be negotiated based on regional health
planning goals. Physicians and ambulatory care would be paid
through one of three options: Fee for service, capitation in
HMOs, or salary in globally budgeted institutions. A single,
public payer would control costs and achieve public account-
ability while minimizing administrative waste. Simplicity and

international experience with the single-payer approach make
it a reasonable alternative for a U.S. national health system,
but rationality by no means guarantees political success.

SUMMARY
The political process surrounding a national health program,
as practiced in the United States, conveys an overall sense of
irrationality and lack of coherent policy. This irrationality and
incoherence become even more apparent from an overview of
the comparative costs of various local and national policies. For
instance, the cost of initiating a single-payer national health
program that would solve the access problem while control-
ling costs would consume very little additional expenditures,
certainly an order of magnitude less than current expenditures
on possibly outdated or unnecessary military systems like the
Stealth bomber, as well as public support of the private finan-
cial sector in such efforts as savings and loan bailouts. On the
other hand, as estimated by the U.S. Congressional Budget Of-
fice, a national health program based on managed care would
represent a substantial increase in expenditures, on the order
of $80 billion per year (39).

For better or worse, the lack of a national health program
will continue to plague the United States. Patients and practi-
tioners, including those who specialize in critical care medicine,
will continue to experience this unpleasant reality until we, as a
country, finally correct the problem through concerted action.
The chronic crisis of U.S. health policy gives reasons for pes-
simism but also clarifies some of the opportunities that await
us in trying to construct a more humane society and a more
humane health care system.

Re fe re nce s

1. Congressional Budget Office. How Many People Lack Insurance and for
How Long? Washington, DC: Congressional Budget Office; 2003.

2. DeNavas-Walt C, Proctor BD, Lee CH. U.S. Census Bureau: Current Pop-
ulation Reports. In: Income, Poverty, and Health Insurance Coverage in
the United States: 2005. Washington, DC: U.S. Government Printing Office;
2006.

3. Davis K. Uninsured in America—problems and possible solutions. Br Med
J. 2007;334:346.

4. American Medical Association. Ending the patient-physician relationship.
Available at: http://www.ama-assn.org/ama/pub/category/4609.html. Ac-
cessed March 13, 2007.

5. Berk ML, Schur CL, Chavez LR, et al. Health care use among undocumented
Latino immigrants. Health Aff (Millwood). 2000;19:51.

6. Goldman DP, Smith JP, Sood N. Immigrants and the cost of medical care.
Health Aff (Millwood). 2006;25:17

7. Waitzkin H. At the Front Lines of Medicine: How the Health Care System
Alienates Doctors and Mistreats Patients. . . And W hat We Can Do About
It. Lanham, MD: Rowman and Littlefield; 2004.

8. Himmelstein DU, Warren E, Thorne D, et al. Illness and injury as contribu-
tors to bankruptcy. Health Aff (Millwood). 2005;Suppl Web Exclusives:W5-
63-W5-73.

9. Centers for Medicare and Medicaid Services. National health
expenditure data. Available at: http://www.cms.hhs.gov/NationalHealth
ExpendData/02 NationalHealthAccountsHistorical.asp. Accessed March
31, 2007.

10. Kuttner R. The American health care system: health insurance coverage. N
Engl J Med. 1999:340.

11. Bodenheimer T. High and rising health care costs. Part 1: seeking an expla-
nation. Ann Intern Med. 2005;142:84.

12. Woolhandler S, Campbell T, Himmelstein DU. Costs of health care admin-
istration in the United States and Canada. N Engl J Med. 2003;349:768.

13. U.S. General Accounting Office. Canadian Health Insurance: Lessons for the
United States. Washington, DC: Government Printing Office (GAO Publ. No.
GAO/HRD-91-90; B-244081); 1991.



Chap t e r 2: Life and Death in the ICU: Ethical Considerations 17

14. Fuenzalida-Puelma HL, Hernán L, Connor SS. The Right to Health in the
Americas: A Comparative Constitutional Study. Washington, DC: Pan Amer-
ican Health Organization; 1989.

15. Enthoven A, Kronick R. Universal health insurance through incentives re-
form. JAMA. 1991;265:2532.

16. Robinson JC. Consolidation and the transformation of competition in health
insurance. Health Aff (Millwood). 2004;23:11.

17. Waitzkin H, Schillaci M, Willging CE. Multi-method evaluation of health
policy change: An application to Medicaid managed care in a rural state.
Health Services Research. 2008; in press.

18. Callahan D, Wasunna AA. Medicine and the Market: Equity v. Choice. Bal-
timore: Johns Hopkins University Press; 2006.

19. Fortune 500 ranking of America’s largest corporations, 2006.
Available at: http://money.cnn.com/magazines/fortune/fortune500/industries/
Pharmaceuticals/2.html. Accessed March 31, 2007.

20. McCormick D, Himmelstein DU, Woolhandler S, et al. Relationship be-
tween low quality-of-care scores and HMOs’ subsequent public disclosure
of quality-of-care scores. JAMA. 2002;288:1484.

21. Pronovost P, Angus DC. Economics of end-of-life care in the intensive care
unit. Crit Care Med. 2001;29(Suppl):N46–N51.

22. Emanuel EJ. Cost savings at the end of life—what do the data show? JAMA.
1996;275:1907–1914.

23. Garland A. Improving the ICU—part 1. Chest. 2005;127:2151–2164.
24. Eccles M, Mason J. How to develop cost-conscious guidelines. Health Tech-

nol Assess. 2001;5:16.
25. Garland A. Improving the ICU—part 2. Chest. 2005;127:2165–2179.
26. Committee on the Costs of Medical Care. Medical Care for the American

People: The Final Report of the Committee on the Costs of Medical Care
(adopted October 31, 1932). New York: Arno Press; 1972.

27. Himmelstein DU, Woolhandler S, the Writing Committee of the Working

Group on Program Design, Physicians for a National Health Program. A
national health program for the United States: a physicians’ proposal. N
Engl J Med. 1989;320:102.

28. Enthoven AC. Theory and Practice of Managed Competition in Health Care
Finance. Amsterdam: North-Holland; 1988.

29. Enthoven AC. Consumer-choice health plan. N Engl J Med. 1978;298:650,
709.

30. Enthoven AC. Health Plan: The O nly Practical Solution to the Soaring Cost
of Medical Care. Reading, MA: Addison-Wesley; 1980.

31. Waitzkin H. The strange career of managed competition: military failure to
medical success? Am J Public Health. 1994;84:482.

32. Enthoven AC. Managed competition in health care and the unfinished
agenda. Health Care Fin Rev. 1986;Suppl:105.

33. Enthoven AC, Kronick F. A consumer-choice health plan for the 1990’s. N
Engl J Med. 1989;320:29, 94.

34. Starr P, Zelman WA. A bridge to compromise: competition under a budget.
Health Aff (Millwood). 1993;12(Suppl):7.

35. Kronick R, Goodman DC, Wennberg J, et al. The marketplace in health care
reform: the demographic limitations of managed competition. N Engl J Med.
1993;328:148.

36. Grumbach K, Bodenheimer T, Himmelstein DU, et al. Liberal benefits, con-
servative spending: the Physicians for a National Health Program proposal.
JAMA. 1991;265:2549.

37. Harrington C, Cassel C, Estes CL, et al. A national long-term care program
for the United States: a caring vision. JAMA. 1991;266:3023.

38. Physicians for a National Health Program. Single-payer resources. Available
at: http://www.pnhp.org/facts/single payer resources.php. Accessed April 2,
2007.

39. Congressional Budget Office. An Analysis of the Managed Competition Act.
Washington, DC: Government Printing Office; 1994.

CHAPTER 2 ■ LIFE AND DEATH IN THE ICU:
ETHICAL CONSIDERATIONS
DAVID B. WAISEL

“Death in the ICU is not always preventable and should neither be
unduly hastened nor delayed” (1).

Approximately 20% of all deaths in the United States—roughly
500,000 patients annually—occur in, or after a stay in, the in-
tensive care unit (ICU) (2). The principles guiding end-of-life
care center on the desire to have patients receive appropriate,
carefully chosen, intensive therapy with comfort, dignity, secu-
rity from fear, and the chance to be with loved ones. Doing this
in a technology-driven and death-denying health care system
requires incorporating the principles of palliative care through-
out the intensive care practice (3–5).

A BRIEF HISTORY OF
END-OF-LIFE CARE

The modern history of end-of-life care began with demands of
patients to refuse treatments. In 1974, the American Medical
Association asserted that “ the purpose of cardiopulmonary re-
suscitation is the prevention of sudden unexpected death. Car-

diopulmonary resuscitation is not indicated in cases of terminal
irreversible illness where death is not unexpected” (6). Limit-
ing resuscitation in patients with terminal illness was becoming
acceptable (7–9).

In the renowned 1976 case of Karen Ann Quinlan, the
courts upheld the right to refuse potentially life-sustaining care
when they permitted the ventilator to be disconnected from
the supposed ventilator-dependent Quinlan (10). The Q uinlan
decision was based on the general constitutional right to pri-
vacy. After mechanical ventilation was discontinued, Quinlan
lived for nearly a decade, sustained by nasogastric feedings.
The 1984 case of Bartling established the right for a compe-
tent person to refuse potentially life-sustaining care (11). For
6 months, Bartling, a competent adult patient with an incur-
able disease, received mechanical ventilation against his clear
wishes, declaring, at one point, “While I have no wish to die, I
find intolerable the living conditions forced upon me . . . ” (11).
Similar in reasoning to Q uinlan, the appellate court supported
the right of a competent patient to refuse medical treatment
based on the constitutional right to privacy.

The 1990 case of Cruzan brought about a crucial change
in the right to refuse treatment (12). Several years before an
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incapacitating accident, Cruzan had expressed to a friend a de-
sire not to live in a state of diminished capacity. Cruzan’s sur-
rogates wanted to withdraw treatment, but the Supreme Court
of Missouri mandated continued care because Cruzan’s infor-
mal statements did not meet Missouri’s evidentiary standard
of “clear and convincing evidence” of a patient’s wish to ter-
minate potentially life-sustaining care. The case was appealed
to the United States Supreme Court, but unlike Q uinlan and
Bartling, the Supreme Court grounded the right of a competent
patient to refuse treatment in the more powerful liberty interest
of the Fourteenth Amendment, which states, “No State shall
make or enforce any law which shall abridge the privileges or
immunities of citizens of the United States; nor shall any State
deprive any person of life, liberty or property . . . ” The deci-
sion upheld the rights of states to determine the standards for
the level of certainty required, permitting Missouri to use the
“clear and convincing evidence” standard, but also permitting
other states to use different standards (12–14).

Intensive care unit practices may also lead surrogates to de-
mand care for their loved ones. An archetypical case involves
Helga Wanglie, an 86-year-old patient in a persistent vegeta-
tive state who was receiving mechanical ventilation. The med-
ical center believed that further therapy would be futile for
Mrs. Wanglie and wanted to withdraw mechanical ventilation.
When Mr. Wanglie refused the medical center request to stop
mechanical ventilation, the medical center sought appointment
of an independent guardian to supplant Mr. Wanglie as her
guardian. The Court declared that Mr. Wanglie was best able
to be Mrs. Wanglie’s surrogate (15,16).

Competent patients have a right to refuse potentially life-
sustaining medical treatment (17). The modifier “potentially”
is used before life-sustaining medical treatment to acknowl-
edge that although physicians may believe that a therapy is life
sustaining, there is rarely certainty that the intervention will
be life sustaining. For the incompetent patient, three hierarchi-
cal levels of judgment direct the decision-making process for
end-of-life care. The once competent patient’s previously ex-
pressed preferences for end-of-life care should be followed as
is best possible. When the patient’s declared preferences are not
known, substituted judgment, the surrogate’s intimate knowl-
edge of the patient’s attitudes and beliefs, may be used to direct
care. While these are two distinct categories, both levels require
the surrogate to sufficiently know the patient to appropriately
choose or interpret the patient’s preferences. These standards
put significant burdens on decision makers who may have le-
gitimate doubts about the appropriateness of their decisions.
When a surrogate has to make decisions for a patient who has
never been competent, such as a young child or a mentally dis-
abled adult, substituted judgment is impossible, and the surro-
gate must rely on the best interests standard. The best interests
standard requires the surrogate to make decisions based on the
surrogate’s view of what is best for the patient.

ADVANCED CARE PLANNING
Advanced care planning permits patients to declare preferences
for medical treatment if they become incapacitated. Respecting
these preferences is how physicians honor the ethical principle
of respect for autonomy, in which patients have the right to
make substantially informed decisions about medical therapy
and the resultant trajectory of their lives.

Advanced directives are designed to minimize the likelihood
of undesired overtreatment and undertreatment of the patient.
Partially as a result of Cruzan, the Patient Self-Determination
Act (PSDA) was introduced in 1991 to increase the use of ad-
vance directives. The PSDA requires health care institutions—
hospitals, nursing homes, and hospice programs—to notify in-
dividuals about their rights regarding advanced directives. The
two types of advanced directives are living wills and health
care proxies; the latter are also known as a durable power of
attorney for health care decisions. Although living wills allow
patients to declare the extent of desirable interventions, they
are often unable to directly address the subtleties that char-
acterize clinical situations. Nonetheless, some generalizations
can be made. A willingness to accept highly invasive treatment
suggests a willingness to accept less invasive treatment, and a
willingness to accept therapy in a more impaired state suggests
a willingness to accept therapy in a less impaired state. Simi-
larly, a willingness to forgo therapy in a less impaired state sug-
gests a willingness to forgo therapy in a more impaired state
(18). Notwithstanding these generalizations, the difficulty of
applying living wills to clinical situations lead some to pre-
fer the greater flexibility provided by the health care proxy, in
which the surrogate decision maker can consider the specific
details when making clinical decisions. Health care proxies per-
mit patients to designate surrogate decision makers—including
nonfamily members—to make decisions for them should they
become unable to make such decisions for themselves. If the
patient does not assign surrogacy, most jurisdictions have
a hierarchy for doing so. Surrogacy is not always effective,
particularly for patients who do not make their preferences
clearly known to the surrogate before losing their decision-
making capacity (19). Given the strengths and weaknesses
of each approach, a combination of the two (a designated
proxy with some written form of preferences) may be the best
option.

Advanced care documents are only somewhat effective. Typ-
ically, advanced directives are inadequately discussed, docu-
mented, disseminated, and followed (Table 2.1) (19–26). Inad-
equate use of advanced directives may be due to concerns about
the stability of declared preferences, although about 75% of
preferences remain stable over a several-year period (27–29).
Preferences were most stable when the preference was to refuse
treatment, and decisions were about the most and least seri-
ous issues (27). A worsening in functional status resulted in a
greater interest in refusing care (27). Because preferences tend
to trend toward what may be considered conventional pref-
erences, intensivists should be less skeptical of conventional
preferences and more curious and inquisitive about unusual
preferences (27). Gender and educational level seem to have
minimal effect on the stability of preferences (29,30).

Intensivists should not assume that the advanced directive
will be an authoritative map of preferences (31). Instead, the
advanced directive should be used in conjunction with an ongo-
ing alliance with family and friends to consider future care. Al-
though discussions about end-of-life care in the intensive care
unit appear likely to be less successful because of the forced
short-term relationship, the frequent, intense meetings to con-
sider end-of-life issues aid in the development of a functional
relationship (24). Successful conversations focus on advanced
care planning as an ongoing process and are designed to help
guide the decision-making of patients and surrogates (32). Dis-
cussion of defined questions permit intensivists to highlight the
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TA BLE 2 . 1

WHY ADVANCED DIRECTIVES FAIL

■ Not done
 Patients radically overestimate their 6-month survival

and thus avoid advanced care planning or favor more
aggressive care than if they had known their true
likelihood of survival.

 People defer advanced care planning because they think
they are too young to need it or because they do not
want to contemplate it.

■ Inauthentic preferences
 Default responses (“Please check ‘no’ if you do not want

intubation”) tend to be chosen more frequently than if
the question is phrased neutrally and requires a forced
choice (“Please check ‘yes’ if you want intubation or
check ‘no’ if you do not want intubation”).

 Patients may not know their “authentic” preferences
and, even if they do, a one-time assessment may not
reveal them.

 Physicians may be inadequately trained or have
insufficient time to successfully elicit values or attitudes
about end-of-life care.

 Advanced directives rarely cover specific situations, and
few patients successfully communicate their treatment
preferences to their families.

■ Unavailable documents
 Because the term advanced directive is unfamiliar, people

may not realize what clinicians are requesting when
clinicians ask if the patient has such a document. People
are more familiar with the terms health care proxy, DN R
(do not resuscitate), and living will.

 Patients falsely assume that doctors and hospitals have
copies of their advanced directives.

 There is inadequate communication and sharing of
documents among health care providers (although there
is a rising presence of Web-based national systems).

■ Inadequate application
 Surrogates correctly predicted patients’ preferences for

treatment 68% of the time. Prior discussion did not
necessarily improve the correct rate of prediction.

 Advanced directives may be ignored when they defy the
physician’s goals.

 Physician–patient discussion of treatment preferences did
not improve physicians’ understanding of the patient
preferences.

Sources: Shalowitz DI, Garrett-Mayer E, Wendler D. The accuracy of
surrogate decision makers: a systematic review. Arch Intern Med.
2006;166:493–497; Danis M, Southerland LI, Garrett JM, et al. A
prospective study of advanced directives for life-sustaining care. N
Engl J Med. 1991;324:882–888; Forrow L. The green eggs and ham
phenomena. Hastings Cen Rep 1994;24:S29–32; Freer JP, Eubanks M,
Parker B, et al. Advanced directives: ambulatory patients’ knowledge
and perspectives. Am J Med. 2006;119:1088 e9–13; Haidet P, Hamel
MB, Davis RB, et al. Outcomes, preferences for resuscitation, and
physician-patient communication among patients with metastatic
colorectal cancer. SUPPORT Investigators. Study to Understand
Prognoses and Preferences for Outcomes and Risks of Treatments. Am
J Med. 1998;105:222–229; Schneiderman LJ, Kronick R, Kaplan RM,
et al. Effects of offering advanced directives on medical treatments and
costs. Ann Intern Med. 1992;117:599–606; Teno JM, Fisher ES,
Hamel MB, et al. Medical care inconsistent with patients’ treatment
goals: association with 1-year Medicare resource use and survival. J
Am Geriatr Soc. 2002;50:496–500; Hammes BJ, Rooney BL. Death
and end-of-life planning in one midwestern community. Arch Intern
Med. 1998;158:383–390; and Kressel LM, Chapman GB, Leventhal
E. The influence of default options on the expression of end-of-life
treatment preferences in advanced directives. J Gen Intern Med.
2007;22:1007–1010.

inherent uncertainties of prognostication in medicine and the
value of speaking in likelihoods.

While competent patients may modify their previously de-
clared preferences, demented patients who previously made an
informed choice to limit certain therapy may express an interest
in receiving that therapy (33). If a patient manifests evidence of
decision-making capacity, such as being able to provide inter-
nally coherent reasoning, their wishes to receive therapy should
be honored. However, the process of resolving this situation in
a patient without decision-making capacity, and with almost
no likelihood of regaining decision-making capacity, is more
complex. It would be quite easy to simply provide therapy;
however, that is unlikely to reflect their true desires if they had
the capacity. In this situation, it is better to choose therapy
based on multiple sources, including significant others, docu-
mentation, and the best interests standard.

FUTILITY
The concept of futile care has undergone several changes over
the past decade (34). Previously, attempts were made to define
futile care based on a specific percentage of the likelihood of
achieving a certain outcome; for example, cardiopulmonary re-
suscitation is futile when the likelihood of a patient with this
disease process being discharged from the hospital is less than
1% with 95% confidence. This approach failed, in large part
because it was difficult to know the likelihood of success in the
individual patient. Policies based on this approach inappropri-
ately de-emphasized the importance of individual values and
preferences such as the willingness to atypically undertake ex-
tensive burdens for relatively minor or highly unlikely benefits
(35).

A clearer way to think about futility is to delineate treat-
ments that will not accomplish their intended goals from treat-
ments that have a very low likelihood of accomplishing their
goals. Thus, in this sense, therapy may be labeled futile when
it cannot accomplish its intended specific goal, for example,
when mechanical ventilation cannot accomplish pulmonary
gas exchange. In this sense, questions about futile care are
infrequent.

The ability to resolve differences of opinions about apply-
ing treatments with low likelihoods of success is important.
Such treatments may be considered inadvisable because of the
burden to the patient, cost, or uncertain benefit, but they are
not futile. As discussed above, policies based on definitional ap-
proaches are hard to apply and do not respect individual values.
A policy based on a procedural approach, in which the process
for resolving conflict is described, is more practical. Good poli-
cies are public, reflect the moral values of the community, and
include processes for identifying stakeholders, initiating and
conducting the policy, commencing appellate mechanisms, and
determining relevant information (35). Discussions about in-
advisable treatment should bear in mind qualitative and quan-
titative considerations. The qualitative aspects define the goals
of the treatment, and the quantitative aspects state the likeli-
hood of achieving a defined result. When offering likelihoods
of a result, physicians should be clear whether the information
used to form the estimation is from intuition, clinical experi-
ence, or rigorous scientific studies. Scoring systems useful for
population-level predictions should be considered as contribu-
tory but not determinative for decision making for individuals.
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Recently, Texas has enacted a legislative approach to resolv-
ing disputes about appropriate care. Physicians are permitted
to unilaterally withhold or withdraw treatments they regard
as futile, provided they obtain the agreement of the hospital
ethics committee. The impact of this questionable strategy for
conflict resolution is being closely monitored (36–38).

CARE OF THE DYING PATIENT
“End-of-life care seems too early until it is too late—too often”
(39).

Management of symptoms, pain, dyspnea, sleep, and other dis-
tressing physical and psychological symptoms, including de-
pression and discomfort from catheters and suctioning, needs
to be integrated into the routine of intensive care (40–42). The
goal is to provide patients and families the best of intensive
therapy and palliative care, because physicians cannot predict
which path the patient’s course will take. By aggressively pro-
viding medical, emotional, psychological, and spiritual care,
the patient is more able to focus on decision making and re-
lated matters. Poor-quality end-of-life care harms more than
just the patient. One third of family members who had rel-
atives die in the intensive care unit had posttraumatic stress
syndrome (43).

Good end-of-life care requires successful communication
between nurses and physicians to improve patient care and
minimize the stress of clinical practice (44). Dissimilar training
and experiences of nurses and physicians lead to differences
that can hinder communication and collaboration. By virtue
of their profession, nurses spend more time with patients and
families, take a more holistic view, and may feel more frus-
trated by conflicting opinions. In the ICU, nurses tend to feel
ignored and that their opinions are not respected (45). While
physicians tend to think that nurses have a great deal of influ-
ence, many nurses would like a more active role in end-of-life
decisions (46). Physicians in the United States lag behind those
in European countries in terms of involving nurses in end-of-
life decision-making. Nurses involved in providing such aspects
of care felt greater satisfaction and were more committed to a
successfully operating unit (47).

Good-quality end-of-life care also requires effective com-
munication among families and clinicians. In one study, 10%
of family members in the ICU believed they received contra-
dictory information, and more than half of family members
did not know the roles for each clinician (48). Factors that
improve communication among the clinicians and between the
clinicians and family include minimizing hierarchy, implement-
ing protocols for multidisciplinary communication, and using
team training to improve communication skills and diminish
the effects of differences in training (45,49–52). Extensive com-
munication involving a weekly team meeting, which included
a physician leader, a nurse, a chaplain, and a social worker,
decreased discord and length of ICU stay, but it did not affect
mortality rate (53). Implementing daily medical updates by the
intensivist and adding physician support personnel, such as a
social worker and a clinical nurse specialist to elaborate and
provide further information, decreased length of stay, mortal-
ity, and costs (54). Daily goal worksheets requiring active ac-
knowledgment from providers improved understanding of the

goals of the interventions and tasks, decreased length of ICU
stay, and improved workflow (52). A “proactive end-of-life
conference and a brochure” with a focused communication
strategy improved the response to bereavement (55). The com-
munication strategy with family members was based on the
mnemonic VALUE: “ to Value and appreciate what the family
members said, to Acknowledge the family members’ emotions,
to Listen, to ask questions that would allow the caregiver to
Understand who the patient was as a person, and to Elicit
questions from the family members (55).” Given the variety of
successes, it would not be unreasonable to suggest that com-
munication can be improved by simply having a reasonable
protocol.

Self-imposed attitudinal barriers affect end-of-life care (Ta-
ble 2.2) (45,56,57). In Western society, individuals tend to as-
sume immortality while intensive care physicians tend to view
death as a failure rather than as a natural end to life (39). Prog-
nostic uncertainty fosters this death-denying attitude. Thus, the
most commonly adopted attitude is to hold out for the most
beneficial possibility—no matter how unlikely—rather than
critically analyzing likely outcomes (39). This view may push
physicians to wait for proof of failure of therapy, rather than
to instigate timely escalation of palliative care. The “siloing”

TA BLE 2 . 2

BARRIERS TO END-OF-LIFE CARE

■ Cultural
 Denial of death
 Prognostic uncertainty
 Siloing of professional activity
 Emotional overtones of withdrawal of therapy,

particularly mechanical ventilation
■ Unwarranted optimism

 Unrealistic patient, family, and/or clinician expectations
about prognosis or effectiveness of treatment

 Disagreement among physicians and nurse about
prognoses, which may slow initiation of good end-of-life
care; these disagreements were greater in sicker patients
and patients with longer intensive care unit stays

■ Communication
 Perception of inadequate communication between nurses

and physicians
 Perception of inadequate communication between

training physicians and attending physicians
 Lack of multidisciplinary approach to communication

■ Insufficient training of intensivists in palliative medicine
■ Inadequate financing and insurance coverage for palliative

care

Sources: Nelson JE. Identifying and overcoming the barriers to
high-quality palliative care in the intensive care unit. Crit Care Med.
2006;34:S324–331; Reader TW, Flin R, Mearns K, et al.
Interdisciplinary communication in the intensive care unit. Br J
Anaesth. 2007;98:347–352; Estfan B, Mahmoud F, Shaheen P, et al.
Respiratory function during parenteral opioid titration for cancer
pain. Palliat Med. 2007;21:81–86; Frick S, Uehlinger DE, Zurcher
Zenklusen RM. Assessment of former ICU patients’ quality of life:
comparison of different quality-of-life measures. Intensive Care Med.
2002;28:1405–1410; and Frick S, Uehlinger DE, Zuercher Zenklusen
RM. Medical futility: predicting outcome of intensive care unit
patients by nurses and doctors–a prospective comparative study. Crit
Care Med. 2003;31:456–461.
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of surgeons, internists, subspecialist consultants, nurses, and
specialty nurses, often with relevant prognostic and treatment
information, results in poor communication, to the patient’s
detriment (39,58).

Race is a barrier to good end-of-life care. Difficulties as-
sociated as a member of a minority group include inadequate
access to care secondary to finances, geography, and language
differences. Family members of African Americans were more
likely to report concerns about being adequately informed and
were more likely to report financial hardships than whites (59).
In addition, due to historical abuses, some African Americans
and members of other minority groups may mistrust the health
care establishment. This mistrust may lead to family/surrogate
decisions, such as the desire to attempt every therapy and to
forgo palliative care, that are not necessarily in the best inter-
ests of the patient because of the fear that the motivation for
suggesting that the patient forego certain therapies is not made
in the patient’s best interests.

Critical care medicine can improve practices surrounding
end-of-life care by viewing it as a clinical state to be studied,
with emphasis on legitimizing research, assessing the needs of
families of dying patients, providing guidelines-based profes-
sional support for withdrawal of care, assessing interventions,
and modeling of good end-of-life care (1,60). One of the most
influential studies of end-of-life care was the SUPPORT study
(61).1

What is defined as good care is often determined by what is
measured. The information in this section needs to be tempered
with the knowledge that there are issues with measurements
used to define quality care. Process measurements, based on
whether a task is performed—such as occurrence of multidisci-
plinary discussions, the frequency of caregiver/family meetings,
chaplaincy visits, attendance at unit educational programs, and
presence of policies—are easy to measure and collect (62,63).
However, isolated process measurements are, at best, indirect
measurements of improvements in care, even when there is ev-
idence supporting a process-to-outcome link. Outcome mea-
surements are patient-related results, such as length of stay,
patient or family member symptoms, or satisfaction of care
(63). Outcome measurements can be misunderstood or too in-
exact. For example, having fewer days per admission due to
inappropriate transfer of patients to the ward is not the same
as having fewer days per admission due to improved care. Some
outcome measurements—for example, pain management—are
hard to characterize and may be reduced to using less reliable
surrogate characteristics for interpretation, such as behavioral
cues for pain management.

1The SUPPORT study was a multimillion dollar, 9,100-patient two-
phased study designed to assess end-of-life care. In the observational
phase, trained individuals followed patients near the end of life to iden-
tify problems in their care. They asked patients about preferences for
interventions such as mechanical ventilation and pain medication and
the importance of various outcomes, such as being able to interact
with others. In the following interventional phase, these trained in-
dividuals sought to improve communication of patient preferences to
the clinicians. The study found many of the problems discussed in this
chapter, such as insufficient use of documented preferences, inadequate
pain management, inconsistent communication among clinicians, and
an overestimation of medicine’s ability to deny death. Although the
intervention phase of the study did not improve end-of-life care, the
knowledge gained from the SUPPORT study’s many analyses and pub-
lications has shaped nearly all subsequent research in end-of-life care.

WITHDRAWAL OF CARE

While ethically equivalent, there is an emotional difference be-
tween withdrawing care and withholding care (60). But in fact
because withdrawal of therapy permits a trial of the therapy
in question, it is superior to the withholding of therapy, be-
cause if therapy is withheld, the patient will never know if the
therapy could be applied with an acceptable benefit-to-burden
ratio. Intensivists are more likely to fulfill a patient’s wishes
by implementing a trial of therapy and reviewing it at specific
intervals for appropriateness (64). A physician’s willingness to
withdraw therapy is affected by a prediction of poorer cognitive
function, a prediction of a less than 10% chance of survival,
and patient preferences (1,65).

Practices of withdrawal of mechanical ventilation vary in
hope of maximizing patient comfort during this process. Some
intensivists prefer a slow terminal wean while others prefer
more rapid extubation (66). Either way, neuromuscular block-
ade should not be initiated after the decision to withdraw life
support has been made. Neuromuscular blockade does not
provide sedation or pain relief for the patient and impairs
the ability of the intensivist to assess the comfort of the pa-
tient. Although some may argue that neuromuscular block-
ade minimizes the trauma to the family witnessing the with-
drawal of life support, that argument does not outweigh the
potential harm to the patient (67). Explaining to the fam-
ily the reasons to avoid neuromuscular blockade may make
it more tolerable for them to be present through the dying
process.

Physicians should aggressively treat discomfort when with-
drawing therapy, even if treatment may hasten death. The doc-
trine of double effect emphasizes the intention of the clinician
in cases in which actions may have both good and bad ef-
fects. Consider the intensivist seeking to provide comfort to
terminally ill patients. Although two possible effects of the
opioids are recognized and foreseen—relief of pain followed
by respiratory depression—only the good effect, pain relief, is
intended, and thus the intensivist is not held morally culpa-
ble if respiratory depression and a sooner death should oc-
cur (68). If the intensivist uses far more opioids than nec-
essary to make the patient comfortable, or if the intensivist
chooses an agent without pain-relieving properties—for exam-
ple, intravenous potassium—then the intensivist can no longer
plausibly claim that the intention was solely to relieve pain
and suffering. The doctrine of double effect oversimplifies the
concept of intentionality, particularly by assuming that clin-
ical intentions are unambiguous and recognizable to the ac-
tor. More important, it centers the justification of the action
on the physician’s intent rather than on the patient’s authoriz-
ation.

Withdrawal of implantable cardiac defibrillator shock ther-
apy presents an interesting problem for clinicians (69). Painful
defibrillations prolong life. In a patient near the end of life, the
discomfort of the shocks may no longer be worth the benefit.
The continuation of implantable cardiac defibrillator therapy
should be based on the benefits and burdens. In one study com-
paring patients in which one group had the defibrillator turned
off and the other group did not, continuing defibrillator ther-
apy did not extend life, suggesting little benefit in exchange for
the discomfort of continued defibrillation (69).
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DISTRIBUTIVE JUSTICE AND
RATIONING IN THE ICU

Distributive justice refers to an equitable allocation of re-
sources. Distributive justice can be viewed as a substantive re-
quest, such as determining a fundamental and inviolable level
of health care for all members of a society. Distributive justice
can also be viewed as a process for achieving justice, using ap-
proaches including queuing and potential benefit to determine
valid distribution. These approaches belie simplicity; consider
the different interpretations of benefit, such as quality-adjusted
life years, functional status, or the fair innings approach, which
aims to level the playing field for characteristics such as gender
that are not under control of the individual (3,70,71).

Because critical care services account for more than 1% of
the gross domestic product in the United States, hospitals, in-
tensive care units, and critical care physicians are under pres-
sure to control costs (72). An argument sometimes made for
invoking futility as a reason not to perform a therapy is that
futile care is a waste of health care dollars. This statement im-
plies rationing, in that money is a scarce resource that could
be better used elsewhere. The Task Force on Values, Ethics,
and Rationing in Critical Care defined rationing as the “allo-
cation of healthcare resources in the face of limited availability,
which necessarily means that beneficial interventions are with-
held from some individuals” (72). Rationing may be viewed
more optimistically as a means of using resources wisely to
minimize inequities and maximize population health (70).

It is helpful to consider three taxonomic categories of ra-
tioning (72). The first is the limited availability due to external
constraints, such as not giving a medication that is not on a
formulary or diverting ambulances from an emergency depart-
ment of an overfull hospital. This form of rationing is beyond
the physician’s control.

A second category of rationing occurs from following clin-
ical guidelines. For example, local hospital policies may define
pathways for evaluation of certain diseases, such as requiring
a specific radiologic study before proceeding to a more costly
study. Rationing from clinical guidelines may also, for exam-
ple, limit the use of certain antibiotics to control emergence of
resistant organisms. Deviations from clinical guidelines should
be based on patient characteristics and scientific literature, not
on personal idiosyncrasies.

The third category of rationing is based on clinical judg-
ment. Clinical judgment is used when it is unclear how guide-
lines should be applied or when guidelines do not exist. Clinical
judgment is imperfect. Decisions about therapy are influenced
by a patient’s race, pre-illness employment status, the inten-
sivist’s interest in rationing, and the political power of clinical
services (73–76).

For rationing polices to be fair, there should be public ac-
cess to decision-making policies and rationale, a framework for
principled decision making as a means for resolving dispute,
and an appeals process (3). When considering rationing, one
should recognize the difference between the statistical patient
and the individual, or identifiable, patient. Clinical guidelines
are developed in reference to the statistical patient, which is the
ideal and abstract future patient. It is easier and more proper to
discuss rationing for the statistical patient, such as whether so-
ciety should spend dollars on preventive care, primary care, or
tertiary care. When participating in those debates on a macro

level, physicians may wish to consider their obligation to their
patient community as well as to society as a whole.

Clinical judgment refers to the known individual patient.
When faced with an identifiable patient whose situation does
not align precisely with guidelines or studies, it is improper
for a physician to determine and implement rationing based
on distributive justice at the bedside (3). When caring for the
individual patient, physicians are required to maximize use of
resources while ensuring that care remains focused on patients
(3).

Triaging is a special consideration of distributive justice. The
utility principle encourages actions that maximize “ the greatest
good for the greatest number” and is at the heart of permitting
unequal outcomes as long as overall health is maximized. It is
by this principle that, for example, physicians in the midst of
a mass casualty will choose to provide discrete, rapid, and po-
tentially life-sustaining care—chest tubes, tracheal intubation,
and so forth—to many patients before devoting these resources
to the treatment of a single resource-intensive head injury (77).
Implicit in the utility principle is that like patients are treated
similarly, without regard to other factors, such as socioeco-
nomic status. The utility principle is suitable for a mass casu-
alty situation in which all patients are equally unknown and
no prior relationship with the patient has been established.
It may, however, be less suitable for considering distribution
of an absolute scarce resource, such as ECMO (extracorporeal
membrane oxygenation). In this case, many would suggest that
the presence of a patient–physician relationship, current use of
the resource, the appropriateness of the claim to the resource,
and the idea that every person should have an equal chance
to potentially life-sustaining resources should weigh heavily in
these complicated balancing-act decisions. It is helpful to have
considered relevant factors and a potential process to resolving
these dilemmas before confronting them.

PHYSICIAN-ASSISTED SUICIDE,
VOLUNTARY EUTHANASIA, AND

PHYSICIAN AID IN DYING
The term physician-assisted suicide means that the physician
makes a lethal dose of medicine available to the patient, but
that the patient must perform the act of ingestion. The term
voluntary euthanasia means that the physician administers the
medication directly on a patient’s request (78). While there may
be a distinction between making the medication available and
actually administering it, the distinction may not be ethically
significant, as both require effort and contribution from the
physician. Similarly, while requiring the patient to perform the
final act may protect against abuses, psychological pressure
may defeat safeguards inherent in requiring the patient to self-
ingest. For purposes of this discussion, unless otherwise speci-
fied, voluntary euthanasia and physician-assisted suicide will be
considered together and the term physician aid in dying (PAD)
used to denote both. N onvoluntary euthanasia is distinct from
PAD and means that the physician administers the medication,
but there has been no formal request by the patient. Arguments
surrounding PAD center on the interpretations of the principles
of respect for autonomy and beneficence, as well as the possible
ramifications of legalization (Table 2.3) (79).
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TA BLE 2 . 3

PAD: ARGUMENTS FOR AND AGAINST LEGALIZING PHYSICIAN AID IN DYING

For Against

AUTONOMY
Individuals have the right to

make informed choices about
their lives.

■ Individuals should be permitted to
decide whether the burdens of
being alive outweigh the benefits.

■ Requests for PAD are false expressions of
autonomy because inadequate control of
suffering—including pain, discomfort, loss
of dignity, depression, the feeling of being a
personal and financial burden, and
“ tiredness of life”—lead to poorly informed
and forced choices.

BENEFICENCE
The obligation to do good for

our patients.

■ Doing good means physicians are
obligated to help patients have a
good death (as defined by the
patient).

■ Doing good means doing a better job of
maintaining patients’ comfort and dignity.

N onmalfeasance
The obligation to “do no harm.”

■ Physicians do not cause death.

LEGALIZATION ■ Legal safeguards and public
oversight (such as the yearly
reporting by the Oregon
Department of Human Services
on the Death with Dignity Act)
will prevent abuses.

■ There will be concerns that clinicians may
offer, feel pressure to offer, or be perceived to
offer PAD for inappropriate reasons (e.g.,
race/gender/socioeconomic status).

■ Permitting PAD will discourage physicians
from aggressively addressing the problems
surrounding end-of-life care.

■ Permitting PAD will devalue the sanctity of
life, thus further nudging society down the
psychological slippery slope toward
nonvoluntary euthanasia.

In European countries that have not decriminalized PAD,
surveys indicate that voluntary euthanasia accounted for
0.05% to 0.46% of deaths and nonvoluntary euthanasia ac-
counted for 0.11% to 2.26% of all deaths (80). Patients wished
to hasten death when they considered themselves a burden
to others, when they worried about suffering and receiving
a substandard quality of care in the future, and when they
were depressed, hopeless, and without adequate social support
(81–83).

Some countries have legalized PAD. Although the Dutch
had been practicing PAD for several decades, in 1993 the
Dutch parliament granted physicians immunity from prose-
cution, provided that proper procedures were followed (Ta-
ble 2.4) (84,85). In 2002, PAD was explicitly legalized in the
Netherlands. Four nationwide investigations (in 1990, 1995,
2001, and 2005) have been conducted into the Dutch practice
of PAD and nonvoluntary euthanasia (86–88). The 1990 Rem-
melink study found that 1.7% of all deaths were as a result of
euthanasia. The 1995 and 2001 studies showed an increase in
euthanasia as a percent of all deaths to 2.4% and 2.6% , respec-
tively, and in the 2005 study the rate returned to 1.7% . Deaths
from assisted suicide decreased from 0.2% of all deaths for the
first three studies to 0.1% for the 2005 study. The decreases
in the 2005 study may be from epidemiologic changes or the
use of other techniques to alleviate symptoms, such as termi-
nal sedation. Deaths from nonvoluntary euthanasia decreased
from 0.8% of all deaths in 1990 to 0.4% in 2005. Reporting
improved from less than 20% of PAD cases in 1990 to nearly
80% in 2005. In 2005, physicians chose not to report because
they did not believe they were ending life (76% of nonreports),
because they were concerned about whether criteria had been

met (9.7% of nonreports), and because they viewed euthanasia
as a private matter between the patient and physician. Nearly
all the patients who received PAD appeared to have had a short
life expectancy, with approximately 45% of granted requests
for euthanasia or assisted suicide having a life expectancy of
1 week.

TA BLE 2 . 4

COMMON CRITERIA FOR PATIENT ELIGIBILITY FOR
PAD

1. The patient must clearly, voluntarily, and repeatedly
request to die.

2. The patient’s judgment must not be distorted.
3. The patient must have an incurable condition associated

with severe, unrelenting, and intolerable suffering.
4. The physician is obligated to ensure the request is not

made out of inadequate comfort care.
5. PAD should be done in context of a physician–patient

relationship.
6. Consultation with other experts should be made to review

and verify the facts about prognosis and current comfort
management.

7. Document above and fulfill reporting requirements.

Sources: Quill TE, Cassel CK, Meier DE. Care of the hopelessly ill.
Proposed clinical criteria for physician-assisted suicide. N Engl J Med.
1992;327:1380–1384; and Vincent JL. End-of-life practice in Belgium
and the new euthanasia law. Intensive Care Med. 2006;32:1908–1911.



TA
B

L
E

2
.5

Q
U

A
LI

T
Y

 E
N

D
-O

F-
LI

FE
 C

A
R

E

H
on

or
 p

at
ie

nt
 w

is
he

s.
A

dd
re

ss
ne

ed
s

of
cl

in
ic

ia
ns

.
A

dd
re

ss
ne

ed
s

of
th

e
fa

m
ily

.

 
H

av
e 

a 
sy

st
em

 fo
r 

co
nt

in
ua

lly
 e

va
lu

at
in

g 
an

d 
co

m
m

un
ic

at
in

g 
en

d-
of

-li
fe

 
pr

ef
er

en
ce

s.
■■

R
ev

ie
w

th
er

ap
ie

s
at

sp
ec

ifi
ed

in
te

rv
al

s
to

as
se

ss
w

he
th

er
th

ey
ar

e
le

gi
tim

at
e

an
d 

co
ns

is
te

nt
 w

ith
 th

e 
pa

tie
nt

’s
 

de
si

re
s.

■
Tr

ea
t

ia
tr

og
en

ic
ev

en
ts

by
ou

tc
om

e
an

d
no

tb
y

et
io

lo
gy

.
■

C
on

si
de

r 
w

he
th

er
 c

ar
e 

gu
id

el
in

es
 a

pp
ly

 
to

 th
e 

sp
ec

ifi
c 

pa
tie

nt
.

■
C

om
m

it
to

a
m

ul
tid

is
ci

pl
in

ar
y

pr
ac

tic
e

th
at

le
ad

s
to

re
sp

ec
tf

ul
an

d
pr

od
uc

tiv
e

co
lla

bo
ra

tio
n

an
d

co
m

m
un

ic
at

io
n.

■
Pr

ov
id

e 
on

go
in

g 
ed

uc
at

io
n 

ab
ou

t p
al

lia
tiv

e 
ca

re
 a

nd
 c

ul
tu

ra
l b

el
ie

fs
.

■
Pr

ov
id

e
op

po
rt

un
iti

es
fo

r
be

re
av

em
en

t,
de

br
ie
fin

g,
an

d
ps

yc
ho

lo
gi

ca
ls

up
po

rt
.

■
Pr

ov
id

e
tim

e
an

d
sp

ac
e

fo
r

pr
of

es
si

on
al

co
nv

er
sa

tio
ns

an
d

pe
rs

on
al

re
fle

ct
io

ns
.

■
H

av
e

a
pr

es
en

ta
bl

e
se

ni
or

te
am

m
em

be
r

in
fo

rm
 fa

m
ily

 o
f b

ad
 n

ew
s 

in
 p

ri
va

te
 u

si
ng

 
no

n-
te

ch
ni

ca
l l

an
gu

ag
e.

■
H

el
p

fa
m

ili
es
fin

d
m

ea
ni

ng
in

th
e

de
at

h
of

th
ei

r
lo

ve
d

on
e.

■
A

cc
ep

t,
su

pp
or

t,
an

d
co

m
fo

rt
th

e
fa

m
ily

.
■

 A
ss

ur
e

fa
m

ily
of

pa
tie

nt
co

m
fo

rt
.

■
En

ab
le

 fa
m

ily
 to

 b
e 

w
ith

 a
nd

 h
el

p 
th

e 
pa

tie
nt

.
■

C
la

ri
fy

ro
le

s
of

cl
in

ic
ia

ns
to

fa
m

ily
.

Q
ua

lit
y 

En
d-

of
-L

ife
 C

ar
e

■
R

ea
ss

es
s 

ad
va

nc
ed

 c
ar

e 
pl

an
ni

ng
 

co
nt

in
uo

us
ly

 a
nd

 b
y 

fo
cu

si
ng

 o
n 

th
e 

pa
tie

nt
.

■
In

iti
at

e
en

d-
of

-li
fe

di
sc

us
si

on
s

ea
rl

y.
■

W
ith

dr
aw

ve
nt

ila
to

ry
th

er
ap

y
in

a
m

an
ne

r
th

at
pe

rm
its

re
co

gn
iti

on
of

di
st

re
ss

; a
gg

re
ss

iv
el

y 
tr

ea
t d

is
co

m
fo

rt
w

ith
op

io
id

s
an

d
se

da
tiv

es
.

■
Id

en
tif

y
ob

je
ct

iv
es

.
■

R
ev

ie
w

m
ed

ic
al

fa
ct

s
an

d
op

tio
ns

fo
r

tr
ea

tm
en

t.
■

A
gr

ee
on

a
ca

re
pl

an
an

d
on

cr
ite

ri
a

to
de
fin

e
su

cc
es

s
or

fa
ilu

re
of

a
pl

an
.

■
U

nd
er

st
an

d
an

d
re

sp
ec

t
th

e
na

rr
at

iv
es

an
d

pe
rs

pe
ct

iv
es

of
ot

he
rs

.
■

Se
ek

 o
ut

 p
er

sp
ec

tiv
es

 o
n 

dy
in

g,
 d

ep
en

de
nc

e,
 

an
d 

lo
ss

 o
f f

un
ct

io
n.

■
 U

se
m

ul
tid

is
ci

pl
in

ar
y

ap
pr

oa
ch

to
ke

ep
fa

m
ily

in
fo

rm
ed

.
■

Pr
ov

id
e

su
ffi

ci
en

tt
im

e
fo

r
qu

es
tio

ns
.

■
 P

er
fo

rm
en

d-
of

-li
fe

re
se

ar
ch

.
■

M
ea

su
re

an
d

as
se

ss
en

d-
of

-li
fe

ca
re

.
■

Pr
om

ot
e 

a 
ch

an
ge

 in
 a

tt
itu

de
 to

w
ar

d 
en

d-
of

-li
fe

 c
ar

e.
■

M
ai

nt
ai

n
kn

ow
le

dg
e

of
en

d-
of

-li
fe

la
w

.
■

 M
ai

nt
ai

n 
kn

ow
le

dg
e 

of
 e

nd
-o

f-
lif

e 
gu

id
el

in
es

 
an

d 
ca

re
.

In
co

rp
or

at
e

pa
lli

at
iv

e
ca

re
in

to
in

te
ns

iv
e

ca
re

.
H

ol
d

re
gu

la
rm

ee
tin

gs
w

ith
fa

m
ily

an
d

te
am

to
cl

ar
ify

in
te

rm
ed

ia
te

an
d

lo
ng

-t
er

m
go

al
s.

W
or

k
to

im
pr

ov
e

en
d-

of
-li

fe
ca

re
.

24



Chap t e r 2: Life and Death in the ICU: Ethical Considerations 25

In 1997, the State of Oregon in the United States legalized
the Oregon Death with Dignity Act, which permitted terminally
ill patients to receive prescriptions in lethal quantities for the
purpose of self-administration. It does not permit any other
forms of PAD, such as another person administering the med-
ication. From 1998 through 2006, 292 patients used 456 pre-
scriptions authorized by this law. The most common diseases
for patients choosing to ingest a lethal dose of medication were
malignant neoplasms (81% of patients), amyotrophic lateral
sclerosis (8% of patients), and chronic lower respiratory tract
diseases (4% of patients) (89). Of the 23 patients receiving pre-
scriptions in 1998, 21 had used the prescriptions and 2 were
alive in 1999 (90). In 2006, 40 physicians wrote 65 prescrip-
tions. Of those 65 patients, 35 used the prescriptions, 19 died
of their underlying disease, and 11 lived throughout the year
(89). The financial and educational status of patients did not
seem to play a role in the request for PAD.

In 2003, Belgium passed a law permitting euthanasia (85).
In the first 15 months after passage of the law, euthanasia rep-
resented 0.2% of all deaths. This appeared to be a decrease
in euthanasia when compared with studies performed in 1998
and 2001 (91).

Interpretation of this information is not straightforward.
The consistency of the data from the Netherlands and Ore-
gon indicate that these two societies are not sliding down a
slippery slope to increased misuse (92). Another view, how-
ever, is that not enough time has passed to see if this slide will
occur (93).

Doc, Will You He lp Me Die ?

In a national survey of U.S. physicians, 18% reported receiving
a request for assistance with suicide and 11% received a request
for euthanasia (94). The majority of both sets of physicians re-
ceived multiple requests (94). About 6.4% of physicians hon-
ored at least one request for PAD, with their last case split be-
tween physician-assisted suicide and euthanasia. In the survey,
4.7% of all physicians had performed lethal injection and 3.3%
had participated in physician-assisted suicide (94). For these
reasons, it is important for physicians to have a practiced ap-
proach to managing patient requests for PAD (95) (Table 2.5).

Depression should be assessed to determine (a) if the pa-
tient is able to make rational decisions, (b) whether the de-
pression is treatable, and (c) whether treating the depression
would change the circumstances (95). Physicians should ex-
plore what patients mean by requesting aid in dying and should
overtly focus on patient dignity and comfort. Because patients
may request PAD as prevention against future abandonment
and suffering, physicians should emphasize that they will be
actively involved throughout the end-of-life period (95). Given
that survey data indicate that some physicians honor requests
for PAD, physicians should clarify their position on participat-
ing in PAD for themselves and to their patients.

ETHICS CONSULTATION IN THE ICU
The goals of ethics consultation services are to “protect patient
rights, diffuse real or imagined conflicts and cause a change
in patient care that improves quality” (96). Ethics consulta-
tion can help address treatment conflicts, reduce costs without

diminishing quality, and limit inappropriate nonbeneficial or
unwanted interventions (97). In a randomized controlled trial,
individuals who received ethics consultation in the ICU were
not more likely to die than individuals who did not receive con-
sultation (98). ICU ethics consultations proved to be valuable
across a range of populations (99).

Much of the information about ethics consultation services
in the United States comes from a 2000 survey. Most ethics
consultation services use a small group, typically about three
people, to perform consults, although some use the full ethics
committees or a single individual to perform consults. Vari-
ous individuals performed ethics consultation, including physi-
cians, nurses, social workers, chaplains, administrators, and lay
people. Most ethics consultation services have been practicing
between 5 and 10 years. Three common characteristics of ethics
consultation services were that they

1. permitted anyone to request an ethics consultation,
2. required notification—not permission—of the patient, sur-

rogate, and attending physician prior to performing a con-
sult, and

3. made recommendations that are wholly voluntary.

PEARLS
■ Treat patients and families in the manner you would want

you and your family to be treated—that is, with respect for
personal values, feelings, and preferences.

■ Know common approaches and forms for advance directives
in your jurisdiction.

■ Intensivists should focus end-of-life discussions with sur-
rogate decision makers on what the patient would have
wanted, not what they would want for the patient.

■ Know local policies regarding dispute resolution.
■ End-of-life decision making is a dynamic process requiring

frequent reconsideration of therapy and goals and commu-
nication among the clinicians, the patient surrogates, and, if
available, the patient.

■ Attitudes on the unit are infectious.
■ Actively root out personal presumptions and biases in health

care, and challenge them so they do not affect the care pro-
vided.

■ Recognize the benefits of trials of therapy in terms of max-
imizing the likelihood of fulfilling the patient’s desires for
end-of-life care. It is one thing to presume that the burdens
of therapy are not worth the benefits; it is more ethically
stout to test that assumption and then withdraw therapy
when it is shown that the burdens outweigh the benefits.

■ Withdrawing potentially life-sustaining therapy requires ac-
tive clinical assessment and treatment to minimize harm to
the patient and family.

■ Just as intensivists seek consultation for diagnosing and
treating subspecialty medical problems, intensivists should
seek consultation for diagnosing and treating intricate ethi-
cal dilemmas.
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CHAPTER 3 ■ UNDERSTANDING REACTIONS
OF PATIENTS AND FAMILIES
CRAIGAN T. USHER r EUGENE V. BERESIN

So profound was the isolation in which I was then operating that
it did not occur to me that for the mother of a patient to show up
at the hospital wearing blue cotton scrubs could only be viewed as
a suspicious violation of boundaries.

Joan Didion, The Year of Magical Think ing

UNDERSTANDING ODD OR
DISRUPTIVE PATIENT–DOCTOR

INTERACTIONS
Critical care medicine is a high stakes endeavor, one that re-
quires broad medical knowledge, diagnostic acumen, proce-

dural precision, team maintenance skills, and an empathic ap-
proach to patients and families. Maintaining a balance of these
duties can be taxing under ideal conditions, but can grow frus-
trating when ventilators fail to operate properly, laboratory
reports lag sluggishly behind, or staff members become over-
whelmed. Similarly, it can be puzzling to physicians and nurses
when patients and family members who, under extreme stress,
act in somewhat bizarre ways, such as showing up in scrubs
as Joan Didion describes in her heart-wrenching The Year of
Magical Think ing. Also bewildering to intensive care unit (ICU)
staff, who typically deal with adults, is how to provide com-
fort and support to families who want to have children visit
critically ill loved ones.
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Meanwhile, demanding, “entitled,” or rudely behaving pa-
tients and families are troubling—even infuriating—to many
physicians, nurses, and ICU staff. Occasionally, these diffi-
cult staff–patient exchanges arise from problems with the care
providers themselves; factors such as depression, anxiety, over-
work, sleep deprivation, longstanding interpersonal rigidity,
and the cumulative effects of stress (1,2) may cause some physi-
cians and nurses to fail to adequately address the emotional
needs of their patients and patients’ families (3,4). At other
times, patients and families with markedly impaired abilities to
negotiate interpersonal relationships become overwhelmed and
subsequently act in ways that are extremely problematic. The
judgment of these families and patients can become clouded
by longing, shame, rage, and despair, making reasoning with
them almost impossible. In this chapter, we endeavor to relieve
the critical care practitioner of some of the fury that problem-
atic patient and difficult family member encounters engender,
offer some reason where none seems to exist, and provide sug-
gestions for less alarming, routine ICU interactions. Herein,
we pose—and offer practical answers to—the following ques-
tions:

■ What is the psychological impact of critical illness and ICU
treatment on patients and families?

■ Why are some patients and families so taxing to deal with
and others so easily treated, soothed, and able to be active
team members?

■ How should one approach problematic interactions with pa-
tients?

■ What are some tips for enhancing communication between
staff and family members?

■ What are some ways to handle family requests for children
to visit the ICU?

INITIAL STEPS
The psychological impact of critical illness and ICU treatment
on patients and their families can be very powerful. Although
problematic patient–doctor interactions are often due to emo-
tional or relationship factors, there are many steps (Table 3.1)
that can be taken before focusing on these factors. First, when-
ever one encounters a problematic patient, the initial questions
should be: “Do I feel safe?” and “Are the other patients and
staff feeling safe?” Physicians are taught to override their sense
of danger. As medical students and interns, they begin plac-
ing catheters and doing lumbar punctures, charging through
their fears. This sometimes translates to physicians overriding
their inner sense of “danger” when managing potentially vio-
lent patients, a situation possibly leading to injury. It is thus
important for physicians and nurses to “tune in” (5) to their
sense of alarm and, when necessary, to call on security person-
nel, administer calming medications, or apply temporary phys-
ical restraint. The principle also applies to angry or threatening
family members. If one feels in imminent danger, then contact-
ing security—before examining the roots of the conflict and
attempting to reason with family members—is key.

Next, medical causes of disruptive behavior should be ruled
out. ICU patients acting in a bizarre or agitated manner often
do so as part of a delirium. This may entail suffering persecu-
tory delusions that staff members are torturing them or hal-
lucinations that are arrestingly frightening. Since delirium can

TA BLE 3 . 1

A HIERARCHY OF QUESTIONS TO ADDRESS WHEN
CONFRONTED WITH DIFFICULT PATIENT–DOCTOR
INTERACTIONS IN THE INTENSIVE CARE UNIT (ICU)

SAFETY
Are staff and other patients safe? If not, how can we secure

the safety of the unit?

DELIRIUM
Is the patient suffering delirium? If so, is the etiology of this

delirium being effectively addressed?

PSYCHIATRIC ILLNESS
Does the patient have an anxiety, mood, or psychotic disorder

or another psychiatric illness? If so, is adequate treatment
for these conditions being given?

INTOXICATION AND WITHDRAWAL
Is the patient intoxicated with alcohol and/or other

substances? Is the patient withdrawing from alcohol or
other substances? Are we addressing the untoward effects
of withdrawal?

PSYCHOSOCIAL STRESSORS
Can we reduce pain, sleeplessness, isolation, and other

stressors related to being in the ICU?

PERSONALITY PROBLEMS
What is the patient’s predominant mode of coping? How can

we best manage this patient’s uniquely taxing mechanisms
of defense and have a different type of relationship with the
patient than the one we are having now?

Adapted from Usher CT. Problematic behavior of patients, family and
staff in the intensive care unit. In: Irwin RS, Rippe JM, eds. Irwin and
Rippe’s Intensive Care Medicine. 6th ed. Philadelphia: Lippincott
Williams & Wilkins; 2008.

be lethal (6), it is very important to first discover and treat the
underlying causes of delirium and to administer treatment for
agitation, which may include a bedside sitter or use of calming
pharmacotherapy, including neuroleptics. A full discussion of
delirium is provided in Chapter 150 of this textbook.

In addition, a number of patients come to the ICU with
established psychiatric diagnoses, including major depression,
anxiety disorders, substance abuse, and schizophrenia. Occa-
sionally, discontinuation of a patient’s outpatient psychophar-
macologic medication is performed purposefully (7). In other
instances, admitting physicians fail to review the outpatient
medication lists, and unintended disruptions (8) in the proper
treatment of a patient’s psychiatric illness ensue. This can lead
to some patients suffering panic attacks, and cause others psy-
chotic exacerbation with paranoia and hallucinations. Some
patients experience discontinuation phenomena, such as the
fatigue and myalgias associated with abrupt cessation of sero-
tonin reuptake inhibitors (SRIs), or outright withdrawal syn-
dromes specifically related to sudden discontinuation of alco-
hol, stimulants, narcotics, or sedative medications. Hence, on
admission, it is important to learn about a patient’s psychiatric
and substance abuse history, and to find out what medications,
if any, have been useful in the past in treating their illness or
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potential withdrawal. At any point in this evaluation process,
psychiatric consultation may be helpful.

Finally, before examining psychological factors leading to
problematic ICU staff–patient relationships, it is important to
maximize patient comfort. Remember, staff in the ICU grow
very accustomed to their workspace. They may enjoy laughs
with colleagues, coffee and doughnuts in the break room, or
other comforts, while most patients are miserable with pain,
endotracheal tube discomfort, ICU noise, sleeplessness, and
isolation (9,10). Working hard to minimize these factors by
providing adequate analgesia, effective sleep agents, uninter-
rupted time with family and loved ones, and efficient use of
tubes and catheters may reduce some of the patient discomfort
that drives disruptive behavior.

EXISTENTIAL CONCERNS OF
PATIENTS AND FAMILIES IN THE

INTENSIVE CARE UNIT
Being an ICU patient, or having a loved one who is critically ill,
is intensely stressful (11,12). Studies indicate that 3 months af-
ter patients are treated in the ICU, approximately one third of
caregivers and family members are at risk for depression (13)
and posttraumatic stress disorder (14). Patients’ most promi-
nent concern early in their ICU stays involves how they feel
physically. Pain, hunger, restless exhaustion, the irritation of
tubes and catheters, and isolation are the predominate focus
of the acutely ill individual; it is usually not until the conva-
lescent or subacute period in the patient’s hospital course that
larger, existential crises and psychological problems come to
the forefront (15).

Critical illness raises many existential concerns for patients
and loved ones. Looming in the minds of patients and family
members of ICU patients is the prospect of death, with criti-
cally ill individuals often reflecting on their lives. Confronting
death may fill them with guilt, regret, and wishes that they
could have accomplished more. In others, this may be a time of
contentment and reflecting on lives well lived. Amazingly, this
can occur even in a delirious patient. For example, one 80-year-
old gentleman who had undergone emergency cardiac bypass
surgery happily shared that, amid his postoperative delirious
days, he “went on a train trip in my head, with stops along the
way involving each stage of my life. My marriage, the birth of
my children, the child we lost, the different businesses I had
run, everything was in there.” Family members also reflect on
the lives of their ill loved ones and their relationships with
them. For many, fond memories and experiences will abound;
for others, traumatic memories may arise, leading to some sur-
prising interactions with staff that may seem to come from out
of the blue.

Thoughts about not only the past, but also the future, arise
in critically ill patients and their family members. Patients of-
ten worry about how they will function once discharged from
the ICU and hospital. Depending on the nature of their in-
jury, patients may ponder such questions as: Will I ever have
to live in a nursing home? Will I ever be free of dialysis? Will
I ever walk unassisted again, or visit Paris? Although excited
that their loved ones will survive, friends and family must often
confront concerns about the future. Loved ones wonder how
they will financially and emotionally shoulder the often heavy
burden of caring for their mother, father, husband, wife, part-

ner, or friend after hospitalization. Ambivalence and tension
between, on the one hand, being excited that the ICU patient
has survived and, on the other hand, concern about his or her
quality of life and how to handle extreme medical problems in
the long term cause many patients and family members psy-
chological suffering.

There are pressing concerns about the present as well. Most
patients are treated in the ICU because their bodies fail to
handle the most fundamental tasks of life. Whether involving
breathing on their own, feeding themselves, or handling secre-
tions, urination, and bowel movements, ICU patients are often
dependent on others. This leads many patients to feel loath-
somely dependent. Still others may long for exceeding amounts
of attention, reacting to the loss of autonomy with complete
resignation. Loved ones, particularly those who are caretakers
of chronically ill individuals, also feel the sting of this loss of
autonomy. For example, one woman who, for several years,
had taken care of her husband suffering end-stage Parkinson
disease tenderly commented: “ It’s not just that my husband’s
sick; it’s that I have to trust you doctors and nurses to take care
of him. That’s my job.”

COPING IN THE INTENSIVE
CARE UNIT

It is difficult to bear the intense feelings of pain, love, loss,
regret, and hope that being treated in the ICU, or having a
loved one treated for critical illness, engenders. Families and
patients vary in their ability to tolerate these emotions. To an
amazing extent, most families and patients are able to muster
inner strength, gain security from each other or draw on out-
side resources, and cope well in times of adversity. While such
families and patients may continue to suffer stress and depres-
sive symptoms, their mature psychological coping mechanisms
(Table 3.2) allow them to work smoothly with ICU staff.

On the other hand, some families and patients are extremely
difficult to manage in the ICU. Such individuals typically fall
into two categories: (a) those with personality disorders, whose
personal and professional lives were replete with problems be-
fore they entered the ICU; and (b) those who have simply re-
gressed, utilizing primitive coping mechanisms that, outside the
ICU, would be less apparent.

Personality disorders refer to severe, pervasive exaggera-
tions of normal personality traits—styles of dealing with the
world (15). As the focus of intensive care medicine is on the
here and now, and major psychosocial investigations of a pa-
tient or family member’s life outside the unit are inappropriate,
distinguishing between the two categories is unnecessary in this
chapter. Also, for the sake of convenience, we refer only to the
“personality-disordered patient” ; however, please note that the
descriptions provided may also characterize family members.
Note also that these descriptions also encompass the more rare,
“easy-going” family member or patient who is simply pushed
to his or her psychological limit, and hence appears personality-
disordered.

All patients with personality disorders have difficulty tol-
erating affect, or emotion. They also demonstrate impaired
reasoning, thus compromising their ability to subdue intense
feelings. Further complicating matters, they often have diffi-
culty distinguishing what others are feeling and their own mo-
tives and tendencies (15). Without their awareness, and to the
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MECHANISMS OF DEFENSE EMPLOYED BY PATIENTS, FAMILY, AND STAFF IN THE INTENSIVE CARE UNIT (ICU)

Defense Description ICU-relevant examples

NARCISSISTIC DEFENSES
Denial Failing to be aware of some aspect of reality in

order to avoid the painful consequences of
this, despite otherwise intact reality testing

A patient denies that she has cancer, refusing to talk about
hospital aftercare, convinced that: “ It’s just a cough. I’m
fine.”

Distortion Molding reality to fit one’s need to feel
superior, attractive, or powerful

A patient protects against feeling ill and romantically
unappealing by convincing himself that: “My doctor
always smiles at me seductively. I bet on the outside
we’d go out on a date.”

Projection Placing one’s unacceptable inner urges and
affects outside the self, often projecting
them (like a movie projector) onto the
screen of another individual

A patient with many regrets says: “ I bet my wife and kids
wish they had treated me more nicely.”

IMMATURE DEFENSES
Acting out Giving into an impulse to relieve inner

tension, gratifying this wish without regard
for the consequences

An anxious son lights up a cigarette at his father’s bedside,
sending the ICU into a panic.

Passive-aggressive
action

The use of procrastination, failing to do
something, and other devices that cause
disruption to either the individual or others
but appear benign

An intern neglects to dictate a transfer summary for a
patient whom the day before she admitted she found
“ totally obnoxious.”

Regression Reverting to an earlier developmental stage
using the strategies from that developmental
era to tackle a stressful event or set of
emotions

A 24-year-old college senior admitted after a motor vehicle
collision feels that her friends, family, and she are quite
vulnerable. She thus cradles a teddy bear and uses “baby
talk,” eliciting paternal/maternal responses from the ICU
staff and bringing to mind the security she felt as a child.

Somatization Converting psychological stress into physical
symptoms

After hip replacement, a patient who “can’t stand” her
physical therapist refuses to get out of bed for this
treater because her leg legitimately throbs with pain
whenever the therapist enters the room.

NEUROTIC DEFENSES
Controlling Scheduling or managing aspects of a painful

event or problem in order to alleviate
anxiety

A patient’s daughter routinely demands a review of his
medication, medication doses, lab test results, and
imaging studies.

Displacement Transferring overwhelming emotions and
thoughts related to one entity to another,
which shares similar features

A woman whose husband has emphysema is disappointed
with him for not quitting cigarettes; in displacement, she
yells at her adult son who is eating a cheeseburger and
fries in the hospital cafeteria, saying: “You need to lose
weight and eat more healthy foods!”

Intellectualization Much like controlling, involves excessive
focus on the intellectual aspects of illness or
hospitalization

A physician is very anxious about her husband’s spine
surgery and convalescence and asks questions ad
nauseam about the surgeon’s approach and the materials
used rather than sitting at her husband’s bedside.

MATURE DEFENSES
Anticipation Realistically looking at the future and making

management plans for upcoming challenges
A father, whose wife is dying in the ICU, asks the patient’s

social worker for a referral to a grief support network
for her daughter and himself, saying: “Right now I can’t
even think straight, but I know this is going to be hard
and we’ll need help.”

Humor Utilizing comedy to help oneself and others
acknowledge and tolerate painful aspects of
reality

While rolling to the operating room for leg amputation, an
elderly woman drolly comments to the medical student:
“You think my pedicures will be half-price?”

Sublimation Accepting that one’s impulse is socially
unacceptable, adapting it into one that is
useful and gratifying

A college student visiting a friend hates how emotionally
sterile the ICU environment is and would like to scream
at the doctors and nurses. Instead, she becomes
determined to go to medical school and become a warm,
empathic physician.

Suppression Consciously delaying focusing on a painful
topic or aspect of reality, saving it for later

A family who desperately wanted their grandmother to be
part of a wedding service is concerned that she will not
survive a subdural bleed. Wisely, the bride’s mother
counsels: “This is upsetting, but let’s just cross that
bridge when we come to it. For now, let’s work on
taking good care of grandma.”

Adapted from Sadock BJ, Sadock VA. Kaplan & Sadock’s Synopsis of Psychiatry. 9th ed. Philadelphia: Lippincott Williams & Wilkins; 2003:207.
Blackman JS. 101 Defenses: How the Mind Shields Itself. New York: Brunner-Routledge; 2004.
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surprise of their caretakers, such individuals consistently em-
ploy defense mechanisms, which cause disruptions that take on
a life of their own. To examine this more closely, let us examine
a simple hypothetical, toxic hospital interaction:

A nurse’s aide asked a nondelirious middle-aged litigator recovering
from back surgery what he wanted for the following day’s meals.
The man handed this caretaker his menu and barked: “ I want some
decent food, not the crap you serve here!” Caught off-guard, the
nurse’s aide picked up the menu, but distracted by the man’s rude-
ness, left it by the sink after she left the room. The next day, when
the wrong cuisine arrived on the man’s tray, he derided this attrac-
tive and typically savvy staff member as “ugly,” “ incompetent,”
and “worthless.” He complained bitterly to everyone who entered
his room about this woman and the “dietary travesty” for the rest
of the day.

Some may argue that clinicians simply need to work with a
patient’s overt behavior: “What you see is what you get. Deal
with it!” Accordingly, these people argue that our job in the ICU
is not to delve into the motivations driving a patient’s actions or
feelings. Such folks may simply dismiss the attorney’s behavior
as rude and note that he had a finicky palate. Alternatively, we
contend that investigating the emotions and inner conflicts un-
derlying the man’s rudeness offers a deeper, more sympathetic
version of what occurred. We can first speculate that this man,
a powerful lawyer outside the hospital accustomed to getting
his own lunch and going to the bathroom without the aid of a
bedpan, felt extremely “ incompetent.” Perhaps used to know-
ing every aspect of his client’s cases and his staff’s work, he
also loathed the idea of the medical and surgical staff knowing
more about his magnetic resonance imaging (MRI) scan, labs,
and even his lunch time than he did. Finally, he may also have
been quite attracted to the nurse’s aide and, pale, unshaven,
and sitting in bed wearing a hospital johnny, felt that he him-
self looked very ugly. Through his brief comment, the man was
able to redirect his intolerable feelings. He turned his sadness
into hostility and projected his feelings of incompetence onto
the nurse’s aide. She, in turn, felt flustered and perhaps an-
grily, “accidentally” (passively aggressively) left his menu by
the sink. He was also able to defend against his concern of
not knowing what is supposed to happen in the hospital, by
pointing out that he knows he was getting the wrong meals,
and was able to engage his doctors and nurses in a discussion
about his food as opposed to his medical treatment. Thus, the
man’s defenses took on a life of their own with conflict over a
breakfast tray, thereby distracting from his chief psychological
troubles. In this case, the man’s behavior falls in the “narcissis-
tic” category, which represents one of the four main, difficult
patterns of interpersonal behavior we have identified (16). Be-
low we describe each personality type and offer management
advice on treating the narcissistic, obsessive, dependent, and
overly dramatic patient (Table 3.3).

The Narcissist ic Pat ie nt

Patients in the ICU lose autonomy. In almost every way, they
are at the mercy of ICU staff and visitors, leading many pa-
tients to feel infantilized. For most patients, then, regaining
a sense of control over their lives is important. Meanwhile,
for the narcissistic patient, this need takes on an overwhelm-
ing, life-or-death urgency. Narcissistic patients approach the
world in a grandiose fashion with an exaggerated sense of self-
importance. They typically believe they are special and unique,

requiring excessive admiration. They have significant problems
with empathy and feel a strong sense of entitlement for care,
concern, or special treatment (17). If they fail to receive these
“entitlements,” they attack, sometimes ruthlessly. It should be
noted that these traits often are responses to underlying feelings
of insecurity, low self-esteem, ineffectiveness, and profound
feelings of deprivation—typically stemming from neglectful in-
teractions in their childhood. Despite their overt demonstra-
tions of strength and power, in reality they feel weak and fragile;
it is crucial to recognize that they are not in touch with these
underlying feelings, and that if confronted, they will fiercely
deny and reject that they have them.

Occasionally, as the example above demonstrates, the nar-
cissist’s need for control and special care may take the form
of scathing critique concerning the health care staff. These pa-
tients often deride nurses (“That’s the wrong bandage!”), be-
little housestaff (“You must be new at this, Doogie”), and drop
names (“Dr. Thompson, the world famous nephrologist, is a
buddy of mine from college; he never allows patients to be
treated like this” ) to demonstrate their “connections.” Staff re-
actions to such patients include rage and revulsion when they
are the subject of derision, or, more commonly in more junior
house officers, nurses, or staff, feelings of inadequacy or infe-
riority when a patient presents as an entitled, very important
patient (VIP).

Insofar as possible, it is best to collaborate with—rather
than confront—this type of patient. To avoid caustic exchanges
ending in both the patient and physician feeling hurt or en-
raged, one must choose to have a different relationship with
the patient, which can be accomplished by avoiding authori-
tarian condescension and appealing to the patient’s narcissism.
Remember, when narcissistic patients examine their surround-
ings in the ICU, all they see are their inadequacy, inability,
and incapacity. The nasogastric tube attached to the churning
pump reminds them that they cannot nourish themselves; the
ventilator brings to mind that they cannot breathe on their
own; the bedpan is a glaring reminder that they cannot even
relieve themselves independently. When a physician or nurse
uses a tone of voice that conveys respect, and chooses words
that remind patients that, despite their infirmities, they are still
valuable people, he or she is able to meet patients’ needs, of-
fering them the respect they so desperately crave. This may
entail calling patients “sir,” “ma’am,” “Mr.,” “Ms.,” “Dr.,”
or “Professor” as appropriate. It is also useful to ask narcissis-
tic patients about their lives before they came down with the
debilitating illness. This promotes the notion that you think of
these patients as vital, able-bodied individuals who happen to
be suffering severe infirmity, as opposed to thinking of them as
fragile nonentities—a patient’s worst fear.

Narcissistic patients appreciate gaining as much control as
possible. Hence, even controlling their light switch and TV,
using patient-controlled analgesia, or being able to choose to
“go first” or “go last” when the phlebotomist performs rounds
helps patients feel like more of a collaborator in their care.
Finally, avoiding power struggles with narcissistic patients is of
the utmost importance. For example, a psychologically minded
ICU nurse who was typically well liked by staff and patients
was being bossed around by a VIP, who eventually asked for
a different nurse. Rather than be offended, the nurse simply
exchanged patients with a colleague. She offered: “Hey, when
I was young I would have been offended and told him ‘I am
your nurse and you are stuck with me.’ But he’s not in the ICU
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TA BLE 3 . 3

COMMON PROBLEMATIC PERSONALITY STYLES ENCOUNTERED IN THE INTENSIVE CARE UNIT (ICU)

Personality type Core deficit Characteristic behavior Suggested response

Dependent Hypersensitive to abandonment,
inadequacy, and
aloneness—poor “object
constancy” ; defended against
isolation

■ Unending need for nurturance and
support

■ Demands special care
■ Childlike; cries easily and

complains of abandonment and
insufficient care

■ Schedule exam and rounding
times.

■ Anticipate nursing staff
changes, physician care shifts,
and transfer to floor.

■ Validate patient’s plight and
offer to help within reason.

■ Enlist family members for
support.

■ Support nurses and colleagues
who may need to spend extra
time with these patients.

Narcissistic Hypersensitive to loss of control
and stature; defended against
looking weak

■ Denies severity of illness
■ Shows bravado
■ Critical of ICU staff and care

■ Acknowledge patient’s stature.
■ Enlist patient as active partner

in care and decision making.

O bsessive Hyperaware of loss of control;
defended against the
unknown; craving mastery

■ Excessive focus on medical facts
and minutiae

■ Rigid, with restricted affect; not
apt to “show emotional cards”

■ Schedule patient and family
meetings.

■ Have a set amount of
information to share with
patient and family.

■ Provide factual, as opposed to
nuanced, explanations of data.

■ Avoid emotional commentary
or inquiry and avoid
authoritarian approach.

Dramatic Difficulty feeling cared for or
thought of except within
emotionally extreme
exchanges; minor insults felt
deeply

■ Engaging and charming to some
staff, denigrating and caustic to
others

■ May have multiple allergies and
phobias

■ May “fire” some staff, take
exceptions to rules, and seek
intimate connections with others

■ Acknowledge patient’s positive
attributes.

■ Validate patient’s plight and
offer to help within reason.

■ Discuss patient with colleagues
and set limits, as necessary, as a
team.

Adapted from Kahana RJ, Bibring GL. Personality types in medical management. In: Zinberg NE, ed. Psychiatry and Medical Practice in a General
Hospital. New York: International Universities Press; 1965:108. Usher CT. Problematic behavior of patients, family and staff in the intensive care unit.
In: Irwin RS, Rippe JM, eds. Irwin and Rippe’s Intensive Care Medicine. 6th ed. Philadelphia: Lippincott Williams & Wilkins; 2008.

for me to be his nurse. He’s here because he’s sick and needs
help. So I just found another nurse to take care of him.”

The De p e nd e nt Pat ie nt

Dependent patients are hypersensitive to being alone and suffer
intense anxiety. These individuals feel empty and isolated, often
because they came from families that never provided adequate
caretaking. They cling tenaciously to clinicians or family mem-
bers, often engendering feelings of disdain and aversion. Clin-
icians are typically idealized and considered endowed with su-
perhuman powers. Such patients have an inability to hold onto
the comforting feelings they receive from ICU staff, friends, or
relatives when those people are not actively helping them. In
psychiatric terms, we would state that, similar to the early tod-
dler, the dependent patient has poor object permanence, unable
to conjure a mental image of his mother when she’s out of sight
(18). Thus, these patients demand urgent assistance with nearly
every aspect of ICU life. Often these entreaties are the same as

one would expect any hospitalized person would want: Better
food, more analgesia, softer pillows, more frequent visits and
doctor reports, enhanced light, nicer views, gentler exams, and
fewer tubes and catheters. However, for the dependent patient,
these concerns take on an overwhelming urgency, often driving
ICU staff to distraction.

Addressing—as opposed to avoiding—the relationship
needs of the dependent patient involves frequent visits and
keeping the patient informed. Nurses and doctors should let
such patients know when they plan to come back into the room,
when rounds might take place in the morning, when transfer
to another ward will happen, and when tests will take place.
For many dependent patients, this basic information will not
be enough to soothe their demands for instant anxiety relief.
In these situations, the nurse–patient or physician–patient rela-
tionship can be transformed by (a) validating that the patient’s
concerns are real, (b) communicating to the patient that his or
her request is understood, and (c) explaining to the patient that
the staff will do everything in their power to help, but that it
may not be possible to provide everything the patient demands.
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These three tasks are accomplished through statements that
include two words: “ I wish.” For example, an exceedingly de-
pendent patient in the ICU whimpered to her young house
officer: “Doctor, I’m so scared. Please, please keep checking on
me!” The savvy resident responded: “Mrs. D, your illness is
severe and I am certain very frightening. While I wish I could
stop by every hour, I have a lot to do in the hospital today. I
promise, though, to check in with you this evening around
5 p.m.” With the woman’s fear and anxiety validated—
believing that her physician would keep her and her problems
in mind throughout the day and actually stop in for a visit
(which the resident did with all of her patients)—this patient
felt comforted and acted less demanding.

The Ob se ssive Pat ie nt

Obsessive individuals are emotionally constricted and rigid.
They tend to focus on minute details and lose the big picture.
They are compelled to make the “right” or “perfect” decision
based on “facts” and never feel that they—or their caregivers—
have all the information to provide optimal treatment. Conse-
quently, they are intensely frustrating to providers, who feel
assaulted by endless questions and devalued, as the provider
never has the patient’s confidence in treatment decisions (15).
Caring for the patient or family member who pays obsessive
attention to detail and routine can be very taxing. By clinging
to the “rules of medicine” as a 7- to 10-year-old child might
adhere to the rules of a board game, the obsessive patient can
irritate physicians and nurses. In contrast to narcissistic pa-
tients who regain control over their surroundings via denial,
distortion, and bullying behavior, obsessive individuals defend
against feelings of helplessness by focusing on medical minu-
tiae. The obsessive logic goes: “a place for each thing and each
thing in its place” (19). Of course, everything in the ICU is out
of place; patients do not know what their radiographs show
right away; their labs are a mystery to them for several hours,
even days; and the meaning of the blips and bleeps of mon-
itors buzzing around them is not understood. So, with often
very rudimentary medical knowledge, the obsessive patient or
family member works hard to gain mastery over these details.
Losing the forest for the trees, the obsessive patient asks inces-
sant questions. For example, one woman with Guillain-Barré
syndrome demanded to know why she was not being trans-
fused when she saw an “L” marked next to her “HCT” of
32.3% . When her nurse sat down next to her bed, summarized
her lab report, and explained the team’s management rationale,
the patient felt knowledgeable and was soothed. Again, dealing
with this type of difficult patient interaction takes extra time
and a firm decision on the practitioner’s part to have a different
relationship with the patient. Obsessive patients cannot stand
the paternalistic, authoritarian approach, and the practitioner
who is not flexible will get into fruitless standoffs with these
patients. Statements such as “you just rest and let us take care
of you” are intensely irritating to the obsessive patient. Instead,
offering the obsessive individual a set amount of information,
with a satisfying but not overwhelming amount of detail, can
be key. This may mean showing the obsessive patient or fam-
ily member a chest radiograph or reviewing their “ lytes” at
bedside. Second, the obsessive patient, like all patients, appre-
ciates routine. Announcing and, insofar as possible, keeping
to a schedule in which nurses and physicians will visit are im-

portant. Finally, scientific, deductive reasoning (“ if your labs
show X, then we’ll respond by doing Y”) curbs the obsessive
patient’s anxiety.

The Dramat ic Pat ie nt

Linked to many instances in early childhood trauma and be-
cause they have intense difficulty identifying their own affec-
tive state, in distinguishing how they think and feel from how
others think and feel (20), dramatic patients fail to recognize
subtlety. They thus engage in highly volatile relationships. In
the hospital, these patients—many of whom suffer borderline
personality disorder in the official psychiatric nomenclature
(17)—engage their physicians and nurses in relationships that
are intensely intimate or staggeringly conflictual. The dramatic
patient often seduces some staff members and alienates oth-
ers. This leaves ICU personnel at odds, with some having had
a very positive experience with the patient, using phrases like
“ lovely,” “charming,” and “delightful” to describe the patient,
and others considering the patient obstreperous or toxic. When
clinicians who have such divergent experiences with a dramatic
patient convene, there is often a conflict over how to manage
the patient’s demands. This experience is dubbed “splitting”
and can create tremendous tension. The deleterious effects of
splitting, which include mistreating the patient and high staff
tension, are minimized when physicians and nurses acknowl-
edge that they have had much different emotional experiences
with a patient. Once this is done, limits can be set in a manner
that both soothes the patient and settles the staff (Table 3.4).

Dramatic patients are also notorious for their hypersensi-
tivity to physical pain and perceived slight and threat of aban-
donment by physicians and nurses. Similar to the dependent

TA BLE 3 . 4

PRINCIPLES OF EFFECTIVE LIMIT SETTING IN THE
INTENSIVE CARE UNIT (ICU)

■ Validate: Acknowledge the patient’s real struggles.
■ Explain: Provide limits in a clear and concise manner and

avoid overly euphemistic statements such as: “Refrain from
unsafe behavior.” Instead, say: “Please stop throwing
things!”

■ Be flexible: Before speaking with the patient, discuss as a
team what the patient may ask for and what the ICU team
can be flexible in offering. For example, can a patient
begging for a cigarette be administered nicotine gum or a
transdermal patch?

■ Determine consequences: Know in advance how to handle
transgression of limits; these do not necessarily need to be
shared with the patient or his or her family, but can give the
ICU team a sense of security.

■ Avoid arguments: Long, drawn-out battles of wit or reason
are rarely useful. Leaving the patient’s bedside in order to
cool down, think of a new strategy, or consult a colleague is
better than acting impulsively.

Adapted from Usher CT. Problematic behavior of patients, family and
staff in the intensive care unit. In: Irwin RS, Rippe JM, eds. Irwin and
Rippe’s Intensive Care Medicine. 6th ed. Philadelphia: Lippincott
Williams & Wilkins; 2008.
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patient, validating the very dramatic patient’s feelings is key.
Although the clinical staff may believe that dramatic patients
are “exaggerating” or “faking” their symptoms, even if these
assessments may be accurate, it is futile to believe that these
concerns can be managed by approaches that entail feelings
such as “I hope that they will just go away or stop if I ignore
them.” One must have an explicit plan to improve the rela-
tionship with a patient. As one of our (CU) senior residents
at Walter-Reed Army Medical Center once intoned, “Sir, hope
is not a course of action!” It can be immensely soothing to
dramatic patients if you convey your understanding of their
struggles and let them know that you are aware of many of
the problems they are facing. Furthermore, asking, “Are there
some problems that I’ve missed that we need to make certain
we are helping with?” , can lead to further improvement in your
relationship.

COMMUNICATING WITH FAMILIES
IN THE INTENSIVE CARE UNIT

The ear says more
Than any tongue.

W.S. Graham, “The Hill of Intrusion”

Family members and friends are not mere visitors to the ICU
(21). They are often charged, sometimes reluctantly (22), with
understanding a patient’s diagnosis, prognosis, and treatment
options, in addition to making informed decisions when their
loved one is unable to express his or her own medical care
preferences. Family members also play an integral role in en-
couraging their critically ill spouses, siblings, aunts, and uncles.
In addition, they may help nurses provide care, and often spend
much time on the phone or e-mailing, communicating progress
and problems to relatives and friends of the patient who can-
not visit the ICU. A study by Pochard et al. found that the
prevalence of depression in family members of intensive care
unit patients was 69% , while 35% suffered marked anxiety
(12). These symptoms may make it very hard for family mem-
bers and loved ones to function in their roles as caretakers,
nurturers, communicators, and decision makers while on the
unit; moreover, it impacts their abilities as mothers, fathers,
and employees outside the unit.

Quality communication between ICU staff and family mem-
bers of ICU patients is central to:

■ Reducing family stress and dissatisfaction (23)
■ Minimizing conflict surrounding end-of-life decisions (24)
■ Decreasing futile interventions (25)
■ Reducing friction between ICU staff and families (26)

Again, while some families may utilize maladaptive cop-
ing strategies or appear very similar to the personality profiles
listed in Table 3.3, ICU staff committed to communicating with
families stand the best chance of promoting patient and family
security and alleviating suffering.

While each family and critical care situation is unique, fol-
lowing some general guidelines (Table 3.5) for interacting with
families can be helpful. These include being clear and concise
when explaining the medical information; asking to make cer-
tain the data are understood; scheduling appointments for fam-
ily meetings; listening more and talking less; tuning in to those
things that make the patient and family special (27); and pro-

TA BLE 3 . 5

CORE PRINCIPLES OF COMMUNICATION WITH
FAMILIES IN THE INTENSIVE CARE UNIT (ICU)

CLEAR
Provide family members and loved ones with clear, concise

descriptions of the patient’s condition and avoid jargon.
Frequently ask if there are any questions and provide more
detail as necessary.

ON TIME
Schedule appointments for family meetings or treatment

updates. Try, as best as possible, to be on time. If you will
be late or unavailable, send a representative.

RESPECT THE PATIENT’S UNIQUENESS
These appointments are as much about what you say as how

well you listen. Focus carefully on what makes the patient
special and try to learn the names of the people who are
important to the patient.

EARLY DIAGNOSIS AND PROGNOSIS
Even if it means saying, “ I’m not sure,” try to inform the

family early in the ICU stay.

Adapted from Usher CT. Problematic behavior of patients, family and
staff in the intensive care unit. In: Irwin RS, Rippe JM, eds. Irwin and
Rippe’s Intensive Care Medicine. 6th ed. Philadelphia: Lippincott
Williams & Wilkins; 2008.

viding early diagnostic and prognostic information, even if this
involves admitting uncertainty (28). Keep in mind that most
families rate the clinician’s ability to communicate above their
clinical prowess (29).

Despite early, open dialogue between ICU clinicians and
patients’ families, problems nevertheless will arise. Owing to
stress, depression, and anxiety, some families may not want to
participate in the decision-making process regarding their loved
one’s care (22). Referral to unit support staff, including social
workers who are able to assess the needs of family members,
can be very helpful.

At times, the family members’ judgment may be clouded by
anger toward the patient. For example, the relatives of a patient
who is being treated in the ICU following a suicide attempt may
be upset at the patient for “wanting to leave them behind,” and
hence may make decisions out of anger, frustration, and disap-
pointment (30). If one senses that this is the case, bringing these
feelings out into the open—what psychotherapists term “mak-
ing the implicit explicit”—can help families consider treatment
decisions more thoughtfully.

Breakdowns in understanding and communication between
clinicians and families occur when, wrought with guilt or a
profound sense of duty, family members demand that staff “do
everything possible” for the patient, even when aggressive care
is futile. One scenario in which this occurs involves the distant
son or daughter who has played a minimal role in his or her
parent’s life and feels overwhelming guilt. Alternatively, family
members may feel they “need” a relative so badly that losing
him or her would be psychologically devastating. This may im-
pair their reasoning to the point that they overinterpret subtle
cues as signs that their loved ones can hear them, appreciate
their presence, or “want to keep on fighting.” Sometimes these
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wishful perceptions cause family members to make decisions
counter to what the patient requested before he or she was in-
capacitated. In these cases, it can be transformative when the
clinician conveys an understanding of what the patient means
to his or her family members and also offers a solution that
preserves the family members’ views of themselves and of the
patient.

For example, after a prolonged battle with cancer, a war vet-
eran was admitted to an ICU in respiratory failure. The patient’s
daughter was made aware that this man had little chance of
making a meaningful recovery; yet in family meetings, she fore-
closed any discussion of withdrawing ventilator support. “He’s
a fighter; he’s made it this far and he’s gonna keep fighting,”
she protested. In response, a very empathic intensivist explored
how much this woman’s father meant to her, learning that this
patient being a “fighter” inspired his daughter to battle with her
own illness. The ICU physician described back to this woman
what an inspirational life her father had lived, conveying an un-
derstanding what “being a fighter” meant in their family. Upon
hearing these words—that the physician “got it” and was still
recommending a full discussion of treatment options—the pa-
tient’s daughter relaxed her stance and was willing to discuss
end-of-life care options with the ICU team and the rest of her
family.

A family’s spoken language and cultural understanding of
health, illness, and dying play crucial roles in their ability to
meaningfully communicate with ICU staff members. Both lit-
erally and figuratively, it is important for families to sense that
ICU physicians and staff members are working hard to “speak
the family’s language.” Translated literally, this means that ICU
staff must ensure that families can understand the content of
what the staff are conveying. For families who may not enjoy a
medically rich vocabulary, this means avoiding the use of tech-
nical terms and medical jargon, and frequently asking if there
are questions. Meanwhile, for families for whom English is not
their first language, offering and utilizing medical interpreters is
extremely important (31). Family members should not be used
as interpreters, as it places a major burden on these individuals
to remain intellectually engaged in understanding and convey-
ing material and to emotionally cope with the information they
are processing. Family members who become the “go-to” per-
son in terms of interpreting may also emphasize certain facts
to loved ones in order to influence their decisions or can reluc-
tantly become primary decision makers based solely on their
fluency, but not out of a desire to lead the family in making
medical decisions.

All families hold explanations for illness embedded in a cul-
tural identity. To physicians steeped in the Western allopathic
medical tradition, some culturally bound beliefs—often stem-
ming from a family or individual’s religious, spiritual, ethnic
identity—may seem strange such that a meaningful dialogue
about a patient’s medical condition seems impossible. As one
puzzled intern intoned after a troubling family meeting, “ I was
talking about heart failure, while his wife kept talking about
spirits. It was weird, I was like, ‘Are we having the same conver-
sation?’.” In order to prevent such Babelic dialogue, physicians
can benefit from being openly curious about the way a family
member will integrate the information he or she has to share.
Thus, it may be helpful to open a family meeting by asking
family members what their understanding of the situation is
and, perhaps, why they believe their loved one is experiencing
the problems he or she is. This helps set the stage for a more

fruitful conversation, by establishing that the physician hopes
to offer information that will be integrated into, but not sup-
plant, a family’s perspective. One can also suggest to families
that they invite a trusted friend, priest, shaman, or other cultur-
ally esteemed individual to family meetings with medical staff,
or offer to review the information with that person.

Of course, despite the best efforts of clinicians and family
members, standstills sometimes occur. In those situations where
family members linger at odds with each other or with ICU staff
regarding medical decisions, an ethics consultation is helpful.

PROMOTING UNDERSTANDING
AND COMMUNICATION WITH

CHILDREN AND TEENAGERS IN
THE INTENSIVE CARE UNIT

If the behavior of ICU patients and their family members and
loved ones can be perplexing and irritating to critical care
physicians and nurses, then understanding the reactions of chil-
dren visiting the ICU can be downright bewildering. Still, par-
ents often ask if their son or daughter should visit a parent or
loved one in the ICU and, if so, how to facilitate these visits.
Thus, it behooves the physician or nurse interested in practic-
ing whole-family care to keep in mind a few developmental
principles.

The first issues to consider when a family asks about a child
visiting in the ICU are whether it is appropriate for the devel-
opmental level of the child and whether the child could visit the
unit and feel safe, as well as ascertaining the motivation for the
visit. It is thus most important to ask: Whose idea is it for the
child to visit, and why? Occasionally, when the staff inquires
who the child’s visit is for, revelations about the individual’s
own experience are revealed. For example, one man who was
quite emotionally distraught wanted his 4-year-old son to visit
his grandmother, who was on a ventilator and likely to pass
away. This preschool-aged boy had experienced little contact
with his grandmother prior to her illness and had clearly stated
he did not want to go. Yet, his father explained to the ICU social
worker: “Well, I just think he ought to see grandma. I always
wanted to see my grandma and regret it, so I think my son
should see his.” Having made that statement, the man realized
that his desire to have his son come to the ICU was a projection
of his own wishes to relieve guilty feelings about failing to visit
his own grandmother. With the help of the unit social worker,
the gentleman and his wife instead opted to have their son stay
at home, but were able to learn some simple phrases to explain
to this youngster what was going on with his grandmother.

Meanwhile, there are very good reasons for children to visit
loved ones in the ICU: To promote attachment and understand-
ing; to reduce fears, hopelessness, and guilt; and to fulfill a
mutual desire on the part of the patient and child to see one
another (32). For example, when a child’s parent is hospitalized
but likely to recover, the child’s fears of his mother or father dy-
ing or going through immeasurable torment may be assuaged
by visiting. The visit may have a dual positive purpose—it may
buoy the spirits of the hospitalized parent.

In addition to gauging emotional factors when helping fam-
ilies decide whether a child should visit the ICU, safety factors
must also be considered. For example, the child who becomes
overwhelmingly anxious, even dangerously hyperactive, is not
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a great candidate for visiting the ICU. Also, given their un-
developed immunocompetence, it is typically considered inap-
propriate for infants under 9 months to visit the hospital.

Finally, children, adolescents, and families need to be pre-
pared for an ICU visit. This is best done by having a staff
member meet with the child and an accompanying adult family
member to provide guidance about the experience. They need
both an appreciation of what may be seen, felt, and understood
in the ICU, and what consequences may require attention af-
ter a visit. Providing information and explanations to the child
and family member must take into account the cognitive and
emotional level of the child. The information that follows may
be helpful to staff when taking these developmental consider-
ations into account.

Pre schoole rs (3- t o 6-ye ar-o ld s)

There are three features of preschool-aged children that are
central to their visiting the ICU: The fact that they are egocen-
tric, they employ magical thinking, and they are keenly focused
on body integrity. Regarding the first two points, children of-
ten believe they are responsible for their own illnesses or the
illnesses of loved ones. For example, one little girl believed her
mother was in the ICU because the same day her mother was
hit by a car, she had “said a swear.” With great effort, this little
girl’s father assuaged her guilt and explained the nature of the
car accident. Meanwhile, remember that children of this age
are very concerned with body integrity; they love bandages,
often believing that “boo-boos” that are not properly covered
will ooze out the life force. Hence, when children see tubes and
catheters, blood-smeared intravenous sites, or wounds, they
can become tremendously fearful. They may also reason that
these things are what is keeping the patient in the ICU and
making him or her ill, as opposed to thinking that the ICU is
keeping the patient there to provide loved ones the necessary
care to keep him or her alive. Providing children with pictures
of what they will see in the ICU—such as showing them an
IV pole, a stretcher, a monitor, and a puppet play about what
the ICU will be like before they visit—can be key to helping
them gain a sense of mastery over their ICU visit. For exam-
ple, after taking a tour of an empty ICU room and being told
what to expect, one proud 6-year-old commented: “My dad
was connected to this bag (IV fluids) on this pole and this ma-
chine, ’cuz his lither and his kid knees aren’t working, but it
was okay, these machines were helping.”

School-ag e d Child re n (7- t o 11-ye ar-o ld s)

Around the age of 7, children begin developing a more so-
phisticated world view based on logic. They have a voracious
appetite for knowledge and understanding the “rules” of a sys-
tem. For example, first-graders love board games. However,
this desire for understanding is balanced with not wanting to
look “dumb,” so school-aged children will often not ask ques-
tions. The key to preparing children of this age for visits with
critically ill relatives and family friends is to provide basic de-
tails about illness and frequently ask if they have any questions.
Too much information can overwhelm children of this age, who
may still find the internal organ “goings on” of an ill individual
quite mysterious. Helping children gain a sense of mastery by

buying books and using diagrams or models to explain what
is happening to a relative may be very helpful. Finally, giving
children something to do, such as filling a water pitcher or vase,
opening cards, or presenting a gift, can help alleviate boredom
and promote a sense of accomplishment—they will feel like
they have been helpful to the loved one. One last note on chil-
dren of this age is that early in the school-age developmental
era, children gain a sense that death is permanent. This may
bring about a profound anxiety. Exploring children’s thoughts
on the matter and reassuring them that their life routines and
schedules will continue despite the possible loss of a loved one
can be very reassuring.

Pre t e e ns and Ad ole sce nt s (12+ Ye ars)

Teenagers have a much stronger sense of medical reality and,
with this understanding, more robust, emotional responses.
Some adolescents may throw themselves into the caretaker role,
wanting to operate on the level of adult family members that are
visiting. Others may choose to avoid the hospital, finding the
experience too overwhelming. Helpful measures can be taken
such as being nonjudgmental, laying out the pros and cons of
visiting relatives, and avoiding “guilt trips” such as “ this may
be the last time you ever get to see your uncle so you’d better
go.” Also, when providing adolescents with information before
they come to the hospital, they may be quite offended when
they are “spoken down to” ; hence, a very nonauthoritarian,
open discussion of what is happening to their relative or loved
one is the best approach. Finally, it is helpful when communi-
cating with anxious teenagers to ask, in an open-ended man-
ner, if there is anything they are worried about. Most teenagers
loathe comments such as “I can see you’re worried. Just ad-
mit it,” which can lead to painful arguments during the drive
to and from the hospital. Particularly with teenagers, but also
with younger children, in family conferences, it is important
for doctors and nurses to look them in the eye, shake their
hand, and ask if they have any questions—treating them as full
members of the family.

SUMMARY
Mindful practitioners attend in a non-judgmental way to their own
physical and mental processes during ordinary, everyday tasks. This
critical self-reflection enables physicians to listen attentively to pa-
tients’ distress, recognize their own errors, refine their technical
skills, make evidence-based decisions, and clarify their values so
that they can act with compassion, technical competence, presence
and insight.

Ronald Epstein (33)

Care in the ICU requires highly specialized knowledge and skill
on the part of all health professionals. However, the technical
skills required for optimal care may be severely compromised
by the emotional reactions of patients and families. Physicians
in the ICU should see themselves not only in a capacity to cure
or stabilize illness, but also in a unique position to heal. Heal-
ing involves more than applying current scientific knowledge,
diagnostic procedures, and therapeutic technique. Beyond
these critical factors, it requires providing comfort, reassur-
ance, open and honest communication, respect, and empathy
(34). Too often, care is compromised by the interference of
the patient and/or families in the therapeutic process. When
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the clinician can appreciate the types of personalities and re-
actions of patients and families in crisis situations, understand
the underlying psychological processes that engender them, and
maintain an acute awareness of his or her own responses to
them, he or she will be fully able to provide the best possible
care in the ICU.

Working in the ICU is, of necessity, a multidisciplinary team-
based enterprise. As such, there is no substitute for discussion
by team members of both the medical aspects of their patients’
conditions and their emotional reactions, especially as they im-
pact individual clinician and team functioning. Being mindful
pertains not only to the individual, but also to the team, and
taking some time for distance from the patient, communication,
and reflection is often clarifying and rejuvenating. Moreover,
the ICU staff should welcome the assistance of consultants and
mentors with extensive experience in their management of dif-
ficult patients and families.
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CHAPTER 4 ■ BREAKING BAD NEWS
TO PATIENTS
RHONDA S. FISHEL r JAMIE HOCHMAN

Case History
November 1, 2005: The patient is a 50-year-old Caucasian female
who has had a 3-month history of intermittent left suprapubic pain,
nausea, and fever; the episodes last 24 to 48 hours. Her past history
is significant for mild hypothyroidism for which she takes levothy-
roxine. Her last menses was 2 years ago, and she has been followed
for a uterine leiomyoma. She does not smoke or drink. The patient
is a surgeon and an intensivist. Physical exam is remarkable for a
6-cm uterine mass, which is not fixed. Ultrasonography demon-
strates an irregular uterine mass, which does not have increased
blood flow. The study is interpreted as a likely growth of a pre-
viously benign fibroid. On October 31, 2005, she undergoes a to-
tal abdominal hysterectomy and bilateral salpingo-oophorectomy;
frozen section shows large areas of uterine necrosis but does not
demonstrate malignant cells. On postoperative day 1, the perma-
nent pathology is interpreted as a 9-cm high-grade uterine sarcoma.
Her gynecologist, also a colleague, sits at the patient’s bedside and
delivers this diagnosis. That evening, the patient has a computed to-
mography (CT) scan of the chest, which shows a pulmonary metas-
tasis. Some months later, the gynecologist reveals to the patient that
he was so distraught from giving her bad news that night that he
developed laryngitis for the next several days.

Practitioners who choose a career in critical care medicine—
or other emergent fields—will soon realize that a significant
focus of their practice will be delivering and processing bad
news. The excitement of applying bold clinical skills, using
advanced technology, and making life-or-death decisions in the
most critical patients will be tempered by the need to participate
in the most somber of discussions. Giving bad news is not easy,
thrilling, or glamorous—but it is essential. Done appropriately,
it will provide the patient and family solace in a time of pain;
done poorly, it is injury added to illness.

In this chapter, we will consider cultural, professional, and
clinical barriers to effective communication. A framework will
be provided to help the practitioner who must have these diffi-
cult conversations. This will include suggestions and scenarios
based on our (RF and JH) experiences—both good and bad—as
clinicians for over 25 years. We have learned immensely from
our mentors, nurses, respiratory therapists, and social workers;
from readings of others’ words of wisdom; and from those that
we have supervised.

Each country’s health system and group of providers are
sited in a cultural and social milieu. This siting determines, to a
greater or lesser extent, some of the myriad ways with which we
respond to the communication difficulties we detail below. As
citizens of the United States, we realize that the discussion we
bring to bear below is at least partially a result of our social and
cultural setting, among other factors. Other of our colleagues,
in the west and the east, might approach this issue somewhat
differently. This is our approach.

Finally, it is a common misconception among physicians
that they are the sole purveyors of the conversations surround-

ing the delivery of bad news. Nothing could be further from the
truth. Physicians may initiate the conversations, but the after-
math is frequently laid on the doorstep of other practitioners—
most especially our nurse and social worker colleagues. They
must often decipher, interpret, elaborate, and provide emo-
tional support for the patient and family, long after the physi-
cian has left.

BARRIERS TO EFFECTIVE
COMMUNICATION

Influences from American culture and our professional training
can be impediments to the effective delivery of bad news (Ta-
ble 4.1). In the new millennium, communication has become
increasingly truncated. Inundation with cell phones, e-mails,
and text messaging has generated an ABS (abbreviation-based
society), and time is—or at least appears to be—of the essence.
We call others when we know that they are not at home, so that
we can leave a message on their answering machine. We do not
have time for the nuances and articulated detail of spoken or
written conversation.

Our society has carried the winner or loser mentality from
the battlefield to the gridiron to popular television shows. Con-
testants must be winners or be banished; there is no middle
ground. We watch media coverage and re-enactment of medical
miracles, which we accept as expected outcomes. We forget that
miracle is defined as an “extraordinary event taken as a sign of
divine intervention in human affairs” (Webster’s New Explorer
Dictionary [published 2000]). In our society, bad events and
outcomes must be accompanied by the assessment of blame.
“Let bygones be bygones” would not be an apt description
of our litigious society. This societal Trifecta, when applied to
the medical field, suggests that we are losers if our patients
do not get better, and we are to blame. Many intensivists will
tell you that in America, the last rites are cardiopulmonary re-
suscitation. Untoward outcomes from these societal influences
may include intimidation of the practitioner, thus preventing a
frank conversation with a patient or a family. Perhaps worse,
the practitioner comes to see the battle as being between him
or her and the disease, with the patient suffering as collateral
damage.

Aspects of training, particularly of physicians in certain spe-
cialties, have encouraged traits that are the antithesis of the
compassionate communicator. A majority of practicing physi-
cians have reported having received no formal training in effec-
tively communicating bad news (1). For example, surgeons are
taught to be self-reliant, resilient, and tough. Emotions must be
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TA BLE 4 . 1

BARRIERS TO EFFECTIVE COMMUNICATION

American society Physician training

■ Communicates in small
sound bites

■ Has a winner or loser
mentality

■ Is constantly bombarded
with shows about
miracles

■ Believes the last rite is
cardiopulmonary
resuscitation

■ Believes the quicker the
better

■ Personality issues

■ Training and
indoctrination

■ Time constraints

■ Fatigue

■ Fear of failure if patient
dies

checked at the operating room door as surgeons prepare to be
the master of the ritual. The sentiment reflected in the admoni-
tion given to young residents preparing to begin night duty—
“call me if you need me, need me if you call me, and remember,
it is a sign of weakness”—is not ambiguous. How do you then
get them to flip the switch to something kinder and gentler?
Many high-pressure specialties—certainly surgery, critical care
medicine, and anesthesiology—attract a personality type that
is driven, action-oriented, and without the patience to commu-
nicate effectively.

For those in training and in practice, the efficient use of time
is an ongoing challenge. Further, the new work hour limitation
for house staff compounds this stress. How does one accom-
plish all the tasks in the allowable time period? Unfortunately,
the delivery of bad news cannot be neatly fit into a schedule,
and may be quite time consuming. Finally, if the caregiver is ex-
hausted, it may be hard to muster the energy needed to do this
task well. The results from a questionnaire study completed by
167 physicians at the 1999 annual meeting of the American So-
ciety of Clinical Oncology noted that a majority of responding
physicians felt that they did not have enough time to engage in
difficult conversations with patients (2).

Giving patients and families devastating news takes its toll
on the sender as well as the recipient. Each practitioner will
need to develop two preservation strategies. The first is to have
the ability to compartmentalize and be able to move on to a
subsequent task. The second is to consider yourself an emo-
tional filter, of which you need to determine the “porosity.” If
you are moved to tears and incapacitated every time you de-
liver bad news, burn-out may be in your near future. On the
other hand, if you feel nothing as you give your patient the
diagnosis of leukemia, you have lost the reason to be in clini-
cal medicine. Naturally, the “porosity” of our filters will differ
with the clinical scenario, and a portion of it will be out of our
control.

The Institute for Professionalism and Ethical Practice at
Children’s Hospital, Boston, developed a workshop named
Program to Enhance Relational and Communication Skills
(PERCS) to prepare health care professionals for engaging in
difficult conversations. The workshop participants commented
that to become competent in delivering bad news, one must
leave his or her badge at the door, be genuine, invite colleagues

from other disciplines into the conversation, and attend to the
emotional needs of the patient. It is also important to avoid
insensitive and careless terms such as “ incompetent cervix” or
“harvesting organs” (3).

THE BEST WAY TO GIVE THE
WORST NEWS

Every practitioner will develop his or her own style of speak-
ing with families and, particularly, a style of how to break
bad news. Table 4.2 provides some guidelines for these discus-
sions.

Begin by preparing what you will say. It is very important to
consider the context in which the patient/family will be hearing
your message. They have or will form an opinion about you
that may or may not have merit. You may appear too young,
or be of the wrong demographic for them to trust what you
say. They may have had a bad experience in your hospital or
have emotional dysfunction that impairs their ability to listen
to and accept the information you are preparing to present. In
these situations, it is good to have another member of the care
team with you, both to increase your credibility and to bear
witness.

Unlike many communications in our e-mail, text-messaging,
sound-bite society, this one must be a conversation. Your goals
at the end of this conversation are to have the patient or fam-
ily understand your message and to feel that you have acted
responsibly and professionally. The best ways to accomplish
this goal are by paying respect to the situation and by encour-
aging and watching their responses. Everyone should be sitting,
as much as is possible, and pagers and cell phones should be
turned off or given to others to hold. Speak directly, make eye
contact, and watch the family members’/patient’s reaction. Are
they listening to you? Are they understanding you? Do you
need to slow down, ask if they understand what you say, or re-
peat some of the information? This advice is simple but crucial
to effective communication.

If a patient spoke only Spanish, we would not have a conver-
sation with him in English. In our training, we learned the lan-
guage of medicine, to which we added common abbreviations
and idioms. Whether intentional or not, we speak to our pa-
tients in this language, much to their bewilderment. Figure 4.1
provides an example of an intensive care unit (ICU) assessment
given to a family in medical language (A) and in English (B).

TA BLE 4 . 2

GUIDELINES FOR EFFECTIVE CONVERSATIONS

■ Prepare what you are going to say in advance.
■ Take a colleague with you.
■ Engage in a two-way conversation with patients and

families.
■ Watch for verbal and nonverbal cues.
■ Speak directly and maintain eye contact.
■ Avoid slang and jargon.
■ Be patient and give patients and families time to absorb

information.
■ Be empathetic.
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A. Physician speak: 
Your father has a pleural effusion and we will probably need to perform a 
thoracentesis. His ejection fraction has deteriorated and we may need to float 
a pulmonary artery occlusion catheter. His BUN and creatinine have  
increased and we are worried that he is becoming coagulopathic. This clinical 
picture may represent SIRS or sepsis or this could be adrenal insufficiency. 
Further laboratory analysis is needed. A cortisol stimulation is pending.  

B. Physician speak revised: 
Your father has fluid on his lung and we may need to drain the fluid. We do 
this at the bedside and he will be given medication so it doesn’t hurt. His heart 
is not pumping as well as it should and we may need to put in a special IV so 
we can follow this closely. His kidneys are also a little worse but we think we 
can fix it. His blood does not clot properly. If you put this all together, it may 
be that he is fighting a bad infection that makes his whole body sick. 
Sometimes all of this happens because a little gland above the kidneys is not 
working right. We are going to do some tests to figure this out.  

FIGURE 4.1. An intensive care unit assessment
given to a family in medical language (A) and in
English (B).

We should not assume that our patients will question what
they do not understand. They may not want to appear igno-
rant in our “ temple.” It is more important to sound intelligible
than intelligent. One should avoid “ inadvertent disempowering
behavior” (Caroline Pace, personal communication, 2006),
where the patient or family members, already at a disadvantage
because of illness, now must feel inadequate because they do
not understand the communication.

It is not necessary to feel sorry for patients, but it is crucial to
have empathy for their situations. Though perhaps irrational,
upon the receipt of bad news, there is a sense of isolation from
others not afflicted. Patients hope that you can acknowledge,
if not relate, to their feelings. There are practitioners—some of
you reading these words now—young or fortunate enough not
to have experienced loss or tragedy. Empathy is a quality of
humanity and is not well faked. It has been said that “empathy
is my pain in your heart” (4).

We may become frustrated when a family member or a pa-
tient seems slow to grasp what is so obvious to us as health care
providers. For example, we may view a patient with a ruptured
cerebral aneurysm, approaching brain death, as a straightfor-
ward fatality. However, the family members, seeing a relatively
healthy-looking patient on the ventilator, may wonder when he
will wake up. Remember, they lack your perspective and may
have only had a few hours or a few days to process their family
tragedy.

The traditional relationship between physician and pa-
tient has often been patriarchal. The physician was held on
a pedestal (at least outwardly) by the remainder of the care
team, so there was a natural comfort in surrendering one’s fate
to an omnipotent healer. Dr. Rachel Remen, in My Grandfa-
ther’s Blessing, challenged this paradigm. Dr. Remen, who has
struggled with the complications of Crohn disease since her
late teens, counsels those with chronic or terminal illness, as
well as the physicians and nurses who care for those patients.
Her book suggests that the relationship between caregiver and
patient is that of equals, with each bringing their strengths and
weaknesses to the fore. This defines the important concept of
service, which she describes with the comment:

I have served impeccably with parts of myself of which I am
ashamed.

Implicit in this admission is the acknowledgment that weak-
nesses may be strengths in difficult settings. However, she warns
that the stress of caring for chronically ill and dying patients
will take its toll on the provider, particularly if that stress is not
recognized and defused (5).

Baile and Buckman described a simple mnemonic to help
practitioners convey bad news (6) (Table 4.3). The SPIKES
protocol emphasizes the critical features of this type of com-
munication. A small, laminated copy of this protocol may be a
good addition to the stethoscope and penlight in the ICU house
officer’s armamentarium.

TA BLE 4 . 3

SPIKES PROTOCOL

Setting: Establish patient rapport by creating an appropriate
setting that provides for privacy, patient comfort,
uninterrupted time, sitting at eye level, and inviting
significant other(s) (if desired).

Perception: Elicit the patient’s perception of his or her
problem.

Invitation: Obtain the patient’s invitation to disclose the
details of the medical condition.

Knowledge: Provide knowledge and information to the
patient. Give information in small chunks, check for
understanding, and frequently avoid medical jargon.

Empathize: Empathize and explore emotions expressed by the
patient.

Summary and strategy: Provide a summary of what you said
and negotiate a strategy for treatment or follow-up.

From Baile WF, Kudelka AP, Beale EA, et al. Communication skills
training in oncology: description and preliminary outcomes of
workshops on breaking bad news and managing patient reactions to
illness. Cancer. 1999;86:887–897. Baile et al.’s protocol was adapted
from Buckman R. How to Break Bad N ews: A Guide For Healthcare
Professionals. Baltimore: Johns Hopkins University Press; 1992.
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CLINICAL SCENARIOS
There are many specific scenarios in which bad news is given.
In the critical care setting, these consist primarily of sudden
catastrophic events and end-of-life issues.

Sud d e n Cat ast rop hic Eve nt s

A sudden catastrophic event is usually the unexpected death of
a family member, but may also include situations where the pa-
tient or family member has sustained an adverse, life-changing
event, such as a traumatic injury with quadriplegia, a massive
myocardial infarction, or severe stroke. Seasoned health care
professionals are easily able to identify clinical scenarios that
result in poor outcomes. “Just as medications need to be dis-
pensed with consideration for choice, dosage, and timing, so,
too, should clinical information be communicated with regard
to the choice of what to communicate, the degree of detail that
is preferred by the family, and at a time that is most appropriate
to the family’s needs” (7). As you enter the room, remember
the suggestions listed above. Have another member of the team
with you, sit down, turn off cell phones and pagers, and intro-
duce the members of your team.

You have the solemn task of giving information that in some
cases will change the listeners’ lives forever. Give the news di-
rectly, particularly when the patient has died, and get to the
point within a few sentences:

Your son was in a head-on collision. He had massive injuries; we
tried everything we could to save his life, but I am sorry to tell you
that he died.

It is unkind to put the family through the ups and downs of
what transpired during an hour-long resuscitation. Use the term
dead or died; the message should not have more than one pos-
sible interpretation. One should not be cruel but, rather than
stating that the patient has “moved on” or “passed away,”
one should state that he or she is dead. As that news is heard,
the family will react, sometimes verbally, sometimes physically,
and sometimes in silence. During this time, your input will not
be heard. When the family members return their gaze in your
direction, you can give more information or ask if there are
further questions. Occasionally, families will turn their anger
toward you and imply that the patient would still be alive if
he or she had received competent care. Stay calm and reiterate
that the injuries were severe—perhaps with some detail—and
that everything possible was done for the patient. End by giv-
ing your condolences. Provide the family members a means by
which they can contact the team if they have questions a day,
a week, or a month later, and leave a team member behind to
answer any questions that they may not have wanted to ask
you. In addition, the family may need to ask another person to
verify and thus validate your comments.

End -of-life Issue s

On television and in the movies, characters will be critically
ill or sustain horrific trauma. They must either die or be well
by the end of the show. Unfortunately, this fantasy forms the
perception of most of the public, and thus presents a constant

TA BLE 4 . 4

THE INITIAL INTENSIVE CARE UNIT FAMILY
MEETING

■ Meet with the family as soon as possible.
■ If possible, include the patient in the conversation.
■ Determine if the patient has a living will or advanced

directive, and the identity of the decision maker.
■ Begin the clinical discussion with a review of the patient’s

illness.
■ Emphasize the influence of comorbidities on the outcome of

illness.
■ If the prognosis is particularly dismal, one should “hang

crepe.”
■ Be leery of giving statistics.
■ Inquire about the family’s level of religious and/or spiritual

beliefs.
■ Outline the goals of treatment and how we measure

whether the patient is meeting those goals.

challenge for the critical care provider, who must guide pa-
tients and families through the process of illness and—in some
cases—dying. We believe that the most important priorities are
the care and advocacy for the patient and the relationship with
the family. The clinical aspects of care are well represented in
this textbook and will not be covered here.

As early as possible in the patient’s ICU course, the critical
care provider should meet with the family (Table 4.4). If the
patients are coherent and competent, they should be included
in the conversation, as they are the decision makers. However,
in the ICU, patients with end-of-life issues are often not suffi-
ciently awake to participate in this discussion. Determine if the
patient has a living will or advanced directive, and the identity
of the decision maker. This accomplished, the clinical discus-
sion should begin with a review of the patient’s illness, as well as
the important topic of the patient’s pre-existing state of health.
The influence of comorbidities on the outcome of illness needs
to be emphasized. If the prognosis is particularly dismal, one
should “hang crepe,” that is, set the stage for the likelihood of
further bad news. Be leery of giving statistics; make sure that
the family and patient understand that statistics are primar-
ily of predictive value and may not deal with their particular
situation. Inquire about the family’s level of religious and/or
spiritual beliefs. This can be a powerful source of comfort in a
time of crisis and loss. Many faiths believe that life does not end
with death, which can facilitate acceptance. Whether or not the
critical care provider’s beliefs match those of the patient and
family is not relevant in these discussions. It is important for all
concerned to remember that there are aspects of the patient’s
course that we cannot control. Finally, the provider should out-
line what the goals of treatment will be, and how we measure
whether the patient is meeting those goals.

If the information includes unexpected and catastrophic
news, such as a patient who went to the operating room for
an elective colon resection and is found to have extensive
metastatic disease, it should be delivered similarly to news of
a sudden death. The recipient will need to process this infor-
mation and may be unresponsive, or even turn pale for a mo-
ment. Judge when to continue the discussion, but remember
that you are unlikely to successfully convey important details
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during this conversation. Speak broadly, offer a later detailed
discussion, and give the patient hope to recover from the acute
phase of this disease. Patients want the truth to be balanced
with hope. Specifically, oncology patients wish for information
to be presented honestly, but not too bluntly as to destroy hope.
Physicians need to emphasize what can be done, not focus on
concerns that cannot be fixed (8).

As the patient’s ICU stay continues, members of the care
team should give regular progress reports. A feature of the
daily rounds should be an assessment of the patient’s condi-
tion. All viewpoints must be heard, but in the end, the team
should decide on a uniform message for the patient and the
family. Their situation is stressful and confusing enough with-
out receiving mixed messages, as might occur in a large teach-
ing institution with several services caring for the patient. Fur-
ther, dysfunctional or suspicious families may use discordant
assessments as verification of their belief that “one hand doesn’t
know what the other hand is doing.” The report given to the
family will include how the patient is doing in relation to the
goals that were set. The daily or regular meetings give the fam-
ily and the patient time to adjust to the situation. Critical care
providers will often encounter family denial of clinical dete-
rioration. While we tend to view denial disparagingly, it can
also be a circuit breaker (or surge protector) from the over-
whelming effect of the message. In these instances, give the
information incrementally. Emily Dickinson understood this
phenomenon:

Tell all the Truth but tell it slant—
Success in circuit lies
Too bright for our Infirm Delight
The Truth’s superb surprise
As Lightning to the Children eased
With explanation kind
The Truth must dazzle gradually
Or every man be blind

Emily Dickinson

In addition to the daily assessment of the condition of the
patient, the team should consider if care has become futile.
If the patient’s clinical course continues to decline or fails to
improve—with little hope that it will—it is likely time for a
conversation about withdrawal of care. Occasionally, families
request to withdraw care from a patient, but generally this topic
is broached by the critical care team. If possible, have members
of the multidisciplinary team present; again, it provides cohe-
sion of message. Review the patient’s course up to this point
and how goals have not been met. Although we express that
our purpose in the ICU is to prolong life, there comes a point
when we are actually prolonging death. That point may not
be clear as we approach it, but is recognized after we pass it.
The conundrum of ICU care in the new millennium is that
there are patients whom we can keep alive but cannot make
well.

When asking families to agree to withdrawal of care or com-
fort care orders, the provider should consider his or her choice
of words very carefully. Family members should not be made
to feel like the executioner of their loved one. We prefer an
approach such as the following:

You know your father much better than we do. Oftentimes, as
people get older or have suffered for a long time with a chronic
illness, they are not as afraid of death as they are of the prolonged
process of dying. As much as you want him to remain alive, he has
counted on you to convey his wishes. Our best attempts to battle

TA BLE 4 . 5

PROGRESSION OF HOPE

■ Hope for cure
■ Hope for long remission
■ Hope for short remission
■ Hope for comfort
■ Hope for a good death
■ Hope for a legacy

From Dunn G. What in the world is comfort care? Presented at the
American College of Surgeons Meeting, New Orleans, October 9,
2007.

his illness have failed; we cannot save him, but I promise that we
can make him comfortable.

Lautrette et al. emphasized several other aspects of a good end-
of-life discussion with the family. Repeat back what families
have said; do not present treatment options as equally practical;
and learn to tolerate periods of silence. Most importantly, make
sure the family understands that good care will be given, even
if all possible treatments are not applied (9).

Sometimes various members of the family will have differing
opinions on withdrawal of care. Good communication during
frequent family meetings was found to result in less psycho-
logical stress, anxiety, and depression for families dealing with
the loss of a loved one (10). Though decision making usually
rests with only one person, achieving a consensus is desirable
to prevent subsequent recriminations.

CONCLUSION
As critical care providers, we are on a first-name basis with
death, tragedy, and sorrow. On a daily basis, we must find the
balance to serve and stay true to our values. Irrespective of
your belief in a higher power—even if you do not have such a
belief—consider the insightful words of the Serenity Prayer:

The Serenity Prayer

God grant me the serenity
to accept the things I cannot change;
courage to change the things I can;
and wisdom to know the difference.

Reinhold Niebuhr

Dunn described the stages of hope (Table 4.5), which illus-
trate the importance of perspective (11). We must remember
that a death with dignity is not a failure. In the end, the words
of Dr. Edward Livingstone Trudeau ring true:

To cure sometimes, to relieve often, to comfort always (12).

Case History (Continued)
The patient undergoes resection of the lung metastasis. Six weeks
later, she has numerous metastatic lesions in both lungs. She begins
weekly treatment consisting of chemotherapy and biologic agents.
Unable to operate during that time, the patient and her friend de-
velop a lecture entitled “Giving and Receiving Bad News—Lessons
I Learn” to educate her audiences by sharing her experiences as
both a clinician and as a patient. A positron emission tomogra-
phy/CT scan obtained 4 months later shows that her tumor is in
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remission. She returns to patient care and remains in remission
14 months later.

The patient (RF) and the friend (JH) are the authors of this
chapter.
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CHAPTER 5 ■ INFORMED CONSENT
EILEEN H. KIM r MICHELE A. LORAND r WILLIAM HAYDEN r CORY M. FRANKLIN

Informed consent is the process of providing patients with in-
formation about the risks, benefits, and potential alternatives
to the care they are offered. Informed consent is an essential
part of the therapeutic discussion and is central to the relation-
ship created between patient and physician (1,2).

The roots of the informed consent doctrine can be traced
as far back as the Magna Carta, but its practical basis was
established in the early 20th century in the 1914 New York
case Schloendorff v N ew York Hospital concerning a patient
with a fibroid uterine tumor. The patient agreed to an abdom-
inal evaluation under anesthesia but specifically refused any
surgery (3). Despite this refusal, the surgeon removed the tu-
mor while the patient was anesthetized. This resulted in the
modern foundation for informed consent, authored by Judge
Benjamin Cardozo (later to become a famous Justice of the U.S.
Supreme Court),

“Every human being of adult years and sound mind has a right to
determine what shall be done with his own body. . . ” (3)

Ironically, today Schloendorff is nearly synonymous with pa-
tient autonomy and informed consent, but at the time there was
no specific mention of informed consent as an actual principle.
The case did not address issues such as what amount or type
of information is necessary for a patient to make appropriate
care decisions, nor did it result in damage recovery.

The process of informed consent did not become an estab-
lished part of American medical practice until the late 20th
century. Two historical tragedies proved instrumental in the
creation of the informed consent doctrine as we know it to-
day. The first event was the Nuremberg Code (1946–1949),
which was developed as a result of the notorious Nazi medi-

cal experiments at Dachau during World War II (4). This code
provided that “voluntary consent of the human subject is abso-
lutely essential” and “ the person involved. . . should have suf-
ficient knowledge and comprehension of the elements of the
subject matter as to enable him to make an understanding and
enlightened decision” (5).

The Tuskegee Syphilis Study (1932–1972), conducted un-
der the direction of the United States government, marked the
second event. The study resulted in the deliberate withhold-
ing of syphilis treatment from several hundred rural African
American males so that investigators could gain information re-
garding the serious complications of late-stage syphilis. When
the facts surrounding this experiment finally became public,
it raised the consciousness about the rights of patients and of
research subjects regarding what information doctors must dis-
close (6).

Unfortunately, a wide gap still persists between the idealized
elements of informed consent and what is commonly observed
in clinical practice today. Too often, “ informed consent” is sim-
ply another shopworn phrase of internal contradictions along
the lines of “rush hour,” “United Nations,” or “reliable soft-
ware.” Simply put, when a harried medical student, nurse, or
ward clerk hurries into a patient’s room with a boilerplate form,
the patient is expected to sign immediately. Informed consent
is thus often neither informed nor consent. Having a signed
informed consent form is not the same as getting informed
consent.

This chapter will discuss the current status of informed con-
sent in the intensive care unit (ICU). It will stress the principles
of sharing information, making good faith attempts to under-
stand patient values and decision-making processes, and finally,
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avoiding manipulation and coercion of the vulnerable ICU pa-
tient.

THE ETHICAL FOUNDATIONS
OF INFORMED CONSENT

The ethical foundations of informed consent encompass the
classic principles of autonomy, beneficence, and justice. These
three virtues provide the moral framework for informed con-
sent and present guidelines for appropriate clinical action (7).

Aut onomy

Autonomy, from the Greek words for self (auto) and rule
(nomos), refers to the capacity for self-governing and the pa-
tient’s right to self-determination. This includes the right to
select a course of medical therapy that best reflects individual
values and preferences. A prerequisite of autonomy is that an
individual maintains the right to hold certain beliefs and to
exercise independent thought. From these principles arise the
ability to choose a certain course of action, to act according to
this preference, and to accept the subsequent consequences of
that decision. For this to occur, an individual must have access
to relevant information and must also possess freedom from
both internal and external constraints.

Practically speaking, before patients can reasonably form
an opinion regarding available therapeutic options, they must
first appreciate the nature of their medical condition, recognize
the range of possible interventions, and understand the possible
risks, benefits, and consequences associated with each option.
This is essentially the mental checklist the physician should per-
form when speaking with the patient. It is the physician’s duty
to ensure that the patient understands the medical diagnosis,
the details of the proposed therapy, the available alternatives,
and the consequences of refusal. Although the responsibility to
provide this information lies with the physician, it is the patient
who must ultimately integrate the facts and determine the most
appropriate course of action.

Generally, autonomous action requires that individuals en-
ter into the physician–patient relationship voluntarily and re-
main free to accept or refuse treatment without feeling coerced
or intimidated. This is often not the case in the ICU. Patients
frequently arrive in the ICU in a vulnerable condition, often
admitted without their consent or knowledge. The additional
stresses of critical illness leave them susceptible to fear, pain,
or anxiety. With these factors in mind, the ICU physician must
maintain a balance between talking to the patient and making
prompt therapeutic decisions. Given the emergent nature of de-
velopments in the ICU, it may be impractical to engage in an
extensive discussion regarding every procedure or therapy, but
whenever possible, it is essential to provide patients with suffi-
cient information to let them guide the overall course of their
care. The balance between acting and letting the patient act
characterizes the essence of informed consent in the ICU (8).

Be nefice nce

Beneficence (doing good), and its associated principle, non-
maleficence (not doing harm) affirm the physician’s obliga-

tion to provide benefit while refraining from committing harm.
Beneficence compels the physician to treat illness, provide other
appropriate therapy, and relieve pain. Nonmaleficence compels
the physician to avoid causing pain and to refrain from commit-
ting unnecessary harm. It would be unreasonable to state that
physicians must avoid all risks in treating patients. Obviously,
many ICU therapies and interventions pose considerable risk
to the patient and may also cause pain. The therapeutic rela-
tionship in the ICU represents a working relationship between
physician and patient, which balances potential benefits against
potential harms whenever possible. Physicians are not neutral
observers and, as long as they avoid coercive techniques, it is
certainly acceptable—and some would argue mandatory—for
them to provide their professional recommendation based on
their clinical experience (9).

Just ice

The third principle, justice, is generally not a source of conflict
between the individual physician and patient in matters of in-
formed consent. Ideally, the rules of informed consent serve to
motivate the social virtue of justice; when conflicts do occur,
they relate more commonly to societal versus individual claims
and thus do not involve the physician–patient relationship. An
exception is organ transplantation, a situation in which the
transplant surgeon’s primary duty is directed to the proper al-
location of organs rather than to a specific patient (10). Implicit
in the relationship of justice to informed consent is the specific
involvement of society’s instrument of justice: the court.

LEGAL FOUNDATIONS OF
INFORMED CONSENT

The progression of legal opinions during the past century illus-
trates the evolution of the currently recommended standards of
informed consent. The term informed consent was first used in
1957 by an unheralded attorney named Paul Gebhard, draw-
ing on his experience in labor law negotiations (11). In Salgo
v Leland Stanford Jr. University, Gebhard used the term in a
friend-of-the-court brief on behalf of the American College of
Surgeons to refer to the requirement that a physician must dis-
close to a patient the relevant risks and benefits of a procedure
(12).

Determining the acceptable limits of appropriate treatment
that a physician can offer is essential to understanding the legal
considerations of informed consent. Schloendorff established
the precedent that a physician performing nonemergent surgery
without the patient’s authorization constituted a form of bat-
tery, “a touching that is not consented to” (3). Judge Cardozo
opined that “a surgeon who performs an operation without his
patient’s consent commits an assault.” Since Schloendorff ad-
dressed only issues of self-determination and autonomy, appro-
priate standards for adequate consent remained unaddressed
for decades.

Canterbury v Spence (1972) later served to establish a min-
imum standard of information disclosure. The case concerned
a patient who underwent a laminectomy for back pain (13).
While recovering from surgery, the patient fell out of bed and
suffered partial paralysis. After an initial trial failed to estab-
lish medical negligence, the argument shifted to the surgeon’s
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failure to fully disclose all known risks associated with the sur-
gical procedure. At the time, laminectomy carried an approx-
imately 1% risk of paralysis, a risk that the surgeon openly
admitted he did not disclose to the patient. The surgeon stated
that he felt communication of that risk to the patient is not good
medical practice because it might deter patients from undergo-
ing needed surgery (13). The court rejected this position and
found negligence in the failure to disclose the risk of paralysis.
It further emphasized that a physician’s obligations extended
beyond merely diagnosing and offering treatment. Inherent in
the duty to heal exists an obligation to communicate risks and
benefits so that patients receive the information necessary to
formulate an educated decision:

True consent to what happens to one’s self is the informed exercise
of a choice, and that entails an opportunity to evaluate knowledge-
ably the options available and the risks attendant upon each (13).

By establishing the physician’s duty to disclose the relevant risks
of surgery, Canterbury v Spence carved out an obligation on
the part of the physician to present patients with adequate dis-
closure for any intervention. In Cobbs v Grant (1972), the
California Supreme Court found a physician did not need to
provide a “ lengthy polysyllabic discourse on all possible com-
plications” or a “minicourse of medical science.” The court
required disclosure of “such information as a skilled profes-
sional would provide” (14). This introduced the concept of a
medical community standard for informed consent disclosure,
further codified in Truman v Thomas (15).

Whereas previous cases had merely emphasized obtaining
patient permission and providing sufficient information prior
to performing an intervention, Truman extended the obliga-
tions of the physician. A 30-year-old patient who ultimately
died of cervical cancer had seen her physician regularly over
numerous years, during which time she repeatedly refused to
undergo a pap smear. When her cervical cancer was diagnosed,
the mass was no longer operable, and she died shortly there-
after. The court, referencing principles previously established
by Canterbury v Spence, ruled the physician had negligently
failed in his duty to provide adequate disclosure because he
did not specifically emphasize death as a potential consequence
of refusing a pap smear. Citing Cobbs v Grant, the court con-
cluded,

A patient must be apprised not only of the risks inherent in the
procedure [prescribed, but also] the risk of a decision not to undergo
the treatment, and the probability of a successful outcome of the
treatment.

This case became the first to consider the consequences of re-
fusing a medical therapy. It represents the transition from med-
ical paternalism toward a more interactive discussion between
physician and patient that recognizes the patient’s right to self-
determination. Our current models of informed consent have
all developed as a result of that transition (16).

CURRENT ETHICAL MODELS
OF THE PHYSICIAN–PATIENT

RELATIONSHIP
The models of informed consent, which propose strategies for
presenting information to patients and discussing alternatives,
arose originally from the paternalistic Hippocratic tradition. In
the physician-centered model—alternatively known as the pa-

ternalist, parental, or priestly model—the physician is the au-
thority figure and guardian (17). In prioritizing the principle of
beneficence (or doing good), the physician engages the patient
in decision making only to provide relevant information and
encourage acceptance of the proposed therapy. Historically,
Hippocrates advocated “concealing most things from the pa-
tient while you are attending to him.” Similarly, in 1871, Oliver
Wendell Holmes asserted, “Your patient has no more right to
all the truth you know than he has to all the medicine in your
saddlebags. . . He should get only just so much as is good for
him” (18).

In time, greater emphasis on patient self-determination
emerged, along with a higher priority on patient autonomy.
Consequently, the informative model—also known as the sci-
entific, engineering, consumer, or independent choice model—
emerged as an alternative patient-centered strategy. It mini-
mized physician bias and value judgment while recognizing the
physician as technician and source of information. This pro-
vided the patient with options regarding the range of medical
choices, along with the risks and benefits of potential alterna-
tives. In contrast to the physician-centered model, the infor-
mative model asserts the physician’s duty to provide facts and
medical knowledge without expressing bias toward any partic-
ular treatment strategy. Ultimately, it is only the patient who
determines which course of action best suits his or her values
and goals.

By minimizing physician input, this departure from pater-
nalism represented an attempt to achieve complete patient au-
tonomy. Nevertheless, this remained an unsatisfactory strategy
for achieving informed consent. True informed consent requires
an interactive process between physician and patient. In clini-
cal practice, the physician–patient relationship is a collabora-
tive process by which both sides take equal responsibility for
participation with the shared goal of enhanced understanding.
Clearly, the physician must be more than a technical adviser.
The ICU is where the physician’s training, knowledge, and ex-
perience are most important in providing interpretive guidance
about diagnosis and treatment. This means that the patient may
on occasion request and receive a great deal of information;
other times this will be impossible, and the physician will be
the primary decision maker.

Two current models of shared decision making propose
strategies for mutual understanding through an interactive pro-
cess. The first, the interpretive model, focuses on clarifying
the patient’s values and determining preferences regarding the
goals of therapy. The physician may help the patient recognize
and express his preferences by serving as a counselor who pro-
vides information and engages the patient in a joint process
to achieve understanding. A discussion of treatment options
allows the patient to recognize his or her own priorities and
to determine which option may best realize these values. The
physician’s guidance allows the patient to demonstrate his or
her autonomy and self-understanding.

The second model of shared decision making, the deliber-
ative model, requires the physician to provide clinical infor-
mation and then elicit information from the patient regarding
his or her understanding and goals. In representing an ideal-
ized interaction between physician and patient, the physician
integrates medical information with the patient’s values. In this
model, the physician should express opinions and preferences
regarding appropriate therapy. Patient autonomy is preserved
through the patient’s moral understanding and action.
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These idealized models of the physician–patient relationship
recognize that informed consent is a process of shared deci-
sion making. Examining the values of both the patient and the
physician contributes to decisions regarding treatment benefits
or risks (19). The optimal model for the physician–patient re-
lationship is one that achieves a level of interactive and shared
decision making, thereby prioritizing patient autonomy while
still engaging the participation of a concerned physician (20).

CURRENT LEGAL STANDARDS
OF INFORMED CONSENT

Considerable uncertainty and debate remain regarding how
much information a physician should reasonably provide so
that a patient can adequately appreciate the risks associated
with any particular therapeutic intervention (21). The perpet-
ual dilemma of informed consent in the ICU is that, in extreme
situations, both of benefit and risk, a greater obligation lies on
the physician to adhere strictly to the guiding principles of in-
formed consent. At the same time, the ICU patients, because
of their weakened condition, may be less able to comprehend
and make decisions. In any discussion of possible risks, a physi-
cian should routinely disclose to the patient the complications
that would most commonly occur; a reasonable figure would
be a complication with a probability of at least 1% to 5% . If
the potential risk is particularly serious or potentially fatal, it
seems obvious that even rare complications with less than a 1%
probability should be mentioned (e.g., the vascular complica-
tions of routine central venous catheter placement). However,
some may argue that the occasional one-in-a-million fatal com-
plication is not the appropriate standard for disclosure (to say
nothing of the fact that some physicians may not be aware
of these rare complications). Because opinions differ, there is
no uniform legal standard that defines the level of informa-
tion required to meet the standard of adequate disclosure (22).
Consequently, three standards of disclosure have been devel-
oped and currently exist: the professional community standard,
the reasonable patient standard, and the individual patient
standard (23,24).

St and ard s of Disclosure

The Profe ssional Communit y St and ard
The professional community standard was, for decades, the tra-
ditional standard for informed consent. According to this stan-
dard, a physician should provide the level of information that
physicians in the community would communicate to patients in
comparable situations. Courts would assess physician disclo-
sure based on the standard practices of other physicians with
similar training and experience working under similar circum-
stances. Because of the imprecise definition of “professional
community,” the professional standard was used to justify a
broad range of interpretations, albeit without solid grounding
in clinical criteria. The community could range from very spe-
cific practice locations to a broad geographic region or other-
wise could refer to a level of specialized training or experience.
In some circumstances, even the opinions of a “respectable mi-
nority” of physicians would constitute an appropriate practice
standard. As such, the expectation of what the physician would

tell the patient was notoriously imprecise. It was difficult to
define which specific surgical or procedure risks a physician
should appropriately disclose to a patient. Furthermore, physi-
cians often invoked the concept of therapeutic privilege, which
permitted them to withhold all information if they thought it
would be injurious to the patient. This doctrine has fallen out
of favor both clinically and legally (13).

Critics cited not only the imprecision but also the paternal-
istic nature of the professional community standard. Accord-
ing to this standard, the physician ultimately determined the
threshold of risk that should be disclosed to the patient. The
obvious problem with this model was that if the community
standard did not include the disclosure of a potential compli-
cation or other information that patients may reasonably want
to know, the physician was not obligated to disclose it. For ex-
ample, physicians might prescribe penicillin, and, while a po-
tentially lethal anaphylactic reaction to the drug was possible,
because it was rare it would not necessarily be mentioned as
one of the complications. Although physicians could not be ex-
pected to divulge every possible complication of a procedure or
adverse reaction to a drug, many still felt it unacceptable that
the standard for providing information rested solely in the
hands of the physician.

The Re asonab le Pat ie nt St and ard
In response to this paternalistic standard, and in concert with
the trend toward greater emphasis on the patient’s right to self-
determination, American courts began recognizing an alterna-
tive reasonable patient standard to judge the adequacy of risk
disclosure. Since it was unreasonable to expect a physician to
disclose every potential risk associated with a particular treat-
ment, the reasonable patient standard required the physician
to disclose all information a reasonable person would need to
make an informed decision. This new standard deemed that
even rare complications should be explained to the patient if
the consequences (death, severe injury) were such that a rea-
sonable person would want to know them.

However, there are also problems with this model. For one,
the physician must divine what a reasonable person would
want to know. (Would a reasonable person want to know about
anaphylactic responses to penicillin?) Second, the ICU, a set-
ting in which life and death decisions are commonplace, may
not lend itself to the enforced neutrality of a reasonable person
standard. The physician would be performing a grave disser-
vice by simply reciting the potential complications of endotra-
cheal intubation to a patient in respiratory distress, and thus,
a different standard was needed.

The Ind ivid ual Pat ie nt St and ard
In the ICU, the physician’s input is critical to good decision
making, which is why the optimal model for physician–patient
relationships is one of interactive and shared decision mak-
ing. The individual patient standard addresses this relationship.
Based on the interaction with the patient and an understand-
ing of the patient’s beliefs, the physician should disclose spe-
cific information so the patient can reach a decision consistent
with his or her principles. The distinction between the different
standards is subtle but significant. Under the professional com-
munity standard, the physician asks, “What should I tell the
patient?” Under the reasonable person standard, the physician
asks, “What does a reasonable person want to know?” Un-
der the individual person standard, the physician asks, “What
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does this patient want to know?” Obviously, the most ideal-
ized standard of disclosure, the individual person standard, is
ultimately the most difficult to achieve. Courts may not require
such an idealized standard in all cases, but when questions of
informed consent arise, this is the standard that courts are most
likely to favor.

Ad just me nt s of St and ard s
In discussing these legal standards, a note of caution is in order:
These models represent guidelines for medical encounters
where both parties—patient and physician—can interact. In
the ICU, patient situations are constantly changing, life and
death decisions are commonplace, and emergencies sometimes
make the search for an ideal physician–patient relationship im-
practical. Unlike the long-term relationship between the patient
and the primary physician, the intensivist is often meeting the
patient for the first time under conditions of extreme duress
(25). For the patient, admission to the ICU is almost always a
stressful and potentially overwhelming situation in which crit-
ical illness creates an unusual dependence and power imbal-
ance. The patient may be unable to comprehend or express his
or her wishes (see Competence and Decision-Making Capacity,
later). Other times, an autonomous patient may choose to re-
linquish medical decision making at the physician’s discretion
when acute care is required (26).

It is also important that physicians use language the patient
can understand when explaining the risks and benefits of any
intervention. This means not only adequate translation for pa-
tients who do not speak English but also making the explana-
tion as nontechnical as possible. Even in the best of situations,
patients may have difficulty extracting important information
from discussions with physicians. When physicians lapse into
technical jargon, the anxious, frightened patient may have little
or no opportunity to process what is being said. It is important
that in the appropriate situations, physicians make use of trans-
lators, family members, and other intermediaries.

An extensive discussion regarding the risks and benefits of
care are the desired standard, but in the ICU, less is sometimes
more. In an emergency, the necessity of keeping the patient
informed sometimes becomes a luxury that time and circum-
stance may not permit. Emergency circumstances, in which a
patient lacks decisional capacity and no proxy decision maker
is identifiable, do not realistically allow for voluntary consent
from a medically incompetent patient. In truly emergent situ-
ations, if the patient lacks capacity, no proxy decision maker
is available, and the potentially lifesaving intervention must
be administered immediately, the “emergency exception” to
informed consent permits the physician to intervene without
obtaining formal informed consent. In these situations, the in-
tensivist should document the emergent nature of the situation
and the difficulty in obtaining informed consent. (See When
Consent Cannot Be Obtained.)

COMPETENCE AND
DECISION-MAKING CAPACITY

Hospitalized patients, especially the critically ill, often suffer
from impairments in their ability to comprehend, process, or
analyze information. Under the influence of pain medication,
sedation, or the physical and mental stresses of illness, even the

healthiest ICU patient may not fully appreciate or be able to
actively participate in health care decisions, as the emotional
stresses of critical illness may temporarily compromise their
decisional capacity (27). As one study noted, for very sick pa-
tients, the ability to perform simple cognitive tasks is impaired
to the point that an adult patient may temporarily function at
the level of a 10-year-old child (28). This presents a unique chal-
lenge for critical care practitioners when discussing medically
complex issues.

Definit ion of Te rms: Comp e t e nce
ve rsus Cap acit y

“Competence” and “capacity” both refer to the patient’s abil-
ity to make decisions. Although the terms are often used inter-
changeably, their legal and medical definitions differ. Strictly
speaking, competence refers to a legal determination and does
not refer specifically to the patient’s ability to make appropri-
ate health care decisions (29). A court decides whether or not a
person is legally competent, and generally, when “competence”
is used as a legal term, it refers to patients’ ability or inability to
conduct their personal affairs, not necessarily to make health
care decisions. It is unusual (but not unheard of) for petitioners
to go to court specifically to ask that the court declare a patient
incompetent to make medical care decisions. More often than
not, this legal determination regarding who decides care for a
patient remains in limbo and is left to the patient’s family and
doctors.

If the courts are not involved with a patient’s ability to
make decisions, health care providers commonly invoke the
term “medical competence,” but they are really referring to
the patient’s capacity. Decision-making capacity is a clinical
judgment in contrast to legal competence, which specifically
describes the patient’s ability to make health care decisions.
The need to assess capacity by the physician arises when there
is reason to question whether the patient can make decisions
about care (30). When assessing the patient’s capacity, i.e., what
most observers refer to imprecisely as whether the patient is
competent to consent to care, the examining physician must
determine whether the patient understands the five basic ele-
ments of capacity (31) (see Table 5.1). During an interview, if
a patient demonstrates satisfactory understanding of these five
facts, it can reasonably be inferred that the patient possesses
adequate decision-making capacity.

TA BLE 5 . 1

THE FIVE ELEMENTS PATIENTS MUST UNDERSTAND
TO DETERMINE THEIR CAPACITY

1. The diagnosis
2. The proposed therapy
3. The risks and benefits of the proposed therapy
4. The alternative options
5. The risks and benefits of refusal

Source: Franklin C, Rosenbloom B. Proposing a new standard to
establish medical competence for the purpose of critical care
intervention. Crit Care Med. 2000;28:3035.
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Informal Asse ssme nt s
Informal assessments of a patient’s cognitive abilities occur reg-
ularly throughout physician–patient interactions; in the criti-
cally ill patient, mental status may fluctuate during the course
of hospitalization or even during the course of the day. Un-
less presented with evidence to suspect otherwise, the treating
physician should assume that the patient remains capable of
independent choice; this is the default position, unless the pa-
tient’s decision-making capacity is questioned. If this is the case,
the health care provider is obliged to demonstrate that the pa-
tient cannot make medical decisions. If the clinical situation
suggests the patient is not capable of independent choice, a
more formal evaluation may be initiated (32).

Physicians may be more likely to doubt a patient’s mental
capacity if the patient’s choices appear unreasonable or contra-
dict the physician’s personal values. The patient who refuses a
relatively low-risk, high-benefit intervention, or a terminally ill
patient who insists on pursuing a painful intervention with little
proven benefit, are both scenarios that may prompt a physician
to question the patient’s decision-making capacity. In these situ-
ations, the physician must first attempt to decipher whether the
patient’s seemingly illogical behavior actually follows a rational
thought process. A critically hemorrhaging patient who refuses
a blood transfusion may be medically frustrating to care for,
but this refusal becomes understandable once it is revealed that
the patient is a Jehovah’s Witness. Similarly, the patient with
end-stage metastatic cancer who has failed multiple rounds of
chemotherapy may seem irrational for insisting on pursuing
invasive experimental procedures. This seemingly irrational in-
sistence may become more understandable in the context of an
upcoming family event, anniversary, or graduation.

Ext e rnal and Emot ional Fact ors

In the ICU, external factors, including sundowning, sedation,
pain medication, or altered sleep patterns, may contribute to
transient, reversible episodes of incapacity. Whenever possi-
ble, attempts should be made to minimize the impact of these
influences and optimize the patient’s cognitive status prior to
making a capacity assessment. The patient’s judgment is often
compromised by emotional factors, e.g., anger, fear, denial, de-
pression, or pain; this is especially true in the ICU (and in the
emergency room). The common scenario of the 50-year-old
executive with crushing substernal chest pain who denies he is
having a heart attack and wants to sign out of the hospital is an
example of how denial may compromise a patient’s judgment.

Health care providers should recognize that the patient’s
decisions under those conditions may not be those they would
choose in a less stressful environment. The physician must at-
tempt to ensure that external factors do not unduly influence
the patient. True informed consent requires the patient’s un-
hindered judgment. When the patient’s judgment appears to
be unduly compromised, the physicians should use appropri-
ate measures such as family intervention, psychiatric consul-
tation, or medication aimed at treating the specific problem.
The frightened patient who refuses necessary medical care is
often grateful if, after appropriate intervention, proper care is
provided.

For particularly high-risk interventions or close calls, a sec-
ond physician, generally someone with expertise in this area,

such as a psychiatrist or neurologist, may be called to evalu-
ate the patient. In such cases, the physician should inform the
consultant in advance about the situation so the consultant can
conduct a focused interview and provide the necessary infor-
mation.

Le g al Int e rve nt ions

In rare circumstances, questioning a patient’s capacity means
seeking a court determination of legal incompetence. In prac-
tice, resorting to the court is rarely necessary. Rather than de-
ferring to the court system, most states recognize the authority
of a spouse, family member, or friend to make decisions in the
best interest of the patient. However, when family members and
health care providers cannot agree about the most appropriate
course of action after attempts at resolution, a legal opinion
may be the only option. Courts are generally reluctant to get
involved in health care decisions, so this should generally be
the last option.

SURROGATE DECISION MAKING
In the United States in 1990, a landmark piece of legislation,
The Patient Self-Determination Act, established a patient’s right
to a name a legal, durable power of attorney for health care if
that person should lose decision-making capacity. Most states
have their own statutes governing advanced directives. These
statutes regulate the authority of a health care proxy decision
maker and establish rules that balance the authority of a sur-
rogate decision maker with the patient’s preferences. In the
absence of a durable power of attorney for health care deci-
sions, an increasing number of states currently recognize the
authority of family and friends to act as legal surrogate deci-
sion makers, with the limits and scope of this authority varying
by state (33). A detailed discussion of the role of surrogate de-
cision makers, specifically concerning end-of-life decisions, is
discussed elsewhere in this textbook. (See Chapter 2: Life and
Death in the ICU: Ethical Considerations.)

The authority of potential decision makers generally gives
priority to family members with closer blood ties. A typical
ranking of default surrogate decision makers might be as fol-
lows:

1. spouse
2. adult children
3. parents
4. adult siblings
5. other relatives.

If multiple surrogate decision makers are identified (e.g.,
more than one adult child or adult sibling), some statutes re-
quire consensus among all family members, whereas others ac-
cept a majority decision. If no blood relative can be identified,
several states also include “close friend” in the list of accept-
able surrogates, generally giving them the lowest priority. In
most states, however, any interested party can challenge the au-
thority of the presumed decision maker, with court appointed
guardians generally having top priority.

It has been shown that sometime during their ICU stay, ap-
proximately 50% to 75% of patients lack decision-making ca-
pacity (34). At least one study found that advanced directives
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are infrequently used and seldom effective. This suggests a
very real need for the participation of family and friends in
critical care decision making. At the same time, when deter-
mining the most appropriate course of action, the decision
maker should select the options that are consistent with the
patient’s previously demonstrated behavior and values. Guide-
lines for proxy decision making have recommended substituted
judgment, by which proxy decision makers refer to past in-
teractions, experiences, or conversations with the patient and
draw on these experiences to select the course of action the pa-
tient would have preferred. Physicians should present the same
level of information to health care proxies that would have
been provided to the patient to help them arrive at the best
decision.

The shared, interactive, decision-making process between
physician and patient extends to the proxy decision maker.
Surrogate decision makers, in turn, serve as an extension of
the patient, attempting to communicate the choices and con-
cerns the patient would have expressed. If no advanced direc-
tive exists, and family or friends cannot comfortably infer the
incapacitated patient’s likely preferences, the most appropriate
guide for proxy decision making is what they believe to be in
the patient’s best interests. When substituted judgment is not
possible, the presumption remains that family members, shar-
ing similar cultural background and upbringing, are most likely
to reflect the patient’s preferences (35).

Even though most patients trust that designated family
members and physicians would accurately anticipate their
preferences, several studies have questioned whether proxy
decision makers misjudge patient preferences (36). Evidence
suggests proxy decision makers correctly predict patient pref-
erences approximately two thirds of the time when presented
with hypothetical scenarios regarding end-of-life decisions
(37). In general, proxy decision makers tended to pursue treat-
ment more aggressively than patients would have chosen for
themselves (38). This discrepancy possibly reflects a tendency
of surrogates to select interventions that they would choose
for themselves rather than accurately representing the prefer-
ences of the incapacitated patients (39). Current data remain
inconclusive regarding whether explicit patient–surrogate dis-
cussion improves the accuracy of proxy decision making.

The inadequacies inherent in surrogate decision making
highlight the problem of shared decision making in critical
care medicine. Despite the questionable accuracy of substi-
tuted judgment, however, family members are the most ap-
propriate surrogate decision makers. In spite of the demon-
strated inaccuracy of proxy decision makers, most patients
nevertheless indicate that they would prefer that a family mem-
ber make medical decisions regarding their care (35). The par-
ticipation of interested participants—including patient, family,
friends, clinicians, attending physician, consulting physicians,
and nurses—is a necessary but complex process in determin-
ing the most appropriate treatment for a patient who cannot
decide.

WHEN CONSENT CANNOT
BE OBTAINED

In certain situations in the ICU, it is impossible to obtain con-
sent from the patient. Family members may on occasion be

available to provide surrogate consent, but often they are ei-
ther not present or, for various reasons, are unable to give
consent. Currently, no standardized guidelines exist to direct
the most appropriate course of action in those cases. When an
emergency exists—defined as any situation where delay in pro-
viding care would endanger the patient’s life or substantially
affect his or her health adversely—health care providers can
then assume implied consent and proceed with essential treat-
ment (22). The treating physician must determine situations
of implied consent in an emergency. Most authorities believe
there are three major areas of clinical incompetence for which
implied consent permits treatment:

1. the patient who cannot communicate (e.g., unconscious-
ness);

2. the patient who is unable to understand the situation (e.g.
delirium, mental retardation, or language barrier); and

3. the patient who has attempted suicide (e.g., the patient who
takes an overdose or shoots himself or herself) but now re-
fuses care.

In these cases, the physician should proceed immediately with
any treatment considered lifesaving.

The intent of implied consent is to protect seriously ill im-
paired patients at risk of imminent death. The general rule is
when life or limb is imminently threatened, disclosure can be
more limited. The health care provider must balance the ur-
gency of the situation with the time it takes to obtain consent
from a surrogate.

Procedures not considered immediately lifesaving that
would otherwise require consent, such as central venous ac-
cess, arterial and pulmonary artery catheters, or diagnostic
bronchoscopy, can provide significant benefit in emergencies
but do carry risks. Performing these procedures without con-
sent may theoretically violate a patient’s autonomy, but electing
to forego them because consent cannot be obtained denies pa-
tients the benefit of these interventions. In most emergencies,
these interventions should be performed without consent, as
they represent the best interests of the patient. Diagnostic tests
and procedures presenting minimal risk, including blood draws
or peripheral IV placement, generally do not require formal
consent, nor do noninvasive diagnostic modalities, including
radiographs or computerized tomographic scans.

Implied consent gives critical care practitioners a great deal
of latitude. However, there are limitations to the discretion af-
forded. More careful disclosure is mandated, even in emergen-
cies, if the therapy is elective or in borderline situations when
reasonable alternatives exist. For example, the patient with a
potential intra-abdominal infection may not understand the
need for immediate exploratory laparotomy. If the patient is
stable and surgery is merely one diagnostic option, computer-
ized tomographic scans and frequent observation may provide
information equivalent to a laparotomy. In selected situations
such as described, the treating physician should remain flexible
when possible.

SIGNING OUT OF THE HOSPITAL
AGAINST MEDICAL ADVICE

One of the most difficult situations for the ICU staff is the ex-
tremely uncooperative, combative patient. In most cases, these
patients are reacting to fear, pain, illicit drug ingestion, or
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alcohol withdrawal. Usually, care can be delivered after ap-
propriate sedation or analgesia, although, occasionally, a pa-
tient must be physically restrained. The indication for physical
restraint is when patients present a risk to themselves or to
others. In rare circumstances, despite the best efforts of the
staff, a patient may refuse all treatment and demand to leave
the hospital. The staff is then forced to reconcile the conflict
between respecting the patient’s rights and their duty to care
for and protect the patient from harm. There may be no easy
resolution of this problem.

The right to leave the hospital against medical advice is the
prerogative of the competent patient. If the patient meets the
general test of medical competence (as described in the five ba-
sic elements of capacity [31] [Table 5.1]), the patient must be
allowed to leave the hospital, even if the staff disagrees with
the decision or the decision seems irrational. However, all de-
cisions by patients to leave against medical advice should be
scrutinized by senior staff to ensure the patient truly is compe-
tent. Those decisions that appear irrational should be scruti-
nized with even more care. A classic example is the aforemen-
tioned 50-year-old male with an acute myocardial infarction,
otherwise competent but who, in a fit of denial, demands to
sign out of the hospital. All avenues should be used to get
the patient to stay, including a detailed discussion of the situ-
ation and an appeal to family or friends who accompany the
patient to the hospital. Ultimately, however, if the patient re-
fuses to listen, because he is competent, he must be permitted
to leave. In such situations—very trying ones, indeed—health
care providers must attempt to provide any appropriate care
or workup before the patient leaves. Staff should avoid recrim-
inations, and the patient should also be reassured he or she can
return for care at any time.

Other situations are not so clear-cut. In many cases, the pa-
tient’s competence is in question. Possible physiologic causes
for the patient’s condition, e.g., hypoxemia, electrolyte distur-
bances, sepsis, should be identified. If the patient cannot be
deemed competent, staff may decide to institute treatment over
the objection of the patient, which might even entail physical
restraint. Failure to restrain when indicated carries a signifi-
cant risk to both patient and health care providers. The classic
counterpoint to the aforementioned myocardial infarction pa-
tient is the patient in a motor vehicle accident who appears
intoxicated but wants to sign out of the hospital. If the physi-
cian suspects that the patient is intoxicated, based on clinical
observation even before confirmation of blood alcohol concen-
tration, the patient should not be allowed to leave until appro-
priate radiologic assessment of the head and neck have been
performed.

Some health care providers are overly concerned with the
liability they may incur by treating a patient against his or
her wishes. When competence cannot be established with cer-
tainty, if the staff decides to restrain the patient, they may the-
oretically open themselves to charges of battery. Such an out-
come is extremely unlikely, and almost certainly less likely than
the alternative of being charged with negligent discharge. The
consequences of being responsible for the negligent death of
unrestrained patients are far more serious than the responsi-
bility for holding patients against their will for several hours.
When the staff’s actions are medically reasonable, they are act-
ing in good faith, and if they document their decision (see next
section), the likelihood of successful litigation against them is
remote.

TA BLE 5 . 2

DOCUMENTATION OF PATIENTS WHO LEAVE THE
HOSPITAL AGAINST MEDICAL ADVICE

Description of the patient’s condition
The basic questions used to assess the patient’s competence
Risks, benefits, and alternatives of treatment
Urgency of the situation
Any attempts to contact family members or other potential

surrogates (detail who, when, and what interaction
occurred)

Docume nt at ion

All situations of implied consent or decisions to leave the hos-
pital against medical advice require scrupulous and detailed
documentation. The information that should be included in
the medical record is listed in Table 5.2.

Specialty consultations with neurology or psychiatry are not
mandatory but may be useful in assessing the patient and doc-
umenting the situation. In difficult cases, it may be necessary
to involve a representative of the hospital’s administration or
legal counsel.

PATIENT COMPREHENSION
OF CONSENT FORMS

Currently there is no medical or legal consensus regarding
which procedures require formal consent. As a general guide-
line, there is a greater need to discuss the risks and benefits
more formally for procedures that carry greater risk (16). This
standard results in consent policies that vary significantly from
hospital to hospital. One survey of informed consent practices
found that, while over 90% of hospitals surveyed required for-
mal consent for gastrointestinal endoscopy, fiberoptic bron-
choscopy, or medical research, fewer than 10% required con-
sent for nasogastric intubation or bladder catheterization (40).
Of note, requirements for consent varied between medical and
surgical services, even within the same institution.

Achieving satisfactory informed consent may not always be
possible, even when physicians explain the procedures to pa-
tients. In one study of patients who consented to moderately
invasive bedside procedures (thoracentesis, paracentesis, bone
marrow aspirate, or lumbar puncture), 90% of the patients
surveyed reported that the physician had explained the indi-
cation for the procedure, although only 70% could correctly
recall the reason for the procedure. Although 86% of patients
reported that the physician had informed them of the risks of
the procedure, only 57% could later name any of the risks
(41). This raises the question of how effectively information is
communicated to patients, as well as how accurately patients
understand and recall information presented to them.

To anticipate patient needs and to simplify the consent pro-
cess, many institutions use standardized consent forms that in-
clude essential information regarding particular procedures or
interventions. The use of a standardized ICU admission con-
sent package, describing and requesting consent for the most
commonly performed procedures, can enhance the informed
consent process (42). Standardized forms, however, do not



Chap t e r 5: Informed Consent 51

necessarily guarantee clear communication. As a response to
defensive medicine concerns, standardized consent forms may
describe all possible adverse consequences instead of actually
trying to inform the patient (43). Moreover, standardized lists
of complications may not communicate the risks most rele-
vant to any particular patient, especially in the ICU, where a
patient’s changing medical condition can present a dynamic se-
ries of risks and benefits. The risk of an iatrogenic pneumotho-
rax from central venous catheter placement during mechanical
ventilation carries different implications than a similar compli-
cation when the catheter is simply placed for fluid replacement.

Despite these caveats, standardized consent forms for com-
mon procedures may be useful in initiating dialogue between
patient and physician. Standardized consent forms may also be
necessary for especially complex ICU surgical procedures such
as organ transplantation or experimental surgery. In these sit-
uations, a detailed informational document provides patient
and health care providers a ready reference. The language of
such forms should be reviewed periodically to ensure simplicity
and reader-friendly, understandable language. Even when stan-
dardized forms are used, health care providers should write a
note in the patient’s medical record detailing the conversation
between the patient and physician.

RESEARCH CONSENT IN THE ICU
Like every specialty, critical care medicine has achieved
progress through research involving the participation of vol-
unteers (44). Critically ill patients represent a particularly vul-
nerable population, which raises concerns about their ability
to give voluntary, autonomous consent to participate in clin-
ical research (45). Ongoing critical care research recognizes a
corresponding obligation to protect this vulnerable population.
Requesting consent for voluntary participation in research dif-
fers fundamentally from discussing informed consent for ther-
apeutic interventions. When discussing the risks, benefits, and
alternatives of any therapeutic or diagnostic intervention, both
the clinician and patient seek a course of action that would
maximally benefit the patient. In contrast, the goal of research
is to generate information that may benefit future patients but
does not necessarily benefit the individual research participant
(46). This creates a potential conflict of interest between re-
searcher and patient, and thus, researchers must exercise par-
ticular caution in protecting the rights of patients. Federal reg-
ulations, known as “ the common rule,” have been designed
to protect this vulnerable population of research participants
(47).

Patients participating in clinical research may misunder-
stand or overestimate the individual benefits of participation;
alternatively, they may not fully recognize the potential risks.
Although the possibility for personal benefit does exist, a pa-
tient might be randomized to a nontreatment arm of a trial
or may alternatively receive experimental therapy with unex-
pected, hazardous side effects (48,49). Researchers are obli-
gated to ensure that research participants recognize the ad-
ditional risks and benefits of participation. Occasionally, this
means a researcher may ask a research participant to accept
a disproportionate share of risk, with no prospect of addi-
tional individual gain. The exact limits of risk a vulnerable pa-
tient may be asked to accept have not been specifically defined
(50).

The research consent process should clearly delineate the
nature of the research and structure of the trial, specifically in-
cluding details on any randomization process (46). In contrast
to therapeutic interventions, informed consent for research rep-
resents a process that continues throughout the course of a
clinical study, and thus routine updates for the patient may be
necessary. Standardized consent forms may be useful in com-
municating the relevant information, and the physician must
ensure that information is clearly explained. Clinical research
consent forms may be used as reference documents during the
study. Because of concerns regarding literacy and language
comprehension, the complexity of language should generally
target comprehension for no higher than a sixth-grade reading
level.

Since few patients are likely to have voiced their preferences
regarding research participation, proxy decision makers for pa-
tients who lack decision-making capacity are left to infer the
most appropriate actions in certain situations (51). Emergency
situations in which patients cannot consent and surrogates can-
not be located raise concerns about the ethics of conducting re-
search in these cases. Although regulations have sought to pro-
tect potential research subjects, they acknowledge that denying
research participation to patients who cannot give consent may
also deny them potentially beneficial therapy. A 1996 amend-
ment to the Code of Federal Regulations for the Protection
of Human Subjects permits emergency research with certain
provisions if consent cannot be obtained (52). Clinical trials
describe waivers of consent based on implied consent (53). De-
layed consent is another mechanism that has been used for
clinical trials that compared two clinically acceptable therapies
(54).

THE ETHICAL CARE OF CHILDREN
IN AN INTENSIVE CARE UNIT

The same basic principles of ethical decision making outlined
throughout this chapter apply when treating children, with the
understanding that the surrogate decision makers in most pe-
diatric cases are the child’s parents. However, dilemmas can
arise, and when they do, can prove to be distressing to all in-
volved. These issues arise in the care of critically ill children
as well as in the care of the general pediatric population (55–
57).

A basic concept in caring for a critically ill child is the age
of responsibility, i.e., when children can decide for themselves.
Our society affords adults certain rights that it does not allow
to children, such as voting, driving, and purchasing alcohol or
tobacco. Included among these is the right to make decisions
regarding one’s own medical care. The age of responsibility,
and therefore the age at which a young person can consent to
medical care, is a complex dilemma in medical ethics. There is
no standardized answer as to when minor patients should be
able to make decisions regarding their treatment. The factors to
be considered include not only the children’s age, but also their
reasoning skills, level of understanding, experience, severity of
illness, and the type of procedure or treatment being offered.
In most states, 18 years is the age when a person becomes an
adult and can make his or her own health care decisions. This
is known as the age of majority. However, there are numerous
consent statutes or rules of common law that the critical care
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physician should be aware of that allow medical treatment of
a minor younger than 18 years of age without parental consent
(58).

The Eme rg e ncy Exce p t ion

A minor can seek emergency medical care without parental
consent. Emergencies are generally defined the same way they
would be for adults (see When Consent Cannot Be Obtained).

The Emancip at e d Minor Exce p t ion

Emancipated minors are children younger than 18 years of age
(or whatever the age of majority is in the state of residence)
who can decide their own medical care. The specific criteria
for emancipated minors vary from state to state, but generally
pertain to minors who are either married, pregnant, a parent,
in the military, financially independent and living apart from
their parents, or those who have been legally declared emanci-
pated by the court. Pediatric critical care practitioners should
be familiar with laws concerning the age of majority and eman-
cipated minors in the state where they practice.

The Mat ure Minor Exce p t ion

This concept involves minors generally 14 years of age or
older deemed capable of providing informed consent. In cer-
tain cases, if minors are sufficiently mature and possess the
intelligence to understand and appreciate the benefits, risks,
and alternatives to the proposed treatment, and can make vol-
untary and rational choices, they can decide their own care.
States differ in how much weight they give to the concept
of mature minors and, again, practitioners should be familiar
with laws concerning mature minors in the state in which they
practice.

Exce p t ions Base d on a Sp e cific
Me d ical Cond it ion

The minor who seeks care for certain conditions can give con-
sent without parental involvement. These conditions gener-
ally include mental health services, pregnancy and contracep-
tive services, testing or treatment for human immunodeficiency
virus infection or AIDS, sexually transmitted or communica-
ble disease testing and treatment, drug or alcohol dependency
counseling and treatment, or care for a crime-related injury.

Exce p t ional Sit uat ions

There are several other situations involving consent for mi-
nors that the critical care specialist may encounter; these are
described in the sections that follow.

Whe n Pare nt s Cannot Be Re ache d or Are Ab se nt
Parents are generally the best surrogate decision makers for
their children. Custom and practice dictate that surrogate de-
cision makers are generally ranked in the following order:

parents, health care professionals, courts, and finally, social/
governmental agencies. Unfortunately, there are occasions
when these principles do not apply, and disagreement may arise
regarding who best represents the concerns of the minor pa-
tient. When parents are absent and cannot be reached in emer-
gency situations, critical care practitioners may use their best
medical judgment in instituting treatment. Physicians should
seek the support of their decision from other practitioners, as
well as clearly documenting that good faith attempts have been
made to reach the parents. Documentation should ensure that
medical criteria for the particular intervention have been met
and should include the circumstances surrounding the inability
to contact the parents.

Whe n Ab use and / or Ne g le ct Is Susp e ct e d
The law is clear that whenever child abuse or neglect is sus-
pected, medical practitioners are mandated reporters. They are
required to report their suspicions to state or local authorities
in accordance with the child abuse reporting laws in the state
where they practice (59,60). In most states, the practitioner is
allowed to proceed with the initial diagnosis and stabilization
of the suspected abused child, even in the absence of parental
consent. It is obviously best to engage the parent in a straight-
forward manner concerning the medical decision-making pro-
cess and obtain consent; however, there may be situations in
which the parent is unavailable or unwilling to participate. In
these cases, the practitioner should consult the local state child
abuse laws and either take protective custody of the child or be-
gin custody proceedings with the appropriate authorities. Most
major children’s hospitals have child abuse teams with experi-
ence in cases of suspected child abuse, along with knowledge of
the procedures related to parental consent in these difficult sit-
uations. Critical care practitioners should consult these teams
early in such cases. Generally, a physician or social worker with
expertise in child abuse can work with a family to secure the
best interests of the child.

Whe n Pare nt s’ Re lig ious Be lie fs Int e rfe re
wit h Life saving Me d ical Care

The most common religious issue encountered in pediatric crit-
ical care is the child who needs a blood transfusion but cannot
obtain it due to the refusal of the parents, who are perhaps
Jehovah’s Witnesses, to provide consent because it is forbidden
by their faith. In some jurisdictions, these cases can be pursued
as neglect, but in other jurisdictions, exemptions to child abuse
and neglect laws prevent legal repercussions when the alleged
abuse or neglect has occurred in the name of religion. However,
there is ample precedent to support the decision to administer
blood if a child’s life is in danger, although this action gener-
ally requires legal intervention and hospital involvement (61).
Most hospitals have ethics committees or consultants to help
practitioners and surrogates work out the critical issues. De-
pending on the hospital model, ethics committees can be either
informational, ensuring that all parties have the same facts and
understand the issues and options, or act as decision makers
to whom the clinicians can defer. It is both prudent and fair to
the child and family to involve a medical ethicist or hospital
ethics committee before proceeding with the medical treatment
needed. Furthermore, these actions will demonstrate an effort
to preserve the relationship between doctor, patient, and fam-
ily so that all parties have access to the advocates available to
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discuss the issue. Surreptitious action to institute treatment is
never indicated.

Whe n t he Pare nt s or Surrog at e and He alt h Care
Te am Disag re e on t he Care of a Crit ically Ill Child

This situation arises most commonly in end-of-life situations
regarding the propriety and timing of providing care (62,63).
These are obviously emotionally wrenching circumstances if
health care professionals and parents or surrogates disagree.
Health care providers may anticipate the termination of venti-
lator support in a severely brain-injured patient or a terminal
cancer patient days, or even weeks, before parents or surro-
gates reach an understanding that this is the proper decision.
Parents or surrogates may hold out unreasonable hope, how-
ever understandable, in the face of a child’s impending death.
Patience is usually the best approach. Time and reasoned dis-
cussion generally resolve these issues. This strategy requires the
understanding that those involved may be at different stages
of acceptance. Collegial communication eventually brings the
concerned parties to an acceptable conclusion. It is impera-
tive that critical care practitioners offer parents or surrogates
sufficient opportunity to discuss their feelings and emotions.
A distant, emotionally detached approach by the critical care
provider is inappropriate and complicates the delivery of care.

When there is neither common ground nor hope of agree-
ment between the critical care provider and parents or sur-
rogates, the final resort is to take the issue to the courts.
Practitioners should not undertake formal legal action lightly.
Experience has shown that in most cases, attorneys, courts, and
judges, rather than hearing such cases, prefer resolution out-
side the courtroom. Besides being expensive, the legal process
requires time and energy, both physical and emotional, on the
part of all involved. In this adversarial process between the crit-
ical care provider and parents or surrogates involving end-of-
life decisions, medical professionals should keep in mind that,
in some cases, courts have ruled against the medical team who
originally instituted the proceedings (64). Whenever pediatric
critical care practitioners consider going to court for resolu-
tion, they should consult the hospital’s legal staff and ethics
committee to explore other options and coordinate an optimal
strategy for all parties involved. They should remember that
the best interests of the pediatric patient are their paramount
concern.

SUMMARY
A traditional attitude in medicine has been to equate informed
consent with obtaining a patient’s signature on a boilerplate
document. However, informed consent has evolved signifi-
cantly from that approach so that today, it means much more
than simply a signed form. It is now understood as a process
intended to create trust between the critical care practitioner
and patients. The physician has an obligation to explain the
therapy, complications, alternatives, and the risks of alterna-
tives to the patient. There is no simple answer to define exactly
how or what the physician must tell the patient. The approach
to disclosing information will vary, depending on the goals of
care, the urgency of the situation, and the relationship that de-
velops between the patient and critical care provider. There will
never be an ideal single standard of informed consent.

Depending on the clinical situation, the requirements for
informed consent disclosure lie along a continuum. In life-
threatening emergencies where a patient may lack the capacity
to decide, limited disclosure is acceptable and, in some cases,
the only option. At the other end of the spectrum is the height-
ened level of disclosure required when asking patients to par-
ticipate in critical care research. The sine qua non of medical
research is the guarantee of the patient’s complete understand-
ing and voluntary consent. In those cases, instead of a 5-minute
discussion with the patient, obtaining informed consent may
require several sessions and considerable effort. Between these
two extremes are the quotidian clinical situations in which mu-
tual trust becomes the watchword. Regardless of the complica-
tion rate of a particular procedure, or which legal standard the
physician seeks to meet when informing the patient, informed
consent is optimal when the physician has earned the patient’s
trust and is comfortable with the patient’s understanding of the
clinical situation.

There is a belief among some learned but cynical observers
that true informed consent represents an impossible goal, be-
cause patients will never have the same knowledge base or level
of clinical understanding as their critical care physician, and
hence, the conclusion that detailed explanations are merely an
exercise in futility. Such cynicism misses the point. It is precisely
because of that imbalance of knowledge and power between
physician and patient that when health care providers seek to
obtain informed consent, they redouble their efforts not only
to inform patients, but also to earn their trust.
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CHAPTER 6 ■ JUDICIAL INVOLVEMENT
IN END-OF-LIFE DECISIONS
CRISTINA PALACIO

Treatment decisions are made by patients in consultation with
their physicians every day. For incapacitated patients, these de-
cisions are made either through written or oral advance direc-
tives or by their surrogates. As discussed in Chapter 5 and be-
low, the concepts of informed consent and self-determination
provide the underpinnings for these dialogues and decisions.
The process of consultation and informed decision making
should be essentially the same regardless of whether the de-
cision is to treat or not to treat—even when the decision is
made in an end-of-life context. The fact that private end-of-life

dialogues occur daily in hospitals has long been recognized by
our courts. In 1981, New York Court of Appeals Judge Jones
stated:

There is reliable information that for many years physicians and
members of patients’ families . . . have in actuality been making de-
cisions to withhold or to withdraw life support procedures from
incurably ill patients incapable of making the critical decisions for
themselves. While of course, there can be no categorical assurance
that there have been no erroneous decisions thus reached, or even
that in isolated instances death has not been unjustifiably hastened
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for unacceptable motives, at the same time there is no empirical
evidence that either society or its individual members have suf-
fered significantly in consequence of the absence of active judicial
oversight. There is no indication that the medical profession whose
members are most closely aware of current practices senses the need
for or desires judicial intervention (1).

Notwithstanding the court’s opinion, there is a significant
body of case law in the last three decades indicating that there
are, indeed, circumstances in which the medical profession
looks to the judiciary for direction. Moreover, there are many
cases indicating that, regardless of the medical profession’s de-
sire or need, patients or their representatives seek judicial in-
tervention. “Beginning with the case of Karen Ann Quinlan in
1976, patients, their family members and health care providers
have come to the courts on several thousand occasions seeking
guidance and resolution of disputes involving termination of
life support” (2).

The purpose of this chapter is to present cases that have
had significant impact on the development of legal reason-
ing in end-of-life treatment decisions and that demonstrate
the circumstances under which judicial intervention has been
sought. These cases provide guidance for physicians in the crit-
ical care setting, as they establish general principles that are
relied on by many jurisdictions. However, the law regarding
judicial intervention in treatment decisions varies from state
to state; when in doubt as to how to proceed in any particu-
lar circumstance, a provider should be aware of the individ-
ual case law and statutory requirements of her or his jurisdic-
tion.

SCHIAVO: FULL CIRCLE, NEW
TREND, OR ABERRATION?

Undoubtedly, one of the first cases that comes to mind today
when discussing judicial intervention in treatment decisions is
the case of Theresa (Terri) Marie Schiavo. The Schiavo case ar-
guably represents the epitome of judicial intervention in treat-
ment decisions. From the first trial on Michael Schiavo’s Jan-
uary 2000 petition for authorization to discontinue artificial
nutrition and hydration of Terri Schiavo (3), to Terri Schiavo’s
death on March 31, 2005, the Schiavo case generated numer-
ous opinions and orders from the Sixth Judicial Circuit Court
of Florida (4), four opinions from the Florida Second District
Court of Appeals (5), one from the Florida Supreme Court (6),
a U.S. District Court opinion (7), and two U.S. Court of Ap-
peals opinions (8). What were the issues in the Schiavo case
that resulted in such extensive judicial (not to mention leg-
islative and even executive) intervention? Were they unique in
some way?

In February 1990, at the age of 27, Terri Schiavo suffered
cardiac arrest. She was resuscitated by paramedics, but never
regained consciousness. Almost 9 years later, her husband,
Michael Schiavo, petitioned the court to authorize removal of
her feeding tube. In describing Terri’s medical condition, the
court noted that “ [s]ince 1990, Theresa has lived in nursing
homes with constant care. She is fed and hydrated by tubes. . . .
She has had numerous health problems, but none have been
life threatening. The evidence is overwhelming that Theresa
is in a permanent or persistent vegetative state. . . . She is not
asleep. She has cycles of apparent wakefulness and apparent
sleep without any cognition or awareness. As she breathes, she

often makes moaning sounds. Theresa has severe contractures
of her hands, elbows, knees, and feet” (9).

It is striking how similar this description is to that of Karen
Quinlan provided by the New Jersey Supreme Court almost
30 years earlier in the seminal case of In the Matter of Karen
Q uinlan:

The . . . medical consensus was that Karen in addition to being co-
matose is in a chronic and persistent ‘vegetative’ state, having no
awareness of anything or anyone around her and existing at a prim-
itive reflex level. Although she does have some brain stem func-
tion . . . and has other reactions one normally associates with being
alive, such as moving, reacting to light, sound and noxious stimuli,
blinking her eyes and sounds and chewing motions . . . Karen re-
mains in the intensive care unit . . . , receiving 24-hour care . . . . She
is nourished by feeding by way of a nasal-gastro tube. . . . The result
is that her condition is considered remarkable under the unhappy
circumstances involved . . . . Her posture is described as fetal-like
and grotesque; there is extreme flexion-rigidity of the arms, legs
and related muscles and her joints are severely rigid and deformed
(10).

Like the Schiavo case, the Quinlan case garnered national
attention. Karen Ann Quinlan, like Terri Schiavo, suffered a
sudden, unexpected anoxic event one evening; she was 21. Like
Terri, Karen never regained consciousness (11).

The Q uinlan case is one of the most significant right-to-
die cases, cited in opinions from many different jurisdictions
in the last 30 years (although notably absent in any Schiavo
opinion, which relied on Florida case law) (12). It was the
first ruling in the United States permitting the withdrawal of
life-sustaining treatment from a permanently incapacitated pa-
tient. “From the fight mounted by Julia and Joe Quinlan have
come decisions and actions with far-reaching impact, includ-
ing the development of the living will and the advance directive
and the establishment of ethics committees in every hospital in
the United States” (13). The outcome in both cases was ul-
timately the same—the courts authorized both Quinlan’s and
Schiavo’s guardians to withdraw life-sustaining treatment (ven-
tilator support and feeding tube, respectively). Unlike Schiavo,
the Quinlan case did not involve a prolonged entanglement
with the judiciary; Quinlan had two decisions, both within
1 year (14). Does Schiavo represent a new trend in judicial
intervention, or is it an aberration? To answer that question,
it is useful to review the development and trends in the case
law regarding the right to refuse medical treatment, and life-
sustaining or prolonging treatments more specifically.

THE UNDERLYING PREMISE:
TREATMENT DECISIONS LIE WITH

THE PATIENT

The Conce p t of Informe d Conse nt

An analysis of judicial intervention in treatment decisions must
begin with a discussion on who holds the right to make a treat-
ment decision. As was discussed in Chapter 5, the decision
to accept proposed treatment lies with the patient or her or
his surrogate decision maker. In Cruzan v. Director, Missouri
Department of Health, the first U.S. Supreme Court case to ex-
plore the federal right of an incapacitated patient to refuse life-
prolonging treatment, the Court began its analysis by stating
the legal reasoning supporting the basic premise of informed
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consent: “At common law, even the touching of one person by
another without consent and without legal justification was a
battery . . . . This notion of bodily integrity has been embodied
in the requirement that informed consent is generally required
for medical treatment” (15).

As noted by the Cruzan court, this was not the first time it
had emphasized the fundamental notion of bodily integrity that
underlies the doctrine of informed consent. One hundred years
earlier, the Supreme Court considered the action brought by
Clara L. Botsford, who was injured while riding in a Union Pa-
cific Railway Company train sleeping car. Shortly before trial,
Union Pacific petitioned the court for an order to require Bots-
ford to undergo a surgical examination by a physician other
than her own surgeon, alleging that the company would other-
wise be without its own witnesses to testify on her condition. In
rejecting the company’s petition, the Supreme Court observed
that “no right is held more sacred, or is more carefully guarded,
by the common law, than the right of every individual to the
possession and control of his own person, free from all re-
straint or interference of others, unless by clear and unques-
tionable authority of law” (16). A few decades later, in 1914,
the highly regarded Justice Benjamin Cardozo (17) reviewed a
claim by Mary E. Schloendorff that her surgeon had performed
an operation for which she had not consented, resulting, she
alleged, in gangrene of her left arm and finger amputations. In
his opinion Justice Cardozo stated: “ In the case at hand, the
wrong complained of is not merely negligence. It is trespass”
(18). Cardozo went on to scribe a passage that is oft quoted in
cases involving end-of-life treatment decisions: “Every human
being of adult years and sound mind has a right to determine
what shall be done with his own body; and a surgeon who per-
forms an operation without his patient’s consent, commits an
assault, for which he is liable in damages” (19).

Thus, the concept of informed consent originated within the
common-law framework of assault and battery—an action for
injury based on nonconsensual touching. While the common-
law analysis remains viable, many jurisdictions have found that
the right to consent is also embodied in a constitutional right
to privacy. For example, in 1977 the Supreme Judicial Court
of Massachusetts stated that:

[t]here is implicit recognition in the law of the Commonwealth, as
elsewhere, that a person has a strong interest in being free from
nonconsensual invasion of his bodily integrity . . . . One means by
which the law has developed in a manner consistent with the pro-
tection of this interest is through the development of the doctrine
of informed consent.

���

Of even broader import, but arising from the same regard for hu-
man dignity and self-determination, is the unwritten constitutional
right of privacy found in the penumbra of specific guaranties of the
Bill of Rights (20).

(As discussed later, however, in Cruzan the U.S. Supreme Court
subsequently analyzed the right to refuse treatment within the
context of the constitutionally protected liberty interest, not
privacy [21].)

In more recent times, the doctrine of informed consent has
transitioned from the common-law ‘intentional’ tort of assault
and battery to the tort of negligence. Thus, most actions based
on informed consent today are brought as claims of medical
malpractice or negligence (i.e., failure to meet the medical stan-

dard of care). Some states have codified the concept of informed
consent as negligence in statute or regulations (22).

The Rig ht t o Re fuse Tre at me nt

Thus, it has long been established that a physician cannot pro-
vide treatment or perform a procedure without a patient’s (or
the patient’s surrogate’s) consent. It would seem to follow that
a physician cannot provide treatment or perform a procedure
when a patient (or the patient’s surrogate) refuses. If a patient
has a right to consent to medical treatment, the logical corollary
is that a patient also has the right to refuse medical treatment.
Without the right to refuse, the right to consent would be il-
lusory, as demonstrated by the circumstances in a clinical case
frequently cited in the refusal of treatment ethics literature—
the case of Dax Cowart (23).

In July 1973, 26-year-old Dax Cowart and his father were
enveloped in a fiery explosion as they started their car, which
they unknowingly parked near a large, leaking propane gas
transmission line. Cowart’s father died on the way to the hos-
pital. Cowart suffered severe burns to his face and body, and
corneal damage to both eyes, leaving him blind. Over a pe-
riod of 9 months in Dallas’ Parkland Hospital he underwent
repeated skin grafting, enucleation of his right eye, surgical
closing of his left eye in order to protect it from infections, and
amputation of the distal parts of his fingers on both hands. He
was then transferred to the University of Texas Medical Branch
in Galveston, where he was bathed daily in a Hubbard tank (a
very large stainless steel tank filled with temperature-controlled
water) to control infections over his body and legs (24).

In the beginning, while Cowart consistently stated that he
did not want to live, he accepted treatment. Two days after his
transfer, however, he refused to consent to further corrective
surgery on his hands. He insisted that he be allowed to leave
the hospital and return home to die (the expected outcome of
discontinuing the daily tanking that controlled infection). The
tanking was continued over his objections. In response to his
frequent periods of anger and despair, and hours of arguments
with his mother regarding his wish to leave the hospital, a
psychiatric consult was requested (25). In reviewing the case,
his psychiatrist Dr. Robert B. White wrote: “Donald’s wish [to
discontinue treatment] seemed in great measure logical and ra-
tional; as my psychiatric duties brought me to know him well,
I could not escape the thought that if I were in his position I
would feel as he did. I asked two other psychiatric colleagues to
see the patient, and they came to the same conclusion” (26,27).
Nevertheless, his “ logical and rational” (i.e., capacitated) wish
to terminate treatment was not respected. Instead, his psychia-
trist helped him obtain legal assistance, agreeing that if a court
ruled that Cowart had the right to refuse further treatment, all
life-sustaining treatment would be stopped (28). However, a
hearing was never held as, shortly after an attorney agreed to
represent him, Cowart agreed to continue treatment. He was
discharged from the hospital 5 months later. After discharge,
Cowart attempted suicide at least two times before accepting
his new life circumstances (29).

Since Dax, the courts have recognized that “ [t]he purpose
underlying the doctrine of informed consent is defeated some-
what if, after receiving all information necessary to make an
informed decision, the patient is forced to choose only from
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alternative methods of treatment and precluded from forego-
ing all treatment whatsoever . . . . [T]he doctrine of informed
consent—a doctrine borne of the common-law right to be free
from nonconsensual physical invasions—permits an individual
to refuse medical treatment” (30).

Like the doctrine of informed consent, the right to refuse to
consent has also been found to be supported not only by the
common-law principles of assault and battery, but also by state
and/or federal constitutionally protected rights (31). Similarly,
the right to refuse treatment has been codified to some extent
in all states in the form of statutes relating to advance directives
(32).

THE DEVELOPMENT OF JUDICIAL
ANALYSIS IN CRITICAL

CARE/ END-OF-LIFE DECISIONS
Prior to Q uinlan in 1976, there were relatively few cases in-
volving a patient’s right to refuse care (33). However, as men-
tioned earlier, Q uinlan heralded the proliferation of a new line
of cases, prompted by technological advancements in medicine
that made it possible to sustain life (or, alternatively stated,
prolong dying) through artificial means. In 1987, the Arizona
Supreme Court wrote: “Not long ago the realms of life and
death were delineated by a bright line. Now this line is blurred
by wondrous advances in medical technology—advances that
until recent years were only ideas conceivable by such science-
fiction visionaries as Jules Verne and H.G. Wells. Medical tech-
nology has effectively created a twilight zone of suspended an-
imation where death commences while life, in some form, con-
tinues” (34). As the Arizona court notes, the rub is that “ [s]ome
patients, however, want no part of a life sustained only by med-
ical technology. Instead, they prefer a plan of medical treatment
that allows nature to take its course and permits them to die
with dignity” (35).

Generally speaking, it is the exercise of this “ fundamental”
right to refuse treatment that is at the center of most judicial
intervention in treatment decisions. Even though the right to
refuse treatment is recognized as the obvious extension of the
right to consent, and even though it has been held to be a
constitutionally protected right, it is not an absolute right. As
with other constitutionally protected “fundamental” rights, the
right to refuse treatment is circumscribed under certain condi-
tions through judicial and legislative action. Additionally, the
exercise of the right may result in disagreements between pa-
tients, surrogates, family, and/or providers that often lead to
judicial intervention (36).

Q uinlan Se t s t he St ag e

In 1973, Dax Cowart was caught at the cusp of the transition
from a time when “the realms of life and death were delin-
eated by a bright line” to a time when that line “ is blurred by
wondrous advances in medical technology” (37). Six months
after Cowart’s discharge, his psychiatrist noted: “Had Donald
been burned a few years ago, before our increasingly exquisite
medical and surgical technology became available, none of the
moral, humanitarian, medical, or legal questions his case raised

would have had time to occur; he would simply have died. But
Donald lived . . . [and] [h]e has imposed upon us the responsi-
bility to explore the questions he has asked. . . . ‘What gives
a physician the right to keep alive a patient who wants to
die?’” (38). In 1976, the New Jersey Supreme responds that,
at least for a patient who has no hope of recovery, a physician
does not in fact have that right.

Just 2 years after Dax Cowart’s accident, 22-year-old Karen
Quinlan stopped breathing for at least two 15-minute periods.
Three days after admission, she was diagnosed as comatose
and required a respirator to assist her breathing. After a while,
she progressed from a coma to a persistent vegetative state.
Attempts to wean her from the respirator were unsuccessful.
Her treating physicians believed that she would not live long
without respirator support, and that removal would also risk
further brain damage and increase risk of infection. Addition-
ally, as described earlier, Quinlan was nourished through a na-
sogastric tube. At the time that the New Jersey Supreme Court
considered the case, which was less than one year after her
anoxic event, Quinlan had lost at least 40 pounds, and was
in a permanent fetal-like position with her joints severely rigid
and deformed (39). Joseph Quinlan, believing that his daughter
would not want to continue to live in this condition, requested
the withdrawal of life support. Her physician refused, believ-
ing that the standard of care at that time prohibited withdrawal
(40). In Q uinlan, the court considered her father’s petition to
be declared her guardian and authorized to have her respirator
removed (41).

The court’s own description of the case denotes its ground-
breaking importance:

[This] litigation has to do, in final analysis, with [Karen’s] life, –
its continuance or cessation, – and the responsibilities, rights and
duties, with regard to a fateful decision concerning it, of her family,
her guardian, her doctors, the hospital, the State through its law
enforcement authorities, and finally the courts of justice.

���

The matter is of transcendent importance, involving questions re-
lated to the definition and existence of death; the prolongation of
life through artificial means developed by medical technology un-
dreamed of in past generations . . . . [T]he impact of durationally
indeterminate and artificial life prolongation on the rights of the
incompetent, her family and society in general; the bearing of con-
stitutional right and the scope of judicial responsibility . . . (42).

The court provides an extensive review of Karen’s condition,
juxtaposing her persistent vegetative state to the conditions
recognized under the traditional definition of death, including
brain death, which it finds “obfuscated” by developments in
medical technology (43). Additionally, the court cites a state-
ment of Bishop Lawrence B. Casey, reproduced in an amicus
brief filed by the New Jersey Catholic Conference, to describe
the existing gap in the law on these matters:

In the present public discussion of the case of Karen Ann Quin-
lan it has been brought out that responsible people involved in
medical care, patients and families have exercised the freedom to
terminate or withhold certain treatments as extraordinary means
in cases judged to be terminal . . . in accord with the expressed or
implied intentions of the patients themselves. To whatever extent
this has been happening it has been without sanction in civil law.

���

It is both possible and necessary for society to have laws and ethi-
cal standards which provide freedom for decisions . . . to terminate
or withhold extraordinary treatment in cases which are judged [by
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physicians] to be hopeless . . . . Indeed, to accomplish this, it may
simply be required that courts and legislative bodies recognize the
present standards and practices of [physicians] who have been do-
ing what the parents of Karen Ann Quinlan are requesting autho-
rization to have done for their beloved daughter (44).

With its analysis of the constitutional and legal issues at the
heart of the case, the Q uinlan court takes initial steps in filling
in the “gap” perceived by Bishop Casey and the court itself.

First, the court analyzes the argument that Joseph Quin-
lan’s right to refuse life-prolonging treatment for his daughter
is supported by his constitutional right to free exercise of reli-
gion. As alluded to earlier, no constitutional right is absolute.
But, interference with such a right is strictly limited and gen-
erally requires a “compelling state interest.” With respect to
religious beliefs, the New Jersey court outlines cases where re-
ligious freedom is curtailed; for example, “ for the sake of life”
courts had sometimes ordered blood transfusions for Jehovah’s
Witnesses and prohibited the handling of venomous snakes or
ingestion of poison as part of religious ceremonies (45). In this
case, however, the court does not recognize Joseph Quinlan’s
assertion of an independent parental right of religious freedom
to support his request to terminate life support. The court then
turns to the argument that keeping Karen alive violates her
Eighth Amendment right against cruel and unusual punish-
ment. Consistent with other courts that had considered Eighth
Amendment claims unrelated to criminal sanctions, the Q uin-
lan court holds that while an “accident of fate and nature” may
have caused Karen to be in a condition that was in fact cruel
and unusual, it could not be said to be “punishment” in the
constitutional sense.

The third, and persuasive, constitutional right advanced by
Joseph Quinlan on behalf of his daughter was the right of pri-
vacy. Relying on the right of privacy found in the New Jersey
Constitution and in the penumbra of the Bill of Rights by the
Supreme Court in Griswold v. Connecticut (46), the court de-
cides that:

no external compelling interest of the State could compel Karen to
endure the unendurable, only to vegetate a few measurable months
with no realistic possibility of returning to any semblance of cog-
nitive or sapient life. We perceive no thread of logic distinguishing
between such a choice on Karen’s part and a similar choice which,
under the evidence in this case, could be made by a competent pa-
tient, terminally ill, riddled with cancer and suffering great pain;
such a patient would not be resuscitated or put on a respirator [as
testified by an expert neurologist in the case] and a fortiori would
not be kept against his will on a respirator (47).

The court notes that its affirmation of Karen’s right to refuse
treatment is based upon an analysis that assumes competency
to assert a right of choice. In trying to determine what her
wishes would have been were she capacitated, the court found
that statements she had allegedly made were insufficient evi-
dence of her desires. Nevertheless, the Q uinlan court believed
that if a decision to refuse life-prolonging treatment is a “valu-
able incident” of the right of privacy, then it should not be
“discarded” merely because a patient’s condition prevents the
conscious exercise of the choice (48). (It is interesting to note
that the court makes no references to cases holding that a capac-
itated patient has the right to refuse life-prolonging treatment,
but uses the testimony of a physician to support the “unwrit-
ten and unspoken standard of medical practice” [49].) Conse-
quently, the Q uinlan court establishes the right of an incapaci-
tated terminally ill or “ incurable” patient to refuse procedures
that prolong the dying process, granting her father the ability

to make the decision for her, based on his “best judgment” of
what her choice would be (50).

Having found there was no compelling state interest to sup-
port interference with Karen’s right to refuse life-prolonging
treatment, the court addressed the contention that discontinu-
ation of life-supporting treatment for Karen was inconsistent
with the prevailing medical standards (51). In discussing the rel-
evant considerations, the court asks “What justification is there
to remove [care and treatment decisions] from the control of
the medical profession and place it in the hands of the courts?”
(52). The court notes the “agitation of the medical commu-
nity in the face of modern life prolongation technology and
its search for definitive policy” regarding the continuation of
extraordinary life-prolonging treatment to the incurably dying
patient, agitation caused by the uncertainty regarding potential
civil and criminal liability for openly practicing the evolving
medical standard of withholding or withdrawing such treat-
ment (53). The Q uinlan court wanted to “free physicians, in
the pursuit of their healing vocation, from possible contamina-
tion by self-interest or self-protection concerns, which would
inhibit their independent medical judgments” (54), and permit
decisions to be made within the patient/family–doctor relation-
ship, without fear of liability and without the need to turn to
the court for confirmation. However, the court was reluctant
to propose that physicians be granted total immunity. Its so-
lution was to suggest that physicians seek input from hospital
ethics committees. Finally, with very little analysis, the court
finds that the termination of life support in circumstances such
as Karen Quinlan’s would not lead to criminal liability, con-
cluding that while the state has the power to punish the tak-
ing of human life, that power does not extend to an individ-
ual’s exercise of their privacy right to refuse medical treatment,
and by extension, to a third party exercising that right for the
patient.

In summary, the Q uinlan court clearly articulates for the
first time the principle that an incapacitated patient has the
same right to refuse life-prolonging treatment as a terminally
ill capacitated patient. While not using the term “substituted
judgment,” the court sets the stage for the development of
that standard by directing Karen’s father to use his “best judg-
ment” of what her choice would be. In addressing the issue
of potential criminal liability, Q uinlan helped to remove that
fear from a medical profession concerned with application of a
changing standard of care. It did not, however, establish clear
guiding standards for analysis of this evolving area. Instead,
it suggests an interdisciplinary approach to assure oversight
of physician practice by encouraging the referral of such cases
to hospital ethics committees. While the court states that it
“consider[s] . . . a practice of applying to a court to confirm such
decisions [to be] generally inappropriate, not only because that
would be gratuitous encroachment upon the medical profes-
sion’s field of competence, but because it would be impossibly
cumbersome,” its approach left significant room for continuing
judicial intervention (55).

Saike wicz De ve lop s a St and ard Ap p roach

The St at e Int e re st Te st
Shortly after Q uinlan, the Supreme Court of Massachusetts
tackled a similar (though somewhat more complex) case in
Belchertown v. Saikewicz (56). In April 1976 (1 month after
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the Q uinlan decision), the superintendent of the Belchertown
State School petitioned the Hampshire County Probate Court
for appointment of a guardian ad litem with the power to make
medical treatment decisions for Joseph Saikewicz, a resident
of the school. Saikewicz, a 67-year-old man with the mental
age of a 21/2-year-old, was diagnosed with acute myeloblas-
tic monocytic leukemia. After reviewing the medical informa-
tion, including the recommendation of Saikewicz’s attending
physicians that he not receive chemotherapy, the guardian ad
litem recommended to the Probate Court that Saikewicz go un-
treated, letting his disease run its natural course. The Probate
Court agreed, but given the import and novelty of its deci-
sion, the Probate Court itself asked for appellate review of the
case.

The Saikewicz court was presented with expert testimony
indicating that acute myeloblastic monocytic leukemia was, at
that time, incurable and inevitably fatal. Regardless, most ca-
pacitated patients chose to have chemotherapy, enduring its
significantly unpleasant side effects even though the potential
for remission was only 30% to 50% , and when it did occur
remission typically lasted for only 2 to 13 months. Thus, while
chemotherapy was the normal medically indicated course of
treatment, it could only provide the possibility of some uncer-
tain and limited extension of life. The court was also presented
with testimony indicating that patients over the age of 60 had
more difficulty tolerating chemotherapy, and were less likely
to have even a temporary remission. Given Saikewicz’s age and
condition, the court was informed that left untreated, he would
live for a matter of weeks or, at most, several months. Jux-
taposed to this information, the court considered testimony
regarding the difficulty that Saikewicz would have undergo-
ing chemotherapy. Difficulty not just because of the toxic side
effects, the cause of which he would be unable to compre-
hend, nor because he could not appreciate the potential bene-
fit; but also because Saikewicz’s mental age would have made
it impossible for him to cooperate with administration of the
chemotherapy without restraint, which would cause him men-
tal and physical anguish and could also lead to complications
such as pneumonia.

Balancing the factors in favor of chemotherapy (the chance
of lengthening his life and that most capacitated individuals
chose treatment, even against the odds) against those factors
mitigating against chemotherapy (limited benefit of treatment
for a patient of Saikewicz’s age and condition, his inability to
cooperate with treatment, the possible toxic side effects, and
other adverse effects associated with his inability to cooperate),
the Saikewicz court ordered that no treatment be provided, ex-
cept as needed to reduce his suffering or discomfort during
the natural course of the disease. The court issued its order on
July 9, 1976. Saikewicz died on September 4, due to bronchial
pneumonia. On November 28, 1977, the Saikewicz court is-
sued an opinion intended to provide comprehensive guidance
in the review of cases related to the withholding of critical care
in end-of-life situations, both for capacitated and incapacitated
patients.

As a prelude to its analysis of the broader issues, the court
recognized the importance of its task and succinctly outlined
the critical questions raised by cases involving the refusal of
life-prolonging treatments:

We recognize at the outset that this case presents novel issues of
fundamental importance that should not be resolved by mechani-
cal reliance on legal doctrine. Our task of establishing a framework

in the law on which the activities of health care personnel and other
persons can find support is furthered by seeking the collective guid-
ance of those in health care, moral ethics, philosophy, and other
disciplines . . . . [T]he principal areas of determination are: A. The
nature of the right of any person, competent or incompetent, to de-
cline potentially life-prolonging treatment. B. The legal standards
that control the course of decision whether or not potentially life-
prolonging, but not life-saving, treatment should be administered
to a person who is not competent to make the choice. C. The pro-
cedures that must be followed in arriving at that decision (57).

The Saikewicz court begins its analysis of the nature of the
right of a person to decline life-prolonging treatment with a
look at the current medical ethics, which it finds well expressed
by the view that “we should not use ex traordinary means of
prolonging life or its semblance when, after careful consider-
ation, consultation and the application of the most well con-
ceived therapy it becomes apparent that there is no hope for
the recovery of the patient. Recovery should not be defined
simply as the ability to remain alive; it should mean life with-
out intolerable suffering” (58). This ethos was also recognized
by the Q uinlan court, which observed that “physicians dis-
tinguish between curing the ill and comforting and easing the
dying; . . . they refuse to treat the curable as if they were dying
or ought to die, and . . . they have sometimes refused to treat the
hopeless and dying as if they were curable” (59). Additionally,
the court reviewed the established principle that a person has
a fundamental right to be free from nonconsensual invasion of
her or his bodily integrity as recognized by the U.S. Supreme
Court in Botsford, and the concept of self-determination as em-
bodied in the right to privacy recognized by the U.S. Supreme
Court in Griswold and by the New Jersey Supreme Court in
Q uinlan. Based on the fact, as mentioned above, that no consti-
tutional right is totally absolute, the court conducts a survey of
recent decisions from various states addressing patients’ rights
to decline extraordinary life-prolonging or -preserving treat-
ments, and formulates a concise summary list of the “state
interests” to be weighed against the individual’s fundamen-
tal right to privacy and self-determination: 1. the preserva-
tion of life, 2. the protection of the interests of innocent third
parties, 3. the prevention of suicide, and 4. maintaining the
ethical integrity of the medical profession (60). This four-
pronged test has been widely adopted by the courts in determin-
ing when an individual patient’s ability to exercise her or his
constitutional right to refuse treatment can be circumscribed
(Table 6.1).

In applying the state interest test to Saikewicz’s situation
(albeit in retrospect, after Saikewicz had died), the court con-
cludes that the most significant state interest enumerated was
the preservation of life. It finds, however, that such interest
must be weighed against the traumatic cost of prolongation of
life to the patient, stating that “ [t]here is a substantial distinc-
tion in the State’s insistence that human life be saved where the
affliction is curable, as opposed to the State interest where, as
here, the issue is not whether, but when, for how long, and at
what cost to the individual that life may briefly extended” (61).
The second element of the test, the protection of innocent third
parties, is inapplicable to Saikewicz’s case (62). Likewise, the
third state interest, the prevention of suicide, is not applicable
to Saikewicz’s plight (63). The court nevertheless notes that a
competent adult’s refusal of medical treatment that would re-
sult in death is not equivalent to suicide, as even if death was
the patient’s intent, the patient’s medical condition was not of
her or his own making. Moreover, the court distinguishes the
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TA BLE 6 . 1

STATE INTERESTS ANALYSES

State interest Potential use

Preservation of life Historically, this argument has not been very successful in supporting the state’s
authority to override refusal of care for an incapacitated patient. The state would
most likely have to show that the incapacitated patient was likely to regain capacity
or significant physical/mental function, that is, that the patient is “curable.” It is
more likely to be successful in overriding refusal of life-sustaining treatment for a
nonterminal capacitated patient. As demonstrated by many Jehovah Witness cases,
however, even in those instances it may not prove a strong enough state interest.

Protection of the interests of innocent
third parties

Cases seem to indicate that this argument would only be successful if the state could
show a total abandonment of a person legally responsible for the care/well-being of
the third party, for example, that the third party would become a ward of the state.

Prevention of suicide Like the preservation of life, this state interest is most likely to be raised in cases
involving refusal of life-saving treatment by capacitated patients who are not
terminal, but perhaps suffering from depression or other mental health issues
indicating suicidal ideation, even if there are significant “quality of life” issues.

Maintaining the ethical integrity of
the medical profession

While this argument was used by the state early in the development of the right-to-die
jurisprudence to deny a patient’s refusal of care, today it would most likely be
proposed by counsel for the physician, supporting her or his reluctance to continue
treatment deemed to be not only medically futile, but also ethically repugnant to
continue to impose on a dying patient.

state interest in the prevention of “ irrational self-destruction”
from a right to intervene in a “rational decision to refuse
treatment when death is inevitable and the treatment offers
no hope of cure or preservation of life” (64). When deciding
whether or not a patient’s wishes to forgo treatment will be hon-
ored, the last state interest to be considered is the maintenance
of the ethical integrity of the medical profession. In reviewing
the applicability of this standard to Saikewicz, the court agrees
with the Q uinlan court’s finding that the prevailing medical
ethical ethos at that time recognized that the dying were fre-
quently more in need of comfort than treatment. The court also
notes the testimony of Saikewicz’s own attending physicians,
who recommended against treatment. Additionally, the court
relied on the Botsford principles that a patient has the right
to bodily integrity, and on the doctrines of informed consent
and right to privacy. The court concludes that the state interest
in maintaining the ethical integrity of the medical profession
is not threatened by the decision to permit Saikewicz to forgo
chemotherapy.

The Sub st it ut e d Jud g me nt St and ard
In addition to articulating the four state interests to be used in
determining when a patient’s fundamental right to refuse life-
prolonging medical treatment may be denied, the Saikewicz
court addresses the important question regarding the rights
of an incompetent patient to forgo such treatment. The court
poses two distinct questions: “First, does a choice exist? That
is, is it the unvarying responsibility of the State to order med-
ical treatment in all circumstances involving the care of an in-
competent person? Second, if a choice does exist under certain
conditions, what considerations enter into the decision-making
process?” (65). The court finds the first question relatively easy
to answer. Since it is recognized that a person has the right to
refuse medical treatment in appropriate circumstances, then
“ the principles of equality and respect for all individuals” dic-
tate that the right extends to incompetent as well as competent
individuals. In so finding, the court recognizes the state’s parens

patriae responsibility to protect the “best interests” of incom-
petent persons, interpreted by courts to mandate the provision
of medical treatment for incompetent patients to prevent im-
mediate and severe danger to life. But the court distinguishes
the state’s responsibility to provide life-saving treatment from
its obligation to provide treatment under other circumstances
(66). Consequently, the court finds that “ [t]o protect the in-
competent person within its power, the State must recognize
the dignity and worth of such person and afford to that person
the same panoply of rights and choices it recognizes in compe-
tent persons” (67).

Having concluded that an incompetent patient possesses
the same right to refuse treatment as a competent patient, the
Saikewicz court set out to establish how a court can assure that
the incompetent patient’s right is exercised in a manner that
provides the “fullest possible expression to the character and
circumstances” of the individual patient (68). The court uses
the Q uinlan decision as a starting point for its analysis, but
gives significant weight to the difference between Karen Quin-
lan’s and Joseph Saikewicz’s circumstances. While the Q uinlan
court was unable to ascertain conclusively the decision Karen
herself would have made in her situation, it was nonetheless
clear that she could have made an informed decision prior to
her incapacity. It made sense, then, that her father could use
his “best judgment,” based on his knowledge of her prefer-
ences and life philosophy, to determine what Karen would have
wanted for herself. Saikewicz never had capacity; consequently,
the court found the best judgment standard unsuitable. While
the court saw some value in an “objective” viewpoint based
on what a majority of people would do in like circumstances,
akin to the “reasonable person” inquiry used in negligence, it
rejected that standard. Instead, the court opined that the crit-
ical goal is to determine, as accurately as possible, the wants
and needs of the individual involved, regardless of whether
or not it is what the reasonable or prudent person would do,
and despite the difficulty of making that determination for
the developmentally disabled. The court therefore adopted a
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“substituted judgment” standard. In analyzing the specific pros
and cons of chemotherapy for Saikewicz, as discussed above,
the court found that the decision to withhold care was in fact
based on a regard for Saikewicz’s actual interest and prefer-
ences. After Saikewicz, the “substituted judgment” doctrine
becomes the primary legal standard for asserting an incapaci-
tated patient’s right to refuse life-prolonging treatment.

Proce d ure s for Ap p rop riat e Re vie w of De cision
Finally, the Saikewicz court reviews the issue of procedural safe-
guards applicable to withholding life-prolonging procedures
from incapacitated patients. The court focuses on procedures
of the Massachusetts Probate Court. However, in discussing
the type of information relevant to an appropriate process, the
Saikewicz court specifically “reject[s] the approach adopted by
the New Jersey Supreme court in the Q uinlan case of entrust-
ing the decision whether to continue artificial life support to
the patient’s guardian, family, attending doctors, and hospital
‘ethics committee’” (69). Rather than considering “ judicial res-
olution of this most difficult and awesome question—whether
potentially life-prolonging treatment should be withheld from
a person incapable of making his own decision—as constituting
a ‘gratuitous encroachment’ on the domain of medical exper-
tise,” as stated in Q uinlan, the Saikewicz court suggests that
“such questions of life and death seem . . . to require the pro-
cess of detached but passionate investigation and decision that
forms the ideal on which the judicial branch of government
was created” (70). Thus, the New Jersey and Massachusetts
Supreme Courts express significantly different views regarding
the degree of judicial intervention necessary or appropriate in
end-of-life treatment decisions for the incapacitated.

Cle ar and Convincing St and ard of Proof
for Sub st it ut e d Jud g me nt

Incap acit at e d Ad ult s
In 1981, the Court of Appeals of New York (71) reviewed
two separate cases in In the Matter of Storar (72) where the
guardians of incapacitated patients objected to the continued
use of life-prolonging treatments for two terminally ill patients.
In one case the court held that the guardian’s wish should have
been followed; in the other, the court found that treatment
should have been provided (73). What circumstances led to
the different outcomes?

In the first case, the patient was 83-year-old Brother Joseph
Fox, who was in excellent health until he had an operation
for a hernia he sustained while moving flower tubs. During the
procedure, Brother Fox suffered cardiac arrest and substantial
brain damage. He was placed on a respirator, and remained
in a persistent vegetative state. Father Philip Eichner, president
of the school for which Fox had worked during the 9 years
prior to the operation, asked that the respirator be discon-
nected. Fox had previously made it known that he would not
have wanted to be maintained on a respirator in his present
condition. He had first made this view known during formal
religious discussions on the moral implications of the Q uinlan
case. The hospital refused to disconnect the respirator with-
out court authorization, resulting in a petition to the court by
Father Eichner.

In the second case, John Storar, a profoundly developmen-
tally disabled 52-year-old man who resided in a state facility,
was diagnosed with cancer of the bladder after blood was no-
ticed in his urine. His mother, who was his court-appointed
guardian, consented to a 6-week course of radiation therapy,
after which his disease went into remission. Six months later,
after blood was again found in his urine, Storar was diagnosed
with terminal bladder cancer. Despite the prognosis for a very
limited lifespan, the facility physicians requested consent for
blood transfusions, to permit Storar to remain energetic and
maintain his daily activities (feeding himself, showering, tak-
ing walks, and running). Similar to Saikewicz, Storar did not
like the transfusions, as he could not understand the purpose.
But unlike the case in Saikewicz, there was no evidence of ex-
cessive pain, discomfort, or mental anguish presented. While
Storar’s mother initially consented, after a month she with-
drew her consent (74), whereupon the facility director asked
for judicial intervention. While the trial court agreed with the
guardians’ requests in both cases, the Court of Appeals agreed
with Father Eichner, but not with Storar’s mother.

In the Eichner case, the District Attorney intervened, as-
serting that the state’s interest in preserving life outweighs a
patient’s right to refuse medical treatment. The court begins
its analysis by citing Justice Cardozo’s finding in Schloendorff
that a surgeon who performs a procedure on a patient without
her or his consent is liable for assault. While recognizing that
other state courts had found a constitutional right to privacy
supporting the right to refuse treatment, citing both Q uinlan
and Saikewicz, the Storar court finds no need to address the
constitutionality issue (noting that the U.S. Supreme Court had
so far declined to address the question), finding the Schloen-
dorff common-law principle of a right to bodily integrity suffi-
cient (75). Responding to the District Attorney’s assertion that
preservation of life gave the state authority to intervene, the
Storar court observed that “ [a] State which imposes civil lia-
bility on a doctor if he violates the patient’s right cannot also
hold him criminally responsible if he respects that right. Thus
a doctor cannot be held to have violated his legal or profes-
sional responsibilities when he honors the right of a competent
adult patient to decline medical treatment” (76). But noting
that Fox was competent at the time the matter was before the
court, the District Attorney argues that whatever right to refuse
treatment a patient has is personal and cannot be exercised by
a third party on her or his behalf when she or he becomes
incapacitated. Cognizant of the difficult questions presented
by permitting one person to make an end-of-life decision for
another, the court skirts the issue, finding that Brother Fox
made the decision for himself before becoming incompetent.
Testimony was presented regarding Brother Fox’s statements
on two occasions, 3 years before his hernia operation during
discussions on the much publicized plight of Karen Quinlan
and again shortly before the procedure. The court therefore
finds “clear and convincing” evidence that the patient himself
left instructions to terminate life-supporting procedures if he
was in a terminal condition with no hope of recovery. While
the court makes no reference to the “substituted judgment”
standard developed in Q uinlan and Saikewicz, the “clear and
convincing evidence” standard articulated by the Storar court
essentially establishes the burden of proof used to establish that
a decision maker’s exercise of an incapacitated patient’s right
to refuse life-prolonging procedures reflects what the patient
would have done for her- or himself i.e., substituted judgment.
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Next the Storar court analyzes John Storar’s situation, be-
ginning with the observation that there can be no clear and con-
vincing evidence of Storar’s own decision, as Storar was never
competent to make the decision. The court therefore refuses to
apply the same reasoning it followed for Fox . Instead, it applies
the law relating to the right of a parent or guardian to refuse
medical treatment for an infant, relying on previous decisions
that a parent cannot deny treatment to a child that threatens
his or her life (77). In conclusion, and directly apposed to the
Saikewicz finding, the Storar court holds that, even in light of
Storar’s terminal condition, life-prolonging treatment cannot
be withheld because he was never capacitated. In essence, the
Storar court finds that one must have had capacity at some time
to apply the substituted judgment standard.

As with the Q uinlan and Saikewicz courts, the Storar court
also shares its general view on the role of the courts in end-of-
life situations. Responding to the District Attorney’s argument
against Eichner’s petition that courts should wait for the par-
ties to act before considering whether liability exists, the court
responds that “ responsible parties who wish to comply with
the law, in cases where the legal consequences of the contem-
plated action is uncertain, need not act at their peril. Nor is it
inappropriate for those charged with the care of incompetent
persons to apply to the courts for a ruling on the propriety of
conduct which might seriously affect their charges.” But the
court emphasizes that seeking court intervention is optional,
and that if in fact there is a desire to expand the court’s role
in cases regarding termination of life-prolonging treatment for
incapacitated patients, the legislature should so mandate.

Minors
The question may be asked, How does the substituted judg-
ment standard apply to minors? Under the Saikewicz analysis,
it would be possible to have substituted judgment for a minor,
but under the Storar analysis, since the minor has never had
capacity, it would not be possible to ascertain with clear and
convincing evidence what a minor’s wishes would be.

In In re Guardianship of Barry (78), a Florida court con-
sidered the request of Mr. and Mrs. Barry, natural parents and
appointed guardians for 10-month-old Andrew James Barry, to
terminate his life support. Andrew was the second of twins, the
first of which was stillborn. He was in a permanent vegetative
state after suffering asphyxiation and seizures and was placed
on a ventilator soon after birth. Diagnosed as having hypoxic
ischemic encephalopathy with significant brain tissue destruc-
tion, Andrew was not expected to live much beyond 2 years,
even with life support. The trial court approved the Barrys’
request, based on the substituted judgment doctrine. The state
appealed, arguing that the doctrine was wrongly applied since
there could be no evidence of Andrew’s intent. The appellate
court found that for an adult a court could exercise substituted
judgment even without evidence of the incapacitated patient’s
intentions; however, the doctrine could not be used in “ the case
of a child who has not reached maturity, . . . where . . . the court
must be guided primarily by the judgment of the parents who
are responsible for their child’s well-being, provided, of course,
that their judgment is supported by competent medical evi-
dence” (79). After reviewing the medical condition of the child
and considering the ethical and moral motivations (80), the ap-
pellate court found that the Barrys’ decision was backed by un-
controverted medical evidence that Andrew was terminally ill
and his condition was incurable and irreversible, and that their

informed decision outweighed any state interest in prolonging
Andrew’s life through “extraordinary” measures. Moreover,
like many courts before, the Barry court opines that “decisions
of this character have traditionally been made within the pri-
vacy of the family relationship based on competent medical
advice and consultation by the family with their religious advi-
sors, if that be their persuasion” (81). Nevertheless, noting the
continually increasing availability of advanced technology to
artificially sustain life through “extraordinary” measures, and
the lack of legislation or controlling judicial precedent (even
in 1984, 8 years after Q uinlan), the Barry court acknowledges
the medical community’s continuing discomfort in proceeding
without judicial intervention, for fear of malpractice litigation
or criminal prosecution. As in many of the cases since Q uinlan,
the Barry court expresses its views on the role of the courts in
intervening in end-of-life decisions:

Although judicial intervention need not be solicited as a matter of
course, still the courts must always be open to hear these matters on
request of the family, guardian, affected medical personnel, or the
state. In cases where doubt exists, or there is a lack of concurrence
among the family, physicians, and the hospital, or if an affected
party simply desires a judicial order, then the court must be available
to consider the matter (82).

As we have seen most recently with the case of Terri Schiavo,
this is most certainly still the case.

In Barry, the Florida court addresses the issue of a child
“who has not reached maturity.” In In re Swan, the Maine
Supreme Court considered the case of the “mature minor”
(83). Like many states, Maine first considered the question of
withdrawal of life-sustaining procedures from a permanently
incapacitated—but not terminal—patient in the mid-1980s.
Citing much of the reasoning discussed in Botsford, Schloen-
dorff, Saikewicz, and Storar, the Maine court held in In re
Gardner (84) that when there was clear and convincing evi-
dence of an incapacitated patient’s wishes not to be maintained
by life-prolonging procedures, those wishes must be respected
by his providers. A few years later in Swan, the court ex-
tended this principle to Chad Eric Swan, who was 17 years old
when a tragic auto accident left him in a persistent vegetative
state.

As in several cases discussed above, judicial involvement
in Swan was initiated by his alternate decision makers, who
filed for a declaratory judgment that neither the family, treat-
ing physicians, nor hospital would be civilly or criminally liable
for a decision to terminate life-prolonging artificial nutrition
and hydration. The District Attorney, representing the state’s
interests, argued that there was insufficient evidence of Chad’s
wishes, and that in any event, Chad’s age reduced the legal sig-
nificance of any statements he may have made. Evidence was
presented that Chad had on two separate occasions had dis-
cussions regarding the status of two individuals. One was in
a persistent vegetative state (and was coincidentally Gardner,
of the case cited above, who was known by Chad’s grand-
mother). The other was his brother’s friend, who had been left
in a permanent coma after a car accident. On each occasion,
one a year before and one only 8 days before his own accident,
Chad made specific statements that he would not want to be
kept artificially alive under similar conditions. The Swan court
found that these two statements presented clear and convinc-
ing evidence of Chad’s wishes, and that the mere fact that he
was not yet 18 at the time he made them did not negate their
probative value: “The fact that Chad made these declarations
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as to medical treatment before he reached the age of 18 is at
most a factor to be considered by the fact finder in assessing
the seriousness and deliberativeness with which his declara-
tions were made” (85). In so concluding, the court relied on
the “well-recognized” principle that “ [a] minor acquires ca-
pacity to consent to different kinds of invasions and conduct
at different states of his development. Capacity exists when the
minor has the ability of the average person to understand and
weigh the risks and benefits” (86).

Consequently, the Swan court holds that there was clear and
convincing evidence that Chad would have chosen to discon-
tinue artificial life support measures, that his comments were
in fact relevant despite his being a “minor” at the time of the
declarations, and that his parents could exercise that decision
on his behalf. (It is interesting to note that the court considered
this decision to be made based on “Chad’s own conclusion,”
not on a theory of substituted judgment; for this court the
“substituted judgment” theory implies that there is not suffi-
cient evidence of the patient’s own desires.) While some states
have adopted a “mature minor” doctrine permitting termina-
tion of life-prolonging procedures, many have not (87). Where
not adopted, the Barry approach would be the most likely line
of reasoning used in determining the appropriateness of life
support withdrawal from a permanently incapacitated, but not
terminal, minor patient.

A final interesting case to consider with regard to the in-
capacitated minor issue is the case of In the Matter of Baby
K (88). Baby K was born with anencephaly; however, she was
placed on a respirator at birth when she experienced difficulty
breathing in order to permit her doctors to confirm the sus-
pected diagnosis. After confirming the anencephaly, her physi-
cians explained to her mother that most anencephalic children
die within a few days. Their recommendation was that Baby
K only be offered supportive care in the form of nutrition, hy-
dration, and warmth. They also discussed the possibility of a
“do not resuscitate” order. Baby K’s mother and her treating
physicians disagreed on the extent of care that was appropriate.
While Baby K was able to breathe unaided at times, her mother
insisted on the provision of mechanical ventilation to Baby K
every time she had problems breathing on her own. Due to the
disagreement, the hospital arranged for a transfer of Baby K
to a nursing home. However, every time Baby K experienced
breathing problems she was transferred back to the hospital
emergency department for resuscitation and ventilation. After
Baby K’s third visit to the emergency room, the hospital (joined
by Baby K’s father) petitioned the court for a declaration that
it was not required to continue to provide emergency medical
treatment to Baby K, which it deemed medically and ethically
inappropriate.

Baby K presents a different situation in that it is not the
patient’s representative who is advocating the termination
of extraordinary life support measures, but the health care
providers, thus invoking, one might argue, the fourth element
of the Saikewicz state interest test i.e., maintaining the ethical
integrity of the medical profession (89). It is also unique in
that the decision to withhold care was presented in the emer-
gency room. As a result, rather than an analysis based on the
end-of-life considerations expressed by many of the preceding
decisions, the Baby K court analyzed the circumstances within
the context of a hospital’s Emergency Medical Treatment and
Labor Act (EMTALA) (90) obligations. Pursuant to that analy-
sis, the court finds that while the ER could not resolve Baby K’s

anencephaly, it could treat her respiratory failure, which was
the emergency medical condition requiring stabilization under
EMTALA. Thus, despite the discomfort of the medical team,
the court holds that Baby K had to be resuscitated, regardless of
her permanent incapacity and terminal condition, as long as she
was brought to the emergency room for treatment. The court
never addressed the question of withholding or withdrawal of
treatment for Baby K in the event that the mother requested
it, but under the EMTALA analysis, that would presumably no
longer constitute a “request for . . . treatment” under the federal
law (91).

The Te rminally Ill Cap acit at e d Pat ie nt

In the cases discussed previously, the courts relied on the widely
accepted constitutional and/or common-law right of the capac-
itated patient to refuse medical treatment to support the in-
capacitated patient’s right to refuse life-prolonging treatment.
But yet, there has not yet been a case presented where the ca-
pacitated patient’s right to refuse life-prolonging treatment is
established. That case is represented by Satz v. Perlmutter (92).

In 1978, 73-year-old Abe Perlmutter lay in a hospital in
Florida dying from amyotrophic lateral sclerosis (Lou Gehrig’s
disease). Perlmutter was on a respirator but was fully capaci-
tated, and even able, albeit with difficulty, to speak. With no
chance of recovery and little time left to live, Perlmutter re-
quested to be disconnected from the respirator, and petitioned
the court for an order permitting his physicians to do so. While
the court’s discussion doesn’t specifically address why Perlmut-
ter had to petition the court, it is reasonable to assume that his
physicians were unwilling to comply with his wishes for fear
of criminal prosecution, as in opposing the petition the State
Attorney asserted not only that the state had a duty to preserve
Perlmutter’s life (as we have seen many states argue), but also
that termination of life support by his family, medical person-
nel, or Perlmutter himself would be murder or manslaughter
(93).

In reviewing Perlmutter’s situation, the court relies on the
rationale of Saikewicz, stating that “ the pros and cons involved
in such tragedies which bedevil contemporary society, mainly
because of the incredible advancement in scientific medicine,
are all exhaustively discussed in [Saikewicz]” (94). The court
adopts the view of Saikewicz and the line of cases therein dis-
cussed, and finds that none of the state interests outlined in
Saikewicz is sufficiently compelling to overcome Perlmutter’s
right to refuse or discontinue life-prolonging treatment under
“ the constitutional right to privacy . . . and expression of the
sanctity of individual free choice and self-determination” (95).

It is somewhat ironic that the court asserts Perlmutter’s
rights as a capacitated patient based upon a decision relating
to an incapacitated (and moreover, never capacitated) patient;
yet the court takes care to limit its findings to the capacitated
patient situation, stating, “ [t]he problem is less easy of solu-
tion when the patient is incapable of understanding and we,
therefore, postpone a crossing of that more complex bridge
until such time as we are required to do so” (96). There is also
a fascinating circularity, as Saikewicz and the other cases dis-
cussed previously relating to incapacitated patients are based
on the presumed ability of a capacitated patient to make her
or his own decision. Completing the circular approach, a few
years after Perlmutter, in John F. Kennedy Memorial Hospital
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v. Bludworth (97), the Florida Supreme Court, citing exten-
sively to its Perlmutter analysis, holds that a terminally ill in-
capacitated person has the same right to refuse life-prolonging
treatment as a capacitated patient.

While adopting the District Court of Appeal’s decision, the
Florida Supreme Court extends the opinion by addressing the
State Attorney’s contention that the question of “death with
dignity” is so complex that the courts should defer to the legis-
lature to provide answers. Perlmutter’s and his physician’s at-
torneys, on the other hand, “maintain that it is an issue which
cries out for judicial resolution in a comprehensive manner so
that physicians, public officials, hospitals and other citizens of
the state may be guided in their future conduct” (98). The court
opines that the legislature is a more suitable forum for the de-
tailed analysis and synthesis of the varied interested institutions
and disciplines’ viewpoints necessary for a comprehensive ap-
proach. “Nevertheless, preference for legislative treatment can-
not shackle the courts when legally protected interests are at
stake . . . . Legislative inaction cannot serve to close the doors
of the courtrooms of [the] state to its citizens who assert cog-
nizable constitutional rights” (99).

CODIFICATION OF JUDICIALLY
DEVELOPED LAW

Not long after Perlmutter, Florida did in fact adopt legisla-
tion recognizing a competent person’s right to refuse medical
treatment, including life-prolonging treatment. Florida Statutes
Chapter 765 on Health Care Advance Directives acknowledges
that “ [e]very competent adult has the fundamental right of self-
determination regarding decisions pertaining to his or her own
health, including the right to choose or refuse medical treat-
ment. This right is subject to certain interests of society, such
as the protection of human life and the preservation of ethical
standards in the medical profession” (100). The statute also es-
tablishes guidelines for assuring that those rights are respected
in the event of incapacity: “To ensure that such right is not lost
or diminished by virtue of later physical or mental incapacity,
the Legislature intends that a procedure be established to al-
low a person to plan for incapacity by executing a document
or orally designating another person to direct the course of his
or her medical treatment upon his or her incapacity” (101).
Further, it sets forth the requirements for designating alternate
decision makers or surrogates to make decisions for a patient
in the event of incapacity, and provides a list of individuals who
can be relied on to make decisions for an incapacitated patient
who has not designated a surrogate. The statute “recognizes
that for some the administration of life-prolonging medical
procedures may result in only a precarious and burdensome
existence” (102), and establishes procedures for the execution
of living wills and the standards for withdrawing or withhold-
ing of life-prolonging procedures in the event that there is no
living will. In so doing, Florida law codifies the “substituted
judgment” standard established through Saikewicz, providing
that the surrogate must make “only health care decisions for
the principal which he or she believes the principal would have
made under the circumstances if the principal were capable of
making such decisions” (103). Moreover, the statute codifies
the “clear and convincing” evidence requirement, providing
that a proxy can only make a withholding or withdrawal de-
cision if there is “clear and convincing” evidence that the de-

cision would have been the one made by the patient were she
or he capacitated (104). Finally, the Florida statute explicitly
provides healthcare providers acting in good faith to fulfill pa-
tients’ wishes regarding end-of-life care immunity from civil or
criminal liability, thus removing the fear of litigation or prose-
cution that, as indicated in several cases discussed above, was a
significant factor in the request for court involvement in refusal
of care cases (105).

From the mid-1980s to the mid-1990s, most states adopted
some form of legislation addressing procedures for withhold-
ing and withdrawing life-prolonging procedures; by 1994, 47
states had adopted some form of living will legislation, and all
but two states had passed some form of health care agency act
(106).

JUDICIAL INVOLVEMENT
POSTLEGISLATION

The passage of legislation to address end-of-life situations
helped to alleviate much of the uncertainty regarding the stan-
dards for reliance on patient and/or surrogate refusal of life-
prolonging procedures, but it by no means eliminated the need
for all judicial intervention. Continuing uncertainty regarding
some of the terms of the legislation, and particularly disagree-
ments among interested parties, still generate controversies that
lead to judicial involvement.

In Arizona, the right to refuse life-prolonging treatment was
first addressed by the state Supreme Court after the 1985 en-
actment of the Medical Treatment Decision Act (MTDA) (107)
in Rasmussen v. Fleming. At age 70, Mildred Rasmussen had
suffered three strokes and was suffering from a degenerative
neural muscular disease and/or organic brain syndrome. Testi-
mony from a court-appointed neurologist established that Ras-
mussen was in a persistent vegetative state. The question before
the court was whether a guardian could exercise Rasmussen’s
right to refuse care (in this case through “do not resuscitate”
and “do not hospitalize” orders).

The Arizona court began with an inquiry regarding whether
Rasmussen had a statutory right to refuse medical treatment
under the MTDA, which provided that “ [a] person may exe-
cute a declaration directing the withholding or withdrawal of
life-sustaining procedures in a terminal condition” (108). “Ter-
minal condition” was defined as “an incurable or irreversible
condition from which . . . death will occur without the use of
life-sustaining procedures” (109). The court summarily found
that Rasmussen did not have a statutory right to refuse care,
as she never executed a living will, and secondly, she was not
suffering from a terminal condition, as her physicians were not
administering any life-sustaining procedures without which she
would have died (110).

The statutory analysis, however, did not prove fatal to Ras-
mussen’s guardian’s request, as the court, finding no statutory
support for Rasmussen’s right to refuse care, turns to a more
traditional analysis. Acknowledging that the U.S. Supreme
Court had yet to address the issue of whether there was a fed-
eral constitutional right to refuse care embedded in the right
to privacy, the Arizona court states that it “ [agreed] with [her]
sister states. The right to refuse medical treatment is a per-
sonal right sufficiently ‘fundamental’ or ‘implicit in the con-
cept of ordered liberty’ to fall within the constitutionally pro-
tected zone of privacy” recognized by the Supreme Court (111).
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Additionally the court finds that the Arizona constitution af-
fords individuals a separate right to refuse medical treatment,
as Article 2, § 8 expressly provides a right to privacy: “No
person shall be disturbed in his private affairs, or his home in-
vaded, without authority of law.” While never previously ap-
plied to the refusal of medical treatment, the court finds the Ari-
zona constitution provision applicable. Finally, citing Botsford
and Schloendorff to assert the long-recognized law regarding
an individual’s right to be free from bodily invasion, the court
holds that the common-law doctrine of informed consent per-
mits an individual to refuse treatment as well (112).

As the cases reviewed before have shown, establishing the
existence of the right is only the first step. “Whether emanat-
ing from constitutional penumbras or premised on common-
law doctrine, the right to refuse medical treatment is not ab-
solute” (113). Weighing Mildred Rasmussen’s right to refuse
care against the four state interests articulated in Saikewicz,
the court finds that none of them outweigh Rasmussen’s pro-
tected right under these circumstances. Of note, in deciding
that the state’s interest in preventing suicide does not outweigh
Rasmussen’s right to privacy, the court turns to the MDTA for
support, as it provided that “ [t]he withholding or withdrawal
of life-sustaining procedures from a qualified patient in accor-
dance with [the MTDA] does not, for any purpose, constitute
a suicide” (114). Acknowledging that it had already held that
the MTDA was inapplicable, the court contends that it would
nonetheless be illogical to suggest that the state’s interest in
preventing suicide “magically disappears only when an individ-
ual becomes terminally ill and completes certain paper-work”
(115).

Having established that Rasmussen had a right to refuse
treatment, albeit not under the statute, and that such right was
not outweighed by any of the four established state interests,
the Rasmussen court then considers whether the right is re-
tained if the patient is incapacitated and joins “[o]ther juris-
dictions [that] have unanimously concluded that the right to
refuse medical treatment is not lost merely because the indi-
vidual has become incompetent and has failed to preserve the
right” (116). Finally, the court addresses the issue of who may
exercise the right for an incapacitated patient. In this case, no
family member attempted to make decisions for Rasmussen. In-
stead, the Public Fiduciary was appointed her guardian. Thus,
the court relies on Arizona statutes relating to the power of
guardians, which provide that “a guardian may give any con-
sents or approvals that may be necessary to enable the ward to
receive medical or other professional care, counsel, treatment
or service” (117). Finding that the right to consent to or ap-
prove the delivery of care must necessarily include the right to
consent to or approve the delivery of no care, the court holds
that Rasmussen’s guardian has the statutory authority to exer-
cise her right to refusal—but not with “unbridled” discretion.
Based not on Saikewicz, but on a recommendation of the 1983
President’s Commission for the Study of Ethical Problems in
Medicine and Biomedical and Behavioral Research (118), the
court opines that the “substituted judgment” standard is the
most appropriate to apply in the case of an incapacitated pa-
tient. However, where there is no evidence of what the patient
would have chosen, the court finds that the “best interests”
standard is appropriate. (In Florida, this fallback standard has
been codified in the Advance Directive statutes. The law may
differ depending on the state.) Finally, the court finds that if
there is a dispute regarding the substituted judgment or best

interests of the incapacitated patient, the evidentiary standard
must be that of “clear and convincing” evidence, as articulated
by Storar.

As appears to be customary in these cases, the Rasmussen
court could not conclude without stating its opinion regarding
the role of the courts and the legislature in developing the law
on refusal of life-prolonging treatments. “Last, but certainly
not least, we address the degree to which judicial involvement
is required in this type of case” (119). Observing that there have
been differing points of view expressed, most notably those by
the Massachusetts court in Saikewicz and the New Jersey Court
in Q uinlan, the Arizona court tends to agree with Q uinlan that
“ judicial intervention in decisions of this nature can indeed be
unduly cumbersome” (120), especially considering the fact that
many opinions are written after the patient in question has died
(121).

A minimal amount of judicial involvement in an incompetent’s af-
fairs is unavoidable in cases such as this one . . . where guardian-
ship is sought and an incompetency hearing is required . . . . Once
the court resolves [those issues], however, its encroachment into
the substantive decisions concerning medical treatment should be
limited to resolving disputes among the patient’s family, the attend-
ing physicians, an independent physician, the health care facility,
the guardian, and the guardian ad litem . . . . Where, however, all
affected parties concur in the proposed plan of medical treatment,
court approval of the proposed plan of medical treatment is neither
necessary nor required (122).

But, noting that this area continues to have many unresolved
issues, the court also states that “ [o]nly the Legislature has the
resources necessary to gather and synthesize the vast quantities
of information needed to formulate guidelines that will best
accommodate the rights and interest of the many individuals
and institutions involved in these tragic situations” (123).

In In re Browning (124), the issue was interpretation of
statutory definitions. In 1984, Florida adopted the Life Pro-
longing Procedures Act (125), essentially codifying Bludworth,
wherein the Florida Supreme Court held that a terminally ill in-
capacitated patient had the same right to refuse life-prolonging
procedure as the court had established for a capacitated pa-
tient in Perlmutter. The act provided that any capacitated per-
son could execute a living will directing the withholding or
withdrawal of “ life-prolonging procedures” in the event she or
he should have a “ terminal condition” (126). Life-prolonging
procedures were defined to be mechanical or artificial means
of sustaining, supplanting, or restoring any spontaneous vital
function that, when applied to a person in a terminal condi-
tion, serves only to prolong the dying process, and specifically
excluded nutrition and hydration (127). A terminal condition
was defined as a condition from which there was no reason-
able medical probability of recovery and from which death was
imminent (128).

In 1985, Estelle Browning executed a living will, which,
tracking the statutory language, stated: “ If at any time I should
have a terminal condition and if [it has been] determined that
there can be no recovery from such condition and that my
death is imminent, I direct that life-prolonging procedures be
withheld or withdrawn when the application of such proce-
dures would serve only to prolong artificially the process of
dying” (129). Additionally, and inconsistent with the statute’s
definitions, Browning’s living will stated that she did not want
“nutrition and hydration . . . provided by gastric tube or intra-
venously” (130). One year later, at the age of 86, Browning
suffered a stroke and massive hemorrhage in the left parietal
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lobe. After a short stay in the hospital, she was transferred to
a nursing home. At first she received nutrition and hydration
through a gastrostomy tube, which after a long series of com-
plications and dislodging was replaced by a nasogastric tube.
Nearly 2 years after her stroke, Browning’s guardian filed a
petition with the court to terminate the nasogastric feedings,
in compliance with her living will. In addition to the living
will, testimony was presented by friends and by her guardian,
who had lived with Browning the years immediately preced-
ing her stroke, that Browning had stated she never wanted to
be maintained on life support if she were ever in her current
condition.

The medical evidence indicated that Browning was in a per-
sistent vegetative state, sustained only by virtue of the nutrition
obtained through her nasogastric tube—presumably meeting
the conditions for withdrawal stipulated in her living will. But,
the applicable statute did not define hydration and nutrition as
life-supporting measures, and testimony indicated that Brown-
ing could continue to live indefinitely, as long as she had the
nasogastric tube. Medical evidence also indicated that while
death would most certainly occur upon discontinuation of ar-
tificial nutrition and hydration, it would not do so immediately,
but within 7 to 10 days. Thus, Browning’s condition presented
a number of problems from the statutory perspective. Since
hydration and nutrition were not considered life-prolonging
procedures, her persistent vegetative state could not be ter-
minal, because so long as the gastric tube was in place, she
could live indefinitely. Moreover, even if the gastric tube was
removed, death would not occur for a week or more, raising
the question of whether it was “ imminent” enough to meet
the definition of terminal. The trial court denied Browning’s
guardian’s petition, concluding that Browning’s death was not
imminent and that therefore withdrawal was not permitted un-
der the statute. While the district court of appeal agreed, it
found that despite the inapplicability of the statute, Florida
constitution’s right to privacy protection entitled Browning to
refuse life-prolonging procedures, even though she was not in a
terminal condition, as defined by the statute (131). The Florida
Supreme Court agreed with the district court of appeal, provid-
ing an extensive analysis that included reviews of Rasmussen,
Schloendorff, Cruzan, Perlmutter, Bludworth, and Barry re-
garding their findings that (a) both capacitated and incapac-
itated persons have a right to privacy that includes the right
to refuse life-prolonging treatments; (b) a surrogate may make
a decision on behalf of an incapacitated patient through sub-
stituted judgment, established with clear and convincing evi-
dence and without judicial approval; and (c) there must be a
compelling state interest to override the right of refusal. The
Florida Supreme Court concluded that “without prior judicial
approval, a surrogate or proxy . . . may exercise the constitu-
tional right of privacy for one who has become incompetent
and who, while competent, expressed his or her wishes orally
or in writing. We also determine that there is no legal distinc-
tion between gastrostomy or nasogastric feeding and any other
means of life support” (132). In essence, the court effectively
found that Florida law’s exclusion of artificial nutrition and
hydration from life-prolonging procedures, and of persistent
vegetative state as a terminal condition, was inconsistent with
the right to privacy as interpreted by previous decisions; more-
over, the statute’s parameters were not supported by the req-
uisite compelling state interest to overcome the right. Shortly
after Browning, Florida law was amended, defining terminal

to include persistent vegetative state, no longer excluding ar-
tificial nutrition and hydration as a life-prolonging procedure,
and eliminating the requirement that death be “ imminent” be-
fore a condition is considered terminal. Today, the statute also
expressly allows withholding and withdrawal for patients who
have an “end stage condition,” defined as an “ irreversible con-
dition . . . which has resulted in progressively severe and perma-
nent deterioration and which, to a reasonable degree of medical
probability, treatment of the condition would be ineffective”
(133).

Despite the fact that many of the previously referenced state
court decisions infer that the right to refuse medical care was
a recognized component of a right to privacy embedded in
the penumbra of the Bill of Rights, it was not until 1990 (14
years after Q uinlan) that the Supreme Court actually declared
that the U.S. Constitution grants a “right to die” in Cruzan v.
Director, Missouri Department of Health (134), a case relating
to Missouri law addressing living wills.

In January 1983, 29-year-old Nancy Cruzan lost control of
her car and was discovered in a ditch—not breathing and with-
out a heartbeat. It was estimated that she was anoxic for 12
to 14 minutes before paramedics were able to resuscitate her.
Cruzan never regained consciousness, and progressed from a
coma to a persistent vegetative state (135). She was not on a
ventilator. Although she was able to orally ingest some nutri-
tion, it was insufficient; therefore, to ease feeding and promote
her recovery, a gastrostomy feeding and hydration tube was im-
planted with the consent of her husband. Rehabilitative efforts
failed, and when it became apparent that she had no medi-
cally reasonable chance of recovery, her parents (who were her
court-appointed guardians) requested that the hospital termi-
nate artificial nutrition and hydration measures. Even though
this was 14 years after Q uinlan, and with all the intervening
cases noted previously, the hospital refused to comply with the
parents’ request without a court order.

The Missouri Supreme Court analyzed the Cruzans’ request
in light of the parameters established by Missouri statutes,
which like Florida statutes prior to Browning, defined a “death-
prolonging procedure” to exclude “ the performance of any
procedure to provide nutrition or hydration” (136). Also
similar to pre-Browning Florida law, statutes defined “ ter-
minal condition” as “an incurable or irreversible condition
that, without the administration of life-sustaining treatment,
will . . . result in death within a relatively short time” (137).
Thus, any living will referring to the withholding of death-
prolonging (or life-prolonging) procedures would be inter-
preted under Missouri law to exclude the withholding or with-
drawing of nutrition and/or hydration through artificial means.
The Missouri Supreme Court found that Cruzan’s right to
refuse life-prolonging treatment, regardless of whether it was
based in the constitutional right of privacy or in a common-
law right to refuse, was outweighed by Missouri’s statutorily
expressed policy favoring preservation of life (138). Moreover,
it held that even if Cruzan did in fact have a right to refuse
treatment, there was not clear and convincing evidence to sup-
port the parents’ claim that they were exercising substituted
judgment for their daughter. The case was appealed to the U.S.
Supreme Court based on the parents’ claim that the Missouri
law imposed impermissible limitations on Nancy Cruzan’s con-
stitutional rights.

As had many of the other courts, the U.S. Supreme Court be-
gan its analysis by discussing the fundamental premise of bodily



Chap t e r 6: Jud icial Involvement in End-of-Life Decisions 67

integrity and the right to informed consent (referring back to its
own decision in Botsford and the much cited Justice Cardozo
quote from Schloendorff ) and the logical corollary—the right
to refuse treatment. Similar to many of the other courts facing
these issues for the first time, the Supreme Court comments
that prior to Q uinlan, there were relatively few cases address-
ing the right to refuse life-prolonging treatment and opines that
the dramatic increase of cases since Q uinlan (139) can be at-
tributed (still in 1990, 14 years after Quinlan) to “ the advance
of medical technology capable of sustaining life well past the
point where natural forces would have brought certain death
in earlier times” (140). The Cruzan court does an extensive
review of the post-Q uinlan cases, concluding that most juris-
dictions based the right to refuse treatment on the common-law
right to informed consent and/or a constitutional privacy right.
But Cruzan represents the first case in which the U.S. Supreme
Court directly addresses the issue of whether the U.S. Constitu-
tion protects an individual’s right to refuse medical treatment
even when exercise of that right will inevitably result in death—
i.e., a right to die (141).

Prior to Cruzan, numerous Supreme Court decisions seemed
to indicate that the Fourteenth Amendment’s prohibition
against the state “[depriving] any person of life, liberty or
property, without due process of law” protects an individual’s
life and/or liberty interest in refusing unwanted medical treat-
ment. Cruzan’s parents relied on those cases to successfully
assert that the forced administration of life-sustaining medi-
cal treatment, including artificial hydration and nutrition, vio-
lates a competent individual’s constitutionally protected liberty
interest. However, the question remained whether this consti-
tutionally protected right to refuse life-prolonging treatment
extended to Nancy Cruzan, who was not competent to make
her own refusal. More specifically, the question presented to the
Supreme Court was whether Missouri’s statutory requirement
that an incapacitated patient’s wishes to have life-prolonging
procedures withdrawn be supported by clear and convincing
evidence (the Storar standard) impermissibly restricted the ex-

ercise of her Fourteenth Amendment right to refuse unwanted
medical treatment.

The Supreme Court answers no; the clear and convinc-
ing standard developed through the analyses of Q uinlan,
Saikewicz, and Storar, and codified by Missouri, is not un-
constitutional. While the Supreme Court finds that an inca-
pacitated patient does have a Fourteenth Amendment liberty
interest in refusing life-prolonging treatment, it holds that Mis-
souri established a constitutionally permissible “procedural
safeguard to assure that the action of the surrogate conforms
as best it may to the wishes expressed by the patient while
competent” (142).

SCHIAVO
Returning to the question raised at the beginning of this chap-
ter, does Schiavo represent a new trend in judicial intervention,
or is it an aberration? As the previous cases indicate, while
Schiavo may have been particularly drawn-out litigation, ul-
timately it presented no new issues, nor groundbreaking legal
analysis or precedent. Schiavo’s circumstances were extremely
similar to Quinlan’s, Cruzan’s, and Browning’s (143). In fact,
Browning is cited repeatedly in the Schiavo trial and appellate
court decisions (144). The issue in Schiavo was not whether
an incapacitated patient had the right to refuse life-prolonging
procedures. Rather, Schiavo was a disagreement between fam-
ily members regarding who should speak for Terri Schiavo and
what she in fact would want—in other words, who was her
appropriate surrogate, and whether there was clear and con-
vincing evidence of her wishes.

While Michael Schiavo, Terri’s husband, was her court-
appointed guardian, who under Browning and Florida statutes
had authority to exercise Terri’s right to refuse life-prolonging
procedures, he petitioned the court for intervention because
he knew that he and Terri’s parents had significantly differ-
ing views about his wife’s end-of-life wishes. The court found

TA BLE 6 . 2

CASES ESTABLISHING SIGNIFICANT CONCEPTS

Case Significance

Union Pacific Railway Co v. Botsford
(1891)

U.S. Supreme Court sets foundation for informed consent doctrine and right-to-die
debate, stating “no right is held more sacred or is more carefully guarded, by the
common law, than the right of every individual to the possession and control of his
own person, free from all restraint or interference of others, unless by clear and
unquestionable authority of law.”

Schloendorff v. Society of N ew York
Hospital (1914)

Articulates the concept of self-determination that lies at heart of the right to refuse
life-prolonging treatment: “Every human being of adult years and sound mind has a
right to determine what shall be done with his own body.”

In the Matter of Q uinlan (1976) First U.S. ruling permitting withdrawal of life-sustaining treatment from a permanently
incapacitated patient.

Belchertown v. Saikewicz (1977) Summarizes previous cases to establish concise four “state interests” test for use in
determining when it is appropriate to override patient refusal of critical care and
articulates substituted judgment standard for incapacitated patients.

Satz v. Perlmutter (1978) Clearly establishes right of capacitated patient with terminal illness to refuse treatment.
In the Matter of Storar (1981) Adopts clear and convincing evidence as standard of proof for establishing substituted

judgment.
Cruzan v. Director, Missouri

Department of Health (1990)
First U.S. Supreme Court case to specifically address the right to die as protected by the

U.S. Constitution’s Fourteenth Amendment.
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that there was clear and convincing evidence that Terri Schiavo
would choose to refuse life-prolonging nutrition and hydra-
tion in her condition, and that her husband was an appropriate
guardian. Her parents, while continuing to debate that finding,
then argued that Terri was not, despite all the expert medical
testimony to the contrary, in a persistent vegetative state. They
were convinced that she was actually cognizant and interactive,
and simply in need of the right rehabilitative therapy (145).
When this argument failed to convince the trial and appellate
courts, Terri Schiavo’s parents went as far as accusing Michael
Schiavo of abusing their daughter, and even raised implications
of his having something to do with her initial anoxic event.

The Schiavo case resulted in extensive judicial review, ex-
traordinary legislative intervention, and even executive orders,
an amount of activity and level of governmental involvement
unprecedented in any previous “right-to-die” case. Neverthe-
less, the court decisions were all consistent with established
judicial precedent and Florida statutory provisions. In 2005,
shortly after Schiavo’s death, the N ew York Times reported:

Experts say that unlike the Quinlan case, which established the con-
cept that families can prevail over the state in end-of-life decisions,
the Schiavo case created no major legal precedents. But it could
well lead to new laws. Already, some states are considering more
restrictive end-of-life measures like preventing the withdrawal of a
feeding tube without explicit written directions. That troubles some
medical ethicists and doctors (146).

Dr. Diane Meier, an end-of-life care expert in New York,
stated about Schiavo: “ I am concerned about the erosion of a
very hard-won multiple-decade process of agreeing that these
decisions belong inside families . . . .We’ve always said that au-
tonomy and self-determination does trump the infinite value of
an individual life, that people have the right to control what
is done to their own body. I think that is at risk” (147). For-
tunately, we have not in fact seen any such shift occur. The
case of Terri Schiavo was a tragic family disagreement. While
it may have been particularly acrimonious, it nevertheless indi-
cates the kind of case that is likely to come before a court today.
As the appellate court stated in Schiavo, “ It may be unfortu-
nate that when families cannot agree, the best forum we can
offer for this private, personal decision is a public courtroom
and the best decision-maker we can provide is a judge with no
prior knowledge of the ward, but the law currently provides
no better solution that adequately protects the interests of pro-
moting the value of life” (148). In Schiavo, the courts decided
that there was clear and convincing evidence that Terri Schi-
avo “would wish to permit a natural death process to take its
course” (149), consistent with the legal precedents set forth in
all the cases discussed previously in this chapter. (See Table 6.2
for summary of cases.)
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CHAPTER 7 ■ COLLABORATIVE CARE:
PHYSICIAN AND NURSING INTERACTIONS AND
THE FOUNDATION OF A SUCCESSFUL UNIT
ELIZABETH MANIAS

This chapter will discuss collaborative care in terms of four ma-
jor areas: (a) definition of collaborative care, (b) the makeup
of the critical care team and ancillary health professionals, (c)
forms of communication, and (d) team effort. The first exam-
ines the meanings associated with collaborative care, with par-
ticular reference to the critical care context. The various in-
terdisciplinary health professionals who make up the critical
care team, including medical personnel, nurses, pharmacists,
respiratory therapists, social workers, occupational therapists,
physical therapists, and nutritionists, are described in the sec-
ond area. The third area considers the forms of communica-
tion that take place in critical care settings, including critical
care rounds, nursing handover between nurses, and admission
and discharge practices. The fourth area focuses on function-
ing as a team and involves orientation of new team members,
patient monitoring and observation, and communication with
patients’ families.

MEANINGS ASSOCIATED WITH
COLLABORATION

For health professionals to collaborate, it is important to under-
stand how collaborative care is interpreted. Collaborative care
involves communicating information, opinions, and feelings;
sharing decision making, tasks, and goals; negotiating power
to enable more equitable participation and mutual respect; and
facilitating the uptake of effective treatment (1–3). Henneman
et al. (4) described collaborative care as a joint venture with
two or more health professionals working together to achieve
a common goal. It is a cooperative endeavor in which individu-
als contribute willingly in planning and organizing patient care.
Health professionals offer their expertise and share responsi-
bility for final outcomes while other individuals acknowledge
their involvement in the venture. These interpretations of col-
laborative care assume that professional relations between in-
teracting individuals are equal—that is, power relations are
equal.

BALANCE OF POWER
However, it is also important to acknowledge that sometimes
power relations between individuals may be unequal, thereby
affecting the quality of collaboration that takes place (5). Un-
equal power relations can be influenced by perceived knowl-
edge and expertise attributed to various health professionals,

miscommunication, different goals of care developed for pa-
tients, and different designated roles or titles. Such an acknowl-
edgment challenges health professionals to critically analyze
how they carry out their work to enable greater opportunities
for collaboration to occur (3).

BENEFITS AND AIM OF CARE
The ultimate aim of collaborative care is to produce positive
outcomes for patients. Some of the positive outcomes associ-
ated with improving collaboration include the following: a de-
cline in nosocomial infections (6), improved patients’ quality of
life (7), lower mortality rates (8), reduced length of hospital or
critical care stay (9,10), reduced cost of care (6,9), and reduced
adverse events such as oversedation and readmission to critical
care (6). Other outcomes have been related to the effects of
collaboration on the health professional, the health care team,
and the organization (11–14). Benefits of collaboration for the
health professional include feelings of self-worth, competence,
and importance. For the health care team, collaboration is seen
to create opportunities for clarification of interactive roles and
to enhance respect for, and collegiality between, individuals
of various disciplines. For the organization, collaboration is
understood to promote productivity, retention, and satisfac-
tion of employees (4).

MEMBERS OF THE CRITICAL
CARE TEAM: THE NEED FOR

INTERDEPENDENT WORKING
RELATIONSHIPS

The critical care setting is a complex organizational system
comprising various health professionals who need to function
as an interdependent team (Fig. 7.1). These health professionals
have particular roles and functions to bring about high-quality
patient care and support. The challenge is to understand how
these roles and functions fit with those of other professions,
with the aim of developing solid working relationships (15,16).
For example, physicians are trained to take charge and assume
the role of leadership in health care and responsibility for deci-
sions. For them, learning to share in an interprofessional team
is a challenge since they may assume or be expected by other
team members to take on the leadership role (13,16). Other
health professionals, such as nurses and social workers, may
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FIGURE 7.1. Interrelationships of health professionals involved with providing collaborative care in the
critical care unit.

place greater emphasis on patients’ and families’ accounts of
the patient’s health, rather than relying on objective data as
much as is done by physicians. As a result, physicians may not
place much weight on accounts of patients and families pro-
vided by nurses and social workers, preferring instead to see
numeric data to address a situation. Since expectations about
roles and functions are largely unspoken, they create obstacles
that are not readily identified by team members who experi-
ence difficulties with collaboration. The solution involves en-
suring that professional expectations are made apparent to all
involved. Success in achieving collaborative care depends on
committed interdisciplinary work that is incremental, continu-
ous, and sustained (17–20).

HEALTH PROFESSIONALS WITHIN
THE CRITICAL CARE UNIT

Various medical professionals have an input in patient care
within critical care, including the critical care medical direc-
tor, critical care unit attending physicians, critical care unit
fellows, and critical care unit residents. Medical professionals
from outside the critical care unit also play an important role
and include consultants, surgical attendings (21,22), residents,
and other ancillary personnel.

Crit ical Care Dire ct or

The critical care unit is overseen by a director with demon-
strated competence in the provision of critical care services.

The director manages the administrative aspects of the unit,
including the development and implementation of policies and
procedures, review of the appropriate use of critical care re-
sources, and education of unit staff. Together with the nurse
manager of the critical care unit, the medical director assumes
ultimate responsibility for the safety and appropriateness of ser-
vices provided in the setting. Consequently, the medical director
plays an important role in guiding patient care during unstable
clinical situations that require careful titration of therapy, such
as multiorgan failure and resuscitation procedures. This re-
sponsibility includes the need to communicate regularly with
other health professionals and the family about current and
future patient goals of treatment. Usually, the medical director
has final authority over admission and discharge practices of
the critical care unit.

Crit ical Care At t e nd ing Physicians

Critical care attending physicians are primarily accountable for
the day-to-day unit and patient management responsibilities.
These individuals have expert knowledge in pathophysiology,
physiology, pharmacology, and the technical aspects of mon-
itors and invasive equipment, as well as competence in man-
aging critically ill patients. Critical care attending physicians
provide a leading role in dealing with the sensitivities associ-
ated with dying patients and their families. Also important are
attributes related to the latest research and quality improve-
ment activities, as well as facilitating education among health
professionals in the unit. In the absence of the medical director,
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it is the critical care attending physicians who make decisions
relating to the admissions and discharges of patients.

Crit ical Care Fe llows

Fellows are required to undertake a specified period of the crit-
ical care experience, usually a 1-year fellowship in which they
work at least 9 months in a critical care environment (e.g., a
neurologic or medical intensive care unit), with the remaining 3
months involving either allocation to a clinical area (e.g., respi-
ratory care or trauma service) or conducting research relevant
to critical care. Fellows have comprehensive knowledge about
the medical histories, surgical and diagnostic procedures, and
laboratory data and medications relating to all patients in the
critical care unit. In association with the critical care resident,
they provide this information on ward round presentations and
in discussions with other health professionals, including con-
sultants, surgeons, and nurses. Fellows are required to review
the assessment charts of complicated patients with residents
and are expected to guide residents in managing patients with
respect to issues such as setting mechanical ventilation parame-
ters, providing hemodynamic support and invasive monitoring,
prescribing antibiotics, and managing adverse events. Critical
care attending physicians assist fellows in making appropriate
patient care decisions and providing them with greater input at
the beginning of their training compared to later in the train-
ing year, at which point fellows are expected to make more
independent decisions.

Crit ical Care Re sid e nt s

Residents are junior members of the medical staff who rotate
through the critical care unit to learn the fundamental prin-
ciples of treating critically ill patients. They collaborate with
critical care fellows in collecting patient assessment data and
formulating a management plan. During their rotation in the
critical care unit, they develop beginning level competencies in
regard to treating patients with complex health care needs. Res-
idents give patient presentations during ward rounds, where
they are provided with feedback on their comprehension and
understanding of patient assessment, management, and evalu-
ation of care.

Crit ical Care Nurse s

Critical care nurses provide comprehensive skilled care to crit-
ically ill patients by maintaining a continual presence at the
bedside. Their extensive knowledge and expertise enable them
to recognize changes in patients’ clinical manifestations and
implement strategies aimed at preventing worsening conditions
and minimizing complications. They support patients and fam-
ilies by acting as their advocates and play an integral role in
the decision-making process with the health care team. In the
United States, critical care nurses may be certified through the
American Association of Critical Care Nursing by undertaking
specialized education and testing and are recognized as criti-
cal care registered nurses (CCRNs). In other countries such
as Australia and the United Kingdom, critical care nurses may
complete specialized postgraduate critical care qualifications at
a university.

A nurse manager of the critical care unit provides clear lines
of authority for critical care nurses and is accountable for the
delivery of good-quality patient care from the nursing staff.
This health professional must have the ability to ensure that
critical care nursing practices address key standards of care.
Aside from expertise in current advances in the field of criti-
cal care nursing, the nurse manager also has experience with
health information systems, risk management, and health care
economics.

Advanced practice roles within the critical care unit include
acute care nurse practitioners and clinical nurse specialists.
Clinical nurse specialists undertake roles that involve educa-
tion, consultation, research, and management. Acute care nurse
practitioners undertake direct patient care activities and re-
search (23), most often in conjunction with the critical care
medicine team. Both clinical nurse specialists and acute care
nurse practitioners continue to perform many of the interven-
tions involved with conventional nursing practice. They also
function autonomously and in collaboration with other health
professionals in an effort to produce optimal patient outcomes.
Compared to other critical care nurses, those in advanced prac-
tice roles require a greater depth and breadth of knowledge and
a greater understanding in interpreting patient data and un-
dertaking complex interventions. Clinical nurse specialists and
acute care nurse practitioners are also required to have com-
pleted additional postgraduate work, usually at a master’s level.

CONSULTANTS OUTSIDE THE
CRITICAL CARE UNIT

Consultants of services outside the critical care unit are spe-
cialists who provide important information about a particular
facet of patient management to the critical care team. Their role
is to answer specific questions, as noted by a critical care health
professional in the patient’s medical record. To ensure time is
used appropriately and constructively, the critical care team
should discuss the issue of concern beforehand and provide a
rational argument in seeking a consultant’s referral. It is usually
the attending physician’s role to write the consultant referral.
Any suggestions provided by consultants should be discussed
with the critical care team before treatment is implemented.

Surg ical At t e nd ing s

Surgical attendings are surgeons who play an important role in
the management of surgical procedures required by critically
ill patients. They interact with patients and their families in re-
lation to preoperative, intraoperative, and postoperative care,
as well as long-term follow-up in terms of ensuring optimal
recovery from surgery. Although surgical attendings conduct
daily rounds in the critical care unit, specific aspects of patient
management usually reside with the critical care team. In the
context of the surgical team, surgical residents play much the
same role as do critical care residents.

Pharmacist s

Pharmacists are integral to patient care in a way that extends
beyond their traditional role of supplying and distributing
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medications. With the increasing sophistication of medi-
cations available, their role encompasses the education of
physicians, nurses, and other health professionals in prescrib-
ing, administering, and monitoring the practices and prepa-
ration of medications for critical care patients. They have
extensive knowledge about pharmacokinetics and pharmaco-
dynamic principles associated with severe illness, poisoning
and drug intoxication, sedation practices, pain relief, and an-
tibiotic use.

Pharmacists also make up various medicinal preparations.
For critical care units, these preparations commonly include
total parenteral nutrition and the incorporation of cytotoxics,
antibiotics, potassium, or opioids into intravenous fluids. These
preparations are made up in laminar flow cabinets of hospital
pharmacy departments under sterile conditions.

One of the most important tasks of pharmacists is to en-
sure medications are administered in a manner that promotes
therapeutic efficacy and minimizes adverse outcomes. More
specifically, they help physicians and nurses by coordinating
the development, implementation, and evaluation of medica-
tion protocols or guidelines. For this reason, pharmacists at-
tend ward rounds and team meetings to familiarize themselves
with patients’ medical conditions and how these affect medica-
tion therapy. The Society of Critical Care Medicine has released
a position paper about the scope and practice of critical care
pharmacy practice and service (24).

Re sp irat ory The rap ist s

Respiratory therapists work with physicians and nurses and
are involved with maintaining ventilation equipment and mon-
itoring the airway management of critically ill patients. Air-
way management may include the provision of oxygen ther-
apy, mechanical ventilation, and aerosol medication therapy.
They also play a role in titrating ventilation parameters to suit
the breathing and hemodynamic patterns of patients, formu-
lating weaning procedures, and providing patient and family
education. Although respiratory therapists are well established
in North America, they rarely exist in the United Kingdom,
Europe, Australia, or Asia, countries or continents in which
nurses are responsible for the patients’ respiratory equipment
and clinical management of respiratory function in collabora-
tion with physician consultation.

Social Worke rs

Social workers work with the health care team to provide a con-
duit between management plans for the critical care patient and
family members. They possess specialized knowledge about
health policies and services, social welfare systems, and com-
munity resources. With this information to guide their practice,
social workers act as important advocates for critically ill pa-
tients and families. Examples of activities conducted by social
workers include assisting in the adjudication of family–patient–
health care team disagreements, leading team discussions in
root cause analyses of ICU-related problems, locating tempo-
rary accommodation for family members during patients’ stay
in hospital, and providing resources to help cover health care
costs.

Occup at ional The rap ist s

Occupational therapists are educated to conduct a complete
evaluation of the impact of illness on the activities of critically
ill patients at home, in work situations, and during recreational
situations. They work synergistically with other disciplines of
the health care team to reduce the physical and psychologi-
cal disability of patients. Before patients are discharged, occu-
pational therapists often visit the home environment to make
comprehensive assessments of the current facilities and changes
required to accommodate the patient’s needs.

Physical The rap ist s

Physical therapists assess and treat critically ill patients with
a temporary or permanent physical disability, with the aim of
achieving the highest degree of recovery. Treatment modali-
ties used by physical therapists include exercise, mobilization
and manipulation, massage, splinting, the application of hot
and cold compresses, suctioning of respiratory secretions, and
electrical stimulation. Conditions treated include birth defor-
mities, fractures, back strain, spinal injuries, strokes, and mul-
tiple sclerosis. Rehabilitation after surgery, such as open heart,
orthopedic, and abdominal surgery, is another area of respon-
sibility.

Nut rit ionist s

Qualified nutritionists are a vital part of the health care team
who consult with physicians, nurses, pharmacists, and fam-
ily members in the critical care unit. The aim of nutritionists
is to improve the nutritional health and promote the recov-
ery of the critical care patient. Nutritionists possess detailed
knowledge of the food principles that apply to health and dis-
ease states; the biochemical properties of food; the mechanisms
underlying food absorption, metabolism, digestion, and elimi-
nation; and the indications for nutritional support. They also
have an in-depth understanding of the interactions of particu-
lar food products with medications commonly used in critical
care.

Nutritionists play an important role in the decision to in-
troduce parenteral or enteral feeding or other forms of nutrient
supplementation for critically ill patients. Critically ill patients
are susceptible to malnutrition as they undergo invasive pro-
cedures and diagnostic tests, and disease states may alter the
digestive process of nutrients. In collaboration with physicians
and nurses, nutritionists determine the precise requirements for
energy, protein, vitamins, minerals, essential fatty acids, elec-
trolytes, and water to be administered through parenteral or
enteral feeding. Enteral feeds are usually made in a hospital
diet kitchen, the process of which is supervised by nutrition-
ists. Conversely, critical care pharmacists prepare parenteral
nutrition solutions using sterile laminar flow environments.

FORMS OF COMMUNICATION
Health professionals interact with each other using differ-
ent forms of communication, depending on the intended



Chap t e r 7: Collaborative Care : Physician and Nursing Inte ract ions and the Foundation of a Successful Unit 75

purpose. These forms of communication include critical care
ward rounds, nursing handovers, and communication concern-
ing admission to and discharge of patients from critical care
units. The effective collaboration within these forms of com-
munication is essential to the overall function of critical care
units, which significantly affects the patient’s risk-adjusted mor-
tality and length of stay (25–27).

Crit ical Care Ward Round s

Critical care ward rounds are recognized as an important forum
for various health professionals to come together and discuss
the daily goals of care. The goals of care serve various func-
tions, which include recognizing patient problems, sharing in-
formation, initiating treatment, evaluating the effectiveness of
changes in treatment, and increasing learning opportunities for
the critical care staff (28). Ineffective patient care and decision
making can occur if the goals of care are not communicated
clearly, leading to increased costs and the possibility of medical
errors (27).

Critical care rounds should be multidisciplinary and include
various personnel in addition to the critical care physicians: the
nurse unit manager, the specific nurse assigned to each patient,
the pharmacist, the respiratory therapist, and others such as the
social worker and dietitian. Although some part of the ward
round may be undertaken away from the bedside to prevent
interruptions adversely affecting decision making, the health
care team must also be present at the bedside, since direct pa-
tient assessment is integral to identifying problems. Such prob-
lems may include inappropriate ventilation settings, patient ag-
itation and confusion, an incorrectly positioned endotracheal
tube, and pain as shown by abdominal guarding and inappro-
priate breathing.

Usually, it is the role of the critical care fellow to present
each patient with feedback provided by the critical care attend-
ing physician. In this manner, the ward round provides a for-
malized process of education and training for less experienced
medical personnel. It is also an opportunity for other health
professionals to provide their feedback on various perspectives
of the patients’ care, including wound management, nutrition,
and medication management. The critical care physician is then
able to direct discussions and debates for the planning of pa-
tient care (5).

The ward round should be a structured process occurring
at a formally designated time each day. Scheduled ward rounds
allow physicians, nurses, and other health professionals to plan
their attendance despite unexpected situations that can occur.
Organizing the ward round as a haphazard process, where it
is conducted at different times of day, may mean that certain
health professionals will not be able to attend (29). A lack of
representation at ward rounds by particular disciplines may
adversely affect the range of opinions and possible therapies
for patients. A well-organized ward round is more likely to
become a creative space in which health professionals of dif-
ferent disciplines can contribute to developing strategic plans
for patient care and to sharing openly their clinical activities
with other individuals.

The patient presentation should be concise and clear with-
out redundant and irrelevant information, such as unrelated
details about the patients’ past medical history or superfluous
explanations of daily activities. There are several steps that

TA BLE 7 . 1

STEPS TO TAKE FOR AN EFFECTIVE WARD ROUND

■ Know who the patient is in terms of the patient’s name,
age, sex, and reason for admission to critical care.

■ Summarize past medical treatments since admission in
terms of when they happened, where they happened, and
patient response. It may help to document information in
the form of clear, concise points to which you can refer
during the presentation. This process will enable you to
update your colleagues quickly without having to look for
information in voluminous medical histories.

■ Assess current patient problems in an organized manner
using a body systems approach.

■ Discuss the plans for the day, including anticipated patient
response.

■ Ensure the patient’s medical record and radiographs are
readily available.

■ Be sure that all medication orders and observation charts
are readily accessible at the bedside.

■ All key pathology investigation results should be available.
The pathology laboratory may need to be contacted before
the round commences to obtain all necessary results.

■ Use the presentation as a time to seek information from
members of the health care team to find out more about
your patient’s needs (e.g., social workers, physical
therapists).

■ Ensure the relevant health professionals know about
changes made to treatment and the role played by the
individual in this process.

■ Determine if the patient’s family members need to be
contacted either during or following the ward round in
relation to treatment decisions. Make arrangements to
contact the family members for consultation or consent for
procedures if needed.

should be followed to ensure the patient presentation functions
smoothly (Table 7.1).

To improve the quality of care, a daily goals sheet can
be used during ward rounds, with input from nurses, physi-
cians, and other health professionals. A daily goals sheet is a
document that is completed during ward rounds and posted at
the bedside of each patient. It summarizes the plan of priori-
tized activities for a patient during the course of a day. Infor-
mation recorded on the goals sheet depends on specific char-
acteristics of the unit (Table 7.2). Because each sheet is a work
in progress, it is usually discarded the day after use and not in-
cluded in the patient’s medical record. Information contained in
the goals sheet can serve as a guide to assist physicians, nurses,
and other health professionals in documenting their progress.
Past research has shown a significant reduction in the length of
intensive care stay of patients from 6.4 days to 4.3 days after
introduction of a daily goals sheet. The understanding of the
goals of care by nurses and physicians, as well as communica-
tion between them, had also improved (27).

Nursing Hand ove r Be t we e n Nurse s

The nursing handover is a verbal form of communication in-
volving nurses from one working shift communicating with
those of the oncoming working shift. The purpose of the
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TA BLE 7 . 2

SAMPLE DAILY GOALS SHEET

Name: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ID No.: . . . . . . . . . . . . . . . . . . . . Bed No.: . . . . . . . . . . . . . . . . . . . . .  Date: . . . . . . . . . . . . . . . .

Pathology tests and diagnostic procedures Invasive lines, drains, catheters

Haemodynamic parameters External specialist consultation

Medications (new prescriptions, changes to
current medications)

Patient mobilization

Sedation, analgesia, muscle paralysis Nutrition

Ventilation support Family discussion, consent for procedures

Transfer to other units Other

House staff team

handover is to ensure continuity of patient care between nurses.
Beyond its use as a mode of transferring information about
patients, the handover is a complex form of communication
that encompasses social and environmental contexts (30,31).

Manias and Street (30) conducted an observational study
of handover practices in a critical care unit through the use of

participant observation, individual interviews, focus groups,
and professional journaling. In their study, the charge nurse
of the previous shift gave a “global” handover of all patients
to oncoming nurses of the next shift. Oncoming nurses then
proceeded to a bedside handover, where bedside nurses from
the previous shift focused on a patient’s individual needs. The



Chap t e r 7: Collaborative Care : Physician and Nursing Inte ract ions and the Foundation of a Successful Unit 77

TA BLE 7 . 3

STEPS TO ENSURE AN EFFECTIVE NURSING
HANDOVER

■ Be on time for the nursing handover and come prepared
with paper and pen.

■ Take notes about changes in patient status and particular
activities that need to be performed during the course of the
shift.

■ Ask questions of the nurse giving the handover, especially if
you are unfamiliar with or unclear about particular issues.

■ Be respectful of the patients and families you are discussing.
Avoid use of judgmental language, labeling or stereotyping
patients, or making negative comments about them.

■ Use correct terminology and professional language in
describing patient diagnosis and treatment. Use only easily
understood abbreviations that are typical of the critical care
setting.

■ Avoid repetition and irrelevant information.

global handover functioned mainly as a form of communi-
cation between charge nurses of the oncoming and previous
shifts. During this time, the charge nurses often directed com-
ments to each other and did not involve other oncoming nurses
in their discussions. At the bedside handover, nurses from the
previous shift regarded requests from oncoming nurses for pa-
tient information as a form of criticism of their own clinical
practices, and they sometimes expressed fear and anxiety about
the process. Nurses from the previous shift were concerned
with demonstrating that they were in control of their envi-
ronment, as evidenced by a tidy bedside area, a patient whose
vital signs were stable, and the completion of all set tasks. They
needed to fit into the expected norm of a busy, efficient, and
effective nurse—essentially, a nurse who was in control of the
bedside area. This need to maintain control impeded effective
communication during the nursing handover.

Charge nurses of working shifts need to acknowledge the
interests of all oncoming nurses when presenting patient in-
formation in the global handover. The global handover needs
to be perceived as an opportunity for all nurses to openly dis-
cuss the care plans of various patients, rather than merely as
a forum in which only charge nurses communicate with each
other. Nurses should not expect themselves to fit into an ex-
pected norm of a busy and tidy nurse who is always in control
of the bedside area. Instead, an appreciation of the inherent
messiness of a critical care setting will help facilitate support-
ive and collaborative communication during the nursing hand-
over. The nursing handover is then more likely to be a time in
which nurses can develop strategic plans for patient care and
can share their clinical activities openly. Several steps (Table
7.3) should be followed to ensure that the nursing handover
process functions smoothly and effectively (32).

Ad mission and Discharg e Pract ice s of
Crit ical Care Unit s

Consensus guidelines have been developed to provide gen-
eral information about criteria and procedures for admission
and discharge practices (33,34). These guidelines detail objec-
tive clinical parameters to assist health professionals in their

decision making about patient flow to and from the unit.
Aside from consensus guidelines, organizational factors, which
are closely linked to collaborative care, have drawn atten-
tion and been examined for associations between admission
and discharge practices of critical care settings and patient
mortality.

OPEN AND CLOSED SYSTEMS
An organizational factor that has been examined in terms of
admission and discharge practices is the open or closed system
of care (22). In the open system , various health professionals
are present in the unit, but physicians directing patient care
have obligations at a site separate from the critical care setting,
such as the operating room or inpatient or outpatient areas.
A physician with expertise in critical care may or may not be
involved to assist with management of care in an open system
arrangement. In a closed system , care is provided by a critical
care–based team of physicians, nurses, pharmacists, respiratory
therapists, and other health professionals.

In a prospective cohort study, the effect of changing from
an open to a closed critical care unit was examined in terms
of clinical outcomes (35). A consecutive sample of 124 pa-
tients admitted under an open system was compared to that
of 121 patients admitted after changing to a closed system. In
the closed system, the ratio of actual mortality (31.4% ) to pre-
dicted mortality (40.1% ) was 0.78. In the open system, the ra-
tio of actual mortality (22.6% ) to predicted mortality (25.2% )
was 0.90. Notably, 52% of house staff in the closed system
rated their level of experience in managing critically ill patients
as “very experienced” compared with 15% in the open sys-
tem. Nurses commented that they were very confident about
the clinical decisions made by physicians in the closed system
compared to the open system (41% vs. 7% , p < 0.01). The
authors suggested the results may be an indication of the im-
proved communication between physicians and nurses in the
closed system.

TIME OF DAY
Another organizational factor identified as being important in
relation to admission and discharge practices is time of day,
with specific attention to weekdays versus weekends and day-
time versus nighttime. A cohort study of all 23,134 emergency
admissions over a 3 1/2-year period showed that weekend criti-
cal care admissions were associated with an increased adjusted
mortality compared with weekday admissions (odds ratio [OR]
1.20, 95% confidence interval [CI] 1.01–1.43) (36). The ad-
justed mortality was similar for admissions made after busi-
ness hours compared with those made during business hours
(OR 0.98, CI 0.85–1.13). On the other hand, the adjusted risk
of death was higher after business hours as compared with
during business hours (OR 6.89, CI 5.96–7.96). The time of
discharge from the critical care unit was not associated with
additional hospital mortality. These findings provide evidence
of the importance played by the organization of critical care
services. It is also possible that there are more opportuni-
ties for collaborative care in planning and managing patient
flow during times when there are greater numbers of health
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professionals and greater availability of more experienced
staff (35).

FUNCTIONING AS A TEAM
The integral functioning of a critical care team goes beyond the
interactions of health professionals during the specified forums
of communication elucidated previously. It also involves devel-
oping an understanding of unpredictable events that can lead
to clinical crises. Providing support for new team members,
monitoring and observing patients for changes in clinical out-
comes, and facilitating the involvement of family members are
crucial facets for the foundation of a successful collaborative
unit.

Ne w Te am Me mb e rs

Specialized health care requires a tailored form of orientation
for health professionals entering the critical care setting. Ex-
perienced clinicians in critical care are faced with the chal-
lenge of how to deliver important information to new team
members to facilitate effective learning. This challenge is com-
pounded by the difficulty associated with a shortage of appro-
priately trained nurses and physicians. Comprehensive prepa-
ration through orientation programs has been shown to be
a vital component for retaining health professionals (37). In
a recent survey of the American Association of Critical Care
Nurses, the nurse managers of 300 critical care units (52.1%
response rate) provided information about staffing, profes-
sional advancement, staff satisfaction, orientation, and qual-
ity indicators (38). Eighty percent of responding nurse man-
agers had a standardized orientation program. The respond-
ing nurse managers also indicated that graduate nurses were
actively employed and trained to work in the critical care
setting.

Orientation of newly employed health professionals to crit-
ical care departments should be viewed as a shared responsibil-
ity among senior health professionals, educators, and new staff
members. The sharing of responsibilities improves the effective-
ness of the orientation process because it allows more efficient
completion of activities associated with the orientation, pro-
motes collegial relationships, and links knowledge with prac-
tice. Orientation should occur through a structured program
with defined goals that are agreed on by all individuals con-
cerned.

The new staff member needs to be matched with a primary
mentor and a secondary mentor, based on their discipline back-
grounds, past experiences, attitudes, and learning styles. This
matching process should be a strategic rather than a random
choice to stimulate critical thinking, encourage open commu-
nication, and stimulate further professional development. The
designation of a mentor based on random choice often leads to
the use of multiple mentors, leading to inconsistent and con-
fusing messages being conveyed (39).

Learning opportunities should be structured using a com-
bined learner-led, theoretical, and clinical program (37). Such
a model facilitates the transfer of knowledge to the practice set-
ting. Theoretical reference material provided to the new staff
member should include information about unit policies and
protocols, roles and responsibilities of various members of the

health care team, and the pathophysiology, assessment, and
treatment relating to common patient conditions observed in
the unit.

Although new staff members are very likely to have a rich
array of experiences, experienced mentors are also influenced
by the critical care culture in which they are positioned. As a
result, new staff members and experienced mentors could be
accustomed to performing activities their own way, which may
lead to conflict. New staff members may feel that their learn-
ing needs and past experiences are not adequately recognized
while mentors may feel that their advice is being ignored. By
identifying potential problems from the outset, the orientation
process can be more individually adapted to the team mem-
ber’s specific needs, the focus of which is becoming part of
the unit. Developing a sense of belonging can help to solidify
collaboration between the new staff member and other health
professionals.

Monit oring and Ob se rvat ion
of Crit ically Ill Pat ie nt s

Most patients in critical care require constant monitoring and
observation, such as patients with multisystem organ failure,
multiple trauma, and adult respiratory distress syndrome. The
nurse:patient ratio in many parts of the world is generally 1:2
(21). However, in Australia, the nurse:patient ratio for carrying
out nursing activities in critical care units is 1:1. As nurses
maintain a constant presence at the bedside, they play a critical
role in undertaking regular monitoring of patients, assist in
the early diagnosis of impending problems, and recommend
appropriate interventions to be administered.

Patients in critical care require clinical parameters to be mea-
sured hourly or more frequently if these parameters change
quickly. Also important is the close observation of patients
through physical methods of inspection, palpation, percussion,
and auscultation. Comprehensive judgment should be used in
interpreting the significance of information obtained to avoid
the complacency that could occur with repetitious documenta-
tion of clinical parameters and observations.

Nurses’ knowledge in conducting patient monitoring and
observation is largely constructed by their ongoing experi-
ences and education in the critical care context. On the other
hand, medical residents and critical care fellows who work in
critical care for a limited period have to rely on past experiences
and knowledge as their major sources of information, which
may not necessarily be compatible with the types of decisions
required in critical care. As an illustration, in an ethnographic
study on professional relationships (5), a critical care fellow
with previous experience in anesthetics was confronted by a
situation involving a patient who had gone to the operating
room for a duodenal ulcer repair and returned to the critical
care setting. Within an hour of the patient’s return, the bedside
nurse, who was a clinical nurse specialist, reported to the fel-
low that the patient was restless, cold, and not breathing well
with the ventilator. Based on his past anesthetic experience,
the fellow advised the nurse to extubate the patient. The nurse
drew on her knowledge of similar patients in critical care and
believed that the patient needed additional sedative and anal-
gesic treatment rather than removal of the endotracheal tube.
She presented the situation to the critical care attending who
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agreed with her view and requested that the patient receive
further analgesic and sedative medications (5).

Critical care attending physicians are ultimately responsible
for less experienced medical personnel; however, these more
experienced physicians may be present in the unit only during
discrete times of the day. Due to their lack of availability, the
critical care attending physician may be able to address only a
small portion of the educational needs of junior medical team
members in explaining the significance of a patient’s clinical
parameters and observations. Instead, due to their constant
presence in the environment, nurses provide a substantive com-
ponent of the educational needs of critical care fellows and
residents in interpreting data obtained from patient monitor-
ing and observation.

Nurses and physicians collectively provide valuable knowl-
edge in making decisions about information obtained from pa-
tient data. It is therefore important that any rigid role bound-
aries between them are broken down. Maintaining rigid role
boundaries creates distrust and disrespect between nurses and
physicians, thereby hindering future progression of informed
decision making. In effect, nurses need to be accepted as the
“eyes and ears” of all levels of the critical care medical team to
extend their perceptual capabilities.

Communicat ion wit h Family Me mb e rs

The admission of a critically ill patient is a stressful time for
families, especially in the current health care environment of
advanced technology, greater sophistication of interventional
treatment, and multiple health professionals providing care.
This critical care event can adversely affect the functioning of
family members and their ability to communicate and under-
stand complex information (40). If miscommunication is al-
lowed to occur, the likely outcomes are care fragmentation,
family alienation, and the development of distrustful relation-
ships between family members and health professionals, and
among health professionals themselves. Such disagreements
can result in poor-quality patient care. Collaboration among
health professionals is required for the comprehensive support
and involvement of family members. As nurses are continu-
ously present at the bedside, they need to interact regularly
with other health professionals involved in direct patient care
to synthesize information in a way that can be easily commu-
nicated to family members (41).

In a descriptive study involving interviews with family mem-
bers, and observations of interactions between family members
and intensive care staff, Söderström et al. (40) found that initial
impressions had a sustained effect on family members and in-
fluenced future interactions. Family members who understood
explicit information and implicit messages were open in their
interactions with staff, adjusted well to the critical care environ-
ment and were more accepting of the situation (40). In other
words, a mutual understanding existed between these family
members and critical care staff. Explicit information involved
details about the rules and policies of the unit, the condition of
the patient, and how to behave in front of the patient. There
were also implicit messages inherent in the information. For
example, the message “you can visit the patient freely” meant
“as long as you do not disturb us in our work.” In addition,
the message “you can ask questions freely” was conveyed “as
long as we find them relevant” (40). Unfortunately, some family

members did not fully understand either the explicit informa-
tion or the implicit messages, and consequently either became
withdrawn and quiet or more vocal in their communication by
asking many questions. For these individuals, there was a mu-
tual misunderstanding with staff. These family members did
not adjust well to the environment and were either ignored or
insulted by critical care staff.

It is important that nurses and physicians reflect on how
they communicate with family members at initial meetings and
in future interactions. Mutual understanding is more likely to
occur if information is presented in a clear and unambiguous
way. Family members need to have questions answered hon-
estly, and they require regular communication about the pa-
tient’s progress and prognosis, treatment received, and changes
in patient condition (42). They need to be reassured that health
professionals care about the patient and support family mem-
bers in their coping strategies. Family members should be able
to speak with the physician and bedside nurse daily, have flex-
ible visiting hours, be able to assist with simple patient care if
desired, and have a place where they can be alone.

SUMMARY
Underlying a health care system that is facing pressure to
improve efficiency are critical care services, which are pre-
dicted to become more important as the population ages,
as the boundaries within hospital areas and between health
professionals become blurred, and as more specialized tech-
nology develops over time. Health professionals need to ex-
amine how to adapt their approach to collaborative care in
a complex and ever-changing health care climate. By them-
selves, sophisticated technology and treatment are not suffi-
cient to address the needs of patients and families—positive and
conducive relationships are the critical drivers for improved
care.

PEARLS
■ Health professionals need to acknowledge that some-

times power relations between individuals may be unequal,
thereby affecting the quality of collaboration that takes
place.

■ Collaborative care can bring about positive outcomes for
patients, their families, health professionals, the health care
team, and the health care organization.

■ The critical care setting is a complex organizational system
comprising various health professionals who need to func-
tion as an interdependent team. The challenge is to under-
stand how their roles and functions fit with those of other
professions, with the aim of developing solid working rela-
tionships.

■ The ward round needs to function as a structured process,
occurring at a formally designated time every day.

■ A daily goals sheet should be used during ward rounds, with
input from nurses, physicians, and other health professionals
to summarize the plan of prioritized activities for a patient
during the course of a day.

■ The nursing handover should be considered a time in which
nurses can develop strategic plans for patient care and share
openly their clinical activities with each other.
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■ Organizational factors such as the presence of an open or
closed unit and time of day can impact on collaborative care.
These factors can influence patient outcomes in relation to
critical care admission and discharge.

■ Comprehensive preparation through orientation programs
has been shown to be a vital component for retaining newly
employed health professionals in the critical care unit and
bringing about collaborative care.

■ Due to their constant presence, nurses provide a substan-
tive component of the educational needs of critical care fel-
lows and residents in interpreting data obtained from patient
monitoring and observation.

■ Collaboration among health professionals is required for the
comprehensive support and involvement of family members
of patients.
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CHAPTER 8 ■ CLINICAL DECISION MAKING
JONATHAN B. COHEN r JONATHAN D. DREIER

Decision making is a complex process that involves not only
interpersonal aspects but influences from recognized and unrec-
ognized outside sources. The psychology behind decision mak-
ing seems to be just as important as the quality of the evidence
the decisions should be based on. In this chapter, we discuss the
factors that influence the clinician’s decision-making process.

IDENTIFICATION OF THE PROBLEM
For a physician to solve a problem, it must first be correctly
and succinctly identified. The identification of the problem re-
lies on gathering data from the medical history and physical
exam, laboratory, and radiographic and other diagnostic test-
ing. From this, a problem is identified and a question is posed.
This question may relate to either diagnosis (i.e., in the pa-
tient with electrocardiogram [ECG] changes and complaints of
chest pain, has this patient suffered a myocardial infarction?)
or treatment (i.e., in this patient who has unequivocally suf-
fered an ischemic stroke, what is the best treatment for him or
her?). Figure 8.1 outlines the scope of what physicians attempt
to accomplish when confronted with a clinical problem.

Clinical Knowle d g e

After the appropriate diagnostic or therapeutic question has
been raised, the process for determining the solution is under-
taken. The information required by the clinician to solve a par-
ticular problem has many different origins. Some of this infor-
mation comes from our own requisite knowledge and is termed
background knowledge. Foreground knowledge, in contrast, is
obtained through the analysis of clinical investigations and re-
search.

It is unarguable that medical training is a lifelong process.
As training is begun, the vast majority of our total knowl-
edge of how to solve a problem is composed of background
knowledge. This background knowledge consists of material
retained from reading pathophysiology textbooks and attend-
ing lectures and that taught to us directly by our professors.
The personal experiences and biases of those who write the
texts, give the lectures, and lead clinical teaching rounds enter
into, and become part of, this background knowledge.

Foreground knowledge is much more specific than back-
ground knowledge. The information is typically much more
focused and answers a very particular question. This type of
knowledge increases during a physician’s career, as research is
conducted and reading systematic reviews replaces the reading
of standard textbooks. Evidence-based medicine (EBM) makes
up the largest component of foreground knowledge and has
been cited as the “major revolution” in foreground knowledge

(1). EBM has been described as the integration of research,
clinical expertise, and patient values (2).

At varying times during her or his career, the physician in-
nately has varying levels of both background and foreground
knowledge (Fig. 8.2) (2). In practice, both types are necessary
to answer a clinical question, but the acquisition of knowledge
is simply not enough. Application of the knowledge gained is
necessary to formulate a clinical decision (Fig. 8.3).

Analysis and Ap p licat ion

Most clinical scenarios with which the physician is confronted
are something that she or he has previously seen. The clinician
compares the history and physical examination along with pre-
liminary laboratory data to the previous clinical experiences
and makes a diagnosis. This type of process is most frequently
referred to as pattern recognition. The benefits to pattern recog-
nition are that it is rapid, efficient, and usually correct. It allows
the clinician to make a diagnosis without the prolonged consid-
erations of differential diagnosis (3). Typically, these patterns
take the form of illness scripts. An illness script is a combi-
nation of textbook knowledge of a disease as well as the way
that it has manifested itself to the clinician based on past ex-
perience (4). The primary fault with pattern recognition is the
same as its primary benefit: It is very unsophisticated. It has
the potential to lure the clinician into the simplistic realm of
pattern recognition when the medical problem itself may be
very complex (5).

When a physician is confronted with a situation not previ-
ously experienced—that is, no pattern or illness script exists—
analytic reasoning is needed to reach a proper diagnosis. An-
alytic reasoning is more complex and time consuming. It in-
volves the asking of several questions that allow the clinician
to reach a more thoughtful conclusion. How much a physi-
cian relies on pattern recognition and on analytic reasoning
to arrive at a diagnosis depends on the physician’s experience.
A seasoned physician has a larger database of patterns from
which to recognize a disorder as compared to, for example,
a medical resident. Physicians at tertiary-care facilities have
different databases of patterns as compared to country physi-
cians. Nonetheless, when the physician arrives at a diagno-
sis, a new pattern is generated that may be used in the future
(Fig. 8.4).

On arrival at a diagnosis, the clinician frequently reflects on
it. He or she reconfirms that the diagnosis accurately fits with
the available information from the history, physical examina-
tion, laboratory data, and other diagnostic studies. She or he
decides that other diagnoses from the differential diagnostic list
have been reasonably excluded as likely causes. The principle
of Occam’s razor is often taught in clinical diagnosis classes

81



82 Sect ion I: Introduction/General Concepts

Radiographic
Data

Clinica l
Decis ion
Making

Medica l
His tory

Physica l
Examina tion

Laboratory
Data

Appropria te
Therapy of 

Disease

Clinica l
Decis ion
Making

Appropria te
Diagnos is  of 

Disease

Pa tient
Pre fe rences

Available
Resources

FIGURE 8.1. Clinical decision making in the diag-
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in medical school. Paraphrased, it states that “All other things
being equal, the simplest solution is the best.” The premise of
the Occam’s razor principle is important in that a diagnostic
theory that introduces the smallest number of uncertainties is
likely to be most valid. Although the concept of Occam’s ra-
zor is elegant and attractive, much like pattern recognition, it
can make complex situations too simplistic and should be used
with caution. Both Hickam’s dictum and Saint’s triad (6) have
attempted to issue cautionary warnings to clinicians about the
failure to consider concomitant diseases. Certainly, a patient is
far more likely to have several common diseases, rather than
one rare disease, to explain a group of symptoms. As popu-
lations age, the likelihood of patients having multiple medical
conditions increases, and the likelihood of having more than
one condition that explain a particular set of symptoms also
increases.
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FIGURE 8.2. Changes in foreground and background knowledge as
clinical experience increases. (From: Sackett DL, Straus SE, Richard-
son WS, et al. Evidence-based Medicine. How to Practice and Teach
EBM . 2nd ed. Edinburgh, Scotland: Churchill Livingstone; 2000, with
permission.)

TOOLS FOR HELPING CLINICIANS
MAKE DECISIONS

He urist ics

The simplest definition of a heuristic is that it represents a rule
of thumb. The use of heuristics typically leads to a rapid and
efficient solution to a problem (7–9). Some of the more pop-
ular heuristics in medicine are “ treat the patient and not the
number,” and “when you hear hoofbeats, think horses, not ze-
bras” (10). Evidence shows that heuristics are used extensively
by experienced physicians (11). The use of heuristics is fraught
with bias, however. The most commonly occurring biases are
discussed below.

Anchoring or Focalism
Clinicians start with an implicit reference point, the most likely
in the list of differential diagnoses or anchor; they then make
adjustments to its likelihood of being the most correct diagnosis
based on further data. This heuristic describes the common
human tendency to rely too heavily—or anchor—on one piece
of information when making clinical decisions. In other words,
the clinician is reluctant to discard the initial diagnosis despite
mounting evidence that refutes it.

Availab ilit y
In this case, the physician bases his or her prediction of the like-
lihood of a patient having a disease on how easily an example
can be brought to mind. For example, a physician assigns a di-
agnosis to a patient based on the diagnosis that a recent patient
had with the same set of symptoms.

De nial
If the outcome or diagnosis is too upsetting, the clinician may
rate the likelihood of the patient having the diagnosis as less
likely than what its true prevalence would be.
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Re p re se nt at ive ne ss
This bias results when commonality between patients with sim-
ilar symptoms is assumed. In this heuristic, the likelihood that
a patient has a particular disease because she or he matches a
pattern or illness script increases even though the disease itself
may be infrequent. Several other heuristics have been postu-
lated (Table 8.1). The above are the most frequently cited in
psychological literature.

St and ard s and Guid e line s

When issued by an officiating agency, a standard is a rule.
The American Society of Anesthesiologists (ASA) considers a
standard to be the minimum requirements for clinical prac-
tice. Standards are generally accepted principles for patient
management (12) and may be modified only under extreme

circumstances. The ASA has developed standards in three
areas:

1. Preanesthesia care
2. Postanesthesia care
3. Basic anesthetic monitoring

A standard of care is uniform throughout medical practice but
case specific and time specific, and thus necessarily will change
over time (13). The American College of Medical Quality states
that medical standards reflect both the art (consensus of opin-
ion of clinical judgment) and science (published peer-reviewed
literature) of medicine (13). Deviations from standards result in
both underuse and overuse of medical resources. Standards are
sometimes also referred to as standard operating procedures.

Standard operating procedures (SOPs), more specifically,
are detailed written instructions to achieve uniformity of the
performance of a specific function (14). A clinical guideline,
sometimes called a medical guideline or clinical protocol, is a
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TA BLE 8 . 1

LESSER-KNOWN TYPES OF HEURISTICS

Affect heuristics
Effort heuristic
Familiarity heuristic
Fluency heuristic
Recognition heuristic

systematically developed statement designed to assist in clin-
ician and patient decisions about appropriate health care for
specific clinical circumstances (15). The content of a guide-
line contains recommendations that are evidence based and
obtained from systematic reviews of the medical literature. The
purposes of clinical guidelines are noted in Table 8.2.

Some argue that the term clinical protocol should be re-
served for a more detailed and specific set of steps for the
management of a single condition (16,17). Clinical guidelines
are somewhat more flexible than standards. Deviation from
guidelines to accommodate differences between patients is ac-
ceptable, whereas a standard (or standard operating procedure)
should be applied uniformly to all patients. Certain character-
istics have been identified that contribute to guideline use:

1. Inclusion of specific recommendations
2. Sufficient supporting evidence
3. A clear structure
4. An attractive layout (18)

Perhaps the disease process that has received the most sig-
nificant amount of attention in terms of guideline development
has been sepsis. The Surviving Sepsis Campaign has just re-
leased its 2008 guidelines for the management of severe sepsis
and septic shock (19). Sepsis is a devastatingly common dis-
ease with a high mortality. The speed and appropriateness of
therapy in the initial hours after presentation are likely to in-
fluence outcome (19). For these reasons, the development of
easy-to-follow guidelines for clinicians, which summarize best
practices, is very important and would be expected to have an
effect on the morbidity and mortality of those suffering from
sepsis. At the beginning of this important paper, the authors
of the guidelines address certain issues. The authors are very
careful to state that their recommendations “ . . . cannot replace
clinician’s decision-making capability when he or she is pro-
vided with a patient’s unique set of clinical variables.” The

TA BLE 8 . 2

PURPOSES OF DEVELOPING CLINICAL GUIDELINES

To describe appropriate care based on the best available
scientific evidence and broad consensus

To reduce inappropriate variation in practice
To provide a more rational basis for referral
To provide a focus for continuing education
To promote efficient use of resources
To act as a focus for quality control, including audit
To highlight shortcomings of the existing literature and suggest

appropriate future research

From http://www.openclinical.org/guidelines.html#fieldandlohr.

authors warn that local resource limitation may prevent the
accomplishment of some of their recommendations. They also
state that a strong recommendation does not imply standard
of care. They provide insight into how differences in opinions
involving evidence interpretation, wording of the guidelines,
and strength of recommendations were solved. In short, valu-
able insight into the complexities and limitations faced while
developing guidelines can be gathered from reading the front
matter of this paper. The development of international guide-
lines on the management of a disease process as complex as
sepsis is an onerous task, and the amount of time and human
effort that goes into such a project is significant. The benefit
of the guidelines and the impetus to continuously revise and
update the guidelines need to be measured by the success that
implementing the guidelines has on decreasing morbidity and
mortality. At this time, several studies show favorable outcomes
to the implementation of the Surviving Sepsis Campaign guide-
lines (20,21). One study that found no statistically significant
decrease in mortality was inadequately powered to do so (22).

Alg orit hms

An algorithm is a guideline that has been placed into a
flowchartlike format. This allows for a linear approach to clin-
ical information. At various points (nodes) during the algo-
rithm, input from the clinician is required in the form of ob-
servations to be made, decisions to be considered, and actions
to be taken. Answers at each of the decision-making points de-
termines the further development of the diagnosis. The goal at
each branching point is to further classify the disease state of
the patient. As the algorithm progresses, the testing to confirm
the diagnosis typically gets more complex, invasive, and costly.
An example of this may be the diagnostic evaluation of chest
pain. The initial evaluation begins with a thorough history and
physical exam, and then may progress through electrocardiog-
raphy, evaluation of cardiac enzymes, echocardiography, and,
finally, coronary angiography.

Treatment algorithms are typically less complex than diag-
nostic algorithms since they are necessarily more focused to a
single diagnosis. For example, the standard treatment of a ve-
nous thrombosis is systemic anticoagulation. The only branch
point in this algorithm is if anticoagulation is contraindicated
in a particular patient, such as would be the case if the patient
had suffered a recent intracranial hemorrhage, in which case
placement of an inferior vena cava filter might be considered
more appropriate.

Typically, the diagnosis and treatment of disease are inter-
twined. These algorithms can become very complex but rep-
resent what occurs in daily clinical practice. Algorithms that
contain pathways for diagnosis and treatment are referred to
as management algorithms (23). Much like diagnostic algo-
rithms, they classify patients into groups who may benefit from
a range of broad diagnostic and therapeutic goals. An exam-
ple of a management algorithm is the series of algorithms that
constitute advanced cardiac life support.

Benefits of using algorithms include convenience, accessibil-
ity, and ease of use. Some studies have shown that algorithm
use has resulted in faster learning, higher retention, and better
compliance with established practice standards than standard
prose text (24–27). In addition, algorithms form the basis for
the programming behind computer-assisted decision making.
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Algorithms also have been criticized (23). One criticism is
that the format of the algorithm is too rigid. Patients do not
always present with concrete signs and symptoms. In addition,
patients are variable in their personal preferences to modalities
of treatments. The Agency for Health Care Policy and Research
(AHCPR) clinical guideline program attempts to address this
latter limitation by inserting branching points in algorithms
that recognize the importance of, and allow for, patient prefer-
ence in decision making.

Another criticism challenges the clinical validity of the algo-
rithms used in practice; however, this challenge is not unique
to algorithms and also is a valid criticism for the use of some
guidelines. Hardon (23) recommends the annotation of the
nodes in the algorithm with links to the literature that, in turn,
validates the basis of the algorithm’s recommendations. This
would allow the clinician to further research different points
of the algorithm, allowing for more precise definitions, addi-
tional clinical detail, and identification of important gaps in the
literature.

Algorithms may lack specificity. For example, a node in an
algorithm may state, “Obtain cardiac output measurement.”
Cardiac output obviously may be obtained from several meth-
ods of variable invasiveness. This may reflect a lack of consen-
sus on the best method, or the best method under a particu-
lar set of circumstances, for determination of cardiac output.
Nodes involving the gathering of information from the patient
(i.e., the quality of pain) or other subjective information (i.e.,
the level of agitation of a patient) may result in user bias. Con-
versely, algorithms may be too specific. It is easy to imagine
how a management algorithm meant to address a symptom,
such as chest pain, can develop into a flowchart with over 100
nodes. The clutter can be distracting and counterproductive to
the use of the algorithm. Simplicity and standardization have
been advocated for successful algorithm development by the
Society for Medical Decision Making (28).

In summary, algorithms are a method of representing guide-
lines for care consisting of nodes where observations, decisions,
and actions occur. Depending on the input of the user, differ-
ent pathways are taken to classify and identify a disease pro-
cess, treat a disease, or both. Management algorithms allow
for the simultaneous diagnosis and treatment of a disease pro-
cess. Although many benefits to the use of algorithms exist,
so do the drawbacks. Nonetheless, they play a central role in
computer-based decision models. Medal (29) is a collection
of over 11,000 algorithms that may be useful to clinicians or
biomedical researchers.

Clinical Pat hways

Clinical pathways are multidisciplinary plans of care designed
to support the implementation of guidelines and protocols.
They support clinical management, clinical and nonclinical re-
source management, and clinical audit, as well as financial
management (30). Clinical pathways have four main compo-
nents:

1. A timeline
2. The categories of care or activities and their interventions
3. Intermediate and long-term outcome criteria
4. The variance record (31,32)

Clinical pathways differ from guidelines, protocols, and al-
gorithms, as they are used by a multidisciplinary team and their
focus lies on the quality and coordination of care after clini-
cal decisions have already been made to begin the therapy or
diagnostic evaluation (30,33).

Bund le s

A bundle is a group of interventions related to a disease process
that, when executed together, result in better outcomes than
when implemented individually. It is a structured way of im-
proving the processes of care and patient outcomes: A small,
straightforward set of practices, generally three to five, that,
when performed collectively and reliably, have been proven to
improve patient outcomes (34). All practices set forth in a bun-
dle must be completed; they have been designed such that each
practice can be completed on an all-or-none scale. That is, a
practice cannot be almost completed—it either is completed or
it is not completed. The practices are scientifically robust, rig-
orously scrutinized, and based on the highest level of evidence
available at the time they are released. The goal of the Institute
for Healthcare Improvement (IHI) when releasing the bundles
was for the focus of clinicians to be on the implementation of
the elements of the bundle as opposed to the content of the
elements of the bundle. The key elements of a bundle are that
it is made up of very few (but very important) practices, the
accountability for its completion lies with an identified person
or team, and the completion of the bundle in its entirety im-
proves outcomes. Bundles that have been assembled by the IHI
are noted in Table 8.3.

Guid e line s from t he Inst it ut e for
He alt hcare Imp rove me nt

Formed in 1991, the Institute for Healthcare Improvement
(IHI) has worked to improve the delivery and execution of
health care services for over a decade. Owing to the ground-
breaking work of Deming, Juran, and Crosby (35–37), they
have spearheaded a model for improvement over the past 17
years to assist health care systems in process and quality im-
provement.

Any discussion regarding quality improvement (QI) must
first focus on the historical framework. QI is defined as a
planned approach to transform organizations by evaluating
and improving systems to achieve better outcomes. Intrinsic
to this definition is the specification of program/production/
service components, measurement, and identification of
outcomes criteria; these consist of a number of components.
Deming, Juran, and Crosby had slightly different ideas about
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Sepsis resuscitation bundle
Sepsis management bundle
Central line bundle
Surgical site bundle
Ventilator-associated pneumonia bundle
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COMPONENTS TO QUALITY

Deming’s 14 Points Juran’s Quality Planning Crosby’s Implementation Program

Create constancy of purpose for
improvement of product and service

Establish the infrastructure needed to
establish and maintain the quality
improvement (QI) program

Management commitment: Make it clear
where management stands on quality

Adopt the new philosophy Identify the specific needs for
improvement—the QI projects

QI teams: Create QI teams

Cease dependence on mass inspection For each project, establish a team with
clear responsibility for bringing the
project to conclusion

Measurement: Create quality
measurement to provide for objective
evaluation and corrective action

End the practice of awarding business on
price tag alone

Provide the resources, training, and
support needed by the team

Cost of quality: Define the ingredients of
the cost of quality

Improve constantly and forever the system
of production and service

Determine who the customers are: The
vital few and useful many

Quality awareness: Increase awareness
and commitment to quality by all
employees

Institute training Determine the needs of the customer Corrective action: Provide a systematic
approach to resolving problems

Institute leadership Develop product features that respond
to customer needs

Zero defects: Identify activities that must
be conducted to implement a zero
defects program

Drive out fear Develop processes that are able to
produce what the customer
needs/wants

Supervisor training: Prepare supervisors
to implement the quality program

Break down barriers between staff areas Transfer the resulting plans to the
operating forces

Zero defects day: Initiate the zero defects
program

Eliminate slogans, exhortations, and targets
for the workforce

Keep the planned process in its planned
state

Goal setting: Work teams establish goals

Eliminate numeric quotas Evaluate actual quality performance Error-cause removal: Employees identify
obstacles to achieving goals and
producing quality goods or services

Remove barriers to pride of workmanship Compare actual performance to quality
goals

Recognition: To appreciate those who
contribute in the quality effort

Institute a vigorous program of education
and training

Measure: Statistical significance,
economic significance, and trends

Quality councils: To coordinate the
organization’s quality program

Take action to accomplish the
transformation

Act on the differences Do it over again: To emphasize the QI
program is continuous

QI; however, there were similarities between each of these qual-
ity innovators, which are exemplified in Table 8.4 (35–37).

IHI promotes a strategy of “changing health care together”
and embodies this approach through their philosophy of “all
teach, all learn.” This system reinforces the idea that commit-
ted individuals and organizations can, through collaboration,
more quickly and efficiently improve health care delivery than
any single individual or corporate entity. Figure 8.5 embodies
IHI’s strategy for transforming health care. At the core of their
work is innovation, the creation and testing of new ideas and
concepts for improving patient care. Here, they work intensely
with cutting-edge organizations on a project basis to test new
solutions to old problems. Once a promising change concept
has been successfully developed in one setting, it will require
being fully vetted and piloted in other settings.

Strategic Relationships. IHI has developed various closely
aligned, strategic relationships with dozens of organizations
that test and deploy these changes. These high-level partner-
ships focus on transforming entire systems of care by con-

centrating on strategic objectives and system-level improve-
ment. IHI has accomplished this at the global level, consulting
with health care organizations and countries throughout the
world. It is accomplished through multiple methods includ-
ing developing strategic partnerships as previously discussed
and their IMPACT network, where health care organizations
come together to achieve dramatic improvement results in clin-
ical outcomes, patient and provider satisfaction, and financial
performance, as well as in learning and innovation communi-
ties. Learning and innovation communities are collaborative
change laboratories focused on front-line improvement. Par-
ticipating organizations work with each other and with IHI
faculty to rapidly test and implement meaningful, sustainable
change within a specific topic area. Learning and innovation
communities are the next-generation evolution of the Break-
through Series, IHI’s traditional methodology for collaborative
improvement.

For example, the improving outcomes for high-risk criti-
cally ill patients community focuses on identifying and rescu-
ing patients whose condition is clinically worsening; providing
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FIGURE 8.5. The Institute for Healthcare Improvement’s strategy for
transforming health care.

appropriate, reliable, and timely care to high-risk and critically
ill patients using evidence-based therapies; creating a highly ef-
fective multidisciplinary team; integrating patient and family
into care so they receive the care they want; and the devel-
opment of an infrastructure that promotes quality care. Spe-
cific interventions include ventilator and central venous access
bundles, rapid-response teams, glucose control both inside and
outside of the ICU, sepsis resuscitation and management bun-
dles, multidisciplinary rounds and daily goals, handoffs, and
a palliative care team to assist with end-of-life care. As a re-
sult of focusing on these areas, the IHI predicts that hospital
organizations will be able to decrease raw mortality by greater
than 25% , intensive care unit (ICU) mortality by 20% , and
ICU length of stay by 20% .

Learning opportunities, the next layer of the IHI strategy,
offers a wide variety of learning opportunities for health care
professionals from expert faculty and experienced colleagues
around the world. This is accomplished through seminars and
Web-based and professional development programs that create
opportunities for organizations and individuals to learn and
implement best-practice ideas online. These programs are de-
signed for leaders who seek to gain a particular set of skills that
are required for an organization to succeed in its improvement
agenda. Programs offered by IHI include training for board
members, patient safety officers, improvement advisors, and
operations managers, as well as personnel in other critical roles.

The final step in the IHI learning system is the broad dis-
semination of best-practice improvement knowledge, knowl-
edge for the world. This is accomplished primarily through
campaigns, the IHI Web site, professional education, and fel-
lowship programs (38).

The Institute for Healthcare Improvement may be best
known for its 100,000 Lives Campaign. The goal of the cam-
paign, besides the saving of the lives of 100,000 hospitalized
patients, was the building of a reusable national infrastructure
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THE INSTITUTE FOR HEALTHCARE IMPROVEMENT
(IHI) CAMPAIGNS

Goals of the 100,000 Lives Campaign:
■ Deploy rapid response teams at the first sign of patient

decline
■ Deliver reliable, evidence-based care for acute myocardial

infarction to prevent deaths from heart attack
■ Prevent adverse drug events (ADEs) by implementing

medication reconciliation
■ Prevent central line infections by implementing a series of

interdependent, scientifically grounded steps
■ Prevent surgical site infections by reliably delivering the

correct perioperative antibiotics at the proper time
■ Prevent ventilator-associated pneumonia by implementing a

series of interdependent, scientifically grounded steps

Goals of the 5 Million Lives Campaign
■ Prevent pressure ulcers by reliably using science-based

guidelines for their prevention
■ Reduce methicillin-resistant Staphylococcus aureus (MRSA)

infection by reliably implementing scientifically proven
infection control practices

■ Prevent harm from high-alert medications starting with a
focus on anticoagulants, sedatives, narcotics, and insulin

■ Reduce surgical complications by reliably implementing all
of the changes in care recommended by the Surgical Care
Improvement Project (SCIP)

■ Deliver reliable, evidence-based care for congestive heart
failure to reduce readmissions

■ Get Boards on Board defining and spreading the best-
known leveraged processes for hospital Boards of
Directors, so that they can become far more effective in
accelerating organizational progress toward safe care

From www.ihi.org/campaign.

for the implementation of evidence-based change. The IHI pro-
claimed at the conclusion of its campaign that 122,300 lives
were actually saved by the implementation of their six inter-
ventions (Table 8.5). Criticism was generated relating to the
statistical analysis that lead to calculation of the number of
lives saved by the initiative, as well as the evidence that showed
a benefit to rapid-response teams (39). At the conclusion, how-
ever, even the toughest critics believe that the campaign did save
lives and was worthy of implementation (40).

Perhaps the most important accomplishment of the cam-
paign was its ability to unite clinicians, allied health care work-
ers, and hospital administrators across the country in support
of evidence-based guidelines with the purpose of reducing harm
to patients. Currently, the IHI is in the middle of its 5 Million
Lives Campaign, with six new interventions designed to elimi-
nate five million cases of patient injury.

Comp ut e rize d De cision
Sup p ort / Fuzzy Log ic

Intensive care medicine frequently involves making rapid deci-
sions on the basis of a large and disparate array of often incom-
plete information. Intensivists typically rely on conventional
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wisdom, evidence, and personal experience to arrive at sub-
jective assessments and judgments. Due to an increased focus
on outcomes, physicians are being asked to adhere to explicit
guidelines and bundles that have been agreed on by the medi-
cal community at large (41). A vast majority of these guide-
lines have an inherent logical structure and therefore make
them suitable for computer implementation. As a result, there
has been increasing interest in computer-based support tools
to automate certain aspects of the medical decision-making
process in the intensive care unit (42). Compared with the
human brain, computers are well suited to make rapid cal-
culations, allowing the creation of decision networks that sup-
port near-limitless complexity. The variable nature of disease
and patient characteristics makes it difficult to decide what
should be done in every conceivable set of circumstances. In
these situations, physicians must depend on intuitive decision
making, sometimes defined as the art of medicine; intuitive
decision making is usually described as being unsuitable to
computerization.

Subjective judgments generally defy description in terms of
the kinds of deterministic mathematical equations that com-
puters are well suited to solve. The methods of fuzzy logic are
suited to this kind of task and can lead to algorithms that emu-
late the nonexplicit nature of clinical decision making (43,44).
Fuzzy logic was first introduced by Zadeh in the 1960s (45) and
is now a well-established engineering discipline (46,47). Given
that fuzzy logic is particularly advantageous in areas where a
precise mathematical description of the control process(es) is
impossible makes it especially suited to support medical deci-
sion making.

Fuzzy logic has been successfully tested in areas of medicine
that include the ICU (48). Nemoto et al. (48) were able to
create a fuzzy logic controller to facilitate weaning on pres-
sure support mechanical ventilation using patient vital signs
and respiratory mechanics such as peak inspiratory and mean
airway pressures. Huang et al. (49) created a fuzzy logic con-
troller to control intracranial pressure using propofol seda-
tion. Finally, models for treatment of septic shock have also
been created (50). Fuzzy logic provides a means for encapsu-
lating the subjective decision-making process in an algorithm
suitable for computer implementation. It appears to be emi-
nently suited to aspects of medical decision making. Further
development using fuzzy logic in the ICU is underway, and
FDA-approved, commercially available products are on the
horizon.

COMPLEXITIES IN
DECISION MAKING

In actuality, decision making is much more complex than the
search for knowledge and the application of answers. Most
of the original research into the study of how humans make
decisions focused on economics (51). The process of decision
making in critical care medicine is unique from many decision-
making processes in business for one major reason: Decisions
may be acutely time sensitive. As hypoxia is progressing, one
does not have the luxury of multiple diagnostic tests, obtaining
a complete history, and a prolonged analysis of the data. If a
working diagnosis and appropriate therapeutic measures can-
not be instituted quickly, the patient may perish. Several other

barriers to successful clinical decision making are discussed be-
low.

Communicat ion

Sir William Osler is attributed with stating, “ If you listen care-
fully to the patient, they will tell you the diagnosis.” Successful
communication between patients and their doctors is necessary
for obtaining a medical history, as well as for judging response
to treatment. It has been stated that physicians interrupt their
patients on average of once every 18 seconds. Nonfiction books
tell the stories of patients who have been misdiagnosed for years
before an astute physician listened carefully and was allowed
to correctly make the diagnosis. The amount of time spent in
obtaining a history changes dramatically as the physician ma-
tures. With this maturation process, the focus of the questions
becomes more narrow and succinct, partly as a result of ex-
perience and partly as the result of external pressures to see
more patients in less time. This is true despite the fact that, at
least in the outpatient setting, a disproportionate amount of
information is gathered from the history rather than the phys-
ical examination or laboratory data (52). In fact, allowing for
90 seconds of spontaneous conversation at the beginning of
an outpatient consult—the so-called 90-second rule—has been
advocated (53).

Communication in the intensive care unit is quite different.
Many of the patients are unable to communicate effectively
as a result of severe illness and subsequent neurologic disabil-
ity, sedative and analgesic medications, and the presence of an
endotracheal tube or tracheostomy. This makes communica-
tion even more difficult, since the patient may not respond,
for example, to abdominal pain on physical examination un-
til it becomes quite severe. Communication may rely on gath-
ering information from the first responders on the scene and
the paramedic run sheets subsequently generated. Studies of
paramedical personnel show that they can relatively adequately
diagnosis cerebral vascular accidents (54), acute myocardial
infarction (55), and those with difficulty breathing (56), even
though there is a tendency toward overdiagnosis. Although
one might think it somewhat better to overdiagnose than un-
derdiagnose, the reliability of information gathered by the first
responders may not always be reliable. Information gathered
from spouses or next of kin may be variable as well. In the out-
patient setting, a history given by the surrogates was accurate
in terms of medical history and medication use (57), cigarette
and coffee use (58), but not concerning alcohol use (58) or
dietary data (59); knowledge of drug use or other illicit activi-
ties is more poorly correlated between the patient and a family
member (60). In the above-mentioned studies, the information
for comparison was gathered in an outpatient setting. The dis-
tress of having a loved one acutely and severely ill may affect
the ability to recall details of the patient’s medical history nec-
essary for diagnosis and treatment. In practice, revisiting the
patient’s medical history with the family after the initial admis-
sion to the intensive care unit may be more fruitful.

Lang uag e Barrie rs

A gap in understanding between patients and health care work-
ers can become quite problematic. Language has been cited as
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the most common barrier in any health care setting and has
been found to be a risk factor to adverse outcomes (61). In-
terestingly, a recent study determined that nursing staff ver-
sus physicians found a language barrier to be more stressful
(97% vs. 78% , respectively) and more of an impediment to
the delivery of quality care (95% vs. 88% , respectively) (62).
Also of note, adherence to medication regimens are more fre-
quently a problem for non-English speakers (63). These data
can likely be extrapolated to adherence with nonmedication
regimens that have been advised by health care providers as
well, although no specific studies have elucidated this point.
As immigration continues to rise in the United States, we will
be faced with, perhaps, more non-English-speaking patients
than in previous years. Although a language barrier should not
be a reason for inequities of care provided in a health care set-
ting, there is no universally accepted solution to address this.
Each hospital must develop its own resources for dealing with
non-English-speaking patients. One method that is exceedingly
popular is to have bilingual nurses translate for physicians. In
a study evaluating the efficacy of nurse-translators in an am-
bulatory setting and comparing them to the videotaped inter-
action, which was translated by blinded medical interpreters,
misinterpretations resulting in physician misunderstanding oc-
curred in about 50% of cases (64). In many of these settings,
the problems included nurses’ further interpretation of the pa-
tients’ words to become more consistent with the clinical pic-
ture and the use of cultural metaphors that did not translate
accurately to English. This study demonstrates that even with
a language as common as Spanish, misinterpretation that af-
fects the clinician’s ability to formulate an accurate diagnosis
is still prone to occur. Speaking a nondominant language in a
country that tends to be monolingual may also lead to medi-
cal interventions that are possibly unnecessary. Despite similar
mechanisms of injury, the degree of hypotension during resus-
citation, injury severity score (ISS), illicit substance use, alcohol
use, and a higher Glasgow coma scale (GCS) score, Spanish-
speaking trauma patients were more likely to be endotracheally
intubated than their English-speaking counterparts (65).

Re source Limit at ion

Adherence to recommended guidelines may be well beyond the
control of the physician if she or he does not have access to ade-
quate resources or a referral network, and decision making may
be affected. It has been suggested that the lack of the immediate
availability of an anesthesiologist may interfere with the ability
to adhere to consensus guidelines, decreasing the rate of elec-
tive cesarean deliveries (66,67). Guidelines aimed at reducing
the risk of central venous catheter infections have been avail-
able since 1996 (68,69). Yet in 2003, less than 10% of Ameri-
can internists acknowledged using chlorhexidine gluconate for
skin preparation prior to insertion. The major factor that deter-
mined the use of the antiseptic agent was its availability at the
institution (70). Furthermore, lack of appropriate equipment
was associated with lack of adherence to guidelines.

Fe ar of Lit ig at ion

The practice of defensive medicine involves using diagnostic
and therapeutic measures as a safeguard, or self-protection, in

case charges of medical malpractice are levied at some time in
the future. Defensive medicine may result in additional, unnec-
essary testing and/or referrals to other health care providers,
or it may result in the practitioner’s refusal to treat certain
groups of high-risk patients (71). In a 2005 survey, 93% of
824 physicians in Pennsylvania reported practicing defensive
medicine (71). The most frequent form of defensive medicine
practiced was ordering expensive imaging studies. A study of
Israeli otolaryngologists determined that almost 80% of sur-
geons varied from the American Academy of Otolaryngology–
Head and Neck Surgery recommendations regarding coagula-
tion screening tests before tonsillectomy and adenoidectomy.
Most of those surgeons that deviated from the practice guide-
lines stated that the reason for this behavior was the practice of
defensive medicine (72). In a study of Illinois neonatologists,
many perceived a “gray zone” of resuscitative practices related
to the gestational age at which resuscitation would be used or
withheld (73). At less than 25 weeks’ gestation, the neonatol-
ogists were significantly more fearful of litigation should they
not resuscitate. The conclusion of this study was that exter-
nal influences may affect delivery room resuscitation practices.
The practice of defensive medicine is not simply the harmless
addition of a few unnecessary diagnostic tests. It contributes
to the skyrocketing costs of health care and, in some instances,
can worsen the expected clinical outcome of patients (74).

Pe rsonal Biase s and
Int e rind ivid ual Diffe re nce s

Physicians may make their future decisions biased by their pre-
vious experiences. Practicing medicine in the same manner as
one’s instructors was, and still is, commonplace. The emergence
of evidence-based practice is attempting to exchange personal
bias for objective scientifically based practice. A previously
missed diagnosis may sort to the top of the differential diag-
nosis list when the physician is confronted with a subsequent
patient with a similar presentation; this may be especially true
if a bad outcome or medicolegal issue occurred with the pre-
vious patient. Although this is frequently assumed to occur, at
least one study disagrees with this philosophy, suggesting that
physicians with greater malpractice experience showed no sys-
tematic differences in initial management choice or subsequent
test recommendations (75).

Several studies have examined the differences of the clini-
cal decision-making process between individuals. Although the
methods themselves are similar, some differences do exist. It
has been found that the more expert diagnosticians ask fewer
questions, consider less in their differential diagnoses, and ar-
rive at the correct diagnosis in less time (3,76,77). Although the
accumulation of medical knowledge, vast experience, and an
excellent memory undoubtedly helps a clinician become a mas-
ter diagnostician, simply attaining these three qualities does not
guarantee diagnostic superiority. Ongoing research is focusing
on how these qualities are individually and collectively used by
clinicians.

Clinical Ine rt ia

Clinical inertia refers to the practice of not intensifying
treatments of patients who are not yet at goals defined by
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evidence-based medicine. Clinical inertia has been called a lead-
ing cause of potentially preventable adverse events, disability,
death, and excess medical care costs. Traditionally, the focus of
clinical inertia has been on chronic illnesses, such as diabetes,
hypertension, and hypercholesterolemia. It appears, however,
that clinical inertia is readily present in the ICU as well.

Intensivists in Germany, when polled, claimed that 91.6%
used lung-protective strategies suggested by ARDSnet (acute
respiratory distress syndrome network), 67.4% used inten-
sive insulin therapy, and 79% used low-dose hydrocortisone
therapy for septic shock. When the ICUs were actually sur-
veyed, it was found that only 4.2% of patients were ventilated
with ARDSnet-suggested strategies, only 8.8% had tight glu-
cose control, and only 30.6% of patients with septic shock
were, in fact, treated with low-dose hydrocortisone (78). Clin-
ical inertia represents a specific phenomenon differing from
lack of resources; in clinical inertia, the resources exist and are
available—they are simply not used. Multiple causes have been
proposed, including fallacious reasoning and overall complex-
ity (79).

Inab ilit y t o Locat e Pe rt ine nt Informat ion

Almost 20 years ago, Greenes (80) astutely observed that physi-
cians were faced not with data overload, but information un-
derload. That is, data is available from a multitude of sources,
but the navigation through these sources to find relevant in-
formation is a harrowing task. It is well recognized that some,
if not much, of the information contained in textbooks is out-
dated by the time the book is put into print. Bias can exist
anywhere and everywhere within experimental design and ex-
ecution, which can result in less-than-conclusive results (Table
8.6). If the data are collected and analyzed, and a manuscript
is submitted, the research is subject to publication bias. Several
factors have been identified as influencing rates of publication,
including sample size, funding, quality, and prestige (81). It
has long been felt that authors of smaller studies can boost
their chance of publication by showing a stronger effect of
their intervention. One answer to solving some of the publica-
tion bias is the creation of meta-analyses; however, significant
problems can arise from combining studies that have differ-
ent criteria for enrollment. As an example, consider the early
studies conducted on patients suffering with acute respiratory
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TYPES OF BIAS THAT CAN EXIST IN RESEARCH

Referral bias
Nonrespondent bias
Insensitive measure bias
Expectation bias
Recall bias
Attention bias
Verification bias
Contamination bias
Cointervention bias
Compliance bias
Withdrawal bias
Proficiency bias

distress syndrome (ARDS). ARDS had been known previously
as shock lung, stiff lung, wet lung, and white lung. Prior to the
1994 American-European Consensus Conference on ARDS,
different studies identified what we now commonly call ARDS
by different criteria. This resulted in drastically different out-
comes observed in response to similar treatment strategies. For
a meta-analysis to have significance, the disease process must
be understood and the definitions for patients included in the
studies must be universal.

A final problem is that no study may exist regarding the best
treatment when patients have two disease processes with com-
peting treatment goals—for example, the treatment of the pa-
tient with cerebral edema and concomitant cerebral vasospasm.
The goals of therapy for each of those processes are evidence-
based and well published. The appearance of a patient who
is suffering from both processes at the same time is not infre-
quent, but the literature on the treatment of such a patient is
nonexistent at the time of the writing of this chapter.

It should be noted that the limitations of searching com-
puter databases have not been addressed. Identifying all possi-
ble search parameters prior to conducting a database search is
necessary. For example, searching an online computer database
such as PubMed for literature dealing with the treatment of
retinopathy of prematurity and for that dealing with retrolen-
tal fibroplasia generates different results despite the fact that
these represent the same clinical entity. Keeping current with
changes in medicine is also important. Searching for treat-
ments for Stenotrophomonas infections produces different re-
sults from those produced when searching for treatments for
X anthomonas infections. These bacteria are the same, but the
name change is a result of a reinterpretation of the taxonomic
position, which occurred in the early 1980s (82). Searching
databases for synonyms for the same disease process can yield
up to a tenfold difference in results! Although lack of infor-
mation is definitely problematic, too much information may
also be a problem. In one study, the introduction of additional
options increased the difficulty of the physician to make deci-
sions. In one scenario, the uncertainty in deciding between two
similar treatment options led some physicians to avoid this de-
cision altogether and recommend not starting either treatment
regimen for the patient (83).

Fat ig ue

It has long been felt that stress has a profound impact on clinical
judgment and medical decision making. Research into the role
that stress and fatigue have on clinical performance is actively
ongoing.

Libby Zion’s tragic death on March 4, 1984—a result of
complications due to serotonin syndrome—drew public atten-
tion to the conditions under which resident physicians work.
Although a grand jury exonerated the physicians, it was dis-
covered that residents were working consistently more than
100 hours per week, sometimes continuously for 30 to 40
hours, and with minimal supervision. Although other factors
contributed to Ms. Zion’s death, the role that fatigued physi-
cians played was seen as a serious potential danger. In March
1987, the New York State Commissioner of Health appointed
Doctor Bertrand Bell to oversee a committee to evaluate the
findings of the grand jury. The Bell Committee, as it was later
called, handed down recommendations for the limitation of
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resident work hours. These limitations, also referred to as the
Libby Law, were initially instituted in New York, but were
eventually adopted elsewhere. On July 1, 2003, the Accredi-
tation Council for Graduate Medical Education (ACGME) in-
stituted standards for all accredited residency programs, lim-
iting the work week to 80 hours; this has been adopted by
all residency programs to maintain accreditation. One study
found that 35.9% more serious medical errors were made—
including 56.6% more nonintercepted serious errors—during
a traditional call schedule (one-in-three) than during the inter-
vention schedule that limited call hours to those recommended
by the Bell Committee (84). Decline in cognitive performance
has been specifically reported in ECG interpretation (85), mon-
itoring during anesthesia (86), and surgical performance. One
report suggested that surgical complication rates were 45%
higher among residents who had been on call the previous night
(87).

One study found that staying awake for 24 hours contin-
uously impairs cognitive performance to a similar degree as
having a 0.1% blood alcohol level (88). One of the first qual-
ities to be impaired by alcohol intoxication is insight, which
may lead some to assume that insight is equally impaired by
those who are sleep deprived. That is, they do not fully appre-
ciate how much their practice is impaired by sleep deprivation.
Although insight may be impaired, interestingly, subjective rat-
ings of high pressure in the workplace and insufficient sleep are
associated with an increase in self-reported omissions in patient
care (89). Thus, it seems that the sleep-deprived physician may
realize she or he is taking less than optimal care of a patient
but does nothing about it.

Has the ACGME limitation of work hours resulted in de-
creased morbidity and mortality? A recent study indicates that
it may have, noting that there was a decreased short-term mor-
tality among high-risk medical patients in teaching hospitals,
but no difference was seen among surgical patients (90). Sim-
ilar results were found in another study performed in Veter-
ans Administration Hospitals (91), finding a decrease in the
mortality of medical patients but no associations with surgical
patients.
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FIGURE 8.6. Performance versus arousal plot of the Yerkes-Dodson
law. (From Yerkes RM, Dodson JD. The relation of strength of stim-
ulus to rapidity of habit-formation. J Comp N eurol Psychol. 1908;
18(5):459–482, with permission.)

St re ss

Although stress and fatigue are inherently related, and too
much of either is not beneficial, some degree of stress, or
arousal, is necessary to perform well and make sound deci-
sions and judgments. This idea was proposed by psychologists
Robert M. Yerkes and J.D. Dodson in 1908 (92) (Fig. 8.6).
Different tasks may require different levels of arousal. For ex-
ample, intellectually demanding tasks may require a lower level
of arousal so that concentration may be facilitated; on the
other hand, tasks demanding stamina or persistence may be
performed better with higher levels of arousal (to increase mo-
tivation). Excessive arousal, anxiety, or stress results in dimin-
ished performance in clinical scenarios as seen on the down-
ward portion of the graph.

SUMMARY
In many ways, clinical decision making resembles the prac-
tice of medicine as a whole; there is an artistic and a scien-
tific component to both. How physicians acquire knowledge
is well known. Knowledge gained from books is constantly
supplanted by knowledge gained from critical reviews of the
medical literature. How physicians apply that knowledge to
arrive at a clinical decision is not as well understood and varies
greatly between clinicians. Physicians use standards, guidelines,
algorithms, clinical pathways, and bundles to assist in the pro-
vision of rapid, evidence-based care. Organizations such as the
Institute for Healthcare Improvement assist in the identifica-
tion and dispersion of best practices. As technology advances
and information is shared both more readily and more rapidly,
standardization of the practice of medicine will continue to
increase. Although critics exist who fear the evolution of cook-
book medicine, outcomes support the benefit conferred by the
application of standards, bundles, and guidelines. The appli-
cation of fuzzy logic and computerized decision support to the
medical field is very exciting and has almost limitless utility at
the bedside of the critically ill patient. One, of course, must
realize that nothing can replace clinical judgment.

In the day-to-day practice of medicine, decision making is
affected by other influences as well. Communication and lan-
guage barriers, fatigue and stress, and the inability to locate
pertinent information all impede a physician’s ability to make
accurate and efficient decisions. Nonetheless, hundreds of
thousands of medical decisions are made in hospitals across
the world on a daily basis that affect the lives of our patients.
We have just begun to understand all the components involved
in making those decisions.
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CHAPTER 9 ■ HOW TO READ A
MEDICAL JOURNAL AND UNDERSTAND
BASIC STATISTICS
CHRISTOPHER LEE SISTROM r CYNTHIA WILSON GARVAN

“All men by nature desire to know.”
Aristotle, Metaphysics

The practice of medicine has long been characterized as a com-
bination of art and science. The exploration into the interac-
tions of art and science in modern critical care medicine is
a worthwhile endeavor, because it informs how we acquire
knowledge and apply it in practice. With respect to the so-
called “art of medicine,” we believe that a better way to ex-
press this concept is with the term expertise. This is an essential
quality that is manifest in individuals or small groups. Readers
who have worked in an intensive care unit (ICU) will imme-
diately recognize the importance of the individual as well as
the collective expertise of teams of nurses and doctors in car-
ing for acutely ill patients. Experts are often prepared with
comprehensive formal education about their specialty. How-
ever, didactic instruction and reading alone are not sufficient
to acquire practical expertise. The key to expertise is exten-
sive and involves ongoing, direct experience in performing the
activity in question. Expert practitioners learn from personal—
sometimes bitter—experience about what works and what fails
in their setting. This helps explain the growing popularity of
“hospitalists” and “ intensivists” during the past decade (1,2).

In this chapter, we will discuss some fundamentals integral
to understanding the science of statistics and its application
to medical research. We acknowledge that many of the ideas
we present are not readily explained in a single book chap-
ter. However, we hope that we will stimulate the reader to
both seek expert assistance initially and pursue further study.
We have provided a number of our favorite resources as sug-
gested references. To make our explanations as concrete as pos-
sible, we cite several papers from core journals that deal with
the problem of ventilator-associated pneumonia (VAP) since
the problem of VAP is a common concern of all critical care
practitioners. VAP serves as a useful example of a disease pro-
cess with a specific definition, straightforward epidemiology,
clearly articulated prevention strategies, and simple treatment
options (i.e., various antibiotics). The study designs reported in
these papers will include cross-sectional, cohort, and random-
ized clinical trials, and will illustrate various didactic points
covered in the body of the chapter.

FROM INFORMATION
TO KNOWLEDGE

So how does science inform expertise in ICU work and how
should practitioners use the “product” of science—journal

articles—to improve care? First, it is helpful to define sci-
ence as a collaborative process for acquiring, validating, and
disseminating knowledge. The last part of our definition—
knowledge—deserves some elaboration. A common definition
of knowledge is justified true belief (JTB) (3), which serves quite
well for our purposes. It should be self-evident that to know
something (we’ll refer to it as “P”) means that one must believe
P, and that P must be true. A harder concept to understand is
that true belief must be justified in order to qualify as knowl-
edge. To put it succinctly, true belief without justification is
simply a “ lucky guess.” This leads right back to defining the sci-
entific method as an ongoing process for justification through
empirical verification of shared belief. The goals of science are
distinct from the method, and explicate the uses (applications)
for the knowledge once it is acquired and corroborated. Most
classic descriptions of scientific purpose include description,
explanation, prediction, and control of the phenomena under
consideration (3). Medicine is certainly an applied science, and
the four goals are directly applicable when the phenomena of
interest are human health and disease.

Journal articles and presentations at meetings are the main
mechanisms for scientists in any field to advance, debunk, or
corroborate various theories and hypotheses (i.e., advance and
test knowledge claims). Critical care medicine is no exception,
and this means that one ought to view individual papers that
describe results and make claims from original research as part
of a large work in progress, rather than any kind of estab-
lished truth. Literature reviews, meta-analyses, and texts such
as this one are written with the implicit acknowledgment of
the contingent and dynamic nature of medical science and the
knowledge it produces. A wonderful example of this dynamic
is found in the controversy surrounding a clinical trial of ven-
tilator settings for acute respiratory distress syndrome (ARDS)
patients that was halted after an interim analysis, the results
of which were released in advance of publication by the N ew
England Journal of Medicine (4). Within weeks, rather intense
and quite public criticism of the results and conduct of the
trial was forthcoming from research subject advocacy groups
as well as from within the academic community. These critics
took issue with the trialist’s choice of treatment arms, claiming
that they “excluded the middle” in comparing tidal volumes of
6 versus 12 mL/kg when most practitioners generally used an
intermediate setting (8–10 mL/kg).

Effective reading of the medical literature requires an un-
derstanding of the role that journal articles play in scientific
progress as described above. Equally important is a facility for
critical thinking, tempered by a healthy dose of skepticism. By
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critical thinking, we mean being able to make and understand
logical arguments consisting of premises and conclusions. In
medical literature, these premises are often descriptions of em-
piric evidence that are made in quantitative terms (i.e., statis-
tics). The key to critical reading—and effective writing—of
medical literature is to not get lost in the numbers and to focus
on assertions of evidence—methods and results—and how they
are used to support conclusions in the abstract and discussion
sections. Skepticism may be restated as having an active bullshit
(BS) detector. We use this term in all seriousness and with due
deference to the philosophical work of Harry Frankfurt (5). He
asserts that BS is increasingly common in modern society and
proposes a quite simple and useful conceptual framework to
handle it. Frankfurt articulates three distinct ways that people
relate to the truth in what they say and write. These include
telling the truth, lying, and BS. The difference between lying
and BSis crucial and relates to the motives of the speaker/writer.
Deliberately stating something that one believes to be untrue
(i.e., a lie) implies an understanding and concern for what is
actually true. In contrast, BS is produced with little or no re-
gard for the truth status, coherence, or relevance of its content.
To be successful, BS only has to be formulated and stated so
as to sound good to the audience. By Frankfurt’s definition,
under the pressure of publish or perish, medical literature has
its fair share of BS—and readers would do well to keep this in
mind.

We firmly believe that readers of this text are principled
and ethical professionals who would never knowingly make or
condone untrue (or BS) statements concerning any aspect of
patient care. Unfortunately, a few members of the industries
associated with the practice of medicine have deliberately told
partial truths and sometimes even outright falsehoods. This
may occur during overzealous marketing of drugs and medical
devices to both physicians and patients. Perhaps more difficult
for the average reader of peer-reviewed medical journals to
guard against is the undue influence of a large and increasing
amount of industry sponsorship of clinical research. Editors
of biomedical journals and local research oversight commit-
tees both share a growing concern about this issue and have
policies in place to ensure disclosure of potential conflicts of in-
terest. A growing social phenomenon, closely related to BS, is
that of deliberate ignorance about potentially difficult truths in
some industries. Dr. Robert N. Proctor from Stanford has even
coined a name for the study of organizational ignorance: Ag-
notology (6). U.S. corporate culture has recently suffered from
its tendency to ignore accounting and other structural prob-
lems until they threaten the existence of the company and land
top executives in prison. Closer to home, we find high-profile
cases of pharmaceutical companies brought to task for appar-
ently ignoring or downplaying evidence of significant adverse
events related to highly profitable drugs. By way of contrast,
the physician culture seeks to expose difficult truths and learn
from adverse events in the form of morbidity and mortality con-
ferences. Another quite valuable kind of “afteraction” review
can occur during a formal autopsy where the explicit question
is, What actually happened to this patient? coupled with an
implicit query about how things could have been done better.
However, the tradition of postmortem examination and review
of care seems well on its way to being abandoned (7).

In describing the nature of expertise in critical care medicine,
we emphasized the importance of extensive personal experience
by practitioners in learning how to make complex patient care

decisions, and to quickly and effectively execute them. To ac-
quire and maintain such expertise in critical care also requires
general training about basic concepts of pathophysiology and
therapeutics, as well as more discrete technical knowledge. A
relatively new theory about optimizing and standardizing med-
ical care holds that practitioners should routinely consult pub-
lished evidence and/or official guidelines derived from research
results. This is, of course, evidence-based medicine (EBM). De-
spite repeated claims that EBM is a new paradigm for medical
practice, physicians have always used empirical observation
supplemented with published evidence to acquire knowledge
about the nature of illness, the probable course, and sequelae
of disease, as well as the likely results of various treatment op-
tions. The assertion made by EBM proponents is that individ-
ual clinical experience is merely anecdote with limited power
to explain, predict, or control the patient’s medical problems.
It should be noted that the EBM movement itself is subject to
sharp criticism, though a relatively small amount has found its
way into the mainstream clinical literature (8–10). One thread
of this criticism argues that EBM purports to be a superior
strategy for informing of clinical decisions, yet we have no
randomized trials of care rendered under the EBM model ver-
sus more traditional (expertise-based) methods (11–13). As we
will discuss below, there is a complementary “middle way”
between anecdotal (single-case) evidence and meta-analysis of
clinical trials to learn what works in a local practice.

Zealots of EBM may overemphasize the value of published
clinical trials and meta-analyses at the expense of local evi-
dence for guiding practice. It is important to distinguish regu-
larly and systematically recorded local empirical evidence from
personal anecdote. The former requires considerable resources,
interdisciplinary cooperation, careful planning, and consistent
execution to be useful. Anecdote is, by definition, based on sin-
gular events in the context of individual cases. We have already
discussed the value of “afteraction” review in the form of mor-
bidity/mortality conferences and formal autopsy. Another ex-
ample of systematic local evidence is a database of critical care
patients that allows clinicians and managers to have a snapshot
of current case mix and clinical status. This same database can
be retrospectively mined for quality indicators, clinical trends,
and outcomes. As electronic medical records systems and com-
puterized critical care management applications gain traction,
some of the clinical data collection and storage will be automat-
ically performed. In the meantime, we encourage intensivists
to create, maintain, and routinely consult a robust database of
clinical information about all of their patients. Simply sharing
information among a critical care team about such things as
rates of ventilator-associated pneumonia and skin breakdown
stimulate both formal and informal efforts to standardize inter-
ventions and improve outcomes. Such local analyses can also
help to focus reading of current literature as it emerges, as well
as guide searches for published evidence, to answer specific
clinical questions. Payers, regulators, and accreditation bodies
are increasingly asking hospitals to report “quality indicators”
that require exactly the sort of hospital-based process and out-
comes analysis that we recommend above.

In subsequent sections of this chapter, we will describe and
illustrate some basic principles of study design and statistical
analysis. One purpose of this explanation is to provide readers
with tools to critically analyze the published literature pertain-
ing to medical practice in the ICU setting. Some readers engaged
in or planning a career in critical care or related research will
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undoubtedly find this material to be rather rudimentary. How-
ever, in keeping with our proposed “middle way,” where inten-
sivists routinely collect data about their own patients, simple
analytic methods can be quite useful. These include calculat-
ing rates, proportions, incidence, prevalence, and risk as well
as simple bivariate statistics from cohorts of critical care pa-
tients.

THE BAYESIAN–FREQ UENTIST
DIALECTIC

Empirical observation about almost anything we encounter can
be predicated in one of three ways: Always, never, or some-
times. Our experience in medicine—and, indeed, most things—
is generally of the “sometimes” variety. Thus, to make sense of
complex and varying evidence over time, it was necessary to
start recording, counting, and tabulating things and events. It
can be argued that this is the main reason humans developed
methods of counting, numbers to represent the results, and
eventually mathematics. Quantifying observations, incorporat-
ing the resulting numbers into premises, and using normative
methods for making and validating inferential conclusions are
the raison d’etre of probability theories and related statisti-
cal methods. Using these tools, enumerative inductions can be
quantified with increasing sophistication. Over the past three
centuries, western scientific methods have been spectacularly
successful at describing, explaining, predicting, and sometimes
controlling natural phenomena including human disease, dis-
ability, and death. During this time, two separate ways of con-
ceptualizing about and calculating with quantitative empirical
data have been articulated. These are, of course, the frequentist
and Bayesian paradigms. What follows will draw on concepts
from several fields including philosophy of science, biostatis-
tics, and medical decision making. Experts in these disciplines
may feel that we are oversimplifying or distorting some of these
concepts and, for that, we apologize.

The frequentist paradigm is related to scientific realism, a
view which holds that the universe is deterministic. Theories
are further from, or closer to, some absolute reality, and accept-
ing a theory implies belief that it actually is true. Population
parameters are defined as being real, fixed, and singular (i.e.,
they are constants rather than variables). Causal and correla-
tive relationships are likewise fixed and uniform. Any variance
or error in our estimations of parameters and relationships
between them come from only three sources: Sampling, un-
observed factors, and measurement. In this view, if one could
“simply” measure the right things precisely and often enough,
a complete understanding of a “clockwork” universe would be
attained. This translates into a very particular way to view the
results of experiments and statistical inference. Hypotheses are
tested by calculating the probability of observing the results of
an experiment or sample measurement given a specific answer
or parameter value. A clinical trial of drug treatment for a par-
ticular disease is a classic example. The assumption is that there
actually is a fixed and immutable answer to a question of the
form, Does drug A work better than placebo in treating disease
X? Analyzing the trial produces a single yes/no answer to that
question, and the uncertainty is expressed as the chance that
the answer would be wrong if we could repeat the experiment
over and over (type I and type II error).

Clinicians function in a largely frequentist world. They
make dichotomous (yes/no) decisions about disease status and
categoric (choice between types) decisions about treatment
based on what they believe to be definitive diagnoses. The ba-
sic logic behind clinical decisions parallels that of frequentist
hypothesis tests: “ I am going to make a choice under uncer-
tainty about the disease that my patient has and how to treat
it. I know that I will be wrong some of the time and seek to
minimize that frequency but will never eliminate it.” The rela-
tive frequency of making the wrong diagnosis or selecting the
wrong treatment is analogous to frequentist type I and type II
errors.

The Bayesian paradigm is related to empiricism. This philo-
sophic view holds that all we can ever know about is what
we have observed. There is absolutely no way of knowing
whether the data-generating process is deterministic, stochas-
tic, or chaotic. Further, for any given set of observations, there
is an infinite set of theories that could explain it—this is called
underdetermination. In selecting theories, the main criteria is
that they are empirically adequate (agree with the data). Be-
lief in a theory in any absolute sense simply because it agrees
with observations is never justified. Population parameters are
viewed as not necessarily fixed or even ever knowable. For-
mal Bayesian theory holds that parameters have distributions
of possible values. In contrast, the frequentist theory relies on
fixed parameters and only allows samples to have distributions.
Under Bayesian reasoning, hypothesis testing takes the form of
calculating the probability that the parameter takes a certain
value given the observed data and our past experience. Note
that this is exactly opposite to the frequentist ordering where
we take the population parameter as given and ask questions
about the probability of observing the data.

The Bayesian world view is often represented as being in-
compatible with frequentist thinking. Modern Bayesians advo-
cate a revolutionary paradigm shift in biostatistics and medical
decision making (14,15). This is modeled after Thomas Kuhn’s
description of scientific revolutions exemplified by heliocen-
tric replacing geocentric cosmology, and Einstein’s relativity
versus Newtonian physics (16). In fact, Bayes introduced the
concepts of prior and posterior probabilities about a century
before Fisher and Pearson struggled over frequentist methods
for analyzing agricultural experiments (17). One reason that
frequentist methods for statistical testing initially became pop-
ular was that the required calculations were relatively easy to
perform by hand. With the advent of powerful computers in
the late 20th century, Bayesian statistics became possible to
compute, and their conceptual advantages could be realized in
practice. The ideas behind Bayesian decision making seem to be
more understandable to most physicians, as evidenced by the
common misapprehension of frequentist core principles such
as the p value and confidence intervals (18,19).

Most physicians are familiar with a small subset of the
Bayesian paradigm, though it is known by the deceptively inclu-
sive name of “Bayes Theorem.” The theorem quantifies how
prior probability for disease X is modified by a Bayes factor
(the likelihood ratio) derived from knowledge about test per-
formance and the current patient’s test result (20). The product
of this operation is the posterior probability of disease X in our
patient, given the test result (positive or negative). The poste-
rior probability is known as the positive or negative predictive
value of the test. To illustrate the Bayes Theorem, consider the
following example taken from Armitage (21). From genetic
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theory, it is known that a woman with a hemophiliac brother
has a probability of being a carrier of a hemophiliac gene. A
recombinant DNA diagnostic probe test provides information
that contributes toward discriminating between carriers and
noncarriers of a hemophiliac gene. The prior probability of the
woman being a carrier for the gene is 0.50. This probability
will be modified after the DNA test result is known, resulting
in the posterior probability that the woman is a carrier given
either a negative or positive test result.

MOTIVATIONS FOR READING
MEDICAL LITERATURE

There are many reasons for reading medical literature. Patients
and family members often desire to educate themselves in or-
der to become better advocates. Medical students and residents
read articles for problem-based learning sessions and journal
clubs. Physicians read articles in order to “keep up” with the
medical literature and also to learn more about treating an
individual patient. Physician researchers stay abreast of their
research fields by regularly reading journals in their area of ex-
pertise. Physician researchers may also read articles in a peer
review process. Finally, policy makers at various levels (e.g.,
government, payers, hospital, ICU directors) read and synthe-
size medical research in order to write guidelines and make
informed policy decisions. Various reasons for reading medical
literature will determine the extent of statistical expertise and
rigor required for critical assessment. Herein we will touch on
basic statistical concepts, discuss common study designs, and
provide guidelines for critical reading of medical literature. In-
terpreting the Medical L iterature (22) is a useful resource for
many consumers of medical journal articles. We also recom-
mend The Handbook of Research Synthesis by Cooper and
Hedges (23) for more detail on methodology for in-depth med-
ical literature reviews including meta-analysis.

Basic St at ist ical Conce p t s

Statistics is the science of collecting, describing, and analyzing
data. It is the science that provides the analytical framework
for transforming information into knowledge. Of course, this
knowledge is imperfect unless, perhaps, a biologic mechanism
is identified that completely explains a phenomenon. Statistical
methods quantify the imperfection of knowledge by providing
results with an associated measure of error (e.g., level of sig-
nificance, p value, margin of error).

There are statistical concepts underpinning nearly every as-
pect of research, a process that includes the following six steps:

1. Pose a research question and formulate into statistical terms
2. Design a study
3. Collect data
4. Describe data
5. Analyze data using statistical inference
6. Answer the research question

Basic statistical concepts in the research process will be out-
lined below, but first, we give some vocabulary:

■ Population—entire group of individuals of interest
■ Sample—a subset of the population

TA BLE 9 . 1

NOMENCLATURE AND SYMBOLS OF STANDARD
PARAMETERS AND ASSOCIATED STATISTICS

Characteristic Population parameter Statistic

Mean µ X
Median η X�

Variance σ 2 S2

Standard deviation σ S
Proportion π p
Correlation ρ r
Regression coefficient β b

■ Data element—a measurement or observation on an indi-
vidual

■ Population parameter—a summarizing characteristic of all
possible data values such as a population mean or propor-
tion (the value of a population parameter is usually the object
of a research question)1

■ Statistic—any quantity calculated from data
■ Inference—process of extending or generalizing information

known about a sample to the entire population
■ Probability distribution—assignment of probability to the

possible values of data that could be observed
■ Sampling distribution—assignment of probability to the

possible values of a statistic that could be observed

Table 9.1 gives the notation for common population pa-
rameters and the corresponding statistics that estimate them.
Figure 9.1 shows the relationship between a probability distri-
bution (represented by the dotted line) and a histogram. The
probability distribution of a set of all possible values of a mea-
sure (e.g., all possible ages, all possible values of the PaO 2/FiO 2
ratio, all possible plateau airway pressures, etc.) is conceptual
and not observable, whereas a histogram can be graphed from
sample data. We have insight into the actual shape of the prob-
ability distribution from observing the outline of the sample
histogram; the more data we have, the more refined our his-
togram is, and the true shape of the probability distribution of
the data emerges more clearly.

In the “big picture” view, the science of statistics turns infor-
mation into knowledge by connecting the object of a research
question (an unobservable population parameter) into evidence
provided by a research study (observable data) through statis-
tical theory. Here we will assume the frequentist paradigm.
For example, an investigator asks a research question such as
the following: “What is the incidence of ventilator-associated
pneumonia?” The research question is then “ translated” sta-
tistically into a question about a population parameter. The
“ incidence of ventilator-associated pneumonia” is a popula-
tion proportion (i.e., π ). A research study will be designed,
and data from a sample will be collected. To analyze the data,
an inference will be made. In other words, information from
the sample will be generalized to the entire population. Fig-
ure 9.2 illustrates a hypothetic population and sample. Each
circle represents an individual in a critical care setting. Dark

1Population generally refers to the group of individuals of interest, but
in the term population parameter, population refers to the “popula-
tion” of all possible values of a measure (i.e., data element).
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FIGURE 9.1. The “measurement value of
X” represents numerical data, such as
PaO2/FiO2 ratio. A histogram of sample
data is graphed with bars indicating the rel-
ative frequency of observations in a given
interval. The population of measurements is
distributed according to a probability den-
sity curve (dashed line).

circles are patients who have VAP. As Figure 9.2 indicates, a
valid inference depends on obtaining data from a sample that
fairly represents the population of interest—hence, the concept
of random sample, a sample free from systematic bias in the
way it is chosen or retained in a study.

Valid inference also depends on the selection of an appropri-
ate statistical method to analyze data. Statistical methods are
based on statistical and mathematical theory. They all assume
certain conditions (e.g., random sample, large sample size, nor-
mally distributed data, etc.) in order to provide valid results.
Researchers (typically a team of physicians and biostatisticians)
are responsible for choosing appropriate statistical methods
and checking that no violations of assumptions have occurred.
Statistical methods work like this: My research question is
about a population parameter (e.g., incidence of VAP, a popu-
lation proportion, π ). Using my data, I can compute a statistic
that estimates the unknown population parameter (e.g., inci-
dence of VAP in my sample, a sample proportion, p). I will then
apply the correct theory that will connect the statistic I have
observed to the population parameter of interest. The theoreti-
cal connection occurs through the mathematical knowledge of
the sampling distribution of a statistic. To better understand
the idea of sampling distribution, refer to Table 9.2.

FIGURE 9.2. Each circle represents an individual in a critical care set-
ting. Dark circles are patients who have ventilator-associated pneumo-
nia (VAP). When statistical inference is conducted, information from
the sample is extended (or generalized) to the population of interest.
Thus, the proportion of patients with VAP would be estimated to be
40% ± a margin of error based on the sample data.

Suppose that 20 research teams are interested in estimating
the incidence of VAP, and each team can observe 30 patients.
Table 9.2 contains the raw data and the sample proportion
(i.e., observed incidence of VAP) obtained in each study. In
this conceptual framework, we can think of the statistic (e.g.,
sample proportion, p) as having a probability distribution (i.e.,
sampling distribution). I can visualize the probability shape of
the sample proportion by graphing a histogram (Fig. 9.3).

In the case of a sample proportion, the Central Limit The-
orem (CLT) tells us that under certain conditions (i.e., random
sample and large sample size), the shape of the sampling distri-
bution will be normal, centered at the value “π .” Note that the
histogram in Figure 9.3 has an approximately normal shape.
The CLT also tells us that the center of the normal curve is “π ,”
the true incidence rate of VAP. Here is the power of the statis-
tical method; even if we do not know the probability shape
of the original data, under conditions that are not too difficult
to achieve, we (approximately) know the probability shape of
the statistic and its connection to the population parameter of
interest. We can then use this connecting theory to conduct
inference. This “central” idea (hence the namesake of the Cen-
tral Limit Theorem) is depicted in Figure 9.4 for the case of
numerical data—say, the ages of patients who develop VAP in
a critical care unit. In this case, the CLT tells us that the shape of
the sampling distribution of the sample mean (X ) will be nor-
mal, centered at the value “µ ”—the population mean—even
though the probability distribution of the original data is not
normal.

The theory underlying statistical methods generally requires
the understanding of probability and calculus, and thus is
something of a “black box” for many. For a more in-depth
discussion about statistical inference, see Cox (24).

There are three basic goals of statistical inference:

1. Estimation
2. Test of hypothesis
3. Prediction

In the estimation type of inference, the research question
is concerned with estimating some characteristic or feature of
a population of measurements (e.g., what is the incidence of
VAP?). In the test of hypothesis type of inference, the research
question is concerned with testing a relationship (e.g., does
protocol-driven weaning reduce the incidence of VAP?). Finally,
the prediction inference type of research question estimates a
characteristic or feature of a population of measurements that
will be observed in the future (e.g., what will be the incidence of
VAP in 10 years’ time?). The form of statistical results will de-
pend on the inference goal. In the case of estimation, the result
will be reported in terms of a confidence interval. A confidence
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TA BLE 9 . 2

ILLUSTRATION OF CENTRAL LIMIT THEOREM: SIMULATED DATA FROM 20 HYPOTHETICAL RESEARCH
STUDIES AND CALCULATED INCIDENCE OF VENTILATOR-ASSOCIATED PNEUMONIA (VAP)

Research team Data collected by 20 individual researchers on 30 patients Observed incidence
identifier (i.e., “raw data”) (0 = no VAP, 1 = VAP) of VAP

1 0,0,0,0,1,0,0,0,1,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,1,0,0 0.13
2 0,1,0,0,0,0,1,0,0,0,1,0,0,0,0,0,1,0,0,0,1,0,0,1,0,1,0,0,0,0 0.23
3 1,0,1,0,1,0,0,0,0,0,0,1,0,1,0,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0 0.2
4 1,0,0,0,1,0,1,0,1,0,0,1,0,0,0,1,0,0,0,1,0,0,0,0,0,0,0,0,0,0 0.23
5 0,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0 0.07
6 1,1,0,0,0,0,1,0,1,0,1,1,0,0,0,1,0,0,0,0,0,0,0,0,0,1,0,0,0,0 0.27
7 0,0,0,1,1,0,0,0,0,0,0,0,0,0,1,1,0,0,0,1,0,0,0,0,0,0,0,0,0,1 0.2
8 0,0,1,0,0,0,1,0,1,0,0,1,0,0,1,0,0,0,0,1,0,1,0,1,0,0,0,0,0,1 0.3
9 1,0,0,0,1,0,0,0,0,0,0,1,0,0,0,0,0,1,0,1,0,0,0,0,0,0,0,0,0,0 0.17
10 0,0,1,0,1,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,1,0,0,0,0,0,0 0.13
11 1,0,1,0,0,0,1,0,0,0,0,1,0,0,1,0,0,1,0,0,0,1,0,0,0,0,0,0,0,0 0.23
12 0,0,0,0,1,0,1,0,1,0,0,1,1,0,0,0,0,0,0,1,0,1,1,0,0,0,0,1,0,1 0.33
13 1,0,1,0,1,0,1,0,0,0,0,1,0,1,1,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0 0.27
14 0,1,0,0,0,1,0,0,0,0,1,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,0,0,0,0 0.13
15 0,1,1,0,1,0,1,0,1,0,0,0,0,0,1,0,0,0,0,1,0,0,0,0,0,0,1,0,0,1 0.3
16 0,0,1,0,0,0,1,0,0,0,0,1,0,0,1,0,1,0,1,0,0,0,0,1,0,0,0,0,0,0 0.23
17 1,1,0,0,1,0,1,0,1,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,1,0,0,0 0.23
18 1,0,0,0,1,0,1,0,1,0,0,1,0,0,1,0,1,0,0,1,1,0,0,0,1,0,0,0,1,1 0.4
19 0,0,1,0,0,0,0,0,0,0,0,0,1,0,0,1,1,0,0,0,0,1,0,0,0,0,0,1,1,0 0.23
20 0,0,1,0,1,0,1,0,1,0,0,1,0,0,1,0,0,0,0,1,0,1,0,0,0,0,0,0,1,1 0.33
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FIGURE 9.3. The histogram of ven-
tilator-associated pneumonia (VAP)
proportions taken from 20 hypothet-
ical research studies is graphed. The
shape of the histogram resembles a
bell-shaped curve due to the Central
Limit Theorem (CLT). According to
the CLT, the curve will be centered at
the true proportion of patients who
develop VAP.

interval gives a plausible range of values for a population pa-
rameter such as a mean, a proportion, or an odds ratio, along
with a measure of method success (i.e., the confidence). Tejerina
et al. found that VAP was present in 439 out of 2,897 patients,
13.2% . Based on these data, a 95% exact confidence interval
(CI) for VAP is given by (12.0% , 14.4% ) (25). This means that
in 95 out of 100 studies, the true value of VAP incidence would
be captured in the constructed confidence interval.2 The mar-

2A 95% confidence interval does not mean that there is a 95% proba-
bility that the true value of the population parameter falls in the inter-
val. In the frequentist paradigm the population parameter is considered
a fixed, absolute value. The probability that this value falls inside the
confidence interval is either 0% or 100% (i.e., it either falls inside or
outside).

gin of error for the estimate is half the length of the confidence
interval (or 1.2% ).

In the case of a test of hypothesis, the result will be reported
in terms of a p value.3 A test of hypothesis for testing a relation-
ship works by setting up two competing hypotheses—the null
(relationship does not exist) and the alternative (relationship
exists)—and using the observed value of the data to provide
evidence for rejecting or failing to reject the null. There are
two potential errors that can occur: Type I (rejecting the null
hypothesis when it is true) and type II (failing to reject the null

3A p value is the probability of the observed data (or data showing
a more extreme departure from the null hypothesis) when the null
hypothesis is true.
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FIGURE 9.4. Data is sampled from a probability distribution of any
shape. In this illustration the original data comes from a distribution
that is skewed right. Suppose multiple studies are conducted and for
each study the statistic X is calculated from the sample data. The Cen-
tral Limit Theorem posits that the distribution of the statistic is normal
with mean µ , the population mean of the original data.

hypothesis when it is false). The power of a test is the prob-
ability of rejecting the null hypothesis when it is false (the re-
verse of the probability of type I error). The observed value of
the data (i.e., the value of the test statistic) provides a p value
that is compared to a predetermined level of significance, also
known as alpha (α) or the probability of type I error. When
the p value is smaller than the set level of significance (typically
set at 0.05), there is evidence for rejecting the null hypothesis
and concluding that a relationship exists between two factors.
When the p value is larger than the set level of significance,
then the test conclusion is to fail to reject null hypothesis. Evi-
dence for concluding that there is no relationship between two
factors depends on designing a study with adequate power to
detect a “meaningful” relationship.

Tejerina et al. conducted a series of tests of hypotheses to
test the relationship of factors thought to be associated with
the development of VAP (e.g., gender, neuromuscular disease,
sepsis, type of ventilation). They found a number of factors
that were significantly related to VAP at the 0.05 level of sig-
nificance. For example, sepsis was significantly associated with
development of VAP (p value less than 0.001). The odds ratio
of sepsis and VAP (estimate of the strength of association) was
given as 19.9 with 95% CI as (15.7, 25.4). This means that the
odds of developing VAP in patients with sepsis were 19.9 times
higher than the odds of developing VAP in patients who did
not have sepsis. The 95% confidence interval gives a plausible
range of values indicating that a feasible range for the odds

ratio is as low as 15.7 and as high as 25.4. In 95 out of 100
studies the true value of the odds ratio will be captured in the
95% CI.

In the case of inference where prediction is the goal, the
result will be reported in terms of a prediction interval. A pre-
diction interval is analogous to a confidence interval but will be
calculated in such a way to reflect the additional source of vari-
ation due to estimating future values. Estimating the incidence
of VAP in 10 years’ time would be an example of inference with
prediction as its goal.

After collecting the data, we use two main tools to describe
it: graphs and summary statistics. A list of summary statistics
is given in Table 9.1. In the analysis step, we will use a sta-
tistical method that can generally be classified as a univariate,
bivariate, or multivariate4 method, according to the number
of data elements involved in the research question. For exam-
ple, estimating VAP involves one data element and would be
considered a univariate analysis. Investigating the relationship
of type of ventilation and VAP would be a bivariate analysis.
Analyses involving more than two data elements are commonly
referred to as “multivariate.” The choice of statistical method
will depend on the inference goal, the number of data elements
in the analysis (i.e., univariate, bivariate, and multivariate), and
the data type(s).

There are five data types:

1. Categorical nominal
2. Categorical ordinal
3. Binary
4. Numerical discrete
5. Numerical continuous

Data types are determined by the possible values a data el-
ement can have. Categorical data have values that are names
or categories and not meaningful numbers. The categorical or-
dinal data type has values that can be ordered. The categorical
nominal data type has values that have no natural ordering.
Binary data have two values. Numerical discrete data when
graphed are isolated points on a number line, while numerical
continuous data have values that can be conceptually viewed
as an interval on the number line. Table 9.3 gives examples of
data types from the critical care literature. Table 9.4 lists the
most common statistical methods with a brief description of
each. For more detail about statistical methods, see Motulsky
(26), Armitage et al. (21), and D’Agostino et al. (27). Under-
standing how statistical methods are applied is crucial to under-
standing the “evidence” that EBM generates. As Gauch wrote,
“Method precedes results; method affects results. Method mat-
ters” (28).

The sixth and final step of the research process—answering
the research question—is of paramount importance. Re-
searchers present results in the form of technical reports, ab-
stracts, posters, oral or platform presentations, manuscripts,
and books. Writing and presenting results clearly is an art form
in and of itself. The research is not complete unless important
patterns are summarized, the specific aims of a study are ad-
dressed, methods are described clearly, and the “story” of the

4In technically precise terms, a multivariate analysis involves the anal-
ysis of outcome data that is multidimensional (e.g., cluster analysis,
factor analysis, principal components, etc.). A common usage of “mul-
tivariate analysis,” though, is an analysis that includes more than two
variables (e.g., multiple regression, logistic regression, etc.).
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TA BLE 9 . 3

VARIABLE TYPES

Data type Examples Possible values

Categorical nominal �Race
�Causes of acute respiratory failure

{African American, Caucasian, other}
{ARDS, postoperative, aspiration, sepsis, trauma,

congestive heart failure, cardiac arrest}
Categorical ordinal �Ventilation type

�Type of surgery
{none, manual, mechanical}
{elective, urgent, emergent}

Binary �Gender
�VAP

{male, female}
{absence of VAP, presence of VAP}

Numerical discrete �Number of prior surgeries
�Number of central venous lines

{0, 1, 2, 3. . . }
{0, 1, 2, 3, . . . }

Numerical continuous �Age
�PaO 2

{0 to 100+ years of age}
{80 to 100 mm Hg}

ARDS, acute respiratory distress syndrome; VAP, ventilator-associated pneumonia.

data is told. For more on writing about the results of statistical
analyses, see The Chicago Guide to W riting about N umbers
and The Chicago Guide to W riting about Multivariate Analy-
sis, both by Jane Miller (29,30).

Typ e s of Re se arch St ud ie s

The statistical methods used to analyze research data depend on
how the study that gave rise to that data was conducted. There
are four basic types of study designs used in clinical research:

1. Cross-sectional
2. Case control
3. Cohort
4. Experimental (clinical trials)

For the following discussion about these study designs, we
need to clarify some terms that are commonly used to describe
medical research and epidemiologic findings. These may have
different meanings depending on the context they are used in.
These terms include sample, outcome, factor, exposure, treat-
ment, and control.

TA BLE 9 . 4

STANDARD STATISTICAL TECHNIQUES, TESTS, AND TOOLS

Statistical method Scenario

z-test, t-test, Wilcoxon signed rank test Inference about population mean from one population
z-test Inference about population proportion from one population
z-test, t-test, Wilcoxon rank sum test Inference about difference of population means, two independent populations
Paired t-test, Wilcoxon signed rank test Inference about difference of population means, paired data
z-test, chi-square test Inference about comparing two population proportions, independent populations
McNemar’s test of paired categorical data Inference about comparing row and column marginal frequencies
Pearson correlation, Spearman correlation Inference about correlation of bivariate numerical data
chi-square test Inference about bivariate categorical data
ANOVA, Krukal Wallis test Inference about population means of independent groups
Repeated measures, ANOVA Inference about population means of independent groups in the case of repeated measures
Multiple regression Inference about relationship of numerical response and set of categorical and/or

numerical explanatory variables
Logistic regression Inference about relationship of binary response and set of categorical and/or numerical

explanatory variables
Longitudinal analysis Inference about data arising from a vector of measurements representing the same

variable observed at a number of different time points
Survival analysis Inference about “ time until event” data
Hierarchical linear model Inference about data arising from a “nested” or “multilevel” design where one or more

factors are subsampled within one or more other factors in such a way as to restrict
certain combinations (e.g., for a study of surgery patient outcome, “doctor” as a
factor is nested within “hospital” as a factor)

ANOVA, analysis of variance.
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TA BLE 9 . 5

COMPARISON OF FOUR STUDY DESIGN TYPES

Cross-sectional Case control Cohort Experimental

Sample selection One sample selected
without regard to
outcome or factor status

Multiple samples selected
based on outcome
status: Outcome present
(cases) and outcome
absent (controls)

Multiple samples selected
based on factor
exposure status

One sample selected with
outcome status identical

Sample randomized to
treatment or control
group

What is measured Status of both outcome
and factor(s)

Status of factor(s) in case
and control groups

Status of outcome in
exposed and
unexposed groups

Status of outcome in
treated and control
groups

Time reference Present look at time Backward look in time Forward look in time Forward look in time
Example reference J Crit Care 2002;17(3):161 Chest 2002;122(6):2115 J Crit Care 2006;21(1):56 Am J Resp Crit Care Med

2006;173(12):1348

■ The term sample refers to the subjects being studied in the
research. This reminds us that we are looking at a subset
of a population of interest and that the purpose of the re-
search is to apply what we find out about the sample to the
population.

■ The outcome of any research is handled in statistical analy-
sis as the independent variable. The outcome is what we are
primarily interested in understanding, treating, or prevent-
ing. In medical research, the outcome often relates to some
disease or condition, with the simplest results being present
or absent. In the following critical care–related examples,
VAP (present or absent) will serve as the outcome. Defining
and determining outcome (disease) status in clinical research
and epidemiology is a large subject in itself. We will stipu-
late that there is an unambiguous and agreed upon way to
measure the outcome status in the following discussion and
examples.

■ A factor is measured along with the outcome to determine if
there is a correlation between them. In statistical parlance,
factors are referred to as independent variables while the
outcome is the dependent variable. The structure of rela-
tionships between factors and outcome is often quite com-
plex, which, under the philosophy of scientific realism, re-
flects some underlying causal structure. In our example of
VAP, factors that have positive association with VAP are con-
sidered to be risk factors. On the other hand, a protective
factor has a negative association with the outcome (VAP).
Note that we avoid directly asserting that an association be-
tween factor and outcome implies that the factor causes or
prevents the outcome in deference to the old—and still true
today—saying that correlation does not prove causation.

■ With respect to a factor, exposure simply refers to the status
(or level) of the factor in a particular subject. In the case of
VAP (outcome), we would say that a patient in a coma is
exposed to the risk factor of obtundation. Perhaps the best
known example to both professional and lay public is lung
cancer (outcome) with a risk factor of tobacco use to which
a person is exposed if he or she is a smoker.

■ In any clinical research, factors and outcomes are things that
we seek to observe, measure, and record, but not influence.
In contrast, a treatment (or intervention) is something that is
actively controlled by the investigator. Conveniently, statis-
tical terminology uses the term treatment in the same spirit
as implied in clinical research. That is to say, treatment is an

experimentally manipulated factor whose influence on the
outcome we are interested in knowing.

■ In experimental studies, the term control group refers to
subjects that do not receive any treatment. In case control
studies (described further below), control subjects are those
who do not have the outcome in question.

Table 9.5 summarizes the features of the four types of clin-
ical research designs in their simplest forms, and they are
each described below in more detail. We also include an ex-
ample from current core literature in critical care medicine
to illustrate the principles. It would be useful for readers to
obtain copies of these papers and review them along with
our explanations. Please note that these studies often used
more complex and involved methods of statistical analysis in-
cluding secondary outcome measures. However, we will fo-
cus only on primary outcomes, factors, or treatments, and
simple relationships between them. The order in which we
present the design types reflects increasing cost, time, and po-
tential risk or inconvenience for patients. Thus, observational
and retrospective studies (cross-sectional and case control) are
discussed first, followed by prospective cohort studies and
clinical trials.

Cross-se ct ional
A cross-sectional study does not involve the passage of time.
A single sample is selected without regard to outcome or risk
factor exposure status. Information on outcome and exposure
status is determined with data collected at a single time point.
The status of the outcome can be compared between exposed
and unexposed groups. It is important to understand that even
though we may define one attribute as the “outcome” and oth-
ers as “factors,” there is no logical way to determine anything
other than the current relationship between them. Without ad-
ditional information, there is no valid way to infer even the
temporal order of factor levels and outcome status, let alone
any causal connection.

Our example comes from the Journal of Critical Care (31).
It is titled “Prevention of ventilator-associated pneumonia: cur-
rent practice in Canadian intensive care units.” In this study,
Heyland et al. wanted to know the current status of VAP pre-
vention strategies in Canadian ICUs prior to disseminating a
new set of clinical guidelines. There is not really a defined “out-
come” in this study; rather, a number of factors of interest
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were simultaneously measured. Such a study design is some-
times called a “snapshot.” In this case, dietitians recruited by
the investigators directly observed VAP prevention strategies
in ICUs throughout Canada on a single date (April 18, 2001).
Since the 66 observers recorded data for every patient currently
in their assigned ICU, the unit of analysis was a single patient
(N = 702). The investigators followed up the initial observa-
tions by manually abstracting the medical chart entries from
April 18, 2001, for each of the 702 patients. Again, the unit
of observation was a single patient. Finally, surveys were filled
out by 66 ICU directors that asked questions about the regu-
lar practices relating to VAP prevention on their unit; thus, the
unit of observation for this part of the study was an individ-
ual ICU (N = 66). These three methods are good examples of
the various ways that cross-sectional data can be gathered and
aggregated.

From the many results presented in this paper, we present a
few examples of the sorts of statistics that are typically reported
in cross-sectional studies. From the survey of ICU directors, we
get results like university affiliation (29/66 = 44% ) and num-
ber of beds (mean = 13.9). From the observations and chart
abstractions, authors report patient gender (women = 299/702
for 43% and men = 403/702 for 57% ), intubated and venti-
lated (403/702 for 57% ), and patient age (mean = 63.5 years).
As for VAP prevention strategies from direct observation, we
have elevation of head of bed (mean = 30 degrees) and kinetic
bed therapy (22/702 for 3% ). From the survey of unit direc-
tors, 61 of 66 (92% ) responded that they never used special
endotracheal tubes that allowed subglottic secretion drainage,
and none stated that they used prophylactic antibiotics. This
example is typical of cross-sectional studies in that only de-
scriptive statistics (as just described) are necessary and usually
suffice. Additional methods that might be used in analyzing a
cross-sectional study such as this one would be simple statis-
tics to quantify relationships (correlation) between measured
factors (none was reported in the paper). For example, at the
ICU level, authors could have used survey results to look for
a relationship between university affiliation and VAP strate-
gies such as subglottic secretion drainage. This would be done
by cross-tabulating the two variables into a 2 × 2 table in
this case. The appropriate statistical method to test for a sig-
nificant relationship between two categoric variables is a chi-
square test (or the Fisher exact test in the case of sparse cell
sizes).

Case Cont ro l
In a case control study, the investigator compares individuals
who have a positive outcome status (the cases) and individuals
who do not have the outcome (the controls). In the simplest im-
plementation of the case control method, one or more control
patients (outcome negative) are chosen for each case (outcome
positive). When the outcome being studied is relatively rare,
there are often more available candidates for controls than for
cases in the sample available for study. A subsample of available
controls is usually selected to match the cases on characteris-
tics (factors) that might be related to the outcome but are not
of primary interest to the research question. For example, it is
common to match on gender and age by finding a single control
subject with same gender and similar age for each case. This is
called 1:1 (control:case) matching. When there are many more
outcome-negative (control) candidates, investigators may use

2:1, 3:1, or greater (control:case) matching ratios while still
maintaining similarity between each case and its controls (e.g.,
gender and age).

Investigators look backward in time (i.e., retrospectively)
to collect information about risk or protective factors for both
cases and controls by examining past records, interviewing the
subject, or in some other way. Unlike with a cross-sectional
study, we can get an indication of whether the factor status pre-
dated the development of the outcome by asking the questions
carefully. However, case control studies are subject to well-
known bias in assessing presence and timing of risk/protective
factors. It is very important to understand that in a case con-
trol study, the outcome frequency is fixed in the design, which
means that we cannot directly estimate risk of the outcome.
We can estimate relative risk of the outcome between different
status levels of the factors by calculating the odds ratio between
cases and controls for each factor. This estimate of relative risk
will be biased, depending on the actual prevalence of the out-
come in the population of interest and the relative numbers of
cases and controls. For example, in a 1:1 case control study,
the outcome frequency is, by definition, 50% . If the actual fre-
quency of the outcome in the population is less than 10% , the
odds ratios will severely overestimate the relative risk increase
or reduction. The raw odds ratios may be corrected for this
bias to form a better estimate of relative risk, though this is
rarely done in practice.

An example of a case control study looking at factors asso-
ciated with VAP can be found in Chest (32). It is titled “Epi-
demiology and outcomes of ventilator-associated pneumonia
in a large US database” and was written by Rello et al. The
investigators used information from a large (750,000/year)
database of inpatient hospital (N = 100) admission abstracts
(MediQaul-Profile Database) for 18 months beginning in Jan-
uary of 1998. They first identified 9,080 patients having at
least 1 day of mechanical ventilation in the ICU during their
hospitalization without an admission diagnosis of pneumonia.
Of these, 842 (9.3% ) developed pneumonia after initiation of
ventilation, thus meeting criteria for VAP. From one to three
controls (VAP negative, N = 2,243) were selected to match
each case (VAP positive, N = 842) on duration of ventilation,
severity of illness on admission, and age. It is important to
note that after this step, none of the matched factors can be
meaningfully evaluated because their distributions were forced
to be in direct proportion to each other during the process of
matching.

Investigators calculated odds ratios between cases and con-
trols for several factors that might alter risk of developing VAP
in practice; these included gender, race, obtundation, and type
of ICU admission (trauma, medical, surgical) among others. As
an example of how such results are evaluated, the numbers of
males and females in VAP-positive cases were 540 (64% ) and
302 (36% ) and for VAP-negative controls were 4,262 (52% )
and 3,976 (48% ), respectively. The odds ratio male:female is
calculated by (540)(3,976)/(302)(4,262) = 1.67. This can be
interpreted by stating that the odds of VAP in males are 67%
greater than for females, which can be used as an estimate of
the relative risk of VAP in males compared with females. Note
that in the original sample of patients, the frequency of VAP
was 9.3% , whereas in the case:control sample used to estimate
relative risk in males, it was 27% . Thus, the estimate of relative
risk should be revised downward by methods that are beyond
the scope of this chapter.
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Cohort

A cohort is a group of individuals. The term comes from Ro-
man military tradition where legions of the army were divided
into ten cohorts, and each in turn divided into centuries. These
cohorts “march forward together” in time. In a typical prospec-
tive cohort study, investigators follow subjects after study in-
ception to collect information about development of the out-
come (disease). In a retrospective study, outcome status is
determined from records produced prior to beginning the study.
The cohorts are articulated based on information about risk
factors predating the outcome determination. In both types, ini-
tially outcome-negative (disease-free) subjects are divided into
groups (cohorts) based on exposure status with respect to a risk
factor. Cumulative incidence (the proportion that develops the
outcome in a specified length of time) can be computed and
compared for the exposed and unexposed cohorts. The main
difference between prospective and retrospective cohort studies
is whether the time period in question is before (retrospective)
or after (prospective) the study is begun. In terms of bias and
error in measuring outcome and risk factors, the retrospective
cohort design is more problematic because we must rely en-
tirely on historical records to know that subjects were initially
outcome negative, what their risk factor status was, and the
subsequent outcome status over time.

Despite logistical difficulty and expense, prospective cohort
studies are very attractive to investigators because they allow
direct estimation of absolute risk for the outcome of interest as
well as differences in outcome based on various risk (or protec-
tive) factors (relative risk). In general, outcomes that develop
quickly are easier to evaluate prospectively since the study will
be finished sooner, with less chance for subjects to drop out or
be lost to follow-up. Critical care medicine lends itself quite
well to prospective cohort studies for this reason.

An example of a multinational and quite complex cohort
study comes from the Journal of Critical Care (25). The title of
this paper is “ Incidence, risk factors, and outcome of ventilator-
associated pneumonia” and Tejerina et al. report results of a
study encompassing 361 ICUs in 20 countries. The cohort in
question included 2,897 consecutive ICU patients who were
mechanically ventilated for more than 2 days, with reason for
admission not being pneumonia. These patients were a subset
from a larger (N = 5,183) and already completed prospec-
tive study. Even though the authors analyzed existing data,
they properly labeled their study as prospective because the
patients were entered into the original study at time of admis-
sion to ICU, and all information was sequentially recorded in
a database as the research progressed.

The outcome of VAP was strictly defined using Centers for
Disease Control and Prevention (CDC) criteria prior to study
inception and measured for each patient on a daily basis as
yes/no. Though it may seem a trivial point, it is important to
note that all patients had a VAP status of “no” on the first day
of their ICU stay. Multiple baseline and clinical factors were
measured. In the results section, the authors first considered the
entire sample as a single cohort and reported the incidence of
VAP as 439/2,897 (15% ). There is not a meaningful hypothesis
for the simple question of VAP incidence in the whole cohort,
and we are instead making an estimate of VAP incidence in the
population. Because of the large sample size, the authors were
able to place 95% confidence intervals on this estimate of 14%
to 16% .

In reading the rest of the results, it is helpful to think
of each separate factor as dividing the entire study group
(N = 2,897) into “subcohorts.” For example, gender would
give two cohorts (male = 1,809 and female = 1,088) for which
VAP incidence was 293 (16% ) for the males and 142 (13% )
for the females. When considering the factor of problem type
(medical = 1,911 and surgical = 986), the VAP incidence was
322 (17% ) for medical and 117 (12% ) for surgical. The null
hypothesis in each of these “subcohort” studies is that VAP
incidence is equal between the factor levels (male/female and
medical/surgical). In these two examples, the null hypothesis
was rejected for each of the factors (gender p = 0.02 and prob-
lem p < 0.001). Below, we give an example of a randomized
trial with a sample size in each of three groups of about 130.
The percentages of VAP are similar in magnitude as are the
intergroup differences (roughly 18% , 10% , and 13% ). How-
ever, because of the smaller sample size, the results do not reach
statistical significance (at the 0.05 level).

There are two problems with doing multiple separate tests
for simultaneously measured factors in a big study such as this
one. First, the measured factors quite probably interact with
each other in a complex way in their combined effect on VAP
development. Thus, in any single (univariate) analysis such as
with gender and VAP, the calculated relationship may be con-
founded with one or more other factors, and therefore biased
away from the actual effect. Second, it is problematic to look
at the same set of data repeatedly using different factor com-
binations because by sheer chance, 1 in 20 such tests will be
“significant” at the 0.05 level. The optimal solution to both
these problems is to perform multivariable regression analysis
where the joint effect of all variables is tested simultaneously.
The authors of this paper did such analyses, though the details
are beyond the scope of this chapter. Suffice it to say, gender
showed no significant effect on VAP after accounting for all
other factors while problem still did. Finally, it is important to
note that multivariable analysis cannot rescue a study from be-
ing confounded by unmeasured factors. The only certain way
to avoid confounding is through the random assignment of fac-
tor levels prior to measuring the outcome (i.e., an experimental
study).

Exp e rime nt al (Clinical Trial)
In an experimental study (called a clinical trial in medical re-
search), the investigator selects a sample of subjects with the
same outcome status and randomly assigns each to a treatment
(or intervention) condition. Subjects are followed in time, and
the status of the outcome is measured and compared between
the treatment groups. Thus, experiments and clinical trials are,
by definition, prospective. As described above, the term con-
trol group is used for subjects that do not receive any treatment
or intervention. Sometimes patients who are given “standard”
treatment are said to be in the control group. A randomized
experiment is the only way to definitively establish causality
by empirical means. Similarly, for testing medical treatments
and interventions, randomized trials are the only sure way to
determine clinical efficacy. Both necessary and sufficient condi-
tions to establish causality between a factor or treatment and
outcome status are met in a randomized trial. These include
unambiguous temporal association of cause before effect and
elimination of any potential confounding factors (measured or
unmeasured) that might affect the outcome. This helps to ex-
plain what may seem to be near-worship of the “prospective
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randomized clinical trial” in many discussions about medical
research.

A good example of a randomized clinical trial comes
from the American Journal of Respiratory and Critical Care
Medicine (33). The title of this paper is “Oral decontamina-
tion with chlorhexidine reduces the incidence of ventilator-
associated pneumonia,” which nicely describes the research
question and the result. The investigators, Koeman et al.,
wanted to determine if two oral decontamination regimens
would reduce incidence of VAP in intubated patients. They
performed a classic double-blinded, placebo-controlled clini-
cal trial where 385 eligible patients were randomized to three
treatment arms. These included chlorhexidine 2% (CHX),
chlorhexidine 2% and colistin 2% (CHX/COL), and water
(PLAC). During the ICU stay, all patients got mouth swabbing
at identical intervals with the type of solution unknown to those
caring for the patients. The primary outcome was carefully de-
fined and evaluated using chart abstraction by a team of physi-
cians who did not know the treatment assignment. These two
design elements satisfy the definition of a double-blinded study
because neither patients and providers nor those determining
the outcome knew what the treatment assignments were. The
first table in the results (their Table 1) shows baseline char-
acteristics grouped by treatment assignment. Such a table is
always included in any complete report of a randomized trial.
The baseline characteristics are measured and presented be-
cause they might also influence the outcome (VAP). We are
always reassured to see relative equality of the baseline charac-
teristics because it shows us that “ randomization works.” Note
that the true power of randomized treatment assignment lies in
the fact that we know that any other factors or characteristics
that were not anticipated and/or measured will, by definition,
also be equally distributed between the treatment arms. Some
might rightfully observe that such baseline characteristic tables
are superfluous to the core logic of a randomized trial. We carry
on presenting them because they are reassuring and otherwise
informative.

The outcome can be most simply expressed as an incidence
of VAP during the ICU stay with individuals having a yes/no
answer. When tabulated, the results (VAP/total) were PLAC =
23/130 (17.7% ), CHX = 13/127 (10.2% ), and CHX/COL =
16/128 (12.5% ). The trialists performed sophisticated statisti-
cal techniques using days to onset of VAP and survival analysis,
as well as interim analyses to allow early termination of the
trial. These are beyond the scope of this brief chapter. The null
hypothesis in this study is that the incidence (hazard in sur-
vival analysis) of VAP was identical among all three treatment
arms. The alternate hypothesis is that one or more of the treat-
ment groups had significantly different incidence (hazard) of
VAP. A chi-square test on the simple incidence of VAP between
the treatment groups gives a p value at 0.20, which indicates
that the null hypothesis cannot be rejected. However, using sur-
vival analysis, authors found that both CHX (p = 0.012) and
CHX/COL (p = 0.030) reduced the hazard of VAP compared
with PLAC.

This is a good example of how the type of outcome vari-
able analyzed affects the power of a study to detect differences.
For simple counting of VAP incidence, the outcome variable
is dichotomous (yes/no), while for survival analysis, the out-
come variable is quantitative (days to development of VAP). In
general, outcomes that are defined and measured numerically
have “more information,” and thus greater power to detect

small differences, than categoric or dichotomous ones. In the
paper cited above, the authors did not report the results of the
simple chi-square test, which failed to reject the null hypothe-
sis. We can speculate that if the chi-square statistic on simple
VAP incidence had shown significant differences, the authors
would have reported it. Finally, we recall the results of our
cohort study example with similar VAP percentage differences
but much larger sample size. In that study, the achieved p values
were much lower, reflecting the greater power of large samples
to demonstrate small effects.

CRITICAL READING OF THE
MEDICAL LITERATURE

Articles in the medical literature generally follow a prescribed
structure consisting of the following components: (a) title, (b)
author list, (c) keywords, (d) funding source, (e) abstract, (f) ob-
jective and hypothesis, (g) background, (h) methods (includes
study design, measures, and data analysis), (i) description of
sample, (j) presentation of findings and results, (k) discussion
and conclusions, and (l) references.

Statistical aspects permeate a large number of articles in
the medical literature. Miller (30) describes the similarity of
writing about statistical analysis to the presentation of a legal
argument. She writes:

In the opening statement, a lawyer raises the major questions to be
addressed during the trial and gives a general introduction to the
characters and events in question. To build a compelling case, he
then presents specific facts collected and analyzed using standard
methods of inquiry. If innovative or unusual methods were used,
he introduces experts to describe and justify those techniques. He
presents individual facts, then ties them to other evidence to demon-
strate patterns or themes. He may submit exhibits such as diagrams
or physical evidence to supplement or clarify the facts. He cites pre-
vious cases that have established precedents and standards in the
field and discusses how they do or do not apply to the current case.
Finally, in the closing argument he summarizes conclusions based
on the complete body of evidence, restating the critical points but
with far less detail than in the evidence portion of the trial.

Good scholarly writing should resemble a good legal ar-
gument. Good writing in the medical literature should also
provide transparency of method in sufficient detail to allow
for results to be replicated. Research quality is difficult to
evaluate but integral to the process of “ taking information to
knowledge”—the ultimate goal for reading medical literature.
Evaluation of literature and judging research quality is itself
an academic discipline within the larger science of literature
review. In broad strokes, we can group indicators of quality
that are relevant to statistical considerations into the follow-
ing categories: sampling and participation, measurement, data
management, analytic framework (includes study design and
statistical analysis), and reporting of results. Below we outline
the structure of an article and point out quality indicators to
look for in the “anatomy” of a research article.

Tit le , Aut hor List , Ke yword s,
and Fund ing Source

A good title can convey important information about the topic
of a manuscript and can let readers know what is new or differ-
ent about the work. For example, in a classic paper published
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in the journal Intensive Care Medicine (34), the title speaks
eloquently of the content: “Prevention of nosocomial pneumo-
nia in intubated patients: respective role of mechanical sub-
glottic secretion drainage and stress ulcer prophylaxis.” Much
has been written about the content and ordering of author
lists for scientific journal articles and it should suffice to say
that “honesty is the best policy.” Keywords are popular and
certainly useful, though they represent the author’s subjective
decisions about what is important. Ultimately, the National
Library of Medicine staff does an excellent job of generating
structured abstracts (e.g., MESH terms) from biomedical jour-
nal articles using the whole paper to do so. These PubMed
database entries have become the dominant means by which
the scientific community searches through the medical litera-
ture. Given the discussion above concerning the influence of
corporate support on the conduct of research, it is vital that
funding sources and author conflicts of interest be clearly and
completely stated in any published paper. In the case of public
or nonprofit research support, virtually all such agreements re-
quire authors to acknowledge the funding source in any related
publications.

Ab st ract

Although we know that we should spend time in analyzing the
medical literature, it is clear that, given the pressures of every-
day life and the journals that appear with seemingly increasing
frequency on our desks each month, we are often tempted to
read only the title and the abstract. One final caveat: There may
be important disparities among the results, discussion, and ab-
stract. One memorable report compared two forms of fluid
resuscitation. Three patients in one group had been given from
two to three times the amount specified in the protocol. With
exclusion of these patients properly in the data analysis, as
noted in the results section, there were no differences between
the two groups. With inclusion of patients with protocol viola-
tions, there was a “statistically significant” difference. The ab-
stract cited the “statistically significant” analysis without any
reference to the patients who should have been excluded. The
authors’ conclusion of a statistically significant difference in
treatment modalities was, in fact, denied by their own results.
If you are in a hurry, do not just read the abstract and move
on; come back and read the article properly when you have
enough time.

Ob je ct ive and Hyp ot he sis

Obviously, the most pertinent starting point is an understand-
ing of the investigator’s objective. The investigator has the obli-
gation to state clearly and specifically the purpose of the study
conducted, but this may be difficult to discern. In such cases,
we may question whether the author had, indeed, a clear ob-
jective. “Fishing expeditions,” that is, extensive data collection
projects with the intention of exploring and identifying im-
portant relationships, achieve success when the captain knows
where the fish are. In other words, the so-called gold mine
of data does not guarantee that statistical search will lead to
“pay dirt” and reveal important new relationships. The author,
or we as researchers, must formulate specific objectives and a
clear-cut hypothesis for testing. Lack of an understanding of

objectives handicaps the reader and the author in any assess-
ment or interpretation of the results.

A more specific and somewhat more subtle question in as-
sessing objectives is classification of a study as descriptive and
exploratory versus analytic. Using epidemiologic terminology,
descriptive studies are those that “describe” diseases, charac-
terize disease patterns, and explore relationships, particularly
in regard to person, place, and time. Such studies mainly serve
the purpose of “hypothesis generation.” The specific hypothe-
sis can then be tested by an analytic study, one whose primary
objective involves the test of a specific hypothesis.

To illustrate this distinction, a descriptive study reported
the use of high-level positive end-expiratory pressure (PEEP)
in acute respiratory insufficiency in patients who developed
severe, progressive, acute respiratory insufficiency despite ag-
gressive application of conventional respiratory therapy (35).
Later, the term optimal PEEP, introduced in the first study,
was updated in another descriptive study of 421 patients re-
ported in 1978 (36). The second study entailed treatment of a
large group with respiratory failure using titration of PEEP in
conjunction with intermittent mandatory ventilation, but us-
ing cardiovascular interventions to support cardiac function
until a preselected end point of 15% shunt could be achieved.
The first study represented a description of the development
of a treatment regimen; in the second study, refinements in this
treatment regimen were applied to a broader population. Later,
a hypothesis was constructed to test whether, in moderate ar-
terial hypoxemia, there was any improvement in patient out-
come or resource utilization using “optimal PEEP” compared
with similar modalities of therapy, with an end point defined
as achievement of nearly complete arterial oxygen saturation
at nontoxic inspired oxygen fractions.

The hypothesis that PEEP titration to achieve an intrapul-
monary shunt of less than 20% would have a better outcome or
would achieve faster resolution of the disease process could not
be substantiated in the analytic study (37). The two descriptive
studies (35,36) identified a specific hypothesis that the third or
analytic study tested.

Backg round

The background is generally an introduction with rationale on
why the research that is being presented is important. This sec-
tion should also contain a literature review and argument to
show how the current research fills a gap in previous work.
Sufficient detail on how the literature review was conducted
should be reported so that it can be reproduced. The back-
ground should also reference seminal papers in the research
area.

Me t hod s: St ud y De sig n

The reader should consider carefully the definitions of the
groups studied and the population to which the investigators
intend to refer their findings. For instance, in the three PEEP
studies quoted, the reader might assume that the failure to
prove the hypothesis in the third study invalidated the find-
ings of the two earlier descriptive studies. The third, an an-
alytic study, however, involved only patients with early and
moderate arterial hypoxemia. The original group of patients
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that was studied specifically excluded these patients and con-
centrated on developing therapy for those who had persistent
hypoxemia despite aggressive application of conventional res-
piratory therapy. Thus, a technique that reversed hypoxemia in
patients who were refractory to the then “conventional ther-
apy” of acute respiratory insufficiency was found not to be use-
ful in another population that had only moderate hypoxemia
and did not have true adult respiratory distress syndrome. If the
authors do not state clearly the populations with which they
are dealing, the readers can easily lose this important distinc-
tion. This has even greater importance in review articles that
may omit the important qualifiers or modifiers found in the
original reports. The fact that a particular form of therapy use-
ful in advanced disease has no particular advantage in patients
with mild disease indicates that therapy should be restricted
to patients who can benefit from treatment, rather than arrive
at some alternative conclusion that titration of PEEP to prese-
lected end points has no advantage.

The reader should examine carefully the methods section
for a description of the study design, a definition of inclusion/
exclusion criteria, and information about data management. A
sample size justification should be given in the methods section
that indicates the expected precision when the objective of a
study is to estimate an unknown quantity or a power analysis
when the objective of a study is a test of hypothesis, such as
testing the relationship of groups (e.g., treatment group vs.
control group) on a certain measure.

Epidemiologically, there are two major classifications of
study design: experimental and observational. Loosely defined,
an experimental study is one in which the investigator has con-
trol over or can manipulate the major factor under study. The
epitome of the experimental study is the randomized controlled
trial in which the investigator demonstrates “control” over the
factor under study by randomizing patients to various regi-
mens. Many prophylactic and therapeutic studies tend to be
experimental in design. It cannot be assumed that just because a
study was experimental and the investigator may have random-
ized patients that the study was well done and its conclusions
are valid. Experimental studies are prone to various sources of
bias and to poor execution. The label randomized is not equiv-
alent to assurance of high quality, nor does it alone add validity
to the study. Thus, randomized studies also need careful assess-
ment of their design, methods, analyses, and conclusions. One
other factor, blinding, is often viewed as an attribute of the
highest-quality studies. If subjective elements are used to judge
the effectiveness of treatment, there is a compelling rationale to
blind the investigators. If there are subjective assessments of the
patients’ response, there is a compelling rationale to blind the
subjects. If all of the outcome variables are objective, blinding,
strictly speaking, is unnecessary. Thus, in the assessment of a
new medication to relieve pain, double blinding (both subjects
and investigators) is necessary.

When the investigators cannot manipulate the major factor
under study, they must rely on what has been observed; this
study is an observational study. We should not view observa-
tional studies as being inferior to experimental studies. Clearly,
a tight, well-designed, well-executed experimental study car-
ries the greatest strength of evidence, but observational studies
can also provide substantial, sound medical evidence. In fact,
a well-planned and well-executed observational study can be
much more informative than a weakly designed and poorly
executed randomized study. There are various approaches to

the design of observational studies, such as cross-sectional,
case control, prospective cohort, and retrospective cohort. The
interested reader should consult basic epidemiology or statis-
tics textbooks for further descriptions of these various design
strategies and for the relative strengths and weaknesses of each
design format (38,39).

With respect to observational studies, the reader should de-
termine whether the data collection was prospective or retro-
spective. The principal advantage of prospective data collection
is that the researchers, having clearly identified the objectives,
can ensure collection of this relevant information in a man-
ner that they can determine. Retrospective analysis of medical
records depends on what happens to appear in the record, often
with no indication of the manner in which the information was
obtained. For example, gender, age, and hospital outcome (sur-
vival or death) are key data elements that may not appear for
every patient in a retrospective chart review. Clearly, without a
specified protocol, the researcher cannot anticipate that a daily
blood gas, serum creatinine, or any other intermittent measure-
ment dependent on a specific order will appear in the chart.
Everyone should attempt a retrospective study (at least once)
to learn the pitfalls and the impossibility of obtaining a com-
plete database. This would enable each of the then-frustrated
researchers to read other retrospective studies both with a great
deal of deserved skepticism and with empathy for the difficul-
ties with such research.

Selection of the study group is another important step. The
researcher should look for possible sources of selection that
would make the sample atypical or nonrepresentative. A sam-
ple selected by a random selection mechanism is generally more
representative than a “convenience” sample; however, this is
difficult to achieve. Allocation of treatments by a random mech-
anism is more achievable, but even such seemingly “random”
allocation of cases such as alternate days may introduce an
unappreciated bias. For instance, the Trauma Service at the
University of Miami/Jackson Memorial Medical Center had
two separate teams that alternated coverage every 24 hours.
Patients admitted on alternate days, therefore, are cared for by
different teams of physicians. A study that entailed alternate-
day assignment to treatment groups would entail, as well, the
factor of differences in physician practice style, a factor that
could not be disentangled in analysis of study results.

We must also consider the nature of the control group or
standard of comparison. We frequently encounter the “histor-
ical control” group that usually has a “poorer” result than the
contemporary group. The problem, of course, is that the basic
assumption that the modality of treatment under investigation
is the only cause for the difference in results is clearly erroneous.
It has been tempting to ascribe the remarkable reduction in
wartime mortality from World War II to Korea to Vietnam to
the marked diminution in delay between injury and treatment.
However, the entire surgical training experience changed dur-
ing that time, an almost completely new pharmacopoeia was
available in Vietnam, and, most assuredly, many other vari-
ables are yet unaccounted for between the two eras. In fact,
the principal reason for randomization in a study is to attempt
to distribute the unknown and potentially important variables
equally among groups to avoid selection bias. We may also see
this effect if subjects accrue slowly and the study thus runs over
many years. Other aspects of therapy may change and have a
greater impact on outcome than the original variable selected
for study.
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Two aspects of clinical research that sometimes perplex be-
ginning researchers and inexperienced readers are validity and
generalizability. Validity deals with the ability of a study to give
a scientifically sound answer to the question posed. Insofar as
possible, this answer should be free from bias, uninfluenced by
the effects of other related or confounding variables and with
good statistical precision. Only then is there a basis for a valid
study result.

Generalizability deals with extrapolation of study findings
to a larger population or to other groups. Assessment of gener-
alizability depends on the degree to which the study subjects are
representative of some larger target population and how well
the selection of study subjects simulates the process of drawing
a random sample from a population.

The ideal is for studies to be both valid and generalizable.
In practice, this is rarely the case. In the design of clinical re-
search, investigators face many situations in which they must
choose between validity and generalizability. When faced with
a choice, undoubtedly they should opt for validity. Without
a valid study, an investigator has little or nothing of scien-
tific merit. The investigator may have actually drawn a ran-
dom sample from a larger population and have virtually ideal
generalizability. But, if in the process validity was threatened
or compromised, the findings are worthless. With findings of
questionable or doubtful validity, there is nothing of value to
generalize. Generalizability plays a subordinate role and, in
fact, should not surface until validity has been firmly estab-
lished. Often the reader must assume the onus of assessment of
generalizability and of whether findings can be extrapolated to
other populations.

Me t hod s: Me asure s

In the reporting of research results, clarity in the definitions
of the terms and measurements made has great importance.
The more clearly the authors (or we as potential researchers)
define the terms, including diagnostic criteria, measurements
made, and the criteria of outcome, the more likely it is that
we, the readers, can interpret the findings correctly and gain
a proper perspective. For instance, in the field of invasive
catheter-related infection, terms such as colonization, contam-
ination, and infection of the catheter abound. Authors often
use these terms differently, leading to great difficulty in inter-
pretation and synthesis of results from different studies. Fur-
thermore, a “positive culture” may represent different bacte-
riologic methodologies: Some authors use a semiquantitative
culture of an intracutaneous catheter segment (40), whereas
others use blood cultures aspirated through the catheter (41).
Clearly, results from one methodology may not be comparable
to another, and interpretations based on differing methodolo-
gies may lead to different conclusions.

We must also try to evaluate the methods of classification or
of measurement. The essential question is to assess whether in-
consistencies in observation or evaluation could have sufficient
impact to influence materially the results of the study. We also
must evaluate the reliability and reproducibility of the obser-
vations; this is more difficult to assess. Frequently, some clues
inform the reader of the author’s concern with and awareness
of reproducibility and reliability. When a subjective element
enters into an assessment, an author often refers to and some-
times provides data on the results of evaluations by indepen-

dent observers and their degree of agreement. Interrater relia-
bility refers to the ability of two or more independent raters to
make the same observations. Intrarater reliability refers to an
observation made by the same rater over two or more differ-
ent times. With respect to abstracting information from charts,
interrater and intrarater reliability is usually in the range of
only 80% to 90% . An author who devotes some attention to
issues concerning measurement or laboratory error seemingly
would be cognizant of the importance of reproducibility and
reliability. It is well to be suspicious of results from a study that
seems entirely devoid of concern with these elements, especially
if some subjective element is clearly involved in diagnosis, ob-
servation, or assessment of outcome.

Me t hod s: Dat a Analysis

In reality, the first question we, as readers, should ask is, Are
the data worthy of statistical analysis? We must then examine
the methods of statistical analysis to determine whether they
were appropriate to the source and nature of the data and
whether the analysis was correctly performed and interpreted.
These questions are difficult to answer. However, we recognize
that this is an entire field to itself for which this chapter should
stimulate the reader to pursue more vigorous study.

One of the first issues that should cross the reader’s mind is
to ask whether the observed and reported finding could result
simply from chance, the luck of the draw, or sampling variation.
An arsenal of statistical methodology is available ranging from
simple (e.g., t-test, chi-square test) to sophisticated (multiple lo-
gistic regression, Cox proportional hazards model) to examine
the role of chance in the analysis of study results. Each medi-
cal reader may not have sufficient expertise to assess whether
the investigators have chosen their methodology appropriately
and have correctly performed the statistical analyses. Authors
should provide rationale and references for innovative or un-
usual methods. A discussion of loss to follow-up, detection of
outliers, item nonresponse, and possible imputation of miss-
ing data should be included in the data analysis section. Au-
thors should clearly describe the analytic framework of a re-
search study. Readers should beware when multiple analyses
(i.e., “data fishing”) are conducted without appropriate ad-
justments. We hope that the journal’s peer review process has
included some form of assessment of the statistical aspects of
the report. Until we, the readers, learn enough, we must solicit
expert biostatistical assistance. A biostatistician can evaluate
more complex issues in addition to assessing the appropriate-
ness of statistical methods. These include model diagnostics
such as fit indices and the results of sensitivity analysis (if per-
formed).

De scrip t ion of t he Samp le

The CONSORT statement (http://www.consort-statement.org)
is an important research tool that has been endorsed by promi-
nent medical journals such as The Lancet, Annals of Inter-
nal Medicine, and the Journal of the American Medical As-
sociation. The CONSORT guidelines offer a standard way
for researchers to report clinical trials that is appropriate for
adaptation by other types of research studies. Authors should
provide readers with a clear picture of the progress of all study
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participants, from the time they are assessed for enrollment
until the end of their involvement. Information about reasons
for loss to follow-up should be clearly stated. When authors
describe the sample, sociodemographic and other descriptive
information relevant to the study (e.g., medical history, disease
severity and duration) should be clearly reported.

Pre se nt at ion of Find ing s or Re sult s

Authors must walk the fine line of clear and concise data pre-
sentation in the results section without editorializing or draw-
ing conclusions from the data they presented. Remember, the
facts should speak for themselves. The author must still de-
tour into enough necessary detail for the reader to judge the
importance of the data. Important findings require proper doc-
umentation. If a small number of subjects are presented, a table
listing the important demographic characteristics is useful so
that the reader has a clear understanding of the population
studied.

It is surprising how often numerical inconsistencies are con-
tained within reports published in even the most reputable med-
ical journals. This may be partly caused by the many drafts
and revisions compounded by textual proofreading, computa-
tional and tabular proofreading, and other processes. Because
of the frequency of these errors, the reader may wish to use
some quick checks: Columns and rows should add up to their
indicated totals; percentages of mutually exclusive categories
should add up to 100% ; numbers in tables and figures should
agree with those in the text; and totals in various tables de-
scribing the same population should agree. With the ubiquitous
presence of hand-held calculators and personal computers, we
can even run some of our own statistical tests, especially when
the reported results appear incompatible with our quick mental
assessment or even personal bias!

Clarity and precision are important criteria to judge the
overall scientific validity of an article. Assessments, compar-
isons, and judgments belong in the discussion section. How-
ever, when these are enthusiastically included in the results
section, they strongly suggest bias in the author’s approach.
Strictly speaking, investigators should undertake an analytic
study when they can wholeheartedly support affirmation or
rejection of the hypothesis under test. Thus, inclusion of sub-
jective opinions (e.g., “markedly improved outcome”) in the
results section may be a subtle indication that the investiga-
tors performed the study to confirm their pre-existing personal
views.

However, three points should be remembered. First, it is the
author’s responsibility to provide the reader with information
on the specific statistical analysis used in assessing the role of
chance. Second, whatever the level of significance reported, no
matter how small the p value, we can never rule out chance with
certainty. An exceedingly small p value (1 instance in 1,000)
denotes that chance is an unlikely explanation of the result,
but the possibility remains, although unlikely, that this is indeed
that 1 instance in 1,000. The third point is that a statistically
significant result is not necessarily important or indicative of
a real effect, only that an effect of chance has been ruled out
with some reasonable certainty.

As clinicians, we know that measurements of pulmonary
artery occlusion pressure (PAOP) differ among observers. For
instance, estimation of PAOP from a visual inspection of the
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FIGURE 9.5. Suppose two groups are compared on a numerical mea-
sure and the confidence interval for the mean difference between groups
is calculated. The threshold that corresponds to a meaningful differ-
ence between the groups is indicated by the dashed line. Five results
are possible. Confidence intervals in cases (a), (b), and (d) capture or
fall above the “ importance” threshold, and thus are candidates for
practical importance or “clinical significance.” Cases (a) and (b) are
statistically significant since they do not contain zero (confidence in-
tervals containing zero indicate no difference between groups). Case
(c) is statistically significant but not practically important. Case (e) is
neither statistically nor clinically significant. (From Berry G. Statistical
significance and confidence intervals. Med J Aust. 1986;144:618–619;
reprinted in J Clin Pract. 1988;42:465–468.)

oscilloscope tracing may be 3 to 4 mm Hg different from the
results calculated electronically and displayed in digital form
on the monitor. In reviewing the effects of a drug, however,
some investigators may interpret a change of the same mag-
nitude (3–4 mm Hg) as an “effect” of the therapy. Thus, in
addition to deciding whether a particular result is “statistically
significant,” that is, if it represents a real event (or results from
chance), we must decide whether it has any real clinical, bio-
logic meaning. Figure 9.5, adapted from Berry (42), illustrates
five possible relationships between statistically significant and
clinically significant results. Confidence intervals depicted in
the figure are intervals that give plausible ranges of the dif-
ference between two groups. Confidence intervals in cases (a),
(b), and (d) capture or fall above the “ importance” threshold,
and thus are candidates for practical importance or “clinical
significance.” Cases (a) and (b) are statistically significant since
they do not contain zero (confidence intervals containing zero
indicate no difference between groups). Case (c) is statistically
significant but not practically important. Case (e) is neither
statistically nor clinically significant.

Furthermore, in our interpretation of study results we must,
with reasonable certainty, rule out the possibility of bias and
confounding. A result may be highly significant statistically
but the study design and conduct could lead to a substantially
biased result, or there may be some other related variable that
also explains statistically significant results.

Confounding refers to effects of one or more related vari-
ables. In its strict epidemiologic definition, a confounding
variable is one that is associated with both the “exposure”
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(independent variable) and the “outcome” (dependent vari-
able) under study. For example, in an observational study com-
paring the mortality experience of two modalities of treatment
for head injuries, an obvious “confounding” variable would
be the severity of the injury. Clearly, the severity of the injury
relates to the dependent variable under study: Mortality. The
injury severity, however, may also have an association with the
independent variable: The choice of the particular modality of
treatment. Thus, any finding of a difference in mortality be-
tween modalities of treatment, even if statistically significant,
might be explained by the confounding effects of the severity
of injury.

The important point is to judge whether the authors have
considered all of the pertinent known confounding variables in
their analyses and have taken proper steps to account for their
effects. The reader, without substantive knowledge of the par-
ticular field of study, may be unable to delineate what pertinent
potential confounding variables should have been considered.
We (authors and readers) must cautiously proceed with form-
ing conclusions.

Bias refers to a systematic departure from the truth. Bias
may exist in many forms, and many statistical and epidemio-
logic adjectives can precede the word “bias” to denote some
specific hazard or snag that can lead to a departure from
the truth. Sackett (43) provides a useful compendium of the
various biases that lurk to ensnare the unwary investigator,
and the unwary reader, in the conduct of biomedical research.
We shall use the three adjectives: selection, observation, and
analysis.

Selection bias refers to how subjects were entered into the
study. Is the manner of selection of persons for study such
that the study will result in substantial distortion of the truth?
As a simple example, consider a study comparing outcome of
surgery in patients who agree and volunteer to undergo the
operation with those who refuse. Those who choose surgery
may be better operative risks (at least from their own percep-
tion), probably with less comorbid disease than that found in
the nonsurgical group. Of course, other factors may have influ-
enced the other group to refuse surgery. Still, the difference in
the outcome of surgery might be more likely to result from the
selective nature of the groups rather than from any real effect
of the surgical procedure.

O bservation bias refers to the methodology for handling
and evaluating subjects during the course of the study. If a
therapeutic intervention group receives more attention, more
supportive therapy, and more intense scrutiny than a control
group, an observed difference in outcome might more likely be
explained by observation bias rather than by any real effects of
the intervention. Retrospective studies are particularly prone
to observation bias.

Analysis bias refers to fallacies that exist in the choice of sta-
tistical methods to analyze data. An example is the “average age
at death” fallacy. Calculation of average age at death among
decedents does not measure longevity; it reflects mainly the age
composition of the total members of the groups, mostly those
who are alive. For example, consider a newspaper report of a
study that compared the average age at death of U.S. profes-
sional football players with professional baseball players (44).
The report stated that football players died, on average, 7 years
earlier than baseball players. It would be erroneous to conclude
that this differential reflects the more hazardous and traumatic
aspects of professional football compared with professional

baseball. In fact, professional football is a much newer sport
(dating from the mid-1920s) than professional baseball (dating
from the 1860s). Consequently, the total group of professional
baseball players is considerably older than the total group of
professional football players. As an extreme example of this
average-age-at-death bias, consider the result anticipated in a
comparison of the average age at death in a children’s hospital
with that in a retirement community hospital.

When, in the assessment of a study, we can rule out with rea-
sonable certainty that the finding does not result from chance,
bias, or confounding, we are well on the road to determining a
real and meaningful effect. Finally, it is important to emphasize
that the interpretation of statistical significance does not in and
of itself connote medical or biologic importance.

Discussion and Conclusions

In the discussion section, the author provides an interpretation
of findings. Here the author can attach clinical relevance to
the reported statistically significant findings. The findings may
be compared with those of other studies and interpretations.
Possible explanations for results can be postulated and dif-
ferences from other reports in the literature explained. Hope-
fully the author bases the conclusions on the findings. This is
not always the case. When we discuss the results, we should
consider whether they have any meaning in the real world of
bedside practice. A “significant” but relatively small difference
in cardiac performance discovered only in carefully controlled
circumstances has little resemblance to the constantly chang-
ing status of the critically ill patient in whom such a finding
may not have any real import. We must ask ourselves whether
the demonstrated result is important in influencing or directing
bedside practice. We must retain our skepticism and use it to
balance enthusiasm.

This section should contain a discussion of limitations. Au-
thors who conclude that results would have been statistically
significant if only a larger sample had been available display
their lack of foresight and preparation; clearly, the time to dis-
cover the proper sample size is at the outset, the study-planning
phase. Rather, it would be refreshing to encounter conclusions
that forthrightly admitted that the hypothesis was incorrect,
that the study showed that therapy did not lead to improve-
ment, or that the investigator headed off on the wrong track.
Negative reports of this sort will prevent other investigators
from pursuing ideas that turn out to be flawed and can also
direct investigators, including themselves, along more fruitful
pathways.

The reporting of negative studies has been addressed from
an editorial standpoint (45). Angell states, “ . . . it is widely be-
lieved that reports of negative studies are less likely to be pub-
lished than those of positive studies and some data have been
put forth to support this belief. . . . It is assumed that editors and
reviewers are biased against negative studies, considering them
less inherently interesting than positive studies. However, a bias
against publishing negative studies would distort the scientific
literature” (45). Although she believes that the N ew England
Journal of Medicine publishes fewer negative reports than pos-
itive ones, it is not a matter of policy. She asks, “Does it deal
with an important question? Is the information new and in-
teresting? Was the study well done?. . . . We feel a particular
obligation to publish a negative study when it contradicts an
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earlier study we have published and is of a similar or superior
quality. When a good study addresses an important question,
the answer is interesting and the work deserves publication
whether the result is positive or negative” (45).

Finally, we should consider whether the conclusions are rele-
vant to the questions posed by the investigators. Far too many
reports begin with “unwarranted assumptions” in the intro-
duction, end with “foregone conclusions” in the discussion,
and contain in between a mass of barely relevant data. If we
care to spend the time necessary to review published reports
and, in particular, to do the preparation necessary before we
embark on our own clinical investigations, such discouraging
assessments will occur much less frequently.

LITERATURE REVIEW AND
RESEARCH SYNTHESIS

Practicing physicians, researchers, patients, and family mem-
bers are inundated with unmanageable amounts of informa-
tion; the need exists for literature to “efficiently integrate valid
information and provide a basis for rational decision making”
(46). Systematic literature reviews (SLRs) assemble, critically
appraise, and synthesize the results of primary investigations
addressing a topic of concern (23). Systematic reviews contain
a summary of all past research on an area of interest using a
methodology incorporating explicit methods in limiting bias
(systematic errors) and reducing chance effects, thus provid-
ing more reliable results upon which to draw conclusions and
make decisions (47). The steps of the systematic literature re-
view guide the researcher through the process of systematically
evaluating the existing literature in light of a predetermined
research question (48). Meta-analysis is often conducted as part
of an SLR.

The Cochrane Collaboration is an international not-for-
profit and independent organization, dedicated to making up-
to-date, accurate information about the effects of health care
readily available worldwide through the methodology of sys-
tematic literature reviews. It produces and disseminates sys-
tematic reviews of health care interventions and promotes the
search for evidence in the form of clinical trials and other stud-
ies of interventions. More information can be found on their
Web site, http://www.cochrane.org. A search of the Cochrane
library for ventilator-associated pneumonia gave this title:
“Prevention of ventilated associated pneumonia in critically
ill patients treated for stress ulcers.”

SUMMARY
In De Anima, Aristotle declared that “ it is necessary, while
formulating the problems of which in our further advance
we are to find the solutions, to call into council the views
of those of our predecessors who have declared any opinion
on this subject, in order that we may profit by whatever is
sound in their suggestions and avoid their errors.” This wis-
dom still holds today. In order to “council the views” of med-
ical researchers, physicians must develop a competency for
reading the medical literature and understanding basic sta-
tistical concepts. We humbly accept that a book chapter can
only provide an introduction of topics, and we encourage the
reader to seek out additional educational opportunities. The

National Institutes of Health (NIH) has made the paradigm of
interdisciplinary research a cornerstone of the NIH Roadmap
(http://nihroadmap.nih.gov). We advocate, whenever and
wherever possible, collaboration among physicians, nurses,
biostatisticians, data managers, and support professionals to
form research groups (informal or formal). We believe, as does
the NIH, that such efforts have great potential for increasing
the quality and efficiency of both conducting and consuming re-
search. The ultimate goal is, of course, improved cost-effective
care and quality of life for patients and their families.
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CHAPTER 10 ■ QUALITYASSURANCE, SAFETY,
AND OUTCOMES
ELIZABETH MARTINEZ r JOSE RODRIGUEZ-PAZ r PETER PRONOVOST

Several Institute of Medicine (IOM) reports raised the nation’s
awareness about a significant problem with patient safety in
health care (1,2). These reports stated that the number of deaths
attributed to medical errors per year is between 44,000 and
98,000, and highlighted that the systems in which patients
receive care were to blame rather than frontline caregivers.
While many efforts have been made to improve patient safety,
there is still little evidence showing systematic improvements
in safety since these IOM reports (3). However, efforts have
been severely limited by a scarce understanding of the science
of patient safety and a lack of rigorous methodologies to design
and implement changes and monitor progress.

Patient safety is a broad and relatively new area of re-
search that cannot be covered in one chapter. Thus, regu-
latory strategies and details of error reporting will not be
covered herein. The goal of this chapter is to present a prac-
tical framework infused with an evidence-based medicine ap-
proach that health care professionals may use to implement
patient safety improvement efforts. To accomplish this goal,
we will begin by explaining the science of patient safety, which
is the foundation for understanding why errors occur and how
to identify the factors contributing to these errors. After pre-
senting this foundation, we will review a model with four
measures to help evaluate our progress in improving patient
safety. In the last section of this chapter, we describe a frame-
work of strategies to guide the implementation of improvement
efforts.

SCIENCE OF PATIENT SAFETY
Similar to any field of investigation, there is a science to pa-
tient safety that warrants understanding in order to effectively
and efficiently research safety in health care organizations. A
summary of the tenets of the science of safety includes that hu-
mans are fallible, broken systems—rather than individuals—
allow errors and leaders have the power to fix broken systems
(Table 10.1). For this science, a system is a set of interdepen-
dent elements that interact to achieve a shared aim. There are
two human elements that interact within a system: The front-
line staff, who does the work, and management, who has the
power to design, control, and redesign the work. In order to
fix a broken system, we must first identify the failure(s). Over
a decade ago, James Reason, among others, introduced the
human factor’s analysis and classified system failures as ei-
ther active or latent (4). Active failures are actions involving
direct patient contact by frontline staff that have an immedi-
ate adverse effect on patients. These failures occur closest to
the patient and are not a reflection of a health care worker’s
professional ability. Latent failures are managerial or organi-
zational in nature in which the adverse event is not immedi-
ately evident. Frontline caregivers are often aware of active
and latent failures, but the avenues to communicate these fail-
ures for system redesign either are not known or are not avai-
lable.
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PRINCIPLES OF THE SCIENCE OF SAFETY

The science of safety teaches that:
■ Fallibility is part of the human condition.
■ We cannot change the human condition.
■ Harm is the result of a cascade of broken systems.
■ Therefore, in order to improve safety, the system must be

the focus, rather than individuals who make errors.
■ Individuals can change the systems under which people

work
■ We must focus on interpersonal communication, and

accept the responsibility for the system in which we work
■ Leaders control the potential to change systems

There are safety mechanisms inherently built into health
care by nature of its purpose—to improve an individual’s
health. For example, medications are used to relieve symptoms
or resolve an illness. Patients may have a medication allergy—
the presence and nature of which is a ubiquitous question of
every health care professional—with red-flag documentation in
the patient’s history and in pharmacy records. This is a system
designed to provide safer patient care. With this in mind, most
medical errors occur when multiple failures in a system align.
Reason’s “Swiss cheese” model (Fig. 10.1) illustrates how mul-
tiple failures, though singularly insufficient in allowing harm
to reach the patient, can align and cause an adverse event. Be-
low is an explanation of the adverse event illustrated in this
figure.

A Medica tion Error S tory

Nurse  borrows  
medica tion from 
another pa tient

Fax sys tem for ordering
medica tions
is  broken

Tube  sys tem 
for obta ining 
medications

is  broken

Nurse  gives  the  patient 
a  medica tion to which he

is  a lle rgic

ICU nurse  s ta ffing

Pa tient a rres ts  and 
dies

FIGURE10.1. The “Swiss cheese” model of a medical error. The events
leading up to an adverse event involving a medication error are illus-
trated. The Swiss cheese model is a concept originating from the work
of James Reason, in which he proposes that the alignment of multi-
ple system failures allows harm to reach a patient. His premise is that
system failures occur often, with health care professionals and other
systems built in to catch a failure (e.g., final safety check at the phar-
macy to catch medication allergies). Couched in this way, it takes the
alignment of several failures or defects to occur to pass by and harm
a patient. (Adapted from Reason J. Understanding adverse events: hu-
man factors. In: Vincent C, ed. Clinical Risk Management. London:
BMJ Publications; 1995.)

A Me d icat ion Error

Brie f De scrip t ion
A patient is administered ampicillin despite a documented al-
lergy to penicillins. On cursory review, the physician who wrote
the order and the nurse who administered the medication are at
fault because they failed to remember, or check for, any medi-
cation allergies. Further, multiple caregivers not involved in the
event condemned the negligent actions of these bedside care-
givers.

De t aile d Inve st ig at ion
However, the event needed a more in-depth investigation with
appropriate lenses to identify the system failures that resulted
in this error. First, let us review the circumstances leading up
to the error through the eyes of the caregivers involved.

The patient was exhibiting signs of pneumonia. The bed-
side nurse knew that administering an antibiotic within 1 hour
would dramatically improve the patient’s outcome, and timely
antibiotic administration a core measure for pneumonia ther-
apy mandated by the Joint Commission on Accreditation of
Healthcare Organizations (JCAHO). On further discussion
with the staff, investigators uncovered that the nurse’s con-
cern over administering the antibiotic quickly was perpetuated
by a broken fax machine and tube system. This was troubling
because orders were faxed to pharmacy, and medications were
sent from the pharmacy through a tube system for a quick
turnaround. In addition, the person employed to run errands
had been cut to save money. Because the system to obtain med-
ications quickly failed, the nurse borrowed the ampicillin from
another patient.

Analysis
This case illustrates how each step aligned to achieve a catas-
trophic outcome. Unfortunately, by borrowing the antibiotic
from another patient, the pharmacy was bypassed and a cru-
cial safety check of potential medications allergies was missed.
This example is powerful because:

■ It demonstrates the frontline caregiver’s commitment to
quality and patient safety (i.e., timely antibiotic adminis-
tration for pnemonia).

■ It uncovers the real defects that resulted in the event (i.e., bro-
ken fax, broken tube system, runner abolished, pharmacy
safety check bypassed).

■ It provides obvious solutions to fix the problem (i.e., fix the
fax machine and tube system, and consider reinstating the
runner position).

It is important to recognize that fixing broken systems often
takes resources. Health care organizations must consider the
marginal costs and benefits of implementing—as well as not
implementing—patient safety initiatives. Thus, it is important
to have a system to prioritize where the greatest hazards exist.
Indeed, in the real world, correcting one problem may intro-
duce new hazards (unintended consequences) or—due to the
consumption of scarce resources—result in not correcting an-
other. As such, organizations should ensure that the impact of
their patient safety improvement efforts is evaluated.

As illustrated in the above example, systems in health care
are exceedingly complex. Efforts to improve a system are of-
ten difficult to implement and can introduce new hazards.
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Frontline caregivers are not the only individuals that are
blamed for mistakes. Bad outcomes are often blamed on a pa-
tient’s medical condition or age (e.g., too old or too young),
complexity of an operation (e.g., multiple-procedure opera-
tion), or devices in place that are sources of infection (e.g., ven-
tilator). Nevertheless, the science of safety has taught us that
many bad outcomes traditionally attributed to patients may be
caused by system factors that influence the organization and
delivery of care. For example, intensive care unit (ICU) physi-
cian and nurse staffing, teamwork, and communication have
been shown to impact patient mortality (5,6).

Pe arls for Q ualit y and Safe t y Init iat ive s

Through our efforts to improve safety in health care, we have
learned many lessons:

■ First, experiences from large health care organizations have
taught us that the context in which care is delivered (culture)
is a key element in making safety a reality.

■ Second, safety interventions must be goal directed and pa-
tient centered. Small-scale efforts that target a particular unit
and subpopulation of patients (e.g., ICU) are more often
successful than large-scale efforts that try to improve care
throughout a health system.

■ Third, frontline caregivers must understand the science of
safety and evaluate safety risks with lenses that see haz-
ardous systems, and not incompetent people.

■ Fourth, the efforts of frontline staff must be concrete and
goal oriented, with a measurable intervention or outcome.

■ Fifth, local leaders need to understand the science and cul-
ture of safety and support the efforts of frontline caregivers.

HOW TO EVALUATE PROGRESS
IN PATIENT SAFETY

Me asuring Safe t y

The first step toward improving patient safety is the ability to
measure progress to improve patient safety. Health care cur-
rently has few scientifically sound or feasible measures or the
tools required to accomplish this task. We have borrowed tools
from other disciplines—for example, organizational psychol-
ogy, sociology, and human-factors engineering—that have de-
veloped basic safety-related principles. As Brennan et al. noted
in a recent article (7), health care has borrowed the basic science
of safety from other disciplines, but needs to further develop
the science of safety and its application in the complex systems
of health care (8–13).

To quantify improvement one must measure and remeasure
to show positive change. Unfortunately, patient safety efforts
cannot always be evaluated with a valid rate. To be valid as
a rate, a measure must have a clearly defined numerator (i.e.,
the defect), denominator (i.e., population at risk), and method
of surveillance in which bias is minimized. With safety, most
events are rare, what we are measuring is not clearly defined,
and our surveillance systems are poorly developed; all of these
introduce bias (14).

Moreover, the variables that we do try to measure coex-
ist with other variables that also affect patient safety and make

isolation more difficult. For example, measuring caregiver com-
pliance with effective use of briefings before critical tasks can be
affected by teamwork, communication, or the culture of safety
(15). Consequently, health care has turned to the Donabedian
model of quality to measure safety (16). This model evaluates
structure (i.e., organization of care), its connection to process
(i.e., what is done), and influence on outcomes. We have added
safety culture (i.e., the context in which care is delivered) to
this model because of its importance in effectively implement-
ing any interventions. While most measures of quality focus on
process or outcomes, many patient safety measures focus on the
structure (e.g., staffing) and culture (e.g., staff perceptions of
safety) in which the process of care occurs. In addition, cultural
variables, such as communication and teamwork, are doubly
important, given that both are leading contributing factors in
all sentinel events (www.jointcommission.org).

The IOM expressed the need to address culture, and the Na-
tional Quality Forum (www.qualityforum.org) recommended
that health care organizations measure culture annually (1).
The Safety Attitudes Questionnaire (SAQ) is a valid and reliable
instrument that assesses the frontline caregiver’s perceptions of
safety culture (17). Furthermore, results from SAQ administra-
tions at the Johns Hopkins Hospital and in over 70 hospitals
in the Michigan Keystone ICU project (18) found that better
perceptions of teamwork and safety in a clinical area can be
achieved through specific interventions (19,20). In addition,
these interventions (e.g., daily goals checklist, care bundles,
and the Comprehensive Unit-based Safety Program) have been
associated with lower rates of nurse turnover, catheter-related
bloodstream infection (CRBSI), decubitus ulcer, and in-hospital
mortality (21,22).

To move forward with patient safety efforts, a measure-
ment model is needed to determine whether patients are safer.
The model described below is adapted from Donabedian, with
the addition of a safety culture parameter. Researchers at the
School of Medicine at Johns Hopkins University developed and
tested this model in over 200 ICUs across the United States as
part of ongoing collaborative projects (18,23).

How Do We Know That We Are Safe r?

The key question to reliably answer, particularly as we imple-
ment improvement interventions, is whether patients are safer.
Despite all of the publicity generated by IOM reports on pa-
tient safety and all of the efforts made to improve patient safety,
many question the empiric evidence claiming that safety has
improved (7,14,24,25). With a few exceptions, most efforts to
date do not provide a clear answer as to whether patients are
safer now than at the start of the patient safety movement.
This deficiency is partly due to the relative novelty of safety as
a science, as well as the methodologic challenges of rigorous
measurement and data collection.

Measuring compliance with process measures (e.g., four
therapies known to reduce ventilator-associated pneumonia) or
monitoring outcomes (e.g., decreased CRBSI rates) is the most
advanced methodology to evaluate whether or not we are safer.
However, not all safety interventions can be measured as rates,
and evaluating “changes made” can be difficult. In this section,
we will outline a model that uses two rate-based measures and
two measures that cannot produce valid rates of patient safety;
all four are equally important.
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The model we developed focuses on measures of safety
rather than broader measures of quality. It has been used at
the Johns Hopkins Hospital and in over 100 ICUs in the state
of Michigan (23). Four methodologically validated questions
are the basic outline for this model and cover the domains of
health care that affect safety (i.e., structure, process, outcomes,
and culture).

How Oft e n Do We Harm Pat ie nt s?
(Out come Me asure , Valid Rat e )

Understandably, patient outcomes have been a ubiquitous fo-
cus in health care for centuries. When measuring harm, how-
ever, it is important to make sure that the harm you are mea-
suring is preventable with appropriate interventions. If you
measure an inevitable outcome, your data will not be reliable
or valid (26). A good example—and possibly the only valid
measure of harm at this time—is catheter-related bloodstream
infections, because most are preventable. In addition, a solid
infrastructure is in place to reliably measure harm rates (i.e.,
hospital infection control departments and Centers for Disease
Control and Prevention guidelines) and significantly reduce in-
fections (22,27,28).

How Oft e n Do We Do What We Should ?
(Proce ss Me asure , Valid Rat e )

A process measure is an indicator of whether patients reliably
receive evidence-based interventions known to prevent com-
plications in the targeted outcome. For example, washing your
hands and applying chlorhexidine to sterilize the site before
a catheter line insertion are two of five sterilization processes
known to reduce bloodstream infections. When measuring pro-
cesses, it is essential to remember that patient factors, bias in
measurement, and interventions that might prevent a compli-
cation all play a role in complications. Unfortunately, exist-
ing process measures only capture acute myocardial infarction,
congestive heart failure, and pneumonia; in many hospitals,
this accounts for a small percentage of discharges (29). It will
be extremely important to focus research efforts on more sci-
entifically sound process measures since “what we do” directly
impacts care, and the closer a mistake is in proximity to the
patient, the higher the risk for harm.

How Do We Know We ’ve Le arne d from Our
Defe ct s/ Mist ake s? (St ruct ural Me asure , Nonrat e )

In our patient safety efforts, whether we have learned from
our previous defects has received the least attention. Structural
interventions, however, can have a profound impact on patient
safety. For example, intensivist staffing in critical care has been
associated with a 30% relative reduction in hospital mortality
(5). In addition, structure and process measures work together
to produce an outcome.

The use of validated tools, such as the Learning from Defect
(LFD) tool, can help hospitals evaluate how care is organized
and delivered to evaluate whether interventions are improv-
ing safety. Defects can be identified through various venues
(e.g., morbidity and mortality conferences, incident reporting
systems). The main goal of the LFD tool is to extensively in-
vestigate a small number of defects and make significant sys-
tem changes based on the findings—dig an inch wide and a
mile deep. To assess if a hospital, department, or clinical area
has learned from a defect investigation, measure whether the

recommendations made to avoid harm were actually imple-
mented.

How We ll Have We Cre at e d a Cult ure of Safe t y?
(Cult ural Me asure , Nonrat e )

As we discussed earlier, safety culture in health care is the con-
text in which care is delivered. The beliefs, values, and opinions
of the organizations’ leaders and managers strongly influence
safety culture. Safety culture is a measure of how caregivers
communicate and interact, and strongly influences patient out-
comes (www.jointcommission.org) (30). Validated tools, such
as the SAQ (17), assess the caregiver’s perceptions of safety cli-
mate in his or her clinical area. The SAQ includes six domains
that affect culture: Teamwork climate, safety climate, percep-
tions of management, stress recognition, job satisfaction, and
working conditions. Culture should be measured annually and
is best administered at the clinical care area level rather than
hospitalwide, given the variation in assessments among clini-
cal areas within a single hospital. Scores are most interpretable
when presented as the percent of staff in a clinical area report-
ing positive culture scores. A good indication that a clinical area
is safe is to have at least 80% of staff in that area reporting a
positive safety culture.

FRAMEWORK FOR IMPROVING
PATIENT SAFETY

There are two strategies in this framework to improve patient
safety. One strategy focuses on the rate-based measures we dis-
cussed and the other addresses the non–rate-based measures.
The rate-based measures will be described in the context of
collaborative projects, because such projects or interventions
involve reorganizing the delivery of care (i.e., process, or what
we do) to improve patient outcomes. The non–rate-based mea-
sures will be described in the Comprehensive Unit-based Safety
Program (CUSP) because CUSP focuses on the structure of an
organization and its culture. Before describing a collaborative,
we should mention that a single institution can implement this
project.

Collab orat ive s

A collaborative involves the participation of multiple health
care organizations in a structured program with a shared goal
of improving an aspect of clinical care. For our patient safety
framework, this also means the involvement of a multidisci-
plinary team from each patient care area or hospital partici-
pating in the collaborative. Teams will implement and evaluate
interventions with support from other frontline staff in their
care area. To succeed, organizations designing collaboratives
should do the following:

■ Identify one important clinical outcome for improvement
(e.g., eliminate CRBSI).

■ Assemble a team to manage the project, particularly data
collection and coordination with the collaborative’s core re-
search center.

■ Educate all caregivers in the patient care areas participating
in the best practices of care for their outcome, and measure
compliance with the interventions at baseline.
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■ Give teams suggestions to reach their goals, but encourage
them to adapt implementation of the interventions to fit their
culture and resources.

■ Limit time to implementation of an intervention.

As with all care improvement projects that are successful, mea-
surement of baseline compliance and change over time are key
data points to collect.

Collaboratives are successful when sites network to share
existing knowledge and accomplish a common goal. Through
group meetings and conference calls, teams can learn about best
practices and innovative methods used by other teams to ap-
proach a problem or succeed. In addition, collaboratives bring
a shared momentum that can increase sustainability (31,32).

There are, of course, pitfalls to any project in a multicen-
ter or single hospital setting. Some problems to consider and
rectify, or adjust for, are:

■ Inadequate resources
■ Poor leadership support
■ Vague expectations and objectives for team members
■ Poor communication
■ Complex study plans
■ Inadequate management of data collection and data quality
■ Wasted efforts to “reinvent the wheel” rather than adopt the

practices proven effective by others

De sig ning a Collab orat ive t o Imp rove
He alt h Care Safe t y

Considering the benefits and pitfalls outlined above, design-
ing a collaborative requires a culture (i.e., the set of values,
attitudes, and beliefs of the group) with a shared consensus
of safety, and an understanding of the science (i.e., the tech-
nical components of how care is organized and delivered) of
patient safety. The following intervention design incorporates
both components in simple and reproducible steps to improve
patient safety; it has been validated in several large collabora-
tive efforts (22,33):

■ Identify evidence-based interventions associated with an im-
proved outcome through review of peer-reviewed publica-
tions.

■ Select goal-oriented interventions that have the biggest im-
pact on outcomes and transform them into behaviors. For
example, we identified five behaviors in the literature that
reduce CRBSI: Handwashing, cleaning of the skin with
chlorhexidine, use of full barrier precautions, avoidance of
the femoral site, and removal of unnecessary lines. In se-
lecting behaviors, the focus should be on interventions with
the strongest treatment effect (i.e., lowest number needed to
treat) and the lowest barrier to use. One would not, for ex-
ample, start with controversial or burdensome interventions
that most caregivers have not yet accepted.

■ Develop and implement measures that evaluate either the
outcome or use of the behaviors or interventions.

■ Measure baseline performance and establish databases to
facilitate accurate data management and timely feedback to
teams.

■ Ensure that patients receive evidence-based interventions
through four basic phases: Engagement, education, execu-
tion, and evaluation (Table 10.2).

This framework to improve patient safety has been applied
with previously designed tools and interventions in the Michi-
gan collaborative previously mentioned. This project imple-
mented the five evidence-based behaviors to reduce CRBSI,
as outlined above, as an intervention and achieved dramatic
reductions in infection rates (22). This intervention also in-
cluded a component to reduce complex ity and introduce a re-
dundant safety check . To decrease complexity, a line cart was
introduced, which centralized, in one place, all of the supplies
required to place a central catheter. In addition, a checklist
of questions stayed with the cart to ensure compliance with
the best practices for central catheter placement. The check-
list is typically completed by a nurse and is added assurance
that the operator washed his or her hands appropriately and
draped the entire patient; used sterile gloves, mask, and gown;
and maintained a sterile field while placing the catheter. The

TA BLE 1 0 . 2

CHANGE MODEL: HOW TO ENSURE PATIENTS RECEIVED EVIDENCE-BASED INTERVENTIONS

Steps What do you do? Catheter-related bloodstream infection (CRBSI) as example

ENGAGE Make the problem real. Share local CRBSI infection rates.
EDUCATE Develop an educational plan to reach all

members of the caregiver team.
Present evidence-based practices at grand rounds, multidisciplinary

team meetings, etc.
Present information on how you will improve care, and measure that

behavior or outcome.
EXECUTE Develop a safety culture.

Reduce complexity of the processes.

Introduce redundancy in processes.
Have regular team meetings.

Develop a culture of intolerance of CRBSI.
Make certain that all equipment to do it right is easily available to the

provider; put everything in one place (i.e., a line cart).
Introduce checklists that identify the key steps to reduce CRBSI.
Develop a project plan focusing on one to two tasks a week. Identify

who owns each step of the process.
EVALUATE Measure and give feedback. Develop a data collection plan and database to facilitate tracking of

progress.
Provide real-time feedback.
Post progress in highly visible locations for all staff to see.
Identify causes of defects.
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nurse is empowered to stop the procedure if a sterile tech-
nique is compromised. This intervention resulted in a 66%
reduction in the overall CRBSI rate, with a median rate re-
duced from 2.7 per 1,000 catheter days prior to the interven-
tion to 0 by month 3 and through month 18 of the postinterven-
tion.

Comp re he nsive Unit -b ase d Safe t y
Prog ram: A St rat e g y t o Le arn from

Mist ake s and Imp rove Cult ure
(Nonrat e Me asure s)

The CUSP is a six-step program that has been tested and suc-
cessfully used to improve the quality and safety in ICUs (Table
10.3) (10,21). It provides a structured approach to improve
safety culture by educating staff about the science of safety,
including staff in the process of identifying and mitigating haz-
ards, partnering the unit with a leader who can make change
happen, and providing tools to learn from defects and improve
the organization of work (21).

The Comp re he nsive Unit -b ase d
Safe t y Prog ram in De t ail

Safety culture is assessed in the first step of the CUSP and re-
assessed about 1 year after the CUSP is under way to evaluate
the impact of the program on safety culture. The initial measure
is a baseline assessment of staff perceptions of safety culture in
their clinical area and their perceptions of the organization’s
commitment to patient safety. The Safety Attitudes Question-
naire is the instrument used, and is perceived as the most valid,
reliable, and widely used survey to measure culture (34). Edu-
cation is a crucial next step since it provides staff with a new set
of lenses to identify hazards and recommend system changes to
improve care—knowledge fosters awareness. In the third step,
the frontline staff identifies patient safety hazards in their clin-
ical area and suggests interventions for improvement. There
are other sources to identify hazards, such as patient safety
reporting systems, morbidity and mortality conferences, or li-
ability claims. However, the most powerful method of incident
reporting is to ask staff how they think the next patient will be
harmed, and how it can be prevented from happening.

In step four, a senior executive builds a partnership with
a unit or clinical area. This involves monthly rounds on the

TA BLE 1 0 . 3

STEPS IN THE COMPREHENSIVE UNIT-BASED SAFETY PROGRAM (CUSP)

Step Description

1 Measure safety climate (baseline). Assess safety culture in each clinical area through Safety Attitudes
Questionnaire (SAQ) administered to all staff.

2 View educational material. Educate all staff about the science of safety through lectures and
other educational materials.

3 Complete forms identifying patient safety issues. ■ Ask all staff the following:
 Think about the last patient who would have been harmed

without the staff intervening.
 How will the next patient be harmed?
 How can this harm be prevented or mitigated?

■ Establish incident reporting system.
4 A senior executive should be responsible for

application of the CUSP in the intensive care unit.
Have a monthly meeting of all staff in the clinical area with a

senior executive to:
■ Help prioritize safety efforts
■ Remove barriers for system changes
■ Provide resources
■ Demonstrate hospital commitment to patient safety
■ Foster relationship between senior leadership and staff

5 Implement projects/improvements. ■ Select two to three safety issues to focus on at one time (based
on step 3).

■ Simple goals:
 Reduce complexity in a process.
 Create independent redundancies to ensure that appropriate

critical steps are done (i.e., have two or more staff check
independent of one another).

■ Example: Medication reconciliation, an independent
redundancy done at patient discharge to recheck
appropriateness of orders

6 Repeat measure of safety culture. Remeasure safety culture to see if the CUSP has been successful
(i.e., scores improve).

Adapted from Pronovost PJ, King J, Holzmueller CG, et al. A Web-based tool for the Comprehensive Unit-based Safety Program (CUSP). Jt Comm J
Q ual Saf. 2006;32(3):119–129; and Pronovost P, Weast B, Rosenstein B, et al. Implementing and validating a comprehensive unit-based safety program.
J Pat Saf. 2005;1(1):33–40.
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unit with staff to help them prioritize safety efforts, ensure
they have the resources to implement improvements, and hold
them accountable for evaluating whether safety has improved.
In the fifth step, we ask staff to learn from one defect a month,
and implement one tool designed to improve care delivery per
quarter (e.g., daily goals or morning briefing) to improve com-
munication and teamwork (11,13).

Imp le me nt ing t he Comp re he nsive
Unit -b ase d Safe t y Prog ram

To implement the CUSP, start by choosing one patient care
area, such as the ICU. Next, assemble a patient safety team
using staff from that clinical area; they will be responsible for
oversight of the program. To be most effective, this team should
include the ICU director or an ICU physician safety champion,
the nurse manager, another ICU physician and nurse, a risk
manager or patient safety officer, and a senior executive from
the institution. We have found that the program works best if
the physician and nurse who will lead the program have at least
20% of their time devoted to improving patient safety. The first
unit will be your beta site; subsequent teams from other clinical
areas should learn from its successes and failures. The ultimate
goal is to have every area in your hospital organize and manage
safety through the CUSP.

Evid e nce of Comp re he nsive Unit -b ase d
Safe t y Prog ram Be nefit s

The CUSP has been associated with significant improvements
in safety culture. For example, the percent of staff reporting a
positive safety climate increased from 35% before the CUSP
to 60% after the CUSP (21). In addition, teams identified and
mitigated several specific hazards through the CUSP. For ex-
ample, as a result of asking staff how the next patient will be
harmed, and using the LFD tool, the ICU created a dedicated
ICU transport team, implemented point-of-care pharmacists,
implemented the daily goals sheet, labeled epidural catheters to
prevent inadvertent IV connection, and standardized the equip-
ment in transvenous pacing kits (35). Moreover, the use of the
CUSP was also associated with a reduced length of stay and
nurse turnover.

In summary, the CUSP has several benefits worthy of re-
peating:

■ Improving safety culture is necessary for staff compliance in
implementing any safety intervention or project.

■ It is malleable enough to add improvement tools.
■ It is a venue to introduce rigorous research methods.
■ It is a learning laboratory to identify and mitigate hazards.
■ It provides the potential to improve patient outcomes.

Imp rove me nt Tools

Through our efforts to improve patient safety, tools have been
developed to reorganize the way care is delivered. For example,
five interventions known to decrease morbidity, mortality, or
duration of ventilator support were assembled in a ventilator
bundle to improve care for mechanically ventilated patients
(36). These interventions include:

■ Elevating head of bed to greater than or equal to 30 degrees
■ Utilization of appropriate sedation (i.e., patient able to fol-

low simple commands)

■ Appropriate stress ulcer prophylaxis (i.e., received medica-
tion)

■ Appropriate deep vein thrombosis prophylaxis (i.e., received
mechanical devices or medications for prevention)

■ Daily assessment for extubation (i.e., evaluate with rapid
shallow breathing index or trial of spontaneous ventilation)

We have organized our tools into a Patient Safety Toolbox, and
provide an example of several tools in our ICU collaboratives
(Table 10.4).

Le arning from De fe ct s

While patient safety reporting systems have been advocated as a
strategy to improve safety, their benefits lie in the rich informa-
tion reported about the incidents (14,35). We must learn from
these incidents. The LFD tool is designed to guide in the inves-
tigation of an incident or defect (23). This tool guides the inves-
tigators to evaluate system defects (e.g., computer malfunction
for physician order entry), offers a structured approach to share
what went wrong, and outlines a plan to improve the defects
and follow-up (i.e., close the loop) to evaluate whether care is
safer. If the loop is not closed, the error will be repeated.

The LFD process is a condensed root cause analysis (RCA);1

however, the LFD can be implemented with fewer resources,
can investigate near-misses that rarely trigger a hospital-level
RCA, and can be done more frequently by more clinical areas
or departments. The LFD tool is part of the CUSP, but can
also be used to investigate liability claims, incidents reported
to patient safety reporting systems, and incidents brought up at
morbidity and mortality conferences. This is a one-page tool,
divided into four sections that ask the following:

■ What happened?
■ What factors contributed or minimized the risk of patient

harm?
■ What actions can be taken to reduce the likelihood of a

similar incident?
■ How do we know that our actions improved safety?

One of the major advantages of the LFD is that it allows ICUs to
analyze in real time any incident and produce a plan to improve
safety. Examples of the LFD tool have been previously pub-
lished (35). This tool has been used successfully in morbidity
and mortality meetings, as well as performance improvement
meetings, to structure discussions around the system failures
that resulted in the defects and away from the traditional focus
on health care provider inadequacies.

Imp roving Te amwork and Communicat ion

Effective teamwork and communication are essential for high-
quality and safe delivery of care to our patients. Teamwork
and communication failures are the most common contribut-
ing factors for adverse events in the ICU, and a root cause of
sentinel events throughout the health care system2 (37–39).

1(http://www.jointcommission.org/SentinelEvents/Policyand
Procedures/)
2(http://www.jointcommission.org/NR/rdonlyres/FA465646–5F5F-
4543-AC8F-E8AF6571E372/0/root cause se.jpg)
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Team training has the potential to improve teamwork and
communication in health care, and has been used effectively in
other high-risk industries (e.g., commercial aviation, nuclear
power). While there are guidelines in the medical literature
regarding methods to train effective teams, there are few pro-
grams in health care to improve teamwork and communication.
Implementing team training in health care will take time and
resources to design and implement a curriculum and evaluate
the effectiveness of the curriculum on team interactions. To
implement teamwork training, health care organizations must
commit to a long-term plan to integrate team training into their
existing curriculum, including the use of interdisciplinary sim-
ulation that will be discussed later in this chapter (40).

Other methods to improve communication and teamwork
that fit more easily into daily work are a daily goals sheet, brief-
ing and debriefing tools, and multidisciplinary rounds, which
are well known to intensivists (8,9,13,20,41). These tools are
relatively new, but the evidence supporting the benefits is in-
creasing, and they all provide a method to standardize commu-
nication. We have demonstrated that improvements in team-
work culture, measured with the SAQ, were associated with
decreased medication errors, ventilator-associated pneumonia
and CRBSI rates, and ICU length of stay (13,22,36,42,43).

Daily Goals She e t
The daily goals sheet has been used since July 2001 during mul-
tidisciplinary rounds in the ICUs at Johns Hopkins to improve
communication (13). This tool is a one-page checklist that is
completed every morning to document the establishment of the
care plan, set goals, and review potential safety risks for each
patient. The goals sheet stays with the patient, is updated as
needed, and is used as an information sheet for all staff in-
volved in the patient’s care. While its history of use has been in
the ICU, this checklist can be modified for use on regular floor
units and during operating room (OR) sign-out or emergency
department rounds.

The ICU version of the daily goals sheet includes the fol-
lowing (13):

■ What needs to be done to move the patient closer to transfer
or discharge?

■ What is the patient’s greatest safety risk?
■ What are the plans for pain management, cardiovascular

management, and respiratory management?
■ Is it appropriate to evaluate the patient’s rapid shallow

breathing index?
■ Is there any planned diuresis and nutritional support?
■ Are any antibiotic levels needed?
■ Can any lines, tubes, or drains be discontinued?
■ Are any tests or procedures planned? Have consents and

ordering been completed?
■ Consider key local safety initiatives, including family up-

dates, or implementation of local protocols.

To evaluate the impact of the daily goals sheet, all care team
members should answer two simple questions after rounding
at each patient’s bedside: Do you understand the patient’s goals
for the day? and Do you understand what work needs to be
accomplished on this patient today? These questions were the
impetus behind the development of this checklist. When asked
initially, less than 10% of the residents and nurses at the time
actually knew the care plan for the day. Traditional bedside
rounds tended to focus as much or more on teaching staff about
the disease than what work needed to occur to treat the patient.

About 4 weeks after implementing the daily goals sheet, 95% of
the residents and nurses understood the goals for each patient
(13). Moreover, after implementing the daily goals sheet, length
of stay in a surgical ICU at Johns Hopkins decreased from a
mean of 2.2 days to just 1.1 days (13).

Briefing s and De b riefing s
Similar to the daily goals sheet, briefing and debriefing tools are
designed to promote effective interdisciplinary communication
and teamwork. Both have been used in the operating rooms,
in sign-out from the ICU nursing staff to the intensivist, and
between OR nursing and anesthesia coordinators (8,9,11). A
briefing is a structured review of the case at hand among all
team members before any task is undertaken with the patient.
A debriefing occurs after a procedure or situation in which the
team reviews what worked well, what failed, and what can be
done better in the future.

The following is an example of an OR briefing. The first step
is to introduce first names and roles of all team members. Next,
confirm the correct patient, site/side, and procedure (JCAHO
“time-out” ), and make sure all team members understand the
procedure and what is required to ensure its success. A check
of all necessary equipment (e.g., electrocautery) and medica-
tions (e.g., appropriate antibiotic) is done. Finally, staff should
consider, If something were to go wrong, what would it be?
and discuss plans to mitigate the hazard.

While a briefing will typically focus on a critical procedure,
it can also focus on unit management. For example, each morn-
ing, an ICU attending and nurse meet to discuss (a) events that
happened overnight, (b) admissions and discharges for the day,
and (c) potential hazards that may occur during the day. This
morning briefing organizes the ICU team and prioritizes the
workflow for the unit, allocates resources, and mitigates po-
tential hazards (11).

Ot he r Tools t o Imp rove Safe t y

Prot ocols
Protocols are common for the management of routine inter-
ventions or procedures. For example, many ICUs have recently
implemented a protocol for tight glycemic control in postoper-
ative patients based on increasing evidence that it decreases the
risk of surgical site infections and improves outcomes. While
protocols are copious in health care, they are only effective
if staff are aware of them and implement them appropriately.
Thus, health care organizations should evaluate whether all
team members are aware that the protocol exists, whether the
protocol is appropriately used, and whether the protocol actu-
ally improves care. To evaluate a protocol’s effectiveness will
require defining the parameters to be followed and balancing
the burden of data collection with these measures.

Te st ing Knowle d g e and Ab ilit y: Be yond Se e One ,
Do One , Te ach One

Testing the knowledge and ability of health care workers will
take coordination and resources. To more formally evaluate
clinician knowledge, some institutions have a hospitalwide in-
tranet site for clinical care issues (e.g., protocols, guidelines
for equipment use, knowledge and competency testing) that
staff visit regularly. For example, to decrease CRBSIs in an
ICU, frontline caregivers were required to complete an online
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training session and pass the assessment. Simulation offers a
strategy to evaluate a trainee or staff’s ability or skill.

Simulat ion
Simulation is a powerful tool/technique that has been used
in high-risk industries to improve safety and reduce errors
(44,45). The benefits of simulation in health care have been
described as follows (46):

■ Frequent training for emergencies (crisis resource manage-
ment [CRM])

■ Teamwork training (a weak link in the whole process of
patient safety)

■ Skills training and evaluation of competency before a trainee
touches a patient

■ Testing of new procedures and usability of new devices

Health care takes place in a complex, high-stress environ-
ment that impacts human performance and patient outcomes.
High-fidelity simulation allows us to not only examine hu-
man performance, but also analyze system-based problems.
Although most of medical simulation is still new, it provides
an opportunity to reorganize our “see one, do one, teach one”
method of clinical training and better prepare trainees before
they practice medicine. We need a more thorough evaluation
of the impact of simulation on patient safety, but like other
industries, the face validity of this tool is likely to drive change
and impact outcome. This impact will be especially apparent in
the training domain, both for technical and nontechnical or be-
havioral skills (communication skills, leadership, task manage-
ment, teamwork, situational awareness, and decision making)
(47,48). These behavioral skills are common contributors that
underlie critical events in health care (49), although organiza-
tions have not developed methods to incorporate these needed
skills in current training practices. Simulation allows trainees
to practice in an environment that is safe for the trainee and
the patient. In addition, trainees are exposed to common, rare,
and crisis situations, and can practice learned competencies and
receive immediate feedback about their performance (50,51).

SUMMARY
Patient safety as a science is a relatively new and broad field
of research in health care that draws upon many disciplines.
Many health care organizations have made concerted efforts
to address the hazards that plague safety. Over the past several
years, most of our efforts have investigated causes and exe-
cuted interventions to improve patient safety. Only now are
researchers beginning to discuss how to evaluate these inter-
ventions and determine if patients are indeed safer. To evaluate
our program—and reliably answer whether patients are safer—
will require valid measures and the ability to know whether we
mitigated hazards, an area that is currently underdeveloped.
Yet, the measurement model we describe in this chapter should
move us in the right direction in developing new measures of
safety.

To begin to improve patient safety we can implement col-
laborative projects and the Comprehensive Unit-based Safety
Program. The CUSP fosters a culture of safety in that staff will
learn why patient safety is important, how to identify system
failures in their workplace, and whom they can turn to in their
efforts to make changes that improve safety. Indeed, staff feel

valued for their opinions and recognized when senior leaders
listen. Once a more solid safety culture is established, interven-
tions can be implemented more effectively through collabora-
tive projects. The CUSP also provides feasible and reliable tools
to implement improvements in communication, teamwork, and
adverse-event investigations. We have provided information on
several, but not all, tools used in our safety efforts. For exam-
ple, medication reconciliation can decrease medication errors
in discharge or transfer orders if the tool is truly used as an
independent check (52,53).

Collaborative projects are important because multiple sites
that share the same goal can network to share successes and
correct failures. There is a shared momentum that increases
sustainability, which is typically a problem for a project or in-
tervention. There can be pitfalls to large collaboratives, includ-
ing inadequate resources, poor leadership, inadequate manage-
ment of data collection and quality, and vague expectations and
objectives for team members. These major issues must be ad-
dressed before a collaborative is initiated.

Any safety program should provide a practical, goal-
oriented set of tools that improve culture and lead to mea-
surable improvements in patient safety, using the principles de-
scribed in this article as a guide. Further research is necessary
to identify other effective safety interventions. Links must be
developed between the structural elements of health care de-
livery and patient safety outcomes. Some of these structural
elements might include intensivist staffing models, presence of
pharmacists, use of the CUSP, improved nurse-to-patient ratio,
and implementation of patient safety reporting systems. Given
the data to date, it seems reasonable that all ICUs should be
routinely assessing their culture of safety.

Although work is necessary at the organizational level, the
question of whether our patients are safer can be meaningfully
answered. Significant and very exciting improvements are be-
ginning to be implemented throughout the United States. The
critical care community must continue to develop the science
of safety and, to a certain extent, create it, but many of the
foundations have clearly already been laid.
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CHAPTER 11 ■ EXTERNAL COMPLIANCE
ORGANIZATIONS AND MEASURES
DANNY M. TAKANISHI JR.

The Institute of Medicine in 1999 published a landmark trea-
tise, To Err Is Human: Building a Safer Health System (1).
This document served as a solemn reminder to all involved in
the delivery of health care that safeguards were vital in order
to realize much needed improvements in patient safety. Public
awareness further fortified the impetus toward the establish-

ment of a systems approach and external evaluation measures
to address this need through multiple mechanisms, at both local
and national levels.

The Joint Commission on Accreditation of Healthcare Or-
ganizations (JCAHO); the Agency for Healthcare Research and
Quality (AHRQ); VHA (not an abbreviated word), Inc.; the
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Centers for Medicare and Medicaid Services; and the Leapfrog
Group are a few examples of organizations that have focused
attention on improving the quality of patient care (2–10). De-
spite shared vision, implementation has proved to be a chal-
lenge. The definition of reliable measures of quality continues
to be debated, the sustainability of implemented programs is
also being questioned, and the impact of measures formulated
to improve patient safety is still unclear (2,4,5,7,8,11–21).

The intensive care unit (ICU) is fertile ground to test im-
plementation of quality initiatives. More than 5 million pa-
tients are admitted to ICUs in the United States annually (2).
This accounts for only 8% to 10% of the acute care beds but
comprises 20% to 30% of all acute care hospital costs (19).
Notwithstanding, 10% of these patients will die and innumer-
able others will encounter preventable adverse events (5). Gi-
raud et al. found that iatrogenic complications occur in up to
31% of patients and can be severe in 13% (19). It has been
estimated that integration of quality standards and best prac-
tices can save more than 100,000 lives and $5.4 billion in costs
annually (2).

CHRONICLE OF PERFORMANCE
IMPROVEMENT INITIATIVE

In 2000, the Institute of Medicine grimly reported that up to
98,000 deaths annually in the United States were preventable,
all resulting from medical errors. A recommendation was made
to establish as a national priority a center for patient safety. This
report further justified the development of mandatory and vol-
untary reporting systems, essential components in the evolution
of a culture of safety and quality improvement (1). In parallel,
1 year prior, at the behest of the President’s Advisory Commis-
sion on Consumer Protection and Quality in the Health Care
Industry, the not-for-profit National Quality Forum (NQF) was
established (15). The mission of this entity was to promote
improvement in health care by the establishment of national
benchmarks to measure health care quality and reporting of
performance. This organization formulated 30 standards di-
rected at improving patient safety, and published this in 2003
(22). A number are applicable to the ICU setting.

Notwithstanding, JCAHO has been an active participant in
the process driving improvements in patient safety. This orga-
nization originated under the auspices of the American College
of Surgeons in 1917, becoming an independent group in 1951.
This entity was solely driven by health care professionals and
served the function of assisting hospitals to improve quality of
care and staff recruitment, and for accreditation of graduate
medical education programs (4). Then, in 1965, the federally
funded Medicare program was established by Congress. Statu-
torily, under the Social Security Amendments of 1965, a cate-
gory called “deemed status” was established, which declared
that any hospital accredited by JCAHO was also eligible to
participate in the Medicare program. This was emblematic of
the changes that were gradually occurring, as use of accredi-
tation as an external quality improvement evaluation mecha-
nism was expanding beyond the health care sector. Now there
was governmental influence, soon to be followed by the pub-
lic’s use of accreditation as a means to evaluate the safety of
health care delivery. JCAHO currently accredits almost 15,000

TA BLE 1 1 . 1

JCAHO NATIONAL QUALITY FORUM MEASURES FOR
THE INTENSIVE CARE UNIT (ICU)

Measure set Performance measure

ICU-1 Ventilator associated-pneumonia (VAP)
prevention: patient positioning

ICU-2 Stress ulcer disease (SUD) prophylaxis
ICU-3 Deep vein thrombosis (DVT)
ICU-4 Central line–associated primary bloodstream

infection (further subcategorized a–k)

From the Joint Commission on Accreditation of Healthcare
Organizations (JCAHO). National Hospital Quality Measures—ICU.
Available at: http://www.jointcommission.org/Performance
Measurement/MeasureReserveLibrary/Spec+ Manual+ -+ ICU.htm.
Accessed July 1, 2007.

health care organizations in the United States and over 96%
of hospital beds in the United States are in accredited hospi-
tals (3,4). This organization in July 2005 had instituted a re-
porting provision for four ICU core measures, based on the
2003 report by the NQF. These measures include ventilator-
associated pneumonia prevention; patient positioning; stress
ulcer prophylaxis; deep venous thrombosis prophylaxis; and
central catheter-associated bloodstream infection (Table 11.1).
Additionally, two test measures have also been recommended:
ICU length of stay (risk adjusted) and hospital mortality for
ICU patients (15).

There are other organizations and agencies involved in the
external evaluation of health care institutions. This list includes
the National Committee for Quality Assurance (NCQA), the
American Medical Accreditation Program (AMAP), the Amer-
ican Accreditation Healthcare Commission/Utilization Review
Accreditation Commission (AAHC/URAC), and the Accredita-
tion Association for Ambulatory Healthcare (AAAHC). Other
agencies, such as the Foundation for Accountability (FACCT),
AHRQ, Institute for Healthcare Improvement (IHI), the Na-
tional Coalition on Health Care (NCHC), and the Leapfrog
Group also carry out unique roles in the assurance of safe,
quality health care delivery (10). Each of these entities has dif-
fering missions and structures, and some are therefore better
positioned to impact the ICU. Most of the accrediting agen-
cies have in common, however, tenets established by JCAHO
at its inception as an accrediting body: (a) accreditation is a
voluntary process, (b) the evaluation of quality represents a
cross-sectional analysis of the institution at the time of evalua-
tion, (c) the accreditation is based on previously defined stan-
dards and indicators of quality, and (d) the process of accred-
itation must occur periodically based on a fixed number of
years (8).

THE JOINT COMMISSION ON
ACCREDITATION OF HEALTH

CARE ORGANIZATIONS
The role of JCAHO, the oldest accrediting body for health
care worldwide and the largest hospital regulator in the United
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States, has evolved significantly since it was first conceived as
a standing committee of the American College of Surgeons in
1917 (4,7). This organization’s role in the external accredita-
tion process broadened in response to the dynamic changes
that the health care environment experienced in the 1970s and
1980s. The escalating costs of health insurance threatened busi-
nesses in the globally competitive marketplace, resulting in the
drive for cost containment and the eventual implementation of
managed care and capitation payments. Concomitantly, rising
costs of health insurance were continually passed on to em-
ployees, who were then responsible for copayments for health
care services in addition to a rising proportion of employer-
subsidized health insurance. In parallel, health care institutions
were financially pressured to restructure and to reorganize in
order to meet the challenge of providing efficient, safe, and
quality health care. Hence, it was a rational direction that this
external accrediting agency took, in assisting the purchasers
of health care services to make informed decisions regarding
choice of health plans and providers, through the accreditation
process. Finally, in response to public demand for representa-
tion in policy development and in the establishment of stan-
dards, JCAHO added public members to its board and to its
advisory committees in 1982 (4). This was also followed by the
development of an Office of Quality Monitoring, which pro-
vides a mechanism to address public complaints pertaining to
an institution’s alleged noncompliance with standards, and by
the disclosure of performance reports detailing the accredita-
tion status of an institution, and their performance in each of
the standards, on the JCAHO Web site.

The accreditation process is still voluntary, as it was when
this organization was first conceptualized in the early 1900s. It
is noteworthy that approximately 50% of the JCAHO stan-
dards have direct relevance on patient safety, although the
remaining standards all possess some relationship to patient
safety indirectly (23,24). Therefore, the public, employers, in-
surers, and governmental agencies all tend to share the common
belief that those institutions with accreditation provide higher-
quality professional care. Available data do not disagree with
this presumption.

It is worth pointing out that the definition of quality and
the best measures and outcomes to assess quality and safety
in the ICU setting are still not clear and many investigators
have attempted to define these variables (12,25,26). Concep-
tually, quality measures must be validated as reliable tools that
impact performance improvement and allow for standardiza-
tion, so that comparisons of quality and safety can be readily
made between all ICUs. Equally important is the a priori estab-
lishment of meaningful objective goals that will translate into
measurable changes in quality improvement (12,16). To this
end, JCAHO has recommended for national implementation
four core measures and proposed two test measures. The qual-
ity benchmarks targeted include measuring the percentage of
patients with central venous catheter bloodstream infections,
the percentage of patients with ventilator-associated pneumo-
nia, the percentage of patients with stress ulcers and use of
prophylaxis, and the percentage of patients with deep venous
thrombosis and use of prophylaxis (3). The test measures in-
clude ICU length of stay and hospital mortality. The nuances of
these measures, particularly in terms of data collection, enforce-
ment, and shortcomings and controversy as indices of quality,
are discussed elsewhere (7,15,17,18).

INSTITUTE FOR HEALTHCARE
IMPROVEMENT

The not-for-profit, Boston-based IHI was founded in 1991, as a
by-product of the National Demonstration Project on Quality
Improvement in Healthcare. Their Web site provides guide-
lines and tools for tracking change in practice, in addition to
outcomes (9). This organization has released a report in con-
junction with the NCHC, Care in the ICU: Teaming Up to
Improve Q uality. The basic premise is that improvements in
ICU care that promote safety and quality are achievable now,
based on evidence-based literature. This organization has pro-
posed the use of care “bundles” (e.g., for patients on ventila-
tors, or those with central lines), “ rapid response teams,” the
implementation of multidisciplinary rounds with daily goals
assessment, and implementing the “ intensivist-led model” of
ICU care. The IHI defines a “bundle” as a “structured way of
improving the processes of care and patient outcomes: a small,
straightforward set of practices—generally three to five—that,
when performed collectively and reliably, have been proven to
improve patient outcomes” (9,21). The initiatives of the IHI
are closely aligned with JCAHO, particularly in terms of the
four critical care JCAHO core measures discussed earlier.

LEAPFROG GROUP
This agency was founded in November 2000, after a group
of employers in 1998 began the process of determining how
best to approach the challenge of purchasing affordable, qual-
ity health care for their employees. Notably, this came on the
heels of the Institute of Medicine’s report To Err Is Human:
Building a Safer Health System , which had recommended that
large employers provide reinforcement for the provision of
safe, quality health care through market pressure. This group
comprises a number of Fortune 500 corporations and spans
a broad range of purchasers of health care representing more
than 34 million individuals (2,7). The Centers for Medicare
and Medicaid Services is supporting this group in the propaga-
tion of information-identifying facilities achieving established
standards. The Leapfrog Group had proposed a tripartite ap-
proach to address the patient safety initiative, and it estimated
that this would save up to 58,300 lives and prevent more than
500,000 medication errors annually. The three recommenda-
tions included use of computerized physician order entry, in-
creased evidence-based hospital referrals, and improved ICU
physician staffing.

In common with proposals put forth by other organizations
and agencies vested in patient safety and quality care in the ICU
environment, the Leapfrog Group has conducted its own sur-
veys to determine the degree to which institutions have been
able to implement their recommendations. Significantly, some
insurers have established incentives for health care facilities
that integrate Leapfrog Group initiatives into their programs.
The results have been promising, but not without the ire of
certain constituencies of the health care system. The Amer-
ican Hospital Association has questioned whether standards
promulgated by outside, or external, agencies should be em-
braced by hospitals, and the costs to implement and to sustain



126 Sect ion I: Introduction/General Concepts

programs for computerized order entry or to employ qualified
intensivists already in short supply have also been challenged.

PAY FOR PERFORMANCE
The quest for quality in health care has garnered tremendous
interest during the past decade. One development is the con-
cept of pay for performance, which is predicated on providing
financial incentives to health care providers (both physicians
and hospitals) who meet predetermined quality benchmarks
prospectively established by insurers. A component of many
iterations of this concept is public disclosure of health care
provider results, in order to allow for a more informed decision
in securing quality care (27). A number of organizations have
provided input, such as the American Medical Association and
JCAHO (28,29). Central to all models of pay for performance,
both organizations concur that measurements should be “cred-
ible, reliable, and valid,” in addition to being “measurable and
transparent” and evidence based.

There has been a paucity of studies done to evaluate these
models, in order to determine their effectiveness on the provi-
sion of quality care. The Integrated Healthcare Association and
the Center for Medicare and Medicaid Services have validated
their pay-for-performance models in terms of demonstrable im-
provement in quality care, and the considerable physician inter-
est and involvement. Effective July 1, 2007, those participating
in the Medicare program were provided the opportunity to vol-
untarily report their performance data (selected from 74 per-
formance measures) to the Centers for Medicare and Medicaid
Services and receive a bonus payment of up to 1.5% of allowed
charges on all Medicare claims from July 1, 2007, through De-
cember 31, 2007, as part of the Physician Quality Reporting
Initiative (PQRI). This followed the federal Centers’ Physician
Voluntary Reporting Program, which was not associated with
a financial incentive. This information will not be made pub-
lic, but the mechanism was devised to provide physicians with
experience reporting quality data.

SUMMARY
Improving patient safety and delivering high-quality care to
the critically ill patient is a universal goal. The ICU retains a
prominent role in hospitals, given the complex nature of pa-
tients cared for and the contribution of this care to the escalat-
ing costs experienced by the health care system in the United
States. A number of initiatives are in place to implement pro-
cesses to improve care in this environment. To this end, exter-
nal organizations are playing a crucial role in establishing pol-
icy for patient safety and the delivery of quality care through
both regulatory (accreditation) and financial incentives. Cor-
respondingly, a number of agencies are actively conducting re-
search that will likely translate into improved patient safety, as
results of these studies become incorporated into the regulatory
process (supported by financial remuneration) to effect needed
change (6,30).

Re fe re nce s

1. Institute of Medicine. To Err Is Human: Building A Safer Health System.
Available at: http://www.iom.edu/CMS/8089/5575.aspx. Accessed July 1,
2007.

2. Simmons JC. Focusing on quality and change in intensive care units. The
Q uality Letter. October 2002.

3. Joint Commission on Accreditation of Healthcare Organizations (JCAHO).
National Hospital Quality Measures—ICU. Available at: http://www.
jointcommission.org/PerformanceMeasurement/MeasureReserveLibrary/
Spec+Manual+-+ICU.htm. Accessed July 1, 2007.

4. Schyve PM. The evolution of external quality evaluation: observations from
the Joint Commission on Accreditation of Healthcare Organizations. Int J
Q ual Health Care. 2000;12:255.

5. Marinelli AM. Can regulation improve safety in critical care? Crit Care Clin.
2005;21:149–162.

6. Meyer GS, Battles J, Hart JC, et al. The USagency for health care research and
quality’s activities in patient safety research. Int J Q ual Health Care. 2003;
15(Suppl I):i25.

7. Angus DC, Black N. Improving care of the critically ill: institutional and
health-care system approaches. Lancet. 2004;363:1314.

8. Gallesio AO, Ceraso D, Palizas F. Improving quality in the intensive care
unit setting. Crit Care Clin. 2006;22:547.

9. Institute for Healthcare Improvement. Intensive care: changes. Available
at: http://www.ihi.org/IHI/Topics/CriticalCare/IntensiveCare/Changes. Ac-
cessed July 1, 2007.

10. Viswanathan HN, Salmon JW. Accrediting organizations and quality im-
provement. Am J Manag Care. 2000;6:1117.

11. Randolph AG, Pronovost P. Reorganizing the delivery of intensive care could
improve efficiency and save lives. J Eval Clin Pract. 2002;8:1.

12. Zimmerman JE, Alzola C, von Rueden KT. The use of benchmarking to
identify top performing critical care units: a preliminary assessment of their
policies and practices. J Crit Care. 2003;18:76.

13. Halm EA, Siu AL. Are quality improvement messages registering? Health
Serv Res. 2005;40:311.

14. Curtis JR, Cook DJ, Wall RJ, et al. Intensive unit quality improvement:
a “how-to” guide for the interdisciplinary team. Crit Care Med. 2006;34:
211.

15. McMillan TR, Hyzy RC. Bringing quality improvement into the intensive
care unit. Crit Care Med. 2007;35(Suppl):S59.

16. Pronovost PJ, Berenholtz SM, Ngo K, et al. Developing and pilot test-
ing quality indicators in the intensive care unit. J Crit Care. 2003;18:
145.

17. Marik PE, Hedman L. What’s in a day? Determining intensive care unit
length of stay. Crit Care Med. 2000;28:2090.

18. Weissman C. Analyzing intensive care unit length of stay data: problems and
possible solutions. Crit Care Med. 1997;25:1594.

19. Garland A. Improving the ICU: part 1. Chest. 2005;127:2151.
20. Garland A. Improving the ICU: part 2. Chest. 2005;127:2165.
21. Stockwell DC, Slonim AD. Quality and safety in the intensive care unit.

J Intensive Care Med. 2006;21:199.
22. Safe Practices for Better Healthcare: A Consensus Report, 2003. Avail-

able at: http://www.qualityforum.org/projects/completed/safe practices. Ac-
cessed July 1, 2007.

23. Saufl NM, Fieldus MH. Accreditation: a “voluntary” regulatory require-
ment. J Perianesth N urs. 2003;18:152.

24. Catalano K. JCAHO’s national patient safety goals 2006. J Perianesth N urs.
2006;21:6.

25. Berenholtz SM, Dorman T, Ngo K, et al. Qualitative review of intensive care
unit quality indicators. J Crit Care. 2002;17:1.

26. Osler T, Horne L. Quality assurance in the surgical intensive care unit.
Where it came from and where it’s going. Surg Clin N orth Am. 1991;71:
887.

27. Spinelli RJ, Fromknecht JM. Pay for performance: improving quality care.
Health Care Manag. 2007;26:128.

28. American Medical Association. Guidelines for pay for performance
programs. February 24, 2005. Available at: http://www.ama-assn.org/
ama1/pub/upload/mm/368/guidelines4pay62705.pdf. Accessed July 1,
2007.

29. Joint Commission on Accreditation of Healthcare Organizations (JCAHO).
Principles for the construct of pay-for-performance. Available at: http://
www.jointcommission.org/PublicPolicy/pay.htm. Accessed July 1, 2007.

30. Dean Beaulieu N, Epstein AM. National committee on quality assurance
health-plan accreditation: predictors, correlates of performance, and market
impact. Med Care. 2002;40:325.



CHAPTER 12 ■ THE VIRTUAL ICU AND
TELEMEDICINE: COMPUTERS, ELECTRONICS,
AND DATA MANAGEMENT
ERAN SEGAL

Although there are numerous models of ICU design, the ap-
proach of most intensivists is that a physician-led, multidisci-
plinary team in a closed unit format is best in terms of quality
and outcome. It has been estimated that implementation of ICU
staffing and organization in this manner can save more than
50,000 lives a year in the United States (1). Several studies show
that a dedicated intensivist can improve use of intensive care
beds and also decrease mortality (2–4). However, the number of
patients requiring critical care is rapidly growing, and research
has shown that in a few years, the shortage of pulmonologists
and intensivists will lead to dramatic reductions in the ability of
critically ill patients to be cared for by dedicated intensivists (5).
Recent recommendations by the Leapfrog Group have called
for increased staffing of adult ICUs, the compliance of which
will be very difficult for many institutions despite the very real
possibilities of improved finances and quality. Provonost et al.
(6) used a model to show a yearly savings of up to US $13
million in a 6- to 18-bed ICU if staffing recommendations were
attained. The shortage of ICU clinicians and the explosion of
information collected while caring for the critically ill patient
lends itself to applying sophisticated information technology
to improve ICU care.

Computerized systems can improve ICU work on many lev-
els, from replacing the flow sheet filled with the patients’ con-
tinual record of vital signs, to systems that allow all documen-
tation to be entered, manipulated, and archived electronically.
The systems available today allow vital signs to be collected
automatically; physicians’ and nurses’ notes entered into the
system; and information from the admitting and discharge sys-
tem regarding all patient demographics provided in the record.
Laboratory results are another layer of information that can be
automatically entered into the patient’s electronic record. The
computerized patient record can be linked to other systems
such as the radiology, echocardiography, or microbiology sys-
tems. An extremely important feature is the potential for added
patient safety, a significant benefit of electronic systems.

IMMEDIATE CONCERNS
The vast, unwieldy amount of data collected on each patient
in the ICU requires the use of computerized systems. It is very
difficult for clinicians to use all the information obtained from
monitors, ventilators, and laboratories without computerized
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support. Advantages of storing patient data on computerized
systems include the following:

■ Computerized physician order entry (CPOE) can decrease
errors in prescription and in executing drug orders. This may
lead to substantial error prevention and improved outcome.

■ Computerized systems allow recording and manipulating
data to optimize decision making.

■ Complex rules and decision support tools are available to
improve clinical decision making and reduce errors.

■ Computerized systems can improve adherence to protocols,
thus leading to improved quality and outcomes.

■ Computerized systems can be used to improve monitoring
and care of patients remotely (the remote ICU or e-ICU)
using monitoring and audiovisual tools that enable experi-
enced clinicians to improve care in ICUs that do not have
full-time staffing.

Although implementing a computerized system can greatly im-
prove patient care, there are potential risks due to our increased
reliance on these systems, which will be discussed later in this
chapter.

CLASSIFICATION OF
INFORMATION TECHNOLOGY (IT)
SOLUTIONS FOR CRITICAL CARE

Ele ct ronic Chart ing

The most basic application of computerized systems is the elec-
tronic chart. The information on flow sheets in critical care in-
cludes, almost universally, the recording of all physiologic data
including hemodynamic data, information from ventilators,
and other electronic devices such as syringe pumps, specific
stand-alone monitors, dialysis and hemofiltration machines,
and information from central hospital systems such as pathol-
ogy, imaging, hospital information systems, and echocardiog-
raphy.

The presentation of this information, composed of different
types of data—numeric, analog, images—with different time
stamps and rates of refreshing the data, is quite complex. Some
elements need to be updated at very rapid rates such as the phys-
iologic parameters from the monitors and ventilators, whereas
information from the microbiology laboratory—type of bacte-
ria, specific identification, and sensitivities—should be updated
as the information develops, although the time stamp of the
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FIGURE 12.1. A screen shot of the computerized system demonstrating the use of different information
sources to provide a clinical picture. In this screen, information from the microbiology lab (panel A),
antibiotic administration (panel B), temperature and white blood cell count (panel C), and a Gantt chart
of duration of intravenous lines (panel D) are reported together to enable easier assessment of the patient’s
infectious status. This and other kinds of data presentations can be customized by the clinicians at the
ICU, hospital, or enterprise level.

acquisition of the sample is equally as important as the time of
availability of the additional information (Fig. 12.1).

Drug administration and standing orders also need to be
part of the flow sheet and require a different type of presen-
tation of the information. Very often, a Gantt type of chart—
showing a horizontal bar with start to end times of different
processes—is a good way of presenting this type of data. Data
should be made available electronically in different types of for-
mats to optimize its usefulness in various types of situations. Ta-
bles, graphs, Gantt charts, and combinations of all of these are
critical for a convenient and user-friendly presentation. When
deciding on a computerized system, clinicians should be aware
that data collected within a 24-hour period such as from a fold-
able paper flow sheet or an A3 paper sheet cannot conveniently
fit on a single computer screen, so instruction on the techniques
of scrolling in the specific program should be provided. At the
same time, information from many weeks or days can be pre-
sented very rapidly and easily with one or two mouse clicks—
for example, the lactate or white blood cell count (WBC) values

of the patient for the duration of even the longest admission.
This kind of ability is not available when using paper charting.

Undoubtedly, a most important aspect of deploying a com-
puterized system is the ability to customize it to the unit’s
specific needs and requirements. Clinical work should not be
changed due to implementation of a computerized system, but
rather the system should be adaptable to the mode of opera-
tion in a particular ICU. Despite the similarities in critical care
throughout the world, there are significant differences between
ICUs in different institutions and ICUs within the same insti-
tution, and thus, a computerized system should be adaptable
and customizable in any ICU.

Cust omizat ion

Customizing the electronic medical record can produce a vi-
sual spectrum of work flow, depending on how the informa-
tion is entered into the system, to the way data are presented.
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Computing capabilities allow different users who log onto the
system to view different types of information and in a presenta-
tion more suitable for their needs. Thus, an infectious disease
consultant may wish to see pertinent information regarding
cultures, white count, and fever on the same screen, whereas
a nephrologist may want to be presented with electrolyte and
metabolic data, as well as fluid balance initially. With a cus-
tomizable system, complex order sets can be created and easily
prescribed according to unit, procedure, or surgeon’s proto-
col. The use of protocols and routine prescriptions may im-
prove standardization and compliance with evidence-based
procedures.

Comp le x Ale rt s

Computerized alerts can improve needed clinical activity.
Paltiel et al. (7) showed that an alert presented by comput-
ers throughout the hospital for a low potassium level could
reduce the time to treatment of hypokalemia. We looked at the
impact of an electronic alert in a computerized patient record,

and showed that when implementing this alert, the propor-
tion of blood glucose measurements within the desired range
significantly increased whereas the proportion of elevated glu-
cose measurements decreased. This was achieved without an
increase in the proportion of hypoglycemic episodes (8). We
also showed that an alert that notifies the clinicians of a low
potassium level reduces the time to treat the patient. There
are programs designed to deal with specific topics and clinical
problems. Juneja et al. (9) showed that a program dedicated to
treating patients who require insulin while in the ICU to main-
tain tight glucose control led to better results compared to the
situation before the program was implemented.

Decision support can improve the use of various resources.
Perez et al. (10) used decision support to reduce the use of blood
products in an intensive care unit. Rood et al. (11) showed that
using an alert system designed to improve glycemic control in
an ICU improved the time to achieving desired glucose control
(Fig. 12.2). In fact, a computerized system can enable the ap-
plication of many types of alerts. In our ICU, the computerized
system alerts staff when a patient is receiving vancomycin and
a blood level has not been drawn; when a patient’s PaO 2 is high

FIGURE12.2. Effect of implementation of an electronic
alert regarding glucose measurement on the incidence of
optimal (top panel) versus high (bottom panel) glucose
measurements. When an alert was implemented, propor-
tion of optimal glucose levels increased and proportion
of high glucose levels decreased significantly. (Modified
from Segal E, Haviv-Yadid Y, Livingstone D, et al. An
electronic alert to improve glucose control in a general
ICU. Intensive Care Med. 2007;33[Suppl 2]:S234.)
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when the FiO 2 is greater than 0.3; and if a patient has not had
a bowel movement in 3 days. All of these alerts are relevant to
our daily clinical practice and help decrease variability in our
work.

Alerts can be provided to clinicians in various ways. In
a surgical ICU, a wireless system sent pages to the respec-
tive physicians, notifying them of abnormal physiological and
laboratory results. The alerting system identified patients with
a higher risk of death and longer stay in the ICU (12). The abil-
ity to identify high-risk patients and alert clinicians to critical
events may enable earlier intervention and improved outcome.

EFFECTS ON WORKLOAD
The implementation of a computerized system may generate
concern over the increased workload associated with the tran-
sition. Certainly an initial effort at customizing the system to
fit the local clinical work flow is required, which may vary for
different commercial systems. The time required for training
of staff should also be considered when deciding on a com-
puterized system. Even when the system is in place, there are
clinicians who feel uncomfortable working with a keyboard
and mouse rather than with pen and paper. These concerns,
however, are decreasing as work with computers increases in
everyday life, as well as the fact that computers are commonly
used even in ICUs that have not yet implemented a complete
electronic patient record. Hospital information systems, radi-
ology, and laboratories are often computerized, but in many
ICUs, clinicians still copy results from these various systems
onto a paper flow sheet. In a computerized system, significant
portions of the charting workload are eliminated for the clin-
icians, and thus more time is available for more sophisticated
charting and reporting and also for direct patient care. Bosman
et al. (13) showed that implementation of a computerized sys-
tem decreased the time nurses spent on charting information on
critically ill patients following cardiothoracic surgery. The time
saved by the computerized system was spent on direct patient
care, increasing the time at the bedside.

When clinicians work with computerized patient records,
there are changes in the characteristics of the work, and new
types of distractions may occur. An observational study of clin-
icians working with a computerized order entry system showed
that there are distractions in working with the computer that
may, in some cases, lead to potentially significant errors (14).

COMPUTERIZED PHYSICIAN
ORDER ENTRY (CPOE)

Despite the evidence regarding the advantages of computer-
ized provider order entry systems, only 5% to 10% of hos-
pitals in the United States use them, according to various re-
ports (15,16). CPOE has been proposed as a tool to decrease
prescription errors due to handwriting legibility, mistakes in
dosage, incompatibility, and allergy alerts. The implementation
of CPOE can significantly impact the daily work of physicians
and nurses (17). The use of a computerized database as part of
the prescription process can lead to improvement, since orders
can be evaluated by the database and provide alerts regarding
drug–drug interaction, double prescription, drug allergies, and
effects of disease processes on drug dose. This is true when a
decision support capability is part of the CPOE (Table 12.1).

TA BLE 1 2 . 1

TYPES OF ERRORS THAT SHOULD BE PREVENTED BY
CPOE WITH DECISION SUPPORT

Drug allergy: For same drug, drug class, or vehicle component
Dose limits: According to age, weight, disease, and laboratory

result
Double prescription: Overlap of the same drug or drug class to

an existing order
Maximal dose: Both for single administration or cumulative

dose
Drug–drug interaction: Significant interactions of various

drugs or drug families
Order verification: Alert for orders requiring double signature

or specific identification (e.g., blood products)
Test requirement: Drugs requiring drug level measurements

(e.g., antibiotics, anticonvulsants)

There are more basic forms of electronic information sys-
tems. Computerized systems that do not have decision support
as part of the available tools will only provide information re-
garding the drug–drug administration and dosage, but may not
be able to alert when prescriptions have mistakes in them. The
Leapfrog Group designed a Web-based test for CPOE and re-
quires hospitals to prove that their CPOE can detect at least
50% of common drug prescription errors (18).

The types of prescription errors differ when CPOE is com-
pared to handwritten prescriptions. Shulman et al. (19) evalu-
ated the medication errors that occurred before and after imple-
mentation of a computerized system. They found that there was
a reduction in the number of errors, which was time-related.
After an initial increase in medication errors, the numbers de-
creased substantially. Garg et al. (20), in a review of the effect
of computerized systems on clinical performance, found that of
29 studies that looked at the effect of drug dosing systems on
clinical performance, 19 (66% ) showed a favorable outcome.

Despite these findings, the importance and capability of
CPOE to decrease harmful medical errors remains debatable.
Berger and Kichak reviewed the basis for the claim that CPOE
can decrease significant medical errors and concluded that:

The available objective data, which are scant, suggest that, at best,
there is a potential for these systems to decrease ADEs (adverse
drug events) and their additional medical costs (21).

Q UALITY IMPROVEMENT
Quality, as measured by both surrogate markers, such as ad-
herence to best practice protocols and clinical outcomes, may
be improved by computerized systems. Obviously, the use of
checklists and “bundles” to improve quality can be improved
when using computerized systems to alert and remind the clin-
icians of the various diverse tasks that are required by the par-
ticular bundle.

Using CPOE in patients with stroke has been shown to re-
duce the time it takes to assess the patient, increase the num-
ber of patients who receive thrombolysis, and decrease time
to therapy (22). Others have shown that a computerized sys-
tem can enable evaluation of antibiotic prophylaxis use during
surgery (23). When patients were not given appropriate antibi-
otics according to recommended protocols, the outcome was
significantly worse. These systems allow analysis of drug use
and enable decisions regarding quality improvement (24).
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ERRORS AND THEIR PREVENTION
Errors are a major issue in intensive care medicine and are
reported to occur 1.7 times a day per patient in an ICU (25). The
impact of medical errors on patient outcomes was emphasized
in the famous “To err is human” report by the Institute of
Medicine (26). The use of computerized systems has a potential
of reducing error by improving standardization and reviewing
databases of information about the patient’s baseline diseases,
drug allergies, previous procedures, and tests. There is also an
advantage to improving compliance with protocols and unit
procedures, which computerized systems can enable.

Drug errors range from illegible prescriptions to mistakes in
patient identification and lapses in knowledge of patient aller-
gies, drug–drug interactions, and dosing considerations. Many
of these types of errors can be reduced or completely eliminated
using computerized systems. Vardi et al. (27) showed that using
CPOE as part of an electronic patient record can completely
eliminate drug order mistakes in a pediatric ICU when they
applied it to resuscitation orders, which, in pediatrics, are par-
ticularly prone to mistakes because of the diversity in patient
size and the urgency of the situation.

THE REMOTE ICU
The requirements for physician staffing of ICUs calls for 24-
hour coverage by trained physicians. The ICU should be di-
rected by a dedicated trained intensivist who is in-house dur-
ing the day, available for answering pages within 5 minutes,
and able to provide physician or physician extender presence
within the requirement for intensivist coverage of all critically
ill patients as recommended by the Leapfrog Group. Coupled
with the increasing shortage of intensive care clinicians, the
desire for ICU coverage by trained intensivists has led to an
interest in remote systems that enable direction of patient care
in remote ICUs. These kinds of systems allow for a central hos-
pital or critical care physicians group to assume responsibility
for patients who are cared for in a peripheral ICU. There are
reports of improved clinical outcomes, including mortality and
length of stay, while caring for a higher-severity population of
patients (28). Breslow et al. (29) described their experience with
a remote ICU that was involved in the care of patients in two
adult ICUs and provided 19 hours per day of monitoring by
physicians and physician extenders. During the period of re-
mote ICU work, they observed a reduction in ICU mortality, a
decreased length of stay, and cost reduction, which more than
compensated for the costs of the system; the effectiveness of
this technology has been shown (30).

Vespa et al. (31) used a robotic telepresence system to re-
spond to nursing pages in a neuro-ICU. They showed that dur-
ing use of the robot system, the time for an attending face-to-
face response to nursing page was significantly decreased for
all types of calls. More than that, they had a decrease in length
of stay of 2 days for patients with subarachnoid hemorrhage
(SAH) and 1 day for patients with head trauma. ICU occupancy
increased by 11% , with a substantial cost savings.

Tang et al. (32) recently described their experience with a
remote ICU with respect to physician and nurse work flow.
They found that the clinical team providing remote support
used most of the time for monitoring and integration of
monitored data. There were many interruptions during the rou-

tine work due to the need for observing or dealing with an
unstable patient or due to a request for intervention from the
local team. They also found that while physicians attended to
specific problems that were primarily self-initiated, the nurses
were alerted by automatic alarms in 80% of the cases. Also,
nurses were required to spend a significant portion of their time
recording bedside notes into the remote ICU chart. They con-
clude that when implementing these technologies, the different
work flows of physicians and nurses have to be considered.

RISKS OF COMPUTERIZED
SYSTEMS

Dangers of IT implementation in critical care may be due to sev-
eral factors (33). There may be complaints regarding increased
workload, required changes in clinical work flow, persistence
of paper components, and some emotional issues and problems
with communications. There may also be issues related to blind
dependence on the computer, so that if a default dose of drug
was incorrectly customized into the drug database, clinicians
might not be aware and prescribe the inappropriate dose. This
has led to the creation of the term “e-Iatrogenesis” (34).

Han et al. (35) published a worrisome report of an increase
in mortality—from 2.8% to 6.6% —in a pediatric ICU follow-
ing implementation of CPOE. This may have been due to prob-
lems with the integration of pharmacy and clinical work flow
into the system using the CPOE. For example, drugs could
not be provided even in extreme situations unless prescribed
through the CPOE. Other investigators have not found this
phenomenon (36); in fact, a group from Seattle found a reduc-
tion in mortality as well as in risk-adjusted mortality, although
these effects were not statistically significant. Keene et al. (37)
also did not find an increase in mortality after implementing
CPOE in a pediatric ICU.

RETURN ON INVESTMENT
A significant question raised when considering the purchase
and implementation of a computerized system is that of cost.
These systems are not inexpensive, and thus their economic
utility needs to be analyzed. On the one hand, costs of the sys-
tem include not only the hardware and software of a system,
but also the burden of time invested in customizing the system,
training of personnel, and the maintenance required. It is unre-
alistic to expect a computerized system to run perfectly “right
out of the box.” To achieve optimal results, a local “champion”
of the system must be identified and appointed, with involve-
ment of all components of the ICU team in the process. On
the hospital level, when implementing a computerized system,
pertinent management officials and IT quality and risk man-
agement should all take part in the assessment, customization,
and follow-up.

The potential financial rewards of a computerized system
(Table 12.2) range from an improvement in standardization
of care, which may lead to better clinical outcomes, to a re-
duction in errors and adverse events, with a consequent de-
crease in malpractice litigation. Moreover, the ability to defend
against malpractice claims may be improved with an accurate
record that is easily retrievable, and therefore should lead to
improved risk-management activities. Smaller but not inconse-
quential cost savings may be due to the lower cost of archiving
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TA BLE 1 2 . 2

POTENTIAL COST SAVINGS WITH COMPUTERIZED
RECORDS

Improved adherence to protocols
■ Reduced complications
■ Decreased length of stay
Decrease in drug prescription errors
Encouragement of using less costly—but equally

effective—drugs
Better information regarding the use of medications and

equipment
Improved billing
Improved risk management
Improved record keeping and ability to contest medical

malpractice claims
Decreased cost of archiving records

computerized records versus paper charts. Additionally, adher-
ence to protocols that suggest use of more cost-effective proce-
dures can decrease use of unnecessary more-expensive drugs.

Billing is probably improved by the use of a computerized
system and may contribute to return on investment (ROI). The
bottom line of ROI is difficult to prove, but many clinicians
agree that there is a potential for computerized systems to de-
crease costs and, at the same time, improve quality.

SUMMARY
With advances in information technology and in design of com-
puterized systems for critical care, the significance of these
systems for clinical care and for impacting patient outcome
is increasing. There is no doubt that the use of computerized
systems in critical care will increase in the coming years. The
implementation of systems should be focused on improving
the information at the clinician’s fingertips to reduce errors,
improve adherence to protocols, and provide better clinical
outcomes.
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CHAPTER 13 ■ UNIVERSAL PRECAUTIONS:
PROTECTING THE PRACTITIONER
HARRINARINE MADHOSINGH r DENISE SCHAIN

INTRODUCTION
Infection control is a key factor in reducing the transmission of
nosocomial infections. It involves the use of specific measures
in an attempt to reduce the spread of infectious agents from
health care workers (HCWs) and the hospital environment to
the patient, and from the patient back into the hospital environ-
ment to other patients and to HCWs. Increased length of stay
and total hospital cost have been associated with nosocomial
methicillin-resistant Staphylococcus aureus (MRSA) infections
(1,2). Through prevention, costs associated with treating these
infections, as well as length of hospitalization, can be reduced.
In this chapter, we will take a brief look at the history of in-
fection control, define the various infection control measures,
and explore the application of these measures as they apply to
common bacterial and viral agents in the health care setting.

HISTORICAL PERSPECTIVE
One of the pioneers of infection control measures was undoubt-
edly the Hungarian obstetrician Ignaz Semmelweis (3). Bored
with his study of law, Semmelweis switched to medicine and
graduated from the Second Vienna Medical School in 1844.
After his graduation, he worked on the obstetric wards at Al-
legemeines Krankenhaus in Vienna. It was there that he became
alarmed by the high rates of puerperal sepsis (“childbed fever”).
It was noted that infection rates were much lower on the teach-
ing ward for midwives compared to that of the medical students
and physicians. Semmelweis postulated that women likely be-
came infected when cared for by medical students and physi-
cians who were often coming directly to the obstetric ward af-
ter performing autopsies on women who had died of puerperal
fever. The death of Jacob Kolletschka, a friend of Semmelweis,
who sustained a scalpel injury while performing an autopsy
on a patient who died of childbed fever, cemented the associ-
ation between autopsies and puerperal fevers, especially with
the autopsy of his friend showing similar pathologic features
to those patients who had died of puerperal fever. Semmel-
weis then implemented a simple measure by asking the medical
students and physicians to wash their hands with a chlorine
solution after performing autopsies prior to attending to pa-
tients. With this simple measure of handwashing, the rates of
puerperal fever drastically dropped on the obstetric teaching
ward for the women cared for by the medical students and
physicians. Semmelweis’ methods failed to gain favor due to
a combination of several factors, not the least of which was
that chlorine solution was not gentle on the hands. It was not

until much later that Semmelweis got credit for his astute obser-
vation and intervention. Another pioneer of infection control
was the British surgeon Joseph Lister (4). Lister used the results
of earlier experiments done by Louis Pasteur, who had used
an animal model to demonstrate transmission of infection by
microbes, and then applied these to humans. He showed that
chemicals could be used to prevent infection, and used carbolic
acid spray on wounds to prevent gangrene, also spraying it on
surgical instruments and incisions, thus achieving lower infec-
tion rates. Lister also encouraged his surgical colleagues to use
a 5% solution of carbolic acid on their hands before and af-
ter operations. Further improvements and modifications were
made to these early advances and ultimately led to the modern
era of infection control.

PRECAUTIONS
There are several types of precautions for use in patient care
settings that have been described; making sense of them and
knowing when to implement each can be confusing. The Cen-
ters for Disease Control and Prevention (CDC) has published
guidelines outlining the recommended approach to infection
control, as well as the definition and application of the vari-
ous precautions. It is noteworthy that implementation of stan-
dard precautions (previously termed universal) does not negate
the need for further specialized infection control precautions if
necessary, such as droplet precautions for influenza, airborne
isolation for pulmonary tuberculosis, or contact isolation for
MRSA. There are four types of precautions recommended in
the CDC guidelines (5):

1. Standard (previously termed universal)
2. Contact
3. Droplet
4. Airborne

St and ard Pre caut ions

Standard precautions are those that are applied to which the
practitioner comes into contact, regardless of the diagnosis.
Standard precautions include handwashing before and after
contact with every patient, and between anatomic sites on the
same patients. Based on the clinical task and setting, additional
precautions may be required to care for patients who do not
have a diagnosis requiring other specific categories of isolation.
These precautions apply to blood and body fluids (including
secretions and excretions, excluding sweat), broken skin, and
mucous membranes. If indicated, the HCW may also require
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use of (a) gloves; (b) mask, eye protection, and face shield;
and/or (c) gowning.

Other considerations include special handling of patient
care equipment, including sharps and other instruments, and
environmental control with correct disposal and cleaning of
linen and other contaminated items. It is important to note
that, while not all of these additional precautions apply in ev-
ery circumstance and are only used if indicated, the standard
precaution of handwashing is truly universal and must be done
before and after every patient contact.

Hand washing
Hands must be washed before and after every patient con-
tact, even in clinical situations where there has been no visual
contamination with blood, body fluids, secretions, excretions,
and contaminated items. Further, hands must be washed im-
mediately after gloves are removed if they were worn. In ad-
dition, washing hands should be done whenever indicated to
avoid transfer of microorganisms to other patients and the en-
vironment, such as after contact with IV tubing or a monitor
even when there has been no direct patient contact. A plain,
nonantimicrobial soap could be used for routine handwash-
ing. An antimicrobial soap or a waterless antiseptic agent can
be used for specific circumstances, such as control of outbreaks
or hyperendemic infections, or may be chosen by some facil-
ities to be used on a daily basis in all patient areas. Alcohol-
based hand sanitizers have been shown to be more convenient,
faster, and more efficient than handwashing (6,7), and many
institutions have these available throughout patient care areas.
However, alcohol-based regimens are not recommended in all
situations.

Glove s
Clean, nonsterile gloves are appropriate when contact with
blood, body fluids, secretions, excretions, and contaminated
items is expected. In addition, clean gloves should be used if
there is expected contact with broken skin or mucous mem-
branes. Recommendations also include changing of gloves be-
tween tasks and procedures on the same patient if contact
with material containing a high concentration of microorgan-
isms is made. Further, it has been recommended that gloves be
changed between contact with different anatomic sites on the
same patient. Gloves should be removed immediately after use
and before contact with the environment to avoid surfaces and
items becoming contaminated. Proper disposal of gloves prior
to going to another patient should be ensured. It is essential to
change gloves between patient contacts, as the failure to do so
is an infection control hazard (8).

Handwashing or use of a hand sanitizer should always be
performed after removal of gloves and prior to seeing the next
patient. According to published CDC guidelines, the use of
gloves does not replace the need for handwashing. The ratio-
nale is that gloves may have small, inapparent defects or may be
torn during use, and hands can become contaminated during
removal of gloves (8).

Mask, Eye Pro t e ct ion, and Face Shie ld
Many procedures can generate aerosols or droplets and may
create splashes or sprays of blood or other body fluids. The
mucous membranes of the HCW, including those of the eyes,
nose, and mouth, are at risk for exposure when performing

procedures or patient care tasks that may generate aerosols
or droplets. Masks, goggles (eye protection), or face shields
are universally available and should be worn to protect the
mucous membranes of the HCW. Bronchoscopy, suctioning,
and intubation are examples of procedures that may generate
aerosols.

Gown
Gowns should be worn if there is expected direct contact with
an infected patient or environment during procedures or rou-
tine patient care. A clean, nonsterile gown is adequate for pro-
tecting skin and preventing soiling of clothing during such pro-
cedures and patient care activities. Gowns should be removed
immediately after patient contact and should not be worn out-
side of the patient’s room. Hands should be washed after re-
moval of gowns to avoid contamination of the environment or
other patients.

Pat ie nt Care Eq uip me nt
Patient care equipment soiled with blood, body fluids, secre-
tions, and excretions should be handled in a manner that pre-
vents skin and mucous membrane exposures, contamination
of clothing, and transfer of microorganisms to other patients
and environments. Multiuse equipment should be appropri-
ately cleaned or processed prior to being used for the care
of another patient. Single-use items should be disposed of in
the appropriate manner, including use of a puncture-resistant
sharps container if indicated.

Environme nt al Cont ro l and Line n
Adequate procedures for the routine care, cleaning, and dis-
infection of environmental surfaces, beds, bedrails, bedside
equipment, and other frequently touched surfaces should be
used. Soiled linen should be handled and transported in a man-
ner that prevents skin and mucous membrane exposure and
contamination of clothing (5).

Pat ie nt Place me nt
Patients who may contaminate an environment or who do
not—or cannot be expected to—assist in maintaining appro-
priate hygiene or environmental control should be placed in a
private room.

Occup at ional He alt h and Blood b orne Pat hog e ns
Handling of sharps (needles, scalpels, and other sharp instru-
ments or devices) during use, cleaning, or disposal should be
done with extreme care to avoid percutaneous injury. Many
institutions have training programs for new staff in order to
avoid such injuries. These involve directions on never recap-
ping used needles, avoiding manipulation using both hands, or
using other techniques that involve the point of a needle being
directed toward any part of the user’s body. Used needles should
not be removed from disposable syringes by hand, and bending
or breaking, or otherwise manipulating used needles by hand,
should not be done. Used disposable syringes and needles,
scalpel blades, and other sharp items should be placed in an ap-
propriate puncture-resistant container, which should be located
as close as practical to the area in which the items are used.
Reusable sharps can be placed in a puncture-resistant con-
tainer for transport to the reprocessing area. Many facilities,
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based on CDC recommendations, have converted to needleless
or self-covering sharps.

Cont act Pre caut ions

Contact precautions are designed to reduce the risk of trans-
mission of epidemiologically important microorganisms such
as antibiotic-resistant Gram-positive or Gram-negative organ-
isms. Transmission of these organisms may take place either
by direct or indirect contact. Direct contact transmission from
patient to staff includes physical transfer of microorganisms
to the HCW from an infected or colonized patient. This usu-
ally takes place via skin-to-skin contact. Activities that are a
risk for direct contact include turning and bathing patients, as-
sisting patients with personal hygiene, or performing patient
transfers, dressing changes, or other patient care activities that
require physical contact. Direct contact transmission can also
occur between two patients sharing common areas in the same
room, such as sinks and chairs.

Indirect contact transmission involves contact of a suscep-
tible host or HCW with a contaminated intermediate object,
usually inanimate, in the patient’s environment. These inani-
mate objects can harbor pathogenic microorganisms, and thus
serve as agents of transmission; they are referred to as fomites.
Fomites have been described as sources of MRSA, vancomycin-
resistant enterococcus (VRE), and Gram-negative organisms
such as Pseudomonas and Acinetobacter because these organ-
isms can potentially survive for months (9).

Contact precautions are applied to patients with known or
suspected infection or colonization (presence of microorgan-
ism in or on patient but without clinical signs and symptoms
of infection) with epidemiologically important microorganisms
that can be transmitted by direct or indirect contact. Contact
precautions involve patient placement, gloves and handwash-
ing, gowning, and precautions with patient transport and pa-
tient care equipment. Patients should be placed in a private
room if possible; however, the door to the room may be left
open. When a private room is not available, the patient can be
placed in a room with a patient who has colonization or active
infection with the same microorganism but no other infection
(cohorting). If a private room is not available and cohorting is
not achievable, the epidemiology of the microorganism should
be considered and the patient population taken into consid-
eration when determining patient placement. An example of
this would include the avoidance of placing an immunocom-
promised patient in the same room as a patient with a resistant
organism.

Gloves and handwashing should be used as with standard
precautions, and gowns should be used if there will be substan-
tial contact with the patient, environmental surfaces, or items
in a patient’s room. A gown should also be worn if the patient
is incontinent, has diarrhea, or has an ileostomy, colostomy,
or wound drainage not covered or contained by a dressing.
Patient transport should be limited only to essential purposes,
and if the patient is transferred out of the room, precautions
should be taken to ensure minimal risk of transmission to other
patients and environmental surfaces or equipment. Patient care
equipment such as stethoscopes, thermometers, and IV pumps
should be dedicated to a single patient (or cohort) to avoid
sharing between patients, leading to transfer of organisms.

Drop le t Pre caut ions

Droplet precautions aim to reduce the risk of spreading in-
fectious agents by droplet transmission. Transmission in this
manner involves contact between the conjunctiva and other
mucous membranes (nose, mouth) of either a patient or HCW
with large droplets (greater than 5 µ m in size) containing mi-
croorganisms generated from a person who is either infected or
colonized. Droplets can be generated in various ways includ-
ing coughing, sneezing, or talking and during procedures such
as suctioning or bronchoscopy. Transmission via large particle
droplets requires close contact between source and recipient
persons, as droplets do not remain suspended in the air and
generally travel only short distances—usually less than 3 feet
(5). According to CDC recommendations, because droplets do
not remain suspended in the air, special air handling and ven-
tilation are not required to prevent droplet transmission, and
the door to the patient’s room may remain open.

Droplet precautions apply to any patient known or
suspected to be infected with epidemiologically important
pathogens that can be transmitted by infectious droplets, such
as MRSA, meningococcal infection, and Acinetobacter pneu-
monia. Invasive Haemophilus influenzae type B, influenza, my-
coplasma pneumonia, and parvovirus B19 also require droplet
precautions. In addition to the standard precautions, patients
should be placed in a private room or cohorted. If cohorting is
not possible, spatial separation of at least 3 feet between other
patients and visitors should be maintained. A mask should be
worn if working within 3 feet of the patient, and transport
should be limited to essential purposes only. If transport be-
comes necessary, the patient should be masked to minimize
dispersal by droplets.

Airb orne Pre caut ions

Airborne precautions are designed to reduce the risk of air-
borne transmission of infectious agents. Airborne transmission
occurs by dissemination of either airborne droplet nuclei—
small particle residue, 5 µ m or smaller in size, of evaporated
droplets that may remain suspended in the air for long periods
of time—or dust particles containing the infectious agent. Mi-
croorganisms carried in this manner can be dispersed widely
by air currents or may travel long distances through ventilation
systems. They may be inhaled by a susceptible host within the
same room or by a patient several rooms or floors away from
the source patient. Therefore, special air handling and venti-
lation are required to prevent airborne transmission. Airborne
precautions apply to patients known or suspected to be infected
with epidemiologically important pathogens such as tubercu-
losis or varicella zoster virus (10) that can be transmitted by
the airborne route. The patient should be placed in a private
room that has (a) monitored negative air pressure in relation
to the surrounding areas, (b) 6 to 12 air exchanges per hour,
and (c) appropriate discharge of air outdoors or monitored
high-efficiency filtration of room air before the air is circulated
to other areas in the hospital. The room door should be kept
closed and the patient should be kept in the room.

If a private room is not available, the patient should be
placed in a room with a patient who has an active infection
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TA BLE 1 3 . 1

RECOMMENDED ISOLATION PRECAUTIONS FOR
SELECTED PATHOGENS

Recommended
Organism precaution/ isolation

Methicillin-resistant Staphylococcus
aureus

Contact

Vancomycin-resistant enterococcus Contact
Clostridium difficile Contact
Multidrug-resistant Gram-negative

infections
Consider contact

Varicella-zoster virus Contact/airborne
Influenza Droplet
Tuberculosis Airborne
N eisseria meningitides Droplet

with the same microorganism, unless otherwise recommended,
but with no other infection. When a private room is not avail-
able and cohorting is not possible, consultation with infection
control professionals is advised before patient placement. Res-
piratory protection should be worn; the N95 respiratory mask
provides an adequate barrier to various airborne organisms
including tuberculosis (11,12). Susceptible persons should not
enter the room of patients known or suspected to have rubeola
(measles) or varicella (chickenpox) if other immune caregivers
are available. If susceptible persons must enter the room of a
patient known or suspected to have measles or chickenpox,
they should wear adequate respiratory protection—the N95
respirator; persons immune to measles or chickenpox need not
wear respiratory protection. Patient transport should be limited
to the movement and transport of the patient from the room
for essential purposes only. If transport or movement is nec-
essary, minimize patient dispersal of droplet nuclei by placing
an N95 mask on the patient. A summary of the recommended
precautions is provided in Table 13.1.

VIRUSES
The major viruses of concern in the health care setting are
human immunodeficiency virus (HIV), influenza virus, and the
hepatitis viruses, hepatitis B and C (HBV, HCV). Nosocomial
outbreaks of herpes simplex virus I (HSV type I), pneumonia
(13), and varicella zoster virus have been reported (14–16);
however, these events are generally rare (17). We will discuss
HIV first and then move on to a discussion of the hepatitides.
The herpes viruses will be briefly discussed with specific regard
to precautions. Again, the application of standard (universal)
precautions is recommended in all patients, regardless of the
etiology of infection.

HIV

HIV is the virus that causes acquired immunodeficiency syn-
drome (AIDS). Two species of HIV—HIV-1 and HIV-2—infect
humans. These are thought to have originated in southern
Cameroon as a species-jumping event from wild chimpanzees
(HIV-1) and an old-world monkey, the Sooty Magabey (HIV-
2), to humans. The virus was first discovered in France in 1983

and named the lymphadenopathy-associated virus (LTAV).
However, U.S. scientists later confirmed the discovery, nam-
ing the virus human T-cell lymphotropic virus 3 (HTLV-3). In
1986, the name was changed to HIV. The AIDS epidemic was
documented to begin in the early 1980s when the CDC reported
a cluster of Pneumocystis jiroveci (formerly carinii) pneumo-
nia in homosexual men. The virus is a single-stranded RNA
virus classified in the genus Lentivirus of the family Retroviri-
dae. Upon entry into the cell, the virus uses reverse transcrip-
tase to convert its genome into a double-stranded DNA that
then integrates itself into host nuclear DNA for transcription
of its genome using host cellular machinery. The transcribed
virus then enters the cytoplasm where it undergoes translation
and later, under the influence of the enzyme protease, becomes
cleaved to be incorporated into mature virions.

HIV is transmitted primarily by exposure to blood and other
body fluids. The three primary methods of transmission are
(a) via unprotected sexual intercourse, (b) vertical transmis-
sion (mother to child), and (c) with contaminated needles (ei-
ther occupational exposure or with the use of IV drugs). Blood
products are now screened routinely for HIV, and transfusion-
associated transmission has been, for the most part, eliminated.
Animal models of mucosal transmission have shown that af-
ter initial exposure, HIV replicates within dendritic cells of the
skin and mucosa. The virus later spreads via lymphatics, infect-
ing CD4+ cells, and the process ultimately becomes a chronic
disseminated infection. The delay in systemic spread leaves a
“window of opportunity” for postexposure prophylaxis (PEP)
using antiretroviral drugs designed to block replication of HIV.
PEP aims to inhibit the replication of the initial inoculum of
virus and thereby prevent establishment of chronic HIV infec-
tion. Several studies have investigated the rates of exposure in
HCWs, and nurses have been found to be at highest risk. The
most common exposure was via percutaneous injury. Several
other types of exposures among HCWs have been described
and include (a) mucous membrane exposure, (b) nonintact skin
exposure, and (c) bites resulting in blood exposure.

Studies have assessed the average risk of HIV transmission
to HCWs after a percutaneous injury and estimated the risk to
be approximately 0.3% (95% confidence interval [CI], 0.2% –
0.5% ) (18,19) and after a mucous membrane exposure to be
0.09% (95% CI, 0.006% –0.5% ) (20). Transmission of HIV via
nonintact skin exposure has been documented (21); however,
the average risk for transmission via this route is much less than
for mucous membrane exposures (22). The risk for transmis-
sion after exposure to fluids or tissues other than HIV-infected
blood also has not been quantified but is also considerably
lower than for blood exposures.

Several factors may affect the risk of HIV transmission after
an occupational exposure. Increased risk was associated with
(a) a larger quantity of blood from the source, (b) a procedure
that involves placing a needle directly into a vein or artery, (c)
a deep tissue injury, and (d) blood exposure from a patient
with terminal disease, as there is usually a higher viral load
in AIDS. Studies have shown that more blood is transferred
by deeper injuries and hollow-bore needles, which support the
observation that risk is related to blood quantity.

Post e xp osure Manag e me nt
Postexposure prophylaxis for HIV has been investigated with
various regimens. However, the administration of antiretro-
viral medications is the only active outcome of postexposure
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evaluation. One approach to postexposure prophylaxis has
been published by the AIDS Education and Training Center
(AETC). The initial step is prompt treatment of the exposure
site including washing wounds and skin sites with soap and wa-
ter, and flushing mucous membranes with water. This should
be followed by immediate reporting to facilitate rapid eval-
uation of the HCW, including testing for HIV and hepatitis
B and C, evaluation of the source patient, and initiation of
medications for the HCW if indicated. The use of local anti-
septics at the injury site is not contraindicated, although there
is no evidence of efficacy. The types of exposure, as outlined
above, as well as the type and amount of fluid/tissue should be
assessed. Potentially infectious fluids include blood and blood-
containing fluids; fluids from other sites such as semen, vaginal
secretions, and cerebrospinal fluid (CSF); and synovial, pleural,
peritoneal, pericardial, and amniotic fluids. The source patient
also needs to be evaluated, including serologic studies for HIV
using antibody testing, hepatitis B surface antigen, and hep-
atitis C antibody. Direct viral assays, usually polymerase chain
reaction (PCR), for routine screening of source patients are not
recommended. If the source patient is not found to be infected
with a bloodborne pathogen, further testing of the HCW may
not be warranted. However, if the infection status of the source
remains unknown, the comorbidities, clinical symptoms, and
high-risk behaviors of the source patient should be considered.
If the source patient is considered high risk, postexposure pro-
phylaxis should be initiated.

Both basic and expanded PEP regimens have been described.
Ideally, PEP regimens should be started within hours of ex-
posure. If there is a question regarding which regimen—basic
or expanded—to use, the basic regimen should be started in
order to avoid delay. The exact course duration of PEP has
not been determined. However, 4 weeks is recommended for
HCWs and other occupational exposures, such as law enforce-

ment encounters. PEP has been shown to be protective in ani-
mal studies. A basic regimen consists of two nucleoside reverse
transcriptase inhibitors (NRTIs). Examples of basic regimens
include a combination of lamivudine or emtricitabine with ei-
ther stavudine or tenofovir. Combivir (zidovudine and lamivu-
dine) or Truvada (tenofovir and emtricitabine) have also been
recommended. Expanded regimens include the addition of an-
other drug class such as protease inhibitors (PIs) or nonnucle-
oside reverse transcriptase inhibitors (NNRTIs). The preferred
expanded regimen is one that includes the PI lopinavir/ritonavir
(Kaletra) with two NRTIs.

The AETC has published algorithms derived from the U.S.
Public Health Service guidelines for management of occupa-
tional exposures to HIV, hepatitis B, and hepatitis C (5) (Figs.
13.1 and 13.2). HIV-positive class 1 is defined as a source pa-
tient with asymptomatic HIV infection or known low viral
load. HIV-positive class 2 refers to a source patient with symp-
tomatic HIV infection, AIDS, acute seroconversion syndrome,
or known high viral load.

Influe nza Virus

Influenza viruses are RNA viruses belonging to the family Or-
thomyxoviridae. Infection with these viruses causes an acute
febrile illness usually occurring during the winter months and
characterized by sudden onset of high fever, headache, myal-
gia, arthralgia, and cough. Those at risk for more severe dis-
ease include young children, the elderly, and immunocompro-
mised patients. Although the infection can be self-limited, it
may also result in severe prostration in elderly patients, pri-
mary influenza pneumonia, and secondary bacterial pneumo-
nia. Transmission of the virus occurs person to person via large
virus-laden droplets. Therefore, droplet precautions are used

HIV Pos t-Expos ure  Prophylaxis  for Health Care  Workers

Step 1: Evaluation of Expos ure

Step 3: Determine  the  Pos t-Expos ure  Prophylaxis  Recommendation3

Yes

Mucous  membrane  or skin, 
integrity compromised

Volume No PEP needed

No PEP needed

Severity

Expos ure  Type HIV Pos itive  Clas s  1 HIV Pos itive  Clas s  2

No No PEP needed

HIV Negative HIV Pos itive

Lower Titer Expos ure  
(e .g., asymptomatic or 
known low vira l load 
(< 1500 copies /mL))

Small 
(e .g., few 

drops, short 
dura tion)

Large  
(e.g., severa l drops,
major blood splash 

and/or longer dura tion - 
severa l minutes  or more)

Percutaneous  - Less  Severe
Percutaneous  - More  Severe
Mucous  Membrane /Nonintact Skin - Small Volume
Mucous  Membrane /Nonintact Skin - Large  Volume

3. Source  of unknown HIV s ta tus : PEP genera lly not warranted; cons ider bas ic regimen for source  with HIV factors  
    Unknown source : PEP genera lly not warranted; cons ider bas ic regimen where  exposure  to HIV-infected person like ly

Recommend Bas ic Regimen
Recommend Expanded Regimen
Cons ider Bas ic Regimen
Recommend Bas ic Regimen

Recommend Expanded Regimen
Recommend Expanded Regimen
Recommend Bas ic Regimen
Recommend Expanded Regimen

Les s  Severe  
(e .g., solid 

needle, superficia l
scra tch)

More Severe  
(e .g., la rge-bore  hollow needle, 
deep puncture, vis ible  blood on 

device, or needle  used in 
source  patient’s  a rte ry/vein)

Skin integrity is  cons idered compromised if there  is  evidence  of chapped skin, dermatitis , abras ion, 
or open wound 
If drug res is tance  is  suspected, obta in expert consulta tion. Initia tion of PEP should not be  de layed 
pending expert consulta tion, and, because  expert consulta tion a lone  cannot subs titute  for 
face -to-face  counseling, resources  should be  available  to provide  immedia te  eva luation and 
follow-up ca re  for a ll exposures .

Higher Titer Expos ure  
(e .g., advanced AIDS, 
primary HIV infection, 

high vira l load)

Sta tus  Unknown Source  Unknown

Step 2: Determine  the  HIV Status  of the  Source
U.S. Public Hea lth Service  Guide lines  for the  Management of Occupa tiona l Exposures  to HIV, Hepa titis  B, and Hepa titis  C, September 30, 2005. htp://www.a ids info.nih.gov

Percutaneous  exposure

What type  of exposure  has  occured?

What is  the  HIV s ta tus  of the  exposure  source?Is  the  source  mate ria l blood, blood fluid, other potentia lly infectious  mate ria l (OPIM), or 
an ins trument contaminated with one  of these  subs tances?

(OPIM = Semen or vaginal secre tions ; cerebrospina l, synovia l, pleura l, pe ritonea l, pe rica rdia l, or amniotic 
fluids ; or tis sue)

1

HIV Pos itive  Class  1 2 HIV Pos itive  Class  2 2

2

1

Intact skin only 1

FIGURE 13.1. HIV postexposure prophylaxis (PEP) algorithm for health care workers. (From U.S. Public
Health Service Guidelines for the Management of Occupational Exposures to HIV, Hepatitis B, and
Hepatitis C, September 30, 2005. Available at: www.aidsinfo.nih.gov. Accessed November, 2006.)
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Pos t-Expos ure  Prophylaxis  for Hepatitis  B Virus

Pos t-Expos ure  Management for Hepatitis  C Virus

Updated U.S. Public Hea lth Service  Guide lines  for the  Management of Occupa tiona l Exposure  to HBV, HCV, and HIV and Recommenda tions  for Pos texposure  Prophylaxis  – June  29, 2001. Available  online  a t 
www.a ids info.gov

Upda ted U.S. Public Hea lth Service  Guide lines  for the  Management of Occupa tiona l Exposures  to HBV, HCV, and HIV and Recommenda tions  for Pos texposure  Prophylaxis  – June  29, 2001. Available  online  
a t www.a ids info.gov

Manag ement of Expos ures  to  HBV

Vaccination/Ab
res pons e  of worker

Manag ement of Expos ures  to  HCV

Treatment

•  Any blood or body fluid exposure  to an unvaccina ted person should lead to the  initia tion of the  hepa titis  B vaccine  series  
   •  Recombivax HB® 10 mcg or Energix-B® 20 mcg IM a t 0, 1, and 6 months  
•  When Hepa titis  B Immune  Globulin (HBIG) is  indica ted, it should be  adminis te red as  soon as  poss ible  a fte r the  exposure  (pre fe rably withih 24 hours, but 
   is  recommended up to 1 week following an occupa tional exposure) 
   •  Hepa titis  B vaccine  can be  adminis te red s imultaneous ly with HBIG but a t a  separa te  s ite  
•  Tes t for anti-HBs 1-2 months  a fte r las t dose  of vaccine 5

•  Perform tes ting for anti-HCV for the  source  
•  Perform baseline  tes ting for anti-HCV and ALT activity for the  exposed person 
•  Perform follow-up tes ting 
   •  Anti-HCV and ALT activity a t 4-6 months  or 
   •  HCV RNA by PCR a t 4-6 weeks  for ea rlie r de tection 
•  Confirm anti-HCV results  reported pos itive  by enzyme immunoassay with 
   supplementa l tes t [e.g. recombinant immunoblas t assay (RIBA) or HCV RNA by PCR]

Pos t-Expos ure  Management for HCV
•  No regimen proven beneficia l for PEP 
•  Early identifica tion of chronic disease  and re fe rra l for 
    management 
•  Immedia te ly refe r HCW to hepa titis  C specia lis t for 
    management

Unvaccina ted HBIG (0.06 mL/kg IM) × 1 and vaccina te Vaccina te Vaccina te

Source
HBsAg (+)

Source
HBsAg (−)

Source  unknown or 
not available  for tes ting

Vaccinated-responder5 No PEP

Tes t exposed person for anti-HBs 
1. If adequa te, no PEP necessary 
2. If adequa te, adminis te r HBIG × 1 and vaccinate  boos te r

Tes t exposed person for anti-HBs 
1. If adequa te, no PEP necessary 
2. If inadequa te, give  vaccine  boos ter and recheck tite r in 
1-2 months

HBIG (0.06 mL/kg IM) × 1 and revaccinate  or 
HBIG (0.06 mL/kg IM) × 2 (a t time of exposure  and 1 month a fte r exposure)

No PEP No PEP

If known high risk trea t a s  HBsAg (+)No PEP

No Treatment

Vaccinated-nonresponder

Vaccinated- 
Ab response  unknown

5. Adequa te  anti-HBs ≥ 10 mIU/mL

FIGURE 13.2. Postexposure recommendations for hepatitis B and hepatitis C in health care workers.
(From U.S. Public Health Service Guidelines for the Management of Occupational Exposures to HIV,
Hepatitis B, and Hepatitis C, September 30, 2005. Available at: www.aidsinfo.nih.gov. Accessed Novem-
ber, 2006.)

for patients who are admitted to the hospital with active or
suspected influenza infection. While droplet precautions pre-
vent spread, the mainstay of disease prevention is annual im-
munization of both HCWs and the at-risk patient population,
which is defined as:

■ Age greater than 65
■ Residents of nursing homes or long-term care facilities
■ Pregnant women in the second or third trimester
■ Patients with a chronic pulmonary or cardiac disease
■ Patients with diabetes
■ Individuals on dialysis
■ Immunosuppressed patients
■ Patients on long-term aspirin therapy
■ Children aged 6 to 23 months

Vaccination can be done with a live, attenuated influenza
vaccine resulting in virus replication in the respiratory epithe-
lium. Because this can result in active viral shedding, the inacti-
vated influenza vaccine is recommended for HCWs with direct
patient contact.

He p at it id e s

Several hepatitis viruses have been described, including hepati-
tis A, B, C, D, E, and G. Hepatitis A is caused by a picornavirus
and is transmitted by the oral–fecal route, usually by contam-
inated food. It causes only an acute form of hepatitis that is
generally self-limited and confers immunity to future infections.
Hepatitis A is not usually a concern in the health care setting.

Hepatitis D is caused by a delta virus and can only replicate
in the presence of hepatitis B. Hepatitis E is like hepatitis A in
that it causes an acute, usually self-limited hepatitis and is also
transmitted via the oral–fecal route. In a small percent of cases,
hepatitis E can develop into an acute severe liver disease that
is often fatal. Pregnant women can develop severe disease with
fulminant hepatic failure due to hepatitis E. By far, hepatitis B
and C pose the greatest threat to health care workers.

He p at it is B
Hepatitis B is a hepadnavirus that is endemic in certain parts of
the world. Hepatitis B causes both an acute and chronic hep-
atitis, often with cirrhosis, and still remains a major cause of
hepatocellular carcinoma in various parts of the world, espe-
cially Asia. The virus is transmitted through exposure to blood
and body fluids. Routes of transmission include unprotected
sexual contact—in which 16% to 40% of unimmunized part-
ners will become infected—blood transfusions, use of contam-
inated needles and syringes, vertical transmission—20% risk
of transmission from mother to child without intervention in a
hepatitis B surface antigen (HBsAg)-positive mother—and oc-
cupational exposure including needlesticks. As with many viral
infections, the risk of transmission from a bloodborne expo-
sure is closely related to the volume of blood exposure and the
number of copies of virus present in the blood of the source.

Per the CDC guidelines, risk of transmission of hepatitis B
is also related to the hepatitis B envelope antigen (HBeAg) sta-
tus of the source patient. In patients who were both HBsAg
and HBeAg positive, the risk of developing clinical hepatitis
from a needle injury was 22% to 31% . The risk of developing
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serologic evidence of infection was 36% to 62% . If the source
patient was HBsAg positive with a negative HBeAg, the risk of
developing clinical hepatitis from a needle injury was 1% to
6% , and the risk of developing serologic evidence of hepatitis
B infection was 23% to 37% (23). Blood exposure and percu-
taneous injuries with contaminated blood are among the most
efficient modes of transmitting hepatitis B since blood has the
highest titers of hepatitis Bcompared to other body fluids. Inter-
estingly, some studies suggest that most infected HCWs could
not recall a percutaneous injury but rather recalled caring for
a patient who was HBsAg positive when investigations of out-
breaks were performed (24–27). Hepatitis B has been shown
to survive in dried blood at room temperature for at least 1
week (28) and it is possible that contact with environmental
surfaces is a potential risk for hepatitis B transmission, as has
been shown in patients and staff of hemodialysis units (29–31).

The key factor in preventing hepatitis B infection in the
health care setting is vaccination, and most facilities require
that employees who come into direct contact with patients or
with risk of exposure to blood and body fluids undergo the
hepatitis B vaccination series. In fact, hepatitis B vaccination is
part of the routine immunization schedule for children in the
United States; by the age of 18 months, children who are up
to date on their vaccinations have been fully immunized for
hepatitis B. As with childhood vaccination, the protocol for
adult immunization consists of three doses of the vaccine. For
those whose hepatitis B vaccination series is interrupted, there
is no need to restart. Vaccination can resume based on where
in the series the patient was at the time of the interruption.

In the event that a health care worker is not immunized,
postexposure prophylaxis (Fig. 13.2) is available in the form
of hepatitis B immune globulin (HBIG). When indicated, HBIG
should be given as soon as possible, preferably within 24 hours.
Data on efficacy when HBIG was given after 7 days are not
available. However, multiple doses of HBIG within 1 week of
exposure are 75% effective in preventing hepatitis B infection.
Postexposure hepatitis B vaccination is recommended in addi-
tion to HBIG because unimmunized HCWs continue to be at
risk for exposure. In addition, data derived from vertical trans-
mission regarding concurrent vaccination and HBIG adminis-
tration show a better rate of prevention—85% to 95% with
combined therapy as opposed to either therapy alone—70%
to 75% .

He p at it is C
Hepatitis C is an RNA virus in the family Flaviviridae. The
virus replicates mainly in the hepatocytes after binding to spe-
cific receptors and entering the cells. Like hepatitis B, hepatitis
C causes both acute and chronic hepatitis and is a risk factor for
development of hepatocellular carcinoma. The virus is trans-
mitted by direct contact with blood and body fluids containing
blood. Various routes of transmission have been identified. Of
note, IV drug abusers seem to have the highest incidence of
developing hepatitis C due to the sharing of contaminated nee-
dles. While sexual transmission is possible, it is largely due to
the possibility of blood contact and not other body fluids such
as semen or vaginal secretions. Vertical transmission is also
possible, although this occurs infrequently. In the health care
setting, hepatitis C is not transmitted efficiently through occu-
pational exposure to blood, and thus has a low incidence after
accidental percutaneous exposure. Mucous membrane or skin
exposures, both intact and nonintact, rarely result in trans-
mission of hepatitis C. To date, there is no available vaccine

for hepatitis C, and studies have shown no beneficial effect of
giving immune globulin. Instead, postexposure management is
aimed at the early detection of hepatitis C infection and the de-
velopment of chronic disease for which treatment can be given.

The risk of acquiring hepatitis C also varies depending on
the nature of exposure. After accidental percutaneous exposure
from a known HCV-positive source, the incidence of serocon-
version is 1.8% (32). Transmission from mucous membranes
rarely occurs, and no cases of transmission in health care work-
ers have been described from intact or nonintact skin exposures
to blood (33,34). Furthermore, the risk of transmission from
exposure to fluids other than blood has not been determined,
but is postulated to be low. Although data are limited on the
survival of HCV in the environment, one study has suggested
that HCV-RNA is resistant to drying at room temperature for
at least 48 hours (35).

He rp e s Viruse s

Human herpes viruses (HHVs) are DNA viruses that cause a va-
riety of diseases in humans. Several human herpes viruses have
been described including HHV-1 (also known as herpes sim-
plex virus [HSV-1]), HHV-2 (herpes simplex virus [HSV-2]),
HHV-3 (varicella-zoster virus [VZV]), HHV-4 (Epstein-Barr
virus [EBV]), HHV-5 (cytomegalovirus [CMV]), HHV-6 (Rose-
olovirus), HHV-7, and HHV-8 (Kaposi sarcoma–associated
virus). The seroprevalence of CMV is relatively high by adoles-
cence (36) and has been documented to be up to 60% to 90%
in adult populations. EBV generally causes a self-limited mild
disease, but can cause infectious mononucleosis in teenagers
and young adults. Thus, the herpes viruses of most importance
in the health care setting are HSV-1, HSV-2, and VZV.

HSV-1 and HSV-2 cause blisters or sores either in the oral or
genital area and can be transmitted to the health care worker
by direct contact with the lesions, when they are present, and
when appropriate use of precautions is forgone. VZV is the
causative agent of chickenpox as well as shingles. Like other
herpes viruses, VZV lies dormant in the dorsal root ganglia
of the nervous system and can reactivate to produce zoster
(“shingles”). VZV can be transmitted both by direct contact
with a patient who has active skin lesions (vesicles) as well
as via respiratory secretions in which the virus is shed during
active infection, such as disseminated zoster. The recommended
approach to patients with varicella-zoster disease includes both
contact and airborne isolation.

One issue that arises in the clinical setting is the exposure of
the nonimmune pregnant HCW to patients with CMV or VZV
disease, as primary infection with either virus during pregnancy
can be devastating to both mother and child. Some studies have
shown that up to 50% of pregnant women are seropositive for
CMV (37). In addition, the incidence of primary CMV during
pregnancy is 1% to 4% , depending on certain variables. The
transmission of CMV requires prolonged or recurrent close
contact and can also be transmitted sexually. Since there are
no effective therapies for treatment of CMV in pregnancy, pre-
vention is the best method to avoid the complications of dis-
ease. Vaccines for CMV are available and, although there has
been no change in the rate of CMV infection, there has been a
reduction in disease severity in those who are vaccinated prior
to primary infection. While there have been no conclusive rec-
ommendations regarding the precautions to be used by non-
immune pregnant HCWs with respect to patients with CMV,
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it would seem prudent to identify patients with active CMV
infection so that these HCWs can be aware of the risk or be
assigned to another patient. It must be recognized, however,
that any patient can actively shed CMV without clinical signs
or symptoms. This is the foundation for the CDC’s strong rec-
ommendation of meticulous adherence to handwashing before
and after patient care as the best way to prevent disease trans-
mission in all settings. In patients with proven or suspected
CMV pneumonitis, mask and eye protection may be a consid-
eration in the nonimmune or seronegative pregnant HCW. As
with CMV, a vaccine is available for VZV. The vaccine is a
live, attenuated vaccine that is given in two doses spaced 4 to 8
weeks apart; it is 70% to 90% effective in preventing infection
and 95% effective in preventing severe disease up to 10 years
after administration. The vaccine is recommended for nonpreg-
nant women of childbearing age and is not recommended for
pregnant women, with a further stipulation being that women
should not become pregnant for at least 1 month after each
dose of the vaccine. In the event that a pregnant HCW who is
nonimmune becomes exposed to VZV, postexposure prophy-
laxis is available. Varicella-zoster immunoglobulin is recom-
mended within 96 hours of exposure and has been reported be
up to 90% effective in preventing severe disease (38). It is rec-
ommended that nonimmune HCWs be vaccinated, especially
female HCWs of childbearing age. If a pregnant HCW is not
immune and has had exposure to VZV, prophylaxis should be
instituted. In addition, contact and airborne precautions should
be used at all times in patients with VZV disease.

Bact e ria

Having discussed the major viruses of importance in the health
care setting, we will now turn to a discussion of bacterial or-
ganisms including MRSA, VRE, Clostridium difficile, selected
Gram-negative organisms, and Mycobacterium tuberculosis.
Standard precautions are recommended for all patients, but ad-
ditional precautions include contact precautions (MRSA, VRE,
C. difficile) and airborne precautions (tuberculosis).

Me t hicillin-re sist ant St ap hylococcus aure us
Methicillin-resistant S. aureus has become a major problem
both in hospital-acquired (HA-MRSA) infections as well as
community-acquired (CA-MRSA) infections. MRSA infections
in the hospital are associated with both longer stays and higher
costs. Data from the U.S. National Nosocomial Infections
Surveillance Systems indicate that MRSA accounts for 55%
of S. aureus–related infections in the intensive care setting in
the United States. CA-MRSA is a microbiologically distinct iso-
late with a specific sensitivity pattern and the presence of the
Panton-Valentine leukocidin (PVL) exotoxin. While it was pre-
viously thought that the PVL exotoxin was the virulence fac-
tor for CA-MRSA, studies in PVL-negative and PVL-positive
mice failed to support this assertion; thus, the factor respon-
sible for the virulence of CA-MRSA remains uncharacterized.
Methicillin resistance is related to the acquisition of a staphylo-
coccal cassette chromosome (SCC) that is known as the mecA
gene. CA-MRSA can be distinguished from hospital-acquired
MRSA by the presence of type 4 SCC (39). Expression of
the mecA gene leads to an altered penicillin-binding protein,
PBP2a, which has a reduced affinity for β -lactam rings.

CA-MRSA has been associated with significant skin and
soft tissue infections, often requiring surgical drainage, usu-
ally in hospital emergency departments, as well as more severe
infections such as necrotizing pneumonia, necessitating hospi-
tal admission. Nosocomial infections with HA-MRSA include
catheter-related bacteremia, postsurgical wound infections,
postoperative neurosurgical meningitis, ventilator-associated
pneumonia, and device and graft infections. Risk factors for
MRSA infection include patients with open wounds or pressure
ulcers, invasive devices—such as catheter, tracheostomy, gas-
trostomy, nasogastric tube, and indwelling bladder catheter—
recent antibiotic therapy, hospitalization or significant health
care contact within the past 6 months, increased age, and male
gender. Knowing the MRSA infection status of patients is help-
ful in determining who should be isolated or cohorted. While
nasal swabs for MRSA culture are a way to identify those who
are colonized, the time delay in identifying these patients based
on cultures makes this option less useful. PCR has been pro-
posed as a means of rapid identification of MRSA-colonized
patients; however, this may not be cost effective. Although
there are differences in the ways that hospitals approach the
issue of screening patients for MRSA, once it is isolated from
a culture, the patient should be immediately placed on contact
precautions.

While there are antibiotic options available to treat MRSA
infections, as well as to decolonize carriers of MRSA, pre-
vention of spread is the most important method in combat-
ing MRSA infections. Patients with MRSA infection in the
hospital should be placed on contact precautions. However,
handwashing remains a critical factor in preventing spread.
Health care workers must wash their hands before and after
any contact with a patient, even when gloves are worn as part
of MRSA contact precautions. Recommendations for prevent-
ing the spread of MRSA also include cohorting of patients if
isolation in a single room is not possible. Contact precautions
should be observed meticulously, especially with any antici-
pated contact with an open wound or ulcer, mucous mem-
branes, or any blood or body fluid contact. Mask and eye pro-
tection are indicated if exposure to aerosols generated by the
coughing patient is likely or when irrigating wounds. Precau-
tions for MRSA-infected or -colonized patients remain the same
regardless of the strain (HA-MRSA or CA-MRSA).

Fomites have been implicated in the transmission of MRSA.
Environmental surfaces that have been described as vectors of
MRSA transmission include a plastic patient chart (survived
11 days), a laminated tabletop (survived 12 days), and a cloth
curtain (survived 9 days) (40). Further, even in the outpatient
setting, studies have shown that environmental surfaces are
important sources of transmission including a patient exami-
nation table, a computer keyboard, a pulse oximeter, and mul-
tiple patient chairs located in the triage station, the waiting
room, and the examination room (41). Daily routine cleaning
should be done with a disinfectant and performed in a sanitary
manner as is done in all rooms regardless of the presence of
MRSA. Equipment should be routinely cleaned, disinfected, or
sterilized per institution policy.

Clost rid ium d ifficile
Members of the genus Clostridium are Gram-positive rods
that are anaerobic and spore forming. C. difficile is the
causative organism of pseudomembranous colitis and C.
difficile–associated diarrhea (CDAD), which occurs with the
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use of antibiotics that eradicate normal gut flora. The organ-
ism produces two toxins, enterotoxin (toxin A) and cytotoxin
(toxin B), which are responsible for diarrhea and inflammation.
While growing C. difficile in culture is the gold standard for
diagnosis, enzyme-linked immunosorbent assay (ELISA) test-
ing for toxin A or B has a high sensitivity and specificity when
performed on three separate stool specimens. In addition to wa-
tery diarrhea, computed tomography (CT) scan of the abdomen
demonstrating colonic wall thickening is a key finding. Com-
plications of untreated infection include toxic megacolon and
bowel perforation. A major risk factor for the development of
C. difficile diarrhea is the use of antibiotics—especially peni-
cillins, clindamycin, and cephalosporins, particularly third-
generation cephalosporins. Repeated enemas, prolonged naso-
gastric tube insertion, and gastrointestinal surgery also increase
the risk of developing a disease.

The disease is spread from person to person by spores that
are shed in the stool. Such spores can survive up to 70 days in
the environment and can be carried on the hands of health care
workers, who then have direct contact with uninfected patients
or with environmental surfaces—floors, bedpans, toilets—thus
contaminating them with C. difficile.

The treatment of C. difficile colitis includes oral metron-
idazole or oral vancomycin. A newer agent, nitazoxanide, has
not received Food and Drug Administration (FDA) approval
for this indication, but shows promise in small clinical trials.
As with MRSA, longer hospital stays and increased costs have
been directly related to infection with C. difficile. Recommen-
dations for preventing spread include standard precautions as
well as contact precautions if soiling of clothes is likely. It is
important to note that handwashing is the only method to be
used in preventing spread of C. difficile, as the alcohol substi-
tutes do not kill the spores. However, the mechanical action of
applying the hand sanitizer may eliminate some spores from
the hand of the HCW. Waste material should also be handled
in a proper way. Furthermore, limiting the use of inappropri-
ate antibiotics is central to lowering the risk of developing C.
difficile–associated diarrhea.

Vancomycin-re sist ant Ent e rococcus
Enterococci are Gram-positive, facultatively anaerobic organ-
isms that colonize the gastrointestinal tract. Two species, En-
terococcus faecalis (90% to 95% ) and Enterococcus faecium
(5% to 10% ), are commensal in the intestines of humans.
While the organism is not highly invasive, infections caused by
enterococci include catheter-related bacteremia, urinary tract
infections, diverticular abscess, cholangitis, and endocarditis.
While many strains of enterococci remain susceptible to ampi-
cillin, penicillin, and vancomycin, there has been an alarming
increase in the incidence of VRE, which has implications both
for therapy and prevention. In addition, there is concern re-
garding resistance in other bacteria, such as S. aureus, as VRE
appears to have an enhanced ability to pass resistant genes
(such as vanA) to other Gram-positive organisms.

Risk factors for VRE colonization and infection have not
been clearly identified, although there seems to be a higher inci-
dence in patients who are immunosuppressed—transplant and
chemotherapy patients in an intensive care setting who have re-
nal insufficiency. In addition, a higher risk of colonization and
infection is logically associated with intra-abdominal surgery
or gastrointestinal tract manipulation such as endoscopic retro-
grade cholangiopancreatography (ERCP), indwelling urinary

catheters, enteral feeding tubes, and central venous catheters,
as these are all—with the exception of the central venous
catheter—associated with the natural reservoir of the organ-
ism. Patients on broad-spectrum antibiotics, and especially
those who have received oral vancomycin, are also at higher
risk for colonization or infection with a VRE species. The use
of intravenous vancomycin is associated to a lesser extent with
VRE colonization and infection.

Transmission generally occurs from a colonized or infected
patient to the HCW via direct contact with either the patient or
contaminated environmental surfaces (fomites), such as toilets,
doorknobs, and even Yankauer suction devices (42). In general,
the lack of proper hand hygiene appears to be the major factor
in the spread of VRE from patient to HCW and back to other
patients. Studies have shown a dramatic decrease in the inci-
dence of VRE with the enforcement of proper hand hygiene,
either with alcohol-based solutions or with routine handwash-
ing (43). Proper environmental cleaning has been shown to
also decrease the transmission of VRE (44). Patients who are
known to be colonized or infected with VRE should be placed
in contact isolation to prevent spread of the organism.

As with MRSA, the issue of screening for VRE has been ad-
dressed by several studies. One study has shown advantage in a
clinical active surveillance strategy (culture of a rectal swab on
admission, weekly while the patient was in the intensive care
unit [ICU], and at discharge) with a cost savings ranging from
$56,258 to $303,334 per month (45). A decision should be
made at the institutional level regarding the cost effectiveness
of a screening program. The available data support strong con-
sideration for a routine screening program with resultant pre-
ventive measures (contact isolation) to help control the spread
of VRE.

Tub e rculosis
Mycobacterium tuberculosis (MTB) is the causative agent of
all forms of tuberculosis—pulmonary, central nervous system
(CNS), and disseminated. The disease is spread by aerosol
droplets from persons with active infection when they cough,
sneeze, speak, or spit. Infectious droplets are 0.5 to 5 µ m in
diameter; about 40,000 can be produced in a single sneeze
and 3,000 in a single cough. The probability of transmission
from person to person depends on several factors, including
(a) quantity of infectious droplets expelled, (b) effectiveness
of ventilation, (c) duration of exposure, and (d) the virulence
of the Mycobacterial strain. Persons who are in direct contact
with an infected patient, either frequently or for a prolonged
time, have the highest risk of developing tuberculosis, with an
estimated infection rate of 22% . A person with untreated, ac-
tive tuberculosis can infect 10 to 15 people per year. Others
at risk for infection include persons living in endemic areas—
some parts of Asia, Haiti, and South America; immunocompro-
mised patients—those with HIV/AIDS and those on immuno-
suppressive medications; health care workers serving high-risk
patients; and IV drug abusers. Single males, alcoholics, the
urban poor—especially the homeless—migrant farm workers,
and prison inmates have been associated with a higher fre-
quency of tuberculosis.

The rate of tuberculosis in the United States has steadily
declined since a resurgence between 1985 and 1992 that cor-
related with the AIDS epidemic prior to the development of
highly active antiretroviral therapy. Since then, the majority of
MTB cases in the United States are now diagnosed in persons
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who are immigrants from endemic areas. There has been a re-
cent deceleration in the yearly percentage of decline, from an
average of 7.1% per year (1993 through 2000) to 3.8% per
year (2001 through 2005). This has raised concerns regard-
ing the progress toward the goal of eliminating MTB in the
United States. According to the most recent CDC data, a to-
tal of 14,093 cases of TB were reported in the United States
in 2005, which was down from 14,516 in 2004; this decrease
represents the smallest decline in over a decade. A CDC study
has also shown racial/ethnic disparities, as well as a disparity
between U.S.-born and foreign-born MTB rates. In 2005, His-
panics, African Americans, and Asians were respectively 7.3,
8.3, and 19.6 times more likely than Caucasians to become
infected with the disease. Furthermore, MTB rates were 8.7
times higher for foreign-born individuals as compared to their
U.S. counterparts. More than half of foreign-born cases were
reported in patients from Mexico, the Philippines, Vietnam, In-
dia, and China. The more alarming data from the most recent
CDC report is the finding of higher rates of multidrug- and
extended drug-resistant tuberculosis. In developing countries,
rates of tuberculosis have been increasing in concordance with
the rise of HIV as well as the neglect of TB control programs.

The most effective way to prevent the spread of tubercu-
losis to the HCW is to identify patients at high risk of ac-
tive infection, which includes an assessment of symptoms—for
example, fever, night sweats, shortness of breath, hemopty-
sis, and weight loss—as well as demographic factors including
questioning about immigration from an endemic area, recent
incarceration, and contact with patients known to have tuber-
culosis, and then isolating these patients. The patient must be
placed in a negative pressure isolation room with airborne pre-
cautions. Patients should have three expectorated or induced
sputum specimens sent for acid-fast staining and culture for
acid-fast bacilli (AFB). Patients with suspected MTB infection
cannot be removed from isolation until three adequate sputum
specimens—or an equivalent, such as specimens obtained by
bronchoscopy or bronchoalveolar lavage—have been obtained
and are negative for AFB by smear. AFB culture may take up to
6 weeks to grow organisms, and is therefore not used to decide
on discontinuation of isolation unless there is a very high in-
dex of suspicion. Newer diagnostic techniques including MTB
DNA PCR can be used on a variety of AFB-negative body fluids
or can be used to determine if early growth of AFB in liquid
media is MTB or a nontuberculous mycobacteria.

Gram-Ne g at ive Org anisms
Recently, the incidence of multidrug-resistant, Gram-negative
infections has stirred debate as to whether isolation precau-
tions such as those in place for resistant Gram positives should
be instituted. The National Nosocomial Infections Surveillance
System has reported increases in the prevalence of multidrug-
resistant Gram-negative infections including Pseudomonas,
Enterobacter, and Klebsiella, as well as extended-spectrum β -
lactamase (ESBL)–producing organisms. In addition, some in-
stitutions have reported outbreaks of highly resistant Acine-
tobacter baumannii infections (46,47). Furthermore, interest
in Acinetobacter is growing now that the organism has been
found in soldiers returning from Iraq and Afghanistan.

A recent review of the data related to Pseudomonas, En-
terobacteriaceae (Escherichia coli and Klebsiella) and Acine-
tobacter baumannii infection led the authors to conclude that
there was not sufficient evidence to determine that infection

control measures would be effective in controlling the spread
of multidrug-resistant Gram-negative bacteria (48). However,
outbreaks of resistant Gram-negative infections have become
all too common and have been associated with catheters (49)
and other intravascular devices (50), including one report of
Stenotrophomonas prosthetic valve endocarditis (51). In addi-
tion, fatalities have been reported with certain outbreaks (52).
Control of outbreaks has included both antibiotic restriction
as well as institution of contact isolation. When dealing with
multidrug-resistant, virulent, Gram-negative organisms, espe-
cially in such settings as the ICU, contact isolation should be
strongly considered for use in colonized and infected patients
as suggested by CDC guidelines (5).
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CHAPTER 14 ■ INTRAHOSPITAL TRANSPORT
OF CRITICALLY ILL PATIENTS
ISMAËL MOHAMMEDI

The transportation of critically ill patients may be divided into
specific categories:

■ Primary transport (prehospital care) is the transfer of pa-
tients from site of illness or injury to first hospital contact.

■ Secondary transport is the transfer of the patient from one
hospital to another for continuing clinical care (interhospital
transfer) or between departments within the same hospital
(intrahospital transfer).

Technological developments have dramatically improved the
information available from diagnostic testing such as computed
tomography (CT), magnetic resonance imaging (MRI), angiog-
raphy, cardiac catheterization, and nuclear imaging, as well as
various interventions that can be done using these tools. As
a result, critically ill patients are, with increasing frequency,

moving not only between the intensive care unit (ICU) and
the operating room (OR), but often on longer journeys to re-
mote locations throughout the hospital. However, the safest
place for the critically ill patient remains his or her room in the
ICU, connected to ventilator and other life-support equipment,
with complete monitoring installed—and with a physician–
nurse team present to provide care. Transfer of critically ill
patients to another location always involves some degree of
risk. Therefore, the decision to transport must be based on a
careful assessment of the potential benefits weighed against the
potential risks. If transport is justified, it should be undertaken
in a manner that does not jeopardize the level and quality of
care being given. Indeed, lack of monitoring and inappropri-
ately trained staff leading to a significant number of adverse
events have been widely reported. These findings resulted in
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the publication of guidelines by professional organizations on
how the transfer of the critically ill should be conducted (1–6).

TRANSPORT SCENARIOS
Vigilance and anticipation are basic attributes of critical care
medicine, and are vital in the safe conduct of each transport.
Differences exist, however, in the physiologic status of pa-
tients likely to be encountered, as well as the expected stres-
sors imposed by the move. Therefore, organization and logis-
tics should be adapted to each specific transfer. In developing
a rational approach, we may consider four different common
scenarios for intrahospital transport, as defined by Venkatara-
man and Orr (7).

Transfe r from Crit ical Care Are as (t o Ward )

Individuals transferring out of a critical care area no longer
need the extensive monitoring they had in the ICU. They should
not be experiencing cardiovascular or respiratory instability
and may be expected to continue a process of improvement.
Major concerns are alterations in level of consciousness and
development of airway problems.

Transfe r t o Crit ical Care Are as (from
Eme rg e ncy De p art me nt or Ward )

Patients moving to critical care areas present a different set
of challenges. Physiologic status may change rapidly, as in the
patient with sepsis who has deteriorated on the ward, or the
trauma victim who is being resuscitated in the emergency de-
partment (ED). In this setting, the potential for adverse events
or secondary insults likely will increase through the transport
process, and the breadth of monitoring and preparation re-
quired is increased. Clearly, the data in head-injured patients
point out the importance of vigilance in this scenario. Andrews
et al. (8) studied 50 head-injured patients who required intra-
hospital transfer; 35 were transported from the ICU (to CT
scan or OR) and 15 from the ED (to CT scan and then to ICU
or OR). They found insults in a greater proportion in patients
transferred from ED than in the ICU patients, despite similar
injury severity scores. Although these authors did not clearly
explain this finding—66% versus 80% patients with insults
after transport—it may be that in such patients optimal prepa-
ration, monitoring, and resuscitation are more easily obtained
with neuro-ICU-trained physicians than ED physicians.

Round -t rip Transfe r from Crit ical Care t o
Noncrit ical Care Are as (i.e ., t o CT Scan)

This is probably the most neglected part of intrahospital trans-
port and perhaps one of the most dangerous. Critically ill pa-
tients journey outside of the ICU for various diagnostic and
therapeutic interventions and for an undetermined period of
time. Adverse events or mishaps during transport may be re-
lated to physiologic changes or to technical or equipment prob-
lems (Table 14.1). Minor changes in heart rate or blood pres-
sure may have little impact; however, unplanned extubation of

the airway or loss of intravenous access for pressor support can
have lethal consequences. Problems may occur and must be an-
ticipated for any organ system. Early detection of such changes
and rapid intervention are critically important to outcome.

Transfe r b e t we e n Crit ical Care Are as

The transfer of patients between critical care areas (from the
OR to ICU or from the ICU to OR) are unlikely to isolate pa-
tients in remote areas of the hospital with limited resources.
Issues involving the transport process itself are still relevant,
however, and the nature of events leading to such transports
puts these patients at significant risk. Much as Insel et al. (9)
demonstrated hemodynamically significant changes in adults
during transfer from the OR to ICU, Venkataraman and Orr
(7) described major cardiorespiratory changes in children go-
ing from the OR to the ICU. Many of them required significant
interventions such as ventilator changes or vasoactive infusions
for stabilization (10–14). Petre et al. (15) noted that patients
undergoing complex cardiothoracic procedures could leave the
OR with multiple inotropic or vasoactive infusions, invasive
monitors, pacemakers, and even intra-aortic balloon pumps or
ventricular assist devices, but all required monitoring and ad-
justment during the transport process. They observed that pa-
tients were frequently unstable when they arrived in the ICU.

The same potential for physiologic deterioration is present
when patients are transferred from the ICU to the OR, fre-
quently compounded by the fact that these transfers are ur-
gent or emergent. The transport and transfer process may be
thought of as an extension of our care and clearly places pa-
tients at risk for physiologic changes that are at least as great
as in the areas between which they are being transported.

ADVERSE EFFECTS
Deterioration in respiratory, cardiovascular, and other physio-
logic systems is a potential complication of any patient trans-
port. This may be due to the movement of the patient or may
be related to equipment dysfunction. Apart from physiologic
changes, problems may arise from organizational and system
efficiencies.

Ove rall Comp licat ions d uring
Int rahosp it al Transp ort

Studying factors related to mishaps, Smith et al. (13) prospec-
tively followed a series of 125 intrahospital transports from
the ICU. Mishaps were defined as events having a detrimental
effect on patient stability (e.g., ventilator disconnection, tra-
cheal extubation, intravenous catheter infiltration or discon-
nection, vasoactive infusion disconnection, invasive monitor
or catheter-related mishap, or monitor failure). Twenty-four
percent of patients were believed to be less stable on return to
the ICU. Eleven percent of transports had multiple misadven-
tures, and more than one third involved at least one mishap.
This series revealed several interesting trends. Transports to the
CT scanner were more likely to involve mishaps than any other
destination, particularly if any delays occurred at the site. Con-
tributing factors were believed to include the physical isolation
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TA BLE 1 4 . 1

POTENTIAL COMPLICATIONS DURING TRANSPORT

CARDIOVASCULAR
Physiologic Technical

Hypertension ECG lead disconnect or artifact
Hypotension Monitor failure
Hypervolemia Arterial catheter/central venous catheter disconnect
Hypovolemia/bleeding Vasoactive drug infusion error or disconnect
Arrhythmias Pacer malfunction
Congestive heart failure/pulmonary edema IABP malfunction
Decreased cardiac output/inadequate tissue perfusion Inability to fit IABP into elevator or ancillary location
Ischemia/Infarction Loss of invasive monitoring catheters
Compromise of vascular anastomoses/grafts/bypasses

RESPIRATORY
Physiologic Technical

Hypoxemia/desaturation Loss of unprotected airway
Hypercapnia/respiratory acidosis Extubation/endotracheal tube obstruction
Hypocapnia/respiratory alkalosis Loss of gas supply
Tachypnea Inability to match bedside ventilator mode
Bronchospasm Ventilator malfunction
Loss of functional residual capacity Lack of house gas lines at remote or diagnostic locations
Increased airway pressures/hemodynamic compromise Chest tube occlusion or loss
Pneumothorax
Aspiration

NEUROLOGIC
Physiologic Technical

Increased ICP ICP monitor loss or malfunction
Decreased cerebral perfusion pressure Inability to maintain adequate head-up positioning
Inadequate cerebral blood flow Errors with pentobarbital infusion during induced coma
Excessive cerebral blood flow Loss of electrophysiologic monitoring capabilities
Seizures Difficulty in temperature control
Cerebral edema
Hemorrhage
Stroke
Herniation

OTHER
Physiologic Technical

Metabolic acidosis/alkalosis Pulled nasogastric or feeding tube
Hyperglycemia/hypoglycemia Pulled Foley catheter
Hyperthermia/hypothermia Pulled surgical drain/catheter
Oliguria/polyuria Tangled infusion and monitoring catheters

Loss of hyperalimentation source
Compression stocking malfunction
Bed malfunction
Transport elevator malfunction

ECG, electrocardiogram; IABP, intra-aortic balloon pump; ICP, intracranial pressure.

of the patient during the procedure and the transfer of the pa-
tient from the bed to the scanner and back. Overall, 75% of
mishaps occurred at the remote study site. Surprisingly, emer-
gent transports were not more likely to have mishaps, nor was
a correlation observed between the number of catheters and
monitors and the incidence of mishaps.

Indeck et al. (16) reported, in a prospective evaluation of
103 consecutive transports carried out for diagnostic stud-
ies, that 68% of all transports experienced serious physiologic
changes and that each of these required increased levels of sup-
port to the patient. These investigators also found that only
24% of the transports resulted in a change in patient man-

agement within 48 hours. They concluded that the decision
to transport patients must be weighed carefully in the face
of a 75% chance that the study result will not alter manage-
ment.

Changes in patient management amounted to 39% in the
experience of Hurst et al. (17), who studied a group of 81
surgery/trauma patients transported for a total of 100 diag-
nostic procedures. The examination with the highest efficiency
included angiography and abdominal CT scanning, which re-
sulted in therapeutic consequences in 57% and 51% of pa-
tients, respectively. They also found that physiologic changes—
defined as a blood pressure ± 20 mm Hg, heart rate ± 20 beats



146 Sect ion I: Introduction/General Concepts

per minute, respiratory rate ± 5 breaths per minute, or oxygen
saturation ± 5% for 5 minutes duration—occurred in 66% of
transported patients. These authors further demonstrated that
while physiologic changes are frequent during transport, they
are also frequent in ICU patients as a consequence of the sever-
ity of illness. They concluded that, if appropriate monitoring
and ventilatory support are provided during transport, the fre-
quency of life-threatening complications is quite small.

This is confirmed by the study of Szem et al. (18), who
studied 203 intrahospital transports. They reported only 12
serious complications, including marked hypoxemia, cardiac
arrest, hypotension, cerebral infarction, pneumothorax requir-
ing chest tube placement, and rupture of an infected arteriove-
nous fistula, without any transport-related deaths.

It could be thus concluded that, even though intrahospital
transport of the critically ill patient is associated with increased
complications, the large variation of their incidence (ranging
from 6% to 68% in the literature) may be attributed to differ-
ences in patient population and/or to definitions used.

Sp e cific Comp licat ions d uring
Int rahosp it al Transp ort

Card iocirculat ory Eve nt s
Cardiovascular changes seem to be common. Insel et al. (9)
studied patients being transferred from the OR to the ICU after
either major general or vascular surgery, carotid endarterec-
tomy, or coronary artery bypass, comparing them to ICU
patients undergoing transport for diagnostic or other nonoper-
ative procedures. In the major postoperative groups, significant
lability in blood pressure and pulse were noted. Despite con-
tinuous arterial blood pressure monitoring, 20% of patients in
the major vascular and general surgery group required vigor-
ous fluid resuscitation for hypotension on arrival to the ICU,
whereas 36% required either nitroglycerin or nitroprusside for
control of hypertension.

A prospective study of medical patients monitored, in addi-
tion to the standard electrocardiogram monitor, with a contin-
uous 12-lead ST-segment analysis, showed that cardiac events
that cannot be seen with the usual monitoring may occur
(19).

It has been reported that the accuracy of noninvasive blood
pressure monitoring is limited (20). Direct intra-arterial pres-
sure measurements were taken in 44 transported patients as
a gold standard and were compared with readings from four
portable automatic oscillotonometers—the Dinamap 8100,
Lifestat 100, Propaq 102, and Takeda UA711. All under-
read systolic pressure (by 13% , 21% , 19% , and 13% , respec-
tively) and overread diastolic pressure (by 15% , 5% , 27% , and
15% , respectively) as compared to direct pressure measure-
ment.

Re sp irat ory Eve nt s
It has been noted that O 2 saturation can drop significantly
when sedated patients are moved to and from the operating
room (OR) or postanesthesia care unit (PACU). Hensley et al.
(21) found that 60% of patients prepared for coronary bypass
surgery became hypoxemic, with a SpO 2 less than 90% , during
placement of invasive monitors after a standard premedication
with morphine and scopolamine on their way to the OR, de-

spite normal mental status. Tyler et al. (22) report that in a
series of adult patients recovering from anesthesia, 12% desat-
urated to a SpO 2 of less than 85% and fully 35% of patients
to a SpO2 of less than 90% during transport from the OR to
the PACU.

Healthy pediatric patients are no less at risk. Despite ad-
ministering 100% oxygen for 3 minutes after surgery, Kataria
et al. (23) found a significant age-related fall in SpO 2 during a
120 to 180 second transfer to the PACU, with the mean SpO 2
being 88% in children younger than 6 months of age. Studying
healthy children with American Society of Anesthesiologists
physical status I or II, Tomkins et al. (24) found that 24%
became hypoxemic (SpO 2 less than 90% ) during the first 10
minutes after termination of anesthesia. Significantly, clinical
signs of respiratory compromise such as cyanosis or upper air-
way obstruction correlated poorly with measured hypoxemia.

For nonoperative mechanically ventilated patients, similar
results have been shown. Waydhas et al. (25) found, in a study
of 49 trips for 28 patients, that the arterial partial pressure of
oxygen (PaO 2 /fraction of inspired oxygen (FiO 2) ratio dropped
more than 20% after 21 of the transports. For ten of the pa-
tients studied, changes in the PaO 2/FiO 2 persisted for more
than 24 hours.

Because the possibilities for treatment are reduced during
the transfer period, two studies were undertaken to evalu-
ate predictors that could identify patients whose respiratory
function might deteriorate to allow the weighing of the bene-
fit against the hazards of transfer before the actual transport
takes place. Marx et al. (26) investigated 98 mechanically ven-
tilated patients. In 54 transports (55% of studied patients),
there was a decrease in the PaO2/FiO 2 ratio, and a decrease of
more than 20% from baseline was noted in 23 of the trans-
ferred patients (24% ). Predictors for respiratory deterioration
included age greater than 43 years and a required FiO 2 greater
than 0.5. In a second study, 88 intrahospital transports involv-
ing 62 patients were analyzed (27). In 56 transports (64% ), the
PaO2/FiO 2 ratio decreased by more than 20% from baseline.
A high pretransfer PaO 2/FIO 2 ratio (greater than 200) was the
only factor predictive for respiratory deterioration in multivari-
ate analysis. Neither Marx et al. (26) nor Mohammedi et al.
(27) have found a relationship between the duration of transfer
and respiratory deterioration.

Manual bag ventilation of ICU patients transported to
OR, or to other hospital locations, appears to be common.
Small, older studies showed that such manual positive pres-
sure ventilation is reasonable for short-term transit care, such
as transferring an ICU patient to the OR just down the cor-
ridor. Weg and Has (28) compared parameters among 20 pa-
tients transported either with a mechanical ventilator or ven-
tilated by bag mask. They found no significant hemodynamic
changes and only transient variations in PaCO 2 between the
two groups. Gervais et al. (12) compared manual ventila-
tion with and without spirometry for tidal volume monitor-
ing, and mechanical ventilation with a portable device that
allowed tidal volume to be set but had no capacity for measure-
ment. Both groups without spirometry developed significant
decreases in PaCO2 and increases in pH. When manual ventila-
tion with tidal volume monitoring was used to approximate the
minute ventilation patients received in the ICU, no significant
changes were observed. By way of contrast, in a prospective
study of ventilator-dependent patients who underwent proce-
dures outside the ICU, Braman et al. (11) examined changes
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in arterial blood gas partial pressures and hemodynamic
parameters in two treatment groups. Group 1 was ventilated
manually during transport, and group 2 was ventilated by a
portable volume-limited ventilator (with settings matched to
the bedside ventilator). Significant changes in PaCO 2 (greater
than 10 mm Hg) and pH were common in both groups, as
was hypotension. However, the rate of occurrence was clearly
greater in the manually ventilated group (75% vs. 44% ), and
two of the group 1 patients developed new cardiac arrhythmias.
Blood gas deterioration correlated strongly with the develop-
ment of hypotension and new arrhythmias. A similar but more
recent study confirms these findings. After transport, 5 of 11
patients in the manually ventilated group, compared to 1 of
11 patients in a mechanically ventilated group, showed a sig-
nificant deterioration in the PaO 2/FiO 2 ratio. The mean tidal
volume and positive end-expiratory pressure in the manually
ventilated group showed significantly larger variation than in
the mechanically ventilated group (29). The authors concluded
that the use of a transport ventilator provides more stable ven-
tilatory support than does manual ventilation.

However, only a few comparative studies regarding portable
ventilators have been published. Zanetta et al. (30) reported,
in a bench model, that the performance of five transport ven-
tilators, and three ICU ventilators that can be used for this
purpose, set in a volume-controlled mode and submitted to
various combinations of resistive and elastic loads, were very
inhomogeneous.

Although many data have accumulated with respect to
mishaps during transport, less is known about adverse long-
term effects. Kollef et al. (31) found that, in a group of 273
ventilated patients who were transported, the incidence of
ventilator-associated pneumonia was 24.4% compared with
4.4% in 248 nontransported patients with a similar sever-
ity of illness. A risk-adjusted matched cohort study showed
a ventilator-associated pneumonia (VAP) rate of 26% in trans-
ported patients compared with 10% in the matched nontrans-
ported patients (32). This study was designed to examine the
impact of intrahospital transport (IHT) on the occurrence of
VAP, not to explore its mechanism. However, the authors pro-
posed some explanations: the supine position during IHT, the
frequent manipulations of the ventilator circuits needed during
IHT that increase the risk of aspiration of gastric content or of
contaminated secretions, and the fact that technical difficulties
are often encountered when suction of airways is needed dur-
ing transport. However, the ICU mortality rate was similar in
both groups of patients.

Ne uro log ical Eve nt s
The population of transported patients in whom physiologic
variation poses the greatest clinical threat are those with head
trauma, which requires tight regulation of oxygenation, blood
pressure, and intracranial pressure (33). Secondary insults such
as hypoxia, hypotension, or decreased cerebral perfusion pres-
sure are devastating in head-injured patients. Gentleman and
Jennett (34) found that “suboptimum care” was responsible
for most avoidable deaths after head trauma, and that more
than one third of deaths in neurotrauma patients had avoidable
factors. In a large audit of head-injured patients, these inves-
tigators report compromised airways in over 25% of victims
arriving in the neurosurgical unit, with 15% to 22% demon-
strating hypoxemia. Andrews et al. (8) report secondary insults
occurring in 47% of neurotrauma patients during transport

from the ER and that fully 80% of patients had insults within
the first 4 hours after transfer.

CONTRIBUTING FACTORS
In a cross-sectional analysis of intrahospital transfer incidents
reported to the Australian Incident Monitoring Study in In-
tensive Care system, Beckmann et al. (35) identified 176 re-
ports of 191 incidents relating to intrahospital transporta-
tion from 37 ICUs. Clinical management errors accounted for
61% of the problems (the most common patient/staff man-
agement issues identified were communication and liaison is-
sues between the ICU and sites of destination or origin), with
equipment failure responsible for the remainder. Factors con-
tributing to the incident were classified as system-based fac-
tors (work practices, equipment, physical environment struc-
ture) in 46% , and human-based factors (knowledge-based,
rules-based, skills-based, or technical error) in 54% . Many of
these human-based contributing factors suggest that person-
nel involved may not have had adequate training. From these
data, the authors developed recommendations for intrahospi-
tal transport and a checklist for documenting the processes of
care before, during, and after the transfer period, which are
further discussed.

The Thre e Phase s of Transp ort

Preparation begins with careful evaluation of the risks and ben-
efits of the transport. The decision to move a patient should
be made by the senior medical practitioner of the critical care
team. The transport may be broken down into three phases:
the preparatory phase, the transfer phase, and posttransport
stabilization.

Pre p arat ory Phase
This is probably the most important stage. Adequate attention
to this first phase minimizes problems in the other two.

1. Stabilization of the patient before transport is an obvious
goal, although overruling priorities may make this impos-
sible. As a rule, all anticipated procedures should be per-
formed in the critical care area before transport. Careful
assessment of the patient’s airway is critical, and adequate
oxygenation and ventilation must be ensured. In patients
who are combative or show decreased levels of conscious-
ness for whatever reason, careful consideration should be
given to electively securing the airway before transport. Sim-
ilarly, elective intubation should be entertained in patients
with significant burn injuries (especially inhalational injury),
chest trauma, or respiratory distress. An apparently insignif-
icant pneumothorax can progress rapidly—particularly if
the patient is receiving positive pressure ventilation—and
tube thoracostomy should be considered. Once in place,
chest tubes may be transported under water seal, and then,
ideally, reattached to suction during any therapeutic or diag-
nostic procedure. If necessary, vasoactive infusions should
be addressed to obtain a steady state before any elective
transport. Intravascular volume resuscitation should be well
under way in patients with shock caused by trauma, and
large-bore vascular access catheters should be in place before
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movement. When blood pressure cannot be stabilized, sur-
gical exploration and control of bleeding must take prece-
dence over any further diagnostic procedures.

2. Communication and coordination are essential to the safe
conduct of transport. When a patient is transferred to or
from the critical care area, or between critical care areas,
information should be passed from physician to physician
and nurse to nurse regarding the patient’s condition, treat-
ment, and management. Timing of arrival and procedures
should be confirmed with personnel at the patient’s destina-
tion, especially when CT, angiography, or nuclear medicine
are involved; this is of particular importance as mishaps are
more likely when delays occur in these areas. Ideally, patient
escort or security may arrange to clear the transport route
and to have elevators standing by. If the responsible physi-
cian does not accompany the patient, the physician must at
least be aware when the transport is taking place. The rea-
sons for the transport should be documented in the patient’s
chart. It is of critical importance that the patient “handoff”
be carried out in a flawless manner and that documentation
be complete.

3. Resuscitative and scheduled medications, fluids, monitors,
life-support equipment, and adequate personnel need to be
assembled. Airway supplies, including equipment for intu-
bation and ventilation and an oxygen supply, are essential.
A checklist should be used to assist in preparation.

Transp ort Phase
The goal during the transport phase is to maintain the same
level of care as the patient had in the critical care area. As
much as possible, we should strive to achieve the following:

1. Maintain patient stability through monitoring.
2. Continue the present ongoing management.
3. Avoid iatrogenic mishaps.
4. Reduce to a minimum transfer duration.

In transports from the ICU to and from ancillary locations,
every attempt should be made to return monitoring and care
to the ICU level during the procedure. Modalities such as pul-
monary artery pressure, which may be difficult to follow in a
moving patient, can again be monitored in a stationary loca-
tion. By adhering to the principles of thorough preparation and
minimizing time spent during the transport phase, we should
decrease the potential for complications.

Post t ransp ort St ab ilizat ion
When a patient returns to the ICU, no less attention should
be paid to the posttransport stabilization phase than to other
components of the process. Patients may continue to be at in-
creased risk of secondary insults through the first 4 hours after
return (34). Additional issues may arise, and communication
is thus essential. The primary team may be unaware of all of
the problems that began in the OR/ED or during the transport,
or important new findings may follow from a diagnostic pro-
cedure. The transport team members must review these issues
with the full critical care team, including the nurses who will
be working with the patient. This communication is especially
important for the trauma patients, who may have physicians
from several disciplines involved in their care.

MINIMUM STANDARDS

Accomp anying Pe rsonne l

Adequate and appropriate personnel should be gathered to ac-
company the patient, including a minimum of two people, one
of whom is the patient’s critical care nurse. Nursing care plays
a vital role in the ICU and must be continued throughout the
transport process to ensure proper administration of sched-
uled medications, titration of vasoactive infusions, and accu-
rate record keeping. A trained physician must accompany any
unstable patient who requires extensive acute interventions.
This dedicated team should be available for the entire duration
of the transport and needs to be familiar with all equipment.

Eq uip me nt

A standard set of equipment should be available for most
critical care transports. Basic resuscitation drugs such as
epinephrine, atropine, and antiarrhythmic agents, along with
a cardiac monitor and defibrillator, are appropriate for most
transfers to or between critical care areas. Airway support
supplies, including a self-inflating resuscitation bag (to allow
ventilation in the event that a temporary interruption of the
compressed gas source occurs), masks, oral airways, and a
functioning laryngoscope with appropriate blades and endo-
tracheal tubes, are mandatory. An adequate oxygen supply
should allow full support during the anticipated duration out-
side the ICU, with a 30-minute reserve time. Intravenous fluids
should include maintenance requirements, as well as isotonic
crystalloids, colloids, and blood products as indicated for re-
suscitation. Medications given by infusion should be contin-
ued by battery-operated volumetric pumps to avoid unneces-
sary interruption of life-supporting drugs (e.g., vasopressors).
All scheduled and anticipated medications (e.g., insulin, antibi-
otics, sedatives, and muscle relaxants) also should accompany
the patient.

All battery-operated transport equipment should have
charge indicators and backup batteries. Regular servicing and
checking of transport equipment is essential.

A trolley or bed attachment to carry all equipment and drugs
above is highly recommended.

Monit oring

Perhaps more than any other patients, the critically ill demand
that we individualize monitoring schemes, support systems,
and the transport process. Guidelines have been set as the min-
imum acceptable standards (task force):

■ Continuous monitoring with periodic documentation of
electrocardiogram and pulse oximetry

■ Intermittent measurement and documentation of blood pres-
sure, respiratory rate, and pulse rate

In addition, selected patients, based on clinical status, may
benefit from monitoring by the following:

■ Capnography
■ Continuous intra-arterial pressure, pulmonary arterial pres-

sure, and intracranial pressure
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■ Intermittent measurements of central venous pressure, pul-
monary artery occlusion pressure, and cardiac output

Intubated patients receiving mechanical ventilation should
have airway pressure monitored. If a transport ventilator is
used, it should have alarms to indicate disconnects or exces-
sively high airway pressures.

SPECIAL CIRCUMSTANCES

He mod ynamically Unst ab le Pat ie nt s

The importance of stabilization before transport cannot be
overemphasized. Adequate large-bore venous access, resusci-
tation fluids, and blood products must be available through-
out the transport. One person may need to be assigned the
sole task of managing blood and fluid administration, espe-
cially if any significant amount of time is to be spent at an
ancillary location. Patients with cardiovascular collapse may
require multiple vasopressor and inotropic infusions that must
be available for adjustment during transport and may, at times,
be moved to the OR with cardiopulmonary resuscitation in
progress.

Ne urot rauma Pat ie nt s

Head injury is common in all age groups and remains a lead-
ing cause of morbidity and mortality in young adults. Once
injured, the central nervous system has very small reserve for
recovery. Although the primary injury cannot be reversed, sec-
ondary injuries are prevented by optimal cerebral perfusion
pressure. These patients frequently require transport for di-
agnostic procedures not available in the ICU. However, trans-
port can have an adverse impact on cerebral perfusion pressure
by increasing intracranial pressure (ICP) or decreasing mean
arterial pressure, or both, leading to secondary ischemic in-
juries. Patients with severe head injuries or other causes of in-
creased ICP should be intubated to protect the airway and con-
trol ventilation. Management may include positioning with the
head up 20 to 30 degrees, moderate hyperventilation, adequate
hemodynamic management, and sedation. The ICP monitoring
should not be interrupted during transport, and changes in pos-
ture of the patient should be avoided, but, if inevitable, very
carefully performed.

Mag ne t ic Re sonance Imag ing

MRI can provide invaluable diagnostic information but poses
multiple management problems for the critically ill because of
the effects of the magnetic field on monitoring and life-support
equipment, physical isolation of the patient, and the frequently
remote location of the scanner. If MRI is deemed necessary,
careful planning is essential. With minor modification, most
monitoring techniques are adaptable to the MRI suite. Because
of patient isolation during the scan, particular attention should
be paid to airway assessment.

SUMMARY
Intrahospital transport, a seemingly mundane event with a
standard process, is actually one of the most risk-ridden ac-
tions we undertake in the ICU. As stated above, it is incumbent
on us to ensure that these transports—needed to provide high-
quality care—are indicated and carried out in the safest manner
possible. The closest coordination between ICU nursing, the
respiratory therapists, and the physicians is needed. Particular
attention must be paid to monitoring. If these caveats are at-
tended to, the transport can be carried out in the safest manner
possible.
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CHAPTER 15 ■ INTERHOSPITAL TRANSPORT
OF CRITICALLY ILL PATIENTS
JACK J.M. LIGTENBERG r WILMA E. MONTEBAN-KOOISTRA

IMMEDIATE CONCERNS
It is a wet, cold Friday night. Lights flash in the distance. The

sound of a siren approaches. An ambulance hurtles through the
night carrying a critically ill patient. The nurse and doctor, both
inexperienced and sincerely wishing they weren’t there, watch the
monitor anxiously. They have left the security of one hospital for
that of another; like in a circus trapeze act, they hang suspended
for a moment. For at that instant the sickest patient in the region
is travelling at over 100 km/hour down an unknown highway. Will
they catch the trapeze, or will they fall?

Citation from Philip Haji-Michael (1)

There appears to be little awareness of the problems/adverse
events of interfacility movement of critically ill patients. Both
national and international guidelines are in place, but appear
not to be followed in a considerable number of transfers.
Aeromedical transport of patients may have advantages, de-
pending on the distance and the condition of the patient, but
also has its specific drawbacks. Interhospital transport of criti-
cally ill patients has changed from volunteer work to a specific
skill of emergency and intensive care medicine. The intensive
care unit (ICU) patient deserves appropriate medical care dur-
ing the road trip or in the air. Health authorities should be made
aware of the fact that an organizational structure guaranteeing
safe critical care transferrals requires extensive financial and
human investments.

INTERHOSPITAL TRANSPORT OF
INTENSIVE CARE UNIT PATIENTS

The number of interhospital transports of critically ill patients
gradually expands. Conservative estimates mention more than

The authors have no competing financial or other interests.

11,000 transfers per year in the United Kingdom (2). There
are various reasons for this increase, partly due to local or na-
tional circumstances such as shortage of ICU beds or insurance
motives, but also caused by centralization of patient groups in
specialized centers, specific treatment options, second opinions,
and new and established services covering extensive areas with
people living in remote locations (3,4).

The primary goal of interhospital transport is to get the right
patient, with the right personnel and the right equipment, to
the right place in the right amount of time (5). This secondary
transport should only occur if it is likely to improve the pa-
tient’s clinical outcome. The transport itself, at least, has to be
as safe as possible and should add no extra risk to the patient.
Circulatory or ventilatory problems may arise in the ambu-
lance as well as during transportation in the air (6–8). Mon-
itoring possibilities are limited during transportation, access
to the patient may be limited, and fewer—and sometimes less
skilled—“hands” are available compared to the ICU environ-
ment. Necessary interventions, if the patient deteriorates, may
be difficult during the road or air trip, as may be the physical
examination (9).

GROUND TRANSPORT USING A
STANDARD AMBULANCE OR

MOBILE INTENSIVE CARE UNIT
In a recent study evaluating 100 consecutive interhospital
transfers of ICU patients over the road, adverse events oc-
curred in more than 30% : Approximately half of these events
were graded as being of vital importance (Table 15.1). Rec-
ommendations for safe transport made by the intensivist of
the receiving ICU were ignored in a considerable number
of cases. It is quite worrisome that there appeared to be
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TA BLE 1 5 . 1

EXAMPLES OF RECORDED ADVERSE EVENTS DURING INTERHOSPITAL TRANSPORT

Severity
Transfer characteristics Adverse event (grade 1–3)a

Pulmonary embolus PaO 2 on departure 4.2 kPab; not intubated; PaO 2 on
arrival 4.7 kPa

3

Esophageal bleeding Only one peripheral intravenous line; no accompanying
physician; active bleeding; PaO2 on arrival 6.7 kPa

3

Sepsis; rhabdomyolysis RI; shock on arrival 2
Imminent RI; Wegener granulomatosis No blood pressure measured on the road (160 km);

PaO2 on arrival 6.7 kPa; SO 2 86%
1

Pulmonary embolus No accompanying physician; RI on arrival 2
ARDS; MOF SO2 93% at departure; 69% on arrival 3
Streptococcus pneumoniae sepsis;

imminent RI
Not intubated (despite advice); norepinephrine via

peripheral intravenous line
3

Sleep apnea syndrome; RI PaO2 on departure 6.9 kPa; during transport SO 2 ↓
74% and cardiac ischemia; no physician

3

Hemorrhagic shock; mechanical ventilation No accompanying physician; active bleeding; 3 units
packed cells on the road; oxygenation problems

3

Infectious endocarditis; mechanical ventilation No physician; hemodynamically unstable on the road 1
Septic shock; imminent respiratory insufficiency Not intubated (despite advice); RI on arrival 3
Septic shock; MOF Norepinephrine via peripheral intravenous line 2
Suicide attempt (benzodiazepine) Deep coma; not intubated; apnea en route; cyanotic on

arrival
3

Postsurgical; mechanical ventilation Oxygen supply breakdown before arrival 3
COPD, pneumonia Shortage of oxygen before arrival 3
Hemodialysis postsurgical No blood pressure measured on the road 1
Active bleeding digestive tract Only one peripheral intravenous line 1
ARDS; mechanical ventilation Ambulance breakdown; 40-min delay 1

RI, respiratory insufficiency, (imminent) need for mechanical ventilation; ARDS, acute respiratory distress syndrome; MOF, multiple organ failure;
COPD, chronic obstructive pulmonary disorder.
aGrade of severity. Grade 1: Deviation from guidelines/protocol. Grade 2: Of vital importance; immediate action needed on arrival. Grade 3: Of vital
importance; immediate action needed on arrival; probably avoidable.
bConversion from kPa to mm Hg: Multiply by 7.5.
From Ligtenberg JJ, Arnold LG, Stienstra Y, et al. Quality of interhospital transport of critically ill patients: a prospective audit. Crit Care. 2005;9:
R446–R451.

little awareness of the problems/adverse events that may occur
during transportation. A substantial part of the adverse events
could have been avoided simply by adhering to protocols. Inter-
estingly, few events were caused by technical problems during
transport, such as shortage of oxygen. Other important points
for improvement, emerging from several studies, are (a) trans-
parent pretransport communication between professionals; (b)
feedback about adverse events; (c) careful preparation of the
patient; and, in selected transfers, (d) the utilization of a spe-
cialist retrieval team eventually using a mobile intensive care
unit (MoICU). Several positive experiences have been described
working with specialist retrieval teams (10,11). In the study
of Bellingan et al., transports by a specialist retrieval team,
compared to standard ambulance with a doctor from the refer-
ring hospital, resulted in more stable transports and a reduc-
tion in mortality in the first 12 hours from 7.7% to 3% (10).
Based on such data, it seems logical to use a specialist retriev-
ing team for critically ill patients (12). However, such a team of
specialists will not be available always and at every location.
Furthermore, it appears to be difficult to predict which pa-
tients will deteriorate during transfer and, therefore, may ben-
efit most from a specialist team (6). It is strongly recommended,
in any event, that each referring and tertiary institution have a
plan using locally available resources if the referring facility is

not able to conduct the transfer. This plan has to address (a)
pretransport coordination and communication, (b) transport
personnel, and (c) transport equipment and monitoring dur-
ing transport (13) (Table 15.2). Several excellent papers with
practical guidelines for safe ICU transfers that can help in mak-
ing such a plan have been published (11,13–15).

AIR MEDICAL TRANSPORT
OF CRITICALLY ILL PATIENTS

The optimal way of transporting critically ill patients remains
controversial. Aeromedical transport (AMT) of patients from
the scene or between hospitals may offer advantages but also
has its specific drawbacks. The overall benefits of aeromedi-
cal services, measured by sound data, remain uncertain and
anecdotal, although ample efforts have been made to describe
the value of aeromedical transportation to the health sys-
tem (16). The European HEMS and Air Rescue Committee
(EHAC) has put forward the collection of information related
to the operation of air ambulances worldwide as a point of
interest.



152 Sect ion I: Introduction/General Concepts

TA BLE 1 5 . 2

EQUIPMENT RECOMMENDATIONS FOR THE MOBILE INTENSIVE CARE UNIT

Oxygen with flows up to 25 L/min for greater than 3 h, with backup oxygen supply of greater than 1 h capability
Airway management equipment: Laryngoscope, tubes, cricothyrotomy set, bag-valve mask
Mechanical ventilator with—at minimum—a mandatory volume and a pressure mode of ventilation; a backup

ventilator system, which should be able to deliver at least 5 cm of PEEP
ECG monitoring
Invasive hemodynamic monitoring: Arterial pressure, PAP, and ICP
Pulse oximetry with backup
Capnometry with backup
Capability for up to six infusion pumps
Adequate suction, with backup (stomach, chest tubes, and endotracheal suction, simultaneously)
Pharmacy (sedatives, analgesics, vasoactives, volume expanders, paralytics, antiarrhythmics)
Defibrillator, transcutaneous cardiac pacemaker
Backup batteries
Adequate communication equipment

PEEP, positive end-expiratory pressure; ECG, electrocardiogram; PAP, pulmonary artery pressure; ICP, intracranial pressure.
Modified from Gebremichael M, Borg U, Habashi NM, et al. Interhospital transport of the extremely ill patient: the mobile
intensive care unit. Crit Care Med. 2000;28:79–85.

The use of AMT differs greatly between various coun-
tries, depending, among other things, on health care financing,
distances to tertiary hospitals, and the presence of large rural
areas. It is difficult to get an overview of AMT in different coun-
tries. In the 1990s, for example, there were already more than
170 air medical programs in operation in the United States
(17). In the United States, 28% of helicopter transports are
scene calls, whereas the remaining 72% are interhospital trans-
fers. In Australia, where experience with AMT is widespread,
patients are transported between intensive care units by land
ambulance in the metropolitan areas, by helicopter for jour-
neys of less than 400 km, and by fixed wing aircraft for longer
distances (18). In Germany more than 50 AMT helicopters

TA BLE 1 5 . 3

TOP TEN PATIENT CATEGORIES USING AIR MEDICAL
SERVICES IN THE UNITED STATES

Percentage of
Number total transports

Group of flights per patient

Trauma/burn/emergency 222 22%
Pediatrics, newborn 221 23%
Medicine, coronary 135 4%
Congenital heart 129 15%
General pediatrics, ICU 117 31%
Medicine, critical care 93 17%
Pediatrics, surgery 74 9%
Thoracic cardiac surgery 68 8%
Neurosurgery adult 60 6%
Surgery transplant 35 6%

ICU, intensive care unit.
Source: UMHS Data Warehouse, United States. Modified from
Rosenberg BL, Butz DA, Comstock MC, et al. Aeromedical service:
how does it actually contribute to the mission? J Trauma. 2003;54:
681–688.

are available, having already performed, in the first quarter of
2006, more than 3,000 intensive care transports [source: All-
gemeiner Deutscher Automobil Club (ADAC)]. In 1998, in the
southern part of Germany, AMT was used in 14% of inter-
hospital transports, ground transport using a MoICU in 16% ,
and standard ambulance with physician in 59% of cases (19).
Table 15.3 shows the top ten patient categories using AMT in
the United States. Table 15.4 describes patient categories using
helicopter transport in Germany.

SPECIFIC BENEFITS AND
DRAWBACKS OF MEDICAL

AIR TRANSPORT
Air medical transport can be divided into two categories: Fixed
wing or airplane, and rotor wing or helicopter transport. The
most important advantage of helicopter transport is that it is
time saving, resultant from the aircraft speed and the ability
to avoid traffic delays and ground obstacles. This time bene-
fit must be balanced against organizational delays, flight time
from the helicopter base to the referring hospital, and transfer

TA BLE 1 5 . 4

INTERHOSPITAL TRANSPORT USING AIR MEDICAL
HELICOPTER SERVICES IN GERMANY: PER
PATIENT CATEGORY

Cardiac/cardiac surgery 33%
Neurosurgery, adult 22%
Trauma 18%
Neurology 7%
Medicine, critical care 5%
Vascular surgery 5%
Surgery 3%

Source: W. Wyrwich, Airmed 1996, Germany.
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between vehicles/ambulances at the beginning and end (14,20).
However, helicopters provide a less comfortable environment
than road ambulances or airplanes. Cramped compartments,
noise, and turbulence may interfere with patient examination,
monitoring, and therapy (21). Helicopters have a poorer safety
record compared to ground ambulances and fixed-wing air-
crafts (14). The National Transportation Safety Board identi-
fied poor weather as the greatest hazard to helicopter air medi-
cal transport. Other risk factors of helicopter flights are night-
time flights, disorientation from the lack of visual clues, and
pressure to make the flight (22). Airplanes provide increased
range, greater speed, and more room for the patient(s), crew,
and equipment than helicopters. Less cabin noise and turbu-
lence result in fewer problems, and pressurization can be set
in the desired range. Airplane operations are limited, however,
to areas that have appropriate runways. Furthermore, airplane
patient transfers require multiple means of transportation (i.e.,
hospital to ambulance to airplane) (21).

Other aspects that must be dealt with during AMT are as
follows:

1. Boyle’s law, the impact of which is that with increased alti-
tude and decreasing atmospheric pressure, the volume of
a gas expands. This can affect any body cavity or piece
of equipment that contains a gas. For this reason, patients
with a pneumothorax should have an unclamped chest tube.
Similarly, other drains should also be unclamped and mon-
itored. Intravenous bags rather than bottles should be used
(air in a bottle will expand) and intravenous lines are best
placed on pumps. Endotracheal tube cuffs will also ex-
pand, so the cuff pressure should be monitored and ad-
justed, as needed (8). The cuff can be filled with water, but
it has been noted that there may still be a rise in pressure
(23).

2. Additional stress of flight: Acceleration/deceleration, dehy-
dration, noise, vibration, anxiety, and motion sickness are
frequently encountered in helicopters and small airplanes
(24).

3. Hypoxemia: As pressure is reduced, the quantity of oxygen
available also decreases at altitude. Although oxygen still
constitutes 21% of the atmospheric pressure, each breath
brings fewer oxygen molecules to the lungs, resulting in hy-
poxia. Cabin pressurization has eliminated this problem in
most airplanes. Patients with impaired pulmonary function
are more at risk for hypoxemia.

Patients who might benefit from AMT are those with a
time-dependent disorder, because air transport might save time
(25). Good clinical studies defining the benefits of AMT for
specific patient groups are needed (26). For some patient cat-
egories, for example, acute myocardial infarction and trau-
matic brain injury, the advantages of AMT seem clear (8,27).
For other patient groups, data are lacking. Many investiga-
tors try to establish the ideal distance in which air medical
transport may be beneficial (28). Helicopter air medical trans-
port can be considered for journeys from about 80 to 400
km or over 2 hours. Airplane medical transport tends to be a
more efficient process for patients more distant than approxi-
mately 400 km from care (18). On the other hand, interhospital
ground transport with a dedicated team, proper patient stabi-
lization before transport, and a transport vehicle with intensive
care facilities has been proven to be safe over long distances
(29,30).

APPROACH TO THE
INTERHOSPITAL TRANSPORT OF

THE CRITICALLY ILL PATIENT

Ind icat ion for t he Transfe r

A decision to transfer should be made after communication
between professionals of the referring and receiving hospital.
It must be clear who is responsible for the preparation and
transportation of the patient, following existing local and/or
international guidelines.

Mod e of Transp ort at ion, Accomp anying
St aff, and Ne ce ssary Eq uip me nt

Each referring and tertiary institution must have a standard
plan using locally available resources if the referring facility
is not able to conduct the transfer. This plan has to address
mode of transportation (standard ambulance, MoICU, air
medical transport), transport personnel (intensive care physi-
cian and nurse of the referring or receiving ICU, specialist
retrieval team), transport equipment, and monitoring during
transport.

Guid e line s for Transp ort at ion

In the literature, several excellent papers have been published
with guidelines for equipment, ambulance requirements, and
staffing (13–15). Strict adherence to simple protocols and
guidelines will increase the quality of transports and minimize
the risk for the patient.

Emp hasizing t he Imp ort ance of Safe
Transp ort among Me d ical Profe ssionals,

and Hosp it al Ad minist rat ors

This is a very important subject in increasing the quality of
interhospital transports, since there appears to be little aware-
ness of the problems/adverse events among medical profession-
als (6). Interhospital transport of critically ill patients requires
specific skills of emergency and intensive care medicine. Health
authorities should be made aware of the fact that safe critical
care transferrals require extensive financial investments.
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SECTION II ■ MONITORING

CHAPTER 16 ■ INVASIVE PRESSURE
MONITORING: GENERAL PRINCIPLES
ELIZABETH LEE DAUGHERTY r DAVID SHADE r HENRY E. FESSLER

The sophistication of bedside intensive care unit (ICU) moni-
toring equipment and the precision of its displayed values may
tempt clinicians to accept these data without question. How-
ever, critically ill patients place substantial demands on these
measurement technologies. Although the technology is gov-
erned by rigorous industry standards, it is not foolproof. To
ensure accuracy and recognize and correct sources of error, the
practicing intensivist must be aware of key technical aspects of
pressure transduction.

This chapter reviews the basic principles of vascular pres-
sure measurement, including principles of wave transmission,
transduction, signal processing, and recording. Clinical aspects
of measuring vascular pressure, such as its indications and in-
terpretation of findings, are covered in other chapters. The goal
of this chapter is to equip the practicing clinician to select the
appropriate measurement tool, optimize its performance, and
recognize and correct its shortcomings.

WAVE TRANSMISSION
The technical demands for recording an accurate systemic or
pulmonary arterial pressure are much more stringent than for
venous pressures. In order to discern fine details within a ve-
nous pressure, such as the a and v waves, high fidelity is needed,
but even a simple water manometer can measure a central ve-
nous pressure. Therefore, this chapter will focus on the mea-
surement of arterial pressure.

Cardiac contraction generates a pressure wave that travels
at wave speed, much faster than the propulsion of the stroke
volume through the arteries. This pressure wave must travel
down the arterial tree and through a catheter, stopcocks, tub-
ing, and a flush device, until finally terminating at the trans-
ducer. The pressure wave signal is invariably altered along the
way. Modifications that are due to vascular characteristics of-
ten convey important biologic information. However, other
modifications may be introduced by the external connecting
tubing, catheters, and stopcocks. These changes can obscure
important findings or mislead the clinician. These external con-
nections are usually the weakest link between the patient and
the bedside monitor, and every effort should be made to mini-
mize the degradation of the signal occurring between the blood
vessel and the transducer. Some familiarity with the vocabulary
and physics of wave transmission is necessary to discuss how
this goal can be achieved.

Nat ural Fre q ue ncy

A pressure wave travels down the conducting tubing and de-
flects the transducer diaphragm, which rebounds and generates
a reflected wave. When this reflected wave reaches the tip of the
catheter, another reflected wave travels back toward the trans-
ducer. The oscillatory behavior of this system is determined by
certain physical properties of its components (1–4). The natu-
ral frequency (fn) of a system is the frequency at which a signal,
such as a change in pressure, will oscillate in a uniform, fric-
tionless tube. This frequency is measured in hertz (Hz), cycles
per second. As will be seen, a higher fn is desirable in a high-
fidelity measuring device. Natural frequency decreases with in-
creasing tube length, since at any given wave speed, a round
trip in a longer tube simply takes more time. Natural frequency
increases with wave speed, which in turn increases with tube
radius and tube wall stiffness and decreases with the density of
the conducting medium (5). Thus, short, wide, rigid tubing; a
stiff transducer; and dense conducting media (e.g., saline rather
than air) yield a higher fn .

Damp ing

Pressure waves would reverberate forever in the absence of
friction. However, friction is present in the pressure monitor-
ing system due the movement of the waves in the conducting
tubing. Although there is no net flow in the system, minute
amounts of the medium shift to and fro during wave trans-
fer. The friction generated by the movement of the conduct-
ing medium decreases the amplitude of the reflected wave, or
damps it. Stiffer transducer diaphragms and stiffer conducting
tubing will result in less damping since smaller volumes are re-
quired to displace them. Damping is also influenced by the mass
of the conducting medium since wave transmission requires
acceleration and deceleration of that medium. Finally, tubing
resistance, which impedes the minute amount of reciprocative
flow needed for pressure wave transmission, causes dissipation
of energy from the pressure wave and increases damping. The
damping coefficient, zeta (ζ ), is therefore calculated from the
determinants of mass of the system, the tubing’s length and ra-
dius, the density of the conducting medium, and the resistance
of the system as calculated from Poiseuille’s Law:

ζ =
4µ
r 3

 
ρL
π E

[1]
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FIGURE 16.1. A device for bench testing the frequency
response of pressure transducers and tubing. A pump
generates a sinusoidal pressure through a range of fre-
quencies. These are applied simultaneously to a high-
fidelity reference transducer and the test transducer–
tubing system. The output from the test transducer in-
creases to a maximal amplitude at its natural frequency,
designated F.

where E = stiffness coefficient of the transducer and tubing
( P/ V), ρ = density of conducting fluid, µ = viscosity of
conducting fluid, r = tube radius, and L = tube length. Note
that both natural frequency, fn , and damping, ζ , are influenced
by some of the same factors, but in opposite directions.

Since friction and inertia cannot be eliminated in real sys-
tems, one cannot measure the undamped fn of a pressure wave
but instead measures the wave’s damped natural frequency, fd .
The fd and ζ define the performance capacity of a catheter–
tubing–transducer system, which must be adequate to accom-
modate the signal it is transducing, the pulse.

The complex pulse wave is composed of a group of simple
sine waves of varied amplitude and frequency. The highest-
amplitude sine wave component of the pulse wave has a fre-
quency equal to the heart rate. The pulse wave is reproduced
by summing this component and a series of harmonics, each
with a smaller amplitude and a frequency that is some multiple
of the primary frequency (second harmonic = 2 × primary fre-
quency, etc.). Combining the first six to ten harmonics results
in a close representation of the actual pulse contour. Thus, a
recording system must be able to capture a frequency at least
six to ten times the pulse rate with good fidelity to be able to
faithfully record an arterial pressure tracing.

When the frequency of the harmonics that contribute mean-
ingfully to the contour of the pulse wave approach the fd of the
recording system, considerable errors can occur. This effect is
analogous to pushing a pendulum at its fd , where a small, well-
timed repetitive push can cause a large amplitude oscillation.
The effect of this phenomenon in a transducer system can be
demonstrated using a test system like that illustrated in Figure
16.1. A pressure wave of a given amplitude is generated and
simultaneously recorded by a high-fidelity reference transducer
and by the tubing–transducer system being tested. As the range
of pressure wave frequencies is varied, one can observe and
compare the output recorded by both devices. The amplitude
of the test transducer peaks at its damped natural frequency,
when the input wave frequency is perfectly in phase with the
reflected wave oscillating in the transducer system. Because ad-
equate measurement demands that fd exceed the pulse rate by
six to ten times, to appropriately record pressure in a patient
with a pulse of 120 (2 Hz; Hz = heart rate/60), fd should
exceed 12 to 20 Hz. Transducer–tubing systems commonly
found in clinical use often meet this criterion by only a narrow
margin (6).

In the same way that a pendulum pushed at its fn in the
absence of friction would spin continuously around its axis,
a completely undamped transducer stimulated at its fn would
record a pressure of infinite amplitude. The relationship be-
tween the amplitudes of output and input signals is expressed

in the amplitude ratio. When the amplitude ratio equals one,
the transducer is reproducing the wave exactly. When it is
greater than one, the transducer is amplifying the wave, and
when it is less than one, the wave is being damped. Standard
engineering equations can be used to calculate the amplitude
ratio and the effects of different degrees of damping at varying
frequencies, as is illustrated in Figure 16.2. In this figure, fre-
quency ratios represent the relationship between the input fre-
quency and the damped natural frequency of the system. When
the frequency ratio equals one, the input wave is at exactly the
transducer’s natural frequency. In a system with little damping

FIGURE 16.2. Effects of damping on transducer output. The fre-
quency ratio is the ratio between the frequency at which the transducer
is being stimulated and its natural frequency. The amplitude ratio is the
ratio between the amplitudes of input to output signals. Different de-
grees of damping, zeta (ζ ), are shown. With little damping, the output
greatly amplifies the input over a wide range of frequencies and reaches
maximum at the natural frequency. With extensive damping, the out-
put amplitude falls at relatively low frequencies. At ζ of approximately
0.64, damping is critical (i.e., this is the lowest ζ where the amplitude
ratio never exceeds one). However, this damping does not yield the
broadest usable bandwidth. If one considers an amplitude ratio from
0.85 to 1.15 as reasonably accurate, then a ζ of 0.4 to 0.5 provides
a greater bandwidth. This would mean that harmonics near the natu-
ral frequency would be amplified by up to 15% , and above the natural
frequency they would be attenuated. However, if the natural frequency
is high enough relative to the wave being studied, this will still yield
acceptable accuracy.
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(low values of ζ ), one sees a significant rise in the amplitude
ratio when input frequencies approach fd . When a system is
“overdamped,” the recorded system output drops significantly
below the true amplitude at frequencies that are well below
the natural frequency. Critical damping is the least amount of
damping resulting in an amplitude ratio no greater than one
and an output signal that is never amplified (7).

When choosing the ideal damping for a clinical transducer
system, one targets the level of damping that extends the usable
frequency range or band width to the greatest degree. The most
useful damping for a clinical transducer system is less than crit-
ical damping, or slight underdamping. Although the amplitude
ratio is slightly greater than one near fd (6,8), the amplification
of the highest-frequency harmonics of a pulse wave does not
generally result in clinically important errors.

There is an important relationship between the fd and ζ nec-
essary to accurately record a vascular pressure. If the fd is well
above six to ten times the pulse, the system can accurately re-
produce that wave over a wide range of zetas. High harmonics
that will be distorted are of such minute amplitude that their
amplification or attenuation will not distort the reproduced
wave. Conversely, when fd approaches important frequencies
in the pulse wave, the values of ζ that allow for high fidelity
recording are more limited. Gardner evaluated this relationship
in a variety of commercially available transducers and found
many of those systems to be barely adequate for pressure mea-
surements in those critically ill patients with tachycardia and a
hyperdynamic heart (6). Further, pulmonary artery waveforms
have more high-frequency components than do systemic arte-
rial waveforms. For this reason, careful selection of fd and ζ are
especially important in systems intended to measure pulmonary
pressures, where any small errors may be clinically significant.

Standardized industry guidelines (9) ensure that the trans-
ducers themselves are appropriate for ICU use. Either the trans-
ducer’s fd or its usable bandwidth will be listed in the technical
specifications. Bandwidths are generally described in terms of
Hz either as “flat to X Hz,” or “+ /– 15% to X Hz,” indicat-
ing little distortion in the amplitude ratio up to the designated
frequency. Guidelines require a frequency response range up
to 200 Hz for typical external strain gage pressure transduc-
ers (9), and catheter tip micro transducers may have a useable
bandwidth up to 20,000 Hz (10,11).

TRANSDUCTION

Transd uce r Prop e rt ie s

For our purposes, transduction is the conversion of a pres-
sure signal to an electrical one. Accurate conversion of signals
requires several key system characteristics, including stability,
linearity, adequate frequency response, lack of hysteresis, and
freedom from noise.

Stability implies that the characteristics of the system remain
constant over time. Both a system’s gain and its baseline may
be influenced by instability, or drift, resulting in errors. Base-
line refers to the electrical signal corresponding to atmospheric
pressure, and gain is the relationship between a change in pres-
sure and a change in electrical signal. If the baseline of a system
drifts from a pressure of zero to 10 mm Hg, the application of
100 mm Hg would be recorded as 110. In this case the applied

pressure is measured accurately, but the starting point requires
correction. If the gain has drifted, the starting point is correct,
with a zero reading being equal to atmospheric pressure, but
application of 100 mm Hg would result in an incorrect electri-
cal signal measuring 110 mm Hg. A change in baseline is more
easily detected and corrected, by rezeroing the transducer, than
is instability in gain.

Linearity indicates that electrical output remains linearly
proportional to input throughout the range of measurement.
Linear signals can be calibrated with few data points and lin-
ear amplifiers for such signals are relatively easy to design.
With computer-based signal processing, linearity has become
less important. Although most unprocessed output of pressure
transducers is nonlinear, this problem may be corrected either
through electronic processing or by setting the limits of a trans-
ducer’s useable range to include only its most linear portion.

Frequency response describes a system’s outputs in response
to input signals of varying frequencies, usually in terms of am-
plitude distortion and phase distortion. Amplitude distortion
refers to a change in the output ratio at different frequencies, as
previously described. Phase distortion refers to the phase shift
between input and output pressure waves that results from time
lag. For example, the pulse displayed on the bedside display lags
behind cardiac contraction by the momentary time it took for
the pulse to travel down the arterial tree and external tubing.
A constant phase shift is not problematic, as long as correc-
tion is made for this phenomenon when attempting to precisely
synchronize events such as the electrocardiogram (ECG) and
pulse. However, phase shift can be a significant problem in sys-
tems that cause different degrees of shift for inputs of varying
frequency. Such a system would allow a different, frequency-
dependent phase shift for the various components of a complex
biologic wave and would produce a slurred output waveform.

Transducers should be free of hysteresis, in which the out-
put signal varies with the system’s recent history. That is, as it
passes through the same pressure, a system with hysteresis will
indicate a different value on the way down than on the way
up. This characteristic would distort instantaneous recording
of pulsatile signals.

Finally, a transducer should also introduce minimal noise.
Both mechanical and electrical noise may influence vascular
pressure measurement. Interference from patient movement,
mechanical ventilation, fluorescent lighting, and nearby elec-
tronics should be minimized as much as possible.

Transd uce r De sig n

Several authors have reviewed the theory of transducer design
(1,2,4,12,13). Manufacturers have utilized varying ways to ad-
dress the four elements of transducer design we have discussed
above. The most commonly used design is known as a Wheat-
stone bridge. This design uses four strain sensors whose re-
sistance changes when they are stretched or compressed. The
bridge is designed such that all resistances are equal when no
strain is applied to the transducer. When pressure is applied,
two of the resistors are stretched and the others are compressed.
The measured pressure is determined from the resulting imbal-
ance of resistance between the pairs of resistors.

The strain sensors of most clinical transducers are etched
from silicon. With this technology, transducers can be inex-
pensive enough to make them appropriate for single use. This
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decreases processing costs and also limits their potential role in
nosocomial infection. The transducers are durable and small,
require minimal power and simple electronics, and are manu-
factured with a degree of uniformity that eliminates the need
for tedious manual calibration of each transducer (14). Sili-
con’s substantial changes in resistance with minimal changes in
length give these strain gauges a high degree of sensitivity (15).
This small requirement for volume displacement optimizes fd
and ζ . The Association for the Advancement of Medical In-
strumentation and the American National Standards Institute
have published manufacturing standards that dictate accuracy
and safety characteristics for clinical transducers (9).

THE TUBING SYSTEM

Tub ing

Although the fidelity of recorded pressures cannot exceed the
capabilities of the transducer, performance is usually degraded
below that optimal potential by other components between the
transducer and the patient. Therefore, the most accurate waves
can be recorded from micro-transducer–tipped catheters that
are inserted directly in a blood vessel. For external transducers,
every element added between the blood vessel and the trans-
ducer is a potential problem. The problems are minimized by
designs that reduce ζ or increase fd . Because damping is propor-
tional to resistance, smaller intravascular catheters (16), clot, or
kinking of the catheter will increase damping. Because the mass
of fluid in the catheter also increases damping, catheter and tub-
ing length should be minimized. Longer tubing systems have de-
creased fd and reduce the usable bandwidth. Thus, if very long
connecting tubes are used between the patient and transducer,
more errors are likely than if the transducer is in close proximity
to the blood vessel (17). Wave speed increases in stiffer tubes, so
compliant tubing will also decrease fd (12,16,18). Because air
is compressible, bubbles increase the compliance of the system,
both increasing damping and decreasing fd . As an extreme illus-
tration of this phenomenon, removing microscopic air bubbles
by boiling the liquid used to fill the connecting tubing can dou-
ble the fd of a transducer system (8). Warmer room temperature
can also alter fd by softening tubing and expanding air bubbles
(19).

Flush Syst e ms

In the flush device, resistance reduces high pressure in the flush
bag to < 1 mm Hg at the transducer, while maintaining a con-
tinuous flow of solution to prevent clots (20,21). Depressing
a lever or plunger bypasses the resistance, exposes the trans-
ducer to a square wave of pressure, and generates rapid flow
into the patient. This can displace small clots or, as will be seen,
can be used to test the intact recording system. Drip cham-
bers should not be used in the tubing from the flush bag, or
should be purged of air prior to use to eliminate risk of air em-
bolization from turbulence during rapid flushes (21,22). Air
dissolved under pressure in the flush bag can also form bub-
bles when decompressed in the tubing downstream from the
flush device (19). These gradually collect and coalesce at stop-
cocks or connections and can impair the fidelity of recorded
waveforms.

SIGNAL PROCESSING

Ele ct ronic Filt rat ion

Transducer output may be electronically filtered to minimize
noise, electrical interference, respiratory artifact, and other
sources of error. Filtering can be applied either to the raw elec-
trical signal with electronic circuits or after digital conversion
with computer algorithms. Forms of filtration include low-pass
filters, which attenuate high-frequency components; high-pass
filters, which attenuate low-frequency components; and band-
pass filters, which allow a frequency range to pass unaltered
and attenuate frequencies surrounding the band. Filters can
vary in their cutoff frequencies, their extent of attenuation,
and the sharpness of the transition from passage to blockage.

By first separating a pulse wave into systolic and diastolic
portions, different filters may be applied to the regions to
suit each component’s anticipated characteristics. Although the
manufacturer specifies a default set of filters, the clinician may
select other options based on observation of the waveform.
If the catheter–tubing–transducer combination has fd that is
sufficient for the measured waveform, a low-pass filter with
a cutoff frequency just below fd will attenuate excessive high-
frequency noise without distorting the true waveform. Such se-
lective filtering, like appropriate mechanical damping, extends
the usable bandwidth.

Analog -t o -d ig it al Conve rsion

Electrical transducer output is transmitted to a digital computer
for further processing, analysis, recording, and display. Digital
processors are binary devices, meaning they only recognize the
absence or presence of a voltage level, as designated by a 0 or
1. The total number available to a binary device is equal to 2n,
where n is the number of digit positions. Each digit position is
referred to as a “bit.” Thus, an eight-bit quantity, a byte, can
assume 256 different values (28 = 256).

To process an electrical signal, a computer must convert the
voltage to a number, analog-to-digital (A/D) conversion. The
analog input voltage may assume any of the infinite continuous
values within its range, such as 0 to 5 volts. The digital output,
however, must be a discrete number whose possible output
values are finite and depend on the A/D converter resolution.
A/D converter resolution is specified in bits. Thus, an 8-bit A/D
converter’s output must assume 1 of just 256 possible values,
while the output of a 12-bit converter may assume any 1 of
4,096 values (212 = 4,096).

The input voltage is linearly mapped to the output numbers.
An 8-bit A/D converter with an input of 0 volts will therefore
have an output of 0, 2.5 volts will convert to an output of
128, and 5 volts an output of 256. Each different value of the
A/D converter’s output represents a range of (5.00/256) or 19.5
millivolts. Any voltage falling within a range of 19.5 millivolts
is rounded up or down to the nearest digital output value. If
the full-range input voltage is calibrated to represent 0 mm Hg
to 300 mm Hg (so that 0 volts = 0 mm Hg and 5 volts =
300 mm Hg), then the finest resolution of the A/D converter
is 1.2 mm Hg. This resolution can be increased by increasing
the bits in the output. A 12-bit A/D converter with a 0- to 300-
mm Hg pressure transducer has a resolution of 0.07 mm Hg
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(212 = 4,096; 300/4,096 = 0.073). The A/D resolution sets the
resolution limit for the displayed waveform and any derived
pressures calculated after conversion. However, even an eight-
bit converter should be adequate for most clinical decisions.

The digitization process is also influenced by the sampling
rate. The continuous analog transducer voltage output is sam-
pled as a series of “snapshots,” reducing the digital output
signal to a series of points. The points are constrained in
the y plane, pressure, by the A/D resolution. They are also
constrained in the x plane, time, by the sampling rate. If one
represented a circle using increasing numbers of dots, three
equidistant dots would look like a triangle; four like a square;
five like a pentagon. As more dots are added, the representation
will look increasingly circular. Analogously, a sufficient sam-
pling rate of an input waveform is essential to adequately rep-
resent the wave in digital form. Representation of a sine wave
of frequency f requires sampling at a frequency of 2�f, known
as the Nyquist sampling rate. Complex waveforms like the
pulse must be sampled at a frequency at least twice that of the
highest-frequency component of interest. For a pulmonary ar-
terial pressure input whose highest significant frequency com-
ponents can reach 20 Hz, an A/D converter must sample at a
minimum of 40 Hz. After sampling, curve-fitting algorithms
are also applied to reduce the potentially jagged appearance of
a wave on the bedside display.

Dig it al Disp lay

The pressure waveform is processed further to display param-
eters such as systolic pressure, mean pressure, or pulmonary
artery occlusion pressure as numerical values. This software
has substantially evolved and improved. Early digital displays
simply used the highest and lowest pressures within a certain
time window as systolic and diastolic. They displayed values
that fluctuated erratically with minor patient or transducer
movement. Later electronics timed the calculation of systolic
and diastolic values to the ECG. This change reduced sensitivity
to random artifact, but still captured substantial beat-to-beat
variation. Low-pass filtering of the analog signal was added to
obtain mean pressure. Alternatively, the digitized values within
a time window including several complete heart beats may be
averaged (a moving average). The window duration and fil-
tration frequency represent a compromise between rapid re-
sponse to sudden changes and stability of the displayed values.
Short windows produce more variability and more false mon-
itor alarms, while long windows may delay the recognition of
important changes. More complicated algorithms can be used
to select the peak systolic and nadir diastolic values and display
their moving averages.

Simple averages or ECG-gated values, however, do not an-
ticipate known sources of error. Vascular pressures change
physiologically with the respiratory cycle. Vascular pressure
measurements recorded within the thorax, such as pulmonary
artery pressure, vary due to the changes in pleural pressure and
respiration-induced changes in vascular filling. In vessels with
low pressures, and particularly when pleural pressure changes
are exaggerated due to disease or effort, the respiratory vari-
ation may confound clinical decisions. As a reflection of the
state of cardiac filling, one is generally interested in the trans-
mural pressure of intrathoracic vessels. However, the pressure
on their surface is usually unmeasurable. Therefore, by conven-

tion, these vascular pressures are measured at end-expiration.
Barring significant recruitment of expiratory muscles, pressure
on the surface of vessels within the thorax is likely to be close to
atmospheric pressure at end-expiration. For systemic arterial
pressures, this rationale is less compelling. Mean arterial pres-
sure, integrating pressures through the respiratory cycle, rep-
resents the average pressure driving arterial flow. Nevertheless,
systolic and diastolic arterial pressures are also conventionally
recorded at end-expiration.

More advanced processing algorithms attempt to display
digital values timed to end-expiration. Simply searching for the
highest or lowest value within a time window (e.g., highest sys-
tolic value) is insufficient, because the phase difference between
the respiratory cycle and the associated changes in vascular
pressure differs when the patient is on positive pressure venti-
lation or breathing spontaneously. That is, pleural pressure falls
during spontaneous ventilation, rises during positive pressure
ventilation, and changes biphasically during assisted ventila-
tion. The highest systolic value will occur at end-expiration
in the spontaneously breathing patient but not in patients on
other modes.

Therefore, more complicated logic is necessary. The wave-
form is divided into individual beats, and separate filters are ap-
plied to systolic and diastolic phases and the mean pressure to
reduce artifact. Systolic, diastolic, and mean pressures are cal-
culated individually for each cardiac cycle. A weighted moving
average is then computed, in which each heartbeat contributes
to the average in inverse proportion to its variance from the
previous average. For example, a systolic pressure from a heart-
beat that is close to the average systolic pressure is weighted
more heavily than one that is far from the previous average.
This yields approximately end-expiratory values as follows: In-
spiration is generally more rapid and of shorter duration than
expiration. Therefore, vascular pressures under the influence
of pleural pressure will change rapidly during inspiration, and
slowly during late expiration. The algorithm weights the cal-
culated pressure toward the slowly changing, end-expiratory
values. Note, however, that this logic will fail with patients re-
ceiving inverse ratio ventilation and patients with both rapid
respiratory rates and slow heart rates. For the measurement
of pressures where accuracy is critical (such as the pulmonary
artery wedge pressure), one should not rely on the displayed
numerical pressure. End-expiration must be determined by in-
specting the patient, and the simultaneous pressure measured
directly from the waveform. An electronic cursor, placed man-
ually or automatically and inspected for proper positioning,
should be used to ensure end-expiratory values.

TROUBLESHOOTING
Simplicity and uniformity in transducer and catheter setup is
key to minimizing opportunity for errors. Tubing should be stiff
tubing designed for pressure monitoring, used with a minimum
length and few stopcocks and connectors.

Ze ro ing

A common source of error is the zero reference level for pres-
sure measurement. All pressures are measured relative to the
horizontal plane at which the transducer is set to zero. When
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the transducer is connected to a fluid-filled catheter, any hydro-
static pressure imposed by the catheter will be sensed by the
transducer. The recorded pressure will rise as the transducer
is lowered, and vice versa. This continues to occur when the
catheter is attached to a patient.

Most agree that vascular pressure should be referenced to
the level of the heart; that is, the recording system should read
zero pressure when the open end of a transduced fluid-filled
tube is held at the horizontal plane of the heart. The optimal
external anatomic landmark representing this plane remains a
subject of debate. Many suggest the midaxillary line (23,24),
but others have recommended estimation of the uppermost
boundary of the heart (25). For simplicity and uniformity, the
midaxillary line is best for general use. More complicated sys-
tems invite errors in practice, even if their perfect application
could theoretically improve accuracy.

This anatomic reference level should be on the same hori-
zontal plane, not of the transducer diaphragm, but of the port
or stopcock that is opened to atmospheric pressure when the
electronics are zeroed. The transducer itself could be in any
convenient location. The amplifier will add or subtract the
hydrostatic pressure of the fluid between the zero point and
transducer. After zeroing, however, the height of the transducer
relative to the zero level must remain fixed. For this reason,
the zero reference level should be dictated by a unitwide pol-
icy, and proper zero positioning should be confirmed prior to
recording vascular pressure. If the transducer height moves, the
zero reference level will change, resulting in erroneous readings.
A parallel change in all the vascular pressures measured with
the same transducer (e.g., central venous, pulmonary arterial,
and wedge pressures), in a clinically stable patient, suggests a
change in transducer level.

One simple way to provide consistency is to secure the trans-
ducer to the patient’s arm near the heart and zero it using the
port molded into the transducer body. This will allow fewer er-
rors than attaching the transducer to an IV pole, in which case
elevating the bed or sitting the patient up will change his or her
horizontal relationship to the zero point. However, rezeroing
to the cardiac level will be needed when patient orientation is
changed (such as lateral decubitus or prone positions). Care
must also be taken that the transducer has not rotated to a
dependent position on the arm, or slipped to the elbow in a
patient who is anything but completely flat.

Calib rat ion

Modern disposable transducers are generally accurate to ± 3%
(26) and do not require calibration. Transducer accuracy can be
compromised by mechanical trauma, overpressurization dur-
ing assembly, or fluid entry on the ambient pressure side of the
transducer diaphragm. Accuracy of a clinical transducer can be
verified by calibration against a mercury manometer. For older,
expensive, reusable transducers, this step was essential, since
the gain had to be adjusted for each transducer. Most contem-
porary bedside monitors do not even allow gain adjustment,
and an inaccurate transducer is best simply replaced.

Te st ing t he Fre q ue ncy Re sp onse

Intensive care units, operating rooms, and other monitoring
settings combine various components from various manufac-

turers into their systems for vascular pressure measurement.
The parts may vary between units or perhaps even from pa-
tient to patient or nurse to nurse, and will change as suppliers
change over time. The performance specifications of individual
components such as transducers and amplifiers are provided in
their user manuals, but the performance of the integrated sys-
tem is usually untested.

Fortunately, the catheter–tubing–transducer system allows
simple bedside study. By using the flush device, one can ap-
ply a near square-wave pressure signal, and the features of the
recorded output can be examined. When the flush device resis-
tor is bypassed, a high-pressure signal is produced, which goes
off-scale on the bedside monitor. When the lever is released,
however, a square-wave low-pressure signal is generated, which
falls within the range of the display. Proper functioning is in-
dicated when this signal rapidly reverberates a few times and
then decays back to the underlying vascular pressure.

If one records the effects of such a fast flush, those results
may also be assessed quantitatively. The time between peaks
of the oscillating signal is the roundtrip travel time of the pres-
sure wave to the catheter tip and back. It is equal to 1/fd . The
decrease in amplitude of consecutive oscillations is from damp-
ing. ζ can be calculated from the amplitude ratio of consecutive
oscillations A 1 and A 2 (1,6):

ζ = − ln
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Using this equation, clinical engineers can evaluate their hospi-
tal’s complete catheter–transducer subsystem. A related bench
technique uses a “pop test,” in which a balloon attached to
a transducer and catheter system is popped with a needle to
produce the square wave of pressure. The Association for the
Advancement of Medical Instrumentation publishes a compre-
hensive manual to guide the evaluation of pressure transducer
systems by clinical engineering departments (19).

Ove rd amp ing Errors

Overdamping is a common problem that causes errors in the
measurement of systolic and diastolic pressure. Overdamping
is suggested during a bedside flush test by a gradual pressure
decay or an undershoot and slow return to baseline without any
oscillation (27). The effect of overdamping on the waveform is
to first cause the wave to lose details such as the dicrotic notch
and a brisk systolic upstroke, or the a, v, and c waves of a venous
pressure. With more damping, the wave will appear sinusoidal,
systolic pressure will fall, and diastolic pressure rise toward the
mean arterial pressure. Even with extreme overdamping, the
mean pressure remains accurate.

Numerous problems in the catheter–tubing–transducer sub-
system can cause overdamping. These include air bubbles,
blood clots or fibrin within the catheter or tubing, catheter
tips abutting a vessel wall, or kinks or partially closed stop-
cocks. Flushing or changing the tubing and obsessively purg-
ing air bubbles solves many overdamping problems. If the
damped waveform is associated with kinking or thrombosis of
the catheter, poor blood return, or sensitivity to minor catheter
movement, it may need replacement.
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Und e rd amp ing Errors

In tachycardic, hyperdynamic patients, excessive oscillation
may be apparent in the pulse recording, especially at peak
systole. This problem occurs when important harmonics of
the pulse approach the transducer system’s fd . Underdamp-
ing causes systolic and diastolic pressure to be over- and
underestimated, respectively. The excessive oscillations will
also interfere with the algorithms used to calculate a digital
display of systolic and diastolic pressure. Even manual esti-
mation of these pressures from the bedside oscilloscope or
printed record is inaccurate, since the pulse pressure is exagg-
erated.

The characteristics of the transducer system can be studied
and optimized to reduce underdamping errors. During obser-
vation of a fast flush, oscillations that are widely spaced in-
dicate a low fd , which may poorly suit a patient whose pulse
is dynamic with upper harmonics of high amplitude. Natu-
ral frequency is reduced by lengthy or compliant tubing or by
bubbles. Removing unneeded tubing extensions and diligently
clearing bubbles will bring the flush test oscillations closer to-
gether, and the waveform will show more detail with greater
accuracy.

The reverberations in the pulse can be smoothed away by
injecting a tiny bubble of air into the transducer or catheter.
However, this practice is not recommended. While the air
bubble will increase the damping, it also decreases fd . The
waveform will be made to appear more normal, but may
be no more accurate. If larger bubbles are introduced, the
excessive damping causes the pulse pressure to narrow to-
ward the mean arterial pressure. The effects of adding a bub-
ble of increasing size on a flush test and arterial pressure
tracing is shown in Figure 16.3. Note that a small bubble
(middle panel) yields a wave that looks appropriate, but the
widely spaced oscillations after the fast flush indicate the re-
duced fd .

One would like to increase the damping of the system with-
out decreasing its natural frequency. This effect can be achieved
by reducing the amplifier high-pass filtration frequency just
enough to eliminate the reverberations, as is outlined in most
monitoring equipment user’s manuals. Too much electronic
damping will degrade the waveform just as would excess me-
chanical damping. Filtering should generally not be reduced
below 12 Hz to avoid removing the higher-order harmonics
contributing to the systolic waveform. There are also mechan-
ical devices that attach to a stopcock near the transducer and
increase damping. These devices are designed to match the
transducer impedance to that of the tubing, decreasing wave
reflections without altering fd (6,12).

Artifact that appears similar to underdamping can also oc-
cur when long, flexible catheters are vibrated by high-velocity
blood flow, termed “catheter whip.” This phenomenon should
be suspected when long intravascular catheters are used in high-
flow vessels of much larger diameter, such as long femoral or
pulmonary artery catheters. Contributions of underdamping to
the waveform appearance can be ruled out by inspecting the
fast flush and optimizing the external tubing system. Artifact
due to movement of the catheter tip is difficult to eliminate. In
the pulmonary artery, stabilizing the catheter tip by inflating
the balloon to measure a pulmonary artery occlusion pressure
will remove the “whip.” Measurement of mean pressures will
also remain accurate.

FIGURE 16.3. Effects of adding a bubble of increasing size to a
transducer–catheter system recording an arterial pressure waveform
and recording of a “fast flush.” The upper panel shows the waveform
with no bubble. The flush oscillates rapidly, and the pulse shows a brisk
hyperdynamic upstroke and slight overshoot. In the middle panel, a
small (< 0.1 mL) bubble decreases the natural frequency of the system.
This is shown by the wider spacing of the oscillations following the
fast flush, and increases the peak systolic overshoot. The bottom panel
shows the effects of a slightly larger bubble. The return from the flush is
now delayed and does not oscillate, and the pulse waveform is lacking
in detail with a reduced amplitude.

FUTURE DIRECTIONS
Fifty years of engineering refinement have produced trans-
ducers that are many times more accurate than needed for
most clinical decisions in critical care medicine. Basic knowl-
edge of the physics of wave transmission and transduction and
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thoughtful bedside setup and inspection will minimize artifact.
Further, simple, uniform protocols and education can reduce
human errors. Once there steps are achieved, improved invasive
vascular pressure measurement will not require greater accu-
racy in signal acquisition.

Instead, technical innovation is needed in data management.
Enormous amounts of data are collected by bedside monitoring
systems in the form of trend records. However, spurious val-
ues are recorded along with accurate ones. A nurse or doctor
can easily recognize and discard such values (e.g., a pressure
recorded while a stopcock is closed to draw blood, or while
a patient is moving). However, it is a complex computational
task to program this into a computer, and this field is in its
infancy (28).

Another aspect of data management in need of innovation
is alarms. Vascular pressure monitoring systems are only one of
numerous sources of alarms in ICUs. Other sources include the
ECG, oximetry, ventilators, infusion pumps, and virtually all
mechanical devices at the patient’s bedside. In a recent quality
improvement review of alarm data from a 15-bed intermediate
care unit in our hospital, an astounding 27,000 alarms were
recorded in a 24-hour period. Furthermore, this number ex-
cluded equipment not monitored centrally (e.g., excluded were
ventilators, infusion pumps, and bed alarms).

Over 90% of ICU alarms are either false alarms or of no
clinical significance (29,30). The rest are a major source of am-
bient noise and distract nurses from true alarms requiring in-
tervention (28,31). Current alarm technology is simplistic. An
alarm is triggered whenever a parameter falls above or below
an acceptable range. On the other hand, clinically important
trends do not trigger alarms until they fall outside of the range.
Trend-based alarms (32) or use of artificial intelligence algo-
rithms may someday improve the specificity of alarms (28).

SUMMARY
Invasive measurement of vascular pressure has become com-
monplace in the care and monitoring of the critically ill. How-
ever, decisions based on inaccurate or misleading information
could prove costly. Simple, consistent setups that respect the
physics of wave transmission will minimize errors. Critical
evaluation of the quality of these data and recognition of the
limitations of the technology will allow the clinician to opti-
mize pressure recording fidelity.

PEARLS
■ N atural frequency is the frequency at which a wave oscillates

in a tubing system.
■ Damping is the attenuation of a wave due to friction.
■ Natural frequency and damping characteristics set the per-

formance limits of a system of a transducer and all its at-
tached tubing and connectors.

■ The pulse is a complex waveform whose accurate record-
ing requires a system with adequate natural frequency and
damping.

■ Clinical pressure recording systems are optimized with
proper setup, flushing, and zeroing.

■ Use of the fast-flush device on a pressure transducer can
diagnose potential sources of error.
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DEMETRIOS DEMETRIADES

DEFINITION OF THE PROBLEM
Research in acute life-threatening emergencies has clearly
shown that early recognition and vigorous therapy of shock
facilitated by monitoring in acute life-threatening emergencies
are the keys to successful resuscitation, because delayed therapy
increases mortality and morbidity (1–8). Acute critical illness
and shock from trauma, hemorrhage, high-risk surgery, sepsis,
burns, stroke, and cardiac emergencies are circulatory prob-
lems that can be described by hemodynamic monitoring. There
were significantly reduced mortality and morbidity in prospec-
tive randomized trials of optimal hemodynamic goals when
they were achieved early, that is, < 24 hours after emergency de-
partment (ED) admission and before onset of organ failure (1–
4). However, outcome was not improved when optimal goals
were accomplished late, defined as > 24 hours after ED admis-
sion or after the onset of organ failure (3,4). The central focus
of hemodynamic monitoring used is to provide appropriate
therapy as determined by the adequacy of tissue perfusion and
oxygenation. Recent experiences have demonstrated that early
intervention is associated with improved outcome. Identifica-
tion of the adequacy of perfusion is a function of balancing
oxygen delivery with oxygen demand. Invasive monitoring re-
quires time and technology, often leading to delays that reduce
the potential benefit of the information gathered. In addition
to the need for rapid monitoring, the challenge of continuous
data collection and analysis as opposed to intermittent static
observations is of major concern in the selection of monitoring
techniques.

Pulmonary artery catheters (PACs) or Swan-Ganz catheters
provide the maximum circulatory data at the bedside to de-
scribe the hemodynamic status in a wide variety of clinical
states, emergencies, and other acute conditions (1–18). How-
ever, PACs require intensive care unit (ICU) environments, and
by the time the patient gets an ICU bed, it is often too late for
early therapy. Since circulatory diseases are the leading cause of
acute death, it is appropriate to develop and test hemodynamic
methods and concepts for early use in emergencies and acute
illnesses.

The principal difference between noninvasive monitoring
compared with invasive PAC monitoring with blood gases
taken at intervals is that the former provides online, real-time
visual displays of multiple hemodynamic patterns describing
cardiac, pulmonary, and tissue perfusion functions and their in-

terrelationships (5–7). By contrast, invasive monitoring is taken
once or at intervals as a set of static values and is primarily
used to describe departures from the normal range as well as
thresholds for circulatory disorders. For example, cardiac in-
dex (CI) < 2.0 L/minute/m2, systolic blood pressure (SBP) < 90
mm Hg, or mean arterial pressure (MAP) < 70 mm Hg is used to
define shock. However, noninvasive monitoring uniquely dis-
plays early hemodynamic patterns of acute illnesses that may
underlie circulatory mechanisms (8–10). These patterns are not
like static signposts, but are patterns of curves that may resem-
ble biphasic or U waves. Stress responses may initially elevate
CI, heart rate (HR), and MAP values, but initially high values
are not sustained in the presence of hypovolemia, anemia, or
impaired cardiac function and subsequently they rapidly fall
to low levels along with arterial saturation of oxygen (SpO 2)
and transcutaneous partial pressure of oxygen/fraction of in-
spired oxygen (PtcO 2/FiO 2) values (see below). These sequen-
tial hemodynamic patterns provide new descriptive dimensions
to understand the process of acute circulatory problems and re-
suscitation. Moreover, noninvasive patterns with information
systems can predict outcome and support therapeutic decision
making (16–18).

Noninvasive hemodynamic monitoring was found to be safe
for patients and staff, convenient, inexpensive, reasonably ac-
curate, and available anywhere in the hospital, doctors’ offices,
or prehospital areas. Early recognition of abnormal hemody-
namic or incipient shock patterns allows therapy to be given
earlier, more vigorously, and with greater effectiveness (6–10).
Timing of treatment is as essential as the therapy itself in achiev-
ing good outcome.

There are a variety of modalities that have been developed
to provide for hemodynamic monitoring by invasive, mini-
mally invasive, and noninvasive methods. Many of these meth-
ods are presented in detail elsewhere in this textbook, but are
mentioned here to emphasize their interrelationships. These
methods can be grouped by their basic technologies, including
Doppler ultrasound techniques, transcutaneous/transmucosal
sensors of gases, monitors of hemoglobin saturation, expired
gases, and a variety of dilution techniques. Each of these meth-
ods has its own strengths and weaknesses; taken together they
have the potential to create a robust multidimensional picture
of patients’ hemodynamic states and their responses to thera-
peutic interventions. When only one method is used, its limi-
tations may obscure the real problem and limit clinical useful-
ness.
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NONINVASIVE HEMODYNAMIC
MONITORING

Conve nt ional Vit al Sig ns

Conventional vital signs include heart rate and mean arterial
pressure; heart rate may be automatically derived from the elec-
trocardiogram (ECG), and the systolic, diastolic, and mean ar-
terial pressure measured directly or automated by DynaMAP
(Tampa, FL), or from an indwelling arterial catheter if one is
already in place.

Art e rial He mog lob in Oxyg e n
Sat urat ion b y Pulse Oxime t e r

The standard pulse oximeter (Nellcor, Pleasanton, CA) is
routinely used for continuous hemoglobin saturation (SpO 2)
monitoring (16). Two different wavelengths of infrared light
are reflected from the capillaries to identify and evaluate the
oxygen saturation of the arterial component. Sudden changes
in the arterial hemoglobin saturation are useful in assessing
changes in pulmonary function. This has had a major impact
on clinical practice both inside and outside the operating room.
Unfortunately, arterial oxygen saturation by itself does not
indicate the oxygen delivery (DO2) or the oxygen
consumption/demand (VO2), and is not a reliable mea-
sure of tissue oxygenation/perfusion or the hemodynamic
status.

Card iac Out p ut Monit o ring b y
Thoracic Ele ct ric Bioimp e d ance

In thoracic electric bioimpedance (TEB) methods, pairs of non-
invasive disposable prewired hydrogel electrodes consisting of
an outer injecting electrode and an inner sensing electrode are
positioned on the anterior thoracic skin surface at the levels
of the lung apex and the base; ECG leads are also placed on
the precordium and shoulders (6,7,11,19–32). The outer pairs
of electrodes pass a small-amplitude (0.2–5.0 mA) alternat-
ing current at 40 to 100 kHz through the patient’s thorax to
produce an electrical field. The injected electrical signals travel
predominantly down the aorta, which has lower electrical resis-
tance than aerated lung. Each ventricular contraction propels
the stroke volume down the aorta, increasing aortic blood vol-
ume and aortic flow and lowering impedance. The impedance
is sensed by the inner recording electrodes that capture the
baseline impedance (Zo), the first derivative of the impedance
waveform (dZ/dt), and the ECG (6,7,19). Changes in aortic
blood flow throughout the cardiac cycle are quantitatively re-
lated to changes in the electrical impedance.

We have routinely used two TEB devices, PhysioFlow
(VasoCOM, Bristol, PA) and IQ 101 (Noninvasive Medical
Technologies, Las Vegas, NV), which were applied to the pa-
tient as soon as possible after arrival into the ED (5–7,19).
When clinically indicated, the PAC was inserted in the operat-
ing room (OR) or ICU and was used to validate the noninvasive
TEB method. Both of these TEB instruments gave satisfactory

results when compared with the cardiac output values mea-
sured by the thermodilution (COtd) method using PACs. In 907
simultaneous pairs of TEB and thermodilution measurements
in 267 patients, r was 0.92, r2 was 0.84, and p was < 0.001
(11). The IQ 101 recently has been taken off the market for
revisions and re-engineering.

In paired simultaneous TEB and COtd or other hemody-
namic measurements, studies have reported satisfactory agree-
ment between the methods (6,7,28–41). Raaijmakers et al. (25)
found general agreement between several TEBsystems reported
over the past three decades, particularly in recent models using
improved technology and algorithm. Simultaneous CI measure-
ments by TEB and COtd during cardiac evaluation were sat-
isfactorily correlated at rest (r = 0.83) and during exercise for
cardiology workup (r = 0.86) (42,43). Reported errors between
TEB systems and COtd were usually within twice the average
difference in successive COtd estimations. We reported an aver-
age difference of 9.7% between TEB and COtd and an average
difference of 9.5% between rapidly repeated COtd measure-
ments in the same patient (6,7). Therefore, we routinely take
four or five measurements and delete the most aberrant val-
ues. Some of the older systems such as the NCOM3 (BoMED,
San Diego, CA) and its successor BioZ (CardioDynamics, San
Diego, CA) had satisfactory correlations in many patients, but
wide variations in about one fourth of patients, resulting in an
overall average error of 25% .

Thoracic Ele ct ric
Bio imp e d ance Ap p licat ions

TEB cardiography was found to be helpful for diagnosis and
therapy in the initial ED resuscitation since it is difficult clin-
ically to detect early (occult) shock from BP and HR alone
(13,23,24,33). In clinical trials, the diagnosis differed in 12
(13% ) patients and the treatment changed in 35 (39% ) patients
after TEB results became available (33). Using TEB did not
adversely affect defibrillation, resuscitation, or survival in pa-
tients during out-of-hospital cardiac arrest treated with bipha-
sic waveform defibrillators (26). Ambulatory TEB provided
useful values in both supine and tilt positions compared with
Doppler cardiography (27). TEB has been used in the home,
OR, ED, and ICU for thoracic fluid status monitoring after re-
suscitation from acute circulatory problems and for pacemaker
optimization (6,7,28–41).

TEBprovides a reasonably accurate, cost-effective, and non-
invasive system that can replace PAC monitoring for various
types of acute ED patients as well as for coronary care unit
patients, those with pulmonary hypertension, intra- and post-
operative coronary artery bypass, pediatric cardiac conditions
(44,45), and diagnostic evaluation (46,47) and therapeutic re-
sponses (31–39). This technology may be used for healthy out-
patient settings as well (46). For example, the effect of 1 unit
of blood donation in 197 healthy volunteers demonstrated that
stroke volume index values decreased from a baseline of 47.0
± 6.9 (standard deviation [SD]) mL/m2 to 43.9 ± 7.3 mL/m2

after blood donation (32). Several groups reported that TEB
was a feasible and accurate method for noninvasive monitoring
of stroke index and cardiac index (44–47). Pianosi (44,45) mea-
sured exercise cardiac output by thoracic impedance in healthy
children and with cystic fibrosis.
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Use of Thoracic Ele ct ric Bioimp e d ance
in Various Card iac Cond it ions

The annual heart failure costs are about $56 billion, with two
thirds of the cost consumed in the management of acutely de-
compensated patients. Systolic blood pressure alone did not
reliably reflect the cardiac output status in 245 outpatient vis-
its for heart failure (39–41,48). TEB may provide an outpa-
tient tool to evaluate cardiomyopathies, heart failure, and pul-
monary edema in the early and late stages (49,50) and also
guide vasodilation therapy (49).

TEB has been used to assess cardiovascular status in hy-
pertensive heart disease and to provide more complete physio-
logic characterization for effective targeted drug management
in the ED (51). Physicians’ clinical assessments were compared
with measured TEB values in 186 patients. Diagnosis changed
in 51% with more incidence of changed diagnosis in patients
with a low CI (52). In another study, TEB and COtd values
were compared with physicians’ clinical judgments, assessed
as high, medium, or low, and clinical judgment was incorrect
58% of the time (53).

TEB was found to be reliable for chronic fluid manage-
ment in 33 patients diagnosed as New York Heart Associa-
tion class III or IV. Of the ten patients hospitalized for fluid
overload on 25 occasions in 20 months, TEB cardiac output
identified patients in pulmonary edema who were subsequently
hospitalized with PAC monitoring for fluid overload and PAC
measurements reflected TEB values (54). TEB measurements
were reproducible in both intra- and interday values in stable
coronary artery disease patients (55), and diagnosed chronic
heart failure and severity of cardiac dysfunction in ED pa-
tients with dyspnea (56). Other cardiac functions presented in
the bioimpedance technology include velocity index, thoracic
fluid content, and the left ventricular ejection time (57,58),
and these values correlated well with outcome in 52 hyperten-
sive patients who eventually demonstrated a 33% mortality
(59).

Thoracic Ele ct ric Bio imp e d ance Comb ine d wit h
Ot he r Noninvasive Me t hod s for Comp re he nsive
Monit oring : Transcut ane ous Oxyg e n and Carb on

Dioxid e for Evaluat ion of Tissue Pe rfusion
TEB combined with conventional vital signs (MAP and HR),
pulse oximetry (SpO 2), and transcutaneous O 2 and CO 2 ten-
sions and organized at the bedside of emergency patients in
the ED, OR, or ICU provides the maximum noninvasive phys-
iologic information previously only available by the PAC (5–
7,18). Noninvasive variables were chosen to reflect (a) cardiac
function by CI, MAP, and HR; (b) changes in respiratory func-
tion by SpO2; and (c) tissue perfusion reflected by transcuta-
neous pressure of CO 2 (mm Hg) (PtcCO 2) and transcutaneous
pressure of O 2 (mm Hg) indexed to the fractional inspired O 2
concentration (PtcO 2/FiO 2) (6,7). These noninvasive hemody-
namic data were continuously displayed online in real time
beginning shortly after ED admission. The values were con-
tinuously monitored, recorded by an interfaced personal com-
puter, and filed directly into a database to describe sequential
hemodynamic patterns related to survival or death (6,7,11,18).
Martin et al. (20) used TEB with SpO 2, and tissue perfusion
by PtcO2/FiO 2 values in pediatric trauma patients to predict
outcome and track their hospital course.

PtcO 2 reflects delivery of oxygen to the local area of skin;
it also parallels the mixed venous oxygen tension. It uses the
same Clark polarographic oxygen electrode routinely used in
standard blood gas analyses. Oxygen tensions are determined
in a representative area of the skin surface heated to 44◦C to
increase emissivity of oxygen across the stratum corneum, and
to prevent vasoconstriction in the local area being measured.
Transcutaneous CO2 tensions are continuously monitored by a
standard Stowe-Severinghaus electrode in the O 2 sensor unit.

Whole Bod y Ele ct rical Bio imp e d ance

Whole body electrical bioimpedance (WBEB) uses proprietary
electrodes arranged in a wrist-to-ankle configuration (43,60–
62). An alternating current of 30 kHz, 1.4 mA is delivered
through the two electrodes, and the bioimpedance fluctuations
are measured. The ECG is used to measure HR. CI by WBEB
compared satisfactorily with the COtd in 28 patients with by-
pass grafts (60).

Echocard iog rap hy: Transe sop hag e al
and Transt rache al Card iog rap hy

Two-dimensional (2-D) Doppler echocardiography maps the
anatomic relations of the heart by ultrasonic wave pulses sent
out from transducers placed on the chest wall, esophageal tube,
or endotracheal tube. The sound waves are bounced off the
walls and valves of the heart and are captured by sensors as
echoes that are electronically plotted to produce images corre-
sponding to anatomic features of the heart, including the right
and left atrium, the atrial septum, valves, pulmonary vessels,
and the thoracic duct.

Transesophageal echocardiography (TEE) is useful in evalu-
ating heart valve abnormalities, tumors, blood clots, dissecting
aortic aneurysms, and congenital defects. Doppler techniques
are for diagnostic imaging rather than a continuous hemody-
namic assessment tool; the images may be distorted by obesity,
chronic obstructive pulmonary disease (COPD), hyperinflation
of the lungs, chest trauma, and surgical dressings. Doppler
echocardiology favorably compared with TEB in 16 normal
subjects; the mean differences in CI between both methods were
relatively small (r = 0.87) (43).

Doppler techniques are able to provide some qualitative in-
formation about flow through vessels, but are limited by the
need for expert interpretation of the images and the need for
very sensitive transducer placement. These factors provide for
a useful diagnostic tool, but limit the reproducibility of the
measurements and their use for continuous monitoring.

Lit hium Dilut ion Card iac
Out p ut Me asure me nt s

Lithium chloride, 0.3 mmol, is used as the indicator for cal-
culation of cardiac output by the standard indicator dilution
technique (63). The system requires an intravenous catheter
for rapid infusion of the lithium indicator and a disposable
lithium-selective electrode in the arterial catheter tubing with
an attached battery-operated roller pump to withdraw blood
through the lithium sensor.
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Pulse Cont our Card iac Out p ut Syst e m

The pulse contour method analyzed the systolic part of the ar-
terial pressure waveform based on a complex analysis of wave-
form harmonics (64,65). The disadvantage of this approach is
that it requires calibration by invasive methods, and the cal-
ibration lasts only as long as the patient’s arterial vasoactive
status remains constant. This is a major limitation for unstable
postoperative patients.

Noninvasive Part ial CO 2 Re b re at hing
Card iac Out p ut Me asure me nt

Noninvasive partial CO 2 rebreathing cardiac output (NICO)
measurement is a cardiac output monitoring system based on
CO2 elimination measured by the direct Fick principle. The
system measures CO 2 on a breath-by-breath basis to provide a
continuous estimation of metabolic demand, with precise tidal
volume and flow analyses (flow/volume). The cardiac output
is proportional to the changes in CO 2 elimination divided by
the change in end-tidal CO2 measured by a CO 2 sensor, which
periodically adds a rebreathing volume into the ventilatory cir-
cuit (NICO, Novametrics Medical Systems, Wallingford, CT).
The system also provides compliance assessments that facili-
tate adjustment of ventilatory parameters to optimize compli-
ance with positive end-expiratory pressure (PEEP) and tidal
volume settings. Three NICO values averaged over 1 minute
were compared with 418 paired thermodilution measurements
in 122 patients during cardiac catheterization prior to cardiac
surgery. The overall correlation was r = 0.89 with a small bias
(66–68).

The NICO system was prospectively compared with ther-
modilution in 122 patients (a) during cardiac catheterization;
(b) before, during, and after coronary bypass surgery; and (c)
during treatment for acute congestive heart failure (CHF). The

authors concluded that NICO provided an accurate noninva-
sive measurement of CI (67,68). The system is minimally in-
vasive but it requires the patient to have tracheal intubation,
a closed ventilatory circuit, and mechanically assisted ventila-
tion.

These techniques share the shortcomings of thermodilution
with PACs in that they give only episodic sets of measurements,
require critical care conditions, and need frequent recalibra-
tion.

Gast ric Transmucosal Oxyg e n and
Carb on Dioxid e Te nsions

By positioning a balloon against the stomach wall and allow-
ing for gas to equilibrate between the gastric mucosa and the
lumen of the balloon, O 2 and CO 2 tensions in tissue adjacent
to the probe may be extrapolated to assess the degree of anaer-
obic metabolism. Some investigators have found this technique
useful in titrating resuscitation in shock. The difficulty with this
is the limited tissue bed assessed and the assumption that per-
fusion of the monitored tissue reflects the other tissues. Details
of this technology are described in other chapters.

Ne ar-infrare d Sp e ct roscop y

Near-infrared spectroscopy (NIRS) is used to measure tissue
myoglobin oxygen saturation (StO 2) of the hypothenar space
as an alternative to transcutaneous O 2 and CO 2 to assess
regional tissue perfusion (69–71). Regional perfusion markers
have been extrapolated to estimate the overall tissue perfusion
status. These measurements were reported to be reliable
for resuscitation and monitoring, but their role remains to
be defined throughout in the clinical environment. NIRS
feasibility studies were undertaken in 46 ED patients, six of
whom were hospitalized for heart failure with one death (69).

TA BLE 1 7 . 1

HEMODYNAMIC VALUES IN TRAUMA PATIENTS BY INVASIVE AND NONINVASIVE MONITORING

Invasive Noninvasive
Survivors (N = 178) Nonsurvivors (N = 89) Survivors (N = 592) Nonsurvivors (N = 69)

Variable, unit Mean ± SEM Mean ± SEM Mean ± SEM Mean ± SEM

CI, L/min/m2 4.31 ± 0.06 3.72 ± 0.07a 4.10 ± 0.04 3.67 ± 0.10a

MAP, mm Hg 98 ± 1 90 ± 1a 89 ± 1 78 ± 2a

HR, beat/min 109 ± 1 105 ± 1b 103 ± 1 114 ± 2a

SpO 2, % 99 ± 0.4 95 ± 1a 98 ± 0 96 ± 0.2a

CVP, cm H 2O 11.5 ± 0.3 12.5 ± 0.3b — —
SvO2, % 74 ± 0.4 72 ± 0.6a — —
DO 2, mL/min/m2 640 ± 9 522 ± 9a 617 ± 10 487 ± 21a

VO2, L/min/m2 158 ± 2 130 ± 3a — —
PtcCO2, torr — — 47 ± 1 62 ± 7a

PtcO 2/FiO 2 — — 230 ± 5 107 ± 9a

Hct,% 33 ± 0.2 33 ± 0.33 4 ± 1 30 ± 1
SP, % — — 89 + 0.1 75 + 0.2a

SEM, standard error of means; CI, cardiac index; MAP, mean arterial pressure; HR, heart rate; SpO 2, arterial hemoglobin saturation by pulse oximetry;
PtcCO2 , transcutaneous CO 2 tension; PtcO 2/FiO 2 , transcutaneous O2 tension indexed to FiO 2; SP, survival probability.
ap < 0.01; bp < 0.05, comparing survivors with their corresponding nonsurvivors using unpaired Student’s t-test.
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FIGURE 17.1. Data from a 66-year-old man who was involved in
a motor vehicle accident and sustained lacerations of the spleen and
descending aorta, hemothorax, and multiple rib fractures. The injury
severity score was 59, the Glasgow coma scale was 9, and he sus-
tained an estimated initial blood loss of 4,000 mL. He was operated
on between 1 and 5 hours after emergency department (ED) admission
(splenectomy and repair of thoracic aortic laceration). He was given 7
liters of Ringer lactate, 8 units of packed red cells, and 1,500 mL starch
in the operating room (OR) followed by 5 units of fresh frozen plasma
in the intensive care unit (ICU) and 2 more units of packed red cells
and 2 units of fresh frozen plasma (lowest section of the graph). Upper
row: Cardiac index (CI). Second row: Mean arterial pressure (MAP).
Third row: Pulse oximetry (SpO2). Fourth row: PtcO2/FiO2 . Lowest
row: Survival probability. Time, in hours from ED admission, is noted
below the bottom horizontal line. Therapies are outlined in boxes: FFP,
fresh frozen plasma; HES, hydroxyethyl starch; RBC, packed red blood
cell transfusion; DOP, dopamine; LR, lactated Ringer solution, which
was given at the rate 150 mL/hr postoperatively. Time and place of re-
suscitation (ER, OR, ICU) indicated at lowest line. Note: The CI fell to
around 2 L/min/m2 throughout most of the intraoperative and immedi-
ate postoperative period, the MAP fell to around 60 to 70 mm Hg, the
PtcO2/FiO 2 was less than 100 torr throughout most of the course, and
the SP was less than 50% throughout most of the course. Despite this
evidence of hypovolemia, the operating surgeon was reluctant to give
more fluids for fear of disrupting the repaired aortic laceration. The
patient developed acute respiratory distress syndrome (ARDS), sepsis,
cardiac failure, and renal failure. He died 31 days after admission.
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FIGURE 17.2. Survivors’ (solid line) and nonsurvivors’ (dashed line)
temporal patterns are shown for the first 48 hours after their emer-
gency department (ED) admission. Mean values ± standard error of
means (SEM) are shown for cardiac index (CI) in mL/min/m2, heart
rate (HR), mean arterial pressure (MAP), pulse oximetry (SpO 2), trans-
cutaneous oxygen tension indexed to the fractional inspired oxygen
concentration (PtcO2/FiO2), and survival probability (SP). All values
are keyed to at the time of admission to the ED. Note that the survivors’
cardiac index, MAP, SpO2, PtcO 2/FiO2 , and SP values were generally
higher than those of the nonsurvivors. The mean survivors’ SP values
were significantly higher than the mean nonsurvivors’ SP values in this
observation period.

Summary of Survivors’ and
Nonsurvivors’ Dat a b y Invasive

and Noninvasive Monit oring

Table 17.1 summarizes the monitored data of 661 surviving
and nonsurviving trauma patients. Survivors had greater CI,
MAP, SpO 2, PtcO 2/FiO 2, DO 2, VO 2, and survival probability
(SP) values. Figure 17.1 illustrates data of a 66-year-old man
who sustained an auto accident with lacerations of the spleen,
thoracic aorta, and multiple rib fractures with an estimated
initial blood loss of over 4,000 mL. Despite the data and other
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TA BLE 1 7 . 2

SUMMARY OF CLASSIFICATIONS OF EMERGENCY TRAUMA PATIENTS EXCLUSIVE OF SEVERE HEAD INJURY
AND BRAIN DEATH (N = 661)

Predicted to die Predicted to live Total
N (Row %) N (Row %) N (Column %)

Actual outcome
Died 32 46.4% 37 53.6% 69 10.4%
Lived 57 9.6% 535 90.4% 592 89.6%
Total (% ) 89 10.3% 572 89.7% 661 100.0%

Misclassification: 94/661 = 14.2% .

evidence of hypovolemia, the operating surgeon was reluctant
to give more fluids for fear of disrupting the repaired aortic
laceration. The patient died of multiple organ failure after 31
days. Figure 17.2 illustrates data of 185 consecutive trauma
patients obtained during the first 2 hours in the ED for CI, MAP,
HR, SpO 2, PtcO 2/FiO 2, and SP. Table 17.2 lists the outcome
predictions by SP at the beginning of monitoring compared
with the actual outcome at the time of hospital discharge. The
misclassifications were 14.2% compared with greater errors by
conventional analyses (Table 17.3 and Fig. 17.3).

Q uant it at ive Asse ssme nt of
Noninvasive Variab le s as Ne t
Cumulat ive Exce ss or Deficit

While continuous noninvasively monitored values are directly
observed, they may have considerable variability that obscures
the underlying patterns. To overcome this problem, we calcu-
lated the net cumulative excess or deficit of physiologic vari-
ables by integrating the areas between the curves of monitored
data and normal values to provide a quantitative measure of
the overall net cumulative deficit in cardiac, pulmonary, and
tissue perfusion functions.

INFORMATION SYSTEMS TO
PREDICT OUTCOME AND TO

SUPPORT THERAPY
Continuous noninvasive monitoring needs information sys-
tems to make sense of the vast amount of data generated. In-
formation systems are designed to translate massive continuous
data streams from complex sources into useful knowledge and
then to fashion these arrays of knowledge into intelligent clini-
cal decisions. Bayard et al. (11,16–18) developed and tested an
information system based on a stochastic (probability) analy-
sis and control program. It uses a large database of emergency
patients to identify similar patients with identical diagnoses, co-
variates, and very close hemodynamic patterns. These similar
patients, defined as “nearest neighbors,” are used as surrogates
to compute in real time the SP of newly admitted study patients.
A patient’s SP for a given state is calculated by first extracting
from the database 40 or more “nearest neighbors” whose clin-
ical and hemodynamic patterns most closely resemble those of
the study patient. Then the SP is calculated as the fraction of
nearest neighbors that survived. The SP predicts outcome and
is also a digitized measure of severity of illness; low SP values
are quantitatively related to the likelihood of death and reflect
illness severity (11,17,18).

TA BLE 1 7 . 3

MISCLASSIFICATIONS IN PREDICTION BY VARIOUS OUTCOME PREDICTORS

Method Criteria Misclassification rate

Initial heart rate S < 95, NS > 96 beats/min (70/159) 45%
Initial MAP S > 85, NS < 70 mm Hg (76/159) 47%
Lowest MAP S > 50, NS < 50 mm Hg (83/159) 52%
Initial cardiac index S > 3.8, NS < 3.8 L/min/m2 (72/159) 43%
APACHE II S < 27, NS > 27 (30/97) 31%
Survival probability, present study S > 82% , NS < 82% (94/661) 14.2%

MAP, mean arterial pressure; S, survivors; NS, nonsurvivors.
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FIGURE 17.3. Receiver operating characteristic (ROC)
curves calculated for data collected in trauma patients
over the first 24-hour period after emergency department
(ED) admission. The area under the curves represents
the sensitivity and specificity for each variable: 1.00 rep-
resents 100% correct, 0.50 represents no correlation.
These areas under the ROC curve were 0.85 for survival
probability (SP), 0.81 for transcutaneous oxygen tension
indexed to the fractional inspired oxygen concentration
(PtcO 2/FiO 2), 0.64 for pulse oximetry (SpO 2), 0.61 for
mean arterial pressure (MAP), and 0.59 for cardiac in-
dex (CI).

The therapeutic decision support program uses the study
patient’s nearest neighbors’ responses to various therapies that
were given to them and recorded in the database. The likely re-
sponses of the study patient are suggested by the nearest neigh-
bors’ responses known from the database (11,17). This ap-
proach includes the following characteristics: (a) the patient’s
course is described by a three-dimensional trajectory; (b) the
first derivative of the initial vector projects the patient’s course
if there are no inherent changes or external influences; (c) the
second derivative tracks changes in the patient’s course from
either internal compensations, further deterioration, sponta-
neous improvement, or external influences such as changes in
therapy; and (d) the integral sums up the total influences. Meth-
ods of machine learning (37,38), and dynamic programming
for stochastic control (39,40) motivated the program.

MINIMALLY INVASIVE
MONITORING

Noninvasive He mod ynamic Monit oring
wit h Ce nt ral Ve nous Pre ssure Cat he t e rs

and Oxime t e rs

Rivers et al. (10) used noninvasive hemodynamic monitoring
and central venous pressure (CVP) catheters with attached
oximeters at their tips to guide resuscitation of septic and sep-
tic shock patients in the ED. They showed significantly im-
proved survival in septic patients with early goal-directed ther-
apy started in the ED based on minimally invasive monitoring.
They identified their septic patients in the first hour after ED
admission; this was followed by 6 hours of goal-directed ther-
apy in the ED in protocol patients, and compared for a similar
period with standard therapy in the control group. Then, the
patients were sent to the appropriate in-hospital department
without the knowledge of whether the patient had been ran-
domized to the protocol or the control group (10). The treat-

ment administered in the first 6 hours impacted outcomes. This
demonstrates that the following are important: early treatment,
and resuscitation to a flow-related goal rather than the tradi-
tional blood pressure goal.

SUMMARY
Noninvasive systems are able to continuously display variables
online, in real time throughout the patient’s hospital course,
and with information systems to predict outcome and support
therapeutic decision making. Because they are simple, safe,
easy to use, inexpensive, reasonably accurate, and available
anywhere in the hospital, some form of noninvasive hemody-
namic monitoring with an appropriate information system will
replace invasive monitoring for acutely ill patients.

PEARLS
1. One-dimensional monitoring with one type of monitor may

obscure the real problem. Therefore, it is essential to mon-
itor cardiac, pulmonary, and tissue perfusion/oxygenation
functions and their interrelationships to show the whole pic-
ture.

2. Comprehensive noninvasive hemodynamic monitoring with
an information system will predict outcome and guide ther-
apy.

3. Continuous, online, real-time visual displays of hemody-
namic patterns are safer for both patient and staff, are in-
expensive, are user friendly, approximate PAC values, and
may be used throughout the hospital and prehospital areas.

4. There is no single magic number for optimal blood
flow, because the microcirculation needed for tissue perfu-
sion/oxygenation must also be adequate, just as rush hour
traffic may greatly affect flow in main arteries, or side streets,
or both. It is necessary to optimize both total blood flow and
tissue perfusion/oxygenation.



170 Sect ion II: Monitoring

Re fe re nce s

1. Shoemaker WC, Appel PL, Kram HB. Prospective trial of supranormal val-
ues of survivors as therapeutic goals in high risk surgical patients. Chest.
1988;94:1176.

2. Boyd O, Grounds M, Bennett D. Preoperative increase of oxygen delivery
reduces mortality in high risk surgical patients. JAMA. 1993;270:2699.

3. Boyd O, Hayes M. The oxygen trail: the goal. Brit Med Bull. 1999;55:125–
139.

4. Kern JW, Shoemaker WC. Meta-analysis of hemodynamic optimization in
high-risk patients. Crit Care Med. 2002;30:1686–1692.

5. Shoemaker WC, Appel PL, Kram HB, et al. Multicomponent nonin-
vasive physiologic monitoring of circulatory function. Crit Care Med.
1988;16:482–490.

6. Shoemaker WC, Belzberg H, Wo CCJ, et al. Multicenter study of noninvasive
monitoring systems as an alternative to invasive monitoring of acutely ill
emergency patients. Chest. 1998;114:1643–1652.

7. Shoemaker WC, Wo CCJ, Chan L, et al. Outcome prediction of emergency
patients by noninvasive hemodynamic monitoring. Chest. 2001;120:528–
537.

8. Bishop MW, Shoemaker WC, Appel PL, et al. Relationship between supra-
normal values, time delays and outcome in severely traumatized patients.
Crit Care Med. 1993;21:56.

9. Bishop MH, Shoemaker WC, Kram HB, et al. Prospective randomized trial of
survivor values of cardiac index, oxygen delivery, and oxygen consumption
as resuscitation endpoints in severe trauma. J Trauma. 1995;38:780–787.

10. Rivers E, Nguyen B, Havsted S, et al. Early goal-directed therapy in the
treatment of severe sepsis and septic shock. N Engl J Med. 2002;345:1368–
1377.

11. Shoemaker WC, Wo CCJ, Cheien L-C, et al. Evaluation of invasive
and noninvasive hemodynamic monitoring in trauma patients. J Trauma.
2006;60:82–90.

12. Moore FA, Haemel JB, Moore EE, et al. Incommensurate oxygen consump-
tion in response to maximal oxygen availability predicts postinjury oxygen
failure. J Trauma. 1992;33:58.

13. Yu M, Levy MM, Smith P, et al. Effect of maximizing oxygen delivery on
mortality and morbidity rates in critically ill patients: a prospective random-
ized control study. Crit Care Med. 1993;21:830–838.

14. Creamer JE, Edwards JD, Nightingale P. Hemodynamic and oxygen trans-
port variables in cardiogenic shock secondary to acute myocardial infarction.
Am J Cardiol. 1990;65:1287.

15. Rady MY, Edwards JD, Rivers EP, et al. Measurement of oxygen consump-
tion after uncomplicated acute myocardial infarction. Chest. 1993;103:886–
895.

16. Bayard DS, Botnen A, Shoemaker WC, et al. Stochastic analysis of thera-
peutic modalities using a database of patient responses. IEEE Symposium
on Computer Based Medical Systems (CBMS). 2001;11:439–444.

17. Shoemaker WC, Wo CCJ, Botnan A, et al. Development of a hemody-
namic database in severe trauma patients to define optimal goals and predict
outcome. IEEE Symposium on Computer Based Medical Systems (CBMS).
2001;11:445–452 .

18. Shoemaker WC, Bayard DS, Botnen A, et al. Mathematical program for
outcome prediction and therapeutic support for trauma beginning within 1
hr of admission: a preliminary report. Crit Care Med. 2005;33:1499–1506.

19. Charloux A, Lonsdorfer-Wolf E, Richard R, et al. A new impedance car-
diograph device for the noninvasive evaluation of cardiac output at rest and
during exercise: comparison with the “direct” Fick method. Eur J Appl Phys-
iol. 2000;82:313–320.

20. Martin M, Brown C, Bayard DS, et al. Continuous noninvasive monitoring
of cardiac performance and tissue perfusion in pediatric trauma. J Pediatr
Surg. 2005;40:1957–1963.

21. Shoemaker WC, Appel PL, Kram HB. Role of oxygen debt in the develop-
ment of organ failure, sepsis and death in high-risk surgical patients. Chest.
1992;102:208–215.

22. Shoemaker WC, Wo CCJ, Bishop MH, et al. Multicenter trial of a new
thoracic electrical bioimpedance device for cardiac output estimations. Crit
Care Med. 1994;22:1907–1912.

23. Summers RL, Vogel J, Emerman CE. Impact of impedance cardiography on
diagnosis and therapy of emergent dyspnea: the ED-IMPACT trial. Acad
Emerg Med. 2006;13:365–371.

24. Summers RL, Shoemaker WC, Peacock WF, et al. Bench to bedside: electro-
physiologic and clinical principles of noninvasive hemodynamic monitoring
using impedance cardiography. Acad Emerg Med. 2003;10:669–680.

25. Raaijmakers E, Faes TJ, Scholten RJ, et al. A meta-analysis of three decades of
validating thoracic impedance cardiography. Crit Care Med. 1999;27:1203–
1213.

26. White RD, Blackwell TH, Russell JK, et al. Transthoracic impedance does not
affect defibrillation, resuscitation or survival in patients with out-of-hospital
cardiac arrest treated with a non-escalating biphasic waveform defibrillator.
Resuscitation. 2005;64:63–69.

27. Cybulski G, Michalak E, Kozluk E, et al. Stroke volume and systolic time
intervals: beat-to-beat comparison between echocardiography and ambula-

tory impedance cardiography in supine and tilted positions. Med Biol Eng
Comp. 2004;42:707–711.

28. Critchley LA. Impedance cardiography: the impact of new technology.
Anaesthesiology. 1998;53:677–684.

29. Haryadi DG, Westenskow DR, Critchley LA, et al. Evaluation of a new
advanced thoracic bioimpedance device for estimation of cardiac output.
J Clin Monit Comp. 1999;15:131–138.

30. Bucklar GB, Kaplan V, Bloch KE. Signal processing technique for non-
invasive real-time estimation of cardiac output by inductance cardiography
(thoracocardiography). Med Biol Eng Comput. 2003;41:302–309.

31. Van De Water JM, Miller TW, Vogel RL, et al. Impedance cardiography: the
next vital sign technology? Chest. 2003;123:2028–2033.

32. Wilson M, Davis DP, Coimbra R. Diagnosis and monitoring of hemorrhagic
shock during the initial resuscitation of multiple trauma patients: a review.
J Emerg Med. 2003;24:413–422.

33. Neath SX, Lazio L, Guss DA. Utility of impedance cardiography to improve
physician estimation of hemodynamic parameters in the emergency depart-
ment. Cong Heart Fail. 2005;11:17–20.

34. Drazner MH, Thompson B, Rosenberg PB, et al. Comparison of impedance
cardiography with invasive hemodynamic measurements in patients with
heart failure secondary to ischemic or nonischemic cardiomyopathy. Am J
Cardiol. 2002;89:993–995.

35. Kosowsky JM, Han JH, Collins SP, et al. Assessment of stroke index using
impedance cardiography: comparison with traditional vital signs for detec-
tion of moderate acute blood loss in healthy volunteers. Acad Emerg Med.
2002;9:775–780.

36. Sageman WS, Riffenburgh RH, Spiess BD. Equivalence of bioimpedance and
thermodilution in measuring cardiac index after cardiac surgery. J Cardio-
thor Vasc Anesth. 2002;16:8–14.

37. Richard R, Lonsdorfer-Wolf E, et al. Non-invasive cardiac output evaluation
during a maximal progressive exercise test, using a new impedance cardio-
graph device. Euro J Appl Physiol. 2001;85:202–207.

38. Engoren M, Barbee D. Comparison of cardiac output determined by
bioimpedance, thermodilution, and the Fick method. Am J Crit Care.
2005;14:40–45.

39. Albert NM, Hail MD, Li J, et al. Equivalence of the bioimpedance and
thermodilution methods in measuring cardiac output in hospitalized pa-
tients with advanced, decompensated chronic heart failure. Am J Crit Care.
2004;13:469–479.

40. Imhoff M, Lehner JH, Lohlein D. Noninvasive whole-body electrical
bioimpedance cardiac output and invasive thermodilution cardiac output
in risk surgical patients. Crit Care Med. 2000;28:2812–2818.

41. Barin E, Haryadi DG, Schookin SI, et al. Evaluation of a thoracic
bioimpedance cardiac output monitor during cardiac catheterization. Crit
Care Med. 2000;28:698–702.

42. Smit HJ, Vonk Noordegraaf A, Marcus JT, et al. Determinants of pulmonary
perfusion measured by electrical impedance tomography. Euro J Appl Phys-
iol. 2004;92:45–49.

43. Cotter G, Moshkovitz Y, Kaluski E, et al. Accurate, noninvasive continuous
monitoring of cardiac output by whole-body electrical bioimpedance. Chest.
2004;125(4):1431–1440.

44. Pianosi PT. Measurement of exercise cardiac output by thoracic impedance
in healthy children. Euro J Appl Physiol. 2004;92:425–430.

45. Pianosi PT. Impedance cardiography accurately measures cardiac output dur-
ing exercise in children with cystic fibrosis. Chest. 1997;111:333–337.

46. Scherhag A, Kaden JJ, Kentschke E, et al. Comparison of impedance car-
diography and thermodilution-derived measurements of stroke volume and
cardiac output at rest and during exercise testing. Cardiovasc Drug Ther.
2005;19:141–147.

47. Weiss SJ, Ernst AA, Godorov G, et al. Bioimpedance-derived differences
in cardiac physiology during exercise stress testing in low-risk chest pain
patients. South Med J. 2003;96:1121–1127.

48. Parrott CW, Quale C, Lewis DL, et al. Systolic blood pressure does not
reliably identify vasoactive status in chronic heart failure. Am J Hypertens.
2005;18(Pt 2):82S–86S.

49. Bhalla V, Isakson S, Bhalla MA, et al. Diagnostic ability of B-type natri-
uretic peptide and impedance cardiography: testing to identify left ventricular
dysfunction in hypertensive patients. Am J Hypertens. 2005;18(Pt 2):73S–
81S.

50. Yancy C, Abraham WT. Noninvasive hemodynamic monitoring in heart fail-
ure: utilization of impedance cardiography. Congest Heart Fail. 2003;9:241–
250.

51. Ventura HO, Taler SJ, Strobeck JE. Hypertension as a hemodynamic disease:
the role of impedance cardiography in diagnostic, prognostic, and therapeu-
tic decision making. Am J Hypertens. 2005;18(Pt 2):26S–43S.

52. Van De Water JM, Dalton ML, Parish DC, et al. Cardiopulmonary assess-
ment: is improvement needed? World J Surg. 2005;29(Suppl 1):S95–98.

53. Veale WN Jr, Morgan JH, Beatty JS, et al. Hemodynamic and pul-
monary fluid status in the trauma patient: are we slipping? Am Surgeon.
2005;71:621–626.

54. Yu CM, Wang L, Chau E, et al. Intrathoracic impedance monitoring
in patients with heart failure: correlation with fluid status and feasibil-
ity of early warning preceding hospitalization. Circulation. 2005;112:841–
848.



Chap t e r 18: Hemodynamic Monitoring : Arte rial and Pulmonary Arte ry Cathe te rs 171

55. Treister N, Wagner K, Jansen PR. Reproducibility of impedance cardiogra-
phy parameters in outpatients with clinically stable coronary artery disease.
Am J Hypertens. 2005;18(Pt 2):44S–50S.

56. Barcarse E, Kazanegra R, Chen A, et al. Combination of B-type natri-
uretic peptide levels and non-invasive hemodynamic parameters in diagnos-
ing congestive heart failure in the emergency department. Cong Heart Fail.
2004;10:171–176.

57. Packer M, Abraham WT, Mehra MR, et al. Utility of impedance cardiog-
raphy for the identification of short-term risk of clinical decompensation in
stable patients with chronic heart failure. J Am Coll Cardiol. 2006;47:2245–
2252.

58. Sanford T, Treister N, Peters C. Use of noninvasive hemodynamics in hyper-
tension management. Am J Hypertens. 2005;8(Pt 2):87S–91S.

59. Ramirez MF, Tibayan RT, Marinas CE, et al. Prognostic value of hemody-
namic findings from impedance cardiography in hypertensive stroke. Am J
Hypertens. 2005;18(Pt 2):65S–72S.

60. Kaukinen S, Koobi T, Bi Y, et al. Cardiac output measurement after coronary
artery bypass grafting using bolus thermodilution, continuous thermodilu-
tion, and whole-body impedance cardiography. J Cardiothor Vasc Anesth.
2003;17:199–203.

61. Kauppinen PK, Koobi T, Hyttinen J, et al. Segmental composition of whole-
body impedance cardiogram estimated by computer simulations and clinical
experiments. Clin Physiol. 2000;20:106–113.

62. Koobi T, Kaukinen S, Turjanmaa VM, et al. Whole-body impedance cardio-

graphy in the measurement of cardiac output. Crit Care Med. 1997;25:779–
785.

63. Linton RA, Band DM, Haire KM. A new method for measuring cardiac
output using lithium dilution. Br J Anaesth. 1993;71:262–266.

64. Nichols WW, O’Rourke MF. MacDonald’s Blood Flow in Arteries. 5th ed.
London: Hodder Arnold Publication; 2005.

65. Linton NWP, Linton RAF. Estimation of changes in cardiac output from
the arterial blood pressure waveform in the upper limb. Br J Anaesth.
2001;86:486–494.

66. Capek JM, Roy RJ. IEEE Trans BME. 1988:653–661.
67. Jaffe MB:. Partial CO2 rebreathing cardiac output: operating principles of

the NICO system. J Clin Monit. 1999;15:387–401.
68. Tordi N, Mourot L, Matusheski B, et al. Measurements of cardiac output

during constant exercises: comparison of two non-invasive techniques. Int J
Sports Med. 2004;25:145–149.

69. Beilman GJ, Groehler KE, Lazaron V, et al. Near infrared spectroscopy mea-
surement of regional tissue oxyhemoglobin saturation during hemorrhagic
shock. Shock . 1999;12:196–200.

70. Cohn SM, Crookes BA, Proctor KG. Near-infrared spectroscopy in resusci-
tation. J Trauma. 2003;54(5):S199–S202.

71. Myers DE, Anderson LD, Seifert RP, et al. Noninvasive method for mea-
suring local hemoglobin oxygen saturation in tissue using wide gap sec-
ond derivative near-infrared spectroscopy. J Biomed O ptics. 2005;10(3):1–
18.

CHAPTER 18 ■ HEMODYNAMIC
MONITORING: ARTERIAL AND PULMONARY
ARTERY CATHETERS
SHARON E. MORAN r KEVIN Y. PEI r MIHAE YU

Since the introduction of the pulmonary artery catheter (PAC)
in the 1970s, initial enthusiasm has been tempered by allegation
that the use of PAC may cause harm (1). Several academic
societies have convened expert panels to review the literature
and discuss important issues regarding PAC utilization (2). For
most critical care practitioners, the benefits of using PACs has
warranted continued use in high-risk patients, but controversy
remains.

Inherent in the use of the PAC is the assumption that flow-
related variables such as cardiac output/cardiac index (CO/CI)
and oxygen delivery (DO 2) to the tissues are important for
survival. Shoemaker et al. popularized this concept when they
observed that the differentiating parameters between survivors
and nonsurvivors were flow-related variables such as DO 2,
oxygen consumption (VO2), and CO instead of the traditional
values of blood pressure (BP), heart rate (HR), urine output,
and arterial oxygen tension (PaO 2) (3,4). In addition, Bihari
et al. (5) reported that as DO2 was augmented in critically ill
patients, oxygen consumption of the tissues increased, suggest-
ing that a supply dependency existed. The biggest criticism of
the supply dependency concept was the mathematical coupling
between DO 2 and VO 2 since cardiac output is on both sides
of the equation. In a study using independent measurement of

VO 2, Yu et al. (6) demonstrated that some but not all criti-
cally ill patients showed an increase in VO 2 as DO 2 improved.
The theory of supply dependency and titrating DO 2 until the
VO 2 slope flattens is an attractive concept but is not practical.
Some patients may not demonstrate a plateau; furthermore, a
patient’s VO 2 is constantly changing secondary to variations in
activity (turning, suctioning), temperature, vasoactive agents,
and nutritional support. An easier clinical end point of resus-
citation is the mixed venous oxygen saturation (SvO 2), which
reflects the balance between DO2 and VO 2 (see below) (7).

Review of all the literature studying resuscitation to CI,
DO2, and SvO 2 goals (both pro and con) is beyond the scope
of this chapter but is summarized in the practice guidelines for
PAC (2). The controversy is NOT whether DO 2 is important to
tissues but rather how much is necessary to meet the demands
of individual tissues. It is also clear that global values of DO 2
may not translate into transport of oxygen to the individual
tissue beds, but until we have a tool to measure all tissue oxy-
genation states (or one tissue bed that is a surrogate marker for
the rest of the body), the amount of oxygen delivery necessary
for tissue perfusion will remain controversial.

Over the decades, clinicians have progressed from treat-
ment of BP, HR, and urine output to markers of anaerobic
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metabolism such as lactic acid and base deficit, and then to
flow-related variables such as DO 2, VO 2, and SvO 2. What we
currently need is an easy, noninvasive method to measure tis-
sue oxygenation and the energy state of the cells. This would
allow “titration” of DO 2 to meet tissue demands rather than
aiming for a single global survival value of DO 2 and SvO 2 (3,4).
We consider these end points of resuscitation to be NOT mu-
tually exclusive, but to complement each other into what we
call “ tiers” of resuscitation. Instead of discarding the value of
DO2 manipulation, we should seek better measurements of end
points of resuscitation, and search for treatment modalities to
improve oxygen transport into the cells.

While literature on use of PAC is vast and confusing, it is
important for readers to critically evaluate the studies by asking
the following questions:

1. What patient population was chosen for the study and was
that an appropriate choice of patients?

2. Were the patients chosen early in the course of illness, or
after they developed multisystem organ failure (MSOF)?
Was there a time specified to reach the goal? Timing of
resuscitation is essential for successful outcome. Studies
stressing early resuscitative efforts (7–10) demonstrate bet-
ter outcomes with DO 2 and SvO 2 goals than studies with
no time specification (11,12). Given that early resuscitation
improves outcome, studies that demonstrate lack of ben-
efit from PAC may be flawed if enrollment occurs within
48 hours of respiratory failure since resuscitation should be
completed by 24 hours (13).

3. What were the deletion criteria? Studies excluding patients
with acute cardiac or pulmonary problems would be delet-
ing patients who would most benefit from PAC use. One
study that deleted patients who already had a PAC, chronic
obstructive pulmonary disease (COPD), renal failure, acute
myocardial infarct, and liver disease reported no advantage
of PAC use (13).

4. Did patients with good cardiac function and ability to re-
spond to increased metabolic demands “negate” the average
differences in DO 2 between the control and treated groups;
that is, did the study enroll patients with good cardiac func-
tion who reached their hemodynamic goals with minimum
intervention? These patients tend to do well with low mor-
tality. There are two studies that deleted patients with good
cardiac function, but these studies had conflicting outcome
results, most likely due to differences in treatment and tim-
ing of goal achievement (12,14).

5. What were the hemodynamic goals of the study: CI, DO 2,
or SvO 2, or any one or combination of these? Our prefer-
ence has been to use oxygen delivery indexed (DO 2I) rather
than CI since the acceptable CI would vary with hemoglobin
levels (15,16).

6. How was the treatment administered? Were fluids given
to reach a certain pulmonary artery occlusion pressure
(PAOP)? Is left ventricular stroke work index (LVSWI) an
appropriate end point for fluid administration since a high
BP would lead to an elevated LVSWI without an adequate
preload (12)? How were fluid and blood given? What were
the dosages of inotropes and did large amounts of inotropes
(i.e., 200 µ g/kg/minute of dobutamine) possibly contribute
to negative outcome (12)?

7. What percent of study patients did not reach the goals? Was
failure to reach goals due to inadequate effort by the treat-

ing team or due to the inherent inability of the patient’s my-
ocardium to respond to treatment? We demonstrated that in
the initial phases of our prospective randomized trials, fail-
ure to reach DO 2I of ≥ 600 mL/minute/m2 occurred 46%
of the time but decreased to 19% in the second part of the
trial (14). High failure rates (> 70% ) to reach hemodynamic
goals have been reported in some studies with negative out-
comes (12,17).

Differences in study design and treatment algorithm may
have contributed to the confusion. Nevertheless, our therapeu-
tic regimen is limited, and as clinicians, we continue to optimize
DO 2 with the hope of delivering oxygen to the tissues.

PEARLS
■ Identify patients who may benefit from PAC insertion

(Table 18.1), and identify what hemodynamic information
is needed to guide treatment.

■ Insert the PAC early. The best treatment for MSOF is pre-
vention. The majority of successful outcome studies suggest
that timing is of the essence.

■ Ensure proper readings. N o information is better than wrong
information leading to erroneous treatment. Studies have
demonstrated an alarming degree of user error (18–20). A
corollary is that infrequent use of PAC may lead to more
error (both nursing and physician related).

TA BLE 1 8 . 1

INDICATIONS FOR PULMONARY ARTERY CATHETER
INSERTION

PRECAUTIONARY REASONS
For prevention of multisystem organ failure in high-risk

patients (perforated viscus)
For preoperative assessment of high-risk patients with

cardiac, pulmonary, and renal dysfunction
For management of high-risk patients postoperatively

(major hemorrhage)
For patients with expected large fluid shifts: sepsis,

bleeding, multiple trauma, burns, and cirrhosis

TREATMENT OF SHOCK
Hypotension not relieved with fluid
Suspected cardiac event or cardiac compromise

contributing to shock
Oliguria not responding to fluid
Patients with multiple organ dysfunction
For continuous SvO 2 monitoring

TO GUIDE TREATMENT IN PULMONARY
DYSFUNCTION

To differentiate cardiogenic causes of hypoxia from acute
respiratory distress syndrome and guide fluid management

For monitoring cardiac output in patients requiring high
positive end-expiratory pressure (≥ 15 cm H 2O)

TREATMENT OF CARDIAC DYSFUNCTION
Complicated myocardial infarction
Congestive heart failure with poor response to afterload

reduction and diuretic therapy
Suspected tamponade or contusion from blunt chest injury
Pulmonary hypertension with myocardial dysfunction
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■ Have a specific goal for the patient (i.e., DO 2, SvO 2). The
goal may vary depending on the type of disease, and also as
the patient’s clinical condition changes (16). For example,
the preoperative patients may have a modest DO 2 goal (21)
compared to shock patients (10,22). Older patients (> 75
years of age) may have lower metabolic rates and need less
DO 2 to meet tissue demands (6,14).

■ Use of the PAC requires judgment. The “optimum” PAOP
may vary as the patient’s condition (compliance of the heart,
degree of ventilator support) changes. The optimum DO 2
may vary as the patient’s course of illness changes.

■ Instead of using single values of DO 2 or CI as end points
of resuscitation, individualize DO 2 to achieve normal val-
ues of traditional parameters (BP, HR, urine output),
lactate levels, and SvO 2 levels. Additional monitoring of pe-
ripheral tissues is currently available such as gastrointestinal
tonometry (23), transcutaneous pressure of O 2 (PtcO 2) and
CO 2 (PtcCO 2) (24–26), and near-infrared spectroscopy (27).
While orthogonal polarization spectral imaging of oral cap-
illaries holds promise (28,29), further validation studies are
needed.

■ Do not expect information that the PAC was not designed
to give. Central pressure may not give accurate informa-
tion about the intravascular volume (30). Central and global
values such as DO 2 and SvO 2 may not reflect adequate oxy-
genation state or cellular viability and function in all the
tissue beds.

INDICATIONS FOR PULMONARY
ARTERY CATHETER INSERTION

Indications for PAC insertion (Table 18.1) have been broadly
categorized to (a) precautionary measures in high-risk patients,
(b) shock states, (c) pulmonary problems, and (d) cardiac dys-
function.

Preoperative intervention of high-risk surgical patients us-
ing PACs remains a controversial area and recommendations
are vague in the American College of Cardiology/American
Heart Association (ACC/AHA) guidelines (2,31). The key
points are as follows: insert the PAC with enough time to
achieve the hemodynamic goals (usually the day before), com-
municate with the anesthesiologist regarding the information
obtained while in the intensive care unit (ICU), and monitor
the patient in the ICU beyond 24 hours to allow for fluid shifts
to occur.

The goals of preoperative invasive monitoring are to (a) op-
timize preload (plot the Starling curve, see below); (b) optimize
CI and stroke volume index (SVI) by adjusting preload, after-
load, and contractility (possibly by using inotropes); (c) main-
tain DO 2 to perfuse the rest of the body and prevent MSOF; (d)
perfuse the coronaries by maintaining coronary perfusion pres-
sure (CPP) and DO 2; (e) decrease myocardial work and myocar-
dial oxygen consumption (MVO 2) by keeping systolic blood
pressure and heart rate normal; and (f) prevent myocardial in-
farct by avoiding wide swings (> 15% ) in heart rate and blood
pressure (21,32,33). Further details in utilization of PACs for
treatment of high-risk patients, shock, and cardiopulmonary
failure are covered in other chapters.

The PAC is inserted to obtain information beyond the phys-
ical exam. Clinical predictors of hemodynamic status in the

critically ill patient, such as chest radiograph, jugulovenous
distention, and urine output, are inaccurate (1,34). Physicians
are correctly able to predict PAOP and CI only 30% to 70% of
the time. With insertion of the PAC, four types of information
may be obtained:

1. Central pressures in relationship to the right ventricle (i.e.,
central venous pressure [CVP] or right atrial [RA] pres-
sure); central pressures in relationship to the left ventricle
(i.e., PAOP to estimate left ventricular end-diastolic pres-
sure [LVEDP])

2. Cardiac function measured as cardiac output and presented
as cardiac index

3. SvO 2
4. Intrapulmonary shunt (Qs/Qt)

Ge ne ral Consid e rat ions

The technical aspects of PAC insertion are presented in “Vas-
cular Cannulation.” It is essential that the catheter be posi-
tioned and transduced properly, and a knowledgeable clinician
must be able to correctly interpret the data (18,35,36). Physi-
cians should understand the basic physical principles involved
in catheterization, know the design of the catheter, and be able
to recognize and remedy technical errors.

Although the modern PAC has features that weren’t avail-
able when it was introduced, the general principles of place-
ment have not changed. If the PAC has fiberoptic bundles at
the tip for continuous SvO 2 monitoring, external in vitro cal-
ibration is done prior to removing the catheter tip from the
casing. The PAC is then flushed to assess the patency of its lu-
mens and to fill the catheter with a noncompressible column of
fluid capable of transmitting pressures. There is a distal port for
monitoring the pulmonary artery pressures (PAPs) and a cen-
tral port approximately 30 cm from the tip that will lie in the
right atrium in the average-size heart. For cardiac output mon-
itoring, a thermistor is located proximal to the tip to measure
temperature changes (discussed below). The catheter is placed
through the protective sheath and the balloon is checked for
integrity prior to insertion. The transducer is placed at the level
of the patient’s midaxillary line and zeroed to atmospheric pres-
sure (phlebostatic point). If the transducer elevates above the
patient level, the readings will be falsely low. Conversely, if the
transducer falls below the patient level, the readings will be
falsely high. This is typically noted in beds that are designed to
rotate patients.

PRESSURE MEASUREMENTS
Normal hemodynamic values are presented in Table 18.2.

Pressure changes in the heart or vessels cause movement of
the catheter, which is then converted to an electrical signal by a
transducer (37). Electrical noise is filtered and the signal is am-
plified and displayed as a tracing on a monitor. Before insertion,
the function of the system is checked by shaking the catheter
and seeing good waveforms on the monitor. If the waveform
is dampened, the system should be flushed to rid the catheter
and tubings of all air bubbles, and all connections should be
tightened. After inserting the PAC 15 to 20 cm into the intro-
ducer in the vein, the balloon is inflated and the catheter is
gently advanced. The natural flow of blood from the vena cava
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TA BLE 1 8 . 2

NORMAL HEMODYNAMIC VALUES

Hemodynamic parameter Normal range

Systolic blood pressure 100–140 mm Hg
Diastolic blood pressure 60–90 mm Hg
Mean arterial pressure (MAP) 70–105 mm Hg
Heart rate 60–100 beats/min
Right atrial (RA) or central venous pressure (CVP) 0–8 mm Hg
Right ventricle systolic pressure 15–30 mm Hg
Right ventricular diastolic pressure 0–8 mm Hg
Pulmonary artery (PA) systolic pressure 15–30 mm Hg
PA diastolic pressure 4–12 mm Hg
Mean PA 9–16 mm Hg
Pulmonary artery occlusion pressure (PAOP, wedge) 6–12 mm Hg
Left atrial pressure (LAP) 6–12 mm Hg
Cardiac output (L/min) Varies with patient size
Cardiac index (L/min/m2) 2.8–4.2 L/min/m2

Right ventricular ejection fraction (RVEF) 40% –60%
Right ventricular end-diastolic volume indexed to body

surface area (RVEDVI)
60–100 mL/m2

Hemoglobin 12–16 g/dL
Arterial oxygen tension (PaO 2) 70–100 mm Hg
Arterial oxygen saturation 93% –98%
Mixed venous oxygen tension (PvO 2) 36–42 mm Hg
Mixed venous oxygen saturation (SvO 2) 70% –75%

through the heart and to the lungs guides the catheter to the
pulmonary vasculature (38). While passing from the vena cava
to a branch of the pulmonary artery, characteristic waveforms
are displayed on the monitor (Fig. 18.1). Once the catheter
is advanced to the “wedged” position, the balloon is deflated
and the catheter adjusted until 1.25 to 1.5 mL of inflation is
needed to produce the PAOP tracing. The balloon should only
be inflated long enough to record a measurement in order to
avoid rupture of the artery or infarction of the downstream
segment of lung. The balloon should always be deflated when
withdrawing the catheter to avoid vascular and valvular in-
jury. The catheter should coil gently in the right ventricle (RV)
and sit in a larger branch of the pulmonary artery (Fig. 18.2).

A chest radiograph is done to assess for pneumothorax and
may help to confirm proper position. If there is not an obvi-
ous wedge tracing, blood may be sampled from the distal port
with the balloon inflated, after discarding about 15 mL from
the distal port. The sample should have a higher PaO 2 and pH
with a lower PCO 2 than blood aspirated when the balloon is
deflated (39). Proper placement is also indicated by the SvO 2
signal quality (if using a fiberoptic catheter), which is displayed
in different ways by different manufacturers. The quality of the
signal may be altered by a fibrin clot at the tip of the catheter or
by placement of the tip against a vessel wall and may suggest
that the catheter is in too far or that the patient is hypovolemic
with collapse of the vessel wall around the catheter tip. If the

FIGURE 18.1. Waveforms seen during
pulmonary artery catheter insertion.
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FIGURE 18.2. Proper position of the pulmonary artery catheter. RA,
right atrium; RV, right ventricle; PA, pulmonary artery; LV, left ventri-
cle; AO, aorta.

catheter is in too far, the PAOP tracing will continue to elevate
and is called “overwedging” (Fig. 18.3). If this occurs, the bal-
loon should be deflated and the catheter pulled back (�= 1 cm)
and the balloon inflated again until a good tracing is seen with
1.25 to 1.5 mL of balloon inflation.

Because there is a tendency for materials to oscillate at
their natural frequencies, the pressure signal may be distorted
(40). This effect may be reduced by using stiff, noncompliant
tubing and the shortest length (< 4 feet) in the setup of the
catheter and monitoring system. The loss of transmitted sig-
nal is referred to as damping, and catheters may be over- or
underdamped. The degree of damping can be determined by
a “fast flush” device (Fig. 18.4). When the catheter is rapidly

FIGURE 18.4. Checking transducer reliability by the “fast flush square
wave testing.”

flushed, a square wave is produced, followed by a series of
oscillations before the tracing returns to the baseline pressure
reading (41). The appearance of the oscillations demonstrates
the degree of damping. Underdamping, which occurs more fre-
quently, is identified by several sharp oscillations and produces
higher systolic pressure readings (Fig. 18.4B). Overdamping
results in a rounded oscillation and results in lower readings,
and may be due to clots, air bubbles, or kinking in the catheter
(Fig. 18.4C). Another factor that may interfere with the signal
is catheter whip, which results from contraction of the heart.
The tracing will show high-frequency distortion. This may be
minimized by a high-frequency filter built into the transducer
system (40).

FIGURE 18.3. Overwedged tracing.
PA, pulmonary artery; PAOP, pul-
monary artery occlusion pressure.
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FIGURE 18.5. Reading of pulmonary
artery occlusion pressure (PAOP) at
end expiration. During spontaneous
breaths, PAOP dips down during peak
inspiration due to negative intratho-
racic pressure. During mechanical ven-
tilation, PAOP goes up during peak
inspiration due to positive pressure
ventilation and intrathoracic pressure.
In both situations, PAOP should be
read at end expiration.

Whether the patient is on mechanical ventilation (positive
intrathoracic pressure) or spontaneously breathing (negative
intrathoracic pressure), all pressure measurements should oc-
cur at end expiration when the intrathoracic pressure is clos-
est to atmospheric pressure (Fig. 18.5) (unless the patient is
on higher levels of positive end-expiratory pressure [PEEP]).
This point can be determined by watching the patient’s respi-
ratory movements or displaying the airway pressure tracing on
the same monitor where the pulmonary artery pressure is dis-
played. If respiratory variation is so pronounced that there is
no flat end expiration, then it is best NOT to record a number
(Fig. 18.6). In this situation, patients may need to be sedated,
or if getting a PAOP is crucial, even paralyzed. What is un-
acceptable is to “guess” what the number may be, leading to
wrong conclusions and wrong treatment. N o information is
better than wrong information.

The first characteristic waveform seen when inserting a PAC
is the right atrium (RA) tracing (Fig. 18.7). The tracing can be
seen while inserting the catheter or by transducing the right
atrial pressure once the PAC is in position. There are two main
positive pressure deflections, called the a and v waves. The a
wave follows the P wave of the electrocardiogram and is due
to the pressure increase during atrial systole (Figs. 18.7 and
18.8). The v wave results from atrial filling against a closed

tricuspid valve during ventricular systole. Between these two
positive deflections is a small c wave due to tricuspid closure.
Two negative deflections called the x and y descents occur
when pressure in the atrium decreases. The x descent occurs
during atrial relaxation. The y descent is seen when the tri-
cuspid valve opens and blood flows from the atrium to the
ventricle.

The best estimate of CVP and PAOP is at end diastole when
the atrium contracts. For CVP, where the c wave emerges from
the a wave (also called the z-point) is the optimum reading
point. If this point is not clear, read the pressure at the middle
of the x descent. Certain patterns in the RA tracing may be seen
in disease states (Fig. 18.7). a waves may not be seen in patients
with atrial fibrillation. Sawtoothed a waves will be present dur-
ing atrial flutter. Large a, or “cannon” waves occur during
atrioventricular (A-V) dissociation when the atrium contracts
against a closed valve, or during complete heart block. A steep
y descent is seen in tricuspid regurgitation and the x descent
is not apparent. Both descents are prominent in RV infarction.
Tamponade tends to cause loss of the y descent due to impair-
ment of ventricular filling. In pericarditis, sharp a and v waves
are followed by steep x and y descents. Large v waves are seen
in mitral regurgitation, congestive heart failure, and ventricular
septal defect due to the increase in atrial pressure. Recognizing

FIGURE 18.6. Excessive variation in
pulmonary artery occlusion pressure
with forced inspiratory and expiratory
efforts precluding accurate measure-
ment due to absence of a stable end-
expiratory point.
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FIGURE 18.7. Pressure tracings from
the right atrial port in normal and
pathologic conditions (refer to text).

these patterns may help to suggest a diagnosis before a confir-
matory echocardiogram is obtained.

The pressures observed in the right atrium range from 0
to 8 mm Hg. Higher pressures may not necessarily mean fluid
overload, but reflect the volume of the right heart and the ability
of the ventricle to eject that volume. There is little relationship
between CVP and PAOP or left heart pressures in patients with
valvular or coronary artery disease or when pulmonary artery
pressures are elevated (42,43). It is in these situations of right
heart failure, severe pulmonary disease, and in most of the
critically ill patients when monitoring the CVP only (and not
the PAOP) would be misleading.

The next waveform seen is that of the right ventricle (Fig.
18.1). The pressures here are higher with a wider difference
between systolic and diastolic. If no RV waveform is seen
after inserting the catheter 30 cm from the internal jugular
or subclavian vein entry site, the catheter may be curling in
the atrium or passing into the inferior vena cava. The catheter

should be quickly advanced through the ventricle both to
avoid dysrhythmias and to keep the catheter from warming
and losing its stiffness. The RV systolic pressures generally
range from 15 to 30 mm Hg and diastolic pressures from 4
to 12 mm Hg. In right heart failure, the RV diastolic pressures
may be high enough that the waveform mimics the PA. Low
RV pressures will be seen in hypovolemic shock and they will
also be close to PA pressures. One concern at this point of
insertion is causing a right bundle branch block (RBBB), or
even complete heart block in patients with pre-existing left
bundle branch block (LBBB) (44). However, the incidence of
complete heart block appears to be no greater in patients with
LBBB than without (45).

Once the catheter enters the pulmonary artery, the wave-
form shows an increase in diastolic pressure while the systolic
pressure remains about the same as in the ventricle, sometimes
referred to as the “step up” (Fig. 18.1). This transition may
be difficult to discern when there is hypovolemia, tamponade,

FIGURE 18.8. Reading of central ve-
nous pressure (CVP) and pulmonary
artery occlusion pressure (PAOP) in re-
lationship to the cardiac cycle (electro-
cardiogram).
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RV failure, or catheter whip. If there is no change in waveform
after inserting the catheter 50 cm, it may be coiling in the ven-
tricle and is at risk of knotting. A chest radiograph will discern
the problem and fluoroscopy may be used to guide placement.
Normal PA pressures range from 15 to 25 mm Hg systolic
over 8 to 15 mm Hg diastolic. The beginning of diastole is
marked by a dicrotic notch on the PA tracing, corresponding
to the closure of the pulmonic valve (46). This incisura distin-
guishes the PA from the RV when RV diastolic pressures are
elevated. As blood flows through the lungs to the left atrium,
the PA pressure drops until it reaches a nadir at the end of
diastole. Since the pulmonary circulation has low resistance,
the diastolic pressure is able to decrease until it is just higher
than PAOP. The highest PA systolic pressure occurs during the
T wave of the corresponding electrocardiogram (ECG). The
pulmonary circulation is very dynamic and is affected by aci-
dosis, hypoxia, sepsis, and vasoactive drugs (47). An increase
in CO may also seemingly paradoxically lower the PA pressures
by a reflexive decrease in pulmonary vascular resistance with
fluid resuscitation and decreased sympathetic nervous system
discharge (48).

The transition to the wedge position is noted by a drop in
mean pressure from the PA. The PAOP usually ranges from 6 to
12 mm Hg in normal states. PAOP most closely reflects LVEDP
after atrial contraction and before ventricular contraction (Fig.
18.8). There are often no clear a, c, or v waves. The point 0.05
seconds after onset of QRS of the ECG is where the pressure
best estimates LVEDP (49). When v waves are prominent such
as in mitral insufficiency, the bottom of the v wave or the a wave
may be used to measure the PAOP (Fig. 18.9). A prominent v
wave may fool the novice into thinking that the catheter is
not wedging. It is important to note the change in wave form
from PA to v wave tracing (although the two waves may look
remarkably similar). One way of differentiation is that the v
wave occurs later in the ECG cycle after the T wave while the PA
wave occurs right after QRS (Fig. 18.9). There may be large a
waves secondary to a decrease in left ventricle compliance (50);
the point 0.05 seconds after initiation of QRS again best reflects
LVEDP. Even though the measurements are correlated with the
ECG and are done during end expiration, the PAOP may be
exaggerated by respiratory muscle activity, especially during
active or labored exhalation. Once the patient is adequately
sedated, a short-acting paralyzing agent may be necessary to
eliminate this effect (51) (Fig. 18.6).

Princip le s of Me asuring Pulmonary
Art e ry Occlusion Pre ssure

When the balloon is inflated, the blood flow in that segment of
the pulmonary artery is occluded and the PAOP is measured.
Since there is no flow, the pressure between the occluded pul-
monary artery segment and the left atrium will equalize (Fig.
18.10), analogous to closing off a pipe with pressures equaliz-
ing between the two ends (52). With the closed pipe analogy,
there is a list of assumptions: PAOP �= PcP �= LAP �= LVEDP
�= LVEDV, where PcP is pulmonary capillary pressure, LAP is
left atrial pressure, and LVEDV is left ventricular end-diastolic
volume. As long as there is no obstruction in this conduit, the
relationship between PAOP and LVEDP may hold. The final as-
sumption is equating pressure to volume by estimating LVEDV
or “preload” with LVEDP. We will now assess the pitfalls with
each one of these assumptions.

1. PAOP �= PcP �= LAP. In the “closed pipe” analogy, the col-
umn of blood between the catheter tip and the left atrium
should be patent and not narrowed by alveolar pressures.
This occurs in the dependent areas of the lung, where the
pressures from blood flow in the right atrium and pulmonary
artery are greater than the alveolar pressure, or zone 3 in the
West classification (53). In other areas of the lung (zone 1 or
2), the pulmonary arteries may collapse from higher alveolar
pressures and the wedge pressure may partially reflect alve-
olar pressure (Fig. 18.11). Because the PAC is directed by
blood flow, it is more likely to pass into zone 3, where pul-
monary arterial and venous pressures exceed alveolar pres-
sures. This is especially true when the patient is supine, since
there is greater volume of lung located in a dependent posi-
tion (54). When pulmonary artery diastolic pressure is lower
than the PAOP, this implies incorrect positioning of the PAC
(i.e., blood cannot flow in reverse direction), and may be
due to transmission of alveolar pressures on the PAOP in
non–zone 3 catheter position. Other factors that may cause
errors in estimation of PAOP to LAP are pulmonary venous
obstruction and respiratory variation as well as high venti-
lator support (PAOP reads higher than LAP).

The PAOP usually closely approximates the pulmonary
capillary hydrostatic pressure (Pc). When there is an increase
in pulmonary vascular resistance (PVR), the wedge pressure

FIGURE 18.9. Regurgitant mitral valve
generating a v wave seen during wedging.
PA, pulmonary artery.
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FIGURE 18.10. Closed pipe analogy: blocking of flow by the balloon with theoretical equalization of
pressure in the conduit. RA, right atrium; RV, right ventricle; PAOP, pulmonary artery occlusion pressure;
Pc, pulmonary capillary; LAP, left atrial pressure; LV, left ventricle.

underestimates Pc. A difference of 2 to 3 mm Hg between
the PAOP and pulmonary artery diastolic (PAD) pressure is
a clue that there may be a discrepancy between PAOP and
Pc (35). Hydrostatic pulmonary edema may therefore occur
at lower wedge pressures. A method of calculating the Pc
has been described by recording the rapid drop in pressure
decline when the catheter balloon is inflated in the wedge
position (55). The point where the rapid decline transitions
to a more gradual slope before reaching the PAOP is the Pc
(Fig. 18.12).

Increased intrathoracic pressure secondary to respiratory
failure and the addition of PEEP in ventilated patients af-
fects pulmonary vascular pressures. Up to about 15 cm H 2O,
PAOP closely correlates with LAP (56). During higher PEEP
states, the PAOP may not reflect the true filling pressure of

the heart (i.e., pressure outside minus pressure inside the
heart). Although the heart is seeing the high PEEP support at
all times, on-PEEP PAOP is not giving the information that
we need from the PAOP, which is the cardiac filling pressure.
In general, 5 cm H 2O of PEEP is said to raise the measured
PAOP by 1 mm Hg, but a greater effect is seen in hypo-
volemic patients or when the catheter is not in West zone
3 (57). High PEEP may also turn zone 3 status to zone
2 or 1 by compressing the pulmonary artery and/or pul-
monary vein. Another formula predicts that 50% of PEEP is
transmitted to the pleural space (54). However, in noncom-
pliant lungs, such as in the acute respiratory distress syn-
drome, the alveolar pressure is not effectively transmitted
to the vasculature. Also, pulmonary disease is not homoge-
neous. In complicated cases, it is best to avoid formulas or

FIGURE 18.11. West’s lung zones. PAP, pulmonary ar-
terial pressure; PalvP, pulmonary alveolar pressure; PvP,
pulmonary venous pressure. Zone 1: PAP < PalvP> PvP
(there is no blood flow across the collapsed pulmonary
capillary bed). Zone 2: PAP > PalvP > PvP (there is
some flow since PAP is greater than PalvP). Zone 3: PAP
> PalvP < PvP (pulmonary arteries are patent).
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FIGURE 18.12. Estimation of pulmonary
capillary pressure. PA, pulmonary artery
pressure; Pc, pulmonary capillary pressure;
PAOP, pulmonary artery occlusion pres-
sure.

assumptions. In order to more accurately correct for the
pressure transmitted during high PEEP ventilation, the in-
trapleural pressure may be measured directly with a catheter
in the pleural space or distal esophagus and then subtracted
from the PAOP, resulting in a “ transmural” pressure. How-
ever, this is cumbersome and not often done.

Another method is to measure an “off-PEEP” wedge
pressure by temporarily disconnecting the patient from the
ventilator circuit and recording the nadir of the tracing (58).
This nadir pressure better reflects LAP than the on-PEEP
PAOP. The discontinuation should be brief (< 1 second) so
that a decrease in PaO 2 from derecruitment of alveoli does
not occur (59). The brief off-PEEP state will not change
physiologic conditions such as venous return and cardiac
function. The procedure should be coordinated and done by
trained personnel only when the PAOP is needed to make a
clinical decision. The balloon is inflated first to ensure good
position, then deflated. The FiO 2 may be increased tem-
porarily for patient safety, the balloon reinflated, and at end
expiration, the patient is disconnected from the ventilator
for 1 second and then reconnected while the PAOP tracing is
being recorded. The drop in PAOP upon ventilator discon-
nection is the off-PEEP PAOP (58). When done properly, it
is extremely rare to cause hypoxia.

2. LAP �= LVEDP. LAP (and thus PAOP) will overestimate
LVEDP if there is an obstruction between the left atrium and
the left ventricle such as a myxoma or mitral stenosis. Mi-
tral valve regurgitation also causes the PAOP to read higher
than the true LVEDP because of the additional pressure of
the retrograde flow of blood across the valve resulting in
a large v wave (see above). LAP (and thus PAOP) will un-
derestimate LVEDP when severe aortic regurgitation causes

premature closure of the mitral valve when the left ventricle
is still filling. LAP (and PAOP) is higher when there is a left
atrial kick in a failing heart and decreased ventricle compli-
ance such as in ischemic states, left ventricular hypertrophy,
and restrictive cardiomyopathies (60). This is especially true
when LVEDP is greater than 25 mm Hg.

3. LVEDP �= LVEDV. The pressure–volume relationship de-
pends on the compliance of the ventricle and the transmural
ventricular distending force. The compliance of the ventri-
cles will change with ischemia, infarct, and hypertrophy. A
stiff heart (myocardial hypertrophy) will need higher pres-
sures to obtain the same amount of volume as a normal heart
(Fig. 18.13). The transmural ventricular distending force
(intracavitary pressure minus juxtacardiac pressure) will de-
pend on the pressure inside and outside the heart. External
forces elevating juxtacardiac pressures may be high venti-
lator support or pericardial tamponade, which may cause
elevation of PAOP but may not reflect ventricular filling
pressure.

Clinical Use of t he Pulmonary Art e ry
Occlusion Pre ssure

As long as the previously mentioned assumptions regarding the
relationship between PAOP, LAP, and LVEDP have been evalu-
ated, the PAOP may be used as an estimate of LAP with reason-
able correlation (52,61). The optimum wedge pressure depends
on the patient, but has been defined as the pressure where there
is minimal increase in stroke volume or left ventricular stroke
work. Although the normal PAOP values may be 10 to 14 mm
Hg (62,63), some patients require a high pressure to reach the

FIGURE 18.13. The same pulmonary artery occlusion
pressure of 20 mm Hg reflecting three different clinical
conditions. A:Distended hypervolemic ventricle in a nor-
mal heart. B: Normal volume in a noncompliant heart
(ventricular hypertrophy). C: Low volume in a normal
ventricle with high juxtacardiac pressures such as high
positive end-expiratory pressure.



Chap t e r 18: Hemodynamic Monitoring : Arte rial and Pulmonary Arte ry Cathe te rs 181

FIGURE 18.14. Frank-Starling curves (fam-
ily of curves) showing the relationship be-
tween left ventricular end-diastolic pressure
(LVEDP) to stroke volume (SV, mL/beat).
Augmenting preload increases LVEDP with a
concomitant increase in SV (up to a certain
point). The effects of manipulating preload,
afterload, and contractility and shifting to an-
other curve can be seen.

optimum stroke volume (Fig. 18.14). The Starling curve plot-
ting stroke volume index to PAOP (as an estimate of LVEDP)
may help identify the optimum wedge but some patients may
have a flat curve. If vasoactive agents are started, the heart may
now be on a different curve requiring new assessment of the
optimum PAOP. The optimum PAOP varies not only from pa-
tient to patient, but also temporally within the same patient
as the clinical condition changes (such as vasoactive agents,
myocardial compliance, and external forces around the heart).
There are no set numbers to treat to, but each patient must be
individually assessed and assessed repeatedly, making the PAC
a highly user-dependent tool.

Elevated wedge pressures may help differentiate hydrostatic
pulmonary edema from that caused by increased permeability.
A PAOP of 24 mm Hg or higher is associated with a tendency
for hydrostatic edema (64). Lower pressures may imply in-
creased capillary permeability and traditionally, a PAOP of < 18
mm Hg has implied a pulmonary (or noncardiogenic) cause of
lung edema. When there is an increase in PVR, the wedge pres-
sure underestimates Pc and hydrostatic pulmonary edema may
therefore occur at lower wedge pressures (see Fig. 18.12).

Volumetric PACs are designed with the ability to measure
right ventricular ejection fraction (RVEF), from which the right
ventricular end-diastolic volume indexed (RVEDVI) to body
surface area (BSA) is calculated. Traditionally, the right heart
function was deemed unimportant and thought to merely act
as a conduit to get blood to the left ventricle. However, right
heart dysfunction with septal deviation may impact LV com-
pliance and contractility, and the function of RV is important
when pulmonary artery pressures are elevated. The volumetric
PACs have two additional electrodes that provide continuous
measurement of the ECG and a thermistor with a rapid re-
sponse. From beat-to-beat change in temperature, the ejection
fraction (EF) is calculated. EF (% ) = SVI/EDVI × 100, where
SVI is stroke volume indexed and EDVI is end-diastolic vol-
ume indexed to BSA. CI/HR = EDVI – ESVI, where ESVI is
end-systolic volume indexed to BSA (65). RVEDVI has been
shown to be a more accurate measure of cardiac preload than
pressure measurements in certain patient populations (66,67).
The measurement of RVEF has been validated by comparisons
with transesophageal echocardiography (68). The RVEDVI in

healthy individuals falls between 60 and 100 mL/m2. The in-
formation obtained from the volumetric catheter has been used
to predict response to fluid challenge when the values are
relatively low (< 90 mL/m2) (66). The validity of the RVEF
measurement is compromised by tachycardia (pulse > 120
beats per minute) and atrial fibrillation (irregular heart rate)
(69).

CARDIAC OUTPUT
The ability of the heart to meet increasing tissue oxygen de-
mand is perhaps the single most important determinant in oxy-
gen delivery and tissue perfusion. The evolution of cardiac out-
put measurement started with Adolf Fick, who in the 1870s
proposed that uptake or release of a substance by an organ is
the product of blood flow through that organ and the differ-
ence between arterial and venous values of that substance. The
original “dye” was oxygen and the organ studied was the lung.
Fick’s equation stated: CO = VO 2/(CaO 2 – CvO 2), where VO 2
is oxygen consumption, CaO 2 is arterial content of O 2, and
CvO 2 is mixed venous content of O 2.

This principle is widely accepted as an accurate though in-
vasive assessment of cardiac output since a pulmonary artery
catheter must be placed to obtain accurate mixed venous oxy-
gen content. Its practical use is limited by the cumbersome mea-
surement of oxygen consumption. Stewart (1897) and Hamil-
ton (1932) utilized the concept but used a known amount of
dye injected into central circulation followed by serial periph-
eral arterial measurements of dye concentration (i.e., change in
dye concentration over time), and calculated the flow. The area
under the curve after plotting time (x axis) versus dye concen-
tration (y axis) reflected the cardiac output using the following
equation: Cardiac output = Amount of dye injected/integral
(dye concentration × function of time). The next revolution-
ary step in cardiac output measurement was using tempera-
ture as the dye. Crystalloid solution (usually 10 mL, but 5 mL
may be used in volume-restricted patients) is injected into the
RA port at similar parts of the respiratory cycle (end expira-
tion), within 4 seconds in a smooth manner (70). The thermis-
tor near the tip of the PAC detects the change in temperature,
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FIGURE 18.15. The modified Ste-
wart-Hamilton equation for estimat-
ing cardiac output.

and the change in blood temperature over time is proportional
to the blood flow from the ventricle. Several measurements
(three to five) should be taken and the average of the val-
ues (within 10% of each other) used. Principles of the mod-
ified Stewart-Hamilton equation calculate the cardiac output
(Fig. 18.15).

Although initial studies used iced solutions as injectates, am-
bient temperature injectate is now the standard solution used
with excellent reproducibility and correlation with iced injec-
tion (71) and has less likelihood of reflexive bradycardia (72).
It is important to note that iced injectates (0◦C to 5◦C) are as-
sociated with higher reproducibility and the highest signal-to-
noise ratio (73) and may be necessary in hypothermic patients.
Falsely low CO will occur if an error in the system increases
the change in temperature (which is in the denominator of the
Stewart-Hamilton equation): the temperature probe reading
the injectate is cooler than the actual injectate (or the solu-
tion is warmer than the temperature reading of the injectate),
more than allotted “dye” amount is injected (> 10 mL fluid),
there is too rapid an injection, or the injection occurs during
positive pressure ventilation. Falsely high CO may occur if the
temperature probe measuring injectate reads warmer than the
actual injectate (if the solution is cooler than the temperature
reading of the injectate), less than the allotted amount of “dye”
(< 10 mL) is used, or the catheter has migrated distally with less
change in temperature difference. Most institutions use temper-
ature probes at the site of injection (RA port) so that variations
in injectate temperature should not contribute to errors in CO
measurements.

Another development in the evolution of measuring CO is
the PAC with continuous cardiac output (CCO) monitoring
(74,75). A heat element is embedded in the PAC to deliver
small pulsations of heat, which is detected by a rapid-response
thermistor placed distally to the heat source. The change in

temperature detected is then used to calculate cardiac output.
Although there is no gold standard for measuring CO at the
bedside, CCO values are reproducible and close to manual
CO measurements, although discrepancies are observed at ex-
tremely low-flow states (74). Unlike the manual injection of
crystalloid, the measurements are done at random parts of the
respiratory cycle and are less subject to human error, which
may account for some of the differences in the two techniques.
A word of caution is that the CCO value may not change in-
stantly when the cardiac output changes (e.g., with titration of
inotropes), but the effect of treatment can be seen in seconds if
using a continuous SvO 2 monitor. Due to the heat-generating
wire coil in the distal end, these catheters must be removed
before magnetic resonance imaging.

St arling Curve s (Fig . 18.14)

Drs. Frank and Starling described the relationship between my-
ocardial stretch and contractility. Myocardial stretch is an in-
dependent determinant of stroke work and the actin–myosin
interaction has a linear correlation with the strength of systolic
contraction up to a certain point. Given the heart’s dynamic en-
vironment, a family of curves is more representative of the true
preload–to–stroke volume relationship. Increasing afterload or
decreasing contractility shifts the curve down and to the right
(i.e., more stretch is necessary to produce a similar difference
in stroke volume). One cannot stress enough the importance of
reassessment after each therapy. For example, initiating after-
load reduction may put the heart on a different Starling curve
(to the left and up, Fig. 18.14), but may decrease the preload.
Unless more fluid is given to optimize the LVEDP (i.e., PAOP),
the best stroke volume may not be achieved.
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MIXED VENOUS OXYGEN
SATURATION (SEE CHAPTER ON

VENOUS OXIMETRY)
Specialized PACs with the ability to measure mixed venous
oxygen saturation (SvO 2) continuously using principles of re-
flection spectrophotometry are available (Fig. 18.16). Oxygen
saturation is the ratio of hemoglobin bound to O 2 divided by
total hemoglobin, and when measured at the tip of the PAC, re-
flects mixing of deoxygenated blood from superior and inferior
vena cavae and coronary vessels. The SvO 2 value indicates the
balance between oxygen delivery to the tissues and the amount
consumed by the tissues before returning to the heart.

Re arrang ing t he Fick Eq uat ion

SvO 2(% ) =

SaO 2 −
VO 2

CO (L/ min) × Hgb (g/ dL) × 1.36 (mLO 2/ g Hgb) × 10

Four factors determine the SvO2 value: three parameters con-
tributing to oxygen delivery (CO, hemoglobin, and SaO 2), and
one parameter for O 2 consumption. Low SVO 2 suggests insuf-
ficient O2 delivery or increased O 2 consumption. SVO 2 is also
a harbinger of shock and may decrease before overt shock is
apparent (14,15,25,76). Mixed venous oxygen saturation has
also regained popularity as an end goal of resuscitation with
decreased mortality (7,77–79). Inadequate oxygen delivery can
be the result of decreased cardiac output, low hemoglobin, or
low oxygen saturation. Increased consumption may occur due
to activity, fever, hyperthyroid state, or repayment of oxygen
debt. High SvO 2 suggests low cellular consumption such as
in late sepsis, arteriovenous shunts (cirrhosis), or excessive in-
otrope use. Hypothermia, sedation, paralysis, anesthesia, hy-

pothyroidism, and cyanide poisoning can also reduce VO 2. The
catheter should also be checked to ensure that distal migration
has not occurred leading to sampling of pulmonary capillary
blood that is normally highly saturated (�100% ). Inflating the
balloon (wedging) should determine that the catheter is in too
far if the PAOP tracing is seen with < 1.25 mL of air.

Calibration by lab oximeter on a daily basis is important to
check for drifting and whenever the values do not seem to cor-
relate with the patient’s clinical condition. Even if the PAC does
not have continuous SvO2 monitoring, SvO 2 can be checked
by sending a blood sample from the distal PA port (by drawing
slowly at the rate of 1 mL over 20 seconds to prevent sam-
pling of pulmonary capillary blood) and sending it to the lab
for oximeter analysis (direct saturation measurement and not
arterial blood gas [ABG] analysis). If the PAC has continuous
SvO 2 monitoring, a signal quality indicator is generated. If the
signal intensity suggests poor quality, errors include (a) that
PAC is in too far, (b) there are fibrin clots around the tip, (c)
the catheter is touching the vessel wall, or (d) the patient may
be hypovolemic. Repositioning the PAC or flushing the PA port
may resolve this issue.

INTRAPULMONARY SHUNT
(Q S/ Q T)

Shunt refers to the portion (in % ) of blood that flows (CO) from
the right side of the heart to the left completely deoxygenated
(Fig. 18.17). We will not discuss cardiac shunts in this chapter.
Physiologic shunt = Anatomic shunt + Intrapulmonary shunt.
Anatomic shunt refers to the direct drainage of the venous
system to the left ventricle through the bronchial, thebesian,
and pleural veins (�2% –5% of CO). Intrapulmonary shunt
(Qs/Qt) is expressed as the % of cardiac output passing through
completely collapsed alveoli with no or little gas exchange so
that the ventilation-to-perfusion ratio is zero (i.e., V/Q = 0).

FIGURE 18.16. Fiberoptic catheter using principles of
spectrophotometry.
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FIGURE 18.17. Intrapulmonary
shunt (Qs/Qt) is the percent of cardiac
output (CO) not involved with gas
exchange (goes through collapsed
alveoli), with ventilation/perfusion
V/Q = O. LA, left atrium; RV, right
ventricle.

Venoarterial admixture or shuntlike states refer to blood flow
passing through partially open alveoli (i.e., V/Q < 1). Acute
shunt will not respond to FiO 2 and the treatment is PEEP to
open the alveoli and make them responsive to FiO 2. Venous ad-
mixture will demonstrate some response to FiO2. If the shunt
is minimal (normal condition), there is almost a linear rela-
tionship between FiO 2 and PaO 2, but as the shunt increases,
FiO2 no longer affects PaO 2 in a linear fashion (Fig. 18.18).
This is an important concept as one cannot improve hypox-
emia by increasing FiO2 alone, but needs to open the alveoli
with PEEP. If the shunt equation is calculated on a FiO 2 of
< 1.0, both the shunt and venous admixture will be captured
in the equation. Intrapulmonary shunt (Qs/Qt) is calculated as
(CcO 2 – CaO 2)/(CcO 2 – CvO 2), where CcO 2 is the pulmonary
capillary content of O2, CaO 2 is the arterial content of O 2,
and CvO 2 is the mixed venous content of O 2 (Table 18.3).
Since pulmonary capillary blood cannot be sampled, the satu-
ration is assumed to be 100% , which usually holds true when
the FiO 2 is 1.0. It is important to understand the contribution
of a low SvO 2 to PaO 2 if there is a moderate shunt (> 20% ).

Any decrease in SvO 2 in a patient with > 20% shunt will allow
more deoxygenated blood to go into the arterial circulation, re-
sulting in a lower PaO 2. This is called nonpulmonary cause of
hypoxia. For example, if a patient with a 20% intrapulmonary
shunt and a hemoglobin of 15 g/dL has an acute cardiac event,
and the CO decreases from 5 to 3 L/minute, the PaO 2 will de-
crease from �80 to 65 mm Hg (Fig. 18.19). In the exact same
scenario, if the patient’s hemoglobin is 10 g/dL, the PaO 2 will
decrease from 70 to 55 mm Hg. This demonstrates the impor-
tance of low SvO 2 contributing to lower PaO 2. If the PEEP had
been increased in this patient to treat a low PaO 2, a further de-
crease in CO would have resulted in worsening SvO 2 and PaO 2.
Treatment in this case is to optimize CO first to see if PaO2
improves. Another example: If a patient is agitated and the ar-
terial saturation decreases, this may be due to increased oxygen
consumption and low SvO 2 in a patient with a moderate in-
trapulmonary shunt, and not from an acute pulmonary event.
Treatment is to decrease agitation and VO 2. There are times
when severe cardiorespiratory compromise warrants titration
of both cardiac output and PEEP simultaneously in patients

FIGURE 18.18. The effect of FiO2 on
PaO 2 depending on the degree of intrapul-
monary shunts of 20% , 30% , and 50% .
This is assuming that other parameters
that affect SvO 2 such as cardiac output,
hemoglobin, and oxygen consumption are
remaining constant.
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TA BLE 1 8 . 3

DERIVED CALCULATIONS (ALL ARE INDEXED TO BODY SURFACE AREA)

Parameter Equation Key points Normal range Units

Stroke volume indexed (SVI) CI/HR
or
EDVI – ESVI

Amount of blood ejected with
each contraction (per m2)

30–65 mL/beat/m2

Left ventricular stroke work
index (LVSWI)

SVI × (MAP – PAOP)
× 0.0136

External work for the left
ventricle in 1 beat

43–61 g ·m/m2

Right ventricular stroke
work index (RVSWI)

SVI × (MPAP – CVP)
× 0.0136

External work for the right
ventricle in 1 beat

7–12 g ·m/m2

Pulmonary vascular
resistance indexed (PVRI)

(MPAP − PAOP) × 80
CI

Resistance for right ventricle; 80
converts mm Hg/min/L to
dynes · sec/cm5

255–285 dynes · sec/cm5

Systemic vascular resistance
(SVR)

(MAP − CVP) × 80
CI

Resistance for left ventricle 1,970–2,390 dynes ·
sec/cm5/m2

Arterial oxygen content of
blood (CaO 2)

(Hgb × 1.36 mL O 2/
gHgb × SaO2)
+ (0.0031 × PaO2)

Amount of oxygen in arterial
blood, majority is carried by
Hgb (1.36 mL of O 2/g of Hgb
if blood is 100% saturated),
very little is dissolved (0.0031
× PaO 2)

16–22 mL O 2/dL blood

Mixed venous oxygen
content of blood (CvO2)

(Hgb × 1.36 mL O2/
gHgb × SvO2)
+ (0.0031 × PvO2)

Amount of oxygen in mixed
venous blood (sampled at the
pulmonary artery)

12–17 mL O 2/dL blood

Arterial-mixed venous
oxygen content difference
(AVDO2)

CaO 2–CvO 2 How much O 2 was consumed by
the tissues before returning to
the heart

3–5 mL O 2/dL blood

Delivery of oxygen indexed
(DO2I)

CaO 2 × CI × 10 Primary determinant of organ
perfusion

500–600 mL O 2/min/m2

Oxygen consumption
indexed (VO 2I)

(CaO 2 – CvO 2) × CI
× 10

Oxygen consumed by the tissues 120–160 mL O 2/min/m2

Intrapulmonary shunt
(Qs/Qt)

(CcO 2 – CaO2)/(CcO 2
– CvO 2)

CcO2 = (Hgb × 1.36 ×
100% saturation) +
(0.0031 × PAO 2)

PAO 2 = FiO2 × [(760
mm Hg – 47 mm
Hg)] – (PaCO2/RQ)

% of CI that is not involved with
gas exchange and goes to the
arterial side deoxygenated;
> 20% usually requires
ventilator support. Since
pulmonary capillary blood
cannot be sampled, 100%
saturation is assumed. 760 is
atmospheric pressure at sea
level; 47 is water vapor
pressure.

3–5 % of cardiac
output

Coronary perfusion pressure
(CPP)

CPP = DBP – PAOP The major determinant of flow in
a fixed, diseased conduit is the
pressure difference.

50–60 mm Hg

CI, cardiac index (mL/min/m2 ); HR, heart rate (beats/min); EDVI, end-diastolic volume index (mL/m2); ESVI, end-systolic volume index (mL/m2); MAP,
mean arterial pressure; DBP, diastolic blood pressure (mm Hg); PAOP, pulmonary artery occlusion pressure (mm Hg); CVP, central venous pressure;
Hgb, hemoglobin (g/dL); CcO2, pulmonary capillary content of oxygen; PAO 2 , partial pressure of oxygen in the alveoli; RQ, respiratory quotient
VCO 2/VO 2 is 0.8 for a mixed fuel diet.

with life-threatening hypoxia. It is important to understand
the interaction of one organ on the other and the relationship
between PaO 2, hemoglobin, and cardiac output (Fig. 18.19).

DERIVED VARIABLES
See Table 18.3 for the equations and normal values. Once the
flow and pressure variables have been obtained from the PAC,
further hemodynamic calculations may be done to obtain com-
plete information. Most bedside monitors are capable of cal-

culating and displaying the numbers, but clinicians must un-
derstand the significance and pitfalls of these values.

Stroke volume index (SVI) is the quantity of blood ejected
from the ventricle with each contraction (i.e., the difference
between end-diastolic and end-systolic volumes). SVI ac-
counts for the effect of the heart rate’s contribution to CI,
and is an important variable because one does not want
to augment CI by causing tachycardia (Fig. 18.14). SVI
varies with preload, afterload, and contractility. Preload
is the theoretical stretch of ventricles at end diastole.
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FIGURE 18.19. Relationship between PaO 2, cardiac output, and three
different intrapulmonary shunt states (10% , 20% , and 30% ) for patients
with a hemoglobin of 15 g/dL and 10 g/dL. This graph demonstrates
“nonpulmonary” causes for PaO2 changes where a low cardiac output
or low hemoglobin will impact PaO2 depending on the degree of shunt.

According to Frank and Starling, the stretch of myocardium
augments contractility to a certain point, and then cardiac
output is negatively affected by further increases (80). After-
load is the interplay between aortic compliance, peripheral
vascular resistance, viscosity of blood, aortic impedance,
and aortic wall resistance. Afterload is therefore the force
that myocytes must overcome during each contraction. Con-
tractility is the maximum velocity of myocardial fiber con-
traction; it is the myocytes’ inherent ability, independent of
preload. All these parameters are extremely dynamic and
require frequent reassessment.
Left ventricular stroke work index (LVSWI) estimates the
work of the left ventricle in one beat. Work is the product
of force and distance. Physiologically, this translates to the
product of change in pressure and change in volume. Cur-
rent technology does not allow continuous measurements of
both ventricular volumes at the bedside. Stroke work index
is low in cardiogenic and hypovolemic shock. In trauma pa-
tients, it has been suggested that high LVSWI is associated
with decreased mortality (81,82). It should be noted that
not all work is alike since “good work” is associated with
large volume change with little pressure, and “bad work”
is associated with large pressure change with little volume
movement.
Right ventricular stroke work index (RVSWI) is the right
heart’s ability to produce forward flow against the pul-
monary circulation and estimates external work for the RV
in one beat. The work generated by RV is markedly less
than LV due to a relatively low pulmonary pressure system.
In patients with pulmonary hypertension and consequent
right heart failure, the RVSWI must compensate accordingly
(discussed below).
Pulmonary vascular resistance index (PVRI) is the resis-
tance for the right ventricle. Resistance to blood flow is
analogous to electrical circuit resistance defined by Ohm’s

Law. Resistance = Pressure/Flow. Physiologically, the pres-
sure change between two vascular beds drives the flow
(i.e., cardiac index). PVRI reflects resistance in the pul-
monary vasculature. Pulmonary hypertension exists when
systolic PAP is > 35 mm Hg or mean PAP is > 25 mm Hg
(83,84). In critically ill patients, the most common causes
for elevated PAP are acute respiratory distress syndrome,
acute LV dysfunction, and pulmonary embolism (83,85–
89). Patients with comorbid conditions such as chronic pul-
monary hypertension may suffer from interstitial lung dis-
ease, COPD, or liver or cardiac disease. The right ventricle
is exquisitely sensitive to increases in afterload and lacks
the ability to overcome pulmonary hypertension with PAP
> 40 mm Hg (84). Subsequent decrease in cardiac output
is due to the combination of decreased RVSWI and de-
creased filling of the left ventricle as a result of interven-
tricular septal deviation (90). Since cardiac output is in-
dexed to BSA, PVR should also be indexed and presented as
PVRI.
Systemic vascular resistance index (SVRI) is the resistance
for the left ventricle. In the context of hyperdynamic states
with high cardiac index and decreased SVRI, the patient
may be in distributive shock. Patients with low cardiac in-
dex and high SVRI are in hypovolemic or cardiogenic shock.
It is important to recognize that SVRI represents the inter-
play of vascular diameter and viscosity, of which neither
variable is easily measured. SVRI is calculated; therefore
error is introduced if any of its subcomponents carries in-
accuracy. Since CO is indexed to BSA, SVR should also be
indexed and presented as SVRI.
Arterial oxygen content of blood (CaO2) is the amount of
oxygen carried in arterial blood. When evaluating delivery
of oxygen, the CaO2 is of critical importance. Each gram
of hemoglobin carries 1.36 to 1.39 mL of oxygen if it is
100% saturated. Oxygen is poorly soluble in plasma and
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the dissolved oxygen contribution to arterial oxygen con-
tent is negligible. Therefore, saturation (SaO 2) plays a more
important role than pressure of oxygen (PaO 2).
Mixed venous oxygen content of blood (CvO2) is the
amount of oxygen carried in the mixed venous blood. Low
mixed venous oxygen content has similar clinical implica-
tions as low SvO 2 and suggests decreased oxygen delivery or
increased oxygen consumption (see above). Since the blood
is sent for oximeter analysis for saturation value and not
PvO 2, the PvO 2 value in the equation (Table 18.3) is usu-
ally substituted with the normal PvO 2 value of 40 mm Hg
since the amount dissolved is so small that a PvO 2 substi-
tution of 0 to 70 mm Hg will not make a difference in the
calculation of CvO2.
Delivery of oxygen indexed to BSA (DO2I) is the amount
of oxygen delivered to the tissues by hemoglobin, arterial
saturation, and flow (CI) (i.e., the product of cardiac in-
dex and arterial oxygen content of blood). The survival
benefit of titrating to a specific DO 2I value has been ex-
tensively studied as an end point of resuscitation with
conflicting results. The controversy surrounding DO 2 aug-
mentation is discussed in the beginning of this chapter
(10,14,21,22,25,32,91–93).
Oxygen consumption indexed (VO2I): There are two meth-
ods of assessing oxygen consumption: Fick’s principle and
indirect calorimetry (94). Fick’s principle states that the rate
of diffusion of a known indicator (oxygen) is proportional
to the product of concentration gradient and flow. Physi-
ologically, this translates to the difference between arterial
and mixed venous oxygen content multiplied by the car-
diac output. Consumption can also be assessed by indirect
calorimetry and is typically 3.5 mL of oxygen/kg (95). Indi-
rect calorimetry compares the difference between inspired
and expired oxygen to carbon dioxide ratios. There is usu-
ally a discrepancy (either way) of up to 11% between Fick’s
principle and indirect calorimetry, partially explained by
Fick’s method not accounting for pulmonary oxygen con-
sumption (96–99). Shoemaker first noted that a higher VO 2I
of > 160 mL/minute/m2 was associated with survival (3,4).
It may reflect cells’ ability to increase metabolic rate and
utilize oxygen during stressed states. The concept of “criti-
cal DO2I” where VO 2 becomes delivery dependent has been
described in certain disease states with values occurring at
DO 2 of < 450 mL oxygen/minute/m2 (100–102). Although
the concept is attractive, it is difficult to use VO 2 as a thera-
peutic end point since VO 2 varies constantly depending on
sedation, temperature, paralysis, loop diuretics, complete
mechanical ventilation, vasoactive agents, and the progress
of the underlying disease process (6,15).
Coronary perfusion pressure (CPP): In compliant vessels,
flow to the coronary arteries can be augmented via coro-
nary artery dilation. However, in patients with coronary
artery disease with fixed vessels, flow depends on the pres-
sure gradient between the two ends. Due to high LV pres-
sures, coronaries feeding the LV fill during diastole, and
maintenance of diastolic pressure is important. In patients
undergoing preoperative optimization, nitroglycerin can be
used to preferentially dilate nondiseased coronary vessels,
thereby augmenting oxygen delivery to the myocytes. Gen-
erally CPP > 50 mm Hg is desired, but there is individual
variation.

SPECIAL COMMENT ON OBESITY
AND DERIVED PARAMETERS

The validity of derived parameters indexed to body surface area
has been questioned in morbidly obese patients. Several studies
have demonstrated that derived parameters indexed to body
surface area are appropriate and closely approximate indexing
to body mass index. The large body surface area in the obese
patient does not affect these measurements (103–105).

COMPLICATIONS OF PULMONARY
ARTERY INSERTION

Pulmonary artery catheter insertion is an invasive procedure
and carries inherent risks (106–108). Complications related to
central venous access are discussed in other chapters. The over-
all complication rate associated with PACs can be as high as
25% . The procedural risks are pneumothorax, hemothorax,
and knotting of catheters. Multiple prospective and retrospec-
tive studies have reported the most common complications in-
cluding infection, thrombosis, arrhythmias, new bundle branch
blocks, and pulmonary artery rupture (109,110). Serious com-
plications (PA rupture and cardiac perforation with tampon-
ade) are infrequent, but they can be fatal if unrecognized.
Although reports of PAC-related infection are up to 22% , con-
sequential bacteremia is relatively rare (0.7% –2.2% ) (111).
Catheters inserted for greater than 3 days may be associated
with more infectious and thrombotic complications (112,113).
Arrhythmias were relatively common, occurring in up to 75%
of insertions. However, clinically significant arrhythmias re-
quiring treatment were rare; 3% developed new bundle branch
blocks, but this complication was not associated with increased
mortality (109,110). Pulmonary artery rupture is exceedingly
rare with a reported incidence of 0.031% (114) but usually
occurs in patients with pulmonary hypertension and can be
fatal due to high pulmonary pressures. Slow inflation of the
balloon with immediate abortion if there is too much resis-
tance or the waveform shows overwedging are important pre-
ventive maneuvers. Placement of pulmonary artery catheters
requires skilled operators who are trained to troubleshoot and
recognize complications when they occur. As discussed ear-
lier in this chapter, perhaps the most dangerous complica-
tion of pulmonary artery catheters is the misinterpretation of
information.

ARTERIAL LINES
Indications for invasive pressure monitoring are (a) hypody-
namic states including all forms of shock and (b) frequent blood
sampling for blood gas analysis and labs. Other indications in-
clude monitoring of response to vasoactive agents and severe
peripheral vascular disease precluding noninvasive blood pres-
sure monitoring. There are no true absolute contraindications.

Arterial cannulation is relatively safe with nonocclusive
thrombosis and hematoma being the most common compli-
cations (115). Selection of anatomic site is an important con-
sideration; percutaneous arterial catheters can be introduced
in the radial, brachial, axillary, femoral, and dorsalis pedis ar-
teries. Placement in brachial arteries is ill advised; it is an end
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artery and patients may develop ipsilateral hand ischemia in
up to 40% of insertions (116,117). The radial artery remains
the most popular placement site due to its ease of access and
relatively low complication rates. A preprocedure Allen test as-
sesses the patency of collateral arteries, but this test has poor
correlation with distal flow and likelihood of hand ischemia
(118,119).

Pre ssure Me asure me nt

Continuous measures of systolic blood pressure (SBP), dia-
stolic blood pressure (DBP), and mean arterial pressure (MAP)
are displayed with invasive arterial catheters. Four elements
must be considered in direct pressure measurement: (a) energy
content, (b) transformation of pressure pulse, (c) reflection of
pressure wave, and (d) recording system. Each element can in-
troduce error in invasive blood pressure monitoring rendering
the often large discrepancy between cuff and invasive pressures.
The SBP is determined by the ventricular ejection velocity and
volume. This pulse wave meets increasing impedance as the
caliber of vessels decrease. Additionally, pulse amplification is
proportional to distance from aorta; consequently, the radial
artery pressure tends to be higher than aortic pressure.

Volume and velocity of left ventricular ejection, periph-
eral resistance, distensibility of arterial wall, and viscosity of
blood determine the peak SBP. Usage of long tubing (≥ 4 feet)
or microbubbles in the closed system can result in inaccurate
measurements, specifically underdamping and falsely high SBP.
Underdamping produces characteristic waveforms with sharp
and overshooting upstroke and small, artifact pressure waves
along the waveform. Overdamped tracings are caused by kink-
ing, macrobubbles, or mechanical obstruction of tubing. Over-
damped waveforms are characteristically diminished in their
upstroke and exhibit loss of the dicrotic notch. The dynamic
response of arterial monitoring circuits is assessed by a fast
flush square wave test (Fig. 18.4). A properly calibrated sys-
tem produces one overdamped waveform followed by several
oscillating overshoot waves (120).

Waveform analysis (Fig. 18.20) demonstrates the typical
points associated with (a) systolic upstroke, (b) systolic peak,
(c) systolic decline, (d) dicrotic notch, (e) diastolic runoff, and
(f) end diastole. Examination of the arterial waveform pro-
vides useful information regarding a patient’s clinical status.
Left ventricular ejection produces the first, sharp upstroke at

FIGURE 18.20. Arterial waveform analysis (see text for explanation
of points 1–6).

the beginning of aortic valve opening (Fig. 18.20, points 1 and
2). As the ventricular flow is dispersed peripherally, the wave-
form declines (point 3); this is also when the heart is in iso-
volumetric relaxation and diastolic filling. Just prior to closure
of the aortic valve and as a result of isovolumetric relaxation,
there is a slight drop in pressure known as the incisura (at
the aorta) or dicrotic notch (at the periphery) (point 4). Fur-
ther decrease in the pressure waveform reflects the runoff to
distal arterioles (points 5 and 6). More peripheral arteries ex-
hibit narrower waveforms and higher systolic pressures and
wider pulse pressures, although the mean arterial pressure re-
mains similar to central vessels. The etiology of varying pulse
contours in the periphery is related to the elasticity, amplifica-
tion, and distortion of smaller arteries (121). Various cardiac
conditions produce characteristic arterial waveforms. In aor-
tic stenosis, narrow waveform and loss of the dicrotic notch
secondary to diseased valve are seen. Aortic regurgitation may
exhibit widened pulse pressures and a sharp upstroke, some-
times accompanied by two peaks.

Systolic pressure variation (SPV): Variations in systolic
blood pressure and ventricular stroke volume are of greater
magnitude in hypovolemic states (122). Theories on the
etiology of this phenomenon relate to the characteristics
unique to hypovolemia and include (a) the superior vena
cava is more easily collapsible, (b) there is an increased ef-
fect of transmural pressures in the right atrium, and (c) the
preload and stroke volume relationship is on the steep por-
tion of the Frank-Starling curve. Usually, a decrease in left
ventricular stroke volume occurs with inspiration due to the
positive pressure ventilation. Originally, Perel described SPV
as two components (Fig. 18.21)—delta up ( up) and delta
down ( down)—while emphasizing the strong correlation
between  down and hypovolemic states (123–125).  up is
the difference between maximum SBP and a reference SBP
(usually at expiratory pause during mechanical ventilation).
 down is similarly the difference between minimum SBP
and reference SBP and represents a decrease in stroke vol-
ume during expiration. SPV > 10 mm Hg indicates hypo-
volemia and suggests responsiveness to fluid challenge
(126). SPV also has significant correlation with the left ven-
tricular end-diastolic area by echocardiogram (127) and
PAOP (128). Note that SPV, like stroke volume variation,
may be sensitive to changes in volume status, but may not
necessarily equate to actual intravascular blood volume.
Stroke volume variation (SVV): Arterial pressure varia-
tion during the respiratory cycle is a well-documented phe-
nomenon (122). Pulsus paradoxicus describes falls in arte-
rial pressures (> 10 mm Hg) during inspiration and rises
in pressures during expiration in spontaneously breathing
patients. Reverse pulsus paradoxicus occurs in ventilated
patients. Proprietary algorithms in new monitor devices an-
alyze the pulse-to-pulse variation in a semi-continuous fash-
ion with updates at 20-second intervals. SVV is not a mea-
surement of absolute preload; rather, it is an assessment of
response to fluid resuscitation (128–131). SVV > 9.5% to
15% is associated with fluid responsiveness. SVV is only ap-
proved for use in sedated, mechanically ventilated patients
who are in sinus rhythm (rhythm must be regular or the
variation may be due to irregular rate rather than volume
status).

SVV = (SV maximum − SV minimum)
/ [(SV maximum + SV minimum)/ 2] × 100
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FIGURE18.21. Systolic pressure vari-
ation (SPV). See text.

Available technology on the market: Several companies
market continuous arterial catheter cardiac output moni-
toring with several important distinctions. The main dif-
ference between the aforementioned technologies is that
Lidco analyzes areas under a concentration curve, whereas
Flotrac analyzes stroke volume based on pulse pressure
variances.
LidcoPlus (Lidco, Cambridge, UK): LidcoPlus combines the
previously validated Lidco lithium indicator dilution cal-
ibration procedure with continuous pulse contour analy-
sis for real-time cardiac output assessment (132). A small
amount of lithium chloride is injected in a vein and the
concentration of arterial sampling over time produces a
concentration-time curve. The area under this curve pro-
vides the cardiac output by integral mathematics. The man-
ufacturer recommends calibration every 8 hours. Studies
have shown that LidcoPlus provides similar cardiac output
results as traditional pulmonary artery catheters over a wide
range of hemodynamic states (133,134).
FloTrac (Edwards Lifesciences, Irvine, CA, USA) fea-
tures continuous cardiac output and stroke volume vari-
ation without need for calibration utilizing an existing
arterial catheter. Assumptions are made regarding the pa-
tient’s vascular compliance given his or her age, weight, and
height. Proprietary software analyzes waveform contours
beat to beat and evaluates cardiac output based on the con-
cept that stroke volume is related to beat-to-beat pressure
changes. The algorithm also takes into account the dynamic
changes in vascular compliance by assessing the character-
istic changes associated with alterations in vascular tone.
Preliminary studies have demonstrated similar cardiac out-
put results compared to intermittent, bolus thermodilution
techniques (135). Although the use of SVV has only been
validated in heavily sedated patients without spontaneous
respirations and in sinus rhythm, preliminary data confirm
that SVV may be utilized in spontaneously breathing pa-
tients with quiet respirations.

SUMMARY
The value of any monitoring system is to impact outcomes.
Although surrounded by controversy, there remains a group
of patients who may benefit from invasive monitoring. It is
imperative that technology is used by trained personnel who
understand both the benefits and the limitations of the devices.

Equally important is the concept of early resuscitation before
the onset of multisystem organ failure. The next quantum leap
in hemodynamic monitoring will come when we are able to
treat patients with noninvasive technology with the goal of de-
livering oxygen to every tissue bed. It is also conceivable that if
we can constantly measure with minimally invasive devices car-
diac output and cardiac preload, intravascular blood volume
status, central SvO 2, and tissue oxygenation (see chapters on
noninvasive cardiovascular monitoring, monitoring tissue per-
fusion, blood volume, and venous saturation monitoring), the
PAC could become obsolete in the future. Until that time, it has
been difficult to reproduce the continuous reliable information
obtained from the PAC.
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CHAPTER 19 ■ MONITORING TISSUE
PERFUSION AND OXYGENATION
KENNETH WAXMAN

Shock occurs when tissue oxygen delivery is inadequate to meet
metabolic demands, and cellular dysfunction results. Since a
primary goal of treating shock is elimination of cellular hy-
poxia, it logically follows that detecting and treating shock
would best be monitored by measuring the state of tissue per-
fusion and cellular oxygenation. To this end, many devices that
have the capability of monitoring tissue perfusion and oxy-
genation have been developed. However, to date, none of these
devices has gained widespread acceptance in clinical practice.
Why is this? This chapter will outline underlying principles of
tissue perfusion and oxygenation and review the complexities
of making clinically useful measurements with existing moni-
toring approaches.

There are multiple components of the circulation that con-
tribute to cellular oxygenation, each of which is related to mon-
itoring of tissue perfusion and oxygenation. As shown in Figure
19.1, tissue perfusion is determined by cardiac output, the dis-
tribution of cardiac output to regional tissue beds, and the state
of the microcirculation. Tissue oxygenation is determined by
perfusion as well as by arterial oxygenation, nutritional blood
flow, and cellular extraction of oxygen. This is a complex sys-
tem, which is highly dynamic: Alteration of any component has
physiologic impact upon other components. Moreover, there is
enormous heterogeneity within the circulation, both between
organs and within organs. Hence tissue perfusion and oxygena-
tion is never uniform between organs, nor even in particular
tissue beds. Nonetheless, despite these complexities, there are
several principles that allow useful monitoring to occur:
1. Peripheral perfusion and oxygenation monitors are not re-

placements for other commonly used monitors, but instead
provide unique physiologic information.

2. A measured decrease in peripheral tissue perfusion may pro-
vide a significant and early warning of circulatory insuffi-
ciency.

3. In low-flow shock states (such as hemorrhagic or cardio-
genic shock), there is a characteristic redistribution of re-
gional blood flow, such that blood flow to the heart and
brain is preserved, while peripheral blood flow is decreased.
Blood flow to the skin decreases very early in this process;
hence, monitoring skin perfusion is a very sensitive indicator
of circulatory shock. Blood flow to other tissues such as the
intestinal tract also decreases relatively early in shock, mak-
ing the gut an alternative sensitive monitoring site. Unfortu-
nately, in high-flow shock states (such as septic shock), the
distribution of regional blood flow is less predictable, and
interpretation of peripheral perfusion data becomes more
complex.

4. A measured decrease in peripheral tissue oxygenation may
be a significant warning of decreased tissue perfusion,

decreased hemoglobin concentration, arterial oxygenation,
or increased cellular utilization of oxygen. Sorting out these
alternative explanations for abnormal tissue oxygenation
can lead to prompt diagnosis and treatment of the underly-
ing problem.

5. Monitors of tissue perfusion and oxygenation can be used
in several ways. They can serve as early sensitive but non-
specific warning devices to alarm when decreases of blood
flow or oxygenation occur. In addition, these monitoring
approaches can be used as components of a system of mon-
itoring, such that their specificity is enhanced. For example,
combining tissue oxygen monitoring with pulse oximetry
can indicate that a decreased tissue oxygen value is not due
to arterial hypoxemia.

6. Monitoring changes of tissue oxygenation in response to
changes in cardiac output or arterial oxygen may provide
meaningful clinical information. The use of these devices in
response to physiologic challenges adds another dimension
to their potential value

MONITORING TECHNIQ UES

Pulse Oxime t ry

Pulse oximeters are designed to monitor arterial oxygen satu-
ration, not tissue perfusion or oxygenation. In fact, the tech-
nology of pulse oximetry is precisely designed to detect oxyhe-
moglobin saturation, even when blood flow is greatly reduced.
Estimation of arterial oxygen saturation is thus of great benefit
in monitoring arterial oxygenation, but of little value in assess-
ing the circulation. A patient in shock may have 100% arterial
oxygen saturation, and pulse oximetry will reflect this regard-
less of the state of the circulation, as long as the probe can
detect pulsation. When pulsations can no longer be detected,
the monitor ceases to function. Hence, it is only the absence
of a signal that indicates very low flow, and this absence is
both insensitive and nonspecific. Pulse oximetry is, however,
useful in combination with tissue oxygen monitors to indicate
whether low tissue oxygenation is due to arterial hypoxemia
or to inadequate circulation.

Transcut ane ous Oxyg e n

In 1956 Clark developed a practical polarographic electrode to
measure oxygen tension, using a semipermeable polyethylene
membrane-covered platinum cathode (1). The Clark electrode
has become the standard for blood gas analysis. Subsequently,
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FIGURE 19.1. Tissue perfusion and oxygenation is determined by a
complex interaction of systemic and regional blood flow and oxygena-
tion, as well as by the state of the microcirculation and by cellular
metabolism.

the Clark electrode was placed into a heated probe, and utilized
for transcutaneous oxygen monitoring. Heating of the skin by
the transcutaneous electrode is necessary to allow diffusion of
oxygen across the stratum corneum. This occurs because heat-
ing the skin to 44◦C or higher rapidly (over minutes) melts the
lipoprotein barrier to oxygen diffusion. Heating the skin, how-
ever, also affects this tissue, dilating the underlying vessels and
increasing local blood flow. In addition, heating decreases oxy-
gen solubility, shifting the oxyhemoglobin dissociation curve
to the right (2). Initial measurements must be delayed for up
to 5 minutes for the skin to heat. Moreover, transcutaneous
oxygen tension (PtcO 2) values may be site specific, sometimes
with lower values in the extremities of patients with periph-
eral vascular disease. For critical care monitoring, most studies
utilize the torso. Despite these confounding issues, transcuta-
neous oxygen monitoring provides useful physiologic data that
are meaningfully related to tissue oxygenation.

Experimental studies have shown that transcutaneous oxy-
gen monitoring is sensitive to arterial oxygen tension during
normal cardiac output, but is more sensitive to perfusion in
low-flow shock (3). In adult patients, PtcO 2 is approximately
80% of the arterial oxygen tension (PaO 2) during normal
hemodynamic conditions. However, when blood flow is di-
minished, PtcO 2 also decreases. PtcO 2 is therefore related to
both perfusion and oxygenation. When perfusion is normal,
PtcO 2 varies with arterial oxygenation. When perfusion is in-
adequate, PtcO 2 varies with cardiac output. Hence, a normal
PtcO 2 value indicates that both oxygenation and perfusion are
relatively normal. A low PtcO 2 indicates that either oxygena-
tion and/or cardiac output are inadequate. If arterial oxygena-
tion is normal (as indicated by blood gases or pulse oximetry),
low PtcO 2 indicates low-flow shock (4).

The relationship between PtcO 2 and PaO 2 can be quan-
titated, utilizing the PtcO 2 index, which is simply defined as
PaO 2/PtcO 2. In a study that simultaneously measured car-
diac index, PtcO 2, and PaO 2 in a large number of critically
ill surgical patients, it was found that when cardiac output

was relatively normal (cardiac index > 2.2 L/minute/m2), the
PtcO2 index averaged 0.79 ± 0.12. In individual patients with
these normal cardiac outputs, PtcO 2 varied linearly with PaO 2.
When cardiac output decreased, however, the PtcO2 index de-
creased as well. For patients with a cardiac index between 1.5
and 2.2 L/minute/m2, the PtcO 2 index averaged 0.48 ± 0.07.
For patients with a cardiac index below 1.5 L/minute/m2, the
PtcO 2 index was 0.12 ± 0.12 (4). These data confirm that
when blood flow is relatively normal, PtcO 2 varies with arterial
oxygenation. However, with low-flow shock, PtcO 2 becomes
very sensitive to changes in cardiac output.

Clinical studies have demonstrated the usefulness of trans
cutaneous oxygen monitoring in detecting shock. When PtcO 2
monitors are placed during acute emergency resuscitation, low
PtcO 2 values detect both hypoxemia and hemorrhagic shock.
Moreover, the response of PtcO 2 during fluid infusion is a sen-
sitive indicator of the efficacy of shock resuscitation (5,6).

Transcutaneous oxygen monitoring thus has benefit both as
an early detector of shock and as a monitor to titrate resusci-
tation to a physiologic end point. It is noninvasive and inex-
pensive, and is therefore widely applicable for patients at risk,
such as during emergency resuscitation of trauma and acute
surgical emergencies, in the perioperative and postanesthesia
period, and in the intensive care unit (ICU). However, while
end points of successful resuscitation utilizing transcutaneous
oxygen monitoring have been suggested, such values have not
been validated in large prospective studies. The only risk of
transcutaneous oxygen monitoring is minor skin burn beneath
the probe if probe temperatures exceed 44◦C or if the device is
left in place for excessive periods of time.

Tissue Oxyg e n Monit ors
In addition to transcutaneous oxygen probes, alternative direct
tissue oxygen monitoring techniques have been developed. An
advantage of such tissue probes is that heating of the skin is not
necessary. In addition, specific tissues can be monitored to pro-
vide organ-specific information. Probes may be placed into the
subcutaneous tissue, which is very sensitive to low flow. They
may also be placed into muscle, which is perhaps less sensi-
tive to low flow, but more rapidly responsive to resuscitation.
Probes may also be placed directly into organs. For example,
specific probes are now available for placement in the brain to
provide a measure of cerebral oxygenation.

Two techniques for direct tissue oxygen monitoring are
available. Polarographic electrodes incorporated into needles
have been most widely utilized. In addition, a technique uti-
lizing the phenomenon of fluorescence quenching is available.
Tissue oxygen probes contain a fluorescent compound that is
O 2 sensitive, such that its fluorescent emission is diminished in
direct proportion to the amount of O 2 present. Energy from
the monitor is transmitted through fiberoptic elements to the
florescent compound in the probe, resulting in the emission of
light, which is then measured by sensors in the tissue probe.
The intensity of the emitted light is inversely proportional to
the tissue pO 2 (7).

Another method of tissue oxygen monitoring is transcon-
junctival. The conjunctiva of the eye does not have a stra-
tum corneum, so oxygen is freely diffusable. Transconjunctival
probes are placed against the eye, and allow continuous tissue
oxygen monitoring without heating; the technology has been
utilized both during anesthesia and shock (8).
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Direct tissue oxygen monitoring devices offer alternatives
to transcutaneous monitoring, with the potential advantages
of more rapid initial readings, a variety of monitoring sites,
and no heating necessary. However, there are little clinical data
to determine the relative sensitivities and specificities of these
various techniques.

Ne ar-infrare d Sp e ct roscop y
Near-infrared spectroscopy (NIS) has been developed as a non-
invasive measure of tissue oxygenation (9–12). NIS measures
the ratio of oxygenated hemoglobin to total hemoglobin (StO 2)
in the microcirculation of the underlying muscle by measur-
ing the absorption and reflectance of light. Using cutaneous
probes placed upon the thenar eminence, values of 87% ±
6% have been measured in normal volunteers. Early clinical
experience suggests that StO 2 values decrease during shock
and increase with successful resuscitation. A recent multicen-
ter trial in trauma patients suggested that a StO 2 value of 75%
may be a therapeutic goal. This monitoring approach has po-
tential value, as it provides convenient, continuous, noninva-
sive measurements. However, clinical data are limited. Tissue
edema may be a confounding factor, as the distance between the
probe and the underlying muscle affects measurements. Again,
the sensitivity and specificity of this device compared to other
tissue oxygen monitoring devices has not been studied. NIS has
been demonstrated to have a close relationship to base deficit
in critically injured patients (13) as well as predicting develop-
ment of organ failure in traumatic shock patients (14).

NIS has also been utilized as a cerebral oximeter. By passing
light through the scalp and skull, this technology provides a
noninvasive measure of cerebral oxygenation.

Gast ric Tonome t ry

The mesenteric circulatory bed, particularly the gut mucosa, is
prone to hypoperfusion and ischemia during shock. Tonom-
etry has been developed as a technique to detect adequacy
of gastrointestinal mucosal perfusion (14). The technique is
based upon calculation of the gastrointestinal intramucosal pH
(pHi). The basis of this measurement is that the gastrointesti-
nal mucosal pCO 2 equilibrates with the gastric luminal pCO 2.
Measurement of luminal pCO 2 was originally accomplished
by placing a tube with an attached balloon into the stomach,
allowing time for the CO 2 to diffuse; measuring pCO 2 in the
balloon, assuming that luminal pCO2 equals mucosal pCO 2;
and then calculating pHi by the Henderson-Hasselbalch equa-
tion as follows:

pHi = 6.1 + log (HCO 3
− )/ (pCO 2) × 0.031

Gastric pHi monitoring has recently been improved by utilizing
gas tonometry without the need for balloons, utilizing capnog-
raphy. This improvement decreases the lag time necessary for
equilibration of carbon dioxide, and allows for more continu-
ous measurements.

The potential usefulness of gastric tonometry has been sug-
gested in clinical studies, in which pHi has been reported to
reflect the severity of shock and to increase during success-
ful resuscitation (14). However, the technique has not gained
widespread acceptance, in part because the accuracy of the pHi
measurement has been questioned. Utilization of arterial bicar-
bonate as an estimate of mucosal bicarbonate concentrations

may be inaccurate. Measurements can be also be altered by
gastric acid secretion, because buffering of gastric acid by bi-
carbonate can produce CO 2 in the gastric lumen, which will
confound the estimate of mucosal pCO2. Enteral feeding may
also affect pHi, although this effect is variable. To minimize
these errors, it has been suggested that gastric feeding be with-
held and antacid medication given prior to pHi monitoring.
However, the variation and inaccuracies of gastric tonometry
have limited its widespread application. Moreover, clear treat-
ment end points have not been validated.

Several alternatives to gastric tonometry have been stud-
ied. Sublingual capnography is a less invasive technique, which
shows promise as a sensitive indicator of tissue acidosis in
shock models and in early clinical reports (15). This device
was recalled in 2004 for infectious complications and may be
reinstated in the future. Alternative luminal monitoring sites,
such as the small intestine, rectum, and bladder, have also been
proposed as monitoring sites for pHi monitoring (16).

Transcut ane ous and End -t id al
Carb on Dioxid e

Transcutaneous carbon dioxide may be measured using the Sev-
eringhaus carbon dioxide electrode. Because CO 2 is more dif-
fusible than is O 2, heating of the probe is not necessary. In
analogy with PtcO 2 monitoring, transcutaneous CO 2 parallels
arterial values when cardiac output is relatively normal, al-
though transcutaneous values are normally 10 to 30 mm Hg
higher than arterial. During low-flow shock, transcutaneous
pCO 2 is increased, due to accumulation of carbon dioxide in
the tissues due to inadequate perfusion (2). Increased transcuta-
neous pCO 2 may thus be utilized as an indicator of inadequate
circulation, particularly if arterial pCO2 is normal. In combi-
nation with low PtcO2, increased transcutaneous pCO 2 gives
additional evidence of circulatory shock. End-tidal CO 2 may
also be utilized as a measure of perfusion; end-tidal CO 2 is
decreased during low-flow states due to decreased pulmonary
flow (17). Decreased end-tidal CO 2 values in combination with
increased transcutaneous pCO 2 and normal arterial pCO 2 val-
ues are strong evidence of circulatory shock. This is an example
of how combining noninvasive monitoring data can provide
additional information.

TISSUE BLOOD FLOW
Measuring tissue blood flow can provide an indication of the
adequacy of both cardiac output and regional blood flow. In
critical illness, blood flow measurement has the particular po-
tential to be combined with tissue oxygen monitoring to help
determine if inadequate tissue oxygenation is due to perfusion
deficits. Hence, a reliable tissue perfusion monitor has great
appeal.

Many technologies have been developed to measure tissue
perfusion. The best studied of these is laser Doppler. Laser
Doppler utilizes analysis of scattering of light to determine
quantitative blood flow in a small area around the probe (18).
A variety of probes have been developed, which can be placed
noninvasively onto the skin, or into tissues with needle probes.
Laser Doppler measurements have been shown to be useful
in detecting changes in blood flow under many experimental
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conditions. However, clinical utility has been limited due to
the large variation in blood flow within tissues (19). Because
of these variations, no normal values, no optimal values, and no
therapeutic goal values for blood flow have been determined.

Numerous alternative approaches to monitoring tissue per-
fusion have also been developed. Measurement of local blood
flow by thermal diffusion has been developed as an alterna-
tive to light scattering, and implantable probes using this tech-
nology are available. In addition, magnetic resonance imag-
ing, positron emission tomography, and contrast-enhanced ul-
trasonography have been used to measure tissue perfusion,
although these are not available as continuous monitoring
devices. Fluorescence microangiography has also been devel-
oped to provide both visual imaging of the microcirculation
and measurements of local blood flow (20,21). As with laser
Doppler monitoring, validated clinical applications for these
technologies have yet to be defined.

The Oxyg e n Challe ng e Te st

An approach to utilize tissue oxygen monitoring in a more
dynamic manner was proposed by Dr. Hunt’s group in San
Francisco (22). Endeavoring to assess adequacy of tissue per-
fusion in postoperative patients, they measured subcutaneous
pO 2 before and after patients breathed high inspired O 2 con-
centrations. The expected response in well-perfused patients
was a rapid increase in tissue pO2. Many postoperative pa-
tients failed to demonstrate this response, which was, however,
restored with intravenous fluid infusion. A physiologic expla-
nation for the responses of tissue pO2 to inspired O 2 is interest-
ing. If there is no cellular O 2 deficit, then additional dissolved
O 2 supplied after breathing O 2 is not required nor utilized by
cells, and therefore results in increased tissue pO2. However, if
there is a cellular O 2 deficit (shock), then any additional dis-
solved O2 would be rapidly utilized, and would thus not result
in increased tissue pO 2. The tissue pO 2 response to inspired O 2
may then be a relatively rapid and minimally invasive method
to detect cellular hypoxia. This approach, named the oxygen
challenge test, was evaluated in trauma patients (22,23) (Table
19.1). The O 2 challenge test had 100% sensitivity and speci-
ficity in detecting flow-dependent O 2 consumption in invasively
monitored patients in the intensive care unit. It also appeared
to be a very sensitive indicator of shock during acute resusci-
tation. This method, utilizing either transcutaneous or direct
tissue O2 monitors, has potential to detect which patients re-
quire fluid resuscitation, to provide a physiologic end point
for resuscitation, and to detect the patients in whom initial re-
suscitation is inadequate and who therefore require additional
monitoring and therapy. Using a noninvasive transcutaneous
(PtcO 2) monitor, Yu et al. have studied the O 2 challenge test in
patients in the intensive care unit and have validated the sensi-
tivity and specificity of the test in identifying patients in occult
shock. In addition, their data has defined an increase in PtcO 2
of greater than 20 to 25 mm Hg in response to a FiO 2 of 1.0
as a therapeutic endpoint (24,25). In a prospective randomized
trial using the oxygen challenge test as an end point of resus-
citation compared to the oxygen delivery variables from the
pulmonary artery catheter, an improved survival was reported
(25). The skin is the first to vasoconstrict (even before the gas-
trointestinal tract) and the last to perfuse in shock states, and
the use of the PtcO2 monitor may give an early warning signal

TA BLE 1 9 . 1

OXYGEN CHALLENGE TEST

1. Select patients who have baseline arterial O 2 saturation
over 90% on FiO2 < 0.6–0.8.

2. Obtain baseline transcutaneous (or tissue) pO 2 value.
3. Increase FiO2 to 1.0.
4. After 5 min, repeat transcutaneous (or tissue) pO 2

measurement.
5. If transcutaneous (or tissue) pO 2 increases > 20–25 torr,

patient can be assumed to have no flow-dependent
oxygen consumption.

6. If transcutaneous (or tissue) pO 2 increases < 20 torr,
provide therapy to increase oxygen delivery until step 5
is met.

From Waxman K, Annas C, Daughters K, et al. A method to
determine the adequacy of resuscitation using tissue oxygen
monitoring. J Trauma. 1994;36:852–858; Yu M, Morita SY, Daniel
SR, et al. Transcutaneous pressure of oxygen: a non-invasive and early
detector of peripheral shock and outcome. Shock . 2006;26:450–456;
and Yu M, Chapital A, Ho HC, et al. A prospective randomized trial
comparing oxygen delivery versus transcutaneous pressure of oxygen
values as resuscitative goals. Shock . 2007;27:615–622.

of occult shock. The same authors used the oxygen challenge
test to identify patients who may benefit from activated protein
C (26). Monitoring and treating the peripheral tissue oxygena-
tion state does not exclude utilization of central hemodynamic
parameters such as cardiac output and oxygen delivery (DO 2),
but does allow manipulation of DO 2 to reach a specific goal
of tissue perfusion rather than aiming for a general DO 2 value.

SUMMARY
Monitoring tissue perfusion and oxygenation provides impor-
tant physiologic information. However, there is currently no
consensus on how to utilize these devices. Great potential exists
to develop noninvasive systems utilizing these devices, which
will provide sensitive and specific indications both of the sever-
ity of shock and end points for resuscitation. Such systems
would provide a minimally invasive approach to improve the
treatment of shock. To achieve acceptance and application of
such systems will require quality clinical studies to determine
and validate optimal treatment goals.

PEARLS
1. A decreased transcutaneous oxygen value may be an

early warning of decreased arterial oxygenation, decreased
hemoglobin, or decreased cardiac output.

2. The ratio of transcutaneous oxygen to arterial oxygen may
be utilized as an end point of resuscitation, with a goal of
0.8.

3. Near-infrared spectroscopy devices placed on the thenar em-
inence provide a measure of tissue oxygenation, with a nor-
mal value of 87% ± 6% saturation. Values less than 75%
may indicate shock.
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4. Sublingual tonometry is a less invasive alternative to gastric
tonometry, but this technology needs to be reinstated since
it has been recalled.

5. Increased transcutaneous pCO 2 is an indicator of tissue aci-
dosis.

6. The presence of decreased end-tidal pCO 2 in the face of
normal arterial pCO2 is an indicator of low cardiac output.

7. The response of transcutaneous or tissue oxygen monitors
to an increased FiO 2 is an indication of the presence or ab-
sence of flow-dependent oxygen consumption. An increase
in tissue oxygen of greater than 24 torr may be utilized as
an end point of resuscitation.
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CHAPTER 20 ■ BEDSIDE ASSESSMENT AND
MONITORING OF PULMONARY FUNCTION
AND POWER OF BREATHING IN THE
CRITICALLY ILL
MICHAEL J. BANNER

IMMEDIATE CONCERNS

Major Prob le ms

Work of breathing per minute, or power of breathing (POB),
reflects the balance between patient spontaneous breathing de-
mand (driven by metabolic and neural factors) and the sup-
port provided by the ventilator. Increases in respiratory muscle
loading and, thus, POB result primarily from increased physio-
logic elastance and resistance. Because compliance is the recip-
rocal of elastance, as total compliance (lungs and chest wall)
decreases, elastic loading of the respiratory muscles increases.
The total resistive load is affected by physiologic airways and
breathing apparatus resistances. Elastance, resistance, or both
can significantly increase the POB or load on the respiratory
muscles, predisposing to muscle fatigue (loss of the force-
generating capacity of the muscles), carbon dioxide retention,
and hypoxemia.

Ventilatory support may be applied to partially or totally
unload respiratory muscles. High levels of ventilatory support
totally unload the muscles and, if applied for too long a pe-
riod, may lead to atrophy. Conversely, too little support risks
muscle fatigue. Unfortunately, in either case, the duration of
mechanical ventilation may be needlessly prolonged for recon-
ditioning/training if respiratory muscle atrophy is present or to
provide needed rest if the muscles are fatigued. Optimization of
ventilatory support to each patient’s unique needs requires in-
formation of the load on the respiratory muscles as well as gas
exchange. This manuscript will focus on POB measurements
as my approach to assess the load on the muscles and to pro-
vide a quantitative and goal-oriented method for appropriately
setting pressure support ventilation (PSV).

STRESS POINTS
1. Respiratory muscles are force generators, and the di-

aphragm accounts for 70% of normal tidal volume (VT).
2. The diaphragm has high endurance capability well suited to

low-tension, high-repetition activity (breathing). However,
it can be readily fatigued by increased air flow resistance
and duration of respiratory muscle contraction.

3. Imposed POBagainst a highly resistant ventilator circuit and
endotracheal tube leads to fatigue. Patients with an already

increased physiologic POB because of respiratory disease
tolerate such increases poorly.

4. Bedside measurement of POB, including breath-by-breath
analysis, and separation into its component parts are possi-
ble with a commercially available bedside monitor.

5. Inaccurate assessments of respiratory muscle loads by using
parameters like respiratory muscle pressure (Pmus) may re-
sult because of failure to assess chest wall compliance and
its contributions.

6. Factors that load the respiratory muscles include increases
of inspiratory flow rate and minute ventilation, physiologic
dead space volume–to–tidal volume ratio (VD/VT), intrinsic
positive end-expiratory pressure (PEEP), breathing appara-
tus resistance, and the ventilator response time. Many of
these factors can be altered favorably by careful adjustment
and replacement of highly resistant elements of the circuit
(particularly the endotracheal tube).

7. Respiratory muscle fatigue results from an imbalance of en-
ergy supply and demand.

8. Inferences as to POB, such as increased spontaneous breath-
ing frequency (f) and tidal volume (VT) alone can be mis-
leading.

9. Successful weaning from mechanical ventilation often re-
quires a decrease in the imposed POB to a tolerable
level. PSV is uniquely capable to decrease or eliminate
this workload when titrated in accordance with measured
POB.

ESSENTIAL DIAGNOSTIC TESTS
AND PROCEDURES

1. Most patients can be followed by conventional assess-
ment. However, when weaning, extubation, or both are
difficult or seemingly impossible, measurements of airway
pressures, VT, and POB with its component parts may
be useful in assessing the patient and guiding ventilatory
therapy.

2. Spontaneous and breathing patterns (f and VT), as well as
the use of accessory respiratory muscles such as the stern-
ocleidomastoid (SCM) muscle, should be continuously mon-
itored, but their limitations for predicting and assessing di-
aphragmatic fatigue, as detailed in this chapter, should be
well understood.
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INITIAL THERAPY
1. Decrease the imposed POB to zero using PSV as the first

step. This workload is of no value for muscle conditioning
and predisposes to fatigue.

2. Add additional PSV as necessary to reduce the physiologic
workload (elastance and resistance) to clinically acceptable
levels (i.e., POB of approximately 5–10 joules/minute).

3. Use the largest internal diameter endotracheal tube that is
unlikely to result in airway damage. A 1.0-mm increase of
the inside diameter is associated with significantly less resis-
tive imposed work (parenthetically to be noted is that less
air is needed for cuff inflation with larger tubes, thereby
decreasing the risk of cuff-induced tracheal damage).

4. Do not reduce PSV below the level that eliminates imposed
POB. To do so reloads the respiratory muscles, predisposing
to fatigue.

5. In difficult cases, use clinical parameters to supplement—but
not to replace—direct noninvasively measured POB.

RESPIRATORY MUSCLES
Respiratory muscles are the force generators that drive the res-
piratory system (1). Regarded as the primary inspiratory mus-
cle, the diaphragm accounts for approximately 70% of nor-
mal VT exchange. Other inspiratory muscles that account for
the balance of tidal ventilation are the external intercostals,
parasternals, and scalenes (2). The SCM muscles are major
accessory inspiratory muscles that have a predominantly
pump-handle action on the rib cage, elevating the first ribs and
sternum (Fig. 20.1). During quiet breathing, they are usually
inactive, but are always active during exercise and conditions
of respiratory muscle loading.

The internal intercostal and abdominal muscles are involved
with exhalation. On contraction, the internal intercostal mus-
cles lower the ribs, thus deflating the lungs. The external ab-
dominal oblique, internal abdominal oblique, transverse ab-
dominis, and rectus abdominis (1,2) (Fig. 20.1) are the most
important and powerful expiratory muscles. When these mus-
cles contract, the abdominal wall is pulled inward, causing in-
creased intra-abdominal pressure that forces the diaphragm
cephalad into the thoracic cavity (3). Concomitantly, the lower
ribs are pulled downward and medially. The net effect of these
actions is deflation of the rib cage. Normally, exhalation is a
passive process and the abdominal muscles are inactive. With
increased muscle loads (e.g., increased airway resistance), how-
ever, the abdominal muscles are recruited and exhalation be-
comes an active, energy-consuming process.

THE DIAPHRAGM
Because the diaphragm is the primary muscle of inspiration, the
physiologic characteristics and responses of this muscle during
conditions of loaded and unloaded breathing are described.

Muscle Fib e r Typ e s

The adult diaphragm is composed of three types of skeletal
muscle fibers: Type 1 (≤ 60% ), type 2A (≤ 20% ), and type
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FIGURE 20.1. Diagrammatic representation of inspiratory and expi-
ratory muscles; arrows indicate direction of action. Pab, abdominal
pressure; Ppl, intrapleural pressure. (Modified from Roussos C. Chest.
1985;88:S125.)

2B (≤ 20% ) (4). Skeletal muscle fibers are differentiated on
the basis of (a) velocity of shortening (fast and slow fibers),
and (b) the major pathway to form adenosine triphosphate
(ATP) (oxidative and glycolytic fibers) (5). In general, mus-
cle fibers are composed of two contractile protein filaments:
Myosin (thick filament) and actin (thin filament). Fibers con-
taining myosin with high ATPase activity (enzyme that cat-
alyzes the hydrolysis of ATP to adenosine diphosphate [ADP],
releasing chemical energy stored in ATP) are classified as fast
fibers; those containing myosin with lower ATPase activity
are slow fibers. In general, the more energy that is available
for contraction, the greater is the velocity of muscle fiber
shortening.

Force Ge ne rat ion and Fat ig ue

Muscle fibers differ in terms of size and force development.
Glycolytic fibers are larger in diameter than oxidative fibers. A
greater force or tension can be developed by a large-diameter
muscle fiber. Consequently, a type 2B fiber (strength oriented)
can generate more force than a type 1 fiber during contraction
(4,5). Fibers also differ in their ability to resist fatigue (mus-
cle fails as a force generator). Type 2B fibers fatigue rapidly,
whereas type 1 fibers are resistant to fatigue (endurance ori-
ented), a characteristic that allows them to maintain contractile
activity for long periods. Type 2A fibers have an intermediate
capacity to resist fatigue (4,6).
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End urance and St re ng t h

In general, the diaphragm is an endurance-oriented (low-
tension, high-repetition activity), not strength-oriented (high-
tension, low-repetition activity), muscle because most of the
muscle mass is composed of type 1, slow oxidative fibers.
In fact, it is capable of impressive feats of endurance. An
Olympic marathon runner can maintain high minute ventila-
tion of approximately 50 L/minute several hours per day for
many days in succession. Despite this endurance performance,
the diaphragm can be fatigued in a matter of minutes by an in-
creased resistance to flow rate or increased duration of muscle
contraction (4).

The duration of diaphragmatic contraction is the duty cy-
cle of the breath taken as the ratio of inspiratory time to total
respiratory cycle time (TI/Ttot ). Normally, the TI/Ttot ratio is
approximately 0.33 (7). The diaphragm, although contracting
rhythmically from minute to minute, requires time to recover
before contraction resumes. Impingement on this recovery time
by an increase in respiratory rate, duration of contraction, or
both predisposes to respiratory muscle fatigue. An increase in
respiratory rate, as in acute respiratory failure, causes a greater
reduction in expiratory time than inspiratory time, thus in-
creasing TI/Ttot and contributing to the development of fatigue
(6,7). In patients with severe respiratory muscle loading, we
have measured TI/Ttot ratios as high as 0.50 to 0.60.

Me asure me nt of Work of Bre at hing

The load on the respiratory muscles is a reverse force that op-
poses the contractile force of the muscles and may be assessed
by measuring the work of breathing per breath, that is, by in-
tegrating the change in esophageal pressure (Pes) and VT (8,9).

Work =
 

Pes VT

POB, the rate at which work is done, is a better assessment
of respiratory muscle loads than work per breath because it
is a measure over time, not for an individual breath. Because
of wide variations in breath-to-breath work measurements, at
times this method of assessing respiratory muscle workloads is
difficult to interpret. POB is determined by averaging work per
breath data over 1 minute.

The total respiratory muscle work performed by a sponta-
neously breathing, intubated patient connected to a mechan-
ical ventilator includes imposed and physiologic components
(Table 20.1). Imposed POB (work per minute performed by
the patient to breathe spontaneously through the endotracheal
tube, ventilator breathing circuit, and demand-flow system)
is an additional flow-resistive workload superimposed on the
physiologic work (10–12). Imposed POB may equal or exceed
the physiologic work under some conditions (13–15).

Imposed POB of the ventilator and endotracheal tube, a se-
ries resistance, is assessed by integrating the change in pressure
measured at the carinal end of the endotracheal tube and VT
(16). Pressure at the carinal or tracheal end of the tube is mea-
sured by inserting a narrow (1-mm outside diameter), air-filled
catheter through the tube and positioning it at the carinal end.
VT is measured by integrating the flow signal from a minia-
ture flow sensor (pneumotachograph) positioned between the
Y piece of the breathing circuit and the endotracheal tube.

TA BLE 2 0 . 1

WORK PER BREATH TO DETERMINE POWER OF
BREATHING PERFORMED BY A SPONTANEOUSLY
BREATHING, INTUBATED PATIENT (SEE FIG. 20.3)

Total work per breath

Physiologic work
Elastic and flow resistive

Imposed work
Resistive work imposed by breathing apparatus (endotracheal

tube, breathing circuit, demand-flow system, exhalation
valves)

These data are, in turn, averaged over 1 minute to determine
imposed POB (Fig. 20.2). Imposed POB should be nullified to
zero by using appropriate levels of PSV (Fig. 20.2A).

Physiologic work per minute or power of breathing includes
elastic (work required to overcome the elastic forces of the
respiratory system during inflation) and flow-resistive (work
required to overcome the resistance of the airways and tissues
to the flow of gas) components, and is approximately 4 to 8
joules/minute (8,17). Based on studying over 500 adults in a 10-
year span, a clinically acceptable range for total POB appears
to be about 5 to 10 joules/minute.

The Camp b e ll Diag ram

POB performed by the patient on the respiratory system (physi-
ologic power of breathing) and the ventilator and endotracheal
tube (imposed power of breathing) during spontaneous venti-
lation is calculated by integrating the changes in esophageal
pressure (indirect measurement of intrapleural pressure) and
volume. Intraesophageal pressure is measured with a balloon
catheter positioned in the middle to lower third of the esoph-
agus. Correct position is confirmed using an occlusion test as
described by Baydur et al. (18) (i.e., after occlusion of the air-
way opening, the change in pressure at the airway opening
and in the esophagus are nearly the same during spontaneous
inspiratory efforts). VT is measured as described previously.
Data from these measurements and measurement of chest wall
compliance are processed and the work of breathing calcu-
lated using the Campbell diagram (9,19,20) (Fig. 20.3). Work
per breath measurements are then averaged over 1 minute to
compute POB.

Che st Wall Influe nce on Powe r
of Bre at hing Me asure me nt s

To calculate work of breathing so as to determine POB us-
ing the Campbell diagram, chest wall compliance must first
be measured. Accuracy in measuring chest wall compliance re-
quires a relaxed and mechanically ventilated patient. To mea-
sure chest wall compliance, one approach is to administer
adequate sedation (1–2 mg of intravenous midazolam) or in-
duce pharmacologic paralysis to induce relaxation, and then
the mechanical ventilator rate is increased transiently to ap-
proximately 10 to 12 breaths/minute. Under conditions of
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FIGURE 20.2. Work imposed by the breathing apparatus is determined during spontaneous breathing
by measuring change in pressure at the tracheal or carinal end of the endotracheal tube (PET) and change
in volume (tidal volume) between the Y piece of the ventilator breathing circuit and the endotracheal
tube. PET and the change in volume are directed to a respiratory monitor and are integrated to display
a pressure–volume (work) loop and provide real-time calculations of the inspiratory imposed work of
breathing (i.e., the shaded area of the loop). I, inhalation; E, exhalation (see Fig. 20.2A). (continued )

mechanical inflation with a preselected VT and a relaxed pa-
tient, esophageal pressure increases. The changes in esophageal
pressure and volume are integrated to produce a pressure–
volume loop that moves in a counterclockwise direction. The
slope of this pressure–volume loop is interpreted as chest wall
compliance. Measured chest wall compliance values for adult
patients who were diagnosed with acute respiratory failure av-
eraged 0.109 ± 0.037 L/cm H 2O (21). Subsequently, when
the patient resumes breathing spontaneously, total POB (phys-
iologic plus imposed) is then computed using the Campbell
diagram as previously described.

Alt e rnat ive Me asure me nt s

Measurement of the area enclosed within an esophageal
pressure–volume loop during spontaneous breathing under-
estimates the work per breath, and thus POB, because the
area of the loop includes only the resistive work (physio-
logic plus imposed) and a small portion of the elastic work
(see Fig. 20.3). Some investigators fitted a right triangle to
the esophageal pressure–volume loop to infer elastic work;
however, this approach also underestimates elastic work of

breathing (22). Measurement of the pressure change at the Y
piece of the ventilator breathing circuit tubing or at the cari-
nal end of the endotracheal tube and the change in volume
during spontaneous breathing allows calculation only of the
work imposed by the ventilator and ventilator plus the endotra-
cheal tube, respectively (11,16). Thus, accurate measurement
of the total POB (physiologic plus imposed) requires monitor-
ing equipment with appropriate hardware and software to use
the Campbell diagram.

Using Pmus, the sum of elastic pressure (VT divided by res-
piratory system compliance) and resistive pressure (flow rate
times total resistance, which is respiratory system resistance
plus endotracheal tube resistance) alone to predict work per
breath via a conversion factor has been advanced (23). How-
ever, in our experience this is an inaccurate method of pre-
dicting work of breathing per breath. This method does not
take into consideration the effects of decreased chest wall com-
pliance on increasing elastic work and, thus, total work per
breath.

We measured total work per breath (imposed plus phys-
iologic work) with an esophageal balloon catheter using the
Campbell diagram, as well as calculating POB on over 200
adults receiving PSV while simultaneously calculating Pmus.
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FIGURE 20.2. (Continued ) Recordings of imposed
work of breathing obtained by integrating the changes
in pressure at the tracheal or carinal end of the endotra-
cheal tube (PET) and volume at the Y piece of the ventila-
tory breathing circuit for a patient intubated with an 8.5-
mm internal diameter endotracheal tube and connected
to a ventilator (7200a, Puritan-Bennett) while breathing
spontaneously with zero end-expiratory pressure. Inspi-
ratory flow rate (V̇) and airway pressure (PAW) are mea-
sured at the Y piece of the breathing circuit (see Fig.
20.2). The pressure–volume loop moves in a clockwise
direction during inhalation (I) and exhalation (E), and
the area circumscribed within the loop to the left of zero
pressure is imposed work. A: No pressure support venti-
lation (PSV) is applied. Notice the value of imposed work
and that PET decreases by a greater amount than PAW dur-
ing spontaneous inhalation because of the resistance of
the endotracheal tube. B: PSV of 10 cm H2O is applied,
and imposed work decreases to zero. PAW increases to a
greater level, and PET does not decrease during inhalation
compared with A. Notice that volume increases from ap-
proximately 0.35 L in A to 0.50 L in B as a result of PSV.
A minimal level of PSV is that which corresponds to zero
imposed work of breathing.

We found that Pmus was a poor predictor of work per breath
(r2 = 0.42). Because this approach resulted in both over- and
underestimations of the work of breathing per breath, it is not
recommended for use in clinical practice for patients attached
to life-support ventilators.

Noninvasive Me asure me nt
of Powe r of Bre at hing

Power of breathing can be calculated noninvasively (POBN )
with reasonable clinical accuracy for patients receiving ven-
tilatory support by using an artificial neural network (ANN)

(24). An ANN is a contemporary computational tool used for
predicting, as in predicting a physiologic parameter for exam-
ple. In one clinical study (24), data from an esophageal balloon
catheter and airway pressure/flow sensor were used to measure
POB invasively as defined above. A pretrained ANN provided
real-time calculation of POBN . The ANN used five parameters,
each readily determined from pressure and flow tracings ob-
tained at the airway opening of an individual patient to predict
POB (i.e., spontaneous minute ventilation, intrinsic positive
end-expiratory pressure [PEEPi], inspiratory pressure trigger
depth, inspiratory flow rise time, and Pmus) (Fig. 20.4). Inva-
sive POB and POBN were measured at various levels of PSV,
ranging from 5 to 25 cm H 2O. POBN was highly correlated
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FIGURE 20.3. Clinical method of measuring the patient’s work of breathing (physiologic plus imposed
work). Work is computed using the Campbell diagram, which relates the change in volume plotted over
the change in esophageal pressure (inference of intrapleural pressure) during spontaneous inhalation
(I) and exhalation (E). The change in volume is measured at the connection between the Y piece of the
breathing circuit and the endotracheal tube with a miniature pneumotachograph (flow sensor). Esophageal
pressure (Pes) is measured with an intraesophageal balloon positioned in the middle to lower third of the
esophagus. The Pes–volume loop moves in a clockwise direction; the slope of the loop is lung compliance
(CL). Chest wall compliance (CCW) is obtained previously by mechanically ventilating a relaxed patient.
Under these conditions the Pes–volume loop moves in a counterclockwise direction (not shown); the slope
of the loop is CCW. (This compliance value is stored in the monitor’s computer memory and is used to
construct the Campbell diagram.) Inspiratory resistive work of breathing includes the physiologic resistive
work on the airways and the imposed resistive work on the endotracheal tube and ventilator breathing
circuit (vertical lines). Elastic work of breathing is the triangular-shaped area subtended by the lung and
chest wall compliance curves (diagonal lines). Total measured work of breathing, the sum of resistive
and elastic work, is 1.5 J/L in this example. (From Banner MJ, Kirby RR, Gabrielli A, et al. Partially and
totally unloading the respiratory muscles based on real time measurements of work of breathing: a clinical
approach. Chest. 1994;106:1835.)

with invasive POB (r = 0.91, p < 0.002) (Figs. 20.5 and 20.6).
A Bland–Altman plot comparing POBN and invasive POB re-
vealed that bias was zero and precision was clinically accept-
able at 2.2.

This method obviates the need for inserting an esophageal
balloon catheter, and thus greatly simplifies measurement of
power of breathing. It could be fully automated into mechani-
cal ventilators. POBN may be a clinically useful tool for consid-
eration when setting PSV to unload the respiratory muscles.

LOADING FACTORS
For healthy, asymptomatic individuals, the load on the res-
piratory muscles results from normal impedance (compliance
and resistance) and ventilation loads (25). Increases in respira-
tory muscle loading result from a variety of physiologic and
breathing apparatus factors. Physiologic factors include de-
creases in lung or chest wall compliance, or both, secondary to
pulmonary abnormalities (Figs. 20.7 and 20.8, and Table 20.2)
or bronchoconstriction, leading to peripheral, widespread nar-

rowing of the airways that increase elastic and resistive loading,
respectively. To assess these factors, respiratory system compli-
ance and resistance can be measured with the patient attached
to a ventilator.

Spontaneous inspiratory flow rate demand affects resistive
POB directly. This relationship can be explained by an anal-
ogy of the Ohm Law of electricity (i.e., change in pressure
equals inspiratory flow rate demand multiplied by airway re-
sistance). Assuming a fairly constant airway resistance over a
range of flow rates, increases in the patient’s peak inspiratory
flow rate demand result in greater changes in pressure. Because
work =

 
Pes VT, a greater change in pressure with the same

change in volume produces greater work per breath, and thus
POB (17).

Minut e Ve nt ilat ion

Increases in the VD/VT ratio and minute ventilation also are
forms of respiratory muscle loading that lead to increased POB
(25). Under both conditions, the respiratory muscle pump is
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FIGURE 20.4. Schematic representation of a patient with acute respi-
ratory failure attached to a ventilator and connected to respiratory
monitoring equipment (NICO, Respironics) containing an artificial
neural network (ANN) for the noninvasive determination of power
of breathing (POBN ).

forced to work harder per minute (power) to meet the metabolic
demands and maintain appropriate oxygen and carbon diox-
ide exchange. Assuming no change in oxygen consumption and
carbon dioxide minute production, an increase in VD/VT from
0.3 to 0.5, typical of adults with acute respiratory failure in
my experience, requires the respiratory muscle pump to work
proportionately harder by increasing exhaled minute ventila-
tion by 50% to maintain the same alveolar minute ventilation
and appropriate carbon dioxide elimination to control PaCO 2
(Table 20.3).

Int rinsic Posit ive End -e xp irat o ry Pre ssure

Increased levels of PEEPi, or auto PEEP, as a result of increased
expiratory airway resistance, inadequate exhalation time, or
both, is another form of respiratory muscle loading. PEEPi
must be counterbalanced by an equivalent change in alveo-
lar pressure before air can flow into the lungs (26). Consider
a patient with dynamic hyperinflation and a PEEPi level of 5
cm H 2O breathing room air spontaneously. Intra-alveolar pres-
sure must decrease by at least 6 cm H 2O (instead of 1 cm H 2O
under normal conditions) so that alveolar pressure falls below
ambient pressure. A pressure gradient between the mouth and
alveoli must occur for air to flow into the lungs. Under these
conditions, a greater decrease in pleural pressure is required
than normal, and a greater POB results.

Bre at hing Ap p arat us

Several breathing apparatus factors affect the imposed work of
breathing. The endotracheal tube is probably the most signifi-
cant resistor in the breathing apparatus (11,12,27–29). Breath-
ing through a narrow internal diameter endotracheal tube at-
tached to a highly resistive demand-flow continuous positive
airway pressure (CPAP) system requires a large change in pres-
sure to move a specific volume. An increased resistive workload
is imposed by the apparatus (30,31) (Fig. 20.9).

Ve nt ilat or Re sp onse Time and Aut omat ic
and Variab le Insp irat o ry Pre ssure Assist

The response time of the ventilator (time delay from the ini-
tiation of spontaneous inhalation to the onset of flow in the
airway) directly affects the imposed POB. It is partly affected
by the method of triggering the system “on,” and partly by
the ventilator’s sensitivity/trigger setting. The response char-
acteristics of a ventilator’s demand-flow CPAP system are im-
proved by moving the pressure-measuring/triggering site phys-
ically closer to the respiratory muscles (i.e., at the tracheal or
carinal end of the endotracheal tube) (32). Significantly less im-
posed work results from pressure-triggering the system on at

FIGURE 20.5. Relationship between
directly or invasively measured power
of breathing requiring the use of
an intraesophageal balloon catheter
(y axis) and noninvasively predicted/
calculated power of breathing (POB)
(x axis) using the nonlinear multilayer
Perceptron artificial neural network
model is shown. A highly significant
correlation (r = 0.91, p < 0.002) be-
tween the two was found. The model
was a very good predictor of PO B
as evidenced by the high value for
the coefficient of determination, r2 =
0.83, p < 0.002. (From Banner MJ,
Euliano NR, Brennan V, et al. Power
of breathing determined noninvasively
using an artificial neural network in
patients with respiratory failure. Crit
Care Med. 2006;34:1052–1059.)
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FIGURE 20.6. Examples of trend plots of patients with low, moderate, and high values of power of
breathing (POB) while treated with pressure support ventilation are shown. Two patients are shown in
each category. Note that noninvasively predicted/calculated POB tracked in a nearly identical manner
with invasively measured POB for all three categories of patients. The artificial neural network used for
predicting/calculating POB appears to be accurate over wide ranges of POB as might be expected in clinical
practice. (From Banner MJ, Euliano NR, Brennan V, et al. Power of breathing determined noninvasively
using an artificial neural network in patients with respiratory failure. Crit Care Med. 2006;34:1052–1059.)

the carinal end of the endotracheal tube compared with the con-
ventional method of pressure-triggering from inside the venti-
lator or using flow-by (flow-triggered) initiation (33,34). Dur-
ing spontaneous inhalation, automatic and variable inspiratory
pressure assist results when using tracheal pressure rather than
breathing-circuit Y-piece pressure to control the operation of

the ventilator, which, in turn, acts to decrease imposed resistive
work of breathing to nearly zero (35). This is described as a
closed-loop tracheal pressure ventilator control system (Figs.
20.10 and 20.11).

With pressure-triggering from inside the ventilator or
with flow-by triggering, an initial pressure drop across the

FIGURE 20.7. Pressure at the Y piece
of the breathing circuit, referred to
as “airway pressure” ; flow rate dur-
ing inhalation (I) and exhalation (E);
and tidal volume are shown dur-
ing a conventionally applied ventila-
tor breath (left) and then using an
end-inspiratory pause (EIP) (right). An
EIP is used for the purpose of mea-
suring respiratory system compliance
(CRS) and resistance (RRS). The patient
should be perfectly relaxed for these
measurements. Peak inflation pressure
(PIP) is the maximum pressure gen-
erated following tidal volume inhala-
tion. At the end of the preselected EIP
time, usually about 0.5 seconds, PIP
decreases to the static elastic recoil
pressure or plateau pressure (Pplt) of
the respiratory system. PIP is the sum
of the resistive (endotracheal tube and
physiologic airways series resistance)
and elastic pressures (lung and chest
wall elastance). CRS and RRS are cal-
culated based on these data (see Table
20.2).
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FIGURE 20.8. Elastic work of breathing
varies inversely with lung compliance (CL).
Functional residual capacity (FRC) is defined
as the intersection of the lung and chest wall
compliance (CCW) curves. Under conditions
of normal lung compliance (left), a change in
intrapleural pressure occurs accompanied by
a change in tidal volume (VT) during sponta-
neous inhalation (I) and exhalation (E). The
pressure–volume loop moves in a clockwise
direction. Elastic work of breathing is the area
indicated by the diagonal lines. Decreases in
CL result in increased elastic work of breath-
ing; notice flattened CL curve and increased
elastic work area (diagonal lines) (right). In
addition to decreased lung volume (decreased
FRC), a greater change in intrapleural pres-
sure is required to exchange a smaller tidal
volume, a characteristic of acute respiratory
failure.

endotracheal tube must be generated by the patient before flow
is initiated. This effort results in significant increases in im-
posed work. By contrast, pressure-triggering at the carinal end
of the endotracheal tube effectively decreases the resistance by
the endotracheal tube during spontaneous inhalation, thus de-
creasing the imposed POB.

The sensitivity/trigger setting on the ventilator directly af-
fects the imposed POB. At a higher setting, a greater change in
pressure is required to trigger the system on, thereby increasing
the POB (35).

CLINICAL IMPLICATIONS OF
RESPIRATORY MUSCLE LOADING

Fat ig ue

Increased respiratory muscle loading results in increases in the
force and duration of diaphragmatic contraction, and leads

to an increased tension-time index of the diaphragm (TTdi)
(7). TTdi is the product of transdiaphragmatic pressure over
the maximum transdiaphragmatic pressure (Pdimax) and the
ratio of inspiratory time to total cycle time (TTdi = Pdi/Pdimax
× TI/Ttot ). The TTdi is similar to the tension-time index
for the heart and gives a useful approximation of muscle
energy demands (6,7). During spontaneous breathing, the
change in transdiaphragmatic pressure is normally about
10 cm H 2O and the TI/Ttot ratio is 0.33, effecting a TTdi
of 0.03 (TTdi = 10 cm H2O/100 cm H 2O × 0.33). With
increased respiratory muscle loading, Pdi may increase to
30 cm H 2O and TI/Ttot to about 0.5, resulting in a TTdi
of 0.15. Breathing patterns with a TTdi of about 0.15 to
0.20 are called fatiguing to indicate that the diaphragm
will, in time, fail (6,7). Presumably, when the demand of the
diaphragm exceeds 0.15 to 0.20, sufficient energy supplies are
not available (6,7). This threshold TTdi is related to the lim-
itation of blood perfusion and oxygen delivery to the muscle
(Fig. 20.12).

TA BLE 2 0 . 2

CALCULATIONS OF RESPIRATORY SYSTEM COMPLIANCE AND RESISTANCE
(SEE FIG 20.7)

aRespiratory system compliance =
Tidal volume

Inspiratory plateau pressure − PEEP

0.05 L/ cm H 2O =
1 L

20 cm H 2O − 0 cm H 2O

bRespiratory system resistance =
Peak inflation pressure − Inspiratory plateau pressure

Inspiratoryflow rate

10 cm H 2O/ L/ sec =
30 cm H 2O − 20 cm H 2O

1 L/ sec

aReflects elastic work of spontaneous breathing; that is, the lower the respiratory system compliance, the
greater the elastic work of breathing, and vice versa (see Fig. 20.8).
bReflects resistive work of spontaneous breathing; that is, the greater the respiratory system resistance
(physiologic + imposed resistances), the greater the resistive work of breathing, and vice versa.
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TA BLE 2 0 . 3

EFFECT OF INCREASED PHYSIOLOGIC DEAD SPACE VOLUME, AS ASSESSED BY
THE DEAD SPACE VOLUME TO TIDAL VOLUME RATIO (Vd/Vt), ON EXHALED
MINUTE VENTILATION (VE)

PaCO 2 =
VCO 2

VE (1 − VD/ VT)
× 760 mm Hg

A. VD/VT = 0.30 (normal)

PaCO2 =
200 mL/ min

6,000 mL/ min (1 − 0.30)
× 760 mm Hg

PaCO 2 = 36 mm Hg

B. VD/VT = 0.50 (increased)

PaCO2 =
200 mL/ min

9,000 mL/ min (1 − 0.50)
× 760 mm Hg

PaCO 2 = 34 mm Hg

As physiologic dead space volume to tidal volume ratio increases from 0.30 to 0.50,
spontaneous minute ventilation increases from 6,000 mL/min to 9,000 mL/min
(50% increase in respiratory muscle loading) to maintain the same alveolar minute
ventilation and essentially the same PaCO 2, assuming no change in VCO 2.

VCO 2, carbon dioxide minute production.

FIGURE 20.9. Influence of endotracheal tube size on imposed and
total work of breathing. Before intubating a group of piglets (N = 8;
weight, approximately 10 kg), the mean physiologic work, as measured
using the method described by Campbell, was 0.5 J/L. Subsequently,
all animals breathed through endotracheal tubes of 7-, 6-, 5-, and then
4-mm internal diameter, which were sequentially inserted into their
tracheas. Imposed work of the endotracheal tube (diagonally striped
columns) is superimposed on the physiologic work (open columns),
yielding the total work of breathing on the respiratory muscles. The
narrower the endotracheal tube was, the greater the imposed and, thus,
total work of breathing. Total work increased by 312% with the nar-
rowest internal diameter endotracheal tube, predisposing to respiratory
muscle fatigue. (From Widner L, Banner MJ. A method of decreasing
the imposed work of breathing associated with pediatric endotracheal
tubes [abstract]. Crit Care Med. 1992;20;S82.)

Ene rg y Sup p ly and De mand

Respiratory muscle fatigue develops for the same reasons that
one develops angina pectoris: Demand for energy exceeds the
supply of energy (6,36). Energy supply refers to the propor-
tion of cardiac output, blood perfusion, oxygen, and nutrients
to the respiratory muscles that directly affect the synthesis of
ATP. Respiratory muscle fatigue develops when ATP hydrolysis
exceeds ATP synthesis as a result of an imbalance between en-
ergy supply and demand. Under conditions of increased muscle
loading, respiratory muscle energy demands increase. Increases
in muscle blood flow demand and oxygen consumption pre-
dispose to the development of muscle ischemia, fatigue, and
respiratory failure (36,37). VT decreases and increases in dead
space to VT ratio, and arterial carbon dioxide levels result when
the respiratory muscles fail as force generators. Clinically, di-
aphragmatic fatigue is associated with abdominal paradox (ab-
normal inward movement of the diaphragm during sponta-
neous inhalation) and respiratory alternans (Fig. 20.13).

Bre at hing Pat t e rn

Fre q ue ncy
When pulmonary mechanics deteriorate, the respiratory mus-
cles are loaded and POB increases. As a result, the breathing
pattern changes (Table 20.4). These changes are vagally me-
diated by afferent or sensory fibers (load sensors) in the lungs
and respiratory tract. Three types of afferent fibers modulate
the breathing pattern: (a) slowly adapting receptors (SARs);
(b) rapidly adapting receptors (RARs) (also termed deflation,
cough, or irritant receptors), both of which are pulmonary
stretch or mechanoreceptors; and (c) chemosensitive or C-fiber
endings (38). SARs are found in the bronchial smooth muscle
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FIGURE 20.10. Pneumatically powered tra-
cheal pressure control (TPC) system employs
closed-loop feedback control by using tra-
cheal pressure from the carinal or distal end
of the endotracheal tube to control system op-
eration during spontaneous breathing. Inspi-
ratory assist pressure provided at the Y piece
of the breathing circuit is automatic and vari-
able on demand during spontaneous inhala-
tion. That is, the greater the patient’s inspira-
tory effort demand-flow is, the lower the tra-
cheal pressure signal, the more the pressure
regulator (demand-flow valve) opens, and the
greater the inspiratory pressure assist mea-
sured at the Y piece of the breathing circuit.
The greater the pressure assist or pressure
support ventilation–like effect is, the greater
the work by the system to minimize imposed
resistive work of breathing (see Fig. 20.11).
Note: The exhalation valve closes during in-
halation and opens partly during exhalation
to function as a threshold resistor so as to
maintain the preselected level of continuous
positive airway pressure (CPAP).

fibers, RARs are situated in the superficial layers of the res-
piratory tract mucosa, and C fibers are found in the airway
epithelium (38).

Ce nt ral Ne rvous Syst e m Mod ulat ion

The mechanoreceptors monitor changes in pulmonary me-
chanics and thoracic gas volume (functional residual capacity)
(39,40). After a decrease in lung compliance (increase in res-
piratory muscle load), an increase in discharge activity occurs.
Similar responses result after increases in total resistance. C-
fiber endings are activated by many substances produced in the
lungs such as histamine, bradykinin, and some prostaglandins.
Some sympathetic afferents also may be activated in response
to increases in mechanical loads. Afferent discharge signals
from the sensory fibers are directed by the vagus nerve to the
central respiratory controllers in the central nervous system
(CNS), modifying their output signals, which in turn modify
the breathing pattern (3).

Stimulation of these receptors produces patterns of rapid,
shallow breathing and an optimal breathing frequency to min-

imize large changes in intrapleural pressure (41). Patients with
loaded respiratory muscles breathe at a faster rate and a smaller
VT to minimize the POB, the so-called “minimal POB” or “ least
average force” concept, producing the most energy-efficient
combination of breathing frequency and VT (17,41,42). When
the frequency is too low, much elastic work is required to pro-
duce large VTs; when the frequency is too high, much resistive
work is required (as well as useless work to ventilate the dead
space with each breath) (17) (Fig. 20.14). This mechanism also
functions to protect the respiratory muscles from exhaustive,
fatiguing contractions that can lead to muscle fiber splitting,
hemorrhage, and self-destruction (3).

Infe rre d Work of Bre at hing

Spontaneous breathing frequency and tidal volume are used
as inferences of the POB (43). An abnormal adult respiratory
muscle workload is inferred when the spontaneous respira-
tory rate is greater than 25 to 30 breaths/minute; a breathing
rate of 15 to 25 breaths/minute is inferred to mean that work-
load is tolerable and in a more normal range. These inferences,

FIGURE 20.11. Operation of the tracheal pressure con-
trol (TPC) system as shown in Figure 20.10 illustrates
the automatic and variable inspiratory pressure assist to
minimize imposed resistive work of breathing (WOBi).
Data for work of breathing by the ventilator assisting in-
halation (WOBv) are also shown. Peak inspiratory flow
rate demands for breaths “A,” “B,” and “C” are 0.5,
1.0, and 2 L/second, respectively. TPC responds auto-
matically by providing inspiratory assist in proportion
with the demands at 15, 30, and 50 cm H 2O, respec-
tively, to decrease WOBi to nearly zero for all conditions.
Breathing circuit pressure measured at the Y piece (PY),
not pulmonary airway pressure as reflected by tracheal
pressure (PT), is increased. The greater the patient’s in-
spiratory flow rate demand is, the greater the inspiratory
pressure assist to minimize WOBi, and vice versa.
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FIGURE 20.12. Increased respiratory muscle loading and the subse-
quent effects leading to fatigue are shown. Fatigue is defined as loss of
the force-generating capacity of the respiratory muscles.

however, seem to be inaccurate and misleading with regard to
the POB (44,45). Although patients breathing between 15 and
25 breaths/minute often demonstrate an apparently acceptable
breathing pattern, the respiratory muscle workloads may vary
from fatiguing to normal to zero (44,45).

INAPPROPRIATE RESPIRATORY
MUSCLE UNLOADING WHEN

USING CONVENTIONAL METHOD
FOR SETTING PRESSURE
SUPPORT VENTILATION

A primary goal of mechanical ventilatory support for sponta-
neously breathing patients with respiratory failure is reduction
of excessive POB. Appropriate respiratory muscle unloading
to decrease power of breathing is thought to be achieved by
setting PSV using the following conventional method:

■ Spontaneous breathing frequency 15 to 25 breaths/minute
■ Tidal volume 6 to 8 mL/kg ideal body weight
■ Absence of SCM contraction
■ Appearance of breathing comfortably and no apparent anx-

iety or adverse cardiovascular effects

FIGURE 20.13. Abdominal paradox refers to the paradoxical inward
movement of the abdomen during spontaneous inhalation (bottom).
Normally, the abdomen moves outward during inhalation, like the
chest (top). As diaphragmatic fatigue occurs (diaphragm fails as force
generator), the diaphragm is no longer able to contract and move
downward to displace the abdominal viscera and move the abdomen
outward. The inward abdominal movement during inhalation is a re-
sponse to the passive and cephalad diaphragmatic movement due to
the negative intrathoracic pressure induced by contraction of accessory
respiratory muscles like the sternocleidomastoid muscles, for example.
Respiratory alternans is the manifestation of the alternating activity of
the diaphragm and the intercostals and accessory respiratory muscles.
When the diaphragm, working against a fatiguing load, fails, the acces-
sory respiratory muscles assume a greater share of the work of breath-
ing. Subsequently, when these muscles in turn fail, the diaphragm, now
rested, resumes its activity and the cycle repeats. Hence, respiratory al-
ternans is characterized by normal alternating with paradoxical breath-
ing. These signs with tachypnea reflect early diaphragmatic fatigue and
may actually precede acute hypercapnia.

We evaluated the effects on respiratory muscle workloads
using this method of applying PSV in 115 adults (55 males,
60 females, weight 81 ± 18 kg, age 55 ± 11 years) with
varying degrees of respiratory failure from various etiolo-
gies (e.g., pneumonia, sepsis, trauma, congestive heart fail-
ure) (institutional review board [IRB] approved). A combined

TA BLE 2 0 . 4

MANIFESTATIONS OF LOADED RESPIRATORY
MUSCLES AND FATIGUEa

■ Increased breathing frequency
■ Discoordinate respiratory movements, that is, abdominal

paradox (abnormal inward abdominal displacement
during spontaneous inhalation, characteristic of a
fatigued diaphragm) and respiratory alternans
(alternating between abdominal paradox and normal
breathing, which is characterized by an outward
displacement of the abdominal wall during inhalation)
(see Fig. 20.13)

■ Hypercapnia and respiratory academia
■ Terminal fall in breathing frequency and minute

ventilation

aFatigue is defined as loss of the force-generating capacity of the
muscles.
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FIGURE 20.14. Minimal work of breathing (WOB): Optimal breath-
ing frequency concept as described by Otis (17) and Sant’ Ambrogio
and Sant’ Ambrogio (41). Total WOB (thick line) consists of resistive
(dashed line) and elastic work (thin line). Under normal conditions
(top), patients adopt a breathing frequency and tidal volume combi-
nation, which corresponds to minimal total WOB; that is, for adults,
an optimal breathing frequency and tidal volume are approximately
of 12 to 15/minute and 500 mL, respectively. Elastic work is excessive
at lower breathing frequencies and higher tidal volumes. Conversely,
resistive work increases at higher breathing frequencies and lower tidal
volumes. The body adopts a motion that strains it the least. Under con-
ditions of decreased compliance (increased elastance), the respiratory
muscles are loaded (bottom), and a breathing frequency of 12/minute
and tidal volume of 500 mL are no longer optimal because elastic
work, and thus total WOB, are increased. The optimal breathing fre-
quency and tidal volume combination corresponding to minimal total
WOB are a frequency of approximately 25/minute and a tidal volume
of about 250 mL. Thus, a rapid, shallow breathing pattern is a com-
pensatory, energy-efficient breathing strategy to minimize WOB.

pressure/flow sensor, positioned between the endotracheal tube
and Y piece of the ventilator, was directed to a respiratory mon-
itor (NICO, Respironics and Convergent Engineering). The
following were measured continuously after using the afore-
mentioned method for setting PSV: POBN , spontaneous f and
VT, and level of PSV. Patients were monitored for their entire
time they were on ventilatory support. The intensive care unit
(ICU) staff were blinded to measurements. POBN respiratory
monitors were continuously checked by a research respiratory
therapist who did not intervene with clinical management de-
cisions. PSV was combined with intermittent mandatory ven-
tilation (IMV) (6 ± 3/minute), PEEP (8 ± 4 cm H 2O), and
FIO 2 (0.55 ± 0.15).

Patients were divided into three respiratory muscle work-
load groups: Group A: POBN < 5 joules/minute; group B:

POBN > 5 and < 10 joules/minute; and Group C: POBN > 10
joules/minute. Data were analyzed using analysis of variance
(ANOVA); α was set at 0.05. (Group A represents patients
whose workload is negligible, predisposing to respiratory mus-
cle disuse atrophy. Group B represents patients in a clinically
appropriate range based on studying over 500 adults. Group
C represents patients whose workload per minute may be in a
fatiguing range.)

It was revealed that approximately the same level of PSV
was applied to all groups (i.e., 12–14 cm H2O by setting PSV us-
ing the conventional method as previously defined). Although
f and VT were in appropriate ranges most of the time for all
groups, group A was unloaded too much, predisposing to the
development of disuse atrophy (largest group); group C was not
unloaded enough, predisposing to muscle fatigue; and group
B (only 12% of patients) was unloaded appropriately (Fig.
20.15). For 66% of our patients (N = 76) whose level of PSV
was set based on the conventional method of inferring work-
loads, the respiratory muscles were either unloaded too much
or not unloaded enough. These findings support the need to
include both respiratory muscle load (POBN ) and tolerance (f,
VT) measurements to ensure appropriate unloading when using
PSV (i.e., a combined load and tolerance strategy is advocated).

We contend that the breathing pattern alone is not an accu-
rate predictor of POB. The breathing pattern reflects tolerance
for the load on the respiratory muscles, where POBN reflects
the magnitude of the load. Both breathing pattern and POBN
data should be used in a complementary manner when selecting
a level of PSV to unload the respiratory muscles.

Data also suggest that the perceived inspiratory effort sen-
sation during spontaneous breathing (how the patient feels,
degree of comfort) is not related to the presence of fatiguing or
nonfatiguing diaphragmatic contractions (46).

DECREASING RESPIRATORY
MUSCLE LOADS (POWER

OF BREATHING)

The rap e ut ic Ob je ct ive s

Objectives of therapy for loaded or fatigued muscles include the
following: (a) decrease energy demand (POB), and (b) increase
energy supply (oxygen, blood flow, and nutrient delivery) to the
respiratory muscles. PSV is advocated to unload the respiratory
muscles, decrease the POB, and decrease the energy demands
of patients with decreased compliance and increased resistance
(47,48). It also augments spontaneous breathing by potentially
decreasing the work imposed by the resistance of the breathing
apparatus to zero (10,28).

In the PSV mode, the ventilator is patient-triggered on, and
an abrupt rise in airway pressure to a preselected positive pres-
sure limit results from a variable flow rate of gas from the ven-
tilator. As long as the patient maintains an inspiratory effort,
airway pressure is held constant at the preselected level. Gas
flow rate from the ventilator ceases when the patient’s inspira-
tory flow rate demand decreases to a predetermined percentage
of the initial peak mechanical inspiratory flow rate (e.g., 25% ).
The ventilator is thus flow-cycled “off” in the PSV mode.

Once the preselected inspiratory pressure limit is set, the
patient interacts with the pressure-assisted breath and retains
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FIGURE 20.15. Noninvasively mea-
sured power of breathing (POBN ),
spontaneous breathing frequency (f)
and tidal volume (VT), and level of
pressure support ventilation (PSV) for
three groups of patients based on their
range of POBN . PSV was set based
on evaluation of f, VT, accessory mus-
cle use, and appearance of breathing
comfortably with no apparent anxi-
ety or adverse cardiovascular effects.
The level of PSV applied to all groups
was about the same at 12 to 14 cm
H2O. Although f and VT were within
clinically acceptable ranges for all
groups, the respiratory muscle work-
loads as assessed by POBN were sig-
nificantly different. Group A patients
received too much PSV and were un-
loaded too much, predisposing to dis-
use respiratory muscle atrophy. Group
B patients were unloaded in an ap-
propriate clinical range (about 5–10
joules/minute). Group C patients did
not receive enough PSV and were not
unloaded enough, predisposing to res-
piratory muscle fatigue.

control over inspiratory time and flow rate, expiratory time,
breathing rate, VT, and minute volume (Fig. 20.16). Patient
work decreases, and ventilator work increases at incremental
levels of PSV (21,27). Decreasing the load on a muscle to an
appropriate level decreases the force and duration of muscle
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FIGURE 20.16. Airway pressure and flow waveforms are depicted
for pressure support ventilation (PSV). After the ventilator is patient-
triggered “on,” an abrupt rise in pressure ensues to a preselected limit,
and a decelerating inspiratory flow waveform results. When the inspi-
ratory flow rate decreases to a predetermined percentage of the initial
peak inspiratory flow rate (e.g., 25% ), the ventilator flow cycles “off.”
On the right, a greater inspiratory effort, a longer inspiratory time
(TI), and higher peak inspiratory flow rate demand are illustrated at
the same level of PSV. The clinician sets the level of PSV, while the pa-
tient interacts with the pressure-supported breath and retains control
over breathing rate, TI, flow rate, and tidal volume.

contraction (tension-time index) (6), energy demand, muscle
ischemia, and fatigue. For a patient with increased respira-
tory muscle load or POB (e.g., 15 joules/minute), a clinician
may also unload the respiratory muscles to a more appropriate
range, which appears to be about 5 to 10 joules/minute using
PSV. This range is based on studying over 500 adults treated
with PSV.

Part ial and Tot al Re sp irat ory
Muscle Unload ing

The level of PSV may be set to partially or totally unload the
respiratory muscles (21,48,49). During partial unloading, PSV
is increased until the patient’s POB is decreased to a tolerable
range. My goal usually is 5 to 10 joules/minute, an appropriate
range for physiologic POB. During inhalation with PSV, pos-
itive pressure actively assists lung inflation. A portion of the
POB is provided, relieving and unloading the respiratory mus-
cles of the increased workload, and decreasing the force and
duration of muscle contraction. Work is performed in part by
the patient and in part by the ventilator (i.e., a work-sharing
approach). Partial respiratory muscle unloading is appropri-
ate to provide a nonfatiguing workload and promote muscle
conditioning.

Tit rat ion of Pre ssure Sup p ort Ve nt ilat ion
The level of PSV may be set to provide appropriate, or op-
timal, respiratory muscle loads. The exact level of this load
is not known, but some authorities suggest that near-normal
workloads are well tolerated (21,50). In a carefully done
study, Brochard et al. (50) report that at a PSV of approxi-
mately 15 cm H 2O, an optimal muscle load corresponded to a
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patient work of breathing of 0.52 ± 0.12 joules/L. (This is
proportional to a POB range of 5–10 joules/minute.) An op-
timal load was defined as that which maintained maximal di-
aphragmatic electrical activity without fatigue (specifically, the
lowest level of PSV at which no reduction in the ratio of high-
to low-frequency components of the diaphragm’s electromyo-
graphic signal occurred). A reduction of 80% or less of the
initial high/low ratio is defined as incipient diaphragmatic fa-
tigue (51).

Pat ie nt Charact e rist ics

Physiologic patient characteristics should also be considered.
Weak, malnourished, and chronically ill patients will not toler-
ate normal workloads as well as physically powerful individu-
als with short-term illness. The latter patients may be able to
generate twice the normal work range without developing fa-
tigue. Because the tolerance may vary, setting the level of PSV so
that the POB is in an appropriate range of 5 to 10 joules/minute
is a reasonable initial guideline (24).

Available evidence suggests that total unloading, allowing
fatigued respiratory muscles to rest and recover, is appropri-
ate (4,6,52). The time for respiratory muscle recovery after
chronic fatigue is estimated to be at least 24 hours (6). A rea-
sonable approach is to totally unload the respiratory muscles of
such patients for approximately 24 hours by using high levels
of PSV (e.g., > 30 cm H 2O). Subsequently, when appropriate,
PSV may be decreased so that the patient POB is in a nor-
mal, tolerable range and the respiratory muscles are partially
unloaded (27).

My experience and that of others (14) suggests that all intu-
bated, spontaneously breathing patients in respiratory failure
should receive a minimal level PSV that reduces imposed POB
to zero (Figs. 20.2 and 20.2A) (10). Additional PSV may be
required to decrease the abnormally high physiologic work as-
sociated with the disease process to a normal level (21). Subse-
quently, as the patient’s respiratory status improves, PSV may
be decreased while ensuring that the POB is in a nonfatiguing
range. PSV should not be decreased to zero or below the level
required to decrease imposed work to zero. To do so function-
ally reloads the respiratory muscles and risks fatigue. Extuba-
tion at the level of PSV results in zero imposed POB; that is,
about 10 cm H 2O for most adults seems reasonable.

POWER OF BREATHING AS A
CRITERION FOR EXTUBATION

POB, the rate at which work is done per minute, is a better as-
sessment of respiratory muscle workload than work of breath-
ing per breath because it is a measure over time, not for an indi-
vidual breath. Spontaneous breathing f, VT, f/VT ratio, minute
ventilation (MV), PaO2/FIO 2 ratio, PaCO 2, and SCM use are
used typically when evaluating a patient’s readiness for extu-
bation. We hypothesized that POB may be another parameter
for predicting successful extubation. To test this hypothesis, we
studied adults with respiratory failure who were candidates for
extubation.

We evaluated 25 adults (15 males, 10 females, age 56 ± 19
years, weight 80 ± 25 kg) in an IRB-approved study where
POB was measured in real time and noninvasively (POBN ),
without the need of an esophageal balloon, using a monitor
(NICO, Respironics, Convergent Engineering) (1). Data from
a combined pressure/flow sensor, positioned between the en-
dotracheal tube (sizes ranged from 6–8 mm internal diameter)
and ventilator circuit, were directed to the monitor. All patients
were studied immediately prior to extubation using minimal
ventilator settings (intermittent mandatory ventilation 0 per
minute, pressure support ventilation 10 cm H 2O, continuous
positive airway pressure 5 cm H 2O, and FIO 2 0.4). An arterial
blood gas was obtained. Data were analyzed using a Mann-
Whitney U test; α was set at 0.05 for statistical significance.

It was found that POBN ranged from 2 to 10 joules/minute
for patients successfully extubated (N = 20) and 10 to 23
joules/minute for those failing extubation (N = 5), requiring
reintubation and ventilatory support. POBN was significantly
lower, and related breathing parameters were significantly dif-
ferent for patients successfully extubated (Table 20.5).

POBN values > 10 joules/minute were associated with failed
extubation. A critical value for PO BN to predict successful ex-
tubation may be about 10 joules/minute (53). A larger sample
size is needed to thoroughly evaluate these pilot data findings
for determining a critical value. POBN data coincided with typ-
ically used breathing parameters for assessing readiness for ex-
tubation; that is, when f, VT, f/VT ratio, PaO 2/FIO 2 ratio, and
PaCO 2 data were clinically acceptable, and in the absence of
SCM activity, patients were successfully extubated. It appears
that POBN may be a parameter to consider for predicting ex-
tubation from ventilatory support.

TA BLE 2 0 . 5

NO NINVASIVE POWER OF BREATHING (POBN ) IN RELATION TO TYPICAL VARIABLES USED WHEN CONSIDERING
EXTUBATION AND REMOVAL FROM VENTILATORY SUPPORT

POBN f VT f/VT MV PaO2/FIO2 PaCO2 SCM

Successful 6.1a 16a 0.53a 34a 8.9a 300a 40a No
extubation ± 2.9 ± 5 ± 0.1 ± 12 ± 3.5 ± 78 ± 6

Failed 14.8 33 0.35 109 11 225 45 Yes for most
extubation ± 5 ± 9 ± 0.1 ± 50 ± 2.5 ± 70 ± 5 patients

ap< 0.05.
Data are mean ± standard deviation. POBN (joules/min), spontaneous breathing frequency (f) (per minute), tidal volume (VT ) (L), f/VT (breaths/min/L),
minute ventilation (MV) (L/min), sternocleidomastoid contraction (SCM).
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Noninvasive Powe r of
Bre at hing for We aning

Maintaining patients in a normal POBN range may be appro-
priate when the decision to “wean to extubation” is not con-
templated and spontaneous ventilation is allowed. Under this
ventilatory support condition, PSV can be applied to maintain
POBN in a normal range and low IMV rates are applied, as-
suming the patient is hemodynamically stable. Still others may
need to have their respiratory muscles totally unloaded, requir-
ing high levels of PSV (> 20 cm H 2O).

When the decision is made to “wean to extubation,” a pa-
tient’s respiratory muscle endurance and ventilatory reserve
need to be probed. The PSV level may be set to maintain POBN
at about 5 to 10 joules/minute so as to assess the patient’s
workload tolerance. It is not so much the amount of POBN
performed; rather, a patient’s ability to tolerate a specific res-
piratory muscle workload is the important concept. When as-
sessing workload tolerance, it has been reported that breathing
pattern parameters (f, VT, f/VT ratio, MV, accessory respiratory
muscle use) do not always correlate, and are not good pre-
dictors of work of breathing. It is not implied that breathing
pattern parameters should be ignored. On the contrary, these
parameters provide useful diagnostic information and should
be used. POBN and breathing pattern data should be used in
a complementary manner when assessing respiratory muscle
workload tolerance (54).

The aforementioned range of POBN levels appears appropri-
ate for patients with acute forms of respiratory failure and need
to be evaluated in patients with chronic forms of respiratory
failure, as in chronic obstructive pulmonary disease (COPD).

Mult ip le Noninvasive Powe r of
Bre at hing Rang e Conce p t

1. Initial phases of ventilatory support
A. Maintain POBN in a low range (0–2 joules/minute) for

patients whose respiratory muscles are fatigued—total
unloading (about 24 hours) promotes respiratory muscle
rest and recovery.

B. Maintain POBN in a normal range (5–10 joules/minute)
when allowing spontaneous breathing—use when the
patient is weak and still has substantial pulmonary dis-
orders.

2. Weaning phase of ventilatory support

Probe the patient’s reserve by maintaining POBN at a higher
range (up to 12 joules/minute). This allows for a relatively pro-
longed assessment of a patient’s respiratory muscle tolerance
and endurance.

SUMMARY
Respiratory muscle loads of intubated patients receiving ven-
tilatory support may be visualized as a continuum; muscles at
one end are highly loaded and at the other end are totally un-
loaded, predisposing to fatigue and atrophy, respectively. The
terms, nosocomial respiratory failure and iatrogenic ventilator
dependency (14), describe the inappropriate prolongation of
ventilatory support. This problem may result from respiratory

muscle fatigue (caused by increased muscle loading from
breathing through a highly resistive apparatus, increased phys-
iologic work, or insufficient ventilatory support) or muscle at-
rophy (as a result of total unloading of respiratory muscles by
too high levels of PSV) (14).

With either fatigue or atrophy, the respiratory muscles be-
come weak, failing as force generators. Hypoventilation, hy-
percapnia, and failure to wean often result, thus prolonging
the need for ventilatory support. Fatigue or atrophy can oc-
cur, in part, from lack of assessing and adjusting respiratory
muscle afterload, thereby failing to perceive their often subtle
onset. Measurement of the POBN provides objective and tested
data that can be used to set ventilator modes such as PSV to
prevent either occurrence, and may expedite eventual weaning
and extubation.

Re fe re nce s

1. Roussos C, Macklem P. The respiratory muscles. N Engl J Med. 1982;307:
786.

2. De Troyer A. Respiratory muscles. In: Crystal RG, West JB, eds. The Lung:
Scientific Foundations. New York: Raven Press; 1991:869.

3. Roussos C. Function and fatigue of respiratory muscles. Chest. 1985;88:
5124.

4. Braun NMT, Faulkner J, Hughes RL. When should respiratory muscles be
exercised? Chest. 1983;84:76.

5. Vander AJ, Sherman JH, Luciano DS. Human Physiology. 5th ed. New York:
McGraw-Hill; 1992:283.

6. Grassino A, Macklem PT. Respiratory muscle fatigue and ventilatory failure.
Ann Rev Med. 1984;35:625.

7. Jenkins FH, Olsen GN. Chronic obstructive lung disease and acute respira-
tory failure. In: Klein EF, ed. Acute Respiratory Failure: Problems in Critical
Care. Vol 1, no 3. Philadelphia: JB Lippincott; 1987:466.

8. Milic-Emili J. Work of breathing. In: Crystal RG, West JB, eds. The Lung:
Scientific Foundations. New York: Raven Press; 1991:1065.

9. Banner MJ, Jaeger MJ, Kirby RR. Components of the work of breathing and
implications for monitoring ventilator-dependent patients. Crit Care Med.
1994;22:515.

10. Banner MJ, Kirby RR, Blanch PB. Decreasing imposed work of the breath-
ing apparatus to zero using pressure support ventilation. Crit Care Med.
1993;21:1333.

11. Bersten All, Rutten AJ, Vedig AE. Additional work of breathing imposed
by endotracheal tubes, breathing circuits, and intensive care ventilators. Crit
Care Med. 1989;17:671.

12. Bolder PM, Healy EJ, Bolder AR. The extra work of breathing through adult
endotracheal tubes. Anesth Analg. 1986;65:853.

13. Kirton O, Banner MJ, Axelrod A. Detection of unsuspected imposed work
of breathing: case reports. Crit Care Med. 1993;21:790.

14. Civetta JM. Nosocomial respiratory failure or iatrogenic ventilator depen-
dency. Crit Care Med. 1993;21:171.

15. Kirton OC, DeHaven B, Morgan J, et al. Endotracheal tube flow resistance
and elevated imposed work of breathing masquerading as ventilator weaning
intolerance [abstract]. Chest. 1993;104S:133S.

16. Banner MJ, Kirby RR, Blanch PB. Site of pressure measurement during spon-
taneous breathing with continuous positive airway pressure: effect on calcu-
lating imposed work of breathing. Crit Care Med. 1992;20:528.

17. Otis AB. The work of breathing. In: Fenn WO, Rahn H, eds. Handbook of
Physiology: A Critical, Comprehensive Presentation of Physiological Knowl-
edge and Concepts. Section 3: Respiration. Washington, DC: American Phys-
iological Society; 1964:463.

18. Baydur A, Behrakis P, Zin WA. A simple method for assessing the valid-
ity of the esophageal balloon technique. Am Rev Respir Dis. 1982;126:
788.

19. Campbell EJM. The Respiratory Muscles and the Mechanics of Breathing.
Chicago: Year Book Medical Publishers; 1958.

20. Agostoni E, Campbell EJM, Freedman S. Energetics. In: Campbell EJM,
Agostoni E, Davis JN, eds. The Respiratory Muscles: Mechanics and N eural
Control. Philadelphia: WB Saunders; 1970:115.

21. Banner MJ, Kirby RR, Gabrielli A, et al. Partially and totally unloading the
respiratory muscles based on real time measurements of work of breathing:
a clinical approach. Chest. 1994;106:1835.

22. Zapletal A, Samanek M, Paul T. Lung Function in Children and Adolescents.
New York: S Karger Publishers; 1987.

23. Nelcor. Puritan Bennett 840 O perations and Technical Reference Manual.
Addendum, PAV+ option. Carlsbad, CA: Nelcor; 2006:20–23.

24. Banner MJ, Euliano NR, Brennan V, et al. Power of breathing determined



Chap t e r 20: Bedside Assessment and Monitoring of Pulmonary Function and Power of Breathing in the Crit ically Ill 215

non-invasively using an artificial neural network in patients with respiratory
failure. Crit Care Med. 2006;34:1052–1059.

25. Maclntyre NR, Leatherman NE. Mechanical loads on the ventilatory mus-
cles. Am Rev Respir Dis. 1989;139:968.

26. Marini JJ. Breathing effort and work of breathing during mechanical venti-
lation. In: Banner MJ, ed. Positive-Pressure Ventilation: Problems in Critical
Care. Vol. 4, no. 2. Philadelphia: JB Lippincott; 1990:184.

27. Brochard L, Rua F, Lorino H. Inspiratory pressure support compensates for
the additional work of breathing caused by the endotracheal tube. Anesthe-
siology. 1991;75:739.

28. Fiastro JF, Habib MP, Quan SF. Pressure support compensates for inspiratory
work due to endotracheal tubes and demand continuous positive airway
pressure. Chest. 1988;93:499.

29. Shapiro M, Wilson RK, Casar G. Work of breathing though different sized
endotracheal tubes. Crit Care Med. 1986;14:1028.

30. LeSouef PN, England SJ, Bryan AC. Total resistance of the respiratory sys-
tem in preterm infants with and without an endotracheal tube. J Pediatr.
1984;104.

31. Widner L, Banner MJ. A method of decreasing the imposed work of breath-
ing associated with pediatric endotracheal tubes [abstract]. Crit Care Med.
1992;20:S82.

32. Kacmarek RM, Shimada Y, Ohmura A. Optimizing mechanical ventilatory
assist tube. J Pediatr. 1984;104:108.

33. Banner MJ, Blanch PB, Kirby RR. Imposed work of breathing and methods
of triggering a demand-flow, continuous positive airway pressure system.
Crit Care Med. 1993;21:183.

34. Messinger G, Banner MJ, Gabrielli A, et al. Tracheal pressure triggering a
demand-flow CPAP system decreases work of breathing [abstract]. Anesthe-
siology. 1994;81:A272.

35. Banner MJ, Blanch PB. Gabrielli A. Tracheal pressure control provides au-
tomatic and variable inspiratory pressure assist to decrease imposed resistive
work of breathing. Crit Care Med. 2002;30:1106–1111.

36. Tobin MJ, Skorodin M, Alexis CG. Weaning from mechanical ventilation.
In: Taylor RW, Shoemaker WC, eds. Critical Care: State of the Art. Vol. 12.
Fullerton, CA: Society of Critical Care Medicine; 1991:373.

37. Bellemare F, Wight D, Lavigne CM, et al. Effect of tension and timing of
contraction on blood flow of the diaphragm. J Appl Physiol. 1983;54:1597.

38. Cohen CA, Zagelbaumm G, Gross D, et al. Clinical manifestations of inspi-
ratory muscle fatigue. Am J Med. 1982;73:308.

39. Barnes PJ. Neural control of airway smooth muscle. In: Crystal RG, West JB,
eds. The Lung: Scientific Foundations. New York: Raven Press; 1991:903.

40. Sant’ Ambrogio G, Sant’ Ambrogio FB. Reflexes from the airway, lung, chest
wall, and limbs. In: Crystal RG, West JB, eds. The Lung: Scientific Founda-
tions. New York: Raven Press; 1991:1383.

41. Sant’ Ambrogio G. Information arising from the tracheobronchial tree of
mammals. Physiol Rev. 1982;62:531.

42. Otis AB, Fenn WO, Rahn HL. Mechanics of breathing in man. JAppl Physiol.
1950;2:592.

43. Maclntyre NR. Weaning from mechanical ventilatory support: volume-
assisting intermittent breaths versus pressure-assisting every breath. Respir
Care. 1988;33:121.

44. Banner MJ, Kirby RR, Kirton OC, et al. Breathing frequency and pattern are
poor predictors of work of breathing in patients receiving pressure support
ventilation. Chest. 1995;108:1338.

45. Kirton O, Banner MJ, DeHaven CB, et al. Respiratory rate and related as-
sessments are poor inferences of patient work of breathing [abstract]. Crit
Care Med. 1993:S242.

46. Silas SL, Simpson SQ, Levy H. Rapid shallow breathing index does not
correlate with airway occlusion pressure or work of breathing [abstract].
Chest. 1993;104:1305.

47. Bradley TD, Chartrand DA, Fitting JW, et al. The relation of inspiratory
effort sensation to fatiguing patterns of the diaphragm. Am Rev Respir Dis.
1986;134:1119.

48. Maclntyre NR. Respiratory function during pressure support ventilation.
Chest. 1986;89:677.

49. Maclntyre NR, Nishimura M, Usada Y. The Nogoya conference on system
design and patient-ventilator interactions during pressure support ventila-
tion. Chest. 1990;97:1463.

50. Brochard L, Had A, Lorino H. Inspiratory pressure support prevents di-
aphragmatic fatigue during weaning from mechanical ventilation. Am Rev
Respir Dis. 1989;139:513.

51. Gross D, Grassino A, Ross WRD, et al. Electromyogram pattern of diaphrag-
matic fatigue. J Appl Physiol. 1979;46:1.

52. Murciano D, Aubier M, Lecoguie Y, et al. Effects of theophylline on di-
aphragmatic strength and fatigue in patients with chronic obstructive pul-
monary disease. N Engl J Med. 1984;311:349.

53. Bonett S, Banner MJ, Euliano NR, et al. Power of breathing as a predictor
of for extubation from ventilatory support [abstracted]. Respir Care. 2005;
50:1521.

54. Gabrielli A, Lyon AJ, Euliano N, et al. Respiratory monitor recommends ap-
propriate pressure support ventilation settings to unload respiratory muscles
[abstracted]. Crit Care Med. 2006;33:A113.





CHAPTER 21 ■ PULSE OXIMETRY AND
PLETHYSMOGRAPHY
JOHANNES H. VAN OOSTROM r BRIAN FUEHRLEIN r RICHARD J. MELKER

Pulse oximetry is a standard of care and is ubiquitous in oper-
ating rooms, inpatient hospital wards, physicians’ offices, and
emergency medical service (EMS) transport units. Obtaining an
oxygen saturation noninvasively from a pulse oximeter probe
is often the first step in the decision-making process of caring
for a patient.

HISTORY
Stokes (1) reported that the colored substance in blood car-
ries oxygen. This was followed by Hoppe-Seyler (2), who first
crystallized this substance and coined the term hemoglobin.
Additionally, it was shown that the pattern of light absorption
changes when shaken with air (2).

Hertzman (3) described using photoelectric plethysmogra-
phy of fingers and toes as a dynamic analysis of the peripheral
circulation. The device consisted of a beam of light directed
from an ordinary automobile headlight bulb on the finger or
toe placed above a shielded photoelectric cell of the photoemis-
sive type, purchased from the radio trade. The photoelectric os-
cillations with variations in the blood content of the digit were
recorded by a string galvanometer or suitable oscillograph af-
ter amplification. Movements of the arm were minimized as
transmission to the finger would compromise the reading; a
comfortable saddle or sling was necessary to secure the arm
to achieve the desired muscle relaxation that affects finger vol-
ume. This method was also used over the nasal septum, and
the values were compared.

Millikan et al. (4) first coined the term oximeter and de-
scribed a method for the continuous measurement of arterial
saturation. A small unit placed over the shell of the ear con-
tained a lamp, two color filters, and two barrier-type, light-
sensitive cells, with which the transmission of either green or
red light was measured. The green reading was dependent on
how much total hemoglobin was between the lamp and the
photocell, and was used to measure the degree of vasodilation,
or “blood thickness” in the ear. This enabled one to choose
the correct direct reading calibration scale for the estimation
of arterial oxygen saturation, as measured in the red reading.
This method has an accuracy of 5% in the top half of its range
and 8% in the bottom half. In 1942, Goldie (5) developed a
device for the continuous measurement of oxygen saturation
of circulating blood in humans.

These devices led to Wood and Geraei (6), who improved
upon these to develop a method for photoelectric determina-
tion of arterial oxygen saturation in humans. Prior instruments
were required to be preset to known arterial saturation values,
and could not be conveniently used in patients who had arterial

hypoxia, nor could they be used for the actual determination
of arterial oxygen saturation. The older devices could only be
used for qualitative changes in saturation. As a result of these
shortcomings, Wood and Geraei (6) developed a device that
could measure, and follow continuously, the absolute value of
arterial oxygen saturation from a pickup unit attached to the
pinna of the human ear. This new design consisted of a photo-
electric earpiece that allowed simultaneous measurement of the
transmission of red and near-infrared light through either the
normal heat-flushed ear or the bloodless ear. Then, by calcula-
tion, the light transmission of the blood alone in these spectral
regions could be determined, and in turn the percentage of oxy-
gen saturation of this blood content could be derived. While
this device was used in clinical physiologic laboratories, its use
did not spread.

After this promising beginning, oximetry research went dor-
mant until 1972, when Aoyagi (7) began his work. Aoyagi and
his group wanted to build upon the theories and success of
the Wood oximeter, and created a dye densitometry method in
which two wavelengths of light were used; the ratio of the two
optical densities was calculated to obtain a dye curve. This
curve was expected to correspond to dye concentrations in
blood. It was during this series of experiments that the im-
portance of the pulsatile variations was first reported. After in-
vestigating the effect of this pulsatile component, using mathe-
matical analysis of the Beer-Lambert law, it was concluded that
calculating the ratio of two optical densities compensates for
the pulsations. It was at this point that Aoyagi derived three
main conclusions:

1. If the optical density of the pulsating portion is measured
at two appropriate wavelengths and the ratio of the optical
densities is obtained, the result must be equivalent to Wood’s
ratio.

2. With this method, arterial blood is selectively measured, and
the venous blood does not affect the measurement. There-
fore, the probe site is not restricted to the ear.

3. With this method, the reference for optical density calcula-
tion is set for each pulse. Therefore, an accidental shift of
probe location introduces a short artifact and quick return
to normal measurements.

Continuing his work on oximeters until 1975, Aoyagi had,
by 1975, developed a technique very similar to modern-day
pulse oximeters. Two wavelengths of light, 630 nm and 900
nm, were chosen. From the transmitted light intensity data,
the pulsation amplitude (AC) and the total intensity (DC) were
obtained, and the ratio, AC/DC, was calculated. This ratio was
obtained at both wavelengths of light to create a ratio of ratios
that corresponded to SaO 2.

217
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In 1980, Minolta developed OXIMET using two optical
fibers and precision optics. They adopted the finger as the probe
site and proved that pulse oximetry was accurate (7). Nellcor
followed this in 1983 with development of the N-100. This
was a convenient pulse oximeter that used high-performance
light-emitting diodes (LEDs), a highly sensitive and accurate
photodiode, and a microcomputer. These technologic advances
led to the widespread clinical use of pulse oximeters in the
1980s.

As pulse oximeters have continued to improve, active re-
search is being conducted in several key areas:
■ Accuracy as it relates to optimum alarm-level setting
■ A quick response time to desaturation
■ Eliminating the problems associated with weakened pulses
■ Eliminating motion artifact (7)

THEORY
Oximetry is based on the Beer-Lambert law of optical wave-
length-dependent absorption of light energy. The Beer-Lambert
law describes that light intensity (I) decreases exponentially
when transmitted through a measurement compartment. The
rate of the exponential decrease depends on the concentration
of material inside the measurement compartment (C) and a
wavelength-dependent absorption coefficient (a). In addition,
the decrease depends on the optical pathlength (L ) of the com-
partment:

I = Io e− aLC [1]

For simplicity, we can define absorbance (A ) as:

A = − ln(I / Io) = aLC [2]

The wavelength-dependent absorption coefficient (a) varies
by wavelength of the emitted light, and depends on the ma-
terial the light is transmitted through. Since we are interested
in oxygenated hemoglobin and reduced hemoglobin, we can
study the magnitude of those absorption coefficients. Figure
21.1 shows these data.

If we define Co as the relative concentration of oxygenated
hemoglobin (compared to the total amount of hemoglobin) and
Cr as the relative concentration of reduced hemoglobin, we can
then define the total absorbance of light at a given wavelength
as:

A = W L (aoCo + ar Cr ) [3]

where W is the weight of hemoglobin per unit volume. Note
that Co + Cr = 1.0.

In Figure 21.1, it is seen that at a wavelength of 805 nm,
the coefficient for oxygenated hemoglobin (ar ) equals the co-
efficient for reduced hemoglobin (ar ). A measurement at this
wavelength will give us a value for W L :

W L = A805 / a805 [4]

If we now measure at any other wavelength, we can solve
an equation for the relative concentration of oxygenated
hemoglobin (Co):

Co =
a805

ao − ar

A
A805

−
ar

ao − ar
[5]
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FIGURE 21.1. Absorption versus wavelength changes for oxygenated
hemoglobin (HbO 2) and reduced hemoglobin (Hb)

All the absorption coefficients a are constants that depend on
the physical media and wavelength. We can thus group those
together and rewrite this equation as:

Co = x
A

A805
+ y [6]

This shows that we can measure the relative concentration
of oxygenated hemoglobin by looking at the ratio of the ab-
sorbance (which we can measure) and adjusting with some
known constants.

While in the laboratory setting we can tightly control the
pathlength, L , and use a laser light at exactly 805 nm, this is
not true in an in vivo setting. If we want to apply this method
to a sensor that emits light through a finger or earlobe, there
are significant issues to consider.

For example, if we use a finger as our measurement com-
partment, Eq. 2 will generally hold, but we need to add the
absorption of other materials in the finger:

Atotal = Aarterial + Avenous + Aother tissues [7]

Since we are only interested in Aarterial, the other absorbance
values need be eliminated. This can be done by taking the time
derivative of Atotal. The time derivative of the venous and tissue
components will be zero. The pulsatile part of A total is the ar-
terial component, and the time derivative will be nonzero; this
is where the “pulse” in pulse oximetry comes from: It analyzes
only the pulsatile portion of the absorbance.

When using a finger sensor, we do not have the ability to
choose any wavelength we want. Generally, LEDs are used,
which can only be made in a limited number of wavelengths.
Wavelengths that are typically used are 660 nm (red light) and
910 nm (infrared light). We can then define a ratio, R , as the
ratio of the derivative of absorbances at two different wave-
lengths:

R =
d A1/ dt
d A2/ dt

[8]
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Applying similar logic as in the 805-nm case, we can derive an
equation for Co:

Co =
k1 + k2 R
k3 + k4 R

[9]

where constants k are a combination of the (oxygenated and re-
duced) absorption coefficients a at the two wavelengths. While
these coefficients are only dependent on the physical optical
properties of hemoglobin, in practice, the constants k in Eq. 9
are determined empirically by pulse oximeter manufacturers,
and are generally unpublished.

REASONS FOR ERRORS
Pulse oximetry fundamentally relies upon adequate perfusion
of the vascular bed being monitored. Without sufficient blood
flow, oxygen content cannot be adequately analyzed. Decreased
perfusion may be caused by a variety of factors including hy-
potension, medications, ambient temperature, poor circula-
tion, and so forth. Clinicians will often search multiple fin-
gers, toes, and earlobes for a site that can provide a saturation
value. Decreased perfusion, leading to the inability of the pulse
oximeter to provide a saturation value, is very common. While
central site probes may never be ubiquitous, their utility in pa-
tients with poor peripheral perfusion cannot be understated.
Since these central sites reflect carotid artery flow, they will
rarely experience errors due to poor perfusion of the vascular
bed.

Pulse oximeters are calibrated using saturation curves of
healthy adult volunteers. They are, therefore, the most accurate
at high saturation levels and less so at low saturation levels.
Unfortunately, from the clinical standpoint, the low saturation
levels are where they are the most useful to us. Nonetheless,
this is rarely of major consequence, as the clinical difference
between a saturation of 83% and 80% is usually very minimal.

It is clinically important to be able to detect rapid
hemoglobin desaturation with minimal delay. There is often,
regrettably, a delay in this detection. The calculation of oxy-
genation is a moving average of user-preset length. The delayed

response time problem for pulse oximetry–detected desatura-
tions can be partially overcome by reducing the average setting
to the shortest duration, usually 2 seconds (8). However, be-
cause of an increased likelihood of false alarms and artifact, this
is seldom done clinically. To overcome the problem of delayed
response time, it is necessary to develop processing algorithms
sensitive enough to detect changes quickly, while allowing for
artifact rejection and avoiding false alarms; this is an area of
active research.

Other sources of error have been explored by Trivedi et al.
(9). The researchers looked at very common sources of error,
including ambient light and motion artifact. Error rates with
excess ambient light were as high as 63% for heart rate and
57% for saturation. For motion artifact, simulated with 2-Hz
and 4-Hz tremors, all tested pulse oximeters showed clinically
significant error rates in saturation with both movement arti-
fact rates. Error rates were low in the 2-Hz motion for heart
rate calculations; however, all devices failed at 4-Hz motion.
Other investigators have also reported on the errors and false
alarms associated with movement artifact (10–13). Additional
sources of error include darkly pigmented skin (14), nail pol-
ish, thermal injuries to fingers and/or toes, and inaccessibility
of the extremities.

Another very common problem encountered is the lack of
compatibility between probes and devices of the various man-
ufacturers. van Oostrom and Melker (15) compared the accu-
racy of nonproprietary probes designed for use with a variety
of pulse oximeters with that of their corresponding propri-
etary probes. A controlled signal was used on the Human Pa-
tient Simulator to simulate apnea. Statistical significance was
not found in most of the comparisons, but in some instances
the proprietary probes were closer to arterial oxygen than the
nonproprietary probes. Whether or not the manufacturer of
the probe is the same as the manufacturer of the pulse oxime-
ter may have importance. Table 21.1 summarizes the various
reasons for errors (16).

As can be seen from Eq. 2, the intensity of light measured at
the detector varies by pathlength changes caused by the arterial
pulsations. All other parameters in the equation are constant

TA BLE 2 1 . 1

REASONS FOR ARTIFACTUAL MEASUREMENT IN PULSE OXIMETRY

VOLUME ARTIFACTS
Motion Causes blood volume changes at the measurement site, resulting in difficulties calculating

the saturation (23,44)
Low perfusion Vasoconstriction, an inflated blood pressure cuff, etc., will cause the pulsatile portion of

the plethysmogram to be small, causing difficulties calculating saturation (9)

NOISE
Light interference Caused by other light sources, such as fluorescent lights, and other ambient light sources

(9)
Electrical interference Powerful radio-frequency signals can cause voltage fluctuations on the detector signal

from the pulse oximeter probe (45)

PATIENT-RELATED INTERFERENCE
Presence of carboxyhemoglobin and/or

methemoglobin in blood
Will cause inaccurate calculation of saturation (46)

Dyes present in blood Depending on the dye, inaccurate saturation calculation will result (47)
Skin pigmentation Will cause a filtering of the light emitted by the pulse oximeter probe, and cause

inaccurate saturation calculations (48)
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(at least within several minutes). As pathlength changes are
caused by volume changes at the sensor site, it is for this rea-
son that volume artifacts are a frequent problem. Other errors
can be caused by light interference from sources outside of the
measurement system or electrical interference, and will typi-
cally show up in the plethysmogram as additional waveform
fluctuations. The effects of this noise are a distorted plethys-
mogram and can cause incorrect heart rates and saturations to
be calculated. One last source of errors is the patient him- or
herself: Carboxyhemoglobin present in the blood can cause an
inaccurate calculation of saturation.

ALTERNATE-SITE PROBES
The standard location to measure pulse oximetry is the fin-
ger. Such probes are common and work well for most nor-
mal cases, but other sites are also possible. The nasal sep-
tum was explored as a possible monitoring site in 1937 (17).
Groveman et al. (18) also explored the nasal septum, believ-
ing that it represents a constant picture of the internal carotid
circulation and reflected cerebral flow. Cucchiara and Mes-
sick (19) showed that plethysmography from the nasal septum
failed to estimate cerebral blood flow during carotid occlu-
sion. In 1991, the nasal septum was explored during hypother-
mia (20). Fourteen patients were monitored every 20 minutes
during major abdominal procedures. The nasal septum probe
was superior to the finger probe in detecting a pulse during
hypothermia. The authors concluded that monitoring at the
nasal septum was more reliable than monitoring at the finger
in hypothermic patients. They acknowledged several limita-
tions, including use during nasal intubation, in patients with
extremely small nostrils, or in the presence of a nasogastric
tube.

Buccal probes have been evaluated as an alternative probe
site. They were prepared by taping a malleable metal bar se-
curely over the back of a disposable Nellcor finger probe and
bending the metal bar and probe around the corner of a pa-
tient’s mouth (21). It was determined that buccal SpO 2 was
greater than finger SpO2 and agreed more closely with SaO 2.
The authors determined that buccal pulse oximetry is a viable
alternative to the finger. Limitations included longer prepara-
tion time, difficult placement, and possible dislodgement dur-
ing airway maneuvers.

Awad et al. (22) demonstrated that the ear plethysmo-
graphic waveform is relatively immune to vasoconstriction.
They also determined that the photoplethysmographic width
has a good correlation to cardiac output. They concluded that
the ear is more suitable for monitoring hemodynamic changes
than the finger.

Generally, any site that has an arterial bed and is thin enough
to safely transmit red and infrared light through can be used
for pulse oximetry. Several monitoring locations have become
standard of care, including the fingers and toes. A flexible ear-
lobe probe is also used quite frequently when the fingers and
toes are inaccessible. Since finger probes work quite well for
the majority of patients, it is unlikely that alternate-site probes
will ever become ubiquitous. Since the nasal septum, nares,
cheek, and ear measure oxygenation from central sites and re-
flect the blood flow of the carotid arteries, their potential for
measuring other physiologic parameters is only beginning to be
explored.

OVERCOMING LIMITATIONS
Errors and interference on pulse oximetry can largely be elimi-
nated or prevented. Volume/movement artifact can be reduced
by ensuring that the measurement site is kept in place or moved
slowly. Massimo developed probes that use a third light source
(23); with this additional measurement, it is possible to esti-
mate nonarterial volume changes due to movement artifact.
This allows for compensation for those artifacts and creates
a more stable signal that is not as susceptible to motion arti-
fact. Light interference can largely be eliminated by covering
the measurement site by using a properly sized probe, or by
external means such as towels or other covers. Patient-related
artifacts can be reduced by fully understanding the patient’s
physiology, and by proper selection of the measurement site.

PHOTOPLETHYSMOGRAPHY
Photoplethysmography is the measurement of volume changes
with light transmission. The photoplethysmograph (PPG) is
displayed on most pulse oximeter devices; however, it is fre-
quently ignored as oxygen saturation and pulse rate are the
numbers of interest. There is an abundance of physiologic in-
formation that can potentially be extracted from this rarely
used and noninvasively obtained signal.

Fund ame nt als

There are two main frequencies of variation in the value of
light hitting the photodiode, and both are affected by ab-
sorption of the light by blood and various tissues. The low-
frequency component (LFC)—or nonpulsatile component—
represents the baseline amount of light hitting the detector.
This value is affected by the total path traveled by the light.
Skin, bone, cartilage, adipose, blood, and so forth, all absorb
light, and it is this relatively constant path that results in a base-
line amount of light hitting the detector. This baseline amount
fluctuates at a lower frequency than the heart rate. Since the
biologic tissues in the path of the light are constant, with the
exception of venous and arterial blood, the changes in the LFC
correspond to changes in baseline blood volume in the path
of the light. The majority of this baseline blood resides in the
venous system.

The pulsatile cardiac component (PCC) corresponds to
changes in the arterial blood volume with each heartbeat. The
magnitude of change of the PCC with each heartbeat is related
to stroke volume, and the area under the curve of each heart-
beat is related to the volume of blood entering the vascular bed
with each beat (24). The PCC is therefore a representation of
flow into a vascular bed while the LFC is a representation of
changes in venous volume (Fig. 21.2A).

The typical pulse oximeter displays a processed waveform
(Fig. 21.2B). Since the raw data collected by the device corre-
spond to light hitting the photodiode, which is inversely related
to blood volume, the waveform must be inverted to resemble
an arterial pressure waveform. If the PPG was displayed as
raw data and not inverted, point A would represent increasing
light hitting the photodiode, corresponding to a decrease in
blood volume, and point B would correspond to the point of
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FIGURE 21.2. A: A graphic representation
of the low-frequency component (LFC) and
pulsatile cardiac component (PCC) from a
typical finger probe. The PCC is typically
less than 5% of the total signal acquired.
B: A typical display of a processed pulse
oximeter waveform. A represents the rate of
maximum volume increase, B represents the
point of maximum volume, C is the “dicrotic
notch,” and D is the minimal basal volume.

maximum light hitting the photodiode, or the point of least
blood in the vascular bed being monitored. The steepness of
the flow of the inflow phase A may be used as an indicator of
ventricular contraction, and the amplitude of the phase may be
used as an indicator of stroke volume (24). The vertical position
of the dicrotic notch can be used as an indicator of vasomo-
tor tone. Under most circumstances, the notch descends to the
baseline during increasing vasodilation and climbs toward the
apex with vasoconstriction (24).

Sig nal Proce ssing

Prior to the advent of powerful personal computers, many re-
searchers printed the PPG waveform and measured various
parameters with a ruler; more recent efforts involve elabo-
rate mathematical and signal processing models. Bhattacharya
et al. (25) employed a novel concept aimed at detection of the
dominant nonsinusoidal period and the extraction of the asso-
ciated periodic component. This detection and extraction was
performed with a moving window to accommodate the vari-
ations of the physiologic oscillations. They also characterized
the system with a nonlinear dynamic system.

Goldman et al. (23) from the Masimo Corporation pub-
lished a detailed description of their signal extraction for error
reduction. Massimo Signal Extraction Technology (SET) uses
a new conceptual model of light absorption for pulse oximetry
and employs discrete saturation transformed to isolate indi-
vidual saturation components in the optical pathway. Johans-
son (26) processed the PPG signal using a 16th-order band-
pass Bessel filter and a 5th-order bandpass Butterworth filter;
a neural network analysis was then performed. Nilsson et al.
(27) employed three separate methods for the evaluation of
the PPG (called the blood volume pulse) for changes caused by
exercise. First, they derived a single parameter from the dis-
tribution found in the average histogram of the time-aligned
beats. Their second approach analyzed the ratio observed be-
tween the first harmonic and higher harmonics in the signal.
The third approach evaluated the dicrotic notch depth directly
from the PPG waveform. The significance of these findings will
be elaborated below.

Use s of t he Phot op le t hysmog rap h

The PPG is a noninvasively obtained window into many phys-
iologic parameters. Since a pulse oximeter probe can be placed

by those with minimal or no training and are found in virtu-
ally every aspect of medical care, there are many active research
projects exploring the potential uses of the PPG.

Several researchers have attempted to construct mathemat-
ical relationships between the PPG and various indices of arte-
rial mechanics. Kato et al. (28) measured the PPG from a finger
pulse oximeter and pressure at the ipsilateral radial artery si-
multaneously. The authors concluded that a four-element, two-
compartment model can be applied to the PPG to determine
peripheral vascular wall mechanics. Chowienczyk et al. (29)
determined that PPG assessment may provide a useful method
to examine vascular reactivity. Millasseau et al. in 2002 (30)
concluded that contour analysis of the digital volume pulse
(DVP) provides a simple, reproducible, noninvasive measure
of large artery stiffness, and in 2003 (31) determined that in-
dices of pressure wave reflection and large artery stiffness can
be used as an index of vascular aging. Bortolotto et al. (32) con-
cluded that the second derivative of the PPG and the pulse wave
velocity can both be used to evaluate vascular aging in hyper-
tensives.

Other researchers are exploring the use of the PPG for non-
invasively determining respiratory rate. Changes in intratho-
racic pressure during the respiratory cycle displace venous
blood, affecting the LFC. These changes also affect cardiac re-
turn, changing the amplitude of the PCC. During spontaneous
breathing, subatmospheric pressure during inspiration draws
air and blood together into the lungs; blood is drawn from the
vena cava into the right heart and pulmonary vascular bed.
A minor decrease in peripheral venous pressure (PVP) ensues.
Soon thereafter, the expiratory pressure normalizes the system.
During positive pressure ventilation, the inspiration is drawn
by positive pressure, which raises intrathoracic pressure and
reduces venous return to the right heart. Simultaneously, and
very briefly, blood forced from the low-pressure pulmonary
vascular bed increases return to the left heart as well as stroke
volume (33). This is followed by a decrease in cardiac output
as venous return into the central circulation drops off. The ex-
tent of the fluctuations caused by positive pressure ventilation
depends on the state of filling of the peripheral vascular bed,
the intrathoracic pressure changes, peripheral vasoconstrictor
activity, and central blood volume (24). Since positive pres-
sure ventilation often accompanies general anesthesia, which
causes vasodilation and damped vasomotor response, respira-
tory fluctuations are emphasized. It was also discovered that
early hypovolemia may be reflected in an exaggerated respira-
tory wave before other more classic signs of decreased urine
output, tachycardia, or hypotension (24).
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Nilsson et al. (34) extracted the cardiac and respiratory
related components, applied a mathematic algorithm, and
developed a new PPG device for monitoring heart rate and res-
piratory rate simultaneously; their study determined that the
PPG has the potential for respiratory rate monitoring. Nils-
son et al. (27) hypothesized that the filling of peripheral veins
is a major mechanism behind the LFC signal, and found that
a correlation exists in the amplitudes of the LFC in the PPG
and the respiratory variations in peripheral venous pressure
(p < 0.01). Leonard et al. (35,36) concluded that baseline res-
piratory rate was easily identified from a pulse oximeter PPG
using wavelet transforms. The study of Foo and Wilson (37)
determined that the respiratory rate obtained from the PPG
was significantly related to that estimated by a calibrated air
pressure transducer during tidal breathing in the absence of
motion artifact (p < 0.05). Nilsson et al. (27) concluded that
respiration can be monitored by the PPG with high sensitivity
and specificity regardless of anesthesia and ventilatory mode.
Leonard et al. (38) continued their work by developing a fully
automated algorithm for the determination of respiratory rate
from the PPG.

Researchers have also been exploring the relationship be-
tween the PPG and volume status. Perel et al. (39) found that
the difference between systolic pressure at end-expiration and
the lowest value during the respiratory cycle (d-Down) cor-
related to the degree of hemorrhage. It also correlated with
the cardiac output and the pulmonary capillary wedge pres-
sure. Thus, the changes in systolic pressure with respiration,
as demonstrated by arterial pressure waveforms (systolic pres-
sure variation [SPV]) and its d-Down component, are accu-
rate indicators of hypovolemia in ventilated dogs subjected to
hemorrhage. Rooke et al. (40) also concluded that SPV and
the d-Down appear to follow shifts in intravascular volume
in relatively healthy, mechanically ventilated humans under
isoflurane anesthesia. Building on this principle, Partridge (41)
attempted to use pulse oximetry as a noninvasive method to
assess intravascular volume status. The study showed that the
PPG correlated with the systolic pressure variation (r = 0.61),
which was previously shown to be a sensitive indicator of hy-
povolemia. Shamir et al. (42) investigated ventilation-induced
changes in the PPG after removing and reinfusing 10% of
the estimated blood volume in 12 anesthetized patients. The
plethysmographic SPV was measured as the vertical distance
between maximal and minimal peaks of waveforms during the
ventilatory cycle and expressed as a percentage of the ampli-
tude of the PPG signal during apnea. This was measured during
five consecutive mechanical breaths before apnea and the mean
value was obtained for analysis. The 10% loss of estimated
blood volume resulted in increased heart rate without changes
in mean arterial pressure. Both the PPG waveform changes
and the SPV from the arterial blood pressure tracing increased
significantly after blood withdrawal (p < 0.01). The changes
in the PPG correlated with the changes in the SPV. After vol-
ume replacement, heart rate decreased while arterial pressure
remained unchanged. There were no significant changes in the
PPG waveform or the SPV with volume replacement. Fuehrlein
et al. (43) investigated the use of PPG for volume status
changes during blood donation and hemodialysis. They con-
cluded that the PPG could be used to detect changes in volume
status and vascular instability during hemodialysis and blood
donation.

FUTURE DIRECTIONS OF
PULSE OXIMETRY

Compared to many other medical technologies, the use of pulse
oximetry for oxygen saturation monitoring has been relatively
unchanged for many years. Researchers are exploring central
sites as an alternative to the fingers or toes for specific patient
populations. Investigators are also continuously working to
improve saturation calculation algorithms to improve response
time while minimizing false alarms and artifact.

The future of PPG monitoring looks very bright. Consider-
ing their ubiquity, their ease of use, and the fact that they are
noninvasive, the medical community would embrace new pulse
oximetry technology. Research projects are currently focused
on the use of the PPG for arterial mechanics, respiratory rate,
and volume status measurements.
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CHAPTER 22 ■ CAPNOGRAPHY
J.S. GRAVENSTEIN r DAVID A. PAULUS

Capnometry refers to the measurement of carbon dioxide,
regardless of the method used. Capnography describes the
method of obtaining a capnogram, that is, a tracing of car-
bon dioxide concentration as a function of time or volume. A
capnograph is the instrument used to generate a capnogram.
Capnometry has become the minimal standard of practice for
the American Society of Anesthesiologists whenever a patient’s
airway is breached with an endotracheal tube, a laryngeal mask
airway, or an esophageal tracheal airway. If carbon dioxide
can be detected breath after breath after placing the artificial
airway, the clinician has the first and best—if not the only—
indication that the artificial airway is ventilating the patient’s
lungs rather than the esophagus and stomach.

The delivery of carbon dioxide to the exhaled gas is the
final step in a complex system. Metabolism generates carbon
dioxide, which is absorbed upon tissue perfusion, at which
point venous blood flow delivers the CO 2 to the heart, which
powers pulmonary perfusion, and delivers it to the lungs and,
via ventilation, gathers it from the alveoli when a breath finally
pushes it to the outside. Thus, the discovery of carbon dioxide
after intubation of the patient’s airway, while essential, is but
the tip of the proverbial iceberg. In this chapter, we provide a
clinician’s overview of capnometry and its applications in the
perioperative period and the intensive care unit.

HISTORY
Carbon dioxide and its measurement have enjoyed a colorful
history (1). Jan Baptista van Helmont (1579–1644) recognized
a spirit escaping from burning wood and called it gas sylvester
(from Latin silva = wood and silvester = woody). The recog-
nition that a gas could reside in something solid found expres-
sion in the term “fixed air” introduced by J. Black in 1755.
He discovered the gas to be a constituent of carbonated alkali.
Later, Antoine-Laurent de Lavoisier (1743–1794) showed the
gas to be an oxide of carbon. What an extraordinary circum-
stance: Carbon (of coal and diamonds) connected with oxygen
was a gas! John Tyndall (1820–1893) spoke of “perfectly col-
orless and invisible gases and vapors” such as carbonic acid
(now called carbon dioxide) that could well absorb radiant en-
ergy. This insight enabled him to detect carbon dioxide in the
exhaled gas. However, before capnography based on physical
methods could gain a foothold in clinical practice, a chemical
method described by John Scott Haldane (1860–1936) became
the gold standard. He caused a precisely measured volume of
gas to be drawn into a closed system that made it possible to
expose the gas to absorbents such as sodium or potassium hy-
droxide. These agents removed the carbon dioxide from the
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sample; the vanished volume was attributed to the absorbed
carbon dioxide. Refinements of this method were widely used,
yet the methods were time consuming. Chemical methods in
general destroy the gas to be measured and allow only snap-
shots of respiratory carbon dioxide.

A number of methods exploited the physics of energy ab-
sorption. August Hermann Pfund (1879–1949), professor of
optics in Baltimore, measured the effects of interposing more
or less carbon dioxide between a heat source and a temperature
sensor. Karl Friedrich Luft (1900–1999) employed infrared en-
ergy beamed through cells with and without carbon dioxide,
thus enabling the measurements of the energy absorbed by the
gas in question. Later generations of this same principle gave
rise to the currently most widely used infrared spectroscopic
method of capnography.

Two other methods deserve brief mention, as both of them
entered the market without gaining a firm foothold. One of
them became known as Raman scattering, a technique that
exploits the power of laser energy to affect the amplitude of
molecular vibration. Another method made use of mass spec-
trometry, in which charged particles are separated by their
mass, thus enabling the identification and concentration of dif-
ferent gases.

SITES OF MEASUREMENT
Capnography, herein examined, focuses on the detection and
monitoring of carbon dioxide in the exhaled gases. That car-
bon dioxide can also be lost and consequently collected and
measured from the skin (2), from the stomach (3), sublingually
(4), and even from the rectum (5) deserves mention but will not
be discussed in this chapter.

STEADY OR UNSTEADY STATE
With modern methods, continuous readings of exhaled carbon
dioxide tensions and volumes can be obtained. We speak of
steady state when the tension is exerted by carbon dioxide in
different tissue and organ compartments and blood and alveo-
lar gas have reached equilibrium, and when the input of carbon
dioxide from metabolism equals the output of carbon dioxide
via ventilation and, to a small extent, via skin, flatus, feces,
and urine. A steady state can exist with high, normal, or low
arterial, alveolar, or end-tidal carbon dioxide tension (PaCO 2,

PACO 2, or PETCO 2). However, all too often, we do not have
a steady state: Tissue depleted of carbon dioxide can absorb
liters of carbon dioxide from blood until tissue PCO 2 and blood
PCO 2 reach equilibrium; conversely, such tissue stores can con-
tribute CO 2 to that generated by metabolism. For example,
prolonged hyperventilation can exhaust tissue stores of carbon
dioxide and bicarbonate. Under these conditions, the mainte-
nance of a normal PaCO 2 requires less than normal ventilation
because some of the metabolic carbon dioxide filters back into
the tissues instead of being exhaled. Conversely, high tissue
stores of carbon dioxide (e.g., after a cardiac and respiratory
arrest) will call for greater than normal ventilation until steady
state is once again reached. A depressed respiratory center (e.g.,
under the influence of an opiate) will lead to an imbalance of
input and output as the tissues take up some of the carbon
dioxide while the rest leaves the body in the exhaled gas. Once
the tissues and blood reach equilibrium, steady state will once
again supervene in the presence of elevated levels of PaCO 2,
PACO 2, and PETCO 2. Renal compensation of metabolic aci-
dosis or alkalosis will also lead to an unsteady state that can
last for many hours. The point: Capnograms can hide as much
as they reveal, and thus the interpretation of capnograms calls
for discerning clinicians.

CONVENTIONS OF
MEASUREMENTS

Before describing the different methods of capnography, the
conventions of reporting the tension or concentration of CO 2
present in the exhaled gas must be discussed. The tension of
the gas can be reported in mm Hg (same as torr), with normal
end-tidal values between 35 mm Hg and 45 mm Hg, which
translates into 4.67 kPa and 6.0 kPa, respectively. The amount
of carbon dioxide present in a gas sample can also be reported
in percent or as a fraction of the volume of gas. Here caution
needs to be exercised: 5.0% end-tidal PCO 2 (equal to the end-
tidal fraction, Fet, 0.05) at a barometric pressure at sea level
of 760 mm Hg (101 kPa) would amount to 38 mm Hg (5.05
kPa). However, many millions of people live in cities at altitude.
Assume, for example, Mexico City with an ambient pressure
of perhaps 550 mm Hg (73 kPa). Here, 5.0% end-tidal CO 2
would represent only 27.5 mm Hg (3.65 kPa). The influence of
the pressure exerted by water vapor (47 mm Hg or 6.26 kPa
at 37), which is not affected by barometric pressure but rises
and falls as a function of temperature, also plays an important

TA BLE 2 2 . 1

CARBON DIOXIDE AND BAROMETRIC PRESSURE AT 37◦ C

End-tidal percent or Alveolar partial pressure Alveolar percent or
Barometric pressure End-tidal PCO2 fraction of volume of water vapor fraction of water vapor

Sea level at 760 mm Hg 38 mm Hg or 5.05 kPa 5.0% or fe 0.05 47 mm Hg or 6.26 kPa 6.2% or fe H 2O 0.06
Elevationa 550 mm Hg 27.5 mm Hg or 3.65 kPa 5.0% or fe 0.05 47 mm Hg or 6.26 kPa 8.5% or fe H 2O 0.08

a At altitude assuming hyperventilation to an end-tidal PCO 2 of 27.5 mm Hg.
While hyperventilation can reduce the volume of carbon dioxide in the alveoli, it cannot reduce the tension of water vapor, which, as long as the
temperature stays at 37◦C, will remain at 47 mm Hg. Some capnometers offer readings that assume dry or wet gas at 37◦C.
f stands for fraction where 1 = 100% and f 0.05 = 5% .
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role at altitude (Table 22.1). As we wish to correlate alveo-
lar gas tension with the tension of gases in blood (reported in
mm Hg or kPa), we prefer to report gaseous carbon dioxide
not in percent, but as PCO 2 in mm Hg or kPa.

METHODOLOGIES

Che mical

Carbon dioxide goes into solution, combines with water to
form carbonic acid, and establishes an equilibrium between
dissolved CO 2 and bicarbonate. This reaction, which changes
the pH, gives rise to chemical methods using pH indicators for
the estimation of carbon dioxide concentration in moist gas,
or colorimetric EtCO 2 (Fig. 22.1).

Changes in temperature and the addition or removal of H +

ions, in turn, affect the ratio of bicarbonate to carbonic acid,
and dissolved CO 2, therefore, plays a crucial role in the acid-
based equilibrium of blood, which is assessed by measuring pH
and PCO 2 and calculating bicarbonate in blood. This is dis-
cussed in detail elsewhere in this book, as is the importance of
buffers (primarily hemoglobin) and carbonic anhydrase, which
accelerate the reaction:

CO 2
+ H 2O   H 2CO 3   HCO 3

− + H +

Sid e st re am and Mainst re am (On-airway)
Cap nog rap hy: Time -b ase d Me t hod s

The gas to be analyzed has to be collected from the patient
under conditions that prevent contamination of the gas with
ambient air. Ideally, we would like to sample tracheal gas; that
is rarely possible. A cuffed endotracheal tube with a port close
to the mouth offers the next best opportunity to collect exhaled
gas from the patient before it mixes with gas from the outside
or the breathing circuit. First, we will a look at the sidestream
method.

Sid e st re am
On its way to the analyzer through a capillary, the gas cools
(from body to room temperature) and the water vapor con-

FIGURE 22.1. A device that detects CO 2 by chemically induced color
change (Nellcor, Inc.).

denses, forming droplets. Two measures minimize the potential
problem of having water obstruct the flow of gas or confound
the spectroscopic analysis: Collecting capillaries made out of
Nafion tubing enables the water vapor in the tube to equilibrate
with the water vapor in air surrounding the tube. This leads to
a reduction of water vapor in the capillary. The second, a more
prosaic method, consists of a water trap situated close to the
analyzer.

Figure 22.2 shows a typical time-based capnogram obtained
under ideal conditions. Here we plot the tension of carbon
dioxide in the ordinate and time in the abscissa. Observe the
angles α and β , both of which in a healthy individual approach
90 degrees. A respiratory pause at the end of exhalation will
cause the plateau phase to become horizontal.

With the sidestream method, the costly analyzer can be kept
out of the way; a thin, long aspirating capillary presents no
encumbrance to the clinical team; and aspirated gas can be
analyzed for carbon dioxide as well as other gases. Further-
more, gas can be aspirated from nasal prongs with minimal
annoyance to a conscious patient. Commercial configurations
are available that enable the simultaneous aspiration of gas
from one nostril while delivering oxygen to the other nostril or

FIGURE 22.2. Capnogram showing
exhaled PCO 2 versus time. Expiration
shows phase I (dead space gas free
of CO2), phase II (rapid appearance
of CO2), and phase III (plateau). The
α angle describes the transition from
phase II to III and the β angle that from
phase III to phase 0, the beginning of
inspiration.
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to the mouth. However, in that application, contamination of
the aspirated gas with room air or oxygen is possible, although
several studies have shown clinically satisfactory results with
these arrangements. At a minimum, such a system can provide
evidence of ventilation and enable the recording of respiratory
rates.

The sidestream method has two well-recognized drawbacks.
The longer the capillary is, the longer the travel time for the
gas from the patient to the analyzer. That causes the capno-
gram to be out of phase with simultaneously recorded flow or
pressure tracings. The long travel also gives the leading edge
of a gas a chance to mix with the gas it is replacing in the tub-
ing, which produces slurring of the capnogram, particularly
noticeable with rapid respiratory rates (Fig. 22.3).

Many sidestream capnometers aspirate up to 200 mL gas
per minute into the analyzer. Premature newborns, with their
small tidal volumes and high respiratory rates, will then de-
velop capnograms that show false low end-tidal and false high
inspiratory PCO 2 values. Two mechanisms contribute to these
conditions: On the one hand, the tiny patient’s tidal volume
might be so low as to cause the capnograph to aspirate gas
from the breathing tube, thus diluting the exhaled gas from the
patient. On the other hand, the time constant of the capno-
graph may be too long to respond adequately to rapid breaths.
Modern capnographs offer low rates of aspiration (30–50
mL/minute) and short time constants (6).

Mainst re am
Instead of aspirating a sample of respired gas with a sidestream
system, it is possible to determine the concentration of car-
bon dioxide close to the patient’s mouth in a “mainstream”
or “on-airway” method (Fig. 22.4). The method eliminates
two weaknesses of the sidestream system: Without a need to
transport the gas through a capillary to the analyzer, main-
stream capnograms show no slurring of the capnographic
tracings. Of course, these advantages come with a (tolera-
ble) cost: The carbon dioxide sensor must be brought close
to the patient’s mouth, which adds weight to the breathing cir-
cuit/endotracheal tube; in this position, the sensor is exposed
to potential damage, and obtaining gas samples from a sponta-
neously breathing, nonintubated patient is more difficult than
would be true from a sidestream system. Nevertheless, main-
stream systems have been adapted for capnography even in
nonintubated infants.

The mainstream, on-airway system avoids problems arising
out of condensation of water vapor in the exhaled gas by heat-
ing of the sensor. At 37◦C, water vapor will exert 47 mm Hg,
thus affecting—if not powerfully—the determination of PCO 2
in sidestream systems. Purists will, therefore, point out that
mainstream capnography will give values more representative
of alveolar gases than sidestream systems, a small advantage
with no clinical significance.

Volume -b ase d Cap nog rap hy

Instead of plotting the respired gas as a function of time, we
can also plot it as a function of volume. This calls for a method
to measure, breath by breath, the respired volume of gas. Com-
monly, only the exhaled tidal volume is shown (Fig. 22.5).

Observe on Figure 22.5:

A: The tracing starts with the beginning of exhalation,
which consists of dead space free of CO 2.

B: As the dead space is cleared, gas from the sequen-
tially smaller and smaller airways, and finally alveoli, will
be exhaled. A steeply rising concentration of carbon dioxide
over volume reflects this phase. The phase ends in a distinc-
tive knee and then transitions into a more or less horizontal
phase.

C: The gently rising horizontal phase adds volume from
distant lung segments.

D: The end-tidal value, normally about 40 mm Hg, rep-
resents alveolar gas if lung function and tidal volume are
normal.

E: The inspiratory limb of the breath is not recorded, as
is the custom with volume-based capnograms.

The measurement of the exhaled volume presents chal-
lenges. Not only is the flow rate not uniform over the entire
exhaled volume, but also the presence of water vapor, baro-
metric pressure, composition of the exhaled gas (imagine the
presence of helium!), configuration of the sensor, and response
time of the flow meter can all affect the accuracy of the mea-
surement (7).

Observe in Figure 22.5 the gap between the end-tidal value
and the arterial carbon dioxide tension; thus, together with an
arterial blood gas, the single breath method enables the clini-
cian to estimate the volume of carbon dioxide in the exhaled
breath (X), the volume of the alveolar dead space (Y), and
the volume of the anatomic dead space (Z). Fletcher adopted
an estimation of the “efficiency” of ventilation by drawing a
horizontal line through the end-tidal concentration of carbon
dioxide (8) (Fig. 22.6).

Che ck of Cap nog rap h
Before accepting the data provided by capnographs, check
the technical details of the instruments, whether sidestream
or mainstream and whether time or volume based. Calibra-
tion can be accomplished with a test gas, with references built
into the instrument, and for mainstream systems with cells that
mimic the presence of a known carbon dioxide concentration.
When in doubt, the user can test his or her own exhaled gas.
However, this will not test the linearity of the instrument.

For sidestream systems, check for a properly connected
sampling system and patent tubing. When secretions or wa-
ter droplets impede gas flow, the sidestream capnograph will
report erroneous data. A break in the tubing or a loose connec-
tion can enable room air to dilute the sample. In a mainstream
system, a leak between the sensor and patient can introduce ar-
tifacts. Gas other than the patient’s exhaled gas can dilute the
sample in all applications in which the sample is not taken from
a port close to the endotracheal tube, as is true with aspiration
of gas from nasal cannulae.

Pay attention to the patient’s tidal volume. If the patient’s
tidal volume, whether spontaneous or not, is too small to de-
liver undiluted alveolar gas to the capnograph, the end-tidal
PCO 2 will be falsely low. This concern arises particularly in
premature newborns.

Respiratory rates affect the capability of the capnograph.
Capnographs have limits to the rate of their response, usually
expressed either as time needed for a 5% to 95% response or as
time constant (Fig. 22.7). Consequently, with rapid respiratory
rates, the instrument may not be able to reach a full response,
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FIGURE 22.3. A: The top capnogram derives from an on-airway sampling location. The middle tracing
is a capnogram from a sidestream device. Notice the on-airway waveform is a little more crisp than that
from the sidestream device. The data were collected from a patient during mechanical ventilation. The
increase in airway pressure is associated with the sudden disappearance of CO 2 and the drop in airway
pressure signals exhalation. Travel time of gas in the capillary of the sidestream capnogram causes the
on-airway curve to lag behind the pressure tracings. B: Increasing respiratory rate briefly to 60 breaths
per minute eliminates the plateau in the sidestream-derived waveform with reduced end-tidal CO 2, while
the on-airway device still shows a plateau. C: Dropping the rate to 30 breaths per minute results in the
plateau reappearing in the on-airway device.
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FIGURE 22.4. The Capnostat CO 2 sensor, a fully integrated gas mea-
surement system, is shown assembled with an adult airway adapter. All
of the signal acquisition and processing is performed within the sensor.
This is accomplished by the use of microelectronics and digital signal
processing. The capnogram along with calculated parameters such as
end-tidal and inspired values are provided via a serial interface. (Image
courtesy of Respironics, Inc., Murrysville, PA.)

and the end-exhaled values can present as falsely low and the
inspired values falsely high.

Make sure the respired gas is free of gases that would con-
found the spectrographic analysis of carbon dioxide, as can
be true of nitrous oxide and helium. Many capnographs offer
compensation for the presence of nitrous oxide. Helium causes
the carbon dioxide concentrations to be read falsely low (9).

FIGURE 22.5. Schematic single breath test. FaCO 2 represents the
FCO2 of a gas in equilibrium with arterial blood. Area X represents
the volume of CO 2 in the breath. Area Y represents the alveolar dead
space. The alveolar dead space fraction is given by Y/(X + Y). VTalv is
the alveolar tidal volume. The physiologic dead space fraction is rep-
resented by areas (Y + Z)/(X + Y + Z). Note that fractions are used,
rather than partial pressures, in order that the areas may represent
CO2 volumes, actual or notional. Observe the horizontal line of an in-
vasively obtained FaCO 2. (Reproduced with permission from Fletcher
R. In Gravenstein JS, Jaffe MB, Paulus DA, eds. Capnography, Clinical
Aspects. Cambridge, UK: Cambridge University Press; 2004:381.)

FIGURE 22.6. Definition of efficiency. The breath is divided into phase
I, the ineffective part, and VTeff, the effective part (which contains
phases I and II). Efficiency is calculated from 100 times area X divided
by areas (X + Y). In effect, efficiency is a noninvasive measure of
ventilatory efficiency. (Reproduced with permission from Fletcher R.
In Gravenstein JS, Jaffe MB, Paulus DA, eds. Capnography, Clinical
Aspects. Cambridge, UK: Cambridge University Press; 2004:382.)

Card iog e nic Oscillat ions
Cardiogenic oscillations (Fig. 22.8) are a reminder that the
lungs share space with a beating heart in the chest. These os-
cillations can be seen with both sidestream and mainstream
systems. The oscillations synchronous with the heart beat are
thought to represent “ the complex summation of transient al-
terations in the proportion of the total flow coming from differ-
ent lung units and containing gases of different concentrations”
(10).

INTERPRETATION

What Is a Normal Cap nog ram?

A normal capnogram is a plot of CO 2 and time, which can
be divided into inspiratory and expiratory segments, each one
grouped in phases (Fig. 22.2).

Inspiratory segment: The inspiratory phase, phase 0, is
usually a flat line overlapping the zero (baseline) CO 2 con-
centration line, unless rebreathing is present. The latter part
of the horizontal baseline is phase I of the expiratory seg-
ment. Phase 0 represents the dynamics of inspiration.

Expiratory segment: The expiratory segment, similar to
a single breath CO2 curve, is divided into phases I, II, and
III, and occasionally phase IV, which represents the terminal
rise in CO2 concentration.

Phase I: Phase I represents CO 2-free gas from the appa-
ratus and anatomic dead space.

Phase II: Phase II consists of a rapid S-shaped upswing
on the tracing due to mixing of dead space gas with alveolar
gas.
α Angle: The angle between phases II and III has been

referred to as the α angle, and increases as the slope of
phase III increases. Changes of the α angle correlate with
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FIGURE 22.7. For sidestream sampling, total response
time is equal to the delay or transit time in the sampling
catheter plus the measurement rise time, which is ex-
pressed different ways. (Reproduced from Gravenstein
JS, Paulus DA, Hayes TJ. Capnography in Clinical Prac-
tice. 2nd ed. Boston: Butterworth-Heinemann, 1989.)

FIGURE 22.8. Simultaneous electrocardiogram and capnogram with
cardiogenic oscillations and pneumotachygraph. Cardiogenic oscilla-
tions in this capnogram (middle tracing) were generated from a healthy
volunteer who breathed into a mouthpiece, to which a pneumotachy-
graph (set at high sensitivity) and sidestream capnograph sampling con-
nector were attached. An electrocardiogram (top tracing) was recorded
simultaneously. Oscillations appeared on the capnogram only on the
down-slope. The oscillation occurred at the same rate as the heartbeat,
but 2 to 3 seconds after the pneumotachygraph because of the travel
time of the gas in the sidestream capnograph. In order to generate a
pneumotachygraph, the subject kept his glottis open after an exhala-
tion was completed.

sequential emptying of alveoli. In general, the more hetero-
geneous are functional units of the lung, and the wider one
is the α angle.

Phase III: Phase III is the link between the α angle and
the PETCO 2. Its slope increases with ventilation/perfusion
(V/Q) mismatch, and it is determined by the gas-emptying
sequence of the alveolar units. If the units empty syn-
chronously, the CO 2 expired results in a smooth flat or
slightly upsloping phase III. In patients with severe V/Q scat-
ter and longer time constants, CO 2 emptying is sequential,
resulting in a steeper rising slope of phase III. In general,
the more severe the mismatch is, the steeper the slope. Fac-
tors such as changes in cardiac output, CO 2 production,
airway resistance, breathing pattern (tachypnea), and low
functional residual capacity (FRC) may further affect the
V/Q status of the various units in the lung, and thus influ-
ence the height or the slope of phase III.

An incompetent expiratory valve resulting in rebreathing
may affect the α angle and up-slope the phase III of the capno-
graph. A simultaneous recording of flow rate waveforms is
potentially used to differentiate this technical problem from an
abnormal plateau of phase III of the capnograph. For a healthy,
spontaneously breathing adult or with optimal mechanical ven-
tilation, the α angle should show a smooth curve (see Fig. 22.2),
end-tidal values of 35 to 45 mm Hg, and an arterial PaCO 2 of
only 3 to 4 mm Hg higher than the end-tidal values. There
would be no carbon dioxide in the inspired air.

How can we be sure that ventilation is normal when we
don’t have arterial blood gas analyses available? A stethoscope
would be helpful in confirming normal breath sounds left and
right. A spontaneously breathing patient should be breathing
regularly, without a tracheal tug during inspiration; the left
and right chest should rise equally and evenly during inspira-
tion; and during expiration, the abdominal muscles should not
contract. If clinical findings raise doubts about the adequacy
of ventilation, even with a normal-appearing capnogram, the
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arterial blood gas should be analyzed. Should PETCO 2 fail rea-
sonably to reflect PaCO 2, capnography can still provide useful
trend data, but the clinician will now need to identify the rea-
son for a larger than normal difference between PETCO 2 and
PaCO 2.

The volume-based method provides a valuable opportunity
to estimate the volume of carbon dioxide exhaled. Because no
single breath equals the next, even with mechanical ventila-
tion, several to many breaths need be sampled and averaged to
arrive at a reasonable estimate. Volumetric capnography (plot-
ting CO2 concentration over expired volume) has been used
for real-time calculations of anatomic and physiologic dead
space ventilation. Since anatomic dead space generally does not
change rapidly, alterations of physiologic dead space measured
in real time can indicate changes in the alveolar dead space
component. While the information obtained from volumetric
capnography could be theoretically useful to titrate ventilator
parameters, its use is currently not widespread.

Normally, we expect 200 to 250 mL/minute (about 2–3
mL/kg/minute) of carbon dioxide to be produced by a rest-
ing, healthy, normothermic adult of average weight. Assum-
ing steady state (ignoring small losses through skin, feces, and
urine), the volume exhaled would represent the volume pro-
duced. Diet can change the respiratory quotient (RQ = carbon
dioxide production/oxygen consumption), usually assumed to
be around 0.8.

What Are t he Sig ns of an
Ab normal Cap nog ram?

For a valid measurement of the tidal volume during mechanical
ventilation, the exhaled rather than the inspired volume must
be measured. Positive pressure during inspiration can cause gas
to escape through a leak or around the endotracheal tube; such
loss is less likely during passive expiration.

Eq uip me nt Re lat e d
Ventilator-related Failures or Gas Leaks

1. Leaks: With mechanical ventilation, leaks in the breathing
circuit are likely to spill gas during inspiration when the pres-
sure in the system is high, and thus can lead to hypoventila-
tion despite a properly calculated (but not measured) minute
ventilation.

2. Inspired CO2
In the absence of intentionally added carbon dioxide, three
mechanisms can lead to the appearance of inspired carbon
dioxide:
a. Exhausted carbon dioxide absorber: With a circle sys-

tem, as used in anesthesia, an exhausted carbon dioxide
absorber will cause rebreathing.

b. Incompetent expiratory valve: An incompetent expira-
tory valve will lead to rebreathing of the carbon dioxide
deposited in the expiratory limb of the breathing circuit.

The two conditions described above, however, can be
distinguished by simply raising the fresh gas flow to ex-
ceed minute ventilation: That will prevent rebreathing
owing to an exhausted carbon dioxide absorber, but will
not prevent rebreathing through a defective (stuck in the
open position) expiratory valve. Whether an exhausted
carbon dioxide absorber or a defective valve causes re-

FIGURE 22.9. Incompetent expiratory valve leads to rebreathing of
CO 2 in this time-based capnogram from a patient breathing from a
circle system. Observe that the capnogram does not return to base-
line during inspiration. Either an exhausted carbon dioxide absorber
allows exhaled gas to return to the patient during inspiration or an
expiratory valve stuck in the open position lets exhaled gas be ad-
mixed to the inspired gas during inspiration, indicating the presence
of CO2 in the inspired gas. High fresh gas flow can compensate for an
exhausted carbon dioxide absorber but not for rebreathing through a
faulty expiratory valve.

breathing of carbon dioxide, the effect resembles the ad-
dition of dead space, which calls for an increase of minute
ventilation lest carbon dioxide retention leads to rising
PACO 2, PaCO 2, and PETCO 2 (Fig. 22.9).

c. Incompetent inspiratory valve: Malfunction of the inspi-
ratory valve generates a typical capnogram (Fig. 22.10).

3. Abnormal capnograms with normal production of carbon
dioxide
Hyperventilation:
Anxious people, and more often patients with central ner-
vous system injuries, can hyperventilate to the point of in-
ducing tetany; in healthy volunteers, a drop by 20 mm
Hg PETCO2 induced tingling and tetany manifested by in-
creased axonal excitability, presumably owing to reduced
ionized calcium (11).

In the clinical setting, patients with an acute increase of
intracranial pressure can be treated with transient hyperven-
tilation in order to decrease cerebral blood flow known to
fall with decreased PaCO 2. The capnogram will first briefly
show increased and then decreased PETCO 2, eventually
leading to reduced carbon dioxide tissue stores. However,
be careful when observing an abnormally low PETCO 2! Be
sure that the low PETCO2 is due to hyperventilation and not
to other circumstances. For example, very low tidal volumes
can show low PETCO2 even though PaCO 2 is elevated. A
mistaken diagnosis of hyperventilation and the decision to
reduce minute ventilation would harm the patient.
Hypoventilation:
Three clinical circumstances can lead to hypoventilation:
Drug- or disease-induced depression of the respiratory cen-
ter, drug- or disease-induced muscle weakness, and airway
obstruction. With the onset of hypoventilation, less carbon
dioxide appears in the exhaled gas, carbon dioxide accu-
mulates in the tissues, and venous PCO 2 rises. Eventually,
the retained carbon dioxide levels reach a new equilibrium
after renal compensation has reached its peak. There will
be higher than normal levels of body stores of carbon diox-
ide, PaCO 2, PACO 2, and PETCO 2. Once a new steady state
has been reached, and assuming unchanged metabolism, the
amount of carbon dioxide exhaled per minute will be the
same as before the perturbation; however, the end-expired
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FIGURE 22.10. Illustration of the difference between
normally functioning and incompetent inspiratory
valves. Note that the CO 2 tracing in the normal capno-
gram rapidly drops to baseline at the start of inspiration
(marked by increase in airway pressure [center tracing]
and inspiratory flow [bottom tracing]). When the in-
spiratory valve is incompetent, exhaled CO 2 from the
previous breath enters the inspiratory limb of the circle
breathing system, and is rebreathed at the next breath.
The presence of CO2 in the inspiratory limb is evident
from the widened capnogram (shaded area). (Generated
with BreathSim software from Goldman JM, Ward DR,
Daniel L. BreathSim, a mathematical model-based sim-
ulation of the anesthesia breathing circuit, may facili-
tate testing and evaluation of respiratory gas monitoring
equipment. Biomed Sci Instrum. 1996;32:293–298.)

values will be elevated. Instituting hyperventilation at this
point will bring end-tidal values back toward “normal,” at
which point continued hyperventilation will result in respi-
ratory alkalosis. In patients with elevated PETCO 2 on me-
chanical ventilation, clinicians should resist the temptation
to increase minute ventilation without first going through a
differential diagnosis of an elevated PETCO 2 lest they delay
the treatment of an underlying process.

4. Abnormal capnograms with increased production of carbon
dioxide
Exogenous CO2 production:
Bicarbonate infusion: Bicarbonate infused in the treatment
of metabolic acidosis will dissociate under most clinical
conditions (carbonic anhydrase being available) and liber-
ate carbon dioxide, perhaps as much as 1 L/50 mmol (Fig.
22.11).

Carbon diox ide insufflation: Carbon dioxide insufflation
during laparoscopic (etc.) procedures burdens the body with
many extra liters (at times > 40 L in adults) of carbon diox-
ide. Cardiac output and buffering capacity of blood will
influence the rate of gas release. The blood carries much of
the gas to the lungs, where increased ventilation is needed
to maintain normal arterial gas values. Fortunately, after re-
leasing the gas from the abdominal cavity, arterial blood gas
values return toward normal over about an hour (12). Some
surgeons like to flood the surgical field with carbon dioxide.
In case of venous aspiration of gas, the aspirate would be the
readily absorbed carbon dioxide rather than air containing
close to 80% of poorly absorbed nitrogen (13).
Endogenous CO2 production:
Shivering, as seen in patients with severe nervous system in-
juries or when emerging from anesthesia, can double the
consumption of oxygen and thus the production of car-
bon dioxide. Fever triggered by the liberation of pyro-

gens from infectious agents, toxins, or inflammation is the
most common cause of increased CO 2 production. Much
rarer is malignant hyperthermia (MH), an autosomal dom-
inant inherited disorder of skeletal muscle that sends car-
bon dioxide production into overdrive. In susceptible pa-
tients, halothane—and, to a lesser degree, other halogenated
anesthetics—and succinylcholine can trigger the syndrome.

A rising PETCO 2 provides the first warning many min-
utes before increasing blood or body temperature can be de-
tected. While the syndrome arises usually during anesthesia,
it sometimes becomes manifest hours later. The syndrome

FIGURE 22.11. Time course of the changes in VCO 2 ( VCO 2) and
PaCO2 in 16 artificially ventilated critically ill patients during and af-
ter the infusion of 1/5 mmol/kg sodium bicarbonate over 5 minutes.
(Reproduced with permission from Levraut J, Garcia P, Jiunti C, et
al. The increase in CO 2 production induced by N aHCO 3 is affected
by blood albumin and hemoglobin concentrations. Intens Care Med.
2000;26:558.)
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provides a telling example of why the clinician should not
simply blame rising PETCO 2 on hypoventilation and in-
crease minute ventilation without ruling out MH—an of-
ten fatal condition if not detected in time and treated with
dantrolene. Of course, in the treatment of MH, increasing
minute ventilation becomes necessary, together with appro-
priate treatment of fever, hyperkalemia, and arrhythmias.1

Rarely, the syndrome is triggered by neuroleptic
drugs such as prochlorperazine (Compazine), prometh-
azine (Phenergan), clozapine (Clozaril), and risperidone
(Risperdal). This neuroleptic malignant syndrome (NMS)
has also been associated with nonneuroleptic agents that
block central dopamine pathways (e.g., metoclopramide
[Reglan], amoxapine [Asendin], and lithium) (14).

High metabolic activity with hyperthyroidism can be-
come symptomatic after infection or trauma to the thyroid
gland. Tachycardia, markedly increased oxygen consump-
tion and carbon dioxide production, and raised body tem-
perature characterize the syndrome. When muscle wasting,
particularly in elderly hyperthyroid men, affects breathing,
capnography can be misleading.

5. Abnormal capnograms with reduced production of carbon
dioxide
If production of carbon dioxide is abnormally low, even
“normal” ventilation will represent hyperventilation. Nu-
merous conditions can lead to a decrease of carbon dioxide
production. Currently, the most common circumstance is
iatrogenically decreased body temperature (e.g., as induced
during cardiopulmonary bypass). Submersion in cold wa-
ter, hypothyroidism, and several mitochondrial diseases can
also decrease metabolism (15). Often the clinician will need
to consider arterial blood gas values in order to correctly
interpret normal and low PETCO 2.

CAPNOGRAPHY: CLINICAL
APPLICATIONS

Ob st ruct ive Lung Dise ase s

Many patients with chronic obstructive pulmonary disease, in-
cluding asthma, show typical capnographic features that in-
clude a slowly rising concentration of carbon dioxide in the ex-
pired tidal volume and alteration of the slopes of phase III (Fig.
22.12). Figure 22.12 shows diagrammatically how impedance
to air flow in sequential areas of the lungs contributes to uneven
emptying of the lungs. Severe V/Q mismatch in patients with
obstructive lung diseases will also cause CO 2 release, first from
the high V/Q alveolar unit (low CO2), and last from low V/Q
alveolar units (high CO 2), contributing to the upsloping shape
of phase III (16). For these reasons, single values of ETCO 2
have proven unreliable as differential diagnosis indices in pa-
tients with obstructive disease compared to restrictive lung dis-
ease (17). When PETCO 2 differs from PaCO 2 because of V/Q
mismatching, changes in the PETCO 2 may be seen with a cor-
responding increase, decrease, or no change in PaCO 2. In these
cases, a direct measurement of dead space ventilation with vol-
umetric capnography can be useful to predict the relationship
between PaCO 2 and PETCO 2.

ETCO2 during weaning from mechanical ventilation has
been used with success to prevent dangerous, and frequently

FIGURE 22.12. Diagram of ventilation/perfusion mismatch (i.e.,
chronic obstructive pulmonary disease) and the resulting volume-based
capnogram. The diagram shows the narrowed air passages resulting
in decreased ventilation of distal alveoli. (Reproduced with permis-
sion from Anderson JT. In Gravenstein JS, Jaffe MB, Paulus DA, eds.
Capnography, Clinical Aspects. Cambridge, UK: Cambridge University
Press; 2004:192.)

unrecognized, hypercapnia in patients with increased dead
space ventilation (18). Unfortunately, in many cases, relevant
hypercapnic episodes (increases of ETCO 2 of greater than
3 mm Hg) can only be detected with a sensitivity of 82% and a
specificity of 76% , making arterial sampling during weaning a
frequent necessity. Despite these limitations, capnography may
substantially reduce the number of arterial blood gas analyses
necessary during weaning from mechanical ventilations (19).
One can describe the degree of flattening by reporting an α
angle as shown in Figure 22.13.

Ve nt ilat ion/ Pe rfusion Mismat ch

In healthy individuals, the ventilation-to-perfusion ratio comes
close to 1:1. Under the influence of gravity, the lower lungs are
favored with perfusion over ventilation as compared to the up-
per lungs. Any pathologic condition that disturbs this balance
can result in a mismatch. Under physiologic conditions, we ex-
pect the arterial CO 2 tension to be 3 to 5 mm Hg higher than
the end-tidal CO2 tension. In general, neither end-tidal nor
arterial CO 2 can exceed venous PCO 2. A conspiracy of ven-
tilation/perfusion inequalities can raise or decrease arterial to
alveolar PCO2 differences depending on the patient’s disease,
position, ventilatory pattern and pulmonary perfusion pres-
sure, and flow. Acute respiratory distress syndrome (ARDS)
is an example of severe V/Q scatter. Low lung compliance
and an increase in resistance imply longer time constants and
sequential CO2 emptying, resulting in a steeper rising slope
of phase III of a time-based capnogram. Such a ventilatory
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A

B

FIGURE 22.13. A: Normal capnogram showing α of 105 degrees. B:
Capnogram during acute bronchospasm showing α  of 140 degrees.

disturbance in ARDS can be monitored with a real-time
capnograph. However, when a significantly widened PaCO 2–
PETCO2 difference is observed, it is likely that coexisting signif-
icant dead space ventilation occurs. In these cases, direct mea-
surement of dead space ventilation with volumetric capnogra-
phy confirms the suspected diagnosis.

Recent reports in pediatric populations suggest that a dead
space volume–to–tidal volume (VD/VT) ratio of 60% is a criti-
cal ratio for lack of reliability of PETCO 2 in patients with in-
creased extravascular lung water (20). In this subset of patients
with a particularly poor prognosis, a VD/VT ratio more than
65% identifies patients at risk for respiratory failure following
extubation (20). This observation mirrors our personal experi-
ence in adult ARDS patients, whereas a VD/VT ratio more than
60% identifies patients with grave pulmonary dysfunction (21)
and increased risk of death (22).

The PaCO 2–PETCO 2 difference in ARDS patients has re-
cently found another interesting application. It has been theo-
rized that the narrowing of this difference, while positive end-
inspiratory pressure is applied, indicates the best possible re-
cruitment of unstable alveoli without overdistension (23). In
other words, calculating the VD/VT ratio in patients with a
wide PaCO2–PETCO 2 difference could be strategically useful

to optimize positive end-expiratory pressure, thereby limiting
promotion of excessive “West zone 1” in the lung.

Bronchial Int ub at ion as an
Examp le of a Shunt

With intubation of usually the right, mainstem bronchus, a
classic example of a large shunt develops: One lung is perfused
but not ventilated. About half of the cardiac output is shunted
past the lung, and its desaturated blood is mixed with the sat-
urated blood coming from the other lung. The mixing effect
of the shunt is more pronounced for oxygen (46 mm Hg O 2
venous blood into 100 mm Hg pO 2 arterial blood) than for
carbon dioxide (46 mm Hg CO2 venous blood into 40 mm Hg
PCO 2 arterial blood). The initial reduction of exhaled CO 2 re-
sults in a reduced PETCO 2 value until the system comes back
into equilibrium. A partial and variable compensation for such
a large shunt is caused by hypoxic pulmonary vasoconstriction,
limiting the PaCO 2–PETCO 2 gap.

Pulmonary Emb olism as an Examp le
of De ad Sp ace Ve nt ilat ion

A typical example of dead space ventilation occurs when
an embolus blocks perfusion such that lung tissue is venti-
lated but not perfused. Depending on the tidal volume of the
nonperfused lung segment, the dead space being ventilated
can substantially dilute the PETCO2, leading to large differ-
ences between PaCO 2 and PETCO 2 (Fig. 22.14). In the same
patient, the plateau of the CO2 volume capnograph flattens

FIGURE 22.14. Diagram of ventilation/perfusion mismatch (i.e.,
chronic obstructive pulmonary disease) secondary to a clot (pul-
monary embolus) on ventilated but not perfused alveoli and volume-
based capnogram. (Reproduced with permission from Anderson JT.
In Gravenstein JS, Jaffe MB, Paulus DA, eds. Capnography, Clinical
Aspects. Cambridge, UK: Cambridge University Press; 2004:192.)
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TA BLE 2 2 . 2

THE EFFECT OF HEMORRHAGIC SHOCK AND REDUCED PULMONARY BLOOD
FLOW ON THE ELIMINATION OF CARBON DIOXIDE

Tissue Venous Arterial PETCO2
control → shock control → shock control → shock control → shock

PETCO 2 38 → 15
PCO2 50 → 45 → 96 40 →
PO2 45 → 40 → 15 97 →
SO 2 65 → 70 → 20 99 →

Modified from Ward, KR. The basis for capnometric monitoring in shock. In: Gravenstein JS, Jaffe MB,
Paulus DA. Capnography, Clinical Aspects. Cambridge, UK: Cambridge University Press; 2004:223–322.)

(24). If the patient’s respiratory drive is intact, alveolar hy-
poxia and increased alveolar dead space will result in increased
minute ventilation with resultant low end-tidal PCO 2 values.

With ablation of this compensation, as in a patient who
is chemically paralyzed, heavily sedated, or anesthetized, the
PaCO 2 always increases from baseline, and the (a-ET)PCO 2
gap widens (25). The pulmonary artery angiogram, spiral chest
computerized tomography, and scintillation V/Q lung scan re-
main the gold standards for diagnosing pulmonary embolism.
Unfortunately, while capnography has the advantage of being
noninvasive and practical at the bedside, it lacks specificity
(26).

Low Card iac Out p ut St at e

Hemorrhagic shock represents the extreme of reduced pul-
monary blood flow without, in this example, disturbance of
lung function (Table 22.2). The reduced alveolar blood flow
will prevent the matching of CO 2 elimination with systemic
CO2 production. As a result, PETCO 2 will decrease while the
mixed venous PCO 2 will continue to increase (27). Positive
pressure ventilation will enlarge the areas of the lungs receiv-

ing more ventilation than perfusion, which will exaggerate the
impact of low perfusion pressure to the dependent areas of
the lungs (28). However, if ventilation is maintained constant,
the percent decrease in PETCO 2 directly correlated with the
percent decrease in cardiac output (r2 = 0.82) (29).

Card iac Arre st

While capnography is well established as a tool to confirm cor-
rect endotracheal intubation (30–33), it has garnered growing
interest in the interpretation of low blood flow states, primar-
ily because of the difficulty in directly measuring low rates of
blood flow, particularly during human cardiac arrest and resus-
citation. It is much easier to measure end-tidal CO2 as evidence
of pulmonary blood flow than direct measurements of cardiac
output.

With sudden cardiac standstill, the capnogram shows
quickly vanishing carbon dioxide levels in the exhaled gas.
Thus, continued ventilation will wash the carbon dioxide out
of the unperfused lungs. After three or four time constants,
there will be very little carbon dioxide left in the unperfused
lungs (Fig. 22.15).

FIGURE 22.15. A patient undergoing the implantation of an automatic internal cardiac defibrillator was
monitored with electrocardiogram (ECG; top), radial artery pressure (middle), and mainstream capnog-
raphy (bottom). Induced ventricular fibrillation (black area in ECG) and defibrillation are apparent in
the ECG tracing. Observe decay of arterial pressure. During absent pulmonary blood flow, the patient’s
lungs were ventilated and with two breaths the end-tidal PCO2 fell from 35 mm Hg before fibrillation to
22 mm Hg.
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Conversely, with re-establishment of circulation, the reap-
pearance of carbon dioxide provides welcome evidence of pul-
monary perfusion. During cardiac arrest, carbon dioxide will
have accumulated in tissue and, because of acidosis develop-
ment during shock and arrest, the addition of hydrogen ions
will cause bicarbonate to be converted to carbon dioxide. A
number of recent studies have shown that end-tidal CO 2 varies
directly with cardiac output during cardiac arrest (34,35) and
provides a useful indicator of the efficacy of resuscitation ef-
forts. The relative effect of pharmacologic intervention dur-
ing cardiopulmonary resuscitation (CPR) can also be assessed
by the ETCO2. For example, following the administration of
epinephrine, the prior relationships of end-tidal CO2 may be
altered due to the changes in pulmonary and peripheral vascu-
lar resistance and preferential redirection of blood flow (36). In
some instances, epinephrine may cause decreased pulmonary
blood flow and end-tidal CO2, while at the same time coronary
perfusion pressure increases because of increased peripheral
vascular resistance (37).

Investigators have used end-tidal CO 2 as a substitute for
the measurement of blood flow in studies of CPR techniques
(38,39). Because end-tidal CO2 is directly related to cardiac
output when minute ventilation is held constant, it is a useful
tool for bedside real-time evaluation of effectiveness of chest
compression. Unfortunately, if ventilation is not constant in
any low state, including cardiac arrest, then end-tidal carbon
dioxide levels are unreliable.

CAPNOGRAPHY STANDARDS IN
THE INTENSIVE CARE UNIT

The American Association of Respiratory Care (AARC)
strongly recommends the use of capnography in patients who
are mechanically ventilated in the intensive care unit (ICU).
However, when capnography is used as an indirect monitor of
PaCO 2 in the critically ill patient, one has to consider limita-

tions that can affect the accuracy of this technology, as listed
below:

1. The composition of the respiratory gas mixture may affect
the capnogram, such as the use of high O 2 concentrations
in critically ill patients (40).

2. The breathing frequency may alter the slope of phase III and
the PETCO 2 measured value (41).

3. The presence of Freon, used as a propellant in metered-dose
inhalers, can cause an artificial increase of the PETCO 2 read-
ing (42).

4. Contamination of the monitor or sampling system by se-
cretions or condensate, a sample tube of excessive length, a
sampling rate that is too high, or obstruction of the sampling
chamber can lead to unreliable results.

5. Use of filters can lead to falsely low PETCO2 readings (43).
6. Small tidal volume delivery, especially in neonates and pedi-

atric patients, with low continuous flow rates that leak into
the ventilator circuit, around the tracheal tube cuffs, or as
a result of uncuffed tubes can result in a factitiously low
PETCO2 value (44).

7. A low cardiac output state may result in an artificially low
PETCO 2 value.

8. In the presence of a carbonated beverage in the stomach, one
may see several breaths with a factitiously elevated PETCO 2
value (45).

REVERSAL OF THE
PaCO 2–PETCO 2 DIFFERENCE

A PETCO 2 higher than PaCO 2 or “reversed gradient” has
been occasionally observed in pregnant and obese patients
(46,47). The mechanisms for the reversals remain to be elu-
cidated. However, this phenomenon has been appreciated only
when phase III has a steep slope or when a terminal “step-up
knee” of the waveform is present. As seen in Figure 22.16, a
host of circumstances can be associated with large arterial to

FIGURE 22.16. Intraoperative values
of the arterial–end-tidal PCO2 differ-
ences. The means ± standard devi-
ation of the differences reported in
12 different articles are shown as ver-
tical bars. The numbers on the hor-
izontal axis are the references. The
stippled area is the presumed “nor-
mal” value of 0 to 5 mm Hg. The
surgical procedure is identified. Note
that surgical position, major diseases,
and unstable cardiovascular status in-
crease the difference. Note also the
reported high and low values (ar-
rows). COPD, chronic obstructive pul-
monary disease; LAS, lower abdom-
inal surgery; AAA, abdominal aor-
tic aneurysmectomy; CABG, coronary
artery bypass grafting. (Reproduced
with permission from Wahba RWM,
Tessler MJ. Misleading end-tidal CO 2
tensions. Brief review. Can J Anaesth.
1996;43:862.)
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alveolar PCO 2 differences, rarely attributable to a single mech-
anism (47).

CONFIRMATION OF BRAIN DEATH
The diagnosis of brain death must meet many conditions, one
of which is the unresponsiveness of the brainstem to rising
carbon dioxide tensions in the absence of drug effects. In 2006,
the Stroke Service of the Massachusetts General Hospital (48)
presented a detailed description of apnea testing. Key features
include, but are not limited to, criteria for body temperature
and blood pressures, and call for an arterial pH of 7.35 to 7.45,
preoxygenation, and a PaCO 2 of 35 to 45 mm Hg for at least
20 minutes prior to discontinuation of mechanical ventilation.
After discontinuation of ventilation, apnea is said to exist if
PaCO 2 increases from 40 mm Hg up to 60 mm Hg, or a 20
mm Hg or greater increase from the pretest baseline. (See the
original document for important details.)

SUMMARY
The attention of physiologists and physicians has been recently
focused on time and volume capnography to monitor the dy-
namics of CO 2 in critically ill patients as the result of respi-
ratory and/or cardiovascular derangement. Therefore, capno-
graphic features need to be interpreted in view of the clinician’s
knowledge of either factors. Despite its limitations, capnog-
raphy can provide significant and clinically useful informa-
tion, and may often allow life-saving diagnostic and thera-
peutic alterations. As capnographic technology improves and
clinical experience of the intensivist accumulates, we antici-
pate more widespread use of this monitoring modality in the
future.
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CHAPTER 23 ■ ECHOCARDIOGRAPHY
DAVID T. POREMBKA

Echocardiography is a vital diagnostic modality for the inten-
sivist. Numerous investigations using transesophageal echocar-
diography (TEE), yet not all-inclusive in the intensive care
setting (n = 2,738), have shown its merit. The diagnostic capa-
bility varies (43% –99% ), but most vital and interactive infor-
mation obtained with beneficial results typically approaches
75% . As a result of TEE, the therapeutic implications for
appropriate interventions (medical and surgical) are as high
as 69% . Compared to the surface examination (transthoracic
echocardiography, or TTE), TEE—because of improved imag-
ing windows—essentially doubles the benefits of the aforemen-
tioned data (1–22). Furthermore, echocardiography lessens the
potential for physician misdiagnosis and misadventures. Be-
cause this mode is useful in indicating the most appropriate
medical/surgical interventions, outcomes can be potentially im-
proved (1–22).

Significant cognitive skills and knowledge are required
when using surface or esophageal echocardiography (23–25).
Echocardiography is an extension of the physical examination
and data obtained from the use of invasive monitoring, and
encompasses handheld or portable echocardiography (TTE),
TEE, three-dimensional reconstruction, stress echocardiog-
raphy, contrast echocardiography, intravascular ultrasound
(IVUS), and intracardiac echocardiography. Several guidelines
and recommendations are available in the medical literature
(11,23,24,26).

Although controversy on the appropriate level of training
between our cardiology experts and intensivists still exists, a se-
lective “ training curriculum” is now being provided in selected
subspecialties such as Emergency Medicine (27–29). In a recent
Critical Care Medicine supplement, a suggested limited curricu-
lum for intensivists was presented in detail for consideration
(30,31) (Tables 23.1–23.4). Despite the current trend to allow
the intensivist to independently interpret basic echocardiogra-
phy features, the importance of consulting with an expert in
TEE for difficult cases cannot be overemphasized. By doing so,
a bilateral dynamic exchange in learning, teaching, research,
and clinical care can only improve and lead to better outcomes
and a probable decrease in overall cost to health care and to
the patient. Intensive care physicians should totally embrace
echocardiography as an integral complement in the care of the
critically ill and injured patient (32,33).

This chapter will review the benefits and the efficacy of
echocardiography (TTE, TEE) in the critical care setting.

INDICATIONS AND
CONTRAINDICATIONS

Ind icat ions

The indications are straightforward but will vary with the
type of intensive care setting (cardiac, cardiothoracic, surgery,
trauma, or medical), the individual’s expertise (fellow, resident,
vs. faculty), and the institution’s commitment to providing re-
sources on a 24/7 service to assist in the diagnosis of these
critically ill and injured patients (Table 23.3). Timely and ac-
curate diagnoses are crucial in numerous situations (e.g., pen-
etrating or blunt trauma-related cardiac structural damage or
the presence of cardiac tamponade, aortic dissection/aneurysm
or traumatic injury, or shock not responding to conventional
treatment). The typical indications for echocardiography in-
clude but are not limited to the following:

■ Ventricular performance and/or hemodynamic instability
(ventricular failure, systolic and/or diastolic failure)

■ Hypovolemia
■ Pericardial diseases including cardiac tamponade
■ Pulmonary embolism
■ Complications following myocardial injury
■ Complications following cardiothoracic surgery
■ Aortic pathology
■ Acute valvular dysfunction
■ Infective endocarditis (IE) and associated complications
■ Unexplained hypoxemia (intracardiac right-to-left shunts)

The benefit of TEE compared to the surface examination
includes these prime indications and others because of bet-
ter imaging quality to assess aortic pathology, cardiac valve
endocarditis, and the presence of thrombi in the atrial ap-
pendage. TEE is also used as a guide in patients with atrial
fibrillation undergoing electrical cardioversion. Another ma-
jor benefit of imaging characteristics with TEE is that it al-
lows visualization of a good cardiac acoustic window, even in
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TA BLE 2 3 . 1

GENERAL COGNITIVE AND TECHNICAL
ECHOCARDIOGRAPHY KNOWLEDGE

Indications and applications of TTE in critically ill patients
Indications and contraindications to the use of TEE
Knowledge of appropriate alternative diagnostic modalities
Ultrasound physics
Principles of M-mode echocardiography
Principles of 2-dimensional echocardiography
Principles of Doppler echocardiography and the Doppler

examination
Color-flow imaging

Imaging techniques
Standard transducer positions
Standard cardiac views

Imaging platforms
“Knobology” of various platforms
Image acquisition and storage

Recognizing normal anatomy visualized by TTE and TEE
Recognizing common structural abnormalities
Ability to communicate the result of the examination to the

patient and other physicians, and produce a written report

TTE, transthoracic echocardiography; TEE, transesophageal
echocardiography
Reproduced with permission from Mazraeshahi et al.30

patients with skin tapes, chest tubes, dressings, pneumotho-
races, surgical wounds, severe obesity, and emphysema. A clas-
sic indication for TEE in the intensive care unit (ICU) is the
acute evaluation of ventricular performance in conflicting clin-
ical and pulmonary artery catheter (PAC) presentations. For
example, the presence of hypovolemia can be demonstrated by
the presence of turbulence in the left ventricular outflow tract
(LVOT) via color flow Doppler, or by the appearance of sys-
tolic cavitary obliteration and inward movement of the distal
anterior mitral valve leaflet that may cause obstruction. A fun-

TA BLE 2 3 . 2

PROCEDURAL COMPETENCY ASSESSMENT BASED
ON SUCCESSFUL INTERROGATION OF CARDIAC
PATHOLOGIC CONDITIONS

Mitral valvular disease 20
Aortic valvular disease 20
Ventricular performance, RWMA or ischemic heart

disease, volume assessment, and/or ventricular
interactions

30

Aortic dissection and aneurysms 10
Aortic debris 10
Aortic trauma 30
Pericardial disease and pericardial tamponade 10
Endocarditis and complications 20
Identification of right-heart failure and pulmonary

embolism
10

Intracardiac and extracardiac masses 10
Normal examinations 10
Esophageal intubations 10
RWMA, regional wall motion abnormality 10

Reproduced with permission from Mazraeshahi et al.30

damental use of TEE is the assessment of enlarged end-systolic
and end-diastolic ventricular volumes in patients with normal
or high cardiac output and stroke volume index. In a patient
with shock, the clinician echocardiographer can determine with
a quick look if there is inadequate ventricular systolic func-
tion or hypovolemia. Divergent therapies can be implemented
immediately from the echocardiographic hemodynamic find-
ings (31,34–41). Finally, the use of echocardiography, partic-
ularly TEE, in cardiac arrest situations and once an artificial
airway is secured is a prime indication to assess various abnor-
malities during and after cardiopulmonary resuscitation (CPR)
(34,35,42,43).

Cont raind icat ions

Contraindications for echocardiography in the surface mode
are nil and are limited only by obtaining views sufficiently ade-
quate so an accurate diagnosis can be secured. With any limited
acoustic windows or in cases when the diagnosis is in question,
one should proceed to TEE. A relative contraindication for TEE
is any known or suspected esophageal or gastric pathology, in-
cluding recent esophageal or gastric surgery, esophageal varices
in patients with portal hypertension, and suspected or known
cervical spine injury. An uncooperative patient whose airway
is not artificially secured is a relative contraindication unless
adequate topical anesthesia is provided, or sedation even to
the point of total control of the patient’s airway and general
anesthesia (34–41). A penetrating esophageal injury, suspected
or known by the mechanism of injury, remains an absolute
contraindication to TEE.

EXAMINATION
The examination for surface echocardiography and TEE will
be briefly presented. Adequate texts and atlases on this topic
can be easily accessed. With recent improvements in echocar-
diographic technologies, and two-dimensional and color flow
Doppler echocardiography, excellent views can be obtained.
At present with the surface approach, one can obtain three-
or four-dimensional imaging; in the near future, TEE will be a
standard modality in all the platforms.

For the surface examination, there are four major positions
or approaches to the heart on the thorax:

1. Parasternal position with long-axis (left ventricular [LV]
in sagittal section, LV inflow, and right ventricular [RV]
outflow) and short-axis views (LV apex, papillary muscles
[midlevel], mitral valve [basal level], aortic valve/RV out-
flow, and pulmonary trunk bifurcation)

2. Apical position including the four-chamber view
3. Five-chamber or two-chamber views, suprasternal notch

position; involving the long-axis aorta and short-axis pul-
monary artery

4. Subcostal position interrogating the RV outflow, the RV
and LV inflow, and the inferior vena cava and hepatic vein
(31,34–41,43) (Figs. 23.1–23.15).

In the esophageal approach, the imaging obtained is
markedly improved, allowing more extensive pathologies to be
diagnosed and interrogated due to the ability of this approach
to visualize the structures (cardiac and extracardiac) with bet-
ter resolution (lower frequency) (Figs. 23.15 and 23.16).
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TA BLE 2 3 . 3

CLINICAL INDICATION FOR THE USE OF ECHOCARDIOGRAPHY IN THE ICU

HYPOTENSION/SHOCK
1. Assessment of LV systolic function

i. Global assessment of LV function
ii. Recognizing decreased LV function

iii. Defining overall contractility and ejection fraction
2. Assessment of RV function

i. Recognizing signs of RV failure, including decreased RV
systolic function, dilated RV, and dilated IVC

3. Global assessment of volume status including
i. Recognizing hyperdynamic small LV

ii. Estimation of central venous pressure
iii. Measurement of IVC size and respiratory variation

4. Identification of pericardial effusion and tamponade
i. Understanding tamponade physiology

ii. Recognizing signs of tamponade, including diastolic
collapse of the RV free wall and RA wall

HEMODYNAMIC ASSESSMENT
1. Measurement of cardiac output

i. Understanding Doppler techniques for calibration of
stroke volume

ii. Calculation of ejection fraction
iii. Calculation of stroke volume and cardiac output

2. Measurement of cardiac chambers size including
i. LV size

ii. RV size
iii. LA size
iv. RA size

3. Estimating intracardiac pressures including
i. RA pressure

ii. RV systolic pressure
iii. LA pressure

4. Evaluation of preload by
i. Measurement of LV and RV end-diastolic area and

volume
ii. Measurement of IVC size and respiratory variation

iii. Estimation of central venous pressure
5. Understanding echocardiographic signs of diastolic

dysfunction
6. Global assessment of valvular function and integrity with

Doppler

MYOCARDIAL INFARCTION COMPLICATIONS
1. Recognizing regional wall motion abnormalities
2. Recognizing rupture of free wall and septum
3. Recognizing acute mitral regurgitation
4. Identifying LV thrombus

5. Identifying pericardial effusion/tamponade
6. Recognizing echocardiographic signs of RV infarct

POSTOPERATIVE (CARDIOTHORACIC SURGERY)
COMPLICATIONS
1. Identifying LV and RV dysfunction
2. Identifying acute valvular dysfunction
3. Recognizing prosthetic valve dysfunction
4. Identifying pericardial effusion and tamponade

RV DYSFUNCTION AND PULMONARY
HYPERTENSION
1. Identifying echocardiographic signs of RV failure, RV

dilation, and acute cor pulmonale
2. Measurement of central venous, RA, and RV systolic

pressure

VALVULAR DYSFUNCTION
1. Understanding the role of Doppler echocardiography in

valvular dysfunction
2. Recognizing echocardiographic signs of aortic stenosis
3. Recognizing echocardiographic signs of aortic regurgitation
4. Recognizing echocardiographic signs of mitral

regurgitation
5. Recognizing echocardiographic signs of tricuspid

regurgitation

PERICARDIAL DISEASES
1. Identifying the presence of pericardial effusion and its

location
2. Identifying echocardiographic signs of tamponade

ENDOCARDITIS
1. Identifying valvular vegetation or oscillating intracardiac

mass
2. Recognizing valvular regurgitation
3. Recognizing prosthetic-valve dysfunction

DISEASES OF AORTA
1. Understanding the role of echocardiography in diagnosis of

aortic dissection and aortic aneurysm
2. Measurement of aortic diameter in ascending aortic arch

and abdominal aorta

INTRACARDIAC SHUNTS
1. Understanding the role of contrast echocardiography with

the use of agitated saline for finding intracardiac shunts

LV, left ventricle; RV, right ventricle; IVC, inferior vena cava; RA, right atrium; LA, left atrium.
Reproduced with permission from Mazraeshahi et al.30

VENTRICULAR PERFORMANCE
(SYSTOLIC AND DIASTOLIC

FUNCTION)
The incidence and prevalence of systolic (SHF) and diastolic
heart failure (DHF) is considerable, and is rising, probably due
to the increasing aging population. Consequently, much expe-
rience with this group has been gained and has led to a better
understanding of caring for these marginal patients (44–47).

The reported incidences for SHF in the ICU are 61% to 68%
and for DHF 16% to 39% . Overall, when a patient is described
with a syndrome of heart failure, echocardiographic investiga-
tions reveal the presence of DHF to vary from 40% to 71%
(47).

Syst o lic Funct ion

Determination of systolic function in ICU patients is constantly
debated among clinicians, even when echocardiography is not
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TA BLE 2 3 . 4

SUMMARY OF ACC/AHA RECOMMENDATIONS FOR
PHYSICIANS IN ECHOCARDIOGRAPHY

Cumulative Annual
Number of number of studies to

Level of Duration studies studies maintain
expertise (mo) performed interpreted competence

1 3 75 150
2 6 150 300 300
3 12 300 750 500
Stress echo 100 100
TEE 50 25–50

TEE, transesophageal echocardiography.
Reproduced from Otto CM. Tex tbook of Clinical Echocardiography.
3rd ed. Philadelphia, PA: WB Saunders; 2004, with permission.

used at the bedside. Echocardiography remains an extension
of the clinical examination and the patients’ clinical signs and
symptoms, but the use of portable handheld echocardiography
as part of the physician’s armamentarium should be encour-
aged. The comparison of echocardiography to the pulmonary
catheter (PAC) is still significantly controversial; PAC has not
been validated in prospective peer-reviewed investigations, and
thus should not be considered the gold standard. In concert,
when one refers to a patient’s ejection fraction (EF) while ob-
taining an echocardiographic examination, clinical decisions
are limited, and intuitive assumptions and interventions are
still being entertained (48). This latter LV function parameter
(EF) is load dependent (as well as fractional shortening, systolic
time tissue velocity of the mitral annulus, and regional wall
motional analysis) and often used as an index of myocardial
performance, far better in accuracy than PAC-related parame-
ters such as stroke volume, stroke volume index, and cardiac
index. Recently, the strain and strain rate via echocardiogra-
phy has been gaining favor as a useful parameter to evaluate
load independently from indices of cardiac performance (49).

The physician’s capability to construct and interpret pressure/
volume loops for the determination of contractility is a contro-
versial issue, particularly in the clinical setting of septic shock.
How to intervene in the ventricular performance or optimiza-
tion? What is preload? What are the goals of resuscitation and
their end points (50–57)? These are all reasonable questions,
and why echocardiography is not part of the standard of man-
agement of these critically ill patients is yet to be investigated.

Even though left ventricular ejection fraction (LVEF) is a
limited myocardial performance index, it is a strong predictor
of clinical outcome in most cardiac abnormalities (58–60). Of
interest, EF is more reliable as a general predictor of mortality,
second only to age, than when used to quantify the extent of
coronary artery disease or degree of perfusion defects (61,62).
Surface approach echocardiography by the use of the modi-
fied Simpson rule is superior to estimating either intracardiac
volumes or LVEF (63,64). In fact, TEE in this situation un-
derestimates volume by foreshortening the LV view with less
incorporation of apex. Volumetric measurements should be ob-
jectively quantified:

LVEF = (LVEDV − LVESV)/ LVEDV

where LVEDV refers to left ventricular end-diastolic volume
and LVESV to left ventricular end-systolic volume. LVEF may
also be calculated from LV dimensions measured with M-mode
echocardiography at the midventricular level (65,66) (Figs.
23.17 and 23.18).

Other methods for approximating ventricular volumes are
color kinesis and acoustic quantification (67,68) (Fig. 23.19).

Three-dimensional echocardiography is currently the best
practice technique for estimating volumes and EF with greater
accuracy by minimizing the inherent problems of not being
able to always obtain orthogonal foreshortened, short-axis,
and four-chamber views. Excellent comparative investigations
with magnetic resonance imaging (MRI) and computed tomog-
raphy (CT) with echocardiography reveal its accuracy as far as
quantitative determinations (69,70).

The Doppler measure of systolic function is now a stan-
dard methodology in the interrogation of systolic function
(71,72); acceleration (dV/dT) is easily measured by using

FIGURE 23.1. The parasternal long-axis view is shown. Ao, aorta; LA, left atrium; LV, left ventricle; RV,
right ventricle. (From Feigenbaum H, Armstrong WF, Ryan T, eds. Feigenbaum’s Echocardiography. 6th
ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2005, with permission.)
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FIGURE23.2. This schematic demon-
strates the various short-axis planes
that can be derived from the paraster-
nal long-axis view. Note that the
planes are not exactly parallel but
provide views of anatomy from apex
to base. (From Feigenbaum H, Arm-
strong WF, Ryan T, eds. Feigenbaum’s
Echocardiography. 6th ed. Philadel-
phia, PA: Lippincott Williams &
Wilkins; 2005, with permission.)

spectral Doppler from the determination of peak outflow ve-
locity and the time to achieve this determination. The first
derivative of aortic velocity is the peak acceleration, and the
slope from its onset to peak is the mean acceleration (73,74).
Stroke volume is directly correlated with this velocity. By using
the continuity equation, the determination of velocity of blood
leaving a known chamber in relation to the cross-sectional area
(CSA) of the orifice that the blood is flowing through, stroke
volume can be calculated:

stroke volume = TVI × CSA

where TVI is the velocity–time integral on spectral Doppler
(75). By multiplying by the heart rate, cardiac output is calcu-
lated. Diastolic volume and EF are determined using this same
principle through the mitral valve:

EF = (stroke volume/ diastolic volume) × 100.

There are significant limitations to the methods described that
include a rhythm other than sinus, and the accurate determi-
nation of the dimension of the orifice through which the blood
flows is transverse (76).

Tissue Doppler imaging (TDI spectral analysis), by avoiding
the limitations of the above techniques, is gaining acceptance
(58,77) (Fig. 23.20).

TDI is also used in the evaluation of diastolic function and
preload (78,79). Normal values of Doppler velocities (S) can be
determined both in the pediatric and adult population (80,81).
Ventricular length and afterload (a minor contributor) will af-
fect this value (82,83); the lower the S-wave velocity, the more
depressed the myocardial function will be, even at the point
prior to the visualization of thickening of the left ventricle
(84). In the context of existing diastolic function, the S-wave
velocities will change in relation to worsening LV systolic func-
tion (85). A poor prognostic indicator of cardiac events in pa-
tients with heart failure is when the S velocities are greater than
5 cm/second (86). For example, TDI is a useful indicator that
correlates with biopsies as well as regional segment abnormal-

ities in heart transplant recipients who experience rejection,
although difficulties do arise because of tethering (87–89).

Strain and strain rate analysis is becoming of greater use
in echocardiography but has not reached total acceptance. In
addition, TEE may not be readily available in the ICU (49,90).
This technique measures the deformity of the LV segment dur-
ing the cardiac cycle, with strain referring to relative change
(% ) and strain rate being the absolute of change (s-1) (41,91)
(Fig. 23.21).

Both strain and strain rate are being used in heart failure
patients (resynchronization) for the early detection of myocar-
dial ischemia and identification of viable myocardium (92–94).
Technical limitations of this technique include a low signal-to-
noise ratio, angle dependence, and a processing power that
requires significant data storage and analysis (95). Neverthe-
less, it is independent of heart rate and afterload, although it
is still influenced by preload due to the reliance on the ini-
tial diastolic dimension (96,97). Other potential advantages
are the use of spectral tracking (which eliminates the angle ef-
fect), a feature that has been available only recently (98,99),
and the backscatter/tissue characterization, which is similar to
magnetic resonance imaging (MRI) in the evaluation of the
myocardium (100–102).

Peak + dP/dT (typically recorded prior to opening of the
aortic valve) is also commonly used, although some investiga-
tors believe it to be load independent in the presence of mi-
tral regurgitation. It does have some prognostic importance
(when less than 600 mm Hg/second) in congestive heart fail-
ure (CHF) and valvular surgery (103,104). Other investigators
believe that this index is influenced by preload and that stress-
corrected, fiber-shortening velocity (Vcf) is a more viable index
of CHF (105–107).

Last, the pseudonormalized Doppler total ejection isovol-
ume index (TEI) is a valid, load-independent measure of ven-
tricular performance

Index = (ICT + IRT)/ ET
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FIGURE 23.3. Two short-axis views are provided. A: The short-axis view at the level of the mitral valve
(MV) is demonstrated. B: A basal short-axis projection is shown at the level of the aortic valve. LA,
left atrium; RA, right atrium; RV, right ventricle. (From Feigenbaum H, Armstrong WF, Ryan T, eds.
Feigenbaum’s Echocardiography. 6th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2005, with
permission.)

where ICT is isovolumetric time, ET is the ejection time, and
IRT is the isovolumetric relaxation time (108,109). As ventric-
ular function worsens (diastolic or systolic), this index increases
(110) (Figs. 23.22 and 23.23).

Diast o lic Funct ion

Diastolic dysfunction is greatly underappreciated in the ICU
(111,112). Research and clinical endeavors have emphasized
systolic function. Since the addition of pulsed and continu-
ous wave Doppler echocardiography, the importance of dias-
tolic dysfunction came to the forefront, especially when deal-
ing with critically ill patients in whom clinical findings and
hemodynamics can often be confusing and misleading. Dias-
tolic dysfunction may be isolated but is usually associated with

systolic dysfunction (44,72,111,113,114). Ventricular interac-
tions may be a contributing influence in the presentation of
echocardiographic findings.

Even though echocardiography provides a unique insight
in left ventricular dysfunction, there are significant difficulties
with its use that must be appreciated (112). Diastole is asso-
ciated with summation of the processes by which the heart
loses its ability to generate force and shorten while return-
ing to the precontractile state. Diastolic function is associated
with relaxation and early ventricular filling or altered left ven-
tricular pressure/volume and stress–strain relationships. Many
confounding factors interplay in early LV filling and compli-
ance that, at times, may be diametrically opposed (111) (Ta-
ble 23.5). Altered hemodynamics and loading conditions, as
well as tachycardia, are confounding issues in accurately deter-
mining the extent of LV diastolic dysfunction, particularly in
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FIGURE 23.4. A short-axis plane at the level of the papillary muscles
(arrows) is shown. LV, left ventricle. (From Feigenbaum H, Armstrong
WF, Ryan T, eds. Feigenbaum’s Echocardiography. 6th ed. Philadel-
phia, PA: Lippincott Williams & Wilkins; 2005, with permission.)

patients who experience shock states—especially distributive
events (sepsis, septic shock, systemic inflammatory response
syndrome [SIRS], liver insufficiency); inflammatory mediators
and cytokines affect all aspects of myocardial performance in-
cluding atrial dysfunction and volume (115). Tachycardia can

be an early deterrent in the accurate measurement of diastolic
function (116).

Doppler indices can appreciate the complexities of LV relax-
ation. The rate of LV relaxation is estimated from the maximal
rate of pressure decay (− dP/dtmax) and other indices (such as
the relaxation half-time [RT]) (117). Tau (isovolumetric relax-
ation) reflects the aortic valve closure to mitral valve opening
and appears to be a better index of relaxation because of the
decreased load dependency (118).

Although the pressure/volume relationship of the left ven-
tricle is more often emphasized, the pressure/volume rela-
tionship of the atria can also play an important role. Other
extrinsic factors and myocardial ischemia may contribute to
impairment of diastolic dysfunction. Despite the limitations
discussed, echocardiography remains a viable tool for detecting
the presence of diastolic dysfunction (111,112). The morpho-
logic and functional differences between diastolic and systolic
heart dysfunction are described in Table 23.6.

Diseases germane to the critically ill—such as metabolic
derangements involving mitochondrial dysfunction as seen in
sepsis, SIRS, and liver insufficiency—or simply the postcardiac
surgical patient status can affect the passive/active relaxation
of the left ventricle (115,119–124). Comorbid conditions (hy-
pertensive heart disease) and the presenting hemodynamic pic-
ture (the level of the atrial pressure and its rate of develop-
ment) will also influence this relationship. Diastolic chamber
stiffness is dependent on ventricular chamber characteristics
(mass, volume) and myocardial stiffness, both load- and cham-
ber size–independent variables of passive chamber and myocar-
dial properties (111,125,126).

The echocardiographic assessment is accomplished through
several means: M-mode and two-dimensional echocardiogra-
phy and Doppler techniques. Left ventricular diastolic pressure,

LV

LARA

RV

FIGURE 23.5. The apical four-chamber view is shown. LA, left atrium; LV, left ventricle; RA, right atrium;
RV, right ventricle. (From Feigenbaum H, Armstrong WF, Ryan T, eds. Feigenbaum’s Echocardiography.
6th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2005, with permission.)
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FIGURE 23.6. Starting from the four-chamber, the transducer can be tilted to a shallower angle to pro-
duce a plane that includes the left ventricle outflow tract and proximal aorta (Ao). LA, left atrium; LV,
left ventricle; RA, right atrium; RV, right ventricle. (From Feigenbaum H, Armstrong WF, Ryan T, eds.
Feigenbaum’s Echocardiography. 6th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2005, with
permission.)

diastolic function, and ventricular and atrial filling patterns
are measured by flows through the pulmonary veins (left atrial
[LA] filling) and annular velocities through the mitral valve ori-
fice (LV filling) (71,111,127). By measuring these parameters,
one can get a sense of prognosis and outcomes in patients with

heart failure that can guide treatment (128). In addition, by us-
ing these Doppler techniques for measuring pulmonary artery
pressures, the clinician can predict the extent of hospitaliza-
tion and mortality (129). There are several patterns seen via
pulsed-wave Doppler through the mitral valve, which reflects

LV

LA FIGURE 23.7. An apical two-chamber view is demon-
strated. LA, left atrium; LV, left ventricle. (From
Feigenbaum H, Armstrong WF, Ryan T, eds. Feigen-
baum’s Echocardiography. 6th ed. Philadelphia, PA:
Lippincott Williams & Wilkins; 2005, with permis-
sion.)
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LV

LA

RV

Ao FIGURE 23.8. The special long-axis view is similar to the
parasternal long-axis view but is recorded from lower inter-
space. Ao, aorta; LA, left atrium; LV, left ventricle; RV, right
ventricle. (From Feigenbaum H, Armstrong WF, Ryan T,
eds. Feigenbaum’s Echocardiography. 6th ed. Philadelphia,
PA: Lippincott Williams & Wilkins; 2005, with permission.)

the relationship between the LA and LV diastolic pressures.
Normally, regarding the early/late filling pattern and ratio, E/A
is greater than one. The deceleration time of E velocity (DT)
and isovolumic relaxation time (IVRT) are other parameters
obtained in the interrogation of this flow. Other patterns easily
detected are restriction (E/A less than 2), pseudonormalization
(E/A 1–1.5), and abnormal relaxation (E/A less than 1) (111)
(Table 23.7). To clarify the second pattern, tissue Doppler in-
dex (TDI Ea [early annular] velocity) is measured through the
mitral annulus. This technique measures high amplitude and
low velocity of the myocardium (130). It appears that early
diastolic annular velocity Ea is relatively load independent and
should be completed in every patient (131). Ea will decrease
in the presence of elevated filling pressures associated with in-

FIGURE 23.9. From the apical four-chamber view, pulsed Doppler
imaging can often be used to record pulmonary venous flow by posi-
tioning the sample volume at the junction of the pulmonary vein and
left atrium. In this example, pulmonary venous flow has three phases:
a systolic phase (PVs), a diastolic phase (PVd) and a small wave of flow
reversal during atrial systole (PVa). (From Feigenbaum H, Armstrong
WF, Ryan T, eds. Feigenbaum’s Echocardiography. 6th ed. Philadel-
phia, PA: Lippincott Williams & Wilkins; 2005, with permission.)

creases in early diastolic transmitral velocity. Of interest, the
transmitral early diastolic velocity/tissue Doppler early dias-
tolic annular velocity E/Ea correlates with pulmonary artery
occlusion pressure and mean diastolic LV pressure over an ex-
tended range of ejection fraction (EF) (132–135).

Interrogation of the pulmonary venous patterns (PVF) is
helpful in depicting diastolic dysfunction. Both modes of
echocardiography (TTE and TEE) are useful, but invariably,
TEE can more easily assess the flow characteristics usually in
the left upper superior vein. The pattern seen is related to the
suction effects of the LV and the LA. The systolic component
represents LA filling during atrial relaxation (S1) and ventricu-
lar contraction (S2). The diastolic forward phase reflects open-
ing of the mitral valve. Atrial reversal flow represents retro-
grade flow during atrial contraction (less than 20 cm/second).
The extent of reversal of atrial flow may also reflect elevated
LA pressure with or without LV compliance changes (111).

Color M-mode Doppler is another method for identifying
diastolic function abnormalities and is believed to be load in-
dependent (136). Thus, the propagation velocity (Vp) is in-
versely related to the time constant of LV relaxation (137).
This method can be used with the E velocities and the IVRT to
estimate pulmonary occlusion pressure (138). It is of interest
that Vp may distinguish between restrictive and constrictive
pericardial cardiomyopathies (136).

M-mode and two-dimensional echocardiography are under-
appreciated in diastolic function assessment. The timing and
extent of LV thinning rate and wall motion as well as the
duration of atrial contraction and early relaxation can pro-
vide useful data. Filling dynamics can be obtained by measur-
ing, frame by frame, the LV volume with either apical four-
chamber or short-axis views (139,140). Assessing ventricular
volume and mass with M-mode echocardiography provides in-
formation of the ventricular pressure/volume relationship re-
lating to operative chamber compliance (72). Also, a marker
for duration and severity of diastolic dysfunction is LA volume
(141).

Tissue Doppler imaging is an echocardiographic technique
that directly measures myocardial velocities. Diastolic tissue
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FIGURE 23.10. The suprasternal notch also permits
the aortic arch (AA) to be recorded in cross section.
The plane allows visualization of the superior vena
cava and demonstrates the right pulmonary artery
(RPA) coursing below the arch and above the left
atrium (LA). (From Feigenbaum H, Armstrong WF,
Ryan T, eds. Feigenbaum’s Echocardiography. 6th
ed. Philadelphia, PA: Lippincott Williams & Wilkins;
2005, with permission.)

Doppler velocities reflect myocardial relaxation and, in combi-
nation with conventional Doppler measurements, ratios (trans-
mitral early diastolic velocity/mitral annular early diastolic ve-
locity [E/Ea]). Ea is a relatively preload-independent measure
of myocardial relaxation in patients with cardiac disease as
compared to early transmitral velocity, and has been developed
to noninvasively estimate left ventricular (LV) filling pressure.
Consequently, mitral E/Ea can help to establish the presence
of clinical congestive heart failure in patients with dyspnea.
However, E/Ea has a significant gray zone and is not well vali-
dated in nonsinus rhythm and mitral valve disease. B-type na-

FIGURE 23.11. The apical four-chamber view is sometimes recorded
with this orientation that places just the right heart on the right. (From
Feigenbaum H, Armstrong WF, Ryan T, eds. Feigenbaum’s Echocar-
diography. 6th ed. Philadelphia, PA: Lippincott Williams & Wilkins;
2005, with permission.)

triuretic peptide (BNP) is a protein released by the ventricles in
the presence of myocytic stretch and has been correlated to LV
filling pressure and, independently, to other cardiac morpho-
logic abnormalities. In addition, BNP is significantly affected
by age, sex, renal function, and obesity. Given its correlation
with multiple cardiac variables, BNP has high sensitivity, but
low specificity, for the detection of elevated LV filling pressures.
Taking into account the respective strengths and limitations of
BNP and mitral E/Ea, algorithms combining them can be used
to more accurately estimate LV filling pressures in patients pre-
senting with dyspnea (142).

In summary, systolic and diastolic dysfunction are two
definitive entities or syndromes of heart failure. Even though

FIGURE 23.12. M-mode recording at the level of the mitral valve is
shown. A B bump is indicated by the arrows. IVS, interventricular
septum; MV, mitral valve; PW, posterior wall. (From Feigenbaum H,
Armstrong WF, Ryan T, eds. Feigenbaum’s Echocardiography. 6th ed.
Philadelphia, PA: Lippincott Williams & Wilkins; 2005, with permis-
sion.)
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A

B

FIGURE 23.13. M-mode echocardiograms recorded in two patients
with significant systolic dysfunction. Top: An E-point septal separation
(EPSS) of 1.2 cm (normal M6 mm). Bottom: Recording in a patient
with more significant left ventricular systolic dysfunction in which the
EPSS is 3.0 cm. Also note the interrupted closure of the mitral valve
with a B bump (top), indicating an increase in the left ventricular end-
diastolic pressure. (From Feigenbaum H, Armstrong WF, Ryan T, eds.
Feigenbaum’s Echocardiography. 6th ed. Philadelphia, PA: Lippincott
Williams & Wilkins; 2005, with permission.)

the clinical symptoms and hemodynamic presentations may ap-
pear similar, the primary function and myocardial structural
derangements are quite distinctive. There are marked advance-
ments for treatment of systolic heart failure, but treatment for
diastolic failure is still empiric. Echocardiography can serially
follow and evaluate the treatment management of these pa-
tients (112), and in so doing, prognostic indicators can be de-
tected (129,143). Therefore, the use of echocardiography in
the syndromes of heart failure is crucial for enhancement of
patient care and outcome. Even in sepsis, bedside evaluation
of the ventricular function with echocardiography is a proven
imaging tool (144).

Left ventricular morphologic and functional characteristics
in primary systolic and diastolic heart failure compared with
controls and their follow-up changes are represented in tables
23.8 and 23.9.

FIGURE 23.14. M-mode echocardiogram recorded through the aortic
valve in a patient with reduced cardiac function and decreased forward
stroke volume. Note the rounded closure of the aortic valve, indicat-
ing decreasing forward flow at the end of systole. Normal and abnor-
mal aortic valve opening patterns are noted in a schematic superim-
posed on the figure. (From Feigenbaum H, Armstrong WF, Ryan T, eds.
Feigenbaum’s Echocardiography. 6th ed. Philadelphia, PA: Lippincott
Williams & Wilkins; 2005, with permission.)

PERICARDIAL DISEASE AND
PERICARDIAL TAMPONADE

Echocardiography is an ideal technique to detect pericardial
maladies such as pericardial effusions leading toward tampon-
ade (acute vs. chronic), restrictive versus constrictive pericar-
dial disease processes, and infiltrative processes, infective or
not (congenital, neoplastic, metabolic, radiation induced, ia-
trogenic, and traumatic) (35,41,43).

Pericardial effusions can readily be identified by either the
surface or esophageal approach. When the effusion is poste-
rior and/or loculated (regional), the surface image may bypass
its presence. Regional tamponade is not securely identified but
may be juxtaposed to either ventricle and/or may involve the
right atrium, vena cava, or pulmonary veins. The detection
of a pericardial effusion ensures the diagnosis of a pericardi-
tis. However, a patient with fibrinous acute pericarditis may
often present with a normal echocardiogram. When fluid is
detected, the clinician may proceed to drain it and determine
if it is of an infectious cause (exudative), a complication of
congestive heart failure (transudative), or traumatic in nature
(hemorrhagic) (145).

In the syndrome of congestive heart failure (14% ), myocar-
dial infarction (15% ), and valvular heart disease (21% ), peri-
cardial effusion is relatively common and may proceed to a
tamponade syndrome (146,147). In cardiac surgical patients,
the vast majority will have an effusion that presents usually
on the second postoperative day and maximizes toward the
tenth day (148). Fortunately, cardiac tamponade is unusual
in these surgical patients, typically averaging 1% of the cases,
with the exception of the cardiac transplanted patient in whom
a higher frequency can result from repeated mediastinal proce-
dures or rejection (149,150). Of interest, female gender, valvu-
lar intervention, and/or anticoagulants are predisposing factors
(151).

An asymptomatic patient with chronic effusive pericardi-
tis can present with a large effusion (152). Etiologic factors



248 Sect ion II: Monitoring

FIGURE 23.15. Diagram of cardiac structures from standard tomographic planes: parasternal long-axis
view (left), parasternal short-axis view (upper right), and apical four-chamber view (lower right).

of this chronic process include uremia, neoplasm, tuberculosis
(knobbed calcified pericardium), and connective tissue disor-
ders (127,153). Typically, extensive effusion without any in-
flammatory disorders can be associated with a malignancy
(127,152,154).

Echocardiography easily characterizes the relative contribu-
tions of cardiac enlargement or encroachment on the atrial/
ventricular chambers and their ventricular and atrial per-
formance, identifying underlying physiologic hemodynamic
aberrations (35,41,43). Via M-mode echocardiography, one
will see an echo-free space between the visceral and pari-

etal pericardium dynamically throughout the cardiac cycle
(Fig. 23.24).

If during systole there is a prominent separation, the fluid
extent is deemed important. This modality is quite sensitive,
as is two-dimensional echocardiography, which can detect ei-
ther small (less than 5 mm), moderate (5–10 mm), or large
(greater than 10 mm) fluid amounts, as well as its global or
regional involvement. As stated earlier, as the fluid volume in-
creases, it will extend from the posterobasilar LV apically and
then anteriorly, subsequently lateral and posterior to the LA
(Fig. 23.25).
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FIGURE 23.16. From the esophagus, the probe can be flexed to yield a
basal short-axis projection. LA, left atrium; RA, right atrium; RV, right
ventricle; RVOT, right ventricular outflow tract. (From Feigenbaum H,
Armstrong WF, Ryan T, eds. Feigenbaum’s Echocardiography. 6th ed.
Philadelphia, PA: Lippincott Williams & Wilkins; 2005, with permis-
sion.)

Drainage is performed for diagnostic purposes (e.g., infec-
tious pathogens, cancer) or therapeutic reasons (hemodynamic
compromise or pericardial tamponade) (35,41,43,151,155,
156).

In regard to the end of this dynamic progression of fluid in-
volvement, cardiac tamponade becomes a life-threatening event
that must be correctly identified, diagnosed, and relieved in an
expeditious fashion (157,158). Dynamic tamponade presen-
tation depends on several physiologic considerations: the un-
derlying ventricular performance; the rate of its development
(increasing pericardial pressures in contrast to the intracardiac
pressures with elevating venous pressures and decreasing to
negative transmural pressures); the inherent intracardiac pres-
sures, particularly of the ventricles; and the presenting intravas-
cular volume or preload, especially in a hemorrhagic condition.
If the patient has pre-existing right ventricular afterload and/or
pulmonary artery hypertension, the echocardiographic findings
will be delayed because of the abnormal RV loading conditions.
Normally, the diastolic collapse of the RV—depicted as abnor-
mal posterior motion of the anterior RV wall during diastole—
indicates that the pericardial pressure is exceeding the early
diastolic RV pressure. In other words, the RV diastolic trans-
mural pressure is negative (159). In contrast, if the patient’s
underlying left ventricular systolic dysfunction is impaired, the
echocardiographic characteristics of tamponade will present
earlier in the hemodynamic “fluid” progression with smaller
volumes (160).

The echocardiographic indicators of pericardial tamponade
include the following:

■ Decrease in end-systolic and end-diastolic dimensions
■ Relative increase in RV dimensions during spontaneous ven-

tilation (inspiration) as compared to an increase in LV di-
mension

■ Right atrial diastolic collapse
■ Left ventricular diastolic inversion
■ Greater than 50% decrease in transmitral inflow
■ Decrease in aortic flow velocities during inspiration.

A large pericardial effusion (greater than 10 mm) may reveal
a “swinging” heart throughout the cardiac cycle. In contrast,
flow across the tricuspid valve and pulmonary flow velocities
(PVF) increase dramatically during inspiration, primarily in the
systolic component of the PVF (161). Even though RV diastolic
collapse is a sensitive indicator of tamponade, different loading
conditions with varied ventricular performance will lower its
specificity. Right atrial (RA) diastolic volume is an even more
sensitive (100% ) marker for tamponade but, again, its speci-
ficity is not the best (162).

Of note, if the duration of RA diastolic collapse exceeds one
third of the cardiac cycle, the specificity increases (162). LA col-
lapse is not usually detected (25% ), but when it does exist, the
specificity is markedly higher. LV diastolic collapse is much less
common, probably due to the ventricular chamber properties
(163–165). As in any dynamic hemodynamic setting, clinical
conditions may vary, and pericardiocentesis is not necessary in
every case of pericardial effusion. The absence of any cham-
ber inversion has a high negative predictive value (92% ), with
the positive predictive value reaching 58% . Abnormal right-
sided venous flows carry 82% and 88% positive and negative
predictive values, respectively, for pericardial effusion (166).

If the pericardial fluid increases rapidly, the patient may
initially have no prominent symptoms or may have only short-
ness of breath, with or without chest pain. Shortly thereafter,
the patient will deteriorate to systolic hypotension, venous hy-
pertension (distended jugular veins), and pulsus paradoxus. In
the volume-depleted patient, these findings might not be ini-
tially present until rapid repletion of preload unmasks these
characteristics (35,41,43,167).

Diastolic filling is also limited in constrictive pericarditis.
Normal thickness of the pericardium does not preclude this di-
agnosis, which can be surgically confirmed in 28% of the cases
of a negative series (168). The observed venous patterns of
constrictive pericarditis from tamponade are characteristic. Be-
cause the ventricular chambers are fixed in volume by the peri-
cardium, venous return is unimpeded during ejection, thereby
ablating the normal venous surge during systole. Cardiac com-
pression at end systole does not occur, so when the tricuspid
valve opens the return of flow into the ventricle, it is of higher
velocity, resulting in a biphasic venous return with a diastolic
component faster than the systolic component (145). In con-
trast with tamponade, during inspiration in constrictive peri-
carditis, the decrease in intrathoracic pressure is not transmit-
ted to the heart, and venous return does not fall (125,145,169).
TEE measurement of the LV wall is markedly better than the
surface approach (170,171).

The echocardiographic findings of this type of pericarditis
include the flattening of the LV posterior wall, abnormal pos-
terior septal motion in early diastole, rapid atrial filling, and
the occasional premature opening of the pulmonic valve due
to elevation of the RV pressure above the pulmonary artery
pressure. Via the M-mode modality, there may be notching of
the ventricular septum during early diastole or atrial systole
secondary to a transient reversal of ventricular septal transmu-
ral pressure gradient (172). The above findings are not highly
sensitive, yet a normal examination essentially excludes the
diagnostic presence of constrictive pericarditis (173). Via two-
dimensional echocardiography, the sonographer will detect di-
lation or lack of collapse of the hepatic veins and inferior
vena cava, biatrial distention, and an abnormal contour be-
tween the LA and LV posterior walls. LV performance may be
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FIGURE 23.17. Schematic representation of
two-dimensionally derived measurements of left
ventricular systolic function. Top: The method-
ology for determining fractional area change,
which is defined by the formula in the figure.
Middle and bottom: Using the geometric as-
sumption that the left ventricular cavity repre-
sents a cylinder and cone configuration, the vol-
ume of each separate component can be calcu-
lated as noted. The overall left ventricular vol-
ume equals the sum of the two volumes. See text
for further details. (From Feigenbaum H, Arm-
strong WF, Ryan T, eds. Feigenbaum’s Echocar-
diography. 6th ed. Philadelphia, PA: Lippincott
Williams & Wilkins; 2005, with permission.)

preserved unless there is a mixed pattern of restrictive–
constrictive physiology (174,175). By applying Doppler tech-
niques, the E velocities and E/A ratios on LV and RV inflow
increase (due to the abnormal rapid early diastolic filling-
restrictive pattern). In constrictive pericarditis, there is a promi-
nent early diastolic velocity Ea when interrogated by tissue
Doppler. The linear response to LA pressure increases, and the
ratio of E/Ea is inverted (176).

When evaluating propagation velocity with color M-mode
Doppler, the early diastolic transmitral flow is greater than
45 cm/second (176). These findings are counterintuitive to
restrictive pathology and filling with reduced Ea (less than
8 cm/second) (177,178). A classic characteristic of constric-
tive pericarditis is when the mitral inflow velocity decreases
up to 40% while flow through the tricuspid valve is greatly
enhanced in the first cardiac cycle after inspiration. In con-

cert, the respiratory variation in PVF is markedly influenced
(179,180). When there is coexisting elevated LA pressure, this
exaggerated transmitral inflow velocity may not be apparent
(179,181). Even though there is an increased velocity in the
PVF, especially during expiration, the ratio of S/D is reduced
even further by affecting the diastolic component (182). Figure
23.26 describes in detail the comparisons and dissimilarities in
the restrictive and constrictive pathologies (145).

Penetrating cardiac injury should be briefly presented here
considering that it is a unique pathology with life-threatening
lesions that are not always obvious by routine clinical exami-
nation (183). If the patient arrives at a definitive tertiary care
setting alive, immediate control of the hemorrhage should be
attempted, at times with an immediate thoracotomy in the
emergency department or in the operating room (184,185).
A bloody effusion may be contained in the pericardial space
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FIGURE 23.18. Schematic representation of a simplified method for
determining the left ventricular ejection fraction from three separate
minor-axis dimensions at the base, mid, and distal portion of the left
ventricle in an apical view. The contribution of the apex is expressed
as a constant (Kapex) ranging from − 5% to + 15% . (From Feigenbaum
H, Armstrong WF, Ryan T, eds. Feigenbaum’s Echocardiography. 6th
ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2005, with per-
mission.)

(if there is a contiguous pathway to the thorax) or extend
externally, followed by profound shock and rapid death
by exsanguination. The lesions have multiple configurations,
ranging from a ventricular mural wound to small, irregular,
and multiple lesions. In obvious cases, surface echocardiogra-
phy may identify pericardial tamponade and/or large lesions
(ventricular septal defect [VSD]). Following resuscitation, the
clinician should further investigate the clinical picture via TEE,
since small lesions—yet significant and potentially fatal—may
be missed, including VSD, defects through valve leaflets, intra-
cardiac thrombi, or regional tamponade (186,187). One of the
largest studies to date on this topic is by Degiannis et al. (188).
In a 32-month period, 117 patients with penetrating injuries of
the mediastinum were evaluated retrospectively. A 17% mor-
tality by stabbing was observed, whereas victims with gunshot
wounds (GSW) revealed an expected higher mortality of 81%
(158). Another series revealed a 7% occult injury, with a similar
mortality rate contrast between GSW and stab wounds (185).
The clinician should always keep in mind that these patients
are a complex challenge and that hemodynamic stability does
not preclude an unexpected malady. Complacency should not
occur (186,187).

ASSESSMENT OF MYOCARDIAL
PERFORMANCE

In extrapolating the information reviewed in the sections of
LV performance and pericardial disease, echocardiography is

found to be an extremely useful diagnostic tool that can be used
in a timely manner to delineate the cause of the shock state,
whether hypovolemia, hyperdynamic derangements—type B
metabolic lactic acidosis (sepsis, septic shock, liver failure,
heavy metal poisoning)—and myocardial injury. An echocar-
diographic examination is easily performed, and the informa-
tion obtained can avoid the placement of a PAC. The initial
echocardiographic observation evaluates LV function and vol-
ume. In a hypovolemic condition, the ventricle exhibits systolic
cavitary obliteration, with turbulence in the left ventricular out-
flow tract (LVOT) seen via color flow Doppler. In extreme hy-
povolemia, the distal anterior leaflet of the anterior mitral valve
in systole will cause obstruction to flow (39,40,189). This con-
dition is amplified if relative hypovolemic states and tachycar-
dia are observed in patients with hypertrophic obstructive car-
diomyopathy (HOCM) (40). Some of these echocardiographic
indicators of a decreased preload state may be observed in pa-
tients who appear clinically normovolemic, regardless of base-
line ventricular function (39,189).

Ventricular performance and ventricular interactions and
loading conditions are quite complex in sepsis, SIRS (systemic
inflammatory response syndrome), and septic shock (115,119–
124). Echocardiography may clarify the effects of medical
and/or pharmacologic interventions in these profoundly crit-
ically ill patients. However, often their physiologic effects are
affected by the inherent (premorbid) chamber physical proper-
ties (pressure/volume characteristics) or fluid dynamics. A para-
doxical response between survivors and nonsurvivors can be
observed when a Frank-Starling curve is plotted against vol-
ume load in an animal model. The greater the end-systolic and
end-diastolic volumes, the better the chance for survival (190).
Furthermore, a paradoxical decrease in the slope of isovolu-
metric/pressure line (an index of contractility that is load in-
dependent) is associated with a decrease in cardiac compliance
but increase in survival (191).

The effect of sepsis cardiomyopathy may result in a lower
ejection fraction (which is load dependent) with high cardiac
output, tachycardia, higher stroke volume, and elevated mixed
venous saturation. As the patient deteriorates, hypotension oc-
curs, impairment of cellular function follows, and the global
ventricular volume response to resuscitation and fluid becomes
ineffective (192–195). If there is no normalization of the above
parameters within 48 to 72 hours, the chance for survival
greatly diminishes. Persistent tachycardia is a marker of death
(49). An apparent sympathovagal imbalance increases heart
rate variability in the adult and pediatric patient populations.
Atrial dysrhythmia and dysfunction is common in the clinical
presentation and the progression of sepsis. TEE is obviously a
valuable diagnostic tool for evaluating atrial function and vol-
ume by reviewing the left atrial appendage flow characteristics
in concert with analysis of ventricular function and volume,
ventricular interaction of dependency, transmitral inflow ve-
locities, and pulmonary venous flow patterns (195,196).

In sepsis or SIRS, the right ventricle responds to fluid load-
ing, but at some unknown end point, when the volume and
pressure are exceedingly high, the compensatory response is no
longer beneficial and mortality dramatically rises. A transitory
increase of pulmonary artery pressure appears to be associated
with increased mortality, but no serial investigations have been
completed (197,198). In a clinical investigation by Poelaert
et al. (22) based on transmitral inflow velocities and pulmonary
venous flow patterns, patients with a decreased transmitral
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FIGURE 23.19. The left ventricular volume cast (lower right) was created from 3D echocardiography
imaging. Regional left ventricular volume changes are shown in the plot at the bottom. The color of each
line corresponds to the segment of the same color in the left ventricular cast. (From Oh JK, Seward JB,
Tajik AJ. The Echo Manual. 3rd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2006. Used with
permission of Mayo Foundation for Medical Education and Research.)

inflow velocity, abnormal pulmonary venous flow, and decrease
in fractional area contraction are more likely to die as com-
pared to two other subgroups. This pattern is particularly seen
in older patients.

The hyperdynamic circulatory response of sepsis was ear-
lier associated with a myocardial depressant factor (199) and
presently is related to various mediators, cytokines, and hu-
moral factors that are all related and intertwined (200). Inter-
estingly, it is now known that there is a protective effect of early
exposure to some of these mediators/cytokines that can induce
the reversal of myocardial depression (192,194,201,202).

In summary, appreciating cardiac function in septic shock
patients will assist in the determination of the pharmacologic
interventions, fluid augmentation, and other modalities (203–
205). It is intuitive reasoning that if the baseline cardiac junc-
tion is poor, the volume should be instilled judiciously and
adjunct pharmacologic measures should be administered ear-
lier and more aggressively. Echocardiography is a useful tool

to initially identify and follow all hemodynamic variables. This
diagnostic tool alone might suffice, but until further data are
available, using it in conjunction with invasive monitoring is
crucial (192,194,201,206).

PULMONARY EMBOLISM
One of the most catastrophic cardiovascular events that can
occur that is either underdiagnosed or overdiagnosed is pul-
monary embolism (PE) (207–212). A low cardiac output and
RV failure post PE presages mortality. Early identification of
these derangements may assist in managing these critically ill
patients by providing prognostic indicators, stratification for
more intensive surveillance, and any necessary interventions
(213). Even appropriate anticoagulation may not eliminate
a PE. Several diagnostic tests are available, including a 64-
cut chest computed tomography, magnetic resonance imaging,
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FIGURE 23.20. Normal spectral tissue Doppler. (From Dittoe N, Stulz
D, Schwartz BP, et al. Quantitative left ventricular systolic function:
from chamber to myocardium. Crit Care Med. 2007;35(8):S330, with
permission.)

pulmonary angiography, and echocardiography (207) (Table
23.10).

The classic echocardiographic signs for a PE are the follow-
ing:
■ Dilation of the chamber and thinning of the right ventricle

wall with global hypokinesis
■ Pulmonic insufficiency
■ Tricuspid insufficiency
■ Right atrial dilatation with decreased atrial function
■ Septal flattening or paradoxical motion of the ventricular

septum
■ Increased RV/LV dimensions
■ Pulmonary artery hypertension
■ Dilation of the pulmonary artery
■ Identification of thrombi.

If the patient’s RV function is normal until the event,
these echocardiographic events would occur acutely, and
catastrophic events would result when 75% of the pulmonary

FIGURE 23.21. Recording of strain rate, which
represents the rate of deformation; the peak neg-
ative strain rate (arrow ) was − 1.3/s. (From Oh
JK, Seward JB, Tajik AJ. The Echo Manual.
3rd ed. Philadelphia, PA: Lippincott Williams
& Wilkins; 2006. Used with permission of
Mayo Foundation for Medical Education and
Research.)
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FIGURE 23.22. Ventricular remodeling in systolic and diastolic heart failure. Left: Autopsy examples.
Right: Cross-sectional 2-dimensional echocardiographic views of systolic and diastolic heart failures com-
pared with normals are illustrated. In systolic heart failure, the left ventricular cavity is markedly dilated
and wall thickness is not increased. In diastolic heart failure, the cavity size is normal or decreased and
wall thickness is markedly increased. (Reprinted from Konstam MA. Systolic and diastolic dysfunction in
heart failure? Time for a new paradigm. J Card Fail. 2003;9:1–3, with permission.)
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FIGURE 23.23. Schematic diagram of pressure–volume relations in normals, systolic and diastolic heart
failure. In systolic heart failure, a downward and rightward shift of the end-systolic pressure–volume
line indicates decreased contractile function, which is the principal cause of reduced ejection fraction and
forward stroke volume (sv). In primary diastolic heart failure, diastolic pressure–volume relation (dashed
line) shifts upward and to the left, indicating a disproportionate and a greater increase in diastolic pressures
for any increase in diastolic volumes. If there is also a decrease in end-diastolic volume, then a decrease in
stroke volume also occurs. (Reprinted from Aurigemma GP, Gassach WH. Diastolic heart failure. N Engl
J Med. 2004;35:1097–1105, with permission.)
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TA BLE 2 3 . 5

FACTORS INFLUENCING THE LEFT VENTRICULAR
END-DIASTOLIC PRESSURE–VOLUME RELATION
(CHAMBER STIFFNESS)

Left ventricular physical properties
Left ventricular chamber volume and mass
Composition of the left ventricular wall
Viscosity, stress relaxation, creep

Factors intrinsic to the left ventricle
Myocardial relaxation
Coronary turgor

Factors extrinsic to the left ventricle
Pericardial restraint
Atrial contraction
Right ventricular interaction
Pleural and mediastinal pressure

Reproduced from Hoit BD. Left ventricular diastolic function. Crit
Care Med. 2007;35:5340–5347, with permission.

vasculatures are obstructed. Earlier signs may manifest with
as little as a 25% obstruction of the pulmonary vasculature
(214). According to the International Cooperative Pulmonary
Embolism registry, the presence of RV hypokinesis is associ-
ated with increased mortality at 30 days even with a systolic
systemic pressure greater than 90 mm Hg (215).

If the patient exhibits pre-existing chronic pulmonary artery
hypertension with RV hypertrophy, thrombosis of the right-
sided circulation may be initially better tolerated. Eventually,
RV failure will ensue and dominate the cardiovascular pre-
sentation (211,216). Morris-Thurgood and Frenneaux (217)
describe RV and RA pressures with reversal of the transseptal
diastolic pressure gradient when intravascular volume replace-
ment is attempted to enhance diastolic ventricular interaction.
In the situations where other diagnostic tests may fail, echocar-
diography is a useful diagnostic tool to determine right ventric-
ular afterload and associated hemodynamic findings significant
for PE (207–211,215).

AORTIC PATHOLOGY:
ATHEROSCLEROTIC DEBRIS,
TRAUMA, ANEURYSM AND

DISSECTION, SINUS OF
VALSALVA ANEURYSM

At he roscle ro t ic De b ris

Prior to the advent of enhanced diagnostic imaging techniques,
clinicians routinely underappreciated the prevalence and im-
portance of diseases affecting the aorta, particularly in pa-
tients following cardiac surgery and the general population
in the critical care setting (218–229). Adverse events, such as
a cryptogenic stroke, could previously not be explained un-
til advancements were made for better resolution in head CT,
MRI, carotid ultrasound with color flow and Doppler capabil-
ities, and TEE (228). Cardiac-originating embolism accounts
for 15% to 30% of ischemic strokes in the general popula-
tion. In the SPARC (Stroke Prevention Assessment of Risk in a
Community) study, the incidence of detecting a plaque greater
than 4 mm in the aorta of 588 randomly chosen patients (av-
erage age 66.9 years) was 43.7% (230). Of these, 29.9% pre-
sented lesions either in the arch or ascending portions of the
thoracic aorta. The presence of a protruding debris or plaque
greater than 4 mm approached 7.6% in the ascending aorta and
2.4% both in the arch and ascending portion (220,221,231). In
an earlier investigation, an atheromatous plaque greater than
4 mm was regarded as an independent risk factor for a cen-
tral event (232). Because of the excellent acoustic window to
the heart and thoracic aorta, TEE is considered to be one of
the first diagnostic tools to evaluate the potential source for
the embolic phenomenon (233–239). Although it remains in-
sensitive to detecting smaller and irregular cardiac emboli and
intraaortic debris (240), it is a far superior diagnostic tool than
TTE (241,242). TEE can easily identify the cause for a cere-
bral infarction, especially in the ascending aorta and its arch
(243). Even if patients’ underlying rhythm is sinus, patients
with atherosclerotic plaques are at risk for stroke (244–246).

TA BLE 2 3 . 6

MORPHOLOGIC AND FUNCTIONAL CHANGES IN DIASTOLIC VS. SYSTOLIC HEART FAILURE

Parameters Diastolic heart failure Systolic heart failure

Left ventricular cavity, size Normal or decreased Increased
Left ventricular mass Increased Increased
Mass/cavity Increased Normal or decreased
Wall thickness Increased Decreased
End-diastolic stress Increased Increased
End-systolic stress Normal Increased
End-diastolic volume Normal Increased
End-systolic volume Normal or decreased Increased
Ejection fraction Normal Decreased
Mechanical dyssynchrony May be present May be pesent
Left ventricular shape and geometry Usually remains unchanged Spherical

Reproduced from Chatterjee K, Massie B. Systolic and diastolic heart failure: differences and similarities. J Card Fail.
2007;13:569–576, with permission.
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TA BLE 2 3 . 7

CLASSIFICATION OF LEFT VENTRICULAR FILLING PATTERNS

Normal Abnormal relaxation Pseudonormalization Restriction

E/A ratio 1–1.5 < 1 1–1.5 > 2
DT, ms 160–240 ≥ 240 160–240 ≤ 150
IVRT, ms 60–100 ≥ 110 60–100 < 60
PV S/D ratio �1a > 1 < 1 < 1
Ar duration < A > A > A > A
Ar vel, cm/s < 20 < 35 > 35 > 25b

Ea, cm/s > 8 < 8 < 8 < 8
Vp, cm/s > 45 < 45 < 45 < 45

E/A, mitral E/A ratio; DT, decelerating time; IVRT, isovolumic relaxation time; PV S/D, pulmonary vein systolic and diastolic
flow; Ar, atrial reversal flow of pulmonary vein; A, mitral A duration; vel, velocity; Ea, early mitral annular longitudinal tissue
velocity; Vp, velocity of transmitral flow propagation.
aYoung patients and athletes may have values of < 1.
bIf atrial contractile failure is present, the value will be < 25 cm/s.
Reproduced from Hoit B. Left ventricular diastolic function. Crit Care Med. 2007;35:5340–5347, with permission.

Unfortunately, in the presence of pre-existing atrial fibrilla-
tion, the chance for such an embolic event greatly increases
(196). If there is associated atherosclerotic debris, particularly
protruding, pedunculated, and free-flowing debris, the issue
of anticoagulation does not reduce the problem (247,248). In
addition to atrial fibrillation, if there is concurrent presence
of a patent foramen ovale (PFO), the risks continue to rise
(249). The existence of an atrial septal aneurysm increases
the incidence for paradoxical embolism and stroke to 8.8%
(250–252).

Aort ic Trauma

The identification and pathogenesis of aortic trauma is better
understood since TEE was added to the arsenal of the acute care
physician. A vast number of these patients will succumb in the

field due to extensive comorbid conditions, exsanguination, or
tamponade. As expected, a significant number of patients (13%
to 20% ) will have been identified with this fatal injury (253),
usually at postmortem; these deaths are second in frequency
only to traumatic brain injury (TBI). A vast majority (75% ) of
blunt aortic injuries are due to motor vehicular crashes (253).
If the patient arrives to the hospital trauma bay with vital signs,
the presence of an aortic injury may be hidden or occult, con-
sidering that the physician is concentrating on the other life-
threatening conditions (e.g., TBI, intraabdominal hemorrhage,
pelvic injury, chest trauma, or pneumothoraces) (254). Of the
patients who arrive to the hospital alive (33% ), about a third
of them will rapidly become hemodynamically unstable (255–
259). Unless the clinician interrogates the aorta at the time of
admission, this injury may be missed (220,222). Autopsy se-
ries reveal that the site of injury (acceleration-deceleration) is
usually located near the aortic isthmus (54% to 65% ), and

TA BLE 2 3 . 8

ECHOCARDIOGRAPHIC LEFT VENTRICULAR MORPHOLOGIC AND FUNCTIONAL
CHARACTERISTICS IN PRIMARY SYSTOLIC AND DIASTOLIC HEART FAILURE COMPARED
WITH CONTROLS

Controls Systolic heart failure Diastolic heart failure

LVEDV (mL) 102 + 12 192 + 10a 87 + 10
LVESV (mL) 46 + 11 137 + 9a 37 + 9
LVEF % 54 + 2 31 + 2a 60 + 2b

LV mass (g) 125 + 12 232 + 9a 160 + 9b

LV mass/volume 1.49 + 0.17 1.22 + 0.14 2.12 + 0.14c

NE pg/mL 169 287 306; p = 0.007
BNP pg/mL 3 28 56; p = 0.02

LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVEF, left ventricular ejection
fraction; LV, left ventricle; NE, norepinephrine; BNP, B-type natriuretic peptide.
aSystolic heart failure vs. controls, p < 0.001
bDiastolic heart failure vs. controls, p < 0.001
cDiastolic heart failure vs. controls, p < 0.002
Published with permission from Chatterjee K, Massie B. Systolic and diastolic heart failure: differences and similarities. J Card
Fail. 2007;13:569–576.
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TA BLE 2 3 . 9

CHANGES IN LEFT VENTRICULAR END-DIASTOLIC
VOLUMES (LVEDV) AND PRESSURES (LVEDP),
EJECTION FRACTION (LVEF), AND LEFT
VENTRICULAR STIFFNESS MODULUS (STIFF-MOD)
DURING 64 + 9 MONTHS IN PATIENTS WITH
DIASTOLIC HEART FAILURE

Initial End of follow-up

LVEDV mL/m2 68 + 9 76 + 8
LVEF % 67 + 3 60 + 4
LVEDP mm Hg 14 + 3 26 + 2a

Stiff-Mod kN/m2 3.4 + 0.6 6.3 + 0.9a

ap < 0.05 follow-up vs. initial.
Reprinted from Handoko ML, et al. Does diastolic heart failure evolve
to systolic heart failure?: (abstract). Circulation. 2006;
114(Suppl II):816, with permission.

multiple sites may be involved in extreme physical forces. In ver-
tical acceleration-deceleration, the injury may occur at the root
of the aortic valve (253,255,256,260). Aortography is not the
gold standard, and the addition of TEE complements helical
CT. If the patient is hemodynamically stable, high-definition
(356-cut) computed tomography may be the gold standard
followed by TEE (220,222,224) (Tables 23.11 and 23.12).
At present, if the patient is hemodynamically stable, CT an-
giography or a 64-cut chest CT should be performed initially,
with TEE used to complement the diagnostic imaging modality
(261). In these imaging schemes, most of the aorta is visual-
ized. The benefit of TEE is its capability to visualize the aortic
valve, the presence of aortic insufficiency, and the LV func-
tion and preload in real time, as well as identify pericardial
effusions, especially when they are smaller, posterior, and loc-
ulated. These latter findings are typically not seen in the emer-
gent FAST (focused assessment with sonography for trauma)

FIGURE 23.25. The four phases of diastole are schematically shown
and include the isovolumic relaxation time (IVRT ), which begins with
aortic valve closure and extends to mitral valve opening, rapid early
filling (RFP), diastasis, and atrial systole. Doppler E and A waves are
superimposed. Note the points of left atrial-left ventricular (LA-LV )
crossover and their relation to the mitral filling waves (MVF).

examination commonly used in the trauma bay. Another ben-
efit of TEE is color flow Doppler identification of differential
flow and/or turbulence as a sign of a potential injury (transec-
tion, subadventitial tear, intimal flap, intraluminal defect, or
thrombus formation) (35,36,220,262–267). The detection of
a periaortic hematoma or mediastinal hematoma may lead the
physician to suspect an aortic injury (Table 23.13). The ma-
jor disadvantages for echocardiography are reverberation arti-
facts, limited access to the superior ascending thoracic aorta,
and the inability to adequately define the great vessels. How-
ever, in reviewing TEE investigations in aortic trauma, it is
clear that the operator experience, training, and its availability
are crucial to uniformly identifying or excluding aortic injury
(268).
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FIGURE 23.24. Left: End-diastolic pressure–volume
in two ventricles with differing passive diastolic prop-
erties. Chamber stiffness is dP/dV at any point on
the end-diastolic pressure–volume relation. The stiffer
chamber on the left has a steeper overall slope. Right:
Same data plotted as pressure vs. chamber stiffness.
Because of the exponential nature of the end-diastolic
pressure–volume relation, the relation between cham-
ber stiffness and pressure is a straight line whose slope
is the chamber stiffness constant (k c) that character-
izes the overall slope of the end-diastolic pressure–
volume relation. A similar relationship holds for stress
and strain. (Reproduced from LeWinter MM, Osol G.
Normal physiology of the cardiovascular system. In:
Hurst’s The Heart. 11th ed. New York, NY: McGraw-
Hill; 2004:S342, with permission.)
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FIGURE 23.26. Approach to diagnostic use of echocardiography. TTE, transthoracic echocardiography;
TEE, transesophageal echocardiography; IE, infective endocarditis. (Reproduced from Bayer AS, Bolger
AF, Taubert KA, et al. Diagnosis and management of infective endocarditis and its complications. Circu-
lation. 1998;98:2936–2948, with permission.)

Thoracic Aort ic Disse ct ion

Thoracic aortic dissection is another potentially life-
threatening event that can be detected by TEE. Besides TEE,
other imaging techniques following the historical use of angiog-
raphy, which continue to gain acceptance, are 64-slice chest
CT and MRI (particularly for chronic evaluation), or a com-
bination of the above (41,220,269–271). The incidence for
aortic dissection approaches 4.5/1,000 and is ranked 13th in
cause of death in Western societies (41,220,253–275). Com-
mon predisposing conditions are well known and have been
documented in the IRAD (International Registry of Aortic Dis-
section) (e.g., hypertension 72% , atherosclerosis 31% , previ-
ous cardiac surgery 18% ). In the population subgroup younger
than 40 years of age, the predominant etiologic factors are Mar-
fan syndrome, bicuspid aortic valve, or prior aortic surgery.
Symptoms can range from chest pain and/or abdominal sharp
constant tearing pain, back pain, syncope to the presence of
tachycardia, hypotension, or hypertension (269). Diagnostic
imaging needs to be urgently performed to assess the potential
for immediate surgery, as well as to determine the preferred
surgical approach. There are several classifications of dissec-
tions: type A or B, De Bakey, or Stanford. In patients with
acute proximal aortic involvement, surgery is considered, as
the mortality with this group is 20% by 24 hours and 30%
by 48 hours (269). Most type B dissections (73% ) have been
managed medically with pharmacotherapy to lessen the shear
forces and flow and distention of the aorta (269,276). The clas-
sic echocardiographic depiction for a dissection is a smaller true
lumen, larger false lumen, and an intimal flap with an site. The
presence of a thrombus in the false lumen reveals the propen-

sity for a lower morbidity and mortality. These lesser untoward
events are seen in patients when the flow is minimal or unidi-
rectional versus bidirectional from the true to false lumens. At
times, there may be several entry sites, and flow may not be
limited to one area of the thoracic aorta. TEE visualizes the
integrity or involvement of the aortic valve leaflets in type A
dissections, and allows the evaluation of LV performance and
regional wall motion analysis (RWMA) and the detection of a
pericardial effusion or tamponade.

A recent meta-analysis compared the accuracy of TEE, he-
lical CT, and MRI for suspected thoracic aortic dissection re-
sults. In 1,139 patients (16 investigations), the pooled sensi-
tivity varied between 98% and 100% , whereas the specificity
ranged from 95% to 98% . There was a higher positive likeli-
hood ratio comparison for MRI: mean 25.3 (11.1–57.1); for
TEE, 14.1 (6.0–33.2); and helical CT, 13.9 (4.2–46.0). If pa-
tients’ pretest probability was 5% (low risk), their likelihood of
having a dissection approached 0.1% to 0.3% . In contrast, in
high-risk patients with a 50% pretest probability, the presence
of an aortic dissection ranged from 93% to 96% (277).

Aort ic Ane urysms and Rup t ure

Thoracic aorta aneurysms may occur alone or in concert with
an aortic dissection and typically are found in the elderly
patient. This disease process is related to the presence of hyper-
tension and atherosclerosis. Other population subsets for its
occurrence are Marfan syndrome, bicuspid aortic valve (accel-
erated degeneration of the media), familial aortic aneurysmal
disease, or annuloaortic ectasia. The ascending portion of
the thoracic aorta can be noted via either echocardiographic
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TA BLE 2 3 . 1 1

TRANSESOPHAGEAL ECHOCARDIOGRAPHY (TEE)
AND ANGIOGRAPHY (AORTOGRAPHY OR
CONTRAST-ENHANCED SPIRAL COMPUTED
TOMOGRAPHY FOR TRAUMATIC AORTIC
IMAGING (TAI)

Sensitivity, Specificity, NPV, PPV,
% % % %

Minor TAI (n = 7)
TEE (n = 208) 100 100 100 100
Angiography

(n = 206)
84 100 97 100

Major TAI (n = 33)
TEE (n = 208) 97 100 99 100
Angiography

(n = 206)
97 100 99 100

All TAI (n = 41)
TEE (n = 208) 98 100 99 100
Angiography

(n = 206)
83 100 96 100

NPV, negative predictive value; PPV, positive predictive value.
Reproduced with permission from Khalil et al. (220).

modality, although TEE is the preferred choice. The aortic size
is well characterized by gender and age. Once the dilatation
reaches greater than 5 cm, there is an increased risk of rupture,
and replacement is generally considered. After the size of the
aorta expands past 6.0 cm, the risk for rupture and dissection
reaches greater than 6.9% per year, with a mortality rate of
11.8% annually (278). TEE can assist in the decision process
for root replacement or placement of a prosthetic device and
reimplantation of the coronary arteries. In patients with bicus-
pid aortic pathology, greater than 50% of the patients will have
root dilatation and aortic insufficiency (41,220,272,278–281).

The localized absence of the media in the aortic wall will re-
sult in possible rupture of the sinus of Valsalva. Usually, it will
rupture into adjacent structures such as the cardiac chambers
(RV or RA) or through the ventricular septum. TEE invari-
ably will visualize the aneurysm (ventricular side of the aortic
valve), particularly of the ventricular septum. The apical long

TA BLE 2 3 . 1 2

TEE AND HELICAL CHEST CT FOR THE
IDENTIFICATION OF TRAUMATIC ARTERIAL
INJURIES IN SEVERE BLUNT TRAUMA

Sensitivity Specificity NPV PPV
(%) (%) (%) (%)

Multiplane
TEE 93 100 99 100
(n = 106) (68–100) (96–100) (94–100) (77–100)

Helical CT 73 100 95 100
(n = 99) (45–92) (96–100) (89–99) (71–100)

TEE, transesophageal echocardiography; CT, computed tomography;
NPV, negative predictive value; PPV, positive predictive value.
Reproduced with permission from Vignon et al. (314).

TA BLE 2 3 . 1 3

AORTIC PATHOLOGY: COMPUTED TOMOGRAPHY
FOR TRAUMA

Hematoma Periaortic Direct
Parameter direct signs direct signs signs

No. patients 1,346 1,346 1,346
TN 671 1,258 1,299
FP 656 69 28
NPV, % 100 100 99.9
Sensitivity, % 100 100 95
Specificity, % 50 95 98
TAI 19 19 19
TP 19 19 18
PPV, % 3 22 39
FN 0 0 1

TN, true negative; FP, false positive; NPV, negative predictive value;
TAI, traumatic aortic injury; TP, true positive; PPV, positive predictive
value; FN, false negative.
Reproduced with permission from Khalil et al. (220).

and parasternal views may discriminate between this pathology
and a membranous septum. In a nonruptured sinus of Valsalva
aneurysm, echocardiography will visualize thinning of the wall
that is larger than the other sinuses. The intensivist needs to be
aware that this situation can be associated with endocarditis,
syphilis, a potentially fatal rupture, a source of emboli, and fis-
tulae communicating with ventricular chambers. In the latter
case, a significant left-to-right shunting can be demonstrated
by using color flow Doppler echocardiography, with a con-
tinuous turbulent jet within the ruptured aneurysm into the
receiving chamber (41,220,282–288). If the aneurysm com-
municates with the right atrium, the flow is continuous during
systole and diastole. An increase in size of either the RA or RV
will eventually occur (225,287,289–292).

Int ramural He mat oma

A subpopulation of trauma patients will present with intramu-
ral hematoma (IMH), which arises from rupture of the vasa
vasorum in the aortic medial wall layers, and is characterized
by blood in the aortic wall in the absence of an intimal tear.
IMH may be a precursor for the progression to a dissection.
The associated prevalence is 10% to 30% of patients with a
pre-existing dissection (274). Surgery is usually contemplated
for type A dissection whereas intervention is warranted for a
type B. The comparative mortality rates (medical vs. surgical),
respectively, for types A and B are 36% versus 14% and 20%
versus 14% (269,293).

INFECTIVE ENDOCARDITIS
Infective endocarditis (IE) is a challenge to all disciplines, par-
ticularly for intensive care physicians who have to analyze
how IE factors into the differential diagnosis of a fever of
unknown origin. Recurrent positive blood cultures while
the patient is on antibiotics may provide a clue to its ex-
istence, especially if the pathogens are Staphylococcus au-
reus, streptococci, and enterococci. However, there is an in-
creasing incidence of culture-negative IE that includes such
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TA BLE 2 3 . 1 4

DEFINITION OF INFECTIVE ENDOCARDITIS (IE)
ACCORDING TO THE MODIFIED DUKE CRITERIA

PATHOLOGIC CRITERIA
Micro-organisms demonstrated by culture or histologic

examination of a vegetation, a vegetation that has
embolized, or an intracardiac abscess specimen; or

Pathologic lesions; vegetation or intracardiac abscess
confirmed by histologic examination showing active
endocarditis

CLINICAL CRITERIA
2 major criteria; or
1 major criterion and 3 minor criteria; or
5 minor criteria

POSSIBLE IE
1 major criterion and 1 minor criterion; or
3 minor criteria

REJECTED
Firm alternative diagnosis explaining evidence of IE; or
Resolution of IE syndrome with antibiotic therapy for < 4

days; or
No pathologic evidence of IE at surgery or autopsy, with

antibiotic therapy for < 4 days; or
Does not meet criteria for possible IE as above

Reprinted with permissions from Li et al. (326).

fastidious agents as Coxiella burnetii, Tropheryma whip-
plei, Legionella pneumophila, Bartonella spp., the HACEK
group (Haemophilus spp., Actinomycetemcomitans, Car-
diobacterium hominis, Eikenella corrodens, Kingella spp.), and
fungi (including Candida, Histoplasma, and Aspergillus spp.)
(294,295). The classic patient presentation with Janeway le-
sions, Osler nodes, Roth spots, and petechiae and history of
rheumatic heart disease is not seen in the developed world
(296). However, in the industrial world, the risks are related
to age, degenerated valvular disease, prosthetic valves, and the
increasing incidence of nosocomial infections. Besides in HIV
infection patients where it can be present in up to 90% of the
cases, IE can be found increasingly in the younger population,
with social trends such as body piercing and self intravenous
injection of recreational drugs, including HIV infection (40% –
90% ) (294,295) (Tables 23.14 and 23.15).

Id e nt ificat ion of Ve g e t at ions

Perhaps more important than clinical findings, echocardiog-
raphy is very useful for the identification of vegetations. Two
fundamental predisposing factors are associated with the de-
velopment of IE: cardiac endothelial injury and a microbiologic
source. In endothelial injury, there is aberrant flow with a high-
velocity jet directed onto the endothelial surface or increased
shear stress through a narrow orifice. In the latter, there is a
propensity for bacterial deposits downstream of the constric-
tion via a Venturi effect. The detection of vibratory oscilla-
tions of vegetation or associated disruptive cardiac structures
(torn leaflet, rupture of chordae tendineae) may indicate the
presence of IE, as well as noting diastolic vibrations of the

TA BLE 2 3 . 1 5

DEFINITION OF TERMS USED IN THE MODIFIED
DUKE CRITERIA FOR THE DIAGNOSIS OF INFECTIVE
ENDOCARDITIS (IE)

MAJOR CRITERIA
Blood culture positive for IE

Typical micro-organisms consistent with IE from 2 separate
blood cultures: viridans streptococci, Streptococcus
bovis, HACEK group, Staphylococcus aureus; or
community-acquired enterococci in the absence of a
primary focus;

or
Micro-organisms consistent with IE from persistently

positive blood cultures defined as follows: At least 2
positive cultures of blood samples drawn > 12 h apart; or
all of 3 or a majority of 4 separate cultures of blood (with
first and last sample drawn at least 1 h apart)
Single positive blood culture for Coxiella burnetii or
antiphase IgG antibody titer > 1:800

Evidence of endocardial involvement
Echocardiogram positive for IE (TEE recommended for

patients with prosthetic valves, rated at least “possible
IE” by clinical criteria, or complicated IE

[paravalvular abscess]; TTE as first test in other patients)
defined as follows: oscillating intracardiac mass on valve
or supporting structures, in the path of regurgitant jets,
or on implanted material in the absence of an alternative
anatomic explanation; or abscess; or new partial
dehiscence of prosthetic valve; new valvular regurgitation
(worsening or changing or pre-existing murmur not
sufficient)

MINOR CRITERIA
Predisposition, predisposing heart condition, or IDU
Fever, temperature > 38◦C
Vascular phenomena, major arterial emboli, septic pulmonary

infarcts, mycotic aneurysm, intracranial hemorrhage,
conjunctival hemorrhage, and Janeway lesions

Immunologic phenomena: glomerulonephritis, Osler nodes,
Roth spots, and rheumatoid factor

Microbiologic evidence: positive blood culture but does not
meet a major criterion as noted abovea or serologic evidence
of active infection with organism consistent with IE

Echocardiographic minor criteria eliminated

TEE, transesophageal echocardiography; TTE, transthoracic
echocardiography; IDU, intravenous drug user.
aExcludes single positive cultures for coagulace-negative staphylococci
and organisms that do not cause endocarditis.
Reprinted with permissions from Li et al. (326).

aortic valve or systolic vibrations of the mitral valve (M-mode
echocardiography). Other characteristic findings involve struc-
tures that are in the path of a high-velocity jet as seen in valve
regurgitation; these include motion of the valve that is chaotic
and independent; texture that is gray scale in relation to the
myocardium; an amorphous shape; the presence of a fistula or
abscess; and new onset of regurgitation for either native or
prosthetic valves. There may be associated obstructions,
perivalvular leaks, or dehiscence. With these findings, there
are stringlike mobile strands of vegetations or degenerative ar-
eas adjacent to the prosthetic device. In the mitral valve po-
sition, if there is a prosthetic device, TEE will easily identify
these maladies. However, TTE is a better tool for visualizing
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the mechanical valve in the aortic position. Overall, TEE is a
better diagnostic modality to visualize vegetations and asso-
ciated complications. The sensitivities for TTE and TEE are
60% to 90% and 85% to 95% , respectively, while the speci-
ficities for both techniques (TTE and TEE) are far better: 90%
to 98% (295,297–305). In the context of a negative TEE, the
negative predictive value is only 90% ; thus, maintaining good
clinical judgment with clinical correlation is always a necessity
(306–308). An algorithm proposed by Bayer et al. (309) can
be used by the echocardiographer intensivist for this diagnostic
dilemma (295,309).

Ind icat ions for Surg e ry

The most prominent indications for surgery are hemodynamic
compromise or collapse from valve destruction, a persistent
fever despite antibiotic treatment, and development of a fistula
or abscess due to perivalvular spread of infection. Other indi-
cations are the presence of highly resistant organisms or aggres-
sive pathogens, perioperative prosthetic valvular endocarditis,
and large vegetations (greater than 10 mm). This latter indica-
tion is of particular concern given that the increasing size of the
vegetation is associated with embolic events (294,295). A task
force that includes input from the American Heart Association
and the American College of Cardiology recently corroborated
this last indication (310).

MYOCARDIAL INJURY
In patients with acute myocardial infarction, echocardiography
is a crucial tool in the diagnosis and exclusion of myocardial
injury, especially in patients with chest pain and nondiag-
nostic electrocardiographic (ECG) findings. Other roles for
echocardiography are evaluating the extent of myocardium at
risk and involvement after reperfusion; evaluating viable my-
ocardium; assessing patients with hemodynamic instability and
related complications following infarction; and risk stratifica-
tion (102).

Echocardiography is also commonly used for evaluating
acute coronary syndromes (ACS) by measuring intraventric-
ular dyssynchrony by tissue velocity and strain imaging (41)
(Fig. 23.27).

Resting and stress echocardiography are modalities for de-
tecting ACS and complications of myocardial injury by prog-
nostication using analysis of regional wall motion abnormali-
ties (RWMA) scoring, as well as assessing diastolic dysfunction
and stress-induced alterations (311). All LV wall segments can
be seen from the apical, parasternal, and occasionally subcostal
views. The American Society of Echocardiography proposes a
standard for this RWMA scoring by using either a 16- or 17-
segment model (43,312). The benefit of observing RWMA is
that the patient may be asymptomatic and hemodynamically
may not exhibit any aberrations. However, not all RWMAs
are related to myocardial ischemia, such as loading conditions
applied to the heart, paced rhythms, and conduction delays.
Typically, after reperfusion, there may be persistent RWMA
representing a delayed return of normal function, which is de-
scribed as a stunned myocardium. This physiology, as well as
the existence of global transitory dysfunction such as hibernat-

ing myocardium, must be put into the clinical context of the
patient’s condition.

In patients with acute ST-elevation myocardial infarc-
tion (STEMI), the affected myocardium becomes an akinetic
or dyskinetic segment. Following interventions (reperfusion),
there is usually improvement in the afflicted segments within
24 to 48 hours, and echocardiography can be used serially to as-
sess these patients for improvements or extension of the injury.
Contrast echocardiography, low-dose dobutamine infusion, or
strain imaging can also assess viability (49,313).

Comp licat ions

Numerous complications follow an acute myocardial infarc-
tion. Echocardiography is a mainstay in assessing these prob-
lems, which range from rupture of papillary muscle and ven-
tricular septal defects (VSD) to cardiopulmonary resuscitation
(41,314).

Rup t ure

Acute free wall rupture also occurs less frequently in the postin-
terventional period (1.0% ). About half of the ruptures will re-
sult in out-of-hospital sudden deaths. Following myocardial
injury, the mortality of free wall rupture varies between 8%
and 17% , with a significant number (40% ) occurring within
the first 24 hours and 85% after 1 week (266,315,316). Be-
sides hemodynamic collapse or cardiac arrest, there may be
severe bradycardia. Some patients may experience syncope,
chest pain, or emesis. In these dire situations, echocardiogra-
phy (TEE) is the diagnostic tool of choice. Pericardial effusions
and/or cardiac tamponade may be found, keeping in mind that
25% of myocardial infarctions will have a pericardial effusion.
Thrombus may exist, as well as the identification of flow via
color flow Doppler (317). Also, a pseudoaneurysm may form
following a free rupture that is contained in a limited portion
of the pericardial space, most frequently the posterior wall. A
pseudoaneurysm is traditionally characterized by a small neck
communication between the LV and the aneurysmal cavity (ra-
tio less than 0.5). Color flow Doppler may reveal flow, espe-
cially bidirectional (318).

Another cause for a new murmur is a ruptured papillary
muscle (partial or complete) and mitral regurgitation (the ex-
tent of the murmur does not correlate with pathology). Exten-
uating circumstances for a new murmur may be LV regional or
global remodeling, papillary muscle dysfunction with annular
dilatation, or acute systolic anterior motion of the mitral valve.
The latter cause is managed in a totally different way than with
volume replacement, with primary intervention accomplished
with beta-blockade and avoidance of vasodilators (319).

The most serious cause of new mitral regurgitation that must
be acted on quickly is rupture of the posteromedial papillary
segment. This acute problem may be even related to a small in-
farct corresponding to the circumflex or right coronary artery.
The rupture may be complete or partial and is identified by
color flow Doppler imaging. After papillary muscle rupture
and its discovery by TEE, surgery is imminent for mitral valve
replacement, with or without coronary revascularization. In
a series by Moursi et al. (320), in 65% of the patients with
TEE, the head of the papillary muscle was observed in the LA.
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FIGURE 23.27. Measurement of intra-
ventricular dyssynchrony by tissue ve-
locity and strain imaging. A: Record-
ing of strain from the basal segment
of the ventricular septum from the api-
cal four-chamber view. Time to peak
systolic strain is measured from onset
of QRS to the peak negative value in-
cluding the postsystolic shortening. The
timing of the peak negative strain is
when shortening of the myocardium is
maximum. B: Recording of tissue ve-
locity from the basal segment of the
ventricular septum. Peak systolic veloc-
ity is the positive wave during the ejec-
tion period. Time to peak tissue veloc-
ity is from onset of QRS to the posi-
tive peak velocity. The time interval is
determined from 2 to 12 segments to
measure intraventricular dyssynchrony.
(From Oh JK, Seward JB, Tajik AJ. The
Echo Manual. 3rd ed. Philadelphia, PA:
Lippincott Williams & Wilkins; 2006.
Used with permission of Mayo Foun-
dation for Medical Education and Re-
search.)

Another characteristic finding seen in these patients (90% ) was
some erratic motion in the body of the LV (315,320–322).

Rig ht Ve nt ricular Infarct ion and Failure

Right ventricular infarction and/or failure is one of the most dif-
ficult clinical entities to support. Diagnosis of isolated failure
or biventricular failure alters the management of these com-
plex patients. Inferior myocardial infarction is associated with
RV infarction (35% ) (315,323). The subcostal view may visu-
alize the RV easily. In suboptimal acoustic windows, TEE is
considered. The classic findings are tricuspid regurgitation, a
dilated thinned RV, severe global hypokinesis, reduced descent
of the base of the RV free wall (apical four-chamber view),
and plethora of the inferior vena cava without any respira-
tory variations in its diameter. In diastole, there is flattening
of the ventricular septum and occasional paradoxical motion
and, at times, bulging of the septum into the LV, indicative of
a right-sided pressure/volume overload situation. The RA may

reveal right atrial hypertension with displacement of the in-
teratrial septum (315,323,324). If there is coexisting PFO in
the presence of RV and/or RA afterload, a right-to-left shunt is
possible through the atrial septum, resulting in hypoxemia and
thus complicating the clinical presentation. The identification
of a PFO is greatly enhanced by choosing TEE over the surface
approach (325).

HEMODYNAMICS AND VALVE
AREA CALCULATIONS

The intraoperative or perioperative physician expert in
echocardiography must not only deal with the evaluation of
ventricular function (global and regional), identification of aor-
tic pathology, detection of masses, and visualization of normal
abnormal pathology of native and prosthetic valves but must
also be competent in the hemodynamic assessment of these
patients. An appreciation of the basics of the hemodynamic
calculations sets the stage for the building blocks of accurate
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detection of flow hemodynamics and physiology that may af-
fect the patient’s clinical care (medical or surgical). The cal-
culation of pressure gradient determination uses the Bernoulli
equation. Additional valve area calculations use the continuity
equation, pressure half-time and deceleration time, proximal
isovelocity surface area (PISA), and effective regurgitant ori-
fice. Similarly, the determination of valvular area is complex
and based on several echocardiographic and Doppler principles
evaluating the continuity equation pressure half-time method,
deceleration time method, and planimetry. An extensive review
of these topics is beyond the scope of this chapter but is avail-
able in all major textbooks on echocardiography (31,41).

SUMMARY
The critical care physician should have at the bedside the avail-
ability and expertise to correctly use echocardiography as a
first-line diagnostic and monitoring tool. Eventually, this field
of critical care echocardiography should be encompassed in the
training of the fellows in intensive care medicine. The imple-
mentation of training—basic skills versus full certification—is
still being debated. Nevertheless, this imaging modality is cru-
cial for timely medical and surgical interventions. Having a
remote echocardiographic team may be helpful in this short
term period, and the impact of echocardiography in critically
ill and injured patients must not be minimized. A subset of the
total field of echocardiography should include intensive care
medicine. In the meantime, collaborating with our cardiology
colleagues is the key for better understanding of echocardio-
graphic findings in the setting of a critical illness.

Re fe re nce s

1. Vignon P, Mentec H, Terre S, et al. Diagnostic accuracy and therapeutic
impact of transthoracic and transesophageal echocardiography in mechan-
ically ventilated patients in the ICU. Chest. 1994;106:1829–1834.

2. Albanese J, Leone M, Delmas A, et al. Terlipressin or norepinephrine in
hyperdynamic septic shock: a prospective, randomized study. Crit Care
Med. 2005;33:1897–1902.

3. Bruch C, Comber M, Schmermund A, et al. Diagnostic usefulness and im-
pact on management of transesophageal echocardiography in surgical in-
tensive care units. Am J Cardiol. 2003;91:510–513.

4. Chenzbraun A, Pinto FJ, Schnittger I. Transesophageal echocardiography
in the intensive care unit: impact on diagnosis and decision-making. Clin
Cardiol. 1994;17:438–444.

5. Colreavy FB, Donovan K, Lee KY, et al. Transesophageal echocardiography
in critically ill patients. Crit Care Med. 2002;30:989–996.

6. Font VE, Obarski TP, Klein AL, et al. Transesophageal echocardiography
in the critical care unit. Cleve Clin J Med. 1991;58:315–322.

7. Foster E, Schiller NB. The role of transesophageal echocardiography in
critical care: UCSF experience. J Am Soc Echocardiogr. 1992;5:368–374.

8. Harris KM, Petrovic O, Davila-Roman VG, et al. Changing patterns of
transesophageal echocardiography use in the intensive care unit. Echocar-
diography. 1999;16:559–565.

9. Heidenreich PA, Stainback RF, Redberg RF, et al. Transesophageal echocar-
diography predicts mortality in critically ill patients with unexplained hy-
potension. J Am Coll Cardiol. 1995;26:152–158.

10. Movsowitz HD, Levine RA, Hilgenberg AD, et al. Transesophageal
echocardiographic description of the mechanisms of aortic regurgitation
in acute type A aortic dissection: implications for aortic valve repair. J Am
Coll Cardiol. 2000;36:884–890.

11. Patel MR, Spertus JA, Brindis RG, et al. ACCF proposed method for eval-
uating the appropriateness of cardiovascular imaging. J Am Coll Cardiol.
2005;46:1606–1613.

12. Khoury AF, Afridi I, Quinones MA, et al. Transesophageal echocardiogra-
phy in critically ill patients: feasibility, safety, and impact on management.
Am Heart J. 1994;127:1363–1371.

13. McLean AS. Transoesophageal echocardiography in the intensive care unit.
Anaesth Intensive Care. 1998;26:22–25.

14. Oh JK, Seward JB, Khandheria BK, et al. Transesophageal echocardiogra-
phy in critically ill patients. Am J Cardiol. 1990;66:1492–1495.

15. Pearson AC, Castello R, Labovitz AJ. Safety and utility of transesophageal
echocardiography in the critically ill patient. Am Heart J. 1990;119:1083–
1089.

16. Puybasset L, Saada M, Catoire P, et al. Contribution of transesophageal
echocardiography in intensive care: a prospective assessment. Ann Fr
Anesth Reanim. 1993;12:17–21.

17. Schmidlin D, Schuepbach R, Bernard E, et al. Indications and impact of
postoperative transesophageal echocardiography in cardiac surgical pa-
tients. Crit Care Med. 2001;29:2143–2148.

18. Slama MA, Novara A, Van de Putte P, et al. Diagnostic and therapeutic
implications of transesophageal echocardiography in medical ICU patients
with unexplained shock, hypoxemia, or suspected endocarditis. Intensive
Care Med. 1996;22:916–922.

19. Sohn DW, Shin GJ, Oh JK, et al. Role of transesophageal echocardiography
in hemodynamically unstable patients. Mayo Clin Proc. 1995;70:925–931.

20. Wake PJ, Ali M, Carroll J, et al. Clinical and echocardiographic diagnoses
disagree in patients with unexplained hemodynamic instability after cardiac
surgery. Can J Anaesth. 2001;48:778–783.

21. Karski JM. Transesophageal echocardiography in the intensive care unit.
Semin Cardiothorac Vasc Anesth. 2006;10:162–166.

22. Poelaert JI, Trouerbach J, De Buyzere M, et al. Evaluation of trans-
esophageal echocardiography as a diagnostic and therapeutic aid in a crit-
ical care setting. Chest. 1995;107:774–779.

23. Mathew JP, Glas K, Troianos CA, et al. ASE/SCA recommendations and
guidelines for continuous quality improvement in perioperative echocar-
diography. Anesth Analg. 2006;103:1416–1425.

24. Mathew JP, Glas K, Troianos CA, et al. American Society of Echocardio-
graphy/Society of Cardiovascular Anesthesiologists recommendations and
guidelines for continuous quality improvement in perioperative echocar-
diography. J Am Soc Echocardiogr. 2006;19:1303–1313.

25. Quinones MA, Douglas PS, Foster E, et al. ACC/AHA clinical compe-
tence statement on echocardiography: a report of the American College of
Cardiology/American Heart Association/American College of Physicians-
American Society of Internal Medicine Task Force on clinical competence.
J Am Soc Echocardiogr. 2003;16:379–402.

26. Quinones MA, Douglas PS, Foster E, et al. American College of Cardiol-
ogy/American Heart Association clinical competence statement on echocar-
diography: a report of the American College of Cardiology/American Heart
Association/American College of Physicians–American Society of Internal
Medicine Task Force on clinical competence. Circulation. 2003;107:1068–
1089.

27. Douglas PS, Khandheria B, Stainback RF, et al. ACCF/ASE/ACEP/ASNC/
SCAI/SCCT/SCMR 2007 appropriateness criteria for transthoracic
and transesophageal echocardiography. J Am Coll Cardiol. 2007;50:
187–204.

28. Mandavia DP, Hoffner RJ, Mahaney K, et al. Bedside echocardiography
by emergency physicians. Ann Emerg Med. 2001;38:377–382.

29. Moore CL, Rose GA, Tayal VS, et al. Determination of left ventricular
function by emergency physician echocardiography of hypotensive patients.
Acad Emerg Med. 2002;9:186–193.

30. Mazraeshahi RM, Farmer JC, Porembka DT. A suggested curriculum in
echocardiography for critical care physicians. Crit Care Med. 2007;35:
S431–433.

31. Otto CM. Tex tbook of Clinical Echocardiography. 3rd ed. Philadelphia,
PA: WB Saunders; 2007.

32. Vieillard-Baron A, Slama M, Cholley B, et al. Echocardiography in the
intensive care unit: from evolution to revolution? Intensive Care Med. 2008;
34:243–249.

33. Price S, Nicol E, Gibson DG, et al. Echocardiography in the critically ill:
current and potential roles. Intensive Care Med. 2006;32:48–59.

34. Porembka DT. Importance of transesophageal echocardiography in the crit-
ically ill and injured patient. Crit Care Med. 2007;35:S414–430.

35. Nanda NC, Domanski MJ, eds. Atlas of Transesophageal Echocardiogra-
phy. 2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2006.

36. Vannan MA, Lang RM, Rabowski H, et al., eds. Atlas of Echocardiography.
Current Medicine; 2005.

37. Feigenbaum H, Popp RL, Wolfe SB, et al. Ultrasound measurements of the
left ventricle. A correlative study with angiocardiography. Arch Intern Med.
1972;129:461–467.

38. Weyman AE. The year in echocardiography. J Am Coll Cardiol. 2006;47:
856–863.

39. Mingo S, Benedicto A, Jimenez MC, et al. Dynamic left ventricular outflow
tract obstruction secondary to catecholamine excess in a normal ventricle.
Int J Cardiol. 2006;112:393–396.

40. Araujo AQ, Arteaga E, Ianni BM, et al. Relationship between outflow
obstruction and left ventricular functional impairment in hypertrophic
cardiomyopathy: a Doppler echocardiographic study. Echocardiography.
2006;23:734–740.

41. Libby P, Braunwald E. Braunwald’s Heart Disease: A Tex tbook of Cardio-
vascular Medicine. 8th ed. Philadelphia, PA: Elsevier Saunders; 2007.

42. Memtsoudis SG, Rosenberger P, Loffler M, et al. The usefulness of trans-
esophageal echocardiography during intraoperative cardiac arrest in non-
cardiac surgery. Anesth Analg. 2006;102:1653–1657.



Chap t e r 23: Echocard iography 265

43. Oh JK, Seward JB, Tajik AJ. The Echo Manual. 3rd ed. Philadelphia, PA:
Lippincott Williams & Wilkins; 2006.

44. Redfield MM, Jacobsen SJ, Burnett JC Jr, et al. Burden of systolic and
diastolic ventricular dysfunction in the community: appreciating the scope
of the heart failure epidemic. JAMA. 2003;289:194–202.

45. McMurray JJ, Pfeffer MA. Heart failure. Lancet. 2005;365:1877–1889.
46. Barker WH, Mullooly JP, Getchell W. Changing incidence and survival

for heart failure in a well-defined older population, 1970–1974 and 1990–
1994. Circulation. 2006;113:799–805.

47. Hogg K, Swedberg K, McMurray J. Heart failure with preserved left ventric-
ular systolic function; epidemiology, clinical characteristics, and prognosis.
J Am Coll Cardiol. 2004;43:317–327.

48. Pinsky MR, Vincent JL. Let us use the pulmonary artery catheter correctly
and only when we need it. Crit Care Med. 2005;33:1119–1122.

49. Marwick TH. Measurement of strain and strain rate by echocardiography:
ready for prime time? J Am Coll Cardiol. 2006;47:1313–1327.

50. Rivers EP, Kruse JA, Jacobsen G, et al. The influence of early hemodynamic
optimization on biomarker patterns of severe sepsis and septic shock. Crit
Care Med. 2007;35:2016–2024.

51. Huang DT, Clermont G, Dremsizov TT, et al. Implementation of early goal-
directed therapy for severe sepsis and septic shock: a decision analysis. Crit
Care Med. 2007;35:2090–2100.

52. Jones AE, Focht A, Horton JM, et al. Prospective external validation of the
clinical effectiveness of an emergency department-based early goal-directed
therapy protocol for severe sepsis and septic shock. Chest. 2007;132:425–
432.

53. Nguyen HB, Smith D. Sepsis in the 21st century: recent definitions and
therapeutic advances. Am J Emerg Med. 2007;25:564–571.

54. Roch A, Blayac D, Ramiara P, et al. Comparison of lung injury after normal
or small volume optimized resuscitation in a model of hemorrhagic shock.
Intensive Care Med. 2007;33:1645–1654.

55. Dellinger RP, Levy MM, Carlet JM, et al. Surviving sepsis campaign: in-
ternational guidelines for management of severe sepsis and septic shock:
2008. Intensive Care Med. 2008;34(1):17–60.

56. O’Brien JM Jr, Ali NA, Aberegg SK, et al. Sepsis. Am J Med. 2007;120:
1012–1022.

57. Bolli R. Preconditioning: a paradigm shift in the biology of myocardial
ischemia. Am J Physiol Heart Circ Physiol. 2007;292:H19–27.

58. Dittoe N, Stultz D, Schwartz BP, et al. Quantitative left ventricular systolic
function: from chamber to myocardium. Crit Care Med. 2007;35:S330–
339.

59. Curtis JP, Sokol SI, Wang Y, et al. The association of left ventricular ejec-
tion fraction, mortality, and cause of death in stable outpatients with heart
failure. J Am Coll Cardiol. 2003;42:736–742.

60. Wang TJ, Evans JC, Benjamin EJ, et al. Natural history of asymp-
tomatic left ventricular systolic dysfunction in the community. Circulation.
2003;108:977–982.

61. Mock MB, Ringqvist I, Fisher LD, et al. Survival of medically treated pa-
tients in the coronary artery surgery study (CASS) registry. Circulation.
1982;66:562–568.

62. Sharir T, Germano G, Kavanagh PB, et al. Incremental prognostic value of
post-stress left ventricular ejection fraction and volume by gated myocar-
dial perfusion single photon emission computed tomography. Circulation.
1999;100:1035–1042.

63. Schiller NB, Shah PM, Crawford M, et al. Recommendations for quantita-
tion of the left ventricle by two-dimensional echocardiography. American
Society of Echocardiography Committee on Standards, Subcommittee on
Quantitation of Two-Dimensional Echocardiograms. J Am Soc Echocar-
diogr. 1989;2:358–367.

64. Lang RM, Bierig M, Devereux RB, et al. Recommendations for cham-
ber quantification: a report from the American Society of Echocardio-
graphy’s Guidelines and Standards Committee and the Chamber Quan-
tification Writing Group, developed in conjunction with the European
Association of Echocardiography, a branch of the European Society of Car-
diology. J Am Soc Echocardiogr. 2005;18:1440–1463.

65. Zamorano J, Cordeiro P, Sugeng L, et al. Real-time three-dimensional
echocardiography for rheumatic mitral valve stenosis evaluation: an ac-
curate and novel approach. J Am Coll Cardiol. 2004;43:2091–2096.

66. Teichholz LE, Kreulen T, Herman MV, et al. Problems in echocardiographic
volume determinations: echocardiographic-angiographic correlations in the
presence of absence of asynergy. Am J Cardiol. 1976;37:7–11.

67. Yvorchuk KJ, Davies RA, Chan KL. Measurement of left ventricular ejec-
tion fraction by acoustic quantification and comparison with radionuclide
angiography. Am J Cardiol. 1994;74:1052–1056.

68. Bednarz J, Vignon P, Mor-Avi VV, et al. Color kinesis: principles of oper-
ation and technical guidelines. Echocardiography. 1998;15:21–34.

69. Sugeng L, Mor-Avi V, Weinert L, et al. Quantitative assessment of left
ventricular size and function: side-by-side comparison of real-time three-
dimensional echocardiography and computed tomography with magnetic
resonance reference. Circulation. 2006;114:654–661.

70. Feigenbaum H, Armstrong WF, Ryan T, et al. Feigenbaum’s Echocardiog-
raphy. 6th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2005.

71. Nishimura RA, Tajik AJ. Evaluation of diastolic filling of left ventricle
in health and disease: Doppler echocardiography is the clinician’s rosetta
stone. J Am Coll Cardiol. 1997;30:8–18.

72. Oh JK, Hatle L, Tajik AJ, et al. Diastolic heart failure can be diagnosed
by comprehensive two-dimensional and Doppler echocardiography. J Am
Coll Cardiol. 2006;47:500–506.

73. Sabbah HN, Khaja F, Brymer JF, et al. Noninvasive evaluation of left ven-
tricular performance based on peak aortic blood acceleration measured
with a continuous-wave Doppler velocity meter. Circulation. 1986;74:323–
329.

74. Bauer F, Jones M, Shiota T, et al. Left ventricular outflow tract mean sys-
tolic acceleration as a surrogate for the slope of the left ventricular end-
systolic pressure-volume relationship. J Am Coll Cardiol. 2002;40:1320–
1327.

75. Nishimura RA, Tajik AJ. Quantitative hemodynamics by Doppler echocar-
diography: a noninvasive alternative to cardiac catheterization. Prog Car-
diovasc Dis. 1994;36:309–342.

76. Bouchard A, Blumlein S, Schiller NB, et al. Measurement of left ventricular
stroke volume using continuous wave Doppler echocardiography of the
ascending aorta and M-mode echocardiography of the aortic valve. J Am
Coll Cardiol. 1987;9:75–83.

77. Vinereanu D, Khokhar A, Fraser AG. Reproducibility of pulsed wave
tissue Doppler echocardiography. J Am Soc Echocardiogr. 1999;12:
492–499.

78. Dokainish H, Zoghbi WA, Lakkis NM, et al. Optimal noninvasive assess-
ment of left ventricular filling pressures: a comparison of tissue Doppler
echocardiography and B-type natriuretic peptide in patients with pul-
monary artery catheters. Circulation. 2004;109:2432–2439.

79. Hsiao SH, Huang WC, Sy CL, et al. Doppler tissue imaging and color M-
mode flow propagation velocity: are they really preload independent? J Am
Soc Echocardiogr. 2005;18:1277–1284.

80. Oki T, Tabata T, Mishiro Y, et al. Pulsed tissue Doppler imaging of left ven-
tricular systolic and diastolic wall motion velocities to evaluate differences
between long and short axes in healthy subjects. J Am Soc Echocardiogr.
1999;12:308–313.

81. Mori K, Hayabuchi Y, Kuroda Y, et al. Left ventricular wall motion veloc-
ities in healthy children measured by pulsed wave Doppler tissue echocar-
diography: normal values and relation to age and heart rate. J Am Soc
Echocardiogr. 2000;13:1002–1011.

82. Pela G, Bruschi G, Montagna L, et al. Left and right ventricular adapta-
tion assessed by Doppler tissue echocardiography in athletes. J Am Soc
Echocardiogr. 2004;17:205–211.

83. Oki T, Fukuda K, Tabata T, et al. Effect of an acute increase in afterload
on left ventricular regional wall motion velocity in healthy subjects. J Am
Soc Echocardiogr. 1999;12:476–483.

84. Nagueh SF, Bachinski LL, Meyer D, et al. Tissue Doppler imaging
consistently detects myocardial abnormalities in patients with hyper-
trophic cardiomyopathy and provides a novel means for an early diag-
nosis before and independently of hypertrophy. Circulation. 2001;104:
128–130.

85. Yu CM, Lin H, Yang H, et al. Progression of systolic abnormalities in
patients with “ isolated” diastolic heart failure and diastolic dysfunction.
Circulation. 2002;105:1195–1201.

86. Wang M, Yip GW, Wang AY, et al. Peak early diastolic mitral annulus veloc-
ity by tissue Doppler imaging adds independent and incremental prognostic
value. J Am Coll Cardiol. 2003;41:820–826.

87. Mankad S, Murali S, Kormos RL, et al. Evaluation of the potential role
of color-coded tissue Doppler echocardiography in the detection of al-
lograft rejection in heart transplant recipients. Am Heart J. 1999;138:
721–730.

88. Dandel M, Hummel M, Muller J, et al. Reliability of tissue Doppler wall
motion monitoring after heart transplantation for replacement of invasive
routine screenings by optimally timed cardiac biopsies and catheterizations.
Circulation. 2001;104:I184–1191.

89. Shan K, Bick RJ, Poindexter BJ, et al. Relation of tissue Doppler derived
myocardial velocities to myocardial structure and beta-adrenergic receptor
density in humans. J Am Coll Cardiol. 2000;36:891–896.

90. Galderisi M, Cattaneo F, Mondillo S. Doppler echocardiography and my-
ocardial dyssynchrony: a practical update of old and new ultrasound tech-
nologies. Cardiovasc Ultrasound. 2007;5:28.

91. Edvardsen T, Gerber BL, Garot J, et al. Quantitative assessment of intrinsic
regional myocardial deformation by Doppler strain rate echocardiography
in humans: validation against three-dimensional tagged magnetic resonance
imaging. Circulation. 2002;106:50–56.

92. Hoffmann R, Altiok E, Nowak B, et al. Strain rate measurement by Doppler
echocardiography allows improved assessment of myocardial viability in
patients with depressed left ventricular function. J Am Coll Cardiol. 2002;
39:443–449.

93. Voigt JU, Exner B, Schmiedehausen K, et al. Strain-rate imaging during
dobutamine stress echocardiography provides objective evidence of in-
ducible ischemia. Circulation. 2003;107:2120–2126.

94. Yu CM, Fung JW, Zhang Q, et al. Tissue Doppler imaging is superior to
strain rate imaging and postsystolic shortening on the prediction of reverse
remodeling in both ischemic and nonischemic heart failure after cardiac
resynchronization therapy. Circulation. 2004;110:66–73.

95. Gilman G, Khandheria BK, Hagen ME, et al. Strain rate and strain: a step-
by-step approach to image and data acquisition. J Am Soc Echocardiogr.
2004;17:1011–1020.



266 Sect ion II: Monitoring

96. Weidemann F, Jamal F, Kowalski M, et al. Can strain rate and strain quan-
tify changes in regional systolic function during dobutamine infusion, B-
blockade, and atrial pacing—implications for quantitative stress echocar-
diography. J Am Soc Echocardiogr. 2002;15:416–424.

97. Sutherland GR, Di Salvo G, Claus P, et al. Strain and strain rate imaging:
a new clinical approach to quantifying regional myocardial function. J Am
Soc Echocardiogr. 2004;17:788–802.

98. Teske AJ, De Boeck BW, Melman PG, et al. Echocardiographic quantifica-
tion of myocardial function using tissue deformation imaging, a guide to
image acquisition and analysis using tissue Doppler and speckle tracking.
Cardiovasc Ultrasound. 2007;5:27.

99. Amundsen BH, Helle-Valle T, Edvardsen T, et al. Noninvasive myocar-
dial strain measurement by speckle tracking echocardiography: validation
against sonomicrometry and tagged magnetic resonance imaging. J Am Coll
Cardiol. 2006;47:789–793.

100. Giglio V, Pasceri V, Messano L, et al. Ultrasound tissue characteri-
zation detects preclinical myocardial structural changes in children af-
fected by Duchenne muscular dystrophy. J Am Coll Cardiol. 2003;42:
309–316.

101. Dutka DP, Donnelly JE, Palka P, et al. Echocardiographic characterization
of cardiomyopathy in Friedreich’s ataxia with tissue Doppler echocardio-
graphically derived myocardial velocity gradients. Circulation 2000;102:
1276–1282.

102. Sengupta PP, Krishnamoorthy VK, Korinek J, et al. Left ventricular form
and function revisited: applied translational science to cardiovascular ul-
trasound imaging. J Am Soc Echocardiogr. 2007;20:539–551.

103. Kolias TJ, Aaronson KD, Armstrong WF. Doppler-derived dP/dt and -dP/dt
predict survival in congestive heart failure. J Am Coll Cardiol. 2000;36:
1594–1599.

104. Pai RG, Bansal RC, Shah PM. Doppler-derived rate of left ventricular pres-
sure rise: its correlation with the postoperative left ventricular function in
mitral regurgitation. Circulation. 1990;82:514–520.

105. Nixon JV, Murray RG, Leonard PD, et al. Effect of large variations in
preload on left ventricular performance characteristics in normal subjects.
Circulation. 1982;65:698–703.

106. Colan SD, Borow KM, Neumann A. Left ventricular end-systolic wall
stress-velocity of fiber shortening relation: a load-independent index of my-
ocardial contractility. J Am Coll Cardiol. 1984;4:715–724.

107. Carabello BA, Usher BW, Hendrix GH, et al. Predictors of outcome for
aortic valve replacement in patients with aortic regurgitation and left ven-
tricular dysfunction: a change in the measuring stick. J Am Coll Cardiol.
1987;10:991–997.

108. Yoshifuku S, Biro S, Ikeda Y, et al. Validation of TEI index in the es-
timation of cardiac function: an experimental study. J Am Coll Cardiol.
2002;39:372.

109. Tei C, Ling LH, Hodge DO, et al. New index of combined systolic and
diastolic myocardial performance: a simple and reproducible measure of
cardiac function–a study in normals and dilated cardiomyopathy. J Cardiol.
1995;26:357–366.

110. Miller D, Farah MG, Liner A, et al. The relation between quantitative right
ventricular ejection fraction and indices of tricuspid annular motion and
myocardial performance. J Am Soc Echocardiogr. 2004;17:443–447.

111. Hoit BD. Left ventricular diastolic function. Crit Care Med. 2007;35:S340–
347.

112. Chatterjee K, Massie B. Systolic and diastolic heart failure: differences and
similarities. J Card Fail. 2007;13:569–576.

113. Kitzman DW, Gardin JM, Gottdiener JS, et al. Importance of heart failure
with preserved systolic function in patients > or = 65 years of age. CHS
research group. cardiovascular health study. Am J Cardiol. 2001;87:413–
419.

114. Vasan RS, Benjamin EJ, Levy D. Prevalence, clinical features and prognosis
of diastolic heart failure: an epidemiologic perspective. J Am Coll Cardiol.
1995;26:1565–1574.

115. Merx MW, Weber C. Sepsis and the heart. Circulation. 2007;116:79–802.
116. Burns AT, Connelly KA, La Gerche A, et al. Effect of heart rate on tissue

Doppler measures of diastolic function. Echocardiography. 2007;24:697–
701.

117. Mirsky I, Pasipoularides A. Clinical assessment of diastolic function. Prog
Cardiovasc Dis. 1990;32:291–318.

118. Weiss JL, Frederiksen JW, Weisfeldt ML. Hemodynamic determinants of
the time-course of fall in canine left ventricular pressure. J Clin Invest.
1976;58:751–760.

119. Chopra M, Sharma AC. Distinct cardiodynamic and molecular character-
istics during early and late stages of sepsis-induced myocardial dysfunction.
Life Sci. 2007;81:306–316.

120. Rozenberg S, Besse S, Brisson H, et al. Endotoxin-induced myocardial dys-
function in senescent rats. Crit Care. 2006;10:R124.

121. Pirracchio R, Cholley B, De Hert S, et al. Diastolic heart failure in anaes-
thesia and critical care. Br J Anaesth. 2007;98:707–721.

122. Cinel I, Dellinger RP. Advances in pathogenesis and management of sepsis.
Curr O pin Infect Dis. 2007;20:345–352.

123. Young JD. The heart and circulation in severe sepsis. Br J Anaesth. 2004;
93:114–120.

124. Rudiger A, Singer M. Mechanisms of sepsis-induced cardiac dysfunction.
Crit Care Med. 2007;35:1599–1608.

125. Burkhoff D, Mirsky I, Suga H. Assessment of systolic and diastolic ventric-
ular properties via pressure-volume analysis: a guide for clinical, transla-
tional, and basic researchers. Am J Physiol Heart Circ Physiol. 2005;289:
H501–H512.

126. Zile MR, Tomita M, Ishihara K, et al. Changes in diastolic function during
development and correction of chronic LV volume overload produced by
mitral regurgitation. Circulation. 1993;87:1378–1388.

127. Appleton CP, Firstenberg MS, Garcia MJ, et al. The echo-Doppler evalu-
ation of left ventricular diastolic function. A current perspective. Cardiol
Clin. 2000;18:513–546, ix.

128. Oh JK, Appleton CP, Hatle LK, et al. The noninvasive assessment of left
ventricular diastolic function with two-dimensional and Doppler echocar-
diography. J Am Soc Echocardiogr. 1997;10:246–270.

129. Ristow B, Ali S, Ren X, et al. Elevated pulmonary artery pressure by Doppler
echocardiography predicts hospitalization for heart failure and mortality
in ambulatory stable coronary artery disease: the Heart and Soul Study. J
Am Coll Cardiol. 2007;49:43–49.

130. Garcia MJ, Rodriguez L, Ares M, et al. Myocardial wall velocity assessment
by pulsed Doppler tissue imaging: characteristic findings in normal subjects.
Am Heart J. 1996;132:648–656.

131. Miyatake K, Yamagishi M, Tanaka N, et al. New method for evaluating
left ventricular wall motion by color-coded tissue Doppler imaging: in vitro
and in vivo studies. J Am Coll Cardiol. 1995;25:717–724.

132. Dokainish H, Zoghbi WA, Lakkis NM, et al. Incremental predictive power
of B-type natriuretic peptide and tissue Doppler echocardiography in prog-
noses of patients with congestive heart failure. J Am Coll Cardiol. 2005;45:
1223–1226.

133. Ommen SR, Nishimura RA, Appleton CP, et al. Clinical utility of
Doppler echocardiography and tissue Doppler imaging in the estimation
of left ventricular filling pressures: a comparative simultaneous Doppler-
catheterization study. Circulation. 2000;102:1788–1794.

134. Nagueh SF, Middleton KJ, Kopelen HA, et al. Doppler tissue imaging:
a noninvasive technique for evaluation of left ventricular relaxation and
estimation of filling pressures. J Am Coll Cardiol. 1997;30:1527–1533.

135. Nagueh SF, Sun H, Kopelen HA, et al. Hemodynamic determinants of the
mitral annulus diastolic velocities by tissue Doppler. J Am Coll Cardiol.
2001;37:278–285.

136. Takatsuji H, Mikami T, Urasawa K, et al. A new approach for evaluation
of left ventricular diastolic function: spatial and temporal analysis of left
ventricular filling flow propagation by color M-mode Doppler echocardio-
graphy. J Am Coll Cardiol. 1996;27:365–371.

137. Garcia MJ, Thomas JD, Klein AL. New Doppler echocardiographic appli-
cations for the study of diastolic function. J Am Coll Cardiol. 1998;32:865–
875.

138. Gonzalez-Vilchez F, Ayuela J, Ares M, et al. Comparison of Doppler
echocardiography, color M-mode Doppler, and Doppler tissue imaging for
the estimation of pulmonary capillary wedge pressure. J Am Soc Echocar-
diogr. 2002;15:1245–1250.

139. Lawson WE, Brown EJ Jr, Swinford RD, et al. A new use for M-mode
echocardiography in detecting left ventricular diastolic dysfunction in coro-
nary artery disease. Am J Cardiol. 1986;58:210–213.

140. Hanrath P, Mathey DG, Siegert R, et al. Left ventricular relaxation and
filling pattern in different forms of left ventricular hypertrophy: an echocar-
diographic study. Am J Cardiol. 1980;45:15–23.

141. Pritchett AM, Mahoney DW, Jacobsen SJ, et al. Diastolic dysfunction and
left atrial volume: a population-based study. J Am Coll Cardiol. 2005;45:
87–92.

142. Dokainish H. Combining tissue Doppler echocardiography and B-type na-
triuretic peptide in the evaluation of left ventricular filling pressures: review
of the literature and clinical recommendations. Can J Cardiol. 2007;23:
983–989.

143. Moller JE, Pellikka PA, Hillis GS, et al. Prognostic importance of diastolic
function and filling pressure in patients with acute myocardial infarction.
Circulation. 2006;114:438–444.

144. Vieillard-Baron A, Charron C, Chergui K, et al. Bedside echocardiographic
evaluation of hemodynamics in sepsis: is a qualitative evaluation sufficient?
Intensive Care Med. 2006;32:1547–1552.

145. Little WC, Freeman GL. Pericardial disease. Circulation. 2006;113:1622–
1632.

146. Hoit BD. Pericardial disease and pericardial tamponade. Crit Care Med.
2007;35(Suppl):S355–364.

147. Maisch B. Pericardial disease with a focus on etiology, pathogenesis, patho-
physiology, new diagnostic imaging methods, and treatment. Curr O pin
Cardiol. 1994;9:379–388.

148. Weitzman LB, Tinker WP, Kranzon I, et al. The incidence and natural
history of pericardial effusion after cardiac surgery: an echocardiography
study. Circulation. 1984;69:506–511.

149. Kuvin JT, Harati NA, Pandian NG, et al. Postoperative cardiac tamponade
in the modern surgical era. Ann Thorac Surg. 2002;74:1148–1153.

150. Ciliberto GR, Anjos MC, Gronda E. Significance of pericardial effusions
after heart transplantation. Am J Cardiol. 1995;76:297–300.

151. Tsang TS, Barnes ME, Hayes SN, et al. Clinical and echocardiographic
characteristics of significant pericardial effusions following cardiothoracic
surgery and outcomes of echo-guided pericardiocentesis for management:
Mayo Clinic experience, 1979–1998. Chest. 1999;116:322–331.



Chap t e r 23: Echocard iography 267

152. Imazio M, Trinchero R. Triage and management of acute pericarditis. Int
J Cardiol. 2007;118:286–294.

153. Slobodin G, Hussein A, Rozenbaum M, et al. The emergency room in sys-
temic rheumatic diseases. Emerg Med J. 2006;23:667–671.

154. Kobayashi M, Okabayashi T, Okamoto K, et al. Clinicopathological study
of cardiac tamponade due to pericardial metastasis originating from gastric
cancer. World J Gastroenterol. 2005;11:6899–6904.

155. Taguchi R, Takasu J, Itani Y, et al. Pericardial fat accumulation in men at
risk for coronary artery disease. Atherosclerosis. 2001;157:203–209.

156. Iacobellis G, Leonetti F. Epicardial adipose tissue and insulin resistance in
obese subjects. J Clin Endocrinol Metab. 2005;90:6300–6302.

157. Seferovic PM, Ristic AD, Imazio M, et al. Management strategies in peri-
cardial emergencies. Herz. 2006;31:891–900.

158. Degiannis E, Loogna P, Doll D, et al. Penetrating cardiac injuries: recent
experience in South Africa. World J Surg. 2006;30:1258–1264.

159. Leimgrubber PP, Klopfenstein HS, Wann LS, et al. The hemodynamic de-
rangement associated with right ventricular diastolic collapse in cardiac
tamponade: an experimental echocardiographic study. Circulation. 1983;
68:612–620.

160. Hoit BD, Gabel M, Fowler NO. Cardiac tamponade in left ventricular
dysfunction. Circulation. 1990;82:1370–1376.

161. Hoit BD, Ramrakhyani K. Pulmonary venous flow in cardiac tamponade:
influence of left ventricular dysfunction and the relation to pulsus para-
doxus. J Am Soc Echocardiogr. 1991;4:559–570.

162. Gillam LD, Guyer DE, Gibson TC, et al. Hydrodynamic compression of
the right atrium: a new echocardiographic sign of cardiac tamponade. Cir-
cualtion. 1983;68:294–301.

163. Maisch B, Seferovic PM, Ristic AD, et al. Guidelines on the diagnosis and
management of pericardial diseases executive summary: the Task Force on
the Diagnosis and Management of Pericardial Diseases of the European
Society of Cardiology. Eur Heart J. 2004;25:587–610.

164. Reydel B, Spodick DH. Frequency and significance of chamber collapses
during cardiac tamponade. Am Heart J. 1990;119:1160–1163.

165. Fussman B, Schwinger ME, Charney R, et al. Isolated of left-sided
heart chambers in cardiac tamponade: demonstration by two-dimensional
echocardiography. Am Heart J. 1991;121:613–616.

166. Merce J, Sagrista-Sauleda J, Permanyer-Miralda G, et al. Correlation be-
tween clinical and Doppler echocardiography findings in patients with mod-
erate and large pericardial effusions: implications for the diagnosis of car-
diac tamponade. Am Heart J. 1999;138:759–764.

167. Roy CL, Minor MA, Brookhart MA, et al. Does this patient with a peri-
cardial effusion have cardiac tamponade? JAMA. 2007;297:1810–1818.

168. Talreja DR, Edwards WD, Danielson GK, et al. Constrictive pericarditis in
26 patients with histiologically normal pericardial thickness. Circulation.
2003;108(15):1852–1857.

169. Pinamonti B, Zecchin M, Di Lenarda A, et al. Persistence of restrictive left
ventricular filling pattern in dilated cardiomyopathy: an ominous prognos-
tic sign. J Am Coll Cardiol. 1997;29:604–612.

170. Ling LH, Oh JK, Tei C, et al. Pericardial thickness measured with trans-
esophageal echocardiography: feasibility and potential clinical usefulness.
J Am Coll Cardiol. 1997;29:1317–1323.

171. Cheitlin MD, Armstrong WF, Aurigemma GP, et al. ACC/AHA/ASE 2003
Guideline Update for the Clinical Application of Echocardiography: sum-
mary article. A Report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines (ACC/AHA/ASE
Committee for the Clinical Application of Echocardiography). J Am Soc
Echocardiogr. 2003;16:1091–1110.

172. Tei C, Child JS, Tanaka H, et al. Atrial systolic notch on the interventricular
septal echogram: an echocardiographic sign of constrictive pericarditis. J
Am Coll Cardiol. 1983;1:907–912.

173. Engel PJ, Fowler NO, Tei CW, et al. M-mode echocardiography in con-
strictive pericarditis. J Am Coll Cardiol. 1985;6:471–474.

174. Hoit BD. Imaging the pericardium. Cardiol Clin. 1990;8:587–600.
175. D’Cruz IA, Dick A, Gross CM, et al. Abnormal left ventricular-left atrial

posterior wall contour: a new dimensional echocardiographic sign in con-
strictive pericarditis. Am Heart J. 1989;118:218–132.

176. Ha JW, Oh JK, Ling LH, et al. Annulus paradoxus: transmitral flow velocity
to mitral annular velocity ratio is inversely proportional to pulmonary cap-
illary wedge pressure in patients with constrictive pericarditis. Circulation.
2001;104:976–978.

177. Oh JK, Hatle LK, Sinak LJ, et al. Characteristic Doppler echocardiographic
pattern of mitral inflow velocity in severe aortic regurgitation. J Am Coll
Cardiol. 1989;14:1712–1717.

178. Rajagopalan N, Garcia MJ, Rodriguez L, et al. Comparison of new Doppler
echocardiographic methods to differentiate constrictive pericardial heart
disease and restrictive cardiomyopathy. Am J Cardiol. 2001;87:86–94.

179. Pozzoli M, Traversi E, Cioffi G, et al. Loading manipulations improve
the prognostic value of Doppler evaluation of mitral flow in patients with
chronic heart failure. Circulation. 1997;95:1222–1230.

180. Sun JP, Abdalla IA, Yang XS, et al. Respiratory variation of mitral and
pulmonary venous Doppler flow velocities in constrictive pericarditis before
and after pericardiectomy. J Am Soc Echocardiogr. 2001;14:119–126.

181. Oh JK, Tajik AJ, Appleton CP, et al. Preload reduction to unmask the char-
acteristic Doppler features of constrictive pericarditis. Circulation. 1997;
95:796–799.

182. Troughton RW, Asher CR, Klein AL. Percarditis. Lancet. 2004;363:717–
727.

183. Krug EG, Mercy JA, Dahlberg LL, et al. The world report on violence and
health. Lancet. 2002;360:1083–1088.

184. Gao JM, Gao YH, Wei GB, et al. Penetrating cardiac wounds: principles
for surgical management. World J Surg. 2004;28:1025–1029.

185. Burack JH, Kandil E, Sawas A, et al. Triage and outcome of patients with
mediastinal penetrating trauma. Ann Thorac Surg. 2007;83:377–382; dis-
cussion 382.

186. Asensio JA, Soto SN, Forno W, et al. Penetrating cardiac injuries: a complex
challenge. Injury. 2001;32:533–543.

187. Demetriades D, Charalambides C, Sareli P, et al. Late sequelae of penetrat-
ing cardiac injuries. Br J Surg. 1990;77:813–814.

188. Degiannis E, Loogna P, Doll D, et al. Penetrating cardiac injuries: recent
experience in South Africa. World J Surg. 2006;30(7):1258–1264.

189. Aboulhosn J, Child JS. Left ventricular outflow obstruction: subaortic
stenosis, bicuspid aortic valve, supravalvar aortic stenosis, and coarctation
of the aorta. Circulation. 2006;114:2412–2422.

190. Cesar S, Potocnik N, Stare V. Left ventricular end-diastolic pressure-volume
relationship in septic rats with open thorax. Comp Med. 2003;53:493–
497.

191. Groban L, Dolinski SY. Transesophageal echocardiographic evaluation of
diastolic function. Chest. 2005;128:3652–3663.

192. Azevedo LC, Janiszewski M, Soriano FG, et al. Redox mechanisms of vascu-
lar cell dysfunction in sepsis. Endocr Metab Immune Disord Drug Targets.
2006;6:159–164.

193. Bombardini T. Myocardial contractility in the echo lab: molecular, cellular
and pathophysiological basis. Cardiovasc Ultrasound. 2005;3:27.

194. Assreuy J. Nitric oxide and cardiovascular dysfunction in sepsis. Endocr
Metab Immune Disord Drug Targets. 2006;6:165–173.

195. Kumar A, Anel R, Bunnell E, et al. Pulmonary artery occlusion pressure and
central venous pressure fail to predict ventricular filling volume, cardiac
performance, or the response to volume infusion in normal subjects. Crit
Care Med. 2004;32:691–699.

196. Donal E, Yamada H, Leclercq C, et al. The left atrial appendage, a small,
blind-ended structure: a review of its echocardiographic evaluation and its
clinical role. Chest. 2005;128:1853–1862.

197. Kortgen A, Niederprum P, Bauer M. Implementation of an evidence-based
“standard operating procedure” and outcome in septic shock. Crit Care
Med. 2006;34:943–949.

198. Krishnagopalan S, Kumar A, Parrillo JE, et al. Myocardial dysfunction in
the patient with sepsis. Curr O pin Crit Care. 2002;8:376–388.

199. Parrillo JE, Burch C, Shelhamer JH, et al. A circulating myocardial depres-
sant substance in humans with septic shock: septic shock with a reduced
ejection fraction have a circulating factor that depresses in vitro myocardial
cell performance. J Clin Invest. 1985;76:1539–1553.

200. Fischer UM, Radhakrishnan RS, Uray KS, et al. Myocardial function after
gut ischemia/reperfusion: does NFkappaB play a role? J Surg Res. May 5,
2008 (Epub ahead of print).

201. Barth E, Radermacher P, Thiemermann C, et al. Role of inducible nitric
oxide synthase in the reduced responsiveness of the myocardium to cate-
cholamines in a hyperdynamic, murine model of septic shock. Crit Care
Med. 2006;34:307–313.

202. Martins PS, Brunialti MK, da Luz Fernandes M, et al. Bacterial recognition
and induced cell activation in sepsis. Endocr Metab Immune Disord Drug
Targets. 2006;6:183–191.

203. Pinsky MR, Teboul JL. Assessment of indices of preload and volume re-
sponsiveness. Curr O pin Crit Care. 2005;11:235–239.

204. Poeze M, Solberg BC, Greve JW, et al. Monitoring global volume-related
hemodynamic or regional variables after initial resuscitation: what is a bet-
ter predictor of outcome in critically ill septic patients? Crit Care Med.
2005;33:2494–2500.

205. Pinsky MR. Protocolized cardiovascular management based on ventricular-
arterial coupling. In: Pinsky MR, Payen D, eds. Functional Hemodynamic
Monitoring. New York, NY: Springer-Verlag; 2005.

206. Axler O. Evaluation and management of shock. Semin Respir Crit Care
Med. 2006;27:230–240.

207. Carlbom DJ, Davidson BL. Pulmonary embolism in the critically ill. Chest.
2007;132:313–324.

208. Kline JA, Hernandez-Nino J, Jones AE, et al. Prospective study of the
clinical features and outcomes of emergency department patients with
delayed diagnosis of pulmonary embolism. Acad Emerg Med. 2007;14:
592–598.

209. Raisinghani A, Ben-Yehuda O. Echocardiography in chronic thromboem-
bolic pulmonary hypertension. Semin Thorac Cardiovasc Surg. 2006;18:
230–235.

210. Kucher N, Goldhaber SZ. Risk stratification of acute pulmonary embolism.
Semin Thromb Hemost. 2006;32:838–847.

211. Cecconi M, Johnston E, Rhodes A. What role does the right side of the
heart play in circulation? Crit Care. 2006;10(Suppl 3):S5.

212. Konstantinides SV. Acute pulmonary embolism revisited: thromboembolic
venous disease. Heart. 2008;94:795–802.

213. Sanchez O, Trinquart L, Colobet I, et al. Prognostic value of right ven-
tricular dysfunction in patients with haemodynamically stable pulmonary
embolism: a systemic review. Eur Heart J. 2008;29:1569–1577.



268 Sect ion II: Monitoring
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CHAPTER 24 ■ TEMPERATURE MONITORING
TOSHIKI MIZOBE r DANIEL I. SESSLER

HISTORY
Well before the dawn of clinical thermometry, the temper-
ature course of diseases such as malaria and enteric fever
(typhoid and brucellosis) were well described in the Corpus
Hippocraticum (circa 370–460 BC) (1). However, it wasn’t un-
til the 1590s when the astronomer Galileo invented the ther-
mometer (or thermoscope) that humans could record temper-
ature. His thermoscope was an open thermometer subject to
atmospheric pressure. In 1612, Sanctorius of Justipolitanus at
Padua first applied the thermometer to the human body. A ma-
jor advance in temperature monitoring arrived in 1714 when
Gabriel Fahrenheit invented the mercury thermometer (2). His
scale, the Fahrenheit scale, was and remains commonly used
in England and the United States. However, another scale, the
Centigrade scale, invented by Anders Celsius in 1742, became
popular in France and Germany. On the original Celsius scale,
0◦ was the temperature at which water boiled, while 100◦ was
the temperature at which ice melted. Linnaeus reversed the scale
in 1750.

Carl Reinhold Wunderlich developed the thermometer that
was used clinically in medicine for over 130 years (3). It dif-
fered from previous ones in preserving the maximum tempera-
ture in any given session that, presumably, best represents core
temperature. He published Das Verhalten der Eigenwarme in
Krankheiten in 1868, in which he suggested that fever is not
a disease, but rather a sign of disease. His thermometers were
22.5 cm long and took 20 minutes to register temperature.
Measurements were made in the axilla with four to six daily
observations made on patients with fever. After obtaining sev-
eral million observations on approximately 25,000 patients,
he established the fever patterns of diseases such as typhoid
fever, various internal diseases, and pregnancy. He also estab-
lished the average normal body temperature as 98.6◦F (37◦C).
He concluded, “A physician who practiced medicine without
employing the thermometer was like a blind man endeavoring
to distinguish colors by feeling.”

Wunderlich’s findings were supported enthusiastically in Eu-
rope and in the United States. It was already recognized that
thermometer use facilitated the recognition of diseases and
allowed physicians to understand their natural progression.
However, the curved and nonregistering thermometers then in
use were so cumbersome that more portable instruments were
required. With the size reduced by Wunderlich, clinical ther-
mometry became a routine part of medical practice. By the
1860s, the axilla had become universally adopted as a conve-
nient and reliable point of measurement. Once the use of al-

cohol and other germicidal agents became common in the late
1890s, sublingual placement replaced the axilla as the most
popular measurement site.

In 1875 von Liebermeister first hypothesized that body tem-
perature is regulated similarly in both healthy and ill people,
but that fever occurs in illness because the body’s internal
thermostat is set to a higher temperature. Edward Seguin and
William Draper introduced thermometry and patient charting
in New York City hospitals in the mid-1860s. Medical ther-
mometry quickly spread from hospitals to general practition-
ers, and from there to nurses and family. Mothers who could
read a thermometer rendered invaluable service to their fami-
lies in times of illness and provided important information for
physicians. Seguin even concluded that thermometry is not only
knowledge, but also social power.

TYPES OF THERMOMETERS

Me rcury-in-g lass Maximum

This familiar design consists of a mercury-filled bulb connected
to a thin glass tube. As the body warms the mercury in the bulb,
thermal expansion causes the mercury to move up the tube.
After maximal thermal equilibrium is reached (which may re-
quire 4 minutes in the mouth and 10 minutes in the axilla),
bulb temperature equals the body temperature. A constriction
near the bulb holds the position of mercury when the ther-
mometer is removed from the body, thus preserving the max-
imum temperature reading. After the thermometer is shaken
to return mercury to the bulb, another measurement can be
performed.

The advantages of mercury-in-glass thermometers are that
they do not require electric power, accuracy is easily confirmed
by calibration, and environmental conditions do not affect clin-
ical measurements (4). The disadvantages of these thermome-
ters include that they require a long equilibration time, they
cannot be used orally except in cooperating adults, and they
present a risk of mercury and glass exposure if damaged dur-
ing storage and clinical use. For instance, about 1,600 glass
thermometers were reported broken at a Glasgow Children’s
Hospital during a 6-month period. Spilled mercury disperses
into tiny droplets that are difficult to see and easily become
entrapped and emit a toxic vapor that can be inhaled or ab-
sorbed through the skin; the vapor may persist for months or
even years (5).
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Ele ct ronic Cont act

A thermistor is an electrical resistor in which resistance changes
rapidly in response to temperature fluctuation. In general, re-
sistance decreases exponentially with increasing temperature.
Electrical power is required for measuring the resistance and
calibrating stored data in order to convert resistance data
into temperature data. Thermocouples measure temperature
by evaluating the tiny electrical potential (voltage) produced
by the junction of two metals. Both thermistors and thermo-
couples are inexpensive, with a manufacturing cost as low as
a few cents each, and are highly accurate. These thermometers
are, by far, the most commonly used at present.

Most products display the maximum temperature and pro-
vide an audible tone when the temperature increase slows to
0.1◦C in a preset time, generally in 8 seconds. Underreading
occurs occasionally, especially when measuring axillary tem-
perature where the dry skin requires a longer time to achieve
thermal equilibrium with the sensor. Some devices provide a
predictive mode that tracks the changing resistance to estimate
the final temperature. This results in a rapid temperature read-
ing within several seconds; however, accuracy is worse in the
predictive mode than in the monitoring mode.

Infrare d Aural Canal (”Tymp anic”)

Optical infrared emissions sensors can be used to measure sur-
face temperature. Industrially, these devices are used to measure
the temperature of objects that would be hard to otherwise
measure, such as the temperature of molten steel. However,
they are also used medically to measure skin temperature. The
magnitude and spectrum of the infrared energy emitted depends
on the local temperature, efficiency of the surface for radiating
electromagnetic radiation (emissivity), filtering effect of any op-
tical components, and sensor temperature. The resulting signal
is converted into a temperature.

International standards permit a lower accuracy (± 0.2◦C)
in laboratory testing of clinical infrared thermometers than the
corresponding standards of conventional contact thermome-
ters (± 0.1◦C). Even larger errors are permitted when the am-
bient temperature is out of normal room temperature, about
18◦C to 26◦C. Although rapid response is a major advantage of
this type of device, users must ensure that the aural canal is not
obscured by cerumen and that the ear canal is straightened by
manipulating the ear lobe so that the sensor can point directly
at deeper sections of the canal, which are nearer to the core
temperature (6). Even though infrared aural canal thermome-
ters are often labeled as “ tympanic,” they do not actually “see”
the tympanic membrane but extrapolate tympanic or core tem-
perature from the skin temperature in the aural canal.

SITES OF TEMPERATURE
MEASUREMENT

The core thermal compartment is composed of well-perfused
tissues with a temperature uniform and high compared with
the rest of the body. Core temperature is considered the aver-
age temperature of the core compartment; it is not the highest
temperature in the body, which is probably in the brain or liver.

Core temperature can be evaluated in the pulmonary artery,
distal esophagus, tympanic membrane, or nasopharynx. Even
during rapid thermal perturbations (e.g., cardiopulmonary by-
pass), these temperature-monitoring sites remain reliable. Core
temperature can be estimated with reasonable accuracy using
oral, axillary, rectal, and bladder temperatures, except during
extreme thermal perturbations (7,8).

1. Oral: The most common site of temperature measurement
is probably under the tongue. Unfortunately, hot and cold
drinks, open-mouth versus closed-mouth breathing, and
tachypnea all affect oral temperature readings. However, na-
sogastric tubes do not interfere with oral temperature mea-
surement (9–11). Carefully performed oral temperatures are
reasonably accurate.

2. Axillary: Axillary temperature measurement is suited for in-
termittent monitoring, though the accuracy is worse than at
other sites, probably due to probe positioning (7). Axillary
measurements are, nonetheless, usually suitable if care is
taken to position the probe over the axillary artery while
keeping the arm at the patient’s side.

3. Rectal: Rectal temperature measurement is most accurate
when the sensor is placed more than 10 cm into the rectum.
Rectal temperature correlates well with distal esophageal,
bladder, and tympanic temperature, although it typically
slightly exceeds core value. Also, it is the slowest to respond
to rapid changes in body temperature (12). Consequently,
rectal readings are often erroneous—sometimes by many
degrees—during heat stroke, malignant hyperthermia, and
other situations where core temperature changes rapidly. It
is thus a poor choice when a purpose of monitoring is to
detect rapid perturbations.

4. Tympanic: Actual tympanic membrane measurements, ob-
tained with a thermocouple or thermistor, are highly accu-
rate core temperatures (13). During induced hypothermia,
tympanic temperature is much closer to brain temperature
than other measurement sites (14).

5. Infrared aural canal: Infrared aural canal temperatures do
not actually evaluate the tympanic membrane and are far
less accurate. These measurements may be adequate when
patients have wide ear canals (large circumference of the ear
canal) and good visibility deep in the canal. However, values
deviate considerably when hair or cerumen even partially
occludes the canal—as is typical. Furthermore, fanning the
face has been reported to lower the tympanic temperature.
In general, infrared aural canal “ tympanic” thermometers
are insufficiently accurate for routine clinical measurements.

6. Distal esophageal: Distal esophageal temperature is an ac-
curate monitoring site for core temperature when patients
are anesthetized or sedated, particularly because this site is
resistant to artifact (15). The most precise measurement is
performed when the probe is 45 cm from the nose in adults.
The temperature measurements taken in the proximal and
midesophagus are influenced by the ambient air because they
are near the trachea and bronchi. Transesophageal echocar-
diography (TEE) may affect the esophageal temperature be-
cause of the heat emitted by the probe.

7. Nasopharyngeal: Nasopharyngeal temperature monitoring
is often performed during general anesthesia. The draw-
backs of this site are that the measurements are affected
by the probe position and that nasopharyngeal bleeding
might occur. Nonetheless, it is an excellent site and usually
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FIGURE 24.1. Control of autonomic and behavioral thermoregula-
tory defenses. Efferent defenses can be broadly divided into autonomic
responses (e.g., sweating and shivering) and behavioral responses (e.g.,
closing a window, putting on a sweater). Autonomic responses depend
largely on core temperature and are mediated largely by the anterior
hypothalamus. In contrast, behavioral responses are mostly determined
by skin temperature and are controlled by the posterior hypothalamus.

provides accurate and precise measurements of core temper-
ature.

8. Urinary bladder: Urinary bladder temperature is measured
by placing a probe in a Foley catheter. The measurement
is affected by urinary flow during cardiopulmonary bypass
and does not provide an accurate temperature measurement
when urine flow is low (16). Under other circumstances,
though, it is a reasonably accurate site.

9. Pulmonary artery: Pulmonary artery temperature is mea-
sured by a sensor located at the distal end of the balloon-
tipped, flow-directed pulmonary artery catheter. It is
generally considered the single, best core temperature mea-
surement site, although obviously available in only a tiny
fraction of patients. It is worth noting that brain tempera-
ture is slightly greater than pulmonary artery temperature,
because core temperature at the pulmonary artery is the av-
erage value of the deep body structures. The gradient be-
tween core and brain temperatures tends to increase with
fever and active cooling.

THERMOREGULATION
Precise control of core temperature is maintained by a powerful
thermoregulatory system incorporating afferent inputs, central

control, and efferent defenses. Efferent defenses can be broadly
divided into autonomic responses (e.g., sweating and shivering)
and behavioral responses (e.g., closing a window, putting on a
sweater). Autonomic responses depend largely on core temper-
ature and are mostly mediated by the anterior hypothalamus.
In contrast, behavioral responses are roughly 50% determined
by skin temperature and are controlled by the posterior hypo-
thalamus (Fig. 24.1) (17,18).

Thermoregulation is maintained by feed-forward and feed-
back pathways. The signal from the cutaneous thermosensors
detecting the change in environmental temperature is trans-
mitted to the thermoregulatory center in the hypothalamus.
The effectors receiving efferent signals from the thermoregu-
latory center control thermoregulatory homeostasis. Also, the
deep thermosensors detecting the change in body temperature
transmit the afferent signals to the center. Recent studies sug-
gest that the feed-forward pathway may be more important
than previously appreciated (Fig. 24.2).

Affe re nt Inp ut

Dual detectors—cold sensors with myelinated A-delta fibers
and warm sensors with unmyelinated C-fibers—exist in the
subcutaneous layer of the skin. The peripheral temperature sen-
sors are free nerve endings with no specialized structure. They
differ in the temperature range over which they operate and
in their responses to temperature change. The response curve
of thermosensors for a constant temperature exhibits a maxi-
mal discharge frequency in the range of 25◦C to 30◦C for cold
sensors and around 40◦C for warm sensors (static response).
Cold sensors react to cooling with a transient increase in activ-
ity (dynamic response) and are inhibited during warming (Fig.
24.3). Warm sensors demonstrate dynamic activation during a
temperature increase and are inhibited during cooling.

The distribution density of cold sensors is several times
greater than warm sensors in the skin. These peripheral sen-
sors detect not only the body temperature, but also the envi-
ronmental temperature. Most thermal input is conducted along
the spinothalamic tracts, although both afferent and efferent
thermal signals are diffusely distributed within the neuraxis.
Interestingly, signals from nociceptive receptors are conducted
along almost the same part of the spinothalamic tracts (19).

Thermosensors are also located in brain areas such as the
hypothalamus, midbrain, and spinal cord, and in deep thoracic

Thermoregulation

Feed-forward pathway

Environment 
temperature

Thermosensor 
    Skin 
    Hypothalamus 
    Deep

Thermoregulatory 
center 

(hypothalamus)

Effectors 
    Cutaneous 
           vasculature 
    Sweat gland 
    Muscle 
    Organ

Body 
temperature

Feed-back pathway

FIGURE 24.2. Signals from the cutaneous ther-
mosensors detecting changes in environmental tem-
perature are transmitted to the thermoregulatory cen-
ter. The effectors that receive efferent signals control
thermoregulatory homeostasis (feed-forward). Also,
the deep thermosensors that detect changes in body
temperature transmit the afferent signals to the cen-
tral controller (feed-back).
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FIGURE 24.3. The response curve of thermosensors for a constant
temperature exhibits a maximal discharge frequency in the range of
25◦C to 30◦C for cold sensors and around 40◦C for warm sensors
(static response). Cold sensors react to cooling with a transient increase
in activity (dynamic response) and are inhibited during warming. Warm
sensors demonstrate dynamic activation during a temperature increase
and are inhibited during cooling (dynamic response). Change is seen
in the impulse frequency while temperature turns from T1 to T2 and
back to T1 again. (Modified from Hensel H. Thermoreception and
Temperature Regulation. London: Academic Press; 1981.)

and abdominal tissues. These deep sensors detect core body
temperature. The dynamic responses shown by peripheral ther-
mosensors are not observed in the thermosensors in the brain. It
is likely that there are also thermoreceptors in the thorax and
abdomen, but their specific contributions in humans remain
unknown.

Ce nt ral Cont ro l

Thermal afferent signals are integrated at numerous levels
within the neuraxis, including the spinal cord and brainstem.
The hypothalamus is undoubtedly the dominant and most pre-
cise controller of body temperature, although the spinal cord
dominates in birds. As there are few cold sensors in the hy-
pothalamus, warm sensors are thought to send the stimulatory
and inhibitory signals to the effectors.

Core temperature varies with a daily circadian rhythm (20).
Normal temperature is altered slightly by factors such as age
(0.5◦C lower in the elderly), time of day (0.5◦C higher in the
afternoon), time of menstrual cycle in women (higher near
ovulation), and exercise (21). Nonetheless, core temperature
is normally controlled within a few tenths of a degree centi-
grade, virtually irrespective of the environment (22). Such pre-
cise control is maintained by a powerful thermoregulatory sys-
tem incorporating afferent inputs, central control, and efferent
defenses. The thresholds triggering thermoregulatory defenses
are uniformly �0.3◦C greater during the follicular phase in
women than in men (22), and are an additional �0.5◦C greater
during the luteal phase (23). However, men and women regu-
late core body temperature with comparable precision, usually
maintaining core temperature within a few tenths of a degree
centigrade of the target temperature (Fig. 24.4).

FIGURE 24.4. The thresholds (triggering core temperatures) for the
three major autonomic thermoregulatory defenses: Sweating, vasocon-
striction, and shivering. Temperatures between the sweating and vaso-
constriction threshold define the interthreshold range (temperatures
not triggering autonomic responses). The thresholds are uniformly
about 0.3◦C greater during the follicular phase in women than in men,
and are an additional ≈ 0.5◦C greater during the luteal phase. How-
ever, men and women regulate core body temperature with comparable
precision. Results are presented as means ± standard deviation. (From
Lopez M, Sessler DI, Walter K, et al. Rate and gender dependence of
the sweating, vasoconstriction, and shivering thresholds in humans.
Anesthesiology. 1994;80:780–788, with permission.)

Nonthermoregulatory cutaneous circulatory reflexes, in-
cluding cardiopulmonary and arterial baroreceptor reflexes,
modulate thermoregulatory vascular tone. The cardiopul-
monary baroreceptor reflex controls peripheral vascular resis-
tance in response to the change in blood volume through the
central sympathetic nervous system and the renin–angiotensin
pathway. The baroreceptor reflex is modified by the right atrial
transmural pressure, which is the difference between central ve-
nous pressure and the intrathoracic pressure. Baroreflex load-
ing by increased right atrial pressure in patients placed in the
leg-up position results in an exaggeration of anesthesia-induced
hypothermia because of attenuated peripheral vasoconstric-
tion. In contrast, positive end-expiratory pressure (PEEP) ven-
tilation decreases right atrial transmural pressure (RATP) and,
as a consequence, attenuates perioperative hypothermia (Fig.
24.5) (24).

Effe re nt Re sp onse s

The balance between heat production and heat loss determines
body temperature. Nonevaporative heat loss depends on the
difference between skin temperature and environmental tem-
perature. Given that skin blood flow is a primary determinant
of skin temperature (e.g., increased blood flow results in in-
creased skin temperature), skin vascular tonus can modulate
heat loss. However, when environmental temperature exceeds
body temperature, evaporative heat loss (sweating) is the only
way to lose heat. Also, when environmental temperature is
very low, heat production must increase if thermal homeostasis
is to be maintained because maximal cutaneous vasoconstric-
tion cannot compensate for the amount of heat loss. The ther-
moneutral zone can be defined as the range of environmental
temperature over which cutaneous vasomotion alone can main-
tain body temperature (Fig. 24.6). The environmental temper-
ature at which heat production increases—the lower critical
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FIGURE 24.5. The esophageal temperature (Tes) after induction of
anesthesia. Positive end-expiratory pressure (PEEP: 10 cm H 2O, P)
or the leg-up position (L ) was applied 10 minutes after induction
of anesthesia. Baroreflex loading due to leg-up position exaggerates
anesthesia-induced hypothermia because peripheral vasoconstriction
is attenuated. Meanwhile, PEEP attenuated perioperative hypothermia
because of stimulated vasoconstriction through baroreceptor unload-
ing. Values are shown as mean ± standard of error. A significant differ-
ence compared with the control group (C). (From Nakajima Y, Mizobe
T, Takamata A, et al. Baroreflex modulation of peripheral vasocon-
striction during progressive hypothermia in anesthetized humans. Am
J Physiol Regul Integr Comp Physiol. 2000;279:R1430–1436, with
permission.)

temperature—is 29◦C, while the temperature at which evapo-
rative heat loss starts—the upper critical temperature—is 31◦C.

Sweating is mediated by postganglionic cholinergic nerves
that terminate on sweat follicles (25). These follicles apparently
have no purpose other than thermoregulation. In this regard,
they differ from most other thermoregulatory effectors that

FIGURE 24.6. The thermoneutral zone is defined as the environmen-
tal temperature zone in which skin vascular tonus alone can maintain
body temperature. The environmental temperature at which heat pro-
duction increases (the lower critical temperature) is 29◦C, while the
temperature at which evaporative heat loss starts (the upper critical
temperature) is 31◦C.

appear to have been co-opted by the thermoregulatory system
but continue to play important roles, for example, vasomo-
tion in blood pressure control or skeletal muscles in postural
maintenance. Heat exposure can increase cutaneous water loss
from trivial amounts to 500 mL per hour. Sweat loss in trained
athletes can even exceed 1 L/hour. In a dry, convective envi-
ronment, sweating can dissipate enormous amounts of heat—
perhaps up to ten times the basal metabolic rate.

As stated previously, sweating is the only mechanism by
which the body can dissipate heat when environmental tem-
perature exceeds core temperature. Fortunately, the process
is remarkably effective, dissipating 0.58 kcal/g of evaporated
sweat. Active precapillary vasodilation is mediated by a yet to
be identified factor released from sweat glands and, thus, oc-
curs synchronously with sweating. Recent evidence supports
nitric oxide as the mediator of this response, although this the-
ory remains controversial (26,27). Active dilation can increase
cutaneous capillary flow enormously, perhaps to as much as
7.5 L/min (28). The purpose of this dilation, presumably, is to
transport heat from muscles and the core to the skin surface
where it can be dissipated to the environment by evaporation
of sweat.

Cutaneous vasoconstriction is the first autonomic response
to cold. Metabolic heat is lost primarily via convection and
radiation from the skin surface, and vasoconstriction reduces
this loss. Active arteriovenous shunt vasoconstriction is adren-
ergically mediated. The shunts are vessels 100 µ m in diame-
ter and convey 10,000 times as much blood as a comparable
length of 10-µ m capillaries (29). Anatomically, they are re-
stricted to the fingers, toes, nose, and nipples. Despite this re-
striction, shunt vasoconstriction is among the most commonly
used and important thermoregulatory defenses. The reason is
that the blood traversing via shunts in the extremities must
flow through the arms and legs, thus altering the heat con-
tent of these relatively large tissue masses. Local α-adrenergic
sympathetic nerves mediate constriction in the thermoregu-
latory arteriovenous shunts, while circulating catecholamines
only minimally affect flow. Roughly 10% of cardiac output
traverses arteriovenous shunts; consequently, shunt vasocon-
striction increases mean arterial pressure by approximately
15 mm Hg.

Thermoregulatory vasoconstriction reduces cutaneous heat
loss. Although there is a major regional decrease in the distal
extremities, these areas constitute a relatively small fraction
of the body surface area. Nonetheless, heat loss does de-
crease throughout the extremities—including the proximal
segments—because the entire limb cools when shunt flow is
obliterated. In contrast, heat loss from the trunk decreases
only slightly (Fig. 24.7). The overall reduction in heat loss that
results from thermoregulatory vasoconstriction approximates
25% , which is similar to that provided by a single layer of most
any insulator (30,31).

A major purpose of thermoregulatory vasoconstriction is
to isolate core tissues from the environment, and thus restrict
peripheral-to-core heat transfer. Normally, this is beneficial,
but when patients are cooled therapeutically, thermoregulatory
vasoconstriction slows transfer of heat from the skin surface
to the core by trapping heat in peripheral tissues (32,33). The
normal threshold (triggering core temperature) for vasocon-
striction is approximately 36.5◦C (22).

Thermoregulatory vasoconstriction affects blood pressure
and heart rate. Vasoconstriction increases mean arterial
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FIGURE 24.7. Cutaneous heat flux (heat loss) from the head and trunk
(head, back, chest, and abdomen), legs and arms (upper arm, lower
arm, thigh, and calf), and hands and feet. Total heat flux and flux from
the arms and legs decreased about 25% after vasoconstriction was trig-
gered by infusion of cold fluid at 30 elapsed minutes (arrow ). Heat loss
from the trunk and head decreased only 17% . In contrast, heat loss
from the hands and feet decreased about 50% . Heat losses indicated in
the lower three curves (arms and legs, trunk and head, hands and feet)
comprise the total loss indicated at the top of the figure. Results are pre-
sented as means ± standard deviations. (From Sessler DI, Moayeri A,
Støen R, et al. Thermoregulatory vasoconstriction decreases cutaneous
heat loss. Anesthesiology. 1990;73:656–660.)

FIGURE 24.8. Systolic arterial pressure (SAP), diastolic arte-
rial pressure (DAP), mean arterial pressure (MAP), and heart
rate (HR) before and after vasoconstriction. Each symbol rep-
resents one group of study subjects without anesthesia or with
various concentrations of isoflurane or desflurane. Data are
represented as means of the individual studies, with the av-
erage and standard deviations for the entire study population
also shown. Asterisks (�) identify statistically significant differ-
ences from vasodilatation (P < 0.001). (From Greif R, Laciny
S, Rajek A, et al. Blood pressure response to thermoregula-
tory vasoconstriction during isoflurane and desflurane anes-
thesia. Acta Anaesthesiol Scand. 2003;47:847–852, with per-
mission.)

pressure in awake subjects, and similar increases (14 ± 5 mm
Hg) were observed in volunteers under various concentrations
of isoflurane and desflurane with no dose dependency. Thus,
the hypertensive response to thermoregulatory vasoconstric-
tion remains well preserved, even during volatile anesthesia. In
anesthetized subjects, the bradycardia to cold-induced hyper-
tension was attenuated by the anesthesia, though awake sub-
jects had a significant decrease in heart rate (Fig. 24.8) (33).

In humans, shivering is the final autonomic response that
is activated to cold, and is generally only observed when be-
havioral responses and vasoconstriction fail to maintain an
adequate core temperature. Shivering is an involuntary, ther-
mogenic tonic tremor (34). Typically, vigorous shivering dou-
bles the metabolic rate (35,36), although greater increases can
be sustained briefly. The shivering threshold is approximately
35.5◦C (22), which is about 1◦C less than the vasoconstriction
threshold. The low shivering threshold suggests that this re-
sponse is activated only under critical conditions, rather than
being a preferred means of maintaining core temperature. Shiv-
ering begins with the pectoralis muscles, but most shivering
thermogenesis occurs in the extremities where the largest mus-
cles are located. The muscular activity of shivering does not
perform any work, so all expended energy is converted into
heat. However, the ability of shivering thermogenesis to pro-
tect core temperature is limited by two factors. The first is that
active muscle must be supplied with oxygen and metabolic
substrates, both of which are conveyed by blood. This need
for blood flow in distal muscles counteracts the efforts of
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vasoconstriction to constrain metabolic heat to the core ther-
mal compartment, and, thus, establishes a large core-to-
peripheral tissue-temperature gradient. The second limitation
of shivering is that most heat is generated peripherally, and thus
easily dissipates to the environment.

An obvious consequence of shivering is increased metabolic
rate. This increase, which is analogous to exercise, provokes
a substantial adrenergic response. For example, a reduction in
core temperature of only 0.7◦C increases norepinephrine con-
centration by 400% and oxygen consumption by 30% . When
core temperature decreases 1.3◦C, norepinephrine concentra-
tion increases 700% and oxygen consumption doubles. As
might be expected, shivering is associated with peripheral vaso-
constriction and hypertension—although heart rate remains
unchanged, as do plasma epinephrine and cortisol concentra-
tions (37).

In general, energy-efficient effectors such as vasoconstric-
tion are maximized before metabolically costly responses such
as shivering are initiated. The interaction between thermal
input, central control, and effector responses is shown in Fig-
ure 24.9; this figure also shows the normal values for the major
autonomic response thresholds.

In the elderly, vasoconstriction in response to cold exposure
is reduced (38), and it is likely that this is a clinically important
observation because vasoconstriction is the primary autonomic
response to cold exposure. Similarly, the shivering threshold is
significantly reduced in the elderly (39). Interestingly, abnor-

FIGURE 24.9. A schematic illustrating thermoregulatory control
mechanisms. Mean body temperature is the integrated thermal input
from a variety of tissues including the brain, skin surface, spinal cord,
and deep core structures. These are shown entering the hypothalamus
(large square) from the left. However, thresholds usually are expressed
in terms of core temperature. A core temperature below the thresholds
for response to cold provokes vasoconstriction, nonshivering thermo-
genesis, and shivering. Core temperature exceeding the hyperthermic
thresholds produces active vasodilation and sweating. No thermoreg-
ulatory responses are initiated when core temperature is between these
thresholds; these temperatures identify the interthreshold range. The
interthreshold range in humans is usually only about 0.2◦C. (Thresh-
old data from Lopez M, Sessler DI, Walter K, et al. Rate and gender
dependence of the sweating, vasoconstriction, and shivering thresholds
in humans. Anesthesiology. 1994;80:780–788. Figure from Sessler DI.
Perioperative hypothermia. N Engl J Med. 1997;336:1730–1737, with
permission.)

FIGURE 24.10. The effect of aging on the shivering threshold. Fifteen
patients less than 80 years old (58 ± 10 years) (mean ± standard devi-
ation) shivered at 36.1 ± 0.6◦C; in contrast, ten patients aged 80 years
or older (89 ± 7 years) shivered at a significantly lower mean temper-
ature, 35.2 ± 0.8◦C (P < 0.001). The shivering thresholds in seven of
the ten patients 80 years or older was less than 35.5◦C, whereas the
threshold equaled or exceeded this value in all the younger patients.
(From Vassilieff N, Rosencher N, Sessler DI, et al. The shivering thresh-
old during spinal anesthesia is reduced in the elderly. Anesthesiology.
1995;83:1162–1166, with permission.)

mally reduced thresholds were not apparent in subjects less
than 80 years of age, and even then only occurred in a fraction
of the population (Fig. 24.10). These data suggest that age-
related thermoregulatory impairment may not be common in
people younger than 80 years. The data further suggest that
impairment is not a linear function of age, but instead occurs
unpredictably in a fraction of the elderly population.

The most powerful inhibitors of thermoregulation are gen-
eral anesthetics. These drugs have been used to facilitate the
induction of hypothermia for cardiac surgery and during neu-
rosurgery. In sufficient doses, especially when combined with
neuromuscular blockers, anesthetics can essentially obliterate
defenses against hypothermia. Volatile anesthetics, such as des-
flurane and sevoflurane, have relatively little effect on sweating:
Even full anesthetic doses increase the sweating threshold by
only about 0.5◦C. In contrast, anesthetic gases markedly reduce
the vasoconstriction and shivering thresholds. Interestingly, the
threshold for each major cold defense is reduced synchronously,
as if they are similarly controlled (Fig. 24.11).

Neuromuscular blockers are not believed to have any effect
on central control of thermoregulatory responses. However,
they obviously cause paralysis and thus prevent shivering. It
is equally obvious that muscle relaxants can only be given in
the context of general anesthesia or substantial sedation, and
that paralyzed patients require mechanical ventilation. Muscle
relaxants are a suitable treatment for shivering in the intensive
care unit (40), but are not a substitute for adequate sedation
and appropriate thermal management.
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FIGURE 24.11. Concentration-dependent thermo-
regulatory inhibition by desflurane and isoflurane
(halogenated volatile anesthetics), propofol (an in-
travenous anesthetic), and alfentanil (a µ -agonist
opioid). General anesthetics are the most powerful
known inhibitors of thermoregulatory control. The
horizontal axis, in each case, spans a clinically rele-
vant concentration range. The sweating (triangles),
vasoconstriction (circles), and shivering (squares)
thresholds are expressed in terms of core temper-
ature at a designated mean skin temperature of
34◦C. Anesthesia linearly, but slightly, increases the
sweating threshold. In contrast, anesthesia produces
substantial and comparable linear or nonlinear de-
creases in vasoconstriction and shivering thresh-
olds. Typical anesthetic concentrations thus increase
the interthreshold range (difference between the
sweating and vasoconstriction thresholds) approx-
imately 20-fold from its normal value near 0.2◦C.
Patients do not activate autonomic thermoregula-
tory defenses unless body temperature exceeds the
interthreshold range; surgical patients are thus poik-
ilothermic over a 3◦C to 5◦C range of core tem-
peratures. Isoflurane 1% and desflurane 6% have
comparable anesthetic potency. Error bars smaller
than the data markers have been deleted. (From
Sessler DI. Perioperative hypothermia. N Engl J
Med. 1997;336:1730–1737, with permission.)

THERAPEUTIC HYPOTHERMIA

Syst e mic Conse q ue nce s of Hyp ot he rmia

Patients undergoing mild hypothermia exhibit decreased heart
rate, increased systemic vascular resistance, and normal stroke
volume; consequently, mean arterial blood pressure in these
patients remains normal (41). The electrocardiogram of
hypothermic patients often displays a notch on the downstroke
of the QRS complex (the Osborn wave) when core temperature
reaches 33◦C (42). However, cardiac arrhythmias are rarely
seen during therapeutic hypothermia, even in patients with my-
ocardial ischemia (43).

Overall, hypothermia has little effect on the respiratory sys-
tem. Minute ventilation decreases during therapeutic hypother-
mia, but PaCO 2 remains normal since the metabolic rate de-
creases as well (44). Although pneumonia is listed as one of
the major risk factors of hypothermia, it is relatively uncom-
mon in adult patients subjected to short-term (12–24 hours)
therapeutic hypothermia (43).

The number of leukocytes decreases and becomes less effec-
tive during hypothermia, a situation that could increase the in-
cidence of infection, especially pneumonia (45). Prolonged hy-
pothermia also decreases the number and function of platelets
and delays clotting time, thus increasing the risk of hemorrhage
(46).

During induction of therapeutic hypothermia, potassium
shifts from the plasma into cells, resulting in hypokalemia.
However, caution should be used in correcting this condition
because during rewarming, the shift of potassium back into
the plasma might lead to life-threatening hyperkalemia. Phos-
phate concentration decreases similarly (47,48). Urine output

increases at induction of hypothermia as a result of decreased
reabsorption in the ascending loop of Henle. It normalizes,
however, when the patient reaches the target temperature (49).
Volume status, potassium, and phosphate concentrations thus
each require careful monitoring during therapeutic hypother-
mia.

Gas solubility in blood increases as body temperature de-
creases. It is controversial whether blood gas measurements
should be corrected for body temperature during therapeutic
hypothermia. Keeping a constant pH, which is known as pH-
stat management, decreases the cerebral infarction area in a
rat model (44). Nevertheless, the clinical evidence during car-
diopulmonary bypass favors α-stat management, in which tem-
perature correction is not performed for blood gas measure-
ment (50).

Gut motility decreases during hypothermia, which delays
enteral feeding (45). In addition, blood glucose concentrations
increase in response to reduced insulin secretion. Insulin ad-
ministration is recommended to correct hypothermia-induced
hyperglycemia, and should probably be titrated to maintain
a blood glucose concentration between 80 and 110 mg/dL
(51,52).

Pat holog y of Ce re b ral Ische mia and
Mechanism of The rap e ut ic Hyp ot he rmia

Cerebral injury occurs if inadequate blood flow to the brain oc-
curs for more than 5 minutes (53). Cerebral ischemia produces
a “whole-system failure” including adenosine triphosphate
(ATP) energy depletion, ion pump failure, release of free radi-
cals and excitotoxic neurotransmitters, and modulators such as
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FIGURE 24.12. Time course of changes in striatal
microdialysis-perfusate levels of glutamate in rats subjected
to a 20-minute global forebrain ischemia by four-vessel
occlusion at intraischemic brain temperatures of 30◦C,
33◦C, or 36◦C. In normothermic rats, a massive extracel-
lular release of glutamate was triggered by the ischemic
insult, while in animals with hypothermic brain tempera-
tures (33◦C or 30◦C), glutamate release was almost entirely
suppressed. (From Busto R, Globus MY-T, Dietrich WD,
et al. Effect of mild hypothermia on ischemia-induced re-
lease of neurotransmitters and free fatty acids in rat brain.
Stroke. 1989;20:904–910, with permission.)

glutamate and calcium (54,55). The formation of free radicals
and release of glutamate into the extracellular space are pro-
portional to the intraischemic brain temperature (Fig. 24.12).
Hyperthermia stimulates N -methyl-d -aspartate receptors,
which increase intracellular calcium levels and enhance the free
radicals resulting from the release of arachidonic acid (56,57).

The rap e ut ic Wind ow

Anoxic brain injury is mainly proportional to the duration of
ischemia, with death occurring within about 5 minutes of com-
plete anoxia. Therefore, many physicians believe that hypother-
mia must be induced as early as possible. In other words, the
earlier therapeutic hypothermia is started and the target tem-
perature is reached, the greater the chance of a positive outcome
(58,59).

The recommended duration for therapeutic hypothermia is
12 to 24 hours in the postresuscitation period. It is also re-
ported that patients obtain best outcomes when therapeutic
hypothermia is maintained between 48 and 72 hours (60,61).
There is a consensus—although not evidence based—that pa-
tients should be very slowly rewarmed from therapeutic hypo-
thermia.

FEVER
Hyperthermia is a generic term simply indicating a core body
temperature exceeding normal values. In contrast, fever is a
regulated increase in the core temperature targeted by the ther-
moregulatory system. Hyperthermia can result from a variety
of causes and usually indicates a problem of sufficient severity
that physician intervention is required. Fever is a special type of
regulated hyperthermia that synchronously increases all ther-
moregulatory response thresholds. Fever thus represents an in-
crease in the body’s temperature set point. Fever is common
among patients with neurologic injury and is associated with

worse outcome from stroke, although fever probably improves
infectious outcomes (62,63).

Normal body temperature is neither set nor maintained
by circulating factors. In contrast, fever results when en-
dogenous pyrogens increase the thermoregulatory target tem-
perature (“set point” ). Identified endogenous pyrogens in-
clude interleukin-1, tumor necrosis factor, interferon-α , and
macrophage inflammatory protein-1 (64). Although it was ini-
tially believed that these factors acted directly on hypothala-
mic thermoregulatory centers, there is increasing evidence for
a more complicated system involving vagal afferents. Most en-
dogenous pyrogens have peripheral actions (e.g., immune sys-
tem activation) in addition to their central generating capabil-
ities (65,66).

Optimal treatment strategies for fever have yet to be es-
tablished. Although active surface cooling of febrile patients
makes intuitive sense, it is often either ineffective or counter-
productive. This is principally because the febrile target set by
the hypothalamus is in terms of mean body temperature, not
core temperature. Weighted mean body temperature (for ther-
moregulatory purposes) is a linear combination of core and
skin temperatures, with the skin contributing approximately
20% (67). A decreasing skin temperature of 4◦C will thus
increase the target core temperature by about 1◦C. In intact
patients, thermoregulatory defenses are more powerful than
most types of surface cooling. The result is that active cool-
ing fails to reduce core temperature, but does make patients
highly uncomfortable, increases plasma catecholamine concen-
trations, augments metabolic rate, and provokes hypertension
(Fig. 24.13) (68). However, in patients with restricted ther-
moregulatory defenses, surface cooling is an effective treatment
for fever (69,70). The general strategy, then, is to distinguish
active fever from passive hyperthermia. In the case of fever,
treat the underlying fever source whenever possible because
active cooling provokes considerable stress and usually is not
particularly effective. In cases where hyperthermia appears pas-
sive or results from excessive heat production, simple cooling
measures will usually be effective.



280 Sect ion II: Monitoring

FIGURE 24.13. Change in core and skin temperature and thermal
comfort after fever was induced by administration of interleukin-2,
starting at elapsed time zero. The designated thermal management
started after 3 elapsed hours and continued for 5 hours. This con-
sisted of no treatment (control), self-adjustment per the subjects’ com-
fort (self-adjust), and forced-air cooling (cooling). Thermal comfort is
reported as millimeters on a visual analog scale (VAS), with 0 mm indi-
cating the worst imaginable cold, 50 mm identifying thermoneutrality,
and 100 mm being the worst imaginable heat. Active cooling made
the subjects feel miserably cold, but did not reduce core temperature.
Data are presented as means ± standard deviations. (From Lenhardt
R, Negishi C, Sessler DI, et al. The effects of physical treatment on
induced fever in humans. Am J Med. 1999;106:550–555, with permis-
sion.)

DIET-INDUCED THERMOGENESIS
The increase in energy expenditure after the ingestion of a meal
or infusion of nutrients has been referred to as dietary-induced
or nutrient-induced thermogenesis. The thermogenesis induced
by protein or amino acids is known to be largest and most pro-
longed. An intravenous infusion of 600 kJ (35 g) of amino acids
increases energy expenditure in awake, healthy volunteers by
20% , and thus increases temperature of blood in the hepatic
artery and vein by 0.3◦C (71). In patients under general anes-
thesia for lower abdominal surgery, the continuous infusion of
amino acids (240 kJ/hour) for 2 hours keeps core temperature
about 0.3◦C/hour greater than in patients not receiving the in-
fusion (Fig. 24.14) (72). Furthermore, a continuous infusion at
a rate of 4 kJ/kg/hour, for 2 hours before induction of spinal
anesthesia, prevents hypothermia (Fig. 24.15) (73). Recently, a
perioperative amino acid infusion at a rate of 4 kJ/kg/hour for
4 hours has been shown to increase the esophageal temperature
at the end of surgery by 0.6◦C, in addition to shortening the

FIGURE 24.14. Changes in rectal temperature from baseline measure-
ments throughout anesthesia in eight patients receiving amino acid
infusion for 1 hour before and 1 hour of anesthesia, eight patients re-
ceiving amino acids for 2 hours before anesthesia, and eight patients
receiving a nutrient-free saline solution for 1 hour before and 1 hour
of anesthesia. Vertical bars = standard error of mean. (From Sellden
E, Branstrom R, Brundin T. Preoperative infusion of amino acids pre-
vent postoperative hypothermia. Br J Anaesth. 1996;76:227–234, with
permission.)

artificial ventilation period, intensive care unit (ICU) stay, and
hospital stay after off-pump coronary artery bypass grafting
(74).

Fructose is also known to elicit the greatest thermogene-
sis among the various carbohydrates that have been tested.
Oral intake of 75 g fructose in awake healthy volunteers in-
creases arterial blood temperature by more than 0.2◦C (75). A
continuous infusion of fructose, at a rate of 0.5 g/kg/hour for
4 hours in patients during general anesthesia for lower abdom-
inal surgery, increased esophageal temperature at 3 hours after
induction by 0.6◦C. Fructose also increases the metabolic rate
by approximately 20% , which is presumably the mechanism
by which it increases body temperature (Fig. 24.16) (76).

SUMMARY
The signal from the cutaneous thermosensors detecting the
change in environmental temperature is transmitted to the ther-
moregulatory center in the hypothalamus, which, in turn, con-
trols efferent defenses. The thermoneutral zone can be defined
as the range of environmental temperature over which cuta-
neous vasomotion alone can maintain body temperature, and
ranges from roughly 29◦C to 31◦C.

Cutaneous vasoconstriction is the first autonomic response
to cold. The normal threshold (triggering core temperature)
for vasoconstriction is about 36.5◦C. Shivering is the final au-
tonomic response that is activated to cold and is generally only
observed when behavioral responses and vasoconstriction fail
to maintain an adequate core temperature. Vigorous shivering
doubles the metabolic rate. The shivering threshold is approx-
imately 35.5◦C.

Patients undergoing mild hypothermia exhibit decreased
heart rate, increased systemic vascular resistance, normal mean
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FIGURE 24.15. Change in tympanic membrane core temperature (T c) during spinal anesthesia. T c values
at 0 minutes and after 30 minutes were significantly greater in the amino acid infusion group than the
saline group. Data are presented as means ± standard error of mean. “Pre” indicates the period of
pre–amino acid infusion. Asterisks (*) indicate a statistically significant difference between the groups
(P < 0.05). (From Kasai T, Nakajima Y, Matsukawa T, et al. Effect of preoperative amino acid infusion
on thermoregulatory response during spinal anaesthesia. Br J Anaesth. 2003;90:58–61, with permission.)

blood pressure, and stroke volume. Minute ventilation de-
creases during therapeutic hypothermia, but PaCO 2 remains
normal because of the decreased metabolic rate. The number
of leukocytes decreases. Prolonged hypothermia also decreases
the number and function of platelets. During induction of ther-
apeutic hypothermia, potassium shifts from the plasma into
cells, resulting in hypokalemia. Conversely, during rewarming,
the shift of potassium back into the plasma may lead to life-
threatening hyperkalemia. Urine output increases at induction
of hypothermia. Gut motility decreases during hypothermia,
which delays enteral feeding. Blood glucose concentrations in-
crease in response to reduced insulin secretion.

Thermoregulatory control is based on the integrated tem-
peratures from tissues throughout the body, not just core tem-
perature. Skin temperature contributes approximately 20% to
thermoregulatory control. Decreasing skin temperature by 4◦C
will thus increase the target core temperature by about 1◦C. In
intact patients, thermoregulatory defenses are more powerful

than most types of surface cooling. The result is that active
cooling fails to reduce core temperature, but does make pa-
tients highly uncomfortable, increases plasma catecholamine
concentrations, augments metabolic rate, and provokes hyper-
tension. However, in patients with restricted thermoregulatory
defenses, surface cooling is an effective treatment for fever.

Peripheral vasoconstriction plays a major role in the ther-
moregulatory response to reduced body temperature. The first
response to cold is vasoconstriction, which reduces heat loss
from the skin surface. Therefore, the change in cutaneous cir-
culation in a nonthermoregulatory reflex, such as the barore-
ceptor reflex, interacts with the thermoregulatory vasoconstric-
tion.

After the ingestion or infusion of nutrients, there is an in-
crease in energy expenditure, which has been referred to as
dietary- or nutrient-induced thermogenesis. This thermic effect
of nutrition is divided into an obligatory component, repre-
senting the theoretically metabolic costs for the processing and

FIGURE24.16. Core temperature measured at the distal esophagus (Tes) during surgery. Patients receiving
the fructose infusion had significantly greater core temperatures than those receiving saline (�P = 0.001),
starting 20 minutes after induction of anesthesia until the end of the monitoring period (180 minutes
after induction). Data are presented as mean ± standard deviation for ten patients in each group. (From
Mizobe T, Nakajima Y, Ueno H, et al. Fructose administration increases intraoperative core temperature
by augmenting both metabolic rate and the vasoconstriction threshold. Anesthesiology. 2006;104:1124–
1130, with permission.)
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storage of the nutrients ingested, and the facultative compo-
nent, representing a general stimulation of the whole-body en-
ergy expenditure. Perioperative administrations of amino acids
or fructose increase energy expenditure and core temperature
during surgery.
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CHAPTER 25 ■ BLOOD VOLUME
MEASUREMENTS IN CRITICAL CARE
JOSEPH FELDSCHUH

Effective perfusion requires an optimal interplay between vas-
cular volume and vasomotor tone. In the critical care setting,
the blood volume and/or the vasomotor tone may be subject
to rapid changes, and a patient may enter the critical care unit
with pre-existing disturbances resulting from trauma, disease,
or pharmacologic treatment. The intensivist must be able to rec-
ognize and treat acute and chronic blood volume disturbances
in a manner that will optimize effective perfusion.

In this chapter, we will examine the role that radioisotopic
blood volume measurement can play in the critical care unit.
We will discuss the physiology of blood volume maintenance
and blood volume disturbances, and then introduce the princi-
ples underlying radioisotopic blood volume measurement and
some technical considerations required for accurate measure-
ment. We will then discuss interpretation of blood volume mea-
surement results in the critical care setting, including general
guidelines for understanding blood volume status and several
examples of how blood volume measurement can be applied
in some common situations.

PHYSIOLOGY OF BLOOD
VOLUME MAINTENANCE

The water in the body (total body water) is divided into two
main compartments: The intracellular space (the water in the
cells themselves) and the extracellular space. The extracellular
space is further divided into the vascular space (the water in
the blood) and the interstitial space (the water between the cells

and outside the vascular space). Although red blood cells are
cellular, they are considered part of the vascular space.

Blood volume, also referred to as circulating blood volume
or intravascular volume, is the amount of blood in the vascular
space—the vasculature and the chambers of the heart. This is
the most important of fluid compartments and is the first to
deplete into areas of injury, and the first to replete from in-
travenous infusion of fluid and blood. Plasma and red blood
cells account for more than 99% of the blood volume, while
white cells and platelets account for less than 1% . Blood nor-
mally comprises approximately 7% of an average adult’s body
weight, but it can range anywhere from 4% to 10% depending
on a person’s gender and body composition. Women on aver-
age have an 8% lower blood volume and 18% lower red cell
volume than men of identical height and weight (1). Leaner
people tend to have a higher percentage of blood, while more
obese people tend to have a lower percentage.

Plasma Volume Maint e nance

The amount of plasma in the circulation adjusts constantly to
maintain perfusion, temperature, and hemodynamics. A prime
goal of plasma volume maintenance is to maintain a normal
whole blood volume and to optimize perfusion to the organs
and cells. The albumin and the kidneys play particularly im-
portant roles in plasma volume maintenance.
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FIGURE 25.1. Dynamic equilibrium between hydrostatic (capillary)
and oncotic pressure. Under normal conditions, there is a balance be-
tween the net hydrostatic pressure causing flux from the blood vessels
into the interstitial space and the net oncotic pressure causing flux
from the interstitial space into the blood vessels. The primary protein
responsible for maintaining oncotic pressure is albumin, which occurs
at a higher concentration in the blood vessels than in the interstitial
space.

Alb umin and Oncot ic Pre ssure
The interstitial space functions in part as a reserve buffer of
fluid, available as needed to provide additional fluid to the
vascular space or accommodate excess fluid. Under normal cir-
cumstances, a constant flux of water across the capillary mem-
branes between the vascular and interstitial spaces maintains
a dynamic equilibrium. Hydrostatic pressure is higher in the
vasculature than in the interstitial space, which causes water
to flow out of the vascular space into the interstitial space.
Counterbalancing this, the relatively higher concentration of
albumin and other proteins in the vascular space results in a
higher oncotic pressure, causing water to flow out of the in-
terstitial space into the vascular space as described by Starling
forces (Fig. 25-1).

Albumin is the primary protein responsible for maintain-
ing oncotic pressure. A large enough total pool of albumin is
needed to maintain the pressure gradient between the vascular
and interstitial spaces, and a low enough capillary permeability
is needed to keep albumin from transudating too quickly out
of the circulation into the interstitial space. Normally, albumin
transudates out of the plasma into the interstitial space at a
rate of approximately 0.25% per minute, gets picked up by
the lymphatic system, and eventually returns to the circulation
via the lymphatic ducts. However, if too much albumin leaves
the circulation too quickly, then the relative concentration of
vascular albumin to interstitial albumin—and thus the oncotic
pressure—decreases, causing a decrease in plasma volume.

The Kid ne ys and t he
Re nin–Ang io t e nsin–Ald ost e rone Syst e m

The kidneys are of particular importance in blood volume reg-
ulation. Under optimal circumstances, the kidneys’ rate of ex-
cretion of sodium and water adjusts continually to maintain a
normal whole blood volume.

When the kidneys receive decreased perfusion, the renin–
angiotensin–aldosterone (RAA) system is activated. The RAA
system includes both rapid- and slow-response mechanisms.
The rapid response, a rise in blood pressure caused by
angiotensin-mediated vasoconstriction, occurs almost imme-
diately. The slower response, an increase in plasma volume
caused by the actions of angiotensin II and aldosterone, can
occur over the course of days.

The kidneys’ response is essentially primitive—they respond
to changes in perfusion without being able to differentiate
the cause. Thus, while the kidneys ideally function to regu-
late blood volume, sometimes their responses are maladaptive.
For example, if an individual has a normal blood volume but
has renal artery stenosis or heart failure, the RAA system is ac-
tivated, vasoconstriction increases, and excess plasma volume
is retained even if the individual has a normal or even expanded
blood volume.

The pituitary gland also plays a role in blood volume main-
tenance. It responds to increased concentration of solutes in
plasma or decreased blood pressure by secreting antidiuretic
hormone (ADH, also known as vasopressin), which stimulates
water reabsorption in the kidneys, reducing urine output. Like
the kidneys, the pituitary gland responds to indicators of de-
creased volume without being able to differentiate the cause.

Re d Blood Ce ll Volume Maint e nance

Red cell volume is primarily maintained through a balance of
production (erythropoiesis) and destruction (hemolysis). Red
blood cells are created in the bone marrow and, at the end
of their life span, hemolyzed in the spleen or the liver. In the
presence of normal bone marrow function, the rate of red cell
production is controlled by the hormone erythropoietin, which
is produced by the kidney, with the rate of production affected
by indicators of blood oxygenation.

If red blood cells are lost (such as through hemorrhage),
they can be replaced through the manufacture of new cells by
the bone marrow. It can take days to months to replace lost
red cells, depending on the amount lost and an individual’s
capacity for creating new red cells. A study of healthy males
who donated 2 units of blood found that the subjects took a
month to replace an average of 92% of the lost blood (2).

PEARLS
■ Optimizing effective perfusion is a prime goal in managing

critical care patients. Blood volume (plasma + red cell vol-
ume) and vasomotor tone both play key roles in perfusion.

■ Clinical utilization of radioisotopic blood volume measure-
ment promises to improve patient care by enabling fluid
management decisions to be based on accurate quantifica-
tion of blood volume, rather than on inaccurate estimates
based on surrogate measurements or clinical assessment (see
below).

Difficult ie s in Est imat ing Blood Volume

Many of the measurements available in a clinical setting are
indicators or proxy measurements for perfusion (local or
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systemic), vasomotor tone (local or systemic), or blood vol-
ume. These measurements may include:

■ Blood pressure and heart rate
■ Blood gases, including pH, base deficit, and lactic acid as

estimates of perfusion
■ Hematocrit and hemoglobin as surrogate tests for red cell

volume
■ Blood urea nitrogen (BUN)/creatinine as an estimate of kid-

ney function
■ Urine output as an estimate of kidney function and/or per-

fusion
■ Invasive procedures such as pulmonary artery catheteriza-

tion for determination of intravascular pressures

None of these, however, is a direct measure of volume sta-
tus. The physician in the critical care setting is faced with
the difficult situation of administering or withholding fluids,
blood, and blood components on the basis of these surrogate
tests. In particular, hemoglobin and hematocrit are frequently
inaccurate surrogate markers for blood volume. When using
hematocrit or hemoglobin to estimate red cell volume, it is as-
sumed that the whole blood volume remains normovolemic
(euvolemic)—for example, that fluid replacement of lost red
cells via plasma expansion is rapid and complete. This is fre-
quently not the case. Review articles on fluid management dis-
cuss a variety of complex factors to consider when estimating
a patient’s volume status (3–5), and clinical estimation is fre-
quently inaccurate. In a recent study, experienced cardiologists
correctly estimated volume status only 51% of the time for 43
nonedematous, ambulatory heart failure patients (6).

Monitoring blood volume using clinical assessment and
proxy measurements can be particularly misleading in the criti-
cal care setting, because compensatory responses to acute blood
volume derangements occur at different rates. Changes in va-
somotor tone may occur nearly instantaneously, while changes
in plasma volume may occur over hours or days. Following
acute blood loss, rapid changes in vasoconstriction, which can
occur before any compensatory volume expansion takes place,
may maintain a relatively normal peripheral blood pressure
and hematocrit at the expense of organ perfusion. Adminis-
tration of fluids, blood, or blood components can additionally
complicate the picture.

Although no studies have explicitly evaluated clinical as-
sessment against blood volume measurement in the critical care
unit, a 2003 study (7) compared clinical estimates of intravas-
cular volume with estimates obtained by determining corrected
left ventricular flow time from transesophageal Doppler imag-
ing. Clinical estimates agreed with Doppler imaging results
only 30% of the time. It is not clear how accurate the Doppler
imaging technique is for estimating blood volume, but in some
ways this only emphasizes the uncertainty—not only do differ-
ent methods of assessing volume status disagree, but we don’t
even know which surrogate methods are the most accurate.

It is a common intuitive assumption that achieving normo-
volemia facilitates effective perfusion and contributes to im-
proved outcomes. There have, however, been few studies that
specifically examined outcomes in relation to accurately mea-
sured blood volume with accurate norms. Some recent stud-
ies have provided suggestive evidence that achieving normo-
volemia is a valid goal in a number of clinical settings. In a
heart failure study performed at Columbia Presbyterian Hos-
pital, among 43 nonedematous patients, hypervolemic patients

had a 2-year mortality rate of 55% , while normovolemic and
slightly hypovolemic patients had a 2-year mortality rate of 0%
(6). The American College of Cardiology has previously rec-
ommended assessment of volume status as an important factor
in the diagnosis and treatment of heart failure, but this was
the first study to provide a clear association between measured
blood volume and patient outcome.

Recent studies have begun to explore how measuring blood
volume in the surgical intensive care unit affects patient treat-
ment and outcome (8). Blood volume measurement was per-
formed 86 times for 40 patients with unclear volume statuses.
Results led to a change in treatment 36% of the time, and in
42% of those cases, improvement was noted in one or more
of the following parameters: Oxygenation, renal dysfunction,
vasopressor use, and cardiac index. In the remaining 58% of
cases, no improvement was noted, but no treatment changes
were detrimental. Because this was a retrospective chart review,
the results cannot be used to interpret how blood volume mea-
surement affected outcomes. However, these studies provide
preliminary evidence that incorporating blood volume mea-
surement into critical care may impact a significant proportion
of patients and may ultimately lead to improved treatment.

BLOOD VOLUME DISTURBANCES

Blood volume disturbances can occur in the red cell volume,
the plasma volume, or both, and can occur to different degrees
in each compartment (Fig. 25.2). Whole blood volume and red
cell volume abnormalities are considered abnormal when they
vary from their respective normal values. However, because
homeostatic mechanisms are aimed at maintaining a normal
whole blood volume, plasma volume disturbances are only ab-
normal when they fail to maintain a normal whole blood vol-
ume. For example, in a patient with red cell loss, a normal
response is for plasma to expand to maintain a normal whole
blood volume (Fig. 25.3). Conversely, if a patient has an ex-
panded red cell mass, a contracted plasma volume is normal,
although with severe red cell expansion, a balance between
maintaining normovolemia and avoiding hemoconcentration
occurs.

Blood volume abnormalities in the critical care unit may de-
velop from a wide variety of causes. A patient may enter the crit-
ical care unit with existing blood volume disturbances and may
experience rapid volume changes in response to acute condi-
tions or volume-altering treatment. Comorbidities such as my-
ocardial infarction, stroke, and diabetes may additionally affect
blood volume, blood volume maintenance mechanisms, or re-
sponse to treatment. Evidence of blood volume disturbances,
such as hypotension, oliguria, or pulmonary edema, may or
may not be present. Surrogate measurements, such as pressure
measurements or hematocrit/hemoglobin measurements, often
do not accurately reflect the patient’s volume status.

While blood volume measurement will not, in itself, identify
all of the factors contributing to a patient’s blood volume dis-
turbance, it will allow the physician to precisely quantify that
disturbance and may help single out what underlying problems
need most acutely to be treated. In addition, treating a patient
to normovolemia may ease some of the patient’s compensatory
mechanisms and buy additional time until the underlying fac-
tors can be addressed.
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FIGURE 25.2. Combinations of whole blood volume, red cell volume, and plasma volume disturbances.
A number of distinct combinations of whole blood volume, red cell volume, and plasma volume status
may be present in a given patient. Different combinations of volume status in each compartment can have
different underlying causes, result in different complications, and require different treatment approaches.
Considering the hematocrit or the volume in any single compartment alone does not provide sufficient
information for fully understanding volume status. Hct, hematocrit.
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FIGURE 25.3. Plasma volume in relation to whole blood and
red cell volume. Plasma volume must be interpreted in relation to
red cell and whole blood volume. Among the left three bars, the
“normal” plasma volume is only truly normal in the presence of
a normal red cell and whole blood volume. Among the right three
bars, the “expanded” plasma volume is in fact compensatory and
normal when the red cell volume is depleted. RCM, red cell mass;
PV, plasma volume; TBV, total blood volume.



Chap t e r 25: Blood Volume Measurements in Crit ical Care 287

BLOOD VOLUME MEASUREMENT
The earliest attempts to measure blood volume occurred in
animals as early as the mid-1800s (9–12). In vivo blood volume
measurement using the indicator dilution technique was first
performed in humans around 1915 (13). This has remained
the fundamental method underlying blood measurement.

The indicator dilution technique is based on the concept
that the concentration of an indicator (or tracer) in an un-
known volume is inversely proportional to that volume (Fig.
25.4). Roughly, blood volume measurement is performed as
follows: A standard is prepared in which a known quantity
of tracer is mixed in a known volume. The same quantity
of tracer is injected into the circulation. After the tracer has
mixed fully throughout the unknown volume, a sample is with-
drawn, and the volume is calculated by comparing the concen-
tration of tracer in the sample to the concentration of tracer
in the standard. The gold standard for accurate measurement
of blood volume is the indicator dilution technique using ra-
dioisotopic tracers. Blood volume measurement can provide
information essential to understanding a patient’s perfusion
status. Although blood volume measurement has historically
been infrequently used because of its complexity and length,
recent semiautomated technology has enabled practical clini-
cal application of this measurement (14,15).

Te chnical Consid e rat ions for Accurat e
Blood Volume Me asure me nt

Many factors affect the accuracy and precision of blood volume
measurement. The choice of indicator and details in measure-
ment and correction factors can affect the accuracy of results.
Because different investigators have used different tracers, sam-

Indicator

Smaller Volume
Higher Concentration

Larger Volume
Lower Concentration

FIGURE 25.4. Indicator dilution. When a tracer (known amount in
known volume) is injected into an unknown volume (i.e., intravascular
space), the new concentration of the tracer is inversely related to the
volume of the space it is injected into.

pling methods, and methods of calculation, it is difficult to com-
pare results from different studies. Thus, when reviewing blood
volume in the literature, attention should be paid to the relia-
bility of the methods used by the investigators, as well as the
methods used to predict each patient’s normal blood volume.

Op t imal Trace rs for Blood Volume Me asure me nt
A prime consideration in blood volume measurement is the
choice of indicator. An ideal indicator for blood volume
measurement in humans should be harmless; remain un-
changed when mixed in the vascular space; mix completely
throughout the vascular space and not spread to any other
spaces (such as interstitial fluid); and be accurately and pre-
cisely measurable.

The first indicators used for human patients were dyes
(13,16–19). Evans blue dye (T-1824) has been one of the most
widely studied and utilized dyes for measuring blood volume,
and both Evans blue dye and indocyanine green are in current
use.

Dyes fill many of the criteria required for a good indicator.
They are largely innocuous and mix thoroughly in the plasma
volume. However, in some situations, abnormality in the color
or turbidity of the blood may lead to errors in measuring dye
concentration. The primary drawback to dyes is that they are
removed from the circulation at a rapid and variable rate. As
with any marker that binds to plasma proteins, dye transudates
into the interstitial space at a slow, steady rate. In addition,
however, the liver reticuloendothelial cells remove dye rapidly.
This disappearance of the dye through two different avenues is
difficult to measure or accurately correct for. Additionally, dye
can be cleared from the circulation in as little as 20 to 25 min-
utes. Since it can take 12 to 20 minutes for a tracer to mix com-
pletely in the blood volume, there is very little time after mixing
is complete and before the dye is cleared from the circulation.

Radioisotopic tracers were introduced for human blood vol-
ume measurement in the late 1940s and early 1950s (20–22)
and have essentially replaced dyes for most applications. Cur-
rently, chromium-51 (51Cr) tagged red cells are used for red
cell volume measurement, and radioactive iodine (131I and 125I)
tagged albumin are used for plasma volume measurement.

Radioisotopic indicators mix more predictably in the vascu-
lar space and can be measured more precisely than dyes. Tagged
red cells remain in the circulation for the life span of the cell
or of the bond between the radioisotope and the cell. No loss
of tagged red cells is expected during the 20 to 40 minutes of a
blood volume measurement. Although some radioisotopically
tagged albumin transudates into the interstitial space, under
normal conditions more than 90% of the tracer remains in the
circulation during blood volume measurement. Even with an
abnormally high capillary permeability, more than 75% of the
tagged albumin remains in the circulation after 40 minutes.
The rate of transudation can be measured, and a correction
performed to determine the true blood volume.

Doub le ve rsus Sing le Lab e ling
and t he F Rat io

The current gold standard for blood volume measurement, as
published by the International Council for Standardization in
Hematology (ICSH) in 1980, is simultaneous measurement of
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red cell volume using radioisotopically tagged red cells and of
plasma volume using radioisotopically tagged human serum
albumin (23). One of the drawbacks of simultaneously mea-
suring red cell and plasma volume is that it involves the prepa-
ration and administration of two radioisotopes, requiring a sig-
nificant expenditure of time and involving many variables that
are vulnerable to human error. In addition, red cell volume
measurement requires reinfusion of the patient’s own blood.
Further, injecting two radioisotopes increases the patient’s ex-
posure to radioactivity, even though the exposure from each
isotope is very small.

One alternative to double labeling is to precisely measure
plasma volume and use the hematocrit to calculate the red cell
volume. This procedure is less complicated and more rapid than
double labeling, taking on average 90 minutes rather than 4 to
5 hours to complete (24). It is commonly used in research and
clinical applications (25–30), but it has been controversial as to
whether or not it is as accurate as double labeling (29,31–33).

One source of possible error arises from the use of the pe-
ripheral hematocrit. Because blood vessels throughout the body
vary in size, the hematocrit in a large blood vessel (peripheral
hematocrit) is higher than the average hematocrit of all the
blood in the circulatory system (mean body hematocrit). The
ratio of the mean body hematocrit to the peripheral hemat-
ocrit is known as the F ratio or F-cell ratio. The mean body
hematocrit cannot be directly measured, but it can be calcu-
lated by multiplying the measured peripheral hematocrit by a
previously determined value for the F ratio.

The F ratio can be measured by comparing the peripheral
hematocrit with the ratio of measured red cell volume to whole
blood volume. Most studies have found the average F ratio to
be 0.91 (33–35), although some have found slightly different
values (29,36). Some studies have found the F ratio to be con-
sistent among a variety of patients (37,38), while others have
found it to vary between subjects (31,32,37) or in the same
subjects in response to different conditions (35,39). One diffi-
culty in interpreting these results arises from the fact that differ-
ent studies used different blood volume measurement methods.
Depending on the accuracy and precision of the measurement
methods, changes in F ratio may reflect physiologic changes or
measurement error.

A more effective way to evaluate the accuracy of calculat-
ing whole blood and red cell volume from measured plasma
volume and peripheral hematocrit is to compare blood volume
results from both methods in the same patients. Few studies
have done this. A recent study compared blood volume mea-
surement using the ICSH-recommended method with a semi-
automated plasma volume method (BVA-100, Daxor) (24).
Measuring plasma volume alone provided results comparable
to those from simultaneous measurement, even though there
were minor differences in how plasma volume was measured
between the two methods. The key advantage of the semiau-
tomated method is that it provides results in 90 minutes and
has the potential to provide preliminary results in as little as 20
to 30 minutes. This opportunity for rapid results makes blood
volume measurement feasible for clinical use, particularly in
acute situations.

Ad d it ional Te chnical Consid e rat ions
Mixing Time. Some blood subcircuits in the body, such as the
skin, the spleen, and muscles at rest, have significantly slower
circulation times than the average circulation time. For blood

volume measurement to be complete, the tracer must mix with
all the blood, including blood from these slower circuits. With-
drawing one or more samples before mixing is complete results
in an erroneously high concentration of tracer, which will be
reflected in an erroneously low blood volume. Although early
studies erroneously thought that mixing was complete in 4 to
5 minutes, it normally requires 8 to 13 minutes for the radioiso-
tope to fully mix with all the blood in the circulation. In patients
with reduced cardiac output, such as with heart failure, up to
20 minutes may be required (40).

Multiple Sample Points. The two key variables that affect the
accuracy of a blood volume—the mixing time and the transuda-
tion rate—require multiple samples for accurate measurement.
With a single sample point, there is no way to determine if
mixing is complete when the sample is withdrawn or to calcu-
late the transudation rate and correct to true zero-time plasma
volume. With two or three sample points, these key variables
may be measured, but an error in a single point can greatly alter
the results and cannot be readily detected. For reliable measure-
ment, a minimum of four sample points—preferably five points
to accommodate possible removal of erroneous points—should
be taken at 6- to 8-minute intervals, beginning 10 to 12 min-
utes after injection (longer for patients known to have reduced
cardiac output).

Plasma Packing. Failure to correct for plasma packing or for
heparin used in the collection of samples can result in a false
increase of the measured blood volume of 2% to 3% (41).

Accurate Hematocrit Measurement. Hematocrit should be
measured using the most accurate currently available technol-
ogy. Additionally, the hematocrit changes when a person moves
from a standing to reclining position. In ambulatory patients,
blood volume measurement should be initiated after the patient
has been reclining for at least 15 minutes. (This is generally not
a consideration for a patient in the intensive care unit, how-
ever.)

Duplicate Measurements. To ensure accurate measurements
and improved detection of technical errors, all samples should
be prepared and counted in duplicate.

Pre d ict ing an Ind ivid ualize d
Normal Blood Volume

Even when blood volume is measured accurately, it can only be
meaningfully interpreted in relation to accurate normal values.
A variety of methods for determining normal blood volume,
using body weight, body surface area, and (most accurately)
body composition, have been developed (42).

The first blood volume norms were based on a fixed ratio
of blood volume to body weight (fixed-weight ratio). Fixed-
weight ratios are easy to measure and apply, but they are not
accurate. Because fat has 2/35 the blood content of lean tissue
(43), people with different body compositions have different
normal blood volumes per unit of mass. An obese individual
has a lower normal blood volume than a very lean individual
of the same body weight. Fixed-weight ratio norms tend to
systematically underestimate normal blood volume in obese
individuals and overestimate it in lean individuals.
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Some early studies attempted to develop more accurate
norms by categorizing subjects based on body composition
(44–46). While these studies proved that fixed-weight ratios
are inaccurate for many patients, they did not offer viable al-
ternatives, because their methods for evaluation of body com-
position were subjective and unreliable.

A number of studies have proposed body surface area as
an alternative basis for norms (47–53), including, in 1995, the
International Council on Standardization in Hematology (5).
However, this method, while more accurate than fixed-weight
ratio norms, does not reflect the physiology that underlies dif-
ferences in blood volume norms. The ICSH paper, recognizing
that the body surface area was not reliably accurate, recom-
mended a broad normal range of ± 25% from the predicted
norm. This included 98% to 99% of the subjects studied, thus
maximizing specificity. However, the authors acknowledged
that an individual can have a significant blood volume abnor-
mality within this “normal” range, resulting in limited clinical
utility.

An easily measured, physiologically meaningful method
for calculating normal blood volume had been presented in
1977 by Feldschuh and Enson (1). The authors utilized the
Metropolitan Life height and weight tables, developed from
over 100,000 measurements, which show the ideal weight for
any given height based on mortality rates. Feldschuh and En-
son hypothesized that individuals of the same deviation from
ideal weight would have similar body compositions and hence
similar normal blood volumes. They compared measured blood
volume from 160 normal individuals of both sexes, with a wide
range of height, weight, and body composition, to the subjects’
percent deviation from ideal weight. These results were used
to extrapolate a curve that described normal blood volume per
unit mass in relation to percent deviation from ideal weight
(Fig. 25.5). The subjects’ blood volumes correlated well with
this curve and did not show any systematic deviations based on
weight, height, or deviation from ideal weight. In comparison,
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FIGURE 25.5. The deviation from ideal weight norm. Graph of blood
volume norms at a given percent deviation from ideal weight for that
height, as developed by Feldschuh and Enson (1).

fixed-weight ratio norms and body surface area norms showed
systematic errors and/or wide scatter.

Based on these results, Feldschuh and Enson established a
category system for interpreting the presence and severity of
blood volume abnormalities. A normal blood volume was de-
termined to be within 8% of the predicted normal, a mild
hypo- or hypervolemia ± 8% to ± 16% , moderate ± 16%
to ± 24% , severe ± 24% to ± 32% , and extreme more than
± 32% . This classification scheme has lower specificity than
the ICSH category but much higher sensitivity. Presentation of
a patient’s deviation from the predicted norm in combination
with a classification of severity can provide a clinically useful
balance between sensitivity and specificity. Milder deviations
from normal may be identified more often, enabling earlier di-
agnosis and treatment, but a clinician can evaluate mild devia-
tions in relation to the patient’s specific situation and determine
whether treatment or simply additional monitoring is needed.
The use of incremental ranges of severity also reflects the fact
that blood volume abnormalities may require different treat-
ment approaches based on severity (54).

INTERPRETING BLOOD VOLUME
MEASUREMENT RESULTS

Unit s of Me asure me nt

In addition to absolute measurements, blood volume results
for each compartment should be presented as the patient’s de-
viation from his or her normal volume, as a percent devia-
tion and in cubic centimeters. For example, a patient with a
predicted normal blood volume of 2,500 mL and a measured
blood volume of 2,000 mL has a blood volume depletion of
–20% and –500 mL. The percentage indicates the severity of
the patient’s blood volume, and the absolute quantity of the
depletion can help guide treatment. There are little data on the
optimum blood volume associated with survival in critically ill
patients, but due to expansion of intravascular space, a higher
than normal value may be desirable (55).

Presentation of measured blood volume solely as an abso-
lute value (such as 3,000 mL or 38 mL/kg) should be avoided,
because it does not encourage interpretation of the measured
volume in relation to the patient’s norm.

Re lat ionship b e t we e n Whole Blood ,
Re d Ce ll, and Plasma Volume s

When interpreting blood volume results, the whole blood vol-
ume should be considered first, with the red cell volume inter-
preted in relation to the whole blood volume, and the plasma
volume interpreted in relation to both the whole blood and red
cell volumes.

A normal whole blood volume may indicate that, even in
the presence of anemia or polycythemia, the body’s blood vol-
ume maintenance mechanisms are functioning appropriately.
A depleted whole blood volume may indicate any of a num-
ber of disorders and/or maladaptive responses, including (but
not limited to) recent acute blood loss, impairment in the kid-
neys’ability to regulate the blood volume, and iatrogenic causes
such as overdiuresis. An expanded whole blood volume may
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indicate disorders and/or maladaptive responses including (but
not limited to) heart failure, inappropriate activation of the
RAA system, and iatrogenic causes such as overtransfusion.

The red cell volume should be interpreted in relation to the
whole blood volume. For example, a 20% red cell deficit may
occur with a normal whole blood volume (fully compensated
anemia), a depleted whole blood volume (hypovolemic ane-
mia), or an expanded whole blood volume (anemia with patho-
logic plasma volume expansion). Each of these is likely to result
in markedly different peripheral hematocrits, have different un-
derlying causes, and require different treatment approaches.

An additional tool for evaluating the red cell volume is the
“normalized hematocrit,” a ratio of the measured red cell vol-
ume to the patient’s predicted normal whole blood volume.
Unlike the peripheral hematocrit, which can provide a mis-
leading estimate of red cell volume, the normalized hemat-
ocrit accurately reflects the red cell volume. Because it is pre-
sented in the same units as the peripheral hematocrit, the
“normalized hematocrit” can be used in much the same way
that hematocrit measurements are currently used (such as for
evaluating the extent of anemia and determining transfusion
triggers).

The plasma volume should always be considered in rela-
tion to the red cell and the whole blood volume. Because alter-
ations in the plasma volume are part of the body’s homeostatic
mechanisms to maintain a normal blood volume, alterations
in plasma volume may be beneficial or maladaptive. In gen-
eral, if the whole blood volume is normal, then any changes in
the plasma volume are compensatory and normal. If the whole
blood volume is expanded or depleted, then the plasma volume
is maladaptive. A plasma volume alteration may also be par-
tially homeostatic and partially pathologic. For example, if a
heart failure patient has anemia and an expanded whole blood
volume, then some of the plasma volume is compensatory and
some pathologic (see Fig. 25.3).

The Rat e of Transud at ion

When five sample points are used to measure the plasma vol-
ume, the rate of decrease of radioisotope concentration over
time is calculated in order to determine the true zero-time
plasma volume. This rate of decrease reflects the rate of albumin
transudation and may provide information about the patient’s
capillary permeability. The reliability of the transudation rate
depends on the accuracy of the plasma volume measurement.

The normal rate of albumin transudation has not been fully
established, but studies by Feldschuh and Enson (1) and oth-
ers have found normal rates to range from a low of 0.05%
per minute to a high of 0.45% to 0.50% per minute. Given
an accurate blood volume measurement, a transudation rate
above 0.50% per minute may be considered evidence of in-
creased capillary permeability, and a rate between 0.45% and
0.50% per minute borderline. In such cases, possible causes
of increased capillary permeability, including toxic damage,
hypoalbuminemia, capillary leak syndrome, or other causes,
should be evaluated and, if possible, treated. Patients with a
high transudation rate may require a greater quantity of fluids
in order to maintain a normal intravascular volume, and some
amount of edema may be tolerated in order to avoid hypo-
volemia.

A normal transudation rate is not proof that a patient’s cap-
illary permeability is normal. An individual may accommodate
increased capillary permeability by developing a larger ratio
of interstitial to intravascular fluid (likely indicated by edema).
The decreased ratio of intravascular to interstitial albumin al-
lows for a normal transudation rate and a new homeostatic
balance. This is common in hypoalbuminemia.

A transudation rate of less than 0.05% per minute, and
especially a negative slope, is probably an indication of mea-
surement error.

PEARLS
■ Whole blood, red cell, and plasma volume measurements

should each be presented as an absolute measurement and
as a deviation from the patient’s predicted normal value.

■ The normalized hematocrit is the ratio of the measured red
cell volume to the predicted normal whole blood volume. It
is analogous to the peripheral hematocrit but is an accurate
reflection of the red cell volume.

■ The slope indicates how quickly albumin is transudating out
of the circulation. A high slope (0.0050 or above) may indi-
cate capillary leakage.

■ The whole blood volume should be interpreted first, fol-
lowed by the red cell volume and then plasma volume.
Plasma volume should always be viewed in relation to red
cell and whole blood volume disturbances, and homeo-
static responses should be differentiated from maladaptive
responses.

APPLICATIONS OF BLOOD
VOLUME MEASUREMENT IN

CRITICAL CARE
A number of comorbid conditions and other factors may un-
derlie a patient’s blood volume disturbance, and different fac-
tors may have opposing effects. This may be especially true
in a critical care setting, where the interplay between chronic
and acute comorbid conditions, as well as treatments aimed at
managing fluid balance, can be particularly complex. Clinical
status, other measurement results, and medications should be
considered when interpreting a patient’s blood volume status.

In the critical care setting, a physician often has to con-
sider both the short-term need to achieve effective perfusion
and the longer-term need to understand and diagnose under-
lying problems. Treatment may be aimed at achieving normo-
volemia directly through fluid management and/or at improv-
ing underlying disturbances.

The Ne e d t o De t e ct Blood Volume
Dist urb ance s Early

It is important to detect and correct severe blood volume dis-
turbances as quickly as possible. Underperfusion and volume
overload can themselves damage organs, which may result in
additional worsening of the patient’s condition. Conversely,
maintaining normovolemia may improve perfusion and oxygen
delivery to critical organs and buy time for successful treatment
and recovery.
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Und e t e ct e d Hyp ovole mia
Early detection of hypovolemia is essential. By the time a pa-
tient becomes symptomatic, hypovolemia is often extreme,
damage may have already occurred to critical organs (the gut
and the kidneys are particularly susceptible), and deterioration
may be rapid and unexpected (56).

In acute situations, the current primary measures used to
track perfusion and evaluate fluid replacement requirements
include pressure measurements (such as central venous pres-
sure, intra-arterial or indirect auscultating blood pressure, and
pulmonary artery catheter measurements) in conjunction with
hematocrit/hemoglobin measurements. However, the body can
respond to hypovolemia by initiating vasoconstrictive defense
mechanisms, maintaining near-normal pressures even in the
face of severe blood loss, and allowing the hypovolemia to re-
main undetected. A study of surgical intensive care unit patients
demonstrated a weak correlation between blood volume results
and pulmonary artery occlusion pressure, and no correlation
between blood volume values and central venous pressure, car-
diac index, and stroke volume index (57).

The patient’s vasoconstrictive mechanisms are limited, and
critical organs may experience hypoxia even when systemic
pressures are near-normal—this situation can be termed “par-
tially compensated shock.” If hypovolemia progresses beyond
the ability of the body’s vasoconstrictive mechanisms to com-
pensate, the blood pressure may suddenly collapse in dispro-
portionate response to a small incremental decrease in blood
volume, and the patient may enter an overt clinical crisis.

Hypovolemia is generally more dangerous and urgent than
the same degree of hypervolemia, and sudden blood loss is more
urgent than the same degree of chronic hypovolemia. A patient
may tolerate a 40% increase in whole blood volume or an 80%
increase in red cell volume for some time without suffering
acute negative effects, but a 40% loss of blood or an 80%
loss of red cells is an extreme medical emergency. A sudden
loss of as little as 20% of the blood volume triggers an acute
vasoconstrictive response, and a sudden 30% loss can lead to
circulatory collapse. A rapid 40% to 45% loss is incompatible
with life. Further, an already anemic or hypovolemic patient
who experiences sudden blood loss will be less able to tolerate
that loss than would a normovolemic or hypervolemic patient.

Even after fluid resuscitation (whether after partially com-
pensated shock or circulatory collapse), damage to the gut and
kidneys may result in severe complications. Reperfusion of in-
farcted bowels can lead to invasion of bacteria from the gut
throughout the circulatory system. Hypoxia to the kidneys can
damage the tubules, impairing their ability to reabsorb water.

Accurate blood volume measurement enables the treating
physician to identify hypovolemia early—preferably before or-
gan damage has occurred—and to place ongoing pressure mea-
surements in context.

Und e t e ct e d Hyp e rvole mia
In the critical care unit, hypervolemia may be a result of comor-
bidities or iatrogenic causes such as overtransfusion. Hyper-
volemia usually develops slowly and is most frequently re-
lated to cardiac disease, particularly heart failure. Acute
hypervolemia is almost always iatrogenic. Particular attention
must be paid to patients who are oliguric or in renal shutdown,
as these patients cannot remove excess fluid through urine
output.

The hypervolemic patient is at risk for the development of
pulmonary edema in response to increased pressure; hypoal-
buminemia, which predisposes to pulmonary edema; and pul-
monary hypertension as a maladaptive mechanism that may
eventually lead to permanent pulmonary hypertension and
worsening of heart failure.

It is often assumed that gross peripheral edema is an indi-
cation of hypervolemia. However, a hypervolemic patient may
be nonedematous and remain undetected (6, 25), or an ede-
matous patient may be normovolemic or hypovolemic in the
important intravascular space. In the former case, a failure to
recognize and treat hypervolemia may lead to the development
of pulmonary hypertension or pulmonary edema. In the latter
case, aggressive diuresis can precipitate hypovolemia and or-
gan hypoperfusion. Clinical judgment using surrogate markers
may not be consistently accurate (8).

Blood volume measurement can be used to accurately diag-
nose the presence and extent of hypervolemia. Treatment can
vary depending on the severity of the patient’s hypervolemia
and the patient’s kidney function and may include fluid restric-
tion, diuretic therapy, hemodialysis if the patient is in kidney
failure, or ultrafiltration.

PEARL
■ Early detection and treatment of hypovolemia are essential

to avoiding organ damage.

The Ble e d ing Pat ie nt : Whe n t o Pe rform
Blood Volume Me asure me nt

Bleeding, or more precisely evidence of blood loss, is common
in the critical care setting. In blood volume measurement, it is
assumed that the red cell volume remains constant during the
course of the blood volume measurement. In a patient who is
bleeding, this assumption does not hold true. Thus, it is impor-
tant to evaluate the presence and rate of bleeding in order to
determine when it is appropriate to perform a blood volume
measurement.

If a patient is massively bleeding at a rate greater than 100
cm3/hour, then blood volume measurement should not be per-
formed. During the immediate stabilization process, fluid pres-
sures should be the primary guide.

Blood volume measurement can be used as an estimate in pa-
tients who are losing blood at a rate of less than 100 cm3/hour.
A patient bleeding at this rate loses about 2.4 L/day, but only 50
to 60 cm3 (approximately 1% –3% of the blood volume) during
the 30 to 40 minutes of a blood volume measurement. While a
blood volume measurement will be slightly less accurate, it will
still provide a reasonable estimate. This is especially true for
patients who have severe volume disturbances, as is common in
the critical care setting. For example, if a patient is measured to
have a blood volume depletion of –30% , even an uncertainty
of ± 5% does not alter the basic diagnosis of severe hypov-
olemia. Current practice of using hemoglobin/hematocrit value
to guide red cell transfusion may not be addressing severe devi-
ations in red cell volume (58). In a group of surgical intensive
care unit patients, comparison of peripheral hematocrit with
normalized hematocrit demonstrated a 95% confidence inter-
val limit of agreement of ± 15.2 hematocrit % (58).
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Tracking Chang e s in Blood Volume and
Pe rforming Follow-up Me asure me nt s

After an initial blood volume measurement, it is possible in
a nonbleeding patient to track changes in blood volume with
precise hematocrit measurements. If the patient’s red cell vol-
ume remains stable, changes in the hematocrit reflect changes
in blood volume as follows:

Plasma volume = Red cell volume
× (1 − Hematocrit)/ Hematocrit

Whole blood volume = Red cell volume/Hematocrit

For example, consider a patient who is found to have a
measured red cell volume of 2,000 mL, plasma volume of 4,000
mL, and hematocrit of 33% . This patient is diuresed, and the
hematocrit rises to 40% . The new volume is equal to:

Plasma volume = 2,000 mL × (1 − 0.4)/ 0.4 = 3,000 mL

Whole blood volume = 2,000/ 0.4 = 5,000 mL

If a nonbleeding patient receives a transfusion, the volume
response may be roughly estimated based on the type of fluid
transfused and its expected effect on the hematocrit; a follow-
up blood volume measurement may be needed for precise quan-
tification. If a patient is bleeding or otherwise experiences a
change in red cell volume that cannot be reasonably estimated,
blood volume changes cannot be tracked with precision via
changes in hematocrit. A follow-up blood volume measure-
ment should be performed 24 to 48 hours after treatment is
initiated.

In general, changes in blood volume may correlate with
changes in symptoms, hemodynamic measurements, or clini-
cal status, but these relationships are not necessarily straight-
forward. In one study of acute decompensated heart failure
patients (59), after 24 to 48 hours of treatment blood vol-
ume correlated better with some hemodynamic measurements
than did brain natriuretic peptide (BNP) levels. However, no
measurements correlated closely enough with blood volume re-
sults for any hemodynamic measurement to serve as a surrogate
measure for volume status, or vice versa.

BLOOD VOLUME MEASUREMENT
IN SOME COMMON CRITICAL

CARE SITUATIONS
Following are some examples of common situations in the crit-
ical care setting, with discussion of the roles blood volume and
blood volume measurement may play in these situations.

Shock

The presentation of symptoms in shock may not be straight-
forward and can complicate assessment of the patient’s volume
status, especially in situations where several factors contribute
to shock. Blood volume measurement can be of major impor-
tance in understanding the underlying cascade of events that
precipitate shock and determining appropriate treatment. In
a patient with hypovolemia, even in conjunction with other

contributing factors, appropriate transfusion and fluid replace-
ment are needed before severe multiorgan hypoperfusion and
failure ensues.

For example, following a myocardial infarction, patients
frequently become hypotensive. While cardiac damage usually
plays a major, if not the predominant, role in the ensuing shock,
blood volume derangements may play a significant additional
role. A patient with a myocardial infarction may develop hy-
povolemia from severe vomiting, profuse sweating, or the use
of anticoagulants. Sometimes blood loss secondary to gastroin-
testinal bleeding may trigger a myocardial infarction (MI). Be-
cause the blood loss may not be recognized as a precipitat-
ing factor in the MI, the patient may not be treated to restore
volume. This may progress to renal or multiorgan damage.
Accurate assessment of the volume status and prompt treat-
ment of volume derangements are important for all types of
shock, even those that do not appear on the surface to be vol-
ume related.

Acid osis

Acidosis frequently develops from hypoperfusion and a shift
to anaerobic metabolism, resulting in increased lactic acid pro-
duction. Under these circumstances, the body’s metabolic de-
fense mechanisms, which are strongly geared to maintain a pH
of 7.4, may be overcome. At a pH of 7.0 to 7.1, major deteri-
oration of all functions including cardiac metabolism occurs.
At a pH of 6.85 to 6.9, the body’s metabolic systems are so
diminished that death is imminent.

Acidosis may also develop from other underlying causes.
For example, in diabetic acidosis, ketoacidosis develops from
hyperglycemia. Hypovolemia may be a contributing factor,
though, because the severely dehydrated patient may have lo-
calized ischemia.

Blood volume measurement may be helpful in elucidating
the underlying cause of acidosis and determining optimal ther-
apy. If the acidosis is caused by hypoperfusion related to dimin-
ished blood volume, aggressive and rapid therapy is needed
before irreversible deterioration occurs. In situations such as
diabetic acidosis, therapy should also be directed at correcting
the underlying condition (such as hyperglycemia) and correc-
tion of the electrolyte imbalance.

Hyp oalb umine mia

Hypoalbuminemic patients, because of a shift in oncotic pres-
sure, may be predisposed to edema formation in order to
achieve a balance of hydrostatic and oncotic pressures that
can maintain a normal blood volume. Rather than a normal
ratio of 3:1 of extracellular to vascular volume, equilibrium
between the two spaces may be reached at a ratio of 4:1 or
5:1. In such patients, the goal is to maintain a normal blood
volume even if that means allowing an expanded extracellular
volume. It is a common mistake to focus treatment on removal
of obvious peripheral edema. Patients with hypoalbuminemia
and/or capillary leak syndrome may require a larger volume
of extracellular fluid in order to maintain a normal blood
volume.
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He p at ore nal Synd rome

In hepatorenal syndrome, the liver and kidneys fail simultane-
ously. Frequently, this syndrome originates with liver damage
that progresses to cirrhosis and portal hypertension, causing
edema and ascites. If the patient is overdiuresed to remove the
edema, the patient becomes hypovolemic and the kidneys hy-
poperfused. If severe enough, this can lead to kidney failure,
liver failure, and circulatory collapse. Hepatorenal syndrome
is essentially part of a cascade of circulatory decompensation
that, if not corrected, usually results in multiorgan failure and
death.

Understanding the blood volume is essential to detecting
and correcting this situation. It is usually not possible to di-
urese a patient with liver damage to completely remove edema,
because diuresis does not correct the underlying imbalance be-
tween intravascular and interstitial volume. Instead, the re-
duced fluid simply redistributes throughout the vascular and
extravascular space in the same ratio. This situation is similar
when using paracentesis to treat ascites. Because paracentesis
only removes ascitic fluid and does not address the underlying
imbalance, the rapid removal of a large amount of ascitic fluid
causes fluid to shift quickly from the vascular to the peritoneal
space, resulting in hypovolemia, a drop in blood pressure, and
collapse of the circulation.

Blood volume measurement can be performed on a patient
with liver problems, edema, and/or ascites to determine what
quantity of diuresis is possible without precipitating hypo-
volemia. A patient who is hypervolemic will be able to tolerate
diuresis, and an edematous normovolemic patient should be di-
uresed only slowly and minimally, with careful follow-up. Some
patients with edema and/or ascites may require a blood volume
at the upper limit of normal in order to maintain adequate per-
fusion pressures. A patient who is hypovolemic should not be
diuresed!

Olig uria

Oliguria may be an indication of impending renal shutdown
resulting from renal hypoperfusion. After fluid is administered
and urine flow is re-established, the physician must pay partic-
ular attention to urine output. Even a relatively short period
of renal hypoperfusion may result in renal tubule damage that
persists after reperfusion and impairs the ability of the tubules
to reabsorb water and sodium.

Recovery from renal shutdown occurs in two phases—an
oliguric phase and a natriuretic phase. In the oliguric phase,
which occurs before resuscitation and persists until the kid-
neys begin to respond to reperfusion, the kidneys produce lit-
tle to no urine. In this phase, it is important to monitor fluids
so that the patient does not become hypervolemic. After the
kidney begins to recover, the glomeruli may begin functioning
again, but tubular damage may persist, leading to impairment
in the kidneys’ ability to reabsorb water and sodium. In this
natriuretic phase, the patient may produce a large quantity of
urine, which, if not replaced with enough fluid, may lead to
hypovolemia and additional kidney hypoperfusion.

The transition from the oliguric to the natriuretic phase
should be monitored in two main ways. The patient’s urine
output must be monitored in order to recognize the shift from

the oliguric to the natriuretic phase, so that treatment can be
altered as appropriate. Additionally, as long as the patient is
not bleeding, baseline blood volume measurement followed by
subsequent hematocrit measurements can help the physician
track changes in the patient’s blood volume. Ongoing evalu-
ation of the fluid administration and volume relationship can
help the physician more accurately determine the quantity and
type of fluids and electrolytes required for the patient to main-
tain a normal blood volume.

Diure t ic Re sist ance

The term diuretic resistance is frequently used when patients
do not respond to relatively large quantities of IV diuretics. To
some extent the term may be a misnomer, because diuretic re-
sistance may be a reflection of severe hypoperfusion. A patient
in renal shutdown will obviously not respond to diuretics, and
occasionally aggressive use of diuretics precipitates renal shut-
down. To differentiate true diuretic resistance from hypoperfu-
sion of the kidneys, blood volume measurement in conjunction
with renal tests can be helpful. This differentiation is particu-
larly important because aggressive use of diuretics in a patient
with marginal perfusion to the kidneys may precipitate renal
shutdown.

Inap p rop riat e Ant id iure t ic Synd rome
and Re nal Salt Wast ing Synd rome :

Diffe re nt ial Diag nosis

Hyponatremia, which is seen daily in the critical care unit,
results in multiple disturbances at a metabolic level. Two of
the primary causes of hyponatremia are syndrome of inap-
propriate secretion of antidiuretic hormone (SIADH) and re-
nal salt-wasting syndrome. SIADH is often associated with
head trauma, neurosurgery, or other neurologic disturbances
in which the pituitary gland releases inappropriately high lev-
els of antidiuretic hormone, resulting in the retention of water
and the dilution of sodium in an expanded plasma volume. Ex-
cessive hypervolemia predisposes a patient to pulmonary hy-
pertension and/or pulmonary edema, the latter of which may
lead to sudden death.

In contrast, in renal salt-wasting syndrome the tubules do
not reabsorb sufficient quantities of sodium, and too much
salt is lost from the circulation into the urine. A particularly
important cause of renal salt-wasting syndrome is damage to
the tubules caused by hypoperfusion to the kidneys (such as
may occur after even relatively short periods of hemorrhage).
The tubules are particularly sensitive to damage from hypo-
perfusion, and when they experience anoxia, they may lose the
ability to concentrate urine by reabsorbing sodium and water
that has been filtered by the glomeruli. They also lose the ability
to excrete acidic urine, which may result in a buildup of acid
in the body. The low concentration of sodium contributes to a
decrease in plasma volume, which can cause additional or con-
tinued hypovolemia, leading to further kidney hypoperfusion
and complete renal shutdown.

Blood volume measurement can help differentiate between
these two conditions. Given a normal amount of salt and fluid
intake, a patient with SIADH will have an expanded blood
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volume, while a patient with renal salt-wasting syndrome will
be hypovolemic. Other conditions, such as glomerular dam-
age or overadministration of fluids, may also result in hypona-
tremia and an expanded plasma volume; these various diag-
noses may be differentiated through results from other tests,
such as plasma osmolality and urine and serum sodium, and
the patient’s clinical condition.

In both cases, it is important to treat the patient to normalize
the blood volume and to restore a normal sodium concentra-
tion. For SIADH, this can include the administration of hyper-
tonic sodium, fluid restriction, and possibly diuresis. For renal
salt-wasting syndrome, this can include the administration of
large quantities of fluids and sodium, in quantities sufficient
not only to restore the already lost volume, but also to main-
tain intravascular volume and sodium in the face of continued
losses. It is critically important to effectively differentiate be-
tween these two syndromes, because for each, treating with
inappropriate fluid management can exacerbate the imbalance
contributing to the hyponatremia and precipitate a clinical cri-
sis, such as complete renal shutdown.

Card iog e nic and Noncard iog e nic
Pulmonary Ed e ma: Diffe re nt ial Diag nosis

Cardiogenic pulmonary edema (caused by increased hydro-
static pressure in the alveoli), often secondary to hypervolemia,
and noncardiogenic pulmonary edema (caused by damage to
the membranes of the alveoli), also known as acute respiratory
distress syndrome (ARDS), have different underlying causes
and require different treatment approaches. The two condi-
tions may present similar symptoms, and both are common in
the critical care setting. When physical examination and nonin-
vasive tests do not provide a definitive distinction, pulmonary
capillary wedge pressure is often used to distinguish between
the two, but results may be difficult to interpret in patients
with pulmonary artery hypertension related to other condi-
tions. Additionally, patients may have a combination of both
conditions; increased hydrostatic pressure does not rule out
damage to the alveoli. The relationship between blood volume
and wedge pressures seems at best weak, with no correlation
to central venous pressures (56).

Blood volume measurement, by detecting the presence or
absence of hypervolemia, can be used in the differential di-
agnosis of cardiogenic and noncardiogenic pulmonary edema,
especially in patients known to have pulmonary hypertension
from other causes and in patients for whom invasive pulmonary
artery catheterization is not desirable. Hypervolemia is more
likely to be present in a patient with cardiogenic pulmonary
edema, while noncardiogenic pulmonary edema may develop
in a patient with normovolemia or hypovolemia. However, be-
cause both conditions may coexist, hypervolemia does not rule
out ARDS. These conditions must also be reviewed in the con-
text of evaluating albumin, as hypoalbuminemia by itself will
predispose to pulmonary edema.

Diuretic therapy is a mainstay in the treatment of cardio-
genic pulmonary edema. Aggressive diuretic therapy in hy-
povolemic patients is likely to worsen perfusion and may
lead to renal and other organ damage. Hypovolemia can
be readily identified with blood volume measurement. Even

in patients with hypervolemia, especially if they also have
alveolar damage, overly aggressive diuresis may result in hy-
povolemia and hypoperfusion. Evaluating the extent of hyper-
volemia and evaluating volume in relation to pressure mea-
surements can help the physician determine how to diurese the
patient safely. In a nonbleeding patient, once an initial blood
volume is established, the hematocrit can be helpful in monitor-
ing blood volume changes and tracking the patient’s response to
diuresis.

SUMMARY
While fluid resuscitation and blood volume management have
long been mainstays in critical care, evaluation of blood volume
has traditionally relied on assessment of the patient’s clinical
condition, which is often misleading, and surrogate measure-
ments to estimate volume status, which are often inaccurate.
Blood volume measurement has been a missing link in treating
critically ill patients, and the clinical utilization of semiauto-
mated radioisotopic blood volume measurement promises to
complete that link.

On the simplest level, blood volume measurement results
can be used to guide treatment more precisely; rather than re-
lying on inaccurate surrogate measurements to estimate vol-
ume status, blood volume measurement results can be con-
sidered when making fluid management decisions. Additional
tools such as the normalized hematocrit can be used as quickly
understood, more accurate guides for determining when trans-
fusion is required.

In addition, blood volume measurement, by providing an
accurate, quantitative measurement of circulating blood vol-
ume, offers the opportunity to develop evidence-based ap-
proaches to treating volume derangements. Treatment algo-
rithms with precise end points can be developed and tested,
with an ultimate goal of developing a comprehensive, evidence-
based approach to evaluating and treating blood volume de-
rangements in the critical care setting.
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IMMEDIATE CONCERNS
During initial management of the critically ill patient, physio-
logic variables such as blood pressure, heart rate, urine output,
cardiac filling pressures, and cardiac output (CO) are used to
guide resuscitative efforts. Despite normalization of these vari-
ables, significant imbalances between systemic oxygen delivery
(ḊO 2) and demand result in decreases in central (ScvO 2) and
mixed (SvO 2) venous oxygen saturation levels and global tis-
sue hypoxia (1–3). This global tissue hypoxia, if left untreated,
leads to anaerobic metabolism, lactate production, and oxygen
debt. The magnitude and duration of oxygen debt have been
implicated in the development of the inflammatory response,
multisystem organ failure and increased mortality (4–8). Early
restoration of global tissue normoxia aided by venous oxygen
saturation monitoring has resulted in a reduction in inflamma-
tion, morbidity, mortality, and health care resource consump-
tion (9,10). The purpose of this chapter is to review the physio-
logic principles and clinical utility of SvO 2 in the management
of the critically ill patient.

MAJOR PROBLEMS

Pat ie nt Se le ct ion for Cont inuous
Ve nous Oxime t ry

Continuous venous oximetry is likely to be most useful in pa-
tients at greatest risk of developing global tissue hypoxia. This
includes patients with significant acute or chronic cardiopul-
monary disease undergoing major surgical procedures and un-
dergoing therapy that may interfere with their ability to in-
crease oxygen delivery during times of stress. It is also useful
in patients who require hemodynamic and ventilator support
(11).

Goals of Ve nous Oxime t ry Monit oring

The goals of continuous venous oximetry vary depending on
the initial condition of the patient. Venous oximetry can be
used as an end point in the early resuscitation or monitoring
device for high risk patients at risk for developing global tis-
sue hypoxia. The common goal is to ensure a balance between
systemic oxygen delivery and demands. A stable and normal
value for the SvO 2 may indicate that further measurements are
unnecessary. However, an abrupt decrease in SvO 2 becomes
a warning that investigation of oxygen delivery (CO, arterial
oxygen saturation [SaO2], and hemoglobin [Hgb] concentra-

tion), and systemic oxygen consumption [V̇O 2] are needed so
that specific therapy may be directed toward the underlying
disorder (12).

STRESS POINTS

1. A normal SvO 2 range is 65% to 75% (0.65 to 0.75) and
suggests that the oxygen supply is meeting the demands of
the tissues. Since SvO 2 is a global value, a normal value does
not guarantee absence of ischemic tissues.

2. There are four determinants of SvO 2: CO, Hgb concentra-
tion, arterial oxygen content, and V̇O 2. In the critically ill
patient, an abrupt change in SvO 2 indicates that a change
in oxygen transport–demand balance has occurred but does
not identify which determinant has changed.

3. A decrease in SvO 2 may be caused by a decrease in CO, Hgb
concentration, and arterial oxygen content or an increase in
V̇O 2.

4. An increase in SvO 2 is more difficult to interpret. It may in-
dicate distal migration of the catheter which is easy to check
by determining catheter position (see below). Patients may
have a high CO, V̇O 2, or high arterial oxygen content, es-
pecially during anesthesia or mechanical ventilation where
there is a larger amount of dissolved oxygen. If this is as-
sociated with persistent elevation of lactate levels, it is an
ominous sign. In patients with cirrhosis, sepsis, and periph-
eral shunts, an abnormal distribution of peripheral blood
flow may impair oxygen uptake so that SvO 2 remains high.
In cirrhosis, there is pathologic shunting between the arterial
and venous system in the liver causing a high CO and high
SvO 2. The septic state is accompanied by a peripheral oxy-
gen deficit, which can be partially reversed by maintaining
an above-normal CO and ḊO 2 (13). Higher-than-normal
SvO 2 may be required in sepsis to overcome the defect in
peripheral oxygen use. Patients with anatomic shunts such
as ventricular septal defects and arterial-venous fistulas for
hemodialysis also may have abnormal mixing of arterial and
venous blood leading to higher venous oxygen saturations.

5. Pulse oximetry and mixed venous oximetry can be combined
into a tool of continuous cardiac and pulmonary monitor-
ing.

6. The difference between arterial and venous saturation (SaO 2
− SvO 2) is an estimation of arterial venous oxygen content
difference and is inversely proportional to CO and directly
proportional to oxygen consumption.

7. The ventilation/perfusion index (V̇/Q̇ I) gives an estimate
of intrapulmonary shunt. Using saturation as an inference
of oxygen content, respiratory dysfunction (V̇/Q̇ I) can be
estimated from the equation (1 – SaO2)/(1 – SvO 2).

296
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ESSENTIAL TROUBLESHOOTING
PROCEDURES

1. Continuous SvO 2 measurements may drift and require daily
calibration using laboratory co-oximetry.

2. Calibration should also be verified anytime the optical mod-
ule is disconnected, or whenever the measurement is thought
to be erroneous.

3. Distal migration of the pulmonary artery catheter (PAC) tip
may cause a higher SvO 2 reading due to proximity to pul-
monary capillary blood, which is approximately 100% sat-
urated. The catheter should be positioned in a large enough
segment of the pulmonary artery to require ≤ 1.25 mL of air
in the balloon to occlude that segment.

4. Infusion of fluids or blood through the distal port of the
catheter may alter the light signal and the reading.

5. Decreased light intensity signal or damping of the pul-
monary artery (PA) tracing may indicate migration dis-
tally or fibrin around the optic bundles. If irrigation of the
catheter does not correct the artifact, the catheter should be
withdrawn and repositioned.

6. A change in SvO 2 of greater than 10% in either direction
requires investigation.

INITIAL THERAPY
1. If SvO 2 is low in association with a low CO, optimization

procedures with fluids or inotropic agents should occur im-
mediately. When titrating inotropic infusions, a lack of re-
sponse (SvO 2 does not increase) suggests inadequate ther-
apy. CO should be reassessed and treatment augmented.

2. In cases of respiratory dysfunction, arterial saturation
should respond to therapies such as increased fraction of in-
spired oxygen (FiO 2) and positive end-expiratory pressure
(PEEP) within 8 to 10 minutes. If SaO 2 does not increase
or if SvO2 decreases, either respiratory therapy has been
ineffective or CO may be compromised.

3. After improvement in respiratory function, if the patient is
receiving a high FiO 2, the FiO 2 may be decreased every 10 to
20 minutes if arterial and venous saturation remain stable.
Increased difference in (SaO 2 minus SvO 2) usually correlates
with a sudden decrease in CO.

4. A decrease in A-V SvO 2 difference that increase (SaO 2 minus
SvO 2) in response to measures CO indicates a successful
intervention.

PHYSIOLOGY OF
OXYGEN TRANSPORT

The process of oxygen transport includes loading oxygen into
the red blood cells (hemoglobin) and delivering it to the tissue
by the heart (cardiac output), as well as utilization of the oxy-
gen in the periphery and the return of deoxygenated blood to
the right side of the heart. Several terms must be defined to un-
derstand the components of oxygen transport (absolute values
should be indexed to body surface area):

O xygen delivery (ḊO 2) is the volume of oxygen delivered
(mL/minute) from the left ventricle each minute. ḊO 2 = CO
× CaO 2 × 10

Arterial content of oxygen (CaO 2) is the mL of O 2 in
100 mL of arterial blood.

CaO 2 = (Hgb × 1.34 to 1.39 mL O 2/gm of Hgb × SaO 2)
+ (0.0031 × PaO 2)

Mixed venous content of oxygen (CvO 2) is mL of O 2 in
100 mL of mixed venous blood. CvO 2 = (Hgb × 1.34 to
1.39 mL O 2/gm of Hgb × SvO 2) + (0.0031 × PvO 2)

O xygen demand is the cellular oxygen requirement to
avoid anaerobic metabolism. Oxygen demand is the amount
of oxygen required by the body tissues to function under
conditions of aerobic metabolism. Because oxygen demand
is determined at the tissue level, it is difficult to quantify
clinically.

O xygen consumption (V̇O 2) is the amount of oxygen
consumed by the tissue, usually calculated by the Fick equa-
tion:

V̇O2 = (CaO 2 − CvO 2) × CO × 10

V̇O2 is a mechanism by which the body “protects” the
oxygen demand created at the tissue level. Increased V̇O 2
in early stages of shock is associated with increased sur-
vival. Oxygen consumption may increase by increasing CO,
widening the arterial-venous oxygen content difference, or
both. In the normal state, both CO and arterial-venous oxy-
gen difference may increase by about threefold, providing a
total increase of V̇O 2 during times of stress to about ninefold
above the resting state. Normally, V̇O 2 and oxygen demand
are equal; however, in times of great oxygen demand or
times in which either CO or arterial- venous oxygen content
difference cannot increase to meet the oxygen demand of the
cells, oxygen demand may exceed V̇O2. When this occurs,
an oxygen debt accumulates and anaerobic metabolism and
lactic acidosis ensue (14).

O xygen uptake is the measured volume of oxygen
removed from inspired gas each minute (using indirect
calorimetry/metabolic gas monitor). Oxygen uptake differs
slightly from V̇O 2 in that the latter is a calculated value
(from the Fick equation) and the former is the measured
volume of oxygen taken up by the patient each minute.
Oxygen uptake is measured by analyzing inspired and ex-
pired gas concentrations and inspired and expired volumes.
Measurement of oxygen uptake may be useful for metabolic
studies in assessing variations in V̇O 2 as well as determining
caloric needs.

O xygen utilization coefficient (O UC) or ex traction ratio
(O 2ER) is the fraction of delivered oxygen that is consumed.
OUC or O 2ER = V̇O 2/ḊO 2

Therefore, the oxygen utilization coefficient defines the
balance between oxygen supply (delivery) and demand (con-
sumption) (Fig. 26.1).

O xygen transport is the processes contributing to oxygen
delivery and oxygen consumption.

ASSESSMENT OF OXYGEN
TRANSPORT BALANCE

Oxygen transport balance may be assessed on several lev-
els. First, examination of the patient may reveal signs of
hypoperfusion, including altered mentation, cutaneous
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FIGURE 26.1. The physiology of oxygen transport and utilization.

hypoperfusion, oliguria, tachycardia, and, when all com-
pensatory systems have failed, hypotension. Unfortunately,
these clinical signs are often late, nonspecific, and at times
uninterruptible in critically ill patients. A more physiologic
approach is to assess the determinants of oxygen transport
balance individually by using the Fick equation. The arterial-
venous oxygen content difference may be used to assess the
relative balance between CO and V̇O 2. An increase in the
arterial-venous oxygen content difference indicates that either
flow is decreased or consumption is increased.

When the Fick equation is solved for SvO 2 (Table 26.1), it
becomes apparent that an inverse linear relation exists between
SvO2 and oxygen utilization coefficient (11) if SaO 2 is main-
tained constant. SvO 2 measured continuously is, therefore, an
on-line indicator of the adequacy of the oxygen supply and
of the demand in perfused tissues. The determinants of SvO 2
are V̇O 2, Hgb, CO, SaO 2, and, to a small degree, PaO 2. SvO 2
represents the flow-weighted average of the venous oxygen sat-
urations from all perfused tissues (Fig. 26.2). Therefore, tissues
that have high blood flow but relatively low oxygen extraction
(kidney) will have a greater effect on SvO 2 than will tissues
with low blood flow, although the oxygen extraction of these
tissues may be high (myocardium) (15,16).

The interpretation of SvO2 requires consistent and intact
vasoregulation (5). When vasoregulation is altered (such as
in sepsis), oxygen uptake may be severely altered, causing a
marked increase in SvO 2. Septic patients can have a normal
SvO2 while the hepatic venous saturation can be up to 15%

FIGURE 26.2. Venous oxygenation saturations of various organs.
(From Reinhart K, Rudolph T, Bredle DL, et al. Comparison of central-
venous to mixed-venous oxygen saturation during changes in oxygen
supply/demand. Chest. 1989;95(6):1216–1221.)

lower (17,18). This reduced oxygen saturation was noted to
arise from an increased regional metabolic rate rather than re-
duced perfusion. Flow-limited regional oxygen consumption
may potentially exist despite the presence of a normal SvO 2.
Therefore, a normal SvO 2 should not be considered as sole cri-
teria to ensure optimal oxygen delivery in critically ill patients
(19,20) (Fig. 26.3).

TA BLE 2 6 . 1

DERIVATION OF SvO2 FROM FICK EQUATION

1. V̇O 2 = C(a – v)O 2 × CO × 10 {Fick equation
2. V̇O2/(CO × 10) = C(a – v)O 2 {Divide by CO × 10
3. V̇O2/(CO × 10) = CaO 2 – CvO 2 {Definition of C(a – v)O 2
4. V̇O 2/(CO × 10) – CaO 2 = –CvO 2 {Subtract CaO 2
5. CvO 2 = CaO 2 – [V̇O 2/(CO × 10)] {Multiply by –l.
6. CvO2 = 1 – V̇O 2/(CO × 10 × CaO 2) {Divide by CaO 2
7. CvO 2/CaO 2 = 1 – V̇O 2/ḊO 2 {Definition of ḊO 2
8. SvO 2 = 1 – V̇O2/ḊO 2 {Definition of SvO 2 if SaO 2 = 1.0

CO, cardiac output.
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FIGURE 26.3. Variables that affect SvO2. (From Rivers EP, Ander DS,
Powell D. Central venous oxygen saturation monitoring in the critically
ill patient. Curr O pin Crit Care. 2001;7(3):204–211.)

Although oxygen demand cannot be measured, the relative
balance between consumption and demand is best indicated by
the presence of excess lactate in the blood. Lactic acidosis im-
plies that demand exceeds consumption or oxygen supply de-
pendency and anaerobic metabolism is present (14,21,22) (Fig.
26.4). The relative balance between oxygen supply and demand
can be assessed by the oxygen utilization coefficient (1). Cal-
culation of this coefficient, however, requires the measurement
of CO, Hgb, SaO 2, PaO 2, SvO 2, and mixed venous oxygen
tension (PvO 2). Mixed venous oxygen tension, a reflection of
both PaO2 and CO, is a better predictor of hyperlactatemia
and death than either arterial PaO 2 or CO alone. A PvO 2 be-
low 28 mm Hg is usually associated with hyperlactatemia and
increased mortality (23). Blood lactate concentrations greater
than 4 mmol/L are unusual in normal and noncritically ill hos-
pitalized patients and warrant concern. In hospitalized (non-
ICU) nonhypotensive subjects, as well as in critically ill pa-
tients, a blood lactate concentration greater than 4 mmol/L
may portend a poor prognosis (24). Since serum lactate is a
global measurement, a normal lactate is not a guarantee that
all tissue beds are adequately perfused.

ARTERIAL VENOUS OXYGEN
CONTENT DIFFERENCE

From the Fick principle, we learned that CO was equal to oxy-
gen consumption divided by arterial venous oxygen content dif-
ference (CaO 2 – CvO 2). Even in the critically ill patient, it is un-

likely that Hgb or total body oxygen consumption can change
sufficiently minute to minute to affect the calculations. There-
fore, (Ca – v)O 2 usually reflects changes in cardiac output. In
addition, immediate response to therapy—or lack thereof—can
help tailor therapy more precisely and rapidly (25). Since the
contribution of dissolved oxygen is minute (0.0031 × partial
pressure of oxygen), and the factor (Hgb × 1.39 mL O 2/gm
Hgb) occurs in both sides of the equation, (Ca – v)O2 can be
estimated by subtracting the values of pulse oximetry and con-
tinuous mixed venous oximetry (SaO2 – SvO 2).

INTRAPULMONARY SHUNT
Although PaO 2 is affected by changes in respiratory function
(intrapulmonary shunt), PaO 2 is also affected by changes in
CO if there is a moderate intrapulmonary shunt (≥ 20% ). For
example, if there is a 20% shunt (20% of CO is not involved
with gas exchange) and blood goes to the left side of the heart
deoxygenated, any decrease in SvO 2 will decrease PaO 2. Thus,
although no change in pulmonary function has occurred, a de-
crease in CO (or even any factor that decreases venous oxygen
content) lowers PaO2 and increases the alveolar-to-arterial oxy-
gen tension gradient (26). This nonpulmonary effect on PaO 2
is important to understand since treatment of intrapulmonary
shunt is to increase PEEP, which would be disastrous if low CO
was the cause for low PaO 2. The equation for intrapulmonary
shunt is as follows:

Q̇sp/ Q̇ t =
Cc − Ca
Cc − Cv

where Q̇sp/Q̇ t is physiologic shunt (% of cardiac output), Cc is
capillary oxygen content, Ca is arterial oxygen content, and Cv
is venous oxygen content. We can simplify the shunt equation
by ignoring the calculation of Hgb-carried oxygen by drop-
ping (Hgb × 1.39) and substituting saturations of 100% for
the pulmonary capillary saturation, pulse oximetry for arte-
rial saturation, and mixed venous oximetry for SvO 2. The en-
tire equation for pulmonary capillary content can be replaced
by the term 1 (or 100% Hgb saturation). Because we have
already substituted Sa for arterial content and Sv for venous
content, this estimation of physiologic shunt (the V̇/Q̇ I) can be
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FIGURE 26.5. The concepts of oxygen debt.
(From Dunham CM, Siegel JH, Weireter L,
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lates as quantifiers of the severity of hemor-
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matic brain injury: the need for early physi-
ologic predictors of severity. J N eurotrauma.
1995;12(4):579–590.)

represented by the equation (27):

V̇/ Q̇ I =
1 − SaO 2

1 − SvO 2
.

For instance, if arterial saturation were 90% (or 0.9) and
venous saturation were 60% (or 0.6), the Qs/Qt calculation
would be

1 − 0.9
1 − 0.6

=
0.1
0.4

= 25% .

This estimation fails to reflect the severity of respiratory failure
as judged by the need to use a FiO 2, and this equation needs to
specify the FiO 2 of the patient to be meaningful.

THE CONSEQ UENCES OF
TISSUE HYPOXIA

When compensatory mechanisms such as increased systemic
oxygen extraction are exceeded, tissue hypoxia results with
pathologic significance not only in vitro (4), but also, low SvO 2
is associated with the generation of inflammation and the mi-
tochondrial impairment of oxygen use (28). The accumulation
of global tissue hypoxia over time leads to oxygen deficits. The
magnitude and duration of this oxygen debt has been associ-
ated with the generation of inflammatory biomarkers, morbid-
ity, and mortality (8,28–32) (Fig. 26.5).

MONITORING OXYGEN
TRANSPORT

Critically ill patients in the emergency department (ED), op-
erating room (OR), and intensive care units (ICUs) may be
grouped into three categories. Category 1 consists of patients
requiring intensive observation or monitoring. These patients
may have major risk factors or may be admitted because of
the nature of their illness or the nature of the therapy they are
receiving. Category 2 patients require intensive nursing care
and often specialized technology and care facilities to direct
therapy for major systemic illness. Category 3 patients need
continuous physician intervention for hemodynamic and other

instabilities. Continuous venous oximetry may have clinical
applications in each of these broad classes of patients. The
three major objectives of monitoring critically ill patients are
(i) to ensure that the patient is stable, (ii) to provide an early
warning system regarding untoward events, and (iii) to evalu-
ate the efficiency and efficacy of interventions performed.

Category 1 patients undergoing hemodynamic and oxygen
transport monitoring only because of underlying risk factors
who have a normal and stable SvO 2 have an intact balance be-
tween oxygen supply and demand. Further assessment of CO
and arterial and mixed venous blood gas analysis to reach that
conclusion can be eliminated, and there is “safety in no (other)
numbers.” If the patient becomes unstable as manifested by a
decreasing SvO 2, the monitoring system will meet the second
objective by providing an early warning of the imbalance in
oxygen supply and demand. In this situation, although an alert
has been given, the cause of the oxygen transport imbalance is
not necessarily clear. The change in SvO 2 is sensitive but not
specific. In this clinical situation, it may be necessary to measure
CO, SaO 2, and Hgb. When the cause of the imbalance is iden-
tified, specific therapy may be instituted to restore the oxygen
supply–demand balance. While interventions are applied, the
continuous assessment of supply–demand balance may be used
to evaluate the efficacy of the intervention with instant feed-
back. Continuous CO methodology should supplement but not
supplant mixed venous oximetry. This is particularly important
in critical illness, defined as a non-steady state, when changes
in all elements of oxygen transport and use can be expected
(32).

CONTINUOUS MIXED VENOUS
(SvO 2) MONITORING

SvO 2 can be monitored continuously using infrared oximetry.
The technology is based on reflection spectrophotometry. Light
is transmitted into the blood, and reflected off red blood cells
and read by a photodetector in the receiving fiberoptic bun-
dle (11). The amount of light reflected at different wavelengths
varies depending on the concentration of oxyhemoglobin and
hemoglobin (Fig. 26.6). The microprocessor uses the relative
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Principles of reflection spectrophotometry
Fiberoptic catheter oximetry (in vivo)

Narrow waveband
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Photodetector
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Output: oxyhemoglobin saturation (SO2)

Fiberoptic
transmission

Flowing blood

FIGURE26.6. The technology of spectrophotometry. (From Rivers EP,
Ander DS, Powell D. Central venous oxygen saturation monitoring in
the critically ill patient. Curr O pin Crit Care. 2001;7(3):204–211.)

reflectances to calculate the oxyhemoglobin and total Hgb,
the fraction of which represents SvO 2. The catheter used to
measure venous oxygen saturation can be a pulmonary artery
or a modified central venous catheter.

The continuous oximetry system must be calibrated before
use by a co-oximetry measured sample (33). This may be done
in vitro by positioning the catheter tip next to a target that
reflects the transmitted light in such a manner that the mi-
croprocessor can be calibrated. After in vitro calibration, the
oxygen saturation of the central venous system, right atrium,
right ventricle, and PA can be measured while the catheter is
being floated into the proper position. These measurements
during the insertion of the catheter may be useful to rule out
intracardiac left-to-right shunts.

Once the PA catheter is in proper position, blood may be
sampled through the distal port to calibrate or to verify the cal-
ibration of the system. The first in vivo calibration is usually
done at 24 hours post–PAC insertion. A mixed venous sample
is withdrawn and analyzed by laboratory co-oximetry. Blood
drawn from the PA should be aspirated slowly (1 mL over 20
seconds) to prevent contamination by the highly oxygenated
pulmonary capillary blood. The value obtained by the micro-
processor at the time the blood sample is drawn is retained by
the system. This may be compared against the value obtained
from the laboratory sample, and, if a significant (greater than
2% ) difference exists, the instrument may be recalibrated to
the laboratory co-oximeter value. The calibration should be
verified at any time the optical module is disconnected from
the catheter, whenever the measurement is suspected of being
erroneous, and every 24 hours to ensure stability of the system.

Because it is crucial that red blood cells be flowing past the
tip of the catheter, proper positioning in the PA is necessary.
Distal migration of the PA catheter tip is a common source
of error. When the catheter tip advances into the distal seg-
ments of the PA, a high or increased SvO 2, a decreased light
intensity signal, or damping of the PA tracing may become ev-
ident. If these signs are encountered, the distal lumen of the
catheter should be irrigated with flush solution to remove fib-
rin on the catheter tip. If the pressure waveform is not restored
to a proper PA tracing by irrigation, the catheter should be
slowly withdrawn until the PA pressure tracing is restored. At
this point, the PA catheter balloon may be slowly inflated until
the pulmonary artery occlusion pressure (PAOP) tracing is ob-
served. If this tracing is not produced by inflation of the balloon

to maximum volume (1.5 mL), the catheter should be slowly
advanced until an occlusion pressure tracing is observed. At
that point, the balloon can be deflated again and then slowly
reinflated until a PAOP tracing occurs. The volume required to
restore this tracing should be at least 75% of the total capacity
of the balloon. Using the maximum balloon volume to attain a
PAOP tracing ensures that the catheter is in the proximal sec-
tion of the PA and is, in fact, a physiologic confirmation of the
catheter tip position.

Distal migration of the PA catheter may cause artifactu-
ally high oxygen saturation because highly saturated (approx-
imately 100% ) pulmonary capillary blood is sampled. The
catheter tip may be lodged against a vessel wall or bifurca-
tion, causing an alteration in the light intensity received by the
fiberoptic bundles. A low light intensity alarm must be cor-
rected before the venous saturation measurement is considered
reliable or before the system is recalibrated. Large fluctuations
in the light intensity signal may indicate that the catheter tip
is malpositioned but also may indicate a condition of intravas-
cular volume deficit that allows compression or collapse of
the pulmonary vasculature (especially during positive pressure
ventilation) (34).

CONTINUOUS CENTRAL VENOUS
(ScvO 2) MONITORING

Early management of the critically ill patient is frequently per-
formed outside the intensive care unit. The time between the on-
set of critical illness and definitive ICU intervention can be sig-
nificantly long and have outcome implications (35–37). Mea-
surement of SvO 2 requires placement of a pulmonary artery
catheter, which may not be feasible early in the resuscitation
of adult, pediatric, and neonatal patients. However, central ve-
nous assess can be obtained in both ICU and non-ICU settings
making continuous ScvO 2 monitoring a convenient surrogate
for SvO 2.

Numerous animal and human models have examined the
relationship between SvO 2 and ScvO 2 obtained from the supe-
rior vena cava and right atria (Fig. 26.7). Superior venal caval
(SVC) ScvO2 is slightly lower and more accurately reflects SvO 2
when patients were not in shock (38,39). Right atrial ScvO 2 has
a better correlation than superior vena caval saturation and is
not significantly different from SvO 2 whether in shock or not
in shock (38). In patients in shock a consistent reversal of this
relationship occurs, the ScvO 2 is greater than SvO 2, and this
difference can range from 5% to 18% (38–40). Redistribution
of blood flow away from the splenic, renal, and mesenteric bed
toward the cerebral and coronary circulation including more
desaturated blood (< 30% ) from the coronary sinus contribute
to this observation (38). Thus, ScvO 2 will consistently overes-
timate the true SvO 2 under shock conditions.

There has been considerable debate regarding whether
ScvO2 is a satisfactory substitute for SvO 2, particularly in
ranges above 65% (41–50). Although the absolute values of
ScvO2 and SvO 2 differ, studies have shown close and consis-
tent tracking of the two sites across a wide range of hemody-
namic conditions (Figs. 26.8 and 26.9), thus making it clinically
useful (43,51–62). The clinical utility or value of SvO 2/ScvO 2
is in the lower ranges. The presence of a pathologically low
ScvO 2 value (implying an even lower SvO 2) is more clinically
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FIGURE 26.7. Central versus mixed venous oxygen
saturation.

important than whether the values are equal. Goldman et al.
(51) found that ScvO 2 < 60% showed evidence of heart failure
or shock or a combination of the two. Hyperdynamic septic
shock ICU patients seldom exhibit SvO 2 levels < 60% to 65% ,
which, when sustained, is associated with increased mortality
(12,63). Studies examining the clinical utility of ScvO 2 early
in the course of disease presentation routinely encounter val-
ues less than 50% , which are considered critical (3,64,65). At
these values, venous saturations are actually 5% to 18% lower
in the pulmonary artery (38,40) and 15% lower in the splanch-
nic bed (19). Thus, although not numerically equivalent, these
ranges of values have similar pathologic implications (51) and
are associated with high mortality (23).

The clinical utility of an end point of resuscitation is de-
termined by whether it changes clinical practice and morbid-
ity/mortality. Irrespective of whether the ScvO2 equals SvO 2,
the presence of a low ScvO 2 in early sepsis portends increased
mortality and correcting this value by a treatment algorithm
(66) improves morbidity and mortality. The concept of the ap-
proximately 5% numeric difference between SvO 2 and ScvO 2
prompted the Surviving Sepsis Campaign to recommend reach-

FIGURE 26.8. Central versus mixed venous oxygen saturation. (From
Reinhart K, Rudolph T, Bredle DL, et al. Comparison of central-venous
to mixed-venous oxygen saturation during changes in oxygen sup-
ply/demand. Chest. 1989;95(6):1216–1221.)

ing a SvO 2 of 65% and/or ScvO 2 of 70% goal in the resus-
citation portion of its severe sepsis and septic shock bundle
(67,68).

INTERPRETATION OF VENOUS
OXYGEN SATURATION

The algorithm is presented in Figure 26.10. Mixed venous oxy-
gen saturation values within the normal range (67% –75% ) in-
dicate a normal balance between oxygen supply and demand,
provided that vasoregulation is intact and a normal distribution
of peripheral blood flow is present. Values of SvO 2 greater than
75% indicate an excess of ḊO2 over V̇O 2 and are most com-
monly associated with syndromes of vasoderegulation such as
cirrhosis and sepsis. High values also are seen in states of low
V̇O 2 (hypothermia, muscular paralysis, sedation, coma, hy-
pothyroidism, or a combination of these factors), hyperoxy-
genation, high CO, inability to consume oxygen, and rarely,
cyanide toxicity.

Uncompensated changes in any of the four determinants
of SvO2 may result in a decrease in the measured value, but in
complex, critically ill patients, the correlation between changes
in SvO 2 and changes in any of the individual determining fac-
tors is low (69). In a study of the patients in a surgical ICU, no
statistical correlation existed between changes in either PaO 2
or SaO 2 and SvO 2. Although there was a statistically signifi-
cant correlation between changes in SvO 2 and CO and ḊO 2,
the coefficients of determination (r2) were too low to allow pre-
diction of CO, oxygen consumption, or oxygen delivery from
SvO2. Also, no statistical correlation existed between SvO 2
and either arterial-venous oxygen content difference or cal-
culated V̇O 2. There was a significant inverse correlation be-
tween SvO 2 and oxygen utilization coefficient, confirming the
accuracy of the measurement and the reliability of SvO 2 as an
estimation of the oxygen utilization ratio—as long as arterial
oxygen saturation is near 100% . The determinants of SvO 2
are multifactorial, and, in critically ill patients, the degree of
compensation for changes in one variable cannot be predicted
(69). Patients with chronically impaired O 2 transport appear
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to tolerate very low SvO 2 values better than acutely ill patients,
presumably due to adaptive changes in the former group. De-
layed lactate presentation may be seen in this group of patients
(70,71).

It is useful, however, to appreciate the magnitude of change
in SvO 2 that would occur with an isolated change in any of
the individual determinants. If no compensatory changes oc-
cur in V̇O2 or CO, Hgb must decrease by almost 50% (13 to
7.5 g/dl/L) before SvO 2 decreases below the lower limit of the
normal range (Table 26.2). The SvO 2 changes would be even
smaller because CO should increase in response to the acute
anemia. However, if CO is fixed because of underlying car-
diovascular disease, a decrease in Hgb will be reflected by a
decrease in SvO 2.

The effect of arterial oxygen tension on SvO 2 in the absence
of other compensatory changes is demonstrated in Table 26.3.
As long as SaO 2 is maintained in a relatively normal range,
the direct effect on SvO 2 is minimal. However, when there is
sufficient arterial hypoxemia to produce arterial desaturation,

the SvO 2 falls in direct proportion to the change in SaO 2. Simi-
larly, changes in CO (Table 26.4) and V̇O 2 (Table 26.5) may be
shown to affect SvO 2, although the magnitude of change in any
of these individual parameters does not predict the magnitude
of change in SvO2 because compensatory factors are usually in-
volved. A decrease in SvO 2 greater than 10% is likely to be clin-
ically significant regardless of the initial value. A change from
70% to 60% may be associated with a large fractional change
in CO if other factors did not change. On the other hand, a
change from 60% to 50% is associated with a much smaller
fractional change in CO but in the range of limited oxygen
transport reserve and should raise more concern (Table 26.6).

When demand exceeds consumption, anaerobic metabolism
must occur, and the eventual result is lactic acidosis. The lactate
level, therefore, defines the balance between V̇O 2 and oxygen
demand. An elevated lactate implies either ongoing anaerobic
metabolism (shock) or prior anaerobic metabolism and oxy-
gen debt. A normal SvO2 implies the latter and a low SvO 2,
the former, in states of lactic acidosis, except in situations in
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TA BLE 2 6 . 2

EFFECT OF CHANGES IN HEMOGLOBIN
CONCENTRATION ON SvO2

Hemoglobin 13 10 7.5 5

CaO 2 18.0 14.0 10.5 7.0
CvO2 14.0 10.0 6.5 3.0
SvO2 0.77 0.71 0.61 0.42

Calculated change in SvO 2 caused by a change in hemoglobin (g/dL),
assuming no compensatory changes in other determinants of SvO 2;
PaO2 = 100 mm Hg, SaO 2 = 0.98, C(a – v)O 2 = 4.0 mL/dL, and V̇O 2
and cardiac output are not changed.

which unloading cellular uptake or mitochondrial utilization
are impaired.

CLINICAL USES OF
SvO 2 MONITORING

SvO 2 values have been used extensively in various clini-
cal scenarios in critically ill patients. These include dur-
ing and after cardiac arrest (72,73), in cardiac surgery pa-
tients (74), during and after cardiac failure (75), shock (76),
acute myocardial infarction (51,77), general medical ICU
conditions (78–80), postoperative cardiovascular procedures
(81), trauma (82–84), vascular surgery (85,86), septic shock
(9,12,63), hypovolemia (87,88), pediatric surgery (75), in
neonates (89), lung transplantation (90), and cardiogenic shock
(91,92).

Card iac Arre st

Management of the cardiac arrest patient by advanced cardiac
life support (ACLS) guidelines include physical examination
(i.e., palpation of a pulse) and electrocardiographic monitor-
ing. ScvO 2 monitoring during cardiac arrest has been shown
to be a diagnostic and therapeutic adjunct (93–95). Cardiac ar-
rest patients routinely have ScvO 2 values of 5% to 20% during
cardiopulmonary resuscitation (CPR). Failure to reach an
ScvO 2 of at least 40% during the management of cardiac arrest
carries a 100% mortality even if the patient has an intermittent

TA BLE 2 6 . 3

EFFECT OF VARIATION IN PaO2 ON SvO2

PaO2 600 200 100 80 60 40

SaO2 1.0 1.0 0.98 0.95 0.90 0.75
CaO2 19.8 18.6 17.9 17.3 16.3 13.6
CvO 2 15.9 14.6 13.9 13.3 12.3 9.6
SvO2 0.87 0.81 0.77 0.73 0.68 0.53

Calculated change in SvO 2 caused by an uncompensated change in
PaO 2 (mm Hg), assuming hemoglobin = 13 g/dL, C(a – v)O 2 = 4.0
mL/dL, and V̇O 2 and cardiac output are unchanged.

TA BLE 2 6 . 4

EFFECT OF CARDIAC OUTPUT (CO) ON SvO2

CO 10 7.5 5.0 4.0 3.0 2.0

C(a – v)O 2 2.5 3.3 5.0 6.3 8.3 12.5
CaO2 18.3 18.3 18.3 18.3 18.3 18.3
CvO2 15.8 15.0 13.3 12.0 10.0 5.8
SvO2 0.87 0.83 0.73 0.66 0.55 0.31

Calculated effect of uncompensated changes in cardiac output (L/min)
on SvO 2, assuming hemoglobin = 13 g/dL, PaO 2 = 100 mm Hg, SaO 2
= 0.98, and V̇O 2 is fixed at 250 mL/min.

measurable blood pressure. These values are consistent with
animal models (SvO 2 of < 43% ) using cardiopulmonary by-
pass (96). ScvO 2 has also been used to confirm the presence or
absence of sustainable cardiac activity during electromechan-
ical dissociation (EMD) or a pulseless idioventricular rhythm
where over 35% of these patients have been shown to have
spontaneous cardiac activity (pseudo-EMD) (97). If the ScvO 2
is greater than 60% during CPR, return of spontaneous cir-
culation (ROSC) is likely, and the pulse should be frequently
rechecked if EMD was present. Between ScvO 2 values of 40%
and 72% , there is a progressive increase in the rate of ROSC.
When an ScvO2 greater than 72% is obtained, ROSC has likely
occurred. Continuous ScvO 2 monitoring also provides an ob-
jective measure to confirm the adequacy or inadequacy of CPR
in providing ḊO 2.

Post –Card iac Arre st Care
In the immediate postresuscitation period, patients are fre-
quently hemodynamically unstable and have a high frequency
of rearrest. Blood pressure (1,94) may be rendered insensi-
tive in the measurement of cardiac output or oxygen deliv-
ery secondary to the high systemic vascular resistance of cat-
echolamine therapy. An abrupt or gradual decrease in SvO 2
(less than 40% –50% ) indicates likelihood for rearrest. An SvO 2
greater than 60% to 70% indicates hemodynamic stability. A
sustained extreme elevation of SvO 2 (greater than 80% ), or
venous hyperoxia, in the presence of a low ḊO 2 and increased
lactate levels carries a poor prognosis because it indicates an
impairment of systemic oxygen utilization. This has been at-
tributed to long periods of arrest and the use of large doses of
vasopressors (98). If this derangement is not corrected within

TA BLE 2 6 . 5

EFFECT OF OXYGEN CONSUMPTION ON SvO2

V̇O2 150 200 250 300 400 500

C(a – v)O2 3.0 4.0 5.0 6.0 8.0 10.0
CaO 2 18.3 18.3 18.3 18.3 18.3 18.3
CvO2 15.3 14.3 13.3 12.3 10.3 8.3
SvO2 0.85 0.79 0.74 0.68 0.57 0.46

Effect of uncompensated changes in V̇O 2 (mL/min) on SvO 2,
assuming hemoglobin = 13 g/dL, PaO2 = 100 mm Hg, SaO 2 = 0.98,
and cardiac output is fixed at 5 L/min.
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TA BLE 2 6 . 6

PERCENTAGE OF ERROR RESULTING FROM
ESTIMATION OF PvO2

Measured values of SvO2

Factor 0.50 0.75 0.85

CvO 2 1.2 0.8 0.7
C(a – v)O2 1.2 2.6 4.8
V̇O 2 1.2 2.6 4.8
Q̇ sp /Q̇ t 0.9 1.0 3.0

Theoretical maximum errors (% ) in derived parameters if PvO 2 is
estimated at 20 and 50 mm Hg for each saturation value measured.
Maximum error is 4.8% only at the extreme of estimating PvO2 to be
20 mm Hg when SvO2 is 0.85. The maximum error would be one half
of this amount if PvO2 is estimated to be 35 mm Hg in all cases. These
maximum predicted errors are not clinically significant.

the first 6 hours of the early postresuscitation period, the out-
come is uniformly fatal (94). Venous hyperoxia can also be
seen after acute myocardial infarction. Postexercise SvO 2 over-
shoot and, hence, decreased systemic oxygen extraction during
recovery represent a compensatory response of an enhanced
peripheral vascular tone that maintains systemic arterial blood
pressure in the setting of reduced cardiac output by linking
central and peripheral blood flow (99).

Traumat ic and He morrhag ic Shock

The standards of Advanced Trauma Life Support focus on nor-
malization of vital signs (100). Studies have shown that vital
signs are insensitive end points of resuscitation and outcome
predictors in hemorrhage and trauma resuscitation (1,101).
Scalea et al. (101) and Kowalenko et al. (102) have shown
that patients presenting with trauma and hemorrhage required
additional resuscitation or surgical procedures if the ScvO 2 re-
mained less than 65% . Kremzar et al. (82) examined whether
maintaining normal levels of SvO 2 in patients with multiple
injuries is more relevant to survival than maintaining above-
normal levels of oxygen transport. For patients with multiple
injuries, maintaining normal SvO 2 values and increasing ḊO 2
only if required are more relevant for survival than routine
maintenance of above-normal oxygen transport values. In a
series of 10 seriously injured patients requiring resuscitation
and definitive operative control of hemorrhage, Karzarian and
Del Guercio (83) found that improvement of the SvO 2 was as-
sociated with improved survival. In this study, mixed venous
oxygen saturations were valuable predictors of survival and
were a helpful parameter to monitor during the resuscitative,
operative, and immediate postoperative periods.

Acut e and Chronic He art Failure
and Pulmonary Hyp e rt e nsion

Cardiogenic shock is characterized by decreased ḊO 2, de-
creased SvO2, increased O 2ER and evidence of tissue hy-
poxia (lactic acidosis, end-organ dysfunction) secondary to
acute myocardial dysfunction (91,92). SvO 2 has been shown to

have therapeutic and prognostic utility in patients with acute
myocardial infarction (77,92,103,104). Prospective outcome
studies have not validated its clinical use in this patient popu-
lation (105). Ander et al. (64) examined patients who presented
with decompensated chronic severe heart failure (ejection frac-
tion < 30% ) who were stratified into normal and elevated lac-
tate (> 2 mmol/L) groups. There was a significant prevalence
of “occult cardiogenic shock” (ScvO 2 of 26.4% –36.8% ) in
the presence of normal vital signs. Using a goal-oriented ap-
proach of preload, afterload, contractility, coronary perfusion,
and heart rate optimization, these patients required additional
therapy compared to their counterparts with normal lactate
levels. ScvO 2 and brain natriuretic peptide (BNP) level predict
hemodynamics associated with lower survival rates and may
be useful as noninvasive markers of prognosis in epoprostenol-
treated pulmonary arterial hypertension (PAH) patients (106).

Se ve re Se p sis and Se p t ic Shock

SvO 2 in sepsis is commonly referred to as an end point of low
impact in clinical decisions in sepsis because of the common
perception that SvO 2 is always increased in septic ICU pa-
tients. However, there are fundamental issues that render this
modality clinically useful when applying it to the early stages of
supply-dependent phase of sepsis (global tissue hypoxia) where
saturation is low in both animal (107,108) and human models
of sepsis (103). During this phase SvO 2 is inversely correlated
with lactate concentration (r = − 0.87, p < 0.001). These data
suggest that cellular oxygen utilization is largely maintained
during rapidly fatal septic shock (109,110). Identifying sudden
episodes of supply dependency in septic ICU patients (sudden
decreases in SvO 2) has diagnostic and prognostic significance
(10,12,63). Previous studies have examined SvO 2-guided goal-
directed therapy after ICU admission and have found no out-
come benefit in general ICU patients (79). However, in a study
evaluating early goal-directed therapy (EGDT) using multiple
hemodynamic end points including SvO2 in the most proximal
stages of hospital admission, patients presenting with severe
sepsis and septic shock were randomized to 6 hours of EGDT
or standard therapy before ICU admission. Both groups were
resuscitated to a central venous pressure (CVP) > 8 mm Hg
and mean arterial pressure (MAP) > 65 mm Hg; however, the
treatment group was resuscitated to a ScvO 2 > 70% using ad-
ditional therapies such as red cell transfusion, inotropes, and
mechanical ventilation to reach this end point (Fig. 26.11).
Over the initial 72 hours, there was a higher central venous O 2
saturation, lower lactate, lower base deficit, and higher pH in
the EGDT versus the control group indicating more definitive
resolution of global tissue hypoxia. Organ dysfunction, vaso-
pressor use, duration of mechanical ventilation, and mortality
were significantly reduced (9). This concept of EGDT has been
reproduced in multiple studies and is one of the cornerstones of
the resuscitation bundle recommended by the Surviving Sepsis
Campaign (111).

Pulmonary Emb olus

Patients with massive pulmonary embolism and obstructive
shock usually require hemodynamic stabilization, thrombolyt-
ics, and mechanical interventions. Krivec et al. (112) examined
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FIGURE 26.11. Early goal-directed therapy
(EGDT) in severe sepsis and septic shock. CVP,
central venous pressure; Hct, hematocrit; MAP,
mean arterial pressure; SBP, systolic blood pres-
sure; ScvO 2, central venous oxygen saturation.
(From Rivers E, Nguyen B, Havstad S, et al.
Early goal-directed therapy in the treatment of
severe sepsis and septic shock. N Engl J Med.
2001;345(19):1368–1377.)

10 consecutive patients hospitalized in the ICU with obstructive
shock following massive pulmonary embolism in a prospective
observational study. During hemodynamic optimization and
infusion of thrombolytics therapy, heart rate, CVP, mean pul-
monary artery pressure, and urine output remained unchanged,
but the relative change of SvO 2 at hour 1 was higher than
the relative changes of all other studied variables (p < 0.05).
Serum lactate on admission and at 12 hours correlated to SvO 2
(r = − 0.855, p < 0.001). In obstructive shock after massive
pulmonary embolism, SvO 2 changes more rapidly than other
standard hemodynamic variables.

Re sp irat o ry Failure

In nine of 13 patients with hypoxemic respiratory failure re-
quiring positive end-expiratory pressure (PEEP), there was a
strong correlation (r = 0.88) between ḊO 2 and SvO 2. Of the
four patients not showing a good correlation, two had sepsis
and two had nearly normal values of SvO 2 and oxygen de-
livery at all levels of PEEP studied. Continuous measurement

of SvO 2 improves monitoring of patients, facilitates titration
of respiratory therapies, detects abrupt changes in tissue oxy-
gen consumption, and identifies levels of PEEP associated with
greatest oxygen delivery (113).

Post op e rat ive Thoracic and
Card iac Surg e ry Pat ie nt s

Continuous SvO 2 monitoring was examined in 19 patients as
to its predictive value during the postoperative course after
thoracotomy for a time period up to 60 hours. In all but one
of the 10 patients with SvO 2 less than 65% for at least one
hour, complications occurred. A fall of SvO 2 more than 5%
or a value < 60% predicted a period of hypotension in six pa-
tients. In two of them this coincided with a period of ventric-
ular arrhythmias. In those with SvO 2 below 65% , no postop-
erative complications such as arrhythmias, shock, respiratory
dysfunction, or oliguria took place (76). Cardiac surgical pa-
tients are at risk of inadequate perioperative oxygen delivery
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caused by extracorporeal circulation and limited cardiovascu-
lar reserves (114,115). Four hundred and three elective cardiac
surgical patients were enrolled in the study and randomly as-
signed to either the control or the protocol group. Goals of
the protocol group were to maintain SvO 2 > 70% and a lac-
tate concentration ≤ 2.0 mmol/L from ICU admission and up
to 8 hours thereafter. The median hospital stay was shorter
in the protocol group (6 vs. 7 days, p < 0.05), and patients
were discharged faster from the hospital than those in the con-
trol group (p < 0.05). Discharge from the ICU was similar be-
tween groups (p = 0.8). Morbidity was less frequent at the time
of hospital discharge in the protocol group (1.1% vs. 6.1% ,
p < 0.01) (116). Venous oximetry has also been shown to have
clinical utility in weaning patients from ventricular assist de-
vices (117,118).

Vascular Surg e ry

In 31 patients undergoing elective operations for aortic
aneurysms (n = 25) and aortoiliac occlusive disease (n = 6),
SvO 2 was recorded throughout the operation. In all patients,
unclamping the aorta resulted in a marked reduction of mean
SvO2, with no change in the cardiac output or SaO 2. The
unclamping of tube grafts was associated with a significant
reduction in arterial pH (p < 0.01) and in SvO 2 (p < 0.001)
when compared with unclamping of bifurcation grafts. De-
spite a longer clamp time, unclamping the second limb of a
bifurcation graft resulted in a smaller decrease in SvO 2 when
compared with that observed after unclamping the first limb
(12% vs. 6% , p < 0.01). The change in SvO 2 after unclamp-
ing the second limb was only 2% in aortobifemoral grafts and
9% in aortobi-iliac grafts. Reperfusion via extensive pelvic and
lumbar collaterals in patients with aortoiliac occlusive disease
reduces the degree of SvO 2 decrease after aortic unclamping.
Monitoring the changes in SvO 2 during different types of aor-
tic reconstruction helps to define precisely the physiologic al-
terations that occur in the course of these operations (85,86).

Post op e rat ive Hig h-Risk Pat ie nt s

ScvO 2 and other biochemical, physiologic and demographic
data were prospectively measured for 8 hours after major
surgery. Data from 118 patients were analyzed; 123 morbidity
episodes occurred in 64 of these patients. The optimal ScvO 2
cutoff value for morbidity prediction was 64.4% . In the first
hour after surgery, significant reductions in ScvO 2 were ob-
served, but there were no significant changes in cardiac in-
dex (CI) or oxygen delivery index during the same period.
Significant fluctuations in ScvO 2 occur in the immediate post-
operative period and are not always associated with changes
in oxygen delivery, suggesting that oxygen consumption is
also an important determinant of ScvO 2. Reductions in ScvO 2
are independently associated with postoperative complications
(119–121).

Posit ioning Pat ie nt s and Post ural Chang e s

The effects of changes in positioning on SvO 2 in critically ill
patients with a low ejection fraction (≤ 30% ) and the contri-
bution of variables of oxygen delivery (ḊO2) and oxygen con-

sumption (V̇O 2) to the variance in SvO 2 were examined. An
experimental two-group repeated-measures design was used
to study 42 critically ill patients with an ejection fraction of
≤ 30% . Patients were assigned randomly to one of two posi-
tion sequences: supine, right lateral, left lateral; or supine, left
lateral, right lateral. Data on SvO 2 were collected at baseline,
each minute after position change for 5 minutes, and at 15 and
25 minutes. A difference in SvO 2 among the three positions
across time was significantly different (p < 0.0001), with the
greatest differences occurring within the first 4 minutes and
in the left lateral position. V̇O 2 accounted for a greater pro-
portion of the variance in SvO 2 with position change than did
ḊO 2 (122,123). Similar findings have been noted in SvO 2 with
orthostatic positioning and its superiority in reflecting central
blood volume over central venous pressure (87).

Ne onat e s and Pe d iat ric Pat ie nt s

SvO 2 has been shown to be clinically useful in pediatric patients
(124). However, the challenges of pulmonary artery catheteri-
zation make monitoring of the shock state with SvO 2 limited,
making ScvO2 a convenient surrogate (75,89). In an experi-
mental model of neonatal sepsis, SvO 2 significantly correlates
with right atrium oxygen saturation (r2 = 0.88). Animal studies
suggest that ScvO 2 at the right atrium can be a sure, efficient,
and easy alternative for the neonatal patient (125), particu-
larly during therapeutic interventions such as mechanical ven-
tilation and intravascular volume resuscitation (126). Studies
in patients have been less consistent. Simultaneous ScvO 2 and
SvO 2 values in children recovering from open heart surgery
show ScvO 2 is consistently lower than SvO 2. This difference
may be secondary to residual intracardiac left-to-right shunt-
ing of blood or to altered distribution of systemic blood flow.
The saturation difference between the two venous samples de-
creases during postoperative recovery, making a ScvO 2 blood
sample an inadequate substitute for SvO 2. Because ScvO 2 was
frequently subnormal while SvO 2 was in the normal range,
monitoring of SvO 2 could not be reliably used to rule out oxy-
gen supply/demand imbalance during the early postoperative
period in these patients (124,127). To overcome these clini-
cal inconsistencies, a regression formula was derived: SvO 2 =
3 × SVC + HIVC divided by 4, where SVC is superior vena
cava saturation and HIVC is high inferior vena cava satura-
tion (61). Validation of the clinical utility of ScvO 2 in children
has the same challenges as in adults. A sepsis trial reported
significant survival benefit when ScvO 2 was added to the pedi-
atric model of septic shock. This study supports current recom-
mendations by the American College of Critical Care Medicine
for its use in neonatal and pediatric septic shock (Fig. 26.12)
(128).

COST EFFECTIVENESS
Economic analysis of the technology of venous oximetry is
complex. Because of its variable use in many clinical situations,
the direct association with one single variable to outcome and
health care resource consumption is not a simple one. In quan-
titating the economic impact, one must assess prevention of
additional resource use such as venous blood gases and nurs-
ing time, hemodynamic life-threatening events, and decreased
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FIGURE 26.12. Pediatric advanced life support (PALS).
Cl, chlorine; CVP, central venous pressure; ECMO; ex-
tracorporeal membrane oxygenation; MAP, mean arterial
pressure; PDE, phosphodiesterase; PICU, pediatric inten-
sive care unit; ScvO 2, central venous oxygen saturation.
(From Carcillo JA, Fields AI. Clinical practice parameters
for hemodynamic support of pediatric and neonatal pa-
tients in septic shock. Crit Care Med. 2002;30(6):1365–
1378.)

health care resource consumption through improved morbidity
and mortality. Significant reductions in the number of venous
blood gas analyses, cardiac output measurement, and charges
have been observed (113,129,130). Several studies have sug-
gested that the increased cost of the fiberoptic catheter is not
justifiable in terms of cost savings (131,132). However, in the
treatment of sepsis and cardiothoracic patients, significant re-
ductions in morbidity, mortality, and health care resource con-
sumption have been observed with goal-directed algorithms
using venous oximetry (116,133).

COMBINED VENOUS
AND PULSE OXIMETRY

Pulse oximetry and continuous mixed venous oximetry can
be combined into a useful tool if we understand the under-
lying physiology that allows certain inferences to be made as
well as the limitations. The two devices together provide the
capacity to evaluate simultaneous changes in the patient’s car-
diovascular and respiratory systems. Arterial oxygen tension
and arterial oxygen saturation are related through the familiar
oxyhemoglobin dissociation curve. SaO 2 values in the range of
70 to 95 reflect changes in PaO2 and are useful in monitoring
cardiorespiratory disease and directing therapy. Large changes
in PaO 2 (80–600 mm Hg) can occur with minimum changes in

SaO 2. To maintain arterial oxygen delivery, we keep SaO 2 val-
ues between 90% and 95% . Below 90% , desaturation dimin-
ishes arterial oxygen content and oxygen delivery; above 95% ,
SaO2 values no longer track PaO 2 values. At a Hgb value of 13
g/dL, fully saturated Hgb would carry 18.07 mL of oxygen. If
arterial PO 2 was 100 mm Hg, an additional 0.31 mL would be
dissolved in plasma for a total oxygen content of 18.38 mL per
100 mL of blood. If PaO 2 fell to 75 mm Hg and SaO 2 concomi-
tantly dropped to 95% , Hgb-carried oxygen would be 18.07
times 0.95, or 17.17 mL. The dissolved oxygen would be 75
times 0.003, or 0.23, and total oxygen content would be 17.4
mL in 100 mL of blood. In the first example, total oxygen con-
tent was 18.38 mL. If the second oxygen content, 17.4 mL, is
divided by 18.38 mL, the quotient is 0.95; thus, total oxygen
content changed the same amount as did the arterial saturation.
We can obtain the same information by comparing changes in
SaO2 alone without following either PaO 2 or calculating total
oxygen content. The same is true for SvO 2 and mixed venous
oxygen content (27,134,135).

APPLICABILITY
There are many valuable bedside uses for simultaneous oxime-
try. For instance, if a patient’s respiratory function has im-
proved, high FiO 2 may be weaned quickly. We have found that
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changes can be made every 5 minutes. This contrasts to the
usual clinical scenario using blood gases where after a change
in FiO 2 (15-minute equilibration period), drawing of blood is
done. If patients have severely depressed oxygenation, PEEP
therapy can be augmented much more rapidly by monitoring
SvO2. In the case of cardiovascular collapse associated with
low SvO 2i the response to blood and other fluid infusions as
well as vasoactive drugs can be judged rapidly. If the interven-
tion does not increase SvO 2 quickly (within a few minutes),
it probably has not been effective. Increased CO may result
in increased oxygen consumption without a change in SaO 2
minus SvO 2. This ability to judge the effectiveness of interven-
tions quickly is certainly attractive and often gratifying to the
clinician.

LIMITATIONS AND
FUTURE Q UESTIONS

In spite of studies questioning the value of SvO 2 in ICU patients
(94,127,132,136), there is considerable evidence that ScvO 2
may have a beneficial role in the early management of critically
ill adults, children, and neonates (89,126). The ability to access
this information earlier in the phases of critical illness is now a
reality, and further studies are now in progress to confirm that
early recognition and treatment of out-of-normal-range ScvO 2
values have significant outcome benefit.

CLINICAL EXAMPLES
Case 1
A 75-year-old male victim of a witnessed cardiac arrest presents to
the emergency department. After bystander CPR was performed,
emergency medical services (EMS) initiates advanced cardiac life
support (ACLS) guidelines. He was found to be in ventricular fibril-
lation and was successfully defibrillated into normal sinus rhythm.
He is admitted to the ICU.
Vital signs: Blood pressure (BP), 160/80; MAP, 106 mm Hg;
heart rate (HR), 130 beats per minute; respiratory rate (RR),

16 (bag/valve/mask); temp, 36.4◦C; SaO 2, 98% on 100% FiO 2;
ScvO2, 85% .
Arterial blood gas (ABG) (21%): pH, 7.20; PaCO2, 31; PaO 2, 63;
SaO2, 93% ; NaHCO 3, 18; base deficit, − 5.
Complete blood count (CBC): White blood cells (WBC), 15.1;
hemoglobin (Hb), 10.5; hematocrit (Hct), 31% ; platelets (PLT),
400,000.
PA catheter: CI, 1.2/minute/m2; PAOP, 22 cm/H 2O; CVP, 26
cm/H2O; systemic venous resistance (SVR), 5,600 dynes/s ·cm5.

Baseline Therapy Result

ScvO 2(CPR) 15%
SvO 2 90%
Lactate 8.4 (mmol/ L)
SaO 2 93%
O2ER 10%
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60%

3.2

100%

40%

What ’s t he Base line ?

This case (Fig. 26.13) illustrates several important elements.
Namely, the interpretation of the SvO 2 is limited without an
arterial blood gas since a near-normal SvO 2 value does not im-
ply normal physiology. The oxygen extraction ratio (O 3ER)
(aO 2 − vO 2 difference/SaO 2) is only 10% . The value of SvO 2
is also confounded by the presence of mild anemia. Hypox-
emia and circulatory arrest with resultant hypoperfusion leads
to anaerobic metabolism represented by the presence of lactic
acidosis.

What ’s Hap p e ning ?

The O 2ER is very low, and in the setting of cardiac arrest, can
possibly relate to the vasoconstrictive effects of vasopressors
used during ACLS or the cytotoxic damage of global tissue
hypoxia and reperfusion. This impairment of systemic oxygen
utilization is manifest as mixed venous hyperoxia. Global tis-
sue hypoxia ensues as a consequence of decreased perfusion

FIGURE 26.13. Baseline for Case 1.
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and impaired tissue uptake resulting in lactic acidosis (73). It
is notable that as treatment progresses with vasodilators, the
O 2ER increases to 40% and lactate decreases.

What ’s t he Int e rp re t at ion?

The postresuscitative phase of cardiac arrest is characterized by
a complex array of hemodynamic perturbations (Fig. 26.14).
O 2ER can be up to 90% during cardiac arrest, and the fail-
ure to reach a SvO 2 of 40% portends near 100% mortality
(73). Once a return to spontaneous circulation (ROSC) is ob-
tained, venous hyperoxia or an impaired O 2ER may be a tem-
porary or permanent issue. The period immediately follow-
ing multiple doses of vasopressors with ROSC is character-
ized by elevated circulating catecholamines and is termed the
early postarrest phase. If efforts fail to decrease afterload, va-
sodilate the microcirculation, improve cardiac function to a
V̇O2 above 90 mL/minute/m2 within 6 hours after cardiac ar-
rest and persistent lactic acidosis, death is imminent within
24 hours (73).

Similar scenarios to the early phase of cardiac arrest char-
acterized by an elevated SvO 2 and lactic acidosis can also be
seen with vasopressor-dependent shock, sepsis, severe thiamine
deficiency, severe Paget disease, malaria, salicylate toxicity, and
cyanide toxicity. The later post-ROSC phase demonstrating
low SvO 2 and persistent lactic acidosis is comparable to hep-
atic failure, sepsis, anemia/hemorrhage, cardiogenic shock, and
severe mesenteric ischemia.

Case 2
A 66-year-old female with a history of chronic obstructive lung
disease (COPD) presents to the emergency department with a chief
complaint of shortness of breath with fever for the past 4 days. She
has had a cough productive of yellowish-greenish sputum and is
tachypneic and in obvious respiratory distress.
Vital signs: BP, 140/80; HR, 118; RR, 24; temp, 38.0 C; pulmonary
oxygen saturation (SpO2), 88% on room air, 93% on 2 L/minute
O2

ED course: In the emergency department, the patient is noticeably
more tachypneic and lethargic, so the patient is ultimately intu-
bated for airway protection. Chest x-ray (CXR) study demonstrates
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FIGURE 26.14. SvO 2 response during resuscitation. ACLS, advanced
cardiac life support; ROSC, return of spontaneous circulation; SvO 2,
mixed venous oxygen saturation; VF, ventricular fibrillation. (Adapted
from Rivers EP, Martin GB, Smithline H, et al. The clinical implications
of continuous central venous oxygen saturation during human CPR.
Ann Emerg Med. 1992;21(9):1094–1101, with permission.)

a right lower lobe (RLL) infiltrate, consolidation, and airspace dis-
ease.
Hemodynamic monitoring in the ED: CVP, 16 cm/H 2O; ScvO 2,
44% ; lactate, 1.9 mmol/L.

About 1 minute after intubation, ScvO 2 monitoring begins to
rise; ScvO2 is now reading 58% . The patient is suctioned and
copious thick sputum is removed. The patient’s CVP improved
to 8 cm H 2O after administration of a vasodilator. Repeat lac-
tate reading increases 4.7 mmol/L.

Baseline Therapy Result
ScvO2 44%
Lactate 1.9

(mmol/ L)
SaO2 88%
O 2ER 50%
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What ’s t he Base line ?

This patient has hypoxia, respiratory distress, and relatively
stable vital signs (Fig. 26.15). The fever and clinical complaint
in the presence of three systemic inflammatory response syn-
drome (SIRS) criteria makes pneumonia a likely inciting con-
dition. The patient also exhibits hyperlactatemia and central
venous hypoxia (low ScvO 2)

What ’s Hap p e ning ?

The patient has symptoms consistent with pneumonia and hy-
poxemia with an O 2ER of 50% . This increased O 2ER despite a
normal blood pressure with an elevated central venous pressure
should alert the clinician of possible myocardial dysfunction.

What ’s t he Int e rp re t at ion?

The combination of three SIRS criteria and hyperlactatemia
in the setting of infection heralds global hypoperfusion and
organ dysfunction. The central venous hypoxemia reflects her
oxygen delivery–dependent state. This illustrates the concept
of cryptic septic shock. These patients are often clinically un-
derrecognized due to the presence of seemingly normal vital
signs in the face of tissue hypoxia. Interestingly, the presence
of an elevated CVP would ordinarily imply normal or elevated
intravascular volume, and in patients with a history of cardiac
dysfunction, could lead the clinician to inappropriately admin-
ister a diuretic. In this case a vasodilator was more appropriate
therapy to improve cardiac output by reduction of afterload.
Patients with long-standing cardiopulmonary disease may have
low venous saturations with normal lactates until they become
delivery dependent. This has been characterized as metabolic
hibernators (71).

The presence of SIRS criteria should prompt the clinician to
consider obtaining a lactate level to stratify the severity of her
condition. In certain patients who do not present initially with
an elevated lactate, their history of concurrent medical condi-
tions can create a state of ischemic preconditioning, also termed
metabolic hibernation. This early recognition and treatment of
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FIGURE 26.15. Baseline for Case 2.

the hypoperfused state was originally described by Rivers et
al. where a protocolized approach to severe sepsis significantly
improved morbidity and mortality. Similar hemodynamic con-
ditions to this patient’s initial presentation include hypother-
mia, a regional hypoperfused state, or congestive heart fail-
ure/cardiopulmonary disease.

Case 3
A 60-year-old male patient was brought to the emergency de-
partment from an assisted-living facility with a chief complaint
of change in mental status. The patient has a past medical his-
tory significant for cerebral vascular accident (CVA), hypertension,
schizophrenia, and diabetes. The patient was found slumped on a
park bench.

Initially the patient is nonverbal and presents with the following
vital signs: BP, 110/40; HR, 120; RR, 24; temp, 32◦C; SaO 2, 96%
on 2L O2; Glasgow coma scale, 11.

Physical examination:

Patient receives 1-L bolus of crystalloids with mild increase in BP.
The patient is taken to the monitored area of the ED because the
nurse notices the patient is very slow to respond. The patient’s bed-
side glucose is < 50 mg/dL. The patient is given an amp of 50%
dextrose. The patient’s mental status immediately improves.

Labs: Na, 158; K, 5.2; Cl, 100; CO 2, 24; BUN, 90; creatinine, 1.8;
glucose, 44; β -hydroxybutyrate, 8.0.
ABG: pH, 7.30; pCO2, 44; paO 2, 100; SaO2, 96% ; HCO 3

− , 24;
lactate, 2.0.

Hemodynamics: CVP, 1 cm H 2O, ScvO2, 72% .
Hospital Course

Baseline Therapy Results

SaO 2: 96% 100%
−−−−−−−−−−−−−−−−−−→

SvO 2 72% Fluids, thiamine, glucose 70%

O2ER 25% 30%

Lactate 2.2 1.2 mmol/L
mmol/L
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What ’s t he Base line ?

This patient’s mental status is altered, probably due to the
combination of hypoglycemia and hypothermia (Fig. 26.16).
His initial presentation and hemodynamic measurements in-
dicate severe volume depletion. The patient is maintaining
a normal blood pressure but has evidence of progressing
hemodynamic instability. Given his history, toxicologic and
metabolic derangements may be responsible for his hemody-
namic embarrassment.

What ’s Hap p e ning ?

The patient is exhibiting evidence of anion gap metabolic acido-
sis (which may be due to ketonemia [β -hydroxybutyrate] and
mild lactic acidosis) as well as abnormal chemistry and blood
gas data. His O 2ER is 25% , which is in the normal range. The
patient is hypothermic, which may account for the central ve-
nous oxygen saturation in the normal range. His mental status
may be accounted for by hypoglycemia.
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FIGURE 26.16. Baseline for Case 3.

What ’s t he Int e rp re t at ion?

The patient’s extraction ratio may be slightly higher than ex-
pected but may be explained by a depressed metabolic rate
associated with hypothermia. The near-normal lactate level on
presentation may also be explained by a depressed metabolic
rate despite the lack of substrate (glucose). The higher-than-
expected O 2ER should be noted, and a search for disturbances
of oxygen utilization should be considered. Entities that impair
the tissues’ ability to utilize oxygen consist of toxicologic and
metabolic derangements including chronic thiamine deficiency,
cyanide toxicity, and possibly severe acetaminophen toxicity.
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APPENDIX ■

A P P E N D IX 2 6 . 1

NORMAL RANGE, UNITS, AND DERIVATION FOR COMMON OXYGEN TRANSPORT TERMS

Parameter Normal range Units Derivation

PaO 2 (Varies with FiO 2) mm Hg Measured
SaO2 > 0.92 (Fraction) Measured
CaO2 16–22 mL/dL (SaO 2 × Hgb × 1.38) + PaO 2 × 0.0031)
PvO 2 35–45 mm Hg Measured
SvO2 0.65–0.75 (Fraction) Measured
CvO2 12–17 mL/dL (SvO 2 × Hgb × 1.38) + (PvO 2 × 0.0031)
C(a – v)O2 3.5–5.5 mL/dL CaO 2 – CvO 2
V̇O 2 180–280 mL/min C(a – v)O 2 × CO × 10
V̇O 2 indexed 120–160 mL/min/m2 C(a – v)O 2 × CI × 10
ḊO2 indexed 500–600 mL/min/m2 CaO 2 × CI × 10
ḊO 2 700–1,400 mL/min CaO 2 × CO × 10
OUC/O2ER 0.23–0.32 (Fraction) V̇O 2/ḊO 2

PaO 2, arterial oxygen tension; SaO 2, arterial oxygen saturation; CaO 2, arterial oxygen content; PvO 2 , mixed venous oxygen tension; SvO 2, mixed
venous oxygen saturation; CvO2, mixed venous oxygen content; C(a – v)O 2, arterial-venous oxygen content difference; V̇O 2 , oxygen consumption;
ḊO2 , oxygen delivery; OUC, oxygen utilization coefficient (extraction ratio); O 2ER, extraction ratio; FiO 2 , fraction of inspired oxygen; Hgb,
hemoglobin; CO, cardiac output.
Normal ranges are approximate and may vary between laboratories.
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Neurologic monitoring in the intensive care unit (ICU) is used
either in a general sense as part of a systems-based approach
to assess one of the major bodily systems or with the specific
intent to guide therapy and/or assess prognosis. Imaging stud-
ies of the central nervous system (CNS)—while not considered
“monitoring” in the strict sense—play a central role in this as-
sessment by establishing diagnoses and quantifying the extent
of pathology. Important constraints for typical neuroradiologic
imaging are presented in the first section below.

Many interventions in the ICU aimed at restoring or main-
taining conditions that are favorable for recovery of the pa-
tient target normal brain and, by extension, affect the results
of neurologic monitoring. Therefore, an understanding of the
parameters that affect the state of the brain is necessary as the
context for interpreting the results of neurologic monitoring.
These are presented in the second section followed by a de-
tailed discussion of available modalities for serial assessment
or monitoring of the nervous system.

NEURORADIOLOGIC IMAGING
Routine imaging studies of the brain are important in the re-
peated assessment of a patient’s neurologic status. Objective
information, particularly about structural abnormalities, is es-
sential to the clinical diagnosis. Neuroradiologic imaging stud-
ies typically take the form of computed tomography (CT) or
magnetic resonance imaging (MRI). Although not considered
“monitoring” per se, repeated studies or critically timed studies
may provide important clues about the time course of a patho-
logic process (1). Typical imaging workup for various clinical
diagnoses in critical care medicine is presented in Table 27.1.

To maximize the utility of an imaging study, the request-
ing physician needs to be aware of inherent strengths and
weaknesses of the chosen imaging modality. The questions
of contraindications to MRI, such as metal implants (see
www.mrisafety.com), morbid obesity, claustrophobia, or the
use of contrast agents, require special consideration. Whereas
the quality of CT images is simply degraded by patient move-
ment, MRI images acquired in an uncooperative, moving pa-
tient may contain “spurious pathology” because of misregis-
tration of anatomic structures. The requesting physician needs
to provide adequate details of the clinical history to the radi-
ologist, so that the imaging protocol can be designed to maxi-
mize information. Finally, some thought should be given to the
balance between the time spent obtaining the images and the
risks to the patient from a reduced level of, or delay in, care
during imaging and transport. Given the rapid development
in MRI modalities or in postacquisition processing, such bal-
ance is frequently best achieved by consulting directly with the
radiologist.

CT provides a map of the degree of radiographic absorp-
tion of intracranial structures. Generally, it is the test of choice
for localizing blood and imaging bone. Newer helical CT scan-
ners make image acquisition a comparatively fast process. This
allows the two- and three-dimensional reconstruction of arte-
rial anatomy from images during the first pass of radiocontrast
administration to obtain a CT arteriogram.

MRI provides a map of the response of hydrogen nuclei to
external magnetic fields. It is more versatile than CT, provides
better imaging of posterior fossa contents, and is considerably
more time consuming. T1 weighting enhances the detection of
lipids, methemoglobin (e.g., as the subacute residual of a hem-
orrhage), and concentrated protein (e.g., in a colloid cyst). A
radiofrequency pulse prior to T1 image acquisition can sup-
press the enhancement of lipids (“ fat suppression”) and is an
example of a protocol change that affects the resulting image.
T2 weighting enhances the detection of unbound water such as
in cerebrospinal fluid (CSF) (Fig. 27.1). A radiofrequency pulse
prior to T2 image acquisition (fluid attenuation inversion re-
covery [FLAIR] imaging) can suppress the enhancement of CSF
and improve the detection of edema (Fig. 27.1). MRI can also
be focused to detect moving elements such as in MR arteriog-
raphy or venography or CSF flow studies. Axoplasmic motion
of bulk water can be imaged with MRI to obtain a diffusion
image (apparent diffusion coefficient [ADC] map). This axo-
plasmic motion stops shortly after brain ischemia; therefore,
diffusion images provide the earliest radiographic evidence for
the core zone of an ischemic stroke.

Contrast media distribute with the blood flow, and can
therefore accentuate areas of increased vascularity such as in in-
flamed tissue or areas of tumor-induced angioneogenesis. Con-
trast media also distribute into—and thereby highlight—brain
structures that are missing a blood–brain barrier such as the
pineal gland or pituitary stalk, or brain areas where the blood–
brain barrier has been disrupted. Brain perfusion can be im-
aged during a bolus administration of contrast medium either
by MRI or by CT. The resulting map of the time to peak con-
centration of the contrast medium currently provides qualita-
tive information on cerebral blood flow, although quantitative
approaches are under development. Qualitative differences in
cerebral blood flow can be used to identify the ischemic penum-
bra of a stroke.

CEREBRAL METABOLISM:
FLOW–METABOLISM COUPLING

The cerebral metabolic rate for oxygen (CMRO 2) of the brain
averages 3.0 to 3.8 mL O2/minute/100 g. Although only 2%
of body weight, the human adult brain accounts for 15% to
20% of the resting oxygen consumption and about 25% to
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TA BLE 2 7 . 1

TYPICAL IMAGING PROCEDURES FOR NEUROLOGIC DISEASES IN THEIR ACUTE PHASE

Neurologic disease Initial imaging Further workup/alternatives

Stroke CT to rule out hemorrhage Diffusion- and perfusion-weighted MRI to identify ischemic
core and penumbra, respectively

Arteriovenous malformation CT for hemorrhage MR angiography or angiography as soon as possible
Intracerebral aneurysm CT for subarachnoid hemorrhage CT angiography or angiography to identify aneurysm; TCD

for vasospasm
Brain tumor MRI without and with contrast
Traumatic brain injury CT MRI as indicated later
Multiple sclerosis MRI without and with contrast
Meningitis/encephalitis CT without and with contrast MRI without and with contrast after initial treatment
Intracranial abscess CT without and with contrast MRI without and with contrast even initially, if patient is

stable
Granuloma MRI without and with contrast

CT, computed tomography; MRI, magnetic resonance imaging; TCD, transcranial Doppler ultrasonography.
Modified from Gilman S. Imaging the brain. First of two parts. N Engl J Med. 1998;338:812–820.

30% of the glucose consumption of the body. In order to meet
this high demand for oxygen and glucose, the brain requires
a high level of perfusion: 40 to 60 mL/minute/100 g of brain
tissue. Cerebral blood flow is regulated by four primary fac-
tors: metabolic stimuli, chemical stimuli, perfusion pressure,
and neural stimuli.

In the normal brain, an increase in cerebral metabolism
is rapidly matched by local increases in cerebral blood flow
(CBF). This is referred to as regional flow–metabolism coupling
or cerebral metabolic autoregulation (2). CBF is thus linked to
brain function and metabolism so that CBF varies in paral-
lel with CMRO 2 (Fig. 27.2). Two compensatory responses to
acute reductions in CBF have been established: Autoregulation
and increased oxygen extraction (3–5). Oxygen extraction is
able to vary within a narrow range. Misery perfusion occurs
when oxygen extraction is increased as a response to increased
CMRO 2, either when autoregulatory CBF compensation has
been exceeded or uncoupling has occurred (6). As cerebral per-
fusion pressure (CPP) falls, cerebral blood flow is maintained
initially by resistance arteriole vasodilation (7). Severe ischemia
results as CPP is further reduced; the capacity of both CBF au-
toregulation and increased oxygen extraction is exhausted, and
CBF falls as a function of pressure. Positron emission tomog-
raphy (PET) studies indicate that this occurs with relatively
preserved CMRO 2 in the penumbra of a focal ischemic area.

Several vasoactive metabolic mediators have been pro-
posed for cerebral regulation, including hydrogen ion, potas-
sium, CO 2, adenosine, glycolytic intermediates, phospholipid
metabolites (2), and, more recently, nitric oxide (8). In humans,
flow–metabolism coupling is evident during a variety of motor
and cognitive tasks that can be mapped using CBF techniques
(9).

The global relationship between CBF and CMRO 2 can be
expressed by the Fick equation where DajO2 is the arteriojugu-
lar difference in oxygen content:

CMRO 2 = DajO 2 × CBF or DajO 2 = CMRO 2/ CBF

In brain injury, during hypothermia, and under the influence
of anesthetic agents, CBF and metabolism may become disso-
ciated. In a series of 109 severe head injury patients, Bouma
et al. reported that CBF measured within the first 6 hours after
trauma was less than 18 mL/minute/100 g (i.e., the threshold
for cerebral ischemia) in one third of the patients (10). Arte-
rial vasospasm was an independent predictor of poor outcome
(11). Secondary ischemic neurologic damage was associated
with systemic factors, such as hypotension or hypoxemia, and
local factors, such as intracranial hypertension, after the injury
worsened outcome. Disruption of normal homeostatic mech-
anisms such as pressure autoregulation (see below) may also

FIGURE 27.1. Magnetic resonance images from a
patient with a glioblastoma multiforme. The axial,
gadolinium-enhanced T1-weighted image demon-
strates the enhancing tumor margin with its nonen-
hancing central necrosis. The axial, T2-weighted im-
age shows water as a bright signal in perifocal edema
and the central tumor necrosis, as well as in the cere-
brospinal fluid, while the fluid attenuation inversion
recovery image highlights only the edema around the
tumor and suppresses the cerebrospinal fluid signal
and the tumor necrosis. (Images courtesy of Ilona
Schmalfuss, MD.)
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FIGURE 27.2. Flow–metabolism coupling in the central nervous sys-
tem. As the metabolic needs of the brain—expressed as the cere-
bral metabolic requirement for oxygen (CMRO 2)—increases, cerebral
blood flow (CBF) increases in parallel.

aggravate cerebral ischemia. Mechanical hyperventilation used
to reduce intracranial pressure (ICP) may be deleterious by de-
creasing CBF, and may thus also lead to ischemia (12).

Hyp ot he rmia

Cerebral protection by hypothermia is commonly attributed
to cerebral metabolic suppression. The temperature coefficient
(Q 10) is the factor by which CMRO 2 is decreased by a 10◦C
decrease in temperature. Between 37◦C and 27◦C, the tem-
perature coefficient is 2.23, but between 27◦C and 17◦C—a
temperature range during which the electroencephalographic
activity ceases—the temperature coefficient doubles to 4.53.
Below 17◦C, the Q 10 returns to near 2.0 (Fig. 27.3). In the ab-
sence of electroencephalographic activity (e.g., during barbitu-
rate coma), however, the Q 10 remains near 2.0 over the entire
temperature range. With moderate hypothermia (i.e., above
27◦C), both CO 2 reactivity and autoregulation are intact while
CBF and CMRO 2 remain coupled (13). Evidence suggests that
there is a change in the coupling of blood flow and metabolism
during deep cerebral hypothermia (below 25◦C). Nonetheless,

metabolic regulation remains a main determinant of CBF even
during deep cerebral hypothermia (14).

Ane st he t ics

With the exception of ketamine, most intravenous and inhala-
tional anesthetics depress cerebral metabolism (15,16), with
consequent reductions in oxygen consumption (CMRO 2), CBF,
and intracranial pressure (17). As CMRO 2 decreases, CBF is
reduced proportionately because of flow–metabolism coupling.
After the administration of propofol and thiopental, flow–
metabolism coupling usually remains intact (17), and cerebral
oxygen saturation is expected to either remain unaltered or
improve. Etomidate, in contrast, can produce a rapid reduc-
tion in CBF accompanied by a slower reduction in CMRO 2,
a finding first demonstrated in dogs and later replicated in
humans (18,19). This mismatching of flow–metabolism cou-
pling, with a greater reduction in flow than demand, may in-
duce significant—albeit transient—cerebral oxygen desatura-
tion.

Propofol is believed to maintain cerebral autoregulation,
and even high doses of this drug do not obtund autoregula-
tion or carbon dioxide reactivity (20). The effect of propofol
on flow–metabolism coupling is more controversial, with at
least one study demonstrating intact coupling (21). Both in-
creased and decreased cerebral oxygen extraction have been
demonstrated with propofol, suggesting CBF–CMRO 2 uncou-
pling (22,23). Despite the fact that normal flow–metabolism
coupling is believed to be retained in only a proportion of
head-injured patients, there is a paucity of data regarding the
influence of propofol on flow–metabolism coupling after trau-
matic brain injury. It has been demonstrated that after trau-
matic brain injury, flow–metabolism coupling remains intact
during a step increase in propofol infusion rates (24), as is the
case in noninjured patients (25).

Benzodiazepines and opiates appear to have limited intrinsic
effects on CBF, CMRO 2, and CBF–CMRO 2 coupling (26,27).
Because of their sedative properties, they cause a decrease
in CBF and intracranial pressure that parallels the sedation-
induced decrease in CMRO 2. As with all anesthetics, the de-
creased sympathetic tone caused by the sedation, on the other
hand, risks a decrease in mean arterial pressure that may in fact

FIGURE 27.3. Theoretical interaction of temperature,
brain function, metabolic requirements (CMRO 2), and
calculated Q10 values. During temperature reduction
from 37◦C to 27◦C, function is maintained, and
metabolism devoted to both function and maintenance
of integrity are presumed to be equally affected, with
a slightly more than 50% reduction in CMRO 2 gener-
ating a Q10 value of 2.4. A further 10◦C reduction in
temperature to 17◦C abolishes function, resulting in a
step decrease in CMRO 2 such that the calculated Q10
value is 5.8. At this point, the total oxygen consumed by
the brain is reduced to less than 8% of the normothermic
value. (With permission from Black S, Michenfelder JD.
Cerebral blood flow and metabolism. In: Cucchiara RF,
Black S, and Michenfelder JD. Clinical N euroanesthesia.
2nd ed. New York; Churchill Livingston. 1998:9.)
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FIGURE 27.4. Effect of arterial CO 2 on cerebral blood flow (CBF).

diminish cerebral perfusion. Dexmedetomidine, an α2-receptor
agonist, is a recent and expensive sedative. Similar to opiates
and benzodiazepines, its effects on cerebral physiology ap-
pear to be caused by the sedation (28). Limited experience in
traumatic brain injury patients did not reveal adverse effects
(29).

Art e rial Blood Gase s: Carb on
Dioxid e and Oxyg e n

Carbon dioxide is a potent cerebral vasodilator and thus a
major determinant of CBF (Fig. 27.4) (30). At normotension,
CBF increases almost linearly when the arterial partial pressure
of carbon dioxide (PaCO 2) increases from 25 to 80 mm Hg.
Global CBF varies 2% to 4% for each mm Hg change in PaCO 2
(31). The effects of PaCO 2 on the cerebral circulation are reg-
ulated by a complex and interrelated system of mediators. The
initial stimulus of CO2-induced vasodilation is a decrease in
brain extracellular pH (32), further mediated by nitric oxide,
prostanoids, cyclic nucleotides, potassium channels, and a de-
crease in intracellular calcium concentration as a final common
pathway.

Arteriolar tone has an important influence on how PaCO2
affects CBF. Moderate hypotension impairs the response of the
cerebral circulation to changes in PaCO 2, while severe hypoten-
sion abolishes it altogether (33). Similarly, PaCO 2 modifies
pressure autoregulation, and from hypercapnia to hypocap-
nia, there is a widening of the autoregulation plateau (34). The
response of cerebral vessels to CO 2 can be used therapeuti-
cally by instituting hyperventilation to decrease CBF, in turn
reducing cerebral blood volume and ICP. Numerous studies on
CO2 reactivity have generally demonstrated that the response
is preserved during intravenous or inhalation anesthesia (35).
CO2 reactivity has also been used to assess the adequacy of
brain perfusion in patients with internal carotid artery stenosis
or cerebrovascular disease. In severe head injury, intact CO 2
vasoreactivity is a good predictor of the effectiveness of hyper-
ventilation or barbiturate therapy in controlling elevated ICP in
individual patients (36). Furthermore, impaired cerebral CO 2
vasoreactivity is associated with a poor outcome in patients
with severe head injury (37). On the other hand, hyperven-
tilation has been found to increase oxygen extraction, cause
misery perfusion, and thereby promote secondary brain injury
(12).

Moderate changes in arterial PO 2 (PaO 2) do not signifi-
cantly alter CBF. When PaO 2 falls below 50 mm Hg, however,
CBF increases so that cerebral oxygen delivery remains con-
stant (30). Hypoxia acts directly on cerebral tissue to release
lactic acid, adenosine, and prostaglandins, which contribute
significantly to cerebral vasodilation. Hypoxia also acts directly
on cerebrovascular smooth muscle to produce hyperpolariza-
tion and reduce calcium uptake, both mechanisms enhancing
vasodilation.

Pre ssure Aut ore g ulat ion

Pressure autoregulation refers to the ability of the brain to
maintain total and regional CBF nearly constant despite large
changes in systemic arterial blood pressure (Fig. 27.5), inde-
pendently of flow–metabolism coupling (34). Autoregulation
is generally expressed as the relationship between CBF and ar-
terial blood pressure when cerebral venous and CSF pressures
are low. It can be more precisely defined using the relationship
between CBF and CPP that represents the difference between
mean systemic arterial pressure and cerebral outflow pressure.
Because the cerebral venous system is compressible and may act
as a “Starling resistor” or waterfall phenomenon (38), outflow
resistance is governed by whichever pressure is higher—CSF
pressure (ICP) or venous outflow pressure (jugular bulb pres-
sure).

The cerebral vascular resistance (R) can be expressed as:

R = CPP/CBF = (8/ π ) × h × (l/ r4)

where (8/π ) is a constant for calculation, h = blood viscosity,
l = length, and r = radius of the vessel. Importantly, the radius
enters to the fourth power in the equation, making it the most
efficient means of controlling vascular resistance.

In adults under normal conditions, CBF remains constant
between a CPP of roughly 60 and 150 mm Hg (34). The au-
toregulation curve is shifted to the right in hypertensive patients
and to the left in neonates. At the lower limit of autoregulation,
cerebral vasodilation is maximal, and below this level, CBF falls
passively with CPP. Beyond the upper limit where vasoconstric-
tion is maximal, the elevated intraluminal pressure may force
the vessels to dilate, leading to an increase in CBF and damage

FIGURE 27.5. Preserved cerebral pressure autoregulation (solid line)
keeps cerebral blood flow (CBF) constant over a wide range of perfu-
sion pressures. Impaired autoregulation (dashed lines) either manifests
as a shortened or even absent plateau of the autoregulation curve.
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to the blood–brain barrier (34,39). Metabolic mediators, such
as adenosine, can also be involved in the low-pressure range of
autoregulation (39).

Pressure autoregulation can be impaired in many pathologic
conditions, including brain tumor, subarachnoid hemorrhage,
stroke, or head injury. A loss of CBF regulatory capacity can
be attributed either to damage of the control system (e.g., cere-
bral vessels)—usually referred to as “paralysis” in the clinical
literature (40)—or of the feedback mechanisms involved in the
brain’s hemodynamic control. Changes in the normal feedback
mechanisms may include tissue acidosis, extracellular potas-
sium increase, or alterations in cerebral neural pathways. Neu-
rotransmitters can reach vasoactive levels in perivascular CSF
as a result of synaptic overflow either during neuronal activa-
tion or in pathologic conditions.

Ne urog e nic Re g ulat ion

A major difference between other systemic circulations and the
cerebral circulation is the relative lack of humoral and auto-
nomic control on normal cerebrovascular tone. Hence, a max-
imal stimulation of the sympathetic or parasympathetic nerves
alters CBF only slightly (41). Furthermore, there is consider-
able evidence that indicates the existence of age-related differ-
ences in cerebral resistance vessels to neural stimuli. For ex-
ample, both in vivo and in vitro, cerebrovascular constrictor
responses to noradrenaline or electrical transmural stimuli are
greater in fetal and neonatal animals than in adult animals. The
mechanism for the age-related decrease is unclear, but could
be the result of such factors as loss of number or affinity of
α-adrenergic receptors with development. However, changes
in cerebrovascular sensitivity to α-adrenergic stimuli may not
occur with age in all species. Electrical or reflex activation of
sympathetic nerves reduces CBF in adult rabbits. Sympathetic
stimulation may protect the cerebral circulation from hyper-
emia associated with even modest elevations in arterial blood
pressure.

Ot he r Fact ors Re g ulat ing
Ce re b ral Blood Flow

Although cardiac output hardly influences CBF in normal con-
ditions, it may significantly influence flow to ischemic regions
(42,43). However, studies examining the possible relationship
between changes in cardiac output and CBF have, for the
most part, assessed the effect of drugs that increase cardiac
output during either normotension or induced hypertension.
Improving cerebral perfusion by volume loading is indirectly
accomplished by improving blood rheology and directly ac-
complished by increasing systemic arterial pressure, and pre-
venting occult decreases in systemic pressure in hypovolemic
patients.

Since blood viscosity is a major determinant of vascular
resistance, CBF is inversely related with hematocrit (44). Nev-
ertheless, a continuing controversy questions whether CBF is
purely rheologic or a function of changes in oxygen delivery
to the tissue (45). Bouma and Muizelaar have claimed that vis-
cosity directly participates in cerebral hemodynamic autoregu-
lation, termed viscosity autoregulation (39).

CEREBRAL FUNCTION

Clinical Examinat ion

Cerebral function can be monitored with instrumentation or
assessed clinically. As the discussion of individual monitoring
modalities below shows, each monitor offers only a small win-
dow into the state of the central nervous system. Even in combi-
nation, current monitors have significant limitations in spatial
and/or temporal resolution. A neurologic examination of an
alert patient, on the other hand, can comprehensively assess
the function of the central nervous system. Furthermore, it can
be repeated as often as needed and requires neither expensive
technical equipment nor specialized technologists.

In clinical practice, however, the neurologic examination
has important limitations. First, the patient’s clinical status or
underlying disease may limit the amount of information ob-
tainable by a clinical examination. Second, the results and, by
extension, the utility of a neurologic examination may be con-
strained by therapeutic interventions that are frequently used
in the ICU. For example, in an intubated patient who is treated
with neuromuscular blocking agents, the only evidence of re-
current generalized seizure activity may be increased intracra-
nial pressure, while the postictal alteration of consciousness
and the motor manifestations of the seizure go unnoticed. Fi-
nally, neurologic evaluations are performed intermittently and
by examiners of variable skill, raising problems of reliability.
Despite these limitations, the clinical examination forms the
cornerstone of the neurologic assessment of ICU patients and
typically directs further diagnostic or therapeutic interventions.

While a comprehensive discussion of a clinical neurologic
examination is beyond the scope of this chapter, two aspects
of the examination that are particularly pertinent to the ICU
environment will be discussed in some detail. The first is the
assessment of the level of consciousness, because of its ties to
patient outcome for many different neurologic diseases. The
second is the examination for assessing brain death, not only
because it is a graded assessment of brainstem function, but also
because it illustrates sources of error that may impact the results
of the clinical neurologic examination in the ICU environment
in general.

Le ve l of Consciousne ss: Glasg ow Coma Scale
The level of consciousness is typically assessed by the Glas-
gow coma scale (GCS). Numerical scores are assigned for best
responses in the categories of eye opening, motor response,
and verbal response (Table 27.2). The GCS was originally de-
scribed more than 30 years ago for the continuous assessment
of patients with traumatic brain injury after the initial period
of stabilization (46). Because its assessment is quick, objec-
tive, and relatively reliable (47) and because the resulting score
is easily documented and communicated, the GCS has gained
widespread use in emergency medicine and critical care pa-
tients. It has been incorporated into the APACHE score (48)
and the World Federation of Neurosurgical Societies (WFNS)
grading of subarachnoid hemorrhage (49).

The level of consciousness is a reflection of the severity of
many different disease states, and can be compromised not just
by diseases of the central nervous system, but also at the ex-
tremes of a wide variety of other organ dysfunctions common in
critical care. Not surprisingly, therefore, the scores from a tool
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GLASGOW COMA SCALE

Category Grading Comments

Eye opening Spontaneous 4 Swelling may interfere with testing.
To voice 3
To pain 2
None 1

Motor response Follows commands 6 Avoid description of flexion as decorticate and extension as decerebrate,
Localizes pain 5 because those terms denote an anatomic location of a lesion.
Withdraws to pain 4
Flexion to pain 3
Extension to pain 2
Flaccid 1

Verbal response Oriented 5 Impossible to assess in intubated patients. Some centers determine the
Confused 4 response by inference and designate the final score with the subscript “T.”
Inappropriate 3
Incomprehensible 2
None 1

The GCS score is the sum of the best attainable subscores in the categories of eye opening (E), motor (M), and verbal (V) responses. It ranges from
15 (E4 + M 6 + V5) to 3 (E1 + M 1 + V1).

such as the GCS that assesses the level of consciousness may be
associated with prognosis and outcome. For the GCS, an asso-
ciation of lower scores with worsened outcome has been shown
for traumatic brain injury (50), subarachnoid hemorrhage (51),
brain abscess (52), survival after cardiac arrest (53,54), and
septic encephalopathy (55). For example, in traumatic brain
injury, a GCS score greater than 7 suggests a 90% likelihood
of an outcome of moderate disability or better, whereas a score
less than 7 suggests an increased risk of death or persistent
vegetative state that approaches 60% to 90% for a GCS score
of 3 (50,56,57). In aneurysmal subarachnoid hemorrhage, a
GCS score less than 13 after initial treatment of increased in-
tracranial pressure (i.e., WFNS grade 4 or 5) corresponds to a
60% to 90% chance of a poor functional outcome or death,
while such outcomes only affect 14% of patients whose level of
consciousness is unaffected (GCS 15, WFNS grade 1 or 2) (51).

Despite its widespread use and appeal, the GCS has sev-
eral important limitations, even if applied correctly. One is the
information loss inherent in reducing a graded assessment of
three responses into a single number. The second is that me-
chanical problems such as swelling and endotracheal intuba-
tion may prevent proper assessment of eye opening and verbal
response. In this setting, some clinicians assign the lowest com-
ponent score, whereas others try to infer the “ true” score from
related neurologic findings, and still others add the subscript
“T” to indicate an intubated patient. Third, sedatives and neu-
romuscular blocking agents affect the GCS score upon repeated
assessment. Finally, although the degree of brainstem involve-
ment may reflect the severity of coma, the GCS provides limited
information about brainstem function.

De t e rminat ion of Brain De at h
The determination of brain death for purposes of organ dona-
tion or withdrawal of life support is an area that has brought
both the merits and the limitations of the neurologic examina-
tion into clear focus. Because the clinical determination of brain

death requires a comprehensive and methodical assessment of
the patient (58), its steps may serve as a guide to the neuro-
logic examination of a comatose patient. An algorithm for the
determination of brain death is shown in Fig. 27.6. Given the
gravity of the “ therapeutic” consequences of the diagnosis of
brain death, a prerequisite to its determination is a clinical pic-
ture, typically supported by imaging studies, that is consistent
with the occurrence of brain death.

The first step in the neurologic examination for the deter-
mination of brain death is the determination of coma (i.e., lack
of responsiveness to external stimuli due to unconsciousness as
discussed above). Motor responses elicited by the examination
need to be differentiated from spontaneous movements during
the examination. The latter are typically brief, slow movements
that originate from the spinal cord and do not become inte-
grated into decerebrate or decorticate responses. Only rarely
are they reproducible upon repeat testing. Reproducible par-
tial eye opening that failed to reveal the iris has been described
in response to a peripheral painful stimulus in a patient who
fulfilled clinical criteria of brain death (59). Conditions that
may confound the clinical diagnosis of brain death are listed in
Table 27.3. In addition to considering such confounding con-
ditions, the diagnosis of brain death should be consistent with
imaging studies and/or the overall clinical picture before the
formal determination of brain death is considered.

The next step in the neurologic examination is the assess-
ment of brainstem function. As in the assessment of the level of
consciousness, direct trauma to either afferent or efferent struc-
tures needs to be considered before any of the tests of brainstem
function are interpreted as negative. Typical tests, their affer-
ent and efferent pathways, and potentially interfering clinical
conditions are summarized in Table 27.4.

To complete the diagnosis of brain death, an apnea test is
performed to test the response to an acute decrease in the pH
of CSF due to hypercarbia. Hypercarbia is induced by discon-
necting mechanical ventilation, while continued oxygenation



Chap t e r 27: Neurolog ic Monitoring 323

Patient in a reactive  coma 
Clinical pic ture  makes  

brain death like ly 

Exclude   
•     Metabolic disorders  
•     Drug intoxica tion 
•     Residua l e ffect from drug therapy  

Clinical Brain Death?  
•     Normothermia?  
•     Normotens ion?  
•     Areactive  coma?  
•     Absent bra ins tem re flexes?  
•     Apnea?  

Obs ervation Period: 
•     Neonates–2 months : 48 hours
•     2 months–1 year: 24 hours  
•     >1 year: 12–24 hours  
•     Adults : 6–12 hours   

Cons ider Confirmatory Tes ting: 
•     Patients  <1 year 
•     Brain pa thology not cons is tent with 
       clinica l course  or neurologic exam  

Brain Death 

Yes  

Yes  

Yes  

Unchanged Exam 

No 

Re-examine  
Drug screen 
Labora tory results  
 

No 

Re-examine  
Consider base line  EEG 

Change   
   
in Exam 

FIGURE 27.6.

is assured by both preoxygenation and apneic oxygenation.
Absence of respiratory movements at an arterial PCO 2 of 60
mm Hg or after an increase in PCO 2 of 20 mm Hg is consistent
with brain death. Apnea testing may be complicated by arterial
hypotension due to loss of arterial and autonomic tone (60).
While such hypotension corroborates the diagnosis of brain
death, it makes the hemodynamic stability required for apnea
testing difficult to attain. The apnea test may trigger movement
responses, which reflect residual spinal activity (61).

Once all these criteria for brain death are met, either an
observation period followed by repeat assessment or a con-
firmatory test is used to reach a final diagnosis (see Fig. 27.6).
Cerebral angiography is the gold standard among confirmatory
tests. Contrast media is injected into the aortic arch and dis-
tributes to the external carotid circulation, whereas the internal
carotid and vertebral arteries fill only to the level of the skull

base and atlanto-occipital junction, respectively. Similar find-
ings can be obtained with magnetic resonance angiography or
with single photon emission computed tomography 99mT c-
HMPAO (SPECT). Electroencephalography and transcranial
Doppler are also frequently used as confirmatory tests. Their
role will be discussed in greater detail below.

Ele ct rop hysio log ic Te chniq ue s

Neurophysiologic function testing has been used for more
than 20 years as a diagnostic/prognostic tool in the intensive
care unit (62–65). Snapshots of function of different parts of
the nervous system have been used to predict the most likely
long-term function of the nervous system. This information
helps the intensivist determine whether continued aggressive
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NEUROLOGIC STATES RESEMBLING BRAIN DEATH

Disease state Diagnostic aids Comments

Hypothermia Core temperature < 32◦C
Osborne waves on ECG
Drug screening

May cause central nervous system depression up to clinical brain death

Acute poisoning Serum concentration
measurements

In differentiating from brain death, consider antidote and/or document
subtherapeutic drug concentration and/or wait for four elimination
half-lives

Direct central nervous system depressants may confound confirmatory testing
of brain death because of CMRO2–CBF coupling

Metabolic Laboratory testing Imaging studies should document structural central nervous system changes
encephalopathy Intact lower brainstem

function
Imaging studies should document structural central nervous system changes

Akinetic mutism Intact sleep–wake cycle Imaging study shows frontal or mesencephalic brain lesion
Locked-in

syndrome
Clinical course and imaging

studies
Central locked-in syndrome: Corticobulbar and corticospinal tracts are

interrupted at the level of the base of the pons; vertical eye movements are
intact

Peripheral locked-in syndrome: Guillain-Barré syndrome, advanced
amyotrophic lateral sclerosis, neuromuscular blocking agents,
organophosphate poisoning

ECG, electrocardiogram; CMRO 2, cerebral metabolic requirement for oxygen; CBF, cerebral blood flow.

intensive care is appropriate given the patient’s most likely
long-term neurologic outcome. To a much lesser extent, neu-
rophysiologic testing modalities have been used as continuous
monitors of neurologic function in the patient who cannot be
assessed neurologically, primarily because of the need for se-
dation (66–68). There are two main modalities of neurophys-
iologic function testing used in the intensive care unit: Elec-
troencephalography (EEG) and evoked potentials (EPs). For
each modality, the theoretical basis for use and utility will be
reviewed.

Ele ct roe nce p halog rap hy: The ore t ical Basis
In order to understand how EEG can be used in the ICU, the
clinician must first understand how scalp-recorded EEG is pro-

duced and what factors may affect the recordings. EEG activity
is generated by neurons in the pyramidal layer of the cerebral
cortex. The scalp-recorded EEG is produced by a summation
of excitatory and inhibitory postsynaptic potentials (EPSPs and
IPSPs), not actual cellular depolarization. EPSPs and IPSPs are
produced by the spontaneous release of small packets of excita-
tory or inhibitory neurotransmitters from a nerve terminal that
produce only very small changes in the postsynaptic membrane
potential, insufficient to cause depolarization. As a result, the
amplitude (voltage) of EEG electrical activity is much smaller
than the electrocardiogram, ranging from < 5 µ V in the elderly
to > 100 µ V in the teenager. As a result, the EEG signal cannot
be recorded remotely from the generator site, and practically
speaking, EEG activity recorded from a single electrode only

TA BLE 2 7 . 4

CLINICAL EXAMINATION OF THE BRAINSTEM DURING EVALUATION FOR BRAIN DEATH

Afferent Efferent
Brainstem reflex path path Caveats

Pupillary light reaction II III Not confounded by systemic drugs; absence may be caused by
prolonged administration of neuromuscular blocking agents

Ocular movements (oculocephalic
reflex or caloric nystagmus)

VIII III, VI Confounded by damage from ototoxic drugs; cervical spine trauma
may preclude testing of the oculocephalic reflex; voluntary ocular
movements are sometimes the only finding that differentiates a
“ locked-in” syndrome from brain death

Corneal reflex/pressure on
supraorbital nerve

V VII

Gag IX IX, X May be difficult to assess in orotracheally intubated patient
Cough X X, cervical

roots
Best tested by assessing the response to tracheal suctioning
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reflects cortical activity directly beneath the recording site. In
addition, because the EEG signal is so small, poor electrode
contact with the scalp may result in significant loss of signal.

Maintenance of ion fluxes associated with the production
of the EEG is an energy requiring process. Pharmacologic total
suppression of the EEG will result in a 50% to 60% decrease in
CMRO 2 (69,70). The decrease in oxygen requirement parallels
the suppression of the EEG in cases of lesser suppression. An
EEG that is merely slowed pharmacologically will be associated
with a higher CMRO 2 than an EEG that is totally suppressed
or flat.

The EEG is organized both spatially and temporally, but pat-
terns of organization are much more difficult for the clinician to
recognize, primarily because few clinicians have significant ex-
perience with normal EEG patterns, pathologic EEG patterns,
or drug-induced EEG patterns. EEG patterns are described pri-
marily in terms of frequency (how fast voltage oscillations oc-
cur) and amplitude (size or voltage). Slower frequency ranges
include δ (3 Hz or slower) and θ (3.5–7.5 Hz). These frequen-
cies are not seen in the normal awake adult but are commonly
seen in the naturally asleep adult or in the adult who is receiving
therapeutic doses of sedative-hypnotic and/or analgesic drugs.
Faster frequency ranges include α (8–13 Hz) and β (> 13 Hz).
Alpha frequencies (8–13 Hz) tend to be present on the posterior
part of the head and are most prominent with the eyes closed.
Alpha activity disappears with attention and concentration,
replaced with faster β activity. Beta frequencies are commonly
seen more toward the front of the head and are associated with
increased “function” of a particular part of the brain. In the

neurologically abnormal patient, θ and δ frequencies may be
focal, associated with a specific loss of function, or more global,
associated with generalized neurologic dysfunction. Generally,
the more severe the neurologic damage/dysfunction, the slower
the recorded EEG activity will be. For example, a patient
with a receptive and expressive aphasia will likely demonstrate
EEG slowing (θ and δ waves) over the dominant temporal
lobe.

Sedative-hypnotic drugs produce a change in neurologic
function that is likewise paralleled by EEG changes. The
EEG changes associated with sedative-hypnotic drugs are pre-
dictable, related both to the drug used and the dosage of drug
given. The vast majority of sedative-hypnotic drugs used in the
intensive care unit will produce identical, dose-related changes
in the EEG. Table 27.5 shows EEG pattern changes associated
with most drugs that would be used in the ICU environment.
Limited information about dexmedetomidine, which is being
increasingly used in the ICU for sedation, suggests that pre-
dictable EEG patterns do occur with this drug as with other
sedatives and analgesics commonly used in the intensive care
unit environment. Combinations of drugs, of course, will have
different effects than when either drug is used alone. Specific
data regarding the effect of combinations of drugs is limited
and beyond the scope of this chapter. However, in general, both
sedative and analgesic drugs will increase the primary effect of
the drug being used in the higher dose as well as add effects of
their own.

In summary, the scalp-recorded EEG reflects function of
closely underlying neuronal tissue. Function may be altered

TA BLE 2 7 . 5

SEDATIVE-HYPNOTIC AND ANALGESIC DRUGS AND THE ELECTROENCEPHALOGRAM (EEG)

Effect on EEG Effect on EEG
Drug dominant frequency amplitude Burst suppression

Barbiturates Low dose Fast frontal β activity Slight ↑ Yes, with high doses
Moderate dose Frontal α frequency spindles ↑
High dose Diffuse δ → burst suppression → silence ↑↑↑ → 0

Etomidate Low dose Fast frontal β activity ↑ Yes, with high doses
Moderate dose Frontal α frequency spindles ↑
High dose Diffuse δ → burst suppression → silence ↑↑ → 0

Propofol Low dose Loss of α , ↑ frontal β ↑ Yes, with high doses
Moderate dose Frontal δ, waxing/waning α ↑
High dose Diffuse δ → burst suppression → silence ↑↑ → 0

Dexmedetomidine Early appearance of high-amplitude δ
frequency that increases with dose,
similar to opiates

↑ No

Ketamine Low dose Loss of α , ↑ variability ↑↓ No
Moderate dose Frontal rhythmic delta ↑
High dose Polymorphic δ, some β ↑↑ (β is low

amplitude)

Benzodiazepines Low dose Loss of α , increased frontal β activity ↑ No
High dose Frontally dominant δ and θ ↑

Opiates Low dose Loss of β , α slows ↔↑ No
Moderate dose Diffuse θ, some δ ↑
High dose δ, often synchronized ↑↑

δ, < 3-Hz frequency; θ, 3.5- to 7.5-Hz frequency; α , 8- to 13-Hz frequency; β , > 13-Hz frequency.
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by neurologic damage, pharmacologic means, normal changes
in function associated with changes in alertness or sleep, or any
combination of these factors. Thus, whether the EEG is used
as a monitor or a diagnostic/prognostic tool, interpretation of
data without a thorough knowledge of all factors that could
influence recordings is not possible.

Diag nost ic Ele ct roe nce p halog rap hy: Clinical
Ut ilit y in t he Int e nsive Care Unit

Diagnostic EEG studies or EEG monitoring in the ICU is done
primarily for one of three purposes: Brain death determination,
monitoring for evidence of seizure activity or cerebral ischemia,
and determination of drug effect for the purposes of titrating
sedative and analgesic drugs or control of intracranial pressure.

Criteria for brain death vary from state to state, but in most
states, a 16- to 32-channel isoelectric EEG on two consecu-
tive recordings at least 24 hours apart can provide strong cor-
roborating evidence for cessation of brain function (see Fig.
27.6). Because other factors affecting the EEG can produce an
isoelectric EEG in the absence of brain death, the EEG can-
not be used as the sole evaluation for brain death. While it
is likely that drug levels (Table 27.5) will decline significantly
over a 24-hour period, patients with massive drug overdose
or impaired metabolic pathways may show an isoelectric EEG
for much longer than 24 or 48 hours. In these cases, the neu-
rologic examination may also not be useful since high drug
levels may suppress even the most resistant reflex responses.
Fortunately, other diagnostic testing methods, including other
electrophysiologic and nonelectrophysiologic methods, may be
helpful. Evoked potentials (see below), for example, are more
resistant to drug effects than the EEG and can frequently
be used to demonstrate brainstem and cortical function even
in the face of an isoelectric EEG (71,72). In addition, EEG
recorded immediately after cardiac arrest may show an isoelec-
tric pattern that subsequently recovers (73). Cortical evoked
potentials have also been demonstrated to be more reli-
able in assessing neurologic function immediately after an is-
chemic/anoxic insult (73). In summary, a scalp-recorded, 16- to
32-channel EEG is a helpful adjunct to the diagnosis of brain
death, provided all other factors influencing the EEG are un-
derstood and controlled.

Continuous EEG monitoring in the ICU or, alternatively,
sequential diagnostic EEG studies have been described for de-
tection of nonconvulsive seizure (NCS) activity (or seizure
activity in the pharmacologically paralyzed patient) and for
detection of cerebral ischemia (66–68,74–76). This type of
monitoring requires multiple channels of information to ob-
tain adequate monitoring coverage of the entire brain. A highly
trained technologist observes the patient simultaneously with
the EEG recording, and operates the equipment and maintains
recording electrodes during nursing care that will commonly
dislodge them. The technologist also provides real-time neuro-
physiologic data to the clinicians caring for the patient. Pro-
cessed EEG algorithms have been developed to facilitate detec-
tion of ischemia epileptiform and frank seizure activity during
continuous EEG monitoring (77,78), but the technology has
not yet evolved enough to eliminate the need for an on-site
technologist with monitoring experience.

Continuous EEG monitoring in the ICU has demonstrated
that NCSs are much more common than previously thought
(75,76,79). NCSs have been reported following neurosurgical
procedures, subarachnoid hemorrhage, CNS infection, head

injury, and other conditions. In addition, there is evidence us-
ing neuron-specific enolase as a marker of neurologic injury
that NCSs may produce neurologic damage and that seizure
duration and time to diagnosis are significantly related to the
extent of damage and long-term outcome. Without continuous
EEG monitoring, NCSs cannot be detected, as they are not con-
sistently and specifically associated with other findings such as
hypertension and tachycardia (79).

The personnel and fiscal costs of continuous EEG monitor-
ing have made it unfeasible except in the larger neurologic and
neurosurgical intensive care units where many patients with
conditions amenable to continuous monitoring require care
(74). In addition, very little outcome data exist to demonstrate
that such monitoring is overall cost effective. When considering
real-time neurologic monitoring in the patient whose neuro-
logic examination cannot be assessed, much work needs to be
done to determine how continuous EEG monitoring will mesh
with other neurologic monitoring modalities such as intracra-
nial pressure, cerebral blood flow, brain tissue pO 2 monitoring,
transcranial Doppler, and microdialysis monitoring. Theoreti-
cally and based on limited clinical data (74–79), there is much
promise for continuous EEG monitoring when used as a part
of a multimodality neurologic monitoring program.

Proce sse d Ele ct roe nce p halog ram:
Monit oring of Se d at ion

The use of the EEG to monitor the depth of sedation in patients
in the ICU has been described extensively in the literature, and
nearly all techniques utilize processed EEG rather than the un-
processed analog signal. Drug effect monitoring is generally
accomplished using one or two channels of EEG information,
generally recorded over the frontopolar region of the cerebral
cortex. This location is chosen because application of surface
recording electrodes is easy in this location (no hair) and most
devices designed for this purpose have been validated using
frontopolar recording locations. Usage of this smaller number
of channels is based on the assumption that the drug effect will
be similar in all areas of the brain. This assumption is generally
valid except in the case of a patient with focal brain damage.
In areas of damage, the drug effect will generally be greater
than usual and must be interpreted in light of the abnormal
baseline recording. None of the commercially available devices
for monitoring drug effects on the EEG has been calibrated
or validated appropriately for monitoring drug effects in the
patient with the abnormal EEG, and relatively limited infor-
mation is available on the use of EEG to monitor drug effects
in neurologically damaged patients (80–83).

EEG drug effect monitoring is used most commonly for
titrating sedative drugs, particularly in the pharmacologically
paralyzed patient, but also for titration of barbiturate drugs
used to control intracranial pressure (66–68,84,85). Devices
used to monitor the drug effect either utilize unprocessed, raw
analog EEG in a fashion similar to ECG monitoring in the
ICU or utilize one of three signal processing techniques: Power
spectrum analysis, bispectral analysis, or EEG entropy analysis.
Examples of commercial monitors include the bispectral index
(BIS), the patient state index, and entropy. Although the BIS
has been used and studied most widely among these monitors,
the concepts discussed below should apply to other EEG-based
monitors of sedation as well.

BIS (Aspect Medical Systems, Inc., Natick, MA) monitor-
ing has been used in the intensive care setting to guide dosing
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TA BLE 2 7 . 6

CLINICAL CONDITION EXPECTED WITH BISPECTRAL
INDEX VALUES

100 Awake patient, amnesia unlikely
80 Sedated responsive patient, amnesia prominent

unless significant event
70 Heavily sedated or unconscious patient, amnesia

probable
60 General anesthesia, unresponsive to verbal stimuli
40 Deep hypnotic state
20 Burst suppression
0 Isoelectric electroencephalogram

of sedatives and reassure clinicians that paralyzed or agitated
patients are amnestic but not excessively sedated (86). The BIS
monitor processes EEG signals that are recorded from a self-
adhesive electrode strip placed on the forehead. It calculates
and displays a BIS value, a dimensionless number ranging from
0 to 100 that is derived from highly processed EEG data that
includes EEG power, frequency, and bicoherence (87). Low BIS
numbers indicate strong relationships among the EEG frequen-
cies and reflect a condition consistent with a deep hypnotic state
(Table 27.6). This relationship is valid despite the effects of age
and infirmity on sensitivity to sedation (88,89).

Despite its obvious clinical utility, the aspects of imperfect
performance of the BIS monitor are well known. For example,
the BIS can decrease to numbers (20–50) consistent with deep
general anesthesia during natural sleep without sedation (90).
Moreover, although memory is less likely to form at lower BIS
values, memory has been demonstrated even at a BIS in a range
(40–60) associated with general anesthesia (91). Additionally,
artifact from electromyographic (EMG), electro-oculographic
(EOG) (92), or pacemaker generators (93) can produce signifi-
cant but spurious BIS increases (from 50s to 80s). This raises the
possibility of overdosing nonrelaxed or paced patients when at-
tempting to maintain a given BIS range. BIS values can also be
driven higher by medications that are CNS stimulants, such as
ketamine, methylphenidate, or dexmedetomidine (94). In such
cases, the BIS may not reflect the level of hypnosis or seda-
tion experienced by the patient. Therefore, when the sedative
dosages required to achieve a desired BIS range exceed nor-
mal expectations, the possibility of an artifactual interference
deserves consideration.

Perhaps the most significant issue with BIS or other moni-
tors of cortical anesthetic drug effect are their inability to differ-
entiate deep sedation from cerebral ischemia. Both conditions
cause loss of higher-frequency EEG waves (α and β slowing
and δ and θ wave intrusion) and, in extreme states, both can
produce burst suppression or isoelectric EEG patterns with a
low BIS. When O 2 delivery decreases below a level sufficient to
meet the CMRO 2, electrical function fails and BIS decreases.
This may partly explain improved ICU outcomes when the BIS
is maintained > 60 (95). Therefore, the determination that se-
dation is adequate based on having achieved a target BIS value
should only be made when one is confident that cerebral per-
fusion is adequate.

Interpretation of BIS or, for that matter, any EEG-based
monitor of sedation is best accomplished when the patient’s
pharmacologic support remains stable in the face of changing
CPP or, conversely, the CPP remains adequate and stable during

pharmacologic adjustments and BISchanges. As a corollary, the
BIS can assist with guiding therapy when the adequacy of O 2
supply to the CNS is in question (95).

In summary, other than for drug effect monitoring, use of the
EEG in the ICU remains relatively limited, primarily because
of personnel costs and difficulty in maintaining stable technical
conditions for monitoring multiple channels of information. As
our understanding of underlying mechanisms for neurologic
injury improves, we may be able to learn which monitoring
modalities are most useful for a given clinical scenario and
which can more specifically target EEG monitoring to a smaller
area of the brain. In addition, as computing power continues to
improve, signal processing technology will likewise improve,
and EEG monitoring equipment that recognizes artifact and
self-corrects technical problems may reduce the need for the
continuous presence of highly trained personnel to operate the
EEG in the ICU environment.

Evoke d Pot e nt ials
The EEG is a recording of the spontaneous electrical activity of
the cerebral cortex. In contrast, EPs are recordings of the elec-
trical activity from different parts of the nervous system pro-
duced by either sensory or motor stimuli applied to activated
portions of the sensory and motor systems, respectively. With
the exception of motor-evoked responses recorded from mus-
cle, EPs are much smaller than background EEG or muscle elec-
trical activity, and the responses from repetitive stimuli must
be averaged in order to be able to discern the responses from
other background biologic signals or environmental noise. Au-
ditory responses are very small (generally < 0.5 µ V) and require
as many as 1,000 to 2,000 averaged responses to clarify the
signal. Somatosensory responses are larger (0.5–10 µ V) and
require fewer averages to clarify. EPs are described in terms
of latency (time [msec] from stimulus application to onset or
peak of response) and amplitude (µ V) (Fig. 27.7). Conceptu-
ally, amplitude is the more important parameter for ICU studies
because voltage is mainly related to the amount of functional
neural tissue generating the response, and latency is related to
the conduction time from the stimulus site to the generating
site. This assumption, while usually true, is not always the case
since a peripheral or cranial nerve injury may produce a nerve
with fibers conducting at many different velocities. This sit-
uation would produce a desynchronized evoked response of

FIGURE 27.7. Latency is defined as the time from stimulus application
to the onset or the peak of the response (peak latency shown here).
Amplitude is the size (usually microvolts) of the evoked response.
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smaller amplitude, even when the neural tissue generating the
more rostral response is entirely normal.

In comparison with the EEG, EPs are much less susceptible
to the effects of intravenous sedative-hypnotic drugs and not
significantly affected by intravenous analgesics (96). Auditory
EP responses will not be altered significantly by any sedating
or analgesic regimen used in the ICU today. Notably, based on
known effects of opiates and sedatives on brainstem auditory
evoked potentials (BAEPs), patients admitted with opiate or
sedative drug overdose and an isoelectric EEG will not show
any significant abnormality of waves I through V related to the
drug effect alone (71,72,96). Somatosensory EPs are somewhat
more susceptible to the effects of sedative drugs. Subcortical so-
matosensory responses (see below) are resistant to drug effects
to the same degree as the BAEP. Cortical somatosensory EPs
do show significant increases in latency and decreases in am-
plitude with sedating medications (96), but generally they will
not be completely abolished even by enough sedative medica-
tion to render the EEG isoelectric (71,72,96). This observation
is also important for the patient with drug overdose.

Table 27.7 is a summary of the different types of evoked po-
tentials that may be recorded or monitored in the ICU. In the
ICU, EPs are most commonly utilized as diagnostic tests of neu-
rologic function. The results of these tests are then frequently
used as prognostic indicators of intermediate and long-term
neurologic function. EPs may also be monitored continuously
in the ICU but, like with the EEG, personnel and maintenance
costs are very high, and only a few large neurologic or neuro-
surgical ICUs are able to provide real-time EP monitoring.

EPs reflect the function of nervous system tissue along the
entire pathway involved with the stimulated system. For exam-
ple, somatosensory EPs are recorded by applying an electrical
stimulus to a distal peripheral nerve, recording from the pe-
ripheral nerve more centrally, recording over the spinal cord
(usually cervical region), and recording over the cerebral cor-
tex. Thus, function of part of the peripheral nervous system,
spinal cord, brainstem, thalamus, internal capsule, and cere-
bral cortex is assessed with a single test. In contrast to EEG,
EPs, therefore, are able to test the function of portions of the
nervous system caudal to the cortex as well as a limited area of
the cortex. Generally, when EPs are recorded or monitored in
the ICU, the function of the tested or monitored pathway is as-
sumed to reflect the function of the surrounding neural tissue,

TA BLE 2 7 . 7

EVOKED POTENTIALS (EPs) IN THE INTENSIVE
CARE UNIT

Type of EPs Stimulus type and site Recording sites

Somatosensory Electrical, peripheral
nerve

Peripheral nerve,
spinal cord,
head

Brainstem
auditory

Loud click, ear Ear, head

Magnetic motor Magnetic pulse, head Spinal column,
peripheral nerve,
muscle

Electrical motor Electrical, head Spinal column,
peripheral nerve,
muscle

FIGURE 27.8. Section of the brainstem through the midpons. Note the
relatively limited and separated territory of the brainstem actually mon-
itored by evoked responses at this level. Function of the surrounding
brain stem is assumed to be reflected by auditory and somatosensory
function. Vital pathways and structures are near both the auditory and
somatosensory pathways. A, auditory pathway; P, pain pathway; S,
somatosensory pathway; R, reticular formation; M, descending motor
pathway.

whether cortical, subcortical, or spinal cord (Fig. 27.8). This
assumption concerning the surrounding neural tissue is clearly
not always valid; however, considerable clinical evidence has
demonstrated that EPs usually do reflect the function of the
surrounding neural tissue and are very effective at detecting a
developing injury and in prognosticating the long-term effects
of an existing neurologic injury. This section of the chapter
will examine BAEPs, somatosensory evoked potentials (SEPs),
and transcranial motor evoked potentials (T cMEPs) and their
use as diagnostic, prognostic, and monitoring tools in the ICU.
While each modality will be considered separately, BAEPs and
SEPs are most commonly recorded together to provide infor-
mation about a larger portion of the nervous system. Because
T cMEPs were only recently approved for use in humans, only
limited information about the diagnostic, prognostic, and mon-
itoring utility of T cMEPs in the ICU is available. Since only a
few centers are able to provide continuous EP monitoring to
detect ongoing function and developing injury, this section will
focus on the diagnostic and prognostic uses of EPs.

Brainst e m Aud it ory Evoke d Pot e nt ials
The stimulus for the BAEP is a repetitive loud click applied ei-
ther via headphone or via ear inserts. In order to interpret the
information provided by BAEPs, the clinician must be aware of
factors that may alter the ability to activate the auditory path-
way with the click stimulus. For example, cerumen in the ear
canal may muffle the applied stimulus. Trauma may anatom-
ically disrupt the auditory apparatus (damage to the external
auditory canal, tympanic membrane, middle ear apparatus).
Aminoglycoside antibiotics may damage the inner ear trans-
duction system. Fortunately, the eighth nerve itself produces a



Chap t e r 27: Neurolog ic Monitoring 329

FIGURE 27.9. Normal brainstem auditory
evoked response. Note the presence of wave I,
the eighth nerve action potential, which confirms
that the auditory apparatus is being properly
stimulated.

recordable action potential (Fig. 27.9), and presence of this re-
sponse confirms that the auditory stimulus has actually reached
the nervous system. Without the presence of an eighth nerve
action potential, no conclusions about the functioning of the
more rostral auditory pathway can be made.

Figure 27.8 is a schematic representation of the auditory
pathway in relationship to important brainstem and midbrain
structures. The entire BAEP is generally completed within 10
msec of the stimulus application. Because the auditory path-
way has multiple synapses that produce recordable responses
from the lower pons through the midbrain, if the recorded re-
sponse demonstrates abnormalities at any level, significant neu-
rologic impairment of the patient is likely because of the func-
tional significance of nearby motor, sensory, autonomic, cranial
nerve, and reticular activating system structures. Based on re-
sults from multiple studies, if the BAEP beyond the cochlear
nerve action potential (wave I) is absent bilaterally, the CNS
prognosis is very grave and most patients will subsequently be
determined to be brain dead by clinical and/or angiographic cri-
teria (62,65,97–99). Figure 27.10 shows BAEP and SEP record-
ings from three different patients who were comatose following
trauma or surgery and were being evaluated for CNS function
with EP recordings in the surgical ICU. Patient A had absent
BAEPs beyond wave I and absent SEPs, and was determined to
be brain dead within 24 hours of the EP studies. Patient B had a
normal recording of waves I through V, but SEPs were absent.
This patient had a prolonged hospital course and never re-
covered any higher neurologic function. Patient C had normal
BAEPs and SEPs despite a severely impaired neurologic exam-
ination and difficult to control seizures at the time of the SEP
study. Subsequent EP studies continued to show intact BAEPs
and SEPs despite abnormal posturing and difficult to control
seizures. This patient went on to recover independent neuro-
logic function after many months of rehabilitation (100). These
three patients exemplify the most common usage of EPs in the
ICU, and their studies and outcome reflect what is documented
in the literature. In summary, absent BAEPs beyond wave I in-
dicate a high likelihood of a brain death outcome. Intact and

normal BAEPs may indicate a good outcome, especially in the
face of normal SEPs. If SEPs are absent bilaterally, the best
likely outcome is a chronic vegetative state, even with normal
BAEP waves I through V.

The auditory pathway continues rostrally, and responses
may be recorded that are generated in the auditory cortex
(middle-latency auditory evoked responses). There are limited
clinical data available that indicate that presence of a normal
middle-latency auditory response is a good prognostic sign to
the same degree as the SEP in the comatose patient.

The stimulus for the SEP is a repetitive electrical stimulus
delivered to a peripheral nerve, most commonly the median
nerve at the wrist or the posterior tibial nerve at the ankle, us-
ing surface electrodes or subdermal needle electrodes. The re-
sponse (nerve action potential) is recorded proximally over the
peripheral nerve or appropriate nerve plexus to be certain that
the somatosensory stimulus is being appropriately delivered to
the central nervous system (Fig. 27.11). The next recorded re-
sponse is generated in the lower brainstem and recorded with
a surface electrode placed over the upper cervical spine. The
primary initial cortical response at the rostral end of the so-
matosensory pathway is recorded over the cortex on the oppo-
site side from stimulus application, and usually occurs within
25 msec from stimulus application at the median nerve or 50
msec from stimulus application at the posterior tibial nerve.
The normal SEP also contains responses that are later than the
primary response. These responses, also generated by cortical
neurons, are considered to be related to higher cognitive func-
tion. Most studies where SEPs are either monitored or used for
diagnosis and prognosis only analyze the initial primary cor-
tical response occurring prior to 25 msec. A few studies have
also examined the prognostic significance of the later SEP or
auditory responses (101,102), but the clinician should be aware
that all of these later responses are highly influenced and easily
abolished by any of the drugs used for sedation and analgesia
in the ICU. In fact, later auditory responses have been used to
gauge the depth of sedation in a fashion similar to the EEG
bispectral index (102).
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A

FIGURE 27.10. Neurophysiologic studies
from three comatose patients. A: Brain-
dead patient. This patient has no record-
able evoked auditory response after wave I
and no recordable somatosensory response
after the cervical response. (Continued )

Figure 27.8 shows the somatosensory pathway schemati-
cally, together with the auditory pathway and nearby brain-
stem, midbrain, and cortical structures in a single slice through
the pons. As shown in the figure, the auditory and somatosen-
sory pathways are separated far enough to include multiple im-
portant structures in the territory between them. The anatomic
locations of the two separated pathways explain why neuro-
logic outcome is usually better when both evoked response
modalities show a normal response. The presence of cortical
responses to a peripheral stimulus indicates that the involved
subcortical nervous pathway is intact and that cortical neurons
are still functional to be activated and produce a measurable
electrical response, both of which are necessary for a good
long-term neurologic outcome.

In summary, the presence of normal SEPs bilaterally, based
on all available literature, is an excellent prognostic sign. The
absence of any SEP cortical response is a poor prognostic in-
dicator. The degree of bad outcome can be predicted by the
BAEP. Intact and normal BAEPs with absent cortical SEPs pre-
dict a best outcome of a chronic vegetative state. Outcome
may be worse, however, as BAEPs commonly deteriorate later

with rostral-to-caudal CNS deterioration. Absent BAEP re-
sponses beyond wave I predict a high likelihood of brain death.
Present but abnormal SEPs are associated with intermediate
outcomes between good/high function and a chronic vegeta-
tive state (62,64,65,97–99,102–105).

The motor pathway may be tested by transcranial stimu-
lation of the motor cortex. The cortex may be activated by
a magnetic or electrical stimulus. A descending response may
then be recorded over the spinal cord at multiple levels: The
peripheral nerve and (most commonly) the muscle. Cortical
stimulation, either electrical or magnetic, commonly activates
the motor cortex governing both the upper and lower extrem-
ities and produces a myogenic response that does not need to
be averaged. The electrical stimulus intensity is quite high and
is prohibitively painful in the awake subject. Thus, most of the
limited work has been done using transcranial magnetic stim-
ulation, which is much less painful and readily tolerated by the
awake patient. What limited data are available indicate that re-
sults are mixed at best when using MEP testing as a prognostic
indicator for long-term CNS outcome (106–109). Several care-
fully conducted studies also utilizing SEPs indicate that SEPs
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B

FIGURE 27.10. B: Chronic vegetative
state. This patient has an intact audi-
tory evoked response and no cortical so-
matosensory responses. (Continued )

are a much better prognostic indicator than MEPs (106,109).
Much more work using MEPs needs to be done before any firm
conclusions about their utility can be drawn.

Pe rip he ral Ne rve St imulat ion
The rate of recovery from neuromuscular blocking (NMB)
agents depends upon the NMB agent chosen, its dosing pattern
(intermittent or continuous infusion), and numerous patient
factors (e.g., pseudocholinesterase deficiency, hepatic or renal
dysfunction, induced cytochrome P450 enzyme, organophos-
phate toxicity, among many others) (110). The suitability for
extubation following prolonged neuromuscular blockade has
traditionally relied upon functional strength testing, such as
an ability to produce a negative inspiratory force or to sustain
a head lift. Incomplete patient cooperation caused by seda-
tion or confusion, among other reasons, can adversely affect
these tests. Peripheral nerve stimulation (PNS) used for “mus-
cle twitch” testing, or acceleromyography, complements such
functional assessments by objectively revealing the condition
of the neuromuscular junction, independent of patient partici-
pation.

Reliable interpretation of nerve stimulation requires uni-
form stimulation and placement parameters. Conventional
PNS delivers current—adjustable up to 80 mA—in a train-of-
four (TOF) series at 2 Hz as double-burst stimulation (DBS),
as single shocks at 1.0 or 0.1 Hz, or by tetanic stimuli of 50 or
100 Hz. When tolerated, maximal current settings assure the
best chance of delivering supra-threshold stimuli and activa-
tion of the greatest percentage of motor fibers despite changes
of impedance or proximity, as can occur with electrode sepa-
ration or desiccation, skin cooling, or peripheral edema. TOF
and double-burst stimulation patterns do not require compar-
ison to earlier responses for interpretation, and are therefore
well suited for use in the ICU setting where recovery of neu-
romuscular function may take hours to days and may involve
assessments by multiple providers.

Muscle twitch testing measures the force of muscle con-
tractions in response to PNS. The ratio of the force between
the last and first stimuli in a series (TOF or DBS) best defines
the percentage of acetylcholine receptors occupied by nonde-
polarizing NMB agents in the neuromuscular junction, but is
cumbersome to perform (111). Counting the loss of twitches
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C

FIGURE 27.10. (Continued ) C: Good out-
come. This comatose patient has normal
auditory and somatosensory evoked re-
sponses at all levels.

FIGURE 27.11. Normal median nerve soma-
tosensory response. Reproducible responses
at the brachial plexus and cervical levels con-
firm that a somatosensory stimulus is reaching
the central nervous system. Without responses
at both these levels, conclusions about cortical
functions cannot be made.
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PERCENTAGE NEUROMUSCULAR JUNCTION
BLOCKADE WITH NONDEPOLARIZING
NEUROMUSCULAR BLOCKING AGENTS AND
CORRESPONDING TRAIN-OF-FOUR AND
CLINICAL RESPONSES

Response % Blockade

Train-of-four 0/4 95
Train-of-four 1/4 90
Train-of-four 2/4 85
Train-of-four 3/4 80
Train-of-four 4/4 75
Sustained (≥ 5 sec) tetanus 50
Sustained (≥ 5 sec) head lift 25

in a TOF is a simpler method for assessing the level of block
and has greater bedside utility (Table 27.8). In contrast, the
TOF ratio does not change following the administration of a
depolarizing NMB agent such as succinylcholine. When depo-
larizing NMB agents are used, the force of contraction dimin-
ishes equally across all stimuli and disappears altogether with
sufficient dose. If an excessive depolarizing NMB agent is ad-
ministered, a prolonged phase II block emerges. TOF responses
during a phase II block behave similarly to responses obtained
following nondepolarizing NMB agents.

The peripheral nerve stimulator is attached to a patient us-
ing two pregelled electrocardiogram electrodes, although nee-
dle electrodes can also be used. The electrodes should be placed
closely (without the gels touching) to one another over a site
where a nerve with motor function lies relatively superficial to
the skin. Antegrade nerve conduction is improved if the posi-
tive lead is applied to the proximal electrode. The current path
between electrodes should not contain the muscle whose move-
ment is being monitored. Separation of electrodes beyond sev-
eral centimeters increases the probability that the PNS current
may depolarize muscle directly, causing movement unrelated
to conduction through the neuromuscular junction and thus,
misinterpretation of the level of neuromuscular blockade.

Common sites for electrode placement are over the course
of the ulnar nerve at the medial aspect of the wrist or over the
ulnar groove at the elbow. Stimulation of the ulnar nerve acti-
vates the m. adductor pollicis and twitches the thumb. Place-
ment of the electrodes anterior to the tragus will stimulate the
facial nerve, which innervates the m. corrugator supercilii and
furrows the eyebrow. Stimulation of the posterior tibial nerve
posterior to the medial malleolus causes the m. flexor hallucis
brevis and great toe to move.

Cold will weaken muscle strength even in the absence of
NMB agents, making PNS testing valuable in patients recover-
ing from hypothermia (112). Patients who have had a stroke
will experience an up-regulation of acetylcholine receptor den-
sity on the muscle membrane as the affected muscles denervate.
As a result, PNS on an affected limb will produce a TOF re-
sponse that exceeds the response seen from the same site PNS
on a normal limb. To avoid overdosing or prematurely extubat-
ing a patient based on TOF testing, PNS should be performed
on sites unaffected by prior nerve injury.

PNS is particularly helpful for monitoring the level of
relaxation achieved during the infusion of NMB agents. PNS

monitoring can help direct the rate of infusion and avoid exces-
sive administration. Pharmacokinetic and pharmacodynamic
models that illustrate the TOF response to PNS with suc-
cinylcholine and rocuronium NMB infusions can be found at
http://vam.anest.ufl.edu/simulations/simulationportfolio.php.

CEREBRAL PERFUSION
All of the previously discussed monitors are monitors of ner-
vous system function or imaging modalities of brain struc-
tures. When function fails, they do not necessarily give infor-
mation about the mechanism of nervous system damage. One
of the most common mechanisms of CNS damage is inadequate
blood flow. The remainder of this chapter will examine those
methods that are available to monitor the adequacy of CBF.
These monitors provide information that is complementary
to the functional assessment discussed above, because func-
tion only becomes altered when CBF decreases by more than
half.

The most common clinical measure aimed at ensuring ade-
quate CBF is to maintain the cerebral perfusion pressure above
the lower limit of cerebral autoregulation. In cases of intracra-
nial disease, the relevant pressure opposing adequate perfusion
is the intracranial pressure.

Monit oring of Int racranial Pre ssure

ICP reflects the dynamic interaction of tissues and fluids within
a fixed-volume, hard cranial shell of approximately 1,400
mL in an adult. Its contents can be divided into cerebral
parenchyma, arterial and venous blood, and CSF components.
The cerebral parenchyma accounts for 80% to 90% of the con-
tents and includes both intra- and extracellular fluid as well as
cellular membranes. The volume of the blood together with the
CSF makes up the remaining 10% to 20% . The Monroe-Kellie
doctrine, as modified by Cushing at the turn of the 19th cen-
tury, states that any increase in volume of one intracranial com-
ponent occurs at the expense of another. Normal intracranial
pressure in adults is 8 to 15 mm Hg and in babies the pressure is
10 to 20 mm Hg (less when measured through a lumbar punc-
ture). Compensatory mechanisms stabilize ICP in response to
slight changes in CBF, as well as CSF production and absorp-
tion. In the absence of effective compensatory mechanisms, an
increase in the volume of any one of the components will lead
to an exponential increase in pressure, as illustrated by the
pressure–volume relationship (Fig. 27.12) described by Lang-
fitt (113). Compensation may be achieved by any of the follow-
ing: (a) changes in the volume of CSF; (b) the slight distention
of the dura; (c) changes in the intravascular volume, particu-
larly in the venous channels; and (d) compression or swelling
of the brain. The rate of change in the volume of intracranial
contents is of importance. For example, a rapid increase in vol-
ume produced by an epidural hematoma may overwhelm the
compensatory mechanisms and produce a rapid increase in ICP,
whereas a slowly growing brain tumor may produce a gradual
displacement of structures within the cranial vault without a
significant increase in ICP.

ICP is not static. Pressure fluctuations occur with cardiac
systole due to distention of the intracranial arteriolar tree and
respiration (i.e., ICP falling with each inspiration and rising
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FIGURE27.12. Pressure–volume relationship of the intracranial vault.
Volume in milliliters (abscissa) of water added to a supratentorial ex-
tradural balloon in a monkey, 1 mL/hour. Pressure in millimeters of
mercury (ordinate). (With permission from Langfitt TW. Increased in-
tracranial pressure. Clin N eurosurg. 1969;16:43–71.)

with expiration). Straining or compression of neck veins can
also cause a rise in pressure. A value in excess of 18 to 20 mm
Hg is abnormal and must be treated.

As the ICP increases, the cerebral venous pressure increases
in parallel so as to remain 2 to 5 mm Hg higher, or else the
venous system would collapse. Because of this relationship,
CPP can be satisfactorily estimated from mean arterial pressure
minus ICP. Cerebral arterial circulation is normally autoregu-
lated to maintain a constant CBF for a CPP between 60 and
150 mm Hg.

Clinical deterioration in neurologic status is widely consid-
ered a sign of increased ICP. Bradycardia, increased pulse pres-
sure, and pupillary dilation are accepted as signs of increased
ICP.

The five methods most commonly used to monitor ICP are
(a) an intraventricular catheter, (b) a subarachnoid or subdural
bolt, (c) a subdural catheter, (d) an intraparenchymal fiberoptic
filament sensor, and (e) an extradural fiberoptic sensor. Each
of these has its advantages and disadvantages. The intraven-
tricular catheter is typically considered the gold standard. Its
advantages include easy recalibration and a means to treat ICP

FIGURE 27.13. Intracranial pressure waveform showing the percus-
sion wave (P1), tidal wave (P2), and dicrotic wave (P3). The timing
of the peaks corresponds to the arterial pressure waveform. (Image
courtesy of Integra Neurosciences, Inc.)

elevations by removing CSF. On the other hand, placement
may be difficult in the face of a distorting intracranial pathol-
ogy. The other devices are easier to place, but the accuracy of
the recorded values may be more difficult to verify. All ICP
monitors are invasive and share a risk of infection of about
5% .

Patients who require ICP monitoring are generally consid-
ered to be those (a) with a closed head injury and a GCS less
than or equal to 8; (b) in whom a CT scan shows significant
brain distortion; (c) with worsening neurologic status; (d) in
whom there is a need to sedate, paralyze, or operate in the
context of an abnormal brain; (e) with postoperative compli-
cations; and (f) who are unconscious or in shock. The ICP data
derived from such monitoring can serve as a useful therapeutic
guide to clinical care.

Int e rp re t at ion of Int racranial
Pre ssure Wave forms

The normal ICP waveform has three characteristic peaks (P1,
P2, and P3) of decreasing height that correlate with the arte-
rial pulse waveform (Fig. 27.13). The P1 (or percussion) wave
originates from arterial systole, and has a sharp peak and con-
stant amplitude. The P2 (or tidal) wave is more variable and
ends on the dicrotic notch. Elevation of the P2 component of
the ICP waveform is thought to reflect decreased intracranial
adaptive capacity and impaired autoregulation. However, sus-
tained increases in ICP can occur without P2 elevation. The P3
(or dicrotic) wave follows the dicrotic notch and is venous in
origin.

When consecutive ICP waveforms are observed over time,
three distinct patterns—first described by Lundberg in 1960
as A, B, and C waves—may be observed (114). A waves, now
more commonly referred to as plateau waves, are pathologic
(Fig. 27.14). There is a rapid rise in ICP up to 50 to 100 mm Hg,
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FIGURE 27.14. Lundberg plateau waves. The tracing of the intracranial pressure shows several pathologic
increases of intracranial pressure, with plateaus lasting from 20 to 60 minutes. (Image courtesy Integra
Neurosciences, Inc.)
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TECHNIQUES FOR MEASURING CEREBRAL BLOOD FLOW

Resolution

Category Technique Temporal Spatial Invasiveness Cost

Bedside Kety-Schmidt 15 min Hemispheric Jugular catheter +
133Xenon wash-out 3–15 min 3–4 cm Jugular catheter, radiation +
Arteriovenous difference

in oxygen content
(AVDO 2), jugular
venous oxygen
saturation (SJvO 2)

< 1 min Global Jugular catheter +

Double indicator
dilution

3 min Global Jugular catheter,
descending thoracic
aortic catheter

+

Near-infrared
spectroscopy

< 1 min Local, bifrontal No +

Thermal clearance
probe

< 1 min Local, 1–2 cm Exposed cortex +

Laser Doppler flow
probe

< 1 min Local, 1–2 cm Exposed cortex +

Tomographic Positron emission
tomography (PET)

4–6 min/section < 1 cm Radiation from positron
emitter

+ + + + +

Stable Xenon computed
tomography (CT)

4–6 min/section < 1 cm Radiation from CT scan + + +

Single photon emission
tomography (SPECT)

4–6 min/section < 1 cm Radiation from γ emitter + + +

Magnetic resonance
imaging (MRI)

4–6 min/section < 1 cm No + + +

followed by a variable period during which the ICP remains
elevated (“plateau”), followed by a rapid fall to the baseline.
These plateau waves typically last from 5 to 20 minutes. They
are generally seen in patients with already elevated ICP. During
a series of plateau waves, both amplitude and duration may
increase, leading to a “ terminal” wave in which ICP may rise to
levels that impede CBF. “Truncated” or atypical plateau waves
that do not exceed 50 mm Hg are early indicators of neurologic
deterioration. B and C waves are smaller fluctuations in ICP
thought to be related to respiration and autonomic fluctuations
in blood pressure (Traube-Hering-Mayer waves), respectively.
They are of little clinical significance.

While a markedly decreased or elevated cerebral perfusion
pressure may lead to ischemia or spontaneous hemorrhage, re-
spectively, a normal cerebral perfusion pressure by no means
ensures normal cerebral blood flow. Increased cerebrovascu-
lar resistance (e.g., because of carotid stenosis, cerebral va-
sospasm, or microcirculatory compromise) may cause ischemia
despite normal cerebral perfusion pressure. Similarly, normal
cerebral perfusion pressure may coexist with abnormally in-
creased cerebral blood flow in settings such as posttraumatic
vasoparalysis or normal perfusion pressure breakthrough after
resection of an arteriovenous malformation.

Dire ct Ce re b ral Blood Flow Me asure me nt

The ideal clinical method for CBF measurement in patients
with intracranial pathology would be a noninvasive, inexpen-
sive bedside procedure that is continuous or at least frequently

repeatable, and provides good spatial resolution for superficial
and deep structures of all vascular territories (115,116). No
currently available method (Table 27.9) comes close to having
all these characteristics. Nonetheless, determinations of CBF
serve to validate other techniques of assessing cerebral perfu-
sion and provide important insights into the pathophysiologic
events in head injury or stroke.

Direct measurement of cerebral blood flow is possible by
determining the kinetics of either wash-in or wash-out of an
inert tracer compound, in a variation of the method originally
described by Kety and Schmidt (117). The most widely used
measurement involves the administration of a radioactive iso-
tope of 133Xe either per inhalation or intravenously, followed
by measurement of the radioactivity wash-out, with γ detectors
placed over specific areas of the brain. This method provides a
spatial resolution of about 3 cm to 4 cm, depending on the num-
ber of detectors. In the normal brain, flow at different depths
may be inferred from the early wash-out, which should reflect
high-perfusion cortical gray matter, and low-perfusion deeper
white matter. An important disadvantage of the technique is its
lack of sensitivity for focal areas of hypoperfusion, which are
obscured by adjacent areas of adequate flow—a phenomenon
described as “ look-through.”

Radiologic methods like SPECT, PET, Xenon-enhanced CT
or perfusion CT, or MRI provide excellent spatial resolution,
but are not available at the bedside. Some are used clinically as
confirmatory tests in the determination of brain death. SPECT
and magnetic resonance angiography, for example, show a
“hollow skull phenomenon” and absent intracranial flow, re-
spectively. Xenon-enhanced CT, which can be combined with
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FIGURE 27.15. The flow velocity in intracerebral arteries shows a characteristic pattern of changes as
intracranial pressure increases to the point of intracranial circulatory arrest and brain death. Initially, it
resembles an arterial pressure wave form. (With permission from Hassler W, Steinmetz H, Gawlowski
J. Transcranial Doppler ultrasonography in raised intracranial pressure and in intracranial circulatory
arrest. J N eurosurg. 1988;68:745–751.)

standard CT scanning, has been used to obtain prognostic in-
formation and withhold unnecessarily aggressive therapy by
assessing the severity of the decrease in CBF during stroke
(118). Perfusion imaging allows the detection of a viable
penumbra around areas of ischemia, which may be restored
to normal function if the relative ischemia can be reversed.

Transcranial Dop p le r

An easy-to-apply, continuous, and noninvasive monitor of rel-
ative changes in CBF employs transcranial Doppler (TCD) ul-
trasound (119).

The ore t ical Basis
Ultrasound waves are used to measure the velocity of blood
flow in the basal arteries of the brain and the extracranial por-
tion of the internal carotid artery. These waves are transmitted
through the relatively thin temporal bone, the orbit, or the fora-
men magnum (120). When they contact moving red blood cells,
they are reflected at a changed frequency through the brain and
skull back to a detector. The change in frequency as blood cells
move toward or away from the ultrasound transmitter and de-
tector is an example of the Doppler effect, and is related to
velocity and direction of flow. Velocity increases during systole
and decreases during diastole; blood in the center of the lu-
men moves faster than that near the vessel wall, producing a
spectrum of flow velocities. This spectrum resembles the shape

of the waveform produced by an intra-arterial pressure trans-
ducer (Fig. 27.15). The TCD probe emits ultrasound waves
as short pulses. Because ultrasound travels through tissue at
a constant velocity, assessment of flow at different distances
from the transducer becomes possible by varying the time win-
dow during which the reflected ultrasound waves are received.
Thus, each arterial segment at the base of the brain has a dis-
tinct signature in terms of depth of insonation and direction
of flow. TCD measurements are most commonly (and easily)
made in the middle cerebral and internal carotid arteries, but
may also be measured in other vessels, including the anterior
cerebral, anterior communicating, posterior cerebral, posterior
communicating, and basilar arteries. In approximately 10% of
patients, particularly elderly females, technically satisfactory
recordings cannot be obtained because of increased skull thick-
ness (121).

Although TCD allows the interrogation of all arteries that
supply the brain, it cannot provide a simple assessment of
global or hemispheric CBF. In the setting of acute stroke or
traumatic arterial dissection, the mere patency of a vessel is
an important question that has diagnostic, therapeutic, and
prognostic implications (120,121). For example, the presence
of blood flow indicates recanalization of a vessel, and may be
used to spare a patient the risks associated with thrombolytic
therapy. Beyond the question of vessel patency, the link be-
tween TCD measurements and cerebral blood flow is indirect
and subject to one technical limitation and two principal as-
sumptions inherent in the link. The technical limitation is that
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the accuracy with which the flow velocity can be determined
depends on the angle of insonation. Variability of repeated mea-
surements can be minimized either by using a single examiner
or by rigidly mounting the TCD probe on the patient’s head
with a headset, provided a shift in brain structures caused by
a mass lesion does not displace the artery. The two principal
assumptions that have to be met for TCD-measured blood flow
velocity to correspond to CBF are as follows:

1. Flow and flow velocity are directly related only if the diam-
eter of the artery remains constant.

2. Second, the blood flow in the basal arteries of the brain must
be directly related to cortical CBF.

These assumptions likely represent an oversimplification
and have not been supported adequately by evidence. Specif-
ically, radioactive xenon-measured CBF does not correlate
well with TCD-derived middle cerebral artery velocity dur-
ing carotid endarterectomy or cardiopulmonary bypass (122–
124). Likewise, normal variations in blood flow velocities are
large (125). Despite this limitation, TCD has found many appli-
cations in the ICU, particularly in answering research questions
in combination with other monitoring modalities that assess
CBF. While these have contributed to our understanding, for
example, the time course and mechanisms of secondary injury
in brain trauma, their application is limited to a few centers
(126–128).

De t e ct ion of Ce re b ral Vasosp asm
TCD has been helpful in identifying vasospasm following
aneurysmal subarachnoid hemorrhage (129–132). As the di-
ameter of the arterial lumen decreases with vasospasm, the
velocity of blood flowing through the narrowed vessel must
increase if flow is to be maintained. Using absolute flow ve-
locity alone, detection and documentation of the severity and
duration of vasospasm are possible, with a specificity that ap-
proaches 100% but with limited sensitivity (125,133,134).
Attempts have been made to improve the sensitivity by nor-
malizing the flow velocity to that measured prior to the time
of vasospasm (125) or to the flow velocity of the ipsilat-
eral extracranial internal carotid artery (130). One impor-
tant setting wherein absolute TCD flow velocity may under-
estimate the severity of vasospasm is that of increased ICP
(135). Increases in ICP, however, lead to characteristic changes
in the TCD waveform and increase the pulsatility index (see
below).

Although TCD has contributed much to our understand-
ing of the natural history of vasospasm following aneurysmal
subarachnoid hemorrhage, most studies predate the current
therapeutic approach of early exclusion of the aneurysm and
supportive therapy with hypertensive-hypervolemic hemodilu-
tion and nimodipine. A recent advance in the treatment of
vasospasm that highlights one limitation of TCD is the ther-
apeutic dilation of stenotic arteries. TCD flow velocities may
remain elevated despite successful dilation as a result of im-
paired autoregulation in the poststenotic vascular bed (136).
Likewise, TCD cannot assess isolated distal vasospasm, which
may account for as much as a third of all cases of vasospasm
(137). Because of such specific limitations and some limitation
in sensitivity (138,139), TCD is not universally used to assess
patients with aneurysmal subarachnoid hemorrhage.

Asse ssme nt of Int racranial Pre ssure and
Confirmat ion of Brain De at h

The TCD-generated waveform exhibits sequential characteris-
tic changes as intracranial pressure increases (Fig. 27.15) (140).
As ICP increases, the systolic waveform becomes more peaked.
As ICP nears diastolic blood pressure, diastolic flow diminishes
and subsequently ceases. Once ICP exceeds diastolic blood
pressure, TCD shows a pattern of to-and-fro movement of
blood that indicates imminent intracranial circulatory arrest
(Fig. 27.15). This change in waveforms can be used to calcu-
late a pulsatility index by relating the difference between peak
systolic and end-diastolic velocity either to the mean or to the
systolic velocity. Such waveform analyses correlate well with
the intracranial pressure (135,141), but cannot replace ICP
monitoring because autoregulation, vasospasm, or proximal
arterial stenosis may alter the TCD signal independent of the
ICP (120).

Clinical brain death demonstrates a characteristic blood
flow velocity pattern (Fig. 27.15) (142,143). There is a short
systolic inflow of blood, followed by an exit of blood (flow
direction reverses) from the cranium during diastole. TCD is
a validated confirmatory test in the diagnosis of brain death,
with a sensitivity that exceeds 90% and a specificity of 100%
(144,145). While TCD can ascertain the diagnosis in most pa-
tients at the bedside, a large craniotomy or an inadequate bone
window may preclude the complete examination necessary to
confirm brain death.

Jug ular Ve nous Oxyg e n
Sat urat ion Monit oring

Jugular venous oxygen saturation (SjvO 2) monitoring has been
touted as an indicator of cerebral oxygen homeostasis. Changes
in SjvO2 from normal range (60% –70% ) provide indirect in-
formation on the state of CMRO 2, and because blood flow is
normally linked to CMRO2, indirect information on CBF as
well. Approximately 50% to 70% of patients with severe head
trauma (GCS ≤ 8) will have an episode of desaturation (SjvO 2
< 50% ). Despite an ischemic threshold widely accepted to be
SjvO 2 > 50% during the early hyperemic conditions follow-
ing head injury (146), the clinical utility of SjvO 2 monitoring
remains unsettled.

The complexity of catheter placement, sample collection,
and results interpretation may contribute to a mere 20% uti-
lization of SjvO 2 monitoring in victims of moderate to severe
head injury (147). SjvO 2 is preferentially measured from the
flow-dominant internal jugular (IJ) vein (right 60% , left 25% ,
equal 15% ) (148) to provide the best estimate of whole brain
CMRO 2 conditions. Hemispheric dominance can be estab-
lished by which side will, in response to unilateral compression
of the IJ vein, produce the greater rise of intracranial pressure.
Alternatively, IJ vein size seen by ultrasound provides a rea-
sonable estimate of dominance, as does the relative size of the
jugular foramina on CT scan of the head.

Cannulation of the jugular bulb for intermittent (standard
catheters) or continuous (fiberoptic oximetry catheters) moni-
toring of jugular venous saturation is similar to internal jugular
catheterization for central venous catheter placement; however,
the needle, wire, and catheter are advanced in the cephalad di-
rection. The risk of causing an intracranial vascular injury is
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reduced if the wire is not pushed into the jugular bulb. The
catheter (hollow or oximetric) should be advanced slowly un-
til resistance indicates it has reached the roof of the bulb. The
catheter is then withdrawn 1 cm so that head movement cannot
cause catheter-related vessel injury or thrombosis. It is recom-
mended not to power-flush or administer infusions through this
catheter.

An increase in SjvO 2 indicates either lowered CMRO 2 (less
extraction) and/or increased or hyperemic CBF. A decrease
in SjvO 2 (greater extraction) indicates increased CMRO 2, hy-
poxia/anemia, or oligemia. Observed changes in SjvO2 might
then help guide therapeutic interventions.

Abundant experience validates the association of jugular
venous desaturation (SjvO 2 less than 50% ) with worsened
neurologic outcome. Conversely, mortality was reduced 66%
when monitoring and managing the cerebral extraction of oxy-
gen with SjvO2 in conjunction with cerebral perfusion pres-
sure than when cerebral perfusion pressure alone was man-
aged (149). CMRO 2 increased in patients with elevated in-
tracranial pressure (ICP ≥ 20 mm Hg) and normal to decreased
cerebral extraction (“ luxury perfusion”) of oxygen with hy-
perventilation therapy. Elevated ICP associated with normal
to increased cerebral extraction of oxygen was treated with
mannitol, resulting in improved ICP and cerebral oxygena-
tion.

Profound neurologic deterioration occurs with SjvO 2 de-
saturation to 30% or less (150). As cerebral circulatory arrest
develops, the external carotid artery increasingly provides the
blood sampled at the jugular bulb, and SjvO2 then increases.
In the clinical setting where brain death is expected, a ratio of
mixed venous blood saturation to SjvO 2 less than 1 has been
found to be highly sensitive (95% ), specific (100% ), and pre-
dictive (92% ) for cerebral circulatory arrest (151).

The limitations with SjvO2 monitoring may partly explain
its low utilization. Admixture of extracranial blood through
collateral venous drainage into the superior sagittal, sigmoid,
and cavernous sinuses directly into the jugular bulb is believed
to occur even when it is correctly placed into the jugular bulb
(152). When samples are drawn faster than 2 mL/minute (153)
or the catheter tip lies too short of the jugular bulb, extracra-
nial blood may further contaminate the specimen and spuri-
ously elevate SjvO2. Even a “clean” SjvO 2 sample does not dis-
tinguish between lateralizing differences in flow, metabolism,
or brain injury. Thus, because SjvO 2 reflects a global average
from a variety of brain regions, marked regional hypoperfu-
sion may not be reflected by a change in SjvO 2 (154). Although
SjvO 2 and brain tissue oxygen pressure (PbtO 2), a measure of
regional ischemia, usually track in the same direction, main-
taining SjvO2 above conventional thresholds did not reliably
protect against the occurrence of regional ischemic insults.
Consequently, SjvO 2 cannot be used alone to direct hyperven-
tilation or to alert clinicians to evolving hypocapnia-induced
regional cerebral ischemia. It is now clear that “acceptable”
hyperventilation may cause harm that remains clinically unde-
tected by SjvO 2 (155).

SjvO 2 monitoring may be most useful as a trend monitor in
patients with diffuse global brain injury and when it identifies
saturations below the ischemic threshold. Normal-range SjvO 2
can represent a “false-negative” measurement insofar as areas
of regional ischemia may be present. Currently, the best tech-
nique for guiding therapy to a regional area of concern is with
PbtO 2 monitoring.

Ne ar-infrare d Sp e ct roscop y

Near-infrared spectroscopy (NIRS) utilizes the minimal absorp-
tion and greater penetration of wavelengths in this portion of
the electromagnetic spectrum to evaluate changes in cerebral
blood flow and cerebral oxygenation. Similar to pulse oximetry,
NIRS compares differences in the absorption of hemoglobin
(670–760 nm) to oxyhemoglobin (830 nm). In this manner,
NIRS can be used for noninvasive assessment of brain oxy-
genation through an intact skull in human subjects by detect-
ing changes in oxyhemoglobin concentrations associated with
neural activity.

Application of straight-line photon transmission to oxime-
try was developed for clinical application in the early 1970s and
reported by Jobsis in 1977 (156). A second type of NIRS—
imaging of diffusion and scattering light—was developed by
Kato et al. (157) and McCormick et al. (158) in 1991. NIRS
utilizes light with a wavelength between 700 and 1,300 nm to
penetrate the scalp, skull, and brain. A review of the devel-
opment of the technique was recently published (159). NIRS
offers the advantage of continuous, noninvasive monitoring of
the cerebral cortex, and is typically done with one sensor each
for the right and left hemisphere of the brain. Originally de-
veloped for monitoring neonates, the penetration in adults is
significantly less compared to neonates. Additionally, extracra-
nial changes in blood flow and oxygenation affect absorption
values. NIRS may be as sensitive in detecting progressive cere-
bral hypoxia as EEG (160), but spatial resolution is limited by
the number of detectors. Together with transcranial Doppler
evaluation, it provides useful information in the hemodynamic
evaluation of carotid artery occlusion (161), and in 2004 was
described as a promising technique in the near future (162).
At this time, clinical utility in the adult population remains
limited.

Brain Oxyg e nat ion/ Microd ialysis

In contrast to most other techniques for evaluating brain oxy-
genation, tissue monitoring and microdialysis offer both the
advantage and disadvantage of monitoring a very discrete re-
gion of tissue (163). Continuous brain tissue oxygen monitor-
ing measures oxygen delivery and identifies cerebral hypoxia
and ischemia in patients with brain injury, aneurysmal sub-
arachnoid hemorrhage, or malignant stroke, or other patients
at risk for secondary brain injury. Intraparenchymal direct oxy-
gen partial pressure measurements (PbrO 2) have been shown
to be of potential value in the management of cerebral perfu-
sion and management of patients with traumatic brain injury
(164,165).

In the 2007 Guidelines for the Management of Severe Head
Injury (166), a brain tissue oxygenation threshold of less than
15 mm Hg was adopted as a level III recommendation. Based
on many studies over the past decade (167–169), subthreshold
levels of PbrO 2 have been associated with increased morbid-
ity and mortality in patients with severe brain injury. Giri et
al. described that increases in inspiratory oxygen has little ef-
fect on PbrO2 in normal tissue, whereas in the injured brain,
PbrO 2 is increased as long as blood flow is present (170). Stiefel
et al. reported in 2005 a management strategy in severe trau-
matic brain injury that included PbrO 2 monitoring and ther-
apy directed at maintaining brain oxygenation greater than
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25 mm Hg (171). Using this multimodal approach, they ob-
served reduced patient mortality compared to CPP-directed
therapy.

Van den Brink et al. studied 101 comatose, nonpenetrating
head injury patients, whose GCS score was greater than 8. De-
spite aggressive management of both ICP and CPP, brain tissue
hypoxia frequently occurred (169). The depth and duration of
tissue hypoxia was associated with an unfavorable outcome
and death at 6 months after injury. In patients with severe in-
jury in whom hyperventilation is considered, monitoring of
brain oxygenation may be considered (172). The significance
of local partial pressure of brain tissue oxygen continues to be
debated; however, evidence for inclusion in multimodal moni-
toring is increasing.

Microdialysis is a technique that can be combined with
brain tissue oxygen monitoring within the same highly local-
ized probe (173,174). The intracerebral probe consists of a
fluid path surrounded by a semipermeable membrane. This
fluid path is perfused with a balanced salt solution that equi-
librates with interstitial fluid from the brain. Therefore, the
fluid returned from that fluid path contains substances from
the brain in proportion to their local concentration, their spe-
cific membrane permeability, and the perfusate flow rate. Since
the latter two do not change, the concentration of substances
of interest can be followed over time. In the research context,
this technique has been used to study topics as diverse as the
role of excitotoxicity (175) or the proteomics of brain ischemia
in stroke (176). The monitoring application closest to clinical
utility, however, sets its sights considerably lower. It aims to de-
termine the state of aerobic glucose utilization by following the
ratio of metabolic intermediary products such as the pyruvate-
to-lactate ratio. Ratiometric determinations of chemically sim-
ilar molecules obviate the need to calibrate the probe based on
the permeability of the substance(s) of interest. A decrease in
the pyruvate-to-lactate ratio indicates an increase in anaerobic
metabolism and/or mitochondrial dysfunction consistent with
ischemia (173).

SUMMARY
Technologic advances in neurointensive care medicine have al-
lowed successful treatment of severely injured patients. Early
detection of the magnitude of the injury, damage control of
coexisting diseases, prevention of secondary injury, and, ul-
timately, pharmacologic or surgical correction of the neu-
rodisorders are all primary objectives of the focused neuroin-
tensive care team. Effective neuromonitoring techniques are
fundamental tools to achieve these goals. As the field of neuro-
critical care continues to emerge as a subspecialty dedicated to
the treatment of critically ill patients with neurologic diseases,
the neuromonitoring level of sophistication will increase in par-
allel, and so will our ability to monitor cerebral physiology and
pathophysiology in real time.
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CHAPTER 28 ■ RADIOGRAPHIC IMAGING
AND BEDSIDE ULTRASOUND IN THE
INTENSIVE CARE UNIT
PATRICIA L. ABBITT r MORGAN CAMP

Critically ill patients often require emergent and intensive use
of imaging for diagnosis and guidance for surgical and support-
ive maneuvers. Complex surgical or trauma patients also need
follow-up imaging for successful management during postop-
erative or posttraumatic hospitalization. Bedside drainage pro-
cedures guided by imaging are an important part of the care of
the critically ill.

ANALYSIS OF THE CHEST
RADIOGRAPH IN THE

INTENSIVE CARE UNIT
Portable chest radiographs are the most common radiologic
examination performed in patients in an intensive care unit
(ICU). Chest radiographs of the ventilated patient are often
used to monitor the clinical cardiopulmonary status as well
as to evaluate placement of catheters and tubes. The po-
sition and any complication of placement of catheters and
tubes that support the critically ill patient can be evalu-
ated. Fluid overload, ventilator-associated pneumonia, lobar
collapse, and pneumothorax are examples of parenchymal
abnormalities detected and treated using the portable chest
radiograph. The discussion that follows is meant to facili-
tate the correct interpretation of portable chest films for the
intensivist.

Te chnical and Clinical Parame t e rs
Affe ct ing Int e rp re t at ion of t he

Port ab le Che st Rad iog rap h

The portable AP chest radiograph taken of the critically ill
patient is different from the standard upright PA and lateral
chest radiograph. The portable radiograph is taken with the
film relatively close to the radiographic source, which leads
to enlargement of the cardiac blood vessels, and mediastinum,
and can be misinterpreted as cardiomegaly, fluid overload, or a
widened mediastinum. The critically ill patient is often sedated
or has diminished alertness, leading to an underexpanded ra-
diograph, which can result in small lung volumes and lower
lobe volume loss or atelectasis (Fig. 28.1). Chest radiographs
taken after extubation may appear “worse” when compared to
films taken while the patient is receiving mechanical ventilatory
support because the effects of positive pressure ventilation will

be gone. Surgical procedures or disease processes affecting the
upper abdomen can also contribute to elevation of the hemidi-
aphragms and predispose the patient to atelectasis, or even
lobar collapse (Fig. 28.2). Pleural effusions develop related to
fluid resuscitation with surgery or as sympathetic reactions to
local inflammatory processes in the lung or upper abdomen.
Pleural effusions will contribute to haziness at the lung bases
and lead to nonvisualization of a diaphragm (Fig. 28.3). In the
presence of a large pleural effusion, compressive atelectasis of
the underlying lung will also occur.

The critically ill patient, with multiple support lines mental
status and presents a challenge to the technologist filming the
radiograph. Optimal positioning of the patient to include the
entire lung fields and to avoid rotation of the patient on the
film is quite difficult (Fig. 28.4). Cutoff of the lung apices or
lung bases may occur as the technologist estimates their po-
sition. Radiographs taken in a lordotic position will accentu-
ate the heart, making it appear larger and more globular than
in standard positioning. Failure to minimize the intrusion of
continuous electrocardiographic lead wires into the film will
also magnify the interpretative difficulty. Interpretation of the
portable chest radiograph in the intensive care unit must take
into account these challenges, as well as the technical differ-
ences from the standard upright film, to provide an accurate
interpretation.

Sup p ort Line s and Tub e s

Multiple support lines and tubes are used to monitor and ad-
minister therapy to the ICU patient. Appropriate positioning
of such support devices must be ensured devices by after place-
ment performing a CXR to confirm placement and exclude
complications such as a PRX or hematoma.

The presence of the endotracheal tube on a portable chest
radiograph is indicative of ventilator support for a patient
with respiratory insufficiency. The position of the endotra-
cheal tube (ET) in most cases is determined by locating the
radiopaque marker on the wall of the tube. The ET tube is
ideally located in the trachea 2 to 4 cm above the carina or
projected between the head of the clavicles and above the ca-
rina (Fig. 28.5). An ET that has been advanced too far into
the airway may enter one of the two main bronchi, which can
cause lobar collapse since the contralateral bronchial orifice
would be blocked by the ET. Intubation of the right lower
lobe bronchus can happen easily in an emergent or field
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A B

FIGURE 28.1. These two radiographs demonstrate the marked difference in the appearance of the chest
when the film is taken (A) portably or (B) in the upright position. In the underexpanded portable chest
film (A), the mediastinum looks wide, the heart looks bigger, and the vessels often look plumper. The
diagnosis of fluid overload is erroneous as demonstrated by a radiograph taken minutes later (B) in the
upright full inspiratory mode.

intubation because the trajectory of the right lower lobe
bronchus is quite straight from the trachea (Fig. 28.6). In-
tubation of the right lower lobe bronchus may result in ob-
struction of the left bronchus, resulting in left lung collapse
(Fig. 28.7) or right upper lobe bronchial obstruction with right
upper lobe collapse. The inappropriate position of the ET leads
to problems with patient ventilation until the endotracheal tube
position is corrected.

FIGURE 28.2. Lower lobe densities in this case are related to lobar
collapse at the bases. The hemidiaphragms are elevated, and the heart
is obscured by the densities caused by lower lobe collapse/volume loss.
Lower lobe collapse can be differentiated from pleural effusions in this
case because effusions would layer, causing haziness in the recumbent,
critically ill patient.

Ce nt ral Cat he t e r Place me nt
Central venous catheters to be used for fluid, antibiotic ad-
ministration, or parenteral nutrition may be placed into the
subclavian or jugular veins with their tips projecting into the
superior vena cava (SVC). The junction of the subclavian vein
and jugular vein is usually located behind the medial head of
the clavicle, so the course of the catheter in relation to the ves-
sel should be evaluated. Most central catheters which are used

FIGURE 28.3. There is a sizable left pleural effusion that causes a gra-
dient of density in the left chest and obscures the left hemidiaphragm,
as opposed to the lucent right lung and clear diaphragm.
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FIGURE 28.4. The mediastinum (arrows) is rotated to the right in this
case, illustrating the difficulty of correctly positioning the critically ill
patient on the film.

for central venous access are designed to terminate in the SVC,
between the level of the clavicles and the carina, keeping the
venous catheter above the reflection of the pericardium at the
base of the great vessels (Fig. 28.8). This ensures that, if the
superior vena cava is perforated by the catheter tip, bleeding
into the pericardium will not occur. Therefore catheters that are
advanced too far into the right heart or even into the inferior
vena cava should be retracted, leaving the tip in the SVC. Some

FIGURE 28.5. The endotracheal tube (arrows) is located in the tra-
chea, between the clavicles and above the carina. The radiopaque
marker is on one side of the tube to help identify its tip. Its position
above the carina ensures equal ventilation to both lungs.

FIGURE 28.6. The small-bore tube changer used in this patient with
cervical spinal traction has cannulated the right bronchus (arrow ) re-
flecting its straight trajectory from the trachea. The tube changer can be
used to maintain access to the airway in patients in whom reintubation
may be necessary.

central venous access catheters, notably dialysis catheters, are
designed to terminate in the right heart (Fig. 28.9).

When central venous catheters are placed into the chest,
especially subclavian catheters, a postprocedural chest radio-
graph should be obtained to check catheter placement and to
check for postprocedural complications, such as a pneumotho-
rax. The apex of the lung is in close proximity to the puncture

FIGURE 28.7. Emergent intubation has resulted in intubation of the
bronchus intermedius. The left bronchus is blocked by the endotracheal
tube. The entire left lung is collapsed, leading to an airless white left
chest with shift of the mediastinum and heart to the left.
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FIGURE 28.8. The tip of the central catheter (arrows) is in good po-
sition in the superior vena cava.

site for a subclavian catheter and thus, is at risk for a pneu-
mothorax. The proceduralist may expect to see a pneumoth-
orax on the postprocedure chest film if the patient suddenly
became short of breath, complained of chest pain, or if there
was desaturation of oxygenation with catheter placement. A
pneumothorax can also be asymptomatic.

A pneumothorax is recognized by visualization of the pleu-
ral interface inside the thoracic cavity where there is also an
absence of lung markings, penpherally. Increased lucency (air)
will surround the lung because of the extra air (Fig. 28.10).
(Fig. 28.11). Tension pneumothorax may cause downward

FIGURE 28.9. The tip of the larger-bore dialysis catheter is in the
right atrium (double arrows), a deeper position than is expected for
most standard central catheters. The introducer, a central catheter (bold
arrow ), is in good position in the SVC.

FIGURE 28.10. The lung edge (arrows) is noted at the right apex on
this patient after a central catheter placement attempt. A chest tube
was not immediately placed since the patient was stable and the pneu-
mothorax was small.

displacement on the diaphragm or contralateral mediastinal
shift as the air accumulates within the pleural space (Fig.
28.12). The development of a tension pneumothorax may be
correlated with sudden decompensation and require urgent
intervention. A small pneumothorax in a patient on a ven-
tilator may suddenly convert to a tension pneumothorax sec-
ondary to the presence of positive pressure ventilation. For this

FIGURE 28.11. A large pneumothorax is present on the right. Air fills
the right chest. There are no lung markings and the entire right lung
has fallen centrally (arrow ). The attempt at catheter placement was
unsuccessful. No central venous catheter is noted. There is also a deep
sulcus sign overlying the right diaphragm.
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FIGURE 28.12. A: After catheter placement, a follow-up chest radiograph shows a large pneumothorax
on the left. The lung edge is indicated by arrows. There is a shift of the mediastinum and depression of
the left hemidiaphragm indicating a tension component. B: A chest tube (arrow ) was inserted quickly to
relieve the pneumothorax.

FIGURE 28.13. A tension pneumothorax is obvious, causing shift
of the mediastinum toward the right. The left hemidiaphragm is de-
pressed. Multiple left rib fractures are the cause of the tension pneu-
mothorax in this case. Emergent left chest tube placement is necessary.

FIGURE 28.14. A skinfold (arrows) may be misinterpreted as a pleural
catheter and lead to unnecessary chest tube placement. Recognizing the
difference in appearance from the pleural edge and recognizing vascular
markings peripheral to the skinfold will prevent an error from being
made.



348 Sect ion II: Monitoring

FIGURE 28.15. The presence of a large left pneumothorax may be
hard to visualize in the recumbent patient. Vascular markings are lack-
ing at the left apex, and there is increased lucency on the left indicating
the presence of air in the left pleural space.

reason, patients on positive pressure ventilation who develop
a pneumothorax will often be treated with a chest tube to
avoid the development of a tension pneumothorax. Pneumoth-
oraces are not only the result of central catheter placement
but can be secondary to barotrauma with increasing ventila-
tory settings or secondary to chest trauma and rib fractures
(Fig. 28.13).

The pleural interface that indicates the presence of a pneu-
mothorax is not to be confused with a skinfold (Fig. 28.14).
Skinfolds may be seen in older patients with redundant skin
and can be misinterpreted as a pleural edge, or leading to
misdiagnosis of a pneumothorax and inadvertant chest tube
placement.

FIGURE 28.16. The tip of the pulmonary artery catheter (arrows) is
well out of the left pulmonary artery. The catheter needs to be with-
drawn several centimeters to be in optimal position with the tip of the
catheter closer to the mediastinum.

FIGURE 28.17. The left upper extremity PICC (arrow ) extends into
the left neck from the left arm and needs to be repositioned.

The critically ill patient is most often in the recumbent po-
sition after central catheter placement, which can make the
recognition of a pneumothorax difficult (Fig. 28.15). A pneu-
mothorax in the recumbent position may collect anteriorly,
at the lung base, leading to the deep sulcus sign. The deep

FIGURE 28.18. The tip of a weighted feeding tube is in the stomach
(arrow ).
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FIGURE 28.19. The feeding tube follows the gentle curvature of the
stomach (arrow ), descends in the duodenum (double arrow ), and
crosses back over the midline with the weighted tip at the level of
the ligament of Treitz and in excellent position for feeding.

sulcus sign is the lucency at the lung base caused by air trapped
in the most anterior portion of the pleural space in a recum-
bent patient. This sign is a critical, yet subtle, finding that
makes tremendous difference in a patients status. In criti-
cally ill patients who are difficult to position, the base of the

FIGURE 28.20. The tip of the feeding tube is in excellent position for
feeding (arrow ).

FIGURE 28.21. Contrast has been injected into the feeding tube to
demonstrate that its tip is in the proximal jejunum and in excellent
position for feeding. The small bowel folds are feathery in appear-
ance (arrow ). Contrast confirms that the tube is not coiled in the
stomach.

lung may not be imaged, eliminating this diagnostic area on
the film.

A pulmonary artery catheter (PAC) is usually placed via an
introducer into the subclavian or jugular vein and advanced
into either the right (most commonly) or left pulmonary artery

FIGURE 28.22. The feeding tube is not seen below the diaphragm. Its
tip is seen above the diaphragm in the left lower lobe bronchus (arrow ).
If the tube’s malposition is recognized and the tube is removed prior to
feeding, no problems should ensue.
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FIGURE 28.23. A: Tip of the weighted feeding tube (arrow ) is in the bronchus to the right lower lobe,
indicating the patient’s inability to protect his airway. There is a nasogastric (NG) tube, indicated by the
radiopaque stripe, coiled in the stomach (double arrows). B: Chest radiograph of the same patient showing
the feeding tube in the right bronchus (arrow ) and the NG tube in the esophagus (double arrows).

to facilitate its use as a monitor of cardiac function. The pul-
monary artery catheter ideally should be positioned in the prox-
imal right or left pulmonary artery. If the catheter is advanced
too far distally, the balloon tip can cause pulmonary infarction
(Fig. 28.16). If the pulmonary artery catheter is placed to be

too proximal, as in the right ventricle, the catheter could trigger
dysrhythmias and promote inaccurate measurements.

A peripherally inserted central catheter (PICC) is a long in-
travenous catheter, usually advanced from a peripheral upper
extremity vein with optimal positioning of its tip in the SVC.

A B

FIGURE 28.24. A: The feeding tube is coiled in the right lower lobe bronchus (arrow ). B: After removal
of the feeding tube, a tension pneumothorax became obvious on the right. The air, which is lucent in the
pleural space, causes mass effect on the dense, noncompliant, wet right lung, which is unable to completely
collapse. Prompt chest tube placement was necessary.
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FIGURE 28.25. A: The feeding tube had been aggressively advanced into the left bronchus and was
coiled in the left pleural space. B: Removal of the feeding tube led to the rapid development of a tension
pneumothorax on the left, necessitating chest tube placement. Notice the lack of lung markings associated
with the left pneumothorax.

A puncture of the lung and subsequent pneumothorax is not
expected with PICC placement. The PICC is often hard to visu-
alize on a radiograph since it is so small. Contrast instillation
at the time of the radiograph may help in localizing the tip of a
PICC. Peripherally inserted central catheters may be advanced
too far into the heart, may coil in a vessel, or extend into the
jugular vein from the subclavian vein (Fig. 28.17). In any of
these situations, manipulation of the catheter will be necessary
to optimize its placement. Some peripherally inserted central
catheters cannot tolerate rapid injections of contrast agents
necessary for CT scanning. The capabilities of the catheter for
contrast injections are usually available from the product man-
ufacturers on the product inserts.

The subclavian artery and vein course together, and plain
radiographs of a PICC may not allow a distinction to be made
of whether the catheter is in the vein or the artery. Clinical
evaluation of catheter placement, either by transducing for a
pressure reading or determining the oxygen saturation value of
the blood, may be useful if there is concern that the catheter
has been placed into the artery.

Fe e d ing Tub e Place me nt
A nasally or orally placed feeding tube is a commonly utilized
in the critically ill patient. Feeding tube placement is consid-
ered optimal when the tip of the feeding tube is in the distal
duodenum or proximal jejunum so that the risk of reflux of
the administered feeds into the stomach will be minimized.
Many of the commonly used enteral tubes have a weighted
metallic tip to facilitate peristaltic movement into the small
bowel. This weighted tip facilitates the recognition of the tube
on the abdominal radiograph (Fig. 28.18). Some feeding tubes
are placed surgically, and their appearance may be different
(e.g. larger bore). Nasogastric (NG) tubes are meant to re-
side within the stomach for gastric decompression, adminis-
tration of oral medications, and gastric pH monitoring. Most

NG tubes have a radiopaque stripe marking the length of the
tube with a side hole obvious as a break in the marker. The
most proximal sidehole of the NG tube needs to reside in the
stomach.

The ideal position for a feeding tube placed orally is with its
tip at the ligament of Treitz or at least in the distal duodenum
so reflux into the stomach and esophagus with feedings will
not occur (Figs. 28.19–28.21). In patients with neurological
injuries, or in heavily medicated patients, the inability to pro-
tect their airway may lead to cannulation of the bronchus with
the feeding tube (Fig. 28.22). Similar to ETT placement, the
right lower lobe bronchus may be cannulated by the enteric

FIGURE 28.26. There is a triangular density at the right lung base
(arrows) and shift of the heart toward the right, findings of right lower
lobe collapse secondary to a mucus plug in the bronchus.
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FIGURE 28.27. A: Preoperative chest radiograph shows excellent visualization of both hemidiaphragms
and clear lungs. B: Postoperative (status post–median sternotomy) chest radiograph shows increased
retrocardiac density, inability to see the left hemidiaphragm, inability to see through the heart, and shift
of the heart toward the left—all findings of left lower lobe collapse.

tube because of its relatively straight course from the mouth
(Fig. 28.23). Feeding tube malposition must be recognized to
avoid the disastrous consequences of administering feeds into
the lung.

A feeding tube that has been inadvertently placed into the
bronchus and then advanced into the lung parenchyma may
cause a sudden tension pneumothorax when the tube is re-
moved from the lung because when such a tube is removed, the
hole in the pleura and lung may result in a large gush of air and
the development of a tension pneumothorax. (Figs. 28.24 and
28.25).

FIGURE 28.28. The triangular density in the right lung apex is right
upper lobe collapse secondary to the low position of the endotracheal
tube (ET) with obstruction of the right upper lobe bronchus. Retraction
of the ET may allow re-expansion of the right upper lobe.

Pare nchymal Ab normalit ie s Se e n on
Che st Rad iog rap h in t he ICU

Collap se d Lung
Areas of collapsed lung are frequently seen on chest radio-
graphs of the critically ill patient. Collapsed lung will be dense
(white) on the chest film and will take up less room than a fully
expanded, normally aerated lung (Fig. 28.26).

The most frequently encountered lobar collapse in the inten-
sive care unit is left lower lobe collapse. Ventilator-dependent
recumbent patients develop collapse in the left lower lobe,

FIGURE 28.29. After pulmonary artery catheter placement, the trian-
gular density of right upper lobe collapse (arrows) was noted.
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FIGURE 28.30. A: Normal preoperative radiograph. B: The triangular density of right upper lobe collapse
is noted in this patient after fixation of the cervical spine.

usually secondary to diminished inspiratory effort, recumbent
positioning, and the weight of the heart on the left lower lobe.
On the chest film, left lower lobe collapse will result in in-
creased density in the retrocardiac area. This is recognized by
an inability to “see through” the heart to visualize the lower
lobe pulmonary artery, and the left hemidiaphragm. The inabil-
ity to visualize the hemidiaphragm on the left is secondary to
the fact that the left lower lobe is airless. It is the air in the lower
lobes that allows the diaphragm to be seen as a linear struc-
ture. In the patient with left lower lobe collapse, the heart and
mediastinum with shift toward the left, since the collapsed left
lower lobe is taking up less room than a normally expanded,
fully aerated lobe (Fig. 28.27).

A malpositioned ET tube can lead to lobar or lung col-
lapse by occluding the airway and preventing ventilation (Fig.
28.28). Repositioning of the ET tube may lead to complete re-
expansion of the lung in some cases. Often, bronchoscopy is
necessary to optimize ventilation by removing a mucous plug
to improve ventilation.

Right upper lobe collapse causes a characteristic triangular
density in the right lung apex. This characteristic triangular
density should be recognized, as it might be encountered after
intubation. Its appearance is characteristic and is not to be con-
fused with a localized hemothorax, loculatal, pleural effusion,
pneumothorax or pneumonia. The smooth inferior margin of
the density is the minor fissure that sharply marginates the
density and is pulled superiorly by the volume loss in the right
upper lobe (Figs. 28.29 and 28.30). Right upper lobe collapse
may respond to ET tube manipulation, bronchoscopy, or chest
PT. Re-expansion of the right upper lobe can be documented
by chest radiograph after such maneuvers (Fig. 28.31).

”Whit e Out ” of t he Che st
A critically ill patient may present with clinical decompensation
and a “white out” of one lung on the chest film. Careful analysis
of the film is necessary to draw the correct conclusions, which
will determine therapy.

A B

FIGURE 28.31. A: Right upper lobe collapse. B: Resolution after aggressive chest PT was administered.
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FIGURE 28.32. There is complete opacification of the right chest, and
the heart is pushed away from the right chest, suggesting that there is
something (fluid or mass) filling the right chest and having mass effect.
CT scanning subsequently showed a large mass and effusion filling the
right chest. There was associated compressive atelectasis or collapse of
the right lung.

A completely opacified hemithorax may be secondary to
a large pleural effusion that fills the chest. The underlying
lung may be compressed and surrounded by the large amount
of fluid. When a large pleural effusion fills one hemithorax
and the underlying lung is collapsed, the heart and medi-
astinum will be shifted away from the side filled with fluid
(Fig. 28.32).

In some situations, the entire lung collapses secondary to
mucus plugging or airway obstruction. In these circumstances
in which there is no significant volume of pleural fluid, the
mediastinum and heart will shift toward the side of collapse,
which is also the side of airway obstruction (Fig. 28.33). This
distinction of shift of the heart and mediastinum toward at-
electatic lung, or away from a large effusion is critical because
the observation leads to dramatically different therapies (bron-
choscopy or chest tube) which immediately improve a patients
ventilation (Fig. 28.34).

Ple ural Effusions in t he Int e nsive Care Unit
Pleural effusions that are large but do not completely fill the
chest will, cause a gradient of haziness that obscures the hemidi-
aphragm and is worse at the lung base which gradually fades
toward the lung apex. Pleural effusions in the recumbent pa-
tient do not cause a meniscus as they do in an upright patient
because the effusion layers posteriorly in the supine patient. A
large unilateral pleural effusion may cause an asymmetric den-
sity in the affected chest, and the presence of the effusion will
be suggested by the difference in density in the two hemithor-
aces.

Lateral decubitus chest radiographs or bedside chest ultra-
sound may verify the presence of pleural effusion suspected on
plain chest radiographs. Furthermore ultrasound of the chest,
show the compressed underlying lung, and allow quantifica-

FIGURE 28.33. There is complete opacification of the left chest, and
the heart is hidden in the density consistent with a completely collapsed
left lung secondary to airway occlusion related to a mucus plug. No
significant effusion is present, indicated by the fact that the heart is
hidden in the density of the left chest rather than being shifted to the
right. Bronchoscopy was necessary to remove the plug and allow re-
expansion of the left lung.

tion of the pleural fluid (Fig. 28.35). Loculated fluid or internal
septations within the fluid suggest that the pleural fluid is in-
fected or hemorrhagic. Pleural fluid that is infected—that is, an
empyema—needs drainage. Acute hematoma or an empyema
may be difficult to drain with thoracentesis or small-bore chest

FIGURE 28.34. Complete opacification of the left chest in this trauma
patient is secondary to left lung collapse related to the inappropriate
endotracheal tube (ET) position. Retraction of the ET should aid left
lung re-expansion.
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FIGURE 28.35. A and B: Ultrasound shows a large effusion (blank space) outlining the hemidiaphragm
(arrows).

tubes, requiring either large-bore chest tubes or surgical decom-
pression. Sometimes moderate to large effusions which cause
the lung to collapse, can be drained to improve a patients venti-
latory status to keep them from being intubated or to facilitate
extubation (Fig. 28.36).

Airsp ace or Alve olar Op acificat ion
Aspiration or ventilator-associated pneumonia (VAP) are two
respiratory events that may complicate the clinical course of
the patient in the ICU. Aspiration or VAP may prolong the
stay in the ICU by contributing to respiratory failure and
sepsis.

On a chest radiograph, VAP appreciated by an area of
airspace opacification (cloud like) in the lung (Fig. 28.37). The
region of VAP may begin in an area of lobar or segmental
collapse. Air bronchograms may be seen, which are air-filled
bronchi surrounded by infectious material in the alveoli of the
lungs. Visualization of air bronchograms allows recognition
that the process is a parenchymal or lung process, not a pleu-
ral effusion (Fig. 28.38). Patchy cloudlike opacification on the
chest film is also indicative that the process is parenchymal.

The sudden onset of a large parenchymal consolidation, par-
ticularly in the lower lobes especially in the correct clinical sce-
nario, may indicate that large volume bilaterally aspiration has
occurred. Sometimes this can be confirmed at bronchoscopy

A B

FIGURE 28.36. A: A large right pleural effusion causes diffuse opacification on the right. B: Placement
of a pleural drain allowed normal aeration of the right lung. The pigtail pleural drainage catheter is
indicated by the arrow . Note the resolution of the haziness and opacification of the right chest. The right
hemidiaphragm is now visible.
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A B

FIGURE 28.37. A: Tracheostomy tube noted in good position with clear lungs. B: Subsequently a large
area of new left lung airspace opacification was noted on chest radiograph demonstrating interval devel-
opment of ventilator-associated pneumonia (VAP).

when food particles are retrieved, substantiating the impres-
sion of aspiration (Figs. 28.39–28.41).

Fluid Ove rload Pat t e rn
Massive fluid resuscitation is sometimes necessary in pa-
tients with trauma, during surgery, or as part of the
management for sepsis. A fluid overload pattern may become
obvious on a chest film with bilateral perihylar airspace opacifi-
cation and bilateral pleural effusions. Patients with cardiogenic
pulmonary edema and heart failure may have similar findings
on a chest radiograph. Diffuse bilateral parenchymal opacifi-
cation could also be seen in extensive pneumonia, pulmonary
hemorrhage, or ARDS (acute respiratory distress syndrome).
Cardiovascular monitoring, the clinical scenario and broncho-
scopic results may be helpful in differentiating the various
causes of the parenchymal opacification (Figs. 28.42–28.44).

FIGURE 28.38. Aspiration pneumonia was documented on CT as a
unilateral parenchymal process in the right lung. Air bronchograms are
obvious (arrow ).

CROSS-SECTIONAL IMAGING IN
THE CRITICALLY ILL PATIENT

There are numerous medical or surgical situations that may
result in an admission to the ICU. Cross-sectional imaging,
often with CT, is instrumental in allowing rapid recognition
of the correct diagnosis to facilitate care and follow-up in the
critically ill patient.

CT scanning is the workhorse of diagnosis and imaging of
the critically ill patient. Intravenous and oral contrast agents
are used to optimize imaging, but their use may raise cer-
tain concerns. Intravenous contrast administration is especially
helpful in vascular diagnoses such as aortic dissection or acute
mesenteric thrombosis allowing recognition of an intimal flap
in the aorta or embolus in mesenteric vessels. Intravenous con-
trast can be nephrotoxic in patients with renal insufficiency
therefore. Pretreatment of such patients with fluid optimiza-
tion, N-acetyl cysteine, and alkalinization1 may minimize the
effects of intravenous iodinated contrast agents. In some cases,
intravenous contrast is not necessary for the particular ques-
tion asked (e.g., “ Is there free air?”) and can be avoided. To
administer intravenous contrast at a rapid rate for the scan, a
well-placed venous access catheter is necessary.

Oral contrast is beneficial in many situations by delineating
the GI tract from an abcess or mass and also to confirm a leak.
However oral contrast should not be used in most emergent sit-
uations because it can delay a critical scan, or a patient cannot
tolerate the volume of fluids. Also, iodine-based oral contrast
agents are quite toxic to the lungs, so every effort should be
made to avoid aspiration. Patients at aspiration risk should

1The formula used for this is as follows: N-acetyl cysteine, 1,200 mg
IV for one dose, then 1,200 mg enterally or IV every 12 hours for
three more doses. Additionally, into 1,000 mL of sterile H2O is added
150 mEq NaH2CO 3 and run in over 24 hours. A quantity of 250 mL
is run in over the first 2 hours, then the rest is administered over the
remaining 22 hours.
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FIGURE 28.39. A–C: This young woman was witnessed to aspirate
during an emergent delivery of a premature infant. CT images demon-
strate the focal, unilateral airspace disease on the left.

be monitored as the oral contrast is administered and while
the contrast is in the stomach. Administration of oral contrast
into enteral tubes that are located beyond the stomach can be
helpful.

Cross-Se ct ional Imag ing in Ce rt ain
Crit ical Sit uat ions

Aort ic Ane urysm Rup t ure
Aortic aneurysm rupture is often seen in an older patient with
atherosclerotic disease, which may present by severe back pain,
hypotension, and cardiovascular collapse.

If the diagnosis is suspected, the most rapid recognition of an
aortic aneurysm can be made by bedside ultrasound. Recogni-
tion of retroperitoneal hemorrhage accompanying aortic rup-
ture may be limited with bedside ultrasound. CT allows vi-
sualization of the aortic aneurysm, with fluid and stranding
in the retroperitoneum related to aortic leaking (Fig. 28.45).
Immediate repair may be attempted by either open surgery or
endoluminal stent placement. Emergent and massive resuscita-
tion is often necessary in patients with aortic rupture.

Aort ic Disse ct ion
Aortic dissection typically causes severe back pain and can be
confused clinically with myocardial infarction or pancreatitis
(Fig. 28.46). Contrast enhanced CT or MR can be used in
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A B

FIGURE 28.40. A trauma patient requiring prolonged extrication had extensive bilateral parenchymal
opacification related to aspiration.

the emergent setting to make the diagnosis of aortic dissection
as well as to define the extent of the dissection. Involvement
of the aortic root or ascending aorta by a dissection is usu-
ally treated surgically to avoid or minimize complications of
cardiac tamponade, myocardial infarction, or aortic valvular
insufficiency. Aortic dissection that begins distal to the takeoff
of the left subclavian artery may be treated medically with anti-
hypertensive medications unless there are complicating factors
such as mesenteric ischemia or renal dysfunction from aortic
dissection. Endoluminal stents are increasingly being used in
situations of aortic dissection.

FIGURE 28.41. The postoperative radiograph shows the interval de-
velopment of bibasilar airspace opacification, worse on the right. Clin-
ically obvious aspiration occurred postoperatively.

Aort ic Injury
Acute aortic injury occurs with significant chest trauma, par-
ticularly acute decelaration injuries, and is most often lo-
cated near the embryonic attachment of the aorta to the
pulmonary artery. Luminal irregularities at this site with
surrounding mediastinal hematoma indicate a potentially un-
stable vascular injury. Either open surgical management or
endoluminal stent grafting can be used for repair. Active ar-
terial extravasation of contrast at the site of aortic injury
does not have to be present to have an unstable aortic injury
(Fig. 28.47).

Se ve re Pancre at it is
Pancreatitis has many causes, including alcohol abuse, gall-
stone passage, hypertriglyceridemia, and trauma. Acute pan-
creatitis from any cause can result in severe pain, nausea, and
vomiting. Fluid resuscitation and electrolyte management are
imperative in the affected patient and may necessitate an ad-
mission to the ICU. Peripancreatic fluid collections, which can
become infected, often develop after a bout of severe pancreati-
tis. The severity of pancreatitis and complicating features like
pseudoaneurysm formation, or splenic vein thrombosis can be
elucidated by cross-sectional imaging (Fig. 28.48).

Trauma
Ultrasound of the trauma patient in the emergency department
can detect free fluid, likely blood, related to organ injury. Sub-
sequent CT scanning allows rapid evaluation of trauma to the
head, chest, abdomen, and pelvis and any complicated extrem-
ity injuries. Three-phase imaging allows recognition of arterial
bleeding, organ contusion or laceration, and urinary system in-
jury. State-of-the-art scanners are rapid and can guide emergent
surgical management or direct critical care monitoring.
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FIGURE 28.42. Preoperative (A) and postoperative (B) radiographs show the interval development of
diffuse bilateral airspace opacification, consistent with pulmonary edema related to massive fluid resusci-
tation.

In the acute setting, arterial bleeding from organs or
soft tissues must be managed immediately to prevent pa-
tient death. Blunt trauma can cause life-threatening hepatic,
splenic, renal, or aortic trauma. Penetrating trauma likewise
can result in arterial injury. Rapid surgery to stop bleed-
ing or angiographic embolization are the two most common

FIGURE 28.43. Pulmonary edema pattern with bilateral airspace
opacification.

A

B

FIGURE 28.44. Chest radiograph and CT images of a patient with
heart failure/fluid overload. Note the patchy bilateral parenchymal in-
volvement.
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FIGURE 28.45. CT scan with intravenous contrast shows a large in-
frarenal aortic aneurysm and stranding (arrows) into the left retroperi-
toneum, indicating leakage around the aorta. This patient underwent
emergent open repair.

FIGURE 28.46. Aortic dissection is present in this case involving the
ascending and descending thoracic aorta. The intimal flap separating
the true and false lumen of the dissection is marked by arrows. Re-
placement of the aortic root and valve to minimize aortic insufficiency
and cardiac tamponade was necessary.

A

B

C

FIGURE 28.47. A–C: Acute aortic injury is identified here by recogni-
tion of the abnormal contour of the aorta (arrows) and the surrounding
mediastinal hematoma. This is the typical site of aortic deceleration in-
jury.
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FIGURE 28.48. An acutely swollen edematous pancreas with peri-
pancreatic stranding (arrows) is demonstrated in this case. Fluid resus-
citation and electrolyte management were important features of this
patient’s care.

ways arterial bleeding is managed (Fig. 28.49). Critical neuro-
logical injuries that need emergent treatment are also evaluated
during a trauma CT.

Post op e rat ive Ble e d ing
Life-threatening hemorrhage may occur in an operative bed
and result in rapid exsanguination. Immediate diagnostic imag-
ing capabilities are essential in such cases to allow the diagnosis
to be made and rapid repair efforts to occur (Fig. 28.50). Post-
operative hemorrhage may be repaired by emergent surgery or
embolization.

Se p sis/ Se p t ic Shock
Sepsis frequently occurs in ICU patients especially in the post-
operative patient. CT scanning can identify sites of unsuspected
abscess formation. Recognition and drainage of abscesses or
fluid collections in the unstable septic patient can help treat the
infection and improve a patients status (Fig. 28.51). Drainage
procedures of the abscesses may be performed using percu-
taneous image-guided procedures or surgery. Some drainage
procedures may be performed at the bedside on unstable

A B

C

FIGURE 28.49. A–C: This 19-year-old man has a large liver laceration
with active arterial extravasation. Contrast-laden blood is demonstrated
squirting from the liver (arrow ). Emergent surgery was necessary for
control of the bleeding.



362 Sect ion II: Monitoring
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FIGURE 28.50. A and B: A large hematoma and active arterial extravasation (arrows) were obvious in
this patient after radical nephrectomy for renal cell carcinoma. Arterial embolization was successful in
halting the bleeding and stabilizing the patient.

patients using ultrasound. Other image-guided procedures re-
quire CT or fluoroscopy. Follow-up imaging after drainage
will provide information regarding the efficacy of the drainage
procedure.

Me se nt e ric Ische mia/ Infarct ion
Patients with mesenteric ischemia may complain of severe
abdominal pain, out of proportion to the clinical examina-
tion. Patients with mesenteric compromise may have elevated

A
B

C

FIGURE 28.51. A–C: Multiple low-density liver lesions were iden-
tified (arrows) and eventually drained in this patient who presented
with sepsis and hypotension related to cholangitis and liver abscesses.
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FIGURE 28.52. A–C: Multiple loops of small bowel are noted here to
have air in the wall consistent with pneumatosis intestinalis (arrows).
The patient’s clinical status with septic parameters, hypotension, and
elevated lactic acid levels made bowel ischemia likely. Necrotic bowel
was resected at laparotomy.

lactic acid levels and elevated white blood cell counts. One of-
ten finds, in these cases, pre-existing risk factors such as severe
atherosclerotic disease, emboli events secondary to atrial fib-
rillation, or profound episodes of global hypotension. Venous
thrombosis is a less frequently encountered cause of mesen-
teric ischemia. Sometimes, vascular occlusion or an embolus
can be seen in an artery of the gastrointestinal (GI) tract on
contrast-enhanced CT. CT scanning may show pneumatosis
intestinalis (air in the bowel wall), portal venous gas, or free
air, all possible manifestations of bowel necrosis and infarction
(Fig. 28.52). Patients with acute mesenteric ischemia do not
necessarily show CT signs of bowel compromise and may ben-
efit from surgical exploration to exclude mesenteric ischemia
if the CT scan is unrevealing in the appropriate clinical set-
ting. Pneumatosis intestinalis may be an innocuous finding, so

correlation with the clinical situation should be made before
the patient is taken to surgery.

Pulmonary Emb oli
Significant emboli to the pulmonary arteries usually come
from the legs or pelvis and may cause rapid patient decom-
pensation. Many patients are at risk for the development of
pulmonary emboli, especially after trauma, prolonged surgi-
cal procedures, and the hypercoagulability of malignancy. CT
scanning of the chest with rapid infusion of intravenous con-
trast will allow the diagnosis and extent of pulmonary emboli
to be evaluated so that appropriate therapy can be initiated
(Figs. 28.53 and 28.54). Anticoagulation with heparin, low-
molecular-weight heparinoids, and long-term Coumadin use
are the most common ways pulmonary emboli are treated;
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FIGURE 28.53. Multiple large filling defects (arrows) in the pul-
monary arteries are present, consistent with pulmonary emboli. The
patient’s chest radiograph at this time was normal and clear.

otherwise inferior vena caval filters may be necessary. In rare
cases,where large, central or saddle emboli are present which
are causing right heart strain the use of thrombolytic agents
and thrombus extraction may be tried.

IMAGE-GUIDED INTERVENTIONAL
PROCEDURES AT THE BEDSIDE

Image-guided procedures play a critical role in the care of pa-
tients in the ICU. Fluoroscopic or ultrasound decompression
of the biliary tree or of an obstructed kidney may be necessary
to manage a septic, obstructed patient. Some procedures will
require that the patients be moved to the operative or fluoro-
scopic suite so that the procedure can be performed.

Bedside procedures to drain abscesses, fluid collections or
chest tube placement can often be performed without moving
the patient from the ICU. By keeping the patient in his or her
bed, the critically ill patient remains surrounded by those who

A B

C FIGURE 28.54. A–C:Another patient with massive pulmonary emboli
(arrows).
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FIGURE 28.55. A: A large peripherally enhancing loculated collection
was detected by CT but drained by ultrasound (B and C) in this unstable
liver transplant recipient. Multiple septations and internal debris were
present on ultrasound. Gram-negative rods were identified on Gram
strain.

A B

FIGURE 28.56. A: This postoperative patient became septic with positive blood cultures and elevation of
white blood cell count. CT scanning showed a massively distended and sludge-filled gallbladder. Clinically,
the gallbladder was palpable and tender. B: Postdrainage, the gallbladder is decompressed by a tube that
goes through the liver. The material in the gallbladder was frankly purulent and grew Staphylococcus
aureus.
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know him medically the best—his nurses, respiratory thera-
pists, and physicians. Any decompensation or change in pa-
tient status during the performance of the procedure can be
dealt with by individuals familiar with the patient’s care. Mul-
tiple transfers of the patient from bed to bed are eliminated if
the patient remains in the unit. Dislodging important monitor-
ing or support lines such as the endotracheal tube is less likely
to occur if fewer transfers of the patient are made.

Bedside procedures on the critically ill patient are usually
guided by ultrasound since it is a portable imaging modality.
Ultrasound is ideal for localizing and draining large pleural ef-
fusions, large superficial fluid collections or abscesses, ascites,

and gallbladder decompressions (Fig. 28.55). Air obscures the
imaging efficacy of ultrasound, so pneumothorax, free air in
the abdomen, or ileus with air-distended bowel makes ultra-
sound visualization limited. Some catheter placements deep in
the pelvis or in posterior sites will require CT localization and
will require the patient to be transported to the CT suite.

Ultrasound-guided procedures require that the patient be
positioned to optimize visualization of the collection to be
drained. The collection can be drained after it has been de-
termined that the patient’s coagulation factors are satisfactory
(usually INR [international normalized ratio] of 1.5 or less and
platelet count of 50,000 cells/microL or greater) and informed

A B

C D

FIGURE 28.57. A distended gallbladder is visualized on bedside ultrasound (A and B). After the bedside
drainage procedure (C and D), the gallbladder is decompressed and the drainage catheter is obvious within
the lumen of the gallbladder (arrow ). A small amount of liver has been traversed to place the drainage
catheter.
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FIGURE 28.58. A: Large bilateral pleural effusions were successfully decompressed by placement of
pleural drainage catheters. B: Note the resolution of the pleural densities with drainage. Catheter drainage
helped ease the patient’s respiratory distress.

consent is obtained. Collections are drained using the Seldinger
technique. The collection is entered with a hollow needle,
avoiding nearby vessels or organs. A guidewire is advanced into
the collection. Several dilations are made over the guidewire,

and a catheter is placed into the collection. Decompression
of the collection is performed by manual withdrawal of the
material. Jackson-Pratt suctioning is generally attached to the
catheter for long-term suction. The material from the collection

A B

FIGURE 28.59. CT scanning showed a large pleural effusion with enhancement of the pleura consis-
tent with an empyema, in a patient with fever and markedly elevated white blood cell count. Bedside
drainage was performed and with the use of TPA and the percutaneous drainage catheter, 1,800 mL of
serosanguineous fluid was withdrawn. Postprocedure chest radiograph showed remarkable clearing of the
right chest. The infected fluid had a pH of less than 6.8. The patient’s white blood cell count improved
significantly after chest drainage.
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can be sent for analysis, including Gram strain, culture and
sensitivity, and chemistries such as amylase, lipase, and pH.
Postprocedure imaging and clinical follow-up of the output of
the drainage catheter will assess the efficacy of the drainage
procedure.

Gallbladder decompression is generally performed on ex-
tremely ill, unstable, and septic patients with obstruction of
their gallbladder either related to gallstones or acalculous
cholecystitis. Gallbladder drainage is generally reserved for
patients too unstable to undergo surgical removal of an ob-
structed and infected gallbladder who are thought to be septic
with the gallbladder considered to be the source. Placement of
gallbladder decompressive tubes should be through the liver
into the gallbladder. The tube should be left in place for 6 to
8 weeks to minimize the chance of a bile leakage from the gall-
bladder. Possible complications of gallbladder drainage proce-
dures include bile peritonitis, hemorrhage, or liver injury (Figs.
28.56 and 28.57).

Drainage of large pleural effusions may lessen the need for
ventilatory support, allow the underlying lung to re-expand,
and disclose underlying parenchymal disease (Figs. 28.58 and
28.59). Empyemas or infected pleural collections can be man-
aged by image-guided tube placement to ensure complete
drainage.

The critically ill patient in the ICU requires extensive and re-
current use of imaging to optimally diagnose and manage care.
Diagnosis with portable chest radiographs or CT scans allow
recognition of life-threatening conditions that require interven-
tion. Bedside procedures usually with ultrasound guidance can
not only be diagnostic but therapeutic as well.
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CHAPTER 29 ■ NEUROIMAGING OF THE
CRITICAL CARE PATIENT
JEFFREY A. BENNETT r CHRISTOPHER J. KREBS r DAVID V. SMULLEN

INTRODUCTION
Appropriate care of the critically ill patient depends on rapid,
accurate diagnosis. The tremendous advances in computed to-
mography (CT) and magnetic resonance imaging (MRI) tech-
nology enable sophisticated studies to be performed swiftly and
help to achieve this goal in patients who are often unable to
provide a history or remain immobile for long periods. Soft-

ware allows thin-section axial CT images to be reformatted in
any plane, enabling a more complete evaluation of fractures
and soft tissue abnormalities. Three-dimensional reformations
of contrast-enhanced CT angiograms provide outstanding im-
ages of cerebral aneurysms and other vascular abnormalities,
which can be rotated to match what will be seen from a sur-
gical approach. Anatomic imaging can also be supplemented
with physiologic data obtained with CT, MRI, and nuclear
medicine. This provides information about phenomena such
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as cerebral blood flow, cerebrospinal fluid (CSF) flow, or the
rate and direction of diffusion of water in soft tissues. This
type of data can clarify diagnoses such as brain infarction or
abscesses, and can be used to investigate the effects of hydro-
cephalus, vasospasm, and brain herniation. The images also
provide valuable prognostic information.

The process of neuroradiologic interpretation is complex.
Excellent image quality is essential, and, to this end, the ex-
amination should be tailored to the clinical indication, with
an appropriate selection of imaging parameters such as field of
view and timing of intravenous contrast injection. The accu-
rate interpretation of the images obtained then depends on a
thorough knowledge of anatomy, normal anatomic variations,
and pathophysiology. A basic knowledge of medical physics
is also required to understand the imaging characteristics of
both normal and abnormal tissues. Excellent communication
between the radiologist and clinician is essential, as all radio-
logic studies must be interpreted in clinical context. It should
be kept in mind that the hardest thing for the radiologist to do
in real-time practice is to label a study as normal with great
confidence. The consequences of incorrectly classifying a study
normal could be, obviously, very grave. This chapter does not
attempt to teach the process of ruling out pathology, but rather
serves as an introduction to the use of both standard and ad-
vanced imaging techniques as applied to the critically ill, neuro-
logically compromised patient. The focus is on classic imaging
findings of the brain, head and neck, and spine in the acute
setting.

HERNIATION SYNDROMES
A full description of any lesion includes location—for exam-
ple, extra-axial, intra-axial, or intraventricular—size, density
on CT or intensity on MRI with respect to normal tissue, the
presence or absence of contrast enhancement, and the effect
on surrounding structures. Many intracranial processes require
immediate treatment to preserve brain function, and the ur-
gency of any radiologic finding depends largely on the mass
effect on normal neural tissue. This assessment must be made
for all of the lesions subsequently described, and therefore is
discussed first. The basic principle that allows this concept to
be understood is that the brain and spinal cord are incompress-
ible, and are contained in the confined space of the skull and
spinal canal. Any abnormality, such as a hematoma, tumor,
or edema, adds volume to this confined space and increases
pressure, with the result that important normal structures are
displaced. Initially, sulci in the region of the abnormality be-
come compressed; with increasing mass effect, brain hernia-
tion occurs. Several distinct herniation syndromes have been
described.

Sub falcine He rniat ion

This refers to brain that is shifted across the midline underneath
the falx cerebri (Fig. 29.1). This tends to be more pronounced
anteriorly, as the connections of the falx to the tentorium poste-
riorly are stronger and relatively immobile. There is compres-
sion of the ipsilateral lateral ventricle, and the contralateral
temporal horn can become trapped and dilated as CSF contin-
ues to be produced there. This type of herniation can result in

FIGURE 29.1. Postcontrast axial T1 magnetic resonance. A large left
frontal mass results in subfalcine herniation with shift of the ventricles
and septum pellucidum to the right across midline (black line).

an anterior cerebral artery (ACA) territory infarct if the ACA
is compressed against the dura. This is more likely to occur the
more severe the midline shift, especially if greater than 1 cm.

Transt e nt orial He rniat ion

This can occur in two separate directions, downward or up-
ward, with respect to the incisura, which is an opening in the
dura through which the brainstem passes. The plane of the
incisura can be approximated on midline sagittal images by
drawing a line from the dorsum sella to the junction of the
vein of Galen and straight sinus (Fig. 29.2A). This line should
normally bisect the interpeduncular fossa and tectum. The sple-
nium of the corpus callosum should lie above this line. When
there is downward transtentorial herniation from a supratento-
rial mass, the optic chiasm will be displaced toward the sella,
the interpeduncular fossa will be compressed, the brainstem
will appear buckled, and the splenium of the corpus callosum
will lie below the plane of the incisura (Fig. 29.2B). When there
is upward transtentorial herniation, usually from a cerebellar
mass, the brainstem will be compressed against the clivus, the
fourth ventricle will be compressed, and brainstem structures
will become superiorly displaced with respect to the plane of
the incisura.

On axial images, transtentorial herniation can be as-
sessed by evaluating the circum mesencephalic cisterns. With
downward transtentorial herniation, the ambient cisterns and
suprasellar cistern will become effaced (Fig. 29.3). When there
is upward transtentorial herniation, the quadrigeminal plate
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FIGURE 29.2. A: Normal midline sagittal T1 magnetic resonance (MR). The plane of the incisura (white
line) runs from the posterior sella to the junction of the vein of Galen and the straight sinus. B: Sagittal T1
weighted MR. A large tectal mass resulting in hydrocephalus and downward transtentorial herniation.
Here, a line drawn along the plane of the incisura would intersect the splenium of the corpus callosum
and pass above the interpeduncular fossa.

FIGURE 29.3. Axial computed tomography image in a patient with
supratentorial mass effect resulting in downward transtentorial hernia-
tion. There is effacement of the suprasellar and ambient cisterns (white
arrow ) with preservation of the quadrigeminal plate cistern (black ar-
row ).

FIGURE 29.4. Axial computed tomography image in a patient with
posterior fossa mass effect resulting in upward transtentorial hernia-
tion. Notice the effacement of the quadrigeminal plate cistern (arrow ).
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FIGURE 29.5. Axial noncontrast computed tomography. There is dif-
fuse brain edema with loss of normal gray–white differentiation, ef-
facement of the sulci, and compression of the ventricles.

cistern becomes effaced (Fig. 29.4). Uncal herniation, a sub-
type of downward transtentorial herniation, usually occurs as
a result of a middle cranial fossa mass, and is recognized by the
mesial portion of the temporal lobe, the uncus, displaced into
the suprasellar cistern, causing effacement of the crural cistern.

Transtentorial herniation can cause vascular complications
from compression of major arteries against the dura. Infarcts
in both the anterior and posterior circulation can result. Post-
herniation hemorrhage can also occur when the mass effect
resolves and the occluded vessel reperfuses. In the brainstem,
these hemorrhages are referred to as Duret hemorrhages.

Tonsillar He rniat ion

This typically occurs as a result of a posterior fossa mass, and is
recognized by the cerebellar tonsils being displaced through the

FIGURE 29.6. T c-99m diethylene tri-
amine penta-acetate brain death study.
Projection images demonstrate no evi-
dence of intracranial blood flow. There
is increased activity over the nasal re-
gion (the “hot nose” sign commonly
seen in brain death due to persistent
external carotid arterial flow). Images
from over the abdomen indicate per-
fusion of both kidneys, important in-
formation in a potential organ donor.

FIGURE 29.7. Axial fluid-attenuated inversion recovery magnetic res-
onance. Subarachnoid blood is present as bright signal in the sylvian
fissures and sulci. A small amount of intraventricular hemorrhage is
seen layering dependently in the left lateral ventricle.

foramen magnum. This can result in fourth ventricular outlet
obstruction and hydrocephalus.

BRAIN EDEMA
There are two types of brain edema, vasogenic and cyto-
toxic. Cytotox ic edema occurs with cell damage, as is seen
with stroke. Cytotoxic edema is best detected with diffusion-
weighted MR images. Vasogenic edema occurs with leakage
of fluid into the extracellular space, and is a common finding
associated with many lesions, including neoplasms and infec-
tion. Diffuse brain edema is recognized by loss of gray–white
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differentiation, effacement of sulci and cisterns, and slitlike
ventricles (Fig. 29.5).

The intracranial vascular compartment, unlike the brain it-
self, is compressible, and so a mass within the confined space of
the cranial vault that increases intracranial pressure will have
a detrimental effect on the vascular compartment. Normally,
there is a reserve volume and autoregulation ensures continued
adequate blood flow to the brain despite increased intracranial
pressure. However, this only works up to a point. Once in-
tracranial pressure exceeds the capacity for blood to flow to
the brain, brain death occurs. A nuclear medicine brain death
study, often performed with T c-99m diethylene triamine penta-
acetate (DTPA), can be used to assess the presence of intracra-
nial blood flow (Fig. 29.6).

INTRACRANIAL HEMORRHAGE
Noncontrast CT is the study of choice in the evaluation of
acute intracranial hemorrhage, as it is a rapid, accessible test,
which produces good contrast between the high-attenuating
(bright) clot and the low-attenuating (dark) CSF. MRI is also
very sensitive for the detection of blood products, and the ap-
pearance of the blood on different sequences can be used to date
the hemorrhage. Fluid-attenuated inversion recovery (FLAIR)
images provide good conspicuity of acute subarachnoid hem-

FIGURE 29.8. Axial noncontrast computed tomography. Large right
epidural hematoma with significant mass effect resulting in subfalcine
herniation. Note the classic biconvex shape as the blood is confined
by the frontoparietal suture anteriorly and the parieto-occipital suture
posteriorly. There was an associated parietal bone fracture (not visu-
alized on this image).

orrhage, as compared with conventional T1- and T2-weighted
images. The FLAIR sequence is designed to suppress signal
from the CSF so that it will appear dark. Subarachnoid hemor-
rhage appears bright on FLAIR images, and so becomes read-
ily apparent (Fig. 29.7). The gradient recalled echo (GRE) se-
quence is also useful for the detection of blood products, as the
hemoglobin affects the magnetic field in such a way as to de-
crease signal, the so-called susceptibility artifact. Thus, blood
appears black on GRE images.

As with all intracranial lesions, it is important to accu-
rately localize hemorrhage on the imaging study, as this de-
termines appropriate further workup and treatment. Moving
from the outside in, this location can be extra-axial (i.e., epidu-
ral, subdural, or subarachnoid), intra-axial (i.e., involving the
brain parenchyma itself), or intraventricular. The recognition
of blood in each of these sites, and its implication, is discussed
in this section.

Ep id ural He mat oma

An epidural hematoma occurs in the potential space between
the inner table of the calvaria and the dura. It usually results
from injury to a meningeal artery, although it can occur as
a result of venous injury from trauma or surgery. The most
common etiology is a skull fracture that crosses the middle
meningeal artery, resulting in a temporal epidural hematoma.
The arterial pressure is sufficient to separate the bone from
the dura except at the sutures where the dura is very tightly
adherent. This results in the classic biconvex shape of the

FIGURE 29.9. Axial noncontrast computed tomography. Bilateral
subdural hematomas, left greater than right. There is a fluid–fluid level
on the left secondary to settling out of the blood products as the patient
was in a prolonged supine position.
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hemorrhage, which is confined by suture lines (Fig. 29.8). An
epidural hematoma can continue to expand and result in con-
siderable mass effect, brain herniation, and death; it is, there-
fore, a surgical emergency.

Sub d ural He mat oma

A subdural hematoma is located between the dura mater and
the arachnoid, and usually results from tearing of bridging
veins that course from the cortex to the dura. It is differentiated
from an epidural hematoma in that it crosses sutures and has
a crescent shape (Fig. 29.9). The etiology can be trauma, es-
pecially when there is rotational shear injury, but may also be
secondary to a coagulopathy. Subdural hematomas are more
common in elderly patients, where atrophy has resulted in a
stretching of the bridging veins, predisposing them to injury.

Sub arachnoid He morrhag e

The “worst headache of my life” should bring to mind a sub-
arachnoid hemorrhage (SAH). This type of hemorrhage is lo-
cated between the arachnoid and pia mater, and therefore is
detected on imaging studies as blood filling the sulci and basi-
lar cisterns (Fig. 29.10). Small-volume or subacute SAH may
not be detectable with CT, and therefore a lumbar puncture
to look for xanthochromia may still be warranted, although

FIGURE 29.10. Axial noncontrast computed tomography. Diffuse
subarachnoid blood products fill the anterior interhemispheric fissure
and the basilar cisterns. This patient was found to have a ruptured
anterior communicating artery aneurysm.

MRI can also be used to detect subtle SAH. Once an SAH has
been diagnosed, an investigation of its cause is necessary. The
leading cause is aneurysmal rupture. Arterial venous malfor-
mation (AVM) is a less common etiology. The most appropri-
ate initial imaging study to search for a vascular abnormality
is CT angiography (CTA). This is a minimally invasive study
that requires a rapid injection of intravenous contrast at 4 to
6 mL/sec, and thin-section helical CT imaging in the arterial
phase. A volume of data is produced that can be reformatted
in any plane or in three dimensions, thus facilitating a thorough
search for the location, size, and orientation of an aneurysm
(Fig. 29.11), or an analysis of an AVM including feeding arter-
ies, draining veins, and any associated flow-related aneurysms.
Twenty percent of patients with an aneurysm will have more
than one. The location of the SAH, as well as an irregular shape
of an aneurysm, can help identify which aneurysm has ruptured
and which one must therefore be secured first. If an underlying
etiology cannot be identified, a conventional angiogram is war-
ranted. If this also is negative, the patient should be reimaged
in 1 week to look for possible recanalization of a thrombosed
aneurysm. This can be done with CTA or digital subtraction
angiography; in 10% of the cases no underlying etiology will
be identified.

Patients with SAH need to be monitored for vasospasm.
This typically first appears at 48 hours, peaks around 72 hours,
and then decreases over the following 4 days. While vasospasm
can occur as far as 2 weeks following the sentinel event, this
is less common. Vasospasm is detected on CTA as constric-
tion of vessels, often with compensatory physiologic dilatation
of the more distal vessels. Studies still need to be performed
to determine the percentage narrowing of vessels that should

FIGURE 29.11. Volume surface-shaded rendering from a computed
tomography angiogram. There is a small aneurysm projecting antero-
superiorly at the origin of the middle cerebral artery on the right.
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FIGURE 29.12. A: Axial computed tomography angiography image.
Vasospasm affecting the left middle cerebral artery (MCA) and left
posterior cerebral artery (PCA) following subarachnoid hemorrhage
and aneurysm coiling. B: Frontal projection left internal carotid artery
(ICA) angiogram also showing vasospasm in the left MCA. C: Frontal
projection left ICA angiogram showing normal size of the left MCA
following angioplasty for the vasospasm.

be deemed significant. Conventional angiography is a dynamic
study and is a useful tool to visualize slow blood flow through
a constricted vessel and delayed filling of capillary vessels. CT
perfusion imaging can provide similar information by repeat-
edly imaging the brain during a rapid intravenous infusion of
contrast. An analysis can then be made of the time it takes for
maximum contrast enhancement of different vascular territo-
ries, the volume of contrast reaching a vascular territory, and
the perfusion rate. A patient with vasospasm and compensatory
blood flow through collaterals often just needs to be followed
or treated with triple-H therapy (hypervolemia, hypertension,
and hemodilution). A patient with vasospasm and decreased
perfusion may need endovascular intervention, which can be

performed with an intra-arterial calcium channel blocker such
as verapamil or by angioplasty (Fig. 29.12).

Pare nchymal He morrhag e

Parenchymal hemorrhage has many etiologies and can be di-
vided into traumatic versus nontraumatic causes. Traumatic
causes include blunt and penetrating injuries resulting in a con-
tusion, or rotational forces resulting in shear injury and dif-
fuse axonal injury. Nontraumatic causes include hypertension
(HTN), amyloid angiopathy, hemorrhagic stroke, hemorrhagic
tumor, coagulopathy, and venous obstruction. In the setting of
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FIGURE 29.13. Axial noncontrast computed tomography. Hyper-
tensive-related hemorrhage into the right basal ganglia.

nontraumatic injury, the underlying etiology may not be evi-
dent on CT or MRI and correlation with the clinical history is
vital.

Parenchymal hemorrhage related to hypertension usually
occurs with an acute elevation of blood pressure in the back-
ground of chronic hypertension. Chronic hypertension pro-
duces small-vessel disease that leads to lipohyalinosis. This af-
fects the penetrating arteries such as the lenticulostriates and
thalamoperforators, and explains why hypertensive hemor-
rhage most commonly occurs in the basal ganglia and thalamus
(Fig. 29.13).

Amyloid angiopathy is deposition of β -amyloid in the me-
dia and adventitia of small- and midsized arteries of the lep-
tomeninges and cortex. This leads to stenosis of the vessel lu-
men and weakening of the vessel wall, eventually resulting in
the formation of microaneurysms. This predisposes patients to
intraparenchymal—typically lobar—hemorrhages, which can
be large and multiple. The most common locations are the
frontal and parietal lobes.

Another nontraumatic source of intraparenchymal hemor-
rhage is venous obstruction. This has many causes, including
hypercoagulable states, pregnancy, infection, malignancy, and
birth control pills. The location of hemorrhage is dependent on
the vascular territory of the occluded vein, and does not corre-
spond to a typical arterial territory. Vascular congestion follows
venous obstruction, which eventually leads to cell death and a
venous infarct. This type of infarct tends to result in hemor-
rhage more frequently than arterial infarcts. The hemorrhage
may also involve both cerebral hemispheres if there is occlusion
of the superior sagittal sinus.

One important subset of patients with parenchymal hem-
orrhage is young patients with no history of trauma or other
systemic disease. Special care should be given, and a careful
search for an underlying vascular malformation such as AVM
should be considered.

Intraventricular hemorrhage is usually secondary to exten-
sion from a parenchymal hemorrhage or has a traumatic eti-
ology. Isolated intraventricular hemorrhage should raise the
concern for an arterial venous malformation. Germinal ma-
trix hemorrhage occurs in premature newborns and frequently
extends into the ventricular system. Intraventricular hemor-
rhage is important to recognize because it can result in ob-
struction of CSF resorption and therefore hydrocephalus may
ensue.

Parenchymal hemorrhage in the setting of trauma includes
diffuse axonal injury (DAI) and contusion. DAI occurs sec-
ondary to rapid angular acceleration and deceleration, which
results in disruption of axons and capillaries. The most com-
mon areas of involvement are the splenium of the corpus cal-
losum, gray–white junction, and superior cerebellar peduncle.
Only 20% of DAI cases are hemorrhagic, thus making MR
more sensitive than CT. CT will show punctate areas of blood
products surrounded by edema. MR demonstrates punctate ar-
eas of increased signal on FLAIR sequence and signal dropout
on gradient echo sequence secondary to susceptibility artifact
with hemorrhagic lesions. Nonhemorrhagic shear injury is de-
tected by restricted diffusion on diffusion-weighted MR.

Brain contusion represents “bruising” of the brain cortex
following multiple microhemorrhages. They can occur in a
coup/contrecoup pattern. The underlying etiology is a com-
bination of direct impact on the calvaria and the movement of
the brain over bony ridges. The commonly involved areas are
the frontal and temporal lobes. The temporal bones and roof
of the orbit both have prominent bony ridges. The imaging
hallmark of a brain contusion is a cortical hemorrhage with
surrounding edema (Fig. 29.14).

STROKE
Stroke is the clinical term used to describe a permanent non-
traumatic brain injury with resulting neurologic deficit. Strokes
can be classified by their etiology as ischemic, secondary to hy-
poperfusion of an area of brain; hemorrhagic, rupture of a
vascular structure leading to bleeding into the brain; or sec-
ondary to a substrate deficiency such as hypoglycemia. More
than 75% of strokes are due to ischemia. A transient ischemic
attack (TIA) is defined as transient neurologic symptoms or
signs lasting less than 24 hours. An event that completely re-
solves after 24 hours is termed a reversible ischemic neurologic
deficit (RIND).

Ischemic strokes can be thrombotic or embolic. In throm-
botic strokes, clot forms locally on the wall of an artery, lead-
ing to decreased blood supply. In an embolic stroke, a clot
becomes dislodged from the heart or an extracranial vessel,
traveling to the brain and resulting in compromised blood
supply. Both thrombotic and embolic strokes are secondary
to blockage of arterial supply to an area of brain. However,
in patients with a hypoperfusion state—hypotension, cardiac
failure, dysrhythmia—decreased flow to the brain can result in
damage to areas of brain with the least robust blood supply.
This type of global hypoxic injury tends to occur first in the wa-
tershed areas of brain, for example, the anterior cerebral artery
(ACA)–middle cerebral artery (MCA) or the MCA–posterior
cerebral artery (PCA) watershed territories. Although far less
common, stroke can also be the result of a venous occlusion.
Predisposing factors include hypercoaguable states, pregnancy,
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FIGURE 29.14. Axial noncontrast computed tomography. Posttrau-
matic contusion (intraparenchymal hemorrhage) in the right frontal
polar region with surrounding vasogenic edema.

meningitis, and sepsis. Blockage of venous outflow results in
stasis of blood, which becomes deoxygenated, leading to sub-
sequent neuronal death. Any venous structure can be involved,
whether a cortical vein, a dural sinus, or the cavernous sinus.
Venous infarcts should be considered in patients with ischemia
affecting a nonarterial territory.

Noncontrast CT should be obtained as the initial imaging
modality in patients with new neurologic deficits suspected of
having a stroke. Noncontrast CT can rapidly identify patients
with intracranial hemorrhage. Ischemic strokes will often show
no discernible findings on noncontrasted study during the first
3 hours. Prior to 6 hours, only very subtle signs can be evident
such as loss of gray–white matter distinction, haziness of the
deep nuclei, or loss of the insular “ ribbon” (Fig. 29.15). As
time progresses, the patient will develop edema in the infarcted
area, which can result in mass effect with shift of structures
and potentially a herniation syndrome.

CT perfusion can often be rapidly obtained in evaluating
patients for stroke. Perfusion CT produces color-coded maps
of the brain at multiple levels showing differences in blood flow
to areas of the brain. The color maps generated are mean tran-
sit time (MTT), cerebral blood flow (CBF), and cerebral blood
volume (CBV) (Fig. 29.16). Mean transit time is the most sensi-
tive measure to evaluate for any flow abnormality, but it is not
specific. Flow will be prolonged in an area having a stroke, but
also in areas with delayed flow for any reason, such as regions
distal to a vascular stenosis. Decreased CBF is present in areas
of the brain either at risk for or undergoing infarct. Cerebral
blood volume is the most specific indicator of an area under-

FIGURE 29.15. Axial noncontrast computed tomography. Subtle loss
of gray–white differentiation along the insular cortex on the left (ar-
rows), the so-called “ insular ribbon sign.”

going infarction. A low CBF with normal to increased CBV
is an area at risk for ischemia but currently compensating for
decreased flow by dilating vessels. Areas of brain with both de-
creased CBF and CBV are undergoing infarction. Limitations of
perfusion CT include the need to administer intravenous con-
trast, long image acquisition times requiring often obtunded
patients to hold completely still for 60 seconds, and the ability
to only evaluate limited areas of the brain.

MRI with diffusion is currently the gold standard in acute
stroke imaging. Once a hemorrhagic stroke has been excluded
by CT, diffusion MR improves stroke detection to more than
95% . MR is much more sensitive for edema than CT. FLAIR
sequences clearly demonstrate areas of edema not visible on
CT (Fig. 29.17). Diffusion MR noninvasively detects ischemic
changes within minutes of stroke onset. The technique sen-
sitizes the images to detect microscopic—Brownian—motion
of water molecules. The ability of water molecules to diffuse
normally in an ischemic area rapidly decreases following onset
of ischemia. Diffusion MR identifies areas of decreased wa-
ter motion in regions of ischemia and displays them as bright
areas (Fig. 29.17B). Since diffusion MR itself relies on T2-
weighted sequences, some areas with high T2 signals that are
not secondary to infarct-related edema can appear bright on
diffusion imaging. Therefore, it is necessary to compare diffu-
sion sequences with an apparent diffusion coefficient (ADC)
map (Fig. 29.17C). Areas that are bright on diffusion and
dark on ADC are consistent with acute infarct. Over time,
the diffusion and ADC abnormalities will reverse as the stroke
moves into a subacute phase. In evaluating for subacute stroke,
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FIGURE 29.16. Images from computed tomography perfusion exam.
A: Mean transit time is delayed to the left middle cerebral artery
(MCA) territory. B: Cerebral blood flow is decreased in the left MCA
territory. C: Cerebral blood volume is also decreased to the left MCA
territory consistent with infarcting tissue.
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FIGURE 29.17. A: Axial fluid-attenuated inversion recovery magnetic
resonance (MR). Cytotoxic edema is present as high signal in this
patient with acute left middle cerebral artery (MCA) infarct. Axial
diffusion-weighted MR (B) and axial apparent diffusion coefficient
(ADC) map (C) showing high signal on the diffusion image and low
signal on the ADC map in the left MCA territory consistent with
diffusion restriction and acute infarct.
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FIGURE 29.18. Pre- (A) and postcontrast (B) axial T1 magnetic resonance. Enhancing subacute infarct
in the left posterior inferior cerebellar artery territory.

contrast-enhanced T1-weighted MR can show enhancement of
a subacute infarct as soon as 2 to 3 days following the event.
Contrast enhancement can persist for 8 to 10 weeks. The “2-
2-2” rule is usually followed: The enhancement begins at 2
days, peaks at 2 weeks, and resolves by 2 months. Contrast
enhancement is also seen with CT imaging of subacute stroke
(Fig. 29.18).

INFECTION
Central nervous system (CNS) infections can progress rapidly,
leading to stroke, hemorrhage, herniation, and death. Prompt
recognition and initiation of therapy is therefore critical. Imag-
ing can play an important role in evaluating for signs and com-
plications of infection.

The discussion of CNS infection can take many different
pathways, and may be divided into opportunistic and nonop-
portunistic infection, or specific pathogens can be studied indi-
vidually. In the interest of simplicity, infection will be discussed
anatomically. Noninfectious inflammatory disease will not be
covered.

Leptomeningitis, commonly referred to as meningitis, is an
inflammatory infiltration of the pia and arachnoid meninges
that can be caused by bacterial, viral, or fungal agents. Most
commonly, the infection occurs via hematogenous dissemina-
tion. It is important to initiate therapy quickly for patients
suspected of having meningitis. Imaging is insensitive for early
evidence of meningitis, as in early phases the brain most often
appears normal. In fact, the most sensitive test for meningitis is
a lumbar puncture, not an imaging exam. Imaging studies are
more useful to evaluate for complications of meningitis. Non-
contrast CT will often be relatively normal, but may show mild
ventriculomegaly. Contrasted CT can show enhancing material
within sulci and cisterns. CT angiography can show evidence
of vasculitis, with multifocal areas of vessel irregularity.

MRI is a much more sensitive imaging modality for menin-
gitis, though it, too, will often be unremarkable in the earli-
est stages of infection. FLAIR sequences can show high sig-
nal along the sulci from the proteinaceous material in the CSF
(Fig. 29.19). Exudative material along the sulci will enhance
in a serpiginous form on T1-weighted postcontrast images

FIGURE 29.19. Axial fluid-attenuated inversion recovery magnetic
resonance. High signal in a serpiginous pattern along the sulci repre-
senting the high-protein inflammatory exudates in bacterial meningitis.
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FIGURE 29.20. Postcontrast axial T1 magnetic resonance. Lep-
tomeningeal enhancement in the characteristic serpiginous pattern
along the sulci in a patient with bacterial meningitis.

(Fig. 29.20). MRI is also useful to evaluate for complications
of meningitis such as ventriculitis, abscess, and infarcts. In-
farcts are common complications of advanced meningitis. A
vasculitis is caused by meningeal irritation, which potentially
can progress to hinder arterial flow to brain. Additionally, ve-
nous infarcts can be seen secondary to septic venous thrombosis
(Fig. 29.21).

FIGURE 29.21. Sagittal T1 magnetic resonance. High signal is seen
within the superior sagittal sinus representing thrombus.

FIGURE 29.22. Postcontrast axial T1 magnetic resonance. Enhance-
ment is present along the ependymal lining of the left lateral ventricle
consistent with ventriculitis.

Ventriculitis, also called ependymitis, is a complication of
meningitis or ventricular shunting. Again, MR is much more
sensitive than CT, and will demonstrate enhancement along the
ventricular margins (Fig. 29.22). There will often be increased
FLAIR signal surrounding the ventricles, and the ventricles may
appear enlarged. Keep in mind that this imaging appearance is
not specific to infection; for example, in an immunocompro-
mised individual, this can be seen in lymphoma.

Pachymeningitis, an infiltration of the dura, can be differen-
tiated from leptomeningitis by its thick nodular enhancement
pattern that closely approximates the calvaria and does not
extend into the sulci. Pachymeningitis can be seen with tuber-
culosis and fungal infections, but noninfectious etiologies such
as sarcoid and carcinomatosis should be considered as well.

Focal pyogenic infections of brain parenchyma lead to
cerebritis. Cerebritis is brain inflammation usually secondary
to hematogenous dissemination of bacteria. Fungal and para-
sitic etiologies are also possible, but less common. The most
common areas affected are the territories supplied by the mid-
dle cerebral artery, specifically the frontal and parietal lobes.
In early cerebritis, only MR imaging will demonstrate an ab-
normality, with FLAIR sequences showing an area of increased
signal intensity. Later imaging features include an unencapsu-
lated, poorly defined mass with patchy contrast enhancement
on CT and MR. Untreated, over time, this infectious, inflam-
matory mass will develop a capsule, become more organized,
and eventually develop as a brain abscess. The capsule rim will
enhance on postcontrast CT and MR (Fig. 29.23A). FLAIR
and T2-weighted imaging will often show prominent vasogenic
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FIGURE 29.23. A: Postcontrast axial T1 magnetic resonance: Multiple rim-enhancing lesions. B: Axial
fluid-attenuated inversion recovery magnetic resonance. Prominent vasogenic edema surrounding the le-
sions. Axial diffusion (C) and axial apparent diffusion coefficient magnetic resonance images (D) showing
that the lesions demonstrate restricted diffusion, consistent with multiple brain abscesses. N ocardia was
the causative agent in this patient.
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A B

FIGURE 29.24. A, B: Axial fluid-attenuated inversion recovery magnetic resonance images. Bilateral
asymmetric edema is present in the temporal lobes and insular cortex. This appearance should raise
suspicion for herpes simplex virus encephalitis.

edema surrounding the abscesses (Fig. 29.23B). Often, the cap-
sule will be thinnest on the ventricular side, which may help
in distinguishing this ring-enhancing lesion from a malignancy.
Additionally, brain abscesses will show restricted diffusion (Fig.
29.23C, D). The time course for the changes from cerebritis to
abscess is approximately 2 weeks.

Encephalitis is brain inflammation caused by a viral infec-
tion or a hypersensitivity reaction to a foreign protein; ap-
proximately 2,000 cases are reported each year. Sources in-
clude herpes simplex virus (HSV), mosquito-borne viruses,
cytomegalovirus, and Epstein-Barr virus. Herpes encephalitis
progresses rapidly and can result in death without prompt
recognition and therapy. It is usually due to reactivation of
latent HSV-1 virus in an immunocompetent patient, which as-
cends into the brain via the trigeminal and olfactory nerves.
Although CT is insensitive to early features of this disease,
MRI will show findings within 2 days of onset. Initially, edema
is seen in the medial temporal, insula, and inferior frontal lobes
(Fig. 29.24A, B). Occasionally this is unilateral, but more often,
asymmetric bilateral disease is present. Postcontrast imaging
will show patchy vague enhancement in initial phases, pro-
gressing to gyriform enhancement within 1 week.

An empyema is a loculated collection of pus that can develop
intracranially in either the subdural or epidural space. These
are commonly referred to as subdural or epidural abscesses.
These infections are considered a neurosurgical emergency and
must be drained expediently. Most of these are supratentorial
and present as an extra-axial collection. This fluid collection is
often isodense to CSF on CT imaging, making MRI superior to
CT in evaluating the extent and nature of this collection. On

FIGURE 29.25. Axial postcontrast T1 magnetic resonance. Extra-
axial fluid collection adjacent to right frontal lobe with enhancement
along the dural margin, consistent with a subdural empyema.
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T1-weighted MR, the fluid will be hyperintense to CSF because
of proteinaceous material—pus—within it (Fig. 29.25). Often,
prominent enhancement is present along the margins of the
collection. Signal changes in adjacent brain parenchyma are
also commonly seen secondary to cerebritis. An empyema can
develop as a complication of meningitis in younger patients.
In older individuals, contiguous spread from a paranasal sinus
or ear infection is the most common etiology. Occasionally, it
can be difficult to determine if an epidural fluid collection is an
abscess or a hematoma, in which case follow-up CT exam may
be useful.

Subdural empyema, in its most basic form, is disruption of
the arachnoid layer with a combination of both CSF and puru-
lent material beneath the dura. The fluid collection can cover
the convexities and tract within the interhemispheric fissure. A
subdural empyema may present either acutely or chronically,
and 10% of patients will go on to develop a brain abscess or
venous thrombosis. MR is more sensitive than CT for its de-
tection. The signal is low on T1-weighted images, and high on
T2 and FLAIR images. A key imaging feature is that subdu-
ral empyemas demonstrate restricted diffusion and a subdural
effusion does not. In the chronic setting, there is rim enhance-
ment of the surrounding granulation tissue. An imaging pitfall
is in differentiating a chronic subdural hematoma from a sub-
dural empyema. Both look similar but should have a different
clinical history.

SPINE
The spine consists of both osseous and ligamentous compo-
nents that transmit forces to allow movement while protecting
the spinal cord and vertebral arteries. In terms of mechani-
cal forces, the spine is divided into three columns. The ante-
rior column includes the anterior longitudinal ligament and
the anterior two thirds of the vertebral body and the annu-
lus fibrosis. The middle column consists of the posterior third
of the vertebral body, the posterior annulus, and the poste-
rior longitudinal ligament. The facet joints, laminae, spinous
processes, and interspinous ligaments comprise the poste-
rior column. Interruption of two contiguous columns, includ-
ing both osseous and ligamentous components, creates insta-
bility.

Following trauma, plain films or CT is initially obtained
and evaluated for fracture and ligamentous injury. An initial
assessment must be made of appropriate alignment in both
coronal and sagittal planes. Spinal alignment is assessed in
the sagittal plane with the use of the anterior vertebral body
line, posterior vertebral body line, spinolaminar line, and dor-
sal surface articular pillar lines (Fig. 29.26). The atlantoax-
ial and craniocervical relationship are evaluated with various
measurements, including the basion–dens interval of 12 mm
or less, the Power’s ratio, and the atlantoaxial distance of less
than 2 mm in an adult. Abnormal alignment or a widened facet
joint or intervertebral disc space raises suspicion for ligamen-
tous injury, and should prompt additional imaging. Dynamic
flexion and extension plain films or MR with STIR (short tau
inversion recovery) sequences are helpful. Abnormal motion
during flexion and extension or increased signal within the lig-
aments on STIR images is consistent with ligamentous injury
(Fig. 29.27).

FIGURE 29.26. Normal lateral view of the cervical spine with normal
smooth curvature of the anterior vertebral body line, posterior verte-
bral body line, dorsal surface articular pillar line, and spinal laminar
line.

Spine fractures are classified according to the mechanism
of injury as axial load, hyperflexion, hyperextension, lateral
flexion, or rotational injuries. Variations of spine fractures are
numerous and complex, and only the more common injuries
are discussed in this section.

Axial load forces can produce a Jefferson fracture of C1 or
a burst-type fracture. A Jefferson fracture is a C1 ring fracture
where fractures are present in both the anterior and posterior
rings and the lateral masses are dislocated laterally. Burst frac-
tures are caused by severe axial compression leading to frac-
tures of the anterior and posterior margins of the vertebral
body with anterior and middle column involvement—an un-
stable injury, often with retropulsion of bony fragments into
the canal.

Flexion injuries result in compression fractures, facet dislo-
cations (unilateral or bilateral), or a flexion teardrop fracture.
In contrast to a burst fracture, compression fractures only in-
volve the anterior vertebral body (anterior column) and are
stable as long as there is only anterior column involvement. A
flexion teardrop injury is the most severe cervical spine injury.
The “ teardrop” is composed of a sheared fragment from the
anteroinferior vertebral body, which is associated with bilat-
eral facet subluxations, posterior subluxation of the vertebral
body, and disruption of all major stabilizing ligaments. This
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FIGURE 29.27. Sagittal short tau inversion recovery magnetic reso-
nance. Focal disruption of the posterior longitudinal ligament at the
C2 level (arrow ).

FIGURE 29.28. Lateral plain film. Flexion teardrop fracture involving
C7 with posterior subluxation of the C7 vertebral body. In this case, the
teardrop was avulsed from the anterosuperior corner of the vertebral
body, whereas an anteroinferior corner avulsion is more commonly
seen.

FIGURE 29.29. Lateral plain film of the cervical spine. Extension
teardrop fracture (arrow ) with an avulsed bony fragment from the
anteroinferior corner of C2.

FIGURE 29.30. Coronal cervical spine computed tomography recon-
struction. Lateral flexion injury resulting in fracture of the left articular
pillar of C7 (arrow ).
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FIGURE 29.31. Coronal reformation of computed tomography an-
giography. A focal defect is present in the left vertebral artery (ar-
row ) immediately adjacent to transverse process fracture consistent
with traumatic dissection.

injury often results in severe compromise of the spinal canal,
cord compression, and neurologic impairment (Fig. 29.28).

Extension injuries can result in a hangman’s fracture, a pillar
fracture, an extension teardrop fracture, or a hyperextension
fracture–dislocation. A hangman’s fracture is composed of bi-
lateral pars or pedicle fractures of C2. This often results in
widening of the canal, and there is usually no initial neurologic
deficit; however, the injury is very unstable. Extension teardrop
fractures commonly involve the upper cervical spine, most com-
monly at C2 where the anteroinferior corner avulses from the
axis, tearing the anterior longitudinal ligament (Fig. 29.29).
The unstable hyperextension fracture dislocation results from
a severe hyperextension force. This causes a comminuted ar-
ticular mass fracture with contralateral facet subluxation, mild

anterior subluxation, and potential rupture of both the poste-
rior and anterior longitudinal ligaments.

Injuries resulting in a lateral flexion force lead to transverse
process fractures, lateral flexion dislocation of the dens, and
lateral wedgelike compression fractures of a vertebral body
(Fig. 29.30). Additionally, nerve root avulsions and damage to
the brachial plexus are associated with a severe lateral flexion
force.

Finally, rotational forces cause rotatory atlantoaxial sublux-
ation, as well as injuries to the anterior and posterior longitu-
dinal ligaments. Rotatory atlantoaxial subluxation can result
in the patient holding the head in a persistently cocked ori-
entation. In severe cases, rotatory atlantoaxial subluxation or
fixation can compromise flow in the vertebral arteries. Radio-
graphically, this presents as a persistent rotational abnormality
in the alignment of C1 with C2.

Often, the direction of forces involved in a spinal injury
is complex, and variations and combinations of the above-
described injuries are seen. For example, dens fractures require
a combination of flexion and extension as well as a shearing
lateral force vector.

The vertebral arteries arise from the subclavian arteries and
usually enter the cervical spine at C6. Should a fracture line
cross the transverse foramen through which the vertebral artery
runs, a CTA should be obtained to evaluate for traumatic in-
jury. An intimal flap, focal narrowing, or even occlusion may be
seen with vessel dissection (Fig. 29.31). Fractures that cross the
carotid canal at the skull base may require similar evaluation
with CTA.

When acute spinal cord compression symptoms present,
an MR should be obtained to evaluate for a spinal epidural
hematoma, acute disc herniation, or cord injury. Other than
trauma, spinal epidural hematomas can be the result of anti-
coagulant therapy, vascular malformation, or systemic disease
such as systemic lupus erythematosus. Even minor trauma can

A B

FIGURE 29.32. Sagittal (A) and axial (B) T1 magnetic resonance of the lumbar spine in a patient with an
L1 burst fracture. There is heterogeneous high signal intensity within the anterior epidural space extending
from L1 through the upper sacrum representing epidural blood products (arrowheads).
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A B

FIGURE 29.33. A: Sagittal T2 magnetic resonance (MR). A two-level fracture in the midcervical spine
narrows the canal diameter and results in cord contusion manifested by high T2 signal in the cord. B:
Axial gradient MR. Areas of dark signal representing blood products are seen within the area of cord
contusion (arrowheads).

cause an epidural hematoma as the valveless venous plexus in
the epidural space is prone to injury. MRI best demonstrates
blood products in the epidural space (Fig. 29.32).

Spinal cord injury results in neurologic impairment. It
can be caused by spinal cord compression from bony frag-
ments, stretching injury, or impairment of the vascular sup-
ply (anterior spinal artery in the overwhelming majority of
cases). Symptoms are related to the level and severity of in-
jury. MR is the imaging modality of choice in evaluating for
cord and nerve root injury. Increased T2 signal and enhance-
ment are the hallmarks of injury (Fig. 29.33A). Cord contu-
sions are often best visualized on gradient echo sequences,
where the blood creates loss of signal and so appears black
(Fig. 29.33B).
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CHAPTER 30 ■ INTENSIVE CARE UNIT
POINT-OF-CARE TESTING
WILLIAM E. WINTER

INTRODUCTION
This chapter will focus on three aspects of laboratory testing
in the intensive care unit (ICU) setting: (a) choice of point-
of-care (POC) tests, (b) quality assurance in POC testing
(POCT), and (c) regulatory issues germane to POCT.

DEFINITION OF POINT-
OF-CARE TESTING

Point-of-care testing is the performance of laboratory tests in
the immediate physical vicinity of the patient (1). A synonym
for POCT is “near-patient testing.” By definition, samples for
POCT are not sent by courier or tube system to another geo-
graphically distant site.

POCT can be performed in the patient’s home, business,
or school; in a physician’s office (e.g., a physician office lab-
oratory [POL]); in a clinic; or near the patient’s bedside in
the hospital or emergency room. POC tests can essentially
be performed anywhere where trained personel are present
to provide patient care such as ICUs, operating rooms, am-
bulances, helicopters, ships, and airplanes. The most com-
mon POCT performed by patients is outpatient self-monitoring
of blood glucose (SMBG) (2). In the outpatient setting, an-
other commonly performed test—but far less common than
SMBG—is self-testing for the prothrombin time-international
normalized ratio (PT-INR) that is used to monitor and ad-
just warfarin doses in chronically anticoagulated patients
(3).

Concerning inpatients, testing that is performed by medical
technologists using central laboratory-type instruments near
the patient’s bedside can—geographically—qualify as POCT.
However, such testing is outside the scope of this chapter, as
such testing is really central laboratory testing in a noncentral
laboratory location.

There are several strengths to POCT:

■ Better sample stability between the time of sample drawing
and analysis—often seconds in duration

■ Shorter turnaround time (TAT); some results are available
within a minute or less of sample acquisition

■ Reduced sample volume requirements
■ Immediate result availability to the respiratory therapist,

nurse, or physician caring for the patient
■ Opportunity for instantaneous notification of staff in cases

of critical (e.g., “panic”) values

CHOOSING WHICH TESTS TO RUN
AT THE POINT OF CARE

POCT is most valuable when such test results immediately in-
fluence acute patient management (Tables 30.1 and 30.2) (1).
An alternative way to provide similar rapid TATs is the place-
ment of a satellite laboratory adjacent to the ICU or a tube
system with direct sample delivery to a rapid response labo-
ratory. Nevertheless, in resuscitations, it is difficult to argue
against POCT being immediately adjacent to the patient.

If the test result will not immediately affect patient care, the
higher cost of POCT compared with central laboratory testing
is usually not justified. Also, POCT is usually not as accurate
or precise as central laboratory testing, making central labora-
tory testing advantageous. In addition, if a nurse or respiratory
therapist is performing POCT, this takes time away from his
or her direct patient care activities. Other experts argue that
the time to perform POCT is no longer than the time it takes
to draw and label a sample for transit to a central or satellite
laboratory.

A list of tests appropriate for POCT in the ICU include ar-
terial blood gas (ABG) analysis, potassium, ionized calcium,
glucose, and lactate. In addition to pH, pO 2, pCO 2, and cal-
culated bicarbonate and hemoglobin saturation—either esti-
mated from the pO 2 or measured directly via co-oximetry—
ABG analysis provides a measurement of hemoglobin (g/dL)
that can be of critical importance in postoperative patients
or other patients who develop acute hypotension or manifest
external evidence of bleeding, such as melena. If carbon
monoxide poisoning or methemoglobinemia is present, pulse
oximetry will not reflect the true hemoglobin saturation. In
such instances, hemoglobin saturation must be directly deter-
mined by co-oximetry.

Sodium measurements are frequently performed concurrent
with potassium measurements. However, unless a patient is
suffering a seizure and hyponatremia must be excluded on an
emergency basis, sodium measurements from a central labo-
ratory are usually adequate to meet the clinical urgency of
(nonseizure) circumstances. However, many POCT devices that
measure potassium will concurrently and automatically mea-
sure sodium using ion-selective electrodes.

It can be argued that POCT for coagulation studies is not
justified in the ICU setting because no immediate anticoagu-
lation or procoagulation decisions need be made that cannot
wait until coagulation studies are available from the central
laboratory. This assumes a TAT for prothrombin time (PT), ac-
tivated partial thromboplastic time (aPTT), and fibrinogen of
less than 60 minutes. However, if cardiovascular intervention
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TA BLE 3 0 . 1

POINT-OF-CARE TESTING RECOMMENDATIONS FOR
INTENSIVE CARE UNITS (ICUs)

Testing available at the point of care (POC), in a satellite
laboratory adjacent to the ICU, or via rapid tube transport
to a central laboratory

Arterial blood gases (includes hemoglobin concentration)
Lactate
Potassium (with or without sodium)
Glucose
Ionized calcium

Testing at a POC/satellite laboratory that is useful in special
circumstances

Activated clotting time
Ionized magnesium

Examples of tests not justified at the POC or satellite
laboratory

B-type natriuretic peptide/N-terminal-pro B-type natriuretic
peptide (BNP/NT-proBNP)

Cardiac markers
Endocrine testing
Iron studies (serum iron, total iron binding capacity, ferritin)
Lipid testing
Liver function testing
Prothrombin time, activated partial thromboplastic time
Renal function testing
Total magnesium
Toxicology testing

procedures are carried out in the ICU, as opposed to the ra-
diology suite, where heparin is administered in moderate to
large doses, activated clotting times (ACTs) must be available
within the unit to monitor heparin’s effects. The ACT is mon-
itored in such settings because such high doses of heparin will
prolong the aPTT to infinity, as no clot forms. ACT is then

monitored in place of the aPTT to determine when the arterial
sheath can be removed. If an intravascular sheath is in place,
the ACT is monitored to confirm that excessive anticoagulation
is not present prior to sheath removal. The intensivist must be
aware that while the term ACT is generic, ACT measurements
performed on devices produced by different manufacturers are
most often not equivalent. Thus, clotting time guidelines from
one device are not necessarily transferable to another device,
and such clotting guidelines must be determined for each man-
ufacturer’s ACT instrument.

While POC measurements of cardiac markers [myoglobin,
MB isoenzyme of creatine kinase (CK-MB), troponine I, or
troponin-T], markers of cardiac failure [BE type natriuretic
peptide (BNP) or NT-proBNP (N-terminal-pro-B-type natri-
uretic peptide)], and emergency toxicology testing (ethanol,
opiates, cocaine, PCP, and so forth) may be justified in the
emergency room where patients require immediate triage (4),
the performance of these tests at the POC in the ICU is not jus-
tified. The advantages of superior accuracy and reproducibility
available through the central laboratory outweigh any TAT ad-
vantage of POCT. It is unlikely in the ICU that a cardiac marker
result TAT of less than 30 to 60 minutes will improve patient
care. Likewise, there are no emergency decisions concerning
renal function assessment, such as creatinine, blood urea ni-
trogen, and urinalysis, or liver function assessment, such as to-
tal protein, albumin, total and direct bilirubin, alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and alka-
line phosphatase, that warrant routine POCT for these analytes
in the ICU.

PEARLS
■ Every hospital and ICU is distinctive and has unique labo-

ratory needs.
■ The nursing staff, intensivists, POCT coordinators, and clin-

ical pathologists should work together to define the appro-
priate testing mix for their institution.

TA BLE 3 0 . 2

EXAMPLES OF LABORATORY TESTS AND THE DECISIONS BASED
ON THEIR RESULTS

Test Possible clinical impacts

Arterial blood gases Administration of oxygen or ventilator support
Lactate If elevated: Need for more aggressive acute intervention

with intravenous fluids, pressors, and/or improved
ventilation

Na+ , K+ , Cl–, total serum
CO2, Cr, blood urea nitrogen,

serum and urine osmolality

Rates and type of fluid resuscitation or fluid restriction,
need for fluid boluses, des-amino-d-arginine vasopressin
(DDAVP) administration, fluid restriction for renal
failure

Glucose Attainment and maintenance of tight glycemic control
Ionized calcium Need for intravenous calcium administration
Hemoglobin/hematocrit Assessment of need for transfusion of red blood cells
Platelet count Assessment of need for platelet transfusions
Activated clotting time Management of heparin anticoagulation and reversal of

anticoagulation (e.g., protamine sulfate administration)
Prothrombin time, activated

partial thromboplastic time,
thrombin time, fibrinogen

Assessment of possible coagulopathy
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Q UALITY ASSURANCE IN
POINT-OF-CARE TESTING

Because so many ICU decisions are based upon the results of
laboratory analyses (Table 30.1), the intensivist must under-
stand the strengths and the limitations of laboratory testing,
whether performed in a central lab, in a satellite lab, or at the
POC (1).

In order to provide quality results, an overview of qual-
ity assurance (QA) concepts in laboratory testing follows. The
National Committee for Clinical Laboratory Standards (now
the Clinical Laboratory Standards Committee [CLSC]) defined
quality assurance as “ the practice which encompasses all en-
deavors, procedures, formats and activities directed towards
ensuring that a specified quality or product is achieved and
maintained.” QA programs encompass assessments of analyti-
cal quality control; monitoring of turnaround times, regulatory
compliance, and success of proficiency testing; and supervision
of personnel training and competency.

To provide quality results:

1. Standard operating procedures (SOPs) must be developed
and followed

2. Systems must be in place to recognize and solve random and
systematic problems

3. Result reliability must be defined in terms of suitable preci-
sion and accuracy

A QA program assesses all aspects of testing: Preanalyti-
cal, analytical, and postanalytical events. Preanalytical issues
concern proper patient identification and tube labeling, proper
sample acquisition, appropriate transport to the central lab or
to the POCT device (e.g., cooling of ABG samples), and timing
of the test (e.g., proper timing for therapeutic drug monitor-
ing). Analytical matters concern the instrument performance,
and postanalytical issues concern proper result reporting (e.g.,
the correct result is reported on the correct patient).

Theoretically, the goal of laboratory testing is to produce
timely and reliable (e.g., quality) measurements of analytes that
assist in the diagnosis, management, and prevention of human
diseases. Analyte is a generic term for any substance that is
measured in any fluid. Testing is most commonly carried out
on blood or urine samples, but other fluids can be examined,
such as cerebrospinal fluid (CSF), stool, semen, vitreous fluid,
saliva, cyst fluids, exudates, and transudates. Blood tests can
be performed on whole blood, serum, or plasma. The source
of blood can be arterial, capillary, or venous. Essentially all
capillary tests are performed on whole blood.

When whole blood is drawn into a tube containing an anti-
coagulant (e.g., heparin, potassium oxalate, or sodium citrate)
and the tube is centrifuged, plasma results and floats above the
level of the red blood cells. Platelet-poor plasma results when
the anticoagulated blood is spun hard enough to sediment the
platelets. For example, platelet-poor citrated plasma is used in
the PT, aPTT, thrombin time (TT), and fibrinogen assays. On
the other hand, when plasma is not spun vigorously (i.e., a
“soft” spin), platelet-rich plasma results (i.e., plasma in which
the platelet count is greater than 10,000 platelets/µ L), which is
used when certain types of specialized platelet function tests are
carried out, such as platelet aggregation studies in response to
agents such as thrombin, epinephrine, adenosine diphosphate
(ADP), thromboxane A2, or ristocetin.

When whole blood is placed into a tube containing no anti-
coagulant (e.g., a red top tube) and the blood is allowed to clot,
serum results after centrifugation. Plasma contains clotting fac-
tors, whereas these are absent from serum. Plasma is what is
present in living people; serum results when blood clots and
serum is present in the bloodstream postmortem as blood clots
following death.

In the ICU setting, the sample of choice is usually whole
blood drawn from an artery when measuring blood gases, or
arterial or venous whole blood when, for example, measur-
ing sodium, potassium, glucose, lactate, or ionized calcium. If
patients are not in shock and display satisfactory peripheral
perfusion, a warmed finger or toe can be lanceted to obtain
a capillary whole-blood sample for glucose measurement. In
the ICU setting, besides hematocrit and glucose measurements,
there are no other common reasons to obtain capillary blood.

The Value of Lab orat ory Te st Re sult s

The value of a test result can be conceptualized as the quality
of the result divided by the TAT (Equation 1). This assumes
that the laboratory data can be acted upon as soon as the
data become available. Certainly, physiologic parameters that
change the most rapidly attract and demand our attention, such
as pH, pCO 2, pO 2, glucose, and potassium.

Quality results are accurate, and repeated measurements of
the same sample demonstrate reproducibility (e.g., high preci-
sion; Equation 2). The central laboratory’s ability to provide
both quality results and a short TAT are often at odds with one
another; more accurate and precise complex assays are usually
more time-consuming, and such tests may not be available on
POCT devices. Figure 30.1 depicts a theoretical curve for the
relationship of result quality (y axis) and TAT (x axis). If assay
time is reduced below a certain limit, the quality of the assay
will be reduced. On the other hand, significant delays in making
critical clinical decisions can adversely affect patient outcome.
We must also acknowledge that POC tests rarely, if ever, will
be as accurate or precise as tests accomplished in the central
laboratory.

FIGURE 30.1. Relationship of quality to TAT. TAT, turnaround
time.
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Equation 1:

Value of a test ≈ Quality of the result × Turnaround time− 1

N ote: Higher-quality results and lower turnaround times
can provide higher-value tests.

Equation 2:

Quality of the result ≈ Bias− 1 × Coefficient of variation− 1

N ote:Reduced bias (e.g., higher accuracy) and reduced coef-
ficients of variation (e.g., higher precision) improve the quality
of the test result.

Desirable intrinsic characteristics of the assay for the diag-
nosis, management, or prediction of disease are a high sensi-
tivity and specificity. In epidemiologic terms, sensitivity is the
number of true positive results divided by the number of ob-
servations in a diseased population.

Sensitivity= True Positives÷ (True Positives+ False Negatives)

Specificity is the number of true negative results divided
by the number of observations undertaken in a nondiseased
population.

Specificity= True Negatives÷ (True Negatives+ False Positives)

In its broadest sense, TAT is the “vein to brain” time: The
time it takes between sample acquisition (e.g., venipuncture:
the vein time) to result recognition by the treating physician
(e.g., the brain time). Usually TAT is defined as the duration of
time between sample acquisition and result reporting. Unfortu-
nately, the laboratory often has little control over factors that
determine when a sample is delivered to the central laboratory
after acquisition. Similarly, preanalytical problems frequently
develop because the sample is not properly drawn, labeled,
or preserved prior to delivery to the lab. To be of value, the
correct sample must be drawn from the correct patient at the
correct time in the correct volume and placed in the correct
tube.

If the analysis produces the most accurate result possible,
but the TAT is unacceptably long, the value of the result in
patient management is significantly degraded. TAT is most im-
portant in the ICU setting when the test results are used to
immediately alter the patient’s care. Examples of such tests
include arterial blood gases for ventilator patients and glu-
cose measurements in tight glycemic control protocols. There
are many instances, however, where a TAT of several hours
or more may be appropriate when the test is not used for
immediate patient management (e.g., a karyotype result in a
patient with suspected Down syndrome). Thus, the required
TAT for any test result is relative. On the other hand, an
instantaneous result that is not sufficiently accurate will not
help—and may even hurt—the patient. It is wise to remem-
ber that bad data are worse than no data at all; physicians
using bad data are misled. While the patient’s true status is
not the status reflected by the test result, recognizing that the
patient lacks an important test result may stimulate the physi-
cian to repeat the test or undertake another method of patient
assessment.

Assay Pe rformance : Pre cision

Precision is synonymous with reproducibility; for example, if
aliquots of the original sample are retested, will the same result
as the original result be observed (5)? Precision can be defined

in terms of the assay’s standard deviation (SD) and coefficient
of variation (CV). When aliquots of a single sample are mea-
sured repeatedly, the histographic distribution of results will
represent a bell-shaped curve. Other descriptions for such a
distribution include a Gaussian distribution or parametric dis-
tribution.

The SD for an assay is the square root of the variance.
The variance is calculated as follows: The difference between
each individual value and the mean is squared, these values
are summed, and the sum of the squares is then divided by the
number of repeats minus one. Sixty-eight percent of the repeats
will fall within ± 1 SD of the mean. Approximately 95% of the
repeats will fall within ± 2 SD of the mean, and approximately
99% of the repeats will fall within ± 3 SD of the mean. This
concept will be used in developing rules that will help us de-
termine when an analysis and analyzer are or are not working
properly.

CV is expressed as a percent: The SD is divided by the mean
multiplied by 100. While SDs have values with units—mg/dL
for glucose or mm Hg for pO 2—and are difficult to remem-
ber, CVs are unitless and allow easy comparisons among vari-
ous analyses without needing to recall the specific SD or units.
For example, electrolyte measurements using ion-selective elec-
trodes usually display CVs of 1% to 2% . In comparison, anal-
yses that use chemical reactions with spectrophotometric or
electrical detection typically have CVs of 4% to 5% . As a con-
sequence of their complex nature involving antigen–antibody
interactions, immunoassays can show even greater variability,
with CVs of 5% to 10% .

Precision can be further described as intra-assay or interas-
say reproducibility. Intra-assay precision is assessed when the
same sample is run 10, 20, or more times in a single run. A
“run” is the series of same analyses that are accomplished in a
single day, shift, or other period of time during which the ana-
lyzer is believed to be analytically stable (e.g., does not require
recalibration; many modern analyses are so stable that calibra-
tion may not be required for many days or longer). Intra-assay
comparisons would not exceed 1 day.

Intra-assay precision is almost always superior to interas-
say precision. Interassay precision is determined by measuring
the same sample serially on different days (e.g., measuring the
same sample once per day for 20 or more workdays in a row).
For a typical chemical analysis, the intra-assay CV might be
5% and the interassay CV might be 7% . Clinicians do need
to know the total imprecision—the combined intra-assay (e.g.,
same-day or same-shift reproducibility) and interassay (e.g.,
reproducibility over several days) imprecision—because some
patients may be, for example, on ventilatory support for days or
weeks with various degrees of pulmonary failure. While CVs
and SDs cannot be added together to determine total impre-
cision, the intra-assay and interassay variances can be added
together. The square root of the total variance then provides
the SD, and the SD divided by the sample mean (multiplied by
100) provides the percent CV.

Assay Pe rformance : Accuracy

Accuracy is a measure of bias. Bias is the difference between
the “real” (or “ true”) result and the measured result; bias
can be positive or negative. A positive bias is present when
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the measured result exceeds the true result. A negative bias
is found when the measured result is less than the true re-
sult. Bias must not be excessive; the bias that does exist
must not lead to incorrect diagnosis, management, or disease
prediction.

The true result of an assay may be difficult to define or de-
termine. This is especially true when there is only one basic
method available for the measurement of an analyte. For many
measurements, the only method of analysis is the field method
(i.e., the analytical procedure that is used in the central labo-
ratories or at POC). For example, PO 2 can only be measured
using an oxygen-sensitive electrode. Reference methods, by def-
inition, are more specific for the measurement of the analyte in
question than the field method. Definitive methods are the best
available methods of measurement with the highest specificity.
Ideally, reference and definitive methods also have better preci-
sion than field methods. A review of cholesterol measurements
can be instructive in comparing field, reference, and definitive
methods.

The field method for cholesterol measurements is a spec-
trophotometric enzymatic assessment using cholesterol esterase
and cholesterol oxidase. The definitive cholesterol measure-
ment involves direct acidic oxidation of cholesterol with spec-
troscopic assessment of the oxidation products. The definitive
measurement is isotopic dilution mass spectroscopy. Certainly,
isotopic dilution mass spectroscopy will never be carried out
in central laboratories or at the POC. Even acid oxidation of
cholesterol will not be carried out in central laboratories or at
the POC because concentrated acids are highly toxic and dan-
gerous to work with, and such methods are not automated.
However, the definitive method can be used to create standards
that can be used as calibrators for reference methods. The ref-
erence methods are then employed to develop calibrators for
the field methods.

Because reference intervals (i.e., the “normal” ranges) are
based on such calibrators, if there is a significant bias in cal-
ibration between the method used to establish the reference
interval and the method in real-time use in the care of the pa-
tient, errors may be made in the interpretation of the result as
to whether or not it falls within the reference interval, and to
what degree the result may exceed or fall below the reference
interval. On the other hand, relative change (i.e., the present
result compared to a previous result) will not be affected by
bias if instrument calibration is stable and the assay is precise.
However, a lack of precision can have a major misleading ef-
fect on the interpretation of serial results. A lack of precision
(i.e., imprecision) requires that larger absolute differences oc-
cur between serial measurements to ensure that any difference
occurring is an actual difference in the patient, rather than a
variation (e.g., imprecision) in the assay. With a highly pre-
cise assay, small serial differences are more likely to represent
a true difference in the patient’s condition. With a highly im-
precise assay, larger serial differences are required to indicate
a true difference in the patient’s condition. To further compli-
cate the consideration of a normal versus an abnormal result,
we must consider biologic variation: The normal variation in
a biologic measurement that can represent minute-to-minute
or hour-to-hour fluctuations: Ultradian rhythms (e.g., luteiniz-
ing hormone [LH] or follicle-stimulating hormone [FSH] secre-
tion); daily variations: Circadian rhythms (e.g., a.m. vs. p.m.
levels of cortisol); or variations greater than a day: Infradian
rhythm (e.g., the menstrual period).

Analyt ical Se nsit ivit y and Sp e cificit y

In analytical terms, sensitivity is the lowest concentration of
an analyte that can reliably be measured. As measurements
approach zero concentration of the analyte, the uncertainty
of the measurement increases. At a certain point with a pro-
gressive decline in analyte concentration, the uncertainty of
the measurement is so great that to report a lower number
becomes meaningless. Analyzer manufacturers should define
their lower limit of detection (LLD) to inform the user of the
analyzer’s expected analytical sensitivity. In addition, it is rou-
tine policy for laboratories to define their own LLD or, at a
minimum, to confirm the manufacturer’s stated LLD. In the
ICU setting, LLD is most probably important in the mea-
surement of glucose: “How low a glucose concentration can
our POCT analyzer reliably report?” This must be carefully
defined.

Analytical specificity is the certainty that the assay only mea-
sures the analyte of interest and does not measure other unin-
tended substances in solution (e.g., “What is the assay’s cross-
reactivity to other analytes?”). Cross-reactivity is not usually an
issue for POCT in ICUs based on the types of assays run in such
situations. However, in the central laboratory, cross-reactivity
can be a significant issue. For example, cardiac troponin-T or
troponin-I measurements should not cross-react with skeletal
muscle troponin-T or troponin-I. On the other hand, assay
cross-reactivity is desirable if one wishes to test for a class of
drugs (e.g., drug abuse testing for benzodiazepines, opiates,
sympathomimetics, or barbiturates).

Q ualit y Cont ro l Te st ing

For all inpatient testing, whether waived-regulated testing,
moderate complexity testing, or high-complexity testing (see
below), quality control must be assessed at least daily for all
analytes measured on the device. For certain types of testing,
such as radioimmunoassays or enzyme-linked immunosorbent
assays (ELISAs), control testing may need to be performed with
each run of patient samples.

To perform quality control testing, a sample of known con-
centration is measured with the device in question (5). This is
the “control material” or, simply, the “control.” The control
material is usually available in a large volume and is prepared in
many aliquots (e.g., greater than 100) in a stable (e.g., frozen)
form, so that the control material can be used over the course
of many months to even longer than 1 year.

If the control result for a run of samples falls within pre-
viously defined limits, the device is said to be “ in control,”
and patient results can be reported. If the control result is out-
side defined limits, the device is said to be “out of control,”
meaning an analytical error has occurred and patient results
cannot be reported. Another way to express an out-of-control
run is to state that the run was rejected. Thus, before any pa-
tient results can be reported, the operator must ensure that the
analyzer is functioning correctly. Clearly, the control material
must be measured prior to the release of any patient results.
Many times, the control is placed at the beginning and at the
end of the run. For moderate- and high-complexity testing, at
least two levels of control are usually assessed. For example,
the mean value of one control can be near a clinical decision
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point, while the mean value of the other control value can be
considerably above the clinical decision point.

If the assay is out of control, the operator must troubleshoot
the problem. Possible causes of out-of-control runs include:

■ Machine mechanical errors (e.g., pipetting too little or too
much liquid)

■ Outdated reagents
■ Reagents that have lost potency due to heating or lack of

refrigeration
■ Degraded control materials
■ Operator error (e.g., mislabeled or switched controls, as in

reversing the low-level and high-level controls)
■ Spectrophotometric error (e.g., bulb loss or degraded func-

tion)
■ Detector error

Fortunately, most POCT devices, even if moderately com-
plex, are self-contained, are fairly robust, and can be simply
“fixed” by replacing the reagent cartridge.

James Westgard created a series of rules that can be used to
determine if a run or device is in control or is out of control (5).
These “Westgard rules,” or their variations, are used essentially
universally throughout the laboratory community. For each
control material, the performance of the material is initially
established by running this sample daily over the course of 20
to 30 days when the assay is otherwise known to be in control
by using previously characterized control materials. From these
data, the mean and the SD for the sample’s measurement—the
performance—on the device in question can be calculated.

Once the performance of the control material is known (i.e.,
its mean value and SD are established), this material can then
be used to determine if subsequent runs are in control. If a
single control value is 3 or fewer SDs away from the mean, the
assay is in control and the results can be released. While, strictly
speaking, being in control—a control result of more than + 2
to + 3 SDs above or less than –2 to –3 SDs below the mean—is
a warning, the operator should review previous control data
and confirm that other instrument parameters are functioning
normally.

If the control result exceeds the mean value ± 3 SDs, this
is such an unlikely event (e.g., this should occur at random no
more than �1% of the time) as to suggest that the run is out of
control. A single out-of-control run represents the consequence
of a random error. On the other hand, if in two sequential runs
a control displays a warning result each time, the second run is
out of control. This is the 22S rule1 and demonstrates a probable
systemic (i.e., nonrandom) error. The Westgard quality control
errors are summarized in Table 30.3. Systematic errors reflect
recurrent errors such as short sampling and a degraded reagent,
a constant interference, or loss of calibration.

For many POCT assays, the mechanics of the measuring
device (e.g., electrodes) are designed into a single-use, dispos-
able cartridge. In such cases, individual cartridges cannot be
quality controlled, as measurement of a control material in the
cartridge expends the cartridge. However, when such cartridges
are manufactured using highly automated and monitored sys-
tems, the reproducibility of the manufacturing process can be
so highly regulated that minimal variation exists among car-

1Two sequential results that are between > 2 and 3 SDs away from the
mean constitute a quality control violation.

TA BLE 3 0 . 3

WESTGARD QUALITY CONTROL RULES FOR A
SINGLE LEVEL OF CONTROL

Rule name Rule definition

12s One control result greater than 2 to 3 standard
deviations (SDs) above or below the mean
(warning only; all other rules are rejection
rules)

13s One control result greater than 3 SDs above or
below the mean (random error)

22s Two sequential control results greater than 2 to
3 SDs above or below the mean (systematic
error)

R4s Two sequential control results with a total range
of greater than 4 SDs (random error)

41s Four sequential control results greater than 1 SD
above or below the mean (systematic error)

10m Ten sequential control results above or below the
mean (systematic error)

tridges within a single manufacturing run, batch, or lot. While
individual cartridges cannot be tested for quality control, the
batch of cartridges can be assessed upon receipt by the health
care institution by measuring a control material in one or more
cartridges chosen at random from the batch received. Devices
that use disposable cartridges can have their electronics or op-
tics checked daily or more often via electronic quality control.
In electronic quality control, a cartridge simulator is placed
into the instrument to test if the instrument reports the proper
result as defined for the simulator.

PEARLS
■ The take-home message for the intensivist and patient care

staff is that POCT must be quality controlled to ensure a
high reliability of test results.

REGULATORY ISSUES IN
POINT-OF-CARE TESTING

Laboratory testing, both at the POC and in satellite or central
laboratories, is highly regulated by the Clinical Laboratory Im-
provement Amendments (CLIA) passed by the U.S. Congress
in 1988. The shorthand term for the subsequent regulations is
“CLIA 88” or, more simply, “CLIA.” Laboratories that per-
form ex vivo tests on any human tissue or body fluid must be
certified by the Secretary of Health and Human Services (HHS).

Analyses where a biologic sample is not intentionally re-
moved from the body does not fall under CLIA regulations.
These types of analyses reflect monitoring and not testing ac-
cording to CLIA. Examples of such analyses include measure-
ment of the partial pressure of exhaled carbon dioxide, alcohol
breathalyzers, exhalation of 13CO 2 after oral administration of
13C-urea in search of Helicobacter pylori infection, transcuta-
neous bilirubinometers, pulse oximetry, and intermittent arte-
rial sampling via indwelling canula for blood gases when the
blood is returned to the patient’s body. Incidentally, workplace
drug abuse testing does not fall under the CLIA regulations.
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The CLIA laboratory certification program is operated by
the Centers for Medicare and Medicaid Services (CMS) (for-
merly the Health Care Financing Administration [HCFA]),
the Food and Drug Administration (FDA), and the Centers
for Disease Control and Prevention (CDC). Specific informa-
tion on CLIA can be found at http://www.fda.gov/cdrh/clia
(the FDA CLIA website that addresses complexity test catego-
rizations and waivers); http://www.cms.hhs.gov/clia (the CMS
CLIA website concerning program information, statistics, etc.);
and http://www.phppo.cdc.gov/clia/ (the CDC CLIA website
regarding regulations).

Currently the FDA determines whether an in vitro diagnos-
tic test (including the test system) is waived or not waived (e.g.,
nonwaived test). Nonwaived tests are further classified as mod-
erate complexity or high complexity. Therefore, there are three
major CLIA regulatory categories: Waived testing, moderate-
complexity testing, and high-complexity testing. Strictly speak-
ing, the location of testing—POC versus satellite or central
laboratory—does not define the complexity of the testing.
Moderate-complexity testing can be performed immediately
adjacent to the POC in a satellite laboratory, while, alterna-
tively, a waived test (e.g., BNP, BioSite Incorporated, San Diego,
CA) can be performed in a central laboratory.

Waive d Te st ing

Waived tests are defined as determinations that can be per-
formed at any site by any operator (including the patients them-
selves) following the manufacturer’s recommendations. Theo-
retically, a waived test is a test that is so simple to perform
that it is believed to carry little risk of error. CLIA describes
waived tests as “simple procedures with little chance of nega-
tive outcomes if performed inaccurately.” However in the real
world, experience teaches us that even waived tests can be per-
formed improperly. Furthermore, erroneous results from cer-
tain waived tests in various situations can undoubtedly lead
to potentially serious or fatal adverse outcomes (e.g., under-
estimation or overestimation of the PT-INR in patients being
treated with warfarin for anticoagulation).

Waived testing that a person performs on him- or herself is
not directly regulated by CLIA. However, whenever a health
care provider performs a waived test on a patient, the testing is
regulated. This is a common situation in ICUs when, for exam-
ple, blood glucose testing is carried out by nursing personnel.
Thus, CLIA has implications for waived testing in inpatient
settings.

According to CLIA, hospitals must develop procedures and
policies that specify the circumstances in which waived-test re-
sults are employed in patient management, services, and treat-
ment. To achieve this, waived-test results must be placed in
the clinical record, along with the appropriate reference inter-
val (i.e., the normal range). The need for confirmatory testing
must be defined; for example, if the POCT blood glucose is less
than 60 mg/dL or greater than 500 mg/dL, a blood sample is
sent to the central laboratory for confirmation. Finally, the test
usage must be consistent with other hospital policies and the
manufacturer’s recommendations.

For inpatient waived testing to be performed properly, CLIA
mandates that the staff executing the test must be identified, su-
pervised, and qualified to perform the test. This requires ade-
quate specific training and orientation to test performance and

documentation of a satisfactory level of competence. This ap-
plies to all health care providers, including physicians. Compe-
tency must be demonstrated at the time of orientation training
and yearly thereafter. Determination of competency must in-
clude at least two of the following four assessments:

1. Performing a test on an unknown specimen
2. Observation by a supervisor or qualified delegate
3. Monitoring the user’s quality control performance
4. Written testing relevant to the waived-test method

Other CLIA standards for inpatient waived testing include
that written policies and procedures are readily available and
kept up to date; quality control checks are defined and con-
ducted on each procedure; and the quality control results are
recorded and maintained for review.

Blood glucose testing at the POC is an example of a waived
and regulated test. Other examples of waived tests are given
in Table 30.4. Presently, there are at least 40 waived tests;

TA BLE 3 0 . 4

EXAMPLES OF WAIVED TESTS

■ B-type natriuretic peptide
■ Bladder tumor–associated antigen
■ Blood lead
■ Estrone 3-glucuronide
■ Fecal occult blood
■ Gastric occult blood, gastric pH
■ Hematocrit, spun
■ Hemoglobin (whole blood)
■ Hemoglobin A1c
■ Ketones in blood
■ Lipids: Cholesterol, triglycerides, high-density lipoprotein

cholesterol
■ Lithium
■ Nasal swab for influenza A/B
■ Platelet aggregation studies
■ Prothrombin time-international normalized ratio
■ Saliva fern test
■ Thyroid-stimulating hormone
■ Urine creatinine
■ Urine dipstick test strips (e.g., pH, specific gravity, protein,

glucose, blood, ketones, urobilinogen, bilirubin, leukocytes,
nitrites)

■ Urine human chorionic gonadotropin, luteinizing hormone
(an LH ovulation test), follicle-stimulating hormone (FSH
for menopause testing)

■ Urine microalbumin
■ Urine toxicology testing (e.g., cocaine, tetrahydrocannabinol

[THC], amphetamines, methamphetamine, phencyclidine
[PCP], barbiturates, tricyclic antidepressants,
methylenedioxymethamphetamine (MDMA), opiates,
oxycodone, morphine, propoxyphene, etc.)

■ Various chemistry tests (e.g., total protein, total bilirubin,
alanine aminotransferase, alkaline phosphatase, amylase,
γ -glutamyl transpeptidase, blood urea nitrogen)

■ Various tests for infection (e.g., monospot, Helicobacter
pylori antibodies, group A Streptococcus, vaginal
aerobic/anaerobic organisms, adenovirus, respiratory
syncytial virus)

Note: Approval of a test as being waived is device specific; listing a test
in this table does not imply that all versions of the test are waived.
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the current list of waived tests and devices can be found
at http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfClia/
testswaived.cfm.

It is important to recognize that CLIA approval of a test as
being waived is device-specific: The test and the device are to-
gether approved as being waived for a specific analysis. For ex-
ample, just because one manufacturer’s test for blood glucose is
waived does not mean that all single-use strip measurements of
glucose by all manufacturers are waived. In the outpatient set-
ting, the most commonly performed waived tests include urine
pregnancy tests, blood glucose measurements, urine dipstick/
tablet chemistries, ovulation tests, and fecal occult blood tests.

A laboratory or health care unit performing only waived
tests must obtain a certificate of waiver (COW). COW labora-
tories are required to follow manufacturers’ test instructions,
participate in the CLIA program, and pay applicable biennial
certificate fees. This is relevant outside the formal boundaries
of the hospital and ICU setting.

Mod e rat e - and Hig h-Comp le xit y Te st ing

CLIA defines moderate-complexity tests as being more intricate
than waived tests. Moderate-complexity testing is typically car-
ried out on automated analyzers. Examples of such tests include
blood counts and routine chemistries. High-complexity tests
are still more complicated, usually involving nonautomated
or complicated analyses requiring considerable technologist or
laboratory professional judgment, such as cross-matching of
blood or microbiology testing.

Seven categories are considered when classifying the com-
plexity of a nonwaived test:

1. Required operator knowledge
2. Operator training and experience
3. Preparation of reagents and materials
4. Characteristics of the operational steps
5. Calibration, quality control, and proficiency testing
6. Test system troubleshooting and equipment maintenance
7. Test result interpretation and judgment

For each category, the complexity of the test is scored: A
score of 1 indicates the lowest level of complexity, and a score
of 3 indicates the highest level. A score of 2 indicates com-
plexity intermediate between 1 and 3. If the total score for the
seven criteria is 12 or less, the test/device system is categorized
as moderate complexity, whereas those test/device systems re-
ceiving scores above 12 are codified as high complexity.

Moderate- and high-complexity tests require quality con-
trol, proficiency testing, a quality assurance program, and so
forth. There are also specific and detailed requirements re-
garding personnel qualifications and, as an aside, we point
out that the experienced laboratorian recognizes that their
most important resource is a highly skilled staff. Excluding
provider-performed microscopy (PPM), which is a subset of
moderate-complexity testing, all nonwaived tests are generally
the purview of the pathologist and the clinical laboratory, or su-
pervised by the pathologist and the clinical laboratory. Similar
to waived, but regulated, POC tests, all moderate-complexity
tests performed at the POC are regulated and, at a minimum,
require similar training, supervision, quality control, and pro-
ficiency testing as waived inpatient tests.

Many POC testing devices applicable to ICUs are of mod-
erate complexity. Some POCT devices applicable to ICUs per-
form only blood gas measurements (pH, pO 2, pCO 2), while the
option to perform co-oximetry may also be available. Other
devices will measure Na+ , K+ , glucose, ionized Ca2+ , and/or
lactate, in addition to blood gases. At least one device on the
market has the capacity to measure cardiac markers and PT-
INR in addition to the above parameters. Some devices can
perform a wide battery of non–blood gas analyses and may
not even be of moderate complexity (e.g., the Abraxis Piccolo
POC Chemistry Analyzer [Abraxis North America, Union City,
CA] is CLIA waived and regulated).

While not attempting to provide an exhaustive list of all
available blood gas analyzers, robust blood gas analyzers are
available from a variety of manufacturers, including the fol-
lowing:

Abbott Point of Care Inc., East Windsor, NJ: iStat
Bayer Diagnostics, MA: Rapidpoint 400
ITC, Edison, NJ: IRMA TRUpoint Blood Gas Analysis

System
Nova Biomedical, Waltham, MA: Stat Profile CCX,

pHOx and pHOx Plus
Radiometer America Inc., Westlake, OH: Radiometer

ABL80 FLEX, ABL77, and NPT7

Some of these devices are completely mobile and hand-held
(e.g., iStat), while other analyzers can be pole-mounted (Ra-
diometer ABL80 FLEX) or only require a small amount of
bench space (e.g., they have a small “ footprint” ) (Radiometer
NPT7).

PEARLS
■ The “take-home” message here is that intensivists and pa-

tient care staff must ensure that all regulatory rules are fol-
lowed and enforced. This provides the best environment pos-
sible for the provision of accurate and precise laboratory test
results.

FURTHER CONSIDERATIONS
IN POINT-OF-CARE TESTING

IN THE INTENSIVE CARE UNIT
Intensivists should work closely with their hospital’s clinical
pathologists and POCT coordinators in determining what type
of acute testing should be available in their ICU. With the emer-
gence of tight glycemic control, blood glucose testing must be
available at the POC in ICUs. Such testing should be robust,
accurate, and precise, and suffer from few, if any, critical in-
terferences. These characteristics must also be sought in any
POCT device that is brought into the ICU.

The need for POCT for blood gases and other tests depends
on the ease of sample delivery to a satellite or central hospital
laboratory and result TAT. In our satellite “STAT” laboratory
located immediately outside the operating room complex and
adjacent to many of the ICUs, 90% of blood gas results are
reported in 7 minutes or less.

If blood gas analyses are performed in the ICU, unless per-
sonnel are added to the ICU staff, the work load is transferred,
to some extent, to the ICU nursing or respiratory care staffs
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from the laboratory staff. However, there may be time savings
in the ICU if a sample does not need to be prepared for transit
to the satellite or central laboratory, and it is this immediacy
of the test result that may improve patient care. Nevertheless,
it is very difficult to find evidence-based medicine studies that
clearly demonstrate better patient outcomes that result from re-
duced laboratory turnaround times. Even if patient care is not
markedly improved, reduced TATs may aid in transferring pa-
tients to the floor or home more quickly. Patients may be more
rapidly weaned from ventilation, which may decrease the use
of resources. After improving patient outcomes, the next most
important outcome variable for most hospital administrators
is the expense of care and the need to reduce those costs (6).

If the decision has been made to proceed with POCT in the
ICU, the analyzer and the support system must be carefully
chosen. Ideally, the POCT device should have the ability to
easily interface with the laboratory information system (LIS)
to enable laboratory data transfer, billing, quality control data
management, and tracking of operator competency (7). The
nursing staff or respiratory care staff that will perform the test-
ing should have a voice in the analyzer choice. The device’s
reproducibility must be examined (i.e., the precision of the de-
vice) (5), and the device results should be correlated with those
of the central laboratory in search of biases (i.e., the accuracy
of the device) (5).

Just as important as the analyzer is the quality of the blood
sample that will be used for testing. For example, blood for
a glucose measurement that is drawn through a line though
which glucose has been infused may give falsely elevated values
unless a sufficient “blank” sample is drawn through the line—
in other words, “clearing the line” beforehand. Recall that D5
has a glucose concentration of 500 mg/dL (five times greater
than normal) and D10 has a glucose concentration of 1,000
mg/dL (ten times greater than normal). Another example of
such a preanalytical error is the exposure of blood to room air
when blood gas testing is warranted. Blood samples exposed
to room air can exhibit an increased PO 2, decreased PCO 2,
and increased pH. When POCT devices that require cartridges
are used, proper filling of the cartridge is essential to obtain a
valid result. Wasting cartridges is expensive; in some systems,
individual cartridges may cost several dollars, as opposed to
pennies per test in a central laboratory.

Analytical interferences must be considered in the choice
of ICU POCT instruments. An interference is a characteris-
tic of a patient sample that may bias the result. Examples
of interferences affecting certain central laboratory tests in-
clude hyperlipidemia, hyperbilirubinemia, and hemolysis. At
the POC, blood glucose testing devices that use glucose de-
hydrogenase and the PQQ reagent (pyrroloquinolinequinone)

display positive interferences when maltose is present in the
patient’s bloodstream. Maltose is used as a stabilizer in drugs
such as intravenous immunoglobulin, and icodextrin used in
dialysis is metabolized to maltose. This positive interference
can lead to an overestimate of the blood glucose and subse-
quent overtreatment of “hyperglycemia,” with severe or even
fatal hypoglycemia as the consequence. Glucose oxidase de-
vices that use the patient’s blood as a source of oxygen exhibit
negative biases in the glucose measurement in cases of hypoxia
or where the elevation is over approximately 5,000 feet. On
the other hand, glucose oxidase devices that use ferricine or
ferricyanide display positive biases in blood glucose when the
patient is hypoxic and negative biases when the patient is hy-
peroxic, such as a ventilated patient receiving supplemental
oxygen.

Quality control for the POCT must be carried out and moni-
tored as part of an overall quality assurance program. All device
operators will require initial training and competency testing.
Cost per test must also be a consideration. POCT can be ten
or more times as expensive as central laboratory testing. In
considering any POCT in the ICU, the pathologist and POCT
coordinator must be involved in this process from the start,
as this fosters a collegial relationship. In the end, the ultimate
goal is to provide excellent patient care. New laboratory tests
will continue to appear that will influence ICU care such as test
panels for stroke and sepsis and improved cardiac risk panels.
Prudent review of the medical literature and cooperation be-
tween the ICU staff and the laboratory staff will help determine
where such testing is best carried out.
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SECTION III ■ TECHNIQUES, PROCEDURES,
AND TREATMENTS

CHAPTER 31 ■ CLEAN AND ASEPTIC
TECHNIQUES AT THE BEDSIDE
RABIH O. DAROUICHE

IMPORTANCE OF NOSOCOMIAL
BLOODSTREAM INFECTION

The success in using better technology and more effective
medicinal agents to prolong the survival of critically ill, im-
munocompromised, and an older population of patients has,
unfortunately, been associated with a surge in the incidence and
complications of nosocomial infections. At the present time,
more than 2 million cases of hospital-acquired infection occur
each year in the United States, resulting in the death of about
90,000 patients.

Although bloodstream infection generally accounts for less
than 15% of all cases of nosocomial infections, critically ill pa-
tients and persons with cancer have disproportionately higher
rates of nosocomial bloodstream infections. This phenomenon
can be explained, at least in part, by the fact that the criti-
cally ill patient is more dependent on vascular access, and the
vascular catheter is the most important culprit for nosocomial
bloodstream infections. For instance, not only do bloodstream
infections account for 20% of all cases of nosocomial infec-
tions among ICU patients, but 87% of bacteremias originate
from an infected central vascular catheter (1). Similarly, most
cases of bloodstream infection among cancer patients are asso-
ciated with an indwelling vascular catheter, including 70% of
patients with solid tumors and 56% of those who suffer from
hematologic malignancy (2).

The vast majority of the 175 million vascular catheters in-
serted each year in the United States are peripherally placed,
and are very unlikely—less than 0.1% to 0.2% —to cause
bloodstream infection (3). Most cases of catheter-related
bloodstream infection (CRBSI) arise from the almost 6 million
central vascular catheters inserted annually. These data include
about 4.5 million short-term catheters, with a mean duration of
placement of 7 to 10 days, and 1.5 million long-term catheters,
over one million of which are mainly peripherally inserted cen-
tral catheters (PICCs), and the rest are tunneled catheters (4).

We have witnessed over the last several years an escalating
drive to prevent CRBSIs, with the intention of achieving four
goals:

1. Reduce the unacceptably high incidence of catheter-related
bloodstream infection. Since, on average, about 5% of the 6
million annually placed central vascular catheters result in
bloodstream infection, about 300,000 cases of CRBSI occur
each year in the United States, including at least 80,000
cases among ICU patients (5). The rates of CRBSI tend to be

lower in the surgical care units than in medical and pediatric
intensive care units; that difference is attributed, at least
in part, to a relatively shorter mean duration of catheter
placement in the surgical intensive care unit.

2. Avoid the serious complications of CRBSI, which can result
in irreversible multiorgan damage and has an attributable
mortality that can be as high as 23% (6) to 25% in critically
ill patients (7–9).

3. Limit the economic sequelae, as the treatment of CRBSIs
in a critically ill patient increases cost as much as $29,000
(7–9) to $56,000 (10) per case, and surviving patients are
hospitalized for a mean of 6.5 (7–9) to 22 (10) days longer
than those who do not develop such an infection. The overall
annual cost of management approaches $2.3 billion.

4. Control the presence of organisms within the biofilm sur-
rounding indwelling vascular catheters since this environ-
ment constitutes an optimal reservoir for emergence of
antibiotic resistance, including vancomycin-intermediate or
-resistant staphylococci (11,12).

To offer the increasingly time-constrained intensivists a sci-
entifically based and clinically applicable assessment, this chap-
ter will review only approaches that have been evaluated in
prospective randomized clinical trials or meta-analyses that
have already been reported in peer-reviewed journals. Clin-
ical trials with less desirable designs, including nonrandom-
ized, retrospective, and crossover studies, will not be consid-
ered because confounding variables may lead to scientifically
invalid conclusions. Likewise, results of studies that have been
reported in an abstract form but have not yet been subjected
to the peer review process will not be addressed.

EPIDEMIOLOGY OF NOSOCOMIAL
BLOODSTREAM INFECTIONS

In the largest and most informative assessment of the epidemi-
ology and microbiology of nosocomial bloodstream infections,
the study of Surveillance and Control of Pathogens of Epi-
demiologic Importance (SCOPE) identified a total of 24,179
episodes of bloodstream infection in 49 U.S. hospitals from
1995 to 2002, for a rate of 60 cases per 10,000 hospital ad-
missions (13). This study revealed that 87% of bloodstream
infections were caused by a single organism, and 13% were
polymicrobial. The monomicrobial episodes of nosocomial
bloodstream infection were primarily caused by Gram-positive
bacteria (65% , including coagulase-negative staphylococci in
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31% , Staphylococcus aureus in 20% , and Enterococcus spp.
in 9% ), followed by Gram-negative bacteria (25% ) and Can-
dida spp. (9% ). The overall crude mortality rate among pa-
tients with nosocomial bloodstream infection was 27% and
was organism-specific as patients infected with Candida spp.
and coagulase-negative staphylococci were the most (40% ) and
least (21% ) likely to die, respectively. Very importantly, the per-
centage of hospital isolates of methicillin-resistant S. aureus
(MRSA) significantly (p < 0.001) increased from 22% in 1995
to 57% in 2002.

DIAGNOSIS OF
CATHETER-RELATED INFECTION

Since bloodstream infection is the most common serious com-
plication of indwelling vascular catheters, early and accurate
diagnosis of this infectious complication is essential. According
to the Centers for Disease Control and Prevention (CDC) (14),
CRBSI is defined as the isolation of the same organism (i.e., the
same species with identical antimicrobial susceptibility) from
the colonized catheter and from peripheral blood in a patient
with clinical manifestations of sepsis and no other apparent
source of bloodstream infection. Until recently, catheter colo-
nization was almost always defined as the growth in cultures
from either the tip or subcutaneous segment of the catheter
of greater than or equal to 15 colony-forming units/mL by
the semiquantitative roll-plate method (15), or greater than or
equal to 1,000 colony-forming units/mL by the quantitative
sonication method (16).

This standard manner of diagnosing CRBSI, however, is
retrospective, as it requires removal and culture of the vas-
cular catheter. Regrettably, only 15% to 25% of central ve-
nous catheters removed because of suspected catheter-related
infection yield growth from cultures of the catheter tips (17).
This explains the escalating interest in assessing and imple-
menting procedures that are intended to prospectively diagnose
catheter-related infection without removal of the catheter (18).
The potential roles of two such microbiologic methods that
could indicate whether the catheter is the source of bloodstream
infection have been recently assessed. Both methods require
concurrent collection of peripheral and central (i.e., through
the lumen of the catheter) blood cultures. The first qualitative
method—differential time to positivity (DTP)—which relies on
the understanding that the culture of a blood sample that con-
tains higher bacterial concentration would become positive, as
detected by production of carbon dioxide by multiplying or-
ganisms, at least 2 hours before this would occur in a culture
from peripheral blood (2). In the setting of a CRBSI, in which
the catheter itself was the source of infection, the supposition
is that the bacterial load of the infected catheter is higher than
that seen in peripheral blood. The other quantitative method—
paired quantitative blood cultures (PQBC)—is based on the
anticipation that the number of colony-forming units (CFU)
retrieved from a central blood culture would be greater than
or equal to fivefold higher than that grown from cultured pe-
ripheral blood (19). Although a meta-analysis of 51 studies
of both short- and long-term catheters published from 1996 to
2004 demonstrated that the PQBC method is the more accurate
method in diagnosing intravascular device-related bloodstream
infection (20), the PQBC method is less accurate than the DTP
method for diagnosing bloodstream infection associated with

FIGURE 31.1. Exit-site infection around an indwelling double-lumen
left subclavian central venous catheter that clinically manifested with
pain, tenderness, erythema, and swelling.

short-term catheters (2,19). Furthermore, the PQBC method
is more laborious and less implemented in hospital microbiol-
ogy laboratories than the DTP method. In addition to consid-
ering the sensitivity, specificity, and the positive and negative
predictive values of different diagnostic methods that do not
require catheter removal, other factors—such as availability,
ease of performance, cost, and clinical scenarios of individual
patients—often affect the frequency of implementing various
diagnostic methods in different medical facilities.

Infections associated with vascular catheters can also
present as an exit-site infection (Fig. 31.1), which manifest as
erythema, tenderness, swelling, and drainage. Since inflamma-
tory skin changes can be detected in only about one fourth
of patients with bloodstream infection associated with central
venous catheters, the absence of exit-site infection does not
negate the existence of CRBSI. Patients with a tunneled vascu-
lar catheter can also develop tunnel infection which, like blood-
stream infection but unlike exit-site infection, usually requires
the removal of the infected catheter to establish cure.

PATHOGENESIS AND
IMPACT ON PREVENTION

Source of Pat hog e ns

The four potential sources of pathogens are the patient’s skin
around the site of catheter insertion, a contaminated catheter
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FIGURE 31.2. Colony-forming units of bacteria residing per square
centimeter (cfu/cm2) of skin surface in different body sites.

hub, hematogenous seeding from a distant site of infection, and
infected infusate. The source of infecting organisms is not deter-
mined in about 25% of patients with CRBSI. Not only do both
of the first two sources listed above originate from the skin—
of the patient and health care providers—but they collectively
are responsible for the vast majority of catheter-associated in-
fections. The patient’s skin around the catheter insertion site
is the most common source of organisms that colonize cen-
tral venous catheters with a short-term (mean duration, less
than 7 to 10 days) indwelling time (21). As shown in Figure
31.2, the concentration of bacteria on the skin differs between
various body sites, with the highest concentration generally
present in the femoral area, which is greater than the jugular
area, which itself is greater than the subclavian area. Factors
that favor higher bacterial concentration on the skin where
catheters are inserted include soiling by bacteria-containing
bodily fluids and secretions, presence of hair follicles, high
temperature, and moist environment. After colonizing the ex-
ternal surface of the catheter, skin-derived flora migrate along
the subcutaneous segment into the distal intravascular segment
to potentially result in bloodstream infection. In this clini-
cal scenario of infection associated with long-term vascular
catheters that are subjected to more extensive manipulation
at the catheter hub, the catheter hub becomes contaminated
by organisms that originate from the hands of medical per-
sonnel, then migrate along the internal surface of the catheter
into the intravascular segment before causing bloodstream in-
fection (22). The difference in the pathogenesis of infections
associated with short-term versus long-term catheters helps ex-
plain why a surface-modified vascular catheter with antimicro-
bial activity only along the external surface is likely to protect
against infection associated with short-term but not long-term
catheters.

Typ e of Pat hog e ns

The pathogenesis of infections associated with vascular
catheters dictates the microbiology of this infection. Because
the patient’s skin around the catheter insertion site and the
hands of medical personnel provide the two most com-
mon sources of pathogens, at least two thirds of cases of
catheter-related infection are caused by staphylococcal organ-
isms (coagulase-negative staphylococci and Staphylococcus au-
reus) (23). Less common pathogens, including Gram-negative
bacteria and Candida spp., collectively cause about 25% of in-
fection cases and are particularly prominent in infections from
vascular catheters placed for long periods of time. Because of
this wide array of potential pathogens, potentially preventive
approaches that are active only against Gram-positive bacteria
may not significantly reduce the overall rate of infection and,
in some instances, may even predispose to superinfection by
less common pathogens.

Milie u of Pat hog e ns

Like other medical devices, infection of vascular catheters cen-
ters around the universal formation of a layer of biofilm sur-
rounding the indwelling catheter (Fig. 31.3). The biofilm is
composed of both bacterial products (fibroglycocalyx in the
case of coagulase-negative staphylococci) and host factors—
platelets and tissue ligands such as fibronectin, fibrinogen,
and fibrin that variably adhere to well-described receptors on
the surface of certain organisms, including staphylococcal and
Candida organisms (24). Not only does the biofilm act as a pro-
tective barrier for embedded organisms against host immune
defenses, including phagocytosis and opsonization (25,26), but
it also can impair the activity (27) and, possibly, the penetration
(28) of antibiotics against the slowly growing sessile organisms
that inhabit the biofilm. This unique biofilm environment may
explain why surface-modified vascular catheters containing an-
timicrobial agents that retain activity within the biofilm, and
leach from the catheter surface to produce a zone of inhibition

FIGURE 31.3. A cross-sectional image of a multilumen central venous
catheter delineating the presence of a layer of biofilm around the lumi-
nal surface of the catheter.
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FIGURE 31.4. Zone of inhibition around an antimicrobial-coated de-
vice placed on the surface of an agar plate that had been freshly inocu-
lated with a biofilm-producing clinical strain of Staphylococcus aureus.
This zone of inhibition was assessed 24 hours after incubating the agar
plate at 37◦C and resulted from the leaching of the antimicrobial agent
off the coated device surface into the surrounding agar to result in
killing of bacteria.

against deeply embedded organisms within the biofilm, tend to
be clinically protective (Fig. 31.4).

PREVENTION OF VASCULAR
CATHETER-ASSOCIATED

INFECTIONS
Bloodstream infection is the most common serious complica-
tion of indwelling vascular catheters. Although catheter col-
onization is a prelude to catheter-associated infection, most
colonized catheters do not become clinically infected (24).
Therefore, a significant reduction in the rate of catheter col-
onization does not, in and of itself, constitute proof of clinical
efficacy. The ultimate proof of clinical efficacy is a significant re-
duction in the rate of CRBSI in a sufficiently powered, prospec-
tive, randomized clinical trial. As a corollary, if an inadequately
powered clinical trial that fails to demonstrate a significant re-
duction in the rate of CRBSI despite a significantly lower rate of
catheter colonization in the experimental versus control group,
it is implied that the experimental strategy is either not clini-
cally protective or needs to be examined in a larger clinical
trial. In that regard, a properly conducted meta-analysis that
adjusts well to confounding variables may help address the
benefit of a potentially preventive approach. A critical analysis
of the peer-reviewed literature allows the categorization of po-
tentially preventive measures into three groups: (i) approaches
that do not significantly reduce catheter colonization or CRBSI,
(ii) approaches that significantly reduce catheter colonization
but not CRBSI, and (iii) approaches that significantly reduce
CRBSI. Although the most desirable impact of potentially pre-
ventive measures is a reduction in mortality associated with
CRBSI, it would be impractical to conduct a several-thousand-

patient clinical trial that would be sufficiently powered to assess
this outcome, which has a relatively low incidence—equivalent
to the incidence of catheter-related bloodstream infection times
the risk of dying from catheter-related bloodstream infection.

Ap p roache s That Do Not Sig nificant ly
Re d uce Cat he t e r Colonizat ion or CRBSI

Silve r-coat e d Cat he t e rs
This represents the most investigated approach in this category
and focuses on modification of the catheter surface with dif-
ferent silver-containing moieties. Not only did in vitro stud-
ies yield conflicting findings with regards to efficacy—since
some showed reduced bacterial adherence to the surfaces of
polyurethane silver-coated catheters (29) and others indicated
that the use of silicone silver-coated catheters is ineffective
(30)—but the results of animal models also yielded inconclusive
results (31). Although one prospective randomized clinical trial
reported that silver-coated central venous catheters were pro-
tective (32), subsequent prospective randomized clinical trials
found no evidence of clinical efficacy (33,34). The most recent
assessment showed that short-term, central venous catheters
impregnated with silver ions bonded to an inert ceramic zeolite
reduce neither catheter colonization nor CRBSI (35). Not only
is the silver application to the surface of short-term catheters
mostly ineffective, but its incorporation onto the surface of
long-term catheters can negatively impact the incidence of in-
fection and cause adverse events. For instance, a prospective
randomized clinical trial of tunneled long-term (mean dwell
time, 92 days) hemodialysis catheters demonstrated a statisti-
cally insignificant trend for higher rates of catheter coloniza-
tion (2.8 versus 1.3 cases per 1,000 catheter-days) and catheter-
related infection (1.8 versus 1.1 cases per 1,000 catheter-days)
in patients with silver-coated versus uncoated catheters, re-
spectively (36). In addition to being clinically ineffective, the
silver-coated hemodialysis catheters were removed in 2 of 47
(4% ) patients because of the chronic development of hyper-
pigmented skin lesions at the site of catheter insertion, thereby
contributing to the decision to abandon the clinical use
of that particular silver-coated catheter (36). Several fac-
tors are responsible for the poor clinical efficacy of silver-
coated catheters: (a) Since incorporated silver molecules do
not effectively leach off the surface of most coated catheters,
they do not produce effective zones of inhibition around the
catheter surface that would ensure access of the coating agents
to biofilm-embedded organisms; (b) silver tends to bind to
host proteins, thereby resulting in lower concentration of
free active silver molecules; and (c) the antimicrobial activ-
ity of silver can be impaired in the presence of bodily fluids
(37).

Cat he t e rs Coat e d wit h Be nzalkonium Chlorid e
In vitro studies showed that heparin-coated catheters pos-
sess some antimicrobial activity, possibly attributable to the
weak antiseptic benzalkonium chloride, which is applied to
the catheter surface primarily for its surfactant activity to al-
low bonding with heparin (38). However, small prospective
randomized clinical trials failed to show a decrease in the rate
of CRBSI associated with the benzalkonium chloride–coated
catheters (39,40).
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Ap p roache s That Sig nificant ly Re d uce
Cat he t e r Colonizat ion But Not CRBSI

Dip p ing Cat he t e rs in Ant ib io t ic Solut ions
This bedside approach relies on dipping positively charged
surfactant (usually tridodecyl methyl ammonium chloride,
TDMAC)-pretreated catheters in a solution of negatively
charged antibiotics such as cephalosporins and glycopeptides
just prior to catheter insertion. Although a prospective random-
ized clinical trial showed that short-term central venous and ar-
terial catheters that were pretreated with TDMAC and dipped
at the bedside in cefazolin were sevenfold less likely to be colo-
nized than undipped catheters, there was no demonstrated im-
pact on the occurrence of CRBSI (41). A not-so-well-designed
prospective randomized clinical trial also reported that immer-
sion of short-term central venous catheters in vancomycin just
prior to insertion was associated with a 22% reduction in the
rate of catheter colonization (defined in that study as any level
of bacterial growth by roll-plate culture of the catheter tip) as
compared with nonimmersed catheters (42). The drawbacks of
dipping catheters in vancomycin are the absence of impact on
the incidence of catheter-related bloodstream infection and the
occurrence of Candida overgrowth.

Cat he t e rs Coat e d wit h Silve r-Plat inum-Carb on
A prospective randomized clinical trial showed that short-term
central venous catheters coated with silver-platinum-carbon
(so-called oligon) were significantly less likely to become col-
onized than conventional uncoated catheters (18.6% versus
29.6% , p = 0.003) (43). However, there was no significant re-
duction in the rate of bloodstream infection associated with
coated versus uncoated catheters (3.3% versus 4.3% ).

Ap p roache s That Sig nificant ly
Re d uce CRBSIs

Quite understandably, the most recent CDC guidelines in-
cluded new recommendations for using all of the following clin-
ically protective measures, including cutaneous antisepsis with
chlorhexidine (category IA), maximal sterile barriers (category
IA), and catheters coated with the combinations of chlorhexi-
dine plus silver sulfadiazine, or minocycline plus rifampin (cat-
egory IB) (14).

Cut ane ous Ant ise p sis wit h Chlorhe xid ine
The objective of antiseptic cleansing of the skin is to achieve a
major reduction—preferably a greater than or equal to 3 log
reduction—in bacterial concentration on the skin surface at
the catheter insertion site. Prompted by an expanding body of
supporting evidence, almost a dozen clinical guidelines issued
by various scientific and regulatory organizations, both indi-
vidually and in collaboration, have recommended the use of
chlorhexidine-containing preparations rather than povidone-
iodine or alcohol for cleansing the skin around the vascular
catheter insertion site (14). A prospective randomized clinical
trial showed that vascular catheters inserted when using 2%
aqueous chlorhexidine were significantly less likely to become
colonized than catheters placed by using either 10% povidone-
iodine or 70% alcohol (3). More important, CRBSI was four-

TA BLE 3 1 . 1

COMPARISON OF INDIVIDUAL ANTISEPTIC AGENTS

Characteristic of
antimicrobial agent Iodophor Alcohol Chlorhexidine

Broad-spectrum activity Yes Yes Yes
Rapid activity No Yes No
Residual activity No No Yes
Preserved activity in

contact with bodily
fluids

No No Yes

Nonirritating No No Yes
Minimal absorption No No Yes

fold to fivefold less likely in the former group than in the latter
two groups (0.55% versus 2.6% and 2.3% , respectively). In
a meta-analysis of eight prospective randomized clinical trials
that included a total of 4,143 vascular catheters, the relative
risk of CRBSI was twice as high among patients who receive
povidone-iodine versus chlorhexidine (44). The superiority of
chlorhexdiine over iodophor and alcohol could be predicted
by comparing their characteristics, as shown in Table 31.1.
Unlike iodophor and alcohol, chlorhexidine provides a resid-
ual and persistent antimicrobial activity that is not impaired
by exposure to organic matter such as blood, does not irri-
tate the skin, and has minimal absorption through the skin.
Although 2% chlorhexidine compounds appear to be optimal
in terms of both efficacy and safety, only recently has aqueous
chlorhexidine become available in the United States, where the
most frequently used form of chlorhexidine is in combination
with an alcohol, usually isopropyl alcohol. As Table 31.2 delin-
eates, the combination of chlorhexidine and alcohol has many
more favorable properties than the combination of iodophor
and alcohol. These recognizable differences have contributed
to the escalating application of antiseptic solution that con-
tains the combination of chlorhexidine and alcohol on the skin
surrounding the insertion site of vascular catheters.

Maximal St e rile Barrie rs
In contrast to traditional sterile precautions that include the
use of gloves and a small drape, maximal sterile precautions

TA BLE 3 1 . 2

COMPARISON OF SOLUTIONS THAT CONTAIN
COMBINATIONS OF ANTIMICROBIAL AGENTS

Characteristic of Iodophor/ Chlorhexidione/
combination Alcohol Alcohol

Broad-spectrum activity Yes Yes
Rapid activity Yes Yes
Residual activity No Yes
Preserved activity in

contact with bodily
fluids

No Yes

Nonirritating No Yes
Minimal absorption No Yes
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comprise the use of gloves, a large drape, a cap, a mask, and
a gown. When compared in a prospective randomized fash-
ion, the use of maximal sterile barriers versus traditional ster-
ile precautions when inserting long-term (mean duration of
placement, 70 days), noncuffed silicone vascular catheters was
associated with a significantly lower incidence of catheter col-
onization (0.3 versus 1 per 1,000 catheter-days; p = 0.007)
and CRBSI (0.08 versus 0.5 per 1,000 catheter-days, p = 0.02)
(45,46). Although this protective measure is intended to be
used for insertion of all central venous catheters, it is cur-
rently used less frequently outside the intensive care units and
specialty care areas in which reside patients with a high risk
of infection, including those with bone marrow transplant or
leukemia.

Cat he t e rs Coat e d wit h Chlorhe xid ine
and Silve r Sulfad iazine

There exist two catheters coated with the combination of
chlorhexidine and silver sulfadiazine. The first-generation, and
most studied, catheter (47–56) has antimicrobial agent incor-
porated only along the external surface of the catheter. The
second-generation catheter differs in two ways from the first-
generation catheter: Both antimicrobial agents are incorpo-
rated onto the external and internal surfaces, and it contains
three times the amount of chlorhexidine (57).

The largest prospective randomized clinical trial of the first-
generation devices coated with chlorhexidine/silver sulfadi-
azine in 403 short-term (mean duration of placement, 6 days),
polyurethane central venous catheters demonstrated a signif-
icant reduction in the rate of catheter colonization (13.5%
versus 24.1% ; p = 0.005) and CRBSI (1.0% versus 4.6% ; p
= 0.03) as compared with uncoated catheters (50). Although
most other clinical trials (47,51–56) showed that chlorhexi-
dine/silver sulfadiazine–coated catheters were significantly less
likely to be colonized than uncoated catheters, they could not
demonstrate a significant reduction in the rate of CRBSI; these
studies were not sufficiently powered to detect significant dif-
ferences in the rates of CRBSI. Additionally, however, a meta-
analysis of 12 clinical trials showed that these antimicrobial-
coated catheters resulted in a significant reduction in the rates
of both catheter colonization (odds ratio = 0.44; p < 0.001)
and CRBSI (odds ratio = 0.56; p = 0.005) (58).

Since this first-generation chlorhexidine/silver sulfadiazine–
coated catheter provided only short-lived (about 1 week) an-
timicrobial activity, and only along the external surface of the
catheter (53), it was not likely to protect against infection of
long-term catheters that frequently become contaminated with
bacteria migrating from the contaminated hub along the in-
ternal surface of the catheter. Not unexpectedly, a large (680
catheters) prospective randomized clinical trial showed that
placement of chlorhexidine/silver sulfadiazine–coated central
venous catheters for a mean of 20 days in patients with hemato-
logic malignancy did not reduce the rate of CRBSI as compared
with uncoated catheters (5% versus 4.4% ) (59).

The second-generation chlorhexidine/silver sulfadiazine–
coated catheters have a longer durability of antimicrobial ac-
tivity than the first-generation catheters (60). A recent re-
port of a large (842 catheters) prospective randomized clinical
trial demonstrated that second-generation chlorhexidine/silver
sulfadiazine–coated polyurethane short-term central venous
catheters are less likely to become colonized than uncoated
catheters (9% versus 16% , p < 0.01) but had a statistically in-

significant trend for a lower rate of CRBSIs (0.3% versus 0.8% )
(57). Since the incidence of CRBSI in the uncoated catheter
group was lower than usual, this study may not have had
sufficient power to assess the desired outcome. Because both
the first-generation and second-generation chlorhexidine/silver
sulfadiazine–coated catheters generally reduce catheter colo-
nization to a similar degree, it is reasonable to regard these
two catheters as being equally protective against infection.

Cat he t e rs Coat e d wit h Minocycline and Rifamp in
This unique combination of antibiotics was selected for the fol-
lowing reasons: (a) Both agents are active against the vast ma-
jority of staphylococcal isolates, including MRSA and MRSE
(61); (b) the combination of agents provides broad-spectrum
antimicrobial activity against most pathogens that can cause
CRBSI, thereby reducing the likelihood of developing super-
infection by Gram-negative bacteria or Candida spp. (62,63);
(c) since minocycline and rifampin have different mechanisms
of activity, with minocycline retarding protein synthesis and ri-
fampin inhibiting DNA-dependent RNA polymerase, it is un-
likely that a bacterial strain will become concomitantly resis-
tant to both agents; and (d) unlike many antibiotics–including
vancomycin, ciprofloxacin, and the aminoglycosides–that are
much less active against biofilm bacteria than planktonic bac-
teria, rifampin (64) and minocycline (65) are particularly active
against biofilm-embedded bacteria.

The clinical efficacy of this catheter surface modification
was initially confirmed in a prospective randomized clinical
trial that showed that polyurethane short-term (mean dura-
tion of placement, 6 days) central venous catheters coated
with minocycline and rifampin were significantly less likely
than uncoated catheters to become colonized (8% versus 26% ;
p < 0.001) and cause bloodstream infection (0% versus 5% ;
p < 0.01) (66). In a large (738 catheters) prospective ran-
domized clinical trial, polyurethane short-term (mean dura-
tion of placement, 8 days) central venous catheters coated with
minocycline and rifampin were more protective than the first-
generation chlorhexidine/silver sulfadiazine–coated catheters,
with a threefold lower rate of catheter colonization (7.9% ver-
sus 22.8% ; p < 0.001) and a 12-fold lower rate of CRBSI (0.3%
versus 3.4% ; p < 0.002) (67).

The superior clinical protection afforded by minocycline/
rifampin–coated catheters was predictable, since these
catheters were shown in an animal study to prevent S. aureus
infection of percutaneously placed catheter segments better
than first-generation chlorhexidine/silver sulfadiazine-coated
catheters (63); and since they have a longer in vivo durability of
antimicrobial activity than first-generation chlorhexidine/silver
sulfadiazine–coated catheters, as determined by the residual
zones of inhibition generated by catheters removed from pa-
tients (68). The production of an effective zone of inhibition by
an antimicrobial-coated catheter surface may serve to inhibit
adherence of organisms not only to the catheter surface, but
also to various host-derived adhesins such as fibronectin, fib-
rinogen, fibrin, and laminin that exist within the biofilm layer
surrounding the indwelling prosthesis (69,70). The size of the
in vitro zone of inhibition against S. aureus around a coated
vascular catheter is likely to predict the clinical efficacy, or lack
thereof, in preventing catheter colonization and CRBSI (71).
The optimal characteristics of antimicrobial-coated vascular
catheters are listed in Table 31.3.
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TA BLE 3 1 . 3

COMPARISON OF ANTIBIOTIC DIPPED VERSUS
ANTIMICROBIAL COATING OF VASCULAR
CATHETERS

Antibiotic Antimicrobial
Characteristic dipping coating

Practical No Yes
Determined amount of

drugs bound to catheter
No Yes

Known amount of drugs
that leach off catheter

No Yes

Determined durability of
antimicrobial activity

No Yes

Uses therapeutic drugs of
choice

Yes No

Clinical protection against
infection

No Yes/Noa

aClinical protection against catheter-related bloodstream infection is
afforded by some but not all antimicrobial-coated vascular catheters.

The clinical benefit achieved by incorporating the com-
bination of minocycline and rifampin onto the surfaces of
short-term polyurethane central venous catheters prompted the
assessment of this approach in long-term silicone catheters. In-
deed, a prospective randomized clinical trial demonstrated that
similarly coated long-term silicone central venous catheters
were fourfold less likely than uncoated catheters to result in
bloodstream infection (2% versus 8% , p = 0.002) (72). Even
more important, in a prospective randomized multicenter clini-
cal trial conducted to determine whether antimicrobial coating
can obviate the need for the not-so-practical, time-consuming,
and expensive practice of tunneling long-term central venous
catheters, nontunneled minocycline/rifampin–coated catheters
were significantly less likely than tunneled uncoated catheters
to result in bloodstream infection (73). In general, clinical tri-
als have shown no evidence of developing antimicrobial re-
sistance when using either short-term (67,68) or long-term
(74) central venous catheters coated with minocycline and ri-
fampin and short-term chlorhexidine/silver sulfadiazine-coated
catheters (50).

Table 31.4 summarizes the advantages of using anti-
microbial-coated versus antibiotic-dipped catheters. Both
patient-specific and institution-based factors should guide the
use of antimicrobial-coated catheters. In general, the clini-
cal protection afforded by antimicrobial-coated catheters has
been documented only in populations of patients at high risk
for infection—including critically ill patients, immunocompro-
mised subjects, recipients of total parenteral nutrition, and so
forth—and are not intended to be used in patients at low risk
of infection, such as persons embarking on an elective surgical
procedure and expected to have the central venous catheter in
place for only 1 to 2 days. An institutional incidence of catheter-
related bloodstream infection of more than 3.3 per 1,000
catheter-days (equivalent to about 2% ) is felt by some authori-
ties high enough to consider the use of antimicrobial-coated
vascular catheters (50,75,76). Although clinically protective
antimicrobial-coated catheters generally cost about 20% more
than uncoated prototypes, tremendous savings can be incurred

TA BLE 3 1 . 4

OPTIMAL CHARACTERISTICS OF ANTIMICROBIAL-
COATED VASCULAR CATHETERS THAT WOULD
PREDICT CLINICAL EFFICACY

1. Broad-spectrum antimicrobial activity against most
potential pathogens and not just against Gram-positive
bacteria. This property helps augment the degree of clinical
protection and circumvent the likelihood of superinfection
by organisms other than staphylococci.

2. Presence of antimicrobial activity along both the external
and internal catheter surfaces. This specification enhances
the likelihood of protection against bacteria originating
from both the patient’s skin and catheter hub.

3. Durable antimicrobial activity. This characteristic provides
the opportunity for procuring clinical efficacy for both
short-term and long-term vascular catheters.

4. Production of zones of inhibition. It is essential that the
coating antimicrobial agents have access to organisms that
either adhere directly to the catheter surface or become
embedded deep within the biofilm.

5. Preserved antimicrobial activity against biofilm-embedded
organisms. This property augments the likelihood of
clinical protection.

when using chlorhexidine/silver sulfadiazine (77) and, even
more so, the more clinically protective minocycline/rifampin-
coated catheters (78).

Cont rove rsial Pract ice s

Unlike the above described measures that have attracted almost
unanimous evidence-based agreement regarding their efficacy
or lack thereof, the following practices continue to stir some
controversy.

Guid e wire Exchang e of Vascular Cat he t e rs
The clinical practice of exchanging central venous catheters
over a guidewire has been plagued by two controversies. The
first one focuses on routine guidewire exchange of nonin-
fected catheters, and the other controversy centers around
guidewire exchange of infected catheters. Although subopti-
mally designed studies initially encouraged routine guidewire
exchange of central venous catheters, well-designed prospec-
tive randomized clinical trials yielded different results (79–81).
For instance, a prospective randomized clinical trial found that
scheduled catheter replacement over a guidewire every 3 days
is associated with a higher rate of infection but a lower inci-
dence of mechanical complications, primarily pneumothorax,
than replacement of catheters when clinically indicated (mean
duration of catheter placement of 7 days) (79). Since the risk of
catheter-related infection increases as the duration of catheter
placement extends, the results of this study (79) may not neces-
sarily apply to clinical scenarios where catheters are clinically
used for much longer periods.

The prevailing (82,83), but not universal (84–86), clinical
practice dictates that if catheters are removed because of suspi-
cion of infection in patients who require another vascular ac-
cess, a new catheter is placed at a different site. In such patients,
there is a concern that guidewire-assisted exchange of the in-
fected catheter may result in contamination of the newly placed
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catheter by organisms present in the subcutaneous tract and/or
the lumen of the removed catheter that may transfer onto the
guidewire. The potential drawback of catheter replacement at a
different site is vascular thrombosis and, hence, compromise of
future intravenous access, particularly in children with cancer
and patients dependent on hemodialysis (84). In hemodynam-
ically stable patients with limited vascular access and in whom
catheter-related infection is possible but not very likely, it is rea-
sonable to insert the new catheter over a guidewire as long as
the removed catheter is cultured; should culture of the removed
catheter yield growth, it is recommended to remove the catheter
that was newly inserted over a guidewire and place yet another
catheter at a different site. Although it is theoretically plausible
that insertion at the same site of a vascular catheter with effec-
tive antimicrobial coating along both the external and internal
catheter surfaces may obviate the need to manipulate another
vascular site, this approach requires clinical investigation.

Ant imicrob ial Cat he t e r Hub
It is important to mention that the definitions of outcomes used
in clinical trials examining this approach were less rigorous
than those adopted in most studies of other types of poten-
tially preventive measures. A prospective randomized clinical
trial initially showed that attachment of an antimicrobial hub
containing iodinated alcohol to central venous catheters, with
a mean duration of placement of 2 weeks, significantly reduced
the rate of colonization of the catheter hub (1% versus 11% ;
p < 0.01) and CRBSI (4% versus 16% ; p < 0.01) (87). However,
a subsequent prospective randomized clinical trial of 130 cen-
tral venous catheters with this antimicrobial hub versus stan-
dard catheters in critically ill patients showed no differences
between the two groups in the rates of colonization of the
catheter tip and hub and, more important, revealed a trend
for a higher rate of catheter-related sepsis in association with
the use of this technology (24% versus 15% ) (88). Because
this antimicrobial catheter hub protects only against organ-
isms that migrate through the hub along the internal surface of
the catheter, but not against skin organisms that advance along
the external surface of the catheter, the potential clinical bene-
fit of using this preventive approach in the context of vascular
catheters that remain in place for less than or equal to 7 to
10 days is doubtful.

Flushing or Locking t he Cat he t e r Lume n
wit h Ant ib io t ic-Ant icoag ulant Solut ions

The relationship between infection and thrombosis of vascu-
lar catheters prompted numerous investigations of the clinical
efficacy of flushing or locking the catheter lumen with vari-
ous antibiotic-anticoagulant combinations that do not result
in systemic levels of the antibiotic. Because this approach pro-
vides antimicrobial activity against only organisms that exist
in the catheter lumen, clinical investigations have generally fo-
cused on long-term vascular catheters that are frequently in-
fected by such a route. Prospective randomized clinical trials
in immunocompromised children (89) and adults (90) revealed
that flushing the lumen of long-term central venous catheters
with a solution that contains vancomycin and heparin signifi-
cantly reduces the rate of CRBSI due to luminal colonization by
vancomycin-susceptible organisms, as compared with flushing

catheters with heparin alone (0% versus 21% , p = 0.04; and
0% versus 7% , p = 0.05, respectively). One of these two studies
(89) also showed that the use of vancomycin-heparin catheter
flush was associated with a statistically insignificant fourfold
reduction (5% versus 21% ) in the rate of CRBSI due to lumi-
nal colonization by vancomycin-resistant organisms. Another
prospective randomized clinical trial in children with long-term
central venous catheters showed significantly lower rates of
CRBSI when catheters were flushed with either vancomycin-
ciprofloxacin-heparin (0.55/1,000 versus 1.72/1,000 catheter-
days, p = 0.005) or vancomycin-heparin solutions (0.37/1,000
versus 1.72/1,000 catheter-days, p = 0.004) than when flushed
with heparin alone (91). Other clinical trials, however, yielded
discrepant results. For instance, a prospective randomized clin-
ical trial in pediatric patients who had cancer and/or were
receiving total parenteral nutrition revealed that flushing the
lumen of long-term central venous catheters with a solution
that also consisted of vancomycin and heparin did not reduce
the rate of CRBSI due to luminal colonization by vancomycin-
susceptible organisms, as compared with flushing catheters
with heparin alone (1.4/1,000 versus 0.6/1,000 catheter-days,
p = 0.25) (92). Moreover, catheters flushed with the combi-
nation of vancomycin and heparin were associated with a sig-
nificant fourfold increase in the rate of CRBSI due to lumi-
nal colonization by vancomycin-resistant organisms (2.3/1,000
versus 0.53/1,000 catheter-days, p = 0.03) (92). In a recent
meta-analysis of four prospective randomized clinical trials in
high-risk children or adults, the risk ratio of developing CRBSI
was 0.34 (p = 0.04) among patients who receive vancomycin-
containing catheter lock solution versus those who receive only
heparin (93). Although there were no observed cases of infec-
tion of vancomycin-locked catheters by vancomycin-resistant
organisms (93), the potential emergence of resistance to van-
comycin, a drug that is still used to treat most cases of catheter
infections, continues to underscore the equivocal role of this
strategy.

PERSPECTIVE ON FUTURE WORK
Although institutional implementation of quality improvement
programs to educate health care providers and improve their
compliance with hand hygiene and basic infection control mea-
sures when inserting or maintaining a vascular catheter are gen-
erally beneficial, the level of adherence and duration of benefit
are not optimal (94,95). Moreover, some preventive measures
have probably reached a point of limited return as they have
reduced but did not eliminate the occurrence of CRBSI (96).
That is why it is essential that we strive to explore the potential
benefit of either new innovative approaches or the application
of already established technology in other clinical scenarios,
which will be discussed.

Inst illing a Cat he t e r Lock Solut ion That
Cont ains an Ant ib iofilm Plus an

Ant imicrob ial Ag e nt

This inclusion of an antibiofilm agent in a catheter lock combi-
nation solution would help enhance the access and activity of
the antimicrobial agent against biofilm-embedded organisms.
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Although numerous antibiofilm agents could theoretically be
used, the use of N-acetyl cysteine is quite intriguing because of
its well-established safety—FDA approved for both systemic
and inhalational administration in doses that far exceed the
amount that would be included in a catheter lock solution—
and recent preliminary reports of in vitro efficacy (97,98).

Asse ssing t he Clinical Value of
Q uorum-Se nsing Inhib it ors

This intriguing approach, which disrupts bacterial cell-to-
cell communication, can impair the formation of biofilm in
vitro and in animal models (99). However, there are no peer-
reviewed clinical reports that have assessed this potentially pro-
tective approach, and the activity of different quorum-sensing
inhibitors tends to be largely genus-specific; for example, the
RNAIII-inhibiting peptide is active against only S. aureus and
S. epidermidis (99), and yet another quorum-sensing inhibitor
attenuates the virulence of Pseudomonas aeruginosa (100). It is
prudent to clinically assess the safety, efficacy, and practicality
of this approach.

Inse rt ing Clinically Pro t e ct ive
Ant imicrob ial-Coat e d Cat he t e rs t o Safe ly

Prolong t he Durat ion of Cat he t e r Place me nt
Since there is a direct relationship between the duration of
catheter placement and risk of catheter-related infection (101),
most clinical practitioners leave short-term central venous
catheters in place for less than 10 days. Although not com-
prehensively investigated as of yet, it is likely that clinically
protective antimicrobial-coated catheters with durable antimi-
crobial activity could be safely left in place for a longer period
of time, perhaps for 2 to 3 weeks, without sacrificing anti-
infective efficacy (102).

Ap p lying Clinically Pro t e ct ive Ant imicrob ial
Coat ing on He mod ialysis Cat he t e rs

Not only are hemodialysis catheters more likely to become in-
fected than regular central venous catheters, but they are also
associated with more serious clinical (including paucity of other
body sites that would be amenable to placing a new hemodial-
ysis access) and economic consequences once infection evolves
(103).

Asse ssing t he True Value of
Bund le d Pre ve nt ive Int e rve nt ions

A recent prospective cohort study of a bundle of five evidence-
based measures—including hand washing, maximal sterile bar-
riers, cleansing skin with chlorhexidine, avoiding femoral sites
if possible, and removing catheters when no longer needed—
reported a significant reduction in the rate of CRBSI in criti-
cally ill patients: The risk of infection compared to preinterven-
tion was 0.62 at 0 to 3 months and 0.36 at 18 months (104).
These promising findings, however, were limited by the fact
that the study was not randomized, potential underreporting
of infection could have occurred after initiating the study, and
the effect of the bundled interventions on different microbial
pathogens was not investigated. Therefore, it is imperative that
bundled interventions be assessed in a prospective randomized
fashion.

PEARLS
■ The infection-prone vascular catheter, an indispensable com-

ponent of modern health care, is a vice in disguise.
■ Although catheter colonization is a prelude to infection,

most colonized catheters do not result in catheter-related
infection.

■ Proof of clinical protection against infection afforded by a
potentially preventative approach is defined as significant
reduction in catheter-related bloodstream infection.

■ Adherence to optimal infection control measures is the main-
stay for preventing infection, but consistent adherence to
guidelines usually drops within months of institutional im-
plementation of educational programs.

■ Although optimal infection control measures save lives,
more lives can be saved by combining infection control mea-
sures and clinically protective technology.

■ Antimicrobial modification of the surface of vascular
catheters is not necessarily indicative of clinical protection
against catheter-related infection.

■ A clinically protective anti-infective approach can also in-
cur cost savings and reduce the reservoir of antimicrobial-
resistant pathogens that exist within the biofilm surrounding
indwelling catheters.

Re fe re nce s

1. Richards MJ, Edwards JR, Culver DH, et al. Nosocomial infections in medi-
cal intensive care units in the United States. National Nosocomial Infections
Surveillance System. Crit Care Med. 1999;27:887–892.

2. Raad I, Hanna HA, Alakech B, et al. Differential time to positivity: a useful
method for diagnosing catheter-related bloodstream infections. Ann Intern
Med. 2004;140:18.

3. Maki DG, Ringer M, Alvarado CJ. Prospective randomized trial of
povidone-iodine, alcohol, and chlorhexidine for prevention of infection
associated with central venous and arterial catheters. Lancet. 1991;338:
339.

4. Darouiche RO, Berger DH, Khardori N, et al. Comparison of antimicro-
bial impregnation with tunneling of long-term central venous catheters: a
randomized, controlled trial. Ann Surg. 2005;242:193.

5. Mermel LA. Prevention of intravascular catheter-related infections. Ann
Intern Med. 2000;132:391–402.

6. Warren DK, Quadir WW, Hollenbeak CS, et al. attributable cost of
catheter-associated bloodstream infections among intensive care patients
in a nonteaching hospital. Crit Care Med. 2006;34:2084.

7. Pittet D, Tarara D, Wenzel RP. Nosocomial bloodstream infection in criti-
cally ill patients: excess length of stay, extra costs, and attributable mortal-
ity. JAMA. 1994;271:1598.

8. Heiselman D. Nosocomial bloodstream infections in the critically ill
[Letter]. JAMA. 1994;272:1819.

9. Pittet D, Wenzel RP. Nosocomial bloodstream infections in the critically ill
[Letter]. JAMA. 1994;272:1819.

10. Dimick JB, Pelz RK, Consunji, et al. Increased resource use associated with
catheter-related bloodstream infection in the surgical intensive care unit.
Arch Surg. 2001;136:229.

11. Sieradzki K, Roberts RB, Haber SW, et al. The development of vancomycin
resistance in a patient with methicillin-resistant Staphylococcus aureus in-
fection. N Engl J Med. 1999;340:517.

12. Smith TL, Pearson ML, Wilcox KR, et al. Emergence of vancomycin resis-
tance in Staphylococcus aureus. N Engl J Med. 1999;340:493.

13. Wisplinghoff H, Wisplinghoff T, Tallent SM, et al. Nosocomial blood-
stream infections in US hospitals: analysis of 24,179 cases from a prospec-
tive nationwide surveillance study. Clin Infect Dis. 2004;39:309.

14. O’Grady NP, Alexander M, Dellinger EP, et al. Guidelines for the preven-
tion of intravascular catheter-related infections. Centers for Disease Control
and Prevention. MMW R Morb Mortal W kly Rep 2002;51(RR-10):1.

15. Maki DG, Weise CE, Sarafin HW. A semiquantitative culture method
for identifying intravenous-catheter-related infection. N Engl J Med.
1977;296:1305.

16. Sherertz RJ, Raad II, Balani A, et al. Three-year experience with sonicated
vascular catheter cultures in a clinical microbiology laboratory. J Clin Mi-
crobiol. 1990;28:76.



406 Sect ion III: Techniques, Procedures, and Treatments

17. Bouza E, Alvarado N, Alcala L, et al. A randomized and prospective study
of 3 procedures for the diagnosis of catheter-related bloodstream infection
without catheter withdrawal. Clin Infect Dis. 2007;44:820.

18. Linares J. Diagnosis of catheter-related bloodstream infection: conservative
techniques. Clin Infect Dis. 2007;44:827.

19. Chatzinikolaou I, Hanna H, Hachem R, et al. Differential quantitative
blood cultures for the diagnosis of catheter-related bloodstream infections
associated with short- and long-term catheters: a prospective study. Diagn
Microbiol Infect Dis. 2004;50:167.

20. Safdar N, Fine JP, Maki DG. Meta-analysis: methods for diagnosis
of intravascular device-related bloodstream infection. Ann Intern Med.
2005;142:451.

21. Maki DG, Cobb L, Garman JK, et al. An attachable silver-impregnated
cuff for prevention of infection with central venous catheters: a prospective
randomized multicenter trial. Am J Med. 1988;85:307.

22. Salzman MB, Isenberg HD, Shapiro JF, et al. A prospective study of the
catheter hub as the portal of entry for organisms causing catheter-related
sepsis in neonates. J Infect Dis. 1993;167:487.

23. Raad II, Bodey GP. Infectious complications of indwelling vascular
catheters. Clin Infect Dis. 1992;15:197.

24. Darouiche RO. Device-associated infections: a macroproblem that starts
with microadherence. Clin Infect Dis. 2001;33:1567.

25. Jensen ET, Kharazmi A, Lam K, et al. Human polymorphonuclear leukocyte
response to Pseudomonas aeruginosa grown in biofilms. Infect Immun.
1990;58:2383–2385.

26. Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common
cause of persistent infections. Science. 1999;284:1318.

27. Darouiche RO, Dhir A, Miller AJ, et al. Vancomycin penetration into
biofilm covering infected prostheses and effect on bacteria. J Infect Dis.
1994;170:720.

28. Kumon H, Tomochika K, Matunaga T, et al. A sandwich cup method for
the penetration assay of antimicrobial agents through Pseudomonas ex-
opolysaccharides. Microbiol Immunol, 1994;38:615.

29. Jansen B, Rinck M, Wolbring P, et al. In vitro evaluation of the antimicrobial
efficacy and biocompatibility of a silver-coated central venous catheter. J
Biomat App. 1994;9:55.

30. Kampf G, Dietze B, Grobe-Siestrup C, et al. Microbicidal activity of a new
silver-containing polymer, SPI-ARGENT II. Antimicrob Agents Chemother.
1998;42:2440.

31. Gilbert JA, Cooper RC, Puryear HA, et al. A swine model for the evaluation
of efficacy of anti-microbial catheter coatings. J Biomater Sci Polym Ed.
1998;9:931.

32. Goldschmidt H, Hahn U, Satwender HJ, et al. Prevention of catheter-related
infections by silver-coated central venous catheters in oncological patients.
Z entralbl Bak teriol. 1995;283:215.

33. Bach A, Eberhardt H, Frick A, et al. Efficacy of silver-coating central ve-
nous catheters in reducing bacterial colonization. Crit Care Med. 1999;27:
515.

34. Dunser MW, Mayr AJ, Hinterberger G, et al. Central venous catheter colo-
nization in critically ill patients: a prospective, randomized, controlled study
comparing standard with two antiseptic-impregnated catheters. Anesth
Analg. 2005;101:1778.

35. Kalfon P, de Vaumus C, Samba D, et al. Comparison of silver-impregnated
with standard multi-lumen central venous catheters in critically ill patients.
Crit Care Med. 2007;35:1032.

36. Trerotola S, Johnson M, Shah H, et al. Tunneled hemodialysis catheters: use
of a silver-coated catheter for prevention of infection-a randomized study.
Radiology. 1998;207:491–496.

37. Darouiche RO. Anti-infective efficacy of silver-coated medical prostheses.
Clin Infect Dis. 1999;29:1371–1377.

38. Mermel LA, Stolz SM, Maki DG. Surface antimicrobial activity of
heparin-bonded and antiseptic-impregnated vascular catheters. J Infect Dis.
1993;167:920.

39. Moss HA, Tebbs Se, Faroqui MH, et al. A central venous catheter coated
with benzalkonium chloride for the prevention of catheter-related microbial
colonization. Eur J Anesthesiol. 2000;17:680–687.

40. Jaeger K, Osthaus A, Heine J, et al. Efficacy of a benzalkonium chloride-
impregnated central venous catheter to prevent catheter-associated infec-
tion in cancer patients. Eur J Chemother. 2001;47:50–55.

41. Kamal GD, Pfaller MA, Rempe LE, et al. Reduced intravascular catheter
infection by antibiotic bonding. JAMA. 1991;265:2364.

42. Thornton J, Todd NJ, Webster NR. Central venous line sepsis in the in-
tensive care unit: a study comparing antibiotic coated catheters with plain
catheters. Anesthesia. 1996;51:1018.

43. Ranucci M, Isgro G, Giomarelli PP, et al. Impact of oligon central venous
catheters on catheter colonization and catheter-related bloodstream infec-
tion. Crit Care Med. 2003;31:52.

44. Chaivakunapruk N, Veenstra N, Lipsky BA, et al. Chlorhexidine com-
pared with povidone-iodine solution for vascular catheter-site care: a meta-
analysis. Ann Intern Med. 2002;136:792.

45. Raad II, Hohn DC, Gilbreath BJ, et al. Prevention of central venous catheter-
related infections by using maximal sterile barrier precautions during in-
sertion. Infect Control Hosp Epidemiol. 1994;15:231.

46. Maki DG. Yes, Virginia, aseptic technique is very important: maximal bar-

rier precautions during insertion reduces the risk of central venous catheter-
related bacteremia. Infect Contr Hosp Epidemiol. 1994;15:227.

47. Van heerden PV, Webb SA, Fong S, et al. Central venous catheters revisited–
infection rates and an assessment of the new Fibrin Analyzing System brush.
Anesthes Intens Care. 1996;24:330.

48. Ciresi D, Albrecht RM, Volkers PA, Scholten DJ. Failure of an antiseptic
bonding to prevent central venous catheter-related infection and sepsis. Am
Surg. 1996;62:641–646.

49. Pemberton LB, Ross V, Cuddy P, et al. No difference in catheter sepsis
between standard and antiseptic central venous catheters. A prospective
randomized trial. Arch Surg. 1996;131:986–989.

50. Maki DG, Stolz SM, Wheeler S, et al. Prevention of central venous catheter-
related bloodstream infection by use of an antiseptic-impregnated catheter:
a randomized, controlled study. Ann Intern Med. 1997;127;257.

51. Tennenberg S, Lieser M, Mccurdy B, et al. A prospective randomized clinical
trial of an antibiotic- and antiseptic-coated central venous catheter in the
prevention of catheter-related infections. Arch Surg. 1997;132:1348.

52. George SJ, Vuddamalay P, Boscoe MJ. Antiseptic-impregnated central ve-
nous catheters reduce the incidence of bacterial colonization and associated
infection in immunocompromised transplant patients. Eur J Anesthesiol.
1997;14:428.

53. Heard SO, Wagle M, Vijayakumar E, et al. The influence of triple-lumen
central venous catheters coated with chlorhexidine/silversulfadiazine on the
incidence of catheter-related bacteremia: a randomized, controlled clinical
trial. Arch Intern Med. 1998;158;81.

54. Collin GR. Decreasing catheter colonization through the use of an
antiseptic-impregnated catheter: a continuous quality improvement project.
Chest. 1999;115:1632.

55. Hannan M, Juste RN, Umasanker S, et al. Antiseptic-bonded central venous
catheters and bacterial colonization. Anesthesia. 1999;54:868.

56. Sheng WH, Ko WJ, Wang JT, et al. Evaluation of antiseptic-impregnated
central venous catheters for prevention of catheter-related infection in in-
tensive care unit patients. Diagn Microbiol Infect Dis. 2000;38:1.

57. Rupp ME, Lisco SJ, Lipsett PA, et al. Effect of a second-generation venous
catheter impregnated with chlorhexidine and silver sulfadiazine on central
catheter-related infections: a randomized, controlled trial. Ann intern Med.
2005;143:570.

58. Veenstra DL, Saint S, Saha S, et al. Efficacy of antiseptic-impregnated cen-
tral venous catheters in preventing catheter-related bloodstream infection.
JAMA. 1999;281:261.

59. Logghe C, Van Ossel C, D’Hoore W, et al. Evaluation of chlorhexidine and
silver-sulfadiazine impregnated central venous catheters for the prevention
of bloodstream infection in leukemic patients: a randomized controlled
trial. J Hosp Infect. 1997;37:145.

60. Bassetti S, Hu J, D’Agastino Jr, et al. Prolonged antimicrobial activity of
a catheter containing chlorhexidine-silver sulfadiazine extends protection
against catheter infection. Antimicrob Agents Chemother. 2001;45:1535.

61. Darouiche RO, Raad II, Bodey GP, et al. Antibiotic susceptibility of staphy-
lococcal isolates from patients with vascular catheter-related bacteremia:
potential role of the combination of minocycline and rifampin. Int J An-
timicrob Agents. 1995;6:31.

62. Raad I, Darouiche R, Hachem R, et al. Antibiotics and prevention of mi-
crobial colonization of catheters. Antimicrob Agents Chemother. 1995;
39:2397.

63. Raad I, Darouiche R, Hachem R, et al. The broad spectrum activity and
efficacy of catheters coated with minocycline and rifampin. J Infect Dis.
1996;173:418.

64. Widmer AF, Frei R, Rajacic Z, et al. Correlation between in vivo and in vitro
efficacy of antimicrobial agents against foreign body infections. J Infect Dis.
1990;162:96.

65. Raad I, Hanna H, Jiang Y, et al. Comparative activities of daptomycin, line-
zolid, and tigecycline against catheter-related methicillin-resistant Staphy-
lococcus bacteremic isolates embedded in biofilm. Antimicrob Agents
Chemother. 2007;51:1656.

66. Raad I, Darouiche R, Dupuis J, et al. Central venous catheters coated with
minocycline and rifampin for the prevention of catheter-related coloniza-
tion and bloodstream infections: a randomized, double-blind trial. Ann
Intern Med. 1997;127:267.

67. Darouiche RO, Raad II, Heard SO, et al. A comparison of two
antimicrobial-impregnated central venous catheters. N Engl J Med. 1999;
340:1.

68. Marick PE, Abraham G, Carean P, et al. The ex vivo antibacterial activity
and colonization rate of two antimicrobial-coated central venous catheters.
Crit Care Med. 1999;27:1128.

69. Vaudaux P, Pittet D, Haeberli A, et al. Host factors selectively increase
staphylococcal adherence on inserted catheters: a role for fibronectin and
fibrinogen or fibrin. J Infect Dis. 1989;160:865.

70. Hermann M, Vaudaux PE, Pittet D, et al. Fibronectin, fibrinogen, and
laminin act as mediators of adherence of clinical staphylococcal isolates
to foreign material. J Infect Dis. 1988;158:693.

71. Bassetti S, Hu J, D’Agastiono, et al. In vitro zones of inhibition of coated vas-
cular catheters predict efficacy in preventing catheter infection with Staphy-
lococcus aureus in vivo. Eur J Clin Microbiol Infect Dis. 2000;19:612.

72. Hanna H, Benjamin R, Chatzinikolau I, et al. Long-term silicone central



Chap t e r 31: Clean and Aseptic Techniques at the Bedside 407

venous catheters impregnated with minocycline and rifampin decrease rates
of catheter-related bloodstream infection in cancer patients: a prospective,
randomized clinical trial. J Clin O ncol. 2004;22:3163.

73. Darouiche RO, Berger DH, Khardori N, et al. Comparison of antimicro-
bial impregnation with tunneling of long-term central venous catheters: a
randomized, controlled trial. Ann Surg. 2005;242:193.

74. Chatzinikolaou I, Hanna H, Graviss L, et al. Clinical experience with
minocycline and rifampin-impregnated central venous catheters in bone
marrow transplantation recipients: efficacy and low risk of developing
staphylococcal resistance. Infect Control Hosp Epidemiol. 2003;24:961.

75. Crnich CJ, Maki DG. The promise of novel technology for the prevention
of intravascular device-related bloodstream infection, I: pathogenesis and
short-term devices. Clin Infect Dis. 2002;34:1232.

76. Crnich CJ, Maki DG. The promise of novel technology for the prevention
of intravascular device-related bloodstream infection, II: long-term devices.
Clin Infect Dis. 2002;340:1362.

77. Veenstra DL, Saint S, Sullivan SD. Cost-effectiveness of antiseptic-
impregnated central venous catheters for the prevention of catheter-related
bloodstream infection. JAMA. 1999;282:554.

78. Shorr AF, Humphreys CW, Helman DL. New choices for central venous
catheters: potential financial implications. Chest. 2003;124:275.

79. Cobb DK, High KP, Sawyer RG, et al. A controlled trial of scheduled
replacement of central venous and pulmonary-artery catheters. N Engl J
Med. 1992;327:1062.

80. Eyer S, Brummit C, Crossley K, et al. Catheter-related sepsis: a prospec-
tive, randomized, study of three different methods of long-term catheter
maintenance. Crit Care Med. 1990;18:1073.

81. Timsit JF. Scheduled replacement of central venous catheters is not neces-
sary. Infect Control Hosp Epidemiol. 2000;21:371.

82. Reed CR, Sessler CN, Glauser FL, et al. Central venous catheter infections:
concepts and controversies. Intensive Care Med. 1995;21:177.

83. Cook D, Randolph, Kernerman P, et al. Central venous catheter replace-
ment strategies: a systematic review of the literature. Crit Care Med. 1997;
25:1417.

84. Robinson D, Suhocki P, Schwab SJ. Treatment of infected tunneled ve-
nous access hemodialysis catheters with guidewire exchange. Kidney Int.
1998;53:1792.

85. Bach A, Bohrer H, Geiss HK. Safety of a guidewire technique for replace-
ment of pulmonary artery catheters. J Cardiothorac Vasc Anesth. 1992;
6:711.

86. Martinez E, Mensa J, Roviera M, et al. Central venous catheter ex-
change by guidewire for treatment of catheter-related bacteremia in patients
undergoing BMT or intensive chemotherapy. Bone Marrow Transplant.
1999;23:41.

87. Segura M, Alvarez-Lerma F, Tellado JM, et al. Advances in surgical tech-
nique: a clinical trial on the prevention of catheter-related sepsis using a
new hub model. Ann Surg. 1996;223:363.

88. Luna J, Masdeu G, Perez M, et al. Clinical trial evaluating a new hub device
designed to prevent catheter-related sepsis. Eur J Clin Microbiol Infect Dis.
2000;19:655.

89. Schwartz C, Henrickson KJ, Roghmann K, et al. Prevention of bacteremia

attributed to luminal colonization of tunneled central venous catheters with
vancomycin-susceptible organisms. J Clin O ncol. 1990;8:591.

90. Carratala J, Njubo J, Fernandez-Sevilla A, et al. Randomized, double-blind
trial of an antibiotic-lock technique for prevention of Gram-positive cen-
tral venous catheter-related infection in neutropenic patients with cancer.
Antimicrob Agents Chemother. 1999;43:2200.

91. Henrickson KJ, Axtell RA, Hoover SM, et al. Prevention of central venous
catheter-related infections and thrombotic events in immunocompromised
children by the use of vancomycin/ciprofloxacin/heparin flush solution: a
randomized, multicenter, double-blind trial. J Clin O ncol. 2000;18:1269.

92. Rackoff WR, Weiman M, Jakobowski D, et al. A randomized, controlled
trial of the efficacy of a heparin and vancomycin solution in preventing
central venous catheter infections in children. J Pediatr. 1995;127:147.

93. Safdar N, Maki DG. Use of vancomycin-containing lock or flush solutions
for prevention of bloodstream infection associated with central venous ac-
cess devices: a meta-analysis of prospective, randomized trials. Clin Infect
Dis. 2006;43:474.

94. Sherertz RJ, Ely EW, Westbrook DM, et al. Education of physicians-in-
training can decrease the risk for vascular catheter infection. Ann Intern
Med. 2000;132:641–648.

95. Warren DK, Zack JE, Mayfield JL, et al. The efect of an education program
on the incidence of central venous catheter-associated bloodstream infection
in amedical ICU. Chest. 2004;126:1612.

96. Bijma R, Girbes AR, Klejer DJ, et al. Preventing central venous catheter-
related infection in a surgical intensive-care unit. Infect Control Hosp Epi-
demiol. 1999;20:618–620.

97. Aslam S, Trautner BW, Ramanathan V, et al. Combination of tigecy-
cline and N-acetylcysteine reduces biofilm-embedded bacteria on vascular
catheters. Antimicrob Agents Chemother. 2007;51:1556–1558.

98. Mansouri MD, Darouiche RO. In vitro antimicrobial activity of N-
acetylcysteine against bacteria colonizing central venous catheters. Int J
Antimicrob Agents. 2007;29:474–476.

99. Dell’Acqua G, Giacometti A, Cirioni O, et al. Suppression of drug-resistant
staphylococcal infections by the quorum sensing inhibitor RNA-inhibiting
peptide. J Infect Dis. 2004;190:318.

100. Hentzer M, Wu H, Anderson JB, et al. Attenuation of Pseudomonas aerug-
inosa virulence by quorum sensing inhibitors. EMBO J. 2003;22:3803–
3805.

101. Ullman RF, Gurevich I, Schoch PE, et al. Colonization and bacteremia
related to duration of triple-lumen intravascular catheter replacement. Am
J Infect Control. 1990;18:201.

102. Norwood S, Wilkins HE, III, Vallina VL, et al. The safety of prolonging
the use of central venous catheters: a prospective analysis of the effects
of using antiseptic-bonded catheters with daily site care. Crit Care Med.
2000;28:1376.

103. Ramanathan V, Chiu EJ, Thomas JT, et al. Healthcare costs associated with
hemodialysis catheter-related infections: a single-center experience. Infect
Control Hosp Epidemiol. 2007;28:606–609.

104. Pronovost P, Needham D, Bernholtz S, et al. An intervention to de-
crease catheter-related bloodstream infections in the ICU. N Engl J Med.
2006;355:2725.
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DEFINITION
A central venous catheter (CVC) by definition has its tip in the
superior vena cava.

HISTORY
The ancient Greek physician Galen (129–200 AD) first pro-
posed the existence of blood in the human body. Born in Greece,
he immigrated to Rome and became the principal doctor for
the gladiators. With legal constraints limiting dissections on
humans, he used animal dissections to provide some of the ear-
liest anatomy charts. His work, O n the Element According to
Hippocrates, describes the philosopher’s system of four bodily
humors—blood, yellow bile, black bile, and phlegm—which
were modeled after the four classic elements of Hippocrates:
air, water, fire, and earth. In 1616, William Harvey proposed
that contrary to Galen’s writings, the heart did not constantly
produce blood, but rather, there was a finite amount of blood
that circulated in one direction throughout the body. His ideas
raised doubts about the benefit of bloodletting, a popular med-
ical practice at the time.

In 1727, an English naturalist and clergyman, Stephen
Hales, was the first to determine arterial blood pressure. In-
serting a brass pipe into a horse’s central artery and connecting
it to a glass tube, he observed the blood rise in the pipe and
concluded that this must be due to a pressure in the blood. He
published this work in 1733 in his second-volume Haemastat-
icks, which contained experiments on the “force of the blood”
in various animals, its rate of flow, and the capacity of the
different vessels. In this work Hales also described the first
catheterization of the heart of a living animal. In an effort to
measure the precise capacity of the heart he bled a sheep to
death and then led a gun-barrel from the neck vessels into the
still-beating heart. Through this, he filled the hollow chambers
with molten wax and then measured from the resultant cast the
volume of the heartbeat and the minute volume of the heart,
which he calculated from the pulse beat.

In 1844, Claude Bernard inserted a mercury thermometer
into the carotid artery of a horse and advanced it through the
aortic valve into the left ventricle to measure the blood temper-
ature. He adapted this experiment over the next 40 years for
measuring intracardiac pressures in a variety of animals. Based
on his work, the use of catheters became the standard method
for physiologists to study the hemodynamics of the cardiovas-
cular system. Another major step in the development of cardiac
catheterization was taken by Adolph Fick in 1870. His famous
but brief note on the calculation of blood flow is the basis for
today’s procedures.

In 1929, a German surgical trainee, Werner Forssmann, ex-
perimented on a human cadaver and realized how easy it was
to guide a urologic catheter from an arm vein into the right
atrium. He went so far as to dissect the veins of his own fore-
arm and guide a urologic catheter into his right atrium us-
ing fluoroscopic control and a mirror. With the catheter in
place, he walked to the x-ray room, and had his own chest
x-rayed to prove the safety and feasibility of human right heart
catheterization. This made Forssmann the first to document
right heart catheterization in humans using radiographic tech-
niques. In return, he was fired from his position at the hospital
but subsequently won the Nobel Prize in 1956. In 1949, Duff
presented the first series of 43 patients that underwent trans-
femoral catheterization of the inferior vena cava (IVC) for fluid
and electrolyte management (1).

The clinical use of CVCs was first described by Aubaniac
in a 1952 publication summarizing a 10-year experience with
subclavian vein catheters for rapid infusion of fluids during
resuscitation of wounded soldiers on the battlefield (2). Since
then, several other access routes have been described. In 1969,
Dudrick and Wilmore reported the use of long-term polyvinyl
catheters placed in central veins for the administration of to-
tal parenteral nutrition (TPN) (3). In 1973, Broviac introduced
the silicone rubber catheter for long-term home TPN, followed
closely by the introduction of the peripherally inserted central
catheter (PICC) line by Hoshell in 1975 (4,5). Hickman intro-
duced a larger-bore Broviac catheter for bone marrow trans-
plant patients to give and withdraw blood in 1979 (6). In 1982,
Neidehuber implanted the first chest ports used clinically (7).

Approximately 5 million CVC insertions are done every
year in the United States, of which 200,000 are ports and
400,000 are tunneled catheters. The utilization of CVC in the
intensive care unit (ICU) is similar in adult and pediatric pa-
tients.

INDICATIONS
The decision to place a central venous access device should
be made after considering the risks and benefits to each pa-
tient. Therapeutic indications include the following: Adminis-
tration of chemotherapy, administration of TPN, administra-
tion of blood products, performance of plasmapheresis, and
performance of hemodialysis. Patients who have difficult pe-
ripheral IV access, such as obese patients or drug abusers,
should also be considered for CVCs. Many drugs are caustic,
causing irritation of the venous intima leading to inflamma-
tion and thrombosis. Patients being administered these drugs
also need central venous access. Some of these caustic drugs
include amphotericin B, Bactrim, ciprofloxacin, dobutamine,
doxycycline, erythromycin, ganciclovir, lidocaine, penicillins,
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pentamidine, Phenergan, phenytoin, potassium (depending on
dilution), Rocephin, vancomycin, and tobramycin. Infusates
with an osmolality > 280 to 300 mOsm also require central
dilution.

CONTRAINDICATIONS
There are no absolute contraindications to central line place-
ment. However, relative contraindications include:

1. Infected sites
2. Anatomic abnormalities
3. Burns
4. Coagulopathy

Although caution is recommended in patients with an elevated
international normalized ratio (INR), combined coagulopathy,
thrombocytopenia, or liver disease, there is little evidence that
transfusion of fresh frozen plasma (FFP) is required before in-
sertion. Fisher and Mutimer evaluated 658 patients with liver
disease and coagulopathy (INR > 1.5 and/or platelet counts
< 150 × 109/L) that underwent CVC insertion for complica-
tions. The subclavian vein approach was utilized in 352 pa-
tients (median INR 2.7) and the internal jugular (IJ) route in
302 patients (median INR 2.7). Only one patient developed a
hemothorax after accidental subclavian artery puncture. There
were no other major vascular complications. A significantly
higher incidence of minor complications, such as superficial
hematoma, was noted for patents that had multiple needle
puncture attempts and failed guidewire cannulation of vein.
Interestingly, patients with the IJ approach had a significantly
higher rate of superficial hematoma formation compared to
the subclavian route (11% vs. 3% ). A significantly higher ooz-
ing rate was noted for patients with low platelets as compared
to normal levels, indicating a possible role for platelet transfu-
sion in select patients. We recommend that the presence of liver
failure with elevated INR should not be considered an abso-
lute contraindication to CVC placement. There is little evidence
that FFP should be transfused beforehand or that the IJ route
is better than the subclavian. Consideration should be given
to platelet transfusion in patients with liver disease, elevated
INR, and low platelets (8). Ultrasound guidance may play an
important role in patients with coagulopathy (see below).

IMMEDIATE CONCERNS
More than 15% of all patients who receive CVCs have compli-
cations (9–11). At least 52% of the reported complications are
related to practitioner technique. The level of experience of the
physician reduces the risk of the complications (10,12). Physi-
cians who have placed 50 or more CVCs are half as likely to
have a mechanical complication as those who have performed
less than 50 (10). The number of insertion attempts is also
significant since the incidence of mechanical complications af-
ter three or more insertion attempts is six times that after one
attempt (13). The complication rate is decreased with certifi-
cation programs that provide formal education and practice
simulators as well as placement under supervision (10,12). An
increasingly important tool for improving safe learning curves
for CVC placement is the two-dimensional ultrasound imaging
and guidance.

PREPARATION

Informe d Conse nt

The judgment by the war crimes tribunal at Nuremberg laid
down ten standards to which physicians must conform when
carrying out experiments on human subjects in a new code (the
Nuremberg Code) that is now accepted worldwide. Among
other requirements, this document enunciates the requirement
of voluntary informed consent of the human subject. The prin-
ciple of voluntary informed consent protects the right of the
individual to control his or her own body.

Informed consent is a process of communication between
a patient and physician that results in the patient’s authoriza-
tion or agreement to undergo a specific medical intervention.
It originates from the legal and ethical right the patient has to
direct what happens to his or her body and from the ethical
duty of the physician to involve the patient in his or her health
care. This communication process is both an ethical obligation
and a legal requirement spelled out in statutes and case law in
all 50 states.

The following criteria must be met in the process of securing
an informed consent:

1. Establish that the patient is competent and capable of mak-
ing rational decisions regarding his or her health. If the pa-
tient is determined to be too incapacitated/incompetent to
make health care decisions, a surrogate decision maker must
be identified. There is a specific hierarchy of appropriate de-
cision makers defined by state law:
a. Surrogate hierarchy:

(1) Patient’s agent as defined in the advanced care direc-
tive

(2) Guardian
(3) Spouse
(4) Adult son or daughter
(5) Custodial parent
(6) Adult grandchild
(7) Available adult relative with closest degree of kinship

2. Using words and language that the patient can understand
(use an interpreter if necessary), the physician must convey
the details of the planned procedure, its potential benefits,
serious risks, and any feasible alternatives.

3. Review the risks and benefits of the alternative procedure.
4. Review the risks and benefits of not receiving the proce-

dure.
5. Address all the patient’s questions and concerns. The physi-

cian must verify that the patient has understood what has
been said, accepted the risks involved, and agreed to proceed
with the procedure.

6. Finally, the individual must sign the consent form, which
documents in generic format the major points of considera-
tion.

7. The only exception to this is securing informed consent dur-
ing extreme emergencies. The patient’s consent should only
be “presumed,” rather than obtained, in emergency situa-
tions when the patient is unconscious or incompetent and
no surrogate decision maker is available.

Appropriate documentation must be made in the patient’s
chart defining the circumstances of the informed consent.
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Ob t ain Hist ory

A procedure-directed history and physical exam are essential.
Investigate the following:

1. Location and number of previous CVCs and ports
2. Location of known venous thrombi
3. History of infected ports and their sites
4. History of clavicle fracture
5. History of bleeding associated with CVC placement
6. History of pneumothorax or other complications from pre-

vious CVCs
7. History of IVC filter placement
8. Current or recent use of warfarin, aspirin, clopidogrel bisul-

fate, heparin, low-molecular-weight heparin, or other anti-
coagulants

9. History of pacemaker insertion

Potential access sites should be evaluated to determine if
there are any anatomic or cutaneous abnormalities (such as
scarring from trauma, previous radiation, surgery, infections,
or burns) that would preclude placement of a central venous
access device. A previous history of venous thrombi as docu-
mented by ultrasound would be crucial in selection of the in-
sertion site and would help avoid unnecessary complications.
In patients with a history of IVC filter, care must be exer-
cised when using the femoral route to avoid entrapment of
the guidewire in the filter. Placement of a pulmonary artery
catheter using the femoral route is also contraindicated in these
patients for the same reason. Previous fractures of the clav-
icle may make access difficult secondary to distortion of the
anatomy and landmarks.

St e rile Pre p arat ion of Op e rat or and Skin

Prior to starting the procedure, obtain all necessary items listed
below and, using an aseptic technique, open them onto a work-
ing table in close proximity to the patient:

1. Sterile gown and gloves
2. Hat and mask
3. Central line kit with a large enough drape to cover the in-

sertion area and to prevent contamination of long wires
4. 2% chlorhexidine or 10% povidone iodine
5. Sterile saline flush

Prepare the skin with 2% chlorhexidine or 10% povidone
iodine. Ten percent povidone iodine has no immediate effect.
It allows a slow release of iodine and takes about 2 minutes to
be fully effective. Therefore, after application allow appropri-
ate time for drying prior to draping. This gap can be filled as
the time to obtain a “maximum sterile barrier.” This includes
the placement of a sterile cap, mask, gown, and gloves for ev-
ery single procedure. The use of all four elements consistently
along with appropriately prepped skin reduces catheter-related
septicemia by sixfold (14).

The patient’s scrub should include a generous area and ex-
tend 10 cm outward in a circular manner from the planned
insertion point. If the line is placed in an area with hair, the
hair need not be removed. Bacterial counts are the same after
prepping with or without hair. Razors for hair removal can
cause micro-abrasions and increase the risk of infection. A me-

chanical or frictional scrub is best in that it reduces both the
microbial burden and the epithelial cellular debris.

Next, place the large sterile drape over the insertion site. Do
not occlude the air supply or field of vision when draping neck
areas of conscious patients. An assistant, electronic devices, or
both must monitor relevant parameters of the patient’s well-
being continually through the procedure, because the operator
may lose valuable clues while concentrating on the procedure
and because much of the patient is obscured by drapes.

Prepare the CVC kit prior to starting the line placement as
follows:

1. Load the 1% lidocaine.
2. Bring the wire onto the sterile field close to the insertion

point to minimize movements after cannulation of the vein
with the finder needle.

3. Adjust the wire by pulling the J-curve of the tip into the hub
of the guidewire holder so that it is straightened out and
ready for insertion.

4. Remove the distal port cap off the catheter for easier place-
ment over the wire.

5. Flush the ports of the catheter with sterile saline to remove
air.

Posit ion Pat ie nt

Now you are ready for catheter insertion. At this point place
the patient in a 10- to 25-degree Trendelenburg position. This
significantly increases the diameter of the IJ as compared to the
supine position and further helps to increase venous cannula-
tion and decrease the risk for air embolism (15–17). However,
special consideration must be taken prior to placing patients
with traumatic brain injury in the Trendelenburg position since
this position may exacerbate intracranial pressure elevation
and secondary brain injury. Caution should also be used in pa-
tients with high aspiration risk, gastric distention, orthopnea,
or hypoxia.

Analg e sia

Analgesia and sedation to reduce pain and anxiety during any
invasive procedure are often helpful. Local analgesia may be
obtained by injecting 1 to 5 mL of 1% lidocaine without
epinephrine subcutaneously so that a 1-cm wheal is raised.
Use the smallest needle available and inject slowly to minimize
discomfort of tissue distention. Attention should be paid to
the track of local anesthetic instilled so that subsequent larger
needles are not inserted into an area where there is minimum
anesthetic. Some operators use the smallest needle to create a
skin wheal, leave that needle in the skin after removing the
syringe, and then replace the small needle with a longer 21-
to 22-gauge needle into the same site to further infiltrate the
deeper tissues. This longer needle is then left in the tissues af-
ter removing the syringe and serves as a guide to insert the
final large needle precisely into the tissue that has been well
anesthetized. Conscious sedation must be used with great cau-
tion in nonintubated patients. The operator should be aware
of his or her institutional policy regarding conscious sedation.
At minimum, a review of the patient’s chart and history should
be routinely performed to assess for underlying cardiac and
other medical problems that may interfere with sedation and
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verify allergies. The patient should be appropriately monitored.
Monitors for blood pressure measurements, electrocardiogra-
phy, and pulse oximetry should be attached before the patient
receives any sedatives, and these parameters should be checked
every 5 to 10 minutes. Personnel certified in basic and advanced
cardiac life support procedures must be present in the room to
monitor the patient at all times during the administration of
intravenous sedation. Reversal agents such as naloxone and
flumazenil should be readily available and the operator should
be familiar with their dosage and administration. The operator
should be cautious with the use of flumazenil as a reversal agent
in patients on chronic benzodiazepines to avoid the complica-
tion of seizures. Patients should be monitored postprocedure
until their vital signs are stable and they are alert and back to
their baseline.

CENTRAL VENOUS CANNULATION

Se ld ing e r Te chniq ue

The Seldinger technique is a procedure to obtain safe access to
blood vessels and other hollow organs. It is named after Dr.
Sven-Ivar Seldinger (1921–1998), a Swedish radiologist from
Mora, Dalarna County, who introduced the procedure in 1953
(18). In the procedure the desired vessel or cavity is punctured
with a sharp hollow needle called a trocar. A round-tipped (J-
tipped) guidewire is then advanced through the lumen of the
trocar, and the trocar is withdrawn. Any hollow catheter or
cannula can now be passed over the guidewire into the cavity
or vessel. The guidewire is then withdrawn.

FEMORAL VEIN CANNULATION
(FIGS. 32.1 TO 32.3)

Int rod uct ion

The femoral route for central venous catheterization was first
described by Duffy in 1948 (1). He reported on 72 patients
with polyethylene catheters inserted over extended periods of
time into central veins with 28 of these utilizing the femoral
route. However, subsequent independent reports by Moncrief
(1958) and Bansmer et al. (1958) identified an unacceptably
high rate of venous thrombosis and catheter-related sepsis as-
sociated with this technique (19,20). This led to the femoral
route falling out of favor. Resurgence in interest came toward
the end of 1960, when Dr. Stanley Shaldon et al., working at
the Royal Free Hospital in London, developed a technique for
hemodialysis by percutaneous catheterization of the femoral
artery and vein. They developed single-lumen catheters hav-
ing tapered tips for entry over a Seldinger wire to be used in
hemodialysis. The technique was described in a 1961 publica-
tion of The Lancet and subsequently re-established the femoral
route as a safe and effective means to obtain central venous ac-
cess (21).

The femoral route is popular as it avoids many of the fol-
lowing complications associated with subclavian and IJ routes
(22):

1. Pneumothorax
2. Hemothorax
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FIGURE 32.1. Anatomy of the femoral artery and vein. Use the pneu-
monic NAVEL (Nerve, Artery, Vein, Empty space, Lymphatics) to re-
call structures as you move in a lateral to medial direction toward the
navel.
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FIGURE 32.2. Choose a puncture site 1 to 2 cm inferior to the in-
guinal ligament to avoid intra-abdominal injury and retroperitoneal
hematomas.
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FIGURE 32.3. Locate the femoral artery, keep a finger on the artery,
and introduce the finder needle attached to a 10-mL syringe at an angle
of 45 degrees to the skin, about 1 cm medial to the femoral artery
pulsation, 2 cm below the inguinal ligament.

3. Arrhythmias
4. Thoracic duct laceration
5. Damage to phrenic, vagus, and recurrent laryngeal nerves

Another benefit of the femoral route is that a radiograph is
not necessary to verify proper position.

Bleeding from inadvertent arterial puncture (the main me-
chanical complication of femoral venous cannulation) is more
easily controlled by manual pressure in the groin than in other
sites (23). The femoral route is also felt to be the easiest site
for rapid access and the best site for inexperienced operators
to learn the basic techniques of central venous access using the
Seldinger technique (24).

Anat omy and Pat ie nt Posit ioning

The femoral vein is punctured in the femoral triangle (inferior
to the inguinal ligament, lateral to the adductor longus, and
medial to the sartorius muscles), where it lies medial to the
femoral artery.

Te chniq ue

Follow these steps:

1. Verify that the patient does not have allergies to chlorhexi-
dine, povidone iodine, or lidocaine.

2. Complete all five steps described in the “Sterile Preparation
of Operator and Skin” section.

3. Extend the patient’s leg and abduct slightly at the hip.

4. Locate the femoral artery, keep a finger on the artery, and
introduce the finder needle attached to a 10-mL syringe at
an angle 45 degrees to the skin, about 1 cm medial to the
femoral artery pulsation, 2 cm below the inguinal ligament.

5. Slowly advance the needle cephalad and posteriorly while
continuously withdrawing the plunger. Too much suction
applied to the plunger in a hypovolemic patient may lead to
vein collapse with minimum blood return. This may mislead
the operator into assuming the needle is not in the vessel
lumen.

6. Once venous blood is obtained, use the Seldinger technique
to complete the procedure.

7. Verify that all ports allow aspiration of venous blood and
can be flushed with saline without resistance.

8. Secure the catheter, cover with a nonocclusive sterile dress-
ing, and document the procedure appropriately in the chart.

STEPS TO PREVENT
COMPLICATIONS

1. Do not force the wire through the finder needle; resistance
of any type is an indication to stop, remove the needle and
guidewire, and hold pressure on the vein. Verify that the
patient does not have an IVC filter.

2. One hand should be on the guidewire at all times during the
procedure to avoid losing the wire into the femoral vein.

3. Avoid overzealous dilation of the femoral vein with the dila-
tor. Excessive dilation extending beyond the subcutaneous
tissue and fat into the vein increases the risk of postpro-
cedure complications (oozing, hematoma formation, arteri-
ovenous fistula formation, and pseudoaneurysm formation).

4. Stay below the inguinal ligament. The distal tip of the finder
needle should not traverse cephalad to the inguinal ligament
to avoid retroperitoneal hematoma and/or intra-abdominal
injuries.

5. Inadvertent arterial puncture and subsequent hematoma or
pseudoaneurysm formation can be prevented by providing
direct pressure manually or with a standard device for at
least 30 minutes.

INTERNAL JUGULAR VEIN
CANNULATION

Anat omy and Pat ie nt
Posit ioning (Fig . 32.4)

The IJ vein exits the jugular foramen at the skull base and
courses inferiorly in the carotid sheath along with the carotid
artery and vagus nerve. It courses along a straight line from the
mastoid process to the medial side of the insertion point of the
clavicular head of the sternocleidomastoid (SCM) muscle. Al-
though it sits posterior to the carotid artery at the skull base, as
it courses down the neck, it spirals around the artery and ends
up anteriorly at the level of the clavicle. For purposes of internal
jugular vein access, an important anatomic triangle is formed
by the two heads of the SCM and the medial one third of the
clavicle. It is within this triangle that the right IJ is most safely
and readily cannulated. Within this triangle, the carotid artery
lies medial and slightly posterior to the internal jugular vein,
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FIGURE 32.4. Anatomy of the internal jugular vein.

decreasing its chances of accidentally being punctured during
catheter insertion. It joins with the subclavian vein to become
the brachiocephalic vein. The Valsalva maneuver or Trendelen-
burg position can increase the size of the IJ. If these maneuvers
do not increase the size, distal stenosis or obstruction should be
considered. Also, avoid overextending the patient’s neck since
this may actually flatten and decrease the size of the IJ vein. The
advantages to using the right IJ for CVC insertion include:

1. More superficial position than the subclavian vein
2. Apical pleura does not rise as high on the right as the left

and the right side avoids the thoracic duct
3. Straighter course to the superior vena cava as compared to

the left IJ or either subclavian route
4. Lower stenosis or occlusion rate as opposed to the subcla-

vian vein

Role of Ult rasound

The anatomic relationship of the internal jugular vein to the
carotid artery varies. Sonography lessens the complications of
inadvertent puncture and/or cannulation of the carotid artery.
Denys and Uretsky evaluated 200 consecutive patients with
sonography and found that the IJ was normal size and posi-
tion in 92% , nonvisualized in 2.5% , and exceedingly small in
3% . Other studies suggest that IJ variations from normal can
occur in up to 28% . The variability among authors may relate
to the level and degree of neck rotation when examined with
ultrasound. As the neck is turned away from 30 to 90 degrees,
the IJ assumes a more anterior position in relation to the carotid
artery (25). Doppler-guided approaches to the IJ have been re-
ported to reduce both the number of needle passes required to
locate the vein and the incidence of inadvertent carotid punc-
ture (26–29). Furthermore, two recent systematic reviews have

now concluded that ultrasonic guidance during central venous
cannulation also significantly increases the likelihood of suc-
cessful cannulation and significantly reduces the incidence of
complications in adults (26–29). Data from the meta-analysis
by Randolph et al. indicate that the use of ultrasound will be-
come the “standard of care” expected by the community in the
near future (30).

See the “Ultrasound” section for more information.

Int e rnal Jug ular Te chniq ue
(Fig s. 32.5 and 32.6)

Follow these steps:
1. Verify that the patient does not have allergies to chlorhex-

idine, povidone iodine, or lidocaine.
2. Complete all five steps described in the “Sterile Preparation

of Operator and Skin” section with the following modifi-
cations.

3. Stand at the head of the bed.
4. Place the patient in a Trendelenburg position, at least 15

degrees head down to distend the neck veins and to reduce
the risk of air embolism.

5. Slightly turn the head (no more than 20 degrees) away from
the puncture site. Turning it too far increases the risk of
arterial puncture.

6. Obtain a “maximum sterile barrier,” which includes the
placement of a sterile cap, mask, gown, and gloves.

7. Cleanse the skin and drape the area with the large drape.
8. Identify the apex of the triangle formed by the two heads

of the SCM and clavicle.
9. Use local anesthetic (1% lidocaine provided in the kit) and

the smallest needle available to anesthetize the puncture
site at the apex of the triangle.

10. SMALL NEEDLE LOCATOR: Use a 10-mL syringe at-
tached to a small finder needle (usually 22 gauge 1 inch)
to find the internal jugular vein. This helps to decrease in-
advertent carotid artery injury.

Needle  insertion s ite

FIGURE 32.5. Identify the apex of the triangle formed by the two
heads of the sternocleidomastoid (SCM) and clavicle.
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FIGURE 32.6. Attach a fresh 10-mL syringe to the large 18-gauge
2-inch finder needle and, using the previously placed 22-gauge needle
as a guide, find the internal jugular vein.

11. Insert the 22-gauge needle at an angle of 30 to 40 degrees
to the skin and advance it downward toward the ipsilateral
nipple.

12. The syringe and needle should be stabilized by resting the
hand on the mandible of the patient at its midpoint.

13. The vein is usually within 2 to 3 cm of the skin. If the vein
is not found, redirect the needle more laterally.

14. More so than the subclavian vein, the jugular vein is easily
compressed. As a result, a blood flashback is quite fre-
quently not encountered until the needle is being with-
drawn; therefore, withdraw slowly.

15. Once the IJ is identified, leave the 22-gauge needle in place
and remove the 10-mL syringe. Some operators bypass the
step of using a smaller finder needle.

16. BIG NEEDLE: Attach a fresh 10-mL syringe to the large
18-gauge 2-inch finder needle, and using the previously
placed 22-gauge needle as a guide, find the IJ vein.

17. The practice of priming the aspirating syringe with saline is
unwarranted and makes the differentiation of venous and
arterial blood more difficult (31).

18. If the blood from the finder needle is pulsatile, remove the
needle and hold pressure for a full 10 minutes prior to
proceeding. Consider ultrasound-guided placement if not
already being utilized.

19. Once venous blood is obtained, use the Seldinger technique
to complete the procedure.

20. Verify that all ports allow aspiration of venous blood and
can be flushed with saline without resistance.

21. Secure the catheter, cover with a nonocclusive sterile dress-
ing, and document the procedure appropriately in the
chart.

22. Obtain a stat chest radiograph to verify the position and
exclude pneumothorax or other injuries.

23. Andrews et al. have recently measured the distance from
skin puncture site to atria-caval junction in 100 patients

TA BLE 3 2 . 1

DISTANCE FROM SKIN PUNCTURE SITE TO
ATRIA-CAVAL JUNCTION

Insertion site Distance

Right internal jugular vein to atria-caval junction 16.0 cm
Right subclavian vein to atria-caval junction 18.4 cm
Left internal jugular vein to atria-caval junction 19.1 cm
Left subclavian vein to atria-caval junction 21.2 cm

From Tan BK, Hong SW, Huang MH, et al. Anatomic basis of safe
percutaneous subclavian venous catheterization. J Trauma.
2000;48(1):82–86.

undergoing central venous cannulation by various routes
(32). Their findings are presented in Table 32.1.

St e p s t o Pre ve nt Comp licat ions

1. Do not force the wire through the finder needle; resistance
of any type is an indication to stop, remove the needle and
guidewire, and hold pressure on the vein.

2. One hand should be on the guidewire at all times during the
procedure to avoid losing the wire into the IJ vein.

3. Avoid overzealous dilation of the IJ vein with the dilator.
Excessive dilation extending beyond the subcutaneous tissue
and fat into the vein increases the risk of postprocedure
complications (oozing, hematoma formation, arteriovenous
fistula formation, and pseudoaneurysm formation).

4. Verify that the guidewire moves easily back and forth
through the dilator as the dilator is advanced toward the
vein to avoid puncturing through the back wall of the vein
due to bending of the wire at the dilator tip.

5. Inadvertent arterial puncture and subsequent hematoma or
pseudoaneurysm formation can be prevented by providing
direct pressure manually or with a standard device for at
least 30 minutes.

6. If the patient is intubated and on high positive end-
expiratory pressure (PEEP) settings, holding the inspiratory
effort for a few seconds while cannulating the IJ vein may
decrease the overinflation of the lung apex and decrease the
chances of obtaining a pneumothorax. (This should only be
performed if no deleterious effects occur toward the patient’s
oxygenation, ventilation, alveolar recruitment, or overall
status.)

SUBCLAVIAN VEIN CANNULATION

Anat omy and Pat ie nt Posit ioning
(Fig s. 32.7 and 32.8)

The subclavian vein is a continuation of the axillary vein and
runs from the outer border of the first rib to the medial bor-
der of anterior scalene muscle where it joins with the IJ vein
to form the innominate vein (brachiocephalic vein). The po-
sition of the vein is defined by its name, sub meaning below,
and clavian meaning pertaining to the clavicle. Anteriorly, the
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FIGURE 32.7. Patient positioning for subclavian vein cannulation.

medial third of the clavicle overlies much of the subclavian
vein, providing a reliable landmark for locating the vein. An
understanding of the relationship between these two structures
is crucial for successful cannulation of the subclavian vein.
The vein is separated posteriorly from the subclavian artery by
the insertion of the scalenus anterior and posteromedially from
the dome of the pleura by Sibson fascia (suprapleural mem-
brane). The pleura lies only 5 mm posterior to the subclavian
vein (33). Its diameter is approximately that of a man’s small
finger. The left subclavian vein is the site at which chyle, formed
in the intestines from dietary fat and lipids, enters the blood
stream via the thoracic duct. The position of the subclavian
vein and its relationship to the clavicle changes with differ-
ent shoulder positions, as recently demonstrated in an elegant
study by Tan et al. (34). They found that the position that pro-
vides the greatest exposure of the subclavian vein was with the
shoulders in the neutral position and slightly retracted. How-
ever, in the Trendelenburg position the shoulders assume a pro-
tracted (shrugging) position secondary to the effects of gravity.
This must be actively reversed by pulling the arm in a caudal
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FIGURE 32.8. Anatomy of subcla-
vian vein.
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direction while performing the venipuncture to return the
shoulder to a neutral position and maximize vein exposure
from under the clavicle. This maneuver is extremely helpful
even in patients who cannot be in the Trendelenburg position
or who are unable to have a roll inserted between the scapulae.
Secondly, a retracted position of the shoulder, as obtained by
placing a rolled towel beneath the vertebral column between
the scapulae to allow the shoulders to fall back, was shown to
serve two very important purposes: (a) it prevents the interfer-
ence between the path of the needle insertion and the humeral
head of the shoulder, ensuring that the needle and syringe are
always parallel to the coronal plane; and (b) it brings the subcla-
vian vein into close contact with the undersurface of the clav-
icle, which is desirable for accurate identification of the vein
(34). More, however, is not better. Jesseph et al. showed, using
magnetic resonance imaging, that excessive shoulder retraction
resulted in compression of the vein in the groove between the
first rib and the clavicle (35). Understanding these relationships
will improve the chances for successful cannulation of the vein.

Keeping the shoulder neutral and retracted was further em-
phasized by the radiologic studies by Land et al. They demon-
strated using single-view venograms in 70 adult patients that
the subclavian vein, which was in the path of the needle when
the shoulder was in neutral position, moved out of its path
when the shoulder was abducted or elevated. The left subcla-
vian vein also ran more medial in relation to the clavicle as
compared to the right (36,37).

Infraclavicular Te chniq ue
(Fig s. 32.9 t hroug h 32.12)

Follow these steps:

1. Verify that the patient does not have allergies to chlorhex-
idine, povidone iodine, or lidocaine.

Subclavian
ve in

FIGURE 32.9. Identify the middle one third of the clavicle as it follows
a gentle curve up toward the shoulder.

Subclavian
ve in

FIGURE 32.10. Enter the skin at the anesthetized point and point the
needle tip toward the suprasternal notch. While maintaining constant
suction on the syringe and a parallel line to the coronal plane and the
floor, gently advance the needle tip cephalad until it passes under the
clavicle and into the vein.

2. Complete all five steps described in the “Sterile Preparation
of Operator and Skin” section with the following modifi-
cations.

3. Place a rolled towel beneath the vertebral column between
the scapulae to allow the shoulders to fall back into a
slight neutral-retracted position (CONTRAINDICATED
in patients with cervical spine injuries since elevation of
the shoulders may lead to neck flexion, and should not be
done on trauma victims without spine clearance) (4). Place
the patient in a Trendelenburg position, at least 15 degrees
head down to distend the subclavian veins and to reduce
the risk of air embolism.

4. Obtain a “maximum sterile barrier,” which includes the
placement of a sterile cap, mask, gown, and gloves.

5. Cleanse the skin and drape the area with the large drape
provided in the kit.

6. Identify the middle one third of the clavicle as it follows a
gentle curve up toward the shoulder.

7. Use local anesthetic (1% lidocaine provided in the kit) and
use the smallest needle available to anesthetize the puncture
site 2 cm inferior and lateral to the curving middle one third
portion of the clavicle.

8. A common mistake, especially in overweight patients or
patients with large stature, is to use a puncture site that is

FIGURE 32.11. Once venous blood is obtained, use the Seldinger tech-
nique to complete the procedure.
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FIGURE 32.12. Secure the central line and flush all ports with sterile
saline after aspirating back venous blood to eliminate trapped residual
air bubbles.

too close to the clavicle. This makes it extremely difficult to
pass the finder needle under the clavicle while maintaining
the needle and syringe parallel to the coronal plane and the
floor. As the angle of entry between the patient’s chest and
the syringe increase in an effort to get under the clavicle,
the chances of producing a pneumothorax also increase
proportionally. A distance more than 2 cm from the edge
of the clavicle may be necessary in larger patients.

9. Therefore, at all times maintain the needle and syringe par-
allel to the coronal plane and floor. Have an assistant pull
the arm caudad at the initiation of venipuncture.

10. Attach a fresh 10-mL syringe to the large needle.
11. Enter the skin at the anesthetized point and point the needle

tip toward the suprasternal notch.
12. While maintaining constant suction on the syringe and

a parallel line to the coronal plane and the floor, gen-
tly advance the needle tip cephalad until it hits the
clavicle.

13. Withdraw the needle and syringe back 2 cm from the clav-
icle prior to making an effort to pass under the leading
edge.

14. Not withdrawing the needle 2 to 4 cm is a common mistake
and makes the maneuvering of the needle tip around the
convex leading edge of the clavicle difficult.

15. The left hand acts as the guide for the finder needle.
16. The index finger rests on the suprasternal notch and pro-

vides the direction toward which the tip of the finder needle
is directed.

17. The thumb on the left hand is used to push the finder needle
posteriorly to help maneuver the tip of the needle under the
clavicle.

18. If the blood from the finder needle is pulsatile, remove the
needle and hold pressure for a full 10 minutes prior to
proceeding. Consider ultrasound-guided placement if not
already being utilized.

19. Once venous blood is obtained, use the Seldinger technique
to complete the procedure.

20. Verify that all ports allow aspiration of venous blood and
can be flushed with saline without resistance

21. Secure the catheter, cover with a nonocclusive sterile dress-
ing, and document the procedure appropriately in the
chart.

22. Obtain a stat chest radiograph to verify the position and
exclude pneumothorax or other injuries.

23. Check the distance of the catheter inserted from skin entry
site (Table 32.1).

Sup raclavicular Te chniq ue (Fig . 32.13)

Follow these steps:

1. Verify that the patient does not have allergies to chlorhex-
idine, povidone iodine, or lidocaine.

2. Complete all five steps described in the “Sterile Preparation
of Operator and Skin” section with the following modifi-
cations.

3. Place the patient in a Trendelenburg position, at least 15
degrees head down to distend the subclavian veins and to
reduce the risk of air embolism.

4. Obtain a “maximum sterile barrier,” which includes the
placement of a sterile cap, mask, gown, and gloves.

5. Cleanse the skin and drape the area with the large drape
provided in the kit.

6. Use local anesthetic (1% lidocaine provided in the kit) and
the smallest needle available to anesthetize the puncture
site at the junction of the sternocleidomastoid and the clav-
icular head.

7. Attach a fresh 10-mL syringe to the large needle.
8. Enter the skin at the anesthetized point along the upper

border of the medial one third of the clavicle at the junction
of the sternocleidomastoid muscle and the clavicular head.

9. The syringe is depressed 15 degrees below the coronal
plane and the needle is directed at an angle 45 degrees
to the sagittal plane.

10. The vein is met at an average depth of 1 to 1.5 cm from
the skin.

Subclavian
ve in

FIGURE 32.13. Enter the skin at the anesthetized point along the up-
per border of the medial one third of the clavicle at the junction of
the sternocleidomastoid muscle and the clavicular head. The syringe
is depressed 15 degrees below the coronal plane and the needle is di-
rected at an angle 45 degrees to the sagittal plane. The vein is met at
an average depth of 1 to 1.5 cm from the skin.
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11. Once venous blood is obtained, use the Seldinger technique
to complete the procedure.

12. Verify that all ports allow aspiration of venous blood and
can be flushed with saline without resistance

13. Secure the catheter, cover with a nonocclusive sterile dress-
ing, and document the procedure appropriately in the
chart.

14. Obtain a stat chest radiograph to verify the position and
exclude pneumothorax or other injuries.

St e p s t o Pre ve nt Comp licat ions

1. Do not force the wire through the finder needle; resistance
of any type is an indication to stop, remove the needle and
guidewire, and hold pressure on the vein.

2. One hand should be on the guidewire at all times during the
procedure to avoid losing the wire into the subclavian vein.

3. Avoid overzealous dilation of the subclavian vein with the
dilator. Excessive dilation extending beyond the subcuta-
neous tissue and fat into the vein increases the risk of post-
procedure complications (oozing, hematoma formation,
arteriovenous fistula formation, and pseudoaneurysm for-
mation).

4. Verify that the guidewire moves easily back and forth
through the dilator as the dilator is advanced toward the
vein to avoid puncturing through the back wall of the vein
due to bending of the wire at the dilator tip.

5. Inadvertent arterial puncture and subsequent hematoma or
pseudoaneurysm formation can be prevented by providing
direct pressure manually or with a standard device for at
least 30 minutes.

6. If the patient is intubated and on high PEEP settings, hold-
ing the inspiratory effort for a few seconds while cannulat-
ing the subclavian vein may decrease the overinflation of
the lung apex and decrease the chances of obtaining a pneu-
mothorax. (This should only be performed if no deleterious
effects occur toward the patient’s oxygenation, ventilation,
alveolar recruitment, or overall status.)

ULTRASOUND-GUIDED VEIN
CANNULATION

Re vie w of Lit e rat ure

Over 5 million CVCs are placed each year in the United States,
with an associated overall complication rate of 10% to 15%
(38,39). The traditional method of using surface anatomic
landmarks for the placement of CVCs is fraught with complica-
tion risks, especially in patients with obesity, neck deformity or
rigidity, previous surgery at the cannulation site, IJ vein throm-
bosis, hypovolemia, coagulopathy, or the inability to lie flat.
There may also be variation in the normal anatomy of the IJ
vein. Using ultrasound, Denys and Uretsky found that 8.5% of
200 patients had abnormal IJ vein anatomy with a small fixed
IJ vein in 3% , no right IJ vein at all in 2.5% , an IJ vein medial
to the carotid in 2% , and an IJ vein lateral to the carotid with
no overlap in 1% (40). These common anatomic variants may
explain the complication rate and need for multiple attempts to
achieve success using the landmark technique alone. Mechan-

ical complications, such as arterial puncture and pneumotho-
rax, have been reported to occur in up to 12% of landmark-
guided placements, and the risk increases sixfold after three
needle passes (41). This risk can be reduced significantly with
the use of ultrasound (US) guidance. The first description of
audio-guided Doppler localization and cannulation of IJ vein
was provided by Legler and Nugent in 1984 (42).

There are two types of real-time US guidance described in
the literature for facilitating CVC placement:

1. Audio-guided Doppler US, which generates an audible
sound from flowing venous blood, which helps the opera-
tor localize the vein and differentiate it from its companion
artery

2. Two-dimensional (2-D) imaging US guidance, which is the
more commonly used method, and provides real-time gray-
scale imaging of the anatomy

Two-dimensional imaging involves the use of a 7.5-MHz
linear array transducer to visualize the relevant anatomy and
can be performed by two techniques. In the first technique, the
US is used to mark the location of the vein relative to anatomic
surface landmarks followed by sterile percutaneous cannula-
tion. The second technique involves one or two operators and
involves continuous real-time imaging of the great vessels dur-
ing cannulation. This provides the operator with the advan-
tage of continuous visualization of the desired vein and the
surrounding anatomic structures before and during the inser-
tion. The second technique requires the operators to have a
“maximum sterile barrier” with sterile cap, mask, gown, and
gloves; a sterile sheath to cover the ultrasound probe; gel to
maintain acoustic coupling; and an assistant to place the probe
into the sterile sheath.

There have been seven randomized trials comparing real-
time 2-D US guidance to the landmark technique for IJ vein
cannulation (40,43–48). These studies have found significant
differences between the ultrasound and landmark techniques
in the following parameters:

1. Higher success rate (100% ) of cannulation of the IJ vein
using US as compared to 76% to 95% using the landmark
technique

2. Higher cannulation rate of the IJ vein on the first attempt
using the US technique

3. Lower access time with the US technique (there is, however,
a wide variation in the total access times from one study
to the next due to inconsistent definitions of starting and
stopping points while using the US technique)

4. Lower incidence of carotid artery puncture and hematoma
complications with the US technique

5. Reduction in the number of passes necessary to achieve can-
nulation using the US technique as compared to the land-
mark technique

Cannulation failures in the landmark technique group were
consistently salvaged with a single attempt using the US-guided
cannulation technique.

A meta-analysis of eight randomized controlled trials com-
paring US-guided cannulation to the standard landmark tech-
nique was recently performed by Randolph et al. (30). Of
the eight randomized studies, seven evaluated the IJ vein and
one evaluated the subclavian vein (43,44,49–54). They con-
cluded that the use of Doppler US or real-time 2-D US guidance
for vessel location and CVC placement significantly improved
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success rates, decreased the complication rates, and decreased
the need for multiple catheter placement attempts associated
with IJ and subclavian vein cannulation.

On the basis of these data, the Agency for Healthcare Re-
search and Quality listed the use of real-time ultrasound guid-
ance for central venous catheterization as one of the 11 prac-
tices to improve patient care (55).

The National Institute for Health and Clinical Excellence
(NICE) is located in the United Kingdom and provides the Na-
tional Health Service (a publicly funded health care system of
the United Kingdom) with guidelines based on the literature re-
garding the use of new technologies and procedures to improve
health care treatment. They have also independently reviewed
the literature and published guidelines, available on the Inter-
net, that strongly recommend 2-D US imaging as the preferred
method of insertion of CVCs into the IJ vein in adults and
children in elective situations (56).

Re comme nd at ions

There is overwhelming evidence that all physicians involved in
placing CVCs should complete appropriate training to achieve
competence in the use of real-time 2-D US for venous cannula-
tion. Furthermore, all elective IJ vein CVC placements should
be performed under the guidance of real-time 2-D US. The
newer portable ultrasound machines provide the additional ad-
vantage of being easily transported and available in the oper-
ating room, intensive care unit, and emergency department, as
well as at the bedside on the hospital ward.

PULMONARY ARTERY CATHETER

Ind icat ions
1. Diagnosis of shock states
2. Management of fluid resuscitation and inotropic support in

shock states
3. Management of severe burns
4. Monitoring and management of complicated acute myocar-

dial infarction
5. Diagnosis of primary pulmonary hypertension
6. Diagnosis of valvular disease, intracardiac shunts, cardiac

tamponade, and pulmonary embolus
7. Therapeutic: Aspiration of air emboli

Cont raind icat ions
1. Tricuspid or pulmonary valve mechanical prosthesis
2. Right heart mass (thrombus and/or tumor)
3. Tricuspid or pulmonary valve endocarditis

Te chniq ue

Follow these steps:

1. First, place a central venous introducer following the steps
outlined above.

2. Verify placement of the introducer with a chest radiograph.
Some operators will obtain a chest radiograph at the end of

procedure when the pulmonary artery catheter (PAC) is in
position unless a complication during venous cannulation
is suspected.

3. Cleanse the skin and introducer thoroughly with chlorhex-
idine, after verifying patient’s allergies.

4. Obtain a “maximum sterile barrier,” which includes the
placement of a sterile cap, mask, gown, and gloves.

5. Have your assistant open the PAC kit in a sterile
fashion, being careful not to contaminate any of the
contents.

6. Remove the PAC from the kit and have your assistant hook
up the ports to the transducer and make sure that the
readings are accurate as the catheter is being manipula-
ted.

7. Take great care in maintaining sterile technique at all times
while working closely with the nonsterile assistant. Protect
the sterile portion of the catheter by resting it on the large
sterile field while the transducers are attached.

8. Have the assistant check the proximal and distal ports for
patency by flushing them with sterile saline. Also have the
assistant check the patency of the balloon using the syringe
provided in the kit.

9. On the surface of the catheter are line markings, which
indicate distance from the tip of the catheter in centimeters.
Familiarize yourself with these markings prior to placing
the catheter. Single thin lines are used to indicate a distance
of 10 cm, while a single wide line indicates a distance of
50 cm from the tip. These lines are used in combination to
indicate the distance from the tip (Fig. 32.14).

10. Therefore, as the catheter is inserted you will see one thin
line at 10 cm, two thin lines at 20 cm, three thin lines at 30
cm, four thin lines at 40 cm, and a single wide thick line
at 50 cm. At 60 cm there is a wide thick line and a single
thin line in combination. The wedge position is achieved
in most patients 45 to 55 cm from the tip.

11. Place the sterile plastic sleeve over the catheter after flush-
ing all ports to further protect the catheter in a sterile cover
during manipulation (Fig. 32.15).

12. The distal end of the PAC is then inserted into the central
venous introducer hub, and is threaded down the central
vein into the superior vena cava.

13. The PAC must be placed at least 30 cm (three thin lines)
into the introducer in order for the balloon to clear the
distal end of the introducer sheath prior to inflation.

FIGURE 32.14. Each thin black line mark indicates 10-cm distance
from the tip of the catheter.
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FIGURE 32.15. Place the plastic sleeve cover over the catheter to main-
tain sterility during placement and to help secure and lock its final
position onto the introducer.

14. Once at 30 cm in the central vein, the balloon is inflated
and the catheter is advanced through the right atrium, past
the tricuspid valve into the right ventricle, quickly through
the right ventricle (to minimize occurrence of arrhythmias),
and past the pulmonary valve into the pulmonary artery.
The waveforms and pressure readings on the monitor pro-

vide the information on the position of the catheter in the
vasculature (Fig. 32.16).

15. Once in the pulmonary artery, the catheter should be care-
fully advanced until it wedges. At this point the balloon can
be deflated, and pulmonary artery tracings should reap-
pear. If the balloon wedges before maximal reinflation,
then the catheter is “overwedged” and should be pulled
back slightly until it wedges only with maximal inflation
(this helps prevent pulmonary artery rupture).

16. General guidelines for the distance necessary to travel to
reach the various structures of the heart are as follows:

The right atrium: 20 to 25 cm
The right ventricle: 30 to 35 cm
The pulmonary artery: 40 to 45 cm
The catheter usually wedges at 50 to 55 cm

17. Once the PAC is in the correct position, the balloon should
be deflated and the catheter secured in place by locking the
plastic sleeve tip onto the hub of the introducer.

18. Correct catheter placement is confirmed with a chest ra-
diograph.

WARNING: AT NO POINT SHOULD THE PAC EVER BE
WITHDRAWN WHILE THE BALLOON IS INFLATED!
Always verify that the assistant has deflated the balloon prior to
withdrawing the PAC. Only advance forward with the balloon
inflated and never withdraw. This avoids the complication of
rupture of the pulmonary artery, which can lead to massive
life-threatening hemorrhage and death.

FIGURE 32.16. Use the waveforms to
guide the placement of the pulmonary
artery catheter from the right atrium,
through the right ventricle, to the pul-
monary artery, and finally into the
wedge position. RA = right atrium,
RV = right ventricle, PA = pulmonary
artery, PCW = pulmonary capillary
wedge.



422 Sect ion III: Techniques, Procedures, and Treatments

Comp licat ions

The complication rate in patients with CVCs is as follows:

1. Overall complication rate of 15% (57–59)
2. Mechanical complication rate of 5% to 19% (57,58,60)
3. Infectious complication rate of 5% to 26% (14,57,59)
4. Thrombotic complication rate of 2% to 26% (57)

ANTIMICROBIAL-IMPREGNATED
CATHETERS

The use of catheters impregnated with chlorhexidine and sil-
ver sulfadiazine as well as those impregnated with minocycline
and rifampin have been shown in randomized trials to lower
the rate of catheter-related bloodstream infections (14,61). The
randomized trial by Maki et al. demonstrated that the use of
chlorhexidine- and silver sulfadiazine–impregnated catheters
significantly lowered bloodstream infections from 7.6 infec-
tions per 1,000 catheters to 1.6 infections per 1,000 catheters
(61). Therefore, the use of antimicrobial-impregnated catheters
should be considered in all circumstances, especially when the
institution rate of catheter-related bloodstream infections is
higher than 2% (61).

SINGLE-LUMEN AND
MULTILUMEN CATHETERS

The number of lumens in the catheter has not been shown
to affect the rate of catheter-related complications (62–64).
Therefore, catheter choice should be based on the patient’s
needs and the indications for the CVC placement. Since the
radius of the catheter of the lumen decreases as the num-
ber of ports increase, in trauma patients with hypovolemic,
hemorrhagic shock, large dual-lumen or single-lumen catheters
are preferred. On the other hand, stable ICU patients that
require multiple ports for an assortment of drips and nu-
trition may benefit from triple-lumen or quadruple-lumen
catheters.

Me chanical Comp licat ions

Ce nt ral Ve nous Line s
Mechanical complications associated with CVC placement in-
clude cardiac tamponade, hemothorax, pneumothorax, carotid
artery injury, subclavian artery injury, venous rupture, air em-
bolism, catheter malpositioning, catheter transection, and wire
or catheter embolism. Compared to the subclavian vein can-
nulation, the IJ route is more likely to be complicated by ar-
terial puncture (3% –4% vs. 6% –9% ) and less likely to be
complicated by pneumothorax (1% –3% vs. 0.1% –0.2% ). The
femoral route, in comparison to the other two routes, is asso-
ciated with a much higher rate of arterial puncture (9% –15% )
and hematoma formation (3% –5% ) but in the emergent setting
offers the advantage of avoiding pneumothorax and hemotho-
rax (57,58,60,65–67).

The tip of an intact catheter can migrate into the opposite
brachiocephalic vein, jugular vein, or azygous veins. Interven-

tional radiology can play an important role in repositioning
misplaced catheters. If a catheter was placed without imaging
guidance, it may be placed into an artery. Appropriate con-
sultation of the vascular or cardiothoracic service should be
obtained prior to removing misplaced catheters from the sub-
clavian artery and especially the carotid artery. Malposition
of the catheter tip into the lumbar venous plexus resulting in
paraplegia has also been described as a rare complication of
CVC placement.

Perforation of the great vessels occurs less than 1% of the
time but carries nearly a 40% mortality rate. More commonly
seen with the right subclavian vein approach, it usually is the
result of guidewire kinking during advancement of the dilator
(68).

Pinch-off syndrome has been described with the subclavian
route when the catheter is crushed between a narrow path be-
tween the clavicle and the first rib. The catheter can become
occluded, and with repeated trauma, it can fracture and em-
bolize distally. The fragment can become lodged in the heart,
resulting in cardiac arrhythmias or perforation, or it can be em-
bolized further into the pulmonary artery. If recognized early,
the interventional radiologist can usually capture the catheter
fragments and successfully remove them. If the fragments re-
main unrecognized, thrombus formation and fibrosis around
the catheter can result in catheter attachment to the vessel wall.

Guidewires used for venous access can become trapped in
indwelling vena cava filters or electrodes from pacemakers
and other implantable devices. Fluoroscopy often demonstrates
that the J-wire has become trapped around the tip of an IVC
filter.

Pulling back on the wire in the hope of dislodging it can
have catastrophic results, with migration of the filter, tears in
the IVC, hemorrhage, and death.

Several techniques are available to the interventional radi-
ologist to remove broken wires or wires trapped in filters. The
key is to stop if there is resistance or if the wire is trapped and
difficult to remove and immediately enlist the assistance of the
interventional radiologists.

Port s

Subcutaneous ports may invert in the subcutaneous space. This
phenomenon is sometimes referred to as twiddler’s syndrome.
Distending the fibrous capsule with 5 to 10 mL of sodium chlo-
ride solution may provide enough space to manually rotate the
reservoir within the capsule.

Pulmonary Art e ry Cat he t e r

Complications associated with PACs include arrhythmias, right
bundle branch block (RBBB), knotting in the right ventricle
(RV), pulmonary artery rupture, infection, and pulmonary in-
farction. Arrhythmias are the most common complication of
PAC insertion and occur secondary to ventricular irritation as
the catheter passes to the pulmonary artery (PA). More than
80% of these are premature ventricular contractions or non-
sustained ventricular tachycardia (VT). They are self-limiting
and resolve with advancement of the catheter from the RV into
the PA or with prompt withdrawal of the catheter back into
the right atrium. Significant arrhythmias requiring treatment
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occur in less than 1% of patients, usually those with concur-
rent cardiac ischemia.

RBBB occurs in 5% of PAC insertions and usually is tran-
sient after positioning the catheter into the PA. The presence of
a pre-existing left bundle branch block (LBBB) puts the patient
at risk for complete heart block should RBBB occur. In these
patients, temporary pacing equipment should be kept nearby
on standby.

The incidence of knotting of the PAC on itself, on intra-
cardiac structures, or on pacing wires is less than 1% . This
risk is increased in patients with dilated cardiac chambers. A
persistent RV tracing despite advancement of the PAC further
than 20 cm into the patient should alert the physician to this
possibility.

Pulmonary artery rupture is the most catastrophic compli-
cation of PAC insertion. Although it occurs in less than 1% of
cases, it carries a mortality rate of 50% . Age over 60 years,
anticoagulation therapy, and the presence of pulmonary hy-
pertension increase the risk of rupture. The presence of sud-
den and large quantities of hemoptysis, especially immediately
after PAC balloon inflation, greatly indicates this possibility.
Management includes lateral decubitus positioning (bleeding
side down), intubation with a double-lumen endotracheal tube
(ET), and increasing PEEP. Embolization via bronchoscopy or
angiography or lobectomy may be necessary if bleeding con-
tinues or is massive.

PAC-related infection is a fairly common complication. The
incidence of positive catheter tip culture result is 45% in some
series. Fortunately, the risk for clinical sepsis is less than 0.5%
per day of catheter use.

The incidence of pulmonary infarction is less than 7% . Un-
intentional distal migration of the PAC tip is the usual cause.
Some evidence indicates that catheter-related thrombi also may
be a significant cause. While postmortem studies have shown
that the rate of endocardial lesions (e.g., thrombi, hemorrhage,
vegetations) related to PAC use is significant, correlation with
clinical events has not been established.

Pe rip he rally Inse rt e d Ce nt ral Cat he t e r

Ignoring resistance during the placement of a CVC can lead
to significant complications. This was illustrated best in a re-
cent case report where surgical removal of a nonfunctional
peripherally inserted central catheter (PICC) revealed an ex-
tensive extraluminal knot. Review of the placement procedure
revealed multiple attempts at advancing and withdrawing the
PICC against resistance. Aggressive approaches to the removal
of difficult PICC lines may result in damage to the vein, or
catheter fracture with subsequent embolization (69).

Air Emb olism

Air embolism may also occur as a rare complication during
CVC placement. It is more common in conditions that dimin-
ish the central venous pressure, such as decreased intravascular
volume and upright sitting position. Rapid introduction of air
into the venous circulation of greater than 300 to 400 mL at a
rate of 100 mL/second is considered to be fatal. Clinically, the
patient will have immediate hypoxemia and/or cardiovascular
collapse. The hypoxemia is a result of V/Q mismatch (ventila-

tion without perfusion) due to mechanical obstruction of ves-
sels by the air bubbles. The air further has a chemical activation
of the pulmonary endothelium resulting in activation of com-
plement, free radicals, and inflammatory mediators, which re-
sults in bronchoconstriction and/or noncardiogenic pulmonary
edema. The physical exam reveals the wheezing and crackles
of heart failure. The classic finding of “mill wheel murmur,” a
churning sound heard throughout the entire cardiac cycle from
air bubbles in the RV, is a relatively specific sign of air embolism,
but is insensitive and occurs late in the course. Management in-
cludes securing the airway and placing the patient in the left
lateral decubitus position with right side up, making it more
difficult for the air to enter the right ventricular outflow tract
(pulmonary artery) because it is in a dependent position. The
best intervention is prevention; placing the patient in 15 degrees
of Trendelenburg position prior to placing the CVC increases
the central venous pressure and decreases the chance for air
embolism to occur.

Infe ct ious Comp licat ions

The subclavian vein cannulation is associated with a sig-
nificantly lower rate of total infectious complications when
compared to the femoral venous cannulation route (57,70).
Although there are no randomized trials comparing the sub-
clavian and IJ routes, there is evidence suggesting that subcla-
vian catheterization is less likely to result in catheter-related
infection (14,71,72).

Thromb ot ic Comp licat ions

Catheter-related venous thrombosis, diagnosed with US, occurs
in approximately 15% of patients in the medical intensive care
units (73). The risk of catheter-related thrombosis is directly
proportional to the site of insertion; it occurred in 22% of
patients with femoral venous catheters, and only 2% of patients
with subclavian venous catheters (57). In a nonrandomized
observational study the IJ vein was associated with four times
the risk of thrombosis as compared to the subclavian vein (74).
Therefore, subclavian vein cannulation carries the lowest risk
of catheter-related thrombosis.

Maximal St e rile Barrie r

We strongly recommend the use of all components of the max-
imal sterile barrier with each central line placement, which in-
cludes mask, cap, sterile gown, sterile gloves, and a large ster-
ile drape. This strict practice has been shown to reduce the
rate of catheter-related bloodstream infections and save an es-
timated $167 per catheter insertion (14). Chlorhexidine-based
solutions are preferred for skin preparation over the povidone
iodine solutions since the former have been shown to reduce the
risk of catheter colonization in a number of studies (75,76).

PHYSICIAN EXPERIENCE
Increased complication rates have been associated with in-
experienced physicians and with multiple failed attempts of
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CVC insertion. Physicians who have performed more than
50 CVC insertions are half as likely to have a mechanical
complication as those who have performed less than 50 (58).
Furthermore, the incidence of mechanical complications after
three or more insertion attempts is six times the rate after one
attempt (60).

ULTRASOUND GUIDANCE
As summarized in the section on US guidance, there is clear evi-
dence indicating that during IJ cannulation US guidance should
be routinely used, since it significantly reduces the number of
mechanical complications, the number of catheter placement
failures, the number of attempts needed for insertion, and the
time required for insertion (40,43–49). However, its use during
subclavian vein cannulation has had mixed results in clinical
trials and cannot be as strongly recommended, but should be
considered in difficult cases where the landmark technique has
failed (49,77,78).

OINTMENTS AND DRESSINGS
Antibiotic ointments (bacitracin, neomycin, and polymyxin)
should not be used since they increase the rate of catheter
colonization by fungi, promote the emergence of antibiotic-
resistant bacteria, and do not lower the rate of catheter-
related bacteremia (79–82). Similarly, silver-impregnated sub-
cutaneous cuffs should not be used since they have not been
shown to reduce the incidence of catheter-related bacteremia
(79,83,84).

SCHEDULED CATHETER CHANGES
The risk of catheter-related bacteremia increases after the fifth
to seventh day after insertion (14,61,85). Multiple trials have
failed to demonstrate a decrease in catheter-related bacteremia
with strategies for scheduled guidewire exchanges and sched-
uled replacement at a new site. In fact, scheduled exchanges
over a guidewire have been associated with a trend toward
an increased rate of catheter-related infections, and scheduled
new site replacement has been associated with higher mechani-
cal complications during insertion (86–88). Therefore, catheter
exchange should not be performed on a scheduled basis at new
sites or over the wire; rather, it should be based on the clinical
status of the patient, the presence or absence of fever, and the
appearance of the insertion site on the skin.

ALTERNATIVE ACCESS ROUTES

Ext e rnal Jug ular Ve in

The external jugular vein (EJV) may be used as an alternative
route to gain central venous access. Although its superficial
location makes it a preferred route in the presence of substantial
coagulopathy, its valves and anatomic angles limit the ability
to cannulate the superior vena cava to only 50% of the time.
The EJV begins just anterior to the ear at the angle of the

mandible. It courses obliquely across the anterior surface of
the sternocleidomastoid muscle and joins the subclavian vein
(SV) behind the medial third of the clavicle.

For cannulation, place the patient in a 15- to 30-degree mod-
ified Trendelenburg position with the head turned away from
the site of venipuncture. The right side is preferred. The EJV is
identified as it crosses the posterior margin of the sternocleido-
mastoid muscle. If the vein is not visible or palpable, a Valsalva
maneuver or inflation hold applied to mechanically ventilated
patients may help to distend the vein. If it cannot be visualized
or palpated, another approach is preferred.

After introduction of local analgesia, a needle is advanced at
an angle approximately 15 to 20 degrees above the skin. While
slight negative pressure is maintained in the syringe lumen,
the vein is sought. Once it is entered, advance the needle an
additional 1 to 2 mm and then advance either the catheter
or a guidewire through the needle, according to the selected
technique.

If obstruction to guidewire passage is encountered, several
maneuvers can be tried, including medial and lateral flexion
of the neck as well as sequential or concomitant ipsilateral
arm movements (abduction, adduction, and internal and ex-
ternal rotation). Another maneuver that is occasionally helpful
is withdrawal of the J-wire for approximately 1 cm, followed
by rotation and advancement of the wire.

Complications with significant morbidity are rare from this
approach. Most complications are associated with catheter
placement and catheter maintenance.

LONG-TERM ACCESS

Tunne le d Cat he t e rs

Since the risk of catheter-related bacteremia increases af-
ter the fifth to seventh day after insertion of routine cen-
tral lines, patients who require long-term venous access for
chemotherapy or antibiotic treatment need more durable op-
tions (14,61,85). Tunneled catheters, such as the Hickman,
Broviac, and Groshong, are composed of medical-grade sil-
icone tubing, and are placed in a similar fashion to routine
central lines except that a portion of the catheter is “ tun-
neled” under the subcuticular tissue of the anterior chest wall
or neck prior to exiting the skin. This technique was first de-
scribed by Broviac et al. in 1973 and subsequently modified
by Hickman et al. in 1979 (88,89). These catheters may be
used for 6 to 12 months after placement if they are cared
for diligently by the patient. The tunneled portion contains a
fibrous cuff that induces an inflammatory reaction with the
subcuticular tissue resulting in tissue ingrowth and attach-
ment. The cuff-tissue ingrowth secures the catheter in place
long term. Placement is routinely performed in the operat-
ing room or interventional radiology suite under fluoroscopic
guidance since exact positioning of the catheter tip at the su-
perior vena cava–right atrial junction is critical in preventing
postoperative complications and in ensuring proper long-term
functioning. Removal of infected catheters can be performed
at the patient’s bedside with local anesthetic and requires free-
ing the cuff from its fibrous subcuticular attachments either
via the exit site or through a separate incision over the cuffed
portion.
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Port s

An alternative choice for long-term venous access is the com-
pletely implanted Port-a-Cath. The term “Port-a-Cath” is de-
rived from the fusion of “portal” and “catheter.” The “portal”
is the reservoir compartment that has a silicone bubble cover
for needle insertion (the septum) and is surgically inserted into
a pocket created under the skin in the upper chest and appears
as a bump under the epidermis. It is attached to the tunneled
“catheter” that is placed under fluoroscopic guidance using
routine technique for central line placement. The great advan-
tage offered with the device is that it requires no special main-
tenance and is completely internal, so swimming and bathing
are not a problem. The septum of the “portal” is made of a spe-
cial self-sealing silicone rubber that can be punctured through
the skin up to 1,000 times before it needs to be replaced. To
administer treatment or to withdraw blood, the silicone cover
of the portal is palpated under the skin of the anterior chest,
sterilized, and then punctured with a special Huber point nee-
dle. Since the breach of skin integrity is very small and never
larger than the caliber of the needle, there is a very low in-
fection risk. This is another advantage over tunneled catheters
such as the Hickman. However, unlike tunneled catheters that
can be removed at the bedside, infected ports usually require
the operating room setting for extraction of the device from
the subcuticular pocket.

Pe rip he rally Inse rt e d Ce nt ral
Cat he t e r Line

A PICC line provides long-term (1–6 months) intravenous ac-
cess for chemotherapy regimens, extended antibiotic therapy,
or total parenteral nutrition. First described in 1975, it is an
alternative route of central access through a peripheral vein
(brachial, basilic, or cephalic) with little risk of pneumotho-
rax, air embolization, and cardiac arrhythmias (90). PICC lines
are usually inserted under the guidance of fluoroscopy, US,
or radiographs by radiologists or certified registered nurses.
In a recent trial with over 200 pediatric patients undergo-
ing US-guided PICC line placement, a 98% success rate and
a 5% complication rate were reported (91). Complications
may include phlebitis, hemorrhage, thrombosis, infection, and
breakage/leakage. When compared to central lines, PICCs are
associated with higher rates of phlebitis and more difficult
insertion attempts (92,93). The rate of complications signifi-
cantly increases as the number of PICC line days exceeds 30.
More than 70% of complications occur after 30 days of place-
ment (94). The infection rate for PICC lines is similar to conven-
tionally placed CVCs; however, they have the added disadvan-
tages of being more vulnerable to thrombosis and dislodgement
and less useful for drawing blood specimens (95–98). Another
concern is over usage that potentially exhausts upper extrem-
ity venous access sites. This may have serious implications in
chronically ill patients, especially those with renal failure who
may eventually require arteriovenous fistulas for dialysis ac-
cess. Complication rates (infection, sepsis, and thrombosis re-
quiring removal) as high as 40% to 50% have been reported
with the use of PICC lines in chemotherapy patients (99). Based
on the above evidence, we recommend strong caution against
the routine use of PICC lines.

PERIPHERAL ARTERIAL
CANNULATION

Int rod uct ion

Continuous blood pressure monitoring is essential for the man-
agement of critically ill patients. Significant differences may
occur between arterial pressures measured by direct versus in-
direct invasive methods (100,101).

The indications for peripheral arterial cannulation in-
clude:

1. Continuous blood pressure (BP) monitoring in postopera-
tive and critically ill patients

2. Hypotension or hypertension requiring continuous infusion
3. Mechanically ventilated patients that require repeated blood

gases

Use caution in the following circumstances:

1. Extremities with burns or trauma
2. Extremities with carpal tunnel syndrome
3. Broken or infected skin
4. Coagulopathy
5. Raynaud disease

Also, locations near AV fistulas and insertion into synthetic
grafts should be avoided.

The most frequently used site for direct arterial cannulation
and BP measurement is the radial artery (102–108). Use of the
femoral artery, axillary artery, dorsalis pedis artery, and tempo-
ral artery has also been described (109–112). Utilization of the
brachial artery is not recommended due to poor collateral cir-
culation and secondary ischemia to the radial and ulnar artery
in the setting of obstruction, due to the potential for loss of the
hand (113).

With regard to radial artery cannulation, the value of the
Allen test in predicting potential ischemic damage after cannu-
lation is at best unreliable. The original test described in 1929
was for the purpose of evaluating palmar collateral circulation
in thromboangiitis obliterans (114). In critically ill patients the
test has poor predictive power. Situations (such as shock, jaun-
dice, or vasoconstriction) commonly found in the critically ill
patient can significantly confound the test. A normal or neg-
ative test result does not rule out the possibility of digital is-
chemia after insertion of a radial arterial catheter. Furthermore,
arterial catheterization has been performed in patients with a
positive test result without ischemic consequences (115–117).
Therefore, we do not advocate routine use of the visual mod-
ified Allen test. If an abnormality of the collateral circulation
in an extremity is suspected, a Doppler Allen test or Doppler
evaluation of the palmar arch, ulnar artery, or posterior dor-
salis pedis can be performed before cannulation. The operator
should document the impression of collateral circulation in the
procedure note.

INSERTION TECHNIQ UES

Ge ne ral Ap p roach

Use an 18-gauge or 20-gauge Angiocath for cannulation of the
artery. First palpate the artery at two points 2 cm apart. Using
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an 18-gauge needle, make a small superficial break through
the skin over the artery. This penetrates the tough skin barrier
and prevents shearing and damage of the tip of the Angiocath
during subsequent arterial penetration. The Angiocath cannula
is advanced through the puncture site along the course of the
artery at a 30- to 45-degree angle to the skin. Once the anterior
wall of the artery is penetrated, the needle is withdrawn and
the plastic cannula is gently advanced into the arterial vessel
at a lower angle (15–30 degrees) to facilitate smooth passage.
The Angiocath may pass though the anterior and posterior
walls of the artery. In this case, after removing the inner needle,
gently withdraw the plastic cannula until pulsatile blood flows
freely from the open end. Then advance the plastic cannula at
a lower angle into the arterial lumen. The use of a guidewire
and the Seldinger technique may be employed to assist with
the threading of the cannula into the artery after penetration.
Never try to thread the guidewire against even slight resistance.

If complications occur, such as distal ischemia, local infec-
tion, inability to withdraw blood effectively, or poor waveform,
the arterial catheters should be changed to another site. Before
removal, pressure should be applied proximally and distally
to the insertion site. Attaching a syringe to the catheter and
applying suction during extraction (for removal of developed
clots) decreases the incidence of arterial thrombotic occlusion.
After catheter removal, fingertip pressure should be applied for
10 minutes or as long as necessary to achieve hemostasis and
prevent hematoma or aneurysm formation.

Sp e cific Consid e rat ion: Rad ial Art e ry

The radial artery is one of the best cannulation sites due to its
accessibility and the safety of extensive collateralization. The
nondominant hand of the patient should be cannulated first.
Placing a small rolled towel under the wrist and securing it with
tape onto a backboard in a hyperextended position (about 20
degrees) diminishes the arterial tortuosity and dramatically in-
creases the cannulation success rate. The artery should be can-
nulated 1 to 2 cm proximal to the wrist flexion point where
there is a lower risk for digital ischemia because of better col-
lateral circulation.

Sp e cific Consid e rat ion: Fe moral Art e ry

See the section above for identification and cannulation tech-
niques for the femoral vein. The artery can be easily palpated
in most patients. It should be punctured below the inguinal lig-
ament to prevent intra-abdominal injury and retroperitoneal
hematomas. The artery is usually reached 3 to 5 cm from the
skin. The modified Seldinger technique is usually required for
femoral cannulation. Consider using a Doppler US to guide
cannulation in high-risk patients who are anticoagulated or
obese.

Sp e cific Consid e rat ion: Axillary Art e ry

The axillary artery should be cannulated as high as possible in
the axilla, close to the thoracic apex, because of a rich anasto-
motic network surrounding the artery in this region (112). The
axillary artery is fraught with a number of complications. Care

must be taken with needle punctures high in the apex of the tho-
racic cavity to avoid pneumothorax or hemothorax. Throm-
boembolism can also occur from the axillary artery down to
the radial or ulnar artery. Hematoma from a puncture leak of
the artery can fill the axillary sheath around the neurovascu-
lar bundle and compress the brachial plexus, resulting in nerve
damage and peripheral neuropathy. Since the risk of cerebral air
embolism from accidental air injection into the axillary artery
is higher with right-sided catheterization, placement should be
performed preferentially on the left side first.

Sp e cific Consid e rat ion:
Dorsalis Pe d is Art e ry

This small artery is congenitally absent in 3% to 12% of the
population and is often difficult or impossible to cannulate.
Furthermore, blood pressure measured in the dorsalis pedis
artery may differ significantly from that measured in more cen-
tral arteries, especially in the presence of vasopressor infusion
(110,111).

Sp e cific Consid e rat ion: Te mp oral Art e ry

Rich collateral circulation and easy accessibility makes the tem-
poral artery an attractive site for cannulation. Tortuosity and
its location, however, make cannulation and maintenance ex-
tremely difficult.

Comp licat ions

The most common complications include local ischemia, in-
fection, hematoma, bleeding, thrombosis, distal embolism, is-
chemic necrosis, arteriovenous fistula formation, air embolism,
and neuropathy (118–122). Of these, ischemic necrosis and
thrombosis are two of the most concerning complications oc-
curring 1% to 2.5% of the time (123,124). The incidence of
local infection at the catheter insertion site is reported to be
as high as 10% to 15% , while the incidence rate of catheter-
related sepsis is 0.2% to 5% (121,125).
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CHAPTER 33 ■ TEMPORARY CARDIAC
PACEMAKERS
JAMIE B. CONTI r GREGORY W. WOO

Temporary pacing is an essential tool in the critical care set-
ting for providing emergent cardiac pacing. This chapter will
discuss (a) indications for temporary pacing, (b) types of tem-
porary pacemakers available, (c) techniques for placement,
(d) basic troubleshooting, and (e) potential complications.

INDICATIONS
The most common indication for temporary pacing is hemo-
dynamically unstable bradycardia. Bradycardia may be the re-
sult of primary degenerative conduction system disease or sec-
ondary causes such as medications, metabolic abnormalities,
or acute myocardial infarction (AMI) (1). Medications that
may cause bradycardia include antiarrhythmic drugs and β -
or calcium channel blockers, in particular diltiazem or vera-
pamil. Hyperkalemia and other electrolyte disturbances can
not only cause bradycardia, but also may contribute to high
pacing thresholds. Therefore, secondary causes of bradycardia
must be corrected for pacing to be successful. Table 33.1 lists
some indications for temporary cardiac pacing.

Not all bradycardia in the setting of AMI requires tempo-
rary pacing (Tables 33.2A and B). For example, an atrioven-
tricular (AV) block that occurs during an inferior wall MI from
a right coronary artery occlusion may be secondary to ischemia
of the region supplied by the AV nodal artery. In this setting,
AV block rarely progresses to high-degree AV block, typically
resolves within 2 weeks, and probably will not require tempo-
rary pacing. On the other hand, AV block in the setting of an
anterior wall MI carries a worse prognosis. Anterior wall MIs
can be more extensive, and AV block seen in this situation is
usually from infarct involvement of the interventricular septum
and infranodal conduction system. AV block from an anterior
wall MI may rapidly deteriorate to asystole. Temporary pacing
in the setting of an anterior wall MI and complete heart block
(CHB) is strongly suggested.

Other indications for temporary pacemakers are consid-
ered prophylactic. There are some procedures performed in the
cardiac catheterization or electrophysiology lab in which tem-
porary pacing is strongly considered. These patients should
be evaluated carefully preoperatively, and pacing initiated as
necessary. For example, a patient undergoing alcohol septal
ablation has a high risk of developing acute CHB. The inci-
dence of acute CHB has been reported to be as high as 55%
to 70% , but a much smaller percentage requires permanent
cardiac pacing—11% to 17% (2,3). Other examples include
percutaneous coronary rotational atherectomy (Rotoblation),
rheolytic thrombectomy (AngioJet), or a generator replacement
in a patient who is pacemaker dependent.

Temporary pacing is also commonly used after cardiac
surgery. The incidence of hemodynamically unstable bradycar-
dia after cardiac surgery has been reported to be as high as
4% (4). Specifically, AV block is not uncommon after valvular
heart surgery and is likely a result of either direct injury to the
surrounding conduction system or edema. Sinus bradycardia
occurs in 64% of postcardiac transplant patients (5). Though
this bradycardia often resolves, temporary pacing may be re-
quired to maintain adequate heart rates for optimal cardiac
output in the immediate posttransplant recovery period. In ad-
dition, temporary atrial pacing may reduce the incidence of
postoperative atrial fibrillation, which is quite common after
cardiac surgery (6).

Temporary pacemakers may also be used for other reasons
besides bradycardia and heart block. Pause or bradycardia-
dependent polymorphic ventricular tachycardia, such as that
occurring in the long QT syndrome, can be treated with tem-
porary pacing, which will shorten the QT interval. Over-
drive or rapid ventricular pacing may also prevent ventric-
ular tachycardias triggered by premature ventricular con-
tractions. In addition, some ventricular tachycardias may be
terminated by ventricular pacing. Likewise, certain atrial tachy-
cardias, such as atrial flutter, can be terminated with rapid atrial
pacing.

TEMPORARY PACING CATHETERS

De cid ing on At rial, Ve nt ricular, or
Dual-chamb e r Pacing

Although most intensive care unit (ICU) pacing needs can be
met with single-chamber, right ventricular pacing, there are
some clinical situations in which dual-chamber pacing is nec-
essary. Some patients rely on AV synchrony and atrial con-
traction to maintain optimal physiologic cardiac contraction
for adequate cardiac output. Such patients include those with
congestive heart failure, significant diastolic dysfunction, and
right ventricular infarction with AV block. Dual-chamber pac-
ing is most readily available in postcardiac surgical patients,
as temporary epicardial wires are routinely placed at the time
of surgery. However, if not available, insertion of two sep-
arate pacing catheters or a specialized dual-chamber pacing
catheter will be necessary. Single-chamber atrial pacing can
also be used in many of the aforementioned situations, as
long as the only conduction system abnormality is from si-
nus node dysfunction and not AV block. Also, single-chamber
atrial pacing may be preferred if the patient has a mechanical
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TA BLE 3 3 . 1

INDICATIONS FOR TEMPORARY CARDIAC PACING

BRADYARRHYTHMIAS
Asystole
Any symptomatic or hemodynamically unstable bradycardia
Second-degree Mobitz type II or third-degree heart block
Other conduction abnormalities at high risk for progression to complete heart block such as alternating bundle branch block or

new bifascicular block

TACHYARRHYTHMIAS
Bradycardia or pause-dependent polymorphic ventricular tachycardia
Ventricular tachycardia that is treatable with overdrive pacing
Atrial tachycardias or atrial flutters that are treatable with overdrive pacing

PREVENTATIVE
Patient undergoing right heart catheterization with a left bundle branch block
Cardiac interventions with high risk of bradyarrhythmia such as rheolytic thrombectomy (AngioJet), rotational atherectomy

(Rotoblation), or alcohol septal ablation
Pacemaker generator change in a patient who is pacemaker dependent

TA BLE 3 3 . 2 A

STANDARD AMERICAN COLLEGE OF CARDIOLOGY/AMERICAN HEART ASSOCIATION CLASSIFICATION
FOR RECOMMENDATIONS AND INDICATIONS

Class I Conditions for which there is evidence and/or general agreement that a given procedure or treatment is
beneficial, useful, and effective

Class II Conditions for which there is conflicting evidence and/or a divergence of opinion about the
usefulness/efficacy of a procedure or treatment.

Class IIa Weight of evidence/opinion is in favor of usefulness/efficacy.
Class IIb Usefulness/efficacy is less well established by evidence/opinion.
Class III Conditions for which there is evidence and/or general agreement that a procedure/treatment is not

useful/effective and in some cases may be harmful

Gregoratos G, et al. ACC/AHA/NASPE 2002 guideline update for implantation of cardiac pacemakers and antiarrhythmia devices-summary article: a
report of the American College of Cadiology/American Heart Association Task Force on Practice Guidelines (ACC/AHA/NASPE Committee to
Update the 1998 Pacemaker Guidelines). J Am Coll Cardiol. 2002;40:1703–1719.

TA BLE 3 3 . 2 B

INDICATIONS FOR PACING IN ACUTE MYOCARDIAL INFARCTION

Class I Class IIb Class III

Asystole Persistent second- or third-degree
atrioventricular (AV) block at the AV
node level

Transient AV block in the absence of
intraventricular conduction defects

Persistent second-degree AV block in the
His-Purkinje system with bilateral
bundle branch block or third-degree AV
block within or below the His-Purkinje
system after acute myocardial infarction

Transient AV block in the presence of
isolated left anterior fascicular block

Transient advanced (second- or
third-degree) infranodal AV block and
associated bundle branch block. If the
site of block is uncertain, an
electrophysiologic study may be
necessary.

Acquired left anterior fascicular block in
the absence of AV block

Persistent and symptomatic second- or
third-degree AV block

Persistent first-degree AV block in the
presence of bundle branch block that is
old or age indeterminate

Gregoratos G, et al. ACC/AHA/NASPE 2002 guideline update for implantation of cardiac pacemakers and antiarrhythmia devices-summary article: a
report of the American College of Cadiology/American Heart Association Task Force on Practice Guidelines (ACC/AHA/NASPE Committee to Update
the 1998 Pacemaker Guidelines). J Am Coll Cardiol. 2002;40:1703–1719.
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TA BLE 3 3 . 3

COMMON PACING MODES AVAILABLE FOR TEMPORARY PACING

Synchronous or
Mode Chamber paced Chamber sensed asynchronous Advantages Disadvantages

VVI Ventricle Ventricle Synchronous Technically simple Nonphysiologic; may
exacerbate CHF

AAI Atrium Atrium Synchronous Physiologic (AV
node intact)

Technically more difficult;
requires intact AV nodal
conduction

DDD Atrium and
ventricle

Atrium and
ventricle

Synchronous Physiologic Technically more difficult;
may require two pacing
catheters

VOO Ventricle n/a Asynchronous Same as VVI Same as VVI
AOO Atrium n/a Asynchronous Same as AAI Same as AAI
DOO Atrium and

ventricle
n/a Asynchronous Same as DDD Same as DDD

CHF, congestive heart failure; AV, atrioventricular.

tricuspid valve to avoid catheter entrapment or tricuspid valve
endocarditis to avoid dislodgement of the vegetation. Table
33.3 summarizes the available pacing modes for temporary
pacing.

Ve nt ricular
Most temporary transvenous pacing catheters are designed for
placement in the right ventricle. These pacing catheters are con-
structed of a wire insulated with a polymer such as polyethy-
lene or polyvinyl chloride, and are available in various sizes
(Fig. 33.1A). Firmer materials add to the maneuverability of
torque-controlled catheters, allowing for more control during
placement and more stability once positioned. However, be-
cause of their relative stiffness, added caution must be taken
during placement to avoid perforation of the great vessels or
heart. In general, these catheters should be placed with fluoro-

scopic guidance. Balloon-tipped catheters are available to allow
for flow-assisted placement, which is critical if fluoroscopy is
not available (Fig. 33.1B). There are also specialized pulmonary
artery catheters that have dedicated pacing ports for the place-
ment of a pacing wire electrode while still allowing for routine
hemodynamic monitoring (Fig. 33.2). However, inflation of the
balloon to obtain pulmonary artery wedge pressure may cause
the electrode to migrate and can result in loss of pacing capa-
bilities.

At rial
There are also multiple catheter designs for atrial pacing. Some
pacing catheters are preformed to facilitate placement into the
right atrial appendage or coronary sinus, thus allowing atrial
pacing (Fig. 33.3). Other atrial pacing catheters use a delivery
system consisting of a guiding catheter to position the pacing

A B

FIGURE 33.1. A: Transvenous pacing catheters. From left to right: 6F torque-guided bipolar pacing
catheter, 5F balloon-tipped pacing catheter, and 7.5F pacing Swan-Ganz pulmonary artery catheter. B:
Close-up view of the tips of the torque-guided and balloon-tipped pacing catheter.
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A B

FIGURE 33.2. A: Swan-Ganz catheter with the pacing electrode extended out at the 20-cm mark (marked
A ). B: Pacing wire (marked B) inserted into a dedicated pacing port (marked A ).

electrode catheter within the right atrium. A variety of new
electrode catheters consist of several electrodes positioned 10
to 20 cm proximal to the distal-tip electrodes. These electrodes
are positioned to lie along the lateral right atrial wall, allowing
atrial sensing and pacing. An innovative modification of this
technique allows for a small atrial J-wire to be placed through
a dedicated lumen in the catheter into the right atrium, with
distal electrodes already positioned in the right ventricular apex
(Fig. 33.4). Both of these types of catheter adaptations have
been developed to allow a “one venous stick” approach to
AV pacing. However, the atrial electrodes provided by these
catheters often do not reliably pace the atrium.

The vast majority of temporary pacing catheters are de-
signed to lie against the ventricular myocardium once posi-
tioned (passive fix). However, newer catheter designs, espe-
cially those for right atrial pacing, have a deployable screw
that is embedded in the myocardium (active fix) (Fig. 33.5). All
leads placed in the heart carry a risk of migration and perfora-

FIGURE 33.3. Atrial pacing catheter with a preformed “J” to facilitate
placement in the right atrial appendage. O W marks the “orientation
wing” to assist in the placement. A marks the proximal connectors that
connect to the generator. B marks the distal preformed “J” tip.

tion (7), but active fix leads may reduce the risk of dislodgement
(8).

Temporary pacing catheters can be bipolar or unipolar.
Bipolar catheters have both the negative (anode) and positive
(cathode) electrodes in contact with the heart (Fig. 33.6A). In
a unipolar catheter, the anode is in contact with the heart, but
the cathode is elsewhere on the body (Fig. 33.6B). Bipolar elec-
trodes are preferred because they are less susceptible to external
electrical interference.

EXTERNAL PACEMAKER UNIT
The external temporary pacemaker unit controls the pacing
mode, stimulus output, stimulus frequency, and threshold for
sensing intrinsic activity (Fig. 33.7). Pacing modes can be
synchronous (demand/inhibited) or asynchronous to pace the
atrium, ventricle, or both. The range of output varies from 0
to 20 mA. The frequency can be adjusted from 30 to 180 beats

FIGURE 33.4. A balloon-tipped catheter designed for placement into
the right ventricular apex. A small atrial “J” electrode (designated a on
the picture) can be positioned through a lumen into the right atrium.
A marks the connectors for pacing the atrium. V marks the connectors
for pacing the ventricle, and v is the distal electrode that is positioned
in the right ventricle.
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FIGURE 33.5. An example of an active fixation lead with a screw
helix. (Compliments of Medtronic, Inc., Minneapolis, MN.)

FIGURE 33.7. Temporary pacing unit. This unit has separate controls
for atrial and ventricular programming. Controls A, B, and C adjust
pacing rate, atrial pacing output, and ventricular pacing output, respec-
tively. Control D selects pacing mode, atrioventricular (AV) interval,
and sensitivities.

A B

FIGURE 33.6. Diagrams representing bipolar and unipolar pacing configurations. A: In the bipolar con-
figuration, both the positive (cathode) and negative (anode) electrodes are in contact with the myocardium.
B: In the unipolar configuration, one electrode is in contact with the myocardium. The other electrode
may be a patch on the skin, or in this example the generator.



434 Sect ion III: Techniques, Procedures, and Treatments

per minute. Sensing threshold can be varied from no sensing
(asynchronous) to less than 1.5 mV. The function of these units
varies widely by manufacturer, making it imperative that staff
and physicians are familiar with the routine function of the
particular unit in their hospital.

ASSESSMENT OF THE PATIENT
A complete patient assessment must be made prior to pace-
maker placement. Bradycardia alone is not sufficient. Hemody-
namic instability, symptoms, or evidence of significant conduc-
tion system disease on the electrocardiogram (bundle branch
block, high-degree heart block) favors therapy. Also, reversible
causes, especially medications, should be sought. Glucagon
may be effective for β -blocker overdose, calcium for calcium
channel overdose, and digoxin immune Fab (Digibind®) for
digitalis glycoside overdose. Some bradycardias can be treated
medically with agents such as isoproterenol, a β 1-receptor ag-
onist that increases heart rate. Electrolyte abnormalities such
as hyperkalemia and other adverse metabolic states, such as se-
vere acidosis, should be corrected, and in fact, if uncorrected,
may make pacing ineffective.

PREPARING EQ UIPMENT
All the necessary equipment should be available and inspected.
The external pacing unit should be programmed to the desired
settings and turned to the “On” position. A new battery should
be installed. The lead should be examined for any defects. The
connector cables should be inserted into the pacing generator
to make sure that they are compatible (Fig. 33.8).

Continuous electrocardiographic monitoring and a defib-
rillator at the bedside are required. Fluoroscopy is preferred,
but is not mandatory, if a balloon-tipped electrode catheter is
being placed through the internal jugular or subclavian vein.
Having the equipment ready before temporary catheter inser-
tion is critical to avoid complications.

VENOUS ACCESS
Access is obtained using the Seldinger technique by placement
of an introducer sheath that is large enough to accommo-
date the size of the pacing catheter (usually 4–7 French). The

FIGURE 33.8. An example of a temporary pacing system setup. An
inspection of the appropriate connectors, pins, and other accessories
should be performed before placement. A is the generator unit. B1
and B2 are the proximal and distal ends of an extension adaptor. C
shows connector pins. D shows the proximal connectors of the pacing
catheter.

most common sites used are the internal jugular, subclavian,
or femoral veins. The advantages and disadvantages of various
access sites are given in Table 33.4. For bedside placement,
the right internal jugular vein or left subclavian vein is the pre-
ferred site. In the cardiac catheterization lab, the femoral vein is
commonly used. Of note, if the patient is likely to require per-
manent transvenous pacing, then the subclavian vein should
be avoided on the side of the planned permanent implantation.
Other potential sites include the basilic or cephalic veins; how-
ever, the downside is that access of these vessels usually requires
a surgical cut-down approach.

TA BLE 3 3 . 4

COMMON SITES FOR CENTRAL VENOUS ACCESS WHEN PLACING A TEMPORARY
PACING CATHETER

Access site Advantages Disadvantages

Internal jugular vein Relatively easy placement; fluoroscopy
generally not necessary

Pneumothorax

Subclavian vein Relatively easy placement; fluoroscopy
generally not necessary

Pneumothorax; site commonly used for
permanent pacing

Femoral vein Relatively easy access Leg immobilization; high risk of infection;
fluoroscopy needed for placement
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FIGURE 33.9. Evidence of ventricular capture during temporary pacing catheter placement. R denotes
intrinsic ventricular conduction. F is a fusion beat. P is a paced ventricular beat.

PLACEMENT OF THE
TRANSVENOUS PACING

CATHETER
Once the sheath is in place, the pacing catheter is advanced
through the sheath into the venous system. The lead is attached
to the connector cables, which have been inserted into the pac-
ing unit. The lead is gradually advanced under continuous elec-
trocardiographic monitoring, with care not to use excessive
force, as this may lead to perforation. If performed under flu-
oroscopic guidance, an inferior or septal position in the distal
third of the apex is preferred. Apical right ventricular capture
is noted by a left bundle branch, superior axis pattern. Once
ventricular capture is obtained, threshold testing is performed.
If no fluoroscopy is available, a balloon-tipped catheter must
be used. Placement into the right ventricle is confirmed by ven-
tricular capture on the electrocardiogram (ECG) with a left
bundle branch block, superior axis pattern (Fig. 33.9). Once
in place, the balloon is deflated to avoid advancement into the
pulmonary artery.

Placement of a temporary atrial pacemaker should be per-
formed by clinicians who implant permanent pacemakers, as
the implant techniques are similar. Fluoroscopy is essential for
this procedure.

Dual-chamber temporary pacing most commonly occurs af-
ter cardiac surgery when the patient has epicardial wires that
were placed at the time of the surgery. Rarely is temporary en-
docardial dual-chamber pacing necessary. An example would
be a patient with complete heart block and congestive heart
failure who requires the hemodynamic benefit of atrioventric-
ular synchrony and atrial contraction. In such a rare situation,
separate catheters are placed, or if single access is preferred,
a specialized dual-chamber pacing catheter is appropriate
(Fig. 33.4).

PACE SENSING AND THRESHOLD
DETERMINANTS

After obtaining good anatomic positioning of the pacing
catheter, a stimulation threshold should be determined. With
continuous electrocardiographic monitoring, pacing should be-
gin at a rate at least 10 beats per minute faster than the patient’s
intrinsic heart rate, with the output set at 5 mA. The output
of the pacemaker is gradually decreased until the stimuli fail
to produce ventricular (or atrial) capture (Fig. 33.10). The cur-
rent setting at which capture fails to occur is called the pacing
threshold and should be less than 1 mA. The pacemaker output
should be set at three to five times the pacing threshold.

If the pacemaker is to be used in a demand mode, it is
also important that there is adequate sensing of the endocar-
dial electrogram. To ensure good sensing, the pacing rate is
set lower than the patient’s intrinsic rate. The sensitivity of
the pacing unit is set at its most sensitive level (lowest value),
and is then decreased (higher values) gradually. The setting at
which the pacemaker fails to sense and begins pacing com-
petitively with the patient’s intrinsic rhythm is called the sens-
ing threshold (Fig. 33.11). For demand pacing, the sensitiv-
ity should be set at a more sensitive level than the sensing
threshold.

POSTINSERTION CARE
The electrode catheter and its introducer should be secured
to the skin under sterile conditions. Coiling the proximal elec-
trode catheter around the insertion site and firmly taping to the
skin prevents dislodgement of the distal catheter. An extension
cable should be used to connect the catheter electrode pins to
the pulse generator. The pulse generator should be secured to a

FIGURE 33.10. Loss of capture dur-
ing threshold testing. Temporary pac-
ing rate was set at 100 bpm. Loss
of capture is obvious with change in
QRS morphology. P is the last paced
ventricular beat. The patient’s own
rhythm comes through with loss of
ventricular pacing. R denotes an in-
trinsic ventricular beat.
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FIGURE 33.11. Sensitivity testing. Temporary pacing rate was set at 60 bpm. Sensitivity level was gradu-
ally set to lowest sensitivity (highest value). Ventricular pacing occurs at intervals when pacing should have
been inhibited. Pacing artifacts (indicated by vertical marks) are appreciated and are “marching through”
at 60 bpm. X denotes functional noncapture that occurs because a pacing stimulus was delivered at a time
when the ventricle was refractory.

location where it will unlikely be moved or disconnected inad-
vertently. The plastic shield provided with the pulse generator
should be slipped over its controls to prevent accidental control
movement. Covering of the entire pacemaker unit (including
shield) with a plastic see-through glove prevents exposure of
the generator to liquids.

A portable chest radiograph should be obtained to ensure
proper positioning of the pacing catheter and to assess for com-
plications, particularly pneumothorax. A baseline 12-lead ECG
should be obtained to document the QRS morphologic fea-
tures, with the pacing catheter in proper position. A right bun-
dle branch block morphology in lead V1 with ventricular pac-
ing may indicate pacing of the left ventricle (via an atrial septal
defect [ASD], ventral septal defect [VSD], etc.) and increases
the patient’s risk of a thromboembolic stroke. A change in the
morphology of the paced QRS may be the first sign of electrode
displacement. Continuous electrocardiographic monitoring of
the patient is imperative.

Daily evaluation should include inspection of the entry site,
cardiac auscultation, threshold determinations, and evaluation
of intrinsic rhythm. Complications of the pacemaker often
can be determined by auscultation. For example, a pericardial
friction rub may indicate ventricular penetration, and a click-
ing sound may imply intercostal muscle stimulation. Marked
changes in thresholds may occur with catheter movement or
perforation, requiring catheter repositioning. Any significant
changes should be evaluated with an ECG and chest radio-
graph. The intrinsic rhythm can be evaluated by reducing the
rate of the pacemaker until the underlying rhythm emerges.

TROUBLESHOOTING
Problems will arise, and a stepwise approach to determine the
problem should be taken to determine the cause. The two most

common problems are failure to capture (pacing artifact with-
out a conducted QRS) and failure to pace (no pacing artifact).

Common reasons for noncapture usually include lead dis-
lodgement, change in pacing threshold, or undersensing. Non-
capture from lead dislodgment may simply be from lack of
apposition of the catheter against tissue. However, a more
concerning cause is cardiac perforation. Changes in the pa-
tient’s clinical status or introduction of new medications can
lead to increased pacing thresholds. Electrolyte abnormali-
ties and acidosis may prevent pacing. Antiarrhythmic medi-
cations, especially sodium channel blockers such as flecainide
or propafenone, may also increase pacing thresholds. Under-
sensing is failure of the pacemaker to sense intrinsic conduction
(Fig. 33.12), and can appear as noncapture when a pacing stim-
ulus is delivered during the refractory period (Figs. 33.11 and
33.12).

Failure to pace may occur due to loss of output from the
pacemaker generator, break in the circuit, or oversensing. Po-
tential causes of loss of output from the generator include loss
of power (low batteries) or disconnection of the pacing catheter
from the generator. Also, a break in the insulation or wiring
anywhere between the connectors to the pacing catheter may
result in failure to pace. Oversensing is the inhibition of the
pacemaker by events that the pacemaker should ignore (Fig.
33.13), and may be caused by electromagnetic interference
(EMI), T waves, and myopotentials. It is important to note
that EMI is prevalent in most ICU settings.

Troubleshooting begins with a thorough review of the pa-
tient’s clinical status and medications. It also includes the fol-
lowing steps:

■ Check labs to evaluate for electrolyte abnormalities such as
hyper- or hypokalemia, and correct any reversible causes of
increased pacing thresholds.

■ Increase the output of the generator to restore capture.

FIGURE 33.12. Ventricular undersensing.
The sixth and eighth pacing artifacts occur
at times when pacing should have been inhib-
ited.
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FIGURE 33.13. Ventricular oversensing. The arrow points to a time
when a ventricular paced event should have occurred.

■ Review the settings on the generator box for appropriate
programming and to see if the device has been turned on.

■ Replace the batteries if they are suspected to be depleted.
■ Inspect the box for any obvious abnormalities and examine

the connectors from the generator to the pacing catheter for
any loose connections, fractures, or insulation breaks.

■ A chest radiograph should be part of any workup for pacing
problems; it is useful to evaluate for not only lead dislodg-
ment, but also pneumothorax.

■ An echocardiogram may help in determining if there is a new
effusion, which may be seen if a perforation has occurred.

A specific problem that may be encountered with dual-
chamber pacing is pacemaker-mediated tachycardia (PMT).
For dual-chamber pacing, the postventricular atrial refractory
period (PVARP) and the AV delay must also be programmed
(Fig. 33.14A). The PVARP is the time after a ventricular-sensed
or paced beat when atrial activity is ignored. The PVARP pre-
vents tracking of retrograde atrial contractions, which could
lead to PMT (Fig. 33.14B). However, too long of a PVARP
setting may result in loss of AV synchrony, as the intrinsic P
wave will not be sensed. The AV delay is the time from an
atrial-sensed or paced beat to a ventricular-paced beat. This is
analogous to the PR interval on a standard electrocardiogram.

COMPLICATIONS
Although the insertion of a temporary transvenous pacing
catheter is generally a safe and well-tolerated procedure, there
are potential complications that can occur as with any invasive

intervention. The potential for a complication can occur at any
point during the procedure from the time of initial catheter in-
sertion to the time that the catheter is finally removed. Com-
plications include:

■ Vascular injury
■ Inadvertent arterial puncture
■ Bleeding
■ Infection
■ Cardiac tamponade
■ Tricuspid valve injury
■ Pneumothorax
■ Hemothorax
■ Air embolism
■ Phrenic nerve injury
■ Thoracic duct injury
■ Guidewire fracture
■ Thromboembolism
■ Atrial or ventricular arrhythmia

Insertion of a temporary pacemaker in the setting of an acute
MI may increase the risk of certain complications. Bleeding risk
is increased because the patient is usually anticoagulated. The
infarcted myocardium may be soft and necrotic, increasing the
risk of cardiac perforation. Additionally, infarcted tissue may
result in high pacing thresholds or inability to capture. The
myocardium may be irritable, increasing the risk of arrhyth-
mia. Metabolic and electrolyte abnormalities may also result
in high pacing thresholds or myocardial irritability, and must
be corrected.

If a complication is suspected, physical exam, chest radio-
graphy, and an echocardiogram should be performed immedi-
ately. The physical exam may reveal a new pericardial friction
rub, suggesting cardiac perforation. The radiograph will help
to evaluate the lead location and potential cardiopulmonary
complications, such as a pneumothorax or pericardial or pleu-
ral effusion. Limited echocardiogram images can quickly assess
the presence of an effusion.

A

B

FIGURE 33.14. A, B: Schematic of postventricular
atrial refractory period (PVARP) and an example of
pacemaker-mediated tachycardia (PMT). AP is atrial
paced; VP is ventricular paced. PVARP is the period after
a ventricular event during which no atrial event will be
ignored. Example of PMT that occurred in a patient with
a permanent dual-chamber pacemaker. The top record-
ing is an electrocardiogram lead; the bottom recording is
a marker channel. Atrial-sensed (AS) activity occurs be-
cause of retrograde conduction after a ventricular-paced
(VP) event. The pacemaker, therefore, tracks the atrial
event, leading to the pacing rate at the upper tracking
limit. PMT was terminated by placement of a magnet.
Lengthening of the PVARP would have prevented sens-
ing of the retrograde atrial activity. (Diagrams are com-
pliments of Medtronic, Inc., Minneapolis, MN.)
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A B1

B2

FIGURE 33.15. A: Defibrillator/pacemaker unit with adhesive patch
electrodes. This type of system is readily available, relatively easy to
operate, and has reasonable pacing reliability. However, patient dis-
comfort limits its use. B: Typical anteroposterior patch location for
transcutaneous pacing.

Pace make r Synd rome

One significant problem that the practitioner should be cog-
nizant of is that of “pacemaker syndrome.” Occasionally, when

temporary ventricular pacing is initiated, loss of synchrony
between the atria and ventricles or retrograde activation of
the atrium may result in unfavorable hemodynamic changes.
These changes may cause symptoms such as dizziness, throat
tightness, neck pulsations, fatigue, or dyspnea. If a patient has
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symptoms suggestive of “pacemaker syndrome” during tem-
porary ventricular pacing, a dual-chamber system is strongly
advised if permanent pacing is necessary.

ALTERNATIVE TEMPORARY
PACING METHODS

Ext e rnal Noninvasive
(Transcut ane ous) Pacing

External transcutaneous pacing was introduced by Zoll in
1952, before other pacing techniques were developed (9). Pac-
ing is achieved through two large, self-adhesive electrode pads,
usually placed in an anteroposterior position, which are con-
nected to an external pulse generator (Fig. 33.15A, B). Since
its introduction, improvements have been made that have re-
sulted in better stimulation thresholds and pacing reliability.
Successful pacing with this method has been reported to be
as high as 94% (10). However, pectoral muscle stimulation
is common and may require sedation of the patient (10), and
reliable capture is still not as consistent as with other pacing
methods. Because external pacing does not require central ve-
nous access and is relatively easy to perform, this method is
still frequently utilized as a bridge to a more reliable pacing
method.

Transe sop hag e al Pacing

Transesophageal pacing is possible because of the posterior po-
sition of the esophagus to the left atrium. The advantages of this
technique are that its placement is relatively noninvasive and
has minimum complications; the major disadvantage is that
ventricular capture is unreliable. Therefore, transesophageal
pacing is most useful for patients that need atrial pacing only.
This technique requires a special transesophageal pacing elec-
trode and generator, which provides higher outputs necessary
for transesophageal pacing—usually between 2 and 530 mA
(Fig. 33.16). The electrode is introduced orally or nasally, and
is advanced to the proximity of the left atrium. Optimal elec-
trode position occurs at a location with the largest atrial elec-
trograms.

Transt horacic Pacing

A transthoracic approach has been used successfully on many
occasions, but less invasive temporary pacing techniques have
made this procedure quite uncommon. This highly invasive
technique is performed by direct percutaneous placement of
pacing catheters or wires into the right ventricle through
a transthoracic needle, utilizing an approach from the pre-
cordium or from the subxiphoid region. A needle and stylet
are introduced into the right ventricle. As the needle and stylet
are being advanced, they are connected to the V1 lead of a
standard ECG. A current of injury pattern is seen upon pen-
etration of the right ventricular wall, providing that there is
not complete ventricular asystole. Removal of the stylet and
aspiration of blood verifies intracardiac positioning. The pac-

A

B

FIGURE 33.16. A: Temporary transesophageal pacing catheter. B: 10F
(top) and 5F (bottom ) catheters. (Compliments of CardioCommand,
Inc., Tampa, FL.)

ing catheter is then passed through the needle, the needle is
removed, and the electrodes are connected to a standard pac-
ing box. There are several complications that are potentially
severe, including pneumothorax, coronary artery perforation,
mediastinal bleeding, and cardiac tamponade. This approach
should thus be used only when other pacing options are not
available.

SUMMARY
Temporary pacing is an invaluable tool for the management of
cardiac rhythm disturbances, including not only bradyarrhyth-
mias, but also some tachyarrhythmias. There are multiple
transvenous pacing catheters available, in addition to other
modalities if temporary transvenous pacing is not possible.
Basic familiarity with its indications, placement, and manage-
ment is essential for all of those who work in the critical care
setting.
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CHAPTER 34 ■ IMPORTANT INTENSIVE
CARE PROCEDURES
GEORGE C. VELMAHOS

Invasive procedures are performed at the bedside of critically
ill patients with increasing frequency to avoid the risks, re-
sources, and inconvenience of transportation to other areas of
the hospital (1,2). With the development of safety systems and
new techniques, the morbidity of these bedside procedures is
not higher than the morbidity of similar procedures performed
in the operating room, emergency department, or angiogra-
phy suite (3,4). Knowledge of anatomy, attention to detail,
and understanding of potential pitfalls need to be mastered
by the specialists involved in bedside procedures. Collabora-
tion across specialties is crucial, as boundaries are continuously
crossed and traditional turfs make little sense in the age of
technology.

Below I will describe the following procedures, which can
safely be performed at the bedside: open and percutaneous tho-
racostomy, thoracentesis, pericardiocentesis, diagnostic peri-
toneal aspiration and lavage, percutaneous tracheostomy, open
and percutaneous cricothyroidotomy, percutaneous gastros-
tomy, abdominal pressure monitoring, and percutaneous vena
cava filter placement (5). Routine procedures such as central
venous and arterial catheterization will be described in other
chapters. The described procedures are selected from a myriad
of possible bedside procedures (spanning from urologic, neu-
rosurgical, gynecologic, and general surgical to orthopedic, pe-
diatric, or radiographic) on the basis of two criteria: they can
potentially be performed not only by surgeons but also by any
adequately trained physician functioning within appropriate
patient safety systems, and on occasions several of these pro-
cedures must be performed emergently and without the luxury
of waiting for a subspecialty expert. Therefore, critical care
physicians from different tracks should familiarize themselves
with the technique, indications, and complications associated
with these procedures.

TUBE THORACOSTOMY

Ind icat ions

Fluid or air that remains undrained into the pleural cavity may
cause infection, lung collapse, or entrapment, and therefore
needs to be drained. A pneumothorax is usually drained if it
exceeds 15% to 20% of the hemithoracic volume or causes
hemodynamic instability (6). Smaller pneumothoraces can be
observed. There is no universally-accepted volume threshold
for the drainage of a hemothorax. Usually, all hemothoraces
of penetrating traumatic cause are drained. Hemothorax after
blunt trauma is drained if more than 200 mL of blood is in the
thoracic cavity, as found by blunting of the costodiaphragmatic

angle on erect chest radiograph or estimated on computed to-
mographic imaging. Fluids of other cause (hydrothorax, chy-
lothorax, etc.) are drained according to volume and patient
symptomatology.

Following trauma, the chest tube output is used as an in-
dication to operation. A thoracotomy is offered if the output
is more than 1,500 mL shortly after placement or if output of
more than 200 mL per hour persists over 4 to 6 hours after
placement (7). However, these are not absolute criteria. One
must remember that chest tubes are not reliable drains of in-
trathoracic blood because they often clog, kink, or are mis-
placed. A hemodynamically unstable patient who is bleeding
in the chest should be taken to the operating room even with
lower than the above chest tube outputs.

Te chniq ue

Pe rcut ane ous Thoracost omy
The percutaneous technique is safe for patients who do not
have risk factors for intrathoracic adhesions (e.g., previous tho-
racic operation, empyema, clotted hemothorax, etc.). A 28 Fr
or 32 Fr chest tube is adequate according to the size of the
patient and does not cause excessive pain. For the drainage of
simple pneumothorax, smaller tubes (18 Fr or 22 Fr) may be
used.

The site of placement is chosen and prepared. The most
common site is at the intercostal space above the nipple (usu-
ally the fourth intercostal space) and at the midaxillary line.
The diaphragm can elevate up to the nipple in expiration, and
for this reason, lower placement of chest tubes is not safe and
may risk injury to the diaphragm and intra-abdominal organs.
Adequate local analgesia is key because tube thoracostomy is
a painful procedure (Fig. 34.1). The entire track should be in-
filtrated and not just the subcutaneous tissue.

A needle, covered by a plastic sheath and connected to a
fluid-filled syringe, is inserted through the skin with the in-
tent to hit the underlying rib. Once the rib is felt, the nee-
dle is slightly withdrawn and then redirected immediately over
the rib to avoid injury to the neurovascular intercostals bun-
dle that travels under each rib. Under continuous suction the
syringe and needle are slowly advanced until bubbles of air
are aspirated. This indicates that the needle has entered into
the pleural space. The needle and syringe are withdrawn,
and the plastic sheath left in place. A guidewire is inserted
into the sheath (Fig. 34.2). If there is any resistance during
advancement of the guidewire, the procedure should be re-
peated from the beginning. With the guidewire in place, the
plastic sheath is removed. A 2-cm skin incision is made, and
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FIGURE 34.1. Site for generous injection of local anesthetic prior to
chest tube insertion, usually at the fourth intercostal space, above the
rib margin, at midaxillary line.

sequential dilatation with three consecutive dilators is done
over the guidewire. Following this, the chest tube, loaded on a
plastic guide, is placed over the guidewire into the chest. The
plastic guide and guidewire are withdrawn, and the chest tube
is left in place.

Securing the chest tube is a very important part of the pro-
cedure. The tube is tied to the skin with a 0 nonabsorbable
suture. A separate suture should be placed as a purse-string
around the tube and left untied. This suture will serve to close
the incision once the chest tube is removed. The tube should
also be taped to the skin. Extra precautions should be taken
to have the chest tube and its connection to the drainage bot-
tles secured to avoid inadvertent partial or complete removal.
Usually, 20 cm H 2O negative suction is applied at least for the
first 48 hours although there is no evidence that this short-

FIGURE 34.2. A guidewire is inserted through the sheath into the
pleural space, guiding sequential enlargement of the tract by tapered
dilators.

FIGURE 34.3. A sturdy clamp is necessary to spread the muscles wide
to allow easy insertion of the chest tube.

ens the period of placement or decreases the rate of residual
pneumothorax compared to water seal.

Op e n Thoracost omy
The site of placement is marked as above. A 4-cm incision is
made parallel to the ribs. Blunt dissection follows through the
subcutaneous tissue and muscle. The clamp is finally inserted
into the pleural space in a controlled way over the rib under-
lying the skin incision (Fig. 34.3). It is then opened wide to
spread the muscles and enlarge the tract. This is an important
step since the novice tends to make the skin incision large but
the intermuscular tract too small, resulting in difficulty with
tube insertion. There is no reason to “ tunnel” the track to the
rib above the skin incision. Tunneling causes more pain, makes
the procedure more difficult, and offers no benefit.

A finger is inserted to explore for the presence of adhesions
at the site of insertion (Fig. 34.4). Then, the chest tube is guided
by a clamp into the opening and toward the superior and pos-
terior hemithorax (Fig. 34.5). The clamp is removed, and the
tube is secured as discussed above.

Re moval of Che st Tub e s

Removal takes place when there is no air leak and fluid output
is less than 2 mL/kg per 24 hours. The patient is asked to inspire
maximally and hold the breath. With one hand against the chest
wall, the physician pulls abruptly the chest tube with the other
hand and immediately ties the purse string to seal the insertion
site. The site is dressed. If a purse-string suture is absent, it is
important to apply occlusive dressing to prevent air entry into
the chest.
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FIGURE 34.4. A finger is inserted into the track prior to tube insertion
to ensure a clear pleural space and absence of adhesions.

Pit falls and Comp licat ions

A misplaced chest tube may not drain adequately. Do not as-
sume that air or fluid will be drained because a chest tube is in
place (8). Confirm correct placement with a chest radiograph,
and have a low threshold to replace or add a chest tube, if the
symptoms are not relieved, hemodynamic instability persists,
or drain seizes abruptly. A chest tube may cause more harm
than benefit if the technique is wrong. Injury to the intercostals
vessels or lung may cause significant bleeding. The chest tube
should then be removed and on rare occasions the bleeding site
explored if the hemorrhage continues. Intraparenchymal place-

FIGURE 34.5. The final position of the chest tube.

ment may cause a persistent air leak. It is usually diagnosed by
computed tomography. The tube should be removed, and the
leak usually seals. The chest tubes should be securely tied and
taped to the skin and checked daily. Accidental removal of a
tube equals a sloppy technique. Infection is the most common
related complication. Poor aseptic technique, long duration of
the tube in the chest, and no antibiotic prophylaxis (one dose
before tube placement) are associated with this complication
(9). Significant undrained hemothorax (estimated at more than
400 mL) should be managed by thoracoscopic evacuation or
intrathoracic thrombolysis (10,11).

DIAGNOSTIC PERITONEAL
ASPIRATION (DPA) AND

LAVAGE (DPL)

Ind icat ions

The most common reason for a diagnostic peritoneal aspiration
and lavage (DPA/DPL) is the diagnosis of intra-abdominal in-
jury. A count of more than 100,000 red blood cells/mm3 or 500
white blood cells/mm3 or the presence of bile, enteric content,
or high-amylase fluid in the effluent of the lavage are consid-
ered indications for an operation following abdominal trauma
(12). However, these criteria are oversensitive and frequently
lead to unnecessary operations. Furthermore, these cell counts
are valid for blunt but not for penetrating trauma. Portable ul-
trasonography and the liberal use of helical computed tomog-
raphy have limited the usefulness of DPL. Currently, DPA/DPL
is used only on rare occasions due to lack of appropriate tech-
nologic resources or due to major physiologic instability that
precludes patient transport to computed tomography (13). An-
other indication for DPL may be to detect bowel injury since
CT scan may miss intestinal infarction and perforation. As-
piration or paracentesis of the abdomen is also performed to
diagnose and treat ascites.

Te chniq ue

Pe rcut ane ous Inse rt ion of Pe rit one al Cat he t e r
A 0.5-cm skin incision is placed under the umbilicus (or over it
in the presence of pregnancy, pelvic hematoma, or a lower mid-
line operative scar). A sheathed needle is introduced with direc-
tion toward the pelvis. The needle is connected to a fluid-filled
syringe and advanced slowly. When the flow of fluid becomes
unobstructed, the needle is in the peritoneal cavity (Fig. 34.6).
Needle and syringe are withdrawn, and the plastic sheath is left
in place. A guidewire is introduced through the sheath, which is
then removed (Fig. 34.7). A dilator is placed over the guidewire
and withdrawn. Then, the DPL catheter is introduced and the
guidewire is removed (Fig. 34.8). Aspiration is performed first
(DPA) and is considered positive if 10 mL of gross blood is as-
pirated. If the DPA is negative, 1 L of normal saline is infused
(DPL). By lowering the normal saline bag below the level of
the body, the lavage fluid returns into the bag; the fluid is sent
for analysis.

A simpler DPL system includes only a catheter fed over a
trocar. The trocar and catheter are introduced in a controlled
and slow fashion into the abdomen. Two points of resistance
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FIGURE34.6. Site for peritoneal lavage catheter placement, just below
the umbilicus.

are felt as the trocar passes through the anterior fascia and the
peritoneum. As soon as the tip of the trocar passes the second
point of resistance—and is presumably into the abdomen—
the catheter is fed over it toward the pelvis and the trocar is
removed. Experience is needed to perform this technique to
prevent trocar injury of abdominal contents.

Op e n Te chniq ue for Pe rit one al Cat he t e r Inse rt ion
A 2- to 4-cm skin incision is performed under or over the um-
bilicus. The fascia is visualized and retracted. The fascia is then

FIGURE 34.7. The needle is removed, and the remaining plastic sheath
allows guidewire insertion.

FIGURE 34.8. A peritoneal lavage catheter is placed over the
guidewire.

incised and the peritoneal cavity entered (Fig. 34.9). Under
direct observation a DPL catheter is introduced toward the
pelvis (Fig. 34.10). Sometimes sutures are placed in the fascia
to close the perforation. Although theoretically safer, the open
technique does not offer any advantage over the percutaneous
technique. It takes longer to perform and may potentially be
complicated in obese patients. I recommend the percutaneous
technique routinely although the choice of technique is based
on operator preference.

Pit falls and Comp licat ions

The introduction of needles and catheters in the abdominal cav-
ity carries the (very low) risk of injuring the bowel or vessels.
The procedure needs to be performed by physicians experi-
enced with the procedure, which is becoming uncommon as

FIGURE 34.9. Open technique for peritoneal lavage catheter insertion
with direct visualization and incision of the abdominal fascia.
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FIGURE 34.10. Insertion of the peritoneal lavage catheter under direct
vision.

the procedure is not frequently performed (14). Once-useful
cell counts need to be viewed with caution, as the indications
for surgical exploration after abdominal trauma have changed
and many injuries are managed nonoperatively. Infusing the
lavage fluid but being unable to retrieve it is not uncommon.
Slight reposition of the catheter may help.

CRICOTHYROIDOTOMY

Ind icat ions

Cricothyroidotomy is a real emergency and reserved for those
patients who cannot be intubated orally or nasally or have lost
a preexisting oral airway and are desaturating. It would be a
mistake to attempt a tracheostomy in such patients, as this con-
sumes considerably more time. Because the cricothyroid space
is superficial in relationship to the skin, it should be selected as
the easiest point—even if suboptimal—for insertion of a life-
saving airway.

Te chniq ue

Op e n Crico t hyro id ot omy
A vertical incision is placed above the cricothyroid space (Fig.
34.11). This incision is preferred over a horizontal or collar-
type incision because it can be extended over the trachea and
decreases the likelihood of bleeding from injury to the anterior
jugular veins, which run close to the midline of the neck. After
sharp incision of any soft tissue between the skin and cricoid
cartilage, the cricothyroid space is identified by palpation (Fig.
34.12). Any bleeding at this point is ignored, as the sheer goal
is to establish an airway as soon as possible. A pointed clamp
is introduced through the cricothyroid membrane and opened

FIGURE 34.11. Vertical incision at the cricothyroid space.

to dilate the space (Fig. 34.13). Experienced surgeons can use
the scalpel to incise the membrane, although the risk exists for
injuring the cartilage or posterior wall. The thyroid cartilage
is immobilized and pulled upward and anteriorly with a tra-
cheostomy hook. The tracheostomy hook is essential for this
procedure. A no. 4 tracheostomy tube is introduced. If the space
is wide, a no. 6 tube is preferable. The bleeding is controlled
by sutures, electrocoagulation, or pressure.

Pe rcut ane ous Crico t hyro id ot omy
A vertical incision is made. A hollow needle is introduced
through the cricothyroid space (Fig. 34.14A, B) and a guidewire
is introduced through the needle (Fig. 34.14C), which is
then removed. Dilation of the trachea takes place over the
guidewire by introducing a dilator (Fig. 34.15A). Finally, a
no. 4 tracheostomy tube is placed over a guiding dilator and
the guidewire (Fig. 34.15B). The dilator and guidewire are
removed, and the tube is left in place and secured to the
skin.

FIGURE 34.12. Digital identification of the cricothyroid space.
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FIGURE34.13. Dilatation of the cricothyroid membrane and insertion
of the tracheostomy tube.

Pit falls and Comp licat ions

Despite the apparent simplicity of the technique, a cricothy-
roidotomy can become a challenging procedure, as the pres-
sure to establish an airway in a dying patient is great. Blood
can obscure the field and create additional difficulty. Incorrect
identification of the cricothyroid space and placement of the in-
cision above the thyroid cartilage is possible (15). Inadequate
opening of the cricothyroid membrane and loss of valuable
minutes while trying to insert the tracheostomy tube through
a very narrow opening is again not uncommon. Injury of the
thyroid and cricoid cartilage, vocal cords, or posterior tracheal
wall and esophagus are additional intra-operative complica-
tions. The unfortunate combination of a procedure requiring
the most experienced person and the lack of time to have such a
person present will unavoidably be the cause for complications
(16).

There is controversy about the need to convert the cricothy-
roidotomy to a tracheostomy at a later stage. Previous stan-
dard teaching recommended that a tracheostomy should be per-
formed because cricothyroidotomy is associated with a higher
degree of tracheal stenosis if left in place for a long time. How-
ever, more recent studies have repeatedly refuted this and find
no need for incising the trachea twice (17). My personal prac-
tice is to leave cricothyroidotomies in place for as long as they
are needed to ventilate the patient without converting to a tra-
cheostomy.

PERCUTANEOUS TRACHEOSTOMY

Ind icat ions

A tracheostomy is placed in patients who cannot be safely
extubated or have failed extubation. Decrease in airway re-
sistance and improved pleural toilet are major advantages of
tracheostomy over orotracheal intubation. An added advan-
tage is the removal of tubes from the patient’s mouth, allowing
better oral hygiene and the ability to speak with fenestrated
tracheostomy tubes. The technique for open tracheostomy will
not be described because it is a procedure that should be per-
formed strictly by surgeons and preferably in the operating
room. The percutaneous technique is safe, easy to teach, and
can be routinely performed at the bedside (18,19).

Te chniq ue

Multiple methods of percutaneous tracheostomy have been re-
ported but one, described by Ciaglia, is the most widely used,
validated by multiple articles from different groups, and de-
scribed below. Ideally, the neck is hyperextended by placing a
pillow under the patient’s shoulders but can be left in the neu-
tral position if spinal precautions are maintained. After prepa-
ration of the neck, the site of incision is selected to be in the
middle between the cricoid cartilage and sternal notch, which
corresponds to the second or third tracheal cartilage. The pro-
cedure is performed under bronchoscopic guidance. The bron-
choscope is introduced through the orotracheal tube, and the
tube is pulled to the level immediately below the vocal cords.
A 2- to 3-cm vertical incision is placed, and the subcutaneous
tissue and pretracheal muscles are bluntly dissected until the
trachea is palpated (Fig. 34.16). A sheathed needle connected
to a fluid-filled syringe is introduced. Aspiration of bubbles into
the syringe indicates entry into the trachea, also confirmed by
the bronchoscope (Fig. 34.17). The needle is pushed in 2 mm
farther since the sheath is shorter than the needle. The nee-
dle and syringe are removed, and the sheath remains in place.
The syringe is placed back on the sheath and air aspirated to
confirm that the sheath remains in the airway and has not dis-
lodged during removal of the needle. A J-tipped guidewire is
introduced through the sheath into the trachea, and the sheath
is then removed (Fig. 34.18). The track is dilated by a short firm
dilator, following which a large curved dilator (Fig. 34.19), fed
over a guiding tube, is introduced over the guidewire. The large
curved dilator has a mark to guide how deep it should be in-
serted into the airway. Now the trachea is adequately dilated
to accommodate the tracheostomy tube. The curved dilator is
removed, and the tracheostomy tube (usually a Shiley no. 8)
is fed over a 28 Fr dilator, guided by the guidewire/guiding
tube complex into the trachea (Fig. 34.20). Although I almost
routinely use a no. 8 tracheostomy tube, on the rare occasions
that a no. 6 is required, it will be fed over a 26 Fr dilator. The
kit contains several sizes of dilators to accommodate differ-
ent caliber tracheostomy tubes. A single cannula tracheostomy
tube will have the same internal diameter as a double cannula
tube but a smaller external diameter making it easier for inser-
tion. All these steps are visualized through the bronchoscope
although during insertion of the main dilator, the force required
to push the dilator may temporarily collapse the trachea for
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A B
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FIGURE 34.14. A: Access site for
cricothyroidotomy (lateral view).
(From Cook Medical, Inc., with
permission.) B: Localization of the
cricothyroid space and placement of
catheter (lateral view). (From Cook
Medical, Inc., with permission.) C:
Insertion of guidewire through the
hollow catheter (lateral view). (From
Cook Medical, Inc., with permission.)

A B

FIGURE 34.15. A: Dilatation of the tract (lat-
eral view). (From Cook Medical, Inc., with
permission.) B: Placement of the tracheostomy
tube in the cricothyroid space (lateral view).
(From Cook Medical, Inc., with permission.)
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FIGURE 34.16. Placement of incision for percutaneous tracheostomy.

several seconds with poor visualization through the broncho-
scope.

Finally, the guidewire, guiding tube, and curved dilator are
removed and the tracheostomy tube is left in place. The bron-
choscope is withdrawn from the endotracheal tube (which
remains in place) and inserted into the newly placed tra-
cheostomy tube to confirm correct placement by visualizing
the carina. The cuff of the tracheostomy tube is inflated, and

FIGURE 34.17. Insertion of fluid-filled syringe under bronchoscopic
guidance and aspiration of bubbles.

FIGURE 34.18. Insertion of guidewire and guiding catheter.

the tube is connected to the ventilatory circuit. Chest move-
ment, airway pressures, oxygen saturation, and end-tidal car-
bon dioxide are additional methods to confirm that the tra-
cheostomy is correctly placed and working. It is at this time
only that the endotracheal tube is removed. The tracheostomy
tube is sutured and taped in place. Of note, if the track created
during the percutaneous technique is tight it matures very fast
around the tube. Therefore, if the tube needs to be exchanged
or downsized, this can be performed safely in 5 days, as op-
posed to 8 to 10 days usually recommended with the open
technique.

FIGURE 34.19. Dilation with the large progressive curved dilator.
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FIGURE 34.20. Insertion of the tracheostomy tube over a guiding dila-
tor.

Pit falls and Comp licat ions

Loss of airway is the most important concern (20). It can oc-
cur by unrecognized pretracheal or paratracheal placement of
the dilators, which dilate the soft tissues instead of the trachea,
leading to placement of the tracheostomy tube outside of the
trachea. Bronchoscopic guidance is key to avoid this, and al-
though I do not consider it necessary for experienced surgeons,
I would encourage most physicians to use it. Also, the endo-
tracheal tube should not be removed before the very end of the
procedure and after correct placement of the tracheostomy tube
is confirmed bronchoscopically and/or by unobstructed intro-
duction of a suction catheter through the tube, normal chest
movements, and expected ventilatory parameters. The bron-
choscope may be used to suction blood clots, which can cause
major airway occlusion, and also to obtain sputum cultures if
indicated.

Bleeding is usually not a problem, and I routinely do not
use electrocoagulation. On occasion, however, injury to an an-
terior vessel or the thyroid may cause bleeding through the
wound. In most cases, one needs to complete the procedure fast
to prevent blood from draining into the airway and achieve
hemostasis by compression of the tracheostomy tube against
the track. It is very rare that bleeding will persist, and un-
der such circumstances the incision should be enlarged and the
wound explored at the bedside or ideally in the operating room.
Superficial bleeders may easily be suture ligated.

A common error is not withdrawing the endotracheal tube
far enough, leading to impalement of the tube/balloon (or even
the bronchoscope) with the finder needle.

Tube dislodgement may be a catastrophic complication, par-
ticularly if it occurs early after the operation (21). For this rea-
son, the tube should be secured in place by sutures and a tape.
Morbidly obese patients with particularly thick necks may need
longer tracheostomy tubes.

PERCUTANEOUS GASTROSTOMY

Ind icat ions

A gastrostomy is required for patients who cannot be fed
through the mouth because of inability to swallow, prolonged
intubation, obstructing lesions of the pharynx or esophagus,
or extensive neck operations. Although short-term nutrition
can be offered through a nasogastric tube, a gastrostomy is
preferred for longer needs.

Te chniq ue

The epigastrium and left upper quadrant are prepared. The
procedure starts with an esophagogastroscopy and insuffla-
tion of the stomach, so that it apposes the anterior abdominal
wall. An appropriate site of placement is selected by applying
digital pressure on the skin, which is seen through the gas-
troscope as an indentation to the stomach. Transillumination
should also be possible at the selected site of placement. A
long needle covered by a plastic sheath is introduced through
the skin and abdominal muscles into the stomach (Fig. 34.21).
The needle is withdrawn and the plastic sheath left in place. A
snare is introduced through the appropriate port of the gastro-
scope. A guidewire is placed in the stomach through the plastic
sheath and grasped by the snare (Fig. 34.22). The gastroscope,
snare, and guidewire are withdrawn out of the mouth. The
guidewire is disengaged from the snare and tied to the tip of a
percutaneous gastrostomy tube. A 2-cm incision is made on

FIGURE 34.21. Insertion of needle into the stomach under endoscopic
guidance.
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FIGURE 34.22. Guidewire snared and pulled with gastroscope
through mouth.

the skin, and the guidewire is pulled. In this way, the gastros-
tomy tube is also pulled back into the mouth and, through the
esophagus and stomach, out of the skin (Fig. 34.23). The gas-
troscope is reintroduced into the stomach and confirms correct
placement of the tube. The tube is secured by placing a flange
and suturing it to the skin. It can be used within 6 hours for
medication and 12 hours for feeds.

Pit falls and Comp licat ions

It is necessary to confirm that there are no vessels and no inter-
vening hollow viscera (such as the colon) between the stomach

FIGURE 34.23. Gastrostomy tube pulled through stomach.

and anterior abdominal wall. The indentation created by dig-
ital pressure should be clearly evident by the gastroscope, and
transillumination at that site should be possible (22). In this
way, bleeding or inadvertent injuries are avoided.

Infection of the wound should be recognized early and can
be avoided with strict sterile technique. Usually, the tube does
not need to be removed. The infection is treated by opening
the wound and administering antibiotics. There is a suggestion
that the initial tract should not be “ tight” and that a larger
skin wound from the beginning prevents infection (23). I do
not agree and always create a small wound that is only large
enough to accommodate the tube.

Tube dislodgement may occur either if the stomach is un-
der tension (e.g., on a patient with hiatal hernia or with ad-
hesions) or because the tube was not secured adequately and
was inadvertently pulled (24). Both complications are usually
preventable and should be avoided by recognizing that the
anatomy is not favorable for a gastrostomy or suturing the
gastrostomy tube adequately to the skin.

ABDOMINAL PRESSURE
MONITORING

Ind icat ions

Patients at risk of or developing abdominal compartment syn-
drome should have the intra-abdominal pressures measured
routinely. Abdominal hypertension, the elevation of pressure
in the abdominal cavity due to bleeding or visceral swelling,
leads to compromise of cardiac output, tissue perfusion, and
ventilation, all eventually resulting in death if untreated (25).
Clinical diagnosis is important, as the experienced physician
will recognize a tense abdomen in the presence of hypotension,
oliguria, and high airway pressures. Multiple methods have
been described to monitor the intra-abdominal pressure. The
most widely accepted method is the measurement of bladder
pressure because of the logical assumption that the intraperi-
toneal pressure is transmitted on the bladder wall. Pressures
below 10 cm H 2O are considered normal, 10 to 15 acceptable
for postoperative patients, 15 to 20 worrisome and possibly in
need of action, and over 20 as cause for decompression in most
cases (26). This technique is described below.

Te chniq ue

Presumably the bladder is empty because such patients always
have a Foley catheter. With the patient lying flat and under asep-
tic technique, a three-way stopcock is connected to a syringe
and pressure monitor. Fifty to 100 mL of saline are injected
into the bladder, and the stopcock is opened toward the pres-
sure monitor. It is important to level the monitor in advance, so
that the 0 mark corresponds to the level of the pubic symphysis
(see Fig. 73.3 in Secondary and Tertiary Triage of the Trauma
Patient). There is currently in the market a system that allows
continuous measurement of pressures without interrupting the
continuity of the Foley circuit and therefore decreasing the risk
of urinary infection.

An easy and simple technique that does not require any in-
struments is the U-tube technique. According to it, the Foley
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FIGURE 34.24. Measurement of intra-abdominal pressure using col-
umn of urine/water in the Foley catheter tubing.

is elevated while allowing a U-loop to form. If there is not
enough urine in the tube, saline needs to be injected. The col-
umn of urine or injected fluid that forms is measured between
the pubic symphysis and meniscus (Fig. 34.24). This measure-
ment represents the abdominal pressure.

Pit falls and Comp licat ions

The most dangerous pitfall is the exclusive reliance on bladder
pressure measurements. Clinical examination should always be
the principal reason for continued observation or immediate
decompression. Bladder pressure measurements should only
support the clinical diagnosis.

PERICARDIOCENTESIS

Ind icat ion

The pericardial space can accommodate large volumes of fluid
if accumulation occurs over a long period of time, whereas car-
diac tamponade develops with even small quantities of fluid; it
thus happens abruptly. Pericardiocentesis is indicated to treat
tamponade or diagnose the nature of chronic fluid (27). The
latter is performed under ultrasonographic guidance. The for-
mer will be described below, although pericardiocentesis for
traumatic tamponade is rarely useful. Unless the patient is in
a remote area with difficult access to a trauma center, pericar-
diocentesis is not indicated; rapid sternotomy and control of
the bleeding is.

Te chniq ue

With the patient supine, a standard pericardiocentesis kit or,
in true emergencies, a central line kit can be used. A hollow
needle is inserted approximately 1 cm below the costal margin
and slightly to the left of the midline. The direction is toward
the left shoulder. The needle is advanced slowly under the rib
(Fig. 34.25). Electrocardiographic monitoring is possible by at-
taching an alligator clip to the needle. ST-segment elevations
indicate contact of the needle with the epicardium. Aspiration
of fluid or blood obviously indicates that the needle is in the
pericardial sac. Aspiration of blood relieves the pericardial tam-
ponade, and a guidewire is inserted through the needle. Using a

FIGURE 34.25. Technique of pericardiocentesis.

Seldinger technique, a catheter is inserted and used to withdraw
further fluid or blood over time, if needed. With wide avail-
ability of portable ultrasound machines, emergent tapping of
pericardial space may be safer than the previously used “blind”
technique as described above.

Pit falls and Comp licat ions

Pericardiocentesis is a potentially dangerous technique, if per-
formed blindly (28). When done by radiologic guidance for
stable conditions, little risk if involved. When performed under
emergency situations for presumed cardiac tamponade, there
is risk of injuring the heart, particularly if the clinical diag-
nosis of tamponade is not correct and the space between the
pericardium and epicardium is very narrow. Additionally, mis-
placement of the needle—most typically under the heart—is
not unusual. As mentioned previously, blind pericardiocentesis
for traumatic injury purposes has been nearly abandoned in
urban hospital settings.

PERCUTANEOUS INFERIOR VENA
CAVA FILTER PLACEMENT

Ind icat ions

Inferior vena cava filter (VCF) use has met an explosive growth
for the treatment and prophylaxis of pulmonary embolism
(29). The evidence about its effectiveness is contradictory, an-
other interesting medical example of how standard of care
is formed in the absence of solid evidence. Absolute indica-
tions for filter placement are as follows: recurrent pulmonary
embolism despite anticoagulation, contraindications to anti-
coagulation in the presence of pulmonary embolism or prox-
imal deep venous thrombosis, and complications of anticoag-
ulation prompting its cessation. Relative indications include
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polytrauma patients at high risk for venous thromboembolism,
critically ill patients with tenuous respiratory status in whom
even a small pulmonary embolism may prove detrimental, and
large free-floating venous clot.

Multiple types of permanent filters exist, although lately re-
movable filters are used with increasing frequency and in many
institutions predominantly or exclusively (30). The Gunther
Tulip (COOK, Bloomington, IN) retrievable VCF consists of
four main struts, each bearing a hook at the inferior end. On
the superior joint of the four struts is attached a small hook,
which is used for retrieval. It is inserted through a sheath with
an outer diameter of 8.5 Fr. The Recovery (Bard, Tempe, AZ)
RVCF is based on a bilevel design with six stabilizing arms and
six anchoring legs and is introduced through a 9 Fr sheath. The
G2 (COOK, Bloomington, IN) RVCF is a recently developed
system consisting of twelve nitinol wires forming a two-level
structure with six legs and six arms similarly to the Recov-
ery system. All of the above devices are MRI compatible. Two
techniques are dominant in performing filter insertion at the
bedside and will be described below: the fluoroscopic-guided
and the endovascular ultrasound-guided techniques.

Te chniq ue

Fluoroscop y Guid e d
After a screening duplex ultrasound is performed to examine
for femoral venous clots, portable fluoroscopy is used to define
the L2-4 lumbar region. The site of venous access is selected—
typically the left or right femoral vein—and venous cannulation
is performed using a Seldinger technique. A 4 or 5 Fr angio-
graphic catheter is advanced over a guidewire into the inferior
vena cava and up to the second lumbar vertebra. Contrast ma-
terial is injected, and the cava is imaged to delineate its anatomy
and size. In particular, the renal veins are defined as the land-
mark below which the filter should be placed. After venography
is completed, the pigtail catheter is exchanged for the sheath,
which is inserted over a dilator. The sheath is positioned under
the renal veins, and the filter carrier system is advanced into the
sheath. The filter is then deployed, completion venography is
performed, and the sheath is withdrawn. The filter sits caudad
to the renal veins (Fig. 34.26).

Int ravascular Ult rasonog rap hic (IVUS) Guid e d (31)
Insertion is usually performed through a right femoral vein
approach. A micropuncture is made in the vein using a 4 Fr
catheter, and a 0.035 wire is introduced. An 8 Fr sheath is
inserted into the inferior vena cava, and the IVUS (In-Vision
Gold, Volcano Corp, Rancho Cordova, CA) is advanced over
the wire through the iliac venous system up to the level of
the right atrium. Then, it is slowly withdrawn to evaluate the
inferior vena cava in a retrograde fashion. The right renal artery
and bilateral veins are visualized, and the maximum diameter
of the vena cava is measured. After a second puncture in the
right common femoral vein, the delivery sheath for a VCF is
introduced over a 0.035 guidewire. The sheath and then the
VCF are advanced to the level of the renal veins. Deployment
is performed under direct IVUS visualization. Confirmation of
correct placement below the renal and above the iliac veins
is established ultrasonographically. The catheters and sheaths
are removed and direct pressure held over the femoral puncture

FIGURE 34.26. Position of vena cavae filters, caudad to the renal
veins.

sites. A postinsertion plain radiograph is routinely performed
to verify correct placement at the L2-4 level. This technique is
valuable in patients at risk for renal failure due to avoidance
of radiocontrast dye.

Pit falls and Comp licat ions

The potential for complications starts with the venous access.
Access complications (the same as any central venous access)
include bleeding, hematoma, arteriovenous fistula, hemopneu-
mothorax, and cardiac dysrhythmias. Misplacement outside
the IVC or at an incorrect location is a common complica-
tion of insertion and has been reported to be as high as 4.6%
(32). Locations for filter misplacement include renal veins, go-
nadal veins, or unintended suprarenal placement. Insertion site
venous thrombosis and vena cava occlusion are potential com-
plications of filters. Access via the internal jugular or subclavian
vein results in a lower incidence of thrombosis when compared
to femoral access. Caval thrombosis rates do not appear to vary
significantly among the available filters. Some reports show
very high rates of caval thrombosis (up to 25% ) while others
for the same filter are much lower (33). Two explanations for
this disparity are: different patient populations (i.e., trauma
versus malignancy) and provider related. It is expected that
with the increasing use of retrievable VCFs, the rate of caval
thrombosis will decrease. Pulmonary embolism in the presence
of an IVC filter has been reported in 3% to 7% of patients
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after filter placement in series > 50 patients (34). Guidewire
entrapment occurs during placement of central venous and pul-
monary artery catheters as well as during catheter exchanges.
Attempts at removal of an entrapped item can lead to filter dis-
placement and vessel damage when excessive force is applied.
Straight guidewires should be used for all new central venous
catheters in patients with indwelling IVC filters.
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CHAPTER 35 ■ INTERVENTIONAL RADIOLOGY
IN THE CRITICAL CARE UNIT
KEITH R. PETERS r SCOTT W. PETERSON

Image-guided procedures have increasingly become the stan-
dard care due to their minimally invasive nature and compara-
ble or improved outcomes relative to similar procedures with-
out image guidance. Many of these procedures, such as drain
placement, can be performed at the bedside allowing unsta-
ble patients to remain in the intensive care unit. Procedures
that require transport to the radiology department can often
be performed with mild sedation or monitored anesthesia care
(MAC), without the need for general anesthesia.

Some of the procedures that will be discussed require ad-
vanced techniques acquired during fellowship training. For
these procedures, the indications, patient preparation, expected
outcomes, and potential complications will be discussed. Other
procedures, however, may simply represent the use of image
guidance to improve outcome and safety of standard clinical
procedures, as in the case of ultrasound guided thoracente-
sis. In discussing these procedures, a more detailed technical
description will be provided to assist the clinician perform-
ing procedures following appropriate training and supervision.
The primary skill to be acquired in the performance of image-
guided procedures is the ability to translate the 2-D images
that are obtained to the 3-D space in which the procedure is
performed. So, as this chapter is read, please consider how
some existing procedures could be modified and improved
with the use of image guidance and which procedures could
be referred to radiology rather than requiring a more open
procedure.

Imaging devices that may be used include ultrasound (US),
computed tomography (CT), fluoroscopy, and digital subtrac-
tion imaging (DSI). All use ionizing radiation, with the excep-
tion of ultrasound, and therefore must be performed in areas
with appropriate radiation shielding, usually in the radiology
department. In some cases, a portable fluoroscopic device in the
shape of a “C”—typically described as a portable C-arm—can
be brought to the intensive care area provided sufficient radi-
ation shielding is provided the other patients and health care
workers, and provided a fluoroscopic-compatible bed/table is
available. Federal law requires the use of devices producing
ionizing radiation to be supervised by a physician; however,
hospital credentialing bodies may have specific training re-
quirements that must also be met. Such is not usually the case
with ultrasound. The options for ultrasound devices range from
small highly portable handheld units that may be adequate for
vascular access and for some drainage procedures, to highly
advanced systems with the ability to perform measurements,
evaluate vascular flow, and perform 3-D reconstructions. Most
ultrasound devices are supplied with multiple probes that vary
in frequency of sound wave emitted and device shape, allowing
for evaluation of various viewing windows and depths of view.

As each of these procedures is discussed, the more stan-
dard imaging methods used at our institution will be described,
followed by a brief notation of other possible modalities, for
completeness.

PERCUTANEOUS FLUID AND
ABSCESS DRAINAGE

Percutaneous drainage is an accepted technique for removal of
fluid from most locations in the body. The need for exploratory
surgery has decreased with improved imaging techniques such
as CT, magnetic resonance imaging (MRI), and ultrasound,
which can precisely localize a fluid collection. These imaging
modalities can then be used to guide the drainage procedure.
Combination of percutaneous drainage and antibiotic adminis-
tration can frequently resolve the infection without the need for
surgical intervention. And in cases where subsequent surgery is
required, the drains placed under image guidance can be used
as a guide to the abscess and potentially decrease the area and
extent of surgical dissection.

Evaluat ion

CT, MRI, and ultrasound can be used in the detection and lo-
calization of fluid collections. Ultrasound has the advantage of
portability and is very good in the evaluation of fluid in the tho-
rax and in the evaluation of subdiaphragmatic and paracolic
collections in the abdomen. However, it is limited by collections
of air and is therefore often not able to evaluate mediastinal or
central abdominal regions. MRI can localize areas of pathology
and fluid collections but is often a less optimal examination due
to scan time, exam degradation due to patient motion, and lim-
ited availability of interventionally oriented MR scanners and
MR-compatible devices for subsequent fluid drainage. There-
fore, CT is usually the modality of choice for both localization
and drainage.

Imag e Guid ance

As previously stated, most abdominal and central thoracic
drainage procedures are performed with CT guidance. Ultra-
sound can be used for pleural, subpleural, subdiaphragmatic,
and paracolic collections. The decision is not only based on
location and size but also on operator preference. Imaging
must be adequate to define a pathway to the fluid collection.
A critical concept is to ensure that the bowel and significant
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vasculature structures are not entered, and this is best ensured
by CT visualization.

Pat ie nt Pre p arat ion

Review of the patient’s medications and coagulation profile is
necessary to evaluate potential bleeding risk; we require nor-
malization of prothrombin time (PT) and partial thromboplas-
tin time (PTT). The international normalized ratio (INR) must
be less than 1.5, and platelets should be in excess of 75,000 to
100,000 cells/µ L. With the potential exception of a thoracen-
tesis or pleural catheter placement, most of these procedures
require conscious sedation with an intravenous (IV) narcotic
such as fentanyl or hydromorphone, in combination with a
short-acting hypnotic sedative such as midazolam. Constant
physiologic monitoring is required. Antibiotic coverage should
be instituted prior to abscess manipulation due to the concern
for precipitation of a septic episode. Previous concerns regard-
ing alterations of culture results have not been sufficiently docu-
mented and are outweighed by the potential for life-threatening
sepsis. However, if there is low suspicion of infection, such as
the case with a large pleural fluid collection, and the patient’s
white count is within normal limits, antibiotic coverage may
not be necessary.

Eq uip me nt

Initial access to a fluid collection is usually with an 18-, 20-, or
22-gauge needle. This guide needle can then be used to allow
for parallel placement of a drainage catheter with direct stick
trocar technique or a wire can be inserted through the guide
needle to allow for placement of a drainage catheter using the
over-the-wire Seldinger technique.

For drainage catheters, various catheter shapes and sizes
are available. Dual-lumen sump catheters, accordion catheters,
and locking loop catheters can be used. The French size of the
tube is determined by the type and viscosity of the fluid being
drained. An 8 to 12 French catheter can be used to drain a
sterile pleural effusion; however, a 16 to 20 French catheter
may be required for an abdominal abscess.

Also available for very-short-term use is a Safe-T-Centesis
catheter (Cardinal Health, McGraw Park, IL). This is an all-
inclusive kit that can be used for draining presumed ster-
ile fluid collections in the chest or abdomen, and in which
a drain will not need to be kept in place. This kit also
has the advantage of sharps protection in all of the devices
(Fig. 35.1A–C).

Drainag e Te chniq ue

Once localized, an access pathway is identified on CT or ultra-
sound. The pathway needs to be clear of adjacent solid organs
and bowel. A skin entry site is selected and sterilely prepped; in
our institution, the prep of choice is 2% chlorhexidine solution
in 70% isopropyl alcohol.

Under ultrasound guidance, the needle can be visualized as
it is advanced. With CT guidance, small incremental advance-
ments of the needle are made and the position evaluated with
repeat imaging. If a Hawkins blunt needle system is used, a
sharp inner cannula is used to penetrate the skin and muscle
with the blunt cannula used along the remainder of the path-
way to displace small vessels. Once at the margin of the col-
lection, the sharp inner cannula is used for final entry. When
the fluid collection is entered, a small amount of the mate-
rial can be aspirated and evaluated by Gram stain to deter-
mine if it is infected. This can often be determined by the gross

A
B

C

FIGURE 35.1. Typical drainage tray. A: Layout and contents of the Safe-
T-Centesis Catheter Drainage Tray. The kit includes patient prep supplies,
a 6 Fr temporary pigtail drainage catheter, and a fluid collection system.
B: Safe-T-Centesis device. At the juncture of the syringe and the drainage
catheter is an indicator (arrow ) that signals the operator when the needle
tip enters a free cavity with a color change and an audible click. C: Pigtail
catheter unrestrained in the shape it will assume in free cavity.
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examination of the material. A guidewire is advanced through
the needle and coiled in the collection. Fascial dilators are
then used to dilate the tract to at least the size of the planned
drainage catheter. Finally the catheter is advanced over the wire
into the collection, making sure that all side holes are in the col-
lection. This process is monitored by serial CT imaging. When
performed under ultrasound guidance for abscess entry, the
guidewire and catheter placements are often monitored fluoro-
scopically if the procedure is performed in radiology. When the
catheter is in the fluid collection and imaging has confirmed the
position, the contents are completely aspirated. For sterile col-
lections, such as a simple pleural effusion, the catheter can then
be removed. For infected or recurrent collections, the drainage
catheter is left in place and a drainage collection device at-
tached. The catheter is also secured in place externally by sutur-
ing it to the skin with nonabsorbable suture; some institutions

use commercially available adhesive devices (Figs. 35.2A–C
and 35.3A, B).

An alternative method for catheter placement that can be
used for larger and more superficial collections, where there
is a larger access window, is the trocar technique. After place-
ment of the guide/reference needle, a selected drainage catheter
with its sharp stylet is advanced through a dermatotomy im-
mediately adjacent to and in parallel with the reference needle.
There is usually a decrease in resistance to the advancement
of the drain when the collection is entered. The sharp stylet is
removed, fluid aspirated to confirm position, and the catheter
is advanced into the collection off of its internal stiffener and
then coiled within the collection. Once drained, the collection is
reimaged to ensure complete evacuation. This will also demon-
strate the possible presence of loculated areas that must be
drained by placement of additional catheters.

A B

C

FIGURE 35.2. A 74-year-old patient on Coumadin developed a focal
lower extremity area of swelling, erythema, and progressive pain adjacent
to the knee following trauma. A: Ultrasound (US) examination demon-
strates a 5.5-mL hypoechoic superficial fluid collection (asterisk ). B: Hy-
perechoic needle (arrows) seen entering the fluid collection. C: Postevac-
uation US demonstration near complete drainage of the fluid collection
(asterisk ). The fluid was sterile and consistent with liquefied hematoma.
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A B

FIGURE 35.3. Patient with diverticular disease and mesenteric abscess. A: Close proximity of bowel loops
(arrows) to the 4-mL fluid collection (asterisk ). B: Required CT guidance for drain placement (arrow ).

Post p lace me nt Cat he t e r Care

The catheter is connected to either a gravity drain or a suction
device such as a Jackson-Pratt bulb. Output should be recorded
by the nursing staff, and the catheter should be irrigated three
times a day with sterile saline to maintain patency. The catheter
needs to be evaluated daily to confirm patency, evaluate output,
evaluate the skin entry site, and to monitor patient clinical
status including temperature trend and white count.

End points to determine the time for catheter removal are
as follows: decrease in the catheter output to less than 20 mL
per day, normalization of temperature and white count, and
overall clinical improvement of the patient. When these end
points are achieved, the patient is usually reimaged and the
tube withdrawn if the collection is no longer present. However,
if after 2 to 3 days these end points are not achieved, repeat
imaging should also be performed to determine the need for
further intervention. Reported success rates for percutaneous
abscess drainage are 90% to 100% (1–3) with a recurrence
rate of 8% to 20% , most commonly related to early catheter
removal (4).

Sp e cial Consid e rat ions

Ab sce ss–Fist ula Comp le x
This is a type of enteric abscess that should be suspected when
high fluid output greater than 100 mL per day persists. In this
scenario, follow-up evaluation may include injection of iodi-
nated nonionic contrast under fluoroscopic guidance. Results
of this study will help determine the need for catheter placement
directly into the fistula or surgical intervention. This subgroup
often requires 3 to 6 weeks of drainage in association with
medical management and nutritional support.

So lid Org an Ab sce ss Drainag e
Hepatic, splenic, and renal abscesses can be drained percuta-
neously, although this sometimes requires an intercostal ap-

proach. The lowest possible intercostal level should be used if
this approach is necessary to decrease the risk of pneumothorax
or the potential spread of infection into the thorax, resulting in
empyema. Also, due to the higher risk of bleeding with access
into these organs, it is necessary to select the shortest pathway
possible through normal tissue, to use a blunt needle system
when traversing normal tissue, and to use smaller drainage
catheters, usually 8 French. Simple needle aspiration of these
collections is preferred over catheter drainage, especially when
the collections are small (Fig. 35.4A–C).

Pancre at ic Colle ct ions
Drainage of pancreatic fluid collections often require CT guid-
ance due to the frequently associated ileus with subsequent
overlying bowel loops. Therefore excellent opacification of
bowel loops with oral or enteral tube administration of con-
trast is necessary. Pancreatic abscesses usually contain highly
viscous material, which necessitates use of larger-bore catheters
(greater than 16 French). Pancreatic pseudocysts usually re-
quire only an 8 to 10 French drainage catheter. Additionally,
not all pseudocysts require drainage, as most spontaneously
resolve. Factors influencing the decision to drain the collec-
tion include suspected infection, pain, or obstruction of ad-
jacent bowel or bile duct. Successful pseudocyst drainage can
be as high as 90% . However, the results of pancreatic abscess
drainage are more variable, with reports of a success rate be-
tween 32% and 80% . This wide range is possibly due to dif-
ficulty in differentiation of infected pancreatic necrosis, which
is difficult to treat, from a focal abscess (5).

Emp ye ma
Drainage of an empyema can frequently be performed at the
bedside under ultrasound guidance, with the patient’s posi-
tion dependent on his or her ability to assist and the exact
location of the collection; a sitting position is often preferred.
The collection is localized, entry site marked, site prepped, lo-
cal anesthesia obtained, and dermatotomy performed followed
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A B

FIGURE 35.4. CT-guided drainage of infrahepatic abscess. A: CT scan
through the fluid collection (asterisk ) with localizer grid applied on the
skin over the target. B: Following determination of pathway, entry site
marking, sterile skin prep and drape, and local anesthesia the access needle
is advanced under CT guidance into the fluid collection. Repeat CT is
performed to evaluate needle path and depth (arrow ). C: Postdrainage
obtained at the same level as A shows loop of drainage catheter (short
arrow ) in markedly decompressed abscess cavity. (Case courtesy of Lauren
Alexander, MD, Gainesville, FL.)

by deep blunt dissection. A 14 to 20 French catheter is then
inserted, often with the trocar technique. The empyema is as-
pirated and the catheter connected to Pleur-Evac water seal
pleural drainage system. The overall success rate for percuta-
neous drainage of empyema is 77% (6) (Fig. 35.5A–D).

Thick fluid collections may require the use of intrapleural
thrombolytic injection such as t-PA, to disrupt fibrin septae.
This can be accomplished with an infusion of rt-PA solution
containing 2 to 6 mg of rt-PA in 50 to 250 mL of normal saline.
This is infused daily for 1 to 3 days. There does not appear to
be any significant systemic effect associated with this intrale-
sional infusion of the thrombolytic medication, and there is an
approximate 94% clinical improvement rate (7).

Diag nost ic and The rap e ut ic Thorace nt e sis
Image-guided thoracentesis can easily be performed at the bed-
side with ultrasound. This is most frequently performed with
the patient sitting on the side of the bed facing away from the
operator. In some cases, due to severity of the patient’s condi-
tion, this procedure may need to be performed with the patient
supine. This can significantly increase the difficulty of the pro-
cedure, especially with smaller collections. This situation can be
improved by placing the patient on a cardiopulmonary resus-
citation (CPR) backboard to slightly elevate him or her off the
bed, and by raising the head of bed as tolerated to drain more
of the fluid into a focal dependent position near the diaphragm.
Sedation is usually not required as sufficient pain control can

be obtained with local anesthesia. Of note, CT may be re-
quired in some cases due to the small size and/or location of the
fluid.

Diagnostic thoracentesis is often used to differentiate a
transudate from an exudate, and in the case of an exudate,
to evaluate for malignancy or infection. This diagnostic pro-
cedure can be performed with a 20 to 22 gauge needle. Ultra-
sound is used to localize the collection, and the site of entry
is marked. This area is prepped and local anesthesia obtained.
The needle is then advanced close to the superior rib margin at
the selected intercostal space to avoid the neurovascular bundle
that courses along the inferior margin of the rib. Once entered,
sufficient pleural fluid is aspirated for laboratory analysis con-
sisting of pH, Gram stain and culture, total protein, lactate
dehydrogenase (LDH), glucose, and cytology. At completion
of the procedure, the needle is removed and an air-occlusive
dressing applied.

Therapeutic thoracentesis is usually requested due to dysp-
nea or in association with catheter placement for a chemical
pleurodesis. A posterolateral approach is used to decrease pa-
tient discomfort when lying down and potentially pressing on
the tube rather than a direct posterior approach, which is used
in standard diagnostic thoracentesis. When a catheter will be
necessary only during the short drainage procedure, we use
the 6 French catheter that comes in the Safe-T-Centesis kit,
with its three-way stopcock and internal valves to decrease the
risk of pneumothorax. The fluid is then removed with syringe
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A

B

C D

FIGURE 35.5. A 19-year-old patient with sepsis and cough. A: Axial CT at the level of the midchest
demonstrates an 8.5-cm fluid collection in the right posterior hemithorax (asterisk ) with compression
atelectasis of the adjacent lung. Direct percutaneous access is blocked due to inferior margin of the
scapula, overlying ribs, and aerated lung. B: Patient was placed in a left-side-down decubitus position.
Change in position provides direct posterior access to the fluid collection. A localizer grid has been placed
to mark site of access. C: Access gained with micropuncture needle system and then a 14 Fr drain placed
over a wire. Fluid aspirated with syringe and then drain was secured in place and connected to suction
bulb. D: Postdrain placement CT. (Case courtesy of Lauren Alexander, MD, Gainesville, FL.)

aspiration or by connection to a vacuum bottle that can be
changed when full. Chest pain can occur with rapid fluid re-
moval; however, this usually resolves with temporary cessation
of the drainage and with subsequent resumption of the drainage
procedure at a slower rate. Coughing often occurs toward the
end of the procedure as the pleural surfaces become reapposed.
When longer-term access is required, a 10 to 14 French tube is
placed by either trocar or Seldinger technique and connected
to Pleur-Evac water seal drainage system. The overall incidence
of pneumothorax with ultrasound-guided procedures approx-
imates 3% (Fig. 35.6).

If a pneumothorax occurs in association with thoracic in-
tervention, or secondary to underlying lung disease, a chest
tube/pleural catheter may be required. The indications for tube
placement include size of pneumothorax greater than 25% ,
pain, shortness of breath, or progressive enlargement on se-
rial radiography. These tubes are easily placed in the second
or third intercostal space anteriorly. Our preference is to place
an 8 French catheter under fluoroscopic guidance using the
Seldinger technique to avoid injury to the adjacent lung. We
gain access with a 4 French micropuncture system (Angio
Dynamics, Queensbury, NY) followed by insertion of a 0.035
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FIGURE 35.6. Ultrasound image showing typical appearance for tho-
racentesis guidance. The central target (pleural effusion) is identified by
an asterisk , lung margin by arrowheads, and drainage catheter path-
way with an arrow .

guidewire over which the chest tube is advanced. This is se-
cured in place with nonabsorbable suture and covered with
petroleum jelly gauze to decrease the risk of air leak. Most of
the pneumothorax is aspirated using a 60-mL syringe with the
aid of a three-way stopcock. Then the tube is connected to a
Pleur-Evac drainage system as is done with surgically placed
chest tubes. The pleural catheter remains in place until there
is no significant residual pneumothorax and there is no ev-
idence of air leak when the tube is connected to water seal
(Fig. 35.7A–C).

Ab d ominal Parace nt e sis
Ultrasound or CT guidance can be used to drain diffuse or loc-
ulated fluid collections in the abdomen. In most cases, ultra-
sound is sufficient and can be performed at the bedside. The site
of maximal fluid collection is localized without evidence of in-
tervening loops of bowel, and this area is marked and prepped.
The procedure can usually be performed with local anesthesia
without sedation. The preference at our institution is to use the
6 French Safe-T-Centesis catheter kit. This drainage procedure
can be performed for diagnostic and/or therapeutic purposes.
When performed as a therapeutic procedure, the catheter and

A

B

C

FIGURE 35.7. A 70-year-old female with progressive pneumothorax fol-
lowing placement of transvenous cardiac pacing device. A: Arrows indi-
cate the partially collapsed left lung following pacing device placement.
B: Fluoroscopic image obtained at time of 8 Fr chest tube insertion. The
tube was placed slightly lower than the usual apical position to avoid
potential damage to the pacing device or wires. C: Following chest tube
insertion, the pneumothorax was evacuated with syringe aspiration of the
air. Follow-up chest radiograph demonstrates near-completed resolution.
The chest tube was connected to Pleur-Evac drainage system.
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A B

FIGURE 35.8. Abdominal paracentesis. A: Initial position shows a segment of bowel blocking access to
the perihepatic fluid. B, segment of bowel; L , liver; asterisk , fluid. B: Slight change in transducer position
yields a safe pathway for drainage.

tubing can be connected to either a three-way stopcock and
drainage bag or to a 1-L vacuum bottle system. Removal of
volumes greater than 5 L can lead to volume redistribution
and may require IV albumin infusion (Fig. 35.8A, B).

Sup rap ub ic Drain Place me nt
The patients in whom placement of a suprapubic cystostomy
tube are performed are those with bladder neck obstruction
from prostatic hypertrophy or prostate cancer, and with a neu-
rogenic bladder. However, there is an increasing population of
ICU patients following pelvic trauma who may also require this
procedure.

The procedure is performed under local anesthesia and with
conscious sedation. The procedure is usually performed with
both ultrasound and fluoroscopic guidance, although in some
cases this may be performed at the bedside with ultrasound
guidance alone. The bladder must be distended to displace
loops of small bowel out of the pelvis. This can be accomplished
by the normal filling of the bladder, in the case of outflow ob-
struction, by filling of the bladder through an indwelling Foley,
or by insertion of a 20-gauge needle into the bladder and subse-
quent filling of the bladder with normal saline. After prepara-
tion of the site, if direct access with a needle is used, ultrasound
guidance is used to localize the bladder and avoid adjacent
loops of small bowel. Once distended, a point 2 to 3 cm above
the pubic symphysis is localized in a paramedian location. An
18-gauge needle is advanced under ultrasound guidance, again
to avoid any loops of small bowel. The position is confirmed
by return of urine, or if saline has been used to distend the
bladder, iodinated contrast material can be injected. On con-
firmation of position, a 0.035-inch stiff guidewire is coiled in
the bladder and the tract serially dilated. The degree of dilata-
tion is dependent on type of catheter to be used. For short-term
drainage, a soft, 10 to 12 French locking loop catheter can be
used. However, for longer-term use, a 16 to 20 French Foley
catheter should be used, which can be inserted through a peel-
away sheath. Either the locking loop catheter or the peel-away
sheath is advanced over the indwelling stiff guidewire under
fluoroscopic guidance after sufficient tract dilatation.

Catheter maintenance primarily centers around risk of infec-
tion. Some authors recommend use of long-term trimethoprim/
sulfamethoxazole. Additionally, the catheter should be ex-
changed every 2 to 3 months or whenever it becomes clogged
with debris. The overall success rate for the procedure ap-
proaches 100% (8).

CHOLECYSTOSTOMY
Surgical cholecystostomy was established as a definite tech-
nique for decompression of the gallbladder by Sims in 1878
(9). Sims demonstrated that surgical cholecystostomy with in-
sertion of a drainage tube gave rapid relief of symptoms in
patients who were otherwise too ill to undergo open cholecys-
tectomy with gallbladder resection (9). Percutaneous access to
the gallbladder was first described by Burkhardt and Mueller
(10) in 1921, but did not become accepted until 1980, when
Shaver et al. (11) demonstrated that percutaneous drainage
of the gallbladder was an effective and safe technique in pa-
tients with acute cholecystitis who were unfit for surgery (9–
11). This technique consists of a minimally invasive method of
removing gallbladder contents by placing a drainage catheter
into the gallbladder lumen using some form of image guidance
(9,12,13).

Aside from safe decompression of the gallbladder, percu-
taneous access to the gallbladder lumen allows additional in-
terventional procedures to be carried out on the gallbladder
and biliary tree. Some of these procedures include dissolution
of gallstones using methyl-tert-butyl ether (MTBE), gallblad-
der ablation, percutaneous cholecystolithotomy, and drainage
of the biliary tree. However, due to the advent of laparoscopic
techniques in the early 1980s, these additional interventional
procedures are now rarely performed.

Although surgical or laparoscopic cholecystectomy is the
preferred treatment for cholecystitis in the acute setting, chole-
cystectomy has a substantial mortality rate related to patient is-
sues, including advanced age and coexisting diseases (14). Elec-
tive cholecystectomy in a nonacute setting carries a mortality
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FIGURE 35.9. HIDA scan performed
on a patient with acute cholecystitis.
Note nonvisualization of the gallblad-
der.

as low as 0.7% to 2% . However, cholecystectomy in the acute
patient may have a mortality rate as high as 14% to 19%
(14). Percutaneous cholecystostomy can be performed in the
acute setting with low mortality rates as a temporizing measure.
When the patient has improved and is better able to tolerate
an operative intervention, cholecystectomy can be performed
electively. In addition, in patients with acalculous cholecystitis,
percutaneous cholecystostomy will decompress the gallbladder
and may eliminate the need for later cholecystectomy (9).

Acalculous cholecystitis typically occurs in patients admit-
ted for shock, major surgery, and thermal injury, as well as in
patients receiving total parenteral nutrition. It is believed to be
caused by inflammation and ischemia of the gallbladder, not
related to the presence of stones, but rather to intravesicular
hemorrhage or inspisated bile causing obstruction, leading to
inflammation and infection (14,15). The diagnosis of acalcu-
lous cholecystitis can be elusive, as ultrasound and scintigra-
phy are diagnostically unreliable (9). Percutaneous cholecys-
tostomy has been advocated as a therapeutic trial in these
patients provided other sources of sepsis have been excluded
(16).

Other indications for percutaneous cholecystostomy in-
clude hydrops, empyema of the gallbladder, and complications
of cholecystitis including perforation and pericholecystic ab-
scess (17) (Fig. 35.9).

Percutaneous cholecystostomy is usually performed in the
angiography suite using ultrasound and fluoroscopy. Com-
puted tomography (CT) scan is another modality that may be

of benefit in certain patients (Fig. 35.10). The procedure may
also be performed at the patient’s bedside using only ultrasound
(Fig. 35.11). Although conscious sedation is usually adminis-
tered, occasionally, if the patient is unable to tolerate conscious
sedation, the procedure can be safely performed using only lo-
cal anesthesia (Figs. 35.12 and 35.13).

FIGURE 35.10. CT scan of the same patient as in previous image. Note
the thickened gallbladder wall and fluid surrounding the gallbladder.
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FIGURE 35.11. Sonographic image obtained during a percutaneous
cholecystostomy in the same patient from the previous images. Note
the transhepatic approach and tip of the needle within the lumen of
the gallbladder.

The two techniques used are the Seldinger needle and
trochar techniques. The Seldinger needle technique involves,
after proper preparation, placement of a fine needle, usually
22 gauge, into the lumen of the gallbladder, followed by place-
ment of a 0.018-wire through the needle, and then dilating the
site over the wire to accommodate larger wires, if needed, or
placement of a drainage catheter. The trochar technique in-
volves placement of a catheter, usually 8 French, which is held
on a rigid needle with sharp stylet. This system is advanced as
a unit under image guidance into the lumen of the gallbladder.
Each needle technique has its own merits and is usually chosen
based on operator comfort.

The Seldinger technique allows for a single puncture of the
gallbladder, which is then sequentially dilated to accommodate
a 0.035 wire. Fascial dilators are then used to accommodate the
8 French drain. It is during the dilation that the guidewire may
buckle and access may be lost. If this occurs, the gallbladder

FIGURE 35.12. Contrast injection through the cholecystostomy tube.
Note the irregular filling defects consistent with sludge or pus in the
gallbladder.

FIGURE 35.13. CT scan after successful placement of percutaneous
cholecystostomy. Note the catheter in the gallbladder (black arrow ).
The gallbladder has been decompressed.

may leak into the peritoneum and decompress, making punc-
ture more difficult. The author’s experience suggests that if a
transhepatic approach is used, this generally does not pose a
problem. Alternatively, the trochar technique uses a 22-gauge
needle inserted into the gallbladder to be used as a guide to
advance the 8 French catheter into the gallbladder. Using this
system, a swift stroke of the catheter is require to puncture
the gallbladder to prevent the organ from moving away and
being displaced. Also, even though bile may be aspirated, the
entire catheter may not be in the lumen and when the catheter
is advanced, dislodgement may occur. Again, both techniques
are widely used and accepted and depend on the operator’s
comfort level.

The gallbladder can be approached either via the trans-
hepatic route (Fig. 35.11), attempting to enter through the
anatomic bare area, or using a transperitoneal approach. The
bare area is formed embryologically when the mesentery that
surrounds the gallbladder fuses with the undersurface of the
liver. The transhepatic approach tends to minimize bile leak in
the presence of ascites. This approach also minimizes gallblad-
der motion by puncturing near the bare area. This is of signifi-
cance as it is gallbladder motion that will lead to tube dislodge-
ment. Puncture of the gallbladder by this approach minimizes
leakage of bile as the liver will act to tamponade the tract. How-
ever, puncture through the bare area has proven difficult in all
cases (18). The transperitoneal approach is more direct in some
cases and allows better access than the transhepatic approach
if percutaneous cholecystolithotomy is planned using a large
scope because of the large tract that would have to be formed
through the parenchyma of the liver to accommodate the en-
doscopic device. The main drawback of the transperitoneal
approach is when the Seldinger technique is planned, as the
gallbladder mobility allows for easy buckling of the catheters
due to a lack of parenchymal support, leading to misplaced or
dislodged catheters. This problem is largely eliminated if the
trochar system is used in combination with the transperitoneal
approach.

Cholecystostomy has been well studied and has a 100%
technical success rate (11,13,14,16,19) (Fig. 35.13). Procedure-
related mortality rates are well documented in the range of 0%
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to 2% , well below the published rate of complications for surgi-
cal cholecystostomy in the acute setting (14,20–22). Procedure-
related complications include bleeding, vagal response, and bil-
iary peritonitis related to bile leak. Clinical improvement has
been shown to occur in 1 to 2 days, and response rates of
87% have been shown at 3 days (9,23). Browning et al. (24)
reported that patients with pericholecystic fluid or gallstones
were the most likely to have a positive response to the proce-
dure. Ninety-two percent of patients with gallstones showed
clinical improvement after percutaneous cholecystostomy. In
the ICU, where acute acalculous cholecystitis is most likely to
occur, it has been shown that in patients with unexplained sep-
sis, percutaneous cholecystostomy has shown dramatic clini-
cal improvement, defined as decreased white blood cell count,
normalization of body temperature, and reduction in the use
of vasopressors, in up to 59% of patients (9,16,19).

HEPATOBILIARY DRAINAGE
Although the technique of percutaneous cholangiography was
first described by Burkhardt and Muller in 1921 (25), it was
not until 1966 that percutaneous transhepatic biliary drainage
was described by Seldinger (26), using a simple sheathed needle
technique. In 1974, Molnar and Stockum (27) described per-
cutaneous biliary drainage using a transhepatic catheter. Sub-
sequent to this description, numerous technical advances were
made in the area of guidewires and catheters, which allowed
an increased ability to negotiate areas of stricture and stenosis
within the biliary tree using a percutaneous approach (25). At
present, there is a wide array of devices and instrumentation
that allow for increased percutaneous biliary interventions, in-
cluding management of biliary strictures, biliary leaks, biliary
fistulae, stone extraction, biopsies, and radiation therapy.

Whereas percutaneous biliary interventions gained popu-
larity in the 1970s and 1980s, the development of endoscopic
retrograde cholangiopancreatography (ERCP) has largely re-
placed the percutaneous approach for many disease states.
However, the technique of choice will mainly depend on the
skills available by physicians at the local institution (28). Ad-
ditionally, there are instances where a percutaneous approach
is preferred over an ERCP, mainly instances where ERCP fails,
or ERCP is not an option due to prior intestinal surgery that
does not allow the endoscope to reach the biliary tree (Figs.
35.14 and 35.15).

Prior to the initiation of the procedure, any coagulopathy
should be corrected and prophylactic antibiotics administered.
Preprocedure imaging includes either a CT scan, ultrasound, or
magnetic resonance imaging (MRI) to look for the location of
dilated bile ducts and also to evaluate the anatomy of the liver.
The right upper quadrant of the abdomen in the midaxillary
line is prepped, using sterile technique, for an intercostal ap-
proach. Although the right-sided approach is commonly used,
many interventional radiologists prefer to access the biliary tree
via a left-sided ductal approach.

After conscious sedation is administered, a 22-gauge needle
is advanced into the liver using fluoroscopic guidance. Diluted
contrast is injected as the needle is slowly withdrawn; alterna-
tively, the needle can be advanced and contrast injected. This
technique works well for the nondilated system. After identi-
fying the biliary system, further contrast is injected slowly to
opacify the biliary tree and identify a suitable access site in the

FIGURE 35.14. Failed endoscopic placement of common bile duct
(CBD) stent due to the presence of a large mass (black arrow ) within
the CBD. (Image courtesy of James Caridi, MD.)

bile ducts. Next, with the contrast-filled duct as a target, the
system is entered using a 22-gauge needle with fluoroscopic
guidance. Thereafter, there are two options. First, an external
drain can be placed to decompress the system, with the pa-
tient being brought back to the interventional radiology (IR)
suite 24 hours later; this reduces the risk of introducing in-
fected bile into the bloodstream. The second option is to at-
tempt internal/external drainage. Although this may save the
patient one step in a staged procedure and allow for physio-
logic drainage of bile, there is a risk of introducing infection
as previously described. It is the authors’ preference to achieve
external drainage first and allow the ducts to drain overnight

FIGURE 35.15. Successful percutaneous drainage using a left-sided
biliary duct. Note that the drainage catheter has been advanced past
the obstruction and into the small intestine. (Image courtesy of James
Caridi, MD.)
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FIGURE 35.16. Patient presents with biliary obstruction. On hospital
day 1, external drainage has been achieved using a right-sided bile
duct approach. Cholangiogram shows complete obstruction in the mid
common bile duct (CBD) (black arrow ).

before attempting any lengthy intervention (Figs. 35.16 and
35.17).

The indications for percutaneous biliary drainage include
palliation of an unresectable primary or secondary malignancy
of the liver causing biliary obstruction, benign strictures in-
cluding biliary-enteric anastomosis as seen in liver transplant
patients, sepsis secondary to biliary obstruction, preoperative
decompression, stone removal, bile leak after laparo-
scopic cholecystectomy, biopsies, permanent internalization of
drainage by placement of internal stent, and radiation therapy
(29) (Figs. 35.18 and 35.19).

The only true contraindication to percutaneous biliary
drainage is a bleeding diathesis. Usually this problem is over-
come with the administration of blood products in the form of

FIGURE 35.17. On hospital day 2, internal/external drainage has been
achieved by gaining access to the small intestine across the area of
obstruction.

FIGURE 35.18. This is the same patient as in Figures 35.16 and 35.17.
A metallic self-expanding stent has been placed across the area of ob-
struction in the distal common bile duct. Note the waist in the stent
(black arrow ) due to the surrounding mass.

fresh frozen plasma, platelets, and vitamin K. Relative con-
traindications include the presence of sepsis, unless it is of
biliary origin. The presence of ascites increases the risk of bleed-
ing, and catheter misplacement, as well as making the proce-
dure technically more difficult; hence ascitic fluid should be
drained prior to performing the procedure. The presence of

FIGURE 35.19. Post–stent placement and balloon angioplasty. No
residual stenosis is noted, and the stent is fully expanded.
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multiple intrahepatic obstructions also raises the risk of intro-
ducing bacteria to a bile duct that is not drained and that can
rapidly become infected.

The catheter should be anchored to the skin. This is usu-
ally performed with a suture from the skin to the tube. Ap-
proximately 2 cm of slack should be available to prevent tube
dislodgement from hepatic motion with respiration. The tube
should be flushed with 5 mL of saline every 6 hours for the first
48 hours the tube is in place and then as needed thereafter. The
drainage from the tube should be monitored daily to identify
any signs of obstruction of the catheter or evidence of bleeding.
If brisk bleeding occurs, this may be the result of erosion of the
tube through an adjacent hepatic blood vessel that is in conti-
nuity with one of the many side holes of the drainage catheter;
this usually occurs in the setting of a tube that has migrated out
of position with patient motion or inadequate tube anchorage.

The tube site should be cleaned routinely to discourage bac-
terial colonization. Patients with an external biliary drain in
place should receive IV fluids if there is marked choleresis, as
this may precipitate hepatorenal failure. If any problem is iden-
tified with the tube, IR should be contacted if the problem can-
not be resolved immediately on the unit (28).

Burke et al. (30) have reviewed the published success rates of
the technique in the literature. Canalization is easier when the
intrahepatic ducts are dilated, and success rates approach 95%
for the dilated system, whereas it is 70% for the nondilated bil-
iary tree. Internal drainage is achieved in 90% of patients with
successful biliary canalization. Stone removal is successful in
90% of cases. Stents placed as palliation for malignant disease
are patent 50% of the time at 6 months after placement.

Percutaneous transhepatic biliary drainage carries a signifi-
cant risk, approximately 10% for all patients (30), and this risk
may increase or decrease based on the patient’s overall medi-
cal condition. Patients presenting with coagulopathy, cholangi-
tis, biliary stones, malignant obstruction, or proximal obstruc-
tion will have higher complication rates (30). Complications
related to insufficient bile drainage and tube dislodgement is
usually relieved with placement of a tube 10 French in size.
Sepsis, reported in 2.5% of cases, may be considerable un-
less prophylactic antibiotics are used prior to the procedure;
bleeding is reported with 2.5% of cases as well. Abscess for-
mation or peritonitis is noted in 1.2% of patients; pleura en-
try is noted in 0.5% of cases. Death is reported in 1.7% of
patients.

Although this procedure has several associated complica-
tions, it is difficult to compare rates from one institution to an-
other, as patient selection and the presence of other comorbidi-
ties may influence complication rates. It is, therefore, important
that each institution monitor its own complication rates to en-
sure quality.

TRANSJUGULAR INTRAHEPATIC
PORTOSYSTEMIC SHUNT

Portal hypertension refers to a pathologic increase in pressure
in the portal vein. Although it is defined as an increase in portal
venous pressure above 12 mm Hg, the standard is to report
the portal pressure as a gradient between the portal vein and
the inferior vena cava (31). The gradient becomes important
because there are several conditions, including pregnancy and

ascites, that may elevate the absolute portal pressure or the
pressure in the inferior vena cava (IVC).

The liver is the main source of resistance to blood flow in the
portal vein (32). Certain disease states, including cirrhosis, dis-
rupt the normal architecture of the liver and lead to formation
of fibrosis around the hepatic venules and sinusoids. This fibro-
sis reduces the diameter of the sinusoids, thus acting to increase
resistance. As the pressure in the portal vein increases, one of
the ways the body responds is by finding alternate pathways for
blood to return to the heart, so called portosystemic collaterals.
This is seen as an increase in size of normally small veins within
the body, which, as the veins increase to a pathologic size, are
called varices. Certain patterns of varices are commonly seen,
with the classic distribution in the lower esophagus and stom-
ach. Other common patterns include mesenteric varices and
connections between the spleen and kidney. Generally, varices
begin to form with a portal pressure greater than 12 mm Hg.
Risk of variceal hemorrhage increases as the portal pressure
rises to 18 mm Hg.

There have been several methodologies used in treating
the complications associated with chronic portal hypertension.
Nicolai Eck was the first to achieve surgical portal flow di-
version in 1877 (33). In 1945, Whipple et al. (34) and oth-
ers (35) began using portacaval and conventional splenorenal
shunts in clinical practice. Since that time, other shunt proce-
dures have been developed, including end-to-side portacaval
shunt, side-to-side portacaval shunt, distal splenorenal shunt,
as well as various interposition shunts, all aimed at reducing
the pressure in the portal vein and treating variceal hemor-
rhage (32). Surgery remained the standard until the 1980s when
endoscopic techniques were popularized, including direct in-
jection of the bleeding varix with a sclerosing agent. Addi-
tional therapies offered through use of an endoscope include
banding and ligation of the bleeding varices. Other forms of
medical management include administration of vasopressin or
vasopressin combined with nitroglycerin using an intravenous
route. Vasopressin and its derivatives act by constricting the
vascular smooth muscle altering the body’s arterial beds in-
cluding the splanchnic arteries, and thereby reducing the por-
tal pressure by reducing the portal inflow (32). Sclerotherapy
has also been performed by direct injection of sclerosing agents
into the varices.

The main complication of a successful surgical shunt is the
development of encephalopathy, whereas the main drawback
to endoscopic and other forms of medical management is that
the offending process, portal hypertension, is not addressed,
which leads to high rates of rebleeding. These two reasons
pressed physicians to develop new treatments.

Transjugular intrahepatic portacaval shunting (TIPS) was
first conceived of and performed in dogs in 1969 by Josef
Rosch et al. (36). The first human case of percutaneous TIPS
was reported in 1988 (37). It is an effective nonsurgical and
nonendoscopic means to control variceal bleeding by decom-
pressing the portal venous system (38). A CT scan, ultrasound,
or MRI is recommended to evaluate for patency of the portal
vein as well as exclude hepatic neoplasm and evaluate for other
anatomic considerations. The usual laboratory studies to check
for hematocrit and coagulopathy should also be performed.
IV antibiotics should be administered prior to the procedure.
The technique consists of a percutaneous approach, usually
ultrasound-guided canalization of the right internal jugular
vein. From this approach, access is gained to the hepatic veins
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FIGURE 35.20. Patient with cirrhosis undergoing a transjugular intra-
hepatic, portacaval shunting (TIPS) procedure. Catheter (white arrow )
is positioned from a hepatic venous approach, through the hepatic
parenchyma into the portal vein (black arrow ). (Image courtesy of
Harry K. Meisenbach, MD.)

and pressure measurements are made from the portal vein using
a wedged technique to the right atrium. A hepatic venogram
is performed, followed by angiogram of the portal vein, using
carbon dioxide and either a wedged technique or puncture of
the hepatic parenchyma through the jugular access. Passage of
a long curved needle is then performed from a satisfactory lo-
cation in the hepatic vein, usually the right hepatic vein, into
the identified location in the intrahepatic portion of the portal
vein or its branches. Direct pressure measurements are made
using the transjugular pathway (Fig. 35.20). If acceptable, bal-
loon angioplasty of the intrahepatic tract between the hepatic
vein and the portal vein is then performed. A stent, usually
covered, is deployed from the portal vein to the hepatic vein
through the tract to keep it patent and prevent hepatic recoil
and restenosis (Fig. 35.21). Repeat pressure measurements are
performed to confirm satisfactory pressures have been reached.
Any additional adjustments that need to be made to the stent
can be performed at this time, as well as embolization of varices
if indicated.

When TIPS was first described, it was indicated for uncon-
trollable esophageal variceal hemorrhage; other indications in-
cluded gastric or intestinal variceal hemorrhage. The indica-
tions have since expanded and now include recurrent variceal
hemorrhage despite repeated endoscopic treatment, refractory
ascites, hepatic hydrothorax, Budd-Chiari syndrome, and as a
bridge to liver transplantation.

TIPS produces profound hemodynamic effects secondary to
portosystemic diversion, including decreasing flow to the liver
and increasing that to the heart. There are several situations
where TIPS is absolutely contraindicated. These include severe

FIGURE 35.21. Post–transjugular intrahepatic, portacaval shunting
(TIPS) angiogram shows a patent TIPS shunt with a covered stent
(black arrow ). (Image courtesy of Harry K. Meisenbach, MD.)

or rapidly progressive liver failure, severe encephalopathy, and
congestive heart failure. Relative contraindications include bil-
iary obstruction, hepatic malignancy, portal vein thrombosis,
and polycystic liver disease; additional considerations include
the patient’s coagulation status. The most frequent complica-
tion is bleeding related to perforation of the hepatic capsule
by the needle during attempted canalization of the portal vein.
Other considerations include the patient’s overall medical con-
dition.

The patient’s ability to tolerate a TIPS procedure, as well as
being a predictor of early mortality, has been calculated in the
past using the Child-Pugh classification and the acute physi-
ology and chronic health evaluation II (APACHE II) scores.
Today the model for end-stage liver disease (MELD) score has
largely replaced other calculations as the best predictor of early
mortality. The MELD score is based on the patient’s INR, total
bilirubin, and creatinine (Cr). The formula is as follows:

MELD score = 10{0.957Ln(Cr) + 0.378Ln(Total bili)
+ 1.12Ln(INR) + 0.643}

where Ln is.
There are a few additional rules when using this formula.

For any of the three variables, 1 is the minimum acceptable
value. The maximum acceptable value for serum creatinine is
4. The maximum value for the MELD score is 40. It is recog-
nized that a patient’s MELD score may change with time and
therefore recertification is necessary. How often the score is
calculated increases with an increasing MELD score. A MELD
score of 18 has generally been shown to be the cutoff for per-
forming a TIPS procedure.

A TIPS procedure is one of the most difficult procedures per-
formed in the IR suite. It involves many steps and as such carries
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FIGURE 35.22. Attempted canalization of the portal vein during a
transjugular intrahepatic, portacaval shunting (TIPS) procedure. This
CO 2 injection identifies canalization of the hepatic artery (black ar-
row ).

with it a large number of potential complications ranging from
bleeding at the puncture site to death. However, many studies
have been performed and there are a few likely complications
(39,40). It should be noted, too, that there is a learning curve
for performing the procedure, which may alter the number and
severity of complications.

Puncturing the portal vein has proved to be difficult in
some cases. Thrusting a large needle blindly through the liver
parenchyma can cause a host of complications including bleed-
ing from the liver capsule if the needle perforates the capsule
of the liver. Hemobilia can be seen if the needle perforates a
bile duct in close proximity to a vascular structure. The needle
may leave the capsule of the liver and puncture adjacent organs
including the intestine, gallbladder, kidney, and aorta, among
others (Figs. 35.22–35.24).

Dilation and stenting of the tract through the liver may also
produce numerous complications. If the puncture of the portal
vein is extrahepatic, as it has been shown to be in 50% of
patients (41), and the tract dilated, fatal hemoperitoneum may
result. Stent migration and misplacement have been described.
Stents have migrated to the heart, pulmonary arteries, and into
the portal vein. Manipulation of wire and catheters within the
portal and splenic veins during TIPS may lead to thrombosis
of these vessels. Additionally, stents may develop immediate
thrombosis after placement, particularly if the angle of the stent
is acute or it forms a tight angle with the portal or hepatic vein.
There is also a possibility of pulmonary embolism should the
thrombus migrate.

Delayed complications occur as well, and a few should
be noted. These include contrast-induced nephropathy,
hematoma, encephalopathy, stent migration, thrombosis, and
elevated right atrial pressures. Often, the procedure may take

FIGURE 35.23. Attempted canalization of the portal vein during a
transjugular intrahepatic, portacaval shunting (TIPS) procedure. The
tip of the cannula is in the renal pelvis (black arrow ).

additional time or a procedural complication may occur, requir-
ing additional contrast that may lead to nephropathy. Rarely a
hematoma may occur at the puncture site. Often, TIPS patients
are coagulopathic. Although the risk of bleeding is usually rec-
ognized at the time of the procedure, as with any angiogram,
delayed bleeding may occur. Encephalopathy is not uncommon
post-TIPS and ranges from 12% to 34% (38). Treatment con-
sists of lactulose, given orally to help reduce ammonia. If this
fails, a flow-reducing stent could be placed to decrease flow
through the stent and increase flow back to the liver. Finally,
the shunt could be occluded to return the patient to the pre-
TIPS state. Although rare, fever may occur postprocedure and
may be related to infection or the trauma of the procedure
itself. In either case, infection should be ruled out.

Shunt malfunction can also be considered a complication.
Acute thrombosis has already been discussed, but delayed
thrombosis is also noted, as well as restenosis and stent short-
ening. Stenoses within the TIPS may form anywhere along the
shunt from the portal vein to the IVC. Stenosis near the end
of the stent is usually caused by a stent that is too short and
leaves an area of the liver exposed. This leads to narrowing
and, ultimately, stent occlusion. Restenosis within the stent it-
self has been seen, particularly with uncovered stents, and is
thought to be related to bile being exposed to the shunt and
the development of intimal hyperplasia; this has largely been
resolved by the use of covered stents. Finally, the postprocedure
right atrial pressures are going to be higher than preprocedure
values. If the absolute value is greater than 10 mm Hg, diuresis
is recommended.
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FIGURE 35.24. Attempted canalization of the portal vein during a
transjugular intrahepatic, portacaval shunting (TIPS) procedure. The
tip of the cannula is in the left hepatic duct (black arrow ). Contrast
is noted throughout the biliary system and into the common bile duct
(white arrow ).

Follow-up care for TIPS patients is relatively uncompli-
cated. In addition to evaluating for and treating the delayed
complications noted above, one must follow the patient rou-
tinely with ultrasound to confirm patency and exclude resteno-
sis or thrombosis of the stent. If this is noted, it is a relatively
simple procedure to perform angioplasty of the stenosed seg-
ment and return the shunt to its normal function. Ultrasound
is usually performed within 1 to 2 weeks after placement of the
TIPS; it is repeated at 3 months, 6 months, and then every 6
months and as needed for early identification of any problems
with the shunt. It is much easier to maintain a working shunt
than to place a new TIPS.

TIPS can be performed with extremely high rates of success,
approximating 92% to 99% . Reasons for a failed TIPS proce-
dure include portal vein thrombosis, atrophic hepatic veins,
small hard livers, and massive ascites. For patients in whom
TIPS was performed for hemorrhage, the procedure was suc-
cessful in stopping the bleeding acutely in 91.1% , although the
risk of rebleeding increases with time up to 20.7% at 2 years.
Fatal complications decrease proportionately with the number
of procedures that are performed, consistent with a learning
curve. Even so, the fatality rate ranges from 0.6% to 4.3% .
Published less than 30-day mortality rates range from 4% to
36% . The reason for the variation is multifactorial, based on
patient selection and the center performing the procedure. The
5-year mortality rate averages 31.7% , with the most common
cause of death being progressive hepatic failure (38).

CENTRAL VENOUS ACCESS
Central venous access and maintenance is one of the most com-
monly performed procedures in IR (42). The demand for stable,
secure, and dependable central venous access has increased dra-
matically over the past several years as medical therapies have
become more complex, and patients present with multiple co-
morbidities. Additionally, outpatient services have increased
sharply as providers have come under increased pressure to
reduce hospital costs (43). Today, over 5 million central ve-
nous catheters (CVCs) are placed each year in the United States
(44,45). CVCs are used in the ICU for infusion of a wide array
of medications, blood products, total parenteral nutrition, and
can be used for blood draws, hemodialysis, and plasmapheresis
as well as many other reasons including contrast administra-
tion for diagnostic imaging.

Traditionally, CVCs have been placed by the surgical ser-
vice, with the radiologist’s role limited to confirming satisfac-
tory placement and identifying complications on the postpro-
cedure radiographs. The advent of image-guided procedures
allows the IR service to be more involved with vascular access,
predominantly in difficult access patients (Fig. 35.25). With
time, studies have shown that image-guided vascular access
is generally superior to blind insertion, with fewer immediate
complications and improved long-term function (1–3). Gener-
ally, response time for vascular access placement is decreased
with IR. Additionally, there are much lower hospital costs in ra-
diology compared to the operating room (46). Certainly, imag-
ing is critical during any complex vascular access procedure
including translumbar and revascularization techniques, but
the role for image guidance is gaining importance even in rou-
tine vascular access procedures as the need for rapid and safe
central venous access increases.

FIGURE 35.25. Grayscale sonographic image of the neck demon-
strates clear visualization of the left internal jugular vein (white arrow ).
The left internal carotid artery is seen as well (black arrow ). Additional
features used to differentiate the two structures are the increase in vein
caliber with Valsalva maneuver compared with the typical arterial pul-
sation of the carotid artery.
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The field of central venous access has blossomed into a very
large industry, with a plethora of devices on the market and
virtually every manufacturer of medical equipment supplying
their own line of CVCs. It would be difficult to review every
manufacturer’s devices in this section, but the general categories
and catheters will be reviewed.

Pe rip he rally Inse rt e d Ce nt ral Cat he t e rs

In peripherally inserted central catheters (PICC), a peripheral
vein in the upper extremity (usually the antecubital, basilica, or
cephalic) is cannulated, usually with ultrasound guidance, and
a long flexible catheter, essentially a long IV line, is advanced
from this puncture site to position its tip in the superior vena
cava (SVC) near the right atrium. PICCs come in various sizes
and styles, either single- or double-lumen versions, and range
from 3 to 7 French. They may have internal valves near the
hub, or even on the tip of the catheter, which are important
for patients with an allergy to heparin. These valved PICCs are
able to be flushed with normal saline, as heparin is not needed
to maintain patency. There may also be external clamps that
occlude the catheter when it is not in use. The advantage of
PICCs include the fact that they are well tolerated by patients,
they look and function like a peripheral IV, which allows for
ease of use by the nursing staff, and additionally, PICCs carry a
lower procedural risk than central lines because they are placed
in a peripheral vein, usually avoiding the vital structures in the
chest. The single- and double-lumen varieties usually provide
sufficient access for most patients. A new “power” PICC con-
figuration has been developed that allows for higher pressures
during high-flow contrast injections as seen in CT scans for di-
agnostic purposes. Many hospitals have entire PICC line teams
which are composed of nurses who specialize in placing these at
the bedside. If the team is unsuccessful, then the PICC line can
usually be placed by an IR clinician or another caregiver spe-
cializing in these procedures. Although PICCs are widely used
with rapidly increasing acceptance by patients and clinicians
alike, there are some associated complications with this type of
catheter. One should be aware of the potential complications
and long-term ramifications so that the appropriate access can
be chosen for each patient.

Venous thrombosis rates, in veins where PICCs are placed,
may be as high as 38% (47). It should be noted that Grove
and Pevec (48) showed a lower thrombosis rate, up to 9.8%
with 6 French catheters, but also demonstrated a positive cor-
relation with catheter size; 3 French catheters had a lower rate
of thrombosis than did the 6 French devices. This becomes es-
pecially important in planning for dialysis access. If the veins
of the upper extremity, commonly used for dialysis fistula, are
occluded, fistula creation is more difficult and longevity is re-
duced. Therefore, in patients with diabetes, chronic renal in-
sufficiency, overt renal failure, or other medical conditions that
may lead to renal failure in the future, the preservation of up-
per extremity and central venous access takes on significant
importance (47). Indeed, guideline 7 of the National Kidney
Foundation’s initiative states that arm veins, which may po-
tentially be used in the creation of a dialysis fistula, should be
preserved (49). Any procedure that may increase the risk of
venous thrombosis should be avoided.

Bloodstream infections have also been studied with respect
to PICCs. Safdar and Maki (50) have noted that PICCs used in

the hospital setting have a much higher rate of infection than
those used in outpatients. Additionally, they have the same rate
of infection as nontunneled central lines and a higher rate of
infection than those that are tunneled and cuffed.

Clotting of PICCs has decreased somewhat with the de-
velopment of valved catheters, although, due to their small
size, occluded lumens remain common and require a change of
catheter over the wire.

Nont unne le d Ce nt ral Ve nous Cat he t e rs

Nontunneled central venous catheters are generally placed in
either the right or left internal jugular veins, or they may be
placed in either the right or left subclavian veins, although this
location is discouraged due to the potential for venous steno-
sis. These catheters have either a single-, double-, or triple-
lumen configuration. The triple lumen is primarily used for
inpatients, especially in the ICU. The triple-lumen catheter is
used for relatively short periods of time, up to 14 days, and can
accommodate fluids, antibiotics, blood, dialysis, plasmaphere-
sis, and other acute care needs (51). These catheters come in
predetermined lengths depending on the site of placement, with
left-sided catheters being longer than right-sided catheters, and
range in size from 5 to 13 French. They have tapered tips, and
some are impregnated with an antibiotic compound to reduce
the risk of infection. Although these catheters are usually placed
by the clinical team, image guidance is frequently necessary in
patients who are obese, coagulopathic, or who have venous
abnormalities such as thrombosis or stenosis (51). Complica-
tions are still relatively rare with these catheters but are more
common and severe than with the PICCs. Again, complica-
tions are fewer with image-guided placement than with blind
placement (52). Complications include, but are not limited to,
hematomata, air embolism, pneumothorax, and nerve injury
(53); longer-term complications include mechanical, throm-
botic, and infectious causes.

Hematomata are usually treated by applying pressure and
correcting any coagulopathy. Air emboli are noted immediately
and are usually self-limiting as the air will be dissipated in a few
minutes. In extreme cases, additional measures are required, in-
cluding turning the patient so the left side is down, attempting
to aspirate some of the air through the catheter, and administra-
tion of oxygen through nasal cannula or mask. Pneumothorax
is rare with image guidance, less than 1% , but if this occurs,
usually a Heimlich valve chest tube can be placed in the mid-
clavicular line in the second intercostal space. Nerve injury is
usually avoided by choosing an appropriate puncture site away
from the usual location of nerve pathways. Mechanical com-
plications include fragmentation and migration of the catheter.
Fragmentation is more common with subclavian catheters than
with internal jugular catheters, due to the pinch-off mechanism
between the subclavius muscle, costoclavicular ligament, clav-
icle, and first rib. Thrombotic complications include thrombus
in the catheter, around the catheter, or in the vein near the tip
of the catheter. Inability to aspirate blood is usually the first
indication of thrombus, and various measures are used to treat
this problem. Thrombolytic agents can be placed in the lumen
of the catheter in an attempt to lyse the clot. If there is a fibrin
sheath around the tip, this can be stripped away using radio-
logic techniques, such as endovascular balloon disruption of
the fibrin sheath or endovascular migration of a snare around
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the catheter, which is then tightened and pulled down along the
catheter to remove the fibrin deposits. If the vein is thrombosed,
thrombolysis can be performed if there are no contraindica-
tions. Finally, the catheter can be replaced over the wire in
certain instances, if one is unable to clear the obstruction from
the catheter and other causes have been excluded.

Tunne le d Cat he t e rs

Tunneled chest wall catheters range in size from 6 to 14 French.
They typically have a small Dacron cuff attached circumferen-
tially to the shaft of the catheter, which is placed in a sub-
cutaneous location within the tunnel and allows in-growth of
fibrous tissue that secures the catheter in place and reduces the
risk of infection. Some cuffs are impregnated with antimicro-
bial compounds (51). These catheters are generally used long
term, on the order of months to years. The typical use for a
tunneled catheter includes antibiotics, chemotherapy, fluids, to-
tal parenteral nutrition (TPN), blood administration, dialysis,
and plasmapheresis. The risks with these catheters are essen-
tially the same as for nontunneled central venous catheters,
although fragmentation and thrombosis are seen more com-
monly in the tunneled devices because they are usually placed
for longer periods of time.

Port Cat he t e rs

Subcutaneous ports are the final category of central venous
catheters to be discussed. Implanted ports are completely con-
tained within the body, with no portion of the device exposed
(54). They are either single or double lumen and are constructed
of stainless steel, titanium, or plastic and come in various sizes,
which helps in choosing a specific port for a patient. These de-
vices are used for chemotherapy, blood administration, fluids,
TPN, and antibiotics and require the use of a special noncoring
needle. Typically a small subcutaneous pocket is made on the
chest wall to accommodate the port. Alternatively, a pocket
can be created in the upper extremity and the port placed from
this location. However, there is an increased risk of venous
thrombosis using ports from the extremity location, and it is
generally discouraged (55). Access is obtained into one of the
central veins, with the right internal jugular (IJ) vein preferred,
as this access carries the lowest immediate and long-term risk
to the central veins. The catheter is then advanced through
the tunnel and puncture site into the vein. The catheter is cut
after measuring the appropriate length from the port to the
SVC/atrial junction. The skin overlying the port is closed and,
ultimately, heals completely. These devices are used when long-
term access is needed, usually on the order of months to years.
Advantages of this type of device are its long-term capacity to
provide safe, dependable central access, and it allows for a more
normal quality of life as there are no exposed portions of the
access device; the patient is able to swim and bathe in the usual
fashion. The port is easily accessible and is low maintenance.
Disadvantages include a more involved initial placement as a
subcutaneous pocket is needed. A needle stick is required every
time the port is used. Additionally, if a port becomes infected,
it requires a more involved procedure to remove it than devices
that are not implanted.

Cat he t e r and Sit e Se le ct ion

Choosing the appropriate access site and type of catheter is a
complex decision and cannot be standardized, given the com-
plexities of patient care. However there are several basic prin-
ciples that will help guide one to the most appropriate choice.
If the access is to be used for dialysis or plasmapheresis, obvi-
ously, high flow rates are needed and larger-sized catheters are
needed. A central vein puncture is more appropriate than an ex-
tremity vein and, depending on the length of time the catheter is
needed, will sway the physician to either a nontunneled or tun-
neled variety. If the patient is coagulopathic or has other signif-
icant comorbidities and access is needed for fluids and routine
medications, a PICC could be considered, although caution is
recommended if there is a chance the patient may need dialysis
in the future. Additionally, a central vein nontunneled device
could be considered. If the device is needed infrequently on the
order of once per month, an implanted port would be most
appropriate.

In general, the safest device that will still meet the needs of
the patient should be used. However we realize that supplies
and standards vary from hospital to hospital, and that patient
and physician preference plays a role as well.

The previously identified and discussed locations and
catheters represent the usual and standard approach to central
venous access. However, it is not uncommon to have patients
with complex histories in whom central venous access is not
easily obtained (Figs. 35.26–35.31). For instance, if the subcla-
vian and jugular veins and superior vena cava are occluded and
are unable to be revascularized by endovascular techniques, al-
ternate routes must be used. One should be familiar with these
alternate pathways for central venous access.

The femoral veins represent a simple approach to the in-
ferior vena cava (Fig. 35.32). These are generally large, rel-
atively superficial veins, the puncture of which is routine us-
ing image guidance. Once accessed, a catheter can be placed
to the IVC/right atrial junction without difficulty. The main
drawback to using this access route is an increased risk of in-
fection. Additionally, it is uncomfortable for patients who are
ambulatory.

If the femoral routes are unable to be used, the next ap-
propriate site would be a translumbar access. This involves
puncturing the inferior vena cava directly from a posterior ap-
proach over the right iliac crest below the level of the renal
veins. Once accessed, the tract is dilated to accommodate the
catheter, which is directed into the superior portion of the infe-
rior vena cava. This procedure definitely requires fluoroscopic
guidance and carries increased risk of procedure-related com-
plications.

One additional site that should be mentioned is the trans-
hepatic approach. When the IVC is occluded and all other
sites have been exhausted, vascular access can be achieved by
puncturing the intrahepatic portion of the hepatic vein from
a right upper quadrant approach, much as if performing a
biliary drainage catheter placement. However, instead of aim-
ing for the bile ducts, the hepatic vein is cannulated and the
tract dilated to accommodate the appropriate catheter, which
is positioned with its tip in the right atrium (Figs. 35.33 and
35.34).

Finally, direct surgical placement of a catheter into the right
atrium has been described but is rarely used as access can
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FIGURE 35.26. Contrast injection of the right internal jugular vein
shows complete occlusion at the level of the base of the neck (white
arrow ).

generally be placed using revascularization techniques from al-
ternate routes (56).

VENA CAVA FILTERS
Vena cava filters are small intravascular devices designed to pre-
vent pulmonary embolism by trapping venous emboli. Filters
do not prevent formation of new thrombus, nor do they pro-
mote lysis of a pre-existing thrombus or embolus. Pulmonary
embolism (PE) occurs when thrombus that has formed in pe-
ripheral veins breaks free and is carried by the normal venous
return to the heart and lungs (57) (Fig. 35.35).

PE is one of the principle causes of hospital mortality, ac-
counting for approximately 200,000 deaths annually in the
United States (58). The annual incidence of PE is estimated to
be approximately 630,000 (59). The most common source of
PE is from deep vein thrombus (DVT) within the lower ex-
tremities, although veins in the pelvis and upper extremities
can also give rise to PE (57,60). It has been shown that 11%
of patients with acute PE die within 1 hour and do not receive
therapy. Of those surviving the first hour, the diagnosis is estab-
lished and treatment initiated in only 29% . The vast majority

FIGURE 35.27. Same patient as in Figure 35.26. Access has been ob-
tained across the area of obstruction, and balloon angioplasty is being
performed with a 14-mm balloon (black arrow ).

of patients die because of failure to diagnose. Less than 10%
of PE deaths occur in patients in whom treatment is initiated.
However, due to advances in diagnostic technology and im-
provements in treatment, the percentage of patients who die
after treatment has been initiated has been decreasing (59).

The mainstay of treatment of PE has consisted of anticoagu-
lation, primarily through the use of heparin acutely followed by
long-term anticoagulation with warfarin for at least 6 months
(57). There are certain situations where patients either fail an-
ticoagulation therapy or in whom anticoagulation therapy is
contraindicated. Examples include those patients at high risk
for falling, hemorrhagic stroke, trauma, or neoplasm. In these
cases, interruption of the vena cava is indicated.

Surgical interruption of the venous system began in the
1930s with the performance of ligation of the common femoral
and superficial femoral veins (60). Additional techniques
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FIGURE 35.28. Postangioplasty contrast injection demonstrates im-
proved flow in the superior vena cava (black arrow ).

FIGURE 35.29. Successful placement of a tunneled dialysis catheter
(black arrow ) in a previously occluded right internal jugular vein. This
is the same patient as in Figures 35.26–35.28.

FIGURE 35.30. Contrast injection of the left internal jugular vein
shows complete occlusion of the innominate vein (black arrow ).

included phlebotomy with thrombectomy. There was a signifi-
cant incidence of limb edema with vein ligation. Clips that oc-
clude a portion of the inferior vena cava (IVC) were developed
throughout the 1960s in an attempt to reduce the amount of
limb edema (61). Ligation of the IVC just below the level of the
renal veins was described by Oschner in 1970 (62). Although
this technique had the same operative mortality as femoral vein
ligation, it had a lower incidence of recurrent PE. Still, 10% to

FIGURE 35.31. Successful revascularization of the previously oc-
cluded innominate vein with placement of a tunneled dialysis catheter
by this left internal jugular venous approach.
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FIGURE 35.32. Dialysis catheter is noted with its tip (black arrow ) in
the inferior vena cava, from a right common femoral venous approach.

16% of patients had immediate lower extremity edema. New
techniques for caval interruption were pursued, and in 1967,
the first umbrella filter was developed as a replacement for sur-
gical ligation of the femoral veins and caval clips. Currently,
filters represent the standard of care when partial interruption
of the vena cava is indicated to prevent PE (60). Most filters
have been placed in the inferior vena cava as 75% to 90% of
PEs originate in the legs and pelvis (63).

It is of significant interest that therapy for upper extremity
DVT has been controversial. Some centers elect not to use anti-
coagulation due to a low incidence of thromboembolism (60).
However, more recent studies with larger patient populations
have shown an incidence of PE from upper extremity DVT of
between 4% and 28% , similar to that for DVT in the lower
extremities. In addition, there have been several documented
reports of fatal PE due to upper extremity DVT (64). Studies
have shown that filters may also be placed safely and effectively
in the superior vena cava (64,65) (Figs. 35.36 and 35.37).

The primary indication for filter placement in the vena cava
is in a patient with DVT or PE when a contraindication for an-
ticoagulation exists. Contraindications to anticoagulation in-
clude hemorrhagic stroke, major trauma, recent neurosurgery,
active gastrointestinal (GI) bleeding, intracranial neoplasm,
pregnancy, high risk for falling, and poor patient compliance.
Additional indications include free-floating thrombus in the
vena cava or iliofemoral veins and recurrent PE while under-
going anticoagulation therapy. The indications for filter place-
ment have continued to expand, particularly with the develop-
ment of retrievable filters (Figs. 35.38–35.41). Placement of a

FIGURE 35.33. Magnetic resonance venogram of the inferior vena
cava was performed in this patient with difficult venous access. W hite
arrow shows a filter in the inferior vena cava. There is occlusion of the
iliac veins.

vena cava filter as prophylaxis in patients with high risk for
developing PE has also been advocated. These patients include
those with marginal pulmonary reserve, those with known
DVT about to undergo major surgery, hypercoagulable states
like neoplastic processes, and patients with severe trauma who
will be in bed for long periods of time (60).

There are only a few relative contraindications to placement
of a filter in the vena cava. These include those patients with
thrombus between the access site and the deployment site. This
has largely been overcome due to the new advances in technol-
ogy that allow for placement of filters from various locations,
including the femoral, jugular, subclavian, and brachial veins.
Although MRI was a contraindication in the past, new filters
that are MRI compatible have been developed and are now
widely used. Infection has long posed a problem in patients
needing an IVC filter because the filter could become infected
and necessitate surgical removal. However, with the advent of
retrievable filters, this has become less of an issue.

The IVC is usually the largest vein in the body. It is respon-
sible for drainage of blood from the legs, pelvis, and abdomen
back to the right atrium of the heart. It is formed by the con-
fluence of the common iliac veins at or about the level of L5. It
should be noted that at this location, the left common iliac vein
crosses under the right common iliac artery and is compressed
between the artery and the vertebral body at this location. This
often leads to thickening of the vein and leads to thrombosis
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FIGURE 35.34. Same patient as in Figure 35.33. The patient has un-
dergone placement of a dialysis catheter into the hepatic vein (black
arrow ) with its tip in the inferior vena cava at the level of the right
atrium. (Image courtesy of James Caridi, MD.)

in the left common iliac vein, the so-called May-Thurner syn-
drome. Treatment usually consists of stent placement, and the
results are best if the stent is placed prior to thrombosis.

As the IVC runs superiorly, it is joined by the lumbar veins.
It is positioned anterior to the right side of the spine and psoas
muscle. The right gonadal vein also joins the IVC. The left
gonadal vein usually joins the left renal vein. Both renal veins

FIGURE 35.35. CT scan of the pulmonary arteries demonstrates a
saddle pulmonary embolism (white arrow ) extending into both the
right and left pulmonary arteries.

FIGURE 35.36. Venogram of the superior vena cava (black arrow )
prior to placement of a vena cava filter.

FIGURE 35.37. Vena cava filter has been placed in the superior vena
cava (black arrow ).
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FIGURE 35.38. Access has been obtained from a jugular venous ap-
proach with its wire past the filter, Bard G2, to be retrieved (black
arrow ).

join the IVC at or about L1. Above the right renal vein, the
right adrenal veins join the IVC. More superiorly, the three
hepatic veins join the IVC just before it empties into the right
atrium of the heart at or about T9 (66). The vast majority
of IVC’s measure between 19 and 20 mm in diameter. There
are occasional IVCs with a much greater diameter, the so-called
megacavas. This becomes important because many of the filters
available at present are indicated for IVCs with a diameter of
2.8 cm or less.

Common variant anatomy seen in the IVC includes the dou-
ble inferior vena cava. This anomaly is seen in 0.2% to 3.0% of
patients (67). The embryologic cause is secondary to the persis-
tence of the right and left cardinal veins (63). The left-sided IVC
runs superiorly to join the left renal vein, which then crosses an-
terior to the aorta and joins the IVC. This is important because
a filter placed in the right IVC may not fully protect against
PE as thrombus may migrate superiorly through the left-sided
IVC (Figs. 35.42–35.45). A circumaortic left renal vein is seen
in 8.7% of the population. In this scenario, there are two left
renal veins. One passes anterior to the aorta to join the IVC in
the usual manner while the second runs posterior to the aorta
and joins the IVC, frequently at a lower level than the anterior
left renal vein. This is important because if a filter is placed
between the renal veins, thrombus may travel retrograde in the
left posterior renal vein and anterograde through the left an-
terior renal vein, making the filter ineffective. The retroaortic
left renal vein has an incidence of 1.8% to 2.4% and usually
enters the IVC at a lower location than the usual left renal vein.

FIGURE 35.39. Recovery cone (black arrow ) is positioned over the
tip of the vena cava filter.

This necessitates a lower placement of the IVC filter (63). The
left-sided IVC, also called transposition of the IVC, has an in-
cidence of 0.2% to 0.5% (Figs. 35.46–35.48). Interrupted IVC
with azygous or hemiazygous continuation occurs in 0.6% of
the population. When this is the case, placement of the filter is
recommended in the azygous or hemiazygous veins (67). The
megacava is seen in approximately 3% of the population and
is important as the diameter exceeds the ability of many filters.
If an inappropriate filter is chosen, there is a high likelihood of
migration centrally. In this case, filters are usually placed in the
iliac veins, which will usually accommodate the filters.

The superior vena cava (SVC) is formed by the confluence
of the two brachiocephalic veins at the lower margin of the
first right costal cartilage. It is generally 7 cm in length and
measures 2 cm in diameter. As it courses inferiorly, it enters
the superior and posterior portion of the right atrium at the
level of the third costal cartilage. It is important to note that
the inferior half of the SVC lies within the pericardium. The
main tributaries include the azygous vein and other small veins
from the mediastinum and pericardium. The double SVC is
seen as a result of failure of the left brachiocephalic vein to
form and persistence of the left anterior cardinal vein. The left
SVC drains into the right atrium via the coronary sinus; this
variant is seen in 0.35% of the population. A single left SVC
occurs if the right anterior cardinal vein regresses instead of the
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FIGURE 35.40. The tip of the vena cava filter is contained by the
recovery cone and is now in the distal portion of the sheath (black
arrow ).

FIGURE 35.41. Vena cava filter has been completely recovered and is
now contained within the sheath (black arrow ).

FIGURE 35.42. Duplicated inferior vena cava (black arrows) as seen
on CT scan.

left. This left-sided SVC also drains into the right atrium via
the coronary sinus (68).

Imaging of the vena cava is imperative prior to placement of
a filter. The cavagram is performed by injecting contrast directly
into the vena cava while obtaining a film sequence. The injec-
tion should be forceful enough to reflux into the left common
iliac vein to exclude a duplicated IVC. The injection should
also identify the location of the renal veins and diameter of the

FIGURE 35.43. Coronal reconstruction of the CT in the previous im-
age shows the duplicated inferior vena cava (white arrows).
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FIGURE 35.44. Radiograph of the abdomen demonstrates two sepa-
rate filters (black arrows) corresponding to filters in each limb of the
duplicated inferior vena cava.

IVC. This is the gold standard and is usually performed imme-
diately prior to placement of a filter. However, it is often helpful
in planning the access site to have additional studies prior to
filter placement. CT scan is perhaps the most widely available
modality. Additionally, MRI is very helpful. Ultrasound can be
used but is limited by operator dependence and is often limited
due to bowel gas.

The first filter used was the Mobin-Uddin umbrella filter
in 1967. Since the initial success of this filter, numerous other
devices have been developed. Currently, there are 11 different
filters available for placement, which are approved by the Food
and Drug Administration (FDA) and include the following:

FIGURE 35.45. CT scan of the abdomen demonstrates filters (white
arrows) in each limb of the duplicated inferior vena cava.

FIGURE 35.46. CT scan of the abdomen demonstrates the inferior
vena cava (black arrow ) to be positioned on the left side of the aorta.

1. Stainless steel Greenfield filter (SGF)
2. Titanium Greenfield filter (TGF)
3. Stainless steel Greenfield filter (12F SGF)
4. Vena Tech-LGM filter
5. Vena Tech-LP filter
6. Simon nitinol filter
7. Bird’s nest filter (BNF)
8. TrapEase filter
9. Günther Tulip filter

10. Recovery filter
11. OptEase filter

These are made of different materials and all have a slightly
different shape and architectural modifications. There are

FIGURE 35.47. Venogram of the inferior vena cava in the same patient
as in Figure 35.46. Note that the inferior vena cava (IVC) is to the left
of midline (black arrow ).



480 Sect ion III: Techniques, Procedures, and Treatments

FIGURE 35.48. Plain radiograph of the abdomen demonstrates a filter
(black arrow ) in the left-sided inferior vena cava (IVC).

currently three types of filters approved in North America for
retrieval. These include the Günther Tulip, Recovery, and the
OptEase filters. It should be noted that although some filters
are designated as retrievable, this is not possible in all patients.
Some limiting factors include trapped clot in the filter, filter tilt,
and ingrowth of the filter into the wall of the vena cava.

Most filters are placed in the infrarenal IVC. The filter is
usually placed as closely as possible to the inferior extent of
the renal veins. This reduces the potential dead space between
the filter and the renal veins, which is a potential space for clots
to form above the filter if the IVC were to occlude secondary
to the filter (Figs. 35.49 and 35.50). Placement of the filter
above the renal veins is not recommended due to the potential
thrombosis of the renal veins. However, it is acceptable to place
the filter above the renal veins in certain conditions including
renal vein thrombosis, IVC thrombosis extending above the
renal veins, recurrent PE in spite of having an infrarenal filter
in place, pregnancy, and ovarian vein thrombosis.

Filters have been shown to be safe and effective at preventing
PE from an upper extremity venous source. However, there
are a few technical considerations. The SVC is shorter than
the IVC, and therefore, there is less room to place the filter.
Additionally, the filter needs to be inverted, compared to the
IVC location. Therefore, it is appropriate to use a filter designed
for the IVC from a jugular access and place this in the SVC from
a femoral access.

There are many complications reported in the literature,
from the initial placement of the filter to long-term complica-
tions. Some of the reported complications are unique to each
filter based on design and materials used in the construction
of the filter. Some of the commonly identified complications
include wound hematomas from the access site (2% ), sepsis

FIGURE 35.49. Venogram of the inferior vena cava (IVC) shows oc-
clusion of the IVC at the level of the filter. There is some clot (black
arrow ) extending superior to the filter.

(less than 1% ), recurrent PE (5% ), filter migration (less than
1% ), acute and delayed caval thrombosis (5% ), limb edema,
retroperitoneal hemorrhage, perforation of the IVC as well as
adjacent organs including the aorta, tilting of the filter, and
wire prolapse specific to the bird’s nest type of filter, failure of
the filter to open, fractured filter (1% ), and misplacement of
the filter in the vena cava (57).

FOREIGN BODY RETRIEVAL
AND MANIPULATION

Foreign bodies have been identified within the vasculature since
invasive procedures were first instituted as medical therapy.
Foreign bodies pose a particular health risk of infection and
hemorrhage. In addition, they can migrate within the body to
unsafe locations including the heart and pulmonary vascula-
ture, causing dysrhythmia and shortness of breath. They can
migrate to small blood vessels and cause thrombosis. When a
foreign body is lost uncontrollably in the vasculature, it puts
the patient’s life potentially at risk and is intensely anxiety pro-
voking for all caregivers involved.

Surgical removal has been the mainstay for retrieval of for-
eign bodies until 1964, when the first percutaneous retrieval
of a foreign body was described by Thomas et al. (69). At
that time, Thomas and Sinclair retrieved a broken segment of
steel spring from the right atrium and IVC. Since that time,
the number and complexity of percutaneous procedures has
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FIGURE 35.50. Venogram of the inferior vena cava (IVC) shows de-
ployment of a filter (black arrow ) above the clot in the IVC.

increased dramatically. As technology has advanced, producing
more therapeutic devices, which are made continually smaller
and more technical, the potential for treating numerous dis-
eases with minimal invasion increases. With this tremendous
growth of percutaneous procedures come increasing numbers
of foreign bodies that are found within the vasculature and
body. Percutaneous retrieval of foreign objects has become a
mainstay of interventional radiology (70). Egglin et al. (71)
have published success rates of 97% for percutaneous foreign
body retrieval, and it is now the initial choice of retrieval treat-
ment options (72).

The initial foreign bodies identified were related to proce-
dures in which had been lost wires, fragments of diagnostic
angiography catheters, portions of balloons, and misplaced or
migrating endovascular stents. Increasing numbers and types
of procedures have resulted in an increase in foreign bodies, in-
cluding migrating IVC filters, fragmented catheters—including
PICCs—implanted portacaths, dialysis catheters, and CVCs
(Figs. 35.51 and 35.52). More recently with the development of
embolization techniques using coils, there have been increas-
ing numbers of nontarget embolizations that have prompted
additional foreign bodies to be retrieved (73). It is important
to note that any device placed within the vascular system is
prone to breaking or fragmenting, including fractured pace-
maker wires, portions of intra-aortic balloon pumps, biopsy
needles, and fragmented deployment catheters, to name but
a few (73–75). Foreign bodies are not unique to the vascu-
lar system. Many examples are discussed in the literature in-
cluding broken nasogastric tubes, gastrostomy tubes, nephros-

FIGURE 35.51. A chest radiograph was obtained in this patient with
a nonfunctioning portacath in the left subclavian vein. Note the im-
planted port (white arrow ) in the left chest wall. There is disruption
of the catheter at the thoracic inlet. The distal fragment is noted in
the left pulmonary artery (black arrow ). (Image courtesy of Harry K.
Meisenbach, MD.)

tomy and ureteral catheters as well as broken drains and oth-
ers. All of these foreign bodies, while still relatively uncom-
mon, pose a significant threat and usually need to be addressed
emergently.

Initial retrieval techniques consisted of using homemade
snares, which were essentially a diagnostic catheter with an
angiographic wire looped through the end to create a loop
that was used to encircle the free end of the foreign body and
ultimately remove the fragment. Additional devices that were

FIGURE 35.52. A second patient with a nonfunctioning portacath in
the right chest wall. The implanted port is noted (white arrow ). The
free fragment of catheter has migrated into the right pulmonary artery
(black arrow ). (Image courtesy of Harry K. Meisenbach, MD.)
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FIGURE 35.53. Endovascular forceps allow for grasping foreign bod-
ies. (Image reproduced with permission from Cook Corporation.)

developed were metallic forceps or graspers (70) (Fig. 35.53).
It was learned that using fluoroscopic guidance, these biopsy
forceps could be guided to the foreign body and used to gain
control of the object and pull it out of the body. Other devices
include metallic baskets, balloons, and wires with magnetic tips
to adhere to the object (73) (Fig. 35.54). Perhaps the greatest
single advance was the development of the gooseneck snare
originally described by Casteneda in 1991 (76) (Fig. 35.55).
This was the first snare device that exits the catheter at a right
angle and comes in different sizes, making retrieval of foreign
bodies much easier in different-sized vessels. Today, there are
many variations of the gooseneck snare; perhaps the most pop-
ular is the Ensnare device, which has three loops or snares in
one (Fig. 35.56). Additional devices used are deflecting wires,
baskets, and suction devices.

Unlike other routine angiographic procedures, which are es-
sentially standardized and do not vary significantly from one
institution to the next, each foreign body retrieval is unique
and necessitates imagination as well as a delicate hand. How-
ever, there are some basic principles that should be adhered
to when attempting foreign body retrieval. First, does the re-

FIGURE 35.54. Endovascular basket also allows for retrieval of for-
eign bodies. (Image reproduced with permission from Cook Corpora-
tion.)

FIGURE 35.55. The gooseneck snare has the snare loop at a 90-degree
angle from the wire. This allows for endovascular retrieval of foreign
bodies. (Image reproduced with permission from EV3 Corporation.)

trieval procedure pose more risk to the patient than simply
leaving the foreign body in its current location? An example of
this scenario is an embolized coil to a peripheral branch of the
hepatic artery during embolization of a hepatic artery pseudo-
aneurysm. Although the coil may occlude a small distal branch
of the hepatic artery, the dual blood supply to the liver will
likely prevent any infarction or ill outcome.

Second, is the foreign body likely to migrate to an unstable
position where it poses more of a risk to the patient? An ex-
ample of this is a fragment of a dialysis catheter that is lodged
in the superior vena cava. While at present, the patient may be

FIGURE 35.56. The Ensnare device has three loops to increase the
ability of the snare to trap foreign bodies. (Image reproduced with
permission from Angiotech Corporation.)
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asymptomatic, the fragment could easily move to the right
atrium, right ventricle, or pulmonary vasculature where it
could lead to increased risk of pulmonary embolism or dys-
rhythmia.

Third, it is important to know the exact location of the for-
eign body. If it has migrated outside the vascular system, then
an endovascular approach will be futile and another approach
will be necessary. An example of this has been described in the
literature with IVC filters that have migrated from their nor-
mal infrarenal location to the heart and have a strut extending
outside the myocardium (77). Obviously an endovascular ap-
proach would not be advised for filter removal in this case.

Finally, can the object be physically removed from the body
without causing harm? Some endovascular stents or stent grafts
are difficult to remove given their large size. Therefore, in these
instances, it is usually in the patient’s best interest to move the
stent to a location that poses less risk. One example is stents
that have migrated from their normal location. These have been
successfully repositioned into vessels and locations to minimize
any threat of complication.

In general, endovascular retrieval is accepted as a safer,
faster, and cheaper method than the surgical alternative. Sev-
eral examples follow of common retrieval scenarios seen in the
ICU.

1. Vascular access catheter fragment in the pulmonary artery.
The concept is that most fragments occur at the confluence
of the subclavian vein, clavicle, and first rib. When a catheter
is present in this location, motion of the arm creates a pinch-
type event on the catheter. Over time, the catheter weakens
in this location and is susceptible to fragmenting. The ap-
proach to the removal of a catheter is to identify the free end
of the fragment and attempt snaring, usually from a femoral
vein access. This vein is chosen given its size and ability to
accommodate larger sheaths and catheters, if needed, for re-
moval. If a free end of the fragment is not readily snared, the
catheter can often be moved, using a pigtail catheter, to a
more practical location. Alternatively, a wire can be snared
around the central portion of the catheter, and the snare and
catheter are both pulled out through the same sheath, in ef-
fect creating a snare from a regular angiographic guidewire
and affecting removal of the foreign body.

2. Migrating, unopened filter in the inferior vena cava. IVC
filters are commonly used to prevent fatal pulmonary em-
bolism in patients who have a contraindication to antico-
agulation. These devices are made from various metals and
come in various shapes and sizes. They are generally sized
to the diameter of the IVC. Occasionally, these devices fail
to open on release from the deployment sheath. Generally,
it is the opening of the filter that anchors it into its location,
usually in the infrarenal IVC. When the filter does not open
fully on its release, it is prone to cephalad migration and
may end up in the heart. With the development of retriev-
able filters, there are several devices available to grab the tip
of the filter and remove it safely, in its entirety.

3. Embolic coils are sometimes challenging to place and may
reach a nontarget location if the coil is not sized appropri-
ately to the vessel being embolized. When this happens, the
coil should be retrieved if possible, assuming retrieval does
not pose additional risk to the patient.

There are a few special scenarios that deserve mention. The
following examples are not uncommon to patients in the ICU,

and knowledge of their cause and appropriate treatment is im-
portant.

1. The “stuck wire” has been described in the literature and is
not uncommon (78,79). This usually occurs when the health
care provider is placing a central line in the right internal
jugular vein. After gaining access to the vein using a needle, a
wire is advanced to maintain access while dilating the punc-
ture site to accommodate the central line. After placement
of the catheter, the provider meets resistance when pulling
on the wire and is unable to withdraw the wire. When a
radiograph is obtained, it is noted that the wire is fouled on
the struts of an IVC filter. Do not pull the wire as this will
result in either dislodging the filter or further tightening the
attachment of the wire to the filter. The appropriate next
step is to secure the wire on the patient’s neck and notify IR.
The technique for freeing the wire is the “monorail tech-
nique” and has been described in the literature (80). This
entails making a small hole in an angiographic catheter ap-
proximately 1 cm from its tip and advancing this catheter
over the existing wire with the wire exiting the catheter at
the newly placed side hole. The stiff end of a wire is then
advanced into the catheter from the hub, and the unit is
advanced to the level of the filter. This will allow enough
torque to free the wire and allow safe removal. This tech-
nique should only be performed using direct fluoroscopic
visualization.

2. The “knotted catheter” is well known and is usually related
to placement of a Swan-Ganz catheter. The balloon tip fails
to float freely into the pulmonary artery and as a result,
the provider retracts the catheter and then readvances it in
an attempt to make it reach the appropriate location. In
the process, the catheter becomes entangled on itself and
forms a knot. Again, once this is discovered, do not pull the
catheter in an attempt to undo the knot as this will only
tighten it further making removal more difficult. The ap-
propriate treatment is to notify IR who can then use a series
of wires and catheters to undo the free end of the catheter
and ultimately remove the knot under direct fluoroscopic
guidance.

3. The “migrated PICC” is common to the ICU. Briefly, the
patient has had a PICC placed with its tip in the SVC and
confirmed by x-ray film. On a subsequent film, the tip of
the PICC line is in a suboptimal location in the internal
jugular vein. Depending on the medications and fluids going
through the PICC, this could pose some risk to the patient.
Again, IR is ideally suited for correcting this problem, using
fluoroscopic guidance and either a guidewire or other de-
flecting device, including rapid injection of 5 mL of saline
to move the tip into a satisfactory location.

As long as procedures are being performed on patients,
we are likely to see various foreign bodies within the vascu-
lature and other organ systems. Increasing technology allows
physicians to develop new treatments and increase the num-
ber of procedures available. This will certainly lead to an in-
creased variety of foreign bodies identified and with it, place
new demands for imaginative techniques to safely remove these
objects. Although a loose foreign body inside a patient can be
anxiety provoking and may have a potentially hazardous out-
come, it is likely that others have encountered the same compli-
cation. By understanding the devices used and the techniques
available, retrieval should be a relatively mundane experience.



484 Sect ion III: Techniques, Procedures, and Treatments

VASCULAR MESENTERIC
PATHOLOGY

Frequent mesenteric pathologies encountered in the ICU are
mesenteric ischemia, gastrointestinal bleeding, and solid or-
gan trauma with hemorrhage. A brief review of the vascular
anatomy is essential to the understanding of these pathologies
and their treatment. The three major aortic branches supplying
the abdominal organs are the celiac artery, the superior mesen-
teric artery, and the inferior mesenteric artery. The celiac artery
arises from the abdominal aorta at approximately the T12/L1
disc space and provides the arterial supply to the liver, spleen,
stomach, and pancreas. There are three primary branches—
the left gastric artery, which supplies the fundus of the stom-
ach, the common hepatic artery, and the splenic artery. The
superior mesenteric artery (SMA) arises from the anterior ab-
dominal aorta approximately 1 to 2 cm distal to the celiac
artery and supplies the pancreas, most of the small bowel, and
the right colon. The inferior mesenteric artery (IMA) arises
from the anterior distal abdominal aorta at the level of L3 and
supplies the left colon, the sigmoid colon, and the superior
rectum.

Numerous collateral pathways exist between the mesenteric
vessels such as the pancreaticoduodenal artery connection be-
tween the celiac axis and the SMA, or the middle colic connec-
tion between the SMA and IMA. Collateral pathways also ex-
ist within these vessel territories such as the communication of
the splenic and left gastric branches of the celiac axis through
the short gastric arteries. These communications are impor-
tant in providing collateral circulation in chronic states where
atherosclerotic disease is present but may also aid in tissue
perfusion when transarterial embolization is required in the
treatment of an acute gastrointestinal hemorrhage.

Imag ing

Imaging of the mesenteric vessels can be performed with dig-
ital subtraction angiography (DSA), CT angiography (CTA),
MR angiography, and, to some extent, with ultrasound and
nuclear medicine. DSA remains the gold standard in the evalu-
ation of the mesenteric vessels. This study requires performance
in the angiography suite, and, depending on the patient’s con-
dition, conscious sedation administration or anesthesia may be
required. Most of the bowel must be free of significant amounts
of residual barium or Gastrografin contrast agents from prior
studies. The procedure includes abdominal aortography and
selective catheterizations of at least the celiac trunk, SMA,
and IMA. However selective catheterizations of additional ves-
sels such as the splenic artery, the left gastric artery, or hep-
atic artery are often required. Therefore proper renal function
or support is critical due to potential total iodinated contrast
dose.

CTA can also be used in the initial evaluation of suspected
abdominal pathology. This is performed with a baseline non-
contrast CT of the abdomen and pelvis followed by rapid IV
bolus administration of 100 to 150 mL of iodinated con-
trast material with associated thin-section imaging followed by
postadministration contrast-enhanced CT. Multiplanar refor-
mations and CT angiography can be performed off line of the
thin-section CT data to create arterial images. CT has advan-

tages of not only being able to evaluate the proximal vessels
but also the ability to evaluate the perfusion of the visceral
organs and status of the bowel wall. MR and magnetic res-
onance angiography (MRA) can provide similar data as with
CT; however, the study is often degraded by patient motion or
the presence of metallic implants such as IVC filters or surgical
clips. The lack of significant nephrotoxicity of the gadolinium
contrast agents may allow for a more focused DSA examination
in patients with compromised renal function. Ultrasound can
be used in the initial evaluation of abdominal pathology but is
limited in its ability to evaluate the vasculature. The aorta can
be well demonstrated as can the celiac trunk and SMA. How-
ever, distal branches of these vessels and the IMA are usually
not imaged due to their small caliber (Fig. 35.57A–F).

Nuclear medicine imaging is of importance in evaluation
of patients with gastrointestinal bleeding. Evaluation with a
99mtechnetium-tagged red blood cell study can detect bleeding
at a rate of 0.1 mL per minute compared with the 0.5 to 1 mL
per minute required for DSA.

Me se nt e ric Ische mia

This process resulting from inadequate blood supply to the in-
testine is usually seen in elderly patients and results in bowel
inflammation and injury. The most common form is acute
mesenteric ischemia, a result of emboli or hypotension. The less
common chronic form is most often secondary to atheroscle-
rotic disease producing hemodynamically significant stenoses
in at least two of the three mesenteric arteries (81). Our discus-
sion will focus on acute mesenteric ischemia, as it is not only
a cause of admission to the intensive care unit, but can also be
present as a comorbidity in the ICU patient population.

Acute mesenteric ischemia can be a true emergency with
mortality exceeding 80% without rapid intervention in most
reports. Many cases—approximately 50% —are secondary to
an embolic event, usually cardiac or aortic in origin. How-
ever, approximately 20% are due to thrombosis of an existing
atherosclerotic lesion, 20% due to prolonged hypotension, and
10% due to mesenteric venous thrombosis (82,83).

Findings on plain abdominal film are nonspecific early in
the course of ischemia, with air in the bowel wall or in the por-
tal vein seen only as a late finding. CT is an excellent screen-
ing examination, especially when combined with CT angiogra-
phy. However, if intestinal ischemia is suspected, oral contrast
should not be administered as this will degrade any subse-
quent DSA study. CT examination with IV contrast administra-
tion will allow visualization of the bowel wall and the arterial
and venous structures. DSA remains the gold standard in the
imaging evaluation of suspected acute mesenteric ischemia. The
most common finding is that of an embolus within the SMA,
particularly at its origin. Many of these emboli will fragment
and migrate distally in the SMA and result in more signifi-
cant ischemia as the collateral pathways are occluded. Emboli
to other sites may also occur. The primary role of interven-
tional radiology in these cases is diagnostic (84). In those pa-
tients without peritoneal signs or evidence of bowel infarction,
intra-arterial thrombolysis or suction thrombectomy may be
attempted and has been shown to be beneficial in select case
reports. However, surgical thrombectomy and resection of in-
farcted bowel remains the standard of care (85).
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FIGURE 35.57. Rotational views from a magnetic resonance (MR) abdominal aortogram
in a patient with right-sided renal hypernephroma. A: Frontal view with full field of view
demonstrates normal caliber left renal artery (arrowhead) compared with dilated right renal
artery (double arrowheads). The branches of the right renal artery are splayed around a
large mass extending from the lower pole of the kidney (asterisk ). B: Magnified view of
A. Also note the appearance of the normal splenic artery (SA ), common hepatic artery
(CH ), and lumbar arteries (LA ). C: Further rotation of B to the lateral projection allows
visualization of the celiac trunk (thick arrow ) and the superior mesenteric artery (arrow ).
D–F: Three other patients demonstrating imaging modalities of the aorta. D: Long axis of
the abdominal aorta with ultrasound origins of the celiac axis (thick arrow ) and superior
mesenteric artery (arrow ) are well seen. The distal aspects of the vessels cannot be visualized
due to bowel gas interference. (Image courtesy of Patricia Mergo, MD, Gainesville, FL.)
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FIGURE 35.57. E: Sagittal CT angiogram reconstruction of the abdominal aorta. Again origins of the
celiac axis (thick arrow ) and the superior mesenteric artery (arrow ) are well seen. Additionally, the more
distal aspects of the vessels can also be visualized. The image can be rotated as was done with the MR
angiogram (A–C) to allow better visualization of specific areas. F:Frontal view of an abdominal aortogram.
In this early-phase image, the superior mesenteric artery and its proximal branches can be seen (arrow ).
(Image courtesy of Chris Spinosa, RT, Gainesville, FL.)

In those patients with low flow in the SMA without evi-
dence of a focal stenosis, endovascular treatment of so-called
nonocclusive mesenteric ischemia (NOMI) may be attempted
with intra-arterial infusion of papaverine. This agent is infused
at a rate of 30 to 60 mg per hour for 12 to 24 hours, with
repeat angiographic evaluation every 12 to 24 hours (86). The
infusion can be continued for several days but is discontinued
if peritoneal signs are persistent or worsen, if the patient’s car-
diac status does not permit continuation of the infusion, or on
resolution of symptoms (Fig. 58A–C).

Acut e Art e rial Gast ro int e st inal Ble e d ing

Three primary phases exist in the treatment plan of patients
with acute gastrointestinal bleeding: stabilization, diagnosis of
bleeding source, and definitive treatment of underlying cause.
The mainstay of patient management in acute arterial gastroin-
testinal bleeding is supportive care and stabilization in the ICU,
including placement of large-bore IV lines, fluid resuscitation,
blood product transfusion, correction of clotting factor abnor-
malities, and nasogastric (NG) tube placement. Between 75%
and 85% of patients experience spontaneous resolution of the
bleeding episode.

After stabilization, the next step is localization of the bleed-
ing source. The GI tract is divided into upper and lower tracts
by the ligament of Treitz. Upper gastrointestinal bleeding is
much more frequent and usually manifests with hematemesis,
and may have a positive aspirate for blood from the NG tube.
The most common causes of an upper GI bleed are gastritis or
ulcers involving the esophagus, stomach, or duodenum. Other

key diagnoses to consider are portal hypertension with varices,
a Mallory-Weiss tear, tumor, or an aortoenteric fistula. Lower
gastrointestinal bleeding is less frequent and presents with me-
lena or hematochezia. This is usually secondary to a colonic
lesion. The most common causes of a lower GI bleed are diver-
ticulosis or angiodysplasia in patients older than 40 years of
age, and a Meckel diverticulum or inflammatory bowel disease
in younger patients. Most cases (95% ) of upper gastrointesti-
nal bleeding are successfully evaluated and treated endoscopi-
cally with electrocautery, sclerotherapy, or banding. However,
in some cases of persistent bleeding ulcers, treatment with intra-
arterial vasopressin infusion or embolization may be required.

Endoscopic evaluation of lower GI bleeding is also limited
secondary to residual fecal material and clot. Therefore radio-
graphic evaluation and treatment are frequently necessary. If
the patient is actively bleeding at a brisk rate—with bright red
blood per rectum—he or she may go directly to angiography;
however, with slower bleed rates, initial evaluation is usually
with a 99mtechnetium-tagged red blood cell scan. This nuclear
medicine imaging study can detect bleed rates of 0.1 mL per
minute and has increased sensitivity when cine scintigraphic
methods are used.

Arteriography requires the patient be stable both for trans-
port and the procedure. Selective arteriography is focused at
the most likely site based on endoscopic and nuclear imaging.
Arterial, capillary, and venous phases are acquired to detect
acute extravasation, tumoral blush, or variceal development.
The key to diagnosis of an arterial source is the extravasation
and pooling of contrast (87). This finding is present in approx-
imately 50% of patients undergoing arteriography for a GI
bleed.
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FIGURE 35.58. Elderly female with weight loss and abdominal pain exacerbated with eating. A: Lateral
aortogram demonstrating a high-grade stenosis of the superior mesenteric artery (SMA) (arrow ). B: Lateral
image demonstrating selective catheterization of the SMA with migration of a catheter and guidewire
across the area of stenosis. C: Following balloon angioplasty and stenting, there is wide patency at the
origin of the SMA (arrow ). (Case courtesy of Marc Schwartzberg, MD, Leesburg, FL.)

If a bleeding site is identified, two primary endovascular
treatment options are available—vasopressin infusion or em-
bolization therapy. Vasopressin constricts smooth muscle and
can effectively treat focal small vessel or mucosal source bleed-
ing with 90% efficacy. Therefore, it is of primary utility in
treatment of diverticular bleeding or diffuse gastritis. The in-
fusion is used to stabilize the patient so as to allow medical
management of the gastric or diverticular inflammation, as up
to 50% may rebleed following cessation of the infusion. The va-
sopressin infusion requires selective catheter placement and is
performed at a rate of 0.2 to 0.4 units per minute for 24 hours.
This treatment is contraindicated in the presence of severe car-
diac disease, peripheral vascular disease, or bowel ischemia.
Embolization is reserved for larger vessel bleeding sites, espe-
cially ulcers in the upper gastrointestinal tract and in areas
of angiodysplasia in the lower gastrointestinal tract (88,89).
The risk of GI tract ischemia or infarction is less in the up-
per gastrointestinal system due to extensive collaterals. This
increased risk of postembolization infarction in the lower gas-
trointestinal tract can be minimized with superselective catheter
placement and by proper selection of embolic agents. In those
cases in which the lesion to be treated can be reached with a
catheter, embolization with microparticles, such as 700- to 900-
µ m polyvinyl alcohols (PVA) or Gelfoam, may be used. When
only the arterial pedicle supplying the lesion can be catheter-
ized or if the lesion is a high-flow bleeding site, microcoils may
be deployed. Embolization is successful in 90% of cases and
has an approximately 20% rebleed rate (90) (Fig. 35.59A–E).

Post –t raumat ic Ab d ominal
and Pe lvic He morrhag e

Penetrating and high-impact blunt trauma can result in major
vascular injury to the abdominal solid organs or pelvis. The

presence of significant vascular injury can usually be identified
by routine trauma CT protocols, which include noncontrast
CT, CT angiography, and post–contrast-enhanced CT stud-
ies. Diagnostic angiography is rarely indicated in evaluation
of these patients. Key findings that can be demonstrated in-
clude free fluid/hemorrhage in the abdomen, subcapsular areas
of hemorrhage, parenchymal hematomas, active extravasation
of contrast, and pseudoaneurysm formation. Presence of these
findings in association with a decreasing hematocrit is an indi-
cation for angiography with the intent to embolize, especially
in the unstable or difficult to stabilize patient.

The CT examination will have previously identified the
areas to be treated, so a complete abdominal diagnostic an-
giogram is usually not necessary; rather, selective studies are
usually appropriate. For hepatic injuries, the examination can
focus on the celiac trunk, proper hepatic artery, and SMA. For
splenic injuries, the exam focuses on the celiac trunk and splenic
artery. For pelvic injuries, the examination includes a pelvic ar-
teriogram with a pigtail catheter in the distal abdominal aorta
followed by selective catheterization and angiography of the
internal and external iliac arteries bilaterally.

For hepatic trauma, the area of vascular injury is local-
ized and particulate embolization performed, usually followed
by coil occlusion. Distal embolization is required due to the
extensive network of intrahepatic collaterals. Hepatic infarc-
tion secondary to therapeutic embolization is rare due to the
portal venous supply to the liver. Transarterial embolization
has been shown to decrease the volume required for fluid
resuscitation and the volume of blood transfusion required
but presents similar complications as compared with open re-
pair. Complications of both procedures include hepatic necro-
sis, hepatic abscess, and bile leaks with an overall morbidity
rate of 58% (91). However, studies have also suggested that
hepatic injury patients with grade 4 or 5 liver injury, greater
than 25% parenchymal disruption, based on the American
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FIGURE 35.59. Elderly patient with acute onset of intermittent lower gas-
trointestinal hemorrhage with associated anemia and hypotension. A: Nu-
clear medicine tagged red blood cell (RBC) bleeding study demonstrating
an abnormal collection of radioisotope in the left midabdomen laterally
with shape and movement consistent with localization within the bowel
(arrow ). B: Selective superior mesenteric angiogram. C: Demonstrates an
abnormal area of contrast enhancement and blush in the proximal ileum
(noted in both B and C [arrow ]).

Association for the Surgery of Trauma classification (Mirvis
classification) and requiring greater than 2,000 mL per hour
fluid resuscitation to maintain normotensive state undergo
open repair (92) (Fig. 35.60A–C).

Splenic embolization can be performed at the site of injury if
the lesion is small and focal. However, diffuse or major injuries
require embolization of the main splenic artery. Embolization
of the splenic artery is thought to decrease the risk of rebleed
while complete infarction is avoided due to the collateral supply
provided from the short gastric arteries. Although embolization
decreases the risk of further bleeding, these patients may have
significant pain due to splenic infarction and should also be
monitored for subsequent splenic abscess development (93,94)
(Fig. 35.61A, B).

Pelvic trauma is associated with major bleeding, especially
in the setting of a pelvic fracture. Although much of the bleed-
ing can be controlled with pelvic fixation, many of these pa-
tients are too unstable and require embolization to stabilize the
patient prior to definitive surgical intervention. Due to the acu-
ity of the patient, selective proximal internal iliac embolization
is usually performed with 1 to 2 mm Gelfoam pledgets and coils
in an attempt to decrease the local arterial pressure and flow.
The primary complication of concern is possible embolic ma-
terial reflux into the external iliac artery leading to lower limb
ischemia. Superselective distal catheterization is frequently too
time consuming for these critically ill patients, and small par-
ticle embolization has the added risk of pelvic ischemia or in-
farction (95).
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FIGURE 35.59. D: Selective catheterization of the abnormal vessel with a 4 Fr catheter. E: Post–coil
embolization angiogram of the superior mesenteric artery shows nonfilling of the abnormal branch. The
patient recovered without further episodes of bleeding.

PERIPHERAL LIMB ISCHEMIA
Patients with acute limb ischemia will often require admission
to the ICU. These patients have approximately 25% mortal-
ity related to associated vascular disease, which can lead to
myocardial ischemia, stroke, renal insufficiency, or limb loss
as complicating factors. Additionally these patients may re-
quire intensive monitoring secondary to intra-arterial infusion
of thrombolytic medications.

The initial presentation of these patients is usually a pale,
pulseless extremity. This is associated with pain, paresthe-
sias, and paralysis due to the sensitivity of neural tissue to
ischemia. Acute ischemia is a surgical emergency, as irre-
versible tissue loss can occur with 4 to 6 hours of complete
ischemia.

Following diagnosis of limb ischemia, the patient is evalu-
ated to determine whether the event is related to an embolic or
thrombotic event. Thrombosis is usually seen in the setting of a
pre-existing stenosis and therefore may be better tolerated due
to prior development of collateral circulation pathways. The
patient will usually have contralateral peripheral vascular dis-
ease clinically and on imaging studies, including Doppler, CT
angiography, and MR angiography. Embolic occlusions usually
present with profound ischemia as collateral pathways have
not had time to develop. In these patients, the more proximal
pulses may be normal; evaluation must include a search for the
source of embolus.

Patients with critical ischemia may be taken directly to
surgery for intraoperative angiography and exploration, with
subsequent embolectomy and bypass grafting. Patients who de-
velop compartment syndrome may require fasciotomies. These
procedures result in limb salvage rates of 75% to 90% .

More stable patients may be candidates for angiography and
percutaneous intervention. Angiography is performed to deter-
mine the sites of occlusion, possible treatment options, cause

of ischemia, and any secondary sites of disease. In the case of
an embolic event, this may include evaluation of the aorta for
aneurysm or other sources of emboli, along with evaluation
of the mesenteric vasculature, renal arteries, and contralateral
limb for asymptomatic areas of emboli. Endovascular tech-
niques for recanalization include mechanical thrombectomy,
aspiration thrombectomy, balloon angioplasty, and pharmaco-
logic thrombolysis. Success rate and patency rates are similar to
surgery. However, patients undergoing pharmacologic throm-
bolysis deserve special attention.

Pharmacologic thrombolysis is currently performed with
agents such as tissue plasminogen activator (t-PA). Prior agents
have included streptokinase and urokinase (96). When an intra-
arterial infusion is performed, a catheter is advanced under
fluoroscopic guidance to the site of the thrombus. Mechanical
disruption of the clot is attempted and followed by throm-
bolytic infusion. The infusion can be rapid and performed in
the angiography suite with the so-called pulse spray technique
for acute thrombi, or performed with an extended slow infu-
sion in the treatment of more chronic/organized thrombi. In
the case of the slow infusion, patients will return to the ICU
with a catheter in place. The catheter is positioned with its
tip at the level of the clot and a constant infusion of throm-
bolytic agent via a mechanical pump. The infusion of t-PA can
vary but will be approximately 0.5 to 1.0 mg per hour. The
patient will need to undergo follow-up angiography every 6
to 12 hours to monitor progress. It is important to note that,
in up to 20% of cases, distal emboli will lead to an increase
in symptoms following the fragmentation/lysis of the primary
clot. However, this usually resolves within 1 to 2 hours with
continued thrombolytic infusion and lysis (Fig. 35.62A–C).

As expected, the primary complication with thrombolytic
infusion is hemorrhage at the site of catheter insertion. To de-
crease this risk, an access sheath is used and the access limb
is immobilized. Any bleeding will require decrease in the drug
infusion rate and decrease in degree of anticoagulation.
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FIGURE 35.60. Patient with grade 3 liver laceration and grade 1 splenic
trauma following motor vehicle crash. Patient was stabilized and taken
to radiology for embolization. A: Axial CT demonstrating liver laceration
with subcapsular hematoma (arrow ) and perihepatic hematoma (short ar-
rows). B: Selective right hepatic angiogram demonstrating hypovascular
areas of hepatic contusion (asterisks), and contrast extravasation indica-
tive of active bleeding (arrow ). C: Patient underwent embolization with
Gelfoam. Follow-up angiogram demonstrates no evidence of persistent
bleed.

There are numerous contraindications to intra-arterial in-
fusion of thrombolytic agents. Absolute contraindications in-
clude active or recent—within 10 days—internal bleeding,
stroke within 2 months, intracranial neoplasm, or mobile
left heart thrombus (97). Preprocedure laboratory evaluation
should include hemoglobin/hematocrit, platelet count, PTT,
PT, INR, and activated clotting time (ACT).

During the infusion, the patient is most often monitored
in the ICU. The arterial entry site should be closely watched
and evaluated at least every 30 minutes, and peripheral pulses
should be checked every 2 to 4 hours. Repeat analysis of the
laboratory parameters should be performed on a 2-hour ba-
sis. The hemoglobin and hematocrit should be maintained at
or about 10 mg/dL and about 30% , respectively. The patient
will most often be re-evaluated angiographically every 6 to 12
hours. Endovascular thrombolysis has a reported success rate
of 85% to 95% for acute lower limb ischemia. Success ap-
pears to be related to the acuity of the thrombus and a rapid
early response to the thrombolytic agent (98–100). Long-term
patency is improved if underlying lesions can be treated con-

temporaneously with either endovascular or surgical methods
(101–103).

A major complication of thrombolytic infusion is severe
bleeding. If this occurs, the infusion will need to be discon-
tinued. The patient may need transfusion of blood products.
Evaluation of the source of hemorrhage may be required for
bleeding that persists. Of note, a review of the literature by Kan-
darpa and Aruny (104) demonstrated an incidence of 6.6% for
intracranial hemorrhage. Other complications that may occur
include peripheral embolization seen in 5% to 20% , usually
secondary to lysis of the thrombus being treated, compartment
syndrome seen in approximately 2% , and pseudoaneurysm for-
mation at the arterial access site seen in less than 1% (105,106).

NUTRITION
The importance of adequate nutritional support for the hos-
pitalized patient has become increasingly clear over the past
decades. Malnutrition is associated with altered immune
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FIGURE 35.61. Patient with blunt abdominal trauma following motor vehicle crash with splenic lacera-
tion. Patient was treated with transarterial splenic embolization with subsequent development of splenic
abscess. A: Preembolization contrast-enhanced CT scan of the abdomen at the level of the splenic hilum
demonstrating the grade 2 splenic laceration (arrow ). B: Postembolization day 3 contrast-enhanced CT
scan demonstrating an enlarged, edematous, minimally enhancing spleen with small foci of air consistent
with necrosis (arrowheads).

function, delayed wound healing, susceptibility to infection,
reduced quality of life, increased caregiver burden, and mor-
tality. Up to 60% of older adults in hospitals and long-term
facilities are malnourished and require supplemental nutrition.
The decision to initiate tube feedings is made by the health care
provider, usually after a nutritional assessment has been per-
formed and a detailed discussion with the patient or surrogate,
outlining the risks and benefits, has taken place (107).

The oral pathway is the preferred route for nutrient delivery.
However, when patients are no longer able to independently
maintain an acceptable caloric intake, nutritional supplemen-
tation should then be considered. As long as the gastrointesti-
nal tract is functional, the enteral route is preferable to the
parenteral route and is accomplished through the use of feed-
ing tubes, which may include nasogastric (NG), nasojejunal,
gastrostomy, gastrojejunostomy, and jejunostomy tubes (107).

Surgical gastrostomy was initially proposed in 1837 but first
successfully performed in 1876 (108,109); the endoscopic tech-
nique for gastrostomy was originally published in 1980 (113).
The first nonendoscopic percutaneous technique using fluoro-
scopic guidance and a trochar was described and performed by
Preshaw in 1981 (110). Subsequently, Wills and Oglesby, and
Tao and Gillies, independently developed gastrostomy proce-
dures using the Seldinger technique in 1983 (109,110).

Nutritional support should be considered in any patient
who is going to be without adequate caloric intake for a period
of time. There are many feeding tubes available, and choos-
ing one is sometimes difficult. In choosing the correct tube,
one considers the length of time the additional support will be
needed, the overall medical condition of the patient, as well
as the risk of reflux and aspiration. Occasionally, these tubes
will also be placed for bowel decompression secondary to pro-
longed ileus or intestinal obstruction.

In patients who will need short-term support, on the order of
2 to 3 weeks, an NG tube should be the first tube considered as
this is the least invasive and the simplest to place. NG tubes are

not intended for long-term nutritional use as they may lead to
mucosal erosions and sinusitis (107). Additionally, these should
not be used in patients with recent esophageal surgery.

For longer periods of time or more chronic conditions, one
should consider a gastrostomy tube, which is more invasive
than the NG tube but is better tolerated for long periods of
time. In patients at risk for aspiration or esophageal reflux, a
gastrojejunostomy or jejunostomy tube is more appropriate.
Placing the tip of the feeding tube in the jejunum reduces the
risk of reflux and aspiration.

There are several relative, and a few absolute, contraindica-
tions to percutaneous feeding tube placement. Gastric varices,
colonic interposition, infiltrating gastric carcinoma, and un-
correctable coagulopathy are absolute contraindications. The
presence of ascites, inability to place a nasogastric tube, partial
gastrectomy, enlarged spleen, and hepatomegaly are considered
relative contraindications.

Although gastrostomy tubes can be placed both in an open
manner and endoscopically, a few situations preclude these
services from placing gastrostomy tubes. In many of these in-
stances, interventional radiology can still achieve satisfactory
placement. One example includes patients with esophageal
stricture. Endoscopic placement is dependent on the ability to
pass the endoscope from the oral cavity to the stomach. This
may not always be possible due to narrowing of the esophageal
lumen. However, a 4 French hydrophilic catheter can usually be
advanced over a glide wire even through the tightest of stric-
tures. Additionally, not every patient is able to undergo gen-
eral anesthesia, and in the IR suite placement of a gastrostomy
tube percutaneously often requires only local anesthesia. Fi-
nally, there are patients with deformed stomachs secondary to
gastric surgery including Billroth I and II. Although tube place-
ment is difficult, the stomach can be safely punctured using CT
guidance, and then the tract dilated in the usual fashion. Other
anatomic considerations that would persuade one to use CT
guidance include patients with a narrow window between the
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FIGURE 35.62. A 70-year-old male with acute left and right leg pain and ischemia. A: Catheter for an-
giogram at the level of the left knee demonstrates thrombosis of the popliteal artery (arrow ). B: Selective
microcatheter placement in the popliteal artery. Distal catheter segment with infusion side holes is marked.
C: Follow-up angiogram obtained after 24 hours of selective intra-arterial thrombolytic infusion demon-
strates patency of the popliteal artery and its runoff. (Case courtesy of Marc Schwartzberg, MD, Leesburg,
FL.)

liver, spleen, and colon. The scaphoid abdomen, in which the
stomach is tucked underneath the costal margin, is often diffi-
cult using only fluoroscopy.

One of the main complications of a gastrostomy tube is the
relatively high rate of esophageal reflux, with its associated risk
of pulmonary aspiration. One study used scintigraphy to evalu-
ate for gastroesophageal reflux and to determine if gastrostomy
tubes caused reflux (107). Patients were evaluated immediately
before and 1 week after placement of percutaneous gastros-
tomy tubes. Almost half of these patients showed evidence for
reflux. Although gastrojejunostomy is technically slightly more
difficult than placing a gastrostomy tube, it should be consid-
ered in all patients with known aspiration.

It is important to be aware of three additional sites that
are rarely used but have been described in the literature (108).
Translumbar duodenostomy is used in patients being dialyzed
peritoneally, in whom any leakage from a feeding tube may lead
to peritonitis. To eliminate this risk, the patient is placed prone
in the CT scanner and a safe approach to the retroperitoneal
portion of the duodenum is identified. Using sterile technique,
the duodenum is punctured using the Seldinger technique. The
tract is then dilated in the usual fashion. If leak of contents
occurs, it is retroperitoneal and is unlikely to lead to peritonitis.

Transhepatic enteral feeding has been described in patients
with pancreatic carcinoma that is obstructing the duodenum.
Access is obtained into the biliary tree using a transhepatic
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approach. Two wires are placed, one in the biliary tree while
the other is advanced into the small intestine distal to the site
of obstruction. An external biliary drain is placed in the biliary
tree while a feeding tube is advanced over the second wire into
the small intestine for feeding purposes.

Jejunostomy in liver transplant patients could also be con-
sidered using the afferent limb of the jejunum. This route has
traditionally been used as access to the biliary tree in transplant
patients but could also be used for enteral feeding. Briefly, ac-
cess is obtained into the biliary tree using a transhepatic ap-
proach. From this location, a snare-type catheter is advanced
into an anterior loop of small intestine. From a percutaneous
approach, the snare is used as a target and canalization of the
snare is performed. The wire is then pulled through the biliary
tree for a through and through access, and a feeding tube can
then be advanced into the small intestine.
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CHAPTER 36 ■ FEEDING TUBE PLACEMENT
LAWRENCE J. CARUSO r LARRY C. MARTIN

IMMEDIATE CONCERNS

Major Prob le ms

For critically ill patients, enteral nutrition is preferable to
parenteral whenever feasible. However, enteral feeding can
be accompanied by multiple challenges. In addition to feed-
ing intolerance and metabolic alterations, enteral support
may be hindered by difficulties inserting and maintaining
the feeding tube itself. Problems include inability to place a
feeding tube into the stomach or small intestine, occlusion
of the tube by inspissated feeds or medications, and tube
dislodgment.

Mechanical complications of feeding tube placement can
be life-threatening. In deeply sedated or comatose patients, in-
advertent placement of a nasoenteral tube into the bronchial
tree is not uncommon. Percutaneous tube placement can be
complicated by bowel perforation or insertion site infection.
Thoughtful consideration of the appropriate tube placement
method as well as careful technique will minimize complica-
tions.

St re ss Point s
1. The initial consideration for determining the choice of an

enteral access system is the anticipated duration of enteral
feeding.
■ Short term: Patients predicted to need enteral feeding for

2 weeks or less are said to have short-term requirements.
These patients are best served with bedside placement of
a nasoenteric tube.

■ Long term: Patients thought to need enteral feeding
for greater than 6 to 8 weeks are described as hav-
ing long-term requirements. Percutaneous or surgically
placed tubes are most appropriate for this subgroup of
patients.

■ Intermediate: Patients with the anticipated need for en-
teral feeding for greater than 2 weeks but less than 6 to
8 weeks are said to have an intermediate requirement.
These patients are well served by nasally, percutaneously,
or surgically placed feeding tubes.

2. Roughly half of critically ill patients have gastric emptying
dysfunction. For these patients, enteral tubes may need to
be placed beyond the pylorus.

3. Several bedside techniques have been described to aid in
achieving postpyloric placement of tubes inserted through
the nose. These techniques are highly successful in experi-
enced hands.

4. Fluoroscopic or endoscopic support may be necessary for
passing the tip of the nasoenteric tube beyond the pylorus.

Even with the assistance of these modalities, success is not
guaranteed.

5. Percutaneous gastrostomy has been shown to be less costly
and less time consuming, and has fewer complications than
surgical gastrostomy.

6. While bolus gastric feeding may occasionally be used, con-
tinuous infusion of enteral feeds is better tolerated than bo-
lus feeding (1).

7. Surgically placed jejunostomy tubes are excellent for long-
term infusion feeding, but expose the critically ill patient to
the risks and complications of an operative procedure.

ESSENTIAL DIAGNOSTIC TESTS
AND PROCEDURES

1. Auscultation of air instilled into the nasogastric or nasoen-
teric tube is useful for determining proper tube placement. It
is important to confirm that the tube was not inadvertently
placed into the bronchial tree.

2. After placement of a nasogastric or nasoenteric feeding
tube, an abdominal radiograph should be obtained to
confirm proper tube location before infusing the enteral
formula.

3. If there is concern that a nasoenteric tube has migrated back
into the stomach, its position must be clarified with a radio-
graph.

4. Dislodged percutaneous tubes should be replaced as soon as
possible to prevent closure of the tube tract.

Init ial The rap y
1. Determine whether the patient can tolerate enteral

nutrition.
2. Based on the patient’s overall condition, associated medi-

cal conditions, the functional status of the gastrointestinal
tract, and available hospital resources, the most appropri-
ate type of feeding tube and placement technique can be
chosen.

3. If the attempted placement technique is unsuccessful, re-
consider the above and choose another enteral access
option.

OVERVIEW
Critically ill patients will almost invariably require nutritional
intervention. Current guidelines support the preferential use of
enteral nutrition over parenteral nutrition (1). While parenteral
nutrition can effectively deliver protein and calories, it does
not prevent intestinal mucosal atrophy (2,3). It is now well
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recognized that the healthy gut mucosal layer provides a barrier
to pathogen invasion (4,5). Microbial invasion through the gut
into the systemic circulation is thought to represent a major
cause of the nosocomial sepsis, and possibly the multiple organ
dysfunction, seen with critical illness (6–9).

Enteral nutrition is preferable to parenteral in terms of cost,
complications, gut mucosal maintenance, and metabolic and
immune function (10–13). However, feeding the patient via
the gastrointestinal tract is more difficult than through a cen-
tral vein. Enteral feeding is commonly frustrated by gastric
dysmotility, aspiration, diarrhea, and occasionally intestinal
ileus (14). Feeding intolerance, fluid restrictions, and metabolic
derangements further limit attempts to establish total enteral
support. Appropriate gastrointestinal access can also be chal-
lenging to obtain and maintain, and may require surgical place-
ment. Often, after successful access placement, feeding tubes
occlude, dislodge, or are inadvertently removed. Despite the
obvious obstacles listed in the first paragraph, it is clear that
the benefits of enteral nutrition far outweigh the concerns.

Fortunately, there are a multitude of commercially available
tube designs and a variety of placement techniques to meet
most needs. The choice of tube type, access site, and placement
technique will depend on a number of considerations includ-
ing each patient’s unique requirements, clinician preference,
and even available resources. This chapter will review the as-
sortment of tube types, the differences between gastrointestinal
placement sites, and the variety of access options available. In
addition, it will describe the decision-making process required
for choosing the best combination of tube, site, and method of
placement.

DETERMINING THE MOST
APPROPRIATE TUBE TYPE, SITE,
AND PLACEMENT TECHNIQ UE

When considering the initiation of enteral feeding, the clinician
must first decide on the most appropriate type of tube to em-
ploy, the region in the gastrointestinal tract in which to place
the tube, and the technique to access the lumen. Several factors
influence the ultimate decision (15):

1. Duration of enteral feeding
2. Current status of the patient
3. Coexisting medical conditions
4. Functional status of the gastrointestinal tract
5. Previous abdominal surgeries
6. Tube brands in stock
7. Availability of radiologic, gastroenterologic, and surgical

support

Durat ion of Ent e ral Fe e d ing

The initial consideration is the anticipated duration of enteral
feeding. Based on the patient’s current status and comorbid-
ity, it must be estimated whether the access requirement is to
be short, intermediate, or long term. The distinction between
the three classifications is somewhat artificial and there are no
absolute time separations.

Short Te rm
Short term usually implies the need for enteral feeding for up to
2 weeks in duration. Short-term enteral feeding is commonly
used for patients who tend to be free of significant underlying
medical conditions, such as trauma victims and younger pa-
tients who undergo uncomplicated major surgery. In most of
these patients, access requirements can be satisfied by placing
the tube into the gastrointestinal tract using the nasal approach.
These tubes are considered to be temporary in that they can be
easily removed when they are no longer required. Placement
techniques tend to be relatively inexpensive and minimally in-
vasive, and carry a low complication rate. Although these tubes
easily dislodge, replacement is usually straightforward.

Long Te rm
Long-term enteral access can be defined as the need to admin-
ister enteral nutritional support for an extended period of time
or even permanently. Some authors describe long-term support
as that requiring access for more than 4 to 6 weeks (16,17). Re-
gardless of the time, the important consideration for these pa-
tients is that the tube needs to be more permanently secured. In
most cases, nasally placed tubes are not adequate. For this sub-
group of patients, tube placement tends to be more invasive and
more expensive and has greater potential for complications. It
also usually requires surgical or percutaneous procedures. Pa-
tients requiring long-term enteral nutrition are those whose
illness is such that recovery will be delayed or permanently
incomplete. These patients typically are older, have significant
comorbid conditions or end-stage organ dysfunction, and have
had a serious acute event.

Int e rme d iat e Durat ion
Intermediate duration is also a relative term but encompasses
all patients with requirements for enteral feeding access for
greater than 2 weeks but less than 6 to 8 weeks. These patients
can be served by any of the available access routes. Though
nasally placed tubes are less secure, the ease of replacement
can often extend their use for the duration of their necessity.
Tubes placed percutaneously or surgically tend to be consid-
ered permanent but can be removed without much difficulty
should feeding access no longer be necessary. In most cases,
the decision can be based on factors such as previous abdomi-
nal surgery and the availability of resources.

Sit e of Tub e Place me nt and Te chniq ue

Although the patient’s current medical status and comorbid
conditions indirectly influence the choice of tube by their ef-
fects on the duration of tube utilization, these factors also di-
rectly impact the choice of placement site and technique. The
more critically ill patients are less likely to tolerate a surgical
or endoscopic procedure. In these patients, if enteral feeding
is desired, less invasive techniques such as nasal access can
be used temporarily until conditions are more conducive to
long-term access placement. Patients with complications such
as intestinal fistulae, laparotomy wound infections, open ab-
domens, or sepsis from other sources also may be inappropri-
ate for surgically or percutaneously placed tubes. Other groups
at increased risk for complications with surgically or percu-
taneously placed tubes include obese patients and those with
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diabetes, cancer, malnutrition, immunocompromised condi-
tions, end-stage liver disease, cirrhosis, ascites, renal failure,
uremia, thrombocytopenia, coagulopathy states, and signifi-
cant heart disease.

Inadequate gastric emptying is common in critically ill pa-
tients, occurring in roughly half of general intensive care unit
(ICU) patients and up to 80% of patients with traumatic
brain injury (18–20). Interleukin-1, a cytokine released dur-
ing stressed states, has been shown to delay gastric emptying
when administered to rats (21). Many underlying conditions
such as diabetes mellitus, medication use, gastritis, sepsis, and
electrolyte abnormalities also affect gastric emptying (22). Due
to concerns about inadequate gastric emptying and potential
aspiration, many physicians feel compelled to place the tip of
the feeding tube in the small bowel. However, while postpyloric
feeding has a lower incidence of gastroesophageal regurgitation
and a trend toward less aspiration compared to gastric feeding
(23), evidence that postpyloric feeding improves outcomes is
somewhat lacking.

The Canadian Critical Care Nutrition Guidelines recom-
mended feeding in the small bowel whenever feasible (1). This
recommendation is based largely on a meta-analysis of a num-
ber of prospective, randomized studies. However, the analysis
relied heavily on one particular study (24). Unfortunately, the
majority of patients in the postpyloric group were fed into the
stomach, calling into question whether the study should be in-
cluded in the meta-analysis. Two other meta-analyses found
no significant differences in the incidence of pneumonia or
mortality between patients fed into the stomach or postpyloric
(25,26). It should be noted that all of the studies analyzed were
fairly small, with the largest study including 101 patients. As
a result, the individual studies were underpowered to detect a
small but clinically meaningful difference in outcomes. For ex-
ample, in order to detect a 20% reduction in the incidence of
aspiration pneumonia with a baseline rate of 22% , over 2,600
patients would be required (26). Given that the studies were
underpowered to show small but meaningful differences in the
rates of pneumonia, along with the documented increases in
gastroesophageal reflux and microaspiration with gastric com-
pared to postpyloric feeding, it seems appropriate to place the
feeding tube postpyloric whenever feasible. However, attempts
at postpyloric placement should not unduly delay the start of
enteral nutrition, as gastric feedings are often well tolerated.

The extra workload and cost to place the feeding beyond
the pylorus is not trivial. While nasogastric tubes can typically
be placed fairly easily, placement of postpyloric tubes often
involves multiple attempts with as many radiographs. If the
tube cannot be properly positioned with a blind technique, en-
doscopy or fluoroscopy may be required, the latter requiring a
trip out of the unit with the associated costs and personnel re-
quirements. Bedside techniques to improve the success of tube
placement are discussed below.

BEDSIDE TECHNIQ UES

Mot ilit y Ag e nt s

If gastric feeding is used, the addition of a promotility agent
may be helpful. Metoclopramide increases upper gastrointesti-
nal motility by blocking dopamine receptors. It has been shown

to improve gastric emptying and decrease gastric residual vol-
umes in ICU patients (27–29). Erythromycin, a macrolide an-
tibiotic that is also a motilin agonist, increases gastric emptying
and tolerance to gastric feeding (29–31). The commonly used
dose is 200 mg, but 70 mg may be just as effective (32). Unfor-
tunately, patients often develop tachyphylaxis to the drugs after
several days, requiring close monitoring of gastric volumes and
feeding tolerance (29). Safety concerns should be taken into ac-
count when using motility agents. Metoclopramide is associ-
ated with movement disorders, which may be irreversible. Ery-
thromycin can prolong the Q-T interval and has many drug
interactions. In addition, the long-term use of any antibiotic
raises concerns about the development of resistance.

Funct ional St at us of Gast ro int e st inal Tract

The functional status of the gastrointestinal tract also may in-
fluence the technique of tube placement in other ways. Gas-
troesophageal disease or obstruction may preclude the ability
to pass tubes nasally and may also make percutaneous tube
placement using the endoscopic approach difficult or impos-
sible. Adhesions from previous upper abdominal surgeries or
the anatomic alterations seen after procedures such as gastrec-
tomy or pancreaticoduodenectomy diminish the likelihood of
endoscopic and radiologic placement and may make a surgical
placement more complicated.

Hosp it al Re source s

Hospital resources—both supplies and personnel—also influ-
ence the decision-making process. Hospitals may have a limited
selection of tube products, as the cost has become a significant
determinant of hospital purchasing. Because many tube designs
are similar, substitutions can be successful, and the inability to
obtain a specific tube should not preclude the use of enteral nu-
trition. Human resources also vary from facility to facility. Not
all hospitals offer equal expertise in each of the support services
required. The choice between radiologic, gastroenterologic, or
surgical support may be based to some degree on the strength
and weaknesses of these departments within the hospital.

Summary

The selection of the most appropriate tube type, access site,
and placement technique for the critically ill is based on the
consideration of these interrelated factors. Therefore, the final
decision varies from patient to patient. Success is never ensured
but occurs most often when all of the dependent variables are
considered and the approach is flexible to allow for change
when the situation warrants creativity. To aid in the decision-
making process, a useful algorithm is provided (Fig. 36.1).

TUBE OPTIONS AND DESIGNS
Currently, a large variety of tube designs are commercially
available. For nasal placement, tubes tend to be thin, soft, and
flexible. Most are polyvinyl chloride, silicone, or polyurethane.
Many are weighted at the tip with mercury, whereas others are
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FIGURE 36.1. Algorithm for determining appropriate enteral access for the critically ill.

unweighted. Most contain a thin metal stylet to assist in place-
ment. All are radiopaque to enable confirmation of position by
radiographic study. Their soft, flexible construction and nar-
row diameter enables these tubes to be well tolerated by the
patient. However, these tubes are prone to occlusion, particu-
larly if feeding is interrupted without irrigating the tube free of
formula and when the tube is used for the delivery of crushed
or dissolved medications.

Pe rcut ane ous

Percutaneously placed tubes also come in a variety of commer-
cially prepared designs. These tubes tend to be wider in diam-
eter than those used for nasal placement, which decreases but
does not completely prevent the likelihood of occlusion. Place-
ment requires fluoroscopic or endoscopic assistance to direct
the tube into the appropriate lumen after skin puncture. These
tubes are less likely to dislodge but can leak, cause pain at
the insertion site, and induce a local soft tissue infection. With
long-term use, they also may begin to deteriorate. Some models
have separate ports for simultaneous jejunal feeding and gas-
tric decompression. Most are secured from within the lumen
of the viscus by a small flange or balloon contained within the
tip; removal may require endoscopy.

Surg ical

The choices for surgical access are also extensive. Balloon- and
mushroom-tipped soft rubber tubes are commonly used for
gastrostomy tubes. These have a wide bore and are flexible.
Like their percutaneously placed counterparts, they may leak,

cause pain at the insertion site, and induce a local soft tissue in-
fection. The rubber tubes also have been known to deteriorate
with time. Some models on the market have multiple lumens
and ports to allow for gastric decompression and jejunal nutri-
ent infusion.

Je junost omy Tub e s

Feeding tubes used for jejunal access tend to be smaller in
diameter than surgically placed gastrostomy tubes but wider
than the nasally inserted models. In the early 1970s, the needle
catheter jejunostomy was introduced (33). This consisted of a
tube similar in design to those used for nasal insertion in that it
was extremely narrow in diameter. Although easy to insert, the
needle catheter jejunostomy has fallen from favor because it is a
poor conduit for most enteral formulas. The small tube size em-
ployed was prone to kinking and frequently was too narrow to
allow rapid flow of the more viscous feeding solutions (15,34),
and the small diameter did not allow for medication adminis-
tration through the tube. Other acceptable options for jejunos-
tomy placement include soft rubber tubes and biliary T tubes.
Their wider internal diameter improves infusion and decreases
the likelihood of occlusion. Red rubber or Robinson catheters
are excellent choices. Unfortunately, these tubes are prone to
dislodgement and need to be secured diligently. Balloon- and
mushroom-tipped tubes are less susceptible to inadvertent re-
moval because their tips are wider than their shafts and anchor
them in place. Although popular with some, these tubes are
disdained by many. The widened tip can potentially obstruct
the narrow lumen or erode the wall of the jejunum. The bil-
iary T tube provides some of the security of the balloon- and
mushroom-tipped tubes with less risk of intestinal obstruction
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or erosion, but must be fashioned for easy removal. As with
the gastric tubes, tube deterioration, leakage, and site infection
may occur.

PLACEMENT TECHNIQ UE
OPTIONS

The myriad techniques available for feeding tube placement
ensure the potential for obtaining enteral access in nearly all
critically ill patients. As stated earlier, the many factors involved
in choosing the most appropriate tube type and access site also
determine the technique for placement.

Nasog ast ric

The least complicated and quickest feeding access is the naso-
gastric tube. Although the stiffer, wider tubes used for gastric
decompression also can be used for feeding, it may be prefer-
able to replace these tubes with the thin, softer, more flexible
tubes. Placement is similar to that of the drainage sump tubes.
The tube is lubricated and then passed blindly through a nos-
tril. It travels down the posterior pharynx into the esophagus
and then into the stomach. Placement is aided by wire stylets or
weighted tips. Complications are similar to those of the sump
tube, such as epistaxis, rhinitis, esophageal perforation or hem-
orrhage, pneumothorax, and inadvertent placement into the
trachea or bronchus.

Nasod uod e nal and Nasoje junal

Zaloga (35) found that only 5% of weighted small-bore feeding
tubes pass spontaneously through the pylorus. Manually pass-
ing the soft, thin, flexible tube across the length of the stom-
ach and beyond the pylorus is often challenging. Often, the
tube coils back into the fundus or cannot easily be negotiated
through the antrum and pylorus. In most cases, the difficulty
in tube advancement into the duodenum is related to the blind
nature of the passage and to the inability to steer or guide the
tube (Fig. 36.2). Success varies from 49% to 92% (35,36).

Several techniques have been described to aid in passage.
Some authors have reported improved success with simple ma-
neuvers such as placing the patient in the right lateral decubitus
position, giving the tube a gentle clockwise twist as it is being
passed, or bending the tip of the stylet (35,37). Using a dedi-
cated feeding tube placement service, Zaloga reported a success
rate of 92% with such a technique. House officers who learned
the technique were able to achieve placement rates of 70% to
80% .

The use of ultrasound (38), electrocardiogram (39), or an
electromagnetic transmitter (40) for location of the tip of the
tube during insertion have all been described and may decrease
the time of insertion and the number of confirmatory radio-
graphs. However, these techniques do not actually guide the
tube in its course. A technique using an industrial magnet to
guide a magnet-tipped tube into the duodenum has also been
described (41). All these techniques have reported success rates
above 75% , but large trials comparing them to other tech-
niques are lacking.

FIGURE 36.2. Nasoenteric feeding tube.

Another approach to postpyloric feeding tube placement in-
volves the administration of a promotility agent just prior to
tube insertion. Metoclopramide and erythromycin have been
commonly used to increase upper gastrointestinal motility. In
one study of 10 patients, metoclopramide, 20 mg IV, given
10 minutes before insertion increased the success rate of
transpyloric feeding tube placement compared to placebo (42).
However, a larger study using 10 mg of metoclopramide
showed no benefit (43). Kittinger et al. (44) found that when
metoclopramide was given after tube insertion into the stom-
ach, it improved tube passage only in diabetic patients. The
data for erythromycin are limited but more consistent. Admin-
istration of erythromycin 200 mg or 500 mg IV prior to feeding
tube insertion has been shown to increse the success of postpy-
loric placement and to decrease the time needed for insertion
(45,46).

Continuous pH monitoring using a specially designed tube
that has a built-in pH sensor in the tip has been described to fa-
cilitate passage by enabling recognition of the tube tip location
(43,47). Generally, lower pH values are found in the stomach
compared with the duodenum, even in patients receiving H 2-
receptor antagonists (35). This device may obviate the need for
radiographic confirmation of tube location. Of course, where
the need for fewer radiographs may save money, the require-
ment for specialized tubes and a pH monitor may offset the
savings. These tubes are generally two to three times more ex-
pensive than traditional tubes, and most pH monitors cost a
few hundred dollars.

Serial or continuous pH monitoring also can be used to in-
dicate if the tube has migrated back into the stomach. Strong
et al. (47) reported a 100% correlation between the radio-
graphic documentation of tube location with the measured pH
in eight patients. In that study, all changes in tube tip location
as interpreted by pH were confirmed by radiography. However,
the ability to use pH values to determine location may be less
accurate in the setting of H 2-blocker administration or with
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achlorhydria, where the stomach has less acid production and,
hence, higher than normal pH readings. Despite the advantages
of knowing tube tip location, Heiselman et al. (43) were still
only 79% successful in getting the tip of the tube beyond the
pylorus.

Fluoroscopic guidance is an excellent method for placing
the tip of the feeding tube beyond the pylorus (48). Because the
tubes are radiopaque, they are easily seen under fluoroscopy.
Tube passage can then be guided by “direct vision.” Though
this technique increases the likelihood of success, it has several
drawbacks: the critically ill patient must be transported to the
radiology department or the radiography equipment must be
brought to the ICU. The technique also exposes the patient to
radiation. Endoscopy provides an alternate means of delivering
the tube past the pylorus, but it is also the most invasive. After
positioning the tube into the stomach, an esophagogastroscopy
is performed. The tip of the tube, or a suture secured to the tip,
can then be grasped with a biopsy forceps that was passed
through the endoscope and dragged into the duodenum. Al-
though this technique is effective, the tube may get pulled back
into the stomach by the withdrawal of the endoscope, and the
procedure places the patient at risk for all of the complications
associated with endoscopy, including injury to the esophagus,
stomach, or duodenum; perforation; bleeding; and aspiration.
Nasoenteric tubes also can be placed at the time of laparotomy
for patients requiring temporary jejunal access.

There is no consensus in the literature as to whether
weighted or unweighted tubes pass into the duodenum more
often. Levenson et al. (49) demonstrated that there was no
apparent difference in the likelihood of tube passage between
weighted and unweighted tubes. Lord et al. (50) found that
with the addition of preinsertion metoclopramide, unweighted
tubes were significantly more likely to pass than weighted (84%
vs. 36% , respectively). In contrast, Whatley et al. (42) found
that 80% of weighted tubes passed when metoclopramide was
given before insertion.

Even after the successful nasoenteric placement, tubes eas-
ily can be inadvertently removed or pulled back into the stom-
ach. No method for tube immobilization (i.e., sutures, bridles,
or taping) is completely secure. Occasionally, replacement re-
quires considerable effort.

Pe rcut ane ous Gast rost omy

Although surgically placed gastrostomy tubes have long been
heralded as the gold standard for obtaining stable, long-term
gastric luminal access, numerous published reports demon-
strate that percutaneous placement offers all of the same ad-
vantages but with a significantly lower complication rate. This
technique involves the placement of an access tube into the
gastric lumen using a direct puncture of the skin and abdom-
inal and gastric walls. Endoscopic or radiographic assistance
is essential. Percutaneous endoscopic gastrostomy (PEG) tube
placement generally requires one of two techniques, termed
“push” and “pull.” There are numerous commercially avail-
able insertion kits that contain the tube and the equipment nec-
essary for placement. A formal esophagogastroduodenoscopy
is performed first to rule out upper gastrointestinal disease
that precludes tube placement. The endoscope is then steered
against the anterior gastric wall to transilluminate the stom-

ach’s position through the abdominal wall and skin. If suc-
cessful, a small needle is then passed through a skin puncture
into the gastric lumen. With the pull technique, a long nylon
guidewire is inserted through the needle and grabbed with a
snare that was fed through the endoscope. The guidewire is
then dragged out of the patient’s mouth and used to guide the
tube down the esophagus, into the stomach, and out through
the skin. With the push method, the catheter is passed directly
over the guidewire with a peel-away sheath.

Comp licat ion Rat e s
The incidence of major complications with this technique is
generally described as between 1% and 3% , and the reported
mortality rate is about 0.5% (51,52). Complications include
colonic injury, gastric perforation, hemorrhage, leakage with
peritonitis, necrotizing fasciitis, and skin infection (53,54). In
addition to having a lower complication rate than the open
technique, the PEG procedure has been shown to require less
time (10–30 minutes) to perform and has a lower cost overall
(52,55,56). It also can usually be performed under local or in-
travenous sedation. Conditions that preclude the ability to per-
form upper endoscopy such as obstruction, varices, and severe
Candida esophagitis are contraindications to this procedure.
Relative contraindications include ascites—with its attendant
risk of peristomal leakage as well as peritonitis from gastric
leakage—and previous upper abdominal surgery, because the
adhesions that form after surgery may prevent the stomach
from being manipulated up to the abdominal wall. If transillu-
mination cannot be achieved, the procedure should be aborted.

An alternative method for percutaneous gastrostomy is the
radiographic approach. The stomach is distended with air using
a nasogastric tube. Radiopaque contrast is then instilled in the
stomach to enable it to be seen with fluoroscopy. The abdom-
inal wall then can be pressed down onto the stomach. A nee-
dle is passed into the lumen and a guidewire inserted through
the needle. The tract is dilated to the appropriate diameter and
the tube is pushed into the lumen. This technique eliminates the
need for endoscopy; however, many of the same contraindica-
tions and complications apply. In addition, this method does
not allow inspection of the mucosa before tube placement or
direct visualization of tube position after it is in place.

Pe rcut ane ous Je junost omy

With the success of the percutaneous gastrostomy, an interest
arose in applying the same technology to jejunal access for pa-
tients with a significant risk of aspiration or abnormal gastric
motility. Specialized two-lumen tubes are available, with a gas-
tric port for decompression and an extended jejunal limb for
feeding. These tubes can be inserted either by the endoscopic
technique or with radiographic assistance (57).

Comp licat ion Rat e s
Despite the similarity of the percutaneous endoscopic jejunos-
tomy (PEJ) technique with percutaneous gastrostomy place-
ment, the procedure has been found to have a much higher com-
plication rate. The published rate of tube dysfunction ranges
from 30% to 85% (58–60). Ironically, there seemed to be no
decrease in aspiration rate with these jejunal tubes for patients
with an increased aspiration risk. This may not be indicative of
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a failure of the tube in preventing the reflux of feeding formula.
In fact, formula is rarely recovered from the tracheal aspirate.
In all likelihood, the lack of improvement in aspiration suggests
that the aspiration is mainly oral and pharyngeal secretions. In
addition, like nasojejunal access, passage of these tubes through
the pylorus is not always successful, and they have been known
to migrate back into the stomach.

In one study of PEJ tubes, DiSario et al. (59) described a
95% serious complication rate, a 50% mortality rate, and a
70% incidence rate of tube failure. The alarmingly high mor-
tality rate resulted predominantly from aspiration. However,
the investigators did not make the distinction as to whether
patients aspirated feeds or oropharyngeal secretions. In addi-
tion, they did not radiographically check tube position after
aspiration to see if the tip had migrated back into the stomach.
Tube failure was also a significant problem in this study. Oc-
clusion represented greater than half of the tube complications.
This was attributed to using the tube to deliver crushed tablets
and inspissated feeding solutions. Proper use of the catheters
should minimize these problems. Wolfsen et al. (58) also re-
ported a higher incidence of complications with PEJ catheters
compared with PEG tubes. However, in contrast to the DiSario
study, they reported a 36% incidence of tube dysfunction and
a 17% incidence of aspiration. Although complications were
more likely to occur in patients with PEJ versus PEG tubes, the
study was not randomized, and the differences may be related
more to the underlying diseases of the patients than to the tubes
themselves. The significant complication and tube failure rates
reported in the literature suggest that, currently, the percuta-
neous endoscopically placed jejunostomy tube may not be the
best option for long-term feeding (60).

Surg ical Gast rost omy

Before the development of safe and effective methods for per-
cutaneous tube placement, surgical techniques were the most
commonly employed. After entering the abdominal cavity, a
large-bore tube is placed directly into the gastric lumen and
then pulled through the abdominal wall and out through the
skin. The tubes used are usually balloon or mushroom tipped
to prevent dislodgement. To minimize the risk of leakage and
peritonitis, the tube is secured with two or three concentric
pursestring sutures, and the anterior wall of the stomach is
tacked to the undersurface of the abdominal wall to obliterate
any potential space around the tube. This technique is generally
referred to as the Stamm gastrostomy.

Comp licat ion Rat e s
The overall complication rate varies from 2.5% to 24% in
the literature, with a major complication rate of about 10%
(51,52). However, the wide range may be more indicative of
the severity of illness of the patient populations than from the
procedure itself. In addition to the complications associated
with any gastric tube, surgical placement adds the increased
risks associated with surgery and anesthesia. For patients re-
quiring laparotomy for other reasons, the gastrostomy tube can
be inserted at that time with minimal additional time or mor-
bidity. However, for patients not requiring abdominal surgery,
this technique requires a laparotomy and an anesthetic. In pa-
tients without previous abdominal surgery, the procedure can

be brief and limited. The incision type can be either limited ver-
tical midline or small left upper quadrant transverse one. Some
surgeons can perform this procedure with local anesthesia, which
avoids the risk associated with general anesthetics. Patients
who have had previous abdominal surgery may pose a greater
risk for complications because the procedure may be more in-
volved. Adhesions—scar tissue that forms in the abdominal
cavity as a result of surgery—may extend the incision size and
the length of time necessary for tube placement. In addition, it
increases the likelihood of injury to the stomach or intestines.

Recently, new minimally invasive techniques have been de-
scribed using laparoscopy (61). These procedures have a de-
creased morbidity compared with the traditional open tech-
niques because they do not require the laparotomy incision.
However, they require a surgeon with experience in laparo-
scopic surgery and may be impossible in patients with previous
abdominal surgery.

Surg ical Je junost omy

Like the surgically placed gastrostomy, the technique for open
jejunostomy tube placement is generally safe; however, it can
be more risky in patients who have had abdominal surgery,
and typically requires general anesthesia. The most commonly
employed techniques minimize the risks of leak from the bowel
around the tube by either placing a pursestring suture around
the tube (Stamm) or creating a serosal tunnel from the bowel
wall overlying a portion of the tube (Witzel). After tube inser-
tion into the jejunal lumen, the bowel is plicated to the un-
dersurface of the anterior abdominal wall with three to four
silk sutures placed circumferentially around the tube to further
minimize the risk of leak and peritonitis (Fig. 36.3). The bowel
is also carefully positioned for plication to prevent kinking or
tube erosion.

To facilitate tube placement and minimize the risk of leak,
the needle catheter jejunostomy technique was developed. It
was first described by Delaney et al. (33) in 1973 as a safe
and simple alternative to standard jejunostomy tube placement.

FIGURE 36.3. Plication of the jejunum to the anterior abdominal
wall. By suturing the jejunum to the abdominal wall circumferentially
around the tube, the risk of leakage is decreased.
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FIGURE 36.4. A surgically placed jejunostomy tube using a biliary
T tube.

This method employs a narrow tube that is inserted by needle
puncture through the antimesenteric border of the jejunal wall
obliquely to create a subserosal tunnel. The tube is secured with
a pursestring suture and then passed through the abdominal
wall and skin. Few major complications were reported with
this technique. Page et al. (62) had a 1% major and 1.5% minor
complication rate in 199 patients. As stated earlier, these tubes
tend to be unreliable and therefore are unpopular with many
surgeons.

More commonly used is a large-bore, soft flexible catheter
with additional holes placed into the jejunal lumen with a single
pursestring suture. A biliary T tube can also be used for jejunal
feeding, and is less likely to dislodge than the straight tube
(Fig. 36.4). The limbs are each cut to approximately 3 cm in
length and the back of the T limb is slit lengthwise to facilitate
removal. After tube insertion into the jejunal lumen, the bowel
is plicated as described earlier.

As with gastrostomy tube placement, laparoscopic insertion
techniques also have been developed. One such procedure at-
taches the jejunum to the anterior abdominal wall with four
specially designed T fasteners. After this is completed, a large-
bore needle is inserted into the jejunal lumen. A guidewire is
then threaded through the needle and the catheter passed over
a guidewire with the use of a peel-away introducer (63).

Jejunostomy tubes often become occluded, leak, or are re-
moved either deliberately or inadvertently. Replacement is most
easily performed with fluoroscopic assistance and should be at-
tempted as soon as dislodgement is noted (57). This technique
may even be successful for reinserting tubes that have been re-
moved in the distant past. Because the jejunal limb used for
the jejunostomy is routinely fixed to the undersurface of the
abdominal wall, luminal access can be achieved by passing a
needle catheter through the skin site or scar. Once the tip of the
needle is in the lumen, a long guidewire is then directed into
the lumen and used to direct the tube.

NOVEL APPROACHES TO
ENTERAL ACCESS

A few novel approaches to enteral access are included for com-
pleteness. These techniques were performed in patients unable
to have access established with more conventional methods. In
two case reports, the duodenal lumen was safely cannulated by
fluoroscopy- or computed tomography–guided puncture using
a lumbar approach (64,65).

SUMMARY
Enteral nutrition is fully recognized as an important addition
to the comprehensive care of the critically ill and the preferred
means of nutritional support. However, the successful estab-
lishment of secure and dependable enteral feeding access may
be challenging. Several factors, including the patient’s current
condition, past medical and surgical history, status of the gas-
trointestinal tract, and hospital resources available to the clini-
cian determine the best tube type, access choice, and placement
method. Fortunately, several options are currently available so
that there should be few reasons—short of gastrointestinal tract
dysfunction—that preclude the use of enteral nutrition.

No single enteral access combination is superior to the oth-
ers. None guarantees success in all instances. Using a flexi-
ble strategy based on the unique characteristics of the patient
and the patient care environment will maximize the likelihood
of success. Persistence also pays dividends. Failure of one at-
tempt should not be a cause to abandon enteral feeding. A fresh
new approach, possibly using another access option, may ul-
timately succeed. Only with patience, determination, and an
understanding of the available access options will the great-
est number of critically ill patients reap the benefits of enteral
nutrition.
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CHAPTER 37 ■ FLEXIBLE BRONCHOSCOPY
MICHAEL A. JANTZ

Flexible bronchoscopy is an essential diagnostic and therapeu-
tic tool in the intensive care unit (ICU). Potential indications for
flexible bronchoscopy in the ICU include airway management
(intubation, changing of endotracheal tubes, and extubation);
diagnosis of respiratory infections, parenchymal lung disease,
acute inhalational injury, or airway injury from intubation or
chest trauma; and treatment of hemoptysis, atelectasis, foreign
bodies, obstructing airway lesions, and bronchopleural fistu-
lae. From a diagnostic standpoint, flexible bronchoscopy can
identify the etiology of hemoptysis and the cause of pulmonary
infection.

Compared with rigid bronchoscopy, flexible bronchoscopy
offers enhanced visualization of the proximal and distal air-
ways, is associated with fewer complications, and can be per-
formed at the bedside, averting the need for general anesthesia
and operating room resources. However, for management of
massive hemoptysis, difficult-to-extract foreign bodies, bron-
choscopic laser resection, and benign or malignant obstruc-
tion of the trachea or bilateral mainstem bronchi, rigid bron-
choscopy may be the procedure of choice.

Both fiberoptic and video bronchoscopes are utilized for
flexible bronchoscopy in the ICU. Video bronchoscopy allows
for better resolution of the image because of the greater number
of pixels on the charge-coupled device for image acquisition. In
contrast, the resolution of the traditional fiberoptic broncho-
scope is determined by the diameter of the optical fibers and
seems to have reached its technological limit. With the video
bronchoscope, as well as with attachment of a camera head to
the fiberoptic bronchoscope, observation by multiple parties
is possible, which decreases the possibility of missed findings
and facilitates teaching and education. Compared with video
bronchoscopes, the fiberoptic bronchoscope is less expensive,
although improper use and care can result in broken optical
fibers and thus higher repair costs over time.

PROCEDURE

Ge ne ral Consid e rat ions

In nonintubated patients, flexible bronchoscopy can be per-
formed by the transnasal or transoral route with a bite block.
In the mechanically ventilated patient, gas exchange abnormal-
ities may occur due to the bronchoscope occupying a significant
portion of the internal diameter of the endotracheal tube (ET)
(1). This reduction in the cross-sectional area of the ET may
lead to hypoventilation, hypoxemia, and air trapping with in-
trinsic positive end-expiratory pressure (auto-PEEP). The outer
diameter of the bronchoscope should be at least 2 mm smaller
than the lumen of the ET to minimize these effects. As most
adult bronchoscopes have an outer diameter of 5 to 6 mm,

an 8-mm ET is generally recommended for performing bron-
choscopy safely in the intubated patient. A pediatric broncho-
scope with an outer diameter of 3 to 4 mm should be used if
the ET is smaller.

Informed consent for the procedure should be obtained
prior to starting bronchoscopy. Enteral feeding or oral intake
should be discontinued for 4 hours before and 2 hours after the
procedure. Patients with asthma should receive bronchodila-
tors prior to bronchoscopy. Platelet counts and coagulation
studies should be obtained in those patients with risk factors for
bleeding if the bronchoscopic procedure will include biopsies.
In the ICU setting, most patients will be monitored with a con-
tinuous electrocardiogram, pulse oximetry, and intra-arterial
blood pressure or intermittent cuff blood pressure every 3 to
5 minutes. Monitoring intracranial pressure (ICP) and end-
tidal CO 2 has been suggested for patients with a serious head
injury (2).

Equipment for reintubation and bag-valve-mask ventilation
should be readily available, and suctioning equipment, includ-
ing Yankauer and endotracheal catheters, should be accessible
at the bedside. In addition to sedatives and analgesics, resusci-
tation medications should also be on hand. It is prudent to have
materials for chest tube thoracostomy located in the ICU.

Pre me d icat ion

Topical anesthesia is typically used to suppress the gag re-
flex and coughing. Nonintubated patients will undergo topi-
cal anesthesia of the nares and oropharynx with lidocaine jelly
and nebulized or sprayed lidocaine. The tracheal and bronchial
mucosa is anesthetized with 1% lidocaine solution. In intu-
bated patients, the 1% lidocaine can be administered through
the endotracheal tube or through the working channel of the
bronchoscope after insertion into the ET. Lidocaine is absorbed
through the mucous membranes and achieves peak serum con-
centrations that are similar to that of intravenous adminis-
tration. The total dose of lidocaine should not exceed 3 to
4 mg/kg. Patients with cardiac or hepatic insufficiency have
reduced clearance of lidocaine, and thus the dose should not
exceed 2 to 3 mg/kg. The use of lidocaine should be kept to a
minimum if samples for culture are to be obtained, as bacterio-
static lidocaine preparations may decrease culture yields. The
administration of antisialagogues, such as atropine or glycopyr-
rolate, has been recommended in the past to reduce secretions
and prevent bradycardia, although recent studies suggest no
benefit from use of these drugs (3).

Sedation and analgesic agents are often used during bron-
choscopy to provide anxiolysis, antegrade amnesia, analge-
sia, and cough suppression. A combination of opiates and
benzodiazepines is typically used. The most commonly used
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benzodiazepine is midazolam, given its short elimination half-
life and rapid onset of action. Fentanyl is the most commonly
used opiate, again due to a short elimination half-life. Meperi-
dine has also been used for bronchoscopy, although clearance is
decreased with hepatic and renal failure, and accumulation of
a toxic metabolite, normeperidine, may cause seizures. Propo-
fol may also be used in intubated patients and patients with
adjunctive airway support (4); advantages include rapid onset
and offset of action, with the potential disadvantage of drug-
induced hypotension. The type and level of sedation required
depend on the clinical status. Nonintubated patients, particu-
larly with borderline oxygenation and ventilation or with cen-
tral airway obstruction, should likely receive light or moderate
sedation. Unstable hypoxic patients with acute respiratory dis-
tress syndrome (ARDS) and patients with brain injury may re-
quire deep sedation, or even neuromuscular blockade, to safely
perform the procedure (5).

Me chanical Ve nt ilat ion

In mechanically ventilated patients, a special swivel adapter,
with a perforated diaphragm through which the bronchoscope
is passed, is used to prevent loss of delivered tidal volumes (6).

As previously noted, bronchoscopy in the mechanically ven-
tilated patient may cause hypoxemia, hypoventilation, gener-
ation of auto-PEEP, and potential barotrauma. The lumen of
the ET should be 2 mm larger than the external diameter of
the bronchoscope. Decreases in delivered tidal volumes will
occur during pressure-limited, time-cycled ventilator modes, as
well as when flow-limited, volume-cycled breaths become pres-
sure limited. To reliably ensure tidal volume delivery, volume-
cycled breaths should be used during bronchoscopy. Because
the increase in peak pressure is dissipated along the endotra-
cheal tube and does not represent an increased risk for baro-
trauma, the peak pressure limit on the ventilator can be sig-
nificantly elevated to ensure delivery of tidal volume. The high
peak pressures seen during bronchoscopy are not reflective of
pressures distal to the endotracheal tube. The problem with
high peak pressures is ventilator pressure limiting, resulting in
decreased effective tidal volume. Decreasing inspiratory flow
rate decreases peak pressures and pressure limiting, but may
paradoxically increase predisposition to auto-PEEP by decreas-
ing the expiratory time. Set tidal volumes may need to be in-
creased by 40% to 50% in some patients to achieve adequate
tidal volumes. Barotrauma and hypotension may occur if the
bronchoscope-added expiratory resistance leads to auto-PEEP.
Some authors advocate reducing set PEEP or discontinuing
PEEP prior to bronchoscopy (1). The fraction of inspired oxy-
gen (FiO 2) should be increased to 1.0 prior to and during the
procedure to ensure adequate oxygenation. Exhaled tidal vol-
umes should be monitored during the procedure. The broncho-
scope should be withdrawn periodically to allow for adequate
ventilation; prolonged suctioning through the bronchoscope
can decrease delivered tidal volumes and oxygenation.

Bronchoalve olar Lavag e

Bronchoalveolar lavage (BAL) allows for sampling of cellular
and noncellular components from the lower respiratory tract.
The tip of the bronchoscope is wedged into a distal airway, and

sterile saline solution is instilled through the bronchoscope and
then aspirated with the syringe or suctioned into a sterile trap.
Aliquots of 20 mL to 60 mL are generally used. Infusions of
120 mL to 240 mL are needed to ensure adequate sampling of
secretions in the distal respiratory bronchioles and alveoli (7–
9). Aspiration of aliquots by syringes in a serial fashion allows
for detection of progressively bloodier aliquots, which strongly
suggests the presence of alveolar hemorrhage. The first aliquot
of aspirated fluid is likely to contain a significant amount of
material from the proximal airways. As such, some authors
recommend discarding this aliquot or analyzing the aliquot
separately from the remainder of the fluid (7). In patients with
emphysema, collapse of the airways with negative pressure dur-
ing aspiration or suctioning may limit the amount of fluid ob-
tained. The very small fluid return in these patients may contain
only diluted material from the proximal bronchi rather than the
alveoli, and thus may give rise to false-negative results (10).
Suctioning prior to having the bronchoscope in the appropri-
ate wedged position should be minimized to avoid contamina-
tion with upper airway secretions and potential false-positive
results.

In addition to quantitative bacterial cultures for the diag-
nosis of ventilator-associated pneumonia, BAL samples may
also be sent for cytology, antigen tests, and polymerase chain
reaction tests, which provide additional information for the di-
agnosis of noninfectious and infectious etiologies of pulmonary
disease as compared to the protected specimen brush.

Pro t e ct e d Sp e cime n Brush

The protected specimen brush (PSB) is used to obtain a lower
respiratory tract specimen for microbiology that is not con-
taminated by organisms in the proximal airways. The PSB con-
sists of a retractable brush within a double-sheathed catheter
that has a distal dissolvable plug occluding the outer catheter
(11,12). After the tip of the bronchoscope is positioned in
the desired area, the catheter is advanced through the work-
ing channel and situated 1 to 3 cm beyond the distal end of
the bronchoscope to prevent collection of secretions pooled
around the distal end of the bronchoscope. The inner cannula
containing the brush is advanced to eject the distal plug, and
the brush is then advanced into the desired subsegment under
direct visualization. Once the sample is obtained, the brush
is retracted into the inner cannula, the inner cannula is then
withdrawn into the outer sheath, and the entire catheter is re-
moved from the bronchoscope. The distal ends of the outer
and inner cannula are wiped with alcohol, cut with sterile scis-
sors, and discarded. The brush is advanced beyond the remain-
ing portion of the inner cannula, cut with sterile scissors, and
placed in 1 mL of nonbacteriostatic sterile saline or transport
media.

Q uant it at ive Bronchoalve olar Lavag e and
Prot e ct e d Sp e cime n Brush Cult ure s

Specimens for culture should be rapidly processed to prevent a
decrease in pathogen viability or contaminant overgrowth. The
BAL sample should be transported in a sterile, leakproof con-
tainer. The initial aliquot, which is thought to be representative
of proximal airway secretions, should be discarded or analyzed
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separately from the remaining pooled fractions. It is recom-
mended that specimens for microbiologic analysis be processed
within 30 minutes, although refrigeration can be used when
the specimens cannot be immediately processed (7,13). The
specimens should be processed according to clearly defined
protocols (14). Pathogens are present in lower respiratory tract
secretions, at concentrations of at least 105 to 106 colony form-
ing units (CFU)/mL, in patients with pneumonia, while con-
taminant bacteria are present at concentrations of less than 104

CFU/mL (15,16). The diagnostic thresholds proposed for BAL
and PSB are based on these concentrations with 104 CFU/mL
for BAL, which collects 1 mL of secretions in 10 to 100
mL of saline and represents 105 to 106 CFU/mL, which is
considered supportive of the diagnosis of ventilator-associated
pneumonia. Similarly, the concentration of 103 CFU/mL
for PSB, which collects 0.001 to 0.01 mL of secretions in
1 mL of saline, is considered supportive of the diagnosis of
ventilator-associated pneumonia.

Transb ronchial and End ob ronchial Biop sie s

Histologic samples of lung parenchyma may be obtained with
transbronchial lung biopsies. In patients with diffuse or local-
ized parenchymal diseases, transbronchial lung biopsies may
be useful and offer a less invasive option to open lung biopsy.
It should be noted, however, that for some interstitial lung
diseases and pulmonary vasculitides, transbronchial biopsy
specimens are inadequate to make a definitive diagnosis. The
major risks of transbronchial biopsies are bleeding and pneu-
mothorax. The risk of pneumothorax is higher when per-
forming transbronchial biopsies in the mechanically ventilated
patient (17). Fluoroscopy may not be required to perform
transbronchial biopsies in mechanically ventilated patients
with diffuse parenchymal disease; however, I would recom-
mend the use of fluoroscopy, if available, to minimize the risk of
a life-threatening pneumothorax. A chest radiograph should be
obtained in all critically ill or mechanically ventilated patients
after transbronchial lung biopsy.

Samples of bronchial mucosa and endobronchial abnor-
malities may be obtained with endobronchial biopsies. Trans-
bronchial and endobronchial biopsies may be sent for bacterial,
mycobacterial, and fungal cultures as indicated, in addition to
histology.

CONTRAINDICATIONS
Only a few absolute contraindications to flexible bronchoscopy
exist in critically ill patients. Flexible bronchoscopy should not
be performed in the absence of informed consent, if trained
personnel are not available, if adequate oxygenation cannot
be maintained during the procedure, if unstable cardiac condi-
tions are present, or if uncontrolled bronchospasm is present
(18,19). The inability to normalize the platelet count and co-
agulation parameters if biopsy or PSB is planned is a relative
contraindication. Airway inspection and BAL may likely be
done safely despite thrombocytopenia or coagulopathy unless
the abnormalities are profound. The general recommendation
is that the platelet count should be at least 50,000 cells/µ L
if biopsies are going to be performed. Performing biopsies or
PSB in patients on antiplatelet agents is controversial. Patients
with uremia, which causes a functional platelet defect, are at

increased risk for hemorrhage with biopsy procedures (20). Pa-
tients with pulmonary hypertension have also been noted to be
at risk for greater bleeding with transbronchial biopsies.

Patients with stable COPD may safely undergo flexible
bronchoscopy. Sedation during the procedure should be used
cautiously, and the possibility of supplemental oxygen-induced
hypoventilation should be considered.

Patients with increased ICP should be carefully monitored
during flexible bronchoscopy. Bronchoscopy has been noted to
increase ICP by at least 50% in 88% of patients with head
trauma, despite the use of deep sedation and paralysis (5).
Cerebral perfusion pressure may not change, however, due to
concurrent increases in mean arterial pressure during bron-
choscopy. Despite an increase in ICP, no significant neurologic
complications were noted in studies of patients with severe
head trauma or space-occupying lesions who were undergoing
flexible bronchoscopy (2,5,21). In spite of these observations,
caution is warranted in performing bronchoscopy in patients
with markedly elevated ICP.

COMPLICATIONS
With appropriate care, flexible bronchoscopy is an extremely
safe procedure. The incidence rate of major complications
ranges from 0.08% to 0.15% , and the mortality rate ranges
from 0.01% to 0.04% . Minor complications (e.g., vasova-
gal reaction, fever, bleeding, nausea, and vomiting) occur in
as many as 6.5% of these patients (22–24). Flexible bron-
choscopy in mechanically ventilated patients has the poten-
tial for life-threatening complications including hypoxemia,
hypercapnia, barotrauma, cardiac arrhythmias, myocardial is-
chemia, intracranial hypertension, local anesthetic toxicity, and
pulmonary hemorrhage. Careful patient selection, meticulous
preparation before the procedure, and vigilant physiologic
monitoring during the procedure limit complications and mor-
tality. The characteristics of high-risk patients are summarized
in Table 37.1.

A prospective clinical trial in critically ill, mechanically ven-
tilated patients with ARDS provides important information
with regard to the safety of BAL in this patient population.
Careful attention was directed toward maintenance of minute
ventilation and the limitation of auto-PEEP during the proce-
dure. Severe hypoxemia and hypotension were seen in 4.5%
and 3.6% of patients, respectively. No significant reduction
occurred in postprocedure pulmonary function, such as static
compliance or PaO 2/FiO 2 ratio. No deaths were attributed to
the procedure. The incidence of pneumothorax was 0.9% (1
of 110 patients) (25).

These results are in contrast to other investigators who
have shown the potential for significant decline in oxygena-
tion, which can persist for up to 2 hours after the procedure
(26). In healthy patients, the arterial partial pressure of oxy-
gen (PaO 2) may decline by 20 to 30 mm Hg during flexible
bronchoscopy (26). In critically ill patients, the decrement in
PaO2 can exceed 30 to 60 mm Hg (27,28). In a more recent
study of bronchoscopy in critically ill patients, hypoxemia was
observed in 29 of 147 procedures (19.7% ) (29). The greater
the amount of normal saline instilled for lavage during bron-
choscopy, the more frequent the hypoxemia—seen in as many
as 23% of patients—and the longer its duration, up to 8 hours
(30,31). Hypoxemia- and hypercapnia-induced increased
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TA BLE 3 7 . 1

CHARACTERISTICS OF INCREASED-RISK PATIENTS
FOR BRONCHOSCOPY ON MECHANICAL
VENTILATION

PULMONARY
PaO 2 < 70 mm Hg with FiO 2 > 0.70
PEEP > 10 cm H 2O
Auto-PEEP > 15 cm H 2O
Active bronchospasm

CARDIAC
Recent myocardial infarction (< 48 h)
Unstable dysrhythmia
Mean arterial pressure < 65 mm Hg on vasopressor therapy

COAGULOPATHY
Platelet count < 20,000 cells/µ L
Increase of prothrombin time or partial thromboplastin time
2.0 times control

CENTRAL NERVOUS SYSTEM
Increased intracranial pressure

FiO 2, fraction of inspired oxygen; PEEP, positive end-expiratory
pressure.

sympathetic tone can result in dysrhythmias, myocardial is-
chemia, hypotension, and cardiac arrest.

Bronchoscopy-associated hypoxemia may be minimized by
providing 100% oxygen during the procedure, shortening
bronchoscopy time, and frequently withdrawing the broncho-
scope from the airway to allow adequate ventilation. Adequate
tidal volume delivery should be monitored by observing chest
excursions and exhaled tidal volumes in patients undergoing
mechanical ventilation. Tidal volume and flow rates must be
adjusted to provide adequate ventilation (1,26,32).

Complications associated with the administration of seda-
tion, analgesia, and topical anesthesia include hypotension and
allergic reactions, as well as hypoventilation, and hypoxemia
from oversedation and respiratory depression. The overzealous
use of local anesthetic agents within the airways has potential
for toxicity with the rapid uptake of these agents into the sys-
temic circulation from the bronchial mucosa (33). Lidocaine is
the most commonly used airway anesthetic. The risks of toxic-
ity are decreased with total doses of less than 4 mg/kg of body
weight. The duration of airway anesthesia induced by lido-
caine is approximately 20 to 40 minutes. Lidocaine in excessive
doses can cause sinus arrest and atrial ventricular block, espe-
cially in patients with underlying heart disease. Other poten-
tial adverse reactions include respiratory arrest, seizures, laryn-
gospasm, and, rarely, hypersensitivity reactions. Although not
as commonly used for topical anesthesia, benzocaine has been
associated with the development of methemoglobinemia (34).

Although rarely associated with bronchoscopy, dysrhyth-
mias are more likely to occur in critically ill patients (35). Ma-
jor cardiac dysrhythmias occur in 3% to 11% of all patients
undergoing bronchoscopy. Hypoxemia is the major risk factor
for the development of dysrhythmias (36,37).

Laryngospasm (in the nonintubated patient) or bron-
chospasm can occur in any patient undergoing flexible bron-
choscopy, but are more common in patients with pre-existing

reactive airway disease. Preoperative bronchodilator therapy
significantly reduces the risk of bronchoscopy-induced bron-
chospasm in most patients with reactive airway disease (38).

Although transbronchial biopsy is a relatively safe proce-
dure in patients with normal hemostasis and pulmonary vas-
cular pressures, it is associated with a 2.7% and 0.12% risk of
morbidity and mortality, respectively (39). Hemorrhage (more
than 50 mL of blood) is more likely to occur in patients
who undergo transbronchial biopsy. Risk factors for hemor-
rhage include thrombocytopenia, coagulopathy, uremia, and
pulmonary hypertension. Transbronchial biopsy should be re-
stricted to nonuremic patients with platelet counts greater than
50,000 cells/µ L and prothrombin times and activated partial
thromboplastin times less than twice that of controls (22, 39,
40). The incidence rate of bronchoscopy-related hemorrhage
in normal hosts approaches 1.4% . In immunocompromised
hosts, the rate of hemorrhage ranges from 25% to 29% , while
hemorrhage occurs in as many as 45% of uremic patients
(22,41,42). Administration of desmopressin, 0.3 µ g/kg, can
reverse the uremic effect on platelet function, although no con-
trolled study evaluating the safety of performing transbronchial
biopsies after treatment with desmopressin exists (43). Pneu-
mothorax occurs in fewer than 5% of nonventilated patients
undergoing transbronchial biopsy. Tube thoracostomy is re-
quired in approximately half of these patients (22). A ma-
jor risk factor for pneumothorax is positive pressure ventila-
tion, especially if PEEP is used. Rates of pneumothorax after
transbronchial lung biopsy in mechanically ventilated patients
have been reported up to 7% and 23% (44–46). Fluoroscopic
guidance may diminish the risk of pneumothorax. No patient
should undergo bilateral transbronchial biopsy procedures dur-
ing the same bronchoscopic episode because of the small risk
of bilateral pneumothorax.

Postbronchoscopy fever occurs in as many as 16% of pa-
tients. Bronchoscopy-related pneumonia is rare, occurring in
fewer than 5% , and bacteremia is exceedingly rare (47,48). In
general, endocarditis prophylaxis is not required with flexible
bronchoscopy (49).

Neurosurgical patients are at risk for intracranial hyper-
tension as a result of bronchoscopy-induced elevation of in-
trathoracic pressure, arterial hypertension, and hypercapnia.
Bronchoscopy-associated cough or retching must therefore be
avoided. Deep sedation with or without neuromuscular block-
ade may be utilized if bronchoscopy is deemed necessary.

DIAGNOSTIC AND THERAPEUTIC
BRONCHOSCOPY

Airway Manag e me nt

Flexible bronchoscopy can provide an efficient and effective
means to secure a difficult airway, change an endotracheal
tube, and inspect an airway during extubation (50,51). Endo-
tracheal intubation can be technically difficult in select patient
groups (Table 37.2). Intubation using flexible bronchoscopy
under topical anesthesia, with or without conscious sedation,
is an important technique in these patients with compromised
airways, particularly if the airway is obstructed or if the tra-
chea is extrinsically compressed by a mediastinal mass. Spon-
taneous ventilation keeps the airway open and assists the
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TA BLE 3 7 . 2

FACTORS ASSOCIATED WITH DIFFICULT ENDOTRACHEAL INTUBATIONS

ANATOMIC
Short muscular neck
Receding mandible
Prominent upper incisors
Microglossia
Limited mandible movement
Large breasts
Cervical rigidity

CONGENITAL ABNORMALITIES
Absence of nose
Choanal atresia
Macroglossia

INFECTIOUS
Bacterial retropharyngeal abscess
Epiglotitis
Diphtheria
Infectious mononucleosis
Croup
Leprosy

NONINFECTIVE INFLAMMATION
Rheumatoid arthritis
Instability of cervical spine
Cervical fixation
Temporomandibular disease
Cricoarytenoid disorders
Hypoplastic mandible
Ankylosing spondylitis

NEOPLASIA
Laryngeal papillomatosis
Stylohyoid ligament calcification
Laryngeal carcinoma
Mediastinal carcinoma

TRAUMA
Mandibular fracture
Maxillary fracture
Laryngeal and tracheal trauma
Mediastinal carcinoma

ENDOCRINE
Obesity
Acromegaly
Thyromegaly

bronchoscopist in locating the glottis when airway anatomy is
distorted (50,52). Bronchoscopic examination of the airway
also identifies the nature of the obstructed airway and helps to
plan for additional therapeutic maneuvers to relieve the airway
obstruction.

Bronchoscopic endotracheal intubation can be performed
using either a nasal or oral approach. With the nasal approach,
after preparation of the nasal mucosa with a local anesthetic
such as lidocaine and a mucosal vasoconstrictor such as 1%
phenylephrine, the bronchoscope is passed through the nares
and situated directly above the glottic opening. It is then passed
into the trachea and the ET is passed over the bronchoscope
into the trachea. The major limitation of this approach in many
ICU patients with concomitant abnormalities of coagulation is
epistaxis and the potential for sinusitis with prolonged nasal
intubation. The development of epistaxis can significantly im-
pair the bronchoscopic examination and can seriously ham-
per subsequent nasal or laryngoscopic attempts at intubation.
Other difficulties associated with nasal intubation include ade-
noid dislocation and difficulty passing the ET in patients with
a limited diameter of the nares.

Oral flexible bronchoscopic intubation effectively avoids
these difficulties associated with nasal intubation. Topical anes-
thesia of the oropharynx is achieved with spraying of 4% li-
docaine. Translaryngeal injection of 3 mL of 4% lidocaine
through the cricothyroid membrane to provide topical anes-
thesia to the larynx and trachea, in addition to lidocaine sprays
to the oropharynx, is favored by some practitioners. Others fa-

vor a “spray as you go” technique, with injection of lidocaine
through the working channel of the bronchoscope to provide
laryngeal and tracheal topical anesthesia. Alternatively, nebu-
lization of 6 to 8 mL of 4% lidocaine is used for topical anes-
thesia in some institutions (50). A bite block should be in place
to prevent scope damage from the patient biting. In some pa-
tients, the use of an oral intubating airway, such as the Williams
Airway Intubator, the Ovassapian Airway, or the Berman Air-
way, may be helpful in successfully intubating the patient with
a difficult airway (53). The oral intubating airway directs the
flexible bronchoscopy past the tongue and directly over the
larynx, facilitating endotracheal intubation. Use of these air-
ways in the completely awake patient with inadequate topical
anesthesia may be problematic due to gagging and vomiting.
This is less of a problem in the sedated or unconscious patient.
After exposure of the vocal cords, the bronchoscope is passed
into the trachea and the ET is then passed over the broncho-
scope into the airway. In some patients, the endotracheal tube
impinges on laryngeal structures despite the smooth entrance
of the bronchoscope into the trachea. In this situation, the ET
may be withdrawn back over the bronchoscope, rotated 90 de-
grees clockwise or counterclockwise to change the position of
the tube bevel relative to the larynx, and readvanced during
inspiration (50). Mild to moderate conscious sedation may be
used in some patients to improve patient comfort and toler-
ance of nasal or oral bronchoscopic intubation. Great caution
should be taken in patients with highly compromised airways,
however, and sedatives may need to be completely avoided.
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In addition to the oral intubating airway, other airway ad-
juncts have been used in combination with the flexible bron-
choscope for intubation of patients with a difficult airway. A
special facial mask with a diaphragm for the bronchoscope has
been developed for the critically ill and for use in the operating
room (54). The mask is useful for bronchoscopic intubation in
sedated or comatose patients with limited respiratory reserve,
providing a tight seal for assisted ventilation during the pro-
cedure. The intubating laryngeal mask airway (LMA) has also
been used successfully in combination with the flexible bron-
choscope (55).

Flexible bronchoscopy allows for ET changes in patients
with endotracheal tube cuff leaks, inadequate ET internal di-
ameters, and nasotracheal tube–associated sinusitis. Before
bronchoscopy, the oropharynx should be suctioned thoroughly.
For oral tracheal intubation, the endotracheal tube should be
shortened 2 to 3 cm at its proximal end and advanced over the
bronchoscope before its placement in the pharynx. The bron-
choscope tip is advanced to the level of the cuff of the existing
endotracheal tube, and secretions are aspirated through the
suction channel. If necessary, the cuff is deflated and the bron-
choscope advanced into the tracheal lumen. The endotracheal
tube is then withdrawn with the cuff fully deflated, the bron-
choscope tip advanced to the carina, and the new endotracheal
tube advanced over the bronchoscope into the trachea. Ade-
quate positioning of the tube 3 to 4 cm proximal to the carina
is confirmed by visual inspection, and the cuff is inflated. After
intubation, a chest radiograph is not required to confirm ade-
quate placement of the endotracheal tube (56). Tube changes
by the oral or nasal routes are possible. Contralateral nasal
reintubation, however, may be difficult because of the lateral
displacement of the septum by the existing nasotracheal tube.

Percutaneous dilatational tracheostomy (PDT) has become
a well-accepted method for performing bedside tracheostomy
in the ICU. While not universally utilized, flexible bron-
choscopy is routinely used in performing PDT (57). Bron-
choscopy facilitates proximal positioning of the ET prior to
introducing the guidewire needle into the trachea, reducing the
risk of ET impalement by the needle, and facilitates reintuba-
tion if the ET is dislodged out of the airway. Bronchoscopic
visualization ensures that the guidewire needle is introduced in
the appropriate interspace in a midline position and that the
needle does not penetrate the membranous posterior tracheal
wall, thereby decreasing the risk of misplacement of the tra-
cheostomy tube and creation of a false paratracheal passage.
Bronchoscopy also provides feedback to the operator during
dilator passage so that pressure on the posterior wall is mini-
mized and the potential for posterior wall tears is reduced.

Flexible bronchoscopy can be extremely useful in the place-
ment of a double-lumen ET. If a right-sided tube is used, ade-
quate positioning of the tube with the tracheal port proximal
to the carina and bronchial port proximal to the right upper
lobe orifice can be confirmed by using a small-diameter (3.5-
mm outer diameter) flexible bronchoscope to inspect the air-
way through each lumen (58,59). Positioning of left-sided tubes
is not as problematic given the longer length of the left main-
stem bronchus relative to the right mainstem bronchus and less
likelihood of obstructing the left upper or left lower lobe. In
general, bronchoscopic confirmation of proper bronchial port
positioning should be performed after all double-lumen ET in-
tubations, given the significant rate of malpositioning with a
blind technique (60).

Flexible bronchoscopy provides an excellent opportunity to
inspect the airways at the time of extubation in patients at risk
for airway compromise, including those intubated for inhala-
tion injury, trauma, subglottic stenosis, and laryngeal edema.
The bronchoscope is advanced through the ET to its most distal
aspect, and the ET and bronchoscope are withdrawn slowly to-
gether to allow inspection of the airway. If bronchoscopy con-
firms persistent mucosal edema or airway obstruction, the en-
dotracheal tube can be readvanced over the bronchoscope into
the tracheal lumen and secured, with extubation postponed
until a later time.

At e le ct asis

Segmental or lobar atelectasis presents radiographically as a
parenchymal density associated with a combination of shift of
an interlobar fissure, crowding of vessels or bronchi, ipsilateral
mediastinal shift, or elevation of the diaphragm. Complete lung
atelectasis will produce opacification of the hemithorax and
usually ipsilateral mediastinal shift. Atelectasis is most com-
monly due to mucous plugging; however, in patients who do
not improve after chest physiotherapy, endobronchial obstruc-
tion due to endobronchial tumor, foreign body, or blood clot
should be excluded by bronchoscopy. Predisposing conditions
for mucous plugging and atelectasis include inadequate inspira-
tory effort (pain, sedation, and muscle weakness), immobility,
obesity, excessive airway secretions, pre-existing airway dis-
ease, and endobronchial obstructing lesions. Lobar or whole
lung atelectasis produces hypoxemia by right-to-left vascular
shunting and ventilation/perfusion mismatching. The clinical
significance of atelectasis is directly related to its extent and to
the pre-existing pulmonary reserve of the patient.

Much of the evidence supporting the role of flexible bron-
choscopy in the treatment of atelectasis is anecdotal. Success
rates for bronchoscopy range from 19% to 89% (61). One
randomized trial comparing bronchoscopy to aggressive chest
physiotherapy and nebulizer therapy found no advantage for
bronchoscopy, although the study methodology has been crit-
icized (62–64). Patients with whole lung or lobar atelectasis
tend to respond better than those with segmental atelectasis.
With the exception of large, obstructing central airway mucous
plugs, the radiographic response to successful removal of secre-
tions is delayed from 6 to 24 hours. Therapeutic bronchoscopy
is, in general, indicated for patients with life-threatening whole
lung or lobar atelectasis and for patients who have not re-
sponded to chest physiotherapy measures. Chest physiother-
apy should be continued after successful bronchoscopy to pre-
vent new airway obstructions. Instillation of saline or a dilute
10% solution of acetylcysteine through the working channel
may help to clear thick, tenacious secretions. Acetylcysteine is a
bronchial irritant, however, and may exacerbate bronchospasm
in patients with reactive airway disease. Typically 10- to 20-mL
aliquots of saline are used as the irrigant to facilitate clear-
ing of mucous plugs. If saline irrigation fails, then instillation
of acetylcysteine or rhDNase (Pulmozyme) may be considered
(65–67). In some patients, holding continuous suction while
withdrawing the bronchoscope through the ET allows removal
of large mucous plugs that cannot be suctioned directly through
the working channel. Extremely tenacious mucous plugs may
require the use of biopsy forceps or a foreign body basket to
be successfully extracted. Blood clots may similarly be removed
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with saline irrigation. Instillation of acetylcysteine may be help-
ful in more difficult to remove blood clots. The use of biopsy
forceps or a foreign body basket may be needed to remove
blood clots that cannot be removed with irrigation and suction
extraction.

Selective intrabronchial insufflation by the flexible broncho-
scope, preceded by suctioning of mucus from large airways,
has been used in patients with refractory atelectasis (61). One
study in a surgical ICU study using air insufflation for lobar
collapse reported an overall effectiveness of 82% , with 92%
effectiveness when collapse was less than 72 hours’ duration
(68). Although only minor clinically insignificant complica-
tions have been described, selective positive pressure insuffla-
tion does carry the potential risk of barotrauma (69–71).

He mop t ysis

Flexible bronchoscopy plays a central role in the evaluation
of hemoptysis. Bronchoscopy should be considered in all crit-
ically ill patients with hemoptysis, regardless of the degree of
hemoptysis, to localize the site of bleeding and attempt to deter-
mine the underlying etiology. Localization of the site of bleed-
ing is important to guide temporizing therapy such as angio-
graphic embolization and definitive therapy such as surgical
resection. Early rather than delayed bronchoscopy should be
performed to increase the likelihood of localizing the source of
bleeding. Bronchoscopy performed within 48 hours of bleed-
ing onset successfully localized bleeding in 34% to 91% of
patients, depending on the case series, as compared to success-
ful localization in 11% to 52% of patients if bronchoscopy
was delayed (72). Bronchoscopy performed within 12 to
24 hours may provide an even higher yield.

Massive hemoptysis is defined as expectoration of blood
exceeding 200 to 1,000 mL over a 24-hour period, with expec-
toration of greater than 600 mL in 24 hours as the most com-
monly used definition (73). In practice, the rapidity of bleeding
and ability to maintain a patent airway are critical factors, and
life-threatening hemoptysis can alternatively be defined as the
amount of bleeding that compromises ventilation. Only 3%
to 5% of patients with hemoptysis have massive hemoptysis,
with the mortality rates approaching 80% in various case se-
ries. Most patients who die from massive hemoptysis do so
from asphyxiation secondary to airway occlusion by clot and
blood, not exsanguination. The causes of massive hemoptysis
are listed in Table 37.3. Infections associated with bronchiecta-
sis, tuberculosis, lung abscess, and necrotizing pneumonia are
commonly responsible for the massive bleeding. Other com-
mon causes include bronchogenic carcinoma, mycetoma, inva-
sive fungal diseases, chest trauma, cystic fibrosis, pulmonary
infarction, coagulopathy, and alveolar hemorrhage due to We-
gener granulomatosis and Goodpasture syndrome.

Airway patency must be ensured in patients with massive
hemoptysis. While preparing for intubation and bronchoscopy,
the patient may be positioned in the lateral decubitus posi-
tion with the bleeding side down. Most patients with massive
hemoptysis will require intubation and mechanical ventilation.
While intubation generally preserves oxygenation and facili-
tates blood removal from the lower respiratory tract, the ET
may become obstructed by blood clots with inability to oxy-
genate and ventilate the patient. The largest possible ET should
be inserted to allow for use of bronchoscopes with a 2.8- to
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POTENTIAL CAUSES OF MASSIVE HEMOPTYSIS

NEOPLASM
Bronchogenic cancer
Metastasis (parenchymal or endobronchial)
Carcinoid
Leukemia

INFECTIOUS
Lung abscess
Bronchiectasis
Tuberculosis
Necrotizing pneumonia
Fungal pneumonia
Septic pulmonary emboli
Mycetoma (aspergilloma)

PULMONARY
Bronchiectasis
Cystic fibrosis
Sarcoidosis (fibrocavitary)
Diffuse alveolar hemorrhage
Airway foreign body

CARDIAC/VASCULAR
Mitral stenosis
Pulmonary embolism/infarction
Arteriovenous malformation
Bronchoarterial fistula
Ruptured aortic aneurysm
Congestive heart failure
Pulmonary arteriovenous fistula

IATROGENIC/TRAUMATIC
Blunt or penetrating chest trauma
Tracheal/bronchial tear or rupture
Tracheoinnominate artery fistula
Bronchoscopy
Pulmonary artery rupture from Swan-Ganz catheter
Endotracheal tube suctioning trauma

HEMATOLOGIC
Coagulopathy
Disseminated intravascular coagulation
Thrombocytopenia

DRUGS/TOXINS
Anticoagulants
Antiplatelet agents
Thrombolytic agents
Crack cocaine

3.0-mm working channel for more effective suctioning and to
allow for better ventilation with the bronchoscope in the air-
way for prolonged periods of time. In severe cases, the main-
stem bronchus of the nonbleeding lung can be selectively intu-
bated under bronchoscopic guidance to preserve oxygenation
and ventilation from the normal lung.

Some authors have recommended the use of a double-lumen
ET to isolate the normal lung and permit selective intubation.
While double-lumen endotracheal tubes have been used suc-
cessfully in the airway management of massive hemoptysis,
there are a number of potential pitfalls. First, placement of
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a double-lumen ET is difficult for less experienced operators,
particularly with a large amount of blood in the larynx and
oropharynx. Second, the individual lumens of the ET are sig-
nificantly smaller than a standard ET and are at significant
risk of being occluded by blood and blood clots. Lastly, posi-
tioning of the double-lumen ET and subsequent bronchoscopic
suctioning of the distal airways require a small pediatric bron-
choscope with working channels of 1.2 to 1.4 mm. Adequate
suctioning of large amounts of blood and blood clots through
such bronchoscopes is extremely problematic. In one series of
62 patients with massive hemoptysis, death occurred in four of
seven patients managed with a double-lumen ET due to loss of
tube positioning and aspiration (74). I do not recommend the
use of double-lumen ETs for airway management in massive
hemoptysis. As an alternative to selective mainstem bronchial
intubation or intubation with a double-lumen ET, an ET that
incorporates a bronchial blocker, such as the Univent tube, may
be used.

Endobronchial tamponade with flexible bronchoscopy can
prevent aspiration of blood into the contralateral lung and
preserve gas exchange in patients with massive hemoptysis.
Endobronchial tamponade can be achieved with a 4-French
Fogarty balloon-tipped catheter. The catheter may be passed
directly through the working channel of the bronchoscope or
the catheter can be grasped by biopsy forceps placed though
the working channel of the bronchoscope prior to introduc-
tion into the airway. The bronchoscope and catheter—with
the latter held in place adjacent to the bronchoscope by the
biopsy forceps—are then inserted as a unit into the airway.
Care must be taken not to perforate the catheter or balloon by
the forceps. The catheter tip is inserted into the bleeding seg-
mental orifice, and the balloon is inflated. If passed through the
suction channel, the proximal end of the catheter is clamped
with a hemostat, the hub cut off, and a straight pin inserted
into the catheter channel proximal to the hemostat to maintain
inflation of the balloon catheter. The clamp is removed, and the
bronchoscope is carefully withdrawn from the bronchus with
the Fogarty catheter remaining in position, to provide endo-
bronchial hemostasis (75–77). The catheter can safely remain
in position until hemostasis is ensured by surgical resection of
the bleeding segment or bronchial artery embolization. Right
heart balloon catheters have been used in a similar fashion (78).
A modified technique for placement of a balloon catheter has
been described using a guidewire for insertion. A 0.035-inch
soft-tipped guidewire is inserted through the working channel
of the bronchoscope into the bleeding segment. The broncho-
scope is withdrawn, leaving the guidewire in place. A balloon
catheter is then inserted over the guidewire and placed under
direct visualization after reintroduction of the bronchoscope
(79). The use of endobronchial blockers developed for unilat-
eral lung ventilation during surgery may hold promise for man-
agement of massive hemoptysis in tamponading bleeding and
preventing contralateral aspiration of blood (80). The Arndt
endobronchial blocker is placed through a standard ET and
directly positioned with a pediatric bronchoscope. Suctioning
and injection of medications can be performed through the lu-
men of the catheter after placement. The Cohen tip-deflecting
endobronchial blocker is also placed through a standard ET
and directed into place with a self-contained steering mech-
anism under bronchoscopic visualization. At this time, there
is limited published experience with these blockers in the set-
ting of massive hemoptysis, although the author has success-

fully used them for this application. The prolonged use of en-
dobronchial blockers may cause mucosal ischemic injury and
postobstructive pneumonia.

Additional bronchoscopic techniques may be useful as
a temporizing measure in patients with massive hemopty-
sis. Bronchoscopically administered topical therapies such as
iced sterile saline lavage or topical 1:10,000 or 1:20,000
epinephrine solution may be helpful (81). Direct application of
a solution of thrombin or a fibrinogen–thrombin combination
solution has been used (82). The use of bronchoscopy-guided
topical hemostatic tamponade therapy using oxidized regener-
ated cellulose mesh has recently been described (83). Although
anecdotal, the author has had success with topical application
of 5 to 10 mL of a 1 mEq/mL (8.4% ) sodium bicarbonate so-
lution.

For patients who have hemoptysis due to endobronchial
lesions, particularly endobronchial tumors, hemostasis may be
achieved with the use of neodymium-yttrium-aluminum-garnet
(Nd:YAG) laser phototherapy, electrocautery, or cryotherapy
via the bronchoscope.

Diag nosis of Ve nt ilat or-associat e d
Pne umonia

For the diagnosis of ventilator-associated pneumonia (VAP),
the use of bronchoscopic modalities remains controversial and
is often institution dependent. Although commonly attributed
to pneumonia, the chest radiographic finding of alveolar infil-
trates in the ICU patient can represent a broad differential diag-
nosis, requiring a wide range of therapies. The use of standard
clinical criteria for the diagnosis of pneumonia such as new
pulmonary infiltrates, hypoxemia, leukocytosis or leukopenia,
fever, and pathogenic bacteria in respiratory secretions has been
associated with a significant rate of misdiagnosis (84). Bacterial
colonization of the upper airways and endotracheal tube can
confound the reliability of the Gram stain and cultures from
tracheal aspirates obtained in the intubated patient. Concern
about the inaccuracy of clinical approaches to the diagnosis
of VAP and the possibility of antibiotic overprescribing with
a clinical strategy has led some investigators to postulate that
bronchoscopic methods such as PSB and BAL would improve
the diagnosis of VAP and treatment outcomes (15,16).

The methodology for performing PSB and BAL quantitative
cultures is outlined in a previous section of this chapter. PSBand
BAL should be performed in the most abnormal segment as de-
termined by radiographic studies or where endobronchial ab-
normalities are most pronounced. Alternatively, samples may
be obtained from the right lower lobe, as this is the most com-
monly affected area on autopsy studies. A quantitative culture
result of more than 104 CFU/mL is considered diagnostic for
pneumonia with BAL, while more than 103 CFU/mL is consid-
ered diagnostic for pneumonia with PSB. An evidence-based re-
view of 23 prospective studies of BAL in suspected VAP showed
a sensitivity of 42% to 93% with a mean of 73% ± 18% , and
a specificity of 45% to 100% with a mean of 82% ± 19%
(85). In 12 studies, the detection of intracellular organisms in
2% to 5% of recovered cells was used to diagnose pneumonia,
with a mean sensitivity of 69% ± 20% and a specificity of
75% ± 28% (85). An advantage of looking for intracellular
organisms is the ability to obtain information of high predic-
tive value in a rapid time frame without waiting for the results
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of cultures to define the presence of pneumonia, although not
the specific identity of the etiologic pathogen (84).

In a review of studies evaluating PSB, the sensitivity ranged
from 33% to 100% with a median sensitivity of 67% , while the
specificity ranged from 50% to 100% with a median specificity
of 95% (86). It is unclear if BAL is superior to PSB or vice versa
in the diagnosis of VAP. In a meta-analysis of 18 studies on PSB
(795 patients) and 11 studies on BAL (435 patients), there was
no difference in the accuracy of the two tests (87). BAL does of-
fer an advantage in that additional microbiologic tests beyond
routine bacterial cultures, as well as cytologic analysis, can be
performed on the sample if an infectious process is suspected
other than typical bacterial pneumonia. PSB may potentially
have a greater complication rate compared with BAL, but this
has not been formally compared.

Despite studies of BAL and PSB showing a greater accuracy
than tracheal aspirates, the routine use of bronchoscopy for es-
tablishing the diagnosis of VAP remains controversial (84,88).
This controversy is in part due to critiques in study method-
ologies and in part due to some studies showing a benefit in
patient outcomes while others have not. One prospective, non-
randomized study noted a difference in mortality between pa-
tients managed with an invasive bacteriologic strategy (19% )
versus those managed with a clinical strategy (35% ) (89). One
large, prospective randomized trial did show an advantage to
the quantitative bronchoscopic approach when compared with
a clinical approach in a multicenter study of 413 patients sus-
pected of having VAP. Compared with patients managed clini-
cally, those receiving invasive management had a lower mortal-
ity rate on day 14 (16% vs. 25% ; p < 0.02), but not on day 28,
and lower mean sepsis-related organ failure assessment scores
on days 3 and 7. At 28 days, the quantitative culture group had
significantly more antibiotic-free days (11 ± 9 vs. 7 ± 7 days;
p < 0.001), but only a multivariate analysis showed a signifi-
cant difference in mortality (hazard ratio 1.54; 95% confidence
interval [CI] 1.10–2.16) (90). No differences in mortality were
observed in three randomized single-center studies when inva-
sive techniques (PSB and/or BAL) were compared with either
quantitative or semiquantitative endotracheal aspirate culture
techniques (91–93). However, these studies included few pa-
tients (51, 76, and 88, respectively), and antibiotics were con-
tinued in all patients, even those with negative cultures, thereby
negating one of the potential advantages of the bacteriologic
strategy. A meta-analysis of these randomized controlled trials
noted that an invasive approach did not alter mortality (odds
ratio 0.89, 95% CI 0.56–1.41), although invasive testing af-
fected antibiotic utilization (odds ratio for change in antibiotic
management after invasive sampling 2.85, 95% CI 1.45–5.59)
(94).

Performing microbiologic cultures of pulmonary secretions
for diagnostic purposes after initiating new antibiotic therapy
can lead to false-negative results and is likely of little value re-
gardless of the manner in which the secretions are sampled.
Studies have demonstrated that culture positivity at 24 and
48 hours after the onset of antimicrobial treatment is markedly
diminished (95,96). The decrease in positive cultures after ini-
tiation of antibiotic therapy appears to affect PSB more so than
BAL. If patients have been treated with antibiotics but did not
have a change in antibiotic class prior to bronchoscopy for a
suspected new episode of VAP, the yield of BAL and PSB ap-
pears to be similar to that in patients who have not received
antibiotics (97). If an invasive bronchoscopy strategy is used

to establish a diagnosis of VAP, BAL and/or PSB should be per-
formed prior to administration of antibiotics or administration
of new antibiotics if the patient was previously on antimicro-
bial therapy.

Diag nosis of Ot he r Re sp irat ory Infe ct ions

Flexible bronchoscopy is an essential modality in evaluating
the critically ill, immunocompromised patient with pulmonary
infiltrates. These patients are at risk for fungal, viral, proto-
zoal, mycobacterial, and atypical bacterial pulmonary infec-
tions. Critically ill patients who have no underlying immuno-
compromised condition, such as acquired immunodeficiency
syndrome (AIDS), leukemia, neutropenia, hematopoietic stem
cell/bone marrow transplant, or solid organ transplant, may
also develop respiratory infections other than bacterial pneu-
monias, such as fungal and viral infections. In addition to these
patients, those who present with acute respiratory failure and
apparent community-acquired pneumonia, but fail to respond
appropriately to antibiotic therapy, may benefit from bron-
choscopy to evaluate for more unusual infections and noninfec-
tious causes of acute respiratory failure with infiltrates. Bron-
choscopy is not recommended for routine community-acquired
pneumonia.

BAL, as compared to PSB, provides the opportunity for
more extended microbiologic studies and for cytology. It is
unclear if the addition of transbronchial biopsy to BAL im-
proves diagnostic accuracy in immunocompromised patients
with pulmonary infiltrates. Transbronchial biopsy may increase
the yield for the diagnosis of infectious etiologies, but more
commonly establishes an alternate noninfectious cause of infil-
trates in these patients (98). The benefits versus risks, including
life-threatening pneumothorax and bleeding, need to be indi-
vidualized in the critically ill immunocompromised patient.

In immunocompromised and critically ill patients who are
suspected to have an atypical infection, BAL fluid should be
sent for cytopathology to evaluate for viral cytologic changes,
as well as Gomori methenamine silver staining (GMS) to eval-
uate for fungal organisms and Pneumocystis jiroveci. Alter-
natively, Papanicolaou, Giemsa, toluidine blue O, or direct
fluorescent antibody staining may be used for detection of
Pneumocystis.

For Pneumocystis in AIDS patients, BAL has a sensitiv-
ity rate in diagnosing Pneumocystis pneumonia of approxi-
mately 85% to 90% , and for transbronchial biopsy, the diag-
nostic yield approaches 87% to 95% . When BAL and trans-
bronchial biopsy are performed in AIDS patients with Pneu-
mocystis pneumonia, the diagnostic yield is 95% to 98% (99–
102). Given the high yield of BAL and the potential risk of
transbronchial biopsy in critically ill patients, transbronchial
biopsy is not recommended in AIDS patients for diagnosing
Pneumocystis. In immunocompromised patients without HIV,
the yield of BAL is lower, and transbronchial biopsies to es-
tablish a diagnosis may be required. Although not used rou-
tinely in clinical practice, polymerase chain reaction (PCR) for
Pneumocystis on BAL specimens may increase diagnostic rates
(103).

For the diagnosis of pulmonary fungal infections in im-
munocompromised patients, BAL fluid should be sent for fun-
gal stains and cultures in addition to cytology stains. It is un-
clear if the addition of transbronchial biopsy to BAL increases



514 Sect ion III: Techniques, Procedures, and Treatments

the diagnostic yield for fungal infections. If transbronchial
biopsies are obtained, the samples should be sent for culture
in addition to histology. Some fungi, such as Mucor and Rhi-
zopus, are difficult to grow on culture, and diagnosis relies on
BAL cytology or biopsy specimens. Aspergillus is the most com-
monly encountered pulmonary fungal infection. BAL cytology
and culture are diagnostic in approximately 50% to 60% of
cases of invasive pulmonary aspergillosis. The diagnostic yield
from BAL appears to be increased with the use of galactoman-
nan antigen and PCR testing, although galactomannan antigen
testing is more readily available (104–106). Antigen testing for
histoplasmosis and blastomycosis on BAL samples is now avail-
able (107).

To evaluate for viral infections, respiratory viral cultures
and a respiratory syncytial virus antigen assay should be ob-
tained. BAL cytology may demonstrate characteristic intracy-
toplasmic inclusions, but sensitivity is lacking. Immunofluores-
cence and PCR for cytomegalovirus (CMV) may be performed
on BAL specimens (108).

If there is suspicion for tuberculosis or nontuberculous my-
cobacteria, BAL samples should be sent for acid-fast bacil-
lus stains and mycobacterial culture. BAL samples of sputum
smear–negative patients with tuberculosis are smear positive
in 12% to 42% of patients and culture positive in 66% to
95% (109). In one third to one half of initially sputum smear–
negative patients, bronchoscopy specimens yield the only posi-
tive source of mycobacterial tuberculosis (110–112). Although
not routinely used, PCR for tuberculosis may be obtained on
BAL to provide a more rapid diagnosis (113,114).

For atypical bacterial infections, additional stains and cul-
tures may be required. Legionella requires specific culture me-
dia. A direct fluorescence antibody stain is also available for
Legionella. Some laboratories utilize specific media if N ocardia
is suspected. N ocardia can often be identified with a combina-
tion of Gram stain and modified Ziehl-Neelsen stains, and are
observed as delicately branched, weakly Gram-positive, vari-
ably acid-fast bacilli. Methenamine-silver stains may demon-
strate the organisms in tissue specimens.

Diag nosis of Noninfe ct ious
Pulmonary Infilt rat e s

Although most helpful in excluding infectious etiologies for
pulmonary infiltrates in ICU patients, bronchoscopy with BAL
and/or transbronchial biopsy may be able to establish the eti-
ology of noninfectious infiltrates in some patients (115,116).
In some cases, surgical lung biopsy will be required to make
a definitive diagnosis. The appearance of the BAL and a cell
count and differential on the BAL fluid can be helpful in sug-
gesting a diagnosis. A bloody BAL that does not decrease, or
increases in the degree of blood return with serial fluid aliquots,
is diagnostic of alveolar hemorrhage. This can be confirmed
with iron staining that demonstrates hemosiderin-laden alveo-
lar macrophages. BAL fluid that has a milky or whitish, cloudy
appearance with flocculent debris that settles to the bottom of
the container is suggestive of pulmonary alveolar proteinosis.
Additional support for this diagnosis is provided with a positive
periodic acid–Schiff (PAS) stain. The diagnosis of pulmonary
alveolar proteinosis can be confirmed with transbronchial or

surgical lung biopsy. A BAL with a differential count greater
than 25% eosinophils is virtually diagnostic of eosinophilic
lung disease. In the patient with acute respiratory failure, this
finding will most commonly be due to acute eosinophilic pneu-
monia, although parasitic lung infections such as strongyloidi-
asis rarely have a similar presentation. A finding of greater
than 25% lymphocytes on BAL differential is suggestive of sar-
coidosis, hypersensitivity pneumonitis, drug reaction, or viral
infection.

Transbronchial biopsy can confirm the above diagnoses in
most cases. In addition, transbronchial biopsy may be able
to establish other noninfectious diagnoses of pulmonary in-
filtrates in the ICU including idiopathic interstitial pneumonia
and graft versus host disease in stem cell or bone marrow trans-
plant patients, leukemic infiltrates, drug-induced pneumoni-
tis, bronchiolitis obliterans organizing pneumonia/cryptogenic
organizing pneumonia (BOOP/COP), bronchoalveolar carci-
noma, lymphangitic carcinomatosis, and acute rejection after
lung transplantation.

Traumat ic Airway Injury

The classic signs of tracheobronchial disruption include short-
ness of breath, massive subcutaneous emphysema, persistent
pneumothorax despite chest tube insertion, and a large air
leak after tube thoracoscopy. On occasion, however, only sub-
tle signs exist, even in the presence of significant injury. Flexible
bronchoscopy should be performed early in any patient with
chest trauma in whom airway injury may have occurred (117).
Signs and symptoms of tracheobronchial injury are listed in
Table 37.4. Tracheobronchial disruption rarely occurs as an
isolated injury (118). A history of a rapid deceleration injury,
such as a motor vehicle accident with the patient’s chest striking
the steering wheel or dashboard, is typical. The pathogenesis
of tracheobronchial rupture in blunt chest trauma is caused by
shearing, wrenching, or compressive forces, acting alone or in
concert. Rapid deceleration results in shearing forces, acting
predominantly at the distal trachea near the carina where the
relatively fixed trachea joins the more mobile distal airways
(119,120). If the trachea and mainstem bronchi are crushed
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SIGNS AND SYMPTOMS OF TRACHEOBRONCHIAL
INJURY

Fracture of upper ribs
Fracture of clavicle or sternum
Chest wall contusions
Chest radiograph showing:

Subcutaneous emphysema
Pneumothorax
“Sagging” lung
Pneumomediastinum
Atelectasis
Pulmonary contusion

Hemoptysis
Bronchopleural fistula
Dyspnea
Cough
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between the chest wall and vertebral column and the glottis
closed, airway pressure suddenly increases, and resultant rup-
ture of the airway may occur (118).

In patients with tracheal or bronchial disruption, early bron-
choscopy can reliably detect the site of airway injury (121–
126). Prompt diagnosis and surgical correction or tracheo-
bronchial disruption produce a better outcome, and delay in
diagnosis is usually detrimental to the patient (118). Patients
with partial tracheal or bronchial disruption may be relatively
asymptomatic and present with a paucity of physical findings.
Delays in diagnosis unfortunately are common and have been
associated with decreased frequency of successful repair. Fail-
ure to diagnose disruption may result in a delayed stricture
formation at the site of injury, resulting in dyspnea, distal at-
electasis, and chronic recurrent infections.

If an airway injury is suspected, flexible bronchoscopy
should be performed through an endotracheal tube preposi-
tioned on the bronchoscope to assess tracheal or bronchial dis-
ruption. If a persistent bronchopleural fistula exists because
of proximal airway trauma, the cuff of the endotracheal tube
sometimes can be positioned just distal to the rupture site and
inflated, and adequate ventilation can be established before
surgical repair. Cervical tracheal rupture is less common than
rupture of the intrathoracic trachea. Cervical tracheal rupture,
however, may be more difficult to diagnose once the patient
is intubated because of the proximal location of the tear, and
may itself be an impediment to intubation (127).

Bronchop le ural Fist ula

In patients who are not candidates for surgical management
of a bronchopleural fistula (BPF), flexible bronchoscopic tech-
niques may offer alternative methods for closure of the BPF. De-
tection of a proximal BPF due to stump breakdown after lobec-
tomy or pneumonectomy or a BPF due to bronchial dehiscence
is usually relatively straightforward, as these abnormalities can
be directly visualized. In the setting of a BPF due to a rent or
tear on the lung periphery, locating the bronchial segment that
provides ventilation to that area of the lung can be more diffi-
cult. Several techniques can be employed by bronchoscopy to
localize the proximal endobronchial site of the fistulous tract.
Occasionally, air bubbles can be seen emanating from the seg-
mental bronchus. Washing the suspected segment with normal
saline and coughing may accentuate the bubbling. A balloon-
tipped catheter, such as a Fogarty catheter or a single-lumen
right heart catheter, can be passed through the working chan-
nel of the bronchoscope and selectively positioned in suspect
segmental bronchial orifices that lead to the peripheral fistula.
After positioning the catheter in the suspect segment, the bal-
loon is inflated to occlude the orifice, and the bronchoscopist
then looks for cessation of bubbling in the water seal chamber
of the pleural drainage unit (121). The lack of bubbling after
balloon inflation confirms that the bronchial segment has been
occluded and allows the BPF to heal.

Successful endobronchial occlusion of BPFs has been re-
ported with cyanoacrylate-based tissue adhesives (Histoacryl,
Bucrylate), fibrin sealants (Tisseal, Hemaseal, thrombin plus
fibrinogen or cryoprecipitate), absorbable gelatin sponge
(Gelfoam), vascular occlusion coils, doxycycline and blood,
Nd:YAG laser, silver nitrate, and lead shot (128–130). The

agent initially seals the leak by acting as a plug and subse-
quently induces an inflammatory process with fibrosis and mu-
cosal proliferation permanently sealing the area. Of these tech-
niques, the uses of cyanoacrylate tissue adhesives and fibrin
sealants have been most widely reported.

Airway stents may be used to cover and seal the fistula in
selected patients, depending on the location of the fistula. BPFs
due to breakdown of a stump after lobectomy or pneumonec-
tomy or bronchial dehiscence after lung transplantation or
bronchoplastic procedures are the most amenable to successful
closure with airway stenting. More recently, the successful clo-
sure of BPFs using bronchoscopic placement of endobronchial
valves designed for emphysema has been described (131–133).

Fore ig n Bod y Re moval

Risk factors for foreign body aspiration include age younger
than 3 years, altered consciousness, trauma, and disordered
swallowing mechanisms. Although occurring less frequently
in adults than in children, tracheobronchial foreign bodies are
problematic in adults (134,135). Patients may present with dys-
pnea, coughing, wheezing, or stridor. Foreign body aspiration
may be relatively occult, with no obvious history for aspira-
tion. Radiographically, there may be evidence of atelectasis,
bronchiectasis, or recurrent pneumonitis.

Bronchoscopy to remove an aspirated foreign body should
be performed by an experienced bronchoscopist. For pediatric
patients, the foreign body may be successfully extracted via
flexible bronchoscopy. For most situations, however, the rigid
bronchoscope remains the instrument of choice in young chil-
dren and infants (135). In adults, flexible bronchoscopy has
clearly been shown to be an effective diagnostic and ther-
apeutic tool in cases of suspected foreign body aspiration
(134,136,137). Several extraction devices are available for
use through the flexible bronchoscope (138). Biopsy forceps,
graspers, and foreign body baskets are most commonly em-
ployed. Large foreign bodies may be extracted by applying
continuous suction and withdrawing the bronchoscope with
the foreign body adhered to the tip of the scope. Compared
with rigid bronchoscopy, flexible bronchoscopy offers an en-
hanced visualization of the more peripheral airways, can be
performed at the bedside, and averts the need for general anes-
thesia and operating room facilities. Occasionally, combined
flexible and rigid bronchoscopy are required to enhance re-
trieval of the foreign body.

Inhalat ion Injury

Exposure to fire or smoke in an enclosed environment puts
the patient at risk for thermal airway injury. Patients with
singed nasal hairs, facial burns around the nose or mouth,
oral/nasopharyngeal burns, carbonaceous sputum, or hoarse-
ness should be suspected of having an upper airway injury.
Stridor, wheezing, or other manifestations of upper airway
symptomatology may imply impending ventilatory failure. In
patients with suspected inhalation injury, flexible broncho-
scopy should be performed early by an experienced broncho-
scopist to identify evidence of thermal airway injury. Flexible
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bronchoscopy allows direct examination of the supraglottic
and infraglottic areas. The need for intubation should be antic-
ipated and an endotracheal tube placed over the bronchoscope
before examining the airways. If intubation is deemed neces-
sary, the bronchoscope can function as a guide for endotracheal
tube placement. Serial examinations may be necessary in pa-
tients with apparent minimal thermal airway injury on initial
evaluation (139). Signs indicating impending airway obstruc-
tion include inflammation, edema, ulceration, or hemorrhage
of the upper airway mucosa (140–143).

By using flexible bronchoscopy, inhalation injury can be
classified into acute, subacute, and chronic phases. In the acute
stage, upper airway obstruction from mucosal edema and res-
piratory failure from pulmonary edema and hemorrhage are
the main characteristics. Soot deposition in the airways and
carbon monoxide poisoning also may be found. The subacute
stage, which lasts from hours to several days, is manifested
by necrosis of the tracheobronchial mucosa, hemorrhagic tra-
cheal bronchitis, persistent pulmonary edema with or without
hemorrhage, and secondary infection. Scarring and stenosis of
the tracheobronchial tree with formation of granulation tis-
sue, as well as bronchiectasis due to bronchiolitis obliterans,
are the hallmarks of the chronic stage. Flexible bronchoscopy
may offer significant utility in identifying these three stages of
significant injury (144).

In the intubated patient, repeat airway examination by
bronchoscopy may be necessary before extubation to ensure
airway patency and resolution of the supraglottic or laryngeal
edema. The endotracheal tube can be withdrawn over the bron-
choscope while inspecting the airway mucosa and replaced if
the airway is compromised (145).

Acut e Up p e r Airway Ob st ruct ion

Causes of upper airway obstruction include epiglottitis, bi-
lateral vocal cord paralysis, laryngeal edema, and foreign
body. In the pediatric patient, subglottic stenosis secondary to
croup should also be considered. Flexible bronchoscopy can
be helpful to make a diagnosis in these circumstances. Flexible
bronchoscopy may be particularly helpful for diagnosis and
therapeutic intubation in upper airway obstruction after burn
and smoke inhalation injury and trauma to the face and neck.
The flexible bronchoscope affords immediate direct visualiza-
tion of the upper airway and, if performed with an ET placed
over the bronchoscope, affords visualization and guidance for
endotracheal intubation. If epiglottitis is suspected, it may be
prudent to perform bronchoscopy in the surgical suite, with
the surgical team available for emergency tracheostomy in case
of failure. When performing bronchoscopic intubation in sus-
pected upper airway obstruction, the nasotracheal approach
may be preferable because the turbinates offer stabilization and
a more controlled approach to the area of acute airway obstruc-
tion (146). Flexible bronchoscopic intubation in upper airway
obstruction may be performed in the sitting position with de-
creased posterior displacement of the epiglottis over the com-
promised upper airway as compared with laryngoscopic ex-
amination in the supine position. If foreign body obstruction is
known or suspected as the cause of the upper airway obstruc-
tion, rigid bronchoscopy may be the bronchoscopy method of
choice.

Ce nt ral Airway Ob st ruct ion

Patients may develop impending or acute respiratory failure
due to central airway obstruction from primary lung cancer
or metastatic malignancies. Treatment for malignant airway
obstruction from endoluminal tumor has typically consisted of
Nd:YAG laser photoresection and metal or silicone stent place-
ment, although endobronchial electrocautery or argon plasma
coagulation has more recently been used in lieu of the Nd:YAG
laser (147–149). Other modalities such as cryotherapy, photo-
dynamic therapy, and brachytherapy have been used to treat
malignant airway obstruction; however, there is a delay in air-
way patency after treatment with these therapies and, as such,
they may be less satisfactory in treating the patient with acute
respiratory failure who would benefit from immediate airway
patency. Airway obstruction from extrinsic tumor compres-
sion is typically treated with placement of metal or silicone
stents.

Patients may also develop respiratory failure from benign
causes, most commonly previous intubation or tracheostomy
tube placement, causing a cicatricial stenosis with or with-
out granulation tissue. Patients who have an indwelling tra-
cheostomy tube may also develop a fibrous stenosis or granula-
tion tissue just beyond the tip of the tracheostomy tube, thereby
causing airway obstruction. The granulation tissue may be re-
sected with laser electrocautery therapy. The stenosis may be di-
lated with a rigid bronchoscope or balloon dilatation catheters.
In selected patients, silicone stents may be placed after dilata-
tion. In general, metal stents should not be used for tracheal
stenosis due to a higher complication rate and difficulty in re-
moving the stent should problems develop.

St at us Ast hmat icus

The usefulness of bronchoscopy in patients with status asth-
maticus is the subject of controversy (32,150). Success has been
reported with bronchial lavage in patients with obstructive air-
way disease who could not be weaned from ventilatory support
(151,152). Bronchial lavage may benefit selected mechanically
ventilated patients with thick, tenacious secretions who are un-
responsive to aggressive bronchodilator therapy (65,153). Mu-
cous plugs impacted in airways may be extracted using the flex-
ible bronchoscope for lavage, thus improving ventilation and
oxygenation (65,154). Critically ill, mechanically ventilated
asthmatic patients are, however, poor candidates for bronchial
lavage; the procedure is likely to produce a significant increase
in auto-PEEP and worsening of hypoxemia. The extolled ben-
efits of lung lavage are limited to case reports (155–157). Nor-
mal saline lavage solution has been traditionally used, but di-
luted acetylcysteine may enhance mucous clearance from the
airways by a mucolytic effect (65,155). Acetylcysteine should
be used with caution because it may provoke bronchospasm in
patients with reactive airway disease. Asthmatics should receive
aggressive bronchodilator therapy before bronchoscopy.
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CHAPTER 38 ■ AIRWAY MANAGEMENT
THOMAS C. MORT r ANDREA GABRIELLI r TIMOTHY J. COONS r ELIZABETH CORDES BEHRINGER
r A. JOSEPH LAYON

IMMEDIATE CONCERNS

Major Prob le ms

Maintenance of the airway must be one of the most essential
goals of critical care. Critical care personnel apply their exper-
tise in resuscitating the critically ill patient by volume infusion,
invasive line placement, titration of vasoactive medications,
analysis of laboratory studies, and performing radiographic
examinations, but may neglect the “A” of the ABCs until fur-
ther clinical deterioration turns the need for airway manage-
ment into an emergency. Airway functions are numerous and,
though it primarily supports the exchange of oxygen and car-
bon dioxide, the airway assists in the regulation of temperature,
contributes to the warming and humidification of inspired gas,
traps and expels foreign particles, and protects against foreign
body entry into the lungs through a complex array of reflex
responses.

Many of these functions are altered or lost in critically ill
patients. Airway obstruction can result from infection, trauma,
laryngospasm, soft tissue edema, and aspiration of gastric or
other noxious materials. Protective reflexes may be lost as a
result of disease and depression with narcotics, sedatives, or
paralytic agents. Humidification can also be lost as various ap-
pliances that bypass the nose, pharynx, and upper airway are
inserted to maintain airway patency. Clinicians must then em-

ploy methods to maintain airway hydration, including humid-
ifiers, nebulizers, and heat–moisture exchangers. These devices
introduce additional problems such as nosocomial infections
and increased work of breathing.

GENERAL PRINCIPLES
Primum non nocere (first do no harm) applies most fittingly
to the airways of critically ill patients. The intensivist must
not only be knowledgeable of respiratory pathophysiology,
but also must possess technical skill and sound judgment in
airway management. Various options are available, including
bag-valve-mask ventilation, translaryngeal intubation (oral or
nasal), tracheotomy, and cricothyroidotomy. Adjunctive drugs
such as local anesthetics, narcotics, benzodiazepines, barbitu-
rates, muscle relaxants, ketamine, and propofol play an im-
portant role. Their use facilitates airway control and improves
respiratory support.

In most instances, bag-valve-mask (Fig. 38.1) ventilation
precedes tracheal intubation. Immediate correction of hypox-
emia should be attempted by application of a mask and
initiation of bag ventilation with an increased FiO 2 while equip-
ment for intubation is prepared. An appropriate mask pro-
vides a tight seal around the nose and mouth, and the colorless
plastic with soft and pliable edges allows visualization of the
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FIGURE 38.1. Standard bag-valve-mask setup. Note that the bag is
self-inflating, so it can be used with (usual) or without (in emergen-
cies) an external gas supply. The “ tail” of the bag serves as an oxygen
reservoir.

mouth and secretions. The mask is attached to the resuscita-
tion (self-inflating or collapsible) bag with a high-flow oxy-
gen source. Various systems will supply an FiO 2 between 0.60
and 1.0, depending upon the mask fit, the manufacturer, the
oxygen flow rate, and the style of bag design based on the
Mapleson (Fig. 38.2) designation (1–3). Proper inflation re-
quires two hands: One to hold the mask firmly in place against

FIGURE 38.2. A Mapleson D bag. Note that this is not a self-inflating
bag, and hence must be used with an external gas source. The position-
ing of the fresh gas inlet—designating the Mapleson bag class—and the
fresh gas flow impact the amount of rebreathing. It is possible, in an
inadvertent situation, if the fresh gas runs out and the pressure regu-
lating (“pop off” ) valve is closed, to continuously rebreathe exhaled
gas. This would ultimately result in injury or death.

TA BLE 3 8 . 1

INDICATIONS FOR TRACHEAL INTUBATION

Open an obstructed airway
Provide airway pressure support to treat hypoxemia

PaO 2 less than 60 mm Hg with an FiO 2 greater than 0.5
Alveolar-to-arterial oxygen gradient 300 mm Hg
Intrapulmonary shunt more than 15% –20%

Provide mechanical ventilation
Respiratory acidosis
Inadequate respiratory mechanics
Respiratory rate more than 30 breaths/min
FVC less than 10 mL/kg
NIF more than –20 cm H 2O
VD/VT more than 0.6

Facilitate suctioning, instillation of medications, and
bronchoscopy

Prevent aspiration
Gag and swallow reflexes absent

FiO 2 , fraction of inspired oxygen; FVC, forced vital capacity; NIF,
negative inspiratory force; VD /VT , dead space/tidal volume ratio.

the patient’s face, and the other to compress the bag (4). The
mandible must be lifted to create a seal without airway occlu-
sion. An oropharyngeal or nasal airway facilitates oxygen de-
livery by bypassing or retracting the tongue (5,6). Forceful bag
compression should be avoided to prevent gastric distention
and possible pulmonary aspiration. Gentle insufflation allows
clinical assessment of lung compliance and minimizes compli-
cations. Contraindications to bag-valve-mask ventilation in-
clude airway obstruction, pooling of blood or secretions in the
pharynx, and severe facial trauma (7,8).

Critically ill patients require tracheal intubation (Table
38.1) for several reasons (7). When inadequate ventilation is
observed, tracheal intubation becomes necessary. It provides
airway patency, facilitates tracheobronchial suctioning, and
minimizes aspiration of blood, gastric contents, or secretions
into the pulmonary tree. Oxygen administration and mechan-
ical ventilation correct hypoxemia and hypercapnia, improve
the alveolar-to-arterial oxygen partial pressure gradient, and
reduce intrapulmonary shunting. In emergency situations in
which intravascular access is absent, drug administration into
the endotracheal tube can be life saving. Epinephrine, atropine,
lidocaine, and naloxone exert their pharmacologic effects after
tracheal administration (9–12).

Relative or absolute contraindications to conventional tra-
cheal intubation exist in patients with traumatic or severe de-
generative disorders of the cervical spine; in those with acute
infectious processes such as acute supraglottitis or intrapha-
ryngeal abscess; and in patients with extensive facial injury
and basal skull fracture (13–15). Blind nasal intubation may
be contraindicated in upper airway foreign body obstruction
because the tube may push the foreign body distally and exac-
erbate airway compromise (13–16).

ANATOMIC CONSIDERATIONS

Ad ult
Specific anatomic characteristics may determine the ease or dif-
ficulty of intubation. The intensivist sometimes does not have
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FIGURE 38.3. Demonstration of the “sniffing position” for optimal visualization of the glottic opening.

the flexibility to examine and assess the airway at leisure but
must act quickly with skill and confidence. A good working
knowledge of the anatomy of the mouth, neck, cervical spine,
and pulmonary tree is mandatory for a successful and safe intu-
bation. Examination of cervical spine mobility includes flexion
and extension. Neck flexion aligns the pharyngeal and tracheal
axes, whereas head extension on the neck and opening of the
mouth align the oral passage with the pharyngeal and tracheal
axes. This maneuver places the patient in a “sniffing position”
(17) (Fig. 38.3). Incorrect positioning of the head and neck ac-
counts for one of the common errors in orotracheal intubation.
Flexion and extension of the head decreases 20% by 75 years
of age. Degenerative arthritis limits cervical spine motion, more
so with extension than flexion. Movement of the spine is con-
traindicated in the presence of potential cervical spine injury;
hence, patients are maintained in a neutral position with in-line
stabilization. Barring the edentulous patient, the front compo-
nent of the hard cervical collar is commonly removed to allow
full mandibular movement and optimize mouth opening. This
maneuver removes the standard flexion and extension move-
ments used to optimize the line of sight and therefore reduces
one’s ability to see “around the corner” in many cases (18–22).
Each technique, maneuver, or accessory airway device available
may alter the alignment of the cervical spine to a small degree
based on the device itself, combined with the force and maneu-
vering performed by the operator, despite in-line stabilization
(18,23–25). The available data and accumulated clinical expe-
rience do not dictate one method over another, especially when
many practitioners who suggest an awake fiberoptic intuba-
tion is the “best” approach may themselves have reservations
and concerns regarding their own comfort and competency at
performing such a technique (18,26,27). The most appropri-
ate technique is debatable but it would be prudent that the
practitioner do his or her best with familiar equipment and

approaches. This would not be the time to attempt to use a
newly purchased item (e.g., rigid fiberscope), since one has not
become competent and familiar with its use on a manikin and
elective “easy” patients. Other diseases may place the patient
at risk for atlantoaxial and cervical spine instability, and re-
duced mouth opening beyond those with known or suspected
neck pathology (28).

Important anatomic landmarks may help the physician dur-
ing direct laryngoscopy (Fig. 38.4). The cricoid, a circle of carti-
lage above the first tracheal ring, can be compressed to occlude
the esophagus (Sellick maneuver), thereby preventing passive
gastric regurgitation into the trachea during intubation (29).
The epiglottis, a large cartilaginous structure, lies in the ante-
rior pharynx. The vallecula, a furrow between the epiglottis
and base of the tongue, is the placement site for the tip of a

FIGURE 38.4. Laryngoscopic landmarks. Panel shows the cricoid
cartilage.
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curved laryngoscope blade. The larynx is located anterior and
superior to the trachea and contains the vocal cords.

Pe d iat ric

Several anatomic differences exist between the adult and the
pediatric airways. Pediatric patients have a relatively large head
and flexible neck. The air passages are small, the tongue is large,
the epiglottis is floppy, and the glottis is typically slanted at a
40- to 50-degree angle, making intubation more difficult. Mu-
cous membranes are softer, looser, and more fragile, and readily
become edematous when an oversized endotracheal tube is
used.

Adenoids and tonsils in a child are relatively larger than
those in the adult. The epiglottis and larynx of infants lie more
cephalad and anterior, and the cricoid cartilage ring is the nar-
rowest portion of the upper airway. In contrast, the adult glottic
opening is narrowest. Additionally, the pediatric vocal cords
have a shorter distance from the carina, with the mainstem
bronchus angulating symmetrically at the level of the carina at
about 55 degrees. In adults, the right mainstem angulates at
about 25 degrees and the left at about 45 degrees. The cupulae
of the lungs are higher in the infant’s neck, increasing the risk
of lung trauma.

To avoid delay and minimize complications, all anticipated
equipment and drugs must be available for the planned intuba-
tion technique (Table 38.2, Fig. 38.5). Additionally, a difficult
airway cart or bag with a variety of airway rescue devices—
as well as a bronchoscope and/or fiberoptic laryngoscope—
should be readily available (30,31). It is far better to have
a limited assortment of airway devices with which personnel
are familiar and competent to handle than to have an expen-
sive, well-stocked cart containing a plethora of devices that

TA BLE 3 8 . 2

STANDARD EQUIPMENT AND DRUGS FOR
TRANSLARYNGEAL INTUBATION

Bag-valve-mask resuscitation bag
LMA-type device
Oxygen source
Suction apparatus
Selection of oral and nasal airways
Magill forceps
Assortment of laryngoscope blades and endotracheal tubes
Tape, stylet, lubricant, syringes, and tongue depressors
Monitors (ECG, blood pressure monitor, pulse oximeter,

capnography, or similar device) and defibrillatora

Fiberoptic bronchoscope,a rigid fiberscope,a and specialty
bladesa

A drug tray or cart with vasoconstrictors, topical anesthetics,
induction agents, muscle relaxants, and emergency
medications

14-Gauge IV, scalpel, assortment of supraglottic airways,a
bougie,a Combitube,a ET exchanger,a and Melker-type
cricothyrotomy kit

a Immediately available.
LMA, laryngeal mask airway; ECG, electrocardiograph; ET,
endotracheal tube.

FIGURE 38.5. Demonstration of the equipment and drugs that must
be available for the planned intubation technique.

the airway personnel have not practiced with nor have gained
competence.

MEDICATIONS
The pharynx, larynx, and trachea contain a rich network of
sensory innervation, necessitating the use of anesthesia, anal-
gesia, sedation, and sometimes muscular paralysis during intu-
bation of a spontaneously breathing, awake, or semiconscious
patient. Drugs commonly used are local anesthetics, sedative-
hypnotics (sodium thiopental, propofol, etomidate), narcotics
(fentanyl, morphine sulfate, hydromorphone, remifentanil),
sedative-anxiolytics (benzodiazepine class—midazolam), mus-
cle relaxants (depolarizing and nondepolarizing agents), and
miscellaneous agents such as ketamine and dexmedetomidine.

Local Ane st he t ics

The use of local anesthetics is often overlooked in the inten-
sive care unit (ICU) setting for a number of reasons: (a) it is
far easier to administer an intravenous agent than to take the
time to prepare the patient with topical anesthetics or local
nerve blocks; (b) the urgency of the situation may preclude
their timely use; (c) the patient’s anatomic/physical character-
istics may limit their effective application (poor or nonexistent
landmarks, coagulopathy, excessively dry mucosa, excessive se-
cretions, patient uncooperation); and (d) the underappreciation
of their value in managing the airway and the underestimation
of airway difficulty in the ICU setting. Moreover, access to
the proper local anesthetic agents and the accessories for their
accurate delivery (nebulizer, atomizer, Krause forceps, cotton
balls, Abraham laryngeal cannula, etc.) may be limited in the
ICU setting unless they have been prepared and gathered in
advance (difficult airway cart).

Aerosolized or nebulized 1% to 4% lidocaine can readily
achieve nasopharyngeal and oropharyngeal anesthesia if the
patient is cooperative and capable of deep inhalation, thus
limiting its usefulness in the ICU. The author has found this
method less desirable due to its time-consuming application
process and its limited effectiveness when compared to topi-
cally applied local anesthetics or local blocks. Transtracheal
(cricothyroid membrane) instillation of 2 to 4 mL of 1% to
4% lidocaine with a 22- to 25-gauge needle causes sufficient
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coughing-induced reflex to afford ample distribution to anes-
thetize the subglottic and supraglottic regions plus the poste-
rior pharynx in 90% of patients (32–34). Cocaine provides
excellent conditions for facilitating intubation through the
nasopharynx due to its outstanding topical anesthetic and mu-
cosal and vascular shrinkage capabilities (33). However, in-
hospital availability may limit its use in favor of phenylephrine
or oxymetazoline combined with readily available local anes-
thetics. Lidocaine ointment applied to the base of the tongue
with a tongue blade or similar device allows performance of
direct laryngoscopy in many patients. If time permits, nasal
spraying with a vasoconstrictor followed by passing a progres-
sively larger nasal airway trumpet from 24 French to 32 French
that is coated/lubricated with lidocaine gel/ointment provides
exceptional coverage of the nasocavity in preparing for a nasal
intubation. Instillation of liquid lidocaine via the in situ nasal
trumpet offers an excellent conduit to distribute additional top-
ical anesthetic to the orohypopharynx. It is best performed in
the sitting-up position to enhance coverage of the airway struc-
tures.

Barb it urat e s

Sodium thiopental, an ultra-short-acting barbiturate, decreases
the level of consciousness and provides amnesia without anal-
gesia after an intubation dose of 4 to 7 mg/kg ideal body weight
(IBW) dose over 20 to 50 seconds (administered via a peripheral
IV) in the otherwise healthy patient. Its short duration of ac-
tion (5–10 minutes) makes it ideal for short procedures such as
intubation. Thiopental has an excellent cerebral metabolic pro-
file in regards to lowering cerebral metabolic rate while main-
taining cerebral blood flow as long as systemic blood pressure
is maintained within an adequate range. However, thiopental
may lead to hypotension in critically ill patients due to its va-
sodilatation properties, especially in the face of hypovolemia
(34). Though inexpensive, its use in the operating room has
declined in favor of propofol. Unfortunately, many upcoming
personnel do not develop a working knowledge of the barbi-
turates. In the ICU setting, reducing the dose of thiopental to
1 to 2 mg/kg IBW is very useful for preparing the patient for
tracheal intubation with or without a muscle relaxant.

Narco t ics

Narcotics such as morphine, hydromorphone, fentanyl, and
remifentanil reduce pain perception and allay anxiety, making
intubation less stressful. In addition, they have some sedative
effect, suppress cough, and relieve dyspnea (35,36). Fentanyl
and the ultra-short-acting remifentanil have a more rapid onset
and shorter duration of action than the conventional narcotics
used in the ICU setting for analgesia (37–39). Morphine may
lead to histamine release and its potential sequelae. Though
all narcotics cause respiratory depression, the newer synthetic
narcotics may lead to muscular chest wall rigidity that may
hamper ventilation and may contribute to episodes of brady-
cardia. Narcotics, titrated to effect, are quite effective in settling
the patient undergoing an awake intubation. Their analgesic,
antitussive, and antihypertensive qualities are extremely valu-
able especially in light of the ability to rapidly reverse excessive
narcotization.

Be nzod iaze p ine s

Benzodiazepines such as lorazepam and midazolam have excel-
lent amnestic and sedative properties (40). Diazepam has seen
its use decline markedly due to its less favorable distribution
and clearance characteristics. This drug class does not provide
analgesia and may be combined with an analgesic agent dur-
ing intubation, especially if an awake or semiconscious state
with maintenance of spontaneous ventilation is the goal. Mi-
dazolam largely has replaced diazepam for intubation because
of its more rapid onset and shorter duration of action. Lo-
razepam use for intubation is possible, but it is hampered by a
slower pharmacodynamic onset (2–6 minutes) as compared to
midazolam. Hypotension may occur in hypovolemic patients,
and benzodiazepines potentiate narcotic-induced respiratory
depression.

Muscle Re laxant s

The clinician may desire or need to administer a muscle relax-
ant to optimize intubation conditions, but the vast majority
of ICU intubations may be accomplished without such agents.
There are basically two perspectives regarding the use of muscle
relaxants in the critically ill patient:

1. The administration of a sedative-hypnotic agent with a
rapid-acting muscle relaxant, typically succinylcholine, as
the standard technique for tracheal intubation is often cited
as improving intubation conditions and leading to fewer
complications (41). Though this recommendation has much
merit, the ubiquitous acceptance of this approach has fallen
into the hands of practitioners who frequently do not fully
contemplate the patient’s risk for airway management diffi-
culties and may not have access or a good working knowl-
edge of airway rescue devices to bail them out if conven-
tional laryngoscopy techniques fail (42–46). Many who use
this approach may do so regardless of their patient assess-
ment. This is akin to a “shoot first, ask questions later”
approach. One may expect outcomes with this approach
akin to those noted when it is used in social situations.

2. The alternative approach is to assess the patient’s airway-
related risk factors, the patent’s potential needs, and the
patient’s ability to tolerate methods of preparation (e.g.,
topical, light sedation, and then proceed with induction)
followed by customization of the preparation of the patient
rather than a “one size fits all” mentality. Though the de-
cision for their use is the clinician’s to make, one must be
a patient advocate since he or she rarely ever has any say
in the matter. It is our opinion that any clinician who ad-
ministers drugs such as induction agents, including para-
lytics, thus rendering the patient entirely dependent on the
airway management team, must have developed a rescue
strategy coupled with the equipment to deploy such a strat-
egy (43,45,46).

The indications for muscle relaxants include agitation or
lack of cooperation not related to inadequate or no seda-
tion, increased muscle tone (seizures, tetanus, and neurologic
diseases), avoidance of intracranial hypertension, limiting pa-
tient movement (potential cervical spine injury), and the need
for shortening the time frame from an awake state with
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protective reflexes to an asleep state with the goal of rapid
tracheal intubation (upper gastrointestinal bleed).

Neuromuscular blocking agents may cause depolarization
of the motor end-plate (succinylcholine, a depolarizing agent)
or prevent depolarization (nondepolarizer: pancuronium, ve-
curonium, rocuronium). Succinylcholine has a rapid onset and
short duration of effect, making it useful in the critical care set-
ting; however, it may raise serum potassium levels by 0.5 to 1.0
mEq/L. It is contraindicated in bedridden patients and in those
with pre-existing hyperkalemia, burns, or recent or long-term
neurologic deficits (47–49). Other side effects are elevation
of intragastric and intraocular pressures, muscle fasciculation,
myalgia, malignant hyperthermia, cardiac bradyarrhythmias,
and myoglobinuria. Depending on the initial dose—our recom-
mendation is 0.25 mg/kg IBW—and systemic conditions, suc-
cinylcholine has a relatively short duration of 3 to 10 minutes.
However, if airway management difficulties exist, one should
never presume the muscle relaxant will wear off in time to
“save” the patient and allow spontaneous patient-initiated ven-
tilation. Emergency rescue techniques should be deployed as
early as possible when conventional intubation methods prove
unsuccessful.

Nondepolarizing muscle relaxants have a longer time to
onset and duration of action as compared to succinylcholine.
Rocuronium (typical operating room dose, 0.6 mg/kg) can ap-
proach succinylcholine in rapid time of onset if dosed accord-
ingly (1.2 mg/kg), but the increased dosage requirements to
meet this objective come with some cost: extended duration of
drug action and increased cost.

One controversy to consider when faced with a known or
suspected difficult airway: If the practitioner is contemplating
the use of a muscle relaxant, which agent is most advantageous?
Standard dosing of succinylcholine potentially offers the awake
option earlier than a nondepolarizing agent, but if it wears
off too soon, then a period of poor or marginal ventilation
may hamper patient care and require a transition to a rescue
option. Conversely, a short-acting nondepolarizer offers good
transition to a rescue plan if mask ventilation is adequate, but
does not allow an early-awaken option (46).

Ke t amine

Ketamine, a phencyclidine derivative, provides profound anal-
gesia, amnesia, and dissociative anesthesia (50,51). The patient
may appear awake but is uncommunicative. Airway reflexes
are often, but not always, preserved. Ketamine has a rapid on-
set and relatively short duration of action. Its profile is unique:
it is a myocardial depressant, but this is often countered by
its sympathomimetic properties, thus leading to hypertension
and tachycardia in many patients. Its use in the critically ill pa-
tient with ongoing activation of his or her sympathetic outflow
could lead to profound hemodynamic instability since the un-
derlying myocardial depression may not be successfully coun-
tered. Though it offers favorable bronchodilatory properties,
it promotes bronchorrhea, salivation, and a high incidence of
dreams, hallucinations, and emergence delirium (50,51).

Prop ofol

Propofol also is useful during intubation, especially if titrated
to the desired effect rather than simply administering a one-

time bolus (52–55). After intravenous administration via a pe-
ripheral IV (1–3 mg/kg IBW), unconsciousness occurs within
30 to 60 seconds. Awakening is observed in 4 to 6 minutes
with a lower lingering level of sedation compared to other
induction agents (52,53,55). Side effects include pain on in-
jection, involuntary muscle movement, coughing, and hiccups.
Hypotension, cardiovascular collapse, and, rarely, bradycar-
dia may complicate its use, especially if administered in rapid
single-bolus dosing in the critically ill patient with relative or
absolute hypovolemia, a systemic capillary leak syndrome, or
pre-existing vasodilatation (e.g., sepsis, systemic inflammatory
response syndrome [SIRS]). It, however, is an excellent agent
that may be titrated to a desired effect while maintaining spon-
taneous ventilation.

Et omid at e

Etomidate is considered by many to be the preferred induction
agent in the critically ill patient due to its favorable hemody-
namic profile, as compared to the other available induction
agents. The hemodynamic stabilization offered by etomidate,
however, should not be considered a panacea since it too may
lead to hemodynamic deterioration (56,57). Currently, its role
as a single-dose induction agent is in question due to its tran-
sient depression of the adrenal axis. Once regarded as a minor
concern, this adrenal suppression may be much more influen-
tial in the outcome of the critically ill. Some have expressed
caution with etomidate’s use as a single-dose induction agent,
especially in the septic or trauma populations. A variety of
opinions exist, ranging from an opinion that etomidate should
be avoided completely, to its avoidance in select populations
such as the septic population, to its use—if at all—with em-
piric steroid replacement therapy for at least 24 hours (58–
60). Perhaps well-designed clinical trials should be performed
to determine the relevance of these published precautions. Un-
til more information is available, the practitioner who chooses
to use etomidate would be wise and prudent to consider com-
municating with the ICU care team so they are aware of its
use and may act accordingly if hemodynamic instability occurs
within 24 hours of administration.

De xme d e t omid ine

Dexmedetomidine is an ultra-short-acting α2 agonist that,
when administered intravenously, provides analgesia and mild
to moderate sedation with relatively minimal respiratory de-
pression while affording tolerance of “awake” fiberoptic and
conventional tracheal intubation (61,62). While a most useful
drug, its cost prevents its use in many centers.

EQ UIPMENT FOR ACCESSING
THE AIRWAY

Esop hag e al Trache al Comb it ub e

The esophagotracheal airway (Combitube, ETC) (Fig. 38.6),
recommended by the American Heart Association (AHA) Ad-
vanced Cardiovascular Life Support (ACLS) course and other
national guidelines (30,63,64), is an advanced variant of the
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FIGURE 38.6. The esophagotracheal double-lumen airway, the Com-
bitube.

older esophageal obturator airway and the pharyngeal tracheal
lumen airway (PTLA). The double lumens with proximal and
distal cuffs allow ventilation and oxygenation in a majority
of nonawake patients whether placed in the esophagus (95%
of all insertions) or the trachea (65,66). Its proximal cuff is
placed between the base of the tongue and the hard palate and
the distal cuff within the trachea or upper esophagus (67,68).
The ETC is inserted blindly, assisted by a jaw thrust or laryn-
goscopic assistance. Its role in emergency airway management
is well recognized and though less popular than the laryngeal
mask airway (LMA) or fiberoptic bronchoscope, it may serve a
vital role in offering airway rescue when laryngoscopy, bougie
insertion, or LMA-assisted ventilation/intubation fails (69). A
recent latex-free modification of the Combitube, the Easytu-
ber (Teleflex Ruesch; www.teleflexmedical.com) has a shorter
and thinner pharyngeal section, which allows the passage of a
fiberscope via an opening of the pharyngeal lumen to inspect
the trachea while ventilating.

Trache al Int ub at ion

When the decision has been made to provide mechanical ven-
tilatory support or airway control, the second question to an-
swer is the route of tracheal intubation: oral versus nasal (un-
less a surgical airway is clinically indicated). Most commonly,
orotracheal intubation is the preferred procedure to establish
an airway because it usually can be performed more rapidly,
offers a direct view of the glottis, has fewer bleeding compli-
cations, avoids nasal necrosis and sinus infection, and allows

a larger tracheal tube to be placed as compared to the nasal
approach. Finally, the blind nasal approach is particularly ben-
efited by spontaneous ventilation. Airway vigilance should be
a goal of the critical care practitioner; thus, conventional and
advanced airway rescue equipment must be immediately avail-
able during any attempts at airway management. Before at-
tempting to intubate, all anticipated equipment and drugs must
be prepared. This may best be provided by an organized “ in-
tubation box” containing conventional intubation equipment,
with a selection of lubricants, local/topical anesthetics, intra-
venous induction agents, and medications to assist in treat-
ing peri-intubation hemodynamic alterations (heart rate, blood
pressure). The box should have a visible lock with hand-
breakable deterrent devices to reduce the problem of “miss-
ing” equipment. The wide spectrum of patient preparation for
tracheal intubation ranges from an unconscious and paralyzed
patient, to preparation with mild to moderate dosing of seda-
tives and analgesics, to the other extreme of topical anesthetics
or no medication at all.

Critically ill patients often require only a fraction of the
drug doses provided to their elective operating room coun-
terparts. Careful intravenous titration may attenuate hemody-
namic alterations, loss of consciousness, apnea, and aspiration.
Controversy lies in whether or not to preserve spontaneous
ventilation: In essence, should one administer pharmacologic
paralyzing agents to the critically ill patient, thus placing the
patient in a state in which the practitioner is solely responsible
for ventilation, oxygenation, and tracheal intubation? Advo-
cates for paralysis, the majority of which practice in the emer-
gency department locale, cite a low rate of complications and
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FIGURE38.7. Examples of fiberoptic laryngoscope handle and blades,
in which the bulb is in the handle and the light is transmitted through
fiberoptic bundles.

ease of intubation. Conversely, critical care databases suggest
that emergency tracheal intubation is far from “safe” and de-
void of complications whether or not paralyzing agents are ad-
ministered (41,43–45,70). From a patient advocate standpoint,
any practitioner who ablates the patient’s ability to sponta-
neously ventilate via neuromuscular blocking agents must be
properly trained and experienced in basic and advanced air-
way management so that the depth of his or her ability to
provide airway control lies well beyond simply conventional
laryngoscopy and intubation (45).

Eq uip me nt
Laryngoscopes. A laryngoscope (Fig. 38.7) (fiberoptic vs. con-
ventional) is used to expose the glottis to facilitate passage of
the tracheal tube. Unfortunately, proper skill and experience us-
ing this standard airway management technique varies widely
among critical care practitioners. The utility of the laryngo-
scope under elective circumstances, with otherwise healthy sur-
gical patients, is essentially limited to individuals with a grade
I or II view that can be easily intubated (22). Though a difficult
view is mentioned by many as being uncommon (22), Kaplan
et al. (71) documented a 14% incidence of grade III or IV views
despite optimizing maneuvers such as the optimal external la-
ryngeal manipulation (OELM) and the backward upward right
pressure (BURP) technique (Fig. 38.8). This is further compli-
cated, as up to 33% of critically ill patients have a limited view
with laryngoscopy (epiglottis only or no view at all) (44,45,72).
This is why the critical care practitioner responsible for airway
management must be prepared to embark on a Plan B or Plan
C immediately if conventional direct laryngoscopy fails to of-
fer a reasonable glottic view that allows timely and accurate
intubation.

Blades. Laryngoscope blades are of two principal kinds,
curved and straight, varying in size for use in infants, children,
or adults (Fig. 38.9). Many varieties of both the curved and
straight blades have been redesigned in the hopes of augment-
ing visualization to facilitate passage of an endotracheal tube.
Innovations to improve laryngeal exposure include a hinged
blade tip to augment epiglottic lifting during laryngoscopy (73),

FIGURE 38.8. Diagrammatic representation of the optimal external
laryngeal movement (OELM) and backward upward rightward pres-
sure (BURP) maneuvers for optimal visualization of the glottis.

rigid fiberscopes, and video-assisted laryngoscopy (74–80).
These innovations may, depending on the individual patient
airway characteristics, offer an improved view of the glottis
to improve the first-pass success rate, reduce intubation at-
tempts, potentially reduce the time to intubation in the diffi-
cult airway, and potentially result in a reduction in esophageal
intubation and other airway-related complications that are rel-
atively commonplace with standard techniques. The future lies
with visualizing “around the corner” in the hopes of improving
patient airway safety (74–80).

Endotracheal Tubes. Most endotracheal tubes (ETs) are dis-
posable and are made of clear, pliable polyvinylchloride, with

FIGURE 38.9. Various types of laryngoscope blades in common use.
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FIGURE 38.10. The Malinkrodt Hi-Lo Evacuation tube. While it
comes in various sizes, it is not optimal for all patients. There is level 1
evidence that, with proper use, it decreases risk of ventilator-associated
pneumonia. (From American Thoracic Society. Guidelines for the
management of adults with hospital-acquired, ventilator-associated
and healthcare-associated pneumonia. Am J Respir Crit Care Med.
2005;171:388–416.)

little tendency to kink until they attain body temperature.
Though the ETs mold to the contour of the upper airway
and present a smooth interior, affording easy passage of suc-
tion catheters or a flexible bronchoscope, they may become
encrusted with secretions, biofilm, and concretions that may
decrease luminal patency and endanger patient care.

In adults, all commonly used ETs are of the cuffed variety,
and many now used are types that allow suctioning of sub-
glottic secretions—the Hi-Lo Evacuation ET (Fig. 38.10). The
ET cuff ensures a closed system, permitting control of ventila-
tion and reducing the possibility of silent or active aspiration
of oronasal secretions, vomitus, or blood, although microaspi-
ration is well recognized. Commonly, ET cuffs are the high
volume–low pressure models that offer a broad contact with
the tracheal wall and potentially limit ischemic damage to the
mucosa. The tube size used depends upon the size of the patient
(Table 38.3).

TA BLE 3 8 . 3

RECOMMENDED SIZES FOR ENDOTRACHEAL TUBES

Patient age Internal diameter of tube (mm)a

Newborn 3.0
6 mo 3.5
18 mo 4.0
3 y 4.5
5 y 5.0
6 y 5.5
8 y 6.0
12 y 6.5
16 y 7.0
Adult female 7.0–7.5
Adult male 8.0–9.0

a One size larger and one size smaller should be allowed for individual
intra-age variations and shorter-stature individuals. Where possible,
the subglottic suction endotracheal tube should be used.

The primary reasons for tracheal intubation will vary from
patient to patient and by practitioner, related to not only the
patient’s pathophysiology, but also the physician’s judgment
and experience in caring for the critically ill. The main goals
of tracheal intubation include protecting the airway from con-
tamination, providing positive-pressure ventilation, providing
a patent airway, and permitting access to the tracheobronchial
tree for suctioning, instillation of medications, or diagnos-
tic/therapeutic bronchoscopy. While the vast majority of tra-
cheal intubations are via the oral route, the choice between the
oral and the nasal—or the transcricoid/transtracheal route—
will again be primarily determined by the patient’s physical
and airway conditions, the expected duration of mechanical
support, and the judgment and skills of the practitioner.

Malleable Stylet. A well-lubricated malleable stylet (Fig.
38.11) is preferred by many to preform the ET into a shape that
may expedite passing through the glottis. The stylet should be
viewed as a guide, not a “spear,” and its tip should be safely
inside the ET, never distal to the ET tip (81,82). It should not
be used to force the ET into the airway or ram its way through
the vocal cords when they are closed or otherwise inaccessible.
Also, the popular “hockey stick”–shaped tip used by many is
useful, yet its angle must be appreciated by the operator. The
angle often will impede advancement into the airway since the
ET tip may impinge on the anterior tracheal wall and the sharp
angulations of the stylet may impede its own removal from the
ET (81–83). Ideally, the styleted ET tip should be placed at the
entrance of the glottis, and then, with stylet removal, the ET
will advance into the trachea less traumatically. Unfortunately,
many practitioners unknowingly advance the styleted ET deep
into the trachea without appreciating the potential damage the
stylet-stiffened ET tip may cause to the tracheal wall.

HOW MIGHT THE AIRWAY
BE ACCESSED?

Ge ne ral Ind icat ions and Cont raind icat ions

The oral approach is the standard method for tracheal intuba-
tion today. The indications are numerous and it may be best
to focus on the contraindications. The oral route would not
be a reasonable choice when there is limited access to the oral
cavity due to trauma, edema, or anatomic difficulties. These
contraindications for the oral route would presume that the
nasal approach is feasible from both the patient’s and clini-
cian’s standpoint. If not, a surgical approach via the cricothy-
roid membrane or a formal tracheostomy would be clinically
indicated. Though nasal intubations were a mainstay in earlier
decades, the oral approach has displaced it due to the popular-
ity of the “rapid sequence intubation” and the better apprecia-
tion of the potential detriments of long-term nasal intubation.

Orot rache al Int ub at ion
The airway care team members should expediently prepare
both the patient and the equipment for the airway manage-
ment procedure. While bag ventilation (preoxygenation) is be-
ing provided, obtaining appropriate towels for optimizing head
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FIGURE 38.11. Malleable stylet for
use with insertion of an endotracheal
tube.

and neck position or blankets for ramping the obese patient
and adjusting the bed height and angulation should be carried
out (Fig. 38.12, left panel); how not to position is noted in the
right panel of Figure 38.12. Assembling the necessary equip-
ment, such as the ET, syringes, suction equipment, lubricant,
CO 2 detector, and a stylet if desired, should be quickly car-
ried out for the primary airway manager. During this time, a
rapid medical-surgical history is obtained, the review of previ-
ous intubation procedures sought, and an airway examination
completed (30,42). Intravenous access is ensured and a pri-
mary plan for induction developed. Access to airway rescue
devices should be addressed and, of course, it is best if they are
at the bedside. Clear communication among team members is
imperative as well as discussion of the plan with the patient, if
appropriate. Chaos is to be avoided and, in this context, the in-
dividual managing the procedure must insist that unnecessary
talking and agitation be limited.

A tube of appropriate diameter and length should be se-
lected and, though gender is an important factor in size selec-
tion, patient height is equally important as there is a linear rela-
tionship between the latter and glottic size. Typically, the choice
in a woman would be a 7.0 to 8.0 mm ET, and in males an 8
to 9 mm ET would be used. Nonetheless, smaller-diameter ETs
should be readily available for any eventuality. A team mem-
ber should examine the ET for patency and cuff integrity. The

15-mm proximal adapter should fit snugly and the ET kept in
its sterile wrapper and not handled until insertion. It may be
placed in warm water to soften the PVC tubing, which may
assist with passing the ET over a stylet, a tracheal introducing
catheter (bougie), or a fiberscope, or during an ET exchange.

Based on the patient history and physical examination, com-
bined with the practitioner’s judgment, past experience, avail-
able equipment, and the needs of the patient, a determination is
made as to what induction method is best. Patient preparation
for tracheal intubation may range from little to no medication
to the other extreme of unconsciousness with muscle relax-
ation (41,84,85). Considering the earlier discussion involving
airway risk assessment, the practitioner will need to determine
if preservation of spontaneous ventilation is in the patient’s best
interest, as well as the depths of amnesia, hypnosis, and analge-
sia the patient may require so that airway manipulation is tol-
erated (30,63,64). Titration of a sedative-hypnotic or analgesic
to render the patient tolerant of airway manipulation is often
based on the practitioner’s knowledge and experience of the
available induction agents, combined with the perceived needs
of the patient plus the predicted tolerance of their administra-
tion. The pharmacodynamic effects following administration
via an IV site will depend on the IV location (central vs. periph-
eral, hand vs. antecubital fossa), vein patency, catheter diame-
ter and length, IV flow rate, and the patient’s cardiac output.

FIGURE 38.12. Ramping of an obese patient’s torso to improve glottic visualization is noted on the left
panel. The right panel shows the patient position without proper ramping.
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FIGURE 38.13. Equipment used to
topicalize the airway prior to instru-
mentation: Tongue blade with lido-
caine jelly, nebulizer with 4% lido-
caine, and nasal dilators of various
sizes.

Central IV access may speed administration and time to onset
plus potentially deliver a more concentrated medication bolus
as compared to an equal dose administered through an IV on
the dorsum of the hand.

The practitioner has several choices for patient prepara-
tion: (a) awake with no medication; (b) awake with topical
anesthesia or local nerve blocks, and with or without light
sedation; (c) sedation/analgesia only with the option of neu-
romuscular blocker use; and (d) a set induction regimen for a
rapid sequence intubation (e.g., etomidate and succinylcholine)
(41,77,84,85). Faced with a variety of preparation choices and
a wide breadth of patient circumstances, the critical care physi-
cian will need to decide what approach to pursue based on
the medical, surgical, and airway situation; the patient’s needs
and level of tolerance, balanced by the practitioner’s judg-
ment; and access to and experience with airway equipment
(41,44,45,84,85).

Awake Int ub at ion
Awake intubation techniques comprise both nasal and oral
routes and, most often, involve topically applied local anes-
thetics (Fig. 38.13) or local nerve blocks. Conversely, if the
patient’s mental status and response to oropharyngeal stim-
ulation are depressed, no medication may be needed to ac-
complish intubation. The application of topical anesthesia and
a local nerve block requires more time and effort, expanded
access to such agents and equipment, more patience, and fi-
nesse combined with a broader familiarity of head and neck
anatomy (24,86). If done properly, the patient’s airway may
be managed with nearly all conventional and accessory de-
vices with the exception of the Combitube. Practitioners may
prefer to maintain spontaneous ventilation during emergency
airway management by avoiding excessive sedative-hypnotic
agents and/or muscle relaxants (87). Light sedation and anal-
gesics, however, are typically administered despite the label
of being “awake.” Awake intubation techniques have been
largely supplanted by induction of unconsciousness or deep
sedation with or without muscle relaxation (87,88). Though

the “awake intubation” is an extremely useful approach, its
reduced utilization means that practitioners and their students
will be less comfortable with this method through lack of expe-
rience and confidence. Its subsequent use by less experienced
practitioners may complicate patient care due to poorly ad-
ministered topical anesthesia, ineffective local nerve block tech-
niques, and the lack of judicious and creative sedative/analgesic
measures.

Awake intubation may benefit from the addition of a nar-
cotic agent by providing analgesia, antitussive action, and bet-
ter hemodynamic control. Many reserve an awake approach
for the known or suspected difficult airway to avoid “burning
any bridges” and for those with severe cardiopulmonary com-
promise, pre-existing unconsciousness, or marked mental or
neurologic depression. However, if the patient is a poor candi-
date for an awake approach, or preparation for an awake ap-
proach is suboptimal, patient injury and difficult management
may still ensue since an awake approach does not guarantee
successful intubation nor is it devoid of morbidity or mortality
(89–91).

Following proper preparation, unless the patient is uncon-
scious or has markedly depressed mental status, the “awake
look” technique incorporates conventional laryngoscopy to
evaluate the patient’s airway to gauge the feasibility and ease
of intubation (46); explanation to the patient (if applicable) is
imperative for cooperation. If viewing the airway structures
during an “awake look” proves fruitful, intubation should
be performed during the same laryngoscopic attempt either
directly—grade I or II view—or by bougie assistance—grade
I, II, or III—or by other means (92,93). Many “awake look”
procedures that yield a reasonable view, but in which intuba-
tion is not performed, are followed by anesthetic induction with
the potential for a worse view due to airway tissue collapse and
obstruction by redundant tissue due to loss of pharyngeal tone.
Too often, patient comfort is placed well above patient safety.
The critically ill patient is often tolerant of bougie-assisted intu-
bation (Fig. 38.14), supraglottic airway placement (e.g., LMA)
(Fig. 38.15), or the placement of specialty airway devices such
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Gum-e las tic bougie

Single  use  bougie

FIGURE 38.14. Array of tracheal “bougies” used to access the airway in difficult situations.

as the rigid fiberscopes following topical anesthetic application,
local nerve blocks, or even light sedation (24,93–96).

Se d at e d t o Asle e p Te chniq ue s
Titration of medication to provide amnesia, analgesia, anxiol-
ysis, sedation, or a combination of these desirable effects with
the goal of providing comfort while preserving spontaneous
ventilation is possible (44,97). Muscle relaxants may be added
as an option if pharmacologic attempts to render the patient
accepting of airway manipulation prove suboptimal or unsat-
isfactory. Sedation and amnesia are mandatory when paraly-
sis is induced (43,44,87,88). The variety of agents available
to render the patient accepting of airway manipulation and
ultimately tracheal intubation have been outlined previously.
Though more physical effort is required when spontaneous
ventilation is maintained, allowing continued respiratory ef-
forts may assist the practitioner in navigating the ET success-
fully into the trachea by the appreciation of audible breaths
via the ET, coughing after intubation, ventilation bag expan-
sion/contraction, vocalization with esophageal intubation, fol-
lowing the pathway of bubbles percolating around the other-

wise hidden glottis, or the “up and down” movement of se-
cretions that may offer direction in the difficult-to-visualize
airway (43,44,76,87,88). Breath-holding, glottic closure,
laryngospasm, swallowing, biting, jaw clenching, and gagging
may contribute adversely to the intubation process, but most
of these are overcome with patience and the acceptance that
these are “signs of life.” In difficult situations, titration tech-
niques that provide sedation/analgesia offer the opportunity
to abort such “signs of life” with the hope of returning the
patient to his or her previous state at a later time (30,63,64).
The “awake” approach is accomplished by the application of
topical local anesthetics and/or local nerve blocks or simply
proceeding without medication based on the concurrent sup-
pression of mental status and gag reflexes.

Rap id Se q ue nce Int ub at ion
Rapid sequence intubation (RSI) refers to the administration
of an induction agent followed by a neuromuscular block-
ing agent, with the goal of hastening the time needed to in-
duce unconsciousness and muscle paralysis based on a con-
cern for aspiration of orogastric secretions. By minimizing the

A B

FIGURE 38.15. Laryngeal mask airways for emergent/difficult intubation. A: The intubating laryngeal
mask airway (LMA). B: Various sized LMAs for patients of different sizes and ages.
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time the airway is unprotected, the risk of aspiration theoret-
ically should be reduced. Preoxygenation is paramount since
oxygenation/ventilation efforts via a bag-mask during the in-
duction process are not typically carried out, thus hypotheti-
cally avoiding esophagogastric insufflation (41,98,99). Cricoid
pressure is applied, in theory, to reduce the risk of passive re-
gurgitation of any stomach contents (29). These practices dur-
ing an RSI may not always be practical nor able to be carried
out, since patients do desaturate during the apneic phase of
the RSI, particularly in obesity, pregnancy, poor or subopti-
mal preoxygenation efforts or the presence of cardiopulmonary
pathology.

If needed, bag-mask support should be delivered despite the
concern about esophagogastric insufflation and subsequent re-
gurgitation/aspiration. Additionally, the application of cricoid
pressure—both quantitative and qualitative—is so variable
that concerns with its ubiquitous use and overall effectiveness
have been raised (100–104). Cricoid pressure may actually im-
prove or worsen the laryngoscopic view, plus impede mask
ventilation; hence, adjustment or release of cricoid pressure
should be considered in these circumstances. Further, cricoid
pressure may alter the ability to place accessory devices, such
as the LMA, and impede fiberoptic viewing (105–108). De-
spite these potential limitations of cricoid pressure, no desat-
urating patient—high risk for aspiration or not—should have
bag-mask ventilation support withheld because of the fear of
aspiration.

When performing an RSI or, for that matter, any induction
method involving a neuromuscular blocking agent, an under-
standing of ventilation, and intubation options in the event con-
ventional methods fail, and a preplanned strategy to assist the
patient must be in place prior to induction. The development
of such strategies during a crisis is difficult, often short-sighted
and incomplete, and may be counterproductive and destructive
to patient care. Education, training, and immediate access to
airway rescue equipment that the practitioner can competently
incorporate in an airway crisis is a goal worthy of expanded
effort, time, and finances (30,41,43,45,46,63,64).

The proponents of rapidly controlling the airway using RSI
cite a reduction in the risk of aspiration as a main thrust for
this technique. Moreover, an RSI is said to be associated with a
lower incidence of complications and higher first-pass intuba-
tion success rate as compared to the “sedation only” method
(41,43,98,99). A predetermined induction regimen, such as
etomidate and succinylcholine, is popular, easy to teach and
replicate, easy to administer (e.g., 0.25 mg/kg IBW etomi-
date and 0.25 mg/kg IBW of succinylcholine), requires little
planning or forethought, can be standardized, and, most im-
portantly, generally works well for most critically ill patients.
Though the standard dosing regimen of succinylcholine is 1 to
1.5 mg/kg, the authors find that a variety of doses may fit the
needs of the operator. One should consider that the higher the
dose administered, the longer the duration to recover (patient-
initiated spontaneous ventilation).

Nevertheless, it appears that this approach is so commonly
practiced by some individuals that it becomes the chosen in-
duction regimen, with little regard for the patient’s individual
clinical condition and airway status. Several authors tout near-
perfect success rates with RSI coupled with a minimum number
of complications (41,43,98,99). This “slam-dunk” approach
may not be the best for a significant number of the critically
ill patients, namely the obese, the known or suspected diffi-

cult airway patient, the hemodynamically unstable patient, or
those with significant cardiopulmonary compromise, such as
pulmonary embolism, cardiac tamponade, and/or myocardial
ischemia. Though there is little argument that many intubations
may be made easier by the administration of a muscle relaxant,
selective use based on the patient evaluation and clinical cir-
cumstances is the best option (30,44–46,63,64,70,72,87,88).

Posit ioning t he Pat ie nt
One of the most important factors in improving the success
rate of orotracheal intubation is positioning the patient prop-
erly (Fig. 38.3). Classically, the sniffing position, namely cer-
vical flexion combined with atlanto-occipital extension, will
assist in improving the line of sight of the intubator. Bring-
ing the three axes into alignment (oral, pharyngeal, and la-
ryngeal) is commonly optimized by placing a firm towel or
pillow beneath the head (providing mild cervical flexion) com-
bined with physical backward movement of the head at the
atlanto-occipital joint via manual extension. This, when com-
bined with oral laryngoscopy, will improve the “ line of sight”
for the intubator to better visualize the laryngeal structures in
most patients (46). Optimizing bed position is imperative, as
is the angle at which the patient lies on the bed. The variety of
mattress material (air, water, foam, gel) provides a challenge to
the practitioner since these mattresses may worsen positioning
characteristics in an emergency setting. Optimizing the position
of the obese (Fig. 38.12, left panel) patient is an absolute re-
quirement to assist with (a) spontaneous ventilation and mask
ventilation; (b) opening the mouth; (c) gaining access to the
neck for cricoid application, manipulation of laryngeal struc-
tures, or invasive procedures; (d) improving the “ line of sight”
with laryngoscopy; and (e) prolonging oxygen saturation af-
ter induction (109–113). A ramp is constructed with blankets,
a preformed wedge, or angulation of the mechanical bed to
bring the ear and the sternal notch into alignment by ramping
the patient’s head, shoulders, and upper torso, thus facilitating
spontaneous ventilation, mask ventilation, and laryngoscopy.
The extra time spent to properly position the patient will reap
great benefits (77,110,113).

Blad e Use
The Curved Blade. Following opening of the mouth, either by
the extraoral technique (finger pressing downward on chin) or
the intraoral method (the finger scissor technique to spread the
dentition), the laryngoscope blade is introduced at the right
side of the mouth and advanced to the midline, displacing
the tongue to the left. The epiglottis is seen at the base of the
tongue and the tip of the blade inserted into the vallecula. If the
oropharynx is dry, lubricating the blade is helpful; otherwise,
suctioning out excessive secretions may assist greatly in visu-
alizing airway structures. The laryngoscope blade should be
lifted toward an imaginary point in the corner of the wall op-
posite the patient to avoid using the upper teeth as a fulcrum for
the laryngoscope blade. Moreover, a forward and upward lift
of the laryngoscope and blade stretches the hyoepiglottic liga-
ment, thus folding the epiglottis upward and further exposing
the glottis. As a result, the larynx is suspended on the tip of the
blade by the hyoid bone. The practitioner’s right hand, prior
to picking up the ET, should be used to apply external pres-
sure on the laryngeal cartilage (thyroid cartilage) to potentially
afford better visualization of the glottis. OELM (Fig. 38.8),
as this maneuver is called, is optimized and turned over to an
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assistant who attempts to replicate the optimal position for the
operator’s viewing. This description, while obviously optimal,
is not always feasible.

With visualization of the glottic structures, the ET is passed
to the right of the laryngoscope through the glottis into the
trachea until the cuff passes 2 to 3 cm beyond the vocal cords.
As described earlier, a Lehane-Cormack grade II or III airway
may preclude easy placement of the tracheal tube. Thus, a
blind guide underneath the epiglottis (tracheal tube introducer,
bougie) or a rigid fiberoptic stylet may be incorporated to im-
prove the insertion success rate.

The Straight Blade. Intubation with a straight blade involves
the same maneuvers but with one major difference. The blade
is slipped beneath the epiglottis, and exposure of the larynx
is accomplished by an upward and forward lift at a 45-degree
angle toward the corner of the wall opposite the patient. Again,
leverage must not be applied against the upper teeth.

With either technique, the common causes of failure to intu-
bate include inadequate position of the head, misplacement of
the laryngoscope blade, inadequate muscle relaxation, insuffi-
cient depth of sedation/analgesia or general anesthesia, obscur-
ing of the glottis by the tongue, and lack of familiarity with
the anatomy, especially where pathologic changes are present.
Inserting a laryngoscope blade too deeply, usually past the lar-
ynx and into the cricopharyngeal area, results in lifting of the
entire larynx. If familiar landmarks are not appreciated, stop
advancing the scope, withdraw the blade, and start over. If
more than 30 seconds have passed or there is evidence that
the oxygen saturation has dropped from the prelaryngoscopy
level, bag-mask support to reoxygenate the patient is impera-
tive. There is now evidence that repetitive laryngoscopies are
not in the best interest of patient care and may place the patient
at extreme risk for potentially life-threatening airway-related
complications (44,45). Unless the first one to two laryngoscopy
attempts were performed by less experienced members of the
team, attempts at conventional laryngoscopy alone to intubate
the trachea should be abandoned in favor of incorporating an
airway adjunct to assist the clinician in hastening the process
of gaining airway control (30,44,45,63,64,114,115).

Nasot rache al Int ub at ion

Nasotracheal intubation, once the mainstay approach in the
emergency setting, is still commonly used in oral and max-
illofacial operative interventions, but less commonly in emer-
gency situations outside the operating room. Nasotracheal in-
tubation is an alternative to the oral route for patients with
trismus, mandibular fracture, a large tongue, or edema of the
oral cavity or oropharynx, and is a useful approach for the
spontaneously breathing patient who refuses to lie supine or
in the presence of excessive secretions. The presence of midfa-
cial or posterior fossa trauma and coagulopathy are absolute
contraindications to this technique. Thus, it is best avoided in
patients with a basilar skull fracture, a fractured nose, or nasal
obstruction. It is also contraindicated in the presence of acute
sinusitis or mastoiditis. Additionally, as the nasal portal dic-
tates a smaller-diameter tracheal tube, it must be remembered
that as downsizing takes place, the length of the tracheal tube is
shortened; hence, the length must be considered when placing

FIGURE 38.16. Magill forceps for manipulating the endotracheal tube
into the glottis. These come in several sizes.

a small-caliber tube (e.g., a 6.0-mm diameter in an individual
taller than about 69 inches), as the nasal tracheal tube may
end up as an elongated nasal trumpet, without entrance into
the trachea (116–118).

The method of intubation via the nasal approach is vari-
able. It may be placed blindly during spontaneous ventilation,
combined with oral laryngoscopic assistance to aid with ET ad-
vancement utilizing Magill forceps (Fig. 38.16); utilize indirect
visualization through the nares via an optical stylet (Fig. 38.17)
or a flexible (Fig. 38.18) or rigid fiberscope (Fig. 38.19); or in-
corporate a lighted stylet (Fig. 38.20) for transillumination of
the laryngeal structures (78,119,120).

Te chniq ue
The patient may be prepared for the nasal approach by pre-
treatment of the mucosa of both nostrils with a solution
of 0.1% phenylephrine and a decongestant spray such as

FIGURE 38.17. An optical stylet, allowing visualization of the glottis
as the endotracheal tube is advanced.
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FIGURE 38.18. A fiberoptic bronchoscope with associated cart as used at Shands Hospital at the Univer-
sity of Florida.

oxymetazoline for 3 to 10 minutes. This is followed by pro-
gressive dilation, starting with either a 26 French or 28 French
nasal trumpet, and progressing to a 30 French to 32 French
trumpet lubricated with 2% lidocaine jelly (Fig. 38.13). The
method is relatively expedient. Conversely, placement of cot-
ton pledgets soaked in a mixture of vasoconstrictor agent and
local anesthetic is equally effective if one is experienced with
the nasal anatomy and the proper equipment is available. Sup-

plemental oxygen may be provided by nasal cannulae placed
between the lips or via a face mask. The patient is best intubated
with spontaneous ventilation maintained, yet incremental se-
dation/analgesia may be provided to optimize patient comfort
and cooperation. Sitting upright has the advantage of maxi-
mizing the oropharyngeal diameter (116,121).

Orientation of the tracheal tube bevel is important for pa-
tient comfort and to reduce the risk of epistaxis and tearing or
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FIGURE 38.19. A rigid bronchoscope.

dislocation of the nasal turbinates. On either side of the nose,
the bevel should face the turbinate (away from the septum).
Due to bevel orientation, the tracheal tube’s manufactured
curve (concavity) may be facing posterior “ toward the patient’s
face” (left nares) or anterior (right nares); once the ET reaches
the nasopharynx, the concavity of the tube should face poste-
riorly.

In the ICU setting, this approach may be helpful in those
with restricted cervical spine motion, trismus, and oral cavity
swelling/obstruction, to name but a few conditions of interest.
Awake, sitting upright with spontaneous ventilation is an ideal
setting for nasal intubation. The blind approach is best ac-
complished with ventilation preserved. Topically applied local
anesthetics, local nerve blocks, and judicious sedation and anal-
gesia supplement the awake approach. Warming the tracheal
tube combined with generous lubrication will assist rotation
and advancement while providing a soft and pliable airway

Airway lightwand.  The  
ET s lips  over the  wand, 

with the  light a t 
the  tip of the  ET. It is  he ld 

in pos ition by the  
“s top” (a rrow).

FIGURE 38.20. A lighted stylet (Lightwand) for blind insertion of
an endotracheal tube. Utilization of this technique requires significant
practice.

to reduce injury to the nasal mucosa or turbinates. Tube ad-
vancement should be slow and gentle, with rotation when resis-
tance is encountered. Excessive force, rough maneuvers, poor
lubrication, and use of force against an obstruction should be
discouraged. If advancement is met with resistance from glot-
tic/anterior tissues, helpful maneuvers to overcome these ob-
stacles include sitting the patient upright, flexing the head for-
ward on the neck, and manually pulling the larynx anteriorly.
Conversely, if advancement is met with posterior displacement
into the esophagus, sitting the patient upright, extending the
head on the neck, and applying posterior-directed pressure on
the thyrocricoid complex may assist in intubation. Rotation
of the tube and manual depression or elevation of the larynx
may be required to succeed. Voluntary or hypercapnic-induced
hyperpnea helps if the patient is awake because maximal ab-
duction of the cords is present during inspiration. Entry into
the trachea is signified by consistent breath sounds transmit-
ted by the tube and inability to speak if the patient is breath-
ing, as well as by lack of resistance, often accompanied by
cough. Often one can then feel the inflation of the tracheal cuff
below the larynx and above the manubrium sterni, followed
by connecting the tube to the rebreathing system and expand-
ing the lungs (122). Confirmation with end-tidal CO 2 mea-
surement or fiberoptic viewing is imperative. Application of a
specially designed airway “whistle” that assists the clinician
with spontaneous ventilation intubation may be advantageous
(123).

Nasotracheal intubation may also be accomplished with
fiberoptic assistance. When the blind approach is met with
difficulty, the fiberoptic adjunct may expedite intubation, but
may be of limited assistance if secretion control is poor or if
relied upon as a salvage method following nasal trauma. How-
ever, use of a fiberoptic bronchoscope is an excellent choice
for the primary nasal approach with the patient sitting up-
right and the intubator preferentially standing in front or to
the side of the patient as opposed to “over the top” (124,125).
Advancement of the ET into the glottis may be impeded by
hang-up on the laryngeal structures: The vocal cord, the poste-
rior glottis, or, typically, the right arytenoid (126,127). When
resistance is met, a helpful tip is as follows: withdrawing the
tube 1 to 2 cm, rotate the tube counterclockwise 90 degrees,
then readvance with the bevel facing posteriorly (126,127).
Matching the tracheal tube to the fiberscope to minimize the
gap between the internal diameter of the tube and the scope
may also improve advancement (126). Tracheal confirmation
and tip positioning are added advantages to fiberoptic-assisted
intubation.

Comp licat ions of Nasal Int ub at ion
Though the nasally placed ET has the advantage of overall sta-
bility, the nasal approach has decreased in popularity due to
a restriction of tube size, the potential to add epistaxis to an
already tenuous airway situation, the potential for sinus ob-
struction and infection beyond 48 hours, nasal tissue damage,
and perceived discomfort during insertion. Nasotracheal intu-
bation can cause avulsion of the turbinate bone when the tube
engages the anterior end of the middle turbinate’s lateral at-
tachment in the nose and forces the avulsed turbinate into the
nasopharynx (116–118,128,129). Additionally, prolonged na-
sotracheal intubation may contribute to sinusitis, ulceration,
and tissue breakdown (117,130,131).
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INTUBATION ADJUNCTS

Ind ire ct Visualizat ion of t he Airway

Fib e rop t ic Bronchoscop y
There is an immense amount of interest in advancing airway
management well beyond simply placing a laryngoscope blade
into the oropharynx in the hopes that tracheal intubation can
be quickly and easily accomplished. It is the critically ill ICU pa-
tient who precisely would benefit from improving the “ line of
sight,” a straight line from the operator’s eyes to the level of the
glottic opening (71,72,80,132). Being able to see “around the
corner” is immensely important when one’s goal is to minimize
intubation attempts and hasten the time to securing the airway
(74,77–79,83). Flexible bronchoscopy is the gold standard in
indirect visualization of the airway. Its role in the critically ill
ICU patient is as broad as it is adaptable to various clinical sce-
narios, and serves many life-saving roles, both diagnostic and
therapeutic. Flexible bronchoscopy does require expertise and
patience and may be limited by secretions and edema (124). Its
role in tracheal intubation in the critically ill patient probably
best lies in its use as a first-line technique (124), rather than
as a rescue technique (26,115,132,133) (Table 38.4). Edema,
secretions, and bleeding often complicate visualization of the
airway following multiple failed conventional laryngoscopies,
thus leaving fiberoptic capabilities limited.

Incorporating a portable TV monitor to broadcast the
fiberoptic view (Fig. 38.18) to the airway team is an excellent
teaching modality, plus it allows input by other team members
to optimize communication, positioning, and other maneuvers
to hasten the intubation process (124,134). Fiberoptic intuba-
tion effectiveness is reduced by inadequate patient preparation
(e.g., topical local anesthesia application when mucosal desic-
cation or excessive secretions are present, or excessive sedation
in an attempt to counter poorly functioning topical anesthesia
coverage or inadequate local anesthesia blocks). An inexpe-
rienced practitioner, one of the prime reasons for failure or
suboptimal or no assistance (hence the inability to provide ad-
equate jaw thrust or lingual retraction); improper choice of
equipment (using a pediatric-sized bronchoscope to place a 9.0
ET); and improper positioning (utilizing the supine approach
in a morbidly obese patient) all will impact negatively on suc-
cess. An awake technique chosen in an uncooperative patient,

TA BLE 3 8 . 4

CLINICAL USES OF FIBEROPTIC BRONCHOSCOPY
IN THE INTENSIVE CARE UNIT

Primary tracheal intubation
Intubation adjunct for LMA-type airway device
Confirmation of intubation
Airway evaluation for extubation
ET/tracheostomy evaluation of position and patency
Diagnostic/therapeutic interventions for a cuff leak
Bronchial lavage for diagnostic/therapeutic reasons
ET exchange

LMA, laryngeal mask airway; ET, endotracheal tube.
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KEYS TO FIBEROPTIC INTUBATION SUCCESS

Patient preparation
Sedatives, narcotics, topical, local blocks, secretion control.

Is patient cooperative?
Is fiberoptic approach a reasonable choice for intubation?
Choice of approach

Oral vs. nasal
Position

Supine, upright, elevated head of bed
Choice of fiberoptic equipment

Diameter, pediatric vs. adult
Other

Adequacy of light source, lubrication, assistance, ET
warming capabilities, proper ET size

ET, endotracheal tube.

the lack of bronchoscope defogging, inadequate lubrication,
and poor judgment in the approach (e.g., a nasal fiberoptic ap-
proach in the face of a coagulopathy or nasofacial abnormal-
ities, or a fiberoptic approach when patient has excessive, un-
controllable secretions or bleeding) further contribute to failure
and frustration. Inadequate patient preparation with medica-
tion (e.g., too light sedation leading to discomfort or an unco-
operative patient, or excessive sedation leading to hypoventila-
tion, airway obstruction, or excessive coughing or procedural
pain due to lack of narcotic administration) will place an undue
and likely uncorrectable burden on the fiberoptic technique.

Successful fiberoptic intubation is dependent on a wide
range of factors, each being performed in a timely manner (Ta-
ble 38.5). Any single factor that is neglected or improperly exe-
cuted may hamper the fiberoptic effort; hence, the practitioner’s
inexperience is a primary factor in both failures and difficulty
encountered. A properly prepared and positioned patient un-
dergoing fiberoptic nasal intubation may become a challenge—
or the procedure may even fail—if too large an ET is chosen
to pass through the nasal cavity or when arytenoid hang-up is
encountered upon advancing the ET without counterclockwise
rotation (124).

Vid e o-laryng oscop y and Rig id Fib e rscop e s
In an effort to overcome the difficulty of “seeing around the
corner,” various advancements have been made to the standard
laryngoscope. Though a difficult-to-visualize glottis is reported
to be uncommon (22), Kaplan et al. reported that direct laryn-
goscopy in a large cohort of elective general anesthesia patients
had a Lehane-Cormack view of III or IV in 14% despite ma-
neuvers to optimize viewing with a curved laryngoscope blade
(71). The incidence of a grade III/IV view in the emergency in-
tubation population is more than double this rate; hence the
need to improve visualization capabilities “around the corner”
(44,135).

The addition of optical fibers or mirrors plus design al-
terations have improved one’s line of sight over conven-
tional blades. Devices such as the Bullard (20,22,76) (Fig.
38.21) and the Wu scopes (25,136–138) and the Upsher-
Scope rigid fiberscopes (138) provide unparalleled visualiza-
tion of the airway in most instances and may be particularly
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FIGURE 38.21. Bullard intubating laryngoscope.

useful in the presence of restricted cervical mobility (18,74,75).
Each has an eyepiece for viewing via fiberoptic bundles for a
single operator but may be attached to a teaching video head
for team viewing and instruction (124,134). Video capabil-
ities allow viewing on a television monitor, pushing video-
laryngoscopy to a new and higher level of sophistication.
The Macintosh (curved) video-laryngoscope (Karl Storz En-
doscopy) was developed and produced by modifying a stan-
dard laryngoscope to contain a small video camera (71,139).
Currently, improvements in video screen resolution, portable
power sources, and the refinement in optics have afforded a
new class of airway devices to assist in management of the dif-
ficult airway in the operating room, the ICU, and even remote
floor locations (78,135,137,140). Alterations of the curved
blade with an approximate 60-degree tip deflection separate
the GlideScope and McGrath scope from the others. Though
visualization is excellent, a principal observation to appreci-
ate is that these instruments allow visualization, but they do
not perform intubation of the trachea. Visualization of struc-
tures with failure to intubate is uncommon (less than 4% )
(140,141), though various ET maneuvers and the use of a
bougie may overcome many of these failures (142). The ef-
fectiveness and efficiency of these advanced devices require an

understanding of their proper use, preparation, and restric-
tions, as well as practice on a normal airway before one ven-
tures to use one in an emergency situation or a potentially
difficult airway.

A recent addition to advanced airway management is a dis-
posable, low cost, J-shaped rigid optical laryngoscope utilizing
mirrors and lenses, and which offers a clear and panoramic
view of the glottic structures when placed midline in the lower
airway (143). The Airtraq laryngoscope (Fig. 38.22) is an excel-
lent adjunct for tracheal intubation, for evaluating the difficult
airway for extubation, and for providing impressive indirect
viewing of the glottic structures of the difficult airway dur-
ing ET exchange (144). For advancement into the airway, a
minimum amount of mouth opening must exist; its bulky di-
mensions may limit its use in the presence of a Halovest and
restricted mouth opening.

Op t ical St yle t s
Another class of intubation adjuncts that are very useful in
improving success in the difficult-to-visualize airway (Lehane-
Cormack grade III/IV) is the fiberoptic tracheal tube introducer
or stylet. Typically fashioned like a stylet, the ET is loaded onto
the fiberoptic shaft and then the stylet is maneuvered into the
trachea. Visualization via an eyepiece on the scope or from a
video screen affords a view of the airway structures that would
otherwise remain restricted or blind (18,19,77,78,135). The
ability to navigate the ET-loaded stylet past airway structures
and visually confirm entrance into the trachea may hasten in-
tubation in the difficult airway that otherwise would be con-
sidered difficult or impossible with conventional laryngoscopy
(77,135,145). Again, edema, secretions, mucosal swelling, and
limited mouth opening, as well as operator inexperience, may
limit visualization capabilities (135). Several manufacturers
produce relatively inexpensive hand-held rigid fiberoptic stylets
that facilitate “seeing around the corner” ; hence, they can be
transported to the bedside in the ICU or to remote locations
throughout the hospital (77,78,135). The use of these devices
is improved by optimal positioning, lubrication, defogging,
warming the ET/scope, secretion control, and, above all, prac-
tice under controlled conditions prior to deployment in the
emergency setting (77,78,80,135).

FIGURE 38.22. The Airtraq laryngoscope.
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Trache al Tub e Int rod uce r/ Boug ie

The tracheal tube introducer (TTI, or bougie) (Fig. 38.14) has
earned a position in anesthesia care as an effective airway ad-
junct by assisting navigation of the ET into the trachea when
anatomic constraints and/or an overhanging epiglottis limit the
view of the glottic opening. A grade II (arytenoids and posterior
cords only) or grade III laryngeal view (epiglottis only) is ideal
for bougie-assisted intubation (93,146). The TTI is listed as a
rescue option in national guidelines and should be included in a
difficult airway cart or portable bag (30,31,63,64). The advan-
tages of the bougie include low cost, no power supply, portabil-
ity, a rapid learning curve, minimal set-up time, and a relatively
high success rate and its immediate use reduces intubation-
related complications (93,146). Placement involves passing it
underneath the epiglottis with further navigation through the
glottis to a depth of 20 to 24 cm, with potential tactile feedback
as the curved tip bounces over the cartilaginous trachea rings.
The tracheal ring “clicks” may not be appreciated in all cases.
Further gentle advancement to 28 to 34 cm leads to the “hang-
up test” or Cheney test. This maneuver is useful not only for
bougie-assisted intubation itself, but also when ET verification
maneuvers and devices are imprecise or confusing. Passing the
ET is assisted by laryngoscopy to clear the airway of obsta-
cles, lubricating the ET, and counterclockwise rotation to limit
arytenoid hang-up of the ET tip. The bougie’s role in difficult
airway management is underappreciated and, given its poten-
tially prominent role as a simple “no frills” airway tool, more
attention to its position in an airway management strategy is
warranted (114,115,147).

CONFIRMATION OF TRACHEAL
INTUBATION

Physical Examinat ion

Confirmation of ET location following intubation is imperative
to optimize patient safety (30,46,63,64,89,91,92,148,149). In-
direct clinical indicators of intubation such as chest excursions,
breath sounds, tactile ET placement test, ET condensation, ob-
serving abdominal distension or auscultating the epigastrium,
and oxygen saturation monitoring are considered nonfail-safe
methods since each may be lacking, misinterpreted, or falsely
negative or positive in the elective setting, and this fallibility
is exaggerated in the emergency setting (149). Clinician in-
terpretation of these and many other clinical findings in an
acutely ill patient in a noisy environment under adverse con-
ditions is marginal at best (149). Even experienced personnel
are plagued by inadequacies of their interpretation and under-
standing (89,91,92). Nonetheless, and notwithstanding these
limitations, our practice for initial confirmation of ET place-
ment is as follows:

1. Observation of the ET passing through the vocal cords
2. Chest rise with bagging
3. Presence of condensation upon exhalation
4. Absence of gurgling over the stomach
5. Presence of breath sounds over the lateral midhemithoraces
6. Presence of CO 2 (Fig. 38.23)

FIGURE 38.23. Disposable colorimetric CO2 detector. Yellow signi-
fies the presence of CO2, violet its absence.

Cap nog rap hy

To supplement the clinician’s skill of accurately assessing ET
location, the identification of exhaled CO 2 via disposable col-
orimetric devices or capnography should be considered an ac-
cepted standard of practice for elective as well as out-of-the-
operating-room intubation (30,46,148). Considered “almost
fail-safe,” these methods may fail due to a variety of causes,
namely the disposable colorimetric devices may fail in low-
flow or no-flow cardiac states (no pulmonary blood flow as a
source of exhaled carbon dioxide), or the color change may
fail or confuse the clinician due to simple misinterpretation or
more commonly by soilage from secretions, pulmonary edema
fluid, or blood. Conversely, capnography may fail due to tem-
perature alterations (outside, helicopter rescue), soilage of the
detector, battery or electrical failure, or equipment failure due
to age, missing accessories, or lack of maintenance.

Ot he r De vice s

Esophageal detector devices, either the syringe or the self-
inflating bulb (Fig. 38.24) models, assist in the detection of
ET location based on the anatomic difference between the tra-
chea (an air-filled column) and the esophagus (a closed and
collapsible column) (150). Applying a 60-mL syringe to the
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FIGURE 38.24. Esophageal detector devices, either the syringe or the
self-inflating bulb models, assist in the detection of endotracheal tube
location based on the anatomic difference between the trachea (an air-
filled column) and the esophagus (a closed and collapsible column).
Note that a 15 mm adaptor inserts onto the tip of the bulb syringe so
that the connection may be made.

ET and withdrawing air should collapse the esophagus, while
the trachea should remain patent. This concept was simpli-
fied by replacing the syringe with a self-inflating bulb that can
be attached to the ET following placement. Either compres-
sion of the bulb prior to attachment to the ET or following
attachment may still lead to false-negative results (no reinfla-
tion even though the ET is in the trachea) in less than 4%
of cases (150). Failures of this technique include ET soilage,
carinal or bronchial intubation in the obese, and those with se-
vere pulmonary disease (chronic obstructive pulmonary disease
[COPD], bronchospasm, thick secretions, or aspiration), and
gastric insufflation. This technique is not affected by a low-flow
or arrest state and, hence, it may be useful when capnography
or colorimetric devices fail (150–152).

Two techniques considered infallible or fail-safe when used
under optimal conditions are extremely accurate in detect-
ing and confirming ET position: (a) visualizing the ET within
the glottis and (b) fiberoptic visualization of tracheal/carinal
anatomy (46). However, the critically ill population may have
limited glottic visualization on laryngoscopy in up to 33% of
cases (44,135). Following intubation, visualization of laryn-
geal structures may be obscured due to the presence of the ET.
Likewise, fiberoptic visualization may be hampered by secre-
tions and blood, as well as access to and the expertise to use
such equipment.

Che ne y Te st

A clinically useful adjunct for assisting in the verification of
the ET location includes the hang-up test, consisting of pass-
ing a bougie or similar catheterlike device for the purpose of
detecting tip impingement on the carinal or bronchial lumen.
Typically, gently advancing a bougie to 27 to 35 cm depth may
allow the practitioner to appreciate hang-up on distal struc-

tures as compared to unrestricted advancement if the ET is in
the esophagus (153).

DEPTH OF ENDOTRACHEAL
TUBE INSERTION

Classic depth of insertion is height and gender based, as well
as impacted by the route of ET placement (i.e., oral vs. nasal)
and the patient’s intrinsic anatomy. The depth will vary with
head extension/flexion and lateral movement. Final tip position
is best at about 2 to 4 cm above the carina to limit irritation
with head movement and patient repositioning. Typically, the
height of the patient is most specific in determining ET tip
depth. ET depth in the adult patient less than or equal to 62
inches (157 cm) in height should be approximately 18 to 20
cm; otherwise, 22 to 26 cm may be the appropriate depth.
Chest radiography only determines the tip depth at the time
of film exposure. Fiberoptic depth assessment is the real-time
method that garners the most clinical data for diagnostic and
therapeutic purposes (123,154).

AMERICAN SOCIETY OF
ANESTHESIOLOGISTS PRACTICE

GUIDELINES
These guidelines and others specifically suggest that airway
management procedures should be accompanied by capnogra-
phy or similar technology to reduce the incidence of unrecog-
nized esophageal intubation, hypoxia, brain injury, and death
(30,63,64). We can think of no reason, in the economically ad-
vanced countries, why these recommendations would not be
followed.

AMERICAN SOCIETY OF
ANESTHESIOLOGISTS DIFFICULT
AIRWAY PRACTICE GUIDELINES

Though reviewed earlier in this chapter, the salient points of
the algorithm (Table 38.6) as they relate to the critically ill pa-
tient requiring emergency airway management are well worth
repeating. Preintubation evaluation in the hopes of recogniz-
ing the difficult airway is paramount, yet is meshed with the
understanding that the unrecognized or underappreciated dif-
ficult airway (mask ventilation, intubation, or both) occurs
frequently. Examination of the patient, however, may be re-
stricted due to emergent conditions, and the medical record
may provide little to no useful data, especially when the pa-
tient previously had an easily managed airway but the airway
status has changed substantially. When difficulty is known or
predicted, patient preparation and access to airway equipment
become primary focal points. This is not the case with the un-
recognized or underestimated difficult airway. The induction
technique is obviously not customized to the known difficulty;
hence, the practitioner must counter this “surprise” by a pre-
planned rescue strategy, immediate access to advanced airway
equipment, and personnel assistance combined with the exper-
tise and competence to initiate and accomplish such a rescue
strategy (30,63,64).
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AMERICAN SOCIETY OF ANESTHESIOLOGISTS DIFFICULT AIRWAY ALGORITHM

Source: http://www.asahq.org/publicationsAndServices/Difficult% 20Airway.pdf.
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FIGURE 38.25. Large-bore IV catheter and tubing for emergency airway. This is useful for emergency jet
ventilation.

Primary questions for the practitioner when accessing the
patient are:

1. Is there a reasonable expectation for successful mask venti-
lation?

2. Is intubation of the trachea expected to be problematic?
3. Should the airway approach be nonsurgical or surgical?
4. Should an awake or a sedated/unconsciousness approach be

pursued?
5. Should spontaneous ventilation be maintained?
6. Should paralysis be pursued (30)?

With forethought and experience, these considerations may
be answered rapidly following patient assessment. Conversely,
a predetermined strategy that dictates an RSI “will be easy” to
pursue and thus requires minimal assessment, since the tech-
nique has been predestined rather than modeled around the
findings of the above considerations, is fraught with risk to the
patient (30,63,64).

Awake Pat hway

If difficulty is recognized, an awake approach may be appro-
priate, barring lack of cooperation or patient refusal and given
the practitioner’s familiarity with this approach. Patient prepa-
ration with an antisialogogue, assembling equipment and per-
sonnel, discussion with the patient, and optimal positioning
should be pursued unless the patient conditions dictate imme-
diate awake intervention due to respiratory distress and hypox-
emia. The awake choices, following optimal preparation, may
allow the practitioner to take an “awake look” with conven-
tional laryngoscopy; utilize bougie-assisted intubation, LMA
insertion, or indirect fiberoptic techniques (rigid and flexible);
or proceed with a surgical airway. The Combitube would not be
indicated in the awake state. Access to the airway via cricothy-
roid membrane puncture via large-bore catheter insertion (Fig.
38.25A) with either modified tubing or a jet device (Fig.38.25B)
to ventilate, or Melker cricothyrotomy kit (Fig. 38.26) is an op-
tion prior to other awake or asleep methods, but is often for-
gotten and rarely executed. If the awake approach fails or the

patient deteriorates, prompting rapid intervention, the rescue
strategy must be pursued immediately (6,46,155,156).

Asle e p Pat hway

Following induction in the patient with a known or suspected
difficult airway who is uncooperative or agitated, or in the
unrecognized difficult airway, the ability to provide adequate
mask ventilation will determine the direction of management.
If mask ventilation is adequate but conventional intubation is
difficult, incorporating the nonemergency pathway is appro-
priate, utilizing the bougie, specialty blades, supraglottic air-
way, flexible or rigid fiberoptic technique, or surgical airway
(30,46). If mask ventilation is suboptimal or impossible, intu-
bation of the trachea may be attempted, but immediate place-
ment of a supraglottic airway such as the LMA is the treatment
of choice. When entering the emergent pathway, if the supra-
glottic device fails, then an extraglottic device such as the Com-
bitube or similar device may be placed; otherwise, transtracheal

FIGURE 38.26. The Melker cricothyrotomy kit for emergency sub-
glottic access to the airway.
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STRATEGY FOR EMERGENCY AIRWAY
MANAGEMENT OF THE CRITICALLY ILL PATIENT

1. Conventional intubation—grade I or II view
2. Bougie—grade III view

a. May use for grade I and II if needed
3. LMA/supraglottic device—grade III or IV view

a. LMA/supraglottic rescue for bougie failure
b. Or use the LMA/supraglottic device as a primary device

(i.e., known difficult airway, cervical spine limitations,
Halo-vest)

4. Combitube—rescue device for any failure or as a primary
device if clinically appropriate

5. Fiberscope (optical/video-assisted rigid or flexible
models)—primary mode of intubation, an adjunct for
intubation via the LMA

LMA, laryngeal mask airway.

jet ventilation may be pursued by personnel knowledgeable
in its application and execution, or a surgical airway placed
(30,46).

A recently suggested strategy for emergency airway man-
agement of the critically ill patient outside the operating room
is shown in Table 38.7 (114,115). Patient care was compared
before (no immediate access to rescue equipment or ETCO 2
monitoring) and after (immediate access to rescue equipment
and ETCO 2 monitoring) the management strategy was in place.
A substantial improvement in patient care was realized with
the following strategy: Hypoxemia, defined as SpO 2 < 90% ,
was reduced from 28% to 12% ; severe hypoxemia, defined
as SpO 2 < 70% , was reduced by 50% ; esophageal intubation
was reduced by 66% ; multiple esophageal intubations were
reduced by 50% ; regurgitation and aspiration were reduced

by 87% ; and the rate of bradycardia fell by 60% . Any rescue
strategy, however, should be customized to the practitioner’s
skill level, his or her access to rescue equipment, and his or
her knowledge and competence of using such equipment (113,
114). Similar strategies have been used in the operating room
with an improved margin of safety for airway management
(84,85,147).

COMPLICATIONS RELATED TO
ACCESSING THE AIRWAY

Tracheal intubation is an important source of morbidity and,
occasionally, of mortality (30,43–46,89,91,92,148). Com-
plications occur in four time periods: during intubation,
after placement, during extubation, and after extubation
(Table 38.8). Patients with smaller airways, especially infants
and children, have a higher incidence of complications, com-
bined with an increased risk of upper airway obstruction sec-
ondary to glottic edema and subglottic stenosis.

Cuffed tube usage for prolonged intubation and artificial
ventilation substantially increases the rate of tracheal and la-
ryngeal injury. The extent of injury is dependent on duration
of exposure, the presence of infected secretions, and severity of
respiratory failure. Cuff pressures above 25 to 35 mm Hg fur-
ther add to risk by compressing tracheal capillaries, which pre-
disposes to ischemic mucosal damage despite the high-volume,
low-pressure cuffs that are standard today (157–160). Other
factors of importance include the duration of intubation, rein-
tubation, and route of intubation, with nasal intubation pro-
ducing more complications than oral; patient-initiated self-
extubation; excessive tracheal tube movement; trauma during
procedures; and poor tube care. As one might expect, clinicians
unskilled in intubation techniques increase the complication
rate.

TA BLE 3 8 . 8

RISKS OF TRACHEAL INTUBATION

Time Tissue injury Mechanical problems Other

Tube placement Corneal abrasion; nasal polyp
dislodgement; bruise/laceration
of lips/tongue; tooth extraction;
retropharyngeal perforation;
vocal cord tear; cervical spine
subluxation or fracture;
hemorrhage; turbinate bone
avulsion

Esophageal/endobronchial
intubation; delay in
cardiopulmonary
resuscitation; ET
obstruction; accidental
extubation

Dysrhythmia; pulmonary
aspiration; hypertension;
hypotension; cardiac arrest

Tube in place Tear/abrasion of larynx, trachea,
bronchi

Airway obstruction; proximal
or distal migration of ET;
complete or partial
extubation; cuff leak

Bacterial infection (secondary);
gastric aspiration; paranasal
sinusitis; problems related to
mechanical ventilation (e.g.,
pulmonary barotrauma)

Extubation Tear/abrasion of larynx, trachea,
bronchi

Difficult extubation; airway
obstruction from blood,
foreign bodies, dentures, or
throat packs

Pulmonary aspiration; laryngeal
edema; laryngospasm;
tracheomalacia; intolerance of
extubated state

ET, endotracheal tube.
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During Int ub at ion

Trauma
Tracheal intubation dangers begin at the time of initial tube
insertion. Direct airway trauma depends on operator skill and
the degree of difficulty encountered during intubation (27). In-
juries include bruised or lacerated lips and tongue, inadver-
tent tooth extraction, upper airway hemorrhage, vocal cord
tears, and nasal polyp dislodgement. Inadvertent contact of
the cornea by the operator’s hand may cause a corneal abra-
sion. Nasopharyngeal mucosa perforation can create a false
passage, whereas a tear in the pyriform fossa mucosal lining
may lead to mediastinal emphysema, tension pneumothorax,
and infectious complications (27,89,91,92). Fracture or sub-
luxation of the cervical spine, though rare, may result from
careless movement of the head or forceful hyperextension dur-
ing attempts to improve laryngeal exposure (18). Laryngoscopy
may lead to swelling, edema, and bleeding of the oropharyn-
golaryngeal complex. Pre-existing edema or a coagulopathy
will only exaggerate further swelling and bleeding. Contin-
ued efforts to control the airway with conventional laryngo-
scopic attempts may prove detrimental if supraglottic-glottic
edema/swelling/closure results from repetitive trauma. Acces-
sory devices such as the LMA and Combitube are dependent
on a patent glottic opening; thus, exacerbating tissue damage
with repetitive attempts may reduce rescue success with these
devices (46).

De lay
Excessive delay in cardiopulmonary resuscitation may occur
while an inexperienced practitioner tries to visualize the vo-
cal cords. If intubation cannot be accomplished within 30 sec-
onds, a more experienced person should make the attempt
whenever possible. Multiple intubation attempts by any prac-
titioner, unskilled or skilled, may make subsequent attempts
more problematic and markedly increase the risk of hypox-
emia, esophageal intubation, regurgitation, aspiration, brady-
cardia, cardiovascular collapse, and arrest (44–46). If effective
mask ventilation and oxygen delivery are not possible during
cardiopulmonary resuscitation (CPR), then prompt placement
of an accessory device (LMA, Combitube) to support ventila-
tion and oxygenation should be pursued (30,46,63,64). The
LMA may assist with tracheal intubation itself and/or support
ventilation and oxygenation in lieu of intubation.

Airway-re lat e d Comp licat ions
Airway-related complications in the emergency setting are
similar in variety but outflank their elective counterpart in
magnitude, occurrence, and consequence. Excessive secretions,
edema, and bleeding, especially from repetitive instrumenta-
tion, may plague these interventions. The incidences of laryn-
gospasm, bronchospasm, bleeding, tissue trauma, aspiration,
inadequate ventilation, and difficult intubation remain rela-
tively poorly documented.

Hypoxemia. Hypoxemia during emergency intubation has a
variable incidence, ranging from 2% to 28% (12,44,89,90,
140,161–163). Currently, there is little specific literature re-
porting the influence of age, comorbid conditions, and patho-
logic states on the incidence of hypoxemia during emergency
airway management, yet the risk increases as the patient’s clin-
ical situation worsens (Table 38.9) (70,163). Moreover, the pa-
tient’s oxygenation reserves, obesity-related pulmonary limita-
tions, and difficulty with airway management will influence the
incidence of hypoxemia (112,164–167).

Hypoxemia-related concerns for emergency airway man-
agement include:

1. The limits of preoxygenation in the critically ill
2. The increased incidence of multiple intubation attempts
3. The increased incidence of encountering a “difficult airway”

in the emergency setting (30,44,45,72,85,90)

Esophageal Intubation. Delayed recognition of esophageal in-
tubation (EI) is a leading adverse event contributing to hy-
poxemia, aspiration, central neurologic system damage, and
death (27,30,89–92,148,149). Failure to recognize EI is not
limited to inexperienced trainees and, despite the use of verifica-
tion devices, EI-related catastrophes persist (88,90,91). Indirect
clinical signs of detecting tracheal tube location are imprecise
and their interpretation is further restricted under emergent cir-
cumstances (Fig. 38.27) (46,89,91,149). Curbing the ill effects
of EI by vigilant monitoring and rapid detection is warranted
(148,149). Viewing the tube between the vocal cords, consid-
ered fail-safe, is impractical in 10% to 30% of patients due to
anatomic limitations (44,168). Fiberoptic verification is fail-
safe, yet is limited by blood and secretions, the operator’s skill,
and equipment access (124).

Regurgitation and Aspiration. Perioperative pulmonary aspi-
ration is uncommon, occurring in approximately 1 in ev-
ery 2,600 cases, but is magnified in the emergency surgical

TA BLE 3 8 . 9

AIRWAY COMPLICATIONS CONTRIBUTING TO HYPOXEMIA

Esophageal intubation Regurgitation/aspiration
Mainstem bronchial intubation Multiple attempts
Inadequate or no preoxygenation Duration of laryngoscopy attempt
Failure to “reoxygenate” between attempts Airway obstruction, unable to ventilate
Tracheal tube occlusion: Biting, angulation Accidental extubation after intubation
Tracheal tube obstruction after intubation Bronchospasm, coughing, bucking

Due to:
Particulate matter
Blood clots
Thick, tenacious secretions
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FIGURE 38.27. Incidence of complications with (EI) and without (non-EI, i.e., tracheal intubation)
esophageal intubation detected by indirect clinical signs. (From Mort TC. Esophageal intubation with
indirect clinical tests during emergency tracheal intubation: a report on patient morbidity. J Clin Anesth.
2005;17[4]:255.)

setting (169). Regurgitation during emergency intubation
varies widely, ranging between 1.6% and 8.5% , with aspira-
tion of the regurgitated material ranging between 0.4% and 5%
(44,45,90,170). Emergently, there is little control over NPO
status, ileus, upper gastrointestinal bleeding, or altered airway
reflexes. Hypoxemia, bradycardia, and arrest may be magni-
fied during regurgitation/aspiration (44,45,84,170). Immedi-
ate access to, and use of, accessory devices and ET-placement
verifying equipment has reduced regurgitation and aspiration
by 43% and 75% , respectively (148,149). Upper gastrointesti-
nal bleeding is particularly risky, as it increases regurgitation
by a factor of 4 and aspiration by a factor of 7 when com-
pared to nonbleeding patients undergoing emergency intuba-
tion (95,171).

Airway Injury. The “airway” may sustain minor, nondisabling
to catastrophic, life-threatening degrees of trauma during emer-
gency intubation unbeknown to the practitioner. Difficult in-
tubation is a factor in many, but not all, cases; for example,
in several series, 50% of intubations resulting in esophageal
perforations were believed to have been atraumatic intuba-
tions (27,89,91,92). Injury, shrouded by generalized nonspe-
cific signs and symptoms combined with sedated, intubated
patients unable to communicate, may limit the consideration
of any injury (27,92). Pneumothorax, subcutaneous emphy-
sema, pneumomediastinum, dysphasia, chest pain, coughing,
or deep cervical pain advancing to a febrile state should be
investigated (27,92).

Bronchial Intubation. Undetected bronchial intubation dis-
covered by a postintubation chest radiograph is common,
being seen in between 3.5% and 15.5% of cases. This
undetected event increases substantially following difficult
intubation, often leading to hypoxemia, atelectasis, bron-
chospasm, lobar collapse, and barotrauma if left uncorrected
(44,45,172–176). Lung auscultation and palpation of the
inflated cuff above the sternal notch may decrease bronchial
intubation or carinal impingement, but are not fail-safe (122).

Fiberoptic evaluation is definitive; thus, access to this modality
in the ICU is important to allow for investigation of any
unexplained oxygen desaturation, coughing, bronchospasm,
or changes in peak inspiratory pressures, or an abrupt or
gradual reduction in tidal volume (174–178).

Multiple Intubation Attempts. National guidelines define a dif-
ficult intubation as the inability to intubate within three at-
tempts, at which point alternative airway techniques should
be incorporated (30). Repeated interventions increase tissue
trauma, bleeding, and edema, and may transform a “ventilat-
able” airway to one that is not (44–46). The number of laryn-
goscopic attempts directly increases complications, increasing
with the second laryngoscopic attempt and accelerating rapidly
with three or more attempts (44,45). All critically ill patients
who require emergency airway management likely should be
regarded as a potentially unanticipated difficult airway. Hence,
observing the one or two attempts “rule” under “optimal con-
ditions” before rapidly moving to an alternative strategy is pru-
dent (27,43–46,85).

Though the literature has recommended a rapid sequence
intubation technique as the definitive method of patient prepa-
ration, airways are as individual as their owners, and practi-
tioner skills are variable. Thus, patients may benefit from an
individualized approach (41,97,98). Incorporating a strategy
that is adaptable to the practitioner and the patient (and his
or her airway) may lead to a lower incidence of complications
(27,44,45,85–88,114,115).

Aft e r Int ub at ion

Acut e End ot rache al Tub e Ob st ruct ion
Following Int ub at ion

Acute ET obstruction has a differential diagnostic list that is
long but, in most cases, can be discerned rapidly. Biting may be
from an awake, agitated, or delirious patient or, on the other
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FIGURE 38.28. Obstruction of the endotracheal tube by intraluminal
material, in this case, a bloody mucous plug.

hand, the ET tip may abut the tracheal wall. A bite block in
the patient’s mouth, additional sedation/analgesic agents, or
slight rotation of the tube may correct the obstruction. Kink-
ing of the tube or herniation of the cuff can occlude the air-
way and compromise ventilation, as can blood clots, tissue,
dried secretions, tube lubricants, and foreign bodies. Partial or
complete obstruction (Fig. 38.28) of a newly placed ET or tra-
cheostomy tube by intraluminal or extraluminal sources may
present as a life-threatening emergency requiring immediate
corrective measures to reduce the risk of hypoxia-related mor-
bidity and mortality (155,179).

Signs of ET or tracheobronchial obstruction are high infla-
tion pressures, absent or impaired chest excursion, marked res-
piratory effort with paradoxical movement, cyanosis, hypox-
emia, and venous congestion. Acute severe bronchospasm fol-
lowing primary tracheal intubation or during a tube exchange
may mimic acute obstruction.

The rescue therapy differs between the in situ ET
obstruction—depending upon its degree—and obstruction dis-
tal to the ET tip. Rapid removal of a completely obstructed ET
may be life saving and, conversely, partial obstruction of the ET
or tracheobronchial tree by inspissated mucus, blood, or tissue
may require rapid irrigation and suctioning, either blindly via
a suction catheter or utilizing a fiberoptic bronchoscope.

The etiology of the airway obstruction following intubation
in the emergency setting in the ICU is often related to thick
secretions. The patient undergoing emergency tracheal intu-
bation may require mechanical support based on respiratory
insufficiency due to poor secretion-clearing capabilities, poor
cough, retained secretions, and shallow respirations. Once the
trachea is intubated and positive pressure is delivered, the re-
tained and dormant secretions mobilize more proximally to-
ward the upper tracheobronchial tree, potentially contribut-
ing to airway obstruction. Conversely, during an ET exchange
in a patient maintained on positive end-expiratory pressure
(PEEP), especially when the level is approximately 8 cm H 2O
or above, the sudden loss of expiratory pressure during the
exchange appears to allow proximal movement of retained se-
cretions, previously undetected or unreachable by standard ET
suction techniques, to rapidly migrate toward the tracheocari-
nal region, potentially leading to very difficult or impossible
ventilation.

The incidence of such events is not precisely known, but
the most devastating consequence of such airway obstruction,
hypoxia-driven cardiac arrest, was noted in the Hartford Hos-
pital database (5 arrests in over 3,000 emergently intubated pa-
tients, 0.17% ) (148). One of us (TCM) with an airway database
composed of over 1,800 patients who underwent primary tra-
cheal intubation or ET exchange over a 16-year period has
noted acute airway obstruction leading to arrest in four cases
(0.2% ) and near arrest (severe desaturation, bradycardia) in 16
cases (0.9% ). Swift suction removal following irrigation of the
tracheobronchial tree, ET removal, or fiberoptic evacuation of
the obstruction was paramount in limiting patient injury.

Brad ycard ia
The response to laryngoscopy intubation is typically hyper-
dynamic, but in a small number of patients, slowing of the
heart rate may accompany airway manipulation. Patients re-
ceiving medications which slow sinoatrial (SA) node, atrioven-
tricular (AV) node, or ventricular conduction, in addition to
the aggressive use of fentanyl or other vagotonic medications,
may be at increased risk for a further slowing of the heart
rate. Preintubation bradycardia due to medication, an intrin-
sically slow heart rate in hypertensive disease of the elderly
and the physically fit, and occasionally severe hypoxemia or
the Cushing reflex in elevated intracranial pressure (ICP) may
place the patient at a lower threshold to experience bradycar-
dia. Vigorous laryngoscopy and tracheal intubation, inadver-
tent EI, and airway-related complications with severe or pro-
longed hypoxemia have led to bradycardia and cardiac arrest
(44,45,148,149). Moreover, progressive bradycardia has been
noted to precede intraoperative cardiac arrests in the majority
of cases (146,148,180–182). Propofol’s role in bradycardia re-
mains ill-defined, but may be more relevant in the ICU patient
on a continuous intravenous infusion rather than when using
the agent in a single dose for intubation.

Vagotonic influences related to airway manipulation and hy-
poxemia appear to be primary factors. While an uncomplicated
laryngoscopy may reduce the heart rate, airway-associated
complications during difficult laryngoscopy and intubation
with concurrent hypoxemia increase the incidence of brady-
cardia dramatically (148,170). The sympathetic outflow stim-
ulated by a moderate reduction in oxygen tension may be over-
whelmed by the parasympathetic influence with ongoing or
worsening hypoxemia, thus leading to medullary ischemia. In
addition, the drop in heart rate is typically associated with a sig-
nificant reduction in blood pressure, often requiring aggressive
therapy. When confronted with bradycardia, it behooves the
practitioner to optimize oxygen delivery via the rapid deploy-
ment of accessory devices, call for the code cart, and provide
pharmacologic intervention as well as interventions for poten-
tially catastrophic pathology such as a tension pneumothorax,
unrecognized esophageal intubation, or mainstem bronchus in-
tubation.

Dysrhyt hmias
The acute onset of a new dysrhythmia during the manipula-
tion of the airway or immediately after completion of securing
the airway is infrequently reported. Pre-existing rhythm distur-
bances may be exaggerated by even rapid, straightforward air-
way manipulation, but may pale in comparison to the response
initiated by a vigorous laryngoscopy, especially if it is associ-
ated with multiple attempts, inadequate sedation, or additional
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myocardial compromise. Bradycardia (see above), supraven-
tricular tachycardia, atrial fibrillation or flutter with a rapid
ventricular response, and ventricular disturbances are usually
poorly tolerated by the critically ill patient, often complicated
by varying degrees of hypotension. Further, succinylcholine—
often used in RSI—is a well-known causative factor in con-
tributing to a multitude of atrial and ventricular rhythm dis-
turbances. Ongoing myocardial injury or a prolonged, vigor-
ous, or traumatic manipulation of the airway can potentiate
life-threatening dysrhythmias (44,183).

Card iac Arre st
Anesthesia-related cardiac arrest in the operating room is rela-
tively infrequent (0.01% ), with the majority related to airway
mishaps/difficulties (146,180–182). The risk of cardiac arrest
in the ICU patient during emergency airway management may
be as high as 2% (44,45,148,170). Specific risk factors con-
tributing to cardiac arrest during airway manipulation included
three or more intubation attempts, hypoxemia, regurgitation
with aspiration, bradycardia, and esophageal intubation, of-
ten with one or more of these complications cascading from
one to another (148,149). Nonairway-related cardiac arrests
may result from ET obstruction, tension pneumothoraces, mas-
sive pulmonary thromboembolism, induction medication, and
deterioration in patients suffering from acute myocardial in-
farction with cardiogenic shock (148). The varied list of etio-
logic factors that may contribute, singly or in combination, to
the risk of cardiopulmonary arrest and cardiovascular collapse
related to tracheal intubation is noted in Table 38.10 (170).
Immediate access and use of advanced airway equipment and
airway-placement verifying devices appear to have a significant
impact on the incidence of hypoxemia-driven cardiac arrest
(148).

TA BLE 3 8 . 1 0

FACTORS CONTRIBUTING TO POSTINTUBATION
HEMODYNAMIC INSTABILITY

Anesthetic medications
Sympathetic surge, vasovagal response
Excessive parasympathetic tone
Loss of spontaneous respirations
Positive pressure ventilation
Positive end-expiratory pressure (PEEP)
Auto- or intrinsic PEEP
Hyperventilation with pre-existing hypercarbia
Decrease in patient work
Underlying disease process (i.e., myocardial insufficiency)
Volume imbalances (sepsis, diuretics, hypovolemia,

hemorrhage)
Preload dependent physiology

Valvular heart disease, congestive heart failure, pulmonary
embolus, right ventricular failure, restrictive pericarditis,
cardiac tamponade

Hypoxia-related hemodynamic deterioration
Hyperkalemia-induced deterioration (succinylcholine)

Modified from Schwab TM, Greaves TH. Cardiac arrest as a possible
sequela of critical airway management and intubation. Am J Emerg
Med. 1998;16:609.

The Hyp e rd ynamic Re sp onse
t o Airway Manag e me nt

A brief or prolonged hyperdynamic response frequently accom-
panies direct laryngoscopy and intubation, and may reflect a
number of physiologic factors, including wakefulness; the mag-
nitude, vigor, and extent of the airway manipulation; underly-
ing hypertension and cardiovascular disease; intravascular vol-
ume status; underlying sympathetic outflow; any related renal
and cerebral pathology; induction medication; and the func-
tional reserve of the patient among other clinical causes. Pa-
tients with central nervous system (CNS) pathology (stroke,
intracerebral hemorrhage, seizure disorder) will have a higher
likelihood of hypertension and/or tachycardia with airway
manipulation (184–186). A persistent hyperdynamic response
post intubation may reflect ongoing pain, anxiety, and/or wake-
fulness that may respond to additional anesthetic induction
agents, or may reflect an exaggerated response seen in the high-
risk individual with diabetes mellitus, renal or cardiovascular
disease, or a CNS insult, and may also be seen in the intox-
icated and the traumatized patient (184,185,187,188). Treat-
ment with additional induction agents or vasodilators, dilti-
azem, or β antagonists may suffice, but overly aggressive treat-
ment may quickly introduce further hemodynamic compromise
when the therapy outlasts the self-limited phase of postintuba-
tion hypertension (186,187). Pathologic conditions which dic-
tate aggressive therapy include head injury, intracerebral bleed,
cerebral vascular accident, or seizure disorder.

Recognizable causes of an exaggerated hyperdynamic re-
sponse may include balloon inflation, ET suctioning, mainstem
bronchial/carinal impingement, coughing, bucking, or “fight-
ing” the ventilator. The aggressive administration of anesthe-
sia induction agents is literally a double-edged sword: capable
of limiting the hyperdynamic response during airway manip-
ulation but the quiescent, stimulation-free period that usually
follows securing the airway may lead to a sharp reduction in
the blood pressure (184,186).

Hyp ot e nsion
The incidence of postintubation hypotension in the emer-
gency setting is the most common of the hemodynamic alter-
ations stemming from a variety of single and multiple etiolo-
gies (44,45,148,189,190). Being mindful of the pre-existing
comorbidities and the current clinical deterioration prompt-
ing intubation, the airway manager’s judgment and experi-
ence will influence the medication choices and techniques to
prepare the patient for airway instrumentation. The major
challenge is to select the agents that will achieve the goal of
blunting, attenuating, or blocking the postlaryngoscopy hy-
perdynamic response, typically lasting for only a brief amount
of time, with minimal subsequent influence or contribution
to postintubation hypotension. Strategies are best tailored to
the individual patient’s needs based on the experience and
judgment of the airway manager rather than, as we have com-
mented several times previously, a standard intubation proto-
col such as etomidate and succinylcholine being administered
to each and every patient (43,45). The addition of a neuro-
muscular blocking agent may impact the dosing of induction
agents and the subsequent need for vasoactive medications,
especially when blood pressure is maintained by agitation,
struggling, straining, and muscle contraction of the critically ill
patient.
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The aggressive use of induction agents may potentiate the
reduction in blood pressure following airway manipulation,
particularly if no additional stimulation is provided post in-
tubation. The institution of positive-pressure ventilation with
PEEP plus any vasodilatation and myocardial depression from
anesthetic agents may contribute to postintubation hypoten-
sion (189,190). This response is accentuated in incidence and
magnitude in the critically ill patient who is struggling with
underlying cardiopulmonary deterioration, acid-base imbal-
ance, sepsis, hemorrhage, hypovolemia, and other maladies
(44,148,189,190). Postintubation hypotension may require
crystalloid resuscitation and/or a vasoactive agent such as
ephedrine, Neo-Synephrine, vasopressin, or norepinephrine.
Postintubation hypotension, per se, has not been studied in de-
tail, though brief hypotension, in general, has been suggested as
a significant contributing factor to patient morbidity and poor
outcomes, especially in the traumatized and the neurologically
injured patient (191).

Published reports that mention postintubation hypotension
suggest that it is a rare occurrence despite the disposition of
the critically ill patient. For example, two emergency depart-
ment studies of nearly 1,200 patients reported less than 0.3%
(four patients) developed hypotension (systolic less than 90
mm Hg) (98,99). Conversely, emergency intubation outside
the operating room—including the emergency department—
by anesthesiologists reported that four of every ten patients
suffered hypotension requiring vasoactive medications to sup-
plement crystalloid administration in one half of the victims
(44,45,148). Nonetheless, the extent and degree of hypoten-
sion will be influenced by the induction agent, volume status,
pre-existing comorbidities, and reason for the clinical deteri-
oration, plus numerous other factors. Sepsis and cardiovascu-
lar injury such as myocardial infarction, congestive cardiomy-
opathy, pulmonary embolism, or cardiac tamponade appear to
place the patient at greater risk for postintubation hypotension
and the subsequent need for vasoactive medications.1

Age appears to play a prominent role in the incidence
of postintubation hypotension: The octogenarian (52% ) and
nonagenarian (61% ) are at higher risk as compared to those
younger than 30 years old (22% ) and the group between 30
and 60 years (35% ). The need for vasoactive agents to counter
the hypotension is twice as likely in the octogenarian and older
groups when compared to those younger than 50 years old
(62% vs. 30% ) (192).

End ot rache al Tub e Disp lace me nt / Ext ub at ion
Tube displacement out of the trachea or migration of the tube
tip into a bronchus may compromise the airway (177,178). Ap-
propriate securing and notation of tube markings in relation
to the lip may minimize this complication, but the location of
the markings at the dentition level has little bearing on the po-
sition of the ET tip (178,193). A chest radiograph may assist
in confirming tip location, but only at the time of the filming.
Fiberoptic evaluation of the tracheal tube positions offer real-
time information that a chest radiograph taken 4 hours earlier
cannot offer (154). Hyperextension of the head may cause mi-
gration of the tracheal tube tip away from the carina toward
the pharynx; conversely, head flexion may advance the tube
tip, with an average 1.9 cm movement of the tube (158).

1Data from the Hartford Hospital emergency intubation database.

Lateral rotation of the head may move the tube to 0.7 to
1 cm away from the carina. If tube tip position is in question
and there is any clinical sign or symptom suggesting a problem
(e.g., desaturation, tachypnea, and so forth), then one should
consider aggressively pursuing a fiberoptically assisted deter-
mination of the tube placement rather than awaiting the call
for a chest radiograph or waiting until an emergent situation
has developed.

Accid e nt al Ext ub at ion
Accidental extubation is a well-known clinical problem with
the potential of significant patient morbidity and mortal-
ity (193). Accidental extubation, either patient-initiated self-
extubation or resultant from external forces (nurse/physician
moving patient, radiology team, transport, etc.), is another po-
tential complication after intubation, occurring in 8% to 13%
of intubated, critically ill patients (194). To prevent unplanned
extubation, secure the tube by taping circumferentially around
the upper neck. A variety of manufactured ET securing devices
are available for purchase in lieu of the taping option. Tinc-
ture of benzoin improves adhesiveness of the tape to the skin
and the tube. Restraining the patient’s hands, care in turning
and moving the patient, and good nursing practices minimize—
but do not eliminate—this complication. Proper sedation reg-
imens, close observation, and hastening extubation in those
who meet criteria may reduce patient-initiated self-extubations
(195,196).

Complete extubation of the trachea is most obvious when
the patient self-extubates. However, the trachea may only be
partially extubated when the ET cuff-tip complex is displaced
proximally between or above the cords (193). An audible cuff
leak is common, regardless of whether the final position of the
ET cuff is just below, between, or proximal to the vocal cords.
Moreover, complete extubation of the trachea—the cuff and
ET tip lying in the hypopharynx—may present with a contin-
uous or intermittent leak, or none at all (193). An ET secured
at the lips/dentition at a level of 21 to 26 cm does not al-
ways equate to a correct tip position within the trachea (193).
ET thermolability at body temperature may result in a coiled,
kinked, or spirally misshaped (S-shaped) tube. If a cuff leak
is heard, an attempt at remediation on a repetitive basis by
adding air to the cuff may lead to further cuff-tip displacement
(herniation). The hypopharynx may accommodate an ET with
an overinflated cuff containing as much as 30 to 150 mL of
air. Repetitive “fixing” of a cuff leak with small increments of
air over several hours to days may lead to a stretched, highly
compliant cuff positioned in the hypopharynx with continued
ventilation and oxygenation. Cuff pressure measurements may
be misleading due to altered cuff compliance and its position
in the upper airway (193).

If a cuff leak—either intermittent or continuous—is noted,
the pilot balloon should be checked for integrity. If inflated,
the cuff-tip complex may be displaced at or above the glot-
tic opening. Cuff deflation with blind advancement toward the
airway should be discouraged by personnel not fully capable
of managing the airway in the event of ET displacement, kink-
ing, esophageal intubation, or loss of the airway. Evaluating
the airway with direct laryngoscopy (DL) may be very helpful
in assessing the location and status of the ET, but ET thermo-
lability reduces one’s ability to advance the softened, floppy, or
deformed ET (193).
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Conversely, a more proximal displaced ET (visible cuff in the
hypopharynx) should not be advanced by hand unless the view
of the airway is clear. Diagnostic/therapeutic bronchoscopy is
the optimal choice. Diagnosing the location and deformity of
the ET is possible coupled with its unparalleled utility for ad-
vancing the ET into the trachea. Secretions, operator skill, lack
of immediate access to such equipment, and an ET tip abut-
ting on the glottic, supraglottic, or hypopharyngeal structures
may present reintubation challenges (193). If cuff hyperinfla-
tion is noted, complete deflation must be done prior to ad-
vancement over the fiberoptic bronchoscope (FOB). Once the
airway is resecured, changing the deformed ET to a new one
(via an airway exchanger cannula) may be considered (193).
This clinical problem is common and life threatening; therefore,
equipping the ICU with advanced airway devices is imperative
(27,31,44,46).

The Faile d Int ub at ion
In the clinical situation in which the patient has been posi-
tioned to the best of the practitioner’s abilities, the operator is
experienced at performing the airway management interven-
tion, and optimal efforts at conventional mask ventilation and
tracheal intubation have been attempted but are unsuccessful
(a CVCI [can’t ventilate, can’t intubate] situation), the prac-
titioner will need to rapidly deploy his or her rescue plan in
an attempt to salvage the airway and to save the patient’s
life. Following failure of conventional mask ventilation (no
ventilation or oxygen delivery) or when mask ventilation is
failing (inadequate gas exchange, SpO 2 less than 90% , or a
falling SpO 2), a supraglottic airway (LMA) should be placed
(30,46,63,64). In some instances in which mask ventilation and
oxygen delivery fail, or are failing—yet prior to any intuba-
tion attempt—intubation could be attempted if it is reasonably
assumed to be straightforward and can likely be rapidly com-
pleted, as in the case of a patient with a slender habitus, who
is edentulous, with no obvious difficult airway risk factors. If
unsuccessful, placement of the LMA or a Combitube should
proceed immediately (30,46). Conversely, the Combitube may
serve as a backup for LMA failure (69). Both devices have
a high rate of success for ventilation, are placed rapidly and
blindly, and require a relatively simple skill set. However,
in the situation described, most practitioners would choose
the LMA due to its wider familiarity and because it readily
serves as an intubation conduit, whereas the Combitube does
not (46).

Limiting intubation attempts is a key to successful manage-
ment, since repeated attempts that are probably futile (e.g., a
grade IV view with conventional methods) waste time; increase
trauma, edema, and bleeding; and markedly increase the risk
of hypoxemia and other potentially devastating complications
(27,30,44,45,63,64). It must be stressed that conventional in-
tubation failure should be supplemented by an airway adjunct
such as the bougie, specialty blades, or fiberscopes if immedi-
ately available. A key point is: Use them early, and use them
often.

The American Society of Anesthesiologists (ASA) guidelines
list both the LMA and the Combitube as ventilatory devices in
the CVCI situation as less invasive options (30,46). More inva-
sively, transtracheal jet ventilation (TTJV) via a large-gauge (12
or 14 gauge) IV catheter through the cricothyroid membrane
may be an appropriate alternative, but advanced planning with
ready access to the proper equipment and a sound understand-

ing of “ jetting” principles (lowest PSI setting to maintain SpO 2
in the 80% –90% range, prolonged inspiration-to-expiration
ratio [i.e., 1:5], 6–12 quick breaths per minute, allowing a path
for exhalation, constant catheter stabilization, and barotrauma
vigilance) must be followed; otherwise, the consequences may
be very serious, indeed (46,197).

It is imperative to appreciate the difference between an
upper airway CVCI and a lower airway CVCI. A lower air-
way CVCI due to glottic abnormalities such as spasm, tumor,
abscess, massive swelling, or subglottic pathology cannot be
solved with a device dependent on glottic patency such as the
LMA or Combitube (46). Only a subglottic approach, such as
TTJV or a surgical airway, will suffice. Likewise, repetitive intu-
bation attempts leading to airway trauma, bleeding, and edema
not only markedly reduce the effectiveness of many intubation
adjuncts, but also the once ventilatable airway may deteriorate
into one that cannot be managed effectively, thus transform-
ing the airway to a CVCI situation. If, however, management
of an upper airway CVCI with noninvasive techniques fails,
then rapid transition to TTJV or a surgical approach must be
rendered (30,46,63,64). Conversely, successful ventilation and
oxygen delivery via a supraglottic device does allow time to
gain surgical access if intubation via the supraglottic device is
difficult or fails.

All these life-saving maneuvers cannot be accomplished
by carrying a laryngoscope in our back pocket or by grab-
bing the bare essential airway management equipment from
a plastic storage bin in the ICU. Advanced planning to ac-
quire and properly deploy conventional and advanced air-
way equipment, coupled with the education to execute a res-
cue strategy, is warranted given the precarious airway status
of many critically ill patients who require airway manage-
ment (30,31,46,63,64). Availability of personnel is impera-
tive, as intubation is a team activity. The CVCI situation is
very terrifying—indeed, bloodcurdling—so planning ahead to
reduce the risks of airway management is both a justifiable and
sound endeavor.

Laryng e al/ Trache al Damag e
Prolonged intubation may cause laryngeal or tracheal injury
(110,112–115,164). Excessive cuff pressure and prolonged in-
tubation can initiate mucosal erosion, cartilage necrosis, and
eventually tracheal stenosis. Movement of the tube during as-
sisted ventilation may erode the trachea, usually in the pos-
terior membranous portion. Blood-tinged sputum or any de-
gree of new-onset hemoptysis should prompt evaluation of
the ET or tracheostomy tube position. Erosions, granulation
tissue growth, mucosal tears, and suction catheter–related
trauma may contribute to bloody secretions, as may an undiag-
nosed lung tumor or necrotizing infectious process. Tracheal or
bronchial rupture occurs more frequently in infants, the elderly,
or patients with chronic obstructive lung disease. Because signs
and symptoms may be delayed, chest radiographs and prompt
endoscopy may confirm the diagnosis.

Misce llane ous
Other problems encountered during intubation are aspiration
of gastric contents secondary to passive (silent) regurgitation,
and leakage of orogastric secretions past the cuff. Regimens
to cleanse the nasal and oropharyngeal cavity suggest a po-
tential reduction in nosocomial pneumonia in the ICU setting.
Paranasal sinusitis develops in 2% to 5% of nasally intubated
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patients and commonly involves the maxillary sinus (119–121).
Signs and symptoms include fever and purulent nasal discharge,
often appearing 2 to 4 days after nasal intubation. Infrequently,
a middle ear infection results from bacterial reflux into the eu-
stachian tube, followed by contiguous spread into the middle
ear (122,123).

During Ext ub at ion

Problems during extubation arise secondary to mechanical
damage, which develops while the tube is in place or in re-
sponse to tissue injury. Failure to deflate the cuff, adhesion
of the tube to the tracheal wall, or transfixation of the tube
by a suture to a nearby structure may result in a difficult or
impossible extubation. Laryngospasm and acute airway ob-
struction represent the most serious complications during the
immediate postextubation period. Positive-pressure ventilation
via a bag-mask assembly may assist in oxygen exchange, but
prompt relief may require reintubation or rapid administration
of a quick-onset muscle relaxant for laryngospasm. Collapse of
redundant supraglottic tissue postextubation combined with
rapid accumulation of laryngeal edema may occur immedi-
ately upon extubation of the trachea. Moreover, edema forma-
tion occurs in two other phases of the postextubation period:
Acutely during the first 5 to 20 minutes post extubation or on a
delayed basis, within 30 minutes to 8 hours of extubation. La-
ryngeal edema may involve the supraglottic, retroarytenoidal,
and subglottic areas. Severe respiratory obstruction may occur
after extubation, and frequently requires urgent reintubation
or tracheotomy. Steroid use in the treatment of laryngeal edema
is controversial, but may reduce postextubation stridor, reduce
the need for reintubation in select patients, and hasten the res-
olution of existing traumatic edema. Utilization of bilevel pos-
itive airway pressure (BiPAP) or heliox (helium–oxygen mix-
ture) may also be of use in the postextubation patient with
stridor.

Other causes of airway obstruction after extubation are
blood clots, foreign bodies, dentures, traumatized dentition,
and throat packs inadvertently left in the airway. Passive re-
gurgitation or active vomiting at extubation may result in gas-
tric content aspiration; stridor may be the presenting clinical
sign if air movement is possible. Rapid deployment of therapy
is imperative; nebulized racemic epinephrine, heliox, judicious
use of anxiolytics, noninvasive positive pressure modalities, or
tracheal intubation may be in order.

Aft e r Ext ub at ion

Complications after extubation are divided into early (up to 72
hours) and late (more than 72 hours).

Early Comp licat ions
Early complications are listed in Table 38.11. Mechanical ir-
ritation to the pharyngeal mucosa causes sore throat. Short-
lived or prolonged aphonia—a weakened voice—is common,
especially following prolonged intubation. Laryngeal incompe-
tence following extubation is the rule; hence, resumption of an
oral diet must be timed appropriately to the patient’s ability to
cough, control secretions, and competently and safely swallow
liquids and solids.
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TRACHEAL INTUBATION COMPLICATIONS SEEN
AFTER EXTUBATION

Time of occurrence Complications

Early (0–72 h) Numbness of tongue
Sore throat
Laryngitis
Glottic edema
Vocal cord paralysis

Late (> 72 h) Nostril stricture
Laryngeal ulcer, granuloma, or polyp
Laryngotracheal webs
Laryngeal or tracheal stenosis
Vocal cord synechiae

Vocal cord paralysis and arytenoid dislocation and dys-
function may be appreciated following extubation (198–204).
Paralysis may be unilateral or bilateral, with the left cord twice
as frequently affected as the right, and males predominating
with this complication. Damage to the external laryngeal nerve
may cause lasting voice change, with unilateral nerve injury
usually causing hoarseness. Paralysis can result and, if the in-
jury is bilateral, may lead to airway obstruction.

Lat e Comp licat ions
Late postextubation complications include laryngeal ulcer,
granuloma, polyp, synechiae (fusion) of the vocal cords, laryn-
gotracheal membrane webs, laryngeal or tracheal fibrosis, and
nostril stricture from damage to the alae (202,203,205). Laryn-
geal ulcerations or granulomata are more commonly located at
the posterior region of the vocal cords where the endotracheal
tube tends to have more continual contact. The patient may
complain of foreign body sensation, fullness or discomfort at
the back of the throat, and persistent hoarseness. Any patient
complaining of airway-related pain, discomfort, fever, or sys-
temic signs of infection following difficult airway management
should be evaluated for tissue injury in the upper and lower
airway and pharyngoesophageal region (27,92).

EXTUBATION OF THE DIFFICULT
AIRWAY IN THE INTENSIVE

CARE UNIT
Airway management also constitutes maintaining control of
the airway into the postextubation period. The known or sus-
pected difficult airway patient should be evaluated in regard to
factors that may contribute to his or her inability to tolerate
extubation. A comprehensive review of medical and surgical
conditions and previous airway interventions, an evaluation
of the airway, and formulation of a primary plan for extu-
bation as well as a rescue plan for intolerance are essential
for optimizing safety (206–208). Reintubation, immediately or
within 24 hours, may be required in up to 25% of ICU patients
(209–211). Measures to avert reintubation such as noninvasive
ventilation for those at highest risk for extubation failure are
effective in preventing reintubation and may reduce mortality
rate if done so upon extubation (212). However, a delay in the
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RISK FACTORS FOR DIFFICULT EXTUBATION

Known difficult airway
Suspected difficult airway based on the following factors:

Restricted access to airway
Cervical collar, Halo-vest
Head and neck trauma, procedures, or surgery
ET size, duration of intubation

Head and neck positioning (i.e., prone vs. supine)
Traumatic intubation, self-extubation
Patient bucking or coughing
Drug or systemic reactions

Angioedema
Anaphylaxis
Sepsis-related syndromes
Excessive volume resuscitation

ET, endotracheal tube.

application of noninvasive ventilation when the patient dis-
plays signs of early or late postextubation respiratory distress
or failure results in a less effective application in most patients,
except those with COPD (213–216). Factors beyond routine
extubation criteria that may be helpful in predicting failure in-
clude neurologic impairment, previous extubation failure, se-
cretion control, and alterations in metabolic, renal, systemic,
or cardiopulmonary issues (209–211).

“Difficult extubation” is defined as the clinical situation
when a patient presents with known or presumed risk factors
that may contribute to difficulty re-establishing access to the
airway (Table 38.12). The extubation of the patient with a
known or presumed difficult airway and the potential for sub-
sequent intolerance of the extubated state poses an increased
risk to patient safety. An extubation strategy should be devel-
oped that allows the airway manager to (a) replace the ET in
a timely manner and (b) ventilate and oxygenate the patient
while he or she is being prepared for reintubation, as well as
during the reintubation itself (30).

The practitioner should assess the patient’s risk on two lev-
els: The patient’s predicted ability to tolerate the extubated
state and the ability (or inability) to re-establish the airway if
reintubation becomes necessary (206–208). Weaning criteria
and extubation parameters will not be discussed as they vary
by locale, practitioner, and the patient’s clinical situation. Ta-
ble 38.13 outlines two categories for pre-extubation evaluation
(208).

NPO St at us

The NPO status of the patient to be extubated and the subse-
quent need for reintubation has not been thoroughly studied,
but it makes clinical sense to consider 2 to 4 hours off of distal
enteral feeds prior to extubation while maintaining the NPO
status post extubation until the patient appears at low risk for
failing the extubation “ trial.” Unfortunately, the ICU patient
may succumb to reintubation based on a multitude of factors;
hence, predictability of failure and when it will occur is difficult
to discern.
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THE DIFFICULT EXTUBATION: TWO CATEGORIES
FOR EVALUATION

1. Evaluate the patient’s inability to tolerate extubation
a. Airway obstruction (partial or complete)
b. Hypoventilation syndromes
c. Hypoxemic respiratory failure
d. Failure of pulmonary toilet
e. Inability to protect airway

2. Evaluate for potential difficulty re-establishing the airway
a. Difficult airway
b. Limited access to the airway
c. Inexperienced personnel pertaining to airway skills
d. Airway injury, edema formation

Modified from Cooper RM. Extubation and changing endotracheal
tube. In Benumof J, ed. Airway Management. St. Louis: Mosby; 1995.

The Cuff Le ak

Hypopharyngeal narrowing from edema or redundant tis-
sues, supraglottic edema, vocal cord swelling, and narrowing
in the subglottic region of any etiology may contribute to the
lack of a cuff leak (217–222). Too large of a tracheal tube
in a small airway should, of course, be considered. A higher
risk of post extubation stridor or the need for reintubation is
prevalent in those without a cuff leak, in women, and in pa-
tients with a low Glasgow coma score (217–222). Attempting
to determine the etiology for the lack of a cuff leak may impact
patient care, as individuals may remain intubated longer than is
required or receive an unneeded tracheostomy. If airway edema
is the culprit, steps to decrease airway edema include eleva-
tion of the head, diuresis, steroid administration, minimizing
further airway manipulation, and “time” (223–225). The cuff
leak test as an indicator for predicting postextubation stridor
is helpful, but the performance of a cuff leak test varies by
institution and protocol, as does its interpretation by the in-
dividual physician. Testing to predict successful extubation is
inconclusive (223–225). A relatively crude yet effective method
of cuff leak test involves auscultation for cuff leak with or
without a stethoscope. A more precise method is to take an
indirect measurement of the volume of gas escaping around
the ET following cuff deflation, determined by calculating the
average difference between inspiratory and expiratory vol-
ume while on assisted ventilation (218,225). Cuff leak vol-
ume (CLV) may be measured as the difference of tidal vol-
ume delivered with and without cuff deflation and stated as
a percentage of leak, or as an absolute volume. The percent-
age CLV will vary with the tidal volume administered during
the test (8 mL/kg vs. 10–12 mL/kg), but several authors have
found an absolute CLV less than 110 to 130 mL (218,219) or
10% to 24% of delivered tidal volume as helpful in predict-
ing postextubation stridor (219–221,225). Stridor increases the
risk of reintubation. Single- or multiple-dose steroids may re-
duce postextubation airway obstruction in pediatric patients,
depending on dosing protocols, patient age, and duration of
intubation (223). Steroid use in adults administered 6 hours
prior to extubation—rather than 1 hour prior—may reduce
postextubation stridor and decrease the need for reintubation
in critically ill patients (210,223–225).
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Risk Asse ssme nt : Dire ct Insp e ct ion
of t he Airway

Garnering useful information about the airway status may need
to go well beyond the cuff leak test since it is relatively crude,
provides little direct data regarding one’s ability to access the
airway in the event of a need for reintubation, and is relatively
uninformative as to the actual status of the glottis. While it
is mandatory that the records of the known difficult airway
patient be reviewed, it is also the case that a record of previ-
ous airway interventions in a patient who may have undergone
a marked alteration in their airway status could be less than
informative. Practitioners should weigh the pros and cons of
evaluating such an airway to determine ease or difficulty in the
ability to gain access via conventional or advanced techniques.
Additionally, some patients may need evaluation of their hy-
popharyngeal structures and supraglottic airway to assess air-
way patency and resolution of edema, swelling, and tissue
injury. Conventional laryngoscopy is a standard choice for eval-
uation, but often fails due to a poor “ line of sight.” Addition-
ally, the relationship of grading and comparing the laryngeal
view of a nonintubated to an intubated glottis is inconsistent
(226). Flexible fiberoptic evaluation is useful but may be limited
by secretions and edema (124). Video-laryngoscopy and other
indirect visualization techniques that allow one to see “around
the corner” are especially helpful. The Airtraq, as may other
optical or video-laryngoscopy devices, has been found to be
particularly useful by offering outstanding wide-angle visual-
ization of the periglottic structures in the critically ill patient
with a known difficult airway (144).

Ame rican Socie t y of Ane st he sio log ist s
Pract ice Guid e line s St at e me nt Re g ard ing

Ext ub at ion of t he Difficult Airway

The ASA guidelines (30) have suggested that a preformulated
extubation strategy should include:

1. A consideration of the relative merits of awake extubation
versus extubation before the return of consciousness; this is
clearly more applicable to the operating room setting than
to the ICU

2. An evaluation for general clinical factors that may produce
an adverse impact on ventilation after the patient has been
extubated

3. The formulation of an airway management plan that can be
implemented if the patient is not able to maintain adequate
ventilation after tracheal decannulation

4. Consideration of the short-term use of a device that can serve
as a guide to facilitate intubation and/or provide a conduit
for ventilation/oxygenation

Clinical De cision Plan for t he
Difficult Ext ub at ion

A variety of methods are available to assist the practitioner’s
ability to maintain continuous access to the airway follow-
ing extubation, each with limitations and restrictions. Though
no method guarantees control and the ability to re-secure the
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AIRWAY EXCHANGE CATHETER (AEC)-ASSISTED
EXTUBATION: TIPS FOR SUCCESS

1. Access to advanced airway equipment
2. Personnel

a. Respiratory therapist
b. Individual competent with surgical airway?

3. Prepare circumferential tape to secure the airway catheter
after extubation

4. Sit patient upright; discuss with patient
5. Suction ET, nasopharynx, and oropharynx
6. Pass lubricated AEC to 23–26 cm depth
7. Remove the ET while maintaining the AEC in its original

position
8. Secure the AEC with the tape (circumferential); mark

AEC “airway only”
9. Administer oxygen:

a. Nasal cannula
b. Face mask
c. Humidified O2 via AEC (1–2 L/min)

10. Maintain NPO
11. Aggressive pulmonary toilet

ET, endotracheal tube.

airway at all times, the LMA offers the ability for fiberoptic-
assisted visualization of the supraglottic structures while serv-
ing as a ventilating and reintubating conduit; it is hampered
by a limited time frame in which it may be left in place. The
bronchoscope is useful for periglottic assessment following ex-
tubation, but requires advanced skills and minimal secretions.
Moreover, it offers only a brief moment for airway assess-
ment and access to the airway following extubation (124).
Conversely, the airway exchange catheter (AEC, Fig. 38.14) al-
lows continuous control of the airway after extubation, is well
tolerated in most patients, and serves as an adjunct for rein-
tubation and oxygen administration (206,227–229). Patient
intolerance, accidental dislodgment, and mucosal and tracheo-
bronchial wall injury have been reported, but are rare (230–
234). Carinal irritation may be treated with proximal repo-
sitioning, the instillation of topical agents to anesthetize the
airway, and explanation and reassurance. Dislodgment may
occur, resultant from an uncooperative patient or a poorly se-
cured catheter. Observation in a monitored environment with
experienced personnel should be given top priority, as should
the immediate availability of difficult airway equipment in the
event of intolerance to tracheal decannulation (206–208). Tips
for success with the use of this device are shown in Table 38.14.

Clinical judgment and the patient’s cardiopulmonary and
other systemic conditions, combined with the airway status,
should guide the clinician in establishing a reasonable time pe-
riod for maintaining a state of “reversible extubation” with the
indwelling AEC (Table 38.15) (206).

EXCHANGING AN
ENDOTRACHEAL TUBE

Exchanging an ET due to cuff rupture, occlusion, dam-
age, kinking, a change in surgical or postoperative plans,
or self-extubation masquerading as a cuff leak, or when the
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SUGGESTED GUIDELINES FOR MAINTAINING
PRESENCE OF AIRWAY EXCHANGE CATHETER

Difficult airway only, no respiratory issues, no
anticipated airway swelling

1–2 h

Difficult airway, no direct respiratory issues,
potential for airway swelling

> 2 h

Difficult airway, respiratory issues, multiple
extubation failures

> 4 h

requesting team prefers a different size or alteration in loca-
tion, is a common procedure. Preparation for the possible fail-
ure of the exchange technique and appreciation of the potential
complications is imperative (30).

Four methods typify the airway manager’s armamentarium
of exchanging an ET: Direct laryngoscopy, a flexible or rigid
fiberscope, the airway exchange catheter, or a combination of
these techniques (2). Proper preparation is imperative and pa-
tients should undergo a comprehensive airway exam. Access to
a variety of airway rescue devices is of paramount importance
in the event of difficulty with ET exchange (208).

Dire ct Laryng oscop y

DL is the most common and easiest technique for exchang-
ing an ET, but has several pitfalls and limitations. Airway col-
lapse following removal of the ET may impede visualization
and, thus, reintubation. This method leaves the patient with-
out continuous access to the airway and should be restricted
to the uncomplicated “easy” airway (94).

Fib e rscop ic Bronchoscop e –assist e d
Exchang e

Fiberscopic bronchoscope–assisted exchange (FBAE) is useful
for nasal to oral or vice versa exchanges and oral-to-oral ex-
changes, as well as for immediate confirmation of ET placement
within the trachea and positioning precision (3–5). Though dif-
ficult in the edematous or secretion-filled airway, FBAE allows
continuous airway access in skilled hands. Passing the flexible
fiberscope through the glottis along the side of the existing ET,
although not without significant difficulty, the old ET can be
backed out, followed by advancing the ET—preloaded onto
the fiberoptic bronchoscope—into the trachea. Conversely, the
preloaded flexible fiberscope may be placed immediately ad-
jacent to the glottis. The old ET is then backed out over an
AEC and the glottis is intubated with the FOB-ET complex.
A larger flexible model is better maneuvered than a pediatric-
sized scope. Passing a lubricated, warmed ET that is rotated
90 degrees will reduce arytenoid-glottic impingement. Rigid
fiberscopes such as the Bullard, the Wu scope, the Upsher, and
the Airtraq are very useful for visualizing the otherwise diffi-
cult airway during the exchange by offering the ability to “see
around the corner” (124,235–238). The fiberscope may be ren-
dered useless by unrecognizable airway landmarks, edema, and
secretions as well as operator inexperience.

Airway Exchang e Cat he t e r

The AEC incorporates the Seldinger technique for maintain-
ing continuous access to the airway. Strategy and preparation
are the keys to successful and safe exchange (Table 38.16).
Proper sizing of the AEC to best approximate the inner diame-
ter of the ET will allow a smoother replacement. A chin lift–jaw
thrust maneuver and/or laryngoscopy will assist the passing of a
well-lubricated warmed ET that may need to be rotated coun-
terclockwise by 90 degrees to reduce glottic impingement. A
larger-diameter (19 French is the size we most often use) AEC
is best in passing an adult-sized ET. Exchanging a tracheostomy
tube over an AEC is especially valuable when the peristomal
tissues are immature. The use of a tracheal hook to elevate the
tracheal cartilage and proper head/neck positioning (shoulder
roll) will optimize the exchange. The exchange is often per-
formed “blindly” since laryngoscopy in the ICU patient often
reveals little to no view of the supraglottic airway. Thus, in-
corporation of any of the advanced laryngoscopes that assist
in “seeing around the corner” (Bullard, Wu, Glidescope, Mc-
Grath, Airtraq, etc.) offer certain advantages to the operator
and the patient: (a) assessment of the airway is improved; (b)
there is better estimation of what size ET the glottis will accept;
(c) visualization during the exchange offers the ability to direct
the new ET into the trachea and reduce arytenoid hang-up or
impingement; (d) it confirms that the AEC remains in the tra-
chea during the exchange; and (e) it allows visual confirmation
that the ET is placed in the trachea and the ET cuff is lowered
below the glottis. Finally, the advanced airway device would be
in position to assist in reintubation if any unforeseen difficulties
arise during the exchange.
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STRATEGY AND PREPARATION FOR
ENDOTRACHEAL TUBE (ET) EXCHANGE

1. Place on 100% oxygen
2. Review patient history, problem list, medications, and

level of ventilatory support
3. Assemble conventional and rescue airway equipment

including capnography
4. Assemble personnel (nursing, respiratory therapy,

surgeon, airway colleagues)
5. Prepare sedation/analgesia ± neuromuscular blocking

agents
6. Optimal positioning; consider DL of airway
7. Discuss primary/rescue strategies and role of team

members; choose new ET (soften in warm water)
8. Suction airway; advance lubricated large AEC via ET to

22–26 cm depth
9. Elevate airway tissues with laryngoscope/hand, remove

old ET, and pass new ET
10. Remove AEC and check ET with capnography/

bronchoscope or use a closed system and place small
bronchoscope through swivel adapter while at the same
time ventilating, checking for CO 2, with the AEC still in
place

DL, direct laryngoscopy; AEC, airway exchange catheter.
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Minimizing the gap between the ET and the AEC is impor-
tant for ease of exchange. If, due to luminal size restrictions,
the smaller-sized AEC (4 mm, 11 French) is used when going
from, for example, a double-lumen to a single-lumen ET in
a high-risk ICU patient, then temporary reintubation with a
smaller warmed (6.5 mm) ET as opposed to a larger (8–9 mm)
ET may ease passage into the trachea. Once secured, a larger
AEC may be passed via the indwelling ET with subsequent ex-
change to a larger ET. Various AEC exchange techniques are
practiced, and customized variations of the standard methods
assist the practitioner to tackle individual patient characteris-
tics (94,235–238).

ET exchange, while simple conceptually, is not a simple pro-
cedure as hypoxemia, esophageal intubation, and loss of the
airway may occur. The decision on the method of exchange is
based on known or suspected airway difficulty, edema and se-
cretions, and most significantly, the experience and judgment of
the clinician. It is recommended that continuous airway access
be maintained in all but the simplest and most straightforward
airway situations (94).

Fo llow-up Care

Following a life-threatening airway encounter with a patient,
dissemination of such information is often overlooked and
there is currently no standard method of relaying information
from one caregiver to another (30,89). Notes written in the
chart are a start, as is a discernible or highly visible label on
the outside of the medical chart, but these may be inadequate.
Informative and accurate medical records of airway interven-
tions should be promoted as a potentially life-saving exercise;
hence, detailed accounting of an intubation with more infor-
mation written in the chart—not less—is best for patient care.
However, a caveat to note is as follows:

If the chart states difficulty was encountered, assume it will again be
difficult; if the notes states it was “easy” or no details are provided,
assume and plan on the potential for difficulty.

Discussing difficulties with the patient in this setting is cer-
tainly different from the elective surgical case in the operating
room. For the future care of the patient, opening a Medic Alert
file has many advantages for improved dissemination of patient
care information, especially in our mobile society. Obtaining
medical records in a timely fashion is a constant deterrent.
However, the Medic Alert file will not assist the care for the
current hospitalization, only in future ones (27,30,89). Hence,
steps for the current hospitalization can be taken to improve
communication for efficient transfer of needed information to
the airway team. Initially identifying the patient by a color-
ful wrist bracelet, analogous to a medication or latex allergy
bracelet, is a simple but effective trigger for the airway team to
investigate the patient’s airway status. A computerized medi-
cal record may allow a “Difficult Airway Alert” to be readily
and prominently displayed, thus allowing identification of the
patient on the current and possibly future hospitalizations—
although only at the current hospital. Future airway inter-
ventions in the unrecognizable or unanticipated difficult air-
way are particularly benefited by “flagging” the patient. The
Medic Alert system is dependent on patient compliance and
payment.
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CHAPTER 39 ■ HYPERBARIC OXYGEN THERAPY
RICHARD E. MOON r JOHN PAUL M. LONGPHRE

The first recorded attempt to use hyperbaric therapy was in
1662, when Henshaw in Britain used an organ bellows to ma-
nipulate the pressure within an enclosed chamber designed
to seat a patient. He recommended high pressure for acute
diseases and low pressure for chronic diseases (1). The pres-
sure fluctuations in either direction were probably quite small.
Widespread use of hyperbaric therapy began in the 19th cen-
tury. At that time, powerful pneumatic pumps were designed,
which could be used to compress chambers with air. Physicians
in France and Britain used compressed air treatment for miscel-
laneous conditions. Junod used pressures of 1.5 atmospheres
absolute (ATA) to treat patients, but did experiments up to 4
ATA (2). Simpson, using pressures in the range of 1.3 to 1.5
ATA, reported treating a variety of complaints, including dys-
phonia, asthma, tuberculosis, menorrhagia, and deafness (1),
although without any physiologic basis.

Compressed air construction work was also developed in
the 1800s, in which men were exposed to elevated ambient
pressure within compartments for the purpose of excavating
tunnels or bridge piers in muddy soil that was otherwise sub-
ject to flooding. Upon decompression at the end of a work shift,
workers often developed joint pains or neurologic manifesta-
tions (caisson disease, the bends, or decompression sickness).
Although the pathophysiology (nitrogen bubble formation in
tissues; see below) was not understood, it was observed that re-
compression of these individuals could relieve the symptoms.
Administration of recompression therapy became routine dur-
ing construction of the Hudson River tunnel in the 1890s (3).
All of these treatments used compressed air. Although oxy-
gen breathing under pressure had been suggested for the treat-
ment of decompression sickness as early as 1897 (4) and was
used intermittently over the next 30 years, systematic study
and use of hyperbaric oxygen would not occur until much
later.

Oxygen administration during recompression therapy for
decompression sickness increased the efficacy of the treatment
(5,6) and is now routinely used for both decompression sick-
ness and gas embolism. The administration of oxygen at in-
creased ambient pressure became known as hyperbaric oxygen
(HBO) therapy. In the 1950s, pilot investigations were per-
formed of HBO as a therapy for diseases other than those
related to gas bubbles, including carbon monoxide poison-
ing, clostridial myonecrosis (gas gangrene), and later, selected
chronic wounds.

For many years, the Undersea and Hyperbaric Medical Soci-
ety has regularly reviewed and published information regarding
the use of HBO in selected diseases (7), and its recommenda-
tions have been widely accepted. The list of accepted indica-
tions (7) contains a heterogeneous group of conditions (Table
39.1), suggesting that more than one mechanism mediates the
clinical effects of HBO, including the increase in ambient pres-
sure (partly responsible for its efficacy in conditions caused by
gas bubble disease) and pharmacologic effects of supraphysi-
ologic increases in blood and tissue PO2 as discussed below.

EFFECTS OF HYPEROXIA

Blood Gas Value s

Under normal clinical HBO therapy conditions (2–3 ATA),
breathing 100% oxygen can lead to arterial PO 2 (PaO 2) values
that are 10 to 17 times higher than normal (8,9). PaO 2 lev-
els can rise from the normal of 90 to 100 mm Hg (breathing
air at sea level, i.e., 1 ATA or normobaria) to 1,000 to
1,700 mm Hg in healthy subjects breathing 100% oxygen at
2 to 3 ATA (see Table 39.2).

One effect is an increase in blood oxygen content:

Blood O2 content (mL/dL)
= 1.34 ·Hb · SaO 2/ 100 + 0.003 · PaO 2 [1]

where Hb is hemoglobin concentration (g/dL), SaO2 is arterial
Hb-O2 saturation, and PaO 2 is arterial oxygen tension.

The second term of Eq. 1 represents the dissolved oxygen
proportion, which under normal circumstances represents a
small fraction of total arterial oxygen content, and is therefore
often disregarded. However, during HBO, this dissolved frac-
tion is substantially increased (see Table 39.2). In fact, mixed
venous Hb-O 2 saturation is 100% under resting conditions
while breathing 100% oxygen at 3 ATA. Thus, oxygen de-
livery can be maintained under these circumstances without
hemoglobin. This was shown by Boerema et al. in a swine
model (10).

PaCO 2 is not significantly affected by the increased pressure
(8,9,11), although the venoarterial PCO 2 difference is slightly
increased, mostly because of a reduction in cardiac output.
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TA BLE 3 9 . 1

CONDITIONS AMENABLE TO TREATMENT WITH
HYPERBARIC OXYGEN THERAPY

Gas bubble disease
Air or gas embolisma (236–238)
Decompression sicknessa (237,238)

Poisonings
Carbon monoxide poisoninga (151–153,239)
Cyanide (154,165)
Carbon tetrachloride (176,240)
Hydrogen sulfide (154,168,169)

Necrotizing soft tissue infections
Clostridial myositis and myonecrosisa (181,241–243)
Mixed aerobic/anaerobic necrotizing soft tissue infectionsa

(182,184,243,244)
Mucormycosis (187,245)

Aerobic infections
Refractory osteomyelitisa (7)
Intracranial abscessa (7)
Streptococcal myositis (48)

Acute ischemia
Crush injury, compartment syndrome, and other acute

traumatic ischemic conditionsa (246)
Compromised skin grafts and flapsa (31,33,247,248)

Acute hypoxia
Acute exceptional anemiaa (191)
Support of oxygenation during therapeutic lung lavage

(219,249)

Thermal burnsa (197,198,200,250)

Delayed radiation injury (soft tissue and osteoradionecrosis)a

(7,251–254)

Enhancement of healing in selected problem woundsa (7,255)

Envenomation
Brown recluse spider bite (256,257)

aApproved by the Undersea and Hyperbaric Medical Society (Gesell
LB, ed. Hyperbaric O xygen Therapy: A Committee Report. Durham,
NC. Undersea and Hyperbaric Medical Society; 2008; see also:
http://www.uhms.org).

Vasoconst rict ion

Hyperoxia causes peripheral vasoconstriction (8,9,12), regard-
less of atmospheric pressure (13). At a mere 2 ATA, systemic
vascular resistance can increase by 30% in dogs (14). The
mechanisms for this include scavenging of nitric oxide (NO)
by superoxide anion (O 2

–) (15) and increased binding of NO
at high PO 2 to hemoglobin, forming S-nitrosohemoglobin (9).
Vasoconstriction has the positive effect of reducing edema
in injured tissues and surgical flaps (discussed later). During
HBO, the arterial blood O 2 content is sufficiently high that
despite vasoconstriction and reduced blood flow, oxygen de-
livery is increased (16) (see also Table 39.2). Although pe-
ripheral vasoconstriction occurs in normal skin during hy-
perbaric oxygen exposure, repetitive intermittent HBO ap-
pears to increase the microvascular blood flow of healing
wounds (17).

He mod ynamics

Heart rate and cardiac output both decrease by 13% to 35%
under hyperbaric conditions (Table 39.2) (8,9,14,18,19). Small
changes may occur in systemic and pulmonary artery pres-
sure, with an increase in systemic vascular resistance (SVR)
and a decrease in pulmonary vascular resistance (PVR) (9). De-
spite the reduced cardiac output, oxygen delivery is increased
(Fig. 39.1).

Org an Blood Flow

Studies in large animals indicate that the decrease in periph-
eral blood flow is limited primarily to the cerebral and periph-
eral vascular beds, with other organs unaffected (14). In rats,
HBO has been shown to decrease organ blood flow, including
the myocardium, kidney, brain, ocular globe, and gut (15,20–
22). In autonomically blocked conscious dogs at 3 ATA, coro-
nary blood flow is decreased (23). Another dog study at 2 ATA
revealed no change in coronary, hepatic, renal, or mesenteric
blood flow (14).

Ce llular and Tissue Effe ct s

In a myocutaneous flap model during reperfusion following 4
hours of ischemia, Zamboni et al. described a delayed decrease
in blood flow (24). This flow reduction appears to be associated
with adherence of leukocytes to the endothelium of the small
vessels, an effect that is significantly inhibited by HBO. A de-
layed reduction in cerebral blood flow has also been observed
after arterial gas embolism in the brain (25), which has simi-
larly been attributed to leukocyte accumulation in the capillar-
ies (26). HBO reduces cerebral infarct volume and myeloper-
oxidase activity, a marker of neutrophil recruitment (27). In
other studies using animal models, it has been observed that
HBO pretreatment reduces ischemia/reperfusion injury to the
liver (28). HBO reduces ischemia/reperfusion injury to the in-
testine (29,30) and muscle (31), as well as reducing ischemia-
induced necrosis in muscle (32–37), brain (38,39), and kidney
(40). One mechanism for this effect of HBO appears to be the
inhibition of leukocyte β 2-integrin function (41–43). Part of
the beneficial effect of HBO in these settings is speculated to
be due to the prevention of endothelial leukocyte adherence.
After focal ischemia, HBO also reduces postischemic blood–
brain barrier damage and edema (44) and has an anti-
apoptotic effect (45).

Ant ib act e rial Effe ct s

The increase in PO 2 during HBO can be toxic to anaerobic bac-
teria, which lack antioxidant defense mechanisms. In addition,
HBO has effects on aerobic organisms via neutrophil mecha-
nisms. Killing of aerobic bacteria by leukocytes is related to
the O 2-dependent generation of reactive oxygen species within
the lysosomes. In vitro studies have demonstrated that phago-
cytic killing of Staphylococcus aureus by polymorphonuclear
leukocytes becomes less effective as ambient PO 2 is decreased.
This mechanism appears to be important in vivo when tissue
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PO 2 is low (e.g., in osteomyelitis) (46). In an animal model
of osteomyelitis, the cidal effect of tobramycin against Pseu-
domonas was increased when tissue PO 2 was raised by the ad-
ministration of 100% O 2 at increased ambient pressure (47).
Published evidence also supports an augmentation of penicillin
by HBO in the treatment of soft tissue streptococcal infec-
tions (48).

Oxyg e n Toxicit y

Pharmacolog y
Exposure of an animal to increased partial pressure of oxygen
results in higher rates of endogenous production of reactive
oxygen species, including superoxide anion (O 2

–), hydroxyl
radical (OH • ), hydrogen peroxide (H 2O 2), and singlet oxy-
gen, which are responsible for tissue oxygen toxicity (49–51).
Tissue O 2 toxicity includes the following: Lipid peroxida-
tion, sulfhydryl group inactivation, oxidation of pyridine nu-
cleotides, inactivation of Na+ –K+ –ATPase and inhibition of
DNA, and protein synthesis. Toxic effects of these species de-
pend upon both dose and duration of O 2 exposure. In the cen-
tral nervous system, HBO initially reduces NO availability and
causes vasoconstriction. HBO stimulates neuronal nitric oxide
production and causes the accumulation of peroxynitrite. Prior
to onset of a seizure, NO levels and blood flow both increase
above control levels (52,53). This, in turn, decreases brain γ -
aminobutyric acid (GABA) levels, creating an imbalance be-
tween glutamatergic and GABAergic synaptic function, which
is believed to be partly responsible for central nervous system
(CNS) O2 toxicity (54).

Clinical Effe ct s
At sufficiently high PO 2, any organ can be susceptible to oxygen
toxicity. However, within the clinical range of inspired PO 2 (1–
3 ATA), the most susceptible tissues are the lung, brain, retina,
lens, and peripheral nerve.

Brain. Oxygen toxicity of the central nervous system produces
a wide variety of manifestations (55). The most common mild
symptom is nausea; the most dramatic is generalized nonfo-
cal convulsions. These are usually self-limited, even without
pharmacologic treatment, and have no long-term effects. The
occurrence of a hyperoxic seizure does not imply the develop-
ment of a convulsive disorder. Factors that increase the risk of
CNS oxygen toxicity include hypercapnia and probably fever.

CNS O 2 toxicity is uncommon when inspired PO 2 is less
than 3 ATA. While in-water convulsions in divers have been
recorded at an inspired PO2 of 1.3 ATA, convulsions during
clinical hyperbaric oxygen therapy occur in only a small frac-
tion of treatments. Approximately 0.02% of treatments at an
inspired PO 2 of 2 ATA and 4% at 3 ATA. At an inspired PO 2
less than 3 ATA, the risk of convulsions increases markedly, par-
ticularly in patients with sepsis. While anecdotal reports sug-
gest that HBO may precipitate seizures in patients who have an
underlying predisposition (56), there are no epidemiologic data
to confirm this. When indicated, HBO should not be withheld
on the basis of an underlying seizure disorder.

Both CNS and pulmonary toxicity can be delayed by the use
of air breaks (a period of a few minutes where air is adminis-
tered in lieu of 100% oxygen) (57–60). Oftentimes, the aura of
a hyperoxic convulsion occurs in the form of nausea or facial
paresthesias. The patient can be given an air break to avert such
a convulsion. Once the symptoms have resolved (usually within
a few minutes), the oxygen can be restarted without recurrence.
During the tonic-clonic phase of a seizure, the airway may be
obstructed. Therefore, it is imperative that chamber pressure
not be reduced during this time in order to avoid pulmonary
barotrauma and the possibility of arterial gas embolism. After
a convulsion, some practitioners recommend administering
prophylactic medication for the duration of HBO.

Prophylactic anticonvulsants such as phenytoin, phenobar-
bital, or benzodiazepines can reduce the chance of convulsions
when utilizing clinical treatment schedules with a significant
risk of CNS O 2 toxicity (e.g., treatment pressure > 3 ATA).
The authors’ practice is to load septic patients intravenously
with phenobarbital as tolerated, up to 12 mg/kg, prior to hy-
perbaric oxygen treatment at 3 ATA, with doses every 8 hours
to maintain a serum concentration in the therapeutic anticon-
vulsant range. When using inspired PO 2 ≤ 2.8 ATA, the risk of
CNS toxicity is sufficiently low that prophylactic anticonvul-
sant therapy is not required.

Hyperoxic seizures and other CNS manifestations in diabet-
ics can be caused by HBO-induced reduction in blood glucose.
Therefore, the occurrence of CNS O 2 toxicity in a patient with
diabetes during HBO treatment should prompt the immediate
measurement of plasma glucose. When blood PO 2 is extremely
high, bedside glucose measurement devices, particularly those
dependent upon a glucose oxidase reaction, can be inaccu-
rate, producing measurements that significantly underestimate
the true value (61). Laboratory-based glucose measurement is
usually accurate.
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Lungs. Pulmonary oxygen toxicity during hyperbaric oxygen
therapy is also PO 2 and time dependent. Clinical HBO proto-
cols have been empirically developed to minimize the risk of
pulmonary O 2 toxicity, which almost never occurs during rou-
tine daily or twice-daily clinical treatments. However, it can
occur during extended treatments that are used for treating gas
embolism or decompression sickness, in which inspired PO2 is
as high as 2.8 ATA. The initial manifestation is usually a burn-
ing substernal chest pain and cough (62), which is most likely
due to tracheobronchitis. Continued exposure to oxygen can
produce more severe manifestations such as dyspnea and acute
respiratory distress syndrome (ARDS). Measurable abnormali-
ties include reduced forced vital capacity and carbon monoxide
transfer factor (DLCO). Pulmonary oxygen toxicity symptoms
may not be evident in patients who are sedated and mechani-
cally ventilated. Moreover, such patients often have pulmonary
infiltrates for a variety of reasons and it may be impossible to
distinguish the possible additive effects of pulmonary O 2 toxi-
city.

While the maximum safe inspired PO 2 during clinical hy-
perbaric oxygen therapy is based mainly upon CNS O 2 tox-
icity limits, the safe exposure duration is determined by pul-
monary limits. Prediction formulas have been developed that
approximate the average reduction in vital capacity after con-
tinuous oxygen exposure (63–65). However, the usefulness
of these algorithms for individual patients is severely lim-
ited due to individual variability and comorbid factors that
may affect O 2 susceptibility, such as prior exposure, inter-
mittent exposure, and endotoxemia. HBO treatment sched-
ules that include periods of air breathing (“air breaks”)
interspersed between O 2 periods reduce the rate of onset
of both pulmonary and CNS toxic manifestations and can
increase the overall dose of oxygen that is tolerated. In
the awake patient, the occurrence of burning, retrosternal
chest pain is a more useful indicator of incipient pulmonary
toxicity.

If standard HBO treatment schedules are used (e.g., 2 ATA/
2 hours, 2.5 ATA/90 minutes one to two times daily, or U.S.
Navy treatment tables), pulmonary O 2 toxicity is almost never
clinically evident. It is seen only with the most extreme levels of
hyperbaric exposure such as may be required for severe neu-
rologic decompression illness. Furthermore, most minor pul-
monary oxygen toxicity resolves within 12 to 24 hours of air
breathing. Complete reversal of vital capacity (VC) decrements,
as large as 40% of control, has been observed after extended O 2
exposure at 2 ATA (66). Therefore, in clinical situations requir-
ing aggressive HBO therapy such as spinal cord decompression
sickness or arterial gas embolism, some degree of pulmonary
O 2 toxicity is acceptable.

Supplemental O 2 administration at 1 ATA between HBO
treatments can accelerate the onset of symptoms of pulmonary
O 2 toxicity during subsequent HBO. Thus, if O 2 is absolutely
required between HBO treatments, it is prudent to use the low-
est concentration.

Some antineoplastic agents, such as bleomycin (67,68) and
mitomycin C (69), can predispose to fatal pulmonary O 2 tox-
icity, probably due to drug-induced reduction in antioxidant
defenses. The risk of pulmonary O 2 toxicity due to HBO ther-
apy in patients with previous exposure to either of these agents
is unknown, although 6 months after the agent has been dis-
continued, HBO seems to be safe. Even after this point, in some
patients, HBO induces mild pulmonary O 2 toxicity symptoms

such as retrosternal burning chest pain, which can be managed
with air breaks.

Eye. Repetitive hyperbaric oxygen therapy causes myopia,
which is due to a reversible refractive change in the lens (70). A
measurable change in visual acuity usually does not occur until
after 20 or so treatments. The myopia usually resolves over sev-
eral weeks, in about the same time period as the onset; however,
some residual myopia may remain. On the basis of one study, it
has been suggested that HBO treatment may predispose to nu-
clear cataract formation (71). However, many of the patients
in this study received hundreds of hours of HBO, consider-
ably more than is customary. Furthermore, nuclear cataracts
are more common in diabetes, which is frequently a comorbid-
ity in patients requiring HBO. Extended exposure to PO 2 of 3
ATA can also cause retinal toxicity, manifested by tunnel vision
(72,73). However, such exposures are beyond the range used
clinically.

Peripheral Nerve. After hyperbaric oxygen exposure, some pa-
tients experience paresthesias, usually in their fingers and toes,
generally after several HBO exposures but occasionally after
a single prolonged treatment. The physical exam is normal,
and the symptoms resolve within a few hours. This manifesta-
tion has no known clinical significance and is not a reason to
discontinue hyperbaric therapy.

PHYSICAL EFFECTS OF
COMPRESSION/ DECOMPRESSION

Boyle ’s Law

Clinically, the complications of HBO therapy that most fre-
quently occur are those related to the body’s gas-containing
spaces (74). Dealing with volume changes in these gas-
containing spaces is unique to HBO therapy. For a gas, ab-
solute pressure and volume are inversely related. The increase
in pressure during HBO treatment will therefore decrease the
volume of closed gas-containing spaces within the body, such
as the gastrointestinal tract or middle ear and, in the event of
gas embolism or decompression sickness, bubbles.

EFFECTS OF GASES
OTHER THAN OXYGEN

Nit rog e n

The narcotic properties of compressed air were first reported
by Junod in 1835 as described by Bennett and Rostain (75).
Hyperbaric nitrogen causes narcosis or pleasant intoxication
at pressures greater than about 4 ATA in most individuals and
near unconsciousness at greater than 10 ATA (76). Since pa-
tients breathe oxygen, nitrogen narcosis is only a problem for
tenders in multiplace hyperbaric chambers. However, most hy-
perbaric treatments occur between 2 and 3 ATA, where symp-
toms of nitrogen narcosis are exceedingly mild.

Nitrogen (and other inert breathing gases such as he-
lium) is the major causative agent of decompression sick-
ness. During decompression, excess tissue nitrogen can become
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supersaturated, come out of solution, and form bubbles. This
can lead to decompression sickness, with manifestations de-
pending on their location and secondary effects.

Trace Gase s

The pharmacologic effects of gases are proportional to their
partial pressures. Although a trace gas may only be present
in minute quantities, as the chamber pressure rises, so does
the partial pressure of a gas. Therefore, gases such as carbon
monoxide or carbon dioxide in concentrations that have no
pharmacologic or toxic effects at 1 ATA may exert measurable
effects in a hyperbaric environment.

USE OF HYPERBARIC OXYGEN
FOR SPECIFIC DISEASES

Gas Emb olism and
De comp re ssion Sickne ss

Gas bubbles in the body can be due to direct gas entry via
veins or arteries (arterial or venous gas embolism) or via in situ
formation due to gas supersaturation in divers, compressed air
workers, or aviators (decompression sickness). Since the two
conditions often both occur in the same patient (particularly in
divers), the principles of treatment of the two are the same. The
syndrome of either or both condition is commonly referred to
as decompression illness (DCI).

Art e rial and Ve nous Gas Emb olism
Entry of gas into the circulation can occur via several mech-
anisms. Gas embolism has recently been reviewed (77,78). In
divers breathing compressed gas, arterial gas embolism (AGE)
can ensue if decompression (ascent) occurs while the diver
holds his or her breath or due to gas trapping caused by fo-
cal or generalized airways obstruction. AGE due to this mech-
anism can result after an ascent to the surface of as little as
1 meter. AGE can also occur during diagnostic or therapeutic
procedures such as angiography.

Venous gas embolism (VGE) can result due to direct in-
jection or entry via an open vein in which ambient pressure
exceeds venous pressure. This can exist during laparoscopic
surgical procedures due to the elevated intra-abdominal pres-
sure, or open procedures in which venous pressure in the sur-
gical wound is subatmospheric. The classic scenario for this is
an intracranial procedure in the sitting position. However, it
has also been described in procedures such as liver resection,
cesarean section, and spine surgery. VGE can also occur due
to oral hydrogen peroxide (H 2O 2) ingestion. H 2O 2 absorbed
into the circulation is broken down by catalase into water and
oxygen bubbles. VGE can result if a central venous catheter is
opened to air, particularly if the patient is breathing sponta-
neously. It has also been reported in patients with ARDS be-
ing ventilated with positive end-expiratory pressure (79). VGE
has been described during orogenital sex after blowing air in-
travaginally (80). Intravenous injection is better tolerated than
intra-arterial injection because of the pulmonary filter. How-
ever, if the rate of entry of gas into the veins is sufficiently
high, bubbles can traverse the pulmonary capillary network

and become arterial emboli. Large volumes can obstruct the
right heart or pulmonary artery and cause cardiac arrest.

Large volumes of arterial gas can cause acute obstruction
of large vessels. Small quantities tend to remain in the circula-
tion only transiently; however, they can precipitate a sustained
reduction in local blood flow (25). The mechanism appears
to be endothelial damage (81) and adherence of leukocytes
(26,82–84). Endothelial barrier function is also impaired in
both the brain and lung, resulting in edema (85,86) and im-
paired endothelial-dependent vasoactivity (87). Animal mod-
els of AGE have revealed a significant elevation of intracranial
pressure (ICP) and depression of cerebral PO 2 (88,89). In a
pig model, hyperventilation failed to correct these parameters
(90); however, HBO at 2.8 ATA (U.S. Navy Table 6, Fig. 39.4)
restored both ICP and brain PO2 toward normal (Fig. 39.3).

Clinical manifestations of AGE include acute loss of con-
sciousness, confusion, focal neurologic abnormalities, and
cerebral edema. VGE causes acute dyspnea, tachypnea, hy-
potension, cardiac ischemia or arrest, and pulmonary edema
(86). In monitored patients, VGE is often heralded by a de-
crease in end-tidal PCO2 (91), although sometimes, with small
volumes of CO 2 embolism such as during laparoscopy, it may
be increased. A mill-wheel murmur can be heard in some pa-
tients, although this sign is neither sensitive nor specific. Venous
gas bubbles in sufficient quantities can cross into the arterial cir-
culation (producing AGE) either through the pulmonary cap-
illary network or via an intracardiac shunt, such as a patent
foramen ovale.

Imaging is not useful for diagnosing either VGE or AGE.
Gas bubbles are rarely visible on radiographic images (92). Ex-
cept in cases where associated conditions such as pneumotho-
rax are suspected or neurologic conditions such as hemorrhage
require exclusion, imaging studies are not necessary and tend
to delay definitive treatment.

De comp re ssion Sickne ss
During diving or exposure to a compressed gas environment
such as a hyperbaric chamber, inert gas (usually nitrogen)
is taken up by tissues. During decompression, inert gas can
become supersaturated and form bubbles in situ in tissues. Cer-
tain tissues are more susceptible to in situ bubble formation.

Manifestations of decompression sickness (DCS) can
range from mild to severe (Fig. 39.2). The most common
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FIGURE 39.2. Symptoms of decompression illness in a series of recre-
ational divers. (Redrawn from Divers Alert Network. Annual Diving
Report. Durham, NC: Divers Alert Network; 2006.)
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FIGURE 39.3. Effect of hyperbaric oxygen
(HBO) on intracranial pressure (ICP) and brain
PO 2 in pigs after air embolism. Top panel: HBO
initially at 2.8 atmospheres absolute (ATA) (U.S.
Navy Table 6) reduces ICP compared with no
treatment, whether it is started 3 minutes or
60 minutes after embolization. Bottom panel:
Brain tissue PO 2 in the two groups of animals.
For the 60-minute group, the closed circles rep-
resent PbrO2 in the first 10 minutes after em-
bolization; the open circles represent PbrO2 in
the first 10 minutes after the start of HBO. Val-
ues in lower panel are mean ± standard de-
viation. (Redrawn from van Hulst RA, Dren-
then J, Haitsma JJ, et al. Effects of hyperbaric
treatment in cerebral air embolism on intracra-
nial pressure, brain oxygenation, and brain glu-
cose metabolism in the pig. Crit Care Med.
2005;33:841–846.)

manifestations are joint pain and paresthesias. Although mild
cases can progress to severe, severe manifestations almost al-
ways occur within 12 hours after surfacing.

Tre at me nt of De comp re ssion Sickne ss
and Art e rial Gas Emb olism

Pre hosp it al Tre at me nt
In addition to standard first aid principles, prehospital treat-
ment of DCI consists of the administration of a high concentra-
tion of oxygen and fluid resuscitation. Oxygen administration
reduces bubble size and can sometimes abolish symptoms and
signs of decompression illness. A published study has provided
epidemiologic evidence for its efficacy (93). Use of high con-
centrations of oxygen (preferably 100% ) is recommended until
definitive treatment is available. Periodic air breaks to reduce
toxicity may be appropriate (e.g., 5 minutes every 30 minutes).
The administration of oxygen for longer than 12 hours should
be based upon the severity of the injury or the presence of hy-
poxemia breathing room air.

Both head-down and lateral decubitus positions have been
recommended based on animal studies (94, 95). However,
the hemodynamic response to venous gas embolism is unaf-
fected by body position (96,97), and prolonged head-down
position may exacerbate cerebral edema (98). Supine posi-

tion is therefore recommended, also because patient access and
supportive therapies can be more easily administered in this
position.

Hosp it al Tre at me nt
Standard treatment of gas embolism includes airway and ven-
tilatory management, maintaining a high PaO 2 and normal
PaCO2 (99) (Fig. 39.3), and support of arterial pressure.
Like other forms of neurologic injury, it is recommended that
when managing neurologic DCI, both hyperthermia and hy-
perglycemia (> 140–185 mg/dL, 7.8–10.3 mM/L) should be
avoided or treated (100).

Physical Re moval of Gas
Physical removal of gas after massive arterial gas embolism has
been described in cardiopulmonary bypass (101,102). Venous
gas embolism has been successfully treated with chest compres-
sion (103) and aspiration through catheters in the right atrium
(104,105) or pulmonary artery (106).

Re comp re ssion
Although symptomatic improvement can be obtained with oxy-
gen at 1 ATA, the definitive treatment of both forms of de-
compression illness is hyperbaric oxygen. The safety and effi-
cacy of HBO for the treatment of divers was initially shown
70 years ago (6). Since then, treatment protocols have been



Chap t e r 39: Hyperbaric Oxygen Therapy 563

FIGURE 39.4. Top: U.S. Navy (USN) Treatment Table 5. According to USN guidelines, this table may be
used for symptoms involving skin (except for cutis marmorata), the lymphatic system, muscles and joints,
with a normal neurologic exam, and when all symptoms have completely resolved within 10 minutes of
reaching 2.8 atmospheres absolute (ATA). Bottom: USN Treatment Table 6. This table may be used for
all types of decompression illness. Extensions (additional oxygen breathing cycles) can be administered
at either treatment pressure (2.8 and 1.9 ATA). (Data from Navy Department. US N avy Diving Manual.
Revision 4. Vol. 5: Diving Medicine and Recompression Chamber Operations. NAVSEA 0910-LP-103–
8009. Washington, DC: Naval Sea Systems Command; 2005.)

empirically developed that have been shown to have a high
degree of success with a low probability of oxygen toxicity
(107). The most widely used treatment protocols (“ tables”)
were developed by the U.S. Navy and promulgated via the Div-
ing Manual (108) (Fig. 39.4). Both U.S. Navy Treatment Ta-
bles 5 and 6 use 100% oxygen breathing periods (“O 2 cycles”)
interspersed with air breathing periods (“air breaks”) at 2.8
and 1.9 ATA in a two-step pattern (see Fig. 39.4). Guidelines
are available to administer additional O 2 cycles (“extensions”)
at both pressures (108). The vast majority, if not all cases,
of DCI can be adequately treated using U.S. Navy treatment
tables.

The U.S. Navy tables were designed for use in multiplace
chambers, where air breaks can easily be administered by dis-
continuing O2. Since monoplace chambers were designed to be
compressed with 100% O 2, shorter alternate treatment tables
were designed for their use (109,110) (Fig. 39.5). Although
direct comparisons with U.S. Navy tables have never been per-
formed, case series suggest that these tables are efficacious for
DCI (110). Monoplace chambers fitted with an air supply and
delivery system can be used to administer treatment according
to traditional Navy tables (111).

FIGURE 39.5. Hart-Kindwall monoplace treatment table. This table
was designed for use in monoplace chambers without the capability of
administering air breaks. Except for the lack of air breaks and limited
ability for extension, it is similar to U.S. Navy Table 5, with a shorter
time at 2.8 atmospheres absolute (ATA) and longer time at 1.9 ATA.
(Data from Boerema I, Meyne NG, Brummelkamp WH, et al. Life
without blood. J Cardiovasc Surg [Torino]. 1960;1:133–146.)
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Ad junct ive Me asure s
In the 19th and early 20th century, recompression was the only
treatment administered to patients with decompression illness.
While hyperbaric oxygen remains the definitive treatment of
bubble disease, there is increasing recognition that adjunctive
therapies such as correction of hypovolemia may also be im-
portant (112).

Fluids. Severe decompression sickness is often associated with
capillary leak, intravascular volume depletion, and hemocon-
centration. The Undersea and Hyperbaric Medical Society
(UHMS) recommends (level 1C) fluid administration to re-
plenish intravascular volume, reverse hemoconcentration, and
support blood pressure (113). Measures that augment cardiac
preload such as supine position, head-down tilt, and water
immersion (114) significantly increase the rate of inert gas
washout. Thus, even in divers who are not dehydrated, there
may be some benefit to extra fluid loading. Intravenous isotonic
fluids without glucose (e.g., lactated Ringer solution, normal
saline, or colloids) are recommended for severe DCI. Patients
with mild symptoms may be treated with oral hydration flu-
ids. For “chokes” (cardiorespiratory decompression sickness,
in which high bubble loads cause pulmonary edema), animal
studies suggest that aggressive fluid resuscitation can exacer-
bate pulmonary edema. Thus, for the patient with chokes,
aggressive fluid resuscitation may not be warranted, particu-
larly if advanced life support modalities such as endotracheal
intubation and mechanical ventilation are not immediately
available. For isolated AGE, in which the pathology is limited
to cerebral infarction, aggressive fluid administration is also
unwarranted.

Anticoagulants. Intravascular bubbles can induce platelet ac-
cumulation, adherence, and thrombus formation. Indeed, in
a canine model of arterial gas embolism, therapeutic antico-
agulation promoted a return in a short-term outcome: evoked
potential amplitude, but only when heparin was combined with
prostaglandin I2 (PGI2) and indomethacin (115). In this model,
heparin alone was ineffective. In other experiments, heparin
given either prophylactically or therapeutically to dogs with
DCI was not beneficial (116). Furthermore, tissue hemorrhage
can occur in decompression illness involving the spinal cord
(117–119), brain (120,121), and inner ear (122,123). Thus,
full therapeutic anticoagulation is not recommended.

Although anticoagulants are not indicated for the primary
injury in DCI, patients with leg immobility due to DCI-induced
spinal cord injury are at increased risk of deep vein thrombo-
sis (DVT) and pulmonary thromboembolism (PE). Standard
prophylactic anticoagulant measures, typically low-molecular-
weight heparin (LMWH), are therefore recommended as soon
as feasible after the onset of injury. Full anticoagulation is ap-
propriate for established DVT/PE. If LMWH is contraindi-
cated, elastic stockings or intermittent pneumatic calf com-
pression is recommended, although their efficacy in preventing
DVT or thromboembolism in DCI is unknown. Recommen-
dations have been extrapolated from guidelines for traumatic
spinal cord injury; neither their efficacy nor safety in neurologic
DCI has been specifically confirmed. Thus, when facilities exist,
a screening test for DVT a few days after injury is appropriate
(113).

Lidocaine. The administration of lidocaine for arterial gas em-
bolism is supported by several animal studies (124). No con-
trolled human studies in accidental AGE have been performed.
However, gas emboli are frequently observed in cardiopul-
monary bypass. In this setting, two studies have demonstrated
a beneficial effect of lidocaine administered in traditional an-
tiarrhythmic doses on postoperative neurocognitive function
(125,126). Another study has shown benefit for nondiabetics
but not for diabetics (127). Human data directly pertinent to
DCI are confined to three cases of decompression sickness or
arterial gas embolism, published as case reports, which ap-
peared to benefit from intravenous lidocaine (128,129). The
UHMS does not recommend the routine use of lidocaine for
DCI; however, recommendations have been made for its dos-
ing (113). An appropriate end point is a serum concentration
suitable for an antiarrhythmic effect (2–6 mg/L).

Nonsteroidal Anti-inflammatory Drugs. These drugs are com-
monly used empirically for treatment of bends pain that does
not completely resolve with recompression. A randomized,
controlled trial has been published in which tenoxicam, a non-
selective cyclo-oxygenase inhibitor, was compared with
placebo. Tenoxicam or placebo was administered during the
first air break of the first hyperbaric treatment and continued
daily for 7 days. Using as an end point the number of hyperbaric
treatments required to achieve complete relief of symptoms or
a clinical “plateau” of effect, the tenoxicam group required a
median of two treatments versus three for the placebo group.
The outcome at 6 weeks was not different (130). The UHMS
guidelines have assigned nonsteroidal anti-inflammatory drugs
a level 2B recommendation (113).

Corticosteroids. Unless given prophylactically, corticosteroids
have not been shown to be of benefit in animal models of DCI
(131–133). In a pig study, methylprednisolone treatment did
not protect against severe DCS, and the treated animals had
a greater mortality (134). In the absence of human trials of
corticosteroids in DCI and the lack of benefit in animal studies,
corticosteroids are not recommended.

Perfluorocarbons. Perfluorocarbons (PFCs) are a family of
chemically inert, water-insoluble, synthetic compounds with
a high solubility for both inert gases and oxygen, which may
eventually become available for human use as blood substi-
tutes. Intravenous injection of PFC emulsions could augment
oxygen delivery to ischemic tissues with impaired circulation
and facilitate inert gas washout from tissues (135). Indeed, ben-
eficial effects have been observed in animal studies of both de-
compression sickness and gas embolism (136–140). There may
also be a benefit from the surfactant properties in the treatment
of intravascular gas bubbles (141).

Art e rial Gas Emb olism and De comp re ssion
Sickne ss Tre at me nt Summary

Immediate treatment of AGE or DCS includes standard prin-
ciples of first aid, including the administration of oxygen and
fluids during transport to a hyperbaric chamber. If the patient
is in an extremely remote location from which transport is not
feasible and the manifestations are minor, if the patient’s con-
dition does not progress for 24 hours, and if the neurologic
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exam is normal, the risk of emergent transport may exceed the
risk of conservative treatment (142).

Carb on Monoxid e

Carbon monoxide (CO) is an important cause of uninten-
tional poisoning fatalities in the United States each year (143).
CO binds to hemoproteins, including hemoglobin and myo-
globin, interfering with oxygen transport. It also binds to the
mitochondrial cytochrome C oxidase in the electron trans-
port chain (similar to cyanide), impairing oxidative phos-
phorylation, stopping the cell’s energy production, and re-
sulting in cellular hypoxia (144–146) and oxidative stress
(147). In addition, CO exposure induces intravascular platelet–
neutrophil activation (148). CO-related oxidative stress can
cause chemical alterations in myelin basic protein (149), trig-
gering immune-mediated neurologic deficits.

The symptoms and signs of CO poisoning include headache
(or tightness across forehead), weakness, nausea and vom-
iting, syncope, tachycardia, tachypnea, and encephalopathy.
Myocardial ischemia is also a common finding.

For survivors of this poisoning, the most debilitating results
can be the late neurologic sequelae. These are often cognitive
problems such as a decrement in short-term memory (150–
152). Some patients improve clinically and then deteriorate
several days after the event.

HBO therapy is known to accelerate the elimination of CO
(153,154). Pace et al. found that the half-life of CO was longest
when breathing air (214 minutes). Half-life decreased to
42 minutes breathing 100% O 2 at 1 ATA and further to 18
minutes with 100% O2 at 2.5 ATA (153). The reduction in
half-life may be important in preventing cell death by allowing
mitochondrial adenosine triphosphate (ATP) production to re-
sume before the cell would have otherwise died (144,155). In
animal studies, HBO administration after acute CO exposure
appears to minimize the lipid peroxidation in the brain, which
occurs during or after removal of CO (147), and results in more
rapid repletion of brain energy stores (155).

A double-blind randomized control trial carried out by
Weaver et al. indicates that HBO therapy can prevent the oc-
currence of the late neurologic sequelae of CO poisoning if the
patients are treated within 24 hours of the exposure (152).

All patients should be initially treated with 100% normo-
baric oxygen. HBO therapy is usually reserved for patients who
have more severe poisoning, as determined by high HbCO
level (e.g. ≥ 25% ), loss of consciousness, or other neurologic
manifestations, or myocardial ischemia, arrhythmias, or other
cardiac abnormalities (152,154,156–158). A systematic anal-
ysis of 163 patients with CO poisoning who did not receive
HBO revealed the following two risk factors for sequelae: older
age and longer CO exposure (159). However, some patients
without these risk factors also developed sequelae. The au-
thors concluded that, in addition to other indications, regard-
less of HbCO level or loss of consciousness, anyone older than
36 years with symptoms should receive HBO.

Pregnant women should be treated according to maternal
indications. Pregnant women may therefore have an HbCO
level that is 10% to 15% less than that of the fetus. There is
evidence that short periods of HBO therapy are not dangerous
to the fetus or mother (160).

Cyanid e

Cyanide leads to hypoxia on a cellular level by rapidly bind-
ing to mitochondrial cytochrome oxidase. Inhalation of high
concentrations of cyanide (270 ppm) is rapidly fatal in hu-
mans (with blood levels reaching 3 µ g/mL), whereas ingestion
of cyanide is less rapidly fatal (161). When very low doses of
cyanide are absorbed (whole blood levels of 0.5–2.53 µ g/mL),
tachycardia and decreased level of consciousness are possible
(161,162).

There are very few studies and case reports of the use of
HBO therapy in the treatment of cyanide poisoning (163–167).
This is likely due partly to the effectiveness of chemical treat-
ments (with sodium nitrite and thiosulfate) but also possibly
related to the fact that the bonding of cyanide to the mito-
chondria’s cytochrome C oxidase is not an oxygen-dependent
mechanism. Chemical treatment of cyanide poisoning leads to
the formation of methemoglobin. Utilizing HBO therapy to
increase the amount of circulating dissolved oxygen has been
shown to have both prophylactic and antagonistic effects on
cyanide poisoning in rabbits (166). Human case reports also
hint that HBO therapy may be useful when the response to
chemical antidotes has been incomplete (165).

Hyd rog e n Sulfid e

Like CO and cyanide, hydrogen sulfide (H 2S) reacts with mito-
chondrial cytochrome C oxidase, impairing electron transport.
This is not an oxygen-dependent mechanism. The rationale for
using HBO therapy is the same as for cyanide poisoning, in
that HBO therapy can increase the dissolved fraction of oxy-
gen. Use of HBO therapy for H2S poisoning is based on two
case reports suggesting a positive benefit (168,169).

Carb on Te t rachlorid e

Carbon tetrachloride (CCl4) is a CNS depressant, hepatotoxin,
and nephrotoxin, with renal failure being the most common
cause of death from very high-level exposures (170). In the
setting of CCl4 poisoning of the rat, HBO has been shown
to improve survival (171), decrease liver necrosis (172), de-
crease conversion of CCl4 to toxic free-radical metabolites
(173,174), and decrease CCl4 metabolite-induced lipid perox-
idation (175). One case report describes an obtunded patient
treated with HBO for presumed CO poisoning. There was no
historical evidence for CO exposure; the patient improved, re-
gained consciousness, and admitted to ingestion of a normally
lethal dose of 250 mL of CCl4 (176).

NECROTIZING INFECTIONS

Clost rid ial Infe ct ions

This soil-based anaerobic organism causes a type of rapidly
progressive disease known as gas gangrene, which, if left un-
treated, is almost uniformly fatal. In most cases, it is introduced
to the human via accidental trauma. The most common species
that cause the disease are Clostridium perfringens (80% –90% ),
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Clostridium oedematiens, and Clostridium septicum. These or-
ganisms release α-toxin, which is a lecithinase related to the
form found in snake, bee, and scorpion venoms, causing a liq-
uefaction necrosis (177).

These organisms lack antioxidant defenses and therefore
are susceptible to HBO therapy. The first to report this find-
ing was Brummelkamp et al. in 1961 (178,179). Around the
same time, it was discovered that at 3 ATA, α-toxin produc-
tion quickly ceases (180); since then, animal studies (181) and
meta-analyses of human case series support the use of HBO
(182). If treatment is initiated within 24 hours of diagnosis,
disease-specific mortality can be as low as 5% (177).

The typical HBO treatment schedule varies between 2.5
and 3 ATA for 90 minutes, with three treatments in the first
24 hours, followed by two treatments per day at 2 to 3 ATA
until clinical stability. Aggressive surgical debridement and an-
tibiotic therapy are also essential.

Nonclost rid ial Bact e rial Infe ct ions

These are often necrotizing infections, usually polymicrobial,
including at least one anaerobic species. These infections
often follow local trauma and are enhanced by both local
ischemia and reduced host defenses (many patients are diabetic
with atherosclerosis) (183). The mainstays of therapy are
surgical debridement and antibiotics. Individual case series
and meta-analyses support the use of HBO as an adjunct
(182,184,185). The HBO treatment schedule is similar to that
of clostridial disease.

Mucormycosis

Rhinocerebral mucormycosis is a rare but devastating invasive
disease of the head and neck with 30% to 50% or greater
mortality when treated, often found in immunocompromised
patients such as diabetics in ketoacidosis, or patients receiv-
ing antineoplastic agents and/or steroids (186). It is primarily
treated with wide debridement and amphotericin B. Due to
the rarity of this disease, randomized trials have not been per-
formed. Several case reports have suggested that HBO therapy
may be an effective adjunct (187–189). Recommended treat-
ment protocol is 2 to 2.5 ATA for 2 hours, twice daily, for 40
to 80 treatments (190).

Se ve re Ane mia

Hyperbaric oxygen increases dissolved oxygen in the plasma
and thus enhances arterial oxygen content. Tissue oxygen de-
livery can therefore be supported acutely, even in the absence
of hemoglobin. Therefore, HBO at 2 to 3 ATA can be used
for temporary support of severely anemic patients if definitive
therapy in the form of cross-matched blood is not immediately
available (191). Evidence that intermittent repetitive HBO is
effective therapy for patients who refuse blood has no basis in
controlled outcome studies (192).

He ad Injury

Evidence in animal studies suggests that HBO can prevent sec-
ondary injury after head trauma (193). HBO does reduce in-

tracranial pressure after head injury (194), presumably due to
cerebral vasoconstriction, but it is logistically very difficult to
transport and monitor such patients for HBO. Although ran-
domized studies have demonstrated a reduction in mortality
with HBO treatment, the proportion of patients with good
long-term results is not increased (194,195).

The rmal Injury

In a series of patients with carbon monoxide poisoning due
to coal mine explosions and fire, those treated for CO poison-
ing with HBO who also had burns showed more rapid healing
and less infection than others who did not receive HBO (196).
Since then, some studies have supported its use (197,198), but
others have failed to demonstrate a significant beneficial ef-
fect of HBO (199–202). In the randomized prospective study
by Brannen et al. (202), twice-daily HBO at 2 ATA for 90
minutes had no effect on mortality or length of stay, although
one of the authors reported in the discussion that HBO re-
duced the fluid loss, and the patients appeared to heal ear-
lier. HBO appeared to reduce the volume of fluid required for
initial resuscitation. A systematic review of the published evi-
dence did not support the routine use of HBO in thermal burns
(203). It should be noted that thermal burns are often accom-
panied by acute carbon monoxide poisoning for which HBO is
indicated.

Myocard ial Infarct ion

Increasing the blood O 2 content using HBO causes bradycar-
dia, as well as a reduction in cardiac output (204) and myocar-
dial O2 consumption (23). HBO has been shown to improve
wall motion abnormalities in patients with resting myocardial
ischemia (205). In a rabbit model after 30 minutes of left coro-
nary occlusion, HBO at 2.5 ATA reduced infarct size when ad-
ministered either during or immediately after occlusion (206).
A pilot randomized prospective study revealed lower peak crea-
tine phosphokinase (CPK) levels and shorter time to pain relief
with tissue plasminogen activator (tPA) with a single 2 ATA
HBO treatment versus tPA and O 2 at 1 ATA delivered via face
mask (207). The complete study revealed small, statistically in-
significant differences in favor of HBO, but was underpowered
to detect differences in mortality (208).

St roke

A series of 13 patients with stroke treated with HBO at 2 to 3
ATA within 5 hours of onset was published by Heyman et al.
(209). At that time, no imaging was available to exclude hem-
orrhage. Nevertheless, of 13 patients treated within 5 hours of
symptom onset, nine improved during HBO treatment, and
two stuporous patients with hemiparesis or hemiplegia im-
proved dramatically immediately upon exposure to HBO and
maintained their improvement permanently. The use of HBO in
stroke is supported by animal studies demonstrating smaller in-
farct volume, reduced edema, and attenuation of hemorrhagic
transformation (38,39,44,210–214). Human studies have not
been encouraging (215–217), possibly because few if any pa-
tients since Heyman’s study have been treated within the same
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short time frame. Routine use of HBO in this context will have
to await further human outcome studies.

Sup p ort o f Art e rial Oxyg e nat ion

HBO has been reported as a method of attempting to support
arterial blood oxygenation in respiratory distress syndrome
(RDS) of the newborn, with disastrous results because of pul-
monary oxygen toxicity (218). HBO is occasionally used for
short periods to support oxygenation during therapeutic lung
lavage (219–221).

Se d at ion and Ge ne ral Ane st he sia
d uring Hyp e rb aric Tre at me nt

Anesthetic agents may be required for surgery while in a satura-
tion diving system (e.g., offshore), for therapeutic lung lavage,
or for sedation during mechanical ventilation. Inhaled agents
can be used with conventional anesthetic vaporizers, which
deliver a constant partial pressure of agent, irrespective of
chamber pressure. Nitrous oxide can be used as a sole agent
at increased pressure, although it induces several disagreeable
side effects, including tachypnea, tachycardia, hypertension, di-
aphoresis, muscle rigidity, catatonic jerking of the extremities,
eye opening, and opisthotonus. It is also associated with severe
nausea and vomiting after recovery (222). Nitrous oxide must
be avoided entirely in helium atmospheres because its adminis-
tration induces intravascular bubble formation due to isobaric
counterdiffusion through the skin (223). Nitrous oxide should
also be avoided even at 1 ATA in patients who have recently
scuba dived or experienced decompression illness. In such pa-
tients, tissue bubbles may be present, which could enlarge due
to nitrous oxide diffusion and cause symptoms (224).

Inside hyperbaric chambers, intravenous agents such as
propofol, ketamine, midazolam, and narcotics are preferred be-
cause their use avoids atmospheric pollution. Pressure-induced
reversal of anesthesia is not significant up to 10 ATA, and if
it occurs at higher pressures, it can be offset by appropriate
titration.

HYPERBARIC CHAMBER
OPERATION

Typ e s of Hyp e rb aric Chamb e rs

Monop lace
As implied by the name, these chambers have space for only
one average-sized adult. Generally speaking, modern chambers
of this type are cylindrical in shape and made of a large (ap-
proximately 0.6–1 m internal diameter and 2.1–2.3 m long)
clear acrylic tube with a cap on one end and entry/exit hatch
on the other. Patients slide into the chamber through the hatch
to rest supine while they receive HBO therapy (Fig. 39.6).

Other than their small size, these chambers differ from their
multiplace counterparts (described below) in that they are pres-
surized with 100% oxygen (in most cases) and are generally
limited to no more than approximately 3 ATA operating pres-
sure. This limitation makes them unsuitable for some high-

FIGURE 39.6. Monoplace chamber. This type of chamber has room
for one patient or a tender with a small child. Chamber atmosphere
is 100% O 2. The chamber is constructed of transparent Plexiglas to
allow observation. Through-hull penetrators in the door on the left can
be seen and allow monitoring, intravenous fluid administration, and
control of a ventilator inside the chamber. (Photograph courtesy of Dr.
Lindell Weaver.)

pressure treatment tables occasionally used for some types of
decompression illness. Monoplace chambers can be fitted such
that air breaks can be administered using a tight-fitting mask.

A challenge with the use of these chambers is lack of direct
access to the patient. However, almost all monitoring and ven-
tilatory care (invasive blood pressure monitoring, mechanical
ventilation, chest tube management, etc.) previously only avail-
able to patients in multiplace chambers can now be delivered
in monoplace chambers (111,225).

Mult ip lace
These chambers can hold two or more patients/tenders. They
exist in many shapes and sizes, usually large cylindrical or
spherical shapes made of high-quality steel. Most of these
chambers have a personnel lock as well, which allows patients
or medical staff to exit or enter the chamber while it is at pres-
sure. Transfer locks allow medicines, materials, and food to
be moved into or out of the chamber. Patients are generally
accompanied in the chamber by a tender or nurse, who can
attend to the needs of the patient during the treatment. Admin-
istration of all critical care modalities is relatively easy inside a
multiplace chamber (Fig. 39.7).

Due to their sturdier construction, multiplace chambers are
generally able to withstand much higher pressures than their
acrylic monoplace counterparts, and thus can be used for a
wider range of treatment pressures.

Minimizat ion of Fire Hazard s and
At mosp he re Cont ro l

Hyperbaric chambers are unique among medical equipment
in that the nurse, tender, or physician is frequently also inside
the treatment vessel (chamber) with the patient (in the case
of multiplace chambers) and not easily accessible in the event
of an emergency. The environment must be carefully managed
to ensure atmosphere quality, with specified limits for oxygen
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FIGURE 39.7. Patient treatment in a multiplace chamber.

and carbon dioxide, and to eliminate sources of ignition such
as matches and cigarette lighters. Cotton suits are worn by
patients and staff. Oil-based cosmetics and/or wigs (frequently
made of synthetic materials) are prohibited (226).

Additionally, stretchers and equipment must have the
petroleum-based lubricants removed from their wheels and
other lubricated parts. Any other objects with petroleum-based
lubricants must be cleaned of these lubricants prior to cham-
ber treatment. At the time of this writing, there has not been
a reported fire in a hyperbaric chamber that has resulted in a
loss of life in the United States, although several such incidents
have occurred overseas.

Ve nt ilat ory Care

Me chanical Ve nt ilat ion
Certain precautions must be taken when diving a mechani-
cally ventilated patient in a hyperbaric chamber. First of all, the
ventilator must be approved for hyperbaric use. They should
be fluidically or pneumatically controlled. Electrically driven
ventilators are arguably less safe than ones using pneumatic
or fluidic control. Although not commonly used at very high
chamber pressures (6 ATA), ventilators powered by compressed
oxygen have an inlet PO 2 of up to 4,560 mm Hg (227), which
can present a significant fire hazard.

As pressure rises, so does the gas density, which leads to
a corresponding increase in airway resistance. Unless the ven-
tilator is volume cycled, the tidal volumes may drop as pres-
sure rises (227). Therefore, tidal volumes should be monitored
closely (228).

Prior to chamber pressurization, inflating the endotracheal
cuff with water or saline will prevent leakage due to cuff volume
compression.

Suct ion
Since the chamber is at pressure, suction can be created simply
by venting a hose to the outside world attaching a regulator to
a through-hull penetrator. Normal hospital equipment can be
modified for this use (229). In patients with copious secretions
or ventilated patients, it is preferable to perform deep suction-
ing immediately prior to both compression and decompression

of the chamber. This removes any mucous plugs that could
contribute to air trapping.

Che st Tub e Manag e me nt
Conventional water seal or one-way valve pleural drainage sys-
tems operate satisfactorily inside hyperbaric chambers, with or
without applied suction. During chamber decompression, ex-
pansion of gas volume within the tubing connecting the chest
tube with the drainage system is automatically vented via the
water seal or one-way valve. On the other hand, during cham-
ber compression, the same gas volume is compressed and the
connecting tubing and gas-containing space on the patient side
of the water seal will tend to collapse, therefore producing high
negative intrapleural pressures. Standard commercially avail-
able pleural evacuation systems have a manually activated pres-
sure relief valve, which should be activated during the compres-
sion phase to relieve this excessive negative pressure.

Int rave nous Infusion De vice s
Several different IV infusion devices have been tested inside
multiplace hyperbaric chambers and found to deliver fluid ac-
curately. While it is the policy of some facilities not to use
electrical equipment inside a chamber, others minimize a fire
hazard by purging the device with 100% nitrogen. For mono-
place use, the IV infusion device must be outside the chamber.
Glass IV bottles should be avoided in order to prevent explo-
sion during decompression due to expansion of any contained
air bubble.

Art e rial Blood Gas Me asure me nt

Arterial blood gas analysis can be performed inside a multi-
place hyperbaric chamber using an analyzer adapted for hy-
perbaric use. Alternatively, blood samples can be decompressed
and analyzed at 1 ATA. The latter procedure is simpler, but sub-
ject to error. While pH and PCO 2 are relatively stable during
decompression, PO 2 usually exceeds ambient pressure outside
the chamber, and thus it tends to decline rapidly as oxygen
is released from solution. Reasonably accurate values can be
obtained if the sample is analyzed immediately after decom-
pression (230).

Alternatively, it is possible to predict arterial PO 2 during
HBO therapy from a 1 ATA arterial blood gas measurement
using the following equations. All that is needed is a 1 ATA
blood gas measurement (at known FiO2), the HBO treatment
pressure in ATA (PATA, usually between 2 and 3 ATA), baro-
metric pressure (Pb, in mm Hg, usually near 760 mm Hg), the
vapor pressure of water at body temperature (PH2O , at or near
47 mm Hg), the respiratory exchange ratio (usually 0.8), and
PaCO2 and the following formulas:

PaO 2(1 ATA) = (Pb − PH 2O) · FiO 2

− PaCO 2 ·
 

FiO 2 +
1 − FiO 2

R

 
[2]

PaO 2 (predicted during HBO)
= PaO 2 (1 ATA)/ PaO 2 (1 ATA)
·[(760 • PATA − 47) − PCO 2] [3]

where Pb is the barometric pressure outside the chamber; PaO 2
(1 ATA) is the arterial PO 2 at 1 ATA; PaO 2 (1 ATA) is the
alveolar PO 2 at 1 ATA; FiO 2 is the inspired O 2 fraction; R is
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the respiratory exchange ratio (usually 0.8); PATA is the ambi-
ent pressure in the chamber in ATA; and PCO2 is the arterial
PCO 2 measured at 1 ATA, assumed to be unchanged during
HBO.

Pat ie nt Monit oring

Most monitoring modalities used in hyperbaric chambers are
identical to those used in normobaric situations, with few ex-
ceptions. Whenever inflatable pressure bags are used, such as
for invasive blood pressure measurement, as the chamber pres-
surizes, the volume of air and the pressure in the pressure bag
decreases, and thus one must periodically pump it up during
compression; when decompressing the chamber, the air in the
pressure bag expands, which must be released periodically to
avoid rupture. For the same reason, pulmonary artery catheter
balloons should be left open to the atmosphere during chamber
compression and decompression.

Invasive pressure monitoring (or any monitoring where an
electrical signal is transmitted via cable/wire) can be performed
using through-hull penetrators to connect the transducer inside
the chamber with the preamplifier outside.

Standard stethoscopes and sphygmomanometers can be
used without difficulty in a multiplace chamber. Mercury pres-
sure gauges should be avoided to prevent chamber contamina-
tion in the event of breakage.

Card iac Arre st and Defib rillat ion

If a patient requires cardioversion or defibrillation while re-
ceiving HBO treatment, it is necessary to have through-hull
penetrators for the high-voltage cables connecting an outside
defibrillator with the paddles inside. Use of a low-impedance
gel will prevent sparks or heat buildup at the site of pad-
dle contact. Careful design and testing are necessary to con-
firm adequacy of energy delivery. The only alternative is
to decompress the chamber and cardiovert or defibrillate at
1 ATA.

Te nd e rs, Nurse s, and Ot he r
Chamb e r St aff Consid e rat ions

Inside tenders in a multiplace chamber will take up nitrogen.
While there is no requirement for a decompression stop for
typical 2 ATA/2 hour or 2.5 ATA/90 minute treatments, many
facilities require their staff to breathe 100% oxygen during de-
compression to reduce the very small risk of DCS. Additionally,
repetitive exposures within a short time to even these low pres-
sures may incur some risk of DCS. Minimum time intervals be-
tween hyperbaric exposures for staff are routine. Longer treat-
ments or higher treatment pressures generally mandate specific
decompression or oxygen breathing requirements for the inside
staff. Emergency decompression from such exposures due to
patient instability may therefore place the accompanying ten-
der at risk. In the event of such an emergency, the tender should
be immediately recompressed. The most widely accepted man-
agement schedule is described on p. 9–13 of the U.S. Navy
Diving Manual (108).

Crit ical Care in a Hyp e rb aric
Chamb e r in t he Fie ld

Field chambers are used in the offshore oil industry and at some
remote inland dive sites. Divers injured due to decompression
illness or trauma may require critical care in this setting. This
is particularly the case for divers decompressing from satura-
tion dives, in which an injured diver may require many days of
decompression before he or she can be transferred to a hospi-
tal. Tracheal intubation, chest tube insertion, mechanical ven-
tilation, hemodynamic and CNS monitoring, and treatment of
convulsions may all be necessary (231). Portable radiographs
can be obtained by passing an x-ray beam through a Plexiglas
port, with the x-ray plate inside the chamber (232).

HYPERBARIC TREATMENT
COMPLICATIONS

Barot rauma

Ot ic
As many as 17% of all HBO therapy patients report ear pain
with compression, making otic barotraumas the most common
complication of HBO therapy (74). This is the result of diffi-
culty with middle ear pressure equalization (i.e., eustachian
tube opening). As the chamber is compressed, the increased
pressure on the tympanic membrane can cause it to stretch me-
dially just as when one dives in a swimming pool. Only rarely
does this result in perforation of the tympanic membrane in
awake patients, as they are able to notify the chamber oper-
ator of their progressive discomfort. Most often, there is uni-
lateral otic discomfort associated with an erythematous tym-
panic membrane that heals over the following 5 to 7 days. In
patients who are unable to adequately perform a Valsalva ma-
neuver required to equalize pressure (i.e., sedated, intubated,
with eustachian tube/sinus dysfunction, or with tracheostomy
tube), bilateral myringotomies with or without tube placement
are performed. Because myringotomies heal in 2 to 3 days, for
patients unable to equalize, bilateral tympanostomy tubes are
normally placed in patients who are expected to receive repet-
itive treatments for longer.

Sinus
Sinus barotrauma (“sinus squeeze”) is a relatively infre-
quent occurrence, which occurs in patients with active sinus
infection, allergic rhinitis, or nasal polyps. During pressure
change, the patient will feel discomfort in the region of the
affected sinus, particularly if it is the frontal sinus (233). Sinus
squeeze can usually be prevented using topical decongestants
such as oxymetazoline and slow compression of the chamber
(233).

Pulmonary
Although this is far more frequent with scuba diving, it can
also occur rarely in dry hyperbaric chambers, causing AGE
(234), pneumomediastinum, or pneumothorax. Patients with
cystic or bullous disease are presumably at risk; however, many
such patients have received HBO without complication. In pa-
tients with a pre-existing pneumothorax, tube decompression
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is recommended, especially if the patient is to be treated in a
monoplace chamber.

Pulmonary Ed e ma

Peripheral vasoconstriction induced by HBO and the result-
ing increase in afterload can precipitate pulmonary edema in
patients with impaired ventricular function (235).

Evaluat ion of a Pat ie nt fo r
Hyp e rb aric Oxyg e n The rap y

In assessing a patient for hyperbaric therapy, two aspects need
to be evaluated: Potential efficacy of treatment and risk of ad-
verse effects. Indications for hyperbaric oxygen therapy as de-
termined by the Undersea and Hyperbaric Medical Society (7)
are listed in Table 39.1. A second factor is the predicted ar-
terial PO 2, which must be within a therapeutic range during
HBO therapy (> 1,000 mm Hg). If a patient has pulmonary
gas exchange impairment that precludes attainment of an ar-
terial PO 2 that is sufficiently high, then HBO is unlikely to be
effective. A method for predicting arterial oxygenation during
HBO makes use of the relative constancy of the ratio of ar-
terial to alveolar PO 2 (PaO 2/PaO 2 ratio) as described above
(Eq. 2 and 3). Finally, the assessment must include evaluat-
ing for the risk of pulmonary barotrauma. During decompres-
sion, pulmonary cysts or bullae can rupture (234), although
such complications are extremely rare. Patients with untreated
pneumothorax usually require a tube thoracostomy, unless im-
mediate chest decompression can be performed. Patients with
a pneumothorax for whom monoplace treatment is planned re-
quire prophylactic chest tube insertion irrespective of the size
of the pneumothorax. Patients in heart failure in whom left
ventricular function may not be able to tolerate an increase in
afterload are also at risk (235).

Susceptibility to otic barotrauma and occasionally to si-
nus barotrauma also plays a role in determining fitness for
HBO therapy. Obtunded patients are especially at risk of otic
barotrauma, and many practitioners advocate prophylactic
myringotomy.

SUMMARY
Although hyperbaric oxygen therapy has limited indications,
it represents definitive therapy for some critically ill patients,
especially those with gas bubble disease (decompression sick-
ness or gas embolism) and carbon monoxide poisoning. The
available evidence also strongly suggests that it is an effec-
tive adjunct in necrotizing soft tissue infections. HBO can be
safely administered to the critically ill patient using an appro-
priately equipped hyperbaric chamber and implementing stan-
dard monitoring and supportive measures.
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CHAPTER 40 ■ ANESTHESIA IN THE ICU
AVNER SIDI r YAKOV YUSIM

THE NEED
The intensive care unit (ICU) provides services for patients with
life-threatening disorders. Most require analgesia and sedation
for pain and anxiety management as well as mechanical ven-
tilation, or as adjuvant therapy for bedside procedures done
in the ICU (i.e., tracheostomy, venous and arterial catheter-
ization, etc.). These patients may undergo surgical interven-
tions outside the traditional operating room (OR) and/or “off-
department” procedures such as magnetic resonance imaging
(MRI) and computed tomography (CT) scan, or other radio-
graphic examinations (1).

The roots of critical care medicine (CCM) are founded in
anesthesiology, in our predecessors’ efforts to extend the OR
care delivered to the critically ill to the postanesthetic care unit
(PACU). ICUs were developed to deal with real-time problems:
Respiratory failure caused by polio epidemics in the early 1950s
(2) and, later, that seen after cardiothoracic surgery (3). The
needs of these high-acuity patients led to the development of
better OR monitoring and more aggressive management. These
devices and this approach were used not only in the OR, but
also in the high-acuity areas that evolved into today’s ICUs. In
that regard, anesthesiology and intensive care medicine influ-
enced and fertilized one another. This symbiosis was mostly,
although not completely, positive.

ANESTHESIOLOGY IN CRITICAL
CARE MEDICINE:

A CONTINUATION OR SYMBIOSIS?
As it is difficult to safely sedate the critically ill, it is not sur-
prising that anesthetic agents moved from the OR for use in
the ICU. Of course, problems may occur with long-term ICU
use of drugs initially conceived for short-term OR anesthetic
use (4).

Long - and Short -t e rm Use of Ane st he t ic
Drug s and Te chniq ue s

Pharmacot he rap y
Nitrous oxide has been a key component of general anesthesia
for several decades. It has also been used to provide sedation
for patients in the ICU. As a result of long-term administra-
tion of nitrous oxide, a previously unseen complication devel-
oped: severe bone marrow depression due to interference with

vitamin B12 metabolism (5). Similarly, when etomidate, with its
excellent safety profile in the OR, was used for continuous se-
dation in the ICU, acute adrenal insufficiency due to impaired
11-β -hydroxylase activity was noted (6).

More recently, the difficulties with moving drugs from the
OR into the ICU continue to surface. Some patients with acute
respiratory distress syndrome (ARDS) require the prolonged
use of neuromuscular blockers to facilitate mechanical venti-
lation. Ventilatory modes such as pressure control–inverse in-
spiration/expiration (I:E) ratio and partial liquid ventilation
with perfluorocarbons all require profound sedation and, of-
ten, paralysis. When the neuromuscular blocking drugs are
discontinued, patients may be profoundly weak for extended
periods of time. This condition has become known as the neu-
romyopathy of critical illness and, while commonly reported
with pancuronium, vecuronium, and other steroid-ring–based
agents, it may be seen with other agents as well (7). This syn-
drome is prevalent in patients having received glucocorticoids
during their ICU admission.

Propofol, which has many advantages over other sedative
drugs in the ICU, has been associated with sepsis, which is at-
tributed to failure to use appropriate sterile techniques with
a lipid-based solution. In the pediatric and adult populations,
there have been reports of fatal lactic acidosis—the propofol
infusion syndrome—in association with high doses for an ex-
tended period (8,9).

Other problems can occur with the long-term use of drugs
initially conceived for short-term anesthetic use. Metabolites
of agents such as diazepam, midazolam, and morphine can ac-
cumulate in patients, especially the elderly or those with major
organ dysfunction, resulting in prolonged sedation.

Te chniq ue : Monit oring De vice s
It is not just drugs from the OR that are of interest to inten-
sivists. The pulmonary artery catheter, initially used by cardiol-
ogists in coronary care units and coronary angiography suites
in the early 1970s, was met with enthusiasm by OR anesthe-
siologists, especially those caring for patients during cardiac
procedures. Another device developed for the OR, but of great
interest in the ICU, is the bispectral index (BIS) monitor. Espe-
cially when neuromuscular blockers are used in the ICU patient
for an extended period, how does one ensure that the patient is
adequately sedated? Although there are few good studies doc-
umenting the utility of BIS in the ICU, increasing recognition
and a possible role for such a device are evolving. Neither of
these devices is without risk and controversy, although both, in
our opinion, have their utility (10,11); this is discussed further
in other chapters herein.
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NEWER THERAPIES IN
ANESTHESIA AND

THE INTENSIVE CARE UNIT
As clinical medicine has advanced, new syndromes have
emerged. ARDS was first reported in 1967 (12), probably be-
cause before that time, patients rarely survived long enough
for the full-blown syndrome to develop. Today, we have mul-
tiple organ failure/dysfunction syndrome (MODS), and it is
the unusual death that results from acute hypoxia or acute hy-
potension.

A similar pattern is found in the OR analogues of the criti-
cally ill patient: The American Society of Anesthesiologists
(ASA) physical status (PS) V patient. Although the periopera-
tive mortality in these patients has decreased to less than 60% —
both intraoperatively and in the 24 hours postoperatively—
mortality occurring at greater than two weeks postoperatively
during hospitalization has increased from 0% to more than
15% (13), suggesting not an actual decrease in mortality rate,
but a shift in time when mortality occurs. This may also be
seen in posttrauma deaths, where immediate death is related to
neurologic or cardiovascular injury, or hemorrhage, and late
death is due to infection, multiorgan failure, or both (14).

To a great extent, perioperative mortality is a product of
the severity of illness and the advances in life support that con-
stitute the body of the practice of anesthesiology (15). Thus,
our interventions can affect the rate of acute mortality. But is
mortality being decreased overall, or just postponed? In any
case, to determine our priorities while practicing anesthesia in
the ICU environment, we need to learn and assess patient risk
and safety in the ICU.

RISK ASSESSMENT

Ame rican Socie t y of Ane st he sio log ist s
Classificat ion and Int e nsive

Care Unit Pat ie nt s

Assessing patient risk in the perioperative period is tradition-
ally and routinely done using the ASA classification system. The
ASA PS classification was developed in 1941 (16) and revised
in 1963 (17,18) to include five categories, and modified “un-
officially” and expanded in 1994 to include a sixth category
for organ donors (19). Category V indicates that the “patient
is moribund and not expected to survive for 24 hours with
or without operation” (17–19). Although the ASA PS V cate-
gory is associated with a high mortality, it is less clear that it is
a valid predictor of death shortly after operation (13). While
studies regarding morbidity and mortality in this group were
published in the 1960s and 1970s (18,20–23) and in the late
1980s and 1990s (13,24–37), the original purpose of the sys-
tem was only to describe the preoperative condition in order to
facilitate tabulation of statistical data in anesthesiology (16).
Even though the ASA PS V category predicts that a patient
is at risk for death, it was never intended to be a multifacto-
rial index or predictor of outcome (22). We have shown (12),
as have others (38), that the ASA PS V category is likely not
a sensitive predictor of intraoperative mortality, even though
an ASA PS V status may correlate with overall perioperative

mortality (18,20,21). Interestingly enough, the ASA PS score
may correlate with perioperative mortality similar to or better
than other systems devised to predict mortality or morbidity,
such as the Goldman index in noncardiac surgery patients (39),
the Reiss index in the elderly (29,30), the Hachinski Ischemic
Score (HIS) in ICU patients (31), various perioperative vari-
ables (blood loss, ventilation, ICU stay) (32) or age (28,33),
and in cancer patients (34). We found that the ASA PS V clas-
sification is associated with a higher incidence of untoward
respiratory and cardiac events during emergency surgery (13).
This finding is similar to that reported elsewhere (25,40,41).
An ASA PS classification greater than 3 was found to be one of
the independent predictors of severe adverse outcome associ-
ated with general anesthesia (27). Univariate analysis showed
a significant correlation between ASA class and perioperative
variables (intraoperative blood loss, duration of postoperative
ventilation, and duration of intensive care stay), postoperative
complications, and mortality rate (32) (Table 40.1).

Univariate analysis demonstrated the importance of the ASA
PS classification in the development of postoperative complica-
tions in the related organ systems. Estimating the increased risk
odds ratio for single variables, it was found that the risk of a
complication was influenced mainly by ASA class, with ASA PS
class IV having a risk odds ratio = 4.2 and ASA class III a risk
odds ratio = 2.2. Thus, it is obvious that ASA physical status
classification is a predictor of postoperative outcome (32).

Among ASA PS V patients, there is a high incidence of death
after diagnostic procedures (13). This is probably related to
the new era in both diagnostic testing and anesthetic care, such
as CT and/or MRI scans of critically ill patients that involve
general anesthesia or anesthesia care and monitoring during
transport and the procedure. The ASA score subjectively cat-
egorizes patients into five subgroups by preoperative physical
fitness. Since inception, it has been revised on several occa-
sions and now also includes an “E” suffix denoting an emer-
gency case (42). ASA classification makes no adjustment for
age, gender, weight, or pregnancy, nor does it reflect the nature
of the planned surgery, the skill of the anesthetist or surgeon,
or the degree of pretheater preparation or facilities for postop-
erative care. While the ASA PS score does not predict risk for
a particular patient or intervention—since underlying fitness is
an important predictor of survival from surgery—the ASA PS
score does have some correlation with outcome. As it is simple
and widely understood, it is commonly used as a part of the
preoperative assessment, and is an easy tool for audit.

In the United Kingdom, patients are coded according to
their ASA and CEPOD (confidential enquiry into periopera-
tive deaths) (43) scores. These describe the patient from the
perspectives of basic risk banding and urgency of surgery. The
scores allow anesthesiologists and surgeons to describe their
workload and outcomes, which may be helpful for audit pur-
poses and outcomes research.

Acut e Physio log y and Chronic He alt h
Evaluat ion Score , Ame rican Socie t y of
Ane st he sio log ist s Classificat ion, and

Ot he r Scoring Syst e ms

Interestingly, prediction of morbidity and mortality by the
Acute Physiology and Chronic Health Evaluation (APACHE)
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TA BLE 4 0 . 1

PERIOPERATIVE VARIABLES IN RELATION TO AMERICAN SOCIETY OF
ANESTHESIOLOGISTS (ASA) CLASSIFICATION

Perioperative variable ASA I ASA II ASA III ASA IV

Duration of operation (h) 1.25 1.3 2.1 1.9
Blood loss, intraoperative (L) 0.08 0.1 0.3 1.5
Postoperative ventilation (h) 1 4 8 47
ICU stay (d) 0.2 1 2 5
Postoperative stay (d) 9 16 21 18
Pulmonary infection (% ) 0.5 2 5 12
Pulmonary complication—other (% ) 0.6 2 4 10
Cardiac complications (% ) 0.1 2 5 18
Urinary infection (% ) 2 5 6 5
Wound infection (% ) 2 4 6 11
Mortality (% ) 0.1 1 4 18

Each variable has a significant difference of p < 0.05 according to Fisher’s exact test or Student’s test
between the ASA I and the ASA II, ASA III, or ASA IV classification. Data from Sidi A, Lobato EB, Cohen
JA. The American Society of Anesthesiologists Physical Status: category V revisited. J Clin Anesth.
2000;12:328–334.

II system, which has only up to an 85% success rate in predict-
ing mortality (44,45), has been compared to the ASA PS score
several times in the last decade. APACHE II was found to be
similar to the ASA PS system in its ability to predict outcome in
nonelderly patients undergoing major surgery (35); APACHE
II may, however, be better in certain groups of ICU patients
(31) and in elderly patients with gastrointestinal bleeding (36).
Comparison of the APACHE II system to other severity clas-
sification scoring systems has been performed (44,46), and is
discussed elsewhere in this textbook.

Cardiac surgery remains a difficult area for outcome pre-
diction in the ICU (45). A combination of intraoperative and
postoperative variables, including the Parsonnet scoring system
and the APACHE II and III scores, can improve predictive abil-
ity. The Parsonnet study (47) demonstrated that it is possible
to design a simple method of risk stratification of open-heart
surgery patients that makes it feasible to analyze operative re-
sults by risk groups and to compare results in similar groups
between institutions.

Card iac Risk and Ane st he t ic Risk in
Int e nsive Care Unit Pat ie nt s

Little information is available regarding the interaction of pe-
rioperative management (including ICU) and clinical outcome
in patients undergoing major surgery such as cardiovascular
and cardiothoracic interventions. Most data are derived from
patients with ischemia undergoing aortocoronary bypass, and
are extrapolated to other groups. Thirty years ago, Goldman
et al. analyzed more than 1,000 patients having undergone ma-
jor noncardiac surgery (48). Using multivariate analysis, they
identified nine preoperative variables that independently corre-
lated with postoperative cardiac complications. Although the
patient population was “noncardiac,” the Goldman Cardiac
Risk Index became popular because of the relative weight and
value assigned to each factor, which facilitated calculation of
“overall cardiac risk.” Eventually, this index was used to quan-
titate preoperative cardiac recommendations.

The scientific validity of this index has been questioned (49),
as was its prediction for adverse cardiac outcome in compar-
ison to the ASA PS classification for noncardiac surgery (50).
The latter work showed that patients undergoing abdominal
aortic aneurysm surgery were at higher risk for cardiac compli-
cation than suggested by the Goldman index. Another study in-
vestigated the utility of the Goldman index in vascular surgery
(51), and found that more cardiac events occurred than it pre-
dicted. Thus, as a tool to plan postoperative management, the
original Goldman index failed in cardiovascular patient popu-
lations.

Another prospective assessment of risk was the one con-
ducted by Detsky et al. in patients undergoing noncardiac
surgery (52,53). Changes in the index were proposed to im-
prove its accuracy. The modified index added risk factors such
as angina, pulmonary edema, and old myocardial infarction
(MI), and deleted the risk factor of major surgery. Detsky et
al. presented a statistical approach to assessing cardiac risk
by converting average risk for patients undergoing particular
surgical procedures (pretest probabilities) to average risks for
patients with each index score (posttest probabilities). The like-
lihood ratios, presented in Table 40.2, convert a given pretest
probability of complications into the posttest probability or
change in risk, based on points assigned by the Detsky index.
A likelihood ratio of more than 1 denotes an incremental risk
over the pretest probability in a given procedure (52).

A more recent evaluation score—the Cardiac Anesthesia
Risk Evaluation (CARE) score—is a simple risk classification
system for cardiac surgical patients (54). It is based on clini-
cal judgment and three clinical variables: comorbid conditions
categorized as controlled or uncontrolled, surgical complexity,
and urgency of the procedure (Table 40.3). This scoring system
can rapidly stratify a patient for the probability of morbidity
and mortality. The multifactorial risk scores of CARE were
also compared to the risk indexes developed for general cardiac
surgical populations in ICU patients by Parsonnet et al. (47),
Tuman et al. (55), and Tu et al. (56). When the CARE score
was compared to these other three multifactorial risk indexes
for prediction of mortality and morbidity after cardiac surgery,
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PERIOPERATIVE CARDIAC COMPLICATION RATIO
ACCORDING TO THE DETSKY CARDIAC RISK INDEXa

Ratio

Class Points Minor surgery Major surgery All surgery

I 0–15 0.4 0.4 0.4
II 15–30 2.8 3.6 3.4
III > 30 12.2 14.9 10.6

a Perioperative cardiac complication ratio, in minor, major, and all
surgery cases, according to the Detsky Cardiac Risk Index. Detsky
presented a statistical approach to assessing cardiac risks by
converting average risks for patients undergoing particular surgical
procedures (pretest probabilities) to average risks for patients with
each index score (posttest probabilities). Data from Detsky AS,
Abrams HB, McLaughlin JR, et al. Predicting cardiac complications in
patients undergoing non-cardiac surgery. J Gen Intern Med.
1986;1(4):211–219; and Detsky AS, Abrams HB, Forbath N, et al.
Cardiac assessment for patients undergoing noncardiac surgery. A
multifactorial clinical risk index. Arch Intern Med. 1986;146(11):
2131–2134.

the CARE score performs as well as multifactorial risk indexes
for outcome prediction in cardiac surgery. Cardiac anesthesiol-
ogists use those scores in their practice and can predict patient
outcome with acceptable accuracy.

These classifications contain variables available in most of
our patients and, like the CARE score, they apply to all cardiac
surgical patients, and not only to those undergoing coronary
artery surgery. Another system was developed in Europe by
Peter and Lutz as an instrument for grading the level of anes-
thetic risk for a patient (57). Twenty parameters are involved
in that scoring system: patient status, nature of the operation,
age, weight, fasting status, consciousness, blood pressure, heart
rate, pulse rate, respirations, renal function, liver function,
blood glucose, electrolytes, hydration, hemoglobin, allergies,
other major diseases, expected operative time, and burns (Ta-
ble 40.4). Patients with a previous myocardial infarction were
compared to those with no prior infarction to determine the
influence of previous infarction on perioperative cardiac com-
plications. Patients with a previous myocardial infarction had
a higher perioperative myocardial infarction rate (3.8% ) than
did those patients with no prior history of myocardial infarc-
tion (0.4% ) (57).

Although good predictive accuracy was found, there are
problems. Measured ejection fraction was not included as an
independent component in multifactorial risk indexes, even
though evidence suggests that the degree of left ventricular (LV)
dysfunction predicts outcome in noncardiac surgery (58). Thus,
the cardiac risk indexes remain imperfect but useful tools for
determining perioperative risk for cardiac events. Additional
cardiac tests should be routinely employed in determining the
individual patient’s current risk status. Indeed, in an editorial,
Goldman recognized that the new techniques and informa-
tion changed the methods for prospective evaluation (59). The
first technical breakthrough was the use of biostatistical anal-
ysis; the second used sophisticated evaluation such as echocar-
diography and scintigraphy to deal with the less well-defined
middle-risk group. The next breakthrough may be utilization
of randomized control trials—a methodologic rather than a
technologic change. Work is ongoing by different investigators

(60) to continuously update the cardiac risk indexes, which
remain important tools in the current era.

In estimating an updated probability, it is quite possible that
the risk indexes derived from a general patient population may
not be accurate or perfectly applicable to more selected patient
samples—such as those patients undergoing cardiac or aortic
surgery, or who are in the ICU. By integrating the patient’s
score on a risk index with the prior probability of major com-
plications in a large population of similar patients, the resulting
“risk estimate” may be superior to the prior probability or the
old risk index alone (Table 40.5).

INTENSIVE CARE UNIT
PROCEDURES: COST SAVINGS

AND PATIENT SAFETY
ICU management of critically ill patients often includes anes-
thesia for minor procedures such as tracheostomy and per-
cutaneous endoscopic gastrostomy (PEG) tube. Although
advances in ICU airway management include percutaneous
tracheostomy, semi-open tracheostomy, and conventional tra-
cheostomy, many critically ill, surgical and injured patients still
receive open tracheostomy in the OR (61). While percutaneous
tracheostomy is performed routinely in many medical ICU set-
tings, in high-risk surgical and trauma patients, often with un-
stable cervical spine injury and tissue edema, direct visualiza-
tion of the cervical structures and trachea is imperative during
tracheostomy. Open tracheostomy and PEG in the ICU can be
undertaken in selected patients as part of a collaborative, mul-
tidisciplinary ICU patient management strategy (61). This is
done to address the risk of patient transport, the inappropriate
use of OR time, and the cost to the patient as part of an effort to
standardize and improve patient care. The OR costs included
basic room fee and charge per minute for general surgery and
anesthesia and the anesthesia professional fee; the ICU costs
included supplies. The surgical professional fee, tracheostomy
tube cost, and gastroscope maintenance were not included in
the analysis. For purposes of analysis, OR tracheostomy and
OR PEG times were defined as 120 minutes and 60 minutes,
respectively, although analysis through the fiscal year yielded
widely divergent average OR times for these procedures. A cost
comparison for individual procedure, total to date, and asso-
ciated cost savings was shown by Knudsen et al. (61). By that
comparison tracheostomy versus PEG had OR costs of $37,000
versus $17,000, ICU costs of $1,300 versus $1,700, and cost
savings of $35,700 versus $15,300, respectively. Although the
study is very small, tracheostomy and PEG placement in the
ICU in selected patients were noted to be safe, avoided pa-
tient travel, improved OR utilization, and yielded a significant
reduction in cost; in this study, there were no complications
(61).

ANALGESIA AND SEDATION IN
THE INTENSIVE CARE UNIT

Princip le s

Sedation is an essential component in the management of in-
tensive care patients. It is required to relieve the discomfort
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CARDIAC ANESTHESIA RISK EVALUATION SCALE (CARE SCORE)

Part A

Parameter Status Group

Cardiac disease Stable A1
Uncontrolled A2
Advanced (end stage) A3

Other medical diseases None B1
One or more controlled B2
One or more uncontrolled B3

Cardiac surgery complexity Noncomplex C1
Complex C2
Undertaken as last hope to save or improve life C3

Urgency of surgery Nonemergency D1
Emergency (surgery performed as soon as diagnosis

is made and an operating room is available)
D2

Part B

Situation Score Risk category

A1 and B1 and C1 1 1
A1 and B2 and C1 2 2
(A2 or B3 or C2) and D1 3 3
(A2 or B3 or C2) and D2 3E 4
(A2 or A3 or B3) and C2 and D1 4 5
(A2 or A3 or B3) and C2 and D2 4E 6
A3 and C3 and D1 5 7
A3 and C3 and D2 5E 8

Part C

Risk category Morbidity (%) Prolonged length of stay (%) Mortality (%)

1 5.4 2.9 0.5
2 10.3 5.1 1.1
3 19.0 8.8 2.2
4 32.1 14.7 4.5
5 48.8 23.5 8.8
6 65.8 35.4 16.7
7 79.6 49.4 29.3
8 88.7 63.6 46.2

Controlled medical problems include:
■ Controlled hypertension
■ Controlled diabetes mellitus
■ Controlled peripheral vascular disease
■ Controlled chronic obstructive pulmonary disease
■ Controlled systemic disease

Uncontrolled cardiac or medical problems include:
■ Unstable angina pectoris treated with intravenous heparin or nitroglycerin
■ Preoperative intra-aortic balloon pump
■ Heart failure with pulmonary or peripheral edema
■ Uncontrolled hypertension
■ Renal insufficiency (serum creatinine > 140 mol/L)
■ Other debilitating systemic disease

(continued )



580 Sect ion III: Techniques, Procedures, and Treatments

TA BLE 4 0 . 3

(CONTINUED)

Part C

Risk category Morbidity (%) Prolonged length of stay (%) Mortality (%)

Complex surgery includes:
■ Reoperation
■ Combined valve and coronary artery surgery
■ Multiple valve surgery
■ Left ventricular aneurysmectomy
■ Repair of ventricular septal defect after myocardial infarction
■ Coronary artery bypass of diffuse or heavily calcified vessels

The Cardiac Anesthesia Risk Evaluation scale (CARE score) is a risk classification system for patients undergoing cardiac surgery. Assessing disease and
surgery status (part A) and risk category according to the combined situation (part B), this scale can be used to assess patients for the probability of
morbidity and mortality (part C).
Data from Dupuis JY, Wang F, Nathan H, et al. The cardiac anesthesia risk evaluation score: a clinically useful predictor of mortality and morbidity
after cardiac surgery. Anesthesiology. 2001;94(2):194–204; and http://www.medal.org/visitor/www/Active/ch31/ch31.01/ch31.01.02.aspx.

and anxiety caused by procedures such as tracheal intubation,
ventilation, suction, and physiotherapy. It can also minimize
agitation and maximize rest and appropriate sleep. Analgesia is
an almost universal requirement for the intensive care patient.
Adequate sedation and analgesia ameliorates the metabolic re-
sponse to surgery and trauma. Too much or too little sedation
and analgesia can increase morbidity.

Sedation in the ICU varies widely, from producing complete
unconsciousness and paralysis to being nursed awake, yet in
comfort. There are many components to the ideal regimen, but
key elements include recognition of pain, anxiolysis, amnesia,
sleep, and muscle relaxation. The following are indications for
sedation:

■ Fear and/or anxiety
■ Difficult sleeping
■ Control of agitation
■ Facilitation of mechanical ventilation/airway management
■ Protection against myocardial ischemia
■ Amnesia during neuromuscular blockade

Although the mainstay of therapy is pharmacologic, other
patient needs are equally important:

■ Good communication with regular reassurance from nursing
staff

■ Environmental control such as humidity, lighting, tempera-
ture, and noise

■ Explanation prior to procedures
■ Management of thirst, hunger, constipation, and full bladder
■ Variety for the patient (e.g., radio, visits from relatives,

washing/shaving)
■ Appropriate diurnal variation—gives pattern to days

An essential goal of all critical care physicians should be
to maintain an optimal level of pain control and sedation for
their patients. This has become increasingly important because
of evidence showing that the combined use of sedatives and
analgesics may ameliorate the detrimental stress response in
critically ill patients. Unfortunately, both pain and anxiety are
subjective and difficult to measure, thereby limiting our ability
to analyze these states and making management more challeng-
ing.

Although there is still a lack of high-quality, randomized,
prospective, controlled trials that compare agents, monitoring
techniques, and scoring systems, several societies have come
together to publish clinical practice guidelines for sedation and
analgesia. Recommended opioids are fentanyl or hydromor-
phone for short-term use, and morphine or hydromorphone for
longer-term therapy. Midazolam or diazepam is recommended
for sedation of the acutely agitated patient, while lorazepam
is recommended for longer infusions. Propofol is preferred
when rapid awakening is desired. The challenge for critical care
physicians is to use these medications to provide comfort and
safety without increasing morbidity or mortality. Most stud-
ies support the use of protocols in order to help achieve these
goals. The bottom line is that most protocols end up stressing
some common issues. These include, when consistent with pa-
tient safety, daily cessation of drugs to evaluate the patient and
frequent reassessment of the level of sedation required by each
specific patient. Much is unknown about the long-term effects
of sedative and analgesic drugs used as infusions from weeks
to months.

Comp licat ions from Pain and Anxie t y

Undertreated pain results in many physiologic responses as-
sociated with poor outcomes (62). Stimulation of the au-
tonomic nervous system and release of humoral factors—
catecholamines, cortisol, glucagons, leukotrienes, prosta-
glandins, vasopressin, and β endorphins—following injury,
sepsis, or surgery represent the “stress response.” This ac-
tivation of the sympathetic nervous system increases heart
rate, blood pressure, and myocardial oxygen consumption,
which can lead to myocardial ischemia or infarction (63). An
altered humoral response can lead to hypercoagulability as
a result of increased level of factor VIII, fibrinogen platelet
activity, and inhibition of fibrinolysis (64). Stress hormones
also produce insulin resistance, increased metabolic rate, and
protein catabolism. Immunosuppression is common with a
noted reduction in number and function of lymphocytes and
granulocytes (65). The stress response has been considered a



Chap t e r 40: Anesthesia in the ICU 581

TA BLE 4 0 . 4

MODIFICATION OF THE ANESTHETIC RISK ASSESSMENT, ACCORDING TO
OPERATION TYPE AND SYSTEM FUNCTIONS (PART A) AND ASSESSING RISK
CATEGORIES (PART B)

Part A: Modification of the Anesthetic Risk Assessment, according to general, system
involvement, diseases, and metabolic parameters

Parameter Finding Points

GENERAL
Status “Status” (in good shape) 0

Ambulant (? walking wounded) 1
Emergency 2

Type of operation Planned, scheduled 0
Urgent 1
Immediate 2

Anticipated operation time ≤ 120 min 0
121–180 min 1
> 180 min 2

Age 0–1 y 1
1–39 y 0
40–69 y 1
70–79 y 2
> 80 y 4

Weight > 50% over 4
30% –50% over 2
10% –30% over 1
Normal (10% over or under) 0
10% –15% under 1
15% –25% under 2
> 25% under 4

Fasting > 6 h 0
1–6 h 1

Allergies None 0
Allergies 1
≤ 1 h 2

CENTRAL NERVOUS SYSTEM
Consciousness Conscious 0

Drowsy 1
Comatose 2

CARDIOVASCULAR SYSTEM
Blood pressure Stable 0

Hypotension 1
Labile hypertension 2
Fixed hypertension 4
Compensated shock 8
Uncompensated shock 16

Heart Healthy 0
Compensated heart failure 1
Decreased cardiac function 2
Myocardial infarction < 2 mo 4
Heart failure 8
Decompensated heart failure 16

Pulse Normal 0
Irregular rhythm 1
Tachycardia 2
Arrhythmias 2
Preventricular contractions 4
Complete atrioventricular block 16

(continued )
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(CONTINUED)

Part A: Modification of the Anesthetic Risk Assessment, according to general, system
involvement, diseases, and metabolic parameters

Parameter Finding Points

PULMONARY SYSTEM
Respirations Normal 0

Dyspnea 1
Bronchitis 2
Pneumonia 4
Respiratory failure 8

OTHER SYSTEMS/DISEASES
Renal function Normal 0

Renal failure 1
Anuria or uremia 2

Liver function Normal 0
Liver failure 1
Hepatic coma 2

Other diseases None 0
Other severe disease 2

Burns None 0
< 15% body surface area (BSA) with no

pulmonary
1

15% –50% BSA with no pulmonary 4
> 50% BSA or pulmonary 8
> 50% BSA and pulmonary 16

METABOLIC FUNCTIONS
Blood sugar Normal 0

Controlled diabetes 1
Uncontrolled diabetes 2

Electrolytes Normal (3 to 5 mmol/L) 0
Hyperkalemia > 5 mmol/L 1
Hypokalemia 2.5–2.99 mmol/L 2
Hypokalemia < 2.5 mmol/L 4

Hydration Normal 0
Dehydrated 4

Hemoglobin > 12.5 g/dL 0
7.5–12.5 g/dL 1
< 7.5 g/dL 2

Part B: Assessing risk categories

Risk score Risk group

0 or 1 I
2 or 3 II
4–7 III
8–15 IV
> 15 V

Risk score = SUM (points for all 20 parameters). Interpretation: minimum score: 0; maximum score: 109.
The higher the score is, the greater the anesthetic risk.
Data modified from Peter K, Lutz H. [Proceedings: preoperative exploration (author’s trans.)]. Langenbecks
Arch Chir. 1973;334:681–687.

beneficial hemostatic mechanism, but more recent data have
shown that this response may be, in part, detrimental. There are
data to suggest that the adequate treatment of pain can decrease
the magnitude of the changes occurring following surgery, and
thereby may decrease postoperative complications (66–69).

The ICU environment can lead to psychological difficulties.
Memories of vivid nightmares, hallucinations, and paranoid
delusions were prominent in studies of ICU patients after dis-
charge (70). Patients who have been sedated and paralyzed
during ventilation have reported experiencing hallucinations,
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POTENTIAL USE OF THE ORIGINAL MULTIFACTORIAL CARDIAC RISK INDEX TO ESTIMATE THE PROBABILITY
OF CARDIAC COMPLICATIONS IN DIFFERENT TYPES OF PATIENTS

Adjusted risk using multifactorial index (%)

Type of patient surgery Baseline risk (%) Class I Class II Class III Class IV

Minor surgery 1 0.3 1 3 19
Major noncardiac surgery 3 1 3.5 10 45
High-risk cardiac surgery 10 3 10 30 75

Baseline or adjusted risk of major cardiac complications.
Class I: 0–5 points; class II: 6–12 points; class III: 13–25 points; and class IV: ≥ 26 points. Adjusted risk was calculated with multifactorial index using
data from Goldman L, Caldera DL, Nussbaum SR, et al. Multifactorial index of cardiac risk in noncardiac surgical procedures. N Engl J Med.
1977;297(16):845–850; Jeffrey CC, Kunsman J, Cullen DJ, et al. A prospective evaluation of cardiac risk index. Anesthesiology. 1983;58(5):462–464;
and Detsky AS, Abrams HB, McLaughlin JR, et al. Predicting cardiac complications in patients undergoing non-cardiac surgery. J Gen Intern Med.
1986;1(4):211–219.

delusions, and an altered sense of reality (71). Although some
procedures can be explained to patients in order to relieve anx-
iety, not all patients requiring interventions during the acute
stage of illness are in a state receptive to reasoning. These expe-
riences result in some patients developing posttraumatic stress
syndromes after their ICU stay (72). Effective therapy for anx-
iety and pain can reduce some of the adverse emotional ex-
periences and decrease the incidence of postoperative neurosis
(73).

ASSESSMENT OF PAIN
AND ANXIETY

Sedative/analgesic dosage of commonly used agents varies be-
tween patients. A valid method for monitoring sedation would
allow sedation to be tailored to the individual. Any scoring sys-
tem should be simple, easily performed, noninvasive, and, most
importantly, reproducible. Physiologic variables, serum con-
centrations of drugs, and neurophysiologic tools such as elec-
troencephalography (EEG), cerebral function analyzing moni-
tor (CFAM), and lower esophageal contractility have all been
used but are both expensive and unreliable. The best systems
are clinically based; six levels of sedation are used:

1. Anxious and agitated
2. Cooperative, orientated, and tranquil
3. Responds to verbal commands only
4. Asleep but brisk response to loud auditory stimulus/light

glabellar tap
5. Asleep but sluggish response to loud auditory stimulus/light

glabellar tap
6. Asleep, no response

Evaluation of the sedation level should be completed hourly by
the ICU nurse, with reduction in frequency as the patient stabi-
lizes. It is suggested that levels 2 to 4 be considered suitable for
patients in the ICU. An increase in the sedation score must
prompt the physician to consider the differential diagnoses
of oversedation, decreased consciousness level due to neuro-
logic/biochemical disorder, or ICU-associated depression. It is
preferable to allow the patient to breathe as soon as possible
on synchronized intermittent mandatory ventilation (SIMV) or
triggered ventilation, such as pressure support. Deep sedation,

with or without paralysis, is reserved for severe head injury,
inadequate oxygen delivery, and diseases such as tetanus.

Pain and anxiety are subject to interpretation, and are diffi-
cult to objectify and monitor from one care provider to another
unless a standard is developed for assessing and monitoring
these states. This is what makes management of sedation in
critically ill patients one of the more challenging areas in ICU
care. For pain, the most widely used scale is the visual ana-
log scale (VAS). Patients point to a number on a horizontal
line that is a representation of the spectrum of pain—from “no
pain” to “ the worse pain I have ever had.” The scale is sim-
plistic and has a high degree of reliability and validity (74),
but ignores other dimensions such as quantitative aspects of
pain. Not all critically ill patients can use the scale because of
the severity of their illnesses. Sometimes bedside nurses have
to use behavioral signs such as facial expressions, movements,
or posturing, or physiologic signs such as tachycardia, hyper-
tension, or tachypnea. Unfortunately, none of these methods is
exact. They depend on cultural interpretation of pain, type of
illness, and use of other drugs that can alter the hemodynamic
or movement parameters.

Monitoring sedation is also inexact, and a true gold stan-
dard has not been established. The Glasgow coma scale (GCS)
is widely used for the assessment of level of consciousness, but
validity is established only in patients with neurologic deficits.
The sedation scale used most commonly worldwide is the 6-
point Ramsay scale (75). The Ramsay scale is a numerical scale
of motor responsiveness based on increasing depth of sedation
(Table 40.6). Most comparative studies have used the Ramsay
scale, but it has drawbacks. Based as it is on motor response,
the scale must be modified for patients receiving muscle relax-
ants and, similar to pain assessment, there is no consensus as
to what represents an adequate level of sedation in an individ-
ual patient. Other scales include the Sedation-Agitation Scale
(SAS) (Appendix 40.1), Pain Intensity Scale (Appendix 40.2),
and Motor Activity Assessment Scale (MAAS) (Table 40.7), but
all have similar drawbacks.

The BIS of the EEG is known to provide information about
the cortical and subcortical regions (76). The BIS scale, based
on a score between 0 and 100, is an index of level of conscious-
ness (77). It is more often used in the OR as an index of depth
of anesthesia. Recently, attempts have been made to extend the
use of BIS into the ICU, but preliminary reports have been
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RAMSAY’S SEDATION SCALE

Level Description

Awake
1 Anxious and/or agitated
2 Cooperative, oriented, and tranquil
3 Responds to commands

Asleep
4 Quiescent with brisk response to light glabellar

tap or loud auditory stimulus
5 Sluggish response to light glabellar tap or loud

auditory stimulus
6 No response

Data from Ramsay MA, Savege TM, Simpson BR, et al. Controlled
sedation with alphaxalone-alphadolone. BMJ. 1974;2(920):656–659.

conflicting because of muscle-based electrical activity or
metabolic or structural abnormalities of the brain in ICU pa-
tients (78,79). More work is required to validate this technique
in the ICU patient, but the theoretical benefits of a noninva-
sive monitor of cerebral function are self-evident. However, to
date, no data have shown that BIS monitoring, when used to
assess depth of sedation, significantly alters patient outcomes
in the ICU (80). Because of the lack of evidence, routine use of
this device was not recommended in the latest clinical practice
guidelines (81).

Comp arisons of Se d at ion Scoring Syst e ms

As discussed above, for the assessment of sedation, several scor-
ing systems have been introduced into clinical practice, but

TA BLE 4 0 . 7

MOTOR ACTIVITY ASSESSMENT SCALE

Motor activity description Motor score

Minimal or no response to noxious stimuli
(suctioning or 5 s of vigorous orbital,
sternal, or nail bed pressure)

0

Responds to physical stimuli, but does not
follow commands

1

Responds to verbal or physical stimuli, but
drifts off again

2

Calm, easily arousable, cooperative, follows
commands

3

Anxious, but calms down on verbal
instructions

4

Requires physical restraints, biting
endotracheal tube (ET), does not calm
down on verbal instructions

5

Dangerously agitated and uncooperative, tries
to remove ET/catheters, striking, thrashing

6

Data modified from Dahaba AA, Grabner T, Rehak P, et al.
Remifentanil versus morphine analgesia and sedation for mechanically
ventilated critically ill patients: a randomized double blind study.
Anesthesiology. 2004;101(2):640–646.

the differentiation of deeper sedation levels in particular re-
mains poor. Auditory-evoked potentials (AEPs), as an objective
method, were compared in assessing level of sedation to five dif-
ferent sedation scoring systems (Ramsay, Cohen, O’Sullivan,
Armstrong, and Cook systems) (75,82–85) and studied in a
prospective clinical study (86). Previous studies have shown
that AEPs, especially latencies of the midlatency component
N b, could serve as an indicator of depth of anesthesia (87).
Using electrophysiologic methods to evaluate sedation during
ICU therapy, changes in latency of peak N b were compared
with various levels of sedation assessed by the five sedation
scoring systems. As in anesthesia, latencies of Nb increased with
increasing depth of sedation. Among the scoring systems, the
one developed by Ramsay correlated best with changes in N b
latency (r2 = 0.68). The coefficient of determination, r2 , of the
other scores ranged from 0.56 to 0.61. Objective electrophys-
iologic monitoring is desirable during long-term sedation.

Se d at ive s Use d in t he Int e nsive Care Unit

The “ ideal” sedative agent should possess the following quali-
ties:

■ Both sedative and analgesic properties
■ Minimal cardiovascular side effects
■ Controllable respiratory side effects
■ Rapid onset/offset of action
■ No accumulation in renal/hepatic dysfunction
■ Inactive metabolites
■ Inexpensive
■ No interactions with other ICU drugs

Such a drug does not exist, and therefore, drug combinations
are usually required. Sedative drugs may be given as boluses
or infusions, although as a rule, infusions are preferable, with
boluses utilized for procedures. Anxiety in the critically ill is
best treated with a benzodiazepine, after adequate treatment of
pain and correction of any reversible causes such as hypoxia,
metabolic abnormalities, treatable neurologic abnormalities,
infections, renal or hepatic failure, or nonclinical seizure ac-
tivity (88). In recent clinical guidelines (81), the recommended
choices have been narrowed to diazepam, lorazepam, mida-
zolam, and propofol. Other drugs are haloperidol—useful for
delirium—and dexmedetomidine, a new α2-receptor agonist,
which is being used for ICU sedation (Table 40.8).

Be nzod iaze p ine s
These are anxiolytic, anticonvulsant, and amnesic drugs, and
provide some muscle relaxation in addition to their hypnotic ef-
fect. Their effects are mediated by depressing the excitability of
the limbic system via reversible binding at the γ -aminobutyric
acid (GABA)–benzodiazepine receptor complex. They have
minimal cardiorespiratory depressant effects, but these are
synergistic with opioids. Rapid bolus doses can cause both
hypotension and respiratory arrest. All benzodiazepines are
metabolized in the liver. The common drugs in this class are
diazepam, midazolam, and lorazepam. Overdose or accumula-
tion can be reversed by flumazenil, the benzodiazepine receptor
antagonist. It should be given in small aliquots—1 mg in 0.2-
mg increments—which may be repeated once in 30 minutes,
as large doses can precipitate seizures. Because of the short
half-life, an infusion may be required.
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SEDATIVES RECOMMENDED FOR PATIENTS IN THE INTENSIVE CARE UNIT

Drug Elimination half-life Peak effect Minimal suggested dosage Recommended infusion dosage

Diazepam 20–40 h 3–5 min 5- to 10-mg bolus Infusion not recommended
Midazolam 3–5 h 2–5 min 1- to 2-mg bolus 0.5–10 mg/h
Lorazepam 10–20 h 2–20 min 1- to 2-mg bolus 0.5–10 mg/h
Propofol 20–30 h 90 s Bolus dose not recommended 25–100 µ g/kg/min
Haloperidol 10–24 h 3–20 min 2- to 10-mg bolus 2–10 mg/h
Dexmedetomidine

(α2-adrenoceptor
agonist)

2 h 1–2 min Bolus dose not recommended 0.2–1 µ g/kg/h

There is wide interpatient variability in the potency, efficacy,
and pharmacokinetics of benzodiazepines, and thus, the dose
must be titrated to the level of sedation. After long-term ad-
ministration, the dose should be reduced gradually, or a lower
dose reinstated if there are withdrawal symptoms (insomnia,
anxiety, dysphoria, and sweating).

Benzodiazepines are administered intermittently (intra-
venous diazepam) or continuously (intravenous midazolam).
The potential advantages of midazolam are its water solubil-
ity, short distribution and elimination half-lives (20 minute and
90 minute, respectively) (89), and lack of long-acting active
metabolites. In contrast, diazepam has an elimination half-life
of 44 hours (90) and its major active metabolite, desmethyl-
diazepam, has a half-life of 93 hours (91). These data are
derived from a single-dose administration in normal subjects;
much of midazolam’s pharmacokinetic advantage is lost when
administered by infusion to critically ill patients (90,92,93). In
ICU patients, midazolam’s elimination half-life may be greatly
prolonged (91), and clinically important accumulation may oc-
cur (94). By using intermittent diazepam, there is a clinical dis-
incentive to overdosage, as administration of each dose is a
deliberate action by the bedside nurse. Continuous infusions
of sedatives are more convenient, but risk oversedation if the
infusion rate is not regularly reduced to test the lower limit of
acceptable sedation. In terms of cost, diazepam has a clear ad-
vantage, being one-tenth the price. Although some may argue
that, because of cost and the prolonged elimination half-life
of midazolam in the critically ill, the standard sedative regi-
men should be intermittent intravenous diazepam, midazolam
is more commonly used in our experience. Both regimens pro-
duced a rapid onset of acceptable sedation, but undersedation
appeared more common with the less expensive diazepam reg-
imen. Additionally, used alone, a sedation score may be an
inappropriate outcome measure for a sedation trial (95).

Prop ofo l (2, 6-Diisop rop ylp he nol)
The mode of action of propofol is thought to be via the GABA
receptor, but at a different site than the benzodiazepines. First
developed as an intravenous anesthetic agent and with a rapid
onset of action, it is metabolized rapidly—both hepatically and
extrahepatically—and is thus ideal for continuous infusion. Re-
covery usually occurs within 10 minutes of discontinuation,
but the agent can accumulate with prolonged use, particularly
in the obese patient. It is solubilized as an emulsion, and the
formulation can cause thrombophlebitis and pain, so it is ide-
ally infused via a large or central vein. Prolonged infusions

can lead to increased triglyceride and cholesterol levels and,
indeed, its use is not licensed in children because of associated
deaths attributable to this drug. A theoretical maximum recom-
mended dose is thus 4 mg/kg/hour. Disadvantages also include
cardiorespiratory depression, particularly in the elderly, septic,
or hypovolemic patient. Infusions may color the urine green.

Ke t amine
Ketamine acts at the N -methyl-D-aspartate (NMDA) receptor.
In subanesthetic doses, ketamine is both a sedative and anal-
gesic. However, it is generally not used because of the increase
in blood pressure, intracranial pressure (ICP), and pulse rate
that may result. It may also cause hallucinations, but these
can be avoided if administered concomitantly with a benzo-
diazepine. It appears not to accumulate and, given its bron-
chodilatory properties, sometimes has a role in severe asthma.
Its use in the ICU is often in conjunction with a narcotic for
synergistic effect.

Et omid at e
Etomidate was historically used in the ICU as an infusion, but is
now no longer used in this manner. For maintenance of hypno-
sis, target concentration of 300 to 500 ng/mL may be achieved
by administration of a two- or three-stage infusion (e.g., 100
µ g/kg/minute for 10 minutes followed by 20 µ g/kg/minute for
30 minutes, and then 10 µ g/kg/minute), since its pharmacoki-
netics are described by a three-compartment model (96). It is
used as a single dose (0.2–0.4 mg/kg) for induction when car-
diovascular stability is desired. Some have ceased using the
agent, even as a single dose, as it has been shown to cause
adrenal suppression, even when used in this manner (97).

Barb it urat e s
Barbiturates such as Pentothal have been used in the ICU, es-
pecially in the management of patients with head injuries and
seizure disorders. They cause significant cardiovascular depres-
sion and accumulate during infusions, leading to prolonged re-
covery times. Pentothal is still used occasionally in critically
high levels of ICP to induce a “barbiturate coma” and in in-
tractable seizure activity.

But yrop he none s and Phe not hiazine
Although classified as major tranquilizers, these agents remain
useful in the ICU, particularly in delirious patients. An aggres-
sive dosing regimen of haloperidol may be particularly useful
in a patient with delirium to promote calm, 2 to 10 mg IV every
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10 to 15 minutes until the desired response is achieved (81).
Haloperidol, in particular, causes minimal respiratory depres-
sion and has less α-blocking tendency than chlorpromazine,
and hence, less hypotension. Significant side effects include pro-
longation of the QT interval, extrapyramidal effects, or neu-
roleptic malignant syndrome—and hence, haloperidol must be
used with caution. Special care must be taken when using this
agent with erythromycin, which may, in itself, prolong the QT
interval.

Clonid ine
This is the most well known of the α2 agonists, but also has
α1-agonistic properties. A more specific agonist is dexmedeto-
midine; however, it is expensive and uncommonly available at
present. It is particularly useful in patients with sympathetic
overactivity such as alcohol withdrawal and tetanus, as it in-
hibits catecholamine release. Clonidine also is synergistic with
opioids and acts at the spinal cord to inhibit nociceptive inputs,
thus imparting analgesia. It is contraindicated in hypovolemia
and can cause hypotension, bradycardia, and dry mouth.

Volat ile Ag e nt s
Isoflurane has been used in concentrations of up to 0.6% and
produces good long-term sedation, with minimal cardiorespi-
ratory side effects and rapid awakening. Scavenging and pol-
lution are a problem, as is incorporating the vaporizer into
the ventilator. Although rarely used anymore, free fluoride
ions from metabolized methoxyflurane can cause renal fail-
ure. More recently, desflurane has been shown to be effective
in sedation, with rapid offset of effects.

Analg e sics

Pain in the critically ill is best treated with a pure opioid ago-
nist. The commonly available opiates all work at the µ recep-
tors, so that the selection of the agent used should be based on
pharmacokinetic characteristics. In a recent clinical guideline
(81), the recommended choices have been narrowed to mor-
phine, fentanyl, and hydromorphone. As the use of meperidine
(pethidine), nonsteroidal anti-inflammatory drugs (NSAIDs),
and mixed opioid agonist-antagonist agents are discouraged
due to potential adverse effects, their use is not discussed. How-
ever, drugs such as morphine, a long-acting opioid that can be
given parenterally or enterally, and ketamine, a sedative drug
with analgesic qualities, are discussed at the end of this section
because they do have specific advantages in the ICU patient,
and can be used for the difficult to sedate patient. Table 40.9

lists some of the recommended drugs and their minimal sug-
gested dosages for the treatment of pain.

Morphine, a long-acting opioid recommended by the con-
sensus conference as the preferred analgesic agent for the criti-
cally ill, is the most frequently used intravenous analgesic agent
in the ICU (98). Remifentanil hydrochloride is a potent µ -
receptor agonist with unique features of rapid onset and rapid
predictable offset of action (99), which makes it quickly ad-
justable to the required level of sedation. This agent may be
a useful tool for sedation and analgesia in postsurgical ICU
patients.

Drug s Use d for Analg e sia/ Se d at ion
in t he Int e nsive Care Unit

Remifentanil. Remifentanil, an ultra-short-acting opioid me-
tabolized by nonspecific tissue and blood esterases, has a rapid
onset of action and does not accumulate after infusions even
in organ dysfunction. It is, however, very expensive and can
cause significant bradycardia. The efficacy and safety of a
remifentanil–midazolam regimen versus a standard morphine–
midazolam combination in short- and medium-term mechan-
ically ventilated ICU subjects was recently compared (100).
Remifentanil dosing was based on recommendations from a
previous study evaluating remifentanil analgesia and sedation
in mechanically ventilated ICU patients (101), whereas doses
of morphine and midazolam were based on guidelines issued
by the Society of Critical Care Medicine (98). The primary
end point of the study (100) was to compare the efficacy of
the two regimens, defined as the mean percentage of hours of
the Sedation Agitation Scale (SAS) score (102) of 4 (Appendix
40.1). A remifentanil-based regimen was found to be more ef-
fective in providing optimal analgesia/sedation than a standard,
morphine-based regimen. The remifentanil-based regimen al-
lowed a more rapid emergence from sedation and facilitated
earlier extubation. The agent is relatively expensive.

Morphine. Morphine is very commonly used and is the drug
against which all other opioids are measured. The analgesic
dose is highly variable, and may be delivered as an intermittent
bolus—although there are problems with peak and trough ef-
fects but less accumulation—or as a continuous infusion. Mor-
phine is primarily hepatically metabolized to two products:
Morphine-3-glucuronide and morphine-6-glucuronide; both
are excreted renally and may accumulate in renal dysfunction.
The latter metabolite has independent, long-lasting sedative ac-
tivity.

Morphine has minimal cardiovascular side effects unless
given as a large bolus to hypovolemic patients or resultant from
histamine release. It is relatively contraindicated in asthma and
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ANALGESICS RECOMMENDED FOR PATIENTS IN THE INTENSIVE CARE UNIT

Drug Elimination half-life Peak effect: intravenous Minimal suggested dosage Recommended infusion dosage

Morphine 2–4 h 30 min 1- to 4-mg bolus 1–10 mg/h
Fentanyl 2–5 h 4 min 25- to 100-µ g bolus 25–200 µ g/h
Hydromorphone 2–4 h 20 min 0.2- to 1-mg bolus 0.2–2 mg/h
Ketamine 2–3 h 30–60 s 100- to 200-µ g/kg bolus 1–2 µ g/kg/min
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renal failure, and should be given in small increments in uncor-
rected hypovolemia. However, its use in renal failure is accept-
able as long as the dosing interval is increased or the infusion
rate reduced. Normal duration of action after a single dose is
about 2 hours. As with all opioids, care should be taken in
patients with hepatic failure.

Fentanyl. Fentanyl is a potent synthetic opioid derived from
meperidine (pethidine). While it is considered a short-acting
opioid with a rapid onset, after prolonged infusion the duration
of action approaches that of morphine, although it does not
accumulate in renal failure. It does not cause histamine release
and is suitable for analgesia in the hemodynamically unstable
patient.

Alfentanil. Alfentanil is a relatively expensive synthetic opioid
with an onset of action about five times faster than fentanyl,
due to the small volume of distribution, but is not as prone to
accumulation as it is less lipid soluble. The duration of action
is about one-third that of fentanyl and it, too, is safe in renal
failure. Alfentanil has minimal cardiovascular effects and is
a potent antitussive agent. Although not particularly sedating,
alfentanil does possess many of the qualities desired of the ideal
ICU analgesic.

Other agents include meperidine, which is not suitable for
use in infusions, as the metabolite, normeperidine, may accu-
mulate and cause convulsions. Naloxone is a specific recep-
tor antagonist working at the OP3 (old µ ) receptor; it com-
pletely abolishes the effects of all opioids at this site. The dose
should be titrated slowly at the risk of unmasking arrhythmias
or seizures in certain patients.

α 2-Adrenoceptor Agonists. Clonidine and dexmedetomidine
cause sedation, anxiolysis, and amnesia by their action at the
central α2 adrenoceptors, and also have the advantages of not
causing respiratory depression, in addition to their significant
anesthetic-sparing effect (103). Dexmedetomidine is the newer
agent, and has a greater specificity for the α2 adrenoceptor
than clonidine. It has an elimination half-life of 2 hours, and
is metabolized in the liver to methyl and glucuronide metabo-
lites. Its clearance is reduced in liver failure, and it inhibits the
CYP2D6 component of the enzyme cytochrome P450 (CYP)
(104). Clonidine has been investigated in head-injured patients
for its role in reducing catecholamine release and causing cere-
bral vasoconstriction, rather than as a sedative. There are con-
flicting studies regarding its effect on ICP, cerebral blood flow
(CBF), or cerebral metabolism in head-injured patients (105).

Ot he r Ag e nt s

Ne uromuscular Blocking Ag e nt s
In some patients, muscle relaxation may be needed in addition
to sedation and analgesia. It is vital to remember that neu-
romuscular blocking agents (NMBAs) have no effect on con-
sciousness or comfort, and should be avoided if possible. There
are no standard clinical techniques to monitor the level of con-
sciousness in the patient receiving NMBAs, so it is necessary to
give generous doses of sedative drugs. Use of NMBAs has fallen
from about 90% of patients in the 1980s to 10% of patients
in the 1990s in Europe and the United Kingdom (106–108).

Some NMBAs used in anesthesia have limited ICU use. For
example, succinylcholine (suxamethonium) is used predomi-
nantly during emergency tracheal intubation, but a resultant
rise in serum potassium must be expected, which makes it par-
ticularly inappropriate for use in cases of renal failure. Exces-
sive potassium release also occurs after 48 hours in extensive
burns and spinal cord injury. Pancuronium, on the other hand,
is long acting, but may cause undesirable tachycardia; it may
also accumulate in renal failure. Vecuronium is an analogue
of the aminosteroid pancuronium, but causes minimal cardio-
vascular side effects. It is suitable for intubation and infusion.
The dosage for intubation is 0.1 mg/kg as a bolus, while the
continuous infusion is 1 to 2 µ g/kg/minute as an infusion; the
drug may accumulate in renal failure.

Atracurium is a benzylisoquinolinium agent metabolized
by ester hydrolysis and Hoffman (spontaneous) elimination.
Its metabolites are inactive and do not accumulate in renal
or hepatic dysfunction. Histamine release occasionally occurs
with boluses, but recovery occurs predictably within 1 hour,
regardless of the duration of infusion. The intubating dose is
0.5 mg/kg, and the infusion dose is 4 to 12 µ g/kg/minute.

Monitoring of NMBAs is performed using an ulnar nerve
stimulator to follow the train-of-four count at the thenar em-
inence. Clinical monitoring such as cardiovascular reflexes to
noxious stimuli should also be observed. Full “surgical” relax-
ation may not be necessary.

Prob le ms wit h Re laxant s
■ The patient may be aware as a result of inadequate sedation.

This can be evaluated by withdrawing muscle relaxants for
a time period to allow recovery of muscular function.

■ Accumulation may occur, especially with aminosteroids in
acute renal failure (ARF), with prolonged paralysis after dis-
continuation.

■ Severe myopathy and/or critical illness polyneuropathy oc-
casionally occurs (especially with use of corticosteroids).

■ There is a loss of protective reflexes.
■ There is a tendency to oversedate.
■ There is enhanced paralysis from other common ICU situa-

tions such as hypokalemia, aminoglycoside antibiotics, and
hypophosphatemia.

THE PRACTICE: GLOBAL
PRACTICES AND PRACTICE

GUIDELINES
As noted above, a variety of pharmacologic agents can be used
for the treatment of pain and anxiety. Although recommenda-
tions have been made for sedation and analgesic regimens in
the ICU, practice continues to vary widely between different
ICUs. Several studies have attempted to characterize interna-
tional practices by sending out surveys and questionnaires. In
Europe, 63% of participants used midazolam often or always
for patients requiring sedation, followed by 35% who used
propofol and 9% who used haloperidol often or always for
ICU patients (106). Use of narcotics was more evenly divided,
with one third using morphine often or always, one third us-
ing fentanyl, and one fourth using sufentanil. Only 43% of the
European ICUs used a sedation scale. When a scale was used,
the Ramsay scale was used 74% of the time (106).
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In Denmark, midazolam and propofol were used more fre-
quently than diazepam (100% , 92% , and 24% , respectively)
(107). For analgesia, the preferred drugs were morphine (94% ),
fentanyl (76% ), and sufentanil (43% ). Only 16% of the ICUs
used a sedation scale, but they all used the Ramsay scale if one
was used (107). In England, propofol was slightly more popular
than midazolam, while almost no ICUs used lorazepam (108);
after 72 hours of sedation, midazolam infusions are more pop-
ular. Analgesic usage included morphine, alfentanil, and fen-
tanyl, in that order. A sedation scale was used in 67% of ICUs
but, while the Ramsay scale was still the most popular, almost
one third of the ICUs used another scoring system (108). Over-
all, although differences do exist between countries (98,109),
most ICUs around the world are using similar drugs for pain
and sedation. Almost all recognized the importance of ade-
quate analgesia and anxiolysis, and very few used neuromus-
cular blocking agents, unless required for specific indications.
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CLINICAL PRACTICE GUIDELINES FOR SEDATION
AND ANALGESIA FROM THE SOCIETY OF CRITICAL
CARE MEDICINE AND AMERICAN COLLEGE OF
CRITICAL CARE MEDICINE

PAIN
1. An assessment of pain and the response to therapy should

be regularly assessed using an appropriate pain scale.
2. Therapeutic plans and goals should be developed for all

patients.
3. Recommended intravenous opioids are fentanyl for acute

distress, fentanyl or hydromorphone for patients with
hemodynamic instability or renal insufficiency, and
morphine and hydromorphone for longer-term therapy.

4. Scheduled doses or continuous infusions are preferred over
intermittent boluses.

5. Nonsteroidal anti-inflammatory drugs and acetaminophen
can be useful adjuncts, but beware of renal insufficiency or
gastrointestinal bleeding.

SEDATION
1. Treatment of pain and other reversible causes should be

conducted before sedating an agitated patient.
2. A treatment plan/goal should be established for each

patient; therapy should be assessed with a sedation scale.
3. Midazolam or diazepam is useful for the acutely agitated

patient.
4. Propofol is preferred when rapid awakening is crucial;

triglyceride levels should be monitored for > 2 d of
continuous infusions.

5. Lorazepam is recommended for longer infusions.
6. Doses should be tapered daily to assess underlying mental

status, and sedation protocols can be helpful and beneficial.
7. Haloperidol is the preferred agent for the treatment of

delirium.

Data from De Deyne C, Struys M, Decruyenaere J, et al. Use of
continuous bispectral EEG monitoring to assess depth of sedation in
ICU patients. Intensive Care Med. 1998;24(12):1294–1298; and
Jacobi J, Fraser GL, Coursin DB, et al. Task Force of the American
College of Critical Care Medicine (ACCM) of the Society of Critical
Care Medicine (SCCM), American Society of Health-System
Pharmacists (ASHP), American College of Chest Physicians clinical
practice guidelines for the sustained use of sedatives and analgesics in
the critically ill adult. Crit Care Med. 2002;30(1):119–141.

The use of a sedation score seems to be gaining popularity, but
a consensus as to the optimal level of sedation is lacking. Fur-
ther work will be needed to see if the use of these scores can
improve ICU morbidity and mortality.

The Society of Critical Care Medicine (SCCM) and the
American College of Critical Care Medicine (ACCM), in 1995,
published clinical practice guidelines for sedation and analge-
sia for the critically ill patient (109). These two societies have
joined with the American Society of Health System Pharma-
cists (ASHP), and they have recently published revised clinical
practice guidelines (82) (Table 40.10).

SEDATION PROTOCOLS
The challenge for critical care physicians who use analgesics
and sedatives is to provide patient comfort and safety without
increasing morbidity and mortality. Because of the variety in
practice styles, pathways to standardize patient care have at-
tracted attention. From a mechanical ventilation standpoint,
weaning protocols have been shown to improve efficiency, re-
duce resource utilization, improve patient outcomes, reduce
overall ICU expenditures, and decrease the frequency of tra-
cheostomies (110).

For sedation, there have been two prospective, randomized,
controlled trials examining the effects of sedation protocols in
the intubated patient. Brook et al. randomized 321 medical
ICU patients to a nurse-implemented sedation protocol or to
standard care (111). They showed that the protocol group had
shorter mechanical ventilation time, length of stay, and tra-
cheostomy rates. Kress et al. also studied medical ICU patients,
but their protocol group had sedation infusions interrupted
daily for a “wake-up test,” and the sedation was restarted at
half the previous dose (112). The control group did not have
scheduled daily decreases in the infusion rate, and care was left
to the discretion of the ICU team. This group of investigators
also found a statistically significant shorter duration of me-
chanical ventilation and length of ICU stay in the intervention
group.

On the basis, in part, of the above data, recent clinical guide-
lines recommend that a sedation protocol be instituted and that
it include daily cessation, and patient-specific targeted goals, of
sedation and analgesia administration (81).

To provide the highest quality of patient care, the inten-
sivist must constantly review treatment of sedation regimens in
search of “‘best practice.” While randomized controlled trials
(RCTs) are considered the gold standard for the evaluation of
competing treatments, these have nevertheless been criticized,
as strict inclusion and exclusion criteria may exclude the very
patients who clinicians are obliged to treat (113). The conduct
of trials in the ICU is further complicated by the varying case
mix between different units so that the results of even perfectly
conducted studies may not be relevant to a unit with a different
case mix. As a result, it becomes necessary to develop protocols
and systems for examining practice in one’s own unit (95).

Daily Int e rrup t ion of Se d at ion Prot ocols

Continuous sedation for patients undergoing mechanical ven-
tilation is a double-edged sword. On the one hand, it may pro-
mote comfort and reduce agitation; on the other hand, it may
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prolong the duration of mechanical ventilation and interfere
with assessment of neurologic status. The administration of
sedative drugs by continuous infusion offers a more consistent
level of sedation than intermittent bolus administration, and
thus may improve patient comfort (114). Adequate sedation is
often difficult to achieve with intermittent administration, and
such regimens can be taxing on nurses and can hamper other
aspects of patient care (115–117). However, a potential draw-
back to continuous infusions is the accumulation of the drug
and the accompanying delays in the improvement of mental
status. It is hypothesized that daily interruption of the sedative
infusion will decrease these problems (112).

Care of critically ill patients is costly. In the United States in
1997, approximately $80.8 billion was spent on intensive care
(118), and about 10% of this amount was spent on drugs (119).
Ten to fifteen percent of the drug costs resulted from the pur-
chase of sedative agents (120). Thus, a conservative estimate of
the yearly cost of sedative drugs administered in intensive care
units in the United States in 1997 (121) is between $0.8 billion
and $1.2 billion; the cost may be higher if the use of sedative
drugs increases the duration of mechanical ventilation and the
length of stay in the intensive care unit.

Daily interruption of the infusion of sedative drugs short-
ened the duration of mechanical ventilation by more than
2 days and the length of stay in the intensive care unit by
3.5 days (112). Compared with the control group, the group
assigned to daily interruption of sedation had a significantly
shorter median duration of mechanical ventilation (7.3 vs. 4.9
days) and a significantly shorter median length of ICU stay
(9.9 vs. 6.4 days) (112). Reducing the duration of mechani-
cal ventilation will probably cut costs—both direct costs and
those related to complications of mechanical ventilation, such
as ventilator-associated pneumonia and barotrauma. Daily in-
terruption of the sedative infusion is a practical, cost-effective
intervention that can be readily performed by the nurses caring
for patients in the ICU. The results of neurologic assessments
can then be relayed to physicians, and infusions of sedative
drugs can be restarted and adjusted as needed by the nurses.
These results suggest that daily interruption of the sedative in-
fusion provides acceptable sedation while minimizing adverse
effects.

In addition, daily interruption of the sedative infusion re-
duced the total dose of midazolam administered by almost half
(112). A trend toward using lower doses of benzodiazepines
has previously been reported (122,123) and is at least partly
related to the concomitant administration of opiates such as
morphine. Benzodiazepines may enhance the analgesic effects
of morphine (124), and this synergism may decrease the doses
of benzodiazepines needed to achieve adequate sedation. In the
above-mentioned study, daily interruption of the sedative infu-
sion did not alter the doses of propofol administered (112).
The concentration of propofol in plasma declines rapidly after
administration is discontinued (125), which is probably why
the daily period of drug stoppage in the intervention group
was shorter among patients assigned to propofol than among
those assigned to midazolam. Despite this difference, the pa-
tients were awake on more than 80% of days in both the inter-
vention subgroups; this percentage did not differ according to
the sedative agent used. In addition, there were no differences
in the duration of mechanical ventilation or the length of stay
in the intensive care unit when patients were grouped accord-
ing to the sedative they received. However, the percentage of

patients successfully discharged to their homes was greater in
the group assigned to daily interruption of infusions than in
the control group (112).

One drawback to continuous intravenous sedation is im-
paired mental status (126), which may prevent the early de-
tection of neurologic dysfunction resulting from new insults.
Stopping the sedative infusion for a period during each day
is a simple way to improve the clinician’s ability to perform
daily neurologic examinations. Avoiding unnecessary diagnos-
tic studies may reduce the rate of complications related to
the transport of patients (127,128), in addition to reducing
costs.

In conclusion, daily interruption of the infusion of sedative
drugs is a safe and practical approach to treating patients who
are mechanically ventilated. This practice decreases the dura-
tion of mechanical ventilation, ICU length of stay, and doses of
benzodiazepines required. It also improves the ability of clini-
cians to perform daily neurologic examinations and reduces the
need for diagnostic studies to evaluate unexplained alterations
in mental status.

The guidelines for mechanically ventilated adults can be in-
corporated in three pathways: according to the level of pain,
anxiety, or refractory sedation/delirium (129) (Fig. 40.1). Es-
sential to the guidelines is the method of assessing sedation—
that is, the Ramsay scale. The goal of the sedation algorithm is
to maintain patients at a Ramsay score of 2 to 3. Achieving the
appropriate level of sedation in a patient may be as simple as
administering a midazolam bolus and a scheduled lorazepam
dose, or may require the use of multiple agents. Once a patient
is adequately sedated, therapy can be converted to a scheduled
longer-acting lorazepam dose within 24 hours if he or she re-
quires a midazolam or propofol infusion (Table 40.11). These
guidelines use pathways that address pain and delirium, both
reasons why patients often continue to be agitated and unre-
sponsive to sedation. Midazolam and propofol are restricted to
use in short-term sedation (less than 24 hours). Lorazepam can
be the preferred agent for long-term sedation in critically ill pa-
tients. All patients are converted to lorazepam after 24 hours.
Midazolam can still be used for loading doses in unresponsive
patients receiving lorazepam or other sedatives.

Dose s of Se d at ion Drug s

Dosing Alg orit hm
As mentioned above, the variety in practice styles and the path-
ways used to attempt to standardize patient care, choose drugs,
and titrate doses can be very complicated and confusing. An
example for choosing a dosing algorithm is outlined in the flow
chart (Fig. 40.2) (100).

Dose s of Se d at ion and Analg e sic Drug s

The loading dose, boluses, maintenance dose, and onset and
duration of common sedating and analgesic drugs are outlined
in Tables 40.12 and 40.13. One can see that those doses are
very similar and comparable to conscious-sedation drugs. The
loading dose, maintenance dose, and plasma level of common
drugs used for conscious sedation are presented in Table 40.14.
The doses used in various procedures are also comparable to
those used in ICU patients, and are presented in Table 40.15.
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LORAZEPAM CONVERSION GUIDE

Lorazepam IV starting dose

Drug (infusion rate) Infusion rate Infusion rate (mg/h) Bolus (mg q2h)

Propofol (mg/kg/h) > 30 4 8
15–30 2 4
< 15 — 2

Midazolam (mg/h) > 8 4 8
4–8 2 4
< 4 — 2

Data modified from Shah S. ICU Analgesia/Sedation Guidelines Created. Current Topics from the Drug
Information Center, College of Pharmacy, University of Kentucky; 2000;30(1):1–4.

Assess the patient 
Sedation Anxiety Score (SAS) ≥3 

↓↓↓

Objective & subjective: 
DELIRIUM 

Refractory sedation, random  
movements,  

illusions, hallucinations  

Subjective assessment: 
ANXIETY 

Feelings – 
Apprehension, threatened  

Objective assessment: 
PAIN 

Physiologic signs –   
HR, BP, sweat, pupils, facial 

↓↓↓
Haloperidol
Boluses q1/2h 

when Ramsay score ≤3 
boluses q6h  

• Moderate (2–5 mg) 
• Severe (5–10 mg)  

Midazolam 
• Load 1–5 mg  

 ↑

↑

↑

↑ Lorazepam     
•  Load (2–8 mg q1/2h) 
• Maintenance: (2–8 mg 2h) 

 

Morphine  
• Boluses (2–10 mg q3h) 
• Infusion (2 mg/h) 

↓↓↓
Dosing range 20–80 

mg/d
Midazolam rebolus 2–10 mg 

q1/4h 
Increase rate by 1–2 mg/h q6h 

Dosing range 2–10 mg/h 

Rebolus 2–6 mg q1/2h 
Increase rate by 1–2 mg/h q2h 

Dosing range 3–20 mg/h 

↓↓
If SAS ≥3, start 

midazolam infusion 
2–5 mg/h    10 mg/h@ 

If SAS ≥3, add 
propofol 5 µg/kg/min rate 
Add 5–10 µg/kg/min q1/4h 
Range 5–50 µg/kg/min 

Max rate 4 mg/kg/h  
↓↓

If SAS ≥3, start 
opioid infusion 

 (PAIN pathway) 

If hemodynamic instability 
fentanyl 50–100 µg/kg bolus 

@100 µg/h infusion 
Increase rate 50–100 µg/h q1h 

500 µg/h  
↓↓

If SAS ≥3, start 
haloperidol 

(DELIRIUM pathway) 
↓

If SAS ≥3, start 
propofol 

FIGURE 40.1. Guidelines for sedation and analgesia in the
intensive care unit.
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Start with 
O-infus ion ra te  of 

6 mL/h

Check SAS

Mainta in current 
infus ion ra tes

SAS = 4
no yes

no yes

no yes

yes no

yes no

SAS >4

Decrease  O-infus ion 
by 1 mL/h

M-infus ion 
running

Increase  O-infus ion 
by 1 mL/h

O-infus ion ra te  
≥8 mL/h

Give  M-bolus  
of 5 mL

M-infus ion 
running

Decrease  M-infus ion 
by 25% of s ta rt ra te

Increase  M-infus ion 
by 25% of s ta rt ra te

O-infus ion:   Opioid infus ion (morphine  or remifentanil) 
O-bolus :       Morphine  bolus  or placebo bolus  (remifentanil group) 
M-infus ion:   Midazolam infus ion 
M-bolus :       Midazolam bolus  

Whenever Pa in Intens ity Score  exceeded 2, an O-bolus  of 5 mL was  given and O-infus ion 
was  increased by 1 mL/h irrespective  of the  SAS a t tha t time.

S ta rt 
M-infus ion

Give  O-bolus  
of 5 mL

FIGURE 40.2. Flow chart of the study of opi-
oid (remifentanil or morphine) and midazo-
lam dosing algorithms. SAS, Sedation Anxiety
Score. (From Dahaba AA, Grabner T, Rehak P,
et al. Remifentanil versus morphine analgesia
and sedation for mechanically ventilated crit-
ically ill patients: a randomized double blind
study. Anesthesiology. 2004;101[3]:640–646.)

SPECIAL PROBLEMS IN INTENSIVE
CARE UNIT SEDATION

Se d at ion for t he Ne urosurg ical Pat ie nt in
t he Ne uroint e nsive Care Unit

Cont e xt for Use of Se d at ion in He ad Injury
Following head injury, sedation may be instituted in emergency
situations in the prehospital phase. More commonly, it is insti-

tuted in the emergency department, usually to allow for airway
control. Continued use may be required in the short term (e.g.,
to allow an agitated patient to undergo radiologic imaging). It
may also be required over the longer term in the neurointensive
care unit (NICU). Sedation in the NICU is required to provide
the amnesia, anxiolysis, and compliance with treatment that
is required in any ICU. Additionally, it may represent an in-
trinsic part of the management of the head-injured patient by
reduction of cerebral metabolism, with coupled reductions in
cerebral blood volume (CBV) and, hence, ICP. Such agents may
also be required for the control of refractory acute, posttrau-
matic epilepsy.
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TA BLE 4 0 . 1 3

THE LOADING DOSE, BOLUSES, MAINTENANCE DOSE, ONSET, AND DURATION OF COMMON ANALGESIC
DRUGS

Dose

Drug Infusion Bolus Pediatric use Comments/ indications

Morphine 1 mg/h 2–5 mg 0.5 mg/kg in 50 mL
normal saline (N/S)

Infuse 1–4 mL/h

Histamine release
Accumulates especially in renal failure

Fentanyl 1–3 µ g/kg/h 50–100 µ g 50 µ g/kg in 50 mL N/S
Infuse 1–4 mL/h

Less histamine release
Less accumulation in renal failure

Alfentanil 1–5 mg/h 0.5–1 mg NA Expensive
Short acting and little accumulation

Pentothal 50–250 mg/h 1–2 mg/kg NA Use in epilepsy/raised intracranial pressure
Very prolonged wakeup

Prop e rt ie s of t he Id e al Se d at ive Ag e nt

The concept of the “ ideal” sedative agent must be modified for
use in the NICU. Traditional properties of the ideal sedative
and the additional demands made by neurointensive care are
specified in Table 40.16 and Figures 40.3 and 40.4. Perhaps
more so than in any other critical care setting, there is a need
for ease of ability to titrate agents for sedation in head injury.
Such patients may require rapid increases in sedation levels to
cover clinical procedures or other stimuli that could result in
dangerous ICP elevations if left untreated. Other patients may
require high doses of sedatives to achieve metabolic suppres-
sion.

On the other hand, there may be a clinical need to achieve
a rapid reversal of sedation to enable neurologic evaluation.
These considerations underline the need for drugs that have
not only a rapid onset, but also a rapid offset. Commonly
used agents, such as sodium thiopental (thiopentone) and fen-
tanyl, have short-lasting effects when used as a single bolus.

TA BLE 4 0 . 1 4

DOSAGES OF DRUGS FOR CONSCIOUS SEDATION

Loading dose Maintenance infusion
Drug (µ g/kg) rate (µ g/kg/min) Plasma drug level

Thiopental 1,000–3,000 100–300 8–4 µ g/mL
Methohexital 250–1,000 10–50 2–5 mg/mL
Diazepam 50–150
Midazolam 25–100 0.25–1 40–100 ng/mL
Droperidol 5–17
Propofol 250–1,000 10–50 1–2 µ g/mL
Ketamine 500–1,000 10–20 0.1–1 µ g/mL
Etomidate 100–200 7–14 100–300 ng/mL
Fentanyl 1–3 0.01–0.03 1–2 ng/mL
Alfentanil 10–25 0.25–1 25–75 ng/mL
Sufentanil 0.1–0.5 0.005–0.01 0.02–0.2 ng/mL

Reproduced from Greenberg CP, DeSoto H. Sedation techniques. In: Twersky RS, ed. The Ambulatory
Anesthesia Handbook . St. Louis: Mosby Yearbook; 1995.

However, cessation of drug action in these settings is achieved
by rapid redistribution of the drug to a large volume of distri-
bution (Vd), rather than by rapid drug metabolism or elimi-
nation. Repeated doses, or prolonged infusions, of such agents
may saturate the Vd, and the drug effects—which are now crit-
ically dependent upon clearance rather than redistribution—
may be significantly prolonged. The dependence of offset of
drug effects on the duration of therapy has led to the con-
cept of context-sensitive half-time, which takes account of
the cumulative effects of drugs with prolonged administra-
tion (Fig. 40.5) (130). Thus, the most desirable agents are
those with a short duration of action as a consequence of
rapid excretion or metabolism—with no active metabolites—
and show little or no prolongation of their duration of ef-
fect with increases in duration of administration. Even short-
acting agents, such as propofol and alfentanil, may show some
prolongation of effect with long-term use (Fig. 40.6). Per-
haps the only current agent that seems substantially immune
to this phenomenon is remifentanil (Fig. 40.6, Table 40.17)
(131).
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TA BLE 4 0 . 1 5

INTRAVENOUS BOLUS SEDATION TECHNIQUE

PROCEDURE DRUG

Dental Alphaprodine 30 mg,
Atropine 0.6 mg,
Hydroxyzine 50 mg,
Methohexital 30–60 mg

Dental/ear–nose–throat Diazepam 10–20 mg,
Fentanyl 50-µ g

increments,
Scopolamine 0.25 mg

Oral surgery Midazolam 0.12 mg/kg,
Fentanyl 100 µ g

Neuroradiology Midazolam 2.5–20 mg,
Fentanyl 50–300 µ g
or
Propofol 100–150 mg,
Fentanyl 50–125 µ g

Endoscopy Diazepam 10 mg,
Meperidine 50–75 mg
Midazolam 0.05 mg/kg,
Alfentanil 5 mcg/kg

Multiple ambulatory
surgery procedures

Midazolam 2–3 mg
Alfentanil 250–500 µ g
or
Fentanyl 50–100 µ g,
Methohexital 20–30 mg
or
Propofol 10–20 mg

Reproduced from Greenberg CP, DeSoto H. Sedation techniques. In:
Twersky RS, ed. The Ambulatory Anesthesia Handbook . St. Louis:
Mosby Yearbook; 1995.

TA BLE 4 0 . 1 6

CHARACTERISTICS OF AN IDEAL SEDATIVE USED ON
THE NEUROINTENSIVE CARE UNIT

GENERAL REQUIREMENTS
■ Good-quality sedation
■ Rapid onset and offset of action
■ Noncumulative
■ No systemic adverse effects
■ Inexpensive

NEUROINTENSIVE CARE REQUIREMENTS
■ Maintain cerebral autoregulation and cerebrovascular

response to PaCO 2
■ Reduce CMRO 2, to an extent that provides an isoelectric

or burst-suppressed EEG
■ Reduce CBV and hence ICP
■ Reduce seizure activity
■ Have rapid offset of action to enable neurologic assessment
■ Result in rapid changes in CNS depression in response to

changes in dose

PaCO 2, partial carbon dioxide pressure; CMRO 2, cerebral metabolic
rate; EEG, electroencephalogram; CBV, cerebral blood volume; ICP,
intracranial pressure; CNS, central nervous system.

Pat t e rn of Se d at ive Use

Many different sedatives have been used over the years in the
NICU. A survey of sedative use in the United Kingdom and Ire-
land in 1995 showed the frequency of use of different sedative
and analgesic agents in neurointensive care units (132,133).
Most centers used a combination of a hypnotic and an opi-
oid, the usual agents being propofol (65% ), midazolam (80% ),
morphine (60% ), fentanyl (46% ), and alfentanil (26% ). None
of these agents is ideal, and there are few published studies that
compare sedative drugs either within or between the different
pharmacologic subclasses. See Table 40.17 for a summary of
the main classes of sedatives.

To conclude, there is no ideal sedative for use in head injury,
and few studies directly compare the effectiveness and adverse
effects of different agents in this group of patients. Among the
existing drugs, propofol appears to have most of the proper-
ties required but, as with all commonly used agents, it is at
the expense of systemic blood pressure. The other frequently
used agents, such as opioids and benzodiazepines, also have
features to recommend them. In the absence of new, improved
drugs, sedation of head-injured patients will likely continue to
involve a number of agents. The introduction of remifentanil is
promising, with its unique metabolic pathway allowing intense
narcosis with a rapid and reliable offset of action, and the po-
tential neuroprotective action of dexmedetomidine is worthy
of further study.

Se d at ion in t he The rmally Injure d Pat ie nt

The quality and intensity of pain in severely burned patients
during ICU treatment frequently changes due to repeated op-
erations and dressing changes. Adequate analgesia is crucial
in the critical care of burn victims, and not only to increase
patient comfort, although this is of obvious concern. Either
administration of too much or too little analgesia can worsen
outcome: Pain decreases wound healing and immunologic com-
petence, while overdosage of analgesics decreases intestinal
motility and increases the length of stay in the ICU. The op-
timal concept of analgesia, following the World Health Or-
ganization (WHO) guidelines for pain management, should
therefore consist of sufficient basic pain relief combined with a
fast-onset “ rescue” medication that provides on-top (additive)
analgesia if needed (134). The combination of a NSAID and
a long-acting opioid (morphine hydrochloride) with the short-
acting esterase-metabolized opioid remifentanil on top seemed
to be a promising concept for burn patients. The experience
with this new concept of analgesia in severely burned ICU pa-
tients, with burn wounds of 20% to 80% total body surface
area (TBSA), has been detailed (134). These patients received
75 mg diclofenac twice daily with a continuous IV infusion
of morphine; a remifentanil infusion was added on demand
if necessary. Morphine was administered in a mean dosage of
4 mg/hour. Remifentanil was administered at a median dosage
of 0.7 mg/hour. This method of treatment allowed adequate
individual analgesia according to actual demand, without se-
rious side effects in severely burned patients. It can be used in
both intubated and spontaneously breathing, nonintubated pa-
tients. Additionally, a cost analysis showed benefits compared
to a conventional regimen (134).
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FIGURE 40.3. Desirable organ-specific effects, of the ideal sedative agent, used in intensive care unit
patients with brain injury. Several organ systems may be compromised by extracranial injury, making the
patient more susceptible to unwanted effects of sedative agents.

Analg e sia and Se d at ion fo llowing
Card iac Surg e ry

Maintaining homeostasis after heart surgery is central to the
patient’s outcome. Pain and anxiety are factors contributing
to postoperative morbidity, since they correlate with elevated
heart rate and blood pressure, increased peripheral O 2 con-
sumption, and elevated serum adrenergic neurohormone lev-
els.

Multiple drug combinations can be administered in the
cardiac ICU. In a trial to identify the most adequate drug
for the postoperative ICU setting, a prospective, randomized,
open-label study was performed (135). This study’s aim was
a comparative analysis of a central adrenergic α2 blocker,
dexmedetomidine, versus a short-acting opioid, remifentanil,
with regard to analgesia, sedation, and side effects. Both drugs
proved effective for controlling pain and anxiety. Remifentanil

was more efficient in this study, especially when time was not
considered, based on the better results in the first 4 hours of
the postoperative period.

Short -act ing Drug s for Long -t e rm
Int e nsive Care Unit Se d at ion

Inhalat ional Int e nsive Care Unit Se d at ion
ICU sedation poses many problems. The action and side ef-
fects of intravenous drugs in the severely ill patient popu-
lation of an ICU are difficult to control. The incidence of
posttraumatic stress disorder (PTSD) after long-term seda-
tion is high. The recent focus on propofol infusion syndrome
entails restrictions in the use of this drug. On the other
hand, volatile anesthetics very selectively suppress conscious-
ness but leave many autonomic functions intact. In the absence
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FIGURE 40.4. Schematic diagram showing the effect of different seda-
tive agents on cerebral metabolism (CMRO 2) and coupled cerebral
blood flow (CBF). The diagram demonstrates the “ceiling” effect on
these parameters of benzodiazepines and opioids. Barbiturates and
other anesthetics, in different doses, will reduce metabolism to a point
where the electroencephalogram (EEG) is isoelectric and metabolism
has been reduced to basal levels. (From Urwin SC, Menon DK. Re-
view article: comparative tolerability of sedative agents in head-injured
adults. Drug Saf. 2004;27[2]:107–133.)

of perception, processing the number of adverse experiences
should be lower, leading to a better psychological outcome.
Respiration and intestinal motility are not depressed, facilitat-
ing modern therapeutic modalities such as early enteral feed-
ing and augmentation of spontaneous breathing. Awakening
after inhalational ICU sedation is quick and predictable; ex-
tubation can be planned and organized, and the time during
which the patient needs very close observation will be short
(136).

Technologic advances have greatly simplified the applica-
tion of inhalational anesthetics. New anesthesia ventilators of-
fer ventilatory modes and high-flow generation comparable to
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FIGURE 40.5. Schematic diagram showing the context-sensitive half-
times for thiopental sodium and propofol. Note that the recovery char-
acteristics of both drugs worsen with increasing duration of administra-
tion, but that this effect is much more prominent for thiopental sodium.
(From Urwin SC, Menon DK. Review article: comparative tolerability
of sedative agents in head-injured adults. Drug Saf. 2004;27[2]:107–
133.)
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FIGURE 40.6. Schematic diagram showing the context-sensitive half-
times for different opioids. Unlike the other agents, remifentanil has
constant recovery characteristics irrespective of duration of admin-
istration. (From Urwin SC, Menon DK. Review article: compara-
tive tolerability of sedative agents in head-injured adults. Drug Saf.
2004;27[2]:107–133.)

ICU ventilators; however, they are not yet licensed for stand-
alone use. The introduction of a volatile anesthetic reflection
filter for the first time enables “ inhalational sedation” to be
performed with very little effort in many ICUs. This “anes-
thetic conserving device” (AnaConDa) is connected between
the patient and a normal ICU ventilator, and retains 90% of
the volatile anesthetic inside the patient, exactly like a heat
and moisture exchanger. The possible advantages of the new
modality and the choice of the inhalational agent are still under
discussion (136).

Briefly, the AnaConDa (ACD) is a modified heat and mois-
ture exchanger (HME) with a bacterial filter, which incor-
porates an extra layer of activated carbon. The anesthetic is
supplied in a liquid form via a syringe pump to a porous rod
evaporator, which diffuses the anesthetic over a large surface.
The anesthetic is instantaneously dragged and vaporized in-
side the ACD by the inspiratory gas flow and delivered to the
lungs. The activated carbon layer absorbs some of the expired
anesthetic vapor and desorbs some of it in the next inspira-
tion (137). In this way, it can be used as a vaporizer device
with a standard critical care ventilator, saving anesthetic loss
like a low-flow circle anesthetic system. In fact, it has proved
to reduce anesthetic consumption to a level equivalent to that
produced in a circle system using a fresh gas flow of 1.5 L (138).
Figure 40.7 shows the main components of ACD (139).

BEDSIDE ANESTHESIA IN THE
INTENSIVE CARE UNIT

Princip le s of Proce d ural Ane st he sia
at t he Be d sid e

Prospective planning requires knowledge of the patient’s con-
dition and an assessment of the anesthetic requirements of the
proposed procedure. The spectrum of anesthetic options ranges
from sedation and analgesia and monitored anesthesia care
(MAC) to total intravenous anesthesia (TIVA) (138).

Procedural anesthesia at the bedside offers patients relief
from anxiety, discomfort, and pain, and may expedite the
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Anes thetic  Converting  Device , AnaConDa

Ventila tor
Active  ca rbon Bacte ria l filte r

Gas  monitor port

Pa tient

Evapora tor

Anes the tic agent line

Breathing  Circuit with Anes thetic  Converting  Device  (AnaConDa),
at the  Ins piratory Limb of the  Breathing  Circuit.  

Sampling line
ACD
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for e jection suction

Ejector suction

Ventila torSyringe  pump
conta ining isoflurane Gas  reservoir
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gas  sys tem

outle t
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B

FIGURE 40.7. A: Anesthetic converting device, AnaConDa. B: Breathing circuit with anesthetic con-
verting device (AnaConDa) at the inspiratory limb of the breathing circuit. (From Sackey PV, Martling
CR, Radell PJ. Three cases of PICU sedation with isoflurane delivered by AnaConDa. Paediatr Anaesth.
2005;15[10]:879–885.)

procedure by increasing patient cooperation. Identification of
the at-risk patient and modifying the anesthetic should reduce
complications (see Risk Assessment section). The choice of
pharmaceuticals (see above) depends upon the level of antic-
ipated required anesthesia. Personnel requirements also vary.
Although an anesthesiologist is not required to administer med-
ications and monitor the patient for sedation and analgesia
or monitored anesthesia care, TIVA does require the services
of an anesthesiologist. Costs are influenced by the person-
nel requirements and length of the procedure, which sets the
drug requirements and drug costs. In the end, personal expe-
rience combined with knowledge should guide the provider
to offer efficacious and cost-effective procedural anesthesia in
the ICU.

Inhalat ional Ane st he t ic Ag e nt s:
The Nonre sp ond ing Pat ie nt

Halothane, isoflurane, and sevoflurane are potent bronchodila-
tors in asthmatic patients receiving mechanical ventilation
who have failed to respond to conventional ß-adrenergic
agents (140). Experimental evidence indicates a direct effect
on bronchial smooth muscle mediated via calcium-dependent
channels, as well as by modulating vagal-, histamine-,
allergen-, and hypoxia-induced bronchoconstrictor mecha-

nisms (141,142). Furthermore, these agents reduce pulmonary
vascular tone, resulting in lower pulmonary artery pressures in
acute asthma (143). Bronchodilator responses are seen in the
form of reduced peak airway pressures within minutes, associ-
ated with improved ventilation—resulting in a lower PaCO 2—
and reduced air trapping (144). Although the bronchodilator
effects are seen at subanesthetic concentrations, these agents
also offer a relatively expensive method of sedation. A few
ICU ventilators, such as the Seimens Servo 900 series, can be
fitted with a vaporizer, allowing anesthetic gases to be admin-
istered. Effective exhaled gas scavenging systems are required
when using inhalational anesthetics in the ICU. If this system
is not available, a Cardiff canister can be added to the ex-
piratory port of the ventilator to remove effluent anesthetic
gases. Significant side effects such as hypotension and myocar-
dial irritability exist, and prolonged administration of some
agents may result in bromide or fluoride toxicity (145). Sevoflu-
rane, a halogenated ether, is largely devoid of cardiorespiratory
side effects, and may be the preferred agent. The administra-
tion of subanesthetic concentrations of these agents via a face
mask may relieve bronchospasm refractory to conventional
treatment (146).

One of the difficult aspects of mechanical ventilation of the
acute asthmatic patient is the weaning and extubation pro-
cess. The presence of the endotracheal tube within the lar-
ynx and trachea induces bronchoconstriction, which becomes
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troublesome as the sedation is withdrawn in preparation for
extubation (147,148). Use of an inhalational anesthetic agent
allows the endotracheal tube to be removed under anesthesia,
with the confident expectation of rapid recovery once the anes-
thetic is discontinued (149).

SPECIAL PROCEDURES

Be d sid e Proce d ure s and Monit o ring

The long list of bedside ICU procedures includes special mon-
itoring of critically ill patients, and provides guidance on all
aspects of treatment, from the emergency room to the ICU. On
that list, most are the commonly performed procedures used by
critical care specialists, surgeons, emergency room physicians,
and certified registered nurse anesthetists (Table 40.18) (150).

Mini-surg e ry

Be d sid e Diag nost ic Minilap aroscop y
and Minilap aro t omy

The use of bedside minilaparoscopy as a diagnostic aid in the
ICU patient with a possible intra-abdominal process is a rescue
operation in a potential catastrophic condition. Although the
workup of potential abdominal pathology in critically ill ICU
patients uses conventional methods, including physical exami-
nation, CT, ultrasonography, and diagnostic peritoneal lavage,
a delay in the diagnosis of intra-abdominal pathology is a ma-
jor contributor to morbidity and mortality. The reasons for
delay are multifactorial, including failure to consider the diag-
nosis, lack of sensitivity of noninvasive diagnostic modalities,
and difficulty in safely transporting a critically ill patient. Bed-
side diagnostic laparoscopy is a modality that is safe, accurate,
time efficient, and potentially therapeutic.

Recent laparotomy is no longer a contraindication to bed-
side laparoscopy. A recent study by Bauer et al. described the
use of laparoscopy in patients with acute abdominal findings
after urologic surgery (151). It is in the group of patients with
recent previous laparotomy that diagnostic laparoscopy may
have its greatest advantage over CT scanning. Postoperative
changes may be difficult to differentiate from acute abdomi-
nal pathology on CT (e.g., free air, fluid, inflammation). Diag-
nostic laparoscopy, though, allows direct examination of the
abdominal cavity. By avoiding negative laparotomies and lim-
iting the reopening of recent abdominal incisions, it is possible
to decrease wound complications and ultimately reduce the
length of the hospital stay. Although not a new revelation, it
is of significance to note that intubation is not a requirement
for laparoscopy. Fabian et al. (152) showed that laparoscopy
can be used safely in trauma patients. Diagnostic laparoscopy
is often used as an operating room procedure under general
anesthesia (152). Iberti et al. found it useful for identifying in-
testinal ischemia following aortobifemoral bypass (153). Oth-
ers have described it as a tool that can be used outside the
operating room, but exclusively to evaluate trauma by both
blunt (154) and penetrating (155) mechanisms. Still others de-
scribe the use of diagnostic laparoscopy in the ICU; however,
in this setting, the patient is required to be intubated and under
general anesthesia (156,157); patients who have had a recent
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LIST OF ALL ASPECTS OF PRO CEDURES AND
MO NITO RING IN THE INTENSIVE CARE UNIT FOR
WHICH SEDATION OR ANESTHESIA IS PROVIDED

PROCEDURES
■ Central venous catheterization/arterial catheterization
■ Pulmonary artery catheterization
■ Intraosseous infusion at the bedside
■ Tracheostomy/cricothyroidotomy
■ Tube thoracostomy
■ Pericardiocentesis
■ Pericardial window
■ Percutaneous feeding catheter
■ Placement of diagnostic abdominal paracentesis
■ Peritoneal lavage
■ Assisted ventilation and intubation
■ Flexible bronchoscopy
■ Intra-abdominal pressure monitoring
■ Intracranial pressure monitoring
■ Jugular bulb oximetry
■ Cardiac pacemaker placement
■ Inferior vena caval filter
■ Placement of epidural analgesia
■ Suprapubic urinary tube placement
■ Bedside spinal immobilization

MONITORING
■ Routine clinical monitoring in acute illnesses
■ Invasive hemodynamic monitoring
■ Noninvasive cardiac output monitoring: Bioimpedance and

partial CO 2, rebreathing methods
■ Transesophageal Doppler monitoring
■ Gastric tonometry
■ Renal function
■ Support noninvasive autonomic nervous system monitoring

in critical care physiology of shock and acute circulatory
failure

■ Hemodynamic therapy for circulatory dysfunction

laparotomy are specifically excluded (157). The diagnosis of
acute abdominal conditions in the critically ill patient remains
difficult. ICU patients with abdominal pain, unexplained aci-
dosis or sepsis, or suspected mesenteric ischemia are eligible
for bedside diagnostic minilaparoscopy (158). Bedside minila-
paroscopy can be a safe and accurate method to evaluate criti-
cally ill patients in whom the possibility of mesenteric ischemia
or other intra-abdominal process is entertained. Bedside diag-
nostic laparoscopy can be a useful replacement for diagnostic
laparotomy in the operating room. It should be included in the
diagnostic algorithm when evaluating the unstable ICU patient
with a suspected acute intra-abdominal process.

The procedure can be performed at the bedside in the ICU
with the patient under local anesthesia and intravenous (con-
scious or asleep) sedation. In some reports (158,159) most of
the patients did not require general anesthesia, although lo-
cal anesthetics and sedation with midazolam or propofol were
used. Most of the patients in these studies were intubated prior
to laparoscopy. They required mechanical ventilation because
of their disease process; none of them was intubated solely to
perform the procedure. Local anesthesia with lidocaine and
sedation with midazolam or propofol was used in all cases.

Pneumoperitoneum can be established with nitrous ox-
ide (NO) to a relatively low pressure of 8 to 10 mm Hg.
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Hemodynamics and ventilatory parameters should be moni-
tored before, during, and after the procedure. Such procedures
typically last a relatively short time (mean 21 minutes [158]).
Laparoscopy performed at the bedside in the ICU may be used
as a routine diagnostic tool in the evaluation of critically ill pa-
tients, similar to the use of CT, ultrasonography, and radiogra-
phy (159), as there are minimal complications directly related
to the procedure. Thus, bedside laparoscopy in the ICU under
local or general anesthesia is a diagnostic and potentially ther-
apeutic tool that can be used safely in the workup of potential
abdominal pathology in critically ill patients. The application
of diagnostic laparoscopy could become a routine procedure in
the ICU to evaluate critically ill patients. No limitations, such
as need for intubation or general anesthesia, should compro-
mise the performance of the procedure. Additionally, patients
with recent abdominal surgery were not excluded from consid-
eration (159).

Lap aroscop ic Proce d ure s
Laparoscopic procedures can reveal findings such as turbid
fluid consistent with viscus perforation, sterile hemorrhagic
fluid, a retroperitoneal mass, and an abdominal abscess (160).
Thus, bedside laparoscopy in the ICU is feasible, informative,
and accurate. It has a role in diagnosing abdominal pathologies
and planning further treatment. It may avert a nontherapeu-
tic laparotomy. Unfortunately, the prognosis in these patients
is poor. Earlier use of this diagnostic modality may improve
patient outcome.

Trache ost omy
Tracheostomy is one of the most frequent procedures carried
out in critically ill patients, with major advantages compared
to translaryngeal endotracheal intubation such as reduced la-
ryngeal anatomic alterations, reduced inspiratory load, bet-
ter patient tolerance, and improved nursing care. Thus, tra-
cheostomy can enhance care in patients who need prolonged
mechanical ventilation and/or airway control. The right tim-
ing for a tracheostomy remains controversial; however, it ap-
pears that early tracheostomy in selected severe trauma, burn,
and neurologic patients could be effective to reduce the dura-
tion of mechanical ventilation, intensive care stay, and costs.
ICU growth and improvements in technology have led to an in-
creasing number of critically ill patients who require prolonged
mechanical ventilation; these can be managed most appropri-
ately with tracheostomies (161). Until recently, surgical tra-
cheostomy performed in the OR was the only option available.
However, morbidity from surgical tracheostomy ranges from
6% to 66% , and mortality ranges from 0% to 5% (162,163).
Complications resulting from surgical tracheostomy performed
in the ICU are comparable to those performed in the OR
(162,163). The “classical” technique of percutaneous dilata-
tional tracheostomy using progressive dilators was introduced
by Ciaglia et al. in 1985 and, today, has become the procedure
of choice in the majority of the cases, as it is safe, easy, and
quick, with minor complications (164).

Percutaneous dilatational tracheostomy (PDT) has been rec-
ognized as a reliable alternative to the surgical placement
of an artificial airway in patients with persistent respiratory
failure due to various medical conditions (164,165). PDT
may offer several advantages over conventional surgical tra-
cheostomy placement, as PDT is associated with lower peripro-
cedural and postprocedural complication rates (163); more-
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ADVANTAGES OF TRACHEOSTOMY COMPARED
WITH ORO-/NASOTRACHEAL INTUBATION

■ Secure airway
■ Avoid laryngeal and vocal cord injury
■ Reduced airway resistance and dead space
■ Ease of airway suction and mouth care
■ Oral feeding possible
■ Improved patient comfort

over, PDT can be performed at the bedside, thus avoiding the
scheduling, time commitments, and costs associated with sur-
gical operating facilities (Table 40.19A).

All PDT procedures are performed at the ICU bedside with
continuous monitoring of blood pressure, heart rate, respira-
tory rate, oxygen saturation, and cardiac rhythm. Mechanical
ventilatory support should be maintained throughout the pro-
cedure, the fraction of inspired oxygen increased to 1.0, and
all patients placed on mandatory mechanical ventilation mode.
Most procedures are attended by an anesthesiologist to assist
in the management of the airway in the event of complications.

PDT has gained widespread acceptance in the ICU setting
and presents a valid alternative to operative tracheostomy. In
fact, recent data suggest several potential advantages compared
to surgical tracheostomy, including ease of performance and a
lower incidence of both peristomal bleeding and postoperative
infection (166).

Among the relative contraindications for PDT are patients
with altered neck anatomy due to severe neck burns and scar-
ring from a previous tracheostomy (167). In addition, obese
patients with large and thick necks are considered poor can-
didates for PDT, and are commonly referred for surgical tra-
cheostomy placement (Table 40.19B).

Thrombocytopenia is another relative contraindication, and
a higher incidence of bleeding, a prolonged stay in the ICU, and
increased mortality are often associated with this finding (168).
Many physicians consider thrombocytopenia a contraindica-
tion for performing the procedure (169,170); hence, throm-
bocytopenic patients often are excluded from comparative tri-
als (166,171,172). PDT procedures take place under broncho-
scopic control and are either performed or supervised by at
least one pulmonologist or critical care medicine physician.
Informed consent for these procedures is obtained from an ap-
propriately designated surrogate. The procedure is performed
in all patients following a standardized protocol, as previously
described by Cantais et al. (171) using a commercially avail-
able kit (SIMS; Portex; Hythe, Kent, United Kingdom). The
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ABSOLUTE AND RELATIVE CONTRAINDICATIONS
FOR PERCUTANEOUS DILATATIONAL
TRACHEOSTOMY

■ Age < 15 y
■ Intubation difficulty
■ Documented or suspected tracheomalacia
■ Anatomic problems in the neck
■ Fat and/or short neck, thyroid enlargement
■ Uncorrectable bleeding problems
■ Previous neck and/or thorax surgery
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only modification consisted of the local administration of a
2% solution of lidocaine with epinephrine (1:200,000) before
proceeding with tracheal puncture.

Immediately after the tracheostomy insertion, a broncho-
scopic examination is performed through the tracheostomy to
confirm the correct position of the tracheostomy tube and to
identify injuries or bleeding. Subsequently, the trachea prox-
imal to the percutaneously placed tracheostomy is inspected
bronchoscopically via the remaining orotracheal tube to iden-
tify fractures of tracheal rings or blood. After the procedure, a
chest radiograph was performed to rule out the presence of a
pneumothorax.

Pe rcut ane ous End oscop ic Gast rost omy
Aspiration pneumonia due to gastroesophageal reflux is a
frequent complication in ICU. The most commonly chosen
method for long-term enteral access—gastrostomy—also re-
duces the risk of aspiration and shortens the hospital stay. A
decrease in positive tracheal aspirate cultures was seen after
PEG insertion—3.14 ± 1.95 times before PEG and 1.52 ±
1.47 times after PEG (173). Nasogastric tubes, used in the past,
have been inadequate for long-term therapy due to patient dis-
comfort, among other risks (174). The advantages of enteral
versus parenteral feeding, in patients with a normal functioning
gastrointestinal tract, are well known and include better patient
compliance, maintenance of gastrointestinal tube integrity, and
decreased costs, as well as minimizing villous atrophy and, at
least theoretically, minimizing translocation of bacteria/fungi
(174–176).

PEG placement seems to be a safe and cost-effective alterna-
tive to operative gastrostomy, especially as the latter requires
general anesthesia and it is not without significant morbidity
and mortality. Additionally, a failed PEG does not preclude
subsequent operative gastrostomy. Surgical gastrostomy and
jejunostomy are always performed in the operating theater
with general anesthesia, and are associated with measurable
morbidity and mortality (177). Ferraro et al. (178) performed
PEG at the bedside in the ICU, using TIVA for patients with
spontaneous ventilation and local anesthesia for sedated pa-
tients on mechanical ventilation. Enteral feeding through PEG
usually started 24 hours after the end of the procedure. Early
PEG in critically injured patients is a safe and effective method
of providing access to the gastrointestinal tract for nutritional
support. In patients with significant brain injuries, adequate
sedation and the presence of an ICP monitor help to minimize
secondary insults to the brain (179).

The indications for PEG placement are as follows: neu-
rologic diseases with swallowing incapacity, pharyngeal and
esophageal neoplasms, and long-term hospitalized patients af-
ter major surgical procedures who are unable to swallow. Abso-
lute PEG contraindications are massive ascites, gastric varices,
hepatomegaly, coagulopathy, and total esophageal stenosis.
Previous abdominal surgery may not represent a problem if
there is good adhesion between the abdominal and the gastric
wall.

Burns and Wound De b rid e me nt

The main aim of care in a burn center is to control hypo-
volemia and obtain maximal tissue perfusion and oxygen deliv-

ery to damaged but viable tissues, as well as to healthy organs.
To manage the burn shock, catecholamines are often indicated
when appropriate fluid loading is inadequate to maintain per-
fusion. Mechanical ventilation is indicated in several cases: A
deep burn over more than 60% of TBSA, facial and cervical
burns, severe pulmonary burn injury from smoke inhalation,
carbon monoxide intoxication, tracheobronchial thermal in-
jury, and blast injury, among other reasons. Because of the
severity of burn-related pain, continuous sedation is usually
required. Early surgical treatment such as escharotomies, ex-
cision and grafting—which cause significant pain as well as
blood loss—and hydrotherapy often require general anesthesia
(180,181). Burn injury can modify the volume of distribution
and the pharmacokinetics of anesthetic agents and muscle re-
laxants (181). Finally, chemical or electrical burns, radiation,
associated CO intoxication, multiple trauma, and burn injury
in infants raise specific problems.

The care of critically ill burn patients can be challenging
because of the rapidly escalating tolerance for opioids. A re-
cent study evaluated the safety and efficacy of anesthesiologist-
administered anesthesia in the burn intensive care unit treat-
ment room. The review suggested that these procedures can
be performed safely with appropriate supervision and moni-
toring without detrimental effects on patient activity level or
nutritional status (180).

Adequate analgesia is crucial in the critical care of burn
victims. The quality and intensity of pain in severely burned
patients during the ICU treatment changes frequently due to re-
peated operations and dressing changes. The administration of
too much or too little analgesia can worsen outcome: Pain pro-
longs wound healing and immunologic incompetence, while
overdosage of analgesics decreases intestinal motility and in-
creases the length of stay at the ICU.

Greher et al. reported their first experiences with a new con-
cept of analgesia—NSAIDs and narcotics—in severely burned
ICU patients. This concept allowed adequate individual analge-
sia according to the actual demand without serious side effects.
Analysis showed a reduction in cost by one third compared to
a conventional analgesic regimen with sufentanil. This man-
ner of analgesia provision in severely burned patients is safe,
highly effective, and flexible enough to meet the actual anal-
gesic demands of the patient. It can be used in both intubated
and spontaneously breathing, nonintubated patients (134).

Ketamine is traditionally used for short- and long-term se-
dation and analgesia of a burn patient (181). Edrich et al.
used ketamine for long-term sedation and analgesia of burn
patients. Under escalating opiate dosages—even without ad-
equate analgesia—the patient had developed persistent ileus
as well as abdominal distension that caused respiratory com-
promise. The opiate-sparing effect of the continuous ketamine
infusion allowed a decrement in dosage of more than 90% ;
the ileus resolved within 24 hours. The quality of sedation also
changed for the better. There were no obvious adverse effects
of ketamine (182).

Dise ase Tre at me nt (Ast hma, Ep ile p sy)

St at us Ep ile p t icus
Refractory status epilepticus (SE) is a major neurologic emer-
gency, each year affecting 10 to 50 per 100,000 persons; in
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adults, its mortality rate ranges from 7% to 20% (183,184).
Prompt initiation of treatment is essential, because SE becomes
more refractory to treatment with time (183–185). SE that fails
to respond to first-line therapy of benzodiazepines followed by
second-line therapy (phenytoin, valproate, or phenobarbital)
is defined as refractory SE (183,185). Refractory SE occurs in
about 30% of patients with SE and is associated with a mor-
tality rate of greater than 20% (183).

Management of refractory SE requires induction of coma
with potent anesthetics under continuous EEG monitoring, re-
quiring mechanical ventilation in an ICU setting. The aim of
treatment is to terminate SE and prevent late SE-associated
complications, including hyperthermia, hypotension, hypo-
glycemia, rhabdomyolysis, pulmonary edema, cerebral edema,
and failure of cerebral autoregulation (185). Barbiturates are
the anesthetics most commonly used to induce coma in this set-
ting, especially in Europe (186,187). Propofol, the widely used
intravenous anesthetic, has been shown to control SE in ani-
mals (188) and humans (189–194), and to shorten the duration
of electroconvulsive therapy (195). It is still debated whether
propofol should be used as an alternative to barbiturates or
as first-choice treatment in refractory SE (196). A recent study
showed that propofol was effective in the management of most
refractory SE episodes in adults (196). Despite relatively high
total doses of propofol, the incidence of treatment-related ad-
verse events was quite low. In particular, no patient experienced
life-threatening adverse effects or the so-called propofol infu-
sion syndrome. The deaths were attributable to refractory SE
itself or its etiology.

Propofol works possibly through modulation of GABA-
α receptors at a site different from that targeted by benzo-
diazepines and barbiturates (188). Although propofol is cur-
rently considered as an alternative to barbiturates or midazo-
lam for the management of patients with refractory SE (185),
only limited clinical data are available. In a retrospective re-
view of patients receiving propofol for refractory SE, it was
found to be ineffective in only 14% (190). Another refrac-
tory SE series found no difference in terms of duration of ICU
stay or the incidence of arterial hypotension between patients
receiving propofol and those receiving barbiturates, whereas
time to seizure control was significantly shorter in the propo-
fol group (2.6 vs. 123 minute) (191). A retrospective compar-
ison of propofol and midazolam in refractory SE did not find
any difference in terms of seizure control (clinical or EEG),
infectious complications, hemodynamic compromise, duration
of mechanical ventilation, and mortality (193), and a recently
published systematic review of 28 series—including 193 refrac-
tory SE patients (54 receiving midazolam, 33 propofol, and 106
barbiturates) (194)—showed that barbiturates were most ef-
fective for controlling seizures, followed by propofol and then
midazolam; however, more patients receiving barbiturates had
continuous EEG monitoring, introducing a possible bias. Fur-
thermore, this study showed less hypotension with propofol,
suggesting possible subtherapeutic dosage of propofol. Finally,
propofol was recently reported to control complex-partial re-
fractory SE (192). In the study of Rossetti et al. (196), 77% of
refractory SE episodes were successfully treated, allowing per-
manent seizure control in 67% of patients with propofol alone,
and 10% with propofol and subsequent barbiturate therapy.
Propofol was administered at relatively high doses (mean, 4.8
mg/kg/hour) for several days (mean, 3 days). The overall mor-
tality rate was 23% , which is identical to that found in another

retrospective refractory SE study (183). The large variation in
previously reported mortality rates, ranging from 17% to 80% ,
can be explained by discrepancies in the definition, manage-
ment, and etiology of refractory SE (183,191,197,198). The
median duration of mechanical ventilation and ICU stay in
the Mayer study (183) were shorter than previously reported
in series of refractory SE treated with barbiturates (197,198).
However, discrepancies in patient selection between series may
account for these differences. The relatively short duration of
mechanical ventilation may be related to the pharmacokinetic
properties of propofol, especially its short elimination half-life
(190,191).

To our knowledge, no fatal case of propofol infusion syn-
drome has been described in patients with refractory SE. Al-
though some of the patients had high propofol infusion rates
for a prolonged time (i.e., ≥ 9 days), isolated hyperlipidemia
was rarely seen (196).

Some patients with long propofol treatment had transient
movement disorders, showing tremor on emergence from gen-
eral anesthesia and transient focal dystonia of a limb. Whereas
some case reports underlined the efficacy of propofol in the
management of refractory SE (189), others described abnor-
mal movements, posturing, and seizurelike activity related to its
use (199,200). Other studies—prospectively investigating mo-
tor phenomena related to propofol by using EEG monitoring—
concluded that these were nearly always nonepileptic (201). It
is thus likely that the aforementioned “seizures” might have
been confused with abnormal movements, including opistho-
tonus, increased tone with twitching, and rhythmic move-
ments (202,203), which are probably caused by subcortical
dopaminergic excitatory activity induced by a low dose of
propofol. These movements disappear as cortical GABA inhi-
bition occurs at higher doses (201). Propofol might also act as
a glycine antagonist in subcortical and spinal structures (203),
explaining the occurrence of opisthotonus. Similar abnormal
movements can be encountered with many other anesthetics
(204).

St at us Ast hmat icus
Status asthmaticus is defined as an attack of bronchial asthma
that resists conventional treatment and continues for more than
24 hours. Most deaths from acute asthma occur outside the
hospital, but the at-risk patient may be recognized on the basis
of prior ICU admission and asthma medication history. Pa-
tients who fail to improve significantly in the emergency de-
partment should be admitted to an ICU for observation, mon-
itoring, and treatment. Hypoxia, dehydration, acidosis, and
hypokalemia render the severe acute asthmatic patient vulner-
able to cardiac dysrhythmia and cardiorespiratory arrest. Me-
chanical ventilation may be required for a small proportion
of patients for whom it may be life saving. Aggressive bron-
chodilator (e.g., continuous nebulized ß-agonist treatment) and
anti-inflammatory therapy must continue throughout the pe-
riod of mechanical ventilation. Recognized complications of
mechanical ventilation include hypotension, barotrauma, and
nosocomial pneumonia. Low ventilator respiratory rates, long
expiratory times, and small tidal volumes help to prevent
hyperinflation. Volatile anesthetic agents may produce bron-
chodilation in patients resistant to ß agonists. Fatalities in
acute asthmatics admitted to the ICU are relatively uncommon
(205).
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Drug The rap y for Int ub at ion
and Me chanical Ve nt ilat ion

in St at us Ast hmat icus

Ane st he t ic Ag e nt s and Se d at ive s
Etomidate and thiopentone are short-acting imidazole and bar-
biturate drugs, respectively, that are commonly used for intuba-
tion, although there are rare reports of bronchospasm and ana-
phylactoid reactions with these agents. Longer-term sedation
may be obtained by infusion of midazolam (2–10 mg/hour),
although metabolites may accumulate in renal and hepatic
impairment. Ketamine is a general anesthetic agent that has
been used before, during, and after intubation in patients with
acute severe asthma. It has sympathomimetic and bronchodi-
lating properties. The usual dose for intubation is 1 to 2 mg/kg
given intravenously over 2 to 4 minutes. It may increase blood
pressure and heart rate, lower seizure threshold, alter mood,
and cause delirium. Inhalational anesthetics used as induction
agents have the advantage of bronchodilation and may make
muscle relaxation unnecessary; however, specialized anesthetic
equipment is required for this approach.

Opioids are a useful addition to sedatives and provide anal-
gesia during intubation and mechanical ventilation. Morphine
as a bolus may cause histamine release, which can worsen bron-
choconstriction and hypotension. Some intravenous prepara-
tions also contain metabisulphite, to which some asthmatics
are sensitive. Fentanyl is a better choice of opioid for intuba-
tion as it inhibits airway reflexes and is short acting. It causes
less histamine release than morphine, but large boluses may
cause bronchospasm and chest wall rigidity.

Ne uromuscular Blocking Drug s
Rocuronium, a nondepolarizing muscle relaxant with an ac-
ceptably rapid onset, offers an alternative to succinylcholine.
Allergic sensitivity may occur to any neuromuscular block-
ing agent, and many may also cause histamine release with
the potential for bronchospasm, particularly in bolus doses.
Atracurium boluses should be avoided because of the bron-
chospastic potential, and vecuronium or pancuronium infu-
sions should be used for longer-term maintenance of muscle
relaxation.

Myopathy and muscle weakness are well-recognized com-
plications of the long-term administration of nondepolarizing
neuromuscular blocking agents in asthmatic patients, with an
incidence of about 30% . In most cases, the myopathy is re-
versible, but may take weeks to resolve. There is an association
between neuromyopathy and the duration of muscle relaxant
drug use that is independent of corticosteroid therapy. The use
of neuromuscular blocking agents should, therefore, as possi-
ble be kept to a minimum.

Inhalat ional Ane st he t ic Ag e nt s:
The Nonre sp ond ing Pat ie nt

Status asthmaticus can be successfully treated with volatile
anesthetics such as isoflurane. The tidal volume, pH, and
PaCO 2 can be improved within 6 hours after anesthesia (205).
When patients who were not treated with isoflurane were com-
pared to patients treated with the agent in an attempt to as-
sess the usefulness of isoflurane inhalation therapy, isoflurane
inhalation therapy seemed useful for intractable status asth-

maticus, and earlier introduction of this agent was expected to
achieve a greater therapeutic effect (205). The patients treated
with isoflurane stayed in the ICU and underwent mechanical
ventilation for a shorter period. These patients had hypotension
and liver dysfunctionafter the inhalation anesthesia, but these
symptoms were improved by decreasing the concentration of
isoflurane.

Halothane, isoflurane, and sevoflurane are potent bron-
chodilators in asthmatic patients receiving mechanical ventila-
tion who have failed to respond to conventional ß-adrenergic
agents. Experimental evidence indicates a direct effect on
bronchial smooth muscle mediated via calcium-dependent
channels as well as by modulating vagal-, histamine-, allergen-,
and hypoxia-induced bronchoconstrictor mechanisms. Fur-
thermore, these agents reduce pulmonary vascular tone, re-
sulting in lower pulmonary artery pressures in acute asth-
matic episodes. Bronchodilator responses are seen in the form
of reduced peak airway pressures within minutes, associated
with improved distribution of ventilation—resulting in a lower
PaCO 2—and reduced air trapping. Although bronchodilator
effects are seen at subanesthetic concentrations, these agents
also offer a relatively expensive method of sedation. Several
ICU ventilators, such as the Seimens Servo 900 series, can be
fitted with a vaporizer, which allows anesthetic gases to be
administered. Effective exhaled gas scavenging systems are re-
quired when using inhalational anesthetics in the ICU. Signifi-
cant side effects such as hypotension and myocardial irritability
exist, and prolonged administration of some agents may result
in bromide or fluoride toxicity. The halogenated ether sevoflu-
rane is largely devoid of cardiorespiratory side effects and may
be the preferred agent. Administration of subanesthetic con-
centrations of one of these agents via face mask may relieve
bronchospasm refractory to conventional treatment.

Imag ing and Int e rve nt ional Rad io log y

Among the long list of bedside procedures in the ICU that re-
quire special monitoring and care of the critically ill patient are
MRI and CT scan, umbrella insertion, and angiographic ma-
nipulation (150). Among the critically ill, there is a significant
incidence of death after diagnostic procedures (Fig. 40.8) (13),
probably related to the aggressive use of diagnostic techniques
(CT, MRI) in seriously ill patients, which mandates the use of
general anesthesia or anesthesia care and monitoring during
transport and the procedure.

Umb re lla Inse rt ion or Infe rior Ve na Cava Filt e r
For some ICU patients—at high risk for development of deep
vein thrombosis and pulmonary embolism but with contraindi-
cations for anticoagulation therapy—the inferior vena cava
filters are very useful and safe. Inferior vena cava filters are
traditionally placed in the angio suite or operating room un-
der fluoroscopy. Performing the procedure under such circum-
stances, in spite of being very efficient, presents two inconve-
niences: The need to transport the patient to the site where
the fluoroscopy equipment is located and the use of iodinated
contrast for proper location, and release of the devices. For pa-
tients with normal renal function and for those with conditions
that require them being taken to the procedure room, such
facts do not seem relevant. However, for patients with com-
promised renal function—mainly those on the edge of acute
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FIGURE 40.8. The rate of mortality by type of surgery for
patients in the American Society of Anesthesiologists Physical
Status (ASA PS) V category. Mortality rate was the highest in
the abdominal surgery and the diagnostic procedures groups.
(From Sidi A, Lobato EB, Cohen JA. The American Society of
Anesthesiologists Physical Status: category V revisited. J Clin
Anesth. 2000;12:328–334.)

kidney failure—the use of iodinated contrast, even in small
quantities, may cause worsening of the nephrologic prognosis.
On the other hand, critically ill patients who are hemodynam-
ically unstable, are dependent on mechanical ventilation, and
require high fractions of O 2 often present a high risk and are
not candidates for transportation to environments with fluo-
roscopy to insert inferior vena cava filters. There are reports
indicating an increased risk for complications—from 5.9% to
15.5% —during the intrahospital transportation of critically ill
patients (206–208). For patients in these circumstances, it may
be more appropriate to perform bedside procedures if possible.
Some authors described the use of ultrasound for inferior vena
cava filter placement, with a 97% success rate (209). Moreover,
the vena cava filter placement guided by ultrasound seems to
be effective, safe, and economically advantageous in relation
to the conventional method (210,211).

SUMMARY
Most ICU patients require analgesia and sedation for pain and
anxiety management and mechanical ventilation, or as adju-
vant therapy for bedside procedures done in the ICU. These
patients may undergo surgical interventions outside the tradi-
tional OR procedures. The roots of CCM are to be found in
anesthesiology, extending the OR care delivered to the critically
ill to the PACU. The needs of these high-acuity patients led to
the development of better OR monitoring and more aggressive
management. In that regard, anesthesiology and intensive care
medicine influenced and fertilized one another, and this sym-
biosis was mostly positive. Of course, problems may occur with
long-term ICU use of drugs initially conceived for short-term
OR anesthetic use. It is not just drugs from the OR, but also
monitoring devices that are of interest to intensivists, such as
the pulmonary artery catheter and the BIS monitor.

Perioperative mortality is a product of the severity of illness,
the advances in life support, and our interventions that affect
the rate of acute mortality. To determine our priorities while
practicing anesthesia in the ICU environment, we need to learn
and assess patient risk and safety in the ICU.

Sedation is an essential component in the management of
intensive care patients. It is required to relieve the discomfort
and anxiety caused by procedures such as tracheal intubation,
ventilation, suction, and physiotherapy. It can also minimize

agitation and maximize rest and appropriate sleep. Analgesia is
an almost universal requirement for the intensive care patient.
Adequate sedation and analgesia ameliorates the metabolic re-
sponse to surgery and trauma. Too much or too little seda-
tion and analgesia can increase morbidity. Sedative/analgesic
dosage of commonly used agents varies between patients. A
valid method for monitoring sedation would allow sedation
to be tailored to the individual. Any scoring system should be
simple, easily performed, noninvasive, and, most importantly,
reproducible. Physiologic variables, serum concentrations of
drugs, and neurophysiologic tools such as EEG have all been
used but proven to be expensive and unreliable. The challenge
for critical care physicians who use analgesics and sedatives is
to provide patient comfort and safety without increasing mor-
bidity and mortality. Because of the variety in practice styles,
pathways to standardize patient care have attracted attention.
From a mechanical ventilation standpoint, weaning protocols
have been shown to improve efficiency, reduce resource utiliza-
tion, improve patient outcomes, reduce overall ICU expendi-
tures, and decrease the frequency of tracheostomies.

ICU sedation poses many problems. The action and side ef-
fects of intravenous drugs in the severely ill patient population
of an ICU are difficult to control. The incidence of posttrau-
matic stress disorder after long-term sedation is high. The re-
cent focus on propofol infusion syndrome entails restrictions in
the use of this drug. On the other hand, volatile anesthetics very
selectively suppress consciousness but leave many autonomic
functions intact. In the absence of perception, processing the
number of adverse experiences should be lower, leading to a
better psychological outcome. Respiration and intestinal motil-
ity are not depressed, facilitating modern therapeutic modal-
ities such as early enteral feeding and augmentation of spon-
taneous breathing. Awakening after inhalational ICU sedation
is quick and predictable; extubation can be planned and orga-
nized, and the time during which the patient needs very close
observation will be short.

ICU management of critically ill patients often includes
anesthesia for minor procedures such as tracheostomy and per-
cutaneous endoscopic gastrostomy tube. Prospective planning
requires knowledge of the patient’s condition and an assess-
ment of the anesthetic requirements of the proposed procedure.
The spectrum of anesthetic options ranges from sedation and
analgesia and monitored anesthesia care, tototal intravenous
anesthesia.
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APPENDICES ■ SEDATION AND PAIN SCALES

A P P E N D IX 4 0 . 1

SEDATION/AGITATION SCALE

Sedation description Sedation category Sedation score

Minimal or no response to noxious stimuli Unarousable 1
Responds to physical stimuli, but does not follow commands Very sedated 2
Difficult to arouse, responds to verbal or physical stimuli,

but drifts off again
Sedated 3

Calm, easily arousable, cooperative, follows commands Calm & cooperative 4
Anxious, but calms down on verbal instructions Agitated 5
Requires physical restraints, biting endotracheal tube (ET),

does not calm down on verbal instructions
Very agitated 6

Tries to remove ET or catheters, striking, thrashing Dangerously agitated 7

Data modified from Dahaba AA, Grabner T, Rehak P, et al. Remifentanil versus morphine analgesia and sedation for mechanically ventilated critically
ill patients: a randomized double blind study. Anesthesiology. 2004;101(2):640–646.

A P P E N D IX 4 0 . 2

PAIN INTENSITY SCALE

Pain category Pain score

None 1
Mild 2
Moderate 3
Severe 4
Very severe 5
Worst probable 6

Data modified from Dahaba AA, Grabner T, Rehak P, et al.
Remifentanil versus morphine analgesia and sedation for mechanically
ventilated critically ill patients: a randomized double blind study.
Anesthesiology. 2004;101(2):640–646.



SECTION IV ■ ESSENTIAL PHYSIOLOGIC
CONCERNS

CHAPTER 41 ■ FLUIDS AND ELECTROLYTES
STEVEN G. ACHINGER r JUAN CARLOS AYUS

Fluid and electrolyte disorders are very common in critically
ill patients. There are some circumstances in which a patient
is placed in intensive care for the management of a specific
electrolyte disturbance such as hyponatremia or hyperkalemia.
The development of electrolyte disturbances among critically
ill patients is also common due to breakdown of homeostatic
mechanisms that prevent the development of electrolyte dis-
turbances. These impairments in homeostatic function are nu-
merous such as renal failure, use of diuretics, and nonosmotic
release of antidiuretic hormone (ADH) due to nausea, pain, or
other stimuli. In this chapter the pathophysiology of electrolyte
disturbances will be addressed with a focus on presentations
common among intensive care unit (ICU) patients. Disorders
of water balance (hyponatremia and hypernatremia) will be
addressed in more detail due to the importance of these disor-
ders as a cause of morbidity and mortality and the prevalence
of impaired water balance in ICU patients.

GENERAL COMMENTS
In an average person without extremes of weight, approxi-
mately 60% of total body weight is water. Of this total body
water, two thirds (40% of total body weight) is in the intra-
cellular (ICF) space, and one third (20% of total body weight)
is outside the cells, i.e., extracellular (ECF) space. Extracellu-
lar volume is divided into intravascular space and interstitial
fluid (5% and 15% of total body weight, respectively). The
intravascular space containing plasma is the most mobile fluid
compartment and the first to be released to areas of injury and
the first to be repleted through intravenous infusion. In the in-
travascular space are red cells in addition to plasma. Red cell
volume plus plasma volume compose the blood volume (BV),
which is estimated to be 7% of the total body weight. In a 70-
kg person, total body water is 42 L (60% × 70 kg), circulating
BV is 4.9 L (7% × 70 kg), ICF is 28 L (40% × 70 kg), and
ECF is 14 L (20% × 70 kg). The percentage of weight used
will vary depending on deviation from ideal body weight and
sex (see Blood Volume chapter).

Water is freely permeable between body compartments and
migrates to areas of higher solutes, but this takes time. There-
fore, chronic hypotonic losses with ability to “borrow” from
ICF (28 L) is better tolerated than acute isotonic losses, which
has only the ECF (14 L) to borrow from. Osmolality (tonicity)
defined as number of particles in solution is normally 280 to
300 mOsm/L in the serum.

The ICF concentration of solutes is vastly different from
that of the ECF, and approximately 80% of adenosine triphos-

phate (ATP) generated is used to maintain this gradient. Some
of the ECF cations (in mEq/L) are as follows: sodium (Na+ ),
142; potassium (K+ ), 4; calcium (Ca), 5; and magnesium (Mg),
3. The ICF cations (in mEq/L) are: K+ , 150; Mg, 40; and Na+ ,
10. Some of the ECF anions (in mEq/L) are chloride (Cl− ),
103; and bicarbonate, 27. The major ICF anions (in mEq/L)
are phosphates, 107; proteins, 40; and sulfates, 43. This dif-
ference in ICF and ECF electrolyte composition explains the
clinical observations that large amounts of certain electrolytes
are needed to replete small deficiencies in the serum (ECF) if the
ICF stores are depleted. One of our limitations is the inability
to assess ICF electrolyte composition easily at the bedside.

Due to water being freely permeable, the osmolality of all
body compartments should be the same, but in reality, the pro-
tein concentration in the plasma to interstitial fluid is 16:1,
generating an oncotic pressure difference between the two com-
partments. Starling forces describe net fluid flux between in-
travascular space and the interstitium:

Q = Kf{(Pc − Pi) − σ (π c − π i)}

where Q is the net fluid flux (mL/minute), (Pc − Pt) is hydro-
static pressure difference between capillary (c) and interstitium
(i), and (π c − π i) is the oncotic pressure difference between
the capillary and interstitium. Kf is the filtration coefficient for
that membrane (mL/minute per mm Hg), and is the product
of capillary surface area and capillary hydraulic conductance,
and σ is the permeability factor (i.e. reflection coefficient) with
one being impermeable, and zero being completely permeable.

The permeability factor explains why, in times of capillary
leak as in shock states, colloids cannot maintain an oncotic
pressure difference and tend to leak out into the interstitium.
The general principle of fluid resuscitation is that intravascu-
lar hypovolemia should be replaced with isotonic fluid, which
tends to distribute in the ECF (3:1) intravascular:interstitium.
Hypotonic fluid will distribute between all body compartments
with only a small amount remaining in the intravascular space
(since water is freely permeable). Maintaining intravascular
blood volume is of primary importance to deliver nutrition (via
plasma) and oxygen (via red cells) to the tissues. Frequently
used isotonic solutions are 0.9% normal saline (154 mEq/L of
Na+ and Cl each) and lactated Ringer solution (130 mEq/L
Na+ , 109 mEq/L Cl− , 4 mEq/L K+ , 3 mEq/L Ca2+ , 28 mEq/L
lactate).

The end point of fluid resuscitation continues to be an area
of great debate since routine measurement of intravascular
(plasma) volume is not the norm. Surrogate markers are used
to assess adequate fluid resuscitation: blood pressure, heart
rate, urine output, and parameters of perfusion and cardiac
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function. Although every clinician wants to treat patients to
“euvolemia,” there are only a few centers measuring intravas-
cular volume using radioisotope studies (see Blood Volume
chapter). Debate will continue on how much fluid to give
until an easy method of measuring intravascular volume is
available.

DISORDERS OF WATER
METABOLISM

Ove rvie w of Wat e r Balance

Dysnatremias (hyponatremia or hypernatremia) are among the
most common electrolyte disturbances and usually are associ-
ated with poor outcomes. This problem persists due to failure
to promptly recognize a life-threatening condition and initiate
appropriate treatment. This chapter will focus on the patho-
genesis, diagnosis, treatment, and prevention of dysnatremias.

Re g ulat ion of Wat e r Balance

Extracellular fluid (ECF) tonicity is generally reflected in the
concentration of sodium in the serum. The serum sodium is
proportional to the total body exchangeable sodium (Nae) plus
the total body exchangeable potassium (Ke). This critical rela-
tionship is shown mathematically in Equation 41.1. Equation
41.1 is not used clinically; rather, it illustrates the relationship
between total body solutes and total body water. Decreases in
potassium often accompany hyponatremia, and replacement
of intracelllular solute losses can also be an important part
of treating hyponatremia. As water intake and excretion are
tightly regulated to maintain near-constant plasma osmolality
(Fig. 41.1), disturbances in serum sodium indicate disorders in
water balance, not gains or loss of sodium. This is a crucial
point in understanding dysnatremias. The actions of antidi-
uretic hormone (ADH), also called arginine vasopressin (AVP)
(1) on the kidney tightly regulates water excretion. To maintain

water balance, an intact thirst mechanism and the ability of the
kidneys to vary urinary concentration are required.

Nae + Ke

Total body water
α Napl [1]

Re nal Wat e r Hand ling

The kidney can vary urinary concentration significantly and ei-
ther excrete a large water load in very dilute urine or conserve
water significantly such that the daily solute load is excreted
in a small volume of urine. When the urinary filtrate passes
into the cortical collecting duct, it is very dilute (as low as 50
mOsm/kg). As the urine moves through the cortical collecting
duct into the collecting tubule, water reabsorption occurs in
the presence of ADH. In the absence of ADH activity (as in
diabetes insipidus), urine concentration will remain very low
(50–80 mOsm/kg). When ADH activity is maximal, urinary
concentration can be as high as 1,200 mOsm/kg. This ability
to excrete very dilute or a very concentrated urine allows the
body to achieve water balance across a very wide range of wa-
ter intake (between approximately 0.8 L per day and 15 L per
day). Impairments of this hormonal system that links perturba-
tions in serum osmolality as detected by osmoreceptors in the
hypothalamus to variations in urinary concentration can lead
to impairments in water balance. Administration of water to a
patient with impaired water excretion (Table 41.1) can lead to
hyponatremia.

Ele ct ro lyt e Fre e Wat e r
Electrolyte free water is a useful concept in the approach to the
patient with a disturbance in water balance. Electrolyte free
water is a conceptual volume of a body fluid (usually urine)
that represents the volume of that fluid that would be required
to dilute the electrolytes contained within total volume of the
fluid to the same tonicity as plasma electrolytes (Fig. 41.2).
The remainder of the volume (total volume minus electrolyte
free water) can be thought of as containing the nonelectrolyte
osmoles. This nonelectrolyte water excretion is the amount of

ADH Suppressed 
Dilute  urine  (free  
wate r excre tion) 

ADH re lease  
s timula ted 

Concentra ted (free  
wate r re tention)

Thirs t s timula ted 
Increased water 

intake

Free  water re tention 

Free  wate r 
excre tion 

Free  wate r intake  = 
free  wate r excre tion 

Hyponatremia

ADH = anti-diure tic hormone

 

Hyperna tremia  

Normonatremia

FIGURE 41.1. Water intake and excretion regulation. ADH, antidiuretic hormone.
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TA BLE 4 1 . 1

STATES OF IMPAIRED WATER EXCRETION IN THE
ICU RESULTING IN HYPONATREMIA

Volume-depleted states
Volume depletion
Diuretics

Normal-volume states
SIADH
Pain
Postoperative state
Nausea
Hypothyroidism

Volume-expanded states
Congestive heart failure
Renal failure
Cirrhosis

SIADH, syndrome of inappropriate antidiuretic hormone.

water excreted above the excretion of electrolyte solutes, and
thus if it is not replaced, will have an effect on the plasma
sodium concentration. In other words, the osmolality of a solu-
tion is not important in determining if it contains “free water” ;
rather, it is the concentration of electrolytes that is important.
An example of this is that the administration of dextrose so-
lutions provides the same amount of free water as an equal
volume of deionized water, whereas 0.45% normal saline con-
tains approximately 50% less. Electrolyte free water clearance
can be calculated as a convenient clinical tool in assessing wa-
ter need in a patient. The amount of electrolyte free water in
a body fluid (e.g., urine, sweat, nasogastric [NG] aspirate) is
calculated by the following formula:

[1 − ([Na+ ]fl + [K+ ]fl)/ ([Na+ ]pl + [K+ ]pl)]
× volume offluid (mL) [2]
= electrolyte free water clearance

where fl is body fluid and pl is plasma.

Clinical Ap p licat ion of Ele ct ro lyt e
Fre e Wat e r Cle arance

The most important conceptual point to understand is that the
urine electrolytes and not the urine osmolality determine the
degree of free water excretion in the urine. It is not always nec-
essary to calculate an exact value for the electrolyte free water
clearance if the relationship between the plasma electrolytes
and the urine electrolytes is understood. If the concentration
of electrolytes in the urine is greater than the concentration of

Electrolytes  
isotonic to 
plasma 

Electro lyte  free  
water (urea , 
glucose , ke tones) 

FIGURE 41.2. Electrolyte free water.

electrolytes in the plasma, then free water is not being excreted
in the urine. If the concentration of electrolytes in the urine
is less than that in the plasma, then the patient is excreting
free water in the urine. This relationship is illustrated in Figure
41.3. This is a simple test that can allow for a quick assessment
of the ongoing losses of water in the urine.

HYPONATREMIA
Hyponatremia commonly occurs in hospital settings and espe-
cially in the ICU setting. Often the condition is asymptomatic,
but hyponatremic encephalopathy (brain dysfunction due to
cerebral edema in turn due to hyponatremia) can result (2–4).
Hyponatremic encephalopathy is a life-threatening medical
emergency, and it must be recognized and promptly treated
as it can often lead to death or devastating neurologic compli-
cations (5,6). Differentiating between these two spectrums of
the disease presentation is critical. Among risk factors for life-
threatening hyponatremia are female gender of premenopausal
age (7), children (5), and hypoxia (7). Research over the last
decade has elucidated the pathogenetic mechanisms that un-
derlie these risk factors, and this has prompted new thinking
and mandated shifts in the clinical approach to hyponatremia.

Pat hog e ne sis of Hyp onat re mia

Hyponatremia is defined as a serum sodium of < 135 mEq/L.
The ability of the kidney to dilute the urine and thus excrete
free water is the body’s primary defense against the develop-
ment of hyponatremia. Excess ingestion of water as the sole
cause of hyponatremia is rare since the typical adult with nor-
mal renal function can excrete a massive free water load (15 L
of free water per day). The combination of factors necessary
for the development of hyponatremia are free water intake in
the setting of an underlying condition that impairs free water

Na u + Ku > Napl + Kpl Na u + Ku < Na pl + Kpl

Measure  Na u,Ku,Na pl,Kpl 

Re ta ining 
e lectrolyte  
free  water 

Excre ting 
e lectrolyte  
free  water 

Na u = urine  sodium 
(spot) 
Ku = urine  
potass ium (spot)  
Na pl = sodium 
plasma 
Kpl = potass ium 
plasma 

FIGURE 41.3. Relationship of electrolyte concentra-
tion in urine and plasma to the amount of free water
excreted.
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excretion (Table 41.1). The states that impair water excretion
are usually states where ADH release is a physiologic response
to a stimulus such as volume depletion, pain, nausea, post-
operative state, or congestive heart failure (due to decreased
circulating blood volume). In other instances, pathologic re-
lease of ADH occurs in syndrome of inappropriate ADH re-
lease (SIADH) and with certain medications such as thiazide
diuretics and anticonvulsants.

Brain De fe nse s ag ainst Ce re b ral Ed e ma

Hyponatremia induces an osmotic gradient that favors water
movement into the brain leading to cerebral edema and neu-
rologic injury. However, the brain is contained within a spe-
cialized compartment separated from the systemic circulation
by the blood–brain barrier that impedes entry of water and
has specialized mechanisms for handling water fluxes (8–10).
The blood–brain barrier is a specialized structure with tight
junctions between vascular endothelial cells (11–13) that in-
terface with glial cells (astrocytes) on the brain side of the
blood–brain barrier. Astrocytes form an important part of the
microvascular compartment in the brain and project foot pro-
cesses that abut the endothelial cells of the brain capillaries
(14). This highly specialized cell performs many supporting
functions in maintaining the fluid environment and the elec-
trolyte milieu of the extracellular space of the brain (15,16).
Among these functions is shunting of potassium from the mi-
croenvironment by uptake and release of potassium with wa-
ter accompanying, in the perivascular space away from neu-
rons. This function is accomplished through a concentration
of aquaporin 4 (AQ4) water channels and Kir4.1 potassium
channel located at the end-feet around the perivascular space
(8). There is increasing evidence that glial cells also have an
important role in brain water handling. The observation that
glial cells (but not neurons) selectively swell following hypo-
tonic stress presaged the existence of a glial-specific water pore,
which has now been shown to be aquaporin 4 (AQ4). Mice
lacking AQ4 do not develop cerebral edema in response to
hyponatremia, suggesting that these channels may have an im-
portant role not only in normal water regulation in the brain,
but also in the pathogenesis of hyponatremia-induced cere-
bral edema (17). During states of cytotoxic brain edema, wa-
ter is shunted through the astrocyte, which swells, and the
neuron is protected from this influx of water. Therefore, as-
trocytes are the principal regulator of the brain water con-
tent as they comprise the bulk of the intracellular space, and
the response of these cells following osmolar stress is an im-
portant determinant of the changes in brain volume during
hyponatremia.

The brain has several defenses against the development of
cerebral edema. The first response is the shunting of cere-
brospinal fluid from within the brain, but this mechanism has a
limited capacity to buffer volume changes (18). Immediately af-
ter a volume stress, cell volume regulatory mechanisms in the
cerebral astrocytes play an important role in reducing brain
volume through reduction in cellular osmolyte (mainly elec-
trolyte) content. These are adaptive mechanisms that are used
by multiple cell types to counteract an increase in cell volume;
however, the astrocyte responds to cellular swelling differently
than many other cells (19). In erythrocytes, white blood cells,
and epithelial cells, swelling occurs due to a hypotonic environ-

ment and calcium influx that begins a series of events termed
the regulatory volume decrease (RVD) mediated by activation
of K+ and Cl− channels that allow these ions to be released into
the extracellular environment. In glial cells this is not the pre-
dominant response. The glial cell uses ATP-dependent mecha-
nisms (19) that require the Na+ /K+ ATPase during which ions
are extruded from the glial cell and water obligatorily follows
the extruded ions, reducing brain volume and protecting from
the development of cerebral edema. This response is ongoing,
and in animal models of acute hyponatremia, brain water con-
tent is close to the baseline value 6 hours after induction of
acute hyponatremia (20). The Na+ /K+ ATPase is ubiquitous
and plays an essential role in cellular ion homeostasis. In the
brain, this enzyme is very important in the response of the cell
to volume stress and hypotonic insult (19). The enzyme has
binding domains for sodium, potassium, and cardiac glyco-
sides and requires the hydrolysis of ATP to ADP to provide
energy for moving these ions against concentration gradients
(21). Therefore, in vitro evidence suggests that the actions of
the sodium potassium ATPase are the important immediate re-
sponses in determining the brain’s response to hypo-osmolar
stress (Fig. 41.4).

In summary, during times of systemic hypo-osmolality, wa-
ter enters the brain through aquaporin 4 channels located in
the glial cell end-feet surrounding brain capillaries. This os-
motic swelling may also allow sodium into the glial cell, and
expansion of the glial cell quickly ensues. Immediate shunting
of cerebrospinal fluid (CSF) accommodates some of this expan-
sion, but this is a limited mechanism. The glial cell reduces the
intracellular volume by energy-dependent extrusion of solutes
via the Na+ /K+ ATPase pump. Several clinical factors have been
shown to impair these glial cell adaptive responses, resulting in
poor patient outcomes.

Clinical Manife st at ions

Symptoms of hyponatremia are due to osmotic swelling of
the brain that accompanies the decrease in plasma osmolal-
ity. Manifestations are varied, and they depend on the degree
of central nervous system adaptation to hypo-osmolality. Sig-
nificant degrees of hyponatremia can be asymptomatic, such
as chronic hyponatremia secondary to cirrhosis or heart fail-
ure. Conversely, hyponatremic encephalopathy is the clinical
term for symptomatic cerebral edema secondary to hypona-
tremia, and this condition can have a fulminant presenta-
tion. Early signs are usually nonspecific—nausea, vomiting,
headaches (22)—and often go unrecognized and are thought
to be due to cerebral edema. When pressure is exerted on
the skull by the brain, seizures may occur and if uncorrected,
brainstem herniation with respiratory failure and death will
follow (23).

Risk Fact ors for Hyp onat re mic
Ence p halop at hy

The time to development of hyponatremia, i.e., acute versus
chronic, has previously been presumed to be an important risk
factor in determining severity of symptoms. In vitro studies
have shown that full brain adaptation to hypo-osmolar stress
occurs over a period of days. However, epidemiologic studies
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FIGURE 41.4. The brain’s response to hypo-osmolar stress based on action of the sodium potassium
ATPase. A: Normal glial cell. B: Glial cell swelling following water influx under hyponatremic conditions.
C: Restoration of glial cell volume through extrusion of solutes via sodium-potassium ATPase. ADP,
adenosine diphosphate; ATP, adenosine triphosphate.

have not demonstrated time to development of hyponatremia
to be predictive of death (7,24). There is disparity in patient
outcomes even when the time to development of hyponatremia
is similar. For an example of the perplexing problem pre-
sented by hyponatremia, consider that an elderly male follow-
ing transurethral resection of the prostate may acutely develop
a serum sodium of 110 or a mentally ill patient may ingest large
volumes of water to develop hyponatremia of similar degree,
and encephalopathy does not result. However, young female
patients following surgery may develop respiratory arrest and
die due to brainstem herniation with serum sodium as high as
128 mEq/L (7). Although a component of acuity of the insult
is important in affecting the outcomes, other factors appear to
affect outcomes independent of the time course. A predilection
for hyponatremic encephalopathy to affect females is a clue
that patient-specific factors may be important in determining
patient outcomes (7,25).

Neurologic symptoms of hyponatremic encephalopathy are
due to pressure of the brain on the rigid skill. Brain size is de-
termined by the incremental change in cell size due to osmotic

influx of water, minus the regulatory volume decrease in re-
sponse to hypo-osmolality. There are three major risk factors
for poor outcomes following hyponatremic encephalopathy,
which are discussed below. Patient factors play an important
role in outcome.

In an epidemiologic study, being female of premenopausal
age was shown to be the most important factor in predict-
ing poor outcomes among postsurgical patients developing
hyponatremia (7). Although male and female patients were
equally likely to develop hyponatremia and hyponatremic
encephalopathy postoperatively, permanent brain damage or
death was 25 times more likely to occur in female patients (7).
The degree of reduction in serum sodium and time to develop-
ment of hyponatremia did not influence outcome. Comorbid
conditions (coronary artery disease, chronic obstructive pul-
monary disease, and peripheral vascular disease) were all more
prevalent in male survivors than in female nonsurvivors with
hyponatremic encephalopathy. Hypoxia at disease presenta-
tion was also identified as an important risk factor for hypona-
tremic encephalopathy. These findings have subsequently been
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verified in a general inpatient population (24). Therefore, three
patient-related clinical factors—gender, age, and the presence
of hypoxia—are more important in determining outcomes than
the rate of development or the severity of hyponatremia (7).
Children are another risk group for poor outcomes due to a
high brain-to–cranial vault ratio as brain development is com-
plete around age 6 years, but the skull is not fully grown until
adulthood. The identification of risk factors for poor outcomes
has been an important step leading to aggressive therapy and
a high degree of vigilance.

Ge nd e r in Hyp onat re mic Ence p halop at hy

There are no significant anatomic differences that are known
to exist between males and females that could explain this dis-
parity in outcomes, and therefore it was hypothesized that dif-
ferences in brain adaptation to hypo-osmolar stress may exist.
Estrogens have a similar core steroidal structure to ouabain
and cardiac glycosides (such as digoxin), which are among the
best known inhibitors of the sodium potassium ATPase (26).
Ouabains bind to the α subunit of the Na+ / K+ ATPase and
inhibit the catalytic activity of the enzyme, and estrogen likely
acts in a similar mechanism to reduce the activity of the sodium
potassium ATPase. In diverse tissues such as mammalian heart,
diaphragm, red blood cells, and liver, female sex hormones have
been shown to inhibit the activity of the Na+ /K+ ATPase pump
(27), and female rats have increased morbidity from hypona-
tremia (28,29). The uptake of sodium by isolated synaptosomes
from hyponatremic animals is increased in female rats com-
pared with male rats suggesting an impairment in sodium ex-
trusion (28,30). Regulatory volume decrease is inhibited by the
presence of estrogen/progesterone in rat astrocytes treated in
vitro (31), demonstrating that female sex hormones can impair
the critical energy-dependent astrocyte cell volume regulation
that actively extrudes ions from the intracellular space of the
edematous astrocytes.

Female rats undergo more intense vasoconstriction than
male rats in response to vasopressin (29). This intense vaso-
constriction may precipitate tissue hypoxia in the brain.

Role of Hyp oxia in Hyp onat re mic
Ence p halop at hy

Epidemiologic studies have shown that hypoxic patients fare
much worse than patients without hypoxia, after adjustment
for comorbid conditions in patients with hyponatremic en-
cephalopathy (7,24). Recall that the glial cell is the primary cell
involved in volume regulation in the brain. As estrogens had
been shown to impair brain adaptive mechanisms through in-
hibition of the Na+ /K+ ATPase, hypoxia may also impair brain
adaptation as tissue hypoxia will impair energy-dependent
mechanisms such as astrocyte cell volume regulation. In fact,
impairment of energy use in the brain alone can lead to diffuse
cerebral edema termed cytotox ic cerebral edema seen after as-
phyxiation or cardiac arrest. This impairment in volume reg-
ulatory mechanisms through hypoxia can lead to more severe
cerebral edema and lead to worse patient outcomes.

The proposed mechanism for the association of hypoxia
and poor outcomes is an impairment in brain adaptation due
to insufficient regulatory volume decrease (32). Brain hypoxia
can occur in two major settings: ischemia or systemic hypox-
emia. Although the effect on tissue oxygenation is the same
in these settings, cerebral blood flow is significantly different
because brain blood flow increases in response to hypoxia. In
response to hypoxia, there are many cellular adaptations that
are aimed at preserving the levels of ATP (33). Cells activate
pathways such as glycolysis that can produce ATP indepen-
dent of cellular respiration, and there is down-regulation of
ATP-consuming processes. Activity of the Na+ /K+ ATPase is
down-regulated through increased targeting of the enzyme for
endocytosis; thus the cell favors maintenance of intracellular
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FIGURE 41.5. The role of hypoxia.
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ATP levels over cell volume regulatory mechanisms. This may
contribute to the glial cell impairment in volume regulation.
Subsequent animal studies have shown that in brain hypoxia
induced by either tissue ischemia or by systemic hypoxia, brain
adaptation and survival are significantly impaired (32,34).

Hypoxia has been shown to develop in patients with hy-
ponatremic encephalopathy through two mechanisms: hyper-
capnic respiratory failure and neurogenic pulmonary edema
(35,36). Hypercapnic respiratory failure usually develops as a
consequence of central respiratory depression and is a first sign
of impending brain herniation. Neurogenic pulmonary edema
is a well-described complication of cerebral edema from other
causes as well as in hyponatremic encephalopathy (35,36).
Neurogenic pulmonary edema is a complex disorder charac-
terized by increased vascular permeability and increased cat-
echolamine release (37) that occurs secondary to elevated in-
tracranial pressure. Hypoxemia plays the role of both a risk
factor and pathogenetic mechanism in severe cerebral edema.
Whether hypoxia is present initially or develops as a conse-
quence of hyponatremia through hypercapnic respiratory fail-
ure and/or neurogenic pulmonary edema (35,36), poor out-
comes ensue (Fig. 41.5).

Ap p roach t o Hyp onat re mic Pat ie nt

The first step in working up the hyponatremic patient is to
exclude hyperosmolar hyponatremia (Fig. 41.6). An osmoti-
cally active substance that is confined to the extracellular fluid
(usually glucose or mannitol) will remove water from the in-
tracellular space and will dilute the serum sodium concentra-
tion (translocational hyponatremia). To assess for a sodium
disturbance in the setting of hyperglycemia, one must correct
the serum sodium by adding 1.6 mEq/L for every 100 mg/dL
increase of the serum glucose above 100 mg/dL. Significant hy-
perosmolality can exist in the setting of a normal or low serum
sodium in cases of hyperglycemia. For example, a patient has
a serum glucose of 650 mg/dL and a serum sodium of 130
mEq/L. Correct the serum sodium as follows:

(650 mg/ dL − 100 mg/ dL)
(100 mg/ dL)

× 1.6 mEq/ L

= 5.5 × 1.6 mEq/ L = 8.8 mEq/ L

Thus the corrected serum sodium in this patient is 139 mEq/L.
The entity of pseudohyponatremia should also be kept in

mind. Hyperproteinemia and hyperlipidemia can lead to spu-
riously low serum sodium measurements when samples are di-
luted prior to measurement of the serum sodium. If a potentio-
metric method is used, then this is not a concern. In pseudohy-
ponatremia, the measured serum osmolality will be normal.

The remainder of the diagnostic approach is based on the
history, urinary electrolytes, and clinical assessment of the pa-
tient’s intravascular volume status. Physical examination can be
unreliable in the clinical assessment of volume status and thus
should be interpreted with caution (Fig. 41.6). A difficult group
of patients not emphasized in Figure 41.6 are those with total
body fluid overload (with edema, weight gain) due to shock and
loss of fluid into the interstitial space, but who are intravascular
volume depleted. Despite edema, they would be categorized as
the “volume depletion” group, and the intravascular volume
may best be assessed by blood volume measurements.

Serum Sodium 
<135 mEq/L   

1)  Measure  
serum osmola lity

<280 mOsm/kg 

2)  Measure  urine  
osmola lity 

>280 mOsm/kg 
Translocational Hyponatremia  
• Hyperglycemia  
• Mannitol Infusion 

<100 mOsm/kg  
• Psychogenic 
polydips ia  
• Wate r intoxica tion 
• Reset osmosta t 

>100 mOsm/kg 

Edematous  
s ta te , a scites?  

• Conges tive  heart 
fa ilure   
• Cirrhos is  
• Rena l fa ilure  

No 

Volume 
deple tion?  

No 

Yes  

3)  Measure  urine  sodium 

<25 mEq/L
Extrarena l fluid losses  (e .g., GI)  
>25 mEq/L 
• Diure tics  
• Salt-was ting nephropa thy 
• Minera locorticoid deficiency 
• Osmotic diures is  • Renal fa ilure  

• Hypothyroidism 
• Glucocorticoid deficiency 
• Pos topera tive  
• Spinal fus ion 
• Pa in/s tress /nausea  
• Pos itive  pressure  ventila tion 
• Exogenous  dDAVP 

3)  Measure  urine  sodium 

No 

>25 mEq/L 
• SIADH 
 

 
<25 mEq/L 
• Repea t a lgorithm 

Yes  

FIGURE41.6. Diagnostic approach to hyponatremia. DDAVP, desmo-
pressin; GI, gastrointestinal; SIADH, syndrome of inappropriate antid-
iuretic hormone.

Tre at me nt of Hyp onat re mic
Ence p halop at hy

Use of hypertonic saline to correct hyponatremia is reserved
for patients with signs of hyponatremic encephalopathy and is
not appropriate in asymptomatic patients regardless of serum
sodium (6). Also, the serum osmolality should be measured
prior to beginning therapy with hypertonic saline to verify that
a hypotonic state exists (22). Fluid restriction alone is never ap-
propriate to manage a patient with hyponatremic encephalopa-
thy, especially in intravascular hypovolemic states. Early recog-
nition of the problem and prompt therapy are the most impor-
tant factors associated with successful intervention and good
neurologic outcomes (22).

The rationale for treatment with hypertonic saline can be
summarized as follows: (i) Remove patients with severe mani-
festations of cerebral edema from immediate danger, (ii) correct
serum sodium to a mildly hyponatremic level, and (iii) maintain
this level of serum sodium to allow for the brain to adapt to the
change in serum osmolality. Table 41.2 gives an overview of the
approach to therapy. Prompt therapy should be instituted in all
patients with hyponatremic encephalopathy. In patients with
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TA BLE 4 1 . 2

TREATMENT OF HYPONATREMIA

High-risk groups for poor outcomes
Menstruant females
Children
Hypoxic patients

Hyponatremic encephalopathy with evidence of severe
cerebral edema (active seizures, respiratory arrest)
–Bolus, 100 mL of 3% NaCl over 10 min
–Can repeat bolus 1–2 times with the goal of increasing
serum sodium 2–4 mEq/L or until clinical improvement

–Begin infusion as for hyponatremic encephalopathy

Hyponatremic encephalopathy (seizures, decreased mental
status, headache, nausea, vomiting)
–Infuse 3% NaCl at a rate of 1 mL/kg/h. ICU setting using
infusion pump

–Check serum sodium every 2 hours until symptom-free
–Stop hypertonic saline when patient is symptom-free or
serum sodium has increased by 15–20 mEq/L in the initial
48 hours of therapy

Asymptomatic hyponatremia
–Fluid restriction unless hypovolemia is suspected
–Demeclocycline
–Vasopressin V2 receptor antagonists

From Ayus JC, Krothapalli RK, Arieff AI. Treatment of symptomatic
hyponatremia and its relation to brain damage. A prospective study.
N Engl J Med. 1987;317(19):1190–1195.

severe manifestations (active seizures or respiratory failure), a
bolus of 100 mL 3% saline (given over 10 minutes) can be given
to promptly change the serum osmolality. The goal is to raise
the serum sodium by about 2 to 4 mEq/L. If seizures or respi-
ratory failure persist, the bolus may be repeated. Following the
bolus, an infusion of hypertonic saline should be given with the
goal of raising the serum sodium to mildly hyponatremic levels.
However, the total change in serum sodium should not exceed
15 to 20 mEq/L over 48 hours (6). For patients with hypona-
tremic encephalopathy without active seizures or respiratory
arrest, an infusion of 3% saline without a bolus is appropri-
ate. Again, the goal is also to raise the serum sodium to mildly
hyponatremic levels; the total change in serum sodium should
not exceed 15 to 20 mEq/L over 48 hours (6).

Additional precautionary steps are necessary to prevent
therapy-induced brain injury. The serum sodium should never
be corrected to normonatremic or hypernatremic levels for a
few days following hyponatremic encephalopathy. This main-
tenance period will allow the patient to adjust to the new
plasma tonicity. In patients with impaired cardiac output in
whom pulmonary edema may develop with vigorous volume
expansion, intravenous furosemide should be given in addition
to hypertonic saline to prevent volume overload.

There are formulas that have been advocated to calculate
the infusion rate when giving hypertonic saline; however, we
do not endorse their use. This practice can lead to patient injury
when a calculated rate is used as a substitute for proper patient
monitoring. Any patient receiving 3% saline should have the
serum sodium checked at least every 2 hours until the patient
and the serum sodium values are stable. All patients with se-
vere manifestations must be placed in an intensive care setting.

The rationale for close monitoring is that ongoing water losses
cannot be predicted, and equations that calculate infusion rates
assume a closed system (i.e., no ongoing water losses) and sig-
nificant overcorrection can occur. To guide initial therapy, an
infusion of 3% saline of 1 mL/kg will estimate an increase in
serum sodium by approximately 1 mEq/L. Initial infusion rates
should be adjusted based on repeated serum sodium values and
the patient’s clinical response.

During the treatment of hyponatremia, the clinician needs
to be vigilant to be sure that a free water diuresis does not occur.
Clinical scenarios where this is more of concern are interrup-
tion of desmopressin (DDAVP) therapy, psychogenic polydip-
sia, and drug-induced hyponatremia when the offending agent
is stopped. To prevent ongoing water losses in the urine and
“autocorrection” of the serum sodium, DDAVP can be given
to increase urinary concentration and reduce free water losses.
This must be done carefully with the patient strictly fluid re-
stricted or kept with no enteral intake in an intensive care unit
setting. If unrestricted fluid intake occurs during DDAVP ad-
ministration, significant hyponatremia can develop. Consulta-
tion with an expert experienced in treating sodium disorders is
mandatory in such cases. An increase in urine output is the first
sign that a water diuresis is ensuing, and therefore hourly urine
output needs to be followed in all patients with hyponatremic
encephalopathy. The difficulty in treating cases where autocor-
rection can occur is illustrated in the special case studies below.

Risk Fact ors for t he De ve lop me nt
of Ce re b ral De mye linat ion

Cerebral demyelination is a rare, serious complication associ-
ated with the correction of severe hyponatremia. When symp-
toms manifest, it is usually a delayed phenomenon occurring
days to weeks following correction of hyponatremia and can
manifest as a pseudocoma with a locked-in stare. This con-
dition can also be asymptomatic and therefore magnetic res-
onance imaging (MRI) (which is sensitive for the detection of
demyelinating lesions) is necessary for the diagnosis. It is impor-
tant to understand that the rate of correction of serum sodium
alone does not predict the development of cerebral demyelina-
tion; rather, the absolute change in serum sodium over 48 hours
is predictive (6). Other clinical factors such as liver disease and
hypoxia increase the risk of demyelination, and care must be
exercised in these groups (6). As noted above, the serum sodium
can be quickly be corrected in an acutely symptomatic patient
without increasing the risk of demyelination as long as the ab-
solute change over 48 hours does not exceed 15 to 20 mEq/L
and the patient is not corrected to normonatremic levels. Pa-
tients with liver disease are particularly susceptible to cerebral
demyelination, and caution should be exercised in this setting;
the safe degree of correction over 48 hours in this group is not
known (6).

Manag e me nt of Asymp t omat ic Hyp onat re mia
Regardless of the cause and regardless of the absolute level of
the serum sodium, asymptomatic hyponatremia does not re-
quire aggressive therapy, but the diagnostic approach to hy-
ponatremia is similar (Fig. 41.6), and treatment should be
based on the cause. Fluid restriction can be used alone if hypov-
olemia is not suspected, but this will typically not result in reso-
lution of the hyponatremia, especially in cases of SIADH where
electrolyte free water excretion is negative. Precipitating medi-
cations such as thiazide diuretics and anticonvulsants should be
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stopped. If hyponatremia persists despite fluid restriction, de-
meclocycline can be used to lower osmolality and increase free
water excretion. Vasopressin receptor (V2) blockers are new
agents that show promise for the treatment of hyponatremia
(38). There is currently limited experience with these medica-
tions. However, they may become the mainstay of therapy for
asymptomatic hyponatremia in the future as demeclocycline
has potential side effects.

Ap p roach t o Fluid The rap y and Pre ve nt ion
of Hosp it al-Acq uire d Hyp onat re mia

Until proven otherwise, a patient in a critical care setting should
be assumed to have an impairment in free water excretion. In
patients with intact kidney function, ADH levels are likely to
be high. In patients with renal failure, free water excretion
is also impaired. Common situations where water balance is
impaired include the following: cases of effective circulating
volume depletion (cirrhosis, heart failure, and third spacing
of fluid), gastrointestinal fluid losses, diuretic use (especially
thiazides), renal failure (acute and chronic), SIADH, cortisol
deficiency, and hypothyroidism (Table 41.1). As noted above,
hypotonic intravenous fluids should not be used except in the
setting of replacement of a water deficit (i.e., hypernatremia).
Isotonic solution normal saline (0.9% NaCl) containing 154
mEq/L of Na+ and Cl− is the most appropriate parenteral fluid
when intravenous fluids are indicated for the maintenance of in-
travascular volume in the postoperative period (39). Also, any
patient receiving fluid therapy should have the serum sodium
measured at least daily.

Hospital-acquired hyponatremic encephalopathy occurs
most commonly when hypotonic fluids are administered to a
patient with an impairment of free water excretion. A clini-
cal setting that merits specific discussion is the postoperative
state. Approximately 1% of patients develop a serum sodium
of < 130 mEq/L following surgery, and clinically important
hyponatremia complicates 20% of these cases (7). The post-
operative state commonly includes multiple stimuli for ADH
release including pain, stress, nausea, vomiting, narcotic med-
ications, and volume depletion (7). Administration of a hypo-
tonic intravenous fluid in the postoperative state or in other
clinical settings characterized by impaired free water excretion
can have disastrous consequences.. The use of hypotonic fluids
is reserved for treatment of a free water deficit, such as exists
in the setting of hypernatremia.

Sp e cial Case St ud ie s

Postoperative Hyponatremia
A 32-year-old female with no significant past medical history un-
dergoes elective laparoscopic bilateral tubal ligation at 8:00 a.m.;
5% dextrose, 1/4 normal saline is started by the anesthesiologist
and maintained at 125 mL per hour. The patient remains in re-
covery until late in the afternoon and is kept because she is too
sedated to leave. Intravenous meperidine is given, with adequate
pain relief. She does not tolerate oral intake, and the IV fluids are
continued at the current rate. At 2:45 a.m. the following day, the pa-
tient complains of headache and she is given Vicodin by the on-call
physician. At 9:00 a.m., a nurse notifies the surgeon of a sodium of
129 mEq/L; no new orders are received, and intravenous fluids are
continued. Later that morning the patient is noted to be lethargic,
and the surgeon is notified by the nursing staff; an order is received
to hold pain medications. At 3:30 p.m., the patient has a general-
ized seizure and goes into respiratory failure. She is intubated and

mechanical ventilation is initiated. Serum sodium at this time is 124
mEq/L.

Key Points:
■ This patient has multiple stimuli for ADH release and thus im-

paired free water excretion. Administration of a hypotonic fluid
was not appropriate and placed the patient at risk for hypona-
tremia.

■ The most important measure to prevent postoperative hypona-
tremia is to avoid the use of a hypotonic fluid in a postsurgical
patient and administer 0.9% sodium chloride when parenteral
fluids are indicated.

■ In this case the clinicians failed to recognize the early signs of hy-
ponatremic encephalopathy (headache, nausea, and vomiting),
which occurred when the patient’s sodium was 129 mEq/L. The
presence or absence of symptoms of hyponatremic encephalopa-
thy and not the absolute level of the serum sodium determines
whether or not a life-threatening condition ex ists.

Exercise-induced Hyponatremia
A 21-year-old woman collapses 30 minutes after completing a
marathon and is brought to the emergency room. She is disoriented
and significantly short of breath on arrival. Physical exam reveals
a normal cardiac exam, crackles in all lung fields, and a nonfocal
neurologic exam with depressed mental status. Chest radiograph
reveals pulmonary edema. Serum electrolytes include sodium of
126 mEq/L and potassium of 3.1 mEq/L.

Key Points:
■ Exercise-associated hyponatremia has been described in

marathon runners. Those who develop this problem consume
large amounts of water throughout the race, in excess of the wa-
ter lost through sweating (36,40). The proposed mechanism is
that significant portions of consumed water remains sequestered
in the gut as there is divergence of blood flow from the splanch-
nic circulation during the race. Additionally, ADH is released
secondary to the extreme physical exertion of the race. Follow-
ing completion of the marathon, the ingested water is absorbed
and acute hyponatremia ensues, which can be fatal.

■ Noncardiogenic pulmonary edema induced by cerebral edema
has been described in association with exercise-induced hypona-
tremia. Paradoxically, treatment with 3% saline leads to resolu-
tion of the pulmonary edema by treating the underlying cerebral
edema (41).

■ Limiting fluid intake is necessary as hypotonic electrolyte sports
drinks or salt consumption during the race do not appear to be
effective in prevention of this condition (40).

DDAVP W ithdrawal
A 76-year-old nursing home patient with a history of urinary incon-
tinence, following transurethral resection of the prostate, is treated
with intranasal DDAVP, 10 µ g each night. On a routine chemistry
panel 1 week prior to admission, his sodium was 138 mEq/L and
the patient was doing quite well. Two days prior to presentation
he was started on DDAVP, 10 µ g in the late morning. On the day
of admission, the patient is found to be lethargic and unrespon-
sive and is transported to an emergency room. His serum sodium
is 104 mEq/L and serum potassium is 4.0 mEq/L. Urine sodium is
95 mEq/L and urine potassium is 45 mEq/L. He is treated with a
75-mL bolus, then infusion of 3% saline, and his neurologic status
improves. Infusion of 3% saline is held when the serum sodium
is 120 mEq/L. DDAVP has also been withheld because it is noted
to have caused the hyponatremia. Urine output increases signifi-
cantly over the ensuing night and on the following morning his
serum sodium is 139 mEq/L, urine sodium is 17 mEq/L, and urine
potassium is 11 mEq/L.

Key Points:
■ DDAVP alone will not induce hyponatremia. DDAVP will cause

retention of free water, and thus the dosing needs to be titrated
in conjunction with the patient’s fluid intake. Proper patient in-
struction and close monitoring are essential during dose changes.

■ If DDAVP is withheld, which is commonly done in cases of
DDAVP-associated hyponatremia, a free water diuresis will
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ensue and dangerous overcorrection of the serum sodium hy-
pernatremia may occur.

■ The best approach to a patient with hyponatremic encephalopa-
thy due to DDAVP-associated hyponatremia is to continue
DDAVP and restrict all enteral fluid intake. Three percent NaCl
should be used to correct the patient to the desired serum sodium
level, then should be discontinued. A slow infusion of 0.9% can
be continued if necessary to support volume status, and abso-
lutely no hypotonic fluids should be administered. This will pre-
vent overcorrection of the serum sodium secondary to a water
diuresis. Consultation with a specialist is recommended in these
complex cases.

HYPERNATREMIA
Hypernatremia, a serum sodium greater than 145 mEq/L, is
commonly encountered in the intensive care unit. Thirst is a
powerful protective mechanism, and therefore, restricted ac-
cess to water is nearly always necessary for the development of
hypernatremia. Restricted access to water occurs in various set-
tings, often at the extremes of age: patients who are debilitated
by an acute or chronic illness, in neurologic impairment such
as dementia, in infants, in moribund patients, or in those on
mechanical ventilation with inability to drink water, or in any
situation without free access to water. Hypernatremia can de-
velop in essentially any critically ill patient with altered mental
status or intubated for mechanical ventilation, because these
patients have restricted access to fluids. In most patients in the
ICU with hypernatremia, there is a combination of impaired
access to water and ongoing free water losses. Renal water
losses may occur secondary to solute diuresis (typically urea
or glucose), renal concentrating defects (such as loop diuret-
ics), excess hypertonic sodium bicarbonate administration and
gastrointestinal fluid losses (especially nasogastric suction and
lactulose administration).

Pat hog e ne sis of Hyp e rnat re mia

The thirst mechanism and the kidney’s urinary concentrating
ability that minimize water losses in the urine are the body’s
defenses against the development of hypernatremia. The com-
mon causes of hypernatremia in the ICU usually involve states
of impaired water access in conjunction with excessive free wa-
ter losses (Fig. 41.7). Hypernatremia is a relatively uncommon
diagnosis on admission to the intensive care unit but frequently
develops during critical illness, and the cause is nearly always
iatrogenic. Failure to recognize significant electrolyte free wa-
ter losses in the urine and to provide adequate replacement
in either parenteral or enteral solutions is a common cause of
hypernatremia in the intensive care setting.

During hypernatremic states, the brain is subject to osmo-
lar stress that favors the movement of water out of the brain
and can lead to significant brain damage. In vivo studies have
shown that the brain adapts to hypernatremia through in-
creases in osmotically active ions and de novo generation of
osmotically active idiogenic osmoles. The osmotically active
cations that are increased in the brain during hypernatremia are
sodium and potassium. Idiogenic osmoles refer to a heteroge-
neous group of osmotically active substances such as myoinosi-
tol, glycerophosphocholine, choline, and sorbitol (42,43). This
response is seen in the acute setting, and no further changes in
brain osmolality are observed after 1 week of hypernatremia
(44). These defenses preserve brain volume during elevations in
the plasma osmolality and prevent significant decrease in brain
size due to osmotic water losses in the brain. In correction
of chronic hypernatremia, idiogenic osmoles do not dissipate
quickly, and rapid correction of chronic hypernatremia over
24 hours can lead to cerebral edema (44).

Ap p roach t o t he Hyp e rnat re mic Pat ie nt

A detailed history focusing on fluid intake and losses is the
first step in the evaluation of the hypernatremic patient. Vari-
ous sources of water losses in the critically ill patient are (Fig.
41.8) water losses in the urine, from the gastrointestinal tract
(diarrhea and nasogastric suction), and insensible losses (fever,
sepsis, massive diaphoresis, burns). These amounts should be
calculated (when accurate counts are available) or estimated.
In assessing urinary water losses, both the urine osmolality and
electrolytes should be measured in evaluation of urinary con-
centrating ability and to assess urinary water losses. Caution
should be exercised in the interpretation of the urine osmo-
lality as this is an area where error is frequently made. The
urine osmolality alone cannot be used to determine whether or
not there is free water loss in the urine. This is because water
is excreted with nonelectrolyte osmoles (which under physio-
logic conditions is typically urea) and with electrolyte osmoles.
Both contribute to the osmolality of the urine but have dif-
ferential effects on water balance. Water that is excreted with
nonelectrolyte osmoles is water that is lost in excess of elec-
trolyte loss. Recall that the serum sodium is proportional to
total body electrolytes relative to total body water (Equation
41.1). Therefore loss of water with the nonelectrolyte osmoles
will raise the serum sodium. By contrast, water that is excreted
with electrolyte osmoles will not affect the serum sodium (as
long as the concentration of electrolytes in the urine and serum
are similar). This is because both the numerator and denomi-
nator of Equation 41.1 is decreasing and therefore the propor-
tion is unchanged. In cases where there is a high urea or glu-
cose load, significant amounts of water can be lost in the urine

Lack of water intake Increased water losses
Decreased thirs t (dementia , neurologic 
impairment) 
Mechanica l ventila tion 
Bowel res t/nasogas tric suction 

Solute  diures is  (hyperlgycemia , urea  
loading from tube  feeds  or 
hypera limenta tion) 
Loop diure tics  
Gas trointes tina l wate r losses  
Diabe tes  ins ipidus  FIGURE 41.7. Common causes of hy-

pernatremia in the ICU.



Chap t e r 41: Fluids and Electrolytes 619

Urine  GI Losses  
(dia rrhea , 

nasogas tric 
suction) 

Sweat Insens ible  losses  
(evapora tion from 
respira tory tract)

Ente ra l Intake  Parente ra l Intake  
(TPN, IVF) 

Tota l Body Water

FIGURE 41.8. Sources of water intake and loss in the ICU. GI, gas-
trointestinal; IVF, intravenous fluid; TPN, total parenteral nutrition.

despite maximal urinary concentration. Failure to concentrate
the urine in the face of hypernatremia should raise suspicion
of a urinary concentrating defect. Renal failure, loop diuretics,
tubulointerstitial renal disease, and diabetes insipidus are the
main causes of urinary concentrating defects. In summary, all
sources of water intake and water loss should be considered in
assessing the water needs of a critically ill patient (Fig. 41.8) as
an imbalance favoring water loss over water intake will lead to
hypernatremia.

Clinical Manife st at ions of Hyp e rnat re mia

Hypernatremia leads to an efflux of fluid from the intracellular
space to the extracellular space to maintain osmotic equilib-
rium across the cell membranes. The primary clinical manifes-
tations are due to central nervous system depression as cerebral
dehydration and cell shrinkage occurs. Hypernatremia carries
an overall mortality between 40% and 70% in children (45).
The elderly and patients with end-stage liver disease are at par-
ticular risk for complications from hypernatremia. Treatment
of hepatic encephalopathy with lactulose frequently causes an
osmotic diarrhea that leads to water losses in the stool. As a re-
sult, hypernatremia can quickly develop and lead to severe mor-
bidity. Patients with liver disease are at high risk for cerebral
demyelination in the setting of changes in serum sodium (6).

Ce nt ral Diab e t e s Insip id us

Central diabetes insipidus (CDI) is a unique cause of hyper-
natremia that can be seen in the ICU and is most commonly
in the setting of head injury, pituitary surgery, and cerebral
hemorrhages. Specific therapy is indicated for this condition
and therefore it needs to be recognized early. With polyuria
secondary to water diuresis, severe hypernatremia can rapidly
develop in an individual who has restricted access to fluids such
as an ICU patient. Sodium-retentive mechanisms are intact
in patients with CDI, and therefore clinical volume depletion
is not a characteristic feature. The diagnosis of CDI should
be suspected if the urine is not concentrated in the setting of
hypernatremia (46). In general, the plasma osmolality typically
exceeds the urine osmolality in CDI. Formal diagnostic testing
for diabetes insipidus is beyond the scope of this text and
is usually undertaken in consultation with a nephrologist. A
simple and reliable clinical test that can be used to distinguish

CDI from nephrogenic diabetes insipidus is to administer a
V2 receptor agonist, such as DDAVP. A 50% increase in urine
osmolality following DDAVP administration strongly suggests
CDI. Once the diagnosis is established, DDAVP can be given
either subcutaneously or intranasally. When DDAVP is admin-
istered, water intake should be adjusted appropriately to avoid
precipitation of significant hyponatremia, and serial serum
electrolytes should be monitored during dose titration (23).

Tre at me nt of Hyp e rnat re mia

The goal of treatment of hypernatremia is to achieve normal
circulatory volume as patients typically have circulatory vol-
ume depletion and then to correct the serum sodium with free
water replacement (Table 41.3). The first step is to assess the
ongoing water losses in the urine to determine if the water losses
are renal in origin, or if the kidneys are appropriately conserv-
ing water. A simple method for assessing free water loss in the
urine is displayed in Equation 41.3, which is Equation 41.2 but
looking specifically at the urine:

(1 −
[Na+ ]U + [K+ ]U

[Na+ ]P + [K+ ]P
) × urine output rate [3]

= rate of urinary water loss

The degree of ongoing water losses in the urine will as-
sist in determining the rate of fluid administration. In cases
of extrarenal fluid losses, the fluid loss will need to be es-
timated. Fluid resuscitation with normal saline or colloid to
replenish the circulating volume should precede correction of
the water deficit (Table 41.3). In hypernatremic states, insulin
resistance has also been observed (47). This can lead to se-
vere hyperglycemia and potential worsening of hyperosmolal-
ity during therapy with glucose-containing solutions. For this
reason, glucose-containing solutions are potentially harmful
and should be avoided if possible. If intravenous glucose solu-
tions must be used (for example, 5% dextrose in water), hourly
measurement of the plasma glucose should be made and an
insulin drip considered if plasma glucose becomes elevated.

TA BLE 4 1 . 3

TREATMENT OF HYPERNATREMIA

1. Replete intravascular volume with colloid solution,
isotonic saline, or plasma.

2. Estimate water deficit. Deficit should be replaced over
48–72 hours, aiming for a correction of 1 mOsm/L/hour. In
severe hypernatremia (> 170 mEq/L), serum sodium should
not be corrected to below 150 mEq/L in the first 48–72
hours. Replacement of ongoing water losses are given in
addition to the deficit.

3. Hypotonic fluid should be used. Usual replacement fluid is
77 mEq/L (0.45 N saline). A lower sodium concentration
may be needed if there is a renal concentrating defect or
sodium overload. Glucose-containing solutions should be
avoided, and an oral route of administration should be
used.

4. Monitor plasma; electrolytes should be monitored every
2 hours until patient is neurologically stable.

Reproduced from Medical Knowledge Self-assessment Program
(MKSAP) 2006.
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Oral hydration is preferable to parenteral and should be used
when possible. Serial measurement of electrolytes every 2 hours
is necessary until the patient is neurologically stable. In patients
without evidence of hypernatremic encephalopathy, the serum
sodium should not be corrected more quickly than 1 mEq/hour
or 15 mEq/24 hours. In severe cases (> 170 mEq/L), sodium
should not be corrected to below 150 mEq/L in the first 48 to
72 hours (36).

Case Scenario: Solute Diuresis from Excess Urea Load
A 46-year-old man is admitted with severe necrotizing pancreati-
tis. He has a history of alcohol abuse, hepatitis C, and chronic
liver disease. The patient weighs 76 kg. Admission labs are listed
below. The patient is kept without enteral intake overnight and
volume expanded with 6 L of normal saline. Twenty-four hours
after admission, abdominal pain worsens and he is continued with-
out enteral intake. Serum sodium is 145. Over the next 24 hours,
urine output increases and isotonic saline is continued at 100 mL
per hour. Total parenteral nutrition is initiated with a total vol-
ume of 2 L, 120 mEq of sodium, and high amino acid content.
The chemistry and urine studies 48 hours after admission are
listed.

48 hours after
Admission admission

Sodium (mEq/L) 137 155
Potassium (mEq/L) 3.5 3.1
Chloride (mEq/L) 103 112
Bicarbonate (mmol/L) 21 24
Blood urea nitrogen (mg/dL) 23 53
Creatinine (mg/dL) 1.3 1.1
Urine output (mL per hour) 40 200
Urine sodium (mEq/L) — 45
Urine potassium (mEq/L) — 22
Urine osmolality (mOsm/kg) — 610

What is the cause of the polyuria in this patient? Answer: Solute
diuresis.

Learning Point:
■ Solute diuresis secondary to a high urea load is a common cause

of hypernatremia in the critical care setting.

This patient presents a typical example of a solute diuresis
leading to hypernatremia in the critical care setting. By taking
the ratio of the sodium plus potassium in the urine over the
sodium plus potassium in the serum, urinary water losses can
be assessed. The sodium plus potassium in the urine is lower
than that in the blood. In this case, the ratio is 70/156 = 0.45.
This means that 45% of his urine is electrolyte containing and
conversely that 55% of the urine is electrolyte free water. At
his current urine output, he is losing (0.55 × 200 mL/hour) =
110 mL of water per hour in the urine. Water replacement must
be at least equal to this to replace his ongoing water losses in
the urine. The urine osmolality is high due to ADH secretion,
and this is increasing the urine concentration. The low urine
sodium and potassium, at a time when the urine osmolality
is high, signifies that there is a nonelectrolyte osmole in the
urine that is obligating water loss. This is a classic presentation
of an osmotic diuresis secondary to urea. The high urea load
in this case is probably multifactorial, being secondary to the
hypercatabolic state with muscle breakdown in addition to the
necessarily high protein in the total parenteral nutrition.

Pre ve nt ion of Hyp e rnat re mia in t he ICU

The prevention of hypernatremia is best accomplished by
recognition of patients at risk for this disorder and at risk of

a poor outcome. It is not necessary to memorize a list of con-
ditions but to understand that hypernatremia requires at least
one of the following to occur: impaired access to water (de-
mentia, mental illness, encephalopathy, child/ infant, critically
ill patient, patient who is restricted in enteral intake or using
a feeding tube) or a massive sodium load (improper infant for-
mula mixture, administration of large amounts of hypertonic
sodium solutions such as sodium bicarbonate or sodium phos-
phate) (23).

DISORDERS OF POTASSIUM
BALANCE

Physio log y of Pot assium Home ost asis

Potassium is present mainly in the intracellular space (approx-
imately 4,000 mEq of total body stores) and is sequestered
in the intracellular space through the action of the Na+ /K+

ATPase pump. The serum potassium level is tightly regulated
so that the potential differences across membranes, especially
cardiac, are not affected by alterations in potassium level. As
the extracellular space contains very little of the total body
potassium, shifting of potassium from one space to another
is a major cause of both hyperkalemia and hypokalemia. The
major influences that favor potassium movement into cells are
insulin and β 2-adrenergic stimulation. Metabolic acidosis fa-
vors potassium movement out of cells as H + is exchanged for
K+ when H + moves intracellularly. However, this may have less
importance in settings where an organic anion is generated as a
result of the acidosis (such as lactic acidosis) as the organic ions
may also move intracellularly and thus negate the electrogenic
stimulus for potassium to move out of the cell.

Potassium excretion is tightly regulated, and the excretion of
potassium can be varied such that potassium balance is main-
tained across a wide range of potassium intake. There are two
main determinants of potassium excretion of clinical signifi-
cance: flow of tubular filtrate into the distal nephron and secre-
tion of potassium into the electronegative filtrate through ep-
ithelial potassium channels. The electronegativity of the tubu-
lar filtrate is determined by reabsorption of sodium from the
filtrate at a faster rate than reabsorption of Cl− . This reab-
sorption occurs through the epithelial sodium channel ENaC
(47,48). The effect of aldosterone with sodium retention is the
most important influence increasing the action of ENaC and
therefore stimulates potassium excretion. Medications such as
amiloride, triamterene, and trimethoprim (49) block ENaC and
lead to decreased K+ secretion and can lead to clinically impor-
tant hyperkalemia. Decrease in the rate of tubular flow into the
distal nephron stimulates the renin angiotensin system, which
in turn stimulates release of aldosterone. The renin angiotensin
axis, in addition to stimulating the release of aldosterone, also
affects hemodynamic changes at the glomerular level, which act
to maintain glomerular filtration rate and therefore maintain
distal flow into the nephron with the ability to excrete potas-
sium. In summary, the renal excretion of potassium is enhanced
during states of high tubular flow and also under the actions of
aldosterone. Therefore, inhibition of either of these through a
decrease in glomerular filtration rate (of any cause) or inhibi-
tion of the action of aldosterone (e.g., adrenal insufficiency or
pharmacologic blockade) can lead to potassium retention.
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Hyp e rkale mia

Pat hop hysio log y
Hyperkalemia occurs through two major mechanisms: shifting
of potassium from intracellular compartment to the extracel-
lular fluid compartment or through total body excess (Table
41.4). Total body potassium excess nearly always implies a
deficiency in renal potassium excretion as the kidney. It is dif-
ficult to overcome a normal kidney’s ability to increase potas-
sium excretion by increasing potassium intake except in cases
of a massive potassium load (rhabdomyolysis, tumor lysis syn-
drome). Chronic renal failure alone typically does not lead to
hyperkalemia until the glomerular filtration rate (GFR) falls
below approximately 15 mL/minute. Other mitigating factors
will exacerbate hyperkalemia in the setting of chronic renal
failure such as medications (Table 41.5). Hyperkalemia com-
monly complicates acute renal failure and is less tolerated in the
acute setting. Hyperkalemia is most often encountered in unex-
pected development of acute renal failure such as in postsurgery
(especially after cardiac or vascular surgery), post–intravenous
contrast study, administration of nephrotoxic antibiotics (es-
pecially aminoglycosides), post–cardiac catheterization. Other
settings include end-stage renal disease, adrenal insufficiency,
type IV renal tubular acidosis (RTA) (usually seen in diabetics),
crush injury, diabetes, and massive blood transfusion. Medica-
tions are a very important risk factor for the development of
hyperkalemia (Table 41.5).

Manag e me nt of Hyp e rkale mia
The first step in the management of hyperkalemia is to differen-
tiate life-threatening hyperkalemia from less urgent cases and
then to identify the diagnosis. The absolute levels of the potas-
sium cannot be reliably used to determine if a life-threatening
condition exists, and the effect of elevated potassium on the car-
diac membrane must be determined through an electrocardio-
gram. The management of emergent hyperkalemia is detailed

TA BLE 4 1 . 4

CAUSES OF HYPERKALEMIA

Assess for increased potassium intake

Low-sodium salt substitutes and potassium supplements
Assess for shift of potassium intracellular fluid to extracellular
fluid
Metabolic acidosis
Tissue necrosis (rhabdomyolysis, bowel infarction, tumor

lysis) or depolarization
Insulin deficiency
β 2-Blockade

Assess for reduced potassium excretion in urine
Renal failure
Low aldosterone action (Think drugs: especially heparin,

cyclosporine, tacrolimus, ARB, ACE-I)
Decreased distal nephron flow rate

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin
receptor blockers.
From {MKSAP 2006}.

TA BLE 4 1 . 5

MEDICATIONS THAT CAUSE HYPERKALEMIA

Drugs that interfere with potassium excretion
Interfere with renin–angiotensin–aldosterone axis:

ACE-I, ARB, aldosterone blockers, heparin (decrease
aldosterone synthesis), beta-blockers (decrease renin
release)

Interfere with tubular potassium handling:
Potassium-sparing diuretics (amiloride, triamterene),

trimethoprim, calcineurin inhibitors (cyclosporine,
tacrolimus)

Drugs that shift potassium from intracellular fluid to
extracellular
β 2-blockers, depolarizing paralytics (e.g., succinylcholine),

digitalis

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin
receptor blockers.
From {MKSAP 2006}.

in Table 41.6. As a temporizing measure, shifting of potassium
intracellularly with insulin or beta-agonists can be used until
definitive removal therapy is instituted. If normal renal function
is present, diuretics and intravenous saline can be used to re-
move potassium. Cation exchange resins can be used as an ad-
junctive therapy. In patients with renal failure, especially with
oliguria, emergency dialysis is often necessary. Hyperkalemia
not associated with electrocardiographic changes can some-
times be managed with discontinuation of the offending agent.
Some medications causing hyperkalemia such as spironolac-
tone can have a long half-life, and the effect can last for up to 1
to 2 weeks. Close follow-up is mandatory with serial measure-
ments of serum potassium and renal function (50). If managed
properly, hyperkalemia is usually associated with good long-
term prognosis.

Case Scenario: Heparin-induced Hyperkalemia
A 60-year-old female patient is 5 days post–total hip replacement
for osteoarthritis. She has a history of diabetes, hypertension, and a
seizure disorder and no known kidney disease. Her outpatient med-
ications include insulin, metformin, atenolol, hydrochlorothiazide,
and Dilantin. The surgery was uneventful, but on postsurgical day
2, she develops severe shortness of breath and chest pain. A pul-
monary embolism is diagnosed, and she is placed on unfractionated
heparin and transferred to the intensive care unit. Following the
surgery, she has additionally been receiving promethazine, 12.5 mg
as needed (prn) for nausea and vomiting, and meperidine, 25 mg
prn for pain. Her preoperative labs were all normal; today’s chem-
istry panel (on postoperative day 4) is listed below:
Sodium (mEq/L) 138
Potassium (mEq/L) 5.9
Chloride (mEq/L) 102
Bicarbonate (mEq/L) 27
Blood urea nitrogen (BUN) (mg/dL) 18
Creatinine (mg/dL) 1.1
Glucose (mg/dL) 153

Which of the following best explains the development of hyper-
kalemia? Answer: Use of heparin.

Key Point:
■ Heparin can lead to hyperkalemia by decreasing aldosterone

levels (51).

Heparin is a frequent cause of hyperkalemia in the hospital set-
ting in both patients with normal renal function and in those
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TA BLE 4 1 . 6

TREATMENT OF HYPERKALEMIA

Immediate actions
Electrocardiogram. Look for peaked T waves, loss of p waves,

widened QRS. Loss of p wave and widened QRS suggest
impending ventricular fibrillation.

Send repeat serum potassium to confirm diagnosis (do not
wait for confirmatory test to initiate emergency therapy).

Hyperkalemia with electrocardiographic (ECG) changes
Stabilize cardiac membrane
–Intravenous (IV) calcium gluconate or chloride to stabilize
cardiac membrane, may repeat in 5 min if ECG changes
persist

–Place patient on cardiac monitoring
Shift potassium into cells
–IV insulin (with IV dextrose if necessary to prevent
hypoglycemia)

–Albuterol, 10–20 mg by nebulization (caution in heart
disease)

–IV NaHCO 3 may be of benefit

Potassium removal
–Dialysis
–Diuretics (with IV saline if patient is not volume
overloaded) if renal function is normal

–Cation exchange resins (caution with decreased GI
motility as bowel necrosis can occur)

Hyperkalemia without electrocardiographic changes
–Remove offending agents
–Otherwise follow same therapy as above with
dialysis, diuretics, and/or cation exchange resins.

GI, gastrointestinal.

with renal insufficiency. In this case, renal function appears to
be normal. Heparin inhibits the synthesis of aldosterone and
leads to impairment of renal potassium secretion in the distal
tubule. Two major factors are necessary for potassium excre-
tion to occur: distal flow of urine to the distal nephron (this is
impaired in acute renal failure) and aldosterone action. The ne-
cessity for distal secretion of potassium to maintain potassium
balance is because of the very low filtered load of potassium
due to the low concentration of potassium in the blood. Aldos-
terone acts by promoting the exchange of potassium for sodium
in the distal tubule. The glomerular filtration rate is normal in
this case, but due to decreased distal secretion of potassium,
potassium excretion is impaired.

HYPOKALEMIA

Pat hop hysio log y

Hypokalemia can occur either through shifting from ECF to
ICF or through total body potassium depletion via gastroin-
testinal losses (distal to the stomach) or urinary losses (Table
41.7). Gastric secretion contains only 10 mEq/L of K+ , but
hypovolemia associated with vomiting/NG suction stimulates

TA BLE 4 1 . 7

COMMON CAUSES OF HYPOKALEMIA

Potassium shift into cells
Alkalosis, recovery from diabetic ketoacidosis, β 2-agonists,

insulin

Gastrointestinal potassium losses
Vomiting, nasogastric suction, diarrhea

Renal potassium losses
Diuretics, hypomagnesemia, hyperaldosteronism, drugs

(amphotericin B, cisplatin), proximal (type II) and distal
(type I) renal tubular acidosis (RTA), Bartter and
Gitelman syndromes.

Decreased potassium intake

Intestinal secretion contains 30–60 mEq/L of potassium.
Gastric secretion contains only 10 mEq/L of potassium, and
hypokalemia may be a result of hypovolemia with stimulation of
aldosterone. Aldosterone will lead to sodium retention and potassium
excretion in the kidneys.
From {MKSAP 2006}.

aldosterone with sodium retention and potassium excretion.
Shifting of potassium into the intracellular compartment is a
physiologic process that normally occurs in response to insulin
secretion. Without this process, a meal could lead to a dan-
gerously high potassium level since the total amount of potas-
sium contained within the extracellular space is quite low. β 2-
adrenergic stimulation is another avenue for cellular uptake
of potassium. This is clinically significant as β 2 agonists can
be used to transiently treat hyperkalemia and possibly lead to
hypokalemia in certain clinical settings.

Clinical Manife st at ions

The effects of hypokalemia are related to the effect of low potas-
sium on neuromuscular transmission and conduction in the
heart. A decrease in extracellular potassium makes the mem-
brane less excitable and muscle weakness results. Hypokalemia
can lead to arrhythmias (especially in patients on digitalis
or with heart disease). Other effects include ileus, muscular
cramps, augmented ammonia production in the kidney (which
can potentiate hepatic encephalopathy), and rhabdomyolysis.
Hypokalemia is often associated with hypomagnesemia, and
serum magnesium status should be assessed in all patients with
hypokalemia.

Manag e me nt of Hyp okale mia

Potassium can be replaced with potassium chloride (KCl). For
severe hypokalemia, potassium chloride should be given intra-
venously (IV) at a rate of 10 to 20 mEq per hour. Hypomagne-
semia should also be corrected if present. Total body potassium
deficits are typically large (200–300 mmol for serum potassium
of 3.0 mEq/L, i.e., for each 1 mEq below normal), and repeated
replacements may be needed with serial measurements (50).
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Since K+ is a major intracellular cation, serum levels may not
reflect the severity of deficiency.

Case Scenario: Hypokalemia Associated with Metabolic Acidosis
A 21-year-old woman is admitted for a 1-week history of muscu-
lar weakness and shortness of breath. Her past medical history is
insignificant except for a history of dental caries and dry eyes. Her
admission laboratories are listed below:
Sodium (mEq/L) 137
Potassium (mEq/L) 1.8
Chloride (mEq/L) 115
Bicarbonate (mEq/L) 9
BUN (mg/dL) 16
Creatinine (mg/dL) 0.9
Glucose (mg/dL) 110

Arterial pH 7.09
PCO 2 14
PO2 115

The patient is placed in the intensive care unit on a cardiac
monitor.

What is the most likely diagnosis? This is a dramatic presen-
tation of distal renal tubular acidosis with profound hypokalemia.
Her history is suggestive of Sjögren syndrome, which can be com-
plicated by distal renal tubular acidosis (52).

What is the next appropriate step in electrolyte and acid-base
management? Replete potassium with intravenous potassium chlo-
ride. It is important not to treat this patient initially with alkali
therapy; this can lead to shifting of potassium intracellularly and
fatal hypokalemia. Once her potassium has been corrected, she can
be treated with intravenous sodium bicarbonate.

DISORDERS OF DIVALENT IONS
The divalent ions phosphorus, calcium, and magnesium play
important roles in cellular function such as regulation of en-
zymes and energy metabolism. In critical illness, the home-
ostasis of these ions is often altered, and abnormal levels are
commonly encountered. The best treatment of these conditions
requires knowledge of the pathophysiology of the alterations
in the levels in these ions.

Phosp hat e Home ost asis

Phosphate is important for many basic processes of cellular
metabolism and bone metabolism. Clinically in the intensive
care setting, the need for phosphate for proper cellular en-
ergy metabolism through high-energy phosphate compounds
(e.g., adenosine triphosphate) is among the most important.
Phosphate is obtained in the diet primarily through protein
intake. The typical Western diet contains sufficient phosphate
to meet metabolic demands; however, in patients with poor
nutritional status, often seen in alcoholics, hypophosphatemia
may develop. The phosphate excretion in the kidney is reg-
ulated by several factors that favor tubular phosphate reab-
sorption (such as insulin, prostaglandin E2, and thyroid hor-
mone) and factors that inhibit phosphate reabsorption (such
as parathyroid hormone and the newly characterized phos-
phaturic hormone FGF-23 that plays a role in hereditary and
acquired phosphate-wasting disorders). Phosphate reabsorp-
tion is handled principally in the proximal tubule through the
NPT2 sodium phosphate cotransporter. Therefore, disorders
of the proximal tubule, such as Fanconi syndrome, may lead
to renal phosphate wasting.

Hyp op hosp hat e mia

Pat hop hysiolog y
There are three major mechanisms of hypophosphatemia (Ta-
ble 41.8): shifting of phosphate from the extracellular to the
intracellular space, renal phosphate losses, and gastrointestinal
losses. Very often the disorder occurs as a multifactorial disease
with acid-base disturbances, decreased intake, and renal losses
all contributing. Phosphate, like potassium and magnesium, is
mainly an intracellular ion. Therefore, low serum phosphate
usually represents significant total body phosphate depletion.
Hypophosphatemia commonly occurs in alcoholics and in hos-
pitalized patients. The diagnosis is usually evident from the his-
tory; however, if the cause is in doubt, renal phosphate losses
can be assessed by calculating the fractional excretion of phos-
phorus.

[P]u × [Cr]pl
[P]pl × [Cr]u

= fractional excretion of phosphorus

where P is phosphorus level, u is urine, pl is plasma, and Cr is
creatinine level.

This will help discern if the phosphate losses are gastroin-
testinal (GI) in origin or if the losses are in the urine. The frac-
tional excretion of phosphorus should be measured at a time
when serum phosphorus is low, and if the fractional excretion
of phosphorus is below 5% , the kidney is appropriately con-
serving phosphate and therefore the losses are extrarenal. In
critically ill patients, there are many common conditions and

TA BLE 4 1 . 8

CAUSES OF HYPOPHOSPHATEMIA

Decreased phosphate absorption, GI phosphate losses
■ Alcoholism/poor nutrition
■ Diarrhea
■ GI tract surgery
■ Ingestion of phosphate-binding medications or antacids
■ TPN preparations with inadequate phosphorus
■ Vitamin D deficiency
■ Use of corticosteroids

Shifting of phosphate from extracellular space
■ Refeeding syndrome
■ Respiratory alkalosis
■ Hungry bone syndrome
■ High-grade lymphoma, acute leukemia
■ Administration of glucagon, epinephrine

Increased renal losses of phosphate
■ Hyperparathyroidism
■ Fanconi syndrome (proximal tubular dysfunction seen in

several diseases especially multiple myeloma)
■ Diuretics, especially carbonic anhydrase inhibitors
■ Acute volume expansion
■ Amphotericin B
■ Oncogenic osteomalacia
■ Hypophosphatemic rickets (X-linked and AD)

AD, autosomal dominant; GI, gastrointestinal; TPN, total parenteral
nutrition.
From {MKSAP 2006}.
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circumstances that set the patient up to be at risk for hypophos-
phatemia. Alcoholism, nasogastric suction, malnutrition, ex-
tensive bowel resection, malignancy, low sun exposure, and
diuretic use are among the conditions seen in ICU patients that
are associated with hypophosphatemia.

Clinical Manife st at ions
Symptoms are often absent in mild cases. In severe depletion,
muscular weakness (especially large muscle groups, proximal
extremity weakness), arrhythmias, rhabdomyolysis, hypoten-
sion, hypoventilation, seizures, coma, and hemolytic anemia
may occur. The most life threatening is cardiac and ventilatory
failure. Other undesirable effects of hypophosphatemia are the
following: shift of oxygen dissociation curve to the left from de-
ficiency of 2,3,DPG; depressed immune function (chemotaxis,
phagocytosis, bacteriocidal activity); platelet dysfunction (ad-
hesion and aggregation); metabolic acidosis (impaired bicar-
bonate resorption and ammonia production); and abnormal
glucose metabolism from decreased entry into the cell to make
high-energy phosphates.

Tre at me nt
Phosphorus replacement in asymptomatic patients should be
oral and can be given as a potassium or sodium salt. Par-
enteral phosphorus administration should be undertaken in
symptomatic patients or in patients with severe depletion (< 1.0
mg/dL) or when the oral route is not appropriate. Parenteral
phosphate preparations are generally ordered in millimoles.
One millimole (mmol) of phosphate equals 31 mg of phos-
phorus. Since phosphate is administered as either a sodium
salt or a potassium salt, intolerance to either of these should
be considered in settings such as renal failure or congestive
heart failure. Phosphate replacement should be judicious in pa-
tients with renal failure as significant hyperphosphatemia can
occur.

Case Scenario: Refeeding Syndrome
A 37-year-old man with a long history of alcoholism is admitted
to the intensive care unit with severe pancreatitis. His friends state
that for the last several weeks he has been drinking beer all day and
has been eating very little except for salty snacks. Over the course
of the next 3 days, his ICU course is complicated by development
of sepsis and a pancreatic abscess that has required drainage. Five
days into his hospital course he remains on mechanical ventilation
and vasopressor support. On this day, his chemistry panel is given
below:

Serum
Sodium (mEq/L) 136
Potassium (mEq/L) 4.3
Chloride (mEq/L) 105
Bicarbonate (mEq/L) 22
BUN (mg/dL) 6
Creatinine (mg/dL) 0.6
Calcium (mg/dL) 7.0
Albumin (g/dL) 2.7
Phosphorus (mg/dL) 2.1
Magnesium (mg/dL) 2.0
Glucose (mg/dL) 98

He is started on total parenteral nutrition with 2,000 total calo-
ries, 20% from fat. There is 120 mEq of sodium and 80 mEq of
potassium, and the total volume is 2 L a day.

This patient is at high risk for which complications following
the institution of total parenteral nutrition? Answer: Refeeding syn-
drome and rhabdomyolysis.

Learning Points:
■ Refeeding syndrome is a potential complication in patients who

are malnourished and suddenly given a large calorie load.
■ Rhabdomyolysis is a potentially severe complication of the

refeeding syndrome.

This patient is at high risk for the refeeding syndrome, and
therefore the potential for rhabdomyolysis is a concern (53).
His history and laboratory values (low BUN and albumin)
suggest malnutrition, and thus phosphate depletion is likely
present despite the close-to-normal value for serum phosphate.
The phosphate is sequestered in the intracellular compartment,
and it is the intracellular depletion of phosphate that is critical.
Once this patient is supplied with calories, especially carbohy-
drates, oxidative phosphorylation and generation of ATP will
quickly deplete the intracellular phosphate and lead to rhab-
domyolysis. The best means of preventing this complication
from occurring is recognizing patients who are at high risk and
monitoring serum phosphate closely.

Hyp e rp hosp hat e mia

Pat hop hysio log y
Hyperphosphatemia occurs primarily in the setting of impaired
renal function and is not typically seen outside of iatrogenic
causes in patients with normal kidney function. Significant
phosphate loading can occur due to exogenous phosphate ad-
ministration or as part of the tumor lysis syndrome (however,
renal insufficiency also commonly complicates this condition).
Occult sources of phosphate loading include sodium phosphate
solutions (either orally or as an enema), which can produce
significant and, in some rare cases, fatal outcomes. In renal
failure, elevated serum phosphorus is associated with cardio-
vascular disease and cardiovascular mortality and should be
avoided.

Clinical Manife st at ions
There are few overt symptoms of hyperphosphatemia, and the
syndrome may be insidious. Nephrocalcinosis can complicate
hyperphosphatemia and manifest as renal insufficiency. On rare
occasions, acute dialysis may be indicated to treat hyperphos-
phatemia. Extended dialysis session (> 4 hours) may be neces-
sary as phosphorus mobilization is time dependent and phos-
phorus removal in short dialysis sessions is limited (54).

Case Scenario: Hyperphosphatemia as a Complication of Sodium
Phosphate Administration
An 85-year-old man with a history of hypertension is admitted to
the intensive care unit with refractory hypotension. His wife states
that he had been complaining of constipation and had used sev-
eral enemas at home over the past 48 hours. His wife then stated
that he has become progressively lethargic throughout the day, and
she called an ambulance because he fell after trying to get up from
a chair and was severely confused. He takes only hydrochloro-
thiazide for hypertension and is otherwise without significant med-
ical history. The physical exam is significant for blood pressure of
85/45 and pulse of 58; respirations are 8 breaths per minute, and
he is afebrile. The physical exam is otherwise significant only for
Chvostek sign.
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The chemistry panel on admission is given below:

Serum
Sodium (mEq/L) 149
Potassium (mEq/L) 4.5
Chloride (mEq/L) 109
Bicarbonate (mEq/L) 20
BUN (mg/dL) 23
Creatinine (mg/dL) 1.7
Calcium (mg/dL) 4.8
Albumin (g/dL) 3.8
Phosphorus (mg/dL) 8.2
Magnesium (mg/dL) 2.0
Glucose (mg/dL) 98

What risk factor for hyperphosphatemia did this patient have?
Answer: Renal insufficiency put this patient at risk. The creatinine
level of 1.7 in a patient of his age is indicative of significant decrease
in GFR (estimated at 41 mL/minute). The use of hyperosmolar
phosphate enemas is a risk in this population. The time that the
solution is allowed to dwell determines the amount of phosphate
absorbed. Fatal cases have been reported even in patients without
renal failure (55). This patient is exhibiting signs of hypocalcemia,
hypotension, and impending cardiovascular collapse that can occur
with acute hyperphosphatemia.

Ove rvie w of Calcium Balance

Calcium concentration in plasma is tightly regulated. Intra-
cellular calcium levels are very low whereas the total body
calcium stores in the bone are plentiful. Calcium balance
and the calcium concentration in the blood are maintained
by regulatory processes that promote calcium influx into
the extracellular fluid (mainly intestinal calcium absorption
and release of calcium from bone demineralization) and re-
move calcium from the extracellular fluid (urinary calcium
excretion and bone formation). Disturbances in serum cal-
cium occur when there is an imbalance between these pro-
cesses regulating calcium movement. The hormonal influ-
ences that regulate these processes are complex but involve
the actions of two principal hormones: parathyroid hormone
and calcitriol. Calcium exists in the plasma as protein-bound
calcium and ionized calcium, usually measured in mmol/L.
Measurement of the total serum calcium reflects the aggre-
gate amount of these two pools of plasma calcium. Ionized
calcium is the active component and the more important
physiologically.

The total measured serum calcium needs to take into ac-
count changes in the amount of albumin, which is the pre-
dominant calcium-binding protein in the circulation. A simple
correction for the total calcium based on perturbations of the
serum albumin is the following: a reduction in plasma albu-
min of a 1 g/L will decrease the serum total calcium by 0.8
mg/dL (56). If the decrease in total serum calcium is within
the range as would be expected based on the decrease in al-
bumin, then it can be surmised that the ionized serum calcium
is probably normal. The validity of this correction in critical
illness has been questioned, possibly due to factors that af-
fect binding of calcium to albumin. Measurement of ionized
calcium levels in critically ill patients is a good practice, and
results may be available within minutes of using point-of-care
testing.

Hyp ocalce mia

Pat hop hysiolog y
The causes of hypocalcemia can be divided into either efflux of
calcium out of the extracellular space or by decreased entry of
calcium into the extracellular space (Table 41.9) (57). Under
normal circumstances, homeostatic mechanisms can maintain
serum calcium levels despite low intake by increasing mobiliza-
tion from the bone. Hypocalcemia can result from decreased
calcium absorption and decreased calcium mobilization from
bone stores in hypoparathyroidism and vitamin D deficiency.
Increased calcium removal from the serum occurs in severe
pancreatitis through saponification of fats and in osteoblas-
tic metastatic disease (Table 41.9). The ionized calcium is the
important factor for determining severity, and conditions that
alter protein binding of calcium in the blood may precipitate
symptomatic hypocalcemia. Alkalemia will increase the affin-
ity of albumin for calcium (through altering the net charge of
the protein) and will lower the ionized calcium. Acute increases
in total albumin may lower ionized calcium. Risk factors for
hypocalcemia include the following: neck irradiation, parathy-
roid surgery, renal transplantation in patients with tertiary hy-
perparathyroidism, malignancy, alcoholism, low sun exposure,
and malnutrition.

Clinical Manife st at ions
The clinical manifestations include altered mental status and
tetany (Chvostek and Trousseau signs). The association be-
tween hypocalcemia and sepsis is not well understood although
it is now recognized that elevated intracellular calcium levels
are a common mechanism for cell death. Possible mechanisms
for the association of sepsis and hypocalcemia are parathyroid
hormone (PTH) insufficiency, altered vitamin D metabolism,
hypomagnesemia, chelation of calcium by lactate and also cal-
citonin precursors (58–62). Hypocalcemia in critical illness is
a common finding and is often asymptomatic.

TA BLE 4 1 . 9

CAUSES OF HYPOCALCEMIA

Hypoparathyroidism/pseudohypoparathyroidism
Hyperphosphatemia
Hypomagnesemia
Vitamin D deficiency
■ Dietary deficit
■ Reduced sun exposure
■ Decreased 25-hydroxylation of vitamin D (liver disease,

alcoholism)
■ Decreased vitamin D–sensitive rickets type 1 (1-α

hydroxylase deficiency) and type 2 (receptor deficiency)
Renal failure (reduced 1-hydroxylation of vitamin D)
Osteoblastic metastases (prostate, breast)
Saponification in severe pancreatitis
Citrate load (blood transfusion)
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Manag e me nt of Hyp ocalce mia
One of the first questions to be addressed in approaching a pa-
tient with altered levels of serum calcium is to what degree is the
ionized calcium altered and why? If the ionized calcium is de-
creased due to chelation from hyperphosphatemia, treatment of
the hypocalcemia can be dangerous as it can precipitate vascu-
lar calcification. In sepsis, hypocalcemia is common and treat-
ment is not usually necessary unless cardiovascular collapse
with ionized calcium levels of less than 0.8 mmol/L is present.
Data from animal models suggest that it may be harmful to
treat hypocalcemia in the setting of sepsis (63,64). There are
no randomized clinical studies to guide treatment of hypocal-
cemia in sepsis, and treatment should be reserved for those with
symptomatic hypocalcemia and/or severe hypocalcemia. Reflex
treatment of hypocalcemia without consideration of the under-
lying cause (especially in the setting of hyperphosphatemia)
can be detrimental: therefore, it is important to determine
the cause and degree of symptoms before deciding to initiate
therapy.

For acute symptomatic hypocalcemia, administer intra-
venous calcium chloride or calcium gluconate (56). Calcium
gluconate is advantageous because it is less caustic to veins.
Calcium should not be infused more rapidly than 2.5 to 5 mmol
in 20 minutes because of the risk of cardiac abnormalities and
asystole. Intravenous calcium will transiently normalize the cal-
cium level, and an infusion should be started following the bo-
lus, especially in settings where there is an ongoing process such
as the hungry bone syndrome following parathyroidectomy.
Magnesium deficiency, by inducing resistance to the actions of
parathyroid hormone, can be an important cause of hypocal-
cemia in the critical care setting. If magnesium deficiency is the
cause, calcium levels should return to normal once magnesium
is replaced.

Case Scenario: Hypocalcemia Associated with Sepsis
A 43-year-old man with end-stage liver disease secondary to chronic
hepatitis C infection presents with shortness of breath and abdom-
inal pain. He has significant ascites and has decreased urine output
for the last week. His appetite has been very poor over the last week
although he has no other complaints. His blood pressure is 71/50,
pulse is 86, and temperature 98.4◦ F. Admission labs are given
below:

Sodium (mEq/L) 131
Potassium (mEq/L) 4.9
Chloride (mEq/L) 108
Bicarbonate (mEq/L) 20
BUN (mg/dL) 24
Creatinine (mg/dL) 1.6
Albumin (mg/dL) 2.4
Calcium (mg/dL) 6.8
Phosphorus (mg/dL) 2.8
Glucose (mg/dL) 78

He is admitted to the intensive care unit and treated with
broad-spectrum antibiotics and vasopressor for presumed septic
shock.

What considerations should be taken in determining if this
hypocalcemia should be treated? Answer: The cause is an impor-
tant factor. This is likely a case of mild hypocalcemia due to sepsis.
Check the ionized calcium level, serum magnesium level, and as-
sess the degree of symptoms including electrocardiogram. If the
serum magnesium level is decreased, this should be treated. If the
ionized calcium is < 0.8 mmol/L or if the patient appears to be symp-
tomatic, the patient may benefit from treatment with intravenous
calcium.

Key Point:
■ Sepsis is a common cause of hypocalcemia. Check the level of

ionized calcium and magnesium in critically ill patients with
hypocalcemia.

Hyp e rcalce mia

Pat hop hysio log y
Hypercalcemia is caused by entrance of calcium into the in-
travascular space in excess of renal excretion and calcium in-
corporation into bone. Two sources of calcium influx into
the intravascular space are intestinal absorption and bone
reabsorption. The most common causes are primary hy-
perparathyroidism, malignancy, and granulomatous diseases.
Other causes are listed in Table 41.10. Additionally, hypercal-
cemia can be caused by decreased renal excretion as occurs in
primary hyperparathyroidism and thiazide diuretics. Total cal-
cium must be corrected for serum albumin because of protein
binding, and ionized calcium should be measured in hypercal-
cemic patients.

Clinical Manife st at ions
Hypercalcemia produces a decrease in neuromuscular ex-
citability and decreased muscular tone. Clinical manifestations
of hypercalcemia include: lethargy, confusion, coma, nausea,
constipation, polyuria, and hypertension. Hypercalcemia can
lead to volume depletion, nephrolithiasis, and nephrogenic di-
abetes insipidus.

Ap p roach t o Diag nosis
The causes of hypercalcemia are listed in Table 41.10. The
first step is to measure PTH level. The normal response of the
parathyroid gland in the presence of elevated ionized calcium
levels is to decrease secretion of parathyroid hormone. Fail-
ure to suppress parathyroid hormone secretion in the face of

TA BLE 4 1 . 1 0

CAUSES OF HYPERCALCEMIA

Excess calcium influx into vascular space
–Primary hyperparathyroidism (usually adenoma, gland
hyperplasia; parathyroid malignancy is rare)

–Malignancy (multiple myeloma, carcinomas through
production of PTH-related peptide, osteosarcomas)

–Immobilization
–Granulomatous disease (increased vitamin D production?)

–Sarcoidosis
–Tuberculosis

–Paget disease
–Milk-alkali syndrome
–Vitamin D intoxication
–Hyperparathyroidism (stimulation of osteoclasts)

Decreased calcium excretion
–Primary hyperparathyroidism
–Thiazide diuretics
–Familial hypocalciuric hypercalcemia

PTH, parathyroid hormone.
From {MKSAP 2006}.
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hypercalcemia denotes hyperparathyroidism. Primary hyper-
parathyroidism is among the most common causes of hyper-
calcemia in the general population but typically does not result
in severe, symptomatic hypercalcemia. In hypercalcemia of ma-
lignancy, parathyroid hormone is usually suppressed (this is the
normal response of the parathyroid gland). PTH-related pep-
tide (PTHrp) should also be ordered if malignancy is suspected
as many cancers express this protein product that stimulates
PTH receptors (65). Additionally, 1,25-hydroxyvitamin D and
25-hydroxyvitamin D levels can be helpful if abnormal vitamin
D metabolism is suspected. Certain granulomatous conditions
lead to increased 1,25 vitamin D (66), and in cases of vitamin
D intoxication, high levels of 25-OH vitamin D reflective of
total body vitamin D stores may be seen (67).

Manag e me nt of Hyp e rcalce mia
In most patients with symptomatic hypercalcemia, volume de-
pletion occurs and one of the first steps is volume repletion
with intravenous saline (0.9% saline is the treatment of choice).
This replacement of the extracellular volume will increase cal-
cium excretion in the urine. Caution is advised in infusing large
amounts of saline to an oliguric patient. After fluid resuscita-
tion, normal saline should be continued and furosemide can
also be given to increase urinary calcium excretion. A common
mistake is to administer furosemide at the same time as start-
ing fluid resuscitation. Diuretics should not be given until the
patient is completely volume resuscitated. The action of loop
diuretics is distinct from that of thiazide diuretics. Loop diuret-
ics act in the ascending limb of Henle and will promote calcium
excretion in the urine. Thiazide diuretics act more distally in the
nephron and will decrease calcium excretion. Bisphosphonates
are good long-term treatment for hypercalcemia of malignancy
by impairing bone reabsorption, but these agents must be used
with caution in patients with renal insufficiency (Table 41.11).
Calcitonin is usually effective in the short term, but tachyphy-
laxis develops. It is best used early in the management while
waiting for diuresis to remove calcium from the body. In pa-
tients with renal failure, dialysis is usually necessary to treat
symptomatic hypercalcemia.

Case Scenario: Hypercalcemia of Malignancy
A 46-year-old man with a 1-year history of pain in his legs and back
is brought to the emergency room for decreased mental status. His
wife states that he is very active and works as an attorney, but he
has been easily fatigable over the last several months. Over the last

TA BLE 4 1 . 1 1

TREATMENT OF SEVERE HYPERCALCEMIA

1. Replete intravascular volume with normal saline.
2. Use intravenous furosemide to increase calcium excretion

(after volume repletion).
3. In hypercalcemia of malignancy, use bisphosphonates to

decrease calcium reabsorption from the bone.
4. Adjunctive therapy includes calcitonin (effect is usually

short term; tachyphylaxis develops).
5. Start hemodialysis.

12 hours, he has gotten progressively more lethargic and is difficult
to arouse.

Sodium (mEq/L) 136
Potassium (mEq/L) 4.8
Chloride (mEq/L) 108
Bicarbonate (mEq/L) 16
BUN (mg/dL) 51
Creatinine (mg/dL) 5.8
Albumin (mg/dL) 3.8
Calcium (mg/dL) 16.8
Magnesium (mg/dl) 2.8
Phosphorus (mg/dL) 4.6
Glucose (mg/dL) 98

A Foley catheter is inserted, and the urine output is 50
mL. In the emergency room, he is administered 2 L of 0.9%
NaCl intravenously, and over the next 2 hours there is no urine
output.

What is the next appropriate step in management of hypercal-
cemia in this patient? Answer: This patient should undergo emer-
gency hemodialysis, which can be used in cases of renal failure and
severe hypercalcemia (68). From history, this patient likely has mul-
tiple myeloma with complications of this disorder: hypercalcemia
and renal failure. It is appropriate to give a volume challenge with
normal saline to treat prerenal azotemia. However, with no urine
output after 2 L of saline, acute renal failure is likely, and hemodial-
ysis offers the best treatment for severe hypercalcemia. The patient
should be dialyzed on a hypocalcemic bath in an intensive care
setting, with cardiac monitoring and very close monitoring of the
ionized calcium.

Hyp omag ne se mia

Pat hop hysiolog y
Magnesium depletion occurs in many conditions (Table 41.12)
and is common in critical illness (69). Hypomagnesemia, be-
cause of its effect on the myocardial membrane, is important to
identify, especially in those with known (or at risk for) cardiac
arrhythmias. Sources of magnesium loss can be through uri-
nary losses or also in the GI tract. Often, inadequate intake in
malnourished patients is the principal cause of the magnesium
deficiency. High-risk patients at particular risk for hypomag-
nesemia include hospitalized patients, alcoholics, and intensive

TA BLE 4 1 . 1 2

CAUSES OF HYPOMAGNESEMIA

Gastrointestinal losses
■ Diarrhea
■ Nasogastric suction
■ Malabsorption
■ Steatorrhea
■ Extensive bowel resection
■ Acute pancreatitis
■ Intestinal fistula

Urinary losses
■ Diuretics, aminoglycosides, cisplatin, alcohol
■ Pentamidine, foscarnet, cyclosporine, amphotericin B
■ Phosphorus depletion
■ Metabolic acidosis

From {MKSAP 2006}.
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care unit patients. Magnesium depletion has effects on the
homeostasis of other ions, and therefore, magnesium deple-
tion often occurs in the presence of hypokalemia and hypocal-
cemia. Magnesium depletion causes a potassium-wasting state,
and patients with hypokalemia should be assessed for magne-
sium depletion. Hypomagnesemia induces a state of reduced
parathyroid hormone secretion and PTH resistance. Tissue
magnesium depletion can be present in the absence of decreased
serum magnesium levels (since most magnesium is in the intra-
cellular space), and that tissue depletion can lead to adverse
outcomes (70).

Decreased total serum magnesium levels are common in crit-
ically ill patients. This is often due to a decrease in serum al-
bumin, which is the principal binding protein of magnesium,
and many of these patients do not have decreased ionized
magnesium levels (69). The correlation of ionized hypomag-
nesemia and mortality in ICU patients is controversial (69).
Magnesium is not actively mobilized from a body pool (un-
like calcium), and therefore, serum levels are very dependent
on intake. If magnesium intake is exceeded by magnesium loss
(e.g., urinary losses), then the serum magnesium levels will be
decreased.

Clinical Manife st at ions
The most serious consequences of hypomagnesemia are its
cardiovascular effects. Hypomagnesemia is associated with
poor outcomes in acute myocardial infarction and may predis-
pose to arrhythmias (71). Magnesium treatment may decrease
arrhythmias after myocardial infarction, but studies conflict
on whether outcomes are improved with magnesium treat-
ment (72–74). Magnesium depletion increases the risk of tor-
sades des pointes, a form of polymorphic ventricular tachy-
cardia. Intravenous magnesium is regarded as treatment for
torsades des pointes and refractory ventricular tachycardia
even in the absence of documented hypomagnesemia. Addi-
tionally, hypomagnesemia may contribute to atrial arrhyth-
mias following cardiopulmonary bypass (75) Other manifes-
tations include altered mental status, seizures, and muscular
weakness. Magnesium is an important cofactor for mul-
tiple enzyme function (including ATPase) and an essential
electrolyte.

Tre at me nt of Hyp omag ne se mia
For acutely symptomatic patients, parenteral administration
should be undertaken. In asymptomatic patients, the oral route
should be used although absorption is variable. Parenterally
administered magnesium inhibits magnesium reabsorption in
the ascending limb of Henle, and much of a parenterally ad-
ministered dose may be wasted in the urine. For patients with
severe manifestations, 8 to 16 mEq should be administered in-
travenously in 5 to 10 minutes followed by 48 mEq over the
next 24 hours.

Case Scenario: Hypomagnesemia and Associated Electrolyte Dis-
turbances
A 56-year-old man is admitted to the surgical intensive care unit
after an emergency coronary artery bypass performed following the
dissection of his left anterior descending artery during an attempted
percutaneous coronary intervention. He has a history of hyperten-
sion, smoking, and alcohol abuse. His medications are atenolol and

aspirin. His surgery was uncomplicated, and his urine output was
70 mL per hour. His chemistry panel on admission to the intensive
care unit is given:

Sodium (mEq/L) 138
Potassium (mEq/L) 3.1
Chloride (mEq/L) 106
Bicarbonate (mEq/L) 24
BUN (mg/dL) 22
Creatinine (mg/dL) 1.4
Albumin (mg/dL) 3.7
Calcium (mg/dL) 7.3
Magnesium (mg/dL) 1.3
Phosphorus (mg/dL) 2.4
Ionized calcium (mmol/L) 0.8
Glucose (mg/dL) 98

Treatment of hypomagnesemia in this patient is likely to im-
prove which other electrolyte disorders in this patient? Answer:
magnesium deficiency due to poor dietary intake is the most likely
cause of both the hypokalemia and hypocalcemia. Treatment of the
hypomagnesemia will likely lead to resolution of the hypocalcemia.
Potassium replacement should be given as well, as hypomagnesemia
has lead to renal potassium wasting.

Hyp e rmag ne se mia

Pat hop hysio log y
Hypermagnesemia is not a common condition, and it is of-
ten iatrogenic. Magnesium is readily excreted by the kidney in
patients with normal renal function, and this disorder is un-
common except in cases of large ingestions (Epsom salt and
magnesium-containing cathartics). In the presence of gastroin-
testinal disease such as peptic ulcer disease, magnesium absorp-
tion can be enhanced, and magnesium-containing antacids in
this setting can lead to toxic hypermagnesemia (76). Patients
with renal failure are at highest risk for developing hyper-
magnesemia, and the administration of magnesium-containing
cathartics to these patients can be fatal (77). Clinical manifes-
tations of hypermagnesemia include hypotension, bradycardia,
respiratory depression, decreased mental status, and ECG ab-
normalities.

Manag e me nt
Removal of the offending agent may be sufficient in mild cases
with normal renal function. In symptomatic hypermagnesemia,
the neuromuscular membrane can be stabilized by adminis-
tration of 1 g of calcium chloride intravenously over 5 to 10
minutes. Dialysis is usually necessary in the setting of renal
insufficiency or severe toxicity.

Case Scenario: Hypermagnesemia and Risk Factors for Develop-
ment
An 84-year-old man is brought in from a nursing home with de-
creased level of consciousness. He has a past medical history sig-
nificant for hypertension and peptic ulcer disease. He was recently
diagnosed with a gastric ulcer and erosive esophagitis by esopha-
gogastroduodenoscopy, and he has been taking lansoprazole. He
has had continuous heartburn and symptoms, and he has been tak-
ing antacids frequently according to his wife. His physical exam is
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significant for blood pressure of 85/40 and pulse of 72. Respiratory
rate is 8 breaths per minute.

Sodium (mEq/L) 138
Potassium (mEq/L) 4.0
Chloride (mEq/L) 106
Bicarbonate (mEq/L) 22
BUN (mg/dL) 23
Creatinine (mg/dL) 1.5
Albumin (mg/dL) 3.9
Calcium (mg/dL) 7.3
Magnesium (mg/dL) 6.8
Phosphorus (mg/dL) 2.2
Glucose (mg/dL) 91

Why did this patient develop severe hypermagnesemia? Answer:
this patient has two risk factors that predisposed to the development
of hypermagnesemia. He has chronic renal dysfunction, which was
not appreciated by the treating physicians. He also has gastroin-
testinal disease, which can increase the absorption of magnesium
from the gut, especially in magnesium-containing antacids.
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CHAPTER 42 ■ BLOOD GAS ANALYSIS
AND ACID-BASE DISORDERS
STEVEN G. ACHINGER r JUAN CARLOS AYUS

Acid-base physiology is among the most complex topics in clin-
ical medicine. Disturbances of this system are common in the
critically ill, and important clinical decisions based on mea-
sured acid-base parameters occur on a daily, even hourly basis.
Therefore, a sound understanding of acid-base physiology is
mandatory for the intensivist.

The field is full of complicated concepts and equations that,
at times, have only limited applicability to the practicing clin-
ician due to the failure of any current model to faithfully and
completely recapitulate the complex buffering process in vivo.
The purpose of this chapter is to provide a conceptual intro-
duction to the current approach to acid-base physiology, while
de-emphasizing calculations and formulas. The goal is not to
know how to derive the commonly used formulas, but rather
to understand the meaning of measured and derived acid-base
parameters that are used clinically, and how they may—or may
not—help in answering three essential questions in the critically
ill patient with an acid-base disturbance:

■ What acid-base disorder(s) is (are) present?
■ How severe is the disturbance?
■ What is the etiology underlying the derangements?

MAINTENANCE OF THE ARTERIAL
p H AND ACID-BASE BALANCE:

BUFFERING AND ACID EXCRETION
Buffering of acids is the first line of defense against pertur-
bations in systemic pH. Recall that the pH is a logarithmic
scale that is a function of the concentration of H 3O + species
in solution (H + will be used interchangeably with H 3O + in
this chapter). In neutral solution, [H + ] is × 10–7 M and
[OH–] is 10–7 M; this satisfies the dissociation constant for
water:

[H 2O] ↔ [H + ] + [OH− ] Ksp = 10− 14 [1]

The pH, defined by Sorenson, is the negative log of the con-
centration of H+ . Therefore, in neutral solution, the pH is 7.
This is a very small concentration of [H + ], and therefore, addi-
tion of small amounts of [H+ ] to water will lead to significant
fluctuations in pH. For example, we will consider an experi-
ment performed by Jorgensen and Astrup (1) in which 1.25
mEq/L of HCl is added to hemolyzed human blood. Assuming
that the blood contained no buffers (i.e., if the blood was imag-
ined to be a container of water that starts at a neutral pH), the
expected pH following such an infusion would be calculated

by the following:

1.25 × 10− 2 moles (number of moles of H + added)
+ 1 × 10− 7 moles (number of moles of H + in neutral water)
= 1.25 × 10− 2 moles/ L.

Taking the negative log yields a pH of 1.9; this would be
the expected pH if there were not buffers available. However,
following the infusion, the pH of the blood changed approxi-
mately 0.2 pH points. This means that less than 1/10,000th of
the H + added remains unbound in the blood. This illustrates
the tremendous buffering capacity of the blood. A buffer can
be thought of as a substance that, when present in solution,
takes up [H + ] and therefore resists change in pH when [H + ]
is added. The overall buffering system of the body is complex
and includes several components. These are listed in Table 42.1.
The most important system is the carbon dioxide–bicarbonate
system, which is the principal buffer in the extracellular fluid.
This buffering system is also very important clinically since it is
the only buffering system where the two components (acid and
conjugate base) are readily measurable in the extracellular fluid
(ECF). Buffers work by binding the free H+ as the conjugate
base, which is a weak acid.

Buffers allow the body to resist acute changes in pH; how-
ever, buffering capacity will eventually be depleted if acid is
continually added. For example, in humans, the net fixed acid
production is approximately 70 to 100 mmol/day. It is the ex-
cretion of the daily acid load that ultimately allows the body to
maintain acid-base balance. The excretion of the daily acid load
occurs through two distinct mechanisms: (a) the renal excretion
of fixed acid and (b) the respiratory excretion of volatile acid
(i.e., carbon dioxide). Through the interconversion of bicar-
bonate, carbonic acid, and carbon dioxide, fixed and volatile
acids can be buffered until they can be excreted through the
urine or respiration (Fig. 42.1). In the lung, CO 2 is released,
which ultimately leads to more H + reacting with HCO 3

– to
generate water and more CO2. In the kidneys, the entire fil-
tered load of bicarbonate is—in order to avoid losing base—
reabsorbed. When the kidney excretes one H + in the urine, one
“new” HCO 3

– is generated. These two processes are both im-
portant in the excretion of the acid load, and modulation of
these processes is also important in compensating for acid-base
disturbances.

Urinary Excre t ion of Fixe d Acid s

In the reabsorption of bicarbonate, the corresponding H + pro-
duced in the process must be excreted in the urine. As most bi-
carbonate reabsorption occurs in the proximal tubule, the renal
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TA BLE 4 2 . 1

BLOOD AND EXTRACELLULAR FLUID BUFFERS

Acid Conjugate base

H 2CO3 HCO 3
–

Albumin-H Albumin–
H2PO 4 HPO 4

–
Hgb-H Hgb–

secretion of H + is ten times greater in the proximal tubule—
approximately 4,000 mmol/day—as compared with the distal
tubule—approximately 400 mmol/day. However, in the distal
tubule, there is a much higher luminal–intracellular H + gradi-
ent than that seen in the proximal tubule—a ratio of approx-
imately 500:1. This high gradient is due to active secretion of
H + into the tubule. If the excretion of acid occurred in the ab-
sence of buffers, the ability to excrete acid in the urine would
be limited. In much the same way that the body can absorb
large amounts of acid without much change in pH, the kidney
accomplishes a similar task in the excretion of large amounts
of fixed acid through the use of buffers in the urine with mod-
estly acidic pH (approximately 5.5 under maximal conditions).
The excretion of H + in the urine occurs with different con-
jugate bases, which are grouped as titratable acids—mostly
phosphates—and nontitratable acids—ammonium. The excre-
tion of titratable acid has a limit that is, for the most part,
dependent on the filtered load of phosphate, as this is the main
buffer for nontitratable acids. However, the kidney can gen-
erate its own buffer—ammonia; moreover, the renal capacity
to generate ammonia and to excrete acid as ammonium under
normal conditions is substantial. This capacity may be signifi-
cantly up-regulated in the face of systemic acidosis. Ammonia
is produced in the kidney, traverses the plasma membrane, and
is “ trapped” in the tubular lumen because the low pH drives
the following reaction to the right, as the plasma membrane is
much less permeable to the charged species ammonium.

NH 3 + H + ↔ NH 4
+ [2]

Therefore, ammonia–ammonium acts as a urinary buffer
system, allowing the elimination of one H+ for nearly every
ammonia produced. The buffering of acid in the urine, espe-

H+ + HCO3
–  H2CO3  H2O + CO2 

Excreted as  fixed ac ids  
– Titra tab le  acids  (HPO4

– , HSO4
–) 

– Non-titra table  acid (NH4
+) 

Formed in liver or GI 
tract or reabs orbed by 

the  kidne y 

Excreted as  volatile  ac id 
through res piration 

Formed in tis s ues  
through cellular 

metabolis m 

FIGURE 42.1. Normal acid-base homeostasis.

cially via ammonium, allows for substantial amounts of acid
to be excreted without generating excessively acidic urine.

Titratable acids make up a relatively small proportion of the
acid excreted and do not increase to near the degree that non-
titratable acidity (ammonium) increases in the face of systemic
acidosis.

The kidney, through active secretion of H + in the distal
tubule, is able to achieve an H + concentration gradient of
approximately 100:1 between the urine and the intracellular
space of the tubular epithelial cells. This corresponds to the
maximally acidic urine of approximately pH 5. Without any
buffers, it would require 7,000 liters of urine to excrete a daily
load of 70 mEq of acid in buffer-free urine of pH 5.0! There-
fore, urinary buffers are very important in allowing the body
to excrete the daily fixed acid load. Chronic metabolic acidosis
stimulates the renal production of ammonia as a physiologic
response; this response reaches its maximum production after
several days.

Asse ssing Urinary Acid Excre t ion

In the presence of systemic acidosis, the kidney will compensate
by increasing the excretion of fixed acids, mainly in the nonti-
tratable form (i.e., ammonium). The increase in ammonium—
which is a cation; recall that ammonia is predominantly in the
form of NH 4

+ at a pH of 7 or below—excretion results in a
perturbation in the electrolytes present in the urine. This man-
ifests as a change in the urine anion gap where ammonium is
the unmeasured anion. The urinary anion gap is a useful clin-
ical test that can be used to gauge the amount of ammonium
excreted in the urine without directly measuring it (2). It may
be used to indirectly estimate the amount of ammonium in the
urine and is calculated using the following formula:

[Na+ ] + [K+ ] − [Cl+ ] = urinary anion gap [3]

The urine anion gap is assessed in patients with metabolic
acidosis and is used to determine if the renal response to the
systemic acidosis is appropriate. In other words, the urine an-
ion gap answers the question, Are the kidneys excreting the
acid load appropriately or are the kidneys part of the acid-
base problem? If the kidneys are excreting the acid load ap-
propriately, there must be a nonrenal source of the acidosis—
for example, diarrhea. Because ammonium is not a measured
cation in this equation, the presence of significant amounts
of ammonium causes an abundance of chloride relative to the
measured cationic constituents of the urine (sodium and potas-
sium). Therefore, if there is a high level of ammonium in the
urine, the urine anion gap will be negative. The relationship
between the amount of ammonium in the urine and the urine
anion gap is illustrated in Figure 42.2. As a general rule, a neg-
ative urinary anion gap suggests that the kidney is excreting
ammonium in the urine. This is a continuous variable, and the
more negative the value, the greater the renal response. In the
face of systemic acidosis, if the renal response is appropriate,
there will be a high amount of ammonium in the urine, and
the urine anion gap will be highly negative. This is sometimes
referred to as a negative net urinary charge; however, this is a
bit misleading because the urine is, of course, electroneutral;
it is simply because we are not considering the contribution
of ammonium that the net urinary charge seems negative. A
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[Na +] + [K+] + [NH4
+] ~ [Cl–] [Na +] + [K+] < [Cl–] 

[Na +] + [K+] + [NH4
+] ~ [Cl–] [Na +] + [K+] ~ [Cl–] 

Scenario  1. Small amount of NH4+ in the  urine . 
Urine  anion gap close  to ze ro or pos itive   

Scenario  2. Large  amount of NH4+ in the  urine . 
Urine  anion gap very nega tive   

FIGURE 42.2. Effect of urine ammonium concentration on
the urine anion gap.

highly negative urine anion gap is strong evidence that the renal
response to metabolic acidosis is normal. Conversely, an anion
gap that is near zero or positive suggests that there is little or
no ammonium in the urine, which is reflected by a paucity of
chloride in the urine relative to the concentration of measured
cations. This is evidence that the kidney is not appropriately
excreting ammonium in the urine and suggests a renal contribu-
tion to the acidosis. A caveat that is often clinically important
is that the presence of unmeasured anions in the urine (such
as β -hydroxybutyrate) may falsely depress the urinary anion
gap, and therefore this test does have some limitations, such as
during ketonuria.

RELATIONSHIP BETWEEN
SYSTEMIC p H AND BUFFER

CONCENTRATIONS: AN
EVOLVING CONCEPT

We have previously noted that, because of the presence of
buffers, addition of—or conversely, removal of—[H + ] to the
body does not produce the expected change in pH that would
occur in unbuffered solutions. In this section, we will address
the question of the relationship between pH and the concen-
trations of buffers.

Trad it ional Parad ig m

One of the earliest observations in this field, and still very im-
portant clinically today, was the observation by Hendersen that
the concentration of H + in the blood was dependent upon the
concentration of CO2, H 2CO 3, and HCO 3

–. The Henderson-
Hasselbalch equation was later derived by using the Sorenson
convention of expressing [H + ] as pH. This relationship is usu-
ally expressed as:

pH = 6.1 + log [HCO 3
− ]/ [H 2CO 3]

As the [H 2CO 3] in plasma is related to the partial pressure of
CO 2, this relationship can be rewritten as:

pH = 6.1 + log ([HCO 3
− ]/ 0.03 × PCO 2) [4]

This relationship became very meaningful clinically as the
methodologies to measure the key variables pH, HCO 3

–, and
PCO2 were developed. Now the concentration of the con-
stituents of the principal buffering system could be related to
the systemic pH. This allowed, among other things, a frame-
work around which to understand how much alkali must be

added in order to affect systemic pH in an acidemic patient.
However, it became apparent that the relationship between pH,
HCO 3

–, and PCO 2 failed to completely describe the relative
contributions of fixed acids and volatile acids (the respiratory
component) to acidosis. This is because PCO2 and HCO 3

– are
not truly independent of each other, as changes in one will lead
to changes in the other, as will be seen later, according to the
relationship given in Eq. 11. Additionally, it was noted that
no single value accurately quantifies the degree of fixed acids
present during metabolic acidosis or alkalosis. The degree of
acidemia could be considered as simply the pH, as the pH is
ultimately a composite of the net respiratory and metabolic
components of the acid-base disturbance. However, because of
the buffering capacity of the body, a quantification of the fixed
acid derangement is not explained by this relationship alone.

Historically, several theoretical frameworks have been de-
veloped in an attempt to overcome this lack of exactitude in
the concepts of quantification and etiology. The first obstacle
to accurate quantification is the reality that the HCO3

– system
was not the only quantitatively important buffering system to
be considered. The erythrocyte membrane is permeable to H + ,
and therefore H + can diffuse inside the cell and hemoglobin can
act as an intracellular buffer. Other buffering systems, such as
phosphate and circulating proteins, can act as clinically rele-
vant buffers as well (Table 42.1). By quantitative chemistry, the
pH of a system is dependent on the relative concentrations of
the acids and conjugate bases of all of the buffering systems
present. Clinically, we measure accurately the concentration
of the acid (CO 2) and conjugate base (HCO 3

–) of only one
buffering system. Therefore, perturbations in the other buffer-
ing systems are not accounted for in the framework that only
considers carbonate species.

Another major complicating factor is the fact that the hu-
man body is not a closed system. CO 2 is both continually be-
ing generated in the tissues and continually excreted through
the respiratory system. Therefore, changes in CO 2 can, and
frequently do, occur very rapidly in humans as the respira-
tory rate increases or decreases. Additionally, the kidney can
modulate the production of HCO 3

– to adjust the HCO 3
– con-

centration and, albeit at a much slower pace than respiratory
effects, change the pH. If the rate of HCO3

– production exceeds
consumption of HCO3

–, the serum bicarbonate increases; con-
versely, if it is below the rate of production, HCO 3

– will
decrease. What this means is that the concentration of the mea-
sured parameters—HCO3

– and PCO 2—are not just dependent
on the inciting insult—the disease process—that caused them
to change, but also on the body’s response to that change (i.e.,
compensation).



634 Sect ion IV: Essential Physiologic Concerns

Base Exce ss and St and ard Base Exce ss

The change in pH of a system is dependent on both the amount
of acid (or base) added and that present on the buffering ca-
pacity. As acid is added to a buffered solution, for every H +

that is buffered, one molecule of conjugate base of the buffer
is consumed. Therefore, assessing changes in concentrations of
the conjugate base is more helpful than the degree of change
in the pH in quantifying the degree of fixed acids present.
The difficulty in describing the buffering system of a patient
is the inaccessibility for measurement of a fair proportion of
the buffers (Table 42.1), especially intracellular buffers. Several
expressions have been proposed to quantify the degree of acid
loading based on the change in body buffers. The most com-
monly used concept in this regard is the base excess. Siggaard-
Andersen defined the base excess of blood as the number of
mEq of acid (or base) needed to titrate 1 L of blood to a pH
of 7.4 at 37◦ C with a PCO 2 of 40 mm Hg; note that this is an
experimentally arrived upon value. The standard base excess is
the base excess corrected for changes in hemoglobin, recalling
that hemoglobin is an important intracellular buffer. The base
excess can be considered as a measurement of the “metabolic”
portion of an acid-base disturbance since the concentration of
CO2 is being held constant at a normal level. The base excess
has become a widely used parameter to characterize acid-base
disturbances. One major drawback of the base excess is that
it is a measured parameter of whole blood. However, in vivo,
the blood is circulating and comes into contact with other tis-
sues that can serve to provide buffering capacity. In clinical
practice, however, the base excess is not measured by titration;
rather, it is calculated from a nomogram that assumes normal
nonbicarbonate buffers. This simplification, while allowing the
widespread application of the base excess, has, in one sense, the
drawback of losing the actual measurement of nonbicarbonate
buffers that occurs when blood is directly titrated. Despite po-
tential drawbacks, the base excess is very useful in describing
the magnitude of a metabolic disturbance on the concentration
of buffers and has become a widely used parameter to assess
the degree of a metabolic disturbance.

The Anion Gap

The anion gap is calculated by taking the difference between
the concentrations of the measured cations and the measured
anion; it takes on a value of approximately 8 to 12 mEq/L
in healthy individuals (3–5). The anion gap is an indirect es-
timation of the amount of “extra anions” in the circulation.
The anion gap normally reflects the serum albumin (negatively
charged at physiologic pH) (6), phosphate, and other minor
anions (7). The unmeasured anions that may, under pathologic
situations, lead to an increased anion gap can be either endoge-
nous substances normally found in lower levels such as lactate
or β -hydroxybutyrate or exogenous substances such as salicy-
lates. The anion gap is calculated using the following formula:

[Na+ ] − ([Cl− ] + [HCO 3
− ]) [5]

Metabolic acidosis is subdivided into anion gap and non–
anion gap metabolic acidosis based on the value of the anion
gap. In general, metabolic acidosis is caused either by the loss
of bicarbonate—as in gastrointestinal losses or impaired renal
acid excretion—or by a gain of acid associated with an un-

measured anion. The gain of acid is usually associated with the
presence of an unmeasured anion (e.g., lactic acid); an excep-
tion might be intake of HCl. The extra base present—again,
using the example of lactate—leads to a greater difference be-
tween the measured anions and cations, and therefore a greater
anion gap. There is a wide range for the normal anion gap (4)
and, in our experience, a normal anion gap is approximately 8
to 10 mEq/L—slightly lower than the value referenced above—
but this may vary with methodologies in various labs; thus,
checking with the local laboratory is imperative (4,8). When
interpreting the anion gap, caution must be exercised, as there
is significant variation in the anion gap and it can be influenced
by many conditions other than metabolic acidosis.

Hypoalbuminemia is the most common condition that af-
fects the normal anion gap since albumin normally contributes
to the net negative charge of the blood (9). For every 1
mg/dL fall in the plasma albumin concentration, the anion gap
should decrease by approximately 3 mEq/L (3). In plasma cell
dyscrasias, such as multiple myeloma, the presence of cationic
proteins in the serum is a cause for falsely depressing the anion
gap (10), which has been attributed to an increased net positive
charge due to the presence of net cationic immunoglobulins
(11). Conditions that have been noted to increase the anion
gap in the absence of metabolic acidosis are renal failure, vol-
ume depletion, metabolic alkalosis (12), and some penicillins.
The anion gap can be lowered by hypoalbuminemia, hypercal-
cemia, and hyponatremia (13). Because of the wide variation
in the anion gap and the variety of conditions that can affect
it, it is best to directly measure “unmeasured anions” such as
lactate whenever feasible.

Case Scenario #1: Use of Henderson-Hasselbalch Equation to
Guide Ventilation
A 48-year-old morbidly obese patient is admitted to the hospital
with shortness of breath and fever. In the emergency room, he is
started on intravenous antibiotics. Over the next 3 hours, he be-
comes severely short of breath and develops a diminished level of
consciousness. He is intubated and placed on mechanical ventila-
tion. His past medical history is significant for diabetes mellitus and
hypertension. Social history is significant for one pack per day to-
bacco abuse for 20 years. Current medications include amlodipine
5 mg PO daily, enalapril 5 mg PO bid, and hydrochlorothiazide
12.5 mg PO bid. Physical exam shows blood pressure of 156/88
mm Hg, pulse 76 beats/minute, and temperature 96◦ F. The patient
is morbidly obese. Cardiovascular exam is normal. Lung exam re-
veals bilateral breath sounds with diffuse crackles on the right and
egophony. The initial ventilator settings are synchronous intermit-
tent mandatory ventilation (SIMV) with a rate of 20, tidal volume
of 800 mL, and positive end-expiratory pressure (PEEP) of 5 cm
H2O, with an FiO 2 of 1.0. Thirty minutes after mechanical venti-
lation is initiated, the following labs are drawn:

Serum
Sodium (mEq/L) 141
Potassium (mEq/L) 4.2
Chloride (mEq/L) 100
Bicarbonate (mEq/L) 34
Blood urea nitrogen (BUN) (mg/dL) 13
Phosphorus (mg/dL) 3.8
Creatinine (mg/dL) 0.8
Albumin (g/dL) 3.8
Glucose (mg/dL) 152

Arterial blood gas
pH 7.65
PO2 (mm Hg) 340
PCO2 (mm Hg) 32
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■ What acid-base disorder is present in this patient?
This patient has an underlying respiratory acidosis with compen-
sation (note elevated HCO 3

–). When a patient with chronic res-
piratory acidosis and appropriate renal compensation is placed
on mechanical ventilation, he or she is at risk of developing se-
vere alkalemia. This occurs because mechanical ventilation can
remove PCO 2 from the blood quickly, hence increasing the pH
precipitously. However, it takes time for the kidney to adapt to
the change in blood pH. In time, the kidney can adapt by decreas-
ing bicarbonate reabsorption, leading to loss of bicarbonate in
the urine if the patient is not chloride depleted, but this does
not happen in the acute setting. Following the start of mechan-
ical ventilation in this patient, he has developed an iatrogenic
respiratory alkalosis and a dangerously high arterial pH.

■ In order to correct the pH to 7.35, what goal CO2 should be
maintained?
The appropriate measure is to decrease the minute ventilation to
allow the PCO2 to rise to a level that would lead to a normal or
slightly acidic pH. To determine the PCO2 that corresponds to a
pH of 7.35, use the Henderson-Hasselbalch relationship. In the
acute setting, the HCO3

– will not change since renal adjustments
take several days to have full effect, and therefore the best way
to change the pH is to adjust PCO 2.

7.35 = 6.1 + log (34/ 0.03 �PCO2)
PCO2 = 64 mm Hg

Therefore, the ventilation rate should be decreased to maintain
a PCO2 of approximately 64 to achieve a pH of 7.35.

Ne we r Mod e ls of Acid -b ase
Q uant ificat ion: St e wart Ap p roach

The assumptions made in the traditional model are that acids
behave as Brønsted/Lowry acids—that is, proton donors—and
that the degree of a metabolic disturbance causes a decrease in
buffers, which is best approximated by the decrease in serum
bicarbonate. Therefore, every mole of H + added results in a re-
ciprocal decrease in the concentration of buffers. This decrease
in buffers occurs principally as a decrease in serum bicarbon-
ate, but other unmeasured buffers, such as Hgb-H, are also
decreased during acidosis. An approach that is gaining popu-
larity, especially among critical care physicians, is the Stewart
model, a deviation from the traditional approach to acid-base
quantification, which makes different assumptions about the
definition of acids and bases. In essence, in the Stewart model,
an acid is defined as any substance that raises the [H + ] of a solu-
tion, not necessarily limited to an H + -donating species. Many
excellent reviews have been written on this topic (14–17); dis-
cussion in this chapter will be limited to an introduction to
the key derived parameters of the Stewart model so that they
can be contrasted with the standard approach. The most strik-
ingly different concept of the Stewart model is that the serum
bicarbonate is not used as the measure of buffering capacity
present. This model uses the strong ion difference as a funda-
mental measure of the presence of buffers.

The St rong Ion Diffe re nce
Strong ions are the ions in the blood that can be considered as
completely dissociated in solution (18). The strong ion differ-
ence (SID) is analogous to the buffer base of a solution. The
SID is calculated as:

[SID] = {[Na+ ] + [K+ ]}− {[Cl− ] − [lactate]} [6]

The remaining anions in solution are the buffers, which
can be thought of as the bicarbonate plus the nonbicarbon-
ate buffers, denoted [A–]. [A–] is the sum of negative charge

(buffering capacity) of albumin and phosphate.

[SID] = [HCO 3
− ] + [A− ] [7]

SID in the Stewart model is considered more reflective of
the concentrations of buffers and not the serum bicarbonate.
In fact, the Stewart equation describes the pH in terms of three
independent variables: The strong ion difference [SID], [Atot ],
and PCO 2, where Atot is the concentration of weak acids. This is
in contrast to the Henderson-Hasselbalch equation, which re-
lates pH to [HCO 3

–] and PCO 2 (Eq. 4). In the Stewart model,
bicarbonate concentration varies dependently on these other
more fundamental parameters. The arguments for and against
this claim are many, and are beyond the scope of this text. It can
be stated, however, that the traditional approach to acid-base
disturbances is still practiced most frequently, and the Stewart
model has gained widest acceptance in the critical care field.
This makes sense in that the Stewart model may have advan-
tages in description of extreme acid-base conditions, especially
when the assumption that noncarbonate buffers are constant
may not be true, such as in critical illness. A high SID denotes
metabolic alkalosis, and a low SID denotes metabolic acidosis.
There are modifications of the standard model that attempt to
take into account perturbations in noncarbonate species such
as the correction of the anion gap for disturbances in serum
albumin; this will be illustrated later in examples.

Expected and Apparent Strong Ion Difference. The SID un-
der normal conditions can be thought as the sum of the buffer
anions (bicarbonate and nonbicarbonate buffer anions) and
should be about 40 mEq/L. As noted above, when the SID de-
viates from this value, a metabolic acid-base disturbance should
be suspected. As noted above, the SID is one of three indepen-
dent variables that determines [H+ ], and therefore, conversely,
the SID can be related to the three fundamental values: pH,
PCO 2, and [Atot ]. The expected SID (SIDe) is the SID that would
be predicted based on the pH, PCO 2, and Atot (in this case Atot
is approximated based on the albumin and phosphate). This
relationship is given below:

[SIDe] = (1,000 × 2.46 × 10− 11 × PCO 2/ 10− pH ) + [albumin]
× (0.123 × pH − 0.631) + [phosphate]
× (0.309 × pH − 0.469) [8]

The apparent SID (SIDa) is the strong ion difference consid-
ering the concentrations of the strong ions that are normally
present in the serum: Na+ , K+ , and Cl–. This definition is given
below:

[SIDa] = {[Na+ ] + [K+ ]}− [Cl− ] [9]

When the SIDa and SID differ, there is a strong anion gap,
which is described below.

St rong Ion Gap

The strong ion gap (SIG) should be considered as an evaluation
of unmeasured anions, analogous to the traditional anion gap.
The strong anion gap is normally zero and is defined as:

SIG = anion gap − [A− ]

where A– is the composite of nonbicarbonate buffers in the
blood. [A–] = 2.8 (albumin in g/dL) + 0.6 (phosphate in mg/dL)
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at a pH of 7.4.

SIG = [SIDe] − [SIDa] [10]

When the strong ion gap exceeds zero, there is an unmeasured
anion present. This is analogous to the traditional anion gap,
with a correction factor for the presence of hypoalbuminemia
(19). The traditional anion gap is rarely corrected for distur-
bances in phosphate, although, as can be seen in the above
formula for A–, the contribution of deviations in phosphate
is much smaller than that of albumin, reflecting that, quan-
titatively, albumin has much greater buffering capacity than
phosphate.

The Stewart model has also been used to classify metabolic
acid-base disorders based on the SID. An elevated SID is consis-
tent with metabolic alkalosis, and a low SID is consistent with
metabolic acidosis. The metabolic acidoses are further subdi-
vided based on a high SIG (analogous in many ways to a high
anion gap) and a low SIG (analogous to a low or normal an-
ion gap). In this regard, the two approaches approximate each
other. The use of the SIG may be advantageous over the use of
the standard anion gap, given that the anion gap can have a
wide range of values and is thus somewhat imprecise. This is es-
pecially true in settings where nonbicarbonate buffers deviate
from normal—for example, the patient with acidosis, sepsis,
and acute renal failure with serum albumin of 1.9, phosphorus
of 7.0, and hemoglobin of 7.2 mg/dL. Clearly in this extreme,
the assumption that only changes in serum bicarbonate species
reflect the metabolic component of the acidosis may not hold
true.

St e wart ve rsus Trad it ional Ap p roach

Despite the differences in these two approaches to acid-base
quantification presented, it should be noted that they are quite
similar. The advantage of the Stewart approach is that nonbi-
carbonate buffers are considered in quantifying acid-base dis-
turbances and, as noted before, this is most likely to be pivotal
in critical illness. However, accurate quantification of acid-base
status is only part of managing acid-base disturbances. Cor-
rectly diagnosing acid-base disorders and treating them appro-
priately is the ultimate goal; in this regard, we do not find
considerable advantage of the Stewart approach over more tra-
ditional methodologies. It is important that the clinician under-
stand the limitation of any of the acid-base models, such as un-
derstanding when perturbations in the anion gap are significant
and when they are not. In the cases presented in this chapter,
we have used a traditional approach to acid-base analysis, and
we continue use this approach in our own practice.

Ke y Point s

1. The buffering of acids allows the body to “absorb” large
amounts of acid without significant disturbance in pH. It is
through the excretion of the daily acid load, however, that
the body is allowed to maintain acid-base balance. A highly
negative urinary anion gap suggests that there is significant
ammonium in the urine; in response to metabolic acidosis,
this would indicate that the renal compensation is intact. A
urinary anion gap that is near zero or positive suggests that

there is little or no ammonium in the urine and, in the face
of systemic acidosis, would indicate renal acid wasting.

2. Bicarbonate is the principal buffer in the body; however,
other buffers play an important role in maintaining sys-
temic pH, and disturbances in nonbicarbonate buffers may
be more important in critical illness than in other settings.

Volat ile Acid it y

Up until now, we have dealt exclusively with fixed acids. Dis-
turbances in fixed acids cause a change in available buffers and
change in systemic pH. It is critical to note that volatile acid-
ity plays a very important role in determining the systemic pH
both in primary respiratory disturbances and in compensation
to metabolic disturbances as will be discussed.

Carbon dioxide is soluble in water, and in solution, reacts
with water molecules to form carbonic acid, which can then
further react as the following:

CO 2 + H 2O ↔ H 2CO 3 ↔ H + + HCO 3
− [11]

H 2CO 3 is the acid portion of the bicarbonate buffer; how-
ever, its concentration is proportional to the partial pressure of
CO 2, and therefore its direct measurement is not necessary. By
the equilibrium expressions above, it can be seen that primary
changes in PCO 2 will alter the amount of H 2CO 3. A high PCO 2
will increase the concentration of H 2CO 3, and a low PCO 2 will
decrease the concentration of H 2CO 3. By quantitative chem-
istry, as you increase the concentration of the conjugate acid,
the pH of a buffered solution will increase, and as you decrease
concentration of conjugate acid, the opposite occurs. The PCO 2
in the circulation is the sum of its production and excretion.
The production of CO 2 is not frequently altered; however, the
excretion of CO2—occurring only through respiration—is vari-
able based upon the minute ventilation.

Me chanisms of Comp e nsat ion

The previous sections have detailed how buffering allows the
body to absorb significant amounts of H + without large fluc-
tuations in pH. These buffering systems allow pH to remain
constant during physiologic changes in endogenous acid pro-
duction, and they also form the first defense against an acid-
base insult (Table 42.1). The buffering systems and respiratory
compensation are very rapid, whereas renal compensation may
take days to become fully effective (20). The capacity of the
body’s buffering system is substantial, and therefore signifi-
cant amounts of acid can be absorbed before a relatively small
change in systemic pH occurs. Buffers act immediately and are
thus the first line of defense.

In response to systemic changes in pH, compensatory mech-
anisms act to counteract the primary disturbance. Figure 42.3
gives an overview of the compensatory responses to the pri-
mary acid-base disturbances. In response to metabolic acido-
sis, there is increased ventilation to decrease PCO 2; the kidney
responds by increasing the excretion of H+ , thereby generat-
ing more HCO 3

– (Fig. 42.3A). The opposite response occurs
during metabolic alkalosis, except that the kidneys are usu-
ally not able to respond to the increase in HCO 3

– appropri-
ately, as failure of the kidney to respond to elevated HCO 3

–
is necessary for the development of metabolic alkalosis (this is
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FIGURE 42.3. A: Primary metabolic acid-base disturbances and compensatory mechanisms. B: Primary
respiratory acid-base disturbances and compensatory mechanisms.
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Approach to  the  Critically Ill Patient with an Acid-bas e  Dis order 
 The  firs t s tep is  to de te rmine  which acid-base  disorder(s ) a re  present, the  cause  of each 

disorder, and the  degree  of compensa tion. There  a re  four important variables  to look a t 
when de te rmining the  acid-base  s ta tus  of a  pa tient and these  should be  eva lua ted in a ll 
critica lly ill pa tients :    

 

 Arte ria l pH: This  is  a lways  the  s ta rting point. Avoid making judgments  in the  absence  of a  
measured a rte ria l pH. The  pH is  the  nega tive  logarithm of the  concentra tion of H+ and the  
phys iologic range  for this  va lue  is  7.38 to 7.44 

 

 Arte ria l PCO2: Indica tes  the  amount of vola tile  acidity. The  PCO2 genera lly re flects  the  
respira tory response  or contribution to the  acid-base  disorder.  

 

 Serum bicarbona te : Indica tive  of the  degree  of fixed acids  present (lower means  more  fixed 
acids  present). Normal va lue  is  24 mEq/L. 

 

 Serum anion gap (= [Na +] – {[Cl–] + [HCO3
–]}): A measure  of conjuga te  bases  (anions) 

present above  what is  expected under “normal” conditions . Has  a  wide  variability, normal is  
usua lly be tween 8 and 12 mEq/L. 

FIGURE 42.4. Approach to the criti-
cally ill patient with an acid-base dis-
order.

described later) (Fig. 42.3A). The response to elevated PCO 2 is
to increase the renal excretion of H + , which leads to increased
HCO 3

– production (Fig. 42.3B). In response to metabolic al-
kalosis, the excretion of H + decreases and less bicarbonate is
produced, thereby decreasing serum bicarbonate (Fig. 42.3B).
Note that each of the four primary disturbances leads to a per-
turbation of one of the carbonate species. Consequently, the
main compensatory response is to alter the concentration of
the conjugate species so that the ratio between the two can be
maintained. The response to respiratory disorders has acute
and chronic components. The acute response is related to im-
mediate buffering, and the chronic phase of the response oc-
curs as renal compensation takes place; only the chronic phase
is depicted in Figure 42.3B. An important point to remem-
ber in determining the acid-base disturbances present in a pa-
tient is that a compensatory response will never normalize the
serum pH or lead to a recovery of the pH past neutrality. If
this has occurred, there must be another acid-base disturbance
present.

De t e rmining Which Acid -Base
Dist urb ance s Are Pre se nt

A systematic approach is important in correctly diagnosing
acid-base disorders in critically ill patients. Because it is com-
mon to have mixed acid-base disorders with two or even three
disorders present, it is important to evaluate the available in-
formation thoroughly and avoid quick judgments based on an
incomplete picture.

The approach to acid-base disorders is summarized in Fig-
ures 42.4 and 42.5. A key is to identify the primary disturbance.
This is best accomplished by analyzing acid-base data in con-
junction with a good history. The physical examination is rarely
helpful in determining the etiology of an acid-base disorder. It is
also important to note that the algorithm in Figure 42.5 is use-
ful in the case of single acid-base disorders. Mixed disturbances
are discussed later. Once the primary disturbance is identi-
fied, the next step is to assess the adequacy of compensation.

pH

Normal or mixed 
ac id-bas e  dis order

Metabolic  
Alkalos is

Metabolic  
Acidos is  

Res piratory 
Acidos is  

Res piratory
Alkalos is  

Acidemia 
pH <7.35  

Alkalemia 
pH >7.45  

↓ [HCO3
–] ↑ pCO2 ↑ [HCO3

–] ↓ pCO2 

Normal 
pH: 7.35–7.45

FIGURE 42.5. General approach to acid-base disor-
ders. (From Ayus JC. MKSAP 14, 2006, Nephrology
Section. Medical Knowledge Self Assessment Program.
American College of Physicians; 2006. Copyrighted by
the American College of Physicians.)
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TA BLE 4 2 . 2

COMPENSATIONS FOR ACID-BASE DISORDERS

Metabolic acidosis ■ For every 1 mmol/L decrease in
HCO 3

– → 1 mm Hg decrease in
PCO2

■ Expected PCO 2 = 1.5 (HCO 3
–)

+ 8 ± 2
■ PCO 2 should approach last two

digits of pH

Metabolic alkalosis ■ For every 1 mmol/L increase in
HCO 3

– → 0.7 mm Hg increase
in PCO2

Respiratory acidosis ■ Acute: For 10 mm Hg increase in
PCO 2 → 1 mmol/L increase in
HCO3

–
■ Chronic: For 10 mm Hg increase

in PCO 2 → 4 mmol/L increase in
HCO3

–

Respiratory alkalosis ■ Acute: For every 10 mm Hg
decrease in PCO 2 → 2 mmol/L
decrease in HCO3

–
■ Chronic: For every 10 mm Hg

decrease in PCO 2 → 4 mmol/L
decrease in HCO3

–

Table 42.2 gives the expected values of PCO 2 and HCO 3
–

following compensations for primary disturbances. In the set-
ting of respiratory disorders, acute compensation occurs over
hours, while the chronic compensation occurs over days. If
there is only one disturbance, and the compensation is ad-
equate, there is nothing more to do. On the other hand, if
the compensation is inappropriate, then a second disorder is
present. Recall that a compensation will never normalize the
pH or “compensate” past the point of neutrality (e.g., a pri-
mary metabolic acidosis as a single disorder cannot lead to
a neutral or alkaline pH). In these cases, a mixed acid-base
disorder is present. An additional clue that a mixed acid-base
disorder is present is an elevated anion gap when a metabolic
acidosis is not suspected. For this reason, it is good practice to
calculate the anion gap in all critically ill patients.

CAUSES OF ACID-BASE
DISORDERS

In determining the etiology, the clinician usually must rely on
the history, clinical presentation, and, most importantly, labo-
ratory data in order to determine the inciting disease state (Fig.
42.6).

Me t ab olic Acid osis

Cause s of Anion Gap Acid osis
The common etiologies of elevated anion gap metabolic acido-
sis are listed in Table 42.3.

Diabetic Ketoacidosis. Insulin is secreted and mediates the
metabolism of carbohydrates and the storage of fat during
times of normal enteral intake. Under fasting conditions, in-

Metabolic acidos is  

Measure  urine  anion 
gap 

No 

Yes  

Yes  

Ethylene  glycol 
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Methanol 
Aspirin 

Lactic 
acidos is  

Ketoacidos is

Nega tive Pos itive  

Normal anion gap High anion gap 

Serum 
lacta te  

e leva ted

Serum 
ke tones  
present 

Impairment of 
rena l acid 
excre tion 

GI losses

FIGURE 42.6. Diagnostic approach to metabolic acidosis. (From Ayus
JC. MKSAP 14, 2006, Nephrology Section. Medical Knowledge Self
Assessment Program. American College of Physicians; 2006. Copy-
righted by the American College of Physicians.)

sulin secretion decreases. Diabetic ketoacidosis occurs when a
deficit of insulin activity leads to altered cellular metabolism
and glucose utilization is impaired. The deficiency of insulin
causes the liberation of fatty acids and pathophysiologic keto
acid production. The degree of increase in the anion gap is
related to the amount of retained ketones, and therefore di-
abetic ketoacidosis can be present with varying degrees of
hyperchloremia (21). In addition to abnormal ketoacid pro-
duction, diabetic ketoacidosis is typically also associated with
hyperglycemia, a decrease in circulatory volume, and, often-
times, free water deficits as well, in addition to hypokalemia
and hypophosphatemia. Even though total body potassium
stores are decreased, the serum potassium concentration is
frequently elevated on presentation due to the effects of in-
sulin deficiency, hyperglycemia, and acidosis on potassium dis-
tribution. The treatment of diabetic ketoacidosis includes re-
expansion of the extracellular fluid volume, administration
of insulin to halt acid production, and correction of potas-
sium and phosphorus deficits, with close monitoring of plasma
electrolytes.

TA BLE 4 2 . 3

COMMON CAUSES OF ELEVATED ANION GAP
METABOLIC ACIDOSIS

Lactic acidosis
Diabetic ketoacidosis
Renal failure
Ingestions
■ Methanol
■ Ethylene glycol
■ Paraldehydes
■ Salicylates
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Lactic Acidosis. There are two types of lactic acidosis: Type A
lactic acidosis is due to tissue hypoxia and the formation of
excess lactic acid, and constitutes the majority of cases of lac-
tic acidosis. This is frequently seen in sepsis, profound anemia,
shock, hypotension, and bowel and limb ischemia. Lactate is
formed in tissues under hypoxic conditions as it is a by-product
of anaerobic cellular metabolism. Type A lactic acidosis is often
associated with poor outcomes if the cause is not quickly re-
versed, usually due to the severity of the underlying condition,
such as septic shock or bowel infarction.

Type B lactic acidosis occurs when there is insufficient
liver metabolism of lactate. The normal metabolism of lac-
tate leads to the generation of bicarbonate and therefore when
this pathway is less operative, there is decreased bicarbonate
and systemic acidosis. This condition can be seen in severe
liver disease and/or other conditions that interfere with liver
metabolism. Several commonly used medications have been
associated with lactic acidosis including propofol, metformin,
the nonnucleotide reverse transcriptase inhibitors, stavudine,
didanosine, and zidovudine. Carbon monoxide poisoning can
present with nonspecific symptoms and lead to lactic acidosis
by inhibiting oxygen utilization in the tissues.

Toxic Ingestions Associated with Elevated Anion Gap Acido-
sis. Ingestions are important causes of acidosis in the critical
care setting (22). Common ingestions that often lead to ele-
vated anion gap metabolic acidosis are listed in Table 42.3.
The presence of ingested alcohols or other solvents can be in-
ferred by measurement of the osmolal gap when an ingestion
is suspected.

The osmolal gap can be calculated using the following for-
mula:

(Measured serum osmolality) − (Calculated serum osmolality)

where the calculated serum osmolality is obtained as follows:

2 × [Na+ ] (mEq/ L) + Urea nitrogen (mg/ dL)/ 2.8
+ Glucose (mg/ dL)/ 18 [12]

The osmolal gap is normally approximately 10 mOsm/kg
H 2O. The normal osmolal gap is a reflection of substances
normally present in the serum that exert oncotic forces. These
are plasma proteins and ions found in smaller quantities, such
as calcium and magnesium. An elevated osmolal gap is an in-
dication that an unmeasured osmole is present in the serum; in
the intensive care setting, this is commonly due to ethanol. The
osmolal gap can also be used to quantify the level of ethylene
glycol or methanol, although direct measurement of these tox-
ins is indicated if their presence is suspected; however, therapy
should not be delayed while waiting for confirmation.

Case Scenario #2: Salicylate Toxicity
A 68-year-old man presents to the emergency room following an
intentional toxic ingestion. He was brought in by his son, who
found him confused when he stopped by his (the patient’s) house.
One month prior to admission, he suffered the loss of his wife and
has felt hopeless since that time. Upon presentation, he is lethargic
and weak. His past medical history is significant for hypertension
and gout. Past surgical history is significant for an appendectomy
20 years ago and coronary artery bypass graft (CABG) 2 years ago.
He smokes one and a half packs of cigarettes a day and he denies the
use of alcohol or illicit drugs. Physical exam is significant for blood
pressure of 156/80 mm Hg, pulse of 79 beats/minute, respirations
of 32 breaths/minute, and temperature of 98◦ F. He is lethargic,
in moderate respiratory distress, and oriented only to place and

person. Cardiovascular exam is normal, and there is no wheezing
on chest exam. Laboratory data are given below:

Serum
Sodium (mEq/L) 141
Potassium (mEq/L) 3.9
Chloride (mEq/L) 105
Bicarbonate (mEq/L) 9
BUN (mg/dL) 21
Creatinine (mg/dL) 1.2
Glucose (mg/dL) 128

Arterial blood gas
pH 7.40
PO2 67
PCO2 15

Salicylate toxicity is typically associated with an anion gap
metabolic acidosis and respiratory alkalosis; this is the acid-base
disorder present in this patient. In diagnosing the acid-base dis-
turbance in this patient, the first step is to look at the serum pH.
The pH is normal with low serum bicarbonate. This is the first
clue that a complex disorder is present since a compensatory re-
sponse to metabolic acidosis would not normalize the serum pH.
We can determine that there is a metabolic acidosis present be-
cause of the elevated anion gap (anion gap = 27). Given the pres-
ence of a metabolic acidosis, we can then predict what the PCO 2
should be. Using the Winter formula, the expected PCO 2 is approx-
imately 21 mm Hg (Table 42.2), and thus a respiratory alkalosis
is present. This pattern is strongly suggestive of salicylate toxicity
(23).

Case Scenario #3: Lactic Acidosis in the Setting of Abnormal Levels
of N onbicarbonate Buffers
A 44-year-old female with cirrhosis secondary to autoimmune hep-
atitis is admitted to the hospital for fever and abdominal pain.
The patient is listed for an orthotopic liver transplantation and
has been clinically stable for the past month. She noted abdominal
pain and fever that have gotten progressively worse over the last 2
days. Her past medical history is otherwise nonsignificant. Current
medications include spironolactone 100 mg PO bid, furosemide 80
mg PO bid, and lactulose 30 mL PO bid. Previous surgeries in-
clude the placement of a transjugular intrahepatic portosystemic
shunt (TIPS) and a cholecystectomy. Physical exam is significant
for blood pressure of 74/55 mm Hg, pulse of 72 beats/minute, tem-
perature 100.8◦ F, and respiratory rate of 24 breaths/minute. She
appears cachectic. Cardiovascular and chest exams are normal. Her
abdomen is distended and there is diffuse tenderness. She has 1+
pitting edema in the lower extremities. Spontaneous bacterial peri-
tonitis is suspected, and the patient is admitted to the hospital.
Admission labs are given below:

Serum
Sodium (mEq/L) 128
Potassium (mEq/L) 5.1
Chloride (mEq/L) 106
Bicarbonate (mEq/L) 11
BUN (mg/dL) 20
Creatinine (mg/dL) 1.3
Phosphorus (mg/dL) 2.1
Albumin (g/dL) 1.4
Glucose (mg/dL) 84

Arterial blood gas
pH 7.23
PO2 (mm Hg) 78
PCO2 (mm Hg) 28

■ What is the best characterization of the acid-base disturbance in
this patient?
The acid-base disorder is an anion gap metabolic acidosis, likely
lactic acidosis. While the anion gap appears normal, the degree
of hypoalbuminemia needs to be considered because the negative
charge on albumin is a significant component of the “normal”
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TA BLE 4 2 . 4

ETIOLOGIES OF NON–ANION GAP METABOLIC
ACIDOSIS

Extrarenal source Renal source

Gastrointestinal disorders
■ Diarrhea
■ Pancreatic and biliary fistulas
■ Laxatives, cholestyramine
■ Ureterointestinal diversions

(ileal conduit)

■ Renal tubular acidosis
■ Renal failure
■ Hypoaldosteronism

unmeasured anions. For every 1 g/dL decrease in the serum al-
bumin, the expected anion gap decreases by 2.5 mEq/L. Thus,
in this patient, to consider her anion gap at a normal level, it
should not exceed approximately 5 to 6 mEq/L. Again, caution
should be used in interpreting the anion gap in these settings; if
any suspicion exists for lactic acidosis, the serum lactate should
be measured directly.

Non–Anion Gap Acid osis

In a non–anion gap/hyperchloremic acidosis, there is a primary
decrease in the serum bicarbonate and an associated increase in
the serum chloride. The serum bicarbonate decreases because
of renal or extrarenal, gastrointestinal losses (Table 42.4). One
of the key etiologic questions to be answered in the approach
to a patient with a non–anion gap acidosis is whether or not
the kidney is appropriately responding to the acidosis by ex-
creting the acid load or if the cause of the acidosis is improper
acid excretion by the kidney. This allows one to differentiate
renal from nonrenal causes of the acidosis. The urine anion
gap, which is calculated using Eq. 3, is a convenient method-
ology to assess urinary acid excretion. If the urine anion gap
is positive or close to zero, this suggests that (a) there is very
little ammonium in the urine (Fig. 42.2) and (b) the kidney
is not appropriately excreting acids. If the urine anion gap is
highly negative, this suggests that (a) there is a large amount
of ammonium in the urine and (b) the kidney is excreting acids
appropriately (Fig. 42.2).

Cause s of Non–Anion Gap Me t ab olic Acid osis
Diarrhea. Severe diarrhea leads to non–anion gap metabolic
acidosis through loss of bicarbonate, and is typically associated
with volume depletion and hypokalemia. In very severe cases,
circulatory collapse can occur, and an anion gap (lactic) acido-
sis may supervene upon the non–anion gap acidosis. Patients
who chronically abuse laxatives may develop metabolic acido-
sis and hypokalemia. However, frequently, these patients also
abuse diuretics and therefore can have an associated metabolic
alkalosis. In order to determine if the renal response to the
acidosis is normal, the urine anion gap should be measured.

Ureterointestinal Diversions. In a ureterointestinal diversion,
urine in the intestine leads to reabsorption of chloride and wa-
ter. Consequently, the absorption of chloride can induce se-
cretion of bicarbonate into the intestine. Additionally, urease-
positive bacteria in the intestine metabolizes the urea in the
urine to form ammonium, which, when absorbed, liberates
excess acid after it is metabolized in the liver. Also, chronic
pyelonephritis is common in the diverted kidney, and a super-
imposed distal renal tubular acidosis (RTA) may occur.

Renal Tubular Acidosis. Renal tubular acidosis is a hetero-
geneous mix of disorders that is characterized by defects in
urinary acid excretion in the setting of intact renal function.
Proximal (type 2) RTA is caused by a decrease in proximal
bicarbonate reabsorption, whereas in distal (type 1) RTA, the
primary defect is impairment of distal acidification (24,25). The
net result is that the urine pH is not maximally acidified. The
lack of acidification—in other words, secretion of H + —leads
to less ammonium trapping in the urine and therefore to an an-
ion gap that is either positive or near zero. In the intensive care
unit, renal tubular acidosis often presents with profound acido-
sis and hypokalemia. It is important to treat the hypokalemia
first with potassium chloride before correcting the acidosis, as
administration of bicarbonate in the setting of severe potassium
depletion can lead to fatal hypokalemia as potassium is taken
up by cells when H + exits the cells. Type 4 RTA is a clinical
syndrome of hyperkalemia and hyperchloremic metabolic aci-
dosis (26) caused by a lack of aldosterone effect on the kidney
and is seen most commonly in the following settings: diabetes,
advanced age, acquired immunodeficiency syndrome (AIDS),
interstitial nephritis, obstructive uropathy, postrenal transplant
status, use of angiotensin-converting enzyme inhibitors and
heparin (both of which impair aldosterone production), and
use of cyclosporine.

RTA should be suspected if the renal response to systemic
acidemia is impaired as evidenced by a positive urine anion
gap. The next step is to determine the type. The most practical
starting point is to differentiate a proximal from a distal RTA.
To understand this, some physiology must be discussed. Recall
that bicarbonate is reabsorbed predominantly in the proximal
tubule. Proximal RTA develops because of impaired reabsorp-
tion of bicarbonate. The lack of bicarbonate reabsorption in
patients with normal serum bicarbonate leads to wasting of bi-
carbonate in the urine until a steady state is reached in which
the serum bicarbonate drops to a level at which the reabsorp-
tive capacity of the proximal tubule is no longer overwhelmed.
At this point, there is no longer any bicarbonate in the urine.
For this reason, in a patient with proximal RTA, the serum bi-
carbonate will be low; however, the urine pH will be low—this
is because the distal acidification mechanisms are functional. If
such a patient is given an alkali load, serum bicarbonate is tem-
porarily increased, and bicarbonate “spills” into the urine be-
cause the filtered load of bicarbonate exceeds the reabsorptive
threshold, which leads to an increase in the urine pH. Once the
alkali load is stopped, serum bicarbonate drops, bicarbonate no
longer appears in the urine, and the urine pH can now drop to
its maximally acidic level of approximately 5.5. This is the basis
for the provocative testing to demonstrate a proximal RTA, and
also explains why these patients often have to take a tremen-
dous amount of alkali in order to achieve normal serum pH.

Renal Failure. The kidneys have the capacity to excrete acids to
such a degree that acid-base balance is maintained until kidney
function deteriorates to below a glomerular filtration rate of
approximately 20 mL/minute. The resulting acidosis is of a
mixed type and it is generally, but not universally, associated
with an elevated anion gap. Chronic metabolic acidosis should
be treated to prevent bone demineralization, which may occur
with time. The goal of treatment is to maintain normal acid-
base status.

Pancreatic or Biliary Fistula. These disorders can lead to the
loss of bicarbonate-rich solutions through the gastrointestinal
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tract and result in systemic acidosis. If correction of the under-
lying fistula is not possible, treatment with alkali salts can be
helpful.

Hypoaldosteronism. Similar to type 4 RTA acidosis, hypoal-
dosteronism can lead to an impairment in renal acid excretion.
Aldosterone activity in the kidney leads to hypokalemia and
metabolic alkalosis; conversely, lack of this activity decreases
aldosterone secretion and leads to hyperkalemia and metabolic
acidosis.

Case Scenario #4: N on–Anion Gap Metabolic Acidosis: Assessing
Urinary Acid Excretion
A 66-year-old man is seen in the emergency room. He has had 8
days of severe diarrhea, abdominal pain, and decreased food intake,
but adequate intake of liquids. He believes that he became sick after
babysitting his grandson who had similar symptoms. His medical
history is significant for diabetes and hypertension. Surgical history
only consists of coronary artery bypass grafting 3 years ago. His
medications include enalapril 20 mg PO bid, aspirin 81 mg PO daily,
atenolol 50 mg PO daily, hydrochlorothiazide 25 mg PO daily, and
metformin 1 g PO bid. He has a family history of diabetes and
premature coronary artery disease. He does not smoke or use drugs,
and drinks alcohol occasionally. Physical exam is significant for
blood pressure of 105/70 mm Hg and a pulse of 72 beats/minute;
blood pressure drops to 90/50 mm Hg when the patient stands.
Temperature is 98.8◦ F, and respiratory rate is 32 breaths/minute.
There is a small amount of occult blood in the stool. Labs are given
below:
Serum
Sodium (mEq/L) 136
Potassium (mEq/L) 3.9
Chloride (mEq/L) 114
Bicarbonate (mEq/L) 13
BUN (mg/dL) 21
Creatinine (mg/dL) 1.2
Albumin (g/dL) 4.0
Glucose (mg/dL) 128

Urine
pH 6
Sodium (mEq/L) 32
Potassium (mEq/L) 21
Chloride (mEq/L) 80

Arterial blood gas
pH 7.27
PO2 90
PCO2 30

■ Which acid-base disorder is present and what is the likely etiol-
ogy?
This patient has a non–anion gap metabolic acidosis from a
nonrenal origin. The low pH and decreased serum bicarbonate
indicate the presence of metabolic acidosis. Respiratory compen-
sation is adequate, and therefore there is no complex acid-base
disorder present. The serum anion gap is not elevated. The urine
electrolytes and the calculation of the urine anion gap are useful
to distinguish between a renal source and a gastrointestinal (GI)
source of the acidosis. If gastrointestinal losses are the cause of
the acidosis and the renal response to the acidosis is normal, a
significant amount of ammonium will be present in the urine.
The presence (or absence) of ammonium can be inferred by cal-
culating the urine anion gap. The formula for the urine anion
gap is as follows: [K+ ] + [Na+ ] – [Cl–]. If there is an unmea-
sured anion present, then [Cl–] exceeds [K+ ] + [Na+ ] and the
urine anion gap is significantly negative. When there is little or
no unmeasured anion present, the urine anion gap will take on a
positive value. In this case, the urine anion gap = 32 mEq/L + 21
mEq/L – 80 mEq/L = –27 mEq/L, and therefore there is a signif-
icant amount of ammonium (NH4

+ ) in the urine, which implies

a normal renal response to the systemic acidosis—thereby des-
ignating an extrarenal cause of the acidosis.

Tre at me nt of Me t ab olic Acid osis
Treatment of Anion Gap Metabolic Acidosis. The treatment
of an anion gap metabolic acidosis is focused on reversing the
pathogenesis of the endogenous acid production and eliminat-
ing excess acid. By far the most important aspect of treatment
is to identify the source of the acidosis if it is not already ap-
parent, such as in diabetic ketoacidosis or septic shock. Treat-
ment of an anion gap acidosis with bicarbonate replacement
therapy remains controversial, especially in lactic acidosis. It
has been argued that bicarbonate may be used as a bridge un-
til homeostatic mechanisms reverse the condition through the
metabolism of endogenous bases, such as lactate and ketone
bodies, and therefore bicarbonate regeneration. This approach
of using alkali therapy assumes that there is a detriment to a low
pH (or serum bicarbonate) above and beyond the harm caused
by the underlying condition. However, evidence from animal
models argues that bicarbonate therapy may have deleterious
effects on pH, serum lactate levels, and cardiac function (27–
29). Bicarbonate leads to the generation of CO 2 during buffer-
ing and, as CO 2 readily diffuses across cell membranes, intra-
cellular acidosis has been shown to worsen during bicarbonate
therapy. Worsening of cardiac function, which has been asso-
ciated with intracellular acidosis, is the proposed mechanism
for worsening of lactic acidosis following the administration of
bicarbonate during lactic acidosis (30). Hemodialysis rapidly
corrects acidosis and is typically necessary to treat acidosis in
the setting of renal failure.

Treatment of Non–Anion Gap Metabolic Acidosis. Bicarbon-
ate therapy is generally indicated in non–anion gap acidosis
since the primary disturbance is a decrease in bicarbonate. This
is contrasted to anion gap acidosis where correction of the un-
derlying cause is the primary concern. Oral bicarbonate or oral
citrate solutions are agents for chronic therapy for non–anion
gap acidosis. For acute presentations, especially in patients who
may not be able to tolerate prolonged hyperventilation, intra-
venous bicarbonate therapy may be used.

Me d icat ions and Me t ab olic Acid osis
Medications are an increasingly important cause of severe aci-
dosis and can be life threatening in many cases. Lactic acidosis
has been reported with all nonnucleoside reverse transcriptase
inhibitors used to treat human immunodeficiency virus (HIV);
this effect is related to the drug’s inhibition of mitochondrial
function, with resultant anaerobic metabolism (31–34). The
newer-generation anticonvulsant topiramate has also been as-
sociated with lactic acidosis (34). Metformin is also well known
to lead to lactic acidosis, which can be treated with hemodial-
ysis (35). The propofol infusion syndrome is a dangerous com-
plication sometimes seen with the use of this drug; it is associ-
ated with head injury, use of propofol for more than 48 hours,
use in children, and concomitant use of catecholamines and
steroids (36–38).

Case Scenario #5: Propofol Infusion Syndrome
A 25-year-old male is in the intensive care unit following a cran-
iotomy for a traumatic head injury. He had suffered a depressed
skull fracture to the left frontal bone from blunt trauma during an
altercation. He has no known medical problems and takes no medi-
cations. Family members state that he occasionally uses intravenous



Chap t e r 42: Blood Gas Analysis and Acid-base Disorders 643

cocaine and smokes cigarettes. Intraoperatively, he is given intra-
venous cefazolin and phenytoin. It is now postoperative day 2,
and he is currently receiving propofol infusion at 8 µ g/kg/minute.
Blood pressure is 155/90 mm Hg, pulse 80 beats/minute, temper-
ature 97.4◦ F, and respiratory rate 12 breaths/minute. He is cur-
rently mechanically ventilated on SIMV mode with bilateral breath
sounds. He has a normal cardiac exam, and there is no peripheral
edema. Laboratory data are as follows:

Day 3 Day 6
Sodium (mEq/L) 136 137
Potassium (mEq/L) 3.9 4
Chloride (mEq/L) 104 103
Bicarbonate (mEq/L) 20 12
BUN (mg/dL) 18 19
Creatinine (mg/dL) 1.1 1.0
Albumin (g/dL) 4.0 4.0
Glucose (mg/dL) 128 112
Lactate (mmol/L) 7
pH 7.37 7.21
PCO2 38 32

■ What is the likely cause of the acidosis in this patient?
Propofol infusion syndrome is an important entity in the inten-
sive care unit (37,39,40). The patients who appear to be at the
greatest risk for the condition are those receiving prolonged in-
fusions after suffering brain injury. Treatment for the condition
appears to be discontinuation of propofol; hemofiltration has
been used successfully (41,42). It is important to note that many
fatalities have occurred when the condition is not recognized
promptly, and thus early recognition is critical.

Ke y Point s

1. Bicarbonate therapy is indicated for non–anion gap acidosis.
2. The primary concern in anion gap acidosis is correction of

the underlying cause.

Me t ab olic Alkalosis

Metabolic alkalosis occurs when there is an excess of buffers
present, raising the systemic pH. In metabolic alkalosis, there is
a primary elevation in the serum bicarbonate. This condition
is common in the intensive care setting and can have severe
complications. As the primary problem is an increase in bicar-
bonate, metabolic alkalosis can be readily corrected by renal bi-
carbonate excretion. Under normal circumstances the potential
for bicarbonate excretion is tremendous, and thus, alterations

TA BLE 4 2 . 5

CAUSES OF ALKALOSIS GENERATION

Excessive alkaline load Loss of hydrogen ions

Bicarbonate infusion,
hemodialysis

Gastrointestinal losses: Vomiting,
nasogastric suction

CaCO 3 supplements Renal losses: Diuretics, excessive
Oral citrate solutions mineralocorticoid
Parenteral nutrition

(acetate, glutamate)

in the renal handling of bicarbonate must occur to maintain
the alkalosis. Without an impairment of the renal capacity to
excrete bicarbonate, the kidneys would simply excrete the bi-
carbonate load. The most common reason for impairment of
renal excretion of bicarbonate is chloride deficiency and renal
failure. In general, metabolic alkaloses are generated by either
bicarbonate intake in excess of loss or by the primary loss of
H + (Table 42.5).

Chlorid e -se nsit ive Me t ab olic Alkalosis
Nasogastric suction, vomiting, and diuretics are very frequent
causes of metabolic alkalosis. Hypokalemia develops in the set-
ting of vomiting or nasogastric suction not due to gastrointesti-
nal losses, as the stomach contents are not rich in potassium;
rather, the losses of potassium are renal losses due to potassium
bicarbonate excretion and secondary hyperaldosteronism. In
these settings, renal losses of sodium and potassium are oblig-
atory in order to excrete bicarbonate. In this situation, the
urinary chloride (not the urinary sodium) better reflects the
effective blood volume of the patient. Similar to the loss of
gastric secretions, diuretic-induced extracellular fluid volume
depletion stimulates aldosterone secretion. The action of al-
dosterone stimulates sodium reabsorption in the distal tubule,
which is coupled with secretion of potassium and H + . There-
fore, a urine that is paradoxically acidic is generated. Other
causes of metabolic alkalosis that are sensitive to the admin-
istration of chloride include those occurring after hypercapnic
and after diuretic use.

As noted above, in order to maintain the alkalosis, renal
bicarbonate excretion must be impaired in some way. In the
setting of chloride depletion, the kidney is unable to excrete
the excess bicarbonate, and therefore the alkalosis is main-
tained (43,44) (Table 42.6). Among patients with normal renal

TA BLE 4 2 . 6

CLASSIFICATION OF METABOLIC ALKALOSIS BY CHLORIDE HANDLING

Chloride sensitive (urine Cl– less than 20 mEq/L) Chloride resistant (urine Cl– greater than 40 mEq/L)

Gastrointestinal acid losses
■ Nasogastric suction, vomiting
■ Congenital Cl– losses in stool?
■ Rectal adenoma

Hypertensive
■ Renovascular hypertension
■ Hyperaldosteronism
■ Liddle syndrome
■ Glycyrrhizic acid

Renal acid losses
■ Penicillins, citrate
■ Postdiuretic
■ Posthypercapnic

Normotensive
■ Diuretics
■ Bartter and Gitelman syndromes
■ Administration of alkali
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function and normal chloride status, attempting to raise the
serum bicarbonate concentration 2 to 3 mEq/L above the nor-
mal value is virtually impossible because the kidneys can easily
excrete the excess bicarbonate.

Chlorid e -inse nsit ive Me t ab olic Alkalosis
The chloride-insensitive metabolic alkalosis commonly en-
countered in the critical care setting is that occurring after the
use of loop diuretics. The loss of large amounts of bicarbonate-
free fluid in a patient with expanded ECF space—such as dur-
ing therapy with a loop diuretic—is thought to lead to a re-
duction in the ECF space, with relative conservation of bicar-
bonate concentration. This has been termed contraction alka-
losis. Other causes of chloride-insensitive metabolic alkalosis
are hyperaldosteronism—both primary and secondary—such
as might be seen with renovascular disease (Table 42.6). Rare
causes of chloride-insensitive metabolic alkalosis are Bartter
and Gitelman syndromes.

Re nal and Ext rare nal Comp e nsat ion
Immediately following the generation of metabolic alkalosis,
buffering systems begin to decrease the effects of the alkaline
load. Respiratory compensation for a metabolic alkalosis in-
volves respiratory suppression and an increase in the PCO 2
(Fig. 42.3A, Table 42.2). Respiratory compensation for se-
vere metabolic alkalosis has practical limits, as respirations can
be suppressed only to a certain degree. Without the effect of
mitigating factors such as volume depletion, the kidney will
respond to metabolic alkalosis through increasing the renal
excretion of bicarbonate. Severe chloride depletion can theo-
retically inhibit this exchange and therefore inhibit bicarbonate
secretion. Finally, hyperaldosteronism secondary to diuretic use
stimulates the tubular secretion of potassium and H+ . The net
effect is an acidic urine that also helps to maintain the alkalosis.
In patients with low urinary chloride, chloride replacement is
indicated to allow bicarbonate excretion.

Tre at me nt of Me t ab olic Alkalosis
The metabolic alkalosis seen in the intensive care unit often
develops as a complication rather than a presenting disorder.
H 2 blockers and proton pump inhibitors can be used as a mea-
sure to decrease losses of H + in patients with prolonged gastric
aspiration or chronic vomiting, which may help prevent the
development of metabolic alkalosis. In patients with chloride-
sensitive metabolic alkalosis, treatment usually consists of re-
placement of the chloride deficit—usually with normal saline
since volume depletion is also often present. Potassium chloride
is almost always indicated when hypokalemia is also present,
although potassium concentrations may increase as the alkalo-
sis is corrected. In severe, symptomatic metabolic alkalosis—a
pH greater than 7.6—hemodialysis may be indicated and can
be used to correct alkalemia, especially when associated with
renal failure (45). The use of acidic solutions is rarely indicated
(Table 42.7).

Case Scenario #6: Diabetic Ketoacidosis with Concomitant Meta-
bolic Alkalosis
A 21-year-old male presents to the emergency room with severely
diminished mental status. He states that he has felt nauseated for
the last few days and has been unable to eat well. This morn-
ing, he vomited several times and was brought to the emergency
room by his girlfriend. His past medical history is negative for any
chronic medical problems. He had a tonsillectomy as a child but no
other surgeries. Physical exam is significant for blood pressure of

TA BLE 4 2 . 7

TREATMENT OF METABOLIC ALKALOSIS

Chloride sensitive ■ IV normal saline volume expansion
■ Discontinue diuretics if possible
■ H 2 blockers or proton pump

inhibitors in cases of nasogastric
suction and vomiting

Chloride resistant ■ Remove offending agent
■ Replace potassium if deficient

Extreme alkalosis ■ Hemodialysis
■ NH 4Cl or HCl can also be used

122/57 mm Hg, pulse of 105 beats/minute, respiratory rate of 28
breaths/minute, and temperature of 99.3◦ F. He is thin and in mod-
erate distress. Chest exam is normal. His abdomen is soft and non-
tender. Stool is negative for occult blood. In the emergency room,
the patient begins to vomit large amounts, and he aspirates a signif-
icant amount of stomach contents and develops respiratory failure.
He is intubated and started on mechanical ventilation. After 1 hour
of mechanical ventilation, the following laboratory values are re-
ceived:

Serum
Sodium (mEq/L) 138
Potassium (mEq/L) 3.7
Chloride (mEq/L) 91
Bicarbonate (mEq/L) 16
BUN (mg/dL) 11
Phosphorus (mg/dL) 2.2
Albumin (g/dL) 3.6
Creatinine (mg/dL) 1.7
Glucose (mg/dL) 980

Arterial blood gas
pH 7.41
pO2 67
PCO2 27

■ What is the acid-base disturbance present in this patient?
This patient has a mixed acid-base disorder, metabolic acidosis/
metabolic alkalosis. The patient presents with diabetic ketoaci-
dosis. The anion gap is 31, which signifies a large degree of
ketoacid production. Because of the nausea and vomiting, he
also has developed a metabolic alkalosis, and thus the bicar-
bonate level is higher than one would expect with this degree
of acid production. This can be formalized by calculating the
delta–delta anion gap. Another method of conceptualizing what
is occurring is to take the difference of the anion gap and a nor-
mal anion gap. To illustrate how this works, we define the nor-
mal anion gap as 12 mEq/L. In this case, the difference between
the patient’s anion gap and the normal anion gap is: 31 – 12 =
19 mEq/L. This difference is often referred to as the delta–delta
anion gap. If this number is added to the patient’s bicarbonate,
the result is 35. This significantly exceeds the normal bicarbon-
ate of 24, which indicates that a metabolic alkalosis is present.
What this tells us is that if all of the unmeasured anions—which
are potentially bicarbonate—are converted back to bicarbonate,
the patient would be considered to have a metabolic alkalosis.

Ke y Point s
1. Metabolic alkalosis is often accompanied by a decrease in

chloride such that the decrease offsets the incremental in-
crease in bicarbonate.

2. Metabolic alkalosis is caused by excessive bicarbonate in-
take or loss of H + .
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3. Vomiting, nasogastric suction, and diuretics are the most
frequent causes of metabolic alkalosis in the intensive care
unit setting.

4. In patients with metabolic alkalosis and low urinary chlo-
ride, normal saline is indicated to expand the extracellular
space.

Re sp irat ory Acid -b ase Disord e rs

Under normal conditions, through endogenous metabolism,
approximately 15,000 mmol/day of CO 2 is produced. Car-
bon dioxide enters the plasma and forms carbonic acid, which
subsequently dissociates to bicarbonate and H + . The major-
ity of this CO 2 generated is transported to the lungs in the
form of bicarbonate. The H + produced in the process is ex-
changed across the erythrocyte cell membrane and is buffered
intracellularly. In the alveoli, this process is reversed and the
bicarbonate combines with H+ , liberating CO 2, which is then
excreted through respiration. Carbon dioxide is the main stim-
ulus for respiration, which is activated by small elevations in the
PCO 2. Hypoxia is a minor stimulus for respiration and is typi-
cally effective when the PO 2 is in the range of 50 to 55 mm Hg.
Derangements in respiratory CO 2 excretion lead to alterations
in the ratio of PCO 2 to bicarbonate in the serum and therefore
alter systemic pH (recall the Henderson-Hasselbalch relation-
ship, Eq. 4).

Re sp irat ory Acid osis
Respiratory acidosis results from the primary retention of car-
bon dioxide; a variety of disorders that reduce ventilation can
lead to respiratory acidosis. The common etiologies of respi-
ratory acidosis seen in intensive care unit patients are listed in
Table 42.8.

The increase in the plasma PCO 2 decreases the pH by for-
mation of carbonic acid (Eq. 11). The principal compensatory
defense mechanisms against respiratory acidosis are buffering
and renal compensation. Recalling the Henderson-Hasselbalch
relationship (Eq. 4), the pH of the blood is dependent on the rel-
ative concentrations of CO 2 and bicarbonate. Therefore, when
there is an increase in PCO 2, the renal response to increase
HCO 3

– is an action to normalize this relationship (Fig. 42.3B).
In respiratory acidosis, the extracellular buffering capacity is
severely limited because bicarbonate cannot buffer carbonic
acid. Intracellular buffers—hemoglobin and other intracellular
proteins—serve as the protection against acute rises in PCO 2.
In circulating erythrocytes, the H + that is produced as carbonic
acid is formed from CO 2 that is buffered by hemoglobin; bi-
carbonate then leaves the cell in exchange for chloride. The
buffering response to an elevation of CO 2 occurs within 10 to
15 minutes.

Renal compensation occurs in response to chronic respira-
tory acidosis. Hypercapnia stimulates secretion of protons in
the distal nephron. Additionally, the urinary pH decreases and
urinary ammonium excretion is increased, as is titratable acid
excretion and excretion of chloride. The net effect is enhanced
reabsorption of bicarbonate. The kidney’s response to an acute
increase in PCO 2 through compensation takes 3 to 4 days to
reach completion (Table 42.2).

Aside from the compensatory mechanisms mentioned
above, an increase in alveolar ventilation is ultimately required
in order to eliminate excess CO 2 and therefore to re-establish
equilibrium. If ventilation increases quickly during the acute
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CAUSES OF RESPIRATORY ACIDOSIS

Airway obstruction ■ Foreign body, aspiration
■ Obstructive sleep apnea
■ Laryngospasm or bronchospasm

Neuromuscular
disorders of
respiration

Acute:

Chronic:

■ Myasthenia gravis
■ Guillain-Barré syndrome
■ Botulism, tetanus, drugs
■ Hypokalemia, hypophosphatemia

(respiratory muscle impairment)
■ Cervical spinal injury
■ Morbid obesity (aka Pickwickian

syndrome)
■ Central sleep apnea

Central respiratory
depression

■ Drugs (opiates, sedatives),
anesthetics

■ Oxygen administration in acute
hypercapnia

■ Brain trauma or stroke

Respirator disorders

Acute:

Chronic:

■ Severe pulmonary edema
■ Asthma or pneumonia
■ Acute respiratory distress syndrome
■ Chronic obstructive pulmonary

disorder
■ Pulmonary fibrosis
■ Chronic pneumonitis

period, the decrease in PCO 2 re-establishes equilibrium. How-
ever, following sustained hypercapnia that has elicited an ap-
propriate renal response (i.e., a compensatory increase in serum
bicarbonate), bicarbonaturia accompanies the return of the
PCO 2 to normal. However, in order for this to occur, the chlo-
ride intake must be sufficient to replenish the deficit that devel-
oped during the renal compensation to the chronic respiratory
acidosis, which induces a negative chloride balance. If chlo-
ride is deficient, the serum bicarbonate will remain persistently
elevated, a phenomenon termed posthypercapnic metabolic al-
kalosis.

Clinical Presentation. Acute respiratory acidosis can produce
headaches, confusion, irritability, anxiety, and insomnia, al-
though the symptoms are difficult to separate from concomi-
tant hypoxemia. Symptoms may progress to asterixis, delirium,
and somnolence. The severity of the clinical presentation cor-
relates more closely with the rapidity of the development of the
disturbance rather than the absolute PCO 2 level.

Treatment. The treatment of respiratory acidosis is focused on
alleviating the underlying disorder. In patients with acute res-
piratory acidosis and hypoxemia, supplemental oxygen is ap-
propriate. However, to treat the hypercapnia, an increase in
effective alveolar ventilation is necessary through either rever-
sal of the underlying cause or, if necessary, mechanical ventila-
tion. The administration of bicarbonate in respiratory acidosis
when a coexisting metabolic acidosis is not present is poten-
tially harmful. Bicarbonate in the setting of acute respiratory
acidosis may precipitate acute pulmonary edema, metabolic
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alkalosis, and augmented carbon dioxide production, leading
to increased PCO 2 in patients with inadequate respiratory re-
serve (45).

During chronic respiratory acidosis, renal compensation
leads to a near-normalization of the arterial pH. In treating
chronic respiratory acidosis, the objective is to ensure ade-
quate oxygenation and, if possible, to increase alveolar ven-
tilation. The administration of excessive oxygen and use of
sedatives should be avoided because these treatments can de-
press the respiratory drive. Mechanical ventilation may be in-
dicated when there is an acute exacerbation of chronic hyper-
capnia. If mechanical ventilation is used, the PCO 2 should be
decreased gradually, avoiding precipitous drops, as rapid cor-
rection may cause severe alkalemia. Also, this may increase the
cerebrospinal fluid pH, because carbon dioxide rapidly equili-
brates across the blood–cerebrospinal fluid barrier. This com-
plication can lead to serious neurologic problems, including
seizures and death.

Special Scenario: Permissive Hypercapnia. It has been shown
that ventilator strategies to reduce ventilator-associated lung
injury (VALI) improve intensive care unit outcomes (46–49).
This strategy is referred to as permissive hypercapnia and may
reduce VALI through several mechanisms: by reducing stretch
trauma and associated release of cytokines, and by prevent-
ing translocation of endotoxin and bacteria across the alveolar
capillary barrier (50–54). It is not known for certain if respi-
ratory acidosis per se has a beneficial effect, though there are
recent data to suggest such an effect (55). Primary elevation of
PCO 2 is also suggested to be deleterious on cardiac function
(27,28), though this may be outweighed by protective effects of
hypercapnia on lung injury (56). Further studies will be needed
to delineate the specific roles of low tidal volume and respira-
tory acidosis with or without buffering in the management of
acute lung injury.

Case Scenario #7: Respiratory Acidosis
A 56-year-old morbidly obese patient is admitted to the hospital
with severe cellulitis of the right lower extremity that fails to re-
spond to intravenous antibiotics. On hospital day 3, he undergoes
a right below-knee amputation and, although recovering well, com-
plains of severe pain postoperatively. His blood cultures drawn at
admission are negative. His past medical history is significant for
diabetes mellitus and chronic lower extremity ulceration that is
felt to be secondary to venous stasis. Current medications include
hydrochlorothiazide 25 mg PO daily, amlodipine 10 mg PO daily,
enalapril 10 mg PO bid, metformin 1,000 mg PO bid, and a fentanyl
patch 25 µ g/hour. Two days following the operation he is found to
have diminished mental status and the following laboratory data
are obtained:
Serum
Sodium (mEq/L) 140
Potassium (mEq/L) 4.4
Chloride (mEq/L) 98
Bicarbonate (mEq/L) 34
BUN (mg/dL) 19
Creatinine (mg/dL) 1.2
Phosphorus (mg/dL) 4.3
Albumin (g/dL) 3.7
Glucose (mg/dL) 180

Arterial blood gas
pH 7.09
PO2 (mm Hg) 55
PCO2 (mm Hg) 110

■ Which medication contributed most to the acid-base disorder
prior to initiation of mechanical ventilation?

The laboratory values are consistent with acute respiratory aci-
dosis, secondary to fentanyl, likely in the setting of a chronic
respiratory acidosis, itself probably secondary to restrictive lung
disease from obesity. The chronic respiratory acidosis is evi-
denced by the increased serum bicarbonate with a decreased
pH. This is consistent with a history of obesity, which can lead
to a restrictive pattern of lung disease characterized by chronic
respiratory insufficiency. An acute respiratory acidosis is present
because the expected degree of renal compensation is not present
as it would be if the patient had a chronic elevation of the PCO2
to levels of 110 mm Hg. The acute respiratory failure is most
likely secondary to narcotic overdose, and thus fentanyl is the
most likely causative agent.

Re sp irat ory Alkalosis
Pathophysiology. Respiratory alkalosis is due to a primary in-
crease in ventilation, which leads to a decrease in the PCO 2
and occurs commonly in the intensive care unit either as a
treatment (e.g., for elevated intracranial pressure), as an iatro-
genic complication of mechanical ventilation, or as part of a
disease presentation (Table 42.9) (57). The lowered PCO 2 in
turn reduces carbonic acid levels, which decreases systemic pH.
The buffering system and, ultimately, renal compensation are
the counterregulatory measures that are directed at maintain-
ing plasma pH in this setting. In the setting of acute respira-
tory alkalosis, proteins, phosphates, and hemoglobin liberate
H+ . These liberated protons subsequently react with bicarbon-
ate to form carbonic acid. At the level of the erythrocyte, a
shift of chloride to the extracellular compartment ensues, as
bicarbonate and cations enter in exchange for protons. The
net effect of this buffering system reduces plasma pH and ac-
counts for a 2 mEq/L decrease in the serum bicarbonate for
every 10 mm Hg decrease in the PCO 2 that occurs in the acute
setting (Table 42.2). Persistent respiratory alkalemia elicits the
renal response, which leads to a net decrease in the secretion
of H + . This renal compensation causes a decrease in the prox-
imal reabsorption of bicarbonate and a decrease in the excre-
tion of titratable acids and of ammonium. Recall that the ex-
cretion of one H + in the kidney leads to the regeneration of a
HCO 3

– molecule; therefore, these renal changes decrease renal
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CAUSES OF RESPIRATORY ALKALOSIS

Hypoxia ■ High altitude
■ Congestive heart failure
■ Severe V/Q mismatch

Lung diseases ■ Pulmonary fibrosis
■ Pulmonary edema
■ Pneumonia
■ Pulmonary embolism

Drugs ■ Salicylates
■ Progesterone
■ Nicotine

Direct stimulation of
respiratory drive

■ Psychogenic hyperventilation
■ Cirrhosis
■ Gram-negative sepsis
■ Pregnancy (progesterone)
■ Excessive mechanical ventilation
■ Neurologic disorders (e.g.,

pontine tumors)
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production of HCO 3
–. This compensatory response is maxi-

mal 3 to 4 days following the onset of alkalemia and leads to
further decrease in serum HCO 3

–.

Clinical Presentation. Respiratory alkalosis may lead to a wide
range of clinical manifestations ranging from alteration in con-
sciousness, perioral paresthesias, and muscle spasms to cardiac
arrhythmias. In addition, alkalemia also can affect metabolism
of divalent ions. By stimulating glycolysis, alkalemia causes
phosphate to shift from the extracellular space into the intra-
cellular compartment as glucose-6-phosphate is formed. Ad-
ditionally, the level of ionized calcium in the blood may also
decrease due to increased binding of calcium to albumin.

Treatment. The underlying cause for respiratory alkalosis
should be sought (Table 42.9). Cirrhosis can lead to respira-
tory alkalosis through impaired clearance from the circulation
of progesterones and estrogens, similar to pregnancy (58). This
is a commonly seen acid-base disorder in the intensive care
unit. In psychogenic hyperventilation, rebreathing air using a
bag increases the systemic PCO2 and can treat alkalemia. Spe-
cific therapy, other than treatment of the underlying cause, is
typically not necessary.

Case Scenario #8: Severe Acute Respiratory Alkalosis: A Potential
Complication of Mechanical Ventilation
A 42-year-old patient with morbid obesity is admitted to the hos-
pital with shortness of breath and fever. In the emergency room,
he is started on intravenous antibiotics. Over the next 3 hours, he
becomes severely short of breath and develops a diminished level of
consciousness. He is intubated and placed on mechanical ventila-
tion. His past medical history is significant for diabetes mellitus and
hypertension. The social history is significant for one pack per day
of smoking for 20 years. Current medications include amlodipine 5
mg PO daily, enalapril 5 mg PO bid, and hydrochlorothiazide 12.5
mg PO bid. Physical exam shows blood pressure of 156/80 mm Hg,
pulse of 70 beats/minute, and temperature of 100.8◦ F. The patient
is morbidly obese. The cardiovascular exam is normal. Lung exam
reveals bilateral breath sounds with diffuse crackles on the right and
egophony. Thirty minutes after mechanical ventilation laboratory
studies are sent, with the following results:

Serum
Sodium (mEq/L) 140
Potassium (mEq/L) 4.4
Chloride (mEq/L) 97
Bicarbonate (mEq/L) 35
BUN (mg/dL) 15
Creatinine (mg/dL) 0.9
Phosphorus (mg/dL) 4.0
Albumin (g/dL) 3.9
Glucose (mg/dL) 146

Arterial blood gas
pH 7.66
PO2 (mm Hg) 340
PCO2 (mm Hg) 31

■ What PCO2 goal should be targeted in order to correct the acid-
base disorder and attain a normal pH?
The respiratory rate should be decreased to maintain the pH at
a level of about 55 mm Hg, as this will lead to a pH of approx-
imately 7.4. When a patient with chronic respiratory acidosis
and appropriate renal compensation is placed on mechanical
ventilation, he or she is at risk of developing a posthypercapnic
metabolic alkalosis, as occurred in this case. Quickly lowering
the PCO2 in a patient with an elevated bicarbonate can lead
to a dangerous degree of alkalemia. This occurs because me-
chanical ventilation can remove PCO2 from the blood quickly,

thus increasing the pH precipitously. However, it takes time for
the kidney to adapt to the change in blood pH. In time, the
kidney can adapt by decreasing bicarbonate reabsorption, lead-
ing to loss of bicarbonate in the urine; but this does not hap-
pen quickly, usually requiring a minimum of 24 to 36 hours.
The appropriate measure is to decrease the minute ventilation
to allow the PCO 2 to rise to a level that would lead to a nor-
mal or slightly acidic pH. The target PCO 2 can be calculated
by using the Henderson-Hasselbalch equation; however, this
degree of precision is not always necessary. The minute ven-
tilation can simply be decreased and titrated to achieve the de-
sired pH.

MIXED ACID-BASE DISORDERS
Mixed acid-base disorders are more difficult to diagnose than
simple acid-base disorders. A good general rule is to keep in
mind that in patients with a known primary acid-base disorder,
a mixed disorder needs to be suspected if the pH is normal or
if the apparent “compensation” has led to a pH that is beyond
the normal. For example, if a patient with metabolic acidosis
has a pH of 7.47, this indicates an accompanying respiratory
alkalosis since a compensation would not lead to an alkaline
pH if the primary disorder is an acidosis.

Me t ab olic and Re sp irat ory Acid osis

In this mixed disorder, respiratory compensation is insuffi-
cient for the degree of decrease in bicarbonate. The most
extreme example of this mixed-condition disorder occurs fol-
lowing cardiopulmonary arrest. In this setting, there is a de-
crease in bicarbonate levels—a metabolic acidosis secondary
to lactic acidosis—and retention of carbon dioxide secondary
to respiratory arrest. The pH in this setting is very low. Mixed
metabolic and respiratory acidosis is also commonly seen in
patients with a primary metabolic acidosis and concomitant
lung disease. The lung disease impairs the ability of the patient
to increase the ventilatory rate to appropriately decrease the
PCO 2. Furthermore, this combination of disorders can mani-
fest as a patient with a chronically elevated PCO 2 and an in-
ability to increase the serum bicarbonate. This would indicate
a chronic respiratory acidosis and possibly a metabolic acidosis
due to a “normalized” serum bicarbonate in a setting in which
the bicarbonate would be expected to be elevated. Finally, the
presence of an anion gap, despite a normal serum bicarbonate
level, should raise the index of suspicion for this combination
of conditions.

Me t ab olic and Re sp irat ory Alkalosis

Acidemia is better tolerated than is alkalemia. For example, a
pH of 7.2 is well tolerated, whereas a pH of greater than 7.6 is
associated with significant mortality. Mixed metabolic and res-
piratory alkalosis can lead to a significant elevation in the pH
and is therefore very serious. This condition typically occurs
in patients on mechanical ventilation. Often, mechanical ven-
tilation, by mandating a minimum minute ventilation, will not
allow the patient to elevate the PCO 2 significantly in response
to alkalemia. Frequently, the metabolic alkalosis in this setting
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is due to diuretic use, administration of bicarbonate solutions,
or massive transfusions with a citrate load.

Re sp irat ory Alkalosis and
Me t ab olic Acid osis

Most commonly, this combination is seen in Gram-negative
sepsis, which can stimulate the respiratory drive—resulting in
respiratory alkalosis—and also cause circulatory collapse with
subsequent lactic acidosis. In the medical intensive care unit,
salicylate intoxication classically leads to a mixed metabolic
acidosis and respiratory alkalosis (23). Salicylates directly lead
to an anion gap metabolic acidosis, and they also directly stim-
ulate respiration.

Ap p roach t o Mixe d Acid -b ase Disord e rs

There is no simple algorithm to use in the approach to a mixed
acid-base disorder. The approach outlined in Figure 42.5 as-
sumes that only a single disorder is present. Complex acid-base
problems should be suspected when the values cannot be ex-
plained by a single disorder and its compensation. An example
of this might be a patient with lactic acidosis and an alkaline
pH.

Ke y Point s

1. In patients with a known primary acid-base disturbance,
a mixed acid-base disorder should always be suspected if
the pH is normal or the “compensation” has surpassed the
normal pH.

2. Mixed metabolic and respiratory acidosis occurs when the
respiratory compensation is insufficient for the degree of
decrease in bicarbonate.

3. The presence of an increased anion gap despite normal
serum bicarbonate levels should raise suspicion for mixed
metabolic acidosis and metabolic alkalosis.

4. Non–anion gap metabolic acidosis and anion gap metabolic
acidosis can coexist.

5. Gram-negative sepsis is a common cause of respiratory al-
kalosis and metabolic acidosis.

6. Mixed metabolic acidosis and metabolic alkalosis occurs
commonly in diabetic ketoacidosis.

Case Scenario #9: Mixed Acid-base Disorder: Metabolic Acidosis
and Respiratory Acidosis
A 64-year-old is admitted to the intensive care unit with pneumo-
nia and septic shock. The patient states that he has had increasing
shortness of breath and fever over the past 4 days. His past medical
history is significant for hypertension. Surgical history is significant
for a previous cholecystectomy. Medications include amlodipine
and hydrochlorothiazide. Physical exam shows a blood pressure of
85/50 mm Hg, pulse of 110 beats/minute, respiratory rate of 22
breaths/minute, and temperature of 101.8◦ F. The cardiovascular
examination is significant for a 2/6 systolic murmur and there are

crackles over his entire right lung field. There is trace pedal edema.
Chemistry values on admission are given below:

Serum
Sodium (mEq/L) 135
Potassium (mEq/L) 4.8
Chloride (mEq/L) 103
Bicarbonate (mEq/L) 10
BUN (mg/dL) 22
Creatinine (mg/dL) 1.4
Phosphorus (mg/dL) 2.8
Albumin (g/dL) 3.8
Glucose (mg/dL) 115

Arterial blood gas
pH 6.95
PO2 (mm Hg) 51
PCO2 (mm Hg) 48

■ What acid-base disorder(s) is (are) present in this patient?
The acid-base disorder is a mixed anion gap metabolic acidosis
with a respiratory acidosis. The decrease in bicarbonate accom-
panied by an elevated anion gap is consistent with a primary
metabolic acidosis. The expected PCO 2 using the Winter for-
mula = 10(1.5) + 4 = 19. The PCO2 is significantly elevated
above this level, and thus a respiratory acidosis is present. The
PCO2 is much higher than would be expected based on the de-
gree of acidemia, and thus a respiratory acidosis, secondary to
inadequate ventilation from pneumonia, is present.
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CHAPTER 43 ■ CENTRAL NERVOUS
SYSTEM
EDWARD M. MANNO r ALEJANDRO A. RABINSTEIN

The last few decades have yielded significant insights into the
mechanisms of acute cerebral injury. The most important find-
ing has been that a significant proportion of neurologic damage
after injury occurs secondarily and, thus, is potentially pre-
ventable or treatable. This discovery has altered the approach
to acute neurologic injury and, coupled with improved diagnos-

tic techniques, has reversed the therapeutic nihilism that had
previously marked the field. In this chapter, we will attempt to
provide a foundation in the basics of cerebrovascular physiol-
ogy. Based on these foundations, we will attempt to outline a
rational approach to the treatment of both general and specific
neurologic emergencies.



650 Sect ion IV: Essential Physiologic Concerns

CEREBRAL METABOLISM AND
HYPOXIC ISCHEMIC BRAIN INJURY
Approximately 20% of the cardiac output and oxygen con-
sumption is utilized by the human brain, which accounts for
only 2% of the total body mass (1). The majority of cere-
bral oxygen consumption occurs at the highly metabolically
active gray matter structures of the brain. The relatively high
metabolic activity of these cells is needed to sustain the electri-
cal gradients of neurons needed to transmit electrical signals,
synthesize transmitters, and maintain the infrastructure of the
cell (2).

The central nervous system utilizes intracellular stores of
phosphocreatine and adenosine triphosphate (ATP) as its en-
ergy source. These stores are constantly replenished through
the aerobic oxidative phosphorylation of glucose at the inner
membrane of the neuronal mitochondria. Glucose is the main
substrate for brain metabolism, with specific glucose trans-
ferases in the capillary endothelium providing entry into the
neuronal cytoplasm. Brain energy reserves are limited. Electri-
cal activity is inhibited within seconds, and cellular breakdown
occurs within minutes of lack of oxygen delivery to the neu-
rons. Anaerobic metabolism provides only a small amount of
the energy needed to maintain neuronal cellular activity (2).

Under normal conditions, cerebral blood flow (CBF) and re-
gional distribution of oxygen are tightly coupled. Increases in
cerebral metabolism lead to an increase in the delivery of oxy-
gen and glucose to metabolically active tissue. Cerebral blood
flow is, by convention, measured in milliliters of flow per 100 g
of tissue per minute. Normal CBF ranges between 30 and 70
mL/100 g/minute. The cerebral metabolic rate of oxygen con-
sumption (CMRO 2) is the rate of oxygen utilized by cerebral
tissue. It is calculated by the Fick method of measuring the
product of CBF and the cerebral oxygen arterial–venous dif-
ference of an inert nondiffusible substance. Direct and indirect
methods exist to estimate both CBF and CMRO 2. Cerebral
oxygen delivery (CDO 2) is the product of CBF and the oxygen-
carrying capacity of hemoglobin. The normal mean capillary
partial pressure of oxygen (PO 2) is approximately 65 mm Hg,
representing a difference between normal arterial PO 2 (90–95
mm Hg) and venous PO 2 (35–40 mm Hg). Normal values for
standard measures of CBF, CMRO 2, and CDO 2 are detailed in
Table 43.1.

Cerebral ischemia develops if cerebral oxygen utilization
cannot meet metabolic demands. This can result from problems
with cerebral oxygen delivery, increased metabolic demands,
or impaired oxygen utilization. Decreases in CDO 2 can occur
with decreases in cerebral blood flow due to stroke, increased
intracranial pressure (ICP), decreased cardiac output, or hy-
potension. The cerebral metabolic rate increases with increased
cerebral activity, seizures, or hyperthermia. Blood loss or car-
bon monoxide poisoning can decrease the oxygen-carrying ca-
pacity (3).

Inadequate oxygen delivery due to decreased CBF is the
most common cause of cerebral ischemia. Synaptic transmis-
sion, and hence electrical activity, discontinues at CBF below
15 to 20 mL/100 g/minute. Further decreases in CBF lead to
ionic pump failure and membrane destabilization (3). Cerebral
oxygen delivery can also be affected by changes in the con-
centration of oxygen bound to hemoglobin. Hemoglobin has
a high affinity for binding oxygen, with greater than 90% of

TA BLE 4 3 . 1

NORMAL VALUES FOR CEREBRAL BLOOD FLOW
AND METABOLISM

Cerebral blood flow (CBF) 50 mL/100 g/min
Systemic arterial oxygen content

(CaO 2)
14–20 mL/100 mL

Jugular venous oxygen content (CjvO 2) 8–13 mL/100 mL
Jugular venous oxygen saturation

(SjvO2)
65%

Cerebral arterial–venous oxygen
content difference
[C(a-v)O 2 = CaO 2 – CjvO 2] 6.3 mL/100 mL

Cerebral oxygen delivery (CDO2 =
CBF × CaO2)

10 mL/100 g/min

Cerebral metabolic rate of oxygen
consumption
CMRO 2 – CBF × C(a-v)O 2 3.5 mL/100 g/min

the hemoglobin binding sites for oxygen saturated at arterial
partial pressures of oxygen (PaO 2) greater than 70 mm Hg.
Increasing PaO2 with increases in inspired oxygen above this
level, therefore, has little effect on oxygen delivery. However,
a large oxygen gradient is needed at the cellular level to pro-
vide an adequate pressure gradient for the oxygen molecule
to diffuse to the mitochondrial inner membrane. The critical
required PO 2 at the level of the mitochondria is estimated at
5 mm Hg; hence, at low oxygen gradients (venous PO 2 levels
below 30 mm Hg), cerebral insufficiency will develop (2).

Several mechanisms exist to maintain oxygen delivery to the
brain. Cerebral hypoperfusion will lead to the depolarization of
medullary neurons mediating sympathetic output, which con-
sequently results in a compensatory increase in blood pres-
sure and heart rate. Decreased cerebral perfusion leading to
decreased arterial oxygen delivery to the cerebral capillary bed
will lead to venodilation lowering of the postcapillary pressure
and increasing flow across the capillary bed. Oxygen extrac-
tion bound to hemoglobin is increased across the capillary bed
as CBF continues to decrease. This increase in oxygen extrac-
tion can be detected by measuring jugular venous blood and
comparing it to arterial oxygen content. Finally, increases in
local hydrogen ion concentration will occur as ischemia de-
velops, presumably due to lactate production from anaerobic
metabolism. The resultant shift in the oxygen displacement
curve of hemoglobin to the right will result in increased oxygen
released from hemoglobin to the local cerebral tissue.

Cerebral ischemia can be categorized into focal and global
causes. Focal ischemia occurs when there is severe or com-
plete reduction of blood flow to one of the major arteries of
the brain. Neurologic impairment develops in functional pat-
terns attributable to the particular arterial distribution that is
involved. This most commonly is seen secondary to embolic or
atherosclerotic large vessel occlusion. Global ischemia refers to
severe reductions or cessation of blood flow to the entire brain.
This most commonly occurs after cardiac arrest but can be seen
in any condition that leads to global cerebral hypoperfusion or
hypoxia (2,3).

Cerebral tissues exhibit selective vulnerability to ischemia.
Neurons are the least resistant to cerebral ischemia, followed
by oligodendroglia, astrocytes, and endothelial cells in order of
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susceptibility. Specific neuronal populations also exhibit selec-
tive vulnerability to ischemia and hypoxia. The most suscep-
tible neurons to anoxia are the CA1 and CA3 cell populations
located in the medial hippocampus. These cells are the most
widely connected and have the highest resting metabolic rate
of all neurons. Similarly, highly metabolically active cells with
high susceptibility to ischemia include the cerebellar Purkinje
cells, cortical cell levels 3 and 5, and the medium-size neurons
of the striatum (2,4).

Vascular patterns of neuronal injury encountered with cere-
bral anoxia can be attributed to the selective ischemic vul-
nerability of varying cerebral cell types, coupled with the dif-
ferent mechanisms by which ischemia or hypoxia can occur.
Watershed or border zone infarctions occur at the boundary
between the perfusion territories of the large cerebral arter-
ies. Hypotension after cardiac, septic, or hemorrhagic shock
is the most common etiology for this phenomenon. Selective
loss of neurons in the hippocampus, basal ganglia, cortex, and
cerebellum can lead to laminar necrosis of these tissues, and
may occur after ischemia leads to cell death in these cells, but
circulation is restored prior to involvement of other neuronal
cell populations. Dysmyelination of the central white matter
can develop in the setting of hypotension where hypoxia does
not occur. Cerebral white matter is believed to be selectively
vulnerable to this condition due to its decreased resting re-
gional CBF compared to the more metabolically active gray
matter (2).

Neuronal cell death is a product of both the severity and
time of ischemia; thus, incomplete degrees of ischemia can be
tolerated for longer periods of time. However, there is some
critical threshold of ischemia that will ultimately lead to necro-
sis. The duration and severity of ischemia needed to reach a
critical threshold can be modified by metabolic factors such
as hyperglycemia, temperature, and metabolic activity. Critical
reductions of oxygen, therefore, produce significant but non-
fatal degrees of ischemia and neuronal function. Lethal reduc-
tions of oxygen imply that some threshold has been crossed
that will lead to a series of events, and ultimately to cell
death (2).

Oxygen deprivation leading to neuronal cell death proceeds
through several distinctive steps. The high metabolic activity
of neurons rapidly depletes oxygen-derived ATP and phos-
phocreatine stores, resulting in failure of synaptic transmis-
sion. The electroencephalogram (EEG) at this point becomes
flat, and consciousness is lost. Electrical failure occurs as CBF
falls below 16 to 20 mL/100 g tissue/minute and cerebral oxy-
gen consumption falls below one third of its normal resting
metabolism, but restoration of CBF after electrical failure will
allow functional recovery of the cell. Further decreases in CBF
to less than 10 mL/100 g tissue/minute will lead to failure of
the energy needed to maintain the activity of the membrane
sodium potassium pump. As flow continues to decrease, mem-
brane depolarizations occur, and ionic gradients are lost as
potassium effluxes from the cell and sodium and water en-
ters the cells, leading to the development of cytotoxic edema
(Fig. 43.1).

Release of excessive amounts of glutamate is believed to
mediate the process of excitatory cell death after ischemia.
Normally, glutamate, an excitatory neurotransmitter, is
released into the synaptic cleft and rapidly cleared by energy-
dependent cellular uptake mechanisms. In the setting of en-
ergy failure, extracellular glutamate levels increase. Most gluta-

FIGURE 43.1. Blood flow thresholds for cerebral function and
metabolism. As blood flow decreases, synaptic transmission and electri-
cal activity ceases (electroencephalographic silence). Further decreases
in flow lead to loss of ionic homeostasis and cell death. The ischemic
penumbra describes brain tissue with blood flows below electrical fail-
ure but above membrane failure. CBF, cerebral blood flow; EEG, elec-
troencephalogram; ATP, adenosine triphosphate. (From Veremakis CV,
Lindner DH. Central nervous system injury: essential physiologic and
therapeutic concerns. In: Civetta JM, Taylor RW, Kirby RR, eds. Crit-
ical Care. Philadelphia: Lippincott–Raven Publishers; 1997:273–289.)

mate neurotoxicity is mediated through N -methyl D-aspartate
(NMDA) receptors. Stimulation of these receptors activates cal-
cium channel–mediated entry into the cell. Intracellular calcium
subsequently activates a number of destructive enzymatic pro-
cesses, including protease destruction of structural proteins and
phospholipase destruction of plasma membranes, with release
of arachidonic acid and endonucleases capable of fragment-
ing DNA repair mechanisms. Mitochondrial uptake of calcium
leads to the interruption of electron transport and the develop-
ment of oxygen-free radicals (1,3,5,6).

The above process leads to necrosis of brain tissue with
distinctive neuropathologic features. Necrosis is characterized
by cellular swelling, membrane wall lysis, and a resultant in-
flammatory reaction to clear the necrotic tissue. Cells die in
groups, leaving large areas of necrotic tissue (7). Apoptosis,
or programmed cell death, also occurs in cerebral ischemia.
Apoptosis is an organized and regulated form of cell death
where intra- and extracellular signals lead to a programmed
process of cell death with preservation of the mitochondria.
Pathologically, apoptosis leads to cell shrinkage, chromatin
condensation, and dissolution of the cell membrane. Inflam-
mation is not commonly seen. These two distinctive forms of
cell death probably represent a spectrum of the biochemical
and morphologic changes that can occur in cerebral ischemia
(1).

In focal ischemia and infarction, a central region of necro-
sis can be surrounded by a potentially viable area of tissue
described as the ischemic penumbra. The ischemic penumbra
can be defined through CBF measurements and electrophysi-
ology, or biochemical and genetic methods. The penumbra, by
definition, is tissue that is potentially salvageable if circulation
is restored. Neurocritical care focuses on methods to restore
flow to the ischemic penumbra and potentially limit the extent
of neuronal cell death.
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REGULATION OF CEREBRAL
CIRCULATION

Me t hod s of Ce re b ral Blood
Flow Me asure me nt s

The study of modern cerebrovascular physiology began in the
1940s when Kety and Schmidt described a direct method for
quantifying CBF based on the Fick principle (8). The origi-
nal Fick equation stated that oxygen uptake in the lung was
equal to the product of cardiac output and the arteriovenous
difference of oxygen (9). Kety substituted nitrous oxide, an in-
ert, nonmetabolizable, diffusible tracer in place of oxygen (10),
and thus, the accumulation of nitrous oxide in the brain was
substituted for the absorption of oxygen in the lungs (11). This
technique is still considered the gold standard for quantifying
CBF, but is invasive and limits measurements only to global
CBF (12).

The development of external detection systems allowed for
the use of radioactive tracers to measure regional areas of CBF.
Focal perfusion and washout of substances could be used to
determine flow into local brain regions. Xenon133 , a diffusible
γ -emitting substance, was used initially as an injection and later
through inhalation. Perfusion and washout were calculated us-
ing a rotating γ -counter. Later, the application of computed to-
mographic techniques (Xenon CT) allowed for improved res-
olution of regional areas of cerebral blood flow (rCBF) (13).
Single photon emission computed tomography (SPECT) uses
technetium99 as a ligand to measure rCBF, and is the most com-
monly used technique to measure CBF. Technetium99 crosses
the blood–brain barrier and is trapped within cells. The tracer
accumulates in varying brain regions according to the rate of
delivery, and thus is a marker for rCBF. Multidetector systems
are used to quantify the accumulation of tracer (14). Positron
emission tomography (PET) is similar to SPECT in that an ex-
ternal detecter is used to measure an accumulated radioactive
substance. The generation and use of positrons, however, sig-
nificantly improve resolution. A positron is an electron with
a positive charge formed by the decay of radionuclides. It re-
quires a cyclotron or linear accelerator for its production. The
collision of a positron with an electron produces two photons
that are sent off at 180 degrees. The simultaneous detection
of these photons allows for improved resolution and three-
dimensional reconstruction of rCBF. In addition to measur-
ing CBF, different radiolabeled ligands can be used to mea-
sure cerebral blood volume (CBV), glucose metabolism, or
cerebral oxygen extraction. PET provides the highest quan-
tifiable measure of rCBF and can be used for a variety of
physiologic experiments (15). However, it is expensive, re-
quires a cyclotron, and is limited to a few academic centers
(Fig. 43.2).

New techniques of bolus tracking with magnetic resonance
imaging (MRI) and computed tomography (CT) have allowed
for acute assessments of cerebral perfusion. In these techniques,
a bolus of a contrast agent is detected either through changes
in the T2 signal or Hounsfield units. Estimations of CBF can
be made by measuring the transit time required for these bo-
luses to pass through cerebral tissue. These techniques are be-
ing used widely for the acute assessments of cerebral infarctions
(16,17).

FIGURE 43.2. Positron emission tomography image of an intracere-
bral hemorrhage. Note central area of necrosis surrounded by area of
decreased perfusion. (Courtesy of Michael Diringer, Washington Uni-
versity School of Medicine.)

Fact ors t hat Re g ulat e Ce re b ral
Blood Flow

Ce re b ral Aut ore g ulat ion
Cerebral autoregulation refers to the capacity of CBF to remain
constant despite changes in cerebral perfusion pressure. It is a
pressure phenomenon that needs to be differentiated from the
effect of carbon dioxide and arterial oxygen tension on CBF.
This control, and thus the shape of the autoregulatory curve,
can be modified by a number of extrinsic factors. Hyperten-
sion, hypocarbia, and increased sympathetic nervous activity
will increase both the upper and lower ranges of autoregula-
tion. Chronic hypotension, hypercarbia, and parasympathetic
activity will lower the set points of autoregulation. The au-
toregulatory curve will shift upward with advancing age. In
the healthy, normotensive individual, CBF is a pressure-passive
phenomenon below perfusion pressures of 50 to 60 mm Hg
and above perfusion pressures of 150 to 160 mm Hg. Between
these broad parameters, CBF increases only slightly (18,19)
(Fig. 43.3).

In most vascular beds, autoregulation occurs at the level of
the arterioles. A significant proportion of vascular resistance
in the cerebral circulation, however, is modulated at the level
of the cerebral arteries. In cats, dogs, and monkeys, approxi-
mately 40% of the cerebral vascular resistance is mediated by
changes in the baseline pial artery diameter of vessels greater
than 400 µ m in diameter (20).

In response to hypotension, both cerebral arteries and arte-
rioles will dilate to maintain constant CBF. Vessel dilation pro-
gresses from the largest vessels to the smallest with decreases in
cerebral perfusion pressure (21). Cerebral arterioles will also
continue to dilate below the lower limit of autoregulation (19).
Further drops in pressure flow slowly across the capillary bed
and lead to an increase in the oxygen extraction coefficient
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FIGURE 43.3. Cerebral autoregulatory curve with cerebral blood flow
remaining constant between cerebral perfusion pressures (CPP) of 50
and 150 mm Hg (solid line). Superimposed curve of cerebral blood
volume (CBV) at variable CPP (dotted line). The top portion of the
figure illustrates the cerebral arteriolar caliber. Note that at CPP below
the level of cerebral autoregulation, arteries and arterioles begin to
collapse (passive collapse). CBV decreases from a point of maximal
dilation seen near the lower end of CA (vasodilatory cascade zone) to
a constant blood volume (zone of normal autoregulation). Higher CPP
leads to autoregulatory breakthrough and parallel increases in both
CBF and CBV (autoregulatory breakthrough zone). ICP, intracranial
pressure. (From Rose JC, Mayer SA. Optimizing blood pressure in
neurological emergencies. N eurocrit Care. 2004;1:287–299.)

from hemoglobin (18). Continued hypotension progresses to
cerebral hypoperfusion and ischemia as previously discussed.

In a similar fashion, cerebral pial arteries and arterioles will
constrict as perfusion pressure increases. Maximal vasocon-
striction occurs at cerebral perfusion pressures of 160 to 170
mm Hg. Above these pressures, there is a forced vasodilation
of the cerebral vessels with a large increase in CBF. The ensu-
ing hypertensive encephalopathy is due to blood–brain barrier
disruption and the development of cerebral edema (21). The
initial distribution of this edema commonly is located in the
occipital lobes. This is speculated to occur due to the limited
sympathetic innervation of the posterior circulation.

Me chanisms of Ce re b ral Aut ore g ulat ion
There are several theories that have been proposed to ex-
plain the mechanisms of cerebral autoregulation. These can
be broadly categorized into the myogenic, metabolic, and neu-
rogenic hypotheses of autoregulatory control (18).

Myogenic Theory. The myogenic theory postulates that the
smooth muscle cells of the cerebral arteries and arterioles con-
strict or dilate in response to the transmural pressure gener-
ated across the vessel wall (22). This may be mediated by al-
terations in the position of the actin myosin filament in the
vessel wall (23). Another theory is that changes in vessel wall
shear stress induced by alterations in blood flow induce the re-
lease of vasoactive substances from the vascular endothelium
that subsequently leads to vessel wall constriction or dilation
(24). The myogenic theory is supported by the rapidity with
which cerebral autoregulation occurs, although the myogenic
theory by itself cannot account for all of the regulation that oc-
curs. In jugular venous hypertension, cerebral arterial pressure
is increased. While this condition should lead to arterial vaso-
constriction, vasodilation is most commonly found under these

circumstances (25). It is thus postulated that myogenic factors
may play a significant role only when metabolic factors are not
significant. Alternately, myogenic factors may work synergis-
tically with metabolic factors, providing changes in vascular
tone that may optimize the metabolic response (26).

Metabolic Theory. The metabolic theory of pressure autoreg-
ulation postulates that the local changes in cerebral blood flow
found with changes in cerebral metabolic activity are mediated
through the release of local neurochemical substances from
the nonvascular cells of the central nervous system (18). The
tight coupling of flow to metabolism and the timing of au-
toregulation support this postulated mechanism. Several sub-
stances have been suggested including hydrogen ion concen-
trations, carbon dioxide, nitric oxide, adenosine, potassium,
and calcium (27). Experimental evidence exists in favor of and
against all of the postulated mediators (18,28–30). Varying
combinations have also been suggested. Most recently, changes
in potassium levels mediated through alterations in calcitonin
gene-related peptides have been suggested as a mechanism of
arteriolar dilation (31). Changes in cerebral perfusion pressure
have been observed that alter the degree of endothelial oxygen
tension, and have been suggested as an important mechanism
for autoregulation (32).

Neurogenic Influences. The role of direct neurogenic influences
on cerebral autoregulation is limited. As mentioned, the sym-
pathetic and parasympathetic nervous system plays a role in
modulating the cerebral autoregulatory curve. However, direct
neural control over small arteries or arterioles that regulate fo-
cal changes in CBF does not occur, and other intrinsic nerve
fibers may be in a position to regulate vascular tone (33). The
localization or central control of these nerves has so far proved
elusive (18,34).

Re g ulat ion of Ce re b ral Blood Flow b y
Carb on Dioxid e and Oxyg e n

Changes in the partial pressure of carbon dioxide (PaCO 2) have
significant effects on CBF. A 1-mm Hg change in PaCO 2 results
in an approximately 2.5% to 4% change in CBF. This effect
is more pronounced in the gray matter than white matter. The
response curve of PaCO 2 is sigmoidal, with the CBF response
flattening below 15 to 20 mm Hg and above 100 mm Hg. The
vasodilation occurs in all vessel sizes but is most pronounced
on the smaller arterioles (11) (Fig. 43.4).

Changes in vessel diameter are mediated through alterations
in cerebrospinal hydrogen ion concentrations (CSF pH). The
direct application of CO2 or bicarbonate to pial arterioles does
not affect vessel diameters. Since CO 2 is freely diffusible across
the blood–brain barrier, changes in PaCO 2 will affect both cere-
brospinal fluid hydrogen ion and bicarbonate concentrations
(35). The response of changes in hydrogen ion concentration is
relatively short-lived, lasting only a few hours, as the choroid
plexus of the brain will compensate for changes in hydrogen
ion concentration by adjusting the production of cerebrospinal
fluid bicarbonate (36).

At partial pressures of oxygen below 50 mm Hg, there is a
rapid increase in CBF. Again, this is more significant in gray, as
opposed to white, matter. There is a linear relationship between
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FIGURE 43.4. Alterations in cerebral blood flow with changes in the
partial pressure of carbon dioxide. Note the S-shaped curve, with flat
portions at the extremes of the curve. Data obtained from normotensive
dogs. (From Harper AM, Glass HI. Effect of alterations in the arterial
carbon dioxide tension on the blood flow through the cerebral cortex
at normal and low arterial pressures. J N eurol N eurosurg Psychiatry.
1965;28:449–452.)

the arterial oxygen content and CBF in hypoxia (Fig. 43.5)
(21,37). Vasoactive effects may be mediated directly through
oxygen or adenosine A2 receptors (11).

Ce re b ral Blood Volume and
Int racranial He mod ynamics

Normal ICP measures between 5 and 8 mm Hg, with statisti-
cal variations ranging as high as 15 mm Hg. Beyond this level,

FIGURE 43.5. Alterations of regional cerebral blood flow to changes
in arterial oxygen tension. Note oxygen tensions below approximately
50 lead to a sharp increase in regional cerebral blood flow. rCBF, re-
gional areas of cerebral blood flow. (From Golanov EV, Reisw DJ.
Oxygen and cerebral blood flow. In: Welch KMA, Caplan LR, Reis
DJ, et al., eds. Primer on Cerebrovascular Disease. San Diego: Aca-
demic Press; 1997:58–60.)

some degree of intracranial pathology should be suspected (38).
Normal ICP fluctuates rhythmically, approximately 3 to 5 mm
Hg. The sinusoidal pattern of this fluctuation can be seen on
ICP pressure traces and was originally described by Traube and
Hering (39). The origin of the ICP waves is unknown, but may
have to do with phasic constriction and dilation of the cerebral
arterioles (40). Cerebral perfusion pressure (CPP) is the perfu-
sion pressure of blood through the brain. This is defined as the
pressure difference between mean arterial pressure (MAP) and
mean jugular venous pressure. However, when ICP is greater
than jugular venous pressure, ICP is substituted for jugular ve-
nous pressure, and hence, CPP is typically reported as MAP –
ICP (36).

The intracranial pressure volume curve demonstrates a rela-
tively flat portion where increases in volume are accommodated
with little change in pressure. At some inflection point, these
processes are exhausted, and small changes in volume lead to
larger increases in ICP (Fig. 43.6). This pressure volume curve
may, thus, represent the displacement of various fluids from the
intracranial space.

The approximate contents of the intracranial cavity consist
of the brain parenchyma (75% ), blood (20% ), and CSF (5% ).
Most of the intracranial blood resides on the venous side of
the circulation (38). According to the Monroe doctrine, the
overall volume of the contents of the intracranial cavity must
remain constant. Accordingly, any increase in the intracranial
contents from venous engorgement, intracerebral hemorrhage,
tumors, edema, etc., must be compensated by an equal displace-
ment of fluids or tissue. Monroe postulates that the flat portion
of the ICP volume curve represents displacement of CSF into
the more compliant spinal subarachnoid space. Progressive in-
creases in volume lead to further displacement of venous and
arterial blood. Finally, brain tissue is displaced and herniation
will occur (Fig. 43.6) (41).

The ICP volume curve can be affected by the speed and dura-
tion of changes that occur in the intracranial cavity. Tumors, for
example, can grow to large volumes before becoming problem-
atic. The slow-growing process allows for a gradual increase
in intracranial compliance. Similarly, an acute hemorrhage of
the same size will not be tolerated.

Intracranial compliance can be determined by measuring the
change in ICP to a given volume. A volume pressure response
(VPR) is estimated by measuring the ICP response to an infu-
sion of 1 mL of sterile saline into an intraventricular catheter
(42). Small changes in response to this increased volume suggest
that the patient was on the flat portion of the volume pressure
curve. Increases in ICP greater than 4 mm Hg in response to
1 mL of fluid would suggest that intracranial reserve was lim-
ited. A more widely used index to measure intracranial com-
pliance has been the pressure volume index (PVI). This index
estimates the volume needed to increase ICP by a factor of 10
(43).

Spontaneous and sustained elevations in ICP were noted by
Lunberg early in the study of cerebral hemodynamics (44). The
origin of these “plateau waves” had been speculative until the
1980s when Rosner et al. provided a potential rationale as to
how these could develop. Rosner accounted for these waves
through the observation of subtle changes in MAP and ICP,
and their effect on CBV and ICP. Rosner observed that plateau
waves were always preceded by subtle drops in CPP. As pre-
viously noted, decreases in CPP will lead to cerebral vasodila-
tion of the cerebral arterioles and arteries, which consequently
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FIGURE 43.6. Three forms of the intracranial pressure volumes curves. The curve on the left represents
the traditional teaching that compensatory mechanisms allow for small changes in pressure as intracranial
volume increases. The middle section suggests that pressure may be better defined as the force per unit area
needed to displace a certain volume of the intracranial contents. The last section suggests that the tradi-
tional pressure volume curve actually represents superimposed displacement curves of varying substances
in the cranial cavity. At low pressures (flat portion), cerebral spinal fluid is displaced downward into the
compliant spinal subarachnoid space. As pressure increases, venous and arterial blood are displaced be-
fore brain parenchyma is displaced at very high pressures (cerebral herniation). CSF, cerebrospinal fluid.
(From Rosner MJ. Pathophysiology and management of increased intracranial pressure. In: Andrews BT,
ed. N eurosurgical Intensive Care. New York: McGraw-Hill; 1993:57–112.)

result in an increase in total CBV through an increase of blood
in the cerebral venous system. At some point, however, con-
tinued decreases in CBF will lead to a decrease in CBV (Fig.
43.3) (45). The cerebral engorgement of blood that occurs with
the initial decrease in MAP increases ICP and decreases CPP,
thus initiating a cycle of decreasing CPP, increasing CBV, and
increasing ICP. The process is spontaneously reversed by an
acute elevation of blood pressure from a Cushing response.
This sympathetic response occurs in the setting of decreased
CPP as the brainstem center’s modulating sympathetic activity
becomes oligemic (46). Rosner has used these observations as
the basis for management of cerebral perfusion pressure due to
head trauma (41).

Ce re b ral Ed e ma
Intracranial hypertension can be caused by expanding masses,
cerebral engorgement, or the development of cerebral edema.
Cerebral edema may compress brain structures, leading to her-
niation, or reduce cerebral perfusion with subsequent infarc-
tion (47). Cerebral edema is roughly defined as an increase in
the brain tissue water and sodium content of the extravascular
space (48). Cerebral edema is, therefore, different from brain
engorgement, which represents an increase in the blood volume
of the intravascular space (49).

Cerebral edema can be defined according to its location or
mechanism of production. According to location, edema can
occur either inside the brain cells (intracellular) or outside the
cells and the intravascular space in the interstitium (interstitial).
While certain forms of cerebral edema may predominate, pure
forms of either type of edema rarely exist. Cytotox ic edema
is the term employed to describe the intracellular edema that
develops after the loss of cell wall integrity (50). The terminol-
ogy implies a toxic etiology, but it is most often seen in cellular

energy failure due to ischemia or hypoxia. Vasogenic edema
represents an expansion of the interstitium due to disruption
of the capillary blood–brain barrier, which allows the extrava-
sation of fluid from the intravascular space. Interstitial edema
develops secondary to increases in the hydrostatic pressures of
the ventricular system draining the CSF. Osmotic edema refers
to the intracellular swelling that occurs due to rapid changes
in brain sodium concentrations or the osmotic disequilibrium
syndromes (48).

MECHANISMS OF BRAIN INJURY
AND THERAPEUTIC CONCERNS

Imme d iat e Conce rns

The most important features in managing acute neurologic in-
jury are rapid transport to a trauma center or stroke center;
management of airway, oxygenation, and circulation issues;
careful and repeated monitoring; and prompt head imaging,
with immediate medical or surgical management of expanding
mass lesions (51). The mechanisms of neurologic injury will,
of course, vary depending upon the nature of the injury, but
all will include—to some degree—secondary injury caused by
cerebral ischemia. In head trauma, shearing injury develops due
to different deceleration rates of gray and white matter. The re-
sultant disruption of neurologic tracts is followed by a period
of ischemia and secondary injury. Prolonged seizure activity in
status epilepticus leads to hippocampal ischemia, cell death,
and atrophy (52). A zone of ischemia surrounds all areas of
cerebral infarction and cerebral hemorrhage (53).

The primary goal of acute neurologic management is to pre-
vent secondary injury. This is attained by initiating measures
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to support cerebral oxygen delivery and limit cerebral meta-
bolism. Hypoxemia, hypotension, expanding mass lesions, per-
sistent seizures, and intracranial hypertension all potentially
worsen secondary injury by limiting cerebral oxygen delivery
and increasing cerebral metabolism. Immediate attention and
correction of the above problems can have a significant impact
on both immediate and long-term outcome (51–53). A sense of
urgency of the treating team is critical to providing early and
aggressive resuscitative efforts (53).

The specific management of acute neurologic emergencies
will vary according to the nature of the illness or injury, but
some general concepts can be applied to all neurologic emer-
gencies. The basics of all life support protocols focus on the
initiation of adequate airway control, restoration of adequate
respiration, and circulation. Loss of pharyngeal tone leading to
airway obstruction can occur in patients with a depressed level
of consciousness. Impairment of respiratory drive can occur
after seizures, head trauma, anoxic injury, stroke, or metabolic
disturbances. Decreases in cerebral perfusion are common after
head or multisystem injury, shock, sepsis, and hemorrhage.

The acute management of neurologic injury must focus on
the maintenance of cerebral oxygen delivery. To accomplish this
goal, adequate oxygenation, respiration, and blood pressure
must be ensured. Airway control via endotracheal intubation
for the neurologic patient should be performed immediately in
all patients with a Glasgow coma score (GCS) of 8 or less. Sup-
plemental oxygenation and red blood cell transfusions should
be given to provide adequate oxygenation.

Once the basics of life support have been secured, a rapid
history should be obtained from supporting personnel or fam-
ily since, in many circumstances, the patient will be unable to
provide an adequate history. The immediate details surround-
ing the incident are crucial to understanding the nature or type
of injury. A general physical exam prior to the neurologic as-
sessment should focus on possible trauma or other medical
conditions. Raccoon eyes or a Battle sign (bruising of the or-
bits and mastoid region respectively) is evidence for a basilar
skull fracture. In head trauma with loss of consciousness, neck
injury should be assumed and cervical stabilization provided. A
funduscopic exam may reveal papilledema or subhyaloid hem-
orrhages. Underlying body or breath odors may suggest intox-
ication. New onset atrial fibrillation may be the only clue to
the mechanism of a cerebral infarct. Subtle eye, finger, or limb
movements may be the only indication for subclinical seizure
activity. A rapid neurologic assessment focusing on the level of
consciousness, the cranial nerve exam, and any localizing fea-
tures can be obtained within minutes. The GCS is commonly
used as a quantitative assessment of neurologic function (54).
More recently, a new coma score has been developed that has
been validated in the neurointensive care unit (55) (Fig. 43.7).
Further validations of this scale are under way in nonneuro-
logic staff and intensive care units.

Emergent head imaging is obtained as soon as the patient
is considered hemodynamically stable to leave the emergency
room or intensive care unit. CT is the usual initial choice due
to accessibility. A head CT without contrast is the best test to
assess for skull or bone fractures and the possibility of acute
intracranial blood. Large intracerebral, epidural, or subdural
hematomas may need emergent evacuation. New imaging tech-
niques such as CT perfusion and MRI for perfusion diffusion
imaging may be able to identify specific salvageable ischemic
brain regions that are at risk for infarction. New portable CT

scanners hold promise for even earlier assessment, as these do
not require the often risky movement of the patient to the ra-
diology area.

Baseline laboratories to be obtained include electrolytes,
complete blood count, prothrombin and activated partial pro-
thrombin times, liver function tests, blood urea nitrogen, and
creatinine levels.

The Brain Trauma Foundation guidelines recommend ICP
monitoring for patients with severe head injury (defined as a
GCS of 8 or less) and an abnormal CT scan. ICP monitoring is
additionally recommended for severe head trauma and a nor-
mal CT scan if two or more of the following are present (56):

■ Abnormal motor posturing
■ Age older than 40 years
■ Systolic blood pressure less than 90 mm Hg (56)

Specific treatment can be initiated once cardiopulmonary
status has been stabilized and general and neurologic assess-
ments have been completed. Guidelines and protocols currently
exist for prehospital management of head trauma, intravenous
and intra-arterial lysis of cerebral thrombosis, intracerebral
hemorrhage, and status epilepticus (52,57–60).

Ge ne ral The rap e ut ic Consid e rat ions

In addition to the above measures designed to maintain ade-
quate cerebral oxygen delivery, there has been a growing in-
terest in the role of temperature, glucose, and blood pressure
modulation in the management of neurologic injury. There is
a large body of evidence in standardized laboratory animal
models of cerebral ischemia that elevations in brain tempera-
ture both increase the amount of neuropathologic damage to
injured tissue and induce damage to brain areas not usually
involved (61). Excitotoxicity is believed to be the most likely
mechanism for induction of these changes.

Hyp e rt he rmia
Hyperthermia increases both glutamate release and extracellu-
lar concentration. Free radical production is accelerated, and
the sensitivity of neurons to excitotoxic injury is increased (62,
63). The role for excitotoxicity is corroborated by a noted in-
crease in cellular acidosis and depolarization in the ischemic
penumbra. Other postulated mechanisms for neurologic dam-
age with hyperthermia include inhibition of protein kinases
responsible for synaptic transmission and cellular repair, and
the release of neuronal proteases. The latter is believed to be
the mechanism for worsening cerebral edema at higher brain
temperatures (64–67). Hyperthermia worsens outcomes in is-
chemic stroke patients (68), with a 2.2-fold increase in mor-
bidity and mortality for every 1◦ increase in temperature above
37.5◦C (69). Similarly, these results have been extended to the
neurologic intensive care unit population. Hyperthermia in this
population both worsened outcome and increased length of
stay (70).

Hyp ot he rmia
Hypothermia may have a neuroprotective role in preventing
many of the neuropathologic changes described with hyper-
thermia. Early applications of hypothermia protocols were
problematic, with significant cardiac complications occurring
below temperatures of 30◦C. Most protocols were used during



Chap t e r 43: Central Nervous System 657

FIGURE 43.7. Instructions for the assessment of the individual categories of the FOUR score. (From
Wijdicks EFM, Bamlet WR, Maramattom BV, et al. Validation of a new coma scale: the FOUR score. Ann
N eurol. 2005;58:585–593. c 2007. Mayo Foundation for Medical Education and Research.)
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cardiac arrest with cardiac and neurosurgical procedures with
varying results (71). Moderate hypothermia (33◦C) has been
employed successfully, with significant improvements in neu-
rologic outcome in two randomized trials for global cerebral
ischemia after cardiac arrest (72,73). In both of these proto-
cols, hypothermia was induced early—within 2 to 8 hours—
and maintained for 12 to 24 hours before passive rewarming.
Sedation and pharmacologic paralysis were instituted to pre-
vent the hypermetabolism and hyperthermia that occurs with
shivering. Hypothermia, however, failed to improve outcome
in a randomized trial of patients with severe head trauma (74).
Subgroup analysis revealed worse outcomes in patients older
than 45 years and in spontaneous hypothermic patients who
were actively rewarmed. It is speculated that the lack of effi-
cacy was due to the delay in the initiation of treatment (71).
Hypothermia has been applied to patients with ischemic stroke
in a small case series with promising results (75). A multicenter
trial using a randomized application of hypothermia for large
hemispheric infarcts is currently under way.

Hyp e rg lyce mia
Glucose control in patients with neurologic injury has recently
received a considerable amount of attention. Hyperglycemia
has been well documented to increase infarct size and worsen
outcome in ischemic stroke (76,77). More recent studies in
patients treated with thrombolytics have supported these ob-
servations (78–81). The negative effects of hyperglycemia may
be limited to large-vessel ischemia or occlusions (82). Hyper-
glycemia has also been associated with a worsened outcome
in subarachnoid hemorrhage (83), and results in head trauma
have been inconsistent (84,85).

Hyperglycemia in acute neurologic injury may be attributed
to several different mechanisms. The most common proposed
mechanism for the development of hyperglycemia is a hormon-
ally induced stress response that occurs with neurologic injury,
thus leading to an increase in catecholamine and cortisol re-
lease. Other proposed means by which hyperglycemia can oc-
cur in neurologic injury include pituitary ischemia, direct irri-
tation of glucose regulatory centers, and the discovery of latent
diabetes (76).

Hyperglycemia may increase neurologic injury through a
number of mechanisms, which include:

■ Expansion of infarct size, due to an associated reduction in
perfusion (86)

■ Increases in cerebral metabolism (87) and cerebral edema
(88)

■ Potentiated calcium entry directly into neurons (89)
■ The production of free radical–induced oxidative stress and

inflammation (90,91) (the most widely supported mecha-
nism of hyperglycemia-induced neuronal injury)

Intensive insulin therapy to maintain blood glucose below
110 mg/dL reduced morbidity and mortality in a prospective,
randomized, single-center, surgical intensive care unit (92). A
subgroup analysis of 63 patients with isolated head injury re-
vealed improved ICP control, fewer vasopressor requirements,
and a decreased incidence of diabetes insipidus and seizures. A
reduction in ventilator dependency and improvement in long-
term rehabilitation was attributed to prevention of or reduc-
tion in the development of a critical illness polyneuropathy
(93). Insulin reduces ischemic brain damage in animal models
during acute ischemia (94). However, there may be a direct

neuroprotective role of insulin beyond the modulation of glu-
cose levels (95). Insulin suppresses mediators of inflammation
and coagulation, and increases endothelial nitric oxide release.
The release of local nitric oxide could potentially lead to in-
creased vasodilation and perfusion of the ischemic penumbra
surrounding the core of infarcted tissue (96). A multicenter
glucose and insulin trial in ischemic stroke is currently under
way.

Blood Pre ssure
Blood pressure management in neurologic injury is contro-
versial. Hypertension is common after neurologic injury. The
etiology is often multifactorial, and may include underlying
hypertension, catecholamine release to pain and stress, direct
hypothalamic damage, or a physiologic response to volume
depletion. The center of the controversy, thus, is determining
whether the hypertension encountered during neurologic in-
jury is pathologic or a normal compensatory and protective
physiologic response. In addition, cerebral autoregulation is
disturbed to varying degrees after brain injury; after the com-
plete loss of autoregulation, CBF directly correlates with MAP.
Disturbances in cerebral autoregulation can be global or focal,
involving only areas adjacent to the damaged brain.

The controversy surrounding the optimal blood pressure af-
ter neurologic injury is based on competing processes. In areas
surrounding neurologic injury, the blood–brain barrier is often
damaged. In these areas, hypertension can lead to the develop-
ment of cerebral edema by increasing the intravascular Starling
forces, driving fluid into the interstitium of the brain. Brain
area surrounding tumors, arteriovascular malformations, or
local areas of trauma or infarction are particularly suscepti-
ble. Blood pressure management is often titrated to maintain
systolic pressures below 140 mm Hg after neurosurgery to
avoid the complications of postoperative edema and break-
through hemorrhage. In severe carotid stenosis, the CPP to the
affected cerebral hemisphere may be compromised, leading to
a shift of the cerebral autoregulatory curve to lower blood pres-
sures. Hypertension after carotid endarterectomy may need to
be treated to avoid the similar complications of breakthrough
hyperemia and hemorrhage. Large cerebral infarcts similarly
have a tendency for hemorrhagic conversion with sustained
hypertension.

Alternatively, overly aggressive management of hyperten-
sion after neurologic injury can be potentially deleterious. Brain
areas with disturbed autoregulation may require a specific pres-
sure to maintain adequate perfusion. An example of this is the
development of plateau waves after head trauma that repre-
sents cerebral vasodilation in response to inadequate cerebral
perfusion. Cerebral vasospasm after subarachnoid hemorrhage
(SAH) is treated with induced hypertension. In selected small
case series, induced hypertension has been used in the treat-
ment of stroke (97). Optimal blood pressure may need to be
titrated to the individual patient and disease process.

End ot rache al Int ub at ion
Medical complications are common after neurologic injury and
worsen outcome (98,99). The risk of aspiration pneumonia
is increased in patients with a depressed level of conscious-
ness. Early recognition and treatment of this complication are
needed. Endotracheal intubation is required for neurologic pa-
tients who are unable to maintain airway patency or protect
their airway from secretions. Endotracheal intubation portends
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a poor outcome for patients with ischemic and hemorrhagic
stroke (100). The timing of extubation in the neurologic pa-
tient is controversial, since many patients remain intubated
solely for airway protection. Dogma mandates that patients
remain intubated until their GCS improves to greater than 8.
However, a more recent prospective study has suggested that
prolonged intubation in neurologic patients increases the rate
of ventilator-acquired pneumonias, increases length of stay, and
worsens outcomes. The authors recommend early extubation
based on the patient’s ability to control secretions (101). Alter-
natively, early tracheostomy may be considered.

Card iac St unning and Ne urog e nic
Pulmonary Ed e ma

Cardiac stunning and neurogenic pulmonary edema can oc-
cur after acute neurologic catastrophes. This is most com-
monly seen after severe head trauma, subarachnoid hemor-
rhage, status epilepticus, or intracerebral hemorrhage. The
mechanism of cardiopulmonary damage is believed to occur
through massive catecholamine release mediated through the
sympathetic nervous system (102). In neurogenic pulmonary
edema, sympathetic-mediated pulmonary venoconstriction is
believed to create the Starling forces necessary to develop pul-
monary edema (103). The sympathetic nervous system also in-
nervates the contractile elements of the pulmonary endothelial
cells. Catecholamine-mediated contraction of these cells can
lead to opening of the tight junctions of the capillaries, allow-
ing protein to flux into the pulmonary parenchyma (104). The
process is self-limited, and aggressive diuresis and high levels of
positive end-expiratory pressure (PEEP) are usually adequate
to improve oxygenation.

Sympathetically-induced cardiac changes may be more se-
vere. The sympathetic innervation of the heart parallels the
cardiac conductive system, which probably accounts for the
noted electrocardiogram (ECG) changes that can occur with
severe neurologic injury. Deep T-wave inversions are usually
reported as “cerebral T waves” ; however, the spectrum of sym-
pathetically induced ECG changes is broad, and includes ST
elevations and depressions (102). Pathologically, cardiac con-
traction bands are seen surrounding the entry zone of the sym-
pathetic endplates into the myocardium. These bands represent
reperfusion injury from ischemic cardiac muscle. The muscle
dies in a hypercontracted state and ultimately becomes cal-
cified (105). Cardiac enzymes are elevated, but this finding
does not necessarily implicate coronary artery disease. Clini-
cally, myocardial contraction is impaired, and cardiac output
and ejection fraction are decreased. Pulmonary edema is com-
mon, complicating an oftentimes concurrent process of neuro-
genic pulmonary edema. More recently, apical ballooning has
been described with catecholamine excess, the so-called “Tako-
Tsubo” cardiomyopathy (106). Serial echocardiography sug-
gests that cardiac function usually improves over the course of
a week, although it is important to note that the diagnosis of
catecholamine-induced cardiac stunning implies a more severe
neurologic injury, complicates medical management, and may
portend a worse outcome (99).

Sod ium Me t ab olism and Home ost asis
Disturbances in sodium metabolism and homeostasis are found
in a variety of neurologic diseases. The syndrome of inap-
propriate antidiuretic hormone (SIADH) may be seen early in
head trauma. Circulating levels of antidiuretic hormone (ADH)

are elevated in a number of acute neurologic emergencies sec-
ondary to a catecholamine-induced stress response. This raises
the question of whether the hyponatremia encountered is itself
due to inappropriate ADH release or simply represents an ap-
propriate but significant release of the hormone. In either case,
the release of ADH has significant implication for the manage-
ment of the neurologic patient. Acute hyponatremia leads to
the development of intracellular edema, with expansion of the
size of the neuronal cell body. Unlike other cells in the body,
the neuron needs to maintain its cell size and integrity in order
to transmit electrical signals. The cellular response of the neu-
ron to intracellular edema is to extrude intracellular osmoles
to reduce the intracellular osmolality and return the cell size
to normal (107). Thus, chronic hyponatremia can be tolerated
well. However, cellular swelling in response to acute hypona-
tremia will lead to mental obtundation and seizures. Due to
these considerations, normal saline is the preferred intravenous
solution in the neurologic intensive care unit.

Salt -wast ing Ne p hrop at hy
A self-limited, salt-wasting nephropathy can develop after
SAH. This process will lead to hyponatremia and volume de-
pletion if not recognized and treated (108). The etiology re-
mains somewhat difficult to identify. In dogs and guinea pigs,
the process is mediated through the renal sympathetic nerve.
Transection of this nerve will prevent salt wasting. This re-
sponse is species specific, and is not true for rats; the human
response is unknown (109). A variety of circulating hormones
or substances have been proposed to initiate this response. The
leading candidate is the B isoform of atrial natriuretic peptide
(ANP), which has been found in some series to be elevated prior
to the development of hyponatremia and cerebral vasospasm
(110).

Diabetes insipidus (DI) leading to hypernatremia is expected
after pituitary surgery, and is seen in any process that affects the
hypothalamus or pituitary stalk. Head trauma leading to shear-
ing injury of the pituitary stalk is a common cause for delayed
DI. The diagnosis is made by the development of hypernatremia
in the setting of hypotonic diuresis that is not induced by diuret-
ics. This process must be differentiated from a postoperative
diuresis. Normal postoperative diuresis will not spontaneously
develop hypernatremia. Correction of the hypernatremia must
be achieved slowly if hypernatremia has been present for more
than a few hours (107).

SPECIFIC THERAPEUTIC
CONCERNS AND

TREATMENT OPTIONS

He ad Trauma and
Int racranial Hyp e rt e nsion

Severe head trauma remains a significant source of morbid-
ity and mortality in the United States, accounting for approxi-
mately 50,000 deaths a year. It is the leading source of death for
people younger than 44 years of age (51). Historically, treat-
ment has focused on the management of sustained intracra-
nial hypertension, and was based largely on retrospective data
obtained from the National Traumatic Coma data bank. Sur-
vival was greater than 80% in patients who were able to have



660 Sect ion IV: Essential Physiologic Concerns

their ICP maintained at less than 20 mm Hg compared with
more than 90% mortality for patients who had uncontrollable
sustained intracranial hypertension (53,111). Therefore, treat-
ment was focused on measures to decrease ICP, which might
include diuresis, aggressive treatment of hypertension, keeping
the patient relatively hypovolemic, and elevation of the head
of bed.

The work by the Richmond group in the 1970s and 1980s
largely changed the focus on head trauma treatment from using
measures designed to lower ICP to those designed to maintain
adequate CPP. As previously described, in some circumstances,
elevations in ICP may be related to inadequate perfusion (41).
Treatment thus shifted to include maintaining adequate blood
volume and cerebral perfusion, as well as treating sustained
elevations in ICP. What constitutes an adequate CPP has been
debatable and may vary under different conditions; however,
the most recent Brain Trauma Foundation guidelines have rec-
ommended a minimum CPP of 60 mm Hg (112).

In addition to maintaining adequate cerebral perfusion, a
treatment strategy has been proposed that tailors hyperventi-
lation based on the results of jugular venous O 2 (SjvO 2) mon-
itoring (113). In some circumstances, elevated ICP can be at-
tributed to cerebral hyperemia. In this condition, a narrow ar-
terial venous gradient can be normalized by inducing cerebral
vasoconstriction through hyperventilation. Similarly, widened
arterial venous gradients would suggest a high risk of cere-
bral ischemia and prompt efforts to increase cerebral perfu-
sion. Both methods have their proponents, but most agree that
attention to details and standardization of care in the severely
injured neurologic patient are crucial (114,115).

More recently, brain tissue oxygen monitoring has been used
in head trauma to guide therapy. Brain tissue oxygen tension
is measured by placement of a small flexible probe, usually
through a cranial bolt directly into the brain parenchyma. CBF
and PET studies have reported that low oxygen tensions corre-
late with low CBF measures and high oxygen extraction ratios
(116,117). Two small observational studies have suggested an
improved neurologic outcome with therapies designed to main-
tain brain tissue oxygen tensions greater than 10 mm Hg (118);
however, to date, no randomized trials have been completed
(119).

Intracranial hypertension is treated through the removal of
space-occupying lesions, decreasing cerebral edema or venous
engorgement, or expanding the cranial vault. Expanding brain
masses—tumors, subdural or epidural hematomas—need to be
evacuated as soon as possible to avoid cerebral herniation and
damage to important brain structures. Removal of CSF through
an external ventricular drain is a means to reduce the volume of
the intracranial contents. Placement of an external ventricular
drain also allows for the direct measurement of ICP.

Hyperventilation is useful for the acute management of in-
tracranial hypertension. Intracranial hypertension is treated
through decreases in CBV that are mediated through arte-
riolar vasoconstriction. Chronic hyperventilation is generally
avoided due to concerns that prolonged vasoconstriction may
worsen cerebral ischemia (120). The effect of hyperventilation
on ICP is also self-limited, generally lasting only 3 to 6 hours;
thus, hyperventilation is usually used for ICP control in the
acute setting until a longer-acting strategy can be employed.

Osmotic agents are typically employed to lower ICP. Man-
nitol, given in boluses of 0.25 to 1.0 g/kg, is the most commonly
used agent in the United States. Mannitol lowers ICP through
a number of mechanisms. The intravascular osmotic gradient

FIGURE 43.8. Rearrangement of the Pouisselle equation. Flow is di-
rectly related to the fourth power of the radius of the cerebral vessel
and inversely related to serum viscosity. If flow remains constant and
viscosity is reduced, then vessel diameter must decrease. CPP, cerebral
perfusion pressure. (From Rosner MJ. Pathophysiology and manage-
ment of increased intracranial pressure. In: Andrews BT, ed. N eurosur-
gical Intensive Care. New York: McGraw-Hill; 1993:57–112.)

created by mannitol can lead to extracellular fluid being drawn
into the intravascular space and removed through osmotic di-
uresis. Paczynski et al. were able to demonstrate a decrease in
hemispheric brain water in a rat stroke model with large bo-
luses of mannitol, although the effect was small and delayed
for several hours (121). More likely, mannitol exerts its effect
on ICP by decreasing CBV. According to this theory, the os-
motic gradient initiated by an infusion of mannitol causes an
influx of extravascular water into the intravascular space. This
leads to a decrease in blood viscosity due to a hemodilution of
red blood cell mass and fibrinogen. The decrease in ICP can be
explained through the use of the Hagen-Pouisselle equation.
In this equation, flow is indirectly related to serum viscosity
and a constant—a product of π (pi) times the length of the
vessel (Fig. 43.8). Assuming constant cerebral blood flow and
cerebral vessel reactivity, according to this equation, the radius
of this vessel must decrease in response to both an increase in
CPP and a decrease in viscosity (48). Rosner describes this as
passive vasoconstriction (41).

Hypertonic saline in place of mannitol has been recently
advocated. Hypertonic saline may have an advantage of less
nephrotoxicity, although this has not been studied. Theoreti-
cally, its mechanism of action should be the same as mannitol.
Widespread use of hypertonic saline, however, has been limited
by a lack of a standardized dosing regimen (122,123).

An overall strategy for treating intracranial hypertension is
to attempt to maintain the most optimal CPP at the lowest pos-
sible ICP. To attain this goal, other maneuvers may be necessary.
Sedation and paralysis can be helpful to decrease ICP if chest
wall compliance is high or if the patient is exhibiting respira-
tory dyssynchrony with the ventilator. Since the spinal venous
plexus lacks valves, there is a theoretical concern that eleva-
tions in PEEP could be transmitted directly to the brain, thus
increasing ICP. This is rarely problematic in noncompliant pul-
monary states, but can occur if PEEP is elevated—some would
say at a value of greater than 20 cm H 2O—under conditions
of increased pulmonary and decreased intracranial compliance
(125).

Corticosteroids are useful in treating the vasogenic edema
from tumors and meningitis. The use of glucocorticoids in head
trauma, though, is not recommended as several randomized
trials have found no therapeutic benefit (125–127).

Barbiturates are effective in lowering ICP by decreasing cere-
bral metabolism. Their use is generally reserved for cases of
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refractory intracranial hypertension, and dosing is often
titrated to a burst suppression pattern monitored on the EEG.
One randomized trial reported improved mortality (128) with
barbiturate use, although in head trauma, this remains debat-
able due to the limited quality of life of survivors (129).

Early hemicraniectomy—defined as occurring within
48 hours—with duraplasty is gaining recognition as a possi-
ble alternative for treatment of recalcitrant traumatic cerebral
edema (130). Future randomized trials will need to be per-
formed for further research.

Se izure Cont ro l and St at us Ep ile p t icus

Seizures are common after neurologic injury and can worsen
outcome by increasing metabolic demands beyond oxygen de-
livery capabilities. Anticonvulsant prophylaxis may be em-
ployed for patients with subarachnoid hemorrhage, or intra-
cerebral hemorrhages that abut the cortical surface of the brain.
Anticonvulsants are recommended during the first week after
severe head trauma to prevent posttraumatic epilepsy (131).
Immediate treatment of seizures should utilize generous dosing
of benzodiazepines.

Status epilepticus (SE) is a neurologic emergency that is as-
sociated with significant morbidity and mortality. Traditional
definitions of SE that require 30 minutes of sustained seizure
activity or nonarousal between sequential seizures have proved
impractical to initiating timely treatment. A new operational
definition suggests the immediate treatment of all seizures that
last more than 5 minutes (52). Protocols have been developed
for the sequential application of anticonvulsants (52). Aggres-
sive early initiation of treatment is important, as SE becomes
more difficult to control as seizures continue. It is important to
note that SE is often underrecognized. Generalized tonic-clonic
movements during electrical seizure activity evolve through a
progression of clinical stages where a form of electrical mechan-
ical disassociation can occur. Over time, physical movements
become progressively more subtle and are manifested only by
slight movements of the lips, fingers, or eyelids. A common mis-
take is to assume that seizures have discontinued after loading
with anticonvulsants and initiating pharmacologic paralysis.
This underscores the importance of EEG monitoring to ensure
that seizures have been adequately treated. Attention to air-
way management and hemodynamics is important, as many of
the anticonvulsants will have respiratory and cardiovascular
depressant effects.

Refractory SE is defined as SE that has not re-
sponded to the usual first-line medications. Propofol, mida-
zolam, and thiopental—or pentobarbital infusions under EEG
monitoring—are required for treatment. However, propofol
use has fallen into relative disfavor due to several case reports
of deaths during infusions (132,133). It is not used in children
with SE due to concerns over the development of a propofol
infusion syndrome (134).

Sub arachnoid He morrhag e

Mortality from aneurysmal SAH remains high, with 15% of
patients dying before getting medical attention (135). The care
of patients with SAH can be divided into management be-
fore and after a cerebral aneurysm is secured. Management
prior to aneurysmal treatment is designed to prevent rebleed-

ing. Rebleeding occurs in approximately one third of all pa-
tients with aneurysmal SAH, and is highest within a few
days after SAH. Neurosurgical repair or endovascular coil em-
bolization of the aneurysm is therefore instituted as soon as
possible.

Most patients will have acute elevations in blood pressure
due to the stress of significant pain and the catecholamine
surge that occurs after SAH. Management of blood pressure
after SAH is controversial, although most neurosurgeons and
neurointensivists will treat acute hypertension in patients with
unsecured aneurysms. The rationale for treatment is based
on the International Cooperative Aneurysmal trial (136) and,
more recently, on a large Japanese observational study that
noted a higher incidence of rebleeding in patients with sus-
tained systolic elevations in blood pressure of more than
160 mm Hg (137). Blood pressure is preferentially treated
with β -blockers, which do not significantly affect CBF and
can narrow the pulse pressure. Hydralazine and angiotensin-
converting enzyme (ACE) inhibitors have minimal effects on
CBF. In general, nitroprusside is avoided due to concerns that
it may induce cerebral venodilation and increase ICP. Intra-
venous nicardipine is the drug of choice if intravenous infusion
is needed to control blood pressure (135).

The use of antifibrinolytic agents to prevent rebleeding is
controversial. Previously a mainstay of treatment, the use of
antifibrinolytic agents was largely abandoned after studies re-
vealed increased mortality from the development of cerebral
vasospasm. More recently, however, a randomized nonblinded
study suggested that rebleeding rates could be decreased with-
out increasing the rate of cerebral vasospasm (138). This study
awaits further confirmation. Acute hydrocephalus is common
after SAH and requires the placement of an external ventricular
drain.

Once the aneurysm is secured, care focuses on the evalua-
tion and treatment of cerebral vasospasm. Cerebral vasospasm
is a pathologic narrowing of the basal cerebral arteries that
occurs after SAH. Pathologically, the cerebral vessels display
intimal hyperplasia, collagen remodeling, and a diffuse cellu-
lar infiltrate (139). The process takes approximately 4 days to
develop and resolves after approximately 2 weeks. This pro-
cess is initiated by a breakdown product of hemoglobin found
in the subarachnoid space. The likelihood of developing cere-
bral vasospasm is predicted by the amount of subarachnoid
blood visualized on a 24-hour CT scan (140). Larger amounts
of blood predict a higher likelihood of vasospasm, and the lo-
cation of the clot usually correlates with the site of most severe
vasospasm (141).

Cerebral vessel narrowing can be monitored by the use of
transcranial Doppler ultrasonography (TCD). Rising flow ve-
locities may precede the development of neurologic deficits but,
oftentimes, will ideally need to be verified by CBF measures
to verify the significance of TCD findings (139). The onset of
vasospasm is treated with intravascular fluid expansion and
hemodynamic augmentation. Cerebral salt wasting can occur,
and is best treated with hypertonic solutions and fludrocor-
tisone. Cerebral autoregulation is impaired in cases of cere-
bral vasospasm and may require induced hypertension to treat
neurologic deficits. There is a theoretical advantage to the use
of phenylephrine since there are decreased α-receptors in the
cerebral vasculature, although this has not been verified with
CBF studies (139,142). Some studies had advocated the use
of dobutamine to increase cardiac index in patients with va-
sospasm (143). Nonrandomized studies have shown reversal
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of nearly 75% of ischemic lesions from cerebral vasospasm
with the above measures (144). Recalcitrant deficits may re-
quire interventional angioplasty to open the narrowed vessels.
Nimodipine, a calcium channel blocker, is used as a neuropro-
tectant in patients with SAH.

Int race re b ral He morrhag e

Intracerebral hemorrhage (ICH) is bleeding that occurs directly
into the brain parenchyma. ICH is classified as primary, sec-
ondary to underlying lesions, or spontaneous. The most com-
mon etiology of ICH is hypertension, which weakens and rup-
tures the small perforating vessels of the basal cerebral arteries.
A growing source of ICH is secondary to long-term anticoag-
ulant use (145).

Clinically, ICH presents with severe headaches and focal
neurologic deficits, usually prompting an immediate transfer
to an emergency room. Serial head CT studies have revealed
that hematoma expansion occurs in approximately 40% of
patients with ICH within the first 6 hours (146). A double-
blinded randomized trial suggested that recombinant factor VII
used within the first 4 hours of ictus decreased the hematoma
expansion and improved outcome (147), but questions still re-
main, since an increase in thrombotic complications was noted
in the treatment group. Acute hypertension is, again, common
after ICH, and blood pressure control is controversial since ag-
gressive management may extend the ischemic penumbra sur-
rounding the hematoma. Conversely, PET studies suggest that
modest control of hypertension is safe (148). A large random-
ized study evaluating the surgical evacuation of supratentorial
ICH did not report a benefit over medical management. How-
ever, subgroup analysis did suggest a benefit to evacuation of
primarily cortical hemorrhages (149). A subsequent study is
currently ongoing. Corticosteroids have not shown any benefit
in the treatment of ICH (150).

Ische mic St roke

The use of thrombolytics has dramatically changed the manage-
ment of acute ischemic stroke. The National Institute of Neuro-
logical Disorders and Stroke (NINDS) trial demonstrated im-
proved 3-month outcomes in patients treated within 3 hours
of onset with intravenous tissue plasminogen activator (tPA)
(59). Intra-arterial lysis of clots has been successfully used in
small trials and has extended the treatment windows up to
6 hours for the anterior circulation and 12 hours for the pos-
terior circulation (58). Most recently, devices used for direct
mechanical disruption and removal of intra-arterial clots have
been approved (151).

Hypertension is common in the setting of an acute stroke,
but usually resolves within a few hours of ictus, and treatment
is controversial. Hemorrhagic conversion of ischemic infarc-
tions is increased with sustained systolic pressures greater than
180 mm Hg; blood pressure must be below this limit prior to
tPA administration (59). However, overly aggressive treatment
of blood pressure is commonplace and may actually result in
extension of the primary ischemic insult.

Large hemispheric infarctions—defined as strokes involving
more than 50% of the middle cerebral artery (MCA) territory—
are at risk for the subsequent development of cerebral edema

and herniation (152). Close neurologic monitoring is required
to identify any signs of deterioration. Treatments designed to
lower ICP can be effective but act only as temporizing mea-
sures, since cerebral tissue shifts and not increased ICP are
most likely to be the source of neurologic deterioration (153).
Hemicraniectomy has been successfully used in a small case se-
ries and one pilot trial (154–156). The application and timing
of this procedure, however, remain debatable.

SUMMARY
This chapter has attempted to provide an overview of cerebral
vascular physiology and cerebral ischemia. A grasp of these
principles is vital to understanding the nature of treatments de-
signed to maintain adequate CBF and prevent secondary neu-
rologic injury. Future treatments that focus on the details of
critical care and maintaining tissue oxygenation show promise
in improving outcome after neurologic injury.

PEARLS

Physio log y

■ Cerebral ischemia develops if oxygen utilization cannot meet
the metabolic requirements of the tissue. This most com-
monly occurs due to a decrease in oxygen delivery to the
cell.

■ Ischemia is categorized into focal and global etiologies, with
varying brain cell subtypes and neurons displaying selective
vulnerability to ischemia.

■ Neuronal cell death is a product of the degree and time of
ischemia modulated by several metabolic factors.

■ Cell death proceeds through several distinctive steps, leading
to either necrosis or apoptosis.

■ In focal ischemia, a core of central necrotic tissue is sur-
rounded by ischemic but potentially viable tissue.

Ce re b ral Circulat ion

■ Various methods to measure CBF and CMRO 2 have been
developed and utilized to study cerebrovascular physiology.
Newer perfusion techniques involving magnetic resonance
and computed tomography perfusion may expand clinical
applications.

■ Cerebral autoregulation refers to the ability of the cerebral
vasculature to maintain constant CBF over a range of CPP.

■ Cerebral autoregulation is maintained through a variety of
proposed mechanisms that lead to vasoconstriction and di-
lation of both the cerebral arteries and arterioles.

■ Cerebral autoregulation is disturbed in most neuropatho-
logic processes and increases the risk of secondary ischemic
insult.

■ Carbon dioxide and oxygen tensions have distinctive effects
on CBF. The effects of carbon dioxide are mediated through
changes in CSF hydrogen ion concentration.

■ Intracranial pressure volume curves may reflect the pressure
needed to displace various cerebral contents from the in-
tracranial cavity.
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■ Acute elevations in ICP, known as plateau waves, can be
explained by cerebral vasodilation induced by decreases in
CPP.

■ Cerebral edema is described by its location and mechanism
of production.

Tre at me nt Issue s

■ Secondary injury accounts for a significant proportion of
the neurologic injury that occurs after stroke, trauma, or
seizures.

■ Secondary injury can be reduced by:r Prompt transport to a trauma or stroke centerr Initiation of brain resuscitative measures designed to im-
prove cerebral oxygen deliveryr Emergent brain imaging with available neurosurgical pro-
cedures as neededr Serial neurologic assessment and monitoring

■ Specific protocols exist for treatment of specific neurologic
emergencies.

Ge ne ral The rap e ut ic Consid e rat ions

■ Hyperthermia and hyperglycemia extend neurologic damage
in animal models of ischemia and are associated with worse
neurologic outcomes.

■ Moderate hypothermia improved neurologic outcomes in
patients with cerebral anoxia after cardiac arrest and may
be helpful for other types of neurologic injury.

■ Control of hyperglycemia may lead to improved outcomes
in neurologic injury.

■ Blood pressure management after acute neurologic injury
needs to be titrated to maintain adequate cerebral perfusion,
but not worsen the development of cerebral edema.

■ Medical complications are frequent after acute neurologic
injuries and need to be treated aggressively.

Sp e cific Tre at me nt Op t ions

■ Management of head trauma has expanded from the pri-
mary focus on lowering ICP to maintaining adequate CPP.
Attention to oxygen extraction ratios and brain tissue oxy-
genation may also improve outcome.

■ Status epilepticus is an emergency that can be successfully
treated if recognized and treated early.

■ Treatment of aneurysmal SAH focuses on methods to pre-
vent rebleeding prior to aneurysmal repair and methods to
increase CBF during cerebral vasospasm after aneurysm re-
pair.

■ Early strategies to lyse clots in ischemic stroke and pre-
vent hematoma expansion after ICH have changed the acute
management of stroke.
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CHAPTER 44 ■ THE LUNG STRUCTURE
AND FUNCTION
JOHN J. MARINI r DAVID J. DRIES r JOHN F. PERRY, JR.

Many aspects of cardiopulmonary life support are rooted in
understanding the anatomy and physiology of the respiratory
system. The purpose of this chapter is to review those aspects
of normal structure and function of the lungs and chest wall
that impact most directly on daily practice. Intentionally, we
have only dipped tentatively into the physiology of pathologic
conditions, as to attempt to do so would clearly exceed our
page allocation and scope of this assignment. Nonetheless, we
hope that this overview serves as a starting point by underlining
the principles of undeniable clinical relevance.

ANATOMIC CONSIDERATIONS

Trache ob ronchial Tre e

A useful approach to understanding the tracheobronchial tree
(Fig. 44.1) is that of Weibel (1), who numbered successive gen-
erations of air passages from the trachea to the alveolar sacs. In
some sectors, there may be as few as eight generations, while in
others, the air pathway may divide 23 times from the trachea
(generation 0) to the alveoli (generation 23). It may be assumed
that the number of passages in each generation is double that
in the previous generation, and the number of passages in each
generation is 2 raised to the power of the generation number.

The trachea has a mean diameter of 1.8 cm and a length of
11 cm. It is supported by U-shaped cartilage, which is joined
posteriorly by smooth muscle bands. Despite the presence of
cartilage, the posterior wall is deformable so that the trachea
can be occluded by a pressure on the order of 50 to 70 cm
H 2O. Within the chest, the trachea can be compressed by ele-
vated intrathoracic pressure, as may occur during cough when
the decreased diameter increases the efficiency of secretion re-
moval. The tracheal mucosa is a columnar ciliated epithelium
containing mucus-secreting goblet cells. Cilia beat in a coordi-
nated manner, creating an upward stream of mucus and foreign
material. Anesthetics render the cilial beat ineffective. Cilial
movement of mucus and respiratory debris is also compro-
mised by drying, which occurs in patients breathing dry gas
through a tracheostomy.

The trachea bifurcates asymmetrically, with the right
bronchus wider and better aligned with the long axis of the tra-
chea. It is more likely, therefore, to receive aspirated material.
Main, lobar, and segmental bronchi have firm cartilaginous
support, which is horseshoe shaped. Cartilage is arranged in
irregular plates more distally. Where cartilage is irregular and
discontinuous, bronchial smooth muscle in helical bands forms
a network (1,2). The bronchial epithelium is similar to that in
the trachea, although the height of cells diminishes in more

peripheral passages until it becomes cuboidal in bronchioles.
Bronchi down to generation 4 are sufficiently regular to be in-
dividually named. By the third generation, total cross-sectional
area of the respiratory tract is still minimal.

When bronchi in generations 1 through 4 are subjected to
large changes in intrathoracic pressure, collapse occurs when
intrathoracic pressure exceeds intraluminal pressure by about
50 cm H 2O. Collapse occurs in larger bronchi during a forced
expiration since the greater part of the alveolar-to-mouth pres-
sure difference is taken up in the segmental bronchi. Intralumi-
nal pressure, particularly within larger bronchi, is well below
intrathoracic pressure, particularly with emphysema. Collapse
of larger bronchi limits peak expiratory flow in the normal
subject (3).

Small bronchi extend through about seven generations, with
diameter progressively falling from 3.5 to 1 mm. Since their
number approximately doubles with each generation, the total
cross-sectional area increases rapidly with each generation to
a value at generation 11, which is about seven times the total
cross-sectional area at the level of the lobar bronchi. Down
to the level of true bronchi, air passages lie in close proxim-
ity to branches of the pulmonary artery in a sheath also con-
taining pulmonary lymphatics. Distension of these lymphatics
gives rise to classic cuffing seen with pulmonary edema. Small
bronchi are not directly attached to pulmonary parenchyma
and are not subject to direct traction. They rely on carti-
lage within their walls for patency and on transmural pres-
sure, which is normally a positive gradient from the lumen to
the intrathoracic space. Intraluminal pressure in small bronchi
rapidly rises to more than 80% of alveolar pressure during
forced expiration.

At the 11th generation, where diameter usually approxi-
mates 1 mm, cartilage disappears from the wall of airways, and
structural rigidity ceases to be the factor maintaining patency.
Beyond this level, air passages are embedded in pulmonary
parenchyma, and elastic recoil of the lung holds the air passages
open. The caliber of the airways below the 11th generation is
strongly influenced by lung volume, as forces holding the lu-
men open are greater at higher lung volumes. Airway closure
may occur at reduced lung volumes.

In succeeding generations, the number of bronchioles in-
creases more rapidly than caliber diminishes. The total cross-
sectional area increases until, in terminal bronchioles, it is
about 30 times the area at the level of the large bronchi. The
flow resistance of the smaller air passages (< 2 mm) approx-
imates one tenth of the total. Contraction of helical muscle
bands wrinkles the cuboidal epithelium into longitudinal folds,
which increases flow resistance and, in some cases, results in
airway obstruction. Down to the terminal bronchiole level, air
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FIGURE 44.1. Named branches of the tracheobronchial
tree, viewed from the front. (Reused with permission
from Nunn JF. Applied Respiratory Physiology. 3rd ed.
London: Butterworths; 1987.)

passages derive nutrition from bronchial circulation, and are
influenced by systemic arterial blood gas levels. Beyond this
point, air passages rely on pulmonary circulation for nutrition
(Table 44.1).

From the trachea to the smallest bronchioles, the functions
of air passages are conduction and humidification. Beyond this
point, there is a transition from conduction to gas exchange.
In the three generations of respiratory bronchioles, there is a
gradual increase in the number of alveoli in the walls. The ep-
ithelium is cuboidal between the mouths of the mural alveoli in
the earlier generations of respiratory bronchioles but becomes
progressively flatter until it is entirely alveolar epithelium in the
alveolar ducts. Like the conductive bronchioles, the respiratory
bronchioles are embedded in the pulmonary parenchyma. The
respiratory bronchioles have well-marked muscle layers, with
bands looping over the opening alveolar ducts and the open-
ings of mural alveoli. The total cross-sectional area at this level
is in the order of hundreds of square centimeters.

The primary lobular terminal respiratory unit is the likely
equivalent of the alveolus when considered from the standpoint
of function. The primary lobule is defined as the zone supplied
by a first-order respiratory lobule. There are approximately
130,000 primary lobules with a diameter of about 3.5 mm
containing approximately 2,000 alveoli each.

Alveolar ducts (generations 20–22) arise from terminal res-
piratory bronchioles and differ from terminal respiratory bron-

chioles by having no walls other than the mouths of mural
alveoli (approximately 20 in number). Approximately half of
alveoli arise from ducts. The last generation of air passages
differs from the alveolar ducts solely in the fact that they are
blind pouches. Approximately 17 alveoli arise from these alve-
olar sacs and account for half of the total number of alveoli.

Alve oli

The total number of alveoli is approximately 300 million but
ranges from 200 to 600 million, corresponding to the height
of the subject. The size of the alveoli is proportional to the
lung volume. The alveoli are larger in the upper part of the
lung, except at maximal inflation when the vertical size gra-
dient disappears. The reduction in the size of alveoli and the
corresponding reduction in the caliber of smaller airways in
the dependent parts of the lung comprise the most important
implications in gas exchange. At functional residual capacity,
the mean diameter is 0.2 mm (4).

Alveolar walls, which separate adjacent alveoli, consist of
two layers of alveolar epithelium on a separate basement mem-
brane enclosing the interstitial space. These layers contain pul-
monary capillaries, elastin and collagen, nerve endings, and
occasional neutrophils and macrophages. On one side of the
interstitium, the capillary endothelium and alveolar epithelium
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are closely opposed, and the total thickness from gas to blood is
usually less than 0.4 µ m. This is the active side of the capillary,
and gas exchange is more efficient at this site. The opposite
side of the capillary is usually more than 1 to 2 µ m thick and
contains collagen and elastin fibers in an expanded tissue space.
Herein is situated the connective tissue framework, which
maintains pulmonary geometry. Alveolar septa are generally
flat due to the tension generated by elastic fibers and surface
tension at the air–fluid interface. The surface tension of the
alveolar lining fluid is modified in the presence of surfactant.
Septa are perforated by fenestrations known as pores of Kohn.
These pores provide collateral ventilation, which can be de-
monstrated between the air spaces supplied by large bronchi (2).

Alve olar Ce llular Morp holog y

The alveoli are divided by septa lined by flattened, continuous
epithelial cells covering the thin interstitium (5). This epithe-
lium, in humans, consists primarily of two distinct cells—type I
and type II—with occasional neuroendocrine cells. In addition,
although not frequently a part of the alveolar wall, the alve-
olar macrophage is, in fact, normally present on the alveolar
epithelial surface.

Typ e I Ep it he lium
The type I alveolar cell (squamous lining cell), although com-
prising only 8% of parenchymal lung cells and inconspicuous
by light microscopy, covers approximately 95% of the alveolar
surface area, and has a total volume twice that of the histo-
logically more prominent type II cell. Its nucleus is small and
flattened. The nucleus is covered by a thin rim of cytoplasm
containing few organelles. The remainder of the cytoplasm is
aligned in broad sheets measuring 0.3 to 0.4 µ m in thickness
and extending in all directions for 50 µ m or more over the
alveolar surface. Sheets of adjacent type I cells interdigitate,
and individual plates may reach into neighboring alveoli by
winding the septal tip or by extending through the alveolar
pores. Localized gap junctions have been identified between
adjacent type I cells and between type I and type II alveolar
cells frequently in association with an occluding junction (6).

The cytoplasm of type I epithelium contains few organelles
but numerous pinocytotic vesicles, which are thought to trans-
port fluid or proteins across the air–blood barrier. Type I cells
have shown the ability to take up intra-alveolar particulate ma-
terial. This particle clearance may be small in comparison with
alveolar macrophages and the mucociliary apparatus. How-
ever, movement of materials across type I epithelium may allow
particles to be deposited in regional lymph nodes.

Typ e II Ep it he lium
The type II epithelial cell (granular pneumocyte) is cuboidal in
shape and protrudes into the alveolar lumen. Thus, it is easily
identified on light microscopy. These cells may occur in groups
of two or three. Type II epithelium is often located near corners
where adjacent alveoli meet. The cytoplasm of type II epithe-
lium is rich in organelles, including endoplasmic reticulum with
ribosomes, Golgi complexes, mitochondria, and membrane-
bound osmiophilic granules. There is evidence from ultrastruc-
tural, biochemical tissue culture and immunologic studies that
type II cells and their osmophilic granules supply alveolar sur-
factant. These granules appear to function in a storage capacity,

although some aspects of surfactant synthesis may also occur.
Release of granule contents into the alveolar lumen occurs by
exocytosis.

A second major function of type II epithelium is repopu-
lation of normal and damaged alveolar epithelium. The type
I cell is thought to be incapable of replication. On the other
hand, the type II population is mitotically active and repopu-
lates the alveolar surface. In addition, cytoplasmic simplicity
and the large surface area of type I cells make them susceptible
to damage from a variety of stimuli. In such circumstances, type
II cells proliferate and temporarily repopulate alveolar walls,
providing epithelial integrity. In time, they transform into type
I cells. This sequence has been demonstrated with pulmonary
injury from a variety of agents including oxygen, nitrous ox-
ide, and other chemicals. Microvilli cover the surface of type II
cells, suggesting that these cells may function in resorption of
fluid or other materials from the alveolar air space.

Alve olar Macrop hag e
Pulmonary macrophages can be divided into three groups
based on anatomic locations: (a) airway macrophage situated
within the lumen or beneath the epithelial lining of conduct-
ing airways, (b) interstitial macrophage found isolated or in
relation to lymphoid tissue in the interstitial connective tissue
space, and (c) alveolar macrophage located on the alveolar sur-
face. The alveolar macrophage has been the most extensively
studied due to its accessibility by bronchoalveolar lavage (7,8).

The alveolar macrophage ranges from 15 to 50 µ m in diam-
eter and is round in shape with a foamy granular cytoplasm.
The nuclei are eccentric and may be multiple within the cell.
Ultrastructurally, macrophages show prominent cytoplasmic
projections that appear as microvilluslike structures. The cyto-
plasm contains a well-developed Golgi apparatus, scattered mi-
tochondria, endoplasmic reticulum, ribosomes, microtubules
and microfilaments, and membrane-bound granules of vary-
ing appearance. These granules contain primary and secondary
lysosomes.

Pulmonary alveolar macrophages differ from other
macrophages by having aerobic energy production, increased
mitochondria and mitochondrial enzymes, and more numerous
and larger lysosomes. Alveolar macrophages are ultimately de-
rived from bone marrow precursors, presumably by way of
the peripheral blood monocyte. In addition, there is evidence
for a population of alveolar interstitial macrophages capable
of division and replenishment or augmentation of the alveolar
macrophage population in the absence of a functioning bone
marrow or in times of increased stress. The average lifespan
of a pulmonary macrophage in the air space is estimated at 80
days. Various inhaled toxins, including cigarette smoke, have
a negative effect on macrophage viability and activity.

The functions of the alveolar macrophage are numerous.
They can be considered within the context of phagocytosis and
clearance of unwanted intra-alveolar debris, immunologic in-
teractions, and production of inflammatory and other chemical
mediators. Subpopulations of macrophages may have capaci-
ties for one or more of these functions. Macrophage surface
receptors include IgG, IgE, and C3. In association with these
and other opsonins such as fibronectin, phagocytosis of for-
eign material occurs. Ingested microorganisms are subjected to
lysosomal enzymes and, in many cases, are destroyed. Alve-
olar macrophages also ingest and eliminate endogenous pul-
monary material, including dying type I and type II epithelial



670 Sect ion IV: Essential Physiologic Concerns

cells, alveolar surfactant, and inflammatory exudates, as
may be produced during pneumonitis. Macrophages ingest-
ing foreign material typically die within the alveoli or enter
the mucociliary elevator, allowing their clearance. Alveolar
macrophages present antigens to T lymphocytes for specific
immunity and, ultimately, T- and B-cell activation. The pro-
duction of a variety of mediators has been attributed to the
alveolar macrophage population. Among substances identified
are fibronectin, prostaglandins, leukotrienes, interferons, and
α1 antitrypsin.

Pulmonary Vasculat ure

Pulmonary Art e rial and Ve nous Circulat ion
The pulmonary circulation carries the same flow as the systemic
circulation, but arterial pressure and vascular resistance are
normally one-sixth as great (2). The media of the pulmonary
arteries are half as thick as in the systemic arteries of the cor-
responding size. In larger vessels, the media consist mainly of
elastic tissue, but in smaller vessels, they are mainly muscu-
lar, with a transition being in vessels of 1 mm in diameter.
Pulmonary arteries lie close to corresponding air passages in
connective tissue sheaths.

The transition to arterioles occurs at an internal diameter
of 100 µ m. These vessels differ radically from the systemic cir-
culation, as they are virtually devoid of muscular tissue. There
is a thin medium of elastic tissue separated from blood by the
endothelium. There is little structural difference between the
pulmonary arterioles and venules.

Pulmonary capillaries arise from larger vessels—the pul-
monary metarterioles—and form a dense network over the
walls of the alveoli; the spaces between them are similar in
size to the capillaries themselves. About 75% of the capillary
bed is filled in the resting state, but the percentage is higher
in the dependent parts of the lung. This gravity-dependent ef-
fect is the basis of the vertical gradient of ventilation/perfusion
ratios. Inflation of alveoli reduces the cross-sectional area of
the capillary bed and increases the resistance to blood flow.
Pulmonary capillary blood is collected into venules, which are
structurally similar to arterioles. Unlike pulmonary arteries,
pulmonary veins run close to the septa, which separate seg-
ments of the lung.

Bronchial Circulat ion
At the level of terminal bronchioles, air passages and accom-
panying blood vessels receive nutrition from bronchial vessels,
which arise from systemic circulation. Part of this bronchial cir-
culation returns to the systemic venous beds but mingles with
pulmonary venous drainage, contributing to shunt. It has been
established that when pulmonary arterial pressure in animals
is raised as by massive pulmonary emboli, pulmonary arterial
blood is able to reach pulmonary veins without traversing the
capillary bed. This physiologic arteriovenous communication
may offer an explanation for abnormalities of gas exchange
during anesthesia.

Pulmonary Lymp hat ics
There are no lymphatics visible in the interalveolar septa, but
small lymph vessels commence at the junction between the alve-
olar and extra-alveolar spaces. A well-developed lymphatic sys-
tem courses around the bronchi and pulmonary vessels, capa-

ble of containing up to 500 mL of lymph, and draining toward
the hilum (9). Down to airway generation 11, lymphatics lie
in a potential space around air passages and vessels, separat-
ing them from lung parenchyma. This space becomes distended
with lymph and pulmonary edema and accounts for the char-
acteristic “butterfly shadow” seen on a chest radiograph. In
the hilum, lymphatic drainage passes through groups of tra-
cheobronchial lymph nodes, where tributaries from superficial
subpleural lymphatics contribute. Most of the lymph from the
left lung enters the thoracic duct. Lymph from the right lung
drains into the right lymphatic duct. Pulmonary lymphatics of-
ten cross the midline.

RESPIRATORY PHYSIOLOGY AND
MECHANICAL VENTILATION

Positive pressure ventilation as a life-sustaining measure first
proved its merit during the polio epidemics of the 1950s. Since
that time, the use of mechanical ventilatory support has been
synonymous with the growth of critical care medicine. Early
ventilation used neuromuscular blocking agents to provide
control of patient respiratory efforts. Today, patient–ventilator
interaction is critical, and there is a growing awareness of com-
plications associated with neuromuscular blockade. Finally,
there is increasing recognition that ventilators can induce var-
ious forms of lung injury, which has led to reappraisal of the
goals of ventilatory support (10). While it seems that each man-
ufacturer has introduced differing modes of mechanical venti-
lation, the fundamental principles of ventilatory management
of critically ill patients remain unchanged.

Positive pressure ventilation can be life saving in patients
with hypoxemia or respiratory acidosis refractory to simpler
measures. In patients with severe cardiopulmonary distress
with excessive work of breathing, mechanical ventilation sub-
stitutes or supplements the action of respiratory muscles (11).
In the setting of respiratory distress, respiratory muscles may
account for as much as 40% of total oxygen consumption. In
these circumstances, mechanical ventilation allows diversion of
oxygen to other tissue beds that may be vulnerable. In addition,
reversal of respiratory muscle fatigue, which may contribute to
respiratory failure, depends on respiratory muscle rest. Posi-
tive pressure ventilation can reverse or prevent atelectasis by
allowing inspiration at a more favorable region of the pressure–
volume curve describing pulmonary function (Fig. 44.2). With
improved gas exchange and relief from excessive respiratory
muscle work, an opportunity is provided for the lungs and air-
ways to heal. Mechanical ventilation is not therapeutic in and
of itself, and positive pressure ventilation may aggravate or
initiate alveolar damage. These dangers of ventilator-induced
lung injury have led to a reappraisal of the objectives of me-
chanical ventilation. Rather than seeking normal arterial blood
gas values, it is often better to accept a degree of respiratory
acidosis and possibly relative hypoxemia to avoid large tidal
volumes and high inflation pressures.

Mechanical ventilation may have hemodynamic effects as
well. When applied to a passively breathing individual, positive
pressure ventilation frequently lowers cardiac output, primar-
ily as a result of decreased venous return. (This is especially
true when gas trapping occurs during passive inflation [12]).
In other circumstances, this form of ventilation may increase
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FIGURE 44.2. Factors responsible for the hemodynamic effects seen
with positive pressure ventilation. An increase in intrathoracic pressure
compresses the vena cava and thus decreases venous return. Alveolar
distension compresses the alveolar vessels, and the resulting increases
in pulmonary vascular resistance and right ventricular afterload pro-
duce a leftward shift in the interventricular septum. Left ventricular
compliance is decreased by both the bulging septum and the increased
juxtacardiac pressure resulting from distended lungs. (Reused with
permission from Tobin MJ. Mechanical ventilation. N Engl J Med.
1994;330:1056–1061.)

cardiac output in the setting of impaired myocardial contractil-
ity because left ventricular afterload decreases with an increase
in intrathoracic pressure. Alveolar distension compresses alve-
olar vessels, and the resulting increase in pulmonary vascular
resistance and right ventricular afterload produces a leftward
shift in the interventricular septum. Left ventricular compli-
ance is decreased both by the bulging interventricular septum
and increased juxtacardiac pressure from the distended lungs.
There seems little doubt that adding mechanical ventilation or
removing this support from critically ill patients can be a sig-
nificant imposed stress.

Mechanical ventilation strategies are clearly affected by un-
derlying pulmonary disease. For example, in patients with
acute respiratory failure, chronic obstructive pulmonary dis-
ease (COPD), asthma, or other conditions associated with a
high minute ventilation, gas trapping develops in alveoli be-
cause patients have inadequate expiratory time available for
exhalation before the next breath begins. Patients experienc-
ing this “breath stacking” have a residual, peripheral positive
end-expiratory pressure (PEEP). Also termed auto-PEEP, this
retained peripheral gas makes triggering the ventilator more
difficult, since the patient needs to generate a negative pressure
equal in magnitude to the level of auto-PEEP in addition to

the trigger threshold of the machine. This is one factor that
may contribute to the patient’s inability to trigger the ventila-
tor despite the obvious respiratory effort. Auto-PEEP may be
undetected because it is not registered routinely on the pressure
manometer of the ventilator. Newer machines have software to
detect auto-PEEP. In older machines, occluding the expiratory
port of the circuit at the end of expiration in a relaxed patient
causes pressure in the lungs and the ventilator circuit to equili-
brate, and the level of auto-PEEP is displayed on the manometer
(13). Fortunately, in most patients, auto-PEEP does not become
a problem until the respiratory rate reaches 30 breaths/minute.
If auto-PEEP or breath stacking is detected, the respiratory
rate and tidal volume should be reduced to permit this (breath
stacking) process to resolve.

LUNG MECHANICS

Re sp irat o ry Muscle s

Air flows to and from the alveoli, driven by differences in
pressure between the airway opening and the alveolus. During
spontaneous breathing, mouth (atmospheric) pressure remains
constant, while alveolar pressure fluctuates under the influence
of changing pleural pressure and tissue recoil forces (14–16).
The diaphragm powers inspiration both by displacing the ab-
dominal contents caudally and by raising the lower ribs, ex-
panding them outward by a bucket handle effect (17,18). This
latter action is aided by the external intercostal muscles. Nor-
mal exhalation is passive. When faced with a large ventilatory
requirement or with impeded gas flow due to airway obstruc-
tion or parenchymal restriction, the accessory muscles of res-
piration are recruited to aid inhalation. Forceful exhalation is
assisted by the internal intercostal muscles. The phrenic nerves
(C3–C5) innervate the diaphragm, while the spinal nerves (T2–
L4) innervate the intercostal and abdominal muscles.

The primary disorders of respiratory muscle function are
usefully considered as problems of the diaphragm or problems
of the accessory respiratory muscles (18,19). When upright, pa-
tients with isolated paralysis of both hemidiaphragms can often
sustain adequate ventilation by the coordinated use of the inter-
costal and abdominal muscles. First, the diaphragm is forced
upward as the muscles contract to raise the abdominal pres-
sure. The diaphragm then descends, aided by gravity, as muscle
relaxation allows abdominal pressure to fall. This mechanism
cannot work effectively in the supine position, a circumstance
that explains why orthopnea is a prominent symptom of this
disorder. Patients with spinal cord injury (quadriplegia) have
the converse anatomic problem: The intact diaphragm pro-
vides adequate ventilation to meet the normal requirement, but
paralysis of the expiratory musculature severely limits ventila-
tory reserve and coughing efficiency.

Pre ssure –Volume Re lat ionship s

The lung and its thoracic shell occupy identical volumes, ex-
cept when air or fluid separates them (20–22). At any specified
volume, the pressure acting to distend the lung is alveolar pres-
sure minus pleural pressure, while the pressure across the chest
wall is pleural pressure minus atmospheric pressure. The vol-
ume of the lung is determined uniquely by lung compliance
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(distensibility) and the pressure difference acting to distend
it (transpulmonary pressure). Thus, lung volume is the same
whether the alveolar pressure is 0 and pleural pressure is –5,
or if alveolar pressure is 25 and pleural pressure is 20. A sim-
ilar relationship between the distending pressure, compliance,
and volume also applies to the chest wall. When the chest wall
muscles are relaxed at functional residual capacity (FRC), the
tendency of the chest wall to spring outward balances the ten-
dency of the lung to recoil to a smaller volume. Should either the
lung or the chest wall become less compliant (as in interstitial
fibrosis or obesity), the pressure–volume curve shifts rightward
and flattens, causing FRC to decrease (20). Conversely, an in-
creased lung compliance (as in emphysema) allows a higher
resting volume.

Ple ural Pre ssure

The fraction of change in alveolar pressure sensed in the pleural
space depends on the relative compliances of the lung (CL) and
chest wall (CW). For a given change in alveolar pressure ( Pa),
the amount transmitted to the pleural space ( Ppl) will be:

 Ppl =  Pa(CL/ (CL + CW))

An inherently stiff chest wall would allow no volume change
of the lung and complete transmission of a given increment in
alveolar pressure to the pleural space. Conversely, an infinitely
stiff lung would transmit none of it. Under normal circum-
stances, the lung and chest wall are almost equally compli-
ant throughout the tidal range, so that approximately half of
any change in alveolar pressure (as when PEEP is applied) is
recorded in the pleural space. In clinical practice, average pleu-
ral pressure is estimated for clinical purposes as esophageal
pressure (23).

Although clinicians speak fondly of pleural pressure as if
it were a unique number, pleural pressure varies considerably
throughout the chest because of hydrostatic gradients (which
at FRC averages 0.37 cm water per centimeter vertical height),
and because the pleural space and mediastinum have irregular
contours caused by bony and vascular structures. At FRC, the
average pleural pressure at midlung level is negative because
the lungs are held open at greater than their relaxed volume.
Pleural pressure surrounds the heart, the great vessels, and large
airways, therefore affecting the vascular pressures measured at
intrathoracic sites.

Effe ct s of Chang e s in Lung Volume

Airway Re sist ance
Lung volume exerts a strong influence on airway resistance be-
cause resistance is inversely proportional to the fourth power
of the radius. Pleural pressure surrounds the largest airways,
while airways deeper within the lung are tethered open by the
wall tension forces of the alveoli. Hence, as lung volume in-
creases, the diameter of all airways increases, and resistance
falls. Conversely, if a normal lung is held at a low resting lung
volume, as in obesity, airway resistance will be high. In most
restrictive diseases of lung tissue (e.g., interstitial fibrosis), the
effects of heightened recoil on the airway diameter and driv-
ing force are usually more than sufficient to offset the effect of
reduced volume, and flow rates are high relative to volume.

FIGURE 44.3. Schematic representation of the effects of changes in
vital capacity on total pulmonary vascular resistance and the contribu-
tions to the total afforded by alveolar and extra-alveolar vessels. Dur-
ing inflation from residual volume (RV) to total lung capacity (TLC),
resistance to blood flow through alveolar vessels increases, whereas re-
sistance through extra-alveolar vessels decreases. Thus, changes in total
pulmonary vascular resistance form a U-shaped curve during lung infla-
tion. FRC, functional residual capacity. (Reused with permission from
Murray JF. Circulation. In: The N ormal Lung: The Basis for Diagno-
sis and Treatment of Pulmonary Disease. Philadelphia: WB Saunders;
1976:131.)

Pulmonary Vascular Re sist ance
Raising the lung volume has a different effect on the resis-
tance of pulmonary vessels. Although the extra-alveolar ves-
sels expand for reasons similar to those outlined for the air-
ways, the capillaries are compressed as vascular pressures fall
relative to alveolar pressure, and net pulmonary vascular resis-
tance increases with each increment of lung volume above FRC
(Fig. 44.3).

Muscular Force
The lung volume has an important effect on the maximal inspi-
ratory and expiratory muscular forces that can be generated.
The magnitude of these forces can be quantified by measur-
ing the pressure recorded against the occluded airway. At total
lung capacity (TLC), the lung and chest wall exert their highest
recoil pressures. More importantly, the muscles of expiration
are stretched maximally and are able to generate their highest
contractile forces. If the occluded airway port is suddenly re-
leased, as during coughing, intraluminal airway pressure falls.
The flexible posterior walls of the central airways invaginate,
and the lumen narrows markedly to a slit. As gas accelerates
to a high velocity through this narrow region, it shears mu-
cus from the airway walls and delivers it to the oropharynx.
To be maximally effective, a coughing effort must be forceful
and start from a high lung volume. Gas flows should not be
obstructed in small airways, and the glottis must be sealed to
allow pressure within the airway to build. In critically ill pa-
tients, all of these conditions may be violated simultaneously.
For intubated patients, a vital capacity greater than 20 mL/kg
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FIGURE 44.4. Static volume–pressure curves
of the lung (PL), chest wall (PW), and total res-
piratory system (Prs) during relaxation in the
sitting posture. The static forces of the lung
and the chest wall are pictured by the arrows
in the side drawings. The dimensions of the ar-
rows are not to scale; the volume correspond-
ing to each drawing is indicated by the horizon-
tal broken lines. (Reused with permission from
Vassilakopoulos T, Zakynthinios S, Roussos C.
Muscle function: basic concepts. In: Marini JJ,
Slutsky AS, eds. Physiological Basics of Ven-
tilatory Support. New York: Marcel Dekker,
Inc.; 1998:114.)

and a maximal expiratory pressure of 60 mm Hg against an oc-
cluded airway at TLC are good predictors of an effective cough
post extubation. The greatest negative end-inspiratory pressure
can be generated at a residual volume where the muscle fibers
of the diaphragm are stretched maximally to a position of fa-
vorable mechanical advantage. This encourages some patients
to unintentionally misuse incentive spirometers that place em-
phasis on achieving a high flow rate rather than a high inhaled
volume; they often exhale below FRC in order to take advan-
tage of higher inspiratory muscle efficiency (and the relatively
minor tendency of the chest wall to spring outward) at lower
volumes. Conversely, hyperinflation causes the diaphragm to
work less effectively, adding to the sense of dyspnea experi-
enced by patients with COPD (Fig. 44.4).

Posit ion and Lung Volume

Position has an important influence on lung volume. In as-
suming a recumbent supine position, FRC falls approximately
25% to 30% (approximately 1,000 mL) in the adult, with
most of the decrease occurring before the Fowler (30-degree)
position (24). This reduction in lung volume occurs because
the abdominal contents push the diaphragm upward. In ei-
ther lateral recumbent position, the lung volume at FRC is
only about 15% to 20% less than the upright sitting value be-
cause the nondependent (uppermost) lung maintains its sitting
lung volume, or actually distends, partially offsetting the loss
of volume from the lower lung. These observations have rel-
evance for the nursing care of postoperative and critically ill
patients.

Normal Pat t e rn of Bre at hing

To provide fresh gas at 5 to 7 L/minute to the lungs, the thoracic
pump moves a stroke volume of 5 to 7 mL/kg at a frequency of
10 to 16 per minute. Once every 8 to 10 minutes, a sigh of two
to four times the normal tidal volume occurs, which apparently
serves to reverse the natural tendency for the individual alveoli
to collapse when ventilated at a normal but monotonous vol-
ume. Breath-to-breath FRC changes continuously, at about a
constant average value (25).

De ad Sp ace

The bronchial, nasal, and pharyngeal passages do not partic-
ipate in gas exchange. This anatomic dead space varies with
airway caliber and lung volume, averaging roughly 2.2 mL/kg
of lean body weight at FRC. Because approximately 50% of
this dead space resides in the upper airways, orotracheal in-
tubation and tracheostomy decrease anatomic dead space sig-
nificantly (26). On the other hand, face masks and ventilator
tubing unflushed by fresh gas can become an extension of the
anatomic dead space, increasing the work of breathing. In ad-
dition to anatomic dead space, some volume of fresh gas (the
alveolar dead space) reaches alveoli but does not participate
in gas exchange because of inadequate perfusion. A portion
of the increased ventilation requirement observed after a large
pulmonary embolus results from this mechanism. Taken to-
gether, anatomic and alveolar dead space constitute the phys-
iologic dead space (i.e., the volume of gas moved during each
tidal breath that does not participate in gas exchange). The
fraction of each tidal breath wasted in this fashion, the dead
space volume–to–tidal volume (VD/VT) ratio, can be accurately
approximated by the formula:

VD/ VT = (PaCO 2 − PECO 2)/ PaCO 2

where PaCO 2 and PECO 2 are the partial pressures of CO 2 in
arterial blood and mixed expired gas, respectively. At a normal
tidal volume, VD/VT increases with age; expressed as a percent-
age:

VD/ VT = 24.6 + 0.17 (age in years)

At very low tidal volumes, VD/VT rises to a high value be-
cause anatomic dead space does not decrease proportionately.
(Nonetheless, even at tidal volumes theoretically below the
anatomic dead space value, some alveolar gas exchange does
occur.). During exercise, the VD/VT may fall to 20% or less, ow-
ing both to large tidal breaths and better perfusion throughout
the lung.

Flow Limit at ion

The rate of airflow depends on the pressure difference driving
the flow and the resistance: flow = driving pressure/resistance.
Flow rates during exhalation are volume dependent because the
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recoil pressure that drives gas flow, as well as the airway cal-
iber, increases progressively with lung volume. During unforced
tidal breathing, the major site of airway resistance normally
resides in the nasal passages, larynx, and uppermost tracheal
airway. The average pleural pressure surrounding the airways
varies from –2 cm H 2O to –10 cm H 2O, never reaching a pos-
itive value relative to the intraluminal pressure. As a result,
there are no compressive pleural forces that tend to narrow
the airway during passive exhalation. Forceful efforts to ex-
hale raise the pleural pressure. Increased pleural pressure adds
to the recoil pressure to boost alveolar pressure and thus po-
tentially improves the driving pressure for gas flow. However,
because pressure within the airway must decline progressively
to zero as the airway opening is approached, positive pleural
pressure also narrows the compressible intrathoracic airway.
Above approximately two thirds of maximal effort, each addi-
tional increment in pressure narrows the airway sufficiently to
offset the increment in alveolar pressure. The maximal flow
rate is then said to be effort-independent at that lung vol-
ume, and remains so at smaller lung volumes, so long as the
forceful effort is sustained. According to classic teaching, the
point within the airway where pleural pressure and intralumi-
nal pressure are equal (the equal pressure point) determines
where “critical narrowing” occurs (27). Normally, it resides
in the trachea or main bronchi at high lung volumes and mi-
grates toward the alveolus as forceful expiration proceeds. A
less well-known theory of flow limitation is the wave speed
theory. Although scientifically more defensible than the equal
pressure point theory, it is less intuitive and less widely known.
Both theories predict that once flow limitation occurs, flow rate
is determined only by the recoil pressure of the lung and resis-
tance of the airway segment upstream of the critical pressure
point.

Reproducibility stemming from effort independence is the
main reason why effort-independent, forced spirometry val-
ues (such as FEV1) enjoy popularity as indices for evaluat-
ing airflow obstruction. Peak flow rate, which occurs before
25% of the vital capacity has been exhaled and all inspiratory
flow rates are effort dependent, is therefore less reproducible.
There are some disadvantages in using maximal flow rates,
however. Some patients with emphysema have such collapsi-
ble airways that flow rates demonstrate negative effort depen-
dence (i.e., flow rates worsen with increasing effort). Presum-
ably, this helps account for the practice of pursed lip breathing
among patients who are so severely limited by their disease
that they must utilize optimal rates of exhalation during tidal
breathing.

Work of Bre at hing

Energy must be expended in moving gas to and from the alveoli,
primarily against frictional and elastic forces (28–31). Under
extreme ventilatory burdens, such exertion may contribute sub-
stantially to total oxygen consumption. The main portion of
fractional resistance arises from collisions of gas molecules with
the surfaces of the airway. Work done against friction depends
strongly upon airway size, increasing rapidly as airway caliber
narrows. For this reason, frictional work varies inversely with
lung volume, which influences luminal diameter. When airways
are narrowed by obstructive disease, a relatively small increase
in resting lung volume can reduce the work dissipated against

frictional forces substantially. During normal breathing, this
increase in lung volume simultaneously imposes an additional
elastic cost that partially offsets any frictional reduction.

The elastic forces that oppose inflation originate within the
lung parenchyma and chest wall. The tendency for the thorax to
recoil inward increases in nearly linear proportion to lung vol-
ume throughout the physiologic range. Diseases such as inter-
stitial fibrosis and obesity may dramatically increase the effort
required to distend the lung against recoil forces (20). When to-
tal work done against the combined frictional and elastic forces
is plotted against lung volume, the minimum value normally
occurs near FRC. Patients with airflow obstruction reduce their
workload if they breathe at relatively high lung volumes, since
frictional work may fall dramatically as lung volume increases.
Dynamic hyperinflation contributes very substantially to the
work of breathing (12,32). Conversely, patients with restric-
tive parenchymal disease may perform less total work at lower
lung volumes as the reduction in elastic work more than com-
pensates for the increase in frictional work. Under normal cir-
cumstances, FRC is set near the volume at which total work of
breathing is minimized. In cases of advanced airflow obstruc-
tion, maintenance of acceptable ventilation may require that
the patient sustain a higher lung volume in order to take ad-
vantage of the higher flow rates achievable at that level. (At a
lower FRC, expiratory flow is too slow to allow adequate alve-
olar ventilation.) Positive alveolar pressure generated during
this process is termed dynamic hyperinflation, and is quanti-
fied by stopping flow at end expiration. This allows auto-PEEP
(intrinsic PEEP) to be approximated (12,33).

VENTILATION/ PERFUSION
RELATIONSHIPS

Dist rib ut ion of Ve nt ilat ion and Pe rfusion

Ve nt ilat ion
Alveoli contiguous to the pleura are kept open by a positive dis-
tending pressure (alveolar minus pleural). At the same horizon-
tal level, a net pressure—very nearly equal to pleural pressure—
surrounds the alveoli deep within the lung parenchyma due to
the phenomenon of interdependence (which links each alveo-
lar wall to its immediate and distant neighbors). Although the
alveolar distending pressures across a given horizontal slice of
the lung are similar, the vertical gradient of pleural pressure (ap-
proximately 0.3 cm water/vertical centimeter at FRC) causes
a more negative pleural pressure at the apex of the upright
lung than at the base (34,35). Consequently, the apical alveoli
and airways are larger at FRC than their basal counterparts.
However, as pleural pressure falls during inhalation, it does so
unevenly; pressure falls most in the dependent regions closer
to the diaphragm. This larger pressure swing, together with
the fact that smaller alveoli are more compliant than larger
ones, causes the bases to ventilate better than the apices. The
same principles hold in the supine, prone, and lateral positions;
uppermost lung regions are held open at higher volumes, but
the dependent lung regions are better ventilated—a good ra-
tionale for periodically turning bedridden patients from side to
side. These principles, which apply to spontaneous breathing,
do not necessarily hold for patients receiving positive pressure
ventilation in a passive mode.
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Pe rfusion
The relationship of ventilation to dependency is fortunate, con-
sidering that the distribution of pulmonary blood flow follows
a similar rule. Because of its low resistance, the normal pul-
monary vascular bed is a low-pressure circuit, with resting pres-
sures in the central arteries averaging approximately 25/10 mm
Hg (mean 15 mm Hg). Pulmonary venous pressure is similar
to that of the left atrium, oscillating between 3 and 10 mm Hg
with the cardiac cycle. Because the apices are positioned at least
10 cm above the hila in the upright position, many capillaries
therein must wink open and closed at different phases of the
breathing cycle during the tidal breathing cycle. Hydrostatic
pressure adds to luminal pressure so that vessels in the depen-
dent regions are relatively dilated and the driving pressure for
flow is relatively high. Hence, perfusion improves markedly,
proceeding from apex to base (36). This helps explain why
emboli localize to the lower lobes and why collapse of the air
spaces at the base can cause profound hypoxemia, while upper
lobe atelectasis seldom does. Given the patient with unilateral
parenchymal disease and a choice of placing the patient in ei-
ther lateral position to improve gas exchange, the good lung
should be placed dependent for two reasons: The good lung
will receive a higher percentage of total ventilation and perfu-
sion, and the bad lung will be subjected to higher distending
pressures. One should be concerned, however, that mucus and
other noxious liquids produced in the “bad” lung could flood
the dependent “good” lung, unless precautions are taken. Al-
though dependency causes both ventilation and perfusion per
unit volume to increase, the effect on perfusion is more strik-
ing, and therefore the regional ventilation-to-perfusion ratio is
highest at the apex and lowest at the base (35,36).

Re g ulat ion of Re g ional Pe rfusion

Blood flow through a lung region depends on the relation-
ship between the alveolar pressure and pulmonary arterial and
venous pressures. According to what is presently believed, if
alveolar pressure exceeds arterial pressure, alveolar capillaries
will pinch closed, and no blood will flow except through “cor-
ner” vessels that are subjected to different distending forces
(37). If alveolar pressure is less than arterial pressure but ex-
ceeds venous pressure, flow through the region will be driven
by the difference between arterial and alveolar (not venous)
pressures. If venous pressure is higher than alveolar pressure,
flow will be dependent on the arterial minus venous pressure
difference, independent of alveolar pressure. Zones reflecting
each of these conditions can be identified during tidal breath-
ing (36,38–40). The influence of alveolar pressure on capillary
patency is particularly important to consider when high levels
of positive end-expiratory pressure are applied to the airway. If
alveolar pressure exceeds pulmonary venous pressure, balloon
occlusion pulmonary (wedge) pressure will reflect alveolar—
not pulmonary venous—pressure through at least a portion of
the respiratory cycle.

Cap illary Re cruit me nt

At a given lung volume, pulmonary vascular resistance falls
as flow increases. Rising pulmonary arterial pressure recruits
previously unperfused capillaries so that a fivefold increase in

cardiac output during exercise results in a smaller than twofold
increase in mean pulmonary arterial pressure. (The ventilation-
to-perfusion match-up also becomes more uniform under these
conditions.) In a patient with a partially obliterated pulmonary
vascular bed (e.g., emphysema or interstitial fibrosis), no cap-
illaries may remain to be recruited at rest. In this condition,
even modest increments in cardiac output or pulmonary vas-
cular resistance cause pulmonary artery pressure to increase
dramatically.

Act ive Vasoconst rict ion

Apart from the effect of capillary recruitment, pulmonary
blood flow can be regionally controlled by active constriction
of vascular smooth muscle. If vascular smooth muscle hyper-
trophy is due to chronic hypertension, the response to vasocon-
stricting stimuli may be exaggerated. Alveolar hypoxia exerts
by far the most important influence on variations of local vas-
cular tone (39). Normally, this property serves a useful purpose,
diverting blood away from alveoli that are poorly ventilated.
However, acting against a background of a restricted capillary
bed, widespread hypoxic vasoconstriction may cause excessive
pulmonary artery pressure and precipitate acute right ventric-
ular failure, as in exacerbated COPD. Acidemia is a weaker
stimulus to pulmonary artery vasoconstriction that adds to the
effect of alveolar hypoxia.

Other stimuli can influence vasomotor tone. Hypertonic flu-
ids, such as angiographic contrast media, can cause a strik-
ing vasoconstrictor response. (This is believed to be a major
mechanism causing sudden death in angiographic studies of
patients with pulmonary hypertension [40].) Vasoactive sub-
stances such as serotonin, histamine, and prostaglandin F2-α
also produce notable vasoconstriction. α-Adrenergic vasopres-
sors (e.g., levarterenol) cause little response. Unfortunately,
relatively few available drugs produce potent vasodilation.
Prostacyclin (intravenous or aerosolized) and inhaled nitric
oxide, however, are exceptions (41). Aminophylline, isopro-
terenol, and calcium channel blockers (e.g., nifedipine) also act
as pulmonary vasodilators. In the outpatient setting, bosentan
and sildenafil have an undeniable vasodilating effect, but over
a longer term.

Re g ulat ion of Re g ional Ve nt ilat ion

Ventilation to a given lung region depends not only on the stress
(pressure difference) applied, but also on the regional compli-
ance of that unit and the resistance to air entry (42,43). The
product of resistance and compliance is known as the time con-
stant, RC, by analogy to electrical capacitors. A region with a
low time constant (e.g., a stiff lung unit with open conduct-
ing airway) will fill and empty rapidly, and be relatively well
ventilated for the amount of stress applied, compared to imme-
diate neighbors having higher time constants. Healthy lungs de-
pend upon contraction and relaxation of the bronchial smooth
muscle to change the resistance and compliance of local units.
Both β sympathetic and parasympathetic nerves innervate the
bronchial smooth muscle. Vagal fibers are distributed through-
out the tracheobronchial tree, while sympathetic fibers appear
to concentrate in small airways. Under normal resting condi-
tions, there is tonic vagal tone. Irritating stimuli, such as smoke,
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can trigger mild generalized bronchoconstriction, even among
normal subjects. Localized bronchoconstriction occurs in an
inflamed bronchus. Although found in some animal species, α
receptors on bronchial smooth muscle are difficult to demon-
strate in man. Carbon dioxide bronchodilates while hypocar-
bia bronchoconstricts. Diminished CO 2 delivery and resulting
bronchoconstriction may partially explain the ventilation de-
fects occasionally seen in the region of a pulmonary embo-
lus. Hypoxemia and acidosis may also cause some degree of
bronchoconstriction. Many circulating agents affect bronchial
tone. Epinephrine and other catecholamines that stimulate β 2
receptors bronchodilate, as do cholinergic blockers, certain
prostaglandins, nitric oxide, and theophylline derivatives. His-
tamine, prostaglandin F2-α , and perhaps α-adrenergic stimu-
lators bronchoconstrict.

GAS EXCHANGE AND TRANSPORT

The Re sp irat ory Q uot ie nt

The primary function of ventilation is to allow the exchange of
CO 2 generated in body tissues for the oxygen available in the
inspired gas mixture. In the adult of average size at rest, ap-
proximately 250 mL of oxygen are consumed by the tissues per
minute, whereas 200 mL of CO 2 are generated—a respiratory
quotient (CO 2/O 2 = RQ) of 0.8. Over a long period of time, the
ratio of gases exchanged with the atmosphere, R, must equal
the RQ. Transiently, however, this atmospheric exchange ratio
may exceed or be less than RQ, as during hyper- or hypoven-
tilation. Important increases in the CO 2 production relative
to the oxygen consumption ratio can occur with the shift to
a high-carbohydrate diet. Starvation and the development of
certain metabolically stressful conditions (e.g., sepsis) reduce
CO 2 generation.

Alve o lar Gas Eq uat ion

Gases move between the blood and alveolar spaces by diffusing
from areas of higher partial pressure to those with lower partial
pressure (44). As fresh gas is inspired at local barometric pres-
sure, it is warmed to body temperature and humidified before
it reaches the main carina. At saturation, the partial pressure
exerted by water vapor at 37◦C is 47 mm Hg, independent of
barometric pressure. Thus:

PiO 2 = FiO 2 · (PB − 47)

where PiO 2 is the partial pressure of oxygen in the central air-
ways, FiO 2 is the fraction of oxygen in the inspired gas mixture,
and PB is barometric pressure in millimeters of mercury. Baro-
metric pressure falls with ascending altitude (45). Although 750
mm Hg at sea level, PB is 520 mm Hg at 10,000 feet.

In the steady state, the partial pressure of oxygen at the alve-
olar level (PaO2) can be estimated from the simplified alveolar
gas equation, which is based on the principle of conservation
of mass:

PaO 2 = PiO 2 − (PaCO 2)/ RQ

PaCO 2, the partial pressures of CO 2 in arterial blood, and the
alveolar PCO2 of well-perfused units remain nearly equiva-
lent, even in disease, so that PaCO 2 is usually measured and

substituted. Transient episodes of hyperventilation and breath-
holding can result in oxygen tensions that are considerably
higher or lower than the values predicted.

Alve olar-Art e rial Oxyg e n
Te nsion Diffe re nce

The alveolar gas equation is worth remembering because
the difference between calculated PAO 2 and measured PaO 2
(known variously as the A-a PO 2 difference, A-a DO 2, or the A-
a gradient) provides a measure of the efficiency of gas exchange
between the alveolus and the arterial blood. The normal A-a
gradient increases with FiO 2 and with age. When supine, A-a
DO 2 is approximately 10 mm Hg for a healthy young person at
sea level when breathing air and 100 mm Hg while breathing
100% oxygen. Hyper- and hypoventilation do not noticeably
affect it. The A-a DO 2 is a particularly useful index when mon-
itoring patients who require supplemental oxygen.

Cause s of Art e rial Hyp oxe mia

Arterial oxygen content may fall due to one of six mechanisms:
(a) inhalation of a hypoxic gas mixture, (b) hypoventilation, (c)
impaired diffusion of oxygen from alveolar space to pulmonary
capillary, (d) ventilation/perfusion mismatching, (e) shunting
of venous blood past alveolar capillaries, and (f) admixture
of abnormally desaturated systemic venous blood (34). A de-
crease in the inspired fraction of oxygen, as at high altitude,
will cause hypoxemia for obvious reasons. In the steady state
and in accordance with the alveolar gas equation, hypoventi-
lation will cause alveolar PO 2 to fall as oxygen is consumed,
but not replenished, at a sufficient rate. The impaired diffusion
of oxygen can result in incomplete equilibration of alveolar
and pulmonary capillary blood, but this appears to be of lim-
ited clinical importance except when the lung parenchyma is
seriously abnormal and cardiac output is high. The increased
distance for diffusion between the alveolus and erythrocyte, the
decreased gradient for O2 diffusion, and the shortened transit
time of the red cell through the capillary all adversely influ-
ence diffusion (44). Under ordinary circumstances, however,
none of these factors acting in isolation slows the equilibration
sufficiently to prevent the saturation of end-capillary blood.
Nonetheless, a combination of adverse influences may cause
enough impairment of diffusion to contribute to hypoxemia
(e.g., diffusion impairment probably contributes to the hypox-
emia of a person with interstitial fibrosis during exercise).

Ve nt ilat ion/ Pe rfusion Mismat ch

Regional mismatching of ventilation and perfusion is perhaps
the most frequent cause of clinically important desaturation
(e.g., COPD). Regional is the key word when the entire lung
is considered. It is not the ratio of minute ventilation relative
to total pulmonary blood flow that determines whether hy-
poxemia occurs, but rather whether ventilation and perfusion
distribute appropriately (e.g., one lung could receive all ven-
tilation and the other lung all perfusion, for an overall venti-
lation/perfusion [V/Q] ratio of 1.0). Units that are relatively
poorly ventilated in relation to the perfusion they receive cause
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desaturation; high V/Q units contribute to alveolar and physi-
ologic dead space, but not to hypoxemia. Unfortunately, over-
ventilating some units to compensate for others that are un-
derventilated may keep PaCO 2—but not PaO 2—at the proper
level. Aliquots of blood exiting from different lung units mix
gas contents, not partial pressures. For CO2 content, which re-
lates linearly to alveolar ventilation in the physiologic range,
a unit with good ventilation can compensate for an underven-
tilated unit. However, at normal barometric pressure, a little
more oxygen can be loaded onto blood with already saturated
hemoglobin, no matter how high the oxygen tension in the
overventilated units may rise. Hence, when equal amounts of
blood from well and poorly ventilated units blend their con-
tents, the result is blood with O2 content halfway between them
and a PaO 2 only slightly higher than that of the lower V/Q
unit. Supplementing the inspired fraction of oxygen will cause
arterial hypoxemia to reverse impressively as the alveolar oxy-
gen partial pressure of even poorly ventilated units climbs high
enough to achieve saturation. After breathing 100% oxygen for
a sufficient period of time, only those units that are totally—or
almost totally—unventilated will contribute to hypoxemia.

Shunt

Hypoventilation, impaired diffusion, and V/Q mismatching all
respond to supplemental oxygen. Units that are totally unven-
tilated are unresponsive to oxygen therapy and contribute to
intrapulmonary shunt. Shunt can also be intracardiac, as in
cyanotic (right-to-left) congenital heart disease, or can result
from the passage of blood between abnormal vascular com-
munications within the lung, as occurs with pulmonary arteri-
ovenous communications. If given oxygen for 15 minutes, the
percentage of blood flow being shunted can be calculated from
the formula:

[(CcO 2 − CaO 2)/ (CcO 2 − CvO 2)] × 100

where C denotes content, and c, a, and v denote end-capillary,
arterial, and mixed venous, respectively (46). End-capillary
PO 2 is assumed to equal alveolar oxygen tension, which in
turn is calculated from the simplified alveolar gas equation.
(Although it is best to measure mixed venous oxygen content
directly, stable patients with presumed normal cardiac output
and hemoglobin and oxygen consumption can reasonably be
estimated to have a normal CvO 2, so long as arterial blood is
near full saturation.) For a patient breathing pure oxygen, a
shunt fraction less than 25% can be estimated rapidly by di-
viding the A-a difference (670− PaO 2) by 20, again with the
proviso that the mixed venous oxygen content is normal. At
lower inspired oxygen fractions, true shunt cannot be reliably
estimated by an analysis of oxygen contents, but venous admix-
ture or physiologic shunt can. Although V/Q mismatch as well
as true shunt may contribute to a lower than normal PaO 2,
any desaturation can be considered as if it originated from
true shunt units. To calculate venous admixture, CcO 2 in the
shunt formula is calculated from the ideal PAO2 existing at
that particular inspired oxygen fraction. At the bedside, a very
imprecise but commonly used indicator of gas exchange is the
PaO2/FiO 2 ratio (the “P-to-F” ratio). In healthy adults, this
ratio exceeds 400, independently of the FiO 2.

As the percentage of true shunt rises, supplemental oxygen
becomes progressively less effective in raising PaO 2. When true

shunt fraction is higher than 25% , little benefit accrues from
raising the inspired oxygen fraction above 0.5. As a shunt in-
creases, the P-to-F ratio becomes increasingly insensitive. These
considerations have practical significance, because concentra-
tions of oxygen higher than 0.5 markedly increase the risk of
oxygen toxicity, but may have only marginal benefit in high
shunt lungs (47). Hence, in patients with true shunt, FiO 2
can frequently be lowered out of a dangerous range without
changing PaO 2 noticeably. Conversely, at low shunt percent-
ages, even small changes in shunt fraction or at FiO 2 can cause
major changes in oxygen tension. If the venous admixture is
due primarily to V/Q mismatching, the response to raising FiO 2
will depend on whether most admixture arises from units with
nearly normal, moderately low, or very low V/Q ratios (48).
If hypoxemia is caused by very low V/Q (but not shunt) units,
little improvement may accrue until the oxygen fraction ap-
proaches 1.0, at which level PaO 2 rises abruptly.

Ad mixt ure of Ab normally
De sat urat e d Ve nous Blood

Admixture of abnormally desaturated venous blood is a poten-
tially important mechanism acting to lower PaO 2 in patients
with impaired pulmonary gas exchange and reduced cardiac
output. The oxygen content of venous blood is determined by
the interplay between oxygen consumption and oxygen deliv-
ery. O2 consumption equals cardiac output times CaO2 minus
CvO 2. Oxygen delivery will be impaired if arterial saturation
falls without a compensatory increase in tissue perfusion, or if
tissue perfusion falls. In the first instance, the peripheral tissues
will strip the usual amount of oxygen from an already desatu-
rated hemoglobin molecule, and the resulting venous O 2 con-
tent will drop, provided that O 2 consumption remains normal.
In the second instance, venous content will fall as an abnor-
mal amount of oxygen is removed from each unit volume of
sluggishly passing blood.

If all returning venous blood goes to well-ventilated units,
abnormally desaturated venous blood presents no problem, as
blood exiting from the lung will be fully saturated. However, to
the extent that venous admixture exists, reduced venous satura-
tion translates into arterial desaturation. When lung parenchy-
mal disease develops, patients with limited cardiac reserves are
those at greatest jeopardy for serious desaturation by this mech-
anism. In such patients, there is a “positive feedback loop”—
arterial desaturation leads to venous desaturation, which adds
to venous admixture and impairs arterial oxygenation further.
Even with stable lung parenchymal disease, serious arterial de-
saturation can occur if cardiac output falls disproportionately
to oxygen consumption. Thus, in many intensive care patients,
PaO 2 fluctuates considerably, independent of changes in the
lungs.

GAS TRANSPORT AND STORAGE

Oxyg e n Carriag e

In blood, hemoglobin binds the vast majority of oxygen,
and plasma dissolves the remaining small fraction. The oxy-
hemoglobin dissociation relationship is curvilinear, with the
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knee of the curve at approximately 60 mm Hg at normal
pH (49). Acidosis, increased temperature, raised PaCO 2, and
increased erythrocyte 2,3-diphosphoglycerate (DPG) shift the
curve rightward, mildly hampering loading at the alveolus but
facilitating unloading of oxygen at the low PO 2 of tissue. At
sea level, normal PaO2 is age dependent, varying from approx-
imately 100 mm Hg at age 20 to 80 mm Hg at age 80. Because
hemoglobin binding is 90% complete at a partial pressure of 60
mm Hg and falls rapidly below that level, a PaO 2 of ≥ 60 mm
Hg and SaO 2 of ≥ 90% are commonly agreed to represent ad-
equate oxygen loading, and are used as benchmark values for
clinical purposes. Raising the PaO 2 10-fold raises the oxygen-
carrying capacity a scant 12.5% . The volume of oxygen carried
in 100 mL of blood can be calculated from the following for-
mula:

CaO 2 = 1.39 [Hgb] % Sat + 0.0034 [PaO 2]

where Hgb is hemoglobin, expressed in grams per 100 mL of
blood, and % Sat equals percentage of hemoglobin saturation.
At normal rates of oxygen consumption and delivery, mixed ve-
nous blood has a PO2 of 40 mm Hg, a saturation of 75% , and
an oxygen content of 15 mL oxygen per 100 mL of blood. The
content difference between simultaneous arterial and mixed ve-
nous samples—the a-v O 2 difference—averages 5 mL of oxy-
gen per 100 mL of blood under normal circumstances. How-
ever, this difference widens when O 2 consumption is dispropor-
tionate to the rate of O2 delivery to the tissues, as commonly
occurs in states of low cardiac output. Conversely, the differ-
ence will be narrow in sites of abnormally high blood flow
or if there are functional arteriovenous shunts in peripheral
tissues.

CO 2 Carriag e

Carbon dioxide is carried in the blood in three forms. The small
proportion physically dissolved in plasma contributes little to
CO 2 exchange between venous blood and the alveolus (about
10% of the total). CO 2 is also bound to blood proteins (mainly
hemoglobin) more avidly by venous than by arterial blood.
Approximately 30% of the CO 2 delivered to the alveolus is
released from these “carbamino” compounds (50). Quantita-
tively, the majority of CO 2 carried in the blood takes the form
of bicarbonate ion. With the help of erythrocyte carbonic anhy-
drase to speed its conversion to CO 2 as it reaches the alveolus,
bicarbonate delivers approximately 60% of the total CO 2 of-
fered for exchange.

St ore s of O 2 and CO 2

Exclusive of the gas volume of the lungs, total body tissue stores
of oxygen are small, scarcely more than 1 L. In addition, a con-
siderable proportion of that stored volume is not available to
the tissues without unacceptable reductions in PO 2 and the
gradient for diffusion of oxygen at the tissue level. Follow-
ing sudden cessation of the circulation, supplies are rapidly
exhausted, and irreversible damage to certain vital organs oc-
curs within minutes. The lungs act as a reservoir of approx-
imately 500 mL of oxygen when breathing air; hence, PaO 2
falls more slowly during apnea than it does during circulatory
arrest. (For this reason, attempts to maintain adequate forward

blood flow must not be interrupted during management of cir-
culatory arrest.) When filled with pure oxygen rather than air,
the capacity of the lung reservoir is increased fivefold, and the
duration of apnea before hypoxemia occurs is prolonged three-
fold or longer. Breathing oxygen does little to increase storage
in blood and other body tissues, and PAO 2 falls precipitously
upon returning to room air breathing. Thus, “preoxygenating”
a patient before tracheal suctioning is ineffective if more than a
few seconds elapse after oxygen is removed from the face, and
is maximally effective when oxygen is continued up to the time
that suction is applied. Similar considerations apply during en-
dotracheal intubation; if the tube cannot be placed quickly and
the patient continues to breathe spontaneously, the attempt to
intubate should not be prolonged.

By comparison with oxygen stores, body stores of carbon
dioxide are enormous—on the order of 100 times as great.
As a result, it takes much longer for CO2 to find a steady-
state level after a step change in ventilation (51). Interestingly,
PaCO2 more rapidly achieves the steady-state value following
a step increase in ventilation than following a step decrease.
The PaCO 2 will have achieved its final value within 10 to 15
minutes after a ventilatory increase, although not for almost an
hour or more following a decrease. These rules of thumb are
helpful when deciding the time for arterial blood gas sampling
during weaning efforts or when adjusting ventilator settings.

Conse q ue nce s of Alt e re d
PaO 2 , PaCO 2, and p H

Hyp oxe mia
Whether hypoxemia is tolerated well or poorly depends not
only on the degree of desaturation, but also on compensatory
mechanisms and the sensitivity of the vital organs to hypoxic
stress. The major mechanisms of compensation are an increased
cardiac output to improve perfusion of vital tissues (due to
capillary recruitment and changes in distribution of resistance)
and increases in hemoglobin concentration. Other adaptations,
such as improved downloading of oxygen by tissue acidosis and
increased anaerobic metabolism, assume less importance until
failure of the primary methods calls them into action (as during
circulatory arrest).

If a conscious individual without cardiac limitation or ane-
mia is made mildly hypoxic over a short period of time, no
important effect will be noted until PaO 2 falls below 50 to
60 mm Hg. At that level malaise, lightheadedness, mild nau-
sea, vertigo, impaired judgment, and discoordination are the
first symptoms, reflecting the extreme sensitivity of cerebral
tissue to hypoxia (52). Although minute ventilation increases,
little dyspnea develops unless hypercapnia uncovers underly-
ing mechanical lung problems, as in COPD. Marked confusion
resembling alcohol intoxication appears as PaO 2 falls into the
35- to 50-mm Hg range, especially in older individuals with
ischemic cerebrovascular disease. Heart rhythm disturbances
also develop. Between 25 and 35 mm Hg, renal blood flow de-
creases and urine output slows. Lactic acidosis appears at this
level, even with normal cardiac function. The patient becomes
lethargic or obtunded, and minute ventilation is maximal. At
approximately 25 mm Hg, the normal individual loses con-
sciousness; and below that tension, minute ventilation falls due
to depression of the respiratory drive center.
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The sequence of events will be shifted to occur at progres-
sively higher levels of oxygen tension if any of the major com-
pensatory mechanisms for hypoxemia is defective. Even mild
decreases in oxygen tension are poorly tolerated by an anemic
patient with impaired cardiac output. In addition, critically ill
patients may have impaired autonomic control of perfusion
distribution due either to endogenous pathology (e.g., sepsis)
or to vasopressor therapy.

Hyp e roxia
At normal barometric pressure, venous and mean tissue oxygen
tensions rise less than 10 mm Hg above normal when pure oxy-
gen is administered to healthy subjects; hence, nonpulmonary
tissues are little altered. However, high concentrations of oxy-
gen in the lung eventually replace nitrogen even in poorly ven-
tilated regions, causing collapse of low V/Q units as oxygen is
absorbed by venous blood faster than it is replenished. Dimin-
ished lung compliance results. More importantly, high oxygen
tensions injure bronchial and parenchymal tissues. The toxic
effects of oxygen are both time-and concentration-dependent
(47). Several hours of pure oxygen breathing is sufficient to
cause some sternal discomfort due to irritation of bronchial
epithelium. Within 12 hours, histologic evidence of alveolar
injury begins to develop. At high concentrations, parenchy-
mal infiltration and fibrosis occur eventually, a process usually
requiring days to weeks. However, many patients subjected
to similar conditions undergo no detectable adverse changes.
There is general agreement that very high oxygen concentra-
tions are well tolerated for up to 48 hours. At concentrations
of inspired oxygen less than 50% , clinically detectable oxygen
toxicity is unusual; however long, such therapy is required.

Carb on Dioxid e

Hyp e rcap nia
The major waste product of oxidative metabolism, CO 2 is a
relatively innocuous gas. Apart from its key role in regulation
of ventilation, the clinically important effects of CO2 relate to
changes in cerebral blood flow, pH, and adrenergic tone. Hy-
percapnia dilates cerebral vessels and hypocapnia constricts
them, a point of importance for patients with raised intracra-
nial pressure. Acute increases in CO 2 depress consciousness,
probably a result of neuronal acidosis. Similar but slowly de-
veloping increases in CO 2 are well tolerated. Nonetheless, a
higher PaCO 2 signifies alveolar hypoventilation, which causes a
decrease in alveolar and arterial PO 2. With hypoxemia averted
by supplemental oxygen, some outpatients with severe airflow
obstruction and PaCO2 carry levels that chronically exceed
90 mm Hg and continue to lead active lives. The adrenergic
stimulation that accompanies acute hypercapnia causes cardiac
output to rise and peripheral vascular resistance to increase.
Diaphoresis and plethora are accompanying clinical signs. Dur-
ing acute respiratory acidosis, these effects may partially offset
those of the hydrogen ion on cardiovascular function, allowing
better tolerance of low pH than with metabolic acidosis of a
similar degree. During acute respiratory acidosis, constriction
of glomerular arterioles also occurs by adrenergic stimulation,
sometimes producing oliguria. Muscular twitching, asterixis,
and seizures may be observed at extreme levels of hypercapnia
in patients made susceptible by electrolyte or neural disorders.

Hyp ocap nia
The major effects of acute hypocapnia relate to alkalosis and
diminished cerebral blood flow. Abrupt lowering of PaCO 2
reduces cerebral blood flow and raises neuronal pH, causing
altered cortical and peripheral nerve function. Sudden major
reduction of PaCO 2 (e.g., shortly after initiating mechanical
ventilation) can produce life-threatening seizures. Cardiac ar-
rhythmias are also an important consequence of abruptly low-
ering PaCO 2.

Hyd rog e n Ion Conce nt rat ion

For mammalian cells to function optimally, hydrogen ion con-
centration must be rigidly controlled. The widest pH range
that can be sustained for more than a few hours and is
compatible with life is approximately 6.8 to 7.8 units. Al-
though all organs malfunction to some extent during aci-
dosis, cardiovascular function is perhaps the most impaired.
Myocardial fibers contract less efficiently, systemic vessels re-
act sluggishly to vasoconstrictive stimuli, vasomotor control
deteriorates, blood pressure falls, arrhythmias develop, and
pulmonary hypertension is accentuated (53). As a result, de-
fibrillation and cardiopulmonary resuscitation are especially
difficult in an acidotic patient. In addition, acidosis profoundly
affects neuronal performance, acts synergistically with alveo-
lar hypoxia to cause pulmonary vasoconstriction, and blunts
the action of adrenergic bronchodilators on the conducting air-
ways. Each of these effects accelerates dramatically in severity
as pH falls below 7.20. Above 7.20, pH is not a major concern
of itself, and should not prompt therapy aimed solely at pH
correction. (In fact, the rightward shift of the oxyhemoglobin
dissociation curve may improve tissue oxygen delivery if car-
diovascular performance remains adequate.) In this higher pH
range, acutely developing acidosis is more alarming for what
it signifies: Seriously compromised ventilatory, metabolic, or
cardiovascular systems in need of urgent attention.

Alkalosis causes less apprehension among physicians than
acidosis of a similar degree because the etiology is usually less
life threatening. However, alkalosis is detrimental with regard
to the release of oxygen to the tissues, shifting the oxyhe-
moglobin dissociation curve leftward. Raised pH does not ex-
ert the dangerously depressing influence on myocardium and
blood vessels seen with a similar degree of acidosis. Further-
more, unless very abrupt and severe, the effects of raised pH
on the brain are limited to confusion and encephalopathy. The
major risk of extreme alkalosis appears to relate to cardiac
arrhythmias, which are caused in part by electrolyte shifts (de-
creased calcium, increased potassium) and diminished oxygen
delivery.

To keep hydrogen ion concentration within narrow limits,
its generation rate must equal the elimination rate. The hydro-
gen ion is generated in two ways: One by hydration of CO 2
from “volatile” acid (according to the reaction complex for-
mula) and another by the production of fixed acid from the
by-products of metabolism such as sulfates and phosphates
(49,53). Ventilation eliminates the volatile acid load after re-
versal of the CO 2 hydration reaction in the lung capillaries,
while the kidney excretes the bulk of the fixed acid load. Quan-
titatively, the lungs are much more important, as they elimi-
nate a much greater acid load (53). If the excretion of CO 2
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speeds or slows inappropriately, the result is respiratory de-
rangement of the acid-base balance. If the excretion rate of
fixed acid speeds or slows in relation to production, or if ab-
normal metabolic loads of acid or alkali develop that cannot
be handled, metabolic acidosis or alkalosis occurs. A complete
discussion of acid-base physiology is beyond the scope of this
chapter.

Cont ro l of Ve nt ilat ion

The respiratory center of the medulla modifies its own cyclic
rhythm by integrating signals from many sources (54). These
inputs, which may be of cortical, chemical, or reflex origin,
cause changes in the timing frequency in the depth of tidal
breathing. In general, each potential modifier of medullary ac-
tivity is much more potent as a stimulus to increase breathing
than as a depressant to retard the endogenous level of breath-
ing set by the respiratory center. Efferent flow descends via the
phrenic nerves to the diaphragm and via the spinal nerves to
the intercostal and abdominal muscles. Control of output from
the medullary respiratory center is an interactive process. For
example, the precise effect of a given rise in PaCO 2 will depend
on the levels of cortical arousal, PaO 2, and pH. The result of
that neural output will depend on the ability of the ventilatory
muscles to contract in a coordinated fashion and on the lungs
to ventilate upon command.

Che mical St imuli

Under normal resting conditions, intracerebral hydrogen ion
concentration is the predominant influence over ventilation.
As in the periphery, the ratio of bicarbonate concentration to
PCO 2 determines pH. Unlike CO 2, which transports passively
across the blood–brain barrier, the bicarbonate concentration
of the cerebrospinal fluid is maintained somewhat lower than
in blood by an active process (the “brain kidney”). This mech-
anism is capable of making relatively rapid compensatory ad-
justments in bicarbonate so that cerebrospinal fluid (CSF) pH
is restored almost completely to its normal resting value of 7.3
within 12 hours following a derangement (54,55). By com-
parison, the CO2 crosses the juxtamedullary area quickly and
passively. Thus, an abrupt rise in PaCO 2 precipitates intra-
cerebral acidosis, prompting increased ventilation to restore
pH balance. The potency of an increase in PaCO 2 wanes with
time, as CSF bicarbonate rises to compensate. Conversely, the
ventilatory compensation for sustained metabolic acidosis is
maximized 12 or more hours following its onset, since ini-
tially peripheral pH receptors drive PaCO2 to low levels and
create CSF alkalosis, which temporarily limits the ventilatory
increase.

PaCO 2 drives ventilation mainly through its effect on intra-
cerebral hydrogen ion concentration. However, a rise in PaCO 2
also stimulates receptors at the carotid bifurcation (perhaps to
the peripheral pH receptors located there). The level of PaO 2
modifies the ventilatory response to CO 2, increasing it when
hypoxemia occurs. Thus, when hypoxemia is relieved (as dur-
ing treatment of the compensated COPD), PaCO 2 is expected
to rise somewhat, even if the respiratory center is otherwise nor-
mally responsive to CO 2. The rise in CO 2 will be exaggerated if
CO 2 sensitivity is reduced. Cortical depression, whether caused
by sleep or sedative drugs, limits the response to CO 2, especially

in patients with a previously blunted drive to breathe. Pro-
longed mechanical stress may also alter the sensitivity to chem-
ical stimuli. Although the most common example occurs in
chronic airflow obstruction, even normal individuals increase
the CO 2 set point if made to breathe against resistance for an
extended period of time. Teleologically, this occurs because to-
tal work of breathing lessens when PaCO 2 rises to make each
tidal exchange more efficient.

Although an effect can be demonstrated up to 150 mm Hg,
PaO 2 is an important stimulus for ventilation only when the
blood is significantly desaturated (54). Oxygen receptors lo-
cated mainly in the carotid body send neural signals to the
medulla. Extreme hypoxia depresses rather than stimulates
ventilation by direct depression of the respiratory center. With
advancing age, the ventilatory response to hypoxemia (into low
blood pH) diminishes, perhaps a consequence of carotid artery
sclerosis. Starvation and sedatives also attenuate the hypoxic
ventilatory drive. Systemic acidosis is a very potent drive to
ventilation, with its effect at least additive to that of hypox-
emia when the two occur together, as they often do clinically.
The receptors for peripheral blood pH are located in the carotid
body.

Nonche mical St imuli

Neural reflexes originating from receptors located within the
lung or chest wall may drive ventilation. Thus, the hyperven-
tilation that occurs during the early phases of asthma and
pulmonary edema, as well as the chronic hyperventilation of
interstitial fibrosis, may result from stimulation of normally
quiescent receptors. Central neurogenic hyperventilation and
Cheyne-Stokes breathing (on average, also a hyperventilatory
pattern) usually result from intracerebral pathology and may
be modified by neuromuscular input.

Clinical Disord e rs of Ve nt ilat ory Cont ro l

For therapeutic purposes, it is important when evaluating
hypercapnia to distinguish patients with depressed drives
(“won’t” breathers) from those whose condition, such as
COPD or neuromuscular disease, will not allow them to
achieve normal alveolar ventilation (“can’t” breathers). Many
patients present with combined problems of drive and mechan-
ics. For example, because advanced age and starvation may
blunt ventilatory drives, an elderly patient within acutely el-
evated ventilation requirements and mechanical stress (e.g.,
pneumonia) often presents with a component of respiratory
acidosis as well as hypoxemia. Clues to primary respiratory
center dysfunction include no evidence of obstruction or neu-
romuscular disease, normal A-a DO 2, and the preserved ability
to drive PaCO 2 considerably below normal with voluntary hy-
perventilation. Because a wide spectrum of response to PCO 2
and PaO 2 exist even among healthy normal subjects, it is not
surprising that two otherwise indistinguishable patients with
the same pulmonary pathology may set very different levels of
alveolar ventilation.

Sleep routinely blunts the chemical drives to breathe (56–
58). Many chronic disorders can depress the respiratory cen-
ter function. Among these, hypothyroidism, narcotic overdose,
and the obesity hypoventilation syndrome are perhaps the most
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reversible. The utility of respiratory center stimulants is lim-
ited. Stimulants are contraindicated for patients with prob-
lems confined to disordered mechanics, such as COPD, since
dyspnea may worsen with little beneficial effect. Progesterone
increases CO 2 drive in pregnant women and has been used
therapeutically as a ventilatory stimulant for primary hypoven-
tilation (59). Its maximal effect is delayed several days. Con-
versely, testosterone blunts CO 2 responsiveness (60). Newer
drugs touted to selectively improve alertness (e.g., modafinil,
atomoxetine) may prove useful when somnolence contributes
to hypoventilation.
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5. Fraser RG, Paré JA, Paré PD, et al. Diagnosis of Diseases of the Chest. 3rd

ed. Philadelphia: Saunders; 1988.
6. Crapo JD, Barry BE, Gehr P, et al. Cell number and cell characteristics of

the normal human lung. Am Rev Respir Dis. 1982;126:332–337.
7. Hocking WG, Golde DW. The pulmonary-alveolar macrophage (first of two

parts). N Engl J Med. 1979;301:580–587.
8. Hocking WG, Golde DW. The pulmonary-alveolar macrophage (second of

two parts). N Engl J Med. 1979;301:639–645.
9. Staub NC. J Pulmonary edema. Physiol Rev. 1974;54:678–811.

10. Dreyfuss D, Saumon G. Ventilator-induced lung injury: lessons from exper-
imental studies. Am J Respir Crit Care Med. 1998;157:294–323.

11. Tobin MJ. Mechanical ventilation. N Engl J Med. 1994;330:1056–1061.
12. Pepe PE, Marini JJ. Occult positive end-expiratory pressure in mechanically

ventilated patients with airflow obstruction. The auto-PEEP effect. Am Rev
Respir Dis. 1982;126:166–170.

13. Chatburn RL, Primiano FP Jr. A new system for understanding modes of
mechanical ventilation. Respir Care. 2001;46:604–621.

14. Loring SH. Mechanics of lungs and chest wall. In: Marini JJ, Slutsky AS, eds.
Physiological Basis of Ventilatory Support. New York: Marcel Dekker Inc.;
1998:177–208.

15. Agostoni E, Mead J. Statics of the respiratory system. In: Fenn WO, Rahn H,
eds. Handbook of Physiology, Section 3: Respiration. Vol. 1. Washington,
D.C.: American Physiological Society; 1964:387–409.

16. Rodarte JH. Lung and chest wall mechanics: basic concepts. In: Scharf SM,
Cassidy SS, eds. Heart-Lung Interactions in Health and Disease. New York:
Marcel Dekker; 1989:221–242.

17. DeTroyer A, Loring SH. Actions of the respiratory muscles. In: Roussos
C, Macklem PT, eds. The Thorax. 2nd ed. New York: Marcel Dekker Inc;
1994:535–563.

18. Vassilakopoulos T, Zakynthinos S, Roussos C. Muscle function: basic con-
cepts. In: Marini JJ, Slutsky AS, eds. Physiological Basis of Ventilatory Sup-
port. New York: Marcel Dekker Inc.; 1998:103–152.

19. Roussos C, Macklem PT. The respiratory muscles. N Engl J Med. 1982;
307:786–797.

20. Sharp JT, Barrocas M, Chokroverty S. The cardiorespiratory effects of obe-
sity. Clin Chest Med. 1980;1:103–118.

21. Otis AB, Fenn WO, Rahn H. Mechanics of breathing in man. J Appl Physiol.
1950;2:592–607.

22. Mead J. Mechanical properties of lungs. Physiol Rev. 1961;41:281–330.
23. Baydur A, Behrakis PK, Zin WA, et al. A simple method for assessing the

validity of the esophageal balloon technique. Am Rev Respir Dis. 1982;126:
788–791.

24. Marini JJ, Tyler ML, Hudson LD, et al. Influence of head-dependent positions
on lung volume and oxygen saturation in chronic air-flow obstruction. Am
Rev Resp Dis. 1984;129(1):101–105.

25. Tobin MJ. Breathing pattern analysis. Intensive Care Med. 1992;18:193–
201.

26. Fowler WS. The respiratory dead space. Am J Physiol. 1948;154:405–416.
27. Hyatt RE. Expiratory flow limitation. J Appl Physiol. 1983;55(1 Pt 1):1–7.
28. Sassoon CSH, Mahutte CK. Work of breathing during mechanical ventila-

tion. In: Marini JJ, Slutsky AS, eds. Physiological Basis of Ventilatory Sup-
port. New York: Marcel Dekker Inc.; 1998:261–310.

29. Tobin MJ. Respiratory monitoring in the intensive care unit. Am Rev Respir
Dis. 1988;138:1625–1642.

30. Otis AB. The work of breathing. In: Fenn WO, Rahn H, eds. Handbook
of Physiology, Section 3: Respiration. Vol. 1. Washington, D.C.: American
Physiology Society; 1964:463–476.

31. Aubier M, Viires N, Syllie G, et al. Respiratory muscle contribution to lactic
acidosis in low cardiac output. Am Rev Respir Dis. 1982;126:648–652.

32. Kimball WR, Leith DE, Robins AG. Dynamic hyperinflation and ventilator
dependence in chronic obstructive pulmonary diseases. Am Rev Respir Dis.
1982;126:991–995.

33. Hoffman RA, Ershowsky P, Krieger BP. Determination of auto-PEEP dur-
ing spontaneous and controlled ventilation by monitoring changes in end-
expiratory thoracic gas volume. Chest. 1989;96:613–616.

34. Otis AB, McKerrow CB, Bartlett RA, et al. Mechanical factors in distribution
of pulmonary ventilation. J Appl Physiol. 1956;8:427–443.

35. Permutt S, Howell JB, Proctor DF, et al. Effect of lung inflation on
static pressure-volume characteristics of pulmonary vessels. J Appl Physiol.
1961;16:64–70.

36. West JB, Dollery CT, Naimark A. Distribution of blood flow in isolated lung:
Relation to vascular and alveolar pressures. J Appl Physiol. 1964;19:713–
724.

37. Albert RK, Lakshminarayan S, Charan NB, et al. Extra-alveolar vessel contri-
bution to hydrostatic pulmonary edema in in situ dog lungs. J Appl Physiol.
1983;54(4):1010–1017.

38. Riley RL, Cournand A. Analysis of factors affecting partial pressures of
oxygen and carbon dioxide in gas and blood of lungs: theory. J Appl Physiol.
1951;4:77–101.

39. Peake MD, Harabin AL, Brennan NJ, et al. Steady-state vascular re-
sponses to graded hypoxia in isolated lungs of five species. J Appl Physiol.
1981;51(5):1214–1219.

40. Peck WW, Slutsky RA, Hackney DB, et al. Effects of contrast media on
pulmonary hemodynamics: comparison of ionic and nonionic agents. Radi-
ology. 1983;149:371–374.

41. Sastry BK. Pharmacologic treatment for pulmonary arterial hypertension.
Curr O pin Cardiol. 2006;21(6):561–568.

42. Mead J, Whittenberger JL. Physical properties of human lungs measured
during spontaneous respiration. J Appl Physiol. 1953;5:779–796.

43. Grassino AE, Roussos C, Macklem PT. Static properties of the chest wall.
In: Crystal RG, West JB, et al., eds. The Lung: Scientific Foundations. New
York: Raven Press; 1991:855–867.

44. Forster RE. Diffusion of gases across the alveolar membrane. In: Handbook
of Physiology. Section 3. Washington, DC: American Physiological Society;
1987.

45. West JB. The physiologic basis of high-altitude diseases. Ann Int Med. 2004;
141(10):789–800.

46. Pontoppidan H, Geffin B, Lowenstein E. Acute respiratory failure in the
adult. Parts 1-3. N Engl J Med. 1972;287(14):690–698,743–752, 799–806.

47. Deneke SM, Fanburg BL. Normobaric oxygen toxicity of the lung. N Engl J
Med. 1980;303(2):76–86.

48. Dantzker DR, Brook CJ, Dehart P, et al. Ventilation-perfusion distri-
butions in the adult respiratory distress syndrome. Am Rev Resp Dis.
1979;120(5):1039–1052.

49. Corey HE. Stewart and beyond: new models of acid-base balance. Kidney
Int. 2003;64(3):777–787.

50. Severinghaus JW. Simple, accurate equations for human blood O2 dissocia-
tion components. J Appl Physiol. 1979;46:599–602.

51. Ivanov SD, Nunn JF. Influence of duration of hyperventilation on rise time
of P-CO2 after step reduction of ventilation. Respir Physiol. 1968;5(2):243–
249.

52. Kafer ER, Sugioka K. Respiratory and cardiovascular responses to hypox-
emia and the effects of anesthesia. Intl Anesthesiol Clin. 1981;19(3):85–122.

53. Kellum JA. Clinical review: reunification of acid-base physiology. Crit Care.
2005;9(5):500–507.

54. Younes M, Georgopoulos D. Control of breathing relevant to mechanical
ventilation. In: Marini JJ, Slutsky AS, eds. Physiological Basis of Ventilatory
Support. New York: Marcel Dekker Inc.; 1998:1–74.

55. Bisgard GE, Busch MA, Forster HV. Ventilatory acclimatization to hypoxia
is not dependent on cerebral hypocapnic alkalosis. J Appl Physiol. 1986;
60(3):1011–1015.

56. Weinhouse GL, Schwab RJ. Sleep in the critically ill patient. Sleep. 2006;
29(5):707–716.

57. Phillips B. Sleep, sleep loss, and breathing. Southern Med J. 1985;78(12):
1483–1486.

58. Skatrud JB, Dempsey JA. Interaction of sleep state and chemical stimuli in
sustaining rhythmic ventilation. J Appl Physiol. 1983;55:813–822.

59. Sutton FD Jr, Zwillich CW, Creagh CE, et al. Progesterone for outpatient
treatment of Pickwickian syndrome. Ann Int Med. 1975;83(4):476–479.

60. Matsumoto AM, Sandblom RE, Schoene RB, et al. Testosterone replacement
in hypogonadal men: effects on obstructive sleep apnoea, respiratory drives,
and sleep. Clin Endocrinol. 1985;22(6):713–721.



CHAPTER 45 ■ CARDIOVASCULAR SYSTEM
MICHAEL SCHLAME r THOMAS J. J. BLANCK

STRUCTURE OF THE HEART

St ruct ure of Card iac Myocyt e s

Cardiac myocytes are the main cell type of cardiac tissue (1).
They have two important functions: (a) to contract in response
to an electrical stimulus and (b) to pass the electrical stimulus
on to neighboring cells. The simultaneous performance of these
two activities requires a highly specialized array of intracellu-
lar membranes and contractile elements. Cardiac myocytes are
distinct in many ways from skeletal muscle cells. For instance,
cardiac myocytes are approximately 10 to 15 µ m in diameter
and about 50 µ m long, which is only a fraction of the size of
skeletal myocytes, which may extend up to several centimeters.

Cardiac myocytes are surrounded by the sarcolemma, a spe-
cialized plasma membrane that harbors the pumps responsible
for ion exchange between the intracellular and the extracellu-
lar space (see section 2). The sarcolemma not only lines the
surface of the cardiac myocyte, but it also forms a series of
tubular invaginations, so-called T tubules (transverse tubules).
These tubules effectively increase the surface area of the cell
and bring the extracellular environment into close proximity
of intracellular structures. T tubules are rich in L-type calcium
channels, so that extracellular calcium gets delivered rapidly
into the core of the cell.

Cardiac myocytes contain a number of organelles in specific
spatial arrangement. These organelles include sarcomers, mi-
tochondria, the sarcoplasmic reticulum, the nucleus, and the
Golgi apparatus. Sarcomeres (about 50% of cell volume) and
mitochondria (30% to 40% of cell volume) are the dominant
components of cardiac myocytes (Fig. 45.1). These two or-
ganelles are responsible for contraction and supply of energy,
respectively. It is therefore not surprising that the majority of
inborn cardiomyopathies are caused by defects in either of
these structures. The cardiac sarcomere consists of (a) actin
filaments, built from actin monomers with associated troponin
and tropomyosin; and (b) myosin filaments (see section 3). The
sarcomere structure of the heart is similar to that of the skele-
tal muscle. Between the sarcomere bundles, mitochondria form
elongated sacs, which are oriented parallel to the sarcomeres,
reflecting a close spatial relationship between intracellular en-
ergy supply and energy consumption.

The sarcoplasmic reticulum is a network of tubes and cysts,
spreading throughout the cell. Together with the T tubules, the
sarcoplasmic reticulum accounts for about 2% of the cellu-
lar volume. The cisternal parts of the sarcoplasmic reticulum
lie in close apposition to the T tubules. The two structures
interact closely in order to generate cyclic changes in the cal-
cium concentration. These signaling events are triggered by
the depolarization-induced influx of calcium through the T

tubules, which causes a second wave of massive release of cal-
cium from the sarcoplasmic reticulum (see section 2).

Finally, cardiac myocytes contain a nucleus that accounts
for about 5% of the cell volume. The nucleus is localized in the
center of the cell and is associated with the rough endoplasmic
reticulum, where the synthesis of proteins takes place. Some of
the proteins are then processed in the Golgi apparatus, which
is also associated with the endoplasmic reticulum.

Cardiac myocytes form a functional syncytium in which
cells act in concert, both mechanically and electrically. This
aspect requires sophisticated communication between cardiac
myocytes at the intercalated discs, a specialized portion of the
sarcolemma where individual cells make contact with each
other. Intercalated discs send processes deep into the neighbor-
ing cell, which creates an interdigitating junction with a large
surface area. Mechanical cooperation between cells is provided
by specific anchor sites for actin filaments and by spot desmo-
somes that allow actin filaments to run from one cell to another.
Electrical cooperation between cells is provided by gap junc-
tions that contain microchannels. Gap junctions allow the pas-
sage of ions and small molecules between adjacent myocytes.

The above discussion applies mostly to the prototype of
cardiac myocytes located in the ventricular myocardium. How-
ever, the heart contains three modifications of this prototype:
(a) atrial cardiomyocytes located in the right and left atrium,
(b) pacemaker cells located in the sinoatrial and atrioventricu-
lar nodes, and (c) Purkinje cells located in the Tawara branches.
Atrial cardiomyocytes are smaller than ventricular cardiomy-
ocytes (about 20 µ m long and 5 µ m in diameter) and they
are elliptical in shape. They have a lesser concentration of T
tubules than ventricular cells, but many more intercellular con-
nections, both end to end and side to side, in order to spread the
electrical impulse rapidly. Pacemaker cells have the ability to
generate an action potential, and Purkinje cells have the ability
to transmit this action potential with high speed. Both pace-
maker and Purkinje cells are myocytes in principle, but they
have specialized electrical properties. On the other hand, atrial
and ventricular myocytes have specialized mechanical proper-
ties, but they also have the ability to generate and propagate
action potentials.

Gross Anat omy of t he He art

The human heart is a four-chamber pump that ejects blood
by rhythmic contractions (Fig. 45.2). Two thick-walled cham-
bers, the left and the right ventricles, drive the systemic and
pulmonary circulation. Two thin-walled chambers, the left and
the right atria, eject blood into the respective ventricles at the
end of their relaxation phase. Thus, atrial systole occurs during
ventricular diastole and vice versa. Although atrial contractions

682



Chap t e r 45: Card iovascular System 683

FIGURE 45.1. Internal structure of cardiomyocytes. The electron mi-
crograph shows sarcomers (SMs) and mitochondria (M), the dominant
intracellular organelles. Sarcomers form rods, which are surrounded by
a web of sarcoplasmic reticulum (SR). Sarcomers and mitochondria are
oriented in parallel.

may contribute up to 20% of the cardiac output by increasing
ventricular filling, it is, in principle, dispensable, and the heart
may function as a two-chamber pump in patients with atrial
fibrillation or atrial asystole. In order to generate unidirectional
blood flow, valves are positioned at the outflow orifices of each
chamber. The atrioventricular valves (tricuspid and mitral) are
located between atria and ventricles, whereas the semilunar
valves (aortic and pulmonic) are located between ventricles and
main arteries. As a result, the ventricles may close alternatively
their inflow and outflow tract, but atria close their outflow
tract only. For this reason, partial reversal of blood flow may
occur in patients with atrioventricular (AV) valve regurgitation
or in patients with untimely atrial contraction (atrial flutter,
junctional rhythm).

The left ventricle has the shape of a conic cylinder that
contracts by shortening both its long axis and its diameter
(Fig. 45.3). As it connects the left atrium with the aortic root,
it has to pump blood against a large pressure gradient. The
left ventricle is the actual generator of blood pressure and is

FIGURE 45.2. Four-chamber view of the heart by transesophageal
echocardiography. The left drawing shows the orientation of the echo
beam relative to the four heart chambers. The right drawing shows
the four chambers in the echocardiographic image. LA, left atrium;
RA, right atrium; LV, left ventricle; RV, right ventricle; A, anterior; P,
posterior; R, right; L, left.

FIGURE 45.3. Transgastric view of the left ventricle. The left drawing
shows the orientation of the echo beam relative to the heart chambers.
The right drawing shows the two ventricles in the echocardiographic
image. LV, left ventricle; RV, right ventricle; AL, anterolateral papillary
muscle; PM, posteromedial papillary muscle; A, anterior; P, posterior;
R, right; L, left.

the main engine of blood flow. In extreme cases, such as in
patients with Fontan correction of congenital defects, the en-
tire circulation may be driven by a single left-type ventricle
(2). The ventricular wall consists of three distinct layers of tis-
sue: the endocardium, the myocardium, and the epicardium
(3). The endocardium is endothelial tissue that lines the ven-
tricular cavity. It covers the inside of the myocardium, includ-
ing the beamlike projections of the myocardium in the ventricle
called trabeculae. The myocardium is the middle layer that con-
tains the contractile cardiac myocytes. The myocardium makes
up most of the ventricular wall, which is about 1 cm thick. The
outside of the myocardium is covered by epicardium. The space
between epicardium and myocardium contains coronary blood
vessels and some fat tissue.

The right ventricle has a more complex geometry than the
left ventricle (Fig. 45.4). It consists of a trabeculated inflow
tract and a nontrabeculated outflow tract, both of which are

FIGURE 45.4. Echocardiographic view of the right ventricle. It is di-
vided into a right ventricular inflow tract (RVIT) and a right ventricular
outflow tract (RVOT). In this view, the right ventricle wraps around
the aortic valve, of which all three cusps are seen in cross section.
LCC, left coronary cusp; RCC, right coronary cusp; NCC, noncoro-
nary cusp; LA, left atrium; RA, right atrium; MPA, main pulmonary
artery; A, anterior; P, posterior; I, inferior; S, superior.
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separated by a small muscle bundle, called the crista supraven-
tricularis (4). Blood flows downward into the inflow tract,
which also contains the papillary muscles of the tricuspid valve,
and then upward into the outflow tract, and through the pul-
monic valve. The wall of the right ventricle is thinner and more
compliant than the wall of the left ventricle. Therefore, the right
ventricle may accommodate an increase in blood volume with
little change in end-diastolic pressure.

The right and left atria are the receiving chambers of the
heart. They are functional extensions of the large veins and
have a muscular wall that is 2 to 3 mm thick. The right atrium
is located superior and medial to the right ventricle. It receives
blood from the superior vena cava, the inferior vena cava, and
the coronary sinus. The left atrium is located superior and
posterior to the left ventricle. It receives blood from four pul-
monary veins that enter the posterior wall of the left atrium
in the left inferior, left superior, right inferior, and right su-
perior position (Fig. 45.5). Atria have trabeculated auricular
appendages of variable size. These appendages may become
the site of blood clot formation.

The atrioventricular valves originate from connective tissue
rings located at the atrioventricular junction. The valves are
formed from endocardial tissue flaps that grow into the lumen
of the junction. The free edges of the flaps are anchored to
papillary muscles of the ventricular myocardium via chordae
tendineae. The right-sided tricuspid valve has three flaps (ante-
rior, posterior, and septal), whereas the left-sided mitral valve
has only two (anterior and posterior). The semilunar valves are

FIGURE 45.5. Veins and arteries of the four heart chambers. Superior
vena cava (SVC), inferior vena cava (IVC), and coronary sinus (CS)
empty into the right atrium. Left upper (LU), left lower (LL), right up-
per (RU), and right lower (RL) pulmonary veins (PVs) empty into the
left atrium. The aorta (Ao) receives blood from the left ventricle and
the pulmonary artery (PA) receives blood from the right ventricle. The
positions of the four heart valves are shown in anteroposterior pro-
jection: 1, tricuspid valve; 2, mitral valve; 3, aortic valve; 4, pulmonic
valve.

FIGURE 45.6. Anteroposterior projection of the cardiac silhouette on
x-ray film of the chest. SVC, superior vena cava; RA, right atrium; Ao,
aorta; LPA, left pulmonary artery; RV, right ventricle; LV, left ventricle.

derived from the same connective tissue ring as the atrioventric-
ular valves. However, they have a smaller orifice and smaller,
semi-lunar cusps that grow into the lumen of the main arteries.
These cusps close the valvular orifice if there is sufficient back
pressure from the arterial side. The three cusps of the pulmonic
valve are positioned anterior, left, and right. The three cusps of
the aortic valve are referred to as left coronary, right coronary,
and noncoronary. The aortic valve is tilted about 40 degrees
to the horizontal plane. The pulmonic valve is oriented near
perpendicularly to the aortic valve.

Critically ill patients are routinely followed by serial radio-
graphic studies of the chest. The anteroposterior projection of
the cardiac silhouette on radiographs may yield specific infor-
mation about the structures that contribute to the silhouette
borders (Fig. 45.6). The right border of the silhouette is formed
by the superior vena cava and the right atrium. The left border
is formed by the aortic arch, the left pulmonary artery, and the
left ventricle.

Pace make rs and Cond uct ion Syst e m

As mentioned in section 1.1, the heart contains a group of
specialized cardiac myocytes with pacemaker activity and high
conductivity, but with virtually no contractile function. These
cells are distributed throughout the heart via the so-called con-
duction system that stretches from the junction of the supe-
rior vena cava all the way to the apex of the heart, and from
there into the working myocardium of both ventricles (Fig.
45.7). The conduction system includes the sinoatrial node, the
atrial conduction pathways, the atrioventricular node, the bun-
dle of His, left and right bundle brunches, and the Purkinje
system (3).

The sinoatrial node is located at the junction of the right
atrium and the superior vena cava. The node is 4 × 20 mm
in size, and contains a collection of specialized cardiac my-
ocytes with very dependable automaticity. The ability of these
cells to depolarize spontaneously in short constant time inter-
vals makes them the physiologic pacemaker, silencing all other
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FIGURE 45.7. Major pathways of the cardiac conduction system. SA,
sinoatrial node; INT, internodal tracts; BB, Bachmann bundle (con-
nection between left and right atria); AV, atrioventricular node; His,
bundle of His; RBB, right bundle branch; LBB, left bundle branch; CS,
coronary sinus.

potential centers of automaticity in the heart. The rate of de-
polarization of the sinoatrial node is under control of the
autonomic nervous system (see section 2). Parasympathetic im-
pulses from the vagus nerve (cranial nerve X) decrease the rate
of depolarization, whereas sympathetic impulses from acceler-
ator fibers (originating from ventral roots T1-T4) increase the
rate of depolarization.

Because of its anatomic location, the sinoatrial node directly
depolarizes the right atrium. In addition, the sinoatrial activ-
ity is conducted to the left atrium via the Bachmann bundle.
Additionally, internodal conduction pathways exist to facili-
tate the transmission of electrical impulses from the sinoatrial
node to the atrioventricular node. The atrioventricular node
is only 2 × 4 mm in size. It is located near the ostium of the
coronary sinus on the right side of the central fibrous body
that provides the scaffold of the four heart valves at the atri-
oventricular junction. The atrioventricular node is the main
conduction pathway that links atrial and ventricular depolar-
ization. However, additional strands of conducting muscle tis-
sue are sometimes present in normal human hearts and may
become functionally active under pathologic conditions (e.g.,
pre-excitation syndromes). Like the sinoatrial node, the atri-
oventricular node has the ability to depolarize spontaneously,
but its activity is normally suppressed by the sinoatrial node
because the latter fires at a much higher rate. Nevertheless, the
atrioventricular node may become the dominant pacemaker in
patients with sinus node dysfunction (junctional heart rhythm).

The atrioventricular node transmits the depolarization wave
to the bundle of His, a 20-mm-long array of fibers that extends
from the node posteriorly and inferiorly into the interventricu-
lar septum. The conduction of impulses through the atrioven-
tricular node is delayed in order to allow enough time between
atrial and ventricular systole. This delay also limits the num-
ber of impulses that can be transmitted to the ventricles, so that
patients with atrial fibrillation do not develop life-threatening
ventricular fibrillation. The bundle of His penetrates the central
fibrous body between the tricuspid, mitral, and aortic valves. It
divides at the top of the interventricular septum into the right
and left bundle branches. The bundle branches travel down-
ward in the interventricular septum toward the papillary mus-
cles. They connect to the Purkinje system, which activates the
ventricular myocardium.

Coronary Pe rfusion

Blood is supplied to the heart through the right and left main
coronary arteries, which arise from ostia located near the top of
the sinus of Valsalva (Fig. 45.8). The left coronary artery divides
after a 2- to 10-mm course into the left anterior descending
artery and the circumflex artery. The left anterior descending
artery gives off two diagonal branches, and supplies primarily
the left ventricle and the interventricular septum as well as a
small portion of the anterior wall of the right ventricle next to
the septum (Table 45.1). The circumflex artery travels posteri-
orly around the heart and supplies the left atrium and the left
ventricle. In 10% to 15% of patients, the circumflex artery
continues as the posterior descending artery (left dominant

FIGURE 45.8. Coronary arteries. Dotted lines are on the posterior as-
pect of the heart. LM, left main coronary artery; CX, circumflex artery;
OM, obtuse marginal artery; LAD, left anterior descending artery; D1,
first diagonal artery; D2, second diagonal artery; PL, posterolateral
artery; RCA, right coronary artery; PD, posterior descending artery.
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TA BLE 4 5 . 1

CORONARY BLOOD SUPPLY

Artery Supplied structure

LAD LV (anterior, lateral, and apical walls;
anterolateral papillary muscle)

RV (portion of anterior wall)
IVS (anterior two thirds, most of bundle branches)

CX LA
LV (lateral, posterior, and inferiora walls;

anterolateral and posteromediala papillary
muscles)

IVSa (posterior third, proximal bundle branches)
SA nodea

AV nodea

RCA RA
RV
LVa (inferior wall, posteromedial papillary muscle)
IVSa (posterior third, proximal bundle branches)
SA nodea

AV nodea

aVariable blood supply coming either from RCA or from CX.
LAD, left anterior descending artery; CX, circumflex artery; RCA,
right coronary artery; LV, left ventricle; RV, right ventricle; IVS,
interventricular septum; LA, left atrium; SA, sinoatrial; AV,
atrioventricular; RA, right atrium; RV, right ventricle.

coronary circulation). In these cases, the circumflex artery is
the main blood supply to the inferior wall of the left ventri-
cle, the posterior third of the interventricular septum, and the
atrioventricular node. However, in 85% to 90% of patients,
these structures are supplied by the right coronary artery (right
dominant coronary circulation). In addition, the right coronary
artery supplies the right atrium and most of the right ventricle.
The right coronary artery delivers blood to the sinoatrial node
in 50% to 60% of patients. In all others, the sinoatrial node is
supplied by the circumflex artery.

Venous return of coronary blood occurs mostly through the
large coronary sinus that enters the right atrium through its

posterior wall. Blood coming from the anterior wall of the
right ventricle may also drain directly into the right atrium via a
variable number of anterior right ventricular veins. In addition,
there are tiny venous outlets, called thebesian veins that drain
blood directly into the four heart chambers. The thebesian veins
of the left atrium and the left ventricle contribute to physiologic
right-to-left shunting.

Coronary blood flow equals coronary perfusion pressure
divided by coronary vascular resistance. Since intramural pres-
sure in the ventricular wall usually exceeds venous pressure, the
coronary perfusion pressure is the difference between the pres-
sure in the aortic root and the pressure in the ventricles. During
systole, when left ventricular pressure approaches aortic pres-
sure, the left ventricle becomes largely cut off from the blood
supply. Thus, left ventricular blood flow is unique in that it is
intermittent rather than continuous. In contrast, blood flow to
the right ventricle and the atria is more continuous.

Coronary blood flow is strictly controlled by autoregula-
tory changes in coronary vascular resistance. Coronary arteries
dilate in response to increased metabolic demand. The mecha-
nism by which coronary resistance changes is complex, involv-
ing an array of signals, such as adenosine, prostaglandins, pro-
tons, carbon dioxide, oxygen, and nitric oxide. For instance,
adenosine, a powerful vasodilator, may be secreted by cardiac
myocytes that surround the small arteries and arterioles of the
coronary circulation. However, small arteries and arterioles are
also innervated by the sympathetic nervous system, which adds
extrinsic control to the autoregulatory mechanisms. Sympa-
thetic control may involve both constriction of blood vessels
via α1 receptors and dilation of blood vessels via β 2 receptors.
Coronary constriction appears to be important in equalizing
blood flow through the layers of the heart (1).

ELECTRICAL CYCLE OF THE HEART
The electrical cycle of the heart derives from the excitable na-
ture of each cardiac myocyte. These are typical cells that have
become specialized in two major ways: (a) to transmit electrical
signals and (b) to transduce that electrical signal into a mechan-
ical function, contraction (Fig. 45.9). We will first examine the
excitable characteristics of the individual cardiac myocyte.

FIGURE 45.9. A schematic representing a cardiac
myocyte demonstrating a few of the important Ca2+

regulatory sites. TnC represents troponin C and RyR
represents the ryanodine receptor.
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Re st ing Me mb rane Pot e nt ial

As already discussed above, the cardiac myocyte is engulfed by
a plasma membrane called the sarcolemma, which ensures the
separation of the intracellular from the extracellular environ-
ment. The sarcolemma is a lipid bilayer with many voltage-
and ligand-gated ion channels and other pumps, transporters,
and receptors that allow the cell to fulfill its excitable func-
tion. The most significant elements of the sarcolemma that al-
low the electrical signals to be both generated and transmitted
are the voltage-gated ion channels, the Na+ –Ca2+ exchanger
and the Na+ -K+ -ATPase electrogenic pump. While every cell
has a membrane potential, the factor that makes cardiac cells,
and other excitable cells such as neurons, unique is the high
density of voltage-gated ion channels. However, unlike other
excitable cells, intercalated discs and their imbedded gap junc-
tions allow the conduction of an electrical impulse between
adjacent cardiac myocytes.

The cardiac myocyte has an electrical cycle that lasts from
500 to 800 msec, while the action potential (AP) is 300 msec
or less (5). Therefore, there is a significant period of time when
the cardiac myocyte is at “ rest.” At rest, the myocyte is relaxed
and is maintained at its resting membrane potential, Em. The
resting membrane potential results from the open K+ channels
in the sarcolemma and the small “ leak” of Na+ through the
sarcolemma. The resting membrane potential is described by
the Nernst equation, which takes into account the permeabil-
ity of the sarcolemma and its ion gradients. Since K+ channels
are the only open channels at rest, the resting membrane po-
tential is strongly dependent on the intra- and extracellular K+

gradient.

EK = 61.54 log10 ([K+ ]o / [K+ ]i

EK is the potential due to the K+ gradient, [K+ ]o is the extracel-
lular K+ concentration, [K+ ]i is the intracellular K+ concentra-
tion, and 61.54 is a conversion factor (2.303 × RT/zF), which
includes z, the valence of K+ ; F, the Faraday constant; R, the gas
constant; the body temperature in Kelvin; and 2.303, the factor
to transform a natural log into a logarithm to the base 10. De-
pending on the values used for extra- and intracellular K+ , the
resting membrane potential is calculated to be between –80 and
–90 mV. Since the sarcolemma is not completely impermeable
to all ions, ion gradients and the resulting membrane potential
would ultimately dissipate if the Na+ -K+ -ATPase pump were
not able to maintain the K+ gradient. The Na+ -K+ -ATPase
pump hydrolyzes adenosine triphosphate (ATP) to adenosine
diphosphate (ADP) in order to eliminate three Na+ from
the cell for every two K+ that are pumped into the cell until
electrical and chemical energy is balanced, resulting in a rest-
ing membrane potential of approximately –85 mV for cardiac
myocytes.

Act ion Pot e nt ial

Within the sinoatrial (SA) node are pacemaker cells that contain
few contractile elements, but have the important characteristics
of spontaneous diastolic depolarization. The pacemaker cells
undergo a gradual depolarization from their “ resting” mem-
brane potential of –65 mV to approximately –40 mV, which is
the threshold at which an action potential is initiated.

The action potential is a regenerative all-or-none event that
occurs when the membrane potential depolarizes to a level
where a sufficient number of ion channels open, leading to an
inward current that can begin a positive feedback loop (6). The
predominant ion channels responsible for the action potential
in the SA node pacemaker cells are T- and L-type Ca2+ chan-
nels. The T- and the L-type channels activate and inactivate ten
times more slowly than Na+ channels and provide the broader
profile of the SA and AV nodal AP, as well as the long plateau,
which is evident in the AP of both the atrial and ventricular
cardiac myocyte (Fig. 45.10). The dependence on Ca2+ as the
depolarizing current makes the SA and AV nodes particularly
sensitive to pharmacologic manipulation with Ca2+ channel
blockers.

The configuration of the SA node AP is markedly different
from that in the atrial and ventricular cardiac myocytes, where
voltage-gated Na+ channels predominate and provide the ma-
jor fast inward current responsible for depolarization. Figure
45.10 provides examples of the action potentials from the SA
node through the atria and the AV node down the bundle of His
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FIGURE 45.10. The surface electrocardiogram at the top of the figure
and the action potential profiles throughout the heart and their tem-
poral relationships to each other. SA, sinoatrial; AV, atrioventricular.
(Reused with permission from Lynch C. Cellular electrophysiology of
the heart. In: Lynch C, ed. Clinical Cardiac Electrophysiology: Periop-
erative Considerations. Philadelphia: JB Lippincott; 1994:1.)
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ulum (SR) Ca2+ transport as a cardiac pacemaker. Af-
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the SR with Ca2+ and triggers, via the ryanodine re-
ceptor, a local SR Ca2+ release, which triggers a Na+ –
Ca2+ exchange current leading to the depolarization of
the sinoatrial nodal cell. SL, sarcolemma. (Reused with
permission from Bers DM. The beat goes on. Circ Res.
2006;99:921.)

and Purkinje fibers into the ventricle. As can be seen, the rate of
depolarization in the SA and AV nodes is considerably slower
than in the rest of the heart. The reversal of the depolarization
of the SA nodal pacemaker cells results at the peak of depola-
rization, with opening of delayed rectifier K+ channels that pro-
vide the outward positive current to nullify the previous influx
of positive ions, leading to repolarization of the cell.

The action potential in ventricular cardiac myocytes has a
markedly different time course. As an AP passes from the con-
duction system to the ventricular cardiac myocytes, the voltage-
gated Na+ channels provide the positive inward current that
depolarizes the ventricular myocyte. The entry of Na+ is rapid,
as can be seen from the fast upstroke of the action potential,
which has been named phase 0, and is due in part to the kinetic
characteristics of the voltage-gated Na+ channel, which shows
rapid activation and rapid inactivation (Fig. 45.11). The mem-
brane potential moves toward the Nernst potential for Na+ ,
ENa

+ . Phase 1 describes the notch in the AP that is seen at the
initial reversal of the depolarization and is due to Na+ channel
inactivation and the transient outward flow of K+ and inward
flow of Cl–. However, at this time, complete repolarization is
delayed due to the opening of L-type voltage-gated Ca2+ chan-
nels, allowing the influx of Ca+ —important for contraction—
and resulting in a plateau of the AP, known as phase 2. At the
plateau, the membrane potential is held near 0 mV for about
100 msec, which leads to the activation of an outward K+

current. Phase 3 describes the termination of the AP and the
repolarization of the cell with the outflow of K+ ions due to the
opening of K+ channels contributing to the delayed rectifier K+

current. At phase 4, the cell has returned to its resting mem-
brane potential, reestablishing its ion gradients with the activity
of the Na+ -K+ -ATPase pump and the Na+ –Ca2+ exchanger.

Aut onomic Cont ro l of t he
Card iac Ele ct rical Act ivit y

The autonomic nervous system plays a major role in control-
ling the initiation of the heart beat and the rate of pacemaker

firing. Both parasympathetic and sympathetic nervous inputs
converge on the SA and AV nodal cells, exerting opposite in-
fluences on heart rate (7).

Parasymp at he t ic
The parasympathetic nervous system contributes nerve fibers
from its cranial outflow through the cervical ganglia where
preganglionic fibers course down to the cardiac plexus, and
from there send postganglionic unmyelinated axons that im-
pinge on the SA and AV nodal cells. The cardiac plexus is di-
vided into a superficial and deep plexus. The superficial plexus
is found at the base of the heart at the arch of the aorta, while
the deep plexus is found on the anterior aspect of the trachea
near its bifurcation. The parasympathetic fibers carried by the
vagus nerve are cholinergic and release acetylcholine (ACh)
when activated. ACh has three principal actions that result in
the slowing of heart rate and a decrease in contractility. ACh
activates an outward K+ current, which leads to hyperpolar-
ization and reduction of the slope of the spontaneous diastolic
depolarization of SA and AV nodal cells. In atrial cells, the
duration of the AP is decreased, leading to a decrease in the
atrial filling phase and a consequent decrease in contractility. A
third mechanism of inhibition that occurs through ACh synap-
tic release and muscarinic activation is a decrease in ICa (the
entry of calcium into atrial myocytes upon initiation of the ac-
tion potential), which leads directly to a decrease in atrial con-
tractility (7).

Symp at he t ic
Sympathetic nervous input to the heart derives from pregan-
glionic neurons in the upper four or five thoracic spinal seg-
ments. Axons pass to postganglionic neurons in thoracic and
cervical ganglia. The cervical ganglia supply the superior, mid-
dle, and inferior cardiac nerves to the cardiac plexus where
they meet the thoracic cardiac nerves from the thoracic gan-
glia. Sympathetic nervous outflow then supplies the pacemaker
cells in the SA and AV nodes, the conduction system, and both
the atrial and ventricular myocytes. β -Adrenergic activation
through the sympathetic input to the heart leads to cardiac
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acceleration and increased contractility. Norepinephrine is the
major adrenergic synaptic mediator in the heart. The action
of adrenergic stimulation is relatively simple: To increase the
heart rate. The mechanism of this effect, however, is complex.
β -Adrenergic stimulation leads to increased activation of If,
the inward current that accelerates diastolic depolarization, so
that a threshold is reached earlier in the AP, leading to ear-
lier opening of L-type Ca2+ channels, since their threshold is
reached sooner. The L-type Ca2+ channel is also activated by β -
adrenergic stimulation. The channel is phosphorylated, which
results in faster channel opening and more frequent channel
openings. Depolarization is thus faster, leading to faster acti-
vation of IK and repolarization. The net result is more frequent
firing of the AP and a faster heart rate (7).

Recent work has focused on the primacy of Ca2+ in regu-
lating the pacemaker function of the SA node (8,9). Bogdanov
et al. (8) have proposed that the ryanodine receptor (RyR) in
SA nodal cells is important in regulating the firing rate of the SA
node. They have demonstrated that the interaction of the sar-
coplasmic reticulum (SR) Ca2+ pump, intraluminal Ca2+ , the
RyR receptor, and the Na+ –Ca+ exchanger can work in concert
toward diastolic depolarization and activation of a regenera-
tive AP. Blocking of RyR Ca2+ release limits depolarization,
while β -adrenergic stimulation activates the SR Ca2+ pump
and RyR gating, resulting in more Ca2+ sparks and faster refir-
ing of APs (Fig. 45.11). While this proposal is new, it certainly
broadens the previous view of pacemaker generation and uni-
fies aspects of pacemaker activity and arrhythmia generation.

If both parasympathetic and sympathetic inputs to the heart
are totally blocked pharmacologically, the heart rate actually
increases, as manifested by the overriding parasympathetic in-
hibition seen in most individuals (7).

CONTRACTION–RELAXATION
CYCLE OF THE HEART

Init iat ing Eve nt s

The concerted and synchronous activity of the heart for the ap-
proximately 2.5 billion heart beats over a lifetime depends on
tight physiologic control; that is, the spontaneous and rhythmic
electrical activity of the pacemaker cells must be transformed
into regular and synchronized contraction and relaxation. The
atrial and ventricular myocytes are designed to provide this
contractile function. Each cardiac myocyte transforms electri-
cal activity into a synchronized contraction. The electrical sig-
nal is uniformly passed through gap junctions from cardiac
myocyte to cardiac myocyte, producing the AP previously de-
scribed. The unique characteristic of the AP essential for the
initiation of the contractile process is the plateau phase (10).
The plateau phase, as seen in Figure 45.12, is due to the pro-
longed opening of the L-type Ca2+ channel, which provides an
inward positive current of Ca2+ , thus maintaining the depo-
larization for a prolonged period. The entry of Ca2+ through
the L-type channel initiates the sequence of events leading to
contraction.

Role of Calcium

As already explained in section 1, the ventricular myocyte has
an extensive membranous system called the T tubules that al-

Ca Na

SL

Ca

SR Ca

PLB
ATPas e

RyR

FIGURE45.12. The ventricular cardiac myocyte action potential (AP).
The numbers along the AP indicate the phases of the AP. The lower
panel schematically represents the relative quantity and temporal rela-
tionship of the ionic movements involved in the AP. SL, sarcolemma;
RyR, ryanodine receptor; SR, sarcoplasmic reticulum; PLB, phospho-
lamban. (Reused with permission from Barber MJ. Class I antiarrhyth-
mic agents. In: Lynch C, ed. Clinical Cardiac Electrophysiology: Peri-
operative Considerations. Philadelphia: JB Lippincott; 1994:85.)

low the extracellular fluid to invaginate into the central re-
cesses of the cell (Fig. 45.13). Depolarization that occurs with
the action potential leads to the opening of L-type Ca2+ chan-
nels. The L-type channels are present in the T-tubular structure
and are in close apposition to the calcium release channels,
known as RyRs, which are located in the SR. Upon depolar-
ization, Ca2+ (ICa) courses through the voltage-gated L-type
Ca2+ channels into the cleft that separates the sarcolemma (T
tubule) from the SR. The cleft is approximately 10 nm wide.
This area of the SR is densely populated with RyRs. The Ca2+

that enters through the L-type channel diffuses through the
cleft to activate RyRs, initiating the opening of the RyR and
the release of large amounts of Ca2+ from the SR. Although it
has yet to be measured, it is estimated that the concentration
of Ca2+ reaches several millimolars and subsequently leads to
the activation of the myofibrils. This process of depolarization,
Ca2+ entry, and subsequent Ca2+ release has been termed Ca2+

sparks. These sparks cause the concerted activation of clusters
of RyRs. Since the T tubules and the SR are spread throughout
the myocyte (Fig. 45.13), the Ca2+ that is released floods the cell
and interacts with the Ca2+ -sensitive protein in the myofibrils,
troponin C.

The activation of contraction is similar in atrial and ven-
tricular myocytes in that depolarization initiates the opening
of Ca2+ channels and the entry of Ca2+ , but quite different in
extent because of the differing architecture of the two types of
myocytes (11) (Fig. 45.13). The major difference is that a T-
tubular network does not exist in the atrial myocyte, resulting
in a markedly different Ca2+ distribution during depolariza-
tion between the atrial and ventricular myocyte. In the ventric-
ular myocyte, a T tubule occurs at every Z line and penetrates
perpendicularly into the myocyte. In addition, the T tubule has
extensive branching but always maintains its intimate relation-
ship to the SR. Furthermore, the SR in the ventricular myocyte
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FIGURE 45.13. Comparison of the
ventricular and atrial sarcoplasmic
reticulum (SR). Note the T-tubular
structure in the ventricular myocyte
and the marked absence of T tubules
in the atrial myocyte. (Reused with
permission from Bootman M, Higazi
DR, Coombes S, et al. Calcium signal-
ing during excitation-contraction cou-
pling in mammalian atrial myocytes. J
Cell Sci. 2006;119:3915.)

forms an intricate network that surrounds the myofibrils, while
the SR in the atrial myocyte forms a much simpler and less
elaborate network. Hence, in the ventricular myocyte, a depo-
larization results in Ca2+ entry and release throughout the cell.
The Ca2+ profile within the ventricular myocyte is thus homo-
geneous due to the synchronous recruitment of Ca2+ sparks
throughout the cell. The profile in the atrial myocytes is quite
different due to the absence of a T-tubular system and the pres-
ence of a “Z-tubular” system. The Z tubule is an SR element
rather than a sarcolemmal element. The Z tubules are tubular
extensions of the SR that are perpendicular to the long axis
of the cell and contain RyRs. There are two main RyR popu-
lations in the atrial myocyte: one population at the periphery
and a second, more extensive population deeper in the atrial
myocyte. A depolarization therefore results in a markedly dif-
ferent Ca2+ profile. One observes mainly a rise in Ca2+ around
the periphery of the cell and not the homogeneous Ca2+ profile
seen throughout the ventricular myocyte.

Depolarization initiates Ca2+ entry. Ca2+ entry initiates
large amounts of Ca2+ release from the RyR to initiate con-
traction. Prior to discussing the elements of contraction, it is
important to consider the process of Ca2+ sequestration that
completes the excitation–contraction–relaxation process. The
SR is an extensive network of tubules and cysts and contains
multiple imbedded proteins, but the two most significant are
the RyR and the Ca2+ pump, known as the SERCA (sarcoen-
doplasmic reticulum calcium pump). The SERCA is essential
for re-establishing the low concentration of Ca2+ in the cytosol,
allowing relaxation to occur. It achieves this by using energy
from the hydrolysis of ATP to pump Ca2+ from the cytosol back
into the SR. However, one must remember that excess Ca2+

from the extracellular space enters the myocyte upon depolar-
ization, and therefore a second mechanism for Ca2+ removal
must exist to re-establish the initial cytosolic Ca2+ concentra-
tion. The additional mechanism is the Na+ –Ca2+ exchanger,
a sarcolemmal protein that exchanges three Na+ ions for one
Ca2+ ion. Recall that excess sodium is pumped out of the cell
by the Na+ -K+ -ATPase pump.

The SERCA is a pump that is regulated by adrenergic stimu-
lation. The SERCA increases its activity (i.e., its ability to utilize

ATP to accumulate Ca2+ within the SR) when exposed to β -
adrenergic stimulation (12). Activation of the SERCA occurs
through a series of kinases, such as protein kinase C, protein ki-
nase A, and calmodulin-dependent protein kinase, which phos-
phorylate a protein called phospholamban (PLB). PLB is bound
to the SERCA in its unphosphorylated form and inhibits pump
activity. β -Adrenergic stimulation of the heart has three major
effects: (a) to enhance tension development, (b) to increase the
rate of tension development, and (c) to increase the rate of re-
laxation. The increased rate of relaxation has been shown to
be mainly related to the phosphorylation of PLB. PLB func-
tions as a brake on the SERCA. In knockout mice deficient in
PLB, heart rate, contractility, and the rate of relaxation are all
markedly enhanced. The SERCA works at a higher frequency
in the absence of PLB, resulting in a greater Ca2+ load in the
SR, which translates into a positive inotropic effect since there
is more Ca2+ available for release from the SR during depolar-
ization. Mutations of PLB have recently been shown in humans
to be associated with heart failure, and PLB and its phosphory-
lation are now considered important potential pharmacologic
targets for the treatment of heart failure (13).

Ca2+ availability is tightly regulated in the myocardial cell
because Ca2+ ions are the switch that finally initiates the con-
tractile process. The final step in the Ca2+ cascade is the binding
of the Ca2+ that floods the myoplasm to troponin C.

Mole cular Int e ract ions

Ca2+ triggers the contractile process by interacting with the
Ca2+ -binding protein, troponin C, which is an integral part of
the sarcomere. The sarcomere is the smallest contractile unit
and is defined from Z line to Z line (Fig. 45.14). The myofibril-
lar structure is made up of interacting filaments, termed thick
and thin filaments. The light area adjacent to the Z line con-
sists of thin filaments, which are polymers of actin monomers
that are anchored to the Z line. The A band consists of over-
lapping thick and thin filaments, and the H band in stretched
muscle is due to thick filaments alone. The thick filament con-
sists of myosin, a large protein made up of six subunits. Each



Chap t e r 45: Card iovascular System 691

Z line
A band I band

Sarcomere

FIGURE 45.14. The sarcomere, the minimal unit of contraction in the
cardiac myocyte. The A band demonstrates the overlap of thick and
thin filaments. The I band represents the thin filaments anchored to the
Z line.

myosin molecule contains two heavy chains, each of 220 kDa;
two essential light chains (MLC1) of about 17 kDa; and two
regulatory light chains (MLC2), each more than 20 kDa. The
myosin molecule has a unique structure (Fig. 45.15) consisting
of a tail area of two long α-helical segments due to the inter-
twining of heavy chains, a hinge area, and two globular head
segments. The heads have a site for actin binding, an ATP bind-
ing pocket, and enzymatic ATPase activity. The MLC1 chains
are bound to the rodlike neck of the heavy chains, and are be-
lieved to mechanically stabilize the myosin heads during force
generation. The MLC2 chains are involved in the beat-to-beat
tuning of force development. Phosphorylation of MLC2 leads
to increased force development and an increased rate of force
development, but a slowing of the kinetics of relaxation (14).
Beside the thin and thick filament made up of actin and myosin,
respectively, a third filament exists, which has been identified
and characterized over the last 35 years. That third filament
consists of the titin molecule. Titin is a giant endosarcomeric
protein that extends from Z line to Z line (15,16) (Fig. 45.16).
It has elastic properties that convey passive force to the car-
diac myocyte. If a myocyte is stretched beyond overlap of the
thick and thin filaments, the restoring force to resting length
is provided by titin. In the cardiac myocyte, two isoforms of
titin exist (N2B and N2BA), which differ in their extensibility.
The N2BA isoform endows the cell with greater compliance.
In patients with diastolic dysfunction and diastolic heart fail-
ure, the less compliant isoform, N2B, dominates. On the other
hand, in patients with systolic heart failure, the more compli-
ant isoform of titin, N2BA, dominates (17). Besides conferring
passive tension to the cell, titin also aligns T tubules and the SR

Tail

Head

FIGURE 45.15. A schematic of the myosin molecule. A two-headed
molecule with a flexible neck and an α-helical tail. The head contains
a binding site for adenosine triphosphate. The head and neck have
attached essential and regulatory light chains that are referred to in the
text.

within the sarcomere and localizes the myosin thick filaments
to a central location within the sarcomere.

The thin filament consists of individual actin molecules of
43 kDa that combine to form long polymer chains in a dou-
ble helical array. Interposed at regular spacing along the actin
double helix are complexes of tropomyosin (Tm) and troponin
(Tn) (Fig. 45.17). Tropomyosin is a linear molecule of approxi-
mately 70 kDa that lies in the groove of the actin double helix.
Tn is found at the amino terminal end of the Tm molecule.
Tn consists of a complex of three protein components: TnT,
TnI, and TnC. Each of these components has a unique func-
tion essential for the orderly contractile process. TnT contains
the binding site for tropomyosin and thus allows the Tn com-
plex to be bound to Tm. TnI is an inhibitory subunit, blocking
the interaction of actin with the myosin head and preventing
force development. Finally, TnC, the molecular switch that ac-
tivates contraction, has four Ca2+ binding sites, two of which
are always occupied, even at a resting cytosolic Ca2+ concen-
tration of 100 to 150 nM. The other two sites are of lower
affinity and only bind Ca2+ when the concentration of Ca2+ is
raised following release of Ca2+ from the RyR during the AP.
Once the two low-affinity sites are filled with two Ca2+ ions,
a conformational change occurs, resulting in a movement of
the Tn complex and Tm and activation of the actin–myosin
interaction (18).

Card iac Cont ract ion Cycle

At the molecular level, contraction and force generation oc-
cur because of the interaction of the myosin head with actin.

Thin
filament

Thick
filament

Z line

ActinMyos inTitin

Z line

FIGURE 45.16. A representation of the
sarcomere, demonstrating the essential
role of the titin molecule in anchoring the
thick filament to the Z line. (Reused with
permission from Katz AM, Zile MR. New
molecular mechanism in diastolic heart
failure. Circulation. 2006;113:1922.)
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FIGURE 45.17. Schematic representation of protein interactions com-
prising the contractile apparatus in the cardiac myocyte. (Reused with
permission from Ruegg JC. Cardiac contractility: how calcium acti-
vates the myofilaments. N aturwissenschaften. 1998;85:575.)

That interaction involves ATP binding and hydrolysis to form
ADP, and the formation of a high-energy Pi intermediate at
the myosin head (Fig. 45.18). Upon attachment of the head to
actin, Pi is released, followed by release of ADP; the “power
stroke” occurs wherein the myosin head changes conforma-
tion, pulling the thin filament toward the Z line. ATP then
binds to a myosin head, leading to detachment of actin and
myosin. ATP is hydrolyzed, forming the Pi intermediate and
the ADP myosin complex, allowing reattachment to another
site on the actin filament, since the relative position of myosin
to actin has changed (19).

Two processes control contractility in the cardiac myocyte:
(a) the length of the sarcomere and (b) the intrinsic contrac-
tility of the contractile elements. It was not until after 1950
that this latter phenomenon was first appreciated (20). The
measurement of contractility in vivo has neither been easy nor
satisfactory to accomplish. Several indices of contractility have
been developed, but they usually require a great deal of techni-
cal expertise and invasive monitoring. Positive peak dP/dt, the
time differential of ventricular pressure, has been employed as
a simple index of contractile function. In order to appropriately
measure it, a high fidelity micromanometer needs to be inserted
into the left or right ventricle. While dP/dt is a simple concept,
it is technically challenging to obtain, and is clearly dependent
on preload, afterload, and heart rate. A further measure of
contractility is the end-systolic pressure–volume relationship
(ESPVR) (21). As can be seen in Figure 45.19, pressure vol-
ume loops may be generated at different ventricular volumes,
and the slope of the line connecting the point of end systole
on a family of loops gives a measure of contractility. However,
even this measurement of contractility has been shown to yield
inconsistent results (22).

Currently, the measure of contractility that appears most
reliable and consistent is the preload recruitable stroke work
(PRSW) relationship. First proposed by Sarnoff and Berglund
in 1954 (23), PRSW has been proven to have a linear relation-
ship to the end-diastolic volume (24). This index of contrac-

Thin Filament

Attachment

Thick Filament
Pi

Pi

Power Stroke

Detachment

ADP
ATP

ATP

Hydrolys is

ADP

FIGURE 45.18. Schematic of the contractile cycle of the actin–myosin
interaction. Energy for contraction is provided by adenosine triphos-
phate (ATP). The myosin head contains enzymatic ATPase activity.
When ATP is hydrolyzed, a high-energy phosphate intermediate (Pi) is
formed on the myosin head. The dissociation of Pi leads to attachment
of actin to myosin, and adenosine diphosphate (ADP) dissociation is
associated with the actin–myosin power stroke.

tility has survived two decades of investigation and appears to
reliably measure contractility despite changes in preload and
afterload. The PRSW is obtained from the integrals of a family
of pressure–volume loops, the measure of stroke work (SW),
at varying end-diastolic volumes (EDVs) (25) (Fig. 45.20). The
relationship is quantified by the following equation:

SW = M W × (EDV − VW)

where M W is the slope and VW is the volume axis intercept
(26).

A plot of the stroke work as a function of end-diastolic
volume or end-diastolic segment length (EDL) then yields a
straight line, with MW representing a measure of contractility.
This index of contractility has been shown to be highly lin-
ear and reproducible. A flat slope demonstrates that preload
produces little increase in SW, suggesting reduced contractil-
ity. On the other hand, an increase in slope suggests an in-
crease in contractility. The difficulty with this relationship is
that its measurement requires manipulation of left ventricular
(LV) pressure and volume. The majority of measurements in
humans have been done during cardiac catheterization. Recent
work, however, has resulted in a modification of the techniques
required to obtain measurement of PRSW. Studies in canines
(27) and humans (26) now show that PRSW and M W can be
estimated from a single steady-state beat with either invasive or
noninvasive techniques (28). In order to determine single-beat
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FIGURE 45.19. The pressure volume loops. The y axis represents the
pressure in the left ventricle, while the x axis represents the volume in
the ventricle. The line connecting pressure–volume loops at end systole
is a straight line called the end-systolic pressure–volume relationship.
(Reused with permission from Sagawa K. The end-systolic pressure-
volume relation of the ventricle: definition, modification, and clinical
use. Circulation. 1981;63:1223.)

PRSW, the following formula has been derived:

SBM W = SWB/ [EDVB − k × EDVB + (1 − k) × LVWall

where SWB is stroke work for a single beat, EDVB is the end-
diastolic volume, LVWall is the LV wall volume estimated from
an echocardiographic LV mass determination, and k is a con-
stant that varies little in healthy and diseased hearts. SWB can
be estimated noninvasively from Doppler-derived SV and an
oscillometric blood pressure measurement.

The pressure–volume loop provides a graphic representa-
tion of the active and passive properties of the heart as a pump.
The shape and position of the pressure–volume loop can be
of great value in characterizing the clinical picture. As shown
in Figures 45.21 and 45.22, a particular pathologic state can
be identified by the pressure–volume loop (29). The pressure–
volume loop for patients with dilated cardiomyopathy and
restrictive cardiomyopathy are markedly shifted to the right,

while in hypertrophic cardiomyopathy, they are shifted to the
left compared to normal individuals. Acute coronary ischemia
also markedly alters the pressure–volume loops. SW can be
calculated from the integration of the loop and gives a good
idea of the energy expenditure involved with each heart beat.
Fortunately, noninvasive techniques are now available to assess
ventricular function in a quantitative way.

BLOOD FLOW AND
BLOOD PRESSURE

Basic He mod ynamic Mod e l

The function of the cardiovascular system is to circulate blood,
which is essential for the maintenance of the internal environ-
ment of the human body. Blood flows only if a pressure gradient
exists. Although blood flow is the purpose of the circulation,
it is blood pressure that is commonly used as a surrogate to
determine its operational performance. Pressure and flow are
related by Ohm’s law:

Q =  P/ R

where Q is the flow (volume per time),  P is the pressure gra-
dient, and R is the resistance to flow. Although this law, in a
strict sense, only holds true for a rigid tube, it has been suc-
cessfully applied to cardiovascular physiology. For instance,
Ohm’s law can be used to calculate the vascular resistance in
patients in whom blood flow (by means of a balloon-tipped
pulmonary artery catheter) and blood pressure (by means of
an arterial catheter) are measured simultaneously. Such mea-
surements have shown that the systemic vascular resistance is
normally about ten times higher than the pulmonary vascular
resistance (Table 45.2). In clinical practice, the systemic vascu-
lar resistance (SVR) is calculated from the cardiac output (Q),
the mean arterial blood pressure (MAP), and the central venous
pressure (CVP):

SVR = (MAP − CVP)/ Q

Likewise, the pulmonary vascular resistance (PVR) is calcu-
lated from the cardiac output, the mean pulmonary artery

PRSW
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FIGURE 45.20. Pressure–segment length loop. In the inset, in-
tegrals of a family of pressure–segment length loops are plotted
against end-diastolic segment length (EDL). The slope of this
relationship, M W, is a measure of contractility. (Adapted from
Pagel PS, Kampine JP, Schmeling WT, et al. Comparison of
end-systolic pressure-length relations and preload recruitable
stroke work as indices of myocardial contractility in the con-
scious and anesthetized chronically instrumented dog. Anesthe-
siology. 1990;73:278.)
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FIGURE 45.21. A comparison of
pressure–volume loops of patients
with distinct types of cardiomyopathy
(CM) in comparison to a normal pa-
tient. (Reused with permission from
Kass DA. Clinical ventricular patho-
physiology: a pressure-volume view.
In: Warltier D, ed. Ventricular Func-
tion. Baltimore: Williams & Wilkins;
1995:131.)

pressure (PAPm), and the capillary wedge pressure (CWP). The
latter is measured after balloon occlusion of a branch of the
pulmonary artery and is normally in equilibrium with the pul-
monary venous pressure:

PVR = (PAPm − CWP)/ Q

These values may be indexed to body surface area.
In a steady state, the blood flow is equal at any two cross sec-

tions in series along the circulation. Thus, the flow through the
aorta equals the flow through all of the systemic capillaries.
Although the aorta is the largest blood vessel, the combined
cross-sectional area of the capillaries far exceeds the aortic
cross section. As a result, the velocity of flow is much lower
in the capillaries than in the aorta.

Ge ne rat ion of Blood Pre ssure

The pressure of the systemic circulation is produced by ejec-
tion of blood from the left ventricle. As a result of this ejection,
blood is accelerated, and the elastic walls of the central blood
vessels are slightly distended. The distension is crucial for nor-

mal circulatory function because it stores potential energy in
vascular structures, resulting in a continuous flow of blood,
even after the actual ejection period is completed. Although
the pressure during the ejection period (systolic blood pres-
sure) is higher than the pressure after the ejection period (dias-
tolic blood pressure), elastic recoil sustains the flow of blood at
all times. The difference between systolic and diastolic blood
pressures is called pulse pressure. The pulse pressure is largely
dependent on the stroke volume and the arterial compliance.
In principle, the same mechanism applies to the pulmonary
circulation. However, the pulse pressure of the pulmonary cir-
culation is much lower, even though the right ventricle ejects
about the same volume per stroke as the left ventricle. The low
pressure in the right-sided circulation is a consequence of the
high compliance of the pulmonary arteries and the low overall
resistance of the pulmonary circulation.

An important indicator of the driving force of the circulation
is the mean arterial pressure. The MAP of one cardiac cycle is
the area under the blood pressure curve (

 
P dt) divided by the

time of the cardiac cycle ( t):

MAP =
 

P dt/  t
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FIGURE 45.22. Pressure–volume loops from a patient prior to and
during acute coronary occlusion. Note the marked shift to the right of
the family of loops during the ischemic period. (Reused with permis-
sion from Kass DA. Clinical ventricular pathophysiology: a pressure-
volume view. In: Warltier D, ed. Ventricular Function. Baltimore:
Williams & Wilkins; 1995:131.)

Determination of MAP by this equation requires invasive mon-
itoring of a continuous blood pressure trace. When blood
pressure is measured by noninvasive techniques, MAP can be
approximated from diastolic (DBP) and systolic (SBP) blood
pressures by the following equation:

MAP = (2DBP + SBP)/ 3

The mean arterial pressure changes very little between the aorta
and the small arteries. However, in arterioles and capillaries, a
large pressure gradient exists, which eventually dissipates the
mean pressure to a value near zero (venous pressure). Despite
the constant mean pressure in all small and large arteries, there
are noticeable changes in systolic and diastolic blood pressure.

TA BLE 4 5 . 2

HEMODYNAMIC VARIABLES

Variable Normal value

Mean arterial pressure 70–105 mm Hg
Systolic blood pressure 90–140 mm Hg
Diastolic blood pressure 60–90 mm Hg
Central venous pressure 0–5 mm Hg
Mean pulmonary artery pressure 10–20 mm Hg
Systolic pulmonary pressure 15–25 mm Hg
Diastolic pulmonary pressure 5–10 mm Hg
Capillary wedge pressure 5–12 mm Hg
Cardiac index (CI) 2.5–3.5 L/min/m2

Stroke volume index (CI/heart rate) 36–48 mL/m2

Systemic vascular resistance index 1,200–1,500 dyne-sec
cm–5/m2

Pulmonary vascular resistance index 80–240 dyne-sec
cm–5/m2

The systolic blood pressure increases from proximal to distal
arteries, whereas the diastolic blood pressure decreases in the
same direction. This phenomenon (i.e., increase in pulse pres-
sure from central to distal) is caused by reflections of the pulse
wave in the vascular tree.

Vascular Re sist ance and Comp liance

The resistance to blood flow is one of the most important phys-
iologic variables, one that constantly changes in response to ex-
ternal and internal factors. The resistance (R) to laminar flow
through a rigid tube can be expressed by Poiseuille’s law, which
states that:

R = 8ηL/ π r4

where η is the viscosity, L is the length of the tube, and r is its ra-
dius (1). Thus, the resistance depends on both the composition
of blood and the properties of blood vessels. Specifically, the
viscosity increases with hematocrit and with the plasma protein
concentration (Fig. 45.23), whereas the radius of blood vessels
is under tight control of the autonomic nervous system (see be-
low). Poiseuille’s law gives only an approximation of the true
hemodynamic resistance because the human circulation devi-
ates in many ways from the conditions under which the law
applies. Blood vessels are not rigid, but they form branching
and tapering elastic tubes; blood flow is not steady but pul-
satile, and it is not necessarily laminar, but has turbulent flow
components at certain locations.

Among the three independent variables of Poiseuille’s law,
it is the radius of blood vessels that undergoes the most sig-
nificant changes. Total vessel radius, adjusted by a fine bal-
ance between vasodilation and vasoconstriction, is the main

FIGURE 45.23. Effect of hematocrit on blood viscosity and oxygen
delivery. Abnormally high hematocrits produce a sharp increase in vis-
cosity, which raises vascular resistance to a point that oxygen delivery
decreases. The decrease in oxygen delivery results from a decrease in
cardiac output, which more than offsets the increase in oxygen-carrying
capacity.
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regulator of vascular resistance. SVR is the net result of the
resistance offered by many vessels arranged both in series and
in parallel. In analogy to electrical circuits, resistances in series
are summed as (1):

SVR = Rarteries + Rarterioles + Rcapillaries + Rvenules + Rveins

In contrast, resistances in parallel are related to total SVR by
the following equation (1):

1/ SVR = 1/ Rcoronary + 1/ Rcerebral + 1/ Rmuscle + 1/ Rsplanchnic

+ 1/ Rrenal + 1/ Rskin + . . .

Individual components of the systemic circulation make very
different contributions to total SVR. In particular, it holds that:

Rarterioles + Rcapillaries > > Rarteries + Rvenules + Rveins

Arterioles in particular are the main targets of the various
regulatory mechanisms that lead to vasodilation or vasocon-
striction. Since the resistances of the coronary, cerebral, and
renal circulations are primarily controlled by local demand,
the main factor that regulates total SVR is the net radius of
arterioles in muscles, skin, and the gut. This net radius is un-
der hormonal and autonomic nervous control and it can be
affected by a number of drugs.

Hormones that are powerful vasoconstrictors include
epinephrine, norepinephrine, angiotensin II, and arginine va-
sopressin (1). Nitric oxide is a vasodilator, with a very short
half-life and an action that is mainly local. The autonomic ner-
vous system exerts control over the SVR by an array of sympa-
thetic fibers that innervate arterioles and capillaries at multiple
sites, which is why sympathetic tone has such a profound ef-
fect on blood pressure. All these mechanisms act in concert and
are linked by reflex pathways, such as the baroreceptor reflex.
The baroreceptor reflex responds to mechanoreceptors located
in the aorta, carotid sinuses, atria, ventricles, and pulmonary
vessels. When the wall of these structures is stretched, receptor
firing increases, which in turn causes complex changes in the
autonomic system, leading to a decrease in sympathetic and
increase in parasympathetic outflow. Reflex integration and
many other regulatory functions that affect SVR are located
in the medulla oblongata.

Although the large arteries and veins do not have a signif-
icant effect on vascular resistance, their elastic properties are,
nevertheless, important for the following reasons. First, sys-
temic arteries expand temporarily during systole, a mechanism
that is used to store potential energy (see above). Second, sys-
temic veins and all pulmonary vessels expand and shrink in
order to accommodate changes in circulating blood volume.
The degree to which vessels can expand is defined by their
compliance (C):

C =  V/  P

where  V is the change in volume that corresponds to a cer-
tain change in transmural pressure  P (pressure difference be-
tween the inside and the outside of the vessel). The compliance
is high in systemic veins and the pulmonary vasculature, which
is why changes in blood volume will primarily affect the vol-
ume of these structures. In contrast, the compliance is low in
the systemic arteries; as a result, their total volume is relatively
stable, and they distend only minimally when the arterial pres-
sure rises during systole. Compliance is inversely related to
resistance.
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DISTRIBUTION OF BLOOD VOLUME

Element of circulation Percent of blood volume

Systemic arteries 10% –12%
Systemic capillaries 4% –5%
Systemic veins 60% –70%
Pulmonary circulation 10% –12%
Heart 8% –11%

Dist rib ut ion of Blood Volume

The circulating blood volume in adults is 60 to 70 mL/kg for
women and 70 to 80 mL/kg for men. In neonates, the blood
volume is 80 to 90 mL/kg. More than half of the blood vol-
ume is present in the venous system, including venules, veins,
and the cava (Table 45.3). As discussed above, the compli-
ance of veins is about 20 times higher than that of systemic
arteries. Thus, small changes in venous pressure are associ-
ated with large changes in venous volume, and the venous sys-
tem serves as a reservoir to accommodate shifts in total blood
volume.

Stroke volume and cardiac output are highly sensitive to
the degree of filling of the cardiac ventricles. Cardiac filling in
turn depends on the central blood volume, which is defined as
intrathoracic blood present in the heart, cava, pulmonary cir-
culation, and intrathoracic arteries. The distribution of blood
between the central (intrathoracic) compartment and the pe-
ripheral (extrathoracic) compartment can change with body
position and with sympathetic tone. Redistribution of blood
occurs mainly between compliant structures, such as the heart,
the veins, and the pulmonary vasculature. The variable por-
tion of the peripheral blood volume is located in the veins of
the extremities and the abdominal cavity. In contrast, the blood
volume in systemic arteries changes very little because of their
low compliance. Changes in central venous pressure can be
used as an indicator of changes in central blood volume. Al-
though this technique is widely employed in the practice of
critical care, it is not very sensitive, and it is only accurate if a
number of preconditions apply, such as normal cardiac func-
tion, normal intrathoracic pressures, and accurate positioning
of the pressure transducer.

Just like the vascular resistance, blood volume and blood
distribution are under endocrine and autonomic nervous con-
trol. Angiotensin II and aldosterone decrease renal excretion
of sodium, which leads to an increase in total plasma volume.
Atrial natriuretic peptide is released into the bloodstream when
atria are stretched, causing increased renal sodium excretion,
which therefore leads to a decrease in plasma volume. Erythro-
poietin is a hormone released by the kidneys that causes bone
marrow to increase the production of red blood cells, which
also increases total blood volume. The distribution of blood
volume is sensitive to the sympathetic tone. High sympathetic
outflow causes venoconstriction in addition to the constriction
of arterioles. The main effect of venoconstriction is an increase
of the central blood volume at the expense of the peripheral
blood volume.
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CHAPTER 46 ■ FUNDAMENTALS OF
CARDIOPULMONARY RESUSCITATION
IKRAM U. HAQUE r ANDREA GABRIELLI r ARNO L. ZARITSKY

Cardiopulmonary resuscitation (CPR) is described as a series
of assessments and interventions performed during a variety of
acute medical and surgical events where death is likely without
immediate intervention. Among these events, sudden cardiac
arrest (SCA) is a leading cause of death in the United States
(1) and Canada (2) in adults. Cardiac arrest (CA) is defined
as “cessation of cardiac mechanical activity as confirmed by
the absence of signs of circulation.” As its name implies, in the
prehospital arena, adult SCA is most commonly due to ventric-
ular fibrillation (VF) (3) secondary to ischemic heart disease;
asystole and pulseless electrical activity (PEA) are less common
initial rhythms with SCA, although these rhythms may rep-
resent the initial identified rhythm in adults who actually ex-
perienced an acute VF or ventricular tachycardia (VT) event.
Although VF and VT are considered to be the most common
out-of-hospital (OOH) arrest rhythms, only 20% to 38% of in-

hospital arrest patients have VF or VT as their initial rhythm.
In contrast, children and young adults require CPR most com-
monly for respiratory arrest, airway obstruction, or drug toxi-
city. VF/VT is identified as the initial rhythm in 5% to 15% of
OOH arrests in children (4). Other conditions such as trauma,
external or internal hemorrhage, and drowning may call for
resuscitation at any age.

Regardless of the cause, immediate and effective CPR can
save lives. In patients with witnessed VF CA, CPR doubles (3)
or triples (5) the rate of survival. Unfortunately, only �27% of
OOH arrest victims receive bystander CPR.

The primary goal of CPR is to generate sufficient oxygen
delivery to the coronary and cerebral circulations in order to
maintain cellular viability while attempting to restore a perfus-
ing cardiac rhythm by defibrillation, pharmacologic interven-
tion, or both.
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IMMEDIATE CONCERNS
Effective CPR can be performed by following a few basic

rules:

■ Immediately assess the environment for danger and move
the patient if necessary. Never assume that an environment
is safe.

■ Minimize the time from cardiac arrest recognition to start-
ing effective CPR. For every minute without CPR during
witnessed VF CA, survival decreased by 7% to 10% in con-
trast to a decrease in survival by 3% to 4% per minute when
bystander CPR preceded attempted defibrillation (6).

■ Defibrillate immediately if a defibrillator is rapidly available
(< 3–5 minutes) in patients with VF. This should be the pri-
mary treatment focus within the first few minutes of SCA
due to ventricular fibrillation. For each minute delay in de-
fibrillation, chances of eventual hospital discharge decreased
by 8% to 10% (7). Note that if the time from arrest to emer-
gency medical service (EMS) arrival and initiation of CPR
is more than 5 minutes, provision of 2 minutes of CPR be-
fore attempted defibrillation was associated with improved
outcome (8,9).

■ “Push hard and fast” during chest compressions and min-
imize the duration of interruptions to reassess the patient’s
rhythm. It is recommended to interrupt chest compressions
only briefly and about every 2 minutes to assess the rhythm
and switch rescuer if feasible.

■ While CPR is in progress, attempt to identify the cause of
arrest. Although the steps of CPR are uniform, other resus-
citation interventions may be indicated based on the cause
of CA. If the patient fails to respond to standard CPR inter-
ventions, think about delayed recognition and recall the H’s
and T’s (Table 46.1) to help identify a potentially correctable
cause for ongoing cardiac arrest.

■ Good teamwork increases the effectiveness of resuscitation
when more than one rescuer is available.

■ Attention to postresuscitation care is an important element
of neurologic outcome. Focus on restoring and supporting
adequate cardiac output and tissue perfusion, monitor and
maintain normal blood glucose concentrations, treat the un-
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POTENTIAL CORRECTABLE PROBLEMS DURING
CARDIAC ARREST: “6 H’S AND 5 T’S”

Hypovolemia
Hypoxia
Hydrogen ion (acidosis)
Hypo-/hyperkalemia
Hypoglycemia
Hypothermia
Toxins
Tamponade, cardiac
Tension pneumothorax
Thrombosis, coronary or pulmonary
Trauma

Adapted from 2005 American Heart Association Guidelines for
Cardiopulmonary Resuscitation and Emergency Cardiovascular Care.
Circulation. 2005;112[24]SIV-1–IV-211.

derlying cause of the arrest, maintain normothermia, and
consider therapeutic hypothermia to maximize survival and
cerebral recovery.

■ If the patient fails to respond to effective CPR, appropriate
judgment is needed in determining when to stop resuscitative
efforts.

Guidelines for CPR and advanced adult and pediatric advanced
life support are published every 5 years by the American Heart
Association (AHA) (10). These guidelines are based on an ex-
tensive evidence-based review by national and international ex-
perts leading to the publication of a consensus on science and
treatment recommendations prepared by the International Li-
aison Committee on Resuscitation (ILCOR) (11,12). ILCOR
is a collaborative organization of American, European, Aus-
tralian, Canadian, South African, and Latin American resusci-
tation councils with the goal of identifying the best resuscita-
tion evidence (13).

OUTCOME OF
CARDIOPULMONARY

RESUSCITATION

Me asuring Out come aft e r Card iac Arre st

Retrospective and prospective observational outcome reports
have been published about the success rates of both in-hospital
and out-of-hospital cardiac arrest, but most of these are single-
center reports with relatively few subjects. More recently,
cardiac arrest events and outcomes have been systematically
monitored in large multicenter settings. To facilitate data com-
parison across communities, international guidelines were pub-
lished for data collection using standard definitions of events
and outcome for both adults and children (the Utstein Guide-
lines) (14–16). In 2000, the AHA established a National Reg-
istry of Cardiopulmonary Resuscitation (NRCPR) to system-
atically collect data on the epidemiology, processes of care,
and outcome of in-hospital CPR (4,17). This comprehensive
database has, at the time of this writing, an excess of 100,000
cardiac arrest events and provides important insights into the
mechanism, logistics, and outcomes of cardiac arrest and helps
evaluate the impact of interventions such as a rapid response
team. The standard consensus terms used to describe outcome
of CA are as follows (13):

1. Successful defibrillation: Termination of fibrillation to an
organized electrical rhythm (including PEA for at least 5
seconds after shock delivery).

2. Return of spontaneous circulation (ROSC): Restoration of
a spontaneous perfusing heart rhythm in the absence of ex-
ternal chest compressions for approximately > 30 seconds.
This term is not applicable when extracorporeal support is
used, such as extracorporeal membrane oxygenation or a
biventricular assist device.

3. Survived event:
a. Out-of-hospital setting: Sustained ROSC with sponta-

neous circulation until admission and transfer of care to
medical staff at the receiving hospital.

b. In-hospital setting: Sustained ROSC for > 20 minutes (or
support of circulation if extracorporeal circulatory sup-
port is applied).
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4. End of event: A resuscitation event is deemed to have ended
when either death is declared or spontaneous circulation is
restored and sustained for 20 minutes or longer. If extra-
corporeal life support is being provided, the end of event is
20 minutes after the establishment of extracorporeal circu-
lation.

5. Survival to hospital discharge: Survival to hospital discharge
is the point at which the patient is discharged from the hospi-
tal acute care unit regardless of neurologic status, outcome,
or destination.

6. Neurologic outcome at discharge: Assessment of neurologic
recovery is measured at discharge in terms of recovery of
consciousness and achievement of precardiac arrest level of
functioning.

Out -of-hosp it al Card iac Arre st

Despite improvement in the scientific basis for resuscitation
practices and extensive efforts at CPR training of lay and pro-
fessional rescuers over the years, the outcome of most adult
victims of out-of-hospital cardiac arrest remains poor, with a
median reported survival to hospital discharge of 6.4% (7,18).
A recent study suggested that adults who had a cardiac arrest
in a public location (i.e., witnessed) were more likely to arrive
to the hospital alive (39% vs. 31% , p = 0.049) and were more
likely to have a good neurologic outcome after 6 months (35%
vs. 25% , p = 0.023) compared with patients who had a cardiac
arrest in a nonpublic location (19).

In children, the epidemiology and physiology of OOH car-
diac arrest is different. In this group of patients, a recent sys-
tematic review of 41 studies of out-of-hospital cardiac arrest,
including trauma, revealed an ROSC of 30% , with survival to
admission of 24% but survival to discharge of 12% and neu-
rologically intact survival of only 4% (20). The initial cardiac
rhythms observed in these children were asystole, 78% ; PEA,
12.8% ; VF/pulseless VT, 8.1% ; and bradycardia with a pulse,
1% .

In-hosp it al Card iac Arre st

Despite efforts to train professional in-hospital rescuers to de-
liver effective CPR and use various devices and therapeutic
drugs during resuscitation, the objective survival rates over
the years have hardly changed (21,22). Currently, in-hospital
cardiac arrest in adults has an overall survival of about 18%
(17,23–25). Analysis of data from the NRCPR found that the
prevalence of VF or pulseless VT as the first documented pulse-
less rhythm during in-hospital cardiac arrest was only 23% in
adults and 14% in children (4). The prevalence of asystole as
the initial rhythm was 35% in adults and 40% in children,
whereas the prevalence of PEA was 32% versus 24% in adults
and children, respectively. The rate of survival to hospital dis-
charge following pulseless cardiac arrest was higher in children
than adults, 27% versus 18% , respectively. Of these survivors,
65% of children and 73% of adults had good neurologic out-
come. After adjusting for known predictors, such as arrest loca-
tion and monitoring at time of arrest, outcome was surprisingly
worse when the rhythm was VF/VT in children compared with
asystole and PEA (4). Further analysis of these data showed
that VF/VT occurred during CPR in children more commonly

than it occurred as the initial rhythm (26). Survival to discharge
is highest (35% ) when VF/VT is the initial rhythm compared
with much worse survival (11% ) if this rhythm develops during
resuscitation (26).

Ne urolog ic Out come

Neurologic outcome is determined by the cause of arrest (e.g.,
degree of shock or hypoxemia prior to arrest), the duration
of no flow, adequacy of flow during CPR, restoration of ade-
quate flow following ROSC, and subsequent injury secondary
to postarrest management such as the occurrence of hyperther-
mia or hypoglycemia. Survivors who ultimately have a good
outcome generally awaken within 3 days after CA. Most pa-
tients who remain neurologically unresponsive due to anoxic-
ischemic encephalopathy for more than 7 days will fail to sur-
vive, and those who do survive often have poor neurologic
recovery (27–29). Neurocognitive impairment ranges from de-
pendency on others for care to remaining in a minimally con-
scious or vegetative state. Achieving good functional outcome
is the ultimate goal for successful CPR because survival with
severe neurologic injury is a terrible cost to patients, their fam-
ily members and friends, and society at large. The financial
implications of caring for these patients with disordered con-
sciousness are substantial (30).

Unfortunately, most studies reporting outcome data lack
these difficult-to-obtain elements or have used crude methods
to describe neurologic outcome, such as the composite scores
from the Glasgow outcome scale (GOS) (31) and Cerebral Per-
formance Category (CPC) (32,33). One important limitation
of these scales is the possibility of wide variation of neurologic
function for the same score. In children, other scales such as
the Pediatric Cerebral Performance Category (PCPC) and Pe-
diatric Overall Performance Category (POPC) have been used
(34–36). Currently, 11% to 48% of CA patients admitted to
the hospital will be discharged with good neurologic outcome
(21,37,38). Recent data from the NRCPR show that neuro-
logic outcome in discharged adult survivors is generally good
with 73% of patients with Cerebral Performance Category 1
(17).

INITIAL CONSIDERATIONS
CPR is primarily based on two principles:

1. Providing artificial ventilation and oxygenation through an
unobstructed airway to maintain gas exchange. Since car-
diac output is limited, the rescuer needs to avoid ventilation
in excess of that required for adequate ventilation/perfusion
matching.

2. Delivering chest compressions to maintain threshold blood
flow, especially to the heart and brain, while minimizing
interruption of compressions.

Basic Life Sup p ort

Basic life support (BLS) is the initial phase of CPR recognized
as the “ABCs” of CPR: A, airway; B, breathing; C, circula-
tion. Effective BLS can provide almost 30% of normal cardiac
output with adequate arterial oxygen content; this is sufficient
to protect the brain for minutes until effective defibrillation or
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other definitive therapeutic maneuvers are provided (39). With
the 2000 guidelines for CPR, a new evidence-based approach to
ventilation during CPR was introduced that continued with the
2005 edition. New evidence from laboratory and clinical sci-
ence led to a de-emphasis on the role of ventilation following a
dysrhythmic cardiac arrest (arrest primarily resulting from an
acute cardiovascular event, such as ventricular fibrillation or
tachycardia) (40). However, after asphyxial cardiac arrest (car-
diac arrest primarily resulting from respiratory arrest and less
commonly from shock), the traditional emphasis on ensuring
airway patency, effective ventilation, and circulation remains
fundamental to achieving survival and the intact neurologic
outcome of patients. The following section summarizes BLS in
adults; differences in BLS for infants and children compared
with adults are seen in Table 46.2.

Airway
After establishing unresponsiveness and calling for help, open-
ing the airway and maintenance of airway patency are the next
steps of CPR. Provision and maintenance of a patent upper air-

way should be provided with the maneuvers listed below. These
maneuvers are described in detail in basic airway management
chapters.

1. Head tilt/chin lift
2. Jaw-thrust maneuver
3. Triple airway maneuver
4. Mandibular forward displacement

If airway obstruction is felt to be present and foreign body
is suspected, immediate removal should be done using basic
airway management guidelines.

Bre at hing
Determination of Apnea. There are several recommended
methods of determining the absence of spontaneous breathing
in an unconscious patient when no pulse oximetry is present.
Spontaneous respiration may be difficult to observe unless the
airway is opened (41). Once airway patency is established, the
rescuer should place his or her ear over the victim’s mouth
and nose. The rise and fall of the chest should be noted while

TA BLE 4 6 . 2

SUMMARY OF BASIC LIFE SUPPORT ABCD MANEUVERS FOR INFANTS, CHILDREN, AND ADULTS FOR LAY
RESCUERS AND HEALTH CARE PROVIDERS (NEWBORN INFORMATION NOT INCLUDED)

Adult Child
Lay rescuer: ≥ 8 y Lay rescuers: 1–8 y Infant

Maneuver HCPs: Adolescent and older HCPs: 1 y to adolescent ≤ 1 y of age

Airway Head tilt–chin lift (HCPs: Suspected trauma, use jaw thrust)

Breathing: Initial Two breaths at 1 sec/breath Two breaths at 1 sec/breath

HCPs: Rescue breathing without
chest compressions

10–12 breaths/min
(approximate)

12–20 breaths/min (approximate)

HCPs: Rescue breaths for CPR
with advanced airway

←−−−−−−−−−−−−−−−−−−−−−−−− 8–10 breaths/min (approximately)−−−−−−−−−−−−−−−−−−−−−−−−→

Foreign body airway obstruction Abdominal thrusts Back slaps and chest thrust

Circulation
HCPs: Pulse check (≤ 10 s)

Carotid Brachial or femoral

Compression landmarks Lower half of sternum, between nipples Just below nipple line (lower
half of sternum)

Compression method
■ Push hard and fast
■ Allow complete recoil

Heel of one hand, other hand on
top

Heel of one hand or as for
adults

Two or three fingers
HCPs (two rescuers): Two

thumb–encircling hands

Compression depth 11/2 to 2 inches Approximately one-third to one-half the depth of the chest

Compression rate ←−−−−−−−−−−−−−−−−−−−−−−−−−−−−Approximately 100/min−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Compression:ventilation ratio 30:2 (one or two rescuers) 30:2 (single rescuer)

HCPs: 15:2 (two rescuers)
Defibrillation AED Use adult pads

Do not use child pads
Use AED after five cycles of

CPR (out of hospital)
Use pediatric system for child

1–8 y if available
HCPs: For sudden collapse

(out of hospital) or
in-hospital arrest use AED
as soon as available

No recommendation for
infants < 1 y of age

Note: Maneuvers used by only health care providers are indicated by HCPs. AED, automated external defibrillator; CPR, cardiopulmonary resuscitation.
Adapted from 2005 American Heart Association Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Circulation.
2005;112[24]SIV-1–IV-211.
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listening for breath sounds and feeling for expired air. The ab-
sence of these signs is indicative of apnea. Frequently, gasping,
gurgling, snoring sounds or agonal respiratory efforts may be
observed during sudden cardiac arrest, especially within the
first few minutes of collapse. This is typically not sustained,
and should not be mistaken for adequate spontaneous respi-
ration. In some instances, the victim may exhibit respiratory
efforts but no air exchange is observed. This indicates severe
upper airway obstruction; opening the airway will facilitate the
resumption of air movement. Despite the widespread diffusion
of these recommendations, studies showed that lay rescuers as
well as professional rescuers are unable to accurately determine
adequate breathing in unresponsive patients (42,43). Currently,
it is recommended that if breathing cannot be confirmed within
10 seconds, two rescue breaths should be given.

Initiation of Rescue Breathing. If the patient is not breathing,
immediate rescue breaths are delivered using the maneuver ap-
propriate for the situation. Most first-responder personnel and
medical professional staff in hospitals are trained to use adjunct
devices during BLS. When a bag-mask ventilation (BMV) is not
immediately available, mouth-to-mouth rescue breathing can
still be life saving.

Intuitively, the presence of vomitus and fear of infectious
contamination can affect the willingness of rescuers to perform
mouth-to-mouth resuscitation. Lawrence and Sivaneswaran
showed that only 13% of 70 hospital staff members surveyed
would use mouth-to-mouth ventilation during CPR and 59%
would prefer to do mouth-to-mask ventilation (44). Specialized
breathing masks with a one-way valve can be utilized during
CPR. The valve prevents the exhaled air from entering the res-
cuer’s mouth.

During both one and two-rescuer CPR, two mouth-to-
mouth breaths are given during a pause after every 30th chest
compression. This ratio is the same for adults, children, and
infants when there is only one rescuer. If two or more pro-
fessional rescuers are present, a 15:2 ratio is used in children
(defined as child if there are no signs of puberty such as facial
hair or breast development) and infants.

Once an advance airway (i.e., endotracheal tube, laryngeal
mask airway [LMA], or pharyngotracheal Combitube) is ob-
tained, chest compressions are given continuously at a rate of
100 compressions per minute without interruption for venti-
lation. A ventilation rate of eight to ten can sufficiently match
the perfusion achieved by chest compression (20% –30% of
normal at best) (45). Rescue breathing when there is a pulse
should not exceed 12 breaths/minute (45).

Manual Resuscitators (Bag-valve Devices). Bag-valve devices
(BVDs) of various designs and sizes are available for adults and
children to deliver manual breaths. A self-inflating, manually
operated bag with a nonrebreathing valve is preferred because
it allows ventilation even if there is no connection to an oxygen
source. This device may be used in conjunction with a face
mask, endotracheal tube, or other invasive airway device.

The standard parts of a BVD include (a) a delivery port
with a 15-mm/22-mm adapter coupling that can be connected
to the mask or tracheal tube; (b) a one-way, non jam valve that
allows a minimum of 15 L/minute oxygen flow rate for sponta-
neous and controlled ventilation; and (c) a system for ensuring
delivery of a high oxygen concentration through an auxiliary
oxygen inlet at the back of the bag or by an oxygen reservoir.

The bag holds a volume up to 1,600 mL. Some pediatric re-
suscitator bags are provided with a 25- to 30-cm H 2O pop-off
valve to avoid excessive positive airway pressure, thereby re-
ducing the risk of gastric insufflation and hyperinflation of the
lungs and subsequent pulmonary barotrauma, but a pop-off
valve is not recommended during CPR in adults since higher
airway pressures may be needed to achieve adequate ventila-
tion. A malfunctioning valve may lead to improper venting and
inadequate ventilation. This can be recognized by the sound of
air escaping through the relief valve while squeezing the bag.
Adjusting or partially occluding a malfunctioning valve may
be life saving.

The operator should be positioned at the top of the victim’s
head. Appropriate face mask size should be selected, the air-
way opened, and a tight seal created covering the mouth and
the nose as described previously. After proper head positioning,
the bag is squeezed to deliver the breath over 1 second. Tidal
volume is sufficient if visible chest rise is present. An oropha-
ryngeal airway or nasopharyngeal airway may be used to facil-
itate bag-mask ventilation in case of upper airway obstruction.
Proper bag-mask ventilation requires training, practice, and
familiarity with the equipment.

A single rescuer may have difficulty maintaining a correct
head position and delivering adequate tidal volume at the same
time (46–48). Thus, two rescuers may be more effective where
one rescuer seals the mask to the mouth, performs a jaw thrust,
and maintains head extension while the other rescuer squeezes
the bag with both hands (49). Oxygen supplementation during
bag-mask ventilation delivers 40% to 60% O2 without an oxy-
gen reservoir and over 90% with an oxygen reservoir (50,51).

Complications associated with the use of a bag-mask de-
vice are primarily due to excessive ventilating pressures caus-
ing pneumothorax, pneumomediastinum, and gastric disten-
tion that can lead to decreased total lung compliance, regurgi-
tation, and gastric rupture (52). Unless the rescuer is proficient
in the use of flow-inflating devices (e.g., Mapleson D system,
typically used by anesthesia personnel) during CPR, it is prefer-
able to use a self-inflating handheld resuscitator bag.

Special consideration should be applied for pediatric pa-
tients. In fact, the pediatric airway may be flattened by exces-
sive extension of the cervical spine during the head tilt–chin
lift maneuver. Smaller breaths must be used to avoid abdom-
inal distention, regurgitation, and pulmonary barotrauma. As
with adults, appropriate tidal volume is characterized by visible
chest rise.

O xygen-powered, Manually Triggered Ventilation Devices.
Oxygen-powered breathing devices may be used when avail-
able during CPR. These simple ventilatory devices require high
oxygen flow rates to overcome air leak (44). Although they may
be able to deliver adequate tidal volumes, high-flow-rate time-
cycled oxygen-powered devices carry a risk of severe gastric
distention when used with a face mask.

Inspiratory Impedance Valve. A small inspiratory impedance
valve device was recently introduced to occlude the airway se-
lectively during the decompression phase of chest compressions
without interfering with exhalation or resuscitation bag venti-
lation. This device, as shown in Figure 46.1, is placed between
the end of an endotracheal tube or face mask and the resus-
citation bag, which then limits air entry into the lungs during
chest recoil or when the patient spontaneously breathes. In the
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FIGURE 46.1. Top center (A) showing an inspiratory impedance valve device (ResQPOD, Advanced
Circulatory Systems, Inc., Minneapolis, MN). The device is applied between the resuscitation bag and
endotracheal tube as shown in bottom left (B) or between the resuscitation bag and face mask as shown
in bottom right (C). (Pictures courtesy of ResQPOD, Advanced Circulatory Systems, Inc., Minneapolis,
MN.)

latter circumstance, the patient needs to overcome the inspi-
ratory threshold pressure for air flow to occur. The resulting
modest reduction in intrathoracic pressure enhances venous re-
turn to the heart between chest compressions and thus cardiac
output. This device has no deleterious effect on ventilation, and
can enhance coronary and cerebral blood flow during CPR in
animals and humans along with a higher rate of ROSC after de-
fibrillation (53,54). An enhancement of cardiac output during
spontaneous ventilation has also been observed in hypovolemic
shock states (55). In spite of the favorable hemodynamic effect,
the use of this device so far has not demonstrated a defini-
tive long-term neurological improvement after ROSC. At the
time of this writing, a large multicenter clinical trial is under
way.

Circulat ion
Determination of Circulation. In the absence of a continuous
arterial line monitoring, palpation for carotid or femoral pulses
has been traditionally the gold standard for a diagnosis of car-
diac arrest. Recent studies, however, showed that both lay res-
cuers (56) and health professionals are unable to accurately
determine the presence or absence of a pulse; most required

more than the recommended 10 seconds to feel confident about
whether a pulse was present (42,57). Based on this observation
that can significantly delay chest compression, the pulse check
was eliminated for lay rescuers and de-emphasized for health
professionals in the 2000 and 2005 guidelines (45,58), where
verification of “no pulse” is not recommended beyond 10
seconds.

Mechanism of Blood Flow during Chest Compression. In the
early 19th century, open cardiac massage was used successfully
by Kristian et al. in the emergency treatment of cardiac arrest
(59). In a short time, this became the method of choice for CPR
(60,61), with variable outcomes reported. Open cardiac mas-
sage requires a thoracotomy and the heart is squeezed directly
by the hands of the rescuer (61,62). The basic idea was to pro-
duce an effective perfusion pressure gradient for blood flow
from the heart to vital organs. Open cardiac massage has been
utilized in a variety of special situations where the access to
the chest is immediately feasible (63–66). For example, in the
cardiac intensive care unit (ICU), open cardiac compression is
used both in adult and pediatric patients in the immediate post-
operative setting (67). Outside of the operating room (OR), the
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use of open cardiac massage, although it improved coronary
perfusion pressure and increased ROSC, was not followed by
improved survival (68).

In 1960, Kouwenhoven et al. reported successful resus-
citation of dogs and subsequently humans with ventricular
fibrillation cardiac arrest using the combination of closed
chest compression, artificial respiration, and electrical defibril-
lation (69,70). They hypothesized that the heart was physically
squeezed between the sternum and vertebral column, whereby
the blood flow generated is similar to the mechanism of sponta-
neous contraction of the heart; hence, this is called the “cardiac
pump” model. This model, however, does not explain several
clinical observations in contrast with the cardiac pump theory
such as the ineffectiveness of CPR during flail chest, although
theoretically it should be easier to compress the heart in this
condition, or the effectiveness of closed chest CPR in patients
with hyperinflated chest due to severe emphysema.

The cardiac pump model was challenged in the 1970s when
Criley et al. reported ROSC with cough during ventricular fib-
rillation (71,72). In 1980, Rudikoff et al. reported that fluc-
tuations of intrathoracic pressures were primarily responsi-
ble for blood flow during CPR (73,74). These findings sup-
ported a noncardiac or “ thoracic pump” mechanism for blood
flow during CPR. This model proposes that increased intratho-
racic pressure during chest compression elevates the pressure
of blood located in structures within the thorax, creating the
gradient for forward blood flow from the intrathoracic to
lower pressure extrathoracic arteries. During relaxation, in-
trathoracic pressure drops, resulting in refilling of the heart
with blood. In this model, the heart acts as a passive conduit.
Echocardiographic studies to elucidate the pumping mecha-
nism during cardiac arrest have failed to resolve the controversy
(75–77). It appears that in adults with thin chest walls, direct
cardiac compression does occur, whereas in prolonged resus-
citation and in patients with thick chest walls or hyperinflated
lungs, the thoracic pump mechanism becomes the predominant
flow mechanism. It is also likely that both mechanisms are in-
volved in some cases.

In infants and children, a mechanism of direct cardiac com-
pression is well supported by the observation of CPR per-
formed in young animal models (78). Currently, closed chest
compression is the standard method of producing blood flow
during CPR for both adult and pediatric victims.

Closed Chest Compression. Closed chest compressions consist
of the rhythmic application of pressure over the lower half
of the sternum. Even if properly performed, in adults, chest
compressions can only produce systolic arterial pressures of
60 to 80 mm Hg; diastolic pressure is usually low and mean
arterial pressure in the carotid artery seldom exceeds 40 mm
Hg (79). These values are low compared to normal but still
can provide critical blood flow to the heart and brain while
attempts to restore definitive cardiac activity are implemented.
To achieve maximum benefit from chest compressions during
CPR, attention should be given to the following components:

1. Positioning the patient: The victim should lie supine on a
hard surface. If the patient is on a soft bed, then place
a backboard beneath the patient (80). The rescuer should
kneel beside the victim’s thorax if the victim is on the floor
(81), or adjust the bed to the level of the rescuer’s hip if the
victim is on a bed. Other positions like over-the-head CPR

and two-person straddle CPR are described, but the efficacy
of these techniques has not been established (82).

2. Positioning of rescuer hands: In adults, the rescuer ideally
should compress the lower half of the victim’s sternum. Lo-
cating proper hand position, however, has been confusing in
lay rescuer education, so it is easier to teach that the rescuer
should place the heel of the hand on the sternum in the cen-
ter (middle) of the chest between the nipples and then place
the heel of the second hand on top of the first so that the
hands are overlapped and parallel (83,84). Compressions
are delivered while keeping the arms straight at elbow. This
is best achieved by leaning over the victim, which allows
the rescuer’s weight to be used in producing effective chest
compression, but the rescuer should avoid maintaining com-
pression on the chest during the relaxation phase, since this
impairs venous return (85,86).

In children, the rescuer again should ideally compress the
lower half of the sternum, avoiding the xiphoid process and
the ribs, but the lay rescuer is taught to position the heel
of one hand at the midnipple line. Either one or two hands
can be used in children, depending on the strength of the
rescuer. In a child, the use of two hands generates higher
compression pressures compared with one hand and is less
fatiguing in a manikin study (87), but no outcome study has
shown superiority of one method over the other.

In infants, two different techniques are used: The two-
finger technique and the two-thumb encircling technique.
With the two-finger technique, the rescuer compresses the
lower half of the sternum just below the intermammary
line with the second and third or third and fourth fingers
(78,88–90). This is the only technique to be used by lay
rescuers. The two-thumb encircling hands technique is rec-
ommended when there are two health care provider res-
cuers. The infant’s chest is encircled with both hands with
the thumbs placed on the lower half of the sternum and
the fingers spread around the thorax. Compression is deliv-
ered with both thumbs while the lateral chest is squeezed
simultaneously with the fingers. The two-thumb encircling
technique produces more consistent compression depth and
higher coronary perfusion pressures (91–93).

3. Depth of compression: The sternum is depressed approxi-
mately 11/2 to 2 inches (approximately 4 to 5 cm) in adults.
In children and infants, the chest should be compressed
to achieve one-half to one-third the depth of the anterior-
posterior diameter of the chest. The higher proportional
depth of compression is appropriate in infants, whereas one-
third the depth of compression is appropriate in children.
Data in manikin models show that rescuers often do not
sustain an adequate depth of compression during CPR for
more than 2 minutes. In studies of adults undergoing CPR in
both the out-of-hospital (94) and in-hospital (95) setting, in-
adequate compression depth is commonly observed. Since
adequate depth of compression is important in achieving
optimal forward flow, emphasis should be placed on com-
pressing “hard” as well as fast enough, and the rescuer per-
forming chest compressions should change approximately
every 2 minutes during the time when the patient’s rhythm
is being reassessed.

4. Compression rate: Recent studies in animals (96) and in hu-
mans (97,98) support that a rate of at least 80 per minute
should be achieved to provide optimal forward blood flow
during CPR, with some experts suggesting higher cardiac
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output with compression rates up to 150 per minute. Higher
compression rates, however, are more difficult to sustain. It
is important to remember that the compression rate refers
to the speed of compressions, not the actual number of com-
pressions delivered per minute. The actual number of chest
compressions delivered per minute is determined by the rate
of chest compressions and the number and duration of in-
terruptions to open the airway, deliver rescue breaths, and
time for analysis of cardiac rhythm and delivery of shock. To
maximize the beneficial effects of chest compressions pro-
ducing blood flow, the 2005 guidelines recommend com-
pressions at a rate of approximately 100 per minute with
interruptions in chest compressions kept to a minimum.

5. Decompression: After achieving the maximum depth of
compression, the chest should be released to recoil on its
own. It is crucial to let the chest recoil completely before the
next compression is started. Incomplete chest recoil leaves
residual positive (relative to atmospheric) intrathoracic pres-
sure that decreases both coronary and cerebral perfusion
(86).

6. Duty cycle: Duty cycle refers to the sum of the time interval
from the start of compression until maximum compression
is achieved (i.e., “compression cycle”) plus the time interval
from the maximum compression to complete decompression
(i.e., “decompression cycle”) prior to the next compression.
Studies in animals and in manikin models showed that coro-
nary and cerebral perfusion directly increased with increas-
ing compression rate up to 130 to 150 per minute using a
compression cycle between 20% and 50% of the duty cycle
(99,100). Current guidelines recommend a 50% compres-
sion cycle (101).

Compression-to-Ventilation Ratio during Basic Life Support

Different compression-to-ventilation (C:V) cycles were recom-
mended when one or two rescuers are present. In children, ad-
ditional ratios were used to provide more ventilation. Recent
studies show that both lay and health care rescuers provide
poor chest compressions (94,95), and there is often a prolonged
hands-off period during CPR while breaths are being given or
the rhythm is being assessed, resulting in no cardiac output.
Both animal data and theoretic models suggest that higher car-
diac output will be achieved using a higher ratio of chest com-
pressions and fewer interruptions for ventilation. The latter is
acceptable since the overall cardiac output is only 25% to 30%
of normal at best, which means that ventilation only needs to
be 25% to 30% of normal to achieve adequate matching of
ventilation to cardiac output during CPR. Therefore, the new
guidelines recommend one universal ratio of 30 compressions
to two ventilations in adults, children, and infants with one
rescuer. If two health professionals are present, they should
use a 15:2 ratio in children and infants. This approach maxi-
mizes chest compressions and minimizes time for ventilation,
rhythm analysis, and shock, and improves ROSC and outcome
(9,102).

In addition to being easy to teach and recall, the 30:2 com-
pression:ventilation rate is designed to reduce the likelihood of
hyperventilation, which impairs venous return as shown in a
well-done animal study (103). Additionally, other data suggest
that no ventilation is needed for the first few minutes of sudden
cardiac arrest and need for initial ventilations has remained a
matter of debate (9).

As previously noted, when the airway is secured, contin-
uous chest compressions should be delivered continuously in
an asynchronous mode with the ventilation. Unfortunately, the
by-product of increasing the speed of chest compression is fa-
tigue, detected by both animal (104) and human studies (105).

Acceptable Variations of Closed Chest Compressions

1. Interposed abdominal compression. The interposed abdom-
inal compression (IAC) CPR technique uses a dedicated sec-
ond rescuer to provide manual compression of the abdomen
(midway between the xiphoid and the umbilicus) during the
relaxation phase of chest compression. The purpose is to
enhance venous return during CPR (106,107). When IAC
CPR performed by trained providers was compared with
standard CPR for in-hospital cardiac arrest, IAC CPR im-
proved ROSC and short-term survival in two randomized
trials and improved survival to hospital discharge in one
study (108,109). The implementation of this technique is
limited by the extensive complex training needed and the
need for at least three rescuers to provide coordinated com-
pressions and ventilation.

2. Active Compression-decompression. Active compression-
decompression CPR (ACD CPR) is performed with a hand-
held device equipped with a suction cup to actively lift the
anterior chest during decompression. It is thought that de-
creasing intrathoracic pressure during the decompression
phase enhances venous return to the heart. Although sub-
stantial animal data demonstrated that the device improves
cardiac output during CPR, clinical trials reported mixed re-
sults, with some showing improved survival (110–112) and
others finding no effect when compared to standard CPR
(113–116). The reason for the disparate results is not clear,
but some data suggest that extensive training is required to
use this device effectively, and there is a higher rate of res-
cuer fatigue from the increased effort required during both
compression and relaxation. At the time of this writing, no
ACD CPR device is approved by the Food and Drug Ad-
ministration (FDA) for sale in the United States.

3. Phased thoracic-abdominal compression-decompression.
This technique is essentially a combination of the IAC CPR
and ACD CPR techniques described above. A handheld de-
vice is used to alternate chest compression and abdominal
decompression with chest decompression and abdominal
compression. The utility of this technique is also limited
by the need for a dedicated rescuer and the complexity of
training (117).

Mechanical Adjuncts for Circulation

1. Mechanical piston device. This device is composed of a
plunger mounted on a backboard, which is driven by com-
pressed gas to depress the sternum. The rate and depth of
compressions is adjustable with a 50% compression cycle.
Use of this device resulted in improved end-tidal CO 2 in both
in-hospital and out-of-hospital settings (118–120). The ex-
pense and bulkiness of the device has limited its widespread
distribution and use.

2. Vest device (load distributing band). The load-distributing
band (LDB) is a circumferential chest compression device
composed of a pneumatically or electrically actuated con-
stricting band and backboard. The band is wrapped around
the patient and compresses the entire chest, producing
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thoracic pump CPR. Use of this device improved survival
to emergency department arrival in one study (121); an
FDA-approved device (AutoPulse) is available. A cohort
study conducted before and after introduction of the load-
distributing band found an improved rate of ROSC and
survival to hospital discharge (122), whereas a randomized
multicenter trial reported at the same time found no survival
benefit 4 hours after the arrest and a lower rate of survival
to hospital discharge (123).

Ad vance d Life Sup p ort

Advanced life support (ALS) entails advanced airway manage-
ment including use of ancillary equipment to support ventila-
tion and oxygenation, prompt recognition, and, when appro-
priate, treatment of life-threatening arrhythmias using electri-
cal therapy including defibrillation, cardioversion, pacemaker
insertion, and pharmacologic therapy. ALS includes the use
of pharmacologic therapy and advanced procedures extend-
ing into the postarrest setting such as the use of therapeutic
hypothermia.

Ad vance d Airway Manag e me nt
Tracheal Intubation. Endotracheal intubation is indicated
when the rescuer is unable to adequately ventilate or oxygenate
the arrested or unconscious patient with bag-mask ventilation,
or if prolonged ventilation is required and airway protective
reflexes are absent in the patient with a perfusing rhythm. A
properly placed endotracheal tube (ET) is the gold standard
method for securing the airway. It maintains a patent airway to
deliver effective positive pressure ventilation and use of positive
end-expiratory pressure when indicated. It possibly reduces the
risk from aspiration, especially if a cuffed tube is used, and it
provides a means to suction airway secretions and provides an
alternate route for resuscitation drugs delivery (124). No ran-
domized adult studies have compared the outcome from endo-
tracheal intubation to bag-mask ventilation, but one prospec-
tive randomized controlled trial in children showed no survival
benefit of endotracheal intubation over bag-mask ventilation
by trained EMS personnel (125).

Attempted endotracheal intubation by less skilled rescuers
results in complications. Retrospective studies reported a 6%
to 14% incidence of misplaced or displaced ETs (126–128).
To minimize the risk of esophageal intubation, it is important
to use an end-tidal CO 2 (ETCO 2) detector or esophageal de-
tector device in addition to careful auscultation and observing
symmetric chest rise. In patients requiring movement, exhaled
CO 2 monitoring (capnography) is helpful to detect tube dis-
placement. Proper tube position should be confirmed by chest
radiography when feasible. The intensivist is expected to mas-
ter endotracheal intubation. However, expert personnel may
not be immediately available in the ICU. Due to the technical
difficulty and skill level needed for endotracheal intubation,
there is increased emphasis on learning bag-mask ventilation,
which could be used primarily for ventilation and can serve as
rescue backup if attempted endotracheal intubation fails.

Confirmation of Correct Endotracheal Tube Placement. Clin-
ical signs used to confirm correct ET placement are (a) visual-
ization of bilateral chest rise, (b) bilateral breath sounds over
the lateral lung fields, (c) absent breath sounds over the epigas-

trium, and (d) presence of water vapor/mist in the tube. None
of these signs is confirmatory, however, and an ETCO 2 detec-
tor or esophageal detector is indicated to confirm correct tube
placement.

ETCO 2 detector device. A disposable colorimetric device that
detects ETCO 2 has been investigated as a guide to correct endo-
tracheal tube placement (129–131). The device fits on the end
of the ET and is normally purple in color; exhaled CO 2 turns the
color to bright yellow indicating that the ET is in the trachea.
The positive predictive value of this device for correct tube
placement is close to 100% , but the negative predictive value
ranges from 20% to 100% depending on whether the patient
has a perfusing rhythm (132). False-negative results are seen if
there is no or very low pulmonary blood flow, such as during
cardiac arrest or with a large pulmonary embolus. Conversely,
false-positive (i.e., the detector remains yellow) results are seen
when it is contaminated with an acidic drug (e.g., epinephrine)
or gastric contents. Currently, it is recommended to confirm
each endotracheal intubation with an ETCO2 capnograph or
an esophageal detector device. If doubt exists about whether
the tube is correctly placed, direct visualization of the larynx is
advised.

Esophageal detector device. There are two versions: The bulb
and the syringe esophageal detector devices (EDD). The bulb
EDD consists of a bulb that is compressed and attached to the
endotracheal tube. When the squeezed bulb is released, if the
tube is in the esophagus, the suction collapses the lumen of
the esophagus or pulls the esophageal tissue against the tip of
the tube, and the bulb will not re-expand (positive result for
esophageal placement). The syringe EDD consists of a syringe
attached to the ET; the rescuer attempts to pull the plunger of
the syringe. If the tube is in the esophagus, it will not be possi-
ble to pull out the plunger (i.e., aspirate air) with the syringe.
This device has high sensitivity for esophageal placement of
ETs in both cardiac arrest and patients with a perfusing rhythm
(133–135), but poor specificity for tracheal placement. The de-
vice may suggest esophageal placement when the tube is in the
trachea in patients who are morbidly obese, in late pregnancy,
and with pulmonary edema or severe airway obstructive dis-
ease (e.g., asthma). These false-positive events occur because
either the trachea collapses (obesity and late pregnancy) or air
is not easily recruitable from the lung (pulmonary edema and
severe airway obstruction). Sensitivity and specificity of EDDs
are poor in children younger than 1 year old, and they are not
recommended in children weighing less than 20 kg (136).

Advanced Airway Adjuncts. Multiple airway adjuncts are
available in cases of failed endotracheal intubation and difficult
bag-mask ventilation. Two of these devices, the laryngeal mask
airway and esophageal tracheal Combitube, are widely used
and discussed in depth in Chapter 38 (Airway Management).
These adjuncts are “rescue airways,” a bridge rather than alter-
nate to endotracheal intubation that is readily mastered with
appropriate training. Although they facilitate effective ventila-
tion, they do not allow tracheal suctioning or provide reliable
airway protection.

Ele ct rical The rap y
Electrical therapy is one of the mainstays of ALS, especially in
adults. Electrical energy is used to treat life-threatening cardiac
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dysrhythmias, which constitutes 16% to 85% (137–140) of
out-of-hospital and 14% to 56% (17,141–144) of in-hospital
cardiac arrests. Recent data suggest that ventricular fibrillation
and ventricular tachycardia are decreasing, with only 24% of
the initial rhythms in over 36,000 adult arrests being VF- or
VT-based on a recent analysis from the National Registry for
Cardiopulmonary Resuscitation (NRCPR) (4). In hospitalized
children with cardiac arrest, VF is the initial rhythm in approx-
imately 10% of cases and subsequently occurs during 15% of
the cases (26). Despite the fall in prevalence, early recognition
of a shockable rhythm is critical since the outcome following
effective treatment is much better than after asystole or PEA
(4). Several different modes of electrical therapies are avail-
able for treatment of different rhythm problems. These include
defibrillation, cardioversion, and cardiac pacing.

Defibrillation. Defibrillation is defined as delivery of electrical
energy resulting in termination of VF for at least 5 seconds
following the shock (145,146). The goal is to quickly depolar-
ize the whole myocardium, terminating the rhythm and hop-
ing that a sinus rhythm will start. Defibrillation should not
be confused with ROSC or survival. In most adults, the ini-
tial postshock rhythm is asystole or an organized slow rhythm
without a pulse (i.e., PEA). This observation is the basis for the
current guideline recommendation to immediately begin chest
compressions after shock delivery.

Defibrillator device. There are two types of defibrillator de-
vices available: (a) manual defibrillator devices require the res-
cuer to analyze the rhythm and then manually set and de-
termine the electrical energy dose; (b) automatic defibrillator
devices analyze the rhythm, determine if a shock is required,
and deliver the shock if needed automatically. There are two
types of automatic defibrillators: internal implantable car-
dioverter defibrillator (ICD) and automated external defibril-
lator (AED). Defibrillators are also characterized by the mode
and waveform of electrical current delivered into monopha-
sic and biphasic defibrillators. Animal and human data show
that biphasic defibrillators have a higher first shock success in
terminating VF compared with monophasic devices; the latter
are no longer produced. Manufacturers use various methods
of delivering the biphasic energy, and more recently, tripha-
sic and quadriphasic defibrillators are being developed and ap-
pear to be potentially more effective than biphasic defibrillators
(147,148).

Monophasic defibrillators deliver current in one direction
or polarity so current flows from one paddle (or electrode) to
the other throughout the duration of shock. As noted, these
defibrillators are being replaced by biphasic defibrillators.

Biphasic defibrillators deliver current sequentially in both
directions or polarity during one shock. In the first phase, the
current moves from one paddle to the other as with monopha-
sic defibrillators, and during the second phase, the current flow
reverses direction. Biphasic defibrillators can also be further
classified based on the waveform changes into (a) biphasic
truncated exponential waveform and (b) rectilinear biphasic
waveform. Several randomized trials (149–151) showed that
defibrillation with biphasic waveforms of relatively low energy
(200 J) is safe and has equivalent or higher efficacy for termi-
nation of VF than monophasic waveform shocks of equivalent
or higher energy, which decreases the risk of myocardial injury
and increases shock efficacy.

Defibrillation dose. The optimal energy dose for the first of
subsequent shocks required for effective defibrillation remains
unknown despite multiple studies (151,152). The ideal shock
dose for a biphasic device is one that falls within the range
documented as effective using that specific device. It is reason-
able to use selected energies of 150 J to 200 J with a biphasic
truncated exponential waveform or 120 J with a rectilinear
biphasic waveform for the initial shock. For second and subse-
quent biphasic shocks, the same or higher energy can be given.
The rescuer should have knowledge of the type of defibrilla-
tor being used and select the energy dose accordingly. Most
manual defibrillators are set to an initial default of 200 J of
energy. This is not necessarily the optimal dose in all cases,
but was selected because it falls within the reported range of
doses effective for first and subsequent biphasic shocks. If only
a monophasic defibrillator is available, then an energy dose of
360 J is recommended for all shocks.

During shock, the average current delivered is the key deter-
minant of successful defibrillation (153–155). Current delivery
is determined by the energy level selected and by the patient’s
transthoracic impedance. The average adult human transtho-
racic impedance is 70 to 80  (156–158). While mean cur-
rent determines the success of defibrillation, high peak currents
during the shock are associated with myocardial injury. Bipha-
sic waveforms deliver lower peak current values compared to
monophasic waveforms. If transthoracic impedance is high, a
low-energy shock will not generate sufficient current to achieve
defibrillation. To improve current delivery, conductive gels are
recommended in place of manual paddles. Adhesive pads have
the added advantage of reducing the risk of inadvertent rescuer
shock. Regardless of the device used, the rescuer needs to press
the paddles or pads firmly on the chest wall to ensure a good
electrical contact.

The optimal dose for effective defibrillation in infants and
children is not known. The upper limit for safe defibrillation
is also not known, but doses more than 4 J/kg (as high as
9 J/kg) have effectively defibrillated children (159,160) and pe-
diatric animal models (161) with no significant reported ad-
verse effects. Recommended manual defibrillation (monopha-
sic or biphasic) doses for children are 2 J/kg for the first attempt
and 4 J/kg for subsequent attempts.

Electrode position. Either handheld paddles or self-adhesive
pads are used for shocks. Electrodes are applied to the bare
chest in the conventional sternal-apical (anterolateral) position.
The right (sternal) chest pad is placed on the victim’s right
superior-anterior (infraclavicular) chest and the apical (left)
pad is placed on the victim’s inferior-lateral left chest, lateral to
the left breast. Other acceptable pad positions are placement
on the lateral chest wall on the right and left sides (biaxillary)
or the left pad in the standard apical position and the other pad
on the right or left upper back (avoiding the scapular bone).
Similar positions are recommended for children, particularly
the anterior-posterior position since many defibrillators have
only a single size electrode pad and there should be at least
1 inch between the pads. The rescuer should make sure that
electrodes are not overlapping and are not on top of implanted
devices or transdermal medicine patches if present. If the pa-
tient is wet, the chest should be wiped dry before placement.
Another caution is to avoid placing the oxygen source near the
electrodes, particularly in children where the distance from the
face to the chest is short.
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Electrode size. In general, the largest pad or paddle that can be
placed on the chest while avoiding contact between the pads or
paddles should be used. There should be at least 1 inch between
the pads. Paddles that are too small increase the risk of skin
burn injury.

Automatic rhythm analysis and automatic ex ternal defibrilla-
tors. AEDs are computerized compact devices that use voice
and visual prompts to guide lay rescuers and health care
providers to safely defibrillate VF or pulseless VT (139,162–
164). In a large prospective randomized trial (165) funded
by the AHA, the National Heart, Lung, and Blood Institute
(NHLBI), and several AED manufacturers, lay rescuer CPR
AED programs in targeted public settings doubled the num-
ber of survivors from out-of-hospital VF SCA when compared
with programs that provided early EMS call and early CPR.

Despite limited evidence, AEDs should be considered within
the hospital as a way to facilitate early defibrillation (a goal of
< 3 minutes from collapse), especially in areas where staff have
limited to no rhythm recognition skills or defibrillators are used
infrequently.

For children 1 to 8 years of age, the rescuer should use a pe-
diatric dose-attenuator system with the AED if one is available
(160). If the rescuer provides CPR to a child in cardiac arrest
and does not have an AED with a pediatric attenuator system,
the rescuer should use a standard AED.

Electrical Cardioversion. Electrical cardioversion is used for
some life-threatening arrhythmias causing rapid cardiovascu-
lar deterioration. These include VT and supraventricular tachy-
cardias (SVTs), such as paroxysmal atrial tachycardia (PAT),
atrial flutter, or atrial fibrillation with a rapid ventricular re-
sponse. The electrode size and positioning is the same as that
used in defibrillation; the difference between cardioversion and
defibrillation is described below.

Technique. Unlike defibrillation, cardioversion must be syn-
chronized with the patient’s electrocardiogram (ECG). The
ideal discharge point is during the upstroke of the R wave of
the QRS complex. Delivery of the energy during the T wave
of the QRS may result in ventricular fibrillation. Most com-
mercially available defibrillators automatically coordinate the
discharge to the patient’s ECG if the machine is placed in the
synchronized mode and the QRS complex is of adequate size
for consistent detection. If the defibrillator does not “sense”
the QRS complex, increasing the ECG gain improves sensing.
Cardioversion should never be attempted with quick-look pad-
dles, because ECG artifact may make synchronization impos-
sible. Unsynchronized cardioversion should only be used when
the available equipment does not allow synchronization.

Energy level. The amount of energy recommended for emer-
gency cardioversion varies with the rhythm (166,167); 100 J
is recommended for atrial fibrillation and 50 J for atrial flut-
ter (168). Monomorphic ventricular tachycardia responds well
to cardioversion, and 100 J should be attempted first. Pulse-
less ventricular tachycardia behaves like ventricular fibrilla-
tion, and 200 J should be used initially. For cardioversion in
conscious patients, sedation with intravenous diazepam, mi-
dazolam, or methohexital is indicated, and the cardioversion
accomplished with the lowest energy possible (50–200 J). In

children, the recommended initial cardioversion dose is 0.5 to
1 J/kg.

External Cardiac Pacing. While, in general, external (transcu-
taneous) pacing is not recommended for patients in asystolic
cardiac arrest, it is our opinion that it should be always consid-
ered in the ICU or other critical care areas of the hospital where
the device and adequate skill are promptly available. However,
three randomized controlled trials (169,170) of fair quality in-
dicated no improvement in the rate of admission to hospital or
survival to hospital discharge when paramedics or physicians
attempted to provide pacing in asystolic patients in the prehos-
pital or hospital (emergency department) setting. Pacing can be
considered in patients with symptomatic bradycardia when a
pulse is present.

Pharmacolog ic The rap y
Pharmacologic therapy in CA is used to increase the rate of
ROSC and terminate or limit the risk of recurrent arrhythmias.
It is recognized that there are no placebo-controlled studies
showing that any vasopressor during human CA increases sur-
vival to discharge; indeed, some studies questioned the benefit
of their use (171). For obvious reasons, it is unlikely that a
large prospective randomized study on this issue will ever be
available. However, drug administration is now a secondary
priority during CPR with primary emphasis placed on high-
quality chest compressions with minimal hands-off time. Since
there is little evidence for their use, the number of pharmaco-
logic agents recommended during CPR decreased.

Route of Administration for Resuscitation Medications. It is
important to remember that a central venous line may not be
available at the time of the arrest, nor is its immediate place-
ment necessary to ensure survival. Peripheral intravenous ac-
cess can be used effectively with the advantage of not interrupt-
ing CPR. When only a peripheral vascular access is available,
it is crucial to rapidly follow the medication bolus with a 10-
to 20-mL fluid bolus to ensure central delivery. If obtaining
any venous access is difficult despite numerous attempts, in-
traosseous (IO) cannulation is an effective alternate for drug
delivery. Studies in both children (172,173) and adults (174)
suggest the effectiveness of this route in all age groups. Com-
mercially available kits are available for easy use.

If IV or IO access cannot be achieved, then some resuscita-
tion medications can be administered via instillation through
an ET, if available. Lipid-soluble medications that can be de-
livered via ET are lidocaine, epinephrine, atropine, naloxone,
and vasopressin. This route, however, results in much lower
blood concentrations compared with IV administration. Opti-
mal doses of the medications delivered via the ET route are not
known, but it is recommended to administer at least 2 to 21/2
times the IV recommended doses. In fact, animal data suggest
that using standard intravenous epinephrine doses via the ET
route may not achieve high enough plasma concentrations to
be effective (175,176).

Once vascular access is achieved, resuscitation drugs should
be immediately readministered if cardiac arrest is still present.

Epinephrine. Epinephrine is the most commonly used med-
ication during CPR. Epinephrine’s primary action in CA is
to increase the coronary perfusion pressure through systemic
vasoconstriction mediated by its α-adrenergic effects. The
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β -adrenergic effects are relatively unimportant. Indeed, even
when complete β -adrenergic blockade is used in an animal
cardiac arrest model, epinephrine is effective, whereas α-
adrenergic blockade completely eliminates epinephrine’s effects
(177).

Epinephrine is used primarily during CA due to asystole
and PEA. It is a second-line agent used for shock-refractory VF
or pulseless VT. Although there are no clinical trials demon-
strating that epinephrine is effective in CA, there is substantial
animal data and anecdotal clinical experience that epinephrine
elevates the coronary perfusion pressure and thus myocardial
blood flow. There are little pharmacologic data supporting the
currently recommended dose of 1 mg of epinephrine in adult
cardiac arrest and 0.01 mg/kg in children. Epinephrine should
be given intravascularly whenever possible since intratracheal
doses are erratically absorbed as noted above. If only the en-
dotracheal route is available, the dose should be increased to 2
to 2.5 mg in adults and 0.1 mg/kg in children.

Since epinephrine’s beneficial effect is through systemic
vasoconstriction, it seems reasonable to speculate that higher
doses would produce a greater increase in coronary and cere-
bral perfusion pressure. This hypothesis was supported by ini-
tial animal data (178), but subsequent animal studies (179,180)
and clinical trials in adults (181,182) and children (183) failed
to show a beneficial effect. Indeed, clinical experience suggests
that high-dose epinephrine is harmful rather than beneficial
and is only indicated in clinical conditions characterized by
poor adrenergic responsiveness, such as severe septic shock
and β blocker, neuraxial anesthesia, or systemic bupivacaine
overdose.

Vasopressin. Vasopressin is an endogenous antidiuretic hor-
mone that, when given at high doses, causes vasoconstriction
by directly stimulating vascular smooth muscle V1 receptors
(184). Vasopressin improves coronary perfusion pressure, but
unlike epinephrine, offers theoretical advantages of cerebral
vasodilation, possibly improving cerebral perfusion. Its lack of
β 1-adrenergic activity potentially avoids unnecessary increases
of myocardial oxygen consumption, resulting in postresusci-
tation arrhythmias. Vasopressin has a longer half-life of 10
to 20 minutes compared to the 3 to 5 minutes observed with
epinephrine.

Several human studies suggested that vasopressin achieved
a comparable ROSC in CA, although no additional bene-
fit was seen compared with epinephrine (185,186). A recent
meta-analysis showed a trend favoring vasopressin (187) com-
pared to epinephrine. Recent guidelines continue to recom-
mend epinephrine as the agent of choice, but one dose of va-
sopressin 40 units IV/IO is now indicated as an alternative to
replace the first or second dose of epinephrine in all CA includ-
ing asystole and PEA.

Vasopressin is not currently recommended for pediatric use
since in an animal model of pediatric asphyxial CA, ROSC
was higher in the epinephrine group (188). Vasopressin is con-
traindicated in conscious patients with ischemic heart disease as
it may provoke angina. Other adverse effects include increased
mesenteric and renal vascular resistance, bronchial constric-
tion, and uterine contractions in women.

Sodium bicarbonate. Metabolic and respiratory acidosis devel-
ops during CA resulting from anaerobic metabolism, leading
to lactic acid generation and inadequate ventilation along with

reduced blood flow during CPR, which leads to inadequate pul-
monary delivery of carbon dioxide for elimination. Untreated
acidosis suppresses spontaneous cardiac activity, decreases the
electrical threshold required for the onset of ventricular fib-
rillation, decreases ventricular contractile force, and decreases
cardiac responsiveness to catecholamine such as epinephrine.
An elevated PCO 2 tension probably is more detrimental to
myocardial function and catecholamine responsiveness than
metabolic acidosis. CO 2 readily diffuses across myocardial cell
membranes, causing intracellular acidosis and resulting in life-
threatening derangements of myocardial function. Likewise,
cerebrospinal fluid acidosis may occur secondary to the diffu-
sion of CO2 across the blood–brain barrier, producing postar-
rest cerebral acidosis. Since sodium bicarbonate buffering of
excess protons transiently increases the PCO 2 tension, sodium
bicarbonate administration without sufficient ventilation and
circulation to remove the CO 2 that it produces seems to be
more detrimental than helpful (189,190). Sodium bicarbonate
therapy may be useful after interventions such as defibrilla-
tion, cardiac compression, intubation, ventilation, and more
than one trial of epinephrine have been used. Some evidence
suggests that any benefit from bicarbonate therapy may be re-
lated more to volume expansion from its high sodium content
rather than its buffering effects (191).

If arterial blood gas and pH measurements are not avail-
able, the recommended initial dose of sodium bicarbonate is
1 mEq/kg intravenously; half of this dose may be repeated at
10-minute intervals. For pediatric patients, the 1 mEq/kg dose
should be diluted 1:1 with sterile water to reduce the osmolal-
ity.

Administration of excessive amounts of sodium bicarbon-
ate can result in metabolic alkalosis, leftward shift of the
oxyhemoglobin dissociation curve, interference with tissue
oxygenation, hypernatremia, hypokalemia, and worsening of
respiratory and myocardial acidosis if adequate ventilation and
perfusion cannot be achieved and maintained.

Atropine. Atropine is used during CPR for its vagolytic ac-
tions. A reduced vagal influence on the heart improves both
the rate of sinoatrial node discharge and impulse conduction
through the atrioventricular (AV) conduction system, with a
resulting increase in heart rate.

Atropine is used in sinus bradycardia when accompanied
by hypotension or frequent premature ventricular contractions
(PVCs) secondary to unsuppressed ectopic electrical activity
arising in the area of injured tissue during the prolonged pe-
riod after repolarization. Sinus bradycardia after myocardial
infarction may predispose the heart to the onset of ventricular
fibrillation (192). When profound bradycardia is present, ac-
celeration of the heart rate above 60 beats per minute (bpm)
may improve cardiac output and reduce the incidence of ven-
tricular fibrillation. Atropine also may be useful for treating
high-degree AV block with a slow ventricular rate and asystole
occurring after increased parasympathetic tone that results in
suppression of the electrical activity to the heart (193).

The dosage of atropine for severe symptomatic bradycardia
is 0.5 to 1.0 mg intravenously repeated every 3 to 5 minutes
until the desired pulse rate is obtained or a maximum of 0.04
mg/kg has been given. A larger dose has little therapeutic value,
and a smaller dose may actually slow the heart rate. Endotra-
cheal dose is 2 to 2.5 mg. Although not routinely recommended
in the treatment of asystole, when used, incremental doses of
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1 mg are preferred, using up to three doses given every 3 to 5
minutes of CA.

Ventricular tachycardia and fibrillation after intravenous
administration of atropine have been reported. In second-
degree type II heart block, a paradoxical decrease in ventricular
response may result (189).

Lidocaine. Lidocaine decreases ectopic electrical myocardial
activity by raising the electrical stimulation threshold of the
ventricle during diastole. In ischemic myocardial tissue after
infarction, it may suppress re-entrant arrhythmias such as ven-
tricular tachycardia or fibrillation. There is now good evidence,
however, that other agents are superior to lidocaine in termi-
nating VT (194,195); hence, it is not considered a first-line
agent. The 2005 guidelines recommend lidocaine only when
amiodarone is not available.

Lidocaine may be used in stable monomorphic VT and poly-
morphic VT with normal or prolonged QT interval if ventric-
ular function is not decreased.

The loading dose of lidocaine is approximately 1 to 1.5
mg/kg given as an intravenous bolus. If needed, repeat 0.5 to
0.75 mg/kg every 5 to 10 minutes, up to a total of 3 mg/kg,
followed by a continuous infusion of 30 to 50 µ g/kg/minute
(1–4 mg/minute in a 70-kg patient) (192).

Excessive doses may induce heart block or depression of si-
nus node discharge, especially in patients with pre-existing con-
duction disturbances. Toxicity may occur in oliguric or anuric
patients because renally excreted lidocaine degradation prod-
ucts also have pharmacologic effects and toxic potential. Early
signs of lidocaine toxicity are due to central nervous system
(CNS) effects and include anxiety, loquacity, tremors, metallic
taste, and tinnitus. These may be followed by somnolence, res-
piratory depression, apnea, and, in severe cases, cardiovascular
collapse. If CNS irritability occurs, lidocaine therapy should be
withdrawn and a barbiturate or a benzodiazepine may be ad-
ministered if deemed necessary and if the patient’s circulatory
status is sufficiently stabilized.

Procainamide. Procainamide suppresses both atrial and ven-
tricular arrhythmias with similar mechanisms of action to those
of lidocaine. It may suppress an ectopic irritable focus and
blocks re-entrant arrhythmias by slowing electrical conduction.
Procainamide may be superior to lidocaine in terminating VT
(196).

Procainamide is used in the management of PVCs, ven-
tricular tachycardia, and persistent ventricular fibrillation, but
amiodarone is usually preferred.

Incremental bolus injections of procainamide are slowly in-
fused at 20 mg/minute until (a) the arrhythmia is controlled,
(b) hypotension occurs, (c) the QRS complex is widened 50%
from baseline, or (d) a total dose of 17 mg/kg (1.2 g in a 70-
kg adult) is given followed by a continuous infusion of 1 to
4 mg/minute to prevent recurrent arrhythmias. Other effective
administration schedules have been tested and approved; all
are designed to maintain a therapeutic plasma level of 4 to 8
µ g/mL.

Procainamide can have profound myocardial depressant ef-
fects, especially after myocardial infarction; therefore, contin-
uous ECG and arterial blood pressure monitoring are manda-
tory. End points of therapy include hypotension and a greater
than 50% widening of the QRS complex.

Amiodarone. IV amiodarone is a complex drug with effects
on sodium, potassium, and calcium channels on myocardial
cells as well as α- and β -adrenergic blocking properties. The
2005 guidelines denote that it is the preferred agent for both
atrial and ventricular arrhythmias, especially in the presence of
impaired cardiac function.

Amiodarone is recommended for narrow-complex tachycar-
dias that originate from a re-entry mechanism (re-entry SVT);
ectopic atrial focus; control of hemodynamically stable VT,
polymorphic VT with a normal QT interval, or wide-complex
tachycardia of uncertain origin (195,197); and control of rapid
ventricular rate due to accessory pathway conduction in pre-
excited atrial arrhythmias with AV nodal blockade in patients
with preserved or impaired ventricular function (198).

In the treatment of arrhythmias with a pulse, 150 mg amio-
darone is given IV over 10 minutes, followed by a 1 mg/minute
infusion for 6 hours and then a 0.5 mg/minute maintenance in-
fusion over 18 hours. Supplementary infusions of 150 mg can
be repeated every 10 minutes as necessary for recurrent or resis-
tant arrhythmias to a maximum manufacturer-recommended
total daily IV dose of 2.2 g. One study found amiodarone to be
effective in patients with atrial fibrillation when administered
at relatively high doses of 125 mg/hour for 24 hours (total dose
3 g) (199).

When used in the treatment of VF or pulseless VT, a bolus
dose of 300 mg is recommended diluted in 20 to 30 mL of
D5W. A single second dose may be given (150 mg) in 3 to
5 minutes for shock-refractory VF or VT. In children, 5 mg/kg
is given as a rapid bolus and may be repeated up to 15 mg/kg.

The major adverse effects of amiodarone are hypotension
and bradycardia, which can be prevented by slowing the rate
of drug infusion. In addition, amiodarone can increase the QT
interval, and therefore its use should be carefully considered
when other drugs that can prolong the QT interval are admin-
istered.

Calcium. Calcium ion plays a critical role in myocardial con-
tractility and action potential generation, but studies have
shown no benefit of calcium in CA (200,201), and therefore cal-
cium probably should not be considered during CA only when
acute hyperkalemia or hypocalcemia is suspected or calcium
channel blockers were administered. The use of calcium dur-
ing CA is controversial because of the fear that it may produce
a tetanic contraction of an irritable myocardium or depres-
sion of the sinus node, resulting in asystole. Since maintenance
of the 10,000-fold higher extracellular calcium concentration
compared with the intracellular concentration is energy depen-
dent, exposing hypoxic-ischemic cells to high plasma calcium
concentrations may result in calcium overload, which activates
a number of toxic mechanisms. This effect is particularly wor-
risome in the brain because it is so sensitive to hypoxia.

When indicated, the recommended dose is 5 to 10 mL of a
10% solution of calcium chloride (8–16 mg/kg). A bolus may
be repeated at 10-minute intervals, if necessary. Calcium salts
cannot be mixed directly with sodium bicarbonate because it
precipitates as calcium carbonate. Several calcium preparations
are available for intravenous use: Calcium chloride and calcium
gluconate are the most popular. Calcium gluconate is given in
a dose of 6 to 8 mL if peripheral IV access is available. Undi-
luted calcium chloride given through a peripheral vein may
cause sclerosis and tissue injury; therefore, if a central site is
not available and the patient is not in cardiac arrest, it should
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either be diluted or calcium administered in a less irritating
form (e.g., calcium gluconate). In children, a dose of 10 to 20
mg/kg of calcium chloride is recommended.

Rapid administration of a large bolus of calcium chloride,
especially through a central venous catheter, may produce se-
vere sinus bradycardia or sinus arrest. Calcium must also be
used cautiously in patients receiving digitalis, because it can
produce or accentuate digitalis toxicity.

Magnesium. Magnesium is recommended for the treatment of
torsades de pointes VT with or without cardiac arrest. It has not
been shown to be helpful during non–torsades de pointes VT
(202,203). Although magnesium is a calcium channel blocker
and theoretically may protect ischemic cells from overload,
there are no data supporting its routine use in cardiac arrest.
If needed, magnesium is given at a dose of 1 to 2 g diluted
in D5W over 10 to 60 minutes. In children, a dose of 25 to
50 mg/kg is used.

Rapid administration may result in hypotension and brady-
cardia. Magnesium also should be used cautiously in patients
with renal failure.

Alg orit hms for Ad vance d Life Sup p ort
The treatment algorithms of pulseless cardiac arrest and tachy-
cardia with pulse are summarized in Figures 46.2 and 46.3,
respectively.

Monit oring d uring
Card iop ulmonary Re suscit at ion

Clinical
There are no reliable clinical indicators of the effectiveness of
CPR provided. Although feeling for a pulse during chest com-
pressions is used clinically to assess the effectiveness of chest
compressions, no study has validated this technique. More-
over, data show that a palpated femoral pulse may be from ret-
rograde venous pulsation rather than antegrade arterial flow
(204).

He mod ynamics
When invasive arterial and central venous pressure monitoring
are present, coronary perfusion pressure (CoPP) monitoring is
possible. It is calculated as CoPP = aortic diastolic pressure mi-
nus the right atrial pressure (CoPP = DBP – RAP). A CoPP > 15
mm Hg is predictive of ROSC (193,205) and increased CoPP
correlates with improved 24-hour survival in animal studies
(206).

Art e rial Blood Gas
The acidosis gradient between arterial and central venous
blood (largely determined by PCO 2) reflects the effectiveness
of blood flow during low-flow states such as CPR (207). Simi-
larly, animal studies and case reports report similar arteriove-
nous differences in PCO 2 between arterial and venous blood
at the organ level (e.g., heart) and the entire organism (208–
210). These studies suggest that measurement and comparison
of a venous and arterial blood gas may be predictive during
cardiac arrest. Furthermore, it suggests that the arterial blood
gas does not accurately reflect the severity of tissue acidosis,
hypoxia, or hypercarbia during both in-hospital and out-of-

hospital cardiac arrest. Instead, the arterial blood gas often re-
flects the effectiveness of ventilation during cardiac arrest. Sim-
ilarly, both animal and human data show a significant worsen-
ing of the arterial blood gas values for acidosis and oxygena-
tion with ROSC, representing the washout of built-up tissue
acids.

End -t id al Carb on Dioxid e
Aerobic and anaerobic cellular metabolism generates CO 2,
which rapidly diffuses out of the cell and into tissue capillaries,
is transported to the lungs, is exhaled, and can be measured
as end-tidal CO 2 (211,212). Under normal conditions, end-
tidal PCO2 is 2 to 5 mm Hg less than the PaCO 2. Although
ischemic hypoxia can alter the respiratory quotient, systemic
metabolism changes little during CPR, which is relatively brief,
so that changes in end-tidal PCO2 during CPR typically reflects
changes in the effective pulmonary blood flow (211,212). Un-
der conditions of constant minute ventilation, end-tidal CO 2 is
linearly related to cardiac output, even during extremely low
blood flow rates (213), and is therefore useful clinically as a
monitor of perfusion during shock and CPR. Indeed, a num-
ber of studies showed that end-tidal CO2 varies directly with
cardiac output during cardiac arrest (214–216) and provides a
useful indicator of the efficacy of resuscitation efforts. Not sur-
prisingly, ETCO2 also predicts outcome in adults (217–220)
and children (221). Additionally, capnography is used in re-
suscitation research as an indication of pulmonary blood flow,
which serves as a proxy for the direct measurement of cardiac
output (120,222,223).

Following the administration of epinephrine, end-tidal CO 2
typically falls, suggesting that the relationship of end-tidal CO 2
to cardiac output is altered, but in fact it is maintained and re-
flects a global fall in cardiac output due to changes in pul-
monary and peripheral vascular resistance and preferential
redirection of blood flow (219). When used in cardiac arrest,
epinephrine decreases pulmonary blood flow (i.e., overall car-
diac output) and end-tidal CO 2 while increasing coronary per-
fusion pressure and myocardial blood flow because of increased
peripheral vascular resistance (224).

Coronary artery perfusion pressure also correlates closely
with end-tidal CO2 (218,225). Several studies of end-tidal car-
bon dioxide during low blood flow states found that levels
changed significantly with changes in minute ventilation (226).
When minute ventilation doubled, end-tidal carbon dioxide de-
creased by 50% , and when minute ventilation decreased by
50% , end-tidal carbon dioxide doubled. Thus, end-tidal car-
bon dioxide varies inversely with minute ventilation and can
be used to monitor ventilation during low-flow conditions. If
both perfusion and ventilation are changed, end-tidal carbon
dioxide levels can be difficult to interpret.

Post re suscit at ion Care

After ROSC, the risk of mortality remains high for cardiac ar-
rest patients as most deaths happen during the first 24 hours
following successful resuscitation (227,228). Postresuscitation
care is one of the most important elements of CPR that can
potentially result in improved outcome (229). The goals of
postresuscitation care are to (a) optimize cardiovascular and
neurologic support, (b) identify the possible cause of arrest



Chap t e r 46: Fundamentals of Card iopulmonary Resuscitation 711

Cardiac a rres t

VF/VTAs ys to le / 
PEA

       Continue  CPR for 5 cycles
        Obta in IV/IO
       Epinephrine  1 mg 
         Repea t every 3–5 minutes
        May give  vasopress in 40 U to replace  firs t or 
         second dose  of epinephrine
        Cons ider a tropine  1 mg for s low PEA ra te  
         Repea t every 3–5 minutes  (up to 3 doses)
       Give  5 cycles  of CPR
        Cons ider 6 H’s  5 T’s  (Table  46.1)

Check rhythm

        Give  ONE shock 
        Manua l biphas ic 120–200 J  
        AED device  specific 
        Monophas ic 360 J
        Resume CPR immedia te ly a fte r shock for 5 
        cycle s

        Give  ONE shock, as  above
        Resume CPR immedia te ly a fte r shock for 5 cycles
        Obta in IV/IO
        Epinephrine  1 mg when CPR res ta rted 
         Repea t every 3–5 minutes .

May give  vasopress in 40 U to replace  firs t or 
second dose  of epinephrine

Pos tres us citation care

        S ta rt BLS, oxygen, a ttach monitor/defibrilla tor
        Check rhythm

Check rhythm

Check rhythm

ShockableNot s hockable

     Give  ONE shock, as  above
       Resume CPR Immedia te ly a fte r shock for 5 cycles
       Cons ider when CPR s tarted

Amiodarone  300 mg IV/IO and then additiona l 150 mg 
Lidoca ine  1–1.5 mg/kg firs t dose  then additional 0.5–1 mg/kg

(max 3 mg/kg)
Magnes ium 1–2 g for torsades

       Continue  CPR for 5 cycles
        Cons ider 6 H’s  5 T’s  (Table  46.1)

Puls e  pres ent

Shockable

Puls e  pres ent

Shockable

Shockable

Not s hockable
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FIGURE 46.2. Suggested treatment algorithm for pulseless cardiac arrest. It is important that resuscita-
tion drugs should be given during the cardiopulmonary resuscitation (CPR) cycles to minimize “no CPR”
time. BLS, basic life support; PEA, pulseless electrical activity; VF, ventricular fibrillation; VT, ventricular
tachycardia; AED, automated external defibrillator; IO, intraosseous. (Adapted and modified from 2005
American Heart Association Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovas-
cular Care. Circulation. 2005;112[24]SIV-1–IV-211.)

and prevent recurrence, and (c) use measures that may improve
long-term neurologic outcome.

After ROSC, vital signs, clinical and laboratory signs of tis-
sue perfusion, the occurrence of cardiac arrhythmias, and neu-
rologic status should be frequently monitored. Obtain appro-

priate intravenous and intra-arterial vascular access as needed
to monitor the patient and obtain frequent laboratory stud-
ies. Obtain an arterial or central venous blood gas (preferably
both) to assess for the presence of acid-base abnormalities, and
obtain electrolytes including magnesium, phosphorus, ionized
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Tachycardia  
with pulses

 S ta rt BLS, oxygen; a ttach monitor
 Check rhythm, blood pressure , oximetry
 Cons ider revers ible  causes  (Table  46.1) a t each s tep

Check ins tability
 Alte red menta l s ta tus
 Low blood pressure  or

other s igns  of shock
 Ches t pa in
 Poor capilla ry refill

(Uns table )
Immediate  s ynchronized 
cardiovers ion

 Obta in IV access
 Cons ider sedation if pa tient 

is  conscious
 Cons ider expert 

consulta tion
 If becomes  pulse less , go to

Figure  46.2

 Obta in IV access
 Obta in 12-lead ECG 

(when ava ilable) or 
rhythm s trip

 QRS duration?

(S table )

Check rhythm regularityCheck rhythm regularity
Expert consulta tion advised

Wide  QRS (≥0.12 seconds)

VT or uncertain rhythm
 Amiodarone 150 mg IV

over 10 minutes ; repea t as  
needed to maximum dose
of 2.2 g/24 hours

 Cons ider e lective  
s ynchronized 
cardiovers ion

SVT with aberrancy
 Follow regula r narrow 

QRS algorithm (s ee  #)

Atrial fibrillation with aberrancy
 

 
 

 

 

 

 

Follow irregula r narrow-QRS 
algorithm (s ee  §)

Pre-exc ited atrial fibrillation
(AF + WPW)
 Expert consulta tion advised
 Avoid AV noda l blockers

(e .g., adenos ine , digoxin,
diltiazem, verapamil)

 Cons ider antia rrhythmics  
(e .g., amiodarone  )

Recurrent po lymorphic  VT
 Seek expert consulta tion

Tors ades  de  po intes
 Magnes ium 1–2 g over 5–60 

minutes , then infus ion

Irregula rRegula r

Narrow QRS (≤0.12 seconds)

Attempt vagal maneuvers
Adenos ine  6 mg fas t IV 
push
If no convers ion, give  12 mg
rapid IV push
May repea t 12 mg dose  once

Atrial fibrillation or poss ible  
atrial flutter or MAT(multifoca l
a tria l tachycardia )

Cons ider expert 
consulta tion
Ventricula r ra te  control

Diltiazem
blockers

Convers ion to  s inus  rhythm?
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FIGURE 46.3. Suggested treatment algorithm for tachycardia with pulse. BLS, basic life support;
ECG, electrocardiogram; VT, ventricular tachycardia; SVT, supraventricular tachycardia; WPW, Wolff-
Parkinson-White syndrome. (Adapted and modified from 2005 American Heart Association Guidelines
for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Circulation. 2005;112[24]SIV-
1–IV-211.)

calcium, and blood urea nitrogen (BUN) to ensure that there
are no electrolyte abnormalities and to help assess renal func-
tion. The gradient between arterial and venous oxygen sat-
uration can help evaluate the adequacy of tissue perfusion.
Trained personnel with resuscitation equipment must accom-

pany the patient during transport to an appropriate monitoring
unit.

It is increasingly recognized that postresuscitation care has
an important effect on ultimate survival following cardiac ar-
rest. Studies are currently evaluating optimal treatments for
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postresuscitation care (230). The following are generally ac-
cepted as part of postresuscitation care.

Glucose Cont rol
Many studies showed a strong association between hyper-
glycemia after cardiac arrest and poor neurologic outcome
(28,231–233). Hyperglycemia developing after cardiac arrest
likely reflects the effects of epinephrine and endogenous stress
hormones as well as reduced glucose metabolism by the in-
jured brain. What is not clear, however, is whether control of
the glucose concentration following cardiac arrest results in
an improved outcome. Data from studies in adult surgical and
medical critical care patients showed reduced mortality with
tight glucose control (234,235). Based on these data in critically
ill patients, it seems reasonable to normalize the glucose con-
centration in patients after cardiac arrest, but the evidence for
this approach is lacking. Furthermore, it is not clear if glucose
should be restricted or if insulin should be used to normalize
the glucose concentration, but the general approach is to fre-
quently monitor the glucose concentration and use an insulin
infusion to normalize the glucose concentration if it is elevated.
The target range for glucose concentration in this situation is
not known, but a range of 80 to 110 mg/dL is commonly used.
The risk of this approach is that hypoglycemia may occur, re-
sulting in further injury to at-risk brain cells.

Re sp irat ory Syst e m
Some respiratory dysfunction can be present after ROSC, and
patients require ongoing mechanical ventilation and oxygen
administration. ET position should be assessed upon arrival
to the critical care unit. Ventilator support should be adjusted
to help normalize the patient’s acid-base status and work of
breathing, while recognizing that high respiratory rates and
airway pressure may impair venous return and thus cardiac
output. If an end-tidal CO 2 monitor is available, ventilation
rate should be adjusted to maintain end-tidal CO 2 within a
range of about 35 mm Hg to 45 mm Hg. In patients with
obstructive pulmonary disease and increased resistance to ex-
halation, a lower ventilation rate should be used (e.g., six to
eight breaths per minute) to prevent air trapping and to allow
enough time for complete exhalation (132).

If more severe injury is present, it is usually due to pul-
monary edema, gastric content aspiration, or acute respiratory
distress syndrome (ARDS). While generally in these cases oxy-
genation may be improved by the application of positive end-
expiratory pressure, more detailed treatment guidelines are re-
viewed in other sections of this textbook.

Card iovascular Syst e m
Cardiac function and rhythm can be altered after cardiac arrest.
This results from both global ischemia and reperfusion injury
post ROSC or by the effect of defibrillation itself, which can
cause myocardial stunning (236,237). Hemodynamic instabil-
ity is common after cardiac arrest and may be multifactorial
including a combination of cardiac dysfunction, altered cap-
illary permeability, variations in venous and arterial vascular
tone, and the elaboration of cytokines that may mimic sepsis
(238). Invasive hemodynamic monitoring and judicious use of
inotropes with vasopressor or vasodilators properties may be
needed (227).

Although post–cardiac arrest arrhythmias may be detrimen-
tal, prophylactic treatment may also produce adverse effects,

so prophylactic antiarrhythmics are not recommended. If an
antiarrhythmic was used to achieve ROSC, then it should be
continued, although the selection of antiarrhythmic agents for
longer-term use is best made in consultation with a cardiolo-
gist.

Ce nt ral Ne rvous Syst e m
After ROSC, the brain often experiences an initial brief in-
creased blood flow (“hyperemia”) phase, which is followed
by a significantly reduced (“no-reflow phenomenon”) phase
due to microvascular dysfunction and thrombosis (239,240).
In addition, excitatory neurotransmitters are released, increas-
ing metabolic demand in vulnerable areas of the brain such
as the hippocampus. In general, efforts are focused on opti-
mizing cerebral perfusion pressure by treating hypotension and
maintaining, when feasible, a 20% to 30% higher than normal
mean arterial pressure, especially in cases at risk for increased
intracranial pressure. Fever and seizures can be seriously detri-
mental to the brain and should be aggressively treated. There
are insufficient data to recommend for or against the use of
prophylactic anticonvulsants in postcardiac arrest.

Te mp e rat ure Cont ro l
Avoiding Hyperthermia. Temperature dysregulation may be
present after ROSC, which may result from brain injury as
shown in animal models of cardiac arrest (241–244). Fever
is associated with worse neurologic outcome in humans after
cardiac arrest or ischemic brain injury (245,246). Antipyretics
and surface cooling techniques should be used to achieve nor-
mothermia. Some experts recommend routine administration
of antipyretics, and the 2005 guidelines recommend frequent or
continuous temperature monitoring and aggressive treatment
of fever in the postarrest setting.

Hypothermia after Cardiac Arrest. In 2002, two prospective
randomized controlled clinical trials of therapeutic hypother-
mia were conducted in comatose survivors after cardiac arrest
in adults. In the Australian study (247), survivors of out-of-
hospital VF cardiac arrest with coma were randomized in the
field by EMS providers to hypothermia or normothermia, with
cooling beginning in the prehospital setting. Cooling was main-
tained for 12 hours followed by passive rewarming. Good out-
come (survival and good functional recovery) was observed in
21 of 43 (49% ) hypothermic patients versus 9 of 34 (26% )
normothermic patients (p = 0.046; number needed to treat
[NNT] = 5; 95% confidence interval [CI], 2.3–81). A larger Eu-
ropean trial in a similar patient population (248) showed favor-
able neurologic outcome at 6 months with the use of 24 hours
of therapeutic hypothermia begun after hospital arrival follow-
ing out-of-hospital ventricular fibrillation cardiac arrest (75 of
136 [55% ]) compared with the normothermic group (54 of 137
[39% ]). The risk ratio for this study was 1.40 (95% CI, 1.08–
1.81) and the NNT was 7 (95% CI, 3.6–25). Subsequently, the
ILCOR recommended the use of therapeutic hypothermia for
adult patients who were comatose following ventricular fibril-
lation cardiac arrest and suggested that hypothermia should
be considered in comatose patients with other rhythms after
out-of-hospital cardiac arrest (249).

Several neonatal trials also showed a beneficial effect of
72 hours of therapeutic hypothermia following perinatal as-
phyxia (250,251), but there are no clinical data in children to
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recommend for or against the routine use of hypothermia in
the postarrest setting.

Hypothermia can be applied in two ways after cardiac
arrest: (a) permissive hypothermia, maintaining the mild hy-
pothermia > 33◦C that is often present in postarrest pa-
tients; or (b) induced hypothermia, where patients are ac-
tively cooled to the 32◦C to 34◦C range. Currently, con-
sensus guidelines for induction, maintenance, and weaning
of therapeutic hypothermia do not exist. Some recent stud-
ies have explored methods of internal cooling using cold
saline boluses or endovascular catheters (252). We recently
surveyed a sample from the pediatric critical care commu-
nity and found that despite awareness of this technique, it
is not widely applied. There is variation in methods, tem-
perature goal, and duration of cooling, with most clini-
cians using external cooling techniques with target tempera-
ture ranging from 33◦C to 35◦C for 12 to 24 hours (253).

Prolonged or deeper hypothermia increases the risk of infec-
tion, coagulopathy, thrombocytopenia, renal impairment, and
pancreatitis (254,255). It is likely that induced hypothermia
will affect drug metabolism, but there are little objective data
to guide clinical therapy. Further studies are needed to develop
standard protocols for this brain-protective therapy.

Ext racorp ore al Life Sup p ort and
Card iop ulmonary Re suscit at ion

Rapid use of extracorporeal membrane oxygenation (ECMO)
in the context of CPR is termed extracorporeal cardiopul-
monary resuscitation (ECPR). This technique is invasive and
requires emergent cannulation of a large central vein and artery.
Venous blood is passed through a membrane oxygenator for
oxygenation and removal of CO 2 and returned in an artery to
augment blood circulation. The setup and personnel required
for this procedure are available in few large tertiary care centers
with an in-house multidisciplinary team available to rapidly
prepare the ECMO circuit. ECPR has been used in both pe-
diatric and adult patients with primarily cardiac disease with
a reported survival of 64% in neonates, 50% in children, and
51% in adults (256,257). In a large single-center report (258),
64 children who failed initial advanced life support were placed
on ECMO during active CPR with the median duration of chest
compressions of 50 minutes (range 5–105 minutes); remark-
ably, 33 (50% ) survived for 24 hours and 21 (33% ) survived
to hospital discharge. Five of the survivors were noted to have
significant neurologic impairment at hospital discharge. Use
of extraordinary measures like ECPR and ECMO seems rea-
sonable if the patient’s condition is reversible and ECMO can
be established before irreversible brain damage happens during
the cardiac arrest. One advantage of extracorporeal circulatory
support is that it is relatively easy to rapidly cool the patient
and maintain the target temperature for brain protection.

ETHICAL CONSIDERATIONS

Te rminat ion of Card iop ulmonary
Re suscit at ion Effort s

CPR is inappropriate when survival is not expected. Even in
the ICU, CPR can be administered by rescuers who may not

know the patient or the advanced directive status of the pa-
tient. There are few criteria that can reliably predict the futility
of CPR. Therefore, it is recommended that all patients with
cardiopulmonary arrest receive CPR with the following excep-
tions:

1. There is a valid Do Not Attempt Resuscitation (DNAR)
order, which can be verified.

2. Signs of irreversible death are already present (e.g., rigor
mortis, decapitation, decomposition, dependent lividity).

3. No physiologic benefit can be expected with further CPR.
4. In newborns, gestational age or congenital abnormality is

related to almost certain early death.

In the ICU, CPR is started without a physician’s order, which is
based on implied consent for emergency treatment. As a mini-
mal standard, it is expected that all nursing staff in the unit are
able to immediately start BLS and be knowledgeable on the use
of an automatic external defibrillator. However, the decision to
stop CPR should be made by a physician treating the patient,
ideally familiar with the patient’s pre-existing conditions. Al-
though many factors have been studied as a guide to determine
the futility of CPR, such as the presence of comorbidities, time
to CPR, time to defibrillate, and initial rhythm, none of these
either alone or in combination reliably predicts chances of neu-
rologically intact survival (259,260). On rare occasions, good
outcome with prolonged CPR has been reported (261–263). It
is acceptable to prolong resuscitative efforts in children with
recurrent VF or VT, drug toxicity, or a primary hypothermic
insult.

Family Pre se nce d uring
Card iop ulmonary Re suscit at ion

It has been a common practice to exclude family of the ar-
rest victim during CPR efforts. Helping the family of a dying
patient is an important part of CPR and should be done in
a compassionate manner considering the family’s cultural and
religious beliefs and practices. Although there is concern that
allowing family presence may become disruptive, interfere with
resuscitation, cause them to experience syncope, and increase
the risk of legal liability (264–266), these concerns were not
substantiated by good evidence, and in the authors’ experience
these factors are not a major issue. Family surveys following
CPR suggested that the majority of family members want to be
present during CPR (267,268). It is also suggested that being
present at the time of death was comforting and helped with
adjustment later (269). In pediatric arrest, most parents sur-
veyed wanted an option to be present during CPR (270). The
resuscitation team should be sensitive to the family’s presence
and a team member should be assigned to comfort the family,
answer questions, and clarify the procedures.

Fut ure Consid e rat ions

Curre nt Pe rformance d uring
Card iop ulmonary Re suscit at ion

Although U.S. and international guidelines continue to recom-
mend high-quality CPR to improve survival from cardiac ar-
rest (271), disturbing evidence seems to indicate that this is not
happening in most cases. Studies suggest that bystander CPR
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in witnessed cardiac arrest is performed in only about one third
of the cases (272,273). There are several suggested reasons for
this finding: CPR algorithms are complicated, training is inad-
equate, retention of skills is difficult, and both lay rescuer and
professionals are afraid of transmission of diseases (274–276).

An out-of hospital cardiac arrest observational study in 176
adults showed that chest compressions were given only half of
the available time during the resuscitation event. When CPR
was performed by professional rescuers, compression time in-
creased but still averaged 80% of the total resuscitation time
(94). In the same setting (277), it was reported that police and
firefighters performed CPR correctly only 45% of the time
while waiting for ambulance personnel. Prehospital data in-
dicate that most of the time “wasted” without CPR could be
explained by programmed interruptions from automated de-
fibrillators or pulse check. The quality of in-hospital CPR is
also discouraging. Even highly trained hospital personnel such
as ICU physicians often fall short of CPR guidelines during
resuscitation efforts (95).

One other issue is the inability to completely relax the chest
during the decompression phase (85). Recent laboratory data
suggest that rescuer fatigue is an important cause of poor BLS
CPR. Reduced performance due to fatigue was noted after just
1 minute and the magnitude was proportional to the compres-
sion speed. In a manikin model, an increased compression-to-
ventilation ratio of 15:2 provided only 14.5% more compres-
sions than a C:V ratio of 5:1, but nearly 81% of the rescuers
perceived that a C:V ratio of 15:2 was more tiring than a 5:1
ratio (104). The quality of compressions seems to decrease sig-
nificantly after 1 minute and then again between 4 and 5 min-
utes of CPR, suggesting the need for frequent rescuer rotations,
between 1 and 5 minutes, to optimize the effectiveness of chest
compression. Interestingly, subjective awareness of fatigue is
usually present only after 5 minutes, despite the substantial de-
crease of chest compression depth at 1 minute (278). Decay of
chest compression quality always includes rate and depth.

Studies have shown that the decay of skill mastery is al-
most immediate after a CPR class with a trend toward too
shallow compressions by lay rescuers (279) and too deep com-
pressions by health professionals (280). In general, repeated
manikin training is more successful in correcting too shallow
compressions than too deep (280).

Another study revealed that most trained personnel pro-
vided too much ventilation, �30 breaths/minute, during out-
of-hospital cardiac arrest. Hyperventilation increases mean air-
way pressure, resulting in decreased venous return and cardiac
output, which worsens survival (40).

Training Ne e d s for Q ualit y Imp rove me nt

Involve me nt of Lay Re scue rs
Few advanced life support interventions improve survival of
SCA patients. It is recognized that early and effective CPR and
defibrillation are effective. Therefore, there is a need to increase
access to CPR education and improve CPR training quality and
retention of skills.

Fe e d b ack De vice s
Use of devices that can help rescuers by prompting or giving
voice feedback or tone may increase the effectiveness of CPR.

These devices improve ETCO 2 and quality of CPR in both in-
hospital and out-of-hospital settings (98,281–283).

Me d ical Eme rg e ncy Te ams
Recently, there is increased emphasis on the use of a dedicated
in-hospital rapid response system (RRS) for early intervention
in at-risk patients. There are two components of this system:
(a) case recognition and team activation, and (b) the emergent
medical response. Medical emergency teams (METs) are the
response component of an RRS that has the capability of pre-
scribing therapy, providing advance airway management, se-
curing central venous access, and beginning ICU-level care at
the bedside (284). These teams are often composed of experi-
enced nurses and doctors with skills in critical care who are
available 24 hours a day to seek out, assess, and manage pa-
tients who clinically pose a threat to develop cardiac arrest.
Several small studies documented reduction in cardiac arrest
rates with the use of METs (285,286), but a recent large clus-
tered randomized study was not able to show any difference in
cardiac arrest, unexpected death, and unplanned ICU admis-
sions with the use of METs (287). Further studies are needed
to evaluate the effectiveness and feasibility of METs.

Re se arch Consid e rat ions
Research in patients with CA is extremely challenging. Most of
the interventions need to be applied very quickly to be benefi-
cial, which makes it hard for researchers to obtain institutional
review board approval.

Et hical Consid e rat ions and Informe d Conse nt
Obtaining consent from family is not always possible or prac-
tical at the time of cardiac arrest. Some researchers argue that
presuming consent in these patients serves a benefit to the living
and others argue that since the patient is clinically dead, con-
sent is unnecessary since a dead patient is without autonomy.
This argument does not account for the potential emotional
harm to the family, who may oppose use of a deceased loved
one for research, and also does not account for their cultural
and religious beliefs.

Recently the importance of CPR research was recognized
and the FDA adopted regulations that allow exception for con-
sent in certain circumstances. Obtaining an exception requires
the researcher to consult with experts in the field and represen-
tative lay persons, along with open and full public disclosure
of the study, including the methodologic details of, need for,
and benefit of the research.
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CHAPTER 47 ■ RENAL PHYSIOLOGY
AND ITS SYSTEMIC IMPACT
MARCELO E. HEINIG r A. AHSAN EJAZ

MAIN POINTS
■ The prevalence of acute renal failure continues to increase.
■ Mortality of acute renal failure, despite improvements, re-

mains high.
■ Loss of autoregulation of renal blood flow, vasoconstriction,

and subsequent downstream effects potentiate the inflamma-
tory cascade in acute renal failure.

■ Pre-existing organ dysfunction affects the prognosis of crit-
ically ill patients.

■ The decrease in physiologic reserve in acute renal fail-
ure influences drug dosing, treatment modality, and re-
sponse to interventions in patients in the intensive care
unit.

■ The treatment of acute renal failure is based on the princi-
ple that the preservation of renal blood flow and optimal
perfusion pressure improves outcomes.

Acute renal failure (ARF) is a common finding in hospi-
talized patients. The accurate incidence of acute renal failure
is undetermined due to the differences in definitions used in
databases at different time points. However, data from hos-
pitalized Medicare beneficiaries—using an acute renal failure
definition from ICD-9-CM as “ the sudden, severe onset of in-
adequate kidney function”—yields an overall incidence rate of
23.8 cases per 1,000 discharges (1). Others have reported in-
cidences of hospital-acquired acute renal failure of 4.9% to
7% . Patients who develop ARF have an in-hospital mortality
of 15.2% , which increases to 32.9% if dialysis is also required.
In the intensive care unit (ICU), the incidence of ARF—again,
depending on the definitional criteria used—has been reported
to range between 5% and 17% . Nonetheless, the mortality
rates of ICU patients with ARF were high in every study, rang-
ing between 24% and 53% ; when renal replacement therapy
was required, the mortality was even higher, ranging between
45% and 79% (2,3).

Knowledge of risk factors for ARF in the ICU can be help-
ful in the determination of clinical outcome and contribute to
more defined risk assessment and management in this cohort
(Table 47.1). This chapter reviews pertinent renal physiology,
the mechanisms and outcomes of ischemic acute renal failure,
the progression of chronic kidney disease and its impact on
acute critical illness, and the principles of management of acute
renal failure. Specifics on the treatment of ARF and a detailed
description of the various treatment modalities are to be found
in later chapters of this textbook.

PHYSIOLOGY OF THE KIDNEY

Ge ne ral Anat omy
The ability of the kidney to maintain the equilibrium of the
corporal fluids and electrolytes depends on three essential pro-
cesses: (i) filtration of the circulating blood by the glomeru-
lus to form an ultrafiltrate, (ii) reabsorption of specific solutes
from the tubular fluid to the blood, and (iii) secretion from the
peritubular capillary blood system to the tubular space. The
functions of the kidney are dependent on the unique anatomic
arrangement of its structures.

The afferent arteriole divides into several branches after
entering the glomerular tuft and forms the capillary network
present in the glomerulus (Fig. 47.1). The confluence of sev-
eral capillaries forms the efferent arteriole, which drains the
blood from the glomerulus. During the ultrafiltration process,
water and solutes pass through the endothelium, the glomeru-
lar basement membrane, and the slit-diaphragm between the
podocytes. The determinant of the filtration of a substance is its
size and charge. Substances with molecular radius of less than
2 nm are filtered freely, whereas ionic charges of substances
measuring between 2 and 4 nm determine the amount of their
filtration. Substances with molecular radius greater than 4 nm
are not filtered.

The medullary region of the kidneys is characterized by low
oxygen tension (10 to 15 mm Hg) under normal conditions.
The tubular segments located in this region—pars recta or
S3 segment of proximal tubule and medullary thick ascending
limb—are characterized by active transport of Na+ , which is
dependent on oxidative phosphorylation for energy. The high
rates of oxygen consumption associated with the precarious
blood flow in the medullary region are responsible for the vul-
nerability of this area to ischemia.

Ge ne ral Re nal Physio log y

Glome rular Filt rat ion Rat e and Re nal Plasma Flow
The glomerular filtration rate (GFR) and the renal plasma flow
(RPF) are rate measurements that help to characterize the status
of renal function. The total rate at which fluid is filtered into all
the glomeruli constitutes the glomerular filtration rate (GFR).
The normal GFR varies between 100 and 120 mL/min/1.73 m2,
depending on various factors including gender, age, and body
weight. Changes in the GFR can result from changes in the
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TA BLE 4 7 . 1

PREDICTORS OF ACUTE RENAL FAILURE IN THE INTENSIVE CARE UNIT

All patients Sepsis CV Surgery Trauma
OR OR OR OR

Risks N = 194a N = 2,442b N = 43,642c N = 153d

Demographics
Age 0.93 1.1 2.82
Acute Clinical Setting
High-risk surgery 1.51 1.98
Sepsis 3.11
High injury severity score 5.75–13.7
Emergency procedure 7.61�

Cardiopulmonary bypass 2.64�

Pre-Existing Condition
Chronic kidney disease 1.77 1.02 1.31–5.80b

Cardiac failure 1.85 1.55
Cancer 3.75 —
Prior cardiac surgery 1.93
COPD 1.26
Hypertension (SBP > 160 mm Hg) 1.03–1.98c

Peripheral vascular disease 1.51
Clinical Findings
Elevated A-a gradient 1.04
Elevated serum bilirubin 3.6 9.7
Hypotension 3.04
Hemoperitoneum 6.80
Long bone fractures 2.36
Morbid obesity 2.1 1.11�

APACHE II quartile 1.57
Elevated CVP 1.5

CV, cardiovascular; OR, odds ratio; COPD, chronic obstructive pulmonary disease; SBP, systolic blood pressure; CVP, central
venous pressure.
aSource: Chawla LS, Abell L, Mazhari R, et al. Identifying critically ill patients at high risk for developing acute renal failure:
a pilot study. Kidney Int. 2005;68:2274–2280.
bSource: Yegenaga I, Hoste E, Van Biesen W, et al. Clinical characteristics of patients developing ARF due to sepsis/systemic
inflammatory response. Am J Kidney Dis. 2004;43:817–824.
cSource: Chertow GM, Lazarus JM, Christiansen CL, et al. Preoperative renal risk stratification. Circulation.
1997;95:878–884.
d Source: Vivino G, Antonelli M, Moro ML, et al. Risk factors for acute renal failure in trauma patients. Intensive Care Med.
1998;24:808–814.

glomerular permeability or capillary surface area or from
changes in the net ultrafiltration. In a single glomerulus, the
driving pressure for the glomerular filtration is determined by
the difference of the gradient of the hydrostatic and oncotic
pressures between the capillaries and the Bowman space.

The rate at which plasma flows through the kidney is called
renal plasma flow . Renal blood flow (RBF) is the volume of
blood delivered to the kidney per unit time (1 to 1.2 L/min).
Renal blood flow calculations are based on renal plasma flow
and hematocrit:

RBF = RPF/ 1 − hematocrit

It is possible to measure the RPF using para-aminohippurate
as a tracer in humans, with a normal value about 625 mL/min,
but the test is not commonly used in clinical practice due to
labor intensity and cost.

Aut ore g ulat ory Cont ro l of Re nal Blood Flow
Despite the significant variations in mean arterial pressure,
renal blood flow and GFR remain constant, a phenomenon
known as autoregulation. Autoregulation is affected via

changes in diameter of the afferent arterioles in response to
a combination of two mechanisms:

1. The myogenic reflex: When the renal perfusion pressure in-
creases, the afferent arteriole constricts automatically.

2. Tubuloglomerular feedback: Situations associated with an
increased delivery of NaCl to the macula densa result in
vasoconstrictive response of the afferent arteriole. The in-
creased uptake of chloride ions by the macula densa cells
leads to ATP release into the surrounding extracellular
space. ATP is then converted to adenosine which binds to
adenosine A1 receptors causing afferent arteriolar vasocon-
striction.

Basic Princip le s of Tub ular Transp ort
The kidneys filter about 180 L of plasma, and all but 2 L are re-
absorbed. This massive reabsorption is accomplished through
several modifications of the glomerular ultrafiltrate, consisting
of absorption and secretion of water and solutes before becom-
ing the final urine. In general, three different tubular segments
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FIGURE 47.1. Nephron—the functional unit of the kidney.

are involved in this process and can be recognized based on the
differences in the function of their cells.

1. The prox imal tubule reabsorbs most of the filtered glucose,
amino acids, low-molecular-weight proteins, and water (ap-
proximately 65% ). Other solutes, such as Na+ , K+ , Cl− ,
HCO3

− , Ca2+ , phosphate, and urea are also absorbed in
this nephron segment. The terminal segment of the prox-
imal tubule—the pars recta or S3—is responsible for the
secretion of numerous drugs and toxins.

2. The straight portion of the proximal tubule, the thin as-
cending and descending limbs, and the thick ascending limb
constitute the region known as the loop of Henle. This re-
gion is responsible for the continuing reabsorption of the
solutes that escaped the proximal tubules (Na+ , Cl− , K+ ,
Ca2+ , Mg2+ ). It is the major area responsible for the ability
of the kidneys to concentrate or dilute the final urine. The
principal luminal transporter expressed in the thick ascend-
ing limb is the Na-K2Cl cotransporter, which is the target of
diuretics such as furosemide.

3. The distal nephron is responsible for the final adjustments in
the urine. Critical regulatory hormones such as vasopressin
and aldosterone regulate the acid and potassium excretion
and the urinary concentration at this segment. Thiazide di-
uretics act at the distal convoluted tubule through an apical
cotransporter of Na+ .

The Glome rulo t ub ular Balance
The fact that the tubules tend to reabsorb a constant proportion
of a glomerular filtrate rather than a constant amount is called
glomerular balance. As an example, if the filtered load of Na+

was increased by 10% , total Na+ reabsorption in the tubules
would also increase by 10% , keeping the final amount of Na+

in the urine—100 to 250 mEq/day—stable. In the absence of
this mechanism, even small changes in the GFR would cause

major changes in the final amount excreted of any solute. The
mechanisms responsible for this balance are not fully under-
stood, but changes in the oncotic pressure in the peritubular
capillaries and in the delivery of certain solutes (glucose and
amino acids) to the proximal tubule are probably involved.

Cont rol of Effe ct ive Circulat ing Volume
via Int e g rat e d Me chanisms

Most volume-regulatory mechanisms in the kidney use the ef-
fective circulating volume, or the degree of fullness of the vascu-
lature, as the final target. Under normal conditions, the effective
circulating volume varies in direct proportion to the extracel-
lular fluid volume. As Na+ is the most abundant extracellular
solute, the kidney excretion or retention of Na+ is a crucial
step to control of effective circulatory fluid volume. Osmoreg-
ulation is under the control of a single hormonal system, the
antidiuretic hormone (ADH), but volume regulation requires a
complex set of redundant and overlapping mechanisms.

The kidneys are able to conserve water by excreting the so-
lute load in concentrated urine in conditions of excess water
loss. Similarly, in high water intake states, the urinary volume
may increase to as high as 14 L/day, with an osmolality sig-
nificantly lower than that of the plasma. Vasopressin or ADH
regulates the water permeability in the distal nephron and is the
principal hormone responsible for the determination of the uri-
nary concentration and volume. Normally, the major stimulus
to secretion of ADH is the plasma osmolality, but in situations
of extracellular volume depletion, the set point to release ADH
is shifted, and higher levels of this hormone are common even
in hypotonic states.

The renin-angiotensin system plays a central role in the con-
trol of effective circulatory fluid volume. The afferent arteriolar
cells that form part of the juxtaglomerular apparatus release
renin in response to increased sympathetic nervous stimula-
tion, reduced arterial blood pressure, or reduced delivery of
NaCl to the macula densa region. Renin cleaves angiotensino-
gen into angiotensin I and is then converted to angiotensin II
by the angiotensin-converting enzyme. Angiotensin plays im-
portant roles in the control of blood pressure and the effective
circulatory fluid volume:

■ Angiotensin II has the direct effect of increasing the sodium
reabsorption in the proximal tubule (stimulation of Na+ /H +

exchange).
■ The aldosterone secreted by the adrenal glands in response

to the angiotensin II stimulates sodium reabsorption in the
distal nephron.

■ Angiotensin II causes general arteriolar vasoconstriction,
thereby increasing arterial pressure.

Increased renal sympathetic tone enhances renal salt re-
absorption and can decrease renal blood flow at higher fre-
quencies. In addition to its direct effects on renal function,
increased sympathetic outflow promotes the activation of the
renin-angiotensin system.

PATHOPHYSIOLOGY OF ACUTE
RENAL FAILURE

Ischemic acute renal failure is a syndrome that develops follow-
ing a sudden transient drop in total or regional blood flow to
the kidney. Classically, a decrease in mean arterial pressure has
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FIGURE 47.2. Theories of the mechanism of acute renal failure.

been associated with a reduction in renal blood flow with sub-
sequent tissue hypoxia, tubular and vascular injury, and loss of
renal structure and function. However, renal blood flow and
glomerular filtration rate can decrease by as much as 50% de-
spite the maintenance of mean arterial pressure (4), suggesting
the presence of renal vasoconstriction. Mechanisms for these
observations in ischemic acute renal failure are discussed below
(Fig. 47.2).

The orie s of t he Me chanism
of Acut e Re nal Failure

Loss of Aut ore g ulat ion of Re nal Blood Flow
Renal blood flow is dependent on systemic blood pressure and
intrarenal vascular resistance. The autoregulatory mechanisms,
through changes in vascular resistance, ensure that over a wide
range of perfusion pressures, renal blood flow remains stable
and glomerular filtration can be maintained. However, in is-
chemic acute renal failure, autoregulation of renal blood flow is
lost. Consequently, renal blood flow diminishes with decreased
mean arterial pressure over the autoregulatory range (5). The
loss of autoregulation of renal blood flow is related to an in-
crease in renovascular resistance.

Imb alance of Me d iat ors of Vascular Tone
The paradoxical rise in renovascular resistance seen with de-
creasing renal perfusion in ischemic acute renal failure is due
to the loss of the usual balance of vasoconstrictors and the va-
sodilators required to maintain the normal tone of the renal
vasculature. The aberrant responses to neurohormonal stimuli
and the persistent vasoconstriction worsen renal perfusion and

impair oxygen and nutrient delivery to the areas supplied by
the postglomerular vessels.

Tissue Hyp oxia
The partial pressure of oxygen in the outer medulla is about
10 to 15 mm Hg. Even a mild decrease in renal perfusion can
lead to a hypoxic insult (oxidative stress) to the vulnerable
medullary nephron segments. Tissue hypoxia can result in de-
pletion of cellular ATP stores, increased intracellular calcium,
and subsequent disruption of actin cytoskeleton in the endothe-
lial and vascular smooth muscle cells, with resultant hemody-
namic impairment and tubular injury. Adenosine nucleotide
metabolic products are not reused for the regeneration of ATP
and are, instead, diverted through the degradatory pathways
to generate xanthine and uric acid. Accumulation of adeno-
sine and uric acid worsens vasoconstriction and renal perfusion
via their effects on adenosine receptors and afferent arterioles,
respectively. Cellular activation also leads to reactive oxygen
species generation, phospholipase activation, and membrane
lipid alterations.

The Inflammat ory Cascad e
Hypoxia, with subsequent reperfusion, leads to acute inflam-
matory changes. Inflammation is one of the major pathophys-
iologic pathways contributing to ischemic acute renal failure.
Ischemic injury to the vasa recta results in enhanced adher-
ence of leukocytes to the vascular endothelial cells, seques-
tration of leukocytes, vascular congestion—that is, a no-flow
phenomenon—cellular infiltration, production of inflamma-
tory mediators, and generation of reactive oxygen species. Cy-
tokines and chemokines, released from the injured cells, attract
and activate inflammatory cells to the site of injury and potenti-
ate the inflammatory cascade. A similar inflammatory response
is also seen with tubular cell injury, which is also capable of
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producing inflammatory mediators. The inflammatory changes
are most pronounced in the outer medullary stripe, the region
that is most susceptible to hypoxic insult.

Prosurvival and Proap op t o t ic Sig naling Pat hways
Numerous stress response mechanisms are rapidly activated in
response to oxidative insults. Some of the pathways are prefer-
entially linked to cell survival whereas others are proapoptotic.
These pathways intersect and modulate each other’s activities.
Whether a particular insult leads to cell repair and survival—
or death—depends on the nature and severity of the insult, the
balance between the proapoptotic and antiapoptotic signals,
and the basal state of the cells. Ongoing efforts to elucidate
factors that play a role in microvascular endothelial injury and
dysfunction, expression of adhesion molecules that facilitate
leukocyte-endothelial interactions, the cytokine network, the
cellular response to oxidative stress, and the gene activation
patterns that regulate tissue injury and repair will result in a
better understanding of the complex mechanisms involved in
the pathogenesis of ischemic acute renal failure.

Role of Uric Acid in Acut e Re nal Failure
Serum uric acid is frequently elevated during cardiovascular
surgery and has been shown to correlate with the risk of devel-
oping acute renal failure (6). Hyperuricemia worsens cisplatin-
induced acute renal failure via a crystal-independent mecha-
nism. Uric acid decreases the bioavailability of nitric oxide, in-
creases afferent arteriolar vasoconstriction, and decreases the
glomerular filtration rate. Uric acid causes preglomerular ar-
teriolar smooth muscle proliferation and may interfere with
autoregulation of the renal blood flow. The proinflammatory
and prooxidative properties of uric acid can potentiate the in-
flammatory cascade, mediating acute renal failure.

OUTCOME OF ACUTE RENAL
FAILURE OF CRITICAL ILLNESS

The outcome of acute renal failure of critical illness is of im-
mense importance. The mean duration of in-hospital acute re-

nal failure is 14 days. Most episodes resolve in the first month
of evolution (7), and only 11% of the patients require renal
replacement therapy (2). However, the requirement for renal
replacement therapy increases to over 70% when acute renal
failure is severe, that is, in the presence of oliguria or severe
azotemia (3,8). The usual ICU mortality approximates 5%
without acute renal failure, 23% with acute renal failure, and
over 60% with acute renal failure requiring renal replacement
therapy (Fig. 47.3). Of the patients with acute renal failure who
expire, 78% do so within 2 weeks after the renal insult. The
90-day and 1-year survival of those who are discharged from
the hospital are 64% and 50% , respectively (8). Interestingly,
the ICU mortality of patients with end-stage renal disease is
11% , much lower than for acute renal failure patients who do
not need dialysis support (2). The increased mortality associ-
ated with the acute decline in renal function is not explained
simply by loss of organ function.

The recovery of renal function is influenced by many factors,
including pre-existing chronic illness. In one review, only 41%
of the patients were reported to be in good health 3 months
before entry into the intensive care unit (9); chronic kidney
disease has been reported in 30% of all patients admitted to the
intensive care unit (3,8,9). Most of the survivors of acute renal
failure recover their renal function within 2 weeks, and 65%
to 94% of them have independent renal function at discharge
from the hospital (3,8,10).

PATHOPHYSIOLOGY OF CHRONIC
KIDNEY DISEASE

Ep id e mio log y

An increasingly elderly population with pre-existing renal dys-
function is treated in our intensive care units. The presence of
chronic renal disease on admission to the intensive care unit
is associated with an incremental increase in long-term mor-
tality in survivors of acute renal failure (Fig. 47.4). Further-
more, recovery from acute renal failure is often accompanied by
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FIGURE 47.3. Outcome of acute renal failure of critical
illness.



726 Sect ion IV: Essential Physiologic Concerns

Chronic Kidney Disease

SCr (mg/dL) <1.7
No Mild Modera te Severe ESRD

1.7–3.4 ≥3.4 Dia lys is

28-day 
51%

90-day 
60%

1-year morta lity

CKD Stage 2 3 4
5-yea r morta lity 19.5% 24.3% 45.7%

17% 47% 48% 64% 40%

FIGURE 47.4. Effect of the stage of chronic kidney dis-
ease on ICU mortality.

residual renal dysfunction and the perils associated with
chronic kidney disease. Chronic kidney disease affects 12%
of the U.S. population (11). The prevalence of chronic kid-
ney disease is relatively stable, but the number of end-stage
renal disease patients who require maintenance dialysis treat-
ments continues to grow. It is estimated that the number of
end-stage renal disease treatments will increase 60% by the
year 2010. One reason for the discrepancy between the size of
the chronic kidney disease pool and the incidence of end-stage
renal disease may be the premature cardiovascular death in
many patients before progression to end-stage renal disease. In
fact, chronic kidney disease has a five to ten times higher risk
of death than end-stage renal disease (12). The 5-year mor-
tality of patients with chronic kidney disease stages 2, 3, and
4 are 19.5% , 24.3% , and 45.7% , respectively; 1.1% , 1.3% ,
and 19.9% progress to renal replacement therapy, respectively
(13). The above data underscore the impact of pre-existing or-
gan dysfunction on the prognosis of critically ill patients.

The orie s of Chronic Kid ne y Dise ase

The U.S. National Kidney Foundation’s Kidney Disease Out-
comes Quality Initiative classification of chronic kidney disease
(Table 47.2) facilitates the development of appropriate man-
agement plans but does not provide information on the future
risk of decline in renal function. Once renal damage reaches a
certain threshold, the progression of renal damage is consistent,
irreversible, and independent of initial insult. The characteristic
histologic findings of tubular atrophy, interstitial fibrosis, and
glomerulosclerosis in chronic kidney disease of diverse causes
suggest that multifactorial and complex interactions between
numerous pathways of cellular damage by both cellular and hu-
moral pathways contribute to their progression to a common
final pathway. Brief overviews of the proposed mechanisms that
are involved in the progression of chronic kidney disease are
provided below.

TA BLE 4 7 . 2

DEFINITION AND CLASSIFICATION OF CHRONIC KIDNEY DISEASE (CKD)

DEFINITION
1. Kidney damage for ≥ 3 months, as defined by structural or functional abnormalities of the kidney with or

without decreased GFR, manifested by either:
■ Pathologic abnormalities, or
■ Markers of kidney damage, including abnormalities in the composition of the blood or urine, or

abnormalities in imaging tests
2. GFR <60 mL/min/1.73 m2 for 3 months, with or without kidney damage

CLASSIFICATION

CKD stage Description GFR (mL/min/1.73m2)

I Kidney damage with normal/increased GFR ≥ 90
II Kidney damage with mild decreased GFR 60–89
III Moderate decreased GFR 30–59
IV Severe decreased GFR 15–29
V Kidney failure < 15 (dialysis)

GFR, glomerular filtration rate.
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The Hyp e rfilt rat ion The ory
The hyperfiltration theory (14) emphasizes glomerular hemo-
dynamic changes as the final common pathway in progressive
chronic kidney disease. Accordingly, renal injury from diverse
causes results in hyperfunction of the remaining glomeruli. The
sustained elevations in glomerular pressures and flows favor
hyperfiltration and the loss of selectivity of the permeability of
the glomerulus. The ensuing proteinuria causes tubule cell in-
jury by “misdirected filtration”—the accumulation of glomeru-
lar filtrate outside of the Bowman space and into periglomeru-
lar space, creation of a cellular cover around the focus of mis-
directed filtration by interstitial fibroblasts, extension over the
entire glomerulus leading to global sclerosis (15), luminal ob-
struction, and overwhelming the tubular mechanism by exces-
sive uptake and degradation of filtered protein by the proximal
tubule cells. The subsequent extravasation of the accumulated
filtered plasma protein into the interstitium causes inflamma-
tory reaction and tubulointerstitial fibrosis (16).

The Comp le me nt Act ivat ion The ory
The complement activation theory maintains that the
proteinuria-induced intraluminal activation of the terminal
complement cascade, leading to the formation of C5b-9 mem-
brane attack complex, is the principal mediator of chronic
progressive interstitial damage and progressive renal failure in
proteinuric renal disease, irrespective of primary glomerular
injury. This is supported by the demonstration of increased
urinary excretion of C5b-9 in nonimmunologic glomerular in-
jury, correlation of tubulointerstitial deposition of the C5b-9
with interstitial myofibroblast accumulation and proteinuria,
and the observation that, in experimental models, progressive
interstitial injury was maintained only in hypocomplementemic
animals.

The Chronic Hyp oxia The ory
The chronic hypoxia theory emphasizes chronic ischemic dam-
age in the tubulointerstitium as a final common pathway in
end-stage renal injury. The extent of tubulointerstitial damage
is better correlated with impaired renal function than the de-
gree of glomerular injury. The countercurrent arrangement of
the descending postglomerular vessels and ascending vasa recta
vessels, elevated vasa recta permeability to oxygen, and high
metabolic requirement results in a graded fall in oxygen ten-
sion from the outer cortex to the inner medulla. In extensive
tubulointerstitial injury, the loss and distortion of peritubu-
lar capillaries, increased transposition of extracellular matrix,
vasoconstriction, glomerular damage, anemia, and oxidative
stress impair oxygen supply to the corresponding regions. Hy-
poxia leads to apoptosis or epithelial-mesenchymal transdiffer-
entiation and exacerbates fibrosis of the kidney and subsequent
hypoxia, setting in motion the vicious cycle to end-stage renal
disease (17).

Ele vat e d Asymme t ric Dime t hylarg inine
The endothelium plays a crucial role in the maintenance of vas-
cular tone and structure. Endothelium produces nitric oxide, a
crucial mediator of vasodilation, inhibition of vasoconstrictor
influences, antithrombosis, anti-inflammation, and antiprolif-
eration. The generation of nitric oxide by nitric oxide synthase
is inhibited by asymmetric dimethylarginine (ADMA). Elevated
plasma ADMA levels are inversely related to GFR and signif-

icantly associated with progression of chronic kidney disease
(18,19). Elevated ADMA in chronic kidney disease is not due
to impaired urinary clearance, but to increased ADMA genera-
tion (synthesized by protein methyltransferase) and decreased
degradation (mainly by dimethylarginine dimethylaminohy-
drolase). It is speculated that uremic oxidative stress is involved
in the dysregulation of protein methyltransferase and dimethyl-
arginine dimethylaminohydrolase (20).

Ane mia
Erythrocytes represent a major antioxidant component of
blood. The generation of oxidants is amplified in anemia; it is
also enhanced in chronic kidney disease due to increased oxy-
gen consumption by the remnant hyperfunctioning nephrons.
Hypoxia of the tubular cells due to decreased delivery of oxy-
gen may be the main link between interstitial fibrosis and tubu-
lar destruction. Hypoxia stimulates the production of extracel-
lular matrix by tubular cells and renal interstitial fibroblasts
and the release of profibrotic cytokines. Treatment with ery-
thropoetin increases red blood cell mass, improves red blood
cell survival by antiapoptotic effects, and decreases oxidative
stress. Whether the correction of anemia can decrease the pro-
gression of chronic kidney disease remains to be seen (21).

Microvascular End ot he lium
Renal microvasculature is maintained by the balance of an-
giogenic growth factors, alteration of which impairs capillary
repair, causes loss of microvasculature, and leads to a decrease
in glomerular filtration rate, and oxygen and nutrient supply
to the tubules and interstitial cells. The progressive loss of the
endothelium results in capillary collapse and development of
glomerulosclerosis, impaired blood flow, and tubulointersti-
tial fibrosis. Increased expression of thrombospondin-1 and
other antiangiogenic factors, and decreased expression of vas-
cular endothelial growth factor (VEGF) and other proangio-
genic factors, influence the renal microvasculature in progres-
sive chronic kidney disease. VEGF expression correlates with
the severity of peritubular capillary loss and inversely corre-
lates with the degree of tubulointerstitial inflammation; it is
inhibited by macrophage-derived inflammatory cytokines (IL-
10, IL-6, TNF-α) and angiotensin II, and modulated by ni-
tric oxide—factors involved in the pathogenesis of renal injury
(22).

IMPACT OF CHRONIC KIDNEY
DISEASE ON CRITICAL ILLNESS

Chronic kidney disease is associated with a decrease in struc-
tural and functional reserve. The renal capacity to autoregulate
renal blood flow; maintain normal systemic blood pressure; ex-
crete solutes, fluids, electrolytes, and the daily acid load; and
metabolize drugs is diminished (Table 47.3). The reduction in
physiologic reserves influence drug dosing, treatment modality,
and response to interventions in patients in the intensive care
unit.

Blood Pre ssure

Some degree of autonomic dysfunction occurs in most patients
with moderate to severe chronic kidney disease. The presence
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TA BLE 4 7 . 3

IMPACT OF CHRONIC KIDNEY DISEASE ON OTHER
ORGAN SYSTEMS

Cardiovascular System
Blood pressure control

Inadequate sympathetic response due to autonomic
dysfunction

Elevated frequency of cardiac tamponade leading to low
blood pressure during dialysis

Coronary disease
High prevalence of severe coronary heart disease
Atypical presentation
False positive elevations in creatine kinase and troponin T
Appropriate medical therapy is significantly underused

Arrhythmias
High frequency caused by anatomic and biochemical

abnormalities
Especially common during hemodialysis

Respiratory Failure
Pulmonary edema and/or pleural effusion

Restrictive effects of fluid retention contribute to the
development of acute ventilatory failure

Metabolic acidosis
High demand for ventilation caused by acidosis makes

the weaning a challenge
Auto-PEEP

Airway mucosal edema predisposes to air trapping and
endogenous positive end-expiratory pressure

Central Nervous System
Uremic encephalopathy

Usually present when creatinine clearance level falls
below 15 mL/min

Disequilibrium syndrome
Neurologic dysfunction caused by rapid correction of

uremia

PEEP, positive end-expiratory pressure.

of autonomic dysfunction impairs the patient’s ability to main-
tain the systemic blood pressure, which may complicate dialysis
treatment of patients in the ICU who require removal of large
quantities of fluid. Despite the significant down-regulation of
alpha and beta adrenergic receptors, plasma catecholamine lev-
els are often elevated in these patients and may increase the
risk of cardiac complications. Uremic pericardial effusion may
also cause vasopressor-resistant hypotension that, if unrecog-
nized, may have dire consequences for the patient, as the on-
set of cardiac tamponade can be rapid without premonitory
signs.

Card iac Dysrhyt hmias

Cardiac dysrhythmias are common in patients with chronic
renal failure due to underlying left ventricular hypertrophy,
calcific cardiomyopathy that involves the conducting tissues, a
“disturbed” metabolic milieu, and chronic tissue hypoxia. An
increased incidence of cardiac dysrhythmias is seen in patients
with postoperative acute renal failure that may be exacerbated
with rapid fluctuations in hemodynamics and electrolyte con-
centrations in those requiring dialysis support.

Che st Pain

The presence of renal dysfunction can influence the symp-
toms, manifestations, and progression of coronary syndromes.
Chronic kidney disease affects outcome in patients with acute
coronary syndrome and is an independent risk factor for the
development of coronary artery disease and for more severe
coronary heart disease. Chronic kidney disease is also associ-
ated with an adverse effect on prognosis from cardiovascular
disease. Many dialysis patients with angina often have a fairly
typical history of exercise-induced chest discomfort that is sim-
ilar to those with normal renal function. However, silent my-
ocardial ischemia is also common among patients with severe
kidney disease. It has been speculated that the extremely poor
prognosis among dialysis patients with an acute myocardial in-
farction may be due in part to a relatively increased number of
atypical clinical presentations, resulting in both underdiagno-
sis and undertreatment. The presence of dyspnea alone due to
an acute myocardial infarction in an individual scheduled to
undergo a regular chronic dialysis procedure may be mistak-
enly attributed to volume overload. In addition, baseline ab-
normalities on the electrocardiogram, such as left ventricular
hypertrophy, may mask characteristic changes with ischemia.

Re sp irat ory Failure

Most patients with acute respiratory failure on mechanical
ventilation require some form of renal replacement therapy.
Conversely, alterations in respiratory drive, mechanics, mus-
cle function, and gas exchange are frequent consequences of
uremia. The development of acute renal failure predisposes
patients to overall fluid overload, decreased plasma oncotic
pressure, and leakage of fluid from pulmonary capillaries. The
restrictive effects of pulmonary interstitial and alveolar edema,
pleural effusion, and chest wall edema increase the work of
spontaneous breathing and may contribute to the development
of acute ventilatory failure. In addition, the metabolic acidosis
present in most instances of acute renal failure increases the de-
mand for ventilation through compensatory respiratory alka-
losis, further disrupting the relationship between the patient’s
ventilatory needs and capabilities. Pulmonary edema and ven-
tilation at low lung volumes can cause or worsen hypoxemia.

Acute renal failure can necessitate several modifications in
the management of mechanical ventilation. Higher airway pres-
sure is required to maintain the same level of ventilation in the
presence of pulmonary edema, pleural effusion, or total-body
fluid overload. Airway mucosal edema can reduce effective air-
way diameter, predisposing to air trapping and intrinsic posi-
tive end-expiratory pressure, which can reduce venous return,
further compromising cardiac function and increasing the risk
of alveolar rupture. The management of acute lung injury and
acute respiratory distress syndrome using lung-protective ven-
tilation is made more difficult in the presence of metabolic aci-
dosis, which increases ventilatory drive and worsens acidemia
related to permissive hypercapnia.

Disord e re d Consciousne ss

Uremic encephalopathy is an organic brain disorder that devel-
ops in patients with acute or chronic renal failure, usually when
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creatinine clearance falls, and remains, below 15 mL/min. Ac-
cumulation of toxins, increases in intracellular concentration
of calcium in brain cells, and imbalances of neurotransmitter
amino acids within the brain are thought to be responsible,
although urea itself is not thought to be causative. Clinical
manifestations vary with worsening uremia, but prompt iden-
tification and initiation of dialysis treatment can readily re-
verse the symptoms. Initiation of dialysis treatment can also
lead to disordered consciousness, especially when advanced
states of uremia are dialyzed for excessive lengths of time dur-
ing their first treatment sessions—the dialysis disequilibrium
syndrome.

De cre ase d Me t ab olism of Drug s

The pharmacokinetics of most drugs are altered in renal dys-
function; their clearances are impaired or they accumulate in
tissues and continue to exert their effects long after their admin-
istration. Some are broken down into their metabolites with
deleterious consequences. Most of the drugs are not removable
by dialysis due to their high protein binding. Many effective
drug therapies cannot be used because of the risk of accumu-
lation and toxicity. Some drugs are removed by dialysis and
require postdialysis supplementation. The varying clearances
of the different continuous renal replacement therapies man-
date the knowledge of the clearance of the particular modality
used to effectively dose a particular drug.

GENERAL PRINCIPLES
OF MANAGEMENT

Despite the remarkable progress achieved in understanding the
pathophysiology of acute renal failure, no specific pharmaco-
logic agent has yet been approved for its treatment and preven-
tion remains the principle element in its management.

The treatment of established acute renal failure is based on
the following principles:

■ The preservation of renal blood flow and optimal perfusion
pressure favorably influences the deterioration of renal func-
tion.

■ Correction of uremia, electrolyte, acid-base, endocrine,
hematologic and nutritional disorders, and hypervolemia
can favorably affect outcome

■ The pharmacokinetics and clearance of drugs are altered
in renal failure, and the appropriate dosage adjustment re-
quires knowledge of the pharmacokinetic parameters of the
drugs and clearance characteristics of the different renal re-
placement techniques.

■ The treatment and complications of secondary causes of
acute renal failure may determine its outcome.

■ The appropriate integration of care provided by intensivists
and organ specialists can favorably affect outcome.

In certain clinical situations, such as in cardiovascular
surgery, ischemic acute renal failure is strongly associated with
occult renal ischemia—associated with poor cardiac perfor-
mance, fixed atherosclerotic disease of the renal arteries and/or
prolonged hypoxemia, and reduced renal functional reserve.
Due to the silent nature of renal ischemia, prognostic strat-
ification using reliable surrogates can guide clinical decision

making (23–26). Recently, the use of atrial natriuretic peptides
has been shown to improve dialysis-free survival in thoracic
aortic aneurysm surgery patients with impaired renal function.
However, the use of atrial peptides in acute renal failure re-
mains controversial—two major clinical trials have reported
unfavorable outcomes whereas two smaller clinical trials have
shown favorable outcomes.

The prevalence of acute renal failure continues to rise; how-
ever, there are indications that the mortality of patients with
acute renal failure may be declining. This decline in mortality is
not due to the effects of newer drugs in the treatment of acute
renal failure, but rather, it is due to the increased cooperation
between the intensivists and subspecialists, which has led to a
concerted approach to treatment. This has resulted in increased
awareness of disease states, early initiation and higher doses of
dialysis treatments, maintenance of euglycemia, and other in-
terventions that play important roles in reversing mortality.
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CHAPTER 48 ■ GASTROINTESTINAL
PHYSIOLOGY
JORGE H. CASTRO r JUAN B. OCHOA

The splanchnic organs, composed of liver, pancreas, the large
and small bowel, and the gut-associated lymphoid tissue
(GALT), can be a source of critical illness. These splanchnic
organs also play central roles in perpetuating the multiorgan
dysfunction syndrome (MODS) and failure (MOSF). As such,
the critical care physician must have a significant understand-
ing of the illnesses that arise in and relate to these organs,
particularly regarding their identification and contribution to
the systemic inflammatory response, to ultimately design an
appropriate treatment plan and minimize the potential compli-
cations.

The complexity of the splanchnic organs is such that entire
books have been dedicated to the subject. Because of its com-
plexity, an isolated chapter will, by necessity, be only an intro-
duction to the topic. We will describe some of the concepts that
are considered most important in the relationship between gut
and systemic inflammatory response syndrome (SIRS)/MODS,
including the preservation of a functional intestinal barrier and
the function of the GALT. The goal of this chapter, therefore, is
to stimulate and prepare the reader for a more in-depth study
of this area.

BASIC GASTROINTESTINAL
PHYSIOLOGY

The gastrointestinal (GI) tract is a dual-functioning organ sys-
tem that works actively in the selective absorption process; it
also plays an important role in providing continuous immune
surveillance and protection. The absorption of nutrients—the
best-studied function of the GI tract—is essential for the pro-
cessing, presentation, and delivery of all nutrients into the body.
Nutrient processing is also important for maintaining a healthy
gut mucosa. In addition, the gut harbors approximately 70%
of all the body’s immune tissue and function (1). The GALT
is actively exposed to multiple antigens, and it processes these
antigens and develops immunity against several environmental
antigens (2–4).

Working in concert, the GI tract, including its mucosa and
the GALT, create a sophisticated organ whose function and
complexity we only partially understand. The mucosa of the
GI tract is, in fact, a semipermeable membrane that acts as an
intestinal barrier and is maintained by adequate blood perfu-
sion, the secretion of mucin, and other substances such as IgA
(2,5,6). Normal GI motility avoids bacterial overgrowth, and
the presence of commensal organisms prevents the growth of
pathogenic bacteria. Not surprisingly, alterations in all of these
factors can result in disease and the development or perpetua-
tion of SIRS or MODS (1,6–8).

DISEASE PROCESSES THAT AFFECT
THE SPLANCHNIC ORGANS

In critical illness, two main disease processes can lead to, or
contribute to, critical illness: An inflammatory process in which
an infectious agent is not initially involved, and an inflamma-
tory process in which infection, particularly of bacterial origin,
is an essential component of the disease process. However, it is
important to state that in many cases, soon after the initiation
of the process, which was originally without infection, bacte-
rial contamination and invasion may play an essential role in
the pathophysiology of the disease.

Inflammat ory Proce sse s Not Cause d
b y an Infe ct ious Ag e nt

These include processes such as shock and ischemia–
reperfusion, toxic hepatitis, or acute pancreatitis. In such disor-
ders, the inflammatory response and activation of the immune
system may proceed in the absence of infection. The clinical
presentation of severe inflammation in these cases may be in-
distinguishable from those of diseases in which an infectious
process predominates.
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Inflammat ory Proce sse s in Which
Infe ct ion Plays a Major Role

Disorders such as perforated appendicitis or diverticulitis with
peritonitis are typical examples of this situation. In such cases,
bacterial invasion of the peritoneum plays a key role in trig-
gering the inflammatory process. The clinical presentation is
classically observed as sepsis, with an acute surgical abdomen.
In general, the hollow viscus is a preferred portal of entry for
infection. There are, however, other forms of splanchnic or-
gan infection not conforming to the presentation of an acute
abdomen that may also be the source of a severe inflamma-
tory response. For example, infectious pancreatitis and acute
viral hepatitis can initiate the inflammatory process. A thor-
ough review of each of these disease states is impossible in
the context of this chapter; however, much is covered else-
where in this textbook. In this chapter, we provide an out-
line of some of the most important and frequent processes
below.

Re p re se nt at ive Dise ase s of t he
Sp lanchnic Org ans

Acut e Pancre at it is
Acute pancreatitis is a disease process with a wide spectrum of
clinical presentations and causes that can challenge any critical
care physician. Only 10% to 15% of cases are severe enough to
threaten patient survival, and therefore, the critical care physi-
cian tends to be involved in only the most severe cases. The
most frequent causes of acute pancreatitis are gallstones and
alcohol intake, constituting more than 85% of the cases (9).
Other causes include hyperlipidemia, viral infections, and cer-
tain drugs such as propofol (10,11) (Tables 48.1 and 48.2).

In the intensive care unit, we should take into special consid-
eration the association between using sedation with propofol
and the presence of hypertriglyceridemia and acute pancreati-
tis. Devlin et al. (10) retrospectively studied 159 patients in the
intensive care unit (ICU) with propofol sedation. They found
that 29 (18% ) patients developed hypertriglyceridemia, and
among these 29 patients, 3 presented a clinical picture of acute
pancreatitis. Their final recommendation was to monitor the
serum triglycerides levels and pancreas enzymes after 48 hours
on propofol.

Acute pancreatitis triggers the activation of endogenous en-
zymes such as trypsin, causing autolysis and activation of the
inflammatory response. Inflammatory responses to pancreatitis
can be severe enough to lead to organ failure. Bacterial seeding
of the necrotic pancreas can occur, most probably through bac-
terial translocation from the gut, sometimes leading to the de-
velopment of sepsis—one of the main causes of delayed death.
It may be difficult to differentiate a severe aseptic inflammatory
response to pancreatitis from a septic response due to bacterial
contamination (9,12–15).

The usual initial workup for acute pancreatitis is to obtain
serum amylase and lipase values and determine the severity of
the disease by either APACHE II score or Ramson criteria (10)
(Tables 48.3 and 48.4).

Ideally, the extension of necrosis should be determined in all
cases of severe acute pancreatitis; the gold standard to make

TA BLE 4 8 . 1

CLASSIFICATION SYSTEM OF DRUG-INDUCED
ACUTE PANCREATITIS

Class Ia Drugs: At least one case report with positive
rechallenge, excluding all other causes, such as alcohol,
hypertriglyceridemia, gallstones, and other drugs

Class Ib Drugs: At least one case report with positive
rechallenge; however, other causes, such as alcohol,
hypertriglyceridemia, gallstones, and other drugs were not
ruled out

Class II Drugs:
■ At least four cases in the literature.
■ Consistent latency (≥ 75% of cases)

Class III Drugs:
■ At least two cases in the literature
■ No consistent latency among cases
■ No rechallenge

Class IV Drugs: Drugs not fitting into the earlier-described
classes; single case report published in medical literature,
without rechallenge.

From Badalov N, Baradarian R, Iswara K, et al. Drug-induced acute
pancreatitis: an evidence-based review. Clin Gastroenterol Hepatol.
2007;5:648–661, with permission.

such determinations is contrast-enhanced computed tomogra-
phy (CT). The CT is important for other reasons as well. For
example, at times, the severity of SIRS and the early presence
of shock indicates that the patient may be suffering from life-
threatening complications such as major bleeding and/or hol-
low viscus erosion/perforation; the abdominal CT scan is useful
to assess such possibilities.

After the first 2 weeks of the disorder, the incidence of in-
fection is increased. The patient may show a persistent inflam-
matory state, and can deteriorate with SIRS, sepsis, or sep-
tic shock. Although the presence of pancreatic air bubbles on
abdominal CT scan suggests infection, the gold standard to
rule out this possibility is CT-guided needle aspiration of the
necrotic pancreatic bed (9,12–15).

Acut e Me se nt e ric Ische mia
The splanchnic organs are perfused by three major vessels: the
celiac axis, which perfuses the liver, stomach, and spleen; the
superior mesenteric artery, which supplies most of the small
bowel and the right side of the colon; and the inferior mesen-
teric artery, which supplies the left side of the colon, sigmoid,
and superior portion of the rectum. Acute mesenteric ischemia
is caused by several conditions including classic arterial oc-
clusion due to atherosclerosis or embolism (frequently from
the left atrium or left ventricle); low flow states due to shock,
including cardiogenic shock; or mesenteric venous occlusion.
Acute mesenteric ischemia frequently manifests as a devastating
disease process. However, mesenteric ischemia can also present
in a more subtle manner—for instance, mild abdominal disten-
tion and/or mild pain. Reperfusion of the splanchnic organs,
which occurs with treatment, may also be associated with a
significant and occasionally dramatic systemic inflammatory
response (16,17).
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TA BLE 4 8 . 2

SUMMARY OF DRUG-INDUCED ACUTE PANCREATITIS BASED ON DRUG CLASS

Class Ia Class Ib Class II Class III Class IV

α-Methyldopa
Azodisalicylate
Bezafibrate
Cannabis
Carbimazole
Codeine
Cytosine
Arabinoside
Dapsone
Enalapril
Furosemide
Isoniazid
Mesalamine
Metronidazole
Pentamidine
Pravastatin
Procainamide
Pyritonol
Simvastatin
Stibogluconate
Sulfamethoxazole
Sulindac
Tetracycline
Valproic acid

All-trans-retinoic acid
Amiodarone
Azathioprine
Clomiphene
Dexamethasone
Ifosfamide
Lamivudine
Losartan
Linesterol/methoxy

ethinylestradiol
6-MP
Meglumine
Methimazole
Nelfinavir
Norethindrone/mestranol
Omeprazole
Premarin
Sulfamethazole
Trimethoprim–sulfamethazole

Acetaminophen
Chlorthiazide
Clozapine
DDI
Erythromycin
Estrogen
L-asparaginase
Pegasparagase
Propofol
Tamoxifen

Alendronate
Atorvastatin
Carbamazepine
Captopril
Ceftriaxone
Chlorthalidone
Cimetidine
Clarithromycin
Cyclosporin
Gold
Hydrochlorothiazide
Indomethacin
Interferon/ribavirin
Irbesartan
Isotretinoin
Ketorolac
Lisinopril
Metalozone
Metformin
Minocycline
Mirtazapine
Naproxen
Paclitaxel
Prednisone
Prednisolone

Adrenocorticotrophic
hormone

Ampicillin
Bendroflumethiazide
Benzapril
Betamethazone
Capecytabine
Cisplatin
Colchicine
Cyclophosphamide
Cyproheptidine
Danazol
Diazoxide
Diclofenac
Difenoxylate
Doxorubicin
Ethacrinic acid
Famciclovir
Finasteride
5-Fluorouracil
Fluvastatin
Gemfibrozil
Interleukin-2
Ketoprofen
Lovastatin
Mefanamic acid
Nitrofurantoin
Octreotide
Oxyphenbutazone
Penicillin
Phenophthalein
Propoxyphene
Ramipril
Ranitidine
Rifampin
Risperidone
Ritonovir
Roxithromycin
Rosuvostatin
Sertraline
Strychnine
Tacrolimus
Vigabatrin/lamotrigine
Vincristine

From Badalov N, Baradarian R, Iswara K, et al. Drug-induced acute pancreatitis: an evidence-based review. Clin Gastroenterol Hepatol. 2007;
5:648–661, with permission.

The presence of severe abdominal pain with few abdomi-
nal findings on physical exam, in any patient with risk factors,
obliges the clinician to rule out this entity. Performing the exam-
ination can be made quite difficult in a sedated and ventilated
patient. Hemoconcentration and/or an unexplained metabolic
acidosis are indications of this disorder; occasionally, lower GI
tract bleeding can be noted, or a positive stool guaiac study is
obtained. Plain abdominal films are less specific, showing ev-
erything from normal findings to the demonstration of ileus,
portal vein air, air in the colonic wall, or free intraperitoneal air
(Figs. 48.1 and 48.2). A contrast-enhanced abdominal CT scan

is useful, as it may identify the precise location of the compro-
mised vessel (artery or vein) and extension of the damage, and
signs such as portal vein air, air in the bowel wall, and com-
plications such as free intraperitoneal air. When the patient is
too unstable to be moved for a CT scan, bedside diagnostic
laparotomy/laparoscopy is an option (16,17).

Ext rahe p at ic Biliary Dise ase
Benign extrahepatic biliary disease (EBD) is frequently associ-
ated with varying degrees of sepsis and inflammatory response
and is a common reason for admission to the ICU. Extrahepatic
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TA BLE 4 8 . 3

RAMSON’S PROGNOSTIC SIGNS OF PANCREATITIS CRITERIA FOR ACUTE
PANCREATITIS NOT DUE TO GALLSTONES

At admission During the initial 48 h

Age > 55 y
WBC > 16,000/mm3

Blood glucose > 200 mg/dL
Serum LDH > 300 IU/L
Serum AST > 250 U/dL

Hematocrit fall > 10 points
BUN elevation > 5 mg/dL
Serum calcium < 8 mg/dL
Arterial PO 2 < 60 mm Hg
Base deficit > 4 mEq/L
Estimated fluid sequestration > 6 L

WBC, white blood cells; LDH, lactate dehydrogenase; AST, aspartate aminotransferase; BUN, blood urea
nitrogen.
From Ramson JHC. Etiological and prognostic factors in human acute pancreatitis: a review. Am J
Gastroenterol. 1982;77:633–638, with permission.

biliary disease includes cholecystitis and/or cholangitis. The
severity of EBD increases with extremes of age and neglect re-
lated to delayed time to surgical consultation, and in patients
with chronic diseases such as diabetes mellitus or those who
are immunosuppressed for any reason. The main cause of EBD
is the presence of gallbladder calculi.

Cholecystitis in the absence of calculi is also observed in
the ICU, particularly in those patients who are in shock, kept
without oral intake, or who received total parenteral nutrition
(TPN). Acute acalculous cholecystitis may be an occult cause of
sepsis and is difficult to diagnose, particularly because studies
such as ultrasound lose their accuracy in the critically ill (18–
20). Thus, the diagnosis of acalculous cholecystitis is sometimes
difficult, and the intensivist must have a high index of suspicion.
Usual findings are fever, hyperbilirubinemia, and right upper
quadrant pain; sometimes, however, there are only signs of
SIRS.

The initial study is bedside ultrasound of the right upper
quadrant. Specific signs of inflammation are thickening of the
gallbladder wall to greater than 3.5 mm or pericholecystic fluid.
The abdominal CT scan may also be helpful in demonstrat-
ing pericholecystic fluid and pericholecystic tissue inflamma-
tion (one can obtain similar findings with ultrasound [US]),
with a main disadvantage of having to transport the patient
outside the ICU. On the other hand, other studies such as

nuclear medicine have almost no role in the workup of the
ICU patient because of the lack of specificity (18–20) and the
need to transport the patient for this study.

Pe rforat ion of a Hollow Viscus
Perforation of a hollow viscus with resultant intra-abdominal
sepsis is a common cause for admission to the ICU. As such,
the critical care physician will frequently manage these patients
who present a picture of bacterial sepsis. Patients with colonic
perforations may demonstrate varying degrees of septic shock.
Patients with perforated peptic ulcer disease most often present
initially with chemical peritonitis, which will progress to bac-
terial peritonitis if left untreated. Surgical management of pa-
tients with a perforated hollow viscus is an essential aspect
of their care, and thus coordination between the anesthesia,
surgery, and critical care teams is of great importance (21–23).

The combination of an acute abdomen with rapid deteriora-
tion of the patient’s condition should trigger the possibility of a
perforated hollow viscus. The emergent nature of the presenta-
tion will dictate the next step. Bedside plain abdomen films may,
on occasion, demonstrate pneumoperitoneum; ultrasound usu-
ally does not show specific signs. The CT scan has the ability
to demonstrate very small degrees of pneumoperitoneum, free
fluid, duodenal wall inflammatory changes, and inflammation
of surrounding organs (21).

TA BLE 4 8 . 4

CRITERIA FOR ACUTE GALLSTONE PANCREATITIS

At admission During the initial 48 h

Age > 70 y
WBC > 18,000/mm3

Blood glucose > 220 mg/dL
Serum LDH > 400 IU/L
Serum AST > 250 U/dL

Hematocrit fall > 10 points
BUN elevation > 2 mg/dL
Serum calcium < 8 mg/dL
Arterial PO 2 < 60 mm Hg
Base deficit > 5 mEq/L
Estimated fluid sequestration > 4 L

WBC, white blood cells; LDH, lactate dehydrogenase; AST, aspartate aminotransferase; BUN, blood urea
nitrogen.
From Ramson JHC. Etiological and prognostic factors in human acute pancreatitis: a review. Am J
Gastroenterol. 1982;77:633–638, with permission.
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FIGURE 48.1. This abdominal plain film shows the presence of air
inside the portal vein—a classic sign for mesenteric ischemia (arrows).

FIGURE 48.2. Note the colonic wall thickening and air bubbles in
colonic wall—nonspecific signs for mesenteric ischemia (arrows).

Clost rid ium d ifficile Colit is

The selective pressure of antibiotic use may lead to the disrup-
tion of normal fecal flora, with the emergence of resistant or-
ganisms, which can, in turn, cause disease. Best known of these
organisms is Clostridium difficile, which can cause diarrheal
outbreaks in health care institutions. The emergence of a hy-
pervirulent strain of C. difficile, which produces both toxins A
and B (24)—and is frequently fluoroquinolone-resistant—has
been a problem of particular importance in ICUs in many coun-
tries (25). Clostridium difficile colitis can be a lethal disease,
particularly if not adequately treated. There is an increased
risk of developing severe C. difficile colitis in patients who
are chronically ill, as well as in the elderly and immunosup-
pressed. Early identification and treatment are critical, and the
presence of significant leukocytosis should trigger the possibil-
ity of such a diagnosis (26). The current mainstay of treatment
is oral vancomycin and/or metronidazole—the latter given ei-
ther intravenously or orally. Aggressive fluid resuscitation and
careful monitoring of the clinical condition, along with timely
surgical intervention, is important to decrease mortality. Mor-
bidity from this disease and a significant incidence of recurrence
continue to be a problem. Other adjunct treatments, including
dietary manipulations, the use of probiotics and toxin-binding
agents, and restoration of the colonic flora through the use of
probiotics are all treatments that are being tested, though their
exact role in the treatment of this disease is unclear (27). An
interesting, though not appealing, idea is that of transplanta-
tion of the fecal flora, which refers to the administration of
fecal flora directly to the lumen of the colon or via a nasogas-
tric (NG) tube; preliminary results of this procedure has had
promising results in small studies.

The diagnosis of C. difficile colitis may be a challenge. How-
ever, laboratory data most frequently show a leukemoid reac-
tion on the complete blood count, and hypoalbuminemia; the
most commonly used study is the toxin A and B enzyme im-
munoassay. If there is suspicion of megacolon, an initial ab-
dominal radiograph—a KUB (kidney, ureters, and bladder)
study—may reveal significant colonic dilatation with pneu-
matosis in the colonic wall. The abdominal CT scan is useful
to assess colon integrity and rule out other pathologies (24).

THE ABDOMEN AS AN
“UNKNOWN SOURCE OF SEPSIS”

Evaluation of the abdomen as the source of sepsis in the ICU
patient is difficult. Clinical examination in a neurologically in-
tact patient remains the gold standard used to rule out an acute
surgical abdomen and the identification of the abdomen as a
source of sepsis. This is not the case in many critically ill pa-
tients in whom neurologic impairment due to the primary dis-
ease, or resultant from sedation, abrogates good communica-
tion with the patient and a dependable clinical examination. In
fact, performing a good clinical examination was not possible
in 43% to 69% of patients in the ICU (28). Particularly diffi-
cult are those who have had recent previous abdominal surgery,
and in whom an intra-abdominal septic complication could be
a potential cause of critical illness.

How is one to open the “black box” of the abdomen and
identify an occult source of sepsis? Several conditions such as
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FIGURE 48.3. Scheme showing
when, during the course of an
intensive care unit admission, intra-
abdominal problems are more likely
to be seen, especially after abdominal
or interventional procedures. ABX,
antibiotics; BAL cult, bronchoalveolar
lavage culture; ICU, intensive care
unit; MODS, multiorgan dysfunction
syndrome. (From Crandakk M, West
MA. Evaluation of the abdomen in
the critically ill patient: opening the
black box. Curr O pin Crit Care.
2006;12:333–339, with permission.)

pancreatitis and mesenteric ischemia could develop during the
intensive care unit admission or may be the primary reason for
admission. The diagnostic approach in these patients is dic-
tated by several factors, including the severity of the critical
illness, the availability of different diagnostic tools, and the
availability of specialized consultants (Fig. 48.3). In patients
with severe hemodynamic instability and/or marginal ventila-
tory status, transport to radiologic suites or other diagnostic
facilities may not be possible; also, portable CT scanners are
often not available. Therefore, it is important for the critical
care physician to identify the available tools that can assist
him or her in the timely diagnosis and management of occult
abdominal sepsis.

The use of radiologic studies such as CT scan, ultrasound,
and nuclear medicine imaging require careful evaluation of the
risks associated with the specific study versus the benefit from
the information obtained. It is important to emphasize that
none of the imaging studies used to diagnose an acute intra-
abdominal process is risk-free. For example, studies such as
abdominal CT scanning require transport outside of the ICU,
and the use of contrast material can produce serious toxicity,
such as acute renal failure with intravenous (IV) contrast media
administration, as well as discomfort and pain. The informa-
tion yielded by any of the studies may be poor or lead to mis-
interpretation, thereby increasing morbidity; thus, the authors
discourage the use of diagnostic tests in a “fishing expedition”
mode. The studies requested must be done to answer a specific
question or questions and the results provided by the study.
Furthermore, the risks must be offset by the benefits accruing
to the patient, which is not always a simple calculation.

Occasionally, the intensivist appeals to the surgeon to per-
form an exploratory laparotomy as a means to diagnose and
treat intra-abdominal illness. Blind exploratory laparotomies,

however, have yielded uniformly poor results, generally not
identifying the source of infection, while significantly increas-
ing morbidity or mortality (28). Other less aggressive modes
of surgical diagnostic interventions have, therefore, been de-
signed, including diagnostic peritoneal lavage (DPL), paracen-
tesis, and bedside laparoscopy.

ABDOMINAL COMPARTMENT
SYNDROME

Increased intra-abdominal pressures compromising blood flow
to splanchnic organs have been described in an increased per-
centage of patients in the ICU. In a recent article, for ex-
ample, Malbrain et al., from the European Community (29),
analyzed 265 consecutive patients in the ICU, measuring
intra-abdominal pressures via transduction of the urinary
bladder. This work demonstrated that nonsurvivors tended
to have higher intra-abdominal pressures. Furthermore, pa-
tients with prior elevated intra-abdominal pressures exhib-
ited increased sepsis-related organ failure assessment (SOFA)
scores.

Determining when abdominal decompression should be
done remains controversial and is partially subjective. For
some, intra-abdominal hypertension (IAH) is defined as a pres-
sure greater than 20 mm Hg in the presence of at least one organ
failure. In these cases, opening the abdomen should be consid-
ered and should be viewed as a therapeutic maneuver to im-
prove splanchnic organ perfusion. Demonstrating that surgical
therapy improves outcome is, however, difficult. Nonetheless,
it is logical that increasing organ perfusion should improve
physiologic function, or at least not worsen the outcome.
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BACTERIAL TRANSLOCATION
FROM THE GUT

Maintenance of the gut mucosal physiologic barrier pre-
vents the passage of bacteria—or bacterial products such as
endotoxin—into the systemic circulation. Once the gut under-
goes a predisposing condition, such as an ischemia–reperfusion
insult, bacteria and endotoxins can traverse the intestinal bar-
rier and seed distant organs such as mesenteric lymph nodes
(MLNs), solid organs, and the bloodstream; this is termed bac-
terial translocation. Several studies have added to the evidence
linking bacterial translocation and the systemic inflammatory
response (1–4). Bacterial translocation (BT) is associated with
postoperative sepsis in up to 14% , as demonstrated by Mac-
Fie et al. (3). Prevention of bacterial translocation is essential,
and is accomplished by careful maintenance of organ perfu-
sion, judicious use of antibiotics, and avoidance of excessive
IV fluids. Perhaps the most important preventative factor is the
early institution of enteral nutrition support.

SPECIAL CONCERNS WITH ILEUS
Normal gastrointestinal motility permits a downstream (abo-
ral) progression of secreted fluids and food through the gas-
trointestinal tract. It also prevents bacterial overgrowth and
provides the adequate contact of nutrients with the gut mu-
cosa, thereby allowing digestion and absorption. Loss of co-
ordinated propulsive motor impulses may result in decreased
digestion and absorption of food and liquids, gastrointestinal
intolerance, and the lack of passage of flatus or stool; this is
called ileus. Ileus is therefore a functional intestinal obstruction
in the absence of mechanical evidence of obstruction.

Ileus, in its worse clinical presentation, is a manifestation
of organ (gastrointestinal) dysfunction or failure. Ileus can re-
sult in abdominal compartment syndrome, severe electrolytic
disturbances, and bacterial overgrowth. Furthermore, the pres-
ence of ileus precludes successful enteral nutritional interven-
tions. For these reasons, adequate identification of ileus is an
essential aspect of care of the critical care physician.

The diagnosis of ileus is often inaccurate and is based on
significant preconceptions that are frequently erroneous. For
example, it is often believed that surgical intervention on the
gastrointestinal tract results in ileus, and that, postoperatively,
this patient population should be kept without oral or enteral
intake. Similar misconceptions are often observed with artifi-
cially established amounts of gastric residuals or nasogastric
outputs. Paradoxically, multiple patients are often kept with-
out enteral intake, which only exacerbates gastrointestinal dys-
function and provides an inadequate and/or inappropriate di-
agnosis of ileus.

Ileus has to be carefully identified by radiographs and a thor-
ough clinical assessment. Careful hydration and restoration of
splanchnic blood flow through adequate resuscitation are es-
sential. The judicious use of enteral nutritional support and
avoiding prolonged time periods without enteral intake are es-
sential to the prevention and treatment of ileus. Furthermore,
the careful treatment of the cause of an ileus, such as sepsis,
will often result in the spontaneous resolution of the gastroin-
testinal process. Maintenance of fluid and electrolyte balance
are also important.

Whe n t o Fe e d ?

Early enteral nutrition (EEN) has proven to be beneficial, and
should be started as soon as possible in the ICU patient, as
there are multiple studies demonstrating the benefits of enteral
nutrition. For example, Moore et al. (30) found that starting
early enteral feeding significantly decreased the risk of infec-
tions (p < 0.05). In contrast, the use of total parenteral nutrition
(TPN)—particularly when selected instead of EEN—was asso-
ciated with significant harm when performed by inexperienced
personnel and/or if there was inadequate patient selection.

The mechanisms that explain why EEN is superior to TPN
are only partially understood. Routinely, patients on TPN
achieve higher caloric goals than on EEN, but despite this
practice, patients routinely do better in the absence of TPN.
Thus, the benefits of EEN are not linked to the number of
calories received by the patient. Starvation is associated with in-
creased mucosal permeability along with increased expression
of ICAM-1, favoring the migration of PMNs to the intestine
wall compared with enteral-fed animals (31). Another inter-
esting experiment showed that adding bombesin, an analogue
of gastrin-releasing peptide, can recover the GALT in mice on
TPN and, indeed, preserve the immune response to infections
(32). Kudsk (33) reviewed the literature regarding EEN, find-
ing fewer infections and better outcomes when such therapy
was used. In addition, Andrad et al. (34) studied rats receiving
either standard TPN or glutamine-enriched TPN. They found
less bacterial translocation in the group on glutamine-enriched
TPN, suggesting that glutamine, an amino acid, improves
the response to antigens and increases the IgA levels, as re-
ported previously (35). Other authors have reported that EEN
prevents GALT atrophy and the development of SIRS/MOD
(36–38).

SUMMARY
Splanchnic organs continue to be a challenge for intensivists.
Splanchnic organs can both be a source of disease and per-
petuate existing problems. Maintenance of normal splanch-
nic organ function is essential for the survival of the patient.
Gut trophism and immune function is better preserved by en-
teral/oral nutrition. Therefore, EEN should be the standard of
care in trauma services.
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CHAPTER 49 ■ COAGULATION
MAUREANE HOFFMAN

Normal coagulation represents a balance between intact local
hemostatic mechanisms in response to injury and the regula-
tory mechanisms that prevent systemic extension of coagula-
tion. Plasma proteins and cellular components are both neces-
sary for appropriate hemostasis. The coagulation reactions are
normally localized on cell surfaces by specific receptors on the
cells and protease inhibitors in the fluid phase. The process of
hemostasis can be divided into primary hemostasis (formation
of an initial platelet plug), secondary hemostasis (stabilization
of the platelet plug in a fibrin polymer), and fibrinolysis (dis-
solution of the clot to allow healing or remove a thrombus)
(Table 49.1). Disorders of coagulation result when local co-
agulation pathways are impaired, the protective mechanisms
to prevent intravascular coagulation (thrombosis) are inade-
quate, or these protective measures overrespond and interfere
with local hemostasis. Hemostasis can also be impaired by al-
terations in the local environment, such as acidosis or hypother-
mia. The components of the coagulation system can be as-
sessed in clinical laboratory tests. However, no test is currently
available that reflects the overall adequacy of the hemostatic
process.

POINTS OF EMPHASIS
■ Primary hemostasis refers to the adhesion of circulating

platelets at the site of injury. In many instances the initial
platelet plug, assisted by local vasoconstriction, is sufficient
to stop bleeding from small-caliber vessels.

■ Secondary hemostasis involves the activation of plasma co-
agulation proteins leading to generation of thrombin on the
activated platelet surface. This process culminates in sta-
bilization of the initial platelet plug in a crosslinked fibrin
meshwork.

■ The hemostatic process is prevented from extending inap-
propriately through the vasculature by antithrombotic reg-
ulatory mechanisms.

■ The role of fibrinolysis is to remove clots that are formed
within the vasculature and to degrade hemostatic clots to
allow normal progression of wound healing.

■ The events in the coagulation process are regulated by the
cell surfaces on which they take place.

■ Laboratory tests can evaluate aspects of hemostatic function,
but no laboratory tests provide a global assessment of the
risk of bleeding or hemostatic adequacy.

■ Local tissue conditions, such as hypothermia and acidosis,
can strongly influence the effectiveness of the hemostatic
process, even in the presence of adequate levels of coagu-
lation factors and platelets.

PRIMARY HEMOSTASIS

Comp one nt s

Primary hemostasis is composed of several important activities:
reflex vasoconstriction after vascular injury, platelet adhesion
to extracellular matrix components, platelet activation, and
degranulation. These are modulated by biochemical and phys-
iologic stimuli. Therefore, when any agents interfere with any
of these steps, increased bleeding can result.

Vasculat ure
Constituents of the vessel wall are important components of
primary hemostasis. In the baseline state vascular endothelial
cells provide a nonthrombogenic interface with the circulat-
ing blood. An injury, however, exposes extracellular matrix
proteins in the subendothelial and perivascular tissues (such
as collagen, fibronectin, von Willebrand factor [vWF], throm-
bospondin, and laminin) that mediate platelet adhesion. The
perivascular tissues also express significant levels of tissue fac-
tor (TF) activity, which initiates the process of thrombin gener-
ation on the adjacent platelet surfaces and leads to formation of
a fibrin clot. Vascular injury typically also triggers reflex vaso-
constriction, which assists the coagulation process in staunch-
ing bleeding.

Plat e le t s
Platelets adhere at a site of injury and, in concert with local
vasoconstriction, provide initial hemostasis. Once hemostasis
is achieved by these mechanisms, the subsequent stabilization
of the platelet plug in a fibrin meshwork can proceed more ef-
fectively than if bleeding continues. Initial hemostasis may be
established even if a defect in the coagulation protein cascade
is present. However, the platelet plug is insufficient to provide
long-term hemostasis, and delayed rebleeding will occur if it is
not reinforced by a stable fibrin clot during secondary hemosta-
sis.

Platelets not only plug the vascular defects at a site of injury,
but also provide the specialized cell surface on which activa-
tion of many of the coagulation proteins takes place. As they
circulate in an unactivated state, platelets do not support ac-
tivity of the coagulation proteases. However, when activated,
they rapidly undergo a variety of alterations that allow them
to support and regulate procoagulant activity.

Unactivated platelets express a very low level of phos-
phatidylserine, the primary procoagulant phospholipid, on
their surfaces. Upon activation, phosphatidylserine is rapidly
translocated from the inner to the outer leaflet of the platelet
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TA BLE 4 9 . 1

OVERVIEW OF THE COMPONENTS INVOLVED IN
NORMAL HEMOSTASIS

PRIMARY HEMOSTASIS
Vessel wall
Platelets
Fibrinogen
von Willebrand factor

SECONDARY HEMOSTASIS
Coagulation proteins
Protease inhibitors
Cell membrane phospholipid

FIBRINOLYSIS
Plasminogen
Tissue-type plasminogen activator (tPA)
Plasminogen activator inhibitors (PAIs)

plasma membrane. It is then available to support binding and
activity of the coagulation complexes (1).

The platelet plasma membrane also provides a ready
source of substrate (arachidonic acid) for the synthesis of
prostaglandins and thromboxanes—compounds that modulate
many of the functions of platelets (2). Platelet aggregation,
granule release, and reflex vasoconstriction all are influenced
by prostaglandins and thromboxanes.

Membrane receptors for collagen and other subendothelial
and adhesive proteins are present on the platelet membrane
(3,4) and can mediate binding of unactivated platelets at sites
of injury. These binding events can transmit an activation sig-
nal to the platelet. However, full platelet activation probably
also requires stimulation by thrombin that is produced as the
coagulation reactions are initiated. Other platelet surface re-
ceptors, such as glycoprotein (GP) IIb/IIIa, the receptor for fib-
rinogen, rapidly change conformation from an inactive to an
active form upon platelet activation (5). This allows the acti-
vated platelets to aggregate with fibrinogen serving as a bridge
between platelets.

Platelet degranulation occurs somewhat more slowly after
activation than do membrane surface changes. Dense and α-
granules within the platelet cytoplasm contain numerous com-
ponents that play a role in the coagulation process, such as
factors V, VIII, and XIII; fibrinogen; von Willebrand factor;
protease inhibitors; and platelet agonists (adenosine diphos-
phate [ADP], epinephrine, and serotonin). Secretion of these
platelet agonists further enhances platelet activation and
hemostasis. Platelet granules also contain chemotactic factors,
growth factors, and other cytokines that play a role in the in-
flammatory response and wound healing.

Funct ion in Normal Coag ulat ion

When the integrity of a blood vessel is disrupted, the suben-
dothelial tissues are exposed. Within seconds, platelets begin to
adhere to the subendothelial binding sites both directly and in-
directly via fibrinogen and von Willebrand factor. Exposure of
extravascular tissue factor simultaneously initiates secondary
hemostasis as discussed below.

Platelets are “activated” both by collagen and by small
amounts of thrombin generated on nearby TF-bearing cells,
resulting in release of the α-granule and dense granule con-
tents and the production of thromboxane. These events occur
within seconds after platelet adhesion and have a positive feed-
back effect on the procoagulant response. Vasoconstriction and
formation of a platelet plug establish initial hemostasis within
minutes if the injured vessel is not of very large caliber.

Lab orat ory Evaluat ion

A careful history should be taken before beginning a labora-
tory evaluation of any bleeding disorder. This should include
an assessment of the duration, pattern, and severity of bleeding
problems, including whether the bleeding is spontaneous or as-
sociated with trauma or surgery. A lifelong bleeding tendency
may suggest a congenital disorder, but an onset in adulthood
does not necessarily exclude a congenital problem. In obtain-
ing a history of bleeding pattern, it is necessary to determine
whether a true hemorrhagic disorder exists. In this regard, it
is often helpful to assess if the bleeding is out of proportion
to the degree of trauma, or whether blood transfusions were
required for relatively minor surgical procedures. Since many
drugs and foods can affect platelet function, a complete drug
history is also important. Platelet-mediated bleeding disorders
usually result in a mucocutaneous bleeding pattern, with ec-
chymosis, petechiae, purpura, epistaxis, and gingival bleeding
commonly observed (6), in contrast to coagulation protein dis-
orders, in which deep tissue bleeding and hemarthroses are
more common.

Abnormalities of primary hemostasis can be due to either
quantitative or qualitative platelet defects. The microscopic re-
view of a peripheral blood smear allows one to estimate cir-
culating numbers of platelets if a blood count is not available.
Each platelet visualized per high-power oil-immersion field ap-
proximates 15,000 platelets per microliter of whole blood. A
normal count is roughly 150,000 to 400,000/µ L. However,
50,000 to 100,000/µ L is usually sufficient for hemostasis if
platelet function is normal. The cause of reduced circulating
platelet numbers cannot be ascertained from a smear review,
and bone marrow aspiration and biopsy are typically required
to distinguish decreased platelet production from increased de-
struction.

Ble e d ing Time
Qualitative abnormalities of platelet function can be assessed
by several different techniques, and algorithms for the evalua-
tion of such disorders have been developed (7). The template
bleeding time can provide an assessment of primary hemostasis
in patients with a suspected platelet abnormality (8). However,
the bleeding time has sometimes been used as a preoperative
screening test of overall hemostasis. In the absence of a history
of a bleeding disorder, the bleeding time is not a useful predic-
tor of the risk of hemorrhage associated with surgical proce-
dures, nor does a normal bleeding time exclude the possibility
of excessive hemorrhage associated with invasive procedures
(9).

In the several modern variations of the bleeding time test,
a disposable template is used to make a standardized incision
on the forearm after inflating a blood pressure cuff to 40 mm
Hg on the upper arm. The time required for bleeding to stop



Chap t e r 49: Coagulat ion 741

is measured in a standardized fashion. Simple as it sounds, the
bleeding time test requires a significant degree of skill and expe-
rience to perform reproducibly. Qualitative defects in platelet
function, von Willebrand factor deficiency, afibrinogenemia,
marked thrombocytopenia, and abnormalities in vascular col-
lagen all can result in a prolonged bleeding time (normal is
less than 10 minutes). The bleeding time result also depends
on orientation and size of the incision, site of the incision, skin
quality, skin temperature, operator technique, and patient co-
operation. Disorders of coagulation (secondary hemostasis) do
not generally affect the bleeding time.

Plat e le t Ag g re g at ion Te st s
Platelet function can be assessed in the laboratory by aggrega-
tion studies. This approach is considered the gold standard
in assessing qualitative platelet defects. Platelet-rich plasma
is incubated with a platelet agonist, such as ADP, collagen,
epinephrine, or thrombin, resulting in platelet activation and
consequent aggregation. Aggregation is measured as an in-
crease in light transmission through the platelet suspension.
An analysis of the aggregation curves with different agonists
often provides information on the nature of the platelet de-
fect. Platelet aggregation studies also require an extremely
skilled and experienced operator. In addition, preanalytic vari-
ables such as the blood collection technique and transport
conditions can significantly impair platelet function. Aggre-
gation studies cannot be done reliably if the platelet count
is less than 100,000/µ L. A “false normal” on platelet ag-
gregation testing is very unlikely, but abnormal platelet ag-
gregation results should be confirmed by repeat testing, if
possible.

PFA-100
Semi-automated techniques have made platelet function test-
ing much more readily available by removing the requirement
for an extremely experienced operator. The oldest and most
well-established of these is the PFA-100 (10). This instrument
uses a disposable test cartridge to simulate primary hemosta-
sis. Inside the cartridge is a membrane coated with collagen
and epinephrine and/or ADP. An anticoagulated blood sam-
ple is aspirated through an aperture in the membrane and the
time required for occlusion of the aperture is measured. While
the PFA-100 test appears to be a useful screen for platelet dys-
function, there is no consensus that it is the replacement test
for the bleeding time. Neither the bleeding time nor the PFA-
100 is able to predict the likelihood that a patient will bleed
excessively during an invasive procedure.

There are many other commercial tests that measure partic-
ular aspects of platelet aggregation or clot formation. Some
are still only being used for research, while others are be-
ing used in selected clinical settings. The VerifyNow Aspirin
Assay (formerly Ultegra RPFA-ASA), for instance, is a test
that detects platelet dysfunction due to aspirin effects (11). A
VerifyNow P2Y12 test is now available to monitor the ef-
fects of the antiplatelet agent clopidogrel (12), and VerifyNow
IIb/IIIa Assay to monitor the effects of abciximab and other
anti-IIb/IIIa agents (11). Plateletworks is a testing method used
to monitor changes in platelet function by measuring aggrega-
tion ability (13). This is not a comprehensive list, and new tests
are appearing regularly. However, none of them has emerged
as being useful for the global assessment of platelet function at
this time.

TA BLE 4 9 . 2

PROCOAGULANTS OF SECONDARY HEMOSTASIS

VITAMIN K–DEPENDENT FACTORS
Factor II (prothrombin)
Factor VII (proconvertin)
Factor IX (Christmas factor)
Factor X (Stuart-Prower factor)

CONTACT FACTORS
Factor XI

THROMBIN-SENSITIVE FACTORS
Fibrinogen
Factor V (proaccelerin)
Factor VIII (antihemophilic factor)
Factor XIII (Laki-Lorand factor)

SECONDARY HEMOSTASIS

Comp one nt s

From a biochemical standpoint, the individual components
of secondary hemostasis can be classified by their structural
features into three groups: the contact factors, the vitamin
K–dependent factors, and the thrombin-sensitive factors. Ta-
ble 49.2 lists each of these groups and their respective factors
that are involved in hemostasis. Proteins C and S are vitamin
K–dependent; however, they function as anticoagulant rather
than procoagulant proteins. Protein Z is a procoagulant; its
precise role in hemostasis remains to be clarified.

Cont act Fact ors
Factor XI (FXI), FXII, high-molecular-weight kininogen (HK),
and prekallikrein (PK) are referred to as the “contact factors.”
Patients who are deficient in FXII, HK, or PK do not have
a clinical bleeding tendency, although their activated partial
thromboplastin time (aPTT; see below) is prolonged.

When factor XII contacts a negatively charged surface, such
as the “activator” in the aPTT or subendothelial collagen, its
activation from a zymogen form begins. It undergoes a con-
formational change that provides partial activation and, more
importantly, renders it susceptible to further activation by PK.
HK, a precursor of bradykinin, is also involved in the factor
XII activation process. In a reciprocal action, activated FXII
(FXIIa) in turn cleaves and activates PK to kallikrein, which
activates still more FXII. Kallikrein and FXIIa are now thought
to primarily have a role in the activation of plasminogen (dis-
cussed in the section on fibrinolysis) and in inflammatory re-
sponses rather than in normal hemostasis. However, there is
evidence that the contact factors can play a role in promoting
thrombosis under some circumstances.

By contrast, FXI is clearly involved in normal hemostasis,
since its deficiency is associated with a clinical bleeding ten-
dency. It is a zymogen precursor of a serine protease that cir-
culates in complex with the nonenzymatic cofactor HK. While
FXI is activated by FXIIa in the aPTT assay, it is activated by
thrombin during hemostasis in vivo. Both thrombin and FXI
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bind to sites on the platelet surface glycoprotein Ib, and this
interaction facilitates FXI activation.

Vit amin K–d e p e nd e nt Fact ors
The vitamin K–dependent coagulation factors include pro-
thrombin (factor II) and factors VII, IX, and X. In addition,
three other vitamin K–dependent plasma proteins that are in-
volved in normal coagulation have been identified: Proteins
C, S, and Z. With the exception of protein S, the vitamin K–
dependent factors are zymogens, which are inert precursors of
serine proteases that must be proteolytically activated to ex-
press their enzymatic activity. Their activity is dramatically en-
hanced by binding to a specific cofactor that does not have
enzymatic activity of its own. Thus, TF is the cofactor for
FVIIa, FVIIIa for FIXa, FVa for FXa, and protein S for ac-
tivated protein C. Thrombin is fully active to clot fibrinogen
and activate platelets in the absence of any cofactor. How-
ever, binding to a cofactor on the surface of endothelial cells,
thrombomodulin, changes its activity so that it is no longer
procoagulant, but rather activates protein C, which has an-
ticoagulant/antithrombotic effects. The complex of activated
protein C/protein S cleaves and inactivates the cofactors FVa
and FVIIIa. This means that any thrombin that escapes from the
vicinity of an injury and reaches healthy endothelium initiates
antithrombotic responses, so that clotting is not propagated
throughout the vascular tree.

The vitamin K–dependent factors all have a homologous
protein structure (14). Each of them has an amino-terminal γ -
carboxy glutamic acid (Gla) domain with 9 to 12 Gla residues.
The negatively charged Gla residues bind calcium ions and
maintain the Gla domain in an appropriate conformation to
mediate binding of the protein to lipid membranes. Thus, cal-
cium chelators such as ethylenediaminetetraacetic acid (EDTA)
and citrate exert their anticoagulant effects by preventing the
binding of Gla-containing factors to membranes.

Each vitamin K–dependent factor is posttranslationally
modified by a γ -glutamyl carboxylase that catalyzes carboxy-
lation of glutamic acid to form the Gla residues. This carboxy-
lase requires oxygen, carbon dioxide, and the reduced form
of vitamin K for its action. For each glutamyl residue that is
carboxylated, one molecule of reduced vitamin K is converted
to the epoxide form. A separate enzyme complex, the vitamin
K epoxide reductase (15), converts the epoxide form of vita-
min K back to the reduced form. Warfarin (Coumadin) blocks
the activity of the reductase and prevents recycling of vitamin
K back to the reduced form. Warfarin thus blocks γ -glutamyl
carboxylation, with the result that a heterogeneous popula-
tion of undercarboxylated forms of the vitamin K–dependent
factors appears in circulation. These undercarboxylated forms
have reduced coagulant activity. Since warfarin blocks recy-
cling of vitamin K rather than blocking the carboxylase itself,
the effects of warfarin can be reversed by administration of
vitamin K.

Protein Z functions as a cofactor for a protein Z–dependent
serine protease inhibitor (ZPI) (16). Protein Z actually binds
to FXa and facilitates its inhibition by ZPI, and thus protein
Z/ZPI appear to have an anticoagulant function. This is sup-
ported by the finding that deficiency of protein Z is associated
with a thrombotic tendency in a mouse model (17). The full
physiologic and pathophysiologic roles of protein Z/ZPI are
not yet understood, but their levels appear to contribute to the
risk of thrombosis in humans.

Thromb in-se nsit ive Fact ors
The thrombin-sensitive factors are so named because of their
susceptibility to proteolysis by thrombin, which in most cases
leads to their enzymatically active forms. These include fib-
rinogen and factors V, VIII, and XIII. The central importance
of thrombin formation to normal coagulation and its regula-
tion is again emphasized by these interactions, along with oth-
ers discussed previously. Factors V and VIII have homologous
structures, but factor XIII and fibrinogen are structurally very
different.

Conversion of fibrinogen to fibrin, and its subsequent poly-
merization and incorporation into the matrix of a platelet plug,
represents the end point for secondary hemostasis. Fibrinogen
is a comparatively large, complex coagulation protein. Con-
version to fibrin occurs when thrombin symmetrically cleaves
two pairs of short polypeptides, fibrinopeptides A and B, from
its amino terminal ends. This exposes cryptic binding sites, al-
lowing spontaneous polymerization of fibrin. As fibrin is poly-
merized and becomes insoluble, it is also stabilized by the ac-
tion of activated factor XIII, which forms covalent crosslinks
between fibrin monomers. FXIII is activated by the action of
thrombin as well. In the absence of FXIII, the fibrin polymers
that are formed are unstable and cannot provide sufficient ma-
trix rigidity to the primary platelet plug. Deficiency of this fac-
tor results in delayed bleeding as a consequence of early clot
breakdown.

FV is also proteolytically activated by thrombin. Recall, too,
that FV is also present in platelet α-granules and is secreted and
expressed on the platelet membrane surface, where many of the
coagulation reactions occur. In fact, the platelet as a source of
FVa for initial in vivo coagulation is probably more important
than the FVa provided by plasma.

FVIII circulates in complex with very-high-molecular-
weight multimers of the adhesive protein vWF. Von Willebrand
factor stabilizes the inherently unstable FVIII as well as mediat-
ing platelet adhesion to extracellular matrix components under
high shear conditions. By binding vWF to the platelet surface,
GPIb also localizes FVIII to the platelet surface, where it is ac-
tivated and released from vWF by thrombin. It then complexes
with its partner protease, FIXa, to form the complex that will
activate FX on the platelet surface.

Funct ion in Normal Coag ulat ion

The Coag ulat ion Cascad e
In the 1960s two groups proposed a similar model of the in-
teractions of the coagulation factors. Each clotting factor was
thought to exist as a proenzyme that was converted to an active
enzyme by proteolysis. In these “cascade” or “waterfall” mod-
els, sequential activation of the plasma clotting factors served
to progressively amplify a procoagulant signal and ultimately
lead to a burst of thrombin generation (18,19). The original
model was subsequently modified to include the observation
that some of the procoagulants were cofactors that did not
have enzymatic activity.

Initially, the scheme of coagulation only included what we
now call the “ intrinsic” pathway—so named because all of
its components are present in the blood. While it had long
been known that tissue extracts (thromboplastin) could trig-
ger blood clotting, the intrinsic pathway was thought to be
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FIGURE 49.1. The cascade model of coagulation. PT, prothrombin
time; TF, tissue factor; aPTT, activated partial thromboplastin time;
HK, high-molecular-weight kininogen; PK, prekallikrein.

of primary physiologic importance because deficiency of FVIII
or FIX was known to result in a severe bleeding condition
(hemophilia). Later the tissue factor or “extrinsic” pathway
was added to the model to produce the familiar coagulation
cascade as shown in Figure 49.1.

In the modern cascade model the intrinsic pathway is initi-
ated by activation of the contact factors. FXIa can then activate
FIX, which then acts with its cofactor, FVIII, on a phospho-
lipid surface to activate FX. The extrinsic pathway consists
of FVIIa and TF. Both pathways can activate FX, which, in
complex with its cofactor FVa on a phospholipid surface, con-
verted prothrombin to thrombin. Our current screening coagu-
lation tests follow the outline of this model: The prothrombin
time (PT) test is initiated by adding TF, calcium, and phos-
pholipid to plasma and measuring the time required for clot-
ting. The aPTT is initiated by adding a charged surface and
phospholipid to plasma to allow activation of the contact fac-
tors (the “activation” phase). The plasma is then recalcified
and the time to clotting is measured. Thus, the cascade model
of coagulation is useful as a guide to interpreting the PT and
aPTT.

However, the cascade model has severe limitations as a
model of physiology. The key observation that the FVIIa/TF
complex activated not only FX but also FIX (20) suggested
that the intrinsic and extrinsic pathways were in fact linked.
Several groups demonstrated points of interaction between the
pathways and suggested that they could not operate as inde-
pendent and redundant systems, as the cascade model implied.
Furthermore, this model fails to provide insight into why pa-
tients with coagulation abnormalities bleed. For example, pa-
tients with deficiencies of the contact factors have a prolonged
aPTT only and no clinical bleeding tendency. Patients with FXI
deficiency have a similarly prolonged aPTT and variable bleed-
ing. Patients with classic hemophilia A (FVIII deficiency) and
hemophilia B (FIX deficiency) have a less prolonged aPTT but
a significant bleeding tendency.

A Ce ll-b ase d Mod e l of Coag ulat ion
It was recognized from the earliest studies of coagulation that
cells were important participants in the coagulation process. Of
course, it is clear that normal hemostasis is not possible in the
absence of platelets. In addition, TF is an integral membrane
protein and thus its activity is normally associated with cells.
Since different cells express different levels of pro- and antico-
agulant proteins as well as having different complements of re-
ceptors for components of hemostasis, simply representing the
cells involved in coagulation as phospholipid vesicles overlooks
the important contributions of cells in directing hemostasis in
vivo. Thus, a model that gives insight into the physiology and
pathophysiology of hemostasis requires due consideration to
the role of living cells in the process. A cell-based model of co-
agulation has been proposed (21), which views the coagulation
process as occurring in a series of steps that take place on two
different cell surfaces: the TF-bearing cells and platelets. This
model is illustrated in Figure 49.2.

Initiation. The initiation step takes place on the TF-bearing
cell surface, which is exposed to blood when an injury occurs
(Fig. 49.2A). Functioning as a receptor for FVII, the trans-
membrane protein TF promotes conversion of the FVII to its
proteolytically active form, FVIIa. The FVIIa/TF complex cat-
alyzes conversion of FIX and FX to their active forms, FIXa
and FXa, respectively. On the TF-bearing cell, the FXa formed
during this step combines with its cofactor FVa and forms a
prothrombinase complex sufficient to generate a small amount
of thrombin in the milieu of the TF-bearing cell. This small
quantity of thrombin is not sufficient to clot fibrinogen. It
does, however, promote platelet activation and the conver-
sion of FV, FVIII, and FXI to their active forms in the next
step.

Amplification. The amplification step (Fig. 49.2B) takes place
on the platelet surface, where the small amount of throm-
bin formed during initiation can bind to specific recep-
tors. Protease-activated receptors (PAR-1 and PAR-4) mediate
platelet activation. Thrombin also binds to GPIb, which fa-
cilitates the activation of FVIII and its release from vWF, as
well as activation of FXI. Platelet activation leads to secre-
tion of partially activated FV from platelet α-granules, with
thrombin acting to complete its conversion to FVa. Cofac-
tors Va and VIIIa are quickly bound to specific sites on the
platelet surface once they are activated. Factor IXa activated
by the FVIIa/TF complex is capable of diffusing from the TF-
bearing cell to adjacent activated platelet surfaces, where it
binds to its cofactor to form FVIIIa/FIXa complexes. At the
end of the amplification step, activated platelets have bound
activated factors in preparation to produce large amounts of
thrombin.

Propagation. During the propagation step (Fig. 49.2C),
plasma FX is converted to FXa on the activated platelet surface,
where it can move into direct association with its cofactor FVa
while remaining surface bound. The platelet surface FXa/FVa
acts on plasma prothrombin to produce a thrombin burst of
sufficient magnitude to clot fibrinogen.

The role of FXI in hemostasis has been a point of some
controversy, since even severe FXI deficiency does not result
in a hemorrhagic tendency as severe as that seen in severe
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FIGURE 49.2. A cell-based model of coagulation.
TFPI, tissue factor pathway inhibitor; vWF, von Wille-
brand factor.

FVIII or IX deficiency. This can be explained if FXI is viewed
as an “enhancer” or “booster” of thrombin generation dur-
ing the propagation phase. FXIa activates additional FIXa on
the platelet surface to supplement FIXa/FVIIIa complex for-
mation and enhance platelet surface FXa and thrombin gener-
ation. Thus, FXI is not essential for platelet-surface thrombin
generation, as are FIX and FVIII, and its deficiency does not
compromise hemostasis to the degree seen in FIX and FVIII
deficiency.

Fibrin Polymerization. Thrombin now cleaves two pairs of
short polypeptides from fibrinogen, and the resulting fibrin
monomer rapidly and spontaneously polymerizes. Thrombin
also activates FXIII, and FXIIIa in turn catalyzes covalent link-
ages between fibrin monomers, vastly increasing the tensile
strength of the fibrin mesh that now stabilizes the initial platelet
plug.

Lab orat ory Evaluat ion

The cell-based model of coagulation shows us why the “ex-
trinsic” and “ intrinsic” pathways are not redundant. Let us
consider the “extrinsic” pathway to consist of the FVIIa/TF
complex working with the FXa/Va complex, and the “ intrin-
sic” pathway to consist of FXIa working with the complexes of
factors VIIIa/IXa and factors Xa/Va. As illustrated in the right
hand panel of Figure 49.3, the “extrinsic” pathway operates
on the TF-bearing cell to initiate the coagulation process. By
contrast, as shown in Figure 49.4, the “ intrinsic” pathway op-
erates on the activated platelet surface to produce the burst
of thrombin that causes formation of the fibrin clot. Thus,
these two pathways are specialized to carry out functions on
different cell surfaces. The PT can be considered to be a test
of the adequacy of the components of the initiating pathway,
while the aPTT is a test of the components needed for platelet
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FIGURE 49.3. The prothrombin time (PT) tests
the extrinsic/initiation pathway. TF, tissue factor.

surface thrombin generation. Each can provide useful informa-
tion about the cause of abnormal bleeding, but either can be
expected to give us an overall view of hemostatic function or
accurately predict the risk of bleeding.

Prot hromb in Time
Although the first step in identifying and classifying disorders
of secondary hemostasis is always a careful history and physical
examination, the focus here is on the laboratory evaluation of
clotting disorders. The most commonly ordered screening test
of clotting is PT. In this test, plasma is incubated with a throm-
boplastin reagent that contains TF and phospholipid vesicles to
bind FVII from the plasma and activate the extrinsic pathway
(Fig. 49.3). Acquired or congenital deficiencies of factors VII,
X, V, prothrombin or fibrinogen can prolong the PT. The PT
is also commonly used to monitor oral anticoagulant therapy,
that is, warfarin. Any acquired or congenital deficiencies of
factors VII, X, or V; thrombin; or fibrinogen can also prolong
the PT.

Act ivat e d Part ial Thromb op last in Time
The aPTT is another commonly measured parameter of co-
agulation. Plasma is incubated with a reagent that provides a
negatively charged surface for activation of the contact fac-
tors of coagulation. The reagent also contains phospholipid
vesicles and calcium, which are required for activity of the
distal portion of the intrinsic pathway. As shown in the left-
hand panel of Figure 49.4, the aPTT is sensitive to a de-

ficiency of any of the factors in the intrinsic and common
pathways.

Thromb in Time
The thrombin time assesses both the quantitative and qualita-
tive aspects of the conversion of fibrinogen to fibrin. Throm-
bin is added to plasma, and the time until appearance of a
fibrin clot is measured. The myriad disorders associated with
either availability or function of fibrinogen are assessed with
this test. It is exquisitely sensitive to the presence of heparin and
inhibitors of fibrin monomer polymerization (i.e., fibrin degra-
dation products, dysfibrinogens). The reptilase time also pro-
vides an assessment of fibrinogen and its function. Like throm-
bin, the reptilase enzyme (derived from snake venom) cleaves
polypeptides from fibrinogen, leading to activation and fibrin
monomer formation. Unlike the thrombin time, however, the
reptilase time is not affected by heparin.

Sp e cific Fact or Assays
Factor assays are also available for most of the important coag-
ulation proteins involved in the clotting of blood. The general
concept behind these assays involves providing the specific sub-
strate for the factor that is suspected to be deficient. Subsequent
time to clotting is then measured and clotting factor activity is
reported as a percentage of normal activity.

“Glob al” Te st s of Coag ulat ion
As the critical role of cells in coagulation has become more
clear, a number of coagulation tests have become available
that can be run on whole blood or platelet-rich plasma.

FIGURE 49.4. The activated partial thrombo-
plastin time (aPTT) tests the intrinsic/platelet sur-
face pathway. HK, high-molecular-weight kini-
nogen; PK, prekallikrein.
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Because the cells do not have to be separated from the plasma
for these assays and some are suitable for point-of-care test-
ing, some of these assays also have a much quicker turnaround
time than tests run in the clinical laboratory. Such assays in-
clude several variations on the venerable thromboelastogram
(TEG) (22,23); the Thrombogram, which measures the pat-
tern of thrombin generation in platelet-rich plasma (24); the
Hemodyne, which measures fibrin clot strength and platelet
contraction (25); the Clot Signature Analyzer, which uses non–
anticoagulated blood (26); and others. One or more of these
assays seem likely to play an important role in assessing hemo-
static parameters that are not well reflected in the PT and
aPTT. However, none of the currently available whole blood or
platelet-rich plasma tests has emerged as clearly superior to its
competitors.

An additional test that deserves mention is the activated
clotting time (ACT). It is not considered a test of “global”
hemostasis, but does use whole blood and is performed as
point-of-care testing (27). It is similar to a whole blood aPTT
because clotting is initiated with charged materials that ac-
tivate the contact pathway, such as celite, kaolin, or a com-
bination of celite, kaolin, and glass. The ACT is commonly
used for monitoring blood anticoagulant response to heparin
during cardiopulmonary bypass and cardiac catheterization.
However, some other anticoagulants and other agents, such as
aprotinin, can affect the ACT. Furthermore, the test does not
reflect the anticoagulant effect of some agents, such as low-
molecular-weight heparins. Since the test has not been stan-
dardized, different reagent/instrument systems may give differ-
ent results under the same clinical conditions. In spite of these
caveats, the ACT has proven to be useful in the cardiac cath
lab and during cardiac surgery when a single system is used
consistently and local “cutoff” levels have been determined for
assessing adequate anticoagulation and adequate reversal by
protamine.

PHYSIOLOGY AND BIOCHEMISTRY
OF FIBRINOLYSIS

Comp one nt s

The major enzyme component of the fibrinolytic system is plas-
minogen, the zymogen form of plasmin. It is primarily syn-
thesized in the liver and circulates in the plasma at 10- to
20-mg/dL concentrations under basal conditions. Plasmino-
gen concentrations, however, can greatly increase in response
to inflammatory states, paralleling changes seen in fibrinogen
levels. Plasmin is the final effector of the fibrinolytic system,
which degrades the fibrin clot. Plasmin cleaves fibrin (and also
fibrinogen) at multiple sites, resulting in several by-products,
known clinically as fibrin(ogen) degradation products (FDPs).
After polymerization of fibrin, factor XIIIa crosslinks between
the D-domains of adjacent fibrin monomers. When plasmin di-
gests crosslinked fibrin, a product is produced that is unique to
fibrin cleavage, called the d-dimer. This can be measured and
quantitated (discussed later).

Plasmin is produced by the action of two plasminogen ac-
tivators (PAs): Urokinase-type plasminogen activator (uPA)
and tissue-type plasminogen activator (tPA). Although tPA is
present in many tissues, its release by vascular endothelial cells

is key in the activation of fibrinolysis. Several drugs, including
vasopressin, 1-desamino-8-D-arginine vasopressin (DDAVP),
and epinephrine can enhance vessel wall production of tPA.
Pathophysiologic stimuli such as tissue anoxia or endothelial
trauma also result in enhanced synthesis and secretion of tPA.
Plasminogen is found at a much higher plasma concentration
than the PAs. Therefore, the availability of the two PAs gener-
ally determines the extent of plasmin formation. The activity
of plasmin is regulated by a plasma serine protease inhibitor:
Antiplasmin. The PAs are regulated by circulating plasminogen
activator inhibitors (PAIs), primarily PAI-1.

Funct ion in Normal Coag ulat ion

Even as the fibrin clot is being formed in the body, the fibri-
nolytic system is being initiated to disrupt it. If a clot is formed
in the vicinity of an intact endothelial layer, fibrinolysis is acti-
vated as a protective mechanism. tPA release from endothelial
cells is provoked by thrombin as well as venous occlusion (28).
Both the secreted tPA and plasma plasminogen bind to the
evolving fibrin polymer, which dramatically enhances the acti-
vation of plasminogen by tPA. Plasmin is formed in the vicinity
of the thrombus and acts to degrade it.

When a hemostatic clot is formed at a site of tissue in-
jury, fibrinolysis must still take place to remove the clot during
wound healing. PAs released from leukocytes, probably pri-
marily uPA, begin the fibrinolytic process in this case.

Thrombin activatable fibrinolysis inhibitor (TAFI) is a zy-
mogen that can be activated (TAFIa) by thrombin or plasmin
(29). As fibrin is degraded by plasmin, C-terminal lysines are
exposed that enhance activation of additional plasminogen to
plasmin. TAFIa removes the C-terminal lysines from fibrin and
thereby inhibits the cofactor activity of fibrin for plasminogen
activation.

Fibrinolysis is essential for removal of clots during the pro-
cess of wound healing as well as for removing intravascular
clots that might otherwise be manifest as thrombosis. Intravas-
cular deposition of fibrin is also associated with the devel-
opment of atherosclerosis. Therefore, an effective fibrinolytic
system tends to protect against the chronic process of
atherosclerotic vascular disease as well as the acute process
of thrombosis. Conversely, defects of fibrinolysis increase the
risk of atherothrombotic disease. For example, elevated levels
of PAI-1, an inhibitor of fibrinolysis, are associated with an
increased risk of atherosclerosis and thrombosis (30), as are
decreased levels of plasminogen (31).

Streptokinase and urokinase have been used clinically as ex-
ogenous activators of the fibrinolytic system to lyse occlusive
thrombi that cause myocardial infarction and stroke. Strep-
tokinase is a biologic product of certain Lancefield strains of
β -hemolytic streptococci and is antigenic in nature. Its mecha-
nism of plasminogen activation seems related to a nonenzy-
matic, nonproteolytic reaction through an alteration of the
plasminogen active site that occurs on binding of the two
molecules (streptokinase and plasminogen). The resultant com-
plex directly cleaves a second molecule of plasminogen to its
active form, plasmin. Urokinase was initially isolated from
urine and fetal kidney cells but is now produced using recombi-
nant DNA technology. In contrast to streptokinase, urokinase
activates plasminogen through direct proteolytic action and
is not antigenic. Recombinant human tPA (rh-tPA) also can
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be infused intravenously to activate fibrinolysis. Exogenously
administered rh-tPA has identical actions as endogenously pro-
duced tPA.

After activation by any of the above described methods,
excess fibrinolysis has the potential to interfere with normal
hemostatic mechanisms. Since tPA normally activates plas-
minogen in the vicinity of fibrin, fibrinolytic activity is confined
to the site of clot formation. However, plasmin can digest both
fibrinogen and fibrin. When excess plasmin activity is produced
or it is not inhibited appropriately, plasmin can degrade and
deplete circulating fibrinogen. Thus, therapeutic activation of
fibrinolysis produces a systemic lytic state with dose-dependent
depletion of plasma fibrinogen.

Lab orat ory Evaluat ion

Tests that directly measure fibrinolytic function or activity
are not as readily available as those that measure secondary
hemostasis. In general, the PT, aPTT, and thrombin time are
relatively insensitive to changes in fibrinolytic activity (includ-
ing those induced by streptokinase or urokinase). Therefore,
these tests are not useful in the diagnosis of increased fibri-
nolysis. An assay of plasma fibrinogen and fibrin degradation
product levels provides some useful information concerning
fibrin(ogen)olysis, if basal levels are known. These assays are
not the tests of choice for either diagnosing or monitoring hy-
perfibrinolysis.

The test that has historically been most used to evaluate the
possibility of hyperfibrinolysis is the euglobulin clot lysis time.
However, it is not quantitative and is at best only a gross in-
dicator of increased fibrinolytic activity. The test involves the
precipitation of fibrinogen, plasminogen, and plasminogen ac-
tivators by mixing a plasma sample with an acidic solution of
low ionic strength. These precipitated proteins are then redis-
solved and allowed to clot, and the time to clot lysis is mea-
sured. A shortened time to clot lysis (less than 3 hours) indi-
cates a state of increased fibrinolysis. Unfortunately, the degree
of shortening of the euglobulin clot lysis time does not correlate
with the extent of increased fibrinolysis. Further, difficulties in
test interpretation can occur if the level of fibrinogen is low or
if amounts of fibrin degradation products sufficient to impede
clot formation are present. Because this test is very labor inten-
sive and its interpretation can be problematic, it is now rarely
performed.

The one assay that is commonly performed to monitor an
aspect of fibrinolysis is the d -dimer assay. d -dimer is a specific
proteolysis product of the action of plasmin on crosslinked fib-
rin. The presence of increased amounts of d -dimer in plasma
or serum indicates that thrombin has been generated, fibrin has
formed, and some degree of fibrinolysis has occurred. The d -
dimer level is increased any time the coagulation response has
been activated—whether appropriate or inappropriate. Thus,
d -dimer levels are elevated following surgery or trauma, as
well as in the setting of intravascular coagulation (thrombo-
sis) and disseminated intravascular coagulation (DIC). This
test is theoretically negative in instances of primary fibrinol-
ysis, where fibrinogen—not crosslinked fibrin—is being de-
graded. The d -dimer assay can be extremely useful as part
of an algorithm for the evaluation of pulmonary embolism—
primarily when a normal d -dimer level can rule out thrombosis/
embolism.

COAGULATION FUNCTION IN THE
TISSUE ENVIRONMENT

The compartmentalization of the various aspects of coagula-
tion, as presented here, is intended to ease the burden of con-
ceptualization for the reader. In vivo coagulation, however,
occurs in a tissue environment. While we have discussed, to
some extent, the important role of the vessel wall and vascular
endothelial cells in controlling the coagulation process, there
are additional local attributes that can have a very significant
impact on the effectiveness of hemostasis. First and foremost,
hemostasis is unlikely to be effective when a very large vessel
has been transected and primary hemostasis is unable to stop
or slow the hemorrhage. This type of problem requires a sur-
gical rather than a biochemical approach. In addition, two of
the most important variables that can impair the effectiveness
of the coagulation process are low temperature and pH.

Hyp ot he rmia

Hypothermia is defined as a body temperature of less than
35◦C. Hypothermia occurs in a number of clinical settings, in-
cluding both deliberate and accidental circumstances. In some
instances, such as during cardiopulmonary bypass surgery,
hypothermia is desired for its neuroprotective effects. How-
ever, hypothermia that accompanies severe trauma is associ-
ated with a significantly worse prognosis than either trauma
or hypothermia alone. The primary risk of hypothermia in
both regulated and nonregulated environments is that of
abnormal bleeding. Mild hypothermia increases transfusion
requirements, even during elective surgery (32). Several mech-
anisms have been proposed to contribute to impaired hemosta-
sis associated with hypothermia, including reduced activity of
clotting factors and platelets, activation of fibrinolysis, and en-
dothelial injury (33). It appears that the defect in hemostasis
observed in mild hypothermia (37◦C–33◦C) results primarily
from impaired platelet adhesion/aggregation, but that reduced
coagulant enzyme activity becomes a compounding factor of
profound hypothermia (34). Of course, local hypothermia will
not be reflected in the results of laboratory coagulation test-
ing. Therefore, it is important for the clinician to consider the
possibility that hypothermia may be contributing to bleeding
in certain patients.

Me t ab olic De rang e me nt s

Like hypothermia, acidosis is also associated with worse sur-
vival in trauma and surgery patients. It can result from
metabolic derangements that develop in the sickest patients.
Excess lactic acid production associated with tissue hypoxia
is the best recognized cause. Lactic acid is the end product of
anaerobic metabolism and its level is related to oxygen avail-
ability. Acidosis can impair coagulation and worsen the risk of
serious hemorrhage (35). Massive transfusion can exacerbate
acidosis, since stored blood has a reduced pH.

Small changes in pH have a much greater impact on the ef-
fectiveness of the coagulation system than do small changes in
temperature. Most of the coagulation proteases have a struc-
ture analogous to trypsin, a digestive enzyme. Trypsin has a pH
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optimum in the alkaline range (8.0–8.5), which suits it well to
functioning in the alkaline environment of the small intestine.
The coagulation proteases similarly have a pH optimum in the
alkaline range, which does not equip them to work well in aci-
dotic tissues. A drop in pH from 7.4 to 7.0 reduces the activity
of the enzyme complex that activates thrombin by more than
70% (36). Acidosis is also not reflected in the results of labo-
ratory coagulation testing and the clinician must be aware of
the profound effect that modest changes in the pH can have on
hemostasis.

SUMMARY
The process of hemostasis is intricately intertwined with other
aspects of the host response to injury. Laboratory testing is
critical to the evaluation of a patient with a disorder of coag-
ulation. However, laboratory testing must be coupled with a
careful clinical evaluation and interpretation, including recog-
nition of other conditions such as hypothermia and acidosis
that can impact hemostasis.

Re fe re nce s

1. Rosing J, van Rijn JL, Bevers EM, et al. The role of activated human platelets
in prothrombin and factor X activation. Blood. 1985;65:319.

2. FitzGerald GA. Mechanisms of platelet activation: thromboxane A2 as an
amplifying signal for other agonists. Am J Cardiol. 1991;68:11B.

3. Canobbio I, Balduini C, Torti M. Signaling through the platelet glycoprotein
Ib-V-IX complex. Cell Signal. 2004;16:1329.

4. Moroi M, Jung SM. Platelet glycoprotein VI: its structure and function.
Thromb Res. 2004;114:221.

5. Bennett JS. Structure and function of the platelet integrin alphaIIbbeta3. J
Clin Invest. 2005;115:3363.

6. Marcus A. Platelets and their disorders. In: Ratnoff O, Forbes C, eds. Dis-
orders of Hemostasis. Philadelphia: WB Saunders; 1996:79.

7. Kottke-Marchant K, Corcoran G. The laboratory diagnosis of platelet dis-
orders. Arch Pathol Lab Med. 2002;126:133.

8. Sramek R, Sramek A, Koster T, et al. A randomized and blinded comparison
of three bleeding time techniques: the Ivy method, and the Simplate II method
in two directions. Thromb Haemost. 1992;67:514.

9. Peterson P, Hayes TE, Arkin CF, et al. The preoperative bleeding time
test lacks clinical benefit: College of American Pathologists’ and Ameri-
can Society of Clinical Pathologists’ position article. Arch Surg. 1998;133:
134.

10. Mammen EF, Comp PC, Gosselin R, et al. PFA-100 system: a new method
for assessment of platelet dysfunction. Semin Thromb Hemost. 1998;24:
195.

11. Wheeler GL, Braden GA, Steinhubl SR, et al. The Ultegra rapid platelet-
function assay: comparison to standard platelet function assays in patients
undergoing percutaneous coronary intervention with abciximab therapy. Am
Heart J. 2002;143:602.

12. Malinin A, Pokov A, Spergling M, et al. Monitoring platelet inhibition af-
ter clopidogrel with the VerifyNow-P2Y12(R) rapid analyzer: the VERIfy
Thrombosis risk ASsessment (VERITAS) study. Thromb Res. 2006;119:277.

13. White MM, Krishnan R, Kueter TJ, et al. The use of the point of care Helena
ICHOR/Plateletworks and the Accumetrics Ultegra RPFA for assessment
of platelet function with GPIIB-IIIa antagonists. J Thromb Thrombolysis.
2004;18:163.

14. Roberts H, Monroe D, Hoffman M. Molecular biology and biochemistry
of the coagulation factors, and pathways of blood coagulation. In: Beutler
E, Lichtman M, Coller B, et al., eds. W illiam’s Hematology. New York:
McGraw-Hill Publishing; 2000.

15. Li T, Chang CY, Jin DY, et al. Identification of the gene for vitamin K epoxide
reductase. N ature. 2004;427:541.

16. Han X, Fiehler R, Broze GJ Jr. Isolation of a protein Z-dependent plasma
protease inhibitor. Proc N atl Acad Sci U S A. 1998;95:9250.

17. Yin ZF, Huang ZF, Cui J, et al. Prothrombotic phenotype of protein Z
deficiency. Proc N atl Acad Sci U S A. 2000;97:6734.

18. Macfarlane RG. An enzyme cascade in the blood clotting mechanism, and
its function as a biological amplifier. N ature. 1964;202:498.

19. Davie EW, Ratnoff OD. Waterfall sequence for intrinsic blood clotting. Sci-
ence. 1964;145:1310.

20. Østerud B, Rapaport SI. Activation of factor IX by the reaction product of
tissue factor and factor VII: additional pathway for initiating blood coagu-
lation. Proc N atl Acad Sci U S A. 1977;74:5260.

21. Hoffman M, Monroe DM 3rd. A cell-based model of hemostasis. Thromb
Haemost. 2001;85:958.

22. De Nicola P, Mazzetti GM. How to interpret a thromboelastogram. Minerva
Med. 1956;47:2043.

23. Robert Valeri C, Ragno G. In vitro testing of platelets using the thromboelas-
togram, platelet function analyzer, and the clot signature analyzer to predict
the bleeding time. Transfus Apher Sci. 2006;35:33.

24. Al Dieri R, Peyvandi F, Santagostino E, et al. The thrombogram in rare inher-
ited coagulation disorders: its relation to clinical bleeding. Thromb Haemost.
2002;88:576.

25. Reid TJ, Snider R, Hartman K, et al. A method for the quantitative assess-
ment of platelet-induced clot retraction and clot strength in fresh and stored
platelets. Vox Sang. 1998;75:270.

26. Fricke W, Kouides P, Kessler C, et al. A multicenter clinical evaluation of
the Clot Signature Analyzer. J Thromb Haemost. 2004;2:763.

27. Doherty TM, Shavelle RM, French WJ. Reproducibility and variability of ac-
tivated clotting time measurements in the cardiac catheterization laboratory.
Catheter Cardiovasc Interv. 2005;65:330.

28. Szymanski LM, Pate RR, Durstine JL. Effects of maximal exercise and venous
occlusion on fibrinolytic activity in physically active and inactive men. J Appl
Physiol. 1994;77:2305.

29. Bajzar L, Manuel R, Nesheim ME. Purification and characterization of
TAFI, a thrombin-activable fibrinolysis inhibitor. J Biol Chem. 1995;270:
14477.

30. Huber K, Christ G, Wojta J, et al. Plasminogen activator inhibitor type-1
in cardiovascular disease. Status report 2001. Thromb Res. 2001;103(Suppl
1):S7.

31. Xiao Q, Danton MJ, Witte DP, et al. Plasminogen deficiency accelerates
vessel wall disease in mice predisposed to atherosclerosis. Proc N atl Acad
Sci U S A. 1997;94:10335.

32. Schmied H, Kurz A, Sessler DI, et al. Mild hypothermia increases blood
loss and transfusion requirements during total hip arthroplasty. Lancet.
1996;347:289.

33. Kirkpatrick AW, Chun R, Brown R, et al. Hypothermia and the trauma
patient. Can J Surg. 1999;42:333.

34. Wolberg AS, Meng ZH, Monroe DM 3rd, et al. A systematic evaluation of the
effect of temperature on coagulation enzyme activity and platelet function.
J Trauma. 2004;56:1221.

35. Cosgriff N, Moore EE, Sauaia A, et al. Predicting life-threatening coagulopa-
thy in the massively transfused trauma patient: hypothermia and acidoses
revisited. J Trauma. 1997;42:857.

36. Meng ZH, Wolberg AS, Monroe DM 3rd, et al. The effect of temperature and
pH on the activity of factor VIIa: implications for the efficacy of high-dose
factor VIIa in hypothermic and acidotic patients. J Trauma. 2003;55:886.



CHAPTER 50 ■ ALLERGY AND IMMUNOLOGY
PETAR J. POPOVIC r BENJAMIN M. MATTA r JUAN B. OCHOA

OVERVIEW
The modern word immunity is derived from the Latin word
immunis, which referred to exemption from military services,
tax payments, or other public services. Throughout the medi-
cal history literature, the term immunity referred to those who
were disease free or protected from getting disease. Immunity
as a medical term defines a state of having sufficient biologic
defenses to avoid infectious disease or other unwanted bio-
logic invasion. The collection of tissues, cells, and molecules
responsible for immunity constitute the immune system, and
their coordinated response to the potentially harmful (mostly
foreign) substances is called the immune response.

The main physiologic function of the immune system—
protection of the host from infection—for many years char-
acterized the immune response in its ability to distinguish be-
tween “foreign” and “self”—the key issue being that foreign
was to be attacked and eradicated, while self was not to be
attacked. In recent years, however, from the wide range of dis-
eases that are consequent to inappropriate immune functions,
we have learned that the ability of the immune system to distin-
guish between harmful and harmless molecules or cells—rather
than characterizing the dichotomy as foreign and self—is es-
sential for mounting protective immune responses and prevent-
ing the induction of pathology (Table 50.1). For example, in
addition to infectious diseases that develop when immune cells
fail to recognize and quickly eradicate microorganisms (foreign
and harmful), failure to recognize and eliminate transformed
“self” cells (self, but harmful) might result in tumor growth
and produce an even more serious clinical condition. On the
other hand, the unwanted response to harmless self-proteins
produces a variety of autoimmune (auto meaning directed at
the self) diseases, some of which are severe and life threaten-
ing. Autoimmune diseases are classified as systemic or organ
specific, although there is often a significant overlap between
the two because some diseases that start as organ specific later
affect other organs. Finally, immune response toward foreign
but harmless substances produces a wide variety of clinical syn-
dromes, defined as allergic diseases or allergies. The word al-
lergy is derived from the Greek words allos, meaning different
or changed, and ergos, meaning work or action, and roughly
refers to an “altered or unusual reaction.” Allergy-producing
substances are called allergens. Examples of allergens include
the dust mite, pollens, molds, and foods. It is estimated that
more than 50 million North Americans are affected by aller-
gic conditions, with a cost of more than $10 billion dollars
yearly. Fortunately, in the majority of cases, allergic diseases
are mild in onset and development, and annoying rather than
serious medical conditions. However, sometimes serious and
life-threatening clinical conditions that require immediate med-

ical intervention develop as a result of allergic reactions. Some
of those adverse allergic reactions, such as anaphylactic shock
and severe asthma exacerbation, are elaborated in more detail
in Chapters 60 and 142, respectively. Besides the previously
mentioned, naturally occurring pathology associated with in-
appropriate immune response, additional problems arise with
the development of transplantation medicine. Transplantation
is the process of taking cells, tissues, or organs, termed graft,
from one individual (graft donor) and placing them into a dif-
ferent individual (graft recipient). Although, from our point
of view, transplantation is not only harmless but also bene-
ficial and therapeutic, recipient immune cells recognize graft
as foreign and potentially harmful. Unless suppressed, recipi-
ent immune cells respond to foreign molecules within the graft
and induce graft rejection. In clinical practice, it is important
to distinguish immune-mediated graft rejection from graft fail-
ure induced by other causes. On the other hand, transplanted
cells sometimes contain a significant number of donor immune
cells that can respond to recipient tissue and produce a serious
and life-threatening condition, termed graft-versus-host disease
(GVHD).

Immunology as a discipline is the study of immunity at the
level of cellular and molecular events that control homeostasis
and activation of the immune system. Immunology is helping us
to better understand the complex processes involved in the im-
mune reactions and to find a way to more appropriately modu-
late those processes once their malfunction (function) becomes
harmful to the host.

CELLS AND TISSUES OF THE
IMMUNE SYSTEM

There are two basic types of immune reactions: innate and
adaptive (Table 50.2). Innate immunity (also called natural or
native immunity) consists of cellular and biochemical defense
mechanisms that are in place even before encounter with mi-
crobes, and are poised to respond rapidly to infection before
the development of the adaptive immune response. The prin-
cipal components of the innate immunity are (a) physical and
chemical barriers, (b) phagocytes (neutrophils, macrophages)
and NK (natural killer) cells, (c) the complement system and
acute-phase proteins, and (d) cytokines. In contrast to innate
immunity, the adaptive immune response needs to be stimu-
lated by exposure to infectious agents or molecules, and it
increases in magnitude and defensive capabilities with each
successive exposure to a particular molecule. The defining
characteristics of adaptive immunity are exquisite specificity
for distinct molecules and an ability to “memorize” and re-
spond more vigorously to repeated exposure. Because of its
specificity for a particular antigen, adaptive immunity is also
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TA BLE 5 0 . 1

CHARACTERISTICS OF ANTIGEN AND IMMUNOPATHOLOGY

Antigen Pathology Immune response Treatment

Foreign Harmful Infections Wanted Stimulation
Harmless Allergies Unwanted Suppression
Harmless Graft rejection or GVHD Unwanted Suppression

Self Harmful Cancer Wanted Stimulation
Harmless Autoimmunity Unwanted Suppression

GVHD, graft versus host disease.

referred to as specific immunity. The main components of adap-
tive immunity are lymphocytes and their products. Substances
and molecules that induce specific immune responses, or are
the targets of such responses, are termed antigens. There are
two types of adaptive response: Humoral immunity mediated
by antibodies and B lymphocytes and cell-mediated immunity,
which involves T lymphocytes. The cardinal features of adap-
tive immune responses, besides specificity and memory, are (a)
diversity, the ability to respond to a large variety of antigens;
(b) specialization, the optimal response for a particular anti-
gen; (c) self-limitation, allows immune homeostasis; and (d)
self-tolerance, nonreactivity to self. Both innate and adaptive
immune responses can be divided into distinct phases: recog-
nition of antigen, activation, and the effector phase of antigen
elimination, followed by the return to homeostasis; and in the
case of adaptive response, the maintenance of memory (1).

Lymphoid tissues are classified as generative or primary lym-
phoid organs and as peripheral or secondary lymphoid organs.
Primary lymphoid organs are bone marrow, where all lym-
phocytes arise and also where B lymphocytes mature, and the
thymus, where T lymphocytes mature and reach a stage of func-
tional competence. The peripheral lymphoid organs and tissues
include lymph nodes, spleen, and the cutaneous and mucosal
immune system . Specialized microenvironments within pri-
mary immune organs support immune cell growth and matu-
ration, while secondary lymphoid organs are sites in which op-

timal adaptive immune responses are initiated and developed.
Lymph nodes are sites of immune response to lymph-borne
antigens, and the spleen is the major site of immune response
to bloodborne antigens. Similarly, cutaneous and mucosal im-
mune systems are specialized for the best response to potential
antigens coming through skin and mucosal surfaces, respec-
tively. It is important to mention that, although some cells are
permanently resident in one tissue, lymphocytes continuously
move through the bloodstream and lymphatic system, from one
peripheral (secondary) lymphoid tissue to another. Lymphocyte
recirculation and migration to particular tissues are tightly reg-
ulated and mediated by adhesion molecules, chemokines, and
their receptors, and depend on the cell maturation and acti-
vation stage. The main cells of the immune system involved
in the adaptive immune response are antigen-specific lympho-
cytes, specialized antigen-presenting cells (APCs) that display
antigens and activate lymphocytes, and effector cells that func-
tion to eliminate antigens (microbes). Lymphocytes are the only
cells in the body capable of specifically recognizing and dis-
tinguishing different antigens. Lymphocytes consist of subsets
that are different in their function, but are morphologically in-
distinguishable. Two main subpopulations of lymphocytes are
designated as B and T lymphocytes, which refer to the organs
in which those cells are found to mature, bursa of Fabricius in
birds (equivalent to bone marrow in mammals) and thymus,
respectively.

TA BLE 5 0 . 2

TYPES OF IMMUNE RESPONSE

Innate Adaptive

Characteristics
Specificity Pathogen-associated molecular

patterns
Antigenic determinants of protein,

microbial and nonmicrobial
Diversity Limited; germline encoded Very large; somatic hypermutations of

gene segments
Memory None Yes
Self-tolerance Yes (innately) Yes (acquired)

Components
Physical barriers Skin; mucosal epithelia None
Chemical barriers Antimicrobial substances None
Blood proteins Complement Antibodies
Cells Phagocytes (macrophages, neutrophils)

and natural killer cells
Lymphocytes (B and T cells)
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B lymphocytes are the only cells capable of producing an-
tibodies. They recognize extracellular (soluble or cell surface)
antigens and differentiate into antibody-secreting cells, thus
functioning as the mediators of humoral immunity. T lympho-
cytes, the mediators of cellular immunity, consist of function-
ally distinct populations, the best defined of which are helper
T cells, cytolytic or cytotox ic T cells (CTLs), and regulatory
T cells. NK cells are the third population of lymphocytes with
receptors different from those of B and T cells and with major
function involving innate immunity (2).

In modern times, the use of monoclonal antibodies has al-
lowed us to define unique surface proteins, which are present
only in that particular cell population and have been used as
their characteristic identification marker. The standard nomen-
clature for these proteins is the CD (cluster of differentiation)
numerical designation that currently consists of 350 different
molecules. The majority of characterized molecules, however,
are present on more than one cell population, where their pres-
ence defines maturation stage or particular effector function.
The classification of lymphocytes by CD antigen expression
is now widely used in clinical medicine and experimental im-
munology. According to the CD classification, helper T cells are
defined as CD3+ and CD4+ ; most CTLs are CD3+ and CD8+ ,
while regulatory T cells are a subgroup of helper cells with an
additional low expression of the CD25 activation marker—the
α-chain of the surface receptor for interleukin-2 (IL-2Rα)—and
are defined as CD3+ , CD4+ , and CD25+ . B cells are character-
ized with the expression of CD19, while NK cells express the
CD56 molecule.

APCs are a cell population that are specialized to capture
microbial and other antigens, display them to lymphocytes, and
provide signals that stimulate the proliferation and differenti-
ation of lymphocytes. The major type of APCs is the dendritic
cell, which is found under epithelia and in most organs, where
it is poised to capture antigens and transport them to peripheral
lymphoid organs. There are two major subtypes of dendritic
cells: myeloid and plasmacytoid. Dendritic cells are the most
potent APCs capable of stimulating “naive” T cells as they en-
counter antigens for the first time. Mature mononuclear phago-
cytes, tissue macrophages, also function as APCs in a T cell–
mediated, adaptive immune response. Macrophages that have
ingested microbes may activate “naive” T cells, while, in turn,
effector T cells may stimulate the macrophages to more effi-
ciently kill ingested pathogens. Follicular dendritic cells (FDCs)
are cells present in the lymphoid tissue that trap antigens in the
complex with antibodies or complement products and display
those antigens for recognition by B lymphocytes.

After being stimulated by APCs, lymphocytes differentiate
into effector cells. Differentiated effector helper T cells secrete
cytokines and interact with and activate macrophages and B
lymphocytes. Effector CTLs develop granules containing pro-
teins that kill virus-infected and transformed host (tumor) cells.
B-cells differentiate into plasma cells that actively synthesize
and secrete antibodies. Some antigen-stimulated B and T lym-
phocytes differentiate into memory cells whose function is to
mediate rapid and enhanced responses to second and subse-
quent exposures to antigens (1,2).

Cytok ines are proteins secreted by the cells of innate and
adaptive immunity that mediate many of the functions of those
cells. Cytokines are produced in response to microbes and other
antigens, and different cytokines stimulate diverse responses
of cells involved in immunity and inflammation. In the activa-

tion phase of the adaptive immune response, cytokines stim-
ulate growth and differentiation of lymphocytes; in the effec-
tor phase, they activate different cells to eliminate microbes
and other antigens. Based on their principal biologic action,
cytokines might be classified into three main functional cat-
egories: those that mediate innate immunity (IL-1, IL-6, and
tumor necrosis factor [TNF]-α), those that regulate adaptive
immunity (IL-2, IL-4, IL-5, and interferon [IFN]-γ ), and those
that stimulate hematopoiesis (IL-3, IL-7, and some growth fac-
tors). Although different cells produce cytokines of innate and
adaptive immunity, and those cytokines act on different target
cells, this distinction is not absolute because cytokines pro-
duced during such reactions often have overlapping action (IL-
10 and IL-12). Additionally, cytokine signals from multiple im-
mune cells tightly regulate antigen-processing and clearance
responses (3).

ANTIGEN RECOGNITION
AND PROCESSING

Antigen recognition is the first phase of the adaptive immune re-
sponse. Antibodies, major histocompatibility complex (MHC),
and T-cell antigen receptors (TCRs) are the three classes of
molecules used in adaptive immunity to recognize antigens.
Antibodies produced in a membrane-attached form function
as B-cell receptors for antigen recognition. The interaction of
antigen with membrane antibodies initiates B-cell activation
and, thus, constitutes the recognition phase of the humoral im-
mune response. B-lymphocyte differentiation, upon activation,
proceeds along two pathways: one that requires stimulation
by helper T lymphocytes, the T cell–dependent pathway, or
the T cell–independent pathway. The antigens recognized by
B cells may be in their native, nondegraded form and not re-
quire prior processing of the antigen by other immune system
cells. In order to get help from T cells, however, B cells need to
internalize the membrane antibody–antigen complex, degrade
protein, and display it back on the cell surface membrane in
complex with the class II MHC molecule. As explained below,
T cells can recognize antigens only if they are processed and
presented on the membrane surface of APCs in complex with
the MHC molecules. Antibodies are also produced in a secreted
form by activated B cells. In the effector phase of the humoral
immune response, secreted antibody binds to antigens and trig-
gers several effector mechanisms that eliminate the antigens.
Although of the same antigen specificity, membrane-bound an-
tibodies are involved in antigen recognition and B-cell activa-
tion, while secreted antibodies are responsible for triggering
the effector phase of the humoral immune response and anti-
gen clearance. It is essential to know that specificity and effector
functions of antibodies depend on their basic structure. An an-
tibody molecule has a symmetric core structure composed of
two identical light chains and two identical heavy chains. Both
heavy chains and light chains consist of amino terminal vari-
able (V) regions and carboxyl terminal constant (C) regions.
While light- and heavy-chain amino terminal variable regions
together participate in antigen recognition, only the constant
regions of the heavy chains are involved in antibody effector
functions (1,2).

In contrast to B cells and their secreted antibodies that can
recognize soluble as well as cell-associated antigens in their
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native form, T cells can only recognize antigens that are dis-
played on other cell surfaces and are degraded into frag-
ments by the body’s various APCs. The task of displaying cell-
associated antigens for recognition by T cells is performed by
specialized proteins that are encoded by genes in a locus called
the major histocompatibility complex . MHC molecules are in-
tegral components of the ligands that most T cells recognize,
because the antigen receptors of T cells are actually specific
for the complex of (foreign) peptide antigens and (self) MHC
molecules. MHC molecules are found on immune and nonim-
mune cells. There are two main types of MHC gene products:
class I and class II MHC molecules, which sample different
pools of protein antigens, cytosolic or intracellular antigens and
extracellular antigens that have been endocytosed, respectively.
MHC class I molecules are present on virtually all nucleated
cells where they display antigens to be recognized by CD8+

cytotoxic T lymphocytes. MHC class II molecules are found
primarily on APCs and primarily activate CD4+ helper T cells.
Once an antigen enters an APC, it is degraded to its peptide
fragments. These antigen fragments are then integrated with the
MHC molecule and transported to the cell membrane, where
they are exposed to neighboring cells within a complex that in-
cludes either class I or class II MHC molecules. T lymphocytes
subsequently recognize the MHC–antigen (MHC–Ag) complex
and initiate antigenic response (1,2).

All T lymphocytes recognize an antigen by specific T-cell
receptor (TCR) molecules expressed on their cell membrane.
These TCR molecules function similarly to a lock and key with
the MHC–Ag complex. It is important to understand that only
a few T lymphocytes constituting one T-cell clone are specific
for one particular antigen. In addition to T-cell receptor bind-
ing to the MHC–Ag complex, multiple membrane receptors
are used in APC–T-cell interaction. During the infection-free
time, however, cells still express MHC–Ag complexes contain-
ing self-antigens that should not provoke an immune response
under normal conditions because potentially harmful lympho-
cytes that might be activated by regular self-antigens are elim-
inated during their maturation process within the thymus or
bone marrow. Unfortunately, not all self-antigens are presented
during lymphocyte maturation, and some might be exposed
later during their lifespan. Exposure of those “hidden” self-
antigens could initiate an unwanted immune response toward
self-molecules, resulting in the development of an autoimmune
disease (1).

In contrast to appropriately processed antigens that stim-
ulate a limited number of T cells (one clone) bearing the
same TCR (approximately one in a million circulating T cells),
some bacterial proteins and toxins are able to stimulate T
cells without first undergoing endocytosis and degradation.
Those molecules, characterized as superantigens, can simul-
taneously stimulate T cells with different antigen specificity,
and subsequently induce polyclonal activation with the exten-
sive systemic release of cytokines. The stimulatory effect of
superantigens is a consequence of direct binding to the class
II MHC on APCs and the non–antigen-specific part of TCR
on T cells, thus being able to activate 2% to 20% of all T
cells. The massive T-cell activation results in the release of large
amounts of inflammatory cytokines that induce T-cell anergy
or death (apoptosis), which severely disturbs the ability of the
immune system to respond appropriately to infection. As a con-
sequence of the systemic effects of released cytokines, infected
patients may develop toxic shock syndrome. Systemic effects

include fever, endothelial damage, profound hypertension, dis-
seminated intravascular coagulation, and multiorgan failure
(4).

ANTIGEN CLEARANCE AND
INFLAMMATION: IMMUNE

EFFECTOR FUNCTIONS
Once the immune system recognizes an antigen, inflammation
and clearance processes are initiated. Activation and the ef-
fector phase of the adaptive immune response are intended to
eliminate antigen in the most appropriate and efficient way.
For example, one set of components of the immune system
is activated in response to the extracellular antigen (antibod-
ies and helper T cells), while others are more effective in the
elimination of the intracellular antigen (CTLs and NK cells).
Regardless of the type of antigen, processes involved in the ac-
tivation and effector phase of immune response induce changes
in the surrounding tissue, defined as inflammation. The anti-
gen clearance process is enhanced within inflamed tissues by
increased vascular flow, altered vascular permeability, and the
recruitment of immune cells. Those changes also produce four
cardinal clinical signs of inflammation or ongoing immune re-
sponse: (a) warmness (calor), (b) redness (rubor), (c) swelling
(tumor), and (d) pain (dolor), often accompanied by malfunc-
tion of the involved organ (functio laesa).

Several physiologic mechanisms are involved in circu-
lating inflammatory cell adhesion to vascular endothelium
and subsequent diapedesis. Multiple adhesion molecules are
present on both circulating inflammatory cells (L-selectin, LFA-
1, and MAC-1) and endothelial cells (P-selectin, E-selectin,
ICAM-1, and ICAM-2 molecules) after stimulation. Expres-
sion and function of these molecules is modulated by “early
response” cytokines (TNF-α and IL-1) secreted by activated
tissue macrophages and other APCs. Additionally, IL-8 pro-
duction by endothelial cells and tissue fibroblasts is a major
component of the chemotactic gradient facilitating neutrophil
migration across the endothelial surface. Neutrophils are capa-
ble of direct recognition and phagocytosis of circulating anti-
gens. After neutrophil phagocytosis, enzyme-laden lysosomes
fuse with the antigen-containing phagosome, digesting and de-
stroying the antigen. Neutrophils possess receptors for the Fc
portion of immunoglobulins as well as receptors for comple-
ment components. Thus, opsonization or coating of antigens by
immunoglobulins and complement markedly enhances phago-
cytic capability and antigen elimination (5).

The predominant mechanism for adequate reaction to, and
rapid clearance of, extracellular antigen involves antibodies
or immunoglobulins. Antibodies possess unique antigen speci-
ficity, thereby narrowing the inflammatory response to the
specific antigenic target. Antibodies circulating in the blood-
stream or interstitial fluid promptly recognize, and bind to,
an antigen; but because antibodies do not directly perform
any effector function, the elimination of antigen requires in-
teraction of antibody with the components of innate immunity
such as complement proteins or phagocytes and eosinophils.
Antibody-mediated effector functions include neutralization of
microbes or toxic microbial products, activation of the comple-
ment system, opsonization (coating) of antigens for enhanced
phagocytosis, antibody-dependent cell-mediated cytotoxicity
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(ADCC), and immediate hypersensitivity in which antibodies
trigger mast cell activation.

Antibody molecules or immunoglobulins (Ig) can be di-
vided into distinct classes and subclasses on the basis of dif-
ferences in the structure (heavy chain), tissue and biologic
fluid distribution, and functional capability. In order from the
highest to the lowest serum concentration, those classes of
antibody molecules (also referred to as isotypes) are desig-
nated as IgG, IgA, IgM, IgD, and IgE. It is important to note
that different classes of antibodies perform different effector
functions. Among the most notable functions of immunoglob-
ulins are opsonization and the capacity to activate comple-
ment. IgG, IgM, and IgA are crucial to normal opsoniza-
tion functions. Opsonization by IgG and IgM expedites the
clearance of circulating antigens, whereas the secretion of IgA
onto mucosal surfaces facilitates the clearance of invaders by
mucosal surface macrophages and neutrophils. Because of its
larger size, the function of IgM is confined primarily to the
intravascular clearance of antigens, whereas IgG readily dif-
fuses into the extravascular space. After being coupled with
an antigen, antigen–antibody complexes—also termed immune
complexes—are normally cleared by phagocytic and red blood
cells. The clearance of immune complexes from the circula-
tion is dependent on effective opsonization, binding of the im-
mune complex–bound C3b fragment to CR1 on erythrocytes,
and subsequent transport to the liver and spleen (6). IgD is
primarily found on the surface of naive B cells where it func-
tions as the receptor for antigen recognition. Although a little
amount of IgD is also secreted, it is believed that IgD does
not perform any physiologic immune function. In contrast to
other immunoglobulin classes, once secreted, IgE is present free
in the serum for a very short time, since it binds rapidly to
the specific receptor on basophils, eosinophils, and mast cells.
Antigen activation of cell-bound IgE results in the immediate
release of various mediators, including histamine, serotonin,
and leukotrienes. Although IgE is commonly connected to the
allergic reactions, the physiologic function of IgE seems to be
an immediate response to antigen and the induction of vascular
dilation, increased vascular permeability, and the recruitment
of immune cells. An important immune function of IgE is also
to protect the host against parasites.

The complement system is capable of generating a broad se-
ries of inflammatory actions associated with antigen clearance.
These actions include lysis of cells bearing antigen–antibody
complexes, opsonization of antigens, chemotaxis of inflamma-
tory cells, and generation of anaphylactic reactions. Comple-
ment activation may be accomplished by either the classic path-
way, initiated by antigen–antibody complexes, or the alternate
route initiated by antigenic protein aggregates, endotoxin, or
insoluble compounds with certain surface characteristics. With
sequential proteolysis of complement substrates, various com-
plement fragments with neutrophil and eosinophil chemotactic
properties, as well as vasodilatory effects, are generated that
produce the previously mentioned cardinal signs of inflamma-
tion (7).

The major cells involved in antigen clearance include APCs
and lymphocytes, neutrophils, and various organ-specific struc-
tural cells or tissue macrophages. Although many antigens may
be destroyed within mononuclear phagocytic cells by intracel-
lular enzymes, some antigens may become sheltered within the
cells. Elimination of these antigens requires additional activa-
tion from helper T cells, which predominates in the case of bac-

terial infection. In general, the helper population of T lympho-
cytes (CD4+ ) supports the function of mononuclear phagocytic
cells and enhances antibody production by the B-lymphocyte
population, thus supporting the clearance of extracellular anti-
gens. Activated T cells increase the secretion of cytokines that
are crucial for regulation of the immune response. On the ba-
sis of the pattern of cytokines secreted, CD4+ lymphocytes are
subdivided into two major classes: Th1 or Th2. The Th2 group
of CD4+ cells secretes cytokines, such as IL-4 and IL-10, that
stimulate secretion of antibodies but partially suppress the cel-
lular immune response and initiate the healing process. The
cytokines secreted by the Th1 group of CD4+ cells, including
IL-2 and IFN-γ , are potent stimulants of the cell-mediated im-
mune response. The systemic predominance of CD4+ cell stim-
ulation with either the Th1 or Th2 cytokine pattern has been
associated with altered resistance to certain infections (8).

The CD8+ population of T lymphocytes (CTLs) functions
to destroy cells sheltering an antigen presented within a class
I MHC complex, and is involved in the clearance of intra-
cellular antigens. Lysis of the infected cell by CTLs, however,
dominates during viral infections. Besides the important role
of the T lymphocyte in clearing microbial pathogens, those
cells are crucial for the recognition and elimination of self-
transformed tumor cells. As a part of tumor cell growth, new
antigens arise, which are presented on the cell surface in the
complex with class I MHC molecules. As those antigens are
new or changed self-antigens, CTLs cells might recognize them
and induce tumor cell lysis. The CTL response refers primar-
ily to cell killing by cytotoxic CD8+ lymphocytes. After ex-
posure to processed antigen, and under the influence of the
lymphokines IL-2 and IFN-γ , activated CD8+ cells proliferate,
synthesize, and secrete membrane attack molecules, which re-
sults in lysis of the antigen-bearing cell. Similar to the cell lysis
by CTLs, natural killer cells lyse neighboring cells by secreting
membrane attack molecules (perforin and granzymes). Unlike
the CTL response, the natural killer cell lysis of antigen-bearing
cells does not seem to be antigen specific. Killer lymphocytes,
the third major cytolytic cell population, are coated with sur-
face receptors for antibodies. Killer lymphocytes may localize
to antigen–antibody-coated cells, where they release their cyto-
toxic granules. Antibody recognition is crucial to this system,
and killer lymphocyte function seems to be a component of
antibody-dependent cytotoxicity. Natural killer cells and killer
lymphocytes can be activated and made to proliferate in vitro
under the influence of cytokines. These lymphokine-activated
killer (LAK) cells may be reinfused into the body and have been
investigated as cancer immunotherapy (8,9).

In addition to the primary immune APCs or professional
APCs, structural cells, such as those of the endothelium, epithe-
lium, and connective tissue, are also important to an effective
immune response. Not only are these cells capable of secreting
cytokines and inflammatory mediators, but after stimulation,
they also express class II MHC molecules and may function in
antigen presentation to T lymphocytes. Those cells are termed
nonprofessional APCs, and their activation by particular cy-
tokines (IFN-γ ) may underlie the organ dysfunction associated
with chronic immune stimulation and inflammation (1).

The release of multiple inflammatory mediators from mi-
grating leukocytes—proteases, oxygen radicals, leukotrienes,
platelet-activating factor—expands the local inflammatory
process. Conversely, several cytokines and soluble cytokine
receptors are normally present to down-regulate or limit the
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inflammatory response. Among these “anti-inflammatory” fac-
tors are IL-4, IL-10, IL-13, transforming growth factor (TGF)-
β , and IL-1 receptor antagonist. Cytokines released into the
systemic circulation as a consequence of either localized or sys-
temic inflammation have been directly implicated in the patho-
physiologic mechanisms of the organ dysfunction associated
with major trauma, sepsis, and burns. If high plasma concen-
trations are achieved, IL-1, TNF-α , and IL-6 have been shown
to have profound effects on body metabolism and are capable
of inducing hypotension, fever, and cachexia. Their functions
have been implicated in the manifestations of septic shock, and
their concentration correlates with mortality. In response to
TNF-α , nitric oxide is produced by endothelial cells and, along
with the other mediators, promotes smooth muscle relaxation
and vasodilation. Whether these cytokines and mediators are
the primary pathogenetic mediators for the shock syndrome or
are markers for systemic inflammation is unclear (10).

Adequate response to the antigen, and successful and fast
antigen elimination, results in the development of signs and
symptoms defined as acute inflammation. In contrast, failure
of immune cells to appropriately respond and eliminate anti-
gen might result in the long-term stimulation of immune re-
action and the development of chronic inflammation. Chronic
inflammation is characteristic of most autoimmune diseases in
which unwanted, rather than inappropriate, response toward
self-antigens induces pathology.

HYPERSENSITIVITY REACTIONS
Adaptive immunity serves the important function of host de-
fense against microbial infections, but immune responses are
also capable of causing tissue injury and disease. Disorders
caused by immune responses are termed hypersensitivity dis-
eases (Table 50.3). This term arose from the clinical definition
of immunity as “sensitivity,” which is based on observations
that an individual who has been exposed to an antigen exhibits
a detectable reaction or is “sensitive” to subsequent encounters
with the antigen. A common cause of hypersensitivity diseases

is failure of self-tolerance, which, under physiologic conditions,
ensures that the individual’s immune system does not respond
to his or her own antigens. Hypersensitivity diseases also re-
sult from uncontrolled or excessive responses against foreign
antigens, such as microbes and noninfectious environmental
antigens (11).

Hypersensitivity diseases represent a clinically heteroge-
neous group of disorders. The two principal factors that de-
termine the clinical and pathologic manifestations of such dis-
eases are the type of immune response that causes tissue injury,
and the nature and location of antigen that is the target of
this response. According to the nature of the immune response
and the effector mechanisms responsible for cell and tissue in-
jury, hypersensitivity diseases are commonly classified into four
main types.

Typ e I

Type I hypersensitivity reaction, also called immediate hyper-
sensitivity, is the most prevalent type of hypersensitivity dis-
eases. IgE antibodies that are bound to mast cells, basophils,
and eosinophils cause immediate hypersensitivity. When cell-
associated IgE antibodies are cross-linked by the antigen, the
cells are activated to rapidly release a variety of mediators.
These mediators collectively cause increased vascular perme-
ability, vasodilation, bronchial and visceral smooth muscle
contraction, and local inflammation. Under normal condi-
tions, this type of response is first triggered by antigen, but
is short lived and beneficial for antigen clearance. In clini-
cal medicine, these reactions are commonly referred to as al-
lergy or atopy, and are the most common disorders of immu-
nity that affect 20% of all individuals in the United States.
The most common forms of atopic disease are allergic rhini-
tis (hay fever), bronchial asthma, atopic dermatitis (eczema),
and food allergies. Immediate systemic hypersensitivity, char-
acterized by edema in many tissues and fall in blood pressure
secondary to vasodilation, is termed anaphylax is, and may be
fatal.

TA BLE 5 0 . 3

TYPES OF PATHOLOGIC IMMUNE REACTIONS

Type Effectors Mechanism injury Diseases

Type I, immediate
hypersensitivity

IgE antibodies, Mast cells Cell degranulation and mediator
release

Hay fever, asthma, anaphylaxis

Type II, antibody mediated Antibodies to single cell’s
antigens

Complement-dependent lysis
and phagocytosis of cells

Anemia, thrombocytopenia,
agranulocytosis

Antibodies to tissue antigens Enzyme release from activated
leukocytes

Goodpasture disease, blistering
skin diseases

Antibodies to hormones or
receptors

Function inhibition or activation Diabetes, hyperthyroidism,
myasthenia gravis

Type III, immune complex
mediated

Antibody–antigen complexes Immune complex–mediated
leukocyte activation

Glomerulonephritis, vasculitis,
SLE, serum sickness

Type IV, T-cell mediated CD4+ helper T cells Macrophage activation and
inflammation

Diabetes, multiple sclerosis, RA

CD8+ cytotoxic T cells Target cell lysis Acute hepatitis, graft rejection

SLE, systemic lupus erythematosus; RA, rheumatoid arthritis.
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Typ e II

Antibodies other than IgE can cause tissue injury by recruiting
and activating inflammatory cells. Diseases induced by such
antibodies are identified as type II hypersensitivity reactions.
Those antibodies are specific for antigens of particular cells or
the extracellular matrix, and are found attached to these cells
or tissue. Antibodies against tissue antigens cause disease by
three main mechanisms:

1. First, antibodies against antigens on circulating cells pro-
mote complement activation and cell lysis or phagocytosis.
Those antibodies might promote development of anemia,
thrombocytopenia, and/or agranulocytosis.

2. Second, antibodies deposited in the tissue recruit neutrophils
and macrophages. As phagocytosis is not possible, those
cells release their products and induce tissue injury. This is
the case with blistering skin diseases, vasculitis, and some
forms of glomerulonephritis.

3. Third, some antibodies to a hormone, hormone receptors,
blood-clotting factors, growth factors, an enzyme, or a drug
might cause disease or treatment failure by inactivating or
activating vital biologic function of these molecules without
inducing any inflammation and tissue damage. Diseases me-
diated by this mechanism are myasthenia gravis, hyperthy-
roidism (Graves disease), diabetes, and myeloblastic anemia.

Typ e III

Immune complex disease or type III hypersensitivity is caused
by antibody–antigen complexes formed in tissues. In certain
disease states, immune complexes may freely circulate or be
deposited within tissues, stimulating inflammatory reactions
throughout the body. Immune complexes easily activate and
complement neutrophils that cause tissue injury. In contrast to

the type II diseases, type III hypersensitivity diseases are often
systemic, such as serum sickness and systemic lupus erythe-
matosus (SLE).

Typ e IV

Finally, tissue injury may be due to T lymphocytes that acti-
vate the effector mechanisms of delayed-type hypersensitivity
(DTH) or directly kill target cells. Such conditions are type
IV hypersensitivity disorders. In those diseases, tissue injury
results from the products of activated macrophages, such as
hydrolytic enzymes, reactive oxygen species, nitric oxide, and
proinflammatory cytokines. Many organ-specific autoimmune
diseases are caused by hypersensitivity reactions induced by
T cells, such as insulin-dependent diabetes mellitus, multiple
sclerosis, rheumatoid arthritis, contact sensitivity, and inflam-
matory bowel diseases (IBDs) (11).

IMMUNE DEFECTS AND
CRITICAL ILLNESS

In contrast to the hypersensitivity reactions, many life-
threatening diseases represent the consequences of immune sys-
tem defects or deficiencies. Recurrent or unusual infections,
increased susceptibility to tumors, and delayed healing charac-
terize patients with immune system disorders. Although many
immune system diseases overlap in immunopathogenesis, most
may be classified on the basis of the predominant immune de-
fect, be that defect congenital or acquired (Tables 50.4A and
B). Additionally, many other chronic illnesses might be associ-
ated with subtle immunologic abnormalities, potentially con-
tributing to clinical disease. Immune system disorders may be
grouped into disorders of humoral immunity (Table 50.4A),
cell-mediated immunity (Table 50.4B), and phagocytic cell
function.

TA BLE 5 0 . 4 A

IMMUNODEFICIENCY SYNDROMES: ANTIBODY AND COMPLEMENT

Defect Etiology Consequence

IgG deficiency Acquired, common variable
hypogammaglobulinemia; congenital,
X-linked or associated with ataxia
telangiectasia

Recurrent infections, especially with
Streptococcus pneumoniae and Haemophilus
sp.

IgA deficiency Thought to occur primarily as a congenital
abnormality

Recurrent sinopulmonary infections, especially
with S. pneumoniae

Early complement component
(C2–C4) deficiencies

Congenital Predisposition to autoimmune disease (e.g.,
SLE), increased risk for infections

Late complement component
(C5–C8) deficiencies

Congenital Increased risk for infections, especially with
N eisseria

C1 inhibitor deficiency Primarily congenital, rarely acquired Angioedema, abdominal distress, upper airway
obstruction

Complement receptor deficiency Congenital or acquired Predisposition to autoimmune disease
Alternate complement pathway

defects
Associated with sickle cell disease Increased risk for infections, especially with

S. pneumoniae

SLE, systemic lupus erythematosus



756 Sect ion IV: Essential Physiologic Concerns

TA BLE 5 0 . 4 B

IMMUNODEFICIENCY SYNDROMES: CELL MEDIATED

Defect Etiology Consequence

T-lymphocyte defects AIDS, lymphoma, iatrogenic (especially
glucocorticoid therapy and immunosuppressants
used in solid organ transplantation)

Infection with opportunistic pathogens,
Pneumocystis jirovecii, CMV, herpes simplex,
Cryptococcus neoformans, and Legionella

Chronic granulomatous
disease

Abnormal neutrophil oxidative metabolism,
ineffective microbicidal activity, congenital

Recurrent bacterial and fungal infections;
pyogenic infection of the skin, lymph nodes,
liver, and lungs

Neutropenia Most commonly iatrogenic (cytotoxic
chemotherapy)

Bacterial and fungal infections

Leukocyte adhesion
deficiency

Congenital absence of leukocyte adhesion
molecules (LFA, MAC-1, selectins)

Recurrent skin, soft tissue, and lung infections;
persistently elevated peripheral leukocyte
counts

Chediak-Higashi
syndrome

Congenitally abnormal neutrophil chemotaxis and
degranulation, decreased microbicidal capacity

Associated with albinism and photophobia;
recurrent infections

Job syndrome Congenitally abnormal neutrophil chemotaxis,
delayed catabolism of IgE

Elevated serum IgE; sinusitis; otitis media;
eczema; recurrent skin and soft tissue
infections, with Staphylococcus aureus

AIDS, acquired immunodeficiency syndrome; CMV, cytomegalovirus.

Defects of the complement system include deficiencies
of individual complement component proteins, regulatory
proteins, or complement receptors. Complement component
deficiencies may be broadly grouped into early (C1–C4) or late
component (C5–C8) deficiencies. A predisposition to Strep-
tococcus pneumoniae and Haemophilus influenzae infections
has been observed in patients deficient in early complement
components. N eisseria meningitidis infections have been recog-
nized as sequelae of late-component deficiencies. In contrast to
patients with late-component deficiencies, patients with early-
component deficiencies possess a uniquely higher incidence of
autoimmune disease, especially SLE. In these patients, it has
been suggested that the complement deficiency impairs effec-
tive clearance of circulating immune complexes, predisposing
to autoimmune diseases. The consumption of complement in
sepsis and septic shock has been clearly demonstrated. Whether
complement activation is pathogenic or physiologic in septic
shock remains unclear. Both the alternate and classic pathways
of complement activation have been shown to be activated in
septic shock, potentially related to a sepsis-induced inactivation
of C1 inhibitors (12).

The most clinically significant complement regulatory pro-
tein deficiency is loss of C1 inhibitor activity. This nonspecific
esterase inhibitor is strategic in controlling the classic com-
plement cascade and inhibiting the action of several clotting
factors. Although acquired forms of C1 inhibitor deficiency
have been described, the autosomally dominant genetic defect
is the most common. In patients with hereditary angioedema,
trauma or stress may precipitate uncontrolled activation of the
complement system, culminating in a systemic angioedema–
nonpruritic limb edema, gastrointestinal disturbances, and up-
per airway obstruction. Unlike the angioedema associated with
anaphylaxis, the angioedema associated with C1 inhibitor de-
ficiency is much less responsive to epinephrine and glucocorti-
coids. In addition to subcutaneous or inhaled epinephrine, the
management of acute angioedema may include the use of fresh

frozen plasma or, when available, purified C1 inhibitor replace-
ment. As maintenance therapy, androgens such as danazol or
stanozolol offer effective therapy and are usually effective in
increasing the levels of serum C1 inhibitor. C1 inhibitor de-
ficiency is characterized by deficient C1 functional activity in
serum, along with low levels of C2 and C4, especially dur-
ing acute episodes. Notably, the serum level of C3 or total
hemolytic complement activity is commonly normal. Few pa-
tients deficient in complement receptors have been described.
The lack of cell surface complement receptors results in poor
clearance of immune complexes. The elevated level of circulat-
ing immune complexes is thought to underlie the high preva-
lence of SLE in these patients (12).

Abnormalities of immunoglobulin production manifest
most commonly as deficiencies, although the excessive produc-
tion of immunoglobulins occasionally results in severe seque-
lae, as may occur in Waldenstrom macroglobulinemia. Infec-
tious consequences of immunoglobulin deficiency result from
most forms of immunoglobulin deficiency. The most common
adult type of primary immunoglobulin deficiency is a selec-
tive deficiency of IgA. Although IgA deficiency has been as-
sociated with recurrent sinopulmonary infections and with
Giardia intestinal infections, many of these patients remain
asymptomatic. The clinical consequences of hypogammaglob-
ulinemia are more frequent in patients with the heterogeneous
disorders that compose common variable hypogammaglobu-
linemia. Common variable hypogammaglobulinemia includes
a group of disorders characterized by low or absent serum
immunoglobulin levels and an enhanced risk for bacterial
infections, especially sinopulmonary infections. Because the
infections are usually recurrent and generally responsive to
treatment, these patients may present in adulthood with
bronchiectasis and lung destruction. Infections with encap-
sulated bacteria, such as Haemophilus and Streptococcus,
are especially prevalent. The most frequently diagnosed im-
munoglobulin deficiency pattern in these patients is a decrease



Chap t e r 50: Alle rgy and Immunology 757

in all classes of immunoglobulins. Prophylactic therapy with
γ -globulin has proven to be effective in preventing infections
(7,13).

Among the many disorders associated with elevated serum
concentrations of immunoglobulins, diseases associated with
excessive IgM production are especially notable for acute clin-
ical sequelae. Because of their size and structure, IgM globu-
lins possess unique properties, including cold insolubility (cryo-
globulins) and the potential to greatly increase blood viscosity.
Excessive IgM production may result from a clearly benign re-
sponse to mycoplasma and viral infections, or a neoplastic-like
B-lymphocyte response (Waldenstrom macroglobulinemia).
The cold agglutinin response to infections rarely results in
more than a mild hemolytic anemia, but the IgM levels associ-
ated with Waldenstrom macroglobulinemia may produce life-
threatening consequences. Viscosity-related sequelae include
confusion, coma, visual impairment, and congestive heart fail-
ure. Plasmapheresis to lower the serum IgM level is effective
therapy for these acute complications (7,13).

A normal antibody immune response to foreign material
may occasionally result in dramatic clinical symptomatology.
Especially notable examples are serum sickness and leukoag-
glutinin reactions. Serum sickness is characterized by the for-
mation of circulating antigen–antibody complexes 7 to 10
days after injection of an antigenic protein into the body.
With systemic deposition of the immune complexes, comple-
ment is activated and edema, rash, arthralgia, and fever result.
The most common cases of serum sickness follow treatment
with antithymocyte globulin (equine or rabbit origin) or snake
antivenom (equine origin). Glucocorticoid therapy is usually
indicated for severe serum sickness symptoms. The leukoag-
glutinin reaction results from the incidental transfusion of an-
tibodies with red blood cells or plasma. Leukoagglutinin reac-
tions result from the interaction of transfused antibodies with
recipient neutrophils, prompting neutrophil sequestration in
the lungs. Cough, dyspnea, and respiratory failure may follow
the transfusion. Treatment is supportive, as there is no specific
therapy for the reactions (14).

Acquired defects in lymphocyte- and macrophage-regulated
immunity are the most common immunodeficiencies encoun-
tered in adults. Three major groups of disorders account
for most of these disorders: the acquired immunodeficiency
syndrome (AIDS), various lymphohematologic malignancies,
and iatrogenic immunosuppression. These diseases are asso-
ciated with enhanced susceptibility to infections with com-
mon pathogens, as well as a unique predisposition to infec-
tions with opportunistic microorganisms. The pathogenesis of
one of the most devastating immune disorders, AIDS, involves
selective depletion of the CD4+ subset of T lymphocytes by
retroviral infection. In these patients, lymphocyte depletion,
combined with abnormal macrophage function and certain B-
lymphocyte malfunctions, culminates in a plethora of poten-
tially life-threatening infections. As with other patients with
profound defects in lymphocyte-regulated immunity, patients
with AIDS may commonly present with acute and severe respi-
ratory failure in association with diffuse pulmonary infiltrates.
Notable opportunistic respiratory pathogens in patients with
defects in lymphocyte-regulated immunity include Pneumocys-
tis jirovecii, L isteria monocytogenes, N ocardia sp., Mycobac-
teria sp., Cryptococcus neoformans, and cytomegalovirus. Be-
fore the AIDS epidemic, most cases of Pneumocystis pneumo-
nia in adults occurred among iatrogenically immunosuppressed

patients or patients with lymphoma, especially Hodgkin lym-
phoma. Immunosuppressants primarily affecting lymphocyte
function include those used in organ transplantation: glucocor-
ticoids, antithymocyte globulin, OKT3 antilymphocyte globu-
lin, azathioprine, and cyclosporine.

The most common abnormalities of phagocytic function are
related to either an abnormal number or function of circulating
neutrophils. The consequence of almost all neutrophil defects is
infection, primarily bacterial and fungal, and, less commonly,
viral. The incidence of infection among neutropenic patients
correlates with the depression of the circulating neutrophil
count and the duration of neutropenia. Neutropenia is graded
based on absolute neutrophil count as mild (1,000 to 1,500
cells/µ L), moderate (500 to 1,000 cells/µ L), or severe (less than
500 cells/µ L) (15). The risk of infection increases proportion-
ally as the circulating neutrophil count falls and is greater when
the neutropenia persists over several days. Universally, patients
with an absolute neutrophil count below 1,000 cells/µ L have a
substantially increased risk of infection over time, while serious
infections are uncommon until more severe neutropenia devel-
ops with counts less than 500 cells/µ L. With neutrophil counts
below 100 cells/µ L, the incidence of severe infection increases
dramatically (15, 16). This risk forms the basis for empiric
antimicrobial therapy in neutropenic patients before pathogen
identification. The pathogenesis of neutrophil functional ab-
normalities has been most extensively studied among patients
with congenital neutrophil defects. A history of recurrent lym-
phocutaneous or pulmonary infections with staphylococci or
Gram-negative bacilli, especially Pseudomonas sp. or Serra-
tia sp., provides a clue to a potential underlying neutrophil
function disorder. Notably, infections with obligate anaero-
bic bacilli are exceedingly rare among patients with neutrophil
defects. Multiple congenital functional defects of neutrophils
have been identified and are outlined in Table 50.4B. Spe-
cific therapy exists for only one of these congenital disorders.
Among certain patients with chronic granulomatous disease,
the administration of IFN-γ has been shown to partially cor-
rect the neutrophil abnormality and dramatically lessen the
incidence of infections (17).

IMMUNOTHERAPY
A broad spectrum of immunotherapies has evolved over the last
several years (Table 50.5A). Immunotherapies may be broadly
classified as either immune system stimulants or suppressants,
but there is much mechanistic overlap. For example, the ther-
apeutic effect of intravenous immune globulin (IVIG) admin-
istration in the treatment of idiopathic thrombocytopenia pur-
pura has been partially attributed to the immunosuppressive
properties of the transfused immunoglobulin complexes. Like-
wise, the actions of most immunosuppressive drugs are rela-
tively global, with alterations in both cell-mediated immunity
and humoral immunity (18).

Immunot he rap ie s and Crit ical Illne ss

Although the complications of immunosuppression commonly
result in serious illnesses, only a few specific immunotherapies
are used in caring for critically ill patients. These immunother-
apies include the use of certain antibodies, antibody fragments,
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IMMUNOTHERAPY

Agents Indications Major side effects

Immunosuppressive drugs
Corticosteroids Multiple diseases associated with inflammation,

graft rejection
Adrenal suppression, infection, altered glucose

metabolism, cataracts, osteoporosis
Cytotoxic chemotherapies Cancer therapy Neutropenia, infection, mucosal ulceration
Methotrexate Multiple diseases associated with inflammation,

cancer therapy
Pneumonitis, hepatitis, neutropenia, infection

Cyclosporine Graft rejection Nephrotoxicity, hypertension
Azathioprine Graft rejection, rheumatoid arthritis Leukopenia, thrombocytopenia, infection
Immunomodulatory drugs
Levamisole Cancer therapy Diarrhea, nausea, stomatitis, neurotoxicity,

leukopenia, rash

and plasmapheresis (Table 50.5B). Multiple other forms of
immunotherapy for critically ill patients have been used less
consistently or with no success. The use of immunosuppres-
sives and antibodies in the management of septic shock has
failed to demonstrate any clinical benefit. The administration
of antibodies, either as pooled γ -globulin fractions or antigen-
specific immunoglobulins, has demonstrable efficacy in many
chronic medical illnesses. Certain antibodies and antibody frag-
ments occupy a novel therapeutic role in the management of
the critically ill patient (19).

A unique detoxifying mechanism for digoxin intoxication
involves the use of the Fab fragment of an anti-digoxin an-
tibody. These fragments, produced in sheep, facilitate digoxin
clearance with minimal side effects. Within minutes of infusion,
serum-free digoxin levels are usually undetectable, whereas im-
munoreactive digoxin levels (detecting the inactive digoxin–
Fab complexes) are usually elevated. Digoxin–Fab complexes
are excreted by the kidneys without the latent release of
digoxin. In general, anti-digoxin Fab therapy is indicated for

digoxin-intoxicated patients presenting with life-threatening
arrhythmias or digoxin intoxication accompanied by hyper-
kalemia. In addition to correcting the cardiac toxicity, the occa-
sional hyperkalemia induced by digoxin poisoning commonly
resolves with the Fab therapy. The commercially available anti-
digoxin Fab product contains 40 mg of the Fab fragment, which
is capable of binding 0.6 mg digoxin. The amount of Fab to be
administered may be calculated either from knowledge of the
amount ingested or by the formula (assuming that the drug has
reached equilibrium levels):

Body burden of digoxin (mg) = [Serum digoxin level (ng/ mL)
× 5.6(L/ kg, distribution volume) × Weight (kg)]/ 1,000

The body burden of digoxin should be calculated and the ap-
propriate number of anti-digoxin Fab vials administered. Clin-
ical experience suggests that it is better to deliver the correct
number or a slight excess of Fab vials rather than underdose
the patient. Side effects, even in the presence of moderate renal

TA BLE 5 0 . 5 B

IMMUNOTHERAPY: ANTIBODIES

Agents Indications Major side effects

Immunoglobulin (pooled
human)

Ig deficiency diseases, ITP, myasthenia gravis,
Guillain-Barré syndrome, CMV pneumonia in
immunosuppressed patients

Myalgia, arthralgia, fever, aseptic meningitis,
reactions in IgA-deficient patients, rarely
anaphylaxis

Hyperimmune human Ig
(hepatitis B, rabies,
tetanus, Rho globulin,
hepatitis A, measles)

Passive prophylaxis for specific diseases Myalgia and injection site inflammation when
administered intramuscularly

Hyperimmune sera Antidotes for envenomization Anaphylaxis, serum sickness
Antithymocyte globulin Graft rejection, aplastic anemia Fever, chills, thrombocytopenia, serum

sickness, anaphylaxis
OKT3 (monoclonal antibody

to T cells)
Graft rejection Cytokine syndrome (especially with first

injection, infection)
Anti-digoxin Fab fragment Digoxin intoxication with arrhythmias Hypokalemia, heart failure
Antiplatelet integrin receptor

(ReoPro)
Prevention of acute reocclusion after coronary

angioplasty
Hemorrhage

ITP, idiopathic thrombocytic purpura; CMV, cytomegalovirus.
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IMMUNOTHERAPY: CYTOKINES AND GROWTH FACTORS

Agents Indications Major side effects

Interleukin-2 (IL-2) Cancer therapy Capillary leak syndrome, hypotension,
pulmonary edema

Interferon-α (IFN-α) Cancer therapy, certain forms of hepatitis Flu-like syndrome: fever, headache, chills,
myalgia

Interferon-γ (IFN-γ ) Chronic granulomatous disease with recurrent
infections

Flu-like syndrome

Interferon-β (IFN-β ) Multiple sclerosis Flu-like syndrome: injection site inflammation
Granulocyte colony stimulating

factor (GCSF)
Prevention of infections and episodes of febrile

neutropenia after chemotherapy
Bone pain

Granulocyte–macrophage
colony stimulating factor
(GM-CSF)

Myeloid reconstitution after bone marrow
transplantation

Capillary leak syndrome; pulmonary edema;
pericardial effusion; flulike syndrome

insufficiency, have been mild. Rarely is there a need to readmin-
ister a Fab dose. After the Fab administration, serum potassium
levels should be monitored because the most common side ef-
fect is hypokalemia, and cautious potassium supplementation
may be necessary. Once the anti-digoxin Fab has been admin-
istered, serum digoxin levels are uninterpretable. With normal
renal function, the digoxin–Fab complex is excreted with a
half-life of 10 to 20 hours (20).

Multiple immunomodulatory agents, including cytokines
(Table 50.5C), antibodies to cytokines, and soluble cytokine
receptors, are under active investigation in the management of
critical illnesses and their complications. Whereas initial clini-
cal trials suggested some efficacy of certain anti-endotoxin an-
tibodies, studies in larger patient populations clearly demon-
strated no benefit and perhaps a harmful effect. Considering
the complexity of the immune system regulatory mecha-
nisms in critical illnesses, the interpretation of preliminary im-
munomodulatory studies should be done with caution (21).

Plasmapheresis, the removal of plasma from blood with
the reinfusion of cells and replacement fluids, has been used
in many illnesses with variable success. Plasmapheresis has
been shown to be effective in several illnesses that com-
monly require management in the intensive care unit, includ-
ing idiopathic thrombocytopenia purpura (ITP), Guillain-Barré
syndrome, myasthenia gravis, Waldenstrom macroglobulin-
emia, and Goodpasture syndrome. In general, plasmaphere-
sis requires placement of either large-bore peripheral venous
catheters or a temporary hemodialysis catheter. Most of the se-
vere complications associated with plasmapheresis have been
related to placement and maintenance of the venous access
catheter. Hemorrhagic and septic complications are major con-
cerns with respect to the choice of vascular access because of
catheter manipulation during the pheresis sessions, the pre-
disposition to hemorrhage associated with plasma extraction,
and underlying renal and hemostatic derangements. Periph-
eral venous catheters or femoral catheters are probably prefer-
able to subclavian or internal jugular sites for patients with
hemostatic derangements. Similarly, the appropriate replace-
ment fluid varies with the clinical condition and disease. In
general, fresh frozen plasma is the most appropriate replace-
ment fluid in treating ITP, whereas 5% albumin with isotonic
saline is usually used for most neurologic indications. The vol-
ume of replacement fluid is estimated by approximating the

amount of plasma removed. Considering that one plasma vol-
ume is commonly removed with each session, the replacement
volume can be estimated from the following equation:

Blood volume = Weight (kg) × 70 mL
Replacement volume = Blood volume

× (1 − hematocrit, as a decimal)

Hence, for a 70-kg adult with a hematocrit of 40% , the replace-
ment volume would be 2,940 mL. The plasma volume to be
removed, replacement volume, and type of replacement fluid
must be individualized based on the patient’s clinical condition.
Almost 50% of patients undergoing plasmapheresis experience
some complication. Most of the complications, such as muscle
cramps, are mild and have been related to the citrate used in
the circuit. Less commonly, hypofibrinogenemia, electrolyte de-
ficiencies, and total protein deficiencies may develop. Patients
undergoing frequent sessions should be monitored regularly
for electrolyte levels, blood counts, and fibrinogen levels. Fib-
rinogen depletion, especially in patients with clinical conditions
predisposing to hemorrhage, may be treated with cryoprecipi-
tate (22).

Comp licat ions of Immunot he rap y

The side effects of many immunotherapies include several se-
vere illnesses. Infectious complications of immunosuppressive
therapy account for the most common severe consequences
of immunotherapies. However, several other severe, noninfec-
tious clinical syndromes have been attributed to certain im-
munotherapies. These systemic reactions have been described
most commonly with certain immunoglobulin or cytokine ther-
apies. The infusion of γ -globulin (IVIG) may result in myal-
gia, low-grade fever, and back pain. These relatively minor
symptoms have been partially attributed to complement activa-
tion by immunoglobulin complexes, and are usually effectively
managed by slowing the rate of infusion or prophylaxis with
antihistamines (23). Occasionally, IVIG infusions may result in
systemic hypotension or anaphylaxis. These severe reactions,
although rare, have been described most commonly among pa-
tients with IgA deficiencies who have pre-existing antibodies
to IgA. The IgA in the IVIG infusate is thought to initiate
the subsequent antigen–antibody reaction. Immunoglobulins



760 Sect ion IV: Essential Physiologic Concerns

produced in animals, such as antithymocyte globulin and the
antivenins, are among the most common causes of anaphylaxis
or serum sickness. The immunosuppressive monoclonal anti-
body OKT3 is occasionally associated with a “cytokine release
syndrome” shortly after infusion. OKT3 is a murine mono-
clonal antibody that selectively depletes T lymphocytes and
has proven useful in solid organ transplantation. The cytokine
release syndrome manifests as fever, myalgia, dyspnea, and
hypotension. This reaction is most common after the initial
OKT3 infusion and has been attributed to the systemic release
of IFN-γ and TNF-α . This syndrome may be prevented by
prophylaxis with corticosteroids. Another cytokine-mediated
syndrome is the capillary leak syndrome associated with IL-2
administration and used in certain cancer therapies and multi-
ple other investigational studies. The capillary leak syndrome,
although apparently dose related, is common, and in cer-
tain patient populations, the incidence rate approaches 50% .
The sepsis-like syndrome consists of hypotension, extravascu-
lar fluid sequestration, and, occasionally, pulmonary edema.
Treatment includes vasopressor cardiovascular support and
corticosteroids. Development of the syndrome may require a
decrease in the interleukin dose or cessation of therapy (24).

SUMMARY
It is important to keep in mind that all aspects of immunity are
tightly integrated, such that cell-mediated immune responses
and humoral responses do not function as independently of
each other as was once thought. Similarly, almost all non-
immune cellular and organ functions, such as those respon-
sible for hemodynamic stability and body metabolism, have
been shown to be partially modulated by networking cytokine
messages from the multiple immune system cells. Appropri-
ate immunologic responses are crucial to recovery from most
critical illnesses. The complex intercommunication among im-
mune and non-immune system cells manifests itself as many of
the systemic symptoms commonly associated with acute illness,
such as fever, hypotension, and protein depletion. Perturbation
of the immune defense systems, whether on a congenital or ac-
quired basis, complicates the recovery process and commonly
prolongs otherwise curable illnesses. The expanding use of im-
munotherapies has been accompanied by the recognition of
several severe systemic side effects and infectious consequences
that, in themselves, result in serious illnesses.
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SECTION V ■ MODULATING THE RESPONSE
TO INJURY

CHAPTER 51 ■ MOLECULAR BIOLOGY:
GENOMICS AND PROTEONOMICS
BRYCE A. HEESE r ROBERTO T. ZORI

The Human Genome Project (HGP), initiated in 1990 and
completed in 2001, promised to revolutionize the practice of
medicine with cheap and efficient technology. Traditionally, ge-
netic testing has consisted of broad genome screening studies
(e.g. chromosome karyotype, comparative genomics hybridiza-
tion) or DNA-based techniques for a select number of single
gene disorders. However, the HGP has provided a wealth of in-
formation for scientific discovery and has led to development
of new and more efficient methods for genetic analysis. Both
the number of disease-causing genes being discovered and the
number of applicable gene tests being developed are increasing
exponentially. The future of genomics promises personalized
health management, such as selection of specific therapies and
drugs based on individualized genetic information from whole
genome screening. However, for many nongenetic clinicians,
the promised revolution is not yet obvious, and the use of ge-
netic information in daily clinical practice can be confusing and
difficult to manage.

The complexity of the human genome is highlighted by the
knowledge that the set of human proteins (several million) is
significantly greater than the relatively small number of genes
(estimated to be only about 25,000). This underscores the im-
portance of epigenetics, such as alternate splicing (alternate
coding sequence) within the same gene, or posttranslational
modification of the coded protein to create innumerable gene
products. Proteomics is the study of the physiologic composi-
tion of proteins (or the proteome) as affected by different bio-
logic processes. Of note, the use of certain protein biomarkers,
such as C-reactive protein and creatine kinase isoforms, have
been commonly used in clinical practice for decades in disease
profiling. More recently, the FDA has emphasized the role of
protein biomarkers in drug development and clinical analysis,
which is also helping to spur research in the field. Proteomics
shows great promise in critical care, since drugs typically target
proteins and not genes. However, the complexity and massive
expanse of human proteins and gene expression are added bar-
riers to proteomic research, often causing difficulty in produc-
ing reliable results. The future promise of proteomics, similar
to genomics, is to provide revolutionary information for the
managing clinician. Like genomics, however, its clinical appli-
cability is presently limited.

Population screening for genetic disease is another cur-
rent topic in clinical genetics that proposes to change clinical
medicine. The purpose of population screening is to reduce
morbidity and mortality by detecting an individual’s risk prior
to manifesting clinical disease. The original principles for pop-
ulation screening by the World Health Organization have been

adapted to fit the construct of a new genomics era (1). The
key feature of any population screen is to weigh relative costs,
ethics, and other considered risks compared to the benefits,
particularly the ability to treat based on early detection (2).
Prenatal screening for genetic diseases is steadily increasing, as
is the promise of population genetic screening in adults and
children for common genetic diseases. In reality, population
genetic screening has been implemented for decades. A partic-
ular example is the mass newborn screening primarily used to
detect inherited metabolic diseases, as well as genetic disorders
such as sickle cell anemia. The early detection and manage-
ment of genetic disorders has increased survival of these pre-
viously unrecognized and devastating diseases. Such detection
and management also provides a significant clinical problem
for the future, as there will be a deficiency in metabolic special-
ists, typically pediatric trained, to care for long-term surviving
children who achieve adulthood with inherited metabolic dis-
orders. This will place a burden on intensivists due to the added
risk of surgery and illness for these individuals.

This chapter will concentrate primarily on genetic condi-
tions that may present in a catastrophic fashion and frequently
require attendance in a critical care unit. The purpose is to alert
the critical care physician to the presence of genetic or inher-
ited metabolic diseases, as well as to provide some guidance
for emergency therapy in unique situations, in particular, those
involving patients in acute metabolic crises. This section is not
intended to be a comprehensive list of genetic diseases encoun-
tered, as such information is far too detailed for this chapter
and, additionally, will likely be outdated shortly after publica-
tion. Instead, the reader is encouraged to use the information
summarized herein as a starting point to find up-to-date, peer-
reviewed, Web-based information for the proper management
of genetic conditions.

FUNDAMENTALS OF
GENOMICS/ GENETICS

The term genome refers to the complete set of DNA (deoxyri-
bonucleic acid) within an organism. In humans, the nuclear
genome consists of 46 chromosomes (or 23 pairs of chro-
mosomes), half of which are maternally inherited (from the
egg) and half inherited paternally (from sperm). The nucleus of
most cells within the body contain a single copy of the human
genome. A distinction should be made between the 46 chro-
mosomes found within the cell’s nucleus and the mitochondrial
genome, which is found within each mitochondria of the cell.
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Mitochondria, and thus, mitochondrial DNA, is inherited only
maternally (the sperm does not contribute mitochondria to the
zygote). Mitochondrial disorders will be discussed again in the
following mitochondrial disease section.

A single nuclear chromosome consists of a continuous chain
of double-stranded DNA, which if stretched from end to end
would measure about 1 yard in length. Each strand contains
a sequence of nucleotides (adenine, thymine, cytosine, or gua-
nine) in various combinations. The order of the nucleotides
contributes to the genetic information and is, essentially, the or-
ganism’s blueprint. When two complementary strands of DNA
are in a dormant stage, they are bonded together as a double
strand, forming the chromosome. During replication or gene
expression (transcription and translation; see below), parts of
the double strand must be separated by a complex molecular
process to expose the genes.

Genes are regions of DNA that contain a sequence of nu-
cleotides coding for a single strand of RNA (ribonucleic acid),
a process called transcription. RNA, in turn, exits the nucleus
and serves as the template from which amino acids are com-
bined to form a protein, a process referred to as translation.
Depending on its structure, shape, and a complex process of
posttranslational modifications, a protein may have any num-
ber of functions, such as a structural component (the cell mem-
brane or extracellular matrix), cellular receptors, plasma trans-
porters, enzymes, or numerous other functions within the body.
Each gene is about 10,000 base pairs in length, but can range
from a few hundred to several thousands of base pairs, and they
are located on various sites throughout the genome. Genes also
contain promoter regions, introns, and other nontranscribed
sequences that are important regulatory factors for efficient
and timely gene expression. The Human Genome Project de-
scribed about 25,000 genes, accounting for only about 10% of
the full genome. Much of the remainder of the genome consists
of vast expansions of highly conserved repeat sequences, the
function of which is not presently understood.

Individual humans share over 99.9% of this sequence with
one another. However, given the size of the human genome,
about 3 billion base pairs, this allows for significant differ-
ences between individuals. An individual’s genotype refers to
the structural makeup of DNA. Genotype is typically used in
reference to a single gene of interest; however, it may also be
used in the context of a set of genes and gene modifiers, or even
the entire genome. An individual’s phenotype is a term used to
describe the physical manifestations, which are typically deter-
mined by both gene expression and environmental influences.
Genetic variations, or mutations, can be in the form of a single
nucleotide substitution, or small insertions or deletions of nu-
cleotides within a DNA sequence. If a mutation occurs within
the translational region of a gene, it may potentially change the
transcription or translation of that gene, causing an alteration
in the gene product, and therefore changing an individual’s phe-
notype. A mutation may also occur within a regulatory region
of a gene, which may alter the expression of a gene, causing de-
creased or increased translation. Alternatively, mutations may
occur within the translated segment of a gene but have little or
no affect on the gene product or clinical phenotype. In many
cases, mutations occur outside of the gene sequence or within
untranslated regions of a gene (e.g., introns) where there would
not be an affect on gene expression.

Traditionally, genetics has focused on monogenetic and/or
Mendelian disorders in which an identifiable change in DNA

material, such as a mutation in a gene or chromosomal
anomaly, results in an identifiable genetic disorder. More and
more, genetics research is involving polygenic diseases such as
cardiovascular disease, hyperlipidemia, or asthma, where ge-
netics likely plays a role in disease susceptibility; in most cases,
there is not an identifiable single gene defect, but rather multi-
ple genetic variations. Single-nucleotide polymorphisms (SNPs)
are a method of looking at DNA sequence variation. SNPs may
occur within or outside of a coding region, and may or may
not cause a change in an amino acid and/or protein structure.
The HapMap project is an offshoot of the Human Genome
Project that is working on cataloging haplotypes, or variations
of SNPs, within the population. This information can then be
used in research and eventually medicine to identify genetic
variants that lead to increased susceptibility to complex (or
polygenic) diseases.

Ge ne t ic Te st ing

The promise of genomics is to provide a cheap and efficient
personalized genomic profile for every person. Today’s reality,
however, is sporadic testing for several well-characterized ge-
netic disorders. However, the number of genetic tests available
has increased tenfold within the past decade, and technology
and discovery are rapidly evolving. The breadth of genetic test-
ing will likely continue to grow exponentially (3). For the non-
geneticist, deciding on how to proceed with genetic testing can
be cumbersome and confusing. Because of scientific discovery
and the continued expansion of genetic testing, it would be
overwhelming to list all of the genetic testing available, par-
ticularly as the information quickly becomes outdated. The
clinician, thus, must be able to use updated, often Web-based,
materials to aid in this decision process.

Genetic testing may consist of whole chromosome screen-
ing (e.g., chromosomal karyotype or comparative genomic hy-
bridization arrays) and FISH (fluorescence in situ hybridiza-
tion). These tests look for large deletions or duplications, often
associated with specific syndromes, within the genome. This
section will primarily discuss DNA-based gene tests that typi-
cally identify single gene disorders.

Common gene testing includes sequence analysis, targeted
mutation analysis, and mutation scanning. DN A sequence
analysis identifies a given nucleotide sequence in an indi-
vidual and compares it to the known normal sequence to
look for alterations. This method of testing has tradition-
ally been time-consuming and costly. It can be particularly
burdensome for large gene regions. However, as technology
becomes more efficient, more gene tests will likely turn to
sequencing, as it has a slightly higher rate of detection. Tar-
geted mutation analysis is used as a diagnostic tool when a
small number of mutations within a single gene are known
to cause a disease. Often, when a mutation is not detected
by this method, gene sequencing is performed to look for a
possible mutation not included in the targeted analysis. Fi-
nally, mutation scanning, a screening tool using various meth-
ods to detect variations in DNA segments, is used when other
methods are too time consuming or costly because several mu-
tations are distributed along large segments of DNA. Each
method has benefits and deficiencies for detecting mutations,
depending on the specific situation. It is, therefore, important
to keep in mind that there are multiple detection techniques
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available when making the decision to proceed with genetic
testing.

Several factors must be taken into account when considering
genetic testing:

1. The clinician should, first, establish a clinical basis for sus-
pecting a particular genetic disease. Today, genetic testing
is relatively expensive and can be time-intensive, depending
on the study. A personal and family history, physical exam,
screening laboratory and radiographic tests, as well as any
supporting studies can provide evidence pointing to a spe-
cific diagnosis and should be used when deciding whether to
proceed with genetic testing. In the circumstance of inher-
ited metabolic diseases, screening metabolic laboratory tests
and enzyme assays may also be used to eliminate the need
for specific genetic studies (discussed in inherited metabolic
diseases section below).

2. The clinician must weigh the necessity of genetic testing,
particularly taking into account whether management or
treatment options will change as a result of testing. Although
in some cases, test results may not alter the management of
a patient, the genetic results may be useful for screening
family members who are at risk of inheriting the condition.

3. No genetic test is perfect. False-positive and -negative re-
sults, test sensitivity, and other measures must be evaluated
when deciding the utility of testing. This information can of-
ten be found in sources such as GeneTests (discussed below),
or should be available from the testing laboratory itself.

4. Both the clinician and the patient should understand the pur-
pose and utility of genetic testing. A common pitfall is for
a clinician to evaluate genetic results as strictly positive or
negative when, in fact, there is a certain level of uncertainty
in almost every test. Genetic testing is rarely 100% sensitive.
False-negative results are possible when a mutation occurs
in a region of the gene that is not evaluated, such as a regula-
tory sequence or intron. Additionally, many diseases exhibit
locus heterogeneity (more than one gene may be responsi-
ble); therefore, a genetic test may miss a significant portion
of affected individuals. At the same time, it is not uncom-
mon to find an abnormality in a gene that is predicted (or
known) to be completely benign. A common pitfall is to
interpret these benign variant results as a positive test. Fur-
thermore, genetic testing is commonly performed without
discussing options with the patient or patient’s family. As
genetic testing may have consequences (e.g., ethical, insur-
ance, or familial inheritance factors) beyond the patient’s
acute setting, many—but not all—genetic centers require
consent prior to testing, but it is always appropriate to keep
the patient informed regardless of the laboratory’s proce-
dures. Careful consideration of each component is essential,
and assistance from a genetic counselor or geneticist can be
useful in the decision process and interpretation of genetic
tests.

Clinical genetic testing is constantly evolving. Along with
current journal articles and reviews, Web-based information is
becoming essential for the proper evaluation and management
of genetic diseases. A commonly used site for comprehensive lit-
erature review of DNA-based diseases is the Online Mendelian
Inheritance in Man. OMIM � also provides links to MEDLINE

�OMIM; http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db= OMIM;
from the National Center for Biotechnology Information provided by
the National Library of Medicine and National Institutes of Health.

and many related databases. Another helpful resource for up-
dated genetic testing is GeneTests† (4). GeneTests encompasses
several hundred current, peer-reviewed articles of common ge-
netic disorders. The site includes information on specific tests
offered from both clinical and strictly research laboratories as
well as estimates of mutation detection rates, alternate genes,
and differential diagnostic considerations. GeneTests provides
suggestions for management and counseling, as well as links to
educational resources for many of these diseases.

INHERITED DISORDERS
OF METABOLISM

Inherited disorders of metabolism comprise a heterogeneous
group of genetic diseases, several of which present in acute
metabolic distress, which require emergency management and
critical care monitoring. Each disorder involves a defective en-
zyme or transport protein that normally contributes to proper
biochemical process within the body. As a group, the clinical
manifestations of metabolic disorders can be extremely variable
depending on the affected biochemical pathway, severity of the
molecular defect (e.g., the amount of residual enzyme activity),
and environmental factors (e.g., illness, fasting, or dietary in-
take). Although there are approximately 1,000 metabolic dis-
orders described, each disorder is relatively rare; collectively,
however, there is an estimated incidence of about 1:4,000.

Increased awareness and detection in all ages, as well as
advances in our understanding and management of metabolic
diseases, has decreased morbidity and increased survival in chil-
dren with metabolic disorders, even into adulthood (5,6). For
example, expanded newborn screening identifies more infants
with metabolic disorders. In addition to improved early de-
tection of presymptomatic infants with metabolic disorders,
newborn screening has secondarily identified affected siblings
and family members of all ages. Furthermore, case reports of
adult-onset metabolic disease are not uncommon, typically de-
scribed in the setting of an acute metabolic stressor such as a
prolonged presurgical fast or an illness with vomiting and dehy-
dration (7,8). It is essential for the intensivist to be knowledge-
able about the possible presentation, initial evaluation, and
emergency management for patients of all ages with this group
of disorders.

Metabolism refers to the sum of the process of biochemi-
cal synthesis (anabolism) and breakdown (catabolism) of com-
pounds, such as proteins, carbohydrates, and lipids from the
diet or stored within the body. Inherited metabolic disor-
ders are genetic defects that affect an enzyme or a transport
protein important to normal metabolism. Clinically, inherited
metabolic disorders manifest with a wide range of symptoms,
from chronic progressive disease to acute metabolic crises, fol-
lowing an apparently asymptomatic interval. Depending on
the severity and type of disorder, any number of organ sys-
tems may be involved. Hepatic failure may present in tyrosine-
mia type I, Wilson disease, and Gaucher disease. Cardiomy-
opathy may be a feature in infantile and juvenile Pompe dis-
ease, very-long-chain acyl-CoA dehydrogenase deficiency, and
various lysosomal storage diseases. Muscle disease, either my-
opathy and/or rhabdomyolysis, may occur in mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes

†http://www.genetests.org
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FIGURE 51.1. Most inborn errors of metabolism are due to an en-
zyme defect within a metabolic pathway. The defect may lead to toxic
accumulation of substrate, or metabolic by-products, or to deficiency
of an essential product within that pathway.

(MELAS), very-long-chain acyl-CoA dehydrogenase deficiency,
and McArdle disease. Acute encephalopathy is a concern in
many organic acidurias, urea cycle defects, and fatty acid oxi-
dation defects.

Often, the acute presentation of an inherited metabolic dis-
order may mimic a more common, systemic disease such as
sepsis or intoxication; however, swift recognition and manage-
ment of a metabolic disorder is important for improving the
overall morbidity and mortality. Saudubray et al. (9) loosely
classified these disorders into three groups:

1. Metabolic disorders of intermediary metabolism that cause
toxic accumulation of metabolites. This may be conceptual-
ized as a road block in the normal metabolic pathway caus-
ing a traffic jam and the buildup of potentially toxic interme-
diary metabolites. Some of these metabolites will be directed
to alternative pathways, which may lead to the accumula-
tion of toxic byproducts (Fig. 51.1). Examples of this group
include organic acidurias, aminoacidopathies, fatty acid ox-
idation defects, urea cycle defects, disorders of metal trans-
port (e.g., Wilson disease), and carbohydrate defects. In crit-
ical care, many of these diseases present in acute metabolic
crises with some combination of encephalopathy, liver dis-
ease, multisystem failure, metabolic acidosis, ketoacidosis,
lactic acidosis, or hyperammonemia.

2. Metabolic defects that affect cellular respiration or mito-
chondrial energy production. This group includes enzyme
defects of the mitochondrial respiratory chain itself. It also
includes enzymes in glycolysis (the breakdown of glucose,
for energy), glycogenosis (utilization of glycogen stores for
energy), gluconeogenesis (glucose synthesis for transport to
other organs), and the tricarboxylic acid (TCA or Kreb) cy-
cles. Fatty acid oxidation disorders, which cause toxic accu-
mulation of fatty acids and other byproducts (group 1), are
also considered here, as the products of these reactions are
an essential energy source for the TCA cycle and mitochon-
drial respiratory chain, particularly during fasting stress.

3. Disorders involving the synthesis or breakdown of com-
plex (large) molecules. This group includes lysosomal
storage disorders, peroxisomal disorders (e.g., X-linked
adrenoleukodystrophy), disorders of glycosylation, and
cholesterol synthesis defects. In general, these disorders are
chronic progressive disease, and though they may rapidly
worsen during illness or stress, they rarely present in acute
metabolic crises.

For an exhaustive discussion of all known metabolic disor-
ders, the reader is referred to comprehensive reviews (10,11).

Herein, we focus on metabolic disorders and associated sce-
narios that may present to the critical care unit.

FATTY ACID OXIDATION
DISORDERS

Fatty acid oxidation disorders encompass a group of metabolic
defects of mitochondrial beta-oxidation. Beta-oxidation is the
process of breaking down fatty acids to aid in energy produc-
tion, as adenosine triphosphate (ATP), via the respiratory chain
complex. Several 2-carbon molecules (acetyl-CoA) are also pro-
duced by beta-oxidation of each fatty acid. Acetyl-CoA can be
utilized in the tricarboxylic acid cycle for aerobic respiration or
as a precursor for the production of ketone bodies. Therefore,
the beta-oxidation cycle is essential for the normal physiologic
response to fasting after typical energy sources, such as glucose
and glycogen, are depleted. In the fasting state, vital organs, in
particular the brain, require an alternate source of energy in
the form of ketone bodies.

Several enzymes are essential in the beta-oxidation of
fatty acids. Carnitine palmitoyltransferase 1 (CPT1), carni-
tine palmitoyltransferase 2 (CPT2), and carnitine acylcarni-
tine carrier protein are important for the transfer of fatty
acids into the mitochondria. Long-chain fatty acids (12–18
carbon-length molecules) are acted on by the enzyme’s very
long-chain acyl-CoA dehydrogenase (VLCAD), mitochondrial
trifunctional protein, and long-chain 3-hydroxyacyl-CoA de-
hydrogenase (LCHAD). Medium-chain fatty acids (6–12
carbon-length molecules) are broken down by the enzyme
medium-chain acyl-CoA dehydrogenase (MCAD) (Fig. 51.2).

Disease manifestation, age of onset, and severity vary
greatly, depending on the enzyme defect. The most common
of these conditions, MCAD deficiency, with an estimated in-
cidence of 1 in 15,000, can present at any age, with fasting
intolerance, metabolic encephalopathy, and hypoketotic hypo-
glycemia. Often, the acute presentation is a result of an illness
with vomiting and dehydration. This condition may also cause
liver disease with significant hyperammonemia, referred to as
Reye-like syndrome. Of note, myopathy and cardiomyopathy
are rare in MCAD deficiency. Individuals with MCAD defi-
ciency are essentially completely asymptomatic between acute
episodes. Long-chain fatty acid defects (VLCADD, LCHADD,
or TFP [trifunctional protein] deficiency) and CPT2 deficiency
may also present early in childhood with similar fasting intoler-
ance and hypoketotic hypoglycemia, along with cardiomyopa-
thy. However, milder forms of these diseases may not present
until adolescence or early adulthood, typically with only mus-
cle disease associated with rhabdomyolysis and/or cardio-
myopathy.

ORGANIC ACIDURIAS AND
AMINOACIDOPATHIES

Organic acidurias are caused by defects in the normal cellular
breakdown of amino acids or odd-chain fatty acids. Exam-
ples include propionic aciduria and methylmalonic aciduria,
which are disorders of the breakdown of the amino acids
isoleucine and valine. Other disorders include isovaleric
aciduria, 3-methylglutaconic aciduria, glutaric aciduria type
I, multiple carboxylase deficiency, and biotinidase deficiency.
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FIGURE 51.2. Fatty acid oxidation oc-
curs primarily in the mitochondria. Carni-
tine plays an important role in transport of
long-chain fatty acids into the mitochondria.
Each fatty acid molecule is broken down
by several enzymatic cycles (beta-oxidation)
in which each cycle produces a 2 carbon
molecule (acetyl-CoA). Beta-oxidation en-
zymes are fatty acid chain-length specific
(i.e. medium-chain acyl-CoA dehydrogenase
breaks down fatty acids that are of medium
chain length, 6–10 carbons). Acetyl-CoA is
important for ketogenesis, energy production,
and other essential biochemical roles.

Aminoacidopathies, disorders marked by the abnormal accu-
mulation of specific amino acids, can be included within this
group, as there is clinical overlap in many of these conditions.
Amino acids are organic acids (which include a carboxylic
group) that are unique in that they have an amino group (con-
taining nitrogen). As a group, aminoacidopathies can have
much more variability in clinical presentation. Examples may
include maple syrup urine disease (MSUD), a defect involv-
ing the catabolism of the branched chain amino acids leucine,
isoleucine, and valine, or tyrosinemia type I, which can cause
accumulation of the by-product succinylacetone, a metabolite
toxic to liver cells.

In the ICU, it is important to be aware of this group of
disorders, many of which present with acute metabolic crises

that may mimic or accompany more typical scenarios such as
sepsis or drug overdose.

UREA CYCLE DISORDERS
Defects of the urea cycle affect the normal detoxification of
ammonia (Fig. 51.3). Ammonia primarily results from nitro-
gen waste accumulated from excess intake of protein or the
endogenous catabolism of protein. The most common urea cy-
cle disorder, X-linked ornithine transcarbamylase (OTC) defi-
ciency, severely affects neonatal males shortly after birth. This
often presents as significant encephalopathy and respiratory
alkalosis at a few days of life, after significant protein intake.

FIGURE 51.3. Removal of excess nitrogen (ammonium, NH 4
+ )

waste from dietary intake and catabolism of protein is facilitated
by several enzyme steps in the urea cycle. The end product is a
water soluble compound, urea, which is readily excreted by the
kidneys. N-acetylglutamate (NAG) is an important positive acti-
vator of carbamyl phosphate synthetase, the first enzyme in the
urea cycle. The formation of NAG is inhibited by accumulation
of organic acid metabolites from the breakdown of organic acids,
amino acids, fatty acids and other organic compounds, thus po-
tentially leading to secondary hyperammonemia.
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Females who are carriers for OTC deficiency are essentially het-
erozygous for the condition but may also be symptomatic, with
significant recurrent episodes of hyperammonemia, depending
on the extent of X-inactivation. It is not uncommon for fe-
males with OTC deficiency to present in later childhood or as
adults. Additional urea cycle disorders include citrullinemia,
carbamylphospate synthase-1 deficiency, and argininosuccinic
aciduria. Acute hyperammonemia in urea cycle defects may
manifest at any age. Thus, an individual with poorly explained
encephalopathy, including lethargy or coma, should have an
ammonia level evaluated.

MITOCHONDRIAL DISEASE
Mitochondrial disorders consist of disorders of oxidative phos-
phorylation, including pyruvate dehydrogenase deficiency, dis-
orders of the tricarboxylic acid cycle, and respiratory chain de-
fects. These are a heterogeneous group of metabolic defects and
should be considered whenever unrelated organ systems are
affected without a reasonable explanation. Mitochondrial dis-
orders can be caused by gene defects within the nuclear DNA,
which have a typical Mendelian inheritance pattern. In general,
these conditions are inherited autosomal recessive and have a
clinically more severe onset, usually in infancy and early child-
hood. Mitochondrial disorders that are inherited from genes
within mitochondrial DNA itself are more commonly progres-
sive and present later in life (12).

Defects involving mitochondrial DNA are only maternally
inherited, because only the egg—not the sperm—donates mi-
tochondria to the zygote. Another consideration in mitochon-
drial (maternal) inherited disorders is that each cell in the body
contains multiple sets of mitochondria; therefore, the same
cell—and thus an individual—may have a mixture of both mu-
tated and normal mitochondrial DNA. This is referred to as
heteroplasmy and contributes to the phenotypic heterogene-
ity observed in patients with maternally inherited mitochon-
drial disorders. The clinician should be aware of mitochondrial
disorders, such as the more common mitochondrial en-
cephalomyopathy, lactic acidosis, and stroke-like episodes
(MELAS), which may present to the ICU with multisystem
disease. Of particular concern in these disorders is metabolic
stroke and lactic acidosis (see respective sections below).

Although understanding and awareness of mitochondrial
disorders is improving, treatment remains limited. In the acute
setting, supportive management including ventilatory support,
treatment of lactic acidosis, fluid and nutritional support (i.e.,
limiting glucose intake to 3–5 g/kg/min and supplementing with
lipids), and management of seizures is important. Specific ther-
apies, such as a “mitochondrial cocktail” of vitamins and co-
factors, are predicted to aid in ATP production, and are used by
most specialists who treat mitochondrial disorders. Although
considered safe, the efficacy of these vitamins and cofactors in
treating these conditions is not well established. This gener-
ally includes CoQ10, L-carnitine, vitamin B1 (thiamine), and
vitamin B2 (riboflavin) (13,14). Particular attention should be
given to mitochondrial patients requiring anesthetics. These
individuals are inherently at risk due to the mitochondria’s in-
ability to deal with added oxidative stress from surgery and
anesthesia. Additionally, most anesthetic agents affect mito-
chondrial function in some fashion, such as depressing carbo-
hydrate metabolism or inhibiting certain components of the mi-

tochondrial respiratory chain. These risks are primarily based
on scientific reasoning and in vitro studies; clinical evidence
is lacking. However, given the risk, all anesthetics should be
used with caution in individuals with this group of disorders
(15). Particular drugs of concern include barbiturates, propo-
fol, nitroprusside, theophylline, valproate, and phenobarbital
(16).

INHERITED METABOLIC
DISORDERS TESTING

Routine laboratory studies—blood glucose, electrolytes, bi-
carbonate, urea nitrogen, creatinine, ammonia, lactate, blood
gases, liver transaminases, complete blood count, creatine ki-
nase, uric acid and plasma or urine ketones—must be consid-
ered in the emergency department or ICU, particularly when a
metabolic disease is suspected. A rapid and accurate plasma
lactic acid level should be available to evaluate for anion
gap metabolic acidosis, and a rapid and accurate ammonia
level should also be available to evaluate any patient with
encephalopathy. Of note, a common pitfall in practice is to
neglect an ammonia level during the initial evaluation of a crit-
ically ill patient, particularly in the case of unusual or unex-
plained encephalopathy. The above tests, along with clinical
signs, are helpful in establishing evidence for an inborn error
of metabolism. This information is often sufficient to initiate
appropriate empiric therapy for metabolic diseases while diag-
nostic and confirmatory studies are performed. Please refer to
Table 51.1 for a list of routine laboratory studies which can
aid in the workup of a suspected metabolic disorder.

Sp e cialize d Me t ab olic Lab orat orie s

The basic laboratory studies, as noted above, are important in
the initial evaluation of any critically ill patient, particularly if
an etiologic explanation for the observed symptom complex is
not readily apparent. When a metabolic disease is suspected,
special laboratory investigations are warranted (Table 51.2).
These include plasma amino acids, plasma acylcarnitines, and
urine organic acids. The relative pattern of accumulated and
deficient metabolites is useful in suggesting, or even diagnos-
ing, specific inherited metabolic disorders. These studies are
typically performed at only a handful of specialized clinical
laboratories by laboratorians trained in the appropriate inter-
pretation of metabolic profiles. Therefore, samples most likely
will have to be sent away, preferably by overnight courier, while
empiric management is initiated. It is, however, important to
make every attempt to obtain these samples prior to initiat-
ing therapy. In certain situations, the typical treatment for a
metabolic disorder, such as the correction of blood glucose in
hypoglycemia, may also correct the accumulation of diagnostic
metabolites that are seen in metabolic screening tests, thus cre-
ating difficulty in interpretation (12). Realizing the urgency in
swiftly treating a critically ill patient, empiric management clin-
icians should not wait for results; however, laboratory samples
may be drawn and placed aside until the acute crisis is over. At
the very least, plasma (5 mL) and urine (at least 5 mL) should
be obtained and stored frozen until the appropriate investiga-
tions can be considered. Blood spots dropped onto filter paper
(such as newborn screening cards available in any laboratory
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TA BLE 5 1 . 1

ROUTINE LABORATORY STUDIES IN KNOWN/SUSPECTED METABOLIC DISORDERS

Test Findings Considerations

Electrolytes, blood gas Metabolic acidosis, metabolic
alkalosis

OA, LA, UCD

Glucose Hypoglycemia FAO, OA, glycogenosis disorders
Complete blood count Neutropenia, pancytopenia OA, LA, glycogenosis disorders
Liver transaminases Liver dysfunction AA, OA, FAO, LA, carbohydrate disorders,

α1-antitrypsin, Wilson disease
Ammonia Hyperammonemia UCD, OA
Lactic acid Lactic acidosis LA, glycogenosis disorders, HFI
CPK Muscular dystrophies, glycogenosis disorders,

FAO
Ketones (serum/urine) Ketoacidosis

Abnormally low in response
to fasting

AA, OA, glycogenosis disorders, LA
FAO

Uric Acid Hyperuricemia Glycogenosis disorders, purine defects (e.g.,
Lesch-Nyhan)

OA, organic aciduria; LA, lactic acidemia (e.g., primary lactic acidemia, mitochondrial respiratory chain disorder); UCD, urea
cycle defect; FAO, fatty acid oxidation defect; AA, disorder of amino acid metabolism; HFI, hereditary fructose intolerance;
CPK, creatine phosphokinase.

affiliated with a nursery), completely dried and stored with a
desiccant, may also be saved for further analysis such as an acyl-
carnitine profile and, in some cases, molecular gene testing (17).

Plasma Acylcarnit ine s
Plasma acylcarnitines aid in diagnoses of fatty acid oxidation
disorders and certain organic acidurias. This is the same tech-
nology used in expanded newborn screening programs due to
the ability to screen for several metabolites—and, thus, several
different disorders—by a single technique. A common pitfall
in the hospital setting is to mistakenly order total and free
carnitine levels in place of a plasma acylcarnitine profile. Al-
though carnitine levels are useful in the workup of primary car-
nitine deficiency, caused by a defective carnitine uptake trans-
porter protein, which is manifested by muscle myopathy and
cardiomyopathy, carnitine levels also evaluate specifically for
carnitine deficiency, which may accompany several metabolic
disorders. Although the carnitine levels are of significance in the
management of a suspected metabolic disorder, plasma acyl-
carnitines will likely be more useful when the diagnosis of a
metabolic disease is in question.

TA BLE 5 1 . 2

SPECIALIZED METABOLIC LABORATORY STUDIES
FOR SUSPECTED METABOLIC DISORDERS

Test Considerations

Plasma amino acids
(quantitative)

Urea cycle defects, amino
acidopathies

Plasma acylcarnitine
analysis

Fatty acid oxidation defect, organic
acidurias

Urine organic acids Organic acidurias, fatty acid
oxidation defect

Q uant it at ive Plasma Amino Acid s
Quantitative plasma amino acids aid in the diagnoses of urea
cycle disorders, certain organic acidurias, and primary lactic
acidoses (i.e., an elevated alanine is indirect evidence of chronic
lactic acidosis). This test is also essential for the safe monitoring
of patients who are on a protein-restricted diet or specific amino
acid–restricted diet. Another common pitfall in the hospital is
to mistakenly order a urine amino acid profile. Aside from
evaluating for renal tubular disease and a handful of inherited
disorders of amino acid transport (e.g., cystinuria), urine amino
acids have little value in the workup of metabolic disorders,
particularly in the setting of an acute metabolic crisis.

Urine Org anic Acid s
Urine organic acids aid in the diagnoses of organic acidurias,
primary lactic acidemias (e.g., respiratory chain disorders and
pyruvate dehydrogenase deficiency), as well as certain fatty acid
oxidation disorders. This test is also essential in establishing a
specific diagnosis in devastating disorders such as tyrosinemia
type I (by the presence of the metabolite succinylacetone) and
glutaric aciduria type I (by the presence of 3-hydroxyglutaric
acid).

Endocrine studies, such as an insulin level, a random cor-
tisol level, C-peptide, thyroid function studies, or growth hor-
mone levels, are also important in the workup of individuals
with atypical acute presentations, particularly in unusual fast-
ing hypoglycemia, but will not be described in detail within
the realm of genetic diseases. Additionally, there are several
other metabolic screening studies, such as a very long-chain
fatty acid panel (to identify peroxisomal disorders such as X-
linked adrenoleukodystrophy), urine glycosaminoglycans and
oligosaccharides (to identify various lysosomal storage disor-
ders), or plasma sterols (to identify cholesterol biosynthesis dis-
orders). These studies may be helpful in the workup of certain,
often chronic, progressive disorders. However, they are not typ-
ically useful in evaluating a patient in acute metabolic crises.
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Confirmat ory St ud ie s
When a specific metabolic disorder is suggested by the screen-
ing laboratory studies discussed above, confirmatory studies
are typically performed to ensure proper diagnosis and man-
agement. This may include specific enzyme studies performed
on leukocytes or biopsied samples, such as hepatocytes, my-
ocytes, or other tissues, depending on the disorder in ques-
tion. Increasingly, specific DNA-based gene studies are being
used for diagnostic testing in metabolic disorders. This level
of testing is typically performed only in selected laboratories
with an interest in the specific disorder. Such studies can be
time-consuming and often costly, and are generally not useful
for management of a patient in the emergency department or
ICU.

POSTMORTEM EVALUATION
FOR METABOLIC DISORDERS

When a metabolic disease is suspected in a patient who has
died, several key samples must be taken for follow-up testing.
Plasma (5 mL, stored frozen) and urine (any amount, stored
frozen) should be drawn, preferably prior to death. Addition-
ally, when a metabolic disease is in question, the ICU should
be prepared to obtain proper consent for retrieving and stor-
ing tissue for future metabolic studies. Fresh tissues from biop-
sied liver, muscle, and skin (fibroblasts) should be obtained as
quickly and efficiently as possible after death. Obviously, this
can be a very stressful situation for medical staff and for fam-
ily members; therefore, the hospital and ICU should establish
a postmortem metabolic protocol in anticipation of such an
event to help the process flow as smoothly as possible. When
it is not feasible to retrieve the above samples, a blood spot,
dried on filter paper as described above, should be obtained for
possible metabolic or genetic testing. Ideally, this would also
include dried bile spots on filter paper for a more thorough
analysis. However, this, too, requires a postmortem exami-
nation (18).

GENETIC SCENARIOS
IN CRITICAL CARE

Eme rg e ncy Pro t oco l

Patients with a previously diagnosed metabolic disorder, prone
to acute metabolic crisis, often possess an emergency protocol
letter that has been drafted by a treating genetic or metabolic
specialist. The protocol should contain general information
about the condition and how it affects the particular patient.
It should also provide important recommendations for man-
agement during an acute metabolic episode. Depending on the
disorder, emergency therapies may include one or more of the
following components:

1. Management of the acute insult (e.g., dehydration, infection,
and trauma) with supportive care

2. Detoxification of accumulated metabolites (e.g., with hy-
dration, bicarbonate, scavenger therapy, or hemo-
dialysis)

3. Reversing the catabolic process (typically by increasing
caloric intake).

HYPOGLYCEMIA IN
METABOLIC DISEASE

Hypoglycemia is a serious concern in critical care. It is typically
defined by a blood glucose level less than 40 mg/dL in all ages.
However, the American Diabetes Association describes hypo-
glycemia in nondiabetic individuals as a blood glucose less than
70 mg/dL due to normal physiologic triggers that occur below
this level (19). In any event, tight control of blood sugars—in
most centers to a level between 80 and 110 mg/dL—is ideal in
the management of critically ill patients (20). In the critical care
setting, hypoglycemia can be a normal physiologic response to
severe systemic illness, multiple organ failure, or liver damage.
More commonly, it is the result of drugs such as insulin or al-
cohol, although rare causes of hypoglycemia include endocrine
and metabolic disorders.

Postprandial hypoglycemia—that occurring within four to
six hours of a meal—may indicate an endocrine disorder such
as hyperinsulinism. Hyperinsulinism also presents with low or
no ketone production, which is contrary to a normal physio-
logic response to low blood sugar. Postprandial hypoglycemia
may also be observed in glycogen storage disease type I, which
typically presents in the neonatal or infant stage, and is often
accompanied by hepatomegaly.

Atypical hypoglycemic response to prolonged fasting, de-
fined as six to 24 hours, may indicate a metabolic defect of
fatty acid oxidation. Fatty acid oxidation is the normal physi-
ologic response to fasting in which fatty acids are broken down
into ketone bodies for energy. Due to the inability to produce
ketones from fatty acids, these disorders may present as hy-
poketotic hypoglycemia, as well as acute encephalopathy from
accumulation of toxic metabolites combined with low ketones
and glucose. For example, medium-chain acyl-CoA dehydro-
genase (MCAD) deficiency is believed to have an incidence of 1
in 15,000. Acute metabolic attacks in MCAD deficiency can be
severe, often presenting in infancy or childhood after an incit-
ing illness or fast. However, between attacks, individuals with
this disorder may be completely asymptomatic, and some indi-
viduals potentially reach adulthood undiagnosed and without
symptoms. In critical care, it is important to be aware of these
conditions when working up patients with an atypical response
to illness, stress, or prolonged fasting, such as a routine surgical
procedure (8).

Other metabolic disorders may include hypoglycemia in
their presentation. Elevated ketones with low blood sugar
may be observed as secondary effects of acute decompensa-
tion in individuals with an organic aciduria, such as propionic
aciduria. In this case, accumulated toxic metabolites may also
manifest with encephalopathy and metabolic acidosis. Hypo-
glycemia that accompanies lactic acidosis can be a sign of a
respiratory chain disorder or a defect in mitochondrial energy
metabolism. Depending on the severity and cause of the respira-
tory chain dysfunction, other signs and symptoms may accom-
pany a respiratory chain defect, such as encephalopathy, myop-
athy, stroke-like episodes, and various other organ diseases.

Lab orat ory Inve st ig at ions for
Me t ab olic Cause s of Hyp og lyce mia

When suspecting a metabolic disorder, the basic metabolic lab-
oratory studies, including accurate blood glucose, electrolytes,
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bicarbonate, blood urea nitrogen, creatinine, ammonia, blood
gas analysis, lactic acid, liver transaminases, complete blood
count, creatine kinase, and uric acid, should be obtained. Blood
for insulin, cortisol, and C-peptide levels should be obtained
while an individual is hypoglycemic to evaluate for a poten-
tial endocrine disorder. The normal physiologic response to
fasting hypoglycemia is to produce ketone bodies. Thus, ab-
normally low plasma and/or urine ketone levels may indicate
either inappropriate insulin production or a disorder of fatty
acid oxidation. Elevated plasma-free fatty acids may also be in-
dicative of a fatty acid oxidation defect. Plasma acylcarnitines,
urine organic acids, and plasma amino acids are important
screening studies when suspecting a metabolic disorder. It is es-
sential that these studies—including the above-cited endocrine
laboratories—be obtained prior to initiating management for
hypoglycemia. Correction of the blood glucose will cause dif-
ficulty in the interpretation of many laboratory results—for
example, a normal or elevated insulin level in the setting of a
corrected blood glucose level would not be useful. In certain
cases, correction of hypoglycemia may also correct the accu-
mulation of diagnostic metabolites that are seen in metabolic
screening tests (12).

Manag e me nt of Hyp og lyce mia

When oral correction of hypoglycemia is not possible, an initial
intravenous bolus of 25 g of dextrose—50 mL of a 50% solu-
tion (for children: 1 mg/kg glucose of a 20% solution)—may be
used, followed by continuous infusion of a 10% dextrose solu-
tion with appropriate electrolytes. Management of a suspected
metabolic disorder may require 7 to 10 mg/kg/min to maintain
appropriate glucose levels, or even greater in certain cases of
hyperinsulinism. Although glucagon may be administered for
transient correction of hypoglycemia, it will be ineffective in
conditions where glycogen reserves are not available, as in cer-
tain glycogen storage diseases or where glycogen reserves are
depleted as in a fatty acid oxidation defect, organic aciduria,
as well as alcohol ingestion.

Glucose, lactic acid, and acid-base status must be closely
monitored due to the high glucose concentration administered.
In many cases, hypoglycemia is accompanied by significant de-
hydration requiring fluid correction. With high fluids and glu-
cose administration, electrolytes—particularly sodium—must
be carefully monitored, and sodium levels should be main-
tained above 135 mMol/L to avoid complications of cerebral
edema (21). If a fatty acid oxidation defect or organic aciduria
is suspected, carnitine (100 mg/kg per day; maximum 5 g per
day may be given IV or orally) should be initiated empirically
until a more definitive diagnosis is made. Carnitine will aid by
conjugating and facilitating the excretion of accumulated toxic
fatty acid and organic acid metabolites.

KETOACIDOSIS IN
METABOLIC DISEASE

Ketone bodies, including 3-hydroxybutyrate, acetoacetate, and
acetate, are derived from excess acetyl-CoA and generally
formed in the mitochondria of liver cells from fatty acid break-
down. Ketogenesis is a physiologic response to the depletion
of carbohydrates, such as glucose and glycogen, as seen in pro-

longed fasting. Vital tissues, particularly the brain, can convert
ketone bodies back into acetyl-CoA for use in the tricarboxylic
cycle and use acetyl-CoA as an alternate energy source when
glucose is not available.

Ketoacidosis is the abnormal accumulation of these acidic
ketone bodies, causing significantly low pH. Exhaled acetone,
the “fruity” breath odor can be a sign of ketoacidosis. Dia-
betic ketoacidosis (discussed elsewhere in this textbook) is a
common problem in critical care due to absence of insulin,
which normally suppresses fatty acid breakdown into ketone
bodies. Ketoacidosis is also observed in individuals on a keto-
genic diet, a possible treatment for certain refractory seizure
disorders. Alcoholic ketoacidosis may occur in chronic alco-
holics following abrupt withdrawal of ethanol along with de-
pletion of carbohydrates. Several metabolic disorders, includ-
ing organic acidurias (e.g., propionic aciduria, methylmalonic
aciduria), aminoacidopathies (e.g., maple syrup urine disease)
and respiratory chain defects, may be associated with profound
ketoacidosis as a secondary effect during acute metabolic de-
compensation. A neonate, child, or adult presenting with any
combination of ketoacidosis, metabolic acidosis, lactic acido-
sis, hypoglycemia, hyperammonemia, systemic disease, liver
disease, lethargy, encephalopathy, or coma should be evaluated
for a metabolic disease, particularly if a reasonable explanation
for the presentation cannot be found.

Lab orat ory Inve st ig at ion
for Me t ab olic Ke t oacid osis

Evaluation for ketoacidosis, particularly when a metabolic dis-
order is suspected, should include initial basic laboratory stud-
ies including blood glucose, electrolytes, bicarbonate, blood
urea nitrogen, creatinine, ammonia, blood gas analysis, lac-
tic acid, liver transaminases, complete blood count, crea-
tine kinase, and uric acid. An ammonia level should be ob-
tained, as secondary hyperammonemia may be suggestive of
a metabolic disease such as an organic aciduria. A complete
blood count may show neutropenia or pancytopenia in certain
organic acidurias, respiratory chain abnormalities, or glyco-
gen storage diseases. Specialized laboratory tests to screen for
a suspected metabolic disorder include plasma acylcarnitines,
plasma amino acids, and urine organic acids.

Manag e me nt of Me t ab olic Ke t oacid osis

Management strategies for ketoacidosis, in the context of a
known or suspected metabolic disease, begins with treatment
of the underlying stress, such as infection or fever, followed by
careful improvement of metabolic acidosis and prevention of
further protein catabolism. Intake of protein and fatty acids
should be discontinued, and administration of fluids up to
1.5 times maintenance and dextrose as a 10% solution, up
to 10 mg/kg/min with appropriate electrolytes will also help
to reverse the catabolic state, which, if left unchecked, will
worsen the acute metabolic crisis (17,21). High volumes of fluid
may be important, as metabolic decompensation often follows
an inciting stressor such as vomiting and dehydration. Intra-
venous sodium bicarbonate can be used, but the goal should
be to raise and maintain arterial blood pH to 7.2 and keep
plasma bicarbonate levels greater than 10 mMol/L—and not to
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correct the acidosis to normal. Electrolyte, fluid, and acid-base
status and frequent neurologic assessment must be monitored
closely. Serum sodium levels should be maintained above 135
mMol/L to prevent cerebral edema. However, the administra-
tion of sodium bicarbonate can also lead to hypernatremia.
Hypokalemia may occur as a response to rising pH and should
be closely monitored throughout therapy.

A specific example of a disease that may present with pro-
found ketoacidosis during metabolic crises is maple syrup urine
disease (MSUD). These individuals, particularly older children
and adults who are no longer growing, can be very difficult to
manage. In cases of severe ketoacidosis with MSUD, the ad-
ministration of IV insulin in combination with a steady supply
of high glucose has been shown to enhance anabolism in ad-
dition to preventing hyperglycemia from excess carbohydrate
infusion (17,22). Obviously, careful and frequent monitoring
of blood glucose is necessary when using high concentrations
of glucose, particularly with the use of insulin. Another im-
portant factor in managing metabolic defects with profound
ketoacidosis is that prolonged (greater than 48 hours) restric-
tion of protein will cause the body to become deficient in certain
essential amino acids and therefore resume breakdown of en-
dogenous protein stores, thus worsening the ketoacidosis (23).
Consultation with a metabolic specialist and/or metabolic nu-
tritionist familiar with these disorders is essential in both short-
and long-term management.

HYPERAMMONEMIA IN
METABOLIC DISEASE

An ammonia level should be standard in any critical care situ-
ation involving an obtunded patient, particularly if the cause is
not readily apparent. A normal ammonia level in a healthy
adult is typically less than 50 µ M/L and slightly higher in
healthy neonates, up to 80 µ M/L. Elevated ammonia is toxic
to brain cells and can result in lethargy with plasma ammo-
nia levels as low as 100 to 200 µ M/L; severe encephalopathy
and coma may result from higher levels (24). Respiratory al-
kalosis from hyperventilation is caused by ammonia’s effect on
the brain’s respiratory drive. Regardless of the cause, hyperam-
monemia should be managed quickly and efficiently to reduce
significant morbidity.

Plasma ammonia may be artificially elevated as a result of
sample handling and/or difficult blood draw—for example,
with the use of a tourniquet during phlebotomy. Severe liver
disease and overproduction of ammonia by colonized urease-
producing bacteria are possible causes of hyperammonemia
(25). Several inherited metabolic disorders should be consid-
ered in patients of all ages presenting with hyperammonemia.
Severe urea cycle disorders may present in the neonatal pe-
riod shortly after birth, with ammonia levels well above 1,000
µ M/L; however, milder cases may not present until adolescence
or adulthood (7,26). The urea cycle is essential in the disposal
of excess nitrogen wastes, including ammonia, by forming sol-
uble urea which is more readily excreted by the kidneys. Thus,
the physiologic process of protein catabolism (e.g., in the case
of fasting or illness) leads to toxic accumulation of ammo-
nia in patients with urea cycle defects. Other metabolic disor-
ders that cause the accumulation of toxic organic acid, amino

acid, or fatty acid metabolites may also cause a prominent
elevation in ammonia by secondarily inhibiting the enzyme
N-acetylglutamate synthase, a component in the urea cycle
(Fig. 51.3). Therefore, a thorough investigation into metabolic
causes of hyperammonemia may be warranted.

Lab orat ory Inve st ig at ions for Me t ab olic
Cause s of Hyp e rammone mia

When suspecting a metabolic cause of hyperammonemia, the
clinician should obtain basic metabolic laboratory investiga-
tions, as described above. Of note, an abnormally low blood
urea nitrogen in the context of elevated ammonia may be fur-
ther evidence of an underlying urea cycle defect (25). Further
laboratory investigation for a suspected urea cycle defect in-
cludes plasma quantitative amino acids to measure levels of the
urea cycle intermediates, particularly citrulline and arginine.
These compounds, in addition to urine orotic acid measure-
ment, will be useful in differentiating the specific defect within
the urea cycle. As mentioned above, certain organic acidurias
and fatty acid oxidation disorders may present with hyperam-
monemia. Therefore, plasma acylcarnitines and urine organic
acids should also be obtained.

Manag e me nt of Hyp e rammone mia

Hyperammonemia should be aggressively managed, as it can
be toxic to the brain. Excess nitrogen must be reduced by halt-
ing the protein intake. If a diagnosis is not immediately known,
fat must also be restricted until a disorder of fatty acid oxida-
tion has been formally ruled out. In addition, administration
of high glucose, 10 mg/kg/min, will provide extra calories and
prevent further protein catabolism, and thus the accumulation
of excess nitrogen. It will be difficult to achieve this level of glu-
cose infusion in adult patients. Typically, a safe place to start is
a 10% dextrose solution with appropriate electrolytes to run
at 1.5 times maintenance. Glucose, lactate, and acid-base levels
must be closely monitored while the patient is receiving high
glucose concentrations. The increased fluid intake—again, up
to 1.5 times maintenance—will assist in the excretion of am-
monium. Electrolytes, particularly sodium, must be carefully
monitored and kept above 135 mMol/L. Additional diuresis
may be necessary to avoid complications of fluid overload and
cerebral edema (21). The nitrogen scavenging drugs—sodium
benzoate, 5.5 g/m2 (250 mg/kg in children) and sodium pheny-
lacetate, also 5.5 g/m2 (250 mg/kg in children)—should be read-
ily available to aid in the removal of excess ammonia by allow-
ing an alternate pathway for nitrogen excretion (17). These
medications can be diluted in 10% dextrose and administered
intravenously as a loading dose over 90 minutes, and then this
same dose given continuously over 24 hours. Sodium benzoate
and sodium phenylacetate are now FDA-approved for the man-
agement of hyperammonemia, and dosage and administration
should comply with the manufacturer’s recommendations. Ad-
ditionally, the essential amino acid, arginine, is an interme-
diate in the urea cycle found downstream from most of the
common defects, and it is often deficient in urea cycle defects.
Intravenous infusion of L-arginine, 4 g/m2 (300 mg/kg in chil-
dren), may be administered with sodium benzoate and sodium
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phenylacetate as a loading dose over 90 minutes, followed by a
continuous infusion over 24 hours (27). Alternatively, arginine
may be given orally if the patient is able to take it. If the diagno-
sis is uncertain, carnitine, 100 mg/kg/day, IV or orally, should
be given for empiric treatment of a potential organic aciduria
or fatty acid oxidation defect (21). Dialysis should be readily
available for refractory cases or for severe hyperammonemia—
that is, with levels greater than 400 µ M/L. This can be in the
form of hemodialysis, hemofiltration, or peritoneal dialysis, al-
though obviously the former are more efficient in the removal
of toxic metabolites.

LACTIC ACIDOSIS IN
METABOLIC DISEASE

Lactic acidosis is a common problem in intensive care and is
typically a secondary effect from inadequate oxygen supply
or tissue hypoperfusion as seen in respiratory failure, systemic
shock, or tissue infarction. Signs and symptoms indicative of
lactic acidosis include metabolic acidosis (pH < 7.3, bicarbon-
ate < 15 mEq/L) with hyperventilation, and an abnormal an-
ion gap (> 15 mEq/L). Drugs such as ethanol, ethylene glycol,
and salicylates may cause secondary lactic acidosis (28). A re-
lated isoform, D-lactate, is produced by bacteria colonized pri-
marily in the gut and may contribute to significant metabolic
acidosis. D-lactic acidosis should be considered in a patient
who presents with encephalopathy, metabolic acidosis with
a high serum anion gap, and symptoms of short bowel syn-
drome or gastric malabsorption (29,30). Plasma and/or urine
D-lactate levels must be determined separately, as the regu-
lar assay for plasma lactic acid may be normal and miss the
isoform.

Any metabolic disorder that presents with acute decompen-
sation, such as certain organic acidurias, urea cycle defects, and
fatty acid oxidation defects, may also develop significant lactic
acidosis secondary to systemic disease. Because acute metabolic
attacks are often triggered by an inciting stressor, such as illness
with vomiting and dehydration, the clinician should consider
metabolic disorders in patients with atypical presentations of
lactic acidosis or unusual response to therapy.

Defects that affect glycogen metabolism (e.g., certain glyco-
gen storage disorders), gluconeogenesis (e.g., fructose diphos-
phatase deficiency), and disorders of cellular aerobic
respiration (e.g., pyruvate carboxylase deficiency, pyruvate de-
hydrogenase deficiency, and disorders of the respiratory chain
complex) constitute a group of metabolic disorders referred
to as primary lactic acidoses. In these cases, lactic acid is the
accumulated byproduct from the metabolic defect itself rather
than a secondary effect from systemic disease. Timing in rela-
tion to a carbohydrate load may be useful in the evaluation of
lactic acidosis. For example, the lactic acid level in disorders
of gluconeogenesis generally improves after the fed state with
normal glucose levels, and lactic acidosis worsens with fasting
hypoglycemia. In contrast, certain glycogen storage disorders
and disorders of cellular aerobic respiration respond with a
paradoxical elevation of lactic acid following a carbohydrate
load due to the inherent block in carbohydrate utilization (31).
Mitochondrial disorders will also be discussed in this section,
as well as metabolic stroke.

Lab orat ory Inve st ig at ions for Me t ab olic
Cause s of Lact ic Acid osis

When the presentation of lactic acidosis suggests a possible
metabolic disorder, basic metabolic laboratory investigations,
as noted above, should be obtained immediately. As with serum
ammonia levels, lactic acid levels may be artificially elevated as
a result of sample handling and/or difficult blood draw—for ex-
ample, with use of a tourniquet during phlebotomy. Additional
screening laboratory tests for a suspected metabolic disease
should include a plasma acylcarnitine profile, urine organic
acids, and plasma amino acids. An abnormal elevated alanine
seen in plasma amino acids may be an indirect measurement
of pyruvate and lactate but is not affected by a tourniquet lab
draw (12). Abnormal ketosis, particularly paradoxical post-
prandial ketosis, may be indicative of a primary lactic acidosis
defect. An elevated cerebrospinal fluid (CSF) lactate may be
helpful in the evaluation of a suspected primary lactic acidosis.
As noted above, a d-lactic acid level should be considered in a
patient who presents with encephalopathy, metabolic acidosis
with a high serum anion gap, and symptoms of short bowel
syndrome or gastric malabsorption.

A pyruvate level and differential measurements of the two
serum ketones—3-hydroxybutyrate and acetoacetate—can be
helpful in distinguishing between the different primary lactic
acidoses. For example, an elevated lactate-to-pyruvate ratio
with an elevated 3-hydroxybutyrate-to-acetoacetate ratio, in
the setting of paradoxical postprandial ketosis and lactic acido-
sis, would highly suggest a respiratory chain disorder. These ra-
tios act as an indirect method of measuring cellular oxidation/
reduction status (31). However, due to the difficulty in col-
lection, handling, and interpretation of these studies, this
level of analysis is generally not feasible nor necessary for
the acute management of patients with a primary lactic
acidosis.

Manag e me nt of Lact ic Acid osis

Managing the underlying cause of lactic acidosis is the mainstay
of treatment in most cases. For example, adequate ventilation
and oxygenation, tissue perfusion, antimicrobial coverage, and
other strategies common to the critical care setting should be
continually monitored and adjusted. Intravenous sodium bi-
carbonate to correct anion gap acidosis caused by excess lactic
acid can be used, but the goal should be to raise and maintain
arterial blood pH to 7.2 and keep plasma bicarbonate levels
greater than 10 mMol/L rather than correct the acidosis to
normal. Large amounts of sodium bicarbonate may be neces-
sary to achieve this goal. Therefore, sodium should be closely
monitored for the risk of developing hypernatremia from large
amounts of sodium bicarbonate. Potassium should also be
monitored for the risk of hypokalemic response to rising pH.
Diuretics such as furosemide, with adequate potassium supple-
mentation, can be considered in this case. Other considerations
might include the use of tris-hydroxymethyl aminomethane
(THAM) or dialysis for cases refractory to typical treatment
(17).

If a primary lactic acidosis is confirmed or highly suspected,
glucose should be limited to between 3 and 5 mg/kg/min, as car-
bohydrates may worsen the accumulation of lactic acid (21).
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Alternative calories—for example, lipids—should be sought.
Before restricting glucose, however, note that disorders of fatty
acid oxidation cannot handle excess lipids efficiently, and or-
ganic acidurias require high caloric loads to prevent acute pro-
tein catabolism. Both of these conditions should be reasonably
ruled out. The diagnosis of a primary versus secondary causes
of lactic acidosis is tricky, and consultation with a metabolic
specialist familiar with the diagnosis and management of these
disorders is recommended.

GENETIC CONSIDERATIONS
IN RHABDOMYOLYSIS

Rhabdomyolysis, or myonecrosis, refers to skeletal muscle de-
struction and release of toxic substances in the circulatory sys-
tem. Laboratory markers for rhabdomyolysis include elevated
serum creatine kinase (CK) and the presence of myoglobin-
uria, or red-brown, cola-colored urine. Rapid identification
and management is important to decrease morbidity, partic-
ularly the development of acute renal failure.

Rhabdomyolysis most commonly results from direct mus-
cle trauma, particularly crush injury. Excessive muscle exer-
tion such as in status epilepticus may cause a significant ele-
vation of CK. It has also been described in an unconditioned
otherwise healthy individual, although this would be a rare
circumstance (32). Drug exposure may be the most common
cause of rhabdomyolysis, particularly in critical care. Com-
mon medications that have been associated include diuretics,
statins, clofibrate, narcotics, theophylline, corticosteroids, ben-
zodiazepines, phenothiazines, and tricyclic antidepressants, as
well as recreational drugs of abuse including alcohol, cocaine,
amphetamines, heroin, phencyclidine, and lysergic acid diethy-
lamide (33). Late-onset muscular dystrophies—for example,
X-linked Becker muscular dystrophy—may present with ex-
ertional rhabdomyolysis; however, these individuals are often
limited by weakness (31).

Recurrent rhabdomyolysis, or severe disease for which there
is not a reasonable cause, may indicate an underlying metabolic
disorder. These disorders may present at any age, and it is not
uncommon for onset to occur in early adulthood despite a typ-
ical active childhood. Active muscle has a high energy demand
for adenosine triphosphate (ATP), generated primarily from
stored glycogen during the initial part of exercise and free fatty
acids during prolonged exercise. Defects in these metabolic pro-
cesses may lead to exercise intolerance and potentially rhab-
domyolysis. McArdle disease (myophosphorylase deficiency, or
glycogen storage disease type V) is a defect in glycolysis and
often presents in late childhood to early adulthood with mus-
cle fatigue and cramps. Certain long-chain fatty acid oxidation
defects—such as long-chain 3-hydroxy acyl-CoA dehydroge-
nase deficiency (LCHAD), very long-chain acyl-CoA dehydro-
genase deficiency (VLCAD), carnitine palmitoyltransferase de-
ficiency type II (CPT2), and primary carnitine deficiency—can
present with exercise intolerance and rhabdomyolysis in older
children and adults. In addition, myoadenylate deaminase de-
ficiency, a defect in the recycling of purines—and hence ATP—
can have a similar presentation. Finally, respiratory chain disor-
ders (see mitochondrial diseases, below) should be considered
in recurrent myoglobinuria when accompanied by multisys-
temic involvement and lactic acidosis (31).

Lab orat ory Inve st ig at ion for Me t ab olic
Cause s of Rhab d omyolysis

Laboratory investigations important in the management and
workup of rhabdomyolysis include basic laboratory investi-
gations, as noted above. Lactic acidosis can acutely accom-
pany muscle damage or hypoperfusion, but a history of chronic
lactic acidosis may be an indicator of an underlying mito-
chondrial respiratory chain disorder. A plasma acylcarnitine
analysis should be drawn to evaluate for a possible fatty acid
oxidation defect (e.g., LCHAD, VLCAD, CPT2). Further diag-
nostic workup for metabolic causes of rhabdomyolysis may re-
quire an open muscle biopsy for muscle enzyme studies, such as
CPT2, myophosphorylase, and myoadenylate deaminase. This
is important to consider; however, time-intensive specialized
enzyme studies are not likely helpful in the acute management
of rhabdomyolysis.

Manag e me nt of Rhab d omyolysis

Management of rhabdomyolysis involves preventing further
muscle damage and providing supportive care to prevent
significant morbidity from acute renal failure, hypovolemia,
metabolic acidosis, hyperkalemia, disseminated intravascular
coagulation, and respiratory and hepatic insufficiency. Early
and aggressive fluid management with normal saline, at the rate
of 1.5 L per hour, is the only therapy that has been proven ben-
eficial. However, many centers also use the administration of
bicarbonate to alkalinize urine, as well as mannitol for theoret-
ical benefit in minimizing kidney damage (34,35). In disorders
of fatty acid oxidation, rhabdomyolysis is caused by muscle tis-
sue damage due to lack of energy from fatty acid metabolism.
Consider the administration of dextrose (up to a 10% solution)
for known or highly suspected metabolic disorders to minimize
continued muscle breakdown in these conditions.

GENETIC CONSIDERATIONS
IN STROKE

Stroke is a heterogeneous neurologic condition that refers to
the presentation of focal cerebral damage. A strong familial
predilection suggests a genetic component (36,37). However,
with rare exception (e.g., CADISIL, see below), single genes
have a relatively low impact on the overall stroke risk (38).
Therefore, it is well established that stroke is multifactorial,
or influenced by environmental factors with a certain genetic
predisposition. Well-known modifiable risk factors, including
smoking, hypertension, hyperlipidemia, and diabetes mellitus,
have a significant environmental component. However, these
risk factors, particularly hypertension, hyperlipidemia, and di-
abetes, also have a familial predisposition and thus contribute
to the genetic susceptibility of stroke as well.

Single gene disorders that cause isolated stroke, such as
cerebral autosomal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy or (CADISIL), are rare. Alter-
natively, most genes (and/or genetic disorders) associated with
stroke are part of a multisystem disease in which stroke is a
secondary manifestation of the disorder. This includes multi-
factorial disorders such as hyperlipidemia, hypertension, and
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diabetes mellitus, as noted above, as well as single-gene dis-
orders that affect cerebral vascular structure (e.g., connective
tissue disorders) or hematologic conditions that increase the
risk for thromboembolism (e.g., antithrombin III deficiency).
Certain inherited metabolic disorders are also associated with
a secondary risk of stroke. We will present several defined ge-
netic disorders that either cause or predispose to stroke. The
reader is referred to more comprehensive reviews on stroke
(37,39); nonetheless, caution should be used, as there is ever-
increasing knowledge and discovery of new genes in stroke, as
is the case in any multigenic disorder.

Causat ive Ge ne Disord e rs in St roke

Single-gene disorders that cause familial, isolated stroke are
rare. An example is CADISIL, which typically presents in mid-
adult life with clinical manifestations of migraines, transient
ischemic attacks, lacunar infarcts, and multi-infarct dementia.
The condition is diagnosed by clinical findings, distinct MRI
studies showing subcortical white matter lesions, and tradi-
tionally by skin biopsy showing electron dense granules within
smooth muscle cells. The gene for CADISIL (Notch3) has been
identified and is clinically available for diagnostic testing (40).
Clinical genetic testing should be considered in any unusual
presentation of isolated stroke, particularly in adults younger
than 50 years of age with clinical and radiographic evidence
of CADISIL (37). Although the specific pathophysiology of
CADISIL is still unknown, it is believed to be due to the in-
creased fragility of cerebral microvessels. An autosomal reces-
sive counterpart, CARASIL (cerebral autosomal recessive arte-
riopathy with subcortical infarcts and leukoencephalopathy),
and other candidate genes causing isolated stroke are under
investigation. However, currently, only CADISIL gene testing
appears to have clinical applicability.

Ge ne t ic Susce p t ib ilit y t o St roke

Connective tissue disorders that affect cervical and intracranial
arteries can cause the formation of aneurysms and/or arterial
dissection and lead to ischemic stroke. Disorders such as vascu-
lar type (or type IV) Ehlers-Danlos syndrome (EDS) and Mar-
fan syndrome are well-known connective disorders affecting
large vessels; both are inherited autosomal dominant. This un-
derscores the importance of obtaining a personal or family his-
tory, particularly when there is a presentation of recurrent arte-
rial dissection or aneurysm. Individuals with Marfan syndrome
and vascular type EDS typically have an identifiable physical
phenotype, and clinical diagnostic criteria exist for these con-
ditions. Genetic and molecular testing is available for these dis-
orders and can be helpful, not only to confirm the diagnosis,
but also for family screening. Of note, vascular involvement in
Marfan syndrome typically affects the larger arteries, particu-
larly the aortic root; however, several related connective tissue
diseases, such as the Marfanlike Loeys-Dietz syndrome, have
recently been described with a possible predisposition to arte-
rial involvement (41). Genetic and molecular testing is avail-
able for some of these disorders. Furthermore, there are likely
several, yet undiscovered, connective tissue genes that predis-
pose to abnormalities in the vascular wall. Additionally, many
of these conditions are likely multifactorial, and many inves-

tigators are looking for candidate susceptibility genes (42,43).
Finally, autosomal dominant polycystic kidney disease has also
been described with intracranial aneurysms and should be con-
sidered in the workup for stroke (44).

Vascular disease may predispose to vessel occlusion and is-
chemic disease, and thus stroke. Genetic disorders that can
lead to cerebrovascular disease include fibromuscular dyspla-
sia (more commonly affecting renal arteries) and Moyamoya
disease (cerebrovascular disease of arteries near basal ganglia,
typically seen in children). Another vascular defect, Fabry dis-
ease, is an X-linked lysosomal storage disorder affecting the
breakdown of specific glycosphingolipids. The disorder typi-
cally manifests in male adolescents or adults with recurrent
pain crises, and leads to renal failure and cardiovascular dis-
ease if left untreated. Accumulated deposition of glycosphin-
golipids in small arteries, particularly vertebrobasilar arteries,
leads to occlusion and infarcts (45).

Thromboembolism contributes to about 30% of ischemic
stroke. Therefore, coagulation studies should be obtained to
rule out common causes of thrombotic disease. Genetic predis-
position to coagulopathy leading to thrombosis may include
protein C deficiency, protein S deficiency, factor V Leiden muta-
tion, antiphospholipid antibody syndromes, homocystinemia,
and sickle cell anemia.

Inhe rit e d Me t ab olic Disord e rs and
Susce p t ib ilit y t o St roke

Homocystinuria is a metabolic disorder associated with a sig-
nificant risk for thromboembolism. Clinical features of ho-
mocystinuria can be quite variable; many individuals have
low IQ, psychiatric problems, and extrapyramidal signs. A
tall, marfanoid body habitus has also been described. Simi-
larly, mild to moderate homocystinemia can be caused by ac-
quired nutritional deficiency of folic acid, vitamin B12 or vi-
tamin B6, or by a congenital defect in the gene coding for 5,
10-methylenetetrahydrofolate reductase (MTHFR). In any case
of thromboembolic stroke, a plasma homocystine level should
be obtained (39).

Methylmalonic aciduria (MMA) is a metabolic defect in the
breakdown of certain amino acids. MMA also has been de-
scribed with MRI and/or CT findings involving bilateral le-
sions of the globus pallidus and cortical atrophy, along with
clinical findings of dystonia and choreoathetosis. The rare on-
set of stroke in these patients is generally not isolated. Rather,
it is typically observed in the setting of acute metabolic de-
compensation, such as profound anion gap metabolic acido-
sis and ketoacidosis (46) (See the section on ketoacidosis,
above).

Me t ab olic St roke in
Mit ochond rial Disord e rs

Metabolic stroke, or stroke-like episodes observed in patients
with mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS), as well as other inherited mi-
tochondrial disorders, can be devastating. However, the etiol-
ogy of these strokes is not well understood (14,47). Of note,
stroke-like episodes have also been described in children with
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certain congenital disorders of glycosylation, a diverse group of
disorders often presenting with dysmorphic features and multi-
system involvement (48). Stroke-like episodes typically present
with infarcts within the posterior temporal, parietal, and oc-
cipital lobes on imaging. The infarcts are atypical in that they
are localized in regions near large vessels as opposed to wa-
tershed regions (49,50). Aside from supportive care, no defini-
tive therapy has been established for treating metabolic stroke.
Koga et al. (51) administered L-arginine, 0.5 g/kg per dose,
intravenously during acute metabolic stroke in a few patients
with MELAS with positive results. The rationale behind using
arginine in mitochondrial patients is that stroke-like episodes
may, in part, be due to poor vasodilatation of cerebral arteries,
and arginine, a precursor to nitric oxide, may improve vascu-
lar tone. Caution must be observed with use of intravenous
L-arginine. Hypotension may be a side effect of IV infusion,
and acid-base status should be monitored carefully due to the
common preparation of IV arginine hydrochloride. Arginine is
not considered standard therapy in this situation, and there-
fore consultation with a metabolic specialist is recommended
for determining the appropriate therapy for metabolic stroke
(14).

GENETIC CONSIDERATIONS
IN CARDIOMYOPATHY AND
SUDDEN CARDIAC DEATH

Cardiomyopathies encompass a heterogeneous group of disor-
ders with multiple clinical, molecular, and histiologic presenta-
tions. Traditionally, these have been categorized according to
various pathophysiologic manifestations, such as hypertrophic
(increased myocardial tissue thickness; e.g., increased myocyte
size, fibrosis, or storage material), dilated (enlarged cardiac
chamber volume), restrictive (inhibited ventricular filling), and
mixed disorders (52). Definitions and classification schemes
can be confusing due to the marked variability of causes and
presentation. In particular, many traditional schemes do not
account for the increasingly updated genetic and molecular
discoveries. Furthermore, ion channelopathies, or dysrhythmic
disorders, such as long QT syndrome (LQTS), present with
a structurally normal heart, distinct from cardiomyopathies.
It is well known that most forms of familial hypertrophic
cardiomyopathy and long QT syndrome are inherited auto-
somal dominant. Both conditions predispose the affected indi-
vidual to sudden cardiac death, often with little or no warning.
This underscores the importance of not only properly diagnos-
ing and managing the affected individual, but also screening
and monitoring family members at risk for inheriting the con-
dition (53–55). DNA-based genetic testing is available for sev-
eral genes responsible for both hypertrophic cardiomyopathy
and LQTS. Genetic testing should be considered in any patient
presenting with a significant clinical picture suspicious for ei-
ther condition, in particular young individuals presenting with
sudden cardiac death. Finally, several metabolic disorders are at
risk for developing cardiomyopathy—for example, fatty acid
oxidation defects affecting mitochondrial energy (ATP) pro-
duction or lysosomal storage diseases leading to cardiac tissue
infiltration of storage material. This section is an overview of
the genetic considerations in cardiomyopathies and causes of
sudden cardiac death.

Ion Channe lop at hie s

The most common congenital arrhythmia, long QT syndrome
(LQTS), is inherited either autosomal dominant (Romano-
Ward syndrome) or autosomal recessive (Jervell, Lange-
Nielsen). About half of the individuals with these conditions
are symptomatic, commonly with tachydysrhythmias resulting
in syncopal events. However, some individuals remain asymp-
tomatic (56). The autosomal dominant conditions, Andersen-
Tawil syndrome and Timothy syndrome, are also associated
with dysmorphic findings. The autosomal recessive forms of
LQTS are typically associated with sensorineural deafness. Tra-
ditionally, these disorders are diagnosed clinically by history
and rate-corrected QT interval. However, today, several genes
responsible for this condition have been found, and genetic
testing for many of these genes is clinically available. This is
an example that genetic testing is not only beneficial for con-
firming the diagnosis but also for potential screening of first-
degree relatives who may be asymptomatic and at risk for in-
heriting the condition. Family members who inherit the con-
dition can have early and appropriate management to prevent
complications, particularly death. All individuals who have a
known mutation causing LQTS, and all first-degree relatives
at risk for LQTS in whom a causative mutation is not found,
are recommended to have at least a 12-lead ECG performed,
followed by an exercise ECG, the latter particularly to eval-
uate a borderline resting ECG (57). Other less common ion
channelopathies include Brugada syndrome (autosomal dom-
inant sodium channelopathy causing a distinctive ECG pat-
tern), catecholaminergic polymorphic ventricular tachycardia
(autosomal dominant with normal resting ECG), and short QT
syndrome (linked to mutations seen in ion channel genes of
LQTS) (55).

Hyp e rt rop hic Card iomyop at hy

Familial hypertrophic cardiomyopathy (HCM), commonly au-
tosomal dominant, is the most common cause of sudden car-
diac death in young individuals. This condition is inherited
as autosomal dominant, and therefore, a thorough family his-
tory is important in the workup. As with LQTS, many indi-
viduals with HCM may be completely asymptomatic. Clini-
cally, HCM may be diagnosed by standard imaging, such as an
echocardiogram showing left ventricular wall thickening. Sev-
eral causative genes, typically coding for contractile proteins
within the muscle cell, have been identified. Many of these
genes are clinically available for genetic testing. As with LQTS,
genetic testing for HCM may be useful not only for confirm-
atory diagnosis, but also for screening first-degree relatives at
risk to inherit the condition. Recommendations for asymp-
tomatic individuals at risk for HCM due to either a known
mutation or a first-degree relative with HCM include a yearly
physical exam, 12-lead ECG, and echocardiogram until the age
of 18 years (58). Beyond 18 years of age, it is generally recom-
mended to continue screening at least every 5 years, although
management strategies may differ (58–60).

Dysrhythmogenic right ventricular cardiomyopathy/dys-
plasia (ARVC/D), caused by abnormal fibrofatty infiltration
and tissue replacement within the right ventricle, is another
cause of sudden cardiac death in young individuals. It has an
autosomal dominant inheritance and is clinically difficult to
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diagnose. Several genes have been determined to have a role in
this condition (55).

Several storage diseases lead to the infiltration of large
molecules within the cardiac tissue. Although the pathophys-
iology is significantly different, clinically, these disorders may
mimic hypertrophic cardiomyopathy. Dominant mutations in
the gene PRKAG2 have been shown to cause glycogen accu-
mulation in vacuoles within myocytes, clinically manifesting
as HCM (61). Another condition, Danon disease, is an X-
linked glycogen storage disease that presents with cardiomy-
opathy and typically skeletal myopathy, primarily in adolescent
males. Mental retardation has also been seen in Danon disease.
Glycogen storage disease type II has been shown to cause sig-
nificant hypertrophic cardiomyopathy, with severe hypotonia
in the infantile-onset form. However, adolescents and adults
with milder forms of Pompe disease present later with proximal
muscle weakness and do not typically have the cardiac mani-
festations. Other inherited metabolic disorders causing infiltra-
tive hypertrophic cardiomyopathy typically accompany other
significant clinical manifestations. Examples include Hunter
syndrome (X-linked), Hurler (autosomal recessive), and Fabry
disease (X-linked).

Dilat e d Card iomyop at hy

Dilated cardiomyopathy (DCM), or ventricular enlargement
with systolic dysfunction, leads to progressive failure and is
a common reason for heart transplant. The causes of DCM
are variable, typically from acquired disorders such as infec-
tion, toxic exposures, and nutritional deficiencies (such as car-
nitine deficiency). Duchenne and Becker muscular dystrophy,
as well as other diseases of the heart muscle, may lead to pro-
gressive cardiac failure and a dilated cardiomyopathy presenta-
tion. In addition, inherited metabolic disorders, such as organic
acidurias, fatty acid oxidation defects, and respiratory chain
disorders, may manifest with cardiomyopathy. Although po-
tential carnitine deficiency or defects in mitochondrial aerobic
respiration have been implicated as a cause of cardiomyopathy
in metabolic acute metabolic disease, the specific pathophysio-
logic mechanism is not readily known. A cardiac evaluation is
generally recommended in individuals with metabolic defects
presenting in acute metabolic crises.

Familial DCM has been suggested in about 20% to 35%
of cases by autosomal dominant, autosomal recessive or X-
linked inheritance patterns. Several genes have been implicated
in these conditions; however, clinical testing is not yet feasible
for most cases of DCM. A particular exception is tafazzin, a
mitochondrial protein responsible for the X-linked Barth syn-
drome typically seen in young males. As with HCM, family
screening and monitoring is recommended, particularly in at-
risk first-degree relatives (62).

ANESTHESIA RISKS IN GENETIC
AND METABOLIC DISORDERS

Certain genetic, and particularly metabolic, diseases have an
increased anesthesia risk. This not only includes an increased
risk via the anesthetics themselves but also increased risks due
to specific structural abnormalities that accompany some ge-
netic disorders.

Individuals with metabolic disorders, such as fatty acid oxi-
dation defects, organic acidurias, and urea cycle disorders, are
predisposed to metabolic decompensation from physical and
catabolic tissue breakdown from the stress of surgery and anes-
thetics. Preventative measures, such as high glucose infusion
(typically 10% dextrose solution) and hydration (generally 1.5
times maintenance fluids with appropriate electrolyte) before,
during, and after surgery are necessary to avoid a catabolic state
(17). Consultation with a specialist familiar with metabolic dis-
orders will aid in determining the appropriate management of
these patients.

Particular attention should be given to mitochondrial pa-
tients requiring anesthetics. These individuals are inherently at
risk due to the mitochondria’s inability to deal with added ox-
idative stress from surgery and anesthesia. Additionally, most
anesthetics affect mitochondrial function in some fashion, such
as depressing carbohydrate metabolism or inhibiting certain
components of the mitochondrial respiratory chain. These risks
are primarily based on scientific reasoning and in vitro studies,
resulting in inadequate or nonexistent clinical evidence. How-
ever, given the inherent risk, all anesthetics should be used with
caution in this group of disorders (15). Drugs that should be
used with particular caution in mitochondrial disorders include
barbiturates, propofol, nitroprusside, theophylline, valproate,
and phenobarbital (16).

Presedation evaluations should include an assessment for
the presence of a genetic condition that carries a heightened
risk of anesthesia. Well-described risks in genetic conditions in-
clude airway difficulty from structural and functional defects,
abnormal respiratory mechanics, gastric reflux, cardiovascular
disease, neuromuscular problems, liver disease, and renal dis-
ease, as well as risk for hyperthermia. Butler et al. (63) recently
published an extensive review encompassing 163 single-gene,
chromosomal, and multifactorial genetic conditions with anes-
thesia risks. Examples of airway management problems in ge-
netic conditions include Down syndrome and certain skeletal
dysplasias in which there is a risk of cervical cord compression
due to atlantoaxial instability or kyphoscoliosis, respectively
(17,64). In these patients, recent cervical spine radiographs
should be reviewed prior to intubation and head positioning.

PHARMACOGENETICS AND
PHARMACOGENOMICS

Personalized medicine is not a new concept. Many drugs and
therapies are adjusted according to age, weight, body mass, and
even gender and ethnicity. In many cases, treatment is modi-
fied depending on individual drug response. The preoperative
evaluation includes personal and family history, including med-
ications and drug use, and history of drug reactions, and anes-
thetic and bleeding complications, all of which may affect the
management of a patient. The era of genomics has promised to
personalize medicine according to an individual’s specific geno-
type. The Human Genome Project has accelerated academic
and pharmaceutical research in this field; however, in practical
terms, the use of genetic- or genomic-based drug therapy is cur-
rently used only in specific situations. Pharmacogenetics refers
to a drug’s response according to differences in a single gene
(e.g., CYP2D6, which codes for a specific enzyme responsible
for metabolizing several drugs). Pharmacogenomics refers to a
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drug’s response according to the effects of multiple genes and
environmental factors. Although these terms have slightly dif-
ferent meanings, they are often used synonymously. Currently,
there are few examples of clinically applicable genetic tests that
influence drug therapy. Current pharmacogenetic testing relies
on single-gene mutation studies, even though it is clear that
most drug response is influenced by multigenic (multiple genes
affecting the metabolism of a drug) and multifactorial (combi-
nation of genetic and environmental) factors.

Drugs—and other foreign chemicals (e.g., pollutants, car-
cinogens, or food additives)—are typically subject to extensive
metabolism by cellular enzymes and transporters. This is the
body’s natural mechanism for detoxifying and eliminating po-
tentially harmful compounds. Pharmaceutical drugs are formu-
lated and dosed accordingly with this process in mind. Many
drugs are administered as an inactive compound (prodrug) that
relies on cellular metabolism to convert it to an active metabo-
lite (65).

Early observations relevant to pharmacogenetics occurred
over 50 years ago. For example, during World War II, African
American soldiers given the antimalarial drug, primaquine,
were noted to develop hemolytic anemia much more commonly
than Caucasians (66). It is now recognized that the susceptibil-
ity to hemolytic anemia is related to an inherited defect in the
enzyme, glucose-6-phosphate dehydrogenase, which is more
common in certain ethnicities. Similarly, in the 1950s, Kalow
and Gunn (67) noted an atypical response to the muscle relax-
ant, succinylcholine, in a small subset of Caucasians, which is
now known to be caused by differences in the enzyme pseudo-
cholinesterase, responsible for the metabolism of this drug.

A handful of examples of genetic testing are relevant to in-
dividualized drug therapy. 6-Mercaptopurine (6-MP) and its
prodrug, azathioprine, are commonly used in treating certain
forms of leukemia or rheumatologic disorders, respectively.
This drug is metabolized, in part, by an enzyme called thiop-
urine methyltransferase (TPMT). It is recognized that about 1
in 300 individuals have a deficiency in TPMT and are unable
to effectively metabolize these drugs, thus leading to toxic ac-
cumulation of thiopurine metabolites, which can be fatal (68).
Many centers typically screen for TPMT genotype and dose
these drugs accordingly to avoid adverse effects, while at the
same time optimizing therapeutic response. A second example
of pharmacogenetics entering the field of medicine is testing
for polymorphisms (or genetic variants) in the CYP2D6 gene.
CYP2D6 is a member of a superfamily of genes that code for
cytochrome P450 enzymes responsible for metabolizing many
commonly used drugs. CYP2D6 is one of the most studied en-
zymes within this group and is responsible for metabolizing
a diverse group of drugs such as codeine, dextromethorphan,
metoprolol, and nortriptyline (69). Polymorphisms within this
gene or gene deletions are believed to be responsible for ‘slow
metabolism’ of some commonly used drugs. An example is
codeine, which has little or no affect in about 10% of the
population due to poor metabolism of this prodrug to active
metabolites, such as morphine. It is conceivable that genetic
testing, comprising a panel of susceptible genes and their re-
lated polymorphisms such as in CYP2D6, could be invaluable
in optimizing drug doses in patients; indeed, clinical genotyp-
ing has recently become clinically available (70). The efficacy,
as well as practical clinical application, particularly in a critical
scenario, of this type of testing (pharmacogenomic) has yet to
be realized. For more information about pharmacogenomics

and its potential application in clinical practice, the reader is
referred to more in-depth reviews on this subject (71–74).
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CHAPTER 52 ■ GENE THERAPY IN CRITICAL
ILLNESS: PAST APPLICATIONS AND
FUTURE POTENTIAL
ROBERT D. WINFIELD r LYLE L. MOLDAWER

INTRODUCTION
Gene therapy refers to the transfer or delivery of nucleic acids
to somatic cells, resulting in a therapeutic effect through the
correction of a genetic defect, the production of a therapeuti-
cally useful protein, or the attenuation of endogenous mRNA
(1). While traditional medical and surgical treatment modal-
ities are often effective in the treatment of disease processes,
most small-molecule approaches are nonspecific, carrying with
them the risks of adverse side effects and the possibility of harm
to the patient (2). Even protein-based therapies, such as mon-
oclonal antibodies or receptor antagonists, frequently have as-
sociated untoward side effects related to antigen recognition
and activation of acquired immunity. Additionally, in disease
processes such as inborn errors of metabolism, or chronic in-
flammatory or autoimmune diseases such as diabetes mellitus
or rheumatoid arthritis, medication is frequently temporizing,
and not curative, and must be taken indefinitely. In theory, gene
therapy is a more tailored approach to disease, with results
that are not only therapeutically successful, but also specific to
a disease process, often lacking in significant side effects, and
potentially curative in chronic disease states.

Unfortunately, while gene therapy offers these potential op-
portunities, in most cases, they remain only theoretical and un-
realized, and have not yet been applied to practice. A number of
significant practical hurdles exist to the use of gene therapy in
the clinical arena, and, despite some 20 years of experimental
work, few clinical successes have resulted. However, the prog-
nosis for gene therapy is, in general, quite bright, and there
have been a number of impressive results demonstrating the
power and potential utility of this approach. This chapter will
briefly review these research areas and summarize the essential
aspects of human gene therapy, including the mechanism, pos-
sible risks, disease states amenable to gene therapy, and clinical
use now and in the future. Our emphasis in the latter sections of
this review will focus on the clinical application of gene ther-
apy to acute inflammatory conditions in critical illness, such
as sepsis, traumatic injury, and adult respiratory distress syn-
dromes.

OVERVIEW
While the concept of gene therapy is a relatively simple one,
the practice is complex and requires the following:

■ The identification of a gene target in a disease of interest

■ Creation of a DNA sequence that will generate a therapeu-
tically active product

■ Selection and incorporation of the sequence into an appro-
priately selected vector with an appropriate promoter se-
quence

■ Delivery of the vector into the cells of interest
■ The successful incorporation of the sequence into the host’s

cellular machinery for expression

A good deal of groundwork has been laid for the identifica-
tion of gene targets and the creation of DNA sequences through
efforts such as the recently completed Human Genome Project.
Utilizing the information obtained through this and other un-
dertakings, the number of areas for potential intervention has
continued to multiply.

VECTORS
With targets identified, the first step toward the integration of
the gene sequence into the cells of interest is the selection of a
vector. In this context, we use the term vector to refer to the
delivery system for exogenous genetic material, and it can be as
simple as a bacterial plasmid (Fig. 52.1) or as complicated as a
recombinant virus. In general, we are not referring to the direct
administration of nucleic acids with catalytic or other activities,
such as ribozymes or small inhibitory RNA (siRNA) sequences.
Rather, we are discussing expression systems where the host
synthetic machinery is required to express either the induced
protein or RNA sequences. Immediate goals for the creation
and use of a vector are the delivery of genetic material to the
correct site and expression of that material at a meaningful
(therapeutic) level, all in a controlled fashion (3). No vector
currently in use is completely successful at achieving this end.
What follows is a discussion of a few of the more commonly
considered vectors utilized at present, with a brief summary
evaluation of some of their positive and negative features in
critical illness.

Viral Ve ct ors

Viral vectors represented the first vehicle utilized in gene ther-
apy, and their use is still commonplace today. In general, viral
vectors offer the advantages of intrinsic delivery methods com-
bined with an inherent means for incorporating genetic mate-
rial into the host cells (either episomal or with integration into
the host genome). This takes advantage of the evolutionary
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FIGURE 52.1. Prototypical expression plasmid used for nonviral
gene therapy. Circular DNA generally based on a traditional bacte-
rial plasmid (e.g., pBR), usually 3 to 10 kBP in size containing a
promoter sequence (in this case, cytomegalovirus [CMV] early en-
hancer/promoter), the expressed transgene, an SV40 polyadenylation
sequence, and one or more polylinker sites for splicing in and out DNA.
In many cases, the plasmid may also contain a promoter and gene that
conveys antibiotic resistance, which aids in the production of the plas-
mid in the bacterial host.

success that viruses have attained in inserting their genetic ma-
terial into eukaryotic cells and manipulating their expression
machinery. Their overall disadvantages include generation of
an immune response to varying degrees, as well as variable as-
similation of genetic material into the host and its expression.

In fact, the major challenge today with the use of viral vectors is
controlling the host immune and other cellular processes that
have evolved to control and ultimately eliminate viral infec-
tions.

Viral vectors can also be divided based on whether they in-
tegrate their genetic information into the host genome (such
as retroviruses and adeno-associated viruses (AAVs) or remain
primarily episomal (such as adenovirus). While the former
generally results in prolonged expression, often in excess of
several months, the latter generally results in transient expres-
sion, lasting several days to a few weeks. While multiple dif-
ferent viruses have been proposed and are occasionally used as
vectors, three primary viral vectors are in common use today,
and will be presently discussed: adenoviruses, retroviruses, and
AAVs.

Ad e noviruse s
Adenoviruses are the most commonly utilized vector in human
gene therapy, accounting for 26% of all vectors currently being
utilized in gene therapy clinical trials (4). Adenoviruses have a
number of characteristics that account for their popularity in
this field (Table 52.1):

1. They are easily grown in high viral titers.
2. They have a large capacity for transgene insertion.
3. They are efficiently transduced into both dividing and non-

dividing cells.
4. Only under very rare conditions do they incorporate into

the host genome.

TA BLE 5 2 . 1

ADVANTAGES AND DISADVANTAGES OF DIFFERENT GENE THERAPY VECTORS

Viral vector Advantages Disadvantages

Adenovirus 1. Generation of high viral titers
2. Rapidly transfects dividing and nondividing

cells
3. Rapid onset of expression (within hours)
4. Transient high-level expression
5. Large genome available for expressed

transgene
6. Incorporation into host genome is rare
7. Many existing methods for manipulating

genome

1. Significant inflammatory response and
activation of innate immunity

2. Pre-existing exposure to and humoral
immunity in human population

3. Transient expression precludes use in
chronic conditions

AAV 1. Nonpathogenic
2. Mild immunogenicity
3. Stable integration into host with long-term

expression
4. Many variants
5. Many existing methods for manipulating

genome
6. Many existing production and purification

methods

1. Small size of vector limits ability to
package larger genes

2. Long lag time between administration and
maximal expression

3. Stable integration precludes use in acute
inflammation

Retro- or lentivirus 1. Membrane coat protects genetic material
2. Target receptors allow uptake by specific cells
3. “Self-contained” mechanisms for

incorporation of genetic material into host
genome

4. Generates both gene product and mRNA for
stable integration into genome

1. Low titer
2. Limited cellular targets
3. Targets dividing cells only
4. Stable integration precludes use in acute

inflammation
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5. There are a variety of different serotypes with varying affini-
ties for different cell types.

6. Many methods have been developed for manipulation of the
adenoviral genome, allowing for tailored approaches to in-
dividual clinical scenarios and the potential for overcoming
obstacles associated with immune responses and the dura-
tion of therapeutic activity (5).

The primary disadvantage of using adenovirus as a thera-
peutic vector is its intense activation of innate and both hu-
moral and cellular immune responses. We and others have
previously shown that administration of adenovirus into an
immunocompetent host produces an often unwanted and dose-
dependent induction of a number of proinflammatory cy-
tokines, including tumor necrosis factor (TNF)-α (6,7). This
activation of innate immunity and inflammation was most dra-
matically presented in the case of a subject who died from a
“cytokine storm” and multisystem organ failure following the
intravenous injection of adenovirus (8). In less dramatic but
more frequent cases, adenovirus may activate inflammatory
and immune processes, with the potential to prove harmful
to the patient and undoubtedly limit expression of the ther-
apeutic gene, and can prevent the effectiveness with repeated
administration of the vector (9). Because of the ubiquitous na-
ture of adenoviruses and because most patients have some ex-
isting acquired immunity to adenovirus infections, adenoviral
vectors are often neutralized quickly in the setting of previous
exposure. Furthermore, adenovirus receptors are present on
many different types of cells, making targeting of specific cell
types difficult, although this latter concern can be remedied to
some degree with tissue-specific promoters (5,9). As a result,
there are considerable ongoing research efforts to modify the
adenoviral delivery system, in some cases by removing the ade-
noviral genes that, when expressed, are recognized by the host
immune system. These “gutless” adenoviral recombinants re-
duce, but do not eliminate, their recognition by host immune
tissues (10). Even with all of these limitations well known, the
advantages of adenovirus still make it the most popular vec-
tor, in large part because of the high degree of, but transient,
expression that is achieved. For the critically ill patient, ade-
novirus remains a potentially effective tool for the short-term
delivery and expression of therapeutic proteins. As we will see,
many of the hurdles associated with its inflammatory and im-
mune processes can still be managed, even in the setting of
acute inflammation.

Re t roviruse s
Retroviruses are second among the commonly utilized vectors
(4) and are attractive for use in gene therapy, owing to the
presence of three features:

■ Membrane-coated viral particles are taken up through a
receptor-mediated mechanism into target cells.

■ A plus-stranded RNA genome is then incorporated into a
double-stranded DNA within cellular chromosomes via re-
verse transcriptase.

■ Particles are assembled in the cytoplasm with incorporation
of the full-length retroviral mRNA as the mobile form of
genetic information (11).

Clearly, these features could be beneficial, as the retrovirus
offers a protective environment for delivery, an inherent mecha-
nism for incorporation of genetic material into the host genome

and the generation of both therapeutic product as well as
mRNA for delivery to subsequent cells. As such, retroviruses
can lead to a stable integration of genetic material into the
host genome for long-lasting effects (1). Unfortunately, unlike
the adenovirus, retroviruses cannot be generated in high titer.
An additional complicating factor is that the cellular targets
for retroviruses are quite limited, and retroviruses are unable
to incorporate genetic material into cells that are not dividing.
This is a significant limitation because adult mature cell pop-
ulations are often not amenable to transduction. Finally, there
is a small, but proven, risk of mutagenesis resulting from inser-
tion of material into the host genome (12). This has been most
dramatically demonstrated by the occurrence of leukemia in
two patients with primary combined immunodeficiency treated
with retrovirus-based gene therapy (13).

Ad e no-associat e d Ve ct ors
Adeno-associated viral vectors are less commonly employed in
clinical trials than adenoviruses or retroviruses; however, their
promise as a delivery method that can produce prolonged ex-
pression in the absence of a host inflammatory response has
led to a recent increase in enthusiasm for their use. Adeno-
associated virus is a replication-deficient parvovirus found in
humans as well as nonhuman primates, and exists in over 100
distinct variants (14). The advantageous features of AAV are
many, including its nonpathogenicity, long duration of infec-
tion, large number of variants, generally mild immunogenicity,
ease of genomic modification, and the fact that a number of
recombinant production and purification methods have been
developed for it (15). A number of experimental studies have
demonstrated long-term expression of a variety of genetic ma-
terials following transfection of recombinant AAV vectors into
a number of tissues, including muscle, lung, liver, gut, the cen-
tral nervous system, and eye (16). The primary limitation to
the use of AAV is its small size, which limits the amount of
material that may be packaged into the vector. A second poten-
tial drawback is the presence of a significant lag time between
the administration of the AAV and maximal gene expression,
which may limit its efficacy in conditions where a rapid re-
sponse is desirable, as in the acute inflammatory conditions to
be discussed later. Additionally, since the expression of genetic
material is so durable when AAV is utilized, improved regula-
tory mechanisms are necessary to control expression in disease
states where constitutive expression would be deleterious (16).
Again, this is potentially problematic in acute inflammation,
where long-term immune suppression or enhancement could
be undesirable.

Nonviral Ve ct ors

With the intrinsic problems associated with the use of viral vec-
tors, it is not surprising that significant research has been di-
rected toward the development of synthetic vectors that do not
rely on viral delivery systems. Interestingly, the exploration of
nonviral delivery systems goes back to the early 1970s when it
was first shown that exogenous nucleic acids could be readily
taken up into cells (17). Initially, it was believed in the mid-
1990s that these nonviral vectors would have the potential to
overcome the previously discussed issues of generated immune
responses, nonspecificity, and potential mutagenesis associated
with viral delivery systems. Additionally, the perfect nonviral
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vector would be incorporated efficiently into dividing and non-
dividing cells, and have a large DNA capacity (18). As with
viral vectors, these ideals have not been fully realized. In fact, a
number of significant hurdles remain that have limited the use-
fulness of current nonviral approaches. The primary difficulties
with nonviral approaches are the recognition of plasmid DNA
by components of the innate immune system and generation of
an inflammatory response; at the same time, the incorporation
of DNA tends to be poor, and their expression is limited. At
present, the most commonly utilized nonviral vector is plas-
mid DNA, administered either as naked DNA or incorporated
into liposomal delivery systems. An overview of these vectors
follows.

Nake d DNA
Naked DNA is appealing for use in human gene therapy be-
cause its introduction into a patient generally does not stim-
ulate an acquired immune response. Unfortunately, plasmid
DNA, generally composed of bacterial sequences, is often rec-
ognized by the innate immune system, and can generate a po-
tentially limiting inflammatory response. Bacterial DNA gen-
erally has a methylation pattern distinct from eukaryotic DNA
and, as such, is recognized by toll-like receptors, specifically
TLR9. Activation of TLR9 by CpG sequences in plasmid DNA
can induce a proinflammatory cytokine response via nuclear
factor (NF)-κB–dependent signaling pathways (19). We have
shown that the administration of plasmid DNA can exacer-
bate existing inflammation and increase mortality during acute
inflammatory processes (20).

In addition, the administration of naked DNA is not target
specific, nor does it have defenses against host nucleases. Under
normal conditions, greater than 99% of administered DNA is
destroyed by circulating, lysosomal, and cytosolic endonucle-
ases (21); thus, the use of naked DNA generally relies upon the
administration of relatively large amounts of DNA and novel
approaches that can circumvent these limitations. A variety of
methods have been introduced in an attempt to present naked
DNA into host cells, as well as to prevent it from being de-
stroyed. High-pressure delivery systems have been among the
most studied and utilized (18). The process is a conceptually
simple one, placing DNA onto a metallic microparticle and
then using a “gene gun” to deliver the particles into target cells
utilizing electromotive force (22). There is some evidence to
suggest that uptake and incorporation of DNA is increased
in injured or damaged cells, and these high-pressure delivery
systems may inadvertently injure cell populations and induce
cell recovery mechanisms. Unfortunately, though, while these
mechanical delivery systems such as the gene gun deliver the
DNA to cells of interest, they do so over a very limited area
and have primarily been demonstrated to be effective only in
superficial tissues; thus, different high-pressure methods, such
as hydroporation (intravenous injection of a large volume of
DNA in solution) and jet injection (intravenous injection of
a small volume of DNA in solution), have been proposed to
overcome these obstacles for the systemic delivery of DNA,
and have each shown success in different animal and human
models (23,24).

Electroporation is a technique that uses electrodes im-
planted in the tissue of interest to generate an electric field,
with a resultant increase in permeability for the subsequently
introduced DNA. While gene transfer is increased substantially
through this technique, it is limited by the need for surgery to

place electrodes and the tissue damage generated by the electric
field (18); additionally, the exact mechanism for the success of
electroporation has been called into question (25). More re-
cently described techniques include laser beam gene transduc-
tion, ultrasonic gene delivery, magnetofaction (using magnetic
nanoparticles to carry DNA to target tissues via direction by a
magnetic field), and photochemical internalization (using light-
sensitive endosomal vesicles to deliver DNA, and then lysing
these vesicles with wavelength-appropriate light). Each of these
methods has been shown to either increase the efficiency of
gene transfer or increase expression in target tissues (reviewed
in reference 18).

Lip osomal De live ry
Liposomal delivery methods are the most common traditional
approaches to nonviral DNA delivery, and have been utilized
extensively since their introduction as one of the initial gene
delivery methods (26). The concept is that the cationic lipid
forms an electrostatic association with the DNA, leading to
collapse of the anionic polymer, forming what is known as a
lipoplex (18). These lipoplexes may be modified by the ad-
dition of ligands, antibodies, or other lipids in an attempt to
improve target specificity, improve their stability, or decrease
their toxicity. The lipoplexes fuse with the cellular membrane
and are incorporated into endosomes. While liposomes do not
trigger cellular immunity per se, they can activate the innate
immune system, and their toxicity is the major limitation to
their widespread use as a vector. Recent efforts have focused
on diminishing the toxicity of these vectors, and two recent ef-
forts have proven effective at lessening the immune response.
The first, a simple staged procedure involving injection of li-
posome followed by injection of DNA—rather than injection
of a formed lipoplex—led to a decrease in cytokine production
as well as a reduced inflammatory response denoted by di-
minished neutropenia, lymphopenia, thrombocytopenia, and
complement depletion with an increased transgene expression
in the lung (27). The second method involves the creation of a
“safeplex” containing anti-inflammatory entities such as glu-
cocorticoids, nonsteroidal anti-inflammatory drugs (NSAIDs),
or NF-κB inhibitors (28). The authors demonstrated signifi-
cant suppression of inflammatory cytokine production via this
method to go along with efficient gene delivery and expres-
sion.

SEPSIS AND ACUTE
INFLAMMATION

Inflammation is, in a general sense, a principal component of
innate immunity and is the body’s first reaction to an infectious
or injurious agent (29). Under normal circumstances, this re-
sponse is a well-orchestrated series of events designed to pro-
mote the isolation or destruction of a bacterial or viral invader,
or healing from a traumatic insult. However, when unchecked,
the activation of the innate immune system may trigger addi-
tional inflammatory responses in distant organ systems in what
has been termed the systemic inflammatory response syndrome
(SIRS) (29). When SIRS occurs in the setting of a microbial in-
fection, it is defined as sepsis. Patients who develop SIRS may
recover from this condition or progress to multiple organ dys-
function syndrome (MODS), in which they develop signs and
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symptoms of failure in multiple organ systems. These condi-
tions take a heavy toll on affected patients, with significant
morbidity and, in the case of sepsis, a mortality rate ranging
from 25% to 80% (reviewed in reference 30).

Despite significant advances in both our understanding of
the mechanisms underlying inflammation and in the resusci-
tation of critically ill patients with SIRS and sepsis, mortal-
ity rates from these conditions have not changed significantly
over the past three decades. Current modalities utilized in the
treatment of patients suffering from these disease states remain
largely supportive or carry with them potentially dangerous
side effects. Immune modulation through gene therapy carries
a great deal of promise and would appear to be well suited for
treatment of patients with these conditions; however, barriers
still exist to the use of gene therapy clinically.

The Pe rfe ct Ge ne The rap y Ve ct or

What would the perfect gene therapy vector look like for a criti-
cally ill patient, if technically possible? The vector would, when
administered to a critically ill patient or organism, be rapidly
taken up by the target cells and the transgene expressed quickly,
within minutes to hours. Administration of the vector would
not require any invasive procedure other than current critical
care management, and the vector itself would be silent in terms
of eliciting or exacerbating an inflammatory or immune re-
sponse. Expression would be transient and could be turned off
or silenced once the patient or animal was in a recovery mode.
Finally, there would be no long-term consequences associated
with the vector administration or expression of the transgene.

Clearly, the perfect vector does not presently exist, and one
could argue that no single vector will be optimal for all critically
ill patients. What is clearly obvious, however, is that all of the
research to date has used vectors and delivery systems that
were not optimal. Progress in gene therapy for the treatment
of critically ill patients will remain dependent upon advances
in the technology and science of gene therapy, as well as in
defining the optimal therapeutic gene to be administered.

Over the past 15 years, significant efforts have been made
to define the role of gene therapy in acute inflammatory con-
ditions. In the following discussion, recent developments in
gene therapy for acute endotoxemia and sepsis will be summa-
rized.

ENDOTOXICOSIS
Most studies involving gene therapy for acute endotoxemia
have focused on the immunomodulatory roles of interleukin-
10 (IL-10). Our laboratory was the first to explore the pos-
sibilities of gene therapy in endotoxemia, demonstrating the
beneficial effect of expressing either a soluble TNF receptor or
the human IL-10 gene on mortality (31). In a subsequent study
by Drazan et al., the authors also achieved inhibition of TNF-α
and IL-1β by using an adenoviral vector to express viral IL-10
in the livers of neonatal mice; interestingly, though, they did
not note significant modulation of IL-6 production (32). Xing
et al. likewise used an adenoviral vector given intramuscularly
to express murine IL-10, finding that they achieved expression
not only at the site, but also in distant tissues; further, they
showed a decrease in the levels of TNF-α as well as IL-6 (33).

IL-10 gene transfer has also been shown to decrease endotoxin-
induced pulmonary inflammation when given intratracheally
(34). Finally, it has been demonstrated that pretreatment with
an AAV expressing IL-10 also confers a survival advantage in
mice undergoing an endotoxemic challenge, suggesting that it
may be possible to pretreat susceptible individuals (35).

While IL-10 has received the most attention with gene ther-
apy for the treatment of endotoxicosis, other targets have
been explored. Among the first to utilize a different ap-
proach, Baumhofer et al. performed gene transfer of other
anti-inflammatory cytokines, IL-4 and IL-13, using cationic
liposomes, finding a decreased TNF-α response to a lethal
endotoxin challenge and showing a survival advantage in
experimental mice when compared with controls (36). Alexan-
der et al. showed similar results utilizing an adenoviral vector
expressing bacterial permeability increasing protein prior to
lethal endotoxicosis (37).

Given the beneficial effects of IL-10–based gene therapy,
there has been increasing interest in therapeutic approaches
aimed at interfering directly with inflammation signaling path-
ways. One such approach has been to target nuclear factor-κB
(NF-κB) activation during inflammation. For example, Mat-
suda et al. evaluated the effect of transfecting an NF-κB decoy
into lung tissue and demonstrated decreased expression of in-
flammatory mediators in lung tissue, decreased pulmonary vas-
cular permeability, and improved blood gas parameters when
compared to control (38). A similar approach has been to over-
express another group of targeted proteins, the suppressor of
cytokine signaling (SOCS) family, which has been determined
to be a group of feedback inhibitors of cytokine receptor sig-
naling. Fang et al. used a liposomal delivery system to transfer
SOCS3 and IL-10 into mice that were subsequently given an en-
dotoxic challenge. The authors reported that delivery of SOCS3
in addition to IL-10 led to the greatest improvement in survival,
but that administration of either independently improved the
survival of mice at 48 hours (39). Finally, Nakamura et al.
found that they could diminish the degree of renal dysfunction
typically seen in endotoxemia by using adenoviral-mediated
delivery of β 2-adrenoceptor to rat kidneys (40).

While these approaches have yielded generally positive re-
sults in animal models, concerns have been raised regarding
the safety of administering a potentially immunogenic vector
in the setting of acute inflammation. Our laboratory evaluated
this possibility, showing that there is TNF-α–mediated hepatic
injury when first-generation adenoviral vectors were admin-
istered in the setting of endotoxicosis (7); however, we also
demonstrated that utilizing lower doses and incorporating an
IL-10 construct into the vector abrogated this injury. These data
were later supported by findings by Fejer et al., who demon-
strated dramatic increases in TNF-α and nitric oxide levels in
the kidney, liver, lung, and spleen. They further showed that
these findings correlated with a diminished survival in animals
treated with adenovirus and lipopolysaccharide (LPS) (41).

SEPSIS
Sepsis is a particularly challenging disorder for treatment by
gene therapy because sepsis is a systemic disease (29), and tar-
geting therapy to a single tissue or organ is generally ineffective.
In addition, the failure of most monotherapies for the treatment
of sepsis has convincingly shown that the pathologic basis for
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sepsis is multifactorial, and treatment against a single compo-
nent of sepsis is unlikely to be dramatically successful.

With that said, however, the primary effort of using gene
therapy in sepsis has been directed against the exuberant in-
flammatory response; as in endotoxicosis, by far the most com-
monly used approach has been the forced expression of the
anti-inflammatory protein, IL-10. IL-10 is a particularly attrac-
tive transgene in sepsis for a number of reasons (42,43). IL-10 is
a profoundly anti-inflammatory cytokine and is known to sup-
press the expression of early proinflammatory genes like TNF-
α and IL-1 by preventing NF-κB translocation. As previously
discussed, IL-10 gene therapy has been frequently successful in
lethal endotoxicosis. Importantly, IL-10 works through what is
known as a “bystander effect,” meaning that transfection does
not need to occur in every cell, since expression and secretion
of IL-10 by a few transfected cells can produce biologic effects
in adjacent, but not transfected, cells or tissues. Unfortunately,
treatment of septic animals with the systemic administration of
IL-10 protein has produced variable results, with most investi-
gators unable to show any therapeutic benefit (44).

Because of the need for rapid but transient expression of
the transgene, most transfection schemes have used either ade-
novirus or plasmid-based nonviral approaches for sepsis and
acute inflammatory injury. Although it is difficult to com-
pare results from different investigators with different vectors
and delivery systems, the results have generally been positive
with IL-10–based gene therapies in severe sepsis. Probably the
most convincing data with systemic IL-10–based gene therapy
has come from the recent studies of Kabay et al. in Turkey
(45,46). These investigators used a plasmid-based approach
with cationic liposomes, and demonstrated that the prior in-
traperitoneal injection of plasmids expressing human IL-10
could improve survival and reduce end-organ injury in a cecal
ligation and puncture model of sepsis. The authors were able
to demonstrate—using immunohistochemistry—human IL-10
expression in the liver, kidney, and lung following gene therapy.

We used plasmid-based IL-10 gene therapy for the treatment
of experimental pancreatitis and were also able to show tran-
sient expression and improved outcomes (20,47,48). However,
the data were complicated by the fact that the administration
of cationic liposomes and the plasmid DNA without the trans-
gene alone actually exacerbated the inflammatory response to
pancreatitis and worsened outcome (20). In this case, expres-
sion of the IL-10 was required to dampen the inflammatory
response not only to the experimental pancreatitis, but also to
the administered plasmid and cationic liposomes.

During the initial studies with nonviral approaches and IL-
10, we were disappointed by the low level of expression and its
very transient nature (47,48). As a result, we switched early to
the use of adenovirus to express the human IL-10 gene, with the
idea that we could achieve therapeutic levels with the protein,
with sufficiently low infection titers that would not exacerbate
the already activated innate immunity. We were well aware
of the studies of Doerschug et al., who had shown that ad-
ministration of first-generation adenoviral recombinants dur-
ing polymicrobial sepsis (cecal ligation and puncture) actually
worsened survival (49). In fact, we demonstrated that the clear-
ance of adenovirus from the lungs of mice was due to the
TNF-mediated activation of innate and acquired immune pro-
cesses (6). Importantly, expression of IL-10 reduced the inflam-
matory response to the adenovirus and prolonged expression
(6,50).

In our initial studies, we administered first-generation ade-
noviral recombinants to mice intravenously prior to the induc-
tion of sepsis by either a cecal ligation and puncture or zymosan
administration (51,52). In both cases, transfection occurred
primarily in the liver and resulted in high circulating levels of
human IL-10 (ng/mL). Although we did not see a worsening
in outcome as was reported by Doerschug et al. (49), we did
not see any improvements in outcome either, despite good ex-
pression of the transgene. The studies suggested to us that the
systemic expression of IL-10 following the intravenous admin-
istration of the viral vector would be ineffective, similar to the
systemic administration of the protein, as reported by Remick
et al. (44).

We were surprised, however, when we saw that the com-
partmentalized expression of the IL-10 adenoviral vector was
beneficial in both experimental models. Interestingly, the in-
tratracheal administration of adenovirus expressing human or
viral IL-10 improved outcome in the zymosan model of acute
lung injury and multiorgan failure (51). Interestingly, better ef-
fects were seen with viral IL-10 expression, which appeared
to be more tissue-associated than in the systemic circulation
(50), and the beneficial effects of human IL-10 expression were
strongly dose dependent (51,53). Actually, higher doses of ade-
novirus administered intratracheally and producing systemic
concentrations of protein were frequently less effective than
lower doses producing only local expression (53). Interestingly,
the adenovirus also had to be administered prior to the inflam-
matory stimulus; once the process was ongoing, gene therapy
was ineffective (51).

Also exciting was the observation that when very small
quantities of adenovirus expressing human IL-10 were injected
either subcutaneously into the footpad of mice or directly
into the thymus, outcome from a cecal ligation and puncture-
induced sepsis was markedly improved (52,54). Subsequent
studies revealed that this compartmentalized administration of
the adenoviral vector resulted in the transfection and expres-
sion of IL-10 by primarily dendritic cells (54,55). In the case of
footpad injections, these IL-10 expressing dendritic cells then
migrated to the draining lymph nodes where they expressed
the protein in the context of class II expression and antigen
presentation (Fig. 52.2). In these studies, we learned that au-
tocrine production of IL-10 created a novel dendritic cell that
had a phenotype consistent with an immature, tolerant, regula-
tory dendritic cell (56). Surprisingly, we subsequently showed
that we could ex vivo transfect myeloid dendritic cells with this
adenoviral recombinant expressing IL-10, and when they were
reintroduced into a mouse prior to sepsis, could also improve
outcome (56). Although the mechanism of protection is still
unknown, it is speculated that this novel dendritic cell pop-
ulation expressing IL-10 may have fostered the expansion of
regulatory T cells with the capacity of reducing the magnitude
of the inflammatory response.

Although IL-10 has been the primary transgene used
in models of sepsis as an anti-inflammatory agent, other
approaches have been considered. As previously discussed,
blocking NF-κB activation in endotoxicosis is an alternate
approach aimed at preventing an exuberant inflammatory re-
sponse (38); however, other approaches targeting more spe-
cific components of the injury response have been consid-
ered. For example, Weiss et al. used an adenoviral vector
to delivery HSP70 into the lungs of mice following a cecal
ligation and puncture (57). These investigators observed a
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FIGURE 52.2. Transfection efficiency following adenoviral gene
transfer. A: An empty adenoviral vector or one expressing green flu-
orescent protein (gfp) was injected directly into the footpad of mice.
Twenty-four hours later the popliteal lymph node was removed and
green fluorescence determined by microscopy. Cells transfected with
the adenovirus expressing gfp could be detected in accessory cells, pre-
dominantly dendritic cells. (Reprinted from Oberholzer A, Oberholzer
C, Moldawer LL. Sepsis syndromes: understanding the role of innate
and acquired immunity. Shock . 2001;16:83, with permission.) B: The
same adenoviral vectors were injected into the thymus of mice, and 24
hours later, the thymi were removed, and gfp fluorescence determined
in CD11c+ dendritic cells. Approximately 27% of the CD11c+ den-
dritic cells were expressing the gfp. C: Fluorescent microscopy confirms
the gfp expression in the accessory cells of thymi injected with recom-
binant adenovirus expressing gfp. (Reprinted with permission from
Oberholzer A, Oberholzer C, Moldawer LL. Sepsis syndromes: under-
standing the role of innate and acquired immunity. Shock . 2001;16:83.)

significantly improved survival and reduced pulmonary inflam-
mation.

Targeting the lung with adenovirus has been frequently used
to deliver other therapeutic genes. Zhou et al. used adenovirus
to deliver a mutant surfactant enzyme (CTP; phosphocholine
cytidylyltransferase) to the lungs of mice prior to Pseudomonas
infection and showed improved lung function and delayed mor-
tality (58). Similar improvements in mortality and reduced lung
injury were seen by Shu et al. when adenoviral expression of β -
defensin-2 was also induced prior to Pseudomonas pneumonia
(59). In both cases, the inflammatory potential of adenovirus
did not appear to exacerbate the pneumonia response. Along
these same lines, Chen et al. actually used an adenovirus to de-
liver TNF-α to the lungs of mice after a cecal ligation and punc-
ture, but prior to a secondary Pseudomonas pneumonia (60).
They hypothesized that the bacterial peritonitis might produce
a defect in the pulmonary TNF response to the Pseudomonas,
and adenoviral expression of TNF-α would improve host re-
sponses and outcome.

THE FUTURE OF GENE THERAPY
FOR CRITICAL ILLNESS

Gene therapy for critical illness remains an elusive target in
the future. There has been considerable progress made using
gene therapy for the correction of inherited genetic disorders,
and the possibility of cures for primary combined immunodefi-
ciency, cystic fibrosis, α1-antitrypsin deficiency, Pompe disease,
and other genetic diseases are on the horizon (Table 52.2). In
contrast, progress as a drug (protein) delivery system for acute
illnesses remains a considerable challenge. Limitations are pri-
marily centered on optimizing the vector and promoter, which
must still undergo further refinements to yield a delivery sys-
tem that is rapid, transient, tissue specific, and safe, and one
that does not exacerbate activated inflammatory and innate
immune systems. Although adenovirus and plasmid-based de-
livery systems are most frequently used today, both have sig-
nificant limitations in their current iterations.

In addition, there is little consensus about the optimal gene
target to express, as critical illness, sepsis, trauma, and shock
simultaneously affect a large number of immune and somatic
cell systems, including innate and acquired immunity, thrombo-
sis, fibrinolysis, acute phase, and neuron–endocrine, endocrine,
and renal systems. Most approaches to date have been focused
on either the global inflammatory response, the interaction
between innate and acquired immunity, or specific lung func-
tions. Whether a global approach will be superior to targeting
specific components of the response in critical illness is still
unproven.

FUTURE GOALS
Gene therapy remains an exciting and potentially important ap-
proach for the treatment of critically ill patients. It is unlikely
that gene therapy will ever replace protein or small-molecule
therapeutics, but because of its potential specificity and the
ability to manipulate expression over extended periods of time,
gene therapy remains an attractive but elusive goal for the treat-
ment of the critically ill patient.
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TA BLE 5 2 . 2

ANNOTATED SUMMARY OF STUDIES USING GENE THERAPY IN MODELS OF CRITICAL ILLNESS

Investigators Vector and mode of delivery Experimental model General results

Rogy et al., 1995a Plasmid-based human IL-10, IP
injection

Endotoxicosis Improved survival, reduced TNF-α

Drazan et al. 1996b Adenoviral viral IL-10, IP injection Endotoxicosis Reduced TNF-α and IL-1β ; no impact
on IL-6

Xing et al., 1996c Adenoviral murine IL-10, IM
injection

Endotoxicosis Reduced TNF-α and IL-6

Baumhofer et al., 1998d Plasmid-based human IL-4 and
IL-13, IP injection

Endotoxicosis Improved survival, reduced TNF-α ,
decreased peritoneal macrophage
function

Denham et al., 1998e Plasmid-based human IL-10, IP
injection

Pancreatitis Improved histologic findings

Chen et al., 2000 f Adenoviral TNF-α , IT injection Cecal ligation and
puncture,
Pseudomonal acute
lung injury

Improvement in pulmonary function,
improved survival

Dokka et al., 2000g Cytomegaloviral murine IL-10, IT
injection

Endotoxicosis Reduced lung inflammation

Minter et al., 2000h Adenoviral human IL-10, IT, IV
injection

Multisystem organ
failure and
pancreatitis

Attenuated inflammatory response,
improved survival in multisystem
organ failure when given IV

Norman et al., 2000i Cationic liposomal plasmid DNA,
IP injection

Pancreatitis Increased severity and mortality in
pancreatitis

Oberholzer et al., 2001 j Adenoviral human IL-10,
intrathymic and IV injection

Cecal ligation and
puncture

Decreased inflammation, improved
survival with intrathymic injection

Doerschug et al., 2002k First- and second-generation
adenoviral vectors, IV injection

Cecal ligation and
puncture

Decreased survival when first-
generation vectors used

Oberholzer et al., 2002l Adenoviral human IL-10, SQ
injection

Cecal ligation and
puncture

Dose-dependent improvement in
survival

Weiss et al., 2002m Adenoviral heat shock protein, IT
injection

Cecal ligation and
puncture

Improvement in survival,
improvement in pulmonary
function

Chen et al., 1999n Plasmid-based TFPI–CD4–
P-selectin and hirudin–CD4–
P-selectin, IV injection

Endotoxicosis Reduced intravascular thrombosis
and consumptive coagulopathy

Alexander et al., 2004o Cytomegaloviral murine BPI, IP
injection

Endotoxicosis Reduced TNF-α and MIP-2,
improved survival

Matsuda et al., 2004 p NF-κB decoy oligonucleotide, IV
injection

Endotoxicosis Reduced lung inflammation, blood
gas improvement

Fang et al., 2005q Cationic liposomal SOCS3, IP
injection

Endotoxicosis Reduced TNF-α , improved survival

Fejer et al., 2005r Adenoviral deletion mutants and
UV inactivated adenovirus, IP
and IV injection

Endotoxicosis Synergistic increase in TNF-α and
NO production, decreased survival

Nakamura et al., 2005s Adenoviral β 2-adrenoceptor, SQ
injection

Endotoxicosis Diminished reduction in renal
function

Kabay et al., 2006t Plasmid-based human IL-10, IP
injection

Cecal ligation and
puncture

Improved survival

McAuliffe et al., 2006u Adenoviral human and viral IL-10,
inhalation

Acute lung injury,
multisystem organ
failure

Dose-dependent worsening of
inflammation and survival

(Continued )
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TA BLE 5 2 . 2

(Continued )

Investigators Vector and mode of delivery Experimental model General results

Shu et al., 2006v Adenoviral β -defensin-2, intranasal Pseudomonal acute lung
injury

Improvement in pulmonary function,
delayed mortality

Zhou et al., 2006w Adenoviral CTP: phosphocholine
cytidylyltransferase, IT injection

Pseudomonal acute lung
injury

Improvement in pulmonary function,
delayed mortality

IL, interleukin; IP, intraperitoneal; TNF, tumor necrosis factor; IM, intramuscular; IT, intratracheal; IV, intravenous; SQ, subcutaneous; TFPI, tissue
factor pathway inhibitor; BPI, bactericidal/permeability-increasing protein; MIP, macrophage inflammatory protein; NF, nuclear factor; SOCS,
suppressor of cytokine signaling; NO, nitric oxide.
Data from:
aJ Exp Med. 1995;181(6):2289–2293.
bJ Pediatr Surg. 1996;31(3):411–414.
cJ Leukoc Biol. 1996;59(4):481–488.
d Eur J Immunol. 1998;28(2):610–615.
eJ Gastrointest Surg. 1998;2(1):95–101.
f J Immunol. 2000;165(11):6496–6503.
gAm J Physiol Lung Cell Mol Physiol. 2000;279(5):L872–877.
hJ Immunol. 2000;164(1):443–451.
i Gene Ther. 2000;7(16):1425–1430.
j Proc N atl Acad Sci U S A. 2001;98(20):11503–11508.
k J Immunol. 2002;169(11):6539–6545.
l J Immunol. 2002;168(7):3412–3418.
m J Clin Invest. 2002;110(6):801–806.
nTransplantation. 1999;68(6):832–839.
oBlood. 2004;103(1):93–99.
pMol Pharmacol. 2005;67(4):1018–1025.
q Cell Mol Immunol. 2005;2(5):373–377.
r J Immunol. 2005;175(3):1498–1506.
s Clin Sci (Lond). 2005;109(6):503–511.
t World J Surg. 2007;31(1):105–115.
uGene Ther. 2006;13(3):276–282.
v Shock . 2006;26(4):365–371.
w Gene Ther. 2006;13(12):974–985.
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CHAPTER 53 ■ THE HOST RESPONSE
TO INJURY AND CRITICAL ILLNESS
JAMIE TAYLOR r CLIFFORD S. DEUTSCHMAN

In 1794 John Hunter wrote, “There is a circumstance attending
accidental injury which does not belong to disease—namely,
that the injury has in all cases a tendency to produce both
the disposition and the means of a cure.” This first described
the stress response, a biphasic physiologic response that, when
uninterrupted by complications, has predictable characteris-
tics and lasts 7 to 10 days (Fig. 53.1). When not altered by
intervention or complications, the stress response is initiated
by a global depression of energy expenditure and metabolism.
This 24-hour phase that occurs immediately following injury
is followed by a period of hypermetabolism that characteristi-
cally persists for 5 to 7 days. The driving force for this second
phase appears to lie with the need to mount an immune or in-

flammatory response to combat infection and facilitate repair
of damaged tissues. Most markers for ongoing inflammation
and metabolism peak on postinjury day 2 and return to base-
line around day 7. Although the intensity of the response may
change or the time course may be altered by intervention, these
events must take place or the organism will not survive.

It is possible for the normal stress response to be altered
by coexisting disease or interrupted by adverse events such as
recurrent bleeding, systemic inflammatory response syndrome
(SIRS), or progression of SIRS into sepsis. The organism then
may enter a state of persistent hypermetabolism. This contin-
ued inflammation has been postulated to lead to organ dys-
function and immune incompetence (Fig. 53.2). The onset of
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FIGURE 53.1. The stress response. (Reprinted with permission from
Kohl BA, Deutschman CS. The inflammatory response to surgery and
trauma. Curr O pin Crit Care. 2006;12(4):325–332.)

immune incompetence marks a transition from a hyperfunc-
tional to a hypofunctional state in which patients are at higher
risks for nosocomial infections and demonstrate a pervasive
endocrinopathy (Fig. 53.3). It is from this state that most in-
tensive care unit (ICU) deaths occur (1).

THE NORMAL STRESS RESPONSE
David P. Cuthbertson was perhaps the first to study the host re-
sponse to injury. In 1929, while working at Glasgow University,
Cuthbertson was charged with the duty of investigating why
fractures of the distal femur were slow to heal. He discovered
that if prolonged immobilization occurred postinjury, the uri-
nary excretion of sulphur, nitrogen, phosphorus, and calcium
was elevated. As an aside to these studies, Cuthbertson noted
that body temperature followed a characteristic pattern (Fig.
53.1). In the first 24 hours following the fracture, temperature
decreased. Following this period, temperature rose, peaking on
postinjury day 3 and returning to baseline by postinjury day
7. He correlated this change in temperature with alterations in
oxygen consumption and carbon dioxide production. Further,
he noted that the sulphur : nitrogen ratio closely matched that
of muscle. This led to Cuthbertson’s proposal of a paradigm by

SIRS/MODSEbb Flow

Time

FIGURE 53.2. Continued inflammation, which has been postulated to
lead to organ dysfunction and immune incompetence. SIRS, systemic
inflammatory response syndrome; MODS, multiple organ dysfunction
syndrome.

Chronic Critica l
Illness

SIRS/MODSEbb Flow

Time

FIGURE 53.3. The onset of immune incompetence marks a transition
from a hyperfunctional to a hypofunctional state in which patients
are at higher risks for nosocomial infections and demonstrate a perva-
sive endocrinopathy. SIRS, systemic inflammatory response syndrome;
MODS, multiple organ dysfunction syndrome.

which the body responded to injury. If the damage to the pa-
tient is not immediately fatal, there is a compensatory reaction
in which vasoconstriction shunts blood away from the periph-
ery and to the central organs, most notably the heart and brain.
This promotes short-term survival. Hypothermia and oliguria
are associated with a global decrease in oxygen consumption
and energy expenditure. In an effort to expand plasma vol-
ume and avoid failed oxygen delivery, the body conserves salt
and water by increasing aldosterone secretion (2). These effects
are seen throughout the body in the first 24 hours after injury.
Cuthbertson termed this sequence of events the “ebb” phase or
traumatic shock. When it becomes clear that death is not immi-
nent, a second aspect of the response emerges. The key to these
reactions is an attempt to repair tissue damage, a process that
is accomplished via the activity of white blood cells (WBCs).
Slowed circulation in the ebb phase allows WBCs to move to-
ward the periphery and adhere to the endothelium. Neutrophils
react first, with macrophages following. With restoration of the
circulation, the process becomes active. It is characterized by
phagocytosis and lysis of bacterial, viral, or fungal invaders
and removal of cellular debris. In addition, macrophages, lym-
phocytes, and antigen-presenting cells (APCs) secrete proteins
called cytokines. To a great extent, these are growth factors
that facilitate repair of damaged tissue. This process requires
enormous amounts of energy, with a 2- to 20-fold increase in
oxygen consumption and resting energy expenditure (REE).
Body temperature rises and oxygen consumption and carbon
dioxide production increase (2,3). Monk et al. showed an in-
crease in REE of up to 55% above predicted in trauma pa-
tients (4). Some studies suggest that survival is dependent on
this ability to maintain hypermetabolism and adequate oxygen
utilization (3,5–8). Because WBCs are more or less obligate
glucose users, there is an associated increase in glucose require-
ments (9). After the first 24 hours, hepatic glycogen stores are
depleted and a source of de novo glucose is required. This is
generated by hepatic gluconeogenesis. Cuthbertson proposed
that the body was able to provide its own source of nutrients by
breaking down protein, a theory that has since been validated.
This provides substrate for gluconeogenesis and constituent
amino acids for synthesis of hepatic proteins and repair in the
area of injury. However, adequate mobilization is not enough
to ensure substrate delivery. Therefore, the response includes
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capillary dilatation to increase flow and improve delivery. Un-
fortunately, due to thrombosis in damaged tissue, most injured
areas are avascular. To allow substrate delivery to these regions,
capillary tight junctions separate, allowing fluid and substrate
to “ leak” from the vasculature. Increased vascular permeabil-
ity results in redistribution of extracellular fluid and plasma
proteins to form edema and exudate (10). Glucose and other
nutrients move down their concentration gradients across the
extracellular matrix to areas of damage. Removal of waste re-
quires an increase in renal blood flow and glomerular filtration
to enable excretion of amino acid degradation products. The
liver detoxifies nitrogenous wastes by the production of urea;
metabolizes alanine, lactate, and glycerol through gluconeoge-
nesis; and produces acute-phase proteins that bind metabolic
by-products and limit the activity of proteolytic enzymes se-
creted by activated WBCs (1). Because this process increases
delivery to nearly every part of the body, Cuthbertson termed
this part of the response the “flow” phase.

Work by Cuthbertson and Francis C. Moore demonstrated
that initiation of the flow phase is in part hormonally modu-
lated. An initial dramatic release of endogenous catecholamines
(11) is supplemented by alterations in the somatotropic sys-
tem (growth hormone and insulinlike growth factor) such
that anabolism is postponed and energy substrates are redi-
rected to vital organs. Both the thyroid and the gonadal
axes are suppressed. Adrenocorticotropin hormone (ACTH)
secretion is heightened by increased corticotropin-releasing
hormone (CRH), arginine vasopressin (AVP), catecholamines,
angiotensin II, serotonin, and some inflammatory cytokines (in-
terleukin [IL]-1, IL-2, IL-6, and tumor necrosis factor [TNF]).
ACTH stimulates the adrenal glands to produce glucocorti-
coids and mineralocorticoids. Glucocorticoids and glucagon
promote glucogenesis and glycogenolysis and induce peripheral
insulin resistance, leading to increased glucose production (12).
This in turn increases insulin secretion, producing an “insulin-
resistant” state.

Tissue repair is initiated by these activities. Traumatized tis-
sue and hemorrhage initiate platelet accumulation and activa-
tion. The coagulation cascade is triggered by both the intrinsic
and extrinsic pathways. This serves to sustain and enhance im-
mune cell migration and activation. In addition, fibroblasts at
the edge of the wound divide, migrate toward the center, and
produce collagen. Surviving capillaries bud, and these new cap-
illaries also migrate toward the center. Eventually the wound
edges will fuse and consist of vascularized granulation tissue
(13). This process is thought to be mediated by an increase
in fibroblast growth factors, epidermal growth factor, platelet-
derived growth factor, and vascular endothelial growth factor
(14).

This massive mobilization of defense mechanisms may also
affect normal tissue. Therefore, one of the most important char-
acteristics of the normal stress response is that it is a balance
between the inflammatory and the anti-inflammatory systems.
This involves the proinflammatory cytokine TNF, released by
the activated macrophage. When TNF “spills over” from the
interstitium into the bloodstream, it stimulates the medullary
reticular formation and the hypothalamus in the brain. This ac-
tivation of the hypothalamic-pituitary-adrenal axis ultimately
causes increased anti-inflammatory activity. For example, glu-
cocorticoids released as a result of this process limit the negative
biologic consequences caused by inflammation (15). TNF also
stimulates the dorsal vagal complex and alters the efferent vagal

output. This is in part responsible for “sickness” behavior (i.e.,
anorexia and fever) (16–18). More importantly, however, is
neuromodulation of the immune response. The “ inflammatory
reflex” or the cholinergic anti-inflammatory pathway occurs
when proinflammatory cytokines such as IL-1 and TNF stimu-
late the parasympathetic nervous system through receptors on
the vagus nerve. The afferent input travels to the nucleus soli-
tarius and is relayed to the dorsal motor nucleus, resulting in
an increase in acetylcholine release at cholinergic nerve termi-
nals in the areas of inflammation. Activated macrophages have
acetylcholine receptors that, when stimulated, decrease the re-
lease of proinflammatory cytokines (19,20). This balance of
the systems is crucial in limiting the stress response.

Moore et al. also observed changes in the size of body fluid
compartments. In a normal stress response, catabolism is ac-
companied by an increase in the vascular space (recruitment);
expansion of the extravascular, extracellular space; and a de-
crease in the intracellular compartment. This process ends 4 to
5 days after injury with a shift to anabolism (11). The vascula-
ture contracts, fluid is removed from the extracellular space and
either moves back into cells or is excreted by the kidneys, and
the intracellular shift is accompanied by an influx of protein
and electrolytes. While the physiologic “signal” that initiates
this transition is still unknown, it is telling that the transition
occurs at the completion of the first wave of angiogenesis. The
generation of a new vascular highway obviates the need for nu-
trient concentration gradients, increased vascular permeability,
and water and electrolyte conservation. Conservation of salt
and water is no longer a priority and a brisk diuresis results.
In addition, as the intracellular space expands, increases in in-
tracellular anions and cations are required. These must come
from the vascular space. Therefore, resolution of catabolism is
accompanied by decreases in serum levels of potassium, mag-
nesium, and phosphate ions and, therefore, diuresis and de-
creases in serum electrolytes are the hallmarks of resolution of
the stress response.

The cellular immune response to normal inflammatory stim-
uli involves neutrophils, monocytes (macrophages), lympho-
cytes, and APCs. Neutrophils are recruited to areas of injury
early in the process. This is stimulated in part by protein anti-
gens and chemoattractant molecules (chemokines) released by
endothelial cells and fixed tissue macrophages. Their function
is removal of cellular debris by phagocytosis and secretion of
lytic molecules such as digestive enzymes and free radicals.
While the influx of neutrophils is self-limited, lasting about
48 hours, the rest of the response, which starts within hours of
neutrophil influx, may be more persistent. It consists of infiltra-
tion by macrophages, APCs, and lymphocytes. Macrophages
are of key importance in innate immunity, a process that is
nonspecific and involves natural barriers such as skin, natural
killer cells, and chemicals in the blood that act immediately
upon antigen introduction. Macrophages respond to stimula-
tion with phagocytosis of foreign or damaged material and
secretion of cytokines that stimulate inflammation and also
function as growth factors. In addition, they contribute to
adaptive immunity by presenting antigens, a function that also
is served by APCs. Antigen-presenting cells such as dendritic
cells capture antigens, transport them to lymph nodes, and
present them to T cells, initiating cell-mediated immunity. Fol-
licular dendritic cells have a similar function except that they
present antigens to B cells and therefore initiate humoral im-
munity. Lymphocytes are the prime components of the adaptive



790 Sect ion V: Modulat ing the Response to Injury

immune response. They have specific receptors for antigens. B
cells produce antibodies and are mediators of humoral immu-
nity. T cells recognize peptide fragments of protein antigens
bound to APCs and are involved in cell-mediated immunity.
T cells can be further divided into CD4 cells, which enhance
or inhibit the immune response; CD8 cells, which lyse other
cells with intracellular pathogens; and natural killer (NK) cells,
which do not express antigen receptors and contribute to innate
immunity.

Adaptive immunity is antigen specific and can be divided
into five phases. The first phase is presentation of the antigen
to a B or T cell by an APC. In the second phase, B and T
cells are activated, undergoing clonal expansion, differentia-
tion, and antibody production. Antigens are eliminated in the
third or effector phase. Decline is the fourth phase: The stim-
ulus has been removed and there is apoptosis of immune cells
and phagocytosis of cellular debris. The last phase involves the
surviving immune cells acquiring memory (21). As the process
proceeds, there is a change in the phenotype of CD4 T cells that
is profoundly important. The catabolic phase of inflammation
is characterized by an abundance of CD4 cells of the type 1
helper T cell (Th1) phenotype. This results in secretion of proin-
flammatory cytokines such as IL-2, TNF-α , and interferon-γ .
The switch to anabolism is accompanied by a predominance
of type 2 helper T cells (Th2), which secrete anti-inflammatory
cytokines such as IL-4 and IL-10. In a normal stress response,
immune function declines and the transition from Th1 to Th2
occurs by the fourth or fifth day. The switch from Th1 to Th2
may be hormonally mediated. It is known that cortisol and an-
drogens, which are secreted in great quantities in catabolism,
stimulate Th2 cell production.

One clinical manifestation of this is in the blood. That
is, early in the response there is a mixed leukocytosis with
neutrophil predominance. This gives way to a macrophage/
lymphocyte-rich pattern and is followed by an overall decline
in the white blood cell count.

DEVIATION FROM THE NORMAL
STRESS RESPONSE

The stress response is considered to be adaptive and vital in
order to survive an injury. However, many aspects of the pro-
cess may become excessive or unbalanced. This converts an
adaptive response into a pathologic one. Risk factors that pre-
dispose to the development of an abnormal response include
inadequate or delayed resuscitation, persistent inflammatory
or infectious sources, baseline organ dysfunction, age older
than 65 years, immunosuppression, alcohol abuse, malnutri-
tion, and invasive instrumentation (22). There are two such
common occurrences in the surgical or trauma population. The
first is hemorrhage, uncorrected fluid loss, or underresuscita-
tion. These result in a recurrence of shock, with vasoconstric-
tion, decreased perfusion and cardiac output, and impaired
tissue substrate delivery. The treatment is identification and
treatment of the underlying cause accompanied by correction
of the fluid imbalance.

The second common abnormality is prolonged hyperme-
tabolism. Persistence of a hyperdynamic circulation and secre-
tion of immunologic markers; elevations of serum potassium,
magnesium, and phosphate; and/or marginal urine output indi-

cate a prolonged or renewed stress response and warn of a new
or recurrent abnormality. This state commonly is referred to as
systemic inflammatory response syndrome. If SIRS is suspected
to be from an infectious cause, then the condition is referred to
as sepsis or the sepsis syndrome. Initially, the normal stress re-
sponse, SIRS, and sepsis may mimic each other. Differentiation
lies in the time course and in the etiology of the metabolic per-
turbations. The definitions of SIRS, sepsis, and severe sepsis,
as formulated in 2001, are detailed in Table 53.1.

Sepsis is the most common cause of death in noncardiac
intensive care units. The increasing use of broad-spectrum an-
tibiotics, immunosuppression therapy, and invasive technology
may be responsible (23). Recent studies estimate the incidence
of sepsis in the United States as 240 to 300 cases of severe sep-
sis per 100,000 people, an increase from 74 cases per 100,000
people in 1979. The mortality rate ranges from 17.9% for sep-
sis, 28.6% for severe sepsis, and up to 50% in those with septic

TA BLE 5 3 . 1

DIAGNOSTIC CRITERIA FOR SEPSIS IN ADULTS

SUSPECTED OR DOCUMENTED INFECTION
General variables

Fever (T > 38.3◦C)
Hypothermia (T < 36◦C)
Heart rate (> 90 bpm or > 2 SDs above normal for age)
Tachypnea
Altered mental status
Edema or positive fluid balance (> 20 mL/kg over 24 h)
Hyperglycemia (plasma glucose > 120 mg/dL or

7.7 mmol/L) without DM
Inflammatory variables

Leukocytosis (WBC > 12,000/µ L)
Leukopenia (WBC < 4,000/µ L)
Normal WBC count with > 10% immature forms
Plasma C-reactive protein > 2 SDs above the normal value
Plasma procalcitonin > 2 SDs above the normal value

Hemodynamic variables
Arterial hypotension (SBP < 90 mm Hg, MAP < 70 or

SBP ↓ > 40 mm Hg or < 2 SDs below normal)
SvO2 > 70%
Cardiac index > 3.5 L/min/m2

Organ dysfunction variables
Arterial hypoxemia (PaO 2/FiO 2 < 300)
Acute oliguria (urine output < 0.5 mL/kg/h for at least 2 h)
Creatinine increase > 0.5 mg/dL
Coagulation abnormalities (INR > 1.5 or aPTT > 60 s)
Ileus
Thrombocytopenia (platelets < 100,000/µ L)
Hyperbilirubinemia (plasma total bilirubin > 4 mg/dL or

70 mmol/L)
Tissue perfusion variables

Hyperlactatemia (> 1 mmol/L)
Decreased capillary refill or mottling

T, temperature; SDs, standard deviations; DM, diabetes mellitus;
WBC, white blood cell; SBP, systolic blood pressure; MAP, mean
arterial pressure; SvO 2, mixed venous saturation; PaO 2, arterial
partial pressure of oxygen; FiO2 , fraction of inspired oxygen; INR,
international normalized ratio; aPTT, activated partial thromboplastin
time.
From Levy MM, et al. 2001 SCCM/ESICM/ACCP/ATS/SIS
international sepsis definitions conference. Crit Care Med. 2003;31(4):
1250–1256.
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shock and comorbid conditions. The etiology of sepsis has also
changed over time. In the 1970s and 1980s, Gram-negative
bacteria were the predominant cause of sepsis. Gram-positive
organisms are now the leading pathogens, with fungal organ-
isms on the rise (24).

Sepsis likely predisposes to organ dysfunction. When this
dysfunction is overt, the process is referred to as multiple or-
gan dysfunction syndrome (MODS). However, abnormalities
in MODS seem to be confined to cellular and organ dysfunction
as histology and infrastructure are preserved. The most proxi-
mal defect that has been identified to date in SIRS/sepsis/MODS
is an abnormality of oxygen utilization at the subcellular level.
Two theories to explain this have been advanced. The first is
that there is an impairment of microcirculatory autoregulation.
Vasodilation of some vascular beds coexists with vasoconstric-
tion of others, causing a maldistribution of flow and, therefore,
oxygen (25). The second theory assumes adequate perfusion
but an alteration in cellular metabolism with an inability to
extract and use oxygen (26). This is supported by recent stud-
ies demonstrating a defect in mitochondrial function (27–29).
In either case, the result is a block in cellular metabolism. As
a result, the ability of cells and organs to respond to external
stimuli may be lost. For example, there is a progressive loss of
hormonal responsiveness. The liver becomes unresponsive to
insulin and glucagons and the cardiovascular system to cate-
cholamines (30–32). As such, the hyperfunctional state cannot
be maintained. It has been proposed that cells enter a “preserva-
tion mode” in which viability is maintained but the capacity to
communicate with each other is lost. Cellular interaction is lost
and thus organ function is compromised (33–35). Acute lung
injury (ALI) progresses to acute respiratory distress syndrome
(ARDS) and hypotension from vasoplegia is compounded by
cardiac dysfunction that requires vasopressors and inotropic
and chronotropic support. Renal function decreases to a point
that renal replacement therapy must be considered and hepatic
dysfunction results in severe ascites and coagulopathy, both
having the potential to lead to a profound encephalopathy.
The immune system is one of the most important systems to be
affected. The development of immune incompetence coupled
with a pervasive endocrinopathy places the patient at a higher
risk for nosocomial infections, and it is in this state that most
deaths from sepsis occur.

The issue of immune incompetence requires further discus-
sion. Historically, sepsis has been viewed as a condition ruled
by uncontrolled inflammation. However, an increasing num-
ber of studies indicate that sepsis is in fact a state of inflam-
matory failure (36–39). More specifically, sepsis is associated
with an alteration in the adaptive immune response (40). The
early phase of sepsis resembles normal stress in that there is
a hormonal milieu that stimulates Th2 responses and these
responses are observed. Indeed, studies have shown that pa-
tients with sepsis have increased Th2 cells and IL-10 and that
these levels predict mortality (41,42). However, as sepsis pro-
gresses, there is a profound endocrinopathy and progressive
anergy (12). That is, chronic critical illness is associated with
a loss of T-cell responsiveness on any level (43). This may re-
flect enhanced lymphocyte apoptosis (44–46). Hotchkiss et al.
also demonstrated that there were decreased levels of follicular
dendritic cells, B cells, and CD4 T cells at the time of death
of septic patients, resulting in impaired antigen presentation,
antibody production, and B-cell and macrophage stimulation
(44–46). The ultimate result of immunosuppression is the de-

velopment of sequential infections, often invoking the decision
to withdraw therapy.

One major contributor to the development of complications
from inflammation is the presence of comorbidities. Chronic
comorbid conditions are present in over 50% of patients with
sepsis and are associated with an increase in mortality (47–
49). Diseases reported to increase the risk of the normal stress
response developing into sepsis are diabetes mellitus (DM), hu-
man immunodeficiency virus (HIV), chronic liver disease, and
cancer (47). Esper et al. conducted a historical cohort study
that reviewed patients with the diagnosis of sepsis in U.S. acute
care hospitals from 1979 to 2003, characterizing the type and
source of infections and comorbid diseases. They found that
men were more likely than women and African Americans were
more likely than Caucasians to develop sepsis. Non-Caucasian
patients who were septic were more likely to have concomitant
DM, HIV, chronic renal failure, and alcohol abuse. Caucasians
had higher incidences of cancer and chronic obstructive pul-
monary disease (COPD). The presence of one comorbidity in-
creased the risk of developing at least one organ system failure
by 30% . Those with two comorbidities had a 39% chance and
those with three or more had a 45% chance of developing acute
organ failure (50).

It is not difficult to imagine how baseline insufficiencies af-
fect the stress response. For example, the ability to maintain a
circulatory system capable of providing oxygen and nutrients
to areas of injury is paramount to survival. In the setting of
underlying coronary artery disease (CAD), this ability may be
impaired. Kern et al. (51) found that patients with CAD have a
significantly decreased cardiac index and oxygen delivery and,
not surprisingly, an increased oxygen extraction ratio during
sepsis. They also showed that these patients had increased en-
dothelial adhesion molecule expression, which may correlate
with the severity of sepsis, shock, and organ failure and predict
poor outcome (52,53). Chronic pulmonary disease, regardless
of the etiology, increases the chance of intubation and the re-
quirement for prolonged ventilatory support. Intubation places
the patient at risk for ventilator-associated pneumonia, aspira-
tion, and respiratory muscle atrophy. A patient with chronic
renal or liver failure is at risk for anemia, coagulopathies, and
immunosuppression prior to being injured. With an impaired
functional reserve in vital organs and responses, the stress re-
sponse to injury has a high likelihood of progressing to a state
of prolonged critical illness.

TREATMENT OR PREVENTION
It is logical that treatment of pre-existing disorders and co-
morbidities will alter the stress response. Indeed, a number
of studies have examined the role of perioperative β -blockade
and concluded that, in appropriate patients, outcome is im-
proved. More problematic are attempts to alter the course
of the prolonged state that constitutes SIRS, sepsis, MODS,
and chronic critical illness. Despite promising animal data,
most approaches have failed in patients. The successes are no-
table. Herndon et al. showed that in the pediatric burn pop-
ulation, resting energy expenditure decreased and net muscle
protein balance increased with administration of propranolol.
However, there have been several experiments conducted with
mice in septic or hemorrhagic shock showing an increase in
mortality from immunosuppression after β -blockade (54,55).
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Adequate analgesia via epidural and intravenous use of agents
such as opiates, α-blockers, nonsteroidal anti-inflammatory
drugs, and local anesthetics have been shown to both decrease
inflammation and improve immune function (56–59). Early
goal-directed resuscitation has been shown to improve out-
come in a single-center trial (60). A multicenter trial in the
United States is beginning. Similarly, a protocol using insulin
infusions to maintain serum glucose levels between 80 and 110
mg/dL has been shown to reduce mortality and complications
in a surgical ICU in a single institution (61). However, simi-
lar results were not observed in the medical ICU in the same
institution (62) or in an as yet unpublished multicenter Euro-
pean trial (GLUCONTROL, confirmed by personal communi-
cation). The benefit of insulin appeared to be confined to pa-
tients in the ICU for more than 3 to 5 days. This would suggest
that insulin is one of many hormones that become ineffective
in chronic critical illness.

SUMMARY
Injury is present in the form of elective surgery, trauma, in-
fection, and medical illnesses such as pancreatitis. It is crucial
for the clinician to understand the underlying course of events
that comprise the stress response. This enables the detection
of deviations from normal physiology. Although intervention
may be useful in reducing the extremes of the stress response
and limiting the untoward impact of comorbidities, balance is
the hallmark of a normal response. Pre-existing disease and
persistent hypermetabolism offset this balance and pathologic
conditions prevail. Both anti-inflammatory and inflammatory
strategies may offer therapeutic benefit to attenuating the ab-
normalities, but most therapy has proved disappointing.
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CHAPTER 54 ■ MULTIPLE ORGAN
DYSFUNCTION SYNDROME
J. MATTHIAS WALZ r STEPHEN O. HEARD

IMMEDIATE CONCERNS

Major Prob le ms

Progressive dysfunction of multiple organ systems, culminat-
ing in the syndrome of multiple organ dysfunction syndrome
(MODS), has become a leading cause of death in critically ill
and injured patients. MODS is a disease of medical progress.
Broader use of intensive care unit (ICU) resources, combined
with improvements in single organ–directed therapy, such as
mechanical ventilation and renal replacement therapy, has re-
duced early mortality after major physiologic insults. The result
is a longer ICU stay for an increasing number of patients af-
ter severe sepsis and trauma, during which inflammation and
tissue injury may result in MODS.

MODS represents a systemic disorder of immunoregu-
lation, endothelial dysfunction, and hypermetabolism, with
varying manifestations in individual organs. The mortality
of MODS will increase as the number of failing organs in-
creases, suggesting that changes in the function of all organs
have equal significance in outcome. However, organs differ in
their host defense functions and sensitivity to host-derived in-
flammatory mediators or reductions in oxygen delivery (ḊO 2).
Therefore, diagnosis and therapy focus, whenever possible, on
preventive measures. Changes in the cellular oxygen (O 2) sup-
ply and metabolism may cause and complicate MODS. Conse-
quences can include direct hypoxic organ damage, secondary
ischemia/reperfusion (I/R) injury mediated by neutrophils and
reactive O2 species (ROS), and enhanced injury by activation

of cytokines, including tumor necrosis factor-α (TNF-α). Ini-
tial and subsequent therapy follows a two-tiered approach,
targeting systemic factors that contribute to ongoing inflam-
mation and single organ–related problems. Efforts are first di-
rected at stabilizing ḊO 2 while addressing life-threatening de-
rangements in acid-base balance and gas exchange. Prompt
correction of hemodynamic instability to defined end points
that correlate with resolution of tissue O 2 debt minimizes
ischemia-related organ damage. The element of time is a criti-
cal factor. Delays in completing initial resuscitation, eliminat-
ing foci of infection or devitalized tissue, or treating de novo
organ-specific problems such as oliguria all worsen outcome.
Late-phase (e.g., over 72 hours) problems involve acquired
immunosuppression, predisposition to secondary infection,
and hypermetabolism, which impairs wound healing and host
defense.

Init ial Esse nt ial Diag nost ic
Te st s and Proce d ure s

He mod ynamic and Me t ab olic Monit oring

1. Begin assessing the adequacy of initial resuscitation efforts
by noninvasive measures including skin color and temper-
ature, arterial blood pressure, pulse rate, respiratory rate,
mental status, and urine output; determine if metabolic aci-
dosis is present from arterial blood gas and plasma bicar-
bonate (NaHCO 3) determinations. If acidosis is present,
establish whether the anion gap and plasma lactate con-
centrations are increased.
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2. Consider invasive hemodynamic monitoring by arterial and
central vascular catheterization. Central venous pressure es-
timates right heart filling but may not accurately gauge left
ventricular preload with tricuspid insufficiency, pre-existing
heart disease, pulmonary hypertension, or acute respiratory
distress syndrome (ARDS). Exclude myocardial infarction
as a cause of hemodynamic instability by electrocardiogra-
phy, creatine kinase isoenzyme, and troponin I levels.

3. Targeted hemodynamic management can be accomplished
by invasive or noninvasive means (e.g., pulmonary artery
catheterization, pulse contour analysis, or esophageal
Doppler monitoring). Mixed or central venous O 2 satura-
tion and lactate concentrations—if the latter are initially
elevated—should be monitored to determine the adequacy
of resuscitation and assist in the titration of therapy.

4. Hemodynamic instability despite adequate fluid resuscita-
tion in patients with severe sepsis should be treated with
inotropes as indicated, and the hemoglobin level should be
raised to 10 mg/dL in the early stages of resuscitation accord-
ing to the principles of early goal-directed therapy (EGDT).

Evaluat ion for Infe ct ion
1. For suspected sepsis upon ICU admission, blood cultures—

including fungal cultures where appropriate—should be im-
mediately obtained, as should Gram stains and cultures of
urine, an adequate sputum specimen (where “adequate is de-
fined by 25 or more leukocytes per low-power field”) or tra-
cheobronchial washings, and wound discharges before an-
timicrobial therapy. Suspicious skin lesions should undergo
culture by aspiration and biopsy. On discovery of fluid col-
lections, perform thoracentesis and paracentesis within 12
hours or less; determine pH; and perform a Gram stain, cul-
ture, cell count, cytologic studies, glucose level, and other
chemistries.

2. Evaluate the patient thoroughly for all infectious and po-
tential noninfectious etiologies of MODS.

3. For suspected nosocomial sepsis, reculture blood, urine,
and sputum; evaluate all sites of vascular cannulation and
remove catheters, if possible; and consider fiberoptic bron-
choscopy to obtain protected brush specimen or bron-
choalveolar lavage (BAL) samples in patients with pneumo-
nia. Exclude infective endocarditis or endovascular infection
by echocardiography and scintigraphic scanning for high-
grade or recurrent bacteremia.

4. Serially monitor renal, pancreatic, and hepatic function; ex-
clude acalculous cholecystitis or pancreatitis by abdominal
ultrasound. Perform computed tomography of the sinuses,
chest, abdomen, and pelvis when appropriate to define fluid
collections.

5. Maintain a high index of suspicion for opportunistic fungal
infection with Candida sp. despite negative results on blood
culture.

Init ial The rap y

1. Resuscitation of hemodynamic instability should be
rapidly initiated with crystalloid or colloid infusions, fol-
lowed by replenishment of the red cell mass.

2. Vasopressors—dopamine, norepinephrine, vasopressin—
are titrated to a systolic pressure of 90 to 100 mm Hg
or a mean arterial pressure of 70 mm Hg or higher.

3. In patients with septic shock and hypotension despite ade-
quate fluid resuscitation, evaluate the patient for evidence
of adrenal insufficiency and initiate therapy with low-dose
corticosteroids if indicated.

4. Evaluate and treat ionized hypocalcemia and severe meta-
bolic acidosis if the response to catecholamine therapy is
inadequate.

5. If shock persists despite rapid and aggressive fluid resus-
citation, consider endotracheal intubation and mechanical
ventilation, irrespective of arterial blood gas values. Proper
titration of ventilatory therapy averts respiratory muscle
fatigue and arrest by reducing shock-related increases in
the O 2 cost of breathing.

6. Evaluate and treat oliguria. Differentiate prerenal causes
by obtaining serum and urine Na+ , creatinine, and urea
nitrogen to calculate the fractional excretion of sodium
(FeNa) or urea nitrogen.

7. Stabilize long bone fractures early.
8. Initiate broad-spectrum antimicrobial therapy, includ-

ing coverage against methicillin-resistant Staphylococcus
aureus, Staphylococcus epidermidis, and Pseudomonas
aeruginosa. Add coverage for suspected anaerobic intra-
abdominal sepsis.

9. Begin antifungal therapy in patients at high risk for fungal
sepsis despite negative results on blood culture when clin-
ical findings are suggestive (e.g., extensive colonization by
Candida, nonintertriginous skin rash, myositis, or retini-
tis).

10. Perform prompt re-exploration for suspected intra-
abdominal sepsis and abscess formation.

EPIDEMIOLOGY OF MULTIPLE
ORGAN DYSFUNCTION

SYNDROME
Significant advances have been made in critical care medicine
over the last 30 years, particularly in the last decade. Nonethe-
less, many critically ill patients often suffer the progressive dete-
rioration in the function of one or more organs, a phenomenon
that has been termed multiple organ dysfunction syndrome (1).
MODS is the leading cause of death for patients in the inten-
sive care unit. Furthermore, the death rate remains high for
patients who survive their ICU admission. In addition, the fi-
nancial costs are significant, with more than 60% of ICU re-
sources consumed by these patients (2).

Individual organ dysfunction may result from a direct in-
sult, such as pulmonary aspiration of gastric contents (primary
MODS), or it can be associated with a systemic process such as
shock or pancreatitis (secondary MODS) (1). Alterations in or-
gan function seen during MODS are a continuum rather than a
discrete, dichotomous event indicating the failure of an organ.
A number of organ dysfunction scores have been developed
to predict the clinical outcome of these patients (Table 54.1).
These scores not only serve to establish the baseline degree of
organ dysfunction, but also enable the clinician to evaluate the
progression or resolution of organ dysfunction over time. In
general, an increase in the number of dysfunctional organs in-
creases the risk of death. Examples of early scores of organ
failure include those published by Goris et al. (3) and Knaus
et al. (4). Refinement of these scores led to the development
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TA BLE 5 4 . 1

COMPARISON OF THE PHYSIOLOGIC AND BIOCHEMICAL PARAMETERS USED BY FOUR SCORING SYSTEMS FOR
ORGAN DYSFUNCTION AND FAILURE

Sequential organ failure Multiple organ dysfunction Logistic organ dysfunction
Organ system assessment (SOFA) (6) score (MOD) (5) (LOD) (184) Brussels (185)

Cardiovascular Blood pressure and
vasopressor use

Blood pressure and
adjusted heart rate

Blood pressure and heart
rate

Blood pressure, fluid
responsiveness, and
acidosis

Pulmonary PaO 2/FiO 2 and
mechanical ventilation

PaO 2/FiO 2 PaO 2/FiO 2 and mechanical
ventilation

PaO 2/FiO 2

Hepatic Bilirubin Bilirubin Bilirubin and prothrombin
time

Bilirubin

Hematologic Platelets Platelets Platelets and white blood
cell count

Platelets

Renal Creatinine and urine
output

Creatinine Creatinine, blood urea
nitrogen, or urine output

Creatinine

Central nervous
system

Glasgow coma score
(GCS)

GCS GCS GCS

Reprinted from Bernard GR. Quantification of organ dysfunction: seeking standardization. Crit Care Med. 1998;26:1767–1768, with permission.

of the multiple organ dysfunction (MOD) score (5) and the
sequential organ failure assessment (SOFA) score (6). In prin-
ciple, these scores are based on parameters for six organ sys-
tems: Cardiovascular, respiratory, hematologic, renal, central
nervous system (CNS), and hepatic (7). The difference in these
scores lies in the parameter to describe cardiovascular dysfunc-
tion. The MOD score describes the degree of cardiovascular
dysfunction as a composite of heart rate, central venous pres-
sure, and mean arterial pressure (pressure-adjusted heart rate),
whereas the SOFA score describes cardiovascular dysfunction
by the dose of vasoactive agents administered.

Several trials have evaluated the performance of these scores
as descriptors of multiple organ dysfunction and failure, and
to assess the incidence of MODS in the intensive care unit.
Moreno et al., in a prospective, international multicenter trial
composed of 1,449 patients, were able to demonstrate that to-
tal maximum SOFA score and change in SOFA score over time
(δ) can be used to quantify the degree of organ dysfunction
present on ICU admission, the degree of dysfunction or fail-
ure that appears during the ICU stay, and the cumulative insult
suffered by the patient (7). These findings were subsequently
confirmed by Ferreira et al. (8), who demonstrated that changes
in the SOFA score were a good indicator of prognosis. In their

study of 352 consecutive patients, an increase in SOFA score
during the first 48 hours of intensive care predicted a mortality
rate of at least 50% (8). In a group of patients with ARDS,
the Toronto ARDS Outcomes Group found a significant rela-
tionship between the change in MOD score over time of the
ICU stay and the distance walked in 6 minutes up to 1 year
following discharge from the ICU (9). The recent European
Sepsis Occurrence in Acutely Ill Patients (SOAP) multicenter
trial analyzed data from 3,147 adult ICU admissions to deter-
mine the incidence of MODS and its associated mortality in
mixed medical and surgical ICU populations (10). The overall
rate of MODS, defined as severe acquired dysfunction in two
or more organ systems, was 43% for patients without a diag-
nosis of sepsis and 73% of those with a diagnosis of severe
sepsis, which represents a substantially higher incidence than
in some previously published reports (4). Like other investiga-
tors, they found a direct relationship between the number of
organs failing and the ICU mortality (Fig. 54.1). Single organ
failure carried an ICU mortality rate of 6% , whereas patients
with four or more failing organs had mortality rates of 65% .
While earlier reports have suggested that the increase in mor-
tality associated with an increased number of failed organs
is independent of the identity of dysfunctional organ systems

Morta lity
70

60

50

40

30

20

10

0
0 1 2 3 4 or more

FIGURE 54.1. Relationship between the number of
failed organs on admission and intensive care unit
mortality. (Reproduced from Vincent J-L, Sakr Y,
Sprung CL, et al. Sepsis in European intensive care
units: results of the SOAP study. Crit Care Med.
2006;34:344–353, with permission.)
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(11–13), the SOAP investigators found different results. Organ
failure in patients with severe sepsis generally carried a higher
mortality than in those patients without a diagnosis of severe
sepsis. As for individual organ systems in the group of pa-
tients with severe sepsis, failure of the coagulation system car-
ried the highest mortality (52.9% ), followed by the hepatic
(45.1% ), CNS (43.9% ), cardiovascular (42.3% ), and renal sys-
tem (41.2% ). Respiratory failure in this analysis was associated
with a mortality risk of 34.5% . Certain subsets of patients
admitted to the ICU appear to be at greater risk of MODS:
patients older than 65 years (older than 55 years in trauma pa-
tients [13]), increased severity of illness as assessed by APACHE
II scores (20 or more), and diagnosis of sepsis or acute lung in-
jury (ALI) on admission. Among the patients with severe sep-
sis, the SOAP investigators found as independent predictors of
mortality the following: “Medical” admissions, Pseudomonas
species infection, SAPS II score on admission, SOFA score at
the onset of sepsis, bloodstream infection, cirrhosis, and cu-
mulative fluid balance within the first 72 hours of the onset
of sepsis. The latter variable has not previously been identified
as an independent predictor of mortality; further investigations
will be necessary to distinguish whether a positive fluid balance
in the ICU is simply a marker of severity of illness or is harmful,
per se.

PATHOPHYSIOLOGY
MODS usually occurs in patients who exhibit signs of a gener-
alized inflammatory response (systemic inflammatory response
syndrome [SIRS], Table 54.2) (1). Although SIRS is often the
result of infection, other conditions such as necrotizing pan-
creatitis or trauma can also lead to systemic manifestations of
inflammation; SIRS due to infection has been defined as sepsis.
Recent guidelines (14) have broadened the diagnostic criteria
for sepsis that were originally proposed in 1992. For those pa-
tients who present with SIRS only, a significant number will
progress to sepsis, septic shock, and, ultimately, MODS (15).
Although suspected or documented infection is not required
for the development of MODS, the syndromes of SIRS, sep-
sis, and MODS are closely related. Consequently, the review of
the pathophysiology of MODS will also include discussions of
SIRS and MODS.

De rang e me nt s in Oxyg e n De live ry
and Consump t ion

In most tissues, oxygen consumption (VO 2) is determined by
metabolic demand and is independent of ḊO 2. When ḊO 2 is

TA BLE 5 4 . 2

AMERICAN COLLEGE OF CHEST PHYSICIANS/SOCIETY OF CRITICAL CARE
MEDICINE DEFINITIONS OF SEPSIS AND ORGAN FAILURE

A. Infection
Microbial phenomenon characterized by an inflammatory response to the presence of the

micro-organism or the invasion of normally sterile host tissue by those organisms
B. Bacteremia

The presence of viable bacteria in the blood
C. Systemic inflammatory response syndrome (SIRS)

The systemic inflammatory response to a variety of severe clinical insults, manifested by two
or more of the following conditions:

(1) Temperature greater than 38◦C or less than 36◦C
(2) Heart rate greater than 90 beats/min
(3) Respiratory rate more than 20 breaths/min or PaCO2 less than 32 mm Hg
(4) WBC more than 12,000 cells /µ L, less than 4,000 cells/µ L, or more than 10% immature

(band) forms
D. Sepsis

The systemic response to infection. The manifestations are the same as those enumerated
for SIRS.

E. Severe sepsis
Sepsis associated with organ dysfunction, hypoperfusion, or hypotension

F. Septic shock
Sepsis with hypotension, despite adequate fluid resuscitation, and perfusion abnormalities,

including but not limited to the following:
(1) Lactic acidosis
(2) Oliguria
(3) Acute alteration in mental status

G. Hypotension
A systolic BP less than 90 mm Hg or a reduction of more than 4 mm Hg from baseline in

the absence of other causes for hypotension
H. Multiple organ dysfunction syndrome

Presence of altered organ function in an acutely ill patient such that homeostasis cannot be
maintained without intervention

WBC, white blood cell; BP, blood pressure.
Condensed from American College of Chest Physicians/Society of Critical Care Medicine Consensus
Conference. Definitions for sepsis and organ failure and guidelines for the use of innovative therapies in
sepsis. Crit Care Med. 1992;20:864–874.
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FIGURE 54.2. The relationship between oxygen delivery and con-
sumption. The solid line represents the normal relationship. The dashed
line shows pathologic supply dependency. (Reproduced from Heard
SO, Fink MP. Multiple-organ dysfunction syndrome. In: Murray MJ,
Coursin DB, Pearl RG, et al., eds. Critical Care Medicine. Periop-
erative Management. Philadelphia: Lippincott Williams & Wilkins;
2002.)

reduced, VO 2 is maintained by increased oxygen extraction by
the tissues. If ḊO 2 is reduced to the point where the metabolic
need cannot be met, then VO 2 becomes “supply dependent”
(Fig. 54.2). The point at which VO 2 decreases is called the
critical ḊO 2. Although one study (16) suggested that the critical
ḊO 2 in anesthetized humans is 330 mL/minute/m2, another
investigation where life support was withdrawn in critically
ill patients demonstrated that the value is substantially lower
(17).

A number of studies from the 1970s, 1980s, and early 1990s
seemed to suggest that systemic VO2 was supply dependent
over a wide range of ḊO2 in patients with sepsis or ARDS.
Since VO 2 and ḊO 2 are independent of each other, the link-
ing of these two variables in patients with ARDS or sepsis was
coined pathologic supply dependency. This concept is impor-
tant, as it implies that inadequate oxygen is being delivered to
the tissues and anaerobic metabolism is occurring despite “nor-
mal” global perfusion. As a consequence, inadequate produc-
tion of adenosine triphosphate (ATP) and other high-energy
phosphates may contribute to the development of MODS in
these patients.

The validity of the concept of pathologic supply depen-
dency was subsequently challenged. Mathematical coupling of
data (e.g., VO2 and ḊO 2 both determined by use of a pul-
monary artery catheter), pooling of data, and spontaneous
changes in metabolic demand (which would increase ḊO 2)
can explain many of the results of the studies purporting
to show pathologic supply dependency. Clinical investiga-
tions that utilized independent means to measure both ḊO2
and VO 2 failed to demonstrate pathologic supply dependency
in patients with ARDS or sepsis. Furthermore, critical ḊO 2
in these patients was no higher than in other critically ill
patients.

More recently, there has been a recognition that supply de-
pendency may be occurring in patients, but not at the global
level. There is an increasing appreciation that the regional cir-
culation and microcirculation—arterioles, capillary bed, and
postcapillary venules—play a crucial role in the pathogene-
sis of organ dysfunction in shock. Heterogeneous microcir-

culatory abnormalities occur due to changes in the activa-
tion state and shape of endothelial cells, alterations in vas-
cular smooth muscle tone, activation of the clotting system,
and changes in red and white blood cell deformability (dis-
cussed later). The surface receptors and mediators associated
with these changes are now being identified, and include oxi-
dants, lectins, proteases, vasoactive products of inducible ni-
tric oxide synthase (iNOS), and altered adrenergic receptor
sensitivity. Alterations in microvascular circulation have been
demonstrated in congestive heart failure, cardiogenic shock,
hemorrhage, and sepsis. Microcirculatory changes of conges-
tive heart failure include reduced conjunctival microvascular
density and attenuated nailfold capillary recruitment during
postocclusive reactive hyperemia (18). Animal models of hem-
orrhagic shock demonstrate attenuated functional capillary
perfusion—a measure of the number of capillaries that are
actively moving blood—of skeletal muscle and the intestinal
villi (19,20). Renal and intestinal regional blood flow are re-
duced despite resuscitation and return of global hemodynam-
ics back to baseline values (21). In patients with severe sep-
sis, forearm reactive hyperemia measured by air plethysmogra-
phy is diminished following arterial occlusion, and red blood
cell deformability is reduced compared to controls (22). Tis-
sue (skeletal muscle) oxygen saturation in septic patients is no
different than that observed in healthy controls or postsurgical
patients (23); however, microvascular compliance and skele-
tal muscle oxygen consumption is reduced, and postischemic
reperfusion time is increased compared to controls. Orthogo-
nal polarization spectral (OPS) imaging is a technique by which
perfusion of small and large vessels in the microcirculation of
mucosal surfaces can be seen and quantified. Clinical studies
(24, 25) where OPS imaging has been utilized have shown that
the fraction of perfused small vessels in patients with severe
heart failure, cardiogenic shock, or sepsis is significantly lower
than in those critically ill patients without those conditions
(Fig. 54.3).

Functional cellular hypoxia—“cytopathic hypoxia”—or
metabolic failure is a condition where the cell is incapable of
utilizing oxygen to produce ATP despite adequate oxygen de-
livery. Indeed, in patients with sepsis and in animal models of
sepsis, oxygen tension in the intestine, bladder, and skeletal
muscle is elevated, suggesting that the problem is not one of
inadequate ḊO 2 but one of oxygen utilization (26–28). The
defect in oxygen utilization likely resides in the mitochon-
drion. Muscle biopsies from septic patients reveal that skele-
tal muscle ATP concentrations and respiratory chain activity
are lower compared to samples obtained from control patients
(29). Furthermore, patients dying from sepsis have even lower
ATP concentrations and respiratory chain activity (complex
1) compared to sepsis survivors (29,30). The mechanism by
which cytopathic hypoxia or metabolic failure occurs has not
been fully elucidated. However, nitric oxide and its metabo-
lite, peroxynitrite, are mediators that are released during sep-
sis and are inhibitors of the mitochondrial electron transport
chain (31). Single-strand breaks in nuclear DNA can occur
in sepsis by a variety of endogenously formed oxidants, in-
cluding peroxynitrite. Poly (ADP-ribose) polymerase (PARP)
is an enzyme that is activated by the formation of these DNA
breaks. Since the substrate for PARP is NAD+ , the activation
of PARP can result in a profound reduction in the cellular lev-
els of NAD+ , thereby causing cellular energy depletion (32,
33).
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A

B

FIGURE 54.3. Sublingual microcirculation as assessed by orthogonal
polarization spectral imaging in a healthy volunteer (A) and in a pa-
tient with early septic shock (B). Normal capillary density is observed
in panel A whereas low capillary density is observed in panel B. Real
time images may be viewed at http://www.cooperhealthorg/content/
gme fellowship shock.htm. (Reproduced from De Backer D, Creteur
J, Preiser J-C, et al. Microvascular blood flow is altered in patients
with sepsis. Am J Respir Crit Care Med. 2002;166:98–104, with per-
mission.)

ROLE OF INFLAMMATORY AND
VASOACTIVE MEDIATORS

Although early clinical series emphasized the implication of
uncontrolled infection in the development of MODS, it is clear
that MODS can occur with either extensive tissue injury such as
that seen with trauma, pancreatitis, or sepsis. A large amount of
evidence is available that implicates the release of inflammatory
mediators in the pathogenesis of MODS (Table 54.3).

Comp le me nt , Ne ut rop hils, and Re act ive
Oxyg e n Me t ab olit e s

The complement cascade is activated via three pathways (Fig.
54.4). The classical pathway is triggered by antibody-coated
targets or antigen–antibody complexes. The alternative path-
way is activated by aggregated immunoglobulins, products of

TA BLE 5 4 . 3

INFLAMMATORY MEDIATORS IMPORTANT IN THE
PATHOGENESIS OF SEPSIS AND THE MULTIPLE
ORGAN DYSFUNCTION SYNDROME

Complement (C3a, C5a)

Neutrophil products
Proteases

Neutral proteases
Elastase
Cathepsin G
Collagenase

Acid hydrolase
Cathepsins B and D
ß-glucuronidase
Glucosaminase

Oxygen radicals
Superoxide anion
Hydroxyl radical
Hydrogen peroxide
Peroxynitrite

Bradykinin

Lipid mediators
Prostaglandins
Thromboxane A2
Prostaglandin I2
Prostaglandin E2

Leukotrienes (LTB4, LTC4, LTD4, LTE4)

Platelet-activating factor (PAF)

Cytokines
Tumor necrosis factor-α (TNF-α)
Interleukins (IL-1, IL-6, IL-8)
High-mobility group 1 (HMG-1)

Macrophage migration inhibition factor (MIF)

Nitric oxide

Reprinted from Heard SO, Fink MP. Multiple-organ dysfunction
syndrome. In: Murray MJ, Coursin DB, Pearl RG, et al., eds. Critical
Care Medicine. Perioperative Management. Philadelphia: Lippincott
Williams & Wilkins; 2002, with permission.

tissue trauma, lipopolysaccharide (LPS), and other complex
polysaccharides. The lectin-ficolin pathway is initiated by the
binding of organisms to mannose binding-lectin (MBL), a pro-
tein important in innate immunity (34). Once MBL is bound
to a pathogen, an MBL-associated serine protease is produced,
which forms a C3 convertase by cleavage of C4 and C2. Prod-
ucts of the complement pathway activate neutrophils, which
can obstruct capillaries and release oxygen radicals and lysoso-
mal enzymes—among other mediators, thereby damaging the
endothelium. Furthermore, adhesion molecules, which are ex-
pressed on both polymorphonuclear leukocytes (PMNs) and
vascular endothelium in response to LPS and other inflam-
matory mediators, facilitate the adherence and diapedesis of
PMNs through the endothelium.

A significant amount of evidence exists, suggesting that
complement activation is important in the pathophysiology
of MODS. In an animal model of generalized inflammation
(e.g., with zymosan treatment), C5-deficient mice had a lower
mortality compared to wild-type mice; however, late organ
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FIGURE 54.4. The three complement activation pathways (classic, alternative, and lectin). IgG,
immunoglobulin G; IgM, immunoglobulin M; IgA, immunoglobulin A; CRP, C-reactive protein;
MBL, mannose-binding lectin protein; MASP, MBL-associated proteases; C1-INH, C1-inhibitor; LPS,
lipopolysaccharide; CAM, cell adhesion molecules; MAC, membrane attack complex; PMN, polymor-
phonuclear leukocytes; MCP, monocyte chemoattractant protein; CR1, complement component receptor
1. (Reproduced from Goldfarb RD, Parrillo JE. Complement. Crit Care Med. 2005;33:S482–S484, with
permission.)

failure was not different between the groups (35). An inhibitor
of complement, bisbenzylisoquinoline alkaloid, will decrease
mortality and the percentage of animals with organ injury in
zymosan-treated mice (36). In a rodent model of abdominal
aortic aneurysm rupture, a complement C5a receptor antag-
onist attenuated lung and intestinal permeability indices and
lung myeloperoxidase activity compared to controls (37). Clin-
ically, activation of both complement and neutrophils occurs in
patients with ARDS or burns (38,39), and circulating plasma
levels of C3a correlate with severity of injury and outcome
in patients with multiple trauma (40). Evidence of complement
and neutrophil activation has also been found in bronchoalveo-
lar lavage (BAL) from patients with ARDS(41). Administration
of a C1-inhibitor in patients with severe sepsis and septic shock
reduces neutrophil activation (42) and improves renal func-
tion and SOFA scores compared to untreated control patients
(43).

Reactive oxygen species—superoxide anion, hydrogen per-
oxide, and the hydroxyl radical—are released by activated
PMNs and can injure tissues by damaging DNA, cross-linking
cellular proteins, and causing peroxidation of membrane lipids
(44,45). Lipid peroxidation diminishes membrane fluidity and
increases membrane permeability, thereby impairing cellular
function. The conclusion that toxic oxygen radicals are impor-
tant in the pathophysiology of respiratory dysfunction comes
from clinical studies of patients with ARDS where plasma lev-

els of lipid peroxides are elevated, levels of hydrogen peroxide
are increased in the expiratory condensate (46), and oxida-
tive damage to proteins in BAL fluid is found (47). In addition,
patients with ARDS have reduced levels of oxygen radical scav-
engers (e.g., α-tocopherol, ubiquinone, and glutathione), a sign
of “oxidant stress” (48,49). Despite these data, antioxidant
therapies have not translated into improved outcome for pa-
tients with ARDS or MODS, although such interventions may
increase the number of days “free” of acute lung injury (50) or
mechanical ventilation (51), decrease the incidence of new or-
gan failures (51), and reduce the oxidative stress during septic
shock (52).

The Kallikre in-Kinin Syst e m

The kallikrein-kinin system is part of the contact system, and is
composed of complement, coagulation, and kallikrein-kinins.
Bradykinin, the end product of this cascade, is a potent va-
sodilator and increases vascular permeability. Some of these ef-
fects are mediated by the release of secondary mediators, such
as nitric oxide and eicosinoids. Although some experimental
and clinical data suggest that the kallikrein-kinin system is im-
portant in the pathogenesis of sepsis and MODS, a clinical trial
of a bradykinin receptor antagonist (CP-0127) for the adjuvant
therapy of sepsis failed to alter the 28-day mortality (53).
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FIGURE 54.5. Revised coagulation scheme. Coagulation is initiated
by the extrinsic pathway and amplified by factor VIIa activation of
factor IX, and thrombin activation of factors VIII and XI and platelet
surfaces. (Reproduced from Aird WC. Coagulation. Crit Care Med.
2005;33:S485–S487, with permission.)

The Coag ulat ion Syst e m

LPS and many proinflammatory mediators will activate the
coagulation system (Fig. 54.5). Coagulation in sepsis or in-
flammatory states is initiated primarily by the extrinsic tissue
factor–dependent pathway, as these mediators induce the ex-
pression of tissue factor (TF) on monocytes and endothelial
cells (54). Although these same mediators activate the fibri-
nolytic system, subsequent increases in plasminogen activator
inhibitor-1 (PAI-1) and thrombin-activatable fibrinolysis in-

hibitor (TAFI) effectively suppress fibrinolysis. Important in-
hibitors of coagulation such as antithrombin, tissue factor
pathway inhibitor (TFPI), protein C, protein S, and endothelial-
bound modulators—heparan sulfate and thrombomodulin—
may be down-regulated (54). Consequently, there is a net pro-
coagulant tendency with the potential for the development of
disseminated intravascular coagulation (DIC). DIC can cause
microvascular thrombosis and organ failure, and/or bleeding
from consumption of platelets and clotting factors (55,56). Re-
combinant human activated protein C has been shown to re-
duce the relative risk of death in patients with severe sepsis by
over 19% , at least in part by its inhibition of the coagulation
cascade (57).

Prost ag land ins, Le ukot rie ne s, and
Plat e le t -Act ivat ing Fact or

Prostaglandins (PGs), leukotrienes (LTs), and platelet-
activating factor (PAF) are potent lipid mediators formed by
the stimulation of a membrane-bound enzyme, phospholipase
A2 (PLA2), via a variety of mediators including norepinephrine,
adenosine, bradykinin, PAF, tumor necrosis factor (TNF), and
interleukin (IL)-1β (58). PLA2 catalyzes membrane phospho-
lipids to lyso-PAF and arachidonic acid (Fig. 54.6). Both exper-
imental and clinical studies support the notion that these medi-
ators play a role in the pathophysiology of sepsis and MODS.

Elevated plasma levels of thromboxane B2 (TXB2), the
metabolite of the prostaglandin thromboxane A2 (TXA2), are
observed in animal models of sepsis and are correlated with
organ injury and outcome. Inhibitors of cyclo-oxygenase and
thromboxane synthase abrogate the organ injury and improve
survival. Clinically, elevated plasma levels of TXB2 and PGI2
have been measured in patients with Gram-negative septic
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FIGURE 54.6. The eicosanoid path-
way. PLA2, phospholipase A2; ROI,
reactive oxygen intermediates; COX,
cyclo-oxygenase; LO, lipo-oxygenase;
HETE, hydroxyeicosatetraenoic acid;
LT, leukotriene; TX, thromboxane;
LX, lipoxin; PG, prostaglandin. (Re-
produced from Cook JA. Eicosanoids.
Crit Care Med. 2005;33:S488–S491,
with permission.)
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shock and correlate with the severity of organ failure and
survival. However, clinical trials of nonselective inhibitors of
cyclo-oxygenase (ibuprofen) have failed to show any effect on
survival (59), and a recent trial evaluating the effectiveness of
a selective inhibitor of a group IIA secretory phospholipase
in patients with suspected sepsis and organ failure showed no
survival benefit nor effect on organ dysfunction (60). The anti-
fungal agent, ketoconazole, is an imidazole derivative that in-
hibits thromboxane synthase. Use of ketoconazole in patients
at risk for ARDS prevents the development of ARDS (61,62);
however, once ARDS is established, this agent is ineffective
at reversing the syndrome or improving survival (63). Other
clinical trials evaluating inhibitors of prostaglandin production
have been underpowered to show any effect.

A significant role of leukotrienes in the pathophysiology of
the cardiovascular dysfunction observed in sepsis is unlikely,
since the administration of leukotrienes (LTC4 and LTD4) to
primates and sheep results in increased systemic vascular resis-
tance and depressed cardiac output. However, intratracheal ad-
ministration of these leukotrienes in animals results in a signif-
icant increase in capillary permeability, leading to a pattern of
pulmonary edema not inconsistent with ARDS. Furthermore,
elevated concentrations of LTB4, LTC4, and LTD4 have been
measured in the BAL fluid recovered from patients with ARDS.
Although leukotriene receptor antagonists have improved pul-
monary hemodynamics and oxygenation in experimental sepsis
studies, no clinical trials using these agents for sepsis or ARDS
have been performed.

A large amount of data exists supporting the role of PAF
in the pathogenesis of sepsis and MODS. In vitro, incubation
of macrophages with PAF will lead to an exaggerated release
of TNF and tissue factor by these cells following exposure to
LPS. Conversely, LPS-induced release of TNF by macrophages
is inhibited by PAF receptor antagonists. PAF expression on
the surface of endothelial cells will result in PMN adherence
and activation. In addition, stimulation of PAF receptors on the
endothelium results in changes in cell shape and cytoskeletal
structure. In animal models of endotoxicosis, elevated plasma
levels of PAF have been measured and are associated with many
of the physiologic abnormalities seen in sepsis: myocardial dys-
function, vasodilatation, and microvascular permeability. Infu-
sion of PAF into animals reproduces many of the findings ob-
served in endotoxicosis or sepsis. In animal models of sepsis,
PAF receptor antagonists have had variable effects on outcome;
however, most studies have demonstrated an improvement in
organ function (58). Clinically, depressed plasma levels of PAF
acetylhydrolase (PAF-AH), the enzyme responsible for metab-
olizing PAF, have been observed in critically ill patients and
correlate inversely with organ dysfunction. However, a phase
III trial of recombinant PAF-AH failed to improve outcome or
prevent organ dysfunction (64). A subsequent study of criti-
cally ill patients revealed that plasma levels of PAF-AH were
variable over time and with severity of illness (65). Such a find-
ing provides a partial explanation for the lack of efficacy of
recombinant PAF-AH.

Cyt okine s

Cytokines are small proteins that are secreted by nearly all
nucleated cells and exhibit autocrine, paracrine, or endocrine
activity (66,67); they are generally classified as proinflamma-

tory or anti-inflammatory molecules. This classification, how-
ever, is somewhat arbitrary as an individual cytokine may act
in either a proinflammatory or anti-inflammatory fashion, de-
pending on the underlying biologic process. Proinflammatory
cytokines such as TNF and IL-1 can stimulate the release of
other mediators: PAF, nitric oxide, LTs, and PGs.

TNF assumes an important role in the pathogenesis of hu-
man sepsis, septic shock, and MODS. TNF is directly cyto-
toxic to some cell types and will induce the expression of
adhesion molecules on neutrophils and endothelial cells to pro-
mote the recruitment of these white cells to the site of injury or
infection. Furthermore, endothelial permeability is increased.
Metabolic effects attributable to TNF include activation of the
acute-phase response, fever (along with IL-1), skeletal muscle
catabolism, and increased peripheral lipolysis and hepatic li-
pogenesis (67). When injected into normal volunteers, small
doses of LPS or recombinant TNF will reproduce many of
the metabolic and hemodynamic changes observed in sepsis
(68,69). Similar findings are observed in animal studies, and
treatment with anti-TNF antibodies will prevent many of the
adverse consequences of endotoxic or live Gram-negative bac-
terial shock (70). However, in studies of critically ill patients,
the correlation of plasma TNF levels and outcome is vari-
able (71,72). Such disparate results may be due to timing and
method of the TNF assay, as well as to the acuity, etiology,
or treatment of the patient’s illness, or genetic differences in
patients. Results from multicenter studies of adjuvant therapy
with either anti-TNF antibodies or soluble TNF receptors have
demonstrated that neither passive immunization nor the solu-
ble receptors reduce mortality from sepsis. However, in one
recent trial where patients were stratified according to initial
plasma levels of IL-6 (as a marker of severity of illness), out-
come was improved, and organ dysfunction was ameliorated
with the administration of a monoclonal antibody to TNF (73).

Like TNF, IL-1 has a wide variety of biologic actions and
has been implicated in the pathogenesis of sepsis and MODS
(74). In addition, TNF and IL-1 often act in a synergistic fash-
ion. IL-1 induces the expression of cyclo-oxygenase (COX)-
2 and iNOS expression (75). Furthermore, IL-1 increases the
expression of other cytokines—most notably TNF and IL-6—
chemokines, adhesion molecules, and a number of tissue pro-
teases and matrix metalloproteases (75). IL-1 also stimulates
the release of myeloid progenitor cells, resulting in neutrophilia
(75). Animal models suggest a role for IL-1 in sepsis and
MODS, and the use of IL-1 receptor antagonist (IL-1RA) is ben-
eficial in several human inflammatory diseases (e.g., rheuma-
toid arthritis). However, use of IL-1RA in patients with sepsis
does not reduce mortality nor reverse organ failure (76–78).

Interleukin 6 (IL-6) is another cytokine that has been iden-
tified to be important in the response to infection and devel-
opment of MODS. Small doses of endotoxin administered to
normal volunteers will stimulate the release of IL-6 (79). IL-6
will persist for longer periods of time in the blood than other
cytokines and may serve as an important marker for the out-
come of patients with sepsis or septic shock. Both the IL-6
receptor and the signaling receptor gp130 are required for the
biologic activity of IL-6 to be realized (79). Murine models of
hemorrhagic shock indicate that IL-6 is important in the devel-
opment of gut barrier dysfunction (see below) (79). In addition,
IL-6 may be important in promoting thrombosis during sep-
sis. Passive immunization with an anti–IL-6 antibody reduces
activation of the coagulation cascade in a primate model of
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endotoxicosis but has no effect on the coagulation abnormali-
ties associated with low-dose LPS in humans (80).

IL-8 is a chemotactic cytokine (chemokine) and is expressed
principally by monocytes and macrophages by stimulation with
LPS, bacteria, TNF, and IL-1 (81). IL-8 induces chemotaxis of
inflammatory cells, and its presence at sites of inflammation
may persist for long periods of time (81). That IL-8 is impor-
tant in the development of MODS is demonstrated by the ob-
servation of high IL-8 levels in BAL fluid from patients with
ARDS or pneumonia (82). Although neutralizing IL-8 may re-
duce cardiac ischemia/reperfusion injury in dogs, a reduction
in chemokines increases mortality in animal models of pneu-
monia (81).

High-mobility group box 1 (HMGB1) is a cytokine that
was discovered over 30 years ago, but its importance as an in-
flammatory mediator was appreciated only recently (Fig. 54.7)
(83). HMGB1 is released from a variety of cells in response
to LPS or bacteria, and the response is delayed (84). Expo-
sure of the lung to HMGB1 increases neutrophil accumula-
tion, edema, and other proinflammatory cytokines, whereas
gastrointestinal exposure results in increased gut permeability
and translocation of bacteria to mesenteric lymph nodes (84).
Administration of this cytokine to animals causes death as a re-
sult of epithelial barrier disruption. Treatment of experimental
endotoxicosis or sepsis with antibodies to HMGB1 or HMGB1
antagonists improves survival (83,85). There have been no clin-
ical studies to evaluate the efficacy of anti-HMGB1 therapies
in sepsis or other inflammatory conditions.

Macrophage migration inhibitory factor (MIF) is a cytokine
that is found in macrophages in preformed cytoplasmic pools
(86). It is released rapidly in response to bacterial products and
works to up-regulate and sustain the activation of a variety of
cell types to produce TNF, IL-1, IL-6, and IL-8. The major ac-
tion of MIF may be the regulation of p53-dependent apoptosis.
Anti-MIF therapy in animal models of sepsis is protective (86).
Although MIF appears to be an important mediator of sepsis
and sepsis-induced MODS (87), it does not appear to play a
prominent role in tissue injury resulting from trauma (88).

Nit ric Oxid e

Nitric oxide (NO) is an inorganic free-radical gas, produced
by catalysis of one of the terminal guanidine nitrogens of L-
arginine by the NO synthase (NOS) group of enzymes (89).
Two general classes of NOS have been described: Constitutive
(calcium-dependent) NOS (neuronal and endothelial) and in-
ducible (calcium-independent) NOS (90). The production of
the latter enzyme is induced by LPS, TNF, and a variety of
other inflammatory mediators. A variety of cells and tissues
release NO, including endothelium, vascular smooth muscle,
neutrophils, and mononuclear, glial, mast, hepatic, and adrenal
medullary cells (90). Vasorelaxation, neurotransmission, and
microbicidal activity are some of the important functions that
NO possesses. The role that NO plays in the host is a function
of the rate and timing of its production and the surrounding
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FIGURE 54.7. Inflammatory responses in
various areas of the host that are medicated
by high-mobility group box 1 (HMGB1).
tPA, tissue plasminogen activator; PAI, plas-
minogen activator inhibitor. (Reproduced
from Wang H, Yang H, Tracey KJ. Extra-
cellular role of HMGB1 in inflammation
and sepsis. J Intern Med. 2004;255:320–331,
with permission.)
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environment. Normally, NO acts as a direct signaling molecule
(e.g., vasorelaxation and neurotransmission), and low levels of
NO (produced by constitutive NOS and at times by inducible
NOS) have protective effects (Fig. 54.8) (90). Alternatively, it
may function as an indirect cytotoxic agent and induce intesti-
nal barrier dysfunction.

A significant amount of experimental and clinical evidence
suggests that NO plays an important role in the pathophysiol-
ogy of sepsis and MODS. Inducible NOS and NO production
increase in animals during both endotoxic and hemorrhagic
shock. iNOS-deficient mice are protected from LPS-induced
hypotension, and have a higher survival following endotoxico-
sis (91). NO contributes to TNF-induced cardiac dysfunction
in a concentration-dependent fashion (92). Increased urinary
excretion of NO metabolites (nitrite and nitrate) has been re-
ported in septic patients and correlates inversely with systemic
vascular resistance (SVR) (91).

Excess NO in the presence of superoxide anion results in
the formation of peroxynitrite (ONOO–), a reactive oxidant
that causes lipid peroxidation, inhibits mitochondrial respira-
tion, inactivates glyceraldehyde-3-phosphate dehydrogenase,
inhibits membrane sodium/potassium ATP activity, and trig-
gers DNA single-strand breakage. As mentioned previously,
DNA damage activates the nuclear enzyme, PARP, which can
lead to cellular energy depletion and death (93). Furthermore,
excessive amounts of NO and peroxynitrite can activate the
transcription factor, NFκB, and amplify the inflammatory re-
sponse (94).

The efficacy of inhibitors of NOS in the treatment of sepsis
and MODS is unclear, and the use of some inhibitors may actu-
ally be detrimental. Although hypotension, vascular leak, and
vasopressor requirements can be reduced with the use of non-
specific NOS inhibitors, microcirculatory blood flow can be
altered, resulting in organ injury. Indeed, a large randomized,
prospective trial evaluating the efficacy of the nonspecific NOS
inhibitor, L-N G-monomethylarginine, in patients with septic
shock was stopped early because the death rate was higher in
the intervention group (95).

THE ENDOTHELIUM

The role of the vascular endothelium is to control the flow of
nutrients, blood cells, and a broad array of biologically active
molecules to the tissues; this is achieved via membrane-bound
receptors for a plethora of molecules and through tight junction
proteins and receptors that regulate cell–cell and cell–matrix
relationships (96). Endothelial cell injury may well impair the
delivery of nutrients to tissues and allow the extravasation of
proinflammatory mediators into the interstitial space.

There is a large amount of data supporting the role of an im-
paired endothelium in the development of MODS. Endothelial
cell exposure to LPS will cause anatomic changes including nu-
clear vacuolization, cytoplasmic swelling and fragmentation,
and detachment from the internal elastic lamina (97). In hu-
mans with septic shock, elevated levels of circulating endothe-
lial cells can be detected and correlate with outcome. High
plasma levels of molecules that are expressed on the surface
of endothelial cells (i.e., thrombomodulin [TM], intercellular
adhesion molecule [ICAM]-1, and E-selectin) are observed dur-
ing sepsis and acute lung injury, and are an indirect indication
of endothelial damage (98). Furthermore, this injury appears
to be sustained, as injection of small doses of LPS into human
volunteers will result in high plasma levels of TM that peak at
24 hours and of TF that are still increasing at 48 hours (96).

In the uninjured state, the endothelial cell has important an-
ticoagulant properties. Several heparin-like molecules are ex-
pressed on the surface of the cells to accelerate the inactiva-
tion of serine proteases of coagulation by antithrombin (96).
Thrombomodulin binds thrombin and forms a complex that
activates protein C. However, exposure of the endothelial cells
to inflammatory or septic mediators will shift the endothelial
cells to a procoagulant state by increasing expression of TF and
internalization of TM. Furthermore, the endothelial cell will
have impaired release of tissue plasminogen activator and an
increased release of PAI-1. This procoagulant/antifibrinolytic
state is associated with fibrin deposition, platelet consumption,
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microthrombi, tissue ischemia and necrosis, and an increased
risk of death (99).

Before leukocytes and monocytes can migrate into tissues,
they must adhere to the endothelium. This process is accom-
plished by the local synthesis of PAF and cytokines (IL-1,
IL-8, and TNF), which stimulates the expression of surface
molecules called selectins on leukocytes (L-selectin) and en-
dothelial cells (E-selectin). The interplay between these se-
lectins allows loose binding of the leukocyte to the endothe-
lium. Leukocytes are bound more strongly to the endothelium
by the interaction between the CD11/CD18 complex, which
is expressed on the leukocyte, and the ICAM-1, which is ex-
pressed on the endothelial cell membrane. The role of leuko-
cyte adhesion in the development of MODS is suggested by
several lines of evidence. In animal models of sepsis, endo-
toxicosis, or ischemia/reperfusion, monoclonal antibodies to
the CD11/CD18 integrin or to L-selectin will improve organ
dysfunction (100). Knockout animals lacking either ICAM-1
or E-selectin have improved survival during experimental sep-
sis (101). Clinically, plasma ICAM-1 levels are higher in pa-
tients with septic shock than in healthy controls or patients
with SIRS (98), and the levels correlate with the severity of
shock.

Endothelium-derived relaxation is also impaired in sepsis,
and such alteration may contribute to MODS. Acetylcholine-
induced relaxation of aortic rings obtained from septic ani-
mals is attenuated. In animals with chronically overexpressed
endothelial cell nitric oxide synthase (ecNOS), resistance to
LPS-induced hypotension, lung injury, and death are observed
(96). In normal volunteers, small doses of LPS will also im-
pair endothelium-dependent relaxation for days (102). These
data help explain the observations that reactive forearm hy-
peremia is attenuated in patients with sepsis. In addition, the
importance of intact ecNOS in these patients is supported by
the observation that treatment of patients with septic shock by
nonselective NOS inhibitors is associated with no change or an
increase in mortality compared to untreated patients (95).

EPITHELIAL BARRIER
DYSFUNCTION

Epithelial cells help maintain normal function of organs by
the maintenance of distinct compartments. The tight junctions
between adjacent epithelial cells serve several important func-
tions: (a) differentiation (103) of the cell into apical and baso-
lateral domains, (b) preservation of cellular polarity, (c) gener-
ation of distinct internal environments formed by the epithelial
layer, and (d) providing a semipermeable barrier that regulates
the passive diffusion of solutes between the paracellular path-
way and prevents entry of microbes and toxins (e.g., intestine
and lung) (103).

Data from studies using cultured epithelial monolayers
show that nitric oxide and peroxynitrate, as well as other proin-
flammatory mediators, increase the permeability of the mono-
layer. The mechanism for this increase in permeability is in-
completely understood; however, some data suggest that there
is a decrease in the expression and improper localization of
some of the tight junction proteins. Other investigations have
determined that inhibition of the epithelial cell membrane Na+ -
K+ -ATPase pump by these mediators results in cellular swelling

and an increase in intracellular sodium concentration, which
ultimately impairs the expression and localization of the tight
junction proteins. Data from murine models of endotoxemia
indicate that LPS will decrease the expression and alter the lo-
calization of tight junction proteins in the intestine compared
to control animals (104). Furthermore, these animals will have
increased number of bacteria recovered from regional mesen-
teric lymph nodes. Nitric oxide appears to be important in the
disruption of gut barrier function, as neither intestinal perme-
ability nor bacterial translocation is observed when knockout
mice lacking iNOS are treated with LPS. Similar alterations
in hepatic (105) and pulmonary (106) epithelial barrier func-
tion and tight junction protein expression and localization have
been shown during murine endotoxicosis.

De rang e me nt s in Gut Barrie r Funct ion

Although epithelial barrier function in the intestine may be
altered during sepsis and other inflammatory states, thereby
allowing bacterial translocation to occur, there are other com-
ponents of the gut barrier that will prevent the bacteria or bac-
terial products from gaining access to systemic organs (107).
In addition to alterations in the epithelial barrier described pre-
viously, other clinical conditions that can contribute to altered
gut barrier function include antibiotics, stress ulcer prevention,
hypoalbuminemia, vasoactive agents, and use of hyperosmolar
feeding preparations. The clinical importance of the disrupted
gut barrier function in the pathogenesis of MODS remains ill
defined at this point.

APOPTOSIS
Apoptosis (programmed cell death) is the term used to describe
a specific method by which cells die. The event is a well-defined,
active, and energy-dependent process. There are two primary
pathways involved in apoptosis: The intrinsic (mitochondrial
and endoplasmic reticulum) pathway and the extrinsic (“death
receptor” ) pathway (108). The latter pathway is activated by
receptors such as Fas, with the subsequent activation of two
enzymes, caspase-8 or -10. The intrinsic pathway stimulates
caspase-9 by loss of the mitochondrial membrane potential
and movement of cytochrome c into the cytosol. These ini-
tiator caspases cleave effector caspases (e.g., caspase-3 and -7),
which results in the cleavage of cellular proteins and DNA and,
ultimately, apoptosis (109).

The exact role of apoptosis in the development of MODS
is unclear. In animal models of infection, lymphocyte, en-
dothelial cell, kidney, lung, and skeletal muscle, apoptosis
is increased (110). Data from clinical studies show that up-
regulation of apoptotic pathways is increased in patients with
ARDS (111). Furthermore, widespread apoptosis occurs in
splenic and colonic lymphoid populations in patients who die
from sepsis and MODS (112,113). The effect of apoptosis on
the immune function includes loss of various immune cells and
impairment of immunity by apoptosis-induced immunosup-
pression of the remaining immune cells (114). Therapies di-
rected against these programmed pathways are under intense
investigation and include inhibition of cytochrome c release,
use of RNA interference for gene silencing, and caspase in-
hibitors (114).
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COMPLEX NONLINEAR SYSTEMS
The body may be considered a biologic network that is com-
plex, highly coupled, and nonlinear (115). The host response
to trauma, shock, or sepsis—involving metabolic, neural, en-
docrine, inflammatory, and immune components—is such an
example (116). The behavior of such a system cannot be pre-
dicted with great reliability; however, the system is “attracted”
to specific states or stable configurations: “organized variabil-
ity” (116,117). A large enough perturbation to an organ or
mediator network may have unexpected and significant re-
sults elsewhere in the host and ultimately lead to MODS (118).
In the healthy individual, there is a high degree of heart rate
(beat-to-beat) variability. Several studies have shown a rela-
tionship between loss of heart rate variability and increased
mortality in critically ill patients (119). In fact, normal vol-
unteers injected with small doses of LPS exhibit loss of heart
rate variability (120). Other examples of increased regularity
of rhythms associated with disease include Cheyne-Stokes res-
piration, parkinsonian gait, neutrophil count in chronic myel-
ogenous leukemia, and fever in Hodgkin disease (117). How-
ever, several diseases—acromegaly and Cushing disease—are
associated with increased complexity (117). These data suggest
that health is determined by “distance” from thermodynamic
equilibrium: too much or too little variation (low or high en-
tropy) represents pathologic conditions (117). A causal link
between perturbations in complex systems and outcome re-
mains elusive. However, following variability over time might
allow greater accuracy in patient prognostication or may sug-
gest a medical intervention (121). For example, a low level of
complexity in the temperature curve of critically ill patients
with MODS portends a poor prognosis (122). More research
is needed into nonlinear dynamics to determine its importance
and role in the development of MODS.

GENETIC SUSCEPTIBILITY
Single base variations in DNA—single nucleotide polymor-
phisms (SNPs)—are commonly used to discern genetic differ-
ences among patient populations (123). Approximately 1 in
every 1,000 bases in the human genome is different between
two unrelated individuals (123). Although more than 10 mil-
lion SNPs have been mapped, only 4% of these occur in genes.
By comparing healthy individuals to patients, SNPs involved in
disease can be identified. Indeed, some—but not—all clinical
studies have documented an increased risk of death and organ
dysfunction in patients suffering from sepsis or ARDS and who
are homozygotes for SNPs (124–128). In the future, patients
may be identified in advance as to who should be monitored
more closely or who might be benefit from certain interventions
(e.g., anticytokine therapies) (123).

PREVENTION AND TREATMENT
OF MULTIPLE ORGAN

DYSFUNCTION SYNDROME
Although much progress has been made in our understanding
in the pathogenesis of MODS, our knowledge remains incom-
plete. Consequently, the prevention and treatment of MODS

are nonspecific and include the goals of maintaining adequate
tissue oxygenation, finding and treating infection, providing
adequate nutrition support, minimizing iatrogenic complica-
tions, and when necessary, providing artificial support (e.g.,
dialysis or mechanical ventilation) for individual dysfunctional
organs.

Re suscit at ion

An episode of circulatory shock is probably the most common
event that occurs before the development of MODS. As a result,
timely restoration of intravascular volume and oxygen delivery
is important in preventing or abrogating MODS in high-risk
patients.

Controversy continues regarding the correct fluid for re-
suscitation and the optimal circulating hemoglobin concen-
tration. Crystalloid solutions are efficacious and cheaper than
colloid solutions. In a prospective study of a diverse popu-
lation of critically ill patients comparing the efficacy of nor-
mal saline to albumin for fluid resuscitation, there was no
overall difference in outcome—death, length of stay, or organ
dysfunction—between the two groups (129). Subgroup analy-
sis demonstrated an increased relative risk of death for trauma
patients who received albumin, whereas the relative risk of
death for severe sepsis patients was higher if saline was used
(129). Colloids or hypertonic crystalloid solutions—or colloid/
hypertonic crystalloid mixtures—may have beneficial effects on
the inflammatory response or the development of edema, and
may allow for faster resuscitation (130), but these effects have
not been proven to be of overall value when these solutions are
used clinically.

Assessing the adequacy of tissue oxygenation can often be
difficult. The clinical parameters used most often, including ar-
terial blood pressure, skin color, temperature, urine flow, mixed
venous oxygen saturation, and blood-lactate concentrations,
may be unreliable. Since observational studies have shown that
“supranormal” levels of ḊO 2 (660 mL/minute/m2), VO 2 (170
mL/minute/m2), and cardiac index (4.5 L/minute/m2) are as-
sociated with higher survival rates, some clinicians have advo-
cated resuscitation to such end points in critically ill patients.
Although some studies of patients undergoing high-risk surgery
or suffering from trauma suggest that such an approach may
be of benefit, the majority of studies over the past 15 years
clearly show that resuscitation to these end points in critically
ill patients is of no benefit, or actually worsens outcome. Like-
wise, the use of the pulmonary artery catheter to guide therapy
has not been shown to be of benefit in a large number of stud-
ies (131–133) and pulmonary capillary wedge pressure does
not accurately reflect ventricular volume, even in normal vol-
unteers (134). Less invasive and probably safer monitors have
been developed for monitoring cardiac output that compare
favorably with the accuracy of the thermodilution method.
Use of systolic blood pressure variation, pulse pressure vari-
ation, stroke volume variation, or left ventricular end-diastolic
area (as assessed by transesophageal echocardiography) may
be of greater benefit to guide volume resuscitation than the
use of pulmonary capillary wedge pressure. More recent data
suggest that such aggressive resuscitation in the ICU may be
too late. Early (i.e., in the emergency department before hos-
pital admission), goal-directed therapy can reduce mortality
and organ dysfunction in patients with severe sepsis and septic
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shock (135). Practice parameters for the hemodynamic sup-
port of the patient with sepsis and septic shock have been re-
cently revised and provide useful guidelines for the practitioner
(136).

Other largely experimental approaches that may be of value
for assessing the adequacy of resuscitation include tonomet-
ric determination of subcutaneous tissue PCO 2; monitoring
of conjunctival PO2; use of near-infrared spectroscopy to as-
sess the oxidation state of cytochrome a, a3; sublingual PCO 2
measurements; and tonometric estimation of gastric intramu-
cosal pH (pHi) or PCO 2. The latter two techniques are simple
and “minimally invasive.” Tonometric evidence of gastric mu-
cosal acidosis (or hypercarbia) has been shown to correlate
with both short-term and long-term mortality in critically ill
patients, complications after cardiac surgery, and organ dys-
function in patients with pancreatitis (137,138). Sublingual
hypercarbia has also been shown to be associated with in-
creased mortality in critically ill patients (139). In addition,
prevention of gastric intramucosal acidosis by timely fluid re-
suscitation and inotropic therapy may reduce mortality (140).
However, more recent data have failed to demonstrate the use-
fulness of using gastric intramural pH as a therapeutic end
point for resuscitation (141). Furthermore, the notion that gas-
tric intramucosal acidosis or hypercarbia reflects the hemody-
namics of the entire splanchnic bed has been cast into doubt
(142).

Me chanical Ve nt ilat ion

The method by which patients are mechanically ventilated can
contribute to organ dysfunction. A plethora of experimen-
tal and clinical data indicate that overdistension of the lung
through the use of large tidal volumes will cause lung injury,
stimulate the release of inflammatory mediators, and effect de-
rangements in organs other than the lung (143–145). Use of
small tidal volumes (6 mL/kg) in the care of patients with ALI
and ARDS will decrease mortality and increase ventilator-free
and organ failure–free days (146). It is crucial to note that oxy-
genation cannot be used as a proxy for efficacy of therapy since
patients who are ventilated with small tidal volumes require a
longer period of time before PaO 2 improves.

Cyclic “opening” and “closing” of collapsed airways during
tidal ventilation is also thought to cause lung injury (147). A re-
cent small study of patients with ARDS suggests that the use of
positive end-expiratory pressure (PEEP) above the lower inflec-
tion point of the respiratory system compliance curve reduces
mortality and the number of failed organs compared to con-
trol patients (148). However, this concept has been called into
question by data demonstrating that efforts to improve recruit-
ment of collapsed lung units with high levels of PEEP do not
reduce mortality or duration of mechanical ventilation (149)
and a computed tomography (CT) scan investigation of pa-
tients with ARDS showing that ventilator-induced hyperinfla-
tion rather than cyclic recruitment/derecruitment is associated
with a greater release of pulmonary inflammatory mediators
(150).

Other methods of improving oxygenation in the patient
with ARDS or ALI, such as the recruitment maneuver and
the prone position, have been attempted. However, prospec-
tive randomized studies (151,152) have failed to demonstrate
an outcome benefit to these approaches.

Fluid management is also an important component in the
care of the patient with ARDS or ALI. Recent data show that
a restrictive fluid strategy where cumulative fluid balance is
kept close to zero in these patients improves the oxygenation
index and increases the number of ventilator-free days without
increasing the number of other organ failures (153).

Acut e Re nal Failure

Acute tubular necrosis (ATN) accounts for over 75% of the
cases of acute renal failure (ARF) in the ICU (154), with a mor-
tality rate ranging from 40% to 80% . The most common in-
sult that predisposes ICU patients to ATN is persistent prerenal
azotemia (154). Furthermore, in the critically ill patient, there
is often more than one insult to the kidney: sepsis; exposure to
aminoglycosides, amphotericin B, or radiocontrast agents; and
the administration of nonsteroidal anti-inflammatory agents.
Efforts to minimize these insults to the kidneys should be max-
imized. Timely resuscitation as mentioned previously is very
important to prevent renal ischemia (135,155). If aminoglyco-
sides must be used to treat infection, once-daily dosing (156)
or the use of drug levels to discern pharmacokinetics (157)
appears to reduce the risk of nephrotoxicity. Use of liposo-
mal preparations of amphotericin B reduces the risk of renal
damage (156). If patients are to receive contrast agents, hy-
dration with sodium bicarbonate solutions have been shown
to reduce the risk of subsequent renal dysfunction (158). Al-
though N-acetylcysteine has been purported to reduce the risk
of contrast-induced ARF (159), the observed results may be a
reflection of the activation of creatinine kinase or an increase
in the tubular secretion of creatinine (156). Medications such
as “ low-dose” dopamine or fenoldopam, which increase renal
blood flow or loop diuretics, have no impact on preserving re-
nal function in high-risk patients and should be avoided (156).
The various methods of renal replacement therapy for patients
with established renal failure are beyond the scope of this chap-
ter; the reader is referred to Chapter 161.

De b rid e me nt of Ne crot ic Tissue
and Fract ure St ab ilizat ion

The presence of dead or devitalized tissue appears to predispose
patients to the development of MODS; timely debridement of
dead tissue is an important component in the prevention of
the syndrome. Early surgical fixation of major lower extremity
fractures will result in a lower incidence of ARDS and pneu-
monia. However, “damage control” orthopedics has recently
gained popularity and is a concept whereby fractures are ini-
tially treated with external fixation. Definitive therapy occurs
later when the patient is more stable. The inflammatory re-
sponse appears to be attenuated in these patients, and the inci-
dence of organ dysfunction is no higher compared to patients
undergoing definitive therapy (160).

Infe ct ion

Sepsis is an important cause (or correlate) of MODS. It is
important that the presence of infection is excluded in crit-
ically ill patients with signs of deteriorating organ function.
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Empiric administration of broad-spectrum antibiotics is often
necessary in the patient with suspected infection. Failure to
administer the correct antibiotic(s) (161) in a timely fashion
(162) can increase the risk of death for the patient.

Int ra-ab d ominal Se p sis
Early and adequate drainage of intra-abdominal sepsis is im-
portant to prevent the development of MODS. Some surgeons
have advocated multiple planned reoperations or open packing
for severe cases of intra-abdominal sepsis or necrotizing pan-
creatitis. However, recent retrospective studies have questioned
the utility of the open abdomen for intra-abdominal sepsis ther-
apy because ICU and hospital length of stay and fistula rates
appear higher than in matched controls (163). Randomized,
prospective trials will be needed to determine when the open
approach is optimal; one such trial is under way for patients
with pancreatitis (164). Without clinical or radiologic evidence
of intra-abdominal infection, “blind” laparotomy in the patient
with worsening MODS is unlikely to be fruitful.

Pulmonary Se p sis
Ventilator-associated pneumonia (VAP) can play a role in the
development and course of MODS; this is discussed in more
detail in Chapter 111. Proven preventive measures include non-
invasive positive pressure ventilation, elevation of the head of
the bed (165), continuous subglottic suctioning, weaning pro-
tocols, optimization of sedation with daily “wake-ups” for the
patient (166), and chlorhexidine oral rinse.

Selective digestive decontamination (SDD) is a technique
by which topical nonabsorbable antibacterial and antifungal
agents (usually with a concomitant 3- to 5-day course of sys-
temic antibiotic therapy) are applied to the oropharynx and
proximal bowel in mechanically ventilated patients to reduce
the incidence of nosocomial infections, organ dysfunction, and
mortality. A meta-analysis of 57 randomized controlled trials
demonstrated a favorable effect on bloodstream infections and
mortality (167). Fears concerning the emergence of resistance
organisms do not appear to be well founded. SDD may very
well reduce the incidence and prevalence of colonization with
resistant Gram-negative aerobic bacteria (168). However, the
use of SDD in the United States does not enjoy widespread
popularity for reasons that are unclear.

Cat he t e r-re lat e d Se p sis
Catheter-related bloodstream infections (CRBSIs) may con-
tribute to the development and propagation of MODS. Proven
strategies to reduce the risk of CRBSIs include handwashing
prior to catheter insertion, use of maximum barrier precautions
(cap, mask, sterile gloves and gown, and a large sterile drape
that covers the patient), use of an aqueous chlorhexidine skin
preparation solution, avoiding the femoral site for catheter in-
sertion, and removing catheters when no longer needed (169).
If these measures are ineffective in reducing the risk of infec-
tion, catheters with antiseptic surfaces (170,171) or impreg-
nated with antibiotics (172) or the use of chlorhexidine dress-
ing sponges can reduce the risk of infection.

Ot he r Source s of Se p sis
Many other sources of infection in critically ill patients may
contribute to the development of MODS. These infections are
not always readily apparent, and the practitioner caring for
the patient should remain alert to their presence. Some of

these sources of infection include purulent sinusitis, sup-
purative thrombophlebitis, otitis media, perirectal abscess,
epididymitis, prostatitis, calculous or acalculous cholecys-
titis (173), meningitis or brain abscess (particularly after
instrumentation of the central nervous system), prosthetic
intravascular graft infection, lower or upper urinary tract in-
fection, and endocarditis. Physical examination and appropri-
ate laboratory and radiographic studies should exclude these
conditions.

Nut rit ion Sup p ort

Malnutrition can contribute to the morbidity and mortality
of sepsis and MODS (see Chapter 64). Proteolysis is a promi-
nent finding in sepsis and, although it cannot be suppressed by
infusing amino acids, protein anabolism can be achieved by ap-
propriate nutritional support. Furthermore, catabolism is me-
diated by endogenous catecholamines, and administration of
β -adrenergic blocking agents can reverse the hypermetabolic
response and protein catabolism (174). Early nutritional sup-
port may be beneficial in patients at risk for developing MODS
(175). The consensus among experts is that if nutritional sup-
port is started, enteral feeding is preferable to the parenteral
route in a variety of critically ill patients (176).

Regardless of the route of feeding, overfeeding should be
avoided. The excessive administration of carbohydrates can
alter the respiratory quotient with adverse effects on wean-
ing from mechanical ventilation and affect hepatic metabolic
function, thereby altering drug clearance and inducing hyper-
glycemia. Current guidelines for support of hypermetabolic pa-
tients with sepsis or MODS include a total caloric intake (ex-
clusive of protein) of 20 to 25 kcal/kg/day—2 to 5 g/kg/day of
glucose, plus 0.5 to 1.0 g/kg/day of fat, and 1.2 to 1.5 g/kg/day
of protein. The number of calories needed for a given patient
can be estimated using the Harris-Benedict equation or refined
using indirect calorimetry.

Hyperglycemia can be a difficult problem, even when pa-
tients are not being fed. A strategy using a continuous infusion
of insulin to maintain a range of serum glucose of 80 to 110
mg/dL in surgical patients can reduce mortality and organ dys-
function (e.g., renal failure and critical-illness polyneuropathy)
(177). In medical ICU patients, morbidity, but not mortality, is
reduced with such an intensive insulin regimen (178). Such a
strategy is cost effective, with average savings of over $1,500
per patient (179). Maintenance of normal serum glucose levels
appears to be the factor associated with the favorable outcome
rather than the insulin dose (180).

Sp e cialt y Formulas
A number of enteral nutritional formulas are available that pro-
vide specific nutrients: glutamine, peptides, arginine, omega-3
fatty acids, nucleic acids, and antioxidants (e.g., vitamins E and
C, β -carotene). Arginine is the substrate for NO synthase and
is important in lymphocyte proliferation and wound healing
(181). Omega-3 fatty acids change membrane lipid composi-
tion and can alter the inflammatory response (182). Nucleic
acids assist in the proliferation of lymphocytes and intestinal
crypt cells, as well as DNA and RNA synthesis (181). Several
enteral nutrition formulas are available that include combina-
tions of these additives. The Canadian Critical Care Clinical
Practice Guideline Committee (183) recommends that arginine
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TA BLE 5 4 . 4

SUGGESTED STRATEGIES FOR THE PREVENTION OF MULTIPLE ORGAN
DYSFUNCTION SYNDROME

1. Prevention of hospital-acquired infection
a. Prevention of catheter-related bloodstream infections

– Implementation of educational initiatives
– Use of chlorhexidine solution for skin preparation
– Use of maximum barrier precautions
– Avoidance of the femoral insertion site
– Removing catheter as soon as possible when no longer needed

b. Strict infection control measures and hand hygiene
2. Metabolic control and support

a. Strict glucose control
b. Early enteral nutrition

3. Early and appropriate treatment of infection and trauma
a. Early goal-directed therapy for severe sepsis
b. Early and aggressive resuscitation of trauma victims
c. Prompt eradication of documented sources/foci of infection
d. Early fracture stabilization in multiple trauma
e. Appropriate empiric antibiotic therapy according to consensus guidelines where available

with earliest possible de-escalation of therapy according to culture results
4. Prevention of acute lung injury (ALI), acute respiratory distress syndrome (ARDS), and

ventilator-associated and aspiration pneumonia
a. Elevation of the head of bed to 30 degrees in all patients without spine precautions
b. Stress gastritis prophylaxis according to consensus guidelines
c. Lung protective ventilation strategies in patients with ALI/ARDS
d. Implementation of weaning protocols
e. Daily sedation holidays
f. Chlorhexidine oral rinse
g. Selective decontamination of the digestive tract

5. Prevention of acute renal failure
a. Normal saline administration to prevent contrast-induced nephropathy with the addition

of sodium bicarbonate or N-acetylcysteine as indicated
b. Discontinuation of nephrotoxic drugs whenever possible; consider once-daily dosing

regimens for aminoglycoside antibiotics

and other “select” nutrients not be used for enteral nutrition.
However, in patients with ARDS, a formula supplemented with
fish oil, borage oil, and antioxidants should be used (183).
Although routine use of glutamine is discouraged, in patients
with trauma and burns, enteral glutamine should be considered
(183).

SUMMARY
Standard therapy for patients with MODS includes adequate
cardiovascular resuscitation, identification and timely treat-
ment of infection, early enteral nutrition, “ tight” glucose con-
trol, individualized support for dysfunctional organs, and min-
imizing iatrogenic complications by following clinical practice
guidelines based on evidence-based medicine for mechanical
ventilation and prevention of ventilator-associated pneumo-
nia and catheter-related bloodstream infections (Table 54.4)
(184,185). Development of well-functioning ICU teams helps
facilitate these paradigms of care. Improved outcome may
be realized if patients at high risk for developing the syn-
drome can be identified earlier so that preventive measures
can be instituted when appropriate. Because the pathogene-
sis of MODS involves numerous mediators, it is doubtful that
all patients can be treated with a single agent or mode of
therapy.

PEARLS
■ MODS develops in up to 40% of critically ill patients with-

out a diagnosis of sepsis and up to 70% of those with a
diagnosis of severe sepsis. Mortality attributable to MODS
rises as the number of failing organ systems increases; mor-
tality rates in patients with one, two, or three failing organs
average 30% , 50% , and greater than 70% , respectively, de-
pending on the etiology of MODS and the organ systems
involved.

■ Population-based, but not individual, risks of mor-
tality can be predicted with high degrees of preci-
sion by several severity-of-illness scoring systems and
models.

■ MODS may result from “single-hit” insults such as severe
infection or trauma, or may evolve through several stages,
each having characteristic clinical features.

■ An uncontrolled focus of infection, ongoing perfusion
deficits resulting in diminished tissue ḊO 2, injured or de-
vitalized tissue, and persistent inflammation commonly ini-
tiate and sustain MODS.

■ Fever or hypothermia and leukocytosis are not always the
manifestations of sepsis but may represent systemic inflam-
mation.

■ TNF-α , IL-1, IL-6, IL-8, platelet-activating factor, ROS, and
NO are pivotal early mediators in the host response to
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infection and have multiple pathophysiologic effects rele-
vant to MODS.

■ Inappropriate regulation of the production of cytokines,
eicosanoids, ROS, and NO is thought to be of causal signif-
icance in MODS, as are pathologic neutrophil–endothelial
interactions and cross-talk among elements of the coagula-
tion, complement, and kinin cascades.

■ Alterations in microvascular blood flow play an important
role in the pathogenesis of organ dysfunction in shock. The
surface receptors and mediators associated with these alter-
ations include oxidants, lectins, proteases, vasoactive prod-
ucts of iNOS, and altered adrenergic receptor sensitivity.

■ Clinically occult dysfunction of the gastrointestinal (GI) mu-
cosal barrier in the ICU is common because of splanchnic
ischemia from shock, and may result in endogenous endo-
toxemia and bacterial translocation.

■ Neutrophil- and ROS-mediated intestinal I/R injury in
the postresuscitation period is a potential mechanism of re-
mote organ damage. This may lead to a domino-like se-
quence of organ failures.

■ The liver plays a pivotal but clinically inapparent role in sys-
temic host defense through four mechanisms. First, mononu-
clear phagocytic (Kupffer) cell uptake processes control the
magnitude and circulating half-life of endotoxin, bacteria,
and vasoactive by-products. Second, production and ex-
port of TNF-α with other mediators directly modulate lung
function and cardiovascular stability. Third, hepatobiliary
clearance is important in the metabolic inactivation and
detoxification of such mediators. Fourth, the synthesis
of acute-phase reactants regulates several key aspects of
metabolism and inflammation.

■ Reductions in total hepatic blood flow (Q̇L) and ḊO 2, or
its partitioning between portal venous and hepatic arterial
flows, may alter the aforementioned mechanisms, thereby
influencing systemic immunoregulation.

■ Signs of established MODSare manifested differently in each
organ (e.g., ARDS, ARF), yet such changes often reflect gen-
eralized endothelial injury and inflammation.

■ Diverse medical conditions may mimic sepsis-related MODS
and should be excluded when appropriate. These include
connective tissue diseases, intoxications, and neoplasms.

■ Typical metabolic responses in MODS include hyper-
glycemia from insulin resistance, accelerated Cori cycle ac-
tivity, and hepatic glucose release from gluconeogenesis and
glycogenolysis. Hypertriglyceridemia results from TNF-α–
related reductions in lipoprotein lipase activity. Hepatic li-
pogenesis is enhanced, increasing the respiratory quotient
and minute ventilation. Marked protein catabolism from
cytokine-mediated muscle proteolysis and urinary nitrogen
wasting is typical.

■ Early rapid resuscitation from shock, irrespective of its
etiology, attenuates injury to regional organs and may de-
crease the incidence of MODS.

■ Goal-oriented hemodynamic therapy should be initiated
early (within 6 hours) after presentation and target values
achieved within 12 to 24 hours.
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CHAPTER 55 ■ SHOCK: GENERAL
S. ROB TODD r KRISTA L. TURNER r FREDERICK A. MOORE

HISTORY
Despite significant technologic advances and the improved un-
derstanding of shock, it remains a diagnosis associated with sig-
nificant morbidity and mortality. Hippocrates and Galen were
the first to describe a “posttraumatic syndrome.” Then in 1737,
LeDran, a French surgeon, used the term choc to characterize
a severe impact or jolt (1). However, it was not until 1867 that
Edwin Morris popularized the term (2). He defined shock as
“a peculiar effect on the animal system, produced by violent
injuries from any cause, or from violent mental emotions.”

In the late 1800s, Fischer and Maphoter further delin-
eated the pathophysiology of shock (3,4). Fischer proposed
a generalized “vasomotor paralysis” resulting in splanchnic
blood pooling as the underlying mechanism of shock, while
Maphoter suggested that the clinical manifestations appreci-
ated in shock were the result of the extravascular leakage of
fluids. A variation of Fischer’s theory was supported by Crile in
1899 (5).

In the early 1900s, Walter B. Cannon proposed a toxin as
the source of this altered capillary permeability and intravas-
cular volume loss (6). Blalock challenged this theory in 1930
(7). He charged that significant hemorrhage alone could ac-
count for insufficient cardiac output in shock states and that
it wasn’t the result of circulating toxins. Then in the 1940s,
Carl Wiggers demonstrated that following prolonged shock,
irreversible circulatory failure could occur (8). At that time,
hypotension was synonymous with shock, and blood pres-
sure was the primary end point of resuscitation in shock.
As such, volume resuscitation was the primary management
strategy.

It wasn’t until the turn of the 19th century that sources other
than trauma were thought to cause shock. Sepsis was first de-
picted as causing shock during the Spanish American War (9).
This was followed in 1906 with the description of anaphylactic
shock. And subsequently in 1935, Tennant and Wiggers docu-
mented decreased myocardial contractility following coronary
perfusion deprivation (10).

DEFINITION OF SHOCK
The definition of shock has historically been a moving target.
Initially equated with hypotension, this is no longer the case
(11,12). Shock is defined as an acute clinical syndrome result-
ing when cellular dysoxia occurs, ultimately leading to organ
dysfunction and failure (13). Cellular dysoxia or inadequate
tissue perfusion is critical in diagnosing shock, as there are

many other causes of organ dysfunction and failure that are
not resultant from shock.

Note the emphasis on shock as a syndrome, as this con-
stellation of signs and symptoms predictably follows a well-
described series of pathophysiologic events (14). Its clinical
presentation varies widely based on the underlying etiology,
the degree of organ perfusion, and prior organ dysfunction.

CLASSIFICATION OF SHOCK
The incidence and prevalence of shock are poorly characterized
for a multitude of reasons. First and foremost, the definition
of shock continues to lack consensus. As such, the screening
for shock tends to be inadequate, and thus it is underreported.
Additionally, patients presumably die in the prehospital setting.
Taking these facts into account, one can readily appreciate why
the reported incidence and mortality of shock varies widely.

In 1937, Blalock classified shock (15). He defined four cate-
gories: hematogenic or oligemic (hypovolemic), cardiogenic,
neurogenic, and vasogenic. Subsequently, Weil and Shubin
characterized shock based on cardiovascular parameters (16).
The categories included hypovolemic, cardiogenic, extracar-
diac obstructive, and distributive. Table 55.1 represents an
adaptation of this system (17). It is important to appreciate that
most shock states incorporate different components of each of
the aforementioned shock categories.

Hyp ovole mic Shock

Hypovolemic shock represents a state of decreased intravascu-
lar volume. Inciting events include internal or external hem-
orrhage, significant fluid losses from the gastrointestinal tract
(emesis, high-output fistulae, or diarrhea) or urinary tract (hy-
perosmolar states), and “ third spacing” (“capillary leakage”
into the interstitial tissues or the corporeal cavities) (Table
55.1). Additional etiologies include malnutrition and large
open wounds (burns and the open abdomen) (16,18).

The pathophysiology of shock is dependent upon its classifi-
cation. Hypovolemic shock is characterized by a decrease in in-
travascular volume with resultant decreases in pulmonary cap-
illary wedge pressure and cardiac output (Table 55.2). There
is a subsequent increased sympathetic drive in an attempt to
increase peripheral vasculature tone, cardiac contractility, and
heart rate. These initially beneficial measures ultimately turn
detrimental, as their resultant hypermetabolic state predisposes
tissues to localized hypoxia (14). Furthermore, the aforemen-
tioned increased peripheral vascular tone may result in tissue
ischemia via an inconsistent microcirculatory flow. In cases of
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TA BLE 5 5 . 1

SHOCK CLASSIFICATIONS

HYPOVOLEMIC
Hemorrhagic
–Trauma, gastrointestinal, retroperitoneal
N onhemorrhagic
–Dehydration, emesis, diarrhea, fistulae, burns, polyuria,

“ third spacing,” malnutrition, large open wounds

CARDIOGENIC
Myocardial
–Infarction, contusion, myocarditis, cardiomyopathies,

pharmacologic
Mechanical
–Valvular failure, ventricular septal defect, ventricular wall

defects
Arrhythmias

OBSTRUCTIVE
Impairment of diastolic filling
–Intrathoracic obstructive tumors, tension pneumothorax,

positive-pressure mechanical ventilation, constrictive
pericarditis, pericardial tamponade

Impairment of systolic contraction
–Pulmonary embolism, acute pulmonary hypertension, air

embolism, tumors, aortic dissection, aortic coarctation

DISTRIBUTIVE
–Septic, anaphylactic, neurogenic, pharmacologic,

endocrinologic

From Jimenez EJ. Shock. In: Civetta JM, Taylor RW, Kirby RR, eds.
Critical Care. 3rd ed. Philadelphia: Lippincott–Raven Publishers;
1997:359; and Kumar A, Parrillo JE. Shock: classification,
pathophysiology, and approach to management. In: Parrillo JE,
Dellinger RP, eds. Critical Care Medicine. 2nd ed. St. Louis: Mosby,
Inc.; 2002:371.

severe hypovolemic shock, a significant inflammatory compo-
nent coexists.

Card iog e nic Shock

Cardiogenic shock is defined as inadequate tissue perfusion
due to primary ventricular failure. Its incidence has remained
fairly stable, and ranges from 6% to 8% (19–23). In the United
States, it is the most common cause of mortality from coronary
artery disease (19). Despite medical advances, it remains the
number one cause of in-hospital mortality in patients experi-
encing a transmural myocardial infarction, with rates ranging
between 70% and 90% (21,24). Other causes include my-
ocarditis, cardiomyopathies, valvular diseases, and arrhyth-
mias (Table 55.1).

The most common inciting event in cardiogenic shock is
an acute myocardial infarction. Historically, once 40% of the
myocardium has been irreversibly damaged, cardiogenic shock
may result. From a mechanical perspective, decreased cardiac
contractility diminishes both stroke volume and cardiac output
(Table 55.2). These lead to increased ventricular filling pres-
sures, cardiac chamber dilatation, and ultimately univentricu-
lar or biventricular failure with resultant systemic hypotension.
This further reduces myocardial perfusion and exacerbates on-
going ischemia. The end result is a vicious cycle with severe car-
diovascular decompensation. Similar to hypovolemic shock, a
significant systemic inflammatory response has been implicated
in the pathophysiology of cardiogenic shock.

Ob st ruct ive Shock

In obstructive shock, external forces compress the thin-walled
chambers of the heart, the great vessels, or any combination
thereof. These forces impair either the diastolic filling or the
systolic contraction of the heart (Table 55.1). Large obstructive
intrathoracic tumors, tension pneumothoraces, pericardial

TA BLE 5 5 . 2

SHOCK HEMODYNAMIC PARAMETERS

CVP PCWP CO SVR SvO2

Hypovolemic ↓↓ ↓↓ ↓↓ ↑ ↓

Cardiogenic
Left ventricular myocardial infarction Nl or ↑ ↑ ↓↓ ↑ ↓
Right ventricular myocardial infarction ↑↑ Nl or ↑ ↓↓ ↑ ↓

Obstructive
Pericardial tamponade ↑↑ ↑↑ ↓ or ↓↓ ↑ ↓
Massive pulmonary embolism ↑↑ Nl or ↓ ↓↓ ↑ ↓

Distributive
Early Nl or ↑ Nl ↓ or Nl or ↑ ↑ or Nl or ↓ Nl or ↓
Early after fluid administration Nl or ↑ Nl or ↑ ↑ ↓ ↑ or Nl or ↓
Late Nl Nl ↓ ↑ ↑ or ↓

CVP, central venous pressure; PCWP, pulmonary capillary wedge pressure; CO, cardiac output; SVR, systemic vascular resistance; SvO 2, mixed venous
oxygen saturation; Nl, normal.
From Jimenez EJ. Shock. In: Civetta JM, Taylor RW, Kirby RR, eds. Critical Care. 3rd ed. Philadelphia: Lippincott–Raven Publishers; 1997:359; and
Kumar A, Parrillo JE. Shock: classification, pathophysiology, and approach to management. In: Parrillo JE, Dellinger RP, eds. Critical Care Medicine.
2nd ed. St. Louis: Mosby, Inc.; 2002:371.
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tamponade, and constrictive pericarditis limit ventricular fill-
ing, while pulmonary emboli and aortic dissection impede car-
diac contractility.

The hemodynamic parameters witnessed in obstructive
shock include increases in central venous pressure and systemic
vascular resistance and decreases in cardiac output and mixed
venous oxygen saturation (Table 55.2). The pulmonary capil-
lary wedge pressure and other hemodynamic indices are depen-
dent on the obstructive cause. In pericardial tamponade, there
is equalization of the right and left ventricular diastolic pres-
sures, the central venous pressure, and the pulmonary capillary
wedge pressure (increased). However, following a massive pul-
monary embolus, right ventricular failure leads to increased
right heart pressures and a normal or decreased pulmonary
capillary wedge pressure.

Dist rib ut ive Shock

Distributive shock is characterized by a decrease in peripheral
vascular tone. Septic shock is the most common form. Addi-
tionally, distributive shock includes the other oft-quoted classes
of shock including anaphylactic, neurogenic, and adrenal shock
(Table 55.1).

Physiologically, all forms of distributive shock exhibit a de-
creased systemic vascular resistance (Table 55.2). Subsequently,
these patients experience a relative hypovolemia as evidenced
by a decreased (or normal) central venous pressure and pul-
monary capillary wedge pressure. The cardiac output is initially
diminished; however, following appropriate volume loading,
the cardiac output is increased.

CELLULAR ALTERATIONS
All forms of shock, especially hemorrhagic and septic, induce
a host response that is characterized by local and systemic re-
lease of proinflammatory cytokines, arachidonic acid metabo-
lites, and activation of complement factors, kinins, and coag-
ulation as well as hormonal mediators. Clinically, this is the
systemic inflammatory response syndrome. Paralleling the sys-
temic inflammatory response syndrome is an anti-inflammatory
response referred to as the compensatory anti-inflammatory re-
sponse syndrome. An imbalance between these responses ap-
pears to be responsible for increased susceptibility to infection
and organ dysfunction (25–29).

Syst e mic Inflammat ory
Re sp onse Synd rome

In 1991, a consensus conference of the American College of
Chest Physicians and the American Society of Critical Care
Medicine defined systemic inflammatory response syndrome
(SIRS) as a generalized inflammatory response triggered by a
variety of infectious and noninfectious events (30). They ar-
bitrarily established clinical parameters through a process of
consensus. Table 55.3 summarizes the diagnostic criteria for
systemic inflammatory response syndrome. At least two of the
four criteria must be present to fulfill the diagnosis of systemic
inflammatory response syndrome. Note, this definition empha-
sizes the inflammatory process regardless of its etiology. Sub-

TA BLE 5 5 . 3

CLINICAL PARAMETERS OF THE SYSTEMIC
INFLAMMATORY RESPONSE SYNDROME

1. Heart rate > 90 beats/min
2. Respiratory rate > 20 breaths/min, or Paco 2 < 32 mm Hg
3. Temperature > 38◦C or < 36◦C
4. Leukocytes > 12,000/mm3 or < 4,000/mm3 or ≥ 10%

juvenile neutrophil granulocytes

Paco 2 , arterial co 2 partial pressure.

sequent studies have validated these criteria as predictive of
increased intensive care unit mortality, and indicated that this
risk increases concurrent with the number of criteria present.

The systemic inflammatory response syndrome is character-
ized by the local and systemic production and release of multi-
ple mediators, including proinflammatory cytokines, comple-
ment factors, proteins of the contact phase and coagulation
system, acute phase proteins, neuroendocrine mediators, and
an accumulation of immunocompetent cells at the local site of
tissue damage (31).

Comp e nsat ory Ant i-inflammat ory
Re sp onse Synd rome

Shock stimulates not only the release of proinflammatory me-
diators, but also the parallel release of anti-inflammatory me-
diators (26). This compensatory anti-inflammatory response is
present concurrently with systemic inflammatory response syn-
drome (Fig. 55.1) (32). When these two opposing responses
are appropriately balanced, the patient is able to effectively
recover without incurring secondary injury from the autoim-
mune inflammatory response (25). However, overwhelming
compensatory anti-inflammatory response syndrome appears
responsible for postshock immunosuppression, which leads to
increased susceptibility to infections and sepsis (26,31,33).
With time, the systemic inflammatory response syndrome
ceases to exist and the compensatory anti-inflammatory re-
sponse syndrome is the predominant force.

Cyt okine Re sp onse

Proinflammatory cytokines, tumor necrosis factor-α (TNF-
α), and interleukin-1β (IL-1β ) are key to the resultant in-
flammation (34,35). Secondary proinflammatory cytokines are
released in a subacute fashion and include IL-2, IL-6, IL-
8, platelet-activating factor (PAF), interferon-γ , endothelin-1,
leukotrienes, thromboxanes, prostaglandins, and the comple-
ment cascade (34,36).

Interleukin-6 also acts as an immunoregulatory cytokine by
stimulating the release of anti-inflammatory mediators such as
IL-1 receptor antagonists and TNF receptors, which bind cir-
culating proinflammatory cytokines (35). IL-6 also triggers the
release of prostaglandin E2 (PGE2) from macrophages (35).
Prostaglandin E2 is potentially the most potent endogenous
immunosuppressant (35). Not only does it suppress T-cell and
macrophage responsiveness, but it also induces the release of
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FIGURE 55.1. Postinjury multiple organ failure oc-
curs as a result of a dysfunctional inflammatory
response. SIRS, systemic inflammatory response syn-
drome; MOF, multiple organ failure; CARS, compen-
satory anti-inflammatory response syndrome.

IL-10, a potent anti-inflammatory cytokine that deactivates
monocytes (35). A listing of pro- and anti-inflammatory medi-
ators may be found in Tables 55.4 and 55.5.

Ce ll-me d iat e d Re sp onse

Shock alters the ability of splenic, peritoneal, and alveolar
macrophages to release IL-1, IL-6, and TNF-α , leading to

TA BLE 5 5 . 4

PROINFLAMMATORY MEDIATORS

Mediator Action

IL-1 IL-1 is pleiotropic. Locally, it stimulates cytokine
and cytokine receptor production by T cells as
well as stimulating B-cell proliferation.
Systemically, IL-1 modulates endocrine
responses and induces the acute phase
response.

IL-6 IL-6 induces acute phase reactants in hepatocytes
and plays an essential role in the final
differentiation of B cells into Ig-secreting cells.
Additionally, IL-6 has anti-inflammatory
properties.

IL-8 IL-8 is one of the major mediators of the
inflammatory response. It functions as a
chemoattractant and is also a potent
angiogenic factor.

IL-12 IL-12 regulates the differentiation of naive T
cells into TH 1 cells. It stimulates the growth
and function of T cells and alters the normal
cycle of apoptotic cell death.

TNF-α TNF-α is pleiotropic. TNF-α and IL-1 act alone
or together to induce systemic inflammation as
above. TNF-α is also chemotactic for
neutrophils and monocytes, as well as
increasing neutrophil activity.

MIF MIF forms a crucial link between the immune
and neuroendocrine systems. It acts
systemically to enhance the secretion of IL-1
and TNF-α .

IL, interleukin; Ig, immunoglobulin; TNF, tumor necrosis factor; MIF,
migration inhibitory factor.

TA BLE 5 5 . 5

ANTI-INFLAMMATORY MEDIATORS

Mediator Action

IL-4 IL-4, IL-3, IL-5, IL-13, and CSF2 form a cytokine
gene cluster on chromosome 5q, with this gene
particularly close to IL-13.

IL-10 IL-10 has pleiotropic effects in
immunoregulation and inflammation. It
down-regulates the expression of TH 1
cytokines, MHC class II antigens, and
costimulatory molecules on macrophages. It
also enhances B-cell survival, proliferation,
and antibody production. In addition, it can
block NF-κB activity, and is involved in the
regulation of the JAK-STAT signaling
pathway.

IL-11 IL-11 stimulates the T-cell–dependent
development of immunoglobulin-producing
B cells. It is also found to support the
proliferation of hematopoietic stem cells and
megakaryocyte progenitor cells.

IL-13 IL-13 is involved in several stages of B-cell
maturation and differentiation. It up-regulates
CD23 and MHC class II expression, and
promotes IgE isotype switching of B cells. It
down-regulates macrophage activity, thereby
inhibiting the production of proinflammatory
cytokines and chemokines.

IFN-α IFN-α enhances and modifies the immune
response.

TGF-β TGF-β regulates the proliferation and
differentiation of cells, wound healing, and
angiogenesis.

α-MSH α-MSH modulates inflammation by way of three
mechanisms: direct action on peripheral
inflammatory cells; actions on brain
inflammatory cells to modulate local reactions;
and indirect activation of descending neural
anti-inflammatory pathways that control
peripheral tissue inflammation.

IL, interleukin; CSF, colony-stimulating factor; TH , T helper; MHC,
major histocompatibility complex; Ig, immunoglobulin; IFN,
interferon; TGF, transforming growth factor; MSH, melanocyte-
stimulating hormone.
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decreased levels of these proinflammatory cytokines (35).
Kupffer cells, however, have an enhanced capacity for pro-
duction of proinflammatory cytokines. Cell-mediated immu-
nity requires not only functional macrophage and T cells,
but also intact macrophage–T-cell interaction (35). Follow-
ing injury, human leukocyte antigen (HLA-DR) receptor ex-
pression is decreased, leading to a loss of antigen-presenting
capacity and decreased TNF-α production. Prostaglandin E2,
IL-10, and TGF-β all contribute to this “ immunoparalysis”
(25,35).

T helper cells differentiate into either TH 1 or TH 2 lym-
phocytes. TH 1 cells promote the proinflammatory cascade
through the release of IL-2, interferon-γ (IFN-γ ), and TNF-β ,
while TH 2 cells produce anti-inflammatory mediators (25,35).
Monocytes/macrophages, through the release of IL-12, stim-
ulate the differentiation of T-helper cells into TH 1 cells (35).
Because IL-12 production is depressed following trauma, there
is a shift toward TH 2, which has been associated with an ad-
verse clinical outcome (25,35).

Adherence of the leukocyte to endothelial cells is mediated
through the up-regulation of adhesion molecules. Selectins such
as leukocyte adhesion molecule-1 (LAM-1), endothelial leuko-
cyte adhesion molecule-1 (ELAM-1), and P-selectin are respon-
sible for polymorphonuclear leukocytes (PMNLs) “rolling”
(25,37). Up-regulation of integrins such as the CD11/18 com-
plexes or intercellular adhesion molecule-1 (ICAM-1) is re-
sponsible for PMNL attachment to the endothelium (25).
Migration, accumulation, and activation of the PMNLs are
mediated by chemoattractants such as chemokines and comple-
ment anaphylotoxins (25). Colony-stimulating factors (CSFs)
likewise stimulate monocyte- or granulocytopoiesis and reduce
apoptosis of PMNLs during SIRS. Neutrophil apoptosis is fur-
ther reduced by other proinflammatory mediators, thus result-
ing in PMNL accumulation at the site of local tissue destruction
(25).

Le ukocyt e Re cruit me nt

Proinflammatory cytokines enhance PMNL recruitment,
phagocytic activity, and the release of proteases and oxygen-
free radicals by PMNLs. This recruitment of leukocytes repre-
sents a key element for host defense following trauma, although
it allows for the development of secondary tissue damage (38–
41). It involves a complex cascade of events culminating in
transmigration of the leukocyte, whereby the cell exerts its
effects (42). The first step is capture and tethering, mediated
via constitutively expressed leukocyte selectin denoted L se-
lectin. L selectin functions by identifying glycoprotein ligands
on leukocytes and those up-regulated on cytokine-activated en-
dothelium (42).

Following capture and tethering, endothelial E selectin and
P selectin assist in leukocyte rolling or slowing (37,43–48). P
selectin is found in the membranes of endothelial storage gran-
ules (Weibel-Palade bodies) (45). Following granule secretion,
P selectin binds to carbohydrates presented by P selectin glyco-
protein ligand (PSGL-1) on the leukocytes (25). In contrast, E
selectin is not stored, yet it is synthesized de novo in the pres-
ence of inflammatory cytokines (43,44). These selectins cause
the leukocytes to roll along the activated endothelium, whereby
secondary capturing of leukocytes occurs via homotypic inter-
actions.

The third step in leukocyte recruitment is firm adhesion,
which is mediated by membrane-expressed β 1- and β 2-integrins
(49–51). The integrins bind to ICAM, resulting in cell–cell in-
teractions and ultimately signal transduction. This step is crit-
ical to the formation of stable shear-resistant adhesion, which
stabilizes the leukocyte for transmigration (49–51).

Transmigration is the final step in leukocyte recruitment fol-
lowing the formation of bonds between the aforementioned
integrins and immunoglobulin (Ig)-superfamily members (42).
The arrested leukocytes cross the endothelial layer via bicel-
lular and tricellular endothelial junctions in a process coined
diapedesis (52). This is mediated by platelet-endothelial cell
adhesion molecules (PECAMs), proteins expressed on both the
leukocytes and intercellular junctions of endothelial cells (42).

Pro t e ase s and Re act ive Oxyg e n Sp e cie s

Polymorphonuclear lymphocytes and macrophages are not
only responsible for phagocytosis of micro-organisms and cel-
lular debris, but can also cause secondary tissue and organ
damage through degranulation and release of extracellular pro-
teases and formation of reactive oxygen species or respiratory
burst (25,39,40,41,53–55). Elastases and metalloproteinases,
which degrade both structural and extracellular matrix pro-
teins, are present in increased concentrations following trauma
(25). Neutrophil elastases also induce the release of proinflam-
matory cytokines (25).

Reactive oxygen species are generated by membrane-
associated nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidase, which is activated by proinflammatory cy-
tokines, arachidonic acid metabolites, complement factors, and
bacterial products (56,57). Superoxide anions are reduced in
the Haber-Weiss reaction to hydrogen peroxide by superox-
ide dismutase located in the cytosol, mitochondria, and cell
membrane (25). Hydrochloric acid is formed from H 2O 2 by
myeloperoxidase, while the Fenton reaction transforms H2O 2
into hydroxyl ions (25). These free reactive oxygen species
cause lipid peroxidation, cell membrane disintegration, and
DNA damage of endothelial and parenchymal cells (58–60).
Oxygen radicals also induce PMNLs to release proteases and
collagenase as well as inactivating protease inhibitors (61).

Reactive nitrogen species cause additional tissue damage
following trauma (62). Nitric oxide (NO) is generated from L-
arginine by inducible nitric oxide synthase (iNOS) in PMNLs or
vascular muscle cells and by endothelial nitric oxide synthase
in endothelial cells (62). Nitric oxide induces vasodilatation
(25). Inducible nitric oxide synthase is stimulated by cytokines
and toxins, whereas endothelial nitric oxide synthase (eNOS)
is stimulated by mechanical shearing forces (62,63). Damage
by reactive oxygen and nitrogen species leads to generalized
edema and the capillary leak syndrome (62).

Comp le me nt , Kinins, and Coag ulat ion

The complement cascade, kallikrein-kinin system, and coagu-
lation cascade are intimately involved in the immune response
to shock. They are activated through proinflammatory medi-
ators, endogenous endotoxins, and tissue damage. The clas-
sic pathway of complement is normally activated by antigen–
antibody complexes (Ig M or G) or activated coagulation
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factor XII (FXII), while the alternative pathway is activated by
bacterial products such as lipopolysaccharide (64–66). Com-
plement activation following trauma is most likely from the
release of proteolytic enzymes, disruption of the endothelial
lining, and tissue ischemia. The degree of complement activa-
tion correlates with the severity of injury. The cleavage of C3
and C5 by their respective convertases results in the forma-
tion of opsonins, anaphylotoxins, and the membrane attack
complex (MAC) (64–66). The opsonins C3b and C4b enhance
phagocytosis of cell debris and bacteria by means of opsoniza-
tion (64,65). The anaphylotoxins C3a and C5a support inflam-
mation via the recruitment and activation of phagocytic cells
(i.e., monocytes, polymorphonuclear cells, and macrophages),
enhancement of the hepatic acute phase reaction, and release
of vasoactive mediators (i.e., histamine) (52,65). They also en-
hance the adhesion of leukocytes to endothelial cells, which
results in increased vascular permeability and edema. C5a in-
duces apoptosis and cell lysis through the interaction of its
receptor and the MAC (52,65,66). Additionally, C3a and C5a
activate reparative mechanisms (65). C1 inhibitor inactivates
C1s and C1r, thereby regulating the classic complement path-
way. However, during inflammation, serum levels of C1 in-
hibitor are decreased via its degradation by PMNL elastases
(65).

The plasma kallikrein-kinin system is a contact system of
plasma proteases related to the complement and coagulation
cascades. It consists of the plasma proteins FXII, prekallikrein,
kininogen, and factor XI (FXI) (67). The activation of FXII
and prekallikrein is via contact activation when endothelial
damage occurs exposing the basement membrane (67). Fac-
tor XII activation forms factor XIIa (FXIIa), which initiates
the complement cascade through the classic pathway, whereas
prekallikrein activation forms kallikrein, which stimulates fib-
rinolysis through the conversion of plasminogen to plasmin
or the activation of urokinaselike plasminogen activator (uPA)
(67). Tissue plasminogen activator (tPA) functions as a cofac-
tor. Additionally, kallikrein supports the conversion of kinino-
gen to bradykinin (67). The formation of bradykinin also oc-
curs through the activation of the tissue kallikrein-kinin system,
most likely through organ damage as the tissue kallikrein-kinin
system is found in many organs and tissues including the pan-
creas, kidney, intestine, and salivary glands. The kinins are po-
tent vasodilators. They also increase vascular permeability and
inhibit the function of platelets (67).

The intrinsic coagulation cascade is linked to the contact ac-
tivation system via the formation of factor IXa (FIXa) from fac-
tor XIa (FXIa). Its formation leads to the consumption of FXII,
prekallikrein, and FXI while plasma levels of enzyme–inhibitor
complexes are increased (25). These include FXIIa-C1 inhibitor
and kallikrein-C1 inhibitor. C1 inhibitor and α1-protease in-
hibitor are both inhibitors of the intrinsic coagulation pathway
(68,69).

Although the intrinsic pathway provides a stimulus for ac-
tivation of the coagulation cascade, the major activation fol-
lowing trauma is via the extrinsic pathway. Increased expres-
sion of tissue factor (TF) on endothelial cells and monocytes
is induced by the proinflammatory cytokines TNF-α and IL-
1β (69–71). The factor VII (FVII)–TF complex stimulates the
formation of factor Xa (FXa) and ultimately thrombin (FIIa)
(25). Thrombin-activated factor V (FV), factor VIII (FVIII),
and FXI result in enhanced thrombin formation (25). Follow-
ing cleavage of fibrinogen by thrombin, the fibrin monomers

polymerize to form stable fibrin clots. The consumption of co-
agulation factors is controlled by the hepatocytic formation of
antithrombin (AT) III (25). The thrombin–antithrombin com-
plex inhibits thrombin, FIXa, FXa, FXIa, and FXIIa (72). Other
inhibitors include TF pathway inhibitor (TFPI) and activated
protein C in combination with free protein S (72). Free protein
S is decreased during inflammation due to its binding with the
C4b binding protein (68,72).

Disseminated intravascular coagulation (DIC) may occur
following shock. After the initial phase, intra- and extravas-
cular fibrin clots are observed. Hypoxia-induced cellular dam-
age is the ultimate result of intravascular fibrin clots. Likewise,
there is an increase in the interactions between endothelial cells
and leukocytes (68–70,73). Clinically, coagulation factor con-
sumption and platelet dysfunction are responsible for the dif-
fuse hemorrhage (68,71). Consumption of coagulation factors
is further enhanced via the proteolysis of fibrin clots to fibrin
fragments (68,71). The consumption of coagulation factors is
further enhanced through the proteolysis of fibrin clots to fibrin
fragments by the protease plasmin (25,69,74).

Acut e Phase Re act ion

The acute phase reaction describes the early systemic response
following shock and other insult states. During this phase, the
biosynthetic profile of the liver is significantly altered. Under
normal circumstances, the liver synthesizes a range of plasma
proteins at steady-state concentrations. However, during the
acute phase reaction, hepatocytes increase the synthesis of pos-
itive acute phase proteins (i.e., C-reactive protein [CRP], serum
amyloid A [SAA], complement proteins, coagulation proteins,
proteinase inhibitors, metal-binding proteins, and other pro-
teins) essential to the inflammatory process at the expense of
the negative acute phase proteins. The list of acute phase pro-
teins is in Table 55.6 (75,76).

The acute phase response is initiated by hepatic Kupffer cells
and the systemic release of proinflammatory cytokines (76). IL-
1, IL-6, IL-8, and TNF-α act as inciting cytokines (77,78). The
acute phase reaction typically lasts for 24 to 48 hours prior
to its down-regulation (35). IL-4, IL-10, glucocorticoids, and
various other hormonal stimuli function to down-regulate the
proinflammatory mediators of the acute phase response (35).
This modulation is critical. In instances of chronic or recurring
inflammation, an aberrant acute phase response may result in
exacerbated tissue damage (35).

The major acute phase proteins include CRP and SAA, the
activities of which are both poorly understood (79,80). C-
reactive protein was so named secondary to its ability to bind
the C-polysaccharide of Pneumococcus. During inflammation,
CRP levels may increase by up to 1,000-fold over several hours
depending on the insult and its severity (35). It acts as an op-
sonin for bacteria, parasites, and immune complexes; activates
complement via the classic pathway; and binds chromatin (35).
Binding chromatin may minimize autoimmune responses by
disposing of nuclear antigens from sites of tissue debris (35).
Clinically, CRP levels are relatively nonspecific and not pre-
dictive of posttraumatic complications. Despite this fact, serial
measurements are helpful in trending a patient’s clinical course
(35).

Serum amyloid A interacts with the third fraction of high-
density lipoprotein (HDL3), thus becoming the dominant
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TA BLE 5 5 . 6

ACUTE PHASE PROTEINS

Group Individual proteins

POSITIVE ACUTE PHASE
PROTEINS
Major acute phase proteins C-reactive protein, serum amyloid A
Complement proteins C2, C3, C4, C5, C9, B, C1 inhibitor, C4 binding protein
Coagulation proteins Fibrinogen, prothrombin, von Willebrand factor
Proteinase proteins α1-Antitrypsin, α1-antichymotrypsin, α2-antiplasmin,

heparin cofactor II, plasminogen activator inhibitor I
Metal-binding proteins Haptoglobin, hemopexin, ceruloplasmin, manganese

superoxide dismutase
O ther proteins α1-Acid glycoprotein, heme oxygenase, mannose-binding

protein, leukocyte protein I, lipoprotein (a),
lipopolysaccharide-binding protein

NEGATIVE ACUTE
PHASE PROTEINS

Albumin, prealbumin, transferrin, apolipoprotein AI,
apolipoprotein AII, α2-Heremans-Schmid glycoprotein,
inter-α-trypsin inhibitor, histidine-rich glycoprotein,
protein C, protein S, antithrombin III, high-density
lipoprotein

Positive acute phase proteins increase production during an acute phase response. Negative acute phase
proteins are those that have decreased production during an acute phase response.

apolipoprotein during acute inflammation (81). This associ-
ation enhances the binding of HDL3 to macrophages, which
may engulf cholesterol and lipid debris. Excess cholesterol is
then utilized in tissue repair or excreted (35). Additionally, SAA
inhibits thrombin-induced platelet activation and the oxidative
burst of neutrophils, potentially preventing oxidative tissue de-
struction (35).

DIAGNOSIS OF SHOCK
Early diagnosis of shock affords the patient the best possible
outcome. The patient in overt shock with hypotension and
tachycardia is relatively easy to diagnose. However, more of-
ten than not, shock presents in more insidious forms, whereby
underrecognition and delay in treatment can lead to a poor
outcome. Moreover, the concurrent presence of mixed shock
states can confuse the picture. Diagnosis of shock relies on both
basic history and physical examination skills, as well as more
advanced technology available to the clinician.

Numerous clues in a patient’s history may help alert the
physician to the possibility of impending shock. Large fluid
losses via traumatic or gastrointestinal hemorrhage, third spac-
ing from intra-abdominal surgery or pancreatitis, prolonged
dehydration from vomiting or diarrhea, or insensible losses
from burns may very easily tip the patient into hypovolemic
shock. A history of infection, presence of indwelling catheters,
or recent surgery may be implicated in septic shock. Neuro-
genic shock occurs almost exclusively after trauma, although
limited forms are seen with spinal anesthesia. History of pro-
longed steroid use, particularly in the elderly, may indicate
adrenal shock in the patient with hypotension postoperatively.
Exposures to drugs, transfusions, or other allergens should
be sought to rule out anaphylactic shock. Recent myocardial

infarction or cardiac intervention can lead to pump failure
and cardiogenic shock. A detailed history is especially impor-
tant for obstructive forms of shock, in which any intervention
involving the chest can lead to either immediate or delayed
compromise via cardiac tamponade or tension pneumothorax.
Likewise, a history of deep venous thrombosis (DVT) or risk
factors for thrombosis should alert the physician to the possi-
bility of acute massive pulmonary embolism in the hypotensive
patient.

Physical examination can provide more clues than just basic
blood pressure measurements. As noted previously, hypoten-
sion alone is neither exclusive to shock nor absolute for a diag-
nosis, and therefore is only a small component of the physical
examination. Certain findings may vary based on the type and
timing of shock. The end result of any form of shock, how-
ever, is diminished end-organ perfusion. Therefore, any signs
or symptoms of organ dysfunction should be considered as pos-
sible indicators of shock (Table 55.7). Often, the first sign of
shock manifests as mental status changes, whether excitatory
or somnolent in nature. The patient may appear diaphoretic
and clammy in cardiogenic shock or warm and dry in early
distributive shock. Heart rate may also be variable, with tachy-
cardia compensating for diminished cardiac output in the pa-
tient with intact sympathetic drive. Vasoplegic shock such as
neurogenic or adrenal (or in the β -blocked patient) may not
have the compensatory increase in heart rate normally seen,
and may itself provide a clue as to the type of shock. Tachyp-
nea is almost universally seen, as the body tries to buffer the
lactate produced in a state of tissue hypoxia. The kidneys pro-
vide a sensitive measure of adequate end-organ perfusion, as
manifested by low urinary output. Cardiogenic shock has its
own specific physical findings including increased venous jugu-
lar distension, acute pulmonary edema, and new murmurs or
arrhythmias.
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TA BLE 5 5 . 7

CLINICAL RECOGNITION OF SHOCK

Organ system Symptoms or signs Causes

CNS Mental status changes ↓ Cerebral perfusion

Circulatory
Cardiac

Systemic

Tachycardia
Other dysrhythmias
Hypotension

New murmurs
Hypotension
↓ JVPs
↑ JVPs
Disparate peripheral pulses

Adrenergic stimulation, depressed contractility
Coronary ischemia
Depressed contractility secondary to ischemia or

MDFs, right ventricular failure
Valvular dysfunction, VSD
↓ SVR, ↓ venous return
Hypovolemia, ↓ venous return
Right heart failure
Aortic dissection

Respiratory Tachypnea

Cyanosis

Pulmonary edema, respiratory muscle fatigue,
sepsis, acidosis

Hypoxemia

Renal Oliguria ↓ Perfusion, afferent arteriolar vasoconstriction

Skin Cool, clammy Vasoconstriction, sympathetic stimulation

Other Lactic acidosis
Fever

Anaerobic metabolism, hepatic dysfunction
Infection

CNS, central nervous system; MDFs, myocardial depressant factors; VSD, ventricular septal defect; SVR,
systemic vascular resistance; JVPs, jugular venous pulsations.
From Jimenez EJ. Shock. In: Civetta JM, Taylor RW, Kirby RR, eds. Critical Care. 3rd ed. Philadelphia:
Lippincott–Raven Publishers; 1997:359.

Various modalities for evaluating shock may be used either
alone or in combination. Pooling data from multiple sources,
however, is often required to get an adequate picture of shock
resuscitation. Basic laboratory studies such as lactate level, base
deficit, hemoglobin, creatinine, and cortisol may help provide
evidence of or reason for shock. Likewise, a more advanced
evaluation of shock may include echocardiogram, central ve-
nous pressure monitoring, tissue oxygenation and capnogra-
phy, or advanced methods of determining cardiac output. Ad-
vantages and disadvantages of these more advanced modalities
will be discussed later within the context of shock monitoring.

MANAGEMENT OF SHOCK
Optimal management of shock depends first and foremost on
early recognition of the syndrome and correct determination
of its etiology. Ongoing assessment of interventions is likewise
paramount, as adjustments can be made in type and degree of
specific therapies. The underlying goal of shock management is
to improve tissue oxygen perfusion. This may be accomplished
by manipulating one or multiple physiologic parameters in-
volved in oxygen delivery and extraction.

Forms of obstructive shock require the most prompt diag-
nosis, as continued mechanical impairment can be rapidly fatal.
Conversely, adequate treatment of these etiologies can be just
as rapid. Performing needle decompression for a tension pneu-
mothorax or pericardiocentesis for cardiac tamponade can be
all that is required for these forms of shock. Pharmacologic and
fluid support can be used as an adjunct while relief of mechan-
ical obstruction is ongoing.

Management of distributive and hypovolemic forms of
shock likewise involves attempted source control early in the
diagnosis. This may be in the form of hemorrhage control,
removal of infected tissue, or avoidance of sources of anaphy-
laxis. Once the inflammatory cascade has set in, vasoactive
medications are often used in addition to fluid provision to
increase perfusion.

Treatment of cardiogenic shock in particular warrants keen
understanding of the physiologic process. Currently, initial
therapy of cardiogenic shock consists of volume optimization,
control of arrhythmias, use of the intra-aortic balloon pump,
addition of vasopressors, and early revascularization in pri-
mary myocardial ischemia, with addition of inotropes only
when these measures fail (82).

Classically, all forms of shock are treated in some capacity
with a combination of fluids and vasoactive agents. Deliber-
ation is ongoing regarding the dosing and selection of these
modalities for resuscitation, and will be examined in greater
detail.

Fluid Re suscit at ion

The initial treatment for all forms of shock is fluid adminis-
tration. Provision of fluid helps restore perfusion and replace
volume lost via hemorrhage, capillary leak, or redistribution.
Historically, Blalock demonstrated reversal of shock state in-
duced by tissue injury by using vigorous resuscitation of in-
travascular volume (83). As such, the use of fluids for shock
management has become a cornerstone of therapy. Intravenous
fluid is readily available, inexpensive, and easy to administer,
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and has low intrinsic morbidity. The etiology of shock and re-
sponse to fluid will further dictate continued use of volume as
primary therapy; however, all forms of shock potentially bene-
fit from an initial fluid challenge (84). There are endless means
of administering fluid given a particular clinical setting. Gen-
eral guidelines can be followed; however, considerable debate
exists regarding the nuances of this most basic therapy. Delib-
eration should be given to the method of delivery, timing of
administration, type of fluid, and volume of administration.
Complications of fluid resuscitation, as well as emerging re-
search in this area, should also be considered.

Rout e of Ad minist rat ion
The setting of shock dictates administration of fluid primarily
via the intravenous route. Factors such as endotracheal intu-
bation, mental status, adynamic or mechanical ileus, rapidity
of response, and questionable absorption from the gastroin-
testinal tract preclude the enteric route as a primary vessel for
fluid resuscitation in most cases. Intravenous access may be in
the form of a peripheral or central venous catheter. Although
the type of shock may guide the choice of catheter (i.e., an
introducer catheter for a rapid infusion system or anticipated
pulmonary artery catheter placement in cardiogenic shock, or
a triple lumen for anticipated vasopressor therapy), the dic-
tum of “ two large-bore peripheral IVs” cannot be overstated
(85). As per Poiseuille’s Law, width and length of the catheter
dictates flow; therefore, a long, narrow, peripherally inserted
central catheter will be of little utility when infusing a large
bolus of fluid quickly. In the severely volume depleted patient
with collapsed veins, obtaining percutaneous venous access can
prove difficult. Saphenous vein cut-downs or interosseus ac-
cess, particularly in the trauma patient, can provide means of
fluid administration until more permanent intravenous access
can be obtained.

Timing of Ad minist rat ion
As stated previously, fluid is the initial therapy in all forms of
shock. For forms of hypovolemic shock in particular, the con-
cept of early restoration of intravascular volume to prevent
circulatory collapse has long been recognized. In the hemor-
rhagic patient, aggressive volume resuscitation combined with
source control may limit or prevent a state of irreversible shock,
or the more currently described “ lethal triad” of hypothermia,
coagulopathy, and acidosis (86,87). The importance of the tim-
ing of volume loading is also being recognized in other forms
of shock, particularly in sepsis (88). Amplification of the pre-
viously described immune response can potentially be avoided
if perfusion is restored early in the pathophysiologic process
(89). Often the resuscitation process begins in the prehospital
phase, with ambulance personnel administering combinations
of crystalloid and colloids en route. In this setting, timing of
fluid resuscitation is given due attention. Delayed aggressive
fluid resuscitation once the patient is already in the intensive
care unit, and therefore later in the course of shock, as well
as excessive doses of dobutamine (5–200 µ g/kg/minute) can be
detrimental (90).

Continued administration of fluid alone, however, should
be based on the patient’s underlying pathology. While vigor-
ous fluid provision may be life sustaining in certain patients,
an equal measure could prove counterproductive in others. On-
going replacement of fluid should be based on both direct and
insensible losses, keeping in mind the huge potential third-

spacing loss into the interstitium. Again, the idea of pushing
fluid beyond the initial phases of ischemia may propagate reper-
fusion injury, emphasizing early recognition and treatment of
shock.

Volume of Re suscit at ion
Although there is general consensus regarding the timing of
administration of fluids, there is little information to support
the optimum volume to be given. Guidelines reference various
quantities for crystalloid administration, including 500 mL,
1,000 mL, or the more universal 20 mL/kg bolus. The speed of
the bolus likewise varies, although common sense dictates that
rapid administration is preferred in the setting of hypotension.

Continued fluid administration beyond an initial bolus relies
more on patient response than on arbitrary numbers. Physical
examination characteristics such as jugular venous distension,
skin turgor, and basic vital signs may give clues to volume
state, but are notoriously subject to interpretation. The ex-
aminer is often misled by the appearance of gross edema, in-
somuch that it has no bearing on effective extracellular fluid
volume in the patient with capillary leak. Efforts to measure
intravascular volume status should be made, but these values
should be interpreted in the context of cardiac output and on-
going therapy. Tools used to measure volume status include
central venous pressure, pulmonary artery occlusion pressure,
esophageal Doppler, and echocardiography, each with its own
strengths and weaknesses (91–94). There is renewed interest in
the actual measurement of blood volume rather than relying
on surrogate markers (see Blood Volume chapter).

The amount of fluid required to achieve these goals will vary
with patient size, cardiac status, type of fluid given, and timing
and type of shock. Prominent guidelines direct the clinician
to volume load to a central venous pressure of 8 to 10 mm
Hg or a pulmonary capillary wedge pressure of > 12 mm Hg
prior to initiating vasopressor therapy for shock (95,96). Ideal
volumes for shock resuscitation continue to be debated. In fact,
restrictive fluid therapies for resuscitation have emerged in an
effort to reduce the cardiac, wound healing, and pulmonary
complications associated with large crystalloid infusions (97).

Fluid therapy in excess may lead to numerous complica-
tions. The coagulation profile may be altered secondary to di-
lution with excessive crystalloid infusion (98). Red blood cell
mass is also diluted, and while this may not have a net effect on
oxygen delivery, it may complicate interpretation of bleeding
states. Tissue edema is also a consequence of volume resuscita-
tion, and of these, the pulmonary component is most visible to
the practitioner. Lung edema will manifest most readily with
crystalloid therapy in the setting of hypoproteinemia—a com-
mon state in the shock patient (99). While some degree of pul-
monary edema can be tolerated, critical hypoxia often threat-
ens the recovery of patients who survive via massive volume
resuscitation. The added mechanical impairment of ventilation
induced by abdominal compartment syndrome, also seen with
large volume resuscitation, further exacerbates the situation
(100).

Typ e s of Fluid
Considerable debate abounds regarding the types of fluid to be
administered for shock resuscitation. The physiologic makeup
of the human body allows for movement of fluids and solutes
across compartments, specifically between the interstitium and
intravascular space. Hydrostatic and oncotic forces dictate this
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movement at the capillary level, as explained by the Starling
equation:

Jv = K f {(Pc − Pi ) − σ (π c − π i )}

where Jv is the net fluid flux (mL/minute). (Pc − Pi ) is hydro-
static pressure difference between capillary (c) and interstitium
(i), and (π c − π i ) is the oncotic pressure difference between the
capillary and interstitium, K f is the filtration coefficient for
that membrane (mL/minute per mm Hg), and is the product of
capillary surface area and capillary hydraulic conductance. σ is
the permeability factor (i.e. reflection coefficient) with one be-
ing impermeable, and zero being completely permeable. Imbal-
ance in the forces—whether decreased oncotic pressure from
hypoalbuminemia, increased hydrostatic pressure from heart
failure, or decreased protein reflection coefficient with sepsis—
occurs often with shock states. The choice of fluid type there-
fore requires appropriate knowledge of the characteristics of
the fluid, as well as the pathophysiology of the shock state.

Crystalloids. Invariably, the workhorse of shock resuscitation
is isotonic crystalloid. Composed of varying amounts of elec-
trolytes and sugar, crystalloids are inexpensive, require no
special tubing or preparation, and pose little to no allergy or
transfusion risk. Almost every patient receives some form of
intravenous crystalloid upon entering a hospital with little con-
sequence as to the type given due to the low volumes given on
average.

Crystalloids used in shock resuscitation are generally cate-
gorized as isotonic or hypertonic, describing the in vivo tonicity
of the fluid. Typical isotonic crystalloids used are normal saline,
lactated Ringer solution, or other commercially available com-
binations of electrolytes with sodium as the primary ion. Lack-
ing protein components, the isotonic crystalloids readily dis-
tribute to the extracellular fluid compartment and will require
larger volumes of infusion to maintain intravascular filling. Tra-
ditional philosophy dictates that a threefold volume of crystal-
loid to colloid is required for intravascular expansion. This
ratio has recently been debated, however, and may actually be
closer to a ratio of 1.5:1 when comparing crystalloid to 5%
albumin (101).

Normal saline and lactated Ringer solution compromise the
majority of isotonic crystalloid used for shock. Normal saline
simply provides sodium with an equal amount of chloride for
buffer. Hypernatremia and hyperchloremic metabolic acido-
sis are therefore potential consequences of continued normal
saline administration (102). While the tonicity is essentially the
same, the electrolyte composition of lactated Ringer is consid-
ered more physiologic, with inclusion of potassium and cal-
cium, and reduction in chloride concentrations. Conversion of
the lactate in lactated Ringer to bicarbonate in theory provides
a buffer to metabolic acidosis in the patient with adequate liver
function. Current compositions of lactated Ringer contain a
racemic mixture of D- and L-lactate in solution. The presence
of this D-isomer has been implicated as a potentiator of neu-
trophil activation in large volume infusions (103). Likewise, the
presence of a large lactate load has been implicated in promot-
ing respiratory acidosis in the spontaneously breathing patient
(104).

Hypertonic Crystalloid. Combining the convenience of crys-
talloid with the tonicity of colloids, hypertonic saline has
emerged as an important tool in shock resuscitation. Hyper-
tonicity of the sodium concentration promotes influx of fluid

from the interstitial space. As such, hypertonic saline is advan-
tageous for rapid, low-volume resuscitation for hypovolemic
shock, particularly in situations where resources may be scarce.
Hypertonic solutions also favorably impact immune modula-
tory function. Studies particularly investigating hemorrhagic
shock have found a decrease in neutrophil activation, and up-
regulation of anti-inflammatory cytokine production with use
of hypertonic saline (105,106).

While relatively safe compared to colloid infusion, the ad-
ministration of high concentrations of sodium for volume re-
suscitation carries the concern for hypernatremia and hyper-
osmolarity. The neurologic consequences of rapid sodium flux
are well known; however, these have not been described in the
hypertonic saline resuscitation population. Compromise of re-
nal function is likewise feared with high sodium and osmolar
loads. While some patient populations exhibit increases in cre-
atinine without clinical renal dysfunction, studies in the burn
population support this trepidation regarding hypertonic saline
(107,108). Reports of hypokalemia, metabolic acidosis, and
impaired platelet aggregation have also been documented with
hypertonic saline use (109).

Colloids. Pertaining to volume resuscitation, colloids gener-
ally consist of fluids that have a higher molecular weight based
on composition consisting of protein, starches, or cells. These
components increase the cost of colloids, make them suscep-
tible to shortage, and mandate specialized tubing for delivery.
Possibility for transfusion reaction is increased as some of these
compounds are derived from blood products. Likewise, allergic
reactions can be noted with some of the synthetic formulations.

Conceptually, colloids more rapidly expand intravascular
volume owing to their higher oncotic pressure. This effect may
not necessarily persist beyond a few hours, especially in the
critically ill patient in which capillary permeability is altered
(110). In addition to more rapid volume expansion with less
fluid infusion, this same increase in intravascular oncotic pres-
sure has prompted the employment of colloids with the intent
to reduce or prevent secondary edema. This mechanism does
not hold in critical illness, particularly for lung edema in which
dysfunction is unrelated to capillary oncotic pressure in shock
(111).

Despite these findings, colloids are an important component
of shock resuscitation. Integration of colloids into most pro-
tocols usually follows initial infusion of crystalloids or while
awaiting blood product transfusion (112).

Albumin. First used for fluid resuscitation during World War
II, albumin is a colloid derived from pooled human plasma and
diluted with sodium. Preparations consist of 5% or 25% solu-
tion in quantities of 250 to 500 mL or 50 mL, respectively. As a
blood product derivative, albumin is subject to disadvantages
faced by other donated products—namely periodic shortages,
high acquisition costs, and refusal based on religious grounds.
While transmission of viruses or other blood-borne diseases is
theoretically a risk, only a few cases have been reported. Like
any resuscitation fluid, patients are subject to sequelae of vol-
ume overload if infusion amounts are not monitored.

While indications for albumin use are broad, proven benefit
to particular therapies is increasingly narrow. Numerous stud-
ies detailing poor prognosis with low serum albumin levels in
critically ill patients prompted attempts to improve survival
with intravenous supplementation (113–115). Compared with
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other colloid administration, albumin itself has no benefit in
this patient population (116,117).

Albumin as a resuscitation fluid likewise has come under
scrutiny. Previously, studies investigating albumin as a volume
expander have been underpowered, prompting meta-analysis
as the primary statistical measure of its worth. An initial
Cochrane review comparing albumin to crystalloid examined
24 studies and found a 6% increase in absolute risk of death
with albumin infusion (118). To confuse matters, subsequent
meta-analysis of 55 studies bore out no difference in mortal-
ity between albumin and crystalloid for resuscitation (119).
In 2004, the Saline versus Albumin Fluid Evaluation (SAFE)
trial prospectively compared albumin to isotonic crystalloid
for fluid resuscitation in a mixed intensive care unit popula-
tion (101). Results showed no difference in morbidity or mor-
tality overall with albumin use. Advocates for albumin hail this
study as an indicator that its use poses no harm as previously
indicated. Opponents likewise cite the study, but as an indi-
cator that there is no advantage to using albumin for volume
resuscitation. A revised Cochrane analysis following the SAFE
study again reported no advantage to albumin infusion for hy-
povolemic patients (120). Results must be interpreted in light
of the heavy weight thus given to the SAFE trial in this review.

Starches. In an attempt to retain the oncotic properties of albu-
min while decreasing cost and transfusion risk, synthetic col-
loid polymers have been developed for use in volume resus-
citation. As one of the primary synthetic colloids, starches, of
which hydroxyethyl starch is most popular, consist of polymers
of amylopectin. Like other colloids, hydroxyethyl starch owes
its main advantage to providing appropriate volume expansion
with less infusion than that of crystalloids. Initial formulations
of hydroxyl ethyl starch (HES) included high-molecular-weight
moieties, accounting for an increased risk of coagulation and
renal disturbances associated with their use (121–123). Lower-
molecular-weight HES solutions have since been developed,
with resultant fewer negative effects on bleeding (124).

Of particular interest in colloid resuscitation, hydroxyethyl
starch has favorable effects both on vascular permeability
and inflammatory properties in animal models. Reduced pul-
monary capillary leakage has been described with hydroxyethyl
starch use in comparison to crystalloid and gelatin resuscita-
tion (125,126). While numerous studies have illustrated down-
regulation of proinflammatory cytokines with hydroxyethyl
starch use, some of these results may be an effect of the ef-
ficiency of volume resuscitation, and not necessarily the fluid
itself (127–129). How this anti-inflammatory effect is trans-
lated into clinical outcomes is the subject of ongoing research.

Dextran. Among the lower-molecular-weight colloids, dextran
consists of large glucose polymers of varying sizes. As a col-
loid, it does expand intravascular volume; however, the smaller-
sized molecules redistribute quickly, giving it a short half-life.
It improves microcirculation by decreasing blood viscosity and
therefore primarily is used in situations where platelet adher-
ence and red blood cell aggregation is discouraged, such as
postcarotid endarterectomy. As such, the risk of bleeding lim-
its their use as a primary resuscitation fluid. The combination of
dextran with other fluids, most notably hypertonic saline, limits
the adverse effects of dextran alone. Conceptually, the combi-
nation of the two would increase the amount and duration of
oncotic pressure in the intravascular space compared with ei-

ther alone. In animal models, the use of hypertonic saline plus
dextran-70 is associated with improved hypovolemic resusci-
tation when compared to hypertonic saline alone. This effect
has not translated well into human clinical studies, in which
the combination shows no benefit over hypertonic saline alone
in prehospital resuscitation (130,131). The administration of
dextran plus hypertonic saline is considered safe, however, re-
sulting in fewer complications than crystalloid in trauma re-
suscitation (132). Additional studies are needed to establish
appropriate use of dextrans as they apply to shock resuscita-
tion.

Gelatins. Gelatins consist of moderate-size molecular weight
colloids derived from porcine sources. A perceived high level
of antigenicity limits their use, particularly in the United States
where they are not Food and Drug Administration (FDA) ap-
proved. The absolute incidence of anaphylaxis, however, is only
0.066% (133). Modified fluid gelatin is the most common col-
loid used worldwide, owing to its otherwise favorable side ef-
fect profile and inexpensive production costs. In comparison to
crystalloids for shock resuscitation, gelatins provide superior
volume expansion without additionally noted adverse effects
of bleeding or pulmonary dysfunction (134–136). As gelatins
gain approval throughout worldwide markets, further research
is emerging to investigate their utility in shock resuscitation.

Blood Products. Provision of blood products as either a pri-
mary or adjunctive resuscitation fluid should be considered
carefully. The risk of infection, immunosuppression, and trans-
fusion reaction are well known (137,138). The cost of prepa-
ration, as well as short supply, also limits their use.

Blood products do provide an effective source of colloid
for increasing oncotic pressure, but should only be used when
secondary properties of the specific product are sought. Trans-
fusing packed red blood cells, while increasing oxygen-carrying
capacity, does not necessarily translate into improved survival
in all situations. Targeting a specific hemoglobin concentration
in critically ill patients may only benefit those with active coro-
nary artery disease; otherwise, a restrictive transfusion policy
to a hemoglobin level of 7.0 g/dL is safe (139). Specifically, in
septic shock, the administration of red blood cells may benefit
a subset of patients who have a low mixed venous oxygenation
and low hemoglobin level after volume resuscitation with crys-
talloids (88). Measurement of red cell volume may be a better
guide to blood transfusion rather than hemoglobin or hema-
tocrit since the hemoglobin/hematocrit reflect red cell volume
in relationship to plasma volume.

Fresh frozen plasma, cryoprecipitate, and platelets also have
utility as colloids based on the coagulation profile. Each has the
same adverse transfusion profile as administering red blood
cells, however, and should only be used in combination with
packed red blood cells for hemorrhagic shock, or in the set-
ting of the coagulopathic patient requiring fluid resuscitation.
Standard teaching of administering 1 unit of plasma for every 3
units of red blood cells has recently been challenged. More ad-
vanced hemorrhagic shock resuscitation requires a one-to-one
ratio of plasma to red blood cell administration, with addition
of platelets and cryoprecipitate based on laboratory evaluation
(140).

Fluid Choice s for Diffe re nt Classificat ions of Shock
Debate abounds regarding appropriate use of crystalloids
versus colloids in various shock states as illustrated by the
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numerous meta-analyses found in the literature. Differences in
mortality are illustrated when subgroup analysis is performed;
therefore, fluids for shock resuscitation can be examined based
on underlying pathophysiology of the shock state. The two
most studied categories are trauma-induced hemorrhagic shock
and septic shock.

Hemorrhagic Shock Resuscitation. Current guidelines for
hemorrhagic shock emphasize mixed crystalloid and colloid
provision until blood products (either type specific or O neg-
ative) are available. Aggressive use of crystalloids during the
Vietnam conflict resulted in improved mortality and reduction
in renal failure, but also led to the emergence of acute lung
injury and acute respiratory distress syndrome in the trauma
population. Extensive use of crystalloids for trauma followed,
with the popular concept of pushing fluids beyond supranor-
mal resuscitation goals (141). Meta-analyses at the time pro-
vided further encouragement for this practice, with mortality
favoring crystalloids over colloids in the trauma population
(142). The advancement of damage control surgery led to im-
proved outcomes while compensating for the accepted postop-
erative edema by leaving the abdomen open. Consequences of
this large-volume approach are becoming more evident, with
adverse cardiac, pulmonary, coagulation, and immunologic ef-
fects documented with massive crystalloid infusion (143).

The advent of synthetic colloids, as well as further research
regarding hypertonic saline use, renewed interest in the con-
cept of small-volume resuscitation, particularly on the battle-
field. Hypertonic saline, dextran, and hydroxyethyl starch have
the advantages of long shelf life, convenient preparation, and
small aliquot volumes for equal resuscitation. This is particu-
larly important in combat situations, where low-bolus 7.5%
hypertonic saline is now the standard for initial resuscitation
(144). Current battlefield practice has translated to civilian
trauma, with the use of these compounds in the prehospital
setting (132).

Hypotensive resuscitation in the hemorrhagic patient is an
additional emerging concept. This strategy may be applied to
the patient in whom mechanical control of bleeding has not
been achieved—whether in traumatic injury, aortic aneurysm
rupture, or gastrointestinal bleed (145–147). Measures to raise
blood pressure, particularly with fluid administration, may be
counterproductive. In the penetrating thoracic trauma patient,
early administration of large volumes of crystalloid has been
shown to increase bleeding and subsequent mortality (148).
This is a very specific patient population, however, and further
examination of fluid administration by a recent Cochrane re-
view provided insufficient evidence for or against the use of
early, large-volume resuscitation in hemorrhagic shock (149).

Septic Shock Resuscitation. Resuscitation for septic shock is
currently a highly investigated topic, with numerous guidelines
and protocols taking the forefront in hospital initiatives. While
a large number of investigations seek the optimal pharmaco-
logic therapy, fluid management is still a source of debate. The
inflammatory process and resulting capillary leak inherent to
sepsis creates an additional variable when considering which
fluids to administer. The logical choice would therefore be a
colloid with the idea of maintaining higher intravascular on-
cotic pressure. When comparing filling pressures and oxygen
delivery, however, there is no appreciable difference between
colloids and crystalloids, except in amount of fluid required.

Despite delivering two to three times more fluid with crystal-
loid, patient outcomes are the same (150). With the exception
of small subgroup analyses indicating a trend toward improved
outcome with albumin resuscitation (SAFE), there are insuffi-
cient data to definitively support colloids over crystalloids for
septic shock resuscitation. As such, large practice guidelines
such as the Surviving Sepsis Campaign either incorporate a
combination of fluids or simply leave this choice to the practi-
tioner (95).

Pharmacot he rap y in Shock

When incorporating pharmacotherapy for treatment of shock,
catecholamines classically come to mind. Sympathomimetics
are still the standard for raising the mean arterial pressure
(MAP) in the hypotensive patient who is not responding to flu-
ids. Shock is not hypotension alone, however, and other agents
can be used to compensate for the diminished tissue perfusion
defined by this syndrome. Drugs used for shock will be exam-
ined here by the classifications of vasopressor, inotrope, and
miscellaneous, although these categories may overlap to a de-
gree. An overview of the more common sympathomimetics is
listed in Table 55.8.

Vasop re ssors
End-organ arterial autoregulation generally compensates for
decreased MAP within a certain range. Local vasoconstric-
tion and vasodilatation may be unable to overcome extremes
of perfusion. Administering vasopressors may help improve
MAP and therefore improve tissue perfusion by redistributing
cardiac output. The venous compartment also benefits from
vasopressor therapy by decreasing compliance and therefore
improving effective volume.

Vasopressors are generally given after an initial fluid bolus
has failed or had marginal effect. Within the context of avoiding
the consequences of excessive fluid administration, vasopres-
sors may help limit volumes of fluid given; however, peripheral
and end-organ vasoconstriction have their own adverse effects.
Striking the balance between volume and pressors in the con-
text of timing and type of shock is therefore a key component
to resuscitation. With early recognition of shock, vasopressors
can often be avoided by restoration of volume.

Classifications of vasopressors consist of natural and syn-
thetic versions of catecholamines (Table 55.8). Each pressor
has its own advantage and disadvantage, although practition-
ers generally use only a few common agents in their armamen-
tarium. The limited number of randomized controlled trials for
in vivo use of pressors makes selection often one of familiar-
ity, availability, and current trends (151). Often, surrogate end
points serve as the basis for judging responsiveness to a drug
agent, a strategy that may or may not manifest in improved pa-
tient outcome. There are some general recommendations, how-
ever, for certain drug regimens in particular types of shock.

Norepinephrine. A naturally occurring vasopressor, norep-
inephrine is released by the postganglionic adrenergic nerves
in response to stress. It has potent α-adrenergic effects, with
less potent β 1 stimulation. The α-adrenergic effects lead to in-
creased systolic and diastolic pressure, with the addition of in-
creased venous return via decreasing venous capacitance. This
subsequently leads to increased cardiac filling pressure. Effect
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TA BLE 5 5 . 8

SYMPATHOMIMETIC DRUGS

Adrenergic effects Arrhythmogenic
Drug Usual IV dose α β Dopa potential Setting

Dopamine 1–2 µ g/kg/mina

2–10 µ g/kg/min
10–30 µ g/kg/min

1+
2+
3+

1+
2+
2+

3+
3+
3+

1+
2+
3+

Oliguria despite “normal”
blood pressure

Initial emergency treatment
of hypotension (any cause)

Alternative treatment for
bradycardia

Dobutamine 2–30 µ g/kg/min 1+ 3+ 0 2+ Cardiac shock
Pulmonary edema with

marginal blood pressure

Norepinephrine 0.5–80 µ g/min 3+ 2+ 0 2+ Initial emergency treatment
of hypotension (any cause,
especially sepsis)

Epinephrine 0.5–1 mgb (1:10,000)
1–200 µ g/min

0.3–0.5 mg SQ (1:1,000)c

1+

2+

2+

3+

0

0

3+

3+

Cardiac arrest
Severe hypotension and

bradycardia
Anaphylaxis

Phenylephrine 20–200 µ g/min 3+ 0 0 0 Distributive shock when no
cardiac effect is desired

Isoproterenol 2–10 µ g/min 0 3+ 0 3+ Refractory bradycardia
Denervated hearts

Milrinoned Load: 50 µ g/kg over 10 min
Then: 0.375–0.75 µ g/kg/min

0 0 0 2+ Cardiogenic shock

Dopa, dopamine.
aIncreases renal and splanchnic blood flow.
bMilligram doses are in bold to differentiate from micrograms.
cSQ: Subcutaneous dosing, may be repeated every 15–20 min.
d Phosphodiesterase inhibitors; require loading dose.
From Jimenez EJ. Shock. In: Civetta JM, Taylor RW, Kirby RR, eds. Critical Care. 3rd ed. Philadelphia: Lippincott–Raven Publishers; 1997:359.

on the coronary arterial flow is enhanced via the increase in
diastolic blood pressure. The β -adrenergic effects lead to in-
creased chronotropic function, although this is limited by the
baroreflex of vasoconstriction, resulting in zero net change in
heart rate. Enhanced inotrope stimulation and stroke volume
are likewise negated by an increase in left ventricular afterload,
leading to a limited increase in cardiac output.

Historically, the exaggerated peripheral vasoconstrictive
properties of the drug have promoted a level of distrust lead-
ing to the often quoted “Leave ’em Dead.” These fears are
largely unfounded at indicated dosing ranges, and use of the
drug may actually enhance renal function (152). The drug is
safe and easily titratable, and lacks the tachyarrhythmic prop-
erties of other frequently used agents for shock. A resurgence
in the use of norepinephrine has occurred with the recogni-
tion of its beneficial properties, and is now recommended as
the first-line vasopressor in the treatment of septic shock (95).
Norepinephrine is also useful for other forms of distributive
shock and as a temporizing agent in cardiogenic shock.

Epinephrine. Epinephrine is the major physiologic adrenergic
hormone of the adrenal medulla and represents the maximum
in catecholamine stimulation. The agent potently stimulates
α1 receptors with resultant marked venous and arterial vaso-

constriction. These changes may lead to detrimental effects on
regional blood flow, particularly on mesenteric and renal vascu-
lar beds. β effects lead to increased heart rate and inotropism.
Due to counter effects of β 2 vasodilation, the diastolic blood
pressure is only slightly affected, with a lesser degree of increase
in MAP than norepinephrine. Stimulation of β 2 receptors and
blunting of mast cell response also makes epinephrine highly
effective for anaphylaxis. Epinephrine has dose-dependent ef-
fects, with very low doses stimulating primarily β receptors.
This property makes epinephrine attractive as a primary in-
otrope; however, the range of that particular low dose varies
with each patient and titration may prove dangerous. In gen-
eral, the use of epinephrine is considered a drug of last choice
or in extreme situations such as cardiac arrest.

Dopamine. Dopamine has long been the workhorse in shock
resuscitation, although the preponderance of its use has
slowed with increasing evidence of deleterious effects (153).
As the hormone precursor of norepinephrine and epinephrine,
dopamine stimulates α , β , and dopaminergic receptors in a
dose-dependent fashion. This results in mixed vasoconstrictive,
inotropic, chronotropic, and vasodilatory effects.

Classically, “ renal-dose” dopamine ranges from 0 to
5 µ g/kg/minute and results in vasodilation of renal and
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mesenteric vascular beds via dopamine receptors. Although this
stimulation results in diuresis, the overall effect on renal func-
tion and need for renal replacement therapy is unchanged and
may actually be worsened (154). Conversely, at high doses of
10 to 20 µ g/kg/minute, α effects predominate, resulting in al-
most pure vasoconstriction. β -Receptor stimulation at middle
doses of 5 to 10 µ g/kg/minute results in increased inotropic
and chronotropic function leading to increased MAP similar
to norepinephrine. However, without simultaneous activation
of α receptors at this dose, vasodilatation by dopamine re-
ceptors is unopposed and reflex tachycardia may predominate.
These dose-related effects are simply a guideline, as responsive-
ness to titration varies patient to patient, particularly in critical
illness.

In the past, dopamine has been postulated as the first
inotrope of choice in cardiogenic failure with hypotension
(155). More recent recommendations, however, identify sym-
pathetic inotropes such as dopamine as increasing mortality
when used for primary left heart failure (156). Likewise, in
septic shock, norepinephrine has a more reliable dosing profile
and has demonstrated more beneficial outcomes compared to
dopamine (157).

Phenylephrine. Phenylephrine is a rapidly acting vasopressor
with a short duration of action and pure α1 stimulation. As
such, it increases MAP primarily by increasing systemic vas-
cular resistance. Reflex bradycardia may develop; therefore, it
is occasionally used for distributive shock in the face of tach-
yarrhythmias. This same unopposed increase in vascular resis-
tance also impairs cardiac output in the patient with impaired
pump function. The use of phenylephrine has since fallen out
of favor, and is generally reserved for the pregnant patient with
shock for whom other vasopressors may be detrimental.

Ino t rop e s
As a group, inotropic agents augment cardiac output by in-
creasing contractility. Sources of left ventricular failure are
many, including exacerbation of congestive heart failure, acute
infarction, or sepsis-related cardiomyopathy. Although im-
provement of pump function in these situations seems logical
as a primary therapy, no literature supports any positive benefit
on mortality when inotropes are used. This may be particularly
true when the agents are used in a long-term fashion. As with
other forms of pharmacotherapy for shock, inotropes should
be used only in a short-term situation until underlying pathol-
ogy can be corrected. Prolonged use can increase myocardial
work and exacerbate ischemia.

The classic paradigm of cardiogenic shock with resulting re-
flexive increase in afterload has been recently challenged, with
recognition of an inflammatory component to acute infarc-
tion. This inflammatory state results in vasodilation, making
particular inotropes less useful for restoration of tissue perfu-
sion (158). Likewise, the concept of pushing oxygen delivery to
supranormal levels with excessive amounts of dobutamine (5–
200 µ g/kg/minute) to enhanced cardiac output has been largely
abandoned, as it may worsen outcome (90).

Dobutamine. Dobutamine is a synthetic adrenergic agent de-
rived from dopamine. Current formulation of the drug is as
a racemic mixture, with the L-isomer stimulating α1 and the
D-isomer stimulating β 1 and β 2 receptors. This combined stim-
ulation results in a net increase in inotropic and chronotropic

parameters. In theory, vasodilatory (β 2) effects are limited,
making dobutamine useful in increasing pump function with-
out lowering blood pressure. In practice, some degree of va-
sodilation is encountered, resulting in decreased blood pressure
and tachycardia acutely. With increase in cardiac output, how-
ever, the blood pressure generally corrects to normal. For this
reason, adequate volume loading prior to initiation of dobu-
tamine is emphasized. Likewise, the lack of increase in blood
pressure makes dobutamine a poor selection as monotherapy in
primary cardiogenic shock. Currently, dobutamine is the stan-
dard inotrope used in noncardiogenic shock (such as sepsis)
when cardiac contractility is compromised (159).

Dopexamine. Another of the synthetic catecholamines, dopex-
amine uniquely stimulates β 2 and dopaminergic receptors with
no α-adrenergic effects and minimal β 1 stimulation. Resultant
effects therefore include vasodilation and positive inotropy via
increased stroke volume. The agent may also exert indirect va-
soactive changes via inhibition of norepinephrine reuptake at
the postganglionic synapse (160). Dopexamine is often com-
pared to dobutamine in trials, with the possible benefit of im-
proved splanchnic perfusion (161).

Isoproterenol. With practically no α-adrenergic stimulation,
isoproterenol functions as a pure β agonist. β 1 stimulation
results in increased stroke volume and heart rate, while β 2
stimulation induces vasodilatation. The net result is that of
enhanced cardiac output without the benefit of distribution of
blood flow. Increased myocardial oxygen consumption exacer-
bated by lack of coronary perfusion due to decreased diastolic
pressures may lead to cardiac ischemia. Use of isoproterenol
is generally limited to β -blocker overdose or in the atropine-
resistant transplanted heart.

Milrinone. A novel agent in vasoactive treatment, milrinone is
a synthetic phosphodiesterase III inhibitor. Reduction in this
enzyme results in an increase in cyclic adenosine monophos-
phate (cAMP), a modulator of myocardial contractility. Addi-
tional increase in cAMP results in vasodilation, with the net
effect of increasing cardiac output and tachycardia at higher
doses. This vasodilatory effect may decrease effective left ven-
tricular preload, but may also benefit afterload reduction, re-
ducing cardiac work. In the hypotensive patient, this vasodi-
lation may not be tolerated acutely. While not recommended
in vasodilatory shock for this reason, milrinone may be used
in specific situations for cardiogenic shock. These include ad-
vanced heart failure in patients awaiting heart transplant, in
acute decompensation of congestive heart failure (CHF) on
standard medications, and in patients in cardiogenic shock with
long-term β -blocker use (162).

Levosimendan. Levosimendan is the singular drug in a new
class of inotropic agents. Primary mechanism of action is by
increasing the sensitivity of troponin C for calcium without
enhancing influx of calcium itself. The advantage of this physi-
ology would be increased contractility without risk of arrhyth-
mias. The drug shows promise as a new agent and is currently
undergoing further investigation (163).

Misce llane ous Pharmacolog ic The rap y
Numerous other noncatecholamine agents have been used
for various shock states. These may work by treating the
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symptoms, such as increasing vascular tone, or by treating the
source depending on the type of shock. Examples of drug ther-
apy for source treatment include antibiotics for septic shock,
histamine blockers for anaphylactic shock, or somatostatin
analogues for gastrointestinal hemorrhagic shock (164–166).
Septic shock, in particular, is a syndrome for which the “magic
bullet” is constantly sought. Numerous drugs under investiga-
tion seek to manipulate the inflammatory cascade at multiple
levels. The agents reviewed here are more commonly incorpo-
rated into shock management.

Vasopressin. Vasopressin is an attractive hormone for use in
shock states not only for its vasoconstrictive properties, but
also for its antidiuretic effects. As a noncatecholamine vaso-
pressor, it acts via V1 receptors to restore vascular tone. Cat-
echolamine responsiveness may decrease over time during se-
vere sepsis, possibly due to an increase in nitric oxide–induced
vasodilatation. This alternate mode of action makes vaso-
pressin a logical treatment for catecholamine-resistant shock.
Studies of hemorrhagic and vasodilatory shock have demon-
strated a relative deficiency of vasopressin. For this reason,
vasopressin is often used at a low dose without titration, in the
manner of hormone replacement. Potentiation of adrenergic
agents makes vasopressin particularly useful in combination
with norepinephrine, and has been recommended for the treat-
ment of septic shock (167). Addition of vasopressin allows for
reduced dosing of more harmful catecholamines in this situa-
tion. The ongoing Vasopressin and Septic Shock Trial (VASST)
will help to define the role of vasopressin compared to nore-
pinephrine in sepsis (168).

Terlipressin. Terlipressin is an analogue of vasopressin that
is used in countries in which vasopressin is not available. It
is employed in a similar fashion, usually for the treatment
of catecholamine-resistant shock. Early studies are favorable,
showing an increase in MAP and a decrease in the need for cate-
cholamine vasopressors (169). Splanchnic circulation is spared
excessive vasoconstrictive effects, as demonstrated by an in-
crease in gastric mucosal perfusion (170). Terlipressin is used
as a single bolus in these studies due to its long half-life (6
hours). This long duration of action may be disadvantageous
as the effects are not easily discontinued if necessary, as with a
vasopressin drip.

Steroids. The use of steroids in critical care has long been the
topic of debate and refinement. For the purposes of shock, how-
ever, more definitive literature is emerging to help clarify their
role. The role of “stress-dose steroids” perioperatively to pre-
vent hypotension in the adrenal-insufficient patient has been
supported for many years. The concept of relative adrenal in-
sufficiency complicating shock states is now established as a
recognizable and treatable entity. A recent meta-analysis re-
viewed the use of 200 to 300 mg of hydrocortisone daily for
patients with septic shock. Administration for 5 days or more
reduced duration of shock and mortality without increasing as-
sociated side effects of infection (171). Use of steroids should
be limited to patients with shock refractory to fluids and vaso-
pressors, and with a chemical diagnosis of adrenal insufficiency.
Fludrocortisone at a dose of 50 mg/day orally may be added
to the hydrocortisone regimen (172).

Drotrecogin Alfa. Among the newer immunomodulatory
agents, drotrecogin alfa has received the most attention. The

agent is a recombinant form of activated protein C, which
acts to down-regulate the proinflammatory state, anticoagu-
late, and enhance fibrinolysis to enhance reopening of the mi-
crocirculation. As such, it is used for severe sepsis rather than
shock per se. Due to its effect on the coagulation profile, the
drug has limitations in patients with a risk of bleeding. When
used as a drip (24 g/kg/hour for 96 hours), the drug provided
a 6% reduction in 28-day mortality for patients with severe
sepsis. The drug is expensive, and treatment should be limited
to the patient with septic shock requiring renal or respiratory
support, as outlined in the PROWESS trial (173).

END POINTS OF RESUSCITATION
The primary goal in the management of shock is a return to
normal tissue perfusion. If shock is recognized promptly and
timely appropriate treatment strategies are implemented, rever-
sal of its clinical signs may be appreciated. These include im-
provement in mental status, normalization of vital signs, and
restoration of urine output. However, despite these findings,
many patients remain in a state of occult hypoperfusion and on-
going tissue acidosis with resultant multiple organ failure and
death (12,174). This has been termed “compensated shock.”
Consequently, better end points of resuscitation are needed to
guide resuscitation efforts.

The ideal end point should be operator independent, nonin-
vasive, readily available, safe, and inexpensive. Unfortunately,
no single parameter has proven superior in its ability to drive re-
suscitation efforts. This being said, numerous parameters have
been proposed and/or utilized including basic hemodynamic
monitoring, invasive hemodynamic monitoring, oxygen deliv-
ery, oxygen consumption, mixed venous oxygen saturation,
lung water, arterial base deficit, arterial lactate, capnometry,
tissue oxygen and carbon dioxide electrodes, and near infrared
spectroscopy. We will discuss several of these in more depth in
the following paragraphs.

Basic He mod ynamic Monit oring

Basic monitoring in patients with shock includes noninvasive
vital sign measurements, cardiac rhythm, and urinary output.
During this timeframe, an accurate blood pressure reading is
essential. There are several states that underestimate blood
pressure measurements including tachycardia in instances of
a narrow pulse pressure, arrhythmias, and peripheral vascu-
lar disease, all of which are not uncommon in this population
(175). The utilization of Doppler is helpful in such instances;
however, it does not always rectify the problem (176). When
more detailed information is desired, invasive hemodynamic
monitoring is indicated.

Invasive He mod ynamic Monit oring

The hemodynamic profiles of shock are depicted in Table 55.2.
It is these parameters that often guide the management of
shock. As such, meticulous equipment calibration and doc-
umentation are essential (177,178). These measurements are
subject to many potential artifacts as seen in Table 55.9 (14).
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TA BLE 5 5 . 9

COMMON ARTIFACTS IN HEMODYNAMIC MEASUREMENTS

Variable Artifact Causes Comments/corrective action

Vascular pressures
(including PCWP)

Preload
overestimation

Technical:
Improper leveling of transducer
Improper calibration
Improper system frequency response

Avoid with rigid nursing protocols

Respiratory:
Not recording pressures at end-expiration

during mechanical ventilation
Avoid digital readouts
Use analog tracings

Active expiratory effort

Positive end-expiratory pressure

Suspect with respiratory distress;
consider muscle paralysis

Usually not significant with < 10 cm
H 2O PEEP

Improper positioning of catheter tip Suspect if tip in upper lobes on chest
radiograph or PAD < PCWP

Cardiac:
Mitral regurgitation Read PCWP as post–A wave
Mitral stenosis Interpret with caution as preload estimate
Acute changes in left ventricle compliance Suspect in presence of myocardial

ischemia
Preload

underestimation
Technical: (as above)
Respiratory:
Not recording pressures at end-expiration

during spontaneous breathing

Cardiac output Inaccuracies Technical:
Incorrect injectable volume; thermistor

contact with vessel wall; incorrect
computational constant

Inspect temperature curves; suspect if
pulmonary artery waveform is
dampened; follow rigid nursing
protocol

Cardiac:
Tricuspid regurgitation Do not use in presence of significant

tricuspid regurgitation
Wide variation Technical: (as above) Delete measurements with > 20%

variation from the mean
Respiratory:
Variable respiratory rate during

mechanical ventilation
Average measurements throughout

respiratory cycle

Mixed venous
oxygen saturation

Inaccuracies Technical:
Light reflecting against vessel wall,

catheter kinking
Note computer error messages

Presence of significant HgbCO Measure HgbCO directly at least once
Misinterpretation Shifts in oxygen dissociation curve Correlate with PvO 2 measurements

Dependence on oxygen delivery Correlate with oxygen delivery
measurements

Extravascular lung
water

Inaccuracies Inaccurate measurement of cardiac
output (as above)

Correlate cardiac output with regular
thermodilution measurements

Underestimation Presence of significant areas of
nonperfused lung

Measurements suspect in presence of
significant regional disease (i.e., lobar
pneumonia) or known vascular
obstruction

Systemic vascular
resistance

Inaccuracies Inaccurate measurement of cardiac
output (as above)

Inaccurate measurement of blood pressure Measure directly (see above)

PCWP, pulmonary capillary wedge pressure; PEEP, positive end-expiratory pressure; PAD, pulmonary artery diastolic; HgbCO, carboxyhemoglobin;
PvO 2, mixed venous oxygen partial pressure.
From Jimenez EJ. Shock. In: Civetta JM, Taylor RW, Kirby RR, eds. Critical Care. 3rd ed. Philadelphia: Lippincott–Raven Publishers; 1997:359.
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Therefore, it is critical for the clinician to evaluate these vari-
ables in concert with the patient’s clinical picture.

Central venous catheters are commonly used in this patient
population. As such, central venous pressure measurements are
readily available, and often serve as a rough guideline in the re-
suscitation of shock. The problem is the lack of a well-defined
goal for central venous pressure. Similarly, with pulmonary
artery catheters, numerous additional hemodynamic parame-
ters become available; however, it is not clear that the appro-
priate end point is the normalization of these values, nor is it
clear how these end points should be achieved (179–182).

In fact, observational studies have suggested that pulmonary
artery catheters may actually increase mortality, intensive care
unit length of stay, hospital costs, and resource utilization
(183). In 2005, Shah et al. performed a meta-analysis of 13
randomized clinical trials evaluating the use of pulmonary
artery catheters (184). They documented no improvement in
overall mortality or hospital length of stay. An even more
recent randomized controlled trial by the National Heart,
Lung, and Blood Institute Acute Respiratory Distress Syn-
drome (ARDS) Clinical Trials Network found no survival ben-
efit and increased catheter-associated complications when com-
paring pulmonary artery catheters to central venous catheters
in the management of patients with acute lung injury when
utilized relatively late (within 48 hours), which is the time
when resuscitation should already be completed (185). The
only positive trial involving pulmonary artery catheters was
in older trauma patients who were in severe shock (186). In
this subset, Friese et al. documented a survival benefit when
patients were managed with a pulmonary artery catheter. This
was, however, a retrospective review of the National Trauma
Data Bank.

Oxyg e n De live ry

Oxygen delivery (DO 2) is a function of cardiac index (CI),
hemoglobin (Hb), and oxygen saturation (SaO 2) as seen in the
Fick equation:

DO2 (mL/ minute/ m2) = (CI)
× (1.34 mL O 2 carried by 1 g of Hb if 100% saturated)
× (Hb)(SaO2)

The use of oxygen delivery as a resuscitation end point has
had varying results. In the 1970s, Shoemaker et al. reviewed
the physiologic patterns in surviving and nonsurviving shock
patients (187,188). They observed that survivors had signif-
icantly increased oxygen delivery, oxygen consumption, and
cardiac index values (oxygen delivery ≥ 600 mL/minute/m2,
oxygen consumption ≥ 170 mL/minute/m2, and cardiac index
≥ 4.5 L/minute/m2). In a subsequent prospective study, they
documented decreased complications, lengths of stay, and hos-
pital costs when employing these parameters as goals of resus-
citation in high-risk surgical patients (189). Further work by
Shoemaker’s group and others have shown that utilization of
this “supranormal resuscitation” strategy decreases morbidity
and mortality in critically ill patients (180,190–192).

Others have been unable to demonstrate any benefit to
supranormal oxygen delivery (193–195). Moreover, supranor-
mal resuscitation has been associated with significant mor-
bidity (i.e., ongoing tissue ischemia, abdominal compartment
syndrome, coagulopathy, and congestive heart failure) and

mortality (196). In 2000, Velmahos et al. documented im-
proved survival in patients who achieved supranormal oxygen
delivery; however, they concluded that “ this was not a func-
tion of the supranormal resuscitation, but rather the patient’s
own ability to achieve these parameters” (197,198). More re-
cently, Kern and Shoemaker reviewed all randomized clinical
trials of hemodynamic optimization (199). They determined
that a survival benefit was only appreciable in those studies
with interventions prior to the onset of organ failure and mor-
tality of > 20% in the control group (200). As demonstrated
here, the utilization of oxygen delivery and more specifically
“supranormal resuscitation” in the management of shock has
had varying degrees of success.

Mixe d Ve nous Oxyg e n Sat urat ion

Another end point previously examined was mixed venous oxy-
gen saturation. In critically ill patients, Gattinoni resuscitated
patients to one of three hemodynamic goals (193). These in-
cluded a cardiac index between 2.5 and 3.5 L/minute/m2, car-
diac index > 4.5 L/minute/m2, and SvO 2 ≥ 70% . There were
no differences in multiple organ failure or mortality between
the groups. This is in contrast to Rivers’ study of severe sep-
sis/septic shock patients where reaching SvO 2 ≥ 70% within
6 hours of resuscitation improved survival (88).

Base Deficit

Base deficit is defined as the amount of base in millimoles re-
quired to increase 1 liter of whole blood to the predicted pH
based on the PaCO 2 (161). It may be calculated using the ar-
terial blood gas as follows (201):

Base Deficit = − [(HCO 3) − 24.8 + (16.2)(pH − 7.4)]

In shock states, the base deficit may serve as a surrogate marker
for anaerobic metabolism and subsequent lactic acidosis if
metabolic acidosis is the primary disorder and not a com-
pensatory response (202). In this sense, it is superior to pH
secondary to the many compensatory mechanisms in place to
normalize pH (203).

Secondary to its availability and rapidity, base deficit has
been extensively studied as an end point of resuscitation. In
a retrospective review, Davis et al. demonstrated that an in-
creasing base deficit correlated directly with admission hy-
potension and increasing fluid requirements within the first
24 hours of admission (204). Furthermore, they determined
that failure to normalize the base deficit was associated with
increased mortality. Others have documented correlations be-
tween base deficit and blood product requirements, lengths of
stay, acute lung injury, acute respiratory distress syndrome, re-
nal failure, coagulopathy, multiple organ failure, and mortality
(205–219).

In the clinical arena, base deficit levels have numerous con-
founders. These include alcohol intoxication, hyperchloremic
metabolic acidosis secondary to aggressive normal saline or
lactated Ringer resuscitation, and sodium bicarbonate admin-
istration (220,221). Base deficit may also be a normal compen-
satory response to respiratory alkalosis. As such, base deficit
may be useful in trending resuscitation efforts; however, it is
not a definitive stand-alone end point.
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Lact at e

Serum lactate levels are used extensively in monitoring shock
resuscitation. In patients suffering from noncardiogenic shock,
Vincent et al. documented a correlation between initial serum
lactate levels and patient outcomes (222). However, in shock re-
suscitation it is the lactate trend that is most predictive of mor-
tality. In trauma patients managed with “supranormal resus-
citation,” Abramson et al. determined that the time to lactate
normalization was an important predictor of mortality (223).
Patients whose lactate levels normalized (serum levels below
2 mmol/L) within 24 hours had a < 10% mortality, those who
normalized between 24 and 48 hours had a 25% mortality,
while those who did not normalize by 48 hours had a > 80%
mortality. This trend was corroborated by McNelis et al. in
postoperative surgical patients (224). In the trauma popula-
tion, Manikas et al. further demonstrated that initial and peak
lactate levels correlated with multiple organ failure (225). Al-
though the serum lactate level signifies shock and ongoing tis-
sue ischemia, its utilization as an end point in the resuscitation
of shock has yet to be validated.

Bicarb onat e

During anaerobic metabolism, bicarbonate serves as a buffer
for released hydrogen ions. Serum bicarbonate levels decrease
as the acidosis worsens, and in essence act as a surrogate for
metabolic acidosis. In recent studies, serum bicarbonate lev-
els have been determined to better predict metabolic acidosis
and mortality than pH, anion gap, or lactate (226,227). Un-
fortunately, bicarbonate suffers from the same limitations as
base deficit; therefore, its use as an end point of resuscitation
is unclear at this time.

Cap nome t ry

During periods of shock and ongoing tissue hypoperfusion,
blood flow to the most vulnerable organs (brain and heart)
is preserved at the expense of other organs (kidneys, intesti-
nal tract, and musculoskeletal system) (200). In theory, the ex-
pended organs will manifest this state with an increase in tissue
PCO 2 and a subsequent decrease in tissue pH. The splanchnic
and oral mucosa are especially sensitive to such hypoxemic
states; therefore, buccal, sublingual, and gastric capnometry
would seem invaluable in monitoring shock resuscitation. Gas-
tric capnometry is limited by gastric enteral nutrition, endoge-
nous gastric acid secretion, and H 2 blockers (228,229).

Buccal and sublingual capnography have been shown to di-
rectly correspond with blood pressure, cardiac output, and tis-
sue perfusion in animal models (230,231). Furthermore, they
are more accurate in predicting mortality than blood pressure
is. Povoas et al. documented a correlation between sublingual
and duodenal PCO2 and mesenteric blood flow during hemor-
rhagic shock in swine (232). In acutely ill humans, Weil et al.
demonstrated a correlation between sublingual PCO 2 and lac-
tate levels, the presence of shock, and survival (233,234). Ad-
ditional studies have shown a correlation between sublingual
PCO2 and changes in regional microcirculatory blood flow and
ongoing bleeding (235,236). Unfortunately, PCO 2 levels vary

widely in the population, making standardization quite diffi-
cult (198). Monitoring device for sublingual capnography was
recalled in 2004 for infectious complications and may be rein-
stated in the future.

Ne ar-infrare d Sp e ct roscop y

Near-infrared spectroscopy is the measurement of the wave-
length and intensity of the absorption of near-infrared light by a
sample. In medicine, it uses chromophores such as hemoglobin
to do so and allows for the measurement of tissue oxygenation,
PO 2, PCO 2, and pH (237). Taylor et al. documented a close cor-
relation between tissue oxygenation measurements and hemo-
dynamic parameters in a hemorrhagic shock model (238).
In this study, near-infrared spectroscopy was also better able
to differentiate “ responder” from “nonresponder” animals in
comparison to lactate levels or global oxygen delivery. McKin-
ley et al. studied near-infrared spectroscopy in critically injured
trauma patients (239). They determined that the oxygen satu-
ration of hemoglobin in tissue (StO 2) correlated well with sys-
temic oxygen delivery, base deficit, and lactate. This modality
is increasing in popularity with trials currently ongoing.

In shock resuscitation, the treatment strategy is to return
normal tissue perfusion. Resuscitation end points are critical
in this management. The ideal end point should be operator
independent, noninvasive, readily available, safe, and inexpen-
sive. Currently, no single parameter has proven superior in its
ability to drive resuscitation efforts.

SUMMARY
Shock is likely the most common life-threatening diagnosis
made in the intensive care unit. Despite technologic advances,
it remains a significant source of morbidity and mortality. Its
etiology is vast. As such, the diagnosis of shock and its inciting
source can be difficult to identify if not elusive. Aggressive di-
agnostic testing is required to avoid irreversible cellular injury,
multiple organ failure, and potentially death. The primary goal
in the management of shock is a return to normal tissue perfu-
sion. This is attained via various volume resuscitation modal-
ities, pharmacologic agents, and resuscitation end points. Past
and current research efforts continue in hopes of optimizing
the diagnosis and management of shock with the ultimate goal
of improving patient outcomes.

Re fe re nce s

1. LeDran HF. A Treatise, or Reflections Drawn from Practice on Gun-Shot
Wounds. London: England; 1737.

2. Morris EA. A Practical Treatise on Shock after O perations and Injuries.
London: Hardwicke; 1867.

3. Fischer H. Ueber den Shock. Samml Klin Vortr. 1870:10.
4. Maphoter ED. Shock, its nature, duration, and mode of treatment. BMJ.

1879;2:1023.
5. Crile GW. An Experimental Research into Surgical Shock . Philadelphia: JB

Lippincott; 1899.
6. Cannon WB. Traumatic Shock . New York: D. Appleton and Company;

1923.
7. Blalock A. Experimental shock: the cause of the low blood pressure pro-

duced by muscle injury. Arch Surg. 1930;20:959.
8. Wiggers CJ. The Physiology of Shock . Cambridge, MA: Harvard University

Press; 1950.
9. Report of the Surgeon General of the Army. 1900:318.



Chap t e r 55: Shock: General 831

10. Tennant R, Wiggers CJ. The effect of coronary occlusion on myocardial
contraction. Am J Physiol. 1935;211:351.

11. Wo CJ, Shoemaker WC, Appel PL, et al. Unreliability of blood pressure
and heart rate to evaluate cardiac output in emergency resuscitation and
critical illness. Crit Care Med. 1993;21:218.

12. Scalea TM, Maltz S, Yelon J, et al. Resuscitation of multiple trauma
and head injury: role of crystalloid fluids and inotropes. Crit Care Med.
1994;22:1610.

13. Viega C, Mello PM, Sharma VK, et al. Shock overview. Semin Respir Crit
Care Med. 2004;25:619.

14. Jimenez EJ. Shock. In: Civetta JM, Taylor RW, Kirby RR, eds. Critical Care.
3rd ed. Philadelphia: Lippincott–Raven Publishers; 1997:359.

15. Blalock A. Shock: further studies with particular reference to the effects of
hemorrhage. Arch Surg. 1937;29:837.

16. Weil MH, Shubin H. Proposed reclassification of shock states with spe-
cial reference to distributive effects. In: Hinshaw LB, Cox BG, eds. The
Fundamental Mechanisms of Shock . New York: Plenum Press; 1972:13.

17. Kumar A, Parrillo JE. Shock: classification, pathophysiology, and approach
to management. In: Parrillo JE, Dellinger RP, eds. Critical Care Medicine.
2nd ed. St. Louis: Mosby, Inc.; 2002:371.

18. Warden GD. Burn shock resuscitation. World J Surg. 1992;16:16.
19. National Center for Health Statistics: Health, United States, 1986, DHHS

Pub No (PHS) 87-1232, Washington, DC: US Government Printing Office;
1986.

20. Gruppo Italiano per lo Studio della Streptochinasi nell’Infarto Miocardico
(GISSI). Effectiveness of intravenous thrombolytic treatment in acute my-
ocardial infarction. Lancet. 1986;1:397.

21. Goldberg RJ, Gore JM, Alpert JS, et al. Cardiogenic shock after acute my-
ocardial infarction: incidence and mortality from a community-wide per-
spective, 1975 to 1988. N Engl J Med. 1991;325:1117.

22. Collaborative Group. Third International Study of Infarct Survival. ISIS-3
a randomised comparison of streptokinase vs tissue plasminogen activator
vs anistreplase and of aspirin plus heparin vs aspirin alone among 41, 299
cases of suspected acute myocardial infarction. Lancet. 1992;339:753.

23. The GUSTO Investigators. An international randomized trial comparing
four thrombolytic strategies for acute myocardial infarction. N Engl J Med.
1993;329:673.

24. Hochman JS, Boland J, Sleeper LA. Current spectrum of cardiogenic shock
and effect of early revascularization on mortality: results of an international
registry. Circulation. 1995;91:873.

25. Keel M, Trentz O. Pathophysiology of trauma. Injury Int J Care Injured.
2005;36:691.

26. Bone R.C. Sir Isaac Newton, sepsis, SIRS, and CARS. Crit Care Med. 1996;
24:1125.

27. Lyons A, Kelly JL, Rodrick ML, et al. Major injury induces increased pro-
duction of interleukin-10 by cells of the immune system with a negative
impact on resistance to infection. Ann Surg. 1997;226:450.

28. Malone DL, Kuhls D, Napolitano LM, et al. Back to basics: validation of
the admission systemic inflammatory response syndrome score in predicting
outcome in trauma. J Trauma. 2001;51:458.

29. Rangel-Frausto MS, Pittet D, Costigan M, et al. The natural history of
the systemic inflammatory response syndrome (SIRS). A prospective study.
JAMA. 1995;273:117.

30. Definitions for sepsis and organ failure and guidelines for the use of inno-
vative therapies in sepsis, American College of Chest Physicians/Society of
Critical Care Medicine Consensus Conference. Crit Care Med. 1992;20:
864.

31. Van Griensen M, Krettek C, Pape HC. Immune reactions after trauma. Eur
J Trauma. 2003;29:181.

32. Neidhardt R, Keel M, Steckholzer U, et al. Relationship of interleukin-10
plasma levels to severity of injury and clinical outcome in injured patients.
J Trauma. 1997;42:863.

33. Schroder O, Laun RA, Held B, et al. Association of interleukin-10 promoter
polymorphism with the incidence of multiple organ dysfunction following
major trauma: results of a prospective pilot study. Shock . 2004;21:306.

34. Dinarello CA. Proinflammatory cytokines. Chest. 2000;118:503.
35. Cook MC. Immunology of trauma. Trauma. 2001;3:79.
36. Giannoudis PV, Hildebrand F, Pape HC. Inflammatory serum markers in

patients with multiple trauma. J Bone Joint Surg Br. 2004;86:313.
37. Seekamp A, Jochum M, Ziegler M, et al. Cytokines and adhesion molecules

in elective and accidental trauma-related ischemia/reperfusion. J Trauma.
1998;44:874.

38. Botha AJ, Moore FA, Moore EE, et al. Postinjury neutrophil priming and
activation: an early vulnerable window. Surgery. 1995;118:358.

39. Cochrane CG. Immunologic tissue injury mediated by neutrophilic leuko-
cytes. Adv Immunol. 1968;9:97.

40. Fujishima S, Aikawa N. Neutrophil-mediated tissue injury and its modula-
tion. Intensive Care Med. 1995;21:277.

41. Smith JA. Neutrophils, host defense, and inflammation: a double-edged
sword. J Leuk Biol. 1994;56:672.

42. Kubes P, Ward PA. Leukocyte recruitment and the acute inflammatory re-
sponse. Brain Pathol. 2000;10:127.

43. Abbassi O, Kishimoto TK, McIntire LV, et al. E-selectin supports neutrophil
rolling in vitro under conditions of flow. J Clin Invest. 1993;92:2719.

44. Bevilacqua MP, Pober JS, Mendrick DL, et al. Identification of an in-
ducible endothelial-leukocyte adhesion molecule. Proc N atl Acad Sci.
1987;84:9238.

45. Geng J-G, Bevilacqua MP, Moore KL, et al. Rapid neutrophil adhesion to
activated endothelium mediated by GMP-140. N ature. 1990;343:757.

46. Jones DA, Abbassi O, McIntire LV, et al. P-selectin mediates neutrophil
rolling on histamine-stimulated endothelial cells. Biophys J. 1993;65:1560.

47. Kanwar S, Steeber DA, Tedder TF, et al. Overlapping roles for L-selectin and
P-selectin in antigen-induced immune responses in the microvasculature.
J Immunol. 1999;162:2709.

48. Robinson SD, Frenette PS, Rayburn H, et al. Multiple, targeted deficiencies
in selectins reveal a predominant role for P-selectin in leukocyte recruitment.
Proc N atl Acad Sci. 1999;96:11452.

49. Diamond MS, Springer TA. The dynamic regulation of integrin adhesive-
ness. Curr Biol. 1994;4:506.

50. Berlin C, Bargatze RF, Campbell JJ, et al. a4 integrins mediate lymphocyte
attachment and rolling under physiologic flow. Cell. 1995;80:413.

51. Hemler ME. VLA proteins in the integrin family: structures, functions, and
their role on leukocytes. Ann Rev Immunol. 1990;8:365.

52. Schmidt OI, Infanger M, Heyde CE, et al. The role of neuroinflammation
in traumatic brain injury. Eur J Trauma. 2004;30:35.

53. Goris RJ, te Boekhorst TP, Neytinck JK, et al. Multiple organ failure—
generalized autodestructive inflammation? Arch Surg. 1985;120:1109.

54. Martins PS, Kallas, EG, Neto MC, et al. Upregulation of reactive oxygen
species generation and phagocytosis, and increased apoptosis in human
neutrophils during severe sepsis and septic shock. Shock . 2003;20:208.

55. Powell WC, Fingleton B, Wilson CL, et al. The metalloproteinase matrilysin
proteolytically generates active soluble Fas ligand and potentiates epithelial
cell apoptosis. Curr Biol. 1999;9:1441.

56. Grote K, Flach I, Luchtefeld M, et al. Mechanical stretch enhances
mRNA expression and proenzyme release of matrix metalloproteinase-2
(MMP-2) via NAD(P)H oxidase-derived reactive oxygen species. Circ Res.
2003;92:e80.

57. Winterbourn CC, Buss IH, Chan TP, et al. Protein carbonyl measurements
show evidence of early oxidative stress in critically ill patients. Crit Care
Med. 2000;28:143.

58. Kazzaz JA, Xu J, Palaia TA, et al. Cellular oxygen toxicity. Oxidant injury
without apoptosis. J Biol Chem. 1996;271:15182.

59. Kretzschmar M, Pfeiffer L, Schmidt C, et al. Plasma levels of glutathione,
alpha-tocopherol and lipid peroxides in polytraumatized patients; evidence
for a stimulating effect of TNF alpha on glutathione synthesis. Exp Tox icol
Pathol. 1998;50:477.

60. Shohami E, Beit-Yannai E, Horowitz M, et al. Oxidative stress in closed-
head injury: brain antioxidant capacity as an indicator of functional out-
come. J Cereb Blood Flow Metab. 1997;17:1007.

61. Lewen A, Matz P, Chan PH. Free radical pathways in CNS injury. J N eu-
rotrauma. 2000;17:871.

62. Laroux FS, Pavlick KP, Hines IN, et al. Role of nitric oxide in inflammation.
Acta Physiol Scand. 2001;173:113.

63. Skidgel RA, Gao XP, Brovkovych V, et al. Nitric oxide stimulates
macrophage inflammatory protein-2 expression in sepsis. J Immunol. 2002;
169:2093.

64. Fosse E, Pillgram-Larsen J, Svennevig JL, et al. Complement activation in
injured patients occurs immediately and is dependent on the severity of the
trauma. Injury. 1998;29:509.

65. Mollnes TE, Fosse E. The complement system in trauma-related and is-
chemic tissue damage: a brief review. Shock . 1994;2:301.

66. Stahel PF, Morganti-Kossmann MC, Kossmann T. The role of the comple-
ment system in traumatic brain injury. Brain Res Rev. 1998;27:243.

67. Sugimoto K, Hirata M, Majima M, et al. Evidence for a role of kallikrein–
kinin system in patients with shock after blunt trauma. Am J Physiol.
1998;274:1556.

68. Abraham E. Coagulation abnormalities in acute lung injury and sepsis. Am
J Respir Cell Mol Biol. 2000;22:401.

69. Idell S. Coagulation, fibrinolysis, and fibrin deposition in acute lung injury.
Crit Care Med. 2003;31:s213.

70. Fan J, Kapus A, Li YH, et al. Priming for enhanced alveolar fibrin deposition
after haemorrhagic shock: role of tumor necrosis factor. Am J Respir Cell
Mol Biol. 2000;22:412.

71. Gando S, Kameue T, Matsuda N, et al. Combined activation of coagulation
and inflammation has an important role in multiple organ dysfunction and
poor outcome after severe trauma. Thromb Haemost. 2002;88:943.

72. Rigby AC, Grant MA. Protein S: a conduit between anticoagulation and
inflammation. Crit Care Med. 2004;32:s336.

73. Levi M, de Jonge E, van der Poll T. New treatment strategies for dissem-
inated intravascular coagulation based on current understanding of the
pathophysiology. Ann Med. 2004;36:41.

74. Lo EH, Wang X, Cuzner ML. Extracellular proteolysis in brain injury
and inflammation: role for plasminogen activators and matrix metallopro-
teinases. J N eurosci Res. 2002;69:1.

75. Du Clos TW. Function of C-reactive protein. Ann Med. 2000;32:274.
76. Whicher JT, Evans SW. Acute phase proteins. Hosp Update. 1990:899.
77. Lennard AC. Interleukin-1 receptor antagonist. Crit Rev Immunol. 1995;

15:77.



832 Sect ion VI: Shock States

78. Chikanza IC, Grossman AB. Neuroendocrine immune responses to inflam-
mation: the concept of the neuroendocrine immune loop. Bailliere’s Clin
Rheumatol. 1996;10:199.

79. Emsley J, White HE, O’Hara BP, et al. Structure of pentameric human
serum amyloid P component. N ature. 1994;367:338.

80. Gabay C, Kushner I. Acute-phase proteins and other systemic responses to
inflammation. N Engl J Med. 1999;340:448.

81. Urieli-Shoval S, Linke RP, Matzner Y. Expression and function of serum
amyloid A, a major acute-phase protein, in normal and disease states. Curr
O pin Hematol. 2000;7:64.

82. Babaev A, Frederick PD, Pasta DJ, et al. Trends in management and out-
comes of patients with acute myocardial infarction complicated by cardio-
genic shock. JAMA. 2005;294:448.

83. Sabiston DC Jr. The fundamental contributions of Alfred Blalock to the
pathogenesis of shock. Arch Surg. 1995;130:736.

84. Moore FA, McKinley BA, Moore EE, et al. Inflammation and the host
response to injury, a large-scale collaborative project: patient-oriented re-
search core—standard operating procedures for clinical care III. Guidelines
for shock resuscitation. J Trauma. 2006;61:82.

85. American College of Surgeons. Advanced Trauma Life Support for Doctors.
7th ed. Chicago: American College of Surgeons; 2004.

86. Wiggers CJ. Experimental Hemorrhagic Shock . New York: Commonwealth
Fund; 1950.

87. Bergstein JM, Slakey DP, Wallace JR, et al. Traumatic hypothermia is re-
lated to hypotension, not resuscitation. Ann Emerg Med. 1996;27:39.

88. Rivers E, Nguyen B, Havstad S, et al. Early goal-directed therapy in the
treatment of severe sepsis and septic shock. N Engl J Med. 2001;345:1368.

89. O’Neill PJ, Cobb LM, Ayala A, et al. Aggressive fluid resuscitation fol-
lowing intestinal ischemia-reperfusion in immature rats prevents metabolic
derangements and down regulates interleukin-6 release. Shock . 1994;1:381.

90. Hayes MA, Timmins AC, Yau EHS, et al. Elevation of systemic oxygen
delivery in the treatment of critically ill patients. N Engl J Med. 1994;
330:1717.

91. Smith T, Grounds RM, Rhodes A. Central venous pressure: uses and limita-
tions In: Pinsky MR, Payen D, eds. Functional Hemodynamic Monitoring.
Update in Intensive Care and Emergency Medicine. No. 42. New York:
Springer-Verlag; 2005:99.

92. Marini JJ, Leatherman JW. Pulmonary artery occlusion pressure: measure-
ment, significance, and clinical uses In: Pinsky MR, Payen D, eds. Func-
tional Hemodynamic Monitoring. Update in Intensive Care and Emergency
Medicine. No. 42. New York: Springer-Verlag; 2005:111.

93. Singer M. Esophageal Doppler monitoring. In: Pinsky MR, Payen D, eds.
Functional Hemodynamic Monitoring. Update in Intensive Care and Emer-
gency Medicine. No. 42. New York: Springer-Verlag; 2005:193.

94. Vignon P. Hemodynamic assessment of critically ill patients using echocar-
diography Doppler. Curr O pin Crit Care. 2005;11:227.

95. Dellinger RP, Carlet JM, Masur H. Surviving Sepsis Campaign for man-
agement of severe sepsis and septic shock. Crit Care Med. 2004;32:858.

96. McKinley BA, Marvin RG, Cocanour CS, et al. Blunt trauma resuscitation:
the old can respond. J Trauma. 2000;135:688.

97. Brandstrup B, Tonnesen H, Beier-Holgersen R, et al. Effects of intravenous
fluid restriction on postoperative complications: comparison of two peri-
operative fluid regimens: a randomized assessor-blinded multicenter trial.
Ann Surg. 2003;238:641.

98. Riddez L, Johnson L, Hahn RG. Central and regional hemodynamics dur-
ing crystalloid fluid therapy after uncontrolled intra-abdominal bleeding.
J Trauma. 1998;44:433.

99. Rackow EC, Weil MH, Macneil AR, et al. Effects of crystalloid and colloid
fluids on extra vascular lung water in hypoproteinemic dogs. JAppl Physiol.
1987;62:2421.

100. Balogh Z, McKinley BA, Cocanour CS, et al. Secondary abdominal com-
partment syndrome is an elusive early complication of traumatic shock
resuscitation. Am J Surg. 2002;184:538.

101. Finfer S, Bellomo R, Boyce N. A comparison of albumin and saline for fluid
resuscitation in the intensive care unit. N Engl J Med. 2004;350:2247.

102. Williams EL, Hildebrand KL, McCormick SA, et al. The effect of intra-
venous lactated Ringer’s solution versus 0.9% sodium chloride solution on
serum osmolality in human volunteers. Anesth Analg. 1999;88:999.

103. Koustova E, Stanton K, Gushchin V, et al. Effects of lactated Ringer’s so-
lutions on human leukocytes. J Trauma. 2002;52:872.

104. Takil A, Eti Z, Irmak P, et al. Early postoperative respiratory acidosis af-
ter large intravascular volume infusion of lactated ringer’s solution during
major spine surgery. Anesth Analg. 2002;95:294.

105. Rhee P, Wang D, Ruff P, et al. Human neutrophil activation and increased
adhesion by various resuscitation fluids. Crit Care Med. 2000;28:74.

106. Gushchin V, Stegalkina S, Alam HB, et al. Cytokine expression profil-
ing in human leukocytes after exposure to hypertonic and isotonic fluids.
J Trauma. 2002;52:867.

107. Khanna S, Davis D, Peterson B, et al. Use of hypertonic saline in the treat-
ment of severe refractory posttraumatic intracranial hypertension in pedi-
atric traumatic brain injury. Crit Care Med. 2000;28:1144.

108. Huang PP, Stucky FS, Dimick AR, et al. Hypertonic sodium resuscitation
is associated with renal failure and death. Ann Surg. 1995;221:543.

109. Kreimeier U, Messmer K. Small-volume resuscitation: from experimental

evidence to clinical routine: advantages and disadvantages of hypertonic
solutions. Acta Anaesthesiol Scand. 2002;46:625.

110. Fleck A, Hawker F, Wallace PI, et al. Increased vascular permeability: a ma-
jor cause of hypoalbuminaemia in disease and injury. Lancet. 1985;1:781.

111. Kohler JP, Rice CL, Zarins CK, et al. Does reduced colloid oncotic pressure
increase pulmonary dysfunction in sepsis? Crit Care Med. 1981;9:90.

112. Vermeulen LC Jr, Ratko TA, Erstad BL, et al. A paradigm for consensus.
The University Hospital Consortium guidelines for the use of albumin, non-
protein colloid, and crystalloid solutions. Arch Intern Med. 1995;155:373.

113. Blunt MC, Nicholson JP, Park GR. Serum albumin and colloid osmotic
pressure in survivors and non-survivors of prolonged critical illness. Anaes-
thesia. 1998;53:755.

114. Golub R, Sorrento JJ, Cantu RJ, et al. Efficacy of albumin supplementation
in the surgical intensive care unit: a prospective, randomized study. Crit
Care Med. 1994;22:613.

115. McCluskey A, Thomas AN, Bowles BJM, et al. The prognostic value of
serial measurements of serum albumin in patients admitted to an intensive
care unit. Anaesthesia. 1996;51:724.

116. Stockwell MA, Soni N, Riley B. Colloid solutions in the critically ill. A ran-
domized comparison of albumin and polygeline. I. Outcome and duration
of stay in the intensive care unit. Anaesthesia. 1992;47:3.

117. Boldt J, Hessen M, Mueller M, et al. The effects of albumin versus hy-
droxyethyl starch solution on cardiorespiratory and circulatory variables
in critically ill patients. Anesth Analg. 1996;83:245.

118. Cochrane Injuries Group Albumin Reviewers. Human albumin adminis-
tration in critically ill patients: systematic review of randomised controlled
trials. BMJ. 1998;317:235.

119. Wilkes MM, Navickis RJ. Patient survival after human albumin adminis-
tration: a meta-analysis of randomized, controlled trials. Ann Intern Med.
2001;135:149.

120. Alderson, P, Bunn F, Li Wan Po A, et al. Human albumin solution for resus-
citation and volume expansion in critically ill patients. Cochrane Library.
2006;3.

121. Treib J, Haass A, Pindur G. Coagulation disorders caused by hydroxyethyl
starch. Thromb Haemost. 1997;78:974.

122. Cittanova ML, Leblanc I, Legendre C, et al. Effect of hydroxyethyl starch in
brain-dead kidney donors on renal function in kidney-transplant recipients.
Lancet. 1996;348:1620.

123. Schortgen F, Lacherade JC, Bruneel F, et al. Effects of hydroxyethylstarch
and gelatin on renal function in severe sepsis: a multicentre randomised
study. Lancet. 2001;357:911.

124. Treib J, Haass A, Pindur G, et al. All medium starches are not the same: in-
fluence of the degree of hydroxyethyl substitution of hydroxyethyl starch on
plasma volume, hemorrheologic conditions, and coagulation. Transfusion.
1996;36:450.

125. Vincent JL. Plugging the leaks? New insights into synthetic colloids. Crit
Care Med. 1991;19:316.

126. Feng X, Liu J, Yu M, et al. Hydroxyethyl starch, but not modified fluid
gelatin, affects inflammatory response in a rat model of polymicrobial sepsis
with capillary leakage. Anesth Analg. 2007;104:624.

127. Schmand JF, Ayala A, Morrison MH, et al. Effects of hydroxyethyl starch
after trauma-hemorrhagic shock: restoration of macrophage integrity and
prevention of increased circulating IL-6 levels. Crit Care Med. 1995;23:806.

128. Handrigan MT, Burns AR, Donnachie EM, et al. Hydroxyethyl starch in-
hibits neutrophil adhesion and transendothelial migration. Shock . 2005;
24:434.

129. Dieterich HJ, Weissmuller T, Rosenberger P, et al. Effect of hydroxyethyl
starch on vascular leak syndrome and neutrophil accumulation during hy-
poxia. Crit Care Med. 2006;34:1775.

130. Vassar MJ, Perry CA, Holcroft JW. Prehospital resuscitation of hypotensive
trauma patients with 7.5% NaCl versus 7.5% NaCl with added dextran:
a controlled trial. J Trauma. 1993;34:622.

131. Vassar MJ, Fischer RP, O’Brien PE, et al. A multicenter trial for resuscitation
of injured patients with 7.5% sodium chloride. The effect of added dextran
70. The Multicenter Group for the Study of Hypertonic Saline in Trauma
Patients. Arch Surg. 1993;128:1003.

132. Mattox KL, Maningas PA, Moore EE, et al. Prehospital hypertonic
saline/dextran infusion for post-traumatic hypotension. The U.S.A. Mul-
ticenter Trial. Ann Surg. 1991;213:482.

133. Ring J, Messmer K. Incidence and severity of anaphylactoid reactions to
colloid volume substitutes. Lancet. 1977;1:466.

134. Wu J, Huang M, Tang G, et al. Hemodynamic response of modified fluid
gelatin compared with lactated ringer’s solution for volume expansion in
emergency resuscitation of hypovolemic shock patients: preliminary report
of a prospective, randomized trial. World J Surg. 2001;25:598.

135. Evans PA, Garnett M, Boffard K, et al. Evaluation of the effect of colloid
(Haemaccel) on the bleeding time in the trauma patient. J R Soc Med.
1996;89:101.

136. Tollofsrud S, Svennevig JL, Breivik H, et al. Fluid balance and pulmonary
functions during and after coronary artery bypass surgery: Ringer’s acetate
compared with dextran, polygeline, or albumin. Acta Anaesthesiol Scand.
1995;39:671.

137. Bordin JO, Heddle NM, Blajchman MA. Biologic effects of leukocytes
present in transfused cellular blood products. Blood. 1994;84:1703.



Chap t e r 55: Shock: General 833

138. van de Watering LMG, Hermans J, Houbiers JGA. Beneficial effects of
leukocyte depletion of transfused blood on postoperative complications in
patients undergoing cardiac surgery: a randomized clinical trial. Circula-
tion. 1998;97:562.
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CHAPTER 56 ■ CARDIOGENIC SHOCK
MARC A. SIMON r MICHAEL R. PINSKY

IMMEDIATE CONCERNS

Definit ion

Cardiogenic shock is a major and frequently fatal complica-
tion of a variety of acute and chronic disorders that results
in a primary impairment of the ability of the heart to main-
tain adequate tissue perfusion despite sufficient intravascular
volume.

Esse nt ial Diag nost ic Te st s and Proce d ure s

1. Bedside clinical criteria that provide evidence of reduced
organ perfusion include oliguria, confusion, peripheral
cyanosis, and evidence of peripheral vasoconstriction.

2. An accurate definition of cardiogenic shock also requires
persistence of the shock state after correction of extracardiac
conditions, such as hypovolemia or a variety of metabolic
abnormalities including significant disturbances in acid-base
metabolism, electrolyte abnormalities, or arrhythmias.

3. The pulmonary artery occlusion pressure (PAOP) is fre-
quently in excess of 18 mm Hg, and the cardiac index (CI)
is usually less than 2.2 L/minute/m2.

Init ial The rap y

1. Cardiogenic shock in the setting of acute myocardial infarc-
tion warrants pharmacologic intervention to limit infarct
size and includes using heparin, aspirin, nitrates, β -blockers,
calcium channel blockers, or a combination thereof. Pri-
mary coronary artery stenting is now recommended for pa-
tients with ST elevation or left bundle branch block who de-
velop shock within 36 hours of acute myocardial infarction
and are suitable for revascularization that can be performed
within 18 hours of shock onset (1). Thrombolytic therapy
may be used if early revascularization is not available (2).

2. Hemodynamic management includes optimization of
preload and afterload and augmentation of contractil-
ity, when appropriate, with agents such as dobutamine,
dopamine, norepinephrine, digitalis preparations, or phos-
phodiesterase inhibitors.

3. Surgical intervention in myocardial infarction has been used
to limit infarct size by direct revascularization or correction

This work is supported in part by NIH grants HL007820, HL067181,
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search Career Development Award Grant (K12 RR023267) from the
National Institutes of Health.

of mechanical defects of an acute ischemic event such as
ventricular septal defects (VSDs), acute mitral insufficiency,
free wall rupture, or left ventricular aneurysm.

4. Mechanical assist devices such as the intra-aortic balloon
pump (IABP) are used as temporizing measures to opti-
mize blood pressure, cardiac output, and tissue perfusion
in patients with cardiogenic shock while further diagnostic
procedures and disease staging are performed. Newer per-
cutaneous ventricular assist devices (VADs) providing 2 to
5 L/minute blood flow are now available and hold promise
for rapid restoration of peripheral perfusion.

CLASSIFICATION
A variety of classification schemes have been proposed for the
division of circulatory shock according to etiology and underly-
ing hemodynamic mechanisms. Circulatory shock can be sub-
divided into four distinct classes on the basis of underlying
mechanism plus hemodynamics; these classes should be con-
sidered and excluded before establishing a definite diagnosis of
cardiogenic shock.

Hyp ovole mic Shock

Hypovolemic shock results from volume loss caused by con-
ditions such as gastrointestinal bleeding or extravasation of
plasma.

Ob st ruct ive Shock

Obstructive shock results from impedance of the circulatory
channels by an intrinsic or extrinsic obstruction. Pulmonary
embolism, dissecting aneurysm, and pericardial tamponade re-
sult in obstructive shock.

Dist rib ut ive Shock

Distributive shock is caused by conditions such as direct arteri-
ovenous shunting and is characterized by decreased resistance
or increased venous capacity from the vasomotor dysfunction.

Card iog e nic Shock

Cardiogenic shock is characterized by primary myocardial
dysfunction resulting in the inability of the heart to main-
tain an adequate cardiac output with subsequent compromis-
ing of metabolic requirements (Fig. 56.1). The most common
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FIGURE 56.1. Neurohumoral and mechanical events that lead to death in patients with cardiogenic
shock. ANP, atrial natriuretic peptide. (Used with permission from Pasternak RC, Braunwald E. Acute
myocardial infarction. In: Wilson JD, Braunwald E, Isselbacher KJ, eds. Harrison’s Principles of Internal
Medicine. 12th ed. Vol. 1. New York: McGraw-Hill; 1991:953–964; and Francis GS. Neuroendocrine
manifestations of congestive heart failure. Am J Cardiol. 1988;62[Suppl]:9A–13A.)

etiologies are myocardial infarction and cardiomyopathy with
a superimposed hemodynamic stress.

ETIOLOGY
In order to understand the therapeutic approaches used to sup-
port left ventricular (LV) ejection and aid acutely decompen-
sated hearts, it is important to understand the mechanisms
underpinning LV systole. Systolic ventricular function is de-
termined by preload, afterload, and contractility. Preload is
the wall stress on the left ventricle prior to ejection. Opera-
tionally, we use LV end-diastolic volume to reflect this wall
stress. Since measures of volumes can be difficult at the bedside,
LV end-diastolic pressure, left atrial pressure, or pulmonary
artery occlusion pressure are often used as surrogates for LV
end-diastolic volume. Afterload is the maximal LV wall stress
during ejection. By LaPlace’s law, wall stress is proportional to
the product of LV radius of curvature and transmural pressure.
Under normal conditions, maximal LV afterload occurs at the
instant of aortic value opening. Contractility is a more diffi-
cult term to define and quantify. A reasonable definition is the
amount of force capable of being produced by the contract-
ing myocardium (3). On a cellular level, contractility is related
to the integrity of the actin–myocin coupling, intracellular cal-

cium (Ca2+ ) flux rate, and quantity. Functionally, one measures
contractility by varying preload and afterload. Numerous mea-
sures have been attempted to quantify contractility with vary-
ing degrees of success depending upon the degree of true in-
dependence they have from preload or afterload. Measures of
contractility include the maximal rate of isovolumic pressure
development (dP/dtmax ), the Frank-Starling law relating peak
systolic activity (defined as either maximal developed pressure,
volume ejected, or the product of the two) directly to end-
diastolic volume (4), and left ventricular end-systolic pressure–
volume relation (ESPVR) derived from pressure–volume loops.
Systolic performance is the ability of the left ventricle to empty.
This is a function of end-systolic volume; a commonly used cal-
culation is the LV ejection fraction (effective ejection fraction
in the case of valvular regurgitation).

The most common etiology of cardiogenic shock is acute
myocardial infarction (MI) with a resultant loss of approxi-
mately 40% of functioning myocardium. Following myocar-
dial infarction, the final infarct size has been shown to corre-
late with the degree of LV dysfunction (5). Loss of myocardial
function may occur in one massive MI or may result in a cumu-
lative loss of pump function caused by serial smaller infarcts.
Cardiogenic shock more commonly results from infarction of
the left ventricle, although recent clarification of the potential
role of the right ventricle in the precipitation of the shock state
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TA BLE 5 6 . 1

CONTRIBUTING FACTORS TO THE DEVELOPMENT
OF CARDIOGENIC SHOCK IN MYOCARDIAL
INFARCTION

1. Loss of left ventricular function
Cumulative loss of myocardial tissue exceeding 40% of

ventricular mass, particularly anterior infarcts
Myocardial infarction associated with bradyarrhythmias

or tachyarrhythmias
Hypovolemia or hypervolemia

2. Right ventricular infarction
3. Mechanical defects

Papillary muscle dysfunction or rupture causing acute
regurgitation

Ventricular septal defect
Ventricular pseudoaneurysm
Free wall rupture and/or cardiac tamponade

has been recognized. Additionally, acute mechanical complica-
tions of myocardial infarction such as mitral insufficiency, free
wall rupture, and acute VSD may result in cardiogenic shock
during the peri-infarct period, as does the late development of
left ventricular aneurysm (Table 56.1). Other causes of cardio-
genic shock include end-stage or fulminant cardiomyopathy,
myocarditis, acute chordal rupture causing valvular regurgita-
tion, obstruction to left ventricular ejection (severe aortic steno-
sis or hypertrophic cardiomyopathy) or left ventricular filling
(mitral stenosis or left atrial myxoma), or severe septic shock
with myocardial depression.

Le ft Ve nt ricular Acut e
Myocard ial Infarct ion

Reduction in left ventricular performance is one of the major
complications of ischemic heart disease. Several classifications
that attempt to standardize the clinical and hemodynamic pre-
sentation of myocardial infarction have been proposed to aid
in determining prognosis and the therapeutic approaches in pa-
tients with established cardiogenic shock or those who have the
potential to progress to the shock state.

The Killip classification uses pure clinical bedside evaluation
of the patient to establish prognostic indicators to predict the
mortality associated with an acute myocardial infarction using
the physical findings of congestive heart failure (6).

■ Class I patients developed no overt signs of congestive heart
failure, and these individuals had a low in-hospital mortal-
ity rate. This subgroup represented approximately 40% to
50% of all patients who presented with an acute MI. The
in-hospital fatality rate was approximately 6% .

■ Class II patients demonstrated evidence of impaired ventric-
ular function as manifest by persistent bibasilar rales and an
audible third heart sound. This subset of patients accounted
for approximately 30% to 40% of patients with acute MI.
The in-hospital mortality rate of 17% was triple relative to
class I patients.

■ Class III patients were characterized by the development of
acute pulmonary edema, which was seen in approximately
10% to 15% of patients admitted to the hospital. A signif-

TA BLE 5 6 . 2

HEMODYNAMIC SUBSETS AND MORTALITY IN
MYOCARDIAL INFARCTION

Swan-Forrester class Mortality rate (%)

I: CI > 2.2; PAOP < 18 < 3
II: CI > 2.2; PAOP > 18 9
III: CI < 2.2; PAOP < 18 23
IV: CI < 2.2; PAOP > 18 51

PAOP, pulmonary artery occlusion pressure; CI, cardiac index in liters
per minute per square meter.

icant mortality rate of 38% was seen in this group treated
conservatively before the thrombolytic era.

■ Class IV patients had established cardiogenic shock with
hypotension and signs of organ hypoperfusion. Cardiogenic
shock occurred in 5% to 10% of infarct patients in this
series but was associated with a high in-hospital mortality
rate of 80% , which was a function of both severity of the
underlying illness plus the limited availability of definitive
treatment at the time this classification was proposed.

The group at Cedars Sinai Medical Center, Los Angeles, also
developed a clinical classification of heart failure associated
with acute MI, which was subsequently refined by the avail-
ability of invasive hemodynamic monitoring using pulmonary
artery catheters (PACs) (7) (Table 56.2). The Cedars Sinai clas-
sification also subdivided patients with acute myocardial into
four subsets based on the measurement of the PAOP, CI, and
clinical assessment.

Class I patients had no clinical evidence of pulmonary
congestion or tissue hypoperfusion. Hemodynamic parameters
measured in these subjects revealed the PAOP to be less than
18 mm Hg and the CI to be in excess of 2.2 L/minute/m2. The
advent and widespread use of pulmonary artery catheters clar-
ified the concept of the ideal wedge that established the impact
of diastolic dysfunction secondary to acute ischemia, with re-
sultant impaired relaxation and elevated filling pressures being
required to maintain adequate cardiac output.

Class I patients accounted for 25% of subjects admitted to
the coronary care unit, and there was a low in-hospital mor-
tality rate of 1% . Patients who on clinical grounds demon-
strated no evidence of hypoperfusion or pulmonary congestion
would not be expected to benefit from invasive cardiac moni-
toring. Frequent clinical reassessments and close attention paid
to blood pressure and evidence of organ perfusion would rep-
resent adequate care.

Class II patients demonstrated pulmonary congestion as
manifest by only an elevated PAOP greater than 18 mm Hg with
an associated normal cardiac index. Class II patients accounted
for approximately 25% of patients admitted to the coronary
care unit, but an 11% mortality rate was associated with this
group. Mild pulmonary congestion is transiently seen in a sig-
nificant percentage of patients admitted to the coronary care
unit and has a multifactorial etiology. Diastolic dysfunction
induced by ischemia with retrograde transmission of elevated
filling pressures into the pulmonary venous circuit results in ex-
travasation of fluid into the pulmonary bed when hydrostatic
pressure exceeds oncotic pressure. Ischemic papillary muscle
dysfunction with mild degrees of mitral insufficiency is also
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a potential cause of pulmonary congestion in this subgroup.
Physical examination of these patients reveals mild to moder-
ate rales and potentially an audible third heart sound associated
with radiographic evidence of pulmonary venous hypertension.
Dyspnea and orthopnea are the main symptoms superimposed
on the clinical presentation of myocardial ischemia. Treatment
in this group is centered on reduction of filling pressures to a
level that relieves pulmonary venous congestion but does not
result in an overzealous reduction of filling pressures below
the ideal wedge as the reduced cardiac contractility will re-
quire some increased filling volume and pressure to maintain
adequate stroke volume and perfusion pressure (Starling mech-
anism). Excessive diuresis should be assiduously avoided, es-
pecially in patients who were euvolemic before the onset of
their infarct. Despite signs of pulmonary congestion, patients
presenting with acute pulmonary congestion frequently are not
intravascularly volume overloaded, and diuretic therapy may
reduce filling pressures to a level that would impair cardiac out-
put. It is often difficult to ascertain at the bedside which patients
are actually euvolemic and which are hypervolemic. Afterload
reduction therapy will benefit both groups of patients and may
allow time to assess total effective circulating blood volume by
indirect measures, such as the existence of hyponatremia, pe-
ripheral edema, and S4 gallop. Inotropic agents should be con-
sidered in such a situation so that pulmonary congestion can
be relieved by diuresis if afterload reduction is not immediately
effective since the increased inotropic state mitigates against a
reduction in cardiac output induced by any reduction in cardiac
filling pressures. Oxygenation should be maintained with ade-
quate arterial saturation that may be monitored by oximetry.
Vasodilator therapies in the form of nitroglycerin or inotropic
agents with vasodilating capacity such as dobutamine are effec-
tive to return the hemodynamic parameters to normal. The use-
fulness and risk–benefit ratio of invasive hemodynamic moni-
toring in this subgroup of patients are controversial, although
these patients frequently may be managed on clinical grounds.

Class III patients are characterized predominantly by clin-
ical evidence of hypoperfusion. Hemodynamic monitoring re-
veals a PAOP less than 18 mm Hg and a cardiac index of less
than 2.2 L/minute/m2. The class III subgroup accounted for
approximately 15% of patients with acute MI and was asso-
ciated with a 23% mortality rate. Patients in this subgroup
may be extremely difficult to manage on clinical grounds, and
treatment can be facilitated by invasive hemodynamic moni-
toring to establish the volume status. Relative hypovolemia is
determined by measuring the pulmonary artery occlusion pres-
sure, which falls below that of the ideal wedge as predicted in
ischemic states. Excessive diuresis is extremely problematic in
this group of patients and may excessively decrease cardiac out-
put because of the pre-existent relative hypovolemia. Class III
patients require restoration of intravascular volume to increase
filling pressures to a degree that ensures adequate cardiac out-
put and organ perfusion.

Class IV patients demonstrated elevated PAOP in excess
of 18 mm Hg and a depressed cardiac index of less than 2.2
L/minute/m2 and frequently manifested signs of cardiogenic
shock with clinical evidence of organ hypoperfusion and dys-
function. This subgroup accounted for approximately 35% of
patients with MI and was associated with an in-hospital mor-
tality rate of approximately 50% . Class IV patients may have
a mechanical defect such as acute mitral insufficiency, free wall
rupture, or VSD underlying the acute myocardial infarction;

these are discussed separately. Oxygenation with the potential
assisted ventilation in addition to inotropic and judicious use
of vasodilator support is the recommended therapy in these
subgroups.

Rig ht Ve nt ricular Infarct ion

Although isolated right ventricular (RV) infarction is rare, ev-
idence of RV infarction and RV dysfunction is found in up to
half of all infarcts and is clinically significant in nearly half of all
inferior infarcts (8, 9). The clinical diagnosis of RV infarction
should be considered when elevated jugular venous pressure
is accompanied by hypotension while the lung fields are clear.
But the diagnosis may be difficult to establish clinically un-
less hemodynamic measurements, special electrocardiographic
leads, echocardiography, or nuclear imaging are performed
(10). Right-sided precordial leads obtained by electrocardiog-
raphy that demonstrates at least 1-mm ST elevation is approx-
imately 70% sensitive in the diagnosis of RV infarction and
confers a particularly poor prognosis (11). Echocardiography
is an easily obtainable noninvasive study that demonstrates
RV dilation and impairment of wall motion of the right ven-
tricle. Radionuclide angiography currently is considered to be
the most sensitive means to diagnose RV infarction, although
more recent data suggest that magnetic resonance imaging is
comparable (12,13). A decrease in RV ejection fraction that is
associated with wall motion abnormalities is more than 90%
sensitive in the diagnosis of an RV infarction. Hemodynamic
studies that are supportive of significant ischemic involvement
of the right ventricle are manifest by increases in right atrial
pressures plus demonstration of resistance to diastolic filling,
as shown by blunting of the y-descent that follows tricuspid
valve opening. A “square root” sign or “dip and plateau” pat-
tern in the diastolic pressure curve is commonly demonstrated
in RV infarctions but is not specific and may be associated with
pericardial tamponade or restrictive cardiomyopathy (14).

The Should We Emergently Revascularize Occluded Coro-
naries for Cardiogenic Shock (SHOCK) trial registry reported
on the clinical characteristics of patients presenting with iso-
lated RV shock (15). Patients with RV shock compared to LV
shock were younger and had a lower prevalence of previous MI
(25.5% vs. 40.1% ), a lower prevalence of anterior MI (11%
vs. 59% ), and less multivessel disease (34.8% vs. 77.8% ). As
expected, the infarct-related vessel involved the right coro-
nary artery more in RV shock (96% of cases) versus LV shock
(27% of cases). These patients had a shorter median time be-
tween myocardial infarction and the diagnosis of shock (2.9 vs.
6.2 hours) compared to patients with left ventricular shock.
Right atrial pressure was a highly significant distinguishing fac-
tor of right from left ventricular shock (mean pressure 23.0 ±
9.9 vs. 14.2 ± 7.4, p = 0.0001), while all other hemodynamic
measures were similar. Interestingly, in-hospital mortality was
not significantly different between RV and LV shock (53.1%
vs. 60.8% ). Improvement in survival due to revascularization
was similar between groups and multivariate analysis revealed
that RV shock was not an independent predictor of lower in-
hospital mortality (odds ratio 1.07, 95% confidence interval
0.54–2.13). This similarity in survival was despite patients with
RV shock being younger; thus, RV shock may carry a worse
prognosis.

Cardiogenic shock in patients with RV infarction frequently
represents a substantial loss of functioning myocardium and
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carries a poor prognosis. RV infarction accompanied by car-
diogenic shock is frequently associated with a variety of con-
duction abnormalities, including a high-grade atrioventricular
block or significant rhythm disturbances. The treatment of RV
infarction complicated by cardiogenic shock centers around
maintaining RV filling pressures and assurance of adequate vol-
ume. Hemodynamic measurements may facilitate the estimate
of volume loading required. Nitrates, diuretics, and other pre-
dominantly vasodilating compounds should be avoided. Atrial
fibrillation is frequently poorly tolerated by these patients and
may require immediate electrical cardioversion. The use of dig-
italis in acute RV infarction, even in the presence of atrial fib-
rillation, is controversial. Adequate inotropic support with va-
sodilating inotropic agents such as dobutamine is used if car-
diac output fails to optimize after adequate volume loading.
Percutaneous revascularization should be considered as it has
been shown to improve outcomes (16).

Me chanical De fe ct s

A variety of mechanical defects may be associated with cardio-
genic shock in the peri-infarction stage (Table 56.3). Myocar-
dial infarction resulting in cardiogenic shock from the appear-
ance of mechanical defects such as acute mitral insufficiency,
VSD, or free wall rupture represents a major complication and
requires aggressive diagnostic and therapeutic interventions if
the patient is expected to survive. Despite improvements in
imaging techniques plus mechanical assist devices and emer-
gency surgery, the mortality from these complications remains
extremely high.

Acut e Mit ral Insufficie ncy
The mitral valve is a complicated apparatus and consists of the
valvular annulus, leaflets, chorda tendineae, and papillary mus-
cles plus potential functional alterations from involvement of
the adjacent myocardium. Abnormalities affecting any of the
components of the mitral valve may result in acute or chronic
mitral insufficiency. The mitral valve annulus may be dilated
and contribute to mitral insufficiency, although this complica-
tion is primarily associated with cardiomyopathies or connec-

tive tissue diseases such as Marfan syndrome rather than an
acute myocardial infarction. Calcification of the mitral valve
annulus is common in the elderly and may alter coaptation of
the mitral valve leaflets and result in mitral incompetence.

Acute mitral insufficiency caused by involvement of the
valvular leaflets is associated with infective endocarditis from
necrotizing organisms such as Staphylococcus aureus or En-
terococcus, resulting in destruction of the valvular apparatus.
Traumatic penetrating injuries that involve the valve itself are
rare. Rupture of the chorda tendineae may also be seen in en-
docarditis or a variety of connective tissue diseases, including
myxomatous degeneration or Marfan syndrome.

Chordal rupture that results in severe impairment of left
ventricular function depends on the number of involved struc-
tures and the rapidity with which the rupture occurs. Mitral
insufficiency in the peri-infarction state may result from in-
volvement of the surrounding myocardium or papillary mus-
cles. Papillary muscles located adjacent to the infarction zone
may simply become dysfunctional because of alteration of syn-
chrony of contraction related to ischemia or frank rupture from
ischemic necrosis.

The degree of mitral insufficiency is a function of the degree
of involvement and anatomic competence. The two papillary
muscles (posteromedial and anterolateral papillary muscles)
have different ischemic vulnerabilities because of the blood
supply from the coronary arteries. The anatomic vascular sup-
ply represents end arteries that are solely supplied by terminal
portions of the coronaries, thus rendering the papillary muscles
vulnerable to ischemic involvement during an acute myocardial
infarction. Papillary muscle dysfunction may result from inter-
mittent ischemia during unstable angina or myocardial infarc-
tion with involvement of the adjacent myocardium (17). Papil-
lary muscle dysfunction is characterized by mild flow murmurs,
which may be grade I or grade II by auscultation. The anterolat-
eral papillary muscle has a dual blood supply, which provides
partial protection during ischemia. The diagonal branches of
the left anterior descending and marginal branches from the
circumflex supply blood to the anterolateral papillary muscle.
The posteromedial papillary muscle is generally supplied solely
from the posterior descending branch of the right coronary
artery, increasing its vulnerability to ischemic-related dysfunc-
tion.

TA BLE 5 6 . 3

COMPLICATIONS OF MYOCARDIAL INFARCTION

Characteristic Ventricular septal rupture Papillary muscle rupture Papillary muscle dysfunction

Incidence Unusual Rare Common

Murmur
Type Pansystolic Early to pansystolic Variable
Location Left sternal border (95% ) Apex → axilla (50% ) Apex
Thrill > 50% Rare No

Clinical presentation Left and right ventricular failure Profound pulmonary edema None to moderate left ventricular
failure

Catheterization O 2 step-up in right ventricle Large left atrial V wave Mild to moderate elevation of left
atrial pressure

With permission from Crawford MH, O’Rourke RA. The bedside diagnosis of the complications of myocardial infarction. In: Eliot RS, ed. Cardiac
Emergencies. Mount Kisco, NY: Futura; 1962.
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Significant ischemia involving the papillary muscle that re-
sults in complete rupture with fulminant mitral insufficiency
is generally fatal because of the marked volume load ejected
retrograde into the left atria and pulmonary venous bed (18).
However, if the major ischemic-related necrosis is distal and
only involves rupture of the head of the papillary muscle, the re-
sultant mitral insufficiency may be tolerated hemodynamically
long enough to allow recognition, proper diagnosis, and sur-
gical intervention. Mild ischemic involvement of the papillary
muscle may be increased in hemodynamic significance in the
presence of pre-existing left ventricular dilation, which alters
the ability of the mitral leaflets to coapt. Severe ischemic-related
mitral insufficiency is more frequently a result of posteromedial
papillary muscle necrosis resulting from inferior or posterior
myocardial infarctions, although one third of cases may result
from anterior infarction (19,20). Less than half of cases present
with electrocardiographic evidence of ST elevation or Q waves
(20). Right ventricular papillary muscle rupture may occur but
is uncommon. Involvement of papillary muscles in the right
ventricle results in tricuspid insufficiency, which if severe may
result in right ventricular failure.

Papillary muscle rupture is a relatively uncommon compli-
cation and occurs in approximately 1% of patients having an
acute ischemic event. The incidence has decreased in the throm-
bolytic era (21). After acute MI with cardiogenic shock, the in-
cidence of acute severe mitral regurgitation is 6.9% (22). The
peak incidence of papillary muscle rupture is within the first
week, with the majority occurring between days 3 and 5 after
an acute MI. The diagnosis of papillary muscle rupture may
be suspected on physical examination and has been facilitated
with the advent of hemodynamic monitoring and echocardio-
graphy.

The physical examination in acute mitral insufficiency sec-
ondary to papillary muscle rupture differs from the findings
associated with chronic valvular regurgitation. In the acute set-
ting a palpable thrill is uncommon and the radiation of the
murmur differs from chronic conditions. The systolic murmur
is soft, is decrescendo, generally ends before the second heart
sound, and is best audible at the base of the heart as opposed
to the apex with radiation to the neck or the top of the head.

Echocardiography and Doppler ultrasound has been a ma-
jor advance in the diagnosis of acute mitral insufficiency and
its clinical separation from other mechanical lesions associated
with a new murmur (23). The left atrium and left ventricle
are generally of normal size, and the ejection fraction is in-
creased and frequently hyperdynamic. The mitral leaflet flails
and may prolapse into the left atrium. Doppler ultrasound with
color flow study determines the presence and severity of mi-
tral insufficiency and presence of an intracardiac shunt and
quantifies the degree of mitral regurgitation. Data from the
Should We Emergently Revascularize Occluded Coronaries for
Cardiogenic Shock (SHOCK) trial, which randomized patients
with cardiogenic shock within 36 hours of an acute myocardial
infarction, has shown that the severity of mitral regurgitation
quantified by Doppler echocardiography is an independent pre-
dictor of survival (24).

Pulmonary artery catheter placement with measurement of
PAOP and cardiac output is useful in mitral insufficiency. The
presence of a regurgitant wave in the PAOP tracing may be vis-
ible in acute mitral regurgitant lesions, especially when there is
no evidence of a step-up in oxygen concentration in the right
atria or right ventricle. Pulmonary artery catheterization is not

necessary for diagnosis, but the use of invasive monitoring al-
lows optimization of cardiac output, filling pressures, and ad-
justment of inotropic, vasodilator, and diuretic therapy on the
basis of induced changes in pressures.

Ve nt ricular Se p t al De fe ct
Rupture of the interventricular septum may present in a similar
clinical manner as mitral insufficiency with the abrupt onset of
congestive heart failure plus a new murmur, making the two
conditions difficult to separate on clinical grounds. Rupture
of the interventricular septum also occurs in the first week af-
ter the acute ischemic event with a peak incidence occurring
between days 3 and 5. The prevalence rate of acute VSDs af-
ter an infarction is difficult to accurately determine but occurs
within the range of 0.5% to 2.0% and is the cause of death
in approximately 5% of all fatal MIs. Incidence of VSD as a
cause of cardiogenic shock after acute myocardial infarction
in the SHOCK trial registry was 3.9% (22). Blood supply to
the septum is supplied by septal perforating branches of the
left anterior descending vessel and acute VSD is more common
in anterior myocardial infarctions. These patients frequently
have multivessel disease and are older patients experiencing an
initial myocardial infarction (25).

The diagnosis of acute VSD may be inferred on clinical
grounds but frequently requires more sophisticated evaluation
to accurately diagnose and quantify the defect, which is located
in the muscular septum and may be multiple. The physical ex-
amination in acute VSD depends on the magnitude of the shunt,
which is, in turn, a function of the size of the ventricular de-
fect, right ventricular compliance, pulmonary artery pressures,
and inotropic state. A significant VSD is associated with the
characteristic findings of shock in addition to a new holosys-
tolic murmur associated with a precordial thrill. A precordial
thrill may be palpated in approximately 50% of patients with
an acute VSD and is a function of the magnitude of pressure
gradient between the two chambers.

The diagnosis of VSD and its separation from acute mitral
insufficiency has been facilitated by the advent of noninvasive
and invasive diagnostic procedures. Two-dimensional echocar-
diography combined with Doppler flow study generally identi-
fies a significant defect (26). Contrast echocardiography using
microbubble techniques also may aid in the diagnosis of acute
VSD and establish the presence of an intracardiac shunt. Pul-
monary artery catheterization demonstrates the absence of a V
wave in the pulmonary wedge tracing and an increase in oxy-
gen saturation by �10% in the right ventricle compared with
the right atrium. The mortality rate for septal defects is signifi-
cant, with approximately 25% of patients dying within the first
24 hours and a 50% mortality rate at 1 week. Less than 10%
survive 1 year when treated solely with medical therapy (27).
When occurring in the setting of cardiogenic shock, in-hospital
mortality has been reported as high as 87% (22).

Fre e Wall Rup t ure and Tamp onad e
Free wall rupture is a major complication of myocardial infarc-
tion and is difficult to diagnose premortem. The prevalence of
this complication is unknown but may occur in up to 8% of
all myocardial infarctions with approximately one third oc-
curring in the first 24 hours after the onset of the ischemic
event and the peak incidence between days 5 and 7 (28). The
SHOCK trial registry reported a 1.4% incidence of free wall
rupture as a cause of cardiogenic shock after acute MI (22).
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Rupture of the free wall is a major cause of mortality in acute
ischemic events and is associated with large transmural infarcts
with inadequate collateral circulation. This serious complica-
tion occurs more commonly in elderly hypertensive patients.
Involvement of the left ventricle is the rule, although free wall
rupture involving the right ventricle has been reported. Rup-
ture of the free wall is frequently associated with the ventricular
remodeling process in which a segmental infarction results in
elevated left ventricular and diastolic pressure with expansion
of the infarcted area. Expansion involves thinning of the af-
fected area with regional hypertrophy in the adjacent region
surrounding the infarct. A disproportionate dilatation occurs
in the infarcted area and the risk of free wall rupture is en-
hanced with high shearing forces and elevated pressures. Free
wall rupture generally occurs in the border zone between the
infarcted area and the normal surrounding myocardium. The
advent of thrombolytic therapy has been postulated to poten-
tially increase the risk of free wall rupture, although this has not
been definitely confirmed. Thrombolytic therapy may actually
minimize the extent of myocardial necrosis and decrease free
wall rupture. The use of agents such as corticosteroids, previ-
ously used to blunt inflammatory response and infarct size, has
been associated with increased risk of free wall rupture.

Cardiac rupture is a catastrophic event resulting in sud-
den cardiac death unless a pseudoaneurysm forms. Hemoperi-
cardium with cardiac tamponade is difficult to diagnose early
enough to institute definitive therapy. Cardiac tamponade after
acute myocardial infarction also may be secondary to hemor-
rhagic pericarditis, but massive hemopericardium is usually due
to cardiac rupture with rapid development of electromechani-
cal dissociation and death. The diagnosis of free wall rupture
is difficult but should be suspected with sudden hypotension,
elevated jugular venous pressures, muffled heart sounds, and a
pulsus paradoxus. Echocardiography can document the pres-
ence of pericardial fluid and occasionally demonstrates the per-
forated free wall (29,30). The classic signs of tamponade are
present on echocardiography and are caused by the rising in-
trapericardial pressure compressing the right atrium and right
ventricle, resulting in equalization of pressures and right ven-
tricular diastolic collapse. Definitive therapy involves pericar-
diocentesis plus volume and pressure support with early sur-
gical intervention being necessary for salvage. Untreated free
wall rupture is universally fatal, although isolated instances of
successful aggressive intervention with surgical therapy have
been reported (31).

Le ft Ve nt ricular Ane urysm
Left ventricular aneurysm is a relatively common complication
of MI and may occur in up to 15% of survivors (32). A true
aneurysm has a wide base with the ventricular walls composed
entirely of myocardium, compared with a pseudoaneurysm,
which generally has a narrow base with the walls consisting
of pericardium and thrombotic debris. True aneurysms have
a relatively low risk of free wall rupture but are associated
with increased mortality due to sudden death from ventricu-
lar arrhythmias, emboli from mural thrombus, and progressive
loss of left ventricular function (33). Aneurysms may develop
early in the postinfarction period and can be asymptomatic or
present with significant deterioration of left ventricular func-
tion. The presence of left ventricular aneurysm may be inferred
by persistent ST elevation in the absence of chest pain or en-
zyme leakage (34).

Echocardiography demonstrating dyskinesis is a valuable
tool in diagnosing aneurysms, as is left ventricular angiography.
Left ventricular angiography demonstrates paradoxic systolic
distention during ventricular contraction. Successful treatment
of the aneurysm may be achieved with resection of the involved
myocardium, frequently in combination with saphenous vein
or mammary artery bypass grafting because of the high associ-
ated prevalence of multivessel coronary artery disease. Surgical
resection has been advocated in the presence of arrhythmias to
eliminate the substrate for ventricular tachycardia, but electro-
physiologic mapping techniques are necessary to demonstrate
that the origin of the arrhythmia arises from the left ventricular
aneurysm.

CLINICAL MANIFESTATIONS
The clinical manifestations of cardiogenic shock are a function
of the underlying cause, and mechanical defects must be aggres-
sively sought because of the need for definitive therapy. Clinical
recognition of the shock syndrome frequently requires prompt
and aggressive stabilization procedures to be instituted before
the definitive diagnosis of the underlying etiology (Fig. 56.2). A
history and physical examination should be obtained with spe-
cial attention to mental status, jugular venous pulsations, qual-
ity and intensity of heart sounds, presence and localization of a
murmur, and presence of oliguria. Diagnostic tests such as elec-
trocardiogram, portable chest radiograph, arterial blood gases,
and echocardiography frequently provide adequate clinical in-
formation to make a diagnosis and initiate stabilization ther-
apy. A quarter of patients presenting with cardiogenic shock
secondary to predominant left ventricular dysfunction do not
have evidence of pulmonary congestion (35).

THERAPY

Pe rcut ane ous Re vascularizat ion

Prior to 1999, interventions for the management of cardiogenic
shock complicating acute MI were not systematically studied.
The landmark SHOCK trial demonstrated that a strategy of
early revascularization by angioplasty or surgery reduced mor-
tality from 63% to 50% at 6 months (36). This finding has
resulted in a major paradigm shift in the management of car-
diogenic shock. The first branch-point in the decision algorithm
is whether or not shock is present in the setting of an acute MI.
If shock is present, patients should undergo immediate coro-
nary angiography with percutaneous intervention if feasible.

The SHOCK trial studied patients with onset of shock
within 36 hours of an MI and randomized the patients to im-
mediate revascularization versus initial medical stabilization.
Almost all patients required inotropes or vasopressors. Treat-
ment in the revascularization group (64% of patients) was an-
gioplasty or stenting (stents were not available at the beginning
of the trial in 1993, but were actively used by the end of the
trial in 1998) and coronary artery bypass graft surgery in 36% .
In a subgroup analysis, survival was similar between percuta-
neous and surgically revascularized patients (55.6% vs. 57.4%
at 30 days and 51.9% vs. 46.8% at 1 year, respectively) despite
a higher incidence of diabetes and multivessel disease in those
patients surgically revascularized (37).
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BP < 90 mm Hg or 30 mm Hg lower than base line?

Yes

Signs /symptoms of hypoperfus ion?  
-low urine  output
-e leva ted se rum crea tinine
-cool extremities
-shock liver

Initia l s tabiliza tion
-Inotropes
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FIGURE 56.2. Management algo-
rithm for cardiogenic shock. ACE-I,
angiotensin-converting enzyme in-
hibitor; ARB, angiotensin II receptor
blocker; PA, pulmonary artery.

Thrombolytic therapy was used in 49% of patients in the
revascularization group and in 63% of the medical therapy
group. There was no difference in survival at 30 days (53.3%
in the revascularization group vs. 44.0% in the medical therapy
group), likely a result of improved medical therapy. Age older
than 75 years was associated with significantly higher 30-day
mortality. Follow-up reports have shown persistent benefit to
early revascularization with survival rates of 47% versus 34%
at 1 year and 33% versus 20% at 6 years (38, 39). Of the pa-
tients surviving to hospital discharge (143/302), 6-year survival
was 62% versus 44% (39).

An exciting aspect of the SHOCK trial was the registry that
was created from patients screened for enrollment but not ran-
domized, whose data was reported separately in a dedicated
supplement to the Journal of the American College of Cardiol-
ogy in September 2000. This registry described 1,190 patients
and is the largest prospectively collected database for cardio-
genic shock (22). Etiology of shock from the registry was left
ventricular failure (78.5% ), acute severe mitral regurgitation
(6.9% ), ventricular septal rupture (3.9% ), isolated right ven-
tricular shock (2.8% ), and tamponade from free wall rupture
(1.4% ). Electrocardiographic site of infarction was anterior
(55% ), inferior (46% ), posterior (19% ), lateral (32% ), and
apical (11% ), with multiple sites present in half of the cases.
There was ST elevation, Q waves, or new left bundle branch
block in 79% of cases. Systolic blood pressure averaged 88 mm
Hg with a mean heart rate of 96 beats per minute. Of the sub-
set of patients with invasive hemodynamics measured, PAOP
was 23 mm Hg, cardiac index was 2.08 L/minute/m2, and left
ventricular ejection fraction was 33% . In-hospital mortality
averaged 60% and ranged from 55% for acute severe mitral
regurgitation, isolated right ventricular shock, and tamponade
to 87% for ventricular septal rupture. Of the 717 patients who
underwent coronary angiography, 15.5% had significant left

main stenosis and 53.4% had three-vessel disease. Coronary
artery disease severity also correlated with in-hospital mortal-
ity: No or single-vessel disease was associated with a 35% mor-
tality rate as compared with three-vessel disease with a mortal-
ity rate of 50.8% (40).

Since the SHOCK trial, stenting has replaced angioplasty
alone as the primary treatment for ischemic coronary artery dis-
ease due to its reduced incidence of restenosis. One recent case
series has shown that stenting for cardiogenic shock decreased
mortality compared to angioplasty alone (from 68% to 43% )
(41). Primary coronary artery stenting is now recommended
for patients with ST elevation or left bundle branch block who
develop shock within 36 hours of acute myocardial infarction
and are suitable for revascularization that can be performed
within 18 hours of shock onset (1). Thrombolytic therapy may
be used if early revascularization is not available (2).

While drug-eluting stents, which slowly elute a pharmaco-
logic agent (currently either sirolimus or paclitaxel), are now
widely used instead of bare metal stents due to their proven ef-
ficacy in reducing the incidence of restenosis, to date they have
not been studied in the setting of cardiogenic shock (42,43).

Pharmacolog ic Limit at ion of Infarct Size

Several pharmacologic interventions have been used during
acute myocardial infarction to minimize the extent of ir-
reversible ischemic damage and decrease the likelihood of
subsequent development of cardiogenic shock. Quantitative
measurements of the extent of myocardial damage by electro-
cardiographic mapping and creatine kinase (CK) release are
imprecise and frequently limit quantitative assessment of the
potential therapeutic impact of pharmacologic interventions.
Calcium channel blockers, β -blockers, and nitrates have been
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the main agents that have undergone clinical analysis to min-
imize myocardial damage, whereas a variety of experimental
or uncommonly used therapies have been evaluated in small-
scale clinical trials. Nitrates are complex pharmacologic agents
with arterial and venodilating activity in addition to other
potential beneficial effects, such as alteration of prostacyclin
metabolism. Nitrates, when administered as topical, oral, or
sublingual agents, are predominately venodilators with sub-
sequent venous pooling, decreased venous return, and lower-
ing of PAOP. Reduction in venous return and optimization of
PAOP decrease left ventricular volume and improve subendo-
cardial perfusion, thus reducing wall stress with the potential
for minimizing infarct extent. Nitrates also have effects on sys-
temic vascular resistance and epicardial coronary arteries, with
resultant reduction of impedance to left ventricular ejection and
increase in coronary blood flow.

Intravenously administered nitroglycerin has a more bal-
anced arterial and venodilating effect. Clinical trials demon-
strate that intravenous nitroglycerin administered at a level to
decrease mean aortic pressure by 10% (44) results in a decrease
in extension of MI and improves left ventricular ejection frac-
tion and survival (45). Intravenous nitrates minimize the mag-
nitude of infarct size as monitored by CK, and alter infarct
expansion with reduction in the subsequent remodeling pro-
cess and progression to congestive heart failure. Intravenous
nitrates are potent vasodilators and require careful blood pres-
sure monitoring to prevent significant hypotension and para-
doxical bradycardia. Nitrates may result in a beneficial redis-
tribution of coronary flow to the subendocardium without the
coronary steal syndrome, a major detriment of other potent
intravenous vasodilators such as nitroprusside.

Calcium channel blockers are important agents in manag-
ing patients with classic and vasospastic angina. The calcium
channel blocking agents decrease systemic vascular resistance,
decrease oxygen demand, and increase coronary flow, improv-
ing the balance between supply and demand. At pharmacologic
doses, these agents also may have other potentially beneficial
effects including antiplatelet activity.

Despite the documented beneficial effect of these agents in
hypertension and angina, calcium channel blockers have not
been proven to be beneficial in the treatment of MI and do
not definitely limit infarct size. Studies using nifedipine have
been unable to demonstrate benefit in patients with acute MI.
Diltiazem has been advantageous in non–Q-wave infarction
in the Diltiazem Reinfarction study (46). However, the Multi-
center Diltiazem Postinfarction trial was not able to document
a benefit to the administration of diltiazem in the postinfarc-
tion state when compared with placebo (47). Subgroup analysis
demonstrated a mortality benefit with diltiazem therapy when
no pulmonary congestion was present. However, mortality was
increased when diltiazem was administered to subjects whose
infarction was complicated by pulmonary congestion, implying
that this agent should not be used in patients with cardiogenic
shock. Studies performed in Denmark using intravenous vera-
pamil followed by oral administration did not demonstrate a
benefit. Later studies using only oral verapamil demonstrated a
mortality reduction, although these trials have not been recon-
firmed (48). Currently, the evidence for using calcium channel
blockers for the treatment of acute MI to limit infarct size and
progression to cardiogenic shock is limited.
β -Adrenergic blocking agents have been used in treating hy-

pertension, atrial fibrillation, and a variety of ischemic condi-

tions. β -Blockers act predominantly by decreasing myocardial
oxygen demand caused by the negative chronotropic and in-
otropic activities of these agents. β -Blockers may have several
other potentially beneficial effects including antiplatelet activ-
ity, regression of left ventricular hypertrophy, and reduction in
sudden cardiac death. Clinical trials using β -blockade in acute
MI have yielded conflicting results. The Goteborg trial admin-
istered metoprolol or placebo to subjects having an acute my-
ocardial infarction and demonstrated a significant reduction
in mortality at 90 days in the group randomly assigned to β -
blocker therapy (49). Early administration of metoprolol was
associated with a reduction in estimated infarct size, which
presumably has an effect on early and long-term survival. De-
spite the fact that β -blockers are not commonly used as antiar-
rhythmic agents, there was a documented decrease in sudden
cardiac death in the β -blocker group, which has been shown
to be secondary to an increase in the ventricular fibrillatory
threshold.

The Metoprolol in Acute Myocardial Infarction trial was
able to demonstrate that the early administration of intra-
venous metoprolol followed by oral maintenance dose in acute
MI was associated with a decrease in mortality in a high-risk
subgroup of infarct patients (50). A subgroup study of the
Goteborg Metoprolol trial found that early treatment with
metoprolol in patients with suspected acute MI and signs
of heart failure resulted in significantly reduced mortality at
3 months (10% vs. 19% ), which persisted to 1 year (14%
vs. 27% ), compared to those who did not receive metopro-
lol (51). Propranolol, a noncardioselective β -blocker, has not
uniformly been demonstrated to decrease mortality or limit in-
farct size when administered early in acute MI patients. How-
ever, the Beta-Blocker Heart Attack trial demonstrated reduced
mortality when propranolol was administered after the acute
phase of the infarction had subsided (52). Intravenous atenolol
was studied in the First International Study of Infarct Sur-
vival Trial and demonstrated a 15% reduction in the early
mortality of infarct patients who were given oral atenolol af-
ter the intravenous loading doses (53). β -Blockers also have
been combined with thrombolytic therapy to limit infarct size.
The Thrombolysis in Myocardial Infarction trial (TIMI II-B)
studied the impact of three 5-mg boluses of metoprolol ad-
ministered at 5-minute intervals followed by oral metoprolol
compared with thrombolysis plus oral metoprolol. The TIMI
II-B trial demonstrated a decrease in nonfatal reinfarctions and
recurrent ischemic episodes in the group who received imme-
diate intravenous metoprolol followed by oral therapy com-
pared with the delayed subgroup. More recently, the CAPRI-
CORN (Carvedilol Post Infarct Survival Control in Left Ven-
tricular Dysfunction) trial studied carvedilol (6.25–25 twice
per day in addition to standard therapy of aspirin, angiotensin
converting enzyme [ACE] inhibition, and thrombolysis) ver-
sus placebo in a high-risk group of acute MI patients (n =
1,959) with an LV ejection fraction of ≤ 40% . Patients were
treated for a mean of 1.3 years. All-cause mortality was lower
in the carvedilol group than in the placebo group (54). Pa-
tients who had echocardiography demonstrated a significantly
higher LV ejection fraction and decreased LV end-systolic vol-
ume in the carvedilol group at 6 months (55). Another post
hoc analysis of the CAPRICORN study found that carvedilol
suppressed atrial arrhythmias (2.3% vs. 5.4% ) as well as ven-
tricular arrhythmias (0.9% vs. 3.9% ) compared to the control
group (56). The beneficial effect on ventricular remodeling, in
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addition to the antiarrhythmic effect, may be one of the mech-
anisms by which carvedilol decreased mortality after acute MI
in patients treated with ACE inhibitors. Use of β -blockers in
acute myocardial infarction, while now standard of care, must
be undertaken with caution because of the potential of pre-
cipitating atrioventricular block, reactive airways disease, and
hypotension (57).

ACE inhibitors have been administered orally and intra-
venously in clinical trials to halt progression to congestive heart
failure in the SAVE (Survival and Ventricular Enlargement) and
Consensus-II (Cooperative New Scandinavian Enalapril Sur-
vival Study) trials. The SAVE study used captopril in over 2,000
patients who had an acute anterior MI when enrolled during
the period from 3 to 16 days after the acute myocardial event
(58). All patients with ejection fractions < 40% were random-
ized to receive oral captopril or a placebo. Patients receiving
captopril demonstrated less congestive heart failure, fewer re-
current MIs, fewer hospitalizations, and improved mortality
over a 42-month period. The Consensus-II trial used intra-
venous enalapril in the early phase of infarction followed by
oral enalapril, but there was no mortality benefit when com-
pared with placebo (59). A review of the major post-MI heart
failure trials such as SAVE, AIRE (Acute Infarction Ramipril
Efficacy), and TRACE (Trandolapril Cardiac Evaluation), be-
tween 1992 and 1995, calculated that ACE inhibitors produced
a relative risk reduction of 16% while β -blockade in addition
to ACE inhibition in the CAPRICORN trial demonstrated an
additional relative risk reduction of 23% (60). Oral ACE in-
hibitors are attractive agents because of their effects on hemo-
dynamics, microcirculation, and angiotensin-mediated vaso-
constriction and should be administered especially in anterior
infarcts with significant reductions in ejection fraction unless
there are contraindications (hyperkalemia, known drug sensi-
tivity).

Selective aldosterone blockade with eplerenone for pa-
tients with LV ejection fraction of ≤ 40% after acute MI has
been studied in one large, placebo-controlled trial, EPHESUS
(Eplerenone Post-Acute Myocardial Infarction Heart Failure
Efficacy and Survival Study). Eplerenone (in addition to treat-
ment with β -blockers and ACE inhibitors) reduced all-cause
mortality by 15% , cardiovascular mortality by 17% , heart fail-
ure hospitalizations by 23% , and sudden cardiac death by 21%
(61). These outcomes were even more marked in the subgroup
of patients with LV ejection fraction of ≤ 30% . In this group,
all-cause mortality was reduced by 21% , cardiovascular mor-
tality by 23% , sudden cardiac death by 33% , and heart failure
mortality or hospitalization by 25% (62).

Angiotensin receptor blockade for LV ejection fraction of
≤ 40% after acute MI has been studied in the VALIANT
(Valsartan in Acute Myocardial Infarction Trial) study (63).
This was a multicenter, double-blind, randomized, active-
controlled, parallel-group study comparing the efficacy and
safety of long-term treatment with valsartan, captopril, and
their combination in high-risk patients after MI. This com-
pared three treatment groups consisting of patients receiving
standard therapy plus valsartan (n = 4,909), valsartan plus
captopril (n = 4,885), or captopril alone (n = 4,909). Valsar-
tan treatment alone resulted in similar outcomes as captopril
treatment alone and thus these agents can be used interchange-
ably. The combination of valsartan plus captopril increased
the rate of adverse events (hypotension and renal dysfunction
more commonly with valsartan; cough, rash, and taste dis-

turbance more commonly with captopril) with no change in
survival.

Adjunctive antiplatelet therapy with the glycoprotein
IIb/IIIa inhibitor abciximab during emergent coronary artery
stenting for cardiogenic shock has been shown to reduce mor-
tality from 43% to 33% in one case series (41). The glyco-
protein IIb/IIIa inhibitor eptifibatide used for non–ST-elevation
myocardial infarction or unstable angina in the PURSUIT
(Platelet Glycoprotein IIb/IIIa in Unstable Angina: Receptor
Suppression in Using Integrelin Therapy) study has been shown
to reduce 30-day mortality in the subset of patients develop-
ing cardiogenic shock (64). Clopidogrel in addition to aspirin is
now standard of care after percutaneous coronary intervention
and has been shown to decrease 1-year mortality in the setting
of ST-elevation myocardial infarction (65). However, clopido-
grel significantly increases the risk of postoperative bleeding in
patients requiring surgical intervention.

Several agents have been used in small studies as adjunctive
therapy in acute MI but have not reached widespread clinical
use. Myocardial damage may be potentiated by the presence
of reactive oxygen radicals, and free radical scavengers such as
superoxide dismutase or catalase may provide potential ben-
efit. Free radical scavengers have been shown to be effective
when administered before the onset of experimental infarcts
and definitive clinical studies are currently ongoing.

Glucose insulin potassium infusions (polarizing solution)
have been used for several years to reduce infarct size by alter-
ing free fatty acid metabolism (66). Polarizing solution consists
of 300 g of glucose, 50 units of regular insulin, and 80 mmol
of potassium in 1 L of water delivered at 1.5 mL/kg/hour. Ejec-
tion fraction and wall motion abnormalities have been noted
to improve after administering this solution, resulting in de-
creased mortality. Polarizing solution has not been studied ex-
tensively in double-blind, placebo-controlled trials and rou-
tine administration of this solution has not reached clinical
acceptance.

Hyaluronidase may have anti-inflammatory activity and
modulate the immune response postulated to play some role
in the extent of infarct size. Hyaluronidase has been adminis-
tered in small clinical studies and was associated with improved
mortality and decreased development of Q waves implying my-
ocardial salvage. There are no large-scale clinical trials avail-
able (67).

Thromb olysis

Thrombolysis induced by pharmacologic agents or direct an-
gioplasty is an attractive treatment for re-establishing coro-
nary perfusion to minimize the extent of myocardial infarc-
tion and progression to cardiogenic shock. The open artery
hypothesis postulates that clinical outcome is dependent on
maintaining adequate coronary perfusion to minimize ischemic
damage mediated by vascular occlusion secondary to an in-
travascular thrombus. Recent trials of coronary thromboly-
sis, GISSI (Gruppo Italiano per lo Studio della Sopravvivenza
nell’Infarto Miocardio), ISIS (International Study of Infarct
Size), and GUSTO (Global Utilization of Strategies to Open
Occluded Coronary Arteries), demonstrate the prevalence of
cardiogenic shock in approximately 2% to 3% of acute MIs
on arrival to the hospital with an additional 3% to 4%
subsequently developing cardiogenic shock for a combined
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total of 7% (68,69). Early progression to cardiogenic shock is
characterized demographically by elderly patients and the pres-
ence of anterior infarctions, low ejection fractions, diabetes,
and previous MIs. Despite the theoretical attractiveness of
administering recombinant tissue plasminogen activators or
streptokinase in patients with established or impending cardio-
genic shock, the mortality associated with cardiogenic shock re-
mains high despite thrombolytic therapy, with the survival rate
being only 35% as reported in the GISSI-I and GISSI-II trials
(70). Prompt administration of thrombolytic agents within the
first hour of acute MI may result in improved survival rates if
reperfusion of the infarct-related artery can be sustained. Low
coronary perfusion pressures in cardiogenic shock may play
a potential role in the poor clinical outcome of these patients
after thrombolytic therapy.

In vitro experimental infarct studies with reduced perfu-
sion pressure have shown decreased diffusion of thrombolytic
agents into clots with resultant impaired fibrinolysis (71). En-
hanced pressure increases the rate of dissolution of an intravas-
cular thrombus, implying that in cardiogenic shock with sys-
temic hypotension, a reduced transcoronary pressure gradient
may decrease efficacy of thrombolytic agents. The metabolic
abnormalities associated with cardiogenic shock including lac-
tic acidosis also may alter the conversion of plasminogen to
plasmin and limit the efficacy of these drugs in clot lysis. Failure
from lytic agents to sustain vascular patency in patients with
cardiogenic shock is an indication for early cardiac catheter-
ization and direct angioplasty if no contraindications exist.
Persistent hypotension, nonevolving ST elevation, continuing
clinical evidence of myocardial ischemia, CK elevations, and
clinical instability are potential indications for rescue coronary
angioplasty, which may result in increased survival (72). Res-
cue angioplasty has not been systematically studied in random-
ized controlled trials comparing it to thrombolytic therapy. If
thrombolytic therapy does not result in establishment of coro-
nary perfusion, angioplasty should be considered as a therapeu-
tic option. The SHOCK trial reported that 49% of patients in
the revascularization group received thrombolytic therapy and
the early intervention group had a survival benefit (see section
above) (36). Additionally, the SHOCK trial reported a survival
benefit due to thrombolytic therapy (in-hospital mortality of
54% vs. 64% ) (73). Cardiogenic shock secondary to mechan-
ical defects such as papillary muscle dysfunction also has been
treated successfully with percutaneous transluminal coronary
angioplasty (PTCA), resulting in improved mitral regurgitation
with resolution of cardiogenic shock (74).

Thrombolytic agents should be administered to all patients
with acute MI who demonstrate evidence of the shock state
if there are no contraindications and availability of a cardiac
catheterization laboratory is > 90 minutes. Failure of evidence
of reperfusion is an indicator for rescue angioplasty.

Pharmacolog ic Ag e nt s

Inot rop ic Ag e nt s
The effectiveness of various inotropic agents in cardiogenic
shock depends on the cause and underlying pathophysiologic
mechanism of the shock state. With systemic hypotension, ad-
equate perfusion of the coronary arteries must be maintained
(Fig. 56.3).

Dopamine. Dopamine is an endogenous catecholamine with
positive inotropic properties secondary to stimulation of α-
and β -receptors plus dopamine receptors, which have been
divided into two subtypes: DA1 and DA2 (75,76). DA1 re-
ceptors are postsynaptic and induce dilation of the coronary,
renal, and mesenteric vasculature. DA2 receptors are located in
autonomic ganglia and in the postganglionic sympathetic ner-
vous system. Stimulation of DA2 receptors blocks the release of
endogenous catecholamines from intraneuronal storage sites.
The effect of dopamine on α and β activity is dose related.
Low infusion dosages of dopamine (2–5 µ g/kg/minute) result
in positive inotropic activity secondary to stimulation of the
β 1 receptors. α-Receptor stimulation occurs at dosages above
10 µ g/kg/minute and results in a secondary increase in systemic
vascular resistance caused by peripheral vasoconstriction. In
addition to the inotropic effect, dopamine results in increased
atrioventricular conduction from adrenergic stimulation. The
effects of dopamine are thus dose dependent, and pharmaco-
logic activity is a function of the amount of dopamine infused
corrected for body weight. The individual response may be
variable and unless the clinical situation warrants large pressor
doses to maintain blood pressure, dopamine infusion should
begin at a low rate (1 µ g/kg/minute) and gradually be increased
to clinical responsiveness. Cardiogenic shock with low tissue
perfusion accompanied by hypotension may be treated in a
more aggressive manner with progressively increasing doses of
dopamine at 5-minute intervals.

Low-dose dopamine infusion results in stimulation of DA2
receptors and minimal or no changes in heart rate, cardiac out-
put, or blood pressure. Stimulation of DA2 receptors results in
renal vasodilation and increases glomerular filtration rate, re-
nal blood flow, and sodium excretion. Reduction in cardiac out-
put in shock frequently results in shunting of blood away from
the renal vasculature and induction of a prerenal state with
elevated blood urea nitrogen–to–creatinine ratios and sodium
retention. Dopamine reverses the redistribution of cardiac out-
put and increases the amount of sodium presented to the loop
of Henle, which allows increased efficacy of diuretics such as
furosemide or bumetanide.

Medium dosing ranges of dopamine (5–10 µ g/kg/minute)
result in an increase in cardiac output, which may also improve
volume status by increasing renal blood flow. The cardiac ef-
fects of dopamine in this dosing range are secondary to stimu-
lation of the β 1-adrenergic receptors caused by a secondary re-
lease of norepinephrine. The effect of dopamine is indirect and
depends on a pre-existent adequate storage level of endogenous
catecholamines. Long-standing congestive heart failure is fre-
quently associated with reduction in sympathetic receptors in
the myocardium and the efficacy of dopamine may be limited if
prolonged congestive heart failure was present before the shock
syndrome. Dopamine infusion at this dose generally does not
result in alterations of venous return secondary to venodila-
tion, and right atrial and PAOP may not decrease. Dopamine
may be combined with either direct vasodilating compounds
or other inotropic agents such as dobutamine, which combine
inotropism with vasodilation. Medium dosing range infusions
of dopamine are generally safe and effective in maintaining
blood pressure. Acid-base status and electrolyte levels should
be optimized to avoid potential induction of arrhythmias with
resultant malignant ventricular arrhythmias or marked sinus or
supraventricular tachycardias, which would increase myocar-
dial oxygen demand.
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FIGURE 56.3. Mechanisms of action of inotropic drugs. (Used with permission from Garcia Gonzalez
MJ, Dominguez Rodriguez A. Pharmacologic treatment of heart failure due to ventricular dysfunction by
myocardial stunning: potential role of levosimendan. Am J Cardiovasc Drugs. 2006;6[2]:69–75.) β 1AR,
β 1-adrenergic receptor; β 2AR, β 2-adrenergic receptor; AC, adenyl cyclase; AMP, adenosine monophos-
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subunits; P, phosphorus; PDEc, cytosolic phosphodiesterases; PDEp-III, particulate, SR-associated PDE
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High-range dopamine infusions (> 10 µ g/kg/minute) result
in activation of α-adrenergic receptors and a secondary nore-
pinephrine release with vasoconstriction and increased sys-
temic vascular resistance. Patients in cardiogenic shock may
need much higher doses of dopamine and ranges up to 50
µ g/kg/minute have been used. Strict attention to volume sta-
tus and repeated examinations for signs of excessive vaso-
constriction are necessary. A central venous line is used for
higher dopamine doses due to tissue necrosis should the so-
lution extravasate. Dopamine may interact with certain coad-
ministered drugs. Tricyclic antidepressants may increase the
pressor response of direct-acting sympathomimetics and de-
crease the sensitivity to indirect-acting sympathomimetics. Be-
cause dopamine has direct and indirect effects on the vascu-
lature, this agent should be used with caution, especially with
overdoses of the tricyclic drugs (77). Although not commonly
used, the rauwolfia alkaloids may potentiate the pressor re-
sponse of direct-acting sympathomimetics resulting in hyper-
tension. Monoamine oxidase inhibitors may increase pressor
response of dopamine (78). Dopamine is an endogenous cat-
echolamine that is degraded by catechol-o-methyltransferase
and is not effective when administered in oral doses.

Dobutamine. As opposed to dopamine, which is an endoge-
nous catechol and immediate precursor of norepinephrine and
epinephrine, dobutamine is a synthetic agent that stimulates
predominantly β 1-adrenoreceptors (79) (Table 56.4). Dobu-
tamine is a direct-acting agent, unlike dopamine, and does
not require the presence or release of intramyocardial nore-
pinephrine to modulate its effects. Mild activation of β 2 and
α receptors may be seen with this agent, but significantly less
when compared with β 1 receptors. Administration of dobu-
tamine results in a direct inotropic stimulation plus a secondary
reflex vasodilation with reduction of systemic vascular resis-
tance and an increase in cardiac output.

The pharmacologic mechanism of dobutamine is compli-
cated because of its asymmetric structure and racemic mixture.
The positive and negative isomers have been evaluated as to
their relative activities in in vitro studies, and it seems that
the positive isomer is predominantly responsible for the acti-
vation of the β receptors. The administration of dobutamine
alters stimulation of β receptors in a differential manner with
an increased binding affinity for the predominantly cardiac
β 1-adrenergic receptors with a direct inotropic effect. The in-
otropic effects of this agent are not coupled with an increased
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TA BLE 5 6 . 4

DOBUTAMINE

Adrenergic
receptor Site Action

β 1 Myocardium Increases atrial and ventricular contractility
Sinoatrial node Increases heart rate
Atrioventricular conduction

system
Enhances atrioventricular conductions

β 2 Arterioles Vasodilation
Lungs Bronchodilation

α Peripheral arterioles Vasoconstriction

DA1 Postsynaptic Dilation of coronary, renal, and mesenteric
vasculature

DA2 Autonomic ganglia and
postganglionic sympathetic
nervous system

Decreased release of endogenous catechols

rate of arrhythmias when compared with epinephrine and nore-
pinephrine and there seems to be fewer adverse electrophysio-
logic effects when compared with dopamine. Although a mild
vasodilator, there are no major effects on arterial blood pres-
sure due to an increase in cardiac output and stroke volume.
The increase in cardiac output results in improved renal blood
flow and enhanced ability to excrete sodium and water. Dobu-
tamine is effective in cardiogenic shock, assuming that the un-
derlying etiology is not caused by valvular or subvalvular steno-
sis and the pharmacologic infusion does not result in significant
hypotension, and this agent may be combined with dopamine
to maintain blood pressure.

Norepinephrine. Norepinephrine is a powerful α-adrenergic
agonist that results in significant peripheral vasoconstriction
when administered within the usual dosage range of 2 to
8 µ g/minute. Norepinephrine is generally instituted in the
treatment of cardiogenic shock after failure of volume cor-
rection and dopamine to maintain adequate cardiac output
and blood pressure (80). Norepinephrine is a naturally oc-
curring catecholamine that has both α- and β 1-adrenergic
activity. Although generally associated with an increase in
cardiac output, increases in systemic vascular resistance and
mean aortic blood pressure may affect cardiac output ad-
versely. The pressure work of the left ventricle and oxy-
gen consumption are increased and blood may be shunted
away from various organ beds because of volume redistri-
bution secondary to catecholamine sensitivity. Oliguria and
azotemia from impaired renal blood flow may be worsened
secondary to the norepinephrine-mediated vasoconstriction.
Norepinephrine has been associated with increased irritabil-
ity of the ventricle with an increased electrical instability and
potential adverse rhythm disorders. Clinical response will vary
depending on the advantageous effects of increased perfusion
pressure and cardiac output weighed against the detrimental ef-
fects of increased myocardial oxygen consumption and shunt-
ing from visceral organs.

Digitalis Preparations. The use of digitalis in general and car-
diogenic shock specifically has been controversial because of

theoretical objections involving the use of this agent and the
lack of controlled clinical trials documenting a beneficial im-
pact on mortality (81). Digitalis glycosides have complex mech-
anisms of action whose inotropic activity is modulated by
increasing the availability of intracellular calcium secondary
to inhibition of sodium–potassium ATPase. Inhibition of this
ubiquitous enzyme, which is found not only in cardiac tissue
but also in the central nervous system, gastrointestinal tract,
and kidney, results in calcium influx by the activation of the
sodium–calcium exchange mechanism. The level of free cytoso-
lic calcium regulates the activity of tropomyosin with increased
interactions between actin and myosin filaments and increased
contractility. Alterations in contraction are caused by varia-
tions in levels of cytosolic calcium, which can be moved in and
out of the sarcoplasmic reticulum.

The increase in cardiac output after administration of dig-
italis is modest when compared with the more powerful in-
travenous inotropes such as dobutamine, dopamine, and nore-
pinephrine. Digitalis increases the refractory period at the atri-
oventricular node and decreases conduction velocity, resulting
in a negative chronotropic effect in patients with atrial fib-
rillation. An advantage is that digitalis lacks the negative in-
otropic activity of other agents that have been used to slow
the rate in atrial fibrillation, including β -blockers and calcium
channel blockers such as diltiazem and verapamil (82). Digi-
talis increases vagal tone, decreases levels of norepinephrine in
chronic heart failure possibly from decreased activity of the pe-
ripheral sympathetic nervous system, resets baroreceptor sen-
sitivity, and may enhance natriuresis from increased cardiac
output.

Digitalis withdrawal has been associated with worsening
heart failure in a randomized, double-blind, placebo-controlled
study of digitalis withdrawal in patients also treated with ACE
inhibitors. However, the role of digitalis in cardiogenic shock
is limited due to a modest increase in cardiac output, although
the autonomic effects of this agent with decreases in the heart
rate in atrial fibrillation are clinically beneficial.

Isoproterenol. Isoproterenol has both β 1- and β 2-adrenergic
properties with increased myocardial contractility, heart rate,
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and cardiac output without vasoconstriction. The powerful
chronotropic and inotropic activities of this agent increase my-
ocardial work and oxygen. Isoproterenol is infrequently used
in heart failure or cardiogenic shock unless the shock state is
associated with bradyarrhythmias that do not respond to other
therapies or with acute valvular insufficiency if blood pressure
and volume status are maintained. Isoproterenol thus has a
limited role in the acute management of cardiogenic shock.

Phosphodiesterase Inhibitors. Amrinone and milrinone are
bipyridine derivatives that inhibit cellular levels of phosphodi-
esterase (83). Inhibition of this key enzyme results in increased
levels of cyclic adenosine monophosphate (AMP) in cardiac
muscle with resultant enhancement of protein phosphorylation
by protein kinase with increased inotropic and chronotropic
activities. The methylxanthines were known to nonspecifically
inhibit phosphodiesterase activity and result in mild enhance-
ment of the inotropic state. Both amrinone and milrinone have
been shown in experimental and clinical studies to increase car-
diac output in patients with severe congestive heart failure or
cardiogenic shock (84).

Administering these agents results in reduction of central
filling pressures and increases in stroke volume and cardiac
output. The chronotropic effects of amrinone and milrinone
are modest, but a mild increase in heart rate may be observed.
Large doses may result in severe peripheral vasodilation, hy-
potension, and tachycardia. The phosphodiesterase inhibitors
have been studied in patients with pump failure after my-
ocardial infarctions, and at a dose of 200 µ g/kg/hour, have
been shown to improve cardiac function. Comparison in clin-
ical trials of amrinone to other vasodilating inotropes such as
dobutamine documented a greater decrease in systemic and
pulmonary venous pressures in the group that received amri-
none (85). The vasodilating activity of the phosphodiesterase
inhibitors, while increasing cardiac output, may result in sig-
nificant hypotension, requiring concomitant administration of
sympathomimetic amines with at least partial α activity such as
norepinephrine. The side effect profile of the phosphodiesterase
inhibitors relates mainly to hematologic and gastrointestinal ef-
fects. Nausea, vomiting, and diarrhea occur in many patients.
Thrombocytopenia is common with amrinone (approximately
15% ), although the marked decreases in platelet counts to lev-
els under 50,000 seems to be relatively rare and may require
dose reduction. Milrinone is more potent on a milligram basis
when compared with amrinone and also has effects on the in-
otropic state and ventricular relaxation. Incidence of thrombo-
cytopenia seems less (< 5% ) than with amrinone. Enoximone is
an imidazole derivative that also results in phosphodiesterase
inhibition and increases levels of cyclic AMP and contractile
force in isolated muscle preparations (86). Intravenous enoxi-
mone results in an increase in cardiac index with a decrease in
right-sided filling pressures with minimal impacts on systemic
vascular resistance and heart rate. Enoximone is currently un-
dergoing a variety of controlled trials and seems to have a rela-
tively mild side effect profile, and thrombocytopenia is uncom-
mon with the use of this agent.

Glucagon. Glucagon is uncommonly used in cardiogenic shock
but has a potential advantage in that it has a different mecha-
nism of action from other sympathomimetic amines and does
not require β -receptor stimulation to exert its inotropic effects
(87,88). Glucagon is administered in a dosing range of 4 to 6 mg

intravenously, which may be followed by a constant infusion
of 4 to 12 mg/hour. Glucagon administration increases cardiac
output by approximately 20% , which is associated with a de-
crease in peripheral vascular resistance with less myocardial
oxygen demand when compared with norepinephrine. The in-
dications for glucagon have not been delineated, although it
seems justifiable to administer this agent to patients with car-
diogenic shock who do not respond to conventional therapy
or cannot tolerate other agents because of the development of
significant arrhythmias or hematologic toxicity.

Levosimendan. Levosimendan is the first of a new class of in-
otropic agents called calcium sensitizers. Its mechanism of ac-
tion involves increasing calcium sensitivity by binding to tro-
ponin C and stabilizing it in the calcium-induced conformation.
This augments the effect of calcium binding to troponin C. Ad-
ditionally, at high concentrations levosimendan inhibits phos-
phodiesterase 3, which also results in increased intracellular
calcium concentration. These effects result in increased myocar-
dial contraction associated with increased intracellular calcium
transients (89). It improves myocardial contractility without in-
creasing oxygen requirements and induces peripheral and coro-
nary vasodilation with a potential antistunning, anti-ischemic
effect (90). Given its vasodilatory properties, it is not primar-
ily for cardiogenic shock but more for low-output heart fail-
ure. In addition to calcium sensitization, levosimendan also
stimulates adenosine triphosphate (ATP)-sensitive potassium
ion channels that are suppressed by intracellular ATP and acts
synergistically with nucleotide diphosphates. This mechanism
may contribute to the vasodilator action and may protect car-
diomyocytes against ischemic damage (91). A loading dose of
6 to 24 mg/kg over 10 minutes followed by an infusion of 0.1
mg/kg/minute for 50 minutes, increased to 0.2 mg/kg/minute
for an additional 23 hours, has been well tolerated (90). Ini-
tial clinical experience suggests that levosimendan causes dose-
dependent increases in stroke volume and cardiac index, with
minimum increase in heart rate (92). There are dose-dependent
decreases in PAOP and right atrial, pulmonary arterial, and
mean arterial pressures. The hemodynamic effects of levosi-
mendan appear to be more pronounced than those seen with
dobutamine (93) and sustained up to 24 hours after discon-
tinuation of infusion due to an active metabolite (94). An ini-
tial clinical trial found no significant adverse events (92). Data
from two published clinical trials indicate that levosimendan
is associated with improved 6-month survival compared with
dobutamine or placebo, although the studies were not powered
to look at this outcome (93,95,96). There are several other tri-
als not yet published but presented at national meetings that
report a survival benefit of levosimendan compared with dobu-
tamine or placebo. However, a 24-hour infusion of levosimen-
dan had no effect on 6-month survival compared with dobu-
tamine for patients with acutely decompensated heart failure
in the Survival of Patients with Acute Heart Failure in need of
Intravenous Inotropic Support (SURVIVE) trial reported at the
American Heart Association Scientific Sessions in 2005 but not
yet published (93). The European Society of Cardiology’s 2005
guidelines on the diagnosis and treatment of acute heart failure
include the use of levosimendan in patients with symptomatic
low cardiac output secondary to systolic dysfunction without
severe hypotension (97). This drug is not yet approved by the
Food and Drug Administration (FDA), although it is available
in some European countries.



Chap t e r 56: Card iogenic Shock 849

Surg ical Int e rve nt ion

Surgical intervention in myocardial infarction has been used to
limit infarct size by direct revascularization or to correct the
mechanical defects of an acute ischemic event such as VSD,
acute mitral insufficiency, free wall rupture, or left ventricular
aneurysm. Surgical intervention for revascularization in acute
myocardial infarction had been contraindicated on theoretic
grounds because of the presumed high morbidity and mortal-
ity rates from cardiac catheterization and operative interven-
tions during the unstable period of acute myocardial infarction.
A variety of clinical studies determined that coronary bypass
surgery could be performed in an expeditious manner with low
mortality. Bypass surgery has been used as primary therapy in
acute myocardial infarction with an overall operative rate of
approximately 5% for transmural infarctions and a highly ac-
ceptable long-term mortality rate (98,99). Evidence is accumu-
lating that early revascularization (< 6 hours) by direct PTCA,
intravenous or intracoronary thrombolytic agents, or bypass
surgery in selected patients represents the treatment of choice.
Congestive heart failure that occurs in the postmyocardial state
may be amenable to revascularization by surgical interventions,
although large-scale, controlled, randomized studies are lack-
ing. However, several surgical series have reported on early and
long-term survival of patients with an acute MI complicated
by cardiogenic shock receiving coronary artery bypass surgery
(98–102). Surgical intervention in cardiogenic shock is fraught
with considerable clinical problems and requires the presence
of surgically accessible and potentially viable myocardium. Sur-
gical intervention has the advantage of re-establishing flow not
only in the infarct-related artery, but also in vessels not involved
in the acute ischemic process but significantly obstructed. Vi-
ability of the myocardium in the peri-infarction state may be
difficult to determine secondary to problems with the acute de-
lineation of stunned, hibernating, or irreversibly damaged my-
ocardium. Nitroglycerin or dobutamine enhancement of ejec-
tion fraction is an indirect method of determining viability but
is time consuming in a period where early revascularization is
of prime importance.

Indications for surgical intervention in cardiogenic shock
have not been completely delineated but should be considered
in patients who fail to respond to volume correction and in-
otropic therapy. Failure of conventional medical interventions
for cardiogenic shock should result in consideration of intra-
aortic balloon counterpulsation, a temporizing measure before
revascularization. Historically, emergent coronary artery by-
pass surgery preceded by placement of intra-aortic balloon
pump has demonstrated improved survival rates in cardiogenic
shock to approximately 75% . The SHOCK trial registry re-
ported a 28% in-hospital mortality for the 290 patients under-
going coronary artery bypass surgery, which is comparable to
other reported series (22,100). In a subgroup analysis of the
SHOCK trial, survival was similar between percutaneous and
surgically revascularized patients (55.6% vs. 57.4% at 30 days
and 51.9% vs. 46.8% , respectively, at 1 year) despite a higher
incidence of diabetes and multivessel disease in those patients
surgically revascularized (37). Thus, surgical revascularization
has an important role in patients with more extensive coronary
artery disease.

Surgery for acute mitral insufficiency associated with car-
diogenic shock in the postinfarction state is the only available

definitive therapy. The impact of acute mitral insufficiency on
left ventricular performance may be underestimated by study-
ing the ejection fraction since the left ventricle ejects retrograde
into the low-compliance left atrial and pulmonary venous sys-
tem. Medical therapy with inotropic support and systemic pe-
ripheral vasodilation improves regurgitant flow as calculated
by the regurgitant fraction. Severe mitral insufficiency is asso-
ciated with a variety of adverse pathophysiologic changes that
result in a poor survival after surgical intervention, but the re-
sults are significantly better than medical treatment that results
in essentially 100% mortality if marked mitral insufficiency is
associated with cardiogenic shock.

Surgical intervention is generally required for acute VSDs,
which occur in the muscular portion of the interventricular
septum and may be multiple. Two anatomic types of acute
VSDs have been described. A VSD resulting from occlusion
of a posterior descending coronary artery that arises from the
right coronary is associated with a defect located in the infer-
obasilar region of the septum. Anteroseptal myocardial infarc-
tions, which are associated with thrombotic occlusion of the
left anterior descending, are associated with midapical to ante-
rior defects in the septum. The physiologic impact of a left-to-
right shunt is a function of the quantitative amount of involved
myocardium plus associated left ventricular dysfunction, pul-
monary artery pressures, and right ventricular compliance. A
significant left-to-right shunt markedly decreases forward flow
with poor peripheral perfusion and the clinical characteristics
of cardiogenic shock. If the left ventricular end-diastolic pres-
sure is markedly elevated, left-to-right shunting will also occur
during diastole and is associated with an extremely high 24-
hour mortality rate of approximately 25% (101,102). Medical
treatment alone is associated with a 20% survival beyond 60
days and 1-year survival of less than 10% .

Surgical intervention in acute VSDs requires early and ag-
gressive diagnostic and therapeutic interventions. Despite IABP
and optimization with medical management, refinements in
surgical technique have improved 1-year survival to 32% with-
out coronary artery bypass. Evaluation of clinical trials that
attempt to postpone therapy to improve the healing process
have been questioned because this eliminates the most severely
ill patients from definitive therapy and introduces a selection
bias into the implications of therapy. Early surgical interven-
tion with direct patch grafts plus coronary artery bypass may
result in survival rates of up to 75% .

Free wall rupture of the left ventricle is a surgical disease
even with a clotted hemopericardium tamponading further ex-
travasation of blood into the pericardial space. The diagnosis
of free wall rupture may be extraordinarily difficult on clinical
grounds, and signs of pericardial tamponade should be actively
sought. Pericardiocentesis with decompression of the pericar-
dial space may be lifesaving in the short term but represents
only a temporizing procedure. Cardiac rupture is essentially
fatal, but surgical intervention may be successful with direct
oversewing of the defect if recognized and managed in a timely
fashion (103,104).

Left ventricular aneurysm as a cause of cardiogenic shock
may require surgical intervention as a definitive therapy. The
remodeling process, which begins after an acute ischemic event
with regional thinning and expansion of the infarct zone, may
result in progressive decrease in left ventricular performance
and cardiogenic shock. If the aneurysmal dilation of the left
ventricle involves more than 20% of the left ventricular mass,
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severe impairment of pumping ability ensues and potentially
requires surgical intervention if there is a poor response to med-
ical management including intra-aortic balloon pumping. Sur-
gical intervention for aneurysms should be optimized in timing
with adequate healing and fibrosis.

Me chanical Circulat o ry Sup p ort

The intra-aortic balloon pump has been in clinical use for over
20 years to increase diastolic coronary arterial perfusion and to
decrease left ventricular afterload (105). The intra-aortic bal-
loon pump is a temporizing measure that does not increase
myocardial oxygen demand and results in reduction of ven-
tricular diastolic volume and reduces pulmonary congestion
with an increase in cardiac output. The intra-aortic balloon
pump is the most widely used circulatory assist device in pa-
tients with cardiogenic shock because of the ease of insertion
either percutaneously or surgically. Effective counterpulsation
results in stabilization and potential reversal of the shock state
with improvement in peripheral perfusion but does require an
adequate systemic pressure and left ventricular performance
to maximize its use. Profoundly hypotensive patients respond
poorly to intra-aortic counterpulsation and the IABP has lim-
ited efficacy.

Balloon pumping in selected patients allows optimization
of blood pressure, cardiac output, and tissue perfusion in pa-
tients with cardiogenic shock while further diagnostic proce-
dures are performed. Hemodynamic effects of the IABP in-
clude the following (in percent change): Peak aortic systolic
pressure (10% –15% ), diastolic intra-aortic pressure (70% ), ar-
terial end-diastolic pressure (10% ), peak ventricular pressure
(10% ), LV end-diastolic pressure (10% ), dp/dt (10% ), systemic
vascular resistance (no change), mean arterial pressure (no
change), cardiac index (10% –15% ), and pulmonary capillary
resistance (10% –15% ). The intra-aortic balloon pump may be
used prophylactically in patients with mechanical defects such
as acute mitral insufficiency or VSD to increase coronary perfu-
sion, allow time for healing, and restore cardiac output toward
normal. The impact of intra-aortic balloon pumping on long-
term survival is controversial and depends on the indications
for insertion, hemodynamic status, and etiology of the cardio-
genic shock. Patient selection is a key issue and early insertion
of the intra-aortic balloon may result in increased clinical bene-
fit rather than procrastination until overt low flow state has de-
veloped. The addition of the IABP to thrombolytic therapy for
acute MI complicated by cardiogenic shock has been studied
in a randomized clinical trial. There was no overall mortality
benefit, but the subgroup of patients with Killip class III or IV
benefitted with a 6-month mortality rate of 39% for combined
therapy versus 80% for fibrinolysis alone (106). The SHOCK
trial registry also reported a survival benefit with intra-aortic
balloon pumping in addition to thrombolytic therapy (47% vs.
63% in-hospital mortality), but these results were heavily af-
fected by higher revascularization rates in the group receiving
the intra-aortic balloon pump (68% vs. 20% ) (73).

Patients who are not expected to significantly benefit from
an intra-aortic balloon pump are elderly patients, those with
severe peripheral vascular disease, and those with large MIs
exceeding 40% of the left ventricular myocardium. The overall
survival rate of patients with cardiogenic shock treated with the
intra-aortic balloon pump is approximately 40% . For subjects

who required balloon insertion for large myocardial infarctions
without a significant mechanical obstruction, the survival rate
was only 27% . Complications may be documented in up to
30% of patients who undergo intra-aortic balloon pumping
and relate mainly to local vascular problems, including surgical
trauma, emboli, infection, and hemolysis.

Left ventricular assist devices (LVADs) function as pros-
thetic ventricles but require a sternotomy for insertion. Assist
devices may be used to support left ventricular performance,
right ventricular performance, or a combination, depending on
the underlying condition. The indications for insertion of an
LVAD are controversial, and traditionally have been reserved
for medical and intra-aortic balloon pump failure and in the
presence of the potentially salvageable myocardium and par-
ticularly as a bridge to cardiac transplantation. The Thoratec
extracorporeal left ventricular assist device (Thoratec, Pleasan-
ton, CA) has been used as a bridge to cardiac transplantation.
Insertion of the Thoratec device in patients with severe left
ventricular dysfunction allowed survival to transplant in ap-
proximately 75% of 29 patients (107). Similarly, in the Heart-
mate LVAD (Thoratec, Pleasanton, CA), survival to cardiac
transplantation has been reported as 76% out of 97 patients
(108). The REMATCH (Randomized Evaluation of Mechan-
ical Assistance in the Treatment of Congestive Heart Failure)
trial demonstrated improved outcomes in chronically ill pa-
tients too sick for cardiac transplantation as an alternative
(destination therapy) to routine medical care (109). Hemody-
namic unloading and myocardial rest after ventricular assist
device (VAD) placement may lead to recovery of native cardiac
function, allowing for removal of the device without cardiac
transplantation (110–116). Ventricular assist device support is
also associated with decreases in neurohormonal activation,
alterations in myocyte calcium handling, and improvement
in the proinflammatory cytokine milieu (117–125). Histologic
analysis of the explanted heart at the time of transplantation
demonstrated decreased fibrosis and myocyte size after VAD
placement (121,126,127). Despite these salutatory changes as a
result of VAD support, the frequency of bridge to recovery
(BTR) in chronically supported subjects remains low, in the
range of 3% to 10% in various series (111,114,115,128).

The Heartmate LVAD is approved for life-long support in
patients deemed too ill for cardiac transplantation with several
other devices undergoing clinical trials. There is retrospective
data that early mechanical support as a bridge to transplanta-
tion after acute MI complicated by cardiogenic shock improves
survival compared with a strategy of early revascularization
(129). The technology has now advanced to include several
other continuous flow pumps that offer the potential advan-
tage of greater mechanical longevity, thus making them truly a
lifelong option. Complications include hemolysis, thromboem-
bolism, and infection, which have been decreased with increas-
ing experience.

The Nimbus hemopump (Nimbus Medical, Inc., Rancho
Cordova, CA) circumvented the problem associated with me-
dian sternotomy and allows a percutaneous placement of a
cannula across the aortic valve, which is coupled to an ex-
tracorporeal power source. The Nimbus hemopump uses an
Archimedes spiral screw valve that rotates at approximately
25,000 revolutions per minute without significant hemoly-
sis (130). Although this pump is no longer available, there
are several other percutaneous continuous rotary flow VADs,
including the TandemHeart (Cardiac Assist, Pittsburgh, PA),
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Cancion (Orqis Medical, Lake Forest, CA), and Impella
(Abiomed, Danvers, MA). The TandemHeart is currently FDA
approved, while the Impella is approved in Europe and in clin-
ical trial in the United States. The Cancion system is also in
clinical trial in the United States.

Fut ure and Ad junct ive The rap ie s

Aut o log ous St e m Ce lls
Stem cells offer the hope of biologically rebuilding damaged
myocardium due to their ability to differentiate into cardiomy-
ocytes. There has been a substantial amount of research into
the biology of various stem cells and now several clinical tri-
als have been reported, with mixed results. Most trials have
looked at stem cells’ delivery percutaneously by intracoronary
catheter after acute myocardial infarction in numbers ranging
from 30 to 100 patients. The BOOST (Bone Marrow Transfer
to Enhance ST-elevation Infarct Regeneration) trial found 6%
improvement in ejection fraction compared to control but no
significant difference at 18 months (131,132). The ASTAMI
(Autologous Stem Cell Transplantation in Acute MI) trial
found no difference in ejection fraction at 4 and 6 months, al-
though Janssens et al. reported improved regional wall motion
and decreased infarct size (133,134). The TOPCARE-CHD
(Transcoronary Transplant of Progenitor Cells after MI with
Chronic Ischemic Heart Disease) trial found 2.9% improve-
ment in ejection fraction at 3 months, while the REPAIR-AMI
(Intracoronary Administration of Bone Marrow-derived Pro-
genitor Cells in Acute Myocardial Infarction) trial reported a
2.5% improvement in ejection fraction at 4 months (135,136).
Multiple studies are currently under way including evaluating
the safety and efficacy of stem cells implanted during surgery
for VAD installation as well as coronary artery bypass surgery
with depressed ventricular function and percutaneously for
chronic angina. While this is a very promising therapy, con-
siderable issues remain, including the risk of generating an ar-
rhythmic focus, the best cell type, the amount of local myocar-
dial blood flow necessary, the best method to deliver the cells
to the myocardium, and the number of cells necessary.

Cle nb ut e ro l
Clenbuterol is a β 2-adrenergic receptor agonist that induces
skeletal muscle hypertrophy and improves contraction. It also
has been found to cause cardiomyocyte hypertrophy without
apoptosis (137). In a recently reported single-center study, 15
patients requiring LVAD support were treated with clenbuterol
in addition to lisinopril, carvedilol, spironolactone, and losar-
tan (138). There was sufficient myocardial recovery to explant
the LVAD in 11 of 15 patients, in whom 4-year survival was
89% , quality-of-life scores were almost normal, and mean left
ventricular ejection fraction was 64% . These patients all had
heart failure due to nonischemic cardiomyopathy without his-
tologic evidence of active myocarditis. A multicenter trial in
the United States is being planned.

Tissue -e ng ine e re d Pat che s
Patches made from decellularized extracellular matrix may
be another useful solution to biologic regeneration of my-
ocardium. The patch retains biologically active substances such
as growth factors providing paracrine as well as mechanical

support for regrowth of cardiomyocytes. These devices are still
in preclinical testing but have shown improvements in regional
function in a myocardial infarction model (139).

CONCLUSIONS
Despite rapid advancement in pharmacologic thrombolytic
therapy, mechanical revascularization techniques, and devel-
opment of mechanical ventricular assist devices, cardiogenic
shock remains a major clinical challenge with an associated
high mortality. Improved survival in cardiogenic shock may be
seen with an aggressive approach to diagnosis and manage-
ment of the problem, with emphasis on early recognition and
treatment of mechanical defects such as VSD, acute mitral in-
sufficiency, and free wall rupture. Limitation of infarct size by
minimizing the extent of infarcted tissue is the key component
in all therapeutic strategies with the goal to maximize perfu-
sion, limit irreversible cell death, and decrease potential for a
secondary mechanical event.

PEARLS
■ Clinical criteria used to establish the diagnosis of cardio-

genic shock include absolute or relative hypotension, which
is defined as a systolic blood pressure less than 90 mm Hg
or a blood pressure that has fallen to at least 30 mm Hg less
than the individual’s baseline blood pressure.

■ Cardiogenic shock thus may be a complication in patients
with chronic hypertension who have an acute cardiac event
that results in a decrease in blood pressure, but not to the
90 mm Hg systolic level.

■ If signs of organ dysfunction and tissue hypoperfusion ac-
company this condition, the individual qualifies for the di-
agnosis of cardiogenic shock.

■ The exact incidence of cardiogenic shock is difficult to as-
certain because of variability in diagnostic criteria and sur-
vival rates in the early phase of acute MI. The Multicenter
Investigation of Limitation of Infarct Size trial (140) docu-
mented an incidence rate of cardiogenic shock in 7.5% of
subjects who were admitted to the hospital after having an
acute myocardial infarction, a constant value from 1975 to
1997 (141). The Global Utilization of Streptokinase and Tis-
sue Plasminogen Activator for Occluded Arteries (GUSTO-I)
trial, the GUSTO-III trial, and other thrombolytic trials have
reported incidences of 5% to 10% (68,142).

■ The mortality rate for cardiogenic shock in the setting of
acute MI is exceedingly high despite significant improve-
ments due to a strategy of early revascularization as reported
in the SHOCK (Should We Emergently Revascularize Oc-
cluded Coronaries for Cardiogenic Shock) trial. Historically,
mortality rates were 81% as originally reported by Killip in
1967 (6). Early revascularization by angioplasty or surgery
has been shown to reduce mortality from 63% to 50% at 6
months in the SHOCK trial (36).
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CHAPTER 57 ■ SEPSIS AND SEPTIC SHOCK
ANAND KUMAR r ASEEM KUMAR

Septic shock (shock due to infection) and sepsis-associated mul-
tiple organ failure are the dominant cause of death in intensive
care units of the industrialized world. As many as 800,000 cases
of sepsis are admitted every year to American hospitals (compa-
rable to the incidence of first myocardial infarctions), with half
of those developing septic shock (1). Historically, the mortality
associated with sepsis and septic shock has been approximately
50% to 75% (2–4). The major advance in the therapy of septic
shock was the development of antibiotic therapy 50 years ago,
which resulted in a reduction in sepsis-associated mortality in
the 30% to 50% range (2,3). However, the past 40 years have
seen a gradual year-to-year increase in the incidence of sepsis
(5). As a result, total deaths in the United States have increased
even though the overall mortality rate has fallen from 27.8%
to 17.9% during that period (5). At present, the total death
toll from sepsis is comparable to that from myocardial infarc-
tion and far exceeds the impact of illnesses such as acquired
immune deficiency syndrome (AIDS) or breast cancer (1,6).

The total number of cases continues to gradually increase
due to a burgeoning population of patients with a chronic and
high degree of susceptibility to infection (age, AIDS, organ fail-
ure with transplant, and other chronic illness); an increased
use of invasive medical devices; and increased use of cytotoxic
agents for autoimmune disease, transplants, and malignancy
for patients at high risk for sepsis. Current estimates suggest a
doubling of total United States cases by 2050 but with only a
projected increase in population of 33% (1). Until recently, de-
spite major advances in technology and constant refinement of
our understanding of sepsis pathophysiology, numerous clin-
ical trials have failed to produce any new drugs with con-
sistent beneficial effects on this patient population. Nonethe-
less, the last 50 years have seen a gradual improvement in
mortality, perhaps related to improvements in supportive care
(5,7).

DEFINITIONS
Derived from the Greek word “sepo,” meaning “I rot,” the
first introduction of the term sepsis occurs in the poems of
Homer (circa eighth century B.C.) (8). Over the intervening
2,700 years, through Homer, Hippocrates, Aristotle, and Galen
to current-day physicians, the term has continued to be used
virtually unchanged in meaning. Hugo Schottmüller modern-
ized the term with his 1914 definition, “Septicemia is a state
of microbial invasion from a portal of entry into the blood
stream which causes signs of illness” (9). From the time of
Schottmüller’s definition of septicemia until recent years, terms
such as septicemia, sepsis, toxemia, and bacteremia were all
used interchangeably to indicate patients exhibiting systemic
responses to infection.

A significant problem with the term septicemia (as defined
by Schottmüller) is that most patients with a septic response
cannot be documented to have bacteremia/fungemia, and many
with bacteremia/fungemia (e.g., endocarditis, catheter-related
infection) do not exhibit overt sepsis. Recognizing that future
large-scale clinical trials of novel sepsis therapies will require
more consistent and precise definitions of the septic response,
consensus definitions were developed in 1991 (10). These cri-
teria were developed primarily as a tool to enhance the ability
to perform clinical sepsis research. However, the terminology
soon entered the clinical lexicon. These consensus definitions
were revised in 2001 to accommodate the clinician’s perspec-
tive (11). Current and previous definitions follow.

Infection: A microbial phenomenon characterized by an in-
flammatory response to the presence of micro-organisms or
the invasion of normally sterile host tissue by these organisms.

Bacteremia: The presence of viable bacteria in the blood. The
presence of other organisms in the blood should be described
in like manner—viremia, fungemia, and so on. Bacteremia can
either be transient, sustained, or intermittent.

Systemic Inflammatory Response Syndrome (SIRS): The sys-
temic inflammatory response to various severe clinical insults,
including but not limited to infection. Various other clinical
insults include pancreatitis, ischemia, multiple trauma and tis-
sue injury, hemorrhagic shock, immune-mediated organ injury,
and exogenous administration of inflammatory mediators such
as tumor necrosis factor or other cytokines. Previous criteria
for SIRS are enumerated in Table 57.1. The more recent re-
vision to sepsis definitions removed these SIRS criteria while
retaining the concept. However, some understanding of these
criteria remains crucial for the intensivist/clinical researcher, as
most trials in the last 15 years have been predicated on patients
having three or more of these criteria.

Sepsis: The systemic response to infection. This response is
similar to SIRS, except that it is considered to result from an
infection. The previously accepted definition required at least
two of the four SIRS criteria in the presence of documented
or suspected infection. The recent revision of the criteria enu-
merates multiple potential diagnostic criteria for sepsis (Table
57.2) and no longer specifically requires the discarded elements
of the SIRS criteria.

Severe Sepsis: Sepsis associated with organ dysfunction, perfu-
sion abnormalities, or hypotension. Organ system dysfunction
can be described by organ failure scoring systems (12,13).

Septic Shock: Sepsis with hypotension despite adequate fluid
resuscitation, in conjunction with perfusion abnormalities.
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TA BLE 5 7 . 1

DEFINITION OF SYSTEMIC INFLAMMATORY
RESPONSE SYNDROME (SIRS)

Systemic inflammatory response syndrome (SIRS): The
systemic inflammatory response to a wide variety of severe
clinical insults manifests by two or more of the following
conditions:

■ Temperature greater than 38◦C or less than 36◦C
■ Heart rate greater than 90 beats per minute (bpm)
■ Respiratory rate greater than 20 breaths per minute or

PaCO 2 less than 32 mm Hg
■ White blood cell count greater than 12,000/µ L, less than

4,000/µ L, or 10% immature (band) forms

From Bone R. American College of Chest Physicians/Society of
Critical Care Medicine Consensus Conference: definitions for sepsis
and organ failure and guidelines for the use of innovative therapies in
sepsis. Crit Care Med. 1992;20:864–874.

Standard abnormalities in an adult include mean arterial pres-
sure (MAP) < 60 mm Hg, systolic blood pressure < 90 mm Hg,
or a drop in systolic blood pressure > 40 mm Hg from base-
line.

Multiorgan Dysfunction Syndrome (MODS): The presence of
altered organ function in an acutely ill patient, such that home-
ostasis cannot be maintained without intervention. Primary
MODS is the direct result of a well-defined insult in which
organ dysfunction occurs early and can be directly attributable
to the insult itself. Secondary MODS develops as a conse-
quence of a host response and is identified within the context
of SIRS.

The relationship of many of these conditions to each other
is demonstrated in Figure 57.1. An understanding of sepsis def-
initions has become increasingly important since most clinical
trials in the last two decades have used the modified version of
the 1991 sepsis definitions (usually requiring three rather than
two SIRS criteria) in their entry criteria. The concept of a com-
pensatory anti-inflammatory response has also been introduced
after the demonstration that traditional anti-inflammatory me-
diators were also elevated during sepsis (14).

EPIDEMIOLOGY
Although the sepsis syndromes (from sepsis to septic shock)
have been a major burden on human health in both the de-
veloped and undeveloped world, there has been a surpris-
ing dearth of epidemiologic information. In North America,
this has been caused by the earlier lack of consensus defini-
tions of these syndromes and, more recently, the absence of
syndrome-specific diagnostic codes for sepsis within the In-
ternational Classification of Disease (ICD) coding system. In
the last 20 years, the development of consensus definitions
and application of computerized hospital and government ad-
ministrative databases has allowed substantial insight into the
problem.

Martin et al. (5) have estimated 660,000 annual cases of sep-
sis in the United States during 2000 (adjusted rate 240/100,000

TA BLE 5 7 . 2

REVISED DIAGNOSTIC CRITERIA FOR SEPSIS

Infection,a documented or suspected, and some of the
following:

General variables
Fever (core temerpature > 38.3◦C)
Hypothermia (core temperature < 36◦C)
Heart rate > 90 min or > 2 SD above the normal value for

age
Tachypnea
Altered mental status
Significant edema or positive fluid balance (> 20 mL/kg

over 24 h)
Hyperglycemia (plasma glucose > 120 mg/dL or

7.7 mmol/L) in the absence of diabetes
Inflammatory variables

Leukocytosis (WBC count > 12,000 µ L)
Leukopenia (WBC count < 4,000 µ L)
Normal WBC count with > 10% immature forms
Plasma C-reactive protein > 2 SD above the normal value
Plasma procalcitonin > 2 SD above the normal value

Hemodynamic variables
Arterial hypotensionb (SBP < 90 mm Hg, MAP < 70, or an

SBP decrease > 40 mm Hg in adults or < 2 SD below
normal for age)

SvO 2 > 70% b

Cardiac index > 3.5 L/min/m2b

Organ dysfunction variables
Arterial hypoxemia (PaO 2/FiO 2 < 300)
Acute oliguria (urine output < 0.5 mL/kg/h or 45 mmol/L

for ≥ 2 h)
Creatinine increase > 0.5 mg/dL
Coagulation abnormalities (INR > 1.5 or aPTT > 60 s)
Ileus (absent bowel sounds)
Thrombocytopenia (platelet count < 100,000 µ L)
Hyperbilirubinemia (plasma total bilirubin > 4 mg/dL or

70 mmol/L)
Tissue perfusion variables

Hyperlactatemia (> 1 mmol/L)
Decreased capillary refill or mottling

WBC, white blood cell; SBP, systolic blood pressure; MAP, mean
arterial blood pressure; SvO 2 , mixed venous oxygen saturation; INR,
international normalized ratio; aPTT, activated partial thromboplastin
time.
aInfection defined as a pathologic process induced by a
micro-organism.
bSvO2 sat > 70% is normal in children (normally, 75% –80% ), and CI
3.5–5.5 is normal in children; therefore, neither should be used as
signs of sepsis in newborns or children.
From Levy MM, Fink MP, Marshall JC, et al. 2001
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions
Conference. Crit Care Med. 2003;31(4):1250–1256.

population) using an analysis of ICD-9 codes associated with
National Hospital Discharge Survey data. With the exception
of a single major study with much higher values (1), estimates
for severe sepsis from sites across North America and Europe
have been fairly consistent at 50 to 80/100,000 population
(15–19). These cases account for approximately 10% to 15%
of all intensive care unit (ICU) admissions (16,17,19–21). Ap-
proximately 25% of cases of sepsis (22) and 50% to 75%
of cases of severe sepsis progress to septic shock (20). Septic
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FIGURE 57.1. Venn diagram showing the relationship between infec-
tion and other sepsis-associated terms. The intersection of systemic in-
flammatory response syndrome (SIRS) and infection defines sepsis. Se-
vere sepsis is a subset of sepsis defined by the presence of organ failure.
Septic shock is a subset of severe sepsis in which the organ failure is car-
diovascular (i.e., shock). Patients with certain inflammatory conditions
(e.g., extensive burn injury, pancreatitis, major trauma, postpump syn-
drome, and so on) may demonstrate a “septic” appearance (i.e. SIRS)
without the presence of infection required for a diagnosis of sepsis.
(Adapted from Bone R. American College of Chest Physicians/Society
of Critical Care Medicine Consensus Conference: definitions for sepsis
and organ failure and guidelines for the use of innovative therapies in
sepsis. Crit Care Med. 1992;20:864–874.)

shock represents between 5% and 8% of all ICU admissions
(21,23). In the United States, the cost of sepsis and severe sepsis
ranges from $22,000 to $60,000 per episode at a total cost of
approximately $17 billion annually (1,24). Sepsis and related
conditions are the tenth leading cause of death in the United
States (6).

The incidence of sepsis appears to be increasing at a rate of
about 9% per year in the United States (5) (Fig. 57.2). Reasons
for this increase include the following: (a) An aging population
with increased predisposition to illness; (b) increased propor-
tion and longevity of the subpopulation with conditions that
predispose to systemic infection including chronic organ failure
(e.g., cirrhosis, renal failure, cardiomyopathy, chronic obstruc-
tive pulmonary disease [COPD]), and other conditions (e.g.,
diabetes, cancer, AIDS, etc.); (c) extensive use of invasive di-

agnostic and therapeutic modalities (indwelling catheters and
devices), which lead to breakdown of native resistance to infec-
tion; and (d) widespread use of immunosuppressive chemother-
apies for a wide range of diseases (asthma, inflammatory bowel
disease, rheumatoid arthritis, systemic lupus erythematosus,
and other autoimmune diseases).

Age is a substantial risk factor for sepsis, severe sepsis, and
septic shock (1,5,25). Patients older than the age of 65 years
are approximately 13-fold more likely to develop sepsis com-
pared to others (5). Similarly, septic shock is 18 times more
likely in the > 80-year age group compared to those in the 20-
to 29-year age group (23). Given that the average age of the
North American population is increasing, and that the inci-
dence of all the sepsis-related syndromes is markedly elevated
in the elderly (23), the fact that the average age of patients with
sepsis has climbed over the last few decades can be no surprise
(1,5). That septic shock is substantially a geriatric illness is re-
flected in the median age of 67 years (25). The persistent 60:40
male:female preponderance in sepsis, severe sepsis, and septic
shock may have its origins in men’s increased predisposition to
smoking-associated cases of pneumonia and peptic ulcer dis-
ease/gastrointestinal malignancy-associated gastric and bowel
perforation (1,5,17,20,22,23). Nonwhite racial groups are also
at substantially increased risk, particularly African Americans
(5). However, low socioeconomic status is a substantial risk
factor for septic shock (a fourfold increased risk in the low-
est quintile of income compared to any other quintile) (23). In
this context, it is unclear whether race may be relevant only
as a marker of socioeconomic status. Comorbidities are com-
mon in patients with sepsis, as might be expected given an
average age of 55 to 65 years for sepsis and perhaps higher
for septic shock (5,19,25–29). Diabetes, COPD, renal failure,
congestive heart failure, and malignancy can each be found in
10% to 20% of patients with sepsis or septic shock. At least
50% of patients with severe sepsis have at least one major med-
ical comorbidity (5). Patients with septic shock have an even
higher incidence (> 90% ) of major comorbidities. Alcoholism
and substance abuse also substantially increases the risk of sep-
sis, as well as death from sepsis and septic shock (30).

As might be expected, mortality increases with the severity
of the septic syndrome. Mortality is < 15% for sepsis, 25% to
50% for severe sepsis, and > 50% for septic shock (1,5,15–
17,20–22,25,31). This mortality rate for septic shock, while
staggering, nevertheless represents an improvement in survival
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FIGURE 57.2. Incidence of sepsis in the United
States stratified by organism group. The incidence of
sepsis increased approximately 9% per year between
1979 and 2001 with the greatest relative increase in
fungal infections. In addition, as of the late 1980s,
Gram-positive pathogens became numerically dom-
inant over Gram-negative organisms. (From Martin
GS, Mannino DM, Eaton S, et al. The epidemiol-
ogy of sepsis in the United States from 1979 through
2000. N Engl J Med. 2003;348(16):1546–1554.
Copyright c 2003 Massachusetts Medical Society.
All rights reserved.)
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from 35 years ago when mortality rates frequently exceeded
80% (32,33). Early septic mortality (< 3 days) appears to be
associated most closely with shock with other deaths within
the first week due to multiple organ failure. Later deaths tend
to be most closely associated with pre-existing comorbidities
(34). Of those succumbing to septic shock, approximately 75%
are early deaths (within 1 week of shock), primarily due to
hyperdynamic circulatory failure (35).

Throughout recorded history, there has been an evolution of
the organisms that cause infectious diseases and the associated
clinical syndromes. This phenomenon has become particularly
pronounced since the advent of antibiotics in the last half of the
previous century. By the 1960s and 70s, Gram-negative organ-
isms had become the dominant pathogens over Staphylococcus
aureus and streptococci. During the 1980s, resistant Gram-
positive organisms (methicillin-resistant S. aureus, coagulase-
negative staphylococci, penicillin-resistant S. pneumoniae, and
enterococci) again re-emerged as major pathogens. Gram-
positive cocci account for approximately 40% to 50% of
single isolates (excluding fungi) in sepsis and septic shock
(20,25,31,36–38).

Most recently, yeast and other fungi have demonstrated
a remarkable increase in their contribution to sepsis (5% of
total) and septic shock (8.2% of total), with an increase of
about 10% per year (5,25,37,38). Candida albicans remains
numerically dominant (about 60% of total fungal infections),
but fluconazole-resistant yeasts are the most rapidly increas-
ing species (39–41). Other major concerns in recent years in-
clude the emergence of vancomycin-resistant enterococci (42),
extended spectrum β -lactamase (ESBL) resistance in Gram-
negative organisms (reliably sensitive only to carbapenems)
(43), and an endemic strain of virulent, methicillin-resistant
S. aureus in the community (44). In addition, concerns regard-
ing sporadic cases of vancomycin-resistant S. aureus (VRSA)
are growing (45).

PATHOGENESIS OF
SEPSIS, SEVERE SEPSIS,

AND SEPTIC SHOCK
Sepsis and septic shock or sepsis-associated multiple organ fail-
ure typically begin with a nidus of infection within the body
(e.g., pneumonia, peritonitis, urinary tract infection, abscess).
Within that nidus, the organism replicates. Eventually, the in-
fection at the inciting focus releases sufficient microbial anti-
gens to elicit a systemic inflammatory response designed to
eliminate the invading microbes (Fig. 57.3). Many constitu-
tive and/or inducible elements of invasive microorganisms are
capable of inciting the systemic inflammatory responses that re-
sult in sepsis and septic shock (Fig. 57.3, Table 57.3). Beyond
endotoxin (lipopolysaccharide; LPS) of Gram-negative bacte-
ria, other major triggers of the systemic inflammatory response
characteristic of sepsis include various exotoxins (bacteria),
peptidoglycans (streptococci), and teichoic acid (S. aureus);
lipoarabinomannan of mycobacteria; and mannoproteins and
β -glucan of fungi (46). Bacterial DNA may possess sufficient
antigenic properties (based on unique CG repetitions and lack
of deoxyribonucleic acid [DNA] methylation) to initiate a sub-
stantial inflammatory response independent of other bacterial
elements (47–49). Bacterial ribonucleic acid (RNA) may be able

to do the same (50). Recent investigations suggest a surprising
commonality of signaling mechanisms in septic shock via Toll-
like receptors from a broad range of etiologic agents (48,51–
54).

Despite the large number of potential elements of patho-
genic microorganisms that can drive the septic response, endo-
toxin of Gram-negative bacteria remains the prototype of such
factors and the model for subsequent research. This antigen is
thought to be central in initiating the powerful host response
to infection with these organisms (55). LPS and other antigens
interact with immune cells (particularly macrophages), result-
ing in the induction of proinflammatory cytokines such as tu-
mor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β ) se-
creted by monocytes, macrophages, and other cells (Fig. 57.3)
(56). These cytokines initiate a complex signaling sequence in-
volving the release of secondary mediators (platelet-activating
factor, leukotrienes, prostaglandins) and monocytes, as well
as endothelial tissue factor expression, inducible nitric oxide
synthetase induction, microvascular coagulation, cell-adhesion
molecule up-regulation, and apoptosis (57–60). To maintain
homeostasis (and likely as part of a feedback mechanism), sev-
eral anti-inflammatory mediators are also released, including
interleukin-10 (IL-10), transforming growth factor-β (TGFβ ),
and interleukin-1 receptor antagonist (IL-1ra). If homeostasis
cannot be maintained, progressive and sequential dysfunction
of various organ systems (i.e., MODS) may occur. If the inflam-
matory stimulus is particularly intense, or if there is limited
cardiovascular reserve, effects on the cardiovascular system as
manifested by septic shock may dominate the clinical presen-
tation.

Microb ial Ant ig e n Sig naling

As the prototypical and best-studied microbial antigen, an un-
derstanding of the signaling cascade of endotoxin is instruc-
tive. Endotoxin is an amphiphilic macromolecule located on
the outer cell wall membrane of Gram-negative bacteria. It is
composed of lipid A (a diglucosamine-based acylated phospho-
lipid), and a polysaccharide side chain (61,62) (Fig. 57.4). The
polysaccharide chain is composed of a short, highly conserved,
proximal section (core polysaccharide) and a highly variable,
longer distal oligosaccharide side chain. The core polysaccha-
ride and lipid A are sometimes referred to as the core glyco-
lipid. The highly conserved lipid A moiety is the toxic element
of endotoxin and can reproduce the manifestations of endo-
toxic shock when administered alone (62–67). As a circulating
form in the plasma, endotoxin exists in a multimeric aggregate
form.

Lipopolysaccharide-binding protein (LBP) is an acute phase
reactant protein present in plasma (61,68,69). The levels in-
crease with inflammatory stimulation. LBP catalyzes the trans-
fer of endotoxin from serum aggregates to either serum lipopro-
teins, such as high-density lipoprotein (HDL), leading to endo-
toxin neutralization or to CD14 receptors (either membrane-
bound [mCD14] or soluble [sCD14]), the putative primary LPS
receptor (Fig. 57.5). The degree to which endotoxin is shunted
through either pathway appears to play a significant role in
the phenotypic physiologic response (46). LBP, by forming a
complex with endotoxin monomers, appears to enhance the
ability of endotoxin to bind CD14 and allows cellular ac-
tivation at relatively low endotoxin concentrations (61,69).
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FIGURE 57.3. Pathogenesis of sepsis and septic shock. ATIII, antithrombin III; DNA, deoxyribonucleic
acid; HMGB1, high mobility group box 1 protein; LPS, lipopolysaccharide; MIF, macrophage migra-
tion inhibitory factor; TFPI, tissue factor pathway inhibitor; TGF, transforming growth factor; Toxin A,
Pseudomonas toxin A; TSST-1, toxic shock syndrome toxin 1. (Adapted from Parrillo JE. Pathogenic
mechanisms of septic shock. N Engl J Med. 1993;328:1471–1477.)
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TA BLE 5 7 . 3

ELEMENTS OF MICROORGANISMS CAPABLE OF
INDUCING A SEPTIC RESPONSE

Microorganism Component

Gram-negative bacteria Lipopolysaccharide
Peptidoglycan
Porins
Lipoproteins
Lipopeptides
Lipid A–associated proteins
Pili
Exotoxins
DNA/RNA

Gram-positive bacteria Exotoxins
Peptidoglycan
Lipoteichoic and teichoic acids
DNA/RNA

Mycobacteria Lipoarabinomannan
Lipomannan
Mycolylarabinogalactan-

peptidoglycan

Fungi Mannoproteins
β -glucan

Adapted from Heumann D, Glauser MP, Calandra T. Molecular basis
of host-pathogen interaction in septic shock. Curr O pin Microbiol.
1998; 1(1):49–55.

Although LBP appears to be a specific carrier molecule for
endotoxin, available data suggest that other microorganism
toxins associated with sepsis may use similar carrier proteins
(70,71).

CD14, a glycoprotein receptor, is found primarily in the
cells of the myelomonocytic lineage (monocytes, macrophages,
polymorphonuclear leukocytes) (72). Although there appear
to be several other membrane-associated LPS receptors,
membrane-associated CD14 (mCD14) represents the only re-
ceptor that is clearly involved in LPS binding and activation of
cellular inflammatory responses. In contrast to the low endo-
toxin concentrations required to activate CD14 (an effect me-
diated by the LBP-LPS interaction [73]), other receptors such

as CD18 appear to require exceptionally high concentrations
of LPS to elicit a cellular effect, suggesting a lack of physiologic
relevance (74).

Recent data suggest that CD14, far from being uniquely a re-
ceptor for LPS, may also bind ligands from various pathogens,
including peptidoglycan and lipoteichoic acid of Gram-positive
bacteria, lipoarabinomannan of mycobacteria, and chitin of
fungi (Table 57.4) (46,75). In several of these, binding is serum
dependent, suggesting the possibility of serum carrier/binding
proteins similar to LBP (70). This convergence of receptor-
signaling mechanisms may explain why downstream intracel-
lular signaling events (activation of NF-κB, MAP kinases, etc.)
and cellular responses (cytotoxicity, cytokine generation, etc.)
appear to be so highly conserved in sepsis due to different eti-
ologic agents. Although elements of different microorganisms
bind and activate CD14, limited data suggest that the precise
binding sites vary.

Despite the importance of CD14, the receptor lacks the abil-
ity to initiate intracellular signaling on its own because of the
lack of an intracytoplasmic-signaling domain. CD14 signal-
ing requires the involvement of the most recently discovered
(and most central) element of microbial antigen-mediated sig-
nal transduction, the Toll-like receptors (TLRs) (52,76–79).
The original Toll receptor was initially described as an essential
component of embryogenesis of Drosophila (80). In mammals,
various TLRs have been shown to play a crucial role in the
recognition of microbial antigens and initiation of the immune
response. TLR4, and to a lesser extent TLR2, have been im-
plicated in signaling associated with endotoxin (53,77–79,81).
TLR4 appears to be coexpressed and forms a plasma mem-
brane complex with mCD14. mCD14 appears to bind with
the LPS/LBP complex to enable transfer to TLR4 and an ac-
cessory protein, MD-2 (82). mCD14, acting as a receptor for
other non-LPS microbial antigens, also appears to have a role
in TLR2 signaling (83). The exact nature of the CD14-TLR in-
teraction is as yet undetermined. However, interaction of CD14
and TLR4 stimulates downstream activity of the intracellular
domain of TLR to generate NF-kB and other intracellular me-
diators that drive the response to LPS (Fig. 57.5). Notably, the
intracellular domain of the TLRs is shared with the IL-1 recep-
tor. Several other TLR receptors are known to be involved in
microbial antigen signaling from various pathogens, including
Gram-positive and Gram-negative bacteria, fungi, mycobacte-
ria, and viruses (Table 57.5).
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Inner cytoplasmic membrane 

FIGURE 57.4. Endotoxin (lipopolysaccharide). Endotoxin
is a component of the cell wall of Gram-negative bacilli.
(From Young LS, Martin WJ, Meyer RD, et al. Gram-
negative rod bacteremia: microbiologic, immunologic, and
therapeutic considerations. Ann Intern Med. 1977;86:456–
471, with permission.)
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FIGURE 57.5. Endotoxin signaling
pathway related to CD14 and TLR4
(Toll-like receptor 4). IκB, inhibi-
tory κB; IKK, IκB kinase; IRAK, IL-1R–
associated kinase; LBP, lipopolysaccha-
ride-binding protein; LPS, lipopolysac-
charide; MYD88, myeloid differentia-
tion factor; NFκB, nuclear factor-κB;
NIK, nuclear factor κB–inducing ki-
nase; TRAF 6, tumor necrosis factor re-
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Besides the Toll-like receptor pathways, other important
routes of microbial antigen signaling exist. In particular, some
Gram-positive organisms produce potent exotoxins that are
implicated in the pathogenesis of toxic shock syndromes. These
include the toxic shock syndrome toxin-1 associated with
staphylococcal toxic shock and pyrogenic toxins predomi-
nantly associated with group A streptococci. These exotoxins
appear to be superantigens in that they are able to activate
broad polyclonal groups of lymphocytes, resulting in massive
cytokine generation and toxic shock (84,85).

Cyt okine s

The concept of a systemic inflammatory response syndrome
(SIRS) has already been discussed in the context of sepsis.
The notion of an innate anti-inflammatory response, termed
compensatory anti-inflammatory response syndrome (CARS),
during sepsis also exists (14). This model suggests that a clin-
ical insult (such as infection or injury) initiates a proinflam-

TA BLE 5 7 . 4

CD14 BINDING-CAPABLE MICROBIAL PRODUCTS

Ligands Origin

Lipopolysaccharide Gram-negative bacteria
Peptidoglycan Gram-positive bacteria
Lipoteichoic acid Gram-positive bacteria
Lipoarabinomannan Mycobacterium tuberculosis
Rhamnose-glucose polymers Streptococcus species
Polyuronic acids Bacteria
Acylpolygalactoside Klebsiella pneumoniae
Chitin Yeast
Amphiphilic molecules Staphylococcus aureus

matory response that is countered by an endogenous anti-
inflammatory reaction. The aggregate responses produce en-
dogenous circulating mediators (cytokines, soluble receptors,
adhesion molecules, growth factors, eicosanoids, etc.), gener-
ating systemic phenomena such as septic shock or immuno-
suppression. Clinical manifestations and patient outcome are
dependent on the balance between proinflammatory and anti-
inflammatory elements. The predominance of the inflammatory
response corresponds to SIRS and may lead to cardiovascular
compromise, shock, and organ dysfunction. However, a pre-
dominance of anti-inflammatory mediators produces a state of
immune paralysis associated with a propensity to infection and
inability to fight infection. Both may ultimately lead to death.
In patients with sepsis, the duration of monocyte inactivation
(a potential manifestation of CARS) correlates with mortality
(86). If the counterinflammatory response is able to balance the
inflammatory stimuli (while the infecting micro-organism is ef-
fectively cleared), homeostasis is achieved and clinical recovery
will occur. In this model, sepsis has a dynamic nature based on
the development and balance of the above-described responses
(Fig. 57.6). This interplay is influenced by the nature of the
inflammatory injury and the genetically determined variability
of the host immune response (87,88).

Proinflammatory cytokines have multiple effects, includ-
ing the stimulation of production and release of other proin-
flammatory mediators. TNF-α , interleukin-1β (IL-1β ), and
interleukin-6 (IL-6) are the best known proinflammatory cy-
tokines and have overlapping and synergistic effects in stimu-
lating the inflammatory cascade. The next phase in the cytokine
response to infection is the endogenous counterinflammatory
cascade in response to the systemic activity of proinflamma-
tory cytokines. Cytokine inhibitors (e.g., IL-1 receptor antag-
onist [IL-1ra], soluble TNF receptor) and anti-inflammatory
cytokines (e.g., TGFβ , IL-4, IL-10, and IL-13) are involved
in this phase of the response. Other cytokines like HMGB1
may be involved even later in the syndrome. Thus, the cy-
tokine network in sepsis involves proinflammatory cytokines,
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TA BLE 5 7 . 5

MICROBIAL LIGANDS OF THE TOLL-LIKE RECEPTORS (TLRS)

Receptor Microbial ligands Origin

TLR1 Triacyl lipopeptides
Soluble factors

Mycobacteria, bacteria
N . meningitidis

TLR2 Peptidoglycan and LTA Gram-positive bacteria
Lipoprotein/lipopeptide Gram-positive bacteria
Atypical LPS Leptospira interrogans and

Porphyromonas gingivalis
Lipoarabinomannan, cell wall

and lipoproteins/lipopeptides
Mycobacteria

Lipoproteins/lipopeptides Borrelia burgdorferi
Glycolipids and lipoproteins/ Treponema spp.

lipopeptides
Lipoproteins and lipopeptides Mycoplasma spp.
Phenol-soluble modulin S. aureus
Cell wall S. pneumoniae
Soluble factor Group B streptococci
Porins N eisseria meningitidis
Zymosan Yeast
Heat shock protein Human protein

TLR3 dsRNA Virus

TLR4 LPS Gram-negative bacteria
LTA Gram-positive bacteria
Heat-sensitive compound Mycobacteria
Heat shock protein Chlamydia pneumoniae
Fusion protein Respiratory syncytial virus
Glycolipids Treponema brennaborense
Heat shock protein Human protein
Heat shock protein Human protein

TLR5 Flagellin Bacteria with flagella

TLR6 Diacyl lipopeptides Mycoplasma
Lipoteichoic acid Gram-positive bacteria
Zymosan Fungi

TLR7 ssRNA Virus

TLR8 ssRNA Virus

TLR9 CpG DNA Bacteria

TLR10 Unknown Unknown

TLR11 Unknown Unknown

LTA, lipoteichoic acid; LPS, lipopolysaccharide; dsRNA, double-stranded RNA; ssRNA, single-stranded RNA.
Adapted from Leaver SK, Finney SJ, Burke-Gaffney A, et al. Sepsis since the discovery of Toll-like receptors: disease concepts
and therapeutic opportunities. Crit Care Med. 2007;35(5):1404–1410; and Van Amersfoort ES, Van Berkel TJ, Kuiper J, et al.
Receptors, mediators, and mechanisms involved in bacterial sepsis and septic shock. Clin Micro Rev. 2003;16(3):379–414.

anti-inflammatory cytokines, and cytokine inhibitors (Table
57.6). It is the balance between these cytokines at different time
points that determine the clinical manifestations and outcome
of sepsis.

Nit ric Oxid e

Another important mediator, nitric oxide (NO), has a vital role
in normal intracellular signal transduction (89). NO is synthe-
sized by a family of enzymes called NO synthases (NOS) that
incorporate nitrogen from one of the guanidine terminals of L-

arginine with molecular oxygen to form NO and L-citrulline.
Three distinct nitric oxide synthases have been purified, cloned,
and characterized: (i) Neuronal NOS or nNOS, (ii) inducible
NOS or iNOS, and (iii) endothelial NOS or eNOS, reflecting
the cell types from which they were originally identified.

NO has several important roles in infection, sepsis, and sep-
tic shock. The iNOS gene is induced in immunoactivated cells.
NO formed by these cells plays a role in host defense against
bacterial, viral, and protozoan infections. Of particular impor-
tance in relation to septic shock, nitric oxide is the mediator
through which endothelial cells normally cause relaxation of
adjacent smooth muscle (89). Endothelial cells, through eNOS,
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FIGURE 57.6. The dynamic cytokine inflammatory response. Sep-
sis is associated with an early transient dominance of proinflamma-
tory cytokines corresponding to the systemic inflammatory response
syndrome (SIRS) and the onset of organ damage. After this initial
phase, the anti-inflammatory pathways of CARS (compensatory anti-
inflammatory response syndrome) become active with the development
of a refractory state characterized by a decreased capacity of mononu-
clear cells to produce proinflammatory cytokines. Recovery occurs if
homeostasis is re-established. (Adapted from van der Poll T, van De-
venter SJ. Cytokines and anticytokines in the pathogenesis of sepsis.
Infect Dis Clin N orth Am . 1999;13(2):413–426.).

produce picomolar quantities of nitric oxide in response to
several vasodilatory stimuli such as shear stress, acetylcholine,
and bradykinin. This nitric oxide diffuses to adjacent smooth
muscle and activates guanylate cyclase to produce cyclic GMP,
which effects vascular relaxation. Activity of endothelial NOS
is regulated and is calcium and calmodulin dependent.

During septic shock, an iNOS capable of producing
nanomolar quantities of nitric oxide is generated in endothe-
lium and vascular smooth muscle (89,90). Following this gener-
ation, the activity of this iNOS is unregulated and constant. Ni-
tric oxide–mediated generation of cyclic guanosine monophos-
phate (cGMP) explains the profound loss of arterial vascu-
lar tone and venodilatation seen in septic shock (90,91) and
may, in part, explain the irreversible vascular collapse seen

late in hemorrhagic shock (92) (Fig. 57.7). A potential role
for NO in inflammation-associated edema and third-spacing
during shock has also been suggested (93). The in vitro my-
ocardial depressant effects of TNF-α , IL-1β , and serum from
septic humans may be mediated by a similar NO- and cGMP-
dependent pathway (94,95). TNF-α , IL-1β , and IFN-γ have
been identified as key mediators of iNOS activation. An al-
ternative pathway by which NO may play a role in the car-
diovascular pathophysiology of shock and sepsis involves the
production of peroxynitrite (ONOO− ), a highly reactive oxi-
dant, from the interaction of superoxide (OH− ) and nitric oxide
(NO− ) (96).

HEMOSTASIS
The coagulation cascade represents a highly conserved antimi-
crobial defense mechanism common to even the most primitive
complex organisms, such as the Limulus horseshoe crab. The
hemolymph of the horseshoe crab, one of the oldest complex
organisms still in existence, clots rapidly in response to minute
quantities of endotoxin or beta-(1,3) glucan, a component of
fungi. Pathogens are immobilized in the clot, allowing subse-
quent elimination (97,98). This commonality of purpose and
function of the coagulation and inflammatory systems in elimi-
nating invading microbes has persisted in evolution to present-
day mammals including humans (99). These systems, in sharing
common activation pathways, are inextricably linked.

Although both these systems are normally highly adaptive in
nature, excessive activity of the coagulation and inflammation
pathways can result in vascular injury, aberrant tissue blood
flow, tissue damage, and, ultimately, organ dysfunction. Recent
clinical and laboratory investigations have established that, in
conjunction with the cytokine cascade, the coagulation system
plays a key role in inflammatory states such as sepsis (100–102)
(Fig. 57.8). A critical process in sepsis-induced coagulopathy is
the activation of the extrinsic pathway (100).

During the normal hemostatic response, exposure of blood
to nonvascular cell-bound tissue factor in the subendothelial
layer initiates the extrinsic pathway through the binding of tis-
sue factor to activated factor VII. The resulting enzyme com-
plex, in turn, activates factor IX of the intrinsic pathway and
factor X of the common pathway. With factor V as a cofactor,

TA BLE 5 7 . 6

MAJOR PROINFLAMMATORY AND ANTI-INFLAMMATORY CYTOKINES AND RECEPTORS IN SEPSIS

Proinflammatory cytokines Anti-inflammatory cytokines Cytokine inhibitors

Tumor necrosis factor-α (TNF-α) Transforming growth factor (TGF-β ) Soluble TNF receptors
- Type I
- Type II

Interleukin-1β (IL-1β ) Interleukin-4 (IL-4) Interleukin-1 receptor
antagonist (IL-1ra)

Interleukin-2 (IL-2) Interleukin-6 (IL-6)
Interleukin-6 (IL-6) Interleukin-8 (IL-8)
Interleukin-12 (IL-12) Interleukin-9 (IL-9)
Interferon-γ (IFN-γ ) Interleukin-10 (IL-10)
Macrophage migration inhibitory factor (MIF) Interleukin-11 (IL-11)
High mobility group 1 protein (HMG-1) Interleukin-13 (IL-13)
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factors relevant in sepsis and septic shock. cGMP, cyclic GMP;
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activated factor X cleaves prothrombin to form thrombin.
Thrombin then converts fibrinogen to fibrin, which results in
clot formation (103).

In sepsis, however, the expression of tissue factor is either
directly or indirectly induced by inflammatory cytokines. Over-
expression of proinflammatory cytokines, such as TNF-α , IL-
1β , and interleukin-8, are thought to upset the balance to-
ward a procoagulant state (60,101,104) (Fig. 57.8). TNF-α
and IL-1β , for example, can induce the expression of tissue fac-
tor in circulating monocytes and endothelial cells (101). The
vascular endothelial injury resulting from inflammation can
also further expose tissue factor in subendothelial tissue and
perivascular cells. Endothelial injury also inhibits the produc-
tion and activity of anticoagulants such as proteins C and S, the
heparin–antithrombin complex, and thrombomodulin. Loss of
native anticoagulant function is indicated by decreased activity
and circulating levels of protein C (105,106), antithrombin III,
(ATIII) (101,106), and tissue factor pathway inhibitor (TFPI)
(107,108) in patients with severe sepsis and septic shock.

Current evidence suggests that the pathogenesis of sepsis
is associated with (a) systemic activation of coagulation re-
sulting in consumption of coagulant factors, (b) suppression
of the anticoagulant system by the same proinflammatory me-

diators that activate coagulation, and (c) early activation fol-
lowed by later suppression of fibrinolysis (60,101) (Fig. 57.8).
Whereas the coagulation cascade is clearly activated in sep-
sis, the specific inciting events and the molecular linkages be-
tween inflammation and coagulation remain to be elucidated
(60,101–103). Given observational studies demonstrating the
depletion of anticoagulant factors (decreased activity levels of
protein C [60,102], ATIII [101,103], and TFPI [28]) in patients
with severe sepsis and septic shock, such markers may be useful
to indicate the presence or severity of sepsis in the future.

HOST GENETIC FACTORS
Although the characteristics of the pathogen have much to do
with the occurrence of clinical infection and progression to
sepsis and septic shock, a growing body of data suggests that
genomic variations between patients are equally important.
These genomic variations in microbial and cell signaling, innate
immunity, and coagulation and inflammatory stress cytokine
responses appear to explain individual variations in suscepti-
bility to infection, sepsis/septic shock, and septic death. They
likely explain why identical organisms cause fulminant disease
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FIGURE 57.8. Cytokines induce the endothelial cell
to shift from an antithrombotic to a prothrombotic
phenotype. Expression of tissue factor by mono-
cytes, and perhaps a subset of endothelial cells, initi-
ates coagulation through the extrinsic system in pa-
tients with severe sepsis and septic shock. At the
same time, fibrinolysis is inhibited through the release
of thrombin-activatable fibrinolysis inhibitor (TAFI)
and plasminogen activator inhibitor-1 (PAI-1). IL-
1, interleukin-1β ; IL-6, interleukin-6; TNF-α , tumor
necrosis factor-α . (Copyright c 2002 Eli Lilly and
Company. All rights reserved. Printed with permis-
sion. Permission to reproduce the copyrighted mate-
rial must be obtained from Lilly prior to reproducing
or using the image.)
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HUMAN GENETIC MARKERS ASSOCIATED WITH RISK OF INFECTION AND
SEPSIS/SEPTIC SHOCK

Gene product group/
Gene product Infection/sepsis association

Pattern Recognition Receptors
TLR2 ■ Tuberculosis

■ Life-threatening bacterial infections
■ S. aureus infections

TLR4 ■ Gram-negative infection
■ Septic shock

TLR5 ■ Legionella infection
CD14 ■ Septic shock and septic shock mortality

■ Isolation of pathogenic bacteria in infection
Mannose-binding lectin ■ Bacterial infections

■ Isolation of pathogenic bacteria in infection

Intracellular Proteins
IRAK4 ■ Recurrent Gram-positive infections

Cytokines
TNF-α ■ Sepsis, septic shock, septic mortality

■ Meningococcal mortality
TNF-β ■ Sepsis and septic mortality
IL-6 ■ Septic mortality
IL-10 ■ Sepsis and septic mortality

■ CAP severity and mortality
■ Pneumococcal septic shock

IFNγ ■ Infection
MIF ■ Sepsis and sepsis-induced acute lung injury
IL-1Ra ■ Sepsis and septic mortality

Coagulation Factors
PAI-1 ■ Meningococcal sepsis, septic shock, septic mortality,

vascular complications
■ Septic mortality

Protein C ■ Septic organ dysfunction and mortality
TAFI ■ Meningococcal and septic mortality
Fibrinogen-β ■ Septic mortality
Factor 5 (Leiden) ■ Septic mortality, pressor use, purpura fulminans

CD, cluster differentiation; IFN, interferon; IL, interleukin; IL-1Ra, IL-1 receptor antagonist; IRAK,
interleukin-1 receptor-associated kinase; MIF, macrophage inhibitor factor; PAI, plasminogen activator
inhibitor; TAFI, thrombin activatable fibrinolysis inhibitor; TLR, toll-like receptor; TNF, tumor necrosis
factor.
Adapted from Arcaroli J, Fessler MB, Abraham E, et al. Genetic polymorphisms and sepsis. Shock .
2005;24(4):300–312; Lin MT, Albertson TE, Lin MT, et al. Genomic polymorphisms in sepsis. Crit Care
Med. 2004;32(2):569–579; Texereau J, Pene F, Chiche JD, et al. Importance of hemostatic gene
polymorphisms for susceptibility to and outcome of severe sepsis. Crit Care Med. 2004;32(5
Suppl):S313–S319; and Papathanassoglou ED, Giannakopoulou MD, Bozas E, et al. Genomic variations
and susceptibility to sepsis. AACN Adv Crit Care. 2006;17(4):394–422.

with septic shock in some but only minimal clinical illness in
others. The importance of inheritable elements in susceptibility
and mortality risk of life-threatening infections is demonstrated
by adopted twin studies which demonstrated remarkable con-
vergence in the causes of death (including sepsis/infection) of
such individuals (109).

The advent of complete gene mapping via high throughput
analysis techniques (e.g., microarray gene chips, etc.) have re-
sulted in a rapid expansion of the list of human genetic markers
associated with risk of infection, sepsis/septic shock, and death.
These markers fall into several broad groups, including those
involved with microbial ligand binding, intracellular signaling,
cytokine generation, and coagulation factor generation/activity

as described in Table 57.7. It should be noted that some genetic
polymorphisms may be linked to other genetic loci. An asso-
ciation between a given polymorphism and susceptibility to
infection, sepsis, septic shock, or septic death does not always
imply a direct causal relationship.

BIOENERGETIC FAILURE
The underlying metabolic defect in sepsis and septic shock has
been the source of substantial controversy over the last 30
years. Most forms of shock are associated with low cardiac
output (CO) and tissue hypoperfusion leading to overt tissue
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ischemia. This results in anaerobic glycolysis with intracellular
acidosis, increased lactate, and high-energy phosphate deple-
tion in the affected tissues. Blood oxygen extraction ratio (the
ratio of oxygen consumed divided by the oxygen delivered) is
increased as tissues maximize oxygen extraction in order to
maintain oxygen consumption. During septic shock, the same
tissue metabolic phenomenon of intracellular acidosis and in-
creased lactate production is noted. However, cardiac output
and total tissue perfusion is typically increased, and the oxy-
gen extraction ratio falls. The explanation for tissue acidosis
and lactate production in septic shock in the presence of tissue
hyperperfusion is unknown.

Loss of vascular autoregulatory control may explain some
of the typical metabolic findings of sepsis and septic shock. An

early theory postulated the existence of microanatomic shunts
between the arterial and venous circulations (110) (Fig. 57.9).
During sepsis, these shunts were said to result in decreased sys-
temic vascular resistance (SVR) and increased mixed venous
oxygen saturation (MvO 2) (111). The resultant decrease in per-
fusion to tissue beds with normal or even increased metabolic
demand could generate tissue ischemia and lactic acid. How-
ever, whereas microanatomic shunting has been noted in
localized areas of inflammation, systemic evidence of this phe-
nomenon in sepsis and septic shock is lacking (111–115). An-
other theory involving “functional” shunting due to defects
of microcirculatory regulation in sepsis has also been pro-
posed (Fig. 57.10) (116,117). Overperfusion of tissues with
low metabolic requirements would result in increased MvO 2
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and narrowing of the arteriovenous oxygen content differ-
ence. The relative vasoconstriction of vessels supplying more
metabolically active tissues would result in tissue hypoxia and
lactate production due to anaerobic metabolism. Observations
that some capillary beds may be occluded by platelet microag-
gregates, leukocytes, fibrin deposits, and endothelial damage
support this theory (112,116,118). Additional support comes
from studies that demonstrate evidence of supply-dependent
oxygen consumption in sepsis (119–123). Both of these theo-
ries of the metabolic defect of energy metabolism in sepsis and
septic shock fall within the category of “stagnant” hypoxia as
described by Barcroft in 1920 (124).

A third theory of the metabolic presentation of sepsis and
septic shock suggests that circulating mediators cause an intra-
cellular metabolic defect involving substrate use. This results
in bioenergetic failure with high-energy phosphate (adenosine
triphosphate [ATP] and phosphocreatine) depletion and lactate
production (125–127). Increased mixed venous oxygen satura-
tion could then be explained by perfusion, which is maintained
in excess of tissue oxygen use capability. This phenomenon has
been termed histotox ic (124) or cytopathic (127) hypoxia. Po-
tential mechanisms to explain this form of hypoxia include im-
pairment/ inactivation of pyruvate dehydrogenase; nitric oxide
or peroxynitrite-mediated inhibition of mitochondrial respi-
ration; uncoupling of oxidative phosphorylation or activation
of poly-(ADP-ribosyl)-polymerase (PARP) (127). Observations
demonstrating preservation of tissue PO 2 (128), absence of tis-
sue hypoxia (129), and impairment of mitochondrial function
(127,130–132) during sepsis and septic shock support this pos-
sibility.

In particular, near-infrared spectroscopy (NIRS) has been
used to examine mitochondrial function in a primate model
of septic shock using live Escherichia coli infusion. NIRS
demonstrated the presence of mitochondrial dysfunction in
skeletal muscle in animals with experimentally induced sep-
sis. This was manifested by the impairment of oxidation of
cytochrome a,a3 with reperfusion after transient ischemia in
septic animals compared to controls (131). Another primate
study demonstrated early disturbance of mitochondrial re-
dox state in skeletal muscle and brain in the presence of live
E. coli bacteremia. Of note, these changes occurred before the
onset of overt hemodynamic alterations (133). In a limited ob-
servational study, uncoupling of tissue oxyhemoglobin levels
and mitochondrial oxygen consumption, as indicated by cy-
tochrome a,a3 redox state (indicating mitochondrial oxidative
stress), predicted the development of multiple organ failure in
patients with major trauma (134). These data particularly sup-
port the possibility of a decreased ability of mitochondria to
use oxygen as a potential cause of decreased tissue high-energy
phosphate in sepsis.

All these theories of septic bioenergetic metabolism would
be expected to result in a deficit of tissue high-energy phos-
phates during septic shock. A series of studies using biochem-
ical analysis of harvested tissues and nuclear magnetic reso-
nance (NMR) spectroscopy of septic animals have suggested
that high-energy phosphate reserves are decreased in animal
models of septic or endotoxic shock (125,135,136). It can
be argued that in many of these studies, animals were inad-
equately fluid resuscitated, which resulted in tissue hypoperfu-
sion. However, animals in at least one study (125) were clearly
adequately resuscitated (cardiac output and tissue oxygen ten-
sion were maintained comparable to shams) and demonstrated

similar evidence of high-energy phosphate depletion (skeletal
muscle biopsy) along with an increased lactate/pyruvate ratio
during rat peritonitis induced by cecal ligation and perfora-
tion (125). Little human data exist. In one study of critically
ill patients (most of whom were septic), the acetoacetate/β -
hydroxybutyrate ratio (a marker of mitochondrial redox state)
rose significantly in nonsurvivors compared to survivors (137).
Evidence of increased acetoacetate/β -hydroxybutyrate ratio,
along with an increase in ATP degradation products in crit-
ically ill patients with sepsis, also exists (138,139). In ad-
dition, independent studies using skeletal muscle biopsies
in patients with sepsis/septic shock observed decreased ATP
and phosphocreatine but variable changes in lactate levels
(140,141).

In contrast, other animal studies using NMR spectroscopy
demonstrate that high-energy phosphates are not depleted in
septic animals as would be expected in these theories of sep-
tic bioenergetic failure (142–144). According to these and
other studies, cellular ischemia is not the dominant factor in
metabolic dysfunction in sepsis (129,142–147). Rather, circu-
lating mediators may result in cellular dysfunction, aerobic gly-
colysis, and lactate production in the absence of global ischemia
(143). This position is weakened by data suggesting that in-
creased lactate in septic shock is also associated with decreased
pH (which would not be expected in aerobic glycolysis) (143).
Nonetheless, ongoing controversy of this issue remains.

Card iac and Vascular Re sp onse s

Prior to the introduction of the balloon-tipped pulmonary
artery catheter (PAC) and echocardiography to assess cardio-
vascular performance, much of our understanding of septic
hemodynamics was based on clinical findings. Two distinct
clinical presentations of septic shock were proposed: Warm
shock characterized with high CO, warm dry skin, bounding
pulses and hypotension; and cold shock characterized with low
CO, cold clammy skin, and diminished pulses (148). These two
presentations were thought to represent a progressive contin-
uum, starting with warm shock (in the initial hemodynami-
cally well-compensated phase) and progressing to cold shock
(indicating decompensation), culminating in death. This no-
tion was supported by studies showing a correlation between
survival and a high cardiac index (CI) (148,149). A major prob-
lem with this interpretation was that these studies used central
venous pressure (CVP) as a reflection of left ventricular end-
diastolic volume (LVEDV) and adequacy of fluid resuscitation.
The central role of adequacy of intravascular volume status
to CI and survival was suggested in a handful of studies at
that time (150,151). Based on evidence collected over the past
four decades, CVP is now accepted to be a poor measure of
preload in critically ill patients, particularly those with sep-
sis and septic shock (152). Studies in recent years have clearly
shown that adequately resuscitated septic shock patients typ-
ically exhibit a persistent hyperdynamic state, high CO, and
low SVR (153,154). In nonsurvivors, this hyperdynamic state
usually persists until death (Fig. 57.11) (35,155).

More than any other form of shock, distributive and, partic-
ularly, septic shock involves substantial elements of the hemo-
dynamic characteristics of other shock categories. All forms
of distributive shock involve decreased mean peripheral vascu-
lar resistance. Before fluid resuscitation, distributive shock also



868 Sect ion VI: Shock States

1

0

2

5

6
C

ar
di

ac
 In

de
x 

(L
/m

in
/m

2 )

3

4

1 2 4 7 10 1 2 4 7 10
Time (days)

7

Survivors
NonsurvivorsAll Pa tients

FIGURE 57.11. Cardiac index in resuscitated septic shock. The mean
(standard error of the mean [SEM]) cardiac index plotted against time
for all patients, survivors, and nonsurvivors. The hatched areas show
the normal range. All groups maintained an elevated cardiac index
throughout the study period. The difference between the survivors and
nonsurvivors was not statistically significant. O pen circles, survivors;
closed circles, nonsurvivors. (Adapted from Parker MM, Shelhamer
JH, Bacharach SL, et al. Profound but reversible myocardial depression
in patients with septic shock. Ann Intern Med. 1984;100:483–490.)

involves a hypovolemic component with decreased central ve-
nous and pulmonary artery occlusion pressures. The primary
cause of this relative hypovolemia is an increase of the vascular
capacitance due to venodilatation. This phenomenon has been
directly supported in animal models of sepsis (156–160) and is
reinforced by the fact that clinical hypodynamic septic shock
(low CO) can usually be converted to hyperdynamic shock
(high CO) with adequate fluid resuscitation (35,148,161). Re-
laxation of vascular smooth muscle is attributed to several of
the mediators known to circulate during sepsis. These same
mediators also contribute to the second cause of hypovolemia
in sepsis: Third-spacing of fluid to the interstitium due to loss
of endothelial integrity. Further, decreased oral fluid and salt
intake during the course of the illness may play a role. As a
consequence, CO and central/mixed venous oxygen saturation
in unresuscitated and poorly resuscitated septic shock patients
is usually decreased (161,162). Septic shock also involves a car-
diogenic element. Myocardial depression is common in human
sepsis and septic shock (163,164). Circulating substances such
as TNF-α , IL-1β , platelet-activating factor (PAF), leukotrienes,
and most recently, IL-6 and macrophage migration inhibitory
factor have been implicated in this process (95,165–172).

ORGAN SYSTEM DYSFUNCTION
DUE TO SEPSIS AND SEPTIC

SHOCK
Table 57.8 summarizes organ system dysfunction in sepsis and
septic shock.

Ce nt ral Ne rvous Syst e m

Septic encephalopathy is the most common neurologic man-
ifestation of sepsis and septic shock, encompassing between
8% and 80% of patients with sepsis (173–176). The likely
reason for the divergent frequencies of the syndrome in stud-
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ORGAN SYSTEM DYSFUNCTION IN SEPSIS AND
SEPTIC SHOCK

CNS Septic encephalopathy
Critical illness polyneuropathy/ myopathy

Heart Tachycardia
Supraventricular tachycardia
Ventricular ectopy
Myocardial depression

Pulmonary Acute respiratory failure
Adult respiratory distress syndrome

Kidney Prerenal failure
Acute tubular necrosis

GI Ileus
Erosive gastritis
Pancreatitis
Acalculous cholecystitis
Colonic submucosal hemorrhage
Transluminal translocation of

bacteria/antigens
Liver Intrahepatic cholestasis
Hematologic Disseminated intravascular coagulation

Thrombocytopenia
Metabolic Hyperglycemia

Glycogenolysis
Gluconeogenesis
Hypertriglyceridemia

Immune System Neutrophil dysfunction
Cellular immune (T-cell/macrophage)

depression
Humoral immune depression

CNS, central nervous system; GI, gastrointestinal.

ies is the difficulty of identifying the condition in patients
with superimposed hypotension, sedation, hypoxemia, acido-
sis, electrolyte disturbances, hypoglycemia/hyperglycemia, hy-
pothermia/hyperthermia, and/or concurrent hepatic/renal fail-
ure/encephalopathy. The diagnosis, requiring the presence of
altered mentation with an extracranial source of infection, is
often one of exclusion. Although deficits can range from im-
pairment of higher cognitive functions to delirium or coma,
asterixis, myoclonus, and seizure activity are highly atypical
(173,176). The diagnosis is best made by electroencephalog-
raphy (EEG) (177). The occurrence and severity of septic en-
cephalopathy (graded by EEG or Glasgow coma scale) appears
to be associated with increased mortality (as high as 70% )
(173,178).

Critical illness-associated neuromuscular syndromes (inclu-
sive of critical illness polyneuropathy and myopathy) are the
most common cause of neuromuscular problems in the ICU
(179). The primary clinical manifestation of this condition is
muscle weakness. Since many patients who are in the ICU with
sepsis and septic shock require ventilatory support, the initial
overt manifestation may be either respiratory failure or fail-
ure to wean from ventilation. Studies have suggested an inci-
dence between 35% and 50% based on clinical criteria and
40% to 80% based on electromyography (EMG)/nerve con-
duction studies (180–182). Although the disorder is commonly
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noted later in the recovery phase of sepsis and septic shock,
EMG/nerve conduction data suggest that the onset is much
earlier (concurrent or within days of the onset of septic shock)
(183,184). The condition is a predominantly peripheral mo-
tor neuropathy in association with the presence of the sys-
temic inflammatory response. Physical findings may include
difficulty in weaning from the ventilator, symmetric paresis
greater in the lower extremities, reduced deep tendon reflexes,
and ataxia (180). A distal sensory neuropathy is also com-
mon. Approximately 25% of patients who are awake after a
week on mechanical ventilation have significant weakness that
lasts at least a week (185). The condition is considered to be
an element of and is closely associated with the occurrence of
MODS.

Card iovascular Syst e m

The major clinically apparent manifestations of shock on the
heart are due to sympathoadrenal stimulation. Heart rate is
almost universally increased in the absence of disturbances of
cardiac conduction; the degree of increase is predictive of out-
come (35). In addition, catecholamine-driven supraventricular
tachycardias and ventricular ectopy with ischemic electrocar-
diography (ECG) changes, particularly in patients predisposed
to myocardial ischemia, may be found.

Like the brain, the blood supply to the heart is autoreg-
ulated, rendering it resistant to sympathetically driven vaso-
constriction and shock-related hypoperfusion. Perfusion of the
heart is unchanged or even increased during sepsis and sep-
tic shock (186,187). The occurrence of septic myocardial de-
pression has already been addressed. Circulating myocardial
depressant substances contribute to myocardial depression in
sepsis and septic shock (188,189). This has been linked to de-
creased beta-adrenoreceptor affinity and density (190–192), as
well as potential defects of intracellular signal transduction in-
volving nitric oxide, G proteins, cyclic adenosine monophos-
phate (cAMP), and cGMP (95,193–197).

Although septic myocardial depression is a transient phe-
nomenon in survivors, myocardial cell injury as evidenced by
increased troponin levels does occur (198,199). Serum tro-
ponin is elevated in almost half of patients with septic shock
(without myocardial creatine kinase [CK-MB] elevation or is-
chemic ECG changes) (200). A correlation between left ven-
tricular (LV) dysfunction and troponin I (TnI) positivity has
been shown (199). Serum TnI correlated with left ventricular
dysfunction and was an independent predictor of the need for
inotropic/vasopressor support, adverse outcome, and mortality
in septic shock patients (200). Whether the clinically inappar-
ent myocardial cell injury that is the source of elevated troponin
contributes to, or is a consequence of, septic shock is yet to be
determined. Although troponin is used as a marker of myocar-
dial injury (particularly in the context of myocardial ischemia),
it does not specifically suggest myocardial infarction in other
contexts.

Re sp irat ory Syst e m

Early respiratory responses to sepsis include tachypnea and hy-
perventilation. Gas exchange may be mildly abnormal. Later
in the course of sepsis, patients may develop diffuse alveolar

damage consistent with the acute lung injury (ALI) or adult
respiratory distress syndrome (ARDS). Infections account for
about one half of all cases of ARDS. These infections can in-
volve local pneumonia or distant foci of infection associated
with sepsis or septic shock. The risk of ARDS in association
with sepsis increases with the severity of the syndrome (sep-
sis to septic shock) (201). From 40% to 60% of patients with
Gram-negative septic shock develop ARDS. Sepsis is the sin-
gle condition most closely associated with progression to acute
lung injury or ARDS, with an incidence of 40% (202). Several
comorbid factors increase the risk of ARDS, including chronic
alcohol abuse, chronic lung disease, and severe acidemia (202).
Most patients with septic ARDS also have other organ fail-
ure, i.e., MODS. Death is more commonly due to MODS or
the underlying sepsis, although the impact of low tidal vol-
ume ventilation in ARDS studies suggest that the lung injury
may still play a significant role (perhaps as a source of per-
sistent inflammatory stimulation) (202–204). The mortality of
ARDS/MODS is approximately 40% , although some recent
reports suggest that it may be decreasing (202,205). Failure
to improve in the first week is associated with progression of
the syndrome and poor prognosis, as are MODS, chronic liver
disease, and age; interestingly, indices of oxygenation and ven-
tilation are not predictive (202).

Re nal

Acute renal failure (ARF) is a major complication of sepsis and
septic shock and occurs with increasing frequency in relation
to the severity of the syndrome, from 16% to 19% with sep-
sis to 51% with septic shock (31,201,206). Sepsis has been
the leading cause of acute tubular necrosis (ATN) in some ICU
studies, accounting for almost 50% of cases (207–209). Sepsis-
associated acute renal failure is associated with a substan-
tially higher mortality risk (75% ) than nonseptic ARF (45% );
within this group, septic shock mortality is higher (80% ) than
in those with severe sepsis (70% ) (201,208). Compared with
nonsepsis-associated ARF, sepsis-related ARF patients are sig-
nificantly older, sicker, require mechanical ventilation more of-
ten, and present later in the hospital course more frequently
(208).

Gast ro int e st inal

The gut is relatively sensitive to circulatory failure due to the
responsiveness of the splanchnic vasculature to vasoconstric-
tive stimulation by extrinsic factors. In addition, gut tissues
may have increased sensitivity to proinflammatory cytokine-
driven inflammatory injury. Typical clinical gut manifestations
of hypoperfusion, sympathetic stimulation, and inflammatory
injury associated with sepsis and septic shock include ileus, ero-
sive gastritis, pancreatitis, acalculous cholecystitis, and colonic
submucosal hemorrhage (210). In addition, enteric ischemia
produced by circulatory shock and free radical injury with re-
suscitation may breach gut barrier integrity (211,212). Some
theories propose that enteric bacteria and antigens (notably en-
dotoxin) may translocate from the gut lumen to the systemic
circulation during gut ischemia, resulting in irreversible shock
(213) and MODS (214).
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He p at ob iliary

Two major forms of organ injury can be seen in the liver with
sepsis and septic shock (215,216). “Shock liver” (ischemic hep-
atitis) is associated with massive ischemic necrosis and major
elevations of transaminases, which can occur with septic shock
and is atypical in the absence of extensive hepatocellular dis-
ease (217). When it does occur, it can contribute substantially
to lactic acidosis since the liver accounts for most serum lac-
tate clearance. Hypoglycemia may also be seen. Centrilobular
injury with mild increases of transaminases and lactate dehy-
drogenase is much more common. Transaminases usually peak
within 1 to 3 days of the insult and resolve over 3 to 10 days.
In both cases, there are only mild increases in bilirubin and
alkaline phosphatase in the early phase. Despite the produc-
tion of acute-phase reactants in early sepsis and septic shock,
synthetic functions may be impaired, with decreased genera-
tion of prealbumin, albumin, and hepatic coagulation factors
(increased prothrombin time [PT]). After, or independent of,
the occurrence of septic shock, evidence of biliary stasis with
increased bilirubin and alkaline phosphatase may be present
(216). Increases in transaminases are modest.

He mat o log ic

Sepsis and septic shock are associated with a range of hema-
tologic disorders including overt disseminated intravascu-
lar coagulation (DIC), thrombocytopenia, and coagulopathy.
Thrombocytopenia and coagulopathy are multifactorial in na-
ture. Bone marrow suppression, consumption, and medica-
tions can contribute to thrombocytopenia, whereas consump-
tion and decreased liver production of coagulant factors, as
well as malnutrition (leading to depleted vitamin K stores),
contribute to coagulopathy. Nonetheless, whenever these find-
ings are present, early disseminated intravascular coagulation
(DIC) is possible.

Septic shock is the single most common cause of DIC, char-
acterized by microangiopathic hemolysis, consumptive throm-
bocytopenia, consumptive coagulopathy, and microthrombi
with tissue injury. Overt DIC occurs in one quarter to one
half of cases of Gram-negative sepsis (218). Although Gram-
positive sepsis has been thought to be less closely associ-
ated with DIC, the frequency of occurrence is quite similar
(218,219). The occurrence of DIC in sepsis is associated with a
doubling of projected mortality (218,220). DIC may also rep-
resent both a driver and manifestation of MODS. The deposi-
tion of microvascular thrombi can cause significant endothelial
injury and inflammatory responses, leading to ischemic and in-
flammatory tissue injury, the basis of MODS.

A prolonged prothrombin time and partial thromboplastin
time, hypofibrinogenemia, elevated level of fibrin split prod-
ucts, and the presence of the D-dimer herald the onset of
disseminated intravascular coagulation. Since it is due to si-
multaneous systemic activation of coagulation and fibrinoly-
sis cascades, it can be differentiated from the coagulopathy
of liver failure by determination of endothelial cell-produced
factor 8 (normal or increased with hepatic dysfunction). The
pathogenesis of this disorder is linked to activation of tissue fac-
tor on endothelial cells and macrophages, probably by proin-
flammatory cytokines induced by exogenous bacterial toxins
(220,221).

Me t ab olic

Specific, predictable, and overlapping metabolic alterations oc-
cur in both sepsis and shock. Foremost among these is hyper-
glycemia. There are two reasons for hyperglycemia in sepsis
and states of shock. Early in sepsis, when hemodynamic stress
initiates compensatory responses, endogenous catecholamines
are released as a consequence of enhanced sympathoadrenal
stimulation. In addition, increased release of adrenocorti-
cotropic hormone (ACTH), glucocorticoids, and glucagon with
a concomitant decreased release of insulin results in glycogenol-
ysis and gluconeogenesis (222,223). Increased epinephrine also
results in skeletal muscle insulin resistance, sparing glucose for
use by glucose-dependent organs such as the heart and brain
(224). In addition, proinflammatory, stress-related cytokines
such as TNF-α , IL-1β , and IL-6 contribute to insulin resistance
in peripheral tissues (225). Pharmacologic therapies of sep-
sis and shock, including catecholamine vasopressors/inotropes,
steroids, and total parenteral nutrition, can add to these ef-
fects. It is notable that, despite insulin resistance, the increased
metabolic demands of sepsis also result in increased overall
glucose uptake and utilization (226).

With the evolution of sepsis to septic shock, metabolic re-
sponses progress. Late in shock, hypoglycemia may develop,
possibly due to glycogen depletion or failure of hepatic glucose
synthesis (227). Fatty acids are increased early in sepsis but fall
later with hypoperfusion of adipose-containing peripheral tis-
sue (226,228). Hypertriglyceridemia is often seen during shock
as a consequence of catecholamine stimulation and reduced
lipoprotein lipase expression induced by circulating TNF-
α (223,226,229). Increased catecholamines, glucocorticoids,
and glucagon also increase protein catabolism, resulting in a
negative nitrogen balance (223,228).

End ocrine

Endocrine abnormalities are frequently underappreciated in
sepsis and septic shock. Notable alterations in levels of pitu-
itary, adrenal, thyroid, growth, and sex hormones are known
to occur (225,230–236). In recent years, “ relative” adrenal
insufficiency in septic shock has received substantial atten-
tion. Few septic patients exhibit overt adrenal insufficiency.
Relative bradycardia and a nontoxic appearance in a patient
with septic shock is suggestive of this possibility. These are of-
ten elderly patients who have survived an initial episode of
septic shock and either fail to fully recover or suffer a re-
lapse. However, a considerable body of literature suggests that
a suboptimal cortisol response (within the normal range) to
sepsis and septic shock can have deleterious effects, includ-
ing prolonged pressor dependence and increased mortality.
Estimates of the frequency of adrenal insufficiency in septic
shock vary wildly from 0% to 95% (237,238). In great part,
this is due to the use of varying definitions based on base-
line or cosyntropin-stimulated cortisol levels or changes in lev-
els from baseline in response to cosyntropin. Common def-
initions in septic shock patients include random cortisol of
< 700 nmol/L (25 µ g/dL), peak postcosyntropin level of < 500
to 550 nmol/L (1–20 µ g/dL), or postcosyntropin change in cor-
tisol of < 200 to 250 nmol/L (7–9 µ g/dL) (230,237,239,240).
Interestingly, pituitary dysfunction may play a role in many
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patients with adrenal insufficiency, as 85% of critically ill pa-
tients have decreased levels of adrenocorticotropic hormone
(ACTH) (241).

Abnormalities of thyroid hormones are also present in sep-
sis and septic shock, although the clinical significance is less
certain. In humans, serum T4 and T3 levels fall shortly after
the onset of severe clinical infection. Euthyroid sick syndrome
is manifested by low serum levels of thyroid hormones in clin-
ically euthyroid patients with severe nonthyroidal systemic ill-
ness. Decreased T3 levels are most common. Patients with more
severe or prolonged illness also have decreased T4 levels. Serum
reverse T3 (rT3) is increased. Patients are clinically euthyroid
and do not have clinically significant thyroid-stimulating hor-
mone (TSH) elevations.

Sepsis and septic shock are clearly associated with perturba-
tions of various hormones including insulin, growth hormone,
TSH, thyroxin, ACTH, cortisol, growth hormone (242), and
sex hormones. Perturbations of hormones of the posterior pi-
tuitary should be expected. In addition to abnormal prolactin
levels (243), sepsis and septic shock are accompanied by rel-
ative deficiencies of vasopressin/antidiuretic hormone (ADH)
levels. Vasopressin, produced in the hypothalamus and stored
in the posterior pituitary gland, is released in response to hy-
perosmolarity. Hypotension as seen in shock states is an even
more powerful stimulus for release. Recent human studies have
suggested a relative deficit of circulating vasopressin in patients
with septic shock (relative to those with cardiogenic or hypo-
volemic shock). This deficiency may be related to depletion of
neurohypophyseal stores combined with NO-mediated inhi-
bition of production (225,235). Clinically, vasopressin exerts
powerful vasopressor effects in hypotensive patients, particu-
larly those with septic shock. To some extent, this effect appears
to be mediated through reestablishment of reduced sensitivity
to catecholamine (244).

DIAGNOSIS OF SEPSIS
Under ideal circumstances, each patient with evidence of sep-
sis would undergo a thorough evaluation at presentation prior
to the initiation of therapy. In the context of sepsis and septic
shock, circumstances are rarely ideal, so an abbreviated ini-
tial assessment focusing on critical diagnostic and management
planning elements is frequently necessary.

To ensure maximally rapid implementation of effective ther-
apy, an initial presumptive diagnosis of severe sepsis and septic
shock is mandated. The criteria for this presumptive diagno-
sis should be highly inclusive and based primarily on clinical
criteria.

The initial presumptive diagnosis of sepsis with organ dys-
function (severe sepsis) may be made in the presence of the
following elements:

■ Suspected infection based on a minimal clinical constella-
tion of localizing (e.g., dyspnea, cough, purulent sputum
production, dysuria, pyuria, focal pain, local erythema, etc.)
and systemic signs and/or symptoms of infection and sepsis
(Table 57.9)

■ Clinical evidence of organ dysfunction (e.g., hypotension
with peripheral hypoperfusion, oliguria, hypoxemia, obtun-
dation, etc.)

TA BLE 5 7 . 9

CLINICAL SYMPTOMS/SIGNS FOR PRESUMPTIVE
DIAGNOSIS OF SEVERE SEPSIS/SEPTIC SHOCK

Fever or hypothermia
Chills, rigors
Tachycardia
Widened pulse pressure
Tachypnea or hyperpnea
Confusion, decreased level of consciousness or delirium
Decreased urine output
Hypotension

Similarly, an initial diagnosis of septic shock is established in
the presence of suspected infection with sustained hypotension
without a definitive alternate explanation.

The initial presumptive diagnosis of severe sepsis or septic
shock is based on clinical criteria and does not require micro-
biologic, radiographic, or other laboratory evidence of specific
infection or organ injury. Only clinical evidence of infection
and organ failure is necessary. For the most part, available
laboratory tests or imaging studies represent supportive, not
diagnostic, elements. This clinical approach allows a paral-
lel, rapid initiation of empiric antimicrobials and supportive
measures.

Although a suggestive clinical examination is sufficient for
the presumptive diagnosis of severe sepsis and septic shock,
more authoritative investigations (both laboratory and ra-
diologic) are generally required for confirmation. For this
reason, the definitive diagnosis of severe sepsis and septic
shock involves a broader range of clinical and laboratory ev-
idence of sepsis (Table 57.10) and organ dysfunction (arterial
hypotension, lactic acidosis, or any organ dysfunction variables
in Table 57.2). Establishment of a definitive diagnosis can help
to more specifically target antimicrobial therapy and trigger
specific therapies such as surgical source control and activated
protein C.

TA BLE 5 7 . 1 0

SUPPORTIVE/CONFIRMATORY FINDINGS FOR
SEVERE SEPSIS/SEPTIC SHOCK

Leukocytosis, leukopenia, increased immature white blood
cell (WBC) forms, toxic granulation, Dohle bodies

Thrombocytopenia ± increased INR or prothrombin time
(PT)

Increased D-dimer or fibrin split products
Increased serum bilirubin, AST/ALT, C-reactive protein
Serum procalcitonin elevation
Metabolic acidosis with anion gap
Serum lactate elevation
Respiratory alkalosis or acidosis
Mixed venous saturation > 70%
Diagnostic imaging findings
Positive microbiologic or pathologic samples for abnormal

presence of microorganisms, leukocytes, or tissue necrosis

INR, international normalized ratio; AST/ALT, aspartate
aminotransferase/alanine aminotransferase.
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Hist ory

The initial history should focus on two major areas: The key
symptoms with respect to diagnosis of sepsis and of the specific
site of infection, and key factors that would modify initial em-
piric therapies such as antimicrobials, fluid resuscitation, and
possibly, vasopressors/inotropes.

With respect to symptoms, constitutional complaints are
entirely nonspecific. The classic pattern of fever, rigors, and
chills is common but far from universal. Fatigue, malaise, anx-
iety, or confusion may be observed, particularly in the elderly.
Occasionally, the elderly, the immunocompromised (nonspe-
cific immune dysfunction due to chronic organ failure), and
the immunosuppressed (specific immune defects) may present
without classic signs and symptoms.

Fever is a common feature of infection and/or sepsis. Fever
is caused by a direct effect of inflammatory mediators, such as
IL-1β , on the hypothalamus. The fever response may be sup-
pressed in septic shock and may be absent in the elderly, im-
munocompromised, or immunosuppressed patient. Hypother-
mia in septic shock is associated with reduced cardiac output
and portends a poor prognosis (245). Septic encephalopathy
manifested by disorientation or confusion is especially com-
mon in elderly individuals. Apprehension, anxiety, and agi-
tation may all occur early in the course. With severe disease
(i.e., septic shock) or progression of sepsis, overt encephalopa-
thy with a decreased level of consciousness and coma can oc-
cur. Hyperventilation with respiratory alkalosis can manifest
even before the onset of metabolic acidosis as a consequence of
cytokine-mediated stimulation of the respiratory center in the
medulla.

Localizing symptoms as described in Table 57.11 may be
more helpful in determining the septic cause of the consti-

tutional manifestations of sepsis. The key historical factors
used to modify initial therapies include antimicrobial sensitiv-
ities/allergies, recent infections/antimicrobial use, the locale of
infection acquisition (i.e., nosocomial vs. community), and ma-
jor comorbidities. The existence of comorbidities (e.g., AIDS;
chemotherapy; hematologic malignancy; neutropenia resulting
in immunosuppression or chronic renal, heart, liver, or other
organ failure; COPD; dementia; inflammatory bowel diseases;
diabetes; or via invasive catheters/devices) resulting in immuno-
compromise mandate the use of extended-spectrum antimicro-
bial therapy. Chronic renal, liver, or heart failure may also
influence the choice and volume/dose of antimicrobials, re-
suscitation fluids, and vasopressors. Recent antimicrobial use
and nosocomial or institutional acquisition of infection may
also mandate consideration of extended-spectrum antimicro-
bial therapy to adequately cover nosocomial pathogens.

Physical Examinat ion

The physical examination should focus on ensuring that the
patient is stable and on rapid localization of the site of infection.
The physical examination should first ensure that the airway
is patent, the patient is breathing satisfactorily, and vital signs
and peripheral perfusion are acceptable.

Tachypnea and tachycardia are almost universal. Nor-
mothermia and fever are consistent with sepsis, but hy-
pothermia should be of concern due to its association with
shock/hypoperfusion. All patients with sepsis should be ob-
served for signs of hypoperfusion (mottling, pallor, diaphoresis,
impaired capillary refill in nail beds). An acutely ill, flushed, and
toxic appearance is common in the septic patient, particularly
early in the course. In the early stages of sepsis, CO is well
maintained or even increased, skin and extremities are warm,

TA BLE 5 7 . 1 1

LOCALIZING CLINICAL SYMPTOMS AND SIGNS IN SEVERE INFECTIONS

History Physical exam

Central nervous system Headache, neck stiffness, photophobia Meningismus (neck stiffness), focal neurologic signs
(weakness, paralysis, paresthesia)

Head and neck Earache, sore throat, sinus pain, or swollen
lymph glands

Inflamed or swollen tympanic membranes or ear canal,
sinus tenderness, pharyngeal erythema and exudates,
inspiratory stridor, and cervical lymphadenopathy

Pulmonary Cough (especially if productive), pleuritic
chest pain, and dyspnea

Dullness on percussion, bronchial breath sounds, and
localized crackles

Cardiovascular Palpitations, syncope New regurgitant valvular murmur
Intra-abdominal Abdominal pain, nausea, vomiting, diarrhea,

purulent discharge
Abdominal distention, localized tenderness, guarding or

rebound tenderness, and rectal tenderness or swelling
Pelvic/genitourinary Pelvic or flank pain, vaginal or urethral

discharge, and urinary frequency and
urgency

Costovertebral angle tenderness, pelvic tenderness, pain
on cervical motion, and adnexal tenderness

Skin/soft tissue/joint Localized limb pain or tenderness, focal
erythema, edema, and swollen joint

Focal erythema or purple discoloration (subcutaneous
necrosis), edema, tenderness, crepitus in necrotizing
infections (Clostridia and Gram-negative infections),
petechiae, purpura, erythema, ulceration, and
bullous formation and joint effusion

Adapted from Sharma S, Mink S. Septic shock. http://www.emedicine.com/MED/topic2101.htm. 2007. Accessed Dec. 1, 2007.
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and capillary refill is normal. As sepsis progresses, venodilation
results in reduced central venous pressure and venous return.
Hypovolemic manifestations with hypotension, reduced stroke
volume, and CO with signs of tissue hypoperfusion develop.
As patients are aggressively fluid resuscitated, a hyperdynamic
circulatory state (albeit with distributive shock) again domi-
nates the clinical picture and will usually persist until recovery
or death.

The most common sites of infection causing sepsis and sep-
tic shock in order of frequency are respiratory, abdominal, uri-
nary, and soft tissue. Abdominal infections are more closely as-
sociated with septic shock whereas urinary infections are more
common in sepsis. Intravascular catheters are a frequently over-
looked source of infection and sepsis. A recent study suggested
that central venous catheters might account for as much as
3.7% of cases of septic shock (25). Similarly, cases of Clostrid-
ium difficile–related septic shock are often overlooked in the
absence of overt toxic megacolon. Adding to the difficulty of
managing the ICU patient with sepsis and/or septic shock is
that many patients have simultaneous infection at more than
one site.

Lab orat ory St ud ie s

Patients with sepsis require urgent lab testing to help make a
firm diagnosis and to evaluate the severity of the illness. Sep-
sis and septic shock typically present with somewhat differ-
ent, though naturally overlapping, laboratory parameters (see
Table 57.12). Lab tests usually start with a complete blood
count (CBC). Hemoglobin is often decreased, although this is

usually due to the presence of chronic disease. Hemoglobin
can occasionally be increased in patients with substantial in-
terstitial third-spacing and relative hypovolemia. The white
cell count is increased in sepsis but may transiently normalize
or even drop below normal range, with progression to septic
shock. Although this phenomenon has been linked to Gram-
negative septic shock, it can be seen in septic shock due to any
pathogen. Leukopenia in this setting has been linked to poor
outcome. Toxic granulation and the presence of Dohle bodies
are also seen more frequently, with progression to more severe
disease. Similarly, a marked left shift with increasing immature
forms (bands) is more common in septic shock. Platelets often
respond as an acute-phase reactant, with increases early in in-
fection/sepsis. However, platelet counts drop, with septic shock
reaching a nadir around day 5 in survivors.

In contrast, the international normalized ratio (INR) may
be mildly abnormal at the onset of sepsis (due to malnourish-
ment) and is usually most abnormal at onset of septic shock.
Fibrinogen is an acute-phase reactant and is usually elevated
with onset of infection/sepsis. However, levels will drop with
septic shock, especially if DIC intervenes. Fibrin split products
and D-dimers are very sensitive markers of progression of sep-
sis and are almost universally elevated with septic shock.

Serum creatinine and blood urea nitrogen (BUN) may ac-
tually be decreased due to increased renal blood flow in the
early hyperdynamic phase of sepsis but will increase with the
onset of septic shock. An increase in serum creatinine denotes
an increased mortality risk even within a few hours of the on-
set of septic shock. Similarly, elevated serum lactate is closely
correlated with increased mortality risk in septic shock.

TA BLE 5 7 . 1 2

KEY LABORATORY VALUES IN INFECTION/SEPSIS VERSUS SEPTIC SHOCK

Sepsis Septic shock

Hb N or ↓ (chronic disease) ↑ (hemoconcentration)
WBC ↑ + left shift ↑ , N or ↓

-marked left shift with metamyelocytes,
toxic granulation, and/or Dohle bodies

platelets N or ↑ N or ↓
PT/INR N or ↑ (malnutrition) ↑↑
fibrinogen N or ↑ N or ↓
Fibrin split products/

D-dimer activity
↑ ↑↑

Glucose N or ↑ ↑↑
Cr/BUN N or ↑ ↑↑
Bilirubin N, late ↑ ↑ , late ↑↑
AST/ALT N ↑ -↑↑
Albumin N or ↓ (malnutrition) ↓↓ (endothelial leakage/interstitial

redistribution)
ABG respiratory alkalosis metabolic acidosis
HCO3

− N ↓
lactate N ↑ -↑↑
C-reactive protein ↑ ↑↑
procalcitonin ↑ ↑↑
Blood culture

positivity
5% –10% 30% –40%

↑ increase, ↑↑ marked increase, ↓ decrease, ↓↓ marked decrease, N normal. Hb, hemoglobin; WBC, white blood cell count; PT,
prothrombin time; INR, international normalized ratio; Cr/BUN, serum creatine and blood urea nitrogen; AST/ALT, serum
aspartate transaminase and alanine transaminase; ABG, arterial blood gas; HCO 3

− , serum bicarbonate concentration.
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Septic patients should have both site-specific and blood cul-
tures drawn prior to initiation of antimicrobial therapy. In the
case of septic shock, however, antimicrobial therapy should
never be delayed to accommodate these cultures because of
the antimicrobial delay-dependent increase in mortality risk
(25). Gram stain should be performed on all site samples. Al-
though there are some data to suggest that Gram stain is not
useful in the initial management of certain infections (nosoco-
mial pneumonia, peritonitis due to bowel perforation), a good
specimen, appropriately interpreted, can provide invaluable in-
formation.

Imag ing St ud ie s

Although in most cases the clinical examination will localize
the source of infection with a reasonable degree of confidence,
basic radiographic imaging can be very useful in cases where
an obvious site of infection is not apparent. Advanced imaging
studies (computerized axial tomography [CAT], magnetic reso-
nance imaging [MRI], ultrasound) rarely yield information re-
garding localization of the infection that has not been provided
by the clinical examination and basic imaging studies. How-
ever, these techniques may be highly useful when definitive or
precise localization and/or delineation of extent of disease are
required.

A chest radiograph should be obtained in most patients ad-
mitted to the hospital with sepsis. Elderly, immunocompro-
mised, and immunosuppressed patients with occult sepsis will
often be found to have a pulmonary source on radiographic
examination. Supine and upright or lateral decubitus abdom-
inal films are useful if bowel perforation is of concern. In the
appropriate clinical context of crepitus, bullae, hemorrhage, or
foul-smelling exudate with intense local pain, evidence of gas
in soft tissues on plain extremity radiographs is almost pathog-
nomonic of necrotizing soft tissue infection with clostridia or
facultatively anaerobic Gram-negative bacilli.

CT scan with contrast is the preferred imaging modality to
rule out intra-abdominal, intracranial, epidural, perinephric,
and soft tissue abscesses, as well as retroperitoneal abscess or
mediastinal infection. They can also be useful for localizing
bowel wall injury and assessing necrotizing soft tissue infec-
tions (although MRI is preferred for the latter). Ultrasound
is the initial imaging modality of choice for biliary sepsis and
obstructive uropathy, although CT scan is also sensitive and
specific.

MANAGEMENT OF SEVERE SEPSIS
AND SEPTIC SHOCK (I.E., THE

SEPSIS SIX-PACK)
To optimize outcome in sepsis with organ dysfunction (severe
sepsis), the initiating triggers, amplification cascade, and down-
stream organ dysfunction must be addressed; this requires
monitoring and therapeutic elements. With respect to the ini-
tiating triggers, antimicrobials and, where possible, surgical
and nonsurgical source control are mandated. With respect to
the amplification cascade, one new agent (activated protein C)
has been developed that directly dampens septic response by
exerting both anti-inflammatory and antithrombotic effects,

such that mortality is improved. Organ dysfunction is ad-
dressed through direct supportive measures. The most imme-
diate of these—fluid and vasopressor/inotropic resuscitation—
support the circulatory system. However, mechanical ventila-
tion and dialysis have also been shown to improve outcome in
severe sepsis and septic shock.

Six major areas in the evaluation and treatment of severe
sepsis can be identified. These include the following:

1. Fluid resuscitation
2. Antimicrobial therapy
3. Vasopressors and inotropes
4. Invasive and noninvasive monitoring
5. Specific therapy
6. Miscellaneous supportive therapy

Fluid Re suscit at ion

The development of shock in patients with sepsis involves dis-
turbances of global and regional perfusion. Initially, ventricu-
lar filling pressures as reflected by CVP and pulmonary wedge
pressure (PWP) are decreased. As a consequence, venous return
falls, resulting in limitation of CO. Although an increase in in-
sensible losses and decreased fluid intake may contribute to this
effect, nitric oxide–mediated venular dilatation and loss of en-
dothelial barrier integrity (resulting in a drop in colloid oncotic
pressure from loss of albumin into the interstitium) probably
play a dominant role (246,247). A significant degree of hypo-
volemia is almost universal in early, untreated severe sepsis or
septic shock. Available data suggest that initial isotonic fluid
deficits can exceed 10 L (248).

Management of sepsis requires consideration of both global
and regional perfusion defects, making the establishment of
goals for therapy more complex than for other forms of shock.
Support of global perfusion takes initial precedence. Since
hypovolemia is a major factor in the hypotension and hypo-
perfusion of early septic shock, foremost among the appro-
priate initial therapeutic considerations is infusion of intravas-
cular fluids. Fluid infusion should be implemented rapidly by
large-bore peripheral intravenous catheters. Infusion of fluids
can improve global perfusion indices (blood pressure, CO, and
MvO 2/central venous oxygen saturation [ScvO 2]) and may re-
veal the presence of regional perfusion disturbances and/or
myocardial depression that may require therapy with vasopres-
sors/inotropes.

The three issues to consider in optimizing fluid resuscitation
are the type of fluid used, the rapidity of infusion, and the
amount of fluid administered.

Initial resuscitation of septic patients should be aimed at rapid
intravascular volume expansion. The view that intravascular
fluid depletion plays a central role in the pathogenesis of early
septic shock has been recognized since the past midcentury.
Several studies suggested that septic shock is associated with
reduced total circulating blood volume (149,150). Since almost
all untreated patients with severe sepsis or septic shock have a
significant element of hypovolemia, a hypodynamic circulation
with decreased cardiac output is typical prior to fluid resuscita-
tion. This hypovolemia is probably the basis of early observa-
tions that death in sepsis is associated with decreased cardiac
output. The patients in those studies were clearly inadequately
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resuscitated by current standards (149,150). Additional sup-
port for the central importance of functional hypovolemia in
early septic shock comes from a more recent demonstration
that the venous oxygen saturation is decreased in early prere-
suscitation septic shock (consistent with the findings in other
forms of hypodynamic shock) (161).

Aggressive fluid loading is the standard early therapy of
septic shock and results in the generation of a hyperdynamic
circulatory state in over 90% of patients (249). Rapid fluid
resuscitation may reveal severe sepsis without shock in a sig-
nificant subset of patients with apparent septic shock (248).
Increased total blood volume has been associated with higher
cardiac output and increased survival in human septic shock
(150). Intravascular volume dependence of the hyperdynamic
circulatory state in sepsis has been confirmed in animal mod-
els (158). Although the demonstration that resuscitation from
hypovolemia improves outcome in traumatic shock dates back
to the early work of Cannon (250) and Cournand et al. (251),
clear evidence that early aggressive fluid resuscitation improves
outcome in septic shock is limited to a small series of pedi-
atric septic shock (252) and a recent randomized study of goal-
directed resuscitation (253).

Initial fluid resuscitation should be titrated to specific clini-
cal end points. Aggressive fluid loading in patients with septic
shock can increase total blood volume, cardiac output, oxygen
delivery, and consumption while reducing lactic acidosis (119).
Older studies have suggested that an increased blood volume
associated with normalization of cardiac output is associated
with improved survival (149,150).

In the absence of early invasive or echocardiographic mon-
itoring, clinical end points can be used for titration of fluid
resuscitation. Since both initial heart rate and blood pressure
have been shown to be associated with outcome in septic shock
as well as hypovolemic shock (35,254–256), standard goals
may include the following:

■ Heart rate ≤ 100 beats/minute
■ Systolic blood pressure (≥ 90 mm Hg)
■ Mean arterial pressure (≥ 60–65 mm Hg)
■ Urine output (≥ 0.5 mL/kg/hour)

It should be noted that these clinical parameters can underes-
timate initial resuscitative requirements in critically ill subjects
including those with septic shock (257–259).

Mortality in both septic and other forms of shock has also
been associated with increased arterial lactate and base deficit
levels (260). Normalization of these parameters can be used
to augment clinical end points for titration of fluid resuscita-
tion (261). However, both parameters represent relatively late
responses to cellular stress, and resolution may similarly lag
following the implementation of effective resuscitation (262).

Initial fluid resuscitation should be achieved using isotonic
crystalloid solutions. Effective fluid resuscitation can be de-
livered with either isotonic crystalloid (e.g., normal saline, lac-
tated Ringer solution) or colloid solutions (e.g., hydroxyethyl
starch, human albumin). All of these solutions are equally ef-
fective if titrated to the same clinical end points. Given the
difference in distribution of such compounds, it typically re-
quires approximately four times more crystalloid to achieve
the same hemodynamic effect as a given amount of colloid
(263). Several animal and human studies have pointed out

theoretical advantages to colloids in limiting interstitial fluid
accumulation (which may benefit ARDS) in sepsis and septic
shock (264–266). However, no clinical study has suggested im-
proved clinical outcomes (morbidity or mortality) with colloid
solutions (267,268). Although the severe sepsis subset of one
recent randomized controlled trial (RCT) trended toward a
more favorable outcome with albumin resuscitation (269), an-
other (meta-analytic) study suggested an opposite trend toward
increased mortality with albumin use (268,270). In addition,
colloids are substantially more expensive than crystalloid solu-
tions. For these reasons, isotonic crystalloids are recommended
as the initial resuscitative solution for severe sepsis and septic
shock. The development of a hyperchloremic acidosis can be
anticipated with use of large volumes of normal saline. Use
of lactated Ringer solution may limit this effect. Hypertonic
saline is not recommended for the routine resuscitation of sep-
tic shock.

Rapid volume expansion (500 mL isotonic crystalloid every
10–30 minutes) should be continued until clinical and physio-
logic treatment targets are met. Vasopressor/inotropic support
is required if fluid infusion alone fails to achieve physiologic re-
sponse targets. Early aggressive resuscitation to achieve physi-
ologically normal hemodynamic goals reduces subsequent mor-
bidity and mortality in patients with septic shock. In a pediatric
population with septic shock, rapid fluid resuscitation in the
first hour of presentation to hospital improved survival (252).
In an adult study, the effect of early goal-directed resuscitation
to normal physiologic values in patients presenting to an emer-
gency department with severe sepsis or septic shock was exam-
ined (253). All patients (both conventional and goal-directed
therapy groups) were resuscitated in the emergency room for
the first 6 hours to standard hemodynamic end points of CVP
≥ 8 mm Hg, MAP ≥ 65 mm Hg, and urine output ≥ 0.5 mL/kg
per hour. The experimental early goal-directed therapy group,
in addition, was managed using an experimental protocol to
achieve both the standard goals and a central venous oxygen
saturation ≥ 70% (as measured by an oximetric central venous
catheter). During the 6 hours of their protocolized emergency
room support, the experimental group received 1.5 L more fluid
than the control group, and a substantially larger fraction of
the patients in the experimental group achieved the physiologic
resuscitative goals (99.2% vs. 86.1% ). Overall mortality was
significantly lower in the early goal-directed therapy group.

Ant imicrob ial The rap y and Source Cont ro l

Historically, critically ill patients with overwhelming infection
have not been considered a unique subgroup comparable to
neutropenic patients for purposes of selection of antimicrobial
therapy. However, critically ill patients with severe sepsis and
septic shock, similar to neutropenic patients, are characterized
by distinct differences from the typical infected patient that
impact on the optimal management strategy. These differences
include the following:

■ Marked alterations in antibiotic pharmacokinetics
■ Increased frequency of hepatic and renal dysfunction
■ High prevalence of unrecognized immune dysfunction
■ Predisposition to infection with resistant organisms
■ Marked increase in frequency of adverse outcome if there is

a failure of rapid initiation of effective antibiotic therapy
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Critical management decisions in this patient group must of-
ten be made emergently in the absence of definitive data regard-
ing the infecting organism and its sensitivity pattern, patient
immune status, and organ function. Since outcomes in severe
sepsis and septic shock are strongly influenced by the rapidity of
administration of an appropriate antimicrobial regimen at first
presentation, a particularly thoughtful and judicious approach
to initial empiric antimicrobial therapy is required (271–273).

Empiric antibiotic regimens should approach 100% coverage
of pathogens for the suspected source of infection. Initial ad-
ministration of inappropriate antimicrobials increases morbid-
ity in a wide range of infections. The occurrence of initiation
of inadequate antimicrobial therapy may occur as frequently
as 17.1% in community-acquired and 34.3% in nosocomial
bacteremia in patients admitted to the ICU (273). Similarly,
18.8% and 28.4% of septic shock cases were initially treated
with inadequate antimicrobial therapy in another large study
(274). Retrospective studies have shown that the risk of death
increases from 30% to 60% in ICU bacteremia (4,272) to 70%
to 100% in Gram-negative shock (4) when the initial empiric
regimen fails to cover the inciting pathogen. More recent data
suggest that the survival of septic shock with inappropriate
initial antimicrobial therapy is reduced approximately 5-fold
(range 2.5 to 10-fold in selected subgroups) to about 10%
(274). These findings of a sharply increased mortality risk with
initial inadequate antimicrobial therapy apply to serious infec-
tions caused by Gram-negative and Gram-positive bacteria as
well as Candida species (4,274–278).

As a consequence, empiric regimens should err on the side
of overinclusiveness. The most common cause of initiation of
inappropriate antimicrobial therapy is a failure of the clinician
to appreciate the risk of infection with antibiotic-resistant or-
ganisms (either uncommon organisms with increased native re-
sistance or antibiotic-resistant isolates of common organisms).
Selection of an optimal antimicrobial regimen requires knowl-
edge of the probable anatomic site of infection; the patient’s
immune status, risk factors, and physical environment; and
the local microbiologic flora and organism resistance patterns.
Risk factors for infection with resistant organisms include a

prolonged hospital stay, prior hospitalization, and prior colo-
nization or infection with multiresistant organisms.

Superior empiric coverage can be obtained through the
use of a local antibiogram or via consultation with an
infectious disease specialist (279). Although not routinely
required, extended-spectrum Gram-negative regimens, van-
comycin, and/or antifungal therapy may be appropriate in spe-
cific high-risk cases with severe sepsis (Table 57.13). In addi-
tion, given that 90% to 95% of patients with septic shock have
comorbidities or other factors that make them high risk for re-
sistant organisms, it may be appropriate to initially treat all
patients with septic shock using a combination of antimicro-
bials that result in a broadly expanded spectrum of coverage
for the first few days. This approach should improve the ad-
equacy of antimicrobial coverage initially, while ensuring that
high-risk patients are not inappropriately categorized as low
risk.

Intravenous administration of broad-spectrum antimicrobials
should be initiated immediately (preferably < 30 minutes) fol-
lowing the clinical diagnosis of septic shock . Appropriate in-
travenous, empiric broad-spectrum therapy should be initiated
as rapidly as possible in response to clinical suspicion of in-
fection in the presence of hypotension, i.e., presumptive septic
shock. An assumption that hypotension is caused by anything
other than sepsis in the setting of documented or suspected
infection should be avoided, unless there is very strong data
indicating a specific alternate cause. Retrospective studies of
human bacteremia, pneumonia, and meningitis with sepsis sug-
gest that mortality in sepsis increases with delays in antimicro-
bial administration (271,278,280–282). One major retrospec-
tive analysis of septic shock has suggested that a delay in the
initial administration of effective antimicrobial therapy is the
single strongest predictor of survival (25). Initiation of effective
antimicrobial therapy within the first hour following the onset
of septic shock-related hypotension was associated with 79.9%
survival to hospital discharge. For every additional hour to ef-
fective antimicrobial initiation in the first 6 hours post onset
of hypotension, survival dropped an average of 7.6% . With
effective antimicrobial initiation between the first and second

TA BLE 5 7 . 1 3

INDICATION FOR EXTENDED EMPIRIC ANTIBIOTIC THERAPY OF SEVERE SEPSIS/SEPTIC
SHOCK

↑ Gram-negative coverage ■ Nosocomial infection
■ Neutropenic or immunosuppressed
■ Immunocompromised due to chronic organ failure (liver, renal,

lung, heart, etc.)

↑ Gram-positive coverage (vancomycin) ■ High-level endemic MRSA (community or nosocomial)
■ Neutropenic patient
■ Intravascular catheter infection
■ Nosocomial pneumonia

Fungal/yeast coverage (triazole,
echinocandin, amphotericin B)

■ Neutropenic fever or other immunosuppressed patient
unresponsive to standard antibiotic therapy

■ Prolonged broad-spectrum antibiotic therapy
■ Positive relevant fungal cultures
■ Consider empiric therapy if high-risk patient with severe shock

MRSA, methicillin-resistant Staphylococcus aureus.
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hour post hypotension onset, survival had already dropped to
70.5% . With effective antimicrobial therapy delay to 5 to 6
hours after hypotension onset, survival was just 42.0% , and
by 9 to 12 hours, 25.4% . The adjusted odds ratio of death
was already significantly increased by the second hour post hy-
potension onset, and the ratio continued to climb with longer
delays.

Substantial delays before initiation of effective therapy have
been shown in several studies of serious infections (271,282–
284). In septic shock, the median time to delivery of effec-
tive antimicrobial therapy following initial onset of recur-
rent/persistent hypotension was 6 hours (25).

A potential survival advantage may exist if a pathogenic
organism can be isolated in severe infections, including septic
shock. Every effort should be made to obtain appropriate site-
specific cultures to allow identification and susceptibility test-
ing of the pathogenic organism; however, such efforts should
not delay antimicrobial therapy.

Antimicrobial therapy should be initiated with dosing at
the high end of the therapeutic range in all patients with
life-threatening infection. Early optimization of antimicrobial
pharmacokinetics can improve the outcome of patients with
severe infection, including septic shock. This is most easily
achieved by initiating antibiotic therapy with high-end dosing
regimens.

Early in sepsis, before the onset of hepatic or renal dysfunc-
tion, cardiac output is increased in many patients. In associa-
tion with increased free drug levels due to decreased albumin
levels, drug clearance can be transiently increased (285). As
the illness progresses, ICU patients with sepsis or septic shock
exhibit substantially increased volumes of distribution and de-
creased clearance rates. Consequently, suboptimal dosing of
antibiotics is common in these conditions (286–291). Data is
most well developed in reference to aminoglycosides but also
exists for fluoroquinolones, β -lactams, and carbapenems (286–
291). Failure to achieve targets on initial dosing has been as-
sociated with clinical failure with aminoglycosides (292,293).
Similarly, clinical success rate for treatment of serious infec-
tions tracks with higher peak blood levels of fluoroquinolones
(nosocomial pneumonia and other serious infections) (294–
296) and aminoglycosides (Gram-negative nosocomial pneu-
monia and other serious infections) (297,298). Although there
are extensive data in experimental animals and less serious hu-
man infections, data for optimization of outcomes using β -
lactams in critically ill, infected patients is relatively limited
(299,300). A single recent paper has shown improved survival
in patients with Pseudomonas bacteremia when treated with
extended infusions rather than standard intermittent dosing of
piperacillin/tazobactam (301).

Achievement of optimal serum concentrations of aminogly-
cosides (peak antibiotic serum concentration:pathogen mini-
mal inhibitory concentration [MIC] ratio of ≥ 12) and longer
periods of bactericidal β -lactam and carbapenem serum con-
centrations (minimum time above MIC in serum of 60% of
dosing interval) are appropriate goals (294,302,303). This can
most easily be attained with once-daily dosing of aminogly-
cosides (304). For β -lactams and related antibiotics, increased
frequency of dosing (given identical total daily dose) is recom-
mended. For example, piperacillin/tazobactam can be dosed at
either 4.5 g every 8 hours or 3.375 g every 6 hours for seri-
ous infections; all things being equal, the latter would achieve

a higher time above MIC and should be the preferred dosing
option. A similar dosing approach should be used for other β -
lactams in critically ill patients with life-threatening infections.
Limited data suggest that continuous infusion of β -lactams and
related drugs may be even more effective, particularly for rela-
tively resistant organisms (305–309).

Multidrug antimicrobial therapy is preferred for the initial em-
piric therapy of septic shock . Probable pathogens should be
covered by at least two antimicrobials with different bacteri-
cidal mechanisms. Given that highly resistant organisms are
endemic in the critical care environment, multidrug antimicro-
bial therapy will reduce the probability of failure to cover these
organisms. In addition, most patients with septic shock (even
those without specific pre-existing immune defects) exhibit sig-
nificant deficits of neutrophil and monocyte function during the
course of their illness (310–316). Furthermore, malnutrition
and organ dysfunction (e.g., renal or hepatic failure), which
are common in ICU patients, suppress cell-mediated immunity.
Based on these data, septic shock patients likely have a reduced
ability to clear infection and may be best managed with mul-
tidrug therapy similar to that recommended for patients with
neutropenic sepsis (317,318).

No prospective controlled study has specifically compared
multiple versus single antimicrobial therapy in a broad range
of severe sepsis or septic shock patients. Most infectious dis-
eases physicians and other experts suggest no advantage to
multidrug therapy in serious infections, including bacteremia
(319,320). However, a subgroup analysis of the sickest sub-
set of patients with Gram-negative bacteremia, with or with-
out shock, has tended to suggest improved survival with the
use of two or more antibiotics to which the causative organ-
ism is sensitive (321–324). Similarly, at least two retrospective
and one prospective analyses of the most severe, critically ill
patients with bacteremic pneumococcal pneumonia suggested
improvement in outcome if two or more effective agents were
used (325–327). This occurred even as patients with pneumo-
coccal bacteremia with a lower severity of illness demonstrated
no such benefit (325). A recent secondary analysis of a prospec-
tive study of community-acquired pneumonia has shown bene-
fit with multidrug therapy compared to monotherapy but only
in the subset of septic shock (328).

Empiric antimicrobial therapy should be adjusted to a nar-
rower regimen within 48 to 72 hours if a plausible pathogen
is identified or if the patient stabilizes clinically (i.e., resolution
of shock). Although several retrospective studies have demon-
strated that inappropriate therapy of bacteremic septic shock
yields increased mortality (4,272,276–278), none have sug-
gested that early narrowing of antibiotic therapy is detrimen-
tal if the organism is identified or if the patient is responding
well clinically. This approach will maximize appropriate an-
tibiotic coverage of inciting pathogens in septic shock while
minimizing selection pressure toward resistant organisms. Al-
though it is tempting to continue a broad-spectrum regimen in
the 15% of improving patients who are culture-negative for a
potential pathogen, intensivists must recognize that a strategy
of broad-spectrum initial antimicrobial therapy will be sustain-
able only if overuse of these agents can be avoided. Aggressive
de-escalation of antimicrobial therapy within 48 to 72 hours
after initiation is required.
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COMMON SOURCES OF SEVERE SEPSIS/SEPTIC
SHOCK REQUIRING URGENT SOURCE CONTROL

Toxic megacolon or C. difficile colitis with shock
Ischemic bowel
Perforated viscus
Intra-abdominal abscess
Ascending cholangitis
Gangrenous cholecystitis
Necrotizing pancreatitis with infection
Bacterial empyema
Mediastinitis
Purulent tunnel infections
Purulent foreign body infections
Obstructive uropathy
Complicated pyelonephritis/perinephric abscess
Necrotizing soft tissue infections (necrotizing fasciitis)
Clostridial myonecrosis

W here possible, early source control should be implemented
in patients with severe sepsis, septic shock , and other life-
threatening infections. Source control is a critical issue in the
management of infection associated with severe sepsis. Infec-
tions found in ICU patients frequently require source control
for optimal management. The need for such source control may
initially be overlooked in many infections commonly found in
the ICU (e.g., pneumonia-associated bacterial empyema, decu-
bitus ulcers, C. difficile colitis). Causes of septic shock where
source control may be required are noted in Table 57.14.

Source control may include removal of implanted or tun-
neled devices, open surgical/percutaneous drainage of infected
fluids or abscesses, and surgical resection of infected tissues.
In a broader sense, it is inclusive of elimination of inciting
chemotherapies (e.g., antibiotics driving C. difficile colitis or
chemotherapy causing gut injury). Efforts to identify infections
requiring invasive forms of source control frequently require
rapid (< 2 hours) radiographic imaging (often CT scan) or, if
clinical status and findings are supportive, direct and immedi-
ate surgical intervention without an imaging effort. With rare
exceptions, surgical source control should follow aggressive
resuscitative efforts to minimize intraoperative morbidity and
mortality. In some cases (e.g., rapidly progressive necrotizing
soft tissue infections, bowel infarction), optimal management
mandates simultaneous aggressive resuscitation and surgical
intervention. Subgroup analysis in at least one large prospec-
tive, severe sepsis study has suggested that failure to implement
adequate source control is associated with increased mortality
(329). Earlier surgical intervention has been shown to have a
significant impact on outcome in certain rapidly progressive in-
fections such as necrotizing fasciitis (330,331). In a large retro-
spective study of septic shock, time from hypotension to imple-
mentation of source control was found to be highly correlated
with outcome (332).

The necessity for or efficacy of source control efforts should
be reassessed within 12 to 36 hours following admission and/or
source control efforts should be based on clinical response.

Vasop re ssors and Ino t rop e s

Following fluid resuscitation, patients with severe sepsis or sep-
tic shock may demonstrate persistent vasomotor dysfunction

characterized by regional perfusion deficits with or without
systemic hypotension despite normal or increased CO. Clini-
cal manifestations may include lactic acidosis and ongoing pro-
gression of organ failure.

Until recently, the only available approach to correction of
regional perfusion defects was vasopressor therapy. Unfortu-
nately, vasopressors do not represent a specific therapy for
this problem. Their primary use is to increase systemic arte-
rial pressure to a range that potentially sustains the ability of
the vasculature to autoregulate flow on a tissue and organ level
(333,334). This allows vital organ perfusion to be supported
(potentially at the expense of peripheral perfusion) until defini-
tive therapy (infection source control and antibiotics) can be
implemented.

The aim of vasopressor/inotropic therapy in septic shock is
simply the optimization of critical organ and tissue perfusion.
However, the specific global and/or regional perfusion goals
required to achieve this result are complex and controversial.
Although specific targets can be suggested, therapy for each pa-
tient must be highly individualized and dynamic. Appropriate
goals will change over time and should be re-evaluated on a
continuing basis.

If hypotension and/or clinical evidence of tissue hypoperfusion
persist after adequate fluid resuscitation of septic shock , va-
sopressor therapy is indicated. N orepinephrine and dopamine
are both effective as initial therapy. Initiation of vasopressor
support is dependent on the patient’s clinical status following
fluid resuscitation. If systemic hypotension in association with
evidence of tissue/organ hypoperfusion (oliguria, obtundation,
lactic acidosis) persists, vasopressor support is indicated. Se-
lection of a vasopressor agent is based on an individualized
assessment of the patient’s needs. The patient’s hemodynamic
presentation, the anticipated cardiovascular effect of each va-
soactive agent (based on the distribution of receptor activity),
and the physician’s experience and comfort with each drug
should be considered. As a consequence of the variety of fac-
tors that may play a role in vasopressor selection, septic shock
patients with a predominantly distributive hemodynamic pat-
tern can be appropriately and effectively managed with one of
several vasopressors including dopamine, norepinephrine, or
phenylephrine.

Ideally, patients should have achieved the targeted intravas-
cular volume status prior to initiation of vasopressors. Al-
though vasopressors can be used to maintain blood pressure
for brief periods while intravascular volume is repleted, the in-
fusion of high-dose vasopressors to volume-depleted patients
may substantially aggravate ischemic organ injury.

Studies suggesting that norepinephrine is superior to
dopamine are less than definitive (335–340). No controlled
study has directly assessed norepinephrine and dopamine in
terms of survival, and few have compared the two agents with
respect to markers of organ dysfunction. Studies assessing the
effects of these agents on renal and splanchnic perfusion have
been mixed, with neither agent demonstrating conclusive su-
periority (336,337,340–347). Norepinephrine may have more
powerful vasopressor activity than dopamine (348). In addi-
tion, its inotropic effects are mediated by direct activity on
myocardial β -adrenoreceptors. Dopamine pressor effects are
weaker than those of norepinephrine, and inotropic effects are
substantially indirect (through stimulation of release of my-
ocardial catecholamine stores); excessive tachycardia may be
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more common. In addition, dopamine may exert significant
immunosuppressive effects through suppression of prolactin
production from the hypothalamus (349). Phenylephrine, a rel-
atively pure β -adrenergic agonist, has minimal or absent in-
otropic effects and tends to cause reflex bradycardia. For that
reason, it can be very useful in the context of excessive tachycar-
dia or concurrent tachyarrhythmias. However, phenylephrine
consistently decreases cardiac output and has an increased
propensity to cause ischemic complications. Despite potent in-
otropic and vasopressor activity, epinephrine is not commonly
used as the initial pressor therapy in septic shock because it can
generate profound tachycardia, tissue ischemia, and metabolic
disturbances.

Dobutamine is indicated for patients with low cardiac index or
other evidence of hypoperfusion following achievement of ad-
equate blood pressure. Milrinone can be used as an alternate
agent if the response to dobutamine is suboptimal. In some
cases of septic shock, clinical or laboratory evidence of hy-
poperfusion (e.g., oliguria, altered mentation, decreased mixed
venous oxygen saturation, increased lactic acidosis) persists de-
spite an adequate blood pressure. In this circumstance, the pa-
tient may require a higher blood pressure or assessment of car-
diac output (via PAC or echocardiography) to determine the
need for inotropic support. In the small proportion of septic
shock patients who manifest overt myocardial depression fol-
lowing fluid resuscitation, dobutamine or milrinone may be in-
dicated. Dobutamine can increase cardiac index in septic shock,
although the inotropic response is frequently blunted relative
to normal subjects (350,351). If catecholamine responsiveness
is inadequate, low-dose milrinone may be effective since its in-
otropic activity is mediated through an alternate mechanism
(352). When using either agent, patients must be adequately
fluid resuscitated. Severe hypotension can result if intravascu-
lar volume is deficient when either dobutamine or milrinone is
initiated (350,352).

Although the aim of inotropic therapy in severe sepsis/septic
shock is to improve cardiac output and tissue perfusion, specific
goals for cardiac index have been controversial; the currently
recommended target is a CO within the normal range (approx-
imately 2.5–4 L/minute per m2). The utility of MvO 2/ScvO 2
as global indices of tissue perfusion adequacy in severe sep-
sis and septic shock is also uncertain. Limited studies suggest
that an MvO 2/ScvO 2 below the normal range (65% –70% ) may
indicate inadequacy of resuscitation and/or total perfusion in
early septic shock (161). If other hemodynamic targets have
been achieved, an MvO 2 below 65% may represent an ap-
propriate indication to increase oxygen delivery by starting in-
otropic agents. Recommendations to increase MvO 2 are based
on mixed evidence. No benefit was noted in a randomized trial
of goal-directed therapy using MvO 2 in critically ill patients
after the onset of organ dysfunction (353,354). On the other
hand, early goal-directed therapy targeting a ScvO 2 of ≥ 70%
was associated with improved outcome in another study (253).

Supranormal hemodynamic goals are not indicated in the
management of septic shock. Observational studies of medi-
cal and surgical critical care patients have demonstrated lower
values of physiologic variables such as oxygen consumption
(VO2), oxygen delivery (DO 2), and CI in nonsurvivors rel-
ative to survivors of septic shock (355,356). These observa-
tions formed the basis of efforts to implement goal-directed
therapy in septic shock to achieve supranormal physiologic

parameters consistent with levels observed in survivors (i.e.,
CI ≥ 4.5 L/min/m2, DO 2 ≥ 600 mL/minute per m2, and VO 2
≥ 170 mL/minute per m2). Although a single clinical trial and
at least one meta-analysis have suggested some promise with
this approach (357,358), several large randomized trials have
failed to demonstrate an overall significant benefit of supra-
normal oxygen delivery in patients with severe sepsis and sep-
tic shock (353,354,359–361). One has suggested increased
mortality when supranormal oxygen delivery was generated
with dobutamine (354). The absence of a beneficial effect with
supranormal oxygen delivery in patients with severe sepsis and
septic shock has been supported in recent meta-analytic reviews
(362).

Continuous infusion of vasopressin (0.01–0.04 U/minute)
exerts a strong pressor effect and may be beneficial in
catecholamine-resistant septic shock following adequate vol-
ume resuscitation. Recently, vasopressin levels in septic shock
patients have been shown to be decreased (363). Further stud-
ies have demonstrated that intravenous infusion of vasopressin
in patients with septic shock results in a profound pressor
response (236,364,365), an effect that is absent with even
larger amounts of vasopressin in normotensive patients (235).
A randomized, controlled, double-blind trial of 4-hour infu-
sion of norepinephrine and vasopressin in high-dose, pressor-
dependent shock has demonstrated significant improvement in
urine output and creatinine clearance, along with a concomi-
tant reduction in conventional vasopressor requirements in the
vasopressin group (365). Another RCT has recently demon-
strated that, while vasopressin can spare the need for high doses
of sympathomimetic agents, outcome is not affected (366).

Because of the limited experience with this compound and
the relatively prolonged pharmacologic effect of the drug, va-
sopressin should be used only after hemodynamic stabilization
with standard agents (catecholamines) has been attempted.

At high dose (> 0.04 U/minute), vasopressin may produce
increased blood pressure, bradycardia, arrhythmias (premature
atrial contractions, heart block), severe peripheral vasocon-
striction, decreased cardiac output, myocardial ischemia, my-
ocardial infarction, and cardiac arrest. In patients with vascular
disease, even relatively modest doses can precipitate peripheral
vascular insufficiency, mesenteric ischemia, or myocardial in-
farction. Given these potential side effects, the minimal amount
of vasopressin required should be used to achieve the desired
blood pressure goals. In addition, since vasopressin appears to
be a pure vasopressor in the context of vasodilatory shock, car-
diac output will usually decline. Consideration of placement of
an intra-arterial and pulmonary artery catheter (PAC) should
be given to all patients receiving vasopressin for shock.

Administration of low- or renal-dose dopamine (1–4 µ g/kg per
minute) to maintain renal or mesenteric blood flow in sepsis
and septic shock is not recommended. Although concurrent in-
fusion of low-dose dopamine during human septic shock does
mitigate a decrease in renal perfusion that can occur as a con-
sequence of norepinephrine infusion, the clinical benefit of this
therapy is questionable (367,368). Low-dose dopamine infu-
sions can cause a mild transient diuresis in the absence of other
vasopressors in nonoliguric critically ill patients (369,370).
However, low-dose dopamine does not prevent the develop-
ment of renal dysfunction in these patients, including those
with sepsis and septic shock (371,372).
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Invasive and Noninvasive Monit o ring

Controversy exists regarding the most appropriate monitor-
ing methods for determining the adequacy of resuscitation in
patients with severe sepsis and septic shock. The range of
monitoring that must be considered in each patient begins
with observation by specially trained nursing personnel, to
routine noninvasive devices (e.g., continuous electrocardio-
graphic monitors, intermittent mechanical sphygmomanome-
try, end-tidal carbon dioxide sensors, percutaneous oximetry),
to commonly used invasive techniques (arterial, central venous,
and pulmonary artery catheters). Prior to the advent of ba-
sic hemodynamic monitoring in the 1950s and early 1960s,
clinical examination and manual sphygmomanometry were the
only available methods for assessment of cardiovascular status.
Clinical judgment correctly predicts the hemodynamic profile
(including CO and central venous/pulmonary wedge pressures)
of critically ill patients only about half of the time (373,374).

CVP has been considered a useful measure of intravascu-
lar volume since the early studies of hypovolemic shock in
young men following battlefield trauma (250,251). However,
CVP may be much less reliable as a reflection of left ventricular
preload in older patients with various cardiopulmonary disor-
ders as are typically found in a modern-day ICU (152,375). Al-
though low filling pressures may reliably indicate hypovolemia
in most patients, the presence of a normal or even elevated
central venous pressure can be misleading in patients in whom
right ventricular afterload is elevated or right ventricular con-
tractility is impaired (376).

The PWP obtained by using a PAC has been consid-
ered to reflect intravascular volume more reliably than CVP.
In addition, the device allows thermodilution-based deriva-
tion of CO (373,374,377). Although the PAC has gained
widespread acceptance, significant questions about its use have
been raised. Several studies have questioned the relationship of
PAC-derived, pressure-based estimates of ventricular preload
in specific groups of critically ill patients (375) and, more re-
cently, even in normal subjects (378). In addition, the lack of
randomized trials demonstrating benefit and the association of
PAC with excess mortality in two observational cohort studies
have led to concerns regarding the clinical utility and safety of
PACs (379,380). Despite these concerns, the PAC remains the
most commonly used modality for hemodynamic monitoring
of unstable critically ill patients.

Patients with established septic shock should have continu-
ous monitoring of blood pressure, oxygen saturation, electro-
cardiogram (ECG), and urine output in a closed ICU staffed
with full-time dedicated intensivists and critical care–trained
nurses. Several studies have demonstrated that a reduced mor-
tality with decreased length of stay and overall cost for a wide
range of individual conditions are obtained when critically ill
patients are cared for in closed ICUs staffed with full-time dedi-
cated intensivists and nurses (381–385). Similar improvements
in outcome of sepsis and septic shock have been documented
with the use of dedicated intensivists in closed ICUs (386).
Among the practice differences associated with the use of full-
time intensivists is a greater use of invasive monitoring (384).

Patients requiring vasopressor agents for a prolonged period or
at high dose should be strongly considered for insertion of an

arterial pressure catheter for continuous blood pressure moni-
toring, as well as to facilitate frequent measurements of arterial
blood gases and chemistry. Accurate, continuous monitoring
of blood pressure is required for optimal assessment of sever-
ity of shock, response to fluid resuscitation, and titration of
vasopressors and inotropes. However, intense peripheral vaso-
constriction may occur during shock as a consequence of the
vascular compensatory response to hypotension or due to ad-
ministration of vasopressors. Clinical ausculatory and nonin-
vasive mechanical methods can be highly inaccurate in this
setting (387,388). Patients with sustained shock, particularly
those requiring vasopressor support, should be assessed for
placement of an intra-arterial catheter for continuous blood
pressure monitoring. However, such catheters should be pref-
erentially placed in peripheral sites in non-end arteries (radial,
dorsalis pedis), and should be used with caution in patients at
high risk for vascular disease.

If volume resuscitation requirements exceed 2 L, placement
of a central venous catheter for monitoring of CVP and for
vasopressor/inotrope infusion should be considered. An ini-
tial target CVP of ≥ 8 mm Hg is recommended. Fluid deficits
during septic shock in adults typically range from 5 to 10 L
(248). In the absence of significant cardiopulmonary dysfunc-
tion, central venous pressure should accurately assess intravas-
cular volume status. However, cardiopulmonary dysfunction is
not uncommon in patients with septic shock either as an un-
derlying predisposition to critical illness/sepsis or as a conse-
quence of the injury (ARDS/acute lung injury [ALI], myocardial
depression). Low central venous pressures remain indicative
of hypovolemia; elevated or normal central venous pressures
in this patient group may not necessarily indicate euvolemia.
CVP monitoring should be entertained if substantial amounts
of fluid resuscitation are required to ensure that overt hypo-
volemia is adequately addressed. The initial target CVP should
be ≥ 8 mm Hg, with additional increases indicated by the effect
of fluid boluses on cardiac output and clinical perfusion. The
overall goal is to provide adequate cardiac output and tissue
perfusion using the lowest necessary cardiac filling pressures.

Initiation of invasive cardiac monitoring using a pulmonary
artery catheter should be considered if there has been an inad-
equate response to fluid resuscitation (3–5 L or CVP 8–12 mm
Hg), if there is clinical suspicion of intravascular fluid volume
overload, or if the patient has impaired cardiac function. An
initial target of PW P of 12–15 mm Hg will ensure that hypo-
volemia is absent in most patients, but higher pressures may be
required in certain subgroups. Although the maintenance of a
blood pressure adequate for autoregulation of blood flow to
vital organs and tissues is the first objective in the resuscitation
of septic shock, support of global perfusion is also critical. Ad-
equacy of global perfusion cannot always be reliably inferred
from the clinical examination or CVP/arterial pressure mon-
itoring (373,377,389). Patients who respond poorly to fluid
resuscitation or are at high risk for fluid resuscitation–related
complications may benefit from pulmonary artery catheteriza-
tion. A substantial degree of variability in the relationship be-
tween PWP and end-diastolic volumes makes it difficult to spec-
ify target PWP goals that ensure adequate cardiac output and
tissue perfusion (378,390,391). In general, a PWP titrated to
at least 12 to 15 cm H 2O will optimize cardiac function (152).
If hypotension persists, a higher PWP may be beneficial as



Chap t e r 57: Sepsis and Septic Shock 881

assessed by measuring the effect of additional fluids on cardiac
index. An elevated PWP may risk the development or aggra-
vation of ALI and ARDS (392,393). Specific groups that may
require higher PWP include those with congestive heart failure,
left ventricular hypertrophy, restrictive or constrictive heart dis-
ease, or increased intrathoracic pressures, including those on
high levels of positive end-expiratory pressure (PEEP).

In patients with vasopressor-requiring shock who develop pro-
gressive organ failure or hypoxemic respiratory failure, pul-
monary artery catheterization may be a useful clinical manage-
ment tool. The information available from a PAC can be used
to help determine the cause of shock and provide a guide for
interventions to maintain an appropriate cardiac output and
intravascular volume to limit the risk of further progression
of organ dysfunction/failure. If PACs are beneficial in patients
with sepsis, the most likely candidates may be those in whom
resuscitation by clinical assessment or CVP fails to reverse the
progression of organ failure.

Invasive monitoring using a pulmonary artery catheter is not
recommended for routine use in all patients with severe sep-
sis. At least one major prospective, nonrandomized multicen-
ter study has suggested increased length of stay, costs, and mor-
tality in a cohort of risk-matched patients receiving a PAC in the
first 24 hours after ICU admission (394). A recent multicenter
randomized controlled trial involving 676 subjects with shock
(primarily septic), ARDS, or both has demonstrated no differ-
ence in organ failure–free days, renal support needs, vasopres-
sor requirements, mechanical ventilation, ICU/hospital length
of stay (14 and 90 day), or mortality between subjects random-
ized to pulmonary artery catheterization or controls (395). A
second, smaller randomized trial of 200 patients (about 100
with sepsis) also demonstrated no mortality difference with
or without the use of PAC (396). Other smaller studies, in-
cluding one randomized trial in high-risk operative patients,
failed to demonstrate any difference in mortality with PAC
use (397,398). In contrast, one meta-analysis of RCTs demon-
strated a reduced mortality risk in surgical ICU patients treated
with PAC but no effect on mortality in medical or mixed ICU
patients (399). On the basis of the total data available, routine
use of PAC in patients with sepsis or other critical illness cannot
be recommended.

Sp e cific The rap y

As discussed, patients with severe sepsis and septic shock must
first be treated using the following: (i) Appropriate resuscita-
tion, (ii) broad spectrum antimicrobials, (iii) source control,
and (iv) physiologic support of organ function in the intensive
care unit. Immunomodulatory therapy has been evaluated only
in association with adequate treatment based on these four el-
ements.

In the last few decades, the dominant hypotheses regarding
the pathogenesis of septic shock and septic organ dysfunction
focused on inflammatory mediators including TNF α , IL-1β ,
interleukin-6, and platelet-activating factor. Several clinical tri-
als have been performed evaluating both nonspecific inhibitors
of inflammation such as nonsteroidal anti-inflammatory drugs
and high-dose glucocorticoids and specific immunomodulatory
agents such as monoclonal antibody against TNF α and IL-1

receptor antagonist (400,401). Despite an expenditure of over
1 billion dollars, these studies have failed to demonstrate a
survival benefit. No primary immunomodulatory experimen-
tal agent has received regulatory approval.

Recently accepted models of the pathogenesis of sepsis have
emphasized a central role for altered hemostatic/coagulant
function. Three coagulation modulators have been assessed
in large randomized controlled clinical trials: Tissue factor
pathway inhibitor, antithrombin III, and drotrecogin alfa (acti-
vated) (recombinant human activated protein C). Drotrecogin
alfa (activated) is the first and, to date, only specific therapy
that has been shown to improve survival in patients with se-
vere sepsis and septic shock.

Recombinant human-activated protein C should be adminis-
tered in patients with suspected sepsis with organ dysfunction.
Acceptable criteria include, but are not necessarily limited to, a
minimum of one organ dysfunction with an Acute Physiology
and Chronic Health Evaluation (APACHE) II score ≥ 25; or
if an accurate APACHE II score is unavailable, the presence
of two or more organ dysfunctions. Although clinical trials of
modulation of the coagulation cascade for treatment of sepsis
have been performed with several agents (e.g., antithrombin
III [27], tissue factor pathway inhibitor [28]), only drotreco-
gin alfa (activated) has been shown to improve mortality (26).
The pivotal study was an international multicenter RCT that
compared drotrecogin alfa (activated) to placebo used in con-
junction with standard treatment (antibiotics, physiologic sup-
port, and surgical source control) (26). Patients were entered
into the study if they exhibited acute organ dysfunction due
to a suspected infection (severe sepsis) within a 24-hour win-
dow. The study was stopped at a planned interim analysis be-
cause of definitive statistical evidence that supported a benefi-
cial treatment effect. Using an intention-to-treat analysis, the
study demonstrated an absolute mortality reduction of 6.5%
from 31.3% in the placebo group to 24.8% in the drotrecogin
alfa (activated) group, yielding a highly significant 21% relative
risk reduction. Subsequent open-label studies of drotrecogin
alfa (activated) using the same criteria as in the pivotal study
have demonstrated a consistent mortality rate between 25.1%
and 26.1% (402,403). A retrospective analysis of an open-
label study suggests that earlier initiation of treatment (< 24
hours after diagnosis of severe sepsis) yields superior outcomes
(404).

The original study demonstrated a differential treatment ef-
fect based on either APACHE II scores or the number of acute
organ dysfunctions present at the time of enrollment into the
study. The absolute reduction in mortality was 1.7% among
patients with a single dysfunctional organ and 7.4% among
those with two or more dysfunctional organs (402,405). Sim-
ilarly, there was no overall reduction in absolute mortality in
the first 2 quartiles of APACHE score (score < 25), whereas
there was a 13% reduction in the last 2 quartiles (score ≥ 25)
(405). A more recent RCT (prematurely terminated for futil-
ity) has underlined concerns regarding the utility of drotrecogin
alfa (activated) in relatively low-risk (generally APACHE< 25
or single organ failure) adult patients with a slight trend toward
increased mortality risk in the treatment arm (29). Similarly, a
study of drotrecogin alfa (activated) in pediatric septic shock
with respiratory failure was also prematurely terminated due to
its futility, along with evidence of an increased central nervous
system (CNS) bleeding risk in neonates (406).
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Drotrecogin alfa (activated) remains approved for manage-
ment of high-risk patients with severe sepsis/septic shock, but
new studies are ongoing to validate the continued use of this
agent.

Intravenous immune globulin should be considered for patients
suffering from streptococcal tox ic shock syndrome. The po-
tential utility of polyclonal immune globulin preparations for
severe sepsis and septic shock in general is uncertain at present.
One meta-analysis has suggested that sepsis-related mortal-
ity is significantly reduced when intravenous immunoglobulin
(IVIG) is used in the management of such patients (407). A
small randomized controlled trial of trauma patients has also
demonstrated a reduced incidence of septic complications in-
cluding pneumonia and other infections (other than catheter-
related infections), although ICU length of stay and mortality
were not reduced (408). Evidence favoring the use of poly-
clonal immunoglobulin for defined invasive streptococcal in-
fections, including streptococcal septic shock, is more defini-
tive. A case-matching study has demonstrated an improved
30-day survival in patients treated with intravenous polyclonal
immune globulin, while a randomized controlled trial (aborted
prematurely due to low enrollment) has shown decreased early
sepsis-related organ failure with a trend toward improved sur-
vival (409).

Immunosuppressive doses of corticosteroids are contraindi-
cated in the management of sepsis and septic shock . In the
past, high-dose steroids had been advocated for sepsis with or-
gan failure to dampen inflammatory responses and minimize
organ dysfunction (410). Several large multicenter randomized
controlled trials have definitively demonstrated that adminis-
tration of high dose (15–30 mg/kg methylprednisolone equiv-
alent) corticosteroids fail to improve outcome in adult septic
shock (411–414). In some of these studies, mortality in spe-
cific subgroups appeared to be increased with steroid treatment
(412).

Sup p ort ive The rap y

Although specific therapies for septic shock continue to be
developed, general supportive care, in conjunction with an-
tibiotics, remains the standard of care. Fluid and vasopres-
sor/inotropic support have been addressed in this chapter. In
addition, there has been an explosion of data in recent years
regarding the efficacy of other elements of supportive care in-
cluding ventilatory strategies, intensity of dialysis, endocrine
support, and glycemic management. In other key areas (e.g.,
nutritional support), definitive data are lacking. Nonetheless,
it is likely that an aggressive approach to optimization of sup-
portive care, in combination with anti-infective therapy and
resuscitative efforts, can improve morbidity and mortality. For
that reason, application of appropriate support modalities in a
timely manner should be the standard of care of septic patients
in all ICUs.

Intensive renal replacement therapy (daily intermittent dialysis
or continuous renal replacement therapy) is indicated for se-
vere sepsis or septic shock with renal failure. Indications for
acute dialysis in the ICU population are not dissimilar to those

for other patients. These indications include volume overload,
electrolyte imbalance, acid-base disturbances, elevated blood
urea nitrogen, uremic pericarditis, or uremic encephalopathy.
Unfortunately, ICU patients, especially those with acute re-
nal failure, may have altered hemodialysis kinetics such that
standard intermittent dialysis may offer suboptimal urea clear-
ance kinetics despite apparently equivalent doses. Compared
to standard intermittent dialysis, daily hemodialysis has been
shown to yield higher urea clearance and improved mortality in
ICU patients with acute renal failure (415). Similarly, another
study has demonstrated that higher urea clearance with contin-
uous venovenous hemodialysis yields reduced mortality (416).
Whether these data can be extrapolated to include septic pa-
tients with a background of chronic renal failure is unknown.
Peritoneal dialysis is not appropriate since even high-frequency
exchanges yield relatively low urea clearance kinetics. A re-
cent study of infection-related acute renal failure that included
cases of sepsis demonstrated increased mortality among those
treated with peritoneal dialysis compared to those treated with
hemodialysis (417).

Intensive insulin therapy maintaining a blood glucose of 4.4 to
6.1 mmol/L (80–110 mg/dL) may be beneficial in critically ill
ICU patients with severe sepsis. Hyperglycemia is a recognized
risk factor for increased mortality in the critically ill indepen-
dent of the APACHE II score (418). One single-center ran-
domized, controlled, nonblinded trial has indicated that tight
glycemic control in surgical ICU patients undergoing mechan-
ical ventilation (mostly post–coronary artery bypass graft or
other cardiovascular surgery) reduces the incidence of severe
sepsis and decreases mortality, primarily because of a decreased
incidence of multiple organ failure with septic foci (419).
These data are consistent with other clinical and experimental
studies suggesting the presence of granulocyte dysfunction and
increased risk of infection in postoperative surgical patients
with persistent hyperglycemia (420). However, another RCT
by the same group has failed to demonstrate similar improve-
ments in critically ill medical patients (421). A retrospective
subgroup analysis, however, suggested mortality improvement
in those patients admitted with an ICU length of stay of greater
than 3 days. In addition, there was a decreased incidence of re-
nal dysfunction and critical illness polyneuropathy, with fewer
days on ventilator support and shorter ICU and hospital length
of stay (421,422). No definitive data exist regarding the ques-
tion of whether a tight control strategy is useful in patients
who are already septic. In addition, these data should be in-
terpreted with caution pending replication of these results in
other centers.

Stress dose steroids may be administered at presentation to se-
lected patients with septic shock pending the result of an ACTH
stimulation test. Several previous large randomized, double-
blind, multicenter trials have definitively demonstrated that
administration of immunosuppressive (15–30 mg/kg methyl-
prednisolone equivalent) corticosteroids fail to improve out-
come in adult septic shock (411–414). However, some evi-
dence suggests that low “stress-dose” corticosteroids may be
beneficial. A relative adrenal insufficiency has been suggested
to exist in a substantial subset of patients with septic shock
(239,423). Among other deleterious effects, adrenal insuffi-
ciency can result in impairment of catecholamine sensitivity
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(423–425). Administration of stress-dose steroids (150–
300 mg hydrocortisone daily equivalent) to patients with sep-
tic shock can decrease pressor requirements while suppress-
ing inflammatory markers (424,426,427). One recent RCT has
demonstrated that 7 days of therapy with hydrocortisone, 50
mg IV every 6 hours, and fludrocortisone, 50 µ g orally once
daily, generates a significant reduction in mortality in patients
with relative adrenal insufficiency (428). Subgroup analysis
demonstrated that this improvement was restricted to those
who fail to respond to an ACTH challenge (about 75% of sep-
tic shock patients), with an increase in serum cortisol of at least
250 nmol/L (9 µ g/dL). In the recent past, these data were inter-
preted as suggesting that patients with pressor-dependent sep-
tic shock should undergo ACTH challenge on admission, fol-
lowed immediately by initiation of stress-dose steroid therapy.
If the ACTH stimulation test was within normal limits, cortico-
steroids were discontinued. If the test results indicated relative
adrenal insufficiency, hydrocortisone and fludrocortisone were
often continued for 7 days or as otherwise clinically indicated.

The major uncertainty with regard to stress-dose steroid
therapy had been the appropriate test and value of serum cor-
tisol to indicate adrenal insufficiency. Various studies supported
using random cortisol levels between 275 and 950 nmol/L (10–
35 µ g/dL) during the acute stress, or increments of cortisol of
250 nmol/L (9 µ g/dL) within the first hour following ACTH
stimulation (239,423,428). Although no definitive data existed
as to which cutoff value was best, many clinicians considered
a random value of less than 400 nmol/L (15 µ g/dL) to be suf-
ficiently suggestive of relative adrenal insufficiency during the
shock state to initiate and continue stress-dose therapy. Simi-
larly, a value greater than 950 nmol/L (35 µ g/dL) during shock
has been thought to be sufficiently normal to discontinue stress-
dose therapy without further assessment. Values between those
two extremes were often interpreted to be an indication for
ACTH challenge with a response of less than 250 nmol/L (9
µ g/dL) supporting the need, for steroid therapy. Unfortunately,
a recent study has challenged these accepted cutoffs in the crit-
ically ill by questioning the scientific validity of using total as
opposed to free serum concentrations of serum cortisol in such
patients (429).

Of most concern, a major multicenter, placebo-controlled,
double-blind RCT of septic shock has failed to confirm an
improvement in survival regardless of ACTH responsiveness
(430). The steroid group did exhibit a reduction in pressor days
but also had a higher incidence of superinfections and associ-
ated sepsis/septic shock events. Confounding these results, the
steroid regimen (hydrocortisone alone) differed from the regi-
men used in the previous positive study and could also be im-
plemented as late as 72 hours following onset of septic shock.
Based on these data, stress-dose or low-dose steroid therapy
should not be considered part of the routine management of
septic shock pending further definitive trials.

Low-volume (6–8 mL/kg ideal body weight), pressure-limited
ventilation is indicated in patients with sepsis-associated acute
lung injury or acute respiratory distress syndrome. Animal and
human studies have suggested that high levels of PEEP and large
tidal volumes are associated with increased pulmonary genera-
tion of proinflammatory cytokines (431,432) and ventilation-
induced lung injury (433). ALI and ARDS represent a mani-
festation of MODS that may occur in conjunction with severe

sepsis and septic shock. Septic patients with bilateral persistent
opacities, in association with an acute and persistent defect of
oxygenation (PaO 2/FiO 2 ratio of ≤ 200 for ARDS and ≤ 300
for ALI) and no clinical evidence of left atrial hypertension
or a pulmonary wedge pressure of ≥ 18 mm Hg, fit the cri-
teria for this syndrome (434). Small randomized studies have
supported the possibility that a lung-protective strategy using
low tidal volumes and limited airway pressures may decrease
pulmonary injury and decrease mortality (435). A single large
multicenter, randomized controlled trial has demonstrated that
ventilation of critically ill patients with ARDS with a low tidal
volume (tidal volume of 6–8 mL/kg ideal body weight) reduces
all-cause absolute mortality by 10% (from 40% to 30% ; 25%
relative risk reduction) (436). Patients with severe sepsis or
septic shock who meet criteria for ALI or ARDS should be
ventilated with a low-volume, pressure-limited strategy. Avail-
able evidence suggests that ventilation of patients at risk for
ALI/ARDS with this strategy does not prevent the development
of this pulmonary syndrome (437).

Endotracheal intubation and mechanical ventilation should be
considered early in the management of all patients with sep-
sis and organ failure. Airway intubation is indicated for all
patients with impaired airway protection reflexes (e.g., as a
consequence of cerebral hypoperfusion or septic encephalopa-
thy), refractory hypoxemia, respiratory acidosis, or respiratory
distress associated with ongoing hypotension/hypoperfusion.
Though not yet addressed by systematic studies, clinical ex-
perience suggests that respiratory arrest is a significant risk in
such patients. These observations are consistent with observa-
tions of respiratory muscle compromise and respiratory failure
in animal models of septic shock (438,439).

Enteral feeding should be considered within 24 hours of admis-
sion to the ICU for most patients with sepsis and septic shock .
Parenteral feeding should be used only if enteral feeding is not
possible despite best efforts. Recent meta-analyses suggest that
early enteral feeding lowers the risk of infection and improves
survival compared to delayed feeding in the critically ill (440).
These findings are consistent with animal studies demonstrat-
ing that enteral nutrition maintains gut mucosal integrity, de-
creases bacterial translocation, and limits the systemic inflam-
matory response to bacterial toxins (441). Diminished bowel
sounds should not prevent a trial of enteral feeding. Most pa-
tients will tolerate enteral feeding if a small bowel tube is used.
Studies of parenteral feeding in the ICU have, in general, failed
to demonstrate an improvement in mortality in critically ill
patients (442). Other studies demonstrate the superiority of
enteral over parenteral feeding in critically ill patients with re-
spect to costs and complications, including risk of infection
(441,443).

Intravenous administration of sodium bicarbonate is not indi-
cated for sepsis-associated metabolic acidosis with a pH ≥ 7.15.
Human investigations demonstrate that intravenous adminis-
tration of sodium bicarbonate for lactic acidosis (pH ≥ 7.15)
associated with septic shock does not improve cardiac perfor-
mance or reduce vasopressor requirements compared to admin-
istration of an equimolar amount of normal saline (444,445).
No human data exist in regard to the effect of intravenous bi-
carbonate administration for more severe degrees of metabolic
acidosis.
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SUMMARY
Severe sepsis and septic shock continue to be a major cause
of mortality and morbidity among patients requiring ICU sup-
port. In recent years, both basic and clinical research in the field
have accelerated substantially. This has led to the publication
of several studies with major implications regarding the appro-
priate management of patients with these conditions. Many of
these new studies relate to optimization of supportive care.
Although controversial, a single specific therapy, drotrecogin
alfa (activated), has been shown to improve mortality in se-
vere sepsis and septic shock. Few major studies in the areas of
fluid resuscitation, vasopressors/inotropes, invasive and non-
invasive monitoring, or antimicrobial therapy have been pub-
lished in recent years. Nonetheless, outcome can most likely be
improved by taking a systematic approach to therapy as de-
scribed in Table 57.15. Although significant improvements in
outcome have been made possible by new pharmacologic ther-
apies, recent studies focusing on antimicrobial and supportive
elements clearly demonstrate that close attention to established
therapies can have a substantial impact on survival in severe
sepsis and septic shock.
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CHAPTER 58 ■ HEMORRHAGIC SHOCK
MARIANNE E. CINAT r DAVID B. HOYT

The definition of shock describes the final common pathway
of many disease states: ineffective tissue perfusion, resulting in
severe dysfunction of organs vital to survival. The most com-
monly used classification system for shock includes four cate-
gories based on hemodynamic characteristics (1):

1. Hypovolemic shock resulting from a decreased circulating
blood volume in relation to the total vascular capacity and
characterized by a reduction of diastolic filling pressures and
volumes

2. Cardiogenic shock related to cardiac pump failure caused by
loss of myocardial contractility/functional myocardium or
structural/mechanical failure of the cardiac anatomy char-
acterized by elevations of diastolic filling pressures and vol-
umes

3. Extracardiac obstructive shock involving obstruction to
flow in the cardiovascular circuit and characterized by ei-
ther impairment of diastolic filling or excessive afterload

4. Distributive shock caused by loss of vasomotor control, re-
sulting in arteriolar and venular dilation and characterized
by increased cardiac output and decreased systemic vascular
resistance after fluid resuscitation.

Although the hemodynamic characteristics of the vari-
ous forms of shock may vary, the final common pathway—
inadequate cellular perfusion—must be addressed early to pre-
vent long-term sequelae and death (Fig. 58.1).

Hemorrhagic shock is a form of hypovolemic shock. It is
a common, yet complicated, clinical condition that physicians
are frequently called upon to evaluate and treat. Etiologies in-
clude trauma, postoperative bleeding, medical conditions, and
iatrogenic causes. Diagnosis must be accurate and expedient.
Therapy must be direct, efficient, and multifactorial in order to
avoid the potential multisystem sequelae.

The purpose of this chapter is to address the immediate
concerns for patients with hemorrhagic shock, as well as the
etiology and epidemiology of this clinical condition, and to
describe the pathophysiology, clinical features, and diagnos-
tic and therapeutic approach to hemorrhagic shock. New and
experimental therapies will also be introduced.

IMMEDIATE CONCERNS
The key steps in the approach to patients with hemorrhagic
shock are listed in Table 58.1.

1. Early recognition. Early recognition requires astute clini-
cal acumen to identify early systemic signs of hemorrhage
and hypovolemic shock. Signs and symptoms include rest-
lessness, anxiety, altered level of consciousness, shortness
of breath, tachypnea, pallor, tachycardia, and oliguria. A
decreased pulse pressure may also be observed along with

decreased capillary refill due to peripheral vasoconstriction.
Hypotension indicates significant volume depletion and may
be a late clinical manifestation.

2. Important aspects in the patient history. An accurate his-
tory should be obtained expediently. For patients with trau-
matic injury, a thorough understanding of the mechanism
of injury should be obtained, including the magnitude of
blunt force trauma and/or the trajectory of the missile or
object in penetrating trauma. In postoperative or postpro-
cedural patients, the exact nature of the surgical procedure
should be defined and potential sites of hemorrhage iden-
tified. In patients without recent surgery, risk factors for
nonpostoperative, nontraumatic etiologies should also be
sought (gastritis, peptic ulcer disease, atherosclerosis with
aneurysmal disease). Significant comorbidities should also
be delineated including coagulation disorders (von Wille-
brand, hemophilia), medical conditions associated with al-
tered coagulation (cirrhosis, renal failure, iatrogenic vitamin
K deficiency from parenteral nutrition or antimicrobials), or
use of medications such as antiplatelet therapy and anticoag-
ulants (Coumadin, heparin, low-molecular-weight heparin,
or antimicrobials).

3. Initial action and intervention. The initial action taken in
each case of hemorrhagic shock, regardless of etiology,
should be directed at restoring circulating volume to ensure
adequate tissue perfusion. Once the airway is secured and
adequate ventilation is ensured, two peripheral large-bore
intravenous catheters should be placed and fluid resuscita-
tion begun. A blood sample should also be sent immediately
for type and cross-match per institutional protocol. Initial
resuscitation can include crystalloid, but should quickly be
changed to blood products if signs of hypovolemia and on-
going hemorrhage persist. If a patient is in extremis and
cross-matched blood products are not immediately avail-
able, type O blood (universal donor) should be immediately
requested and transfused. For massive hemorrhage, clotting
factors such as fresh frozen plasma, platelets, and cryopre-
cipitate should be prepared. The value of massive transfu-
sion protocols to include predetermined ratios of clotting
factors will be discussed later in this chapter.

4. Directed physical examination. Physical examination
should be directed at obvious sources of external bleed-
ing such as lacerations, extremity fractures, or surgical inci-
sions. If identified, these should be immediately controlled.
Physical signs of underlying liver disease should also be
identified such as petechia, jaundice, ascites, angiomas, or
testicular atrophy. Previous cardiac or carotid surgical in-
cisions may hint toward concurrent antiplatelet or antico-
agulant therapy. Evidence of retroperitoneal bleeding in pa-
tients with pancreatitis is marked by flank or periumbilical
contusions.
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FIGURE 58.1. Final common path-
way of shock. Hemorrhagic shock re-
sults in acute changes in circulating
blood volume that culminates in a final
common pathway shared by all classi-
fications of shock.

5. Identify occult source of hemorrhage. If no obvious source
of external bleeding is identified, a rapid evaluation should
be performed to identify likely occult sources of bleeding.
In the trauma patient, significant internal hemorrhage can
occur in four defined regions: the thoracic cavity, the peri-
toneal cavity, the retroperitoneum, and extremity fractures.
These areas can be rapidly assessed by chest radiograph,
pelvic radiograph, a focused abdominal sonographic exam-
ination for trauma (FAST), and physical examination of ex-
tremities along with appropriate radiographs. In nontrauma
patients without clear evidence of bleeding, the gastrointesti-
nal tract should be rapidly evaluated via nasogastric tube,
rectal examination, and endoscopy where appropriate. Ad-
ditional diagnostic tests can be obtained based on clinical
history, patient background, and condition. Abdominal aor-
tic aneurysms can be identified on physical examination, by
ultrasound, or by calcifications on abdominal radiograph.
In rare selected instances, angiography may be used to iden-
tify and treat sources of hemorrhage not otherwise apparent
(pelvic fractures, pancreatitis, lower gastrointestinal bleed-
ing). This should only be instituted when a specific source
of hemorrhage is highly likely and therapeutic intervention

is sought. Computed tomography should never be sought in
hemodynamically unstable patients with hemorrhage.

6. Expedite treatment. Once a source of bleeding is identified,
a swift and directed treatment plan should be formulated
and implemented without delay. Prolonged untreated hem-
orrhagic shock can lead to rapid decompensation and death
if not appropriately identified and treated. Rapid interven-
tion with surgical, angiographic, or endoscopic control of
the hemorrhage is indicated, along with rapid correction of
the underlying coagulopathy.

EPIDEMIOLOGY AND ETIOLOGY
Hypovolemic shock can be due to hemorrhagic and nonhem-
orrhagic sources. Hemorrhage is the most frequent cause of
hypovolemic shock and is most commonly due to blood loss
after trauma or major surgery (Table 58.2). Following trauma,
obvious external signs of injury and hemorrhage should be
rapidly identified and controlled. As described above, the tho-
racic cavity, peritoneal cavity, and retroperitoneum should all
be evaluated for occult hemorrhage.
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TA BLE 5 8 . 1

KEY STEPS IN THE APPROACH TO A PATIENT WITH
HEMORRHAGIC SHOCK

1. Early recognition
a. Signs and symptoms may be subtle.
b. Astute clinical acumen is necessary to identify

hemorrhage prior to hemodynamic collapse.
2. Obtain an accurate patient history

a. Trauma
b. Recent surgical procedures
c. Medical history

(i) Gastrointestinal disease (peptic ulcer disease,
varices, etc.)

(ii) Atherosclerosis (aneurysmal disease)
(iii) Coagulation disorders

d. Medication use
(i) Antiplatelet therapy

(ii) Anticoagulants
3. Initiate intervention

a. “ABCs”—airway, breathing, circulation
b. Initiate resuscitation

(i) Crystalloid
(ii) Blood products

1. Type O uncross-matched blood if in ex tremis
2. Cross-matched blood when available
3. Clotting factors

4. Directed physical examination
a. External sources of bleeding
b. Internal sources of bleeding

5. Expedite definitive treatment
a. Surgical control
b. Endoscopic control
c. Angiographic control

6. Correct coagulopathy

TA BLE 5 8 . 2

MAJOR ETIOLOGIES OF HEMORRHAGIC SHOCK

I. Trauma (blunt or penetrating)
● Intrathoracic
● Intraperitoneal
● Retroperitoneal
● Soft tissue or fractures

II. Gastrointestinal
● Upper gastrointestinal tract
● Peptic ulcer disease, reflux esophagitis, variceal

bleeding, erosive gastritis, aortoduodenal fistula
● Lower gastrointestinal tract
● Hemorrhoids, tumor, arteriovenous malformation,

diverticulitis, ulcerative colitis, Crohn disease,
ischemia

● Hemobilia
● Biliary tumor, iatrogenic injury or manipulation,

penetrating trauma
● Pancreatic
● Pancreatitis, iatrogenic injury or manipulation

III. Retroperitoneal (nontrauma)
● Abdominal aortic aneurysm

Causes of hemorrhagic shock not due to trauma include
a ruptured abdominal aortic aneurysm and gastrointestinal
bleeding. Gastrointestinal bleeding can be caused by peptic ul-
cer disease, reflux esophagitis, variceal bleeding, erosive gas-
tritis (stress ulcers), or an aortoduodenal fistula after vascular
surgery. Prior manipulation by endoscopy or sphincterotomy
can also lead to upper gastrointestinal bleeding. Lower gas-
trointestinal bleeding can result from diverticular disease, car-
cinoma, polyps, arteriovenous malformations, ischemia, or col-
itis. Pulmonary sources of hemorrhage can occur from tumor,
tuberculosis, fungal infection, bronchiectasis, or tracheoin-
nominate fistula following tracheostomy. Hematuria from a
tumor, trauma, or polycystic kidney disease is rare but can lead
to hemorrhagic shock.

Nonhemorrhagic sources of hypovolemic shock can also
occur. Although not the focus of this chapter, these are due
to external fluid losses such as dehydration, vomiting, di-
arrhea, polyuria, uncontrolled diabetes mellitus leading to
osmotic diuresis, and acute adrenocortical insufficiency. Dis-
orders that lead to interstitial fluid redistribution such as ther-
mal injury, trauma, and anaphylaxis can also lead to hypo-
volemic shock. Finally, disorders that cause increased vascular
capacitance (venodilation) can lead to a relative hypovolemia
and include sepsis, anaphylaxis, and the release of toxins/drugs
leading to vasodilation.

CLASSIFICATION OF
HEMORRHAGIC SHOCK

Early diagnosis of hemorrhagic shock is imperative to avoid
delay in treatment. However, clinical signs are relatively insen-
sitive for small amounts of blood loss (2). There is a progressive
hemodynamic deterioration with ongoing blood loss. This clas-
sic progression is delineated in Table 58.3. Total blood volume
is estimated at approximately 70 mL/kg in the average adult,
or nearly 5 L for a 70-kg person.

Class I

Class I hemorrhage is marked by a less than 750 mL estimated
blood loss, or less than 15% of total circulating blood volume.
There are minimal physical signs associated with this volume
of blood loss. The patient may not have tachycardia, with a
heart rate remaining less than 100 beats per minute; the sys-
tolic blood pressure and pulse pressure remain normal; the res-
piratory rate remains at 14 to 20 breaths per minute; and urine
output remains adequate (> 30 mL/hour). Only subtle physi-
cal signs such as delayed capillary refill and slight anxiety may
exist.

Class II

Class II hemorrhage is marked by an estimated blood loss of
750 to 1,500 mL (or 15% to 30% of the total circulating
blood volume). Physical signs begin to manifest during this
stage of hemorrhage. Although the systolic blood pressure may
be maintained, the patient usually becomes tachycardic (heart
rate greater than 100 beats per minute), the pulse pressure be-
gins to decrease, and capillary refill is delayed. The respiratory
rate begins to increase (20–30 breaths per minute), urine output
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TA BLE 5 8 . 3

CLINICAL CLASSES OF HEMORRHAGIC SHOCK

Class I Class II Class III Class IV

Blood loss < 750 mL 750–1,500 mL > 1,500–2,000 mL > 2,000 mL
< 15% 15% –30% > 30% –40% > 40%

Heart rate (beats per minute) < 100 > 100 > 120 > 140
Systolic blood pressure Normal Normal Decreased Decreased
Pulse pressure Normal Decreased Decreased Decreased
Capillary refill Delayed Delayed Delayed Delayed
Respiratory rate (breaths per

minute)
14–20 20–30 30–40 > 35

Urine output (mL/h) > 30 20–30 5–15 Minimal
Mental status Slightly anxious Anxious Confused Confused and

lethargic

becomes diminished (20–30 mL/hour), and the patient becomes
very anxious.

Class III

Class III hemorrhage is marked by an estimated blood loss of
> 1,500 to 2,000 mL (or > 30% –40% of total circulating blood
volume). During this phase, significant hemodynamic compro-
mise becomes apparent. Heart rate increases to > 120 beats
per minute, systolic blood pressure decreases, pulse pressure
decreases, capillary refill decreases, tachypnea worsens with a
respiratory rate of 30 to 40 breaths per minute, urine output
drops to 5 to 15 mL/hour, and the patient becomes confused,
showing further evidence of decreased perfusion of the central
nervous system.

Class IV

Class IV hemorrhage is marked by an estimated blood loss of
> 2,000 mL (or > 40% of total circulating blood volume). Dur-
ing this phase, most compensatory cardiovascular mechanisms
have been maximized and total hemodynamic collapse is immi-
nent. Signs of class IV hemorrhage include severe tachycardia
with a heart rate > 140 beats per minute, a decreased systolic
blood pressure, a decreased pulse pressure, delayed capillary re-
fill, significant tachypnea with a respiratory rate of > 35 breaths
per minute, minimal to no urine output, and severely altered
mental status as marked by confusion and/or lethargy.

Po t e nt ial Pit falls

Despite these guidelines, several potential pitfalls exist that can
make the diagnosis more difficult. Concurrent medication, such
as β -blockers, may attenuate the physiologic response to hem-
orrhage. In the presence of β -blockade, tachycardia may be
blunted or may not occur at all. Prior hydration status and
use of diuretics can also alter the rate at which these signs
present. Pregnant patients have a significantly increased total
blood volume, and thus can lose up to 1,000 mL of blood be-
fore presenting with any clinical signs of hemorrhage. Blood is
diverted from the placenta via vasoconstriction; the mother’s
total blood circulation is maintained at the expense of the fetus.

Elderly patients may have atrial arrhythmias leading to a high
ventricular response, making tachycardia less sensitive in this
patient population. Concurrent use of antiplatelet or antico-
agulant medication can cause relatively small injuries to bleed
excessively, and identification and intervention may be delayed.
Although unloading of the baroreceptors and activation of the
sympathetic nervous system usually lead to tachycardia, some
patients may respond to traumatic hemorrhage with bradycar-
dia as a result of a vagal nerve–mediated transient sympathoin-
hibition due to acute and sudden blood loss (3–9). Finally, a
significant reduction in skin blood flow (i.e., cool, clammy skin)
is an early ominous sign of shock in view of selective cutaneous
vasoconstriction (10). Intervention and resuscitation must be
imminent upon presentation of these signs and symptoms.

PATHOPHYSIOLOGY

Circulat ory Chang e s

Hemorrhage results in a predictable pattern of events that be-
gins with acute changes in circulating blood volume and culmi-
nates in a final common pathway shared by all classifications
of shock (Fig. 58.1). Hemodynamically, hypovolemic shock is
characterized by a fall in ventricular preload, resulting in de-
creased ventricular diastolic filling pressures and volumes. This
in turn leads to a decrease in cardiac output and stroke volume
(3–5,11–15). Following unloading of the cardiac baroreceptors
and activation of the sympathetic nervous system, tachycardia
ensues in an attempt to compensate for the decrease in cardiac
output and stroke volume (12). The sympathetic output also
results in vasoconstriction, leading to a decrease in pulse pres-
sure. Greater variations in blood pressure will occur with the
respiratory cycle due to an increased sensitivity of the under-
filled heart to changes in venous return with varying intratho-
racic pressure (16–18). The increased sympathetic tone may
prevent a severe drop in arterial blood pressure initially. How-
ever, continued blood loss will ultimately result in hypotension
and shock (3). Due to compensatory vasoconstriction, systemic
vascular resistance rises early after the development of hypo-
volemic shock, but may fall in later stages, potentially heralding
irreversibility and death (3,19,20).

The response to blood loss is a dynamic process that in-
volves competing adaptive (compensatory) and maladaptive
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responses at each stage of development. Although intravascular
volume replacement is always a necessary component of resus-
citation in hypovolemic shock, the complex biologic response
to the insult may progress to a point at which such resuscitation
is insufficient to reverse the progression of the shock syndrome.
For instance, patients who have sustained greater than a 40%
loss of blood volume for 2 hours or more may not be able to
be effectively resuscitated. Severe hemorrhage leads to a series
of inflammatory mediator, cardiovascular, and organ responses
that supersede the injury itself and ultimately drive recovery or
death (3,19–25).

Oxyg e n Balance

Shock is characterized by an oxygen deficit in tissues and cells.
The significance of the deficit and the extent of cellular injury
can be quantified as a function of both the severity and the
duration of the deficit—the greater the severity, the longer the
duration, the worse the outcome of shock.

Oxygen delivery to tissues is determined by cardiac output
and the oxygen content in arterial blood. O xygen content refers
to the number of milliliters of oxygen contained in 100 mL of
blood (mL/dL) and is a function of the hemoglobin concen-
tration, the oxygen saturation of hemoglobin, and the amount
of oxygen dissolved in plasma (the calculation is [Hgb × 1.34
× O 2 saturation] + [PaO 2 × 0.0003]). During hemorrhage,
as the cardiac output falls, oxygen delivery to the tissues also
falls. Initially, the body will maintain sufficient uptake of oxy-
gen by extracting more from the arterial blood. This will result
in a fall in the mixed venous oxygen saturation (SvO 2) with an
increase in the arteriovenous oxygen content gradient (CaO 2
– CvO 2). Eventually, this compensatory mechanism also fails,
and tissue hypoxia with lactic acidosis ensues. Cerebral and
cardiac functions are maintained by diversion of blood flow
from other organs (skin, muscle, and kidneys) (26). However,
when these compensatory mechanisms are maximized, cardiac
function and tissue oxygen delivery deteriorates further, and
irreversible shock may develop (27).

Critical oxygen delivery is a function of cellular needs for
oxygen and the ability of cells to extract oxygen from the ar-
terial blood. Many factors contribute to this equation. During
hemorrhage, tissue oxygen needs may increase due to increased
respiratory muscle activity and increased catecholamine cir-
culation (28). However, some evidence suggests that cate-
cholamines down-regulate the metabolic needs of cells during
hypovolemic shock (4,5,28–30). Regional blood flow is modi-
fied during hypovolemic shock in an attempt to maintain oxy-
gen delivery to critical tissues (26,31). In addition, the indi-
vidual needs of various tissues may vary during hemorrhagic
shock. For instance, the oxygen needs of the kidney may decline
during hemorrhage because a fall in renal perfusion leads to a
fall in glomerular filtration and a decrease in energy-consuming
tubular absorption (26). In contrast, the gut may experience an
increased oxygen debt early due to the high oxygen need of the
mucosa, along with redistribution of blood away from the gut
to more critical tissues. This is the physiologic basis for gastric
tonometry as a means of measuring the adequacy of resuscita-
tion early following hemorrhage (32,33).

Oxygen extraction in tissues is influenced by the posi-
tion of the oxyhemoglobin dissociation curve (34–37). Fac-
tors that improve the ability of tissues to extract oxygen from

hemoglobin (i.e., shift the curve to the right) include acido-
sis, hypercarbia, hyperthermia, and decreased blood viscosity.
However, in any extreme, each of these factors can be over-
come by inadequate oxygen delivery and cardiovascular col-
lapse. Interestingly, the oxyhemoglobin curve has been shown
to shift to the left in critically ill patients (38). The presence
of 2,3-diphosphoglycerate (DPG) in transfused blood has also
been associated with a left shift of the oxyhemoglobin disso-
ciation curve (39). Thus, although transfusions may increase
the hemoglobin level, theoretically improving oxygen delivery,
they may negatively affect the ability of tissues to extract oxy-
gen from the hemoglobin.

The severity of oxygen debt during hypovolemic shock has
been shown to be a major determinant of survival in ani-
mals and in patients following trauma, hemorrhage, and major
surgery (20,27,40,41). A large oxygen debt has been associated
with the development of acute respiratory distress syndrome
(ARDS) and multiple organ dysfunction syndrome (MODS)
(33,40–44). Conversely, a high oxygen delivery and uptake dur-
ing resuscitation has been associated with improved survival
(27,41–46). Whether increasing oxygen delivery to supranor-
mal levels ultimately improves survival during resuscitation in
critical illness remains controversial, and the medical literature
has produced mixed results (27,33,43,44,47–50).

Ce llular Re sp onse

During hypovolemic shock, the oxygen deficit in the tissues
causes a fall in the mitochondrial production and concentra-
tion of high-energy phosphates because of greater breakdown
than production (51–57). This led many researchers to evaluate
the utility of adenosine triphosphate (ATP) in the resuscitation
of hemorrhagic shock (58,59). In the presence of sufficient oxy-
gen, aerobic combustion of 1 mol of glucose yields 38 mol of
energy-rich ATP. However, in the absence of sufficient oxygen,
glucose taken up by the cells cannot be combusted because of
insufficient uptake of pyruvate into the mitochondrial tricar-
boxylic acid cycle. Pyruvate is then converted to lactate within
the cytoplasm. Anaerobic glycolysis yields only 2 mol of ATP,
which is then hydrolyzed into hydrogen ion, ultimately leading
to intracellular and extracellular metabolic acidosis (51,52,60–
62) (Fig. 58.2). This process is ultimately a function of the sever-
ity and duration of regional hypoperfusion relative to oxygen
demand and is more pronounced in some tissues (diaphragm,
liver, kidney, gut) than in others (heart, skeletal muscle). Ul-
timately, a significant fall in the high-energy phosphates for a
prolonged duration will lead to irreversible cellular injury and
death.

The sequelae of low ATP production are profound. About
60% of the energy produced by respiring cellular mitochon-
dria is needed to fuel the sodium-potassium (Na+ -K+ ) pump
of the cell. This pump controls the gradient in electrolyte con-
centrations and electric potential over the cell membrane. In
the absence of sufficient ATP, the Na+ -K+ pump is inhibited,
resulting in an influx of sodium into the cell and efflux of potas-
sium out of the cell. This in turn leads to cellular fluid uptake
(51,53,63–66). Hyperkalemia may result due to potassium ex-
change between cells, the interstitial fluid, and vascular space.

Independent of the Na+ -K+ pump, there may be a selective
increase in cell membrane permeability for ions during hemor-
rhagic shock. Hypovolemic shock has been shown to lead to a
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FIGURE 58.2. Cellular mechanisms during anaerobic
and aerobic glycolysis. In anaerobic conditions, pyruvic
acid cannot enter the citric acid cycle within the mitochon-
dria and is instead shunted to the production of lactate.
This process produces only two molecules of adenosine
triphosphate (ATP), as opposed to the 36 molecules of
ATP produced from glucose in the mitochondria during
aerobic glycolysis. Hydrolysis of ATP molecules in anaer-
obic conditions results in the production of hydrogen ions
that cannot be cleared, leading to intracellular acidosis.
(Adapted from Mizock BA, Falk JL. Lactic acidosis in
critical illness. Crit Care Med. 1992;20[1]:80.)

rapid decrease in the transmembrane potential (with a less neg-
ative inner membrane potential), resulting in rapid electrolyte
and fluid shifts across the membrane. Circulating heat shock
proteins may also contribute to these changes independent of
energy deficit (66–71).

Finally, calcium (Ca2+ ) influx into cells and their mitochon-
dria inhibits cellular respiration and ultimately contributes to
cellular damage and swelling. Plasma levels of free Ca2+ may
also fall. This may have profound consequences on the func-
tion of several organs during shock including the liver, kidney,
heart, and vascular smooth muscle (64,65,72–82). Intracellu-
lar lysosomes lose their integrity, and proteolytic enzymes are
released and contribute to cellular dysfunction and cell death.

The sum of the intracellular changes and alterations in
signaling transduction pathways described above ultimately
leads to the development of cellular dysfunction and multi-
ple organ dysfunction syndrome, which may be irreversible
(82). Laboratory investigations are aimed at novel resuscita-
tion techniques involving substances that attenuate abnormal-
ities of cellular signaling following hemorrhagic shock (58,59,
77–82).

Ne urohumoral Re sp onse

In response to hemorrhage and hypovolemia, a complex neuro-
humoral response is initiated in an attempt to maintain blood
pressure and retain fluid. Decreased intravascular volume stim-
ulates baroreceptors in the carotid body and aortic arch, along
with mechanoreceptors in the right atrium. This stimulation
leads to several neurohumoral responses (Fig. 58.3). Circulat-
ing catecholamines are liberated by activation of the sympa-
thetic nervous system and the adrenal medulla. Direct sym-
pathetic stimulation of the vessel wall leads to vasoconstric-
tion. Angiotensin II is liberated via the renin–angiotensin–
aldosterone system. Vasopressin (antidiuretic hormone [ADH])
is released by the pituitary in hypovolemic shock and leads
to vasoconstriction. Finally, decreased cardiac filling pres-
sures reduce cardiac secretion of α-atrial natriuretic peptide
(ANP), thereby reducing the vasodilatory and diuretic effects of
ANP.

Macrocirculat ion

During loss of circulating blood volume, mechanisms are ini-
tiated to counteract the fall in cardiac output and oxygen de-
livery by facilitating a redistribution of peripheral blood flow
(26). Regional autoregulation takes place via a delicate balance
of endogenous vasodilators and vasoconstrictors. Endothelial
cells produce potent vasodilators such as endothelium-derived
relaxing factor (nitric oxide [NO]), heme oxygenation–derived
carbon monoxide (CO), and metabolic byproducts in tissues,
including carbon dioxide (CO 2), potassium, and adenosine (25,
83–89). Some authors describe that inhibition of NO early
following hemorrhage ameliorates early hypotension and im-
proves mortality (90–94). Conversely, other authors describe
endothelial dysfunction in organs with diminished NO produc-
tion (95–96). Endothelin is a potent endothelial cell–derived
vasoconstrictor that is released upon catecholamine stimula-
tion or hypoxia (97). The overall increase in systemic periph-
eral vascular resistance is distributed differently among vari-
ous organs in the body (31). Vasoconstriction also occurs in
the venous vasculature, increasing return of available blood to
the heart (14,98). The complex interplay of these mechanisms
for vasodilation and vasoconstriction ultimately determines the
regional redistribution of blood flow to organs following hem-
orrhagic shock. The redistribution of blood flow results in a
greater share of oxygen delivery to organs with high obliga-
tory metabolic demands (heart and brain), and a lesser share
to those with fewer demands including the skin, skeletal mus-
cle, kidney, intestine, and pancreas (5,31,86,99–101).

Microcirculat ion

One of the most important determinants of tissue perfusion
during shock is the response and function of the microvascu-
lature, which is defined as vessels less than 100 to 150 µ m in
diameter. Although arteries and medium-sized arterioles con-
strict in response to the extrinsic control mechanisms described
above, terminal arterioles, venules, and capillaries remain un-
affected and are more controlled by local metabolic factors.
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FIGURE 58.3. Neurohormonal response to hemor-
rhage. Hemorrhage results in a decrease in the circu-
lating intravascular volume, which initiates a complex
cascade of compensatory events. CNS, central nervous
system; ACTH, adrenocorticotropic hormone; ADH,
antidiuretic hormone.

Alterations in microvascular function and flow are effected
through precapillary and postcapillary sphincters, which are
sensitive to both extrinsic and intrinsic control mechanisms.
Exchange of metabolites and compartmental regulation of flu-
ids occurs at the capillary level. Therefore, alteration of tone
of the pre- and postcapillary sphincters can have significant ef-
fects on microcirculatory function (102–104). Failure to dilate
sphincters supplying metabolically active tissues may result in
ischemia and anaerobic metabolism with lactate production.
Increased precapillary tone, as seen with sympathetic stimula-
tion, results in increased blood pressure systemically and de-
creased hydrostatic pressure locally. In fact, the microvascular
arterioles may even dilate in response to the above vasocon-
striction due to release of metabolic byproducts of underperfu-
sion (carbon dioxide, hydrogen ion, etc.). The decrease in hy-
drostatic pressure locally then leads to redistribution of fluid
from the interstitium to the circulation. Conversely, increased
postcapillary tone (relative to precapillary tone) results in vas-
cular pooling of blood and loss of fluid to the interstitium (as a
result of increased hydrostatic pressure). This increased hydro-
static pressure may become accentuated in response to crystal-
loid resuscitation, leading to interstitial edema (104). Finally,
hemorrhage and shock have also been shown to induce in-

creased permeability of capillaries, leading to interstitial fluid
leak during resuscitation (105,106).

Hypovolemic shock and hemorrhage also induce the ex-
pression of endothelial adhesion molecules on neutrophils and
endothelium (63,107). This results in neutrophil adherence and
“rolling” of cells within the capillary bed (108–113). Capillary
flow then diminishes and may also impair red blood cell flow.
While this decrease in transit time may augment the ability
of tissue to extract oxygen, it may also lead to microvascular
thrombosis and further tissue ischemia (114,115).

Me t ab olic and Hormonal Re sp onse

The early hyperglycemic response to trauma/hemorrhage is the
combined result of enhanced glycogenolysis, caused by the hor-
monal response to stress including elevated epinephrine, corti-
sol, and glucagon levels; increased gluconeogenesis in the liver,
partly mediated by glucagon; and peripheral resistance to the
action of insulin (51,116). Increased gluconeogenesis in the
liver, and to a lesser extent in the kidneys, follows increased
efflux of amino acids, such as alanine and glutamine from the
muscle to the liver, due to a breakdown of muscle protein. The
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latter is evidenced by increased urinary losses of nitrogen and a
negative nitrogen balance. Lactate produced in muscle can also
be converted to glucose in the liver (117). Increased epinephrine
also results in skeletal muscle insulin resistance, sparing glu-
cose for use by glucose-dependent organs such as the heart and
brain. Later in shock, hypoglycemia may ensue, possibly be-
cause of glycogen depletion or hepatic ischemia (51,117,118).
Fatty acids are increased early in shock, but later levels fall
(116). Without energy for glycolysis, the cell depends on lipol-
ysis and the autodigestion of intracellular protein for energy.
Initially, ketone bodies and the branched-chain amino acids are
used as alternative fuel sources. Without oxygen, these sources
become inefficient, leading to hypertriglyceridemia, increased
β -hydroxybutyric acid and acetoacetate levels, and changes
in the amino acid concentration pattern. As these metabolic
changes occur, set in motion by cellular hypoxia and promoted
by systemic hormonal changes, structural changes occur within
individual cells (119).

ORGAN PERFUSION AND
FUNCTION DURING

HEMORRHAGE

He art

The heart is a critical organ in the pathophysiology of shock.
At baseline, myocardial oxygen extraction is almost maximal;
therefore, increased cardiac work must be met by increased
coronary blood flow. When coronary perfusion is compro-
mised, as it is during systemic hypotension, cardiac function
suffers. In the presence of sympathetic stimulation, blood flow
from the endocardium is redistributed toward the epicardium,
impairing cardiac performance (120). Underlying coronary
artery disease, arrhythmias, hypoxemia, and acidosis can add
to cardiac dysfunction. In the absence of coronary stenosis, my-
ocardial necrosis/infarction is unusual in hypovolemic shock.
Rather, the heart plays a participatory role in which it is unable
to compensate fully for arterial hypotension caused by hypo-
volemia, vasodilation, and other factors.

Under basal aerobic conditions, 60% of energy comes from
fat (free fatty acids and triacylglycerides), 35% from carbohy-
drates, and 5% from amino acids and ketone bodies. How-
ever, during anaerobic conditions imposed by hypoxemia or
ischemia, the myocardium shifts to glycolysis. Anaerobic gly-
colysis, however, is insufficient to meet cardiac work demands
for any length of time because the myocardial glycogen stores,
as an alternative fuel source, are minimal and rapidly depleted.

Brain

Like the heart, the brain almost exclusively depends on perfu-
sion, rather than changes in extraction, to meet its oxidative
metabolic needs. Protective mechanisms, collectively referred
to as autoregulation, have evolved to guard perfusion. Pres-
sure autoregulation refers to the ability of the brain to maintain
total and regional cerebral blood flow (CBF) nearly constant
despite large changes in systemic arterial blood pressure (Fig.
58.4) (121). Cerebral function seems to be maintained until

FIGURE 58.4. Autoregulation. Cerebral pressure autoregulation
refers to the ability of the brain to maintain total cerebral blood flow
(CBF) nearly constant between a broad range of mean arterial pressures
(MAPs). Cerebral function seems to be maintained until the mean ar-
terial pressure drops below 50 mm Hg. However, in the presence of
traumatic brain injury, autoregulation may become impaired, and the
brain may be more susceptible to changes in mean arterial pressure.

the mean arterial pressure drops below 50 to 60 mm Hg (122).
The factors that control cerebral autoregulation are not com-
pletely understood, but seem to include local carbon dioxide
and oxygen tension, and the so-called Bayliss effect (i.e., con-
traction or dilation of arteriolar smooth muscle in the presence
of increased or decreased intravascular pressure).

In the presence of neurotrauma, autoregulation is impaired
and the brain is exquisitely sensitive to secondary insults, such
as hypoxia and hypotension. Hemorrhagic shock and resuscita-
tion may also impair autoregulation because of endothelial cell
dysfunction and diminished NO-dependent vasodilator reac-
tivity, so that the brain may experience an oxygen deficit along
with metabolic and functional deterioration (52,87). However,
the vulnerability of the brain to anoxic injury is uncertain and
appears variable. The adequacy and the method of resuscita-
tion can critically influence postischemic recovery. These ob-
servations have motivated investigation of specific brain resus-
citation regimens (123–126). However, there are no conclusive
data that one modality provides improved outcomes.

Lung s

Hypovolemic shock is associated with a rise in minute ven-
tilation marked by tachypnea, hyperventilation, and a fall in
arterial PCO 2 (28,30,127–130). These changes are usually due
to a decrease in pulmonary perfusion, leading to an increase
in dead space ventilation. Thus, a higher minute ventilation
is necessary for a given CO 2 production (28,30,127). In addi-
tion, minute ventilation may need to increase further in order
to compensate for a metabolic acidosis following accumulation
of lactic acid in the blood. The imbalance between the increased
demands of the diaphragm and reduced blood flow in shock
may finally lead to respiratory muscle fatigue and respiratory
failure, requiring intubation (28). Therefore, early airway con-
trol is imperative in patients with severe hemorrhagic shock.

Hemorrhagic shock requiring massive transfusion also
increases the risk of acute respiratory distress syndrome
(129,130–132). Contributing factors include release of
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proinflammatory mediators; activation of neutrophils in the
lungs and other organs after reperfusion; contusion and/or
ischemia-reperfusion of the lung; pulmonary microemboli of
neutrophils, platelets, and fat particles from long bone frac-
tures; and induction of transfusion-related acute lung injury
(TRALI), which is discussed later in this chapter.

Kid ne y

Oliguria, as defined by a urinary output of less than 0.5
mL/kg/hour, is a cardinal manifestation of shock. However, the
pathogenesis of shock-related oliguria is more complex than
mere renal hypoperfusion (133–135). Blood flow to the kidney
is rarely reduced below 40% to 50% of normal levels, even in
the face of more severe reductions in overall cardiac output.
Thus, the decreased glomerular filtration rate results from ad-
ditional mechanisms. Sympathetic stimulation, circulating cat-
echolamines, angiotensin, and locally produced prostaglandins
contribute to afferent arteriolar vasoconstriction. These com-
pounds promote the redistribution of blood flow away from
cortical glomeruli toward the renal medulla (65). Vasodilation
of the efferent arteriole may amplify these changes. The net
effect is a decreased glomerular filtration rate and a decrease
in the energy needs of the kidney. Additional fluid (and salt)
conservation is promoted by the effects of aldosterone and an-
tidiuretic hormone.

If renal hypoperfusion persists, the cortical kidney will be-
come ischemic. Three pathologic changes are observed: (a)
tubular necrosis with back-diffusion of glomerular infiltrate,
(b) tubular obstruction by casts or other cellular debris, and
(c) tubular epithelial damage with consequent interstitial
edema and tubular collapse. Following hypovolemia and renal
ischemia, these pathologic changes may be secondary events
(i.e., reperfusion injury) that can amplify but rarely initiate
acute renal failure. The presence of these pathologic changes
partially explains why restoration of normal hemodynamic
function does not often lead to an immediate improvement in
renal function. Although irreversible renal failure from shock
alone is rare, fluid and electrolyte balance are often supported
by dialysis although normal perfusion has been restored.

Int e st ine

During hypovolemic shock, blood flow from intestine is redis-
tributed to other organs. The decrease in blood flow to the
gut is relatively greater than the decrease in cardiac output due
to the local vasoconstriction caused by catecholamines, vaso-
pressin, and angiotensin II (4,5,26,136–139). Ischemic injury
to the gut is manifested primarily by interstitial fluid sequestra-
tion and hemorrhage or necrosis of the mucosal lining, and is
most prominent in the stomach (139). Ulcer formation (140)
with exsanguinating hemorrhage can occur several days after
normal hemodynamic function has been restored (141). Break-
down of the gut epithelium creates a port of entry for transloca-
tion of bacteria or deleterious bacterial products (endotoxin)
(142,143). These factors may be important in the pathogen-
esis of irreversible shock (144) by releasing mediators to the
systemic circulation. The determination of mucosal pH via
tonometry has been described as a potential indicator of the
therapeutic response and a marker of MODS (145,146).

Live r

Hepatic perfusion declines during hypovolemic shock because
of diminished portal and hepatic arterial blood flow, roughly
in proportion to the fall in cardiac output (57,61,109,147–
150). Clinical manifestations of ischemic liver injury are not
usually apparent in the early stages of hemorrhagic shock, as
the organ participates in the release of acute-phase reactants.
As hepatic cells die, they release characteristic enzymes (i.e.,
aspartate aminotransferase, alanine aminotransferase) (151).
Occasionally, an obstructive picture with elevated bilirubin
and alkaline phosphatase predominates. Later, the synthesis
of coagulation factors, albumin, and prealbumin may deterio-
rate (152,153). Less clinically obvious is the impairment in the
reticuloendothelial system function. Impaired hepatic clearance
functions and reticuloendothelial system failure contribute to
continued circulation of vasoactive substances that can perpet-
uate shock. Hepatic ischemia may result in a diminished capac-
ity for metabolism of drugs and for gluconeogenesis from lac-
tate and amino acids, contributing to hypoglycemia in the late
stages of hypovolemic shock. The capacity to clear gut-derived
endotoxin and lactate may also decrease, and the ischemic liver
produces lactate (154). The appearance of “shock liver” with
massive hepatocellular necrosis is unusual and presents mainly
in patients with pre-existing liver conditions (155).

Sp le e n

The spleen contracts during hypovolemic shock, probably due
to an increased sympathetic tone, which results in the release of
red blood cells into the circulation (5,26). Changes in hemat-
ocrit during the early phase of bleeding probably underestimate
the severity of plasma losses. The spleen also releases stored
platelets.

Pancre as

The importance of the pancreas in the clinical picture in hemor-
rhagic shock has not been fully established. Older studies have
demonstrated that the pancreas becomes severely ischemic dur-
ing hypovolemic shock (156). Recently, much work has been
done to better elucidate the role of the pancreas following hem-
orrhage and reperfusion. Preliminary data suggest that follow-
ing hemorrhage, the mucosal barrier of the intestine becomes
ischemic and therefore has increased permeability to pancre-
atic enzymes. These digestive enzymes then gain access to the
wall of the intestine, initiating self-digestion of submucosal ex-
tracellular matrix proteins and interstitial cells. This initiates
the generation and release of a host of strong inflammatory
mediators, which may contribute to the multiorgan dysfunc-
tion syndrome. Recent investigations are focusing on protease
inhibition in the intestinal lumen as a means of attenuating the
inflammatory response following hemorrhage (157–163).

INFLAMMATORY RESPONSE
AND TISSUE INJURY

A detailed discussion of the inflammatory and immune re-
sponse to trauma and hemorrhage is beyond the scope of this
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chapter. However, several general concepts can be introduced.
Following hemorrhage and resuscitation, macrophages, includ-
ing lung macrophages and Kupffer cells in the liver, may release
proinflammatory cytokines including tumor necrosis factor
(TNF)-α and interleukin (IL)-1, -6, and -8. During reperfusion,
cytokines may induce and amplify the inflammatory response
to ischemia and may further induce local and remote organ
damage (148,164–174). The reperfused gut, for example, may,
together with the liver, be a source of systemically circulat-
ing cytokines, and possibly endotoxin. Release of mediators
into the mesenteric lymph, portal, or systemic circulations dur-
ing reperfusion may have deleterious effects on remote organs,
such as the lungs, due to neutrophil activation and adherence,
leading to pulmonary vascular injury with increased perme-
ability (165,168,169). Circulating levels of proinflammatory
cytokines may thus be of predictive value for remote organ
damage, including ARDS, after trauma and hemorrhage in pa-
tients (167,170).

Arachidonic acid makes up 20% of cell membranes and
is released from these membranes in response to a multi-
tude of stimuli that activate phospholipase A2 and C, and is
then metabolized via one of two major enzyme systems. The
cyclo-oxygenase pathway results in the production of throm-
boxanes and prostaglandins, while the lipoxygenase path-
way produces leukotrienes. Thromboxane has potent vaso-
constricting properties on both the pulmonary and splanchnic
circulation, promotes aggregation of thrombocytes and neu-
trophils, causes bronchoconstriction, and can lead to increased
vascular permeability. The prostaglandins have varied effects.
Prostacyclin (prostaglandin I2 [PGI2]) has potent vasodilating
properties and inhibits thrombocyte and neutrophil aggrega-
tion (175). PGE2 and PGD2 also have vasodilating proper-
ties, while other prostaglandins (PGF2α ) are potent vasocon-
strictors. Leukotrienes, which are produced by the lipoxy-
genase pathway, cause vasoconstriction and increased capil-
lary permeability and attract neutrophils (175). Thrombox-
ane, prostaglandins, and leukotrienes interact with other me-
diators in a complex fashion (175–179). Vasoconstricting
prostaglandins may be involved in the tissue damage during
ischemia/reperfusion. Vasodilating prostaglandins may be in-
volved in the vasodilated state of terminal hypovolemic shock
(3,175–179).

Platelet-activating factor (PAF) is a nonprotein phospho-
lipid, which is secreted by many cells including platelets, en-
dothelial cells, and inflammatory cells. It is a major media-
tor of the pulmonary and hemodynamic effects of endotoxin.
The major systemic effects of PAF are vasodilatation, cardiac
depression, and enhancement of capillary leak. Its complex
interactions with other mediators are still poorly understood
(180).

Antigen–antibody complexes activate the complement cas-
cade, and complement fragments thus generated can inter-
act with other cytokines to promulgate the inflammatory re-
sponse. Complement activation can yield potent vasodilating
and leukoattractant substances (175,177,181,182).

Oxygen radicals, such as hydrogen peroxide and superoxide
anion, are released by activated neutrophils in response to a va-
riety of stimuli. They are also released when xanthine oxidase
is activated after reperfusion in ischemia-reperfusion models.
These highly reactive products lead to cell membrane dysfunc-
tion, increased vascular permeability, and release of eicosanoids
(183–186).

This inflammatory process results in the local accumula-
tion of activated inflammatory cells, which release various
local toxins such as oxygen radicals, proteases, eicosanoids,
platelet-activating factor, and other substances. When unreg-
ulated, such accumulations can cause tissue injury. The ini-
tial attachment of neutrophils to the vascular endothelium at
an inflammatory site is facilitated by the interaction of adher-
ence molecules on the neutrophil and endothelial cell surfaces
(108,187–192).

IMMUNE FUNCTION
FOLLOWING HEMORRHAGE

AND RESUSCITATION
Despite the initiation of the inflammatory cascade, hypo-
volemic shock and resuscitation depress the immune system
by suppressing the function of lymphocytes, macrophages, and
neutrophils, depressing both humoral and cellular immune re-
sponses, decreasing antigen presentation and delayed hyper-
sensitivity to skin-test antigens, and increasing susceptibility to
sepsis (63,166,193–198). The immune consequences of hem-
orrhage and resuscitation differ among cell populations, how-
ever, with some cells expressing enhanced (199–201) and others
diminished inflammatory responses (202,203). Hormone may
also influence immune response (204,205). The immunosup-
pression after hypovolemic shock may also be potentiated by
the release of anti-inflammatory cytokines (IL-10) (206–208)
and soluble cytokine receptors (receptor antagonists) for the
proinflammatory cytokines (203,209,210).

MANAGEMENT OF
HEMORRHAGIC SHOCK

Trauma is by far the most common etiology for hemorrhagic
shock. While other causes do exist, management priorities are
similar regardless of the source of bleeding. Diagnosis, evalua-
tion, and management must often occur simultaneously. A me-
thodical approach is necessary to optimize outcome. Unique to
hemorrhagic shock, as opposed to other forms of shock, is that
definitive management frequently requires surgical or procedu-
ral intervention to cease bleeding. The diagnostic pathway and
interventions pursued become part of the resuscitation path-
way. What follows is a summary of the interventions, diagnos-
tic studies, monitoring strategies, and resuscitation techniques
for hemorrhagic shock.

Imme d iat e Manag e me nt

Airway and Bre at hing
When approaching any patient in shock, the sequence of events
should be to address the issues of airway, breathing, and
circulation—also known as the “ABCs” (211). Most patients
with fully developed shock require tracheal intubation and me-
chanical ventilation, even if acute respiratory failure has not yet
developed. Studies have shown that during shock, the respira-
tory muscles require a disproportionate percent of the cardiac
output (28). Failure to mount a hyperventilatory response to
a metabolic acidosis is a significant predictor of the need for
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subsequent intubation in trauma patients (212). Mechanical
ventilation allows flow to be redistributed, lessens the work of
breathing, may help reverse lactic acidosis, and supports the
patient’s airway until other therapeutic measures can be effec-
tive. Tracheal intubation is also required if there is evidence of
mental status changes, such that airway protection is question-
able. Evidence of hypoxemia and/or hypoventilation is also an
absolute requirement for early intubation.

Perhaps most complex is the patient with evidence of com-
pensated hemorrhagic shock whose mental status is still intact.
In this type of patient, clinical acumen is imperative. If the initial
response to resuscitation is sustained (i.e., “a responder”—see
below), then close observation of the airway may be appro-
priate while additional workup and treatment are pursued.
However, in a patient who is not responsive or has a tran-
sient response (see below) to fluid resuscitation, control of the
airway early is necessary prior to respiratory collapse (212).
In addition, if diagnostic and therapeutic interventions, such
as angiography and embolization, are required during resusci-
tation to control hemorrhage, early airway control should be
obtained.

Once the airway is secured, it is important to closely moni-
tor techniques of ventilation. Studies have shown that there is a
tendency of rescue and medical personnel to hyperventilate pa-
tients during resuscitation (213,214). Hyperventilated patients
have been shown to have an increased mortality when com-
pared to nonhyperventilated patients in the setting of severe
traumatic brain injury (214). Animal studies have supported
this information, showing that cardiac output increases with
hypoventilation and decreases with hyperventilation and posi-
tive end-expiratory pressure (PEEP) (215,216). Thus, adequate
appropriate ventilator strategies are imperative early in hem-
orrhagic shock to optimize tissue perfusion and outcome.

Circulat ion
The management steps to restore adequate circulation are
threefold:

1. Secure access to the bloodstream in order to initiate infusion
of fluids and blood products

2. Control obvious sources of hemorrhage and prevent ongo-
ing hemorrhage

3. Assess extent of shock and hemorrhage

Intravenous Access. Access to the bloodstream should be
obtained expediently. Two peripheral large-bore intravenous
catheters (18 gauge or larger) are necessary. If cannulation of
a peripheral vein is difficult due to collapse, then central ve-
nous access should be secured. In the presence of trauma to
the torso, venous access above and below the diaphragm is
preferable. When obtaining intravenous access, it is important
to note that the maximal rate of infusion via a catheter is di-
rectly proportional to the diameter of the catheter and indi-
rectly proportional to the length. Therefore, a 9 French percu-
taneous introducer sheath will infuse fluids more rapidly than
a 7 French triple-lumen catheter. A large-bore peripheral intra-
venous catheter will also infuse fluids more rapidly than a 7
French triple lumen catheter due to a shorter length and less
resistance. In pediatric patients, an intraosseous access may be
necessary. This is only recommended for children under the
age of 6 and should only be used until an alternative source of
venous access is obtained.

Control Obvious Hemorrhage Immediately. Resuscitation of
the bleeding patient requires early identification of potential
bleeding sources followed by prompt action to minimize blood
loss, restore tissue perfusion, and achieve hemodynamic stabil-
ity. This is particularly important in the trauma patient where
multiple sources may be involved. Wound compression is the
initial maneuver to control an exsanguinating wound. For mas-
sive soft tissue injuries, placing a tourniquet proximally may
decrease hemorrhage and allow resuscitation prior to defini-
tive control. Fractures should be splinted or placed in traction.
Evidence of pelvic instability or hemorrhage may be tempo-
rized by a sheet, a pelvic binder, an external fixator, or a pelvic
C-clamp (217–220). In the presence of massive trauma, patients
may present with coagulopathy in the emergency department
and this should be preemptively addressed. The same principles
should be applied to nontraumatic hemorrhagic shock, such
as gastrointestinal bleeding and ruptured aortic aneurysms:
rapidly identify and attenuate the obvious sources of hemor-
rhage.

Initiate Resuscitation and Assess Extent of Bleeding: Respon-
ders and Nonresponders. The traditional classification of hem-
orrhagic shock was discussed earlier (Table 58.3). While this
is a useful guideline for determining the extent of blood loss
for a given patient, perhaps more important in determining
an appropriate treatment algorithm is the patient’s response
to resuscitation. Following hemorrhage, resuscitation should
be initiated with 2 L of lactated Ringer solution or isotonic
crystalloid solution. The response to this initial fluid bolus will
provide critical insight as to the presence of ongoing hemor-
rhage and need for surgical intervention (Table 58.4) (221).

Rapid responders become hemodynamically normal and re-
main this way following the initial fluid bolus. This group of
patients has likely lost < 20% of their total circulating blood
volume, and ongoing aggressive resuscitation is not necessary.
Intravenous fluids can be lowered to maintenance rates while
additional workup proceeds. Blood should still be sent for type
and cross-match and should be made available. Retrospective
studies have shown that patients with field hypotension who
become normotensive on arrival to the emergency department
have increased morbidity, mortality, need for operation, and
admission rate to the intensive care unit (ICU) (222–224). Ap-
proximately 15% of these patients will need transfusion, with
37% requiring therapeutic surgery (224). Hence, even a brief
episode of hypotension can be a marker for significant under-
lying injury.

Transient responders represent a group of patients who ini-
tially respond to a 2-L bolus of crystalloid, but then begin to
show signs of deterioration when intravenous fluid infusion
is lowered to maintenance levels. These patients have likely
lost 20% to 40% of their circulating blood volume, and ei-
ther have ongoing blood loss or inadequate resuscitation. Con-
tinued fluid resuscitation and initiation of blood transfusion
are indicated. A transient response to blood infusion indicates
ongoing hemorrhage. Rapid surgical intervention or angioem-
bolization (225–228) to control hemorrhage is immediately in-
dicated.

N onresponders represent patients who fail to respond to
crystalloid and blood administration in the emergency depart-
ment. These patients have likely lost > 40% of their circula-
tion blood volume and have ongoing hemorrhage. Immediate
control of hemorrhage is necessary via surgical intervention
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TA BLE 5 8 . 4

RESPONSE TO INITIAL FLUID RESUSCITATION AND PATIENT MANAGEMENT

Rapid response Transient response No response

Vital signs Return to normal Transient response,
recurrent hypotension,
and/or tachycardia

Remains abnormal

Estimated blood loss Minimal (10% –20% ) Moderate (20% –40% ) Severe (> 40% )
Additional crystalloid Unlikely Yes Yes
Need for blood transfusion Unlikely Moderate to high Immediate
Blood preparation Type and cross-match

(30–60 min)
Type-specific (10–20 min) Emergency blood release

(immediate type O Rh-negative blood)
Operative intervention Possible Likely Highly likely
Early presence of surgeon Yes Yes Yes

Adapted from American College of Surgeons Committee on Trauma. Shock. In: Advanced Trauma Life Support. 7th ed. American College of Surgeons
Chicago, IL; 2004:79.

or angioembolization in the face of significant pelvic fractures
(225–228). On rare occasions, failure to respond to fluid ad-
ministration may be due to pump failure as a result of blunt
cardiac injury, cardiac tamponade, tension pneumothorax, or
myocardial infarction. Central venous pressure monitoring and
cardiac ultrasonography may help differentiate between vari-
ous etiologies in this setting.

Emergency Department Resuscitative Thoracotomy. Resusci-
tative thoracotomy is occasionally indicated for exsanguinat-
ing hemorrhage. In trauma, indications for resuscitative thora-
cotomy include (a) patients with penetrating thoracic injuries
who arrive pulseless, but with myocardial electrical activity,
and (b) blunt trauma patients who have vital signs on arrival
but then sustain a witnessed arrest or onset of pulseless electri-
cal activity. Specific recommendations are listed in Table 58.5.
Therapeutic maneuvers that can be attained with a resuscita-
tive thoracotomy include (a) evacuation of pericardial blood
causing tamponade, (b) direct control of exsanguinating tho-
racic or cardiac hemorrhage, (c) open cardiac massage, and
(d) cross-clamping of the descending aorta to slow blood loss
below the diaphragm and improve perfusion to the heart and
brain.

Depending on the cause of injury, the overall mortality rate
in these situations is extremely high (229–231). The highest
survival rates are found in patients with isolated cardiac in-
jury without loss of vital signs (approximately 35% ). Some
reports of thoracic aortic cross-clamping for exsanguinating
intra-abdominal hemorrhage have reported survival rates of
nearly one third (231,232), but this is mainly in the setting of
penetrating abdominal trauma. Survival rates following resus-
citative thoracotomy in blunt trauma are dismal, ranging from
0% to 5% . Aortic cross-clamping should be viewed as an ad-
junct to other initial hemorrhage control measures. It has not
been established whether thoracic aortic clamping should be
performed before or after the abdominal incision, or whether
thoracic or intra-abdominal aortic cross-clamping is more ef-
fective (233). However, when aortic cross-clamping is deemed
necessary for continuous bleeding or low blood pressure, the
prognosis is generally poor (234). No clinical data exist for
the use of emergency room thoracotomy in nontrauma infra-
diaphragmatic bleeding.

Adjunctive Measures. Historical teachings have been that tilt-
ing a patient into head-down position (i.e., Trendelenburg) di-
verts blood volume into the central circulation and improves
venous return, thereby improving stroke volume and cardiac
output in hypovolemic shock. However, recent studies do not
show any significant redistribution of blood volume centrally
(235). In fact, the head-down position can worsen gas exchange
and cardiac function. Therefore, the Trendelenburg position is
no longer recommended as a resuscitative technique. If this type
of measure is deemed desirable, raising the legs above the level
of the heart should be adequate (13).

TA BLE 5 8 . 5

INDICATIONS AND CONTRAINDICATIONS FOR
EMERGENCY DEPARTMENT RESUSCITATIVE
THORACOTOMY

INDICATIONS
Salvageable postinjury cardiac arrest
■ Patients sustaining witnessed penetrating trauma with < 15

min of prehospital cardiopulmonary resuscitation (CPR)
■ Patients sustaining witnessed blunt trauma with < 5 min of

prehospital CPR

Persistent severe postinjury hypotension (systolic blood
pressure ≤ 60 mm Hg) due to:

■ Cardiac tamponade
■ Hemorrhage—intrathoracic, intra-abdominal, extremity,

cervical
■ Air embolism

CONTRAINDICATIONS
■ Penetrating trauma: CPR > 15 min, and

No signs of lifea

■ Blunt trauma: CPR > 5 min, and
No signs of lifea or asystole

aNo signs of life = no pupillary response, respiratory effort, or motor
activity.
Adapted from Cothren CC, Moore EE. Emergency department
thoracotomy for the critically injured patient: objectives, indications,
and outcomes. World J Emerg Surg. 2006;1:4.
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The use of pneumatic antishock garments (PASGs, previ-
ously military antishock trousers [MAST]) currently has a lim-
ited role in the management of hypotensive trauma patients.
Although their use was almost universal for hemorrhage con-
trol in the late 1970s and 1980s, recent studies have demon-
strated that they have no effect on patients with thoracic injury.
In fact, some evidence suggests that mortality is higher when
PASGs are applied (236,237). No survival advantage has been
demonstrated in the pediatric population, although there may
be a small survival benefit in children with a systolic blood pres-
sure of less than 50 mm Hg (238). The main utility of PASGs
currently is as a temporizing agent to stabilize pelvic fractures.

Fluid Re suscit at ion

Careful attention to fluid resuscitation is necessary during man-
agement of hemorrhagic shock to optimize outcome. It is still
unclear which type of fluid should be employed in the initial
treatment of the bleeding patient.

Collo id s ve rsus Cryst allo id s
Several meta-analyses have shown an increased risk of death
in patients resuscitated with colloids as compared with crys-
talloids (239–243) during hemorrhagic shock. While three of
these studies suggested that the effect was particularly signifi-
cant in the trauma population (239,242,243), the results of a
recent meta-analysis showed no significant difference (244). A
recent trial evaluating 4% albumin versus 0.9% normal saline
in nearly 7,000 ICU patients showed that albumin adminis-
tration was not associated with worse outcome. There was a
trend, however, toward higher mortality in the trauma sub-
group that received albumin (p = 0.06) (245). The difficulty
with interpreting these meta-analyses and the individual stud-
ies is that they are very heterogenous. Each evaluates different
patient populations and resuscitation strategies, and mortal-
ity may not always be a primary end point. However, given
these results, crystalloid resuscitation is currently the accepted
standard as initial therapy for hemorrhagic shock.

Many synthetic colloid solutions such as hetastarch and
dextran have also been associated with coagulopathy. Recent
research suggests that hetastarch solutions with a high mean
molecular weight and a high C2/C6 ratio suppress coagulation
more than solutions with rapidly degradable low-molecular-
weight colloids (246–248). This coagulopathy may be pro-
duced by one of several potential mechanisms including a re-
duction in von Willebrand factor, platelet dysfunction, reduced
factor VII levels, and an interaction with fibrinogen (249,250).

Crystalloid solutions are not without side effects. Resus-
citation with fluids that contain supraphysiologic concentra-
tions of chloride can lead to hyperchloremic acidosis. This can
be significant in patients where lactic acidosis may already be
present. Lactated Ringer solution contains a more physiologic
concentration of chloride (109 mEq/L) than normal saline (NS
154 mEq/L), and therefore may be the preferred choice. Animal
studies have also shown that resuscitation with normal saline
can lead to more coagulopathy and increased blood loss than
resuscitation with lactated Ringer solution (251).

Massive resuscitation with crystalloid fluids alone can lead
to several significant complications including cardiac and pul-
monary complications, gastrointestinal dysmotility, coagula-
tion abnormalities, and immunologic dysfunction (252). Re-

ports of lactated Ringer solution and normal saline increasing
reperfusion injury and leukocyte adhesion suggest that crys-
talloid resuscitation may worsen acidosis and coagulopathy
in severely injured patients and possibly increases the risk of
ARDS, systemic inflammatory response syndrome (SIRS), and
multiorgan failure (MOF) (252–256). Abdominal compart-
ment syndrome has been clearly associated with excessive use
of crystalloid resuscitation (50,257–261). Recently, there has
been increased focus on early use of blood products in order
to minimize crystalloid use in the resuscitation of hemorrhagic
shock (262). Finally, resuscitation strategies that focus on early
aggressive fluid resuscitation to normalize blood pressure be-
fore bleeding is controlled may result in increased hemorrhage
and increased mortality. This has led some authors to suggest
that “hypotensive resuscitation” should be the goal until the
source of hemorrhage is controlled (263–265). However, the
exact goals for mean arterial pressure and trigger points for
bleeding have not been established. The potential adverse se-
quelae when used in patients with associated injuries or comor-
bidities (i.e., severe closed head injury) have not been clearly
established (266).

In light of these potential sequelae of resuscitation, future
research should focus on improvement in fluid composition and
adjuncts to the administration of large volumes of fluid (266).
Current strategies should focus on the type of fluid delivered,
the rate of delivery, the timing of delivery, and the prevention
of sequelae from large-volume resuscitation.

Pre ve nt ing Hyp ot he rmia
All fluids during resuscitation from hemorrhagic shock should
be warmed to prevent hypothermia. Equipment is now avail-
able that allows the rapid infusion of blood and/or crystalloids
at warmed temperatures (i.e., up to 750 mL fluid per minute
warmed to over 37◦C). This newer equipment is more effec-
tive and efficient and results in fewer complications associated
with earlier models (such as air embolism and bacterial con-
tamination) (267). Other techniques during resuscitation that
can be used to prevent hypothermia in the acutely hemorrhag-
ing patient include warming the circuit on the ventilator in
ventilated patients, ensuring the patient is covered with warm
blankets at all times following exposure and thorough exami-
nation, warming the resuscitation and operating rooms, using
external warming blankets such as the Baer hugger during re-
suscitation and in the operating room, and using warm water
blankets on the operating room table during exploratory oper-
ations. Hypothermia is clearly associated with increased mor-
tality following resuscitation from hemorrhagic shock (268),
and every attempt to prevent or minimize its occurrence and
severity should be employed.

DIAGNOSTIC APPROACH
If no obvious source of external bleeding is identified, a rapid
evaluation should be performed to identify likely occult sources
of bleeding. In the trauma patient, significant internal hemor-
rhage can occur in four defined regions: the thoracic cavity,
the peritoneal cavity, the retroperitoneum, and extremity frac-
tures. These areas can be rapidly assessed via chest radiograph,
a pelvic radiograph, FAST, and physical examination of ex-
tremities along with appropriate radiographs. In-depth cover-
age of the diagnosis of abdominal trauma is provided in a later
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chapter of this book. In nontrauma patients without clear ev-
idence of bleeding, the gastrointestinal tract should be rapidly
evaluated via nasogastric tube, rectal examination, and en-
doscopy where appropriate. Additional diagnostic tests can be
obtained based on clinical history, patient background, and
condition. Abdominal aortic aneurysms can be identified on
physical examination, by ultrasound, or by calcifications on
abdominal radiograph. In selected instances, angiography may
be used to identify and treat sources of hemorrhage not oth-
erwise apparent (pelvic fractures, pancreatitis, lower gastroin-
testinal bleeding) (225–228,269–277). This should only be in-
stituted when a specific source of hemorrhage is highly likely
and therapeutic intervention is sought. Computed tomography
should never be sought in hemodynamically unstable patients
with hemorrhage.

Lab orat ory Te st ing and
Monit oring of Re suscit at ion

Me asure me nt of Ble e d ing
Hematocrit/Hemoglobin. Hemoglobin and hematocrit mea-
surements have long been part of the basic diagnostic workup
of patients with hemorrhage and/or trauma. However, in pa-
tients with rapid bleeding, a single hematocrit measurement
on presentation to the emergency department may not reflect
the degree of hemorrhage. In a short transport or presentation
time, prior to initiation of resuscitation, the body’s compen-
satory mechanisms for fluid retention and resorption into the
vascular space have not taken place, and initial hematocrit lev-
els may remain stable despite significant blood loss. A retro-
spective study of 524 trauma patients (278) determined that
the initial hematocrit had a sensitivity of only 0.50 for detect-
ing patients with an extent of traumatic hemorrhage requir-
ing surgery. The diagnostic value is further confounded by the
administration of intravenous fluids and red cell concentrates
during resuscitation (278–281).

Two prospective observational studies determined the sen-
sitivity of serial hematocrit measurements for detecting pa-
tients with severe injury (282,283). In the first study (282),
the authors compared values of hematocrit at admission and
15 minutes and 30 minutes following arrival to the emergency
department. A normal hematocrit on admission did not pre-
clude significant injury. The mean change in hematocrit levels
between arrival and 15 minutes, and 15 minutes and 30 min-
utes was not significantly different in patients with or without
serious injuries. However, a decrease of hematocrit by > 6.5%
at 15 and 30 minutes had a high specificity for injury (0.93–
1.0), but a low sensitivity (0.13–0.16).

Another prospective observational study examined the util-
ity of serial hematocrit measurements during the initial 4 hours
following admission (283). A significant limitation to this study
is that they removed patients who required a blood transfusion
in order to eliminate confounding variables. In the remaining
494 patients, a decrease in hematocrit of more than 10% be-
tween admission and 4 hours was highly specific for severe
injury (0.92–0.96), but again, it was not sensitive (0.09–0.27).

Overall, decreasing hematocrit levels over time may reflect
continued bleeding. However, patients with significant bleed-
ing may maintain their hematocrit level, especially in the ab-
sence of resuscitation. Conversely, hematocrit levels may also

be confounded by aggressive fluid resuscitation early during
resuscitation (278–281). An initial hematocrit level will help
to identify patients who present with pre-existing anemia who
may have a lower threshold for hemorrhage. The hematocrit
level should be used in conjunction with other measures of
perfusion in order to determine the presence of occult hemor-
rhage.

Me asure me nt s of Pe rfusion
Lactate. Lactate was initially suggested as a diagnostic parame-
ter and prognostic indicator of hemorrhagic shock in the 1960s
(284). Substantial data exist that lactate levels as a marker
of tissue oxygen debt can predict outcome in various forms
of shock (60,285–288). In 1983, Vincent et al. performed a
prospective study on 27 patients with circulatory shock and
concluded that changes in lactate concentrations provided an
early and objective evaluation of a patient’s response to therapy
(289). However, its overall utility has been questioned by some
because it is felt to be a late marker of tissue hypoperfusion,
can be affected by hepatic function, and can be influenced by
glycolysis and alkalosis (290–293).

Despite these concerns, data do exist showing that the
amount of lactate produced by anaerobic glycolysis is an accu-
rate indirect marker of oxygen debt, tissue hypoperfusion, and
the severity of hemorrhagic shock (294–305). In many forms
of shock, arterial lactate levels above 2 mEq/L have been asso-
ciated with increased mortality (286,287,300,305). However,
during hemorrhage, not only is the initial lactate level impor-
tant, but also the rate of clearance (298,299). Two prospective
studies confirm this. In one prospective observational study
(298), 76 patients with multiple trauma were analyzed with
respect to clearance of lactate between survivors and nonsur-
vivors over 48 hours. If lactate normalized within 24 hours, sur-
vival was 100% . Survival decreased to 77.8% if normalization
occurred within 48 hours, and to 13.6% in those in whom lac-
tate levels remained elevated above 2 mEq/L for more than 48
hours. This was confirmed in another prospective study of 129
trauma patients (299) in which initial lactate levels were higher
in nonsurvivors. A prolonged time to normalization (> 24
hours) was associated with the development of posttraumatic
organ failure. Finally, venous lactate has been shown to be an
excellent approximation for arterial lactate in acute trauma
patients and is a useful marker for significant injury (306).

Taken together, these studies suggest that both the initial
lactate level and the rate of clearance are reliable indicators of
morbidity and mortality following trauma. However, whether
lactate should be used as an end point of resuscitation or is
merely a marker of tissue ischemia has not been clearly estab-
lished.

Base Deficit. Base deficit values derived from arterial blood gas
analysis have also been shown to provide an indirect estima-
tion of tissue acidosis due to impaired perfusion (294,296,297,
300–303). However, base deficit can be affected by resuscita-
tion fluids (hyperchloremic metabolic acidosis) and exogenous
administration of sodium bicarbonate. Despite these potential
drawbacks, initial base deficit has been shown in several ret-
rospective studies to correlate with transfusion requirements,
organ dysfunction, morbidity, and mortality following trauma
(307–313). The magnitude and severity of the base deficit also
correlates to outcome, and is useful in both pediatric and el-
derly patients (307,310–312). Base deficit has been shown to
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be a better predictor of outcome than pH alone following trau-
matic injury (309). Recently, serum bicarbonate levels have
been shown to be an appropriate surrogate for arterial base
deficit in the ICU (314–315).

Lactate versus Base Deficit. Although many studies have
shown that both base deficit and serum lactate levels correlate
with outcome following trauma and hemorrhage, these two pa-
rameters do not always correlate with each other (304,316). In
fact, lactate has been found to be a superior predictor of mor-
tality as compared to base deficit in a recent study of patients
in the intensive care unit following trauma (304). Both base
deficit and lactate have been shown to correlate to outcome
in nontraumatic etiologies of hemorrhagic shock (268,317).
Given that there are confounding variables following trauma
that can affect measured levels of both lactate and base deficit,
independent assessment of both parameters along with the pa-
tient’s clinical condition is recommended for the evaluation of
shock in trauma patients.

Me asure me nt of Coag ulop at hy
Standard Coagulation Studies. Coagulopathy associated with
hemorrhagic shock may be due to one of several etiologies:
(a) iatrogenic, in which a dilutional coagulopathy develops
due to inadequate resuscitation with clotting factors and blood
products; (b) premorbid, in which some patients may have a
pre-existing coagulopathy due to underlying disease (such as
cirrhosis, hemophilia, von Willebrand, renal failure, etc.); and
(c) acute traumatic coagulopathy, in which coagulopathy af-
ter trauma is common. Traditional teachings have been that
this coagulopathy is not inherent, but rather iatrogenic, due to
dilution from intravenous fluid therapy, massive blood transfu-
sions, progressive hypothermia, and acidosis. Recent literature
has now determined that an inherent acute traumatic coagu-
lopathy is present in up to 30% of patients who present to
the emergency department immediately following trauma and
is an independent predictor of morbidity and mortality (318–
321). Therefore, acute measurement of coagulation parameters
during resuscitation from hemorrhagic shock is indicated.

Traditional studies of coagulation include prothrombin time
(PT), activated partial thromboplastin time (aPTT), fibrinogen
level, and platelet count. Although no tightly controlled trials
have been performed, current recommendations for therapeu-
tic end points in hemorrhagic shock include maintaining PT
and aPTT at less than 1.5 times the normal value, maintaining
a platelet count of > 100 in patients with active bleeding or
traumatic brain injury, and maintaining a fibrinogen level of
> 1 g/L (229,322,323) (Table 58.6).

While these laboratory studies are standard, they do present
several drawbacks. To begin, in vivo coagulation depends on
the interaction between platelets and coagulation factor en-
zymes. Laboratory values of PT and aPTT are performed on
platelet-poor plasma and fail to evaluate the cellular interac-
tions of clotting. PT and aPTT measurements also do not take
into account hypothermia-induced coagulopathy because sam-
ples are warmed prior to measurement. Platelet and fibrinogen
assays give numerical values, but fail to assess function. Fi-
nally, each of these tests takes time, up to 30 to 45 minutes.
This lag time makes these studies clinically inefficient because
when the results become available, they may not truly reflect
the patient’s clinical condition. During resuscitation, actively
bleeding patients are in a constant state of flux. Alternative
point-of-care testing such as the iSTAT handheld analyzer can
provide rapid bedside results, but is currently limited to ac-
tivated clotting time (ACT) and PT/international normalized
ratio (INR) (250). The clinical implications of acute trauma
coagulopathy and clinical testing are discussed further later in
this chapter.

Thromboelastograph Analyzer. The thromboelastograph (TEG)
analyzer is a bedside machine that provides a functional eval-
uation of overall coagulation on whole blood at the same tem-
perature as the patient. The TEG has been shown to be a
more sensitive measure of coagulation disorders than standard
coagulation measures (324). The thromboelastograph assay
provides a tracing that measures clotting (R value), clot for-
mation (α angle), clot strength (maximum amplitude [MA]),
and clot lysis (LY 30) (Fig. 58.5). Elongation of the R value
represents a deficiency in coagulation factors. The α angle

TA BLE 5 8 . 6

TRANSFUSION GUIDELINES FOR PATIENTS WITH COAGULOPATHY AND
HEMORRHAGE OR TRAUMATIC INJURY

GOALS RECOMMENDED THERAPY

Hematologic/coagulation parameters Blood products

Hemoglobin/hematocrit
■ Hgb > 7.0 g/dL
■ Hemodynamic stability

Packed red blood cells

Prothrombin time < 1.5 times normal Fresh frozen plasma
Prothrombin complex concentrate

Activated partial prothrombin time < 1.5 times normal Fresh frozen plasma
Fibrinogen > 100 g/dL Cryoprecipitate
Platelets > 50 × 109 per liter (stable, nonbleeding

patient)
Platelets > 100 × 109 per liter (acute, bleeding patient)

Platelet transfusion
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FIGURE 58.5. Thromboelastogram. The thromboelastograph (TEG)
analyzer is a bedside machine that provides a functional evaluation of
overall coagulation on whole blood at the same temperature as the pa-
tient. The thromboelastograph assay provides a tracing that measures
time to clot formation (R value), speed to a certain clot strength (K
value), rate of clot formation (α angle), overall clot strength (maxi-
mum amplitude [MA]) and clot lysis (LY 30).

represents the rate of fibrin accumulation and cross-linking,
which can be affected by fibrinogen function and, to a lesser
degree, platelet function. The MA is a measure of clot strength
and is affected primarily by platelets and, to a lesser degree,
fibrinogen. A study investigating the utility of the TEG in
trauma patients found that 65% of patients were hypercoag-
ulable and 10% were hypocoagulable. Of the seven hypoco-
agulable patients, only one had an elevated PT and PTT, but
six of seven required blood transfusion (325). Only the In-
jury Severity Score (ISS) and TEG were predictive of early
transfusion.

A large volume of literature exists describing the use of the
TEG in various settings including trauma, transplant, and car-
diac surgery (250,325–330). However, despite its many ad-
vantages, the TEG has not become the standard of care for
measurement of coagulopathy. Using the TEG, whole blood
samples must be run within 3 to 4 minutes of collection, neces-
sitating the presence of multiple machines in critical areas of
the hospital. Quality control of each of these machines is work
intensive. Differences due to age, gender, blood collection sites,
and sample stability have been raised (331–336). Finally, ac-
curate readings require appropriate processing, and intensive
ongoing education of hospital staff would be necessary to en-
sure accurate results. Although the real-time functional results
of routine TEG analysis would be clinically useful, the current
processing and maintenance requirements make it impractical
for routine use.

RAPID DEFINITIVE
CONTROL OF BLEEDING

Multiple studies have confirmed that patients in need of emer-
gency surgery for ongoing hemorrhage have a better survival
if the elapsed time to definitive care is minimized (337–347).
Those patients with unnecessary delays in diagnosis and defini-
tive treatment will have increased morbidity and mortality

(344). Although there are no prospective randomized trials
confirming this, multiple retrospective studies provide ample
data to confirm the validity of this strategy. In trauma, early
surgical control of hemorrhage has been associated with im-
proved survival in penetrating vascular injuries (337), duode-
nal injuries (338), and polytrauma patients in extremis (339). A
multicenter retrospective review of over 500 deaths in the op-
erating room concluded that delayed transfer to the operating
room was a cause of death that could be avoided by short-
ening the time to diagnosis and resuscitation (348). Similar
results have been documented in the treatment of patients with
ruptured abdominal aortic aneurysms who are hemodynami-
cally unstable (345–347). The benefit for rapid transport time
to the operating room is not as dramatic for patients who are
hemodynamically stable following ruptured abdominal aortic
aneurysm (AAA), implying that ongoing hemorrhage has been
arrested in this group of patients.

The development of trauma systems has significantly con-
tributed to improved trauma outcomes by triaging more
severely injured patients to hospitals that have systems in
place to rapidly diagnose, resuscitate, and definitively treat pa-
tients with hemorrhagic shock (340–343). The implementa-
tion of trauma systems has resulted in improved outcomes in
severely injured patients, decreased time to operating room in
hypotensive patients, decreased complications, decreased hos-
pital length of stay, and decreased mortality, especially in pa-
tients with severe injury as measured by an ISS of > 15 (343).
Definitive prompt care is critical to optimize outcomes in pa-
tients with trauma and hemorrhage.

LETHAL TRIAD OF
RESUSCITATION: HYPOTHERMIA,
ACIDOSIS, AND COAGULOPATHY

Patients with severe hemorrhagic shock requiring massive re-
suscitation are at risk for exhaustion of their physiologic re-
serves, leading to irreversible shock and the inability to re-
cover despite ongoing resuscitation. The common denominator
in these patients is the development of the “ lethal triad,”
“bloody vicious cycle,” or “spiral of death”—terms used
to describe the combination of profound acidosis, hypother-
mia, and coagulopathy (Fig. 58.6). Each of these factors has
been independently associated with increased risk of death

Metabolic Components  of Shock

HYPOTHERMIA COAGULOPATHY

ACIDOSIS

DEATH

FIGURE 58.6. Lethal triad of hemorrhagic shock. The development
of acidosis, hypothermia, and coagulopathy during resuscitation from
hemorrhagic shock is described as the “lethal triad,” “bloody vicious
cycle,” or “spiral of death.” Each of these factors has been indepen-
dently associated with mortality. There is a cumulative synergistic effect
for each of these variables, such that irreversible shock may develop if
all factors are present.
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(268,303,319,349–354). There also seems to be a cumulative
synergistic effect for each of these risk factors in patients with
hemorrhagic shock. In one retrospective study of 39 patients
with abdominal packing for surgically uncontrollable bleed-
ing (351), five risk factors for death were identified: pH < 7.18,
temperature ≤ 33◦C, PT ≥ 16, PTT ≥ 50, and transfusion greater
than 10 units of blood. Patients with zero to one risk factor had
an 18% mortality, two to three risk factors 83% mortality, and
four to five risk factors 100% mortality. Similar findings were
reported by Cosgriff et al., who identified risk factors for the
development of life-threatening coagulopathy (352). Patients
with an ISS of > 25, pH < 7.1, temperature less than 34◦C,
and systolic blood pressure ≤ 70 mm Hg had a 98% chance
of developing life-threatening coagulopathy, whereas patients
with none of these risk factors had a 1% chance of developing
coagulopathy.

The development of profound acidosis, hypothermia, and
coagulopathy is a lethal combination in patients during the re-
suscitation from hemorrhagic shock. Resuscitation strategies
should be designed at limiting the development of these com-
plications.

Damag e Cont ro l Lap aro t omy

Damage control laparotomy (355) is a concept that was ini-
tially introduced by Pringle in 1908 when he described the
use of hepatic sutures over packs to control bleeding. In 1913,
Halsted detailed the procedure and modified its techniques.
During World War II, damage control laparotomy fell out of
favor and was not reintroduced until 1955 when Madding et
al. reported the use of packs to temporize intraoperative bleed-
ing, but felt that they needed to be removed prior to abdomi-
nal closure. In the 1970s, Ledgerwood had successful case re-
ports using abdominal packing to control bleeding following
trauma. However, the modern era of damage control laparo-
tomy is attributed to Stone et al. who, in 1983, described the
techniques of abbreviated laparotomy, packing to control hem-
orrhage, and deferred definitive surgical repair of injuries until
coagulation had been established (356). Since then, a num-
ber of authors have described the beneficial effects of damage
control laparotomy (357–366). Although retrospective, stud-
ies have documented a nearly 50% decrease in operative times
for the most severely injured patients treated by this approach
and salvage rates of 20% to 60% in patients who would have
formerly died in the operating room (351,353,358,367).

The principle of damage control surgery is to obtain rapid
control of hemorrhage and contamination, with early com-
pletion of the operation, with a goal to restore normal phys-
iology as opposed to normal anatomy (Table 58.7). The
ultimate goal is to prevent patients from exhausting their phys-
iologic reserves by developing the “ lethal triad of death,” or
profound hypothermia, acidosis, and coagulopathy. Damage
control surgery has three basic components. First, an abbrevi-
ated laparotomy for control of bleeding, control of contami-
nation, and restitution of blood flow are necessary. The goal
is to achieve these end points as quickly as possible without
spending unnecessary time on traditional organ repairs that
can be performed at a later time. The abdomen is packed and
a temporary abdominal closure is performed (Fig. 58.7). The
second component involves treatment in the intensive care unit
that is focused on core rewarming, correction of acidosis, and
reversal of coagulopathy, as well as optimizing ventilation and
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DAMAGE CONTROL LAPAROTOMY AND DAMAGE
CONTROL RESUSCITATION

DAMAGE CONTROL LAPAROTOMY
1. Abbreviated laparotomy (initial procedure)
● Control of bleeding
● Control of contamination
● Restitution of blood flow

2. Resuscitation in the intensive care unit (24–48 h)
● Core rewarming
● Correction of acidosis
● Reversal of coagulopathy
● Optimization of ventilation and hemodynamics

3. Definitive surgical repair (days to weeks)
● Restoration of continuity
● Completion of resection
● Removal of packs
● Closure of abdomen

DAMAGE CONTROL RESUSCITATION
■ Hypotensive resuscitationa

■ Hemostatic resuscitation

aHypotensive resuscitation is still considered experimental and
requires experienced physician oversight and careful patient selection.

FIGURE 58.7. Open abdomen with temporary abdominal closure. A
key component to damage control laparotomy is to perform an abbre-
viated laparotomy for control of bleeding, control of contamination,
and restitution of blood flow. The goal is to achieve these end points
as quickly as possible to avoid the development of irreversible shock
and the lethal triad of acidosis, hypothermia, and coagulopathy. Fre-
quently, the abdomen is temporarily closed and the fascia left open to
prevent the development of abdominal compartment syndrome during
resuscitation. Re-exploration usually takes place 24 to 48 hours later,
and every few days thereafter until the fascia is closed. Occasionally,
the fascia cannot be reapproximated due to loss of domain. In this cir-
cumstance, a ventral hernia remains, which can be repaired at a later
date (usually 6–12 months postinjury).
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hemodynamic status. This phase will typically last for 24 to 48
hours. The third component is definitive surgical repair that is
performed only when target parameters have been achieved.
This sequence may require several operative interventions to
attain definitive repair, each with a goal of preserving the phys-
iologic reserve of the patient.

Damag e Cont ro l Re suscit at ion

Damage control resuscitation (DCR) is a term that has recently
been coined to describe a specific strategy during the resuscita-
tion phase of trauma care (250,368,369). It should be initiated
within minutes of presentation and is meant to preemptively
address issues associated with resuscitating critically injured
patients: prevention of hypothermia, acidosis, and coagulopa-
thy. Damage control resuscitation involves two components:
hypotensive resuscitation and hemostatic resuscitation (Table
58.7).

Hyp ot e nsive Re suscit at ion
Hypotensive resuscitation refers to the concept that fluid
should be administered at a rate that returns the systolic blood
pressure to a safe but lower than normal pressure until oper-
ative control of bleeding can be established. The traditional
treatment of hemorrhaging patients has used early and aggres-
sive fluid administration to restore blood volume. However,
this approach may increase hydrostatic pressure on the wound
or injured vessel, leading to dislodgement of blood clots, a di-
lution of coagulation factors, and undesirable cooling of the
patient. Low-volume fluid resuscitation, or “permissive hy-
potension,” may avoid the adverse effects of early aggressive
resuscitation while maintaining a level of tissue perfusion ad-
equate for short periods. This strategy has been suggested his-
torically for the management of ruptured abdominal aortic
aneurysm patients (370), and has recently regained attention
in the trauma population (263–266,371–375). It has shown
promise in animal and human trials (263,265), but has yet to be
confirmed in large-scale prospective randomized human clini-
cal trials. Overall, data have been mixed (264). A recent animal
trial suggests that increases in blood pressure are well toler-
ated without exacerbating hemorrhage when they are achieved
gradually and with a significant delay following the injury
(376). Finally, a recent Cochrane Database review found that
there was not conclusive evidence from randomized controlled
trials for or against early or larger volumes of intravenous fluid
resuscitation in uncontrolled hemorrhage (377).

Although the concept of permissive hypotension seems
promising in some circumstances, further work needs to be
done. In addition, it requires extraordinarily tight control by
an experienced physician who is guiding fluid resuscitation mo-
ment to moment. Hypotensive resuscitation should not be con-
sidered in patients with traumatic brain injury and spinal cord
injury where adequate cerebral perfusion pressure is crucial to
ensure tissue oxygenation (229,375). It should also be care-
fully considered in elderly patients and may be contraindicated
in patients with a history of chronic hypertension (229). At the
present time, it is considered experimental, and should be em-
ployed only in specific circumstances with experienced physi-
cians.

He most at ic Re suscit at ion
Conventional resuscitation practice for damage control has
focused on rapid reversal of acidosis and prevention of hy-
pothermia. Surgical techniques are aimed at controlling hem-
orrhage and contamination rapidly, with definitive repair oc-
curring following hemodynamic stabilization. However, direct
treatment of coagulopathy early has been relatively neglected,
and has been viewed as a byproduct of resuscitation, hemo-
dilution, and hypothermia. Delay in availability of blood prod-
ucts due to current blood banking techniques has also hindered
the ability to employ immediate resuscitation with clotting
factors.

It has now been demonstrated that acute traumatic coagu-
lopathy is present in 25% to 30% of critically injured patients
on arrival to the emergency department (318–321). The pres-
ence of coagulopathy may be even higher in patients with se-
vere closed head injury, with an incidence of 21% to 79% when
stratified by ISS (378). It has also been shown that the presence
of early coagulopathy is an independent predictor of mortal-
ity following trauma (319). Early acute traumatic coagulopa-
thy appears to be due to alterations in the thrombomodulin–
protein C pathway rather than consumption of coagulation
factors (321); however, additional work needs to be done to
clarify these mechanisms.

Hemostatic resuscitation employs blood components early
in the resuscitation process to restore both perfusion and nor-
mal coagulation function while minimizing crystalloid use.
Lactated Ringer solution and normal saline resuscitation have
been shown to increase reperfusion injury and leukocyte adhe-
sion (252–256,379). As such, standard crystalloid resuscitation
may worsen, presenting acidosis and coagulopathy in severely
injured patients. Several retrospective studies in trauma have
shown that survival is associated with an increased use of clot-
ting factors (352,367). Many other studies have recommended
more aggressive use of clotting factors to treat and correct un-
derlying coagulopathy (380–388).

Although additional prospective studies need to be com-
pleted, there seems to be increased literature supporting early
aggressive resuscitation with clotting factors while minimizing
crystalloid use during massive resuscitation. Current military
experience has moved to using thawed plasma as the primary
resuscitation fluid in at least a 1:1 or 1:2 ratio with packed
red blood cells (368,387–389). Continued resuscitation occurs
with a massive transfusion protocol at a ratio of 6 units of
plasma, 6 units of packed red blood cells, 6 units of platelets,
and 10 units of cryoprecipitate. Recombinant factor VIIa is oc-
casionally used along with early red cell transfusion to promote
early hemostasis (368,389).

Massive Transfusion

Definit ion
In the 1970s, massive transfusion was defined as greater than
10 units of blood transfused in a 24-hour period of time, and
survival rates were dismal (6.6% ) (390). Over the last two
decades, however, survival rates have improved, and the criteria
to define massive transfusion have evolved (367,383,384,391–
396). Recent reports use variable end points, increasing the
number of transfusions to greater than 20 units in 24 hours
(383) or defining transfusions during the entire hospital stay
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SURVIVAL FOLLOWING MASSIVE TRANSFUSION

No. of Transfusion volume Overall
Study/year patients (avg. units) survival (%)

Wilson et al., 1971 (390) 45 > 25 7
Phillips et al., 1987 (383) 56 35 39
Kivioja et al., 1991 (391) 29 56 38
Wudel et al., 1991 (392) 92 33 52
Harvey et al., 1995 (384) 43 19 60
Velmahos et al., 1998 (393) 141 31 31
Cinat et al., 1999 (367) 46 63 45
Hakala et al., 1999 (394) 23 79 69
Vaslef et al., 2002 (395) 44 75 43
Huber-Wagner et al., 2007 (396) 148 41 40

(392). Most recently, investigators have reported outcomes on
patients receiving over 50 units of blood in 48 hours (367).

Survival
As technology and blood banking procedures have improved,
patient outcomes following massive transfusion have also im-
proved (397). Although early survival rates were dismal, re-
cent reviews report survival rates as high as 60% in patients
requiring over 50 units of blood in the early resuscitation
period (Table 58.8). Moreover, many of these patients can
ultimately return to work (75% of survivors), and survival
in elderly patients has also been reported in several studies
(367,392,394,395). This dramatic improvement in survival
over the past several decades can be attributed to many fac-
tors including an improved understanding of the consequences
of massive resuscitation (268,349,352), improved technol-
ogy for massive resuscitation (i.e., rapid transfusion with
warmed fluids) (267), increased use of damage control tech-
niques (353,367), improved trauma systems (343), improved
transfusion practices during resuscitation (367), and improved
blood banking techniques (367). Based on these results, mas-
sive transfusion in trauma patients receiving over 50 units of
blood in the acute period following injury is justified, with ac-
ceptable survival and functional capacity following discharge
(367,383,384,391–397).

Transfusion Prot ocols
Historically, massive transfusion protocols have been devel-
oped to assist clinicians in the resuscitation of hemorrhag-
ing patients. However, a recent review of massive transfusion
protocols globally revealed wide variation in practice (389).
Most protocols recommend empiric strategies of 1 unit of fresh
frozen plasma (FFP) for every 4 to 10 units of packed red blood
cells (PRBCs) and 1 plateletpheresis for every 10 to 20 units of
PRBCs (380). Organizational guidelines recommended trans-
fusing to laboratory end points (322). However, recent liter-
ature suggests that a more aggressive approach is warranted
(368,380,387,388). During ongoing hemorrhage, the clinical
situation of the patient changes too rapidly to depend on labo-
ratory values sent 20 to 45 minutes prior. Thus, empiric strate-
gies to correct or avoid coagulopathy need to be employed.
These strategies need to be modified for two clinical condi-
tions: (a) ongoing hemorrhage and (b) coagulopathy following
hemorrhage control.

Resuscitation during Ongoing Hemorrhage. Recent data have
established that a significant number of patients have an acute
traumatic coagulopathy on presentation to the emergency de-
partment immediately following injury. Moreover, it appears
that traditional strategies for resuscitation have been inade-
quate and unable to reverse this coagulopathy early following
trauma (387). Several retrospective clinical studies suggest that
aggressive early transfusion of clotting factors (fresh frozen
plasma, platelets, and cryoprecipitate) is associated with in-
creased survival (352,367,380,385,388).

Randomized prospective controlled trials evaluating ther-
apy for massive hemorrhage are challenging. However, recently
two studies utilizing computer modeling have suggested that
more aggressive resuscitation is necessary to correct coagu-
lopathy. In the first study, the optimal replacement ratios were
2:3 of FFP to PRBCs and 8:10 of platelets to PRBCs (398).
Interestingly, a second computer model found similar results,
suggesting a transfusion rate of 1:1 for FFP per unit of blood
transfused if there is no pre-existing coagulopathy, and a ratio
of 1.5 units of FFP per unit of PRBCs if coagulopathy exists
on presentation (399). Moreover, both of these mathematical
models underestimate the potential need for clotting factor re-
placement because only dilutional coagulopathy is taken into
account; there is no assessment for the relative contributions of
consumption, acidosis, and hypothermia, which are frequently
seen in the acute trauma patient.

Based on these data, old transfusion strategies appear to
be fundamentally flawed in the acutely hemorrhaging patient.
Current recommendations suggest that, in patients with on-
going hemorrhage, empiric transfusion should occur in the
ratio of 1:1:1 (1 unit of fresh frozen plasma to 1 unit of
packed red blood cells to 1 unit of platelets) (Table 58.9)
(368,380,387,388). Since platelets are usually supplied pooled
as 6 to 10 units or as a plateletpheresis, which is equivalent
to 6 to 10 units, patients should receive a platelet transfusion
for every 6 to 10 units of PRBCs. When blood products are
available, crystalloids should be avoided in the acutely hemor-
rhaging patients as they can worsen coagulopathy.

It is important to note that while this is the recommended
transfusion protocol for patients with traumatic injury and
hemorrhage, it is unclear if the same blood products and
clotting factors are necessary in nontrauma patients with
acute hemorrhage (i.e., intra-operative, gastrointestinal, rup-
tured aneurysm) (322,400–403). In blood loss during elective
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RECOMMENDED EMPIRIC MASSIVE TRANSFUSION
PROTOCOL FOR ACUTE ONGOING HEMORRHAGE

CURRENT SUGGESTED PROTOCOL FOR TRAUMATIC
HEMORRHAGE
■ 6 units packed red blood cells
■ 6 units of fresh frozen plasma
■ 1 plateletpheresis (or 6–10 units of platelets)
■ Cryoprecipitate as indicated

TRADITIONAL PROTOCOL–INADEQUATE FOR
TRAUMA
■ 10–20 units packed red blood cells
■ 1–4 units fresh frozen plasma
■ 1 plateletpheresis
■ Cryoprecipitate as indicated

surgery, the situation is more controlled and resuscitation can
be initiated immediately. A premorbid coagulopathy may or
may not exist. Goals in resuscitation in this circumstance are
similar: maintain adequate tissue perfusion to avoid acidosis,
correct coagulopathy, and prevent hypothermia.

Resuscitation Once Hemorrhage Is Controlled. Once hemor-
rhage is controlled, goal-directed transfusion can be pursued
based on laboratory data and clinical variables. Many clini-
cians will work to achieve normal coagulation parameters for
24 hours post injury and control of hemorrhage (PT INR < 1.5,
platelet count > 100 × 109 per liter) (387). In a patient who
no longer shows evidence of medical or surgical bleeding, tra-
ditional guidelines for transfusion therapy can be employed
(322). These include using red blood cell transfusion for symp-
tomatic anemia or a hemoglobin concentration of less than
7 g/dL; FFP or prothrombin complex concentrate for a pro-
thrombin time > 1.5 times normal; fresh frozen plasma for
an activated partial thromboplastin time > 1.5 times normal;
cryoprecipitate for a fibrinogen level < 80 to 100 mg/dL; and
platelet transfusion for a platelet count < 50 × 109 per liter
(Table 58.6).

Complications of Massive Transfusion. Despite acceptable
survival rates, there are several known complications to mas-
sive transfusion (Tables 58.10 and 58.11) (397,404–409).
Physicians caring for patients who require massive transfusion
must anticipate, identify, and rapidly treat these potential com-
plications in order to optimize outcome.

Disordered hemostasis following massive transfusion
is a known complication of massive blood transfusion
(397,400,401). Stored blood is lacking in factors V and VIII.
These factors degrade over time in stored blood, and thus be-
come deficient in the massively transfused patient. This can
contribute to the coagulopathy seen following massive transfu-
sion. Dilutional thrombocytopenia also occurs during massive
transfusion, and is more common after 1.5 times the normal
blood volume is transfused. However, thrombocytopenia can
occur earlier, especially if there is disseminated intravascular
coagulation, pre-existing thrombocytopenia, or a consumptive
coagulopathy. As discussed previously, resuscitation of hem-
orrhagic shock must include clotting factors and platelets to
avoid ongoing coagulopathy.
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NONINFECTIOUS TRANSFUSION-ASSOCIATED
COMPLICATIONS

ACUTE (WITHIN 24 H OF TRANSFUSION)
Hemolytic reactions
Febrile nonhemolytic reactions
Allergic reactions
Transfusion-related acute lung injury (TRALI)
Hypothermia
Hypocalcemia
Hypo- or hyperkalemia
Acid-base derangements

DELAYED (MORE THAN 24 H AFTER TRANSFUSION)
Alloimmunization
Immunosuppression
Posttransfusion purpura
Graft vs. host disease
Multiple organ dysfunction syndrome

Oxygen delivery to tissues is also affected by blood trans-
fusion. Transfused blood tends to have a higher affinity for
oxygen, thus leading to decreased oxygen delivery to tissues.
Longer storage periods for blood lead to a reduction in red cell
deformability, altered red cell adhesiveness, and other red cell
storage lesions. These changes reduce red blood cell viability af-
ter transfusion, reduce tissue oxygen availability, and promote
the inflammatory response, specifically neutrophil priming and
pulmonary endothelial cell activation.

Systemic inflammation and potential tissue injury may also
be induced by the transfusion of aged blood. Transfusion of
aged blood (> 14 days of storage) in the first 6 hours of re-
suscitation has been shown to be an independent risk factor
for postinjury multiorgan failure (410) and is associated with
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INFECTIOUS TRANSFUSION-ASSOCIATED
COMPLICATIONS

Type of infectious Incidence per all
complication transfused components

Bacterial contamination
(PRBCs + platelets)

1 per 2,000

Hepatitis B transmission 1 per 205,000
PRBC-related bacterial sepsis 1 per 500,000–786,000
Hepatitis A transmission 1 per 1,000,000
Hepatitis C transmission 1 per 1,600,000
HIV transmission 1 per 2,135,000

PRBC, packed red blood cell; HIV, human immunodeficiency virus.
Adapted with data from Silliman CC, Moore EE, Johnson JL, et al.
Transfusion of the injured patient: proceed with caution. Shock .
2004;21(4):291; McIntyre LA, Hebert PC. Can we safely restrict
transfusion in trauma patients? Curr O pin Crit Care. 2006;12:575;
Dodd RY, Notari EP, Stramer SL. Current prevalence and incidence of
infectious disease markers and estimated window-period risk in the
American Red Cross donor population. Transfusion. 2002;42:975;
and Kleinman S, Chan P, Robillard P. Risks associated with
transfusion of cellular blood components in Canada. Transfus Med
Rev. 2003;17:120.
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delayed apoptosis of neutrophils (411), increased infection
rates (412), and a longer ICU stay (413). This may be partic-
ularly significant in large trauma centers and transplantation
centers where older blood is preferentially distributed because
of their high-volume use.

Alloimmunization can occur when an immunocompetent
host develops an immune response to donor antigens. The anti-
gens most often involved include the human leukocyte antigen
(HLA) class I and II on platelets and leukocytes, granulocyte-
specific antigens, platelet-specific antigens, and red blood cell–
specific antigens. Consequences of alloimmunization include a
refractory response to platelet transfusion, posttransfusion pur-
pura, neonatal alloimmune thrombocytopenia, acute intravas-
cular hemolytic transfusion reaction, hemolytic disease in new-
borns, and febrile nonhemolytic reactions against granulocytes.
Clinical manifestations can be minor, such as fever, leading
to active bleeding and hemolysis, which can be fatal. Workup
and treatment vary, depending on the severity of the reaction
(414,415).

Metabolic and electrolyte disturbances can also occur fol-
lowing massive transfusion (397). Citrate toxicity can occur
in patients with abnormal liver function or in whom the ad-
ministration of blood is very rapid. The healthy adult liver
will metabolize 3 g of citrate every 5 minutes. Each unit of
blood contains approximately 3 g of citrate. Therefore, trans-
fusion rates higher than 1 unit every 5 minutes can exceed the
liver’s capacity to handle this overload. Citrate then binds to
calcium and can lead to clinical hypocalcemia. Patients may ex-
hibit temporary tetany and hypotension. Calcium replacement
should occur concurrently during massive transfusion.

Electrolyte disturbances such as hyperkalemia or hy-
pokalemia can occur with massive transfusion. The longer the
shelf life, the higher the potassium concentration; sometimes
concentrations may even exceed 30 mmol/L. Unless very large
amounts of blood are transfused, hyperkalemia is generally
not a problem. On the other hand, as red cells begin active
metabolism, intracellular uptake of potassium begins, and hy-
pokalemia may result.

Acid-base disturbances can also occur with massive blood
transfusions. Stored blood contains lactate at levels up to 30
to 40 mmol/L. In addition, citric acid is present and may be
metabolized to bicarbonate, resulting in severe metabolic al-
kalosis. Conversely, the patient’s overall condition and tissue
hypoperfusion may actually lead to metabolic acidosis.

Although rare, blood transfusion can also result in the in-
duction of acquired inhibitors of coagulation. The most com-
mon antibodies are directed against coagulation factor VIII.
This can result in massive bleeding, which is difficult and costly
to treat. The main goals of treatment are to stop hemorrhage
and remove the inhibitor. Factor VIII concentrate is used only
for life-threatening circumstances. Successful elimination of
the anti-VIII antibody has been accomplished with the use of
oral immunosuppressants such as cyclophosphamide and pred-
nisone (416).

Transfusion-related acute lung injury. TRALI is a devastating
complication of transfusion that consists of a syndrome that in-
cludes dyspnea, hypotension, bilateral pulmonary edema, and
fever. Its incidence is reported to be between 0.04% and 0.06%
(or approximately 1 in 2,000). Clinically, it resembles acute res-
piratory distress syndrome. Criteria for the diagnosis of TRALI
include:

■ Acute lung injury (ALI) as defined by acute onset, hypoxemia
(PaO 2:FiO 2 ratio ≤ 300), bilateral infiltrates on frontal chest
radiograph, and no evidence of left atrial hypertension or
circulatory overload

■ No pre-existing ALI before transfusion
■ Occurs during or within 6 hours of transfusion
■ No temporal relationship to an alternative risk factor for ALI

(i.e., burns, aspiration, multiple trauma, cardiopulmonary
bypass, sepsis, etc.)

If an additional risk factor exists, then possible TRALI is diag-
nosed (Table 58.12) (417–420).

The pathogenesis can be either immune (antibody) mediated
or nonimmune mediated (Table 58.13) (418–422). Immune-
mediated TRALI is most common and is due to the presence
of leukocyte antibodies in the donor transfusion (421,422).
These antibodies form immune complexes that are deposited
in the pulmonary vascular bed, leading to release of vasoac-
tive substances, leakage of fluid into alveolar spaces, activation
of complement, leukostasis, and activation of polymorphonu-
clear neutrophils. Immune-mediated TRALI occurs more com-
monly with fresh frozen plasma than with platelet concen-
trates, is associated with multiparous female donors (423),
can occur in healthy recipients, and is usually severe, requiring
mechanical ventilation in 70% of individuals. N on–immune-
mediated TRALI is thought to be due to the presence of bi-
ologically active lipids in the donor transfusion (418–420). It
occurs with stored platelet concentrates more commonly than
stored red cells, occurs predominantly in critically ill patients
with a primed immune system, and is usually mild and tran-
sient, requiring only supplemental oxygen support. Treatment
of TRALI is generally supportive and includes ventilatory and
hemodynamic assistance. There are no data to support the use
of corticosteroids, and additional blood component therapy
should be given only if transfusion needs exist. The diagno-
sis of TRALI in the patients requiring massive transfusion is
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CRITERIA FOR TRANSFUSION-RELATED ACUTE
LUNG INJURY (TRALI)

CRITERIA FOR TRALI
■ Acute lung injury (ALI)
● Acute onset
● Hypoxemia
● PaO 2:FiO 2 ratio ≤ 300
● SpO 2 < 90% on room air

■ No pre-existing ALI before transfusion
■ Occurs during or within 6 h of transfusion
■ No temporal relationship to an alternative risk factor for

ALI

CRITERIA FOR POSSIBLE TRALI
■ ALI
■ No pre-existing ALI before transfusion
■ Occurs during or within 6 h of transfusion
■ A clear temporal relationship to an alternative risk factor

for ALI

Adapted from Kleinman S, Caulfield T, Chan P, et al. Toward an
understanding of transfusion-related acute lung injury: statement of a
consensus panel. Transfusion. 2004;44:1774.
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CHARACTERISTICS OF IMMUNE AND NONIMMUNE TRANSFUSION-RELATED ACUTE LUNG
INJURY (TRALI)

Immune TRALI Nonimmune TRALI

Trigger Leukocyte antibodies Biologically active lipids
Blood components

implicated
Fresh frozen plasma > platelet

concentrates
Stored platelet concentrates > stored

red blood cells
Host Healthy or critically ill Predominantly in critically ill
Clinical course Severe, often life threatening

Mechanical ventilation
Mild, self-limiting
Supplemental oxygen

Adapted from Bux J. Transfusion-related acute lung injury (TRALI): a serious adverse event of blood transfusion. Vox Sang.
2005;89:1.

difficult because of the many other etiologies also present that
can lead to acute lung injury (424,425).

RECOMBINANT FACTOR VIIA
IN MASSIVE TRANSFUSION

AND HEMORRHAGE
New developments in transfusion therapy include the discov-
ery and use of recombinant coagulation factor VIIa (rFVIIa).
Recombinant factor VIIa is a synthesized analog of human
factor VII that has been used effectively in the treatment of
patients with hemophilia as well as other congenital and ac-
quired coagulopathies. Recently, there have been reports of the
successful use of rFVIIa in treating coagulopathic trauma pa-
tients (426). In this study, patients with active hemorrhage and
clinical coagulopathy from diverse causes such as traumatic
hemorrhage, traumatic brain injury, warfarin use, congenital
factor VII deficiency, and other acquired hematologic defects
were administered rFVIIa as a last resort. Coagulopathy was
reversed in 75% of patients, with an associated decrease in
prothrombin time. Forty-two percent of patients survived to
discharge.

Recently, two randomized, prospective, placebo-controlled,
double-blind clinical trials were conducted simultaneously to
evaluate the efficacy and safety of recombinant factor VIIa as
adjunctive therapy for the control of bleeding in patients with
severe blunt (N = 143) or penetrating (N = 134) trauma (427).
In blunt trauma, the red blood cell transfusion requirement was
significantly reduced by 2.6 units (p = 0.02) and the need for
massive transfusion (> 20 units of packed red blood cells) was
reduced (14% vs. 33% , p = 0.03). In patients with penetrating
trauma, the trends were similar, but not significant (reduction in
red cell transfusion 1.0 unit, p = 0.10; massive transfusion 7%
vs. 19% , p = 0.08). Trends toward reduction in mortality and
critical complications were also observed. A subgroup analysis
from this trial found particular benefit in those patients who
were coagulopathic on presentation to the emergency depart-
ment, with a significant decrease in transfusion of packed red
blood cells, fresh frozen plasma, platelets, and need for massive
transfusion. In addition, treatment with rFVIIa was also asso-
ciated with a significant reduction in multiorgan failure and/or
acute respiratory distress syndrome (3% vs. 20% , p = 0.004),
without an increase in thromboembolic events (428).

Recombinant factor VIIa, however, must be used respon-
sibly. Recent studies have shown that early administration
following trauma is more effective than late administration
(429,430). Furthermore, the presence of profound acidosis, co-
agulopathy, and signs of irreversible hemorrhagic shock predict
failure of rFVIIa therapy (431). Current recommendations sug-
gest that optimal preconditions should be present prior to ad-
ministration of rFVIIa, which include a fibrinogen concentra-
tion of > 50 mg/dL, a platelet count of > 50 × 109 per liter, and a
pH ≥ 7.2 (432,433). Although early results in traumatic hem-
orrhage appear promising, rFVIIa should still be considered
experimental and further investigation is warranted. Recombi-
nant factor VIIa has shown promise for perioperative bleeding
during liver transplantation (434) and in patients undergoing
cardiac surgery (435,436). Investigations for its utility in pe-
rioperative bleeding for other surgical procedures have been
mixed (437–442).

A prospective randomized trial investigating the use of
rFVIIa in patients with cirrhosis and upper gastrointestinal
bleeding who were treated with standard endoscopic therapy
and pharmacologic interventions showed that the administra-
tion of rFVIIa was not more effective than placebo with respect
to the primary end point of failure to control bleeding within
24 hours and failure to prevent rebleeding or death within
5 days (443). However, subgroup analysis of patients with more
severe cirrhosis showed that rFVIIa showed a reduction in the
composite primary end point (8% vs. 23% , p = 0.03). None
of the rFVIIa patients had rebleeding within the first 24 hours,
whereas rebleeding occurred in 11% of the placebo group
(p = 0.01) (443).

As with any hemostatic agent, there are concerns over the
potential thrombogenicity of rFVIIa (444). Although prelim-
inary evidence shows a favorable safety profile (445,446),
thrombogenic effects are being followed closely in ongoing clin-
ical trials.

PREVENTION OF
HEMORRHAGIC SHOCK

Ant ifib rinolyt ic The rap y

Antifibrinolytic therapy has been shown to significantly re-
duce the risk of bleeding following cardiac surgery in several
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randomized controlled trials. Aprotinin has been studied most
extensively (447–451), followed by tranexamic acid, then
aminocaproic acid. However, recent information raises concern
for the risk of renal failure following use of aprotinin with car-
diac surgery (448,449) and a potential for increased mortality
at 5 years following use of aprotinin (450). Although clearly
the risk of postoperative bleeding following cardiac surgery is
reduced, further investigation into these potential side effects
is warranted.

A recent systematic review of randomized controlled trials
of antifibrinolytic agents (mainly aprotinin or tranexamic acid)
in elective surgical procedures identified 89 trials including
8,580 randomized patients (74 cardiac, eight orthopedic, four
liver, three vascular). Results demonstrated that these treat-
ments reduced the number of patients needing transfusion by
one third, reduced the volume needed per patient by 1 unit,
and halved the need for further surgery to control bleeding.
These differences were all statistically significant. There was
also a trend toward a reduction in the risk of death (risk ra-
tio = 0.85; 95% confidence interval, 0.63–1.14), although this
was not statistically significant (452).

To date, there are limited data on the use of antifibri-
nolytic agents in other clinical scenarios (453). However, at
this time, the CRASH-2 trial (Clinical Randomization of an
Anti-fibrinolytic in Significant Hemorrhage) is ongoing in Eu-
rope and is designed to evaluate the utility of antifibrinolytic
agents in the management of acute traumatic injury (454).

Exp e rime nt al The rap y

Re d Ce ll Sub st it ut e s
Although the blood supply in the United States is safe and cur-
rently has sufficient capacity to meet most patient needs, there
is room for considerable improvement. The current system is
dependent on blood donors on a regular basis, and the blood
supply is subject to seasonal shortages due to holidays and con-
venience. The gap between the donor pool and the increasing
transfusion requirements of an aging population is narrowing,
and shortages are becoming more frequent. The risk of trans-
mission of known infectious diseases still exists (Table 58.11),
while the threat of new and emerging infections such as West
Nile virus and Creutzfeldt-Jakob disease underscore the risk of
a tainted blood supply (455).

The ideal red cell substitute should have several character-
istics including an ability to deliver (and potentially enhance)
oxygen delivery, no risk of disease transmission, no immuno-
suppressive effects, available in abundant supply, universally
compatible, prolonged shelf life, similar in vivo half-life to the
red blood cell, available at a reasonable cost, easy to admin-
ister, able to access all areas of the human body (including
ischemic tissues), and effective at room air or ambient condi-
tions (455–457). There have been many attempts to develop
red cell substitutes since 1934 when Amberson first reported
the successful use of a bovine hemolysate for exchange trans-
fusions in cats and dogs (455). However, this work could not
be replicated.

The two main types of oxygen carriers that are used as
red blood cell substitutes are hemoglobin-based oxygen carri-
ers (HBOCs) and perfluorocarbons (PFCs). Based on previous
clinical trials, many obstacles still need to be overcome. Ad-

verse effects associated with HBOCs include (a) severe vaso-
constriction due to binding of nitric oxide and dysregulation of
endothelin; (b) nephrotoxicity; (c) interference of macrophage
function; (d) antigenicity; (e) oxidation on storage; (f) activa-
tion of complement, kinin, and coagulation; (g) iron deposi-
tion with concerns of hemochromatosis and iron overload;
(h) gastrointestinal distress; (i) neurotoxicity; (j) free radical
generation; and (k) interference with diagnosis of transfusion
reaction. Adverse effects of PFCs include (a) limited shelf life,
(b) flulike symptoms during infusion, (d) complement and
phagocytic activation, and (d) short circulation time (456).

Despite much research, no product to date has been able
to fulfill all of the previously mentioned criteria or meet the
U.S. Food and Drug Administration’s requirements of purity,
potency, and safety. At the time of this publication, three HBOC
products continue in advanced clinical trials (455).

Hyp e rt onic Saline
Hypertonic saline (7.5% saline ± 6% dextan-70) has been in-
vestigated as an alternative resuscitation strategy in critically
injured patients (458–464). Hypertonic resuscitation evokes
an increase in serum osmolarity, which results in the redistri-
bution of fluid from the interstitial and intracellular space to
the intravascular space. This leads to a rapid restoration of
circulating intravascular volume with a small amount resusci-
tation fluid. Hypertonic saline has also been shown to decrease
intracranial pressure via its osmotic effects (125,126). This is
particularly beneficial in patients with hypovolemic shock and
closed head injury due to the ability of hypertonic saline re-
suscitation to concurrently restore circulating blood volume,
improve tissue (including cerebral) perfusion, and lower in-
tracranial pressure (126,465–466).

Hypertonic saline resuscitation has also been shown to have
significant immunomodulatory effects that could mitigate the
dysfunctional inflammatory response seen after traumatic in-
jury (108,109,111,150,253,467–472). The hypertonicity asso-
ciated with hypertonic saline resuscitation is associated with
significant effects on the innate and adaptive immune systems.
There is suppression of the neutrophil oxidative burst, poten-
tially leading to an attenuation of inflammatory organ injury
(150,473).

Several clinical trials and meta-analyses have suggested im-
proved outcome in patients resuscitated with hypertonic saline
(474–477). Despite these results, hypertonic saline resuscita-
tion has not gained widespread acceptance in North America.
However, in 1999, the U.S. Navy, through the Office of Naval
Research, requested that the Institute of Medicine (IOM) rec-
ommend that hypertonic saline be used as the initial resuscita-
tion fluid for combat casualty (256,478). The rapid restoration
of intravascular volume and possible immunomodulatory ef-
fects associated with hypertonic saline resuscitation make it
an attractive alternative for the resuscitation of severe hemor-
rhagic shock. However, it is still considered experimental and
prospective randomized trials are needed to confirm its utility.

SUMMARY
Hemorrhagic shock is a common, yet complicated, clinical con-
dition that physicians are frequently called upon to evaluate
and treat. Diagnosis must be accurate and expedient. Therapy
must be direct, efficient, and multifactorial in order to avoid



916 Sect ion VI: Shock States

the potential multisystem sequelae. Metabolism and function
of all organs are altered during hemorrhagic shock. A better
understanding of the pathophysiology of hemorrhagic shock
has led to improved resuscitation techniques and improved sur-
vival over recent years. Damage control laparotomy and dam-
age control resuscitation have changed the approach to man-
agement in patients with multisystem trauma and hemorrhagic
shock. Staged resuscitation and operative intervention to avoid
irreversible shock are now the mainstays of care. Recognition
of acute traumatic coagulopathy has improved the composi-
tion of massive transfusion protocols to include increased use
of clotting factors early during resuscitation. New experimen-
tal therapies for resuscitation are being evaluated and appear
promising. Overall, survival following hemorrhagic shock has
improved. Early diagnosis, definitive cessation of bleeding, and
comprehensive hemostatic resuscitation are the key elements to
successful outcome.
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CHAPTER 59 ■ NEUROGENIC SHOCK
SUSANNE MUEHLSCHLEGEL r DAVID M. GREER

Neurologically injured patients, regardless of the nature of the
injury, frequently experience hypotension and shock. N euro-
genic shock refers to a neurologically mediated form of circu-
latory system failure that can occur with acute brain, spinal
cord, or even peripheral nerve injuries. In this chapter, we
will explain the epidemiology, pathophysiology, clinical pre-
sentation, and management strategies for this special form of
shock.

Contrary to common belief, neurogenic shock is not a sin-
gle entity due to one single pathologic mechanism. The term
is sometimes used in nonneuroscience intensive care units to
explain hypotension occurring in any brain-injured patient,
but neurogenic shock should be considered only after systemic
causes of shock have been carefully ruled out. Just like other
critically ill patients, neurologically ill patients are prone to de-
veloping systemic conditions, such as dehydration, congestive
heart failure, acute blood loss, sepsis, pericardial tamponade,
or massive pulmonary embolism.

SUBTYPES OF
NEUROGENIC SHOCK

Once other systemic reasons for shock have been ruled out,
neurogenic shock should be considered. Three mechanisms can
lead to neurogenic shock (Fig. 59.1):

■ Vasodilatory (distributive) shock from autonomic distur-
bance with interruption of sympathetic pathways, with as-
sociated parasympathetic excitation, which causes profound
vasodilatation and bradycardia, as seen in spinal cord injury
or diseases of the peripheral nervous system (Guillain-Barré
syndrome)

■ Cardiogenic shock , as frequently seen in subarachnoid hem-
orrhage (SAH) with stunned myocardium after a cate-
cholamine surge or ischemic stroke, especially those involv-
ing the right insula

■ Hypopituitarism/adrenal insufficiency.

Although some subtypes of neurogenic shock occur more
frequently with certain disease entities—for example, car-
diogenic neurogenic shock after SAH, vasodilatory neuro-
genic shock with spinal cord injury—significant overlap ex-
ists between different disease entities (intracerebral hemorrhage
[ICH], SAH, traumatic brain injury [TBI], ischemic stroke), and
one cannot establish a firm rule by which neurogenic shock oc-
curs. Interestingly, only some patients with neurologic injuries
experience true neurogenic shock, and it remains difficult to
predict in whom this will be seen.

INCIDENCE OF
NEUROGENIC SHOCK

Due to the small number of prospective epidemiologic studies,
it is difficult to establish the natural incidence of neurogenic
shock. In a retrospective review of cervical spinal cord injuries,
Bilello et al. (1) reported a 31% incidence of neurogenic shock
with hypotension and bradycardia after high cervical spinal
cord injury (C1–C5) and 24% after low cervical spinal cord
injury (C6–C7).

Cardiogenic neurogenic shock has been studied foremost in
SAH and ischemic stroke. Banki et al. (2) prospectively studied
the incidence of left ventricular (LV) dysfunction with transtho-
racic echocardiography (TTE) in the first 7-day period after
SAH in 173 patients. Thirteen percent had a normal ejection
fraction (EF) but had regional wall motion abnormalities that
did not correlate with coronary artery territories, and 15% had
an LVEF of less than 50% . Others report a 9% incidence of
LV wall motion abnormalities, resulting in hypotension requir-
ing vasopressor therapy, as well as pulmonary edema in most
(80% ) of these patients (3). The spectrum of injury can range
from mild to severe systolic dysfunction—the latter defined as
an EF less than 30% . Polick et al. (4) observed LV abnormalities
on TTE in 4 of 13 patients (31% ) studied within 48 hours of
SAH. Resolution of these neurologically mediated wall motion
abnormalities is usually seen (2,3,5).

The third subtype of neurogenic shock, adrenal insuffi-
ciency, has been studied primarily in traumatic brain injury.
In the largest study to date, adrenal insufficiency occurred in
about 50% of patients and led to hypotension in 26% (6). Al-
though it has been documented in other cases of acute brain
injury, the exact incidence and relationship to outcome is not
clear (7).

PATHOPHYSIOLOGY OF
NEUROGENIC SHOCK

Vasod ilat ory Ne urog e nic Shock

This variation of neurogenic shock is commonly seen with
spinal cord injuries and Guillain-Barré syndrome (acute de-
myelinating peripheral neuropathy) but also with traumatic
brain injuries, large hemispheric ischemic strokes, and intra-
cerebral hemorrhages. The hallmark of vasodilatory neuro-
genic shock is the combination of bradycardia with fluctuating
blood pressures and heart rate variability due to interruption of
sympathetic output and excitation of parasympathetic fibers.

The sympathetic fibers originate in the hypothalamus, giv-
ing rise to neurons projecting to autonomic centers in the
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FIGURE 59.1. Neurogenic shock consists of three pathomechanisms. CNS, central nervous system; CO,
cardiac output; CVP, central venous pressure; PCWP, pulmonary capillary wedge pressure; SAH, sub-
arachnoid hemorrhage; TBI, traumatic brain injury.

brainstem—the periaqueductal gray matter in the midbrain, the
parabrachial regions in the pons, and the intermediate reticu-
lar formation located in the ventrolateral medulla. From here,
neurons project to nuclei in the spinal cord. The sympathetic
preganglionic neurons originate in the intermediolateral cell
column within the spinal cord gray matter between T1 and
L2 and are therefore called the thoracolumbar branches. From
here, they exit the spinal cord and project to 22 pairs of paraver-
tebral sympathetic trunk ganglia next to the vertebral column.
The main ganglia within the sympathetic trunk are the cervi-
cal and stellate ganglia. The adrenal medulla receives pregan-
glionic fibers and thus is equivalent to a sympathetic ganglion.
Blood pressure control depends on tonic activation of the sym-
pathetic preganglionic neurons by descending input from the
supraspinal structures (8).

The parasympathetic nervous system consists of cranial
and sacral aspects. The cranial subdivision originates from the
parasympathetic brainstem nuclei of cranial nerves III, VII, IX,
X, and XI. The cranial parasympathetic neurons travel along
the cranial nerves until they synapse in the parasympathetic
ganglia in close proximity to the target organ. The sacral sub-
division originates in the sacral spinal cord (S2–S4), forming
the lateral intermediate gray zone where preganglionic neurons
travel with the pelvic nerves to the inferior hypogastric plexus
and synapse on parasympathetic ganglia within the target or-
gans.

Following a spinal cord injury, the sympathetic pathways
are interrupted with dissociation of the sympathetic supply
from higher control below the level of transection (9,10).
Parasympathetic fibers are usually spared. This results in auto-
nomic hyperreflexia with associated hypertension or hypoten-
sion with bradycardia, all observed in human studies as well
as in animal models (10–13). Loss of supraspinal control of
the sympathetic nervous system leads to unopposed vagal tone
with relaxation of vascular smooth muscles below the level of
the cord injury, resulting in decreased venous return, decreased
cardiac output, hypotension, loss of diurnal fluctuations of

blood pressure, reflex bradycardia, and peripheral adrenore-
ceptor hyperresponsiveness (14). The latter accounts for the
excessive vasopressor response repeatedly seen in this clinical
scenario. The acute phase, also known as spinal shock , more
frequently consists of periods of hypotension. After the acute
phase, starting about 2 months after the injury, autonomic dys-
reflexia occurs in patients with lesions above T5 (15). This state
is characterized by sympathetically mediated vasoconstriction
in muscular, skin, renal, and presumably gastrointestinal vas-
cular beds, induced by afferent peripheral stimulation below
the level of the lesion. For example, stimuli such as urinary
catheterization, dressing changes, or surgical stimulation can
lead to severe blood pressure spikes out of proportion to the
stimulus. In Guillain-Barré syndrome, the autonomic dysregu-
lation is likely caused by acute demyelination not only of sen-
sory and motor fibers, but also of autonomic fibers.

Injury to the brain can also lead to vasodilatory neurogenic
shock. Certain cerebral structures, such as the insular cortex,
amygdala, lateral hypothalamus, and medulla, have great in-
fluence on the autonomic nervous system. Cortical asymme-
try is present and is reflected in a higher incidence of tachy-
cardia, ventricular arrhythmias, and hypertension with lesions
of the right insula—resulting in loss of parasympathetic in-
put and thus sympathetic predominance—and a higher inci-
dence of bradycardia and hypotension with injuries to the left
insula—resulting in a loss of sympathetic input and subsequent
parasympathetic predominance (16–18) (Fig. 59.2).

Card iog e nic Ne urog e nic Shock

This form of neurogenic shock is primarily encountered in SAH
and TBI but is also seen in ischemic stroke and intracerebral
hemorrhage. Cardiac dysfunction is a well-known complica-
tion of ischemic and hemorrhagic stroke, first described over
50 years ago (19). It is most often recognized on the elec-
trocardiogram (ECG) as arrhythmias, QRS, ST-segment, and
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FIGURE 59.2. Example of a right ischemic stroke resulting in ventric-
ular arrhythmias and cardiogenic shock. A 61-year-old man presents
with sudden onset of left hemiparesis affecting his face and arm, left-
sided neglect, and a left hemianopia. He presented outside of any acute
treatment window and did not undergo thrombolysis. He was admitted
to the neurointensive care unit (NICU) for close monitoring of his car-
diac and respiratory function. The noncontrast head CT shows a right
middle cerebral artery stroke and incidental hemorrhagic conversion.
Electrocardiogram on admission showed diffuse T-wave inversion in
all leads. Telemetry monitoring revealed frequent premature ventricu-
lar complexes and intermittent nonsustained ventricular tachycardia of
4 to 8 beats for the first 72 hours after stroke onset. His systolic blood
pressure on admission was elevated at 190 mm Hg but then dropped
to 85 mm Hg several hours after admission to the NICU, requiring
vasopressor support for 2 days. Troponin T levels were elevated in the
emergency room and peaked at 12 hours after stroke onset. Echocar-
diogram showed global hypokinesis and no regional wall motion ab-
normalities. No other causes for shock were found, so that the stroke
involving the right insula was the most likely cause. The shock slowly
resolved over 72 hours, and vasopressor infusion was weaned off suc-
cessfully. A repeat echocardiogram 2 weeks later showed resolution of
the abnormalities.

T-wave abnormalities (20,21). Studies of SAH and cardiac in-
jury have shown that the severity of SAH is an independent pre-
dictor of cardiac injury, supporting the hypothesis that cardiac
neurogenic shock is a neurally mediated process (22). Based
on the similarities observed between pheochromocytoma cri-
sis and SAH, the cardiovascular changes have been linked to a
catecholamine surge.

This hypothesis has been confirmed by many studies. Pa-
tients with SAH can have a threefold increase in norepinephrine
levels that are sustained for 10 days or longer after SAH but
that normalize after the acute phase of injury (23). In an animal
model, an increase in plasma catecholamines after experimen-
tal SAH causes specific lesions on electron microscopy within

FIGURE 59.3. Contraction band necrosis. Histologic examination of
the myocardium, showing contraction band necrosis, see arrow . (Cour-
tesy of Dr. James R. Stone, M.D., Ph.D., Department of Pathology,
Massachusetts General Hospital, Boston, MA.)

4 hours of SAH (24). Selective myocardial cell necrosis, also
known as contraction band necrosis, is the hallmark of cate-
cholamine exposure (25–27). The same lesions can be found in
patients with pheochromocytoma (28) and SAH (29), underlin-
ing the pathologic mechanism of cardiac injury in SAH or other
neurologic injuries (Fig. 59.3). The cardiac dysfunction is not
related to coronary atherosclerosis, as normal coronary arter-
ies have been documented in these patients studied at autopsy
or by coronary angiography (5,29–31). In fact, it appears that
pre-existing heart disease, such as hypertensive heart disease,
might even be protective of this form of neurogenic shock (32).
In a case series of 54 consecutive SAH deaths, 42 had myocar-
dial lesions consisting of foci of necrotic muscle fibers, hem-
orrhages, and inflammatory cells, none of which were found
in the control group. Patients with a wider range of heart rate
and blood pressure fluctuations were more likely to have my-
ocardial lesions. Pre-existing hypertensive heart disease led to
significantly fewer myocardial lesions, possibly reflecting a de-
creased sensitivity of these patients to the catecholamine surge
(32).

Pathologic studies link the central catecholamine release to
the posterior hypothalamus. Postmortem studies have found
microscopic hypothalamic lesions consisting of small hemor-
rhages and infarctions in those patients with typical myocardial
lesions as noted above (29,32–34). However, it appears that
raised intracranial pressure (ICP) is not responsible for these
hypothalamic changes, as the control group with elevated ICP
did not have any hypothalamic injury (32).

Overall, by the described pathomechanism, the cate-
cholamine surge results in direct myocardial injury resulting
in decreased inotropy, and in addition an increase in cardiac
preload due to venous constriction and increased cardiac af-
terload by peripheral arterial constriction. As a consequence,
stroke volume diminishes, which cannot be compensated for by
reflex tachycardia, thus resulting in decreased cardiac output
and shock. This transient LV dysfunction with loss of myocar-
dial compliance (stunning of the myocardium) is reflected by
a characteristic shape of the cardiac silhouette on a ventricu-
logram and on chest radiograph, which has given this disease
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FIGURE 59.4. Takotsubo cardiomyopathy. A: Japanese octopus fishing pot. B: CT brain of a 47-year-
old woman with subarachnoid hemorrhage (SAH). C: Chest x-ray view of the same patient with typical
cardiac silhouette of Takotsubo cardiomyopathy. An echocardiogram revealed an ejection fraction of 29
degrees with apical ballooning, global hypokinesis, and sparing of the apex. The chest radiograph and
echocardiogram became normal within 1 week after her SAH.

entity its other name, Takotsubo cardiomyopathy, derived from
the Japanese word for the Japanese octopus fishing pot, tako-
tsubo (35–37) (Fig. 59.4).

Pulmonary edema with concomitant hypoxia is frequently
encountered in this context and may result from cardiac con-
gestion but can occur independently from the cardiac dysfunc-
tion as its own entity: neurogenic pulmonary edema. Massive

increases in pulmonary capillary pressures lead to pulmonary
edema and hypoxia, which in turn decreases the uptake of
oxygen in a high demand state, contributing to hemodynamic
instability. The Vietnam war era head injury series (38) re-
ported the rapid onset of acute pulmonary edema after severe
head injury. In addition, experimental models as well as mul-
tiple human case reports of TBI and SAH have shown massive
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FIGURE 59.5. Summary of the pathophysiology of
the cardiogenic type of neurogenic shock. ICH, in-
tracerebral hemorrhage; LVEF, left ventricular ejection
fraction; SAH, subarachnoid hemorrhage; TBI, trau-
matic brain injury.

sympathetic discharges as the primary cause of neurogenic pul-
monary edema (39–41). Figure 59.5 summarizes the patho-
physiology of cardiogenic neurogenic shock.

Overall, cardiac neurogenic shock, with or without neuro-
genic pulmonary edema, is usually transient, with resolution
within several days to 2 weeks (2–4). Prevention of secondary
brain injury from hypoxia and decreased cerebral perfusion
pressures should be the focus of care in the management of
this neurally mediated complication.

Ne uroe nd ocrine Ne urog e nic Shock

Insufficiency of the hypothalamic-pituitary-adrenal axis has
been recognized as an important cause for shock. Inappropri-
ately reduced release of cortisol in stress situations can lead
to decreased systemic vascular resistance, reduced cardiac con-
tractility, hypovolemic shock, or hyperdynamic shock that can
mimic septic shock. Secondary adrenal insufficiency due to
injury to the hypothalamic-hypopituitary feedback loop can
cause neuroendocrine neurogenic shock. Acute brain injury,
particularly TBI and SAH, can commonly lead to injury of
the hypothalamus, pituitary gland, or the connecting structures
(42). Cohan et al. (6) revealed that adrenal insufficiency after
traumatic brain injury occurred in about half of all patients
and led to a significantly higher rate of hypotension in these
patients. Most cases of adrenal insufficiency developed within
4 days of injury. Importantly, the authors defined adrenal insuf-
ficiency using a low random serum cortisol value and highlight
the fact that an increase in the cortisol level after a stimula-
tion test does not rule out the presence of adrenal insufficiency.
This issue is particularly relevant in TBI patients, in whom
the hypothalamus and the pituitary gland are the likely af-
fected organs, and the adrenal glands might well be expected
to mount an appropriate response when stimulated. When rec-

ognized, primary and secondary adrenal insufficiency can easily
be treated.

In septic shock, a low-dose vasopressin infusion has been
shown to successfully restore blood pressure in hypotension
refractory to standard catecholamine therapy (43,44). Recent
studies in SAH have shown that endogenous vasopressin serum
levels are elevated during the first 2 days after SAH but decrease
to subnormal levels after 4 days (45–47). Arginine vasopressin
supplementation in SAH at low dose (0.01–0.04 units/min)
has been studied in only one single retrospective study (48).
The role of vasopressin in the setting of neurogenic shock re-
mains to be studied in a prospective manner, but the changes in
endogenous vasopressin levels might indicate neuroendocrine
changes in neurogenic shock and potential new treatment op-
tions in SAH.

CLINICAL MANIFESTATIONS
Figure 59.6 illustrates the clinical manifestations and symp-
toms seen in neurogenic shock. Acutely, vasodilatory neuro-
genic shock presents with a “warm and dry” hemodynamic
profile. The patient is hypotensive and frequently bradycardic;
however, the peripheral vessels are dilated, leading to warm
limbs and a normal capillary refill time. Central venous pres-
sure (CVP) is normal or low, and systemic venous resistance
(SVR) is always low. Stroke volume and cardiac output are
low due to the unopposed vagal tone. When a spinal cord in-
jury is present, a difference in smooth muscle and vasculature
tone can be observed between the body parts above and below
the level of the injury. For example, in an injury at thoracic level
7 (T7), normal upper limb perfusion might be observed, while
vasodilatation below T7 leads to warm and dry lower extrem-
ities. Orthostatic hypotension without reflex tachycardia on
changing from a supine to an upright position—by standing
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FIGURE 59.6. Clinical manifestations of
the different types of neurogenic shock.
CO, carbon monoxide; CVP, central venous
pressure; EDVI, end-diastolic volume index;
PCWP, pulmonary capillary wedge pressure;
SV, stroke volume; SVR, systemic vascular
resistance.

or with reverse Trendelenburg position—is common. When
treating this form of neurogenic shock with a vasopressor infu-
sion (such as phenylephrine or other pressors), extreme caution
should be applied, as vasopressor hypersensitivity can lead to
severe rebound hypertension, which can be difficult to control.

Cardiogenic neurogenic shock manifests as hypotension and
tachycardia, with bradycardia seen rarely. Peripheral vessels are
often vasoconstricted, leading to a high SVR and cold and wet
skin. Vascular filling, as measured by CVP, pulmonary capil-
lary wedge pressure (PCWP), and end-diastolic volume index
(EDVI), is normal or high, with low stroke volumes and car-
diac output due to global myocardial dysfunction. Leaking of
cardiac enzymes—troponin, creatine kinase (CK), CK-MB—
may be seen, but frequently the peak levels are not as high as
one would find in myocardial infarction. It is difficult to estab-
lish a cutoff value that differentiates stunned myocardium from
myocardial infarction with atherosclerotic coronary artery dis-
ease. A retrospective study in SAH measuring troponin-I levels
has reported an appropriate cutoff value to be 2.8 ng/mL (49),
whereas CK-MB did not help differentiate between the two
kinds of myocardial injury. Higher levels of troponin should
raise the suspicion of true myocardial infarction, and ECG and
echocardiography correlation is important.

N euroendocrine neurogenic shock presents with hypoten-
sion that does not respond well to vasopressor infusion. Hemo-
dynamic signs of this category of neurogenic shock are low
CVP, SVR, stroke volume, and cardiac output. Low baseline
cortisol levels are the hallmark. A cosyntropin stimulation test
frequently leads to an appropriate increase in the cortisol level,
which does not rule out the presence of neuroendocrine neu-
rogenic shock, as the adrenal gland is usually not the primarily
affected organ (6). For this reason, we do not find any clini-
cal utility in this test when neuroendocrine neurogenic shock
is suspected. Resolution of the hypotension with the use of
hydrocortisone clinically confirms the presence of this shock
form.

DIAGNOSTIC CONSIDERATIONS

In any case of hypotension and shock in the neurointensive
care unit, systemic causes for shock must be ruled out first.
Especially in the paralyzed patient (for example, one with a
high spinal cord injury), recognition of other life-threatening
injuries can be quite difficult. Signs of hypovolemic shock may
be absent, even in a patient with profound internal bleed-
ing, because of the absence of sympathetic tone below the
level of injury. The usual pallor from vasoconstriction and re-
flex tachycardia might also be absent. The patient may even
be bradycardic while continuing to bleed. For the same rea-
son, signs of peritoneal irritation may be absent in patients
with abdominal injuries. The reported incidence of pulmonary
embolism (PE) varies tremendously in the neurocritical care
patient population—ranging from 0.5% to 20% in ischemic
stroke (50,51), to 1% in intracranial hemorrhage (52), to 8.4%
in brain tumors (53)—and there are only limited data during
the acute phase of subarachnoid hemorrhage, traumatic brain
injury, and spinal cord injury (51). Interestingly, according to
the study by Skaf et al. (50) using the National Hospital Dis-
charge Survey, the incidence of PE did not change in patients
with ischemic and hemorrhagic stroke between 1979 and 2003.
However, the death rate from PE in the subgroup with ischemic
stroke decreased, likely due to an increased use of antithrom-
botic prophylaxis over the last 20 years (54). Additionally,
over the last two decades, the methods of PE detection have
improved immensely—for example, pulmonary CT-angiogram
versus nucleotide scan—and autopsy studies report additional
asymptomatic cases. In our opinion, the true incidence of PE is
underestimated. Pulmonary embolism should always be con-
sidered in cases of refractory shock. If profound hypotension
is present, or hypotension becomes progressive, reasons other
than neurogenic shock should be suspected and thoroughly
ruled out.
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Every patient should undergo serial ECGs, serial cardiac
enzyme measurements, and a chest radiograph. As previously
mentioned, pulmonary edema and neurocardiogenic injury
may occur together or separately, making chest x-ray films im-
portant diagnostic tools. In particular, one should look for pul-
monary vascular congestion and evaluate the size and shape of
the cardiac silhouette. Hemodynamic monitoring with continu-
ous blood pressure and central venous pressure (CVP) monitor-
ing with an arterial line and central venous line (CVL) should
be undertaken. Blood pressure measurements should be done
continuously with an arterial line. Arteriosclerosis of the up-
per extremities is common and should be kept in mind either
when there is a large discrepancy between right- and left-sided
pressures or when the clinical appearance of the patient does
not match the readings from the arterial line. Central venous
access is key for determining CVP and for the administration
of fluids and medications, especially vasopressors. The site of
the placement of the central venous line (CVL) may play an
important role in the management of shock in a neurologically
injured patient. Subclavian vein catheters are the preferred site
in patients with elevated intracranial pressure (ICP), as there
is a theoretical risk of venous stasis within the internal jugular
vein with venous congestion and higher risk for venous sinus
thrombosis, which could result in increased ICP (55). In ad-
dition, trauma patients frequently have cervical spine injuries
and require cervical collars, making the internal jugular vein
accessible only with difficulty.

In patients with cardiogenic neurogenic shock, more exten-
sive hemodynamic monitoring may be necessary with either
noninvasive cardiac monitoring devices or a pulmonary artery
catheter (PAC). Echocardiography is very important to under-
standing the etiology of shock. In most cases, a transthoracic
echocardiogram is sufficient. The typical echocardiographic
appearance is that of apical ballooning, which results from
global hypokinesis sparing the apex (56). This part of the heart
is devoid of sympathetic nerve terminals, supporting the hy-
pothesis that cardiac injury in SAH is neurally mediated by a
sympathetic storm. Segmental wall motion abnormalities not
conforming to distinct coronary artery territories is another
characteristic echocardiographic finding. However, myocardial
infarction from ischemic coronary disease is frequently seen in
brain-injured patients, just as in any critically ill patient, and
should always be ruled out first as a cause of shock. In the set-
ting of fever and shock, blood cultures must be obtained and the
patient appropriately covered with antibiotics until the cultures
yield results. However, older and immunosuppressed patients
may not mount an appropriate febrile response, and thus sep-
sis should still be considered in these patients even when they
are afebrile, especially in the setting of a rising white blood cell
(WBC) count. Cerebral spinal fluid cultures are very impor-
tant in the neurointensive care unit, with antibiotic coverage
of potential central nervous system CNS infections, especially
in patients after head trauma with skull fracture or sinus dis-
ease, after instrumentation of the head or spinal canal, or in
immunocompromised patients. Placement of intracranial pres-
sure measurement devices do not contribute to the diagnostic
workup of shock, but they are important tools in the manage-
ment of neurogenic shock, such as when the goal mean arterial
pressure (MAP) is being titrated to the cerebral perfusion pres-
sure. Finally, adrenal insufficiency should always be considered.
Random serum cortisol levels should be obtained in the early
stages of shock, keeping in mind that in some forms of brain

injury, low random serum cortisol levels, and thus adrenal in-
sufficiency, may be encountered for several days after injury (6).

Many neurologically injured patients, especially those with
spinal cord injuries, receive steroids while in the neurointen-
sive care unit. The doses administered may be high enough to
alter the result of a random serum cortisol level, but often the
dose is not enough to treat true adrenal insufficiency appro-
priately. In these cases, one could either empirically treat with
higher doses of steroids that also treat adrenal insufficiency—
hydrocortisone, with or without fludrocortisone—or, keeping
the potential adverse effects of steroids in acute injury in mind,
one could withhold the administration of steroids for 12 hours,
then obtain a random cortisol level and resume steroid treat-
ment right after the blood draw. However, hypotension is fre-
quently severe enough that immediate treatment is warranted,
and withholding steroids often is not an option. Dexametha-
sone, which is frequently used in the neurointensive care unit, is
the steroid that interferes the least with the cortisol assay after
a corticotropin stimulation test and therefore allows for such a
test. In cases of high suspicion, a random cortisol level is often
preferred because of its simplicity. The cortisol level should be
drawn immediately before the steroid dose. However, given the
lack of mineralocorticoid activity of dexamethasone, changing
to hydrocortisone with or without fludrocortisone is recom-
mended when adrenal insufficiency is suspected.

MANAGEMENT
Two important reasons for early and proactive treatment of
patients in neurogenic shock are as follows:

1. Prevention of secondary brain injury from hypoxia and hy-
potension

2. The fact that neurogenic shock, especially cardiogenic and
neuroendocrine forms, is easily treatable and transient, with
potentially good outcomes despite the moribund appearance
of the patient in the acute phase.

Identifying patients at risk has been very difficult, but at least
in SAH it appears that poor neurologic grade, age older than
30 years, and ventricular repolarization abnormalities are risk
factors for neurogenic shock (57).

Once the diagnosis of neurogenic shock has been established
and the pathophysiology (subtype) has been understood, treat-
ment tailored to the specific subtype is initiated. In all cases,
euvolemia is of utmost importance and must be achieved before
any other treatment can be successful. In general, vasopressor
treatment as a continuous infusion is initiated and titrated to a
goal MAP and cerebral perfusion pressure (CPP). As an impor-
tant management tool, an intracranial pressure measurement
device is very helpful, allowing the indirect measurement of
CPP. We recommend a goal CPP of greater than or equal to 65
mm Hg. The optimal CPP is not known. Data regarding the
minimum tolerable CPP comes from TBI patients, in whom
the ICP is often elevated. Several studies have suggested an im-
proved outcome when CPP is maintained at greater than 70 mm
Hg (58,59). Other studies using physiologic measurements,
such as cerebral blood flow and brain tissue PO 2 (PbtO 2), indi-
cate that adverse changes do not occur unless the CPP is below
50 to 60 mm Hg (60,61).

Vasodilatory neurogenic shock can be difficult to treat.
In general, vagal tone predominates; however, in this state,
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patients frequently have peripheral α-adrenoceptor hyperre-
sponsiveness, limiting the use of norepinephrine, epinephrine,
ephedrine, and phenylephrine. In fact, sympathomimetics
should be avoided as they can lead to severe blood pressure
fluctuations. Since arginine vasopressin (AVP) does not affect
α- or β -adrenergic receptors, but acts on V1 receptors, AVP
may have an advantage over catecholamines or phenylephrine
in this form of neurogenic shock. It has not been studied in neu-
rogenic shock, however, and it remains unclear whether AVP
may have adverse effects on neurologically ill patients. This
concern is based on animal studies indicating that vasopressin
may promote the development of vasospasm in SAH, and indi-
rect experimental studies showing a reduction in brain edema
with vasopressin antagonists. No prospective human study has
been undertaken to confirm or dismiss this concern, and the
only retrospective study on the use of vasopressin in SAH did
not show any of these potentially adverse effects (48). In addi-
tion to vasopressors, a temporary demand pacemaker and/or
atropine may be required in cases of refractory bradycardia
and hypotension.

In cardiogenic neurogenic shock, some form of inotropic
support may be necessary, either in the form of a dobutamine,
milrinone, or norepinephrine infusion. Dopamine is generally
avoided because of its proarrhythmic properties. Dobutamine
and milrinone also have vasodilatory effects, frequently lead-
ing to more hypotension, requiring additional therapy with an
α-receptor agonist, such as phenylephrine or norepinephrine.
Afterload increases in the former, and tachycardia in the latter,
might be limiting factors and need careful monitoring. Cardiac
output monitoring may be undertaken with the guidance of
a PAC. Beta-blockade is usually not recommended. In neuro-
genic cardiogenic shock, coronary artery disease is typically not
present, and compensatory tachycardia is necessary to main-
tain cardiac output. Afterload reduction with cautious use of
angiotensin-converting enzyme (ACE) inhibitors should be at-
tempted, but further hypotension must be avoided to main-
tain tenuous cerebral perfusion pressures. Short-acting agents
should be used whenever possible. Repeating an echocardio-
gram several days after the initial one is recommended to moni-
tor the progression/resolution of cardiac dysfunction. The need
for an intra-aortic balloon pump to mechanically reduce after-
load and improve coronary perfusion pressure may be consid-
ered, albeit rarely used.

Once diagnosed, neuroendocrine neurogenic shock from
primary, or more often secondary, adrenal insufficiency is
treated with steroid replacement therapy. We use the same dos-
ing as in adrenal insufficiency in septic shock: hydrocortisone,
50 mg intravenously every 6 hours. As previously discussed,
a cortisol stimulation test is usually not helpful, and empiric
treatment after a random cortisol level should be initiated.

SUMMARY
Neurogenic shock is not a single entity, but rather is composed
of three subtypes and pathophysiologies: vasodilatory, cardiac,
and neuroendocrine. Other causes of hypotension should be
ruled out first, prior to making the diagnosis of neurogenic
shock. In most cases, neurogenic shock is transient and re-
versible, making this entity very treatable. Diagnosis and treat-
ment should be tailored to the subtype of neurogenic shock.
Maintenance of cerebral perfusion pressures is the key prin-

ciple of management to prevent secondary brain injury and
improve outcome.
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CHAPTER 60 ■ ANAPHYLACTIC SHOCK
MEGHAVI S. KOSBOTH r ERIC S. SOBEL

Anaphylaxis is severe, has a rapid onset, and is potentially
fatal—a systemic allergic reaction that occurs after contact with
an allergy-causing substance (1,2). Activation of mast cell and
basophil populations by either IgE-dependent (i.e., anaphylac-
tic reactions) or IgE-independent (i.e., anaphylactoid reactions)
mechanisms results in the release of multiple mediators capable
of altering vascular permeability and vascular and bronchial
smooth muscle tone, as well as recruiting and activating in-
flammatory cell cascades. Because the clinical presentations
of anaphylactic and anaphylactoid reactions are indistinguish-
able, they will be referred to as anaphylaxis for the purposes
of this chapter. Initial sequelae, which occur within minutes
to an hour after exposure to an inciting stimulus, include gen-

eralized hives, tachycardia, flushing, pruritus, faintness, and a
sensation of impending doom. Dermatologic (i.e., urticaria and
angioedema), respiratory (i.e., dyspnea, wheeze, stridor, bron-
chospasm, and hypoxemia), and gastrointestinal (i.e., abdom-
inal distension, nausea, emesis, and diarrhea) manifestations
are common. Involvement of the cardiovascular and respira-
tory systems may result in potentially life-threatening manifes-
tations, such as cardiovascular collapse caused by vasodilation
and capillary leak, myocardial depression, myocardial ischemia
and infarction, and atrial fibrillation (3). Prompt recogni-
tion and effective intervention are essential to prevent
the fatal manifestations of anaphylactic and anaphylactoid
reactions.
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INCIDENCE
The incidence of anaphylaxis is difficult to determine accurately
due to underdiagnosis and underreporting. In the United States,
fatal anaphylaxis causes 500 to 1,000 fatalities per year and
accounts for 1% of emergency department visits (1,4,5). The
anaphylaxis rate was found to be 21 per 100,000 person-years
in a study of nonhospitalized individuals in Olmsted County,
Minnesota, between 1983 and 1987 (6). A subsequent analysis
of the General Practice database in the United Kingdom noted
the incidence to be 8.4 per 100,000 person-years (7). An epi-
demiologic study involving 481,752 individuals suggested that
hospitalized patients are at increased risk of anaphylaxis, but
these reactions are rarely fatal (8).

ETIOLOGY
The most common causes of anaphylaxis include insect stings,
foods, drugs, and physical factors/exercise. Idiopathic anaphy-
laxis (where no causative agent is identified) accounts for up
to two thirds of patients referred to allergy/immunology spe-
cialty clinics (9,10). Foods such as shellfish, eggs, nuts, and milk
account for one third of food-induced anaphylactic episodes
(10–13) (Tables 60.1 and 60.2). There is a syndrome of food-
dependent, exercise-induced anaphylaxis (FDEIA) that devel-
ops only if food is ingested prior to exercise or exertion (14).
Seafood, nuts, celery, wheat, and grains have been implicated
as allergens in this syndrome. It is important to note that these
foods are tolerated by the patient in the absence of exertion
(14,15).

Anaphylactic reactions to stings or bites of various insects,
such as members of the order Hymenoptera (yellow jackets,
bees, wasps, hornets, and saw flies) are commonly reported.
A positive venom skin test along with a systemic reaction to
the insect sting predicts a 50% to 60% risk of reaction to
future stings (16). Medications can cause anaphylactic (IgE-
mediated) and anaphylactoid (non–IgE-mediated) reactions.
Previous exposure to drugs is required for IgE production and
anaphylactic reactions, but anaphylactoid reactions can occur
upon first administration. Penicillin is one of the most com-
mon causes of anaphylaxis, with 1 to 5 per 10,000 courses
with penicillin resulting in allergic reactions and 1 in 50,000
to 1 in 100,000 courses with a fatal outcome (17–19). Non-
steroidal anti-inflammatory drugs (NSAIDs) and aspirin are the
second most common class of drugs implicated in anaphylaxis
(20). Some hypersensitivity reactions will occur with differ-
ent NSAID agents, while others are specific to a single drug
(21).

With widespread adoption of universal precautions against
infections, latex allergy has become a significant problem. The
development of low-protein, powder-free gloves has been asso-
ciated with reduction in occupational-contact urticaria caused
by latex rubber gloves (22). Despite this, latex allergy is still
a concern since latex is found in gloves, catheters, and tubing
(23–25). Iodinated radiocontrast media can cause anaphylaxis;
however, life-threatening reactions are rare (26). A history of a
previous reaction to radiocontrast media, asthma or atopic dis-
ease, treatment with β -blockers, and cardiovascular disease are
risk factors for developing anaphylaxis to radiocontrast media
(27–29).

CLINICAL MANIFESTATIONS
The clinical syndromes associated with systemic anaphylac-
tic and anaphylactoid reactions represent medical emergen-
cies, as they are associated with a rapid, critical destabi-
lization of vital organ systems. These syndromes, which are,
again, clinically indistinguishable, may become rapidly fatal
if appropriate therapy is not instituted immediately. Initial
symptoms can appear within seconds to minutes but may
be delayed by as much as 1 (or rarely more) hour after ex-
posure to an inciting agent (30), and are often nonspecific
(31). These symptoms include tachycardia, faintness, cuta-
neous flushing, urticaria, diffuse or palmar pruritus, and a
sensation of impending doom (32). Of these, generalized ur-
ticaria is the most common, occurring in approximately 90%
of patients (Table 60.3) (33,34). Subsequent manifestations in-
dicate involvement of the cutaneous, gastrointestinal, respira-
tory, and cardiovascular systems. Involvement of the cardio-
vascular and respiratory systems is responsible for the fatal

TA BLE 6 0 . 1

ETIOLOGIC AGENTS FOR ANAPHYLAXIS (IGE-
MEDIATED)

HAPTENS
β -Lactam antibiotics
Sulfonamides
Nitrofurantoin
Demethylchlortetracycline
Streptomycin
Vancomycin
Local anesthetics
Others

SERUM PRODUCTS
γ -Globulin
Immunotherapy for

allergic diseases
Heterologous serum

FOODS
Nuts (peanuts, brazil

nuts, hazelnuts,
cashews, pistachios,
almonds, soy nuts)

Shellfish
Buckwheat
Egg white
Cottonseed
Cow’s milk
Corn
Potato
Rice
Legumes
Citrus fruits
Chocolate
Others

VENOM
Stinging insects, particularly

Hymenoptera, fire ants, deer
flies, jelly fish, kissing bugs
(triatoma), and rattlesnakes

HORMONES
Insulin
Adrenocorticotropic hormone
Thyroid-stimulating hormone

ENZYMES
Chymopapain
L-Asparaginase

MISCELLANEOUS
Seminal fluid
Others

Boldface: Relatively common causes
Modified from Austen KF. Systemic anaphylaxis in man. JAMA. 1965;
192:108; and Kaliner M. Anaphylaxis. N ER Allergy Proc. 1984;5:
324.
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TA BLE 6 0 . 2

ETIOLOGIC AGENTS FOR ANAPHYLACTOID REACTIONS

COMPLEMENT-MEDIATED REACTIONS ARACHIDONIC ACID MODULATORS
Blood Nonsteroidal anti-inflammatory drugs
Serum Tartrazine (possible)
Plasma
Plasmate (but not albumin) IDIOPATHIC
Immunoglobins Most common conclusion after thorough evaluation

NONIMMUNOLOGIC MAST CELL ACTIVATORS UNKNOWN
Opiates and narcotics Sulfites
Radiocontrast media Others
Dextrans
Neuromuscular blocking agents THERMOREGULATORY MECHANISM

Cold temperature, exercise

Boldface: Relatively common causes.
Adapted from Kaliner M. Anaphylaxis. N ER Allergy Proc. 1984;5:324.

complications of anaphylactic/anaphylactoid reactions. An
unsettling sensation—including hoarseness, dysphonia, or
dyspnea—may precede acute upper airway obstruction sec-
ondary to laryngeal edema. Other pulmonary manifestations
include acute bronchospasm, intra-alveolar pulmonary hemor-
rhage, bronchorrhea, and a noncardiogenic, high permeability–
type pulmonary edema (17,35). Tachycardia and syncope may
precede the development of hypotension and frank cardiovas-
cular collapse (36,37). Anaphylactic shock occurs as a con-
sequence of diminished venous return secondary to systemic
vasodilation and intravascular volume contraction caused by
capillary leak. Although transient increases in cardiac output
may occur at the onset of anaphylaxis, hemodynamic param-
eters later reveal decreases in cardiac output, systemic vascu-
lar resistance, stroke volume, pulmonary artery occlusion, and
central venous pressures (38–44). In addition, the acute onset

of a lactic acidosis and diminished oxygen consumption have
been noticed after an anaphylactoid reaction (45). Other po-
tentially serious cardiovascular manifestations are myocardial
ischemia and acute myocardial infarction, atrioventricular and
intraventricular conduction abnormalities such as prolonged
PR interval, transient left bundle branch block, and supraven-
tricular arrhythmias such as atrial fibrillation. Severe, but re-
versible, myocardial depression also has been reported (37).
Hematologic manifestations, such as disseminated intravascu-
lar coagulation and hemoconcentration secondary to volume
contraction, also may complicate anaphylactic and anaphy-
lactoid reactions (32). Gastrointestinal manifestations include
nausea, bloating, abdominal cramps, and diarrhea.

In 1% to 20% of patients, there is a recurrence of symptoms
after a period of recovery, termed biphasic anaphylax is (46). In
most cases, the symptoms recurred 1 to 8 hours after the initial

TA BLE 6 0 . 3

CLINICAL MANIFESTATIONS OF ANAPHYLACTIC AND ANAPHYLACTOID REACTIONS

System Symptom Frequency Sign/clinical manifestation

RESPIRATORY 60% –80%
Upper Dyspnea, dysphonia, cough, “ lump in

throat”
Upper airway obstruction caused by laryngeal

edema and spasm; bronchorrhea
Lower Dyspnea, cyanosis Noncardiogenic pulmonary edema, bronchospasm,

acute hyperinflation, alveolar hemorrhage
CARDIOVASCULAR Palpitations, faintness, weakness 20% Shock, tachycardia, capillary leak, syncope,

supraventricular arrhythmias, conduction
disturbances, myocardial ischemia and infarction

CUTANEOUS Flushing, pruritus, rash 90% Urticaria, angioedema, diaphoresis
GASTROINTESTINAL Abdominal pain, bloating, cramps,

nausea
30% Emesis, diarrhea, hepatosplenic congestion; rarely

hematemesis and bloody diarrhea
NEUROLOGIC Dizziness, disorientation, hallucinations,

headache, feeling of impending doom
5% –10% Syncope, lethargy, seizures

NASAL Pruritus, sneezing 16% –20% Rhinorrhea, nasal congestion
OCULAR Conjunctival pruritus, periorbital edema 10% –15% Conjunctival suffusion, lacrimation

HEMATOLOGIC Hemoconcentration, DIC

DIC, disseminated intravascular coagulation.
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presentation, although there have been reports of recurrence
up to 72 hours later. There were no features of the primary
response that predicted the occurrence of a secondary response
(47).

DIAGNOSIS
The diagnosis of anaphylaxis is established on the basis of clin-
ical grounds alone because expedient institution of appropri-
ate therapy is mandatory. These diagnoses should be consid-
ered when typical multisystem manifestations occur in a direct
temporal relationship with exposure to an inciting agent. Re-
cently, the National Institute of Allergy and Infectious Diseases
(NIAID) and the Food Allergy and Anaphylaxis Network
(FAAN) proposed clinical criteria for the diagnosis of anaphy-
laxis (Fig. 60.1) (1). Because of the multisystem nature of ana-
phylactic and anaphylactoid reactions, the list of differential
diagnoses that must be considered is extensive. Diagnostic pos-
sibilities include cardiac dysrhythmias, myocardial infarction,
distributive or hypovolemic shock, vasovagal syncope, asthma,
pulmonary embolism, upper airway obstruction secondary to
ingestion of a foreign body, hypoglycemia, and the carcinoid
syndrome (Table 60.4).

Demonstration of acute elevations of markers specific to
mast cell activation such as histamine and tryptase have been
proposed to help confirm the diagnosis of anaphylaxis (48,49).
However, in a series of 97 patients presenting to an emergency
department and given the diagnosis of anaphylaxis, only 42%
were found to have elevated plasma histamine levels, and 24%
had increased plasma tryptase levels (50). Skin testing or serum
antibody tests can help demonstrate the presence of IgE against
a specific allergen. Skin testing should be delayed for up to 4
weeks to allow the dermal mast cells to replenish intracellular
mediators (51).

PATHOPHYSIOLOGY
The systemic manifestations of anaphylactic and anaphylac-
toid reactions represent sequelae that result from the release

of inflammatory mediators by mast cells and basophils. The
classic anaphylactic response occurs through allergen-induced
crosslinking of IgE tightly bound to the high-affinity Fc R1 re-
ceptor constitutively expressed by mast cells (52). Release of
histamine from preformed mast cell granules seems to be the
primary pathophysiologic mediator, resulting in systemic va-
sodilation, increased vascular permeability, bronchoconstric-
tion, pruritus, and increased mucus production. However,
a number of other preformed mediators are released, in-
cluding heparin, serotonin, and mast cell proteases such as
chymase and tryptase (53). In addition, other important medi-
ators of anaphylaxis are generated by the metabolism of mem-
brane phospholipids. Activation of the 5-lipoxygenase path-
way results in synthesis of leukotrienes, including leukotrienes
C4, D4, E4 (termed the slow-reacting substance of anaphy-
laxis), and B4. Leukotrienes C4, D4, and E4, along with the
intermediary products 5-hydroxyeicosatetraenoic acid and 5-
hydroperoxyeicosatetraenoic acid, elicit increases in vascular
permeability and bronchoconstriction, whereas leukotriene B4
possesses eosinophil and neutrophil chemotactic properties.
Activation of the cyclooxygenase pathway leads to the produc-
tion of prostaglandin D2, which produces bronchoconstriction.
Platelet-activating factor is also newly synthesized by activated
mast cells and can result in bronchoconstriction, increased vas-
cular permeability, platelet aggregation, and neutrophil chemo-
taxis. It also leads to further production of platelet-activating
factor through stimulation of nuclear factor (NF)-κB, a posi-
tive feedback mechanism involving the cytokines interleukin-1
(IL-1) and tumor necrosis factor (TNF)-α , and contributes
to a biphasic pattern seen in some patients (54). Combined,
these primary mediators then facilitate the production of a di-
verse number of secondary mediators by platelets, neutrophils,
eosinophils, and other cells, resulting in activation of the com-
plement, coagulation, and fibrinolytic pathways (55).

Many of these mediators have complicated effects, and their
relative roles in mediating anaphylaxis in vivo have been dif-
ficult to evaluate. Mouse models of anaphylaxis using strains
with targeted deletions of specific mediators have been useful
in elucidating the importance of different effector molecules,
such as the leukotrienes (56–58), and in identifying regulatory

Acute onset of illness (minutes 
to few hours)

Exposure to likely allergen for 
that patient

Exposure to known allergen for 
that patientNo known exposure to allergen

Skin or mucosal involvement and 
either:

Respiratory compromise

Reduced BP or associated signs Respiratory compromise

Reduced BP or associated signs

Persistent gastrointestinal symptoms

or

or both

Skin and/or mucosal involvement

At least two of the following: Reduced BP or associated signs

FIGURE 60.1. Clinical criteria for di-
agnosing anaphylaxis. Fewer signs are
required for diagnosis as the history
of allergen exposure becomes more
certain. Signs or symptoms of skin
involvement: Generalized hives, pru-
ritus, or flushing. Signs of mucosal
involvement: Swollen lips, tongue,
and/or uvula. Signs of respiratory
compromise: Dyspnea, wheeze, bron-
chospasm, stridor, reduced peak expi-
ratory flow, and/or hypoxemia. Def-
inition of reduced blood pressure
(BP): Adults—systolic BP less than
90 mm Hg or greater than 30% de-
crease from that person’s baseline;
children—systolic BP less than 70 mm
Hg from 1 month to 1 year, less than
(70 mm Hg + [2 × age]) from 1
to 10 years, and less than 90 mm
Hg from 11 to 17 years or associ-
ated signs: Hypotonia, syncope, in-
continence. Persistent gastrointesti-
nal symptoms: Crampy abdominal
pain and vomiting.
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TA BLE 6 0 . 4

DIFFERENTIAL DIAGNOSIS OF ANAPHYLAXIS

FLUSH SYNDROME POSTPRANDIAL COLLAPSE
Carcinoid Airway foreign body
Pheochromocytoma Monosodium glutamate ingestion
Peri-postmenopausal hot flushes Sulfite
Medullary carcinoma of thyroid Scombroid fish poisoning
Red man syndrome (vancomycin)

MISCELLANEOUS
HYPOTENSION Panic attacks
Septic shock Systemic mastocytosis
Hemorrhagic shock Basophilic leukemia
Cardiogenic shock Hereditary angioedema
Hypovolemic shock Hyper-IgE syndrome
Vasovagal reaction

RESPIRATORY DISTRESS
Status asthmaticus
Airway foreign body
Epiglottitis
Pulmonary embolism
Asthma and COPD exacerbation
Vocal cord dysfunction

IgE, immunoglobulin E; COPD, chronic obstructive pulmonary disorder.

pathways, such as IL-10 (59), but have also provided some
surprises that may lead to clinically useful information. For ex-
ample, mice with targeted deletions of either the high-affinity
Fc R1 receptor or IgE, not surprisingly, had a markedly de-
creased susceptibility to IgE-mediated anaphylaxis (53,60).
This pathway can also be blocked with targeted deletion of
histamine receptor 1 and, to a lesser extent, platelet-activating
factor (52,53). However, such mice also revealed the presence
of an alternate IgE-independent pathway of anaphylaxis (61).
This pathway was mediated largely through platelet-activating
factor, which was triggered by the binding of IgG to Fcγ RIII
receptors present on macrophages (52,62). Like the classic IgE-
mediated pathway, this alternative pathway required prior ex-
posure to antigen, but differed in that much higher concentra-
tions of antigen were required. The importance of this pathway
in humans is as yet unclear (52). However, the administration
of biologic agents, such as the anti-TNF antibody infliximab,
has been reported to cause an IgE-independent anaphylactic
response (63), and may be an example of this alternative path-
way. The use of these biologic agents is expected to continue
to increase.

MANAGEMENT

The clinician must have a high index of suspicion for ana-
phylactic and anaphylactoid reactions because they require a
prompt clinical diagnosis and a rapid therapeutic response. Be-
cause anaphylactic and anaphylactoid reactions both represent
sequelae of mast cell and basophil degranulation, the thera-
peutic approaches to these disorders are identical. Initial at-
tention should be given to assessment and stabilization of the
pulmonary and cardiovascular manifestations of anaphylaxis,
because these are the major causes of death.

Epinephrine is the mainstay of initial management and
should be administered immediately. It decreases mediator syn-
thesis and release by increasing intracellular concentrations
of cyclic adenosine monophosphate (cAMP) and antagonizes
many of the adverse actions of the mediators of anaphylaxis
(41). Aqueous epinephrine, 0.01 mg/kg (maximum dose 0.5
mg) administered intramuscularly every 5 to 15 minutes as
necessary to control symptoms and maintain blood pressure, is
recommended (41,64). The participants of the NIAID/FAAN
symposium concluded that the intramuscular administration of
epinephrine in the anterior lateral thigh is preferred over sub-
cutaneous injection (1,2). In cases of severe laryngospasm or
frank cardiovascular collapse, or when there is an inadequate
response to subcutaneous epinephrine administration and fluid
resuscitation, intravenous epinephrine is an option. There is
no established dosage regimen for intravenous epinephrine in
anaphylaxis, but suggested dosages are 5 to 10 µ g bolus (0.2
µ g/kg) for hypotension and 0.1 to 0.5 mg in the setting of
cardiovascular collapse (1,2,65). When epinephrine is admin-
istered IV, the clinician should be aware of the potential ad-
verse consequences of severe tachycardia, myocardial ischemia,
hypertension, severe vasospasm, and gangrene—the latter
when infused by peripheral venous access (66).

Blood pressure measurements should be obtained fre-
quently, and an indwelling arterial catheter should be inserted
in cases of moderate to severe anaphylaxis. High-flow oxygen
given via endotracheal tube or a nonrebreather mask should
be administered to patients experiencing hypoxemia, respira-
tory distress, or hemodynamic instability (1,2). Orotracheal
intubation may be attempted if the airway obstruction com-
promises effective ventilation despite pharmacologic interven-
tion; however, attempts may be unsuccessful if laryngeal edema
is severe. If endotracheal intubation is unsuccessful, then ei-
ther needle-catheter cricothyroid ventilation, cricothyrotomy,



938 Sect ion VI: Shock States

or surgical tracheostomy is required to maintain an adequate
airway. Clinicians must be familiar with at least one of these
techniques in the event that endotracheal intubation cannot be
accomplished. It has been suggested that inhaled β 2-agonists
such as albuterol may be useful for bronchospasm refrac-
tory to epinephrine (1,2,67). Patients should be placed in the
recumbent position, with lower extremities elevated to in-
crease fluid return centrally, thereby increasing cardiac out-
put (68). Airway protection should be ensured in the event of
vomiting.

Antihistamines (H 1 and H 2 antagonists) are considered
second-line treatment for anaphylaxis (1,2). They are useful in
the treatment of symptomatic urticaria-angioedema and pruri-
tus. Recent studies suggest that treatment with a combination
of H 1 and H 2 antagonists is more effective in attenuating the
cutaneous manifestations of anaphylaxis than H 1 antagonists
alone (50,69). Diphenhydramine hydrochloride (25 to 50 mg
IV or IM for adults and 1 mg/kg, up to 50 mg, for children)
and ranitidine (50 mg IV over 5 minutes) are commonly used
in this setting. If hypotension persists despite administration of
epinephrine and H1 and H 2 blockers, aggressive volume resus-
citation should be instituted. Up to 35% of the blood volume
may extravasated in the first 10 minutes of a severe reaction,
with subsequent reduction in blood volume due to vasodilata-
tion, causing distributive shock (70). Persistent hypotension
may require multiple fluid boluses (10 to 20 mL/kg under pres-
sure) as well as colloid and crystalloid infusions (1,2). Vaso-
pressors such as norepinephrine, vasopressin, Neo-Synephrine,
or even metaraminol may be useful in persistent hypotension
(31).

There have been no placebo-controlled trials evaluating the
efficacy of corticosteroids in anaphylaxis, but their contribu-
tion in other allergic diseases has led to their inclusion in ana-
phylactic management. Due to their slow onset of action, they
are not useful in acute management. However, it has been sug-
gested that they may prevent protracted or biphasic reactions
(67,71). The usual dose is 100 to 250 mg of hydrocortisone IV
every 6 hours (39).

The management of anaphylaxis in a patient receiving β -
antagonist medications, such as β blockers, represents a spe-
cial circumstance in which the manifestations of anaphylaxis
may be exceptionally severe (72). β Blockade increases medi-
ator synthesis and release, as well as end-organ sensitivity. In
addition, β -blockade antagonizes the beneficial β -mediated ef-
fects of epinephrine therapy, thereby resulting in unopposed
α-adrenergic and reflex vagotonic effects: vasoconstriction,
bronchoconstriction, and bradycardia. Therapy of anaphylaxis
occurring in patients receiving β -antagonist drugs, however, is
similar to that of other patients. In addition, atropine may be
useful for heart block and refractory bronchospasm, whereas
glucagons—which increase cAMP levels through a β -receptor–
independent mechanism—have been reported to reverse the
cardiovascular manifestations of anaphylaxis in patients re-
ceiving β -antagonists (72). Glucagon can be administered as
a 1- to 5-mg (20–30 µ g/kg with maximum dose of 1 mg in
children) intravenous infusion over 5 minutes, followed by an
infusion of 5 to 15 µ g/minute titrated to a clinical response
(1,2). Furthermore, these patients may require extended peri-
ods of observation because of the long duration of action of
many β -antagonist medications.

An emergent evaluation for the inciting etiologic agent must
accompany initial therapeutic interventions. After the etiologic

agent is identified, the clinician should attempt to prevent fur-
ther access to the circulation or limit further absorption. In-
fusions of possible etiologic agents should be stopped and the
contents saved for analysis. If a Hymenoptera sting is respon-
sible, the stinger should be removed. Small amounts of local
epinephrine—0.1 to 0.2 mL of a 1:1,000 solution—should be
injected next to a subcutaneous or intramuscular injection site
that is dispersing the inciting agent. A tourniquet also should
be placed proximal to the injection site and pressure applied to
occlude venous return. After successful pharmacologic therapy,
the tourniquet may be cautiously removed and the patient care-
fully observed for recurrent adverse sequelae. In cases where
the offending agent was ingested, consideration may be given
to insertion of a nasogastric tube to perform gastric lavage and
gastric instillation of activated charcoal.

THERAPEUTIC PEARLS

1. Rapidly assess and maintain the airway, breathing, and
circulation. If airway obstruction is imminent, perform
endotracheal intubation; if unsuccessful, consider needle-
catheter cricothyroid ventilation, cricothyrotomy, or tra-
cheostomy. Patients in anaphylactic shock should be placed
in a recumbent position with the lower extremities ele-
vated, unless precluded by shortness of breath or vomiting.

2. Remove the inciting agent (i.e., remove Hymenoptera
stinger) and follow with an intramuscular epinephrine in-
jection in the anterior lateral thigh. Consider gastric lavage
and administration of activated charcoal if the inciting
agent was ingested.

3. Administer aqueous epinephrine, 0.01 mg/kg (maximum
dose, 0.5 mg) intramuscularly every 5 to 15 minutes as
necessary for controlling symptoms and maintaining blood
pressure.

4. Establish intravenous access for hydration and provide
supplemental oxygen.

5. Administer histamine antagonists to block vasodilation,
capillary leak, and shock (H1 blockade, 25–50 mg of
diphenhydramine IV or IM for adults, and 1 mg/kg—up
to 50 mg—for children; H2 blockade, 50 mg of ranitidine
IV).

6. Administer vasopressors for persistent hypotension and
titrate to a mean arterial pressure of 60 mm Hg.

7. Consider aggressive fluid resuscitation with multiple fluid
boluses (10–20 mL/kg under pressure), including colloid
as well as crystalloid, in patients who remain hypotensive
despite epinephrine.

8. Administer inhaled β 2-agonists such as albuterol for bron-
chospasm refractory to epinephrine (73).

9. Consider corticosteroid therapy for protracted anaphy-
laxis or to prevent biphasic anaphylaxis (1.0–2.0 mg/kg
methylprednisolone IV every 6 hours). Oral prednisone at
1.0 mg/kg, up to 50 mg, may be used for milder attacks.
Corticosteroids are not effective therapy for the acute man-
ifestations of anaphylaxis.

10. Consider glucagon administration (1–5 mg IV over 1
minute, then 1–5 mg/hour in a continuous infusion) in
the setting of prior β -blockade because of its positive in-
otropic and chronotropic effects mediated by a β -receptor–
independent mechanism.
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11. Prevent recurrent episodes by avoidance of the incit-
ing agent, desensitization, or premedication with cortico-
steroids and H 1 and H 2 blockade.

12. Admission to the intensive care unit is warranted for
invasive monitoring with arterial and pulmonary artery
catheters, electrocardiography, pulse oximetry, and fre-
quent arterial blood gas measurements.

OBSERVATION
An observation period should be considered for all patients fol-
lowing treatment of an anaphylactic reaction. On the basis of
clinical data available to date, the NIAID/FAAN symposium
recommends that observation periods be individualized on the
basis of severity of initial reaction, reliability of the patient,
and access to care. A reasonable time would be 4 to 6 hours
for most patients, with prolonged observation or hospital ad-
mission for severe or refractory symptoms and patients with
reactive airway disease (1,2).

FOLLOW-UP, MANAGEMENT,
AND PREVENTION

The ideal method for managing severe systemic anaphylactic
and anaphylactoid reactions is by preventing their occurrence.
Persons with a known sensitivity should avoid re-exposure to
the inciting etiologic agents. Patients who have experienced
respiratory or cardiovascular symptoms of anaphylaxis should
receive self-injectable epinephrine for use if anaphylaxis devel-
ops. These patients should also have an emergency action plan
detailing its use and follow-up management (1,2). If a precip-
itating allergen is known or identified, patients should receive
information about avoiding it in the future, prior to their dis-
charge from the emergency facility. They should be encouraged
to obtain prompt follow-up with their primary care physician
as well as an allergist (1,2).

IMPLICATIONS AND OUTCOME
Anaphylactic/anaphylactoid reactions represent important, po-
tentially reversible, acute respiratory and cardiovascular emer-
gencies. Although the optimal management method is that of
prevention, prompt diagnosis and institution of therapy are
crucial after these reactions have been initiated in order to pre-
vent the fatal cardiovascular and pulmonary manifestations.
Factors associated with improved survival include the sensitiv-
ity of the person to the inciting agent, the duration between
the exposure and the onset of symptoms (short latency periods
are associated with more severe manifestations), the route and
dose of the offending agent (larger doses and parenteral ad-
ministration are associated with more severe manifestations),
and the interval between onset of symptoms and subsequent
diagnosis and institution of appropriate therapy (74). Optimal
management of acute systemic reactions includes appropriate
pharmacologic intervention, support of pulmonary and cardio-
vascular function, and removal of the offending agent. Expedi-
tious institution of these measures helps to reduce the morbidity
and mortality associated with these potentially life-threatening
syndromes.

SUMMARY
1. Anaphylactic reactions represent type I immune responses

mediated by IgE bound to mast cells or basophils. Com-
mon inciting agents include β -lactam antibiotics and Hy-
menoptera stings. Other common causes include foods, lo-
cal anesthetics, and serum products.

2. Anaphylactoid reactions represent IgE-independent activa-
tion of mast cells or basophils, with resultant degranula-
tion and mediator release. Common inciting agents include
iodinated radiocontrast media, neuromuscular depolariz-
ing agents, and opiates, all of which induce direct mast
cell activation; nonsteroidal anti-inflammatory agents act-
ing through cyclooxygenase inhibition; and blood products
acting through complement activation.

3. A history of a previous reaction to radiocontrast media,
asthma or atopic disease, treatment with β -blockers, and
cardiovascular disease are risk factors for developing ana-
phylaxis to radiocontrast media (27–29).

4. The differential diagnosis of anaphylactic and anaphylac-
toid reactions includes cardiac arrhythmias, myocardial in-
farction and cardiogenic shock, distributive or hypovolemic
shock, vasovagal syncope, asthma, pulmonary embolism,
upper airway obstruction secondary to a foreign body, vocal
chord dysfunction, hypoglycemia, carcinoid syndrome, sys-
temic mastocytosis, hereditary angioedema, and leukemia
with excess histamine production.

5. Epinephrine is the initial drug of choice for the man-
agement of anaphylactic or anaphylactoid reactions. H 1-
and H 2-blocking agents also should be administered. Cor-
ticosteroids are not effective for the acute management
of anaphylactic or anaphylactoid reactions, but may pre-
vent biphasic anaphylaxis or attenuate prolonged reactions.
Glucagon may be used for persistent hypotension in patients
taking β -blockers.
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CHAPTER 61 ■ SPLANCHNIC FLOW
AND RESUSCITATION
JOHN W. MAH r ORLANDO C. KIRTON

Ischemia signifies failure to satisfy the metabolic needs of the
cell secondary to either impaired oxygen delivery or the impair-
ment of cellular oxygen extraction and utilization. Incomplete
splanchnic cellular resuscitation has been associated with the
development of multiple organ system failure and increased
mortality in the critically ill patient (1,2). For many years,
the merits of augmenting systemic oxygen delivery and con-
sumption and attainment of supranormal levels have been ex-
amined and debated as primary treatment goals (3–6). There
is convincing evidence that systemic hemodynamic and oxy-
gen transport variables fail to accurately portray the complex
interaction between energy requirements and the energy sup-
ply at the tissue level (7–9), and that achieving supranormal
cardiovascular oxygen transport and utilization indices does
not reliably confer improved outcome (i.e., decreased mortality
rates and diminished multiple organ system failure) in several
clinical conditions (e.g., sepsis, acute respiratory distress syn-
drome [ARDS]) (10–13). These findings have led to the search
for monitoring techniques that directly measure changes in re-
gional tissue bioenergetics.

Intestinal tonometry has been proposed as a relatively non-
invasive index of the adequacy of aerobic metabolism in organs
whose superficial mucosal lining is extremely vulnerable to low
flow and hypoxemia, and in which blood flow is sacrificed first
in both shock and the cytokine milieu of the systemic inflamma-
tory response (1,14,15). The gastrointestinal tract, therefore,
acts like the “canary,” displaying early metabolic changes be-
fore other indices of adequate oxygen utilization (16). This
chapter reviews the fundamental and clinical underpinnings
of splanchnic ischemia and resuscitation, intestinal and subse-
quently sublingual tonometry, the potential applications and
limitations of this technology, its use as a prognostic and treat-
ment end point, and, finally, a consideration of potential future
directions.

THE INTESTINAL
MICROCIRCULATION

The gastrointestinal tract has three major functions: motility,
secretion, and absorption. Blood flow is important for each
of these functions, being highest in the small intestines and
lowest in the colon. The splanchnic circulation contains ap-
proximately 30% of the circulating blood volume at any given
moment with the bulk of this volume held in the postcapil-
lary venous capacitance vessels (17). Resting blood flow in the

intestine is ten times higher than in skeletal muscle. Most of
the blood flow is delivered to the mucosa and submucosa, re-
flecting the varying demands for oxygen within the intestinal
wall, being highest in the mucosal layer. The arterial supply
emanates from an extensive arterial plexus in the submucosa.
A countercurrent blood flow exchange system exists within
the superficial mucosal layer between the arterial and venous
circulation, rendering this tissue particularly sensitive to neu-
ronal and systemic vasoconstrictors (18). The arterioles, which
run in parallel with the venules in the stalk of the intesti-
nal villus, allow diffusion of oxygen from the arterioles down
a concentration gradient to the venules, bypassing the capil-
lary bed at the villus tip; thus, the mucosa at the villus tip
is rendered vulnerable to changes in oxygen content. Water
also diffuses from arterioles to venules because of an osmotic
gradient caused by the absorption of sodium in the capillary
bed at the villus tip. Therefore, the sodium concentration is
higher in the venules. Plasma water content is then lowered
at the villus tip compared with the base of the stalk, predis-
posing this area to low or absent flow in states of compen-
sated or uncompensated shock when splanchnic circulation is
compromised.

Mesenteric vasoconstriction is mediated by α-adrenergic
postganglionic sympathetic fibers, but, even more dramat-
ically, by the effects of circulating hormones and peptides
(Table 61.1). Endogenous vasoconstrictors known to be re-
leased in major injury, sepsis, and other physiologically
stressful circumstances include catecholamines, angiotensin,
vasopressin, myocardial depressant factor, leukotriene D4,
thromboxane A2, and serotonin. The high concentration of re-
ceptors for these systemically released vasoconstrictors, which
affect the splanchnic circulation more than any other tissue
beds, has a substantial effect on peripheral (systemic) vascu-
lar resistance and, hence, on systemic blood pressure by re-
distributing blood from the splanchnic organs (as well as the
peripheral circulation) to the central circulation (i.e., heart
and brain). This effect may be compounded by tissue edema
and atheroma in the splanchnic arteries. The peptides, an-
giotensin II and vasopressin, are the most potent splanch-
nic vasoconstrictors (14). The splanchnic vasoconstriction in-
duced by these two peptides alone accounts for most of the
increase in total vascular resistance recorded in animal models
of cardiogenic and hemorrhagic shock. The adequacy of gut
mucosal oxygenation cannot be reliably inferred from mea-
surements of tissue oxygenation in the skin or of subcuta-
neous tissue because of their different response to endogenous
vasoconstrictors.
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TA BLE 6 1 . 1

ENDOGENOUS VASOCONSTRICTORS KNOWN TO BE RELEASED IN STRESSFUL CIRCUMSTANCES AND THEIR
ACTIONS ON DIFFERENT TISSUE BEDS

Vasoconstrictor Gut Renal Brain Coronary Pulmonary Muscle Skin

Catecholamines + + 0 + ± ± +
Angiotensin II + + 0 0 0 0 0
Vasopressin + + ?0 + ? ? +
Myocardial depressant

factor
+ 0 0 0 0 0 0

Leukotriene D4 + + 0 + ? 0 0
Thromboxane A2 + + + + + + +
Serotonin + + ? ? + – ±

+ , vasoconstriction; –, vasodilatation; 0, no effect; ± , effect varies; ?, undefined.
From Fiddian-Green RG. Studies in splanchnic ischemia and multiple organ failure. In: Marston A, Bulkley GR, Fiddian-Green RG, et al., eds.
Splanchnic Ischemia and Multiple O rgan Failure. London: Edward Arnold/St. Louis: CV Mosby; 1989:349.

PATHOPHYSIOLOGY OF
MESENTERIC ISCHEMIA AND

REPERFUSION
Tissues with a high perfusion-to-extraction (demand) ratio,
such as skeletal muscle, have high capillary densities that act as
a microvascular reserve to produce an increase in local blood
flow. These organs, in situations of low flow, use a dispro-
portionate share of the cardiac output as increased capillary
recruitment lowers local vascular resistance. These tissues are
characterized by low oxygen extraction ratios and high mixed
venous oxygen saturations. Less “fortunate” tissues, which
include the intestinal tract, possess a lower capillary density
and are unable to recruit capillaries to augment local blood
flow to match increases in metabolic needs. This results in low
perfusion-to-oxygen demand ratios and subsequent tissue hy-
poxia (the “ trickle down economy” of systemic oxygenation)
(15). The gastrointestinal tract is characterized by a high oxy-
gen extraction ratio, lactate release, and low mixed venous
oxygen saturation; it can tolerate severe hypoxemia without a
decrease in oxygen consumption but is limited in its ability to
respond to decreased blood flow.

Intestinal tissue injury can be induced by the initial ischemia
(either from inadequate oxygen content or inadequate flow) or
by the generation of oxygen-derived free radicals during reper-
fusion (1,7). Ischemic injury may be progressive, spanning a
spectrum from mild injury characterized by increased capillary
permeability with no microscopic changes to transmural infarc-
tion, depending on the severity and duration of the ischemia
(1,2,19,20). Inadequate oxygen supply results in anaerobic gly-
colysis and systemic lactic acidosis. In the anoxic cell, uncom-
pensated adenosine triphosphate (ATP) hydrolysis is associated
with the intracellular accumulation of adenosine diphosphate
(ADP), inorganic phosphate, and hydrogen ions with resultant
intracellular acidosis (7,21). These hydrogen ions lead to tis-
sue acidosis as well, with unbound hydrogen ions combining
with interstitial bicarbonate to form the weak acid, carbonic

acid, that disassociates to produce carbon dioxide (CO 2) plus
water.

Hypoxia renders the superficial gastrointestinal mucosa sus-
ceptible to the cytolytic effects of gastric acid, proteolytic en-
zymes, and bacteria already present in the intestine by impair-
ing cellular mucus and bicarbonate secretion. Disruption of
the mucosal barrier is associated with the generation of my-
ocardial depressant factors that cause a low cardiac output
syndrome in animals (14,22,23). Commonly, in low flow and
hypoxic states, tissue oxygen consumption (V̇O 2) is maintained
by adaptive mechanisms that are activated when oxygen deliv-
ery (ḊO2) falls below a critical level and oxygen consumption
becomes delivery dependent.

Intracellular acidosis impairs cellular function by one of sev-
eral mechanisms: (a) the loss of adenosine nucleotides from mi-
tochondria by the inhibition of the ATP–magnesium/inorganic
phosphate carrier; (b) inhibition of sodium–calcium exchange,
resulting in the intracellular sequestration of calcium ions;
(c) increases in the activity of cyclic adenosine monophosphate
(AMP) deaminase and loss of adenine nucleotide precursors
from the cell; (d) decreases in the nicotinamide adenine nucleo-
tide pool by the acid-catalyzed destruction of nicotinamide ade-
nine dinucleotide (NAD); and (e) the conversion of intracellular
inorganic phosphate to its inhibitory deproteinated form (7).

Hypoxia also results in intracellular calcium overload by in-
hibiting ATP-driven membrane transport pumps and sodium–
calcium exchange. Increases in intracellular calcium are a piv-
otal event in cellular dysfunction during hypoxia, because
calcium-activated proteases can destroy the sarcolemma and
the cellular cytoskeleton (7). Cellular membrane degradation
seems to be related to calcium influx. Calcium stimulates phos-
pholipase A2 (PLA2) and phospholipase C, which are known
to degrade membrane phospholipids (24,25). The resultant im-
balance between the rate of membrane synthesis and the rate
of membrane breakdown results in the accumulation of arachi-
donic acid, the precursor of thromboxane, prostaglandins, and
leukotrienes, substances that produce further cellular damage
and profound alterations in microvascular control.
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THE SPLANCHNIC MODEL OF
MULTIPLE ORGAN FAILURE

Multiple system organ failure (MSOF) (defined as failure of
two or more vital organs or systems, in sequence or simul-
taneously, irrespective of the primary disease) and sepsis are
distressingly familiar to surgeons who perform major elec-
tive cases, as well as to those involved in transplantation and
trauma (26). Uncompensated or compensated shock leading to
progressive oxygen debt, ischemia/reperfusion injury, and cel-
lular dysfunction is the underlying unifying pathophysiologic
mechanism (1). Throughout the world, MSOF has become the
most common cause of death in the intensive care unit: The
reported mortality rates vary from 30% to 100% with a mean
of 50% , depending on the number of organ systems involved;
the patients’ intensive care unit (ICU) stay lasts for 6 weeks to
many months and, in prior studies, these patients have used
nearly 40% of the available ICU days (26–30). Many hypothe-
ses link the noxious event, whether surgery or trauma, to the
development of MSOF and sepsis. There have also been many
attempts to use single agents (e.g., antibiotics, monoclonal an-
tibodies against cytokines and endotoxin) or combinations of
these agents to affect the process; unfortunately, no significant
progress has been made with these approaches. This may result
from the many redundancies in the initiation and promulgation
of MSOF, so that attacking a single pathway is ineffective or,
perhaps, efforts have been started too late in the sequence of
events. Bacterial endotoxin in the gut may translocate across
the semipermeable mucosa as a result of ischemia/reperfusion.
Besides endotoxins, the products of the damaged mucosa also
may contribute to the systemic inflammatory response and sub-
sequent MSOF and death of the ICU patient. The translocation
of enteric bacteria across the ischemic gut seems to be an impor-
tant cause of nosocomial infection in the critically ill (14,26).
However, reducing the number of nosocomial infections from
enteric organisms by selective decontamination does not seem
to have a dramatic effect on outcome; that is, “again, the horse
is already out of the barn” (31).

While representing an oversimplification, we believe the cur-
rent hypotheses can be combined. Most current thinking can be
categorized as the gut starter hypothesis popularized by Moore
et al. (32) and the gut motor hypothesis as described by Deitch
(27) and Marshall et al. (28,29).

In the gut starter hypothesis, the noxious stimulus leads
to a neurohumoral response. High levels of catecholamines
cause splanchnic vasoconstriction and a decrease in splanch-
nic flow. This leads to gut ischemia and, depending on the
length of ischemic time, allows various reactions that prime
tissue to develop a reperfusion injury once flow is restored.
During reperfusion, PLA2 is activated, which in turn activates
platelet-activating factor (PAF). PAF attracts and primes poly-
morphonuclear leukocytes (PMNs) in the gut; thereafter, they
are released into the systemic circulation, where they undergo
activation (the two-hit model) and cause end-organ injury (32).
Therefore, the PMN is implicated as the major effector of cellu-
lar damage attributed to ischemia/reperfusion through its res-
piratory burst and activation of cytokines and arachidonic acid
metabolites.

In the gut motor hypothesis, the steps leading to ischemia
are the same. During reperfusion, gut mucosal injury results

from the accumulation of intracellular calcium, activation of
PLA2, and generation of free oxygen radicals. This leads to
bacterial translocation and initial production and amplification
of numerous systemic cytokines (33,34). The end result again
is MSOF. It is likely that these hypotheses are correct, although
they are still incomplete explanations.

SYSTEMIC OXYGEN DELIVERY,
UTILIZATION, AND MONITORING

The determinants of arterial oxygenation include hemoglobin
content, inspired oxygen tension, alveolar oxygen tension,
pH, temperature, mixed venous oxygen tension, ventila-
tion/perfusion (V̇/Q̇ ) mismatch, physiologic shunting, and
cellular–interstitial diffusion abnormalities. Indices of ade-
quacy of systemic perfusion include the following: (a) global
systemic parameters, such as blood pressure, heart rate, cen-
tral venous pressure measurements, and urine output; (b) tissue
markers, including arterial pH (pHa), base excess, and serum
lactate level; and (c) pulmonary artery catheter measurements
and derivations, such as cardiac output, oxygen delivery, oxy-
gen consumption, and oxygen extraction. In fact, Rivers et al.
demonstrated that goal-directed resuscitation using certain sys-
temic measures (mean arterial pressure [MAP], urine output
[UOP], central venous pressure [CVP]) including improving
oxygen delivery to an ScVO 2 > 70% can improve mortality in
patients in severe sepsis and septic shock (35). Nonetheless,
the interpretation of oxygen delivery and oxygen consump-
tion measurements is challenging because (a) these parameters
are global markers and do not provide any direct information
regarding the oxygen requirements of specific tissues, (b) the
distribution of oxygen delivery is impacted by local microvas-
cular and neurogenic responses, (c) the effect of cytokines and
endogenous peptides is unpredictable, and (d) the disease pro-
cess may affect cellular metabolism directly (i.e., sepsis and
ARDS) (36–38). Several prospective studies suggest that failure
to achieve supranormal oxygen delivery and utilization param-
eters in the acute phase of major injury or physiologic stress
is associated with increased mortality and shock-related com-
plications, including multiple organ system dysfunction syn-
drome. The failure to reverse pathologic flow dependency, tis-
sue hypoxia, and oxygen debt has been inferred as the cause
of these adverse outcomes (3–6,39,40). In these prospective
studies, both responders and nonresponders achieved normal
or hyperdynamic cardiovascular function; however, more car-
diovascular interventions were often used in patients who died,
so, ultimately, failure of patient response to achieve therapeutic
objectives could be considered as the cause of the observed in-
creased mortality and morbidity. Several reports failed to iden-
tify either an optimal or a critical value of oxygen delivery or
consumption to distinguish survivors from nonsurvivors in crit-
ically ill patients (10–13,23). Adequate or supranormal oxygen
delivery may not be tantamount to effective tissue oxygen uti-
lization.

“Critical oxygen delivery” purportedly marks the transition
from aerobic to anaerobic metabolism; however, the relation-
ship between oxygen delivery and consumption obtained in
critically ill patients with ARDS, sepsis, and heart failure has
been linear (23). The lack of a clearly defined inflection point in
a linear ḊO 2–V̇O 2 function makes it impossible to determine
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a critical level of oxygen delivery that aerobically satisfies cel-
lular energy requirements.

REGIONAL OXYGEN DELIVERY,
UTILIZATION, AND MONITORING

A Hist orical Re vie w of Gast ric Tonome t ry

A tonometer is composed of a semipermeable silicone balloon,
which is filled with either air or fluid and allowed to equilibrate
with the surrounding tissue. The fluid/air is then accessed and
the pressure of CO 2 can be directly measured. Tonometry was
first used by Bergofsky (41) and Dawson et al. (42) in 1964
to demonstrate that the gas tension within a hollow viscus
approximates that within the mucosa of the viscus. Grum et
al. (21) extended this concept to the intestinal tract of adults.
Antonsson et al. (43) and Hartmann et al. (44) performed val-
idation studies demonstrating that both the stomach and small
intestine could be used as suitable sites to measure intralumi-
nal PCO 2. They confirmed that intraluminal PCO 2 equaled
that measured within the intestinal mucosa as well as approxi-
mated hepatic vein PCO 2. Moreover, it has been validated that
the intramucosal PCO2 rises and falls in parallel with changes
in PCO 2 in arterial blood (45). This indirect method of measur-
ing the pH within the intestinal mucosa (pHi) is based on the
fact that CO 2 is a highly permeable gas and on the assumption
that this generated CO 2 is the end result of ATP hydrolysis,
with neutralization of generated hydrogen ions by intestinal
interstitial bicarbonate (46).

The measurement of pHi depends also on the assumption
that the bicarbonate concentration in the wall of the organ
is the same as that which is delivered to it by arterial blood,
and that the dissociation constant (pK) is the same as that in
the plasma. Using the Henderson-Hasselbalch equation, pHi is
calculated as follows:

pHi = 6.1 + log(HCO 3
− / 0.03 × PCO 2)

pKa is 6.1, and 0.03 is the solubility coefficient for CO 2. The
pK in plasma is not the same as that in the cytosol, but the value
6.1 is the best approximation of the pK within the intestinal
fluid of the superficial layers of the mucosa (14,47,48).

Doglio et al. (49) demonstrated that gastric pHi was a pre-
dictor of ICU mortality at the time of admission to the ICU
and at 12 hours later. Patients admitted with a pHi < 7.36 had
a greater ICU mortality rate, 65% versus 44% (p < 0.04). Fur-
thermore, patients with persistently low pHi at 12 hours after
ICU admission had the highest mortality rate (87% ). Maynard
et al. (50) repeated the study in patients with acute circulatory
failure and found remarkably similar outcomes. In addition,
there were significant differences in mean gastric pHi values
between survivors and nonsurvivors on admission (7.40 vs.
7.28) and at 24 hours (7.40 vs. 7.24), respectively (p < 0.001).
There was no difference in cardiac index, oxygen delivery, and
oxygen uptake, suggesting that pHi is a more specific marker
of resuscitation than our common global parameters.

We also confirmed that failure of splanchnic resuscitation
correlated with MSOF and increased length of ICU stay in the
hemodynamically unstable trauma patient (51). The relative
risk of death in patients whose pHi was less than 7.32 was 4.5-
fold higher and the relative risk of developing multiple organ
system failure was 5.4 times higher compared with those having

a pHi of 7.32 or more. Global parameters of oxygen transport
utilization did not distinguish survivors from nonsurvivors nor
those patients who developed MSOF from those who did not.

Chang et al. (52) then conducted a prospective study of 20
critically ill patients and were able to demonstrate that cor-
rection of an abnormal admission pHi correlated with better
outcomes. Patients with pHi less than 7.32 on admission, who
did not correct within the initial 24 hours, had a higher mortal-
ity (50% vs. 0% ; p = 0.03) and more frequent MSOF (2.6 vs.
0.62 organs/patient; p = 0.02) than those whose pHi corrected.

Ivatury et al. (53) compared correction of pHi versus supra-
normal oxygen delivery (as defined by Shoemaker et al. [3] in
27 critically ill trauma patients). Seventy-five percent of the
patients who developed MSOF had pHi less than 7.3. Inter-
estingly, four of the five patients who died in the supranormal
oxygen group achieved supranormal oxygen delivery and con-
sumption goals, but had a pHi less than 7.3 at 24 hours. More-
over, they observed that a late fall in pHi was often associated
with a physiologic catastrophe (e.g., intestinal leak, gangrene,
bacteremia).

There have been only two prospective controlled interven-
tional studies in which therapy was instituted because the pHi
was low. Neither of these studies, however, attempted to nor-
malize the pHi, but rather focused on increasing oxygen de-
livery and utilization. Gutierrez et al. (54) observed that the
hospital mortality rate was significantly greater in control pa-
tients whose pHi was normal on admission (pHi ≥ 7.35) and
then became abnormal during their ICU stay compared with
those whose abnormal pHi prompted interventions to increase
oxygen delivery. Unfortunately, if admission pHi was low, the
mortality rates were the same in both treatment and control
groups. The authors chose to increase oxygen delivery rather
than restore pHi to normal values.

We also specifically studied ICU patients with persistent un-
corrected gastric pHi who had pulmonary artery catheters to
guide resuscitation (55). We observed a significant reduction in
the incidence of MSOF per patient (1.9 ± 0.4 to 0.9 ± 0.2;
p = 0.02), length of ICU stay (35 ± 9 to 18 ± 4 days;
p = 0.03), and total hospital stay (51 ± 12 to 29 ± 5 days;
p = 0.03) in patients with persistent gastric intramucosal aci-
dosis who were administered agents that increased splanch-
nic perfusion and that were intended to prevent free radical
damage during reperfusion. We conclude that efforts to correct
gastrointestinal intramucosal acidosis related to splanchnic hy-
poperfusion are warranted because MSOF and mortality were
increased in those patients whose pHi never corrected (i.e., pHi
< 7.25).

Despite the potential benefits of regional monitoring, gas-
tric tonometry has fallen out of favor for multiple reasons. The
monitoring itself is labor intensive and time consuming, often
requiring multiple attempts to ensure proper positioning and
frequent catheter adjustments, lengthy equilibration times, and
need for frequent troubleshooting of abnormal results. Gastric
acid must be neutralized (pH > 4.5), requiring pH litmus paper
analysis and adjustments to the peptic ulcer prophylaxis reg-
imen in the ICU patient. Tube feedings also must be held. In
addition, one must use a dedicated blood gas analyzer for all
pHi determinations. Periodic calibration of the analyzer with
10 to 20 ampules at three different PCO 2 levels must be done.
The saline sample must be transported immediately on ice be-
cause of rapid loss of CO2 from the sample and overestimation
of the pHi.
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SUBLINGUAL TONOMETRY
Researchers moved more proximally in the gastrointestinal
tract in search of a more reliable and efficient place to mea-
sure tissue PCO 2, evaluating first the esophagus and finally the
sublingual space (56). Weil et al. suggested that the sublingual
space would respond similarly to the splanchnic circulation
(57). Marik also demonstrated good correlation of sublingual
tonometry with gastric tonometry and more importantly that it
was the difference between the sublingual PCO 2 (slPCO 2) and
arterial PCO 2 (PCO 2 gap) that was more predictive of survival
(58). Since then, sublingual capnometry (SLC) has generated
much interest as a potential splanchnic tissue monitor, over-
coming the shortcomings and obstacles of the more invasive
and burdensome intestinal tonometers. The device uses a dis-
posable sensor that detects CO 2 and sends the information back
to the handheld instrument. The sensor is placed directly un-
der the sublingual space and is kept in place for approximately
60 to 90 seconds. Recent investigations have suggested use of
SLC in the triage of patients with penetrating traumatic injuries
showing statistical differences in severe to moderate (> 1,500
mL) or minimal to moderate (< 1,500 mL) amount of blood
loss on admission (59). Our research supports Marik’s findings
that the PCO 2 gap and to a lesser degree the absolute SLC value
correlates with outcome (60). Our observations show a signif-
icant difference in development of MSOF and mortality in 83
critically ill surgical patients subjected to a standard resuscita-
tion protocol. Patients whose PCO 2 gap was not corrected to
9 mm Hg or less at 24 hours after admission were three times
more likely to experience MSOF and more than ten times as
likely to die during their hospital stay. Sublingual capnometry
is a quick and simple method to directly measure tissue per-
fusion and is a potential tool for the clinician to help guide
goal-directed therapy. The product has been recalled due to
infectious complications but may be reinstated in the future.

MONITORING PLAN
Intramucosal PCO 2 provides an intermittent direct measure
of the ability of tissues to resynthesize high-energy phosphate
compounds utilizing aerobic metabolism. In dysoxic states,
protons accumulate and pHi falls, indicative of inadequate ox-
idative metabolism. If this is recognized early and can be re-
versed, the clinician may be able to prevent or limit the duration
of compensated shock. Global measurements of oxygen deliv-
ery, oxygen consumption, oxygen extraction ratio, and mixed
venous blood hemoglobin oxygen saturation (Sv̄O 2) are unsat-
isfactory for this purpose (47,61). The calculation of pHi can
provide clinicians with a metabolic end point that may be used
to determine whether the milieu is likely to create a reperfusion
injury if resuscitation is successful or whether subclinical mal-
distribution of blood flow persists—a reflection of a still-active
neurohumoral response to stress.

Monitoring all patients likely to have had activation of the
neurohumoral response and decreased splanchnic blood flow
is probably beneficial because they are at risk for a reperfu-
sion injury, MSOF, and a higher mortality rate (47). Outcome
can be improved by recognizing compensated shock, prevent-
ing ischemia/reperfusion injury, and ensuring that intramucosal
acidosis is promptly reversed. Recognize that the window of

opportunity for effective therapy is early (61). Both a preemp-
tive intervention to block and modify the ischemia/reperfusion
injury and restoration of splanchnic perfusion must be incor-
porated into a resuscitation algorithm to reduce the incidence
of bacterial translocation and systemic white cell priming be-
fore the ensuing systemic inflammatory response (1). Because
early abnormalities in the gastrointestinal intramucosa act as
a marker of mortality and morbidity, efforts to correct them
may improve outcome and should diminish resource utiliza-
tion (62,63). If pHi falls, or if slPCO 2 or the PCO 2 gap rises
unexpectedly (the canary), look for intra-abdominal catastro-
phes, intra-abdominal hypertension, sepsis, tissue necrosis, line
sepsis, nosocomial infection, unappreciated excess patient ven-
tilatory work, hypovolemia, and hypoxemia (53,62,64–66).

CONCEPTS IN SPLANCHNIC
RESUSCITATION

The limited success thus far that has attended attempts to el-
evate an already depressed pHi and an understanding of the
importance of the ischemia/reperfusion injury as a fundamen-
tal part of both the gut starter and gut motor hypotheses sug-
gest that a new perspective is needed. Two separate elements
must be combined: a preemptive intervention to prevent the
ischemia/reperfusion injury in high-risk patients, and restora-
tion of oxidative high-energy phosphate synthesis as judged by
a normalizing pHi. As an approach to preventing intramucosal
acidosis and ischemic gut mucosal injury, we suggest the fol-
lowing goals: (a) increase global oxygen delivery, (b) increase
splanchnic flow, (c) affect ischemia/reperfusion injury and stop
the cytokine cascade before it starts, and (d) judge reversal of
ischemia and anaerobic metabolism by restoration of normal
pHi or PCO 2 gap (9,19,32–34,67–69).

To increase global oxygen delivery, ensure adequate volume
resuscitation with isotonic fluids, albumin solutions, and red
blood cells. Avoid α agents, which cause splanchnic vasocon-
striction. This also means “ tolerating” a lower mean arterial
pressure, perhaps 60 mm Hg if there is satisfactory end-organ
perfusion. Use splanchnic sparing inotropes like dobutamine
and isoproterenol and vasodilators such as nicardipine, ni-
troglycerin, nitroprusside, prostaglandin E, or prostacyclin to
increase splanchnic flow (38,70–73). Reperfusion injury can
be attenuated by blocking free radical generation with folate
or allopurinol and administering free radical scavengers such
as albumin, mannitol, vitamin C, vitamin A, and vitamin E
(74–76). Injury related to PLA2 activity may be ameliorated
by quinacrine, lidocaine, allopurinol, and steroids (34,77–79).
Moreover, vitamin C, and vitamin E stabilize cell membranes
and prevent increased capillary permeability.

Glutamine has been implicated as sustaining mucosal ar-
chitecture and function by scavenging free radicals and pre-
venting lipid peroxidation. In addition, glutamine combines
with acetyl cystine to form glutathione (80). In the reaction
catalyzed by the selenium-containing enzyme glutathione per-
oxidase, glutathione is transformed to oxidized glutathione.
This then combines with hydrogen peroxide and degrades it to
water, preventing hydrogen peroxide from reacting with super-
oxide to produce a hydroxyl radical. N -acetyl cystine has been
reported to favorably affect indirect indicators of tissue oxy-
genation (81), perhaps because it is a precursor of glutathione.
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Hydrocortisone has been implicated in decreasing cytokine
release from primed macrophages. Occasionally patients have
an inadequate steroid response to stress and an appropriate
daily stress dose of glucocorticoid (e.g., 300 mg of hydrocorti-
sone) should be administered. Annane et al. showed a signifi-
cant reduction in mortality from 73% to 63% in patients with
septic shock and adrenal insufficiency who were given low-dose
hydrocortisone and fludrocortisone (82). Polymyxin B avidly
binds endotoxin; in fact, it is used in industry to clear endo-
toxin during production of various medical devices. Finally,
albumin is another free radical scavenger and may have a place
in trauma resuscitation if prior therapy can prevent increased
capillary permeability. A solution of 5% albumin would then
be an effective plasma volume expander while binding free rad-
icals. Albumin has recently been shown to be as safe as saline
in a large heterogeneous ICU population (6,997 patients), and
other investigators have demonstrated improvement in organ
function in specific patient populations such as hypoalbumine-
mic patients and patients with acute lung injury or ARDS (83–
85). The iron-dependent reactions can be blocked by deferox-
amine, a chelating agent; however, unless it forms a complex
with hydroxyethyl starch, its duration of action is too short
and its incidence of hypotension has been too great to jus-
tify use in patients (34,86,87). Activated protein C (APC) has
also been proposed to reduce absolute mortality by 6.1% in
severely ill patients in septic shock in an attempt to stop parts
of the inflammatory cascade before it starts. APC exerts its
effect by modulating the systemic inflammatory response, in-
hibiting production of TNF-α , interleukin-1, and interleukin-6
(88).

FUTURE INVESTIGATIONS
Investigators have considered serum lactate levels to be a cellu-
lar marker of oxygen debt in patients with sepsis. Serum lactate,
however, may not be a reliable marker of hypoxia because it
represents the net effect of production and elimination. Its level
may be elevated in conditions associated with either increased
lactate production or decreased clearance (i.e., sepsis associated
with liver failure). Furthermore, the serum lactate level repre-
sents a global index and may not be an optimal measure of the
adequacy of regional or microvascular perfusion and may tran-
siently rise during therapeutic maneuvers because of a regional
washout phenomenon (89,90). Other metabolic markers in-
clude the ATP:ADP ratio and direct plasma measurements of
the metabolites resulting from the degradation of adenine nu-
cleotides (e.g., inosine, hypoxanthine, xanthine, and uric acid)
(21,91). Direct measurements of tissue pH can be made with
pH microprobes placed in the intestinal mucosa. This technique
is invasive and is limited by local tissue artifact, electrode arti-
fact, and an inability to recalibrate the electrode in vivo, and,
therefore, is not applicable clinically (46,91).

Although results of gastric tonometry have been promising
and suggestive of improved outcomes in critically ill patients, its
practicality in today’s ICU remains poor. Sublingual capnom-
etry (when made available again after the recall in 2004) has
good potential as an efficient and effective monitor of “splanch-
nic” tissue. Although pHi and PCO 2 monitoring has been tested
in several clinical applications, several fundamental questions
remain: Is the PCO2 gap a better predictor than slPCO 2 for de-
velopment of MSOF and mortality? What are the normal and

abnormal values? Should slPCO 2 be used to initiate therapy,
represent an end point, or possibly both? The available data
suggest that intervention to prevent the ischemia/reperfusion
injury should not wait for an abnormal pHi. Restoration of a
normal pHi could be valuable as a marker for the restoration
of oxidative metabolism. It is likely that sublingual capnom-
etry will be used to assess organ preservation and function,
as an early prognostic sign for shock states, or for the timely
detection of catastrophic complications like pancreatic necro-
sis, anastomotic leaks, or ischemic bowel and will offer ac-
curate information when the normal markers of resuscitation
become unreliable. Sublingual capnometry may be helpful in
decisions to both initiate therapy and halt resuscitation at a
more appropriate end point. In addition, as the existing tech-
nology improves, continuous sublingual monitoring may also
become feasible, offering real-time monitoring of “splanchnic”
tissue perfusion. In addition, much work is also needed to fur-
ther determine the expansion of replacement steroids in septic
shock to other critically ill patients. Duration of therapy, op-
timal dosage, and its role in the setting of hypoalbuminemia
have yet to be determined.
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SECTION VII ■ PHARMACOLOGY, NUTRITION,
TOXICOLOGY, AND THE ENVIRONMENT

CHAPTER 62 ■ PHARMACOLOGIC PRINCIPLES
AIMÉE C. LeCLAIRE r DALE H. WHITBY

Pharmacotherapy is an essential component in the successful
treatment of the critically ill patient. Thus, critical care prac-
titioners must possess a good working knowledge and under-
standing of pharmacokinetic and pharmacodynamic principles
as well as altering or confounding factors. Clinical application
of these principles in the clinical setting is equally important.

Critical care therapeutics often involves the use of multi-
ple pharmacologic agents, each having a therapeutic purpose,
toxicity, and side effects. Many agents are affected by acute or
chronic impairment of metabolic organs such as the liver, kid-
ney, and lungs; changes in fluid balance; drug–drug and drug–
nutrient interactions; and other factors.

The goal of pharmacotherapy is the attainment of a de-
sired therapeutic response without untoward toxicity. The goal
of this chapter is to present principles that will be clinically
useful in developing a practical approach to pharmacother-
apy in the critically ill patient. Pharmacokinetic principles,
special population considerations, drug–drug interactions, ad-
verse drug reactions, and the role of the clinical pharmacist are
reviewed.

PHARMACOKINETICS AND
PHARMACODYNAMICS

Pharmacokinetics can be defined as the quantitative study
of the processes of absorption, distribution, metabolism, and
elimination of a drug in the body (1). The use of mathemati-
cal models describing these processes allows predictions to be
made about drug concentrations in various parts of the body
as a function of dosage, route of administration, clearance, and
time.

Pharmacodynamics is the study of the relationship between
the concentration of a drug and the biochemical or physio-
logic response obtained by that drug in a given patient (2).
Some drugs exhibit a linear dose–response relationship through
the entire range of clinically used doses; that is, doubling the
dose doubles the response. Others may exhibit a linear dose–
response relationship to a response ceiling, where increases in
drug dose do not elicit any additional response. Some agents do
not behave in a linear fashion at all. A decrease in heart rate dur-
ing beta-antagonist or calcium channel antagonist therapy and
decrease in ectopy during antiarrhythmic therapy are examples
of quantifiable pharmacodynamic measurements. Some phar-
macodynamic responses are more difficult to measure, such as
the response to corticosteroid or anticonvulsant therapies.

A pharmacokinetic-pharmacodynamic relationship exists in
most cases, as demonstrated in Figure 62.1. In general, because
it crosses tissues and elicits a pharmacodynamic response, free

or unbound drug in the plasma is considered to be the pharma-
cologically active component in achieving efficacy or producing
toxicity. The free drug fraction is also the only portion available
to be metabolized and eliminated.

Pharmacokine t ics

As stated, pharmacokinetics is the study of the absorption, dis-
tribution, metabolism, and elimination of drugs. Much of our
knowledge of this subject has resulted from the development
of sensitive and specific assays for determining drug concentra-
tions in biologic fluids. Conceptual models and mathematical
equations have been devised to describe these behaviors (3);
however, the pharmacokinetic parameters described in the lit-
erature often are based on data from small numbers of patients
or normal volunteers, which may not accurately reflect the be-
havior of a drug in a critically ill patient. In individualizing a
patient’s drug therapy, appropriate interpretation of accurately
obtained plasma level measurements of a given drug in a spe-
cific patient provides significantly more information than any
empiric calculation could provide.

The simplest pharmacokinetic model describes the body as
a singular “compartment” or one-compartment model. Drugs
enter the compartment at rates determined by routes of admin-
istration (e.g., intravenous bolus, intravenous infusion, intra-
muscular, oral, or transdermal) and leave the compartment at
rates determined by routes of elimination (e.g., renal, hepatic,
or pulmonary).

A two-compartment model reasonably describes the be-
havior of most drugs in humans (4). In this model, a small
central compartment consists of the rapidly perfused organs
(heart, lungs, kidney, and endocrine glands), and a larger pe-
ripheral compartment consists of the less rapidly perfused or-
gans (skin, muscle, bone, and fat). After administration, drugs
initially distribute into the central compartment and then redis-
tribute into the peripheral compartment, reaching equilibrium
between compartments at a rate dependent on the perfusion of
peripheral compartment tissues and the tissue affinity for the
drug.

The two-compartment model assumes that the drug obeys
first-order or linear kinetics, where a constant proportion of
the drug is removed per unit of time. Rate of elimination of the
drug is proportional to the serum concentration and dimin-
ishes logarithmically over time. However, the fraction of drug
removed per unit of time remains constant and independent of
dose. In first-order elimination, both clearance and volume of
distribution also remain constant. Thus, serum concentration
can be affected by changing the dose in relation to the desired

949



950 Sect ion VII: Pharmacology, Nutrit ion, Toxicology, and the Environment

ABSORPTION

LOCUS OF
ACTION

“RECEPTORS”

SYSTEMIC
CIRCULATION

BIOTRANSFORMATION

TISSUE
RESERVOIRS

EXCRETION

Bound Free

Free  Drug

Bound Drug

Bound

Metabolites

Free

FIGURE 62.1. Schematic representa-
tion of the interrelationship of the ab-
sorption, distribution, binding, metabo-
lism, and excretion of a drug and its
concentration at its locus of action. Pos-
sible distribution and binding of metabo-
lites are not depicted. (From Benet LZ,
Kroetz DL, Sheiner LB. Pharmacokinet-
ics: the dynamics of drug absorption,
distribution and elimination. In: Hardin
JG, Limbird LE, Gilman AG, et al., eds.
Goodman and Gilman’s The Pharmaco-
logic Basis of Therapeutics. 9th ed. New
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change in concentration; in simplest terms, doubling the dose
doubles the concentration.

However, some drugs follow zero-order kinetics, where a
constant amount of drug is eliminated per unit of time, irrespec-
tive of serum concentration. Other medications obey nonlinear
or saturable kinetics. Drugs having saturable kinetics exhibit
capacity-limited metabolism, and elimination may not be pro-
portional to serum concentration. For example, phenytoin ex-
hibits Michaelis-Menten kinetics and demonstrates linear elim-
ination to a point where the patient’s hepatic enzyme system
is functioning at the maximum rate. Subsequently, phenytoin
serum levels increase out of proportion to dose, meaning an
increase in dose from 300 to 400 mg/day may result in an ex-
ponentially greater increase in serum level.

In first-order kinetics, a plot of the logarithm of serum con-
centration after initial distribution versus time is a straight line.
As seen in Figure 62.2, the intravenous injection of a drug
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FIGURE 62.2. Schematic graph of serum drug concentrations (Cs)
plotted on a logarithmic scale versus time after a single intravenous
bolus injection. (From Greenblatt DJ, Koch-Weser J. Clinical pharma-
cokinetics. N Engl J Med. 1975;293:703, with permission.)

results in an initially high serum drug concentration, followed
by a rapid decrease because of drug distribution. After the dis-
tribution (or alpha) phase, the serum concentration further de-
creases because of the drug elimination (or beta) phase. At any
point in time, the serum drug concentration (Cs) can be calcu-
lated from the biexponential disappearance function:

Cs = Ae− α t + Be− β t

where α and β are the first-order rate constants for the alpha
and beta phases, respectively (5).

Pharmacokinetic parameters of particular value in the appli-
cation of pharmacokinetic principles to clinical practice include
the volume of distribution, clearance, half-life, and bioavail-
ability.

Volume of distribution (Vd) is the apparent volume of fluid
in which a given dose would have to be distributed to achieve
the observed serum concentration as mathematically described
by the following equations:

Cs = dose/ Vd or Vd = dose/ Cs

Clinically, the volume of distribution is useful for estimating
the initial loading dose required to achieve a desired serum
concentration or for calculating an incremental bolus dose re-
quired to raise a serum level by a desired amount. For instance,
theophylline has a volume of distribution of approximately
0.5 L/kg in most patients; thus a 60-kg person would have an
apparent volume of distribution of 30 L. If the desired serum
concentration is 15 mg/L, the loading dose required to achieve
this goal may be calculated as follows:

Dose = (Vd)(Cs) = (30L)(15 mg/ L) = 450 mg

Clearance (Cl) is defined as the volume of blood or serum from
which all drug is removed per unit of time. Clearance can be af-
fected by alterations in distribution, metabolism, or excretion.
Specific issues relating to changes in clearance from impairment
of renal or hepatic function are discussed later in this chapter.
At steady-state, the drug administration rate equals the drug
elimination rate (6). Based on this principle, drug clearance
can be useful in determining the amount of drug required to
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maintain a therapeutic drug level. With an intravenously ad-
ministered or completely absorbed oral agent, the steady-state
serum concentration (Css) can be determined by the following
equations:

Css =
dose

(dosage interval) (Cl)
Half-life (t1/ 2 ) is a function of both drug volume of distribution
and clearance:

t1/ 2 =
(0.693) (Vd)

Cl
In most cases, this variable refers to elimination half-life, mean-
ing the time required to reduce the initial serum concentration
by 50% after the initial distribution phase. The drug half-life
can be useful in determining the amount of time required to
reach steady-state serum concentration. Four elimination half-
lives are required to achieve approximately 94% of steady
state. The time required to reach steady-state serum concen-
tration is independent of dose and dosage interval. As seen in
Figure 62.3, drug accumulation occurs with repeated dosing
until equilibrium or steady state is reached at approximately
four to five half-lives. If, in this example, the desired phar-
macologic response is observed at a serum concentration of
1 to 2 units, a period of time after the initiation of therapy
exists during which the serum concentration is subtherapeu-
tic. To ascertain therapeutic levels at the initiation of ther-
apy, a loading dose may be given, followed by maintenance
doses.

For example, digoxin has an elimination half-life of 36
hours in a patient with normal renal function. Therefore, a
period of 6 days is required to achieve a steady-state drug level
with daily dosing. If a loading dose of 1 mg is incrementally
given over 24 hours, therapeutic digoxin concentrations may
be achieved more rapidly.

The bioavailability of a drug is defined as the fraction of
a drug dose that reaches the systemic circulation. Bioavail-
ability is a consideration primarily with orally administered
agents. Absorption can be affected by many factors relating to
the pharmaceutical dosage form (e.g., tablet, capsule, oral liq-
uid, suspension, or sustained-release product), gastric pH and
emptying time, intestinal motility, and drug complex formation
with other drugs or nutrients (7). Many orally absorbed drugs
demonstrate a first-pass effect with significant metabolism
in the liver before the drug enters the systemic circulation.

Examples are propranolol, hydralazine, verapamil, and lido-
caine. Lidocaine’s first-pass effect is so great that it must be
administered by the parenteral route. For other drugs like pro-
pranolol and verapamil, oral doses need to be substantially
higher than parenteral doses to account for this effect. For these
drugs, the fraction of drug available to the systemic circulation
or bioavailability (F) must be included in the calculation of
steady-state serum concentration as follows:

Css =
(F)(dose)

(dosage interval)(Cl)

Pharmacod ynamics

Whereas pharmacokinetics is a detailed, often mathematical,
approach to the way that the body handles a drug, pharma-
codynamics deals with the mechanism of action of drugs and
their biochemical and physiologic effects on the patient (8).
Although frequently discussed separately, in reality, pharma-
cokinetics and pharmacodynamics are closely interconnected.
For example, along with the dosing regimen, the pharmacoki-
netic properties of a drug determine the concentration of that
drug in the body, and in many situations, the drug concen-
tration is directly related to the effects experienced by the pa-
tient. In addition, the degree of protein binding that a particular
drug exhibits is typically considered a pharmacokinetic prop-
erty. However, in many cases, it is only the unbound drug that
is pharmacologically active and therefore responsible for the
pharmacodynamic effects.

Drugs produce desired effects through various types of
mechanisms of action. Some drugs demonstrate a relatively di-
rect mechanism of action, such as mannitol administered for
osmotic diuresis. When mannitol is administered intravenously,
the osmolarity of the blood and other body fluids is increased,
causing shifts in the distribution of water. Other medications,
such as epinephrine and beta-blockers, act by agonizing or
antagonizing physiologic receptors. The effect of the drug is,
therefore, directly related to the physiologic action of the asso-
ciated receptor. Continued stimulation of some receptors with
agonists frequently results in a state of down-regulation. In
the intensive care unit (ICU), where exogenous catecholamines
are commonly used, receptor down-regulation is important
given that the continued or subsequent exposure to the same
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concentration of a particular agonist may have a lesser clini-
cal effect over time. Other drugs, such as steroids, have very
complex mechanisms of action involving crossing the cell
membrane, regulating the transcription of specific genes, and
ultimately altering protein synthesis. A practitioner’s knowl-
edge of the mechanisms of action and physiologic effects of
drugs will help in determining the appropriate therapy, mon-
itoring treatment, and anticipating pharmacodynamic drug
interactions.

SPECIAL POPULATIONS

Re nal Imp airme nt

Whether a pre-existing disease state or a new condition devel-
oped in the ICU, renal dysfunction is often present in critically
ill patients. Reduced renal function may be related to a disease
state, either iatrogenic or age related. Acute and chronic renal
impairment can have profound effects on the pharmacokinet-
ics and pharmacodynamics of many commonly used agents. In
addition, the degree of renal dysfunction and resulting degree
of fluid retention and uremia determine the degree of phar-
macokinetic and pharmacodynamic changes. For example, a
drug may exhibit no clinically significant changes in a patient
with mild renal dysfunction, or the medication may be con-
traindicated in a patient with renal failure. The practitioner
must evaluate each drug individually in relation to the degree
of renal dysfunction present.

Renal dysfunction has been shown to alter bioavailability,
protein binding, volume of distribution, and excretion of cer-
tain compounds (9). There are relatively few data providing
details regarding the alteration of bioavailability of most drugs
in patients with renal dysfunction. However, certain condi-
tions that are more common among uremic patients, including
a higher gastric pH, altered gastric emptying time, vomiting,
and intestinal edema, are known to alter the absorption and
bioavailability of enterally administered drugs.

The distribution of some drugs may also be significantly
altered in renal dysfunction. Because patients with significant
renal dysfunction have a higher percentage of their body mass
as water, the apparent volume of distribution for water-soluble
drugs is often increased. In addition, the protein binding of
drugs is often altered in the presence of uremia, which changes
the apparent volume of distribution. In general, the plasma pro-
tein binding of acidic drugs, like phenytoin, is decreased (10).
Because there is a larger percentage of unbound (free) drug
available for pharmacologic activity, uremic patients may expe-
rience toxicity with total drug concentrations in the therapeutic
range. For this reason, some practitioners prefer to measure free
phenytoin concentrations instead of total phenytoin concentra-
tions in patients with renal failure. Altered tissue binding also
may affect the apparent volume of distribution of a drug. For
example, digoxin’s volume of distribution has been reported
to be significantly reduced in patients with renal disease (11).
As a result, in patients with renal dysfunction, digoxin load-
ing doses should be used cautiously and serum concentrations
should be monitored carefully.

The major pharmacokinetic effect seen in renal dysfunction
is the impaired elimination of drugs and their metabolites by the
kidney. Renal clearance of pharmacologic agents is complex,

involving one or more of the processes of filtration, tubular
secretion, and reabsorption. Few drugs are excreted solely by
glomerular filtration. Additionally, tubular secretion and re-
absorption for many compounds may vary with the type of
renal dysfunction and the administration of other agents (e.g.,
probenecid).

Another complicating factor is changing renal dysfunction.
Multiorgan system dysfunction in critically ill patients is a very
dynamic process. As a consequence, renal function can deteri-
orate very quickly when changes in clinical condition such as
hypotension or poor cardiac output occur. In addition, many
of the agents that are frequently used in critically ill patients
may cause renal dysfunction; radiographic contrast nephropa-
thy and aminoglycoside nephrotoxicity are common examples
(12). Changes in renal function may be acute or progressive;
therefore, drug clearance may be highly variable in the intensive
care setting and requires constant reassessment of the patient’s
clinical condition.

In evaluating medication use in renal impairment, the first
step is to estimate the degree of dysfunction. Most medications
that require dosage adjustment in patients with renal dysfunc-
tion are adjusted based on creatinine clearance. Although many
hospital laboratories now report estimated GFR (eGFR) along
with serum creatinine values, The National Kidney Disease Ed-
ucation Program recommends the use of equations, such as the
Cockcroft-Gault equation, which is designed to estimate crea-
tinine clearance for drug dosage adjustments (13).

When evaluating a medication profile, the intensivist must
evaluate each drug individually and determine if a dosage ad-
justment or additional monitoring is necessary. Although for
most medications, initial or loading dose does not need to be
altered in renal dysfunction, maintenance dosing regimens may
need to be adjusted by prolonging dosing intervals, reducing
the standard maintenance dose, or both, depending on the par-
ticular agent and degree of renal dysfunction. In cases of drugs
with a narrow therapeutic index, serum concentrations should
be monitored carefully to avoid potential toxicity. In general,
drug administration steady state should be achieved before a
serum concentration is obtained, unless the patient rapidly pro-
gresses to renal failure, in which case an earlier sample may be
warranted prior to reaching steady state to assess the appropri-
ateness of redosing at current interval. For example, in patients
with normal renal function, a vancomycin trough is typically
obtained before the third or fourth dose; however, in the set-
ting of renal dysfunction, a trough level prior to the second
dose may be beneficial to help determine the patient’s ability to
clear the drug before further dosing.

In addition to the parent drug, practitioners also have
to consider the route of elimination of any metabolites. For
example, the active metabolite of morphine, morphine-6-
glucuronide, is renally excreted and may exert important clin-
ical effects when it accumulates in patients with renal failure
(14). Although this does not prohibit the use of morphine in
patients with renal dysfunction, practitioners may want to con-
sider another agent, such as fentanyl, that does not have an ac-
tive metabolite (15). If morphine is the preferred drug, a longer
duration of action should be expected in a patient with renal
impairment when compared to the same dose in a patient with
normal renal function. Frequent assessment of morphine use
by pain score and sedation level should be planned.

Critical care practitioners may also have to consider the ef-
fect of renal replacement therapy on drug clearance. The degree
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of drug clearance is determined by both drug-specific factors
and the type of renal replacement therapy used. Drug-specific
factors include molecular weight, solubility, degree of ioniza-
tion, protein binding, and volume of distribution (9). For ex-
ample, standard modes of dialysis are relatively ineffective in
significantly clearing phenytoin, a highly protein-bound drug,
from the body. However, more complicated techniques such
as high-flux dialysis with charcoal hemoperfusion have been
reported to remove considerable amounts of drug in a patient
with phenytoin toxicity (16). Dialysis-specific factors that can
affect the degree of drug clearance include the mode of dialy-
sis, type of filter used, filter pore size, ultrafiltration rate, and
blood and dialysate flow rates (17). As a general rule, peritoneal
dialysis is less efficient in drug removal compared to intermit-
tent hemodialysis and continuous renal replacement therapies
(such as continuous venovenous hemodiafiltration) (9). Due to
the potential complexity of drug dosing in the presence of re-
nal replacement therapy, consulting a clinician who is readily
familiar with the pharmacokinetic implications of intermittent
or continuous renal replacement is advisable.

He p at ic Dise ase

Like renal insufficiency, hepatic disease can also significantly
alter the pharmacokinetic profile of a drug and the ultimate
effect on the patient. Unfortunately, data relating the degree of
hepatic dysfunction in relation to drug metabolism and elimi-
nation is limited, and dosage adjustment guidelines for hepatic
dysfunction are available for only some medications.

Because patients with severe liver failure often suffer from
secondary gastrointestinal problems, the bioavailability of
some orally administered drugs may be altered (18). Severe
liver failure and cirrhosis have been associated with delayed
gastric emptying and delayed absorption (18). For example,
enteral furosemide has been shown to have delayed absorp-
tion in patients with mild and severe cirrhosis irrespective of
the presence of ascites (19). In addition, patients with cir-
rhosis are at increased risk for severe upper gastrointestinal
tract bleeding, which can limit enteral medication tolerance
(20).

Liver failure also affects the volume of distribution of some
drugs. Patients with significant ascites comprise a larger portion
of their body weight as water. Therefore, the volume of distri-
bution of hydrophilic drugs is increased (18). Most patients
with significant liver dysfunction are also hypoalbuminemic,
leading to a higher free fraction of highly protein-bound drugs.

Finally, while useful in evaluating long-term prognosis, liver
cirrhosis severity scores, such as the Child-Pugh score, are less
helpful in assessing the need for dosage adjustments of drugs
(18). Many factors influence hepatic drug clearance; however,
the most significant characteristics are hepatic blood flow and
enzyme activity.

High extraction drugs are significantly removed (> 60% )
during the first passage across the liver, and the clearance of
these drugs is significantly dependent on hepatic blood flow
(18). In significant liver disease, such as cirrhosis, hepatic blood
flow is decreased or totally shunted if portosystemic shunt is
present (21). When a drug is administered enterally in these
patients, drug enters the systemic circulation with minimal or
no first-pass effect (22). Thus, the bioavailability of some orally
administered drugs with extensive first-pass effect is greatly in-

TA BLE 6 2 . 1

HIGH EXTRACTION DRUGS COMMONLY USED IN
THE INTENSIVE CARE UNIT

Buspirone Nicardipine
Chlorpromazine Promethazine
Cyclosporine Propranolol
Fluvastatin Quetiapine
Isosorbide dinitrate Sertraline
Labetalol Sildenafil
Lovastatin Sirolimus
Metoprolol Tacrolimus
Midazolam Venlafaxine
Morphine Verapamil

creased, and dosages should be appropriately reduced to pre-
vent adverse side effects (23). Table 62.1 lists some of the high
extraction drugs that may be used in the ICU.

Low extraction drugs are those that experience a relatively
minimal first-pass effect (< 30% ), and initial bioavailability is
not largely affected by liver disease (18). The clearance of hep-
atically metabolized, low extraction drugs may be influenced
by the effects of liver disease on the enzyme system responsible
for the metabolic process. Research has shown that a reduc-
tion in the activity of drug-metabolizing enzymes in livers from
cirrhotic patients is associated with increasing disease severity
(24,25). However, a large variation in the degree of enzyme
activity impairment exists, probably due to the heterogeneity
of the enzymes involved in drug metabolism processes. Nu-
merous enzymes are affected differently by liver disease. For
example, oxidation reactions tend to be more sensitive than
glucuronidation (26).

Low extraction ratio drugs are less dependent on hepatic
blood flow but are highly dependent on protein binding and
the level of enzymatic capacity of the liver. These drugs are
susceptible to changing clearance because of the induction or
inhibition of liver enzymes and are sometimes referred to as en-
zyme limited or capacity limited (27). The hepatic clearance of
some enzyme-limited drugs is termed binding sensitive or bind-
ing restrictive when only the circulating free drug is removed.
Therefore, a decrease in drug binding causes an increase in the
hepatic clearance of the drug. Drugs that are highly protein
bound, such as phenytoin and warfarin, are most sensitive to
this change in clearance.

Unfortunately, multiple factors determine the degree of im-
pairment for the hepatic clearance of drugs, and no standard
guidelines aid practitioners in the dosage adjustments of these
medications. In addition, most available data that addresses
the effect of liver disease on drug clearance are from studies
evaluating patients with a single organ dysfunction (e.g., al-
coholic cirrhosis); this is frequently not the case in critically
ill patients. Therefore, any degree of other organ dysfunction,
such as renal impairment or low cardiac output state, could fur-
ther alter the pharmacokinetics and pharmacodynamics of the
drug. The critical care team must initially evaluate the extent
of organ dysfunction and determine whether a dosage reduc-
tion for a given drug is likely to be needed, and then monitor
the patient carefully for early signs of toxicity. When possi-
ble, blood concentrations of the affected medications should be
monitored.
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Pre g nancy

Because pregnant females represent a subset of critically ill pa-
tients with special needs and characteristics, considerations be-
yond the predicted physiologic changes to risk/benefit therapy
assessment for both mother and fetus apply. Each subspecialty
discipline must share their expertise with the intensivist team,
and when possible, decisions should be made collaboratively
with both the mother and fetus in mind. A fine balance must
be obtained between avoiding undertreating the mother and
presenting unnecessary risks to the fetus. Even in the otherwise
healthy pregnant female, determining the optimal dosing reg-
imen presents a considerable challenge due to the significant
pharmacokinetic changes that occur during pregnancy.

Few gastrointestinal tract changes may affect drug absorp-
tion during pregnancy (28). With the exception of the active
labor period, gastric emptying time appears to be unchanged
(29). However, due to a decrease in gastrin secretion, pregnant
women have a higher gastric pH and slower intestinal motility
(30). The clinical significance of these changes in relation to
drug absorption is not known. Some women experience signif-
icant nausea and vomiting, especially during the first trimester,
which may affect their ability to tolerate some enteral medica-
tions. Noxious stimuli of any kind should be minimized.

Unlike absorption, the volume of distribution of certain
drugs can be significantly changed by pregnancy. Most impres-
sively, blood volume increases by approximately 40% to 50%
during pregnancy (31). The exception is patients with severe
pre-eclampsia or eclampsia; blood volume may expand very
little in this population (28). Changes in plasma protein con-
centrations, such as a decrease in albumin concentration, can
affect the free fraction of some drugs. Some examples of drugs
that have a higher free fraction during pregnancy include di-
azepam, valproic acid, and phenytoin (32).

Pregnancy can also affect the metabolism and elimination
of drugs as well. Interestingly, hepatic metabolism via the cy-
tochrome P450 (CYP) system may be increased or decreased,
depending on the specific enzyme. Specifically, pregnancy de-
creases the activity of CYP1A2 and CYP2C19. However, the
activities of CYP3A4, CYP2D6, CYP2C9, and CYP2A6 are
increased (30). The renal clearance of some drugs is also sig-
nificantly increased during pregnancy due to an increase in
glomerular filtration rate (GFR) of approximately 50% (30).
For example, several β -lactam antibiotics, such as ampicillin,
cefazolin, and piperacillin, have been shown to have increased
clearance in pregnant women (33–35). Alterations in tubular
secretion/reabsorption may also occur; however, few data are
available in this area. Based on the available pharmacokinetic
studies of renally excreted drugs, the effect of pregnancy on
drug clearance varied widely from 20% to 65% above the clear-
ance in nonpregnant females (30). For this reason, drugs that
are primarily renally excreted unchanged may require a dosage
increase of 20% to 65% to maintain prepregnancy blood con-
centrations (30).

In addition to pharmacokinetic changes that occur during
pregnancy, the critical care practitioner also has to consider
other physiologic changes that may affect the patient’s need
for drug therapy. For example, pregnant females are normally
hypercoagulable and are at risk for venous thrombosis. The
addition of other factors commonly seen in the ICU, such
as immobility and endothelial injury, may put them at even

higher risk. Unfractionated heparin and low-molecular-weight-
heparins (LMWHs) are the drugs of choice for the preven-
tion or treatment of thrombosis during pregnancy. Practition-
ers should be aware that many pregnant females require higher
doses of heparin compared to nonpregnant females due to in-
creased concentrations of heparin-binding proteins, increased
volume of distribution, and increased clearance (36). In fact,
the dose required for therapeutic anticoagulation may be as
much as twice the typical weight-based dose (37). LMWHs are
considered to be a safe alternative to unfractionated heparin
during pregnancy, but their use in the acute setting for the treat-
ment of venous thrombosis is controversial. Similar to unfrac-
tionated heparin, the clearance of LMWHs is increased during
pregnancy, making dosing less straightforward than in the non-
pregnant patient. Pregnant females have been shown to require
higher than standard doses of LMWH to maintain goal anti–
factor Xa concentrations (37,38). Therefore, frequent moni-
toring of anti–factor Xa concentrations is recommended, and
multiple dosage adjustments may be required. With this in-
crease in monitoring and related potential dosage adjustments,
some argue that many of the advantages, both clinical and fi-
nancial, of LMWHs are lost in this setting.

In conclusion, when the critical care practitioner is faced
with determining the drug regimen for a pregnant patient, sev-
eral steps should be taken. Most important, a multidisciplinary
approach, including experts in the area of obstetrics and drug
therapy, is invaluable. Next, the need to prescribe any drug
must be carefully considered prior to the ordering process, and
standard protocols should be modified as appropriate. Once
the need for a drug is determined, the practitioner must con-
sider the implications on fetal development and choose the
safest drug available that will appropriately treat the mother.
In considering the safety of a drug during pregnancy, the prac-
titioner must go beyond simply identifying the “Pregnancy
Risk Factor” that is included in the drug package labeling.
A thorough search for information should be conducted, and
the current trimester of the pregnancy should be considered.
Some medications are safer for use during certain periods of
the pregnancy. For example, nonsteroidal anti-inflammatory
drugs (NSAIDs) are thought to carry the most risk during the
first and third trimesters (39). In addition to primary literature,
a medical reference that specifically addresses medication use
in pregnancy should be consulted (39). In summary, once the
treatment has been chosen, the practitioner must also consider
the physiologic changes during pregnancy that may lead to a
need for a dosage adjustment and monitor both the drug level,
when possible, and the clinical picture.

ADVERSE DRUG REACTIONS
The term adverse drug reactions (ADRs) encompasses a broad
range of drug effects, ranging from exaggerated but predictable
pharmacologic actions of the drug to toxic effects unrelated to
intended pharmacologic effects (40). As such, the true incidence
rate of ADRs is difficult to determine, with estimates ranging
from 5% to 47% (41–43). Only by maintaining a high index
of clinical suspicion, keeping the drug therapy to the minimum
necessary, and stopping the suspect drug, if possible, could one
minimize the incidence of ADRs, thereby decreasing patient
morbidity, perhaps even mortality, and also keeping the cost of
therapy low.
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A small group of widely used drugs account for a dispro-
portionate number of ADRs; aspirin, anticoagulants, diuretics,
digoxin, antimicrobials, steroids, and hypoglycemic agents ac-
count for 90% of reactions (40).

The most frequent ADRs result from the exaggerated but
predicted pharmacologic actions of the drug, and, as such, are
readily identifiable and often are preventable. Examples include
hemorrhagic complications caused by anticoagulants or hypo-
glycemia caused by oral hypoglycemic agents or insulin. The
most important determinant for such adverse effect is the ab-
normally high drug concentration at the receptor site. This can
occur for various reasons, ranging from errors in calculating
drug dosage or administration to an alteration in the pharma-
cokinetics (such as reduction in the volume of distribution, rate
of metabolism, or rate of excretion), or because of a drug inter-
action resulting in increased concentration of free drug at the
receptor site, leading to untoward effects.

Other ADRs result from toxic effects unrelated to the in-
tended pharmacologic actions. Such events, therefore, often
are unpredictable and frequently are severe. Various mech-
anisms are involved: genetic, immunologic and nonimmuno-
logic, or idiosyncratic. A list of genetic susceptibilities leading
to ADRs with certain drugs is presented in Table 62.2. The most
relevant examples are succinylcholine-induced prolonged ap-
nea (suxamethonium sensitivity) and drug-induced malignant
hyperthermia (MH).

Succinylcholine is a depolarizing muscle relaxant that is
rapidly metabolized by plasma pseudocholinesterase, with
a duration of paralysis for 2 to 4 minutes. Approximately
1 in 3,200 patients is homozygous for a defective pseudo-
cholinesterase, which has an autosomal recessive transmission
and demonstrates markedly prolonged block with succinyl-
choline in the range of 3 to 8 hours (44).

MH is a clinical syndrome of muscle rigidity, tachycardia,
tachypnea, rapidly increasing temperature, hypoxia, hypercap-
nia, hyperglycemia, hyperkalemia, hypercalcemia, lactic acido-
sis, and eventual cardiovascular collapse that occurs during or
after general anesthesia (45). Several drugs have been impli-
cated in triggering MH, particularly the halogenated inhala-

tional agents (halothane, enflurane, and isoflurane), succinyl-
choline, and possibly an amino amide local anesthetic (lido-
caine or bupivacaine) (46,47).

The cause of MH seems to be an inability of the sarcoplas-
mic reticulum of skeletal muscle to take up released myoplas-
mic calcium. When a MH episode is triggered, the myoplasmic
levels of calcium rise tremendously, accelerating muscle meta-
bolism and contraction, and leading to the clinical manifes-
tations of the syndrome (45). The manifestation of MH may
appear in the operating room or in the ICU shortly after the
end of the surgical procedure.

Dantrolene is the cornerstone of therapy for MH (48). It
reduces rigidity and restores muscle function by preventing
calcium release from the sarcoplasmic reticulum and antag-
onizes its effects on muscle contraction (49). Treatment of MH
is initiated by discontinuing the anesthetic and other possible
triggering agents, ventilating the patient with 100% oxygen,
providing hemodynamic support as needed, and administering
dantrolene. The mortality rate from the fulminant syndrome
was approximately 70% before the use of dantrolene (50).
With early recognition and optimal therapy, reported mortality
rates decreased from 10% to 7% (50).

An immunologically mediated ADR is epitomized by the
classic anaphylactic reaction, which is IgE mediated, and a
serum sickness–like condition. A similar reaction, but not im-
munologically mediated, known as anaphylactoid reaction, is
sometimes seen as an indirect histamine release from the mast
cells by morphine, or a complement activation leading to me-
diator release from the mast cell and basophil by aspirin and
radiographic contrast media. There are a host of drug reactions
for which the exact underlying mechanism of toxicity is not
well understood, which are termed idiosyncratic reactions. Ev-
ery organ system can potentially be adversely affected by drug
exposures, or ADRs can present with effects on multiple or-
gan systems. Of the multisystem manifestations of ADRs, drug
fever, drug withdrawal reactions, and anaphylaxis are worth
elaborating.

Drug-induced fever should always be considered in the
workup of pyrexia in the intensive care unit, and more so when

TA BLE 6 2 . 2

EXAMPLES OF INHERITED DISORDERS INVOLVING AN ABNORMAL RESPONSE
TO DRUGS

Disorder

Suxamethonium Malignant
Characteristic sensitivity hyperthermia Warfarin insensitivity

Molecular abnormality Pseudocholinesterase
in plasma

Unknown Altered receptors

Mode of inheritance Autosomal recessive Autosomal dominant Autosomal dominant
Clinical effects Apnea Hyperpyrexia,

muscle rigidity
Inability to achieve

anticoagulation
Drugs producing

abnormal response
Succinylcholine Halothane,

succinylcholine,
cyclopropane

Warfarin

From Goldstein JL, Brown MS. Genetics and disease. Harrison’s Principles of Internal Medicine. 13th ed.
New York, NY: McGraw-Hill; 1994:349, with permission.
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no other obvious source is apparent. Fever is thought to be rela-
tively rare as a primary or sole manifestation of a drug reaction
and is usually associated with other hypersensitivity type re-
actions like anaphylaxis, serum sickness, rash, or eosinophilia.
Yet, sometimes fever may be the only manifestation of an ADR.
Antibiotics, cardiovascular drugs, and central-acting agents are
the largest categories of drugs causing fever (51). Patients with
hypersensitivity-induced drug fever have been observed to have
fevers as high as 40◦C and yet generally appear well, which can
be an important clue to the presence of a drug-related fever
(52).

Medication withdrawal can trigger fever. Opiate and ben-
zodiazepine tolerance and dependence can develop over a short
period, and subsequent attempts at withdrawing these medica-
tions might be associated with hypermetabolism and “sympa-
thetic overdrive” characterized by fever, hypertension, mental
confusion, seizures, and cardiac arrhythmias, a clinical picture
that may be confused with an underlying disease process (53).
Management consists of the gradual withdrawal of the drug
and substitution of longer-acting agents; clonidine, a centrally
acting drug, has been used with some success in these condi-
tions (54). The pathophysiology of anaphylactic shock from
drug reactions has been described elsewhere in this text.

Mental confusion is a common problem in the ICU, and
the cause is often multifactorial (55). Drugs that have been re-
ported to alter mood and increase mental confusion, especially
in the elderly, include corticosteroids, histamine-2 receptor
antagonists, fluoroquinolones, theophylline, barbiturates, ben-
zodiazepines, digoxin, antidepressants, penicillin, lidocaine,
antihistamines, quinidine, opiates, and phenothiazines. Occa-
sionally, confusion is associated with discontinuation of one of
the aforementioned medications if used for a long period of
time. Drugs like imipenem-cilastatin have been implicated as
an inducer or promoter of seizure-like activity (56).

Some of the antiarrhythmic drugs, particularly pro-
cainamide, have a strong proarrhythmic effect, and drug levels
should be closely monitored during use. Torsade de pointes,
a form of polymorphic ventricular tachyarrhythmia caused by
drugs that can prolong the QT c interval (like phenothiazines
and tricyclic antidepressants), can be fatal. Treatment with in-
travenous magnesium and overdrive pacing has been used with
some success to reverse cardiac arrest associated with this dys-
rhythmia.

Drug-induced renal injury remains a major cause of in-
creased morbidity, and contributes to the overall mortality
of the critically ill. The aminoglycoside antibiotics and radio-
graphic contrast agents are the leading causes of acute nephro-
toxicity in the ICU. Other risk factors that make patients prone
to develop nephrotoxicity include advanced age, prior renal
disease, intravascular volume depletion, simultaneous use of
other nephrotoxic agents, and certain disease states such as
congestive heart failure, liver cirrhosis, and diabetes mellitus
(57).

Drugs can cause abnormalities in any of the formed elements
of blood, which can lead to diagnostic confusion in separat-
ing these from primary disease processes. Drug-induced pan-
cytopenia, hemolytic anemia, thrombocytopenia, and granu-
locytopenia all have been well described (57). Some of these
conditions are more pertinent to ICU patients than others;
heparin-induced thrombocytopenia (HIT) is an example. The
mechanism is believed to be the induction of platelet-specific
IgG antibody by heparin, with subsequent aggregation of

platelets causing vascular thrombosis and fall in circulating
platelets (58). Once the syndrome occurs, even trivial amounts
of heparin can perpetuate the pathology. Heparin-containing
flush solutions, indwelling catheters, and even heparin-coated
pulmonary artery catheters have been reported to sustain the
syndrome.

Generalized skin reactions of various forms occur as a
part of a hypersensitivity reaction to various drugs. The
drugs frequently involved are sulfonamides, the penicillins, and
phenytoin. Of concern to the intensivists are the three ma-
jor types of drug-induced skin diseases with the potential for
life-threatening complications, including erythema multiforme
(Stevens-Johnson syndrome), toxic epidermal necrolysis, and
exfoliative erythroderma (40). The lesions range from typi-
cal target-shaped eruptions to extensive bullous eruptions and
large areas of skin sloughing. These conditions are usually as-
sociated with hypovolemic shock, a hypercatabolic state, and
multisystem organ dysfunction; the management is mainly sup-
portive.

DRUG INTERACTIONS
Conventionally, a drug interaction is regarded as the modifica-
tion of the effect of one drug by prior or concomitant adminis-
tration of another (59). Several textbooks (60–64) and reviews
(65) have compiled extensive listings of potential interactions.
Most drug interaction studies report on small numbers of non-
critically ill patients or volunteers, and thus, extrapolation of
these studies to the ICU setting is undesirable, possibly leading
to an unnecessary restriction of useful medications. This sec-
tion reviews clinically significant drug interactions encountered
in the ICU.

Drug interactions can result from pharmacokinetic or phar-
macodynamic causes. Pharmacokinetic interactions affect the
process of drug absorption, distribution, metabolism, and ex-
cretion. Pharmacodynamic interactions alter the biochemical
or physiologic effect of a drug.

Pharmacokine t ic Int e ract ions

Ab sorp t ion
Many drug interactions affect the bioavailability of drugs
through their effects on absorption. These include adsorption
and formation of drug complexes, changes in gastric emptying
time and pH, alteration in intestinal motility and mucosal func-
tion, and reduction in splanchnic perfusion. Phenytoin absorp-
tion has been found to vary with type of enteral feeding (66).
Anion exchange resin (cholestyramine) aluminum-containing
drugs such as sucralfate and antacids, kaolin pectin, activated
charcoal, and iron-containing preparations impair the absorp-
tion of various drugs such as digoxin, warfarin, and levothy-
roxine by forming insoluble complexes. In response, the safest
action is to not give any oral medication within 2 hours of
administering these chelating agents.

Drug incompatibilities in intravenous preparations also can
present as drug interaction or absorption problems. Precipita-
tion or chemical alteration may occur before parenteral dos-
ing. Knowledge of in vitro drug incompatibilities is, therefore,
essential, and in-depth resources are available (66,67). The
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TA BLE 6 2 . 3

DRUGS WITH HIGH PLASMA PROTEIN BINDING
AFFINITY

Digoxin Quinidine Valproic acid
Hydralazine Salicylates Warfarin
NSAIDs Sulfonamides
Phenytoin Tolbutamide

NSAIDs, nonsteroidal anti-inflammatory drugs.

precipitation of phenytoin in glucose-containing solution is a
relevant example (68).

Dist rib ut ion
Many drugs circulate in the plasma partly bound to plasma
proteins. Because the free or unbound serum concentration of
a drug determines its biologic activity, changes in protein bind-
ing induced by another agent can have an important effect
on the drug’s pharmacologic response (69–72). Displacement
from a protein of one drug by another depends on the concen-
tration and relative binding affinities of the drugs. A drug with a
higher serum concentration and higher protein-binding affinity
displaces a second drug more readily. For example, warfarin’s
displacement by another drug can result in clinical bleeding
complications. The acute elevation of free drug concentration
in serum often is accompanied by an increased distribution to
other tissues or increased elimination by metabolism and ex-
cretion until a new steady state is reached. Thus, when a new
steady state is reached, the total drug level in the blood will be
lower because of less protein-bound drug, whereas the free drug
level will be in the therapeutic range. Individualization of drug
therapy should be based on the clinical response or the plasma
concentration of unbound drug, if available. Highly protein-
bound drugs are particularly susceptible to these interactions
(Table 62.3).

Me t ab olism
The metabolism of most drugs occurs largely in the liver. Quan-
titatively, the cytochrome P450 microsomal enzyme system

TA BLE 6 2 . 5

DRUGS COMMONLY AFFECTED BY
ENZYME-INDUCING OR ENZYME-INHIBITING
AGENTS

Carbamazepine Lidocaine Quinidine
Chlorpropamide Metoprolol Rifampin
Cyclosporine Phenobarbital Tolbutamide
Digoxin Phenytoin Theophylline
Glucocorticoids Propranolol Warfarin

containing mixed-function oxidases present in smooth endo-
plasmic reticulum is most important for initial metabolic con-
version. The activity of these enzymes can be profoundly in-
fluenced by genetic factors and the coadministration of many
drugs. These enzymes can be induced or inhibited by various
agents (73,74).

Some common enzyme-inducing agents include the anti-
convulsants, phenytoin, phenobarbital, and carbamazepine;
ethanol; phenylbutazone; and rifampin (Table 62.4). Cigarette
smoking has been shown to be an excellent inducer of isoen-
zymes responsible for theophylline metabolism. Enzyme induc-
tion increases the rate of elimination of various drugs, leading
to lower plasma levels (Table 62.5).

Several compounds (Table 62.4) inhibit microsomal enzyme
function, inhibiting the metabolism of many of the same drugs
affected by enzyme induction (Table 62.5). For example, cime-
tidine is a potent inhibitor of oxidative metabolism of warfarin,
quinidine, nifedipine, lidocaine, theophylline, and phenytoin.
Erythromycin inhibits the metabolism of cyclosporine, war-
farin, carbamazepine, and theophylline.

Excre t ion
The most important route of drug excretion is renal and in-
volves the processes of filtration, secretion, and reabsorption
(75,76). All of these aspects of renal handling of compounds
can potentially lead to drug interactions.

Several drugs, such as the aminoglycoside antibiotics,
are eliminated almost completely by glomerular filtration.
Furosemide, a potent loop diuretic, by causing intravascular

TA BLE 6 2 . 4

DRUGS COMMONLY AFFECTING METABOLIZING ENZYMES IN LIVER

INDUCING AGENTS Acetaminophen Cyclosporine Metoprolol
Barbiturates Digoxin Phenytoin
Carbamazepine Glucocorticoids Quinidine
Cimetidine Methadone Rifampin
Clonazepam Theophylline

INHIBITING AGENTS Allopurinol Erythromycin Propranolol
Amiodarone Ethyl alcohol (acute) Quinidine
Chlorpromazine Sulfonamide
Cimetidine INH Tolbutamide
Ciprofloxacin Ketoconazole Trimethoprim
Diltiazem Oral contraceptives Verapamil

INH, isoniazid.
From Chernow B, ed. The Pharmacologic Approach to the Critically Ill Patient. Baltimore, MD: Williams
& Wilkins, 1983, with permission.
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volume depletion, can decrease renal perfusion pressure and
filtration rate, thereby reducing elimination of gentamicin.

Many drugs are actively secreted in the proximal tubule. The
most important of these agents include the organic acids, cap-
topril, cephalosporins, sulfonamides, sulfonylureas, penicillins,
diuretics, probenecid, and nonsteroidal anti-inflammatory
agents. These compounds can block each others’ secretions,
thus decreasing their urinary excretion. Also, quinidine de-
creases the tubular secretion of digoxin. Thus, the coadmin-
istration of quinidine and digoxin approximately doubles the
serum digoxin concentration. Inhibition of the tubular cation
transport system by cimetidine impedes the renal clearance of
procainamide and its active metabolite, N -acetyl procainamide.

The reabsorption of filtered or secreted compounds occurs
in the distal tubule or collecting duct as a function of drug
concentration, urinary flow, and pH of the urine. Alteration in
distal urine pH can cause ion trapping of certain weak acids or
bases and reduce passive reabsorption. Thus, alkalinization of
urine by sodium bicarbonate facilitates the excretion of acidic
drugs such as phenobarbital, salicylates, and amphetamines
(40).

Lithium is reabsorbed with sodium in the kidney by the same
renal mechanism. In case of volume depletion from chronic
diuretic use, renal increases in sodium and lithium reabsorption
occur, leading to a potentially toxic lithium level (40).

Pharmacod ynamic Int e ract ions

Unlike pharmacokinetic interactions, pharmacodynamic inter-
actions occur when a pharmacodynamic effect of one medi-
cation affects the actions or effects of a second medication.
Because critically ill patients are frequently on many medica-
tions for multiple indications, they are at high risk for these
types of interactions. In some cases, pharmacodynamic inter-
actions may be purposely used to achieve a desired therapeutic
end point. For example, opioids and benzodiazepines are fre-
quently used in combination to take advantage of their syner-
gistic effects, possibly allowing for lower doses of each to be
used (77,78). More frequently in the ICU, however, the phar-
macodynamic interactions experienced are not desired and may
lead to suboptimal therapy and adverse events.

Because of the numerous drug combinations and disease
states that are seen in critical care units, the number of po-
tential pharmacodynamic drug interactions is infinite and con-
tinues to grow as more medications are developed. For ex-
ample, the chronic use of some antiepileptic medications may
cause resistance to nondepolarizing neuromuscular blocking
agents due to both enzyme induction, a pharmacokinetic in-
teraction, and an up-regulation of acetylcholine receptors—
namely, a pharmacodynamic interaction (79). In addition, the
fluoroquinolone gatifloxacin has been reported to cause se-
vere hypoglycemia when used in combination with oral hy-
poglycemic medications (80). Perhaps one of the most well-
recognized pharmacodynamic interactions is the increased risk
of torsade de pointes and death when two drugs that are known
to cause QT prolongation are used in combination (81).

The principles of pharmacokinetics and pharmacodynamics
are key to optimizing drug therapy of all types. If practitioners
are unfamiliar with a medication, they should investigate the
pharmacokinetic and pharmacodynamic characteristics of that
drug to avoid subtherapeutic or supratherapeutic dosing, max-

imize efficacy, and minimize adverse events. Practitioners must
be particularly careful in the ICU because critically ill patients
frequently have some degree of organ dysfunction and may be
receiving numerous medications.

A PRACTICAL APPROACH
TO PHARMACOLOGICAL

MANAGEMENT IN ICU
Pharmacotherapy is a complex science in the management of
the critically ill patient. However, knowledge of pharmacoki-
netic principles, drug–drug interactions, changes related to sys-
temic diseases, and possible drug toxicities permits the critical
care clinician to design an appropriate medication regimen. The
considerations listed below are recommended:

1. Review the medication administration record daily.
2. Monitor therapeutic end points and toxic effects for each

drug.
3. Be knowledgeable of the pharmacokinetics of each drug

(e.g., first-order versus zero-order kinetics, serum elimina-
tion half-life).

4. Remember that systemic disease (e.g., renal, hepatic) may
create the need to alter the dosage regimen: an increase in
volume of distribution may increase the required loading
dose; and a decrease in clearance may decrease the required
maintenance dose.

5. Look for possible drug–drug interactions.
6. Minimize the number of drugs.
7. Substitute equally effective, less expensive medications when

possible.
8. Plan an approach to monitoring therapeutic and toxic ef-

fects. Check serum levels as appropriate, allowing four to
five half-lives for steady-state achievement.

THE CLINICAL PHARMACIST’S
ROLE IN CRITICAL CARE

In the multidisciplinary approach to care of the critically ill
patient, the pharmacist is an essential member of the health-
care team (77–79). The impact of a pharmacist on the delivery
of cost-effective care has been established in multiple settings,
including the spectrum of intensive care units (80–91). In addi-
tion to affecting economics, the critical care pharmacist directly
influences clinical outcomes. Pharmacist involvement in criti-
cally ill patient care has been associated with optimal fluid and
neuromuscular blockade management as well as significant re-
ductions in adverse drug events, medication errors, unnecessary
serum drug measurements, and ventilator-associated pneumo-
nia rates (92–104).

As outlined by the Society of Critical Care Medicine and
American College of Clinical Pharmacy Task Force on Criti-
cal Care Pharmacy Services position paper, fundamental crit-
ical care pharmacist activities include: prospective medica-
tion therapy evaluation; prevention, management, and report-
ing of adverse drug events; pharmacokinetic monitoring; drug
information and education services; medication policy and
procedure implementation and maintenance; cost-effectiveness
analyses; and quality assurance measures and reviews (79).
With departmental and service support, many critical care
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pharmacists participate in didactic and clinical teaching pro-
grams as well as clinical critical care pharmacotherapy research
endeavors.

SUMMARY
Pharmacotherapy in the critically ill patient is extremely com-
plex. A good understanding of pharmacologic principles, spe-
cial population considerations, impact of single or multiple
organ dysfunction, drug–drug interactions, and adverse drug
reactions is paramount to maximize good outcome and min-
imize iatrogenic complications. Although the exact role and
activities may vary in any given institution and patient popula-
tion, the inclusion of a critical care pharmacist in daily patient
care is recommended given the demonstrated cost savings and
morbidity and mortality reductions.
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18. Delcò F, T chambaz L, Schlienger R, et al. Dose adjustment in patients with
liver disease. Drug Saf. 2005;28(6):529–545.

19. Fredrick MJ, Pound DC, Hall SD, et al. Furosemide absorption in patients
with cirrhosis. Clin Pharmacol Ther. 1991;49(3):241–247.

20. Schemmer P, Decker F, Dei-Anane G, et al. The vital threat of an upper
gastrointestinal bleeding: risk factor analysis of 121 consecutive patients.
World J Gastroenterol 2006;12(22):3597–3601.

21. Vyas K, Gala B, Sawant P, et al. Assessment of portal hemodynamics by
ultrasound color Doppler and laser Doppler velocimetry in liver cirrhosis.
Indian J Gastroenterol. 2002;21(5):176–178.

22. Rodighiero V. Effects of liver disease on pharmacokinetics. An update. Clin
Pharmacok inet. 1999;37(5):399–431.

23. Hoyumpa AM, Schenker S. Influence of liver disease on the disposition
and elimination of drugs. In: Schiff L, Schiff ER, eds. Diseases of the Liver.
Philadelphia, PA: JB Lippincott Co; 1993.

24. George J, Murray M, Byth K, et al. Differential alterations of cytochrome
P450 proteins in livers from patients with severe chronic liver disease. Hep-
atology. 1995;21(1):120–128.

25. Iqbal S, Vickers C, Elias E. Drug metabolism in end-stage liver disease. In
vitro activities of some phase I and phase II enzymes. J Hepatol. 1990;11(1):
37–42.

26. McLean AJ, Morgan DJ. Clinical pharmacokinetics in patients with liver
disease. Clin Pharmacok inet. 1991;21(1):42–69.

27. Blaschke TF. Protein binding and kinetics of drugs in liver diseases. Clin
Pharmacok inet. 1977;2(1):32–44.

28. Yeomans ER, Gilstrap LC III. Physiologic changes in pregnancy and their
impact on critical care. Crit Care Med. 2005;33(10 Suppl):S256–258.

29. Cunningham FG, MacDonald PC, Gant NF, eds. W illiams O bstetrics. 18th
ed. Norwalk, CO: Appleton & Lange; 1989.

30. Anderson GD. Pregnancy-induced changes in pharmacokinetics: a
mechanistic-based approach. Clin Pharmacok inet. 2005;44(10):989–1008.

31. Pritchard JA. Changes in the blood volume during pregnancy and delivery.
Anesthesiology. 1965;26:393–399.

32. Loebstein R, Lalkin A, Koren G. Pharmacokinetic changes during preg-
nancy and their clinical relevance. Clin Pharmacok inet. 1997;33(5):328–
343.

33. Philipson A. Pharmacokinetics of ampicillin during pregnancy. J Infect Dis.
1977;136(3):370–376.

34. Philipson A, Stiernstedt G, Ehrnebo M. Comparison of the pharmacoki-
netics of cephradine and cefazolin in pregnant and non-pregnant women.
Clin Pharmacok inet. 1987;12(2):136–144.

35. Heikkilä A, Erkkola R. Pharmacokinetics of piperacillin during pregnancy.
J Antimicrob Chemother. 1991;28(3):419–423.

36. Stone SE, Morris TA. Pulmonary embolism during and after pregnancy.
Crit Care Med. 2005;33(10 Suppl):S294–300.

37. Barbour LA, Smith JM, Marlar RA, et al. Heparin levels to guide throm-
boembolism prophylaxis during pregnancy. Am J O bstet Gynecol. 1995;
173(6):1869–1873.

38. Jacobsen AF, Qvigstad E, Sandset PM. Low molecular weight heparin
(dalteparin) for the treatment of venous thromboembolism in pregnancy.
BJO G. 2003;110(2):139–144.

39. Briggs GG, Freeman RK, Yaffe SJ, eds. Drugs in Pregnancy and Lactation.
7th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2005.

40. Oates JA, Wood AJ. Adverse reaction to drugs. In: Harrison’s Principles of
Internal Medicine. New York, NY: McGraw-Hill; 1991:373.

41. Gray TK, Adams LL, Fallon HJ. Short-term intense surveillance of adverse
drug reactions. J Clin Pharmacol N ew Drugs, 1973;13(2):61–67.

42. Jick H. Adverse drug effects in relation to renal function. Am J Med.
1977;62(4):514–517.

43. Leape LL, Cullen DJ, Dempsey Clapp M, et al. Pharmacist participation on
physician rounds and adverse drug events in the intensive care unit. JAMA.
1999;281(3):267–270.

44. Whittaker M. Plasma cholinesterase variants and the anaesthetist. Anaes-
thesia 1980;35(2):174–197.

45. Nelson TE, Flewellen EH. Current concepts. The malignant hyperthermia
syndrome. N Engl J Med. 1983;309(7):416–418.

46. Gronert GA. Malignant hyperthermia. Anesthesiology. 1980;53(5):395–
423.

47. Gronert GA. Malignant hyperthermia. In: Miller RD, ed. Anesthesia. New
York, NY: Churchill Livingstone; 1986:1971.

48. Kolb ME, Horne ML, Martz R. Dantrolene in human malignant hyperther-
mia. Anesthesiology. 1982;56(4):254–262.

49. Morgan KG, Bryant SH. The mechanism of action of dantrolene sodium.
J Pharmacol Exp Ther. 1977;201(1):138–147.

50. Gronert GA. Malignant hyperthermia. Semin Anesth. 1983;2:197.
51. Norwood S. An approach to the febrile patient. In: Civetta JM, Taylor RW,

Kirby RR, eds. Critical Care. Philadelphia, PA: JB Lippincott Co; 1992:992.
52. Mackowiak PA, LeMaistre CF. Drug fever: a critical appraisal of conven-

tional concepts. An analysis of 51 episodes in two Dallas hospitals and
97 episodes reported in the English literature. Ann Intern Med. 1987;
106(5):728–733.

53. George CF, Robertson D. Clinical consequences of abrupt drug withdrawal.
Med Toxicol Adverse Drug Exp, 1987;2(5):367–382.

54. Bohrer H, et al. Clonidine as a sedative adjunct in intensive care. Intensive
Care Med. 1990;16(4):265–266.

55. Easton C, MacKenzie F. Sensory-perceptual alterations: delirium in the in-
tensive care unit. Heart Lung. 1988;17(3):229–237.

56. Messing RO, Closson RG, Simon RP. Drug-induced seizures: a 10-year
experience. N eurology. 1984;34(12):1582–1586.

57. Albertson TE, Foulke GE, Tharratt S. Pharmacokinetics and iatrogenic drug
toxicity in the intensive care unit. In: Hall JB, Schmidt GA, Wood LH, eds.
Principles of Critical Care. New York, NY: McGraw-Hill; 1992:2061.



960 Sect ion VII: Pharmacology, Nutrit ion, Toxicology, and the Environment

58. Warkentin TE, Kelton JG. Heparin and platelets. Hematol O ncol Clin
N orth Am . 1990;4(1):243–264.

59. McInnes GT, Brodie MJ. Drug interactions that matter. A critical reap-
praisal. Drugs. 1988;36(1):83–110.

60. Chernow B, ed. The Pharmacologic Approach to the Critically Ill Patient.
Baltimore, MD: Williams & Wilkins; 1988.

61. Hardman JG, Limbird LE, Gilman AG, eds. The Pharmacologic Basis of
Therapeutics. 10th ed. New York, NY: Mc-Graw-Hill; 2001.

62. Hansen PD, Horn JR. Drug Interaction. St. Louis, MO: Wolters Kluwer
Health; 2006.

63. Morselli PL, Garattinni S, Cohen SN. Drug Interactions. New York, NY:
Raven Press; 1974.

64. Stockley I. Drug Interactions. 3rd ed. Oxford, UK: Blackwell Science; 1995.
65. Prescott LF. Pharmacokinetic drug interactions. Lancet. 1969;2(7632):

1239–1243.
66. Guidry JR, Eastwood TF, Curry SC. Phenytoin absorption in volunteers

receiving selected enteral feedings. West J Med. 1989;150(6):659–661.
67. Trissel LA. Handbook of Injectable Drugs. 13th ed. Bethesda, MD: Amer-

ican Society of Health-System Pharmacists; 2005.
68. Cloyd JC, Bosch DE, Sawchuk RJ. Concentration-time profile of pheny-

toin after admixture with small volumes of intravenous fluids. Am J Hosp
Pharm. 1978;35(1):45–48.

69. Koch-Weser J, Sellers EM. Binding of drugs to serum albumin (first of two
parts). N Engl J Med. 1976;294(6):311–316.

70. MacKichan JJ. Pharmacokinetic consequences of drug displacement from
blood and tissue proteins. Clin Pharmacok inet. 1984;9(Suppl 1):32–
41.

71. McElnay JC, D’Arcy PF. Protein binding displacement interactions and their
clinical importance. Drugs. 1983;25(5):495–513.

72. Wood M. Plasma drug binding: implications for anesthesiologists. Anesth
Analg. 1986;65(7):786–804.

73. Burns JJ, Conney AH. Enzyme stimulation and inhibition in the metabolism
of drugs. Proc R Soc Med. 1965;58(11 Pt 2):955–960.

74. Gelehrter TD. Enzyme induction (first of three parts). N Engl J Med.
1976;294(10):522–526.

75. Prescott LF. Mechanisms of renal excretion of drugs (with special reference
to drugs used by anaesthetists). Br J Anaesth, 1972;44(3):246–251.

76. Weiner IM, Mudge GH. Renal tubular mechanisms for excretion of organic
acids and bases. Am J Med. 1964;36:743–762.

77. Gilliland HE, Prasad BK, Mirakhur RK, et al. An investigation of the poten-
tial morphine sparing effect of midazolam. Anaesthesia. 1996;51(9):808–
811.

78. Richman PS, Baram D, Varela M, et al. Sedation during mechanical venti-
lation: a trial of benzodiazepine and opiate in combination. Crit Care Med.
2006;34(5):1395–1401.

79. Perucca E. Clinically relevant drug interactions with antiepileptic drugs. Br
J Clin Pharmacol. 2006;61(3):246–255.

80. LeBlanc M, Bélanger C, Cossette P. Severe and resistant hypoglycemia asso-
ciated with concomitant gatifloxacin and glyburide therapy. Pharmacother-
apy. 2004;24(7):926–931.

81. Allen LaPointe NM, Curtis LH, Chan KA, et al. Frequency of high-
risk use of QT-prolonging medications. Pharmacoepidemiol Drug Saf.
2006;15(6):361–368.

82. Brilli RJ, Spevetz A, Branson RD, et al. Critical care delivery in the intensive
care unit: defining clinical roles and the best practice model. Crit Care Med.
2001;29(10):2007–2019.

83. Haupt MT, Bekes CE, Brilli RJ, et al. Guidelines on critical care services
and personnel: recommendations based on a system of categorization of
three levels of care. Crit Care Med. 2003;31(11):2677–2683.

84. Rudis MI, Brandl KM. Position paper on critical care pharmacy services.
Society of Critical Care Medicine and American College of Clinical Phar-

macy Task Force on Critical Care Pharmacy Services. Crit Care Med.
2000;28(11):3746–3750.

85. Baldinger SL, Chow MS, Gannon RH, et al. Cost savings from having a
clinical pharmacist work part-time in a medical intensive care unit. Am J
Health Syst Pharm. 1997;54(24):2811–2814.

86. Gandhi PJ, Smith BS, Tataronis GR, et al. Impact of a pharmacist on drug
costs in a coronary care unit. Am J Health Syst Pharm. 2001;58(6):497–
503.

87. Krupicka MI, Bratton SL, Sonnenthal K, et al. Impact of a pediatric
clinical pharmacist in the pediatric intensive care unit. Crit Care Med.
2002;30(4):919–921.

88. Patel NP, Brandt CP, Yowler CJ. A prospective study of the impact of a
critical care pharmacist assigned as a member of the multidisciplinary burn
care team. J Burn Care Res. 2006;27(3):310–313.

89. Hatoum HT, Hutchinson RA, White KW, et al. Evaluation of the contribu-
tion of clinical pharmacists: inpatient care and cost reduction. Drug Intell
Clin Pharm. 1988;22(3):252–259.

90. Herfindal ET, Bernstein LR, Kishi DT. Impact of clinical pharmacy services
on prescribing on a cardiothoracic/vascular surgical unit. Drug Intell Clin
Pharm. 1985;19(6):440–444.

91. Katona BG, Ayd PR, Walters JK, et al. Effect of a pharmacist’s and a nurse’s
interventions on cost of drug therapy in a medical intensive-care unit. Am
J Hosp Pharm. 1989;46(6):1179–1182.

92. McMullin ST, Hennenfent JA, Ritchie DJ, et al. A prospective, randomized
trial to assess the cost impact of pharmacist-initiated interventions. Arch
Intern Med. 1999;159(19):2306–2309.

93. Miyagawa CI, Rivera JO. Effect of pharmacist interventions on drug
therapy costs in a surgical intensive-care unit. Am J Hosp Pharm.
1986;43(12):3008–3013.

94. Montazeri M, Cook DJ. Impact of a clinical pharmacist in a multidisci-
plinary intensive care unit. Crit Care Med. 1994;22(6):1044–1048.

95. Schumock GT, Meek PD, Ploetz PA, et al. Economic evaluations of clin-
ical pharmacy services—1988–1995. The Publications Committee of the
American College of Clinical Pharmacy. Pharmacotherapy. 1996;16(6):
1188–1208.

96. Smythe MA, Shah PP, Spiteri TL, et al. Pharmaceutical care in medical
progressive care patients. Ann Pharmacother. 1998;32(3):294–299.

97. Broyles JE, Brown RO, Vehe KL, et al. Pharmacist interventions improve
fluid balance in fluid-restricted patients requiring parenteral nutrition.
DICP. 1991;25(2):119–122.

98. Calabrese AD, Erstad BL, Brandl K, et al. Medication administration errors
in adult patients in the ICU. Intensive Care Med. 2001;27(10):1592–1598.

99. Devlin JW, Holbrook AM, Fuller HD. The effect of ICU sedation guide-
lines and pharmacist interventions on clinical outcomes and drug cost. Ann
Pharmacother. 1997;31(6):689–695.

100. Kaye J, Ashline V, Erickson D, et al. Critical care bug team: a multidisci-
plinary team approach to reducing ventilator-associated pneumonia. Am J
Infect Control. 2000;28(2):197–201.

101. Lazarou J, Pomeranz BH, Corey PN. Incidence of adverse drug reactions
in hospitalized patients: a meta-analysis of prospective studies. JAMA.
1998;279(15):1200–1205.

102. Leape LL, Cullen DJ, Clapp MD, et al. Pharmacist participation on physi-
cian rounds and adverse drug events in the intensive care unit. JAMA.
1999;282(3):267–270.

103. Rudis MI, Sikora CA, Angus E, et al. A prospective, randomized, controlled
evaluation of peripheral nerve stimulation versus standard clinical dosing
of neuromuscular blocking agents in critically ill patients. Crit Care Med.
1997;25(4):575–583.

104. Dager WE, Albertson TE. Impact of therapeutic drug monitoring of intra-
venous theophylline regimens on serum theophylline concentrations in the
medical intensive care unit. Ann Pharmacother. 1992;26(10):1287–1291.



CHAPTER 63 ■ SEDATION AND
NEUROMUSCULAR BLOCKADE
MICHAEL J. MURRAY r ERIC L. BLOOMFIELD

PERSPECTIVE
Anxiety is one of the human emotions that help us anticipate
and prepare for real or perceived threats. Anxiety results in
the release of endogenous catecholamines with an accompa-
nying increase in heart rate, blood pressure, tremulousness,
and so on. In some critically ill patients, anxiety can lead to
agitation, i.e., anxiety coupled with confusion and movement
and, if the confusion is severe enough, delirium. Increasingly,
there is recognition that the spectrum of anxiety, agitation,
and delirium may be a manifestation of the effects of the sys-
temic inflammatory response syndrome (SIRS) and multiple or-
gan dysfunction syndrome (MODS), with the brain being the
end organ affected. With this recognition of the significance
of anxiety has come an increasing attention to monitoring its
severity, as well as treatment and assessment of the effects of
therapy.

The lung is the most frequently injured organ in patients
with MODS, resulting in acute respiratory distress syndrome
(ARDS) or acute lung injury (ALI). Patients with ALI and
ARDSrequire intubation and mechanical ventilation, and, with
modes of mechanical ventilation adjusted to deliver low tidal
volumes with resultant hypercarbia, patients are more likely to
become agitated. In such patients in whom sedation is inad-
equate, neuromuscular blocking agents (NMBAs) may be re-
quired. These medications should always be administered cau-
tiously, with daily drug “holidays,” which permit the clinician
caring for the patient to determine if the NMBA is still required.

FEATURES

Anxie t y

Anxiety is often described as a heightened sense of awareness,
apprehension, dread, or anticipation. The latter is an important
characteristic, for anxiety is an emotional state; the individual
“anticipates” a threat, and anxiety prepares the individual for
“fight or flight.” Anxiety has its anatomic construct in the lim-
bic system and is associated with the release of catecholamines,
which lead to the tremulousness, sweating, tachycardia, and
tachypnea—all the hallmarks of anxiety. In its extreme, an in-
dividual may have a “panic attack.”

Oftentimes when clinicians round on patients in the ICU,
they find a patient who looks distressed, and blood pressure and
heart rate are elevated. We commonly assume that the patient is

in pain, and yet frequently, anxiety is the problem. Interestingly,
the easiest way to separate these two perceptions is to ask the
patient. As part of the daily evaluation of patients in the ICU,
they should be asked if they are anxious, if they are in pain,
and if they are “getting enough air to breathe?” The latter two
complaints are likely to exacerbate anxiety, along with several
other experiences that ICU patients may have (Table 63.1).
The treatment for pain and anxiety are often the same, but
for patients without pain, the treatment algorithm is different
(see below). However, anxiety and pain are often a continuum,
with the perception of one increasing the perception of the
other.

Anxiety may lead to insomnia, a common problem in the
ICU, and insomnia (and sleep deprivation) can increase the
perception of anxiety (1). Sleep interruption occurs for several
reasons, starting with excessive noise levels in many ICUs at
night, patient care activities, measurement of vital signs, lab-
oratory tests, radiographs, and so on. Patients who are intu-
bated and mechanically ventilated are even more likely to have
interrupted sleep, along with experiencing discomfort from the
mode of mechanical ventilation and/or tracheal suctioning, as
well as hypercarbia and hypoxia. In surveys of patients dis-
charged from the ICU, patients recall feelings of terror, ner-
vousness, and insomnia (2). Older patients, because they have
less organ reserve, are more at risk of developing problems;
depending on the extent of chronic health problems, the acute
illness, and medications the patients receive, they are more at
risk of cognitive dysfunction (3), which increases the risk of
developing agitation and delirium (4).

Ag it at ion

In the 2001 Agitation Consensus Conference, agitation was
described as “continual movement characterized by constant
fidgeting, moving from side to side, pulling at dressings and
bed sheets, and attempting to remove catheters or other tubes”
(5). Agitation is associated with some degree of cognitive
impairment—disorientation, confusion, confabulation, and so
on. Agitation is different from anxiety because the agitated
patient displays purposeless movement and has some degree
of cognitive dysfunction. For the reasons mentioned about re-
moval of invasive devices, agitated patients are at risk of in-
juring themselves and, in some circumstances, injuring health
care providers. Factors associated with agitation (6) include
advanced age, neuropsychiatric comorbidities, seriousness of
illness, pain, and some drugs that, when given to ICU patients,
have unrecognized interactions and side effects. Agitation is as-
sociated with an increased length of stay, iatrogenic infections,
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TA BLE 6 3 . 1

EXPERIENCES THAT INCREASE PATIENT ANXIETY
IN THE INTENSIVE CARE UNIT

Pain Physical restraints
Insomnia Tracheal suctioning
Dyspnea Hypoxia/hypercarbia
Temperature extremes Distended bladder
Loneliness Invasive lines/devices
Clinical outlook Loss of control/autonomy

and self-extubation (6). Many believe that prolonged anxiety,
depending on the cause, if left untreated, can lead to agitation
(5). Most of the tools to monitor agitation and the effects of
therapeutic interventions are listed in Table 63.2 (7–12). How-
ever, because patient movement is one of the hallmarks of ag-
itation, some clinicians use a variant of the Ramsay Sedation
Scale and the Motor Activity Assessment Scale (Table 63.3) to
monitor for agitation (13).

De lirium

The hallmark of delirium is cognitive dysfunction, most com-
monly manifested as disorientation in a patient who is critically
ill. In the past, such patients were diagnosed as having “ICU
syndrome,” a diagnosis of exclusion. Heightened awareness
has resulted in several studies that have examined the preva-
lence (14), types (15), consequences (16), and the diagnosis and
management (17) of delirium.

In a coronary care unit, the prevalence of delirium can run
as low as 7% (14), whereas in a medical ICU, it may run as
high as 70% to 80% (15). Delirious patients may manifest a
variety of psychomotor behavior, from hypoactive (listlessness)
to hyperactive (combative behavior), with a mixed picture also
seen (15). Independent of the motor type, the delirious patient
is at risk for developing long-term cognitive impairment (18), a

TA BLE 6 3 . 2

SEDATION SCALES

ATICE Adaptation to the Intensive Care Environment (7)
MSAT Minnesota Sedation Assessment Tool (8)
RSS Ramsay Sedation Scale (9)
RASS Richmond Agitation-Sedation Scale (10)
SAS Sedation Agitation Scale (11)
VICS Vancouver Interaction and Calmness Scale (12)

greater length of ICU and hospital stay, and an increased mor-
tality (16). Patients frequently cycle between overly sedated
states to hyperactive, agitated states. Management can be dif-
ficult, as some medications commonly given to sedate patients
have also been associated with an increased incidence of delir-
ium (19).

Anxiety, agitation, and delirium require recognition (20)
and education of health care professionals (17) so we can iden-
tify at-risk patients and improve treatment.

EVALUATION
Although anxiety is a valid emotional response to hospitaliza-
tion in an ICU, an overexuberant response to the stressors in
the ICU environment can be detrimental. Anxious patients have
an increase in the incidence of several disease states/processes
(Table 63.4) (21–25).

Patients should be examined on a daily basis, particularly
to look for certain signs that increase the likelihood of anxi-
ety (Table 63.5). The laboratory evaluation (Table 63.6) is also
helpful in determining if the patient is, indeed, hypercapnic,
septic, or has increased or decreased concentrations of elec-
trolytes in the blood that often correlate with an increased risk
of neurologic dysfunction.

TA BLE 6 3 . 3

MOTOR ACTIVITY ASSESSMENT SCALE

Score Description Definition

0 Unresponsive Does not move with noxious stimulus
1 Responsive only to noxious stimuli Opens eyes or raises eyebrows or turns head toward stimulus or moves limbs with

noxious stimulus
2 Responsive to touch or name Opens eyes or raises eyebrows or turns head toward stimulus or moves limbs when

touched or name is loudly spoken
3 Calm and cooperative No external stimulus is required to elicit movement, and the patient is adjusting

sheets or clothes purposefully and follows commands
4 Restless and cooperative No external stimulus is required to elicit movement, and patient is picking at sheets

or clothes or uncovering self and follows commands
5 Agitated No external stimulus is required to elicit movement, and patient is attempting to sit

up or moves limbs out of bed and does not consistently follow commands
6 Dangerously agitated,

uncooperative
No external stimulus is required to elicit movement, and patient is pulling at tubes or

catheters or thrashing side to side or striking at staff or trying to climb out of bed
and does not calm down when asked

Reprinted from Devlin JW, Boleski G, Mlynarek M, et al. Motor Activity Assessment Scale: a valid and reliable sedation scale for use with mechanically
ventilated patients in an adult surgical intensive care unit. Crit Care Med. 1999;27:1271–1275, with permission.
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TA BLE 6 3 . 4

ANXIETY ASSOCIATED WITH AN INCREASED
INCIDENCE OF SEVERAL DISEASE STATES/PROCESSES

Myocardial ischemia (21)
Asthma (22)
Pain (23)
Agitation (24)
Delirium (25)

TA BLE 6 3 . 5

PHYSICAL EXAMINATION

Tachypnea
Tachycardia
Confusion
Abdominal distention (ileus, full bladder)
Movement

TA BLE 6 3 . 6

LABORATORY EVALUATION

Complete blood count (anemia, leukocytosis/leukopenia)
Arterial blood gases (hypoxia, hypocarbia/hypercapnia)
Electrolytesa

Glucose
Creatinine/blood urea nitrogen

aTo include calcium and magnesium.

TA BLE 6 3 . 7

NONPHARMACOLOGIC THERAPY FOR
ANXIETY-PRODUCING EVENTS

Thorough explanation of situation/findings
Reassurance
Increased presence of family members (26)
Decreased noise (27)
Decreased nocturnal interruptions
Assisted ventilation for hypercarbia
Cardioversion for hemodynamically significant tachyarrhyth-

mias
Decrease/stop tube feedings if (partial) ileus
Foley catheter for bladder distention
Re-establishment of sleep cycle (28)

TA BLE 6 3 . 8

THERAPY FOR ANXIETY-PRODUCING EVENTS

Supplemental oxygen for hypoxia
Minimize dose of supplemental catecholamines
Continue any of patients’ psychotropic medications, if

appropriate
Opioids
Benzodiazepines
Haloperidol
Propofol
Dexmedetomidine
Ketamine

When a patient admits to excessive anxiety, one should
first attempt to decrease the anxiety through nonpharmaco-
logic means (Table 63.7) (26–28). First and foremost is the
recognition that the environment in the ICU must be calm and
nurturing, with attention to such details as room temperature,
noise levels, and sleep disturbance—the bane of most modern
ICUs.

Approximately 60% to 70% of patients who reside in the
ICU for greater than 48 hours will require pharmacologic ther-
apy (Table 63.8). Of the possible agents, opioids, benzodi-
azepines, haloperidol, propofol, and dexmedetomidine are the
mainstays of treatment.

TREATMENT

Nonst e ro id al Ant i-inflammat ory Drug s

Nonsteroidal anti-inflammatory drugs (NSAIDs) do not have
sedative properties, but to the extent that they decrease pain,
they do decrease pain-associated anxiety. NSAIDs would most
likely be contraindicated in ICU patients because of their side
effects. However, when cyclo-oxygenase (COX)-2 inhibitors,
which have fewer side effects, are coupled with gabapentin
or its precursor, pregabalin, they have analgesic and sedative
properties if given preoperatively per os to patients who are
anticipated to be admitted postoperatively to the ICU. In one
study, a combination of 400 mg of celecoxib and 150 mg of
pregabalin improved patients’ sedation levels by approximately
33% for up to 24 hours postoperatively (29).

Op io id s

Because pain or discomfort (from tracheal tube suctioning, na-
sogastric tubes, or Foley catheters) is a frequent, confounding
factor for anxious patients, analgesics are often administered,
usually via continuous intravenous infusions. Importantly, opi-
oids have not only analgesic but also anxiolytic properties (30).
Morphine has anxiolytic properties, but is not nearly as effec-
tive as newer opioids, and, because of the buildup of active
metabolites in patients with renal insufficiency, it is not rec-
ommended for patients in the ICU. Fentanyl and remifentanil
are over 90% effective in providing adequate sedation for in-
tubated and mechanically ventilated patients in the ICU (31).
Because of equal efficacy and differences in cost, fentanyl is
recommended in most patients, except those with significant
renal/hepatic impairment (Table 63.9).

TA BLE 6 3 . 9

OPIOIDS AS SEDATIVE DRUGS IN THE INTENSIVE
CARE UNIT

Bolus dose Infusion

Fentanyl 1 µ g/kg 1–2 µ g/kg/h
Remifentanil — 9 µ g/kg/h

Side effects: Hypotension, nausea and vomiting, respiratory
depression.
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Be nzod iaze p ine s

Benzodiazepines, which potentiate the effects of gamma-
aminobutyric acid via the benzodiazepine receptor and sup-
press central nervous system (CNS) activity (32), are admin-
istered to provide sedation in the ICU. They were observed
to have sedative properties in animals (33), which led to their
use because of their hypnotic, muscle-relaxant, anticonvulsive,
and antegrade and variable retrograde amnestic properties. The
benzodiazepines do not have analgesic properties, but similar
to the opioids, they can and do produce respiratory depression
in a dose-dependent fashion.

In critically ill patients, many of whom have MODS, be-
cause benzodiazepines are metabolized in the liver with the
metabolites excreted by the kidneys, the half-lives (t1/2) are
prolonged, and active metabolites may accumulate. Most
commonly, benzodiazepines are administered by continuous
infusion, so the context-sensitive t1/2 is more germane but in-
dependent of the method of administration because of the po-
tential prolonged effect; a daily “off” period should be estab-
lished to avoid overdosage (see below). The most commonly
used benzodiazepines in the ICU are diazepam, midazolam,
and lorazepam (Table 63.10).

Diaze p am
Diazepam is an effective sedative-hypnotic with amnestic prop-
erties. Because diazepam is irritating when injected intramus-
cularly or intravenously and due to its long half-life, it is not
often administered in the ICU.

Loraze p am
Lorazepam is an intermediate-acting benzodiazepine with a t1/2
of 10 to 12 hours. Respiratory and cardiovascular effects of
lorazepam are no different than those for diazepam and mi-
dazolam. Lorazepam is recommended for long-term (greater
than 24 hours) administration for patients who are critically ill
(34). This may seem surprising because of its t1/2 , but because
its metabolites have no clinical activity and there is less intrain-
dividual variability (35), recovery from lorazepam, compared
to midazolam, following long-term administration is no dif-
ferent (36) and is associated with pharmacoeconomic benefits
(37).

Mid azolam
Midazolam is the shortest acting of those benzodiazepines used
in the ICU, with a t1/2 of 1 to 5 hours. Midazolam causes no
pain or phlebitis following intravenous administration and is

two to four times more potent than diazepam. These charac-
teristics make midazolam an ideal drug for continuous intra-
venous infusion, as it has rapid onset and relatively rapid offset.
It is recommended for short-term use (34); long-term (> 24–48
hours) use is problematic because gamma-hydroxy midazolam,
the main metabolite, with sedative properties almost identical
to the parent compound, accumulates in critically ill patients
with decreased albumin levels and decreased renal function,
leading to prolonged sedation once the infusion is discontin-
ued. Typically, when administering midazolam for anxiolysis
or sedative-hypnotic reasons, 1-mg increments are given intra-
venously as a bolus, with repeated boluses administered every
5 minutes to effect. A continuous infusion of 0.5 to 5 mg/hour
can then be started and continued for as long as necessary.

Ad d it ional Caut ions and Re comme nd at ions
Re g ard ing Be nzod iaze p ine Use

The United States Food and Drug Administration (FDA) has
administered black box warnings for benzodiazepines to the
effect that anyone administering these respiratory depres-
sants must be skilled in airway management and resuscita-
tion. Similarly, one must have the benzodiazepine antagonist
flumazenil—a drug that reverses all known CNS effects of
benzodiazepines—available in the ICU. Flumazenil has max-
imum effect within 5 to 10 minutes after intravenous admin-
istration and has a mean t1/2 of approximately 1 hour. Typi-
cally, it is given in 0.1- to 0.2-mg increments, repeated every
5 to 10 minutes, to a total dose of 1 mg. Because of the ac-
tive metabolites of diazepam and midazolam, these benzodi-
azepines should be used with extra caution in patients with
renal insufficiency, as the active metabolites will accumulate.
Furthermore, although these medications are often given as in-
travenous infusions, because of the increasing emphasis on cost
efficacy in our ICUs, patients who are able to take medications
per os should, when feasible, have their intravenous medication
discontinued and an oral benzodiazepine started (38).

Furthermore, despite the guidelines that have previously
been established (34), not all studies have shown a benefit of
lorazepam compared to midazolam for long-term administra-
tion; Barr et al. (39) found in 24 patients that those who re-
ceived midazolam for greater than 72 hours had emergence
times from their drug-induced hypnotic state that were shorter
than those patients who received lorazepam. Additional re-
search in this area of finding the best short-term and long-term
sedative agents is recommended (40).

It is further recommended and supported by clinical stud-
ies that patients who are on long-term (greater than 24 hours)

TA BLE 6 3 . 1 0

BENZODIAZEPINES USED FOR ANXIOLYSIS IN THE INTENSIVE CARE UNIT

Drug (classification) t1/ 2 (h) Active metabolite(s) (t1/ 2) Intermittent IV bolus Continuous IV infusion

Diazepam (long-acting) 20–50 Desmethyldiazepam
(30–200)

1–2 mg (max 0.1–0.2 mg/kg) —

Lorazepam
(intermittent-acting)

10–20 Nonea 0.5–2 mg (max 4 mg) Up to 0.025 mg/kg/h

Midazolam (short-acting) 1–2.5 1-hydroxy midazolam 0.5–2 mg (max 0.1 mg/kg) Up to 0.05 mg/kg/h

a3-0-phenolic glucuronide is the inactive metabolite.



Chap t e r 63: Sedation and Neuromuscular Blockade 965

TA BLE 6 3 . 1 1

RAMSEY SEDATION SCALE

Patient:

Awake

�
��

��

1. Anxious or agitated
2. Cooperative/tranquil
3. Responds to commands only, response to glabellar tap

Asleep

�
��

��

4. Brisk
5. Sluggish
6. None

From Ramsay MAE, Savege TM, Simpson BRJ, et al. Controlled sedation with alphaxalone-alphadolone.
Br Med J. 1974;2:656–659, with permission.

infusions of benzodiazepines benefit from a daily drug “hol-
iday” (41), i.e., infusion stopped typically every morning
around 7:00 or 8:00 a.m., and the infusion remains off until the
patient exhibits symptoms or signs that warrant restarting the
infusion. The possibility of overdosing is decreased if patients
are assessed on a regular basis for their degree of sedation.
There are several tools that can be used to monitor the ade-
quacy of sedation, beginning with the Ramsey Sedation Scale
(Table 63.11) (9), although there are several others that may
be more comprehensive (Table 63.2) (7–12).

The team that manages patients in the ICU who require
intravenous administration of benzodiazepines should follow
a protocol for the administration of these drugs and use a
tool with which they are familiar to monitor the degree of
sedation. As a final caveat, once these medications are com-
pletely discontinued, up to one third of the patients will ex-
hibit signs of withdrawal (42). In these patients, it is common
practice to discontinue the benzodiazepines slowly over several
days, treating the side effects of withdrawal—tachycardia and
hypertension—with a beta-blocker or an alternative drug, in-
cluding chronic low doses of benzodiazepines in those patients
in whom beta-blockers are contraindicated.

Prop ofol

Propofol (di-isopropylphenol) is a highly lipophilic compound
formulated in an isotonic oil in water emulsion (Intralipid) that
is unrelated to other sedative/anesthetic agents (43). Because
it is formulated in lipid emulsion, side effects include hyper-
triglyceridemia and bacterial contamination of infusions. The
addition of ethylenediaminetetraacetic acid (EDTA) or bisul-
fite as preservatives decreases the incidence of bacterial over-
growth. A rare side effect is the propofol infusion syndrome
(44), metabolic acidosis, and ventricular fibrillation in children
and in young adults with neurologic injury receiving greater
than 100 µ g/kg per minute of propofol for greater than 12
to 24 hours. Propofol is now probably the most commonly
used intravenous anesthesia induction agent, and is being ad-
vocated by some for use in moderate sedation (endoscopy suite)
protocols (45). Because of its rapid onset and offset, few resid-
ual aftereffects, and low side-effect profile, it is often used for

short-term sedation in the ICU. As the cost of the product has
decreased, it is more commonly administered for long-term se-
dation in the ICU. Propofol has no analgesic properties, so for
patients with pain, an analgesic drug should be coadministered.
Propofol has also been used to treat status epilepticus (46) and
to induce sleep in the ICU (47).

De xme d e t omid ine

Alpha-2 (α2) agonists, such as methyldopa and clonidine, have
long been known to have sedative properties; in fact, cloni-
dine is administered epidurally for its antinociceptive effects in
the spinal cord. Dexmedetomidine is an α2 agonist that acts
by binding to α2 receptors in the locus ceruleus with a high
α2/α1 ratio of approximately 1,620:1, approximately seven
times more avidly than clonidine. Binding to the α2 receptor
releases norepinephrine and decreases sympathetic activity; the
net effect is sedation, analgesia, and amnesia. Dexmedetomi-
dine is unique compared to the other anxiolytic drugs because
patients are not only calm but appear to be sleeping (48). It
is commonly used to sedate patients following cardiac surgery
(49) and after neurosurgical procedures (50). Whether it is su-
perior to propofol for these patients has not been determined
(51). Patients who abuse alcohol, cocaine, and marijuana may
benefit the most because dexmedetomidine treats many of the
symptoms and signs of withdrawal (52). Many clinicians prefer
dexmedetomidine to opioids or benzodiazepines because it is
not associated with respiratory depression. However, because
of its central alpha agonist, hypotension can and does occur.
Fortunately, low-dose dexmedetomidine (6 µ g/kg per hour for
10 minutes followed by an infusion of 0.2 µ g/kg per hour) is
as effective as higher doses (0.6 µ g/kg per hour), with fewer
side effects (48,53). There is concern that if dexmedetomidine
is used for greater than 24 hours and discontinued abruptly,
that a hyperdynamic state will ensue similar to the one that de-
velops when clonidine is stopped abruptly following long-term
use; but cases of cardiac arrest, though reported, are uncom-
mon. Dexmedetomidine has been approved by the FDA for 24-
hour use (54), although many clinicians are using it for longer
than 24 hours. Of the currently used anxiolytic medications,
dexmedetomidine is the most expensive.
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But yrop he none s

Butyrophenones are neuroleptic drugs that are also known as
antipsychotic drugs or major tranquilizers. They induce apa-
thy, a state of mental detachment in patients with psychoses
or delirium. By inhibiting dopamine-mediated neurotransmis-
sions in the CNS, they decrease the frequency of hallucinations,
delusions, and other abnormal thoughts. Patients become so
detached from their environment that they develop a character-
istic flat affect. Butyrophenones are active in the chemoreceptor
trigger zone in the brainstem and thus are effective antiemetics;
they are also used to treat hiccups and are used as synergistic
anxiolytic drugs when used with benzodiazepines.

Of the butyrophenones, haloperidol is the drug used most
often to treat delirium in the ICU. Haloperidol has a wide ther-
apeutic margin but has important side effects including hy-
potension, extrapyramidal symptoms, anticholinergic effects
(tachycardia, urinary retention, ileus), neuroleptic malignant
syndrome, and seizures. These side effects are rare. Hypoten-
sion following a dose of haloperidol is almost always seen in
patients who are hypovolemic. Extrapyramidal symptoms are
more often seen in younger patients and in patients with de-
pleted dopamine stores, e.g., patients with Parkinson disease.

The initial dose of haloperidol is usually 0.5 to 2 mg ad-
ministered parenterally, although depending on the patient’s
size, age, and degree of agitation/delirium, 5 mg can be given.
Haloperidol has a slow onset, so peak effects may not be seen
for 15 to 30 minutes. Repeat doses then should be adminis-
tered at 30- to 60-minute intervals. Recurrence of agitation or
an increase in delirium is an indication for repeat doses, which
may be increased if the initial dose was inadequate. Tardive
dyskinesia or neuroleptic malignant syndrome can occur even
during the short duration of therapy used in the ICU.

Haloperidol, because of its anticholinergic effects, may pro-
long the QT in a dose-dependent fashion, resulting in arrhyth-
mias and torsades de pointes. Patients receiving haloperidol
should have their electrocardiogram monitored.

A recent retrospective study of 989 patients who were me-
chanically ventilated in the ICU found that those patients who
received haloperidol had significantly lower mortality than
those who did not (55). Although not an indication for in-
creased use of haloperidol, the results should be reassuring to
those who have concerns about its use.

Ot he r Ag e nt s

Several anesthetic agents have been tried to sedate patients in
the ICU, with unanticipated results. When nitrous oxide was
used, anemia developed and led to the realization that nitrous
oxide interfered with vitamin B12 metabolism. Similarly, when
etomidate was used for sedation, patients developed adreno-
cortical insufficiency because we now know that etomidate in-
terferes with cortisol metabolism. However, a few anesthetic
agents have withstood the test of time with respect to their use
in the ICU.

Barb it urat e s
Barbiturates have pronounced effects on the CNS, lowering
intracranial pressure and raising the seizure threshold. They
have been used in the past to induce a “barbiturate coma”

in patients with increased intracranial pressure and terminate
seizures. Barbiturates administered by intravenous bolus pro-
duce hypotension and because of their lipid solubility, if given
by continuous infusion, accumulate in fat stores and, there-
fore, have a duration of action that can be significantly long,
i.e., days to weeks. In current practice, they are infrequently
administered by continuous infusion for long-term use.

Ke t amine
Ketamine is a phencyclidine derivative that is a nonbarbitu-
rate, rapid-acting, general anesthetic that is administered par-
enterally to induce anesthesia. Ketamine induces “dissociative
anesthesia” because it interrupts association pathways of the
brain before blocking sensory pathways—patients may per-
ceive pain, but it does not bother them. However, because it is
a phencyclidine derivative, 10% to 20% of adult patients may
have psychologic sequelae including hallucinations.

Ketamine is used as a general anesthetic because it raises
cardiac output, pulse rate, and arterial and venous pressures.
Ketamine maintains pharyngeal and laryngeal reflexes without
suppressing respiration. Ketamine is also a bronchodilator and
has been advocated as the anesthetic agent of choice in patients
with reactive airways disease. Twenty to 30 years ago, it was
commonly used. Because of the increasing incidence of reactive
airways disease, there is renewed interest in ketamine for seda-
tion of patients with lung disease. A 1-mg/kg bolus of ketamine
can be administered, followed by an infusion of 1.0 mg/kg per
hour, titrated up to 4.5 mg/kg per hour; many administer a ben-
zodiazepine to reduce the frequency of psychologic sequelae.
Ketamine is contraindicated in patients with cardiac ischemia
or raised intracranial pressure.

NEUROMUSCULAR BLOCKADE
Despite what should be effective doses of anxiolytic drugs,
some patients remain delirious and agitated, and a further in-
crease in the dose of anxiolytic drugs is proscribed because
of side effects. Such patients, along with those with closed-
head injuries, tetanus, and ALI, may require other therapeutic
modalities. If the patient is tracheally intubated, mechanically
ventilated, and receiving adequate sedation, chemical paralysis
with a NMBA is an option (Table 63.12).

Patients with ARDS are often difficult to ventilate and are
commonly agitated, hemodynamically unstable, and have a de-
creased mixed venous oxygen saturation that is life threatening.
Additional sedative drugs will only worsen hemodynamics, so
NMBAs may be the only (life-saving) alternative that have been
shown to improve gas exchange (56).

TA BLE 6 3 . 1 2

INDICATIONS FOR THE MANAGEMENT OF PATIENTS
WITH NEUROMUSCULAR BLOCKING AGENTS

Closed-head injury with raised intracranial pressure
Tetanus
Decreased SvO 2 in hypermetabolic, agitated states
Modes of mechanical ventilation that produce agitation,

which in turn interferes with ventilation/oxygenation,
e.g., pressure-controlled inverse ratio ventilation, jet/high-
frequency ventilation.
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Purpose: 
 
To describe the process of utilizing a nerve stimulator to stimulate the ulnar nerve, usually with tactile 

assessment of a neuromuscular twitch, usually tactile assessment of an abducted thumb, to 
assess the degree of neuromuscular block.   

 
Definitions: 
 
Neuromuscular block:  the process by which the postsynaptic acetylcholine receptor is depressed and 

variably response to release of acetylcholine in the neuromuscular junction cleft 
Peripheral nerve stimulation:  electrical stimulation, usually from 40 to 120 mA at a peripheral nerve, 

usually the ulnar, either at the elbow or at the wrist 
Train-of-four:  a specific type of nerve stimulation in which the nerve stimulator delivers an electrical 

stimulus to the nerve lasting 10 ms and repeated every 500 ms for a total of 4 stimuli 
 
Equipment: 
 
1. Peripheral nerve stimulator 
2. Two electrode pads (electrocardiogram pads may be used) 
 
Procedure: 
 
1. Clean the area where the electrode pads will be placed with alcohol to remove any skin oils.  This 

will reduce the resistance at the skin and decrease the amount of current needed to stimulate the  
nerve.  If the resistance of the skin is still high, then an abrasive compound can be used to remove 
dead skin. 

2. Place two electrodes over the ulnar nerve, usually 3 to 5 cm apart. 
3. Attach electrodes to the leads, usually the positive electrode proximally. 
4. Cover the fingers and abduct the thumb.  Increase the amperage of the stimulator until 4 twitches 

of the thumb are palpated by tactile assessment.  Stimuli should not be delivered more frequently 
than every 20 seconds.  Once 4 twitches are palpated, a supramaximal stimulus can be delivered 
by increasing the amperage 10% to 30% over the amperage required to palpate 4 twitches.   

 
Goals: 
 
1. To achieve a level of train-of-four of 2 to 4.  If with 3 or 4 twitches the patient either  

spontaneously triggers the ventilator or exhibits muscular activity that adversely affects 
oxygenation or airway or intracranial pressure, then increased neuromuscular block is required. 

2. A train-of-four of 1 to 0 indicates that the degree of neuromuscular block is too great, and the 
dosage of neuromuscular blocking agent should be decreased. 

 

 

FIGURE 63.1. Protocol for monitoring
degree of neuromuscular block using a
nerve stimulator and assessment of the
train-of-four twitch. (Reproduced from
Murray MJ, Oyen L, Bazzell CM. Use
of sedatives, analgesics, and neuromus-
cular blockers. In: Parillo JE, Dellinger
RP, eds. Critical Care Medicine: Princi-
ples of Diagnosis and Management. 2nd
ed. St. Louis, MO: Mosby; 2001:296–
311, with permission.)

Monit oring

Before administering NMBAs to patients, certain requirements
must be met. Patients must be mechanically ventilated, sedated,
and monitored.

Obviously, if patients are going to be paralyzed, they must
be mechanically ventilated. Similarly, they must be sufficiently
sedated that they will have no recall of the experience; most
patients who are not adequately sedated will have terrifying
dreams/recall (57). Most practitioners will first implement se-
dation therapy to the point that the patient is unconscious
before initiating NMBA therapy. Finally, the use of NMBAs
is associated with many adverse side effects. Monitoring the
depth of blockade and the necessity of blockade is essential in
minimizing these side effects.

Assessing the degree of blockade by measuring the amount
of block of the neuromuscular receptor with a twitch monitor
is the preferred technique. An electrical stimulus is applied to a
peripheral motor nerve, and the effects of the stimulus on the
motor group supplied by that nerve are observed (Fig. 63.1).
This is most often performed using a twitch stimulator that
generates a stimulus of up to 160 mA intensity that lasts 10
ms and is repeated every 500 ms so that four stimuli (train-of-
four [TOF]) are delivered (Fig. 63.2). The effects can be visual-
ized, but the preferred technique is for the observer to palpate
the response. In the ICU, it is probably easiest to measure the

TOF response by stimulating the ulnar nerve at the wrist. The
goal of therapy is to provide a sufficient amount of drug so
that the patient has only one to two twitches, as opposed to
none (overblocked) or three to four (possibly underblocked)
twitches.

Normal train-of-four Desired

A B C

FIGURE 63.2. Train-of-four monitoring. A: With the twitch stimula-
tor at 40 to 10 mA, four twitches are measured. B: As the neuromuscu-
lar blocking agent (NMBA) takes effect, the second, third, and fourth
twitches are weaker/fade. C: The goal with additional time or drug is
to have one to two twitches.
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Comp licat ions of NMBA

One of the most feared complications of neuromuscular block
is accidental extubation. Should a paralyzed patient become
accidentally extubated, time is of the essence, especially in pa-
tients with ARDS. Ventilation must begin immediately with a
mask and anesthesia bag using 100% oxygen while steps are
taken to reintubate the patient.

Another feared complication is profound weakness once
the drug is discontinued. This may seem counterintuitive—
the NMBA is administered to produce profound weakness.
This is true, but when the NMBA is discontinued, we antic-
ipate that the patient will recover normal neuromuscular func-
tion within hours. One study of two of the longest-lasting
NMBAs (pancuronium and doxacurium) in which 40 criti-
cally ill patients were paralyzed an average of two to three
days found that once doxacurium was discontinued, patients
recovered their strength within 4 hours; the patients receiv-
ing pancuronium recovered their strength within 24 hours
(58).

Though not seen in this study, approximately 10% of pa-
tients who receive NMBAs will develop a myopathy from
which it takes days or weeks to recover (59). Weakness is a
common problem in the ICU and, when secondary to muscle
weakness per se, is known as CIM (critical illness myopathy).
The cause of CIM in the ICU is multifactorial (60), but most
studies indicate that prolonged use of NMBAs in the ICU is
one of the causative factors (59). Because corticosteroids are
also known to produce myopathy, many intensivists are very
cautious when infusing NMBAs in patients who are also re-
ceiving corticosteroids (61), a common scenario. Caution is
appropriate and should be the norm when infusing NMBAs in
patients who are critically ill. Daily assessments must be made
to determine if NMBA use is justified, and the TOF should be
maintained at one to two twitches.

TREATMENT

Aminost e ro id al Comp ound s (Fig . 63.3)

Pancuronium
Pancuronium is a long-acting, nondepolarizing, aminosteroidal
compound that produces effective block for up to 90 minutes
after a bolus dose of 0.06 to 0.08 mg/kg. Intermittent boluses
are often administered, but it can be used as a continuous infu-
sion, titrating the dose to one or two twitches by TOF monitor.
Pancuronium induces vagolysis, limiting its use in patients who
cannot tolerate an increase in heart rate. In patients with renal
or liver failure, pancuronium’s effects are prolonged because
of the increased elimination half-life of pancuronium and its 3-
hydroxypancuronium metabolite, which has one third to one
half the activity of pancuronium.

Ve curonium
With the deletion of the methyl group at one of pancuronium’s
two N-methyl-piperidine moieties (leaving vecuronium with
a single [monoquaternary] piperidine group at the R-2 posi-
tion), scientists were able to produce an intermediate-acting
NMBA without the vagolytic properties of pancuronium. An

intravenous bolus dose of 0.08 to 0.10 mg/kg produces block
within 21/2 to 3 minutes that typically lasts 35 to 45 minutes.
After a bolus dose, it can be given as a continuous infusion of
0.8 to 1.4 µ g/kg per minute, titrating the rate to the degree
of block desired. The 3-desacetylvecuronium metabolite has
50% of the pharmacologic activity of the parent compound
(62) so that patients with hepatic dysfunction may have in-
creased plasma concentrations of both the parent compound
and the active metabolite, causing prolonged block. Renal dys-
function also prolongs the duration of block. Vecuronium is
associated with CIM, especially in patients receiving cortico-
steroids. Vecuronium is being used with decreased frequency
in ICU patients.

Rocuronium
Rocuronium is a newer aminosteroidal NMBA, with an inter-
mediate duration of action and a rapid onset that has been
tested in the ICU (63). When given as a bolus of 0.6 to 0.1
mg/kg, block is almost always achieved within 2 minutes,
with maximum block occurring within 3 minutes; continu-
ous infusions are administered at 8 to 10 µ g/kg per minute
(64) and usually produce a fairly dense block. Rocuronium’s
metabolite, 17-desacetylrocuronium, has approximately only
5% to 10% activity compared to the parent compound. Re-
nal failure should not have an effect on duration of action,
but hepatic failure may prolong rocuronium’s duration of
action.

Be nzylisoq uinolinium Comp ound s

At racurium
Atracurium is an intermediate-acting NMBA with minimal car-
diovascular side effects but is associated with histamine release
at higher doses. Atracurium has a unique metabolism (ester
hydrolysis and Hofmann elimination) so that renal or hepatic
dysfunction does not affect its duration of block. Atracurium
has been associated with persistent neuromuscular weakness
as has been reported with other NMBAs.

Cisat racurium
Cisatracurium, one of atracurium’s 16 isomers, is an
intermediate-acting benzylisoquinolinium NMBA that is in-
creasingly used in lieu of atracurium. It produces few, if any, car-
diovascular effects and has fewer tendencies to produce mast
cell degranulation than does atracurium. Bolus doses with a
0.10 to 0.2 mg/kg result in paralysis in an average of 2.5 min-
utes, and recovery begins at approximately 25 minutes; main-
tenance infusion rates should be started at 2.5 to 3.0 µ g/kg per
minute. Cisatracurium is also metabolized by ester hydrolysis
and Hofmann elimination, so duration of block should not be
affected by MODS. There have not yet been reports of signifi-
cantly prolonged recovery associated with cisatracurium. The
mean peak plasma laudanosine concentrations are lower in
patients receiving cisatracurium compared to patients receiv-
ing clinically equivalent doses of atracurium. Laudanosine at
high doses produces seizures in animals; a case of seizures in
a human receiving atracurium or cisatracurium has not been
reported.
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Aminos teroidal Compounds  

Benzylis oquinolinium Compound 

Cisatracurium FIGURE 63.3. Chemical structures of neuromuscular
blocking agents. Cisatracurium is the 1R-cis 1 R-cis iso-
mer, one of the 10 isomers found in atracurium.

RECOVERY
Patients receiving an NMBA should have daily drug holidays.
If the NMBA is no longer required, it is discontinued. It is
anticipated that with all the NMBAs, the TOF should nor-
malize (four twitches) within 3 to 4 hours. If not, the pa-
tient may have a CIM associated with the NMBA (with an
increased incidence in patients receiving corticosteroids and
patients with sepsis, etc.). If, after 24 hours, the patient has
inadequate strength, additional studies should be done to in-
clude an assessment of the antibiotics the patient is receiving,
electrolytes (calcium, magnesium, phosphorus), and tempera-
ture (hypothermia prolongs neuromuscular block). If no co-
morbid condition accounts for the degree of neuromuscular
block, a neurology consult should be considered. In this con-
text, an electromyography is typically performed (to rule out
critical illness polyneuropathy) and, in some circumstances, a
muscle biopsy is obtained. Patients with CIM secondary to
the neuromuscular blockade will have loss of myosin. Treat-
ment is supportive with maintenance of sedation, mechan-

ical ventilation, physical therapy, skin care, eye care, and
so on.

SUMMARY
Over the past 30 years, there is increased recognition that pa-
tients in the ICU are anxious, and as patients become older,
have more comorbid conditions, and are more critically ill, they
will increasingly exhibit agitation and delirium. These factors
increase morbidity and mortality, prolonging the length of stay
and worsening the outcome. Even patients who survive have
memories that are disturbing and, in some circumstances, lead
to the equivalent of a posttraumatic stress syndrome. Practi-
tioners in an ICU must recognize when their patients become
anxious, agitated, and delirious; identify contributing factors;
and treat the disorders with anxiolytic medications. The effects
of therapy must be monitored with the use of a standard scale,
one that is used throughout the institution’s ICUs. In some pa-
tients in whom the sedation is inadequate, NMBAs may be
indicated. Appropriate sedation, monitoring, securing of the
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airway, and monitoring the adequacy of mechanical ventila-
tion must be ensured. Patients receiving any of these medica-
tions are at risk for side effects, which must be monitored as
well. An effective sedation and paralysis protocol will improve
patient outcome and patient satisfaction.

St re ss Point s

1. Anxiety and pain are different emotional states, and most
patients who are oriented can differentiate between anxiety
and pain.

2. Before relying on pharmacologic interventions to treat pain
or anxiety, first assess possible confounding factors such
as a distended bladder in a patient who does not have a
Foley catheter; hypercapnia in someone with impending
respiratory failure; or someone who is becoming septic,
which is manifested by encephalopathy.

3. Anxiety can lead to agitation, which in turn can result in
self-injury and injury to care providers.

4. Delirium is an increasingly recognized problem in the in-
tensive care unit (ICU), which can result in long-term cog-
nitive impairment.

5. Physiologic derangements must first be ruled out before
treating anxiety, agitation, or delirium.

6. Opioids and benzodiazepines are the pharmacologic main-
stays of treating anxiety.

7. Midazolam, propofol, or dexmedetomidine are the pre-
ferred short-term (24–48 hours) treatments of anxiety.

8. Lorazepam and fentanyl are the preferred long-term anxi-
olytic agents.

9. Haloperidol is an effective therapy for older patients with
delirium.

10. Mechanically ventilated patients who remain agitated de-
spite adequate anxiolytic therapy are candidates for an
NMBA.

11. Patients must be adequately sedated before an NMBA is
administered.

12. Patients receiving NMBAs must be mechanically venti-
lated, with precautions taken to ensure that the tracheal
tube or tracheostomy tube is protected.

13. The primary NMBAs used for mechanically ventilated pa-
tients are the aminosteroidal compounds (pancuronium
or rocuronium) and the benzylisoquinolinium compounds
(atracurium or cisatracurium).

14. Daily drug “holidays” should be implemented when using
anxiolytic drugs or NMBAs.

15. Patients who have received anxiolytic drugs for greater
than 3 to 7 days are at risk of becoming dependent and
may exhibit signs of withdrawal when the drug(s) is/are
discontinued.

16. Patients who have received NMBAs for greater than 12 to
24 hours are at increased risk of developing critical illness
myopathy (CIM) when the NMBA is discontinued.
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CHAPTER 64 ■ NUTRITIONAL ISSUES
JOHN K. STENE r THOMAS C. VARY

IMMEDIATE CONCERNS

The care of critically ill patients usually focuses on the imme-
diate concerns of cardiorespiratory resuscitation, ventilatory
support, maintenance of adequate hemodynamic parameters,
and antibiotics to control infectious processes. Despite the in-
crease in metabolic substrate utilization, as critically ill patients
become catabolic, nutritional support is frequently overlooked.
The extreme catabolism and negative nitrogen balance from
critical illness has been well recognized for decades, as de-
scribed in a 1976 review by Cuthbertson (1), but there still
exists a conventional wisdom that starvation is not harmful to
critically ill patients and no attempts to reverse it with nutri-
tion support should be undertaken (1). However, there is no

medical evidence that starvation is therapeutic. In fact, Kin-
ney (2) pointed out more than 25 years ago that the catabolic
response to multiple injuries resulted in loss of up to 20% of
normal body weight within 3 weeks despite some oral intake
started during the first week. Kinney also noted the catabolic
melting (rapid wasting) of large weight-bearing muscle groups
of critically injured patients in a hospital setting (2).

Critical illness leads to a change in the hormonal milieu
in response to cytokines released from injured tissues; this
change increases the demands for energy substrates. In ad-
dition, cytokines promote break down of muscle proteins to
provide amino acids that are deaminated and carbon chains
utilized for energy (3). The tidal metaphor of Cuthbertson has
long been used to describe the metabolic response to acute
injury. In this metaphor, the initial response to shock is a
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TA BLE 6 4 . 1

EBB FLOW PHASE OF RESPONSE TO INJURY

Catabolic Anabolic
Ebb flow flow

O2 consumption ↓ ↑↑ ↑
Nitrogen balance ↓ ↓↓ ↑
Cortisol ↑ ↑ ↔
Epinephrine ↑↑↑ ↔ ↔
Insulin ↑ ↑ ↑↑
Glucagon ↑↑ ↑↑ ↑
Glucose ↑ ↑ ↔

marked reduction in metabolic rate, termed the ebb phase, con-
juring up an image of the patient’s life ebbing away like the
receding tide. The flow phase suggests the image of the return-
ing tide, which involves the patient mounting a compensatory
response to shock and tissue injury.

Further refinement of this concept has described an early
catabolic period of the flow phase when muscle protein is mo-
bilized to provide energy and substrate for tissue repair (4).
This is followed in the late flow phase, a period of anabolic ac-
tivity and a tissue healing component of the flow phase. Both
subintervals of the flow phase increase the patient’s need for
nutritional supplementation to optimize healing and reduce
the length of the critical illness. The flow phase is associated
with an increased metabolic rate as measured by oxygen con-
sumption/heat production, which gradually returns to normal
(Table 64.1). Nutritional support prescriptions need to change
throughout the patient’s period of critical illness to provide ad-
equate protein-energy substrates during the flow phase and to
prevent overfeeding when the patient’s convalescence is com-
plete. Although critical illness most frequently compromises
a patient’s ability to normally intake adequate nutrition, crit-
ical care technology offers several alternative routes of pro-
viding nutritional support. These routes of nutrition support
include intravenous routes—total parenteral nutrition (TPN)

and peripheral parenteral nutrition—and enteral routes with
various formulae tailored to the patient’s unique requirements
(Table 64.2).

NUTRITIONAL SUPPORT SERVICE
A nutritional support service aids those caring for critically ill
patients in providing appropriate nutritional prescriptions. The
nutritional support service is also responsible for evaluating
the patients’ responses to nutrition prescriptions. These mon-
itored evaluations range from the patients’ actual calorie ex-
penditure to protein requirements so as to prevent catabolism
with profoundly negative nitrogen balance. Finally, the nu-
tritional support service should be a focus for research con-
cerning the improvement of nutritional care of critically ill
patients.

Classically, the nutritional support service consisted of a
registered dietitian (RD) with advanced training in the bio-
chemical aspects of critical illness, a physician consultant, and
assistants who provide nutritional consults to metabolically un-
stable patients (Table 64.3). One of the team’s duties is screen-
ing patients for risks of malnutrition and diagnosing various
nutritional deficiency states. The team consults on patients
either by specific request or on a systematic protocol-driven
basis—such as for patients in the critical care unit—according
to local hospital policy.

The nutritional consult includes estimates of the patient’s
metabolic rate and calorie expenditure, estimated either with
the Harris-Benedict equation or actually measured via indirect
calorimetry. The nutritional support team may collaborate with
respiratory care professionals to perform indirect calorimetry
measurements.

Protein requirements are estimated from the patient’s critical
illness diagnosis and monitored via visceral protein analysis or
24-hour nitrogen-balance measurements. The nutritional sup-
port service incorporates such measurements into their daily
nutritional prescriptions to provide the patients with optimum
nutritional support.

TA BLE 6 4 . 2

COMMONLY USED ROUTES OF NUTRITION

Parenteral

Enteral Central Peripheral

ADVANTAGES
Uses gut barrier to control water and

electrolyte absorption; natural
relationship for hepatic “first pass”
metabolism; cost-effective

Uninterrupted nutrient administration;
can be continued in OR; rapid change
in formula possible; doesn’t interfere
with oral drug administration; doesn’t
depend on gut motility

Avoids central venous catheter

DISADVANTAGES
Frequent interruptions for NPO status;

interference with drug absorption
(e.g., phenytoin); frequent feeding tube
complications

Hyperosmolar, hyperglycemic coma;
expensive; central venous line
complications/infections

Partial nutritional support to supplement
low levels of enteral intake

NPO, nothing by mouth.
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TA BLE 6 4 . 3

ORGANIZATION OF A NUTRITION SUPPORT SERVICE

OPTIMAL ORGANIZATION
Physician: Provides consults for nutrition support; needs

critical care experience
Nurse: Expertise in managing tubes, i.v. catheters, and delivery

of nutrition support to patients
Pharmacist: Expertise in compounding and mixtures for

nutrition support
Nutritionist: Expert in nutritional needs
Respiratory therapist: Performs indirect calorimetry

PRAGMATIC ORGANIZATION
Nutritionist: Expert in critical care nutrition support

dedicated to nutrition support service
Physician consultant: Intensivist overseeing care of the

patients, writes orders to follow up nutrition
recommendations

Respiratory therapist consultant: Performs indirect
calorimetry

Alt e rnat ive s t o Nut rit ion Sup p ort Se rvice s

The author (JKS) has participated as a physician member of a
nutrition support service that rounded on all patients receiving
artificial nutrition support, both parenteral and enteral, and
participated in the redesigning of the service when physician
shortages precluded using a dedicated physician. Currently, the
author’s institution uses a RD with an advanced degree and
extensive critical care experience to oversee a team of RDs who
see patients by request and estimate nutritional needs. The team
works with the physicians in the various critical care units to
provide recommended nutritional prescriptions.

The nutritional support service also provides an educational
service to critical care physicians in training, advises attending
critical care physicians on nutritional issues, and spearheads

nutritional research projects in the various intensive care units
(ICUs). This service appears to work as well as the service or-
ganized with an obligatory physician consultant and is more
cost effective in terms of physician time.

NUTRITIONAL ASSESSMENT
Critically ill patients are at risk for nutritional deficiencies.
The diagnostic criteria for various protein and calorie-deficient
states are noted in Table 64.4. It is wise for critical care practi-
tioners to remember that kwashiorkor can be seen in the criti-
cally ill patient following prolonged fasting, not just in famine-
stricken developing countries.

In general, protein-energy malnutrition, commonly known
as protein-caloric malnutrition (PCM), has been classified as
marasmus, kwashiorkor, and marasmic kwashiorkor (5). The
differentiation has been the presence of edema and severe
serum protein depletion in kwashiorkor as compared with
body wasting without edema and preservation of plasma pro-
teins in marasmus. Marasmic kwashiorkor exhibits features
of both severe wasting (marasmus) and protein depletion with
edema (kwashiorkor). Typically, marasmic kwashiorkor occurs
when a chronically malnourished patient is subjected to added
catabolic stress such as trauma or sepsis.

Because of the risk that a critically ill patient with underly-
ing nutritional deficiency will develop marasmic kwashiorkor,
they are screened for chronic undernutrition on admission to
the hospital/intensive care unit. One such screening tool, the
Malnutrition Universal Screening Tool (MUST), provides a nu-
merical index: 0, minimal risk; 1, medium risk; or 2, high risk
of malnutrition (6). The urgency of instituting nutritional sup-
port increases for patients with a score of 1 and especially 2.
The MUST evaluates patients’ body mass index (weight in kilo-
grams [kg] divided by height in meters squared [m2]), prehos-
pital involuntary weight loss as a percent of body weight, and
the potential for critical illness-induced starvation for the next
5 days.

TA BLE 6 4 . 4

INDICES OF MALNUTRITION: PROTEIN-ENERGY MALNUTRITION

Kwashiorkor 60%–80%
% IBW Undernutrition 80% Marasmus less than 60% with edema Obesity

BMI 18.5–20 Less than 18.5 Less than 18.5 Greater than 30
Unplanned weight loss

past 3–6 mo
5% –10% Less than 5%

Acute disease effect Iatrogenic starvation Prolonged underfeeding
with catabolic illness

Severe protein-energy
deprivation, usually
prolonged fasting with
catabolic diseases

Eating

Arm circ. (cm) 23.5 Less than 23.5 Less than 23.5 32.0
MUST score 1 2 2 0
Edema − − + −
Cause Low nutrition intake,

chronic illness
Low protein calorie

intake
Low protein intake Excess energy intake

T-lymphocyte count
(cells/µ L)

Less than 1,800 Less than 800 Less than 800 More than 2,000

IBW, ideal body weight; BMI, body mass index; circ., circumference; MUST, Malnutrition Universal Screening Tool.
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Anthropometric indices such as MUST are useful for identi-
fying patients who need aggressive nutritional support. How-
ever, a more precise diagnosis of a critically ill patient’s cur-
rent nutritional state as well as a tool to monitor the patient’s
response to nutritional support requires a combination of an-
thropometric, serum chemical analysis, and physiologic mea-
surements (7). Charting the patient’s daily weight is one of
the simplest anthropometric measurements that can identify
both long-term loss of lean body mass and the development of
edema. The body mass index, mid–upper arm circumference,
and estimate of body fat from triceps skin fold are other mea-
surements to track the critically ill patient’s nutritional state
(7).

Many biochemical markers are available to track a patient’s
nutritional state. These include albumin concentration, esti-
mates of whole body potassium, water balance, and visceral
proteins such as prealbumin, transferrin, and retinol-binding
protein. Albumin concentration is a good prognostic marker
of a patient’s chronic nutritional state. Perioperative mortal-
ity has been shown to increase when albumin concentration
is less than 30 gm/L (8). However, serum albumin has a long
serum half-life and, hence, does not reflect acute responses to
nutritional therapy.

Total body potassium represents lean cellular mass and can
be a useful measurement of changes in lean tissue mass that
occur rather slowly. In a similar fashion, 24-hour creatinine
production is a marker of total skeletal muscle mass. However,
both of these markers change relatively slowly and may not be
useful to monitor the patient’s response to nutritional therapy
for critical illness.

Visceral proteins—prealbumin, transferrin, and retinol-
binding protein—with their short half-lives, can be useful to
monitor protein synthetic response to nutritional support ther-
apy (7). Measuring nitrogen (N) balance via a 24-hour urine
urea nitrogen excretion is a very useful technique to moni-
tor response to nutritional support. N itrogen balance, defined
as protein N intake minus protein N excretion, is approxi-
mately zero (balanced) in the healthy, free-living state. The
catabolism triggered by critical illness will lead to increased
loss of protein N and a negative nitrogen balance. The goal
of the intensivist is to provide nutritional support to lead to a
positive N balance until the patient’s depleted protein state is
replenished.

The most direct method to monitor N balance is to mea-
sure 24-hour protein intake, divide the number by 6.25, which
is the average ratio of molecular weight of amino acid to ni-
trogen content, then subtract protein loss, represented by the
excretion of urine urea N (UUN) over the same 24-hour period.
Usually, an empiric constant of 4 gm N per day is added to the
UUN measurement to account for nonurinary losses of pro-
teins (Table 64.5). If the patient’s blood urea nitrogen (BUN)
is not stable, corrections for retained N must be performed
(Table 64.5).

Energy expenditure may be calculated by the Harris-
Benedict equation or measured directly with an indirect
calorimeter. The Harris-Benedict equation is fairly accurate if
the patient’s weight is near his or her ideal body weight. Be-
cause lipid has a metabolic rate different from lean body, the
Harris-Benedict equation may not accurately estimate the pa-
tient’s actual caloric expenditure, especially in the obese.

Indirect calorimetry takes advantage of the fact that oxygen
consumption (VO 2) and carbon dioxide production (VCO 2)

TA BLE 6 4 . 5

ASSESSMENT OF DAILY NITROGEN BALANCE

Nitrogen intake = protein administered in g/day divided by
6.25 = g N/day
[0.1 g protein = 0.16 g N (6.25 g protein contains 1 g N)]

Urine urea nitrogen = 80% of total urine nitrogen
1 g (16.6 mMol) urea = 28/60 g nitrogena

1) 24-h urine urea N in g/day = (A) in g
2) Measure of proteinuria, if any = Y

Y × 0.16 = (B) in g
3) Correction for any rise of BUN assuming no change in

body weight in kg
Rise in blood urea (in 24 h) = Z in g · L− 1

Z in g × 60% body weight × 28/60 = Z × body weight
× 0.28 = (C) in g

(A) + (B) + (C) = nitrogen loss
N balance = (nitrogen intake – nitrogen loss)

a28 is mol weight of N in urea and 60 is total mol weight of urea, i.e.,
1 g urea = 0.47 g N.

are stoichiometric products of aerobic metabolism. Thus, the
patient’s pulmonary gas exchange is measured over a several-
hour period and converted to the patient’s actual energy expen-
diture by empiric equation (9) (Table 64.6). The longer the time
period over which the measurements occur, the closer to the
patient’s actual average daily metabolic rate. Because patients
have a diurnal variation, as well as an activity variation, in
metabolic rate, short time periods of indirect calorimetry may
overestimate or underestimate the average 24-hour energy ex-
penditure. Indirect calorimetry also provides information that
is useful for managing a patient’s respiratory status, because
a high oxygen consumption and carbon dioxide production
is associated with obligatory mechanical ventilatory support.
Furthermore, mean expired carbon dioxide, a value required
for accurate measurement of pulmonary dead space, is directly
measured by indirect calorimetry.

TA BLE 6 4 . 6

INDIRECT CALORIMETRY—DAILY ENERGY
EXPENDITURE

Kcal/day = 3.94 × VO 2 (L/24 h) + 1.11 × VCO 2 (L/24 h)
× 2.17 UN (g/24 h)

VO 2 = [(FIO 2 × VI) – (FEO 2 × VE)] × 1,440 min/24 hrs
VCO2 = (FECO 2 · VE – FICO2 · VI) × 1,440 min/24 h

Vl =
VE[(1 − FEO 2) − FECO2]

(1 − FlO 2)
Haldane correction

VO 2 = oxygen consumption (L/24 h)
VCO2 = carbon dioxide production (L/24 h)
VI = inspired ventilation (L/min)
VE = expired ventilation (L/min)
FIO 2 = mole fraction inspired oxygen
FEO 2 = mole fraction expired oxygen
FICO 2 = mole fraction inspired carbon dioxide

(assumed to be 0)
FECO 2 = mole fraction expired carbon dioxide
UN = 24-hour urinary nitrogen loss (g/24 h)
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Overall, monitoring of a patient’s response to nutrition sup-
port is performed by a battery of the tests described above.
Daily weights are tracked to monitor a patient’s response to
nutritional support. Initially, weight gain will represent an in-
crease in total body water, which will start decreasing (di-
uresing) as the patient becomes anabolic. During the anabolic
phase, the patient will initially lose weight via diuresis of water,
then gain weight as lean body mass. Obese patients may con-
tinue to lose weight from fat stores if they are fed a high-protein,
restricted calorie diet. Repeated indirect calorimetry can follow
the respiratory quotient (VCO 2/VO 2) that provides a measure
of whether a patient is being underfed or overfed. Utilization of
protein intake can be tracked by repeated 24-hour N balances
via urine urea nitrogen measurements and nutrition intake.

Beyond direct physiologic measurements of adequacy of nu-
tritional intake, functional measurements that indirectly de-
pend on the nutrition response, such as immunologic function,
can be followed. The severely malnourished patient exhibits
immunocompromise by skin test anergy, low absolute lympho-
cyte count, low T-cell lymphocyte count, difficulty mounting a
fever, and increased susceptibility to infections; these functions
should improve with aggressive nutritional support.

TIMING OF NUTRITIONAL
SUPPORT

Nutritional evaluation of the critically ill frequently reveals
patients admitted to the ICU who exhibit signs of marasmic
kwashiorkor and who have an urgent need for nutritional sup-
port. Once the decision is made to provide nutritional sup-
port for the critically ill, one has to decide on the best route
of administration—parenteral or enteral. Data from one to
two decades ago suggested that parenteral nutrition (total par-
enteral nutrition or TPN) was associated with a higher mortal-
ity rate than enteral nutrition (total enteral nutrition or TEN) in
patients who had abdominal trauma (10,11). However, more
recent studies in other patient populations have failed to con-
firm these results (12,13). In several studies comparing the ad-
ministration routes of nutritional support, the major difference
between TEN and TPN was the fact that enteral-fed patients
had more frequent interruptions of nutrition (14,15). There-
fore, TEN patients received somewhat less nutritional substrate
than TPN patients.

Historically, there has been grave concern that TPN puts
a patient at risk for serious infection complications. However,
recent studies reveal that bloodstream infections are relatively
rare during TPN, and TEN patients have a significantly higher
incidence of feeding tube complications than TPN patients have
from central venous catheter complications.

In one review of infectious complications in the ICU, it was
noted that inadequate nutritional intake—less than 7 kcal/kg
per day—was associated with sepsis. In this group of under-
fed patients, those who received TEN were equally likely to
have infectious complications as those who received TPN (16).
This study supports the practice of starting early and adequate
nutrition support to prevent infectious morbidity.

One of the alleged benefits of early enteral feeding is to
maintain the integrity of the gut mucosal lining and thus
limit translocation of microorganisms from intestinal lumen to
bloodstream. This hypothesis was tested using a macromolecu-

lar marker of gut permeability in two groups of patients: those
with early enteral feedings and those kept NPO (nothing by
mouth) (17). There was no demonstrated difference in perme-
ability between the two groups, which suggests that bacterial
translocation from the gut to the bloodstream is not the source
of bloodstream infections in patients who are fed parenterally.

TEN does have some demonstrated advantages over TPN,
including lower cost, using gut absorption to regulate total
body water balance, and the ability to utilize larger molecules
as a food source. TPN has advantages over TEN that include
fewer interruptions for NPO status prior to procedures and no
interference with drug absorption.

We recommend that patients receive early nutritional sup-
port to help reduce infectious complications. Because patients
need adequate protein and calorie intake to prevent complica-
tions from infections, those patients who cannot tolerate TEN
should be immediately switched to TPN. It is clearly an error
to withhold TPN for the notion that the risks of TPN outweigh
the risks of starvation for several days.

The marked improvement in managing central venous ac-
cess that developed in recent years has markedly reduced the
risk of infectious complications of TPN. Furthermore, accurate
and widespread assessment of actual metabolic needs with indi-
rect calorimetry and N balance has led to a significant reduction
in TPN calorie load that has decreased metabolic complications
of TPN (18,19).

NUTRITION SUPPORT FOR
SPECIFIC ORGAN DYSFUNCTION

Nutritional support is often modified for specific organ dys-
function because certain pathophysiologic conditions lead to
changes in the metabolic handling of nutrient substrates. These
disease states include liver failure, kidney failure, diabetes/
glycemic control, and brain injury.

He p at ic Failure

Liver failure is one of the most vexing morbidities requiring
prescriptions for nutritional support. In severe hepatic failure,
nitrogen from amino acid metabolism remains as ammonia be-
cause it is not metabolized to urea. Hyperammonemia leads
to secondary neurologic dysfunction including hepatic coma.
Thus, protein needs to be administered in amounts to replace
catabolic losses, but not high enough to lead to high levels
of ammonia. Sorbitol may be administered enterally to try
to lower ammonia by increasing gut motility and decreasing
intestinal transit time to decrease the absorption of proteins
and ammonia from bacterial metabolism of intraluminal amino
acids. However, sorbitol has no effect on hepatic amino acid
metabolism.

Hepatic glycogen stores are also depleted in end-stage hep-
atic failure, making the maintenance of normoglycemia ex-
tremely difficult. High glucose feedings may be required to
compensate for lack of hepatic glucose production. The bot-
tom line in end-stage hepatic failure is that nutritional support
needs to be modified to minimize plasma ammonia levels and
maintain normal glucose levels; nutritional support will not, of
course, reverse significant hepatic injury.
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Re nal Failure

Rising blood levels of the nitrogenous waste product urea and
creatinine are the hallmarks of renal failure. Acute renal failure
is, unfortunately, rather common in critically ill patients in re-
sponse to intrarenal insults from circulating inflammatory me-
diators as well as changes in renal perfusion. Although past nu-
tritional efforts for acute renal failure have focused on limiting
protein intake to reduce urea production or using only essen-
tial amino acids to recycle amines to reduce urea production,
modern critical care uses renal replacement therapy (20,21).
Either hemodialysis or continuous venovenous hemoperfusion
is used to maintain acceptable levels of urea, creatinine, and
electrolytes until the kidney regains its function. One of the few
evidence-based therapies that enhances the repair of acute renal
failure is nutritional support with adequate protein for renal
healing. Thus, efforts to restrict protein intake in patients with
acute renal failure are misguided and should be discouraged.
Renal replacement therapy should be instituted to maintain ac-
ceptable levels of urea while the healing kidney is supported by
adequate protein replacement. Prior to the commencement of
renal replacement therapy, serum electrolytes need to be care-
fully monitored because renal failure often leads to excess wa-
ter (H 2O), low sodium (Na), and high potassium (K). Nutrition
support may have to be modified to correct serum electrolyte
disorders.

Glyce mic Cont ro l

Hyperglycemia is a common occurrence in critically ill patients.
Not all hyperglycemic critically ill patients have diabetes, but
the hormonal milieu of the stress response tends to cause hyper-
glycemia. Among the hormones that increase plasma glucose
are growth hormone, cortisol, glucagon, and epinephrine (22).
Furthermore, one of the diagnostic hallmarks of sepsis is glu-
cose intolerance/insulin resistance. Some authors have postu-
lated that hyperglycemia has survival advantages in providing
energy substrate for collagen synthesis for wound healing. A
large randomized trial compared glucose levels of 180 to 200
mg/dL in the control group, consistent with the survival ad-
vantage hypothesis, to normoglycemia of 80 to 110 mg/dL in
the experimental group (23). The normoglycemic group had a
significant improvement in outcome effects that persisted for
several months post recovery. These effects included decreased
ICU length of stay, reduced infectious complications, and sur-
vival.

Despite fears that tight glucose control might expose pa-
tients to risks of dangerous hypoglycemic episodes, it is rec-
ommended that critically ill patients be managed with normal
glucose levels (23,24). Furthermore, in the controlled environ-
ment of the critical care unit, where it is feasible to monitor
glucose levels every hour, an insulin infusion is the best method
to manage glucose concentrations. Infusions of regular insulin
can be rapidly changed to respond to hourly, or more fre-
quent, bedside glucometer measurements that may vary widely
in unstable critically ill patients. To protect patients from hy-
poglycemia from the insulin infusion, patients receive either
nutritional support (TPN or TEN at goals) or, if needed, a
10% dextrose infusion (23–25).

Brain Injury

The injured brain is characterized by an impairment of the
blood–brain barrier, which causes increased susceptibility to
changes in plasma concentrations of glucose and electrolytes.
The prevention of edema in the injured brain, an essential re-
quirement to allow the brain to heal and reorganize neural
pathways, places demands on the composition of nutritional
support. Nutritional goals for the head-injured patient include
avoidance of hyperglycemia, hyperosmolar state, and mainte-
nance of normal sodium and potassium. Hyperosmolar coma,
a known complication of TPN, is usually caused by extreme
hyperglycemia and can be treated with insulin. This is certainly
another good reason to accurately assess a patient’s metabolic
rate and calorie requirement from nutrition support. Hyper-
glycemia, even with normal osmolality, is detrimental to the
injured brain by causing cerebral edema in ischemic areas of
the brain. This occurs when one glucose molecule diffuses into
the brain and is anaerobically metabolized to two lactic acid
molecules that are highly polar and do not diffuse out into
the bloodstream. Thus, the interior of the cell increases in os-
molality (more nondiffusable particles) relative to plasma and
attracts increased cell water. The above effect is magnified by
hyperglycemia in patients who have brain lesions associated
with low perfusion/O 2 delivery (26,27).

Besides adjusting nutritional support to maintain eugly-
cemia, with appropriate calorie administration and insulin
use, sodium replacement is important in brain-injured pa-
tients. Many patients with brain injuries develop hypona-
tremia, which tends to increase the risk of cerebral edema from
excess plasma water and decreased serum osmolality. Cerebral
salt-wasting syndrome or inability to conserve sodium in the
kidney needs to be differentiated from syndrome of inappropri-
ate antidiuretic hormone (ADH) secretion (SIADH). Cerebral
salt-wasting patients tend to be hypovolemic and need extra
sodium replacement in their nutrition support, whereas pa-
tients with SIADH tend to be hypervolemic and generally need
fluid restriction to correct their serum sodium levels.

Brain-injured patients will require adequate protein intake
to compensate for their increased demands to provide brain
healing. The metabolic rate should be measured directly and
caloric needs met by appropriate amounts of nutritional sup-
port. There is some concern about excitatory amino acids hav-
ing deleterious effects on the injured brain, but it is unclear
that nutritional support affects the CNS concentration of these
amino acids.

SUMMARY
Nutritional support for critically ill patients is often overlooked
by clinicians concerned with the immediate concerns of hemo-
dynamic instability and respiratory failure. However, starva-
tion is not therapeutic, and prolonged inadequate energy in-
take will lead to malnutrition states in critically ill patients.
Increased metabolic activity stimulated by stress hormonal re-
sponse and a generalized inflammatory state may accelerate
the appearance of malnutrition. Adequate protein-energy in-
take reduces critical care unit–acquired bloodstream infections,
and aggressive insulin management to maintain euglycemia will
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reduce mortality as well as infectious complications of critical
illness. Supported in part by NIH GM 39277 (TCV).
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CHAPTER 65 ■ PRACTICAL ASPECTS OF
NUTRITIONAL SUPPORT
CHRISTOPHER D. TAN

“If the gut works, use it. If it isn’t working, make it work.” This
adage summarizes how a clinician should approach nutritional
support in the intensive care unit. Although it may seem intu-
itive that parenteral nutrition should improve morbidity and
mortality because the patient is “being fed,” conclusive data
are sparse. On the contrary, much has been published on the
benefits of enteral feeds, especially if the patient is fed early
(1,2).

Being familiar with nutrition support is not just about calo-
ries and proteins the patient needs, but requires familiarity
with the ordering, initiating, monitoring, and discontinuing
processes of nutrition support as well. This chapter is meant
to complement the previous chapter by taking the clinician
through the practical aspects of nutritional support.

WRITING A TOTAL PARENTERAL
NUTRITION ORDER

In 2003, the American Society for Parenteral and Enteral Nu-
trition (A.S.P.E.N.) assembled a task force to look into the safe
practice of parenteral nutrition practice. Out of this task force
emerged the 2004 A.S.P.E.N. guidelines on Safe Practice for
Parenteral Nutrition (3), as well as the 2005 A.S.P.E.N. N u-
trition Support Practice Manual (2nd ed.) (4). The latter is
considered to be one of the primary resources for nutritional
support.

Life-threatening errors continue to occur in the prepara-
tion and delivery of parenteral nutrition (PN) admixtures to
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patients. Many of these errors are related to the ordering pro-
cess. One solution to this problem is to use a standardized PN
form that is institution specific. Research has demonstrated
the benefit of a standardized order-writing process in reducing
prescription errors (5). These forms, however, are not perfect
themselves, as shown by one study, which reported an increase
in prescriber errors after a standardized PN order form was
introduced (5).

Providing nutrition support to critically ill patients is a com-
plex but important task. The ultimate goal should be to mini-
mize loss of lean body mass, especially in patients with burns,
sepsis, acute respiratory distress syndrome, and trauma. Energy
expenditure of the critically ill patient depends on the underly-
ing disease state, as well as the nutritional status of the patient
before the injury or illness. Although the Harris-Benedict equa-
tion is widely used to estimate the basal energy expenditure,
the stress and activity factors used to adjust for the severity
of illness may be excessive, and can lead to overfeeding (4).
One recommendation from the A.S.P.E.N. guidelines, as well
as from the American College of Chest Physicians (ACCP), is
using a total energy requirement of 25 kcal/kg/day (4,6). If the
patient is obese, then an adjusted body weight should be used
in the calculation (4).

Protein requirements for critically ill patients with nor-
mal renal function can range from 1.3 to 2 g/kg/day (mod-
erate to severe stress), using the premorbid body weight or
the adjusted body weight if obese (4). In patients with acute
renal failure, the following amounts of protein are recom-
mended: 0.8 to 1.2 g/kg/day if patients are not dialyzed, 1
to 1.4 g/kg/day in patients receiving dialysis, and 1.5 and 2.5
g/kg/day in patients undergoing continuous renal replacement
therapy (CRRT) (4). For chronic kidney disease, the A.S.P.E.N.
recommends 0.5 to 0.6 g of protein/kg/day (4). The ACCP,
on the other hand, recommends no change in the amount of
protein given to patients with acute renal failure versus pa-
tients with normal kidney function (i.e., 1.2–2 g/kg/day) (6).
In chronic renal failure, the ACCP recommends 0.5 to 0.8 g of
protein/kg/day (6).

There are at least three different ways PN can be ordered. If
the patient has only peripheral venous access, peripheral par-
enteral nutrition (PPN) is used. Compared to total parenteral
nutrition (TPN), PPN is lower in osmolarity (< 900 mOsm/L)
to minimize thrombophlebitis (7). For formulas to be given
via central line, TPN can be administered in two ways. One
is a two-in-one TPN formula, which is protein and dextrose
in one bag, with the intravenous fat emulsions (IVFEs) hung
separately. The other method is a three-in-one TPN formula,
in which all three fuel substrates (amino acids [AAs], dextrose,
and fats) are mixed in one bag. Each has advantages and dis-
advantages. The two-in-one formula allows visualization of
particulate matter but takes up more nursing time and requires
two different intravenous lines. The three-in-one is more user
friendly since only one bag needs to be hung, but the cloudiness
of the solution will not allow visualization of particulate mat-
ter. The A.S.P.E.N. guidelines do not favor one formula over
another.

Most institutions have premixed PN formulas with known
amounts of protein (g/L) and calories (kcal/L) to make it easier
for order writing. For three-in-one formulas, once the caloric
and protein needs have been assessed, the volume of PN needed
is calculated to match the assessed needs. For instance, if 2 L

of formula X from your institution is needed to meet needs,
then the PN rate should be 83 mL/hour (i.e., 2,000 mL/day
÷ 24 hours/day). If your institution does not have premixed
PN formulas or none of the formulas is appropriate for your
patient, then a customized mixture will be necessary. This will
be discussed later in the chapter.

For two-in-one formulas, fat is administered separately, usu-
ally three times a week. To calculate the total caloric contribu-
tions, the amount of calories per week from fat is totaled and
then divided by 7 days per week to obtain the calories per day.
For example, Intralipid 20% 500 mL containing 1,000 kcal
is given three times a week. The caloric contribution per day
would be 3,000 kcal/week ÷ 7 days/week, which equals 429
kcal/day from fat. This amount is then added to the known
calories provided by the dextrose and amino acids in the two-
in-one formula.

Most institutions have default amounts of additives (elec-
trolytes) to facilitate the ordering process. The amounts are
based on guidelines and may not suit every patient. For exam-
ple, using default additives with potassium and phosphorus in
a renal failure patient can lead to hyperkalemia and hyperphos-
phatemia, respectively.

Ordering electrolytes and other additives is as much an art
as it is a science. With practice, one can develop a “feel” for
how patients will respond to the additives depending on their
condition. The most difficult part of the ordering process is how
much electrolyte to add initially. The subsequent adjustments
are easier with adjustments to increase, decrease, or keep the
additives the same, depending on the laboratory values. Table
65.1 summarizes how to determine the quantity of electrolytes
to add to PN solutions.

INITIATING PARENTERAL
NUTRITION

The A.S.P.E.N. guidelines suggest no more than 150 to 200
g/day of glucose initially to ensure tolerance of PN (4). Thus,
it may be prudent to infuse only 1 L of the TPN on the first
day (i.e., 42 mL/hour) and reaching goal rate on day 2 or 3,
depending on the patient’s tolerance of volume and macronu-
trients. It is imperative that central line placement be verified
by radiography before initiating TPN, and that TPN be ad-
ministered through a dedicated infusion port via an infusion
pump that is equipped with protection from “free flow” and
has reliable alarms. To reduce the chance for infusing par-
ticulates, microorganisms, and pyrogens, a 1.2-micron filter
may be used (anything smaller than 1.2 micron may filter
out the fat emulsions in a three-in-one formula). Alternatively,
a 0.22-micron filter may be used for a two-in-one formula.
PPN formula is not as calorie dense and contains less protein;
therefore, it may be initiated at goal rate (assuming the pa-
tient is able to tolerate the fluid load). The PN administration
set must be changed every 24 hours using aseptic techniques
and universal precautions. An exception is if the PN does not
contain fat emulsions (i.e., the two-in-one formulation); then
the administration set may be changed every 72 hours (4).
However, the administration set used in infusing the IVFE
separately must be discarded after use or at least every 12
hours (4).
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TA BLE 6 5 . 1

PARENTERAL NUTRITION (PN) ADDITIVES AND SUGGESTED AMOUNTS

Electrolytes/additives Suggested amounts Comments

Sodium 1–2 mEq/kg/d Assess the current IV fluid the patient is receiving and how the sodium level is
responding (i.e., if the patient is receiving lactated Ringer solution [130 mEq/L],
and Na+ is within desired range, then add 130 mEq/L in the PN). Patients no
longer requiring fluid resuscitation will need 1/2 normal saline or 80 mEq/L of
Na+ in PN.

Potassium 1–2 mEq/kg/d Major intracellular cation. There is obligatory daily loss. Assess current repletion
and patient’s response as this will guide the clinician on how much to add to the
PN.

Chloride Default salt This is the “acidifying” salt; acidemia is preferable in most situations to alkalemia
(improved unloading of O 2 to the tissues). It can be given as either NaCl or KCl.

Acetate
(Ac)

Add if patient has
metabolic acidosis

May be useful in patients with metabolic acidosis secondary to renal failure;
acetate is metabolized into bicarbonate in the body. Bicarbonate is not
compatible in the PN solution. It can be given as NaAc or KAc.

Calcium gluconate 10–15 mEq/d Use ionized calcium as a guide rather than total calcium.
Magnesium sulfate 8–20 mEq/d Intracellular cation. It can accumulate in renal failure; 1 g = 8 mEq.
Phosphorus 20–40 mmol/d Major intracellular anion. May be given as KPO 4 (4.4 mEq K+ /3 mmol PO 4

–) or
NaPO4 (4 mEq Na+ /3 mmol PO 4

–) depending on cation deficiency. Amount of
calcium or phosphorus in total PN is limited by the calcium-phosphate
solubility curve.

Trace elements Standard amount daily Adjust to twice a week in patients with severe renal failure and severe hepatic
failure.

Insulin Add 50% –70% of insulin
sliding scale needs

Use amounts of insulin used by the sliding scale used in the last 24 h to guide how
much to add to the PN bag. Start conservatively with 50% –70% of total
insulin used during last 24 h.

H 2 blocker Add total daily dose Continuous infusion of H 2 blocker is superior in keeping pH elevated compared
to intermittent dosing.a Protein pump inhibitors are not compatible in total PN.

aBallesteros MA, Hogan DL, Koss MA, et al. Bolus or intravenous infusion of ranitidine: effects on gastric pH and acid secretions. A comparison of
efficacy and cost. Ann Intern Med. 1990;112:334–339.
From Merritt R, ed. The A.S.P.E.N . N utrition Support Practice Manual. 2nd ed. Silver Spring, MD: A.S.P.E.N; 2005.

TRANSITIONAL FEEDING AND
WEANING PARENTERAL

NUTRITION
The transitional period is the time during which enteral feed-
ing is started and PN is discontinued. Patients who are young,
have no history of malignancy, and were well nourished be-
fore PN was started can have their PN discontinued as soon
as they are able to tolerate solid food. In general, PN can be
discontinued once 60% of energy needs is met enterally (4). In
older debilitated patients who have a history of malnutrition
and malignancy, transitioning to enteral feeds may be more
challenging. Calorie counts help to guide the reduction or dis-
continuation of PN. Factors such as aspiration risk, appetite,
strength, and ileus play a role in whether patients successfully
transition to enteral feeds.

Terminating TPN is just the opposite of initiating. The major
concern is rebound hypoglycemia from rapid cessation of PN.
It is recommended that the TPN be decreased by half for 1
to 2 hours before discontinuation if the current infusion rate is
> 42 mL/hour (4). This will allow time for the body to adjust its
insulin secretion to decreasing amounts of circulating dextrose
and avoid hypoglycemia. Weaning of PN is not necessary in
patients receiving oral nutrition.

If problems occur with the TPN bag that render it not usable
(e.g., a leak in the bag) and the patient is on a rate > 42 mL/hour,
dextrose 10% (D10W) or dextrose 10% with 0.9% sodium
chloride (D10NS) should be infused at the same rate as the
TPN to avoid rebound hypoglycemia. In the same scenario,
dextrose 5% (D5W) may be substituted in place of PPN, not
because of rebound hypoglycemia, but more for maintaining
caloric intake.

CYCLIC PARENTERAL NUTRITION
PN that is infusing 24 hours a day means that the patient is
tethered to the intravenous pole, limiting mobility. Getting the
patient who is receiving PN to eat more may be problematic
because the satiety center is constantly being stimulated. A re-
duced oral intake can be expected if more than 25% of caloric
needs is provided by PN (9). In these two scenarios, transition-
ing over to cyclic PN may be a good option. Cyclic or nocturnal
PN is almost like regular PN except that instead of infusing the
PN over 24 hours, the same volume is infused over a shorter
period (12 or 14 hours), starting in the evening and finishing in
the morning. Cyclic PN allows patients to be more mobile dur-
ing the day, as well as have more of an appetite. Other benefits
of cyclic PN include less deterioration of liver function (10).
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Before transitioning to cyclic PN, the nutritional goal needs
to be defined: Full support versus supplemental to a diet. Full
support means that the total amount of protein and calories will
be provided. In this case, it is important to make sure that the
TPN is already concentrated, since the patient will be receiving
the same volume that was previously given over 24 hours over
a shorter period of time. If the goal is to have the patient eat
more but not get behind in nutrition, then one can provide 50%
of assessed needs as cyclic PN while the patient is fed orally
or enterally. An important aspect of cyclic TPN is calcula-
ting the tapered flow rate to minimize harmful fluctuations
of blood sugar (i.e., hyperglycemia during initiation of PN and
rebound hypoglycemia during cessation of PN). One simplified
method of calculating the tedious cyclic PN rate comes from
Stanford University (11):

v = r + 2r + 4r(t − 4) + 2r + r, where t = cyclic PN time,
v = volume infused, and r = rate of PN

v = 6r + 4rt − 16r
v = 4rt − 10r
v = r(4t − 10)
r = v/ (4t − 10)
r = 1,500 mL/ (4[12 hours] − 10)
r = 39.47 or � 40 mL/ hour

For example, the patient will be receiving a total of 1,500
mL (“v”) of PN formula X over 12 hours (“ t”). To calculate the
cyclic TPN rate (“ r” ), the formula uses the model (r mL/hour ×
1 hour) + (2r mL/hour × 1 hour) + [4r mL/hour × (cyclic
PN time – 4)] + (2r mL/hour × 1 hour) + (r mL/hour ×
1 hour). Therefore, the cyclic TPN will be ordered as fol-
lows: 40 mL/hr × 1 hour, then 80 mL/hour × 1 hour, then
160 mL/hour × 8 hour, then 80 mL/hour × 1 hour, then
40 mL/hour × 1 hour, then stop. It is important that there
be a “ramp up” and “ramp down” during cyclic TPN infu-
sion to avoid significant glucose fluctuations. Glucose may be
drawn 60 minutes after the maximal infusion rate, or 60 min-
utes after discontinuation of cyclic PN to make sure the patient
is tolerating (4).

HIDDEN SOURCES OF KCALS
Inadvertent hypercaloric feeding can result in increased carbon
dioxide production, hyperglycemia, and hepatomegaly, all of
which may be detrimental to the critically ill patient. It is impor-
tant to pay attention to medications that can inadvertently lead
to excessive calories. Propofol, which is suspended in 10% In-
tralipid, contributes 1.1 kcal/mL. A patient on a relatively high
dose of 50 µ g/kg/minute (assuming a 70-kg patient) can easily
receive an extra 554 kcal/day.

Another hidden source of calories is the dextrose concentra-
tion in the dialysate fluid of patients receiving CRRT. Diffusion
greatly influences dextrose absorption across the hemofilter. It
has been reported that the daily caloric contribution ranges
from 123 to 2,388 kcal depending on the dextrose concentra-
tion of 0.5% to 4.25% in the dialysate solution. Approximately
43% to 45% of dextrose can be absorbed by the body across
the hemofilter (12). Other factors that affect the degree of dex-
trose absorption are the dialysis flow rate, blood flow rate,
ultrafiltration rate, arterial blood glucose concentration, and
integrity of the hemofilter (12–14). Using the lowest possible

concentration of dextrose in the dialysate is the best way to
avoid hyperglycemia.

FLUID RESTRICTION
In institutions that use electronic admixing equipment (e.g.,
Baxter’s Automix/Micromix), formulating the TPN is virtually
just a touch of a button. Reformulating PN formulas to maxi-
mize caloric density and minimize fluids is not labor intensive.
Although mixing standard or nonstandard formulas makes lit-
tle difference from an admixture standpoint when using the
automatic mixing machines, the calculation of a nonstandard
PN formula can be tedious and requires knowledge of base so-
lution stabilities used by the pharmacy to admix the PN (see
calculations below).

ESTIMATING PROTEIN, FAT, AND
CARBOHYDRATE REQ UIREMENTS

As discussed earlier, most institutions will likely have premixed
standard PN formulas for ease of ordering. However, there are
times when the clinician has to formulate a PN formula for
special cases. One instance could be if the assessed calories and
proteins do not match up to any of the premixed formulas. An-
other instance could be if the patient has hypertriglyceridemia,
and the PN formula has to be adjusted so that the fat is taken
out and the dextrose is increased to compensate for the absence
of fat. To better understand how to formulate a three-in-one
TPN formula, a sample case will be presented.

Base Solutions (may vary with different institutions)
Amino acids base solution: Travasol 10%
Dextrose base solution 70%
Intralipid base solution 20%

Assessed caloric needs: 2,000 kcal/day
Assessed protein needs: 130 g/day

STEP 1: Assess calories and volume provided by protein (4
kcal/g).

4 kcal/ 1 g = x/ 130 g (see Table 65.2)
x = 520 kcal (from protein)

Travasol 10% = 10 g/ 100 mL = 130 g/ xx
xx = 1300 mL(volume of 130 g protein)

STEP 2: Assess amount of nonprotein calories required.
Nonprotein calories should be 15% to 30% fat based, and

TA BLE 6 5 . 2

RESPIRATORY QUOTIENT (RQ) AND CALORIES PER
GRAM OF DIFFERENT FUEL SUBSTRATES

Fuel substrates RQ Kcal per gram

Fats 0.7 9 kcal/g; Intralipid 10% contains
1.1 kcal/mL and 20% contains
2 kcal/mL due to the presence of
phospholipids

Proteins 0.8 4 kcal/g
Carbohydrates 1 3.4 kcal/g
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the rest (70% –85% of nonprotein calories) should be dextrose
based (4).

2, 000 kcal (total caloric needs) − 520 kcal
(calories from proteins) = y

y = 1, 480 kcal (nonprotein calories needed)
1, 480 kcal × 0.2 (i.e., 20% calories from fat)

� 300 kcal (fat calories)
1, 480 kcal − 300 kcal = 1, 180 kcal (dextrose calories)

STEP 3: Assess volume contributed by dextrose (3.4 kcal/g)
and fat calories, rounding up the numbers.

Fat calories = 300 kcal
Intralipid = 20% or 2 kcal/ mL (see Table 65.2)
Therefore, 300 kcal = 150 mL fat volume
Since 20% is 20 g/ 100 mL, 150 mL = 30 g fat
Dextrose calories = 1, 180 kcal ÷ 3.4 kcal/ g

= 347 g (see Table 65.2)
Dextrose 70% = 70 g/ 100 mL = 347 g/ z
z = 495.7 or � 496 mL (volume from dextrose)

STEP 4: Add up the protein, fat, and dextrose volume to
calculate minimum amount of fluid needed to make the TPN
formula.

1, 300 mL (from AA) + 150 mL (from fat)
+ 496 mL (from dextrose) = 1, 946 mL

1, 946 mL/ day ÷ 24 hour/ day = �81 mL/ hour.
The 1, 946-mL volume represents the minimum amount of

volume needed to make the TPN (i.e., the TPN is
“concentrated”).

STEP 5: Put it all together. The PN order would look some-
thing like this:

Amino acids = 130 g
Dextrose = 347 g
Fat emulsion = 30 g
Rate = 81 mL/hour (i.e., 1,946 mL over 24 hours)
This formula will provide 1,997 kcal + 130 g protein

over 24 hours

If the clinician wanted 100 mL/hour of fluids, the rate can
simply be changed to 100 mL/hour (i.e., 2,400 mL over 24
hours; sterile water is added to make up the balance) without
affecting the amount of calories and proteins given to the pa-
tient. Since 81 mL/hour (1,946 mL) represents the minimum
volume needed to make the above TPN, it is not possible to go
below 81 mL/hour without decreasing the calories and proteins
given to the patient.

ELECTROLYTE ABNORMALITIES
Refeeding syndrome is an imbalance of electrolytes as well
as vitamins, micronutrients, and fluids that occurs within the
first few days of refeeding malnourished patients as nutrients
replete the intracellular space (15). The hallmark biochemi-
cal findings include hypophosphatemia (intracellular shift plus
depletion of phosphorus substrate to synthesize adenosine
triphosphate [ATP]), hypomagnesemia (intracellular shift plus
magnesium is a cofactor in many enzymatic functions), and

hypokalemia (intracellular shift of potassium with insulin se-
cretion as a response to dextrose infusion). Patients may exhibit
respiratory distress, cardiac arrhythmias, congestive heart fail-
ure, hemolytic anemia, or paresthesias, or they may die (16).
The three most important steps in preventing refeeding are
(a) high-risk patients (chronic alcoholism, kwashiorkor, maras-
mus, rapid refeeding) and those receiving high TPN rates must
be identified (17); (b) baseline electrolytes must be checked
before the initiation of PN (4,17), and low magnesium, phos-
phorus, or potassium levels must be corrected immediately; (c)
the TPN rate should be advanced slowly (< 150 g/day of car-
bohydrates) as tolerated over several days before going to the
goal rate (4,17). In patients receiving enteral nutrition (EN),
the rate could be advanced more aggressively if needed, pro-
vided that electrolytes are monitored closely and repleted in a
timely manner (18).

Replacing electrolytes is both a science and an art, because
patients respond differently. Table 65.3 will help guide the clin-
ician in managing electrolyte imbalances that occur. There are
two things to remember when adjusting the electrolytes in PN:
First, the degree of metabolic derangements must be deter-
mined before any adjustments are made. Second, PN should
not be used to replace electrolytes rapidly, but should be used
for maintenance.

MONITORING
The potential for serious complications is high in patients re-
ceiving PN unless careful monitoring is conducted by clinicians.
Furthermore, appropriate monitoring can be cost effective by
avoiding complications. Suggested protocols for monitoring
PN in adults are shown in Table 65.4.

WRITING ENTERAL ORDERS
Ordering enteral feedings is less complex than ordering PN,
but it could be just as confusing with many different formu-
las. Enteral feeding should be started as early as possible since
it is a “pharmacotherapy” for the gut (improves mesenteric
blood flow and maintains gut integrity). Feeding early, which
is defined as 48 hours within mechanical ventilation onset, is
associated with a 20% decrease in intensive care unit (ICU)
mortality and a 25% decrease in hospital mortality, according
to a recent retrospective, multi-institutional study looking at
4,409 patients (1). When choosing enteral formulas, consider-
ation depends on the patient’s digestive capability, fluid restric-
tion status, electrolyte balance, nutrient requirements, disease
state, and possible routes available for administration.

Enteral formulas may be categorized into the monomeric
(which contain free amino acids with or without peptides, with
modified fat) and the polymeric formulas. Most enteral formu-
las fall in the semi-synthetic polymeric formulas, which are
more cost effective but require patients to have digestive capa-
bility. Monomeric formulas are for patients with malabsorp-
tion, such as short-gut syndrome. Because of the cost associ-
ated with monomeric formulas, polymeric formulas should be
tried first. For instance, in patients with pancreatitis, instead of
using monomeric formulas, adding pancreatic enzyme tablets
may help with polymeric tube feed tolerance. If the patient
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TA BLE 6 5 . 3

AN EXAMPLE OF MANAGEMENT GUIDELINES FOR METABOLIC COMPLICATIONS IN ADULTS INDUCED
BY PARENTERAL NUTRITION

Hyperglycemia > 200 mg/dL Once daily requirements of insulin are known from the insulin sliding scale, add
50% –75% into TPN. Consider insulin drip if blood sugar is uncontrolled, or if
patient is edematous with unreliable absorption of subcutaneous insulin. Goal blood
sugar is 80–110 mg/dL in critically ill surgical patients.

Hypoglycemia < 80 mg/dL If related to sudden discontinuance of TPN, administer D10W or D10NS at the same
rate as the TPN. If related to insulin in TPN, initiate continuous glucose supplement
(e.g., D10W). If glucose is still below desirable level, discontinue TPN and hang
D10W or D10NS at the same rate as the TPN.

Hypernatremia > 150 mEq/L If hypovolemic, give isotonic or hypotonic fluid depending on degree of hypovolemia. If
euvolemic or hypervolemic, reduce sodium from TPN and/or other source. If patient is
symptomatic, consider discontinuing TPN and starting D10W at the same rate as the
TPN.

Hyponatremia < 130 mEq/L If hypervolemic, restrict fluid intake ± diuretics; if euvolemic/hypovolemic, increase
sodium content in TPN; if hypovolemic, give additional isotonic fluid.

Hyperkalemia > 5 mEq/L If TPN related and patient symptomatic, discontinue TPN and initiate D10W or D10NS
at the same rate as the TPN. If patient is asymptomatic, decrease K+ in TPN and other
sources.

Hypokalemia < 3.5 mEq/L Give KCl bolus either IV or enterally (4 mEq for each 0.1 < 4.5 of K+ ; maximum IV KCl
concentration is 20 mEq/50 mL via central venous access and 10 mEq/50 mL via
peripheral vein). Add K+ in TPN.

Hypermagnesemia > 2.6 mEq/L If TPN related and patient is symptomatic, discontinue TPN and start D10W or D10NS
at the same rate as the TPN. If patient is asymptomatic, decrease Mg2+ in TPN.

Hypomagnesemia < 1.8 mEq/L Give magnesium bolus either IV or enterally (1 g MgSO4 = 8 mEq; 1 tablet magnesium
oxide = 6 mEq). Maximum rate of IV infusion is 1 g in 7 min. (If level is < 1, give 4–6
g IV or enteral equivalent; if level is > 1 but < 1.8, give 2–4 g IV or enteral equivalent).
Increase Mg2+ in TPN.

Hypercalcemia > 10.2 mg/dL If TPN related and patient is symptomatic, discontinue TPN and initiate D10W or
D10NS at the same rate as the TPN. If patient is asymptomatic, decrease Ca2+ in
TPN. Check ionized calcium in critically ill patients.

Hypocalcemia < 8.5 mg/dL Correct for hypoalbuminemia [True Ca2+ = Ca2+ observed + 0.8 (4 – albumin
observed)]. Increase Ca2+ in TPN if corrected Ca2+ is trending low. If
hemodynamically unstable and/or critically ill, obtain an ionized calcium level
(normal range 1.05–1.35 mg/dL). Give calcium chloride bolus via slow IV push if
ionized calcium is low (< 1.05) and patient is symptomatic (e.g., hypotensive). 1 g
CaCl2 = 13.6 mEq; 1 g calcium gluconate = 4.7 mEq.

Hyperphosphatemia > 4.8 mg/dL If TPN related and patient is symptomatic, discontinue TPN and run D10W or D10NS
at the same rate as the TPN. If patient is asymptomatic, decrease phosphate (PO 4

–) in
TPN.

Hypophosphatemia < 2.4 mg/dL Phosphorus replacement should be given over 6 h to avoid hypotension. If level is < 1,
give 30 mmol PO4

– × 2 doses IV plus check phosphorus level 1 h after end of
infusion; if level is ≥ 1 but < 1.8, give 30 mmol PO 4

– × 1 dose or enteral equivalent
and check phosphorus level 1 h after end of infusion; if level is ≥ 1.8 but < 2.4, give 15
mmol PO4

– or enteral equivalent. One packet of Neutra-Phos enterally = 8 mmol of
PO4

–. Increase phosphorus in TPN.
Metabolic acidosis pH < 7.4 Consider increasing acetate-to-chloride ratio.

HCO3
– < 23

Metabolic alkalosis pH > 7.4 Consider increasing chloride-to-acetate ratio.
HCO3

– > 29

TPN, total parenteral nutrition; D10W, dextrose 10% ; D10NS, dextrose 10% with 0.9% sodium chloride.

continues to have absorption issues, then monomeric formulas
could be substituted.

Enteral formulas also vary by caloric density. In patients
with chronic renal failure who require fluid restrictions, choos-
ing polymeric formulas with high caloric density (high caloric-
to-fluid ratio) may be helpful. Enteral formulas also differ in
the amount of protein, the carbohydrate-to-fat ratio, and the
fiber content.

Each enteral feed formula has known amounts of kcal/mL,
as well as g/L of protein. Once caloric and protein needs are
assessed, the volume needed can be calculated. Unlike PN, in
which the amounts of protein, dextrose, and fat can be easily
modified, enteral feeding formulas are fixed. However, there are
protein powders available if supplemental protein is necessary.

Before starting any enteral feeds, feeding tube placement
must be confirmed by abdominal radiography and documented
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TA BLE 6 5 . 4

MONITORING PARAMETERS FOR CRITICALLY ILL ADULT PATIENTS ON
PARENTERAL NUTRITION

Parameter Frequency

Na+ , K+ , Cl–, HCO 3
–, BUN,

serum creatinine
Daily

Ca2+ , Mg2+ , phosphorus, liver
function tests

Two to three times per week

Serum triglycerides Weekly
CBC with differential Weekly
Input/output Daily
Prealbumin Weekly
Indirect calorimetry As needed. Highly recommended in the following patients: Difficult to

estimate accurately caloric requirements, inadequate response to nutrition
support, and clinical signs of over- or underfeeding

24-h urine urea nitrogen As needed. Highly recommended in the following patients: Difficult to
estimate accurately protein requirements, inadequate response to nutrition
support, and clinical signs of over- or underfeeding

Weight Daily
Serum glucose As needed to keep blood sugar control of 80–110 mg/dL

BUN, blood urea nitrogen; CBC, complete blood count.
From Merritt R, ed. The A.S.P.E.N . N utrition Support Practice Manual. 2nd ed. Silver Spring, MD: A.S.P.E.N; 2005.

in the orders. Once the enteral feeding formula has been se-
lected, indicate initial strength (e.g., full or half-strength), ini-
tial rate in mL/hour, and desired progression regimen, followed
by the goal rate. The rate can be started at 10 to 20 mL/hour
and be advanced by 10- to 20-mL/hour every 8 hours as toler-
ated until goal (as long as residual is < 200 mL via nasogastric
tube or < 100 mL via gastrostomy tube in 4 hours) (19). Many
institutions have converted to a “closed system” to reduce the
risk of microbial contaminations by minimizing the number of
times the formula is manipulated. Enteral feedings start at full
strength since a “closed system” will make it difficult to order
partial-strength formulas.

When the patient is ready to transition over to a regular diet,
similar strategies employed with the cyclic PN can be used. The
patient may be converted to bolus feeding of the full-strength
enteral formula with increases of 60 to 120 mL every 8 to
12 hours as tolerated up to goal volume. This simulates meals
plus snacks (4). Bolus feedings are more physiologic, allowing
the brain to stimulate sensations of hunger and satiety. When
the patient is able to consume 60% of nutritional needs by
mouth, the tube feeding can be discontinued (4).

”DESIGNER” ENTERAL FEEDINGS:
FACTS AND MYTHS

Designer enteral feedings or specialized formulas contain mod-
ified protein and other ingredients to assist patients in stressed
states. Sometimes the ratio of carbohydrate to fat, and the
sources of fat, may also be altered to achieve desired effects.

He p at ic Formula

Specialized hepatic formulas (e.g., NutriHep) differ from the
standard formulas in two ways: the actual protein content is
usually lower (around 40–46 g/L) and the ratio of branched-

chain amino acids (BCAAs) to aromatic and ammonia-forming
amino acids (AAAs) is higher in the hepatic formula. The theory
is that in patients with liver dysfunction, depletion of BCAAs
might enhance the passage of AAAs across the blood–brain bar-
rier, resulting in the synthesis of false neurotransmitters (20).
By giving a higher BCAA formula, the altered ratio is returned
to a more normal state.

Although there are conflicting data, there is evidence of
the beneficial effects of “special hepatic formulas” to sup-
port their use in the treatment of malnourished patients with
advanced cirrhosis. A relatively recent multicenter, random-
ized, nutrient-controlled trial from 2003 demonstrated im-
proved survival, serum albumin concentration, and quality of
life in patients with cirrhosis when given BCAAs (21). A meta-
analysis from 2003 reviewed 11 randomized trials and con-
cluded that BCAAs improved hepatic encephalopathy in pa-
tients with chronic encephalopathy (22). There is evidence that
in patients with acute overt encephalopathy, restriction or with-
drawal of proteins may be necessary. Once encephalopathy has
been reversed, adequate protein may be administered to target
a positive nitrogen balance. Based on the available studies, and
cost consideration of up to 20 times more, the “hepatic for-
mula” should be restricted to patients who present with grade
II or higher encephalopathy, or whose grade of encephalopathy
worsens with the advancement standard enteral formulation.

Re nal Formula

Enteral formulas in this class (e.g., Nepro) tend to be more calo-
rie dense and low in electrolytes and mineral contents (espe-
cially potassium and phosphorus). The purpose of these mod-
ifications is to provide adequate nutrients but at the same time
minimize complications such as uremia, fluid overload, and
electrolyte accumulation. The older renal formulas differ from
standard amino acids in that they were designed for patients
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who could not tolerate dialysis or for whom dialysis was being
avoided; thus, the formulas tend to be enriched with essential
amino acids (EAAs). The rationale with this admixture is that
the urea from EAAs would be recycled to produce nonessential
amino acids.

Evidence supporting the use of the older renal formulas is
scant and of poor quality. In addition, the cost of the older renal
formulas is 10 to 15 times that of standard polymeric formulas.
These formulas have now been replaced with standard poly-
meric proteins since most patients with acute renal failure are
now being dialyzed or are receiving CRRT. The new renal for-
mulas continue to be more calorie dense (usually 2 kcal/mL)
with minimal electrolytes or additives (K+ , Mg2+ , PO 4

–) that
could accumulate in renal failure. They are appropriate for pa-
tients whose serum electrolyte and mineral levels are difficult
to control.

Pulmonary Formula

Respiratory quotient (RQ) is defined as the molecule of carbon
dioxide produced per molecule of oxygen consumed (VCO 2/
VO2). Pulmonary formulas (e.g., PulmoCare) are designed to
decrease carbon dioxide by providing the fuel substrate with
the lower respiratory quotient (see Table 65.2). To achieve this,
the manufacturer decreases the carbohydrate-to-fat ratio to
achieve fat calories of about 38% to 55% . By decreasing the
carbohydrates (RQ = 1)–to–fat (RQ = 0.7) ratio, the assump-
tion is that the carbon dioxide production is reduced as well.

Studies looking at the benefit of high-fat enteral feeds have
been criticized as having a small sample size. One trial looking
at high-fat enteral formula in 12 patients with chronic airflow
obstruction suggests that the higher-fat formulas may be less
likely to impair work performance in patients with chronic
airflow obstruction (23). Another trial looking at 20 artificially
ventilated patients demonstrated that the high-fat group spent
62 hours less time on the ventilator and the result was clinically
significant (24). More recent evidence suggests that reducing
total calories is more important than the source of calories, in
terms of reducing carbon dioxide production (since the RQ of
lipogenesis or overfeeding is 1–1.2) (25).

The source of fat has also changed over the years. Many for-
mulas marketed today list canola oil and medium-chain triglyc-
eride (MCT) oil as the primary sources of fat, compared to fat
formulas containing higher omega-6 fatty acids (precursor of
arachidonic acid) that were used in the clinical trials. Whether
the data from the earlier studies can be extrapolated to reflect
the effect of the modern formulas on CO 2 remains to be an-
swered.

Me t ab olic St re ss (Crit ical Care ) Formula

The critical care formulas (e.g., Perative) are somewhat similar
to the hepatic formulas in that both have a high percentage
of BCAAs, which are the preferred substrate of muscles dur-
ing critical illness. Differences include higher protein content
and fewer aromatic amino acids in the critical care formulas
compared to the hepatic formulas. The clinical trials looking
at these formulas are small, and have been equivocal from the
standpoint of nutritional markers. Overall, BCAA-enriched en-
teral formulas are not the current standard of practice. Because

this class of enteral formula, like the immunomodulating for-
mulas, may contain immune-enhancing agents (i.e., arginine),
they must be used cautiously in critically ill septic patients (see
next section on immunonutrition timing).

Immunomod ulat ing Formula

This class of enteral feedings is a subset of the metabolic stress
formulas. Compared to the hepatic, renal, or pulmonary for-
mulas, the formula designed to reduce inflammatory response
(e.g., acute respiratory distress syndrome [ARDS]) is a more
recent development. These so-called immunomodulating for-
mulas are standard enteral formulas fortified with omega-3
fatty acids, nucleotides, arginine, and/or glutamine. The en-
teral feeding Oxepa contains no glutamine and arginine, but
does contain 55% of calories as fat, of which the omega-6–to–
omega-3 ratio is optimized to 2:1. Formula Impact has 25%
of calories as fat, has arginine and glutamine, and contains
17.1% BCAAs in protein, and the omega-3–to–omega-6 ratio
is 1.4:1. Formula Immun-Aid has 36% protein as BCAAs, con-
tains arginine and glutamine, has 20% fat calories, and has an
omega-6–to–omega-3 ratio of 2.1:1 (ratio similar to Oxepa).
The theory behind this class of enteral feeds is that by minimiz-
ing omega-6 fatty acids and optimizing the ratio of omega-6
to omega-3 fatty acids, the inflammatory response is reduced,
resulting in less lung injury.

Based on the early clinical trials and meta-analyses, which
have mainly looked at Immun-Aid and Impact, it appears that
surgical patients benefited most from this class of enteral for-
mula. There was no effect on mortality in the meta-analyses,
but there were significant reductions in infection rate, ventila-
tor days, and hospital length of stay (26). More recent trials
in this class of enteral feeds have focused on formula (i.e., Ox-
epa) enriched with eicosapentaenoic acid (EPA) from sardine
oil and γ -linolenic acid (GLA) from borage oil plus antioxi-
dants (vitamin E, vitamin C, β -carotene, taurine). One prospec-
tive, double-blind, placebo-controlled, randomized trial in 165
critically ill patients with severe sepsis found that this formula
decreased mortality (19.4% absolute risk reduction), as well as
decreased the number of days on the ventilator (27). Another
prospective, randomized, controlled trial looking at enteral diet
enriched with EPA + GLA in 100 patients with acute lung in-
jury concluded that the formula reduced the length of time on
the ventilator (28). Despite the many pieces of evidence point-
ing toward the benefit of immunomodulating formulas, it does
have to be used with caution and at the right time. This will be
discussed later in the chapter.

Glyce mic Cont ro l Formula

The glycemic control enteral formulas are very similar to the
pulmonary formulas in their design. The carbohydrate (35% –
40% )–to–fat (40% –50% ) ratio is reduced compared to stan-
dard formulas, with varying ratios of omega-6 to omega-3 fatty
acids (e.g., Glucerna). This modification results in a greater
proportion of fat calories than recommended (American Heart
Association recommends ≤ 30% of calories from fat [29]).
Various soluble fibers and/or soy polysaccharides are also
added to the glycemic enteral formulas.
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Clinical trials looking into the use of these specialty
formulas in critically ill patients are limited. As with the
pulmonary formulas, the high fat content in the glycemic for-
mulas can decrease stomach emptying, which could decrease
tolerance to these formulas even more in patients with diabetic
gastroparesis. If glycemic control is needed, consider insulin
drip. More studies are needed before these formulas can be
recommended.

TIMING OF SPECIALIZED ENTERAL
FEEDING (IMMUNONUTRITION)

AND MANIPULATION OF IMMUNE
AND INFLAMMATORY SYSTEM

Immunonutrition enteral feedings (e.g., Impact and Immun-
Aid) are formulas containing nutrients that have been shown
to influence immunologic and inflammatory responses in hu-
mans. These so-called immune-enhancing agents usually in-
clude the following: glutamine, arginine, omega-3 fatty acids,
nucleotides, and antioxidants. Heyland et al. did an exten-
sive meta-analysis to determine whether immunonutrition is
safe and effective in critically ill patients (30). Although they
were not able to find any mortality benefit, immunonutrition
was associated with a statistically significant decrease in infec-
tious complications and shorter length of hospital stay. When
subgroup analyses of critically ill patients versus elective sur-
gical patients were done, the results were surprising. There
was a trend toward higher mortality in the critically ill pa-
tients, leading to the recommendation that immunonutrition
not be used in critically ill patients until more clinical trials are
conducted.

Bertolini et al. conducted a randomized multicenter trial
comparing parenteral and early enteral nutrition containing
immune-enhancing formula (Perative) in patients with and
without severe sepsis (31,32). Results of an interim anal-
ysis indicated that mortality in severely septic patients re-
ceiving immune-enhancing enteral formulas was significantly
higher than in those receiving parenteral nutrition (44.4%
vs. 14.3% ), and the study was aborted. Interestingly, in pa-
tients without sepsis, there was no 28-day mortality differ-
ence between the patients receiving parenteral nutrition versus
immune-enhancing enteral formulas. However, those receiving
immunonutrition had fewer episodes of septic shock, and the
ICU length of stay was 4 days shorter.

Based on these studies, immunonutrition formulas should
be used with caution in critically ill septic patients. Based on
expert opinions, the immune-modulating nutrient likely to be
responsible for the excess harm is arginine (see later), which
has not been well studied in a randomized, clinical fashion in
critically ill patients (33). In the critically ill nonseptic patients,
immune-enhancing formulas appear to be beneficial if started
within 48 hours.

IMMUNOMODULATORS

Glut amine

Normally nonessential, glutamine becomes conditionally es-
sential during times of high stress as evidenced by a decrease

in glutamine concentration in the body during this period (34).
Glutamine comes in the free form (unstable in solution, so only
found in dried form) and protein-bound form as seen in all
protein sources used in enteral formulas. Glutamine is an im-
portant amino acid because of its involvement in many vital
functions, such as (a) gluconeogenesis; (b) synthesis of glyco-
gen, nucleotides, nucleic acid, and urea; (c) ammoniagenesis;
and (d) ammonia reduction (34). Glutamine is also the pre-
ferred fuel substrate for rapidly dividing cells in both the small
intestine mucosa and the immune system (34). Furthermore,
glutamine plays a big part in the antioxidation process, since
it is the precursor of glutathione, a strong antioxidant (35). In
critically ill patients, about 30 g/day or 0.5 g/kg/day of glu-
tamine is needed to meet both basal and increased enterocyte
requirements (35).

A meta-analysis looking at 14 randomized trials concluded
that glutamine supplementation in critically ill patients may be
associated with a reduction in complication and mortality rates
(35). In the same meta-analysis, glutamine supplementation in
surgical patients may be associated with a reduction in infec-
tious complication rates and shorter hospital stay without any
adverse effect on mortality. Evidence from this meta-analysis
also suggests that parenteral glutamine is more effective than
enteral glutamine.

The effectiveness and benefits of glutamine supplementa-
tion are still not conclusive. A recent prospective but un-
blended study examining the benefit of enteral glutamine sup-
plementation in 185 surgical ICU patients failed to detect a
mortality difference between the control and treatment group
(36).

Arg inine

Like glutamine, many would consider arginine also to be a
conditionally essential amino acid. About 5% to 6% of argi-
nine comes from intake of proteins, and the rest is synthesized
by the body via the urea cycle. Arginine is important in am-
monia detoxification, as well as producing nitric oxide, which,
among other things, mediates vasodilatory effects of endotoxin
(37). Arginine supplementation has been purported to enhance
wound healing in humans, mainly via improvements in in vitro
markers of immune function (e.g., CD4 count), rather than out-
come measures like infection rates (38).

Most human studies have largely been conducted using
immune-enhancing diets containing relatively high amounts of
L-arginine. The optimal dose of arginine in the critically ill pa-
tient is unknown, but a dose of up to 30 g/day is generally well
tolerated by relatively healthy people (39).

Although evidence is not robust, arginine supplementation
is capable of promoting an increase in nitric oxide produc-
tion, which can lead to vascular smooth muscle dilation (36).
Given this theoretical potential for harm, the clinician should
use arginine-containing formulas with caution in critically ill
septic patients (31,33,40).

Nucle ot id e s

Nucleotides are structural units for nucleic acids and vari-
ous enzymes involved in energy transfer. They are essential
for the formation of new cells (e.g., intestinal epithelium) and
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in the synthesis of protein, lipids, and carbohydrates. Nu-
cleotides are of interest because supplementation of infant for-
mulas with nucleotides was noted to enhance bifidobacteria
growth in the gastrointestinal tract. Bifidobacteria decrease
the colonic lumen pH and inhibit growth of enteric bacteria
(41).

Studies involving nucleotide use in humans are very limited,
and like arginine, the studies available often involve immune-
enhancing diets fortified with nucleotides, making it difficult to
determine the effects of the nucleotides per se. One prospective,
controlled trial studied the effects of nucleotide-supplemented
formula in 26 severely malnourished children (younger than
4 years old). Insulin-like growth factor (IGF-1), growth fac-
tor binding protein-3 (IGFBP-3), leptin, soluble leptin receptor
(sOB-R), and other hormonal biomarkers were measured. En-
teral formulas enriched with nucleotides were shown to have
a notable effect on IGF-1 and IGFBP-3, which could stimu-
late the catch-up growth of severely malnourished infants and
toddlers (42).

St ruct ure d Lip id s

Triglycerides are three fatty acid chains attached to a glycerol
backbone. Structured lipids are triglycerides with combinations
of long-, medium-, and short-chain fatty acids on a single glyc-
erol backbone not found in nature. The intent of this chemical
manipulation is to make a product that has improved absorp-
tion (compared to long-chain triglycerides), minimizes immune
dysfunction, and can provide essential fatty acids (43). Struc-
tured lipids are not yet commercially available in intravenous
forms, although it has been a component of immunomodulat-
ing enteral formulas.

Ant ioxid ant The rap y

Antioxidants such as vitamin C, vitamin E, selenium, and β -
carotene are often found in immunomodulating formulas. The
role of antioxidant supplementation during critical illness is un-
clear. Studies have shown that critically ill patients often have
low serum concentrations of some antioxidants, the signifi-
cance of which is still not clear (44,45). However, there is good
evidence now to suggest that reactive oxygen species (ROS) in-
duce direct oxidative tissue injury by means of peroxidation of
cellular membranes, oxidation of critical enzymatic and struc-
tural proteins, and induction of apoptosis (44,45). Thus, the
importance of antioxidants seems obvious. Nathens et al. con-
ducted a prospective, observational clinical trial looking at 595
critically ill surgical patients (91% trauma patients) who were
administered with vitamin E 1,000 international units every
8 hours via nasogastric tube and vitamin C 1 g intravenously
every 8 hours (46). This study found that early administration
of vitamin E and vitamin C reduced the incidence of organ
failure by 57% and shortened the ICU stay by 1 day. Another
randomized study looking at 37 burned patients (> 30% of
body surface area) concluded that high-dose vitamin C (66
mg/kg/hour) for 24 hours reduced resuscitation fluid volume
requirements, body weight gain, wound edema, and the sever-
ity of respiratory dysfunction (47).
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CHAPTER 66 ■ TOXICOLOGY
ANDREW STOLBACH r LEWIS R. GOLDFRANK

HISTORY
Poisonings are recognized in the earliest recorded history. The
word tox icology is derived from the Greek terms tox ikos
(“bow”) and tox ikon (“poison into which arrowheads are
dipped”) (1, 2). In the 16th century, scientist Paracelsus made
the astute observation that still holds strong: “What is there
that is not poison? All things are poison and nothing [is] with-
out poison. Solely, the dose determines that a thing is not a
poison” (3). Today, we share Paracelsus’ appreciation of the
dose-response relationship. One need not look farther than ba-
sic elements such as oxygen or water to see that all substances
can act as a poison at a specified dose. In modern medicine, the
unique challenges posed by poisoned patients were recognized
with the opening of the first poison control center in Chicago
in 1953 (4); today, all 50 states are served by poison control
centers. Medical toxicology, the care of poisoned patients, was
recognized as a subspecialty by the American Board of Medical
Subspecialties in 1992.

The American Association of Poison Control Centers
(AAPCC) maintains the National Poisoning and Exposure
Database (NPED), consisting of data from every case reported
to poison centers in the United States. This database suffers
from many obvious limitations. Many exposures go unre-
ported. One investigator found that only 12% of poisoning

deaths identified by the medical examiner were reported to
poison centers (5). Those that are reported are usually uncon-
firmed. Nevertheless, the database is a useful source of epidemi-
ologic information, giving us an estimation of the incidence of
various exposures. The NPED categorizes exposures based on
outcome, designating effects as minor, moderate, or major. Ma-
jor effects are those where the patient exhibits signs or symp-
toms as a result of exposure that is life threatening or results in
significant disability or disfigurement; this category constitutes
a large portion of intensive care unit (ICU) toxicology cases.
In 2005, the AAPCC received nearly 2.5 million reports of ex-
posures, including 16,545 major effects and 1,261 deaths (6).
Thus, while fatalities are 0.005% of total exposures, a rough
estimate of the incidence of poisoning in the United States rep-
resents 7% of the sum of major exposures and fatalities.

Throughout this chapter, any substance introduced to the
body will be referred to as a xenobiotic. The terms drug and
pharmaceutical identify the subgroup of xenobiotics that are
commercially produced, while a tox in is a xenobiotic produced
by a biologic system, such as plant, animal, or fungi. An ex-
posure occurs whenever a human comes into contact with a
xenobiotic. Exposures may be dermal, oral, ophthalmic, or in-
halational. Poisoning, intox ication, and tox icity characterize
the harmful consequences of a xenobiotic exposure. Consis-
tent use of these definitions should enhance the clarity of our
discussion.
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DIAGNOSIS AND GENERAL
APPROACH TO THE
POISONED PATIENT

By the time the patient has reached a critical care unit, initial
stabilization should already have occurred. Nevertheless, the
initial approach to the poisoned patient deserves mention be-
cause the clinician should respond to any deterioration in the
patient’s condition by going back to the basic principles of di-
agnostic and therapeutic approaches. A key principle in man-
aging poisoned patients is summarized by the phrase “ treat
the patient, not the poison.” The management of the poisoned
patients begins with addressing airway compromise, breath-
ing difficulty, and circulatory problems. Vital signs should be
obtained, and cardiac and respiratory monitoring should be
applied and given supplemental oxygen. Significant vital sign
abnormalities or oxygen desaturation should be addressed im-
mediately.

Bedside serum glucose concentration should be rapidly ob-
tained in any patient with altered sensorium or an abnormal
neurologic examination. In fact, hypoglycemia may present
with almost any altered mental status including agitation, delir-
ium, coma, seizure, or focal neurologic deficit. This condition,
while common and easy to correct, can be life threatening
if diagnosis is delayed or missed (see section on antidiabe-
tics).

A thorough physical examination will identify the pres-
ence of a toxic syndrome, or “ toxidrome.” The classic toxic
syndromes (Table 66.1) can be differentiated based on vital
signs, mental status, pupil size, and presence (or absence) of
peristalsis, diaphoresis, and urinary retention. The physician
should keep in mind that these toxic syndromes are archetypes.
Because of coexisting assumption of other poisons or coex-
isting disease processes, patients do not always demonstrate
the typical symptoms of a particular syndrome. For exam-
ple, the practice of “speedballing” (concurrent heroin and co-
caine abuse) might result in small, normal, or large pupils.
Though identification of a toxic syndrome will not specifi-

cally identify the exact poison responsible, it will somewhat
guide therapy. For instance, the presence of a sedative-hypnotic
toxic syndrome (overdose) warrants support of the airway,
whether the condition is a result of ethanol or diazepam
abuse.

Electrocardiogram (ECG) should be obtained in most cases
of suspected poisoning. In fact, several well-defined exposures
(such as tricyclic antidepressants) will be identified based on a
characteristic ECG. Xenobiotics such as cocaine or lidocaine
can produce life-threatening dysrhythmias via direct myocar-
dial effect. Xenobiotics can also produce dysrhythmias by caus-
ing an electrolyte abnormality. Exposure to hydrofluoric acid,
even dermally, can result in hypocalcemia, resulting in QT c
prolongation and torsades de pointes.

While most poisoned patients can be managed appropri-
ately by physical examination and judicious use of laboratory
studies alone, history should attempt to identify the specific
xenobiotic exposure, the amount, the time and reason for expo-
sure, and general medical history. At times, a specific antidote
may be warranted based on the history (see Appendix).

A thoughtful use of laboratory studies is important in
the management of poisoned patients. Electrolyte abnormal-
ities complicate many severe poisonings. Therefore, serum
chemistries are warranted for all critically ill patients. Blood
gases and aminotransferases should be judiciously used as
well.

In contrast with the fundamental information provided in
blood samples, a routine urine toxicologic screen rarely aids in
management and is therefore not recommended. A urine tox-
icologic screen generally focuses on select drugs of abuse and
omits the vast majority of potential toxins. Moreover, the as-
says included in the commonly used qualitative urine screen
have either too many false positives or false negatives. For ex-
ample, fentanyl, a synthetic opioid, will not produce a positive
result on an opiate screen, while dextromethorphan may yield
a positive result for phencyclidine. Even a true positive result
on a toxicologic screen is not necessarily helpful. The cocaine
assay, while remarkably specific, will remain positive for days
after the clinical effects have subsided.

TA BLE 6 6 . 1

TOXIDROMES

Pupil
Group BP P R T Mental status size Peristalsis Diaphoresis Primary treatment

Anticholinergic –/↑ ↑ + /– ↑ Delirium ↑ ↓ ↓ Benzodiazepines
Cholinergic + /– + /– –/↑ – Normal/depressed + /– ↑ ↑ Atropine, oximes
Ethanol, sedative-

hypnotic
↓ ↓ ↓ –/↓ Depressed + /– ↓ – Airway support

Opioid ↓ ↓ ↓ ↓ Depressed ↓ ↓ – Naloxone
Sympathomimetic ↑ ↑ ↑ ↑ Agitated ↑ –/↑ ↑ Benzodiazepines
Withdrawal from

ethanol or
sedative-hypnotic

↑ ↑ ↑ ↑ Agitated, disoriented ↑ ↑ ↑ Benzodiazepines

Withdrawal from
opioids

↑ ↑ – – Normal, anxious ↑ ↑ ↑ Opioids

BP, blood pressure; P, pulse; R, respirations; T, temperature.
Adapted with permission from Flomenbaum NE, Goldfrank LR, Hoffman RS, et al. Initial evaluations of the patient: vital signs and toxic syndromes.
In: Flomenbaum NE, Goldfrank LR, Hoffman RS, et al., eds. Goldfrank’s Tox icologic Emergencies. 8th ed. New York: McGraw-Hill; 2006:37–41.
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In contrast to “shotgun” urine toxicologic screening, the ac-
etaminophen concentration should be obtained following all
overdoses where self-harm was intended. In one series, 1 in
365 individuals with suicidal ingestion and a history negative
for acetaminophen ingestion had a potentially hepatotoxic ac-
etaminophen concentration (7).

DETERMINING THE NEED FOR
INTENSIVE CARE UNIT ADMISSION
Criteria that are traditionally used to determine whether pa-
tients need critical care do not necessarily apply to poisoned
patients. For most patients, disposition is determined by how
“sick” the patient is. In contrast, patients poisoned by danger-
ous xenobiotics but who appear well may require precaution-
ary ICU admission and monitoring.

The factors that influence the need for critical care can be
divided into three general categories: (a) patient characteristics,
(b) xenobiotic characteristics, and (c) hospital unit capabilities
(8).

All unstable poisoned patients require ICU care. Patients
with significant laboratory abnormalities, unresponsiveness,
inability to protect the airway, hypotension, dysrhythmias, or
conduction abnormalities should be admitted to the ICU. Pre-
existing medical conditions such as severe liver or renal insuf-
ficiency, congestive heart failure, or pregnancy may also influ-
ence disposition.

The disposition for minimally symptomatic patients is often
determined by the xenobiotic involved rather than the clinical
status of the patient. The most important considerations are the
potential for deterioration or the requirement for a therapeutic
agent with potentially adverse effects. Sustained-release prod-
ucts, potentially lethal doses, or xenobiotics that may cause
dysrhythmias have the potential to cause rapid clinical deteri-
oration. For this reason, asymptomatic patients with exposure
to calcium channel blockers or sulfonylureas are often admitted
to an ICU for observation. Similarly, when xenobiotics require
a therapy that has the potential for adverse effects, such as
high-dose atropine for organic phosphorus insecticides, ICU
admission is appropriate.

Finally, the capabilities of the hospital as a whole influence
the disposition of the patient. Time-consuming nursing activ-
ities, such as hourly bedside glucose checks or the adminis-
tration of drug infusions, that may not be possible on general
inpatient units are indications for ICU admission. When the
admitting team or nursing staff is not familiar with the compli-
cations associated with a particular xenobiotic exposure, ICU
admission may also be indicated.

NONOPIOID ANALGESICS:
ACETAMINOPHEN,

NONSTEROIDAL
ANTI-INFLAMMATORY DRUGS,

AND SALICYLATES
In 2005, the American Association of Poison Centers NPED
received 227,496 reports of exposures to analgesics (6).

The extensive availability of these drugs contributes to their
prevalence in both suicidal ingestions and unintentional pedi-
atric ingestions. Although they are generally safe when used
correctly, the widely held misconception that these pharmaceu-
ticals are harmless undoubtedly contribute to their potential for
causing harm.

Ace t aminop he n

Over 100,000 reports of acetaminophen exposure were re-
ceived by the NPED in 2005 (6). The vast majority of exposures
do not result in significant morbidity, and only 333 were fatal
and another 3,310 considered major. Although the data set is
controversial, acetaminophen is estimated to be responsible for
51% of all cases of acute liver failure in the United States (9).
Acetaminophen ingestions require ICU admission when hepa-
totoxicity is established.

Acetaminophen is an analgesic and antipyretic with
less anti-inflammatory activity than the nonsteroidal anti-
inflammatory drugs. The analgesic effects of acetaminophen
are mediated by central cyclo-oxygenase (COX)-2 and
prostaglandin synthase (10) inhibition. Less than 5% of
acetaminophen is eliminated unchanged in the urine. The
metabolism of acetaminophen occurs principally in the liver.
Ninety percent of absorbed acetaminophen undergoes hepatic
conjugation with either glucuronide or sulfate to produce in-
active metabolites. The remainder (5% –15% ) is oxidized by
the cytochrome P450, forming N -acetyl-p-benzoquinoneimine
(NAPQI), a toxic oxidant (11). Thiol-containing compounds,
such as reduced glutathione, are used as electron donors to
detoxify NAPQI.

The single dose of acetaminophen generally thought to be
required to produce toxicity is ≥ 150 mg/kg (11). In overdose,
absorption of acetaminophen may be delayed, although peak
absorption generally occurs at 2 hours, and rarely after 4 hours
(12,13). Absorption may be expected to be further delayed in
the presence of peristalsis-decreasing opioid or anticholiner-
gic coingestants, or if the acetaminophen is formulated for ex-
tended release. In overdose, metabolism by sulfation becomes
saturated, and the formation of NAPQI exceeds that which can
be detoxified by available glutathione (14). Because the toxic
metabolite is formed in the liver, hepatic toxicity is the key clin-
ical feature. N -acetylcysteine (NAC), the key to management
of acetaminophen poisoning, acts as a precursor to glutathione
synthesis, a substrate for sulfation; it directly binds to NAPQI
itself; and enhances the reduction of NAPQI to acetaminophen
(15).

Clinical Manife st at ions

Acute acetaminophen toxicity has been divided into four clin-
ical stages (16). Not every untreated patient will advance
through each of these stages. Spontaneous improvement is pos-
sible at any point, but the stages of toxicity serve as a useful
guide to the progression of symptoms. During stage I, the pa-
tient is either asymptomatic or has nonspecific clinical findings
(nausea, vomiting, malaise), and no laboratory abnormalities
are recognized. Stage II begins with the onset of liver injury,
generally within 24 hours but always within 36 hours of in-
gestion (17). Symptoms are similar to other causes of hepatitis.
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Initial laboratory findings include elevated aminotransferases
(aspartate aminotransferase [AST]/alanine aminotransferase
[ALT]), but progress to signs of hepatic dysfunction, includ-
ing prolonged prothrombin time (PT), metabolic acidosis, and
hypoglycemia. Stage III represents the time of peak hepatotox-
icity, usually 72 to 96 hours from ingestion. While AST and
ALT may ultimately exceed 10,000 IU/L, creatinine, lactate,
phosphate, and PT are better indicators of prognosis. Fatalities
usually occur within 3 to 5 days of ingestion. When death does
not occur, hepatic recovery is referred to as stage IV . Hepatic
regeneration will be histologically and functionally complete
in survivors.

Manag e me nt

N -acetylcysteine is the key to managing acetaminophen poi-
soning. Because of its proven efficacy, decontamination with
activated charcoal should only be considered if significant
coingestants are expected. NAC is available for both oral and
intravenous administration. The oral protocol for acute inges-
tions is a 140 mg/kg loading dose, followed by 17 doses of
70 mg/kg every 4 hours for a total of 72 hours. The intra-
venous regimen is 150 mg/kg over 45 minutes, followed by 50
mg/kg over 4 hours, and then 100 mg/kg over 16 hours. Both
regimens have equal efficacy for simple acute ingestion, but the
intravenous regimen has the advantage of a shorter course, and
is the only route that has been studied adequately in patients
with hepatic failure. Unlike oral NAC, parenteral NAC carries
the risk of anaphylactoid reactions. The duration and route of
treatment are determined by the type of presentation.

The simple, acute ingestion occurs when a single dose of
acetaminophen is ingested over a short period of time, within
24 hours of presentation. There is little controversy in manag-
ing this type of ingestion. The serum acetaminophen concentra-
tion should be plotted against the number of hours following
ingestion on the Rumack-Matthew nomogram to determine
whether treatment with NAC is necessary (18). The treatment
line is a sensitive, but not specific, predictor of hepatotoxic-
ity. The currently recommended line intersects 150 µ g/mL at
4 hours, incorporating a 25% safety margin over the original
nomogram line, which was itself nearly 100% sensitive for pre-
dicting hepatoxicity. When the concentration at a specific time
is plotted above the line, treatment is required. When treatment
is initiated within 8 hours of ingestion, NAC has complete effi-
cacy in preventing hepatotoxicity (19). NAC should be started
immediately in any patient with suspected acetaminophen poi-
soning when the laboratory result for the acetaminophen con-
centration is not expected to be available within 8 hours of
the initial ingestion. Once the serum acetaminophen concen-
tration is available, the decision whether to continue the NAC
can be made based on the nomogram (Fig. 66.1). When there
is uncertainty with regard to the exact time of ingestion, the
physician should use the most conservative estimate (i.e., the
earliest possible time) when using the nomogram. The risk of
inadvertently failing to treat because of an incorrect history is
mitigated by the safety margin associated with the nomogram.

The literature is less clear on the indications for the use
of NAC for hepatoxicity following suspected chronic ac-
etaminophen use. The vast majority of people who take ac-
etaminophen have no adverse clinical manifestations. Clini-
cal trials involving daily dosing of 4 g of acetaminophen in
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FIGURE 66.1. Acetaminophen nomogram. (Adapted with permission
from Hendrickson RG, Bizovi KE. Acetaminophen. In: Flomenbaum
NE, Goldfrank LR, Hoffman RS, et al., eds. Goldfrank’s Tox icologic
Emergencies. 8th ed. New York: McGraw-Hill; 2006:523–543.)

both alcoholics and nonalcoholics showed that patients either
have normal aminotransferase concentrations or very minor
increases (20,21). Despite its safety, hepatoxicity from chronic
use occurs. Because chronic acetaminophen use often occurs in
the setting of comorbid conditions, the diagnosis can be diffi-
cult to establish with certainty. NAC should be administered to
all patients with suspected acetaminophen hepatotoxicity until
the diagnosis has been excluded.

The nomogram cannot be used for patients who present
more than 24 hours after ingestion. In such cases, NAC should
be started immediately upon presentation. If the patient has
both an undetectable acetaminophen concentration and nor-
mal aminotransferases, acetaminophen overdose is highly un-
likely, and NAC need not be continued. If either acetaminophen
or aminotransferase concentrations are elevated (even mini-
mally so), the patient should be administered 20 hours of IV
NAC. Following the treatment period, aminotransferase and
acetaminophen concentrations should be obtained again. At
this point, if the aminotransferase concentrations are only min-
imally elevated, the patient was either minimally poisoned or
acetaminophen was not the cause of the liver damage.

When acetaminophen-induced hepatoxicity is encountered,
intravenous NAC should be administered as described above,
but the maintenance dose should be continued until clinical
improvement, liver transplantation, or death occur. Even in
the presence of fulminant hepatic failure, IV NAC has been
shown to decrease mortality, cerebral edema, and the need for
vasopressors (22).

He p at ic Transp lant at ion

Generally, patients with significant acetaminophen poisoning
will have AST and ALT concentrations > 1,000 IU/L by 24
to 48 hours after ingestion. The decision to perform hepatic
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transplantation is particularly difficult in these patients, be-
cause those who survive without a transplant will make a com-
plete recovery, while the long-term complications of a trans-
plant are significant. Under ideal conditions, the clinician could
immediately determine which patients would survive without
transplant and which would not, so that the appropriate pa-
tients could be listed for a liver transplant and the procedure
could be performed before irreversible clinical deterioration.
In practice, it is not always clear. Several prognostic criteria
are available. The King’s College Hospital Criteria suggest that
pH < 7.3 after resuscitation or the combination of PT > 100,
creatinine > 3.3 mg/dL, and grade III or IV encephalopathy are
predictive of death in the absence of a transplant (23). Serum
phosphate has also been shown to be a good predictor. A 48-
hour serum phosphate concentration > 1.2 mmol/L has been
shown to be sensitive and specific for predicting the need for
transplant and the probability of death from acetaminophen
hepatotoxicity (24). Presumably, a low or normal phosphate
concentration is evidence that the phosphate is being utilized
by hepatocytes for adenosine triphosphate (ATP) generation.

SALICYLATES AND OTHER
NONSTEROIDAL

ANTI-INFLAMMATORY DRUGS
The nonsteroidal anti-inflammatory drugs (NSAIDs) are widely
available both with and without prescription for relief of in-
flammation, pain, and fever. Salicylates are a subgroup of
NSAIDs that have unique features of toxicity and require dis-
tinct management. In this chapter, we will use the term N SAID
in reference to the nonsalicylate NSAIDs. ICU admission is
required when patients present with metabolic acidosis and
hemodynamic instability, or if they require bicarbonate infu-
sion or frequent measurements of salicylate concentration.

The therapeutic effects of salicylates and NSAIDs result
from the inhibition of cyclo-oxygenase (COX), a mediator of
prostaglandin synthesis. The myriad medications in this class
preclude discussion of the individual pharmacokinetic char-
acteristics. In general, they are renally eliminated. Because
they are designed to promote fast relief, therapeutic doses of
the immediate-release drugs produce significant concentrations
within an hour. However, when taken in overdose or as enteric-
coated or sustained-release formulations, absorption may be
greatly delayed, and maximal serum concentrations may not
be observed for hours after the ingestion.

In addition to these effects, salicylates also uncouple oxida-
tive phosphorylation, meaning that some of the proton gradient
across the mitochondrial matrix is dissipated in the formation
of heat, rather than ATP, forcing the production of lactate.

Clinical Manife st at ions of
Salicylat e Poisoning

Acute salicylate poisoning may cause epigastric pain, nausea,
and vomiting. Salicylates induce hyperventilation (both tachyp-
nea and hyperpnea) by direct stimulation of the brainstem
respiratory center (25). Neurologic signs and symptoms of sal-
icylate poisoning range from mild to severe, and include tinni-
tus, delirium, coma, and seizure. The initial feature of toxicity

is primary respiratory alkalosis. A primary metabolic acidosis
is characterized by the presence of lactic acid, ketoacids, and
salicylic acids (26). The net result is an increased anion gap
metabolic acidosis. The simultaneous presence of a respiratory
alkalosis and metabolic acidosis can be difficult to interpret. Be-
cause the respiratory alkalosis initially predominates in adults,
the presence of an acidemia or even normal pH indicates ad-
vanced poisoning.

Chronic salicylate poisoning presents with the same signs
and symptoms as acute poisoning, but typically occurs in el-
derly patients taking supratherapeutic amounts of salicylate to
treat a chronic condition. Chronic poisoning can be a chal-
lenging diagnosis to establish because it is often not suspected.
Elderly salicylate-poisoned patients presenting with metabolic
acidosis and an altered sensorium may be initially misdiag-
nosed with sepsis, dehydration, or cerebrovascular accident
(CVA) if a salicylate concentration is not obtained.

Serum salicylate concentrations only correlate loosely with
toxicity because the principal site of poisoning is the central
nervous system. The threshold for toxicity is usually consid-
ered to be 30 mg/dL when tinnitus develops. Chronically poi-
soned patients have a lower salicylate concentration for the
same degree of illness because much of their total body burden
has redistributed into the central nervous system. The degree of
poisoning is determined by evaluating the serum concentration
in the context of the patient’s clinical appearance, laboratory
results, and acuity of the ingestion.

Manag e me nt of Salicylat e Poisoning

The key principles for management of salicylate poisoning are
to minimize absorption, speed elimination, and minimize redis-
tribution to tissues. Gastric emptying should only be attempted
if a significant amount of drug is expected to be present in the
stomach. Activated charcoal, 1 g/kg, should be administered
every 4 hours if it can be given safely. Salicylates cause py-
lorospasm and may form concretions in overdose, leading to
delayed absorption. Multiple-dose activated charcoal (MDAC)
not only prevents delayed absorption, but also may speed elim-
ination of salicylates by disrupting the enteroenteric circulation
of the drug (27). Serum chemistry, venous or arterial blood gas,
and salicylate concentration should be obtained every 2 hours
until the salicylate concentration demonstrates an interval de-
crease.

Moderately poisoned patients (increased anion gap or a sal-
icylate concentration greater than 40 mg/dL) should also have
blood and urine alkalinized with sodium bicarbonate. As a
weak acid (pKa 3.5), salicylates will be ionized in an alka-
line environment and “ trapped” (i.e., unable to passively move
through lipid membranes). Ionization prevents salicylate in the
proximal tubule from diffusing into the plasma and salicylate
in the plasma from diffusing into tissues, such as the brain (28).
Alkalinization can be achieved with an infusion of sodium bi-
carbonate of 150 mEq in 1 L of D5W at twice the maintenance
rate. The urine pH should be maintained from 7.5 to 8.0 and
systemic arterial pH between 7.45 and 7.55. Close attention
should be paid to potassium repletion, as low serum potassium
will cause preferential reabsorption of potassium over hydro-
gen ions in the proximal tubule and compromise attempts to
alkalinize the urine (29). Endotracheal intubation and seda-
tion should be avoided whenever possible. The tachypnea and
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TA BLE 6 6 . 2

INDICATIONS FOR HEMODIALYSIS IN SALICYLATE
POISONING

Renal failure
Congestive heart failure (relative)
Acute lung injury
Persistent CNS disturbances
Progressive deterioration in vital signs
Severe acid-base or electrolyte imbalance, despite

appropriate treatment
Hepatic compromise with coagulopathy
Salicylate concentration (acute) > 100 mg/dL or (chronic)

> 60 mg/dL

CNS, central nervous system.
Adapted with permission from Flomenbaum NE. Salicylates. In:
Flomenbaum NE, Goldfrank LR, Hoffman RS, et al., eds. Goldfrank’s
Tox icologic Emergencies. 8th ed. New York: McGraw-Hill;
2006:550–564.

hyperpnea of salicylate poisoning does not necessarily repre-
sent “ tiring,” and produces a helpful alkalosis. When intu-
bation is unavoidable, patients should be administered 1 to
2 mEq/kg of bicarbonate prior to the procedure, intubated
quickly, and hyperventilated afterward to avoid respiratory aci-
dosis.

Early consultation with a nephrologist is recommended for
seriously ill patients. Extracorporeal elimination is reserved
for patients who are very ill, those who cannot tolerate al-
kalinization, or those with serum concentrations so elevated
that their clinical status is expected to deteriorate. We recom-
mend hemodialysis for severe acid-base disturbances, mental
status changes, inability to tolerate alkalinization (renal failure
or congestive heart failure), and serum concentrations of 100
mg/dL after acute poisoning and 60 mg/dL in chronic poisoning
(Table 66.2).

Clinical Manife st at ions of Nonst e ro id al
Ant i-inflammat ory Drug Poisoning

NSAIDs are considered safer than salicylates in therapeutic
dosing. An acute overdose of NSAIDs can cause gastric in-
jury. While chronic NSAID use is associated with interstitial
nephritis, nephritic syndrome, or analgesic nephropathy, acute
overdose is sometimes accompanied by a reversible azotemia
caused by vasoconstriction from decreased prostaglandin pro-
duction (30). In severe overdose, the most consequential effects
are elevated anion gap metabolic acidosis, coma, and hypoten-
sion (31).

Manag e me nt of Nonst e ro id al
Ant i-inflammat ory Drug Poisoning

Activated charcoal should be administered if the patient
presents within several hours of overdose. Good support-
ive care is the mainstay of therapy after NSAID overdose.
NSAID elimination is not increased with alkalinization, and
NSAIDs’high degree of protein binding precludes removal with

hemodialysis. Hemodialysis has been used to correct acidemia
and electrolyte abnormalities in patients with multiorgan sys-
tem failure.

PSYCHIATRIC MEDICATIONS
Psychiatric medications represent a disproportionate number
of poisonings in the United States. Antidepressants, antipsy-
chotics, and sedative-hypnotics accounted for more than half
of all deaths reported to poison control centers in 2005 (6).
This high mortality figure is a function of the prevalence of
these ingestions, as these drugs do not have a high case-fatality
rate. With sound supportive care, most patients can be man-
aged successfully.

Ant ip sychot ic Me d icat ions

The antipsychotics are categorized as either typical or atyp-
ical. The typical antipsychotics, which include haloperidol,
chlorpromazine, and thioridazine, antagonize dopamine pri-
marily at the D2 receptor. The newer medications, the atypical
drugs, are exemplified by clozapine, olanzapine, quetiapine,
risperidone, and ziprasidone, which have less dopaminergic
antagonism and more serotonergic effects than the typical an-
tipsychotics. When antipsychotic medications produce coma,
conduction abnormalities, or hyperthermia, these patients re-
quire ICU admission.

Clinical Manife st at ions of Ove rd ose
The antipsychotics are a diverse group of medications, al-
though useful generalizations can be made about their clinical
manifestations. All produce sedation in overdose, though respi-
ratory depression is usually not consequential. The drugs have
varying degrees of muscarinic and α-adrenergic antagonism,
often resulting in tachycardia and moderate hypotension (32).
Many of the typical antipsychotics have type IA antidysrhyth-
mic properties. Most of the typical and a few of the atypical
drugs (notably ziprasidone) can cause QT c prolongation and
torsades de pointes (33,34). Management of overdose of the
antipsychotics generally only requires supportive care.

Clinical Manife st at ions of t he Ne uro le p t ic
Malig nant Synd rome

The dopamine antagonism required for control of psychosis
can cause a group of distinct movement disorders that range
in severity from mild to life threatening. These conditions—
dystonia, akathisia, parkinsonism, tardive dyskinesia, and neu-
roleptic malignant syndrome (NMS)—are more likely to occur
in the presence of the typical antipsychotics, although the atyp-
ical antipsychotics can cause them as well. The first four con-
ditions mentioned above are of less concern to the intensivist
than NMS, and will not be discussed.

NMS is the most consequential of the movement disorders
associated with the antipsychotics. The syndrome is character-
ized by the presence of altered mental status, muscular rigidity,
hyperthermia, and autonomic dysfunction (35). While symp-
toms usually begin within weeks of starting treatment, they do
occur in individuals that are taking the drug on a chronic basis.
Risk factors include young age, male gender, extracellular fluid
volume contraction, use of high-potency antipsychotics, depot
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drug preparations, concomitant lithium use, rapid increase in
dose, or simultaneous use of multiple drugs (34). Diagnosis is
not always clear because there is no reference standard. The
differential diagnosis of hyperthermia and altered mental sta-
tus is very broad. Other diagnoses to consider include infec-
tion, environmental hyperthermia, hyperthyroidism, serotonin
syndrome, ethanol and sedative-hypnotic withdrawal, sympa-
thomimetic intoxication, and anticholinergic intoxication.

Management of NMS begins with immediate treatment of
life-threatening hyperthermia. Ice-water immersion and paral-
ysis by neuromuscular blockade should not be delayed if tem-
perature is > 106◦F (41.1◦C). In instances of environmental
hyperthermia, a delay of cooling longer than 30 minutes has
been associated with significant morbidity and mortality (36).
Benzodiazepines should be titrated to sedation and muscle re-
laxation. When present, rhabdomyolysis, electrolyte disorders,
and hypotension should be aggressively treated.

Bromocriptine, a centrally acting dopamine agonist given at
2.5 to 10 mg three to four times a day, may be of theoretical
benefit even though it is not well studied. NMS may not be con-
trolled for days after the introduction of bromocriptine. After
signs and symptoms begin to improve, bromocriptine should
be decreased by no more than 10% a day since decreasing the
dose too rapidly may precipitate a relapse of NMS.

There is no evidence for the antidotal use of dantrolene in
the management of NMS. Dantrolene is the drug of choice
in malignant hyperthermia, a disorder affecting the sarcoplas-
mic reticulum that occurs in susceptible individuals receiving
inhalational anesthetics or succinylcholine that some confuse
with neuroleptic malignant syndrome because of their similar
names and clinical manifestations.

Be nzod iaze p ine s

In 2005, the AAPCC received reports of 3,018 major effects
and 243 fatalities from benzodiazepines (6). Benzodiazepines
are widely used for their sedative, anxiolytic, and anticonvul-
sant properties. All these effects result from increasing the fre-
quency of opening of γ -aminobutyric acid (GABA)-mediated
chloride channels in the central nervous system (CNS) (37). In
overdose, these drugs produce somnolence, coma, and minimal
decreases in blood pressure, heart rate, and respiratory rate.

Management of benzodiazepine overdose is supportive.
Care of the comatose patient should focus on supporting the
airway and blood pressure while waiting for the drug to be
eliminated. There is a limited role for flumazenil, a competitive
benzodiazepine antagonist; flumazenil can precipitate with-
drawal in individuals who are tolerant to benzodiazepines
and induce seizures in those with seizure disorders (38,39).
Flumazenil may be indicated in patients without tolerance to
benzodiazepines who suffer from a pure benzodiazepine over-
dose. Benzodiazepine overdoses in children may meet these
criteria. When indicated, flumazenil should be given intra-
venously, 0.1 mg/minute, up to 1 mg. The dose can be repeated
if the clinical response is inadequate. Because the duration of
the effect of flumazenil is shorter than the effect of the ben-
zodiazepine, recurrence of symptoms should be expected. Al-
ternatively, redosing or a continuous IV infusion at 0.1 to 1.0
mg/hour may be administered. The clinician should determine
that the risk–benefit analysis of flumazenil favors administra-
tion of the drug.

If there is any doubt as to whether the patient has toler-
ance to benzodiazepines, flumazenil should not be adminis-
tered. Benzodiazepine poisoning can be managed effectively
and safely with supportive care only, but benzodiazepine with-
drawal precipitated by flumazenil can be life threatening.

Cyclic Ant id e p re ssant s

Until the introduction of the selective serotonin reuptake in-
hibitors (SSRIs), the cyclic antidepressants were the principal
pharmacologic treatment available for depression. Roughly,
12% of the 11,198 cyclic antidepressant exposures reported
to the AAPCC in 2005 had either a major outcome or fatal-
ity. While the cyclic antidepressants (CAs) differ slightly from
each other in their receptor affinities, they can be treated as a
group.

The CAs are usually absorbed within hours of ingestion,
although the antimuscarinic effects may delay absorption in
overdose. The drugs also exhibit α-adrenergic antagonism, in-
hibition of reuptake of norepinephrine, and anticholinergic
properties. Acting as type IA antidysrhythmics, CAs block
sodium entry into myocytes during phase 0 of depolarization.

Clinical Manife st at ions
Important CNS effects include lethargy, delirium, coma, and
seizures. Tachycardia and hypotension develop early in toxicity.
The IA antidysrhythmic properties cause prolongation of the
QRS interval. CAs also produce a characteristic rightward shift
of the axis in the terminal portion of the QRS, best seen as an
R wave in the terminal 40 msec of lead aVR (40) (Fig. 66.2).

Manag e me nt
Gastrointestinal decontamination should be considered in ev-
ery patient. If the history suggests a recent large ingestion,
gastric lavage may be attempted. Acute ingestions of 10 to
20 mg/kg of most CAs can cause significant poisoning (41).
Activated charcoal should be administered. Serum drug con-
centrations may be obtained but do not correlate well with
toxicity (42).

The ECG is the most important diagnostic test when man-
aging CA overdose. A terminal 40-msec QRS axis of 130 to

aVR

aVL

I

II

FIGURE 66.2. Terminal elevation of aVR and QRS prolongation.
(Adapted with permission from Clancy C. Electrocardiographic prin-
ciples. In: Flomenbaum NE, Goldfrank LR, Hoffman RS, et al., eds.
Goldfrank’s Tox icologic Emergencies. 8th ed. New York: McGraw-
Hill; 2006:51–62.)
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270 degrees discriminated patients with CA toxicity from those
without toxicity in one study (43). While the terminal 40-msec
QRS toxicity is a good indicator of exposure, QRS duration is
a better indicator of severity of poisoning. In another series, no
patients with QRS < 160 msec had ventricular dysrhythmias
and no patients with a QRS duration < 100 msec had seizures
(42).

The decision to administer sodium bicarbonate should be
based on the ECG. Sodium bicarbonate should be adminis-
tered if the QRS duration is ≥ 100 msec. Both the high sodium
concentration and alkaline pH of sodium bicarbonate solu-
tion are responsible for its salutary effects. The sodium load
increases the sodium gradient across the poisoned myocardial
sodium channel, resulting in a narrowing of the QRS complex.
The bicarbonate raises the pH, reducing CA binding to the
sodium channel. Sodium bicarbonate should be administered
as a 1 to 2 mEq/kg bolus during continuous ECG monitor-
ing. If the complex narrows, sodium bicarbonate can be ad-
ministered as an infusion. If the complex remains unchanged,
the diagnosis of CA poisoning should be reconsidered. The
sodium bicarbonate infusion may be performed by adding 150
mEq of bicarbonate to 1 L of D5W and infusing at twice
the maintenance rate. The arterial pH should be targeted to
7.50 to 7.55. Occasional repeat boluses of 1 to 2 mEq/kg
may be necessary. Hypertonic sodium chloride (3% NaCl) may
be indicated when the QRS complex widens and the serum
pH precludes further alkalinization. Hyperventilation may be
used to induce alkalemia in intubated CA-poisoned patients.
Hyperventilation may be utilized in those patients who can-
not tolerate the fluid or sodium load from sodium bicarbon-
ate. Although hyperventilation did not have an effect in one
experimental model, it has been used clinically with success
(44,45).

If hypotension persists despite fluid resuscitation and va-
sopressors become necessary, the direct-acting drug, nore-
pinephrine, may be superior to the indirect-acting dopamine,
because intracellular catecholamines may be depleted.

Seizures should be rapidly controlled. Convulsions will re-
sult in a metabolic acidosis, causing even more avid binding
of the CA to the cardiac sodium channels, potentially result-
ing in more cardiotoxicity. Benzodiazepines can be safely ad-
ministered, and propofol or barbiturates are also appropriate.
Phenytoin, a type IA antidysrhythmic, may worsen cardiac tox-
icity and is therefore not indicated (46).

Therapy should continue until vital signs and ECG improve.
In most instances, CA poisoning results in a rapid deteriora-
tion within hours of overdose—most severe within hours of
presentation. Unless there has been a significant secondary in-
jury (such as from shock), those who survive to 24 hours are
expected to make a complete recovery. Because of their pro-
tein binding, hemodialysis is ineffective at removing significant
quantities of CAs.

Lit hium

Lithium is used in the treatment of bipolar affective disorders.
Patients will require ICU admission when they have signs of
CNS toxicity, do not tolerate fluid therapy, or have serum con-
centrations > 2 mmol/L, which may result in rapid deteriora-
tion. Of 5,559 exposures reported to the AAPCC, 5.7% were
classified as major or fatal.

Pharmacolog y
Lithium is thought to increase serotonin release and increase
receptor sensitivity to serotonin, as well as modulate the ef-
fects of norepinephrine on its second-messenger system (47).
Like sodium, lithium is a monovalent cation. The kidney han-
dles lithium and sodium similarly. Lithium is freely filtered by
the glomerulus, and 80% is reabsorbed, with 60% occurring
in the proximal tubule (48). Immediate-release lithium prepa-
rations produce peak serum concentrations within hours, but
sustained-release lithium may not peak for 6 to 12 hours. The
generally accepted therapeutic range of lithium is 0.6 to 1.2
mmol/L, although in both overdose and therapeutic dosing,
clinical signs and symptoms may serve as a better guide than
the serum concentration.

Clinical Manife st at ions of Ove rd ose
Acute and chronic lithium toxicity have similar neurologic fea-
tures, although acute toxicity is usually associated with sig-
nificant gastrointestinal manifestations. Acute toxicity occurs
when an individual without a body burden of lithium takes a
supratherapeutic dose of the drug. Chronic toxicity is usually
the result of decreased elimination of the drug in a patient who
is receiving a fixed dose (e.g., after developing renal insuffi-
ciency). Acute-on-chronic toxicity occurs when a patient with
a pre-existent total body drug takes a supratherapeutic dose. In
acute toxicity, a large ingestion of lithium—a gastrointestinal
irritant—will initially cause gastrointestinal symptoms, such
as vomiting and diarrhea. Neurotoxicity (which is clinically
more significant) will be delayed until the drug has been ab-
sorbed and is redistributed into the CNS. In chronic lithium
toxicity, gastrointestinal symptoms may be completely absent.
Neurotoxicity manifests itself as disorders of movement and
alterations in mental status. In very mild toxicity, only a fine
tremor will be present, but in more advanced poisoning, fas-
ciculations, hyperreflexia, dysarthria, and nystagmus may be
seen as well (48). Mental status changes range from confusion
to coma and seizures (49).

Nephrogenic diabetes insipidus and hypothyroidism occur
following chronic therapeutic lithium use but are not features
of overdose. The syndrome of irreversible lithium-effectuated
neurotoxicity (SILENT) is a chronic neurologic disorder with
many of the same features of lithium neurotoxicity. The dis-
tinction is that SILENT persists even when the body burden
of lithium is eliminated. The mechanism is not completely elu-
cidated but may involve demyelination. SILENT has been re-
ported both as a result of chronic therapeutic use and as a
sequela of lithium intoxication (50).

Manag e me nt
Gastrointestinal decontamination should be considered after
acute lithium toxicity. Since lithium does not bind to activated
charcoal, activated charcoal should only be considered when
a mixed overdose is suspected (51). When sustained-release
preparations are ingested, whole bowel irrigation has been
shown to decrease serum lithium concentration (52). Whole
bowel irrigation can be performed by administering 2 liters of
polyethylene glycol orally every hour (25 mL/kg/hour in chil-
dren) until the rectal effluent is clear. After both acute and
chronic toxicity, intravenous fluids should be given to optimize
intravascular volume. The volume-depleted patient will have a
decreased glomerular filtration rate and increased reabsorption



Chap t e r 66: Toxicology 995

of lithium. When fluid deficits are restored, 0.9% saline can be
administered at twice the maintenance rate or approximately
200 mL/hour in adults to aid in elimination of lithium.

Extracorporeal elimination may be necessary to treat
lithium toxicity. Lithium can be removed by hemodialysis due
to its low volume of distribution and limited protein binding.
Although hemodialysis can only remove the lithium residing
in the vascular compartment, the elimination of serum lithium
will allow the remaining intracellular lithium to redistribute
into the plasma. Thus, although lithium concentrations may
rebound following dialysis, the tissue burden has actually de-
creased. The indications for dialysis are not universally agreed
upon. Hemodialysis should be performed when there are signs
of significant end-organ damage, when lithium cannot be elim-
inated without dialysis, or when the serum concentration is
elevated such that severe toxicity is highly likely. We recom-
mend dialysis when there is significant CNS toxicity such as
clonus, obtundation, coma, or seizures; when a patient with
milder toxicity cannot eliminate lithium efficiently (renal insuf-
ficiency) or tolerate saline resuscitation (congestive heart fail-
ure); or in the presence of a serum lithium concentration > 4.0
mmol/L following acute poisoning or > 2.5 mmol/L following
chronic poisoning. Since repeat dialysis may be necessary, the
clinician should reapply the above criteria 4 hours after dialysis
is completed to determine if dialysis should be repeated.

A common clinical pitfall is to deny dialysis to patients with
an elevated lithium concentration and signs of toxicity because
consecutive lithium concentrations have shown a small de-
crease. The clinician concludes that the lithium will eventually
be eliminated without dialysis, so dialysis should not be help-
ful. Unfortunately, duration of exposure to the toxic lithium
levels may predispose the patient to SILENT. In other words,
it is better to be exposed to a neurotoxin for a few hours than
a few days. While this area is not adequately studied, it seems
prudent to hemodialyze these patients.

TOXICOLOGIC BRADYCARDIA:
DIGOXIN, β -ADRENERGIC

ANTAGONISTS, AND CALCIUM
CHANNEL BLOCKERS

In 2005, the AAPCC NPED reported more than 30,000 expo-
sures to cardioactive steroids (including digoxin), β -adrenergic
antagonists, and calcium channel blockers. This figure includes
1,085 major outcomes and 167 fatalities (6). These xenobiotics
have a narrow therapeutic index, drawing a fine line between
therapeutic dosing and poisoning. The individuals who take
these medications usually have underlying cardiovascular dis-
ease, making management of overdose even more challenging.

Dig oxin

Digoxin is a cardioactive steroid derived from the foxglove
plant. Though digoxin and digitoxin are the only pharma-
ceuticals in the class, plants such as oleander, yellow olean-
der, dogbane, and red squill contain cardioactive steroids with
similar toxicity. While some of these plants cause a great deal
of morbidity worldwide, this chapter will deal primarily with
digoxin, which causes more morbidity than any other cardioac-

tive steroid in North America. Of 2,828 reported exposures to
cardiac steroid medications in 2005, 7.4% were classified as
major or fatal (6).

Digoxin has multiple therapeutic and toxic cardiovascu-
lar effects, all of which result from inhibition of the Na+ -
K+ -ATPase. The Na+ -K+ -ATPase extrudes sodium from the
myocardial cell, creating a sodium gradient that drives an Na+ -
Ca2+ -antiporter that moves calcium extracellularly. The inhibi-
tion of the Na+ -K+ -ATPase by digoxin increases intracellular
Ca2+ , which therapeutically triggers Ca2+ -mediated Ca2+ re-
lease from the sarcoplasmic reticulum (Fig. 66.3). Ca influx
through the cell membrane triggers Ca release through sar-
coplasmic reticulum (SR); this is commonly called Ca-mediated
Ca release.

Digoxin also slows conduction through the sinoatrial (SA)
and atrioventricular (AV) nodes, probably through direct and
vagally mediated mechanisms (53). In therapeutic use, digoxin
decreases heart rate and increases inotropy. In overdose, the
increased intracellular Ca2+ brings the cell closer to threshold,
resulting in increased automaticity.

Digoxin does not exert its therapeutic and toxic effects until
it redistributes from the serum into the myocardium. Digoxin
has a large volume of distribution, precluding elimination by
hemodialysis. Digoxin is mostly eliminated renally, although
there is some hepatic metabolism. The maximal effect from a
therapeutic dose of digoxin is seen at 4 to 6 hours when admin-
istered orally and 1.5 to 3 hours when given intravenously.

Clinical Manife st at ions
Digoxin poisoning can be either acute or chronic. Acute tox-
icity occurs when an individual without a tissue burden of
digoxin ingests a supratherapeutic dosage of the drug. Chronic
toxicity usually occurs when an individual on a fixed dose of the
drug loses the ability to excrete it effectively. Both syndromes
have similar cardiovascular manifestations, but acute toxicity
may feature more prominent gastrointestinal symptoms. Acute
poisoning may result in nausea, vomiting, and abdominal pain,
whereas chronic poisoning develops more insidiously. In ad-
dition to gastrointestinal symptoms, chronic poisoning may
present with weakness, confusion, or delirium (54,55).

Bradycardia with a preserved blood pressure typically oc-
curs in digoxin toxicity. The ECG is the most important test in
establishing the diagnosis. Because digoxin has multiple cardiac
effects, there is no single ECG manifestation that is consistently
seen in patients with digoxin toxicity. Almost any rhythm is
possible, with the exception of a rapidly conducted supraven-
tricular rhythm. The most common rhythm disturbance on
initial ECG is the presence of ventricular ectopy (56). The
ECG could potentially exhibit increased automaticity from el-
evated resting potential, conduction disturbance from AV and
SA nodal block, both, or neither. The ectopy may degrade into
ventricular tachycardia or ventricular fibrillation. If conduc-
tion disturbance predominates, the ECG may demonstrate si-
nus bradycardia or varying degrees of AV block.

The laboratory provides clues to toxicity. The therapeutic
range for digoxin is usually reported as 0.5 to 2.0 ng/mL. Serum
digoxin concentration should be interpreted in the context of
the history and ECG. Digoxin is a cardiotoxin, and serum con-
centrations do not necessarily reflect the degree of poisoning.
Digoxin requires several hours to redistribute from the serum
to the tissues. Shortly after an acute ingestion, the serum con-
centration may overestimate toxicity, while a mild increase in
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serum concentration of a patient chronically on digoxin may
underestimate the high extent of the increased tissue burden.

Serum potassium concentration is a better predictor of
illness following acute ingestions. A study of 91 digitoxin-
poisoned patients performed in the pre–digoxin-specific anti-
body fragment era found no mortality when the potassium con-
centration was less than 5.0 mEq/L and 50% mortality when
the potassium concentration was 5.0 to 5.5 mEq/L (57).

Manag e me nt of Toxicit y
Because acute toxicity can cause vomiting, activated charcoal
and gastric lavage may be of limited value.

Atropine can be given intravenously in 0.5-mg doses for
bradycardia, although it is probably not important to “cor-
rect” the heart rate if the blood pressure is preserved. If neces-
sary, potassium should be supplemented. Hypokalemia inhibits
the function of the Na+ -K+ -ATPase, and thereby exacerbates

digoxin poisoning. A pitfall in managing digoxin-poisoned pa-
tients is the administration of calcium in response to the recog-
nition of hyperkalemia. When hyperkalemia is the result of an
increase in total body burden of potassium, such as in renal
failure, calcium is the treatment of choice. However, calcium
administration is not recommended in the setting of digoxin
poisoning where extracellular distribution of potassium is the
result of a poisoned Na+ -K+ -ATPase, not an increase in total
body potassium. Under these circumstances, increasing extra-
cellular calcium may accentuate toxicity.

Dig oxin-sp e cific Immune Frag me nt s
Administration of digoxin-specific antibody fragments (Fab) is
the most important intervention in digoxin-poisoned patients.
Fab are prepared by cleaving the Fc fragment from IgG. The
resulting Fab fragments are much less immunoreactive than
the whole IgG antibodies. In a large series, digoxin-specific
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TA BLE 6 6 . 3

DIGOXIN-SPECIFIC FAB DOSE CALCULATION

When serum digoxin concentration (SDC) known:
No. of vials = [SDC (ng/mL) × patient weight (kg)]/100

When SDC unknown, dose known:
No. of vials = Amount ingested (mg)/0.5 mg/vial

When both SDC and dose unknown (acute poisoning)
Empiric therapy
10–20 vials (adult or pediatric)

When both SDC and dose unknown (chronic poisoning)
Empiric therapy
Adult: 3–6 vials
Pediatric: 1–2 vials

antibody fragments caused allergic reaction in 0.8% of patients
(58).

Digoxin-specific Fab should be administered to anyone with
digoxin-induced cardiotoxicity, a serum potassium concentra-
tion ≥ 5.0 mEq/L after an acute overdose, or a serum digoxin
concentration ≥ 15 ng/mL at any time or ≥ 10 ng/mL at 6 hours
postingestion (59).

Digoxin-specific Fab are given by intravenous infusion and
dosed according to serum concentration (Table 66.3). In the
presence of suspected severe toxicity, treatment should not be
dependent on nor await serum digoxin concentration results.
The first clinical effect of Fab should be seen within 20 minutes
and a maximal response within several hours (60). Following
immune-specific antibody fragment administration, the serum
digoxin concentration determined by most laboratories will be
a total digoxin concentration, which will include the antibody-
bound digoxin. The result will be a very elevated value with-
out clinical utility. The determination of free digoxin concen-
tration, which is available at some institutions, would not be
affected.

β -Ad re ne rg ic Ant ag onist s and
Calcium Channe l Blocke rs

In 2005, the National Poisoning and Exposure Database re-
ceived 18,207 reports of exposures to β -adrenergic antagonists
(including 60 fatalities and 525 major outcomes) and 10,500
reports of exposures to calcium channel blockers (75 fatalities
and 384 major outcomes) (6).

The β -adrenergic antagonists and calcium channel blockers
represent a diverse group of medications with a wide range of
clinical indications. There is, however, an overlap in the clinical
effects and the management of overdose of these medications.
The description of each class is described individually, whereas
the discussion of appropriate management is integrated.

β -Ad re ne rg ic Ant ag onist s

β -Adrenergic receptors are coupled to G proteins, which acti-
vate adenyl cyclase, resulting in increased production of ATP
from cyclic adenosine monophosphate (cAMP). The cAMP ac-
tivates protein kinase A (PKA), which initiates a series of phos-

phorylations. Phosphorylation of L-type calcium channels on
cell membranes increases intracellular calcium, which allows
more activation of the SR and further calcium release from the
SR, causing muscle contraction. The calcium influx also brings
pacemaker cells closer to threshold. The net result is increased
inotropy and chronotropy (61).

Most of the β -adrenergic antagonists are exclusively me-
tabolized or biotransformed in the liver and then renally elimi-
nated. The exception to the rule is atenolol, which is exclusively
renally eliminated.

Clinical Manife st at ions of Ove rd ose
All β -adrenergic antagonists have the potential to produce
bradycardia and hypotension in a dose-dependent fashion.
However, there are subtle differences among the agents in terms
of receptor selectivity, lipid solubility, membrane-stabilizing ac-
tivity, and potassium channel blockade that result in varied
clinical manifestations.
β -Adrenergic antagonists differ from each other in their se-

lectivity for α-, β 1-, and β 2-adrenergic receptors. Drugs with
α- and β -adrenergic antagonist effects, such as labetalol and
carvedilol, produce more hypotension and afterload reduc-
tion. The more β 1-selective drugs, including metoprolol and
atenolol, have less potential for β 2-related adverse effects such
as bronchospasm. The more lipid-soluble β -adrenergic antag-
onists, such as propranolol, penetrate the CNS more read-
ily, causing obtundation or seizures prior to hemodynamic
collapse (62). Membrane-stabilizing activity, similar to type I
antidysrhythmic activity, produces lengthening of the QRS in-
terval, tachydysrhythmias, and hypotension. The membrane-
stabilizing effect is usually associated with propranolol and
other lipid-soluble drugs, although it has been observed after
overdose with others (63,64). Sotalol and acebutolol can pro-
duce QT c prolongation due to potassium channel blockade,
which may result in torsades de pointes (65).

Calcium Channe l Blocke rs

The calcium channel blockers (CCBs) are formulated as both
immediate and sustained release, but in overdose, the effects
of either type may be prolonged. The CCBs undergo hepatic
metabolism.

There are three major classes of CCBs: Dihydropyridines
(including amlodipine, nifedipine, and others ending with the
suffix “-pine”), phenylalkylamines (verapamil), and benzo-
thiazepine (diltiazem). In practice, it is more clinically useful
to divide them into two classes: the dihydropyridines and the
nondihydropyridines. All of the drugs inhibit the function of
L-type calcium channels. The dihydropyridines have greater
affinity for calcium channels in vascular smooth muscle than
the myocardium (66).

Clinical Manife st at ions of Ove rd ose
The most consequential clinical features of CCB overdose are
cardiovascular. All of the CCBs produce hypotension, but ef-
fects on heart rate and contractility vary based on the class of
the particular drug. As a result, they cause hypotension with
a reflex tachycardia. Diltiazem, in contrast, produces little pe-
ripheral blockade, but does suppress contractility and conduc-
tion through the SA and AV nodes, resulting in bradycardia
and decreased inotropy. These cardiac effects can be much
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more difficult to treat than the peripheral vasodilation of the
dihydropyridines. In severe poisoning, heart block or complete
cardiovascular collapse results. Verapamil, which is active in
the peripheral vasculature and in the myocardium, produces
a combination of the effects of the dihydropyridines and dilti-
azem. For this reason, verapamil is considered to be the most
dangerous of the CCBs, although any of them can cause death
in overdose.

CCBs have effects outside the cardiovascular system. The
blockade of L-type calcium channels in pancreatic β -islet cells,
where they trigger the blockade of insulin release, may result
in hyperglycemia (67).

Manag e me nt of Ove rd ose of β -ad re ne rg ic
Ant ag onist s and Calcium Channe l Blocke rs

Patients who initially present without symptoms may rapidly
become very ill. Patients with these overdoses should be taken
very seriously and treated aggressively. Many antidotes have
been investigated, with varying degrees of clinical success. Pa-
tients with β -adrenergic antagonist and CCB overdose do not
benefit from removal with hemodialysis. There is no single anti-
dote for either β -adrenergic antagonists or CCBs. The optimal
treatment consists of a combination of the treatments described
below.

Gastrointestinal decontamination should be considered in
all patients. Gastric lavage may be indicated if there are pills still
expected to be in the stomach (usually in the first hour or two
after ingestion). Activated charcoal should be administered.
Whole bowel irrigation with polyethylene glycol is indicated
for patients with a history of ingesting sustained-release drugs.

The initial management for hypotension will be intravenous
crystalloid fluid. Although intravenous atropine, 0.5 mg to
1 mg, may be given for bradycardia, studies of atropine ef-
ficacy in CCB toxicity are not definitive (68).

Calcium has a role not only in calcium channel blocker toxi-
city, but also for β -adrenergic antagonist poisoning (69,70). In-
creasing extracellular calcium helps to overcome calcium chan-
nel blockade and increase intracellular calcium, typically with
greater improvement in blood pressure than heart rate. The
ideal dosing of calcium is not yet established. An intravenous
bolus of 13 to 25 mEq of Ca2+ (10–20 mL of 10% calcium
chloride or 30–60 mL of 10% calcium gluconate) can be fol-
lowed by repeat boluses or an infusion of 0.5 mEq/kg/hour
of Ca2+ (71). Calcium concentration should be closely
monitored.

Glucagon, an endogenous polypeptide hormone released by
pancreatic α cells, has significant inotropic effects mediated
by its ability to activate myocyte adenylate cyclase by itself,
effectively bypassing the β -adrenergic receptor (72). Because
calcium channel opening occurs “downstream” from adeny-
late cyclase, glucagon may not be as effective for overcoming
calcium channel blockade. Glucagon should be given intra-
venously, at an initial dose of 3 to 5 mg (50 µ g/kg in children),
up to 10 mg. The total initial dose that produces a response
should be given hourly as an infusion (73). Glucagon may cause
hyperglycemia or vomiting, but neither complication should
limit the therapy if it is effective.

Hyperinsulemia/euglycemia therapy should be instituted
early in patients with moderate to severe poisoning. Insulin
is a positive inotrope and may independently increase Ca2+ en-
try into cells (74). Insulin may allow the myocardium, which
usually relies on fatty acids, to use more carbohydrate for

metabolism (75). As with other therapies for poisoning with
these agents, the ideal dose is not known. We recommend an
intravenous bolus of 1 unit/kg, followed by an infusion of 0.5
to 1 unit/kg/hour. The initial bolus should be preceded by a
1 g/kg bolus of dextrose, followed by an infusion to maintain
euglycemia. An initial infusion of 0.5 g/kg/hour of dextrose can
be instituted and then adjusted based on the subsequent glu-
cose concentration. Although some clinicians are understand-
ably apprehensive about using a dose of insulin that is 10-fold
greater than the typical diabetic ketoacidosis regimen, the regi-
men has been successfully used clinically and in animal models
of both β -adrenergic antagonists and calcium channel blocker
poisoning (76,77).

In severe poisoning, all of the above measures should be per-
formed, as well as institution of inotropes and vasoactive drugs.
Intra-aortic balloon counterpulsation should also be consid-
ered if cardiac output is severely compromised. These patients
may be ideal for this procedure because, unlike with most other
causes of cardiogenic shock, their cardiac output can recover
in a relatively short period of time.

TOXIC ALCOHOLS
The term tox ic alcohols refers in particular to methanol and
ethylene glycol, which are the most important chemicals in
the class because they are both of high potential toxicity and
wide availability. In 2005, the NPED received 6,220 reports of
exposure to ethylene glycol, including 5.4% classified as major
or fatal, and 2,276 exposures to methanol, with 3.2% major
or fatal (6).

The toxic alcohols have numerous industrial and consumer
uses. Methanol is commonly found in windshield wiper fluid
and ethylene glycol in automobile antifreeze, and isopropanol
is a ubiquitous topical disinfectant. Since specific laboratory
testing is usually not available for these chemicals, establish-
ment of the diagnosis of toxic alcohol poisoning will necessitate
skilled use of the serum osmolarity and anion gap.

The toxic alcohols are readily absorbed and have a volume
of distribution similar to total body water. Both the parent
compounds and the toxic metabolites are dialyzable. It is not
the toxic alcohols themselves that produce significant toxic-
ity, but their metabolites. Methanol and ethylene glycol are
metabolized in a stepwise fashion by alcohol dehydrogenase
(ADH) and aldehyde dehydrogenase (ALDH) to the clinically
important metabolites formic acid (methanol) and glycolic, gly-
coxylic, and oxalic acid (ethylene glycol) (Figs. 66.4 and 66.5).
Isopropanol is less clinically consequential, as it is converted
by ADH to acetone, which is an end product rather than a
substrate of ALDH.

Because ADH preferentially metabolizes ethanol over all
other alcohols, no significant metabolism of toxic alcohols will
occur while high concentrations of ethanol are present. When
ADH is inhibited, the parent compounds are eliminated very
slowly without metabolism. In the absence of ADH, ethylene
glycol is renally eliminated with a half-life of 8.5 hours while
methanol, which is eliminated as a vapor, has a half-life of 30
to 54 hours (78–80).

When suspected, toxic alcohol poisoning requires ICU ad-
mission. Patients may be obtunded and require therapeutic
medication infusions and hemodialysis that cannot be accom-
plished in general inpatient units.
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Clinical Manife st at ions

The physical examination may be unremarkable. All of the
toxic alcohols can produce significant CNS depression, and a
compensatory tachypnea may be present if there is a metabolic
acidosis. Acetone, generated from ADH metabolism of iso-
propanol, produces nausea, hypotension, hemorrhagic gastri-
tis, and tachycardia, but these are not usually life threatening
(81). Formate, a methanol metabolite, can produce blindness
from toxicity to the retina and optic nerve (82).

Laboratory studies can suggest—but not establish or
exclude—the diagnosis of toxic alcohol poisoning. Metabo-
lites of methanol or ethylene glycol may cause an elevated an-
ion gap metabolic acidosis. The hallmark laboratory finding of
isopropanol poisoning is ketonemia without acidosis. Ethylene
glycol may cause nephrotoxicity when the primary metabolite
oxalic acid precipitates as calcium oxalate crystals in the renal
tubules (83).

The osmolar gap, the difference between the measured and
unmeasured osmoles, may be increased when the serum con-
tains toxic alcohol osmoles. A very high osmolar gap does sug-
gest the presence of toxic alcohol, whereas a low or normal gap
does not exclude the presence of ethylene glycol or methanol.
There is a great population variation in the “normal” osmolar
gap, from –10 to 10, such that very high concentrations of toxic
alcohols might not be apparent when the gap is calculated (84).

Other tests, such as fluorescence of the urine or presence of
calcium oxalate crystals in the presence of ethylene glycol poi-
soning, are neither sensitive nor specific (85). Since fluorescein
is added to some brands of ethylene glycol–based antifreeze
in order to facilitate detection of radiator leaks, some authors
suggest the use of a Woods lamp to detect urine for fluores-
cence as a screen for ethylene glycol. However, in one study
of a large group of children not exposed to ethylene glycol,
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almost all of them had urinary fluorescence (86). Because of
the limitations in these laboratory studies, treatment should be
started empirically as soon as the diagnosis is considered.

Manag e me nt

There are several clinical presentations that suggest poisoning
with a toxic alcohol, and each requires different management
considerations. The first type of patient presents without acido-
sis and either a history of ingesting ethylene glycol or methanol
or a very elevated osmolar gap. The physician should immedi-
ately begin an ADH inhibitor and obtain toxic alcohol concen-
trations (when available). Later, the decision to continue treat-
ment or begin hemodialysis can be made based on the presence
of a toxic alcohol in a high concentration. If the result is not
expected in a timely manner, dialysis should be presumptively
performed.

The second scenario is the patient who presents with an
unexplained elevated anion gap metabolic acidosis that is not
explained by the presence of lactate, ketoacids, or uremia. In
such cases, the diagnosis should be considered, and ADH in-
hibition and hemodialysis should be instituted. One test that
is very helpful in this scenario is a serum ethanol concentra-
tion. As long as there is elevated ethanol concentration present
in the serum, toxic alcohols cannot be converted into their
metabolites. Therefore, if a patient has a very elevated ethanol
concentration, his or her elevated anion gap metabolic acido-
sis cannot be explained by toxic alcohol poisoning, unless the
ethanol was consumed only hours after the ingestion of the
toxic alcohol.

If a serum toxic alcohol concentration is available, the
diagnosis can be established rapidly, and management is
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straightforward. From clinical experience, if the serum con-
centration of methanol is < 25 mg/dL (or ethylene glycol < 50
mg/dL) and there is no metabolic acidosis, treatment is not
necessary.

If treatment is required, the clinician must determine
whether to use an ADH inhibitor alone or in conjunction with
hemodialysis. There are two important considerations when
determining whether hemodialysis is necessary. The first con-
cern is the presence of toxic metabolites such as formate. Al-
though these metabolites cannot easily be measured directly,
the presence of a metabolic acidosis suggests that some of
the parent compound has already been metabolized to a toxic
metabolite, and dialysis should be employed. The second con-
sideration is the duration of time needed to eliminate the toxic
alcohol without dialysis. The half-life of methanol is approx-
imately 2 days when ADH is inhibited. If the initial serum
concentration is 200 mg/dL, about 6 days in an ICU may be
necessary to reach a concentration of 25 mg/dL. In contrast, if
dialysis were performed, the patient may only require a day of
hospitalization, depending on the reason for ingestion of the
alcohol.

The two ADH inhibitors available are fomepizole and
ethanol. While considerably more expensive than ethanol,
fomepizole is the treatment of choice. Fomepizole is admin-
istered by empiric weight-based dosing, while ethanol infusion
requires serum concentrations to be obtained frequently. Un-
like ethanol, fomepizole does not cause CNS or respiratory
depression. Fomepizole should be given as a 15 mg/kg intra-
venous loading dose, followed in 12 hours by 10 mg/kg every
12 hours for 48 hours. If continued dosing is required, the infu-
sion rate should be increased to 15 mg/kg. When fomepizole is
unavailable, ethanol should be given intravenously, or orally if
necessary. We recommend a loading dose of ethanol at 0.8 g/kg
over 20 to 60 minutes, followed by an initial infusion of 100
mg/kg/hour (87). The goal of ethanol therapy is to maintain
an ADH inhibitory concentration of 100 mg/dL. The serum
ethanol concentration should be obtained frequently and the
rate adjusted accordingly.

As stated above, hemodialysis should be performed for pa-
tients with concentrations of methanol > 25 mg/dL or ethy-
lene glycol > 50 mg/dL when toxic metabolites are shown
to be present (indicated by metabolic acidosis), or when
ADH inhibition alone would require an unreasonable amount
of time. ADH blockade should continue during hemodialy-
sis; fomepizole should be dosed every 4 hours and ethanol
should be administered at a rate of 250 to 350 mg/kg/hour
(87).

Several hemodialysis sessions may be needed to remove the
toxic alcohol, depending on the initial concentration. Symp-
toms of isopropanol can usually be managed with fluids and
supportive care alone, although rarely, hemodialysis may be
indicated.

Folate is a cofactor in the conversion of formic acid to a
nontoxic metabolite, and thiamine and pyridoxine assist in
transforming toxic metabolites following ethylene glycol poi-
soning. Therefore, 1 to 2 mg/kg of folic acid should be given
every 4 to 6 hours in the first 24 hours of methanol poisoning,
and thiamine hydrochloride (100 mg IM or IV) and pyridox-
ine (100 mg/day IV) should be administered for ethylene glycol
poisoning.

It is reasonable to administer sodium bicarbonate to a target
pH of 7.2 to shift the equilibrium from formic acid to the less
toxic formate.

CHOLINERGIC COMPOUNDS
Acetylcholine is the neurotransmitter found throughout the
parasympathetic nervous system, in the sympathetic nervous
system at the level of the ganglia and sweat glands, and at the
neuromuscular junction (Fig. 66.6). The cholinergic syndrome
describes the condition of excess acetylcholine characterized
by the sum of the parasympathetic, somatic, and sympathetic
effects. Cholinergic compounds are used as medications, pes-
ticides, and weapons. In 2005, the AAPCC received reports of
ten fatalities and 62 major effects related to organophosphate
and carbamate insecticides. The World Health Organization
estimates that at least 1 million unintentional poisonings and 2
million suicide attempts occur annually worldwide from these
insecticides (88).

Acetylcholine is inactivated in the synapse by acetyl-
cholinesterase (AChE). Inhibition of AChE causes an excess of
the neurotransmitter in the synapse. The two most important
classes of AChE inhibitors are the carbamates and the organic
phosphorous compounds. The carbamates inactivate AChE by
carbamylation, while the organic phosphorous compounds do
so by phosphorylation. The carbamates and organic phospho-
rous compounds are both absorbed by ingestion, by inhalation,
and through skin.

There are some generalizations that can be made about the
two classes. Organic phosphorous compounds have a greater
delay to onset of action. After ingestion, peak concentrations
have been reported at 6 hours (89). Many of the organic phos-
phorous agents are activated in the liver, resulting in a fur-
ther delay to peak action. In contrast, many of the carba-
mates have peak concentrations within 40 minutes following
ingestion (90). The organic phosphorous compounds are gener-
ally very lipophilic. Redistribution from fat allows measurable
serum concentrations for up to 48 days, while carbamates may
be almost completely eliminated within days (91,92). Organic
phosphorous compounds exhibit peripheral and CNS effects,
while the carbamates do not readily cross into the CNS, result-
ing in a predominance of peripheral symptoms (93). Most im-
portantly, organic phosphorous compounds exhibit “aging,”
whereby the reversible inhibition of AChE becomes permanent.
Aging can take minutes to days, depending on the particular
compound. Carbamates, in contrast, spontaneously hydrolyze
from the active site of AChE and do not age.

ICU admission is required for those with respiratory com-
promise, hemodynamic instability, or the need for administra-
tion of large amounts of atropine.

Clinical Manife st at ions

Diagnosis is often established by recognition of the muscarinic
signs: salivation, lacrimation, urination, defecation, bradycar-
dia, bronchorrhea, and bronchospasm. Acetylcholine initially
acts as an agonist, but in excess becomes an antagonist at the
neuromuscular junction, producing weakness, fasciculations,
and paralysis. Simulation of nicotinic receptors at the sympa-
thetic ganglia produces tachycardia and mydriasis.

Manag e me nt

The first management priorities involve securing the airway
when necessary and decontaminating the patient’s skin to
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protect caregivers and prevent further absorption. After initial
stabilization, atropine should be administered. The presence of
tachycardia is not a contraindication to atropine. The goal of
“atropinization” is reversal of the muscarinic symptoms. At-
ropine is titrated to effect the resolution of bronchospasm and
bronchorrhea. The initial dose of 1 mg IV atropine (0.05 mg/kg
in children) can be doubled every 2 minutes until muscarinic
signs are controlled. There is variation in the amount of at-
ropine required, ranging from one to hundreds of milligrams
(92).

If CNS anticholinergic toxicity develops prior to resolution
of peripheral muscarinic signs, the peripherally acting antimus-
carinic agent, glycopyrrolate, may be given, initially at 1 mg IV
and then titrated to symptomatic relief. A common clinical pit-
fall is to interpret froth from the patient’s mouth as a sign of
cardiogenic pulmonary edema and respond with fluid restric-
tion. On the contrary, cholinergic-poisoned patients have large
volume losses from diaphoresis and bronchorrhea.

Oximes are used to supplement antimuscarinic therapy. The
oximes improve both muscarinic and nicotinic signs, primarily
by restoring activity to phosphorylated AChE. Since oximes
will not restore activity once aging has occurred, they must
be administered early in the clinical course of AChE inhibitor
poisoning. Oxime therapy is recommended for both organic
phosphorous compounds and carbamates because oximes may
have salutary effects following carbamate poisoning and be-
cause the toxic agent in question is not always known with
certainty. Even in carbaryl poisoning, adequate atropinization
overcomes any deleterious effect of pralidoxime (94). Prali-
doxime (2-PAM) is the oxime most frequently available in the
United States. Administer 1 to 2 g IV over 30 minutes (20–40
mg/kg in children, to a maximum of 2 g). Significant poison-

ing may require a continuous infusion of 500 mg/hour (10–20
mg/kg/hour in children, up to adult dose) (95).

Diazepam should be administered to patients severely poi-
soned by organic phosphorous compounds. Although human
data are not available, animal studies show a survival benefit
possibly unrelated to the GABAergic effects of diazepam (96).
Because severely poisoned patients will require endotracheal
intubation, diazepam can be administered very safely.

Diag nost ic St ud ie s

AChE inhibitor poisoning is a clinical diagnosis. Although red
blood cell cholinesterase and butyrylcholinesterase are inhib-
ited by carbamates and organic phosphorous compounds, their
activity may remain depressed after clinical signs and symp-
toms have resolved. There may be a clinical role for these tests
in mild cases when the diagnosis is unclear. Electromyography
(EMG) may be a sensitive indicator of toxicity before clinically
apparent symptoms have occurred (97).

De laye d Manife st at ions

In the acute setting, the physician should be vigilant for recur-
rence of cholinergic signs after apparent resolution and for a
distinct form of toxicity called the intermediate syndrome.

The intermediate syndrome—so called because it occurs af-
ter acute, but before delayed, toxicity—may occur 24 to 96
hours after organic phosphorous poisoning. The intermedi-
ate syndrome consists of upper body weakness, cranial nerve
palsies, and areflexia. The syndrome appears to be self-limited,
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but can last up to 30 days and be severe enough to require in-
tubation (98,99). We recommend continuing pralidoxime in-
fusion at 500 mg/hour when this diagnosis is considered.

Since organic phosphorous compounds are very lipophilic,
redistribution from fat stores may result, causing delayed tox-
icity days after apparent resolution (100). Discharge can be
considered when the patient has been asymptomatic without
additional treatment for 1 to 2 days.

CYANIDE
Cyanide salts are widely available and may be used in suicidal
or homicidal poisoning. Because jewelers, laboratory workers,
and industrial workers often have ready access to cyanide, a
relationship to these industries may be an important historical
clue. Cyanide poisoning should also be considered in all fire
victims, as it is released when certain synthetic and natural
fibers undergo combustion.

Cyanide poisoning most frequently occurs after the inges-
tion of a cyanide salt or inhalation of the gas hydrogen cyanide.
In both forms, cyanide is rapidly absorbed. The most important
toxic effect of cyanide is inhibition of cytochrome oxidase of
the electron transport chain (101). Despite the presence of oxy-
gen, cells cannot offload electrons from nicotinamide adenine
dinucleotide (NADH) to oxygen, and generate ATP, resulting in
anaerobic metabolism and producing lactic acid. Small quanti-
ties of cyanide are detoxified by the enzyme, rhodanese, which
catalyzes the transfer of sulfur from thiosulfate, yielding thio-
cyanate. Poisoning results when this system is overwhelmed by
large concentrations of cyanide.

Clinical Manife st at ions

The history may be very helpful in establishing the diagno-
sis. Cyanide should be considered in anyone who rapidly loses
consciousness after ingestion or inhalational exposure.

Signs and symptoms resemble those of hypoxia: headache,
lethargy, seizures, and coma in the absence of cyanosis.

Manag e me nt of Cyanid e Poisoning

Cyanide poisoning requires treatment before laboratory con-
firmation is available, so treatment must be instituted based on
clinical suspicion. As soon as cyanide poisoning is considered,
100% oxygen should be administered, intravenous access es-
tablished, and fluids given. The remainder of treatment depends
on the route of exposure.

Because the symptoms of cyanide poisoning are similar to
those associated with hypovolemia or carbon monoxide poi-
soning, the diagnosis is difficult to establish with certainty.
Laboratory studies will show a lactic acidosis. In one series, a
plasma lactate concentration > 8 mmol/L in patients with clini-
cal suspicion of poisoning was 94% sensitive and 70% specific
for cyanide toxicity (102).

The cyanide antidote kit consists of amyl nitrite, sodium
nitrite, and sodium thiosulfate. Each individual component
is beneficial, whereas together they have synergistic activity
(103). The nitrites derive their efficacy by generating methe-
moglobin, which has a greater affinity for cyanide than cy-

tochrome oxidase. When reduced oxygen-carrying capacity is
suspected (due to anemia or carboxyhemoglobinemia), the ni-
trites should be omitted. For this reason, the nitrites should
be avoided in patients presenting following smoke inhala-
tion. Such individuals may not tolerate further compromise in
their oxygen distribution associated with an increase in methe-
moglobin.

Amyl nitrite is a volatile liquid. The ampule encasing should
be broken and held in front of the patient’s mouth for 15-second
intervals with 15-second breaks. Once intravenous access is es-
tablished, sodium nitrite can replace the amyl nitrite. Sodium
nitrite is administered 10 mL IV in adults (0.2 mL/kg in chil-
dren). In 2 hours, the dose can be repeated at half the initial dose
(104). A methemoglobin concentration should be obtained 30
minutes after nitrite administration, with a target concentra-
tion of 20% to 30% . Sodium thiosulfate, the final component
of the kit, functions by providing substrate to rhodanese, fa-
cilitating conversion of cyanide to thiocyanate. The dose is 50
mL in adults and 1.65 mL/kg in children, and the drug may be
repeated in 2 hours at half the initial dose if symptoms persist.

Another potential antidote, hydroxocobalamin, will be-
come available in the United States shortly. Hydroxocobal-
amin combines with cyanide to form cyanocobalamin (vitamin
B12) (105). In animal models, it has synergism with thiosulfate
(106). Hydroxocobalamin should be given IV at 70 mg/kg (to a
maximum of 5 g) in a separate infusion site from thiosulfate.

CYANIDE, THIOCYANATE,
AND NITROPRUSSIDE

Nitroprusside contains an iron molecule coordinated to five
cyanide molecules and one molecule of nitric oxide. Cyanide
molecules are slowly liberated after nitroprusside is infused,
but usually at a rate that can be detoxified by endogenous
pathways. Risk factors for accumulation of cyanide are pro-
longed infusion, high infusion rate, and poor nourishment. If
the diagnosis is suspected, the infusion should be discontinued
and hydroxocobalamin and thiosulfate administered. A more
likely complication of nitroprusside use is thiocyanate toxic-
ity. Thiocyanate, which does not cause any symptoms at low
concentrations, is cleared renally. Bioaccumulation occurs in
patients with impaired renal function, causing delirium, hal-
lucinations, seizures, and rash. In patients receiving > 2
µ g/kg/min and in those with renal insufficiency, serum thio-
cyanate concentrations should be checked after 48 to 72 hours
of infusion. The infusion should be discontinued if the thio-
cyanate concentration is > 10 mg/dL (107). Dialysis can be ef-
fective for thiocyanate accumulation, but should be reserved
for only the most severely compromised patients (108).

METHEMOGLOBIN
Methemoglobinemia results from the formation of dyshe-
moglobin, which is caused by inappropriate oxidation of heme
iron. Under normal conditions, iron in deoxyhemoglobin re-
mains in the reduced ferrous state, Fe2+ , and the heme is
available to bind oxygen. After oxygen binds, iron assumes
the oxidized ferric state, Fe3+ . Methemoglobin, which is nor-
mally formed in small quantities, is formed when a hemoglobin
iron moiety is exposed to oxidative stress and converted to
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the ferric state in the absence of binding oxygen. Methe-
moglobin is unable to bind oxygen and increases the affin-
ity of normal hemoglobin for oxygen. Thus, the result of
methemoglobin formation is decreased oxygen delivery and a
leftward shift in the oxygen dissociation curve. Due to the phys-
iologic systems available to reduce methemoglobin to func-
tional hemoglobin, low-level methemoglobin production may
be a protective mechanism against oxidant damage to ery-
throcytes. The most important mechanism of methemoglobin
reduction is catalyzed by the enzyme, methemoglobin reduc-
tase (cytochrome b5 reductase), using NADH generated from
the Embden-Meyerhof glycolytic pathway. Congenital methe-
moglobinemia is a rare condition caused by methemoglobin
reductase deficiency (109). This enzyme is also relatively defi-
cient until approximately 4 months, making infants prone to
methemoglobin formation (110).

Most individuals with methemoglobinemia can be treated
and discharged from the emergency department. Patients with
methemoglobinemia may require ICU admission when it recurs
following initial treatment, either from continued absorption
of an inducer or continued metabolism of a drug to a methe-
moglobin inducer.

Clinical Manife st at ions

Although the diagnosis of methemoglobinemia is commonly
confirmed by co-oximetry, it can be established presump-
tively based on symptoms and signs, and via pulse oximetry.
Symptoms of methemoglobinemia are those associated with
hypoxia. The severity of symptoms is determined by the con-
centration of methemoglobin and the patient’s underlying co-
morbidities. At low concentrations of methemoglobin (0% –
15% ), patients may be asymptomatic, and as concentrations
rise (20% –50% ), patients may manifest decreased exercise tol-
erance and dyspnea. At higher concentrations (50% –70% ),
metabolic acidosis, seizures, and coma result. Concentrations
greater than 60% or 70% can cause death in previously healthy
individuals (111).

Cyanosis is an important physical examination finding that
occurs when methemoglobin concentration is 1.5 g/dL. This
corresponds to a concentration of 10% in an individual with a
total hemoglobin concentration of 15 g/dL. In contrast, 5 g/dL
of deoxyhemoglobin is required to produce cyanosis, corre-
sponding to an oxygen saturation of 66% in the same patient.
As a result, patients who are cyanotic from methemoglobine-
mia will not appear as ill as those who are cyanotic from im-
paired oxygenation.

Pulse oximetry aids in diagnosis before co-oximetry has
been obtained. Methemoglobin interferes with pulse oxime-
try in a somewhat predictable manner (112). Pulse oximetry
reads absorbance of light at two wavelengths (660 nm and
940 nm), so chosen because they are the best to distinguish the
absorption spectra of oxyhemoglobin and deoxyhemoglobin.
Based on the ratio of absorption between the two wavelengths,
the pulse oximeter uses an algorithm to estimate the percent-
age of total hemoglobin as oxyhemoglobin. Methemoglobin,
however, has greater absorption than either oxyhemoglobin
or deoxyhemoglobin at those wavelengths. When it is present
in modest concentrations, the pulse oximeter will no longer
be able to meaningfully calculate oxygen saturation. In a dog
model, increasing methemoglobin concentrations caused the

pulse oximeter oxygen saturation (SpO 2) to decrease and then
plateau at 84% to 86% . In the clinical setting, methemoglobin
does not produce this straightforward plateau in SpO 2, but
does consistently generate readings between 70% and 90%
(111). The oxygen saturation derived from the arterial blood
gas is not measured in the same fashion as SpO2, and will not re-
flect the methemoglobin concentration. The oxygen saturation
from a blood gas is a calculated saturation based on the pO 2,
and should be normal in the setting of methemoglobinemia. A
difference between the SpO 2 and arterial blood gas–calculated
oxygen saturation may suggest methemoglobinemia.

Me t he mog lob in Ind uce rs

Acquired methemoglobinemia is most frequently seen after ex-
posure to a drug, although it can also be found in infants with-
out drug exposure who are ill with a metabolic acidosis or
diarrhea (113,114). The drugs that have been associated with
methemoglobin formation are extensive. Dapsone, nitrites, ni-
trates, benzocaine, and sulfonamides are consistently impli-
cated in producing methemoglobinemia (115) (Table 66.4).

It is not entirely clear why some individuals develop methe-
moglobinemia after exposure to these drugs and others do not.
Although there is clearly a dose-response effect, host factors
such as coexisting medical illness and metabolic variables play
a role in methemoglobin development.

Manag e me nt of Me t he mog lob ine mia

When cyanosis is recognized and methemoglobinemia is con-
sidered, administer 100% oxygen by nonrebreather mask.
Unless the patient is asymptomatic, methylene blue should
be administered and given intravenously, 1 to 2 mg/kg over
5 minutes. Methylene is reduced by nicotinamide adenine
dinucleotide phosphate (NADPH) to leukomethylene blue.
Leukomethylene blue, in turn, reduces methemoglobin to
hemoglobin. Clinical improvement should be seen within min-
utes of administration. Because the medication itself has a blue
color, oxygen saturation reported by pulse oximetry may tran-
siently worsen. A repeat dose of methylene blue may be re-
quired if the methemoglobin concentration is high or if there
is ongoing oxidative stress.

Some authors recommend against giving methylene blue,
an oxidizing agent, to individuals with glucose-6-phosphate
dehydrogenase (G6PD) deficiency. Patients with this condi-
tion suffer from hemolytic anemia when exposed to drugs that
create oxidative stress. Because G6PD is required to activate
methylene blue, a deficiency in the enzyme may lead to a lack
of efficacy of the antidote. The administration of methylene
blue is appropriate when clinically indicated unless there is a
strong history of G6PD deficiency. In such cases, hyperbaric
oxygen or exchange transfusion should be considered. If the
G6PD-deficient patient presents with severe methemoglobine-
mia, methylene blue should be administered and the patient
monitored closely for hemolysis.

Dap sone -ind uce d Me t he mog lob ine mia

Both dapsone and its hydroxylamine metabolites are respon-
sible for methemoglobin formation. The cytochrome P450
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TA BLE 6 6 . 4

COMMON ETIOLOGIES OF METHEMOGLOBINEMIA

HEREDITARY
Hemoglobin M
Cytochrome b5 reductase deficiency

ACQUIRED: MEDICATIONS
Amyl nitrate
Benzocaine
Dapsone
Lidocaine
Nitric oxide
Nitroglycerin
Phenacetin
Phenazopyridine
Prilocaine
Quinones
Sulfonamides

ACQUIRED: OTHER XENOBIOTICS
Aniline dye derivatives
Butyl nitrite
Chlorobenzene
Fire
Food adulterated with nitrites
Food high in nitrates
Isobutyl nitrite
Naphthalene
Nitrate
Nitrite
Nitrophenol
Nitrous gases
Silver nitrate
Trinitrotoluene
Well water (nitrates)

PEDIATRIC
Reduced nicotinamide adenine dinucleotide (NADH)

methemoglobin reductase activity in infants (< 4 mo)
Associated with low birth weight, prematurity,

dehydration, acidosis, diarrhea, and hyperchloremia

Adapted with permission from Price D. Methemoglobin inducers. In:
Flomenbaum NE, Goldfrank LR, Hoffman RS, et al., eds. Goldfrank’s
Tox icologic Emergencies. 8th ed. New York: McGraw-Hill; 2006:
1734–1745.

conversion of dapsone to these metabolites is inhibited by cime-
tidine (116). Cimetidine should be administered intravenously,
300 mg every 6 hours, to patients with dapsone-induced methe-
moglobinemia.

CARBON MONOXIDE
In their latest annual report, the AAPCC received more than
16,000 reports of carbon monoxide (CO) exposure, including
176 major effects and 66 fatalities (6). These figures, while
very concerning, underestimate morbidity and mortality from
carbon monoxide, which is considered the leading cause of
poisoning death in the United States.

Carbon monoxide is a hemotoxin, a neurotoxin, a cardiac
toxin, and an inhibitor of cytochrome oxidase. Some of these
properties are more important in acute toxicity, while others
cause chronic effects. Carbon monoxide binds to hemoglobin
with greater affinity than does oxygen, and causes a leftward
shift of the oxyhemoglobin dissociation curve, causing a de-
crease in delivery of oxygen to cells. Although the formation
of carboxyhemoglobin can impair oxygen delivery sufficiently
to cause mortality, inhibition of oxygen delivery does not fully
explain why carboxyhemoglobin concentrations of 50% are
often fatal whereas a similar degree of anemia might be well
tolerated. The formation of carboxyhemoglobin is inadequate
to explain the chronic cardiac and neurologic sequelae of CO.
CO inhibition of cytochrome oxidase persists for days after
carboxyhemoglobin concentration has normalized (117). CO
is associated with damage to the brain endothelium, result-
ing in lipid peroxidation (118,119). It also binds to myoglobin
with high affinity, making it a direct skeletal and cardiac muscle
toxin (120).

CO results from the incomplete combustion of carbona-
ceous fuels. CO is tasteless, odorless, and colorless. The ini-
tial clue to the presence of CO in the home may be the alarm
from a CO detector. During natural disasters, when electric-
ity is unavailable, people may use generators indoors, allowing
CO from exhaust to permeate the home. Even when a home
heater is used appropriately, it can lead to CO poisoning if the
outflow is obstructed. In automobiles, a functioning catalytic
converter minimizes the release of CO. Other internal combus-
tion engines, such as lawnmowers, Zambonis, and outboard
motors on boats, do not usually have catalytic converters and
can cause CO poisoning. Methylene chloride, an important
source of CO that is not a product of combustion, is hepatically
metabolized to CO by the liver. Methylene chloride is used as
a paint stripper and can be absorbed dermally, inhalationally,
or by ingestion (121). Unlike other sources of CO poisoning,
where carboxyhemoglobin begins to decline as soon as the pa-
tient is removed from the exposure, peak carboxyhemoglobin
concentration will occur hours after exposure to methylene
blue as the parent compound is metabolized to CO.

CO poisoning does not usually require ICU admission; this
is only necessary for patients who are comatose or obtunded,
those with signs of cardiotoxicity, and those with significant
burns or other comorbidities.

Clinical Manife st at ions

Initially, patients complain of headache, nausea, and dizziness.
Because of the vague nature of the complaints, CO poisoning
may be misdiagnosed as a viral illness. The diagnosis should
be considered when more than one person in a home presents
with the same symptoms. Alteration in mental status, coma,
seizures, and syncope are signs of severe poisoning. Indicators
of tissue hypoxia, such as tachypnea, tachycardia, and ECG
changes, may be seen as well. CO can cause dysrhythmias or
an acute MI (122); the intensity of signs and symptoms is re-
lated to the duration and severity of exposure and comorbid
conditions. Pulse oximetry will interpret carboxyhemoglobin
as hemoglobin, so the SpO 2 will be falsely normal (123). The
diagnosis of CO poisoning is aided by obtaining the carboxy-
hemoglobin concentration, which can be taken from either
a venous or arterial sample. The normal carboxyhemoglobin
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concentration is less than 5% , but smokers may have a con-
centration of up to 10% (124). Carboxyhemoglobin concen-
trations are an indicator of exposure, but do not correlate with
the degree of toxicity (125). When there is a delay from expo-
sure to measurement of carboxyhemoglobin, the concentration
loses further value as a clinical tool. This is more likely if the pa-
tient has been receiving supplemental oxygen, which decreases
the half-life of carboxyhemoglobin.

Chronic Se q ue lae

For those who survive an acute CO exposure, there may be
significant chronic neurologic and cardiovascular effects. De-
layed neurologic sequelae (DNS) follow the resolution of initial
symptoms, sometimes days to weeks later, and include demen-
tia, movement disorders, and memory impairment (126).

Diag nost ic St ud ie s

In patients with chest pain, shortness of breath, palpitations,
or neurologic deficits indicating severe exposure, an electro-
cardiogram should be performed, and serum cardiac markers
should be obtained. Pregnancy status should be determined in
women of childbearing age.

Elevated serum cardiac markers during moderate and severe
acute toxicity predict long-term mortality (127). The patho-
physiology of chronic cardiovascular effects of carbon monox-
ide poisoning probably involves CO poisoning of cardiac myo-
globin, but needs further study.

Within 12 hours of exposure, loss of consciousness occurs,
and changes on a computed tomography (CT) scan of the brain
may be seen. Characteristic findings include symmetric, low-
density changes in the globus pallidus, putamen, and caudate
nuclei (128). A normal CT scan is a good prognostic indica-
tor. In a series of 18 patients, a negative CT within 1 week of
admission was associated with good outcome (129).

Manag e me nt

As soon as the diagnosis is considered, the patient should be
administered 100% oxygen, and the carboxyhemoglobin con-
centration should be obtained. Without supplemental oxygen,
studies have found that the half-life of carboxyhemoglobin in
blood is 4 to 6 hours. With oxygen, it has been found to range
from 1 to 2 hours (130).

The most important decision is whether to administer hy-
perbaric oxygen (HBO). While HBO decreases the half-life of
carbon monoxide even more rapidly than 100% normobaric
oxygen, this is not a clinically important objective. Most pa-
tients who are brought to a hospital will survive whether or
not they receive HBO. The value of HBO is its potential to de-
crease morbidity, not mortality. Specifically, HBO may reduce
delayed neurologic sequelae. In animal models, HBO prevents
brain lipid peroxidation and regenerates CNS cytochrome ox-
idase after CO exposure (131,132).

The use of HBO for CO poisoning is controversial. Many
clinicians do not advocate its use. Whereas the animal data
and case series suggest a benefit, large randomized clinical
trials report mixed results. Some trials show a benefit for

HBO in preventing neurologic sequelae, and some do not
indicate any difference. (For a detailed review of the liter-
ature, see Tomaszewski C. Carbon monoxide. In: Flomen-
baum NE, Goldfrank LR, Hoffman RS, et al., eds. Goldfrank’s
Tox icologic Emergencies. 8th ed. New York: McGraw-Hill;
2006:1689–1704.)

All of the trials conducted to date have limitations, and
the ideal trial may never be performed because of the ethical
concerns of randomizing patients to nonhyperbaric therapy. In
light of the demonstrable benefit of HBO and the relative safety
of the therapy, we recommend HBO in patients with moderate
to severe poisoning. The patient should receive the therapy as
early as safely possible; in one series, a delay greater than 6
hours was associated with a worse outcome (133). The follow-
ing are indications for HBO: (a) syncope, coma, seizure, or any
other hard neurologic findings; (b) signs of cardiac ischemia or
dysrhythmias; and (c) carboxyhemoglobin > 20% .

Pre g nancy and Carb on Monoxid e

Because fetal circulation relies on maternal oxyhemoglobin for
oxygenation, any disturbance in maternal oxygen delivery will
be magnified in the fetus. Even though fetal hemoglobin has less
affinity for CO than adult hemoglobin, there is a high incidence
of fetal CNS damage and spontaneous abortion after severe
maternal poisoning (134,135). In contrast, pregnant women
who have lesser exposures have normal pregnancies and deliver
healthy children (136). Because all prospective trials of HBO
have excluded pregnant patients, the literature is not clear as
to whether this population would benefit from the therapy. We
recommend treating these patients similarly to those who are
not pregnant.

CAUSTICS
Caustics are chemicals that produce damage during contact
with tissues. They are generally acid or alkali, and are com-
mercially available as toilet bowl cleaners, drain cleaners, and
other products. There are myriad caustics available in both the
home and work environment. Commonly encountered alka-
lis include ammonium hydroxide (ammonia) and sodium hy-
droxide (lye, found in drain cleaners). Hydrochloric acid and
sulfuric acid are both used as drain cleaners, with the latter
used in automobile batteries as well. Alkali drain cleaners ac-
counted for more than 3,677 reported exposures in 2005, more
than any other caustic chemical. Of these, 46 were major and
5 fatal (6).

The amount of damage caused by caustics is determined
by pH, quantity, duration of contact, and the titratable alka-
line (or acid) reserve (TAR). Ingested caustics can potentially
produce damage to the oropharynx, esophagus, stomach, and
respiratory tract. Acid and alkali produce different types of
injury. Alkaline exposure produces dissociated OH– ion, re-
sulting in fat saponification, membrane dissolution, and cell
death—a process known as liquefactive necrosis (137). Acid
exposure releases H + ions, producing an eschar and desicca-
tion, a process referred to as coagulation necrosis. Both acid
and alkali produce stomach and esophageal injury (138).

Esophageal burns can be described by a commonly used
classification system (139,140). Grade I burns demonstrate
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hyperemia without ulceration; grade II burns demonstrate ul-
cers, but do not damage periesophageal tissues; grade II lesions
are subdivided into IIa (noncircumferential) and IIb (circum-
ferential) lesions; and grade III describes burns with deep ul-
ceration and damage to surrounding tissues. The classification
of the burn predicts chronic sequelae. Grade IIb and III injuries
may heal with strictures and dysphagia, and may perforate.
When esophageal perforation is suspected, or when there is
airway injury, patients should be admitted to the ICU.

Clinical Manife st at ions

The lack of oral burns does not exclude significant esophageal
injury, nor does the presence of oral lesions guarantee visceral
burns. The physical examination following caustic ingestion
can be deceiving. A series of pediatric patients found visceral
burns in 37.5% of patients without oral burns and 50% of pa-
tients with oral burns (141). Drooling, odynophagia, and ab-
dominal pain are common findings following significant caustic
exposure. However, a series of acid ingestions noted abdomi-
nal pain or tenderness in less than half of patients with gastric
injury (138).

Pulmonary aspiration may lead to coughing and respira-
tory distress. Absorption of acid from the stomach may cause
acidemia following ingestion. Alkalis are not systemically ab-
sorbed in consequential amounts, but a metabolic acidosis may
be present if significant injury has occurred.

Manag e me nt

Endoscopy should be performed in all adult patients presumed
to have significant exposures in order to establish the severity of
the burn. If endoscopy is normal, the patient can be safely dis-
charged, while patients with severe injury are rapidly stabilized
and referred for surgical care before their condition worsens.
Endoscopy should be performed as early as possible, ideally
within 12 hours. Wound strength is weakest between 5 days
and 2 weeks postingestion, when the perforation risk is great-
est. The exception to universal endoscopy may be a subset of
pediatric exposures based upon a series of 79 patients younger
than 20 years of age when no serious esophageal injuries were
found in patients who lacked stridor or the combination of
vomiting and drooling (142). Another group of investigators
found no lesions in asymptomatic pediatric patients (143).

The presence of endoscopic evidence of perforation man-
dates immediate surgery. Other indications for operative re-
pair include pleural effusions, ascites, and a serum pH < 7.2
(144). If endoscopy demonstrates grade I injury, the patient
can be started on a soft diet and the diet advanced as tolerated.
The presence of grade II esophageal burns with gastric sparing
warrants placement of a nasogastric tube under direct visual-
ization. More severe injury may require parenteral nutrition
or a jejunostomy. Silicone rubber esophageal stents have been
used to prevent stricture (145).

Administer antibiotics that cover anaerobic bacteria and
Gram-positive and Gram-negative aerobic organisms as soon
as perforation is considered. Piperacillin/tazobactam are ap-
propriate choices, or levofloxacin and clindamycin. Cortico-
steroids have been recommended to help prevent scarring and
stricture formation in grade II lesions. Randomized controlled

trials have provided conflicting results. The most recent meta-
analysis could not find a benefit for the administration of cor-
ticosteroids following exposure to caustics (146).

HYDROFLUORIC ACID
Hydrofluoric acid (HF) is a weak acid, and does not have im-
portant tissue-corrosive properties. HF and ammonium bifluo-
ride have numerous industrial uses. HF dissolves metal oxides
and glass, making it useful in rust removal and glass etching.
Because of these properties, HF is stored in plastic, not glass.

HF is an important dermal, ophthalmic, pulmonary, and
systemic toxin. HF penetrates deeply into tissues before disso-
ciating into protons and fluoride ions. Although the protons
cause some damage, the most important toxic effects result
from fluoride ions binding the divalent cations calcium and
magnesium (147). The consumption of these cations leads to
neuropathic pain and cell death. HF ingestions and exposures
resulting in electrolyte abnormalities require ICU admission.

Clinical Manife st at ions

HF produces a clinical syndrome distinct from the caustic
agents and requires specific therapy. In small dermal exposures,
HF produces severe pain with limited dermal findings. Large
exposures by any route, including dermal, can produce severe
hypocalcemia and death.

Most unintentional HF exposures are dermal. The severity
of HF exposure is determined by the duration of exposure, con-
centration, and extent of surface area exposed. Solutions with
low fluoride concentration may cause severe pain beginning
hours after the exposure, with a very unremarkable physical
examination. An area that appears normal or merely mildly
erythematous may be extremely painful. High-concentration
industrial preparations may cause immediate pain, with hyper-
emia and ulceration (148). Similarly, ophthalmic exposures re-
sult in pain, chemosis, and damage to conjunctiva and corneal
epithelium (149).

The most consequential effects of HF poisoning are sys-
temic. Systemic toxicity can result from ingestions or dermal
exposures. Dermal exposures to concentrated HF covering as
little as 2.5% body surface area have resulted in systemic
toxicity, although typical fatal dermal exposures are larger
(150,151). Fluoride ions scavenge divalent cations, causing
life-threatening hypocalcemia and hypomagnesemia. Hyper-
kalemia may be seen as well (152). The electrocardiogram may
reflect these electrolyte abnormalities. Lengthening of the QRS
and QT intervals or presence of peaked T waves may be early
indicators of toxicity. The proximal cause of death is usually
dysrhythmias; ventricular fibrillation and sudden cardiac arrest
have been described (153,154).

Manag e me nt

The most important concern in small dermal injuries is pain
control. The mainstay of therapy is calcium gluconate. The
calcium derives its efficacy from binding fluoride ions. Cal-
cium chloride should only be used topically. Should calcium
extravasate, the solution itself can cause tissue damage. Other
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analgesics and regional anesthesia are not contraindicated, but
calcium has the advantage of halting tissue damage in addi-
tion to providing pain relief. Following decontamination with
water, calcium gluconate gel should be applied to the injured
area. If the hands are involved, the gel can be held in contact by
placing it in a sterile glove and putting the glove on the hand.
Prepare the gel by mixing 25 mL of 10% calcium gluconate in
75 mL of water-based lubricant (155). If the wound is located in
an area where compartment syndrome is not a concern, 0.5%
calcium gluconate can be injected intradermally, 0.5 mL/cm2

(151).
If these techniques fail to give relief, there is a role for careful

use of intra-arterial calcium gluconate. The obvious advantage
of this route is that calcium can be administered directly and by
continuous infusion to the affected area. Add 10 mL of 10%
calcium chloride to 40 mL of 0.9% sodium chloride and in-
fuse over 4 hours (156). A nasogastric tube should be carefully
placed, and any material in the stomach should be aspirated
and followed by instillation of a calcium solution. The benefits
of this practice are not established, but it seems reasonable in
view of the severity of the ingestion and the relative safety of
the intervention.

Intravenous calcium and magnesium should be given liber-
ally, and electrolytes should be obtained hourly. Calcium can
be administered as calcium gluconate or calcium chloride. One
gram of calcium gluconate contains 4.5 mEq of elemental cal-
cium, and 1 g of calcium chloride contains 13.6 mEq. Both
calcium salts can produce vasodilation and dysrhythmias when
administered too quickly. Intravenous calcium should be ad-
ministered no faster than 0.7 to 1.8 mEq/minute (157). One
patient required 267 mEq of calcium over 24 hours (158,159).
Dysrhythmias should be expected in severely poisoned patients.
Place defibrillator pads on the patient and perform continuous
cardiac monitoring. In animal models, quinidine was protective
after lethal doses of intravenous fluoride (160). When systemic
toxicity occurs, electrolyte abnormalities are most severe in the
first several hours of toxicity. Those who have no signs or symp-
toms of systemic toxicity for 24 hours can be transferred to a
lower level of care.

ANTIDIABETIC AGENTS
Diabetes is characterized by an inability to maintain normal
blood glucose concentration due to deficiency of insulin, re-
sistance to insulin, or a combination of both. The medica-
tions used to treat diabetes are collectively known as antidi-
abetic agents, while a subset of these drugs are properly called
hypoglycemic agents. The hypoglycemics include insulin and
those drugs that promote the release of endogenous insulin.
The terms hypoglycemic agents and antidiabetic agents are not
synonymous, because many diabetic medications (metformin,
thiazolidinediones) cannot produce hypoglycemia. In 2005, the
AAPCC received reports of 8,695 exposures to sulfonylureas
and biguanides, including 244 major exposures and 28 deaths
(6).

The antidiabetics are a diverse group of drugs, but some im-
portant generalizations can be made. The sulfonylureas, megli-
tinides, and thiazolidinediones are very highly protein bound,
and thus not amenable to extracorporeal removal. Insulin and
metformin are completely renally eliminated, while most of the
sulfonylureas have active hepatic metabolites with urinary ex-

cretion of both active metabolites and the parent drug. By far,
the most important pharmacokinetic parameter of the hypo-
glycemics is duration of action. Of great clinical importance,
the duration of action of insulin and the sulfonylureas is greatly
increased in overdose. Insulin is available in multiple forms.
Short-acting insulin preparations are designed to reduce post-
prandial hyperglycemia, while long-acting forms are intended
to create a constant basal level of insulin. In therapeutic sub-
cutaneous doses, lispro has onset of action within an hour and
duration of action of less than 5 hours. Ultralente insulin, the
longest-acting insulin commonly used, does not take effect for
4 to 6 hours but lasts as long as 36 hours (161). Regular insulin,
lente, and NPH fall in between lispro and ultralente insulin. In
overdose, the formation of depots of the drug in tissues can
slow release and greatly prolong the duration of action. The
vascularity of the site of injection will also influence the dura-
tion of hypoglycemia. The sulfonylureas generally have a du-
ration of action of 12 to 24 hours in therapeutic doses. Chlor-
propamide, a first-generation sulfonylurea, may promote in-
sulin release for up to 72 hours (162). As in the case of insulin,
the duration of action is prolonged in overdose, resulting in
delayed hypoglycemia (163). Meglitinides, intended to prevent
postprandial hyperglycemia, induce insulin release for only 1
to 4 hours. There is not yet enough data on their pharmacoki-
netics in overdose, but it appears likely that duration of action
would be increased in overdose.

Clinical Manife st at ions

The most important signs and symptoms of the aptly classified
hypoglycemics are manifestations of decreased serum glucose.
The diagnosis of hypoglycemia is established by interpreting
a serum glucose concentration in the context of a patient’s
clinical status. In one study, the serum glucose threshold for
symptoms of hypoglycemia was 78 mg/dL in poorly controlled
diabetics and 53 mg/dL in nondiabetics (164). Manifestations
of hypoglycemia can be classified as either autonomic or neu-
roglycopenic. The former result from an increase in counter-
regulatory hormones (e.g., epinephrine), while the latter are
due to a lack of glucose substrate available for the brain. The
autonomic symptoms include tremor, diaphoresis, hunger, and
nausea. Neuroglycopenic features of hypoglycemia can man-
ifest as almost any conceivable neurologic deficit, including
coma, agitation, seizure, hemiplegia, or mild confusion. Typi-
cally, the autonomic symptoms precede neuroglycopenic symp-
toms, thereby serving as a warning of hypoglycemia before the
brain is deprived of a critical level of glucose. However, the
autonomic symptoms may be blunted or absent in diabetics or
patients taking β -adrenergic antagonists (165). The onset and
duration of hypoglycemia is unpredictable after overdose.

Of less clinical importance, the hypoglycemics can also pro-
duce electrolyte abnormalities such as hypokalemia, hypomag-
nesemia, and hypophosphatemia (166). These are reported
more frequently in very large insulin overdoses (167).

Metformin does not produce hypoglycemia itself, but is of-
ten formulated with drugs that do, such as glipizide or gly-
buride. Metformin and its biguanide predecessor, phenformin,
are associated with lactic acidosis. The biguanides promote
anaerobic metabolism and inhibit lactate metabolism (168).
Lactic acidosis is rare, but is more likely in the setting of liver
disease, renal insufficiency, heart failure, other acute illness,
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or acute overdose (169,170). Hepatotoxicity is reported from
therapeutic use of thiazolidinediones and acarbose, but there
are limited data on acute overdose of these drugs (171,172).

Manag e me nt

A rapid bedside serum glucose concentration should be ob-
tained as soon as hypoglycemia is considered. If the diagnosis
of hypoglycemia is established, 1 g/kg intravenous dextrose
should be given. Because high concentrations of dextrose can
be irritating, children should receive 25% dextrose solution
and infants 10% dextrose solution. As soon as a normal men-
tal status is restored, the patient should be fed. Each 50-mL
vial of 50% dextrose supplies 100 kcal of short-lived sim-
ple carbohydrate. In contrast, a meal will supply hundreds of
“sustained-release” kilocalories. Glucagon should not be ad-
ministered unless intravenous access is delayed and the patient
cannot be fed. Glucagon will not be effective in patients with
depleted glycogen stores.

If hypoglycemia recurs after it is initially corrected, the treat-
ment is determined by the causative agent. Recurrent insulin-
induced hypoglycemia should be treated with a dextrose infu-
sion. Administer a 10% to 20% solution and titrate to maintain
glucose in a normal range. A 5% dextrose solution is inappro-
priate for glucose maintenance.

Octreotide, a somatostatin analogue, is indicated for hy-
poglycemia following sulfonylurea use. Octreotide should be
given subcutaneously, 50 µ g every 6 hours (4–5 µ g/kg/day
in divided doses in children). Dextrose alone might not be
sufficient to manage sulfonylurea-induced hypoglycemia. Be-
cause sulfonylureas potentiate endogenous β -islet cell insulin
release, supplemental dextrose will induce more insulin release,
with transient corrections and subsequent recurrence of hy-
poglycemia. Octreotide inhibits the β -islet cell calcium chan-
nel, inhibiting sulfonylurea-induced insulin release (173,174).
There are no significant adverse effects of short-term octreotide
use. Octreotide should be continued for 24 hours. After oc-
treotide is discontinued, the patient should be observed for 24
hours. There are limited data in the literature regarding megli-
tinide toxicity. With a mechanism of action similar to the sul-
fonylureas, the meglitinides are shorter acting. Based on their
shorter duration of action, we would expect they would be
less likely to produce recurrent hypoglycemia, but we have no
data to support this assumption. Until we have more expe-
rience with overdose of these drugs, it is prudent to manage
meglitinide overdose similarly to sulfonylureas.

Metformin-associated lactic acidosis should be considered
in patients taking an overdose of metformin, children exposed
to more than one or two tablets, and those patients who take
metformin therapeutically who also have renal insufficiency,
hepatic insufficiency, heart failure, or another acute illness. The
diagnosis is established by obtaining a serum chemistry, lactate
concentration, and serum pH. The primary therapy is support-
ive. Although the role of bicarbonate in metformin-associated
lactic acidosis is unclear, supplemental bicarbonate should be
used to maintain the pH above 7.1. Although metformin is
highly protein bound, hemodialysis can be used to correct re-
fractory acidosis (175).

Adults who present with a history of sulfonylurea overdose
and children who may have been exposed to sulfonylureas
should be observed for 24 hours, even in the absence of hypo-

glycemia. Similarly, patients who present with hypoglycemia
from long-acting forms of insulin should be observed for 24
hours as well.

NATURAL TOXINS

Plant s

This brief discussion focuses on a few important plants that
might necessitate intensive care management. In 2005, there
were 76 major outcomes resulting from plant exposure that
were reported to the AAPCC.

Be llad onna Alkalo id s

Plants such as jimsonweed (Datura stramonium ) contain nu-
merous anticholinergic compounds. They are used recreation-
ally, often in the form of teas, for their hallucinatory effects.
Toxicity is identified by the presence of anticholinergic symp-
toms: tachycardia; hyperthermia; dry, flushed skin; urinary re-
tention; and agitation. One hundred jimsonweed seeds contain
nearly 6 mg of atropine and similar alkaloids (176). In addition
to supportive care, physostigmine can be given when the diag-
nosis is relatively certain. Physostigmine is administered 1 to
2 mg IV slowly over 5 minutes. Physostigmine should be dis-
continued and the diagnosis reconsidered if cholinergic symp-
toms develop. If there is improvement or no change in the pa-
tient’s condition, physostigmine can be readministered after a
10- or 15-minute delay.

Nico t ine and Nicot ine like Alkalo id s

Nicotine poisoning occurs from inhaled, transdermal, and in-
gested nicotine. A dose of 1 mg/kg can be lethal in an adult
(177). A cigarette contains 13 to 30 mg of nicotine, but most
of it is not delivered to the smoker when the cigarette is used
as intended. The largest portion of the nicotine is pyrolyzed
but not inhaled. As much as 5 to 7 mg of nicotine remains in
the cigarette butt, a potentially lethal dose for a child (178).
Workers handling tobacco can be poisoned from nicotine as
well (179). Signs and symptoms of nicotine toxicity result from
activation and then inhibition (from overstimulation) of nico-
tinic receptors. Gastrointestinal signs include nausea, vomiting,
and diarrhea. Early cardiovascular toxicity involves hyperten-
sion from nicotinic stimulation of the sympathetic ganglia, but
hypotension eventually occurs. The most important signs and
symptoms result from nicotinic agonist effects at the neuromus-
cular junction. Early toxicity causes fasciculation, which gives
way to paralysis. Management is supportive. Vasoactive agents
may be necessary to maintain blood pressure, and intubation
may be indicated to support respiration during paralysis.

Cicut oxin

Cicutoxin is found in Cicuta spp. such as water hemlock. The
toxin is found throughout the plant, which is often eaten by
adults who misidentify it as wild parsley, turnip, or parsnip
(180). The mechanism of cicutoxin poisoning is unclear. Early



Chap t e r 66: Toxicology 1009

symptoms are primarily gastrointestinal and begin soon after
ingestion. Later, cicutoxin can cause status epilepticus, renal
failure, and rhabdomyolysis (181).

Sod ium Channe l–alt e ring Plant s

Aconitine, from Aconitum spp., opens sodium channels, in-
creasing cellular excitability (180,182). Increased sodium in-
flux delays repolarization, which in turn delays conduction.
Slow conduction of peripheral nerves can lead to decreased
sensation, weakness, paralysis, and CNS seizures. Vagal and
cardiac myocyte sodium channel effects lead to bradycardia,
atrioventricular blockade, increased automaticity, or asystole.
Aconitine is found in Aconitum napellus (monkshood) and
Chinese herbal remedies. Management is supportive. Gastroin-
testinal decontamination should be performed. Cardiac com-
plications have been successfully managed with a ventricular
assist device (183).

Mushrooms

Forty-six major outcomes and six deaths from mushroom in-
gestions were reported to poison control centers in 2005 (6).
The vast majority of mushroom exposures do not result in sig-
nificant morbidity, and most of the fatalities that occur are
caused by only a few of the many mushroom species in North
America. Identification of mushrooms is challenging and best
left to the mycologist. However, because each of the clini-
cally important toxic mushrooms causes a distinct clinical syn-
drome, the physician should be able to identify the toxico-
logic manifestations of several mushrooms. Mushroom toxins
have been divided into ten groups (184). We will discuss the
most common exposures and those most likely to require ICU
care.

Gast ro int e st inal Toxin–cont aining Mushrooms
Most reported exposures are to mushrooms containing gas-
trointestinal toxins. Hundreds of types of mushrooms fall into
this category. The most notable clinical feature of ingestion of
these mushrooms is the development of vomiting and diarrhea
within several hours of ingestion. With few exceptions, mush-
rooms that cause gastrointestinal symptoms within 6 hours
belong to this category and will not cause life-threatening
symptoms. The early onset of vomiting following exposure to
gastrointestinal toxin–containing mushrooms clinically differ-
entiates them from the cyclopeptide-containing mushrooms.
Treatment of exposure to these mushrooms is supportive, and
symptoms are generally self-limited. These mushrooms rarely
lead to toxicity requiring ICU admission.

Cyclop e p t id e -cont aining Mushrooms
Three of five fatalities from mushrooms in 2004 were related
to cyclopeptide-containing mushrooms. Historically, mortal-
ity from these mushrooms is high, although improvements in
critical care have improved the prognosis. The most prominent
member of this group is Amanita phalloides and other Amanita
species. Amanita phalloides contains numerous cyclopeptides,
but the most important are a group called the amatoxins. Am-
atoxins are heat stable and present in lethal concentrations in
mushrooms as small as 20 g (184).

Clinical Manifestations and Management. Amatoxins cause
endocrine, renal, and CNS injury, but the hepatic effects are
the most consequential. Patients will be asymptomatic for the
first few hours after ingestion. In 5 to 24 hours, patients will
have watery diarrhea. Hepatic toxicity is evident on day 2 with
elevations in bilirubin, AST, and ALT. Signs of fulminant hep-
atic failure such as encephalopathy and coagulopathy follow.
Hypoglycemia results not just from hepatic failure, but from
direct pancreatic toxicity (185). Cyclopeptides may also cause
decreased levels of thyroid hormone and increased calcitonin.

Because patients do not seek help until symptoms develop, it
is not uncommon for patients to present to a healthcare facility
with volume depletion and early hepatic injury. Good support-
ive care and prevention of secondary complications are the keys
to management. Activated charcoal should be administered
1 g/kg every 2 to 4 hours in order to adsorb any toxin re-
maining in the gut and interrupt the potential enterohepatic
circulation (186). Many therapies to mitigate hepatotoxicity
have been investigated, with no substantial or reproducible ev-
idence of efficacy.

Although there are no data to support its use in Amanita
poisoning, NAC effectively treats hepatic failure from other
hepatotoxins, such as acetaminophen. Administer NAC intra-
venously, according to the acetaminophen protocol: 150 mg/kg
over 45 minutes, 50 mg/kg over 4 hours, and 100 mg/kg over
16 hours. Continue the final infusion until the patient expires,
definitively recovers, or receives liver transplant.

Silibinin, extracted from milk thistle, improved hepatic
markers and mortality in a dog model of Amanita poisoning,
but was not found beneficial in a meta-analysis of human stud-
ies (187). Because a clinical trial will likely never be conducted,
and in light of its experimental benefits, we recommend orally
administered silibinin, 20 to 50 mg/kg/day. Silibinin is not a
Food and Drug Administration–approved drug, but is avail-
able at health food stores.

High-dose penicillin had some effectiveness in a dog model
of Amanita poisoning, possibly by blocking hepatocyte uptake
of amatoxin (188). Therapy includes intravenous penicillin G,
1 million units/kg/day in divided doses (189).

The criteria for liver transplantation have not been clearly
established. Transplantation is not without risk, and those who
survive fulminant hepatic failure from Amanita without trans-
plantation are expected to make a full recovery. Ideally, the de-
cision to transplant should be delayed until it is clear the patient
will not recover. Some consider transplantation for those with
encephalopathy and prolonged PT, persistent hypoglycemia,
metabolic acidosis, increased serum ammonia, aminotrans-
ferases, and hypofibrinogenemia (184). Patients should be re-
ferred to transplantation centers early in their clinical course so
that they may be listed early, and transport should be avoided
when they are gravely ill.

Gyromit rin-cont aining Mushrooms
Gyromitra mushrooms are found throughout the United States.
These mushrooms contain gyromitrin (N -methyl-N -formyl
hydrazone), which is hydrolyzed to monomethylhydrazine
(MMH). MMH inhibits the formation of pyridoxal-5 -phos-
phate (PLP), an enzyme cofactor synthesized from pyridox-
ine (vitamin B6). Of great importance, PLP is a cofactor for
glutamic acid decarboxylase, the enzyme in the CNS that con-
verts glutamate to GABA. Inhibition of PLP by monomethyl-
hydrazine results in excessive excitation relative to inhibition.
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Clinical Manifestations and Management. The initial phase of
toxicity, occurring 5 to 10 hours after ingestion, is manifest by
nonspecific clinical features including nausea, vomiting, diar-
rhea, and headache, and ultimately leads to intractable seizures
(184). Patients ingesting Gyromitra spp. should receive acti-
vated charcoal, 1 g/kg. Seizures may not respond to benzodi-
azepines alone. If Gyromitra spp. ingestion is considered, or
if a patient presents with seizures after mushroom ingestion,
pyridoxine 70 mg/kg IV should be given. Pyridoxine serves as
substrate for pyridoxine phosphokinase, allowing some PLP to
be generated despite inhibition by MMH.

Alle nic Norle ucine –cont aining Mushrooms
The nephrotoxic Amanita smithiana contains the amino acid
toxins allenic norleucine (amino-hexadienoic acid) and possi-
bly 1-2-amino-4-pentynoic acid (184). All known exposures
to these mushrooms have occurred in the Pacific Northwest-
ern United States. These serve as important exceptions to the
“rule” that mushrooms that cause early gastrointestinal toxic-
ity do not cause significant end-organ damage later.

Clinical Manifestations and Management. Initial symptoms,
which include nausea, vomiting, diarrhea, and abdominal
cramping, may begin within an hour of ingestion. The most
important clinical features of toxicity develop later. Acute renal
failure, indicated by elevations in blood urea nitrogen (BUN)
and creatinine, manifest 4 to 6 days following ingestion (190).

Activated charcoal should be administered when patients
present after ingesting mushrooms from the Pacific Northwest.
Management of nephrotoxicity is supportive. Patients who re-
quired hemodialysis underwent the procedure two to three
times per week for approximately 1 month (184).

Ore llanine - and Ore llinine -cont aining Mushrooms
Cortinarius orellanus, found in North America, contains the
toxin orellanine, which is converted by photochemical degra-
dation to another toxin, orellinine (184). Orellanine and orelli-
nine are important causes of mushroom-induced nephrotoxic-
ity. Orellanine is activated by the P450 system. These molecules
generate oxidative damage by sustained redox cycling.

Clinical Manifestations and Management. Symptoms begin 24
to 36 hours after ingestion. Patients report headache, chills,
polydipsia, nausea, and vomiting. Early laboratory findings of
hematuria, leukocyturia, and proteinuria indicate interstitial
nephritis. Later, renal failure develops, characterized histolog-
ically by tubular damage and fibrosis of tubules with relative
glomerular sparing (191,192). Hepatotoxicity is an uncommon
feature.

Management is supportive. Administer activated charcoal
if patients present early. Some patients will rapidly improve,
whereas others require chronic hemodialysis (193).

TREATMENT REFUSAL
Patents with toxicologic emergencies are often suicidal and self-
destructive, and may have an altered level of consciousness.
We have an ethical obligation to our patients to allow them
to guide their own treatment. At times, this means that the
patient will decide against the physician’s recommendation. In
order to refuse care, the patient must demonstrate the capac-

ity to understand his or her condition and the implications of
treatment refusal. The refusal must be voluntary in the absence
of a medical or psychiatric condition precluding the ability to
make such a decision. The hospital has the right to physically
restrain a person who has an altered level of consciousness for
the purpose of evaluation and intervention (194).

There is a potential for legal liability whenever the medical
staff physically restrain a patient, retain a patient against his
or her will, or allow a patient to refuse a life-saving therapy.
The physician and hospital staff can reduce liability by thor-
oughly documenting the patient’s decision-making process and
by involving psychiatric consultation in determining the pa-
tient’s capacity. When in doubt, the physician should consult
the hospital’s legal department.

OTHER RESOURCES
This chapter is intended to be a review of common and conse-
quential xenobiotic exposures. Goldfrank’s Tox icologic Emer-
gencies (McGraw-Hill, 2006) contains a more comprehensive
review of all the substances discussed here. The regional poison
center (1-800-222-1222) is an excellent resource for further in-
formation and recommendations specific to your patient.

Owing a great deal to the success of prevention measures,
significant poisonings are relatively rare events. In 2005, there
were fewer than 20,000 patients with major effects and deaths
reported to the AAPCC. Although this figure underestimates
total poisoning, it represents a very small number of patients
per hospital per year. Because each ICU sees a paucity of these
patients, many critical care physicians do not see enough of
them to develop familiarity with their care. We encourage close
collaboration between ICU physicians, regional poison centers,
and toxicologists to provide the best possible care to poisoned
patients.
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A P P E N D IX

SELECTED ANTIDOTES WITH COMMON DOSES

Xenobiotic Antidote and dose

Acetaminophen N-acetylcysteine- IV: 150 mg/kg infused over 60 min, followed by 50 mg/kg over 4 h, then 100
mg/kg over 16 h

Oral: 140 mg/kg, followed by 70 mg/kg every 4 h for 17 doses

β -Adrenergic antagonists Atropine (for bradycardia): 0.5–1 mg IV
Glucagon: 3–5 mg IV (50 µ g/kg in children) up to 10 mg/h
Calcium: 13–25 mEq of Ca2+ IV bolus (10–20 mL of 10% calcium chloride or 30–60 mL of

10% calcium gluconate)
Hyperinsulinemia/euglycemia: Insulin 0.5–1 U/kg/h accompanied by 0.5 g/kg/h dextrose,

titrated to maintain euglycemia

Calcium channel blockers Atropine (for bradycardia): 0.5–1 mg IV
Calcium: 13–25 mEq of Ca2+ IV bolus (10–20 mL of 10% calcium chloride or 30–60 mL of

10% calcium gluconate)
Glucagon: 3–5 mg IV (50 µ g/kg in children) up to 10 mg/h
Hyperinsulinemia/euglycemia: Insulin 0.5–1 U/kg/h accompanied by 0.5 g/kg/h dextrose,

titrated to maintain euglycemia

Cholinergic compounds Atropine: 1 mg IV (0.05 mg/kg in children) doubled every 2 min until muscarinic symptoms are
controlled

Pralidoxime: Adults: 1–2 g IV over 30 min followed by 500 mg/g infusion for sickest patients.
Children: 20–50 mg/kg (max 1–2 g) infused IV over 30–60 min and then 10–20 mg/kg/h
(max 500 mg/h)

Cyanide Adults:
1. Sodium nitrite: 300 mg (10 mL of a 3% conc.) infused IV over 2–5 min
2. Sodium thiosulfate: 12.5 g (50 mL of a 25% conc.) infused IV over 10–20 min or as a bolus
3. Hydroxocobalamin IV 70 mg/kg (up to 5 g)
Children:
1. Sodium nitrite: 6–8 mL/m2 (0.2 mL/kg of a 3% conc., up to adult dose) infused IV over

2–5 min
2. Sodium thiosulfate: 7 g/m2 (0.5 g/kg, up to adult dose) infused over 10–30 min or as a bolus

Cyclic antidepressants Sodium bicarbonate: 1 mEq/kg IV bolus, followed by infusion of 150 mEq in 1 L of D5W,
infused at twice maintenance rate

Digoxin Digoxin-specific Fab: Known level: # of vials = [wt (kg) × level (ng/mL)/100] rounded up to
nearest vial. Empiric dosing: Acute: 10–20 vials. Chronic: Adults 3–6 vials; children: 1–2
vials. Usually given as IV infusion over 30 min (administer as IV bolus for asystole)

Ethylene glycol, methanol Fomepizole: 15 mg/kg infused IV over 30 min; next 4 doses at 10 mg/kg every 12 h; additional
doses at 15 mg/kg every 12 h if needed

Ethanol (when fomepizole not available): 0.8 g/kg infused IV over 20 to 60 min, followed by
initial infusion of 100 mg/kg/h

Methemoglobin Methylene blue: 1–2 mg/kg IV over 5 min followed by a 30-mL fluid flush

Salicylates Sodium bicarbonate: 150 mEq in 1 L of D5W, infused at twice maintenance rate. Activated
charcoal, 1g/kg every 4 h

Sulfonylurea-related
hypoglycemia

Octreotide: 50 µ g SQ every 6 h. Children: 1.25 µ g/kg (up to adult dose) SQ every 6 h

Adapted with permission from Flomenbaum NE, Goldfrank LR, Hoffman RS, et al., eds. Goldfrank’s Tox icologic Emergencies. 8th ed. New York:
McGraw-Hill; 2006.



CHAPTER 67 ■ SUBSTANCE ABUSE AND
WITHDRAWAL: ALCOHOL, COCAINE, OPIOIDS
AND OTHER DRUGS
S. SUJANTHY RAJARAM r JANICE L. ZIMMERMAN

Ethanol, illicit drugs, and prescription drugs used for nonmedi-
cal purposes are a significant medical as well as social problem.
The 2005 National Survey on Drug Use and Health found that
22.7% of Americans, or 55 million individuals, were binge
drinkers, which includes 16 million heavy drinkers (five or
more drinks on the same occasion at least 5 different days in
the prior 30 days) (1). Pain relievers were used nonmedically by
4.7 million Americans, and 3.5 million used stimulants or co-
caine. Casual or habitual use of these drugs contributes to acute
and chronic illness. Substance abuse also underlies many forms
of injury, including vehicular accidents, falls, near-drowning,
thermal injuries, homicide, and suicide. Other critical illnesses
may be impacted by either substance use or substance with-
drawal. This chapter will cover acute toxicity and withdrawal
syndromes related to ethanol, cocaine, opioids, and other se-
lected drugs likely to be of importance to the critical care prac-
titioner.

ETHANOL
Alcohol abuse and alcoholism (a dependence on alcohol) are
major social, economic, and public health problems through-
out the world. Alcoholism is the third leading cause of death
in the United States and it reduces life expectancy by 10 to
12 years. Men who imbibe more than 14 drinks per week or
four drinks at one time or women who have more than seven
drinks per week or three drinks at one time are at risk for alco-
hol abuse and dependence (a standard drink is one 12-ounce
beer or wine cooler, one 5-ounce glass of wine, or 1.5 ounces
of 80-proof distilled spirits).

Ethanol is rapidly absorbed in unaltered form from the
stomach and small intestine. The presence of food (espe-
cially milk and fatty foods) in the stomach delays absorption,
whereas the presence of water enhances absorption. Ethanol
diffuses freely into body tissues. It is primarily metabolized
in the liver. Less than 10% is excreted by the lungs or kid-
neys or through the skin. Several hepatic enzyme systems in-
dependently metabolize ethanol to acetaldehyde. The primary
degradation pathway is in the hepatic cytosol by alcohol de-
hydrogenase, with nicotinamide adenine dinucleotide (NAD)
as a cofactor. Acetaldehyde generated by this process is in turn
metabolized through the Krebs cycle to carbon dioxide and
water with 7 kcal/g liberated in this process. Most people can
metabolize about 150 mg of ethanol per kilogram body weight

per hour. This is equivalent to about 12 ounces of beer or 1
ounce of 90-proof whiskey.

Acut e Toxicit y

Common features of acute ethanol intoxication are shown in
Table 67.1. Intoxication with ethanol depends on the rate of
rise of the blood alcohol level and the length of time the level
is maintained. Blood alcohol levels of 20 to 30 mg/dL are of-
ten associated with a mild euphoria, delayed reaction time,
decreased inhibition, and alteration in judgment. Most people
exhibit gross intoxication at levels above 150 mg/dL. Obtun-
dation often develops at levels above 300 mg/dL, and death
may result from respiratory depression, aspiration, or cardio-
vascular collapse when levels exceed 400 to 500 mg/dL (2).

Ethanol is a sedative-hypnotic drug and exerts its primary
effects on the central nervous system (CNS). Patients can
present with altered consciousness, agitation, euphoria, slurred
speech, ataxia, stupor, and coma. Awareness of the environ-
ment (e.g., heat or cold exposure) and perception of pain are di-
minished. Ethanol may depress the respiratory center and lead
to hypoventilation and respiratory arrest. Although seizures
are more common in alcohol withdrawal, they may also occur
with acute intoxication.

Acute ethanol intoxication is often associated with an in-
creased heart rate and cardiac output, whereas prolonged
intoxication may be associated with depressed myocardial
contractility (3). Acute intoxication can also be associated
with a variety of cardiac arrhythmias, especially atrial fibril-
lation (“holiday heart” syndrome). Cutaneous vessels dilate,
whereas splanchnic vessels constrict. Increased sweating asso-
ciated with cutaneous vasodilation may account for the de-
crease in core temperature often associated with acute ethanol
intoxication.

Metabolic problems related to alcohol ingestion can be
life threatening. Alcohol enhances the urinary excretion of
phosphate and magnesium that can result in clinically signif-
icant hypophosphatemia and hypomagnesemia. The chronic
alcoholic patient often has decreased glycogen stores, and
because alcohol also inhibits hepatic gluconeogenesis, pro-
found hypoglycemia may occur. A variety of acid-base dis-
turbances are seen in acute alcoholic intoxication. Depression
of the respiratory center in the severely intoxicated person
may result in respiratory acidosis. Nausea and vomiting may
cause hypokalemia and metabolic alkalosis. The presence of a
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TA BLE 6 7 . 1

CLINICAL MANIFESTATIONS OF ALCOHOL
INTOXICATION

CENTRAL NERVOUS SYSTEM
Decreased inhibition
Slowed reaction time
Visual disturbance
Incoordination
Slurred speech
Diplopia
Nystagmus
Lethargy, stupor, coma

CARDIOVASCULAR
Vasodilation
Cardiac dysrhythmias
Myocardial depression

RESPIRATORY
Hypoventilation
Aspiration

METABOLIC
Hypoglycemia
Electrolyte abnormalities

Hypophosphatemia
Hypomagnesemia

Acid-base disturbance
Respiratory acidosis
Metabolic alkalosis (vomiting)
Metabolic acidosis (alcoholic ketoacidosis)

GASTROINTESTINAL
Gastritis
Increased incidence of peptic ulcer
Pancreatitis
Alcoholic hepatitis

HEMATOLOGIC
Suppression of all bone marrow cell lines

OTHER
Suppression of antidiuretic hormone (diuresis)
Increased sweating
Altered temperature regulation

significant metabolic acidosis or elevated lactate should prompt
a search for conditions other than alcohol intoxication.

Ethanol ingestion may cause acute gastritis and gastroin-
testinal (GI) bleeding. Alcoholics have an increased incidence
of peptic ulcer disease and pancreatitis. Acute alcohol intoxi-
cation may precipitate alcoholic hepatitis in the chronic user.
All bone marrow cell lines are suppressed by alcohol ingestion.
Suppression of antidiuretic hormone by ethanol causes diuresis
and may lead to profound hypovolemia, especially if there is
associated nausea, vomiting, or diarrhea.

Asse ssme nt and Tre at me nt of
Acut e Int oxicat ion

Treatment of acute ethanol intoxication is primarily support-
ive, but a careful examination is needed to detect complica-
tions. The first priority is assessment and stabilization of the

airway and ventilation. The respiratory rate, depth of respira-
tions, SpO 2, mental status, gag reflex, and presence of vomitus
should be rapidly evaluated. An arterial blood gas should be
obtained if hypoventilation is a concern but is not obvious on
clinical examination. Intubation is indicated in the obtunded
or comatose patient who is unable to protect his or her airway
and when aspiration has occurred or is likely. Positive pressure
ventilation should be instituted to correct alveolar hypoven-
tilation and hypoxemia. If the patient presents with altered
mental status, 50 to 100 mg of thiamine and 25 g of glucose
should be administered intravenously. If the patient responds
to the administration of glucose or if blood glucose levels are
low, a continuous infusion of glucose should be given. Intra-
venous naloxone may be administered if concomitant opioid
use is suspected. Hypotension should be treated initially with
volume resuscitation. GI bleeding should be considered in the
hypotensive patient and further assessment may include a rectal
examination and insertion of a nasogastric tube. GI decontam-
ination is of limited utility because the majority of alcohol is
already absorbed. Ethanol is not adsorbed by activated char-
coal, but charcoal may be administered if ingestion of other
toxic drugs is suspected. Hypothermia should be corrected.
Fluid, electrolyte, and acid-base disturbances are corrected, de-
pending on the clinical presentation. A creatine phosphokinase
(CPK) level may be warranted in the patient with trauma or
prolonged muscle compression to evaluate for rhabdomyoly-
sis. An ethanol blood level may be helpful in documenting the
severity of intoxication and estimating the duration of impair-
ment. A low ethanol level in the setting of a patient with a
depressed level of consciousness should prompt an evaluation
for other etiologies. A chest radiograph is often necessary to
assess for evidence of aspiration or other complications such
as pneumonia. Consider obtaining computed tomography of
the head if there is any suspicion of subdural hematoma or
other intracranial injury. Hemodialysis has been used in cases
of massive ethanol ingestion (4).

The chronic alcoholic may also develop alcoholic ketoaci-
dosis (5). This condition is typically preceded by binge drinking
followed by a period of abstinence for 1 to 3 days with nausea,
vomiting, and insufficient nutrient intake. The liver produces
excessive ketones in response to starvation, which results in an
anion gap acidosis. Pancreatitis is frequently present in these
patients. The blood glucose may be low or high in this setting
but is rarely above 300 mg/dL unless chronic glucose intoler-
ance is present. The condition responds to volume replacement
and administration of glucose. Insulin is not needed. Thiamine
should be administered before glucose to avoid precipitation
of acute beriberi and Wernicke-Korsakoff syndrome.

Alcohol Wit hd rawal

Chronic excessive alcohol ingestion depresses central α and
β receptors and potentiates the inhibitory neurotransmitter
γ -aminobutyric acid (GABA). The brain adapts with a func-
tional increase in N -methyl d -aspartate (NMDA) receptors,
which are part of an excitatory system. When alcohol con-
sumption stops, the excess excitatory receptors and removal
of the inhibitory effects mediated by GABA contribute to the
hyperadrenergic state that causes the symptoms seen in alcohol
withdrawal.

Alcohol withdrawal syndromes occur in dependent patients
during the initial period of abstinence. In hospitalized patients,
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TA BLE 6 7 . 2

STAGES OF ALCOHOL WITHDRAWAL AND TREATMENT

Symptoms Time framea Treatment

Tremulousness
Hyperactivity, tremor Onset within hours Benzodiazepines (oral or IV)
Diaphoresis, nausea Peak 10–30 h Supportive measures
Mild tachycardia, hypertension Subside in �40 h Fluid and electrolytes PRN
Clear sensorium Quiet environment

Thiamin, folate, vitamins
Seizures

Onset 6–48 h Lorazepam 2–4 mg IV; repeat
Peak 13–24 h as needed

Diazepam 10–20 mg IV
Supportive measures as above

Hallucinations
Auditory Onset 8–48 h Benzodiazepines (oral or IV)
Visual May last 1–6 d Supportive measures as above
Tactile
Delirium Tremens
Coarse tremors, agitation Onset 60–96 h 48–72 Benzodiazepines IV as needed
Altered sensorium (delusions, Diazepam

hallucinations, confusion) Lorazepam
Fever, tachycardia Midazolam
Hypertension Alternative treatments
Circulatory collapse Propofol

Barbiturates
β Blockers

aTime after last drink.

symptoms of alcohol withdrawal may occur in up to 40% of
those who drink excessive amounts of alcohol (6). Prevention
of alcohol withdrawal syndromes has been shown to improve
morbidity and mortality and shorten hospital and intensive
care unit (ICU) length of stay (7). Four stages of alcohol with-
drawal have been described (8), but symptoms are a continuum
of neuropsychiatric and hemodynamic manifestations. Patients
may manifest one or more of these syndromes on presentation
or develop additional manifestations and progress from less se-
vere to more severe stages while hospitalized (Table 67.2). A
key distinction is to determine if the patient has an intact or
altered sensorium.

Assessment of the severity of withdrawal is needed to de-
termine appropriate treatment. Although the revised Clinical
Institute Withdrawal Assessment-Alcohol Scale (CIWA-Ar) is
often used for assessment, it has less applicability in critically
ill patients (9). Patients with minor withdrawal symptoms can
usually be treated with intravenous or oral benzodiazepines.
Benzodiazepines act as an alcohol substitute to dampen the ex-
citatory neuronal activity, and additional benefits include pre-
vention of seizures and delirium tremens. The choice of ben-
zodiazepine in hospitalized patients may depend on severity
of hepatic dysfunction, desired duration of action, and avail-
able routes of administration. All benzodiazepines are effective
when appropriate doses are used. Fixed dosing and symptom-
triggered regimens have been used effectively. Fixed dosing may
be more appropriate in critically ill patients until other con-
ditions have stabilized. Treatment duration beyond 7 days is
seldom required.

Although benzodiazepines are clearly superior to placebo
in treating alcohol withdrawal, it is difficult to draw conclu-
sions regarding the efficacy of benzodiazepines compared to β

blockers, clonidine, carbamazepine, and valproic acid due to
heterogeneity of clinical trials. Many trials are conducted in
outpatients and have limited applicability to hospitalized and
critically ill patients (10,11). Hallucinosis also responds well
to benzodiazepines. Intravenous ethanol may be an option for
alcohol withdrawal treatment or prophylaxis (12). However,
it is not recommended for routine use due to dosing variabil-
ity and lack of established efficacy (13). Other agents such as
clonidine and β blockers have been reported to be effective
for minor withdrawal symptoms but their use is less common.
Clonidine and β blockers do not prevent the development of
delirium. All patients with alcohol withdrawal should receive
supportive measures in addition to pharmacologic interven-
tion. Thiamine (vitamin B1) should be given intravenously or
orally to prevent Wernicke encephalopathy. Magnesium sulfate
may be needed to correct hypomagnesemia.

Se izure s

Approximately 5% to 10% of patients with untreated mild
alcohol withdrawal symptoms progress to seizures. Patients
who have been drinking heavily for only a few years but have
several detoxification admissions are at higher risk of seizures
than patients with long drinking histories but fewer detox-
ification admissions. Previous nonalcohol-related admissions
also increase the risk of alcohol withdrawal seizures. This as-
sociation has been termed the “kindling effect.” According to
the kindling hypothesis, each withdrawal episode is an irrita-
tive phenomenon to the brain. The accumulation of multiple
episodes lowers the seizure threshold (14). Most alcohol with-
drawal seizures are brief and self-limited in duration. Alcohol
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withdrawal seizures are usually generalized tonic-clonic but
focal seizures may also occur. Multiple seizures (two to six
episodes) occur in approximately 60% of patients and within
a 12-hour period. It may be difficult to distinguish withdrawal
seizures from a pre-existing seizure disorder or new onset of
a nonalcohol-related seizure. Other causes of seizures such
as hypoglycemia, metabolic abnormalities, trauma, infection,
and other drug intoxication must be considered. A computed
tomography (CT) scan of the head should be obtained for
new-onset seizure, persistent neurologic deficits, or evidence
or suspicion of trauma. Alcohol withdrawal seizures can be
terminated with benzodiazepines (15). Intravenous lorazepam
or midazolam is commonly used. If the seizure terminates with-
out intervention, a benzodiazepine should be administered as
soon as possible to prevent subsequent seizures. The risk of a
recurrent seizure is 13% to 24% (16). Lorazepam (2 mg) signif-
icantly reduces the risk of recurrent seizure, whereas phenytoin
has no effect (16,17). Less than 3% of patients develop status
epilepticus and they should be treated with benzodiazepines or
propofol. Phenytoin is not as effective.

De lirium Tre me ns

Delirium tremens (DT) is the most severe manifestation of alco-
hol withdrawal and these patients should be cared for in an ICU
setting. Untreated DT carries a mortality of 15% , but mortality
declines to 1% if treated. The accumulation of multiple prior
withdrawal episodes leads to more severe DT with each episode
(14). Patients with DT have more severe autonomic hyperactiv-
ity than milder stages of withdrawal and manifest delirium that
may fluctuate. Some patients with severe withdrawal symptoms
may need intubation during treatment. Fluid requirements may
be increased due to increased insensible losses (fever, diaphore-
sis) and lack of oral intake. High-dose intravenous benzodi-
azepines (diazepam, lorazepam, midazolam) administered at
frequent intervals or as a continuous infusion are needed to
control the hyperadrenergic symptoms. Dosing should be indi-
vidualized to achieve light somnolence (18). Benzodiazepines
bind at the GABA–benzodiazepine receptor, and once these re-
ceptors are saturated, additional drug cannot bind. Patients
may tolerate high doses of benzodiazepines but do not nec-
essarily benefit from them (19). Caution is advised when ad-
ministering high doses of intravenous lorazepam or diazepam
over long periods of time as the propylene glycol diluent may
result in a lactic acidosis (20). Daily dose reductions of 25%
can be initiated after the second or third day of treatment.
Propofol infusions may be useful for patients who are refrac-
tory to benzodiazepines. Propofol has dual activity similar to
alcohol (GABA agonist and NMDA antagonist properties) that
may explain its efficacy. Propofol has a rapid onset of action,
sedation, and anticonvulsive properties (6,21). Other sedative-
hypnotic drugs such as paraldehyde and barbiturates are ef-
fective in treating DT but are not commonly used. Neurolep-
tic agents are inferior to benzodiazepines and should not be
used as single agents for treatment of DT (18). Neuromuscular
blockers may be considered to control agitation when high-
dose sedatives are not effective. Cardiac monitoring is neces-
sary to detect arrhythmias early and institute therapy. Torsade
de pointes may develop due to hypomagnesemia or prolonga-
tion of the QT c interval and should be treated aggressively with
intravenous magnesium sulfate. Beta blockers may be needed

to treat hypertension or tachycardia but they should not be ad-
ministered to treat delirium. Propranolol may worsen delirium.
Thiamine supplementation (100 mg/day) is recommended for
3 days.

DT usually lasts 2 to 5 days, but in 5% to 10% of cases,
DT lasts greater than a week. Elderly alcoholics have a longer
withdrawal period with more symptoms than younger alco-
holics (23). A small percentage of patients remain delirious
for several weeks and require continuing treatment. Be aware,
however, that after head trauma, a subdural hematoma can
evolve subacutely in the alcoholic patient. Repeat imaging of
the brain may be warranted 7 to 10 days into a course of pro-
tracted delirium to rule out a slowly accumulating subdural
hematoma (19).

COCAINE
Cocaine (benzoylmethylecgonine) is an alkaloid derived from
leaves of Erythroxylon coca. It is the second most commonly
used illicit drug and the most frequent cause of drug-related
deaths. Eighteen- to twenty-five-year-olds are the most com-
mon users, although it is abused by younger and older individ-
uals (1).

Cocaine is available in two forms. Cocaine hydrochloride is
prepared by dissolving alkaloidal cocaine in hydrochloric acid
resulting in a white water-soluble powder, crystals, or granules.
This form of cocaine is used intranasally (snorting), orally, or
intravenously. The other available form of cocaine is free base
or crack cocaine. Heating cocaine hydrochloride in sodium
bicarbonate or ammonia makes the hard crystallized cocaine
base called crack because of the popping sound it makes when
heated (24). Smoking crack cocaine has become a widespread
practice due to the rapid absorption across the alveolar sur-
face. Both forms of cocaine are readily absorbed from all body
mucosal surfaces. The peak effects of cocaine range from 1 to
90 minutes depending on the route of administration. Inhala-
tional and intravenous use result in the most rapid peak effects
and shortest duration of action. Cocaine is rapidly metabolized
by hepatic and plasma cholinesterases and nonenzymatic hy-
drolysis to ecgonine methyl ester and benzoylecgonine, which
are excreted in urine. The urinary excretion of unchanged co-
caine ranges from 1% to 15% . The route of administration
does not affect metabolic excretion patterns appreciably and
half-lives of most metabolites range from 45 to 90 minutes
(25). Subjective rating of euphoria declines within minutes af-
ter constant concentrations are achieved, demonstrating rapid
desensitization and acute tolerance (26). Duration of positive
urinary metabolites is somewhat dependent on the assay tech-
nique, the activity of plasma cholinesterases, and the duration
and dosing of cocaine use.

Cocaine’s lipophilic nature, compounded with rapid dis-
tribution into and out of the CNS, suggests a highly abu-
sive profile (rush and crash) and increased incidence of kin-
dling. The major neurochemical actions of cocaine are CNS
stimulation with release of dopamine; inhibition of neuronal
norepinephrine and dopamine uptake, resulting in generalized
sympathetic nervous system stimulation; release of serotonin
or blockade of serotonin reuptake; and inhibition of sodium
current in neuronal tissue, resulting in a local anesthetic effect
(27).
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Toxicit y

Numerous morbidities have been associated with acute and
chronic cocaine use (Table 67.3). Complications of particular
interest to intensivists are discussed below.

Card iovascular
Cocaine increases the heart rate, blood pressure, and left ven-
tricular contractility, leading to an increase in myocardial oxy-
gen demand (28). The increased demand may combine with
underlying coronary artery disease, vasoconstriction, platelet
aggregation, or in situ thrombus formation to produce ischemia
and infarction. Chronic cocaine use also accelerates atheroscle-
rosis (29). Apart from structural changes in epicardial vessels,
wall thickening is described in the intramyocardial small coro-
nary arteries in people with cocaine-induced chest pain (30).

Chest pain is the most common cocaine-associated compli-
cation in patients who present for medical care. All patients
presenting with chest pain should be questioned regarding co-
caine use. Myocardial ischemia can occur with all routes of
abuse with no relation to the dose or chronicity of use. The
onset of chest pain often occurs temporally related to the use

of cocaine. However, chest pain may occur hours to days after
the last use of cocaine. Electrocardiograms are often abnormal
in patients presenting with cocaine-associated chest pain (31,
32). Myocardial infarction may be present with a normal or
abnormal electrocardiogram. Conversely, electrocardiograms
may suggest acute ischemia in the absence of infarction due to
J-point elevation or repolarization changes (32). Cardiac tro-
ponins are more specific for assessing myocardial injury than
creatine kinase-MB, which may be elevated due to skeletal mus-
cle injury (33). Myocardial infarction is reported to occur in
approximately 6% to 7% of patients and occurs with normal
coronary arteries and in the presence of significant atheroscle-
rotic disease (32,34,35). Periods of silent ischemia are common
in chronic users of cocaine, as shown by Holter tests and dur-
ing periods of withdrawal (36). Dilated cardiomyopathy, my-
ocarditis, and congestive heart failure can occur secondary to
chronic cocaine use (37).

Cocaine is arrhythmogenic when taken in large quantities
because of catecholamine effects. The arrhythmias are usually
transient and resolve when cocaine is metabolized. Sinus tachy-
cardia, supraventricular tachycardia, atrial fibrillation, pre-
mature ventricular beats, ventricular tachycardia, ventricular

TA BLE 6 7 . 3

CLINICAL MANIFESTATIONS OF COCAINE USE

ANESTHETIC EFFECTS RESPIRATORY
Localized numbness Pulmonary edema
Central neuronal depression Pulmonary hypertension
Coma Respiratory arrest

Pulmonary vascular occlusion, pulmonary infarction
CENTRAL NERVOUS SYSTEM Pneumothorax
Euphoria Pneumomediastinum
Alertness Hemoptysis
Tremor
Sleeplessness GASTROINTESTINAL
Paranoia Mesenteric ischemia, infarction
Psychosis Gastrointestinal perforations
Headache
Seizures METABOLIC
Stroke Weight loss
Transient ischemic events Hyperthermia
Intracerebral hemorrhage Rhabdomyolysis
Cerebral vasculitis
Cognitive dysfunction OTHER COMPLICATIONS

Nasal mucosal injury
CARDIOVASCULAR Nasal septal perforation
Tachycardia Chronic rhinitis
Arrhythmias Deep venous thrombosis
Hypertension Dystonic reaction
Myocardial ischemia and infarction Skin ischemia
Myocarditis
Aortic dissection or rupture OBSTETRIC
Sudden death Spontaneous abortions
Cardiomyopathy Abruptio placentae
Atherosclerosis Intrauterine growth retardation
Vasculitis Prematurity

RENAL
Induction of renal atherogenesis
Renal failure
Renal infarction
Scleroderma renal crisis
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fibrillation, bundle branch block, asystole, and torsade de
pointes may occur.

Elevation of blood pressure occurs due to the acute ef-
fects of cocaine, but it is usually self-limited. Sustained ele-
vations of blood pressure suggest the presence of chronic hy-
pertension or another complication (e.g., intracranial process).
The elevations of blood pressure may contribute to other catas-
trophic complications such as stroke and intracranial hemor-
rhage. Rupture of the ascending aorta in previously healthy
men has been reported as well as aortic dissection (38).

Ce nt ral Ne rvous Syst e m
In large doses, cocaine may cause a generalized impairment
of neuronal impulse transmission leading to CNS depression,
coma, respiratory depression, and respiratory arrest. At low
doses, stimulation is the common feature of cocaine use. The
euphoria produced by cocaine is the principal reason for its
abuse. Excessive CNS stimulation can occur and is manifested
by tremulousness, agitation, sleeplessness, paranoia, and frank
psychosis. Aggressive and assaultive behavior can occur in co-
caine overdose.

Seizures can be induced, even on the first exposure, be-
cause cocaine lowers the threshold for seizures. Cocaine-related
seizures are usually brief and self-limited, occurring soon after
taking cocaine, although the interval between last use of co-
caine and onset of seizures can be several hours (39). Sustained
or repeated seizure activity suggests an additional complica-
tion such as hyperthermia, intracranial hemorrhage, metabolic
abnormality, or massive intake of cocaine.

Cocaine use is associated with ischemic cerebrovascu-
lar accidents as well as transient ischemic attacks (39–41).
Radiologic studies have demonstrated cerebral vasoconstric-
tion as well as vessel thrombosis with cocaine (41,42). Al-
though most symptoms occur during or immediately after
cocaine use, neurologic symptoms may occur within hours
to several days after the last use. Subarachnoid, parenchy-
mal, and intraventricular hemorrhage may occur within mo-
ments of drug use, possibly related to blood pressure elevation.
Some patients have anatomic abnormalities such as vascular
malformation or aneurysm that may be amenable to specific
therapy (39,43,44). Cerebral atrophy, predominantly in the
temporofrontal regions, has been noted in patients with chronic
cocaine abuse (45).

Pulmonary
Pulmonary complications associated with cocaine are much
less common than cardiovascular and cerebrovascular events
but include a variety of conditions (46,47). Inhalation of co-
caine, in contrast to IV use, has been demonstrated to cause
bronchoconstriction (48). This response may be due to an ir-
ritant effect and may contribute to wheezing and exacerba-
tions of asthma in cocaine users (49,50). Barotrauma (pneu-
mothorax and pneumomediastinum) is reported secondary to
snorting cocaine and crack inhalation (51). Noncardiogenic
pulmonary edema may occur and is described more commonly
with intravenous use of cocaine. Massive hemoptysis with dif-
fuse alveolar hemorrhage is a rare complication of unknown
etiology and has been reported with smoking free-base cocaine
and other routes of abuse. Other rare pulmonary toxicities,
more commonly reported after inhalation of cocaine, include
interstitial pneumonitis, pulmonary infiltrates with peripheral
and/or lung eosinophil prominence, and bronchiolitis obliter-
ans (52). Septic pulmonary emboli and pulmonary vascular

obstruction resulting from foreign body granulomas or angio-
thrombosis may develop as a consequence of IV cocaine use
similar to IV heroin use (53).

Hyp e rt he rmia/ Rhab d omyolysis
Hyperthermia may result from muscle hyperactivity or as a
direct effect of cocaine on the hypothalamic temperature reg-
ulatory center. High ambient temperatures are associated with
increased mortality from cocaine and hyperthermia is proba-
bly one of several factors that play a role (54). Cocaine impairs
sweating and cutaneous vasodilation as well as heat perception
under conditions of heat stress (55).

Cocaine-induced rhabdomyolysis is common and can lead
to acute renal failure. Multiple factors such as hyperthermia,
seizures, vasoconstriction with ischemia, excessive motor ac-
tivity, concomitant use of other drugs, and even a direct toxic
effect of cocaine may contribute to muscle injury. Myalgias
and muscle tenderness are infrequently present. Seizures, hy-
potension or hypertension, arrhythmia, coma, and cardiac ar-
rest identify a subgroup of patients who are prone to severe
rhabdomyolysis (56,57).

Ot he r Toxicit ie s
Intestinal ischemia, infarction, and perforation have been re-
ported following ingested, intravenous, and inhaled cocaine
(58,59). Patients may present with complaints of acute or
chronic abdominal pain. Acute renal failure may be precipi-
tated by rhabdomyolysis, but other etiologies may include ac-
celerated hypertension and glomerulonephritis (60). Rare cases
of renal infarction have also been reported.

Diag nosis of Acut e Int oxicat ion

Patients with cocaine intoxication may present with a variety
of primary complaints such as altered mental status, chest pain,
syncope, palpitations, seizures, or attempted suicide (61). Char-
acteristic findings of CNS stimulation such as agitation, mydri-
asis, sweating, hypertension, and tachycardia are often present.
However, the effects of other drugs, the presence of complica-
tions, and delays in presentation may obscure the typical sym-
pathomimetic manifestations. Other medical conditions such
as meningitis, encephalopathy, epilepsy with status, and thyro-
toxicosis may mimic cocaine intoxication (27). Confirmation
of acute or recent cocaine exposure is made by urine toxicology
testing.

Tre at me nt for Acut e Int oxicat ion

Benzodiazepines are the pharmacologic agents of choice for
control of cocaine-induced agitation. The agitation and psy-
chosis of cocaine overdose usually can be managed with titrated
doses of IV diazepam, 5 to 20 mg; lorazepam, 2 to 4 mg; or mi-
dazolam, 5 to 10 mg slowly. Haloperidol is not recommended
as a first-line agent because of the lack of experimental support
(62) and potential to lower the seizure threshold. Adequate hy-
dration and correction of electrolyte abnormalities are impor-
tant.

Card iovascular
No large clinical trials have evaluated treatment strategies for
cocaine-associated ischemia. Treatment of cardiac toxicity due
to cocaine is directed at reversing physiologic effects that cause
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ischemia or arrhythmias. Aspirin should be administered as
an antiplatelet agent for suspected myocardial ischemia unless
there is evidence of cerebral hemorrhage. Oxygen may also help
to limit myocardial ischemia. Benzodiazepines and nitroglyc-
erin are considered first-line agents for relief of chest pain, but
small clinical studies have yielded conflicting results on the ben-
efit of combining the agents (63,64). Benzodiazepines decrease
the blood pressure and heart rate, thus decreasing myocardial
oxygen demand, and nitroglycerin may dilate coronary arter-
ies or relieve vasoconstriction. Alpha blockers such as phen-
tolamine have been recommended as a second-line treatment
for unrelieved pain, but are rarely needed (65). The use of β
blockers in the management of myocardial ischemia is debated.
There is a potential concern of worsening vasospasm or hyper-
tension due to unopposed stimulation of α receptors. Intra-
coronary propranolol results in a small decrease in coronary
artery diameter following intranasal cocaine, but β blockers
are not administered by this route or as soon after cocaine use
in most patients (66). However, β blockers have been used, par-
ticularly in the setting of myocardial infarction, without com-
plications. Administration of β blockers might be avoided in
patients manifesting acute sympathomimetic findings, but the
benefits of these agents should be considered in other patients
with ongoing myocardial ischemia.

Most patients with cocaine-associated chest pain will not
have infarction. Patients can be managed in chest pain or ob-
servation units similar to other chest pain patients (67). Low-
risk patients with normal cardiac markers can be risk stratified
safely with stress testing.

Early therapy for cocaine-induced myocardial infarction
should consist of oxygen, aspirin, and nitroglycerin as required
for pain relief. If pain persists, patients with cocaine-induced
myocardial infarction are candidates for reperfusion therapy.
Primary percutaneous angiography is preferred in patients with
evidence of ST-elevation myocardial infarction, especially when
the diagnosis may be in doubt (65,68). Thrombolytic therapy
has been safely used in cocaine-associated myocardial infarc-
tion and may be considered if invasive reperfusion is not avail-
able (69).

Arrhythmias associated with cocaine use are usually tran-
sient. Standard therapy should be considered for sustained ar-
rhythmias unresponsive to control of pain and agitation. Al-
though lidocaine is seldom used for ventricular arrhythmias,
theoretical concerns of enhancing cocaine toxicity do not ap-
pear to be clinically significant (70).

Sustained hypertension in acute cocaine intoxication is not
common due to the short physiologic effects of the drug. Con-
trol of agitation with benzodiazepines often results in resolu-
tion of hypertension. Intravenous labetalol is a reasonable op-
tion if the blood pressure needs to be lowered due to its α- and
β -blocking effects. Cocaine-intoxicated patients should be con-
sidered to have acute elevations in blood pressure, and unless
there is documentation or clinical evidence of long-standing hy-
pertension, there should be little concern about cerebral hypo-
perfusion with immediate lowering of blood pressure to normal
levels (71).

Ce nt ral Ne rvous Syst e m
Seizures induced by cocaine are best controlled with IV ben-
zodiazepines. Other standard antiepileptics can be added for
refractory cases. If neuromuscular blockers are used, brain
seizure activity may persist unrecognized and, hence, warrants
continuous electroencephalographic monitoring.

Interventions for ischemic strokes associated with cocaine
use should be carefully considered. Since the etiology may in-
volve vasoconstriction as well as thrombosis, the decision to
use thrombolytic agents in patients presenting within 3 hours
of symptom onset may be more difficult. Vascular imaging, if
readily available, may be helpful. Blood pressure is not usually
severely elevated, but if sustained hypertension is present, cur-
rent guidelines should be followed for lowering blood pressure.
Neurosurgical consultation should be sought for intracranial
hemorrhages to evaluate for possible interventions. Patients
with subarachnoid hemorrhage should be evaluated for vascu-
lar malformations that may be amenable to treatment.

Pulmonary
Most pulmonary toxicities associated with cocaine are man-
aged with usual care or supportive care (46,47). Bronchospasm
and asthma should be treated with inhaled β agonists and cor-
ticosteroids if indicated. Pneumomediastinum can be followed
without hospital admission for most patients. Small pneumo-
thoraces may also resolve without intervention, whereas large
pneumothoraces will require thoracostomy. Noncardiogenic
pulmonary edema may require supplemental oxygen and me-
chanical ventilation but resolves within a few days unless other
complications occur.

Hyp e rt he rmia/ Rhab d omyolysis
Hyperthermia associated with cocaine use should be treated ag-
gressively by rapid cooling (please see chapter discussing heat
stroke). Control of coexisting agitation, psychosis, or seizures is
essential to achieve and maintain cooling while avoiding brain,
hepatic, and muscle cell destruction. There is no evidence that
pharmacologic agents such as dantrolene are of benefit in cool-
ing patients with life-threatening hyperthermia.

Patients with hyperthermia, severe agitation or motor ac-
tivity, seizures, and obtundation should be evaluated for rhab-
domyolysis. Aggressive fluid resuscitation to replete the in-
travascular volume and enhance urine output should often be
initiated prior to definitive diagnosis. Serial tests of electrolytes,
renal function, and creatine kinases are needed to monitor the
severity and response of rhabdomyolysis.

Bod y Packe rs/ St uffe rs
Individuals may ingest packets of cocaine or any illicit drug for
the purpose of transport or concealment. Body stuffers swal-
low small amounts of drug (wrapped or unwrapped) in order
to avoid arrest. In this circumstance, drugs are not prepared for
passage through the GI tract and drug is frequently absorbed.
Due to the smaller quantities of drug, toxicity is usually mild
(71). In contrast, body packers swallow larger quantities of
drug in multiple packets that are specially prepared for smug-
gling to withstand transit through the GI tract. Abdominal ra-
diographs often show the location of the packets and allow
tracking as they move through the GI tract. However, a neg-
ative result on plain abdominal radiograph does not rule out
body packing, and an abdominal CT scan may be needed to
visualize the packets (72).

Most body packers are asymptomatic and can be managed
conservatively until the packets have been completely evacu-
ated (72,73). Activated charcoal given every 4 to 6 hours can
reduce the lethality of oral cocaine. Whole bowel irrigation
may assist with passage of the packets. Body packers with
signs and symptoms of drug toxicity, in vivo degradation, or
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gastrointestinal obstruction require emergent surgical interven-
tion (72).

Cocaine Wit hd rawal

Psychological and biochemical dependency on cocaine may be
intense. Cocaine causes activation of the dopamine system and
blocks dopamine uptake, especially in the pleasure centers of
the brain (74). The brain becomes dopamine deficient, and even
a short period of cocaine abstinence can result in a withdrawal
state.

The clinical effects of cocaine withdrawal include depres-
sion, fatigue, irritability, sleep and appetite dysfunction, psy-
chomotor agitation or retardation, and craving for more co-
caine (25). A period of prolonged somnolence and decreased
arousal can occur after binge use of cocaine and often neces-
sitates evaluations to rule out complications associated with
cocaine use (75). A supportive environment and professional
drug counseling are warranted.

OPIOIDS
Opioids include all drugs (synthetic as well as natural) that
have morphine-like properties and/or bind to opioid receptors.
There are at least five opioid receptors with various physiologic
roles including analgesia, ventilatory depression, drug depen-
dence, bradycardia, dysphoria, hallucinations, sedation, and
miosis. Opioids are classified as receptor agonists or antago-
nists. Some have combined properties because they stimulate
one type of receptor and antagonize another. A classification of
opioids is found in Table 67.4. Opioid dependence is character-
ized by repeated self-administration of drug and encompasses
physiologic dependence and addictive behavior. Exposure to
opioids causes neural changes that produce tolerance, depen-
dence, and withdrawal (76).

Toxicit y

Although all opioids are associated with toxicity, heroin use
has been increasing and the purity has increased, resulting in
overdoses and fatalities (77). Heroin is rapidly absorbed by
all routes of administration, including intravenous, intranasal,
intramuscular, subcutaneous (skin popping), and inhalation.
Most fatal overdoses occur with IV administration. Intra-
venous fentanyl extracted from analgesic patches is also as-
sociated with fatalities (78). Oral opioids are available illicitly
or by prescription and toxicity depends on the potency of the
agent, dose ingested, and tolerance of the individual. Codeine
elixir (“syrup”) is abused by adolescents and young adults. The
diagnosis of opioid toxicity is made by characteristic clinical
findings, exposure history, qualitative toxicology assay, and re-
sponse to naloxone. Qualitative urine assays may not detect all
opioid derivatives (e.g., fentanyl).

Opioid intoxication is characterized by a clinical syndrome
of depressed level of consciousness, respiratory depression, and
miosis. However, manifestations may be variable depending on
the drug used and presence of other drugs or alcohol. Miosis
is not seen with meperidine and propoxyphene toxicity. The
primary toxic manifestations of opioids are mediated by the

TA BLE 6 7 . 4

CLASSIFICATION OF OPIOID AGENTS

OPIOID AGONISTS
Natural opium derivatives

Codeine
Morphine

Semisynthetic opioids
Heroin
Hydrocodone
Hydromorphone
Oxymorphone
Oxycodone

Synthetic opioids
Diphenoxylate
Fentanyl
Levorphanol
Loperamide
Meperidine
Methadone
Propoxyphene
Tramadol

PURE OPIOID ANTAGONISTS
Nalmefene
Naloxone
Naltrexone

AGONISTS–ANTAGONISTS
Butorphanol
Nalbuphine
Pentazocine

µ and κ receptors in the brain, which cause CNS depression.
Common clinical effects of these drugs are shown in Table 67.5.

The most worrisome feature of CNS depression is hypoven-
tilation. Tidal volume decreases first, and then respiratory rate
falls. Although less common, seizures may be associated with
meperidine, propoxyphene, and tramadol toxicity or result
from hypoventilation and hypoxemia due to other opioids. Ar-
teriolar and venous dilatation with opioid use can precipitate
preload reduction, a fall in cardiac output, and hypotension.

An opioid-induced release of histamine from mast cells
can precipitate bronchospasm, urticaria, and pruritus. Other
respiratory complications include aspiration of gastric con-
tents, noncardiogenic pulmonary edema, asthma exacerbation
(heroin), pulmonary hypertension, acute respiratory distress
syndrome, and septic pulmonary emboli (53,79). Intravenously
injected illicit opioids may be mixed with microcrystalline cel-
lulose, talc, or cellulose. These fillers are capable of producing
angiothrombosis and a foreign body granulomatous reaction
in the lung.

A pronounced decrease in gastrointestinal peristalsis and in-
creased ileocecal and anal sphincter tone are responsible for the
constipation frequently seen with opioid use. Urinary retention
may be caused by increased detrusor muscle tone. Local infec-
tions, endocarditis, and other systemic infections are especially
common in the IV user.

Tre at me nt for Acut e Int oxicat ion

The most common cause of death in opioid overdose is ven-
tilatory failure, and the immediate priority in acute opioid
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TA BLE 6 7 . 5

CLINICAL MANIFESTATIONS OF OPIOID
INTOXICATION

CENTRAL NERVOUS SYSTEM
Analgesia
Apathy
Lethargy
Seizures
Coma
Ventilatory depression
Nausea
Emesis
Miosis

RESPIRATORY
Histamine release—bronchospasm
Pulmonary edema

CARDIOVASCULAR
Arteriolar and venous dilation
Preload reduction
Hypotension

GASTROINTESTINAL
Decreased peristalsis
Decreased hydrochloric acid secretion
Constipation

OTHER
Histamine release—urticaria, pruritus
Muscle rigidity (fentanyl)
Urinary retention

intoxication is airway management and ventilation. If rever-
sal of respiratory depression cannot be accomplished quickly
with naloxone, intubation may be necessary. Naloxone, a pure
opioid antagonist, reverses all of the opioid-induced CNS and
ventilatory depressant effects. The dose required to reverse opi-
oid effects depends on the amount and type of opioid adminis-
tered. The initial dose of naloxone is 0.4 to 2 mg; the lower dose
should be administered initially in patients suspected of chronic
addiction to avoid precipitating acute withdrawal symptoms.
Additional doses of naloxone can be given based on the pa-
tient’s response. Although intravenous administration is pre-
ferred, naloxone can be administered intramuscularly, by sub-
lingual injection, or through an endotracheal tube. The goal of
therapy is to restore adequate spontaneous respirations rather
than complete arousal. Doses of naloxone up to 10 to 20 mg
may be required in patients who have administered large quan-
tities of opioids or opioids such as propoxyphene, pentazocine,
methadone, and fentanyl. If CNS depression is not reversed by
20 mg of naloxone, alternate causes should be aggressively ad-
dressed (e.g., hypoglycemia, hypothermia, head trauma). Close
observation of the patient after naloxone administration is war-
ranted because its effects last approximately 60 to 90 minutes.
The patient may require repeated bolus injections of naloxone
or a continuous infusion to maintain adequate respirations,
particularly with long-acting opioids. The dose for infusion is
one half to two thirds of the initial naloxone dose that reversed
respiratory depression given on an hourly basis. Adjustments
of the dose should be made to achieve clinical end points and
avoid withdrawal symptoms. Additional boluses may be re-

quired as the infusion is started. Nalmefene, a long-acting opi-
oid antagonist, has also been used to treat opioid overdoses,
but prolonged withdrawal symptoms are a concern (80).

Isotonic fluids should be administered for hypotension due
to opioids. Patients with significant opioid toxicity should be
observed for other potential complications including aspiration
pneumonitis and noncardiogenic pulmonary edema. Noncar-
diogenic pulmonary edema is usually self-limited (24–36 hours)
and managed with supportive care that may include intuba-
tion and mechanical ventilation (81). Seizures unresponsive to
naloxone should be treated with intravenous benzodiazepines.
Refractory seizures may suggest either body packing or an-
other complication. The potential for acetaminophen toxicity
should be considered in patients ingesting opioids formulated
with acetaminophen.

Acut e Op ioid Wit hd rawal

The chronic administration of exogenous opiates is thought to
lead to diminished endogenous opioid peptides. When these
exogenous opiates are discontinued, the patient can develop
opioid withdrawal. The clinical manifestations of opioid with-
drawal are outlined in Table 67.6. The onset of symptoms
varies with the drug abused. Symptoms can begin within 6
to 12 hours of the last dose with short-acting opioids such as
heroin and within 36 to 48 hours with long-acting opioids such
as methadone. Opioid withdrawal is rarely life threatening and
usually does not require intensive care.

TA BLE 6 7 . 6

CLINICAL MANIFESTATIONS OF OPIOID
WITHDRAWAL

EARLY
Yawning
Lacrimation
Rhinorrhea
Sneezing
Sweating

INTERMEDIATE
Restless sleep
Piloerection
Restlessness
Irritability
Anorexia
Flushing
Tachycardia
Tremor
Hyperthermia

LATE
Fever
Nausea
Vomiting
Abdominal pain
Diarrhea
Difficulty sleeping
Muscle spasm
Joint pain
Involuntary ejaculation
Suicidal ideation
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If it is necessary to control withdrawal symptoms, most opi-
oids in sufficient dosage will alleviate symptoms. Methadone,
buprenorphine, and clonidine have been used to treat acute
opioid withdrawal. In addition, methadone and buprenor-
phine have been used to treat opioid addiction chronically.
Methadone can cause constipation, respiratory depression,
dizziness, sedation, nausea, and diaphoresis. Oral buprenor-
phine use is restricted in the United States to qualified physi-
cians who treat opioid dependence. It has low toxicity in
high doses, partly because its µ -antagonistic effects limit the
opioid effects of sedation, respiratory depression, and hy-
potension. Buprenorphine is more effective than clonidine and
similar to methadone for management of opioid withdrawal
(82).

Clonidine has also been used to suppress the autonomic
effects of opioid withdrawal. Doses of 0.1 to 0.3 mg orally can
suppress the signs and symptoms of opiate withdrawal within
24 hours and shorten acute withdrawal reactions by 3 to 4 days
(83). Side effects are hypotension, drowsiness, dry mouth, and
bradycardia.

He ro in Bod y Packe rs

Heroin body packers should be managed similar to cocaine
body packers (see above). If there is evidence of systemic ab-
sorption from leaking packets, opioid toxicity should be treated
with a continuous infusion of naloxone.

AMPHETAMINES AND
DERIVATIVES

Amphetamines, methamphetamines, and similar derivatives
are the most commonly abused CNS stimulants along with
cocaine. Although there are limited medical uses for these drugs
(narcolepsy, attention deficit disorder, obesity), they are usually
abused for the euphoric effects or to enhance performance. Am-
phetamines act by increasing release and inhibiting reuptake of
dopamine and serotonin in the brain. Minor chemical substi-
tutions can enhance the hallucinogenic properties of the drug.
The ease of production of these drugs from readily available
ingredients in clandestine laboratories has resulted in increased
supply throughout the United States. Methamphetamine can be
made from common ingredients such as rock salt, paint thin-
ner, lantern fuel, battery acid, lye, ammonia, lithium, ether,
rubbing alcohol, iodine, and cold medicines containing pseu-
doephedrine (84).

Methamphetamine in a crystalline form (commonly called
ice, crank, glass, or crystal) is one of the most popular drugs
in this class. It can be orally ingested, smoked, snorted,
or injected intravenously. An amphetamine-like drug, 3–4-
methylenedioxymethamphetamine, is a designer drug (com-
monly known as Ecstasy, XTC, or MDMA) that acts simul-
taneously as a stimulant and hallucinogen (85). It results in
greater serotonin release in the brain with inhibition of sero-
tonin reuptake. It is abused in pill or capsule forms that are
orally ingested. MDMA use has been associated with rave par-
ties and is more commonly abused by adolescents and young
adults. Most amphetamines are detected on qualitative urine
toxicology assays but a negative result does not rule out am-
phetamine intoxication or abuse.

Toxicit y

In general, these drugs cause release of catecholamines, which
result in a sympathomimetic/adrenergic syndrome. Compared
to cocaine, the “high” and physiologic effects last longer (hours
to several days depending on the agent used). The clinical pre-
sentation is characterized by tachycardia, hyperthermia, agita-
tion, hypertension, and mydriasis. Hallucinations (visual and
tactile), hypervigilance, and acute psychoses (often paranoia)
are frequently observed. MDMA leads to increased verbosity
and sociability. MDMA use is associated with bruxism that
is often countered by sucking on a pacifier or lollipop. Am-
phetamine use is often associated with behaviors resulting in
trauma and risky sexual encounters. The acute adverse medi-
cal consequences are similar to those seen with cocaine abuse
(see above) and include myocardial ischemia and arrhythmias,
seizures, intracranial hemorrhage, stroke, hyperthermia, rhab-
domyolysis, necrotizing vasculitis, and death (86). Long-term
use of these drugs may result in dilated cardiomyopathy and
“meth mouth.” Meth mouth refers to a pattern of oral signs
and symptoms of methamphetamine abuse, thought to include
rampant caries and tooth fracture, leading to multiple tooth
loss and edentulism (84). Burn injuries from methamphetamine
laboratory explosions are associated with a higher incidence
of inhalational injury and greater use of critical care resources
(87).

Complications of MDMA use are usually a result of the drug
effects and nonstop physical activity. The effects of MDMA last
4 to 6 hours. Medical complications include hyperthermia, hy-
ponatremia, rhabdomyolysis, seizures, renal failure, arrhyth-
mias, syncope, cerebral infarction/hemorrhage, hepatotoxicity,
serotonin syndrome, and death (88). Hyponatremia and hep-
atoxicity are relatively unique with this agent and the mecha-
nisms leading to these complications are unknown.

Manag e me nt
Management of amphetamine intoxication is primarily sup-
portive. Gastric lavage is not recommended because absorption
after oral ingestion is usually complete when patients present.
Activated charcoal may be considered if a recent oral inges-
tion is known to have occurred. Further interventions are de-
pendent on patient complaints and clinical findings. A care-
ful assessment for complications should be made, including
measurement of core temperature, obtaining an electrocardio-
gram (ECG), searching for evidence of trauma, and evaluating
laboratory data for evidence of renal or hepatic dysfunction
and rhabdomyolysis. IV hydration for possible rhabdomyoly-
sis is warranted in individuals with known exertional activi-
ties pending CPK results. Patients should be placed in a quiet,
calm environment and benzodiazepines, often in high doses,
are used for controlling agitation. Haloperidol should be re-
served for patients who do not have an adequate response to
benzodiazepines.

Wit hd rawal

Acute withdrawal from amphetamines is similar to cocaine and
symptoms include fatigue, depression, anxiety, motor retarda-
tion, hypersomnia (followed by insomnia), increased eating,
and drug craving (89). Although withdrawal is uncomfortable,
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the manifestations are not dangerous. Patients may become
suicidal during withdrawal and should be evaluated for this
possibility. Symptoms may persist for months.

γ -HYDROXYBUTYRATE
γ -Hydroxybutyrate (GHB), a naturally occurring metabolite of
GABA found in the brain, has limited clinical use in narcolepsy
but is more commonly a drug of recreational abuse. It is one of
several agents characterized as a “date rape” drug and it has
been promoted to build muscle, improve performance, produce
euphoria, and enhance sleep. The drug is usually available as
a colorless, odorless liquid with a mild salty taste that is easy
to mask in drinks. GHB is rapidly absorbed from the stomach
(usually within 10–15 minutes) and readily crosses the blood–
brain barrier where it interacts with GHB and γ -aminobutyric
acid type B (GABAB) receptors. Stimulatory effects occur from
resulting increased dopamine levels in the brain and sedative
effects by potentiation of endogenous opioids. γ -Butyrolactone
(GBL), also known as 2(3H)-furanone-di-hydro, and 1,4 bu-
tanediol (BD), also called tetramethylene glycol, have been
abused with the same adverse effects as GHB (90). Both agents
are metabolized systemically to GHB.

Acut e Toxicit y

The manifestations of GHB toxicity are dose related and in-
clude agitation, coma, seizures, respiratory depression, and
vomiting. Other effects include amnesia, tremors, myoclonus,
hypotonia, hypothermia, decreased cardiac output, and brady-
cardia. A dose of 20 to 30 mg/kg can produce euphoria and
sleepiness and coma may result from doses of ≥ 40 to 60 mg/kg
(91). Concomitant use of ethanol results in synergistic CNS
and respiratory depressant effects. Deaths attributed to GHB
and related agents usually result from respiratory depression,
hypoxemia, or aspiration. GHB is not routinely detected by
urine toxicology assays but can be detected in plasma or urine
by gas chromatographic-mass spectrophotometric techniques.
Rapid clearance precludes detection beyond 12 hours after a
dose (91). Diagnosis is usually determined by the clinical course
and history of exposure elicited after the patient recovers. A
hallmark of GHB intoxication is rapid onset of toxicity and
sudden, rapid recovery rather than a gradual recovery usually
seen with ethanol or benzodiazepine intoxication.

Asse ssme nt and Tre at me nt
of Acut e Int oxicat ion

There is no antidote for GHB, GBL, or BD toxicity. The pri-
mary management for ingestion of these drugs is supportive
care with particular attention to airway protection. In some
cases, intubation and mechanical ventilation are required. Gas-
tric lavage and activated charcoal are not warranted because of
the small amounts involved and the rapid absorption. Nalox-
one and flumazenil are of no benefit. Atropine may be needed
for symptomatic bradycardia. Patients with mild intoxication
may be observed in the emergency department and released af-
ter symptoms resolve. A rapid recovery of consciousness from
an obtunded condition in a few hours is frequently observed.

In patients requiring intubation and mechanical ventilation,
symptoms can be expected to resolve within 2 to 96 hours
unless complications such as aspiration or anoxic injury have
occurred. The concomitant use of alcohol may prolong the
CNS depression. Although physostigmine has been reported
to awaken patients with GHB intoxication, its use is not rec-
ommended (92).

γ -Hyd roxyb ut yrat e Wit hd rawal

A sedative withdrawal syndrome following high-dose frequent
use (every 1–3 hours) of GHB, GBL, and BD has been described
(91, 93). Mild symptoms such as anxiety, insomnia, nausea,
vomiting, and tremors begin within 6 hours of the last dose
and may progress to severe delirium with autonomic instability
(usually mild) requiring hospitalization and sedation. Patients
may experience auditory, visual, and tactile hallucinations. The
duration of symptoms requiring treatment may be as long as 2
weeks. Benzodiazepines are the initial choice for management
and high doses may be required. Propofol and barbiturates
have also been used successfully (91,93).

PHENCYCLIDINE
Phencyclidine (PCP) is a psychoactive drug used as a hallucino-
gen that can be administered by oral ingestion, nasal insuffla-
tion, smoking, or intravenous injection. PCP is a dissociative
agent that blocks the NMDA receptors leading to an inhibition
of sensory perception. Sympathomimetic effects result from in-
hibition of norepinephrine and dopamine reuptake.

Clinical Manife st at ions

Signs and symptoms reported with PCP use are variable de-
pending on the route of abuse, susceptibility of the user, and
concomitant drug use (94). Behavioral effects of PCP include
coma, catatonia, psychosis, and confusion. Agitation may be
intermittent and unexpected. Misperception of reality can lead
to violent behavior, risk-taking behavior, and accidents result-
ing in trauma. Nystagmus (horizontal, vertical, and/or rota-
tory) and miosis are characteristic findings with PCP intoxi-
cation along with ataxia. Medical complications can include
hyperthermia, rhabdomyolysis, and seizures. Dystonic reac-
tions occur rarely. PCP is usually detected on urine qualitative
toxicology tests.

Manag e me nt

Management of a patient with PCP intoxication includes con-
trol of agitation using a quiet, nonstimulatory environment
and benzodiazepines as needed. Haloperidol may be beneficial
for frank psychosis. Physical restraints are often needed until
adequate sedation is achieved. Tachycardia and hypertension,
if present, usually respond to control of agitation. Activated
charcoal does adsorb PCP but most patients present after GI
absorption is complete following oral ingestion. Although uri-
nary acidification enhances PCP excretion, that intervention is
not recommended. The possibility of rhabdomyolysis should be
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evaluated and early fluid therapy should be considered while
awaiting test results.
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This review will discuss envenomation by snakes (both native
and non-native to the United States), spiders, scorpions, and
marine animals. Clinical and laboratory manifestations of en-
venomations are due to a spectacular array of substances that
gain entry into the victim and cause symptoms. A great deal of
attention has been paid to the biochemistry and mechanisms
regarding venoms. As complex and varied as these are, one
should expect that the symptoms and severity can range from
mild to serious, or even be fatal, and the treatment can range
from supportive to the administration of various substances
(antivenoms) meant to neutralize the activity of the venoms.
Over the past 50 years, the scientific approach to understanding
venoms and their manifestations has converted the approach
to envenomation syndromes from folklore and anecdotal first-
aid nostrums to an ever-growing and sophisticated scientific
discipline.

SNAKES NATIVE TO THE
UNITED STATES

Man has had a long and storied relationship with snakes, with
references several millennia ago found in the third chapter of
Genesis. Despite most references’ depiction of dread, the med-

ical profession’s positive regard for snakes is attested by the
universally accepted sign of the medical profession: a snake
intertwined on the staff of Aesculapius.

This portion of the chapter will deal with our management
style regarding snake envenomation by snakes native to the
United States; other physicians’ styles may be less conservative;
few will be more so. First, these facts not only underscore dif-
ferences in therapeutic philosophy, but also acknowledge that
there exists a considerable range in morbidity and mortality in
envenomation based partly on the bitten host, but especially on
the species of the offending reptile—we treat what we see. Se-
cond, one can deduce that there is no clear “standard of care.”

The second part of the chapter will address envenomation
by snakes not native to the United States. Unfortunately, this
separation sometimes is blurred by the increasing number of
exotic snakes kept either professionally by herpetologists who
work in zoos, research, or the pharmaceutical industry, or by
amateurs who collect a variety of exotic poisonous snakes. Ac-
cordingly, the health care professional must be prepared to deal
with a broad range of snake envenomations.

A mere century ago, the treatment of North American
snakebites was shrouded in mystery, folklore, and old wives’
tales, and indeed, was not even considered a medical prob-
lem. As clinical observation followed by clinical investigation
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became more commonplace in the study of snake envenoma-
tion syndromes, snake bite management has become an impor-
tant area of clinical medicine (1).

In the United States, there are two broad categories of ven-
omous snakes. The first, and the less common, is the coral
snake, members of the family Elapidae, with two genera and
several species. This snake represents the only venomous snake
in North America that is not a pit viper, does not have “cat
eye”–shaped pupils, and has a rather small head. Only 1% to
2% of all U.S. snakebite envenomations involve coral snakes,
yet this small number accounts for a somewhat disproportion-
ate amount of human morbidity and mortality. As the epidemi-
ology, symptomatology, and treatment of coral snake enveno-
mation is entirely different and apart from pit viper envenoma-
tion, it will be discussed separately.

The pit vipers account for about 95% of U.S. snakebites.
These are members of the family Crotalidae and comprise rat-
tlesnakes, water moccasins, and copperheads. Pit vipers are
composed of three genera and numerous species, which will be
briefly discussed separately. As pit vipers, they have two heat-
sensing pits approximately halfway between their nostrils and
eyes. Because of their considerable venom apparatus, they ap-
pear to have heads significantly larger than one might expect,
given the size of their bodies. Rattlesnakes have a series of dis-
tal specialized skin attachments that cause the rattlesnake to
generate the distinctive rattle when its tail is shaken. The re-
maining 2% to 3% of all U.S. snakebites are inflicted by exotic
venomous snakes, which will be covered in the second section
of this chapter, “Snakes Non-native to the United States.”

Identification of offending animals should be done if pos-
sible, but without undue risk of further bites to the victim or
others. Because the U.S. pit viper and coral snake antivenoms
are polyvalent, it is only necessary to identify a snake to the
family level. Identification charts are available and experts such
as local herpetologists may be consulted in certain cases.

Coral Snake Enve nomat ion

Coral snakes are rather small and brilliantly colored secretive
reptiles. As opposed to most snakes, which prefer isolation,
they are often found around newer housing projects and may
be encountered in one’s garden or yard. By habit, they are
not aggressive, supporting stories that children may play with
them for hours to days without being bitten. Additionally, their
anatomy is such that they cannot open their mouths as widely
as the pit vipers, so they typically bite only at the tips of fingers
or the webbed space between the thumb and first finger. Lack-
ing long fangs, envenomation requires hanging on to this small
anatomic part for 10 to 30 seconds in order to work venom
into the skin, an activity most victims will not tolerate, again
accounting for the rather small number of victims.

This colorful snake has several nonpoisonous distant look-
alikes with which it is sometimes confused. In the United States,
the coral snake has a black nose, with alternating rings of red,
yellow (sometimes white), and black encircling the entire body
of the snake. Hospitals should have a snake identification chart,
but identification of snakes from pictures by patients, let alone
by younger patients and/or patients in an inebriated state, is
notoriously poor.

Coral snake envenomation is complicated by the fact that, in
direct contradistinction to pit viper envenomation, there is little

or no local tissue damage; therefore, the characteristic triad of
immediate local pain, swelling, and discoloration characteristic
of pit viper envenomation does not develop. It is accordingly
possible to misconstrue a serious bite from a coral snake as one
from either a “dry bite” by a venomous snake or a bite by a
nonvenomous snake. This can lead to an unfortunate outcome.

Symp t oms and Manife st at ions
Symptoms may be delayed up to 12 hours, yet are dangerous
and can progress rapidly should they occur; therefore, patients
should be observed for 24 hours to determine whether an en-
venomation has occurred.

As the venom is chiefly neurotoxic, neurologic signs and
symptoms are declared in approximately the following ascend-
ing order and frequency: a mild numbness in the bitten ex-
tremity; and euphoria, often precipitously followed by cranial
nerve symptoms, with diplopia being the one that the patient
most often first notices, whereas a distinct flat dysarthria (sim-
ilar to patients with myasthenia gravis) is the one that health
care professionals usually first notice. Stridor, inability to swal-
low, and, finally, respiratory arrest may rapidly ensue. During
progression from dysarthria to respiratory arrest, aspiration
pneumonia is extremely common and comprises one of the
major morbidities and mortalities of coral snake envenoma-
tion. Should cranial nerve involvement be noted to develop, it
is important to prophylactically and preemptively intubate the
patient in order to protect the airway.

Lacking the large fangs characteristic of pit vipers, puncture
wounds are notoriously not prominent. Rather, if one squeezes
the bite site, one may see minute, pinpoint accumulations of
blood welling up from the tissue, indicating that the teeth of
the coral snake have successfully worked their way into the
subcutaneous tissue, thereby allowing the deposition of venom.
We have reported (2) a triad of risk factors that, in our opin-
ion, if any two are present, warrant strong consideration for
the infusion of three to five vials of antivenom: (a) the snake
is positively identified as a coral snake; (b) there is a history
of the snake “hanging on” the bitten site for at least 15 to
30 seconds, thus allowing sufficient time to work the venom
under the skin; and/or (c) one can observe pinpoints of blood
following applied pressure to the bitten area. We typically do
not administer antivenom for the presence of only one feature
of this triad but typically observe the patient for about a day.

The primary manifestation of envenomation is paralysis of
the entire nervous system, with the primary threat to life being
respiratory arrest, with or without aspiration pneumonia. Our
local experience suggests that the natural history of those pa-
tients who develop respiratory arrest do so for approximately
7 to 10 days before the effects of the venom naturally abate.
Mentation is not affected. One must be able to support a to-
tally flaccid patient for this period of time, with particular at-
tention to maintenance of respiratory care and respiratory hy-
giene. Long-term sequelae following either successful treatment
or the natural history of the envenomation syndrome may in-
clude several months of dysesthesias and paresthesias in the
bitten extremity, but generally fade after several months to a
year.

Ant ive nom Ad minist rat ion
The antivenom for coral snake envenomation supplied by
Wyeth (Antivenin [Micrurus fulvius] [equine origin]) unfortu-
nately is no longer being manufactured. As there are limited
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and dwindling supplies available, present statements and fu-
ture predictions on how to treat envenomation by coral snake
are most difficult. If antivenom can be procured, and if symp-
toms are deemed either imminent or present, usually three to
five vials of the antivenom are given intravenously about every
8 to 12 hours until symptoms stop progressing. Typically, a
single treatment is sufficient. If symptoms develop an hour or
more before antivenin administration, it is notoriously difficult
to reverse the neurologic blockade, and repeated administra-
tion of antivenom is not only futile, but in this time of extremely
limited supplies, is probably unwise for society in general. Skin
testing has been suggested prior to intravenous administration
of the antivenom, but is imperfect in predicting safety or reac-
tion to this antivenom, and should not delay administration in
life-threatening situations in any case.

With the impending collapse of the supply of coral snake
antivenom presently in the United States, it is unclear what
course of action to recommend. It appears that antivenom pre-
pared for South American members of the Micrurus family
is not very effective for the Micrurus species in the northern
hemisphere (3). A coral snake antivenom, prepared in Mexico
(Coralmyn, Bioclon), is available in emergencies. Presently, it is
recommended to call your regional poison center (1-800-222-
1222) to assist in acquisition, as most of the Mexican product
in the United States is held by zoos. See the section on Snakes
Non-native to the United States for further information.

Pit Vip e r Enve nomat ion

Ge ne ra
1. Crotalus: This family, Crotalidae, consists of three genera

found within the United States. The largest genus, composed
of some 15 to 20 species and subspecies, is Crotalus, the rat-
tlesnakes. Rattlesnakes are distinctly New World animals.
The rattle is composed of specialized scales that produce
a rattling sound when the reptile shakes its tail. The most
serious bites are those of the two largest snakes, namely
the eastern diamondback rattlesnake (Crotalus adamanteus)
and the western diamondback rattlesnake (Crotalus atrox ).
Some special comments will also be made about specific
effects of the venoms of the canebrake rattlesnake (Cro-
talus horridus atricaudatus) and the Mojave rattlesnake
(Crotalus scutulatus). The remaining rattlesnakes tend to
be smaller and located mostly in the desert southwest and
California.

2. Sistrurus: Two other species of rattlesnakes are in the sec-
ond genus, Sistrurus. Sistrurus catenatus (also known as
the massasauga) is mostly encountered in the upper Mid-
west from western Pennsylvania and New York across to
Michigan and Iowa. Sistrurus miliarius (also known as the
pygmy rattlesnake) is seen chiefly in Florida and up into the
Atlantic coast states. Both species of Sistrurus are smaller
rattlesnakes with poorly developed rattles. Their bites are
characterized by a very low morbidity and virtually zero
mortality (4–6). We use antivenom only occasionally (ap-
proximately 10% of the time) in pygmy rattlesnake bites.

3. Agkistrodon: The third genus of the family Crotalidae is
Agkistrodon, which is composed of two species. The cop-
perhead (Agkistrodon contortrix ) is the most common pit
viper from Georgia up through the Atlantic Coast states.
In three reviews (7–9), antivenom was administered to only

0% to 11% of victims. Some practitioners may infuse an-
tivenom more liberally in bites adjudged to be more serious
than most. Agkistrodon piscivorus (commonly known as
the water moccasin) is also in the Atlantic Coast states, in
Florida, and westward through Alabama and Mississippi
and into eastern Texas. Neither species of Agkistrodon is
extremely venomous. Bites characteristically cause signifi-
cant edema but virtually no mortality (7–9). Significant in
vitro coagulation abnormalities are rare (9,10). We employ
antivenom in only about 25% of victims of water moccasin
envenomations and those chiefly for patients either at the
extremes of age or with significant comorbidities.

Rang e of Ve nom Effe ct s
Bites from these species of pit vipers vary enormously, from the
least lethal with no documented deaths (Sistrurus miliarius—
pygmy rattlesnake) to the most lethal (Crotalus adamanteus—
eastern diamondback rattlesnake). The variability of the viru-
lence is due to the variability of the venom. All pit viper ven-
oms are very complex, containing upwards to 20 to 40 pro-
teinaceous substances, about half of which are enzymes that
are designed to help spread the venom throughout the prey’s
tissues and to predigest the intended prey, and another equal
number of nonenzymatic proteins that have many other effects,
including those on the autonomic nervous system. Indeed, pit
viper venom is one of the most complex mixtures of poisons
known to exist. Snake venom is best regarded as an offensive
weapon to assist the animal rather than regarded as a defensive
weapon against an accidental prey.

The complexity of the venom is demonstrated by its multi-
ple effects. At one time, it was fashionable to describe venom
as “neurotoxic” or “hematotoxic,” but those notions tend to
break down. It is fair to regard the venom of the coral snake
to be chiefly, if not exclusively, neurotoxic. Several excellent
reviews exist regarding the complex nature of pit viper venoms
(11–19).

This mixture of venom components vary enormously not
only within the family, but also within the genus and species.
In fact, even within the same subspecies, there is considerable
variation in the relative concentrations of various components
in the venom. Even individual members of a species, kept over
time, display variability in their venom pattern (20).

This is important when one considers the antivenom that
is currently available. CroFab (Crotalidae polyvalent immune
Fab [ovine] [FabAV], Therapeutic Antibodies, Inc., Nashville
TN) is a mixture of Fab fragments prepared from purified im-
munoglobulins, produced by healthy sheep that have been re-
peatedly injected with venom from one of the following four
snakes: Crotalus atrox , Crotalus adamanteus, Crotalus scutu-
latus, or Agkistrodon piscivorus. The Fab fragments from all
four preparations are then mixed together to produce a polyva-
lent mixture. As there are variable degrees of immunogenicity
and responses from the sheep to the injection of multiple and
variable components (antigens) within the venom of these four
pit vipers, it should be realized that not all venom components
will be neutralized to exactly the same degree. Because many of
the venom principles within other species of this genus may be
shared with other genera, there is a variable degree of crossover
of the Fab antivenom against the venom of species to which the
sheep was never exposed, such as Crotalus horridus atricauda-
tus, Sistrurus miliarius, and others. This no doubt explains,
in part, the variability of the response of some envenomation
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syndromes from other snake bites to the same Fab antivenom.
As an example, the author has had experience (unpublished
data) with a patient envenomated by a pet mottled rock rat-
tlesnake (Crotalus lepidus lepidus), a small and rather rarely
offending reptile. The victim of this bite had essentially no
salubrious response to repeated administrations of FabAV. One
may deduce that there exist few Fab fragments directed against
that snake’s individual venom pattern. On the other hand, the
venom of the Southern Pacific rattlesnake (Crotalus helleri) is
not injected into those sheep, yet envenomation by this reptile
seems to respond well to FabAV (21).

Symp t oms and Manife st at ions
The near-immediate onset of the triad of symptoms occurring
in human victims of pit viper envenomation—namely, pain,
swelling, and discoloration—supports the concept of disrup-
tion and digestion due to the venom. Digestive enzymes such
as phosphatases, hyaluronidases, proteinases, phospholipases,
and other substances dissolve connective tissue and proteins,
and attack nerve endings (17,19). Edema is largely brought
about by disruption of the endothelium of capillaries and lym-
phatics due to a variety of proteins that directly attack the
endothelial integrity of the microcirculation. Discoloration re-
sults from extravasation of red cells through the disrupted mi-
crocirculation (19). A far smaller role in local hemorrhage is
played by disruptions of the coagulation system, which is dis-
cussed in more detail below. Evidence for this concept is that
while hemorrhage within soft tissues may be spreading and
progressive, it is typically confined to the bitten extremity and
hemorrhage only rarely occurs systemically in victims of bites
from snakes native to the United States; this is not always the
case with bites from many snakes not native to this country.

Pain, swelling, and discoloration (immediate to approxi-
mately 2 hours at the latest) serve as excellent signs of enven-
omation. On the other hand, lack of pain, swelling, and dis-
coloration usually indicate that the victim has been fortunate
to be one of the 15% to 30% of pit viper victims in which the
reptile did not inject venom. These victims of so-called “dry
bites” clearly not only have been fortunate, but also do not
require antivenom. One pitfall and caveat is that some patients
may be envenomated by a pit viper but fail to have any local
signs of pain, swelling, or discoloration, yet may be clearly ill
as attested by their profuse weakness, fasciculations, diaphore-
sis, hypotension, nausea, vomiting, diarrhea, mental status al-
terations (which include confusion and stupor), and the oft-
mentioned “metallic taste” experienced by several victims. This
situation occurs in approximately 5% to 10% of envenoma-
tions, and is best attributed to injection of the venom more or
less directly into a vessel or a muscular bed rich in capillaries
such that local pain, swelling, and discoloration are bypassed
as the venom goes more directly into the circulatory system.
In this situation, local signs and symptoms are nonexistent,
or at least are far outweighed by a very obvious systemic en-
venomation syndrome. Sites in which such situations occur are
the muscular areas within the hands (thenar or hypothenar em-
inences) as well as the calf, or even more proximally in the great
muscles of the legs or arms. It is often striking how few local
signs there are other than puncture marks over these muscular
areas in a patient who is clearly extremely ill.

Many of the venom components that cause pain, swelling,
and discoloration are neutralized by the currently available
FabAV. A great many of these principles are shared within the

Crotalid family; however, not all are. The venom of some na-
tive snakes contains a principle that is quite myotoxic and this
appears to be less promptly neutralized by FabAV. Reptiles that
characteristically cause massive rhabdomyolysis with large ele-
vations of the serum creatine phosphokinase (CPK)—including
the CPK-MB band, but with negative troponin assays—include
the canebrake rattlesnake (Crotalus horridus atricaudatus) (22)
of the eastern United States and the Mojave rattlesnake (Cro-
talus scutulatus) (23) of the desert southwest. Additionally,
neurologic symptoms are more pronounced in the Mojave rat-
tlesnake victim than in victims of most other Crotalid species
(24).

Clinical and Lab orat ory Find ing s
Coagulopathic findings, both clinical and laboratory, have al-
ways been of great interest to those who treat pit viper enven-
omations. Whereas some laboratory coagulation defects may
be seen to some extent in most of the pit viper envenomations,
they are by far most pronounced within the Crotalus genus and
rarely encountered in the Agkistrodon (9,10) and rarely, if ever,
in the Sistrurus genera (10).

Laboratory coagulation abnormalities that have been de-
scribed in bite victims of Crotalus subspecies have been
most thoroughly studied in the bites from the eastern dia-
mondback (Crotalus adamanteus) (10) and the western dia-
mondback (Crotalus atrox ) (16). The venom of these snakes
contains a thrombin-like enzyme that has been referred to as
crotalase. This enzyme rapidly and efficiently, yet only partially,
cleaves fibrinogen by cleaving the B-peptide off the β -subunit
as does thrombin but, unlike thrombin, does not complete fib-
rinogen cleavage as it neither cleaves the A-peptide from the
α-subunit nor activates factors V, VIII, or XIII. This partially
clotted fibrinogen forms a loose gel that is exquisitely sensitive
to any proteolytic activity, so visible thromboses or organ man-
ifestations of systemic thromboses are not encountered. Also
different from thrombin’s actions, crotalase neither activates
platelets nor consumes antithrombin III. These are distinct and
durable differentiating points from disseminated intravascular
coagulation (DIC). In DIC, consumption of fibrinogen is typi-
cal but it is accompanied by severe depletion of platelets, factor
V, factor VIII, occurs from the bite of some exotic snakes (15).

Crotalase does not activate plasminogen directly (i.e., in
vitro or in vivo) but does so indirectly, most likely by release of
endothelial-secreted tissue plasminogen activator (tPA). Plasma
levels of tPA spike in a reflex response to the deposition of
the partially formed fibrin on the endothelial surface, and a
brisk fibrinolysis occurs, attacking the extremely labile non-
crosslinked, partially formed clot that produces massive quan-
tities of circulating fibrin degradation products (FDPs), as es-
sentially the total body fibrinogen complement (some 15 g) is
nearly totally converted into FDPs within an hour (10).

Crotalase is necessary in only extremely small amounts to
totally defibrinogenate an adult human. This hypothesis is sup-
ported by three lines of evidence. The first is that even the most
trivial bite from the smallest of eastern diamondbacks may
be associated with total defibrinogenation, resulting in plasma
fibrinogen levels less than 50 mg/dL. Therefore, the coagula-
tion end point (visible fibrin clot) of routine coagulation tests,
such as prothrombin time (PT) and partial thromboplastin time
(PTT), is so impaired that many interpret this as the blood being
“ incoagulable,” which only seems true. Thrombin generation
via the intact coagulation cascade is totally retained save for
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the lack of the visible clot. Intact thrombin generation serves
to afford intact hemostasis, despite incoagulable in vitro PTs
and PTTs. Thrombin generation is sufficient to affect platelet
adhesion at sites of wounds and, with even limited amounts of
remaining fibrinogen, to secure a reasonable clot. This is also
supported by the lack of systemic bleeding in the vast majority
of defibrinogenated patients, as well as the impunity of inser-
tion of central lines or even surgical procedures at the wound
site.

A second line of evidence that crotalase need be present
in only very small amounts is evidenced by an event termed
“recurrence” (25,26). In this clinical situation, despite total ar-
rest of the envenomation syndrome—as defined by a lack of
progression of present swelling at the bite site, a lack of new
swelling, cessation of nausea and vomiting, normalization of
vital signs, and, at least temporarily, total correction of the PT
and PTT (27)—after several days, the PT and PTT may re-
vert to incoagulability as defibrinogenation recurs, most likely
as a result of a pharmacodynamic and pharmacokinetic mis-
match between venom principles and Fab antivenom. That is,
antivenom fails to neutralize all of the injected venom, and
also is cleared from circulation much more rapidly than venom
components.

The third line of evidence is the astounding efficacy of re-
administration of FabAV to re-reverse the recurrence of coagu-
lopathy. It would appear that the circulatory release of crotalase
with sudden defibrinogenation may be among the most sensi-
tive markers of envenomation by either the eastern or western
diamondback rattlesnake.

There is great and healthy debate of whether or not the re-
currence syndrome should be treated (26). Patients who have
been clinically stable for several days following prompt ad-
ministration of FabAV may and usually do remain totally free
of any symptoms, including any clinical signs of abnormal
hemostasis, only to be found to have incoagulable PTs and
PTTs as they are being prepared for hospital discharge.

A stumbling block for the majority of clinicians is drawing
interpretations and conclusions based on their prior clinical ex-
periences from clinical situations resulting in equally impaired
PTs and PTTs, and then comparing those situations to this fairly
benign defibrinogenation syndrome. Such examples may in-
clude the true, real, and quite obvious hemostatic disarray that
may accompany greatly prolonged PTs and PTTs in patients
with liver disease, warfarin overdosage, DIC, hemophilia, or
administration of heparin or other anticoagulants (28). These
situations in which hemorrhage is quite obvious do not trans-
late into the patient who is merely defibrinogenated. Defib-
rinogenation in this situation is rather most analogous to
defibrinogenation following the therapeutic administration of
plasminogen activators such as streptokinase or tPA. Whereas
hemorrhage is experienced in approximately 1% of all pa-
tients who receive these therapeutic thrombolytic agents,
it is highly concentrated among older patients, hypersensi-
tive patients, or those with prior central nervous system le-
sions such as strokes, trauma, metastatic disease, or primary
tumors.

Treatment of true DIC is rather difficult and hinges on suc-
cessful elimination of the underlying cause. Rather, the defib-
rinogenation syndrome is very easily and promptly reversed by
the administration of fibrinogen in the form of approximately
8 to 10 units of cryoprecipitate and/or the readministration of
FabAV. However, recurrence may happen yet again if unneu-

tralized venom principles continue to enter the general circula-
tion after the clearance of the additional antivenom. The clini-
cal significance of recurrence, particularly as manifest by return
of coagulation abnormalities from victims of North American
pit vipers, is not at all evident. These recurrences have been
best studied and defined as the result of study and follow-up of
patients bitten by, particularly, rattlesnakes and administered
FabAV. This was enabled because of the research, development,
and observation from clinical protocol-driven prospective stud-
ies of patients treated with FabAV, which garnered the largest
and most extensively followed group of patients (29). In fact,
in retrospective studies, Bogdan et al. (30) found data showing
that, among 354 consecutive patients treated for North Amer-
ican Crotalid bites, 112 exhibited coagulopathy. Of these, 31
had undergone coagulation testing sufficient to detect whether
a recurrence occurred; of these 31, 14 (45% ) had a recurrence
of the coagulopathy to include severe hypofibrinogenemia or
thrombocytopenia. Apparently, none of these patients experi-
enced spontaneous hemorrhage despite these laboratory recur-
rences.

Boyer et al. (29), in studying FabAV-treated Crotalid en-
venomations in 38 patients, found that 20 (53% ) had re-
current, persistent, or late coagulopathy, some occurring 13
days following envenomation and treatment. No patient expe-
rienced significant spontaneous bleeding. The most common
severe, if not even dramatic, abnormality was incoagulable
and/or extremely prolonged PTs or PTTs, all of which were
due to severe selective defibrinogenation. Of their 20 patients,
16 were observed with no further FabAV treatment, and all
fared well. Two patients who received supplemental doses of
FabAV had prompt normalization of laboratory findings. Of
interest, all their patients with defibrinogenation on presen-
tation showed significant increases in their plasma fibrinogen
levels following FabAV treatment, which is a major labora-
tory criterion for a therapeutic response to FabAV. One patient
who was hypofibrinogenemic underwent a minor surgical pro-
cedure at a time that his fibrinogen was undetectable, and ex-
perienced hemorrhage limited to this surgical site. No blood
products were administered. They suggested that for patients
whose envenomation syndrome had included significant coag-
ulopathy, repeat testing of the coagulation system for up to
2 weeks seemed appropriate, although which tests to order,
what to do with these data, and whether the patient should
remain hospitalized were not addressed.

Ruha et al. (31) studied 28 cases of rattlesnake envenoma-
tion in Arizona, noting that in some cases, despite initial control
of coagulopathy, there was return of either coagulation defects
and/or thrombocytopenia. As this was fairly benign, it was their
opinion that one need not wait for total normalization of all
the coagulation and platelet studies as a therapeutic end point
for FabAV therapy. Odeleye et al. (32) noted, in two cases of
rattlesnake envenomation, that thrombocytopenia was difficult
to reverse either with FabAV and/or platelet transfusions, and
suggested that unless bleeding occurs, transfusion of platelets
and blood products might best be withheld. Camilleri et al.
(33) reported a crotaline envenomation with profound coagu-
lopathy that was resistant to therapy, which they curtailed af-
ter 4 days of FabAV therapy, suggesting only close observation
without further therapeutic intervention. Their patient was dis-
charged home on day 12 with severe defibrinogenation, and ap-
parently underwent spontaneous resolution sometime between
day 17 and 37. They concluded that despite “critical value”
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coagulopathies, if a patient is not bleeding and systemic and
local manifestations of the bite have already been controlled,
close observation without further therapeutic intervention is
appropriate. Similar conservative conclusions were made from
South American pit viper experiences by de Oliveira et al. (34)
regarding their experience with Bothrops, and by Sano-Martins
et al. (35) regarding the South American cascabel (Crotalus
durissus), with both reports noting that, despite severe coagu-
lation abnormalities, the clinical outcome did not seem to be
linked to blood incoagulability; what few deaths occurred ap-
parently were not thought due to venom-induced coagulation
disturbances.

Post mort e m Find ing s
Death from American pit viper envenomation is rare, and full
autopsies are even rarer. Dart et al. (36) reviewed the few re-
ports regarding 16 deaths out of about 1,000 cases of North
American envenomations reported up to 1989. Central nervous
system edema and hemorrhage were reported in a few cases,
but cerebral hemorrhage was deemed the cause of death in only
one. They speculated that the mortality rate from severe, com-
plicated rattlesnake envenomation was approximately 1.4% ,
but were unable to more precisely construct an overall fig-
ure because so many cases, particularly mild cases, are not
reported. They also opined that the exact cause of death may
be difficult to determine, deducing that the most common cause
was progressive shock leading to multiorgan failure and death
hours to a few days later. Generalized edema from extravasa-
tion of fluid into the heart, lung, and brain was implicated. It
appeared that edema is a result not of frank hemorrhage, but
of direct effect of the toxin on the circulatory endothelial in-
tegrity and the microcirculation in particular. It was frequently
noted in their review that delayed therapy and/or inadequate
therapy, or even no antivenom therapy, seemed to be dispro-
portionately encountered among fatal cases. They also opined
that in patients to whom antivenom had been administered
and died hours to days later, the primary cause included severe
alteration in capillary permeability.

Pre hosp it al Tre at me nt

The key to good and effective therapy with minimal chance
of loss of life, limb, or function is prompt transportation to a
medical care facility. In areas where snakes are endemic, almost
all hospitals have at least a modicum of antivenom available
or close at hand. Calling the emergency room prior to arrival
is reasonable if such does not delay transport.

Initial scene management is to prevent further bites and to
calm the patient. If successful transport is anticipated within an
hour, it is probably best to forgo any local therapy other than
to gently splint the bitten extremity, keeping it at or slightly
below heart level, and transport the patient to an appropriate
health care facility. The use of topical cold packs may provide
some relief of severe pain, if properly applied. Incising or excis-
ing the wound, the application of electrical currents, or other
traumatic manipulations are contraindicated. Suction devices
remove at best 2% of the venom load, are likely to be clinically
insignificant, and, if used, should not delay transport. The use
of a tourniquet with pressure sufficient to impede either arte-
rial or venous flow is contraindicated. A lymphatic constric-
tion band (ideally a blood pressure cuff inflated to 15 to 25

mm Hg, a band that allows a finger to pass easily beneath)
or a properly applied pressure immobilization bandage may
be considered if there are immediate life-threatening effects or
a prolonged (greater than 1 hour) transport time. Any proce-
dure that concentrates venom and slows its clearance from the
bitten extremity, while used theoretically to decrease systemic
manifestations, is likely to worsen local morbidity.

Hosp it al Tre at me nt

Treatment of victims who have been envenomated by North
American snakes will not be encountered by most physicians.
If encountered, particularly if physicians are approaching their
initial treatment of such victims, there is often an undue amount
of anxiety, which is not well founded.

Approximately 5,000 to 10,000 bites occur in the United
States each year. Death from envenomation by North Ameri-
can pit vipers occurs only about five to ten times (0.1% ) per
year, representing approximately a 99.9% survival rate. Rea-
sons for this fairly enviable situation, especially when com-
pared to higher mortalities in other countries, include three
facts. The first of these is that medical care is far more ac-
cessible than it is in many countries in which envenomations
occur and for which survival is much less favorable, includ-
ing the continents of Australia, South America, and the Indian
subcontinent. Nearly anyone in the United States is within an
hour of emergent care as opposed to many hours or several days
in some parts of the world, and most facilities, at least in en-
demic areas, have antivenom on hand. A second reason is that
the venoms of North American pit vipers do not cause true
DIC with thrombosis and/or DIC-type bleeding, which may
cause multiorgan failure, as is seen with many snakes, includ-
ing those on the Indian subcontinent and especially Australia.
Third is the employment of prompt and sound medical care,
including fluid resuscitation and monitoring of vital signs, to
maximize morbidity. Table 68.1 outlines the essentials of ap-
propriate management of such patients.

Imme d iat e Manag e me nt
1. Confirm the bite: First, confirm that the patient was bitten

by a snake and, particularly, a venomous snake. With the ex-
ception of coral snake envenomation, this usually includes
the presence of puncture wounds. Whereas snakes normally
have two fangs, it is not uncommon to see snakes with one
fang or even three or four, as their fangs maturate and move

TA BLE 6 8 . 1

INITIAL EVALUATION AND DIAGNOSTIC POINTS

■ Confirm patient was bitten by a venomous snake;
determine snake species if possible.

■ Evaluate for local signs of envenomation:
 Pain
 Swelling
 Discoloration

■ Evaluate for systemic signs of envenomation:
 Alterations in vital signs, nausea, vomiting, diarrhea
 Fasciculations
 Coagulation abnormalities
 Altered mental status
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TA BLE 6 8 . 2

CLINICAL CHARACTERISTICS OF ENVENOMATION THAT POTENTIALLY AID IN IDENTIFICATION
OF OFFENDING CROTALUS SPECIES

Neurologic
Common name Scientific name Distribution symptoms Coagulopathic findings Rhabdomyolysis

Eastern
Diamondback

Crotalus adamanteus Southeastern United States + Prolonged PT/PTT;
minimal
thrombocytopenia

+

Canebrake Crotalus horridus
atricaudatus

Eastern United States nil nil + + + +

Mojave Crotalus scutulatus Desert southwest United States + + + nil + + + +
Timber Crotalus horridus

horridus
Eastern United States nil Prolonged PT/PTT;

moderate to severe
thrombocytopenia

nil

PT, prothrombin time; PTT, partial prothrombin time.
+ = usually minimally present; + + = usually moderately present; + + + = usually extensively present; + + + + = always present.

forward, replacing one another with time. Similarly, a sin-
gle puncture wound may be present on a smaller part of
the body (such as a finger) with the other fang missing the
target altogether. Some victims may have three or even four
puncture wounds per bite. The vast majority of patients will
have the prompt triad of pain, swelling, and discoloration
confined to the bite site almost within minutes of the event,
but up to 2 hours later in unusual cases. If a patient does
have puncture wounds consistent with pit viper envenoma-
tion, and does not have pain, swelling, and discoloration, or
any systemic symptoms such as hypotension, nausea, vom-
iting, diarrhea, constipation, mental status changes, fasci-
culations, or diaphoresis, one may strongly consider that
the patient has been bitten yet not envenomated. A caveat
for this pronouncement is that many children, when anx-
ious, frequently vomit, which may be a misleading sign. An
alarming number of victims of snakebites are not at their
normal mental status, given the frequency of concomitant
inebriation from alcohol or other substances. This impedes
obtaining a detailed history and the patient’s full coopera-
tion. In many locales, a minority of bites are accidents in the
true sense of the word.

2. Determine the genus and species: Next, one should try to
determine the family and/or genus and species of snake if
at all possible. The majority of victims know not only pre-
cisely that they were in the same area as a venomous snake,
but also the snake’s common name, yet still are compelled
to taunt, toy with, kiss, or otherwise handle the venomous
animal for reasons that are not clear. In such patients, snake
identification is not difficult. Another 25% to 30% will
bring the snake to the health care facility in conditions rang-
ing from badly mutilated to quite alive. Identification by
charts or consulting herpetologists or other experts is quite
useful in determining the species of the snake, whereas it
is not of much benefit for the victim if he or she cannot
identify the type of snake that inflicted the bite. Whether
by confusion or the desire to please, children will agree
that the picture of nearly any snake presented to them is
indeed the offending reptile. Several online links, such as
http://www.pitt.edu/�mcs2/herp/SoNA.html, are available
to assist identification.

One can occasionally augment identification of an of-
fending snake by the symptom complex its bite produces,
as is demonstrated in Table 68.2. The prognosis is generally
species dependent, but also related to the time to presen-
tation, time to antivenom administration, the health of the
host, and other factors. Management will be based on a
mixture of observed and anticipated symptoms and phys-
ical findings, as well as one’s prior experience in handling
this emergency.

3. Determine systemic signs and manifestations: Assuming the
patient does have signs of local envenomation, next in or-
der is to determine whether there are any systemic signs of
envenomation, remembering the fact that no one dies of lo-
cal envenomation, but only from systemic manifestations.
As a general rule, in mild and moderate envenomations,
the symptoms are due primarily to the local pain, swelling,
and discoloration, which, while quite alarming, are not usu-
ally of a life-threatening nature. Systemic symptoms such
as nausea, vomiting, diarrhea, and diaphoresis, as well as
fasciculations—particularly in Crotalus envenomations—
do portend the possibility of a more serious outcome. Many
coagulation abnormalities seen in Crotalus envenomations
are often spectacular in their laboratory manifestations. Al-
tered mental status to include a noticeable stupor and a
metallic taste is often reported in serious envenomations.

4. Assign degree of severity: In attempting to assign a degree
of severity from mild to moderate to severe, one must rec-
ognize several principles. The first is that the envenomation
syndrome is progressive and, secondly, evaluation is ongo-
ing and time dependent. Two patients may be bitten in the
same manner. If the first patient is seen in 15 or 20 minutes
after the bite, very few local signs of pain, swelling, or dis-
coloration will be seen, whereas a similar patient requiring
2 hours to arrive for emergent care will have much more
advanced and obvious pain, swelling, and discoloration, al-
though with exactly the same prognosis. The corollary to
that adage is that it is the rate of change in signs, symptoms,
and other manifestations that is important. It is important
not only in grading the severity of the bite, but also in grad-
ing the effect—or lack of effect—of the administration of
antivenom.
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Ant ive nom Ad minist rat ion
Because of the present lack of prospective, outcome-based stud-
ies, practices regarding perceived indications for the use of an-
tivenom vary. Most practitioners will not administer antivenom
to anyone without envenomation (“dry bites”) or to those who
have minimal envenomation, particularly if it is by the Sistru-
rus species. Bites by the copperhead (Agkistrodon contortrix )
are usually not treated (7–9) with antivenom unless the patient
is at the extremes of age or with many comorbid conditions.
Envenomation by the water moccasin (Agkistrodon piscivorus)
is notorious for a large amount of local edema but not much in
the way of systemic symptoms and laboratory manifestations
(10), and even less in the way of mortality. Their swelling can
be so massive that, if untreated for any reason, bites of the
hand may progress up the arm, chest wall, neck, face, and even
abdomen; this is all reversible.

Severe envenomations are often apparent by the time they
arrive at emergency care, primarily because of the rapidity with
which the venom initially gains entry into the circulatory sys-
tem. The corollary with that adage is that while it is com-
mon to see someone progress from minimum envenomation
to moderate envenomation, it is quite rare to see one, in our
experience, progress from moderate envenomation to severe
envenomation. Rather, when they arrive—even within minutes
of the event—severely envenomated patients may be consid-
erably hypotensive with lethargy, nausea, and vomiting, and
require immediate and aggressive therapy (Table 68.3). Sug-
gested therapy is outlined in Table 68.4. At least one large-bore
intravenous access site must be obtained and blood drawn for
a variety of tests.

While one is evaluating the rate and degree of swelling, it
is useful to outline the leading edge of proximal progression
of the swelling with some type of ink pen. This may be more
apparent by tactile rather than visual means. In this manner,
one can observe whether the swelling is progressive. Whereas
some relatively slow progression is tolerated—particularly if
one elects not to treat the patient or if antivenom is not imme-
diately available—more rapid swelling, particularly with con-
comitant systemic symptoms, usually justifies prompt and ag-
gressive therapy.

In a situation involving our native reptiles, we do not ad-
minister antivenom in patients who have no envenomation;
about 10% to 15% of people with minimal envenomation,
half of those patients with moderate envenomation, and all pa-
tients with severe envenomation are administered antivenom.

TA BLE 6 8 . 4

SUMMARY OF THERAPEUTIC MEASURES FOR PIT
VIPER ENVENOMATION

■ Obtain IV access and administer crystalloid as indicated.
■ Obtain CBC, PT, PTT, and platelet count every 6–12 h
■ Estimate severity of envenomation:

 Species of snake
 Age, health status of victim
 Rate of progression of signs/symptoms

■ Administer FabAV per Table 68.3.
■ Follow rate of progression of signs/symptoms after FabAV

administration.
■ Determine tetanus vaccination status.
■ Seek consultation from experts or a poison center

(1-800-222-1222), especially if one is less experienced in
treating snake envenomation.

CBC, complete blood count; PT, prothrombin time; PTT, partial
thromboplastin time.

The offending reptiles in one’s locale and the experience of
those evaluating the patient will often override this simpli-
fication. Reasons for not administering antivenom to all, or
nearly all, victims are several: (a) the extremely low mortal-
ity rate of envenomation by snakes native to the United States,
(b) the—admittedly very low—rate (less than 0.01% ) of serious
and mild (14% ) allergic reactions, (c) the modest rate (15% )
of serum sickness–like late reactions (occurring typically 8–12
days after administration) to FabAV (1), and (d) the cost of
antivenom treatment can easily exceed $50,000.

As antivenom is more efficacious the earlier it is adminis-
tered, if the decision has been made to employ the drug, it
should be done promptly. Control of the envenomation syn-
drome is adjudged by the slowing, or preferably the cessation,
of progressive local swelling (27). One should not expect ex-
tant swelling to regress or any areas of local damage to the
bite site such as a swollen or discolored area to regress, as such
damage has already been done prior to the patient’s treatment.
Hemorrhagic bleb formation at the site of the bite is not an
important sign in and of itself, although it generates much at-
tention. These should be left alone or, if one thinks that bursting
is imminent, the blebs should be topically sterilized and lanced,
although this usually does not occur until the second or third
day of the envenomation.

TA BLE 6 8 . 3

SEVERITY OF ENVENOMATION BY PIT VIPERS

Grade Frequency Initial findings FabAV vials in first 24 h

No envenomation 15% –30% No local, systemic, or laboratory abnormalities 2 h after bite 0
Minimal envenomation 20% –40% Local and slowly progressive swelling without systemic or

severe laboratory abnormalities
0–6

Moderate envenomation 20% –40% Rapidly progressive local swelling; systemic symptoms of
nausea, vomiting, diarrhea, diaphoresis, fasciculations,
moderate hypotension, and moderate hemostatic
abnormalities, but without bleeding

6–18

Severe envenomation 5% –10% Severe systemic symptoms as above plus severe hypotension
and lethargy; severe hemostatic abnormalities and
possible bleeding

12–24 or more
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Compartment syndromes are seen very rarely, and indica-
tions for surgical intervention are justified by pressure mea-
surements in only about 1% to 2% of all envenomated U.S.
patients. The degree of swelling in and of itself is not a reli-
able sign of compartment syndrome given the elasticity of skin.
More reliable signs are total lack of function and exquisite pain
of the muscles contained within a compromised compartment,
and often an intense hardness of the site owing to the nonelas-
ticity of fascial tissue, which, while limiting swelling, allows
pressure to increase as it is locked beneath the fascial plane.
The palmar aspect of the hand and lateral compartment of
the tibia may be so involved. Direct measurement of pressure
within an anatomic compartment may be of use, and adequate
antivenom therapy and elevation will usually result in normal-
ization of pressures. Orthopedic consultation may be indicated,
but in animal models, fasciotomy has not been shown to result
in improved outcomes.

The mainstay for treatment for North American pit viper
envenomation is ovine FabAV for bites in both adults and chil-
dren (26,27). The Fab portions of sheep immunoglobulins are
made by enzyme cleavage and elimination of the Fc fragment,
which is regarded as the more immunogenic part of the intact
immunoglobulin molecule, and by further enzymatic cleavage
of the resulting F(ab )2 . Pretreatment skin or conjunctival test-
ing is neither required nor recommended prior to the adminis-
tration of FabAV.

The small FabAV molecule has the theoretical advantage of
a larger volume of distribution and the potential to neutralize
more venom at the bite site. This has not been demonstrated
clinically, however. On the other hand, as it has a more rapid
distribution and shorter half-life than IgG, periodic readmin-
istration during the initial treatment period is important. Re-
search and development of a Fab(ab )2 antivenom is currently
under way. Fab(ab’)2 has a smaller volume of distribution and
a longer circulating half-life, and thus may decrease the recur-
rence syndrome.

Another general rule of thumb for pit viper envenomation
is that approximately half of the total swelling expected to
occur does so within the first 2 hours of envenomation, and
nearly all of it occurs by 12 hours after envenomation. This
seems congruent with one study that involved timed rate of
change in swelling (9). Accordingly, if a patient presents over
12 hours after the bite, it would be unusual to experience sig-
nificantly more swelling, and most systemic symptoms should
have occurred and abated. We rarely initiate administration of
antivenom treatment more than 12 hours after a bite, and es-
sentially never after 24 hours of the bite. One may initiate or
continue antivenom administration after 24 hours in selected
situations, such as in the management of continued coagulo-
pathic effects or in the management of recurrence.

We hold that the defibrinogenation syndrome itself is not
such a clear and present risk for spontaneous hemorrhage that
its presence alone requires administration of antivenom, nor
that its recurrence represents an established reason to readmin-
ister antivenom (10,26). As the literature and experience gar-
nered thus far supports that defibrinogenation alone seems be-
nign, the administration of blood products such as fresh frozen
plasma (FFP) or cryoprecipitate is usually not warranted, even
prior to a surgical procedure, as the risks of these blood prod-
ucts probably outweigh their (unproven) benefit. If one does
encounter a patient with systemic hemorrhage, or should unac-
ceptable bleeding follow a surgical procedure, administration

of additional antivenom plus cryoprecipitate (eight to ten bags
in an adult) is the treatment of choice. Likewise, other isolated,
noncritical coagulation abnormalities without bleeding do not
in and of themselves, in our opinion, demand antivenom treat-
ment (10).

Some species of snakes, particularly the timber rattlesnake
(Crotalus horridus horridus), have a principle in their venom
that causes significant thrombocytopenia, which appears rather
resistant to reversal by antivenom therapy (37). If platelet
counts are significantly falling and/or are less than 10,000 to
20,000 cells/µ L, administration of (additional) antivenom and
infusion of platelets may be indicated, particularly if there is
evidence for systemic bleeding. In general, with most Crotalid
envenomation, there is a mild thrombocytopenia in the range
of 50,000 to 150,000 cells/µ L that is thought to be due to pas-
sive entrapment of platelets within the previously described soft
fibrin network and, as mentioned, does not support a diagnosis
of DIC. The platelet count often will rebound within the day
as the soft fibrin network is quickly cleaved by endogenously
generated plasmin.

Surg ical Proce d ure s
A surgical procedure for the wound is rarely indicated, and
there are several case series and experimental studies suggest-
ing that surgical procedures correlate with a delayed outcome,
some with a paradoxic increase in permanent loss of tissue,
loss of anatomic function, and nonspecific stiffness (38–40).
Antibiotics are generally not employed as they are of ques-
tionable assistance, and their routine use is not recommended
(41,42). If there has been significant surgical manipulation of
the wound in the field, such as with repeated knife wounds,
that stance may need to be reconsidered. Tetanus vaccination
status should be ascertained as being up to date.

Ob se rvat ion
When observing the wound for any changes, it is best to have
the extremity clearly visible so as not to compromise the eval-
uation; we do not advocate any covering dressings or wraps.
Once the patient is at the hospital and receiving antivenom, the
extremity should be elevated above the level of the heart. Mon-
itoring is usually best performed in the emergency department,
with subsequent admission to the intensive care unit (ICU), al-
though ICU therapy should not be considered, in our opinion,
as necessarily a standard of care. The usual length of hospital-
ization required is 4 to 6 days.

For up to 24 hours, we often observe patients—either in the
emergency department or in the hospital—who are deemed to
have no envenomation or mild envenomations, and who do
not receive antivenom because of the very high incidence of
concurrent inebriation, which would allow for the possibility
of inadequate history or incomplete evaluation and follow-up.

Prog nosis
Nearly all North American pit viper bites result in some near-
instantaneous local tissue destruction, which should not be ex-
pected to be totally absent or to resolve, even with the very
best and most rapid care. Most edema and swelling that does
occur after antivenom treatment lasts only for a month or two,
with longer recovery times seen in older or debilitated patients.
In general, there is a total return of function to the bitten ex-
tremity, although some patients can experience mild stiffness,
atrophy, and weakness for up to a year or more (43,44). The
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loss of tissue, including fingers or limbs, is very rare, and often
occurs with the injudicious prehospital use of ice or tourniquets
or, perhaps, very delayed care. Unfortunately, patients who are
bitten by snakes tend to continue their risky behavior, resulting
in the finding that re-envenomation is not rare.

SNAKES NON-NATIVE TO
THE UNITED STATES

This section summarizes the epidemiology, pathophysiology,
diagnosis, and treatment of non-native snake envenomations
in the United States.

Envenomations by reptile, amphibian, arthropod, or marine
species not native to the United States pose special challenges
to the provider. Clinicians are likely to be unfamiliar with the
clinical spectrum of exotic envenomation and its current man-
agement. Antivenoms, if they exist, may not be available or
may take many hours to locate and acquire. Zoos, aquaria,
and academic institutions may possess non-native species for
research and display. The problem is compounded by private
collectors, whose existence is not usually known to their re-
gional health care system until an exposure occurs. Policies
and procedures governing acquisition, storage, handling, an-
tivenom, and preparations for managing envenomations range
from comprehensive to nonexistent.

Imme d iat e Conce rns

Major Prob le ms
The severity and spectrum of effects in envenomation varies
widely. A significant number of bites and stings do not result in
envenomation. However, life-threatening effects may be seen
and fatalities do occur. Identification to the species level of
the envenomating organism is important in anticipation of ef-
fects and the selection of nonspecific and specific therapies. An-
tivenom may or may not be available for non-native species,
and identification of the appropriate antivenom and its acqui-
sition may require many hours. Other specific therapies may
be available, and nonspecific therapies are directed at general
classes of venom effects.

Ep id e miolog y

There are about 3,000 snake species in the world, of which
fewer than 300 are dangerous to humans (45). Venomous rep-
tiles include the families Atractaspididae Colubridae, Crotali-
dae, Elapidae, Helodermatidae, and Hydrophiidae (46).

Between 40 and 50 non-native snake envenomations occur
per year in the United States. Although non-native envenoma-
tions in the United States involved at least 77 separate species
over the past decade, certain families, genera, and species are
more commonly encountered. Cobras (family Elapidae) ac-
count for one third of all non-native venomous snake expo-
sures, and 86% of Elapids. N aja naja, N aja nigricollis, and
O phiophagus hannah are the most commonly involved Elapid
species. Viperids account for 46% of all non-native venomous
snake exposures, with Bothrops, Bitis, and Lachesis genera
accounting for 33% , 19% , and 11% of these, respectively.
Bothrops goodmanni, Bothrops schlegeli, Bitis gabonica, and

Lachesis mutus are the most commonly encountered viperid
species (47).

Compared with other etiologies of critical illness, venomous
snake bites account for few ICU admissions per year. Never-
theless, almost one third of non-native envenomations develop
major to moderate symptoms and signs of disease, and are
admitted to an ICU. The case fatality rate of approximately
1% is significantly greater than in native snakebites. Males
are involved in 84% of bites, a similar percentage to that in
native bites. Almost 15% are aged 17 years or less, and ap-
proximately 7% are aged 5 years or younger, most likely as a
result of private collections in home settings (47). Identifica-
tion of the snake in non-native bites is usually not difficult, as
zoos, aquaria, and academic institutions will know their collec-
tions to the species or subspecies level and have procedures in
place to identify the biting snake. The private collector is also
usually well informed. However, the bitten individual with a
private collection may not be capable of communication, and
potential penalties for possession of venomous animals in some
jurisdictions may result in the withholding of critical informa-
tion (48). A qualified herpetologist should be consulted for the
identification of non-native snakes that are otherwise unidenti-
fied. The presence of a puncture and typical appearance of the
site, progression of findings, and consistent laboratory abnor-
malities of a snakebite, indicate the possibility even when the
history is not available.

Pat hop hysio log y

The venom glands of poisonous snakes are modifications of
salivary glands (49). The venom of a single snake is a complex
mixture of enzymes, nonenzymatic proteins and peptides, and
other substances (50,51). These substances exert simultaneous
toxic or lethal effects on the integumentary, hematologic, ner-
vous, respiratory, muscular, and cardiovascular systems. The
clinical picture also can be complicated by the effects of en-
dogenous mediator release, such as histamine, cytokines, and
nitric oxide (52). Some of these components may be found
in all venomous snakes, with mixed clinical effects. The most
important deleterious components of snake venom are shown
in Table 68.5. Hyaluronidase is found in all venoms and pro-
duces hydrolysis of connective tissue stroma, allowing the dis-
persion of other toxic components (53). Zinc-dependent metal-
loprotease enzymes damage vascular membranes and produce
local and systemic hemorrhage (54,55). Phospholipases are
found in most snake venoms, with a variety of effects (50),
including destabilizing biologic membranes and abolishing the
selective membrane ion channel permeability to ions such as
calcium (56,57). Crotalid venom is rich in proteinases, amino
acidases, and phospholipases, and typically produces findings
of cellular destruction, increased membrane permeability, and
coagulation impairment. Coagulation abnormalities may re-
sult from multiple mechanisms, including consumption, aggre-
gation or inhibition of platelets, or effects on the coagulation
cascade, such as activation or inhibition of coagulation factors,
procoagulant activity, defibrinogenation, prothrombin action,
collagenase-like activity, and other effects (58–60). Elapid ven-
oms vary widely among species but contain more neurotox-
ins and cardiotoxins (51), resulting in various expressions of
nerve and cardiac toxicity. Sea snakes have venom similar to
elapids.
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SOME COMPONENTS OF SNAKE VENOM

Component Viperid Elapid Effect

Proteinases + + + + Tissue destruction; hematologic effects
Hyaluronidase + + + + Hydrolyzes connective tissue stroma; promotes spread
Cholinesterase + + + Catalyzes hydrolysis of acetylcholine
Phospholipase A2 + + + + Hemolysis; may potentiate neurotoxins; myonecrosis
Phosphodiesterase + + + + Unknown
Neurotoxins + + + + Flaccid paralysis; muscle fasciculation
Cardiotoxins + + + + Depolarizing/depression/rhythm disturbances

+ = usually minimally present; + + = usually moderately present; + + + = usually extensively present.

Diag nosis and Monit oring

The spectrum of symptoms and signs produced in a victim by a
given venomous snakebite varies with the species of snake, the
natural variability in venom composition between snakes, and,
in any given snake over time, the quantity of venom injected,
bite location, and the age and health of the victim.

Size and Sp e cie s
In general, larger snakes contain and deliver more venom, but
fatal envenomations may result from juvenile snakes. Toxicities
of the venom will depend on the species and other factors that
affect venom production.

Q uant it y Inje ct e d
As many as 30% of Crotalid bites and 50% of Elapid bites may
result in no envenomation (46,61). When venom is injected,
the amount may be reduced by poor penetration of the fang or
high tissue pressures, as in fingertips. The volume of available
venom may also be reduced by recent previous feedings.

Bit e Locat ion
Tissues and anatomic areas with a low capacity for swelling,
or which are functionally important, such the fingers or hand,
are particularly at risk of both short- and long-term impair-
ment. The destructive effects of proteolytic enzymes may di-
rectly damage tissues. Also, even where no true compartments
exist, tissue pressures may be significantly elevated and vascu-
lar compromise may occur. True muscle compartments may be
subject to elevated pressures, either because of direct injection
of venom with intracompartmental edema, from passage of
venom into a compartment via direct spread or lymphatics, or
as a result of extrinsic pressure on a compartment secondary
to subcutaneous edema. Lower extremity bites may damage
venous valves and produce long-term dependent edema. De-
creased mobility and mobilization after a bite may predispose
to deep venous thrombosis or other morbidities.

Ag e and He alt h of t he Vict im
Those at greatest risk of morbidity and mortality include pa-
tients with long delays to treatment, those with significant co-
morbid conditions, and those at the extremes of age. Because of
smaller body mass, children receive a relatively greater dose of
venom. As with native envenomations, some private collectors
may be under the influence of alcohol at the time of enveno-

mation, which may affect their ability to avoid envenomation,
predispose to multiple bites, and delay seeking care.

Symp t oms and Manife st at ions
Since snakes can, to some extent, control whether and how
much venom to deliver, and as other factors may affect the
quantity and specific components available and delivered, it
is difficult to make an a priori determination of the clinical
potential of the envenomation. The manifestations of snake
envenomations can be divided into local and systemic effects.

Local Effects. Snake venom that produces local effects causes
pain and edema at the bite site, erythema, ecchymosis, and
occasional bleb formation. Later, the increased membrane per-
meability and cellular destruction produced by proteases re-
sult in spreading edema both distally and proximally, and may
cause tissue necrosis. If the bite is on an extremity, elevated
tissue pressures may compromise vascular supply or result in
elevated compartmental pressures. Periodically marking the ex-
tent over time of proximal spread of edema directly on the skin
is useful in documenting the progression of local venom ef-
fects and response to treatment. The leading edge is usually
palpable as a sharply demarcated ridge and differs from later
redistribution of tissue edema, which more gradually transi-
tions to normal tissue. Edema may spread from an extremity
onto the trunk or involve the head and neck, compromising
the airway (62,63). Pain, possibly requiring opioid-level man-
agement, is common and cannot be used to diagnose com-
partment syndrome. Because of the similarity of findings with
compartment syndrome, if there is concern for elevated tis-
sue or compartmental pressures, they should be measured di-
rectly (Stryker Intra-Compartmental Pressure Monitor System,
Stryker United Kingdom; COACH Transducer, MIPM GmbH,
Mammendorf, Germany). Local venom effects will respond to
adequate amounts of antivenom with cessation of progression
of proximal edema and reduced tissue pressures. Recurrence
of progression of local effects may occur, particularly with
Fab antivenoms, which have a larger volume of distribution
and, thus, its circulating concentrations fall more quickly than
F(ab )2 or IgG antivenoms. Locally acting venom components
are usually exhausted by 24 to 36 hours, although the result-
ing tissue injury may continue to develop over days to weeks.
Starting on the second day post envenomation, the clinical ap-
pearance of the bitten extremity, with increased heat and in-
flammation of the lymphatics, may be difficult to distinguish
from an infective process. Overall, the incidence of infection is
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low, but will vary depending on the snake, the host, and fac-
tors such as the development of necrosis and wound manipula-
tion. Potentially life-threatening infections such as necrotizing
fasciitis and disseminated osteomyelitis, have been reported fol-
lowing snakebites (64–66).

Hematologic Effects. Coagulation alterations result from pro-
teases acting on various parts of the coagulation cascade and
may occur singly or in any combination. Fibrinogenolysis may
occur, resulting in decreased levels of fibrinogen and increased
levels of fibrin degradation products (60,66–69). Platelet in-
hibition, aggregation, or consumption may occur with ab-
normal function and/or decreased platelet counts (60,70). In-
travascular hemolysis has also been reported with some snake
venoms (71). The coagulation defects may result in local or
systemic bleeding, including life-threatening hemorrhage (71–
76). Laboratory tests, including a complete blood count (CBC)
with platelet count, PT/international normalized ratio (INR),
PTT, fibrinogen, and fibrin degradation products (or d-dimers),
should be obtained on arrival and periodically reassessed.
Most patients who will develop hematologic abnormalities will
demonstrate them within 1 to 2 hours, although early use of
antivenom may mask this finding; normal hematologic values
at 6 hours suggests an absence of such effects. If abnormalities
are present, the use of antivenom may halt (e.g., fibrinogenol-
ysis) or reverse (e.g., platelet aggregation) venom effects. The
timing of repeat labs is based on the use of antivenom, clinical
findings, and laboratory trends. Unneutralized venom compo-
nents responsible for hematologic effects may remain active in
the body for up to 3 weeks, resulting in delayed, persistent, or
recurrent hematologic abnormalities (29,77,78).

Neurologic Effects. These may result from Atractaspid, Elapid,
Helodermid, Hydrophiid, or Viperid envenomations. Clinical
effects can include sweating, numbness, paresthesias, convul-
sions, coma, muscle fasciculation, muscle weakness, and respi-
ratory arrest. Respiratory muscle paralysis is the primary cause
of death with most Elapid and Hydrophiid venoms. Viperid
snakes rarely cause clinically significant respiratory compro-
mise. Coma may be secondary to hypovolemia or to a direct
effect of the toxin (68). Neurologic effects may develop rapidly,
with respiratory arrest occurring within 15 to 30 minutes, but
also may be delayed by many hours (79,80). Measures such
as the application of a pressure immobilization bandage (PIB)
may also delay the onset of neurotoxicity (81). Even with de-
layed onset, once neurologic effects occur, they may progress
very rapidly. Patients should be observed for a sufficient pe-
riod of time, and preparations to manage the airway should be
readily available. It should be kept in mind that some Elapids
produce little to no local effects, and therefore, their absence
cannot be relied upon to confirm nonenvenomation. Once mus-
cle weakness or paralysis has occurred, it may be difficult to
reverse, although both antivenom and cholinergic agonists will
generally stop the progression of effects and have been reported
to result in either dramatic or more rapid improvement than
would otherwise be expected (82–84). Extubation criteria are
based on standard tests of respiratory sufficiency.

Nonhematologic Systemic Effects. These include effects on the
cardiovascular, respiratory, and neurologic systems. In general,
snakes from any family may produce any of these effects, al-
though certain effects predominate within families. Type I hy-
persensitivity reactions to venom (IgE or non–IgE mediated)

with or without hypotension may occur. The incidence is be-
lieved to be approximately 1% (85). Type I hypersensitivity
reactions are characterized by wheezing, urticaria, laryngeal
edema, and/or hypotension. Airway compromise from laryn-
geal edema may also occur, and direct myocardial depression,
injury, or dysrhythmic effects of venom have been reported (85–
90). The clinical picture may be complicated by possible ad-
verse reactions to antivenom. The incidence of type I hypersen-
sitivity to antivenoms varies from less than 5% to 25% . Other
systemic findings common in snakebites are nausea, vomiting,
diaphoresis, and pulmonary edema, especially in more severe
cases. These usually resolve in response to antivenom and rarely
persist beyond the immediate postbite period. Adverse reac-
tions to antivenoms can complicate care. Type III hypersensi-
tivity reactions—“serum sickness”—may occur in any patient
who has received antivenom and are the result of circulating
immune complexes. The frequency of occurrence is dependent
on the amount of antivenom received as well as the type (e.g.,
source animal, immunoglobulin fragment). Type III reactions
usually occur between 5 and 21 days after receiving antivenom
and vary widely in incidence by antivenom utilized, from less
than 5% to 100% (91–95). Symptoms and signs usually consist
of muscle and joint aches, low-grade fever, and/or a urticarial
rash; severe cases may have severe symptoms, including renal
insufficiency.

Diag nosis
The diagnosis of snakebite may be a clinical one and should be
suspected in any unknown presentation with any of the above
clinical manifestations. Although immunoassays and bioassays
have been used to identify various snake venoms in tissue
within endemic areas, such tests are not available in the United
States (96,97). In the United States, envenomations are likely
to occur in zoo, academic, and private collector settings (47).
Snake identification may be inaccurate in noninstitutional set-
tings, yet obtaining an accurate identification of the snake is
of utmost importance in order to select the appropriate an-
tivenom. When dealing with private collectors, consideration
should be given to independently verifying the snake species. A
local zoo or aquarium may be of assistance in identifying the
snake.

Manag e me nt
The management of clinically significant snake envenomation
can be divided into first aid, specific antivenin therapy, and
supportive therapy (Table 68.6).

Online Antivenom Index. Initiation of efforts to obtain the ap-
propriate antivenom should not wait until symptoms or signs
develop; rather, this should be done immediately following the
bite. The Online Antivenom Index is a resource for determining
the appropriate antivenom(s) for any given snake and main-
tains a continuously updated listing of zoo antivenom stocks
and contact information. It is accessible by regional poison
centers (1-800-222-1222), which can assist in the identifica-
tion and acquisition of an appropriate antivenom and in the
clinical management of a snake envenomation.

First Aid. In general, the patient should get away from the
snake and the snake should be secured by a qualified individ-
ual. Pre-existing medical information, information regarding
the biting species, and any available antivenom should be trans-
ported with the patient. The bitten body part should be splinted
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DIAGNOSTIC PEARLS

■ Up to 30% of Viperid and 50% of Elapid bites do not
result in envenomation.

■ Signs and symptoms of envenomation may be delayed by
many hours.

■ Identification of the snake to the species level is required for
antivenom selection.

■ Viperid venoms usually produce (a) local tissue injury and
(b) hematologic abnormalities, and may also include
(c) cardiovascular effects and (d) neurologic effects.

■ Elapid venoms usually produce (a) neurologic toxicity,
progressing to respiratory muscle paralysis, and may also
include (b) local tissue injury and (c) hematologic
abnormalities.

■ Type I hypersensitivity reactions (anaphylaxis) may occur
to venom or antivenom.

■ Anaphylaxis, cardiotoxins, or fluid loss may produce
hypotension.

■ Local tissue injury may result in severe swelling, pain, and
elevated tissue and/or compartmental pressures. Functional
impairment, necrosis, and tissue loss may occur.

■ Hematologic effects include impairment or consumption of
platelets, fibrinogenolysis, hypofibrinogenemia,
prolongation of PT/PTT, procoagulant effects, and other
abnormalities, either singly or in combination; also,
significant bleeding may occur.

■ Neurologic effects include diplopia, ptosis, fasciculations,
respiratory muscle paralysis, and arrest. Viperids may cause
weakness, but usually not respiratory compromise.

■ Other venom effects include tachycardia, nausea, vomiting,
diaphoresis, and anxiety.

■ Wound infection is uncommon, documented in less than
5% of cases.

■ Local effects may continue or recur for the first 24–36 h,
and hematologic effects may continue or recur for up to
3 wk.

PT, prothrombin time; PTT, partial thromboplastin time.

to slow the passage of venom into circulation (98). With enven-
omations from known neurotoxic snakes, generally the Elapids
and sea snakes, the application of a PIB (a wide crepe ban-
dage wrapping the entire extremity from distal to proximal at
lymphatic compression pressures) or a lymphatic constriction
band (LCB; i.e., a blood pressure cuff inflated to 15–25 mm
Hg) has been shown to slow central compartment spread of
venom and reduce the risk of out-of-hospital respiratory arrest,
and thus should be routinely employed (99,100). With Viperid
envenomations, the risk of rapidly developing life-threatening
systemic effects is generally less. Although the use of a PIB pro-
longed survival in an animal model, it also resulted in increased
tissue pressures; thus, the potential benefits must be weighed
against the risk of increased local injury in Viperid envenoma-
tions (101). Hypotension, airway compromise, or other signs
of a severe type I hypersensitivity reaction would be examples
of appropriate indications for the use of a PIB or LCB in a
Viperid bite. In general, prior to arrival at a hospital and ad-
ministration of antivenom, the bitten area should be kept at or
slightly below the level of the heart. A dependent position may
be used if rapid, severe systemic effects are occurring. These
measures can be instituted on arrival at the hospital if they
have not been done previously. Transport to a health care fa-
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PREHOSPITAL MANAGEMENT

■ A pressure immobilization bandage (PIB, a crepe bandage
wrapped at lymphatic pressure tension from the distal to
proximal aspects of an extremity) or lymphatic constriction
band (a blood pressure cuff inflated to 15 to 25 mm Hg)
will retard progression of venom into the general
circulation.
 Indicated prehospital with Elapids; in Viperids with

early, severe, systemic effects; and possibly when there
are long transport times

■ The bitten body part should otherwise be kept gently
splinted, slightly below heart level. It may be lowered
further if systemic effects are seen, and elevated for
excessive swelling.

■ At least one large-bore IV should be initiated.
■ The offending snake should be identified to the species

level, if possible.
■ If available, antivenom should accompany the patient.
■ The victim should be rapidly transported by emergency

medical services to a health care facility.
■ CONTRAINDICATED MANAGEMENTS

 Arterial or venous tourniquets
 Incision, excision, heat, cold, electricity, or other local

wound manipulations
 Suction devices are not effective and should not delay

transport to definitive care.

cility should be by paramedic ambulance. The initiation of two,
large-bore intravenous lines is a sensible precaution. The PIB or
LCB should not be removed until antivenom has been obtained
and is infusing, if nonenvenomation appears to be the case, or a
decision has been made to observe the patient without specific
treatment (Table 68.7).

Hospital Care. At the hospital, basic wound care should be
provided, including updating the tetanus status, if needed. If,
after a sufficient period of observation, which varies from 8
to 24 hours depending on the species of the snake, the vic-
tim demonstrates no signs or symptoms of envenomation, the
person can be released from the hospital (Tables 68.8 through
68.10).

Pain Control. Opioid analgesics are best deferred until after
hospital evaluation because of the risk of potentiating respi-
ratory depression. An ice pack applied to the bite site, with
customary precautions, may provide some pain relief without
risking additional tissue injury (98,102). Opioid-level analge-
sia, however, may be required and its judicious use can be con-
sidered.

Antibiotics. Most authors recommend against routine prophy-
lactic antibiotics. Antibiotics are suggested only for those with
necrosis or clinical or laboratory evidence of infection (103).

Antivenom. Antivenom is composed of antibodies raised in
an animal such as a sheep or horse to the venom of one or
more species of snakes. A single snake’s venom may be used to
produce a monovalent antivenom, effective only against that
snake or other snakes with the same or a subset of venom
components. Since, in their endemic areas, it may not always
be possible to identify the biting species, many antivenoms
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HOSPITAL BITE SITE AND WOUND MANAGEMENT

■ If previously applied, a pressure immobilization bandage
(PIB) or lymphatic constriction band (LCB) should not be
removed until antivenom is being administered or a
decision has been made to observe without antivenom.

■ Wash the bite site, apply antibiotic ointment, leave it
otherwise uncovered, and provide tetanus immunization
updating as needed.

■ Once antivenom has been initiated, or a decision has been
made not to administer it, keep a bitten extremity elevated
with periodic assessment of edema (and tissue pressures if
indicated), and monitor for development or progression of
systemic symptoms.

■ Management of progressive tissue edema and elevated
tissue or compartmental pressures is by adequate amounts
of antivenom and elevation, if tolerated.

■ Frankly necrotic tissue should be debrided.
■ There is little to no role for dermotomy or fasciotomy.

are polyvalent; that is, they are designed to provide neutraliz-
ing efficacy for a number of different snake species. Venoms
range from those that are relatively unpurified—whole IgG
immunoglobulins, containing other proteins and immunoglob-
ulin fractions—to highly purified specific IgG, F(ab )2 , or Fab
immunoglobulin fragments. In general, horse serum–based
products are more immunogenic than sheep-based antiven-
oms. IgG has a smaller volume of distribution, longer half-
life, and higher rates of type I and type III hypersensitivity
reactions, while Fab antivenoms have the largest volume of
distribution, shortest half-lives, and lowest rates of allergic re-
actions. There is both considerable overlap and considerable
variation of venom components within genera and species.
When possible, species-specific antivenom that claims efficacy
for the particular snake should be used. Antivenoms effective
against other snakes in the same genus may be tried if species-
specific antivenom is not available.
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HOSPITAL ANTIVENOM MANAGEMENT

■ Antivenom is the definitive management of snake
envenomation, when it is available.

■ Antivenom for an exotic species can be located via the
Online Antivenom Index. Poison centers (1-800-222-1222)
can assist.

■ When available, species-specific antivenom should be used.
■ Skin testing is indicated if recommended by the

manufacturer.
 Skin tests are neither sensitive nor specific to predict

hypersensitivity reactions.
 A positive reaction does not preclude antivenom

administration.
 Skin testing should not delay administration of

antivenom in a life- or limb-threatening envenomation.
■ Exotic antivenoms are imported under Investigational New

Drugs licenses and if used, appropriate reports need to be
made to the hospital’s institutional review board (IRB) and
the Food and Drug Administration (FDA).
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HOSPITAL SYMPTOMATIC MANAGEMENT

■ Hypotension
 May be due to a type I hypersensitivity reaction to

venom or to antivenom, cardiotoxins, or fluid loss.
 Management is with Trendelenburg positioning,

crystalloid fluid expansion, pressors, anaphylaxis
treatments (epinephrine, H 1 and H 2 blockers), and
antivenom (if believed to be secondary to venom).

■ Neurologic effects
 Should be managed with antivenom and mechanical

airway support as needed.
 Cholinergic agonists, such as neostigmine, may be used

as adjunctive or substitute managements of muscle
weakness in some Elapid envenomations.

■ Hematologic effects
 Severe or multicomponent abnormalities are managed

primarily with antivenom.
 Blood products are reserved for clinically significant

hemorrhage, and given with additional antivenom if
needed.

 Some effects (e.g., platelet aggregation) may be readily
reversed, while other processes (e.g., fibrinogenolysis)
may be stopped, with components returning to normal
levels by their natural replenishment.

■ Other systemic effects are managed with symptomatic and
supportive care.
 Parenteral opioids may be required for pain.

■ Recurrence of local and/or hematologic venom effects may
occur.
 Patients at high risk should be closely monitored,

especially postdischarge.
 Additional antivenom should be considered for recurrent

local effects in the first 24 h or recurrent severe or
multicomponent hematologic abnormalities.

Antivenoms for non-native snakes are imported into the
United States under Investigational New Drug (IND) appli-
cation. As such, their use carries additional Food and Drug
Administration (FDA) and institutional review board (IRB) re-
porting requirements. As no U.S. hospital routinely stocks an-
tivenoms for non-native species, such antivenoms are generally
acquired by zoos and other institutions against the species they
have in their collection for use in the event of one of their work-
ers being envenomated. Zoos have traditionally made their
antivenoms available to physicians on a compassionate basis.
Since an IND antivenom will usually be brought into a hos-
pital from an outside, nonhospital source, questions may be
raised by the pharmacy regarding storage conditions, expira-
tion dates, and other issues relating to its administration. If the
potential for a non-native envenomation can be anticipated,
such as a known zoo or university collection, it is prudent to
have a pre-existing protocol as well as having obtained prior
IRB approval (104).

Antivenom is considered the definitive treatment for all clin-
ical effects of snake venom, although for a variety of rea-
sons, such as incorrect snake identification, geographic vari-
ation of venom components, irreversible or time-dependent
toxicity, and so forth, it may have limited to no observable
efficacy against any particular venom effect (105–108). In ad-
dition, there are rarely prospective, controlled clinical trials to
document appropriate indications, efficacy, and safety or to
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establish optimal dose and dosing regimens. Since antivenoms
carry a risk of allergic reactions, potential benefits must be
weighed against the risks of administration. Skin tests are nei-
ther sensitive nor specific enough to predict type I hypersen-
sitivity reactions, but if recommended by the manufacturer,
they should be administered. Their result, however, should not
serve as a contraindication to administration when indicated,
and preparations to manage an allergic reaction should always
be immediately available. Regardless, skin testing should not
delay administration of antivenom in a life-threatening enven-
omation.

Treatment with antivenom alters venom component distri-
bution pharmacokinetics. Venom components bound to anti-
body become inaccessible to target tissues and are thus neutral-
ized. Therefore, the dose of antivenom should be great enough
to theoretically bind/neutralize the entire venom dose injected
by the snake. These doses have been determined by knowledge
of typical snake venom loads, neutralization properties of an-
tivenoms in animal studies, and clinical studies. In most cases,
it would be best to give doses of antivenom to ensure adequate
venom neutralization on the assumption of a severe enveno-
mation, since the degree of envenomation is difficult to appre-
ciate early in the course. Such neutralization, however, occurs
predominantly in the vascular compartment, and there may
be unneutralized venom components remaining in the tissues.
Venom may thus redistribute from target tissues and continue
to produce toxicity if the antivenom dose is inadequate or if
unbound antivenom has been eliminated. These pharmacoki-
netic relationships illustrate why antivenom administration as
soon as possible following envenomation is beneficial and why
the use of shorter-acting antivenoms may result in recurrent
hematologic effects. Also, because of difficulty reaching dam-
aged tissue and despite the use of antivenom early in the course
of a snake envenomation, there may still be limitations as to
the effectiveness of antivenom in preventing worsening of lo-
cal tissue damage, and it will not benefit already devitalized
tissue.

Indications, timing, and doses of antivenom will vary and
expert guidance should be sought. Since the required dose of
antivenom is that needed to neutralize a given amount of venom
in the body, it is not dosed by patient weight, and children may
require larger doses than adults. Over a 10-year period in the
United States, antivenom was only used in 26% of non-native
snake envenomations, possibly because of difficulties in de-
termining, locating, and obtaining appropriate antivenom in
a timely manner (47,104). Antivenom is most effective in pre-
venting or ameliorating local venom effects when given early in
the course. Since most local reactions have stopped progressing
within 24 to 36 hours, giving an initial dose of antivenom after
this time frame is not likely to be of any benefit. Antivenom
is also most effective at preventing or reversing hematologic
effects when given early, but may still be beneficial for weeks
after an envenomation if there are still circulating venom com-
ponents (67,77,109). Clinically significant hemorrhage is man-
aged with additional antivenom as well as blood component
therapy. Large doses may be required to stop or reverse some
effects.

Finally, zoos may only have or choose to send expired an-
tivenom. Expired antivenoms may have decreased efficacy and
thus may require higher doses, but barring discoloration or
frank contamination, there is otherwise no contraindication
to their use (Warrell, personal communication). The regional

poison center should be contacted for further assistance (1-
800-222-1222).

Surgical Management. Frankly devitalized tissue, usually be-
coming evident several days following an envenomation,
should be debrided. Because high concentrations of venom
have been found in blisters overlying the bite area, unroof-
ing these should be considered. Fasciotomy or dermotomy
have been advocated for compartment syndrome or tense tis-
sue edema potentially affecting blood flow. Unfortunately, a
true compartment syndrome is difficult to diagnose by clinical
means, since the typical signs and symptoms of snake enven-
omation mimic classic compartment syndrome findings, and
early surgical intervention often leads to prolonged convales-
cence, increased tissue damage, decreased function, and greater
scarring. Finally, there is no evidence of improved outcome,
and there is animal-model evidence of increased myotoxicity
with fasciotomy (110). Reported fasciotomy rates vary by ge-
ographic region and historical practice, ranging from 0% to
greater than 10% . Fasciotomy should only be considered in pa-
tients with objective evidence of a compartment syndrome (i.e.,
a documented significant increase in intracompartmental pres-
sures), vascular impairment, unusual entrapment syndromes,
or other tissue threats unresponsive to an adequate trial of an-
tivenom and elevation (111–115). Mannitol and hyperbaric
oxygen have also been used in conjunction with antivenom
(116). Noninvasive vascular studies may identify patients at
risk for ischemia (117).

Other Supportive Therapies. These include basic wound care
and updating tetanus status. Blood products should be reserved
for significant hemorrhage or hemolysis and administered with
additional antivenom. Ventilatory support and hemodialysis
may be necessary for pulmonary and renal complications of
severe envenomation. Corticosteroids may be used for hyper-
sensitivity reactions to venom or antivenom. Antibiotics are
indicated for documented infection or in the presence of frank
necrosis.

Hypersensitivity Reactions. If a type I hypersensitivity reaction
develops, the antivenom infusion should be stopped. Anaphy-
lactoid reactions are primarily related to rate of infusion, and
stopping the infusion often results in rapid improvement. Ana-
phylactic reactions (i.e., those IgE mediated) are often dramatic
and continue to progress after the infusion has been stopped.
There is, as one might expect, considerable clinical overlap be-
tween the reactions (118). Standard managements should be
used. If symptoms persist, the patient should be treated with
H 1 (e.g., diphenhydramine, 50 mg IV) and H 2 (e.g., ranitidine,
50 mg IV) blockers. Wheezing may respond to β -adrenergics by
nebulizer (e.g., albuterol). If there is hypotension or laryngeal
edema, epinephrine, either subcutaneously or intravenously,
should be considered (119). Antivenom should be withheld
until the reaction has subsided and then a determination made
whether to restart it. If restarted, the patient should receive
pretreatment with H1 and H 2 blockers and the infusion begun
more slowly.

Type III reactions are usually managed with nonsteroidal
anti-inflammatory drugs (NSAIDs) and H 1 and H 2 blockers.
More severe cases may require opioid-level pain relief, as well
as corticosteroids. All patients receiving antivenom should be
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POSTDISCHARGE MANAGEMENT

■ Physical therapy may be helpful in minimizing the extent
and duration of functional impairment.

■ Type III hypersensitivity reactions (“serum sickness”):
 They usually develop between 5 and 14 d following

antivenom administration.
 The incidence varies from less than 5% to greater than

80% of cases depending on the antivenom, host, and
other factors.

 Nonsteroidal anti-inflammatory drug analgesics and
antihistamines are usually sufficient for symptomatic
care.

 Severe reactions may have renal involvement and require
steroids and, in rare cases, rehospitalization.

■ Patients with significant hematologic abnormalities,
especially those treated with Fab antivenoms, may be at
risk of recurrent effects postdischarge.
 Close follow-up is necessary for at least 2 to 4 d to detect

recurrence.
 Consider readministration of antivenom for clinical

bleeding or multicomponent or severe hematologic
abnormalities, especially with comorbid conditions.

cautioned regarding the possibility of a type III reaction occur-
ring after discharge.

Post discharge Considerations. It is desirable to see patients at
least once post discharge in order to monitor for persistent or
recurrent hematologic effects if indicated or tissue injury and
its sequelae, and to refer for physical or occupational therapy in
order to maximize functional recovery. Patients should also be
cautioned about the possible risk of sensitization to snake ven-
oms or antivenoms regarding possible future envenomations
(Table 68.11).

Tre at me nt s Not Re comme nd e d

1. There is no evidence for efficacy, and there is potential for
additional injury with arterial or venous tourniquets, inci-
sion or excision of the wound, or the application of heat,
cold, or electricity.

2. Suction apparatuses remove only a small amount of venom,
have not been shown to improve outcome, and may only
serve to delay transport and definitive care (120,121).

3. Although some snake venoms also contain procoagulant
factors, and the overall clinical picture is DIC-like, the con-
ditions are not identical, so heparinization and other treat-
ments for DIC are not applicable in snakebites.

4. In the absence of necrosis, prophylactic antibiotics also are
of no proven value.

5. Corticosteroids are of no proven value for acute venom ef-
fects.

SPIDERS AND SCORPIONS

Sp id e rs

Spiders of medical significance can be found worldwide (122),
while in the United States, only two groups of spiders are typi-

cally considered medically significant. These are the widow or
Latrodectus spiders and the brown spiders belonging to the
Loxosceles genus.

Wid ow Sp id e rs (Lat rod e ct us Ge nus)
Widow spiders, including the well-known black widow, belong
to the Latrodectus genus. These spiders are among the most
medically important spiders, and representatives are found al-
most worldwide. In the United States, the widow spiders are
found throughout most of the country but are most common
in the southeast, with the black widow (Lactrodectus mac-
tans) believed to cause most envenomations. The female black
widow, more harmful to humans than the male, as her fangs
are longer and better able to penetrate human skin, has a shiny
black round abdomen and a characteristic bright red hourglass
marking on her underside (123). Other species of widow spi-
ders can also be found in the United States. Widow spiders
are considered shy spiders and can be found in dark, secluded
areas such as under leaf litter (124). All widow spiders world-
wide are believed to have similar venom characteristics and
similar clinical symptoms.

Pathophysiology. The primary component of widow spider
venom that causes human clinical effects is α-latrotoxin. It
binds to neuronal tissue and causes neurotransmitter release
in at least two ways: (a) it binds to and helps form ion chan-
nels, which allow calcium and other ions to leak, causing a
calcium-dependent release of neurotransmitter; and (b) it binds
to the latrophilin receptor on neuronal tissue, and causes a
calcium-independent release of synaptic vesicles (125). This
neurotransmitter release, either through calcium-dependent or
-independent means, is believed to cause the clinical symptoms
seen after widow spider envenomation.

Diagnosis. Diagnosis is primarily clinical and historical, as
there are no laboratory tests to confirm envenomation. Typ-
ically, bite victims will recall a painful pin prick-like bite, but
the bite can be painless. Bites can occur in dark, outdoor places
such as leaf litter or woodpiles and, historically, are associ-
ated with outhouse use. Bites can also occur when dressing
or putting on shoes, especially if they are left outside, or even
while in bed (126).

Clinical Effects: Local. Bites from the widow spiders can pro-
duce mild local irritation. The bite is classically described as
two small punctures with a small area of erythema surround-
ing a minimally blanched area centrally, producing a “halo” or
“ target” effect (126). Local injection of venom is not believed
to cause necrotic wounds and, while superinfection is possible,
it is uncommon.

Clinical Effects: Systemic. The more medically significant ef-
fects following widow envenomation are the constellation of
systemic symptoms known as latrodectism . Typically, symp-
toms begin within an hour after the bite. What may begin
as local muscle cramps can progress to involve larger muscle
groups, spreading continuously from the site of the bite. Ab-
dominal muscles can be involved, leading to abdominal rigid-
ity that can imitate the peritoneal signs of a perforated viscus
and which may result in an incorrect diagnosis in the young
child or uncommunicative adult. Priapism (127), compart-
ment syndrome (128), elevations in creatine kinase (126), and
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myocarditis (129) have been reported as associated with a La-
trodectus bite. Though no reported cases of spontaneous abor-
tion have been reported in pregnant patients (130), concern ex-
ists for premature delivery given the intense muscle cramping
and hypertension that can occur following a widow spider en-
venomation. Hypertension has been reported (126) and could
be life threatening in susceptible populations.

Management. While the Latrodectus venom is very potent, the
volume of venom is minuscule. There is no role for tourni-
quets, incision, or excision at the venom injection site. Initial
control of pain and muscle contraction should be accomplished
through administration of opiates and benzodiazepines. Benzo-
diazepines are preferred as muscle relaxants, given their wide
therapeutic window and minimal hemodynamic and cardiac
side effects when compared to agents such as cyclobenzaprine
or methocarbamol. Intravenous calcium has not been shown
to provide significant benefit (123,126) and is no longer con-
sidered a first-line agent.

An antivenom specific to L. mactans is available ([L.
mactans] Black Widow Spider Antivenin, Equine Origin,
Merck & Co., Inc). As with administration of other IgG an-
tivenoms, there is a risk of hypersensitivity reactions, including
anaphylaxis (126) and serum sickness (131). While skin testing
is recommended by the manufacturer, it is insufficiently sensi-
tive or specific to either predict or exclude the likelihood of a
type I hypersensitivity reaction (123). Type III hypersensitivity
reactions (“serum sickness”) have been reported, (131) though
they are believed to be a rare complication given the small vol-
ume of antivenom necessary to neutralize the injected venom.

The use of antivenom is controversial. Most would agree
that when dealing with patients in the extremes of age, preg-
nant patients, or those with intractable muscle cramping and
pain, the use of antivenom should be strongly considered. For
those with mild to moderate envenomations, clinicians can at-
tempt a trial of benzodiazepine and opioid therapy. Moss and
Binder (131) found that most bite effects were self-limited and
needed only minimal pharmacologic intervention, while oth-
ers found that antivenom was associated with minimal adverse
events and rapid resolution of symptoms, and should therefore
be considered early in the course after moderate to severe en-
venomations (123,126,132). The clinician at the bedside must
weigh the small risk of hypersensitivity reactions to the possible
benefit from reversal of the venom’s effects. If administered, the
antivenom should be administered in a controlled, monitored
environment, with treatments for acute reactions available such
as steroids, histamine blockers, and epinephrine immediately
available. There is no evidence that pretreatment with any of
these agents is efficacious in preventing a reaction, and caution
should be used before administering antivenom in anyone with
risk factors for immediate hypersensitivity reactions (126). The
dose for adults or children is the contents of one restored vial
(2.5 mL) of antivenom. It can be given as an intramuscular
injection (133) but is typically administered as a slow intra-
venous infusion (134). It can be redosed if needed, but one vial
of antivenom is usually sufficient (133).

There is evidence for cross-reactivity of antivenoms pro-
duced to various Latrodectus species, including a purified
F(ab )2 antivenom produced in Australia to the red-backed spi-
der (Latrodectus hasselti) by CSL Limited and which possesses
an improved safety profile compared with the U.S. product
(135). As this antivenom is not currently approved for use in

the United States, consultation with a regional poison center
(1-800-222-1222) can be beneficial.

Follow-up. Unless antivenom is administered, in which case
monitoring for serum sickness should be arranged, there are
no long-term sequelae expected from a widow spider enven-
omation (131). Local wound care should be satisfactory for
the bite site, and prophylactic antibiotics are not warranted.
Standard recommendations for any secondary sequelae such
as rhabdomyolysis are appropriate.

Brown Sp id e rs (Loxosce le s Ge nus)
Loxosceles spiders are found primarily in the southern half of
the United States. While at least 50 species of Loxosceles can
be found on several continents, the Loxosceles reclusa species
(“brown recluse”) is the most common and medically impor-
tant in the United States (123,136). As their name implies, these
are considered shy spiders, hiding in woodpiles and dark cor-
ners, only biting when threatened. Bites are more common in
warmer months and are often presumed to occur when a spider
is caught next to skin by clothing or linens (136). True epidemi-
ology is difficult, as necrotic wounds, which can occur because
of Loxosceles envenomations, are often inaccurately attributed
to spider bites when other insect bites, skin infections, or other
dermatologic conditions are truly responsible.

Pathophysiology. Venom from Loxosceles spiders is a com-
plex mixture of cytotoxic components that indirectly cause im-
pressive, delayed local symptoms and have the potential for
causing human systemic toxicity. Hyaluronidase in the venom
causes significant tissue destruction, allowing spread of other
venom components in the soft tissues following an envenoma-
tion (137). Sphingomyelinase D in Loxosceles venom is be-
lieved responsible for the dermal inflammation seen after bites
(138). Venom injected in the skin starts a cascade of cellular
reactions including neutrophil migration and degranulation,
which leads to potentially severe local tissue injury (139).

Diagnosis. Because the bite is usually painless and thus unno-
ticed at the time, unless a Loxosceles bite is witnessed and
positive identification of the spider occurs, the diagnosis is
typically a historical and clinical one. The necrotic wounds
found with Loxosceles spider bites can mimic numerous other
common cutaneous conditions, such as bites by other spiders
or other insects, soft tissue bacterial infections, or a vasculi-
tis. A broad differential, including these, as well as conditions
such as erythema nodosum, pyoderma gangrenosum, pyogenic
granuloma, and herpes infections, should be reviewed before
a necrotic wound is attributed to a Loxosceles spider in the
absence of a known bite (140). Cases of necrotic wounds have
been linked to other U.S. spiders such as the hobo spider (141),
though clear and well-accepted causation between these spi-
ders and dermonecrotic wounds is still not established (135,
142). Positive laboratory identification by enzyme-linked im-
munosorbent assay (ELISA) or hemagglutination is possible to
confirm Loxosceles envenomation in research settings (143),
but is not at this time clinically useful. Results are not avail-
able in a clinically relevant time frame, and specific therapeutic
interventions are not available.

Clinical Effects: Local. Unlike the widow spiders, the majority
of clinical effects seen from Loxosceles spiders are a result of
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local tissue injury. The characteristic necrotic wounds are de-
scribed as having a “red, white, and blue” appearance, though
clearly demarcated color rings are rare and not needed to make
a diagnosis. Local tissue inflammation occurs over the first day
after envenomation, causing skin erythema. In the center of this
reddened skin, a small necrotic or “blue” area develops that
is surrounded by a halo of blanched tissue appearing gray or
“white.” Often the wound is not noted until it begins to cause
significant pain or the necrotic area becomes prominent.

Clinical Effects: Systemic. Rarely, a Loxosceles spider bite can
lead to a clinical syndrome known as systemic loxoscelism .
Cases, many of them in children, begin as low-grade febrile ill-
ness with arthralgias and other nonspecific symptoms (144).
Within 24 to 48 hours after the bite, these symptoms can
progress to a potentially life-threatening illness characterized
by hemolysis and shock (136,144,145). Systemic loxoscelism
should be in the differential of unexplained hemolysis associ-
ated with shock (145).

Management. Many pharmacologic and surgical treatments
have been proposed in the management of the necrotic der-
mal wounds associated with Loxosceles spiders, but none has
been proven to have significant effects in preventing or re-
versing damage. These include hyperbaric oxygen (146,147),
steroids (148), dapsone (146–150), nitroglycerin (151), and
early surgical debridement, and are not recommended. The
venom spreads rapidly after a bite, and early attempts to “core”
out affected areas to prevent venom spread result in poor
wound healing and worsened scarring (149). If significant cos-
metic defects occur as a result of the necrotic wound, surgical
intervention, including skin grafting, should be delayed at least
4 to 12 weeks (152).

Systemic loxoscelism should be treated with symptomatic
and supportive care. Successful treatment of proven lox-
oscelism cases has included aggressive fluid resuscitation, blood
product transfusion, and vasopressor use. While there is no
antivenom available in the United States for Loxosceles bites,
antivenoms to Loxosceles spiders exist in South America. Al-
though Loxosceles venoms of a variety of species share many
antigenic components (153), cross-reactivity data are lacking,
and it is unknown whether such antivenoms would confer any
benefit in a U.S. Loxosceles envenomation.

Non-nat ive Sp id e rs
The funnel web spiders (Hadronyche and Atrax spp.), native
to Australia, and the banana spider (Phoneutria spp.), native to
South America, are considered far more dangerous than the na-
tive Latrodectus and Loxosceles spiders. In the United States,
these can be found through collectors or as accidental stow-
aways in goods transported internationally. The funnel web
spider venom contains a potent neurotoxin that can cause fas-
ciculations, weakness, and autonomic instability, with coma
and pulmonary edema complicating the clinical course. An an-
tivenom available in Australia has been successfully used in
severe envenomations (154).

The South American spiders belonging to the genus Phoneu-
tria have a neurotoxic venom that can cause pain and neuro-
logic and gastrointestinal symptoms, as well as shock and pul-
monary edema in severe cases (155). An equine antivenom is
available in South America.

These antivenoms may be located in the United States
through the Online Antivenom Index, with the assistance of
a regional poison center (1-800-222-1222).

Scorp ions

In the United States, there is only one medically significant
species of scorpion, Centruroides ex ilicauda (formerly Cen-
truroides sculpturatus). Found in the southwestern United
States, primarily in southern Arizona, it is commonly known
as the bark scorpion. Stings occur by the tail, with the venom
containing neurotoxins and other components.

Pediatric patients are at greatest risk of having clinically
significant symptoms associated with such a scorpion sting.
Symptoms can be minor with only some local paresthesias,
but, for some, symptoms can be severe, including cardiac man-
ifestations such as tachycardia and hypertension, neurologic
manifestations such as roving eye movements and agitation,
and respiratory manifestations, including tachypnea and stri-
dor (156,157). Cholinergic symptoms such as hypersalivation
have also been reported (158).

Treatment options in the past have included a goat-derived
antivenom, limited to use within the state of Arizona. This
antivenom is no longer produced, however, and existing sup-
plies are rapidly dwindling. A F(ab )2 antivenom is currently
in clinical trials. A continuous midazolam infusion, ventilatory
support, and otherwise supportive and symptomatic care are
current mainstays of treatment (159,160). Atropine for exces-
sive cholinergic signs has been recommended (158).

MARINE ANIMALS
This review will cover marine envenomations. Organisms that
are poisonous when ingested will not be covered. Marine en-
venomations can occur from interaction with both vertebrate
and invertebrate organisms. In the vertebrate category are
stingrays, sea snakes, catfish, scorpionfish and leatherjacks,
among others. Invertebrates encompass a much larger group-
ing, including coelenterates, echinoderms, annelid worms, and
mollusks.

St ing ray

Eleven different species of stingray are found in U.S. waters,
seven of which are found in the Atlantic Ocean (161). These
animals have long, sharp, serrated barbs along the dorsal sur-
face of their tails, which can cause significant tissue damage
and death, even without envenomation (162). They often will
bury themselves in the sandy bottom of temperate shallow wa-
ters where they may be inadvertently stepped on or otherwise
startled to lash out with their tail. The tail barbs are covered in
an integumentary sheath that covers two ventrolateral venom
glands. Their venom is a complex mixture that includes phos-
phodiesterase, nucleosidases, and serotonin (161,163).

Clinical Effe ct s
Burning pain at the wound site typically intensifies with time,
and local symptoms may last up to 48 hours (162). Venom
can cause initial vasodilation and edema at the bite site, then
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vasoconstriction with hemorrhagic necrosis of tissue and
inflammatory infiltrate (163,164). Cardiac conduction ab-
normalities ranging from bradycardia to atrioventricular
nodal blocks with dysrhythmias and cardiac arrest from
asystole have been reported. Venom effects also include
nausea/vomiting/diarrhea and abdominal pain, as well as
ataxia, seizure, coma, hypotension, and respiratory distress
(161,163).

Tre at me nt
Treatment is symptomatic and supportive. Radiographic imag-
ing as well as local wound exploration is necessary to evaluate
for retained foreign body in the wound. Tetanus prophylaxis
should be administered if needed. Prophylactic antibiotics to
cover marine microorganisms should be considered, as sec-
ondary bacterial infections are common (161,165). Pain con-
trol with narcotic analgesia is often required, and immersion
of the limb in hot water (110◦F, 43◦C) may aid in pain relief
(162,166,167). Care should be taken to not produce thermal
injury. Consider an observation period of at least 4 hours to
ensure that symptoms do not progress to systemic effects.

Scorp ae noid e a

This group is composed of a number of venomous fish, and is
the most common marine source of human envenomation, both
in the wild and in home aquaria. They are found in the warm
waters of the Gulf of Mexico and Florida Keys, as well as the
Pacific, including around Hawaii, and the Indian Ocean. Fish in
this group include lionfish (Pterois), zebrafish (Danio), scorpi-
onfish (Scorpaena), and stonefish (Synanceja) among many oth-
ers. Venom apparatus is a collection of spines along the body of
the fish, each composed of paired venom glands covered by an
integumentary sheath. The dorsal spines are typically the most
numerous and can inject the most venom (163). The venom of
the fish in this phylum is a complex mixture, and most contain
significant amounts of inflammatory mediators such as throm-
boxane and prostaglandins (161,163). The chemical makeup
and potency of venom varies by species within this group, and
clinical effects range from very severe (stonefish) to mild (lion-
fish). The stonefish is by far the deadliest of this group; however,
outside of zoos, educational institutions, and private aquaria, it
is not likely to be encountered in the United States. It lives in the
temperate and warm waters of the Australian and Indo-Pacific
and east African coast. There is the potential for envenoma-
tion by stonefish in private collections. Of more relevance in
this group are the lionfish, zebrafish, and scorpionfish since,
although not found wild in U.S. coastal waters, they are a fa-
vorite of exotic fish collectors, and stings can result from pets
kept in home aquaria (168–171).

Clinical Effe ct s
The majority of reported stings occur on hands and fingers, fol-
lowed by local, excruciating pain. Local swelling was common,
with few reported vesicular lesions at the bite site (163,172).
Systemic symptoms are much less commonly reported but in-
clude nausea, sweats, chest and abdominal pain, and rarely hy-
potension (162,167,173–175). Local effects, especially numb-
ness, may persist long after the sting, and often wounds are
very slow to heal, usually resulting in granulomatous and fi-
brous scarring (166,167).

Tre at me nt
Treatment is primarily by symptomatic and supportive care,
with the exception of the stonefish, for which there is an an-
tivenom (176). Antivenom can be located by contacting a re-
gional poison center (1-800-222-1222). Good wound care is
also essential. Spines may break off during envenomation, and
the wound should be closely inspected for any retained foreign
body. Immersion of the limb in nonscalding hot water (110◦F,
43◦C) may aid in pain relief (162,166,167,169). Unroofing of
any blisters that form at the envenomation site is indicated as
the vesicle may contain venom and contribute to persistent ef-
fects. Tetanus immunization or booster should be administered
as needed. Antibiotics should be given if secondary infection
develops.

Se a Snake s

There are approximately 50 species of sea snakes in several
subfamilies. They are found primarily in the warm tropical
waters of the Indo-West Pacific. None are found in the Atlantic
Ocean or Caribbean Sea. Envenomations are likely the result of
such snakes being kept in zoos or academic institutions or kept
by private collectors. Their venom is similar to Elapid venom,
with neurotoxicity—and potentially respiratory arrest—as the
primary clinical effect. See the section on non-native snake en-
venomations for management considerations.

Inve rt e b rat e s

Five phyla—Cnidaria, Porifera (sponges), Echinodermata (sea
urchins, starfish), Mollusca (octopi and cone snails), and An-
nelida (bristle worms)—constitute the venomous invertebrates.
There are over 10,000 species in the phylum Cnidaria (for-
merly Coelenterata), and several hundred are dangerous to hu-
mans. This grouping includes jellyfish (class Scyphozoa), the
Portuguese man-of-war and other sea hydroids (class Hydro-
zoa), and the sea anemones and fire corals (class Anthozoa).
All possess envenoming apparatus in the form of nematocysts
(161,163,177).

In jellyfish and hydroids, nematocysts are primarily on the
tentacles, and each tentacle can contain thousands. Each nema-
tocyst is a spiral-coiled dart-like structure within venom sacs.
Venom is injected when the barb penetrates the flesh of its
prey. Nematocysts that have become detached from the tenta-
cle, tentacles of dead jellyfish, or detached tentacles can all still
cause envenomation upon contact. The popularity of scuba
diving and snorkeling has increased the chances of contact
with the nematocysts of sessile Cnidaria, such as sea anemones
and soft and true corals (178). The Portuguese man-of-war
(Physalia physalis) is found in the Atlantic waters off the south-
ern coast of the United States, especially from July through
September, and is actually a complex colony of multiple hy-
droids (179). The body is pale blue and bell or bottle shaped
and the tentacles may grow to more than 100 feet in length.
The venom is especially complex and also contains neuro-
toxins.

The severity of the sting depends on the organism, the
number of successful discharges, and the composition of the
venom. Like the majority of venoms, Cnidaria venoms are com-
plex mixtures of many substances. Commonly found chemicals
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include histamine, serotonin, alkaline and acid phosphatases,
proteases, hyaluronidase, nucleosidases, hemolysins, and in-
flammatory mediators, among others (167,180).

Clinical Effe ct s
Most organisms in this grouping, with the exception of the Por-
tuguese man-of-war, cause only mild local effects in humans.
These local effects consist of burning pain at the site of the
sting, which may be severe, with swelling, erythema, and pos-
sible vesicle formation and ulceration of the area (181,182).
Regional lymphadenopathy may be seen, and secondary infec-
tion and scarring are common.

Anaphylactoid reactions can occur as well. Systemic effects,
if any, are mild, but immune reactions such as erythema no-
dosum and reactive arthritis have been reported (183–185).
Irukandji syndrome is a constellation of both local and sys-
temic symptoms that occur in a delayed fashion after enveno-
mation by an Australian jellyfish (Caruk ia barnsi). There have
been reports of a similar syndrome occurring in swimmers and
divers off the coast of southern Florida, likely after exposure to
another organism in the same genus, although the responsible
organism has not yet been identified (185).

With envenomation by the Portuguese man-of-war, there
is immediate intense local pain at the sting site, with devel-
opment of large, linear, erythematous welts where tentacles
have contacted the skin. These welts often leave significant scar-
ring. Systemic effects include nausea and vomiting, headache,
and myalgias, and may progress to muscle weakness, respira-
tory distress, and cardiovascular collapse in severe envenoma-
tions (161,167,186). The intense pain and occasional paralysis
caused by many stings from this jellyfish can result in drowning.
Multiple stings can be fatal.

Fire coral (Millepora) is not a true coral, rather a relative
of fresh water hydra, but has nematocysts to envenomate its
prey. The stings cause local burning pain, urticaria, and intense
pruritus (179). These wheals may take weeks to heal completely
and may leave hyperpigmented scars.

The Scyphozoa contain the “ true” jellyfish, including the
deadly box jellyfish (Chironex fleckeri or sea wasp), which is
not found in U.S. waters, and is present here in zoo, institu-
tional, and possibly private collections only. It is usually found
in tropical climates of the Indian and Pacific Oceans, including
the coastal waters of Australia. The box jellyfish is so named
because of its four translucent panels that roughly form a box.
The sting of the box jellyfish is painful and can cause death
within minutes, and the mortality rate in native settings is 15%
to 20% (161,187,188). An antivenom is available and should
be stocked by the institutions that house these creatures; an-
tivenom can be located by contacting the regional poison center
(1-800-222-1222).

The Scyphozoa also include sea nettles (Dactylometra quin-
quecirrha), which pose a greater chance of exposure to swim-
mers of this country, but the sting in most cases is a minor
annoyance, although systemic symptoms similar to those seen
with Physalia envenomations have been reported (179).

Tre at me nt
Swimmers and divers in waters endemic for venomous animals
and health care providers caring for victims of envenomations
should wear gloves and clothing for personal protection. If
stung, any nematocysts still on the skin should be inactivated
with 5% acetic acid (vinegar) and then removed by “shaving”

the area with a dull-edged knife or the edge of a credit card
(179,189,190). Shaving cream may aid in the shaving process.
Adhesive tape may also be effective at removing unseen nema-
tocysts. Papain meat tenderizer has been reported to improve
symptoms and may be used with caution (167). Alcohol or
fresh water may cause the remaining nematocysts to fire and
should not be used. A few species’ nematocysts will fire in the
setting of acetic acid, including the American sea nettle, the lit-
tle mauve stinger jellyfish, and the hairy or lion’s mane jellyfish.
For these few, a slurry of baking soda should be applied for at
least 10 minutes over the affected area. If tentacles remain at-
tached to the skin, a vinegar or baking soda slurry should be
applied, then shaving cream and scraping as for nematocysts
to remove the tentacles. Many components of the venoms of
these organisms are heat-labile, and immersion of the affected
area in nonscalding hot water (110◦F, 43◦C) may aid in pain
relief (162,166,167,169,189,190).

Tetanus prophylaxis should be given as needed and a third-
generation cephalosporin used for secondary infection. Pain
should be treated with both NSAIDs and opioids as needed.
Persistent pruritus and swelling should be treated with antihis-
tamines. Systemic steroids have not been shown to be of any
benefit.

Se a Lice (Se ab at he r’s Erup t ion)

The prolific time period for the appearance of sea lice is March
through June on the southeast coast of Florida. A contact der-
matitis can develop with exposure to the larvae of sea lice (Lin-
uche unguiculata). The larvae attach to the fibers in bathing
suits and cause a rash in the distribution of the swimwear, thus
“seabather’s eruption.” The rash is pruritic, erythematous, and
maculopapular, and typically resolves spontaneously in hours
to days without sequelae (178,191–193). Topical treatment
with antihistamines and calamine lotion may give relief.

Sp ong e s

Some sponges contain spicules composed of calcium carbon-
ate and silica, which can cause local irritation and itching of
skin upon contact. This is also known as “skin diver’s” or
“sponge fisherman’s” disease. The fire, red, and bun sponges
also have toxins in their coatings that can cause local irrita-
tion, which may be painful and pruritic and produce erythema
(178,194). Pain and paresthesias after contact may persist for
weeks (161,194).

Tre at me nt
Remove spicules with adhesive tape or the edge of a dull knife
or credit card. Washing the area with 5% acetic acid may aid in
symptom control (161,178,194). Antihistamines and NSAIDs
may be used for symptom control.

Mollusca

Conus Snails
Cone shell snails have an ejectable tooth at the end of a long
flexible proboscis, and envenomate their prey by sinking this
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tooth deep into the flesh (194). The venom contains primarily
neurotoxins that act by ion channel effects (167,195).

Clinical Effects. Clinical effects include local burning pain,
numbness, and paresthesias, as well as systemic effects of perio-
ral paresthesias, cranial nerve palsies, coma, respiratory muscle
paralysis, and cardiovascular collapse (161). Although the ma-
jority of human envenomations are mild and limited to local
effects, at least 15 deaths have been reported (194).

Treatment. Treatment is primarily symptomatic and support-
ive.

Toxic Oct op i

Other marine animals may cause serious, and at times fatal,
envenomations. The bite of the blue-ringed octopus introduces
tetrodotoxin, a potent neurotoxin also found in the puffer fish,
as well as several other neurotoxins, including maculotoxin
(167,179). This organism is of importance, as it may be found
in zoo aquaria and the home aquaria of private collectors in
the United States. The giant monster octopus should not be of
concern in the United States.

Clinical Effe ct s
Clinical effects include local pain, numbness, and paresthesias,
which may also involve distant sites such as the lips and tongue.
Cranial nerve palsies can be seen and, in severe envenomations,
muscle weakness progressing to respiratory paralysis and car-
diovascular collapse occurs (163,167,196).

Tre at me nt
Treatment is primarily symptomatic and supportive care. Res-
piratory and cardiovascular support may be required. No an-
tivenom is available.

Echinod e rmat a

Crown of thorns (Acanthaster planci) is found primarily in
the Indo-Pacific Oceans and should be of little concern in the
United States except when encountered in zoo, academic insti-
tution, and private collector aquaria. Sharp, rigid spines over
the dorsum of the organism can cause deep puncture wounds,
even through gloves, and the venom delivered is a complex mix-
ture of inflammatory mediators, histamine, and others includ-
ing toxic saponins, with hemolytic and anticoagulant effects
(163,194,197).

Clinical Effe ct s
Local effects predominate, such as burning pain and local hem-
orrhagic injury. Secondary infection and retained foreign body
from broken spines are not uncommon. Systemic symptoms
are rarely reported but may include nausea and vomiting. Im-
mersion of the limb in nonscalding hot water (110◦F, 43◦C)
may aid in pain relief, as the venom components are heat-labile
(162,166,167,169,197).

Se a Urchins

Many sea urchins have long, sharp spines composed of calcium
carbonate that cause local injury, but most are not venomous.

Deep tissue injury and extension of spines into organs and joint
spaces may cause tissue destruction and morbidity from sec-
ondary infection. If it is a venom-containing species, the gland
is located at the end of the spines and in their pedicellaria (the
mouthlike apparatus at the end of a stalk used to gather food).
Venom is composed of a mixture of steroid glycosides, sero-
tonin, proteases, and others (198).

Clinical Effe ct s
Local pain, erythema, and edema are typically self-limited. Par-
tial paralysis of the envenomated limb has been reported with
exposure to some species (194,197). Rare systemic symptoms
are noted in the literature.

Tre at me nt
The affected area should be immersed in nonscalding hot water
(110◦F, 43◦C), with oral analgesics and local wound care, and
removal of any embedded spines as needed. Care is otherwise
symptomatic and supportive.

Anne lid Worms

The common bristle worm, found in Floridian and Caribbean
waters, causes intense local inflammation with edema, ery-
thema, and urticaria (163). No systemic reactions have been
reported, and the toxin is unknown. Removal of any bristles
adherent to the skin and otherwise simple symptomatic and
supportive care are the mainstays of treatment.
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SECTION VIII ■ THE SURGICAL PATIENT

CHAPTER 69 ■ PERIOPERATIVE PULMONARY
FUNCTION TESTING AND CONSULTATION
PHILIP BOYSEN

Measurement of pulmonary function is an important adjunct
to the symptoms exhibited by a patient, as well as the find-
ings on physical examination. The quantification of pulmonary
function has specific applications to clinical medicine in the in-
tensive care unit setting, such as the following:
■ Confirming a clinical diagnosis of obstructive versus restric-

tive ventilatory defects in a patient with respiratory insuffi-
ciency or failure

■ Following the course of the patient’s disease and the response
to treatment

■ Enhancing decision making for patients about to undergo
thoracoabdominal surgery

■ Developing an anesthetic and postoperative plan for a pa-
tient with pulmonary disease

This chapter will outline the pulmonary function tests that
are now considered routine and will address the interpretation
of the tests. The timing and nature of the effects of thoracic and
abdominal surgery and the clinical implications of the anes-
thetic and surgical procedures will also be considered.

The evaluation of a patient who is being considered for
resectional lung surgery is an important issue for the anesthesi-
ologist, surgeon, and intensivist. Finally, there are some aspects
of pulmonary function measurement that are particularly ap-
plicable to practitioners of intensive care medicine.

ROUTINE PULMONARY
FUNCTION TESTING

Although it might be argued that no form of testing can be con-
sidered routine, when clinicians refer to “routine pulmonary
function testing” there are three types of measurement and as-
sessment of lung function that define the pulmonary status of a
patient: (i) spirometry, (ii) measurement of lung volumes, and
(iii) measurement of lung diffusing capacity.

Sp irome t ry

Spirometry remains the most basic technique to assess lung
function, and the most valuable. The concept is simple, but
the assessment of the results can be complex. In essence, the
patient is asked to inhale to total lung capacity (TLC) and then
to forcefully exhale into a device that measures volume versus
time. The ability to perform a forceful exhalation is key to
obtaining an adequate study. Maximal forced exhalation from
TLC to residual volume (RV) results in a spirogram with a

smooth and reproducible curve that defines a maximal forced
expiratory volume envelope. To ensure that patient effort and
cooperation is maximal and approaches the envelope that the
patient cannot penetrate, the procedure is repeated three times,
and the spirometric curves are superimposed and compared.

Performance of a forced vital capacity maneuver is not prob-
lematic for a normal person, but a patient with pulmonary
impairment is greatly distressed by this procedure. It may
take some time for the technician to achieve the performance
needed. Once this occurs, the patient is asked to use a metered
dose inhaler (beta2 agonist) and then repeat the forced vital
capacity maneuver three more times, as the technician again
assesses the results for maximal performance and its response
to bronchodilators (Fig. 69.1).

The evaluation of a spirogram is straightforward, compares
the results to data provided by examining a normal population
of men and women, and seeks to answer two additional ques-
tions. From a physiologic standpoint, the spirogram defines pa-
tients with an obstructive or a restrictive physiologic defect or
impairment. Restrictive defects are associated with a decrease
in the forced vital capacity (FVC) of at least 20% of the pre-
dicted value. Obstructive ventilatory defects are revealed when
the ratio of the forced expiratory volume in 1 second (FEV1)
divided by the FVC (the FEV1/FVC ratio) is less than 85% .
Other indications of obstructive lung disease available from
the spirogram include the peak expiratory flow rate (PEFR), a
useful method of following airflow obstruction due to asthma,
and the maximal midexpiratory flow rate. With the latter mea-
surement taken at the midpoint of the FVC, the slope of the
line between 25% and 75% of the FVC (FEF 25% –75% ) is
a better indication of obstructive lung disease due to chronic
bronchitis (Fig. 69.2).

Another method of representing a maximal forced expira-
tory maneuver depicts the FVC versus flow rather than versus
time (Fig. 69.3).

The forced exhaled volume between TLC and RV is the
maximal expiratory flow curve. If the patient is asked to fully
inhale back to TLC once the expiratory maneuver is completed,
the flow–volume relationship is referred to as a flow–volume
loop. This study is especially useful for diagnosing intrathoracic
and extrathoracic upper airway obstruction.

Whereas the FVC measures exhaled volume versus time, and
therefore gives an index of airflow, the maximum voluntary
ventilation (MVV) is a test that involves repeated breaths and
vigorous breathing for 10 to 12 seconds. The MVV is reported
in L/minute, which means that the 10- or 12-second effort is
multiplied by 6 or 5 respectively. Although it is only a rough
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FIGURE 69.1. Three forced exhalations are performed before and af-
ter bronchodilator inhalation to assess immediate response. The max-
imum measured exhaled volume is FVC. The exhaled volume at 1
second is FEV1.0 . The FEV1.0 /FVC ratio is reduced with an obstructive
ventilatory deficit.

index, the MMV assesses both airway status and respiratory
muscle endurance.

Lung Volume s

Whereas spirometry is a simple test and widely available, mea-
surement of lung volumes requires more complex instrumen-
tation. Lung volume determinations add another dimension to
spirometry as a means of defining pathophysiologic changes in
lung function.

Several methods are available to measure lung volumes, two
of which depend on analysis of a specific gas—one physiologic
and one inert. The first method, requiring a nitrogen analyzer,
is easily performed over a 7- to 10-minute period of sponta-
neous breathing of 100% oxygen. With each breath, a certain
percentage of nitrogen in the lungs is replaced by oxygen until a
certain point where very little nitrogen remains in the lungs, al-
though the nitrogen level never reaches absolute zero. The log
of the exhaled nitrogen concentration over time is displayed
until no further decrement is noted. Since 79% of the resident
lung volume is elemental nitrogen (N 2), measuring the total
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FIGURE 69.3. The relationship between a recording of flow and vol-
ume during a forced vital capacity (FVC) maneuver. ERV, expiratory
reserve; FRC, functional residual capacity; IRV, inspiratory reserve;
MMEFR, maximal midexpiratory flow rate; PEFR, peak expiratory
flow rate; VT, tidal volume.

amount of nitrogen exhaled allows calculation of the volume
from which it came. In the lung with significant ventilation per-
fusion mismatch, the log N 2 versus time is not a straight slope,
and it takes longer to reach the equilibration end point.

In the operating room, this phenomenon can be demon-
strated in the patient with asthma or chronic bronchitis if the
gas analyzer is able to measure nitrogen in addition to the other
physiologic or anesthetic gasses.

Rather than “wash out” a physiologic gas, the “wash in”
of an inert gas can also be used to determine lung volumes,
and helium is used for this purpose. Fitted with a nose clip
and a one-way valve in the breathing circuit, the patient is
asked to breathe quietly with normal tidal volumes and is then
connected to the circuit with a reservoir containing a known
volume and concentration (10% ) of helium. Measuring helium

RV

TLC

volume (ERV)

VC

FRC

Insp reserve  volume (IRV)

Expira tory reserve  

Tida l brea thing (VT)

FIGURE 69.2. Compartmentalization of lung volume is achieved by noting the volume excursion during
tidal breathing and repeated inhalation and exhalation. The functional residual capacity is measured using
gas wash-in or wash-out techniques. TLC, total lung capacity; VC, vital capacity; FRC, functional residual
capacity; RV, residual volume.
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Extrins ic  RVD Normal Intrins ic  RVD

FIGURE 69.4. Changes in lung volumes with extrinsic and intrinsic
restriction ventilatory defects (RVD) are compared to normal. An ex-
trinsic RVD mainly alters the total lung capacity (TLC) with minimal
alteration of the functional residual capacity (FRC) and the residual
volume (RV). An intrinsic RVD results in concentric reduction of the
TLC, FRC, and RV.

breath by breath, the technician records the point at which the
decline in helium concentration reaches a steady state. Using
the formula V1C1 = V2C2, the total volume of the helium black
box and the patient’s lungs is calculated, and the black box vol-
ume is subtracted, yielding the lung volume of the patient. The
volume that is measured with either of these techniques de-
pends on the point at which the patient is linked continuously
into the breathing circuit. The intent is to begin the measure-
ment at the end of a tidal breath, at functional residual capacity
(FRC). Using either a solenoid that detects flow reversal at the
end of the tidal breath, or simply using direct observation of
tidal breathing, this is usually easily accomplished.

The lung volume study is completed by once again using the
spirometer and coaching the patient to a full respiratory ma-
neuver. Then, after quiet tidal breathing, the patient is asked
to exhale to residual volume (RV), then inspire fully to total
lung capacity (TLC), and after a second interval of quiet tidal
breathing, fully inspire to TLC and expire to RV. Knowing the
FRC from the dilution studies, all of the lung volume compart-
ments can be calculated (Fig. 69.2).

Residual volume, functional residual capacity, and total
lung capacity can be viewed as a system of concentric circles
(Fig. 69.4).

An obstructive ventilatory defect is characterized by hyper-
inflation, with a greater effect on RV and FRC than on TLC.
A restrictive ventilatory defect can be either intrinsic or extrin-
sic. An intrinsic restrictive ventilatory defect is characterized

by a concentric reduction (each volume decreases by the same
percentage). An extrinsic restrictive ventilatory defect shows
a disproportionate loss of volume “off the top” ; the major
change is in TLC. The postoperative patient who has had a
surgical procedure in the thorax or upper abdomen shows the
latter change in physiology. Though transient, the extrinsic re-
strictive ventilatory change, especially when superimposed on
a patient with obstructive physiology, can be significant.

Diffusing Cap acit y

The third pulmonary function study of importance is aimed at
assessing gas transfer at the alveolocapillary membrane. Oxy-
gen is the gas transfer of interest, but making this measurement
is difficult because there is always a back pressure or gas ten-
sion in the blood that must be compared to alveolar gas. This
problem can be overcome by introducing a gas that is not nor-
mally in the bloodstream, specifically small amounts of carbon
monoxide (CO). Since CO is not a physiologic gas, this mea-
surement is referred to as the diffusing capacity, not diffusion
capacity.

The measurement can be made in two ways, and there is
controversy over which test gives superior information. The
two methods include introducing CO into a breathing circuit
and measuring the change in tidal breathing to a steady state,
and similarly inhaling CO with a single breath. With the second
technique, a further piece of information is obtained by relating
the gas transfer to the size of the breath, reported as the KCO.
This is an indication of diffusing capacity “where the gas goes,”
and is considered another method of evaluating both restrictive
and obstructive changes in physiology.

If the tissue of an adult lung were microdissected and spread
out, it would cover the space of a football field. Thus, one of
the reasons for a decrease in diffusing capacity (as opposed
to a thickened alveolar-capillary membrane) is loss of effective
surface area for gas transfer. This is a pathognomonic change
seen in patients with emphysema.

When spirometry, lung volumes, and diffusing capacity are
all evaluated, there is a characteristic pattern of physiologic
changes that identifies patient status and diagnosis, which is
important in the care of the perioperative patient (Table 69.1).

TA BLE 6 9 . 1

PATTERNS OF PULMONARY PATHOLOGY MEASURED BY PULMONARY
FUNCTION TESTS

OVDE OVDCBR OVDA RVDI RVDE

FVC NL or ↓ NL or ↓ NL or ↓ ↓ ↓
Spirometer

 

FEV1.0 /FVC ↓ ↓ ↓ NL or ↑ NL
BD responder 0 10% 25% 0 0
TLC ↑ NL or ↑ NL or ↑ ↓ ↓
RV/TLC ↑ ↑ NL or ↑ N ↑
DLCO ↓ NL NL or ↑ ↓ NL
PaO 2 NL or ↓ ↓ NL or ↓ ↓ NL or ↓
PaCO2 NL ↑ NL or ↑ NL NL

OVDE, emphysema; OVDCBR , chronic bronchitis; OVDA, asthma; RVDI, intrinsic restrictive vent defect;
RVDE, extrinsic restrictive vent defect.
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Art e rial Blood Gas Analysis

Arterial blood gas analysis (ABG) is usually included in the
panoply of routine pulmonary function testing. In preparing a
patient for surgery, ABG analysis is often ordered, but the use-
fulness is limited to an analysis of trends and diagnosis of un-
derlying chronic disease. Prognostic value is limited, and for re-
sectional lung surgery, postoperative ABGs are often improved.
However, there is value in identifying the patients with obstruc-
tive lung disease who have emphysema, as opposed to chronic
bronchitis, in assessing and designing postoperative therapy.
Table 69.1 summarizes the findings for the various physiologic
states.

PREOPERATIVE PULMONARY
FUNCTION TESTING

Re se ct ional Lung Surg e ry

The main indication for lung resection remains the removal of
a lung cancer (1). Since both the presence of obstructive lung
disease and the incidence of cancer are related to smoking, it
is not surprising that patients being evaluated for surgical re-
section of a lung tumor also suffer from chronic bronchitis or
emphysema. Imaging studies have advanced such that the ex-
tent of the disease is well documented before surgery; imaging
to guide biopsies also identifies the cell type during early eval-
uation. However, until the surgeon explores the open chest,
the extent of the necessary resection for cure is not known.
Thus the evaluation should always determine whether the pa-
tient can tolerate a pneumonectomy and subsequently live with
one lung. Thus, the first step is to measure overall pulmonary
function as shown in Table 69.2 (2).

If the patient meets all of these criteria, one can assume that
the loss of the cancerous lung will result in pulmonary function
that is at least half of the FEV1.0 , i.e., the postoperative FEV1.0
will exceed 1.0 (3,4).

If the criteria are not met, and surgical resection, including
pneumonectomy, is still being considered, the next step is to
perform split lung function testing, and ascertain the contri-
bution of the right versus the left lung to overall pulmonary
function. The first method used to perform such an analysis
was invasive but based on sound physiologic concepts. It had
been observed, in both humans and animal models, that the

TA BLE 6 9 . 2

PULMONARY FUNCTION INDICATING
PHYSIOLOGICAL TOLERANCE FOR SURGERY
UP TO AND INCLUDING PNEUMONECTOMY

Pulmonary function Physiologic tolerance

FVC > 50% Predicted, or > 3.0 L
FEV1.0 > 2.0 L
FEV1.0 /FVC > 50%
RV/TLC < 59%
DLCO > 50% Predicted
MVV > 50% Predicted

inability to tolerate resection of a critical mass of lung resulted
in cor pulmonale and respiratory failure. Thus, it was reasoned
that if a temporary pneumonectomy could be induced with bal-
loon occluding the pulmonary artery to the cancerous lung, the
resulting pulmonary artery pressure proximal to the occlusion
would identify the patient who could not tolerate resection
of that lung due to lack of pulmonary capillary reserve, cor
pulmonale, impaired exercise tolerance, and respiratory mus-
cle fatigue (5–7). Other studies not only predicted survival but
also morbidity and mortality and identified obstructive lesions
of the trachea and larynx (8,9).

A second technique, bronchospirometry, is also invasive but
yielded the desired information. An awake patient underwent
tracheal intubation with a double-lumen tube, and each port
was connected to a separate spirometer. When the patient per-
formed a forced vital capacity maneuver, the right contribution
to the FVC could be distinguished from the left.

In the 1970s, investigators noted that most of these pa-
tients had abnormal ventilation perfusion lung scans, but for
each lung as a whole, the radionuclide scans were fairly well
matched. Reasoning that a perfusion scan, or even a ventila-
tion scan, could be used to determine split lung function, they
studied a series of patients preoperatively who then went on to
surgical resection and had pulmonary function measured af-
ter recovery from surgery months later (10). Since that time,
clinicians have found this to be a useful method of preparing
the patient for surgery and predicting remaining lung function
following pneumonectomy. For example, if the preoperative
FEV1.0 = 1.6 L, and the scan reveals 60% /40% left lung versus
right lung, and the right lung is being considered for resection,
then:

1.6 L × .60 = .96 L, the calculated postoperative FEV1.0

The same investigators made two other early observations.
First, the diseased lung often made little or no contribution
to overall lung function, and if the calculation was incorrect,
it was usually because postoperative lung function was better
than predicted. Second, they suggested that the requirement
for the predicted postoperative FEV1.0 be lowered from 1.0 L
to 800 mL, the level below which they noted that respiratory
failure and cor pulmonale usually occurred in the chronic ob-
structive pulmonary disease (COPD) patient.

Noncard io t horacic Surg e ry

Whereas quantitative assessment of pulmonary function is use-
ful for thoracic surgery patients, there is little evidence to sug-
gest that measurement of pulmonary function should be ob-
tained solely for the purpose of perioperative management of
an individual patient. Although certain types of surgery, such as
upper abdominal surgery, nonresectional thoracic surgery, and
cardiac surgery, often cause severe alterations in pulmonary
function (the FVC may be reduced as much as 50% the first
postoperative day), little is added to the history and physical
examination in terms of considering risk.

PREDICTING POSTOPERATIVE
PULMONARY COMPLICATIONS

Postoperative pulmonary complications (PPCs) are usually de-
fined as newly developed atelectasis, pneumonia, pulmonary
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thromboembolism, and acute respiratory failure requiring me-
chanical ventilation following surgery. Because of the diffi-
culty of making predictions based solely on the measure-
ment of pulmonary function, other strategies for assessment
are continually being developed and analyzed. Early studies
sought to first identify normal pulmonary function criteria
for large populations and then demonstrate changes due to
other changes in lung function, such as aging and cigarette
smoking (11,12). The next step included identifying risk fac-
tors and determining if a preoperative therapeutic regimen
would alter outcome, or if alterations in anesthetic technique
improved or lessened postoperative pulmonary complications
(13,14).

Most studies have been limited by the number of patients
entered into the study protocol, but the accumulated evidence
would indicate that preoperative testing would identify patients
at risk for postoperative pulmonary complications (15–18).
The efficacy of strategies to reduce postoperative pulmonary
complications is not so well defined (19–24). Recently, the
National Veterans Surgical Quality Improvement Program, in
developing a multifactorial risk index for predicting postop-
erative pneumonia and respiratory failure after major non-
cardiac surgery, has reported large numbers of patients. The
consistent risk factors in this population include the following
(25):

■ Smoking status: The duration of smoking cessation to
achieve benefit appears to be at least 4 weeks, possibly as
long as 8 weeks.

■ Chronic obstructive lung disease, as defined by history and
physical examination (spirometry has not been shown to be
useful in prognosis)

■ Measures of general health status: includes the presence/
measures of comorbid conditions, functional status, recent
weight loss.

■ Cognitive impairment, for whatever reason
■ Previous stroke
■ Type and location of the anticipated surgical procedure
■ Age: a risk factor when controlled for comorbid conditions
■ Long-term steroid therapy
■ Recent moderate-to-heavy alcohol intake
■ Impaired renal function
■ Large transfusion: generally > 6 units of packed red blood

cells, plus other blood products

In this study, the authors were not able to analyze the im-
portance of serum albumin, spirometry, use of prophylactic an-
tibiotics, and body mass index or obesity. Other studies have
suggested that a low serum albumin carries a higher risk for
PPC, and the outcome is not changed by administering intra-
venous hyperalimentation, but risk is possibly lessened by feed-
ing through the gut. As mentioned, spirometry is diagnostically
accurate, but is not useful for prognosis; and obesity in the ab-
sence of comorbid conditions is not a significant risk factor for
PPCs.

The use of general anesthesia for surgical procedures, and
the duration of the anesthetic and surgical procedures (greater
than 4 hours) were reported to increase the risk of PPCs. A
common consultant comment has been, “OK for spinal, avoid
general anesthesia,” implying that the volatile anesthetic agent
had some negative impact on postoperative pulmonary func-
tion. Advances in anesthesia technology and skills have allowed
investigators to reframe the question. Does the presence of

adequate neuroaxial blockade during a surgical procedure re-
duce risk? The anesthetic plan can include spinal anesthesia,
epidural anesthesia, combined spinal/epidural anesthesia, and
these can also be combined with light levels of general anes-
thesia (the “epigeneral” ). Further, neuroaxial blockade can be
continued into the postoperative period for pain management.
Postoperative pain management is an important goal that also
enables a patient to complete deep breathing maneuvers. It does
appear that the presence of neuroaxial blockade, either alone
or in combination with general anesthesia, is associated with
fewer deaths and complications.

STRATEGIES TO REDUCE PPCS
AFTER NONCARDIOTHORACIC

SURGERY
The general approach to the patient with impaired pulmonary
function has included cessation of smoking and an attempt to
maximize pulmonary function with the use of bronchodilators,
both beta-2-agonists and parasympatholytic agents, treatment
of underlying infections or purulent sputum, and coaching to
learn deep-breathing exercises. Bronchodilators are continued
throughout the anesthetic and surgical procedure.

A recent publication reviewed the available literature on
interventions to prevent PPCs after noncardiothoracic surgery.
A synthesis of the evidence indicates the following:

■ Studies with good evidence: The evidence indicates that lung
expansion interventions are useful in preventing PPCs. This
includes incentive spirometry, deep breathing exercises, and
continuous positive airway pressure.

■ Studies with fair evidence: The evidence indicates that se-
lective rather than routine use of nasogastric tubes after ab-
dominal surgery is beneficial, given that it decompresses the
stomach, allowing for better diaphragmatic excursion. The
use of short-acting, intraoperative neuromuscular blocking
agents (e.g., rocuronium vs. pancuronium) is associated with
improved outcomes.

■ Studies with conflicting evidence: The evidence is conflicting
or insufficient for cessation of smoking, epidural anesthe-
sia, epidural analgesia, and laparoscopic versus open ab-
dominal surgery. As noted above, the presence or absence
of neuroaxial blockade—not the anesthetic choice—may be
the determining factor. Also, laparoscopic procedures result
in less pain and a lesser reduction in the FVC. Finally, al-
though malnutrition is associated with increased risk, rou-
tine total enteral or parenteral nutrition does not reduce
risk.

In summary, for noncardiothoracic surgery, there has been
substantial investigation for decades aimed at performing a
preoperative assessment to identify risk (26) early with invasive
techniques (27). The value of preoperative pulmonary function
testing has been repeatedly called into question (28,29) owning
to the added time and expense. Preoperative pulmonary func-
tion testing is safe and noninvasive, but should not be routinely
performed; rather, it should be limited to a specific indication
supported by changes in the anesthetic or surgical procedure
(30). Furthermore, the incidence of postoperative pulmonary
dysfunction is influenced by the surgical site and the propensity
to cause diaphragmatic dysfunction (31,32).
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ADDITIONAL PULMONARY
FUNCTION TESTS PERTINENT

TO THE INTENSIVE CARE UNIT

Lung –Thorax Comp liance and
Airway Re sist ance

Physiologists described lung–thorax pressure relationships in
normal subjects by defining elastic recoil pressure. With a nose
clip and mouthpiece in place, the subject inhaled deeply to
TLC and, with an open glottis and no airflow, relaxed against
a pressure monitor. The process was repeated in decrements of
200 mL to record the pressure–volume curve of the lung and
thorax.

The same process can be adapted to the mechanically ven-
tilated patient. In the ventilated patient who is not breathing
spontaneously, changes in transpulmonary pressure—and thus
lung volume—are achieved by positive pressure applied at the
airway by the ventilator. Although some clinicians have sug-
gested the construction of the pressure–volume relationship
throughout the tidal breath, the common approach is to de-
liver a tidal breath—under positive pressure in the range of
8 mL/kg body weight—and measure the resulting airway pres-
sure at two points: the peak inspiratory pressure (flow) and
the relaxation pressure with the tidal breath held in the lungs
with no airflow. Measurement of these two pressures, the sec-
ond measurement accomplished with a short inspiratory hold,
allows the calculation of lung–thorax compliance and airway
resistance (33).

Clt = V/ P in mL/cm H 2O, where V = tidal volume and
P = relaxation pressure

Raw = PIP/inspiratory flow, where inspiratory flow is
constant during lung inflation

Since Raw is measured in cm H 2O/mL/second, the product of
lung–thorax compliance and airway resistance is the time con-
stant for the lungs to achieve improved distribution of inspired
gas.

Clt (mL/ cm H2O) = Raw (cm H 2O/ mL/ second)
= seconds (or time constant for the lung)

Te st ing Re sp irat o ry Muscle St re ng t h

The ability to separate a patient from mechanical ventilation
depends on respiratory muscle function—both strength and
endurance. Respiratory muscle strength is assessed in clinical
settings by measuring a pressure resulting from the generation
of a forcing pressure due to activation of the respiratory muscle.
Pressure measurements can be obtained at many different sites
(e.g., the distal or proximal end of the endotracheal tube) or
esophageal pressure measurements, as a reflection of changes
in pleural pressure, can be obtained using various devices. Pres-
sure measurements can also be made across structures. Thus,
transdiaphragmatic pressures can be obtained by simultane-
ously measuring esophageal and gastric pressures. As yet, base-
line measurements indicating the ability to separate a patient
from mechanical ventilation have yet to be defined (34).

Te st s of Re sp irat o ry Muscle End urance

From the standpoint of a working muscle, endurance is de-
fined as the ability of a muscle to develop tension and sustain it
over time; the time–tension index is, therefore, the physiologic
manifestation of muscle endurance. For the respiratory mus-
cles, pressure is a manifestation of the ability to generate ten-
sion, and the pressure–time product, therefore, correlates with
respiratory muscle endurance in the normal subject breathing
against a resistive load. Measurement of tidal volume, mean
inspiratory mouth pressure, and the duty cycle determine the
pressure–time product. Similarly, in the intubated patient, pres-
sures can be measured at the proximal end of the endotracheal
tube as an index of the energy necessary to move the lung to a
higher volume during positive pressure ventilation (35).

Bre at hing Pat t e rns

Normal tidal breathing begins at FRC, a point where the ten-
dency for the chest wall to spring outward is balanced by the
tendency of the lung to collapse. The balance of these two
forces occurs when there is complete apposition of the pleural
surfaces. A tidal breath is an energy-transferring mechanism,
the reason why exhalation is usually a passive phenomenon re-
turning the lung volume to the normal FRC. Tidal excursions
occur within the TL-to-RV envelope, and both an inspiratory
reserve volume and an expiratory reserve volume are main-
tained. Patients in respiratory distress alter their tidal breathing
patterns according to the added load placed on the respiratory
system. Patients with a resistive load will slow inspiratory or
expiratory flows and diminish the respiratory rate, in an effort
to attain searching for the best combination of rate and tidal
volume/flow to work against the imposed load. Patients with
alterations in compliance, in a similar manner, reach the best
combination of rate and tidal volume, which results in a rapid
respiratory rate and smaller tidal volumes.

In the latter patients, tracheal intubation, mechanical ven-
tilation, and the addition of positive end expiratory pressure
(PEEP) are used to support the patient. This is often instituted
with the observation of rapid, shallow breathing patterns, ow-
ing to the propensity to respiratory failure and collapse, a high
oxygen cost of breathing, and, finally, hypoxemia and carbon
dioxide retention.

The reoccurrence of rapid, shallow breathing is used to as-
sess the ability to wean a patient from positive pressure ventila-
tion. The so-called spontaneous breathing trial involves watch-
ing the patient breathe with very low levels of positive pressure
support, presumably enough to overcome the endotracheal
tube resistance prior to extubation. Thus, rapid shallow breath-
ing patterns, which can be measured by the rapid shallow
breathing index (RSBI), are used to assess the feasibility of
weaning from ventilatory support (36,37).

SUMMARY
Pulmonary evaluation is a critical step in managing patients
with lung disease who are undergoing elective surgeries or are
admitted to the ICU for respiratory insufficiency or failure. A
few examples of this evaluation are indicated below:
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■ Confirming a clinical diagnosis of obstructive versus restric-
tive ventilatory defects in a patient with respiratory insuffi-
ciency or failure

■ Following the course of patient disease and the response to
treatment

■ Enhancing decision making for patients about to undergo
thoracoabdominal surgery

■ Developing an anesthetic and postoperative plan for a pa-
tient with pulmonary disease

Although there are few effective strategies for preventing com-
plications in the postoperative period, it is still not clear if risk
stratification can be assessed with the use of sophisticated or
simple exercise tests and measurements. Efforts should be di-
rected to an accurate prediction caused by respiratory impair-
ment in high-risk patients to anticipate and correct their phys-
iologic response to surgery and improve outcome.
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CHAPTER 70 ■ PREOPERATIVE EVALUATION
OF THE HIGH-RISK SURGICAL PATIENT
BHIKEN I. NAIK r DEANE MURFIN r LISA THANNIKARY

OVERVIEW

The perioperative mortality rate for elective surgical procedures
is low, ranging from 0.001% to 1.9% (1). This incidence in-
creases, however, depending on the type of surgery, whether it
is emergent in nature, the severity of concurrent disease, and
the patient’s age. Browner et al. (2), in a prospective cohort
study of 474 men between 38 and 89 years of age at a Vet-
erans Medical Center, reported a mortality rate of 5% during
major noncardiac surgery. Multivariate analysis demonstrates
that hypertension, limited functional capacity, and renal dys-
function are independently associated with increased periop-
erative mortality. Other studies have shown that both age and
the American Society of Anesthesiologist (ASA) physical status
classification systems are good predictors of perioperative com-
plications (Table 70.1). Specifically, age greater than 70 years
and ASA physical status greater than or equal to II are strong
predictors of postoperative pulmonary complications (3).

The ASA physical status classification remains the most
widely used perioperative patient classification. Its simplicity
is both its strength and weakness. Its strength is based on its
ability to be applied to all age groups, medical conditions, and
degrees of health. The weakness of the ASA classification sys-
tem is its inability to distinguish among disorders of different
systems and to cumulate risk based on multiple disorders.

In an attempt to provide a multidimensional model of pe-
rioperative risk, Holt and Silverman (4) have devised an inte-
grative model using various risk factors. In its simplest form, it
provides a successive listing of the ASA physical status, surgical
risk/invasiveness, physical factors affecting mask ventilation,
intubation predictors, and a list of optional risk indicators.
The acronym ASPIRIN is applied to this model. Although not
validated in large studies, the ASPIRIN model provides an in-
tegrated framework for the assessment of the perioperative pa-
tient.

The approach to the high-risk patient begins with preop-
erative identification, stratification, and modification of risk
factors. This is achieved initially by the preoperative history
and physical examination, which may be cursory in the event
of a life-threatening emergency or more thorough if an elec-
tive procedure is planned. The data obtained from the history
and physical examination allow for the application of Bayesian
decision making—that is, using preoperative testing based on
clinical risk categorization. As a result, rational use of preop-
erative testing, particularly in this era of cost containment, can
be achieved. Almanaseer et al. (5) demonstrated a 6.7% and
9.4% absolute reduction in stress thallium/echocardiogram
and dobutamine echocardiogram testing, respectively, follow-

ing the implementation of the American College of Cardiol-
ogy/American Heart Association (ACC/AHA) guidelines for
preoperative cardiac risk assessment. They also demonstrated
a 19% increase in the use of beta-blockers following imple-
mentation of the ACC/AHA guidelines. Froehlich et al. (6) an-
alyzed the impact of implementing the ACC/AHA guideline on
resources utilization for aortic surgery. Initiation of the pre-
operative guideline reduced mean preoperative evaluation cost
from $1,087 to $171, with no change in the incidence of my-
ocardial infarction or death.

Evidence-based preoperative evaluation allows for appro-
priate and cost-effective resource use, without increasing the
risk of perioperative complications (6).

CARDIOVASCULAR SYSTEM

Noncard iac Surg e ry

Of the approximately 44 million patients undergoing noncar-
diac surgery in the United States yearly, 30% either have, or are
at risk for, coronary artery disease (CAD). The presence of CAD
increases the incidence of perioperative myocardial ischemia,
with a 2.8-fold increase in adverse postoperative cardiac events
(7). Therefore, in an attempt to identify high-risk cardiac pa-
tients presenting for noncardiac surgery, both Goldman et al.
(8) and Lee et al. (9) devised cardiac risk indices. Based on the
points accrued during risk stratification, patients have either
no testing performed or are referred for noninvasive testing or
angiography. However, the predictive value of the cardiac risk
index is poor in patients undergoing major vascular surgery.

Vascular surgery patients represent a unique cohort, as the
incidence of CAD in this population group is disproportion-
ately higher than in the general population. Hertzer et al. (10),
in a landmark study, evaluated 1,000 patients with coronary
angiography prior to vascular surgery. The primary vascular di-
agnoses were abdominal aortic aneurysm, cerebrovascular dis-
ease, and lower extremity ischemia. Severe correctable CAD
was demonstrated in 25% of the cohort whereas 6% of the
study group demonstrated severe inoperable CAD; only 8%
of the patients had no evidence of CAD. Furthermore, over
the last decade, the management of the patient presenting with
an ST-segment elevation myocardial infarction (STEMI) has
evolved. Early aggressive reperfusion therapy and post-MI risk
stratification are the current cornerstones of therapy.

In an attempt to provide current evidence-based recommen-
dations to manage the cardiac patient presenting for noncar-
diac surgery, the ACC/AHA Task Force on Practice Guide-
lines convened a panel of experts and published guidelines
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TA BLE 7 0 . 1

AMERICAN SOCIETY OF ANESTHESIOLOGIST
PHYSICAL STATUS CLASSIFICATION

Physical
status Definition

I Healthy patient
II Mild systemic disease; no functional limitation
III Severe systemic disease; definite functional

limitation
IV Severe systemic disease that is constant threat to

life
V Moribund patient; unlikely to survive 24 hours

with or without surgery
VI Brain-dead patient; organ donor
E Emergency procedure

on the perioperative cardiovascular evaluation for noncardiac
surgery (11). The guideline was subsequently revised in March
2002; the update is available at the following Web site: www.
acc.org/qualityandscience/clinical/statements.htm

The important aspects of the guideline are to identify high-
risk patients, appropriately stratify them according to their
risk category, and perform preoperative testing in a rational
and cost-effective manner. The guideline emphasizes that no
test should be performed unless it is likely to influence patient
treatment.

The ACC/AHA guideline is an eight-step algorithm that
incorporates clinical predictors based on the patient’s history
and physical examination, surgery-specific risk, and the func-
tional capacity or exercise tolerance (Fig. 70.1). In the event of
an emergency procedure, patients should be taken to surgery
with risk stratification performed after the surgical procedure
is completed. No preoperative testing is warranted under these
circumstances. If an elective or urgent procedure is planned, the
decision making proceeds down steps 2 and 3 of the algorithm.
If the patient has had a coronary revascularization procedure,
either coronary artery bypass grafting (CABG) or percutaneous
coronary intervention (PCI) performed within the last 5 years
with no recurrent symptoms or signs, then no further workup
is necessary. A cardiac evaluation performed within the last 2
years with no deterioration in cardiac status also negates the
need for further workup.

Steps 5 to 8 of the algorithm integrate the clinical predictor,
surgery-specific risk, and the functional capacity to determine
whether the patient warrants further cardiac workup.

The presence of major clinical predictors demands intense
further workup and may result in delay or cancellation of elec-
tive surgery. Intermediate clinical predictors increase the risk
of perioperative cardiovascular complications, whereas minor
clinical predictors have not been proven to independently in-
crease cardiac risk (Table 70.2).

The nature and duration of the surgical procedure is a
strong predictor of cardiovascular morbidity and mortality.
Aortic, major vascular, and prolonged procedures associated
with significant fluid shifts have a greater than 5% cardiac risk.
Intermediate-risk procedures, which include intrathoracic, ma-
jor orthopedic, intraperitoneal, head and neck, and prostate
surgery, have a cardiac risk that is less than 5% . Endoscopic
procedures, and cataract, breast, and superficial procedures
are associated with minimal risk (less than 1% ), and further

workup is necessary only if the patient has major clinical pre-
dictors (Table 70.3).

It is important to factor institutional and surgical expertise
when evaluating the surgery-specific risk. Pronovost et al. (12)
analyzed outcomes from abdominal aortic surgery in nonfed-
eral acute care hospitals in Maryland. Mortality varied among
hospitals from 0% to 66% , based on several factors including
hospital and surgeon volume. Postoperatively, the absence of
daily rounds by an ICU physician increased the risk of cardiac
arrest, acute renal failure, sepsis, and reintubation (12).

Finally, the functional capacity of the patient must be eval-
uated, as it is a strong predictor of perioperative outcome
(13). Functional capacity is expressed in metabolic equivalents
(METs), where one MET is 3.5 mL/kg/min of oxygen consump-
tion in a 70 kg, 40-year-old man at rest. Increasing levels of
activity correlate with increasing METs, with strenuous sports
requiring greater than 10 METs, whereas activities of daily liv-
ing require between 1 and 3 METs (Table 70.4). According
to the ACC/AHA guidelines, the inability to perform at least
4 METs is associated with increased perioperative cardiac risk.

Based on the aforementioned triad of clinical predictors,
functional capacity, and surgery-specific risk, a decision is made
whether the patient can proceed to surgery or whether addi-
tional investigations to delineate the ischemic burden are re-
quired (Table 70.5) (14).

Delineation of the ischemic burden can be broadly achieved
by two methods. The first method involves coronary vasodi-
latation and induction of a “steal” phenomenon by pharmaco-
logic agents, followed by a nuclear imaging technique to deter-
mine the degree of myocardial ischemia. The second method
involves increasing myocardial oxygen demand and evaluating
electrocardiographic or echocardiographic data for evidence
of ischemia. Myocardial oxygen demand can be increased ei-
ther by exercise stress testing or pharmacologically with dobu-
tamine or atropine.

In light of their limited functional capacity, vascular pa-
tients can rarely complete exercise stress testing. Therefore,
dipyridamole-thallium nuclear imaging or dobutamine stress
echocardiography remains the mainstay of noninvasive test-
ing for this cohort of patients. The negative-predictive value
of both tests is high. However, the positive-predictive value
of dobutamine stress echocardiography is higher (14). To in-
crease the predictive value of nuclear imaging, several criteria
have been proposed that help to differentiate the low-risk scan
from the high-risk scan. These include the size of the defect, in-
creased lung uptake, and the presence of left ventricular cavity
dilation (15).

Once the degree of myocardial ischemia is quantified, pa-
tients can either undergo perioperative medical optimization or
revascularization by either percutaneous coronary intervention
or surgery. It is important to note that to obtain benefit from
a preoperative coronary intervention, the risk of noncardiac
surgery must supersede the combined risk of both coronary
catheterization and subsequent revascularization procedure.
Eagle et al. (16) evaluated the Coronary Artery Surgery Study
(CASS) database for patients requiring noncardiac surgery.
CASS registry enrollees had coronary artery disease and were
randomized to either optimal medical therapy or CABG. In pa-
tients undergoing high-risk surgery, prior CABG was associated
with fewer postoperative deaths (1.7% versus 3.3% , p = 0.03)
and MIs (0.8% versus 2.7% , p = 0.002) compared to medi-
cal management. In patients undergoing vascular surgery, the
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FIGURE 70.1. Stepwise approach to preoperative cardiac assessment. (Reproduced with permission from
Eagle KA, Berger PB, Calkins H, et al. ACC/AHA Guideline Update for Perioperative Cardiovascular
Evaluation for Noncardiac Surgery: a report of the American Heart Association/American College of
Cardiology Task Force on Practice Guidelines (Committee to Update the 1996 Guidelines on Perioperative
Cardiovascular Evaluation for Noncardiac Surgery). Circulation. 2002;105:1257–1267.
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CLINICAL PREDICTORS OF INCREASED PERIOPERATIVE CARDIOVASCULAR RISK
(MYOCARDIAL INFARCTION, CONGESTIVE HEART FAILURE, DEATH)

MAJOR
Unstable coronary syndromes

Acute or recent MIa with evidence of important ischemic risk by clinical symptoms or
noninvasive study

Unstable or severeb angina (Canadian class III or IV)c

Decompensated heart failure
Significant arrhythmias

High-grade atrioventricular block
Symptomatic ventricular arrhythmias in the presence of underlying heart disease
Supraventricular arrhythmias with uncontrolled ventricular rate

Severe valvular disease

INTERMEDIATE
Mild angina pectoris (Canadian class I or II)
Previous MI by history or pathologic Q waves
Compensated or prior heart failure
Diabetes mellitus (particularly insulin-dependent)
Renal insufficiency

MINOR
Advanced age
Abnormal ECG (left ventricular hypertrophy, left bundle-branch block, ST-T abnormalities)
Rhythm other than sinus (e.g., atrial fibrillation)
Low functional capacity (e.g., inability to climb one flight of stairs with a bag of groceries)
History of stroke
Uncontrolled systemic hypertension

MI, myocardial infarction; ECG, electrocardiogram.
aThe American College of Cardiology National Database Library defines recent myocardial infarction as
greater than 7 days but less than or equal to 1 month (30 days).
bMay include “stable” angina in patients who are unusually sedentary.
cCampeau L. Grading of angina pectoris. Circulation. 1976;54:522–523.
From Eagle KA, Berger PB, Calkins H, et al. ACC/AHA Guideline Update for Perioperative Cardiovascular
Evaluation for Noncardiac Surgery: a report of the American Heart Association/American College of
Cardiology Task Force on Practice Guidelines (Committee to Update the 1996 Guidelines on Perioperative
Cardiovascular Evaluation for Noncardiac Surgery). Circulation. 2002;105:1257–1267, with permission

mortality benefit was similar to the high-risk cohort; however,
there was a 7.9% reduction in the perioperative MI rate. There-
fore, among high-risk patients with multivessel CAD and evi-
dence of significant myocardial ischemic burden, preoperative
CABG confers a survival benefit and decreases the incidence
of perioperative MI. With regard to the coronary intervention,
there does not appear to be any difference in mortality or MIs in
patients with multivessel disease—randomized to either CABG
or percutaneous coronary angioplasty (PTCA)—presenting for
noncardiac surgery (17).

Currently, angioplasty is followed by placement of either
a bare-metal or a drug-eluting stent; stents reduce both the
acute risk of major complications and long-term restenosis rate.
Following placement of a stent, patients require antiplatelet
therapy to prevent in-stent thrombosis. Antiplatelet therapy is
maintained for 1 to 12 months, depending on whether a bare-
metal or a drug-eluting stent is placed. The presence of an-
tiplatelet therapy adds a new dimension of complexity to the
patient presenting for noncardiac surgery following PCI. The
risk–benefit ratio of preventing thrombosis of the stent versus
the risk of catastrophic perioperative bleeding must be carefully
weighed. Kaluza et al. (18) reported 7 myocardial infarctions,

11 major bleeding episodes, and 8 deaths in 40 consecutive pa-
tients presenting for noncardiac surgery following placement
of a stent. All deaths and MIs, as well as 8 of the 11 bleeding
episodes, occurred within 2 weeks of coronary stent placement.
Wilson et al. (19) reported a 4% incidence of death, MI, or stent
thrombosis among 207 patients at the Mayo Clinic. Further-
more, they documented no adverse events in the 39 patients
undergoing surgery 7 weeks after stent placement. It appears
from these two important studies that the greatest risk of ad-
verse cardiovascular events and bleeding complications occur
within 2 weeks of stent placement. Elective surgery should be
delayed for greater than 6 weeks to allow for endothelialization
of the stent and discontinuation of antiplatelet therapy. In the
event of urgent surgery and severe CAD, angioplasty alone with
no stent placement can be performed. This obviates the need
for prolonged antiplatelet therapy and the risk of perioperative
bleeding.

Pe riop e rat ive β -Blockad e The rap y
Of the pharmacologic agents that have been used during the pe-
rioperative period, β -blockade therapy remains the most stud-
ied. β -Blockers have several salutary effects that decrease the
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CARDIAC RISKa STRATIFICATION FOR NONCARDIAC
SURGICAL PROCEDURES

High (Reported cardiac risk often greater than 5% )
■ Emergent major operations, particularly in the elderly
■ Aortic and other major vascular surgery
■ Peripheral vascular surgery
■ Anticipated prolonged surgical procedure associated with

large fluid shifts and/or blood loss

Intermediate (Reported cardiac risk generally less than 5% )
■ Carotid endarterectomy
■ Head and neck surgery
■ Intraperitoneal and intrathoracic surgery
■ Orthopedic surgery
■ Prostate surgery

Lowb (Reported cardiac risk generally less than 1% )
■ Endoscopic procedures
■ Superficial procedures
■ Cataract surgery
■ Breast surgery

aCombined incidence of cardiac death and nonfatal myocardial
infarction.
bDo not generally require further preoperative cardiac testing.
From Eagle KA, Berger PB, Calkins H, et al. ACC/AHA Guideline
Update for Perioperative Cardiovascular Evaluation for Noncardiac
Surgery: a report of the American Heart Association/American College
of Cardiology Task Force on Practice Guidelines (Committee to
Update the 1996 Guidelines on Perioperative Cardiovascular
Evaluation for Noncardiac Surgery). Circulation.
2002;105:1257–1267, with permission

risk for cardiovascular morbidity and mortality in a select co-
hort of patients.
β -Blockers help to correct the imbalance between my-

ocardial oxygen demand and supply. They have additional
plaque-stabilizing, antiarrhythmic, anti-inflammatory, and al-
tered gene expression effects (20). Their beneficial effects on pe-
rioperative mortality has been assessed in two much-discussed
studies (21,22). Although both studies have design flaws, they
demonstrate both short-term and potentially long-term ben-
eficial effects of perioperative β -blockade. However, two re-
cent trials have failed to demonstrate a beneficial effect with
β -blockade therapy. The Diabetic Postoperative Mortality and
Morbidity (DIPOM) trial, involving 921 diabetic patients un-
dergoing noncardiac surgery, did not demonstrate a signifi-
cantly decreased risk of death and cardiac complications with
metoprolol use (23). In the Metoprolol after Vascular Surgery
(MaVS) trial, vascular patients scheduled for abdominal aor-
tic aneurysm reconstruction or infrainguinal or extra-anatomic
revascularization were randomized to either metoprolol or
placebo 2 hours prior to surgery (24). The study drug was
continued until hospital discharge or a maximum of 5 days.
This trial demonstrated no difference in cardiac mortality, non-
fatal MI, or new congestive heart failure between the two
groups.

Although the aforementioned trials demonstrated no ben-
efit in certain cohorts of patients, is there potential harm in
initiating perioperative β -blockade? Lindenauer et al. (25) con-
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ESTIMATED ENERGY REQUIREMENTS FOR VARIOUS
ACTIVITIES

1 MET Can you take care of yourself?
Eat, dress, or use the toilet?
Walk indoors around the house?
Walk a block or two on level ground at 2 to

3 mph (3.2 to 4.8 km/h)?

4 METs Do light work around the house like dusting and
washing dishes?

Climb a flight of stairs or walk up a hill?
Walk on level ground at 4 mph (6.4 km/h)?
Run a short distance?
Do heavy work around the house like scrubbing
floors or lifting or moving heavy furniture?

Participate in moderate recreational activities
like golf, bowling, dancing, doubles tennis, or
throwing a baseball or football?

> 10 METs Participate in strenuous sports like swimming,
singles tennis, football, basketball, or skiing?

MET, metabolic equivalent.
Adapted from the Duke Activity Status Index and AHA Exercise
Standards.
From Eagle KA, Berger PB, Calkins H, et al. ACC/AHA Guideline
Update for Perioperative Cardiovascular Evaluation for Noncardiac
Surgery: a report of the American Heart Association/American College
of Cardiology Task Force on Practice Guidelines (Committee to
Update the 1996 Guidelines on Perioperative Cardiovascular
Evaluation for Noncardiac Surgery). Circulation.
2002;105:1257–1267, with permission.

ducted a retrospective cohort study of patients 18 years of
age or older undergoing noncardiac surgery at 329 hospitals.
Propensity score matching was used to adjust for differences
between patients who received perioperative. β -blockade and
those who did not receive such therapy. In-hospital mortal-
ity was compared using multivariable logistic modelling. The
Revised Cardiac Risk Index (RCRI) score was used to assess
the association between β -blocker therapy and the risk of in-
hospital death. In patients with a RCRI of 0 or 1, periop-
erative β -blockade was associated with no benefit and pos-
sible harm (RCRI 0: odds ratio [OR] 1.43; 95% confidence
interval [CI] 1.29–1.58). The beneficial effects of β -blockade
were seen only in patients with a RCRI of 2 or more (OR
0.9; 95% CI 0.75–1.08). In this study, β -blockade therapy ap-
pears to have a beneficial effect only in a select high-risk patient
group.

Currently, the best evaluation of the level of evidence for
perioperative β -blockade is the ACC/AHA 2006 Guideline Up-
date on Perioperative Cardiovascular Evaluation for Noncar-
diac Surgery: Focused Update on Perioperative Beta-Blocker
Therapy (26). Based on the patient’s cardiac risk and the na-
ture of the surgery, three classes of recommendations are made
from the current evidence. Insufficient data is available regard-
ing the use of β -blockade therapy in low cardiac risk patients
undergoing intermediate or high-risk surgery. In addition, the
role of β -blockade therapy in low-risk surgery has not been
defined.
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SUMMARY OF AMERICAN COLLEGE OF CARDIOLOGY AND AMERICAN HEART ASSOCIATION GUIDELINES FOR
CARDIAC EVALUATION BEFORE NONEMERGENT, NONCARDIAC SURGERY

Clinical predictors
Intermediate clinical predictors Minor clinical predictors

Major clinical Poor functional Good functional Poor functional Good functional
Risk of surgery predictors capacity capacity capacity capacity

High
Emergent major operations,

particularly in the elderly
Aortic and other major vascular

surgery
Peripheral vascular surgery
Anticipated prolonged surgical

procedures associated with large
fluid shift and/or anticipated
blood loss

Postpone or
delay surgery

Testing
indicated

Testing indicated Testing
indicated

Testing not
indicated

Intermediate
Carotid endarterectomy
Head and neck surgery
Intraperitoneal and intrathoracic

surgery
Orthopedic surgery
Prostate surgery

Postpone or
delay surgery

Testing
indicated

Testing not
indicated

Testing not
indicated

Testing not
indicated

Low
Doscopic procedure
Superficial procedures
Cataract surgery
Breast surgery

Postpone or
delay surgery

Possible testing Testing not
indicated

Testing not
indicated

Testing not
indicated

From Akhtar S, Silverman DG. Assessment and management of patients with ischemic heart disease. Crit Care Med. 2004;32(Suppl):S126, with
permission.

In an attempt to clarify the role of β -blockade therapy
in these groups of patients, two randomized controlled tri-
als are in their recruitment phase. The PeriOperative ISchemic
Evaluation trial (POISE) is designed to evaluate the efficacy
of 30 days of controlled-release metoprolol to prevent ma-
jor perioperative cardiovascular events in patients undergo-
ing all types of noncardiac surgery (27); a total recruit-
ment of 10,000 patients is planned. The DECREASE IV trial
is designed to evaluate the efficacy of combination therapy
with fluvastatin and bisoprolol in 6,000 patients scheduled
to undergo noncardiac, nonvascular surgery (28). It is hoped
that these trials with large study samples will clarify the
role of β -blockade therapy in the low- and intermediate-risk
patient.

Card iac Surg e ry

Perioperative and long-term risk evaluation in cardiac surgery
is complicated by several factors. These include procedural fac-
tors, patient factors, and data collection.

Cardiac surgery, with its many confounding variables, re-
quires large patient numbers for studies to be statistically rele-
vant. Appropriate and meaningful data collection is a relatively
recent phenomenon (29,30). However, this collection effort has
been hampered by the reluctance to publish data on high-risk

subgroups and the inclusion of data from low-output centers
that are not part of a larger data collection network. Risk fac-
tors for cardiac surgery are identified by examining multiple
databases and large case series. In one large database, 19 in-
dependent variables have been identified (31). However, there
are no standardized definitions for risk thresholds; many of
the assessments of statistical risk are based on odds ratios. In
addition, multiple risk factors frequently coexist, making risk
profiling for the individual patient difficult.

Patients are presenting cumulatively with more risk factors;
however, the impact of the individual risk factor appears to
be decreasing. Data accrued over the last two decades suggest
a steady improvement in cardiac surgical outcomes (32). This
improvement is attributed to improving surgical technique, pe-
rioperative care, and patient selection. There is still, however,
large variation in surgical technique across the spectrum of
cardiac surgical procedures, which may explain the significant
interunit variation in outcomes (32–34).

Pre op e rat ive Evaluat ion
Cardiac risk profiling begins with a thorough clinical exam-
ination and a review of the completed special investigations.
Additional investigations will be guided by the presence and
severity of other organ dysfunction.

Cardiac risk evaluation can be performed by risk assess-
ment tools. These tools are based on large databases, such as
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the EuroSCORE and the Society for Thoracic Surgeons (STS)
database (29,31). The value of these databases is that standard-
ized definitions are used to classify patients. The risk assessment
tools have two important objectives:

1. Identifying independent risk factors for morbidity and mor-
tality in valvular, coronary, and thoracic aortic surgery.

2. Risk prediction modelling through multivariate logistic re-
gression analysis with a view to assessing individual patient
risk, comparing and auditing individual units, and appro-
priate resource allocation.

The STS database working group has recently published
their analysis of independent risk factors in valvular surgery
(31). Table 70.6 represents the information submitted by North
American centers for 409,904 cardiac valvular procedures for
the decade starting in 1994 and ending 2003. The risk factors
are stratified according to procedural risk and patient-related
factors.

Statistical analysis techniques have been used to generate
scoring systems. The Parsonnet score, developed in the late
1980s, predicts risk for CABG and valvular surgery based on
an additive score of weighted risk factors (35). This score tends
to overestimate mortality in modern clinical practice (32). In
1999, Nashef et al. (29) published an additive-weighted scor-
ing system called EuroSCORE based on and validated using the
EuroSCORE database. This system has an improved correla-
tion with modern practice but still overestimates the mortality
in higher-risk patients. The Parsonnet and EuroSCORE have
modified versions applicable at the bedside.

Recently, a score based on Bayesian modeling has been ad-
vocated by the United Kingdom’s Society of Cardiothoracic
Surgeons (32). This system uses only nine weighted variables
and has the best correlation and receiver operator curve of all
three systems tested.

Scoring systems have a role in predicting both perioperative
and long-term mortality and intensive care unit (ICU) resource
use (30,32,36–38). Furthermore, they provide a framework to
direct clinical examination and special investigations, thereby
facilitating the process of identifying and modifying preoper-
ative risk. Patients with a prohibitive perioperative risk can
be better identified by these scoring systems. EuroSCORE is
a compilation of risk factors as weighted by the Parsonnet,
EuroSCORE, and Society of Cardiothoracic Surgeons
databases. The percentages quoted in Table 70.7 are for indi-
vidual risk factors in each section. Risk factors may be additive
and/or synergistic.

Pre op e rat ive Risk Mod ificat ion
Preoperative risk modification involves optimization of comor-
bidity and limiting cardiopulmonary bypass-related myocar-
dial injury.

Comorbidity. Cardiac patients have multiple comorbidities;
the most common are renal dysfunction, diabetes mellitus, and
congestive cardiac failure. Renal dysfunction and failure are
significant risk factors in both valvular and CABG surgery
(39). The severity of renal dysfunction preoperatively corre-
lates well with mortality postoperatively. Kuitunen et al. (40)

TA BLE 7 0 . 6

PERIOPERATIVE RISK FACTORS FOR VALVULAR CARDIAC SURGERY

Surgical factors Patient factors

High risk Odds ratio Odds ratio
Aortic root replacement 2.78
Isolated tricuspid replacement 2.26 4 Comorbidities 2
Emergent operation 2.11
Multiple valve replacement 2.06

Moderate risk
Concurrent operation 1.58
Reoperation 1.61 Age ≥ 70 years 1.88
Valve replacement vs. repair 1.52 3 Comorbidities 1.68

Endocarditis 1.59
Low risk Coronary artery disease 1.58
Isolated mitral replacement 1.47
Year < 1999 1.34 2 Comorbidities 1.41
Isolated pulmonic replacement 1.29 CHF 1.39
Isolated aortic replacement 1 Female gender 1.37

Ejection fraction < 0.35 1.34
Average per comorbidity 1.19

Procedural risk is compared to the lowest-risk
procedure—Isolated Aortic valve replacement

The odds ratio for perioperative mortality during
valvular surgery is compared to the lowest risk
valvular procedure (aortic valve replacement;
odds ratio 1, mortality 5.6 % ).

CHF, congestive heart failure.
From Rankin JS. Determinants of operative mortality in valvular heart surgery. J Thorac Cardiovasc Surg. 2006;131:547, with permission.
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PERIOPERATIVE RISK FACTORS FOR CABG ACCORDING TO SCORING SYSTEM

Parsonnet Score EuroSCORE UKSCTS complex Bayes

HIGH RISK (17%–40% MORTALITY)
Cardiogenic shock Postinfarct septal rupture Emergency surgery
Acute renal failure Thoracic aortic surgery LV EF < 30%
Acute structural defect, e.g., VSD LV EF < 30% Dialysis
> 80 y old ARF Creatinine > 200 µ mol/L (2.3 mg/dL)

Preop IABP or inotropes
Preop ventilation
Active endocarditis
Reoperation
Age ≥ 75 y

SIGNIFICANTLY ELEVATED RISK (9%–17% MORTALITY)
75–79 y old CABG plus major symptoms Age > 75 y
Third reoperation Emergency One or more previous operations
Dialysis dependency Systolic PAP > 60 mm Hg BSA < 1.70 m2

Rare circumstances Recent MI < 90 days
Recently failed intervention < 24 h IVI nitrates on arrival in theatre
PA pressure ≥ 60 mm Hg Serum creatinine > 200 µ mol/L

(2.3mg/dL)
AV pressure gradient ≥ 120 mm Hg Neurology affecting ADL

Peripheral vascular disease
Age 70–74 y

ELEVATED RISK (3%–9% MORTALITY)
MV surgery PAP < 60 mm Hg LV EF 30% –50% Age 71–75 y
AV surgery gradient < 120 mm Hg Chronic pulmonary disease Left main stem disease
Recently failed intervention > 24 h Female Diabetes
Aneurysmectomy Age 65–69 y Urgent surgery
Second reoperation LV EF 30% –49%
Age 70–74 y Hypertension
LV EF < 30%
Hypertension
BMI > 35
IABP preoperative
Female

UKSCTS, United Kingdom Society of Cardiothoracic Surgeons; VSD, ventricular septal defect; LV EF, left ventricular ejection fraction; IABP, intra-aortic
balloon counter pulsation; CABG, coronary artery bypass grafting; PAP, pulmonary artery pressure; BSA, body surface area; MI, myocardial infarction;
PA, pulmonary artery; IVI, intravenous infusion; AV, atrioventricular; ADL, activities of daily living; MV, mitral valve; BMI, body mass index.

reported that patients with an increase in plasma creatinine of
one and half times from baseline with short periods of oliguria
had a 90-day mortality of 8% . However, in the anuric patient
with a threefold increase in creatinine, mortality increased to
32% .

Patients with cardiogenic shock or an emergent indication
for surgery often have acute renal failure; these patients have a
high risk of death perioperatively. All scoring systems catego-
rize their mortality above 40% , irrespective of the reason for
the cardiogenic shock or the surgery required (30–32). These
poor outcomes make it difficult to ascertain the beneficial ef-
fects that preoperative dialysis will confer.

Patients presenting for coronary revascularization with
dialysis-dependent end-stage kidney disease have been exten-
sively studied (41,42). These patients appear to have a major
survival benefit when coronary revascularization is performed
under cardiopulmonary bypass. This survival advantage is lost
when either off-pump CABG or percutaneous coronary inter-
vention is performed (42). Survival rates at 8 years in dialysis-

dependent patients were 45.9% for CABG, 32.7% for PCI, and
29.7% for no surgical intervention. Patients with non–dialysis-
dependent renal insufficiency have a significant incidence of
postbypass renal failure (43). The STS CABG database suggests
that they have higher perioperative mortality than patients with
dialysis-dependent kidney failure (44). Prophylactic dialysis in
nondialysis-dependent renal insufficiency may decrease the in-
cidence of postbypass acute renal failure (45). In addition, these
patients are fluid restricted and are often on diuretic therapy.
Marathias et al. (46) reported that preoperative rehydration,
with 1 mL/kg/hour of 0.45% saline, nearly halved the incidence
of acute renal failure and decreased the need for postoperative
dialysis.

Diabetics undergoing cardiac surgery are at increased risk of
prolonged ventilation, postoperative sepsis, renal failure, and
cognitive dysfunction (47). The perioperative management of
diabetes and hyperglycemia in cardiac surgery is controversial.
Insulin has been used in two strategies: tight glycemic control
and as part of glucose-insulin-potassium regimens (GIK). The
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studies evaluating these strategies have concentrated on the
intraoperative and postoperative periods.

The implementation of tight glycemic control in the post-
operative setting improves mortality significantly: 8.0% versus
4.6% for tight glycemic control (48). This study, by Van den
Berghe et al., was performed on predominantly postoperative
cardiac patients and revealed significant reductions in length
of stay, renal failure, and nosocomial sepsis. Intraoperative in-
sulin infusion has also been shown to reduce postoperative
complications in diabetic CABG patients (49,50). The use of
a GIK infusion in the setting of ongoing myocardial ischemia
and infarction results in significant improvements in myocar-
dial preservation and contractile function (51). The technique
has been applied to both coronary and valvular surgery with
mixed results. The trials showing modest benefit initiated GIK
preoperatively, used high doses of insulin, and continued the in-
fusion through cardiopulmonary bypass and reperfusion (51).
Meta-analysis of GIK therapy indicates that trials using tight
glycemic control gave the best results. This observation needs
validation by other randomized trials.

Clinical experience indicates that ongoing myocardial is-
chemia and poor diabetic control frequently occur preopera-
tively. Evidence from the intraoperative and postoperative pe-
riods suggests that preoperative initiation of GIK, combined
with tight glycemic control, may significantly decrease postop-
erative complications.

Congestive cardiac failure represents a complex neurohu-
moral syndrome that develops in response to altered cardiac
function. The stages of this condition have been classified by
the ACC/AHA (Table 70.8) (52). In the perioperative period,
decompensated stage C or D heart failure represents an inde-
pendent risk factor for cardiac complications (31). The syn-
drome covers a spectrum of patients: from those with cardio-
genic shock and an ejection fraction less than 30% to those with
stable but inotrope-dependent cardiac function. These patients
are at high risk for postoperative complications (29–32,35).

Decompensated cardiac failure in valvular or coronary heart
disease may represent a progression of the primary disease pro-
cess. Under these circumstances, surgery offers the only chance
to improve the biomechanical cardiac dysfunction and atten-
uate the maladaptive myocardial response. Mortality in medi-
cally managed decompensated cardiac failure can be improved
by using new classes of drugs such as β -type natriuretic peptide
and the calcium channel sensitizers (53–56). These agents have
an inotrope-sparing effect, shorten hospital stay, and improve
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INDICATIONS FOR INTRA-AORTIC BALLOON
COUNTERPULSATION

■ Ongoing unstable angina refractory to medical therapy
■ Acute myocardial ischemia/infarction associated with

percutaneous transluminal angioplasty (PTCA)
■ Perioperative low cardiac output syndrome
■ Cardiogenic shock after myocardial infarction
■ Congestive heart failure
■ Bridge to transplant
■ Ischemic ventricular septal defect
■ Acute mitral valve insufficiency
■ Poorly controlled perioperative ventricular arrhythmias

medium-term survival. The role of these agents in the periop-
erative setting has not been assessed, although small studies
show promising results. The role of nonsurgical therapy is in
the long-term prevention of progression of structural heart dis-
ease, prevention of remodeling, and modification of underlying
risk factors (57).

Myocardial Preservation Interventions. Several nonpharmaco-
logic and pharmacologic interventions can be initiated preoper-
atively to improve intraoperative and postoperative outcomes.
Intra-aortic balloon counter pulsation (IABP) is a nonpharma-
cologic intervention that can be commenced preoperatively in
the appropriate group of patients (Table 70.9). Pharmacologic
therapies include preoperative statins, β -type natriuretic pep-
tide, calcium channel sensitizers, and antioxidant therapy.

Intra-aortic balloon counterpulsation (IABP). The optimal use
of the IABP in cardiac surgery is controversial. Preoperative
IABP may offer improved myocardial perfusion and stabil-
ity during induction and maintenance of anesthesia, prior to
cardiopulmonary bypass. Good evidence exists for IABP in
CABG patients with ischemia or with an ejection fraction less
than 25% undergoing nonelective operation or reoperation,
or who have New York Heart Association (NYHA) class III to
IV symptoms. The evidence is less clear for patients without
ongoing ischemia but who are undergoing reoperation, have
isolated left main disease or a low ejection fraction, or who are
undergoing procedures other than an isolated CABG (58). The
efficacy of IABP for valvular surgery is poor and is associated
with a twofold increase in mortality regardless of timing of use.

TA BLE 7 0 . 8

ACC/AHA CLASSIFICATION OF HEART FAILURE

Stage A Patients at high risk of developing heart failure (HF) because of the presence of
conditions that are strongly associated with the development of HF. Such
patients have no identified structural or functional abnormalities of the
pericardium, myocardium, or cardiac valves and have never shown signs or
symptoms of HF

Stage B Patients who have developed structural heart disease that is strongly associated
with the development of HF but who have never shown signs or symptoms of
HF

Stage C Patients who have current or prior symptoms of HF associated with underlying
structural heart disease

Stage D Patients with advanced structural heart disease and marked symptoms of HF at
rest despite maximal medical therapy and who require specialized interventions
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This probably reflects the fact that the ventricular dysfunction
is either nonreversible or only partially reversible (59).

IABP improves cardiac output by approximately 20% if set
to maximal efficiency. However, the insertion and use of an
IABP is not a benign procedure. Limb ischemia occurs in 8%
to 42% of patients, and 30% of those will require a surgical
intervention. Limb ischemia is more common when a Seldinger
technique is used for insertion as opposed to surgical exposure
of the femoral vessels and placement under direct vision (59).

In conclusion, the best 5-year results for IABP are in patients
undergoing isolated CABG (51% ), whereas those undergoing
CABG with aortic valve replacement have the lowest actuarial
survival (34% ). Further research is required to better define the
role of this intervention in cardiac surgery (59).

HMG CoA reductase inhibitors. HMG CoA reductase in-
hibitors, commonly known as statins, have several beneficial ef-
fects on arteriosclerosis and vascular graft disease. Their mech-
anism of action is via a lipid-dependent and a lipid-independent
pathway. Inhibition of atherogenesis, thrombosis, and inflam-
mation and maintenance of endothelial integrity are all at-
tributed to this class of drug (60,61). The efficacy of statins
in the reduction of graft stenosis and progression of atheroma
in native vessels post-CABG is well documented (62). How-
ever, in many of these trials, statin therapy was initiated after
surgery. The early beneficial effects of statins are on endothe-
lium recovery and in inflammation in coronary vessels (63).
In a large prospective longitudinal study, Collard et al. (64)
evaluated the effect of preoperative statin therapy on cardiac
mortality following CABG. Preoperative statin therapy was as-
sociated with a 1.1% absolute reduction in mortality (OR 0.25;
CI 0.07–0.87). Interestingly, cessation of statin therapy after
surgery was associated with an increased in-hospital and late
cardiac mortality. This suggests that preoperative statin ther-
apy must be considered prior to CABG and may become a
standard of care in the future.

Brain natriuretic peptide. Nesiritide is a recombinant form of
brain natriuretic peptide that decreases pulmonary artery pres-
sures and myocardial oxygen consumption, and increases coro-
nary blood flow and urine output. Nesiritide is used in two
clinical settings: inotrope-resistant cardiac failure and post-
cardiac surgery patients with high pulmonary pressures and
low cardiac output syndrome. Salzberg et al. (53) published
a case series of 14 patients with severe mitral regurgitation
and pulmonary pressures above 60 mm Hg undergoing car-
diac surgery. Their predicted mortality based on EuroSCORE
was 26% . These patients received a nesiritide infusion preoper-
atively, with the goal of reducing pulmonary pressures by 25% .
The infusion was discontinued intraoperatively and restarted
on return to the ICU. There was no reported mortality among
the patients receiving nesiritide (53). These results need to be
confirmed in a properly powered study, but the evidence for
preoperative use in heart failure patients with pulmonary hy-
pertension is promising.

Calcium sensitizers. Levosimendan is a calcium-sensitizing in-
odilator that improves myocardial contractility without in-
creasing oxygen demand. It also decreases pulmonary vascu-
lar resistance in patients with heart failure. The LIDO trial
showed it to be more effective than dobutamine in the manage-
ment of severe congestive heart failure insofar as hemodynamic

and mortality benefit (54). These findings have been verified by
other large double-blind randomized trials (55).

Experience with levosimendan in cardiac surgery is cur-
rently limited to small studies. These studies looked at the
physiologic effects of levosimendan in patients with good left
ventricular function, poor ventricular function, or acute my-
ocardial ischemia with hemodynamic compromise. In all three
groups, low-dose levosimendan infusions improved cardiac
output and decreased systemic vascular resistance, myocardial
oxygen demand, and inotropic requirements coming off bypass
(54). This drug offers enormous promise in the preoperative pe-
riod in patients with severe congestive cardiac failure and poor
cardiac output.

Antiox idants. Reactive oxygen species (ROS), both within my-
ocardial cells and those derived from the systemic circula-
tion, are thought to overwhelm local endogenous antioxidant
systems during bypass. They initiate cellular damage, necro-
sis, and apoptosis during cardiopulmonary bypass and reper-
fusion. There have been many attempts to provide external
sources of antioxidants or to improve endogenous antioxidant
systems, and these approaches are supported by a large body
of animal studies (65).

Allopurinol, which inhibits xanthine oxidase, a significant
source of ROS outside the myocardium, has been studied in
ten human CABG trials. Eight of these trials showed improved
hemodynamic markers and less cardiac enzyme release (65).
However, despite these encouraging data, allopurinol has not
received widespread support. Superoxide dismutase, desfer-
rioxamine, mannitol, vitamins C and E, and N-acetylcysteine
are additional antioxidants with encouraging results in small
human trials. They demonstrate decreased surrogate markers
of tissue damage, although no outcome improvements have
been shown. More research is required to define the role of
antioxidant therapy in cardiac surgery.

There has been an improvement in the ability to identify and
categorize the high-risk cardiac patient presenting for cardiac
surgery. As more data are accrued, risk profiling is becoming
more accurate. This will allow for cost-effective implementa-
tion of promising preoperative interventions in the appropriate
patient.

PULMONARY SYSTEM
The risk of postoperative pulmonary complications varies
widely and according to the definitions applied. The risk eval-
uation process also differs between cardiothoracic and non-
cardiothoracic surgery. In elective noncardiothoracic surgery,
postoperative pulmonary complications vary between 1.7%
and 2.6% , whereas in valvular heart surgery, the Society of
Thoracic Surgeons database reports a pulmonary complication
rate of 8.9% (66–68). The definition of pulmonary complica-
tions in these studies included respiratory failure, atelectasis,
pneumonia, and pulmonary edema. Pulmonary thromboem-
bolic disease has been specifically excluded in these studies.

The contribution of postoperative pulmonary complica-
tions to morbidity, mortality, and length of stay is not dissimilar
to the cardiac complication profile (66,67,69–71). However,
in the subgroup of patients older than 70 years of age, pul-
monary complication is a better predictor of long-term mortal-
ity than cardiac risk factors (72). Predicting the likelihood of
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postoperative pulmonary complications requires preoperative
pulmonary risk stratification. Smetana et al. (3) in a system-
atic review identified and categorized preoperative risk factors
that predicted postoperative pulmonary complications follow-
ing noncardiothoracic surgery.

Pre op e rat ive Evaluat ion

The initial evaluation for risk factors requires a thorough his-
tory and clinical examination. Following the history and clin-
ical examination, patients can be classified into two groups:
those with known pulmonary disease and those with sus-
pected pulmonary disease. Both groups require an assessment
of their functional classification and the degree of pulmonary
reversibility.

Following the history and physical examination, labora-
tory and special investigations are guided by the database
established from the clinical evaluation. Laboratory investi-
gations with a good predictive value for postoperative pul-
monary complications include blood urea nitrogen greater
than 7.5 mMol/L (21 mg/dL) and creatinine level greater
than 133 µ mol/L (1.5mg/dL) (73–75). However, the most
powerful predictor of pulmonary outcome is a serum al-
bumin level. Albumin less than 3.0 g/dL correlates with
an increased 30-day perioperative morbidity and mortality
(76).

The utility and cost effectiveness of routine preoperative
chest radiography has been extensively debated. An abnor-
mal chest radiograph does predict postoperative complications;
however, only 4.9% of radiographs in patients younger than
50 years of age will be abnormal. Among routine preoperative
chest radiographs ordered, only 0.1% to 3% will alter man-
agement (77,78). A focused history and physical examination
should identify the patient who is likely to have an abnormal
preoperative chest radiograph; this is supported by a recent
practice guideline issued by the American College of Physicians
suggesting that (3):

1. Only patients with known cardiopulmonary disease should
have a routine preoperative chest radiograph.

2. Patients older than 50 years undergoing procedures with
high pulmonary risk should have a preoperative chest ra-
diograph. These procedures include aortic surgery (thoracic
or abdominal), neurosurgery, abdominal surgery, and pro-
longed surgery.

Spirometry has been evaluated as a predictive tool for pul-
monary disorders in noncardiothoracic surgery. There are, un-
fortunately, no studies to guide spirometry evaluation in the

perioperative period for restrictive pulmonary disorders. In ob-
structive pulmonary disorders, there are conflicting data on the
utility of spirometry; however, it may identify patients at higher
risk for postoperative pulmonary complications (3). No thresh-
old or prohibitive value has been defined for spirometry in-
dices in obstructive pulmonary disease, probably related to the
evidence that long-term prognosis for chronic obstructive pul-
monary disease (COPD) is better predicted by the BODE sever-
ity scoring system (79). This system uses a holistic approach
assessing the body mass index, degree of airway obstruction,
symptom scoring, and exercise testing to assess severity and
predict outcome.

In lung resection surgery, however, spirometry forms the cor-
nerstone of the evaluation process in both Europe and North
America (80,81). Here, the perioperative risk of morbidity and
mortality is directly related to a three-legged physiologic testing
algorithm. Spirometry data are an integral part of the respira-
tory mechanics evaluation process. Other parameters evaluated
are the cardiopulmonary reserve and the lung parenchymal
function (Fig. 70.2). A simplified algorithm integrating these
parameters assists in the preoperative workup for lung resec-
tion surgery (Fig. 70.3).

A forced expiratory volume (FEV1) greater than 80% of
predicted or greater than 2 L allows pneumonectomy without
further investigation. An FEV1 greater than 1.5 liters allows
lobectomy without further investigation. If any of these criteria
are not met, then a predicted postoperative FEV1 (ppoFEV1)
and carbon monoxide diffusion capacity (ppoDLCO) need to
be calculated. This allows for further risk stratification:

1. Patients with ppoFEV1 and ppoDLCO greater than 40%
can be resected.

2. If the ppoFEV1 or ppoDLCO is less than 40% and > 30% ,
then a VO 2max needs to be assessed. If the VO 2max is greater
than 15 mL/kg/min, then resection can continue.

3. If the VO2max is less than 15 mL/kg/min, then the risk
is prohibitive unless V:Q scanning indicates that the lung
pathology is predominantly involving the area to be
resected.

4. A VO2max less than 10 mL/kg/min or ppoFEV1 less than
30% , and ppoDLCO less than 30% are all prohibitive risks
(79,80).

When the information gathered from history, physical ex-
amination, and special investigations is examined, a risk profile
can be constructed from the guidelines published by the Amer-
ican College of Physicians (Table 70.10) (3,82).

Important points that need to be highlighted from Table
70.10 are as follows:

Lung Resection Evaluation

Respiratory Mechanics Cardiopulmonary 
Reserve
VO2 max >15 
mL/kg/min

Lung Parenchymal
Function
DLCO
(ppo >40%)

Stair climb >2 flights,
6-min walk test,
Exercise SpO2 drops <4%

Blood gas:
PaO2 >60 
PaCO2 <45

FEV1 (ppo >40%)

MVV, RV/TLC, FVC

FIGURE 70.2. The best validated test is shown in the
first box. Alternative tests are shown below. DLCO,
total diffusing capacity for carbon monoxide; FEV1,
forced expiratory volume at 1 second; FVC, forced vital
capacity; MVV, maximal voluntary ventilation; PaO 2,
arterial partial pressure of oxygen; PaCO2, arterial par-
tial pressure of carbon dioxide; ppo, predicted postop-
erative value based on the number of lung segments
remaining after resection; RV/TLC, residual volume
divided by total lung capacity; SpO2, pulse oximetric
oxygen saturation; VO2, oxygen uptake/consumption.
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RISK FACTORS FOR RESPIRATORY COMPLICATIONS

Strength of Strength of
High risk OR evidence Indeterminate risk OR evidence

PATIENT-RELATED RISK FACTORS
Age 60–69 years 2.09
Age 70–79 years 3.04 A Diabetes C
ASA class ≥ 2 2.55–4.87 A Obesity D
CHF 2.93 A Asthma D
Functionally dependent 1.65–2.51 A Obstructive sleep apnea I

Corticosteroid use I
Moderate risk HIV infection I
COPD 1.79 A Arrhythmia I
Weight loss 1.62 B Poor exercise capacity I
Low Risk
Impaired sensorium 1.39 B
Cigarette use 1.26 B
Alcohol use 1.21 B
Abnormal findings on chest exam NA B

PROCEDURE-RELATED RISK FACTORS
High risk Indeterminate risk
Aortic aneurysm repair 6.9 A
Thoracic surgery 4.24 A Hip surgery D
Abdominal surgery 3.01 A Gynecologic or urologic surgery D
Upper abdominal surgery 2.91 A Esophageal surgery I
Neurosurgery 2.53 A
Prolonged surgery 2.26 A
Moderate risk
Head and Neck surgery 2.21 A
Emergency surgery 2.21 A
Vascular surgery 2.1 A
General anesthesia 1.83 A
Low risk
Perioperative transfusion > 4 units 1.47 B

SPECIAL INVESTIGATIONS
High risk Indeterminate risk
Albumin level < 3.5 g/dL 2.53 A BUN level > 7.5 mmol/L (21 mg/dL) NA B
Chest radiography 4.81 B Spirometry I

A = Good evidence that the factor is an independent predictor, B = At least fair evidence that the factor is an independent predictor, C = At least fair
evidence that the factor is not a predictor, D = Good evidence that the factor is not a predictor, I = Evidence is lacking, conflicting, or indeterminate
OR, odds ratio; ASA, American Society of Anesthesiologists; CHF, congestive heart failure; HIV, human immunodeficiency virus; COPD, chronic
obstructive pulmonary disease; BUN, blood urea nitrogen; NA, not available.
Adapted from Smetana G. Preoperative pulmonary risk stratification for noncardiothoracic surgery: systematic review for the American College of
Physicians. Ann Int Med. 2006;144:581, with permission.

FEV1 >80% or 2L
Lung Resection CandidateFEV1 >1.5 L

ppo FEV1 >40%

No

Yes

Yes

Yes

Yes
Unfavorable

Favorable
VO2max >15m L/kg

VO2max <15m L/kg V/Q scan

VO2max <10m L/kg

Prohibitive Risk

ppo DLCO >40%

ppo FEV1 30%–40%

ppo DLCO 30%–40%

ppo FEV1 <30%

ppo DLCO <30%

FIGURE 70.3. Simplified algorithm for the preoperative
evaluation for lung resection surgery. DLCO, total diffus-
ing capacity for carbon monoxide; FEV1, forced expira-
tory volume at 1 second; ppo, predicted postoperative value
based on the number of lung segments remaining after re-
section; VO 2, oxygen uptake/consumption; V/Q, ventila-
tion/perfusion ratio.
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■ Advanced age is reported with differing definitions. The mul-
tivariate analyses shown on the table represent odds ratios
for ages 60 to 69 and 70 to 79 years.

■ Functional dependence refers to both total dependence for
activities of daily living, and partial dependence when equip-
ment is required to perform activities of daily living. This is
distinct from exercise capacity, which has not been evaluated
as an independent risk factor in the setting of noncardiotho-
racic surgery.

■ COPD has been poorly investigated as a risk factor, but ev-
idence consistently suggests an independent risk.

■ Impaired sensorium refers to patients with mental status
changes, delirium, or both who are able to respond to verbal
cues or light tactile stimulation.

■ Cigarette use refers to ongoing smoking. Recent cessation,
within an 8-week period, carries an increased risk of pe-
rioperative pulmonary complications over and above that
associated with continued smoking (83).

■ When eight multivariate trials were examined, only one trial
suggested that obesity was an independent pulmonary pre-
dictor. This is indirectly verified by evidence that increasing
levels of morbid obesity is not associated with increased pul-
monary complications following surgery (84).

■ Obstructive sleep apnea is associated with airway manage-
ment difficulty and an increased all-cause admission to the
intensive care. An increased pulmonary complication rate
has not been elucidated.

■ Asthmatic patients have a pulmonary complication rate of
only 3% , which is similar to the general surgical population.
This is probably related to pulmonary optimization before
elective and emergency surgery (3).

■ Studies of diabetes mellitus are of poor quality and are un-
adjusted univariate analyses, which makes them difficult to
interpret.

The relationships between individual risk factors in each risk
category have not been fully elucidated; they may be either
additive or synergistic. Once a risk profile is formulated, risk
modification strategies should be implemented.

Pre op e rat ive Manag e me nt

The management of pulmonary disorders in the preoperative
period fall into two categories, which include restrictive and
obstructive disorders. Characteristics of restrictive disorders
include the presence of mechanical volume limitations, the oc-
casional presence of bronchial hyperreactivity, and the static
nature of the disease. Obstructive pulmonary disorders are rec-
ognized by fixed airway obstruction, the presence of bronchial
hyperreactivity, and a predisposition to infection.

Re st rict ive Pulmonary Disord e rs
Restrictive pulmonary disorders are substantially less common
than obstructive disorders. Furthermore, they are an uncom-
mon cause of complication or death postoperatively (3). These
disorders are static in nature unless bronchial hyperreactiv-
ity coexists (e.g., hypersensitivity pneumonitis). The restriction
can be either pulmonary or extrapulmonary (Table 70.11). In
the extrapulmonary group, management of the mechanical vol-
ume effects can improve the perioperative pulmonary status of
the patient. Drainage of a pleural effusion and re-expansion

TA BLE 7 0 . 1 1

CAUSES OF RESTRICTIVE PULMONARY DISEASE

Pulmonary/Parenchymal Extrapulmonary

Pulmonary edema
ARDS
Atelectasis
Sarcoidosis
Hypersensitivity pneumonitis
Silicosis
Tuberculosis
Lung resection

Pleural effusion
Pneumothorax
Kyphoscoliosis
Increased abdominal pressure

(ascites, pregnancy, obesity)

ARDS, acute respiratory distress syndrome.

of a collapsed lung are interventions that optimize ventilation-
perfusion matching. An improvement in oxygenation and ven-
tilation can be expected. Another strategy associated with an
improvement in outcome is lung protective ventilation using
positive end-expiratory pressures (PEEP) and low tidal vol-
umes of 6 to 8 mL/kg (85). This ventilator strategy has become
the standard of care for acute respiratory distress syndrome
(ARDS) and other disorders of static compliance found in this
group of conditions. It must be emphasized that the ideal low
tidal volume and appropriate PEEP strategy have still not been
resolved.

Ob st ruct ive Airways Dise ase
Chronic obstructive pulmonary disease (COPD) is differen-
tiated from asthma on the basis of having a chronic fixed
component of airway obstruction. In nonoptimized patients
with COPD, a component of reversible airway obstruction or
bronchial hyperreactivity, similar to asthma, is present. Fur-
thermore, both asthmatics and COPD patients are prone to
acute exacerbations of airway obstruction triggered by upper
and lower airway infections (86).

Obstructive pulmonary disorders are associated with in-
creased risk of postoperative pulmonary complications (3).
When reversible airway obstruction is present, this risk is am-
plified (87,88). However, Milledge and Nunn (89) demon-
strated that even patients with severe airway obstruction—
defined as an FEV1 less than 1 L—can safely be operated on
without an increase in postoperative complications. The key el-
ement in the management of patients with COPD is the identi-
fication and appropriate treatment of the reversible component
of the airway disease.
β 2-Agonists have a salutary effect on airway hyperreactivity

in obstructive airway disease. When symptom-free mild asth-
matic volunteers were intubated under local anesthesia, FEV1
decreased by 50% . In the group pretreated with a β 2-agonist,
the FEV1 decreased by only 20% (90). However, it is important
to note that the incidence of postintubation bronchospasm is
still significant, even when β 2-agonists are used as monother-
apy (91,92).

Preoperative steroid therapy, even of short duration, has
been shown to decrease the incidence of wheezing post intu-
bation (91,93,94). The concern for negative effects on wound
healing and increased infection rates have not been borne out in
the literature (95). With regard to the use of methylxanthines,
a Cochrane review in 2001 showed that neither theophylline
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Oral steroids 2 weeks
Inhaled β2-Agonist 
Inhaled antimuscarinic

Urgency of surgery?
Oral/inhaled steroids
until reversibility settles

Reassessment of
reversibility, apply
same criteria

Proceed with
surgery, inhaled
steroids
postoperatively

No reversibility

Reversibility

Yes, emergent surgery

Yes, elective surgery

No

Is there reversibility?

Proceed with
surgery

Intensive β2-Agonist therapy
IV steroids

12%–15% improvement in
FEV1 after β2-Agonist 

FIGURE 70.4. Preoperative optimization of
obstructive airways disease. FEV1, forced ex-
piratory volume at 1 second; IV, intravenous.

nor aminophylline offered any advantage over β 2-agonists in
the setting of acute bronchospasm (96).

Finally, there is good evidence in adults that upper and
lower airway infections increase airway reactivity and result in
demonstrable spirometry abnormalities for 6 to 8 weeks post
infection (97). Elective surgery should ideally be delayed in
patients with underlying bronchial hyperreactivity. The Amer-
ican Thoracic Society and the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) have issued guidelines for
the assessment and management of obstructive lung disorders
and their acute exacerbations (86,98). This approach can be
modified for the patient presenting for surgery (Fig. 70.4). The
most important intervention on a global scale is smoking ces-
sation and prevention of exposure to second-hand smoke. Epi-
demiology studies have shown that a patient who successfully
stops smoking will have a life table mortality rate that comes
to parallel that of someone who has never smoked (86).

Another intervention that can be started in the preoperative
period is nutritional support, which can be administered either
enterally or parenterally. Preoperative enteral nutrition with
an immune-repleting diet improves outcomes in malnourished
elective gastroenterology oncology patients; they experience a
significant decrease in nosocomial sepsis and hospital length
of stay (99,100). Enthusiasm for total parenteral nutrition has
waned due to the increased rates of infection associated with
long-term central venous access and hyperglycemia (99).

In conclusion, the Practice Guideline published by the Amer-
ican College of Physicians helps generate a risk profile for non-
cardiothoracic surgery. Risk modification strategies can then
be applied to optimize the patient.

RENAL SYSTEM
Acute and chronic renal failure are important medical problems
worldwide. The incidence of ICU-associated acute renal failure
(ARF) varies between 15% and 35% , whereas the incidence of
ARF requiring renal replacement therapy approximates 1% .
In the United States, the incidence of end-stage kidney disease

(ESKD) varies between 331 and 343 cases per million popula-
tion, whereas more than 104,000 new patients began therapy
for ESKD in 2004. The economic burden of ESKD continues
to rise and currently exceeds 20 billion dollars, approximately
6.7% of the Medicare budget (101).

The preoperative evaluation and management of the patient
with renal disease is complicated by the coexistence of multiple
medical and surgical problems. Therefore a stepwise logical
approach to these patients is required to ensure that important
data are not omitted.

Chronic Re nal Failure

Risk Evaluat ion and St rat ificat ion
Preoperative renal risk evaluation and stratification are based
on the comorbid medical condition of the patient, pre-existing
renal function, and the procedure-specific renal risk (Fig. 70.5).

Comorbid Status. Comorbid conditions that increase the
risk of chronic renal insufficiency include a spectrum of

Comorbidity

Kidney 
Failure

Pre-existing 
renal dysfunction

Surgery-Specific Risk

FIGURE 70.5. Triad of factors that collectively increases the risk of
perioperative kidney failure
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CAUSES OF CHRONIC KIDNEY DISEASE

■ Advanced age
■ Hypertension
■ Renovascular atherosclerotic disease
■ Poorly controlled diabetes
■ Hepatorenal syndrome
■ Autoimmune disorders (systemic lupus erythematosus)
■ Pregnancy-induced hypertension
■ Congenital (polycystic kidney disease)

cardiovascular, endocrine, hepatic, autoimmune, and congeni-
tal disorders (Table 70.12). The severity, duration, and appro-
priate management of the conditions determine the degree of
renal dysfunction a patient will develop.

Diabetes mellitus (DM) is the leading cause of ESKD, with
hypertension, glomerulonephritis, and polycystic kidney dis-
ease being the other major diagnoses (101). The incidence of
diabetes mellitus–related ESKD has risen over the past three
decades from 28% in 1980 to approximately 50% currently
(101). Diabetes affects the kidney by several mechanisms, re-
sulting in proteinuria, the nephrotic syndrome, and progressive
renal failure. Patients with diabetes mellitus who have microal-
buminuria (30–300 mg/24 hours) have not yet begun to lose
glomerular filtration but they are at high risk of renal com-
plications. The introduction of ACE inhibitors in this group
of patients has a powerful renoprotective effect and slows the
progression to overt renal failure (102).

Coronary artery disease is common in patients with dia-
betes mellitus and may be asymptomatic due to an associ-
ated autonomic neuropathy. A high index of suspicion for un-
treated CAD should be maintained for patients with diabetic
nephropathy. Danaei et al. (103) reported that 21% of deaths
from ischemic heart disease and 13% from stroke worldwide
are attributable to higher-than-optimum blood glucose concen-
trations. The ACC/AHA guidelines for the preoperative evalu-
ation of the cardiac patient presenting for noncardiac surgery
list DM as an intermediate clinical predictor for perioperative
cardiovascular events (11). Therefore, the preoperative workup
of the diabetic patient with renal dysfunction should be done
within the framework of the ACC/AHA algorithm discussed
previously (11).

Hypertension is the second leading cause of ESKD in the
United States. Rates of ESKD caused by hypertension show
dramatic variation when comparing African American patients
with those of other races and ethnicities (101). The 2004 rate
of hypertensive ESKD in African American patients aged 30
to 39 years is 149 cases per million population, approximately
15 times higher than in Caucasian counterparts. Hypertension
is both a cause and a consequence of ESKD. Aggressive con-
trol of the blood pressure to approximately 125/75 mm Hg in
patients with diabetic renal disease is recommended by the Na-
tional Kidney Foundation. The Modification of Diet in Renal
Disease study provided convincing evidence that lower blood
pressure reduces the rate of loss of renal function in patients
with proteinuric renal disease (104). Polycystic kidney disease
is an inherited disorder that is characterized by multiple cysts
in the kidney as well as the liver. It is responsible for 4% to
5% of ESKD in the United States (101). Important extrarenal
manifestations of polycystic kidney disease include intracranial
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STAGES OF CHRONIC KIDNEY DISEASE

Stage Definition

1 GFR ≥ 90 mL min/1.73 m2 with evidence of
kidney damage

2 GFR 60–89 mL/min/1.73 m2 with evidence of
kidney damage

3 GFR 30–59 mL/min/1.73 m2

4 GFR 15–29 mL/min/1.73 m2

5 GFR ≤ 15 mL/min/1.73 m2 or dialysis dependent

GFR, glomerular filtration rate.

aneurysm in approximately 10% of patients, whereas 26% of
patients have evidence of mitral valve prolapse.

Once comorbid conditions and their related complications
are identified, an attempt must be made to quantify the degree
of renal dysfunction.

Pre-existing Renal Dysfunction. The National Kidney Foun-
dation-Kidney Disease Outcomes Quality Initiative recently
proposed a standardized classification system to assess the
severity of pre-existing chronic renal disease. It is based on
an estimation of the glomerular filtration rate (GFR) and the
documentation of renal injury (Table 70.13) (105). The GFR
can be estimated using either mathematical models or by de-
termining the clearance of inulin or other filtration markers.
To estimate the GFR, either the Cockroft-Gault equation or
the formula derived from the Modification of Diet in Renal
Disease Study can be used. The latter formula, although math-
ematically more complex, uses readily available data to provide
a more accurate estimate of the GFR than the Cockroft-Gault
equation (106):

GFR (mL/ min/ 1.73 m2) = 170 × [PCr]− 0.999 × [age]− 0.176

× [0.762 if patient is female]
× [1.18 if patient is black] × [SUN]− 0.17

× [Alb]+ 0.318

where SUN is serum urea nitrogen and Alb is albumen. The
presence of pre-existing renal dysfunction increases the inci-
dence of perioperative morbidity and mortality in high-risk
surgery. Safi et al. (107) analyzed factors responsible for devel-
oping acute renal failure following thoracoabdominal repair.
On multivariate analysis, preoperative creatinine (PCr) greater
than or equal to 2.8 mg/dL was strongly associated with post-
operative ARF (OR 10.3; 95% CI 12–411, p < 0.0001). Of the
patients who developed ARF, the mortality rate was 49% . This
elevated operative mortality risk associated with renal failure
is reflected by Kashyap et al. (108) in their study of thoracoab-
dominal aortic surgery (OR 9.2; 95% CI 2.6–33; p < 0.005).

Procedure-related Risk. Procedure-related renal risk is an im-
portant determinant of perioperative renal failure. Cardiac and
major vascular procedures are associated with a high incidence
of ARF. For example, cardiopulmonary bypass (CPB) has sev-
eral negative effects on renal function. The use of nonpulsatile
flow, inadequate renal perfusion pressure, and the induction
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of an inflammatory response all contribute to renal dysfunc-
tion. The incidence of ARF following cardiac surgery varies
between 1% and 30% (109). The development of renal fail-
ure is associated with increased mortality, hospital length of
stay, and cost. Conlon et al. (109) studied 2,672 consecutive
patients undergoing CABG and reported a 7.9% incidence of
ARF and 0.7% incidence of ARF requiring renal replacement
therapy. The mortality for patients who developed ARF was
14% compared with 1% among those who did not develop
ARF.

Off-pump CABG, by avoiding cardiopulmonary bypass,
has been shown to have a protective effect on renal func-
tion post surgery. Ascione et al. (110) randomized patients
with normal renal function prior to cardiac surgery to ei-
ther an on-pump or off-pump group. Postoperatively, the off-
pump group had better preservation of renal function as ev-
idenced by the creatinine clearance, albumin-creatinine ratio,
and the N-acetyl-β -glucosamine levels. The same group evalu-
ated 253 patients with preoperative renal insufficiency under-
going CABG. ARF occurred in 15.8% of patients who under-
went on-pump CABG compared to 5.9% of those who had
off-pump CABG (111). It appears that off-pump CABG has a
renoprotective effect in patients with both normal and impaired
renal function. Furthermore, it highlights the positive influence
that modification of a surgical technique can have on organ
protection.

Renal insufficiency or failure exists in many patients pre-
senting for major vascular surgery. Swaminathan and Stafford-
Smith (112) analyzed data from eight studies and reported an
incidence between 4% and 24% of pre-existing renal insuffi-
ciency in patients with aortic disease. The broad range of re-
ported incidence is attributed to the lack of consensus for the
definition of renal insufficiency.

In vascular surgery, the location of the arterial reconstruc-
tion, the duration of the aortic cross-clamp, and the emergent
nature of the procedure are all strong predictors of postoper-
ative renal complications. Reported incidence of acute post-
operative renal dysfunction for thoracoabdominal reconstruc-
tion varies between 13% and 25% , whereas renal failure rates
for abdominal aortic reconstruction are much lower at ap-
proximately 1.5% to 2% (113). The hypothesized mechanisms

of postoperative renal injury are ischemia-reperfusion of the
kidneys, atheroembolic injury, nephrotoxin, and inflammatory
damage.

Measures aimed at modifying surgical technique to re-
duce the incidence of postoperative renal dysfunction in aortic
surgery have been met with mixed success. The most signif-
icant advance recently has been the widespread adoption of
endovascular techniques for aortic aneurysm repair. Several
small studies have suggested that the reduced aortic manip-
ulation and renal ischemia that accompany the endovascular
technique is associated with reduced inflammation and postop-
erative renal injury (114,115). However, a recent large study
comparing endovascular to open repair for abdominal aortic
aneurysm (AAA) demonstrated no difference in renal outcome
between the two groups. Renal complications were 1.1% and
1.2% in the open and endovascular group, respectively (116).
In patients with baseline chronic renal insufficiency, endovas-
cular aortic repair does not confer a renal benefit compared to
open AAA surgery. Parmer et al. (117) reviewed 98 patients
undergoing endovascular and open aortic repair at a single in-
stitution with baseline renal insufficiency. Postoperative renal
failure rates were 28% and 29% for the open and endovas-
cular group, respectively. Further research will be required to
establish whether endovascular surgery is truly renoprotective.

Acut e Re nal Failure

Definit ion
Acute renal failure (ARF) is a common complication of critical
illness and is associated with significant morbidity and mor-
tality. There is no consensus definition of ARF in critically ill
patients. More than 30 definitions have been used in the litera-
ture, making it difficult to compare data from different studies.
In order to standardize the definition of ARF, the Acute Dialysis
Quality Initiative (ADQI) group proposed the RIFLE classifica-
tion of ARF (Table 70.14) (118). The classification system in-
cludes criteria for serum creatinine, GFR, and urine output. The
RIFLE classification is a valuable tool in determining the extent
of acute renal dysfunction and helps to prognosticate outcome

TA BLE 7 0 . 1 4

THE RIFLE CLASSIFICATION SCHEME FOR ACUTE RENAL FAILURE

GFR criteria Urine output criteria Mortality

Risk Increased plasma creatinine < 0.5 mL/kg/h × 6 h 8%
× 1.5 or GFR decrease > 25%

Injury Increased plasma creatinine < 0.5 mL/kg/h × 12 h 21.40%
× 2 or GFR decrease > 50%

Failure Increased plasma creatinine < 0.3 mL/kg/h × 24 h or 32.50%
× 3 or acute plasma anuria × 12 h
creatinine ≥ 350 µ mol/L (4 mg/dL)
or acute rise ≥ 44 µ mol/L (0.5 mg/dL)

Loss Persistent acute renal
failure with complete loss of
kidney function × 4 weeks

ESKD End-stage kidney disease (× 3 mo)

GFR, glomerular filtration rate; ESKD, end-stage kidney disease.
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in the face of ARF. Kuitunen et al. (40) used the RIFLE classifi-
cation to categorize postoperative renal impairment following
cardiac surgery. Patients with RIFLE-F (failure) had a 90-day
mortality of 32.5% compared with 8% for those in the RIFLE-
R (risk) and 21.4% for RIFLE-I (injury) patients (Table 70.14).
Multivariate logistic regression analysis demonstrates that the
RIFLE classification is an independent risk factor assessment
for 90-day mortality.

Classificat ion of ARF
ARF is divided into three categories based on its pathophysi-
ology. They are prerenal, postrenal, and intrarenal ARF.

1. Prerenal ARF: Prerenal ARF is reversible renal insufficiency
due to renal hypoperfusion. If the renal hypoperfusion is
left untreated, acute tubular necrosis (ATN) secondary to
ischemia will develop. Prerenal ARF is characterized by clin-
ical evidence of hypovolemia such as systemic hypotension,
low central venous pressures, low cardiac output, or sys-
tolic pulse variation on positive pressure ventilation. Lab-
oratory data that indicate prerenal ARF include low urine
Na+ , fractional excretion of Na+ less than 1% , and bland
urine sediment.

2. Postrenal ARF: Postrenal ARF is due to obstruction of urine
flow at any level of the urine collecting system. Postrenal
ARF can be diagnosed promptly by either ultrasound or CT
scan, and relief of the obstruction usually results in prompt
reversal of the renal insufficiency. Postrenal ARF must be
excluded in every patient presenting with ARF.

3. Intrarenal ARF: Intrarenal ARF is divided into five groups
based on the underlying pathology. Acute tubular necro-
sis (ATN ) is injury and subsequent death of the tubular
epithelium. ATN is caused by either ischemia or nephro-
toxic agents. Acute interstitial nephritis is an inflamma-
tion of the renal interstitium and the tubules. It may oc-
cur secondary to infections or drugs, such as the penicillins
or cephalosporins. Other causes of intrarenal ARF include
acute glomerulonephritis, acute vascular syndromes, and
intratubular obstruction. The differential diagnosis of in-
trarenal ARF should be guided by the clinical history and
physical examination. Examination of the urine sediment
helps to narrow the differential diagnosis. The presence
of tubular epithelial cells and granular cast is suggestive
of ATN, whereas the presence of red cell cast indicates
glomerulonephritis. Eosinophiluria suggests the presence of
interstitial nephritis; however, it is not diagnostic.

ARF is characterized by retention of nitrogenous waste
products, fluid and electrolyte abnormalities, acid-base disor-
ders, and impairment of the hematologic and coagulation sys-
tems. The preoperative evaluation of these patients must there-
fore take into account these specific changes and the increased
risk they pose during the perioperative period.

Pre op e rat ive Evaluat ion of Re nal Failure
As highlighted previously, both acute and chronic renal failure
affect multiple organ systems. The history and physical exami-
nation should be directed toward evaluating the severity of the
comorbid conditions and the complications related to the acute
renal dysfunction. Signs and symptoms of uncompensated car-
diac failure and pericarditis should be elicited. Uremic patients
are at risk for the development of large pericardial effusions,
which can be hemodynamically compromising. The presence

of an elevated jugular venous pressure and pulsus paradoxus
of greater than 10 mm Hg should alert the clinician to the
presence of a pericardial effusion.

Uremia is associated with nausea, vomiting, and recurrent
episodes of hiccoughing. Severe nausea and vomiting may re-
sult in dehydration, and a thorough evaluation of the patient’s
volume status must be performed. These patients may either
be on intermittent hemodialysis or peritoneal dialysis. Records
of the last dialysis, fluid balance, and body weight must be
obtained to help with the assessment of the fluid status.

Anemia in renal failure is multifactorial in nature. Bleeding
from platelet dysfunction, malnutrition, and decreased erythro-
poietin production all contribute toward the low red cell mass.
Electrolyte abnormalities are common in renal failure. Hyper-
kalemia, hyperphosphatemia, and hypocalcemia is the typical
electrolyte profile seen in renal failure. Hypocalcemia may man-
ifest as cramps, paraesthesia, and, in severe cases, with mental
status changes.

Diagnostic Testing. The diagnostic studies in patients with re-
nal dysfunction are determined by the findings on the his-
tory and physical examination. Complete blood count helps
to assess the severity of the anemia, morphology of the red
blood cells, and the platelet count. Although uremic patients
may have normal platelet numbers, they develop an acquired
platelet dysfunction that results in an increased risk of bleeding.
The pathogenesis of this hemostatic dysfunction is multifacto-
rial and includes the effects of circulating toxins, alteration of
the vessel wall, and anemia. To assess the degree of platelet
function, either a bleeding time, or more accurately, a platelet
function assay can be performed.

The basic metabolic panel helps to determine the electrolyte
profile and allows the anion gap to be calculated. ARF is char-
acterized by an increased anion gap metabolic acidosis. The
BUN and creatinine can be tracked to assess the efficacy of
renal replacement therapy.

An electrocardiogram must be performed to determine
whether ischemia, ventricular hypertrophy, or strain pattern is
present. Hyperkalemia is characterized by tall peaked T waves,
widened QRS complex, and shortened QT interval. The ECG
of patients with pericardial effusion may demonstrate small
QRS complexes and the presence of electrical alternans (change
in QRS amplitude with each heartbeat). A chest radiograph
may reveal signs of pulmonary edema, cardiomegaly, or a large
pericardial effusion.

Examination of the urine and determination of the urine
indices provides invaluable data in helping to differentiate
prerenal from intrarenal ARF (Table 70.15). The fractional

TA BLE 7 0 . 1 5

CRITERIA TO DIFFERENTIATE PRERENAL FROM
INTRARENAL FAILURE

Prerenal Intrarenal

Urine Na+ < 20 mEq/L > 40 mEq/L
FENa+ < 1% > 2%
FEUN < 35% > 50%
Urine/plasma creatinine > 40 < 20
Urine/plasma osmolarity > 1.3 < 1.1
Urine/plasma urea > 8 < 3
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excretion of urea is a useful index to differentiate prerenal from
intrarenal failure if diuretic therapy has been initiated:

FEUN = [(urine nitrogen/ blood urea nitrogen)/
(urine creatinine/ plasma creatinine)] × 100

Fractional excretion of urea nitrogen is primarily dependent
on passive forces and is therefore less influenced by diuretic
therapy. In contrast, diuretic therapy will falsely raise the FENa+
under prerenal conditions.

Primary and Se cond ary Pre ve nt ion of ARF
Primary prevention of ARF refers to clinical strategies that re-
duce the occurrence of ARF in patients with or without chronic
renal disease. Secondary injury is additional renal injury de-
veloping in the face of a primary insult to the renal system.
Various nonpharmacologic and pharmacologic strategies have
been developed to reduce both primary and secondary renal
injury. However, these have been met with mixed success, and
no pharmacologic agent has been approved in the United States
as a sole renoprotective agent.

The principles of management of patients with ARF are to
maintain an adequate mean arterial pressure, maintain an ap-
propriate cardiac output, ensure euvolemia, and avoid nephro-
toxic agents. The mean arterial pressure required to maintain
adequate renal perfusion pressure, however, may vary accord-
ing to the patient’s underlying medical condition. Patients with
hypertension have an autoregulatory curve that is shifted to
the right; therefore, they may require a higher mean arterial
pressure. Low cardiac output states induce renal ischemia and
reduce the glomerular filtration rate. It is important to restore
cardiac output to normal levels to prevent secondary injury to
the kidney. This may require placement of monitors such as a
pulmonary artery catheter or a transesophageal echocardiog-
raphy probe to determine cardiac output.

Volume expansion has been shown to prevent contrast-
induced nephropathy and attenuate the tubular injury asso-
ciated with rhabdomyolysis (119,120). Furthermore, Mertens
et al. (121) compared the incidence of contrast-induced
nephropathy with either isotonic saline or bicarbonate hydra-
tion. Patients received an intravenous bolus of 3 mL/kg of the
study solution over an hour, before radiocontrast injection.
This was followed by a continuous infusion of 1 mL/kg/hour
during the procedure and for 6 hours after the procedure. The
incidence of contrast-induced nephropathy was 13.6% in the
saline group but only 1.7% in the bicarbonate arm. These are
low-cost, high-yield interventions that can significantly affect
the outcome of patients with marginal renal function.

In conclusion, the best evidence to date suggests that non-
pharmacologic therapy strategies are more effective than drugs
in reducing the risk of ARF. High-risk patients should be identi-
fied early and secondary renal injury aggressively prevented.

NEUROLOGIC SYSTEM

Ische mic Ce re b rovascular Dise ase

The incidence of perioperative stroke in patients undergoing
nonvascular surgery under general anesthesia is less than 0.5% .
However, the mortality associated with a perioperative stroke
may be as high as 26% (122).

Carot id St e nosis
The risk of a perioperative stroke increases in the presence of
carotid stenosis or a history of transient ischemic attack (TIA).
In a retrospective study, Evans et al. (123) studied 284 patients
with ultrasound-documented evidence of carotid stenosis un-
dergoing general surgical procedures. The presence of carotid
stenosis of at least 50% was associated with a perioperative
stroke rate of approximately 3.6% . Although higher than the
general population stroke rate, this risk does not appear suffi-
cient to mandate prophylactic carotid endarterectomy (CEA).
The cumulative risk for stroke in asymptomatic patients is the
sum of the perioperative stroke risk for CEA and the residual
perioperative stroke risk for the general surgical procedure.
This cumulative risk must be significantly lower than 3.6%
to justify preemptive CEA. Therefore, asymptomatic carotid
stenosis discovered during general surgical procedure workup
does not require carotid endarterectomy. Patients with carotid
disease who present with TIAs have a 10% risk of stroke dur-
ing the subsequent year. Of the patients who develop a stroke,
20% will have their stroke within the first month and about
50% within 1 year of the TIA. After the first year, the stroke
rate decreases to about 5% per year (124). Carotid stenosis can
be managed both surgically and pharmacologically.

Two large randomized studies have defined the role of
CEA in symptomatic patients with carotid stenosis. The
North American Symptomatic Carotid Endarterectomy Trial
(NASCET) and the European Carotid Surgery Trial (ESCT)
validated the role of CEA among symptomatic patients with
severe (70% –99% ) and moderate (50% –69% ) carotid stenosis
(125). Two criteria must be met for CEA to have a beneficial
effect. First, surgical skills with a low complication rate are
essential; second, the surgical benefit must persist for several
years to justify the perioperative risk.

The benefit of antiplatelet therapy in reducing perioper-
ative stroke during CEA is unresolved. However, based on
the current level of evidence, patients should receive aspirin
prior to surgery unless there are obvious contraindications.
The optimal dose of aspirin is uncertain; however, a dose
range of 50 to 1,300 mg/day has been used in various studies
(126).

Surg e ry-sp e cific Risk
Perioperative stroke rates vary depending on the surgery-
specific risk. Currently, the noncarotid procedure associated
with the highest risk of perioperative neurologic injury is car-
diac surgery. Contemporary prospective studies report a 3%
incidence of stroke in CABG procedures, 8% in isolated valve
surgery, and 11% in combined CABG-valve surgery. Advanced
age and female gender are additional risk factors for peri-
operative neurologic injury (127). The single most important
factor for cerebral injury during cardiac surgery is macroem-
bolization of atheromatous debris during aortic manipulation.
Every attempt should be made to identify the high-risk pa-
tient with a large atheromatous burden by using epiaortic
echocardiography and minimizing manipulation of the aorta
(128).

Pre op e rat ive Evaluat ion
The history and physical examination of the patient with cere-
brovascular disease requires a thorough assessment of the car-
diovascular and neurologic system. Patients with carotid artery
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stenosis are at an increased risk of coronary artery disease.
Severe correctable CAD is evident in approximately 26% of
patients with cerebrovascular disease, whereas only 9% of
patients have normal coronary anatomy (10). Despite the in-
creased incidence of CAD in patients with carotid stenosis, the
rate of medical complications in patients undergoing CEA is
low. Paciaroni et al. (129) recorded medical complications that
occurred within 30 days after CEA in 1,415 patients enrolled
in the NASCET trial. Perioperative medical complications oc-
curred in less than 10% of patients who underwent CEA, and
only 0.4% had severe complications. Of note, perioperative
nonfatal and fatal MI occurred in only 1% of the patients and
was associated with a mortality rate of approximately 0.2% .
Therefore, recommending a CABG procedure to a patient with
symptomatic carotid disease and asymptomatic CAD is not jus-
tified, as the combined mortality and stroke rate after CABG
is higher than an expertly performed CEA.

The ACC/AHA guidelines for noncardiac surgery list CEA
as an intermediate-risk procedure where the perioperative car-
diac risk is less than 5% (11). The cardiac workup of patients
presenting for CEA can be performed within the framework of
the ACC/AHA algorithm.

Hypertension is another chronic condition that needs to be
evaluated during the history and physical examination. Hy-
pertension is a prevalent and treatable risk factor for stroke.
Treatment of systolic and diastolic hypertension results in a
36% and 42% stroke reduction, respectively (126). The pre-
operative blood pressure is important in determining the hemo-
dynamic management strategies intraoperatively. Patients with
long-standing hypertension have their cerebral autoregulatory
curve shifted to the right; therefore, a higher mean arterial
pressure may be required during periods of cerebral ischemia
to ensure adequate cerebral perfusion. Poor control of blood
pressure following CEA increases the risk of cerebral hyperper-
fusion syndrome. This complication occurs due to impairment
of cerebral autoregulation and can result in intracerebral hem-
orrhage and white matter edema. Patients with severe preoper-
ative carotid stenosis and chronic hypertension are at greatest
risk for this complication. Blood pressure should be carefully
monitored and aggressively treated if symptoms of hyperper-
fusion syndrome develop (126).

He morrhag ic Ce re b rovascular Dise ase

Ane urysmal Sub arachnoid He morrhag e
The prevalence of cerebral aneurysm in the general population
ranges between 0.2% and 7.9% (130). Subarachnoid hemor-
rhage (SAH) accounts for 2% to 5% of all new strokes in the
United States (131). The incidence increases with age, with
a higher preponderance in females and the African American
population. The vast majority of deaths occur within 2 weeks
of the rupture, with 10% occurring in the prehospital area. The
risk of re-rupture is greatest within 24 hours, and thereafter de-
creases to approximately 1% to 1.5% per day for the initial
14 days. The cumulative re-rupture risk during the first 14 days
is about 25% (132).
Preoperative Evaluation. The preoperative evaluation of the
patient with an intracranial bleed must begin with a thorough
history and physical examination. Patients with an aneurys-
mal SAH will complain of a severe sudden headache following
the ictus. Features of meningeal irritation including neck stiff-
ness and photophobia can be elicited. An altered level of con-
sciousness, seizures, and coma are found in the higher grades
of SAH. Aneurysmal subarachnoid hemorrhage is graded ac-
cording to the Hunt-Hess classification or the World Federa-
tion of Neurologic Surgeons Scale. The amount of subarach-
noid blood is evaluated using the Fischer grading system. The
quantity of blood in the subarachnoid space determines the
risk of developing delayed cerebral ischemia or vasospasm
(Table 70.16).

The initial diagnostic modality of choice is a CT scan of the
brain, which can detect SAH in approximately 95% of cases.
Once the diagnosis of a SAH is made, either a CT angiogram or
a four-vessel cerebral angiogram is performed to delineate the
cause of the SAH. A four-vessel cerebral angiogram remains the
gold standard for diagnosing an intracranial aneurysm; how-
ever, it has the disadvantage of being highly invasive and time
consuming. Furthermore, the incidence of microembolism dur-
ing this procedure is high and the risk of rebleeding is increased
(133).

The sensitivity and specificity of CT angiogram for
aneurysm detection are 87% and 100% , respectively (134).

TA BLE 7 0 . 1 6

WFNS, HUNT-HESS, AND FISCHER GRADING SYSTEM FOR SUBARACHNOID HEMORRHAGE

World Federation of Neurologic
Grade Surgeons Scale Hunt-Hess Fischer

0 Unruptured aneurysm
I Glasgow Coma Score of 15 Asymptomatic or mild headache No subarachnoid blood detected
II Glasgow Coma Score of 13–14

without focal deficit
Moderate to severe headache, nuchal

rigidity, cranial nerve palsy
Diffuse or vertical layers ≤ 1 mm

thick
III Glasgow Coma Score of 13–14

with focal deficit
Lethargy, confusion, mild focal deficit Localized clot and/or vertical

layer ≥ 1 mm
IV Glasgow Coma Score of 7–12 Stupor, moderate to severe hemiparesis,

early decerebrate rigidity
Intracerebral or intraventricular

clot with diffuse or no SAH
V Glasgow Coma Score of 3–6 Deep coma, decerebrate rigidity,

moribund

SAH, subarachnoid hemorrhage.
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The advantages of a CT angiogram compared with four-vessel
angiogram include its rapidity, decreased invasiveness, and sub-
stantially lower cost. The disadvantages include its difficulty in
detecting small and unusually located aneurysms and the use
of an iodinated contrast medium. However, in the era of cost-
consciousness, CT angiogram remains a viable option for the
diagnostic workup for aneurysmal SAH.

Magnetic resonance (MR) angiography conversely does not
require radiation exposure, and its contrast material has a sub-
stantially lower allergic and renal complication rate. MR an-
giography has a 74% to 98% detection rate for aneurysms
greater than 3 mm. However, in aneurysms smaller than
3 mm, the detection rate is generally low (133). An advantage
that MR angiography has over CT angiography is its ability
to locate aneurysms close to the cranial base. With continual
improvement in technology, the role of noninvasive cerebral
angiography is rapidly being defined and may eventually su-
persede four-vessel cerebral angiography.

Complications of Aneurysmal SAH

Central nervous system. Vasospasm or delayed cerebral is-
chemia occurs in 60% to 70% of patients following SAH, half
of whom will develop symptomatic ischemia (130). The exact
cause of vasospasm is not fully understood, but the breakdown
products of subarachnoid blood are probably responsible for
initiating the ischemia. Vasospasm begins within 4 days fol-
lowing the ictus and may last for as long as 14 to 16 days.
Vasospasm is diagnosed clinically and confirmed by transcra-
nial Doppler or angiography. The treatment of delayed cerebral
ischemia is broadly classified into preventative measures, triple-
H therapy (hypertension, hemodilution, hydration), and en-
dovascular intervention. The only useful pharmacologic agent
available for vasospasm is the calcium channel blocker ni-
modipine. It is given orally or by nasogastric tube. A Cochrane
database review of eight trials demonstrated a reduction in
poor neurologic outcome, secondary ischemia, and mortality
with oral nimodipine (135).

With aggressive multimodal therapy, morbidity from va-
sospasm can be reduced to 5% (130). Triple-H therapy involves
inducing hypertension to systolic blood pressures between 180
and 200 mm Hg. This is achieved initially with fluids and with
pressors such as phenylephrine when needed. Rheologic ben-
efits are achieved by keeping the hematocrit at approximately
30% . Care must be taken not to induce severe anemia, which
can decrease cerebral oxygen delivery and worsen ischemia.
Hydration is optimized with either a colloid or an isotonic
crystalloid. Given that the central venous pressure is a poor
indicator of intravascular volume status (136), these patients
may require placement of a pulmonary artery catheter to better
manage their fluid status (137).

Endovascular therapy for vasospasm consists of balloon an-
gioplasty and intra-arterial infusions of nimodipine or vera-
pamil; papaverine has fallen out of favor. Balloon angioplasty
is best used for large vessel spasm whereas vasodilator therapy
is useful for distal branch vasospasm.

Cardiovascular. Rupture of an intracranial aneurysm is as-
sociated with substantial cardiovascular and hemodynamic
changes. The myocardial injury following SAH is related to the
massive sympathetic discharge and is characterized by suben-
docardial contraction band necrosis. ECG abnormalities are

detected in 50% to 80% of patients following aneurysmal
SAH. The spectrum of ECG changes includes repolarization
abnormalities, ST-T wave changes, and conduction alterations.
Myocardial injury and enzyme leaks are found in 20% to 50%
of patients with abnormal postictal ECGs, whereas echocar-
diographic evidence of myocardial dysfunction is found in two
thirds of patients with elevated levels of troponin I (138).

The cardiac workup of patients with aneurysmal SAH is
determined by their premorbid cardiovascular status and the
degree of hemodynamic compromise following rupture of the
aneurysm. An ECG, cardiac enzymes, and echocardiography
should be considered for patients presenting with hemody-
namic instability. In our experience, patients with mild-to-
moderate cardiac dysfunction often require no specific cardiac
intervention, and tolerate surgery and neurointerventional pro-
cedures well. The patient with severe cardiac dysfunction may
require placement of invasive monitors such as a pulmonary
artery catheter to optimize cardiac output and cerebral perfu-
sion pressure. In a retrospective study of 453 patients, Kim et al.
(137) showed that pulmonary artery catheter-guided hemody-
namic management reduced the incidence of pulmonary com-
plications and sepsis by 8% .

Pharmacologic and mechanical intervention, such as intra-
aortic balloon counterpulsation, may also be required to sup-
port the severely dysfunctional myocardium (139). Intra-aortic
balloon counterpulsation has the added advantage of possi-
bly improving cerebral blood flow in patients with severe va-
sospasm that is refractory to traditional triple-H and neuroin-
terventional therapy (140).

Pulmonary. Pulmonary complications occur in approximately
22% of aneurysmal SAHs and are associated with a sub-
stantial risk of mortality (141,142). The most frequent pul-
monary complications are nosocomial pneumonia and pul-
monary edema. Patients at risk for nosocomial pneumonia are
those with an altered level of consciousness and with aspira-
tion of gastric contents. Neurogenic pulmonary edema occurs
from the massive sympathetic discharge following the ictus
and is characterized by disruption of the pulmonary epithelial-
endothelial barrier. Protein-rich fluid leaks into the alveoli and
results in alveoli instability and atelectasis. Pulmonary edema
can also be triggered secondary to aggressive triple-H ther-
apy. Friedman et al. (141), using logistic regression analysis,
showed a strong and independent association between pul-
monary complications and the development of symptomatic
vasospasm. The likely explanation for this phenomenon is that
patients with pulmonary compromise are treated less aggres-
sively with triple-H therapy than their counterparts with nor-
mal pulmonary function.

Evaluation of the pulmonary system begins with an assess-
ment of the neurologic status of the patient and the determina-
tion of whether he or she is able to protect the airway. Patients
with a GCS score of less than or equal to 8 require intubation
to protect the lower respiratory tract from aspiration. A chest
radiograph and arterial blood gas assessment help to assess the
degree of pulmonary dysfunction and the need for intubation
and ventilation. Ventilation strategies that should be used in-
clude a lung-protective ventilation strategy and the appropriate
use of positive end expiratory pressure.

Electrolytes. The most common electrolyte abnormality fol-
lowing SAH is hyponatremia, occurring in 30% to 40% of
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CLINICAL AND BIOCHEMICAL FEATURES OF SIADH
AND CSW

SIADH CSW

Extracellular fluid volume ↑ ↓
Sodium balance ↑ to normal ↓
Serum sodium ↓ ↓
Serum osmolality ↓ Normal to ↑
Hematocrit Normal ↑
Plasma BUN/creatinine ↓ ↑

SIADH, syndrome of inappropriate antidiuretic hormone secretion;
CSW, cerebral salt-wasting syndrome; BUN, blood urea nitrogen.

patients (142). The two major mechanisms of hyponatremia
are either the syndrome of inappropriate antidiuretic hormone
(SIADH) or cerebral salt-wasting syndrome (CSW). It is impor-
tant to differentiate these two conditions, as the management
strategies are markedly different. Table 70.17 shows the clin-
ical and biochemical features of SIADH and CSW. The most
important feature between the two syndromes is the extracellu-
lar volume, which is elevated in SIADH and decreased in CSW.
Either clinical or hemodynamic data such as pulmonary artery
occlusion pressure and ventricular end-diastolic volume must
be assessed to determine the volume status of the hyponatremic
patient. SIADH is treated with fluid restriction whereas cere-
bral salt-wasting syndrome is treated with hypertonic fluid and
salt replacement.

Other electrolyte abnormalities commonly encountered in
patients with SAH include hypomagnesemia and hypokalemia
in 37% and 27% of patients, respectively (142). Magnesium
has been shown to have a neuroprotective effect in numerous
stroke models and reverses vasospasm and infarct volume in
rat models of SAH (143,144). Van den Bergh et al. (145) con-
ducted a prospective human trial on the use of magnesium prior
to the onset of vasospasm following SAH. The study demon-
strated that magnesium infusion during the vasospasm period
decreased the incidence of “poor outcome” by 23% . Magne-
sium levels were kept between 1 and 2 mMol/L by means of a
continuous magnesium infusion. Although based on a small co-
hort, this low-cost, high-yield intervention holds great promise
for the future.

Hyperglycemia. The incidence of hyperglycemia following
SAH is 30% (142). This is due to the activation of the sympa-
thoadrenal system and the increase in stress hormones follow-
ing the ictus. Hyperglycemia is associated with a poor progno-
sis in the face of cerebral ischemia (146). Blood glucose levels
must be monitored regularly, and an insulin infusion should
be initiated if blood glucose exceeds 110 mg/dL. The salutary
effects of “ tight” glucose control are not limited to only the
central nervous system. Van den Berghe et al. (48) randomized
1,548 postcardiac surgery patients to either an intensive insulin
(80–110 mg/dL) or conventional therapy (180–200 mg/dL). In-
tensive insulin therapy was associated with a lower mortality
and a decreased incidence of acute renal failure requiring re-
nal replacement therapy. Critical illness polyneuropathy and
documented bacteremia rates were also lower in the intensive

insulin therapy arm. Tight glucose control should therefore be
an integral part of the management algorithm for the patient
with a SAH.

The proportion of deaths directly attributed to medical com-
plications following SAH is 23% (142). This is comparable to
the death rate following vasospasm and rebleeding. Therefore,
medical complications following SAH should be aggressively
sought and treated. A stepwise systematic approach to the var-
ious organ systems will help identify and treat complications
related to SAH.

SUMMARY
High-risk surgical patients present a unique challenge to the pe-
rioperative physician. Due to their multiple comorbidities and
the increasing complexity of surgery being performed, their
perioperative risk is disproportionately higher than the general
surgical population. To appropriately manage these patients,
risk factors must be identified and stratified following comple-
tion of the clinical, laboratory, and special investigations. Risk-
modification strategies may be implemented preoperatively if
they are likely to have a beneficial effect during the operative
course. Otherwise, they can be initiated postoperatively as part
of the long-term care plan for the patient.

PEARLS

■ Assessment of the high-risk patient begins with preoperative
identification, stratification, and modification of risk factors.

■ No preoperative test should be performed unless it is likely
to influence patient treatment.

■ In noncardiac surgery, the ACC/AHA algorithm provides a
structured and cost-effective evaluation strategy.

■ Dobutamine stress echocardiography is a useful preopera-
tive test to detect ischemia in patients with a limited ability
to perform exercise testing.

■ Scoring systems in cardiac surgery assist with risk profiling,
predicting mortality, and resource use.

■ Promising interventions exist for the optimization of the
severely dysfunctional ventricle.

■ Systematic reviews have now defined patient and surgery-
specific risk for postoperative pulmonary complications.

■ It is very important to assess and treat reversible airway
obstruction in chronic obstructive airway disease.

■ The risk of acute renal failure in patients with chronic renal
insufficiency is determined by comorbidities, baseline renal
function, and procedure-specific risk.

■ The RIFLE classification categorizes the severity and prog-
nosticates the outcome of acute renal failure.

■ Nondialysis-dependent chronic renal insufficiency patients
are at a high risk for perioperative renal complications; ag-
gressive management of secondary renal injury is advised.

■ The prevention of secondary neuronal injury must be the
focus of perioperative intervention.

■ Medical complications are a significant contributor to peri-
operative morbidity and mortality in aneurysmal SAH. Ag-
gressive investigation and treatment of these complications
improves outcome.
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CHAPTER 71 ■ ANESTHESIA: PHYSIOLOGY
AND POSTANESTHESIA PROBLEMS
ERAN SEGAL r A. JOSEPH LAYON

IMMEDIATE CONCERNS

Major Prob le ms

Modern anesthesia is a complex art and science that involves
exposing patients to various drugs and procedures in a con-
trolled and safe environment. Even under the best of circum-
stances, some complications occur. The overall risk of death
from anesthesia is between 1 in 112,000 and 1 in 450,000 (1).
Anesthetic-related morbidity is even more common, with res-
piratory depression noted between 1 in 500 and 1 in 1,100 pa-
tients receiving epidural narcotics, and 1 in 100 patients given
parenteral opioids (1). Studies reviewing adverse incidents and
claims due to anesthetic mishaps have shown that the most
common reasons for adverse events are due to respiratory prob-

lems, followed by neural injury and damage due to regional
anesthesia (2). The characteristics of anesthetic injuries have
changed over the past years, with an increase in problems re-
lated to cardiovascular issues and a decrease in those related to
the respiratory system (3). Patients who sustain an anesthetic
complication may require treatment in the intensive care unit
(ICU).

Airway problems are still extremely common causes for crit-
ical perioperative anesthetic mishaps, as maintaining an ade-
quate airway is the first priority in all anesthetic management.
An algorithm for airway management during anesthesia has
been formulated by the American Society of Anesthesiologists
(4) (Fig. 71.1).

In the immediate postoperative period, effects from resid-
ual anesthetic and muscle relaxants may result in airway ob-
struction, which should be quickly diagnosed and treated.
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FIGURE 71.1. American Society of Anesthesiologists difficult airway algorithm.
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Hypoventilation is also a common problem. Patients should be
aggressively monitored with pulse oximetry and capnography,
and oxygen should be given to postoperative patients until they
are shown to have adequate ventilatory drive and pulmonary
function.

STRESS POINTS
1. Postoperative acute respiratory failure is an uncommon but

dramatic complication. Several clinical diagnoses should be
explored in these situations.

2. Pulmonary edema can occur in the early postoperative pe-
riod. It is more common in patients with hypertension who
develop an acute elevation in blood secondary to the stress
response, lack of significant analgesia, or cardiac ischemia.

3. Pulmonary edema has other causes, including “negative
pressure” in a patient with partial or complete airway ob-
struction, aspiration of gastric contents during induction or
emergence, and, in special situations, a neurogenic origin in
head trauma or after evacuation of a large pleural effusion.

4. Treatment in any case of hypoxemia entails delivering a
high fraction of inspired oxygen (FiO 2) to ensure a pulse
oximetric saturation of at least 90% —that is, a PaO 2 of
about 60 mm Hg—and in more extreme cases, continuous
positive airway pressure applied by mask or tracheal intu-
bation, with or without mechanical ventilation. Although
some of these complications may resolve rapidly, patients
who develop significant hypoxemia after anesthesia and
surgery should be closely monitored in the ICU after the
event.

5. Cardiac complications also are a frequent cause of peri-
operative morbidity and mortality. Arrhythmias may occur
anytime. Although it was previously thought that ischemia,
dysrhythmias, heart failure, and myocardial infarction oc-
curred most commonly 3 to 5 days after surgery, they can
occur much earlier—on the day of surgery or the first post-
operative day (5).

6. In the patient at risk for a cardiac complication, monitoring
directed toward the diagnosis of silent ischemia or infarc-
tion may be useful. When a complication occurs, aggressive
diagnostic and therapeutic cardiac interventions may be life
saving.

7. Hypertension in the immediate postoperative period com-
monly results from lack of adequate analgesia. This problem
should be treated without delay, because heart failure and
cardiac ischemia may result from an acute hypertensive cri-
sis.

8. Goal-directed therapy is still controversial. The benefits of
aggressive monitoring and achieving normal or supranormal
hemodynamic values in patients undergoing major surgery,
who have suffered trauma, or who are septic are unclear.
At the same time, it makes sense to monitor patients at
least to a degree that allows the rapid identification and
prompt therapy of disturbed respiratory and hemodynamic
function.

9. Patients with malignant hyperthermia (MH) may develop
the syndrome at any time after exposure to a triggering agent
(e.g., potent inhalational agents or succinylcholine). When
MH is suspected, all triggering agents must be stopped. If
possible, surgery should be canceled, and dantrolene ad-
ministered (6). An MH hotline is available in many coun-

tries and can be contacted for assistance in caring for these
patients.

UPTAKE AND DISTRIBUTION OF
INHALATIONAL AGENTS

The goal of inhalational anesthesia is to develop a critical par-
tial pressure of the agent within the brain. Brain levels are deter-
mined by several discrete steps (7) (Table 71.1). The anesthesia
system is designed to present a suitable mixture of the anes-
thetic agent with air, oxygen, nitrous oxide, or a combination
of these agents. It must deliver a predictable concentration of
agents, eliminate carbon dioxide, closely control and maintain
a predictable FiO 2, and allow monitoring and control of ven-
tilation.

De live ry

The brain tissue partial pressure is responsible for the depth,
and some of the side effects, of anesthesia, and correlates closely
with the end-tidal partial pressure.

Conce nt rat ion Effe ct
The inspired concentration is important to the rate of rise of
anesthetic agent concentration in the lungs; this relationship
is termed the concentration effect and has two important ele-
ments. Consider an ideal alveolus filled with 1 mL of nitrous
oxide and 9 mL of oxygen. Assume that 50% of the nitrous
oxide is rapidly taken up by the circulation and oxygen is not
taken up at all. On completion, 0.5 mL of nitrous oxide and
9 mL of oxygen remain. Thus, the nitrous oxide concentra-
tion is decreased to 5% , whereas the oxygen concentration is
increased to 95% .

Clearly, this situation is ideal and is used only for explana-
tory purposes. If, however, 8 mL of gas is nitrous oxide, 2 mL is
oxygen, and 50% of the nitrous oxide is taken up rapidly, 4 mL
of nitrous oxide and 2 mL of oxygen remain. Under these cir-
cumstances, the remaining gas is 66% nitrous oxide and 33%
oxygen. As a rule, a higher initial inspired concentration of the

TA BLE 7 1 . 1

FACTORS GOVERNING UPTAKE AND DISTRIBUTION
OF INHALED AGENTS

DELIVERY
Inspired concentration
Concentration effect
Second gas effect
Ventilation

UPTAKE FROM LUNGS
Solubility
Cardiac output
Alveolar–mixed venous partial pressure gradient

DISTRIBUTION TO TISSUES
Solubility of agent in tissue
Blood flow to tissue
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agent results in a higher alveolar level in spite of uptake from
the lung.

Se cond Gas Effe ct
When large amounts of an anesthetic agent such as nitrous ox-
ide are rapidly taken up, the lungs do not collapse. Instead, a
subatmospheric alveolar pressure is generated as a result of the
rapid removal of this gas by the pulmonary blood flow, and a
passive inflow of additional gas from the anesthesia circuit re-
places that which is taken up. This second gas effect may have
important consequences and can be used to clinical advantage.
When another anesthetic agent is administered, its partial pres-
sure increase is also more rapid than when it is administered
alone because it is drawn into the lungs with the first agent.

Alve olar Ve nt ilat ion
Another primary factor influencing the delivery of the anes-
thetic agent is alveolar ventilation (V̇A). In other words, a
greater V̇A increases the rate at which the alveolar partial pres-
sure approaches the inspired partial pressure. This factor is
limited only by lung volume; that is, a larger functional resid-
ual capacity decreases the “wash-in” rate of the agent.

Up t ake from t he Lung s

Solub ilit y
Solubility describes the extent to which the anesthetic agent
dissolves in blood and tissues (Tables 71.1 and 71.2); the more
soluble the agent is in blood, the more is dissolved in the pul-
monary blood and the longer it takes to reach a necessary par-
tial pressure of agent in the lungs and brain. This fact represents
the key difference between inhaled agents and other commonly
used drugs. For example, 2 g of ampicillin given intravenously
is dissolved in blood, carried to the site of infection, and pro-
duces the desired pharmacologic effect. The partial pressure of
the anesthetic agent reaching the brain is the determinant of its
desired effect, but is controlled by the partial pressure achieved
in the alveoli. Thus, the greater the amount of anesthetic dis-
solved in the blood—taken away from the alveoli—the longer
it takes to develop the necessary alveolar and brain partial pres-
sures to produce anesthesia.

TA BLE 7 1 . 2

PARTITION COEFFICIENTS OF SELECTED
INHALATIONAL AGENTS (AT 37◦ C ± 0.5◦ C)

Agent Blood/gas Tissue/blood

Nitrous oxide 0.47 Brain: 1.06
Isoflurane 1.41 Brain: 2.6

Fat: 45.0
Enflurane 1.78 Brain: 1.45

Fat: 36.2
Halothane 2.36 Brain: 2.6

Fat: 60
Sevoflurane 0.69 Brain: 1.7

Fat: 48
Desflurane 0.42 Brain: 1.3

Fat: 27

An agent such as nitrous oxide, with a blood/gas partition
coefficient of 0.47, is relatively insoluble, and its alveolar par-
tial pressure increases rapidly compared with that of halothane,
which has a blood/gas partition coefficient of 2.36. The speed
of induction of a more soluble agent can be increased by in-
creasing the inspired fraction to a level well in excess of that
required for maintenance of anesthesia (7).

Card iac Out p ut
A high cardiac output increases uptake, thereby decreasing the
alveolar partial pressure of the agent. This effect is greater with
more soluble inhalational anesthetics. Thus, a longer induction
time is required for a patient with a high cardiac output, as in
thyrotoxicosis. Conversely, a patient with a low cardiac out-
put, as with compensated congestive cardiomyopathy, has a
rapid increase of alveolar partial pressure, resulting in a rapid
induction and possible overdose if care is not taken.

Alve olar–Mixe d Ve nous Ane st he t ic
Part ial Pre ssure Grad ie nt

The last major factor of importance is the influence of the
alveolar–to–central mixed venous anesthetic partial pressure
gradient. This factor relates the size of the anesthetic “sink”
to the increase or decrease in uptake from the lungs. At the
beginning of induction when the tissue anesthetic level is zero,
most of the anesthetic in the arterial blood is removed. Thus,
the venous anesthetic partial pressure is much lower than that
in the arterial blood, and a large uptake of anesthetic occurs as
the venous blood passes through the lungs. The alveolar partial
pressure of the anesthetic agent, accordingly, is reduced. How-
ever, as the tissue sinks become filled, the alveolar to venous
anesthetic partial pressure difference decreases, and this effect
is minimized.

Dist rib ut ion

Tissue Solub ilit y and Blood Flow
The tissue distribution (delivery) of the anesthetic is dependent
on two major factors (Table 71.1). The greater the solubility
of an anesthetic in a tissue, the larger the capacity of that tis-
sue for the agent. If the tissue has a large capacity but low
blood flow, equilibration takes a long time; if the tissue has
a small capacity and large blood flow, equilibration is rapid.
Tissues can be categorized according to the blood flow they
receive. The vessel-rich group is composed of the brain, liver,
heart, and kidneys. An intermediate group includes muscle and
skin. The vessel-poor group incorporates skeletal elements, lig-
aments, and cartilage, all of which have minimal blood supply.
Finally, fat has a poor blood supply but a great capacity.

Based on this division, one can easily determine when the
different groups equilibrate with the inspired fraction of anes-
thetic agent, that is, when they cease removing appreciable
amounts of the anesthetic. Nitrous oxide equilibration with
the vessel-rich group occurs within 5 to 15 minutes from the
beginning of induction. The muscle group equilibrates within
approximately 1 hour, and the vessel-poor group and fat group
equilibrate within 2 to 3 hours. When a highly fat-soluble
agent such as halothane is used for a long case in an obese
patient, significant amounts of agent are stored in fat and are
released slowly after the agent is discontinued; emergence from
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anesthesia is thereby prolonged. At the end of surgery, the fac-
tors that affect elimination of the agent from the body are the
same as those that govern the uptake and distribution at the be-
ginning. Hypoventilation lengthens the period of emergence, as
do increased cardiac output, use of a highly soluble anesthetic
agent, and an increased alveolar-to-venous anesthetic concen-
tration gradient.

Diffusion Hyp oxia
Diffusion hypoxia may be apparent at the conclusion of an
anesthetic if the patient is allowed to breathe room air while
large quantities of nitrous oxide diffuse into the alveoli and
dilute the oxygen that is present. This problem is significant
only for approximately 10 minutes and can be alleviated by
having the patient breathe 100% oxygen after discontinuation
of the nitrous oxide.

Effe ct s of Illne ss

Chang e s in Ve nt ilat ion
Organ system dysfunction can affect the uptake and distri-
bution of inhaled anesthetic agents. For example, to control
intracranial pressure (ICP) in brain-injured patients, tracheal
intubation and mechanical hyperventilation may be used. For
each l mm Hg decrease in the PaCO 2 caused by an increase in
V̇A, an approximate 3% to 4% decrease in cerebral blood flow
(CBF) occurs. If the patient is taken to the operating room, and
if hyperventilation is continued, a change in the length of time
of anesthetic induction results from three factors: increased V̇A,
decreased CBF, and solubility of the inhaled agents used for in-
duction. The induction time for a moderately soluble agent
like halothane is decreased because the increased V̇A produces
a more rapid rise in end-tidal halothane partial pressure that
offsets the decrease in CBF. For a relatively nonsoluble agent
such as nitrous oxide, induction time is increased because the
modest increase in end-tidal nitrous oxide partial pressure ob-
tained by hyperventilation is more than offset by the decrease
in CBF.

Chang e s in Card iac Out p ut
This particular example can become complicated by a decrease
in cardiac output, secondary to hyperventilation-induced alka-
lemia, and a decrease in venous return, resulting from fluid re-
striction and the effects of mechanical ventilation. The decrease
in cardiac output yields an increase in the agent’s end-tidal par-
tial pressure, whereas a decrease in CBF decreases transfer of
the agent from the lungs to the brain. With halothane, the in-
crease in the end-tidal partial pressure is sufficient to balance
the decrease in CBF; thus, the initial rise in brain partial pres-
sure may be normal. Eventually, no matter what agent is used,
the increased end-tidal partial pressure resulting from the de-
crease in cardiac output and increase in V̇A is enough to over-
come the decrease in CBF.

INHALATION AGENTS AND
ORGAN SYSTEM FUNCTION

The differential effects of various inhalation agents on organ
system function must be compared at equipotent doses. The

TA BLE 7 1 . 3

MINIMUM ALVEOLAR CONCENTRATION IN
PATIENTS AGED 31–55 YRS

Halothane 0.75%
Isoflurane 1.15%
Enflurane 1.68%
Nitrous oxide 110% a

Desflurane 6%
Sevoflurane 2.05%

aObtainable only under hyperbaric conditions.

minimum alveolar concentration (MAC) is the amount of an
inhalational agent that prevents movement in 50% of patients
in response to surgical incision (Table 71.3). In neonates, the
MAC is less than in children, adolescents, and young adults.
After approximately 31 years of age, the MAC value begins to
decrease; theoretically, the value for a patient 100 years of age
is only 25% to 50% that of a young adult.

Circulat o ry Effe ct s

Blood pressure is decreased with the use of all inhalational
agents. This may be due to decreased contractility as with
halothane, or due to decreased systemic vascular resistance as
with isoflurane or desflurane (7). There is some concern re-
garding the effect of inhalational anesthetics on the coronary
circulation. Isoflurane and desflurane lead to coronary vasodi-
latation and may cause ischemia, although desflurane probably
has a significantly lesser effect on coronary blood flow than the
other inhalational agents (8). The effect of both isoflurane and
desflurane on contractility is less than halothane and enflurane
(8).

Card iac Rhyt hm
Of the several methods for evaluation of the effects of inhala-
tional agents on cardiac rhythm, a common procedure is to
determine the dose of epinephrine required to produce three or
more premature ventricular contractions in 50% of normal pa-
tients breathing oxygen and anesthetized at 1.25 MAC (Table
71.4). With halothane, 2.1 µ g of epinephrine/kg body weight
is required to produce rhythm abnormalities; if the epinephrine
is given with 0.5% lidocaine, the required dose increases to 3.7
µ g/kg. With isoflurane, 6.7 µ g/kg of epinephrine is needed, and
with enflurane, approximately 10.9 µ g/kg is required. Desflu-
rane and sevoflurane have properties similar to those of enflu-
rane. Thus, halothane is the most and enflurane, desflurane,
and sevoflurane are the least arrhythmogenic of the potent in-
halation anesthetic agents. Inhalational agents may lead to pro-
longation of the QT segment; desflurane at a concentration of
6% led to a significant increase in QT c in children, whereas
2% sevoflurane did not (9).

Hyp oxic Pulmonary Vasoconst rict ion
Hypoxic pulmonary vasoconstriction (HPV) may be impaired
when potent agents are used. If inhaled concentrations of
halothane or enflurane are increased in vitro from 1 to 2 MAC
and PaCO 2 is held constant, the local response to hypoxia is
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TA BLE 7 1 . 4

RESPIRATORY AND CIRCULATORY EFFECTS OF THE INHALATION AGENTS

N 2O Halothane Enflurane Isoflurane

Respiratory
V̇E ↓ ↓ ↓ ↓ ↓ ↓ ↓
% awake response to CO2 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓
% awake response to hypoxia — ↓ ↓ ↓ ↓ ↓

Circulatory
% awake ballistocardiogram — ↓ ↓ ↓ θ
% awake cardiac output θ ↓ ↓ θ
% awake stroke volume θ ↓ ↓ ↓ ↓
µ g/kg epinephrine for three or

more PVCs
— 2.1–3.7 10.9 6.7

—, no data; θ, no change; ↓ , decrease of ≤ 33% ; ↓ ↓ , decrease of ≤ 66% ; ↓ ↓ ↓ , decrease of ≥ 66% ; PVCs,
premature ventricular contractions; N 2 O, nitrous oxide; V̇E, expired volume per min; CO 2, carbon dioxide.

unchanged. Under these same conditions using isoflurane, HPV
seems to be significantly impaired; with desflurane, HPV is in-
hibited in a concentration-dependent fashion (10). However,
the clinical significance of the difference between the anesthetic
agents in this regard is not clear. When looking at a porcine
model of one-lung anesthesia, neither isoflurane nor desflu-
rane were found to have a deleterious effect on oxygenation
(11).

Re sp irat ory Effe ct s

All inhalational agents are respiratory depressants. Decreases
in minute ventilation at 1 MAC are 20% with nitrous oxide,
28% with halothane, 34% with isoflurane, and 71% with en-
flurane. The ventilatory response to an elevation in PaCO 2 at
1 MAC is decreased by 50% with nitrous oxide, 60% with
halothane, 35% with isoflurane, and 45% with enflurane (Ta-
ble 71.4). The response to hypoxia is depressed by 30% with
halothane, 40% with isoflurane, and 45% with enflurane.
There is probably some genetic predisposition in the sensitivity
to the different anesthetic agents. It has been shown in animal
models that subjects may respond differently to the different
anesthetics, but at a dose of 0.5 MAC, all anesthetics blunt the
response to hypercapnia (12).

He p at ic Effe ct s

Up to 20% of patients may demonstrate mild disturbances in
liver function following anesthesia with halothane; these ef-
fects present as mild abnormalities of liver function tests (7).
They may also be due to other physiologic disturbances such
as hemodynamic abnormalities during surgery or blood trans-
fusion. The incidence is lower when other inhalational agents
are used, and to some degree this has been one of the reasons
for the marked reduction in the use of halothane as a common
anesthetic agent, which is the concern regarding halothane hep-
atitis.

Patients who underwent surgery and anesthesia with isoflu-
rane and halothane manifested a slight increase in alanine
aminotransferase (ALT), aspartate aminotransferase (AST),

and lactate dehydrogenase. The changes seen with halothane
may be greater than those observed with isoflurane. A com-
parison of low-dose sevoflurane, high-dose sevoflurane, and
isoflurane showed comparable mild increases in liver enzymes
following a prolonged (greater than 10 hours) exposure in pa-
tients undergoing orthopedic surgery (13). A statistically sig-
nificant increase in bromsulphthalein retention on the second
postoperative day also was seen with halothane and isoflurane.
The increase was greater with halothane. Neither desflurane
nor sevoflurane seems to have hepatotoxic properties (14).

Re nal Effe ct s

All potent inhalation agents result in a dose-dependent decrease
in renal blood flow from 25% to 50% , glomerular filtration
rate from 23% to 40% , and urine flow from 35% to 67% . No
change in creatinine clearance or ability to concentrate urine in
response to subcutaneous injection of vasopressin occurs after
the use of isoflurane, halothane, or enflurane. However, when
comparing high- and low-dose sevoflurane to isoflurane, no sig-
nificant changes in renal functions were observed in any of the
groups (13). In patients with preoperative renal impairment,
anesthesia with either desflurane or isoflurane did not lead to
worsened renal function (15).

Immune Funct ion

Anesthesia and surgery may impair immune system function, at
least in vitro (Table 71.5) (16). Serious questions as to cause and
effect and the relevance to clinical outcome have been raised.
There are many effects on nonspecific immune system compo-
nents (17).

An element of immune dysfunction may be caused by stress,
with elevations in norepinephrine, epinephrine, steroids, in-
flammatory mediators, and other mediators of the stress re-
sponse. If this supposition is true, perhaps different anesthetic
techniques (18,19), or even the use of sympathetic blockade,
might ameliorate these responses perioperatively and thus de-
crease some of the reported abnormalities.
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TA BLE 7 1 . 5

EFFECTS OF INHALATION AGENTS ON IMMUNE FUNCTION

N 2O Halothane Enflurane Isoflurane

Monocyte function ? ↓ ? ?
Natural killer cell activity ↑a ↓ , ? ? ?
ADCC K-cell activity ? ? ? ?
Neutrophil function ? ↓ ↓ ↓
Lymphocyte function θa ↓ , ? ↓ , ? ?

θ, no change; ↑ , activity/function increased; ↓ , activity/function decreased; ?, needs study; ADCC,
antibody-dependent cellular cytotoxicity; N 2O, nitrous oxide.
aUsed with intravenous anesthesia.

Phag ocyt osis
Phagocytosis reportedly is depressed perioperatively, perhaps
because of surgical stress and the direct effects of inhalation
anesthetic agents (17). Everson et al. (20) showed increased
monocytic function in the first 24 hours postoperatively in pa-
tients who had undergone an operative procedure for nonma-
lignant disease. Patients who underwent surgery for carcinoma
had no change in monocytic function. Shennib et al. (21) be-
lieve that some members of the mononuclear phagocytic sys-
tem are affected by the stress of nutritional depletion and may
take up to 3 weeks to recover. How standard measures of im-
munocompetence correlate with the functioning of the alveolar
macrophage, abnormalities of which may put the patient at risk
for pulmonary infection, is unclear.

Kille r Ce lls
Natural Killer Cells. Natural killer (NK) cells are cytotoxic to
target cells and do not require the presence of complement or
specific antibody to perform their killing function. The effect
of surgery—laparotomy versus laparoscopy in patients under-
going surgery for benign disease—was shown to have an effect
on cell-mediated immunity, but not on NK cell function (22)
(Table 71.5). Tonnesen et al. (23) showed that NK cell activity
increased in the perioperative period, returning toward normal
by the second postoperative day after intravenous anesthesia.
The reasons for and significance of these changes are unclear.
The same group showed that the use of epidural anesthesia
abolished the suppressive effect of surgery and anesthesia on
NK cells (24). On the other hand, Katzav et al. (25) showed
that mice exposed to ketamine or halothane, but not to ni-
trous oxide or sodium thiopental, had significantly decreased
NK cell function 5 days after exposure. This decrement in NK
cell function was significantly improved by treatment of ex-
posed mice with polyinosinic-polycytidylic acid (100 µ g in-
traperitoneally). This agent is an NK cell modulator that aug-
ments activity through interferon induction. Page et al. (26)
also found that surgical stimulation depleted NK cell number
and decreased NK activity; the use of morphine for pain control
mitigated the measured immunologic effects of surgical stress.

Ne ut rop hils
Data on neutrophil function during and after surgery and anes-
thesia are more abundant but also conflicting (Table 71.5).
Nakagawara et al. (27) reported that halothane, enflurane, and

isoflurane depress superox ide production—the reactive oxygen
species produced by neutrophils during phagocytosis—in part
because of a decrease in the mobilization of intracellular cal-
cium. In an accompanying editorial, Welch (28) suggested that
calcium-blocking properties of potent inhalational agents may
cause neutrophil dysfunction. He noted that the volatile anes-
thetics, whose potency is correlated with lipid solubility, may
prevent the release of membrane-bound intracellular calcium,
as well as calcium influx, by occupying hydrophobic sites in
the cellular membranes.

In patients undergoing various types of surgery, Ciepichal
and Kubler found a decrease in chemotactic, phagocytic, and
bactericidal activity after both regional and general anesthe-
sia (29). In contrast, using intravenous anesthetic agents, van
Dijk et al. (30) found no changes in neutrophil phagocytosis,
chemotaxis, or chemoluminescence. Perttila et al. (31), using
“balanced” anesthesia, consisting of both intravenous and rel-
atively small doses of inhalation anesthetic agents, found mini-
mally depressed neutrophil function that returned to preinduc-
tion values by the third postoperative day.

Lymp hocyt e s
Lymphocyte function is believed to be impaired in the critically
ill. Surgical procedures, including corneal transplantation, di-
lation and curettage, transurethral resection of the prostate,
arthroplasty, open heart procedures, cholecystectomy, nephrec-
tomy, herniorrhaphy, and others, show a decrease in lympho-
cyte response to mitogens, such as phytohemagglutinin and
concanavalin A, which stimulate most T cells, and pokeweed
mitogen, which stimulates proliferation of T cells and B cells.
The suppressive effect of surgery on lymphocyte function is de-
pendent to a degree on the anesthetic technique chosen. Volk
et al. showed that postoperative epidural analgesia can reduce
the effect of surgery on lymphocytes but not on monocytes
(32).

He morrhag ic St re ss-ind uce d Se rum Fact or
Abraham and Chang (33) reported a hemorrhagic stress-
induced serum factor that depresses lymphocyte proliferation,
is heat stable and dialyzable, and has a molecular weight be-
tween 13,000 and 23,000 daltons. This factor, or group of
factors, seems to suppress lymphocyte proliferation in a rapid
and irreversible manner, and may have some significance in the
suppression of cell-mediated immunity in response to the stress
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of anesthesia and surgery. Recently, extension of this work
showed that after an approximate 30% loss of calculated blood
volume, mice exposed to bacterial antigen produce significantly
less antigen-specific antibody than did exposed but nonhemor-
rhaged animals (34). Potent inhalation agents also may cause
lymphocyte dysfunction. However, this area is poorly studied
and controversial.

INTRAVENOUS AGENTS

Narco t ics

Ge ne ral Prop e rt ie s
Although opiates have been used for thousands of years, mor-
phine sulfate was first isolated from opium in 1803. Near the
end of the 19th century, morphine and scopolamine, in doses
of 1 to 3 mg/kg, were used intramuscularly or intravenously
to provide “complete” anesthesia. Because of the increasing
operative morbidity and mortality seen with this technique, it
rapidly fell into disfavor. However, the use of high-dose nar-
cotics for anesthesia again was popularized in the 1970s.

In 1973 Pert and Snyder demonstrated the specific binding
sites for opiates in the central nervous system (35). Since then,
the opiate receptor complex has been delineated and three ma-
jor receptor groups have been described: µ , δ, and κ. The main
drugs available for pain relief are relatively selective for the µ -
receptor. These drugs also affect the respiratory, cardiovascular,
gastrointestinal, and neuroendocrine systems (36).

Modern anesthesia practice has a diverse group of nar-
cotic drugs at its disposal, including morphine, meperidine,
methadone, fentanyl, alfentanil, sufentanil, and more recently
remifentanil. Problems with morphine include recall, histamine
release, prolonged postoperative respiratory depression, hyper-
tension, and increased blood and fluid requirements because of
vasodilation. Synthetic drugs related to the phenylpiperidines,
such as fentanyl, sufentanil, alfentanil, and remifentanil, do not
induce histamine release, nor do they increase blood and fluid
requirements. Their use in anesthetic practice is common—less
so for alfentanil and increasingly so for remifentanil—because
of a rapid time to onset; a short duration of effect, which
allows titration to effect; and relative hemodynamic stability

(36). Remifentanil, in particular, has a time to effect that is very
rapid, and since it is metabolized by plasma esterases, it has a
half-life of 8 to 20 minutes independent of liver or renal func-
tion. This makes the drug ideal for situations in which rapid
discontinuation of a drug is required to enable assessment of
consciousness, such as in patients following neurosurgical pro-
cedures or head injury.

Generally speaking, healthier patients require larger doses
of drugs than sicker, older patients. If 30 µ g/kg of fentanyl is
given to patients ages 18 to 31 years, 57% lose consciousness;
if, however, the same dose is given to patients over 60 years,
100% lose consciousness. Narcotic drugs, though, cannot be
depended upon to provide complete anesthesia, which requires
amnesia, hypnosis, and muscle relaxation to enable safe surgery
without awareness or patient discomfort. To this end, the addi-
tion of intravenous hypnotics and muscle relaxants, or inhaled
agents, is required.

Pharmacokine t ics/ Pharmacod ynamics
Selected pharmacokinetic data for four commonly used opi-
oids are summarized in Table 71.6. Similarities between the
redistribution and elimination half-lives and the clearance and
steady-state volume of distribution are noteworthy. The ma-
jor difference is in lipid solubility, which correlates with po-
tency. Interestingly, the peak respiratory depressant effect of
morphine is 15 to 30 minutes after injection, but with fen-
tanyl, it occurs at 5 to 10 minutes. The depressant effect from
morphine usually lasts longer, although that of fentanyl can be
seen even after the analgesic effect of that drug has dissipated.
Remifentanil is unique in that it has a rapid onset and offset of
effect, even when delivered for a prolonged infusion. Because
of these traits, it is very useful as an adjunct in different types
of anesthesia (37,38).

He mod ynamic Effe ct s
Hypotension can be a significant problem with morphine in
a dose of 1 to 4 mg/kg. During induction of anesthesia with
morphine, systolic blood pressure may decrease to less than
70 mm Hg in 10% of patients. Possible mechanisms include
vagal-induced bradycardia, vasodilation, and splanchnic blood
sequestration. The rate of infusion seems to be important, be-
cause hypotension seldom occurs at rates of 5 mg/minute or

TA BLE 7 1 . 6

SELECTED PHARMACOKINETIC DATA FOR FOUR OPIOIDS

Morphine Fentanyl Sufentanil Remifentanil

Lipid solubilitya 1 580 1778 50
t1/2 π (min)b 0.9–2.4 1–3 0.5–2 1
t1/2 α (min)c 10–20 5–20 5–15 6
t1/2 β (h)d 2–4 2–4 2–3 0.06
Clearance (mL/kg/min) 10–20 10–20 10–12 40–70
Vdss (L/kg)e 3–5 3–5 2.5 0.2–0.3

aProportional to ease with which agent crosses blood–brain barrier and, hence, potency.
b t1/2 π , rapid redistribution half-life.
c t1/2 α , slow redistribution half-life.
d t1/2 β , elimination half-life.
eVdss, steady-state volume of distribution.
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less, but is frequently seen at rates of 10 mg/minute. Morphine
as an induction agent in anesthesia is not common today be-
cause of the availability of other narcotic drugs with more sta-
ble hemodynamic profiles.

Some of the effects of morphine seem to result from his-
tamine release. After a 1 mg/kg intravenous dose of morphine,
histamine increases four to nine times above the control values.
Treatment with H 1 (diphenhydramine) and H 2 (cimetidine)
blockers attenuates the cardiovascular response to histamine.
Fentanyl, 30 to 100 µ g/kg, rarely causes hypotension, even in
patients with poor left ventricular function, perhaps because
it does not cause histamine release. No significant changes in
contractility, heart rate, cardiac output, or systemic or pul-
monary artery occlusion pressure occur. When blood pressure
decreases with fentanyl, it is often secondary to a decrease in
heart rate and is attenuated with a vagolytic agent. Remifen-
tanil has a beneficial hemodynamic profile, similar to fentanyl.
When induction of anesthesia using fentanyl was compared
with remifentanil, the incidence of bradycardia, hypotension,
and ischemia was the same between the two drugs (39).

Re sp irat ory Effe ct s
Significant dose-dependent respiratory depression can occur
with opioids. Both the end-tidal partial pressure of carbon
dioxide and the apneic threshold—defined as the PaCO 2 below
which spontaneous ventilation is not initiated unless hypoxia is
present—are increased. Hypoxic ventilatory drive is decreased
and the increase in ventilatory drive seen with increased air-
ways resistance is blunted. The pontine and medullary centers
for respiratory rhythmicity also are impaired, resulting in in-
creased respiratory pauses and delayed exhalation, producing
irregular and periodic breathing.

A possible concern with the use of morphine is the possible
triggering or worsening of bronchospasm due to histamine re-
lease. This does not occur with fentanyl, sufentanil, or remifen-
tanil. Another issue to consider is the possible effect of fentanyl
and its derivatives to cause chest wall rigidity. This is probably a
condition of hypertonicity of striated muscle, which can occur
during induction of anesthesia using fentanyl or similar drugs.
While the mechanism is not well understood, it apparently does
not result from a direct effect of the opioid on muscle fibers or
on the neural components of muscle. Rather, it may result from
stimulation of γ -aminobutyric acid (GABA) receptors located
on interneurons. When it occurs, it can lead to difficulties in
ventilating the patient; treatment is commonly with a muscle
relaxant.

Ne uro log ic Effe ct s
Alterations in neurophysiology are common with opioids.
Morphine, at a dose of 1 to 3 mg/kg with 70% nitrous ox-
ide, has no effect on CBF, cerebral metabolic rate for oxygen
(CMRO 2), or cerebral metabolic rate for glucose (CMRG). In
a rat model of subarachnoid hemorrhage, morphine 1 mg/kg
led to a decrease in cerebral blood flow, but autoregulation was
better maintained than in the control group (40). Fentanyl, in
a model of traumatic brain injury, did not lead to a reduction
in CBF despite a decrease in arterial blood pressure (41).

Gast ro int e st inal Effe ct s
The effects of analgesic doses of opioids on the gastrointestinal
system are well known and include emesis secondary to stimu-
lation of the chemoreceptor trigger zone in the area postrema

TA BLE 7 1 . 7

OPIOID EFFECT ON STRESS RESPONSE

Morphine Fentanyl
(1–4 mg/kg) (50–100 µ g/kg)

Catecholamines ↑ ↓ θ to ↑
Cortisol θ to ↑ ↓
HGH θ ↓
ADH ↑ θ

θ, no change; ↑ , activity/function increased; ↓ , activity/function
decreased; HGH, human growth hormone; ADH, antidiuretic
hormone.

of the medulla; increased gastrointestinal secretions; decreased
motility that also may affect emetic action; and increased
smooth muscle tone of the gastrointestinal tract and the sphinc-
ter of Oddi. Reports suggesting that the agonist–antagonist
narcotics, nalbuphine or butorphanol, cause a lesser increase
in gastrointestinal tract tone are controversial.

St re ss
The effect to which a given drug ameliorates the surgical
stress response may be important to immune system function
and nutritional balance; however, the associated clinical rele-
vance, as with the potent inhalational agents, remains contro-
versial. High-dose, as compared to low-dose, fentanyl for ab-
dominal surgery can suppress the stress response with regard
to catecholamines and corticosteroids (42). When comparing
high-dose alfentanil to balanced anesthesia with fentanyl and
droperidol, Moller et al. found that the increase in cortisol and
hyperglycemia associated with surgery were decreased for the
duration of surgery and the 1 to 3 hours following surgery
(43). The effects of morphine and fentanyl on metabolic re-
sponses are shown in Table 71.7; these data are drawn from
several series, including those with patients undergoing cardiac
surgery.

Immune Funct ion
As is the case with inhalational agents, controversy exists con-
cerning the narcotic effects on cellular immune system function.
In a rat model inoculated with lung tumor cells, high-dose fen-
tanyl suppressed NK function and led to an increase in the
number of metastases (44). This type of immune suppression is
not due to the impairment of ventilation. Fentanyl led to sup-
pressed NK cells in rats that were ventilated to the same degree
as rats breathing spontaneously (45).

McDonough et al. (46) and Brown et al. (47) suggest that
a transient impairment of in vitro cellular immunity is demon-
strable in opiate addicts. After treatment of lymphocytes with
naloxone, or after cessation of intravenous opiate adminis-
tration, the response to mitogen stimulation returns toward
normal. Whether this apparent impairment of cellular immune
function is caused by contaminants in the intravenous opioid
obtained by drug abusers or whether it is a more specific effect
of opioids in general is unclear. Balanced anesthesia, including
fentanyl, has no depressive effects on the mitogen responses
of lymphocytes. But large-dose fentanyl impairs NK cell ac-
tivity following abdominal surgery (48). When atropine and
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TA BLE 7 1 . 8

SELECTED PHARMACOKINETIC DATA FOR NONOPIOID INTRAVENOUS ANESTHETICS

Thiopental Propofol Diazepam Lorazepam Midazolam Ketamine

t1/2 α (min)a 2–4 2–4 10–15 3–10 7–15 7–17
t1/2 β (h)b 10 1–3 20–40 10–20 2–4 2–3
Clearance (mL/kg/min)c 2.6–2.8 20–40 0.2–0.5 0.7–1 4–8 18–20
Vdss(L/kg)c,d 1.4–2.8 2.8–7.1 0.85–1.4 0.7–1.3 1–1.8 2.8–3.6

a t1/2 α , slow redistribution half-life.
b t1/2 β , elimination half-life.
cVdss, steady-state volume of distribution.
d Assume a 70-kg person.
Modified from White PF. Propofol: pharmacokinetics and pharmacodynamics. Semin Anesth. 1988;7(Suppl):4.

meperidine are used as premedication, a small number of pa-
tients show a decrease in lymphocyte response to mitogens.

Barb it urat e s

Thiobarbiturates (e.g., sodium thiopental and methohexital)
are frequently used. In contradistinction to other barbiturates,
the thiopental ring structure has a sulfur atom in place of the
oxygen atom at carbon-2. Methohexital, while retaining its
carbon-2 oxygen atom, has a methyl group that replaces the
hydrogen at the nitrogen-1 position of the ring. These chemical
changes confer ultrashort onset and offset action compared
with other barbiturates. Sodium thiopental usually comes in a
2.5% solution with a pH greater than 10, causing the drug to
be irritating if accidentally extravasated. Methohexital is two
to three times more potent than thiopental.

Pharmacokine t ics/ Pharmacod ynamics
The pharmacokinetics of thiopental, as well as other commonly
used nonnarcotic, intravenous anesthetic agents, are summa-
rized in Table 71.8. Thiopental is a highly lipophilic agent with
a pKa of 7.6 and is 60% nonionized at pH 7.4. With a stan-
dard clinical dose of 3 to 5 mg/kg, loss of consciousness oc-
curs within one arm–brain circulation time, that is, 10 to 15
seconds. The short duration of action of this drug—5 to 10
minutes—is secondary to its redistribution from the brain to
muscle, skin, and, to a lesser extent, fat. The elimination half-
life of the drug is long, making thiopental into a long-acting
drug when a large enough dose has been given to saturate the
redistribution compartment. Less than 1% of the administered
drug appears unchanged in the urine; hepatic metabolism is
important for its inactivation. Seventy to eighty-five percent of
thiopental is albumin bound in the blood. Thus, factors that
decrease albumin binding also decrease the amount of drug
needed for the appropriate anesthetic effect. Renal and hepatic
impairment also decrease the amount of drug necessary as a
result of decreased albumin.

Methohexital is only slightly less lipid soluble than sodium
thiopental and is somewhat less ionized at pH 7.4. The onset
and duration of loss of consciousness are approximately the
same as with thiopental because of its rapid redistribution, with
an elimination half-life of 3 to 5 minutes. Because it is more
dependent on hepatic blood flow for clearance, any changes in
flow are more significant for its final elimination.

Ne uro log ic Effe ct s
The mechanisms of action of the barbiturates are multiple and
dose related. At clinically relevant doses, two effects are seen:
facilitation of action of inhibitory—GABA—neural transmit-
ters and inhibition of excitatory neural transmitter action. A
barbiturate-induced increase in GABA neuronal hyperpolar-
ization is believed to be related to an increase in the time that
chloride (Cl− ) ion channels remain open. Specifically, barbitu-
rates seem to decrease the frequency of channel opening while
increasing the duration of opening. Within the central ner-
vous system (CNS), sodium thiopental results in a decrease
in CMRO 2, CBF, and ICP. It is thus used sometimes as a drug
to reduce intracranial pressure and improve cerebral hemody-
namics while providing a degree of brain protection.

Card iore sp irat ory Effe ct s
Cardiovascular effects of thiopental are of some significance.
Increases in coronary blood flow, heart rate, and myocardial
oxygen consumption occur, together with a decrease in the in-
otropic state of the myocardium. The result is a 10% to 25%
decrease in cardiac output, blood pressure, and stroke volume
at clinically relevant doses. Venous tone may also decrease, re-
sulting in decreased preload. At doses of 3 to 5 mg/kg, the re-
sponses to carbon dioxide elevation and hypoxia are impaired.
After injection of thiopental, patients usually take two to three
deep breaths—and often yawn—and then become apneic.

In an in vitro model of peripheral blood monocytes, bar-
biturates were found to decrease the ability to proliferate and
produce cytokines (49). In patients who are given continuous
barbiturate infusion, there may be an effect on immune func-
tion and they may be more prone to develop infections (50).

Prop ofo l

Propofol is an intriguing intravenous anesthetic agent. It is a
sedative–hypnotic agent, similar to the thiobarbiturates and
benzodiazepines that may be used for induction and mainte-
nance of anesthesia. The agent is not antianalgesic—as are the
thiobarbiturates—but is reported to have minimal amnestic ef-
fects (51). An alkylphenol, propofol is virtually insoluble in
aqueous media and thus is provided in a 1% weight/volume
(Intralipid) emulsion. The emulsion is composed of 1% di-
isopropylphenol (propofol), 10% soybean oil, 2.25% glycerol,
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and 1.2% purified egg phosphatide. Histamine release is not
a problem with this formulation. Propofol is 95% to 99%
plasma protein bound; whereas the pH of the emulsion is 7
to 8.5, the drug itself is slightly acidic. A newer formulation
of 2% propofol is used for prolonged sedation in critically ill
patients (52).

Pharmacokine t ics/ Pharmacod ynamics
The basic pharmacokinetic data of propofol are shown in Ta-
ble 71.8. Like the thiobarbiturates, propofol is extensively dis-
tributed into vessel-rich tissues, and ultimately redistributed to
lean muscle and fat. The pharmacokinetic data suggest that
accumulation occurs with repeated bolus injections or contin-
uous infusion. Propofol is metabolized to water-soluble, highly
polar glucuronide and sulfate conjugates; the metabolites are
not thought to be active and are excreted in the urine. Almost
none of the parent drug is found in urine (less than 0.3% ) or
stool (less than 2% ); extrahepatic metabolism or extrarenal
elimination might occur.

In comparing propofol with the other agents in Table 71.8,
one observes the high clearance and the short elimination half-
life. This profile, one of the reasons that the agent is so appeal-
ing, may be increased by age (decreased clearance and dose
requirement), obesity (increased clearance and volume of dis-
tribution), and type of procedure; with major intra-abdominal
surgery, volume of distribution increases and the elimination
half-life is prolonged, as well as with the use of narcotics and
potent inhaled anesthetic agents (decreased hepatic blood flow
with a prolonged elimination half-life).

With intravenous injection in a non–premedicated patient, a
propofol dose of 2 to 2.5 mg/kg results in loss of consciousness
in less than 60 seconds; rapid intravenous injection of 1 to 1.5
mg/kg in the elderly or a patient who has been given narcotic or
benzodiazepine premedication is often sufficient for induction.

Anesthetic depth is assessed by changes in the respiratory
rate in spontaneously breathing patients or by increases in heart
rate, blood pressure, and autonomic activity in those receiving
a balanced anesthetic technique. A need to increase the anes-
thetic depth may be met by increasing the infusion rate or aug-
menting with 20- to 40-mg boluses intravenously. A relatively
linear relationship exists between maintenance infusion rate of
propofol and the resultant blood levels of the agent. Nonethe-
less, as with other intravenous agents, interpatient variability
is such that a given dosage rate can result in levels that vary by
three- to sixfold.

A fairly predictable relationship also exists between the ad-
equacy of anesthetic depth and the blood levels of propofol.
For example, to achieve an adequate level of anesthesia, blood
levels of the drug must be higher (3–6 µ g/mL) for major as
opposed to superficial (2–4 µ g/mL) surgical procedures. The
former blood level is frequently obtained, notwithstanding in-
terpatient variability, with infusion rates between 100 and 150
µ g/kg/minute.

Finally, the probability of awakening is reasonably pre-
dicted by observing blood levels. More than 50% of persons
are awake with a level of 1 µ g/mL, over 95% are awake and
oriented with a level of 0.5 µ g/mL, and most will have recov-
ered baseline psychomotor function when the propofol level is
0.2 µ g/mL. For propofol, the effective dose in 50% of patients
studied (ED50), which is analogous to MAC for potent inhala-
tion agents, is 53.5 µ g/kg/minute (95% confidence limits; 39.9–
63 µ g/kg/minute) (53).

Ne uro log ic Effe ct s
The mechanisms of action of propofol are unclear. Propofol can
cause desynchronization of the awake electroencephalographic
(EEG) pattern when a loading dose of 2.5 mg/kg followed by an
infusion of 100 to 200 µ g/kg/minute are used; this effect is seen
within 60 seconds of intravenous administration. Propofol in
a dosage of more than 150 µ g/kg/minute results in EEG burst
suppression lasting 15 seconds or longer; the EEG returns to
the awake state within about 11 minutes after the drug infusion
is discontinued.

Some evoked potentials are altered by the drug. The la-
tency of the primary complex may be increased and its am-
plitude decreased in median nerve and posterior tibial nerve
somatosensory-evoked potentials. Propofol leads to a dose-
related decrease in CBF and CMRO 2, and leads to progres-
sive EEG suppression with increasing dose of propofol (54).
For this reason, propofol is used in patients with intracranial
disease and is frequently employed in the ICU for long-term
sedation.

Card iovascular Effe ct s
Like thiopental, propofol produces a dose-dependent decrease
in systolic, diastolic, and mean arterial blood pressure; this
effect is enhanced by narcotic premedication. Profound car-
diovascular depression may be seen when propofol is used in
elderly or hypovolemic patients and those with impaired ven-
tricular function. Despite the decrease in blood pressure, heart
rate remains relatively stable; this response is thought to be
caused by a central sympatholytic or vagotonic effect rather
than by impaired baroreceptor sensitivity.

The agent is a negative inotrope and, when used in patients
with ischemic heart disease, has been associated with an in-
crease in myocardial lactate production. Yet, a recent study de-
scribed the hemodynamic effects of propofol infusion on criti-
cally ill adults and reported no significant reductions in cardiac
output, oxygen delivery, oxygen consumption, or arterial blood
lactate concentrations (55).

Re sp irat ory Effe ct s
Apnea is seen on induction with propofol in 30% to 60% of
unpremedicated patients, and in virtually 100% of those pre-
medicated with narcotics. Whereas the incidence of apnea is
about the same as that seen with the thiobarbiturates, the du-
ration tends to be somewhat longer. When breathing resumes,
the tidal volume is decreased and the slope of the carbon diox-
ide response curve is decreased by 40% to 60% . The response
to hypoxia is also significantly blunted by propofol (56). Ad-
juvant use of narcotics further depresses respiratory drive.

Ot he r Effe ct s
Propofol does not seem to have any clinically relevant adverse
effect on the production of cortisol, although intravenous anes-
thesia with propofol and remifentanil does lead to a decreased
stress response including cortisol production compared to bal-
anced anesthesia with inhalational agents (57). It does not af-
fect the coagulation profile as measured by the thrombin time,
prothrombin time, partial thromboplastin time, fibrinogen
level, titer of fibrin degradation products, and platelet number
and function.

Up to 58% of patients with an intravenous catheter in the
dorsum of the hand reported pain on injection of propofol;
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this number decreased to about 10% if the drug was injected
through a vein in the antecubital fossa. Administration of li-
docaine through the cannula just before injection of propofol
may decrease the pain. Younger patients require a higher dose
of lidocaine to suppress the injection pain of propofol (58).

Although for the most part propofol is a very safe drug,
in recent years a syndrome of severe hemodynamic compro-
mise with bradycardia up to asystole combined with severe
metabolic acidosis. This entity has been termed propofol infu-
sion syndrome and has been described initially in children and
then in adults undergoing anesthesia but also during propo-
fol administration for sedation in the ICU (59). An association
with acute lung injury has also been reported (60). The patho-
physiology of the propofol infusion system is unclear and var-
ious theories have been suggested, such as an effect on mito-
chondrial function leading to extreme metabolic acidosis and
rhabdomyolysis. Other theories include a genetic predisposi-
tion of mitochondria to dysfunction induced by the propo-
fol or problems with lipid metabolism, particularly in patients
who have a low carbohydrate input (61). Risk factors include
a high dose of drug and its prolonged administration. Most
patients described had a neurologic etiology for their critical
illness such as trauma or status epilepticus (62), but other clin-
ical settings such as sepsis or nonneurologic trauma have also
been described (63,64).

Be nzod iaze p ine s

The benzodiazepines of most significance in anesthesia and
critical care are diazepam, lorazepam, and midazolam (Table
71.8). Diazepam and lorazepam are insoluble in water. Mida-
zolam, because of its imidazole ring, is water soluble at a pH
of less than 4. Lorazepam is less lipid soluble than diazepam,
and its slow entry into the CNS may be significant to its slower
onset of action.

Pharmacokine t ics/ Pharmacod ynamics
Diazepam. The sedative properties of diazepam make it useful
as a premedicant; peak plasma levels are seen 30 to 60 min-
utes after an oral dose. Intramuscular injection is painful, and
absorption is erratic. Clearance involves oxidation to active
metabolites. The free fraction of diazepam is only 1% to 2% ;
the rest is bound to albumin. Therefore, changes in albumin
binding affect the clearance and half-life of this drug.

With hepatic disease, the volume of distribution increases
and metabolism decreases, resulting in an increase in the half-
life from 40 to 80 hours. With significant renal disease, an in-
crease in the unbound fraction of diazepam results in a twofold
to threefold increase in hepatic clearance and a resultant de-
crease in the half-life. The significance of these changes is
hard to document, however, because no simple relationship
can be demonstrated between the plasma levels of diazepam,
its metabolites, and the clinical effect.

Lorazepam. Lorazepam is useful in oral, intramuscular, and in-
travenous forms. This agent is directly metabolized in the liver
to inactive, glucuronide-conjugated metabolites. The kinetics
of this drug are unaltered by age or renal disease, but hepatic
disease increases the half-life.

Midazolam. Midazolam also can be administered by intramus-
cular, intravenous, or oral routes. The drug undergoes exten-
sive metabolism to active and inactive metabolites. We have
extensive experience using this drug as an induction agent in
thermally injured patients. Loss of consciousness is rapid after
an intravenous loading dose of 300 µ g/kg followed by either
ketamine or, more often, a narcotic such as fentanyl in a dose
of 2 to 5 µ g/kg/hour after a loading dose of 5 to 10 µ g/kg.

Ne uro log ic Effe ct s
Like barbiturates, the benzodiazepines have multiple, dose-
dependent effects on the CNS and potentiate inhibitory GABA
neurotransmission. They increase the frequency but not the
duration of chloride channel opening. In addition, at least two
specific benzodiazepine receptors have been identified: type 1,
which is a postsynaptic receptor found in the cerebellum, and
type 2, which is a presynaptic receptor found in the hippocam-
pus and descending GABA pathways from the caudate nucleus
to the substantia nigra. The clinical significance of these recep-
tors is under investigation.

Loss of consciousness occurs 2 to 3 minutes after an intra-
venous induction dose of diazepam, lorazepam, or midazolam.
Antegrade amnesia is seen with all of the benzodiazepines, but
more so with lorazepam.

Card iore sp irat ory Effe ct s
When the benzodiazepines are used alone, cardiovascular ef-
fects are reported to be insignificant; however, cardiovascular
depression has been observed when they are used in conjunc-
tion with other anesthetic agents. Respiratory effects are also
minimal. Some decrease in the ventilatory response to carbon
dioxide may occur after the use of these agents, but data are
conflicting in this regard. No difference in recovery time or
duration of action of either depolarizing or nondepolarizing
muscle relaxants occurs when the benzodiazepines are used.

Ke t amine

Pharmacokine t ics/ Pharmacod ynamics
Ketamine is the only arylcyclohexylamine used in anesthesia.
It is structurally related to phencyclidine, known in street ver-
nacular as “angel dust.” The pKa of ketamine is 7.5, and
it is about ten times more water soluble than thiopental. Its
pharmacokinetics are summarized in Table 71.8. Ketamine is
approximately ten times more lipid soluble than thiopental;
however, its onset of action is somewhat slower. After an intra-
venous dose of 2 mg/kg, consciousness is lost in little more than
one arm–brain circulation time and returns 10 to 15 minutes
later. Ketamine is 45% to 50% protein bound.

Recovery of consciousness probably results from rapid drug
redistribution into muscle and other tissues. However, 95% of
the injected drug ultimately is metabolized by the liver, and less
than 5% is recovered unchanged in the urine. At least eight
different metabolites of the parent compound have been iden-
tified, the most important of which is norketamine, which has
approximately one-third the potency of ketamine.

Ne uro log ic Effe ct s
The exact mechanism of action of ketamine is not well un-
derstood. Apparently it does not facilitate GABA inhibitory
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neurotransmitters, as do the benzodiazepines and barbiturates.
Like barbiturates, however, ketamine blocks ion channels in
the open position. Specific arylcyclohexylamine receptors in
the brain may be related to the µ subclass of opioid receptors.
Ketamine increases CBF and so must be used with caution in
individuals with elevated ICP.

Card iovascular Effe ct s
Ketamine causes an increase in systemic blood pressure and
cerebrovasodilation, resulting in increased ICP. It also causes
central stimulation of the sympathetic arm of the autonomic
nervous system. The cardiovascular effects are primarily re-
lated to CNS stimulation. Ketamine inhibits the uptake of cat-
echolamines by the postganglionic adrenergic neurons and the
uptake of extraneuronal norepinephrine.

Because of the dose-related increase in arterial blood
pressure, heart rate, and coronary vasodilation, and overall
unchanged peripheral vascular resistance associated with ke-
tamine administration, the drug often is thought not to be a my-
ocardial depressant. Nonetheless, with sympathetic blockade
or in patients in prolonged shock with a significantly stressed
autonomic nervous system, cardiac depression can be seen with
ketamine. Pulmonary vascular resistance and right ventricular
stroke work also are frequently increased.

Re sp irat ory Effe ct s
Although ketamine is not commonly thought of as a respira-
tory depressant when used in anesthetic doses of 1 to 2 mg/kg,
a moderate decrease in the PaO 2 may occur. The ventilatory
response to carbon dioxide is maintained, and ketamine po-
tentiates the bronchodilatory effects of catecholamines. It also
increases oral secretions so that an anticholinergic agent may
be necessary.

Ot he r Effe ct s
Ketamine enhances the effect of depolarizing and nondepo-
larizing neuromuscular blocking drugs. The drug has been
used safely in patients with MH. Postanesthetic emergence
reactions—nightmares and hallucinations—may occur in 5%
to 30% of patients. A benzodiazepine and 2 mg/kg (or less)
maximal doses of ketamine seem to decrease the incidence of
this problem.

Immune Syst e m Funct ion

As with the potent inhalation and opioid anesthetics, con-
troversy exists regarding the effects of barbiturates, ben-
zodiazepines, and ketamine on immune function. Sodium
thiopental, at clinically relevant doses in vitro, decreases the
mitogenic response of lymphocytes to phytohemagglutinin and
inhibits cytotoxicity. Ketamine attenuates the proinflammatory
response following abdominal surgery (65). In experimental
animals, both thiopental in tumor-bearing mice and pentobar-
bital in dogs decrease lymphocyte function. The in vivo re-
sponse of lymphocytes in patients exposed to thiopental, ni-
trous oxide, oxygen, droperidol, fentanyl, and muscle relaxants
shows no adverse effect. However, balanced anesthesia, includ-
ing inhaled and intravenous agents, leads to greater reduction
of lymphocyte function than a purely intravenous technique
(18).

Et omid at e
An induction agent that maintains hemodynamic stability, eto-
midate is commonly used in the induction of anesthesia or for
intubation of critically ill patients suspected of cardiac dysfunc-
tion or hemodynamic instability from other causes. Etomidate
causes a dose-dependent reduction in contractility in both nor-
mal and failing heats, but this decrease is minimal and most
likely does not have any clinical significance (66).

The major problem with etomidate is the adrenal suppres-
sion it induces when used in a prolonged infusion. It has also
been demonstrated following a single dose for induction of
anesthesia (67). Concern about the effect of adrenal suppres-
sion in patients in the ICU leads some clinicians to avoid the
use of etomidate in patients at risk for adrenal insufficiency
(68,69). On the other hand, it has been suggested that the
benefits of hemodynamic stability may overcome any concerns
about adrenal dysfunction and its consequences (70).

De xme d e t omid ine
Dexmedetomidine is a novel, new, highly selective, short-acting
central α2-agonist. It is used in the ICU for providing sedation
and some degree of analgesia. It is used primarily for sedation
in the ICU. It provides a dose-dependent degree of sedation,
analgesia, anxiolysis, and sympatholysis. When used in post-
operative patients in the ICU, dexmedetomidine can provide
better sedation with fewer narcotics than propofol (71). Siobal
et al. used dexmedetomidine to facilitate a weaning trial and
extubation in patients who were ventilated and did not tolerate
a weaning trial prior to the drug (72). The place of this agent
in intensive care medicine practice is still being evaluated.

PREFERRED ANESTHETIC
TECHNIQ UES FOR SPECIFIC

CLINICAL SCENARIOS
Should any agent or technique be used or, conversely, avoided
in critically ill patients? Almost no data conclusively support
one technique over another. Yet, although we prefer not to
muddy the waters, we believe it makes sense in a hemodynam-
ically unstable patient to shy away from the potent inhala-
tion agents and to use in their place an intravenous technique
of either ketamine or one of the phenylpiperidine narcotics.
Furthermore, in patients with traumatic brain injury, we use
intravenous benzodiazepines, barbiturates, and narcotics with
isoflurane; ketamine and the other potent inhaled anesthetic
agents are avoided.

The options for total intravenous anesthesia available today
with the short-acting narcotics and propofol allow for an easily
titratable anesthesia without the disadvantages of inhalational
anesthesia. It is now possible to administer anesthesia without
any significant hemodynamic embarrassment, which is easily
controlled and rapidly reversed. An issue to be considered is
that of respiratory function of the critically ill or injured pa-
tient undergoing surgery. If the patient has a component of
respiratory failure, the need of delivering high oxygen concen-
tration may require avoiding inhaled agents. Closed gas space
such as pneumothorax, pneumocephalus, or bowel obstruction
demands that nitrous oxide be withheld.

The less than adequate data suggest avoidance of po-
tent inhalation anesthetic agents in patients with questionable
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perioperative immune function. In such cases, intravenous nar-
cotics or ketamine may be useful. However, no outcome studies
show that potent inhalation agents increase morbidity or mor-
tality more than agents with no demonstrated adverse effects
on in vitro immune function. Emerging data indicate the signif-
icance of regional anesthesia on immune function and behav-
ior of tumors. For example, when patients undergoing breast
surgery for cancer were anesthetized with general anesthesia or
a regional technique, the disease-free survival was significantly
greater in the patients with regional technique (73).

The Pat ie nt wit h Acut e Re sp irat ory
Dist re ss Synd rome

Patients with acute respiratory distress syndrome (ARDS)
present with difficulties in mechanical ventilation, particularly
with regard to hypoxemia. Current approach to mechanical
ventilation dictates the use of low tidal volumes of 6 to 8 mL/kg
ideal body weight (74,75). This can be coupled with a higher
respiratory rate to maintain adequate ventilation and tolerance
of a higher than normal PaCO 2, so called “permissive hyper-
capnia.” The approach of lung protective strategy has been
shown to improve outcome in patients with ARDS and should
probably be maintained in patients undergoing surgery. The
effect of sepsis on the development of acute lung injury can
be affected by anesthesia, and in an animal model it has been
shown that use of barbiturates (76) and ketamine (77) can at-
tenuate the development of acute lung injury due to sepsis.
Some intraoperative parameters such as hemodynamic insta-
bility, the need for vasopressors, fluid and blood requirements,
and hypoxemia are related to the development of acute lung
injury (78).

Providing adequate mechanical ventilation can now be done
with most modern anesthesia ventilators. Older ventilators,
on the other hand, could not provide the flows and pressures
required by patients with severe lung injury. These patients
may need to be ventilated with an ICU ventilator, and anesthe-
sia maintained with intravenous anesthetic agents (79). Fluid
management of patients with ARDS should be directed at the
maintenance of adequate hemodynamics without fluid over-
load (80,81).

The Pat ie nt wit h a He ad Injury

Patients with head injury present with multiple neurologic,
respiratory, and hemodynamic problems. The anesthesiologist
should be vigilant about maintaining optimal cerebral perfu-
sion pressure—generally considered to be “optimized” at 60 to
65 mm Hg—by providing anesthesia directed at reducing in-
tracerebral pressure, barbiturates, maintenance of normo- or
mild hypothermia, increasing serum osmolarity, and judicious
use of diuretics, while vasopressors and inotropes can improve
cardiac output and blood pressure; at times, hyperventilation
will be necessary. On occasion, the therapeutic dilemma of giv-
ing priority to the ICP versus a lung protective strategy may
arise. Another clinical dilemma is the fluid status of the pa-
tient: Is optimizing preload going to increase cerebral edema?
Our approach is to direct therapy to optimize cerebral blood
flow by improving central perfusion pressure. To prevent hypo-
volemia, these patients should be monitored aggressively. There

are many options for measuring cardiac output: invasively, as
with a pulmonary artery catheter, or semi-invasively with pulse
contour cardiac output, such as is done with the PiCCO, Flo-
Trak, or LiDCO systems. Indeed, these systems can provide ad-
ditional information that can be beneficial in the hemodynamic
management of the patient as indicators of fluid responsiveness
such as pulse pressure variation, systolic pressure variation, or
stroke volume variation and, in the case of the PiCCO system,
measurement of extravascular lung water.

The Pat ie nt wit h Shock

Patients in shock require therapy directed at the cause of the
shock state, as well as avoidance of therapies that may be
specifically problematic in this patient population. All anes-
thesiologists are aware of the deleterious effects of mechanical
ventilation on patients with hypovolemia and shock. In these
patients, it is important to keep intrathoracic pressures as
low as possible while fluid resuscitation is being administered.
Drugs that depress heart function and lead to vasodilation
should be avoided and, in extreme cases, even drugs that are
considered to maintain hemodynamic stability, such as ke-
tamine, can lead to hemodynamic collapse.

In patients with a cardiac source of shock, intrathoracic
pressure will usually not have a detrimental, and may even have
a beneficial, effect on cardiac output. Still, most anesthetics are
cardiac depressants and, thus, should be used with extreme
caution in patients in shock. All patients in shock should be
monitored invasively to assess the degree of both hypovolemia
and responsiveness to therapy (82,83).

The Pat ie nt Re q uiring
Tig ht Glucose Cont ro l

The significance of tight glucose control in critically ill patients
has become clear in recent years. The adherence to glucose lev-
els between 80 and 110 mg/dL has been shown to improve
outcome in surgical critically ill patients. This effect of con-
trolling glucose has also been shown to be significant during
surgery. In patients undergoing cardiac surgery, poor intraoper-
ative glucose control was associated with worse outcome (84).
While less clear in medical ICU patients, it appears that those
in the unit for longer than 3 to 5 days are benefited by tight
control of glucose.

POSTANESTHESIA PROBLEMS
Difficulties in the early postoperative period are common.
Postanesthetic complications have been found to occur in 5%
to 30% of patients; the wide range results from lack of uniform
criteria defining complications, different practices in individual
institutions, differences in the strictness of observational prac-
tice, and possible significant differences in populations studied.

Hyp oxe mia

Postoperative hypoxemia may result from diverse etiolo-
gies. Hypoventilation caused by residual anesthetic or muscle
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relaxant and atelectasis, which may have resulted from a one-
lung intubation during surgery, are diagnoses to be considered
and treated aggressively in the immediate postoperative period.
Upper airway obstruction due to a decreased level of conscious-
ness is a common reason for hypoxemia and hypercarbia. Con-
sideration should be given to pulmonary edema resulting from
heart failure in susceptible patients, noncardiogenic pulmonary
edema from aspiration, acute respiratory distress syndrome,
infection, trauma, a transfusion reaction, or a head injury re-
sulting in neurogenic pulmonary edema.

Postoperative hypoxemia can lead to acute complications
such as cardiac ischemia, and may also have an effect on the
patient’s immunity. Supplemental oxygen decreased the rate of
wound infections in patients following colonic resection (85) as
well as the incidence of nausea and vomiting following surgery
(86).

Ne g at ive -p re ssure Pulmonary Ed e ma

Pulmonary edema may develop after a strenuous inspiratory
effort against an obstructed airway. This type of pulmonary
edema may appear immediately or up to 10 hours after the
episode of airway obstruction. It most commonly is associated
with laryngospasm during anesthetic induction of or emergence
from anesthesia; therefore, it frequently is diagnosed in the
postanesthesia care unit or ICU.

The pathophysiologic mechanism of negative-pressure pul-
monary edema is not completely understood, although a com-
mon explanation is that the massive negative intrapleural pres-
sure generated during airway obstruction shifts the balance in
the Starling forces toward a large fluid transudation from the
intravascular to the interstitial space. The increase in extravas-
cular lung water causes a reduction in lung compliance and an
increase in shunt.

The diagnosis of negative-pressure pulmonary edema is
based on the history and clinical picture of pulmonary edema in
patients without heart failure or predisposition for acute res-
piratory distress syndrome from other causes. Typically, the
patient is a young, vigorous adult who sustains an episode
of laryngospasm either before intubation or after tracheal de-
cannulation (87). The radiologic picture in negative-pressure
pulmonary edema has been described as alveolar and intersti-
tial edema, which rarely occur unilaterally. The heart size is
normal, but the vascular pedicle is enlarged.

Treatment of negative-pressure pulmonary edema is mainly
supportive. Patients should be given oxygen to maintain an
arterial saturation of at least 90% . Some patients require rein-
tubation and mechanical ventilation with positive pressure to
ensure oxygenation and to reduce work of breathing; diuretics
may be used judiciously in these cases. In most cases, the edema
resolves within 24 hours.

Pain and Pe riop e rat ive St re ss

Early postoperative pain remains a serious concern. Up to 75%
of patients receiving parenteral narcotics for moderate to severe
pain have significant residual pain after the drug is adminis-
tered. Uncontrolled pain can lead to serious physiologic conse-
quences. For example, sympathetic nervous system stimulation
that accompanies uncontrolled pain leads to elevated plasma

catecholamine levels, tachycardia, hypertension, increased sys-
temic vascular resistance, and an increase in myocardial oxygen
requirements. In the patient with underlying coronary artery
disease, this increased oxygen demand may not be met, result-
ing in ischemia or infarction.

Surgical procedures on the upper abdomen and thorax may
have profound effects on the respiratory system. Because of the
pain and surgery-induced muscular alterations, vital capacity
and functional residual capacity may be decreased by as much
as 60% and 20% , respectively. Although these changes may
not be evident with resting tidal respiration, the ability to deep
breathe (sigh) and cough is impaired, resulting in atelectasis and
retained secretions. Decreased oxygenation and the potential
for pulmonary parenchymal infection may follow.

St re ss Re sp onse
An area less clearly understood and described, but likely no
less important with regard to postoperative pain, is the stress
response to surgery. Weissman (88) reviews the intriguing and
manifold physiologic changes observed with an operative in-
tervention. Surgery, as any trauma, was classically described as
being composed of two stages: an initial ebb phase is character-
ized by a shock state with low metabolic activity and cardiac
output, and a second period termed the flow phase is charac-
terized by a hyperdynamic state from the endocrine, metabolic,
and cardiovascular standpoints.

The endocrine parameters of the latter stage are evidenced
by an increase in catecholamine levels, an increased secretion
of corticotropin and steroids, and resultant hyperglycemia. An
increase in antidiuretic hormone (ADH) secretion enables con-
servation of water by the kidneys. Other aspects of the response
to surgery and anesthesia are an increase in growth hormone
and a slight increase in thyroxine, with a decrease in triiodothy-
ronine levels. β -Endorphin levels are increased, as is the plasma
level of prolactin.

The systemic response to trauma also includes an important
component of immune depression, which can appear early af-
ter the stressful event (89,90) and is mediated through several
different pathways (91,92). Traditionally, the stress response
was thought to be beneficial for homeostatic stability and, in-
deed, there was perhaps an evolutionary advantage accrued to
the organism that could mount this response to major trauma,
blood loss, and organ dysfunction. Currently, however, data
show that the metabolic response to trauma may often be ex-
aggerated and thus disadvantageous.

In the otherwise well-controlled diabetic patient, for ex-
ample, one may see hyperglycemia that is extremely difficult
to regulate. An increase in catecholamine secretion that in-
creases myocardial work and oxygen consumption may result
in ischemia in patients with coronary artery disease. Increased
ADH secretion may result in a picture similar to the syndrome
of inappropriate ADH (SIADH) secretion with significant hy-
ponatremia, particularly in patients treated with hypotonic so-
lutions after surgery (93). The significant hyponatremia seen in
this syndrome can present with convulsions, respiratory arrest,
and permanent brain damage. The hyponatremic syndrome has
been described in children after spinal surgery (94,95) as well
as in adults (96) and in thermally injured patients (97).

These data suggest—although we note that significant con-
troversy exists—that the stress response to surgery should at
least be attenuated if the detrimental effects are to be avoided.
Different anesthetic techniques may affect this response in
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various ways; thus, the choice of an anesthetic may affect the
patient’s course in the postoperative period and in the surgical
ICU.

General Anesthesia. Patients studied under a variety of general
anesthetics show an increase in corticotropin, corticosteroids,
β -endorphins, and catecholamines in response to intubation,
skin incision, and intra-abdominal manipulation, and on emer-
gence (98). Nevertheless, some researchers believe that a well-
maintained general anesthetic can blunt the stress response or,
at least, some of its components. Roizen et al. (99) have used
the acronym MAC-BAR, indicating the minimal alveolar con-
centration at which the adrenergic response is blocked; it is usu-
ally observed at approximately 2 MAC for most inhalational
agents. Furthermore, others have shown that graded surgical
stress causes minimal endocrine response (100). Thus, patients
who undergo relatively less stressful surgery under adequate
anesthesia do not mount a deleterious stress response.

High-dose narcotic techniques, commonly used in cardiac
anesthesia or for patients with ischemic heart disease, have
been shown to blunt the endocrine response to stress inasmuch
as plasma levels of various stress hormones are not increased
(101). The difference between the different types of narcotics is
probably insignificant. With any general anesthetic technique,
the metabolic response is triggered on emergence, even if atten-
uated during the surgical procedure itself. In the surgical ICU,
patients may begin to mount the metabolic–endocrine response
in the postoperative period (102).

Regional Anesthesia. The stress response to surgery is triggered
by several mechanisms. Among these, an important one is that
of direct neural activation by transmission of noxious stimuli
from the traumatized area. This event occurs even when pa-
tients receive a general anesthetic and, therefore, are not con-
sciously aware of the noxious stimulus. Blunting the response
can be achieved by blocking this neural pathway.

Analgesia and anesthesia achieved with a regional technique
do attenuate the stress response when compared with general
techniques. Kehlet et al. (103,104) have studied this relation-
ship extensively and found major differences in levels of cor-
ticosteroids, catecholamines, aldosterone, renin, growth hor-
mone, prolactin, and ADH in patients undergoing surgery with
epidural anesthesia compared with those given general anesthe-
sia. Some aspects of the immune depression after surgery also
have been shown not to occur with regional as opposed to
general anesthesia (32).

Combined Anesthesia. The advantages of regional anesthesia
may be put to use in surgery on the extremities and lower
abdomen. A purely regional technique is seldom used for up-
per abdominal surgery; some anesthesiologists do not use re-
gional techniques in a prolonged surgical procedure if it in-
volves uncomfortable positioning or if immobility is important.
In the latter procedures, a common approach is to use regional
anesthesia, with control of the airway by intubation, inhala-
tional agents, and positive-pressure ventilation; this approach
is called combined anesthesia. The term was coined by Crile in
1921 and involves the block of surgical stimulus by a regional
technique, combined with loss of consciousness achieved by
light general anesthesia (105).

Applications. Whereas combined anesthesia usually refers to
a general anesthetic combined with a spinal or epidural tech-
nique, the regional anesthetic might also be a brachial plexus or
any other nerve block. Proving that combined anesthesia is suc-
cessful in obtunding the stress response to trauma is more diffi-
cult than in studies comparing regional anesthesia with general
anesthetic techniques. This observation probably results from
several factors: (a) obtaining control of the airway (the intuba-
tion) may itself elicit a strong stress response, (b) the surgical
field may include areas that are not well anesthetized, and (c)
part of the stress response may be mediated by the release of
humoral factors from the locally injured area.

Potential advantages. The possible advantages of combined
anesthesia over a purely general technique are controversial.
Yeager et al. (106) compared major abdominal and vascular
procedures done under a general anesthetic technique with
those done under combined general and epidural techniques.
They found significant differences in the ICU course and in
outcome between the two patient groups. The combined group
required less time to tracheal decannulation and a shorter ICU
stay; they had fewer infectious complications and a lower mor-
tality. Expense per patient was considerably lower. Thus, the
anesthetic choice becomes an important ICU issue. Some stud-
ies did not find an advantage to this approach (107), whereas
one found specific benefits of epidural anesthesia, such as a
reduced propensity for thrombosis of vascular grafts (108).

An extreme case of stress-induced hypermetabolism is burn
injury. In these patients, it has been shown that decreasing
the sympathetic response with β -blockers can improve the
metabolic response and reverse catabolism (109). Decreasing
the sympathetic response with β -blockers following high-risk
surgery has been shown in a number of studies to reduce car-
diac ischemia and the incidence of perioperative myocardial
infarction; this has been particularly noted in patients under-
going vascular surgery (110). Despite this fact, a meta-analysis
of studies looking at β -blockade in the perioperative period did
not find a significant consistent effect on outcome, although is-
chemia and arrhythmias decreased in frequency (111).

Cardiac output and oxygen delivery. An important body of
data regarding the significance of the stress response in terms of
outcome has been generated by Shoemaker (112). He demon-
strated that patients surviving high-risk surgery, sepsis, and
shock states are those in whom measured parameters of cardiac
function and oxygen delivery are highest. Moreover, patients
with low oxygen delivery developed an oxygen deficit during
surgery that was more pronounced in those who developed
complications and died. Thus, hemodynamic values may be of
use in predicting outcome.

Other investigators have shown that the early use of invasive
monitoring may be helpful in the management of elderly (113)
and young (114) trauma patients using goal-directed therapy.
In a prospective study (115), three groups of general surgi-
cal patients were followed. The first group was managed with
central venous pressure monitoring; the second group had a
pulmonary artery catheter inserted, but therapy was directed
by the surgical service according to conventional clinical cri-
teria; and the third group was managed with a pulmonary
artery catheter using a rigid protocol to maintain oxygen deliv-
ery at supranormal values; the results reported are of interest.
The mortality rate decreased from about 30% in both control



1098 Sect ion VIII: The Surg ical Patient

TA BLE 7 1 . 9

ETIOLOGY OF POSTOPERATIVE MENTAL STATUS ALTERATION

Drugs In the patient emergently anesthetized from the ED, street drugs
such as alcohol, narcotics, and cocaine may have been present
on induction; residual neuromuscular blockade must also be
considered.

Postseizure A seizure under anesthesia may be easily missed. One must
consider the delayed emergence as a possible postictal event.

Glucose Hyperglycemia or hypoglycemia can result in altered mental
status.

Metabolic causes Hypoxia, hypercarbia, hypernatremia or hyponatremia,
hypercalcemia, and hypothermia (usually at or below 31◦C)
are several examples.

Trauma Again, in the patient emergently anesthetized from the ER, head
trauma must be considered.

Infection Agitation in an infected patient is sometimes seen; this is no less
so in the postoperative period.

Psychogenic causes Rarely, a patient will feign unconsciousness for some secondary
gain. This may only be diagnosed after other life-threatening
and treatable causes have been ruled out.

Hemodynamic instability Hypotension, and sometimes severe hypertension, may cause
mental status changes. The former may result from
hypovolemia, anaphylaxis, sepsis, or ischemia.

Pain Pain at the operative site, a full bladder, or gastric distention can
result in agitation.

ED, emergency department.

groups to 4% in the protocol group. Other indicators such as
length of hospital stay, utilization of resources, and hospital
charges per patient were also significantly lower in the proto-
col group compared with either the central venous pressure–
monitored or conventional criteria groups. Other researchers,
however, did not find the same results. Gattinoni et al. did
not find an advantage to goal-directed therapy designed to in-
crease either cardiac index or mixed venous saturation (116).
Sandham et al. looked at the significance of a protocolized
treatment with a pulmonary artery catheter and found no ad-
vantage compared to standard care without invasive monitor-
ing (117). In contrast, Rivers et al. found that, in the early
hours of sepsis, goal-directed therapy that is delivered in the
emergency room can improve outcome and decrease hospital
mortality (118). Perhaps the effectiveness of goal-directed ther-
apy is dependent on the time frame and will only be effective
in the early hours of the insult, particularly when treating a
patient population with a high incidence of hypovolemia and
unrecognized shock. The surviving sepsis guidelines that en-
dorsed the conclusions from the Rivers’ study advocate early
goal-directed therapy in septic patients. The goals of this ther-
apy are increasing central venous pressure (CVP) to 8 to 12 cm
H 2O, MAP to 65 mm Hg, urine output to 0.5 mL/kg/hour, and
central venous saturation to 70% . These goals are probably of
great importance in the hypovolemic patient in the early stages
of unresuscitated septic shock. There are questions regarding
the incidence of these clinical scenarios in other settings (119).

In conclusion, although the data in this section, at first
glance, seem to contradict the concept of the beneficial effects
of stress reduction, a unified view is that, in the postopera-
tive period, monitoring and therapy should be aggressive and
appropriate to ensure adequate systemic oxygen delivery on

the one hand, with strict control of the patient’s stress on the
other. Modifying risk by blunting the stress response should not
lead to a compromise in terms of hemodynamic function and
oxygen delivery. Thus, although some reduction of the stress
response should reduce postoperative adverse events, prospec-
tive randomized studies are necessary to confirm this view.

De lirium

Delirium and acute confusional states (Table 71.9) can be very
disturbing for patients and family members as well as impose
a significant risk to patients with regard to line disconnections,
dressing management, and risk of falling from the gurney or
bed. The patients require additional nursing care and may re-
quire an unplanned ICU admission. The reasons for postoper-
ative delirium are many. Dyer et al. reviewed 80 articles that
studied the issue of postoperative delirium. They found that
some studies described a diverse incidence from 0% to 73% ,
and found that age, preoperative cognitive impairment, and use
of anticholinergic agents were associated with an increase in the
occurrence of delirium (120). Lepouse et al. studied a group of
patients following general anesthesia and found that 4.7% of
them developed postoperative delirium in the postanesthesia
care unit (121). The risk factors for developing delirium were
benzodiazepines as premedication, breast surgery, abdominal
surgery, and particularly long surgical procedures. Marcanto-
nio et al. found that postoperative delirium was not related to
the type of anesthetic used. They did find that intra- and postop-
erative bleeding and increasing transfusion requirements led to
an increase in postoperative delirium (122). In children, some
increase in the incidence has been related to the introduction of
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newer inhalational agents (123). The treatment of delirium is
multifactorial. It is probably accepted that the best approach is
prevention and should start with exclusion of treatable physical
disorders such as pain, electrolyte abnormalities, and urinary
retention—a kink in the urinary drainage catheter can be an
easily resolved reason for agitation.

Tre at me nt
When treatment is considered, several previously discussed
therapeutic modalities are available. Propofol is an attrac-
tive drug for continuous sedation, and its cost has decreased
markedly in the last years. A comparison of propofol with mi-
dazolam for continuous sedation of postoperative, mechani-
cally ventilated patients found similar results for both drugs,
although some advantages were claimed for propofol in terms
of tolerance of the ICU environment and duration to complete
wakefulness after discontinuation of sedation (124).

For continuous propofol sedation, a loading dose of 1 to
2 mg/kg is administered over 1 to 2 minutes, followed by an
infusion of 50 to 100 µ g/kg/minute; the dose is titrated up or
down so that, with gentle stimulation, the patient awakens.
Midazolam is dosed at 0.25 to 3 mg/hour in a 70-kg adult.
The use of neuromuscular blocking agents without sedation to
abort nonpurposeful movement is wrong, and will lead to pain
with awareness.

Re sid ual Ne uromuscular Blockad e

Residual neuromuscular blockade usually presents in one of
three ways: (a) delayed return to consciousness, which should
have been noted in the operating room by both the surgeon
and anesthesiologist; (b) respiratory difficulty with hypercap-
nia (Table 71.10); and (c) muscle weakness (Table 71.11). The
major point in the diagnosis of this entity is to consider it; the
major point in treatment is to protect the airway—if necessary,
by replacing the endotracheal tube—while the differential di-
agnosis is worked through.

Diag nosis
Most anesthesiologists monitor the depth of neuromuscular
blockade with a twitch-stimulating device or a group of clini-
cal signs. Nevertheless, some persons arrive in the surgical ICU
with residual neuromuscular blockade. This condition may
take the form of an apparent alteration in mental status (Ta-
ble 71.9), hypoventilation with hypercapnia, or a seemingly
awake and alert status with adequate breathing but a weak
or “floppy” appearance. The effect of muscle relaxants can be
monitored by applying a supramaximal electrical stimulus to a
motor nerve; in the operating room, the ulnar nerve is stimu-
lated to contract the adductor pollicis brevis. If the equipment
is properly set up, a single supramaximal stimulus at 50 Hz for
5 seconds that produces contraction without fade correlates
with signs of clinical recovery from neuromuscular blockade.

Other more quantitative estimations of neuromuscular
blockade use the train-of-four stimulus (four supramaximal
stimuli in 2 seconds with each stimulus lasting 0.2 seconds),
or double-burst stimulation. With the train-of-four stimulus,
when the ratio of the fourth contraction to the first is more
than 60% , patients are able to sustain a head lift for over 3
seconds; when the ratio is more than 75% , adequate clinical
recovery is present (Table 71.12).

TA BLE 7 1 . 1 0

ETIOLOGY OF POSTOPERATIVE HYPERCAPNIA

I. Central respiratory depression
Intravenous (narcotic) anesthetics
Inhaled anesthetic agents

II. Respiratory muscle dysfunction
Site of incision (upper abdominal, thoracic)
Residual neuromuscular blockade

Use of drugs that enhance neuromuscular blockade
(gentamicin, clindamycin, neomycin, furosemide)

Physiologic factors that prevent reversal of
neuromuscular blockade (hypokalemia,
respiratory acidosis) or enhance the blockade
(hypothermia, hypermagnesemia)

III. Physical factors
Obesity
Gastric dilation
Tight dressings
Body cast

IV. Increased production of carbon dioxide
Sepsis
Shivering
Malignant hyperthermia

V. Underlying hyperthermia
Chronic obstructive pulmonary disease with

CO 2 retention
Neuromuscular—chest cage dysfunction

(kyphoscoliosis)
Acute or chronic respiratory failure of any etiology

Modified from Feeley TW. The recovery room. In: Miller RD, ed.
Anesthesia. 2nd ed. New York: Churchill Livingstone; 1986:1921; and
Wyngaarden JB, Smith LH Jr, eds. Cecil Tex tbook of Medicine. 18th
ed. Philadelphia: WB Saunders; 1988:417, 472, 474.

Tre at me nt
If residual neuromuscular blockade is present, an attempt to
reverse it may be in order. If blockade results from succinyl-
choline, which can occur in patients with pseudocholinesterase
deficiency, reversal agents will not be of any benefit. The diag-
nosis is made by measuring pseudocholinesterase activity in
plasma, and the options are either to keep the patient mechan-
ically ventilated and sedated until neuromuscular function re-
turns or to administer fresh frozen plasma that has the missing
enzyme. If a nondepolarizing blocking agent was used, reversal
may be attempted with anticholinesterases and anticholinergics
(Table 71.13).

An important issue with regard to neuromuscular blocking
agents is that of prolonged paralysis in patients who have re-
ceived neuromuscular blockers for a long period in the ICU.
Although controlled studies addressing this problem have not
been published, several risk factors for the development of pro-
longed paralysis have been delineated. Among these are renal
failure, concomitant drug use, length of administration, moni-
toring technique used, and the use of steroids in patients receiv-
ing steroid-based drugs such as pancuronium or vecuronium.
The best way to prevent this distressing complication is to avoid
neuromuscular blockers as much as possible, and to monitor
all patients receiving these drugs with a peripheral nerve stimu-
lator. It should also be noted that patients may develop critical
illness neuropathy, which can be difficult to differentiate from
the residual effects of prolonged administration and in fact
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TA BLE 7 1 . 1 1

ETIOLOGY OF PROLONGED NEUROMUSCULAR
BLOCKADE

I.I Nondepolarizing neuromuscular blocking agents
Intensity of neuromuscular blockade

Renal failure (decreased metocurine and
pancuronium excretion)

Hepatic failure (decreased pancuronium and
vecuronium excretion)

Residual potent inhaled anesthetic agent
Inadequate dose of reversal agents
Hypothermia
Acid-base state
Hypokalemia, hypermagnesemia
Drugs

Antibiotics (gentamicin, clindamycin, and multiple
other drugs with several mechanisms)

Local anesthetics
Antiarrhythmics (quinidine)
Furosemide
Dantrolene
Trimethaphan (possibly)
Underlying diseases (myasthenia gravis, myasthenic

syndrome, familial periodic paralysis)
II.II Depolarizing neuromuscular blocking agents

(succinylcholine)
Decreased effective pseudocholinesterase
Phase II block
Hypermagnesemia
Local anesthetics

Modified from Miller RD, Savarese JJ. Pharmacology of muscle
relaxants and their antagonists. In: Miller RD, ed. Anesthesia. 2nd ed.
New York: Churchill Livingstone; 1986:889.

could be pathophysiologically related (125). The use of neu-
romuscular blocking agents and the effect they may have on
development of critical illness neuropathy has also been linked
to an increased cost of illness (126).

Malig nant Hyp e rt he rmia

Manifestations of malignant hyperthermia may be divided into
early, late, and postcrisis (Table 71.14). The differential diag-
nosis of MH includes sepsis, light anesthesia, thyrotoxicosis,
myotonias, neuroleptic malignant syndrome, and pheochro-
mocytoma.

Backg round
Malignant hyperthermia is a pharmacogenetic clinical syn-
drome that usually occurs during general anesthesia. Its onset
may be delayed for several hours; thus, the initial presentation
may be in the surgical ICU. The hallmark of the syndrome is
rapidly increasing temperature caused by uncontrolled skele-
tal muscle metabolism that can result in rhabdomyolysis and
death. After exposure to a triggering agent, a dramatic increase
in aerobic metabolism occurs in the skeletal muscle of sus-
ceptible persons. Oxygen consumption can increase threefold,
whereas blood lactate may increase 15- to 20-fold. The mecha-
nism for this entity involves myoplasmic calcium accumulation
and a failure of calcium uptake by the sarcoplasmic reticulum.

TA BLE 7 1 . 1 2

CLINICAL SIGNS OF RECOVERY FROM
NEUROMUSCULAR BLOCKADE

I.I Awake patient
Opens eyes widely
Coughs effectively
Sustains tongue protrusion
Sustains hand grip
Sustains head lift for more than 5 sec
Vital capacity of greater than or equal to 15 mL/kg
PNP of greater than or equal to 20 cm H 2O
Sustained 50-Hz tetanic stimulation for 5 sec

II.II Patient who is asleep or unable to follow commands
Tidal volume of 5–10 mL/kg
PNP of greater than or equal to 25 cm H 2O
Sustained 50-Hz tetanic stimulation for 5 sec

PNP, peak negative pressure.
Modified from Ali HH, Miller RD. Monitoring of neuromuscular
function. In: Miller RD, ed. Anesthesia. 2nd ed. New York: Churchill
Livingstone; 1986:871.

The incidence of MH varies; fulminant cases are seen from
1 in 250,000 to 1 in 62,000 anesthetics, the latter incidence
when triggering agents are used; suspected MH occurs in 1 in
6,000 anesthetics overall and 1 in 4,200 anesthetics with trig-
gering agents. A 24-hour per day emergency phone number for
consultations has been set up by the Malignant Hyperthermia
Association of the United States (1-209-634-4917).

Evaluation of susceptibility includes the family history and
measurement of baseline creatine kinase level; it is elevated in
70% of those affected. The definitive test is a muscle biopsy
for contracture studies after exposure to halothane, caffeine,
halothane plus caffeine, or potassium. Although laboratory
standardization of contracture testing is not complete, patients
who have negative in vitro contracture tests for MH appear
to have no adverse anesthetic outcome when subsequently ex-
posed to triggering anesthetic agents. However, this test is inva-
sive and not available in all medical facilities. A new approach
is that of genetic testing—the mutation conferring the suscep-
tibility for MH is recognized and can be mapped. The future
of diagnosis of MH susceptibility probably lies in genetic diag-
nosis (127).

TA BLE 7 1 . 1 3

REVERSAL AGENTS USED WITH NEUROMUSCULAR
BLOCKING AGENTS

Anticholinesterase Anticholinergic

Neostigmine 35–70 µ g/kg
(maximum, 5 mg)

Atropine 20 µ g/kg
or

Edrophonium 500–1,000 µ g/kg Glycopyrrolate 10 µ g/kg
Pyridostigmine 175–350 µ g/kg

(maximum, 20 mg)

Modified from Miller RD, Savarese JJ. Pharmacology of muscle
relaxants and their antagonists. In: Miller RD, ed. Anesthesia. 2nd ed.
New York: Churchill Livingstone; 1986:889.
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TA BLE 7 1 . 1 4

SIGNS OF MALIGNANT HYPERTHERMIA

Early signs Late signs Postcrisis signs

Skeletal muscle
rigidity

Hyperpyrexia—may exceed 43◦C
(109.4◦F)

Muscle pain, edema

Tachycardia and
hypertension

Cyanosis Central nervous system
damage

Elevated PetCO2 Serum electrolyte abnormalities Renal failure
Acidosis Elevated serum creatinine phosphokinase Continued electrolyte

imbalance
Dysrhythmias Myoglobinuria

Coagulopathy
Cardiac failure and pulmonary edema

PetCO 2, end tidal partial pressure of carbon dioxide.

Diag nosis
Treating MH is easier than making the clinical diagnosis
because the presenting signs may be mistaken for benign
conditions, and MH is relatively uncommon. When trig-
gering anesthetic drugs—potent inhaled anesthetic agents,
succinylcholine—are used, MH must be considered in the pres-

TA BLE 7 1 . 1 5

ACUTE THERAPY FOR MALIGNANT HYPERTHERMIA

I. Discontinue all anesthetic agents.
Hyperventilate with an FiO 2 of 1.0.
CO2 is increased so hyperventilate to achieve a normal

PaCO2.
II. Dantrolene

Intravenously 2 mg/kg every 5 min to a total of 10 mg/kg
Effective dosage should be repeated every 10–15 h for at

least 48 h
III. Sodium bicarbonate

Initial dose (mEq) = (base excess × [body weight in kg])/4
Give half the calculated dose; repeat as determined by

arterial blood gas studies.
IV. Control fever

Iced fluids
Surface cooling
Cooling of body cavities with sterile iced saline
Heat exchanger with a pump oxygenator
Dantrolene

V. Monitor urinary output
At least 0.5 mL/kg/h
If myoglobinuria is present, at least 1 mL/kg/h

VI. Further therapy
Guided by blood studies, temperature, and urine output
(Blood studies include blood gases, electrolytes, liver

profile, coagulation studies [including DIC studies],
serum hemoglobin and myoglobin, and urine
hemoglobin and myoglobin.)

DIC, disseminated intravascular coagulation; FiO 2 , fraction of
inspired oxygen.
Modified from Askanazi J. Principles of nutritional support. In: Barash
PG, Deutsch S, Tinker J, eds. Refresher Courses in Anesthesiology.
Vol. 14. Philadelphia: JB Lippincott; 1986:1.

ence of unexplained tachycardia, tachypnea, arrhythmias, mot-
tling, cyanosis, hyperthermia, muscle rigidity, diaphoresis, or
hemodynamic instability. The presence of more than one sign
must initiate arterial and central venous blood gas analysis for
metabolic and respiratory acidosis and hyperkalemia. Central
venous oxygen and carbon dioxide partial pressures change
more dramatically than do those of arterial blood.

Tre at me nt
The mortality rate of MH has decreased from 70% to less than
5% when recognized and treated appropriately because of im-
proved therapy (Table 71.15) (6). After brief administration of
a triggering agent, discontinuation may abort the attack. With
fulminant MH—PaCO 2 above 60 mm Hg and increasing; base
excess more than –5 mEq/L; and a body temperature that is in-
creasing by approximately 1◦C every 15 minutes—specific ther-
apy with dantrolene is required. The mechanism of action of
dantrolene is not completely clear, but it is known to affect the
ryanodine receptor, which is a major calcium release channel of
the skeletal muscle sarcoplasmic reticulum, thus decreasing the
intracellular calcium. Dantrolene is the key to successful MH
treatment. Because of its poor water solubility, the preparation
of dantrolene for intravenous use requires the full attention of
at least one person. Thus, help must be requested as soon as
the diagnosis is tentatively made (128).
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CHAPTER 72 ■ INITIAL MANAGEMENT OF
THE TRAUMA PATIENT
SCOTT R. KARLAN r DANIEL R. MARGULIES

The many chapters of this book testify to the many facets of
critical care. Most are applicable to trauma patients in the in-
tensive care unit (ICU). In contrast, the initial management
of the trauma patient requires a different focus and prioriti-
zation. This chapter presents common life-threatening prob-
lems that face all critical care physicians who care for trauma
victims.

Trauma patients look different. Most start out younger and
healthier than other ICU patients but the severity of many of
their injuries mandates expert critical care management. How
does initial trauma care differ from other critical care treat-
ment? Time is the key. Many of the more common traumatic
injuries are rapidly lethal. One’s desire to thoroughly evalu-
ate a trauma patient must therefore be tempered by a need to
prioritize within available time. This prioritization, aided by
careful planning and a team approach, contributes to patient
survival.

THE TEAM
Your treatment plan needs to start before the next trauma
patient arrives. A multiply injured patient may require sev-
eral simultaneous interventions. Having a team of physicians,
nurses, technicians, therapists, and aides allows for parallel
rather than sequential treatment. Adding personnel (e.g., x-ray
technicians, respiratory therapists, surgical specialists) to your
team encourages these individuals (and their departments) to
commit to trauma care, potentially reducing treatment delays.
Noise rises exponentially with the size of the team, making it
difficult to communicate or to auscultate breath sounds and
heart tones. Having a common paging system for all mem-
bers of the team is essential to reduce redundancy and acti-
vate the necessary team prior to the arrival of the patient at
your hospital. This activation system can be a tiered response
depending on the facility you work in. Regardless, critically
reviewing prior trauma resuscitations in your facility will re-
veal any needed additions or deletions of members to your
team.

Take a lesson from the National Association for Stock Car
Auto Racing (NASCAR). To function as a team, you need to
practice as a team. Mock trauma drills allow you to do it over
until you do it right. Do you have more than one chest tube
set? How long does it take to get the drugs for a rapid sequence
induction and intubation? Do you even have a pediatric endo-
tracheal tube? A NASCAR team can change four tires and fill
the gas tank in about a minute. Your team will need to estab-
lish IV access and administer fluid, gather baseline vital signs,
and complete the primary survey in this time frame. Do team

members understand the big picture (what needs to be done for
the patient) beyond their specific assignments? Are they pre-
pared to shift roles when necessary (e.g., when a patient needs
intubation, or when IV access is problematic)? If you have team
members trained in the medical intensive care unit, can they
“ think surgically,” as intervention may be needed without a
clear diagnosis?

As you build a team, think outside the hospital. Organized
trauma networks reduce preventable deaths (1,2). By joining
such a network, your hospital integrates paramedics and other
field triage personnel into your team. Although the number of
trauma centers has risen from 471 in 1991 to 1,154 in 2002
(including 190 level I and 263 level II centers) (3), 46 million
Americans still live more than an hour from a level 1 or 2 cen-
ter (4). Committing the resources to become a level I or level
II trauma center will optimize care at your hospital and in the
community. These resources include on-site trauma surgeons,
immediately available operating rooms, rapidly available sur-
gical specialists, a trauma manager, quality improvement pro-
cesses, and other benefits.

TRIAGE
Called to the scene of an accident, paramedics initially triage
the victims. They determine who to transport and when and
where to take them (following established community proto-
cols). In all cases, the number of patients and severity of their in-
juries are weighed against available resources. Ideally the most
severely injured are taken to the center most capable of treating
that patient, so when many injuries occur at the same time they
may be divided between available hospitals. Blunt and pene-
trating urban trauma typically involves relatively few patients
at a time. Several simultaneous incidents may occur and may
overwhelm a community. September 11 has taught us that we
need to prepare for multiple victims.

In a mass casualty event, you may need to evacuate the emer-
gency department (ED) to make room for incoming patients.
The seriously injured will be brought in slowly as patients with
minor injuries flood into your waiting room. ED physicians
normally stay with the ED patients as they are moved else-
where in the hospital. Although surgeons will be needed in the
operating room, it is important that the vital role of making
these initial triage decisions be filled by someone who is experi-
enced in trauma management and understands the physiology
of traumatic injury.

Triage is most effective at “ground zero,” a site in the field
where patients are gathered prior to transport. If roads and
communications are disrupted, much of the initial trauma care
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may need to be provided at that site. Ideally, a physician with
trauma experience and knowledge of community resources
goes to the field to oversee triage rather than waiting in the
emergency department.

Paramedics play a critical role even when triage is not an
issue. Their observations may be the only medical history that
is ever available. Did they speak to witnesses of a shooting?
How far did a patient fall? Was extrication necessary after
a car crash? How much blood was at the scene? Paramedics
will communicate most of this information to the trauma team
upon arrival, along with any other observations (patient sta-
bility, apparent injuries). Radio communication provides much
of this prehospital information, but direct communication with
the paramedics before they leave is important. Knowing about
likely injuries allows you to focus on treating the patient,
rather than listening to paramedics, when the patient arrives.
If paramedics have already started two large-bore IVs, intu-
bated the patient, and given 2 liters of fluid, your priorities
will change. Every minute of advance warning can save critical
seconds later on.

PRIORITIZATION
The American College of Surgeons, through its Advanced
Trauma Life Support (ATLS) course (5), has taught genera-
tions of physicians and nurses to focus on the ABCDE’s of
trauma. “Airway, breathing, and circulation” is worth repeat-
ing over and over as you struggle to revive a trauma victim.
When circumstances go from bad to worse (e.g., multiple si-
multaneous life-threatening injuries, in a deteriorating patient
not responding to resuscitation), remember the ABC’s. An ob-
structed airway is lethal within minutes. Securing an airway
can buy enough time to address many other injuries. For this
reason, it is more important to look for airway obstruction
(even in intubated patients) than for intracerebral bleeding,
aortic dissection, pancreatic transection, or virtually any other
injury.

After ensuring the ABCs, “D” is a reminder to consider
disability or, more specifically, to perform a rapid neurologic
assessment. At the bare minimum, this should include an as-
sessment of the patient’s pupils (size and reaction to light),
extremity motion (looking for lateralizing signs), and Glas-
gow coma scale. Assessing strength and sensation requires an
awake, cooperative patient. In an unstable patient or patient
with an altered mental status (from alcohol, drugs, or head
trauma), you may need to complete the neurologic examina-
tion later that day or the following day. The Glasgow coma
scale is primarily used as a tool for sequential assessment. Pa-
tients with head trauma or an altered mental status should
be rescored every few hours. Their score should improve as
they recover (or sober up), and deterioration warrants prompt
re-evaluation and/or repeat computed tomography (CT)
scanning.

“E” reminds you to expose the patient. Cutting off clothes
may seem wasteful until you miss an unsuspected wound, or
find a knife, by radiography, in pants that should have been
removed. Slight tracheal deviation may be the only sign of a
tension pneumothorax. The odds of identifying this are vastly
improved if the patient is exposed.

Placing a blanket warmer in the emergency room allows
you to quickly cover and uncover a patient. This mitigates the

hypothermia caused by cold IV fluid, field exposure, and ED ex-
posure. Blunt trauma, in particular, causes bleeding from both
small and large vessels. Platelets and clotting factors normally
control the small-vessel bleeding, allowing the surgeon to fo-
cus on the large vessels. Coagulopathy vastly complicates the
surgeon’s task, adversely affecting survival. In the ICU setting,
coagulopathy is most often caused by a drug overdose (e.g.,
heparin) or an adverse drug reaction. In trauma, coagulopathy
is multifactorial. Ongoing bleeding, attempted clotting, and
crystalloid resuscitation lead to the direct loss, consumption,
and dilution of platelets and clotting factors. With mild hy-
pothermia, platelets adhere poorly. Below 33◦C, coagulation
enzymes fail. Once the core body temperature drops below
32◦C, trauma patients have a 100% mortality (6). Hypother-
mia is a preventable cause of death mitigated by simple mea-
sures like warming the ED trauma bay and operating room.

THE PRIMARY SURVEY
ATLS divides the patient’s initial evaluation into a primary and
secondary survey. The primary survey focuses on high-priority
injuries: those that are rapidly lethal and rapidly correctable.
Many common injuries are rapidly lethal. Rapidly correctable
implies that you can fix (or temporize) the problem using simple
tools (a laryngoscope, a chest tube, direct pressure, etc.) kept
in an ambulance or in the ED. The primary survey is designed
to identify such injuries (Table 72.1).

Airway Ob st ruct ion and
Airway Manag e me nt

Airway management is a common cause for anxiety. Failure in
airway maintenance rapidly leads to death. Apart from the rare
patient with severe facial trauma who requires an immediate
cricothyroidotomy, trauma patients should be approached in a
standardized fashion. Assume that all patients are at risk for a
respiratory arrest, and for a cervical spine injury, and are likely
to have a full stomach.

Patients are categorized into three groups: (a) those who
are awake, alert, and breathing with no difficulty at all;
(b) those in respiratory distress who need immediate intuba-
tion; and (c) everyone else. The first group should be treated
with periodic reassessment. With the second group, check for
airway obstruction while setting up for a rapid sequence in-
duction and intubation. Simple measures, like a jaw thrust or

TA BLE 7 2 . 1

THE FOCUS OF THE PRIMARY SURVEY

Rapidly lethal and rapidly
correctable injuries Initial treatment

Airway obstruction Obtain a secure airway
Tension pneumothorax Needle thoracostomy
Open pneumothorax Support ventilation
Cardiac tamponade Decompression
Peripheral arterial injuries Direct pressure
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chin lift, or an oral or nasal airway, rarely allow you to avoid
intubation. However, these maneuvers may convert an emer-
gent intubation into a semi-elective intubation. The third group
includes all of the patients who don’t need intubation at that
moment, but who may be close to needing it or who may need it
in the future. This is the group that requires judgment. Trauma
patients with an altered mental status but with no respiratory
distress will be sent for a head CT scan. Some will stop breath-
ing in radiology, a suboptimal place for an emergent intubation.
If you try to intubate every patient prior to CT, you will fail
2% to 3% of the time (7). Failure to obtain an airway can
be managed if you have a backup plan (8), including cricothy-
roidotomy. Generally, intubate patients with a Glasgow coma
scale score of 8 or less. If a patient has no mental status changes
but needs to go to the operating room, consider early intubation
prior to transport, particularly if the patient has been hypoten-
sive. If you have any doubt, err on the side of intubating the
patient.

The best way to intubate a patient is the way that works best
for you. Be consistent. Pick one set of drugs and your favorite
Macintosh or Miller blade. If you develop a routine, you will
be reminded to use suction and to apply cricoid pressure. Your
success depends less on your speed and more on your skill with
mask ventilation. Preoxygenation is critical. Several minutes
of effective mask ventilation with 100% oxygen will create
a luxurious amount of time to inspect the airway and place
an endotracheal tube without disturbing the spine. Not every
patient needs sedation. In an unresponsive patient, you can
bypass the rapid sequence induction unless you have selected
the drugs to reduce intracranial pressure during intubation.

Airway Manag e me nt and t he
Ce rvical Sp ine

Any patient who rapidly decelerates (e.g., motor vehicle acci-
dent, fall) requires spinal stabilization. Such a patient should
arrive on a backboard with a collar. Also consider spinal in-
juries after direct trauma to the head, neck, or back. Clearing
the cervical spine requires more than a radiograph as ligamen-
tous injuries can occur in the absence of radiologic findings. In
an alert, cooperative patient who has no neck tenderness, no
distracting injury, and a normal neurologic examination, the
collar may be safely removed (9). Unfortunately, neck tender-
ness and mental status changes are common. In such patients,
clearing the C-spine is not an immediate priority and should
be delayed until they are stable. Clearance criteria are contro-
versial and may require a C-spine series or CT of the neck, to
rule out fractures, followed by flex/ex (flexion/extension) views
or magnetic resonance imaging (MRI) of the neck, to rule out
ligamentous injuries.

Protecting the spine is occasionally at odds with needed in-
tervention. This occurs most often during intubation, although
there are other circumstances where it may be necessary to
transiently remove the front of the collar. This conflict is best
overcome by assigning one team member to maintain in-line
stabilization (not traction) while other team members perform
necessary interventions. Although direct laryngoscopy will an-
gulate the spine despite in-line stabilization (10), orotracheal
intubation can be performed safely in patients with cervical
spine fractures when reasonable precautions are taken (11).

Fiberoptic intubation can be done without any movement of
the neck and should be considered in high-risk patients when
time permits. While nasotracheal intubation also avoids spinal
manipulation, it is rarely used in trauma because it requires
an awake, breathing patient; takes time to perform; can cause
nasal bleeding; and can lead to vomiting and aspiration.

Pne umot horax and Te nsion Pne umot horax

Pneumothorax is one of the most common thoracic injuries. As
a consequence, any physician caring for trauma patients should
be comfortable placing a chest tube. Air usually enters the pleu-
ral space from a lung injury, although it may also enter through
a chest wound. During normal inspiration, the diaphragm con-
tracts, intrapleural pressure falls, and the lung expands via the
bellows effect. If the pleural space contains trapped air, the lung
cannot fully expand. Blood then circulates through nonaerated
alveoli, leading to hypoxia. Despite this, healthy patients can
generally tolerate the complete collapse of one lung.

Tension pneumothorax starts in a similar manner; however,
the pathophysiology soon diverges. Some lung injuries act as
a one-way valve. Inspiration pulls air into the pleural space.
Expiration compresses the lung and obstructs air egress. As
pleural pressure builds, the mediastinum is pushed to the con-
tralateral side (shifting the trachea), eventually kinking the su-
perior vena cava and inferior vena cava. Venous pressure then
rises (distending the neck veins) and venous return falls. As
preload drops, cardiac output drops, and then blood pressure
drops. Patients die from cardiogenic shock, not hypoxia, al-
though hypoxia may also be present. If a patient with a chest
injury becomes hypotensive after intubation, consider tension
pneumothorax. Positive pressure ventilation can rapidly raise
the intrapleural pressure in these patients.

Tension pneumothorax is both rapidly lethal and rapidly
correctable. There are several mandatory treatments. The first
should be decompression. If you suspect tension pneumo-
thorax, perform needle thoracostomy (or expeditiously place
a chest tube). Do not wait for chest radiograph confirmation.
Use the largest IV catheter immediately available (ideally 14 or
16 gauge). Place the catheter in the second or third intercostal
space, in the midclavicular line, aiming toward the back. This
will decompress the pleural space. Whether or not the patient
had a tension pneumothorax, the outcome will be a simple
pneumothorax. A chest tube should be placed at the earliest
opportunity. A small chest tube (e.g., 20 French) placed ante-
riorly will work, but most chest injuries involve some degree
of bleeding and a large chest tube (e.g., 36 French) is prefer-
able. Place it in the fifth intercostal space in the midaxillary
line high enough to avoid hitting the liver or spleen. Although
tube thoracostomy is optimal treatment, it takes a few minutes
to complete. As death can occur rapidly, needle thoracostomy
should be considered first unless you have all the equipment
actually in your hands.

Volume loading should be done simultaneously for treat-
ing a tension pneumothorax. If you have a patient who is hy-
potensive and hypoxic with distended neck veins and tracheal
shift, turn up the IV as you look for a catheter for needle tho-
racostomy. Increasing the venous volume (and pressure) will
overcome the venous obstruction (until the mediastinum shifts
further). This will not treat the hypoxia, but it will raise the
blood pressure for a few minutes. As with other interventions,
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the goal of initial trauma care is to buy time for definitive treat-
ment.

Op e n Pne umot horax and Flail Che st

In an open pneumothorax, there is a large hole into the chest.
As the patient tries to breathe, air moves in and out through
the hole. For this reason, an open pneumothorax is also known
as a sucking chest wound. Intrapleural pressure never falls, so
the ipsilateral lung never expands. There are two treatment op-
tions. If you cover the hole, you create a simple pneumothorax,
which can then be treated with tube thoracostomy. If you intu-
bate the patient, positive pressure ventilation will expand both
lungs regardless of the presence of an open pneumothorax.

Flail chest has similar pathophysiology. If three or more ribs
are broken in two places, the “flail” segment moves in and out
as the patient tries to breathe. As with open pneumothorax,
there are three choices: you can place a chest tube, intubate the
patient, or both. Unfortunately, the force needed to cause these
injuries usually damages the adjacent lung. Although treating
the flail segment is easy, patients may still die from the associ-
ated pulmonary contusion and hypoxia.

Card iac Tamp onad e

Beck’s triad (hypotension, jugular venous distention, and muf-
fled heart sounds) and pulsus paradoxus (an exaggerated drop
in systolic blood pressure of > 10 mm Hg with inspiration) are
the hallmarks of cardiac tamponade. These clinical signs are
less reliable in trauma. Hypotension is nearly universal, hypo-
volemia may prevent jugular venous distention, and ED noise
obscures heart sounds. Clinical suspicion (any wound near the
heart) is essential to making this diagnosis, although cardiac
tamponade has been rarely reported after minor chest trauma
(12). The widespread adoption of focused abdominal sonog-
raphy for trauma (FAST) has made it easier to identify cardiac
tamponade.

Cardiac tamponade is both rapidly lethal and rapidly cor-
rectable. For this reason, patients who present in shock after
chest trauma have a better chance of survival if they present
with cardiac tamponade (13). As blood enters the rigid peri-
cardial sack, it prevents the heart from filling during diastole.
Venous return is obstructed, venous pressure rises, and cardiac
output falls. The rapid infusion of IV fluid will transiently raise
the blood pressure (14), but decompression is key, followed by
definitive correction of the underlying injury. The pathophysi-
ology is similar to tension pneumothorax. Although rare, ten-
sion pneumomediastinum presents (15) in an identical fashion
and can also be treated with mediastinal decompression.

In the nontrauma setting, pericardiocentesis, done with a
pigtail catheter under ultrasound guidance, is the treatment of
choice. Pericardiocentesis has been used effectively for trauma
(16). However, the preferred treatment is subxiphoid pericar-
dial window (17) or emergency room thoracotomy (with peri-
cardial fenestration) whenever a surgeon is available. Decom-
pression buys time but rarely addresses the underlying injury.
Most trauma patients with cardiac tamponade should there-
fore be expeditiously taken to the operating room for median
sternotomy or anterolateral thoracotomy.

Pe rip he ral Art e rial Injurie s

Significant arterial bleeding from extremity laceration is some-
times “audible.” Direct pressure is the treatment of choice,
particularly with peripheral arterial injuries. Tourniquets cut
off collateral circulation and are best reserved for those situa-
tions where you need to stop bleeding while carrying the vic-
tim to safety. Direct clamping is instantaneously effective, but
may be difficult in the emergency room with limited light, suc-
tion, and retraction. Even when applied properly, a clamp may
crush the artery, reducing the length available for a primary
anastomosis. As arteries travel with nerves and veins, direct
clamping may damage adjacent structures. For these reasons,
direct pressure is preferred, even though it may fully occupy one
person.

Re suscit at ion

Resuscitation starts in the field and continues after arrival. Ad-
minister fluid rapidly if justified by the mechanism of injury.
It is rare for a patient to develop congestive heart failure from
resuscitation in the emergency room even if they have underly-
ing cardiac disease. In contrast, underresuscitation is common
(18). Young, athletic patients may be able to compensate for
significant blood loss without tachycardia or hypotension. Es-
sential hypertension and heart block also make it difficult to
interpret vital signs in the elderly. As a sign of shock, tachycar-
dia is more sensitive than hypotension; however, tachycardia
may reflect pain rather than blood loss. With the foregoing
caveats, continuously monitoring the vital signs is the best way
to gauge the efficacy of ongoing resuscitation (Table 72.2).

If you can palpate a pulse, you can estimate the blood pres-
sure. As a general guide, a palpable carotid pulse implies that
the blood pressure is at least 60 mm Hg; a femoral pulse implies
that the blood pressure is over 70 mm Hg; and a radial pulse
implies 80 mm Hg.

Int rave nous Acce ss

“Two large-bore IVs, placed at different sites” is a tenet of
trauma resuscitation. With too many IVs, the tubing tangles
and hampers patient transfers. “Large bore” implies that the
line can be used to rapidly transfuse blood. The infusion rate de-
pends on pressure and resistance. Commercial warming equip-
ment (e.g., Level 1 or Rapid Infusion System) as well as sim-
ple pressure bags can greatly increase the transfusion pressure.
Resistance varies with blood viscosity (which increases with
refrigeration) and line (tubing plus IV catheter) impedance.
Large IV catheters (6 or 8 French) are readily available and can
be placed easily using the Seldinger technique. With large IV
catheters, the transfusion rate is limited by the tubing itself. A
shorter length and larger diameter are advantageous. Catheter
impedance increases exponentially (to the fourth power of the
radius) as the catheter gets smaller. For this reason, 18-gauge
catheters can be problematic and smaller catheters should not
be used.

If you place femoral lines in patients with pelvic trauma, you
may find one of your lines infusing into the peritoneal cavity
through a lacerated iliac vein. Whenever possible, place IV lines
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TA BLE 7 2 . 2

ESTIMATED FLUID AND BLOOD LOSSES BASED ON PATIENT’S INITIAL
PRESENTATION

Class I Class II Class III Class IV

Blood loss (mL) Up to 750 750–1,500 1,500–
2,000

> 2,000

Blood loss (%
blood volume)

Up to 15% 15% –30% 30% –40% > 40%

Pulse rate < 100 > 100 > 120 > 140
Blood pressure Normal Normal Decreased Decreased

From American College of Surgeons Committee on Trauma. ATLS Advance Trauma Life Support for
Doctors. Chicago: American College of Surgeons; 2004:74 (Table 1).

away from the site of trauma. Choose a different extremity for
the second line. If the first is in the arm, place the second in the
groin or leg (and vice versa). Separating IV lines maximizes the
likelihood that infused fluid will reach the heart.

Co llo id , Cryst allo id , and Blood Sub st it ut e s

How best to replace lost blood has been a perennial topic of
controversy. Restoring volume can be achieved with colloid
or crystalloid. Restoring oxygen-carrying capacity requires red
cells.

Crystalloid should be used first in trauma resuscitation. It is
readily available, inexpensive, and free of viruses and allergic
reactions. As rapid infusion may be necessary, it must be iso-
tonic. Normal saline (0.9% NaCl) is the preferred solution if
you need to administer blood through the same line. Since nor-
mal saline contains 154 mEq of sodium and no potassium, large
amounts lead to hyperchloremia and hypokalemia. Ringer lac-
tate and Ringer acetate avoid this problem by reducing the
sodium and adding potassium (and calcium).

Unlike blood, which is confined to the vasculature, crys-
talloid equilibrates throughout the interstitial and intracellular
spaces. As a consequence, 3 liters of crystalloid is needed to re-
place 1 liter of blood. ATLS recommends starting O-negative or
type-specific blood (if available) after 2 liters of crystalloid have
been given and the patient remains hypotensive. Nonetheless,
a huge volume of crystalloid may be needed in a badly injured
patient. This inevitably leads to peripheral edema and if the
heart cannot pump the fluid forward, pulmonary edema may
develop (19). In order to reduce the time and volume of fluid
needed for resuscitation and to reduce the associated edema,
several alternatives have been studied. Small-volume resuscita-
tion has been attempted with hypertonic saline (7.5% saline),
colloid (albumin, dextran, gelatins, hydroxyethyl starch), and
hypertonic saline plus colloid (20,21). Despite the potential ad-
vantages of these small-volume resuscitations, which have been
of particular interest to the military, crystalloid appears to be
associated with a lower mortality in trauma (22,23).

Blood substitutes have advanced from theory to phase 3
clinical trials. Perfluorocarbons and hemoglobin-based oxygen
carriers (HBOCs) share many of the benefits of crystalloid:
they can be produced in large quantities with a long shelf life,
they are universally compatible, and they are free of viruses

and allergic reactions (24). Early formulations were plagued
by toxicity (vasoconstriction, neurotoxicity, renal dysfunction,
and impaired immunity). However, new polymerized HBOC
formulations should reduce the volume needed for resuscita-
tion with fewer adverse reactions (25).

As you contemplate your choices among crystalloid, col-
loid, and blood substitutes, it is worth emphasizing that pres-
sors should never be used as the therapy for traumatic shock
and should only be used in spinal shock after volume resusci-
tation. Spinal cord injuries occur in patients with occult intra-
abdominal or intrathoracic bleeding. If your patient has any
degree of hemorrhagic shock, volume expansion is essential.
Patients with neurogenic shock may respond to a lesser extent,
as volume expansion improves cardiac output, which helps to
compensate for the loss of vascular tone.

Pe rmissive Hyp ot e nsion

The goal of resuscitation is to restore normal perfusion and
oxygen delivery. In experimental models of uncontrolled hem-
orrhagic shock, aggressive resuscitation actually increased mor-
tality by increasing the bleeding from injured vessels (26). Hu-
man studies (27,28), including one prospective study in patients
with penetrating torso trauma (29), have also suggested that
fluid resuscitation should be delayed until bleeding can be con-
trolled. These studies done in younger patients with penetrating
torso trauma should not be extrapolated to other types of pa-
tients until further studies are done. Permissive hypotension,
where patients are resuscitated to a less than normal blood
pressure, is also supported by animal and human studies (30).
Underresuscitating a patient may be lethal. Overresuscitation
may also be detrimental. Ultimately, the degree of resuscitation
may be less important than the time it takes to get definitive
control of bleeding.

THE SECONDARY SURVEY
This chapter has explored the initial management of the trauma
patient. After ruling out injuries that are rapidly lethal and
rapidly correctable, many other injuries remain. Some are se-
vere, contributing to death and disability. To avoid missing
these injuries, the secondary survey should be thorough, de-
tailed, and compulsive, similar to the critical care detailed
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elsewhere in this book. Building on lessons from the primary
survey and resuscitation, the next chapter reviews the sec-
ondary and tertiary surveys, diagnostic evaluation, and defini-
tive treatment.
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CHAPTER 73 ■ SECONDARY AND TERTIARY
TRIAGE OF THE TRAUMA PATIENT
ROBERT D. WINFIELD r LAWRENCE LOTTENBERG

The previous chapter covered the initial assessment and care
of the injured trauma patient. Following the period of stabi-
lization and the management of immediately life-threatening
injuries described therein, the patient will make the transition
to the more comprehensive capabilities of the inpatient setting.
This chapter is focused on that critical period of time that be-
gins with transfer to the intensive care unit, in which transport,
transfer of care to the intensive care unit team, the gathering
of additional information, continued resuscitation, and a more
complete and thorough assessment of the patient’s injuries are

RDW was supported by a T32 training grant (T32 CA-XXXXX-02)
in surgical oncology from the National Cancer Institute, NIH.

undertaken. Additionally, this chapter will address some of the
more common injuries that are associated with delayed presen-
tations, and cover current diagnosis and management strategies
in these situations.

IMMEDIATE CONCERNS

Pat ie nt Transp ort t o t he
Int e nsive Care Unit

Of immediate concern following stabilization is safe transport
of the critically injured patient from the emergency department
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TA BLE 7 3 . 1

AMERICAN COLLEGE OF CRITICAL CARE MEDICINE/SOCIETY OF CRITICAL
CARE MEDICINE GUIDELINES FOR INTRAHOSPITAL TRANSFER OF THE
CRITICALLY ILL PATIENT

Pretransport coordination Continuity of care ensured by physician-to-physician
and/or nurse-to-nurse communication to review patient
condition and the treatment plan

Confirmation by the receiving location that it is ready to
receive the patient

Coordination of appropriate hospital personnel (e.g.,
respiratory therapy) to be available on patient arrival

Accompanying personnel Minimum of two people
In unstable patients, a physician with training in airway

management, advanced cardiac life support (ACLS),
and critical care training or equivalent

Accompanying equipment A blood pressure monitor (or standard blood pressure
cuff), pulse oximeter, and cardiac monitor/defibrillator
accompany every patient without exception

When available, a memory-capable monitor with capacity
for storing and reproducing patient bedside data

Airway management equipment and oxygen source to
supply for projected needs and 30-minute reserve

Basic resuscitation medications (epinephrine,
antiarrhythmic agents)

If a transport ventilator is to be employed, it must have
alarms to indicate disconnection and excessively high
airway pressures and must have a backup battery
power supply

Monitoring during transport At a minimum, continuous electrocardiographic
monitoring, continuous pulse oximetry, and periodic
measurement of blood pressure, pulse rate, and
respiratory rate

Adapted from Warren J, Fromm RE Jr, Orr RA, et al. 2004. Guidelines for the inter- and intrahospital
transport of critically ill patients. Crit Care Med. 2004;32:256.

or trauma bay to the intensive care unit setting. While the prac-
tice of moving the patient between these two settings would
seem to be quite simple, numerous authors have described
the pitfalls associated with the transfer of patients within a
given facility (1–4). In 2004, the American College of Critical
Care Medicine and the Society of Critical Care Medicine re-
leased specific guidelines for appropriate intrahospital transfer
of critically ill patients (5). These guidelines are summarized in
Table 73.1. Briefly, they highlight the need for appropriate pre-
transport communication between the transporting and receiv-
ing teams, the presence of appropriate numbers of adequately
trained personnel in the transport, the equipment and medica-
tions that should accompany the patient on the transfer, and
the minimal level of monitoring that the patient should receive
during transport.

Communicat ion b e t we e n Trauma Te am
and Int e nsive Care Unit Provid e rs

Upon the arrival of a critically injured trauma patient, commu-
nication should begin between the trauma team and intensive
care unit (ICU) providers. Initial impressions of the extent and
severity of injuries, known medical and surgical history, and

immediate surgical plans can all be helpful to the ICU team in
making arrangements for appropriate equipment, medications,
and personnel to be available upon patient transfer to the ICU.

Physician-to-physician communication will vary depending
on whether or not the ICU is an open or closed unit. In an open
ICU, the trauma surgeon responsible for admitting the patient
will remain primarily responsible for the patient’s care through-
out his or her hospitalization, including all moment-to-moment
ICU decisions. This clearly precludes the need for a handoff of
care responsibilities. In a closed ICU, a designated physician in-
tensivist or intensivist team will assume primary responsibility
over the patient’s care. In the latter situation, concise yet com-
plete discussions should ensue between the trauma surgeon and
intensivist regarding the patient’s status in order to minimize
disruption upon transfer of care.

Additionally, the need to communicate with nursing staff
and hospital administration regarding needs for bed space can-
not be underestimated. In busy tertiary care centers, particu-
larly level I trauma centers, intensive care unit bed space is at
a premium. Unidirectional flow of trauma patients (from the
emergency department to radiology to the ICU, without a re-
turn to the emergency department) is dependent on keeping
the bed control coordinator informed of needs. In single or
dual traumas, this unidirectional flow is highly desirable, but
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in mass casualty situations, it is essential to the successful triage
and management of the injured patients.

OBTAINING THE PATIENT’S
HISTORY AND HISTORY OF INJURY

Communicat ion wit h Pat ie nt s/
Family Me mb e rs

Oftentimes, communication with patients is not possible in crit-
ically ill trauma patients, and much of the information that will
subsequently be known about the trauma victim is obtained
through discussion with family. Interaction with the family of
a recently injured patient can pose incredible challenges for
the trauma or intensive care unit provider. In a brief period of
time, the physician must explain the circumstances that led to
the patient’s injuries, what has been done for the patient up
to this point, injuries that have been identified, the prognosis
(if this can be estimated), and immediate plans for the patient’s
care. Additionally, this will be a time to obtain family contact
information and valuable background information about the
patient and his or her relevant health history, as well as discuss
informed consent for any pending invasive procedures. While
this can be a daunting task, a sensitive and systematic approach
will ensure effective and thorough communication that engen-
ders trust among the loved ones of the patient and allows the
care providers to obtain needed information.

The time following notification of a severe injury to a loved
one is a time of intense emotion. Many authors have reported
that signs and symptoms of anxiety, depression, and even post-
traumatic stress disorder (PTSD) are present in family mem-
bers of trauma victims and intensive care unit patients (6–8).
It has been suggested that some of these symptoms may be
lessened by early communication with the family as this al-
lows the family members to transition to an emotional state
where they are capable of dealing with the issues at hand
(9,10). Cross et al. performed a study in which they observed
the time that elapsed between the arrival of family members
and the time when a physician member of the trauma team
held a discussion with the family (9). They found that families
waited an average of 37 minutes in the hospital before be-
ing approached by a trauma physician. They concluded that
this was an unacceptable wait time, as it was added to an
average 38-minute transport time to the hospital. The study
indicated that this wait time was often prolonged because of
failure to notify the physician that the family had arrived, and
physician delays in approaching the family secondary to pa-
tient care issues, awaiting radiologic studies, and simply for-
getting that the family was waiting. They recommended the
designation of a member of the caregiving team to be the liaison
to the family as soon as possible to prevent undue emotional
duress.

On approaching the family, Epperson recommends three
steps in alleviating anxiety: the provision of brief and accurate
information about patient status, an explanation of procedures
currently being performed, and allowing time for the family
members to communicate their initial impressions regarding
the trauma and its impact (9,10). This should promote open
discussion and a sense of trust for the health care providers
in the trauma team. Interestingly, the satisfaction and compre-

hension of the family under these circumstances appears not to
be dependent on communication with an attending or fellow,
indicating that a resident may be designated to perform this
important task (11).

Following adequate time for the family to voice concerns, as
thorough a history as may be obtained should be undertaken
in order to plan for special care needs of the individual patient.
Particular attention should be paid to chronic diseases with
known end-organ dysfunction, anticoagulation agents (aspirin,
warfarin, clopidogrel, etc.), and patient allergies. Finally, with
the arrival of appropriate family members, informed consent
should be obtained for any planned invasive procedures. This
allows for the possibility of early involvement of the family in
the patient’s care plans, and maximizes the chances that the
patient will receive care that is in keeping with his or her per-
sonal beliefs. One method that we have found helpful in our
institution’s intensive care unit is the use of a standardized ICU
“universal” consent form, which covers many of the commonly
performed procedures in the ICU (Fig. 73.1). This allows us to
obtain consent for many procedures simultaneously, allowing
us to rapidly perform life-saving procedures with the knowl-
edge that the family has agreed to their performance. Addi-
tionally, it promotes consideration of, and discussion about,
the opinion of the family regarding the patient’s desires for
life-sustaining measures.

The Role of t he Social Worke r

The social worker has unique training that focuses on the con-
cept of the patient as a member of a family system, and this
makes him or her an invaluable part of an optimally func-
tioning trauma team. Oftentimes, the social worker is the first
member of the team to meet with the family following a trau-
matic injury and he or she continues to play an integral role in
the patient’s care plan throughout the patient’s hospital course.
The social worker has the ability to obtain insight into family
dynamics and resources, and is likely the first individual that
truly begins discharge planning on admission of a patient to
the hospital. Additionally, the social worker will have the op-
portunity many times to interact with law enforcement officials
and get a thorough description of the circumstances surround-
ing the issue, even as the acute resuscitation and management
phase is taking place.

Int e ract ion wit h Law Enforce me nt

Traumatic injury often involves interaction with officers of
the law. In circumstances of motor vehicle collisions and as-
saults in particular, law enforcement officials may be present
in the trauma bay and the intensive care unit to provide and
gather additional information as well as obtain blood sam-
ples for alcohol and drug testing. Cooperation is obviously en-
couraged; however, the patient’s care must remain the priority
under these circumstances. Additionally, there will be situa-
tions in which patients are found after proven or suspected
assault. Under these conditions, reporting of a suspected as-
sault and relevant details should be communicated with law
enforcement officials in keeping with state and local reporting
standards.
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I, the   unders igned, unders tand tha t the  adult intens ive  and inte rmedia te  ca re  units  (“critica l ca re  units”) a re  places
where  se rious ly ill pa tients  a re  ca red for by specia lly tra ined s ta ff. The  critica l ca re  s ta ff works  close ly toge ther as  a
team to provide  the  bes t poss ible  ca re . The  critica l ca re  team uses  a  number of specia lized machines  and devices,
ca lled monitors , to frequently check the  heartbea t, blood pressure, and brea thing. Machines  tha t he lp the  pa tient 
brea the, ca lled mechanica l ventila tors , may a lso be  used.

Date________   Time________

Consent for Commonly Performed Procedures  in the  Adult Critica l Care  Units

I,______________________, consent to the  trea tments  and/or procedures  indica ted by my initia ls  be low, which in 

the  judgment of my critica l ca re  units  phys icians  may be  cons idered necessary or advisable  for 
______________________’s  diagnos is  or trea tment, and which may be  performed by any of the  adult critica l 

ca re  units ’ phys icians  and the ir associa tes  and ass is tants  (including res ident phys icians). I unders tand tha t this  
consent will be  cons idered good for my/the  pa tient’s  critica l ca re  unit admiss ion, up to 60 days, and tha t I may a t
any time  withdraw my consent to any trea tment or procedure. 

I unders tand tha t the  information I have  recieved about risks  is  not exhaus tive, and there  may be  other, more
remote  risks. I have  rece ived no guarantees  from anyone  regarding the  results  tha t may be  obta ined from any of
these  trea tments  or procedures .

I unders tand the  potentia l benefits  and drawbacks, potentia l problems re la ted to recupera tion, the  like lihood of
success , the  poss ible  results  of non-trea tment, and any medica lly resonable  a lte rna tives  associa ted with these
commonly performed procedures.

I a lso unders tand tha t a  re fusa l to consent to any of these  procedures  may have a  se rious  adverse  impact on my
hea lth and/or ability to recupera te .

Procedures

Arte ria l Line  Insertion......................................_____ Sedation Maintenance  or Procedura l.................. _____
Intuba tion & Mechanica l Ventila tion....................._____
Bronchoscopy......................................................_____
Ches t Tube  Insertion..........................................._____

Pulmonary Arte ry Cathe te r Placement............_____
Centra l Venous  Line  Insertion........................._____
Periphera lly Inserted Centra l Ca the te r............._____

Consent for Commonly Performed Procedures  in the  Adult Critica l Care  Units

Initia ls  of pa tient or representa tive Procedures Initia ls  of pa tient or representa tive

I have   had an opportunity to ask ques tions  of Dr._______________ regarding the  commonly performed 
procedures  and I have  had a ll my ques tions  answered to my sa tis faction.

I have  a lso read, or had read to me, the  information shee t entitled “Commonly Performed Procedures  and Rela ted 
Complica tions,” a  copy of which is  a ttached to this  form and which brie fly describes  each of these  commonly
performed procedures, and the ir subs tantia l risks , potentia l benefits  and medica lly reasonable  a lte rna tive  trea tments .

I unders tand tha t some of these  procedures  may be  performed more  than once  during a  pa tient’s  admiss ion.
These  commonly performed procedures, the ir use  in diagnos is  and trea tment, as  well as  the  subs tantia l risks  and 
poss ible  complica tions  involved, have  been expla ined to me by Dr.___________________.

I have  been informed tha t pa tients  in the  adult critica l ca re  units  often undergo certa in medica l procedures  and/or
trea tments , e ither to he lp de te rmine  what is  wrong, or to re lieve  symptoms or resolve  problems.

Name or Person Consenting

Pa tient’s  Name

PS50371-0705

This  form provided by Shands  a t UF as  a  
courtsey to pa tients  and the ir phys icians

SHANDS
at the University of Florida

Rev. 7/20/05

Patient Name: MR#:

FIGURE 73.1. The “universal” intensive care unit consent of Shands Hospital at the University of Florida.

REASSESSING THE ABCs WHILE
MAINTAINING VITAL FUNCTION

Asse ssme nt Me t hod s

As previously mentioned, the transport of the patient from the
trauma bay to the ICU can be a time of potential peril. As
such, arrival in the ICU represents a time for reassessment of

patient status, particularly the ABCs. None of the methods
subsequently listed should, in any way, disrupt the continued
resuscitation or care of the patient.

The airway may be assessed in standard fashion in the
awake, nonintubated patient by confirming that the patient
is able to speak. In circumstances where the patient was in-
tubated during resuscitation, confirmation of endotracheal or
nasotracheal tube placement should be undertaken using con-
firmation of end-tidal carbon dioxide and capnography. The
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patient’s care record should indicate the depth of tube place-
ment. Should this be in question, or if a variation is present,
an anteroposterior (AP) chest radiograph can quickly confirm
tube position.

Assessment of breathing should consist of both auscultation
of the lungs bilaterally and confirmation of adequate saturation
via pulse oximetry. If the patient is being mechanically venti-
lated, confirmation of appropriate ventilator settings should
be established, and if an arterial blood gas has not been per-
formed recently, this may be used to guide changes in ventilator
settings.

Finally, evaluation of circulatory status should include aus-
cultation of the heart, confirmation of pulses, measurement of
blood pressure, and verification of adequate intravenous ac-
cess. If blood pressure measurements are felt to be inaccurate,
and an arterial line was not placed previously during initial
resuscitation, this may serve as a useful adjunct in circulatory
management. It may also provide a stable line for the obtain-
ing of arterial blood gas measurements in the ventilated patient.
The authors prefer the use of percutaneous lower extremity ac-
cess for arterial lines in an attempt to avoid the monitoring
devices commonly placed on the upper extremities, and due
to the frequent occurrence of upper extremity injuries. If the
patient has a previously placed arterial line, the line should be
zeroed, and appropriate pressure tracing confirmed. With re-
gard to venous access, two large-bore intravenous lines should
be adequate, although a large-bore central venous line (e.g.,
a 9 French introducer) may be preferred in the critically in-
jured patient as it is less likely to become dislodged and has the
potential to offer the benefits of central venous pressure mea-
surements as well as superior vena cava mixed venous oxygen
saturation measurements; both of these may have the added
benefits of assisting in guidance of fluid resuscitation. Further-
more, large-bore central access may be used for rapid infusion
of crystalloid and blood products, and can provide a port of en-
try for a right heart catheter should this be desired. The authors
recommend a subclavian approach due to the greater incidence
of catheter-related bloodstream infections in alternate sites, as
well as the difficulty in accessing the internal jugular vein in the
patient with suspected cervical spine injury (12). The femoral
vein may also be utilized for rapid access; however, femoral ve-
nous catheters should be removed within 24 hours due to the
risk of deep vein thrombosis (12).

Pit falls

The intubated patient can have his or her airway disrupted
by any number of usual and customary motions during trans-
fer, and in certain cases, loss of airway represents a poten-
tially catastrophic complication. As such, it is generally good
practice to have an appropriately trained individual respon-
sible for maintenance of airway at all times. This person
should monitor the position and security of the tube, as well
as the connection of the tube to the Ambu-bag or ventila-
tor. Ideally, this person should be comfortable with intubation
and surgical airway management. Pharmacologic agents can
be of great assistance in preventing loss of airway, as anal-
gesics, anxiolytics, and paralytics can alleviate patient agita-
tion. In our experience, intermittent administration of paralytic
agents has decreased the incidence of tube dislodgement during
transport.

Dislodgement of the tube should be dealt with emergently.
The simplest solution is to perform bag-mask ventilation until
such time as a controlled reintubation may take place. Should
this fail, a laryngeal mask airway or Combitube may provide
a temporary alternative. Finally, should these methods be un-
successful, a cricothyrotomy or tracheostomy should be under-
taken immediately.

While dislodgement of the endotracheal tube represents the
issue that requires attention most urgently, it is important to
remember that advancement of the tube may pose a problem
as well. In this circumstance, the patient may be experiencing a
right mainstem intubation, and is undergoing single lung ven-
tilation only. This can be detected quickly by physical exami-
nation, noting absent left-sided breath sounds and absence of
left-sided chest movement on inspiration. Additionally, a chest
radiograph may aid in identification of this problem.

When assessing the adequacy of ventilation in the patient,
it was mentioned previously that pulse oximetry may be used
to evaluate oxygen saturation. This has limitations, though, as
adequate oxygen saturation may not reflect adequate oxygen
tension (13), and in hypotensive patients, tremendous error
may be seen in pulse oximetry measurements (14). As such,
should there be any question regarding the sufficiency of ven-
tilation, an appropriately obtained arterial blood gas should
provide the needed information.

PERSISTENT SHOCK

Pe rsist e nt Shock in t he Mult isyst e m
Trauma Pat ie nt

The patient arriving in the ICU in persistent shock poses a chal-
lenge for caregivers, who are attempting to quickly gain hemo-
dynamic and ventilatory stability. In the trauma patient, it is
essential to remember that persistent shock is hemorrhage until
proven otherwise, and a meticulous search for hidden sources
of bleeding is indicated. There are a number of sources that
may not have been considered during initial evaluation and re-
suscitation (but always should be). Open wounds can ooze a
large amount of blood, and should be managed with pressure
dressings. Should the wound involve an open fracture, it should
be placed in anatomic continuity and fixed with a temporary
splint. Scalp lacerations can bleed profusely, but a quickly per-
formed locked running suture with a large monofilament nylon
followed by a securely applied pressure dressing will quell the
hemorrhage. A mangled extremity presents a potentially diffi-
cult challenge, but a simple one-stage tourniquet can provide a
temporizing measure until definitive management can be pur-
sued. Finally, hemorrhage may also result from other hidden
sources; these will be covered in the subsequent section of this
chapter on missed injuries.

Manag e me nt of t he Pat ie nt in
Pe rsist e nt He morrhag ic Shock

Patients may experience persistent hemorrhagic shock not only
through a discrete bleeding injury, but also as a result of the vas-
cular permeability that results from the inflammatory response
to injury and the coagulopathy that occurs when large volumes
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Schedule  for Mas s ive  Trans fus ion Protocol 
Shands  at the  Univers ity of Florida 

 

 
Shipment 

 
Red Blood 

Cells  
 

 
Plas ma Plate le t Dos e  

 
**Cryo  

 
***rFVlla 

*1 10 (O-Neg) 4(AB)    
 2 10 4 1 10 rFVIIa  
 3 10 4 1   
 4 10 4 1 10 rFVIIa  
 5 10 4 1   
 6 10 4 1 10  

The  shipment number re fe rs  to the  a llotment of blood components  (Red Blood Cells , 
P lasma, P la te le ts , Cryoprecipita te , and rFVIIa ) provided a t each s tep of mass ive  
transfus ion.  At the  conclus ion of each s tep, the  decis ion mus t be  made  by the  team 
providing care  whether or not to order the  next shipment of blood products .   

Definition of mas s ive  trans fus ion 
Mass ive  transfus ion a t Shands  a t the  Univers ity of Florida  is  defined as  a  presumed need  
for the  transfus ion of a t leas t 10 units  of packed red blood ce lls  (PRBC) in an adult pa tient 
or a t leas t five  (5) units  of PRBC in a  child within a  short time  frame (i.e . two (2)-hour time  
period).     

Adult Greate r than 10 units  
6-12 year old child Grea te r than or equa l to 5 units  
4-5 year old child Grea te r than or equa l to 3 units  
2-3 year old child Grea te r than or equa l to 2 units  
0-1 year old child Grea te r than or equa l to 1 unit  

*Shipment 1 is  loca ted in the  Sa te llite  Blood Bank Refrigera tor, loca ted in the  Emergency 
Department and Opera ting Room. 
**Cryo=Cryoprecipita te  
***Recombinant Factor VIIa  (rFVIIa ) is  not routine ly shipped and must be  ordered from 
Pharmacy.  These  a re  recommended inte rvals  if rFVIIa  is  clinica lly warranted.   

FIGURE 73.2. The massive transfusion
protocol of the Acute Care Surgery Ser-
vice of Shands Hospital at the University of
Florida, Appendix A.

of resuscitation are administered. Recently, it has been advo-
cated that resuscitation of the critically injured trauma patient
in shock is best performed with blood and fresh frozen plasma
in a 1:1 ratio (15). In patients who have experienced signif-
icant blood loss, are in persistent shock, and require greater
than 10 units of blood replacement, it is helpful for a trauma
center to have a massive transfusion protocol in place to guide
management. This will ensure the most efficient and effective
use of blood products. An example of the massive transfusion
protocol used at the authors’ institution is seen in Figure 73.2.

As mentioned, an additional concern in the patient with
severe injury and large resuscitations, particularly in the set-
ting of a massive transfusion, is coagulopathy. Some authors
have advocated the use of recombinant factor VIIA (rFVIIA)
as an adjunct measure in the control of ongoing hemorrhage
in this setting. Martinowitz et al. performed an early look
at the use of rFVIIA in seven trauma patients, noting a sig-
nificant decrease in transfusion requirements, concluding that
rFVIIA could be a useful adjunct treatment in trauma patients
(16). Dutton et al. at Maryland reviewed their experience using
rFVIIA in 81 trauma patients with coagulopathy and hemor-
rhage, noting that there was a reversal in coagulopathy, but
not an improvement in mortality; however, they pointed to the
fact that rFVIIA was often used as a “ therapy of last resort”
and indicated that more information was needed regarding the
timing of administration (17). Perkins et al. recently looked at

combat-injured patients who received “early” (before 8 units
of blood) or “ late” (after 8 units of blood) rFVIIA during mas-
sive transfusion, again demonstrating a decrease in red blood
cell use (a 20% decrease in their series) without a decrease in
mortality (18). Finally, there has been a set of parallel, random-
ized, double-blinded clinical trials reported on the subject (19).
Once again, a decrease in transfusion requirements was noted,
but without a significantly improved mortality. So, while there
have been some promising results in that patients who have
received rFVIIA require less transfusions, there has yet to be a
study demonstrating a survival benefit or improved outcome
with its use. There is currently an ongoing trial evaluating this
issue.

Goal-d ire ct e d The rap y

Goal-directed therapy refers to the use of resuscitation end
points to guide management of the patient in shock, and has
been the source of controversy in the medical and surgical lit-
erature for greater than a decade. While there is a general con-
sensus that maintenance of tissue oxygenation is beneficial in
preventing the sequelae of shock, debate has centered on the
specific end points that should be utilized, whether a pulmonary
artery catheter should be used, and whether normal or supra-
normal values should be pursued in these patients. This section
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reviews the concept of goal-directed therapy in the traumati-
cally injured patient, along with an overview of some of the
broad concepts within goal-directed therapy.

Goal-d ire ct e d The rap y in
t he Trauma Pat ie nt

Gattinoni et al., as part of the SvO 2 Collaborative Group, were
among the first to assess outcome in patients utilizing goal-
directed therapy, performing a multicenter study of critically
ill patients, including those with multiple injuries secondary
to trauma (20). In their study, they randomized hospitalized
critically ill patients into groups designed to achieve one of
three ends: a normal cardiac index, a supranormal cardiac in-
dex, or a normal SvO 2. In 762 patients divided between the
three groups, the authors found no differences in organ dys-
function, intensive care unit length of stay, or mortality. They
concluded that there is no benefit in achieving supranormal
hemodynamic parameters in critically ill patients. The prob-
lems with this study were (a) late entry into the study proto-
col (by 48 hours), (b) infrequent hemodynamic measurements
(every 12 hours), and (c) only 45% of subjects reaching the
cardiac index goal and 67% of patients reaching the SvO 2
goal.

In a similar study with a slightly different design, Baue’s
group in St. Louis performed a prospective, randomized trial
evaluating a group of critically ill patients that included those
who were involved in acute trauma (21). Their desired end
points in the experimental group included goals of resuscitation
including oxygen consumption index (VO 2I) of greater than
150 mL/minute/m2 or oxygen delivery index (DO 2I) of greater
than 600 mL/minute/m2. The control group underwent stan-
dard resuscitation using urine output, heart rate, pulmonary
capillary wedge pressure, mean arterial pressure, and cardiac
index as end points. They showed no difference in mortality or
organ failure in patients engaged in goal-directed therapy. They
did a subgroup analysis of their trauma patients and demon-
strated identical findings. Interestingly, in their experience, they
noted a longer length of stay in the experimental group despite
similar measures of critical illness, and this approached signifi-
cance. As with Gattinoni’s paper, this study was undertaken in
patients already admitted to the intensive care unit.

Around the same time, Bishop et al. further evaluated this
issue, focusing solely on severely injured trauma patients in a
single-center, prospective, randomized trial at the King/Drew
Medical Center in Los Angeles (22). They enrolled study pa-
tients into a standardized care pathway in which patients were
resuscitated to achieve a supranormal cardiac index, DO 2I,
and VO 2I. Control subjects were resuscitated using standard
physiologic end points for normal blood pressure, hemoglobin,
urine output, and central venous pressure. They showed a de-
creased incidence of organ failure, as well as a decreased mor-
tality in protocol patients when compared to control, and thus
concluded that attaining supranormal hemodynamic charac-
teristics provided a benefit in both morbidity and mortality in
severely injured trauma patients. Of significance in this study
is that patient resuscitation began on admission, as opposed to
the studies by Gattinoni and Durham, where goal-directed ther-
apy began following identification of patients in organ failure
already in the intensive care unit.

In a multicenter study that included 139 trauma patients,
Shoemaker et al. took a different approach, performing a
prospective study of noninvasive methods for monitoring
hemodynamic parameters, including bioelectric impedance,
pulse oximetry, and transcutaneous oxygen (tcO 2) and carbon
dioxide (tcCO 2) measurements (23). They found that in the
trauma population, over half had reduced cardiac index (CI)
measurements and reduced transcutaneous oxygen measure-
ments, half had decreased oxygen consumption, and nearly half
had high transcutaneous carbon dioxide values. Not surpris-
ingly, most had more than one abnormality. Comparing the
noninvasive methods to standard pulmonary artery catheter
measurements, they found similar disturbances, and showed
that regardless of the method used to monitor hemodynamic
status, patterns were seen relative to the nadir of the CI that
were associated with survival versus nonsurvival, with higher
blood pressures and heart rates, as well as lower oxygen sat-
uration preceding and following the nadir in nonsurvivors.
Conversely, survivors demonstrated higher initial CI and tcO 2
values, which they speculated might represent lower blood
volume deficits or better compensation. They concluded that ei-
ther noninvasive or invasive methods could be utilized to mea-
sure resuscitation status, and could potentially provide data on
early identification of low flow and poor tissue perfusion states
that precede the nadir of CI that is seen in nonsurvivors. Addi-
tionally, they suggested that use of this noninvasive equipment
could be helpful in guiding early goal-directed resuscitation for
the critically ill patient, beginning in the emergency department
or upon admission.

A group that consisted of many of the same investigators as
the studies by Bishop and Shoemaker attempted to clarify the
issue of supranormal versus normal values in resuscitation of
trauma patients (24). In this effort, the authors randomized 75
consecutive patients on admission to either “optimal” resusci-
tation (CI > 4.5, tcO 2 to fraction of inspired oxygen ratio > 200,
DO2I > 600, and VO 2I > 170) or a standard resuscitation with
normalization of blood pressure, urine output, base deficit,
hemoglobin, and cardiac index. They utilized bioimpedance
to begin estimating these values prior to ICU admission. They
reached “optimal” levels in 70% of the optimal group and
40% of the standard group. While they found no difference in
mortality, organ failure, sepsis, or ICU length of stay between
the two groups, they performed an additional comparison in
which they analyzed patients based on whether or not they
reached “optimal” levels and found that both outcome and
mortality rates were significantly improved in patients achiev-
ing “optimal” resuscitation. Interestingly, they noted that the
only factor associated with achieving “optimal” levels was age
younger than 40. They suggested that differences in being able
to achieve optimal resuscitation indicated a superior physio-
logic reserve, rather than an effect of the resuscitation efforts
themselves, and thus concluded that early goal-directed ther-
apy in trauma patients does not improve outcome.

Finally, Balogh et al. in Houston noted that achieving supra-
normal resuscitation end points requires additional fluid, and
indicated that this led to a greater incidence of intra-abdominal
hypertension and abdominal compartment syndrome (25).
They performed a retrospective analysis of patients in their
trauma intensive care unit, looking at patients who underwent
supranormal resuscitation versus those undergoing standard
resuscitation. They found that patients in the supranormal
group received more fluid, had higher gastric partial carbon
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dioxide minus end-tidal carbon dioxide (GAPCO 2) measure-
ments, and had greater incidences of intra-abdominal hyper-
tension and abdominal compartment syndrome. Additionally,
they found a significantly increased incidence of organ failure
and death in the supranormal resuscitation group. They con-
cluded that supranormal resuscitation was deleterious when
compared with standard resuscitation.

Goal-d ire ct e d The rap y: Ot he r
Consid e rat ions

Obviously, shock may result from any of a number of insults;
thus, this issue has been examined in a number of settings,
primarily in that of septic shock. In 2001, Rivers et al. re-
leased a landmark paper describing early goal-directed ther-
apy in septic shock (26). In this randomized, controlled trial,
in which patients were treated with 6 hours of goal-directed or
standard resuscitation therapy in the emergency department,
they demonstrated improvements in organ dysfunction and in-
hospital mortality. Despite their striking findings, and the find-
ings of previous and subsequent authors, questions exist about
the validity and applicability of the data, particularly when ex-
trapolated to other settings (27). Judging by the ongoing debate
in the literature at present, it is safe to say that no consensus has
yet been reached on whether or not early goal-directed therapy
is necessary in the resuscitation of the critically ill patient.

Another area of contention in the trauma literature for
decades has been the use of crystalloid versus colloid resuscita-
tion fluids. The Cochrane Library performed a recent meta-
analysis on the randomized controlled studies covering this
topic, and determined that there is no survival advantage to us-
ing colloid resuscitation fluids (albumin, hydroxyethyl starch,
modified gelatin, or dextran) and thus concluded that at this
time, there is no justification for their use outside of clinical
trials (28). Despite this, debate continues on the subject, and
there are ongoing trials evaluating this topic.

With regard to end points and the equipment utilized to
measure them, there is again no true consensus. The use of
pulmonary artery catheters to guide management is a particu-
larly controversial one, particularly in light of studies such as
that by Connors et al., which demonstrated an increased mor-
tality in critically ill patients undergoing right heart catheteri-
zation (29). While authors such as Shoemaker have attempted
to address this issue, even they recognize the limitations of non-
invasive monitoring (23). There are a number of methods and
end points that may be used to monitor ongoing resuscitation,
and these will be touched on briefly here.

Lab orat ory Te st ing

Lactate and base deficit are two levels commonly used to eval-
uate the adequacy of resuscitation. Elevated lactate levels have
been correlated with both morbidity and mortality in critically
ill patients, and both absolute levels and clearance of lactate are
considered appropriate end points for use in resuscitation (30–
33). Base deficit has been shown to be associated with volume
of resuscitation fluid and blood following injury, and elevated
levels have additionally been shown to correlate with increased
mortality (30,34,35).

Rig ht He art Cat he t e rizat ion Le ve ls

Values obtained through right heart catheterization are con-
sidered the “gold standard” physiologic measurements to
that which noninvasive cardiovascular measurements are com-
pared. The primary end point obtained through right heart
catheterization that is referred to in the literature is DO 2I,
which is a function of cardiac index, hemoglobin, and oxy-
gen saturation. The previously mentioned articles provide a
sampling of the mixed data regarding the use of DO2I as an
indicator of resuscitation in the critically ill (20,21,23–25). Uti-
lizing a new-generation pulmonary artery catheter, the right
ventricular ejection fraction (or right ventricular end-diastolic
volume index [RVEDVI]) may be used as a surrogate marker
for assessment of preload. Maintenance of RVEDVI greater
than 120 mL/m2 has been associated with improved outcome
in trauma patients (30,36,37).

Alt e rnat ive Me t hod s

Thoracic electrical bioimpedance (TEB) was used in the pre-
viously mentioned study by Shoemaker et al., and in an addi-
tional study of noninvasive monitoring of blunt trauma pa-
tients by Velmahos at the same institution (23,38). In each
of these, good correlation between TEB and simultaneously
obtained right heart catheter cardiac output measurements ex-
isted, and its use was recommended as a noninvasive alternative
to right heart catheterization.

Lithium dilution cardiac output (LiDCO) utilizes a venous
lithium chloride injection, which is then measured at an ar-
terial catheter site and used to calculate cardiac output. It has
been shown to correlate well with standard right heart catheter
values, even when the lithium is injected peripherally (30,39),
although it has not been studied in the traumatically injured.
It does carry the benefit of not requiring calibration with an
existing right heart catheter (30).

Esophageal Doppler monitoring (EDM) is a less invasive
method (the Doppler probe is placed within the esophagus) for
measuring both preload and continuous cardiac output that
has shown benefit in the reduction of postoperative recovery
time following surgery and in septic patients, although its use
has not been evaluated in trauma patients (30,40–42).

Near-infrared spectroscopy (NIRS) uses near-infrared light
absorption by hemoglobin, myoglobin, and cytochrome aa3
oxidase to calculate tissue oxygen saturation (StO 2) (30). NIRS
has been shown to correlate with systemic oxygen delivery (43),
in severely injured trauma patients showed a parallel with DO 2I
values (44), and using cytochrome aa3 measurements in 24
severely injured trauma patients, illustrated that early evidence
of mitochondrial dysfunction suggested a predisposition for
progression to multisystem organ failure (45).

BLUNT CARDIAC INJURY

Definit ion/ Discussion

In 1992, Mattox et al. proposed that the broad term myocar-
dial contusion and myocardial concussion be replaced with the
phrase blunt cardiac injury (46). They further suggested that
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blunt cardiac injury (BCI) be classified according to descriptors
of the specific abnormalities associated with the injury, thus the
terms that follow:

Blunt cardiac injury with minor electrocardiogram
(ECG) or enzyme abnormality

Blunt cardiac injury with complex arrhythmia
Blunt cardiac injury with coronary artery thrombosis
Blunt cardiac injury with free wall rupture
Blunt cardiac injury with septal rupture
Blunt cardiac injury with cardiac failure

This new terminology allowed for improved description of the
injuries, more consistent monitoring and management of each
specific type of injury, and descriptions of the short- and long-
term effects of having sustained such an injury. It is estimated
that 20% of patients who die in the prehospital setting have
sustained cardiac injuries, and an additional 30,000 patients
per year with BCI survive to hospital discharge (47).

Clinical Susp icion

BCI must be suspected in any case involving blunt thoracic
trauma. In most cases, this will involve a motor vehicle colli-
sion, but any of a number of mechanisms may lead to these
injuries, including bicycle crashes, falls, blast injuries, sports-
related trauma, and assaults (48). Because of the nature of these
injuries, other concomitant injuries will be seen, with head in-
jury, rib fracture, extremity injuries, hemothorax, sternal frac-
ture, pulmonary contusion, aortic or great vessel injury, pneu-
mothorax, solid abdominal organ injuries, and flail chest most
commonly noted (47,48). In the conscious patient, complaints
of chest pain may heighten suspicion, but due to the severe mul-
tisystem nature of these injuries and concurrent head injuries,
BCI patients are often in a state of altered consciousness. In this
latter group of patients, the presence of refractory hypotension
should suggest the possibility of BCI.

Diag nosis/ Monit o ring

There are currently no specific diagnostic criteria for BCI (46–
48). In cases of suspected or possible BCI, it is essential to
perform a systematic evaluation. Again, mechanism of injury
is important to obtain from the patient, those present at the
scene, or first responders. A complete thoracic and cardiovas-
cular exam will yield hints of the diagnosis, with hypotension,
visual sequelae of chest trauma (abrasions, bruising, seatbelt
sign, or steering wheel imprint), flail chest, rib fractures, ster-
nal fractures, abnormal heart sounds (muffling, distance, S3,
S4 , murmurs, bruits, or rubs), and jugular venous distention all
suggestive (47). Following the history and physical exam, and
during the trauma evaluation, the Focused Assessment with
Sonography in Trauma (FAST) exam should be performed to
look for fluid in the pericardium. It has been suggested by
more than one series that the pericardium can be evaluated
with tremendous accuracy during a trauma evaluation using
this technology (49,50).

Simultaneously, or in the ICU, ECG and chest radiograph
may be obtained, both of which may provide findings that
are nonspecific for, but suggestive of, this injury. The utility
of ECG in BCI has been evaluated by a number of authors,

all of whom found that abnormal ECG findings on admission
or early in the hospital course were associated with complica-
tions, or that absence of findings was associated with a lack of
complications and warranted no further studies (51–56). There
are no ECG findings that are pathognomonic for BCI; however,
the finding of any abnormality on ECG should prompt further
workup. With regard to the chest radiograph, there are no find-
ings that will definitively demonstrate cardiac injury, but they
often prove useful by demonstrating some of the associated
injuries that may accompany a BCI.

Should the ECG and mechanism of injury heighten suspi-
cion for a BCI, obtaining a troponin I level should be con-
sidered. Troponin I has been shown in BCI patients to have
a sensitivity ranging from 23% to 100% and a specificity of
85% to 97% (47,57–59). In perhaps the most important look
at this topic, Velmahos et al. reviewed a series of 333 BCI pa-
tients over a 21/2-year period, and found that in all cases, a
normal admission ECG and troponin I followed by a normal
ECG and troponin I at 8 hours completely ruled out BCI, and
they suggested that in the absence of other injuries, patients
with these findings could be discharged safely (60).

Formal echocardiography has been looked at by several au-
thors in BCI (55,61–63). In each circumstance, the authors have
noted that echocardiography has no role in the screening of the
stable patient with suspected BCI. In the patient with hemody-
namic instability, it is felt that transthoracic echocardiography
may provide diagnostic information; however, transesophageal
echocardiography offers improved images and evaluation of
the aorta, making it of greater value (47,64,65).

Monitoring of the patient with diagnosed BCI is largely de-
pendent on the type of injury sustained. In the patient with ECG
and/or enzyme abnormalities with normal blood pressure, con-
tinuous monitoring is recommended, but a stay in the intensive
care unit is not required (47). The patient with BCI accompa-
nied by hypotension should be continuously monitored in the
intensive care unit, with use of right heart catheterization an
option in critically ill patients.

Manag e me nt

Like monitoring, management is dependent on the type of in-
jury sustained. Blunt chest injury sequelae may range from be-
nign ECG abnormalities to mortal hemorrhage. Management
must be tailored to the pattern of injury.

The majority of patients will be categorized as having BCI
with minor ECG or enzyme abnormality. While these find-
ings may be initially benign, both Maenza et al. and Velmahos
et al. found in their respective series that ECG and/or enzyme
irregularities on admission and at subsequent points were more
likely to predict cardiac complications (hypotension, arrhyth-
mias, pump failure) and interventions during hospitalization
(53,60). Thus, patients with these abnormalities should be ob-
served for complications with management dependent upon
the presenting symptoms.

Complex arrhythmia with BCI is the next most common
injury pattern, and may consist of atrial dysrhythmia, ven-
tricular dysrhythmia, or commotio cordis (myocardial concus-
sion). These are seen to occur in anywhere from 2% to 30%
of patients (47,48,53) and are managed in accordance with
the rhythm disturbance seen. Commotio cordis is a seldom
seen injury in which it is postulated that a blow to the chest
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results in an immediate rhythm disruption, and is unusual due
to its lack of association with myocardial structural damage
(66). Despite its rare occurrence, commotio cordis is the sec-
ond most common cause of sudden death in young athletes due
to its association with the generation of ventricular fibrillation
(67).

Cardiac failure with BCI is less commonly seen, but should
be on the list of differential diagnoses in any patient with per-
sistent hypotension in the absence of a defined injury. Although
the diagnosis is suggested by hypotension, tachycardia, jugular
venous distention, and an abnormal ECG, definitive diagnosis
is often made using echocardiography or right heart catheteri-
zation. Supportive care is the mainstay of management in these
patients, although there have been reports of successful use
of intra-aortic balloon counterpulsation pump (IABP) (68,69).
The use of this modality would require weighing the benefits
and risks of heparinization, a requirement of IABP use.

Myocardial wall rupture is even more seldom seen than car-
diac failure, primarily because the majority of these patients
expire at the scene or en route to the trauma center. It is pos-
sible to see a patient with one of these injuries when there is
rupture of an atrium, a delayed rupture of a ventricle, or a
small, contained pericardial tear (70,71). Should this injury be
suspected, or the diagnosis confirmed with echocardiography,
immediate operation via open thoracotomy is the sole manage-
ment option.

Coronary artery thrombosis with BCI is also infrequently
seen. The diagnosis is made via findings of ST-segment changes
consistent with myocardial ischemia following blunt chest
trauma. Management is similar to that employed when a pa-
tient presents with a myocardial infarction of another etiology,
with percutaneous angioplasty, stenting, and bypass among
available options (47).

EXTREMITY COMPARTMENT
SYNDROME

Definit ion/ Discussion

The upper and lower extremities are divided into several fas-
cial compartments that contain the musculature, blood vessels,
and nerves that supply the respective limbs. During traumatic
injury, fluid (as a result of the combination of leaking capil-
laries and large volumes of resuscitation) or blood (as a result
of direct injury and/or coagulopathy) may accumulate in these
closed fascial spaces, leading to an increase in pressure within
the compartment. This increased pressure causes impaired lym-
phatic, venous, and arterial flow, and may lead to nerve com-
pression. This may lead to palsies, permanent nerve damage,
and, if allowed to continue unchecked, ischemic injury and tis-
sue necrosis in the affected extremity.

Clinical Susp icion

Extremity compartment syndrome should be considered in any
patient who has presented with extremity trauma. McQueen et
al. reported that compartment syndrome most commonly oc-
curs in patients with an extremity fracture (usually of the tibial
shaft or distal radius), followed by patients with soft tissue in-

juries without fracture (72). While compartment syndrome is
most commonly associated with fracture within a closed space,
an open fracture does not preclude the presence of a compart-
ment syndrome. Suspicion should also be heightened in patients
taking any anticoagulant medications (73). It must be remem-
bered that while injury to the extremity often causes these in-
juries, at times therapeutic measures may exacerbate this con-
dition with wraps and dressings, traction splinting, use of the
lithotomy position or abduction of the leg during surgery, or
even intramedullary nailing in a tibial fracture repair all having
been associated with the development of extremity compart-
ment syndrome (73).

Diag nosis/ Monit o ring

Diagnosis of extremity compartment syndrome is primarily
clinical, and requires a high index of suspicion. It is frequently
suggested that the presence of the “six P’s” (pain, pulseless-
ness, pallor, pressure, paresthesias, and paralysis) are the keys
to diagnosis (73), although in the authors’ experience, this cor-
relates better with acute arterial occlusion than compartment
syndrome. Pain during passive range-of-motion exercises is of-
ten the first sign of a developing problem; unfortunately, this
has clear limitations in the patient with mental status changes,
and can be a limited finding. Pulselessness is found occasionally,
although usually as a late finding once compartmental pres-
sures have become great enough to overcome arterial pressure.
An increase in compartment pressure is a potentially objective
finding, as the extremity may feel tense and swollen, although
it can often be difficult, particularly for the inexperienced ex-
aminer, to distinguish this from the edema that follows a sig-
nificant traumatic injury to the affected extremity. Paresthesias
are potentially ominous signs, as they may represent muscle or
nerve ischemia; conversely, they may be only a manifestation
of pain and are thus not reliable indicators of compartment
syndrome (73). Additionally, as with pain, paresthesias can-
not be assessed in the unconscious or sedated patient. Finally,
paralysis is a late finding that is resultant from prolonged nerve
ischemia or irreversible muscle damage.

Since the clinical diagnosis can sometimes be difficult and/or
unclear, monitoring devices have been developed to evaluate
intracompartmental pressures. Both slit catheter and side port
needle techniques have been described for this purpose with
equal efficacy and accuracy reported in the literature (74). Re-
gardless of method utilized for measurement, it has been recom-
mended that patients demonstrating a  P value of 20 mm Hg
between measured compartment pressure and diastolic blood
pressure should undergo fasciotomy (73).

Manag e me nt

Once diagnosed, management of extremity compartment syn-
drome is straightforward, depending on the etiology. In cases
where therapeutic measures have led to the compartment syn-
drome, loosening bandages, repositioning the patient, or re-
ducing the degree of traction may provide relief. If these are
inadequate, the patient should undergo immediate fasciotomy
of the affected compartment. Performance of fasciotomy in the
lower extremity is accomplished through either a single incision
on the anterolateral calf or incisions on the medial and lateral



Chap t e r 73: Secondary and Tert iary Triage of the Trauma Patient 1119

calf, with subsequent division of the fascial compartments. On
the upper extremity, fasciotomy may be likewise performed
through single or double incisions. Following fasciotomy, the
patient should be adequately decompressed. A currently pop-
ular method of dressing the patient is with vacuum-assisted
closure (V.A.C., KCI, San Antonio, TX), although wet-to-dry
dressings with saline will provide adequate coverage. In cases
where the patient has developed muscle necrosis, debridement
will be necessary at an interval operation between fasciotomy
and closure. Closure may be accomplished primarily, if tension
allows, or by secondary intention. Skin grafting is the final op-
tion, and should be considered any time that tension precludes
closure by the first two techniques.

ABDOMINAL COMPARTMENT
SYNDROME

Definit ion/ Discussion

Abdominal compartment syndrome (ACS) occurs from in-
creased intra-abdominal pressure. Richardson and Trinkle de-
scribed elevated end-inspiratory pressures and hypoperfusion
secondary to a low cardiac output (CO) associated with ACS
(75). Impaired venous return and high peak inspiratory pres-
sure with hypercarbia were present, causing hypoperfusion and
severe pulmonary dysfunction. Early surgical decompression
is mandatory, and a better outcome is associated with early
detection. Release of the restrictive abdominal pressure will
result in the correction of organ dysfunction. Oliguria is an
early sign of ACS, but the most reliable clinical indicator is
progressive failure of ventilation. A typical case of ACS has a
peak inspiratory pressure in the range of 85 cm H 2O, with a
rise in PaCO2. A decompressive celiotomy is indicated in the
presence of abdominal distention, hypercarbia, and high peak
inspiratory pressures. This procedure may be performed either
at bedside or in the operating room.

The surgical technique performed for damage control is a
continuum that includes primary resuscitation, damage control
celiotomy, secondary resuscitation, and delayed reconstruction
(76). Patients in extremis usually do not tolerate reconstruc-
tion. In summary, ACS is a surgical emergency that requires
the damage control technique to prevent organ dysfunction.
If ACS is recognized late or goes unrecognized, it can lead to
multiple organ failure and death.

Clinical Susp icion/ Diag nosis/ Monit oring

Intra-abdominal pressure is that pressure concealed within
the abdominal cavity which varies with respiration. A normal
intra-abdominal pressure is approximately 5 mm Hg, but may
be higher with obesity. Intra-abdominal pressure should be ex-
pressed in mm Hg and measured at end-expiration with the pa-
tient in the supine position, without abdominal contractions.
The pressure transducer should be zero-referenced to the level
of the midaxillary line. Direct intra-abdominal measurement is
obtained with direct needle puncture and transduction of the
pressure within the abdominal cavity. Indirect intra-abdominal
pressure measurement is accomplished via transduction of the
pressure within the bladder. Bladder pressure may be measured

by injecting 50 to 100 mL of sterile saline into the aspiration
port of the Foley drainage tube. The catheter is then clamped
distal to the aspiration port, and a 16-gauge needle is used
to connect a pressure transducer to the aspiration port of the
catheter. The top of the symphysis pubis (or the midaxillary
line) is used as the zero point on the supine patient.

For continuous, indirect intra-abdominal pressure measure-
ment, a balloon-tipped catheter in the stomach or a continuous
bladder irrigation method is recommended (Fig. 73.3). ACS is
not seen as long as the intra-abdominal pressure is normal. The
group at Denver Health Medical Center has proposed a grad-
ing system based on urinary bladder pressure measurements
(77). A pressure of 25 mm Hg or higher is associated with
organ dysfunction and considered clinical intra-abdominal hy-
pertension. At or above this pressure, surgical decompression
is justifiable.

The old saw “If it’s not in your differential, you can’t make
the diagnosis” applies to ACS. A high index of suspicion is of
utmost importance if ACS is to be prevented. Early identifica-
tion of high-risk groups mandates early and aggressive moni-
toring of intra-abdominal compartment pressures in order to
initiate appropriate treatment if needed. In the nonmonitored
patient, clinical findings of elevated intra-abdominal pressure
include an abnormal increase in abdominal girth associated
with an increase in peak airway pressures and/or hypercarbia,
increased central venous pressure (in euvolemic patients), and
oliguria. In patients who are monitored with a urinary bladder
catheter, early detection of intra-abdominal hypertension can
direct aggressive treatment to prevent ACS. Indirect measure-
ment of intra-abdominal pressure, through the monitoring of
bladder pressure, is a very important tool that, after proper
calibration, can provide vital information used to direct ther-
apy. Urinary bladder pressures greater than 25 mm Hg in the
high-risk patient are strongly associated with the presence of
ACS and suggest the need for initiation of aggressive treatment
to prevent clinical deterioration.

The inaugural World Conference on Abdominal Compart-
ment Syndrome held in Australia in December 2004 produced
consensus definitions as follows (78,79):

Intra-abdominal hypertension is defined by either one or both of
the following: (a) an intra-abdominal pressure of 12 mm Hg or
greater, recorded by a minimum of three standardized measure-
ments conducted 4 to 6 hours apart; (b) an abdominal perfusion
pressure (abdominal perfusion pressure = mean arterial pressure –
intra-abdominal pressure) of 60 mm Hg or less, recorded by a min-
imum of two standardized measurements conducted 1 to 6 hours
apart.

Intra-abdominal hypertension is graded as described in
Table 73.2.

Abdominal perfusion pressure—defined as mean arterial
pressure minus intra-abdominal pressure—was compared with
intra-abdominal pressure, arterial pH, base deficit, arterial lac-
tate, and urinary output as an end point of resuscitation and
predictor of survival (80). An abdominal perfusion pressure of
50 mm Hg was a potential end point for resuscitation in the
patient with an elevated intra-abdominal pressure, and was su-
perior to other end points listed in predicting survival for pa-
tients with intra-abdominal hypertension and ACS. The ACS
was defined as the presence of an intra-abdominal pressure of
20 mm Hg or greater, with or without an abdominal perfusion
pressure below 50 mm Hg, recorded by a minimum of three
standardized measurements conducted 1 to 6 hours apart, and
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FIGURE 73.3. Intra-abdominal pressure monitoring device. The device is placed into the urinary drainage
circuit. By changing the valve from “drain” to “measure,” intermittent measurements may be taken. This
device allows measurement of intra-abdominal pressure without breaking or interrupting the urinary
drainage circuit.

single or multiple organ system failure that was not previously
present (78,79).

Manag e me nt

Aggressive, nonsurgical, critical care support is of utmost im-
portance to prevent the complications of ACS, and should
include continuous cardiorespiratory monitoring and aggres-
sive intravascular fluid replacement, especially when associated
with blood loss (81). Excessive fluid resuscitation, however, is
detrimental. Oda et al. studied 36 thermally injured patients,
with 40% or greater total body surface area burned and with-
out inhalation injuries, who were treated with a fluid resus-

citation protocol using hypertonic lactated saline or lactated
Ringer solution (82). Their results showed that the total fluid
volume infusion requirement and intra-abdominal and peak
inspiratory pressure at 24 hours postinjury were significantly
lower than those in the lactated Ringer group. The hypertonic
lactated saline group developed intra-abdominal hypertension
in 14% of patients compared with 50% in the lactated Ringer
group, suggesting that hypertonic lactated saline resuscitation
may reduce the risk of secondary ACSdue to lower fluid volume
requirements during the acute resuscitation phase. Nonsurgical
management of ACS is listed in Table 73.3.

A pilot study performed by Latenser et al. compared per-
cutaneous decompression versus decompressive laparotomy
with a diagnostic peritoneal lavage catheter for acute ACS
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TA BLE 7 3 . 2

GRADING OF INTRA-ABDOMINAL HYPERTENSION

Intra-abdominal pressure
Grade (mm Hg)

I 12–15
II 16–20

III 21–25
IV > 25

Adapted from World Society of Abdominal Compartment Syndrome.
http://www.wsacs.org/. Accessed.

in thermally injured patients (83). Of nine patients who de-
veloped intra-abdominal hypertension, five were successfully
treated with catheter decompression using a diagnostic peri-
toneal lavage catheter. The other four—with more than 80%
total body surface burn area and severe inhalation injuries—
did not respond to percutaneous decompression and required
laparotomy. These findings suggest an important role for per-
cutaneous decompression as an alternative treatment prior to
decompressive laparotomy.

Decompressive laparotomy is the gold standard for treat-
ment of ACS. Restoration of volume status, restoration and
correction of poor perfusion, and correction of hypothermia,
acidosis, and coagulopathy are priorities during the acute phase
of resuscitation. Decompression of the abdominal cavity may
be performed at bedside if necessary; the surgical suite may be
used when more complex procedures are needed. Decompres-
sive laparotomy is followed by temporary abdominal closure,
the selected method depending upon whether the abdominal
wall fascial layer is left open or closed. When the abdominal
wall fascia is closed, primary closure with a synthetic material
or polytetrafluoroethylene is recommended. If the fascia is to
be left open, the skin may be closed or left open. Mesh can
be used for temporary abdominal closure, and is sutured to the
skin or fascia and covered with moist sterile dressings, thus pre-
serving the fascia for later definitive closure. Skin closure itself
may be associated with increased intra-abdominal pressure, so

TA BLE 7 3 . 3

COMPONENTS OF NONSURGICAL MANAGEMENT
OF THE ABDOMINAL COMPARTMENT SYNDROME

Gastric decompression
Rectal enemas
Colonic prokinetic agents (neostigmine)
Continuous venovenous hemofiltration with aggressive

ultrafiltration
Paralysis
Botulinum toxin into the internal anal sphincter
Paracentesis
Gastrointestinal prokinetic agents (cisapride,

metoclopramide, domperidone, erythromycin)
Furosemide with or without use of human albumin 20%
Sedation
Body positioning

Adapted from Sugrue M. Abdominal compartment syndrome. Curr
O pin Crit Care. 2005;11:333.

care must be taken when selecting this option. Permanent ab-
dominal closure is usually planned for a time after the acute
phase of resuscitation, with primary closure of the fascia and
then skin.

Scott et al. described the results of a retrospective review
of 37 patients with open abdomens who underwent defini-
tive abdominal closure, using a combination of vacuum pack,
vacuum-assisted wound management, human acellular dermal
matrix (HADM, Alloderm, Lifecell Corporation, Branchburg,
NJ), and skin advancement (84). The mean duration of the
open abdomen was 21.7 days (range 6–45). No major com-
plications (intra-abdominal infections, fistulae, or failed graft)
other than two superficial wound infections were reported, and
all 37 patients survived (84).

What Are t he Comp licat ions if t he
Abd ominal Comp art me nt Synd rome Is

Not Diag nose d in a Time ly Manne r?

Multiple organ dysfunction results from prolonged intra-
abdominal hypertension. Forced abdominal wall fascial clo-
sure should be avoided. Physiologic exhaustion can lead to
multiple organ failure and death if ACS is allowed to progress.
Prolonged bowel ischemia is associated with intestinal necrosis.
Kinking of the bowel mesentery is associated with necrosis of
the bowel, followed by intra-abdominal abscess. Respiratory
failure and cardiovascular collapse will follow. Bowel torsion
causes ischemia and can lead to necrosis. In this situation, de-
layed diagnosis may allow progression to diffuse peritonitis
with the attendant large fluid resuscitation requirement unas-
sociated to blood loss. Abdominal wall compliance will de-
termine the degree of distention prior to development of ACS
signs. Once the intra-abdominal pressure reaches 25 mm Hg,
the major concerns are extensive ischemia and necrosis of the
small bowel. Short bowel syndrome may result from radical
resections of dead bowel; this will require evaluation of nutri-
tional status to prevent malnutrition. Missed colonic injuries
may be associated with diffuse peritonitis. In this situation, in-
testinal diversion is mandatory. Temporary abdominal closure
requires the open technique; an occlusive dressing may be used
to contain the intra-abdominal contents, along with a suction
system composed of two drain catheters to remove the excessive
fluid accumulation associated with ACS. Indirect measurement
of pressures from the urinary bladder is important in order to
prevent recurrent ACS.

PELVIC FRACTURES

Definit ion/ Discussion

Patients who sustain injury secondary to blunt mechanisms,
particularly in vehicular or pedestrian trauma, are at risk for
pelvic fractures. These fractures often are indicative of a high-
energy blunt impact, as the pelvic ring is an extremely stable
bony structure; thus, pelvic fractures rarely occur in isolation
(85). They are estimated to occur in about 9% of all patients
who are injured via blunt trauma (86). While about 91% of
these fractures are neither deforming nor displaced, 9% can
be considered “severe” pelvic fractures, defined by a pelvic
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injury with substantial deformation and displacement (86). The
so-called “nonsevere” pelvic fractures do not typically pose
much risk to patients in and of themselves, are not generally
associated with other injuries, and tend to be managed con-
servatively with rest, non–weight-bearing status, and bracing,
depending on the specific injury. This section of the chapter
will focus on the diagnosis and management of “severe” pelvic
injuries, which are associated with injuries to abdominal or
pelvic organs as well as life-threatening hemorrhage and hemo-
dynamic instability, and carry a mortality of about 10% in all
patients, and up to 80% when hemodynamic instability is seen
(87–89).

Clinical Susp icion

As mentioned previously, patients involved in blunt traumas
are at risk for pelvic fractures. As such, the diagnosis should be
considered in any patient sustaining blunt trauma. Regarding
specific mechanisms of injury, Demetriades et al. performed
a retrospective review of 16,630 blunt trauma patients, and
found that patients involved in motorcycle crashes, sustaining
pedestrian injuries, falling from heights greater than 15 feet,
and involved in automobile crashes represented the most likely
groups of patients to suffer pelvic injuries, with patients in mo-
torcycle crashes the most likely to have severe pelvic injuries
(86). In the conscious patient, complaints of pelvic pain, pain
on hip rotation, pain on pelvic compression, the presence of
blood at the urethral meatus, and finding a perineal and/or scro-
tal hematoma have all been associated with pelvic fracture and
warrant further investigation (90). Most importantly, though,
pelvic fractures represent another potential “hidden” source of
hemorrhage, as patients may bleed into the retroperitoneum;
thus, a patient with an appropriate mechanism of injury and
unexplained hypotension should have the diagnosis of pelvic
fracture considered.

Diag nosis

In situations where clinical suspicion is raised due to mecha-
nism or physical examination findings, radiologic imaging con-
firms the diagnosis. Advanced Trauma Life Support (ATLS)
guidelines suggest that plain film radiographs should be per-
formed in all trauma patients sustaining blunt torso trauma,
regardless of mechanism (91). The absolute requirement for
these films has been called into question by many authors, most
recently Gonzalez et al. in Birmingham (90). In their prospec-
tive analysis of blunt trauma patients, they determined that
physical examination in the trauma resuscitation room carried
a greater sensitivity for pelvic injuries (93% ) than did antero-
posterior radiographs of the pelvis (87% ).

With the advent of increasingly rapid computerized tomog-
raphy (CT), these scans are being routinely performed for pa-
tients with blunt trauma. Obaid et al. compared CT and plain
films in a retrospective review, determining that CT scans are
superior to plain films for the detection of pelvic fracture, al-
though they determined that plain films maintain a role as a
screening tool in the hemodynamically unstable patient, and
may allow for early notification of interventional radiology of
the need for embolization (92). In addition to being more sen-
sitive than plain films for the detection of fracture alone, CT

scans offer the advantage of identifying active hemorrhage at
the site of pelvic fracture, in the form of a contrast “blush” on
arterial phase imaging. This is discussed further in the subse-
quent section, as the finding of a blush has significant implica-
tions for management.

Based on the history of injury, physical exam, and radio-
logic findings, pelvic fractures may be classified by type, each
with predictive value for subsequent management, morbidity,
and mortality. Pennal et al. developed one of the initial classifi-
cation systems for pelvic fractures, correlating them with par-
ticular vascular injury patterns: type 1, anteroposterior com-
pression with transverse opening of the pelvic ring (open book
fracture, risk of internal iliac artery lesions); type 2, lateral
compression (risk of iliac vessel and retropubic plexus injuries);
and type 3, vertical instability (risk of posterior structural le-
sions) (93). Burgess et al. at Maryland Shock Trauma reviewed
their experience with 210 pelvic fracture patients, classifying
them into groups based on the original classification system of
Pennal; additionally, they added a group for patients with com-
bined mechanical injury (94). In their series, they demonstrated
that type I injuries predicted greater transfusion requirements
(mean 14.8 units) and a mortality risk of 20% , while lateral
compression injuries were associated with much lower use of
blood products (mean 3.6 units) and a mortality of 7% . Fur-
thermore, they indicated that no patient with an isolated pelvic
fracture or a vertical shear injury in their series died. They de-
veloped a system of management based on these classifications,
elements of which are found in the discussion on management
below.

Manag e me nt

Beyond the usual components of the trauma resuscitation,
management of the patient with severe pelvic fracture is aimed
at control of hemorrhage and fixation of fractures (Table 73.4).
A description of the orthopedic maneuvers and procedures for
permanent fixation of pelvic fractures is beyond the scope of
this chapter; thus, this section will focus on rapid measures for
control of bleeding.

One of the first and fastest ways to gain control following
pelvic fracture is through external compression of the pelvis.
A simple, rapid method to achieve this end was proposed in
2002 by both Routt et al. and Simpson et al., in separate ar-
ticles (95,96). They proposed circumferential wrapping of the
pelvis with a bed sheet and clamping the sheet anteriorly. This is
a widely available, inexpensive method for temporary control
under these circumstances, and is the recommended method of
the ATLS guidelines (91). To achieve a similar end, the au-
thors utilize a commercially available pelvic circumferential
compression device (“pelvic binder”) placed during trauma re-
suscitation. The pelvic binder has been shown in a prospective
trial to be a safe and effective method for the management of
pelvic fractures, particularly those of the “open book” type
(97). Pneumatic antishock garments (PASGs) are a final mea-
sure that have been utilized in the management of these injuries,
although they carry the disadvantages of being large, being not
readily available, preventing lower extremity access, and being
associated with worsened outcomes in patients with thoracic
trauma (98).

While stopping blood loss is the earliest goal in the patient
with pelvic fractures and hemodynamic instability, it should be
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TA BLE 7 3 . 4

MANAGEMENT PEARLS IN ABDOMINAL
COMPARTMENT SYNDROME

Early identification of intra-abdominal hypertension may
prevent abdominal compartment syndrome.

Intra-abdominal perfusion pressure (IAPP) goal is ≥ 60 mm
Hg [IAPP = Mean arterial pressure – Intra-abdominal
pressure].

Forced abdominal wall fascial closure should be avoided.
Perioperative correction of hypothermia, acidosis, and

coagulopathy is of utmost importance during the acute
resuscitation phase.

Damage control surgery consists of control of hemorrhage
and contamination and identification of injuries, utilizing
an abbreviated laparotomy. Reoperation is indicated with
refractory hypoperfusion associated with ongoing
resuscitation.

Increased intra-abdominal girth combined with high
ventilatory peak airway pressures and oliguria are common
manifestations of abdominal compartment syndrome.

Oliguria is an early sign of abdominal compartment
syndrome. Urinary bladder pressure monitoring is strongly
recommended.

Temporary abdominal closure is an essential component of
the management of abdominal compartment syndrome.
Permanent closure is considered during the
postresuscitation phase, and deferred until after secondary
resuscitation is completed.

remembered that fixation is often one of the best ways to ac-
complish this, as restoration of anatomic alignment may stop
bleeding from small veins and cancellous bone. An external fix-
ator may be applied reasonably rapidly, particularly in the case
of a posterior ring disruption, where a C-clamp may be used;
fixations involving anterior disruptions may require the addi-
tional transport time as well as the conditions and resources of
the operating room to be accomplished (85).

In cases of major vascular injury, surgical techniques in-
cluding exploration and internal iliac artery ligation have not
been shown to be effective; thus, they cannot be recommended
(99,100). In cases of combined abdominal and pelvic injury,
a damage control laparotomy with pelvic packing may pro-
vide a quick method for dealing with multiple injuries that in-
clude bleeding pelvic fractures. Additionally, preperitoneal and
retroperitoneal packing have recently been receiving attention
in the trauma literature (101,102). Of particular interest is the
paper by Cothren et al., in which the authors retrospectively
analyzed their series of 28 patients undergoing preperitoneal
packing (102). They demonstrated that the procedure could
be performed rapidly and decreased the need for emergent an-
gioembolization. Additionally, they showed decreased trans-
fusion requirements and a reduction in mortality secondary
to these injuries. This method, while needing additional vali-
dation, should be strongly considered in situations where an-
gioembolization is not immediately available for hemodynam-
ically unstable patients with pelvic fractures.

Following the initial resuscitation of the patient with pelvic
fracture, CT scanning will often be pursued as a diagnostic
means. As previously mentioned, CT has shown excellent sen-
sitivity for identification of arterial pelvic hemorrhage through
the identification of a contrast “blush.” In cases where CT

demonstrates a potential arterial source for bleeding, or in cases
where this injury is suspected, arteriography with possible an-
gioembolization typically represents the next step in manage-
ment. These techniques involve the obtaining of arterial ac-
cess, selective cannulation of the iliac vessels, and instillation
of contrast dye with the intent to locate the bleeding source
within the pelvis under fluoroscopic visualization. Upon iden-
tification of an actively bleeding site (noted by extravasation
of contrast), embolization is performed through the injection
of Gelfoam or coils, which occlude the bleeding artery. An-
gioembolization is extremely successful in the control of hem-
orrhage, and is currently considered the treatment of choice in
pelvic fractures with hemodynamic instability where appropri-
ately trained staff and the necessary equipment are available
(85). It should be noted that there are complications particular
to angioembolization that should be watched for in the post-
procedural period. As with any percutaneous arterial access,
access site injuries may occur; however, a number of authors
have also pointed out the complications associated with the em-
bolization itself, including gluteal, skin, bladder, and femoral
head necrosis (85).

DELAYED DIAGNOSIS

Discussion

Under ideal circumstances, the primary and secondary sur-
veys allow for the identification of all injuries sustained by
the trauma patient. Unfortunately, the evaluation of the criti-
cally injured patient does not always allow for the immediate
identification of all injuries. Limitations in the examination
of the patient due to mental status changes secondary to head
trauma or intoxication as well as the presence of distracting in-
juries often make detection of these injuries difficult. Although
rapid, high-quality imaging techniques are now widely used
in trauma evaluations, some findings are sufficiently subtle to
evade early recognition. Finally, some injuries simply do not
manifest themselves in a meaningful way until time has passed
and signs or symptoms are present. Some of these injuries were
described in previous sections. This section highlights some
commonly missed injuries, situations in which suspicion might
be heightened for these injuries, and the role of the tertiary
survey instrument in avoiding missed injuries.

Commonly Misse d Injurie s

Musculoskeletal injuries are among the most commonly missed
injuries in multisystem trauma patients. In a retrospective re-
view of 111 multisystem trauma patients, Ward and Nunley
noted that 6% of orthopedic injuries were not detected (103).
They found that most injuries were eventually discovered on
the basis of physical exam and plain film radiographs alone,
and identified several risk factors for missed orthopedic in-
juries: significant multisystem trauma with another more read-
ily apparent injury in the same extremity; physiologic instabil-
ity; altered sensorium; quickly applied splints for a less serious
injury; poor-quality initial radiographs; and inadequate signif-
icance being applied to minor signs and symptoms. Laasonen
and Kivioja reported a similar phenomenon, with 4% of ortho-
pedic injuries missed and similar risk factors noted, with the
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significant addition of missed injuries on existing radiographs
also implicated (104). Findings such as these prompted Mack-
ersie et al. to recommend routine plain film screening to include
the lower extremities in obtunded blunt trauma patients (105).
At our own institution, we have noted missed musculoskeletal
injuries in obese trauma patients. Physical examination of these
patients can be difficult, even when the patient’s sensorium is
completely intact; we have thus begun to perform routine plain
film extremity surveys in these patients in order to decrease the
incidence of missed injuries.

Injuries involving retroperitoneal structures have a strong
potential for presenting in delayed fashion. While CT scan
has allowed for early and ready detection of retroperitoneal
hematomas, pancreatic and duodenal injuries can sometimes
be difficult, if not impossible, to identify in the early moments
following injury. Pancreatic injuries occur in less than 5% of
blunt abdominal traumas; however, they carry with them sub-
stantial morbidity and mortality risks (106). Suspicion should
be raised in cases where the victim sustained a blow to the
central abdomen. Since pancreatic injuries rarely occur in iso-
lation, injuries to surrounding solid organs and other structures
should prompt consideration of pancreatic trauma. In the alert
patient, exam findings are typically nonspecific, with vague
abdominal pain, epigastric discomfort, nausea, vomiting, and
fever commonly seen. Laboratory testing provides equally im-
precise findings as an elevated amylase may hint at the diag-
nosis, but is not specific for pancreatic injury (107). Imaging
may provide clues to the diagnosis; however, CT findings are
often subtle, and may be delayed following injury (108). In the
days that follow injury, the patient may progress to develop
any number of manifestations, including pancreatitis, pancre-
atic leak secondary to a fracture, or a pancreatic pseudocyst.
Early identification of the injury may help to guide the most
appropriate management. As there are no physical exam, lab-
oratory, or imaging findings that reliably make the diagnosis,
the onus falls to the trauma and intensive care unit provider to
take into account the mechanism and the soft findings that sug-
gest the injury, and to maintain awareness of the possibility of
pancreatic trauma as the patient’s hospital course progresses.

Duodenal injuries resulting from blunt trauma are equally
challenging to diagnose, and possess many of the same features
of pancreatic injury. These uncommon injuries (they occur in
less than 5% of blunt abdominal traumas [109]) often result
from forces similar to those leading to pancreatic trauma, the
most common mechanism being a blow to the central abdomen
leading to compression of intra-abdominal contents against the
spine. Duodenal tears have also been reported to result from
deceleration injuries (110). As with pancreatic injuries, asso-
ciated trauma is common, with concurrent liver injuries oc-
curring most often. Physical exam is also similar to that seen
in pancreatic injuries, with ambiguous abdominal pain being
the most common symptom, and nausea, vomiting, and the
development of progressively increasing tachycardia and fever
also seen (109). Laboratory findings are once again nonspecific,
with elevated amylase levels suggestive of, but not diagnostic
for, duodenal injury. CT scan is a sensitive modality for de-
tection of retroperitoneal air and extravasated oral contrast,
both of which may be seen in duodenal injury, although nei-
ther is specific for this condition. Additionally, CT scan is able
to detect duodenal wall thickening and hematoma formation,
signs of injury that would require different management than
a frank perforation. Progression of an undetected duodenal in-

jury with leakage into the retroperitoneum may either be walled
off and contained or communicate with the peritoneal cav-
ity, resulting in a life-threatening peritonitis (109). Once again,
early diagnosis is often difficult with only soft findings point-
ing to the identification of a duodenal injury, and only mainte-
nance of a high index of suspicion will allow the physician to
make the diagnosis early and allow for the most appropriate
management.

Jejunal or ileal injuries may go undetected because, as in the
case of pancreatic or duodenal trauma, the findings may be sub-
tle. In the recent EAST multi-institutional hollow viscus injury
trial, small bowel injuries affected only 0.9% of blunt trauma
victims; however, the authors noted significant increases in both
morbidity (29% vs. 14% ) and mortality (19% vs. 12% ) when
patients with small bowel injuries were compared to similar
patients without them (111). As with pancreatic and duode-
nal injuries, physical examination is only of suggestive ben-
efit, with abdominal pain, nausea, vomiting, and potentially
signs and symptoms of peritonitis (in the case of a perforation)
pointing to the diagnosis. CT scan may show unexplained free
abdominal fluid, bowel wall thickening, or in the case of a
perforation, free air or extravasated gastrointestinal contrast
material. These findings are not always seen and CT scan is
estimated to have a reasonable sensitivity of about 88% with
a specificity of 99% (112). Malhotra et al. in Memphis were
concerned about the grave prognosis that was previously re-
ported by Fakhry in association with as little as an 8-hour
delay in diagnosis of small bowel injury (113). In their review
of patients with proven or suspected blunt bowel or mesenteric
injury, the group in Memphis proposed an algorithm for man-
agement of patients with findings suggestive of these injuries
(112). They found that hemodynamically stable patients with
multiple CT findings suggestive of bowel or mesenteric injury
showed a high likelihood of having such injuries, and should
undergo exploratory laparotomy. They felt that the rarity of the
injury and the lack of sensitivity of CT scan precluded laparo-
tomy in patients with only one finding, but given the potentially
devastating complications of a missed injury, suggested that di-
agnostic peritoneal lavage (DPL) be performed in this group of
patients. They recommended that patients with positive mi-
croscopic, cell count, or biochemical criteria on DPL undergo
exploratory laparotomy. We have adopted this approach at our
institution and recommend it, with the additional caveat that
we believe diagnostic laparoscopy is warranted in patients with
equivocal findings on DPL.

The Role of t he Te rt iary Surve y Inst rume nt

As mentioned in the introductory segment of this section, the
primary and secondary surveys do not always allow for the
identification of all injuries. In 1990, Enderson et al. reported
their experience with the prospective performance of a for-
mal trauma tertiary survey, finding that this simple step allows
for the detection of missed injuries (114). It is notable that in
their series, they performed the survey in the first 24 hours
following injury. Janjua et al. followed this up with a prospec-
tive study demonstrating that tertiary survey done within 24
hours detected 56% of all missed injuries and 90% of all clini-
cally significant missed injuries (115). Biffl et al. described their
experience following implementation of a formal tertiary sur-
vey form and policy at the Rhode Island Hospital, showing a
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decrease of 36% in missed injuries (116). In their discussion,
they called attention to the fact that a limitation of their policy
and practice was that many times, within 24 hours, patients
were still in an altered mental state and at times were not yet
ambulatory, and that this could potentially lead to missed in-
juries. They proposed that the tertiary survey be performed
once within 24 hours and then once again in patients who
were nonambulatory or comatose when these situations had
subsided. It is the practice at our institution to follow this rec-
ommendation. An example of our Acute Care Surgery Service’s
tertiary survey form is seen in Figures 73.4 and 73.5. At our
institution, we take advantage of the tertiary survey instrument

to review and record the patient’s mechanism of injury, med-
ical history, physical examination findings, laboratory trends,
final radiologist reads on imaging findings, the interventions
that have been performed up to that point in time, and the
patient’s immediate plan of care. We feel that this approach
leads to a thorough evaluation that allows for an appropriate
tailoring of care in the patient with medical comorbidities and
minimizes missed injuries. Additionally, we find that it pro-
vides a succinct summary of the patient’s admission, with the
benefit of a time lapse for review of key findings and interven-
tions, to which all care providers may refer for patient informa-
tion.

Date :

Trauma and Emergency Surgery 
Tertia ry Survey Form (page  1 of 2)

SHANDS
at the University of Florida

Admiss ion Date :

HPI Recap (MOI, Inte rventions, Hospita l Course ):

Pas t Med / Surg His t:

Socia l His t:

Physcia l Examination Lacera tions  / Abras ions  / Burns  (Document Location / S ize)

T: P : BP: R:
VS:

GCS:
Eyes :

HEENT:

Neck:

CV:

Resp / Ches t:

Abd / Recta l:

GU:

Extremities :

(continued on next page) PS57995-0405

Neuro (CN, Extremities ):

Verbal: Motor:
R L RL

Admiss ion Time:

Pa tient Name: MR#:

Rev. 4/1/05

FIGURE 73.4. The tertiary survey instrument of the Acute Care Surgery Service of Shands Hospital at
the University of Florida, Page 1.
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Consults  / Inte rventions  (include  da tes ):
Neurosurgery:

Orthopaedics :

Plas tics  / ENT / OMFS:

Others :

Radiologic Findings  (Please  provide  FINAL READS):
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FIGURE 73.5. The tertiary survey instrument of the Acute Care Surgery Service of Shands Hospital at
the University of Florida, Page 2.
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CHAPTER 74 ■ SURGICAL AND
POST-SURGICAL BLEEDING
DANNY M. TAKANISHI, JR.

It is of critical importance that clinicians who provide care
to surgical patients understand the dynamic interplay of the
coagulation and fibrinolytic systems. An appreciation for the
relevant underlying biologic mechanisms is central to the di-
agnosis and appropriate management of patients who present
with bleeding diatheses in both the operative and the post-
operative setting. Surgery provides the most significant chal-
lenge to the integrity of the hemostatic system, and the fidelity
of the coagulation system serves as the homeostatic defense
mechanism that abrogates the proclivity for bleeding in this
context.

INITIAL APPRAISAL OF
HEMOSTATIC IMPAIRMENT:
GENERAL OVERVIEW AND

IMMEDIATE CONCERNS
To expeditiously manage a critically ill patient experiencing
life-threatening hemorrhage, it is crucial that a defined ap-
proach for prompt recognition of the underlying cause is used.
First, attention is directed toward stabilizing the patient. This
includes securing an adequate airway, ventilation, vascular ac-
cess, and restoring intravascular volume. Second, there should
be immediate dialogue with individuals involved in the intra-
operative management of the patient. This may provide per-
tinent information regarding the intraoperative course of the
patient, specifically regarding any observed characteristics of
bleeding that may suggest an underlying coagulation disorder.
A generalized slow oozing of blood from raw surfaces (of-
ten termed “nonsurgical bleeding”) is often a manifestation
of a systemic disorder of hemostasis (1–3). On the other hand,
bleeding related to technical factors that can be associated with
the conduct of any surgical procedure (often termed “surgical
bleeding”) is localized and is the most common cause of post-
operative bleeding. Dialogue with the surgical team should in-
clude consideration for re-exploration. The evolving coagu-
lopathy may proceed swiftly in critically ill patients. Qualitative
abnormalities of platelet function, depletion of both platelets
and plasmatic coagulation factors, and hypothermia are ma-
jor contributors to the underlying pathophysiology responsible
for the coagulopathy that manifests in the critical care setting
(2–9). Moreover, previously undiagnosed, rare, at times clini-
cally latent, congenital coagulation disorders may be unmasked
by the physiologic stress resulting from a surgical procedure.
Familial coagulation defects that may be encountered in a
bleeding postoperative patient include von Willebrand disease,
factor VIII deficiency (hemophilia A, or classic hemophilia),

and factor IX deficiency (hemophilia B or Christmas disease)
(10–14).

The initial phase of assessment must include an immedi-
ate reconciliation of intravascular volume status to appropri-
ately guide resuscitation and to assist in decision making for
early operative intervention. Although signs of an expanding
hematoma or saturated dressings are indicative of localized
bleeding, there is considerable overlap, and coagulation sys-
tem defects may present in a similar fashion postoperatively.
In terms of management, however, early recognition of the
clinical symptoms and signs attributable to hypovolemia (rest-
lessness, anxiety, shortness of breath, pallor, tachycardia, and
oliguria) is compulsory. Adjunctive estimates of intravascular
volume status may be obtained using both noninvasive and
invasive monitoring, as is common in the critical care set-
ting. Systemic hypotension is a late sign of significant hypovo-
lemia, and expeditious resuscitation is paramount to avert the
disastrous consequences of an unrecognized and inappropri-
ately triaged patient with ongoing, potentially life-threatening
hemorrhage.

It is important to differentiate the inherited (primary) coagu-
lation disorders, which are associated with a history of bleeding
diatheses, from the more commonly acquired (secondary) co-
agulation disorders, which are the consequence of pathologic
conditions and numerous medications (1,3,15). This nomen-
clature (primary vs. secondary) is distinct from and should not
be confused with the traditional nomenclature used to describe
the hemostatic process itself. In the formation of a stable clot,
the hemostatic process was classically described as comprising
two phases, a primary phase (also called primary hemostasis)
and a secondary phase (also called secondary hemostasis). The
primary phase of hemostasis involves vascular or tissue injury,
initiating platelet adhesion and aggregation to form the platelet
plug. The secondary phase involves the activation of the plas-
matic coagulation protein cascade (both the extrinsic and the
intrinsic systems), which results in formation of the stable fibrin
clot. Disorders involving platelet number or function, or vascu-
lar interactions, are classified as disorders of primary hemosta-
sis, and disorders involving the plasmatic coagulation factors
are classified as disorders of secondary hemostasis. This serves
the purpose of an operational definition, since in vivo these
events are not separate processes but highly integrated.

Hemostatic disorders, whether primary (inherited) or sec-
ondary (acquired), can both be manifest by diffuse bleeding
from the operative site, puncture wounds, vascular access sites,
or traumatized tissue outside of the operative field. Surgical and
postsurgical bleeding may therefore result from either quanti-
tative (thrombocytopenia) or qualitative (abnormal function)
platelet disorders.
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Thrombocytopenia may be further attributed to a decrease
in production of platelets (aplastic anemia, hypoplastic bone
marrow, chemotherapy, space-occupying lesions of the bone
marrow as seen with malignancy), ineffective production (vi-
tamin B12 or folic acid deficiency states), platelet sequestration
(primary or secondary hypersplenism), increased destruction
or consumption of platelets (hemorrhagic conditions; microan-
giopathic processes such as thrombotic thrombocytopenic pur-
pura [TTP]; disseminated intravascular coagulation [DIC];
hemolytic-uremic syndrome [HUS]; immune destruction due
to antiplatelet antibodies, such as in posttransfusion purpura
or idiopathic thrombocytopenic purpura), or dilution of cir-
culating platelet volume (massive blood transfusion) (1–4,6–
9,16–18).

Qualitative platelet disorders may be inherited (Bernard-
Soulier syndrome, abnormal release mechanism, Glanzmann
thrombasthenia, storage pool disease, or von Willebrand dis-
ease) or acquired (uremia, drug interactions, myeloprolifera-
tive disorders). Disorders involving plasmatic coagulation fac-
tors are generally caused by either a decrease in production
of clotting factors (commonly associated with hepatic insuffi-
ciency, cirrhosis, vitamin K deficiency, obstructive jaundice) or
by an increase in consumption of circulating coagulation fac-
tors (such as in DIC) (3,6–9,18,19). Coagulopathy manifested
in the critically ill patient is often a result of a combination of
both platelet and plasmatic coagulation factor defects. Well-
known examples include obstructive biliary tract disease or
chronic liver disease, which results in diminished production
of coagulation factors given that the liver is the major site of
synthesis of all coagulation factors with the exception of fac-
tor VIII. In addition, platelet sequestration may occur from
secondary hypersplenism (18). Massive trauma often results in
decreases of both platelets and coagulation factors as a result
of consumption secondary to ongoing bleeding or hemorrhage
(4). If shock and acidosis develop, there is further decrease in
coagulation factor synthesis due to impairment in liver func-
tion that results from low perfusion, in addition to impair-
ment of both coagulation factor and platelet function from the
acidemic state (20,21). Additionally, well-described sequelae
of massive blood transfusion, often associated with multiple
trauma and hemorrhagic shock, is the development of a coag-
ulopathy (22). This results from a combination of dilution of
plasmatic coagulation factors and platelets, chelating of ionized
calcium (a necessary component of the coagulation cascade) by
the anticoagulant (citrate) present in banked blood, acidosis
that often attends the underlying disease, hypothermia, or the
condition that made massive blood transfusion necessary in the
first place. Hypothermia significantly impairs both platelet and
plasmatic coagulation function (5,21). Last, transient platelet
dysfunction, responsive to desmopressin (DDAVP, 1-desamino-
8-d-arginine vasopressin), is a well-recognized phenomenon in
patients after cardiopulmonary bypass (23–26).

In parallel with the ongoing resuscitation of the bleeding
patient, attention must be directed toward expeditiously deter-
mining the need for surgical re-exploration. All bleeding pa-
tients must be considered candidates for reoperation. A com-
prehensive assessment must take into account the degree and
the duration of active bleeding, the anatomic site of involve-
ment, and the potential for additional morbidity or mortal-
ity (for example, evolving acidosis, myocardial ischemia, di-
minished mental status, oliguria, or a progressive neck wound
hematoma with impending acute airway obstruction). Phys-

iologic reserve is also a compelling variable to consider, for
patients with significant comorbidities, such as the elderly, pe-
diatric, obese and diabetic patients are attended by less reserve.
Hence, vigilant observation to recognize early postoperative
bleeding is crucial, before hemodynamic instability and shock
become manifest. In these patients, consideration for early op-
erative intervention may be necessary because this cohort may
not be able to readily tolerate even mild degrees of anemia, hy-
povolemia, and hypoperfusion. Consideration of other modal-
ities of hemorrhage control (interventional radiology and em-
bolization) may be entertained in appropriate situations.

An important caveat is that not every instance of bleeding re-
quires surgical intervention, and conversely, patients who may
initially appear to have clinically self-limited bleeding postop-
eratively may still require reoperation for control of bleeding.
Major pelvic fractures are contemporaneously managed by ei-
ther fracture stabilization or arteriography with embolization
of the culprit bleeding pelvic vessels. In contrast, the natural
history of a contained perioperative vascular anastomotic de-
hiscence is characterized by the evolution of a false aneurysm.
In this setting, immediate re-exploration with operative repair
is indicated to avert the potentially catastrophic consequence
of free rupture and death from exsanguinating hemorrhage.

EVALUATION OF BLEEDING:
CLINICAL HISTORY AND THE

UTILITY OF DIAGNOSTIC TESTING
A detailed history and physical examination is the most im-
portant preliminary step in elucidating the cause of surgical
bleeding and should be done simultaneously with resuscitative
efforts (1). Collateral history from family members and pre-
vious medical records is a helpful adjunct to determine if a
primary, congenital defect in the coagulation system is present.
A history of easy bruisability, excessive gingival bleeding af-
ter brushing of teeth, bleeding diathesis with dental extrac-
tions, hypermenorrhagia, frequent spontaneous epistaxis, me-
lenic stools or spontaneous hematuria, petechiae or purpura,
hemarthroses, and a family history of bleeding disorders may
indicate a congenital or familial coagulation disorder, such as
hemophilia A or B or von Willebrand disease. The family pedi-
gree may provide important clues as to the presumptive disease
process based on the pattern of inheritance, whether autosomal
or sex linked, dominant or recessive. Suspicion for a congenital
disorder of coagulation is further raised by a history of blood
transfusions required for common ambulatory procedures such
as dental extractions, circumcisions, tonsillectomies, or biop-
sies. Due to differences in gene penetrance, not all individuals
afflicted with inherited coagulation disorders are diagnosed at
an early age, and clinically latent, attenuated bleeding disorders
may be unmasked when confronted by a major surgical proce-
dure or trauma. A past history of liver disease or heavy ethanol
consumption should alert the clinician to the possibility of ac-
quired plasmatic factor deficiencies, in addition to thrombocy-
topenia resulting from secondary hypersplenism with platelet
sequestration.

A thorough medication history is essential (including so-
liciting information on the use of dietary supplements or
herbal tonics, and over-the-counter medications), to deter-
mine if the patient has been on any medication that interferes
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with hemostasis (common examples include aspirin, other non-
steroidal anti-inflammatory agents, ticlopidine, clopidogrel,
or semisynthetic penicillins) (16,23–26). Popular supplements
that may aggravate bleeding are ginkgo, garlic, ginger, ginseng,
feverfew, and vitamin E. A history of anticoagulation therapy
is equally important in this regard (19,27). Nutritional assess-
ment is paramount, and careful evaluation for the presence of a
vitamin K deficiency is obligatory, as this may occur in patients
on parenteral nutrition or with cancer cachexia in those with
malignancies. Other variables that may affect the integrity of
the coagulation system include previous irradiation, renal fail-
ure, and sepsis, which affect the coagulation cascade at multiple
points.

Physical examination often provides an index of the severity
and the extent of the disease and may provide additional clues
that assist in distinguishing localized surgical bleeding from sys-
temic bleeding resulting from a coagulopathy. For example, the
presence of petechiae, purpura, and mucosal bleeding is often
indicative of thrombocytopenia, a qualitative functional dis-
order of platelets, or increased vascular fragility. Ecchymoses
or spontaneous, nontraumatic hemarthrosis is consistent with
plasmatic coagulation factor abnormalities or deficiencies such
as hemophilia. Both platelet and plasmatic coagulation disor-
ders are associated with hematomas. Hepatic insufficiency or
failure can be presumptively identified by recognizing jaun-
dice, ascites, angiomas, palmar erythema, asterixis, congestive
splenomegaly, and testicular atrophy. Splenomegaly itself may
also be associated with hematologic dyscrasias and malignan-
cies associated with hemostatic abnormalities (lymphomas and
leukemias). Connective tissue or collagen vascular disorders
that result in increased vascular fragility may manifest with pe-
techiae, joint abnormalities, and a history of delayed wound
healing. These conditions focus attention on the increased risk
for a perioperative bleeding complication, which underscores
the need for vigilance both intraoperatively and postopera-
tively. Last, the possibility of sepsis as an underlying cause for
the development of a coagulopathy must always be entertained
in the postoperative, critically ill patient (9).

The establishment of a definitive diagnosis of a coagula-
tion disorder rests on selective use of a limited battery of
laboratory tests guided by information derived from the his-
tory and physical examination. These assays are selected to
broadly screen the hemostatic system. These tests are, for the
most part, automated (except for the bleeding time), readily
available, and amenable to point-of-care testing methodology.
The tests most commonly used include the template bleeding
time, quantitative platelet count, prothrombin time (PT), ac-
tivated partial thromboplastin time (PTT), fibrinogen level,
and thrombin time (TT). The template bleeding time is the
only test that screens for qualitative platelet function abnor-
malities, a frequent cause of abnormal bleeding. This test also
evaluates platelet number and vascular fragility, demonstrat-
ing abnormal prolongation in thrombocytopenic states and in
conditions associated with increased vascular fragility (exam-
ples include connective tissue disorders such as senile purpura,
Ehlers-Danlos syndrome, steroid-induced purpura, or Mar-
fan syndrome; scurvy; amyloidosis; or hereditary hemorrhagic
telangiectasia/Osler-Weber-Rendu disease). Therefore, if both
the platelet count and the template bleeding time are normal,
the presumptive differential diagnosis is directed toward a plas-
matic coagulation factor abnormality. Measurement of both
the PT and PTT will serve to further define the abnormality,

given that each test is more sensitive to changes in procoagu-
lants in the initial phases of the extrinsic and intrinsic pathways,
respectively. The PTT provides a global measure of the activ-
ity of factors XII, XI, IX, and VIII in addition to the common
pathway factors shared by the extrinsic system (factors X, V, II,
and I) and, therefore, identifies many of the inherited disorders
of bleeding, typically a deficiency of factor VIII (hemophilia A),
IX (hemophilia B), or von Willebrand factor, vWF (von Wille-
brand disease). It is worth noting that factor XII deficiency is
not associated with any significant bleeding tendency despite
abnormal prolongation of the PTT. Enzymatically active vWF
is a necessary cofactor for optimum functioning of the factor
VIII procoagulant protein. The PT exclusively evaluates factor
VII, which is one of the vitamin K–dependent factors (in addi-
tion to factors II, IX, and X). Therefore, the PT is prolonged
in individuals on Coumadin (warfarin) therapy, and this test is
used to measure therapeutic efficacy of this form of oral antico-
agulation therapy. Liver disease is another common cause for
a prolonged PT, perhaps most notably because factor VII has
the shortest half-life of the plasmatic coagulation factors. Liver
disease, by virtue of the diminished synthesis of all plasmatic
coagulation factors (with the exception of vWF) also results in
prolongation of the PTT in addition to the PT. Due to the sensi-
tivity of factors XII, XI, IX, VIII, and X to the effects of heparin
(in the presence of antithrombin III), heparin therapy primarily
is reflected by abnormal prolongation of the PTT. In conditions
associated with prolongation of both the PT and the PTT, quan-
titative measurement of the fibrinogen (factor I) level may be
useful to determine if the coagulation disorder is a result of a
defect or deficiency of multiple coagulation factors, which may
be associated with liver disease, sepsis, and DIC, or if an in-
hibitor is present (3,6–9,18). Examples of circulating inhibitors
include heparin, paraproteinemias associated with monoclonal
gammopathies (multiple myeloma or Waldenstrom macroglob-
ulinemia), fibrin/fibrinogen degradation products, or other cir-
culating anticoagulants (such as antibodies to factor VIII or
IX, and the lupus anticoagulant). Factor levels reflect a dy-
namic equilibrium, and fibrinogen is an acute-phase protein
that increases in response to stress. Fibrinogen consumption
may not be apparent based solely on measurement of levels
because of the propensity for the liver to increase synthesis
of this protein in response to the same stressors responsible
for fibrinogen consumption. This fact is important to bear
in mind for proper interpretation of laboratory results. The
thrombin time is a qualitative measure of fibrinogen levels and
will be prolonged if the fibrinogen level is less than 100 mg/dL,
by the presence of dysfibrinogenemia associated with liver dis-
ease, and also by circulating inhibitors similar to the PT and
PTT (28). Its most useful role clinically is in the detection of
circulating heparin not detectable by changes in the PTT.

The therapeutic approach to hemostatic abnormalities must
be reasonably guided by the patient’s clinical condition and
the outcome of appropriately selected laboratory tests, as out-
lined above (14). An important concept is not to fall behind
in factor replacement. Due to the lag time in receiving labora-
tory values, in clinical conditions where the patient is actively
bleeding, initiation of fresh frozen plasma (FFP) and platelets
should be started early with red cell transfusion. In patients
with known warfarin use and a small bleed in an uncompro-
mising area (skull), FFP should be used before patients develop
increasing intracranial hemorrhage. In general, FFP is the most
commonly used blood component for plasmatic coagulation
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abnormalities since it provides all necessary coagulation fac-
tors in concentrations that approach those found in normal
plasma (3,10,11,14). Cryoprecipitate, a component made from
thawing FFP in the cold under specialized conditions, is rich in
factors XIII, VIII, I, vWF, and fibronectin. It has been used
in factor VIII–deficient states (hemophilia A) if virally inacti-
vated plasma-derived or recombinant factor VIII concentrates
are not readily available; in von Willebrand disease recalci-
trant to desmopressin and if virally inactivated plasma de-
rived factor VIII concentrate rich in vWF is not readily avail-
able; in hypofibrinogenemic or dysfibrinogenemic conditions;
in hemorrhage associated with massive blood transfusions; in
DIC; in factor XIII deficiency (FFP is also used); in bleed-
ing uremic patients with qualitative platelet function defects
unresponsive to desmopressin therapy; or as a topically ap-
plied surgical sealant (“fibrin glue”) (10,14,29). For specific
coagulation disorders, such as hemophilia A, hemophilia B
(deficiencies of factor VIII and IX, respectively), and von Wille-
brand disease, virally inactivated plasma-derived factor con-
centrates are commercially available, as are recombinant prod-
ucts, and these are the blood components of choice if available
for use. These concentrates (and the recombinant product) also
have a lower risk for virally transmitted disease because of
a processing procedure that results in viral inactivation. For
deficiencies of the vitamin K–dependent factors (II, VII, IX,
X), prothrombin complex concentrates are also commercially
available, as is recombinant factor VII for isolated factor VII
deficiency states. Platelet concentrates are used for both quan-
titative (thrombocytopenias) and qualitative platelet disor-
ders associated with significant bleeding (3,10,12,14). Patients
transfused with any blood component, whether FFP, cryopre-
cipitate, plasma-derived factor concentrates, or platelet con-
centrates, incur similar risks of complications attributed to all
types of blood component therapy such as febrile and allergic
reactions, transmission of blood-borne pathogens (human im-
munodeficiency virus, hepatitis B and C), immunosuppression,
transfusion-related pulmonary injury, and hemolytic transfu-
sion reactions if a substantial volume of ABO-incompatible
units are transfused. Therefore, judicious use of blood compo-
nent therapy must always be adhered to.

CAUSES OF POST-
OPERATIVE BLEEDING

Post-operative bleeding, often termed local hemostatic fail-
ure or surgical bleeding, is a known potential complication of
any surgical procedure. When associated with evolving hypo-
volemia, mental status changes, restlessness, anxiety, tachycar-
dia, dyspnea, and oliguria are commonly associated manifes-
tations. Hypotension is a late finding, and aggressive attempts
must be made to avert this serious consequence with expedi-
tious concurrent resuscitation as identification of the source of
bleeding is confirmed. The vast majority of patients affected
typically present within the immediate perioperative period.
Subtle signs may be evident in the postanesthesia care unit,
and generally become apparent within the first 8 hours after
surgery. A high index of suspicion is necessary to render an
early diagnosis of post-operative bleeding, and meticulous at-
tention to look for any evidence of bleeding must be applied,
given that many signs of evolving hypovolemia are nonspecific

and may also be observed in nonbleeding patients after ma-
jor thoracic or abdominal procedures (tachycardia associated
with post-operative pain, anxiety and restlessness, mental sta-
tus changes secondary to narcotic analgesic administration, or
oliguria resulting from anticipated third-space fluid sequestra-
tion after major abdominal surgery). Blood in the peritoneal
cavity ordinarily does not result in a significant inflammatory
response unless associated with secondary bacterial contami-
nation and therefore is not associated with obvious peritoneal
signs. On occasion, localized symptoms may be elicited that
are attributable to irritation caused by a collection of blood,
exemplified by the Kehr sign. This is referred pain to the right
shoulder ascribed to an accumulation of blood under the right
hemidiaphragm. Serial hemoglobin and hematocrit levels may
assist in determining the degree of bleeding, but isolated, single
values can be difficult to interpret. It is difficult to quantitatively
account for the effects of isotonic fluid sequestration (third-
spacing) after major abdominal procedures that may result in
hemoconcentration and elevated hemoglobin and hematocrit
levels, or the effects of isotonic fluid administration in the pe-
rioperative period that may contribute to hemodilution and
lower hemoglobin and hematocrit levels.

Certain surgical procedures are not associated with exsan-
guinating hemorrhage or hypotension but can be life threat-
ening. Prototypic examples include neck operations for en-
docrine diseases (thyroid, parathyroid surgery), lymphadenec-
tomies (radical neck dissections), major composite resections
for tumors of the neck, and carotid surgery. From a patho-
physiologic perspective, an expanding neck hematoma results
in airway obstruction from both mechanical compression and
from mural edema caused by lymphatic obstruction. The cause
is frequently venous bleeding, compounded by hypertension
and liberal preoperative use of antiplatelet medications in those
undergoing carotid surgery. Acutely reopening the incision and
evacuating the hematoma is often life-saving, although endo-
tracheal intubation or cricothyroidotomy may be required as a
temporizing measure until the airway edema resolves. Nearly
all patients who develop neck hematomas require operative
re-exploration. It is common practice to place drains in the op-
erative field at the time of surgery prior to closure, and surgical
procedural anthologies are replete with instructions substanti-
ating this approach. Caution must be exercised in interpreting
drain output as an accurate index of early perioperative bleed-
ing, and it is correspondingly crucial to recognize that place-
ment of a drain is not an appropriate substitute for ensuring
meticulous surgical hemostasis (30).

There is no single criterion available to direct re-exploration
for control of post-operative bleeding, and this decision is based
on considering a number of variables. The timing of the active
bleed relative to the operative procedure, its duration, its rate,
the potential for additional morbidity, the patient’s age as a
surrogate for physiologic reserve, and other comorbid diseases
(such as underlying cardiac or pulmonary disease, renal disease,
diabetes, or obesity) must all be taken into consideration when
deciding on the need for reoperation. Timing of re-exploration
is of significant concern in conditions associated with limited
or poor physiologic reserve as these patients are often quite
ill and require judicious resuscitation and expeditious defini-
tive surgical intervention prior to the inception of irreversible
shock. The most conservative treatment is to return to the oper-
ating room with early control of surgical bleeding. Often times
the need to return emergently to the operating room is quite
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obvious, as in the case of exsanguinating hemorrhage result-
ing from a coronary artery bypass graft dehiscence attended
by brisk bleeding from the mediastinal drain. There are two
caveats for consideration. First, it is desirable to correct any
coagulopathy prior to returning to the operating room, and in
some instances with minimal or mild bleeding this may be all
that is necessary. It is important to recognize, however, that sit-
uations characterized by exsanguinating hemorrhage from fail-
ure of local surgical hemostasis may not allow for correction
of the coagulopathy because of rapid ongoing consumption of
coagulation factors and platelets. In these instances, operative
intervention is paramount, and the decision to reoperate must
not be unduly delayed while awaiting normalization of coagu-
lation parameters. Second, as stated earlier, some subscribe to
the notion that drains placed at the time of surgery are a useful
adjunct to alert the surgical team to early signs of postoperative
bleeding and to gauge the amount and rate of bleeding when it
does occur. Caution with this practice must be promulgated, as
it is a well-accepted observation that the absence of blood in a
drain is not conclusive evidence that bleeding is not occurring,
because the drain tip may be dislodged or may have migrated
from its original position and this may not be readily apparent
externally, or the drain may be obstructed with clot.

There are certain circumstances where operative re-
exploration is obligatory, despite the fact that the bleeding may
be self-limiting. A vascular anastomosis with a contained leak,
even if seemingly small and hemodynamically inconsequential,
must be repaired to avert the consequences of false aneurysm
formation and later rupture. Small contained leaks may be dif-
ficult to recognize and pose a diagnostic dilemma. A duplex
study may be helpful in further elucidating anastomotic in-
tegrity, but an arteriogram should be performed if any doubt
exists.

Last, the surgeon must also be cognizant of the fact that
there are some instances where bleeding is optimally addressed
without surgical intervention. The prototypic illustration is the
severe pelvic fracture with signs of ongoing hemorrhage, as al-
luded to earlier. In accordance with the Advanced Trauma Life
Support protocol, associated injuries and additional sources
of obvious bleeding must first be excluded. Once hemoperi-
toneum and hemothorax have been excluded, the pelvis is sta-
bilized by external fixation, followed by arteriography with
embolization of any bleeding pelvic or retroperitoneal blood
vessels.

Disord e rs of Plasmat ic Coag ulat ion
Fact ors: Ove rvie w

Hemostasis involves a complex interplay between elements
of the vascular endothelium, plasmatic coagulation factors,
platelets, and the fibrinolytic system. Primary isolated disor-
ders of the fibrinolytic system as a cause of major bleeding
are rare in the critically ill patient and are covered elsewhere
(31,32). Disorders of the clotting system can be broadly classi-
fied as congenital or acquired, and a comprehensive history and
physical examination often assists in determining the nature of
a coagulation disorder in this regard. Acquired coagulopathies
are relatively common in the post-operative ICU patient, and
these disorders can be operationally separated in those involv-
ing platelets, the plasmatic coagulation factors, or both (3).

Thus, post-operative bleeding can be a result of quantitative
abnormalities (thrombocytopenia), due to decreased produc-
tion, ineffective thrombopoiesis (production), sequestration,
increased destruction or consumption, and dilution; or qual-
itative platelet function abnormalities. Post-operative bleeding
can also occur with acquired disorders of the coagulation sys-
tem, which encompasses decreased production, impairment of
function, or increased consumption of coagulation factors.

Q uant it at ive Plat e le t Disord e rs:
Thromb ocyt op e nia

Thrombocytopenia, defined as a platelet count less than
140 × 109/L, results from decreased production, ineffective
thrombopoiesis, sequestration particularly in the spleen, in-
creased destruction or consumption, and dilution of circu-
lating platelets associated with massive blood transfusion
(1,10,12,14). Petechiae, purpura, and mucosal oozing is char-
acteristic of thrombocytopenic states, although these findings
may also be observed in qualitative platelet disorders and in
conditions associated with increased vascular fragility. Platelet
counts of 50 × 109/L or higher are generally considered ade-
quate for surgical hemostasis in the absence of an associated
qualitative functional defect, but below 20 × 109/L there is
increased risk for spontaneous hemorrhages (10,12,14). Par-
ticularly lethal in this regard are those involving the central
nervous system.

Cytotoxic chemotherapy and radiation therapy (total body)
produce thrombocytopenia by suppression of bone marrow
megakaryocytes, the progenitor cell for platelets. Together
these are the most common causes of bleeding in patients un-
dergoing therapy for malignancies. Marrow aplasia, hypopla-
sia, and space-occupying diseases of the bone marrow (such
as metastatic carcinoma, leukemias, lymphomas) also result
in decreased production of platelets. Certain drugs, including
alcohol, have been associated with decreased production of
platelets via a direct toxic effect on megakaryocytes. Ineffective
thrombopoiesis is a characteristic trait of megaloblastic anemia
resulting from either vitamin B12 or folate deficiency. Although
there is an increase in the megakaryocytic mass, platelet pro-
duction is impaired. Notwithstanding, hemorrhagic diatheses
manifest in a few of these individuals (33).

The most frequent cause of thrombocytopenia resulting
from increased destruction of circulating platelets is post-
operative infection (9,34). Significantly, thrombocytopenia
may be the first presenting sign of an occult infection and may
herald impending sepsis. Consequently, in the post-operative
setting, thrombocytopenia of unclear cause must promptly di-
rect attention toward uncovering a potential source of occult
sepsis.

Thrombocytopenia caused by increased destruction of
platelets is also observed in microangiopathic hemolytic states,
such as in thrombotic thrombocytopenic purpura (TTP) and
hemolytic-uremic syndrome (HUS) (35,36). Mechanical injury
occurs when platelets traverse the small capillary beds in the
peripheral circulation. TTP is characterized by fever, fluctuat-
ing neurologic symptoms (headaches, confusion, seizures, or
coma), and acute renal failure, in addition to a microangio-
pathic hemolytic anemia and thrombocytopenia. HUS man-
ifests similarly to TTP, with the notable exceptions that the
pediatric population is more commonly affected, neurologic
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manifestations are minimal, but the renal impairment is more
pronounced. Central to the treatment of both these entities is
supportive care, with particular attention given to management
of the renal dysfunction (35–37). Plasma exchange is often ef-
ficacious in treating these diseases, and hemodialysis may also
be required in some instances for support of renal failure.

Immune-mediated destruction of platelets is observed in sev-
eral clinical conditions. Alloimmune antibodies are believed
to account for posttransfusion purpura observed primarily in
women, who may have been previously immunized by fetal-
derived platelets since there is a significant association with
a prior history of pregnancy (38). Immunizations to a num-
ber of candidate alloantigens have been reported in the lit-
erature, the most common being the PLA1 antigen. The an-
tibodies induced are generally of the IgG class and therefore
are also able to cross the placenta, as a described cause of
neonatal thrombocytopenia. The purpura becomes apparent
approximately 7 to 10 days after blood transfusion, presum-
ably attributed to an anamnestic response, and can last sev-
eral months. The population at risk has been estimated to
be approximately 1% to 3% , and the condition tends to be
self-limiting and responds to intravenous immune globulin. Id-
iopathic thrombocytopenic purpura is one of the more com-
mon examples of immune-mediated platelet destruction (17).
It tends to occur in otherwise healthy individuals, and both
an acute and a chronic form have been described. Mechanisti-
cally, platelets coated with autoantibodies are removed by the
reticuloendothelial cells in the spleen (and to an extent in the
liver). The diagnosis is one of exclusion after other causes of
thrombocytopenia have been ruled out. A similar mechanism
may account for the thrombocytopenia associated with colla-
gen vascular diseases, such as systemic lupus erythematosus,
lymphoreticular diseases, and in some infectious diseases, such
as infectious mononucleosis or human immunodeficiency virus
infections. It is noteworthy in this regard that the acute form,
often observed in the pediatric population, is often preceded
by a viral syndrome. Splenectomy is required in a third of pa-
tients if immune globulin, corticosteroids, or plasmapheresis is
unable to control the condition (17,39,40). In this condition,
significant bleeding may not occur until platelet counts decrease
as low as 10 × 109/L because most of the circulating platelet
pool consists of younger, more functionally active platelets.
The significance of this impacts on the operative approach tra-
ditionally adopted during splenectomy. During splenectomy,
platelets are hung by the anesthesiologist but not administered
until the splenic artery is clamped or splenectomy completed.
There is by and large minimal bleeding encountered despite
the pronounced degree of thrombocytopenia, and if platelets
are infused prior to control of the splenic arterial inflow, the
infused platelets will merely be consumed by the spleen and
not available for the hemostatic process. Immune-mediated
destruction of platelets can also be caused by several drugs
that can induce antibodies to platelets via hapten-mediated, or
by immune complex–mediated, “ innocent bystander” mech-
anisms. Quinine, amiodarone, sulfa drugs, cimetidine, raniti-
dine, phenytoin, and semisynthetic penicillins are some exam-
ples that may be encountered in the critical care environment
(3). Heparin-induced thrombocytopenia is an unusual exam-
ple of drug-induced thrombocytopenia in this context because a
hypercoagulable condition is actually created characterized by
thrombotic complications with the manifestation of the “white
clot syndrome” (41). This syndrome typically becomes appar-

ent after 1 week of therapy but may present within a few hours
after implementing heparin therapy in already sensitized pa-
tients. Discontinuation of the offending agent is the appropri-
ate treatment approach central to all causes of drug-induced,
immune mediated thrombocytopenia.

Q ualit at ive Plat e le t Funct ion Disord e rs

Acquired disorders are the leading cause of qualitative platelet
function abnormalities in the critically ill patient. It is vital to
be aware that qualitative bleeding disorders are not measured
by the standard battery of coagulation tests described above,
with the exception of the template bleeding time. This test is not
commonly used, given that this does not lend itself to automa-
tion and still requires the laboratory technologist to remain at
the patient’s bedside. Furthermore, this test has been attended
by poor reproducibility, particularly in conditions associated
with significant peripheral edema. Nevertheless, when a qual-
itative platelet function abnormality is suspected, the bleeding
time is an appropriate first screening test to guide discriminate
use of additional testing to further elucidate the underlying
cause.

Ingestion of numerous drugs has been associated with inhi-
bition of platelet function (3,16,42). Among these, aspirin is the
most well described and best characterized. Aspirin interferes
with cyclo-oxygenase–mediated prostaglandin and thrombox-
ane synthesis and has profound effects at multiple steps in
the formation of the hemostatic platelet plug. It decreases the
platelet response to aggregation in response to collagen, in-
hibits the second phase of aggregation in response to adeno-
sine diphosphate (ADP) and epinephrine, and irreversibly in-
jures platelets for the duration of their lifespan. It is generally
recommended that antiplatelet medications, such as aspirin,
ticlopidine, and clopidogrel, are discontinued approximately 7
to 10 days prior to surgery. For nonsteroidal anti-inflammatory
agents other than aspirin, ticlopidine, or clopidogrel, some in-
vestigators advocate 2 days of abstinence. It is important to rec-
ognize that many over-the-counter medications contain aspirin
(e.g., Alka-Seltzer, Ecotrin, Anacin) and many patients are not
aware of this, so it is imperative to obtain a comprehensive drug
history, specifically querying for use of aspirin-containing prod-
ucts. Discontinuing the antiplatelet drug combined with use of
desmopressin and platelet transfusions have been beneficial in
treating bleeding encountered in these situations (10,12,14,16).

Another common cause of acquired qualitative defects in
platelet function is hypothermia (5,21,43). Massive blood
transfusions or crystalloid infusions without attention to use
of blood warmers, lack of attention to maintaining a warm
ambient environment in the operating room, especially during
long procedures and for individuals at the extremes of age,
and prolonged extrications and exposure time in the field in
the patient with multiple traumatic injuries are all too famil-
iar causes of hypothermia. Vigilant awareness must be directed
toward maintaining normothermia to avert the potentially dis-
astrous consequences of hypothermia in the already bleeding
critically ill patient. Rewarming patients reverses the effects of
hypothermia on the hemostatic system.

Renal failure is not uncommon in the critical care setting.
In its acute form, bleeding is a common manifestation, most
often from the gastrointestinal tract. The underlying mecha-
nism is probably multifactorial, as there clearly is a qualitative
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platelet function defect related to the degree of uremia, in com-
bination with abnormalities in the plasmatic coagulation sys-
tem (44–46). The presence of acidosis also contributes to both
the platelet and coagulation factor dysfunction. The fundamen-
tal approach to therapy centers on dialysis, which results in
abatement of the bleeding diathesis. Use of desmopressin and
cryoprecipitate, as temporizing measures to transiently stop
the bleeding while awaiting institution of dialysis, have been
reported to be successful. Conjugated estrogens have also been
used with some success, albeit the effects are not as rapid but
more durable, but any positive outcomes are balanced by un-
desirable consequences of hormonal side effects. In its chronic
form, renal failure is still attended by a mild qualitative platelet
function defect, but significant impact on hemostatic homeosta-
sis is usually not seen.

Acq uire d Disord e rs of t he Coag ulat ion
Syst e m De cre ase d Prod uct ion

Decreased production of circulating plasmatic coagulation fac-
tors occurs secondary to liver failure (with the exception of fac-
tor VIII), vitamin K deficiency (seen with oral antibiotic usage,
which depresses gut flora in the setting of nutritional deficiency;
malabsorption syndromes, such as celiac sprue or chronic diar-
rheal conditions; or obstructive jaundice), and use of warfarin
(Coumadin) (18,19). In these situations, therapy is acutely cen-
tered on replacement of coagulation factors, most commonly
with use of FFP. Vitamin K is administered parenterally in pa-
tients with deficient states or to reverse the effects of Coumadin.
Appreciable effects on coagulation factor synthesis (in the pres-
ence of normal hepatic synthetic function) is not generally seen
for 24 to 36 hours after administration of parenteral vitamin
K (19,27).

Imp aire d Funct ion

The effect of hypothermia on antagonizing normal functioning
of the hemostatic mechanism globally has been described under
qualitative platelet abnormalities (2,5,21,43). It is important to
bear in mind that all enzymatic processes in biologic systems
are governed to an extent by the necessity to function in an opti-
mal, typically narrow, temperature range. The coagulation fac-
tors are enzymes, and therefore function best under normother-
mic conditions. Platelets, too, function optimally under normo-
thermic conditions. The implication of this is that the clinician
must always remain alert to the effects of hypothermia as the
origin of a coagulopathy, particularly in the critical care envi-
ronment. Reliance solely on the values of the PT, PTT, or TT is
misleading, understanding that these assays are performed by
both manual and automated laboratory methods at 37◦C and
results may thus fall within the reference range in vitro, despite
ongoing coagulopathy clinically. External warming measures
include blankets generating heated air, warming of all fluid in-
fusions, heated humidifier in ventilated patients, and warming
the environment. In extreme conditions, Gentilello et al. (47)
reported that continuous arteriovenous rewarming, which does
not require heparinization of the patient and hence does not ex-
acerbate the coagulopathy, improves hemostasis more rapidly
than any other method with the exception of cardiopulmonary
bypass.

Normal physiologic processes (fibrinolytic system) exist to
control for unremitting clot formation and are described in
several reviews (1,31,32). Impaired function of the coagula-
tion cascade may be the result of various disorders that are
characterized by the genesis of circulating anticoagulants, ab-
normal protein products, or accumulation of proteinaceous
breakdown products that affect the normal function of coag-
ulation proteins. Collagen vascular diseases, such as systemic
lupus erythematosus, is one example (48,49). In these patients
an antibody is produced (lupus anticoagulant) that affects the
coagulation cascade at the juncture of the intrinsic and ex-
trinsic systems, resulting in prolongation of both the PT and
PTT in vitro. Paradoxically, these patients tend to be hyper-
coagulable, and if clinically significant bleeding is noted, it is
attributable to associated thrombocytopenia and increased vas-
cular fragility. When there are elevated titers of either the lupus
anticoagulant or anticardiolipin antibodies, or both, these pa-
tients may present with manifestation of the antiphospholipid
antibody syndrome with generalized microvascular thrombo-
sis, thrombocytopenia, gangrene of the extremities, multior-
gan failure, and death. Plasmapheresis, anticoagulation, and
immunosuppressive therapy serve as the foundation of treat-
ment (48,49). Other commonly acquired inhibitors or circulat-
ing anticoagulants include factor VIII inhibitors and factor IX
inhibitors, related primarily to prior frequency of transfusion
with plasma-derived blood concentrates and alloimmunization
(50–52). Exogenously administered heparin, the prototype for
anticoagulation therapy, binds to circulating antithrombin III
and catalyzes its ability to neutralize the action of a number of
coagulation factors. The end result is interference with the nor-
mal coagulation cascade. Disorders characterized by the pro-
duction of abnormal globulins, often referred to collectively as
the paraproteinemias (associated with multiple myeloma and
Waldenstrom macroglobulinemia), also result in interference
with coagulation proteins and inhibition of fibrin polymeriza-
tion. In these conditions the PT, PTT, and TT are prolonged.
Fibrinogen/fibrin degradation products also inhibit fibrin poly-
merization, as does uremia, with prolongation of the PT, PTT,
and TT. Treatment of the coagulopathy associated with all of
these conditions consists of replacement of deficient coagula-
tion factors when bleeding is dominant and definitive treatment
directed at the underlying disease process.

Incre ase d De st ruct ion or Consump t ion

The most common cause of increased destruction of plasmatic
coagulation factors has been variously termed DIC, defibri-
nation syndrome, or consumptive coagulopathy (6–9). This
syndrome is characterized by a hemorrhagic diathesis with un-
restrained clotting and fibrinolysis in the vascular microcircula-
tion, initiated by activation of the intrinsic or the extrinsic sys-
tem, or both (6–9,37). Release of tissue thromboplastin, from
injured tissue or from leukocytes, activates the extrinsic system,
whereas damage to vascular endothelium (in addition to releas-
ing tissue thromboplastin) results in activation of the intrinsic
system via collagen exposure (8). Exposed collagen initiates
platelet aggregation with release of platelet factor III and also
activates factor XII directly. The net result is deposition of fib-
rin in the microvasculature. This results in a microangiopathic
hemolytic anemia with fragmentation of red blood cells as they
traverse these vascular beds. These fragmented red blood cells,
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or schistocytes, seen on the peripheral blood smear are a clas-
sic finding in this syndrome. Additionally, microthrombi cause
stasis and ischemia in a number of capillary beds, manifest-
ing as renal insufficiency or failure with kidney involvement,
pulmonary insufficiency with lung involvement, mental status
changes with brain involvement, or dermal necrosis with skin
involvement. Stasis itself can result in further activation of clot-
ting factors. Fibrin deposition and endothelial wall damage
both bring about the release of plasminogen activator, which
catalyzes the conversion of circulating plasminogen to plas-
min. Plasmin proteolytically hydrolyzes both fibrinogen and
fibrin (secondary fibrinolysis), resulting in fibrinogen and fib-
rin degradation (or “split” ) products. These degradation prod-
ucts then interfere with fibrin polymerization through the for-
mation of complexes, further contributing to the hemorrhagic
state. Additionally, these degradation products also interfere
with platelet function, impairing both adhesion and aggrega-
tion. The number of disorders associated with DIC is substan-
tial, but the unifying approach to management is supportive
therapy with replacement of coagulation factors and platelets
with attention focused on treating the underlying disease pro-
cess. The end point is normalization of the PT, PTT, TT, and
platelet count. Both acute and chronic forms have been iden-
tified. In the acute form patients are critically ill, whereas in
the chronic form the natural history is more indolent and pro-
tracted, and thrombotic complications may be the predominant
feature.

In the post-operative patient in the ICU, infection is the
principle cause for DIC (9). Several causative organisms have
been implicated, including Gram-negative bacteria, such as the
Enterobacteriaceae as well as the nonlactose fermenters; Gram-
positive bacteria; rickettsial organisms (Rocky Mountain
spotted fever); mycotic infections, such as disseminated as-
pergillosis; parasitic agents, such as malaria; and viruses.
The underlying pathophysiology has been best elucidated
with Gram-negative infections, with endotoxin (cell wall
lipopolysaccharide) triggering the intrinsic system by activa-
tion of factor XII directly and by factor XII exposure to suben-
dothelial collagen, as a result of endotoxin-mediated damage to
vascular endothelium. Endotoxin may also trigger the coagu-
lation cascade by inducing expression of procoagulant activity
in circulating leukocytes, hepatic macrophages, and endothe-
lial cells, and by activating the extrinsic system mediated by the
release of tissue thromboplastin from damaged leukocytes and
vascular endothelium (53–55).

Traumatic injuries (particularly involving brain, bone, or
liver), thermal injuries, and severe crush injuries, as well as
surgical procedures may produce a consumptive coagulopathy
(6–9,56–58). Secondary infection and hemorrhagic shock fur-
ther serve to aggravate the coagulopathy, especially if acidosis,
hypothermia, or tissue ischemia and necrosis develops.

Acute pancreatitis, arising from various causes, may be asso-
ciated with DIC due to release of enzymes that may directly ac-
tivate a number of coagulation factors (59). In many instances,
there is associated multiorgan dysfunction involving cardiopul-
monary, renal, and hepatic function. In addition, pyogenic se-
quelae, such as the development of infected pancreatic necrosis
or abscess formation, may result in DIC attributable to sep-
sis. Treatment is primarily supportive, with aggressive resus-
citation, replacement of deficient coagulation factors if there
is associated bleeding, appropriate use of broad-spectrum an-
tibiotics, and surgical debridement and drainage for control of
infectious complications.

Obstetric complications can result in some of the most pro-
found and challenging instances of DIC. Well-recognized exam-
ples include amniotic fluid embolism, abruptio placentae, re-
tained dead fetus, and eclampsia (6–8). In these circumstances,
the culprit is massive systemic release of tissue thromboplastin
that generates a fulminant course characterized by bilateral re-
nal cortical necrosis to frank cardiopulmonary collapse, shock,
multiorgan failure, and, at times, death even if aggressive at-
tempts are made to treat these individuals.

The laboratory diagnosis of DIC is readily established with
routinely available tests. The PT, PTT, and TT are all pro-
longed, and the platelet count is decreased. Depending on
the severity of the disease process, fibrinogen may not be de-
tectable. Fibrinogen/fibrin degradation products are elevated,
and the peripheral blood smear often reveals the presence of
schistocytes. Factors I (fibrinogen), V, VIII, and XIII tend to be
markedly depressed. In milder forms, fibrinogen levels may not
be significantly decreased, particularly in the presence of ade-
quate hepatic function. Radioimmunoassays of fibrinopeptide
A, a by-product of the action of thrombin on fibrinogen, may
be useful in these situations to establish the correct diagnosis
and management approach (60). Although rare, primary fibri-
nolysis differs from DIC (where secondary fibrinolysis occurs)
in the following ways. In primary fibrinolysis, (a) platelet count
is normal, (b) soluble fibrin monomers are not present (mea-
sured by the plasma paracoagulation test), (c) schistocytes (red
cell fragments) are not seen, and (d) tests for increased levels
of plasmin activity are strongly positive (euglobulin clot lysis
time, whole blood clot lysis time).

Optimum management of DIC requires aggressive treat-
ment of the underlying disease process and supportive ther-
apy with coagulation factor and platelet replacement. FFP and
platelet concentrates are the two most common blood products
used as a temporizing measure (10–12,14). Stored or banked
whole blood is a reasonable source of most clotting factors if
the units are less than 24 hours old (10,14,61). The biologic
half-life of factors V, VII, VIII, and IX are on the order of
24 hours or less; hence whole blood stored for longer than
24 hours may not provide adequate amounts of these coagula-
tion factors. Heparin had been used in the past in a theoretical
attempt to abrogate the clotting cascade, but its contempo-
raneous use for this purpose is at best controversial, may be
contraindicated in the perioperative period, and is not sup-
ported by evidence-based data (6–8,62). In septic patients with
or without DIC, treatment with recombinant activated pro-
tein C reduces mortality, and this may be attributable in part
to its profibrinolytic, anti-inflammatory, and anticoagulant
effects (6,63).

COMPLEX POST-OPERATIVE
BLEEDING PROBLEMS

He p at ob iliary Dise ase

Hepatic parenchymal and biliary obstructive disease results in
diverse manifestations of hemostatic abnormalities (18). Extra-
hepatic biliary obstruction results in diminished absorption of
vitamin K due to lack of bile salts necessary for gastrointesti-
nal absorption of lipid soluble vitamins. Decreased synthesis
of the vitamin K–dependent factors II, VII, IX, and X occurs
with abnormal prolongation of the PT and eventually the PTT.
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Parenchymal diseases such as cirrhosis, chronic active hepati-
tis, fulminant hepatic failure, or metastatic carcinoma impact
on the hemostatic system in a heterogeneous manner. Most co-
agulation factors, naturally occurring anticoagulants (such as
antithrombin III), fibrinolysin precursors (plasminogen), and
inhibitors of the fibrinolytic system (antiplasmins) are synthe-
sized by the liver. In severe liver disease, acquired dysfibrinogen-
emia has also been reported (18,28). This impairs polymeriza-
tion of soluble fibrin monomers and is suggested by a prolonged
TT on purified fibrinogen, which is generally done in a research
laboratory. The liver also removes activated coagulation factors
from the circulation, but it is speculative to conclude that this
results in a coagulopathy by itself, despite the fact that this
increased consumption of activated factors by the liver lowers
coagulation factors already depressed by decreased production
in a diseased liver. Clearance of fibrinogen/fibrin degradation
products is reduced in chronic liver disease. These breakdown
products inhibit both fibrin polymerization and platelet func-
tion and thus contribute to a defective hemostatic system, as
discussed earlier. Thrombocytopenia occurs secondary to hy-
persplenism, potentially exacerbated by vitamin deficiencies as-
sociated with decreased thrombopoiesis. Additionally, alcohol
has a direct toxic effect on megakaryocytes, which contributes
to prevailing vitamin deficiencies and decreased bone marrow
production of platelets. Treatment of bleeding in liver failure
with vitamin K usually is not successful given the lack of hepatic
synthetic function. Whole blood both corrects the red blood cell
deficit and is as effective as fresh frozen plasma in correcting
coagulation factor deficits if the units of blood have not been
banked for an extended period of time (14,61). Platelet trans-
fusions should be judiciously used to raise the platelet count to
above 100 × 109/L if bleeding is encountered in this setting,
and FFP should be provided to correct deficits in plasmatic
coagulation factors (10,11,12,14).

Transfusion-Ind uce d Ble e d ing

Major trauma, major orthopedic (spine, hip, or pelvis) or hep-
atic procedures (major hepatic resections, liver transplanta-
tion), or other causes of potentially life-threatening, exsan-
guinating hemorrhage is often associated with the need for
what has been termed massive blood transfusion (21,22,61).
This term has been variously defined but generally refers to ad-
ministering the equivalent of one total blood volume or more
to a patient in less than a 24-hour period. Due to consumption
of coagulation factors and platelets, release of inflammatory
mediators, dilution of elements necessary for the optimal func-
tion of the coagulation cascade, hypocalcemia, hypothermia,
fibrinolysis, and alterations in acid-base homeostasis, a coagu-
lopathy often develops in this scenario (21,22,61,64). Banked
blood is a negligible source of viable platelets, which rapidly
deteriorate under conditions of cold storage (10,12,14). Addi-
tionally, depending on the age of the unit, plasmatic coagula-
tion factors may also be diminished in activity. The derange-
ment in clotting represents nonlocalized, nonsurgical bleeding
that is characterized by sanguinous oozing from all raw sur-
faces, including any wounds, mucosal or peritoneal surfaces,
and percutaneous entry sites. Numerous risk factors for the
development of this condition (particularly in the setting of
trauma) include high injury severity score, acidosis, hypother-
mia, and hypotension (2,4,20,21). Prophylactic administration

of platelets during massive blood transfusion in an attempt to
prevent the development of a coagulopathy has been advocated
by many centers, but the efficacy of this policy is unproven.
Studies have failed to demonstrate conclusively a benefit to this
approach (10,12,14,22,61,65–67). It is reasonable, however, to
administer platelets to a bleeding patient or one with DIC if the
platelet count is less than 50 × 109/L. For those patients with
rapid bleeding or with multiple traumatic injuries undergoing
surgery or other high-risk procedures, a goal of at least 100 ×
109/L has been recommended, albeit in the absence of high-level
evidence-based data. One unit of platelet concentrate typically
raises the platelet count by 5 × 109/L, whereas one apheresis
concentrate raises the platelet count by 20 to 25 × 109/L in an
average 70-kg adult. Despite plasmatic coagulation factor ac-
tivity deteriorating with storage, dilution of these factors below
levels required for adequate hemostasis is rare. Therefore, rou-
tine administration of FFP after an arbitrary number of units
of banked blood has been transfused is not supported by strin-
gent investigations (2,4,10,11,14,67–71). If there is bleeding
due to a coagulopathy with concomitant prolongation of the
PT and PTT of more than 1.5 times normal, FFP should be
infused (to normalize the PTT and achieve a PT international
normalized ratio [INR] < 1.5). There is emphasis on early cor-
rection since timid replacement of coagulation products will
lead to more bleeding and being more coagulopathic, leading
to a vicious cycle. Cryoprecipitate should be considered if the
fibrinogen level is less than 0.8 g/dL. Recombinant activated
factor VIIa has demonstrated promise in significantly reducing
bleeding and blood transfusion requirements in patients with
traumatic injuries, or surgical procedures attended by signifi-
cant hemorrhage, in addition to liver transplantation (72–78).

Complications directly attributable to blood transfusions
have been described earlier. However, in the setting of massive
blood transfusion, numerous points are warranted. Hemolytic
transfusion reactions may occur as a result of ABO incompat-
ibility between the actual units of blood transfused, or poten-
tially because of clerical error, magnified by the volume of units
required in a relatively short period of time. Red blood cells are
a rich source of tissue thromboplastin, and hemolysis results in
a massive release of this extrinsic system activator. This man-
ifests as a generalized oozing from all raw surfaces, similar to
the coagulopathy seen with massive blood transfusions, ren-
dering this a difficult diagnosis to make. Hemoglobinuria may
be observed due to filtration of plasmafree hemoglobin into the
urine. Consistent with other types of transfusion reactions, the
coagulation abnormality corrects rapidly once the offending
transfusion is terminated. Treatment must be directed toward
prevention of hemoglobin casts precipitating in the acidic en-
vironment of the collecting tubules, resulting in acute tubular
necrosis and acute renal failure. Appropriate fluid resuscita-
tion to maintain intravascular volume and to initiate a diuresis
is paramount. Mannitol, an osmotic diuretic and free radical
scavenger, is administered intravenously as an adjunct to main-
tain urine flow, and intravenous sodium bicarbonate may be
considered to alkalinize the urine to avoid further precipita-
tion of hemoglobin in the renal tubules.

Card iop ulmonary Byp ass

Post-operative bleeding is a frequent impediment of car-
diopulmonary bypass. Numerous mechanisms are apparently
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involved, which include contact factor (factors XII and XI) ac-
tivation, elevations of tissue plasminogen activator level and
tissue thromboplastin, dilution of plasmatic coagulation fac-
tors, residual effects of systemic heparinization, hypothermia,
platelet function defects, and failure of surgical hemostasis (23–
26). Some investigations have demonstrated a 30% to 50%
decrement in platelet count attributable to the shearing forces
that are encountered in the bypass apparatus. The routine use
of antiplatelet agents in patients with cardiac disease, such as
aspirin and thienopyridine derivatives (clopidogrel or ticlopi-
dine), also contributes to the increased risk for bleeding. The
combined effects of aspirin and a thienopyridine derivative,
such as clopidogrel, on bleeding complications is synergistic
and not additive. In approximately 4% to 5% of patients, surgi-
cal re-exploration of the mediastinum is necessary, which varies
based on the original procedure performed (23,25,79). Sev-
eral criteria for re-exploration have been proposed that have
in common the rate of blood loss from mediastinal or chest
tubes. Criteria variably used include blood loss from chest or
mediastinal tubes of 300 mL/hour within the first 3 hours; to-
tal blood loss of 1,000 mL after 4 hours; a sudden increase
in bleeding (> 300 mL/hour) in a patient who previously had
minimal drainage; or evidence of cardiac tamponade. A coag-
ulopathy must never be presumed to be the cause of bleed-
ing postoperatively unless surgical causes of bleeding have first
been excluded. A site of localized bleeding (surgical failure) is
identified in more than 50% of patients re-explored based on
these types of criteria (23,25,80).

Despite multiple contributing factors to the bleeding that
occurs in these patients, the prime offender is collectively be-
lieved to be secondary to qualitative platelet function defects
(1,23–26,79,80). The bypass circuitry results in platelet activa-
tion with degranulation and aggregation. Although this func-
tional deficit is transient, increased time on bypass, hypother-
mia, and antiplatelet medications significantly exacerbates this
condition. Laboratory analysis reveals a prolongation of the
bleeding time with impaired adhesion and aggregation, par-
ticularly in the presence of adenosine diphosphate (ADP) and
ristocetin. This latter finding is believed to be linked to low
levels of vWF found in plasma after cardiopulmonary bypass.
Hence, some investigators have proposed use of desmopressin
in this circumstance (and in patients with a history of preoper-
ative use of aspirin), to increase levels of vWF by stimulating
release from endothelial cells, increasing the glycoprotein re-
ceptors on platelets, and increasing the level of factor VIII and
tissue plasminogen activator. However, others believe that this
practice increases the risk of graft thrombosis and coronary
occlusion (2,79,80). Additionally, peer-reviewed, reported out-
come data in this circumstance are indeterminate (2). Usually
the acquired qualitative platelet function defect resolves within
4 hours of completion of cardiopulmonary bypass without any
intervention. In instances where there is prolonged nonsurgical
postoperative bleeding, platelet transfusions are often benefi-
cial (10,14,80).

Many pharmacologic agents have proven efficacy in the
management of nonsurgical bleeding, particularly in the post–
cardiopulmonary bypass setting. Desmopressin has already
been described. Antifibrinolytic agents constitute a heteroge-
nous group of drugs with proven efficacy in cardiac surgery
patients. Aprotinin, a bovine serine protease inhibitor, inhibits
plasmin and has been shown to reduce the need for red blood
cell transfusions in several randomized trials and reduces the

need for reoperation for nonsurgical bleeding (1,2,4,26,80–
82). There are several adverse side effects that limit its useful-
ness. Thromboembolic phenomena, renal insufficiency, and al-
lergic reactions (probably due to its bovine origin) have all been
reported. The occurrence of serious anaphylactic reactions has
been the impetus for use of a test dose prior to full implemen-
tation of the agent (2,80). Aprotinin has been removed from
FDA approval until further studies are done confirming safety.
Epsilon aminocaproic acid (EACA) and tranexamic acid are ly-
sine analogues that inhibit binding of plasmin to fibrin. EACA
appears to have the weakest antifibrinolytic effect compared
to tranexamic acid and aprotinin, but nevertheless has been
used in the cardiopulmonary bypass patient with some suc-
cess. Tranexamic acid has met with considerable success in the
reduction of postoperative blood loss and the reduced need for
red blood cell transfusion in cardiac surgery, total knee arthro-
plasty, transurethral prostate surgery, and in oral surgery proce-
dures. Neither EACA nor tranexamic acid are associated with
thrombotic complications or anaphylactic reactions. The most
commonly reported adverse reactions include nausea, diarrhea,
and orthostatic reactions (83). Considering efficacy, side effect
profile, and lower cost, tranexamic acid has several advantages
over aprotinin (26,80–83).

Monitoring for increased risks of hemorrhage commences
during surgery (84–86). The activated clotting time, which
measures the effect of heparin on fibrin clot formation, has
been traditionally used for intraoperative management of anti-
coagulation therapy. Thromboelastography, an assay popular-
ized in Europe, can be used to determine if there is a platelet
function abnormality, a deficit in plasmatic coagulation fac-
tors, the presence of circulating anticoagulants, or fibrinolysins
in patients undergoing cardiopulmonary bypass (4,16,85,86).
This technique evaluates clot formation and continually eval-
uates clot firmness in an integrated manner and is amenable
to point-of-care testing, hence its usefulness both intraopera-
tively and postoperatively. No specific specimen processing is
required, and whole blood is used for testing. This technology
is rapidly gaining attention as a valuable adjunct to managing
complex coagulation disorders. It has been efficacious in de-
creasing blood transfusion requirements during cardiac surgery
and in liver transplantation (87,88). The effect of hypothermia
on a patient’s coagulation profile can also be determined simply
by adjusting the temperature of the apparatus to correspond
with the patient’s core body temperature. Several automated
analyzers are available commercially.

SUMMARY
Postoperative bleeding requires immediate recognition of early
shock, resuscitation, and differentiation between surgical and
nonsurgical bleed. Knowledge of coagulation and appropriate
replacement of blood and blood products is essential. Care-
ful evaluation of the patient to identify primary or secondary
coagulation disorders is necessary.
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CHAPTER 75 ■ ABDOMINAL TRAUMA:
NONOPERATIVE MANAGEMENT AND
POSTOPERATIVE CONSIDERATIONS
C. CLAY COTHREN r ERNEST E. MOORE

Multiply injured patients admitted to the intensive care unit
(ICU) have an array of physiologic derangements that may in-
clude metabolic failure and cardiopulmonary embarrassment.
In addition to the seeming routine care of the critically ill pa-
tient, the intensivist should be able to recognize the inherent dif-
ferences in care of the postinjury patient. The intensivist should
be familiar with the implications of specific injuries including
guidelines for nonoperative management, postoperative care,
and expected postinjury complications and their sequelae. This
chapter will focus on specific issues encountered in the acute
resuscitation and overall ICU management of the trauma pa-
tient, rather than the initial evaluation of the patient in the
emergency department (ED). Initial therapy in the trauma bay,
precise indications for operation, and intraoperative decision
making for particular injury patterns is beyond the scope of
this chapter.

INITIAL EVALUATION IN THE
INTENSIVE CARE UNIT

Although some patients may arrive in the ICU in ex tremis ne-
cessitating continued resuscitation without a thorough history

and physical examination, the majority should undergo a com-
plete assessment promptly, and it should not be assumed that
the ED evaluation was comprehensive and accurate. Such an
evaluation, often termed the tertiary survey, is a repeated his-
tory and physical examination performed in light of imaging
studies and pertinent intraoperative findings (1,2). Addition-
ally, the evaluation is more detailed than that performed in
the ED, because all the diagnostic results should be available,
further information is obtained from family members, and the
physician has time for a more meticulous physical examina-
tion. Key elements include the patient’s past medical history,
specifically issues such as cardiopulmonary disease; hyperten-
sion including past myocardial infarction; use of β -blockers,
steroids, angiotensin-converting enzyme (ACE) inhibitors, and
bronchodilators; and other elements that may acutely impact
the patient’s ongoing care. Discovering minor injuries on the
tertiary survey such as subtle extremity injuries overlooked on
the initial ED evaluation is common (3–5). Documentation of
this evaluation, particularly of final imaging results, can be
done through a standardized form and facilitates communica-
tion among care providers (Fig. 75.1).

The reliability of clinical examination in these patients af-
ter ICU admission is often questioned. The clinical exam is
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A

FIGURE 75.1. A thorough history and physical examination in the intensive care unit including imaging,
termed the tertiary survey, can be documented on a standardized form to facilitate communication among
care providers. (Continued )
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FIGURE 75.1. (Continued )
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TA BLE 7 5 . 1

INDICATIONS FOR SURGEON EVALUATION IN THE
INTENSIVE CARE UNIT FOR POSSIBLE EXPLORATORY
LAPAROTOMY

■ Persistent drop in hemoglobin
■ Hypotension and associated abdominal distension or free
fluid on bedside ultrasound

■ Overt peritonitis on physical examination
■ Computed tomography (CT) scan with evidence of free air

or gastrointestinal contrast extravasation
■ CT scan with free fluid without associated solid organ

injury
■ Intra-abdominal hypertension

important, even in injured patients who are intoxicated or who
have sustained a head injury; in addition to external evidence of
trauma, the patient’s reported pain or discomfort, particularly
whether this is increasing or decreasing in nature with time, is
paramount. Only in the intubated patient is the clinical exam-
ination more limited from a patient response standpoint; spe-
cific signs of injury such as ecchymosis, distention, and crepitus
are still critical to recognize. Similar to the physician evaluation
in the ED, there are clear indications in the ICU for surgeon
evaluation for possible laparotomy (Table 75.1).

Some patients will require imaging upon arrival to ICU; pa-
tients with intracranial or thoracic injury may go emergently
to the operating room prior to computed tomography (CT)
scanning of the abdomen. These patients, once hemodynami-
cally stable in the ICU, should undergo CT scanning to delin-
eate any associated intra-abdominal injuries. Even in patients
who undergo exploratory laparotomy, CT of the abdomen may
be necessary to diagnose spine fractures and to evaluate the
retroperitoneum. Routine postadmission studies include repeat
chest film and laboratory studies. A chest film is important
to determine central line catheter, tube thoracostomy, and en-
dotracheal tube positions, as any of these could become dis-
lodged with transport. The chest radiograph may also show
interval change in a patient’s hemothorax, pneumothorax, or
pulmonary contusion. Based upon physical exam findings in
the tertiary survey, further imaging of extremities may also be
required.

Once the patient has been fully evaluated by the treating
ICU physicians and associated imaging and laboratory results
obtained, the therapeutic plan is initiated to optimize the pa-
tient’s cardiopulmonary and metabolic status. In addition to
the patient’s ongoing cardiopulmonary resuscitation, there is
concurrent treatment of known injuries, ongoing evaluation
for missed injuries, and monitoring for the sequelae of recog-
nized injuries.

POSTINJURY RESUSCITATION
ICU management of the trauma patient, either with direct ad-
mission from the ED or following emergent operative interven-
tion, is considered in distinct phases because there are differing
goals and priorities. The period of acute resuscitation, typi-
cally lasting for the first 12 to 24 hours following injury, com-
bines several principles: optimizing tissue perfusion, ensuring
normothermia, and restoring coagulation. There are a multi-

tude of management algorithms aimed at accomplishing these
goals—the majority involves goal-directed resuscitation with
initial volume loading to attain adequate preload, followed by
judicious use of inotropic agents or vasopressors (6). Although
the optimal hemoglobin (Hb) level remains debated, during
shock resuscitation an Hb > 10 g/dL optimizes oxygen delivery
(6). A more judicious transfusion trigger of Hb < 7 g/dL in the
euvolemic patient after the first 24 hours of resuscitation limits
adverse inflammatory effects and improves mortality (7,8). The
optimum hemoglobin level may vary depending on the patient’s
underlying cardiac function. The resuscitation of the severely
injured trauma patient may require what appears to be an in-
ordinate amount of crystalloid resuscitation. Infusion volumes
upwards of 10 liters during the initial 6 to 12 hours may be
required to attain an adequate central venous pressure (CVP)
above 8 mm Hg. In fact, this is a challenging aspect of early
care (i.e., balancing cardiac preload vs. promoting an abdomi-
nal compartment syndrome or tissue edema). During this initial
treatment period, a low urine output is usually suggestive of a
low preload and not an indication for diuretics. Moreover, the
use of diuretics during a patient’s initial resuscitation should be
carefully considered, even if the patient is on such medications
as an outpatient.

Invasive monitoring with pulmonary artery catheters may
be a critical adjunct in the multiply injured patient (6,9). Not
only do such devices allow minute-to-minute monitoring of
the patient, but also the added information on the patient’s
volume status, cardiac function, peripheral vascular tone, and
metabolic response to injury permits appropriate therapeutic
intervention. With added information on the patient’s cardiac
function, cardiac indices (CIs) and oxygen delivery (DO 2) be-
come important variables in the ongoing ICU management.
Resuscitation to values of DO 2I > 500 mL/minute/m2 and CI
> 3.8 L/minute/m2 are the goals (6,10,11). Pulmonary artery
catheters also enable the physician to monitor response to va-
soactive agents. Although norepinephrine is the agent of choice
for patients with low systemic vascular resistance (SVR) un-
able to maintain a mean arterial pressure (MAP) > 60 mm Hg
(6), patients may have an element of myocardial dysfunction
requiring inotropic support. In patients with ongoing need for
pressors, one should evaluate for adrenal insufficiency (12,13).

Adequate resuscitation is mandatory, and often determines
when the surgeon can safely return the patient to the oper-
ating room (OR) after initial operative intervention. Specific
goals of resuscitation prior to repeated “semi-elective” trans-
port include a core temperature > 35◦C, base deficit less nega-
tive than 6, and normal coagulation indices. Even those patients
who do not require repeat operations should be monitored for
resolution of physiologic perturbations; specific indices mon-
itored over time include lactate and base deficit levels as well
as temperature. Although correction of base deficit and lac-
tate values is desirable, how quickly this should be accom-
plished requires careful consideration. Adverse sequelae of ag-
gressive crystalloid resuscitation include increased intracranial
pressure, worsening pulmonary edema, and intra-abdominal
visceral and retroperitoneal edema resulting in secondary ab-
dominal compartment syndrome (14,15). Therefore, it should
be the overall trend of the resuscitation rather than a rapid re-
duction of the base deficit to less than 5 during the first 4 hours
of treatment that is the goal. Exogenous bicarbonate, occasion-
ally given to improve cardiovascular function and response to
vasoactive agents if the serum pH is below 7.2, obfuscates the
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acid-base balance and lactate may be a more reliable indicator
of adequate perfusion.

NONOPERATIVE MANAGEMENT
OF TRAUMA

Blunt Live r and Sp le e n Injurie s

The liver and spleen are the most commonly injured solid or-
gans following trauma, occurring in approximately 10% to
15% of all trauma admissions. The liver’s large size makes it
the most susceptible organ injured in blunt trauma, and it is
frequently involved in upper torso penetrating trauma. Simi-
larly, blunt trauma to the left upper quadrant, often with as-
sociated rib fractures, should raise the concern for a splenic
injury. Although the liver is more often injured, splenic injuries
tend to be more precarious clinically. Nonoperative manage-
ment of solid organ injuries is pursued in hemodynamically
stable patients who do not have overt peritonitis or other in-
dications for laparotomy (16–25). Since its initial use in the
early 1980s, CT scanning has largely supplanted diagnostic
peritoneal lavage in the initial evaluation of trauma patients
(Fig. 75.2). Key questions when looking at the CT scan in-
clude how extensive the injury is by the American Association

for the Surgery of Trauma (AAST) solid organ injury grading
scale (Table 75.2), how much associated free fluid is within
the abdomen, whether there is free contrast extravasation in-
dicating ongoing arterial bleeding, and whether there are pseu-
doaneurysms of the arteries (Fig. 75.3). High-grade injuries, a
large amount of hemoperitoneum, contrast extravasation, and
pseudoaneurysms are not absolute contraindications for non-
operative management; however, these patients are at high risk
for failure and are more likely to need angioembolization (26–
29). Likewise, there is not an age cutoff for patients for the
nonoperative management of solid organ injuries (30–32).

The AAST developed a grading scale to provide a uniform
definition of solid organ injuries based upon the magnitude
of anatomic disruption (33–35). The grading of solid organ
injuries permits accurate relay of information between care
providers, a predictive value on the incidence of nonopera-
tive failure, and information for appropriate monitoring (Ta-
ble 75.3). The vast majority of patients with liver or spleen
injuries, regardless of grade, can be managed nonoperatively
(18,19). Predictors of failure include increasing grade of in-
jury, evidence of blush on CT scan (particularly if this involves
free extravasation into the peritoneal cavity rather than pool-
ing within the organ), and a large amount of hemoperitoneum
(18,19,27,29,36).

A multidisciplinary approach including angiography
with selective angioembolization and endoscopic retrograde

A

B

C
FIGURE 75.2. Representative solid organ injuries; American Associa-
tion for the Surgery of Trauma grading includes evidence of subcapsular
hematomas (A) and parenchymal lacerations (B, C).
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AMERICAN ASSOCIATION FOR THE SURGERY OF TRAUMA SOLID ORGAN
INJURY GRADING SCALES

Subcapsular hematoma Laceration

LIVER INJURY GRADE
I < 10% surface area < 1 cm in depth
II 10% –50% surface area 1–3 cm
III > 50% or > 10 cm > 3 cm
IV 25% –75% of a hepatic lobe
V > 75% of a hepatic lobe
VI Hepatic avulsion

SPLEEN INJURY GRADE
I < 10% surface area < 1 cm in depth
II 10% –50% surface area 1–3 cm
III > 50% surface area > 3 cm
IV > 25% devascularization Hilar injury
V Shattered spleen

cholangiopancreatography (ERCP) with stenting has resulted
in decreased nonoperative failure rates and improved survival
in liver (37,38) and splenic injuries (39). Splenic angioem-
bolization has been employed since 1995 as an adjunct to non-
operative therapy, with reported salvage rates of 98% (40).
Patients with significant hemoperitoneum or overt contrast ex-
travasation who are hemodynamically stable should be con-
sidered for possible splenic embolization. Additionally, patients
with splenic artery pseudoaneurysms or arteriovenous (AV) fis-
tulae within the spleen are also candidates (41). If a patient is
going to fail nonoperative management (Fig. 75.4), the time
to failure is different for liver versus spleen injuries. Typically
liver injuries rebleed within the first hours of admission, while
splenic laceration may have delayed rupture or bleeding weeks
following the original injury. General guidelines for operative
or angioembolization are noted in Table 75.4. Repeat imag-
ing in patients with complex hepatic injuries can be performed

with bedside ultrasound. Patients with evidence of right upper
quadrant fluid collections or clinical deterioration (increasing
abdominal pain, worsening liver function tests, unexplained
fever) should undergo CT scanning (42,43).

Pancre at ic Injurie s

Historically, injuries to the pancreas were managed with op-
erative intervention (44). With the recent evolution of nonop-
erative management for solid organ injuries, a nonresectional
management schema has been developed for select pancreatic
injuries (45,46). Observation of pancreatic contusions, partic-
ularly those in the head of the pancreas that may involve duc-
tal disruption, includes serial exams and monitoring of serum
amylase. Patients with pancreatic injuries involving the major
ducts, originally a strict indication for operative intervention,

A B

FIGURE 75.3. Free contrast extravasation noted on computed tomography scan imaging of the liver (A)
and spleen (B).
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TA BLE 7 5 . 3

APPROPRIATE MONITORING AND NONOPERATIVE MANAGEMENT FAILURE
RATES FOR SOLID ORGAN INJURIES BY GRADE

Grade of injury Admission Monitoring Failure rate

I Floor Exam/Hct every 12◦ 2% –5%
II Floor Exam/Hct every 6◦ × 4 8% –10%
III ICU Exam/Hct every 4◦ × 6 6% –20%
IV ICU Exam/Hct every 2–4◦ × 6 15% –34%
V ICU Exam/Hct every 2–4◦ × 8 22% –75%

Hct, hematocrit; ICU, intensive care unit; ◦ , hour.

may be managed with ERCP and stenting in select patients;
durability of this approach is currently under investigation
(47).

Duod e nal He mat omas

Following blunt trauma, patients may develop hematomas in
the duodenal wall that obstruct the lumen. Clinical exam find-
ings include epigastric pain associated with either emesis or
high nasogastric tube (NGT) output; CT scan imaging with oral
contrast failing to pass into the proximal jejunum is diagnostic
(Fig. 75.5). Patients with suspected associated perforation, sug-
gested by clinical deterioration or imaging with retroperitoneal
free air or contrast extravasation, should be explored opera-
tively. Nonoperative management includes continuous NGT
decompression and nutritional support with total parenteral
nutrition (TPN) (48,49). A marked drop in NGT output her-
alds resolution of the hematoma, which typically occurs within
2 weeks; repeat imaging to document these clinical findings is
optional. If the patient does not improve clinically or radio-
graphically within 4 weeks, operative evaluation is warranted.

Pe ne t rat ing Wound s

Patients with abdominal gunshot wounds (GSWs) violating the
peritoneum undergo emergent laparotomy due to an approx-
imate 90% visceral injury rate. Select patients with isolated

low-energy GSWs to the right upper quadrant are observed
(50,51); CT scan imaging must delineate the tract of the bullet,
which should be confined to the parenchyma of the liver, and
the patient must be hemodynamically stable with a benign clin-
ical examination. Patients with abdominal stab wounds (SWs)
to the back or flank with negative CT imaging or an isolated
kidney injury are also managed nonoperatively (52). Similar
to patients with right upper quadrant GSWs, individuals with
SWs and a CT scan showing the tract of injury confined to
the liver are usually observed (53). In some cases, laparoscopy
will be done to assess the penetrating liver injury and ensure
the viscera are not violated. Regardless of the trauma surgeon’s
decision for operative versus nonoperative management, it is
essential that these patients undergo repeated abdominal exam-
ination. Observation for a missed small or large bowel injury is
critical; clinical findings in such patients include a rising white
blood cell count, fever, tachycardia, and increasing abdominal
pain or frank peritonitis. In patients with isolated liver injuries,
complications are similar to those for patients with blunt in-
juries, namely bleeding and bile leaks or biliary sepsis.

COMPLICATIONS OF
NONOPERATIVE INJURY

MANAGEMENT
Following hepatic injuries, the most common complication is
a bile leak or biloma, occurring in up to 20% of patients
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FIGURE 75.4. Rates of nonoperative failure for
solid organ injuries.
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GENERAL GUIDELINES FOR OPERATIVE OR
INTERVENTIONAL RADIOLOGY INTERVENTION
DURING NONOPERATIVE MANAGEMENT OF SOLID
ORGAN INJURIES

LIVER: Hemodynamically unstable with 4 units of packed
red blood cells (PRBCs) in 6 h or 6 units PRBCs in 24 h

SPLEEN: Hemodynamically unstable with need for initial
transfusion related to splenic injury rather than associated
trauma

(Fig. 75.6) (54,55). Clinical presentation includes abdominal
distention, intolerance of enteral feeds, and elevated liver func-
tions tests. CT scanning effectively diagnoses the underlying
problem, and the vast majority is treated with percutaneous
drainage and ERCP with sphincterotomy. Occasionally, la-
paroscopy or laparotomy with drainage of biliary ascites is in-
dicated, particularly if the patient fails to resolve his or her ileus
and fever (56). Hemobilia, manifested by the triad of right up-
per quadrant pain, jaundice, and upper gastrointestinal bleed-
ing, is a rare complication. Delayed rupture of a subcapsular
hematoma with hemorrhage is another infrequent complica-
tion but the diagnosis is usually obvious. Patients undergoing

A B

C

FIGURE 75.5. Duodenal hematomas are diagnosed radiographically by di-
rect identification of a hematoma (A) or failure to pass oral contrast past the
third portion of the duodenum on computed tomography scan (B) or upper
gastrointestinal series (C).
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A B

FIGURE 75.6. Bilomas are the most common complication following hepatic trauma (A), while angioem-
bolization for unremitting postinjury liver hemorrhage may result in partial hepatic necrosis (B).

A

B

C

FIGURE 75.7. Splenic implants are autotransplanted into the greater
omentum to prevent overwhelming postsplenectomy sepsis (A); follow-up
computed tomography scan imaging can differentiate between “normal”
implants (B) versus infected implants (C).
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angioembolization for liver trauma must be carefully moni-
tored for hepatic necrosis, and may occasionally require de-
layed formal hepatic resection (Fig. 75.6). Although some clin-
icians repeat CT scans on all patients with grade IV and V
injuries, typically, only patients with symptoms or persistent
altered liver function tests should be reimaged (43).

The most common problem in patients with splenic injuries
is delayed bleeding, although as noted previously, the majority
fails over an established timeframe. Patients undergoing splenic
embolization can fail with rebleeding with 13% of patients re-
quiring splenectomy (57). Moreover, those undergoing success-
ful angioembolization typically have significant pain associated
with their “splenic infarct,” and up to 20% develop splenic ab-
scesses. In centers that advocate splenic autotransplantation to
prevent overwhelming postsplenectomy sepsis (OPSS), recog-
nition of CT scan findings of normal splenic implants versus
infected splenic implants is critical in patients with clinical de-
terioration (Fig. 75.7) (58).

ONGOING EVALUATION FOR
INJURIES (HOW TO AVOID A

MISSED INJURY)
With the paradigm shift from operative to nonoperative man-
agement of trauma, the clinician must have a heightened sense
of awareness to avoid missing an occult injury. This is particu-
larly true in multiply injured blunt trauma patients, especially
those who are intubated without a reliable abdominal exami-
nation. CT scan imaging is not 100% accurate; repeat CT scan
imaging, diagnostic peritoneal lavage (DPL), ultrasound, and
even laparotomy may be necessary for definitive evaluation.

Missed bowel injuries are the most commonly pursued in-
jury, not due to their frequency (less than 5% of blunt trauma)
but rather their associated morbidity. Diagnosing a hollow vis-
cus injury is notoriously difficult (59), and even short delays in
diagnoses result in increased morbidity (60,61). If a patient’s
initial CT scan of the abdomen shows free fluid without ev-
idence of a solid organ injury to explain such fluid, evalua-
tion for a bowel injury should be performed (62–64). DPL
should also be considered in a patient if there is increasing
intra-abdominal fluid on bedside ultrasound in patients with a
solid organ injury but a stable hematocrit, and/or in patients
with unexplained clinical deterioration. Typically, the DPL at
the bedside is done, with specific laboratory values indicating
need for laparotomy (Table 75.5) (65,66); particular attention
should be paid to elevations in bilirubin, alkaline phosphatase,
and amylase when pursuing a diagnosis of bowel injury. The

TA BLE 7 5 . 5

A POSITIVE DIAGNOSTIC PERITONEAL LAVAGE
FOLLOWING BLUNT TRAUMA DEFINED BY SPECIFIC
LABORATORY VALUES

Laboratory study Positive value

White blood cell > 500 cells/µ L
Red blood cell > 100,000 cells/µ L
Amylase > 19 IU/L
Alkaline phosphatase > 2 IU/L
Bilirubin > 0.1 mg/dL

specific type of injury may be either bowel perforation due
to ischemia from an avulsed mesentery, a direct antimesen-
teric blowout injury, or a blunt serosal injury (Fig. 75.8). One
should not assume that drugs, alcohol, or their associated with-
drawal syndromes are the primary source of a patient’s clinical
deterioration.

Missing a rectal injury may be life threatening in patients
with pelvic fractures. While some patients have clear findings
on physical examination, ranging from hematochezia to overt
degloving of the perineum, others may have occult injuries that
are missed on initial evaluation in the trauma bay. In fact, the
rectal exam may have been omitted in the trauma bay, so the
intensivist should ensure that this has been adequately done.
Flexible sigmoidoscopy is the easiest diagnostic procedure for
the clinician to perform at the bedside in the ICU; endoscopic
evaluation should rule out blood within the canal, clear intesti-
nal perforation, or ischemic mucosa (67).

Pancreatic contusions, with or without associated ductal
disruption, are difficult to diagnose in patients with blunt ab-
dominal trauma (68). Patients clearly at risk include those with
significant mechanisms including high force, a seatbelt sign on
physical examination, or a blow to the epigastrium (69). The
initial CT scan may show nonspecific stranding of the pancreas.
Associated fluid around the pancreas should prompt further
invasive studies such as ERCP or magnetic resonance cholan-
giopancreatography (MRCP) to rule out a biliary or pancreatic
duct injury. With a tentative diagnosis of a pancreatic contu-
sion, one may consider following serial determinations of amy-
lase/lipase; although these lab studies do not have a reliable
sensitivity (70), increasing values over time combined with an
alteration in clinical exam should prompt a repeat CT scan, a
duodenal C-loop study, a DPL, or an ERCP depending upon
the suspected lesion.

POSTOPERATIVE MANAGEMENT
OF SPECIFIC INJURIES

In addition to the global resuscitation of the trauma patient,
ICU oversight must include management of injuries found at
operative exploration. Communication between the operating
surgeon and the intensivist is critical, and should include in-
traoperative findings and procedures, any tenuous operative
repairs, anticipated problems or complications, the need for
repeat operative exploration, and location of drains. The in-
traoperative estimated blood loss (EBL) and associated blood
product transfusion requirements are essential data to antici-
pate events in the postoperative period. The transfusion infor-
mation should include whether a massive transfusion protocol
was initiated, entailing a 1:1 ratio of packed red blood cells to
FFP, or any objective evidence of clinical coagulopathy during
operative treatment. Finally, all clinicians caring for the patient
should remember that injuries can be missed even with prior
operative intervention.

Live r and Sp le e n Injurie s

Although the majority of patients are successfully man-
aged with nonoperative treatment, hemodynamically unsta-
ble patients or those with associated injuries may require
urgent operative temporization of their solid organ injuries.
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FIGURE 75.8. Bowel injuries following blunt trauma include per-
foration due to ischemia from an avulsed mesentery (A), a direct
antimesenteric blowout injury (B), and a blunt serosal injury (C).

Life-threatening bleeding from the liver is most often controlled
with perihepatic liver packing or sometimes with additional
Foley catheter tamponade of deep lacerations (Fig. 75.9). Im-
mediate concerns in the postoperative period are rebleeding
and parenchymal ischemia. Signs of rebleeding are a falling
hematocrit, blood clots accumulating under a temporary ab-
dominal closure device, and bloody output from the Jackson-
Pratt (JP) drains placed under the temporary abdominal closure
covering; the magnitude of hemorrhage is reflected in hemo-
dynamic instability and continued acidosis. Patients with re-
current hemorrhage may be treated with angioembolization
or may necessitate repeat operative packing depending on the
rate of bleeding (38). Hepatic ischemia is usually due to either
a prolonged intraoperative Pringle maneuver or hepatic artery
ligation; patients with the former should have an elevation but
subsequent resolution of their transaminases while those with
the latter may have frank hepatic necrosis. Patients are typi-
cally returned to the operating room for pack removal 24 to
48 hours after initial injury. Other long-term sources of mor-
bidity are similar to patients undergoing nonoperative man-
agement, and include intra-abdominal abscess, biloma, and
hemobilia. Although patients should be evaluated for infec-
tious complications, complex liver trauma patients not infre-
quently have intermittent “ liver fever” for the first 5 postinjury
days (71).

Operative intervention for splenic injuries includes splenec-
tomy and splenorrhaphy. Postoperative hemorrhage may be
due to the splenic hilar vessel tie loosening, a missed short
gastric artery, or recurrent bleeding from the spleen if splenic
repair was used. An immediate postsplenectomy increase in
platelets and white blood cells (WBCs) is normal; however, be-
yond postoperative day 5 a WBC count above 15,000 should
prompt a thorough search for underlying infection (72). Ad-
ditional sources of morbidity include a concurrent but unrec-
ognized iatrogenic injury to the pancreatic tail during rapid
splenectomy resulting in pancreatic ascites or fistula. Patients
have an increased incidence of intra-abdominal abscesses in
the left upper quadrant following splenectomy with concomi-
tant gastrointestinal injury, but presumptive drainage does not
prevent this complication. Routine care also includes immu-
nizations for encapsulated organisms (Streptococcus pneumo-
niae, Haemophilus influenzae, and Meningococcus) usually
just prior to discharge, optimally at 2 to 3 weeks postsplenec-
tomy (73).

Gast ro int e st inal Injurie s

Operative intervention for either penetrating or blunt gastroin-
testinal injuries entails primary repair, resection with primary
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A B

FIGURE 75.9. Perihepatic liver packing or Foley catheter tamponade of deep lacerations is employed to
halt hepatic hemorrhage (A); subsequent abdominal imaging shows the radiopaque markers of operatively
placed laparotomy pads around the liver (B).

anastomosis, or resection with a stoma diversion. Regardless
of the type of operation or the type of anastomosis (stapled
vs. sewn) (74), one should await resolution of the patient’s ex-
pected postoperative ileus. Return of bowel function is noted
by a decrease in gastrostomy or NGT output and the passing
of flatus or stool. If an ileostomy or colostomy was required,
one should inspect it daily to ensure it is pink without evi-
dence of necrosis. Postoperative complications include anas-
tomotic leak, prolonged ileus, and bowel obstruction. A leak
with intra-abdominal contamination or sepsis presents with in-
creasing abdominal pain, fevers, and respiratory compromise
in the extubated patient, or persistent fevers and intolerance of
enteral feeding in the intubated patient. CT scan is diagnostic
and repeat operation is often required.

Important questions for the intensivist following operative
intervention for pancreatic injuries include how much of the
pancreas was resected, is there a pancreaticoenteric anastomo-
sis, was the pancreatic stump closed with either staples and/or
fibrin glue, was the spleen preserved, and where were drains
placed (77)? Closed suction drains should remain in place un-
til the patient is tolerating an oral diet or enteral nutrition with
the associated drain output being less than 30 mL/day. Post-
operative complications include pancreatic fistula, pseudocyst,
abscess, pancreaticoenteric leak, and pancreatitis. The most
common of these is a pancreatic fistula, occurring in 7% to
20% of patients with isolated pancreatic trauma including the
major duct, and in up to 35% of patients with combined pan-
creatic and duodenal injuries (76). Diagnosis in patients with
drains in place is defined as output greater than 30 mL/day with
an amylase level three times greater than serum value after post-
operative day 5 (77). In patients without drains in place who
have persistent abdominal pain, fevers, or intolerance of oral

intake, CT scan imaging should be performed to evaluate for
an intra-abdominal fluid collection. Drainage by interventional
radiology (IR) is performed for fistula diagnosis and control.
Pancreatic fistulae following trauma are managed in an iden-
tical fashion to those occurring following elective pancreatic
resection (77).

Ab d ominal Vascular Injurie s

Vascular injuries can produce rapid exsanguination and
threaten extremities, or may be a clinically silent time bomb
due to temporary retroperitoneal tamponade. Few result in a
delayed diagnosis, particularly with CT scanning, and hence
the focus of the intensivist is postoperative management. In
general, outcome following vascular injuries is related to the
technical success of the operation; the main causes of patient
morbidity and mortality are associated soft tissue and nerve
injuries once the vascular repair has been accomplished. There-
fore, optimizing the patient’s hemodynamic status, maintaining
euthermia, and correcting coagulopathy are critical points of
resuscitation. Prosthetic graft infections are rare complications
(78) but preventing bacteremia is imperative; administration
of perioperative antibiotics and treatment of secondary infec-
tions are indicated. Long-term arterial graft complications such
as stenosis or pseudoaneurysms are uncommon, and routine
graft surveillance is rarely performed. Consequently, long-term
antiplatelet agents or antithrombotics are not routine.

There are specific injuries that require additional care. Ab-
dominal aortic injuries are repaired using either a polytetrafluo-
roethylene (PTFE) patch or interposition grafting; the patient’s
systolic blood pressure should not exceed 120 mm Hg for
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at least the first 72 hours postoperatively. Patients requiring
ligation of an inferior vena cava injury often develop marked bi-
lateral lower extremity edema; to limit the associated morbidity
the patient’s legs should be wrapped with ACE bandages from
the toes to the hips and elevated at a 45- to 60-degree angle.
For superior mesenteric vein injuries, either ligation or throm-
bosis following venorrhaphy results in marked bowel edema;
fluid resuscitation should be aggressive and abdominal pres-
sure monitoring routine in these patients. In complex hepatic
trauma, the right or left hepatic artery, or in urgent situations,
the portal vein may be selectively ligated; persistent elevation
in liver transaminases indicates secondary liver parenchymal
necrosis and may necessitate delayed resection. Of note, if the
right hepatic artery is ligated intraoperatively, cholecystectomy
is performed concurrently.

Ab d ominal Wound s

In general, wounds sustained from trauma should be examined
daily for progression of healing and signs of infection. Complex
soft tissue wounds of the abdomen, such as degloving injuries
following blunt trauma (termed Morel-Lavallee lesions), shot-
gun wounds, and other destructive blast injuries, are particu-
larly difficult to manage. Following initial debridement of devi-
talized tissue, wound care includes wet-to-dry dressing changes
twice daily, or application of the wound vacuum-assisted clo-
sure (VAC). One should carefully watch for infection, develop-
ment of necrotizing fasciitis, subcutaneous abscess, or associ-
ated undrained hematoma. Repeated operative débridements
may be necessary, and early involvement of the reconstructive
surgery service for possible flap coverage is advised.

Midline laparotomy wounds are inspected 48 hours postop-
eratively by removing the sterile surgical dressing. If the patient
develops high-grade fevers, inspection of the wound should
be done sooner to exclude an early necrotizing infection. If
a wound infection is identified—evidenced by erythema, pain
along the wound, or purulent drainage—the wound should be
widely opened by removing skin staples. After ensuring that
the midline fascia is intact with digital palpation, the wound is
managed with wet-to-dry dressing changes.

DAMAGE CONTROL SURGERY
Damage control surgery (DCS) is an abbreviated operation
whose goals are to control hemorrhage, limit contamination
from enteric sources, and enable rapid transport to the ICU for
correction of adverse physiology (79,80). There are standard
indications for performing the DCS abbreviated laparotomy
in patients with unresolved metabolic failure (Table 75.6). In-
traoperative techniques of DCS include perihepatic packing,
balloon tamponade of deep liver lacerations, segmental sta-
pled bowel resection left in discontinuity, ligation of abdom-
inal venous injuries, shunting of abdominal arterial injuries,
and pancreatic drainage.

Following DCS, the surgeon will “close” the abdomen with
a temporary closure device. Options for temporary closure in-
clude Bogotá bag closure (a 3-L Urology irrigation bag), 1010
Steri-Drape (3M Health Care, St. Paul, MN) and Ioban clo-
sure, and wound VAC dressing (Fig. 75.10). In the majority

TA BLE 7 5 . 6

INTRAOPERATIVE INDICATIONS TO PERFORM
DAMAGE CONTROL SURGERY

Factor Level

Body temperature Temperature < 35◦C
Acid-base status
Arterial pH
Base deficit (BD)

Serum lactate

pH < 7.2
BD < –15 mmol/L in patient < 55 y
BD < –8 mmol/L in patient > 55 y
Lactate > 5 mmol/L

Coagulopathy PT or PTT > 50% of normal

T, temperature; PT, prothrombin time; PTT, partial thromboplastin
time; BD, base deficit.

of major trauma centers, the patient’s abdomen is closed with
the 1010 Steri-Drape and Ioban closure after the first operation
and with the VAC following additional operative explorations.
The temporary abdominal closure allows egress of abdominal
contents and contains the edematous bowel while providing ex-
cellent decompression. Jackson-Pratt drains are placed under
the Ioban covering to control the marked effluent from third
spacing during fluid resuscitation.

Upon transfer to the ICU, aggressive resuscitation of the
patient is performed to reverse metabolic failure (81). This in-
cludes vigorous rewarming through heating the room, infu-
sion of fluids and blood products through a warming device,
and use of a warming device such as the Bair Hugger (Augus-
tine Medical, Inc., Eden Prairie, MN); more aggressive mea-
sures may include warm saline irrigation of the stomach, chest,
and abdominal cavities via an NGT, thoracostomy tubes, and
DPL catheters. Continuous arteriovenous rewarming may be
warranted for refractive temperatures < 34◦C. Restoration of
a normal cardiovascular state is attained by infusion of flu-
ids and blood products, as well as judicious use of vasopres-
sor agents. Finally, the patient’s coagulopathy must be reversed
with appropriate blood products including fresh frozen plasma,
cryoprecipitate, and platelets. Occasionally recombinant acti-
vated factor VII (rFVIIa; NovoSeven, NovoNordisk, Denmark)
is needed. Ideally, physiologic correction should occur within
12 to 24 hours of admission to the ICU, with planned return
to the operating room for definitive repair.

There are several specific management points of the patient
with an open abdomen that deserve mention. Despite a widely
open abdomen, patients can develop abdominal compartment
syndrome (ACS) (82); therefore, bladder pressures should be
monitored every 4 hours, with significant increases in pressures
alerting the clinician to the possible need for repeat operative
intervention and abdominal decompression. Patients with an
open abdomen lose between 500 and 2,500 mL/day of ab-
dominal effluent. Appropriate volume compensation for this
albumin-rich fluid remains controversial, both in the amount
administered (replacement based on clinical indices vs. routine
1/2-mL replacement for every milliliter lost) as well as the type
of replacement (crystalloid vs. colloid/blood products). Patients
with abdominal packing in place, particularly for liver lacera-
tions, may rebleed from such injuries. In these situations, the
patient may begin to exsanguinate from the abdomen through
the JP drains placed under the Ioban covering. Rapid clamping
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FIGURE 75.10. Methods of temporary abdominal closure follow-
ing damage control surgery or operative decompression for abdom-
inal compartment syndrome: Bogotá bag closure (A), 1010 Steri-
Drape and Ioban closure (B), and vacuum-assisted closure dressing
(C).

of the abdominal JP drains with blood product resuscitation
may provide enough intra-abdominal pressure and subsequent
tamponade to stabilize the patient for reoperation. Alterna-
tively, bedside laparotomy with repacking of the liver is an
option. In patients suffering cardiac arrest from hemorrhage,
removing the temporary abdominal closure dressing at the bed-
side with aortic and portal triad clamping is warranted.

ABDOMINAL COMPARTMENT
SYNDROME

The abdominal compartment syndrome is typified by intra-
abdominal hypertension due to either intra-abdominal injury
(primary) or following massive resuscitation (secondary) (83–
87). Secondary ACS may be due to any etiology requiring such
a resuscitation, including extremity trauma, isolated head in-
jury, chest trauma, or even following postinjury related sepsis
(88). The large volumes of crystalloid required to manage mul-
tiply injured patients results in resuscitation-associated bowel
edema, retroperitoneal edema, or large quantities of ascitic
fluid. A diagnosis of intra-abdominal hypertension cannot be
definitively made by physical examination, but is obtained by

measuring bladder pressures. To measure a patient’s bladder
pressure, 50 mL of saline is instilled into the bladder via the
aspiration port of the Foley catheter with the drainage tube
clamped; a three-way stopcock and water manometer is placed
at the level of the pubic symphysis (89). Bladder pressures are
then measured on the manometer in centimeters of water (Table
75.7) and correlate with the physiologic impact of ACS. Condi-
tions in which the bladder pressure is unreliable include bladder
rupture, external compression from pelvic packing, neurogenic
bladder, and adhesive disease.

TA BLE 7 5 . 7

ABDOMINAL COMPARTMENT SYNDROME GRADING
SYSTEM BASED UPON BLADDER PRESSURE
MEASUREMENTS

ACS grade Bladder pressure (cm H2O)

I 10–15
II 16–25
III 26–35
IV > 35
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INCREASED ABDOMINAL PRESSURE

↑  ICP

↓  venous return

↓  CO
↓  LVEDV
↓  SV
↓  SVR

Compression of kidneys ↑  intrathoracic pressure

hypoxemia
↑  airway pressures
↓  compliance
↑  PA pressures
↑  CVP readings

↓  renal blood flow
↓  UOP

FIGURE 75.11. Physiologic derangements associated with intra-
abdominal hypertension leading to abdominal compartment syn-
drome. ICP, intracranial pressure; UOP, urine output; CO, cardiac
output; VEDV, ventricular end-diastolic volume; SV, stroke volume;
SVR, systemic vascular resistance; PA, pulmonary artery; CVP, central
venous pressure.

Increased abdominal pressure affects multiple organ sys-
tems (Fig. 75.11). The ACS, however, is defined by intra-
abdominal hypertension causing such end organ sequelae as
decreased urine output, increased pulmonary pressures, de-
creased preload and subsequent cardiac dysfunction, and even
elevated intracranial pressure (ICP) (83). As any of these clin-
ical manifestations of ACS may be attributed to the primary
injury, a heightened awareness of this entity must be main-
tained. Organ failure can occur over a wide range of recorded
bladder pressures; there is not a single measurement of blad-
der pressure that prompts therapeutic intervention, except > 35
cm H 2O. Rather, emergent decompression is warranted in the
patient with intra-abdominal hypertension with end organ dys-
function. Mortality is directly affected by decompression, with
64% mortality in patients undergoing presumptive decompres-
sion, 70% mortality in patients with a delay in decompres-
sion, and 89% mortality in those without decompression (90).

A B

C

FIGURE 75.12. Bedside ultrasound of the abdomen demonstrates resuscitation-
induced ascites (A, B); placement of a pigtail drain (C) over the liver may evacu-
ate enough fluid to reduce the intra-abdominal pressure and associated abdominal
compartment syndrome organ failure.
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FIGURE 75.13. Complications of the open abdomen include intra-abdominal
abscess, bile leaks, enteric fistula (A), and bowel perforations (B).

Decompression is typically performed operatively either at the
bedside in the ICU if the patient is hemodynamically unsta-
ble, or in the operating room. Bedside laparotomy is easily
accomplished, precludes transport in hemodynamically com-
promised patients, and requires minimal equipment (scalpel,
suction, cautery, and abdominal temporary closure dressings).
Patients with significant intra-abdominal fluid as the primary
component of their ACS, rather than bowel or retroperitoneal
edema, may be candidates for decompression via a percuta-
neous drain (91,92). Differentiation of those amenable to such
drainage is determined by bedside ultrasound, hence obviat-
ing a trip to the operating room for a critically ill patient (Fig.
75.12).

With morbidity and mortality rates exceeding 50% (82,86,
93), patients at risk for development of ACS, particularly those
receiving large amounts of crystalloid and blood products
during shock resuscitation, should be evaluated closely. Devel-
opment of secondary ACS is a particularly indolent process;
decreasing urine output and increasing peak airway pressures
may herald the onset of intra-abdominal hypertension. More-
over, despite prior decompression with temporary abdominal
closure, patients may develop recurrent ACS, which impacts
overall morbidity and mortality (82). Some clinicians have
queried aggressive intervention to prevent the development
of ACS, such as the role of limiting unnecessary volume
resuscitation and the use of alternative fluids such as colloids
(15); however, the choice of albumin for fluid resuscitation
in the intensive care unit has always been questioned (94).
Supranormal trauma resuscitation has been shown to require
more crystalloid administration and to cause more cases of
ACS (86); therefore, goal-directed therapy should aim for an
oxygen delivery index of ≥ 500 mL/minute/m2 (10). Although

perhaps counterintuitive in the acute resuscitation of patients,
early administration of vasoactive agents to reduce the volume
of crystalloid administered might be a therapeutic alternative
in these patients at risk for ACS. In patients with acute renal
failure, with minimal to no urine output, judicious fluid admin-
istration, early use of pressors, and institution of renal replace-
ment therapy prior to fluid overload may also be warranted.

Damage control surgery and the recognition of the abdom-
inal compartment syndrome have improved patient outcomes
but at the cost of an open abdomen. Over 20% of patients with
an open abdomen suffer a significant number of gastrointesti-
nal complications that prolong their hospital course. Reported
complications include intra-abdominal abscess, bile leaks, en-
teric fistula, and bowel perforations (Fig. 75.13) (95). Manage-
ment includes operative or percutaneous drainage of abscesses,
ERCP and drainage of bilomas, and control of fistulae and nu-
tritional support for bowel complications. Current research is
under way to develop techniques to minimize complications
and reduce morbidity in patients with these devastating in-
juries.

ANCILLARY CARE ISSUES

Tub e s and Drains

Following operative or nonoperative management of abdom-
inal injuries, patients may have a variety of tubes and drains.
Intra-abdominal drains are typically closed suction drains such
as JP or Blake drains; the amount from the drain should be
quantified every 8-hour shift, and the character of the output
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(bilious, succus, bloody, etc.) from the drains should be moni-
tored daily. Although general guidelines for drain removal are
< 30 to 50 mL/day, one should consult with the surgeon prior
to removal. Patients with rectal injuries may have presacral
drains placed, which consist of Penrose drains exiting next to
the rectum; these are passive drains, and should be covered
with ABD pads for appropriate coverage. Patients with open
abdomens and temporary abdominal closure will often have
drains of some type; again, quantity and quality of the effluent
may guide treatment options such as intravenous fluid replace-
ment and need for return to the operating room.

Enteral access for nutrition is acquired through multiple
techniques. NGTs, placed for gastric decompression, can be
used for enteral nutrition once NGT output drops off. Gas-
trostomy tubes, either percutaneously or operatively placed,
exit the abdominal cavity in the left upper quadrant. These
should be placed to gravity for 24 hours after initial inser-
tion. Jejunal feeding tubes are operatively placed; surgeons may
choose to use needle catheter jejunostomy (NCJ) tubes or red
rubber catheters. The primary issues with jejunal feeding tubes
are those encountered with NCJs. Due to the small caliber of
the feeding tube, there is the propensity for clogging. The NCJ
should be flushed every 6 hours with saline, and only NCJ com-
patible enteral formulas should be used. Additionally, no med-
ications should be placed down the NCJ. Nasojejunal tubes,
often called nasobiliary feeding tubes, may be placed in the
ICU using upper endoscopy.

Nut rit ion

Although the topic of nutrition could encompass an entire text-
book, a few issues warrant mention (96). Multiple studies have
illustrated the importance of early total enteral nutrition (TEN)
in the trauma population, particularly its impact in reducing
septic complications (97–100). The route of enteral feedings,
stomach versus small bowel, tends to be less important as gut
tolerance appears equivalent unless there is upper gastrointesti-
nal pathology (101,102). Although early enteral nutrition is
the goal, one should be cognizant of any bowel anastomoses;
typically, evidence of bowel function should be present prior
to advancing to goal tube feeds. Overzealous jejunal feeding
can lead to small necrosis, a devastating complication (103).
Patients undergoing monitoring for nonoperative management
of solid organ injuries should remain NPO in the first 24 to 48
hours in case they require an operation. There is some resid-
ual concern about TEN in patients with an open abdomen;
tube feeding, by any route, may be started within 24 hours
of abdominal closure, as over 90% of patients will tolerate
TEN (104, 105). Moreover, in patients relegated to an open
abdomen, TEN should be started. The role of trophic tube
feeds (10–20 mL/hour) while actively attempting to close fas-
cia remains controversial.

Prop hylaxis

A critical component of the overall care of the multiply in-
jured patient in the ICU includes prevention of secondary com-
plications, such as deep venous thrombosis (DVT) and stress
gastritis. Administration of heparinoids for the prevention of
DVT following trauma or surgical intervention is the current

standard of care (106). Issues following abdominal trauma in-
clude timing of such administration in patients with either ac-
tive bleeding from traumatic injury or those with solid organ
injuries. Typically, heparin products are held until patients have
resolved their hemorrhagic diathesis or until 24 hours after
their hemoglobin has stabilized. Carafate is the current drug
of choice for the prevention of stress gastritis (107,108). In pa-
tients who have had specific gastric surgery, H 2 blockers may
be used as an alternative.
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CHAPTER 76 ■ EVALUATING
THE ACUTE ABDOMEN
H. DAVID REINES r HANI SEOUDI

An acute abdomen is any problem in which the patient’s pain
or other physical findings originates from an abdominal lesion
resulting in serious morbidity or mortality without appropriate
therapy.

As sicker patients are admitted to our intensive care units
(ICUs), the challenge of diagnosis and treatment of the acute
abdomen becomes more important. Patients who are immuno-
compromised from diseases such as HIV, posttransplant, or
chemotherapy frequently present with a nonclassic sign of pain
and inflammation. Patients who are post–cardiac surgery have
a well-recognized constellation of intra-abdominal catastro-
phes. Bariatric surgery presents ICU physicians with a whole
new set of intra-abdominal problems, which if not recognized
early, can lead to death or significant morbidity.

Patients admitted to respiratory care units are subject to
various acute abdominal problems. Aranha and Goldberg re-
ported that 32 of 175 (18% ) patients on ventilators had acute
abdominal problems in the following order of frequency (1):
gastrointestinal bleeding, ileus, bowel obstruction, and peri-
tonitis that required operation. Acute abdominal problems are
frequent sources of admission and complications in ICUs (2).

Early recognition of the acute abdomen and initiation of defini-
tive surgical or medical therapy often determines the outcome.
Therefore, knowledge of common abdominal problems and
appropriate diagnostic modalities are essential parts of the ar-
mamentarium of all ICU physicians. A high index of suspicion
that an abdominal problem is causing a patient’s critical illness
is important to stimulate the necessary diagnostic and thera-
peutic responses.

Searching for a cause of abdominal signs and symptoms
is difficult in the critically ill patient. The patient may not be
able to give a lucid history, especially if intubated or sedated.
Physical findings may be masked by narcotics, steroids, and
other therapy administered.

ANATOMY
The peritoneal cavity is a potential space with less than
100 mL of free fluid to lubricate the bowel, liver, and other ab-
dominal organs. Knowledge of the sensory nerve supply of the
abdomen is particularly important in evaluating the abdomen
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in critically ill patients. Deep visceral pain is transmitted via
autonomic nerves, both sympathetic and parasympathetic. Vis-
ceral pain is poorly localized as pain receptors are much sparser
than somatic receptors. The pain is typically unpleasant and
is associated with autonomic symptoms such as tachycardia,
bradycardia, and diaphoresis. The primary stimulus to visceral
pain is stretching of hollow viscera or solid organ capsules. Vis-
ceral pain signals share common pathways with somatic pain
in the spinothalamic tracts. Visceral pain signals are received
in areas of the sensory cortex where somatic structures that
originated from the same embryonic segment are represented.
This is the reason why visceral pain tends to be referred to re-
mote dermatomes, e.g., shoulder pain caused by diaphragmatic
irritation. Abdominal pain becomes more localized when the
parietal peritoneum is affected by the underlying inflammatory
process. The parietal peritoneum has a rich somatic sensory
supply.

Knowledge of the blood supply of the abdomen is also
important given the extensive diagnostic and therapeutic ap-
plications of angiography in acute abdominal pathology. The
foregut (esophagus to duodenum) is supplied by branches of
the celiac trunk, the midgut (duodenum to distal transverse
colon) is supplied by branches of the superior mesenteric artery
(SMA), and the hindgut (descending colon and rectum) is sup-
plied by branches of the inferior mesenteric artery (IMA). The
right hepatic artery is replaced (arises from the SMA) in about
10% of the population. An embolus tends to lodge distal to the
origins of the most proximal branches of the SMA, namely, the
inferior pancreaticoduodenal, the middle colic, and the proxi-
mal jejunal branches. The proximal jejunum and the transverse
colon are typically spared in acute ischemia due to SMA em-
bolism compared to thrombosis. Collateral circulation exists
between branches of the three mesenteric vessels. The marginal
artery of Drummond is formed by the anastomosing branches
of the SMA and IMA along the mesenteric border of the colon.
The arc of Riolan connects the middle colic artery with the as-
cending branch of the left colic artery. The internal iliac artery
contributes to colonic circulation through the anastomosis be-
tween the middle and superior rectal arteries.

HISTORY
A detailed review of abdominal symptoms should be obtained
from either the patient or a family member. The history should
include previous surgery, family history, and a list of medi-
cations. It should also include allergies, immunosuppressive
drugs, and a history of human immunodeficiency virus (HIV),
hepatitis, or chemotherapy. As we become more globalized,
awareness of infectious disease from emerging countries is nec-
essary for evaluation of disparate symptoms. A complete sur-
gical history is likewise necessary to help focus on the diagnos-
tic and therapeutic interventions. Previous abdominal surgery
and hernias are the two most common causes of bowel ob-
struction. The presence of a percutaneous endoscopic gastros-
tomy (PEG) or other tubes should alert the physician to the
possibility of a problem related to tube misplacement or ob-
struction.The history should detail any nausea and vomiting,
hematemesis, hematochezia, and constipation. Symptoms of
biliary disease, especially pain, and jaundice, and a history of
ethanol use should be noted. Alcohol abuse and cholelithiasis
are the two most common causes of acute pancreatitis.

A careful evaluation of the characteristics of abdominal pain
is essential. Its nature, onset, associated symptoms, radiation,
and other characteristics are useful in localizing and delineating
the cause. Abdominal symptoms can be masked by other dis-
ease processes. A diabetic patient who presents with diabetic
ketoacidosis may have an underlying abdominal catastrophe
as a precipitating factor. Syncope is a symptom that can be
caused by ruptured aneurysm, a ruptured spleen, an ectopic
pregnancy, or any severe abdominal catastrophe, as well as by
neurologic and metabolic problems.

Inferior myocardial infarction, pericarditis, and lower lobe
pneumonia may present with upper abdominal pain. Dia-
betic and immune-suppressed patients, particularly those on
steroids, can present with advanced intra-abdominal sepsis be-
fore peritoneal signs become obvious. Arthritic patients who
are taking steroids or nonsteroidal anti-inflammatory agents
and whose conditions suddenly deteriorate must be suspected
of harboring an intra-abdominal problem, such as gastroin-
testinal bleeding or perforation, as a consequence of their med-
ications. Severe bleeding can occur when a posterior ulcer in
the first portion of the duodenum erodes into the gastroduo-
denal artery. Syncope at the onset of abdominal pain may sig-
nify a perforated ulcer or intra-abdominal hemorrhage such as
from a ruptured aneurysm, spleen, or ectopic pregnancy. Al-
though porphyria and sickle cell crises can mimic abdominal
catastrophes, they rarely cause admission to the intensive care
unit.

PHYSICAL EXAMINATION
Abdominal examination in the critically ill patient can be chal-
lenging as many patients will be unconscious or intubated. Ex-
amination of the abdomen in the critically ill patient who may
be combative, comatose, narcotized, or paralyzed is difficult.
The standard routine of inspection, palpation, percussion, and
auscultation should be followed. Vital signs, including blood
pressure (with the patient sitting if possible), pulse, respira-
tory rate, and rectal or core temperature, should be taken. Too
often, oral or axillary temperatures are normal because of pe-
ripheral cooling, nasal oxygen administration, or nasogastric
(NG) tubes.

Inspection of the abdomen can give many clues. The Gray-
Turner sign, flank ecchymosis, was initially described with
hemorrhagic pancreatitis but can occur with other causes of
retroperitoneal bleeding. The Sister Mary Joseph nodule indi-
cates abdominal or breast malignancy that spread along the
round ligament to the umbilicus. Dilated abdominal wall veins
indicated advanced portal hypertension. A large abdominal
aortic aneurysm may be discerned as a pulsating upper abdom-
inal mass in a thin patient. Absent or hypoactive bowel sounds
is a nonspecific sign as many patients will have ileus associated
with their critical illness. Bowel sounds are frequently absent
in paralyzed patients, despite the fact that muscular paralysis
should not eliminate autonomic bowel function. Hyperactive
sounds or “rushes” are most common with small bowel ob-
struction. The presence of bowel sounds, however, does not
always correlate with normal bowel function.

The presence of guarding or rigidity indicates peritoneal ir-
ritation. Rebound may not be present in a postoperative patient
with significant abdominal pathology. It is important to note,
however, that patients’ response to the presence of blood in the
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peritoneal cavity is variable. Some patients will have guarding
or rigidity whereas others will have a soft abdomen. Assessment
of obese patients for abdominal wall rigidity is also unreliable.
Obese patients may also have groin or incisional hernias that
are not easily discerned. Patients with mesenteric ischemia have
pain that is out of proportion to the findings of the physical
exam. Rectal and pelvic examinations are frequently avoided
in the ICU; however, they are mandatory to discover low
pelvic abscesses and masses, prostatic infection, and bloody
stools.

The physical examination of the acute abdomen should be
performed by an experienced physician on a regular basis. Se-
rial examinations are essential to carefully document any pro-
gression of tenderness, muscular rigidity, and the overall trend
toward improvement or deterioration. An isolated examina-
tion is not nearly as useful as sequential examinations by the
same observer. The physician who will ultimately make the
decision whether surgical intervention is required should be
involved as early as possible.

The presence of abdominal distention in the setting of de-
creased urine output and increased ventilator pressures should
lead to a possible diagnosis of abdominal compartment syn-
drome and immediately to a measurement of intra-abdominal
pressures using bladder pressure manometry.

LABORATORY EVALUATION
Laboratory tests should be viewed as adjuncts in the evalua-
tion of patients. They often provide useful information but are
rarely diagnostic. Depending excessively on laboratory findings
is costly and occasionally misleading. A complete hemogram,
including hematocrit, hemoglobin, and complete white blood
cell (WBC) count, is routine. A decreasing WBC count may
give a false sense of improvement, because severe sepsis can
cause a leukopenia with a shift to the left that will be missed
without a differential count. Urinalysis, including specific grav-
ity and analysis for bacteria, bile, and reducing substances,
should be performed. Patients with indwelling Foley catheters
often have asymptomatic bacteriuria and mild hematuria. A
full workup of “benign bacteriuria” may delay the diagno-
sis of the true cause of sepsis. The serum amylase concentra-
tion, especially fractionated into isoenzymes, is helpful in di-
agnosing intra-abdominal catastrophe when it is elevated but
is not specific. Amylase may be increased in ischemic bowel
disease, facial trauma, perforated ulcer, and pancreatitis, or
without apparent cause (3). The serum lipase is a more specific
marker of acute pancreatitis than amylase and is less influenced
by other intra-abdominal problems. Calcium and phospho-
rus values are also helpful in determining the severity of pan-
creatitis.

An elevated serum bilirubin level is associated with sep-
sis, resolving hematoma, hemolysis, and hepatobiliary disease.
Likewise, the lactate dehydrogenase concentration may be el-
evated in numerous disease processes. Liver enzymes, such
as serum glutamate oxaloacetic transaminase, serum glutamic
pyruvic transaminase, and alkaline phosphatase may be helpful
but are rarely diagnostic by themselves.

Laboratory data are most useful in the management and
correction of fluids, electrolytes, and acid-base derangements.
Persistent acidosis and arterial hypoxemia suggest severe
metabolic problems that may be a reflection of unresolved

third-space losses from untreated abdominal sepsis or ischemia.
These causes are frequently overlooked in the early workup of
these problems.

RADIOGRAPHIC STUDIES
Although plain portable radiographs of the abdomen are ob-
tained on most patients with suspicious abdominal findings,
their yield is relatively low and their quality is frequently sub-
optimal. They are most useful to determine the position of
intra-abdominal tubes such as NG and drains. Plain abdominal
films are useful to examine abnormal gas patterns intralumi-
nally and extraluminally. The absence of gas may be found
with ischemic bowel, whereas small bowel obstruction and
colonic volvulus present with massive gaseous distention. An
upright abdominal film is desirable; however, many patients
in an ICU cannot tolerate this procedure, and therefore, a left
lateral decubitus film to discover air-fluid levels and free air
above the liver should be obtained. Free air from perforated
viscus is best seen in an upright chest radiograph, which is
usually possible to obtain in the critically ill patient by sitting
the patient up in bed and elevating the head of the bed 75 to
90 degrees.

A retrospective study of 1,000 patients presenting to the
emergency room (ER) with acute abdominal pain compared
the use of plain films to computed tomography (CT) scans. The
majority, 588 of 871 (68% ), of abdominal radiographs were
interpreted as nonspecific, whereas 83 demonstrated specific
diagnostic abnormalities, including bowel obstruction (4% ),
urolithiasis (2% ), ileus (2% ), and abnormal foreign bodies
(1% ) (4). No free air was found. Films were most sensitive
for foreign bodies (90% ) and bowel obstruction (49% ). Only
38 of 188 CT scans were normal. Of these, 120 of 188 had
undergone plain films. CT was predictive of bowel obstruction
in 75% and pancreatitis in 60% . Of the 120 patients who had
both exams, abdominal films were negative in 20% , nonspecific
in 76% , and abnormal in 4% . These data could be extrapo-
lated to ICU patients although there are no studies to confirm
similar findings.

Ultrasonography has emerged as a dependable adjunctive
diagnostic tool. It can be brought to the bedside and give data
on acalculous cholecystitis, fluid collection, and blood flow. Ul-
trasound is useful in demonstrating intra-abdominal blood or
fluid and to perform percutaneous abscess drainage. It is less
invasive and less expensive than CAT scan and does not require
transporting patients. However, in patients who have been in
an ICU for extended periods, the gallbladder can be expected to
be distended with poor contractility, and the ultrasound is not
specific for acalculous cholecystitis unless a radionuclide study
using a HIDA (hepatobiliary iminodiacetic acid) scan confirms
abnormal gallbladder filling. Ultrasound is also difficult to in-
terpret in patients with distended bowel gas. Ultrasound can
also be used as a therapeutic tool to help perform procedures
such as percutaneous cholecystostomy (Fig. 76.1).

The CT scan has become the most widely used tool to exam-
ine the abdomen for abnormalities, and CT scanning is more
accurate for diagnosing intra-abdominal fluid collections than
any other modality. It is especially useful in liver, splenic, re-
nal, and retroperitoneal abscesses but may not be as useful as
ultrasound in the diagnosis of right upper quadrant and pelvic
masses.
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FIGURE 76.1. Ultrasound-guided percutaneous cholecystectomy.

Optimal use of CT scan requires oral contrast, which may
be difficult for the critically ill patient to ingest and retain and
may be an aspiration risk. It also requires transporting the pa-
tient to the scanner accompanied by the nurse, therapist, and
physician, and the possibility exists of an untoward event dur-
ing transport.

Despite the significant increase in accuracy and decrease in
time of the actual scan, recent studies by Hendershot et al.
(5) demonstrated that the time for a scan was significantly
longer than imagined, because of the efforts to get patients
ready, transport patients, transfer them to the table, and then
repackage them and return them to the ICU.

The enthusiasm for CT scanning must also be tempered by
an evaluation of the efficacy of scans in critically ill patients. In
a study by Norwood and Civetta (6), scans were found to be
helpful in only 23% of patients, most of whom had been exam-
ined because of postoperative sepsis. This study has not been
repeated, and therefore it is difficult to determine the efficacy of
the CT scan in ICU patients. The CT scan not only has become
part of the diagnostic armamentarium, it can be increasingly
useful as a therapeutic modality. CT drainage of abscesses, aspi-
ration of pancreatic collections, CT-guided nephrostomy tube
insertions, and aspiration of ascites are now easily performed.

A Gastrografin swallow is still an excellent tool to differenti-
ate a gastric leak following gastric bypass surgery or persistent
leak from a perforated ulcer.

Diagnostic peritoneal lavage (DPL) has long been a tool to
help differentiate abdominal collections from intra-abdominal
blood (7). Ultrasonography has largely obviated the need to
perform bedside DPL, but the technique is still useful to drain
tense ascites and determine the source and infectious nature of
the fluid.

THERAPY
The treatment of intra-abdominal problems in the acutely ill
frequently requires surgical intervention. Surgical consultation
should be obtained early in the evaluation. In the preoperative
patient, adequate volume resuscitation and electrolyte correc-
tion are vital to prepare the patient for surgical repair of the
underlying problem. Most fluid losses in preoperative surgical
patients are isotonic. Patients who are volume contracted may

be hyponatremic, hypochloremic, hypokalemic, and alkalotic
because of vomiting, nasogastric suctioning, and third-space
losses. These patients require normal saline resuscitation to
prevent anesthetic disaster. Only after volume and salt reple-
tion will their chloride-dependent alkalosis resolve. Although
hypokalemia may exist, potassium should be administered cau-
tiously until oliguria is resolved.

Acute abdominal catastrophe may be the first event in the
precipitous cascade of multiple organ system failure (MOSF).
Unrecognized abdominal sepsis is associated with MOSF in
44% of cases (8,9). Early aggressive surgical therapy, vigor-
ous fluid replacement, and appropriate antibiotic regimens are
necessary.

The specific management of disease entities should be based
on well-established surgical principles. However, the explosion
of minimally invasive surgery has lead to a new era in surgi-
cal intervention. Many acute abdominal procedures can now
be performed either via an open or laparoscopic technique.
Most acute cholecystitis can be treated conservatively for 24
to 48 hours. If the signs and symptoms do not improve within
48 hours or if cholangitis appears, an endoscopic retrograde
cholangiopancreatography (ERCP) can be performed to drain
the common duct. A percutaneous cholecystostomy or a la-
paroscopic cholecystectomy can then be performed in most
cases. Perforated ulcers can now be treated laparoscopically
in some surgeons’ hands. A true “sea change” in the treat-
ment of ruptured abdominal aneurysm has taken place with
the improvements in endovascular aortic repair (EVAR) (10).
A significant number of patients can now be treated under local
anesthesia with bilateral groin cutdown, avoiding the signifi-
cant morbidity of open procedures. Although it is too early to
determine how much the minimally invasive procedure can af-
fect early and late mortality, initial studies imply that the overall
mortality for EVAR, as well as ICU stay and morbidity, may
be lower than that of open procedures (11).

Stress ulceration without perforation may be prophylacti-
cally treated with antacids, H2 blockers, and sucralfate, al-
though aggressive pH control may lead to an increase in noso-
comial pneumonia (12–14). Stress ulcer bleeding is rare, but the
best treatment is prevention. If bleeding cannot be contained
with conservative measures, an operative intervention should
be undertaken, which carries with it a high mortality rate of
50% (15,16). Do not wait until multiple transfusions have cre-
ated dilutional or hypothermic coagulopathies, because mor-
tality rates will approach 100% .

The use of CT scan and ultrasonic-guided drainage and
catheter decompression of intra-abdominal abscesses had rev-
olutionized care in some postoperative patients. This proce-
dure results in excellent control of the septic source with a low
morbidity (17). It is often preferable to secondary exploratory
laparotomy. However, if a patient persists in a downward
clinical course, exploration with wide drainage of abscesses
may be necessary. In patients with diffuse persistent peritoni-
tis or necrotizing pancreatitis, conversion to an open abdomen
with zipper technique may be needed to control the infection
(18).

Antibiotics are not panacea for intra-abdominal sepsis, and
abscesses will form despite adequate coverage. The use of an-
tibiotics in acute abdominal problems is usually adjunctive to
prevent systemic sepsis. The prolonged use of antibiotics for
localized abscesses instead of surgical or radiologic drainage
can lead to morbidity and increased mortality.
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In patients with diffuse peritonitis or necrotizing infected
pancreatitis, conversion from a closed abdomen into an open
abdomen may be necessary to control the process (19).

Sp e cific Dise ase St at e s

Any stable patient in an ICU developing sudden shock or sepsis
must be examined closely for an intra-abdominal cause. Several
conditions that are common causes of abdominal symptoms in
critically ill patients are presented in the following sections.

Although appendicitis is the most common abdominal con-
dition requiring surgery, it is rarely seen in the ICU. Pancreatitis
and acalculous cholecystitis are more common, especially after
open heart surgery. Abdominal distention in elderly patients
after orthopedic procedures is frequently caused by ileus and
colonic pseudo-obstruction. Patients receiving mechanical ven-
tilation are at high risk for gastrointestinal bleeding, ileus, and
unrecognized perforation (2). Stress ulcer perforation and ileus
are insidious causes of respiratory failure and sepsis in any pa-
tient with a spinal injury (20).

Acq uire d Immunod eficie ncy Synd rome (AIDS)
Immunocompromised hosts require special attention when pre-
senting either with abdominal pain or sepsis of unknown ori-
gin. Since the advent of antiretroviral medication therapy, the
incidence of severe abdominal problems in HIV-positive pa-
tients has decreased. Patients presenting with overt AIDS have
a constellation of problems that are unique to this population.
The frequency of pulmonary, cardiac, gastrointestinal, and re-
nal disease that is not directly related to the underlying HIV
has increased (21).

Acute abdominal pain is a complaint in 12% to 45% of
patients with HIV infection presenting to the emergency room
(22). Earlier studies have noted that cytomegalovirus (CMV),
gastroenteritis, followed by lymphoma, Kaposi sarcoma, and
mycobacterial disease were frequent causes of abdominal pain
in HIV patients. There has been a significant reduction in
these opportunistic infections, especially peritonitis secondary
to atypical mycobacterium and fungi (23,24).

The clinician must be aware that the HIV patient contin-
ues to present with non–HIV-related problems, such as appen-
dicitis, diverticulitis, and pancreatitis. Only 11% of acute ab-
dominal pain in HIV patients is caused by HIV/AIDS, whereas
opportunistic infection results in surgery in only 0.9% of pa-
tients (25). Surgery should be considered early because of the
difficulty in interpreting findings in these patients and the im-
portance of differentiating true surgical from nonsurgical ab-
dominal problems. Earlier studies reported increased morbidity
and mortality in patients with AIDS (26), whereas recent data
yield 10% to 19% operative mortality for emergency surgery
(24).

Fever and nonspecific abdominal pain are frequently noted
although peritoneal signs may be lacking in severely immuno-
compromised patients (27). Prognosis of patients is somewhat
dependent on the CD4 count and viral loads. CD4 counts less
than 200 cells/mm3, total lymphocyte count less than 1,000
cells/mm3, and viral loads greater than 75,000 RNA copies/mL
are associated with higher morbidity and mortality (24).

Plain films have a low yield compared to CT scan in the
diagnoses of processes such as pneumatosis intestinalis. This
finding on CT is very suggestive of bowel necrosis. Intraperi-

toneal collections associated with opportunistic infections can
be aspirated under CT guidance (4,28).

Acute appendicitis in AIDS patients may be routine or sec-
ondary to opportunistic organisms. Although fever and pain
are frequent, white blood cell count may be low or normal
(29).

There has been a decrease in bowel perforation secondary
to CMV or Kaposi sarcoma since the advent of retroviral ther-
apy. However, diligence is required to ensure perforation has
not occurred. Recent data point to lymphoma and disseminated
mycobacterial disease as causes for perforation (25). CMV per-
forations are more common in the ileum and colon secondary
to ischemic lesions, which require aggressive surgical therapy
and diversion of the fecal stream (23). Acute bowel obstruction
suggests disseminated disease and has a poor prognosis if the
cause is age related.

Colonic disease, especially toxic megacolon, has been seen
with Clostridium difficile colitis, especially in patients with
CMV infection. Megacolon can be a significant prognos-
tic indicator in advanced age and may best be treated with
colonoscopy for short-term management of the severely ill (30).

Acute hepatobiliary disease secondary to opportunistic dis-
ease can present difficult diagnostic problems in patients with
CD4 counts less than 100 cells/mm3. Acalculous cholecysti-
tis is more common in HIV/AIDS patients than in the normal
population (31–33).

Neutropenic patients with cancer also present a diagnosis
and therapeutic challenge. In patients who underwent emer-
gency celiotomy for suspected intra-abdominal disease, the
most common disease has been reported to be neutropenic en-
teropathy (61% ) with postoperative mortality up to 32% (34).

BILIARY DISEASE
Primary biliary tract disease in critically ill patients appears
as calculous or acalculous cholecystitis. Calculous disease may
present as acute cholecystitis, cholangitis, or pancreatitis. Acute
acalculous biliary disease is a concomitant of critical illness
and has been reported in 1% of surgical patients and 0.2% of
postoperative cardiac patients (35).

The differentiation of calculous from acalculous disease can
be difficult. Several risk factors are associated with the devel-
opment of acalculous cholecystitis, including use of narcotics
for more than 6 days, gastric suction, prolonged ileus with
nothing by mouth, ventilatory support longer than 24 hours,
multiple recent operations, more than ten blood transfusions,
open wound or abscesses, and intravenous hyperalimentation
for more than 3 days. The presence of five of these risk factors
in a patient with acute abdominal findings should lead to a
search for acalculous biliary disease (35,36).

The typical presentation of right upper quadrant pain, a pos-
itive Murphy sign, and fever may be absent in critically ill pa-
tients. Symptoms of right upper quadrant pain were present in
only 30% of patients with acalculous disease, although all ex-
hibited fever. Peritonitis was an inconsistent finding and present
in only 24% . Persistent fever was the most consistent finding
(37).

The laboratory findings of biliary disease are variable.
Leukocytosis is common, although nonspecific. Up to 65%
of patients with acalculous cholecystitis have elevated biliru-
bin; however, a control group of patients receiving multiple
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transfusions had similar hyperbilirubinemia. Liver enzymes are
elevated in less than 50% (35).

Acute cholecystitis can mimic numerous other disease pro-
cesses in the abdomen. Conversely, the presence of stones
in the gallbladder in patients with nonspecific symptoms is
not pathognomonic of acute biliary disease. Improved ultra-
sonography can be supplemented by radionucleotide imag-
ing techniques that can distinguish cystic duct obstruction
in acute cholecystitis from other causes of abdominal pain
have markedly increased our diagnostic acumen. Derivatives
of iminodiacetic acid are rapidly taken up by the hepatocytes
and excreted into the bile even in patients with elevations of
bilirubin up to 6 g/dL. The test has proved to be 95% accurate
in the diagnosis of acute cholecystitis. The presence of fever,
mild elevation of bilirubin, sludge on ultrasound, and nonvi-
sualization on HIIDA are accurate indications of acute acal-
culous cholecystitis in critically ill patients. Caution is urged
in patients receiving hyperalimentation, which severely limits
the usefulness of the test (38,39). Furthermore, HIDA scan re-
quires moving the critically ill patient to the radiology suite
for up to 4 hours, and the risk–benefit ratio requires a high
degree of clinical suspicion. The treatment of choice has been
surgical drainage, either cholecystostomy or cholecystectomy,
if the patient is able to tolerate a major procedure. The use of
percutaneous cholecystostomy has been reported in severely ill
patients. The mortality rate associated with acalculous chole-
cystitis is as high as 40% secondary to the multiplicity of the
patient’s problems (37,40).

ABSCESS
Intra-abdominal abscesses develop as a complication of sec-
ondary peritonitis that is the result of a perforation of a hollow
viscus. They usually occur postoperatively, particularly after
colonic resection complicated by anastomotic leak (41). This
is followed in frequency by diverticular disease, appendicitis,
inflammatory bowel disease, and malignancy. Patients under-
going gastric bypass procedures for obesity are also a potential
population to develop abscess accompanied by an anastomotic
leak. Abscesses can also develop retroperitoneally. This can be
the result of retroperitoneal visceral perforation, e.g., cecal per-
foration or lymphatic and hematogenous spread of bacteria,
e.g., infected pancreatic necrosis. Peritonitis and abscess should
be suspected in any patient deteriorating following abdominal
surgery.

Making the diagnosis of intra-abdominal abscess requires
a high index of suspicion as the clinical picture can be vague.
Peritonitis is rare, and bowel function may be normal. Physical
examination is rarely helpful. Abscesses that have the anterior
abdominal wall as part of their walls are associated with a pal-
pable tender mass. Nonspecific manifestations such as fever,
chills, malaise, and leukocytosis should raise the suspicion.
Hiccup, unexplained pleural effusion, and a raised hemidi-
aphragm on chest radiograph may indicate subphrenic abscess.
Diarrhea and urinary retention may indicate a pelvic abscess.
CT scanning, preferably with oral and intravenous contrast,
is the standard diagnostic modality. Bedside ultrasonography
may be used in patients who are too unstable to move out of
the ICU.

The bacterial flora are related to the organ involved, the host
defenses, and the duration of the critical illness. The flora of the

normal stomach and duodenum is very sparse and is composed
mainly of swallowed oral organisms such as microaerophilic
streptococci and Streptococcus viridans, lactobacillus, fusiform
bacteria, and Candida species. The flora grows and changes
remarkably if there is gastric outlet obstruction, achlorhy-
dria, or acid-suppressive therapy. Small bowel flora consists
mainly of Enterobacteriaceae, Enterococcus species, and anaer-
obic species. The flora becomes gradually more dense distally.
Colonic flora is extremely dense; it accounts for one sixth of
the dry weight of stools and contains both aerobic and anaer-
obic bacteria with the former much more abundant than the
latter. Aerobic bacteria are primarily Gram-negative, e.g., Es-
cherichia coli, Klebsiella species, Enterococcus species, and
Proteus species. Anaerobic bacteria include Bacteroides frag-
ilis, Eubacterium species, and Bifidobacterium species. Intra-
abdominal abscesses are typically polymicrobial, but anaerobes
are difficult to grow on cultures.

Whenever possible the source of infection should be dealt
with surgically, e.g., appendectomy or resection of necrotic
or perforated intestine. Open surgical management is not al-
ways possible or necessary. Surgical consultation should be
obtained, and the decision to operate is based on individual
patient conditions. Open surgical drainage does not always
entail a celiotomy. Drainage of subphrenic abscess can be per-
formed through the bed of the 12th rib, and extra peritoneal
drainage of lower quadrant abscesses may be done. The effi-
cacy of CT-guided percutaneous drainage of intra-abdominal
abscesses (Fig. 76.2) has long been established (17,42,43). This
minimally invasive technique is quite helpful, particularly when
operative intervention carries a high risk of morbidity as in
the case of Crohn disease (44). In a retrospective study of 38
patients with intra-abdominal abscesses due to colorectal dis-
ease both postoperative and primary, the overall success rate
of percutaneous drainage was 89% (45). Antibiotic therapy is
based on empiric coverage of bacteria that is normally present
within the gut rather than culture results. Antibiotics are ad-
junctive in treating intra-abdominal sepsis. The antibiotic reg-
imen should cover Gram-positive, Gram-negative, and anaer-
obic bacteria. Antifungal agents are not given even if fungi are
seen on cultures unless the patient is immunosuppressed or has
recurrent intra-abdominal infection. Guidelines for the use of
antimicrobial agents are published by several medical societies
(46).

Mortality from intra-abdominal sepsis ranges from 7.5%
for single abscess to 43% for patients with multiple abscesses
and peritonitis (47). Overall mortality from intra-abdominal
infection is 24% . Mortality correlates directly with acute phys-
iology score, malnutrition, age, and shock. Only early recogni-
tion, appropriate use of antibiotics, and prompt drainage can
improve on these data.

PNEUMOPERITONEUM
The most common cause of pneumoperitoneum is laparotomy
or laparoscopy. After abdominal surgery, free air may persist
for weeks, although air from laparoscopy is frequently absent
at 48 hours.

Pneumoperitoneum in a patient who does not have a recent
history of laparotomy or laparoscopy should be presumed to be
due to a perforated viscus until proven otherwise. Perforation
of the stomach or duodenum due to peptic ulcer disease is more
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FIGURE76.2. Right subphrenic abscess is drained percutaneously under computed tomography guidance.

likely to cause an obvious pneumoperitoneum than perforation
of the colon due to diverticular disease. Other conditions that
may cause pneumoperitoneum are a recent percutaneous endo-
scopic gastrostomy and barotrauma to the lung (48,49). The
latter, however, occurs much less frequently with today’s lung-
protective strategies whereby peak airway pressures are not
allowed to exceed 40 cm H 2O. Patients who suffer severe chest
trauma with pneumothorax and pneumomediastinum can also
have pneumoperitoneum.

Pneumoperitoneum has been observed in up to 10% of pa-
tients who have demonstrated other evidence of extra alveolar
air. Macklin and Macklin (49) postulated that air first ruptures
though distended alveoli and dissects toward the mediastinum.
From there, it dissects down the mediastinum and ruptures into
the peritoneal cavity. The diagnosis of perforated viscus may
be difficult in paralyzed, mechanically ventilated patients who
cannot complain of tenderness and who will have a soft ab-
domen and absent bowel sounds.

Pneumoperitoneum should be evaluated in the context of
the patient’s overall condition. In unconscious or paralyzed
septic patients with no obvious source of sepsis, pneumoperi-
toneum should prompt an exploratory laparotomy. Diagnostic
peritoneal lavage may be considered if the risk of operative
exploration is too high or the index of suspicion is low. The
presence of bacteria, bile, more than 500 WBCs/mm3 can be
inferred to indicate an acute abdominal process requiring im-
mediate laparotomy.

PSEUDO-OBSTRUCTION
OF THE COLON

Isolated colonic ileus without mechanical obstruction was first
described by Ogilvie (50). Patients at risk are the elderly and
those requiring bed rest, prolonged narcotic use, and mechan-
ical ventilation. Massive colonic distention presents a perplex-
ing dilemma in the ICU. The cause is unknown, but the condi-
tion typically occurs in patients with associated illness who are

bedridden for a long time. The most common risk factors are
old age, multiple trauma, abdominal and pelvic operations, or-
thopedic operations, and spinal cord injuries (50,51). Hypona-
tremia and hypokalemia may play a role in the development
of this condition. The abdomen is distended and tympanitic
without signs of peritonitis, fever, or leukocytosis.

On radiograph the colon appears diffusely distended, in-
cluding the rectum, and the small bowel is usually not seen.
The cecum, being the widest segment of the colon, is at risk
for necrosis and perforation if the diameter reaches 12 cm.
Mechanical obstruction should be ruled out with a Hypaque
enema. This is a hyperosmolar water-soluble enema that helps
to cleanse the colon and, unlike barium, does not interfere with
a subsequent colonoscopy.

Initial management consists of decompressing the stomach
and colon with nasogastric and rectal tubes. Electrolyte ab-
normalities, especially hypokalemia, should be promptly cor-
rected. If there is no response to these measures, neostigmine,
a parasympathomimetic, should be given to stimulate colonic
motility (52). Neostigmine is given in a dose of 1 to 2 mg intra-
venously and can be repeated in 3 hours. This should be done
under cardiac monitoring as it may result in severe bradycar-
dia. Neostigmine should not be given if the patient’s baseline
heart rate is less than 60 beats per minute, the systolic blood
pressure is less than 90 mm Hg, or if there is a significant heart
block or bronchospasm. The next step in management, if the
previous measures fail, is colonoscopic decompression. This is
associated with a higher-than-normal risk of perforation and
therefore should be used gently and with the goal of decompres-
sion only. It is not necessary to advance the colonoscope all the
way to the cecum. Recurrence is seen in up to 40% of patients,
and colonoscopy can be repeated. Surgery is reserved for pa-
tients who fail all other measures and those with complications
or impending cecal rupture, i.e., diameter more than 12 cm.
The operation of choice is right hemicolectomy with primary
ileocolic anastomosis if there is no evidence of necrosis or perfo-
ration, in which case an ileostomy with mucus fistula should be
performed.
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MANAGEMENT OF THE OPEN
ABDOMEN IN THE ICU

The abdominal compartment syndrome (ACS) is a condition
in which the intra-abdominal pressure rises to a point that im-
pairs respiratory, renal, and cardiovascular function (53). The
condition is described mainly in the trauma population but can
occur in any patient who receives a massive resuscitation for a
profound shock state. The abdomen is not necessarily the site
where the original pathology occurs, e.g., severe burns (54).
This is sometimes described as secondary ACS. It is believed
that severe edema of the abdominal wall, bowel wall, and the
retroperitoneum occurs as a result of massive fluid shifts as-
sociated with the severe systemic inflammation that accompa-
nies reperfusion of tissues after shock states. The diagnosis of
ACS is made when there is abdominal distention associated
with high ventilator pressures, oliguria, and elevated urinary
bladder pressures (> 25–30 cm H 2O). Treatment consists of ab-
dominal decompression using a midline celiotomy and keeping
the abdomen open using various dressing mechanisms over the
bowel. For a detailed discussion of the ACS, see the section on
abdominal trauma.

The treatment principles in trauma patients have been ex-
trapolated to general surgery patients. More abdomens are now
kept open if fascial closure is expected to increase abdominal
pressure. By keeping the abdomen open, renal and pulmonary
functions are not compromised and the integrity of fascial edges
is preserved. The open abdomen also gives the opportunity for
frequent bedside washouts and debridements such as with in-
fected pancreatic necrosis. Once the swelling has resolved, the
abdomen should be closed as soon as possible either by pri-
mary fascial closure or using one of the commercially available
biologic or synthetic grafts. Prolongation of the open abdomen
management is associated with increased risk of fistula forma-
tion.

BARIATRIC SURGERY
It is estimated that over 130,000 bariatric procedures will be
performed in the United States each year (55). Many of these
patients have sleep apnea, hypoventilation, or other physio-
logic abnormalities that require ICU care in the immediate
postoperative period. Since anastomotic leaks following gastric
bypass and duodenal switch are potentially fatal, rapid recog-
nition, diagnosis, and treatment are necessary to minimize pa-
tient risk. Likewise, acute gastric dilatation requires immediate
treatment. The hallmarks of dilatation and leak are persistent
tachycardia, tachypnea, fever, anxiety, and hiccups, usually ac-
companied by a mild leukocytosis with or without fever (56).
Because this is also found in patients with pulmonary emboli,
it is vital that the diagnosis of leak be made early.

Abdominal pain is frequently not a major symptom, al-
though shoulder (referred) pain may be present. In the absence
of hypoxemia in the first 48 hours, the above symptoms should
suggest leak and immediate Gastrografin swallow with ade-
quate volume of contrast should be performed. The presence
of a large gastric bubble without leak requires immediate de-
compression via either a percutaneous or surgical therapy (56).
This will prevent gastric perforation or an anastomotic disrup-
tion from pressure. A leak must be addressed immediately with

drainage either percutaneously for small and contained leaks,
or operative intervention to attempt to repair and drain the
area of concern.

ACUTE MESENTERIC ISCHEMIA
Numerous causes exist for acute intestinal ischemia. Embolus
(50% –60% ) or thrombus (25% –35% ) of the superior mesen-
teric artery (SMA) must be differentiated from nonmesenteric
thrombosis (10% –20% ) and acute mesenteric venous occlu-
sions (5% ) (57–60). Colonic and rectal ischemias have been
reported after abdominal aortic aneurysmectomy in which the
inferior mesenteric artery was ligated (61).

A characteristic of gut ischemia is the disparity between the
patient’s pain and abdominal findings. Pain is found in 75%
to 90% of patients. Nausea and vomiting are present in 50%
to 60% of patients, whereas upper gastrointestinal bleeding is
less common (62,63). Abdominal distention is present in 56%
to 80% , peritoneal signs in 60% , ileus in 50% , and shock
and fever in 30% of patients. Leukocytosis (WBC count of
20,000/mm3) is seen in less than 50% of patients. A mild ele-
vation in amylase is common (59,64).

The presence of physical signs indicating peritoneal irrita-
tion is extremely important because they portend impending or
progressive gangrene and are associated with significant mor-
tality. Leukocytosis out of proportion to the physical findings,
elevated hematocrit, unexplained acidosis, and blood-tinged
fluid on peritoneal lavage are all signs of advancing intestinal
necrosis (62).

Plain radiographs are useful to exclude the other processes
that can stimulate the symptoms. Signs of intestinal ischemia on
plain radiographs is a grave prognosticator with 90% mortality
(62).

Patients at highest risk are those older than 50 years of age
with either valvular or atherosclerotic heart disease, congestive

FIGURE 76.3. Superior mesenteric artery embolus (white arrow ).
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FIGURE 76.4. Superior mesenteric artery angiogram showing an em-
bolus distal to the proximal jejunal branches (white arrow ) and a re-
placed right hepatic artery (black arrow ).

heart failure (especially if there is poor control with digitalis
and diuretics), hypovolemia, hypotension of any cause, recent
myocardial infarction or cardiogenic shock, or cardiac arrhyth-
mias (58,59,62). Dialysis patients seem to be at added risk for
right colon ischemia. The use of sigmoid tonometry also has
been suggested to detect colonic ischemia (65).

Once the diagnosis is suspected, vigorous fluid resuscitation
is necessary to maintain adequate blood flow and pressure head
in the mesenteric vessels. Gastrointestinal decompression with
a NG tube and proper hemodynamic monitoring are neces-
sary to adequately resuscitate these precarious patients. Early
heparinization should be used if immediate surgery is not un-
dertaken.

CAT scans have improved in both availability and reli-
ability and may demonstrate clot or ischemia (Fig. 76.3).
Emergency selective arteriography is still the keystone of the
diagnostic and therapeutic approach to acute mesenteric is-
chemia (Fig. 76.4). Arteriography can differentiate occlusive
from nonocclusive disease. Although there are reports of suc-
cessful thrombolysis of clot in the SMA (66), acute occlusion
is best treated by immediate surgical restoration of circula-
tion by embolectomy or aortosuperior mesenteric artery by-
pass. Examination of the bowel for ischemia, which will re-
quire resection, is essential to avoid unnecessary morbidity and
mortality.

Nonocclusive mesenteric ischemia is diagnosed when
mesenteric vasoconstriction on angiogram is seen in the patient
with a clinical picture suggestive of intestinal ischemia. Shock
and vasopressors make interpretation of the arteriogram diffi-
cult. Treatment of this disease is begun in the radiology suite
by the administration of papaverine (30–60 mg/hour) through
a catheter placed selectively in the SMA. If peritoneal signs are
present and abdominal exploration is necessary to examine the
viability of the bowel, vasodilators and local anesthetics can be
injected directly into the base of the mesentery.

When papaverine is the primary treatment for nonocclusive
ischemia, it is continued for 24 hours and an arteriogram is
repeated. Heparin may be used concomitantly.

Maintaining adequate plasma volume and blood pressure is
essential to maintain perfusion of the splanchnic vessels. Oc-
casionally, dextran has been used to expand plasma and to
decrease sludging. Digitalis should be used cautiously.

Systemic antibiotics are indicated because of the high inci-
dence of positive blood cultures resulting from compromised
bowel. Antibiotics may mask peritoneal signs. Decompression
by NG suction can decrease bowel distention.

The mortality rate for acute mesenteric ischemia has re-
mained at 70% to 80% (59,63). Embolus in the SMA is still
associated with a 44% to 90% mortality rate whereas nonoc-
clusive ischemia without peritoneal signs has a more favorable
outcome. Peritonitis is associated with mortality rates of 60%
to 90% (59,62). Logistic regression yields an odds ratio of 22
for peritonitis and 14.9 for hypotension as independent predic-
tors of mortality (59).

The early workup of a suspicion of ischemia followed
by aggressive and rapid diagnostic workup seems to be the
only method for improving this abysmal mortality rate (63).
Death occurs from MSOF secondary to ischemia (65% ), sep-
sis (25% ), pulmonary failure (8% ), and stroke (2% ) (59). Al-
though second-look operations are frequently used at 24 to 48
hours to determine viability of remaining bowel, survival is not
necessarily improved by this technique (67).

SUMMARY
Acute abdominal problems are frequent among ICU patients.
The physician must maintain a high level of suspicion that an
abdominal problem is present when faced with a deteriorating
critically ill patient. History and physical examination must
be used to guide the use of more invasive and expensive tests.
Laboratory tests are usually adjunctive and rarely diagnostic.
Radiographic procedures, especially ultrasound and CT scans,
when appropriately used, can be helpful. Surgical consultation
should be obtained early in a patient’s course, because treat-
ment frequently requires surgical intervention. Only by main-
taining constant vigilance can critical care practitioners guide
their patients through the multiple perturbations created by
acute abdominal problems.

PEARLS

■ Patients admitted to an ICU with abdominal pain, fever, ev-
idence of multiorgan failure, unexplained acidosis, or jaun-
dice should have an acute abdominal source ruled out early
in their course.

■ The absence of obvious signs and symptoms in an acutely ill
patient does not rule out an acute abdominal problem.

■ Resuscitation of acute abdominal problems frequently re-
quires large volumes of isotonic crystalloid fluids and broad-
spectrum antibiotics.

■ Common postoperative abdominal problems include ab-
scess, leak from anastomoses or perforated bowel, acalcu-
lous cholecystitis, and ileus.
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■ Acute abdominal pain in an immunocompromised patient
requires a high index of suspicion and rapid diagnosis of
uncommon infectious causes.

■ The diagnostic approach to acute abdominal symptoms
includes radiologic examinations—ultrasound or CT scan
(with oral contrast when indicated) early in the workup.

■ Abdominal distension associated with low urine output
and high ventilatory pressures should prompt measure-
ment of abdominal compartment pressures and surgical
consult.

■ Acute mesenteric embolus is the most common cause for in-
testinal ischemia (50% –60% ). It may present as severe pain
out of proportion to the physical signs and requires imme-
diate diagnosis and surgical treatment to prevent significant
morbidity/mortality.
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CHAPTER 77 ■ THE DIFFICULT POST-
OPERATIVE ABDOMEN
STEPHANIE A. SAVAGE r TIMOTHY C. FABIAN

The practice of surgery inevitably carries the risk of postoper-
ative complications and difficult therapeutic choices. Some of
the most vexing operative dilemmas result from managing a dif-
ficult postoperative abdomen. Routine intra-abdominal thera-
pies will result in adhesion formation, which may plague the
patient with recurrent episodes of abdominal pain and par-
tial or complete bowel obstruction. Enterocutaneous, intra-
abdominal, or pancreatic fistulas may result from the nat-
ural progression of intra-abdominal pathology or may be
the sequelae of invasive procedures. Abdominal catastrophes
may result in a compartment syndrome mandating aggressive
management decisions including temporary abdominal clo-
sures and planned ventral hernias. Less common issues, in-
cluding radiation enteritis and short bowel syndrome, may
significantly impact lifestyle and health, requiring surgical
attention.

In this chapter, we will address many of these difficult post-
operative issues. Our discussion will include etiology, diagno-
sis, and therapeutic approaches. The core principles of careful
surgical technique and meticulous patient management, includ-
ing wound care, nutritional management, and timing of recur-
rent interventions, are key in treating these obstacles.

ADHESIONS
Intra-abdominal adhesions are an unavoidable consequence of
operative therapy. Intra-abdominal adhesions are the primary
cause for postoperative bowel obstruction, accounting for ap-
proximately 75% of cases (1). Adhesions intrinsically play a
crucial role in postoperative healing. Formation of adhesive
tissue protects an anastomosis and prevents leaks, in addition
to assisting in the body’s attempt to isolate intra-abdominal
catastrophes like abscesses. When adhesive bands become too
dense, kink, or encompass loops of bowel, they may result in
negative consequences such as bowel obstruction and persis-
tent abdominal pain. In this chapter, we will discuss the de-

velopment of adhesions, their natural history, and methods of
prevention.

Adhesion formation occurs in the course of repairing an in-
jury site, anastomosis, or incision. Within the first 48 to 72
hours of injury, macrophages converge to form a protective
layer over the injured tissue. These macrophages further dif-
ferentiate into mesothelial cells, while additional fibroblasts
and mesothelial cells are recruited from nearby locales. These
cell populations complete the initial stages of healing over a
period of 7 to 10 days (2,3). Ultimately, these healing cell pop-
ulations will not only continue the process of restoring tissue
integrity but may form unnatural connections. Adhesive con-
nections may occur between loops of bowel, intra-abdominal
structures and the abdominal wall, and between the pelvis and
nearby structures (bowel, gynecologic organs, etc.) resulting in
intra-abdominal pathology and patient morbidity.

Most (94% –98% ) of abdominal adhesions are acquired, ei-
ther from operative therapy or via inflammatory processes (i.e.,
Crohn’s disease, cancer, etc.). The remaining 2% to 6% of ad-
hesions are congenital and largely consist of Ladd bands. In the
reoperative abdomen, adhesions are present in 30% to 40% of
patients. The most frequent morbidity in those with postop-
erative adhesions is small bowel obstruction, which accounts
for 12% to 17% of hospital admissions following previous ab-
dominal surgery. One quarter of these admissions occur within
the first year following surgery, and 2% to 5% of small bowel
obstructions due to adhesions will require operative adhesiol-
ysis (2). The degree of morbidity related to adhesion forma-
tion is profoundly affected by the type of surgery performed.
Laparoscopic surgeries have been shown to have a 15% ad-
hesion rate as opposed to open laparotomies, in which 50%
result in adhesion formation. Adhesion formation tends to fol-
low predictable patterns. Adhesions form more commonly fol-
lowing surgery to the small and large bowel than with other
intra-abdominal organs, especially in surgeries involving bowel
distal to the transverse colon or involving gynecologic organs
(1). The areas most frequently affected are the under surface
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of the midline incision and the operative site, for example at
an anastomosis. Due to its tendency to migrate to regions of
inflammation, the omentum is the most frequently involved or-
gan (57% ). Small and large bowel adhesions continue to result
in the highest morbidity (4).

The cost of adhesion-related disease, both regarding mor-
bidity and monetarily, has resulted in extensive research fo-
cused on developing methods to avoid adhesion formation.
Adhesions result from trauma to tissues, relative ischemia, in-
fection within the abdominal cavity, inflammatory processes,
or by the presence of foreign bodies such as suture, talc from
gloves, and lint from sponges. To minimize adhesions, prin-
ciples of good surgical technique are the best defense. Gentle
tissue handling with strict hemostasis and minimization of in-
traperitoneal trauma are core principles. In addition, frequent
irrigation to dilute or to remove contaminants and the use of
small, nonreactive suture material will diminish the contribu-
tion to adhesiogenesis. Raw surfaces or anastomoses should be
protected by autologous tissue, either with a tongue of omen-
tum or via mobilized local tissue flaps. Perhaps the most ef-
fective method of preventing serious adhesions is via the use
of the omentum. As is well known, the omentum is key to
protecting areas of inflammation and infection within the ab-
domen. In a similar manner, the omentum may be used to wrap
anastomoses or to protect abdominal contents from a heal-
ing midline incision. Unfortunately, the omentum is often too
limited by prior inflammatory processes or surgery to be of
use.

Barrie rs t o Ad he siog e ne sis

Despite meticulous technique and conscientious efforts to pre-
vent adhesions, they will continue to form with attendant post-
operative morbidity and mortality. Research efforts have fo-
cused on developing materials to minimize the occurrence and
severity of adhesions. The most common method of decreasing
the number and strength of adhesions is with one of a vari-
ety of barrier materials. Seprafilm (Seprafilm Adhesion Barrier,
Genzyme Corporation, Cambridge, MA) is an FDA-approved
material composed of hyaluronic acid and carboxymethylcellu-
lose. Applied to regions at risk for adhesions, it forms a deposit
that acts as a mechanical barrier to adhesion formation. It is
eventually reabsorbed by the body after 7 to 10 days. One large
study demonstrated no difference in rates of small bowel ob-
struction with Seprafilm; however, the need for operative ther-
apy to treat adhesions was significantly reduced (1). Of note,
Seprafilm should not be used to wrap anastomoses to decrease
adhesions at these sites, as this has resulted in higher rates of
fistula formation (1). Interceed (Gynecare Interceed, Johnson
& Johnson, New Jersey) is an older option that is a mechanical
barrier designed to be placed over injured surfaces and oper-
ative sites. It is composed of oxidized regenerated meshlike
cellulose; data have been mixed on its effectiveness. Although
some studies have demonstrated that Interceed is safe and effec-
tive in reducing adhesions, other studies have shown no clinical
benefit from its use (4). Additionally, it requires a completely
hemostatic field, and the region in question must be completely
covered for effective results, not always practical especially in
laparoscopic surgery. Other methods to decrease adhesion for-
mation have been shown to be less effective in adhesion preven-
tion and are not used commonly in clinical practice. Gore-Tex

Surgical Membrane (W.L. Gore and Associates, Flagstaff, AZ),
a thin PTFE (polytetrafluoroethylene) membrane that prevents
cellular penetration, must be secured in place and removed
at a later date. This method is cumbersome, has not shown
significant clinical benefit in preventing adhesions, and is not
commonly used. Streptokinase infusion has shown no benefit
in reducing adhesions. The use of tissue plasminogen activa-
tor to break down adhesions has shown some promise in ani-
mal studies but has not been proven in humans to date (4,5).
These latter methods are of interest, either historically or in
a research perspective, but are not commonly used in clinical
practice.

Regardless of which product is ultimately chosen, the ideal
barrier would be nonreactive in vivo, would be active dur-
ing the key healing stages, and then be reabsorbed by the
body when no longer needed. Locales that remain prime candi-
dates for adhesion barriers include around temporary stomas,
around the Hartman pouch after colectomy, beneath the mid-
line incision, and in the pelvis following surgery in that region,
especially in patients prone to inflammation. Research interest
in this area remains high as adhesion-related morbidity contin-
ues to plague surgical patients.

FISTULAS
A fistula is an abnormal communication between two spaces.
In the abdomen, varieties of fistulas differ tremendously and in-
clude such types as pancreatic fistulas, biliary fistulas, fistulas
between two intra-abdominal organs (i.e., colovesical fistulas),
and enterocutaneous fistulas. The natural history of a fistula
begins as a leak from bowel or other intra-abdominal organ.
The ultimate type of fistula depends on whether the leak is un-
controlled, partially controlled, or well controlled. An uncon-
trolled leak will result in peritonitis, which immediately results
in surgical exploration and correction. A partially controlled
leak may result in an intra-abdominal abscess, which will re-
quire definitive therapy. Controlled leaks result in fistulas, and
the most dreaded of these is the enterocutaneous fistula. Man-
agement of fistulas can be a long-term challenge for surgeon
and patient.

An enterocutaneous fistula is an abnormal communication
between lumen of bowel and the skin. Fistulas are postop-
erative complications in 71% to 90% of cases, though they
may occur spontaneously (2,6). Spontaneous causes of fistu-
las are uncommon but may include malignancy, inflammatory
processes such as Crohn’s disease, or vascular insufficiency, as
seen in radiation enteritis. The iatrogenic fistula is the most
common and presents a difficult management problem. Iatro-
genic fistulas may result from inadvertent enterotomies, intra-
abdominal infections, direct injury or bowel desiccation in the
open abdomen, misplaced stitches, or anastomotic breakdown.
Impaired tissue perfusion from hypotension or vascular disease
may predispose to this complication, as will infections, steroids,
and malnutrition.

An enterocutaneous fistula typically presents as discolored,
watery drainage from the midline incision. A seeming wound
infection opened at bedside will result in copious drainage of
discolored, watery material or frank succus. Passage of gas
from the midline wound is diagnostic of an enterocutaneous fis-
tula. Patients will usually demonstrate signs of advancing infec-
tion including increasing temperature, white blood cell count,
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and persistent ileus. In less common cases, patients may de-
velop profound shock due to electrolyte imbalances and sepsis.
In these cases, emergent re-exploration is necessary. However,
if the patient presents with drainage or an obvious fistula but
is hemodynamically stable, conservative management is war-
ranted, at least in the short term.

Conse rvat ive Manag e me nt of t he
Ent e rocut ane ous Fist ula

Management is predicated on controlling output, managing
electrolyte fluxes and nutritional deficiencies, and maximizing
the potential for spontaneous closure (Fig. 77.1). In the im-
mediate care of the patient, aggressive fluid resuscitation and
close monitoring of electrolyte balance are mandatory to main-
tain stability. If the patient remains stable without the need
for emergent operative intervention, nutritional replacement
should begin immediately. This patient population is excep-
tionally prone to malnutrition from protein losses, increased
metabolic demands, and limited or no oral intake. Parenteral
nutrition is nearly mandatory to provide early and aggressive
nutritional repletion, to allow close management of electrolyte
and protein balances, and to decrease volume transit past the
fistula in the gastrointestinal tract. Perhaps a greater challenge
in this patient population is control of fistula output. Enteric
contents are extremely caustic to the skin and surrounding tis-
sues. An immediate goal in caring for patients with fistulas is to
create some method to isolate enteric contents from the skin.
For a simple enterocutaneous fistula, a stoma appliance may
be all that is needed. However, many fistulas present in open
wound beds, including on granulating abdomens. These tissue
fields are not amenable to the placement of a simple stoma
appliance. In these situations, a close association between the
surgeon, patient, and wound care nurse/enterostomal therapist
is mandatory to control fistula output. Once initial control is
achieved, it may be possible to close fistulas surgically or to

Enterocutaneous Fistula

Fluid/Electrolyte 
Management

Nutritiona l
Reple tion

Octreotide  
Trea tment

Control of 
Ente ric 
Output

Spontaneous Closure

Yes  No

Fistulogram

Surgical Therapy

Done

FIGURE 77.1. Management strategy for managing enterocutaneous
fistulas.

skin graft the region. These surgical options will be discussed
in more detail later in this section

Sp ont ane ous Closure

The goal of conservative therapy is to achieve spontaneous clo-
sure of the fistula. Spontaneous closure is dependent largely on
inherent characteristics of the fistula. Most fistulas that close
without intervention will do so in the first 3 to 6 weeks after
appearance. Fistulas with long tracts and narrow mouths are
most likely to resolve independently. Additionally, low-output
fistulas, defined as having an output less than 500 mL per day,
have a higher likelihood of closure than high-output fistulas. A
fistula that is not closed by 3 months is unlikely to close without
surgical therapy. Additionally, many patient factors have been
associated with failure of the fistula to close spontaneously.
Factors that will virtually ensure patency of the fistula include
the presence of a foreign body in the fistula tract, close asso-
ciation between the fistula and an abscess, association with a
malignancy, distal bowel obstruction leading to increased pres-
sure and transit through the fistulous tract, epithelialization of
the tract, and a short neck with wide fistula mouth. As noted,
long-standing fistulas with high outputs are unlikely to close
spontaneously.

The patient and surgeon are not completely at the mercy
of physiology and chance while awaiting spontaneous closure.
At least in the short term, parenteral nutrition is pursued to
decrease the volume transiting the gastrointestinal tract and
through the fistula. A positive nitrogen balance and a trans-
ferrin level greater than 200 mg/dL are also associated with
successful closure (7). The use of octreotide or other somato-
statin analogue (100 µ g intravenously every 8 hours) may de-
crease secretion in the gastrointestinal tract as well. Somato-
statin inhibits the secretion of most gastrointestinal hormones
and enhances fluid and electrolyte absorption, thereby decreas-
ing intraluminal volume and potentially decreasing fistula out-
put. Despite the theoretical benefits of somatostatin use, clinical
studies have revealed mixed results on effectiveness. Although
some studies have demonstrated a decreased fistula output and
higher rate of spontaneous closure, an equivalent literature re-
veals no statistical difference in output or closure rates (8). As
side effects are relatively mild, including gastrointestinal dis-
comfort and increased biliary sludge, we recommend trying a
somatostatin analogue in conjunction with other conservative
therapies while waiting for a fistula to close spontaneously.
However, somatostatin analogues should not be relied on as a
primary therapy to close fistulas.

Surg ical The rap y for
Ent e rocut ane ous Fist ulas

If after approximately 3 months a fistula has failed to resolve,
the likelihood of closure without operative intervention is poor.
The first step in surgical closure is defining the fistula. The
best method of defining a fistula tract is via fistulogram. In the
standard method, Gastrografin is injected into the tract and
fluoroscopy is used to follow the progress of the contrast. A
fistulogram is useful to define the length of the tract, tortu-
osity, tract diameter, and which segment of the gastrointesti-
nal tract is involved. An alternative method described in the
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litrature supports the use of hydrogen peroxide–enhanced ul-
trasound. The fistula is injected with hydrogen peroxide and
ultrasound is used to define the tract. This method has no as-
sociated radiation, and ultrasound allows inspection of other
intra-abdominal organs. A computed tomography (CT) scan
may also be helpful in defining intra-abdominal abscesses, ma-
lignancy, and hernias (9).

In addition to defining the nature of the fistula, it is im-
perative that the patient’s nutrition be maximized at the time
of repair. Attention should be paid to control of fistula out-
put, as healthy skin at the time of operation will improve the
success of abdominal wall reconstruction (8). Essentially, by
delaying operative repair until all criteria are met (nutrition,
fistula definition, wound care), the morbidity and mortality
may be decreased from 50% mortality and 50% recurrence in
early surgeries to 94% successful closure and a 4% mortality
rate with careful planning and delayed surgery (2,10).

Laparotomy with formal surgical repair is typically not the
first surgery performed for these patients. A particular chal-
lenge for surgeons attempting to address enterocutaneous fis-
tulas operatively is the condition of intra-abdominal adhesions.
Extensive, dense adhesions may make access to the fistula very
difficult, and there is a real risk of multiple enterotomies in
approaching the segment involved in fistulization. A common
initial attempt is to oversew the fistula primarily. Indeed, this
technique may even be attempted at formal laparotomy. Al-
though it may be appealing due to simplicity and avoidance of
an anastomosis, it has a dismal failure rate and often results in
a larger fistula. Simply oversewing fistulas should be avoided
whenever possible. The preferred method for definitive surgi-
cal therapy remains complete lysis of intra-abdominal adhe-
sions and resection of the involved segment. With this method,
the diseased portion of bowel is removed and the anastomosis
is performed between two healthy segments of intestine. The
complete lysis of adhesions allows careful inspection of small
bowel to rule out downstream obstruction or other pathology.
Although potentially time consuming and technically demand-
ing, this approach provides the highest likelihood of recovery
without recurrent fistulization.

Enterocutaneous fistulas are unfortunately common in the
open, granulating abdomen. These fistulas are an especially
challenging management problem as it is difficult to control
output on the granulating abdominal bed. A superior option
for the patient with a fistula in the face of the granulating, open
abdomen is the split-thickness skin graft. Although the skin
graft rarely results in fistula closure, the adherence of the graft
to the remainder of the granulation bed is excellent. The skin
graft will decrease the metabolic demands of a granulating ab-
domen in an already stressed body and provide a good base
for appliances placed for control of fistula output. For patients
who may not tolerate an extensive repeat laparotomy, local
mobilization of the fistula tract may allow for definitive clo-
sure. The fistula and the bowel are mobilized circumferentially
proximally and distally by local dissection. The fistula portion
is resected and closed, and the entire abdomen is covered with
a split-thickness skin graft. Advocates claim a 56% success
rate for this technique, and it may indeed be a better choice
for some patients (2). In general, the split-thickness skin graft,
with or without fistula closure, is more successful in low-output
fistulas. High-output fistulas will stress a fistula repair lead-
ing to recurrent fistulization. Additionally, high fistula outputs
will interfere with adherence of the grafted skin and ultimately

digest the skin graft. Therefore, as with most procedures, care-
ful patient selection will improve the success rate.

The Pancre at ic Fist ula

The pancreatic fistula is of an entirely different nature. In sur-
gical patients, these fistulas most often result from trauma or
iatrogenic injury, though a small percentage will be the result
of pancreatitis. The cardinal principles of management are di-
agnosis of the fistula and wide drainage. A pancreatic fistula
may drain from 100 to 1,000 mL of fluid per day. The result-
ing pancreatic ascites may cause abdominal pain, fevers, and
a plethora of vague symptoms including abdominal bloating,
hiccups, intolerance to oral intake, and abscess. Pancreatic fluid
contains a large amount of bicarbonate compared to plasma
(70–90 mEq/L), and inadequate replacement of bicarbonate
may lead to nonanion gap metabolic acidosis. All patients re-
spond differently to a pancreatic leak, and whereas some may
present in profound shock, other patients may tolerate large-
output pancreatic fistulas with few signs or symptoms. The
source of this variability in clinical presentation is poorly un-
derstood but is likely due to the degree of enzymatic activation
of the leaking fluid. The most common method of diagnosis is
by CT scan. If the patient is of reasonable body habitus and
transport is hazardous, an ultrasound may provide equivalent
information.

For most patients, the initial treatment for a pancreatic fis-
tula is simply drainage. In the modern era, interventional ra-
diology is invaluable in placing these drains. However, if at
initial operation there is concern for postoperative leak, wide
drainage with a closed-system drain should be established be-
fore closing the patient’s abdomen. Wide drainage of pancreatic
secretions should allow time for the patient to stabilize and
prevent damage to other abdominal organs. Frequently, pa-
tience to allow long-term drainage to resolve will permit spon-
taneous closure of the pancreatic fistula. In addition to drains,
adjuncts such as total parenteral nutrition and octreotide may
be helpful in decreasing secretory stimulation to the pancreas.
A multiseries review demonstrated that the octreotide group
(administered 100 µ g subcutaneously every 8 hours begun im-
mediately after procedures deemed at high risk for pancreatic
fistulas) had reduced fistula outputs, lower serum amylase and
lipase levels, and an earlier return of positive nitrogen balance
than in control groups (8). As in many areas of research, there
is an opposing literature demonstrating no statistically signifi-
cant improvement in patient outcomes with octreotide therapy.
However, it is reasonable to pursue this therapy for a time-
limited course (approximately 1 week) to improve chances of
nonoperative resolution.

Conservative management with drains is generally pursued
for up to 6 months and has a success rate of upto 97% in
some studies (11). Depending on the cause of the fistula, in-
tervention may be indicated on an earlier basis. If drainage
fails to resolve the fistula, an imaging study should be pur-
sued to define the duct and to determine if an obstructive
process is mandating fistula patency. Although both mag-
netic resonance cholangiopancreatography (MRCP) and en-
doscopic retrograde cholangiopancreatography (ERCP) may
provide equivalent information, ERCP is preferred. ERCP al-
lows the opportunity to identify pathology of the pancreatic
duct and also allows the opportunity to intervene. Stenting of
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a proximal obstruction may be adequate to allow prograde
drainage of pancreatic secretions and closure of the fistula,
thereby avoiding surgical therapy (12). When all less invasive
therapies fail, however, exploratory laparotomy remains the
gold standard for definitive therapy. Options at laparotomy de-
pend on the level of the injury. Primary duct repair is unlikely in
most circumstances. Rather, a fistula resulting from the distal
duct (perhaps secondary to a splenectomy) is well treated by
distal pancreatectomy. If the leaking duct is sufficiently large, as
is seen in relation to a ductal obstruction, a pancreaticojejunos-
tomy may be performed to allow for a low-resistance drainage
pathway. Pancreatic fistulas involving the proximal duct are
most often iatrogenic or related to trauma and are trouble-
some to deal with, in light of other major structures in the
region. For these patients, a pancreaticoduodenectomy (Whip-
ple procedure) will resect the leaking portion of pancreas and
allow reconstruction. The Whipple procedure should be enter-
tained only in patients with good physiologic reserve. As noted,
an attempt at conservative therapy and complete preoperative
imaging and optimization are mandatory as these procedures
are a major commitment for surgeon and patient. Despite the
wealth of surgical options, most pancreatic fistulas will resolve
with appropriate drainage, and thus, surgical correction is an
end-stage option for correction of the fistula (11).

ABDOMINAL COMPARTMENT
SYNDROME

Abdominal compartment syndrome has historically been a
source of significant patient morbidity and mortality. First de-
scribed in 1984, abdominal compartment syndrome was the
result of an intra-abdominal catastrophe (ruptured abdominal
aortic aneurysm) resulting in elevated pressure and multiple
highly morbid sequelae (13). More recently, secondary abdom-
inal compartment syndrome has resulted from massive resus-
citations required by major trauma, burns, and pancreatitis.
Regardless of the source of the compartment syndrome, those
requiring decompressive laparotomy have a mortality rate of
19% to 33% (14). Occurrence of abdominal compartment syn-
drome has been lessened somewhat within the last decade due
to increased recognition of the phenomenon and prophylactic
use of the open abdomen technique. In operative cases requir-
ing large-volume resuscitations, the abdomen is frequently left
open postoperatively until edema decreases enough to allow
tension-free primary closure. In this way, compartment syn-
drome and its sequelae are avoided. In the following section,
diagnosis and management of abdominal compartment syn-
drome will be addressed, including methods to care for the
open abdomen.

Since its first description in the 1980s, abdominal compart-
ment syndrome has become an increasingly recognized clinical
entity. Although classically described as a primary entity, in cur-
rent surgical therapy it is usually seen following a massive fluid
resuscitation from trauma, burns, intraoperative resuscitation,
pancreatitis, or sepsis. Capillary leak occurs secondary to sepsis
or reperfusion injury in the splanchnic circulation and results
in massive interstitial edema. As the abdomen is a limited po-
tential space, increasing interstitial edema and free fluid in the
abdomen result in increased intra-abdominal pressure, which
is transmitted to organs in both the thorax and abdomen. The

physiologic effects range from cardiovascular to pulmonary to
renal. Compression of the inferior vena cava by abdominal con-
tents and fluid results in decreased preload and a subsequent
decrease in cardiac output. This ultimately leads to increased
systemic vascular resistance and decreased stroke volume. Clin-
ically, patients will become increasingly tachycardic and hy-
potensive. Increased abdominal volume also places pressure
on the diaphragm, limiting intrathoracic space. This results in
increasing peak ventilatory pressures (greater than 30–35 mm
Hg) and decreased ventilation with hypercapnia and hypox-
emia. Compression of the ureters and bladder, as well as renal
vein compression, leads to diminished urine output and renal
injury, as well as elevated bladder pressures (greater than 25–30
mm Hg) (15,16).

Clinically, the key to diagnosis is a high index of suspicion.
Multiple clinical factors, as noted above, will establish the di-
agnosis. The first clue to abdominal compartment syndrome is
a distended and tense abdomen. These patients will frequently
demonstrate hemodynamic instability with difficulty ventilat-
ing and poor urine output. Examination of the patient’s ven-
tilatory status will reveal elevated peak inspiratory pressures,
often well above 30 mm Hg. If the patient is ventilated with
a pressure-control ventilatory method, he or she will alterna-
tively demonstrate low tidal volumes. As clinical suspicion in-
creases, a bladder pressure may be transduced for definitive
diagnosis. An arterial pressure line is attached to the patient’s
Foley catheter, and approximately 60 mL of sterile saline is in-
troduced. Abdominal pressures greater than 15 mm Hg are in-
dicative of abdominal compartment syndrome. When the trans-
duced pressure reaches 25 to 30 mm Hg, a decompressive la-
parotomy is indicated as therapy for abdominal compartment
syndrome (16,17). Of importance, decompressive laparotomy
may be indicated at lower intra-abdominal pressures depend-
ing on the patient’s clinical condition (18). After decompress-
ing the abdominal contents, the abdomen is left open with a
temporary abdominal closure until swelling diminishes enough
to allow closure. Although decompressive laparotomy for ab-
dominal compartment syndrome is life-saving, it continues to
be associated with a 42% to 68% mortality rate (15) although
a lower mortality rate has been reported and is dependent on
the severity score (19).

The Op e n Ab d ome n

Over the last two decades, management strategies for abdom-
inal domain have changed drastically. Even as few as 15 to
20 years ago, the surgical bias was that the abdomen must
be closed at all costs. Two increasingly recognized trends in
surgery have led to a change in perspective, where the open
abdomen is no longer a catastrophe but rather a tool in the
surgeon’s armamentarium. First, the increasing recognition of
primary and secondary abdominal compartment syndrome has
led many surgeons to choose the open abdomen as a man-
agement strategy for the short term. Second, “damage control
laparotomies” have become increasingly common in treating
major abdominal trauma. Although the idea of abbreviated
laparotomy was first described by Stone et al. in 1983 (20),
the formal nomenclature and increasing popularity are cred-
ited to Rotondo et al. in 1993 (21). Damage control laparo-
tomy is aimed at limiting intraoperative times for deteriorating
patients, allowing transfer to the intensive care unit for vigor-
ous resuscitation. Intraoperatively, major vascular hemorrhage
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is controlled, either by ligation or packing, and gross bowel
contamination is controlled through ligation, often leaving the
gastrointestinal tract in discontinuity. The patient’s abdomen
is then closed in a rapid and temporary manner, with a plan to
return when the patient is more stable to effect definitive repair.
Damage control laparotomy remains an aggressive strategy for
treatment of patients who develop the deadly triad of coagu-
lopathy, hypothermia, and metabolic acidosis (Fig. 77.2). By
definition, it requires use of the open abdomen technique, at
least until definitive surgical repair is possible.

The open abdomen, while an appropriate management tech-
nique, may ultimately become a Gordian knot. The questions of
how to manage an open abdomen, and how and when to close
it, may be difficult. Continuing management of the open ab-
domen involves three primary decision-making stages—initial
operative management, decision to close primarily versus a
planned ventral hernia, and definitive closure of the planned
ventral hernia. At the time of the initial damage control la-
parotomy, the surgeon must choose to temporarily close the ab-
domen. The original temporary abdominal dressing is known
as the Bogota bag. Initially described from its use in Colom-
bia during the 1980s, it consists of covering the abdominal
contents with a sterile saline bag to protect the bowel until re-
exploration. A derivation of the Bogota bag is a widely used
method of temporary abdominal closure in current practice. A
plastic drape, such as a sterile cassette cover, is placed over the
bowels to prevent them from injury and to allow drainage of
fluid. A sponge or blue towel, with two large Jackson-Pratt
drains (Cardinal Health, McGaw Park, IL), is then placed
over the plastic drape. The entire system is folded under the

FIGURE 77.2. The “bloody vicious cycle” of coagulopathy, hypother-
mia, and metabolic acidosis.

FIGURE 77.3. A temporary abdominal closure, using a sterile cassette
cover and drains, as used in our practice.

fascia to contain the abdominal contents. An adhesive drape
is placed over the abdomen to maintain sterility, contain con-
tents, and prevent free drainage of fluid (Fig. 77.3). The drains
are placed to suction to allow egress of blood and edema fluid.
This dressing is then left intact until return to the operating
room (22). This method is preferred to a traditional Bogotà
bag, as it allows control of abdominal edema with no signifi-
cant additional investment in time or supplies in the operating
room. Regardless of method, the primary goal at this stage is
rapid closure with protection of intra-abdominal contents. The
exact technique is the surgeon’s choice (19,23).

After an appropriate resuscitation period, typically 24 to
48 hours, the patient is returned to the operating room. If
definitive therapy is complete, the decision to close primar-
ily depends on the quantity of intra-abdominal edema and the
quality of the fascia. Whenever possible, primary closure of
fascia is ideal. The goal of every closure is to minimize ten-
sion on the fascia. High-tension closures not only result in el-
evated intra-abdominal pressures, but also lead to ischemia of
the involved fascia with subsequent breakdown and the risk of
dehiscence. If it is not possible to close the fascia, or if fur-
ther trips to the operating room are indicated, the surgeon
should choose a temporary closure that prevents lateral retrac-
tion of the fascia and facilitates later primary closure. Vicryl
mesh sewn directly to the fascia is a form of temporary ab-
dominal closure that may be pleated later in the intensive care
unit. Mesh pleating and wound care may continue until intra-
abdominal swelling diminishes and the fascia is near enough to
close (15). Alternatively, vacuum-assisted fascial closure may
be pursued. The most commonly used system is made by KCI
(KCI Wound VAC System, Kinetic Concepts, Inc., San Antonio,
TX) and involves a pie-crusted plastic drape with incorporated
sponge, a separate wound sponge, and adhesive dressing with
suction tubing. In this method, the bowels are protected with
the plastic drape containing the incorporated sponge. A spe-
cially designed drainage sponge with constant suction is then
placed, and the abdomen is covered with an adhesive dressing.
The sponge suction provides constant medial tension, with-
out disrupting the fascia, to prevent lateral retraction (22,23).
Regardless of which method is chosen, most studies have in-
dicated a high rate of primary closure if the patient has a net



1174 Sect ion VIII: The Surg ical Patient

negative fluid balance at the time of operation. Therefore, man-
agement of the patient’s volume status may be as important as
the method of temporary closure in allowing later reapprox-
imation of the fascia. However, net negative volume balance
is extremely difficult to achieve in critically ill trauma patients
requiring large-volume resuscitations. Therefore, a large per-
centage of these patients will go on to planned giant ventral
hernias. In a study by Jernigan et al. (24) in 2003, 42% of
patients with temporary closures for hemorrhagic shock ulti-
mately were managed with planned, giant ventral hernias.

Closure of t he Giant Ve nt ral He rnia

For those who are not closed primarily, the ultimate manage-
ment may be with the creation of a giant ventral hernia. These
patients are managed for the first 1 to 2 weeks postinjury with
Vicryl mesh and dressing changes or vacuum-assisted abdom-
inal closures. Once the abdominal contents display a healthy
bed of granulation tissue, the abdomen is given a split-thickness
or full-thickness skin graft. The patient is then observed for 6
to 12 months as she or he undergoes rehabilitation and nutri-
tional repletion.

As the ventral hernias are somewhat debilitating and cos-
metically displeasing, most patients will be eager for definitive
closure of the hernia (Fig. 77.4). The surgeon must consider the
patient’s nutritional status, as well as the laxity of the skin graft,
prior to offering closure. Over time, the skin graft and intra-
abdominal adhesions will soften, allowing easier graft removal
and adhesiolysis. Rushing to repair a giant ventral hernia will
result in operating in a hostile abdomen, with the risk of en-
terotomies and injury to the patient. As noted above, the ideal
window for most patients appears to be at 6 to 12 months
(Table 77.1) (25). The repair of the giant ventral hernia is also
a good time for repair of any fistulas and reversal of stomas.

Most giant ventral hernias will not be amenable to primary
closure. Therefore, the surgeon must decide the best method of
restoring abdominal domain. The use of mesh is one option but
may not be possible if enterotomies are made during the lysis
stage or if stoma reversal is necessary. An increasingly popu-
lar option for these patients is a full or modified components

FIGURE 77.4. A planned ventral hernia, quite large, ready for defini-
tive repair.

TA BLE 7 7 . 1

MANAGEMENT OPTIONS FOR THE OPEN ABDOMEN

Initial Surgery Cassette cover for damage control
laparotomy

24–48 degrees Primary closure→ if hemorrhage
controlled, resuscitated, no elevation
of abdominal pressures

Unable to close
primarily

Vicryl mesh: for 2–3 weeks until
adequate granulation bed

Wound vac: until adequate granulation
bed

2–3 weeks,
granulation

Split-thickness skin graft
Planned ventral hernia

6–12 months Closures of planned ventral hernia:
with mesh

Separation of components

separation. After sharply removing the skin graft, adhesed
small bowel is freed from the overlying fascia for a distance
of 4 to 6 cm. Skin flaps are raised laterally on both sides to
the level of the midaxillary line to allow placement of relaxing
incisions and full mobility of the fascia. When the skin flaps are
fully raised, a relaxing incision is made in the external oblique
fascia just lateral to the semilunar line. The incision is taken
from above the ribs, often requiring division of some muscle, to
the level of the pubis. Some additional medial mobility may be
gained by dividing the filmy tissue between the external oblique
muscle and the overlying fascia. This limited release may be ad-
equate to allow reapproximation of the fascia at the midline.
Aggressive closure under tension may lead to respiratory com-
promise and all the complications associated with abdominal
compartment syndrome.

If the fascia will still not come together in a tensionfree man-
ner, a full separation of components is indicated. An incision
is made in the anterolateral rectus sheath and the posterome-
dial rectus sheath bilaterally. The medial posterior sheath is
then sewn to the lateral edge of the anterior sheath to provide
added length of abdominal wall (Fig. 77.5). When the fascia is
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FIGURE 77.5. Depiction of a separation of components repair of a
giant ventral hernia.
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FIGURE 77.6. Definitive closure of a giant ventral hernia.

closely approximated, it is closed with interrupted PDS (poly-
dioxanone sutures). Four Jackson-Pratt drains are then placed,
one superior and one inferior bilaterally, and the skin is closed.
Postoperatively, nasogastric suction is maintained until output
decreases and drains are left in until output drops to less than
20 mL per day.

Occasionally, despite full separation, the fascia is still not
close enough for a tensionfree repair. In these patients, a mesh
or AlloDerm interposition may be necessary to achieve closure.
This is most commonly seen in the upper portion of the closure
where the rib cage may provide some increased lateral tension.
Overall, patients tolerate closure well and long-term success is
excellent with only a 5% recurrent hernia rate in experienced
hands (Fig. 77.6) (24,25).

SHORT BOWEL SYNDROME

Short bowel is defined as a gastrointestinal length of 2 m, or
less, and the cause may vary greatly between children and
adults. Short bowel is an outcome of intra-abdominal catas-
trophe resulting in extensive surgical resection. Children most
commonly end with short gut syndrome following a congenital
or neonatal process such as necrotizing enterocolitis, intesti-
nal atresia, volvulus, or gastroschisis. Adults acquire short gut
syndrome following extensive surgical resection necessitated
by malignancy, trauma, obstruction, or vascular insufficiency.
Regardless of the cause, a patient’s ultimate outcome is largely
determined by the length of remaining small bowel and the
presence or absence of the colon. Presence of the colon can ex-
tend the functional capacity of the remaining bowel. To have
the potential for enteral autonomy, a patient requires at least
150 cm of small bowel, or 60 to 90 cm if the colon is present
(26). Presence of the ileocecal valve is also important in main-
taining hydration and modulating gastrointestinal transit time.

Short gut syndrome is most obviously defined by diffi-
culty meeting nutritional requirements and dependence on par-
enteral nutrition. Patients will complain of weight loss, diar-
rhea, and steatorrhea. On a physiologic level, patients develop
gastric emptying abnormalities and rapid transit times due to

short intestinal length. Dehydration is a constant threat if the
colon is absent due to an inability to reabsorb the approxi-
mately 4 L of gastrointestinal secretions per day. Loss of ab-
sorption results in deficiencies in B12, fat-soluble vitamins, and
bile salts. Short gut patients are also prone to cholelithiasis
and nephrolithiasis due to altered absorption of bile salts and
oxalate, peptic ulcers due to increased gastric secretions, line
sepsis from deep catheters for delivery of parenteral nutrition,
and liver dysfunction from that same parenteral nutrition (27).

A surgeon’s role in managing short gut starts in the operating
room with the very first incision. At the initial operation, the
surgeon should make every effort to preserve bowel length, as
well as the ileocecal valve. In some cases, it may be safest to
limit resection and return at a later date to inspect marginally
viable bowel. Initial postoperative therapy is often supportive,
as this patient population is critically ill after emerging from
the operating room. Early central venous access with immediate
institution of parenteral nutrition aids in healing and prevents
malnutrition. The long-term management of short gut patients
then requires a multidisciplinary team involving physicians and
nurses, nutritionists, patients, and their families.

Patients with short gut generally fall into two groups—
those with insufficient length (usually less than 45–60 cm) who
require lifelong parenteral nutrition and those with adequate
length to potentially adapt and become partially or totally en-
terally independent. Adaptation is a process whereby the ab-
sorptive surface of the gut alters to increase digestive capacity
and improve nutritional potential. In most cases, the ability is
dependent on time and the nature of the remaining bowel. The
ileum is capable of adapting to many jejunal functions, but the
reverse is less successful (27). Some studies advocate the use of
recombinant growth hormone to improve adaptation. In pa-
tients who are nutritionally maximized, growth hormone pro-
motes mucosal hyperplasia and increases villous surface area.
The process is further enhanced by high-carbohydrate, low-
fat diets. Although minimal evidence exists in humans, animal
studies have shown enhanced adaptation and nutritional reple-
tion with selective use of growth hormone. Glutamine has also
been proven beneficial and works synergistically with growth
hormone. Glutamine, and trophic feeds, stimulate enterocytes
and enhance cell proliferation. Even in patients who are com-
pletely parenterally dependent, low-rate trophic feeds main-
tain mucosal health (28). Additionally, preservation of colonic
length improves fluid reabsorption. This improves patient hy-
dration, leading to a more normal bowel regimen and improv-
ing the success of adaptation and weaning from parenteral nu-
trition. With these facts in mind, surgeons have a number of
adjuncts to improve intestinal performance once bowel length
is defined.

Occasionally, surgical therapy is required to deal with the
sequelae of short gut or to promote adaptation. In patients
with enteral continuity who are increasing oral intake, rapid
transit due to inadequate length for absorption may result in
persistent and disabling diarrhea and worsening of malnutri-
tion. In these cases, conservative therapies such as medication
and diet modification are the first line of therapy. If these are
inadequate, segmental interposition may be attempted. Ideally,
approximately 10 cm of small bowel is reversed and interposed
in the gastrointestinal tract. When intraluminal contents reach
the reversed segment, the antiperistaltic flow slows transit time.
In cases where small bowel length is inadequate, a colonic limb
may be interposed. This option is much less favored and rarely
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performed. Creation of an artificial valve is also a possibility
for those lacking a native ileocecal valve. The key to creation
of a successful valve is an appropriate length, as one that is too
short will have minimal impact on transit time and one that is
too long may cause obstruction. An ideal length is felt to be
2 cm although evidence regarding effectiveness is limited, as
this is not a commonly performed procedure (29). Of note, sur-
gical therapy for short bowel syndrome is pursued infrequently
and is generally referred to tertiary centers with extensive ex-
perience managing these challenging patients.

In some cases, patients may have adequate remaining length
for enteral independence but suffer from poor function sec-
ondary to obstruction, pseudo-obstruction, or dilation. Initial
focus should be on relief of the obstruction. Obviously, adhe-
sive bands obstructing the bowel lumen should be dealt with
by simple lysis. In some cases, however, the small bowel may
demonstrate one or multiple strictures. As bowel length in short
gut patients is obviously at a premium, resection with anas-
tomosis is not a good option. To preserve length and relieve
obstruction, a stricturoplasty remains a reasonable alternative.
In standard Heineke-Mikulicz stricturoplasty, a longitudinal
incision is made along the length of the stricture. The entero-
tomy is then closed in one or two layers in a transverse di-
rection. More involved stricturoplasties may be indicated de-
pending on the specific details of the situation. However, a
standard stricturoplasty should be adequate for most circum-
stances. Alternatively, a dilated, poorly functioning segment
of bowel may exist in short gut patients due to distal obstruc-
tions, like strictures. When the distal obstruction has been dealt
with, the dilated segment(s) may be treated by tapering entero-
plasty. In this situation, interrupted Lembert stitches are placed
on intact bowel to imbricate the wall and to decrease the cal-
iber of the lumen. All of these procedures have specific indica-
tions and are pursued to maximize function of minimal bowel
length.

When bowel length is too short, additional centimeters may
be gained via a lengthening procedure. This may mean the dif-
ference between total parental nutrition dependence and partial
enteral autonomy. In lengthening procedures, the antimesen-
teric border is incised, as well as the mesenteric border. Care
must be taken to preserve the blood supply to both sides. Each
side is then closed to form parallel tubes. These tubes are anas-
tomosed end to end to create a segment that is twice as long
but with a narrower lumen (2). A final option in pursuit of
enteral independence is small bowel transplantation. Depend-
ing on the patient’s hepatic function, a complete small bowel
and liver transplant may be required. Small bowel transplanta-
tion remains an area of growth and continued challenge in the
transplant community. Indications for small bowel transplan-
tation include permanent intestinal failure as demonstrated by
occlusion of two or more major veins, frequent episodes of line
sepsis, unacceptable quality of life, or liver failure. With current
induction and maintenance therapies, the 1-year survival for
small bowel transplantation is approximately 65% and is only
slightly lower at 59% when liver transplantation is included
(30). With early evaluation and referral, specialized centers are
achieving much better 2-year survival after small bowel trans-
plantation with less morbidity related to immunosuppressive
dosing. Transplant centers have been able to maintain good
graft function while weaning patients off steroids and mini-
mizing dosing of the most toxic immunosuppressive agents.
Transplant remains an imperfect choice for short gut patients

but has increasing promise for patients who have exhausted
alternatives.

RADIATION ENTERITIS
Radiation damage to the gastrointestinal organs can be a par-
ticularly vexing problem for the surgeon and the patient. Ion-
izing radiation is delivered neoadjuvantly or adjuvantly for
neoplastic processes occurring in organs of the pelvis. Radi-
ation damages mitotically active cells of the mucosal surface
epithelium, especially crypt cells. The incidence of injury is de-
pendent on such factors as volume of irradiated small bowel,
total dose delivered as well as dose per fraction, and type of
radiation being delivered (31). In addition, radiation causes
production of oxygen free radicals which further damages tis-
sues at the cellular level. These cellular disruptions manifest as
obliterative arteritis with subsequent bowel ischemia. Affected
bowels may develop strictures, perforate, or develop fistulas
(Fig. 77.7). Additionally, inflammation resulting from injury
causes formation of dense local adhesions. Of patients under-
going abdominal and pelvic radiation, 50% to 75% will have
some symptoms related to the therapy in the months to years
following treatment. The most common symptoms are vague
abdominal pain, diarrhea, rectal bleeding, and tenesmus. In
1% to 15% , bothersome symptoms will progress into actual
radiation enteritis. Although symptoms most commonly oc-
cur during therapy, and may be abrogated by decreasing the
radiation dose by 10% , patients may develop chronic radia-
tion enteritis years after treatment. In the case of late radiation
enteritis, workup should include dismissing recurrence of the
initial neoplasm (2,32).

Initial management of radiation enteritis should embrace
conservative measures. Sitz baths and stool softeners are effec-
tive initial treatments for rectal and anal symptoms. Opiates,
antispasmodics, and anticholinergics will decrease transit time
if diarrhea is the primary problem. Steroid enemas and sucral-
fate (by mouth or by rectum) can diminish irritation of the mu-
cosa, which results in rectal pain and bleeding. If the patient is
malnourished from chronic enteritis, total parenteral nutrition
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FIGURE77.7. The effects of ionizing radiation on gastrointestinal cells
and overall small bowel.
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(TPN) may be necessary, especially if operative intervention is
entertained.

Surg ical The rap y for Rad iat ion Ent e rit is

Surgical therapy for radiation enteritis encompasses two
phases—prevention and therapy. If radiation is planned as an
adjuvant therapy following surgery, some techniques may be
used to diminish radiation injury. Simple nonsurgical methods
to diminish radiation injury include patient positioning, mul-
tiple field techniques, and bladder distention (31). Following
pelvic surgery, reperitonealizing the operative field will dimin-
ish local adhesions, which may serve to draw small bowel into
the radiation field. Intra-operative efforts are designed to de-
crease the volume of small bowel included in the radiation field
postoperatively. Use of mesh to construct a sling for exclusion
of small bowel from the pelvis has had some success. How-
ever, this increases the risk of mesh-related hernias with the
attendant risk of obstruction or strangulation, the rate of deep
venous thrombosis, and the incidence of pelvic fluid collections.
Using omentum to exclude the pelvis is rarely an option. This
alternative is not available for most patients but has a lower
incidence of the aforementioned mesh-related complications.
Small bowel displacement systems, though not commonly used,
have had some success in physically excluding up to 50% of
small bowel volume from the radiation field (31).

The second role of surgery is in the treatment of complica-
tions of radiation enteritis. The most common indication for
surgery remains obstruction, but other indications include ex-
cessive bleeding, intractable diarrhea, pain, fistulas, and per-
sistent abscess. Any surgical intervention should use the least
invasive procedure required to address the issue. Excessive han-
dling of radiated tissues commonly results in unplanned entero-
tomies and may interrupt an already tenuous blood supply. Any
suspicious-appearing areas should be biopsied to evaluate for
recurrent neoplasm. The diseased segment, if involved in ob-
struction or fistula, should be excised, and the anastomosis
should attempt to include nonradiated bowel. Minimal lysis
of adhesions should be pursued to prevent disruption of ten-
uous blood supplies. If dense adhesions prevent access to the
involved segment, a gastrointestinal bypass may be necessary.
This option will predispose a patient to blind loop syndrome
and bleeding but may be a better option than attempting to
mobilize frozen bowel (32).

Approximately 2% to 5% of patients with a history of pelvic
radiation therapy will develop chronic proctopathy, which may
include rectal pain and bleeding (33). First-line therapies of su-
cralfate and steroid enemas are of limited benefit. Endoscopic
coagulation of bleeding with electrocautery or laser has been
successful for limited bleeding sites. Laser photocoagulation
has a low morbidity rate of 5% to 15% but requires multiple
treatment sessions. The most effective nonoperative therapy
remains the topical application of 4% formalin, with 85% of
patients responding after two instillations or less (33). When
these measures fail, invasive therapy is pursued. If there is a
component of stricture, initial therapy should include serial
dilation. However, if this is unsuccessful or the indication is
intractable pain, severe incontinence, or profound bleeding, a
diverting colostomy may be necessary. In worst case situations,
abdominoperineal resection may be pursued. In the event of fis-
tulas, the fistula tract and involved tissue at either end must be

resected and the sites closed. An interposition flap of omen-
tum or muscle should then be placed to protect the repair sites.
Again, prevention is truly the best option for the problem of
radiation enteritis. New radiation regimens with lower doses
and more specific direction potentially provide the most benefit
for this patient population.

SUMMARY
Even the most routine abdominal surgery has the potential
for a difficult postoperative course. When postoperative pa-
tients do not progress as anticipated, or when complications
develop, a high index of suspicion is important for rapid diag-
nosis and treatment. The cornerstone of every difficult postop-
erative problem is meticulous and careful technique at the time
of the original surgery. Once the problem is manifest, attention
to the patient’s condition and conservative management are
widely favored initial approaches. Ultimate therapeutic choices
may have a profound effect on the patient’s eventual recovery
and quality of life. Whether the final cure is by careful ma-
nipulation of patient physiology or by surgical intervention,
the critical care surgeon must be well versed in a multitude of
complex postoperative issues to provide exceptional and ap-
propriate therapy.

PEARLS

■ Routes to provide enteral feedings should be considered at
the time of surgery for patients in whom oral intake is not
anticipated for some time. Either surgical jejunostomy or
manual placement of small nasoenteric feeding tubes past
the pylorus will help the patients with early nutrition and
possible avoidance of parenteral nutrition.

■ All tubes and drains must be secured to minimize inadvertent
dislodgement. Loss of carefully placed tubes and drains can
lead to significant morbidity.

■ Avoid re-entering the abdomen in the first 2 to 3 weeks after
previous surgery (if possible). This is the peak time for dense
adhesions and iatrogenic injury may occur.

■ Carefully assess the patient’s general condition before en-
tering a hostile abdomen. Cardiovascular and pulmonary
status, nutritional support, blood sugar control, and coagu-
lation profile should be optimized if possible.
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CHAPTER 78 ■ CRITICAL CARE OF
HEPATOPANCREATOBILIARY
SURGERY PATIENTS
ROBIN D. KIM r KRISTIN L. MEKEEL r ALAN W. HEMMING

Patients are admitted to the intensive care unit (ICU) for a vari-
ety of reasons following hepatopancreatobiliary (HPB) surgery,
including maintenance or restoration of normal physiology im-
mediately after extensive surgery and the subsequent manage-
ment of complications that develop. Many of the issues that
require ICU management are common to all ICU patients and
will not be discussed in this chapter; however, there are recur-
ring issues that are relatively specific to HPB surgery patients
that will be discussed. The role of normal liver physiology and
its alteration during HPB surgery and disease states will be dis-
cussed, as well as the management of common problems that
arise after HPB surgery.

HPB surgery is composed of surgery of the liver, bile duct,
and pancreas, and may include portal decompressive proce-
dures for complications of portal hypertension. Surgical pro-
cedures on the pancreas and bile duct alone generally do not

require care in a critical care setting immediately after leaving
the operating room unless complications occur. Liver resec-
tions, particularly when extensive, can require admission to
a critical care unit immediately following surgery due to the
alterations in normal physiology that occur during the proce-
dure itself. An understanding of normal liver physiology and
the alterations it undergoes during surgery is important when
managing these patients.

LIVER ANATOMY AND
PHYSIOLOGY

The liver is approximately 4% to 5% of total body weight
and has multiple complex functions. The anatomy of the liver
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FIGURE 78.1. Diagrammatic representation of liver segments with
standard liver resections demonstrated. IVC, inferior vena cava; PV,
pulmonary vein.

has been described using various and different methods (1–5);
however, surgical anatomy is based on the segmental nature of
vascular and bile duct distribution. The liver receives a dual
blood supply from both the portal vein and hepatic artery that
run, along with the bile duct, within the glissonian sheath or
main portal pedicle. The portal pedicle divides into right and
left branches and then supplies the liver in a segmental fashion.
Venous drainage is via the hepatic veins, which drain directly
into the inferior vena cava. Hepatic segmentation is based on
the distribution of the portal pedicles and their relation to the
hepatic veins (Fig. 78.1). The three hepatic veins run in the por-
tal scissurae and divide the liver into four sectors, which are,
in turn, divided by the portal pedicles running in the hepatic
scissurae. The liver is divided into right and left hemilivers by
the middle hepatic vein. The right hemiliver is divided by the
right hepatic vein into anterior and posterior sectors. The ante-
rior sector is divided by the plane of the portal pedicle into an
inferior segment V and a superior segment VIII. The posterior
sector is divided by the plane of the portal pedicle into an infe-
rior segment VI and a superior segment VII. The left hemiliver
lies to the left of the middle hepatic vein and is divided into
anterior and posterior sectors by the left hepatic vein. The an-
terior sector is divided by the umbilical fissure into segment IV
medially and segment III laterally. The segment posterior to the
left hepatic vein is segment II. Segment IV can be divided by
the plane of the portal pedicle into a superior segment IVa and
an inferior segment IVb. Segment I is the caudate lobe, which
lies between the inferior vena cava and the hepatic veins. The
caudate lobe has variable portal venous, hepatic arterial and
biliary anatomy, and is essentially independent of the portal
pedicle divisions and hepatic venous drainage.

Segmental anatomy becomes important in considering sur-
gical resection when essentially any segment or combination

of segments can be resected if attention is paid to main-
taining vascular and biliary continuity to the remaining seg-
ments.

Common liver resections performed that may require ICU
admission after surgery are left or right hepatectomies, in which
approximately 50% of liver volume is removed, or more exten-
sive procedures such as right or left trisectionectomy, in which
up to 80% of the liver is removed (Fig. 78.1). If less than 40%
of the liver is resected in patients with normal underlying liver
function, then relatively little derangement of liver physiology
is noted.

The liver performs many functions, including uptake, stor-
age, and eventual distribution of nutrients from the blood or
gastrointestinal tract, as well as synthesis, metabolism, and
elimination of a variety of endogenous and exogenous sub-
strates and toxins (including narcotics and other drugs). Al-
though the liver is only 4% to 5% of total body weight, it
is responsible for 20% to 25% of body oxygen consumption
and 20% of total energy expenditure (6). The liver receives a
dual blood supply, with 75% of flow from the portal vein and
25% from the hepatic artery. Total blood flow (7) to the liver
is approximately 1.5 L/minute/1.73 m2. While decreasing por-
tal venous flow causes a subsequent increase in hepatic arterial
flow, with complete portal occlusion or diversion, hepatic arte-
rial flow does not completely compensate, and total liver blood
flow is diminished (8). The opposite is not true, however (i.e.,
decreasing flow in the hepatic artery does not increase flow in
the portal vein). There is autoregulation of hepatic arterial flow
but not of the portal venous system. Portal flow is increased
by food intake, bile salts, secretin, pentagastrin, vasoactive in-
testinal peptide (VIP), glucagon, isoproterenol, prostaglandin
E1 and E2, and papaverine. Portal flow is decreased by
serotonin, angiotensin, vasopressin, nitrates, and somato-
statin.

Bile, composed of inorganic ions and organic solutes, is
formed at the canalicular membrane of the hepatocyte, as well
as in the bile ductules, and is secreted by an active process that
is relatively independent of blood flow (9). The major organic
components of bile are the conjugated bile acids, cholesterol,
phospholipid, bile pigments, and protein. Under normal con-
ditions, 600 to 1,000 mL of bile is produced per day (10). Bile
secretory pressure is approximately 10 to 20 cm saline, with
maximal secretory pressures of 30 to 35 cm in the presence of
complete biliary obstruction.

Bilirubin, a degradation product of heme, is eliminated al-
most entirely in the bile. Bilirubin circulates bound to albumin
and is removed from plasma by the liver via a carrier-mediated
transport system. In the hepatocyte, bilirubin is bound to glu-
curonic acid before being secreted in bile. The liver maintains
the ability to clear bilirubin with partial duct obstruction. Com-
plete obstruction of one of the right or left hepatic ducts alone
will cause marked liver enzyme abnormalities, but rarely causes
jaundice.

The liver synthesizes many of the major human plasma pro-
teins including albumin, γ -globulin, and many of the coagu-
lation proteins. Liver dysfunction can have a profound effect
on coagulation through the decreased production of coagula-
tion proteins or, in the case of obstructive jaundice, there is
decreased activity of factors II, V, VII, IX, and X, secondary to
a lack of vitamin K–dependent posttranslational modification.
Reversal of coagulation abnormalities by exogenous adminis-
tration of vitamin K allows differentiation between synthetic
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dysfunction and lack of vitamin K absorption secondary to
obstructive jaundice.

After liver resection, liver function is altered through
both a reduction in functional liver mass and potential is-
chemia/reperfusion injury to the liver remnant. With extensive
liver resection in patients with normal presurgical underlying
liver function, reduction of functional liver volume below 25%
has been associated with an increased risk of both liver failure
and mortality (11). To reduce the risk of liver failure in this
setting, preoperative portal vein embolization (PVE) has been
developed. During PVE, the portal vein of the side of the liver
to be resected is embolized percutaneously. Diversion of portal
flow and its hepatotrophic factors to the future liver remnant
(FLR) causes growth and hypertrophy of the FLR of about
30% (Fig. 78.2) over a 6-week period and has been shown to
reduce the complications associated with subsequent extended
liver resections (12).

A

B

FIGURE78.2. Right portal vein embolization preoperatively allows an
increase of functional liver remnant of approximately 30% from prior
to embolization (A) to postembolization (B). MHV, middle hepatic
vein. (Reused with permission from Hemming AW, Reed AI, Howard
RJ, et al. Preoperative portal vein embolization for extended hepatec-
tomy. Ann Surg. 2003;237[5]:686–691.)

SURGICAL PROCEDURES

Live r Re se ct ion

The liver is a tremendously vascular organ. Since intra- or post-
operative complications are often related to excessive blood
loss (13), a number of techniques have been developed to
achieve preresection vascular control and decreased bleeding.
While liver resection may be performed, in many cases without
the need for interruption of blood flow to the liver, it is some-
times necessary to reduce blood flow to prevent excessive blood
loss. Selective inflow control can be established by division or
occlusion of the vascular structures supplying the segment(s)
of liver to be removed. The right or left portal pedicle contain-
ing the respective portal vein, hepatic artery, and bile duct are
controlled with a vascular clamp. This technique has the advan-
tage of preserving blood flow to the segment of the liver being
preserved, but is generally only useful in smaller resections.

Total inflow occlusion (Pringle maneuver) clamps the entire
inflow of the liver at the hepatoduodenal ligament, and has
been shown to reduce blood loss during the parenchymal tran-
section phase of the resection (14). While there is some concern
regarding warm ischemic injury, abundant data show that the
normal liver can tolerate inflow occlusion for up to 1 hour,
and there are reports suggesting that some cirrhotic livers can
safely tolerate 60 minutes of inflow occlusion as well (15). We
use total inflow occlusion when selective occlusion provides
insufficient control. Clamp times are expected to be less than
30 minutes for formal hepatectomies, but may be higher for
more complex parenchymal transections. In such cases, total
occlusion is carried out in 15-minute increments with 5-minute
reperfusion intervals. An alternative to the intermittent clamp-
ing technique is to use ischemic preconditioning, during which
the liver inflow is occluded for 10 minutes, after which it is al-
lowed to reperfuse for 15 minutes prior to clamping again for a
sustained time period up to 1 hour. Intermittent clamping is as-
sociated with more blood loss than ischemic preconditioning;
however, the protective results of ischemic preconditioning in
ischemia reperfusion injury have not been uniform across age
groups, and may not be as effective in livers that have been
exposed to preoperative chemotherapy (16).

Total vascular isolation of the liver with both inflow occlu-
sion and occlusion of the supra- and infrahepatic vena cava
can be useful for technically demanding cases where the vena
cava or proximal hepatic veins are involved with tumor (Fig.
78.3). Total isolation has been shown to be safe for up to
60 minutes in normal liver, but can be accompanied by varying
degrees of hemodynamic instability (17). In cases where this
is required, we carry out as much of the operation as possible
prior to isolation of the liver to reduce the ischemic time and
the period of hemodynamic instability.

The most troublesome bleeding sources during liver resec-
tion are usually from hepatic vein branches, which may be
minimized by maintaining the central venous pressure (CVP)
below 5 mm Hg during the period of hepatic transection. Co-
operation of the anesthetist in minimizing volume loading, and
occasionally using pharmacologic agents to reduce CVP, is es-
sential. However, if total vascular isolation is to be used, vol-
ume loading prior to caval clamping is required to avoid an
acute decrease in cardiac output at the time the clamps are
applied.
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FIGURE 78.3. Tumors that involve the inferior vena cava or hepatic
veins may require total vascular isolation of the liver. Both the infra-
hepatic and suprahepatic inferior vena cava are clamped along with the
portal vein and hepatic artery. (Reused with permission from Hemming
AW, Reed AI, Langham MR, et al. Combined resection of the liver and
inferior vena cava for hepatic malignancy. Ann Surg. 2004;239[5]:712–
721.)

Knowledge of the details of intraoperative conduct of the
operation is therefore important to the physicians who are to
manage the postoperative care of the liver resection patient
in the ICU setting. Was inflow occlusion or vascular isolation

required, and for how long? Prolonged clamp times are associ-
ated with greater liver dysfunction. Was the patient maintained
with a low CVP throughout the course of the surgery? If so,
then the patient may need volume expansion on arrival to the
ICU. How much liver remains, and is it normal? If the percent-
age of remaining liver is less than 25% in normal livers or less
than 40% in cirrhotic livers or livers with bile duct obstruction,
then the chance of liver failure and the need for its management
are higher. Was there significant blood or fluid requirements?
Patients may need a period of ventilation while fluid shifts and
equilibrates.

Pancre at ic and Bile Duct Surg e ry

The majority of patients who undergo pancreatic or bile duct
surgeries do not require admission to an ICU setting in the im-
mediate postoperative period because of issues specific to the
pancreaticobiliary surgery itself. In general, procedures on the
pancreas or biliary tree should not be associated with major
intraoperative hemodynamic changes or alterations in physi-
ology. Tumors of the head of the pancreas or bile duct may
involve the portal vein or cause extensive fibrotic reaction in
the area. Technical difficulties can arise in which damage oc-
curs to, or resection is required of, the portal vein (Fig. 78.4). If
portal vein resection or repair is required, it is more likely that
the patient will require ICU care. Portal vein resection, when
planned, requires variable durations of portal venous outflow
obstruction from the gut, which are usually short and well tol-
erated, but can increase the amount of fluid third-spaced into
the bowel wall. Portal vein injury, however, can lead to mas-
sive transfusion requirements and hypotension that can require
postoperative ICU care. The more common indications for ad-
mission to the ICU after pancreatic or biliary surgery are either
an underlying medical condition or the development of a post-
operative complication. Pancreatic or bile leaks, which can lead
to sepsis, will be discussed later in the chapter.

FIGURE 78.4. Pancreaticoduodenectomy
demonstrating resection of the portal vein.
IVC, inferior vena cava; LRV, left renal
vein; PV, portal vein; RHA, right hepatic
artery; SMA, superior mesenteric artery;
SMV, superior mesenteric vein; splenic V,
splenic vein. (Reused with permission from
Hemming AW, Reed AI, Langham MR, et
al. Combined resection of the liver and in-
ferior vena cava for hepatic malignancy.
Ann Surg. 2004;239[5]:712–721.)
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Port al De comp re ssive Proce d ure s

Surgical portal decompressive procedures, although a rarity
since the introduction of the transjugular intrahepatic portosys-
temic shunt (TIPS), remain indicated in select patients with
variceal bleeding and preserved liver function who have failed
medical management and are not transplant candidates. The
myriad technical variations of surgical portosystemic shunts
are beyond the scope of this chapter, but certain commonal-
ities exist. Whether total or partial shunts, selective or non-
selective, patients will have had the high-pressure portal sys-
tem surgically connected to the low-pressure caval circulation
to lower the pressure in the portal venous system and stop
variceal bleeding. Reduction of portal flow in patients who
have borderline liver function can precipitate liver dysfunction
or failure. Additionally, the fraction of portal flow that is di-
verted into the systemic circulation through the shunt is not
cleared by the liver until it returns to the liver via the arte-
rial circulation. This may induce encephalopathy; shunts that
divert most or all of the portal flow into the systemic circu-
lation are more likely to induce encephalopathy than those
shunts that are selective or partial. One special case scenario
is Budd-Chiari syndrome, in which the hepatic venous outflow
is obstructed, usually due to thrombosis secondary to a hyper-
coagulable state. In this disorder, blood flow perfuses the hep-
atic sinusoids from both the hepatic artery and portal vein but
cannot exit through the blocked hepatic veins. A functional
side-to-side shunt is performed (portacaval, mesocaval) that al-
lows hepatic arterial blood to flow into the sinusoids and then
exit via the portal vein, and through the shunt into the systemic
circulation. It is not uncommon for liver function to deteriorate
initially after the shunt is performed, with subsequent gradual
improvement and liver regeneration. Support of liver function
may be required immediately after the shunt while liver func-
tion stabilizes. In some cases, the shunt may precipitate acute
liver failure, making urgent liver transplantation the only op-
tion.

IMMEDIATE POSTOPERATIVE
MANAGEMENT

Postoperative fluid management is important in the care of pa-
tients after major hepatobiliary surgery. In particular, postoper-
ative fluid shifts in patients who have had major liver resection
can be difficult to manage. Intraoperatively, most liver resec-
tions are performed with low central venous pressure and low
intravascular volume. While this practice minimizes bleeding
during the hepatic parenchymal transection phase of the pro-
cedure, it may pose some difficulty postoperatively, as these
patients may have signs of hypovolemia with low urine output
and low blood pressure. Volume reexpansion should be gen-
tle, as partial liver resection leads to hypoalbuminemia, and
pulmonary edema and ascites can develop with aggressive re-
suscitation. Although the use of albumin infusions is gener-
ally frowned upon in critical care medicine, albumin and fresh
frozen plasma may be useful in the resuscitation of patients af-
ter liver resection, as the physiology is similar to patients with
cirrhosis. We use albumin-containing fluids for volume expan-
sion if the serum albumin is less than 2.9 mg/dL. Fresh frozen
plasma can be used for volume expansion; however, it is gen-

erally reserved for abnormalities in coagulation. Serial lactate
levels are helpful in the postoperative management of patients
after liver resection. Elevated lactic acid levels may be a sign of
hypovolemia, but the lack of response to volume can indicate
liver dysfunction.

After liver resection, glucose metabolism is altered due to
both a reduction in functional liver mass and the relative dys-
function of the remaining liver secondary to ischemia reper-
fusion injury if vascular control has been used during the
procedure. As glycogen stores are depleted, the liver uses gluco-
neogenesis to provide glucose. Resulting from this alteration in
hepatic physiology, hypoglycemia may occur, although lethal
hypoglycemia is rare. It has become standard practice in most
critical care units to tightly control blood glucose levels. While
the advantages of this approach, particularly the reduced risk
of sepsis, remain for patients after major liver resection, ag-
gressive blood glucose control with insulin infusions requires
closer monitoring and may necessitate reduced insulin dosing
to prevent hypoglycemia.

Patients who have undergone shunt surgery require a dif-
ferent approach than patients undergoing other types of hepa-
tobiliary surgery. These individuals need more aggressive fluid
management immediately postoperatively to maintain circulat-
ing intravascular volume and reduce the risk of shunt throm-
bosis. Maintenance fluid should be 0.45% saline solution with
5% dextrose to provide the liver with carbohydrate. After the
immediate postoperative period, patients are also at risk for
ascites formation, so excessive sodium should be minimized
and additional volume expansion—if needed—should be albu-
min or fresh frozen plasma. Diuretics can be reinstituted after
the immediate postoperative period. A general rule is to use
a combination of Lasix and spironolactone, with 100 mg of
spironolactone for every 40 mg of Lasix. Antibiotics are ad-
ministered for 48 hours postoperatively to minimize infection
from bacterial translocation.

Encephalopathy is rare in patients after liver resection, un-
less they are in liver failure or have pre-existing liver disease.
The presence of asterixis can be an early sign of encephalopa-
thy. Encephalopathy is treated with lactulose and dietary pro-
tein restriction, as in other patients with end-stage liver disease.
Infection, dehydration, and bleeding, as well as narcotic use,
must be evaluated, as they can trigger decompensation that
leads to encephalopathy.

Hyp op hosp hat e mia

While the exact mechanism of the hypophosphatemia seen af-
ter hepatic resection remains unclear, care must be taken to
aggressively replace the low serum phosphate, since increased
utilization during liver regeneration and a renal wasting mech-
anism have been proposed (18).

Regardless of the etiology, the clinical consequences of hy-
pophosphatemia are well established and include respiratory
depression, diaphragmatic insufficiency, seizures, and cardiac
irritability. In addition, hepatocellular regeneration is depen-
dent on adenosine triphosphate (ATP), and after liver resection,
regeneration may be impaired if phosphate is not repleted (19).
In a series of 35 liver resections, 21% had significant postop-
erative hypophosphatemia (less than 2.5 mg/dL) after surgery.
This group had a significant increase in complications (80% )
compared to the normophosphatemic group (28% ) (20).
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Phosphate should be replaced with potassium or sodium phos-
phate preparations, or added to parenteral nutrition solu-
tions. Recent data in living donor right hepatic lobectomies
suggest that replacement up to two times the recommended
daily allowance (60 mmol) is necessary to replete severe hy-
pophosphatemia and prevent complications associated with
hypophosphatemia (21).

Live r Funct ion: Asse ssme nt and Sup p ort

Liver function should be carefully monitored after major liver
resections and shunt surgery, as liver failure is a risk in any
major hepatobiliary surgery. The risk of liver failure increases
with the extent of hepatectomy and in patients with preopera-
tive liver disease or cirrhosis (22,23). Although standard liver
function tests are helpful after major liver resection or shunt
surgery, they may not show elevation until the patient has sig-
nificant liver failure. Transaminases are frequently elevated into
the 200 to 300 units/dL range post resection due to the direct
effect of mechanical injury to the liver during transection, as
well as to partial devascularization of areas of the liver. Mea-
surements of liver function, including the prothrombin time
and lactate, are more helpful in evaluating early postoperative
liver dysfunction.

Elevated total and indirect bilirubin are also useful indica-
tors of postoperative liver dysfunction. However, isolated ele-
vation of total bilirubin in the presence of normal liver func-
tion can have other etiologies. Perioperative blood transfusions
can lead to hemolysis and hyperbilirubinemia, with a predomi-
nance of direct hyperbilirubinemia, and can be diagnosed with
a standard hemolytic workup. Bile leaks or obstruction can also
lead to an elevated serum bilirubin. The diagnosis and treat-
ment of bile leaks is covered later in this chapter. Many popular
anesthetics, antibiotics, and other drugs can cause hepatotoxic-
ity and elevation of the serum bilirubin and need to be reduced
or stopped if liver failure occurs.

When postoperative liver dysfunction does develop, it is im-
portant to exclude sepsis and anatomic causes of liver failure. A
postoperative ultrasound can evaluate for portal vein, hepatic
arterial, or hepatic vein thrombosis or obstruction, which may
be amenable to surgical intervention. If the patient does not
have sepsis, drug toxicity, biliary obstruction or leak, or vas-
cular occlusion, liver failure is likely related to a pre-existing
liver disease and/or the extent of resection. Treatment is then
supportive, with correction of coagulopathy, encephalopathy,
and ascites as described above. Systemic antibiotics or gut de-
contamination may be beneficial, since the liver Kupffer cells
play a role in decreasing bacterial translocation from the por-
tal blood flow, and patients with liver failure or biliary leak
or obstruction may have an increased risk of bacteremia and
sepsis.

N -acetylcysteine has been shown to decrease liver in-
jury after acetaminophen overdose (24) and lessen ischemia
reperfusion injury of the liver (25). Intravenous infusions of
prostaglandin have also been linked to improvement of is-
chemia reperfusion injury and liver damage (26). Although
definitive clinical data are lacking, both N -acetylcysteine and
prostaglandin (PG) E1 have been used to ameliorate postop-
erative liver damage in both liver resection and transplant pa-
tients. N -acetylcysteine is given as a continuous infusion of 40
mL of 10% solution mixed in 250 mL of D5W and given over

16 hours. Prostaglandin is also given as a continuous intra-
venous infusion, starting at 0.15 µ g/kg/hour. It is titrated up to
1 µ g/kg/hour based on systemic hypotension.

Coag ulop at hy

Coagulopathy is common after liver resection, and several stud-
ies have demonstrated an increase in prothrombin time directly
proportional to the extent of liver resection (27,28). This coag-
ulopathy has been attributed to impaired synthesis and clear-
ance of clotting factors, inhibitors, and regulatory proteins
(29,30). Patients with underlying liver disease and cirrhosis
also often have thrombocytopenia and qualitative platelet de-
fects. In addition, intraoperative hypothermia and periopera-
tive transfusions, while not routine, are not uncommon during
major hepatobiliary surgery, and can contribute to postopera-
tive coagulopathy.

Serial hemoglobin and prothrombin levels should be mea-
sured. Because of the vascular nature of hepatobiliary surgery
combined with postoperative coagulopathy from decreased
liver function, as well as the frequent need for intravascular vol-
ume expansion, serial hemoglobin levels should be followed for
postoperative bleeding. In general, we would obtain a hemat-
ocrit and international normalized ratio (INR) on ICU arrival
and then repeat them, every 6 hours, for the next 24 hours. The
surgeon should be notified of excessive bloody output from the
drains, increasing abdominal distention, or hemodynamic in-
stability. If coagulopathy does develop, it should be corrected
if the INR goes above 2.0 (31), both with vitamin K and fresh
frozen plasma. Any patient who is bleeding should have his
or her coagulopathy completely corrected. For severe bleed-
ing, both aprotinin and activated factor VII are safe in patients
during and after liver resection (30,32). Patients who fail to
stop bleeding after correction of their coagulopathy require re-
turn to the operating room for exploration. The surgical team
should be made aware of any patient immediately postsurgery
who requires transfusion. Once the postoperative coagulopa-
thy has resolved or stabilized, all patients should be given sub-
cutaneous heparin or low-molecular-weight heparin with se-
quential compression devices to prevent the formation of deep
venous thrombosis.

Pain Manag e me nt and Se d at ion

The large subcostal incision needed for major hepatobiliary
surgery can result in significant pain after surgery. However,
altered pharmacokinetics and coagulopathy, in particular after
partial liver resection or shunt surgery, can make postopera-
tive pain management a challenging proposition. Patients with
liver failure or compromised liver function secondary to hep-
atectomy have altered metabolism of many common medica-
tions, in particular narcotics and sedatives that require hepatic
clearance.

One of the more common problems that arises in the ICU
after liver resection is oversedation of patients. A standard dose
of narcotics given to a patient who has had 80% of the liver
resected may well cause prolonged respiratory depression and
signs and symptoms of encephalopathy. Narcotics and benzo-
diazepines should be used at the minimum dose required to
achieve pain control. After liver resection, it is recommended
that basal rates on patient-controlled anesthesia pumps be
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avoided, as metabolism of narcotics is difficult to forecast. Ben-
zodiazepines also have altered clearance after liver resection,
and should be administered at a lower dose or, if possible,
avoided altogether. In patients requiring ongoing endotracheal
intubation and mechanical ventilation, we have found it use-
ful to use sedative agents such as propofol rather than nar-
cotics since the level of sedation can be more easily titrated and
reversed. Our institution has, at present, no experience with
dexmedetomidine.

Epidural pain management may be the optimal analgesic
technique after liver resection. Unfortunately, it is contraindi-
cated in many patients because of postoperative coagulopathy.
Recent literature has examined the use of epidural catheters in
patients undergoing living donor partial hepatic resection. In a
review of eight patients with epidural catheters, good pain con-
trol was achieved, with only one case of oversedation requiring
naloxone. Although postoperative coagulopathy did occur, it
was not to the extent that factor transfusion was needed prior
to catheter removal, and there were no cases of hemorrhage
(33). Epidural analgesia may be useful in select patients who
do not have underlying liver disease and who are not undergo-
ing extensive resections.

Nut rit ion

Although nutrition plays an important role in the care of any
critically ill patient, the role of the liver in protein and carbo-
hydrate metabolism makes proper postoperative nutrition im-
perative in the management of patients after major hepatobil-
iary surgery, in particular after partial liver resection when liver
function is temporarily reduced. Patients with preoperative bil-
iary obstruction, malignancy, and cirrhosis are at a higher risk
for nutrition-related complications after major liver or bile duct
surgery. Preoperative nutritional risk factors associated with
postoperative complications in hepatobiliary surgery include
weight loss greater than 14% lean body mass over 6 months,
serum albumin less than 3 g/dL, hematocrit of less than 30% ,
total body potassium less than 85% of normal, less than the
25th percentile for midarm circumference, and skin test anergy
(34). Preoperative bilirubin, albumin, prealbumin, prothrom-
bin time, transferrin, as well as replacement of vitamin and
trace mineral deficits may also be important preoperatively.

As with most critically ill patients, early enteral nutrition
has been associated with improved outcomes. In hepatobiliary
surgery, both enteral and parenteral nutrition have been asso-
ciated with improved outcomes, especially in high-risk patients
(34,35). However, parenteral nutrition has been clearly associ-
ated with an increased risk of infection (36). Enteral nutrition
has been shown to improve gut flora, preventing gastrointesti-
nal atrophy and loss of immunocompetence. A review of five
prospective randomized trials on enteral and parenteral nutri-
tion in patients after liver resection found a decrease in wound
infection and catheter sepsis in patients receiving enteral nutri-
tion (37). As one might expect, there were no mortality differ-
ences.

In patients who have undergone routine liver resection or
shunt surgery, low-volume enteral feeds can be started almost
immediately post surgery. Those patients having undergone
hepaticojejunostomies or pancreatic surgery must await return
of bowel function prior to starting feeds, unless the feeding tube
is placed distal to the anastomosis. It is best to consult with the

operating surgeon before starting enteral feeds in any patient,
particularly those with enteric reconstruction. Patients with
major pancreatic surgery (pancreaticoduodenectomy, subtotal
or total pancreatectomy) may require pancreatic enzyme sup-
plementation with enteral feeds or when resuming oral intake.

Patients with chronic liver disease or cirrhosis often have
severe metabolic derangements that make nutritional man-
agement difficult. The depletion of the fat-soluble vitamins,
in particular a loss of vitamin K, leads to coagulopathy and
diminished antioxidant response. Chronic liver disease also
stimulates a catabolic state with proteolysis and cachexia.
Protein loss can be exacerbated by dietary restriction to help de-
crease encephalopathy. Branched-chain amino acids were ini-
tially thought to reduce the development of encephalopathy
in catabolic patients with advanced liver failure, but this has
not borne out in clinical data. Patients with cirrhosis also have
abnormal glucose tolerance and insulin levels, along with ele-
vated ammonia levels, hypophosphatemia, and hypoalbumine-
mia, all which influence perioperative nutrition. All Child’s B
or C cirrhotic patients should be fed enterally when hospital-
ized. The caloric needs of these patients are increased, and goal
kcal is 25 to 25 kcal/kg/day, with administration of protein at
1 to 1.5 g/kg dry weight in nonencephalopathic patients and
0.5 g/kg dry weight in encephalopathic patients (37). Patients
with ascites need sodium restriction of 2 g/day and a fluid re-
striction of 1 to 1.5 L/day, in combination with diuretics if
tolerated.

Patients with preoperative obstructive jaundice often have
chronic, low-grade endotoxemia and sepsis. This can lead to
weight loss and anorexia, often due to malabsorption of fat and
fat-soluble vitamins from obstruction of bile flow, which leads
to coagulopathy and a diminished antioxidant response. Endo-
toxemia also results in decreased hepatic protein synthesis and
catabolism (38). Most patients with biliary obstruction and re-
sultant sepsis should undergo biliary decompression prior to
major hepatobiliary surgery to allow malnutrition secondary
to biliary obstruction and sepsis to resolve. Although it is con-
troversial as to whether preoperative biliary decompression is
required prior to surgery, one prospective, randomized trial
looked at patients with obstructive jaundice who underwent
biliary decompression and then were randomized to immedi-
ate operation or 2 weeks of alimentation (both parenteral and
enteral) followed by operation. The second group had a lower
risk of infection, morbidity, and mortality (39). Since these pa-
tients usually do not have hepatic dysfunction, standard enteral
or parenteral nutrition is acceptable. Patients in whom bile flow
has not been restored should have a low-fat diet—as fat absorp-
tion is impaired—and replacement of the fat-soluble vitamins.
Medium-chain triglycerides may be helpful, because their ab-
sorption is not bile salt-dependent and may avoid diarrhea until
bile flow is reestablished.

Partial liver resections also cause metabolic abnormalities
secondary to the regenerating liver. Hepatic mitochondria
switch to fat from glucose as their preferred energy source in
hepatic regeneration (40). As a result, hypertonic glucose and
insulin infusions should be avoided immediately after resection,
as hyperglycemia and insulinemia suppress fatty acid release
and decrease ketone body production by the liver. Some inves-
tigators have advocated administering fat and/or ketone bodies
after liver resection to accelerate regeneration, although con-
clusive evidence that this is beneficial is lacking. Similarly, in-
fusions of glucose and insulin directly into the portal vein have
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also been investigated in their role to improve regeneration,
although, again, conclusive evidence is lacking. Adequate liver
regeneration is also dependent on protein and calories. Post-
operative parenteral nutrition should be supplemented with
protein and fat, but low on glucose to improve hepatic regen-
eration. General goals are 30 kcal/kg/day, with 1.0 to 1.5 g/kg
protein; glucose approximating 5 mg/kg/minute, and fat should
not exceed 30% of the calories. Patients with cancer may need
an increase of up to 35 kcal/kg/day and 2 g/kg protein.

Re nal Failure

Acute renal failure occurs after major hepatobiliary surgery in
10% of patients (41) and, similar to other critically ill patients,
significantly increases postoperative mortality (42). Risk fac-
tors for perioperative renal failure include postoperative sepsis,
preoperative uremia, preoperative anemia, malignant disease,
and preoperative jaundice (41,43,44). In particular, preopera-
tive obstructive jaundice appears to be a significant risk factor,
with an estimated 10% of patients developing postoperative
renal failure (45). Both dehydration and endotoxin production
from bile duct obstruction have been postulated to cause renal
failure in these patients (46). Many studies have been done to
try to decrease this risk, including using mannitol, bile salts,
hydration, and lactulose (45–48).

In all patients with acute renal failure, adequate hydration,
treatment of sepsis, and avoidance of nephrotoxic drugs are
mandatory. However, in patients with obstructive jaundice, lac-
tulose and bile salts may decrease endotoxin absorption, and
have been shown in some studies to be beneficial in the preven-
tion of renal failure (44,45). Preoperative biliary drainage to
help lessen the perioperative inflammatory response is also an
important adjunct to prevent postoperative renal failure. Once
acute renal failure does occur, supportive care and dialysis are
needed until renal function returns.

Patients with advanced cirrhosis or postoperative liver fail-
ure can develop hepatorenal syndrome (HRS). This is more
significant in the acute care of patients with liver failure or af-
ter liver transplantation. Hepatorenal syndrome is a diagnosis
of exclusion, with decreased renal function associated with a
urine sodium less than 10 mg/dL combined with a urine osmo-
lality greater than plasma osmolality that does not respond to
volume administration. The cause of hepatorenal syndrome is
likely multifactorial, but is primarily related to circulatory dis-
turbances in patients with advanced liver disease, reduced liver
function, and portal hypertension. Systemic vasodilatation and
low mean arterial pressure results in renal vasoconstriction and
a reduction in the glomerular filtration rate (49). Although liver
transplantation remains the only cure for HRS, vasoconstric-
tors, albumin infusions, and transhepatic portosystemic shunts
are able to reduce HRS and may prevent its development in pa-
tients with spontaneous bacterial peritonitis (50).

POSTOPERATIVE COMPLICATIONS
FOLLOWING LIVER RESECTION

The morbidity associated with liver resection is reported to
range between 30.7% and 47.7% (51–54). In addition to the
standard complications associated with all major operations,
liver resection is associated with specific problems including

bleeding, bile leaks, liver insufficiency, ascites, pleural effusions,
and infections.

Risk factors of complications following liver resection in-
clude increased blood loss, increased number of segments re-
sected, increased preoperative bilirubin, increased prothrom-
bin time, prolonged operative time, resection of segment VIII,
diabetes, and concomitant surgical procedures (53,55–59).

Mort alit y

The in-hospital mortality due to liver resection has decreased
over the last two decades, and high-volume centers have re-
ported rates of 0% to 5% (51–53,60–62). The decrease in
mortality is attributed to improved surgical technique, intraop-
erative anesthesia management, and perioperative care. These
changes have helped decrease in-hospital mortality in liver re-
section patients despite their increased mean age and comor-
bidities (51).

Risk factors associated with increased mortality include hy-
poalbuminemia, thrombocytopenia, preoperative total biliru-
bin greater than 6 mg/dL, serum creatinine greater than 1.5 mg/
dL, cholangitis, major hepatic resection, increased number of
segments resected, synchronous abdominal procedure, major
comorbid illness, diabetes mellitus, and blood transfusion re-
quirements (51,52,59,62–65).

Specific surgical strategies to decrease mortality include min-
imizing blood loss and transfusions, and avoiding ischemic in-
jury to the remnant liver. Specific posthepatectomy strategies
include minimizing ongoing liver injury by maintaining tissue
oxygenation, early nutritional support to facilitate liver regen-
eration, and replenishing phosphate levels (60).

Ble e d ing

Bleeding was once the “Achilles heel” of liver resection surgery,
but has decreased dramatically over the last two decades due
to a better appreciation of liver anatomy, surgical technique,
and improved anesthesia management (60). As a result, cen-
ters routinely performing liver resections have noted decreased
estimated blood loss of 300 mL to 750 mL and perioperative
transfusion rates of 17.3% to 28.3% (51,52,62). Risk factors
for increased bleeding from liver resection include cirrhosis,
portal hypertension, increased segments resected, coagulopa-
thy, thrombocytopenia, and elevated central venous pressure
during resection (59,66).

Strategies to minimize blood loss during liver resection in-
clude appropriate patient selection—especially avoiding resec-
tion in patients with portal hypertension—and maintenance of
central venous pressure under 6 mm Hg, Pringle maneuver, pre-
operative correction of coagulopathy and thrombocytopenia,
use of fibrin sealant on raw liver surfaces, use of intraoperative
ultrasound to locate the hepatic venous branches, and utiliza-
tion of selective hepatic vascular exclusion (66–70).

Bile Le ak

Biliary leaks occur in 3.6% to 17% of liver resection cases
(71–74), and are associated with increased mortality and con-
comitant complications (71,72,75). Risk factors associated
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with biliary leaks following liver resection include older age,
preoperative leukocytosis, left-sided hepatectomy, prolonged
operative time, resection for peripheral cholangiocarcinoma,
and resection of segment IV (71,74). When liver resections
were performed for hepatocellular carcinoma (HCC), risk fac-
tors for bile leaks included central tumor location and preop-
erative transarterial chemoembolization (TACE) (72).

Various strategies have been described to prevent bile leaks
following resection. A few groups have shown that the use of
fibrin glue on the cut surface of the liver results in such a reduc-
tion (74); others have combined fibrin glue with bioabsorbable
polyglycolic acid to significantly reduce bile leaks (76). While
these small studies may indicate some effect of fibrin glue in re-
ducing biliary leaks, there are at least as many studies that show
no difference in bile leak rate when fibrin glue is employed.

Most bile leaks following liver resections without biliary re-
constructions are small and can be managed nonoperatively. If
a drain was not placed during the surgical procedure, a per-
cutaneous drain is placed to prevent abdominal sepsis from
an undrained biloma and to control the leak (71), and broad-
spectrum antibiotics are started for fevers, leukocytosis, or pos-
itive bile cultures. Persistent drainage for 2 to 3 days of more
than 100 mL of bilious fluid confirms an active leak, and is
managed with endoscopic retrograde cholangiopancreatogra-
phy (ERCP), sphincterotomy, and stent placement. This proce-
dure may define the location of the leak and facilitate enteric
biliary drainage and leak closure. When leaks are at the resected
hepatic duct stump, a stent traversing the leak may further fa-
cilitate leak closure, although the main principle of treatment
is to reduce the pressure in the biliary tree and allow spon-
taneous closure (71). Early endoscopic management of biliary
leaks can minimize hospital length of stay and are not asso-
ciated with late biliary complications (73). Others have used
endoscopically placed nasobiliary tubes to decompress the bil-
iary system, as it allows easy repeat cholangiograms and later
removal (73,77). Although most leaks will close with time with
these measures, they may persist for months (78).

From 0% to 32% of patients ultimately require reoperation
because the leak cannot be controlled, and these procedures are
associated with a high mortality rate (71,73,77). Biliary enteric
drainage is performed on patients in whom ERCP cannot be
performed for technical reasons, or with persistent on leaking
despite ERCP. Important factors contributing to a good out-
come are early reoperation, control of the biliary fistula before
surgery, and utilization of healthy bile duct edges for enteric
anastomosis.

Hemobilia may complicate bile leaks or liver resections or
may occur secondary to trauma. Open communication from a
branch of the hepatic artery to the biliary tree occurs and leads
to intermittent, and sometimes exsanguinating, gastrointesti-
nal (GI) bleeding. Identification is made when blood is seen
exiting the ampulla when endoscopy is performed for upper
GI bleeding. Computed tomography (CT) scanning with arte-
rial phase contrast can localize the bleeding within the liver;
however, management is by angiographic embolization.

Live r Failure and Dysfunct ion

Liver failure complicates liver resection in up to 12% of cases
(57), and occurs when inadequate functional liver volume is
left after resection. This complication occurs primarily in pa-
tients undergoing resection for hepatocellular carcinoma with

underlying liver disease, and is often a consequence of patient
selection and choice of operation.

Risk factors for hepatic insufficiency in cirrhotics include
major resections, especially right lobectomy, portal hyperten-
sion, long-standing jaundice, Childs-Pugh Turcotte (CPT) score
greater than A, and hepatic steatosis (79). More recently, preop-
erative chemotherapy has become routine in patients with col-
orectal cancer metastatic to the liver. While there is no doubt
that the addition of newer agents such as irinotecan, oxali-
platin, and Avastin have improved long-term results, they also
cause an increase in both hepatic steatosis as well as steatohep-
atitis, which can contribute to postoperative liver dysfunction.

By assessing the patient’s functional liver status, the surgeon
can estimate the maximum amount of liver mass that can be
resected while preserving adequate functional liver volume. In
patients with a normal liver, up to 75% of total liver volume
can be resected safely. It is patients with abnormal livers, such
as those with cirrhosis, who need careful assessment. In gen-
eral, Child-Pugh class C is a contraindication to any sort of
resection. Early Child’s class B patients without portal hyper-
tension may undergo minor resections—from wedge resection
to a single segmentectomy. However, these patients may be bet-
ter served by nonsurgical local ablation techniques. Child-Pugh
class A patients who are considered for major hepatectomy—
resection of four or more segments—should undergo assess-
ment of both liver and physiologic status (80,81). Others have
found that a Model for End-Stage Liver Disease (MELD) score
equal to or greater than 11 predicts liver failure following
HCC resection (82). Portal hypertension, defined as a hep-
atic vein pressure gradient (HVPG) greater than 10 mm Hg,
and as suggested by signs such as esophageal varices, anatomic
portosystemic shunts, and ascites (83), has been associated
with increased morbidity and mortality following major re-
section (84). Thrombocytopenia with platelet counts less than
100,000 cells/µ L is one laboratory indicator of portal hyper-
tension and has been associated with in-hospital mortality fol-
lowing liver resection (80).

Although various tests exist to assess liver function in Child-
Pugh class A and B patients before a possible major liver
resection—defined as greater than or equal to four segments—
none has been uniformly adopted. The indocyanine green
(ICG) clearance test, commonly used in Asia, is one method of
quantifying liver function (85–87). Early studies have shown
that an ICG retention at 15 minutes (ICGR15) of less than 20%
allows safe, limited liver resection, and a value of less than 14%
is associated with near-zero operative mortality (88–90).

In Child-Pugh class A patients with right-sided lesions cur-
able by major resection but whose liver reserve may be in-
adequate, preoperative ipsilateral portal vein embolization in-
creases the remnant contralateral liver volume (91). Portal vein
embolization is generally performed in patients with a pre-
dicted function liver remnant of less than 25% in noncirrhotics
or less than 40% in patients with significant fibrosis and/or
cirrhosis.

Liver failure following liver resection presents clinically with
encephalopathy and asterixis. In severe cases, these patients
appear similar to those with fulminant liver failure, present-
ing with marked acidosis, jaundice, and hemodynamic insta-
bility. The patient ultimately succumbs to multiorgan failure
and sepsis. In mild cases, treatment is supportive, with judi-
cious fluid management, optimization of tissue oxygenation,
infection prophylaxis, and nutritional support if recovery is
prolonged. The goal in the mild and salvageable cases is to
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promote immediate liver functional recovery from the insults
inherent to liver resection; to promote liver regeneration with
nutritional and electrolyte repletion, particularly phosphate;
and to minimize the chance of infectious complications. Al-
though early studies demonstrated a significantly improved
hepatic oxygen delivery and extraction in patients receiving
N-acetylcysteine for nonacetaminophen-induced liver failure
(92,93), subsequent conflicting studies have failed to support a
definite role in patients following liver resection (94). Nonethe-
less, many centers, including our own, selectively administer
N -acetylcysteine in patients with marginal liver function fol-
lowing resection, based mainly on a favorable small series and
anecdotal benefits (95). This practice may be reasonable be-
cause of the sheer number of favorable outcome reports and
the good drug safety profile, but controlled trials are needed.

Ascit e s and Ple ural Effusion

Ascites occurs in up to 9% of liver resections (57) and is as-
sociated with decreased survival, as it is a surrogate marker of
liver insufficiency and because of its potential contribution to
prerenal insufficiency (75). Pleural effusion, usually occurring
on the right side and frequently accompanying ascites, is found
following liver resection in 3.8% to 21% of cases (57, 96) and
is usually asymptomatic, requiring no treatment. Effusion may
develop from underlying ascites that crosses the diaphragm. In
addition, the same pathophysiologic processes of fluid overload
and hypoproteinemia that cause ascites may also contribute to
the development of pleural effusion.

Risk factors for both ascites and pleural effusion include
right lobectomy, diabetes mellitus, poor nutritional status and
hypoalbuminemia, left-sided cardiac insufficiency, and liver
and renal insufficiency (79,97). In addition, risk factors specif-
ically associated with pleural effusion have been found to in-
clude resection for hepatocellular carcinoma with underlying
liver disease, subphrenic collections, postoperative liver insuf-
ficiency with ascites, and duration of inflow occlusion (96).

Strategies to prevent postresection ascites and pleural effu-
sion include avoiding overhydration, including gentle diuresis;
preventing renal insufficiency by avoiding nephrotoxic drugs
and hypotension; early detection and treatment of infection;
maintaining adequate nutrition; and the use of perioperative
drains (97). The appropriate selection of patients and resec-
tion to maintain adequate liver function, especially in patients
with hepatomas and underlying liver disease, will minimize the
risk of liver failure and subsequent ascites.

COMPLICATIONS FOLLOWING
BILE DUCT RESECTION/

RECONSTRUCTION
Perhaps the most extensive hepatobiliary operations are per-
formed for proximal extrahepatic cholangiocarcinomas. With
mounting evidence demonstrating significantly improved sur-
vival following extended liver and bile duct resections and
reconstructions versus local bile duct resections, centers with
experienced hepatobiliary surgeons are presenting series with
improved outcomes (98–101). Nonetheless, significant compli-
cations remain associated with these procedures.

Perioperative mortality following extended liver and biliary
resections ranges from 1.3% to 16% (101–104). Complica-
tions following these procedures occur in 51% to 81% , and
many patients have multiple complications (100–103). Com-
plications include bile duct leaks, bleeding, liver failure, pleural
effusions, wound infection, and sepsis (102,104–106). Each of
these complications can also be found in liver resections alone
and share the same risk factors. In addition, each complication
can be approached with the same preventative strategy and
treatment.

Liver failure following extended resections for obstructive
cholangiocarcinoma may have a unique pathophysiology and,
hence, preventative strategy. Interestingly, prolonged biliary
obstruction causes significant hepatocellular dysfunction, with
liver failure occurring in up to 27.6% of patients who undergo
extended liver and biliary resections and reconstructions for
cholangiocarcinoma. Further, this is frequently fatal (102,106).
Resection of up to 75% of the liver, along with possible vascular
reconstruction that requires an increased duration of ischemic
injury to the liver, is often necessary to resect hilar cholangio-
carcinoma, and, in the setting of pre-existing liver dysfunction,
liver failure can be problematic. Strategies to optimize func-
tional liver volume prior to extended liver resections for hilar
cholangiocarcinomas are essential to preventing postoperative
liver failure. One strategy is to promote hepatocellular func-
tional recovery by preoperatively decompressing the biliary
tree using percutaneous transhepatic cholangiocatheterization.
This practice is somewhat controversial, as it may introduce
infectious agents into an otherwise sterile biliary tree, and so
may be avoided in patients who can undergo surgery within
2 to 3 weeks after the onset of jaundice. Another strategy is
to perform contralateral portal vein embolization to increase
the remnant liver volume prior to resection. A number of cen-
ters have demonstrated decreased liver failure rates when these
strategies were employed (98,104,107).

COMPLICATIONS FOLLOWING
PANCREATIC SURGERY

The mortality rate following pancreaticoduodenectomy (PD)
ranges between 2.7% and 6.9% (108–112). Risk factors for
perioperative mortality include elevated serum bilirubin, the di-
ameter of the pancreatic duct, increased intraoperative blood
loss, pancreatic fistulae, and older age (109). Complications
are seen to occur in 22.1% to 30.2% of PDs, and include pan-
creatic fistulae, delayed gastric emptying, bleeding, abdominal
abscesses, and wound infections (108,109).

Pancreatic fistulae are a dreaded complication of PD, oc-
curring in 12% to 18% of patients (108,110,111,113–116).
Pancreatic fistulae are associated with a mortality rate rang-
ing to 19% (104,106,108,111). These patients often die sec-
ondary to massive erosive bleeding from sepsis and pancreatic
enzyme accumulation. These bleeding episodes occur in 1% to
8.8% of PD patients and carry a mortality rate of 47% to 50%
(112,117,118).

Risk factors for pancreatic fistulae include small duct
size, soft pancreas texture, duration of surgery greater
than 8 hours, diabetes mellitus, lower creatinine clearance,
preoperative jaundice, and increased intraoperative blood
loss (108,114,116,119). Despite numerous studies evaluating
potential strategies to prevent pancreatic fistulae following
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PD, including the use of octreotide, fibrin sealants, pancreatic
stents, and different methods and sites of pancreatic anastomo-
sis, none has proven effective (113,120–124).

Pancreatic fistulae are initially detected on postoperative
day 6 as abdominal pain, fever, nausea/vomiting, and leuko-
cytosis. Fistulae are then confirmed by CT scan demonstrat-
ing fluid collection behind the pancreatic anastomosis, elevated
serum amylase, drain output greater than 50 mL/day, and drain
amylase 10-fold greater than serum amylase (113,122). Man-
agement is initially conservative, with bowel rest, total par-
enteral nutrition, antibiotics, and monitoring of clinical signs
and symptoms and drain output. If repeat imaging demon-
strates increased accumulation of fluid and the patient does
not respond to conservative measures, another drain may be
placed percutaneously to prevent progression to abdominal
sepsis. Eighty to ninety percent of patients seal pancreatic
fistulae with these measures (110,115). However, those pa-
tients who develop uncontrolled leaks and abdominal sepsis
may require surgery, usually for completion pancreatectomy.
In addition, a smaller group of patients with fistulae will suf-
fer life-threatening erosive intra-abdominal bleeding, usually
from the stump of the gastroduodenal artery, small arterial
branches to the pancreas, or, rarely, the portal vein. These pa-
tients will present with signs and symptoms of sepsis and hy-
povolemia, such as fever, abdominal pain, hypotension, ane-
mia, and bloody drain output. These patients are treated by
rapid resuscitation and angiography for potential emboliza-
tion of the bleeding arterial branch. If arterial bleeding cannot
be controlled in this manner, or if the bleeding is venous, the
patient is explored for hemostasis and completion pancreatec-
tomy. However, surgery in this setting is associated with a high
mortality, with up to 36% of such patients dying if they require
surgery for bleeding after PD (112,118).
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CHAPTER 79 ■ CRITICAL CARE OF THE
THORACIC SURGICAL PATIENT
THOMAS L. HIGGINS r PATRICK MAILLOUX

IMMEDIATE CONCERNS
Thoracic surgical patients are among the most complicated ad-
missions to intensive care due to their challenging preoperative
status, the variety of possible operative procedures, airway and
pleural appliances, and requirements for postoperative inter-
ventions, including airway management, mechanical ventila-
tion, and pain control. Information transfer is key: the ICU
physicians and nurses must have a clear understanding of the
operative procedure accomplished, the patient’s expected med-
ical course, and the predictable potential complications. More
time than usual must be allotted for briefing of the ICU team
by the operative team.

Immediate concerns include assessment of oxygenation, car-
diovascular support to ensure adequate oxygen delivery, provi-
sion of ventilation support if needed, and transferral of moni-
tors and drains that accompany the patient from the operating
room. Special concerns apply to fluid management (discussed
in detail below) and pain control, which is especially impor-
tant, as pain will limit respiratory effort and can precipitate
delirium and agitation. Table 79.1 provides a checklist for im-
mediate interventions.

In operations where the pleural space has been opened, the
patient will arrive with at least one—but usually two or more—
chest tubes. Complete lung expansion helps to force out any
remaining extrapleural air, which exits through an apical chest
tube. Removal of air from the thorax is demonstrated when
bubbling is seen in the water seal bottle. The posterior/inferior
tube(s) should be draining blood, and some clots are expected;
however, a large quantity of clots suggests continued bleeding.
An immediate chest radiograph will confirm both the absence

of significant pneumothorax or effusions as well as properly
placed invasive lines and chest tube.

PREOPERATIVE CONSIDERATIONS:
IDENTIFYING THE HIGH-RISK

PATIENT
The patient undergoing thoracic surgery is frequently older,
with concurrent medical problems and often debilitated due
to cancer and associated malnutrition. Pulmonary abnormali-
ties commonly arise from prior occupational exposure, tobacco
use, or a primary disease process. Prior history of asthma,
wheezing, or allergic airway responses are risk factors and serve
to identify patients in whom bronchodilator management may
be needed in the postoperative period.

Many thoracic surgical patients have preoperative pul-
monary function tests (PFTs), particularly if lung resection is
contemplated. However, these tests by themselves are not reli-
able predictors of postoperative pulmonary function. The FEV1
(forced expiratory volume in 1 second) provides a reasonable
indicator of a patient’s postoperative ability to cough effec-
tively and clear secretions. A postoperative FEV1 is affected by
inspiratory muscle strength, elastic recoil, and degree of ob-
structive air trapping, as well as any surgical removal of lung
tissue. However, the decrease in FEV1 after lung resection for
cancer is not necessarily a simple proportional relationship if an
obstructed lobar or mainstem bronchus was present. A cutoff
value for a postpneumonectomy FEV1 of 800 mL is commonly
used as a criterion of resectability, since this amount is required
to generate a sufficient cough to clear secretions.
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TA BLE 7 9 . 1

IMMEDIATE ICU CONSIDERATIONS IN THE
THORACIC SURGICAL PATIENT

Preparation:
■ Supplemental oxygen or mechanical ventilator ready
■ Bedside monitoring: ECG, pulse oximetry; possible

arterial, central, or PA line
■ Infusion pumps if inotropes, vasopressors, or vasodilators

in use
■ Wall suction to connect to pleural drainage system

O n Arrival in ICU:
■ Connect patient to bedside monitors and ventilator (if

needed)
■ Check and secure all connections to chest tubes and

assess function
■ Auscultate breath sounds and observe chest excursion;

suction if necessary
■ Assess adequacy of circulation (BP, HR, pulse oximetry)
■ Assess adequacy of oxygenation and ventilation (via ABG

or noninvasive devices)
■ Consider need for lung-protective ventilation if trauma/

sepsis/operative issues
■ Fluid management: confirm need for continued

maintenance fluid; generally keep “dry”
■ Monitor inputs and outputs; label all chest tubes and

chart outputs
■ Control pain with intravenous analgesics and/or regional

anesthetics/analgesics
■ Order any necessary laboratory studies and chest

radiograph

Information to Be O btained from O perating Room Team:
■ Patient name, age, gender, and brief history
■ Operation performed and any major problems

encountered
■ Circulatory and ventilatory requirements as determined

in OR
■ Current drug infusions and titration plans; timing and

dose antibiotics
■ Anesthetic agents given and plans for awakening/

extubation (if relevant)
■ Fluids and blood products given; urine output during case
■ Estimated blood loss, assessment of hemostasis at closing,

and blood products available including surgical salvage if
any

■ Laboratory results (e.g., ABGs, Hct) obtained during
operating room

ABG, arterial blood gas; BP, blood pressure; ECG, electrocardiogram;
Hct, hematocrit; HR, heart rate; OR, operating room; PA, pulmonary
artery.

Surgical entry to the chest cavity, even if tissue is not re-
sected, produces substantial changes in lung function, with lat-
eral thoracotomy producing greater postoperative impairment
than median sternotomy. Following thoracotomy, forced vital
capacity (FVC) and functional residual capacity (FRC) can fall
to less than 60% of their preoperative values on the first post-
operative day. Subsequent return to baseline can take up to
14 days. Any decline in FRC is especially important, because
the resulting atelectasis contributes to physiologic shunting and
hypoxemia.

In patients with severe chronic obstruction, the best predic-
tors of postoperative ventilation requirements are arterial pO 2

less than 70% of that predicted for age and the presence of dys-
pnea at rest (1). Factors associated with postoperative pneumo-
nia after elective surgery include low preoperative serum albu-
min values, high American Society of Anesthesiologists (ASA)
physical status classification, smoking history, prolonged pre-
operative stay, longer operative procedure, and thoracic or up-
per abdominal site for surgery (2).

Advanced age is frequently cited as a surgical risk factor.
Elderly patients have a number of age-related changes in pul-
monary function, including decreased elastic recoil and pro-
gressive stiffening of the chest wall, increase in the ratio of FRC
to total lung capacity, and diminished vital capacity and FEV1
(3). The activity of upper airway reflexes is blunted, which may
result in impaired clearance of secretions and the ability to pro-
tect the airway.

Obesity results in decreases in FRC and expiratory reserve
volume (ERV), causing the ERV to drop below closing vol-
ume, resulting in perfused, unventilated segments of lung and
a widened alveolar-arterial (A-a) pO 2 gradient. Obese patients
are more likely to cough poorly, retain secretions, and develop
basilar atelectasis.

Cigarette smoking is well recognized for its contribution
to perioperative morbidity via its effects on the cardiovascu-
lar system, mucus secretion and clearance, and small airway
narrowing. Although patients are invariably counseled to stop
smoking prior to elective surgery, data from coronary artery by-
pass patients suggests this should occur at least 8 weeks prior
to surgery, because smoking cessation just prior to surgery may
actually increase the risk of postoperative pulmonary complica-
tions (4), probably due to transient increases in sputum volume.
Expectations as to the duration of postoperative respiratory
failure allow the caregiver to heighten his or her awareness
if the patient develops unanticipated cardiovascular or res-
piratory deterioration. A very large patient population from
the Veterans Affairs Medical Centers provided a database for
researchers to learn what factors play a role in predicting

TA BLE 7 9 . 2

RESPIRATORY FAILURE RISK INDEX

Preoperative predictor Point value

Type of surgery
Abdominal aortic aneurysm 27
Thoracic procedure 21
Neurosurgery, upper abdominal, or

peripheral vascular
14

Neck procedure 11
Emergency surgery 11
Albumin (< 30 g/L) 9
Blood urea nitrogen (> 30 mg/dL) 8
Partially or fully dependent functional

status
7

History of chronic obstructive
pulmonary disease

6

Age (years)
≥ 70 6
60–69 4

Adapted from Arozullah AM, Daley J, Henderson WG, et al.
Multifactorial risk index for predicting postoperative respiratory
failure in men after major noncardiac surgery. Ann Surg.
2000;332:242–253.
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TA BLE 7 9 . 3

RESPIRATORY FAILURE RISK INDEX SCORES AND OUTCOMES

Predicted Observed PRF
probability phase I phase II

Class Point total N (%) of PRF (%) (% RF) (% RF)

1 ≤ 10 39,567 (48% ) 0.5 0.5 0.5
2 11–19 18,809 (23% ) 2.2 2.1 1.8
3 20–27 13,865 (17% ) 5.0 5.3 4.2
4 28–40 7,976 (10% ) 11.6 11.9 10.1
5 > 40 1,502 (2% ) 30.5 30.9 26.6

Phase I indicates patients enrolled between October 1, 1991, and December 31, 1993, and phase II indicates
patients enrolled between January 1, 1994, and August 31, 1995.
Adapted from Arozullah AM, Daley J, Henderson WG, et al. Multifactorial risk index for predicting
postoperative respiratory failure in men after major noncardiac surgery. Ann Surg. 2000;332:242–253.

postoperative respiratory failure (5). Factors negatively in-
fluencing outcome included the type of surgery, emergency
surgery, low preoperative albumin, high preoperative blood
urea nitrogen, partial or full dependent status, chronic obstruc-
tive pulmonary disease (COPD), and age older than 60 years
(5). These factors are all assigned a point status (Table 79.2);
more points increase the probability of postoperative respira-
tory failure (Table 79.3). It is important to realize that women
were excluded from data collection in this study, but the factors
noted do not have gender specificity.

OPERATING ROOM EVENTS THAT
IMPACT ICU CARE

The pace of postoperative recovery depends on the amount and
types of anesthetic agents given as premedication and during
the operative procedure. Anesthetic delivery is constrained by
patient factors. The need for high inspired oxygen concentra-
tions, particularly during one-lung anesthesia, limits the ability
to use nitrous oxide. A goal of early extubation limits the use of
opioids. Regional techniques (spinal, epidural) can supplement
general anesthesia but are generally not applicable to operative
anesthesia for thoracic procedures because of the difficulty in
providing a high enough spinal level. Controlled ventilation
is necessary to sustain respiration during open thorax proce-
dures. For most procedures, the plan is to have the patient
awake, comfortable, and extubated at the end of the proce-
dure, thus avoiding the potential stress on fresh suture lines
from positive pressure ventilation and coughing or bucking on
the endotracheal tube.

Selective endobronchial intubation with isolation of the
right and left lung permits the surgeon to operate on a quiet,
collapsed lung while the other side is ventilated. Disposable
polyvinyl double-lumen tubes are available in odd sizes be-
tween 35 and 41 French in both right-sided and left-sided con-
figurations. The nonoperative bronchus is usually chosen for
selective intubation in lobectomies and pneumonectomies, so
that surgical manipulation does not displace the tube, and to
allow resection of the mainstem bronchus if necessary. When
selective endobronchial intubation is impossible (as in pedi-
atric patients, very small adults, and laryngectomy patients), a
bronchial blocker can be placed under fiberoptic guidance to
selectively occlude a bronchus.

One-lung ventilation alters the ventilation/perfusion rela-
tionship, as blood passing through the unventilated lung effec-

tively causes a right-to-left shunt, thus reducing arterial sat-
uration. Perfusion of the unventilated lung will be reduced
somewhat by the physical collapse of the lung and hypoxic pul-
monary vasoconstriction. The double-lumen endotracheal tube
(DLETT) is large and has the potential to cause airway trauma
and edema. It may shift its position, and suctioning through
it is difficult. The DLETT is generally removed at the end of
the operation and replaced by a single-lumen tube when con-
tinued mechanical ventilation is required. Specific indications
for continued postoperative selective endobronchial intubation
include the need to protect against soilage (pus or blood) and
provision of different levels of positive end-expiratory pressure
to a lung of different compliance in emphysematous patients
undergoing single-lung transplantation. A flexible tube changer
and a pediatric (small-diameter) fiberoptic bronchoscope are
essential tools that should be available in the ICU for place-
ment and adjustment of double-lumen tubes.

The choice of postoperative recovery location depends on
the degree of patient illness and the ability of a particular
nursing unit to deal with postoperative ventilation and/or
hemodynamic monitoring. At many hospitals, patients under-
going bronchoscopy, mediastinoscopy, esophageal dilatation,
esophagoscopy, gastrostomy, jejunostomy, laryngoscopy, pleu-
roscopy, or scalene node biopsy can spend a short time in the
postanesthesia care/recovery unit (PACU) and then be trans-
ferred to a step-down or general nursing floor, or even sent
home. Patients undergoing lobectomy, segmental or wedge pul-
monary resections, hiatal hernia repairs, or Heller myotomy
can generally be recovered in the PACU and then sent to a
step-down unit if there are no complications. Patients under-
going esophagectomy, esophagogastrectomy, and pneumonec-
tomy are likely to have ongoing monitoring or postoperative
ventilation needs and generally are managed in an intensive
care setting.

IMMEDIATE POSTOPERATIVE
ISSUES

Usual postoperative monitoring includes intermittent blood
pressure determinations, continuous electrocardiography, and
pulse oximetry. In selected patients, assessing intravascular
volume status and cardiopulmonary function may be fa-
cilitated with central venous pressure or pulmonary artery
catheters.
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Chest tubes are usually inserted to drain the surgical site
at the end of the procedure, except in pneumonectomy pa-
tients where the standard practice is to avoid a chest tube un-
less there is the need to monitor the pneumonectomy space
postoperatively. Chest tubes should never be clamped during
patient transport because of the dangers of unrecognized bleed-
ing and tension pneumothorax. Chest tubes, except for those
in pneumonectomy spaces, are usually connected to a vacuum
regulator to provide –20 cm H 2O of suction. A chest radio-
graph will confirm endotracheal, nasogastric, and chest tube
placement, as well as identify any pneumothorax, mediastinal
shift, or significant atelectasis. Routine chest radiographs are
not necessary after an uncomplicated removal of chest tubes,
and the decision to reinsert a chest tube is usually based on
clinical appearance rather than radiologic findings (6).

Commercially available chest tube systems vary in their
appearance, but all provide calibrated drainage chambers,
a method to release excess positive pressure, and regulated
amounts of negative pressure. Air bubbles are normally ex-
pected in the chamber that limits the amount of applied suction;
air bubbles in the water seal chamber represent an active leak.

Hourly output from chest tubes should be recorded and the
operative team notified if drainage is greater than 100 mL/hour
for more than 4 hours, or if greater than 200 mL of drainage
is recorded in any 1-hour observation period. Expected chest
tube drainage from major procedures in the first 24 hours is
roughly 300 to 600 mL, tapering to less than 200 mL by the
second day. Daily chest radiographs are usually obtained while
chest tubes are in place. The level of fluid in the water seal
chamber should fluctuate with each respiration (assuming no
air leak) and serves as confirmation of chest tube patency. Most
pulmonary resection patients will return with mild to moder-
ate air leaks, which become problematic only if the underly-
ing lung parenchyma does not completely expand to fill the
pleural space, or if a significant percentage of tidal volume is
lost through the chest tubes with mechanical ventilation. Addi-
tional pleural drainage may then be required or changes in ven-
tilation made to minimize the air leak and optimize ventilation.
Leaks may occur only above a given inflation pressure, and
ventilation techniques such as smaller volumes at higher rates,
pressure-controlled inverse ratio ventilation, or high-frequency
oscillation (HFO) may sometimes minimize leaks and allow a
seal to develop. Once all air leaks resolve and drainage is min-
imal (less than 100 mL/24 hours), chest tubes may be removed
during the expiratory phase of ventilation or while the patient
performs a Valsalva maneuver.

Prophylactic positive end-expiratory pressure (PEEP) is
sometimes used in an effort to decrease postoperative drain out-
put, especially from mediastinal drains in cardiac surgery pa-
tients. The evidence, however, suggests that higher PEEP levels
do not affect chest tube output or transfusion requirements (7).

Intensive insulin therapy, defined as maintaining blood glu-
cose between 80 and 110 mg/dL, leads to improved survival
in patients admitted to a surgical ICU when compared to the
conventional therapy of initiating insulin once the glucose level
exceeds 215 mg/dL (8).

EXTUBATION AND
AIRWAY CONCERNS

Extubation can often be accomplished in the operating room,
but continued ventilation may be necessary in the presence of

concurrent cardiac illness, inability to protect the airway, mal-
nutrition, or coexisting lung disease. Silent aspiration of gastric
contents is an important complication following pulmonary re-
sections, and maintenance of endotracheal intubation for 24
hours postoperatively has been shown to decrease the occur-
rence of pneumonia and the operative mortality rate (9) in
high-risk patients.

Measurement of maximal inspiratory pressure (MIP, often
called negative inspiratory force, NIF) is helpful in determining
respiratory muscle strength, particularly in patients recovering
from thymectomy for myasthenia gravis, and in those who re-
ceived long-acting neuromuscular blocking agents in the oper-
ating room. Residual neuromuscular blockade can be assessed
using a train-of-four monitor and reversed, if necessary, with
small doses of neostigmine plus vagolytic agents such as at-
ropine or glycopyrrolate. Ideally, the patient should be awake
and following instructions, and have an adequate gag reflex
(signifying airway protection) and cough (for secretion clear-
ance). Measured parameters suggesting readiness for extuba-
tion include a respiratory rate to tidal volume (f/Vt) ratio of
< 100, a MIP of greater than 25 cm H 2O, and adequate oxy-
gen saturation (> 92% ) on FiO2 < 50% at PEEP < 5 cm H 2O.
Although many patients will not strictly meet these criteria for
extubation, it is usually best to attempt weaning and extuba-
tion rather than risk the complications of continued ventilation.
Specific indications to delay extubation are in Table 79.4.

Laryngeal and glottic edema frequently occurs after airway
manipulation or intubation with a large double-lumen endo-
tracheal tube. The presence of serious laryngeal edema can
be detected (after first suctioning the posterior pharynx) by
deflating the endotracheal tube cuff and occluding the endo-
tracheal tube, and watching for evidence of airway obstruc-
tion. Endotracheal intubation may need to be maintained while
edema resolves. Racemic epinephrine and corticosteroids are
traditionally used, although the literature support for this is
sparse. If there is any doubt about airway patency, the endotra-
cheal tube should be removed only under direct laryngoscopic
or fiberoptic observation, with a percutaneous tracheostomy
set immediately at hand to provide airway access should rein-
tubation be impossible because of airway swelling.

Only a few thoracic surgery patients require postoperative
ventilation. In thoracic surgery patients, reduction of baro-
trauma becomes an additional consideration. Low tidal vol-
umes (6 mL/kg) are recommended in the population at risk
for acute respiratory distress syndrome (ARDS) (10), but this
approach has not been well studied in routine thoracotomy

TA BLE 7 9 . 4

INDICATIONS FOR CONTINUED POSTOPERATIVE
VENTILATION

Airway compromise due to edema or bleeding
Inadequate pulmonary reserve post surgery
Compromised myocardial function, especially with

perioperative infarction
Expected large fluid shifts with thoracoabdominal procedures
Severe neurologic impairment
Continued bleeding with likelihood of return to operating

room
Esophageal surgery patients (risk for reflux and

aspiration—delay extubation until airway reflexes have
fully recovered as for full stomach intubation)
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patients. The normal inspiratory-to-expiratory ratio is about
1:2, and inspiratory times longer than 1 second are poorly tol-
erated in awake patients. Longer inspiratory times reduce peak
airway pressure but require addition of sedative agents and,
in patients with significant airway obstruction, may not allow
sufficient time for exhalation, resulting in auto-PEEP with con-
sequent hemodynamic compromise.

Intermittent mandatory ventilation or continuous positive
airway pressure (CPAP) with pressure support can be used. The
FiO 2 in the early postoperative period is generally set at 50%
to 60% and reduced as clinically appropriate. The combina-
tion of pulse oximetry and end-tidal carbon dioxide monitoring
will reduce the need for frequent arterial blood gas sampling.
Controversy still exists as to the optimal level of PEEP in the
thoracic surgery patient. Low levels of PEEP (3–5 cm) may be
helpful in restoring functional residual capacity and substitut-
ing for the “physiologic PEEP” of the glottis.

High-frequency jet ventilation (HFJV) has a role in the op-
erating room during “shared airway” procedures (i.e., laryn-
goscopy, bronchoscopy, microlaryngeal procedures, and air-
way surgery). The role of high-frequency jet ventilation in the
intensive care unit, particularly for management of hypoxemic
respiratory failure, is poorly defined, the one exception being
ventilation of a patient with a bronchopleural fistula. In theory,
HFJV allows ventilation at lower airway pressures than con-
ventional ventilation. The reduction in ventilation pressure will
minimize the amount of air passing through the fistula and may
promote healing by allowing adjacent tissues to approximate
and possibly seal the fistula. In the face of decreased pulmonary
compliance, the beneficial effect of HFJV in lowering airway
pressure may be lost (11).

POSTOPERATIVE FLUID
MANAGEMENT

Thoracic surgery patients present unique issues in terms of fluid
management in the postoperative period due to the height-
ened potential for pulmonary edema. Postpneumonectomy pul-
monary edema occurs in approximately 4% to 27% of patients
(12,13) and pulmonary edema from all causes in 27% of pneu-
monectomy patients (13). Understanding the contribution of
insensible (600–1,200 mL/day in a 70-kg adult) and measured
fluid loss during the surgical procedure provides valuable in-
formation when anticipating the patient’s needs in the post-
operative period. Thoracic surgery patients may also lose an
additional 6 to 8 mL/kg per hour of third-space fluid from the
interstitial space and intracavitary areas (14). The choice of
fluid for resuscitation is left to the discretion of the caregiver,
as there is no known difference in outcome with use of either
isotonic crystalloid or colloid.

During their procedures, patients are exposed to intraopera-
tive handling of the lung, fresh frozen plasma (FFP), prolonged
one-lung ventilation, collapse and re-expansion of the lung, as
well as increases in postresection pulmonary artery pressures
(15). These factors all contribute to the lung parenchyma being
primed for a more profound inflammatory response and poten-
tial fluid accumulation. Patients undergoing procedures involv-
ing the mediastinum, such as esophagectomies or tumor exci-
sion, experience even more profound fluid shifts and likely pose
a greater management challenge in the postoperative period.

There is no one formula applicable across the broad spec-
trum of patient types seen in this population to adequately
predict fluid needs. Traditional markers of perfusion help de-
termine if a patient is adequately volume-resuscitated. These
include urine output (usually > 0.5 mL/kg per hour), mental
status, blood pressure, heart rate, blood lactate level, capillary
refill time, venous oxygen saturation, filling pressures, and car-
diac performance.

Resection patients, especially those with a right-sided pneu-
monectomy who experienced high ventilatory pressures during
surgery (13), require greater scrutiny when determining fluid
needs due to the increased risk for postpneumonectomy pul-
monary edema. Ideally, the clinician will limit crystalloid in-
fusion to 20 mL/kg for the first 24 hours in this cohort (12).
If a state of poor perfusion persists, invasive devices allowing
for precise hemodynamic monitoring and oxygen consumption
need consideration in an effort to accurately establish goals of
therapy.

PAIN MANAGEMENT
The pain associated with thoracotomy is considered one of the
most intense of any surgical procedure (16). Adequate pain
control is important not only to ensure patient comfort, but
also to avoid potential cardiac and pulmonary complications.
Early pain management is also important in an effort to re-
duce the chances of developing long-term postthoracotomy
pain (17). The reasons for pain in this setting are many and
include the skin incision, dissection of the intercostal muscles
and pleura, pleural irritation, chest tube insertion, and pro-
longed rib retraction leading to ligamentous and muscle injury
(14). Without satisfactory pain relief, the patient is exposed to
adverse effects, including the inability to breathe deeply, which
decreases vital capacity and functional residual capacity. Splint-
ing also occurs, making it more difficult to clear secretions.
These factors increase the likelihood of developing respiratory
failure in the postoperative period. The cardiovascular system
is at risk, as pain is associated with elevated circulating levels
of catecholamines, which act on the myocardium to increase
oxygen consumption.

Various options exist for pain management. They include
systemic analgesics, neuraxial opioids, and local anesthetics
via the epidural or intrathecal route; regional anesthesia such
as intercostal and paravertebral nerve blocks; and adjuvant
therapies such as transcutaneous electrical nerve stimulation
(TENS) or applied heat.

The mainstay of postoperative pain control is systemic
analgesics in the form of opioids. Agents such as morphine,
fentanyl, and hydromorphone are frequently used and can
be administered intravenously, subcutaneously, or intramus-
cularly, with the intravenous route providing the most pre-
dictable responses. Opioid side effects remain the greatest issue,
with respiratory depression, nausea, vomiting, and ileus being
a few examples. Nonopiate medications such as nonsteroidal
anti-inflammatory drugs (NSAIDs)—including the parenteral
prostaglandin inhibitor, ketorolac (18)—are reasonable ad-
juncts to the opioids. Because NSAIDs may exacerbate renal
dysfunction, it is necessary to exercise caution when using them
in the presence of underlying renal insufficiency. Also, NSAIDs
may pose a risk with postoperative healing; one animal model
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demonstrated less effective pleural adhesions following pleu-
rodesis (19).

Neuraxial opioids and local anesthetics via the epidural
or intrathecal route provide excellent regional pain control.
Epidural catheters are the preferred route, and when local
anesthetics, either with or without opioids, are infused in this
manner, the incidence of pulmonary complications decreases
relative to that with systemic opioids (20). The initiation of
epidural catheters prior to the operation appears to be the
ideal approach, as it allows for better management of pain in
the postoperative setting (21). Hypotension due to sympathetic
blockade is a potential side effect when local anesthetics such
as bupivacaine are administered. Therefore, it may be neces-
sary to either decrease the dose or eliminate the local anesthetic
completely from the infusion and use opioids exclusively.

Intercostal and paravertebral nerve blocks provide regional
pain control. These blocks may be performed either intraop-
eratively or postoperatively and can provide relief lasting up
to 12 hours; repetitive dosing may be needed and can even be
accomplished with cryoablation of the intercostal nerves dur-
ing the surgery (22). Chest tube insertion sites are potential
sites of discomfort and may be blocked either directly or prox-
imally. Intercostal nerve blocks are relatively contraindicated in
postpneumonectomy patients due to the risks of entering and
contaminating the empty chest cavity; the presence of splint-
ing on the pneumonectomy side may actually be beneficial in
reducing atelectasis in the remaining lung.

Intrapleural catheters can be used to deliver local anesthetic.
These catheters are inserted in the posterior pleural cavity and
threaded toward the lung apex; local anesthetics, such as bupi-
vacaine or lidocaine, can be administered via intermittent bolus
or continuous infusion. They are not a viable option in the set-
ting of pleural effusion (the anesthetic is diluted) or pleural
fibrosis; complications include technical difficulties during
placement, pneumothorax, toxicity to the anesthetic, and
tachyphylaxis to the local anesthetic with time.

The described methods are some of the traditional modali-
ties used when controlling pain in the thoracic surgery patient.
TENS, heat and cold application, music therapy, and relaxation
techniques are additional means of providing a comfortable
setting (22). In addition, patients requiring prolonged postop-
erative mechanical ventilation may benefit from the centrally
acting α-adrenergic agonist, dexmedetomidine. In the coro-
nary artery bypass grafting population, this agent decreased
the amount of narcotics needed to achieve adequate pain con-
trol and may thereby decrease the untoward side effects of
excessive narcotic use (23).

SPECIFIC PATIENT POPULATIONS

Thoracic Trauma

Trauma patients are typically evaluated and treated for acute,
life-threatening injuries prior to their arrival in the ICU. The
role of the critical care physician is to understand the nature
of the injuries—whether blunt or penetrating—and the antici-
pated clinical course. In addition, maintaining a high degree of
vigilance is paramount for diagnosing potential missed injuries.

Typical blunt injuries to the chest include rib fractures,
flail chest, hemothorax, pneumothorax, tension pneumotho-
rax, pulmonary contusion, cardiac contusion, and aortic dis-

ruption. Penetrating trauma such as gunshots and stabbings
are less predictable in terms of the injuries generated and there-
fore require a case-by-case assessment in terms of management
issues. Uncontrolled hemoptysis or cavitary lesions following
penetrating injury require emergent surgical intervention.

Mortality increases in thoracic trauma with increasing age,
lower Glasgow coma scale scores, liver injury, splenic injury,
more than five rib fractures, and long bone fractures. Mortality
rates typically are between 9% and 20% in the United States
(24). If the patient suffers an out-of-hospital cardiac arrest in
relation to his or her trauma, the chances of survival dimin-
ish even further, with less than 10% of patients in this group
surviving to hospital discharge (25). A proposed therapeutic
algorithm is illustrated in Figure 79.1 and will be discussed
below in detail.

Rib Fract ure s
Rib fractures are the most common type of chest trauma, with
ribs five through nine being the most susceptible. Rib fractures
by themselves are rarely life threatening but may serve as indica-
tors for more severe intrathoracic or intra-abdominal injuries.
Pain may be significant and impairs usual respiratory mechan-
ics, leading to splinting, hypoventilation, atelectasis, and po-
tentially pneumonia as pulmonary toilet is compromised. First
and/or second rib fractures indicate a large transfer of energy
to the thoracic cage and should raise further suspicion for other
intrathoracic problems such as aortic rupture or tear (26). The
elderly, defined in this instance as 65 years of age and older,
pose a particular problem when faced with these types of in-
juries; mortality increases by 19% with each rib fracture and
the risk of pneumonia by 27% (27). The implications of age
begin at 45 years, given that those with four or more rib frac-
tures in this group show more in-hospital complications, such
as increased ventilator and ICU days (28).

One intervention, however, may prove valuable in improv-
ing the outcome of patients with multiple rib fractures. Pro-
vided patients are suitable candidates for epidural analgesia,
this method of pain control is associated with a decreased in-
cidence of nosocomial pneumonia and shorter duration of me-
chanical ventilation in those with three or more rib fractures
(29).

Flail Che st
Flail chest occurs when two or more adjacent ribs are fractured
at two or more sites. This leads to a paradoxical movement of
that segment during inspiration, manifested as an inward col-
lapse. As with rib fractures, pain control is important to avoid
splinting and to facilitate pulmonary toilet. Positive pressure
ventilation, whether invasive or noninvasive, may be required
to stent open the affected lung region and thereby avoid atelec-
tasis.

He mot horax
Hemothorax is a collection of blood in the pleural cavity. Pa-
tients potentially experience chest pain, dyspnea, and tachycar-
dia along with dullness to percussion and decreased or absent
breath sounds to auscultation on the affected side. Chest radio-
graphs help to confirm the diagnosis if the collection of blood is
large enough (i.e., > 200 mL) to be seen radiographically. The
mainstays of therapy are ensuring adequate circulating blood
volume and tube thoracostomy to drain blood from the pleu-
ral space. Thoracotomy is required if bleeding continues at a
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BLUNT CHEST TRAUMA ALGORITHM
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FIGURE 79.1. Therapeutic algorithm. ECGs, elec-
trocardiograms; TEE, transesophageal echocardiog-
raphy; TTE, transthoracic echocardiography.

significant rate, defined as 1,500 mL of blood output with ini-
tial tube placement or continuous bleeding of at least 250 mL/
hour for 4 hours or if the patient’s vital signs suddenly de-
compensate (26). Failure to adequately drain the hemothorax
potentially leads to a condition of retained clot. This is prob-
lematic, as it may progress to empyema or fibrothorax. Op-
tions for therapy include further large-diameter tube thoracos-
tomy, open thoracotomy, video-assisted thoracoscopy (VATS),
or intrapleural fibrinolytic therapy. Further tube thoracostomy
likely has a limited role, as it does not consistently liberate clot-
ted blood products, and early surgical drainage with VATS de-
creases the duration of tube drainage, length of hospital stay,
and hospital cost (30). VATS is the surgical intervention of
choice because it is less invasive than open thoracotomy and
just as effective, unless there are extensive adhesions (31). Fib-
rinolytic therapy offers a possible alternative to thoracoscopy
or decortication, especially if the time from injury to therapy
is delayed, with a response rate of up to 92% in terms of
resolution (32).

Pne umot horax
Pneumothorax is the accumulation of air, originating from the
lung, between the visceral and parietal pleura, and is the most
common intrathoracic finding following blunt or penetrating
trauma. The size of the pneumothorax is expressed as a per-
centage, determined by its size relative to the entire lung on an
anterior-posterior chest radiographic film. Treatment with tube
thoracostomy is indicated when the size is > 20% , the patient is

on positive pressure ventilation, and there are signs and symp-
toms of hypoxia and dyspnea. If following tube placement the
lung does not completely re-expand and there is a persistent
air leak, it is important to search for a more severe tracheal or
bronchial injury, as this situation would require surgical inter-
vention.

Te nsion Pne umot horax
Tension pneumothorax is a life-threatening condition requir-
ing immediate therapy. It occurs when air accumulates in a
hemithorax under pressure, causing impaired venous return
and cardiac output. The absence of breath sounds on the
affected side, along with deviation of the trachea and me-
diastinum away from that side, are the hallmarks of this
condition, especially in the presence of severe hypotension.
Initial therapy includes relief of the pressure by placing a large-
bore (14-gauge) intravenous catheter into the second inter-
costal space in the midclavicular line on the affected side, fol-
lowed by tube thoracostomy to treat the pneumothorax.

Pulmonary Cont usion
Pulmonary contusion is a result of blunt force transmitted
across the thorax. The mechanism for its development is not
completely understood but is felt to be related to compres-
sion and re-expansion of the lung tissue, leading to capil-
lary disruption with interstitial and intra-alveolar edema, de-
creased compliance, and hypoxemia due to a shunt physiology
(26). Care is largely supportive in this population, with close
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FIGURE 79.2. There are multiple fractured ribs on the right with sev-
eral fractured in more than one place. This leads to a flail segment with
inspiration.

attention to pain management and pulmonary toilet. Typical
chest radiographic findings are shown in Figure 79.2.

Card iac Cont usion
Cardiac contusion is a potential complication of blunt chest
trauma (Fig. 79.3.) Its exact incidence is unclear, as different
studies used varying criteria to make the diagnosis (33). It is
typically well tolerated in mildly injured patients but may lead
to fatal arrhythmias or cardiogenic shock if severe. Rapid de-
celeration, as occurs in motor vehicle accidents, is the most
common cause since, in this situation, the heart moves freely
and can strike the internal sternum with a substantial amount
of force (33). Electrocardiography findings in cardiac contu-
sion are summarized in Table 79.5. Biomarkers, such as crea-
tine kinase (CK) or troponin I and T, are potentially helpful in
the diagnosis, as the histologic changes associated with contu-

FIGURE 79.3. Diffuse infiltrative pattern on the left side is consistent
with findings seen following pulmonary contusion.

TA BLE 7 9 . 5

ELECTROCARDIOGRAPHIC FINDINGS IN CARDIAC
CONTUSION

Nonspecific abnormalities
Pericarditis-like ST-segment elevation or PTa depression
Prolonged QT interval

Myocardial injury
New Q wave
ST-T segment elevation or depression

Conduction disorders
Right bundle branch block
Fascicular block
Atrioventricular (AV) nodal conduction disorders (1st-,
2nd-, and 3rd-degree AV block)

Arrhythmias
Sinus tachycardia
Atrial and ventricular extrasystoles
Atrial fibrillation
Ventricular tachycardia
Ventricular fibrillation
Sinus bradycardia
Atrial tachycardia

Adapted from Sybrandy KC, Cramer MJM, Burgersdijk C.
Diagnosing cardiac contusion: old wisdom and new insights. Heart.
2003;89:485–489.

sion are similar to those seen with infarction. Troponin I and
T are specific to the myocardium and may avoid false posi-
tives by relying solely on CK, as trauma patients often have
diffuse muscular damage leading to massive CK release from
many tissues. Electrocardiography may show nonspecific find-
ings, such as sinus tachycardia and premature atrial or ven-
tricular systoles, and not provide further clarification of the di-
agnosis (33). Echocardiography, whether transthoracic (TTE)
or transesophageal (TEE), offers the best insight into cardiac
damage from contusion due to its ability to directly visualize
wall motion abnormalities (Table 79.6). Treatment involves
cardiac monitoring and stabilization of the traumatically in-
duced injuries, supporting blood pressure and cardiac output
as indicated. (See algorithm, Fig. 79.1.)

Aort ic Disrup t ion
Aortic disruption leads to a high mortality, as only 13% to 15%
of these patients reach the hospital alive. Those surviving that

TA BLE 7 9 . 6

ECHOCARDIOGRAPHIC FINDINGS IN ACUTE
CARDIAC CONTUSION

Transthoracic Echocardiography
■ Regional wall motion abnormalities
■ Pericardial effusion
■ Valvular lesions
■ Right and left ventricular enlargement
■ Ventricular septal rupture
■ Intracardiac thrombus

Transesophageal Echocardiography
■ Aortic endothelial laceration or aortic dissection
■ Aortic rupture
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long have a 30% chance of subsequent rupture and death (34).
Diagnostic modalities include findings on chest radiograph of
a widened mediastinum, aortography (the gold standard), CT
scanning, and TEE. Treatment is immediate surgery by a car-
diothoracic surgeon to repair the injury.

Posttraumatic empyema occurs in up to 2% of the thoracic
trauma population and is most often caused by Staphylococ-
cus aureus (35). Factors increasing the likelihood of developing
empyema include retained hemothorax, pulmonary contusion,
and multiple chest tube placement (36). Of note, since most
empyemas are of a parapneumonic etiology (37), pneumonia
has little impact on the development of pleural space infec-
tion in this population. Treatment includes removal of the in-
fected fluid or collection and may be accomplished by guided
drainage, VATS, or open thoracotomy.

Lung Volume Re d uct ion Surg e ry

Lung volume reduction surgery (LVRS) is used in an effort
to improve the pulmonary dynamics of patients with severe
emphysema by palliating dyspnea and improving functional
status. This population is prone to more postsurgical compli-
cations than most other thoracic surgery patients due to their
underlying fragile nature. Anticipated complications include
arrhythmias, prolonged respiratory failure, air leaks, pneumo-
nia, and ICU readmission. Air leaks occur in 90% of patients
and rarely require surgical intervention (38). The prevalence of
air leaks correlates with a more prolonged, complicated hospi-
tal course, and severity is predicted by patient characteristics
such as worsened pulmonary function, use of inhaled steroids,
distribution of disease (lower lobe disease is less frequent and
has shorter duration), and presence of adhesions (38). Manage-
ment involves chest tube drainage with efforts to minimize or
eliminate suction so the tissue has the greatest chance to heal.

Esop hag e al Surg e ry

Esophageal surgery patients undergo procedures that trauma-
tize the lung, the interposed stomach, and the diaphragm. Pa-
tients who undergo esophageal resection for carcinoma tend to
be malnourished. Pulmonary complications, including atelec-
tasis, pneumonia, aspiration, and retained secretions, are all
possible. Up to 29% of patients experience respiratory com-
plications (39) with increasing patient age and decreasing per-
formance on spirometry, which is predictive of increased risk
(40). Aspiration risk is minimized by having patients undergo a
thorough swallowing evaluation, including radiographic test-
ing, prior to initiating oral intake.

The most dangerous complication of esophageal surgery is
leakage from the surgical site. Anastomotic leak occurs in as
many as 11% of patients, and factors impacting the incidence
include high estimated intraoperative blood loss, cervical loca-
tion of the anastomosis, and the development of postoperative
ARDS (41). Interestingly, the use of thoracic epidural analgesia
is associated with a decreased occurrence of anastomotic leak-
age (41). Mortality associated with anastomotic leaks is histor-
ically high, but with improved surgical techniques, the patients
now face a more promising outcome. One center showed a
reduction in mortality with intrathoracic leaks from 43% to
3.3% over a 34-year period (42). Early identification is impor-

tant, and endoscopy provides a safe method for determining
the integrity of the graft and whether surgery is necessary to
avoid loss of the graft (43).

RESPIRATORY THERAPY
Thoracic surgical patients often have significant underlying
COPD, impaired mucociliary clearance, excessive secretions,
and/or increased closing volumes, all of which predispose to
atelectasis. The respiratory therapist plays an important role
in providing secretion management and chest physiotherapy
(percussion and vibration). Other modalities supporting re-
covery include adequate hydration, aerosolized bronchodila-
tors, humidified oxygen, and early identification and treat-
ment of infection of the tracheobronchial tree. Chest phys-
iotherapy should begin as soon as the patient has recovered
sufficiently from anesthesia to cooperate. Mucolytic agents
(such as N-acetylcysteine) are helpful in solubilizing thick se-
cretions, but may cause bronchospasm. Oral or nasotracheal
suctioning is used in selected extubated patients, but discom-
fort and the possibility of complications (hypoxemia, vagal-
mediated bradycardia, or cardiac arrest) limit routine use. A
mini-tracheostomy (bedside percutaneous cricothyroidotomy
for suctioning) can provide access to the lower airway in pa-
tients with thick secretions. Inadequate clearance of secretions
often requires flexible bronchoscopy, which is of greatest ben-
efit in the extubated patient who cannot adequately be suc-
tioned. If pulmonary parenchymal involvement is confined to
one lung, altering body position can improve gas exchange
by changing the relationships between ventilation and perfu-
sion. The lateral decubitus position, with the uninvolved lung
down, allows maximal blood flow to ventilated areas during
spontaneous ventilation. This relationship may be altered with
mechanical breaths and application of PEEP. Specialized beds
can be set to supine, lateral, or rotating modes to optimize
oxygenation (44).

COMPLICATIONS
Complications common to all thoracic surgical patients are
listed in Table 79.7. Those more likely to occur following spe-
cific procedures are listed in Table 79.8.

Airway complications can be precipitated by prolonged in-
tubation with large or double-lumen endotracheal tubes, pas-
sage of bronchial blockers, use of rigid bronchoscopes, or fre-
quent reintubation. Edema of the larynx or trachea can sub-
stantially narrow the cross-sectional area of the airway. As-
sessing the patient for an air leak around an occluded endo-
tracheal tube just prior to extubation may identify significant
laryngeal and supraglottic edema. Upright or sitting position,
intravenous corticosteroids (45), and racemic epinephrine res-
piratory treatments are the mainstay of edema reduction. A
critical airway may be converted to an adequate airway by the
administration of Heliox, a helium and oxygen mixture (46).
Helium, being less dense and less viscous than nitrogen, allows
maintenance of laminar flow through a critically swollen up-
per airway. Prolonged endotracheal intubation or temporary
tracheostomy may be required to allow resolution of airway
edema.
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TA BLE 7 9 . 7

POSTOPERATIVE COMPLICATIONS FOLLOWING ANY
THORACIC PROCEDURE

Airway edema/stridor
Arrhythmias (especially atrial fibrillation, multifocal atrial

tachycardia)
Arytenoid dislocation
Aspiration of gastric contents
Atelectasis
Bronchospasm
Bronchopleural fistula
Chylothorax
Congestive heart failure
Deep venous thrombosis
Empyema
Hemorrhage
Hemothorax
Infection (superficial, deep)
Lobar collapse
Lobar torsion
Myocardial infarction
Pain and splinting
Pleural effusion
Pneumothorax
Pulmonary embolus
Re-expansion pulmonary edema
Respiratory failure
Retaining secretions
Subcutaneous emphysema
Tension pneumothorax

From Higgins TL. Selected issues in postoperative management. In:
American College of Chest Physicians: The ACCP Critical Care Board
Review . Northbrook IL; 1998:323–334, with permission.

The recurrent laryngeal nerves branch from the vagus nerves
as they enter the chest. The right recurrent laryngeal nerve
arises high in the apex of the right chest and loops around
the right subclavian artery to travel back to the larynx in the
tracheoesophageal groove. The left recurrent laryngeal nerve,
which is more susceptible to injury, wraps around the aortic
arch in the left chest before it enters the tracheoesophageal
groove. Injury can result from excessive traction, aggressive
dissection about these nerves, or the operative sacrifice of these
nerves. Mediastinoscopy, anterior mediastinotomy, left pul-
monary resection with subaortic exenteration, and resections
of mediastinal tumors are common operations in which the re-
current laryngeal nerve may be damaged. Associated airway
and laryngeal edema may allow for adequate coaptation of the
vocal cords for the first days postextubation, often prevent-
ing identification of cord injury until after discharge from the
ICU, when ineffective cough or aspiration of secretions will
become apparent. If there is permanent damage or division
of the recurrent laryngeal nerve, injection of the vocal cord
with a long-lasting substance such as Teflon may be consid-
ered. In many instances, aggressive chest physiotherapy, care-
ful airway management, and temporary avoidance of oral feed-
ing may eliminate the need for any intervention until recovery
of the nerve function has occurred. Intermittent noisy inspira-
tion and painful swallowing suggest arytenoid dislocation, an
uncommon cause of postextubation respiratory failure (47).
Treatment consists of surgical reduction, which must be ac-

complished before the cricoarytenoid joint becomes fibrosed
in poor position.

Retained secretions and blood in the airway are especially
common if the airway was opened, such as during a bron-
choplastic procedure or closure of a bronchial stump. Me-
chanical airway obstruction secondary to secretions may be
aggravated by bronchospasm, and preoperative bronchodila-
tors should be continued in patients with reactive airways, as
secretions can precipitate coughing and bronchospasms.

Postoperative air leaks most often result from very distal
fistulae between tiny bronchioles or respiratory units and the
pleural cavity. One of the main functions of the chest tube is
to evacuate air from these small air leaks to ensure complete
expansion of the lung and coaptation of the cut surface of the
lung to the parietal pleura, which will seal these leaks. Repo-
sitioning of the chest tubes or insertion of further chest tubes
into undrained spaces, adequate suction applied to the pleural
cavity, and full expansion of the lung with vigorous chest phys-
iotherapy help to close these small distal fistula. A substantial
persistent air leak from the chest tube, or incomplete expan-
sion of the lung, suggests a significant bronchopleural fistula.
Major proximal airway problems such as failure of the anasto-
mosis, disruption of a bronchial closure, or retained secretions
or foreign bodies can be identified by bronchoscopy. Within
the first 7 postoperative days, any fistula is likely to be due to a
technical problem. More than 1 week after the operation, but
usually within the first 6 weeks, fistulae are more often due to
an empyema or local peribronchial abscess. Late occurrence of
a bronchopleural fistula, (more than 6 months after the opera-
tion) is frequently due to recurrent lung carcinoma.

Early postoperative bronchopleural fistula in a pneumonec-
tomy patient is a surgical emergency. The typical presentation is
sudden expectoration of copious amounts of pink, frothy spu-
tum, which may be misdiagnosed as pulmonary edema. The
patient should be positioned with the operated or pneumonec-
tomy side down to trap remaining fluid in the pneumonectomy
space and prevent drowning. A chest radiograph will show loss
of fluid from the pneumonectomy space. Further management
will likely include both bronchoscopy to assess the stump clo-
sure and immediate reoperation.

Empyema is initially treated with closed tube drainage and
antibiotic therapy. After the patient has been stabilized and
any bronchopleural fistula identified and treated, drainage of
the empyema cavity is converted from closed tube drainage to
open tube drainage. A chest radiograph helps to determine if
the mediastinum is fixed or whether it has shifted and com-
pressed the contralateral remaining lung. If the mediastinum is
stable, drainage of the cavity may be permanently converted
to open drainage. This may take the form of rib resection and
marsupialization of the pneumonectomy cavity (Clagett win-
dow or Eloesser flap). With time, the pneumonectomy cavity
shrinks in size, and the window or flap may be closed.

Postoperative hypoxemia is common and may be due to
sepsis, ARDS, pneumonia, or pulmonary embolization. If pul-
monary emboli are suspected, ventilation/perfusion scanning,
spiral computed tomography, and pulmonary angiography
should be done, and treatment initiated with anticoagula-
tion or lytic therapy, depending on timing and indications. If
these measures are contraindicated, an inferior vena caval fil-
ter should be placed. Systemic tumor emboli, though uncom-
mon, may be seen after pulmonary resections for primary bron-
chogenic carcinomas or metastatic sarcomas.
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TA BLE 7 9 . 8

COMPLICATIONS OF SPECIFIC THORACIC PROCEDURES

Procedure Complications

Anterior mediastinotomy (Chamberlain) Damage to recurrent laryngeal nerve (particularly left)
Bronchoscopy/mediastinoscopy Bleeding from major vessels if torn, air leak with biopsy of bronchus
Bronchopleural fistula repair Persistent leak, dehiscence
Bronchopulmonary lavage Respiratory distress/contralateral spillage
Bullectomy Tension pneumothorax, air leak
Chest wall reconstruction Blood loss, altered chest wall compliance, unstable chest, infection prosthetic material
Clagett window Air leak
Collis-Belsey Gastric leak, splenic injury
Decortication Blood loss, air leak(s)
Esophageal dilatation Esophageal perforation, pleural effusion, airway obstruction
Esophagoscopy Esophageal perforation
Esophagogastrectomy Third-spacing of fluids, anastomotic leak, gastric devasculatization, splenic injury,

gastric torsion
Heller myotomy Esophageal tear
Lobectomy Bronchial leak, lobar collapse, lobar torsion
Mediastinal tumor excision Airway obstruction with sedation/anesthesia, damage to recurrent laryngeal nerve
Nissen fundoplication Esophageal obstruction (with tight wrap), splenic injury
Pectus repair Costochondritis, unstable sternum
Pleuroscopy Pharyngeal laceration, air leak
Pneumonectomy Atrial arrhythmias (atrial fibrillation, MAT), mediastinal shift, cardiac torsion, air

embolism, disrupted bronchus
Thoracic aortic aneurysm Paraplegia, bleeding, aortobronchial fistula, esophageal injury
Thymectomy In myasthenics, possible weakness and respiratory failure
Lung transplant Rejection (day 5), reperfusion injury, infection, overdistention of native lung,

dehiscence
Tracheal resection Fixed neck flexion postoperatively, dehiscence, air leak

From Higgins TL. Selected issues in postoperative management. In: American College of Chest Physicians: The ACCP Critical Care Board Review .
Northbrook, IL; 1998:323–334, with permission.

Massive postoperative hemorrhage can present as signifi-
cant shock and occasionally occurs during transfer of the pa-
tient to the recovery room or ICU. This potentially lethal con-
dition can be the result of a slipped tie from the pulmonary
vein—or, less commonly, the pulmonary artery—and requires
emergent reoperation. Slower postoperative hemorrhage usu-
ally results from small bleeding arteries or veins in the medi-
astinum or chest wall. Reoperation is required for control of
bleeding and to evaluate the hemothorax to prevent future fi-
brothorax or restrictive lung disease.

PULMONARY PARENCHYMAL
COMPLICATIONS

Trache oe sop hag e al Fist ula

A communication may occur between the anterior esophageal
wall and membranous (posterior) wall of the trachea follow-
ing prolonged intubation due to pressure exerted from the cuff
of the endotracheal or tracheostomy tube, which can lead to
potential tissue necrosis. Tracheoesophageal fistula should be
suspected when feedings are aspirated from the airway. Surgi-
cal revision of the damaged area is the definitive therapy but
may not be practical in patients still requiring positive pres-
sure ventilation, and may need to be delayed until the patient
has been weaned off mechanical ventilation (48). Stenting of

the esophagus, performed at the bedside in the ICU, allows for
temporary sealing of the fistula until the patient is a suitable
candidate for final surgical repair (49).

Trache oinnominat e Fist ula

Bleeding seen 48 hours or greater following tracheostomy
raises concern about the presence of a tracheoinnominate fis-
tula. Even though this occurs rarely, it is a life-threatening com-
plication and requires urgent action. Most cases arise when
pressure necrosis on the posterior aspect of the blood vessel oc-
curs due to overinflation of the endotracheal cuff. Initial steps
include hyperinflation of the tracheostomy cuff or direct ar-
terial compression with a finger to tamponade the bleeding.
Bronchoscopy is the diagnostic procedure of choice, followed
by surgery to divide the innominate artery, with subsequent
separation of the trachea from the divided artery by viable
tissue (50).

At e le ct asis

The most common complication following thoracic surgery
is atelectasis. Potential contributors include hypoventilation,
splinting, bronchospasm, poor cough, retained secretions,
pneumothorax, and trauma to the lung during the surgical pro-
cedure. Most patients in the ICU will tolerate some degree of
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atelectasis with symptoms including fever, tachypnea, arrhyth-
mias, hypoxia, or respiratory failure. More severe atelectasis
or a compromised host can present with respiratory failure re-
quiring mechanical ventilation. Auscultation of the lungs may
identify the impaired areas due to the diminished air move-
ment, and a chest radiograph may further highlight the por-
tions of collapsed lung. Atelectasis is not limited to the lung on
the operative side, although it is more likely to occur in that
parenchyma.

Efforts to avoid atelectasis include frequent suctioning of the
tracheobronchial tree, chest percussion and postural drainage,
humidification of inspired gases, frequent patient rotation,
bronchodilators, pain control, coughing, deep breathing, bron-
choscopy for removal of mucus plugs or secretions, invasive
or noninvasive positive pressure ventilation, and early ambu-
lation (14). Chest physiotherapy uses physical therapy such as
clapping and vibration to stimulate coughing and thereby move
secretions out of the lungs. Incentive spirometry, often used fol-
lowing surgical procedures, does not provide the same benefit
of chest physiotherapy in the recovery phase, as physiotherapy
potentially decreases hospital costs due to shorter lengths of
stay (51).

Lob ar Collap se and Torsion

Lobar collapse most commonly occurs in either the right upper
lobe following surgery that uses a double-lumen endotracheal
tube or in the right middle lobe after right upper lobectomy,
which alters the anatomy, allowing the horizontal fissure to rise.
This results in compression on the right middle lobe bronchus
and subsequent occlusion.

Lobar torsion occurs as the result of a lung segment twisting
about its hilar structures. This twisting occludes the bronchial,
arterial, and venous supply to the affected segment, with in-
farction occurring if the process is not recognized and treated.
The right middle lobe and lingula are at greatest risk following
thoracotomy (14). The patient may initially present as simply
having atelectasis, but over time, the chest radiograph shows
opacification of the affected lobe. As ischemia progresses to
infarction, there will be signs of tissue necrosis, such as bloody
or malodorous secretions and foul chest tube drainage. Bron-
choscopy is the initial tool for evaluation, followed by thoraco-
tomy for an urgent detorsion and lobectomy if necrotic tissue
is found.

PLEURAL COMPLICATIONS
Pneumothorax is the second most frequent postoperative com-
plication after atelectasis (14). Signs and symptoms of a pneu-
mothorax range from subtle to severe and include increased
work of breathing, decreased breath sounds and chest move-
ment, wheezing, hypoxia, increased airway pressures if still on
the ventilator, and hemodynamic instability if tension pneu-
mothorax occurs. A chest radiograph is the first modality used
in the diagnosis of pneumothorax, save for the instance when
tension is present and chest tube placement must occur imme-
diately to prevent further clinical deterioration of the patient. If
a pneumothorax develops on the surgical side and chest tubes
are already present, it is necessary to ensure that the tubes are
functioning properly. This involves inspecting the entire sys-

tem for any evidence of leaks, inadequate suction, or loss of
tubing patency due to blood clots. It is possible to declot chest
tubes with vigorous stripping or by placing a balloon occlusion
catheter to physically remove the obstruction.

Pleural effusions persisting in the postoperative period
should be evaluated via thoracentesis to determine if there is
an intrathoracic or extrathoracic cause. If the fluid is transuda-
tive, the underlying cause needs to be addressed. If the fluid is
exudative, a high suspicion for empyema must be maintained.
If pleural effusions and pneumothoraces do not resolve over
time, the decision for more definitive therapy, such as pleu-
rodesis, needs to be entertained.

Thoracic duct injury is a known complication following any
surgery involving dissection in the posterior mediastinum and
may result in chylothorax. Confirmation of the diagnosis in-
cludes testing the pleural fluid which is high in triglycerides and
chylomicrons. The leakage site is localized with lymphangiog-
raphy or CT scanning, and the clinical situation will dictate
the type of management. It occurs in approximately 4% of
patients undergoing esophageal surgery with the transthoracic
approach as compared to transhiatal; an increased number of
positive nodes are predictive of its incidence (52). Management
initially includes chest tube drainage and parenteral nutrition
to decrease the thoracic duct output. If the drainage resolves
with conservative management, surgical intervention can likely
be reserved for those not decreasing their chylous output (53).

OTHER COMPLICATIONS

Post op e rat ive Infe ct ions

The incidence of developing nosocomial infection following
lung surgery increases with a history of COPD, duration of
surgery (with an increased risk for each additional minute),
and ICU admission (54). Surgical site infection occurs rarely
due to the use of prophylactic perioperative antibiotics. Fac-
tors increasing the risk of infection at the incision site include
emergent thoracotomy in the trauma patient and procedures
for treatment of empyema, lung abscess, mediastinitis, or per-
forated esophagus. Any unexplained fever requires careful in-
spection of the surgical site.

When air tracks into the subcutaneous space via the path
of least resistance, it generates subcutaneous emphysema. The
air is forced along these pathways with positive pressure venti-
lation and instances of increased intrathoracic pressure during
spontaneous breathing. Coughing and forced exhalation are
two examples. Subcutaneous air may be striking in appearance
but rarely affects patient outcome in a detrimental way. If the
collection of air is massive enough to compromise the airway,
endotracheal intubation may be indicated, realizing the pitfalls
of instituting positive pressure ventilation in such a situation.
Following sterile preparation, puncturing the skin with small-
gauge (no. 25) needles provides a conduit for the subcutaneous
air to escape and decrease the cosmetic deformation.

SUMMARY
The thoracic patient presents unique management issues due to
the complexities of fluid management, preoperative morbidi-
ties, the need for specialized pain control to preserve respiratory
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function, and nature of drainage devices left in place postopera-
tively. As a critical care physician, it is important to understand
the interplay of these circumstances when anticipating the pa-
tient’s postoperative needs in the ICU. The pulmonary system
is more susceptible to adverse events if fluid management is
not judiciously managed. Patients undergoing thoracotomies
for lung or esophageal surgery tend to have an impaired func-
tional status and nutrition at baseline, negatively impacting
their postoperative course. If pain control is inadequate, the
patient will have impaired pulmonary function, which poten-
tially delays recovery. Chest tubes require extra vigilance due
to the potential complications should they malfunction.

With a well thought out care plan, the outcome for tho-
racic surgery patients will be positive and the road to recovery
smooth.
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CHAPTER 80 ■ POSTOPERATIVE
MANAGEMENT OF ADULT CARDIOVASCULAR
SURGERY PATIENTS
HOWARD K. SONG r MATTHEW S. SLATER

Adult patients undergoing cardiovascular surgery procedures
all pass through a period of critical illness during their recov-
ery. These patients present intensivists with unique critical care
management challenges because of the hemodynamic changes
that occur as a result of the surgery itself and the broad inflam-
matory after-effects of cardiopulmonary bypass. The special-
ized nature of the critical care of adult cardiovascular surgery
patients is apparent in the proliferation of heart centers, spe-
cialized units, treatment protocols, and pathways designed to
optimize patient outcomes by standardizing care and focus-
ing provider expertise. Optimal outcomes for adult cardiovas-
cular surgery patients are most likely to occur where critical
care systems are designed to support this specific patient pop-
ulation and practitioners have strong familiarity with normal
recovery milestones and complications that can interrupt this
process.

CARDIOPULMONARY BYPASS
A significant portion of adult cardiovascular surgery proce-
dures are performed with the use of cardiopulmonary bypass.
The development of the heart–lung machine over the past 50
years represents one of the major achievements of modern
medicine and has made complex repairs of intracardiac struc-
tures and the great vessels feasible. Cardiopulmonary bypass
techniques allow the surgeon to interrupt blood flow through
the heart and lungs, providing a relatively bloodless and mo-
tionless field for the conduct of the operation. The most basic
components of a cardiopulmonary bypass system are a venous
cannula, a venous reservoir, a pump, an oxygenator, a heat
exchanger, a filter, and an arterial cannula (Fig. 80.1). Other
components that are commonly used are a cardioplegia deliv-
ery system, an ultrafiltration unit, a cardiotomy suction system,
a left ventricular vent, and a cell saver system.

Although cardiopulmonary bypass is an indispensable tool
for the intraoperative care of the cardiovascular surgery pa-
tient, it incites a broad inflammatory cascade that can have
far-reaching consequences on the subsequent intensive care unit
(ICU) course of the patient. The primary trigger for this inflam-
matory cascade is the interaction between the patient’s blood
components and the large plastic surface area represented by
the cardiopulmonary bypass circuit (1). This interaction acti-
vates plasma enzyme systems and blood cells, dilutes plasma
proteins, causes coagulopathy, produces emboli, and leads to
release of an array of vasoactive mediators that affect vascular
motor tone and endothelial permeability (Table 80.1). Because

of the systemic nature of this response, nearly every end organ
is susceptible to at least temporary inflammatory-mediated dys-
function in the postoperative period.

Fortunately, the post-cardiopulmonary bypass inflamma-
tory cascade is typically self-limited (Fig. 80.2). Circulating lev-
els of vasomotor mediators peak within 24 hours of surgery and
subside over ensuing days (2). Although cardiovascular surgery
patients frequently have temporary mild end organ dysfunction
postoperatively, rates of major complications for elective rou-
tine cases are low. Much of the critical care of cardiovascular
surgery patients is oriented toward supporting patients through
the early period during which they are subject to the temporary
effects of cardiopulmonary bypass.

IMMEDIATE CONCERNS
The patient’s admission to the ICU is a hectic transition period
during which the patient is physically transported, monitoring
and mechanical ventilation is re-established, intravenous medi-
cations are titrated, diagnostic tests are performed, and patient
information is transferred from providers on the perioperative
team to providers on the postoperative ICU team. In the midst
of all this activity, almost all patients arriving in the ICU af-
ter cardiovascular surgery are in a state of controlled shock
because of fluid shifts and changes in vascular tone. Cardio-
vascular surgery patients are therefore especially vulnerable to
lapses in monitoring or distractions that divert the attention
of providers at the bedside. A checklist is useful to ensure that
essential tasks are accomplished within the first 30 minutes of
a patient’s arrival in the ICU (Table 80.2).

The first step on the patient’s arrival to the ICU should be a
quick assessment of the ABCs (airway, breathing, circulation).
The arterial pressure monitoring unit is transferred from the
portable setup accompanying the patient to the ICU monitor.
The systemic arterial pressure waveform allows you to assess
adequate systemic perfusion pressure and provides a means
to detect arrhythmias while the electrocardiogram (ECG) and
other pressure measurement catheters are connected and cali-
brated. Next, connect the hemodynamic monitoring catheters
that provide some measure of central circulatory volume sta-
tus, including the central venous pressure (CVP) catheter, pul-
monary artery catheter, or both. The ECG leads are then
switched from the transport unit to the ICU system. After these
monitors are established, others can be connected and cali-
brated including the mixed venous oxygen saturation (Sv̄O 2),
and pulse oximetry waveform.
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FIGURE 80.1. Schematic of a typical car-
diopulmonary bypass circuit. (Reproduced
from Wellons HA Jr, Zacour RK. Cardiopul-
monary bypass. In: Kaiser LR, Kron IL, Spray
TL, eds. Mastery of Cardiothoracic Surgery.
2nd ed. Philadelphia, PA: Lippincott Williams
& Wilkins; 2007:312, with permission.)

Mechanical ventilation is continued using the ICU venti-
lator. Significant arterial-alveolar (A-a) gradients are common
following cardiopulmonary bypass so patients should routinely
be given high concentrations of oxygen (70% –80% ) until ade-
quate oxygenation is confirmed. Tidal volume in the absence of

TA BLE 8 0 . 1

VASOACTIVE SUBSTANCES RELEASED FOLLOWING
CARDIOPULMONARY BYPASS

Aldosterone
Angiotensin II
Atrial natriuretic peptide
Complement: C3a, C4a, C5a, C5b-9
Electrolytes: Ca2+ , Mg2+ , K+

Endothelin-1
Epinephrine
Glucagon
Histamine
Interleukins: IL-1, IL-6, IL-8, IL-10
Leukotrienes: LTB4, LTC4, LTD4
Lysosomal enzymes
Nitric oxide
Norepinephrine
Oxygen free radicals
Platelet-activating factor
Prostacyclins
Prostaglandin E2
Proteases
Renin
Serotonin
Thromboxane A2
Thyroid hormones: T3, T4
Vasopressin

ECG, electrocardiogram; FiO 2, fraction of inspired oxygen.

acute lung injury is set at 8 mL/kg of predicted body weight and
respiratory rate is set at 14 breaths per minute. If the patient
is not synchronized with the ventilator, analgesia and sedation
are assessed for adequacy.

Once stable hemodynamic function is confirmed, pressure
monitoring can be interrupted to obtain blood samples for var-
ious tests, including arterial blood gas, complete blood count,
serum potassium, ionized calcium, hematocrit, platelet count,
and coagulation studies. Rezeroing of all pressure monitors
and calibration of the venous saturation monitor should be per-
formed. For patients with a pulmonary artery catheter, baseline
measurements of cardiac output and calculations of systemic
vascular resistance (SVR) and pulmonary vascular resistance
(PVR) are obtained.

A physical exam is performed. Particular attention is given
to adequacy of airway control and ventilation and assessment

A B

FIGURE 80.2. Changes in IL-1ß (A) and IL-6 (B) in 30 patients
who had elective first-time myocardial revascularization. Letters on
x-axis represent the following events: A, induction of anesthesia; B, 5
minutes after heparin; C, 10 minutes after starting cardiopulmonary
bypass (CPB); D, end of CPB; E, 20 minutes after protamine; F, 3
hours after CPB; G, 24 hours after CPB. (Redrawn from Steinberg JB,
Kapelanski DP, Olson JD, et al. Cytokine and complement levels in pa-
tients undergoing cardiopulmonary bypass. J Thorac Cardiovasc Surg.
1993;106:1008.)
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TA BLE 8 0 . 2

TASKS TO BE COMPLETED WITHIN THE FIRST 30
MINUTES OF A PATIENT’S ARRIVAL TO THE ICU
FOLLOWING CARDIOVASCULAR SURGERY

Establish monitoring
Arterial waveform
Central venous and pulmonary artery waveforms
ECG
Mixed venous oxygen saturation
Pulse oximetry
Mark and record urometer and mediastinal drains

Re-establish mechanical ventilation
Assess airway control and bilateral air entry
70% –100% FiO 2
Tidal volume 8 mL/kg of predicted body weight
Respiratory rate 14 breaths/min

Directed physical exam
Airway
Ventilation
Adequacy of blood pressure and cardiac output
Abdomen
Peripheral pulse exam

Studies
Arterial blood gas, electrolytes, ionized calcium,

hematocrit, platelet count, coagulation studies
Chest radiograph

Transfer responsibility of patient care from perioperative team
to ICU team

Verbal sign-out of patient’s clinical history and
perioperative course

of peripheral pulses in all extremities. Although affected some-
times by the presence of severe atherosclerosis, skin tempera-
ture, pulse amplitude, and capillary refill time provide essential
clinical information about the adequacy of cardiac output. Pal-
pable peripheral pulses are an excellent indicator of systemic
perfusion. Mental status and central nervous system assessment
is also part of the initial exam.

A portable chest radiograph is obtained to determine
the proper placement of the endotracheal tube, monitor-
ing catheters, and nasogastric tube. Examine this radiograph
closely for evidence of a pneumothorax, hemopneumothorax,
and areas of lung collapse or atelectasis.

A word of caution is necessary about obtaining chest ra-
diographs immediately after the patient arrives in the ICU,
particularly if the body temperature is below 35.5◦C and hemo-
dynamic instability is present. In this situation, the chest radio-
graph should be deferred until the temperature rises to above
35.5◦C to avoid the occurrence of life-threatening arrhythmias
during placement of the film cassette. Sudden movement may
induce ventricular tachycardia or fibrillation resulting from the
reduced fibrillation threshold caused by hypothermia and elec-
trolyte imbalance, especially hypokalemia.

As the physical process of patient admission to the ICU is
taking place, a transfer of responsibility for the patient’s care
is also occurring. This usually involves a verbal sign-out of
patient information from providers on the perioperative team
to providers on the ICU team. The patient’s clinical history is
reviewed, and the perioperative course is described. This in-
formation is particularly important to ensure the safe transi-

tion from perioperative to postoperative care. Important details
may include information on ease of intubation, perioperative
ventricular function, inotropic and vasopressor requirement,
optimal volume status, completeness of revascularization, and
suspected coagulopathy.

Init ial The rap y

The first hour after admission to the ICU following cardiovas-
cular surgery is a critical and unstable time. The goals in this
first hour are to maintain adequate systemic perfusion, ade-
quate oxygenation and respiration, and control cardiac rate
and rhythm. Patients who experience intravascular volume
shifts during transport to the ICU require intravascular vol-
ume expansion, bolus dosages of intravenous calcium chloride
if ionized calcium is low, or both to maintain adequate systemic
blood pressure and flow during the crucial 15 to 30 minutes
required to settle the patient in the ICU.

In this early period of stabilization, especially when the pa-
tient is mildly to moderately hypothermic, serum potassium
levels should be assessed rapidly and supplemented to maintain
levels in the 4.5- to 5.0-mmol/L range. This intervention helps
protect the heart against ventricular irritability. At times, pa-
tients arrive to the ICU in an acidemic state. Avoid attempting
to correct acidosis with rapid intravenous infusions of sodium
bicarbonate. Serum potassium can be acutely lowered, which
may increase ventricular irritability. Once the potassium level
is adequate, moderate to severe metabolic acidosis (base deficit
> 5 mmol/L) can be corrected with resuscitation and if neces-
sary with sodium bicarbonate.

Urine output is monitored closely to detect inappropriate
diuresis, which occurs commonly in patients after cardiopul-
monary bypass. Patients exhibiting this may require especially
rapid replacement of crystalloid and electrolyte losses. Medi-
astinal drain output is also closely observed to detect excessive
blood loss. If rapid hemorrhage is suspected, transfusion ther-
apy is initiated early to replace red blood cell mass and correct
coagulopathy as directed by postoperative studies and clini-
cal findings. The operating team should be made aware of any
patient who has massive hemorrhage so that mediastinal ex-
ploration can be undertaken expeditiously when indicated.

The First 8 Hours aft e r
Card iop ulmonary Byp ass

After initial stabilization, a period frequently follows when
the patient’s hemodynamics are adequate and the patient is
relatively stable. This period of time is designated the golden
period and lasts for approximately 8 hours after cessation of
cardiopulmonary bypass (CPB). Pay careful attention to opti-
mizing cardiac function, because the initial 8 to 14 hours are
characterized by decreasing cardiac function. The nadir of this
decline occurs approximately 12 hours after CPB. Particularly
notable is a decrease in ventricular compliance leading to re-
duced cardiac output at any given filling pressure. This condi-
tion generally persists over the next 12 to 24 hours, followed
by a gradual improvement in cardiopulmonary performance
over the next 48 hours. In the golden period, the goal is to op-
timize cardiorespiratory performance so that the ensuing de-
crease in cardiac function from 8 to 24 hours after CPB does
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not jeopardize end organ perfusion. Caution should be used
in weaning inotropes rapidly during this period despite ade-
quate hemodynamics in anticipation of the deterioration that
typically follows.

Despite this caution, stable patients undergoing non-
emergent cardiovascular surgery can usually be extubated
safely during this period. The major criteria for proceeding with
extubation during this early period are adequate central ner-
vous system function, stable hemodynamics without malignant
arrhythmias, normothermia, low A-a gradient, adequate pul-
monary mechanics, and no ongoing mediastinal hemorrhage.
If these screening criteria are met, patients can be observed
for a brief period on minimal ventilatory support followed by
extubation. Intravenous narcotics are useful to treat incisional
pain during the period that sedative drugs are weaned just prior
to extubation. Anesthetic technique should also be tailored to
allow patients who can reasonably be expected to be extu-
bated early to emerge from the effects of anesthesia during this
period. In our institution the majority of patients undergoing
non-emergent cardiovascular surgery are extubated within the
first 6 hours of admission to the ICU using this strategy. Patients
who have undergone a period of deep hypothermic circulatory
arrest or long cardiopulmonary bypass periods, patients with
poor ventricular function or unstable hemodynamics, and pa-
tients with hemorrhage or coagulopathy and large anticipated
transfusion requirement are not suitable for early extubation.

The Ne xt 16 Hours aft e r
Card iop ulmonary Byp ass

The next 16 hours is probably the most challenging time, es-
pecially for the patients whose cardiac performance was not
optimized during the golden period. The cause of the decline
in cardiac performance during this time period is unclear. It is
notable that many of the vasoactive factors that are released
after cardiopulmonary bypass reach their peak concentrations
during this period (2). The effects of cardiac reperfusion injury
peak during this period in patients who have had aortic cross-
clamping and obligatory global myocardial ischemia during
their operation (3).

Chang e s in He art Comp liance
Clinically, the heart seems to become noncompliant or “stiff.”
In this situation, one usually observes a rise in pulmonary artery
pressure and pulmonary artery occlusion pressure (PAOP), and
a reduction in the systemic arterial pressure, cardiac output,
and mixed venous oxygen saturation (4). If the patient is doing
extremely well before the onset of compliance changes, alter-
ations in these parameters may go unnoticed. However, pa-
tients with a low cardiac output syndrome before the onset of
changes in compliance often develop hemodynamic instability.

Time Course
The usual time course is a steady deterioration in cardiac per-
formance between the 8th to 12th hours following cardiopul-
monary bypass. This condition seems to stabilize near the 12th
hour and remains stable for the next 6 to 8 hours. Once a pa-
tient becomes unstable, far more interventions are required to
return to a steady state than if problems are anticipated and
appropriate changes made to help maintain stability. Even if

patients remain in a relatively low cardiac output state during
these 16 hours, they tolerate this condition better than those
who are subjected to marked swings in hemodynamics.

Op t imizing t he De t e rminant s of Card iac Out p ut
As patients enter this period, all parameters of cardiac per-
formance should be evaluated individually. A strategy of
optimizing cardiac rate and rhythm, preload, afterload, and
contractility is useful. Heart rate and rhythm play a partic-
ularly important role in determining cardiac output in post-
cardiopulmonary bypass patients. This is because the ventricles
are stiff and noncompliant with limited capacity to increase
stroke volume. In this situation, slower heart rates do not nec-
essarily lead to increased filling and improved stroke volume.
Rates of 90 to 110 beats per minute are typically necessary to
optimize this component of cardiac output. In addition, atrial
fibrillation may also be poorly tolerated during this period as
the noncompliant ventricles may be dependent on atrial con-
traction to be adequately filled. Measures such as those de-
scribed below should be taken to maintain sinus rhythm and
restore it if atrial arrhythmias occur.

During this period, volume loading to achieve a PAOP be-
yond 12 to 14 mm Hg is unlikely to lead to significant increases
in stroke volume due to noncompliance (unless the patient has
an underlying stiff myocardium). Therefore, once a PAOP in
this range is achieved, attention should be turned to other de-
terminants of cardiac output to improve cardiac performance.

Afterload reduction is an efficient way to improve cardiac
performance without increasing myocardial oxygen consump-
tion (MV̇O 2) (5). Afterload reduction should be instituted cau-
tiously during this period to avoid hypotension. Renal function
in older patients may be particularly sensitive to decreases in
perfusion pressure. Patients with recent right ventricular in-
farcts and right ventricular stunning are also sensitive to hy-
potension.

Patients with a relatively normal cardiac output before
surgery often poorly tolerate a cardiac index below 2.0 L/
minute per m2, a venous PO 2 below 30 mm Hg, or an Sv̄O 2
below 50% after surgery. Although costly to the heart in terms
of MV̇O 2, enhancement of cardiac contractility is an effective
method to augment cardiac output by increasing the ejection
fraction. In this period, inotropic support is a useful and fre-
quently necessary means to achieve an adequate cardiac out-
put until reversible cardiac dysfunction related to cardiopul-
monary bypass and reperfusion effects have resolved. Moder-
ate doses of inotropes are generally well tolerated by patients
with ischemic heart disease who have been completely revascu-
larized and by patients with valvular heart disease. Inotropes
can cause myocardial ischemia in patients with ischemic heart
disease who have been incompletely revascularized and should
be used with caution in this setting.

Myocard ial Ische mia
Increases in heart rate, filling pressures, and contractility to
support patients during this period may cause myocardial is-
chemia from increased MV̇O 2. An electrocardiogram should be
obtained immediately after surgery and as clinically indicated
thereafter. Continuous telemetry should be monitored closely
for ischemic changes in the ST segment. Cardiac enzymes are
usually not helpful in diagnosing myocardial ischemia during
this early period because they typically rise in all cardiovascu-
lar surgery patients. Although an unusually high enzyme level
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or a sudden change in the usual pattern of enzyme leak may be
useful. If acute graft closure is suspected following a coronary
artery bypass procedure, echocardiography should show a new
segmental wall motion abnormality. Comparison with intra-
operative transesophageal studies, if performed, is particularly
useful. If bypass graft failure of a large myocardial territory is
suspected, coronary angiography with either percutaneous or
open surgical reintervention may be indicated. In the absence
of ischemia, cardiac performance will stabilize, usually by the
12th post-cardiopulmonary bypass hour.

The Se cond 24 Hours aft e r
Card iop ulmonary Byp ass

During the second 24 postoperative hours, cardiovascular
function typically improves. Small increases in the Sv̄O 2 and
cardiac output, together with a noticeable decrease in fluid re-
quirements, herald this recovery phase. Patients who preopera-
tively have normal systolic ventricular function usually tolerate
weaning of inotropes. In these patients, the amount of active
intervention is largely determined by the function of other or-
gan systems such as the lungs and kidneys. If supraphysiologic
cardiac output is desired to facilitate diuresis and optimize lung
and kidney function, moderate inotropic support may be con-
tinued. For patients who preoperatively have decompensated
left ventricular function, weaning of inotropic support should
be slower. During this process, active diuresis and substitu-
tion of oral afterload-reducing drugs, particularly angiotensin-
converting enzyme (ACE) inhibitors, may be useful.

Invasive monitoring with arterial and pulmonary artery
catheters should be maintained until patients demonstrate re-
covery. If not extubated in the early postoperative period, the
patient should be continuously re-evaluated for extubation to
limit their risk for ventilator-associated complications. For pa-
tients who have undergone routine elective procedures, transfer
to a step-down telemetry ward may be considered. Important
criteria for transfer include adequate central nervous system
(CNS) function, no or trivial requirement for inotropes, no de-
pendence on temporary pacemaker leads, and good pulmonary
toilet. Patients who have required maximum support during the
first 24 hours after surgery may require an additional 24 hours
to see progress, which warrants longer ICU stay.

The Third 24 Hours aft e r
Card iop ulmonary Byp ass

During this period, patient care is focused on the transition
from ICU care to ward care. Compliance in the left ventricle
should improve rapidly accompanied by a decrease in intersti-
tial pulmonary water. Lower pulmonary artery pressures and
improved cardiac performance at lower filling pressure can be
anticipated. Mobilization of third-spaced fluid occurs, and ac-
tive diuresis should be instituted. Oral medications oriented
more toward long-term cardiovascular risk reduction, such as
beta-blockers, aspirin, and statins, are started. ACE inhibitors
are favored in patients with valvular heart disease, particu-
larly those who have had adverse left ventricular remodeling
preoperatively. Physical rehabilitation with emphasis on pul-
monary toilet and early ambulation is instituted. Intravenous

insulin protocols are transitioned to long-acting subcutaneous
regimens. Most patients who have undergone elective surgical
procedures are able to be transferred to the step-down teleme-
try unit by the third postoperative day.

Cat he t e rs and Tub e s
Mediastinal drains, pacing wires, arterial lines, Foley catheters,
and pulmonary artery catheters often can be removed. If contin-
uous invasive cardiac monitoring is still considered necessary, a
CVP catheter positioned in the superior vena cava will provide
a measurement of right ventricular filling pressure. Venous sat-
uration readings from the superior caval–atrial junction corre-
late closely with the Sv̄O 2 in the absence of a left-to-right shunt
(6,7). The association of the CVP and PAOP will be known
by this point (although this relationship may change), and left
heart filling pressures can thus be estimated.

Arrhyt hmias
Despite rapid improvements in the third 24-hour period, this is
a time when atrial arrhythmias are prominent, including atrial
flutter and atrial fibrillation. These may be significant problems
because the atrial contribution to cardiac output remains high
and a rapid heart rate may not be well tolerated.

Prophylaxis and treatment strategies for atrial fibrillation
vary from institution to institution (8–12). Patients undergoing
elective cardiovascular procedures frequently are already on
beta-blockers preoperatively. At our institution, beta-blockers
are instituted the week prior to surgery if patients are not al-
ready on them. Amiodarone and atorvastatin have also shown
promise for prophylaxis against atrial fibrillation (9,11,12).
Postoperatively, all patients are begun on low-dose metoprolol
as soon as inotropes are discontinued. The dose of metoprolol
is up-titrated as the patient’s blood pressure and heart rate per-
mit. For patients with depressed left ventricular function who
require prolonged inotropic support, amiodarone may be used
for arrhythmia prophylaxis.

The mainstays of atrial fibrillation treatment in the hemody-
namically stable patient include diuresis, aggressive repletion
of serum potassium and magnesium, intravenous amiodarone
loading, and intravenous beta-blockers. Beta-blockers should
be used with caution in patients still requiring inotropic sup-
port. Intravenous calcium channel blockers and procainamide
are used occasionally in certain circumstances. For instance,
procainamide is useful in heart transplant recipients who are
still on inotropic support because of the desire to avoid long-
acting agents such as amiodarone, which may have a prolonged
slowing effect on sinus and atrioventricular node function. Of
course, patients who deteriorate hemodynamically with the on-
set of atrial fibrillation should be treated with synchronized
direct-current cardioversion. Whenever feasible, rapid atrial
pacing should be attempted to suppress by overdrive pacing
atrial flutter with a 2:1 block.

Monit o ring and Manag ing Card iovascular
Pe rformance

No single physiologic parameter reliably predicts adequacy of
a patient’s hemodynamic performance early in the postopera-
tive course after cardiovascular surgery. We therefore rely on
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several physiologic measurements and clinical signs to assess
hemodynamic performance and end organ perfusion.

Art e rial Blood Pre ssure
For all critically ill patients, a minimum arterial blood pres-
sure is required for overall systemic perfusion and especially
for cerebral and renal perfusion. Most adults require a mean
arterial pressure of at least 50 to 55 mm Hg (13). Older pa-
tients, particularly those with severe atherosclerotic disease,
may require a mean arterial pressure of 65 mm Hg or greater
depending on their baseline.

Pulse pressure is a useful indicator of systemic perfusion. We
recommend display of the arterial waveform at full scale on the
patient monitor. Determination of the systolic, diastolic, and
mean pressures as well as the height of the dicrotic notch pro-
vides an indication of left ventricular ejection volume. Poorer
ventricular ejection is observed when the dicrotic notch is at the
base of the arterial pressure trace. Better ventricular output is
found when the dicrotic notch is located midway up the down
slope of the tracing, resulting in a greater area under the arte-
rial pressure curve (14). The arterial pressure waveform also
provides an indication of peripheral vascular tone. Harmonic
augmentation in peripheral arteries suggests an increase in pe-
ripheral vascular tone and is characterized by a sharp, spiked
arterial pressure tracing with virtually no dicrotic notch.

Normally, the arterial blood pressure is continuously moni-
tored in a peripheral vessel such as the radial artery. However,
any doubt concerning the pressure waveform from a periph-
eral artery should lead to measurement in a more central vessel,
such as the femoral artery. A central arterial pressure reading
provides better and more reliable assessment of overall hemo-
dynamic function and cardiac output and is closer to the pres-
sure that the heart sees.

He art Rat e and Rhyt hm
Sinus rhythm is extremely important in the first 24 hours, and
efforts should be focused on maintaining sequential atrioven-
tricular (AV) activity for better loading of the ventricles and op-
timal cardiac output. Normally, the atrial contraction or atrial
“kick” contributes approximately 5% of the cardiac output.
However, in the postoperative patient, the atrial contribution
to cardiac output may be as high as 30% . Minimizing the in-
cidence of atrial fibrillation using prophylaxis regimens as de-
scribed above is an important component of rhythm manage-
ment after cardiovascular surgery.

Pacemakers. Temporary epicardial atrial and ventricular pac-
ing wires are commonly placed at the completion of cardiovas-
cular procedures and can be invaluable both diagnostically and
therapeutically. Heart rates of 90 to 110 beats per minute are
generally well tolerated, even in patients who have undergone
revascularization procedures. This is an important strategy to
optimize cardiac output because of the poor compliance of
the ventricles immediately following cardiovascular surgery. In
addition, premature ventricular beats can frequently be sup-
pressed by pacing to this heart rate range. Patients with tem-
porary heart block following surgery can have A-V synchrony
restored with dual-mode pacing/sensing (DDD) pacemakers.

In certain situations, an atrial pacing wire may be needed to
determine the cardiac rhythm and differentiate supraventricu-
lar tachycardia. To perform an atrial ECG, simply connect the
atrial pacing wire to the right arm ECG limb lead and observe

the rhythm of leads I, II, or III on the patient monitor. Obser-
vation of the contour of the left and right atrial waveforms is
another useful way of determining sinus rhythm.

Ve nt ricular Pre load
Ventricular preload, the load on the muscle that determines
resting muscle length, is primarily manipulated in the post-
operative period by fluid administration. Generally, we try to
maintain cardiac preload at an adequate but not excessive level.
For the left ventricle, this means maintaining the left ventricular
end-diastolic pressure between 12 and 14 mm Hg as assessed
by PAOP.

Fluid Administration. A common tendency is the desire to in-
crease right and left ventricular filling pressures to their up-
per limits (16 to 20 mm Hg) to ensure adequate volume re-
suscitation. This approach exacerbates several problems that
are difficult to manage later in the postoperative period, es-
pecially pulmonary dysfunction. Immediately after cardiopul-
monary bypass, colloid oncotic pressure is reduced by as much
as 50% and returns to normal over a 2-week period of time
(Fig. 80.3) (15). In addition, neutrophil and endothelial acti-
vation following cardiopulmonary bypass increase pulmonary
vascular permeability, resulting in a higher loss of intravascular
fluids at lower hydrostatic pressures, promoting increased pul-
monary interstitial water accumulation and pulmonary edema
(16). We therefore caution against trying to maximize cardiac
output by moving toward the upper pressure–volume limits
along the Starling curve. Attempts to reach venous pressures
greater than 16 mm Hg result in administration of excess fluids
accompanied by increased pulmonary interstitial water.

Crystalloids and Colloids. Controversy persists concerning
which type of fluids are most effective for volume resuscitation
in post–cardiopulmonary bypass patients. The focus of this de-
bate concerns the administration of crystalloid versus colloid
(blood products, albumin, or hydroxyethyl starch) solutions
(17). We have used multiple fluid combinations for maintaining
adequate preload, all of which have advantages and disadvan-
tages. Sole reliance on crystalloid solutions such as Ringer lac-
tate for volume expansion may result in an inordinate amount
of fluid administration to maintain adequate preload. Our cur-
rent practice for volume resuscitation in patients without on-
going hemorrhage is to use up to 2 L of crystalloid solution
after which 5% albumin may be used.

When the hematocrit is low (< 22% ) and the patient is
bleeding or hemodynamically unstable, blood products are in-
dicated. If red cell mass is adequate but coagulation factors
are abnormal and bleeding continues, fresh frozen plasma and
platelets should be considered. The threshold to give blood is
lowered in patients with incomplete revascularization, low car-
diac output, and signs of inadequate oxygen delivery such as
low mixed venous oxygen saturation (Sv̄O 2).

Ve nt ricular Aft e rload
Afterload reduction offers the most efficient means to improve
cardiac output at little or no expense to myocardial oxygen
demand. Following afterload reduction, ventricular volume,
wall tension, and MV̇O 2 usually are not increased. In some
patients, the ejection fraction can be dramatically improved by
a reduction in systemic vascular resistance (SVR) and periph-
eral vascular resistance (PVR). Afterload reduction should be
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FIGURE 80.3. The relationship between colloid osmotic (oncotic)
pressure and plasma proteins during and after cardiopulmonary by-
pass. (Reproduced from Webber CE, Garnett ES. The relationship be-
tween colloid osmotic pressure and plasma proteins during and af-
ter cardiopulmonary bypass. J Thorac Cardiovasc Surg. 1973;65:234,
with permission.)

performed after judicious volume loading to avoid hypoten-
sion and hemodynamic collapse. Afterload reduction typically
begins in the operating room after the cessation of cardiopul-
monary bypass (CPB) with the release of vasoactive media-
tors and with systemic rewarming. The extent of afterload re-
duction that is necessary greatly depends on ventricular per-
formance. Patients with severely depressed systolic ventricular
function benefit the most from afterload reduction.

Vasodilators. Nicardipine hydrochloride, a peripheral acting
calcium channel blocker, acts as a direct systemic arterial va-
sodilator. Its dose range is 1 to 15 mg per hour. It is our pri-
mary afterload-reducing agent because it is reasonably evanes-
cent and avoids problems with cyanide toxicity associated with
sodium nitroprusside. In our experience, it is less associated
with pulmonary artery shunting and ventilation–perfusion (V-
Q) mismatch (resulting in low PaO 2) than sodium nitroprus-
side.

Sodium nitroprusside remains as an alternative agent for af-
terload reduction. It increases venous capacitance and directly

vasodilates the systemic and pulmonary arterioles. Its advan-
tage is its fast onset of action (15–20 seconds), allowing rapid
titration (0.3–10 µ g/kg per minute). It can be associated with
cyanide toxicity as well as pulmonary artery shunting and V-Q
mismatch.

Nitroglycerin (NTG) is a venous and arterial vasodilator
but is primarily a preload-reducing agent with mild afterload-
reducing effects including on the coronary arterial tree. An ad-
ditional advantage in patients with right ventricular failure is
its vasodilatory effects on the pulmonary vasculature. The in-
travenous dosage of NTG ranges between 0.5 and 2 µ g/kg per
minute. It decreases myocardial oxygen consumption and may
be especially useful in patients with incomplete revasculariza-
tion.

Pulmonary Artery Vasodilators. Certain patients benefit from
vasodilators that act specifically on the pulmonary artery tree.
Right ventricular failure is common in patients who have suf-
fered right ventricular myocardial infarction and in patients
who have undergone orthotopic heart transplantation as the
implanted organ adjusts to its new setting of increased pul-
monary artery vascular resistance. Patients who have had pul-
monary endarterectomy may have reactive pulmonary artery
constriction. Patients with a long-standing history of congestive
heart failure also may have a component of reactive pulmonary
artery hypertension following cardiopulmonary bypass in ad-
dition to fixed changes. In these scenarios, isolated right ven-
tricular failure may be the primary cause of low cardiac output
because of inadequate left ventricular filling.

The inhaled prostacyclin analogue iloprost is our preferred
specific pulmonary artery vasodilator. An important advantage
is its ease of administration. It can be delivered intermittently
via a nebulizer to either intubated or extubated patients. In-
haled nitric oxide also has vasodilatory activity restricted to
the pulmonary artery tree because of its short half-life. It re-
quires continuous delivery via a specialized system and can be
used only in intubated patients.

It is important to keep in mind the pulmonary vasocon-
strictive effects of hypercapnia and hypoxia when managing
patients with severe right ventricular dysfunction. Hypercap-
nia and hypoxia should be strictly avoided in patients with
marginal right ventricular function, even if this requires pro-
longing the period of intubation. High FiO 2 can be considered
a form of pulmonary vasodilator in this subset of patients.

Vasoconstrictors. Cardiopulmonary bypass causes release of
numerous vasoactive substances, many of which have vasodila-
tory effects (1). Vasodilation following cardiovascular surgery
is especially common in patients who have had prolonged car-
diopulmonary bypass, a period of circulatory arrest, or who
have been treated with ACE inhibitors preoperatively (18,19).
Various agents, including steroids and methylene blue, have
been studied for the treatment of vasoplegic shock follow-
ing cardiopulmonary bypass (20). Vasoconstrictors remain the
first-line treatment for patients with low SVR and adequate
volume status and contractile state, however (21). It is cru-
cial that prior to instituting vasoconstrictor treatment, patients
must be adequately volume resuscitated and their hypotension
determined to be related to vasodilation rather than pump fail-
ure. Treatment of hypotension related to pump failure with a
pure vasoconstrictor can lead to permanent end organ damage.
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Patients ideally treated with vasoconstrictors are in a high car-
diac output state with low SVR.

Phenylephrine hydrochloride, an α-specific catecholamine,
acts as a pure peripheral vasoconstrictor. Its dose range is 20 to
180 µ g/minute. It has a relatively short half-life, and its primary
advantage is that it can be easily titrated for goal parameters,
such as mean arterial blood pressure.

Vasopressin also acts as a pure peripheral vasoconstrictor.
Because of its longer half-life, it is less suited for minute-to-
minute changes in response to blood pressure changes. It may
be particularly useful in patients treated preoperatively with
ACE inhibitors. Its usual dose range is 1 to 10 units/hour. Its
mechanism of action is synergistic with norepinephrine. Vaso-
pressin in combination with norepinephrine is therefore useful
in patients who have profound vasodilatory shock.

Cont ract ilit y
The contractile state of the heart is a determinant of cardiac out-
put, and patients with reversible myocardial stunning after aor-
tic cross-clamping and cardiopulmonary bypass or pre-existing
decompensated left ventricular function frequently benefit from
a period of inotropic support. When required, inotropes are
usually begun in the operating room at the time of weaning
from CPB under guidance of intraoperative transesophageal
echocardiography and are continued into the postoperative pe-
riod. In the ICU, if cardiac performance is marginal and does
not respond to other measures, we quickly institute inotropes
and continue them throughout the first 24 to 48 hours. Remem-
ber that the specific conditions under which the operation was
conducted, including repairs performed, completeness of revas-
cularization, length of cardiopulmonary bypass, and quality of
myocardial preservation can profoundly influence postopera-
tive myocardial contractility.

Inotropes. Few pharmacologic agents affect only one determi-
nant of cardiac performance, and this is especially true of in-
otropes. When selecting drugs, individually or in combination,
bear in mind that a major goal after CPB is to gain cardiac
output with as little increase in myocardial oxygen consump-
tion as possible. The choice of drugs varies with the patient’s
condition.

Epinephrine, in the 0.01 to 0.10 µ g/kg per minute range,
is our principle choice. These dosage levels are not exceeded
unless absolutely necessary to maintain an acceptable mean ar-
terial perfusion pressure. Epinephrine also has vasoconstrictor
and chronotropic effects; however, its inotropic effects predom-
inate in this dose range. Epinephrine can be particularly useful
when used to support right ventricular function.

Norepinephrine, also in the 0.01 to 0.10 µ g/kg per minute
range, is also frequently used. Because of increased α ago-
nist, norepinephrine has stronger vasoconstrictor effects in this
range and has been associated with improved coronary and
splanchnic blood flow (22,23). Because of its vasoconstrictor
properties, it can be especially useful in patients with vasodi-
latation after cardiopulmonary bypass who also require in-
otropic support.

Isoproterenol is a relatively weak inotrope with primarily
chronotropic properties. In our ICU, its primary use is in heart
transplant recipients in whom we are trying to cause relative
tachycardia because of the normal coronary arteries, diastolic
dysfunction, and right ventricular distention commonly en-
countered in this population. It can be used in dosages between

0.005 and 0.02 µ g/kg per minute to drive heart rates into the
100 to 120 beats per minute range.

Milrinone is a phosphodiesterase inhibitor with potent in-
otropic and vasodilatory effects. It is commonly used in pa-
tients with pre-existing ventricular systolic dysfunction. It is
given as a loading dose of 50 µ g/kg (optional) followed by a
continuous infusion of 0.1 to 0.75 µ g/kg per minute. Because
of its vasodilatory properties, it is important that patients be
adequately volume resuscitated prior to its use. It frequently
is given in combination with agents that have vasoconstric-
tor properties, such as norepinephrine, phenylephrine, or va-
sopressin.

Dopamine hydrochloride at dosages between 3 and 5 µ g/kg
per minute can be used to decrease SVR and augment cardiac
contractility when a more potent catecholamine is not required.
In this dosage range, dopamine also stimulates dopaminergic
receptors in the kidney, thereby enhancing renal perfusion, al-
though prevention of renal failure has not been documented.

Dobutamine in dosages between 3 and 5 µ g/kg per minute
has inotropic and vasodilatory effects similar to milrinone. At
higher doses, it has α stimulatory effects and acts as a vasocon-
strictor. Our practice has increasingly relied on epinephrine
and milrinone as first-line inotropes rather than dopamine
and dobutamine because of their perceived proarrhythmic ef-
fects. When selecting an inotropic regimen, remember that cat-
echolamines at varying doses stimulate both β and α recep-
tors. When we wish to avoid α receptor activity, multiple cat-
echolamines are used synergistically to increase β receptor ac-
tivity without stimulating α receptor activity.

Card iac Out p ut and Card iac Ind e x
A pulmonary artery catheter allows cardiac output measure-
ment by the thermodilution method as well as facilitates
calculation of SVR and PVR, pulmonary and intracardiac
shunts, and estimation of left ventricular end-diastolic pressure
(LVEDP) by PAOP. Cardiac output readings should always be
normalized by conversion to cardiac index (cardiac output di-
vided by the body surface area). This adjusts cardiac output
for the size of the individual patient and therefore is a better
estimate of adequacy of tissue perfusion. A cardiac index of
2.0 L/minute per m2 or greater is usually sufficient to main-
tain end organ performance. Exceptions exist in certain patho-
logic conditions, however. For example, patients with long-
standing mitral valve disease and in a low cardiac output state
preoperatively may well tolerate a cardiac index of less than
2.0 L/minute per m2 in the immediate postoperative period.
In contrast, higher body temperature and agitation, or other
concomitant conditions such as sepsis, may lead to cardiac in-
dex requirements of greater than 2.0 L/minute per m2. Bear in
mind that these indices are at the lower limits for providing ad-
equate organ function and that postoperative stress normally
produces cardiac indices approaching 3.5 to 4.0 L/minute per
m2. Cardiac output should not be the sole criterion used to
determine adequacy of end organ oxygen delivery.

Mixe d Ve nous Sat urat ion
Continuous display of the Sv̄O 2 affords one the opportunity
to observe acute as well as gradual changes in cardiac perfor-
mance, increasing oxygen consumption (V̇O 2), or both. Based
on the Fick method of determining cardiac output, changes in
the Sv̄O 2 reflect changes in systemic blood flow as long as V̇O 2
remains stable. Acute changes in V̇O 2 and cardiac performance
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are especially demonstrable during episodes of agitation, tra-
cheal suctioning, and rapid extracellular volume shifts. Sv̄O 2
monitoring is particularly helpful in tracking the gradual de-
terioration of cardiac performance during the second 8-hour
period after cardiopulmonary bypass. Sv̄O 2 varies with car-
diac output, hemoglobin, SaO 2, and oxygen consumption and
is a balance between oxygen delivery and oxygen consumption.

Equipment used to measure physiologic parameters such as
the arterial pressure and Sv̄O 2 must be calibrated regularly.
Sv̄O2 monitors are calibrated using venous saturation read-
ings from a mixed venous blood sample from the pulmonary
artery. The accuracy of any single measure of cardiac perfor-
mance should always be evaluated in the context of other
measures. For example, if the arterial pressure waveform is
dampened, it may be compared against readings from an os-
cillometric, Doppler, or return-to-flow technique. Incongruent
readings should always be evaluated with a suspicion for the
accuracy of measurement.

Se rum Lact at e
As an indicator of anaerobic metabolism, serum lactate can
provide information about the adequacy of cardiac perfor-
mance in meeting the body’s oxygen requirement. Several prob-
lems, however, limit the usefulness of serum lactate as a means
to assess cardiac performance. On arrival to the ICU, lactate
values may range between normal (< 2.0 mmol/L) to as high
as 8 to 9 mmol/L. As body temperature rises to normal, serum
lactate may actually rise despite improving hemodynamics be-
cause underperfused vascular beds open and release lactate
into the systemic circulation. The difficulty in this situation
is whether to attribute a rise in serum lactate to a washout
phenomenon or to a diminution of cardiac performance. Eval-
uation of the cardiac index, Sv̄O 2, and SVR in conjunction
with serial serum lactate determinations helps to resolve this
dilemma. Lactate levels should decrease after 8 hours if perfu-
sion is adequate.

Se rum Ionize d Calcium and Pot assium
Rapid access (5–10 minutes) to laboratory determinations or
bedside point-of-care testing is essential for guiding therapy,
especially in the first 24 hours. Important serum values in-
clude ionized calcium (Ca2+ ), potassium, hematocrit, glucose,
and sodium. Serial measurement of Ca2+ is especially helpful
when solutions containing protein such as blood, fresh frozen
plasma, albumin, or plasma protein solutions are administered.
Protein binds calcium and may diminish that which is avail-
able for myocardial function. Clinically, this phenomenon can
be recognized during the rapid infusion of protein-containing
solutions by noting a rise in cardiac filling pressures, a drop
in blood pressure, and a drop in the Sv̄O 2, all indicative of
worsening performance despite volume resuscitation. In certain
situations, particularly in hemodynamically unstable patients,
simultaneous infusion of calcium chloride markedly improves
cardiac performance.

Postoperative maintenance of adequate serum potassium is
crucial, especially after the usually brisk diuresis following CPB
and in conjunction with diuretic therapy. Potassium chloride
should be considered a first-line agent for prevention and treat-
ment of arrhythmias after cardiovascular surgery. Potassium
chloride should be given as a standing medication to actively di-
uresing patients with normal renal function, and serum potas-
sium values should be measured frequently to guide replace-

ment therapy toward a normal to high-normal range (4.5–5
mmol/L).

Urine Out p ut
In the initial postoperative period, urine output is typically
brisk but then diminishes dramatically between the 8th and
12th post-CPBhours. Initially, urine output alone should not be
relied on to judge cardiac performance, because it is influenced
by numerous variables including high serum glucose, denatured
plasma protein fractions, and diuretics such as furosemide and
mannitol used during cardiopulmonary bypass. In later stages
of the postoperative period, urine output may be influenced
by various stress hormones such as antidiuretic hormone, al-
dosterone, and cortisol, which generally cause conservation of
intravascular volume. Similarly, conservation of intravascular
volume occurs in patients who enter surgery with high ven-
tricular end-diastolic filling pressures but return to the ICU
after surgery with lower filling pressures. In patients who are
conditioned to higher filling pressures, the sudden reduction in
atrial pressure usually sets off a strong antidiuretic hormone–
mediated response designed to correct perceived hypovolemia
and leads to fluid retention and low urine output.

Almost all patients return from the operating room with
excess total body water because of the hemodilution and ob-
ligate volume load caused by the bypass circuit. These effects
have been partially ameliorated by cell saver systems and ul-
trafiltration units that reconcentrate red cell mass. Despite the
usual excess in total body water, intravascular volume status is
variable because of third-spacing related to increased capillary
permeability and post-cardiopulmonary bypass inflammation.
Diuretic therapy should therefore be guided by cardiac filling
pressures. Our practice is to diurese patients to low normal fill-
ing pressures as long as hemodynamics are not compromised to
minimize interstitial lung water and improve pulmonary func-
tion. Diuresis should be performed cautiously during the early
postoperative period when ventricular compliance is poor and
cardiac function may be especially preload dependent. This is
particularly true in patients with concentric ventricular hyper-
trophy, such as those with long-standing hypertension or aortic
stenosis.

Sp e cial Conce rns

Ble e d ing
Bleeding after cardiovascular operations with cardiopul-
monary bypass is a major destabilizing complication. Severe
postoperative bleeding occurs in 3% to 5% of patients who
undergo cardiopulmonary bypass (24). Significant progress has
been made in understanding its causes and optimal treatment.

Causes. Although inadequate surgical hemostasis should al-
ways be suspected, at least half of patients with severe postoper-
ative bleeding have acquired hemostatic defects (25,26). These
include activation of fibrinolysis, decreased levels of clotting
factors due to dilution and consumption, and transient platelet
dysfunction. Therapeutic protocols may influence postopera-
tive bleeding. For example, chronic preoperative use of an-
tiplatelet agents such as clopidogrel and aspirin are associated
with increased postoperative transfusion requirements.
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Treatment. Antifibrinolytic agents, such as epsilon amino-
caproic acid and aprotinin, have been shown to decrease the
need for transfusion in high-risk subpopulations (27,28). Apro-
tinin is currently not available until further studies are done to
determine its side effects. These agents are begun intraopera-
tively and discontinued shortly on arrival to the ICU. There
is no evidence supporting initiation of their use in the postop-
erative period. When bleeding does occur, blood component
replacement is guided by laboratory studies. Red blood cell
transfusions should be initiated promptly when massive hem-
orrhage is suspected. Clotting factor deficiencies demonstrated
by prolonged prothrombin and activated partial thromboplas-
tin times are treated with fresh frozen plasma. Cryoprecipitate
is usually reserved for patients with low fibrinogen levels. Fac-
tor replacement therapy with recombinant clotting factors such
as activated factor VII and factor XIII is an emerging strategy
under current study (29,30).

Isolated elevation of the activated partial thromboplastin
time may indicate heparin rebound and should be reversed
with protamine sulfate administration (25). Circulating hep-
arin levels are also useful in guiding protamine administration
(31).

Platelet counts of greater than 100,000 may seem reassur-
ing; however, the function of these platelets is frequently in-
adequate in patients with clinical coagulopathy. Point-of-care
platelet function assays may be useful for directing platelet
transfusion in patients without thrombocytopenia.

Our threshold for returning the patient to the operating
room is a blood loss rate through the chest tubes of greater
than 3 mL/kg per hour for several consecutive hours. Patients
who experience bleeding at this rate cannot be stabilized hemo-
dynamically, irrespective of the amount of volume replacement.
Patients with brisk hemorrhage should be returned to the op-
erating room even before coagulopathy is corrected to stop
presumed surgical bleeding prior to development of cardiac
tamponade and hemodynamic collapse. Even when no source
of surgical bleeding is identified on mediastinal re-exploration,
clinical coagulopathy frequently improves after evacuation of
the mediastinal hematoma.

Cardiac Tamponade. Mediastinal drains may fail to ade-
quately evacuate blood after cardiovascular surgery, leading
to cardiac tamponade. Abrupt cessation of bleeding from the
mediastinal drains warrants close attention to the cardiac fill-
ing pressures and to overall cardiac performance. When flexible
drains have been used, they should be periodically milked to
prevent clotting off.

Two fairly reliable signs of cardiac tamponade are increased
or exaggerated cycling of the systolic blood pressure during
positive pressure ventilation, and equalization of right and left
atrial and pulmonary artery diastolic pressures. A reduction in
Sv̄O 2 and a decrease in urine output will also be observed. The
diagnosis may be confirmed by echocardiography.

In cardiac tamponade, equalization of the atrial pressures
does not always occur. Blood clots on the acute margin of
the right ventricle may substantially affect cardiac perfor-
mance without atrial pressure equalization. In severe low-
output states, cardiac tamponade must be ruled out by either
mediastinal exploration in the operating room or a limited
opening of the lower portion of the chest incision at the bedside.
Percutaneous drainage is not useful in the immediate postop-
erative period because the hematoma is generally clotted.

Thromb ocyt op e nia
Thrombocytopenia is common following cardiovascular
surgery (25). Causes include platelet activation and consump-
tion during cardiopulmonary bypass, mechanical destruction
by intravascular devices including prosthetic heart valves and
intra-aortic balloon pumps (IABPs), inadequate production
caused by malnutrition and drugs such as milrinone, and
heparin-induced thrombocytopenia. Platelet counts of less than
100,000/µ l are quite typical and are generally managed conser-
vatively by removal of offending agents as soon as is feasible.
If the platelet count falls by greater than 50% or a thrombotic
event occurs between 4 and 14 days of heparin exposure, a di-
agnosis of heparin-induced thrombocytopenia (HIT) should be
excluded by testing for HIT antibody seroconversion. If HIT is
diagnosed or is strongly suspected, anticoagulation with a non-
heparin anticoagulant such as lepirudin or bivalirudin should
be considered because of the risk of thrombotic complications
(32). Patients should be screened for deep vein thrombosis
(DVT) with ultrasonography. For patients who require long-
term anticoagulation for DVT, warfarin can be started once
platelet levels return to a normal range. Warfarin is not recom-
mended for initial therapy of HIT due to the risk of thrombotic
complications.

Ve nt ilat or Manag e me nt
Ventilator management after cardiac surgery is directed toward
optimizing pulmonary function without compromising hemo-
dynamics. On patient admission to the ICU in our institution,
the synchronous intermittent mandatory ventilation (SIMV)
rate is set at 14 breaths per minute with a tidal volume of 8
mL/kg of predicted body weight. We do not pressure-limit the
ventilator, and we carefully monitor hemodynamic function
throughout the period of assisted ventilation. Acute hemody-
namic changes may be indicative of patient distress, a blocked
endotracheal tube, the need for suctioning, or a bronchodila-
tor such as albuterol. Patient dyssynchrony with the ventilator
should prompt assessment of the patient’s level of sedation and
analgesia.

Caution is advised when using positive end-expiratory pres-
sure (PEEP) above 8 to 10 cm H 2O, because cardiac chamber
filling may be affected causing cardiac performance to decrease.
When high PEEP is used, intravascular volume augmentation
may be necessary to raise the effective LVEDP. Although some
use the estimate that one half the PEEP subtracted from the
PAOP is the effective LVEDP, this assumption may not be cor-
rect since the amount of pressure transmitted through diseased
lungs may vary.

Administration of nitroprusside and to a lesser extent
nicardipine to patients who are heavy smokers or have se-
vere chronic lung disease may increase the amount of pul-
monary shunting and cause hypoxia due to V-Q mismatch.
Bronchodilators and PEEP as high as 15 to 20 cm H 2O rarely
correct this problem. In such cases, these vasodilators should
be discontinued and substituted with another drug such as ni-
troglycerin (3 to 5 µ g/kg per minute) or hydralazine.

The appearance of the acute respiratory distress syndrome
(ARDS) after cardiac surgery is much less frequent due, in part,
to shorter CPB times and the use of membrane oxygenators.
Unfortunately, when ARDS does occur in the postoperative
period, it may be accompanied by multiple organ dysfunction
syndrome or sepsis (33).
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Diure t ics
Diuresis is desirable during the recovery period to reverse
hemodilution and improve pulmonary function, but should al-
ways be closely monitored. Excessive diuretic therapy rapidly
depletes intravascular volume if the renal response to these
drugs is brisk. Forced diuresis that results in a urine output of
500 to 1,500 mL over several hours may significantly reduce
cardiac performance and promote increased SVR.

Smaller and more frequent doses of diuretics produce a more
constant diuresis and the ability to maintain a gradual negative
fluid balance throughout the second 24-hour postoperative pe-
riod. A sustained diuresis that prevents large hourly urine loss
spares the patient rapid volume shifts. To accomplish a stable
diuresis in patients with normal ventricular and renal function,
our practice is to use frequent doses of relatively small doses
of furosemide (10–20 mg) every 4 to 8 hours as needed. In
patients with marginal ventricular or renal function, particu-
larly those who have been treated with furosemide chronically,
more aggressive treatment is necessary. In this situation we use
a continuous furosemide infusion at doses of 0 to 20 mg/hour.
We state a 24-hour diuresis goal and titrate the infusion to meet
this goal over the course of the day with reassessments to avoid
hypovolemia. Intermittent doses of thiazide diuretics are a use-
ful adjunct in patients who have an inadequate response to the
infusion.

Re nal Failure
Patients who experience an extremely low cardiac output or
hypotension during the first 24 hours after cardiopulmonary
bypass may develop acute tubular necrosis. Most respond to
adequate volume maintenance and diuretic therapy and can be
maintained in a nonoliguric renal failure. However, some, espe-
cially those with a preoperative creatinine clearance of less than
50 mL/minute, may develop oliguric or anuric renal failure.

Diuretics. Patients with oliguria should be given a test bolus
of furosemide (60–120 mg) and then be evaluated for a urine
response of greater than 50 mL/hour. A continuous furosemide
infusion at doses of 0 to 20 mg/hour can then be maintained
with intermittent doses of thiazide diuretics as necessary. This
regimen usually maintains urine output and avoids gross vol-
ume overload after surgery, even if acute tubular necrosis is
present. Avoiding hypovolemia is also essential.

Ultrafiltration. Patients with renal failure and volume over-
load may be candidates for ultrafiltration to remove excess salt
and water (34). There are several advantages to this approach
for patients who fail initial diuretic therapy. Commercially
available systems are highly automated and allow device-based
removal of salt and water from the circulation without clini-
cally significant effects on hemodynamics or electrolyte bal-
ance. Standard central or peripheral venous catheters can be
used for access, frequently avoiding the need for invasive pro-
cedures to place specialized hemodialysis catheters. We reserve
this approach for patients with adequate electrolyte and urea
clearance who require removal of excess water.

Dialysis. Intravascular volume overload and inadequate clear-
ance of potassium levels are the principal indications for dialyz-
ing a patient with acute renal failure in the immediate postop-
erative period. The overall goal of dialysis is to remove excess

water and solutes while maintaining cardiovascular stability.
For the postoperative cardiovascular surgery patient, this is
best achieved with the use of continuous venovenous hemodial-
ysis (CVVHD). This technique is easily initiated, offers good
clearance, and allows accurate control of ultrafiltration that
is adaptable to the patient’s hemodynamic requirements. Fluid
removal can therefore usually be accomplished while maintain-
ing stable hemodynamics. CVVHD does require placement of a
dedicated double-lumen central venous catheter. If postopera-
tive bleeding is not a concern, heparin should be administered
to prolong filter life. Without heparin, the average filter life
ranges from 16 to 24 hours.

Patients should be transitioned to conventional hemodialy-
sis only after a significant period of myocardial recovery. Con-
ventional hemodialysis requires blood flow rates of at least
200 mL/hour and results in large volumes of fluid removal
over a several-hour period. The fluid shifts associated with this
technique are inappropriate for patients early in their recovery
from cardiopulmonary bypass.

Ce nt ral Ne rvous Syst e m Comp licat ions
After operations with cardiopulmonary bypass, the historical
incidence of cerebrovascular accidents (CVAs) with focal neu-
rologic sequelae is 2% to 5% (35). The contemporary rate may
be lower because of advancements in intraoperative technique
including routine use of epiaortic ultrasound (36). Advanced
age, history of CVA, peripheral vascular disease, valvular heart
surgery, and procedures requiring a period of circulatory arrest
are associated with a higher incidence of central nervous sys-
tem events. Patients with a history of CVA whose focal deficits
have resolved prior to operation may have unmasking of their
old symptoms in the immediate postoperative period. Unto-
ward psychological and cognitive sequelae are more prevalent
than focal CVAs (37,38). The precise cause of neuropsychologi-
cal complications remains unclear, however recent data suggest
that microemboli, especially air, are related to both severe and
subtle postoperative neuropsychological deficits (39,40).

Patients should be continuously monitored for the appear-
ance of neuropsychological complications in the postoperative
period. From the time of their emergence from anesthesia, pa-
tients should be assessed for focal motor deficits and the abil-
ity to comprehend and follow simple commands. Focal deficits
should be evaluated promptly with noncontrast computed to-
mography (CT) of the brain to rule out hemorrhagic mass le-
sions that may require intervention. Magnetic resonance imag-
ing (MRI) may be useful to identify smaller embolic foci that are
not apparent on head CT. Fresh post-cardiopulmonary bypass
patients are usually poor candidates for thrombolysis because
of their risk for bleeding. The treatment for major embolic
CNS events is usually supportive. Higher blood pressures may
lead to greater perfusion via collaterals in patients with severe
occlusive cerebrovascular disease.

Delirium. Postcardiotomy delirium is typically preceded by a
lucid interval, usually 36 to 48 hours from the time patients
awaken from anesthesia. This syndrome is characterized by
confusion, disorientation, and disordered thinking and per-
ception (37). Severe manifestations may include visual and
auditory illusions, hallucinations, and paranoid ideation (41).
Treatment consists of undisturbed rest, frequent reorientation,
ensuring patient safety, reassurance to both the patient and
family, and treatment with haloperidol. It is our practice to
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avoid the use of benzodiazepines in this situation because of
their paradoxical excitatory response seen occasionally in the
elderly population. Subtle changes in mentation and think-
ing processes occur frequently during the first few weeks after
surgery. They may be frightening to the patient and may in-
terfere with the immediate recovery process. However, most of
these problems are temporary and usually resolve by the sixth
postoperative month (37,38,42).

Se d at ion and Paralysis
In addition to the pain and discomfort characteristic of any
major surgical procedure, several conditions occurring after
cardiac operation warrant sedation and, in rare instances, com-
plete paralysis. As the patient emerges from anesthesia, a per-
ceived reduction in cardiac performance may result, in part,
from shivering, agitation, or both. Shivering can produce a
marked increase in V̇O 2, a reduction in Sv̄O 2, and an overall
imbalance of oxygen supply and demand in the body, especially
in low cardiac output states. Once gross neurologic function
is assessed (e.g., movement and sensation in the extremities
and the ability to follow simple commands), shivering or ag-
itation in the immediate postoperative period is best treated
with narcotic agents. Our preference is to use fentanyl to con-
trol shivering or agitation, although these conditions can be
managed with morphine or other narcotics. Meperidine is par-
ticularly efficacious, although the mechanism by which it acts
is unknown.

For patients who have undergone elective procedures and
are expected to be extubated early in the postoperative course,
a propofol infusion is started soon on arrival to the ICU. This
agent is useful in this setting because once hemodynamics and
bleeding are assessed and the patient is warm, the patient’s
sedation can be stopped quickly because of the agent’s short
half-life. The patient’s neurologic function can be assessed, and
the patient can be extubated after a brief spontaneous breathing
trial.

When a patient is expected to require a prolonged period of
mechanical ventilation, we typically use a combination of nar-
cotic and benzodiazepine infusions. Fentanyl is our preferred
narcotic because of its limited effects on myocardial contrac-
tility and the peripheral vasculature. In rare instances, such as
severe pulmonary artery hypertension and right heart failure,
a paralytic agent may be indicated to prevent any respiratory
effort by the patient, which can trigger increased pulmonary
artery pressures and precipitate hemodynamic collapse. Be-
cause of their association with critical illness neuropathy, we
prefer to avoid paralytic agents and treat these patients with
deep sedation. When paralytics are required, our practice is to
use vecuronium, which has a lesser chronotropic effect than
pancuronium.

Me chanical Card iac Assist ance
Mechanical cardiac assist devices include IABPs, centrifugal
blood pumps, ventricular assist devices, and total artificial
hearts. In some cases, extracorporeal membrane oxygenation
(ECMO) is indicated for profound cardiorespiratory failure.

Intra-aortic Balloon Pumps. An IABP should be considered
when patients fail to respond to moderately high-dose in-
otropic drug combinations such as epinephrine and milrinone.
The IABP improves cardiac performance primarily by after-
load reduction and augmentation of systemic diastolic pres-
sure, thereby increasing coronary artery perfusion pressure.

IABP therapy should be considered earlier rather than later
and can be instituted quickly at the bedside via a percutaneous
technique. Its main contraindications are aortic insufficiency
and aortoiliac occlusive disease. Complications and adverse ef-
fects include platelet consumption, catheter sepsis, and lower
extremity ischemic complications.

Ventricular Assist Devices and Total Artificial Hearts. Ventric-
ular assist devices (VADs) replace the pumping function of the
right or left ventricle, or both. VADs may be used to support
patients until myocardial recovery occurs or until cardiac trans-
plantation can be performed. For patients with end-stage con-
gestive heart failure who are not candidates for transplantation,
a VAD may be placed as destination therapy. Several different
VAD systems are FDA-approved and marketed for these var-
ious applications. Currently, total artificial heart therapy re-
mains experimental and is limited to patients who are treated
on research protocols.

Blood Glucose Cont ro l
There has been increasing emphasis on maintaining tight blood
glucose control in critically ill patients because of demonstrated
reductions in morbidity and mortality. The benefits of tight
glucose control have been demonstrated in cardiac surgery pa-
tients specifically (43–45). Maintenance of tight glucose con-
trol reduces the incidence of mediastinitis, atrial fibrillation,
ischemia, length of stay, hospital costs, and mortality and has
been shown to benefit both diabetic and nondiabetic patients
following cardiovascular surgery. In our practice, we have in-
stituted an intensive intravenous insulin therapy protocol with
a goal of maintaining normoglycemia (blood glucose 80–110
mg/dL). A continuous insulin infusion is typically started in-
traoperatively, and we have found all adult patients to require
intravenous insulin at least through the immediate postopera-
tive period if normoglycemia is to be maintained.

The requirement for intravenous insulin is reduced as in-
otropes, particularly epinephrine, are weaned. Once patients
begin taking an oral diet, we supplement the intravenous in-
sulin infusion with a fast-acting insulin formulation given sub-
cutaneously. The dose of insulin aspart is based on the patient’s
oral intake and intravenous insulin requirement over the pre-
ceding 12 hours. Patients are subsequently transitioned to a
long-acting insulin formulation, such as NPH, given subcuta-
neously three times a day to cover basal needs in addition to
fast-acting insulin, which is still based on percentage of meals
consumed. Nondiabetic patients typically have a progressively
decreasing insulin requirement during their hospital recovery
and are not discharged on any insulin. We have found this reg-
imen to provide improved blood glucose control while also de-
creasing the frequency and severity of episodes of hypoglycemia
and hyperglycemia.

Cat he t e r Se p sis
Bloodstream infections have particularly significant implica-
tions in cardiovascular surgery patients as prosthetic intravas-
cular devices, such as heart valves and arterial conduits, are
frequently implanted during surgery. Patients typically return
from the operating room following cardiovascular surgery
with multiple invasive monitoring catheters including central
lines, pulmonary artery catheters, arterial lines, and urinary
catheters. The incidence of sepsis increases when invasive mon-
itoring catheters are left in place for longer than 72 hours (46).
For straightforward cases, our goal is to have all monitoring
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catheters removed by this time. All peripheral intravenous lines
are also removed at the time of the patient’s transfer to the in-
termediate care floor and a new peripheral intravenous line is
placed. If a patient remains critically ill and still requires in-
vasive monitoring, we observe the patient closely for signs of
sepsis such as fever and leukocytosis, and have a low threshold
to remove old lines. We avoid rewiring catheters and prefer to
insert new catheters at a different site. Cultures are drawn at
this time, and vancomycin is started if clinical suspicion for
catheter sepsis is high. Antibiotic coverage is narrowed or dis-
continued based on subsequent culture results.

Clinical Pat hways
Clinical pathways have been increasingly used by health care
systems to improve the continuity and coordination of care for
patients being treated for many diseases. They frequently are
developed around procedures, and patients undergoing coro-
nary artery bypass grafting (CABG) procedures were among
the first to benefit from their implementation. CABG proce-
dures are common, usually elective, have typical recovery mile-
stones, and require coordination of multidisciplinary provider
teams. These characteristics make CABG pathways extremely
useful to support both clinical and administrative management.

Many institutions have implemented clinical pathways for
other cardiovascular procedures including heart valve repair or
replacement and heart transplantation. Clinical pathways typ-
ically are based around a timeline, categories of care such as
nursing and physical therapy, and a variance record that allows
deviations to be incorporated. When successfully implemented,
they encourage the use of clinical guidelines, improve multidis-
ciplinary teamwork, reduce variations in patient care, and im-
prove clinical outcomes. It is important that clinical pathways
not discourage personalized care and that they function well
even in the face of unexpected changes in a patient’s condition.

Card iac Surg e ry Dat ab ase s
Institutional and multi-institutional databases are useful tools
with which to track outcomes following cardiovascular opera-
tions, conduct clinical research, and guide continuous quality
improvement. These data are also used by various regulatory
bodies and third-party payers to monitor health care quality
and costs. It will also be used for pay-for-performance initia-
tives in the future. The data collected in these databases is clin-
ical, administrative, or a combination of both. The Society of
Thoracic Surgeons Cardiac Database is the largest clinical car-
diothoracic surgery database in the world and currently has
more than 500 participating sites. The large volume of clinical
information collected allows risk modeling for common pro-
cedures and provides individual institutions with comparative
outcomes data and national benchmarks. All cardiac databases
are limited by the variable quality of collected data, which in
many instances is self-reported. Comparison of outcomes is
also subject to selection bias not corrected by imprecise risk
models.

Sp e cial Clinical Sce narios

Off-p ump Coronary Art e ry Byp ass Surg e ry
Over the last 10 years, there has been increasing interest in per-
forming CABG surgery without the use of cardiopulmonary by-

TA BLE 8 0 . 3

BENEFITS OF OFF-PUMP CORONARY ARTERY BYPASS
GRAFTING DEMONSTRATED IN PROSPECTIVE,
RANDOMIZED STUDIES

Myocardial protection
Reduced release of cardiac enzymes
Decreased need for inotropic support
Fewer postoperative arrhythmias

Pulmonary function
Decreased requirement for mechanical ventilation

Renal protection
Improved preservation of glomerular filtration and renal

tubular function

Coagulation
Decreased coagulopathy
Decreased transfusion requirement

Inflammation
Reduced release of cytokines
Reduced complement activation
Decreased incidence of postoperative infections

Neurocognitive function

Improved early postoperative neurocognitive function

Resource utilization
Decreased total resource utilization

Reproduced from Song HK, Puskas JD. Off-pump coronary artery
bypass surgery. In: Kaiser LR, Kron IL, Spray TL, eds. Mastery of
Cardiothoracic Surgery. 2nd ed. Philadelphia, PA: Lippincott Williams
& Wilkins; 2007:455, with permission.).

pass. This growth has been largely driven by increasing recog-
nition of the deleterious effects of cardiopulmonary bypass and
the desire to avoid the diffuse inflammatory response, multior-
gan dysfunction, and neurocognitive complications that may
follow (Table 80.3) (47–55). Approximately 25% of CABGs
performed in the United States are performed off-pump, and
some centers report a significantly higher percentage of off-
pump coronary artery bypass procedures (OPCABs). Even
among surgeons not routinely performing coronary revascular-
ization off-pump, there are newly recognized clinical scenarios,
such as a patient with severe atherosclerosis of the ascending
aorta, for whom use of OPCAB techniques is strongly favored.
OPCAB itself is a facilitating technology for surgeons develop-
ing minimally invasive approaches to coronary revasculariza-
tion. OPCAB has therefore evolved into a requisite component
of modern cardiovascular surgery practice.

The postoperative care of patients who have undergone
OPCAB surgery does not differ in many respects from that
of patients undergoing conventional CABG surgery. There are
several important differences, however, that providers must be
aware of to take advantage of the opportunity for expedited
care that OPCAB surgery can offer. Patients who have under-
gone OPCAB surgery have a decreased need for inotropic sup-
port in the postoperative period, most likely because of avoid-
ance of global ischemia and reduced myocardial stunning. The
intravenous fluid requirement for patients who have undergone
OPCAB surgery is also reduced because the systemic inflam-
matory response and capillary leak related to CPB is avoided.
Massive volume resuscitation in the early postoperative pe-
riod should be avoided in favor of low-dose vasopressors that
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may be necessary secondary to intravenous sedation. OPCAB
patients typically are volume loaded intraoperatively and are
more likely to be euvolemic in the immediate postoperative
period than conventional CABG patients.

Postoperative hemorrhage and transfusion requirements are
reduced in OPCAB patients because of reduced fibrinolytic
pathway activation and coagulation factor and platelet con-
sumption. We do not routinely check platelet counts or clot-
ting times in these patients in the immediate postoperative pe-
riod for this reason. Persistent or massive hemorrhage in the
postoperative period should prompt early evaluation for sur-
gical bleeding because this is unlikely to be related to factor or
platelet deficiency in an OPCAB patient.

Patients who have undergone OPCAB surgery are in a rel-
atively hypercoagulable state as opposed to manifesting the
coagulopathy that is typical after CPB. This state has the po-
tential to adversely affect graft patency in the postoperative
period. After surgery we continue aspirin administration daily
as with patients undergoing conventional CABG surgery. In
addition, we start clopidogrel, 75 mg/day, in the immediate
postoperative period once chest tube drainage has been low
for 3 consecutive hours.

One of the major benefits of OPCAB surgery to the health-
care system is the potential for OPCAB patients to have re-
duced resource use. An area where this advantage can be ex-
ploited is in reducing length of mechanical ventilation and ICU
stay. To realize this benefit for the patient and the health sys-
tem, providers should be cognizant of this and be immediately
prepared to wean and extubate patients as their need for me-
chanical assistance is diminished. With appropriate anesthesia
planning and staffing, patients can generally be extubated in
the operating room after an OPCAB procedure or within 30
minutes of arrival in the ICU. When this is not feasible, clini-
cal pathways that set objective criteria and goals facilitate the
timely progression of ventilator weaning and extubation that
minimize patient exposure to ventilator-related complications
and maximize efficiency and cost-effectiveness.

Thoracic Aort ic Surg e ry
Patients undergoing surgery for disorders of the thoracic
aorta present critical care providers with several unique chal-
lenges, including neurologic complications, hemodynamic dis-
turbances, and malperfusion syndromes. Several of these con-
ditions are caused by the period of circulatory arrest that the
patient undergoes during the conduct of the surgical repair
whereas others are caused by the specific anatomy of the un-
derlying thoracic aortic pathology.

Circulatory Arrest Sequelae. Patients undergoing aortic arch
procedures usually have a period of circulatory arrest during
their operation. This increases their risk for neurologic compli-
cations, particularly psychological and cognitive disorders. It is
typical for elderly patients who require prolonged hypothermic
circulatory arrest (greater than 30 minutes) to have neurologic
dysfunction resulting in agitation and delirium. Although this
finding is usually transient, it may necessitate a several-day
period of supportive care during which the patient requires
mechanical ventilation.

Circulatory arrest is also associated with increased bleeding
and transfusion requirement related to profound coagulopa-
thy (56,57). Profound coagulopathy is especially problematic
in this patient group because of the long suture lines used in

large-vessel surgery. Patients presenting with acute aortic dis-
sections have attenuated and friable aortic tissue, making vas-
cular anastomoses potentially tenuous. Coagulopathy follow-
ing emergency thoracic aortic surgery for dissection should be
treated aggressively as described earlier in this chapter. Surgi-
cal bleeding should always be suspected in patients with brisk
hemorrhage. Avoidance of hypertension is desirable in patients
with long suture lines and friable aortic tissue.

Patients who have undergone complex vascular repairs with
long bypass times and circulatory arrest also may develop pro-
found vasodilatory shock that is recalcitrant to combination
therapy with multiple vasopressors. The cause for this is un-
clear but may be related to bacterial translocation of intesti-
nal flora (58–60). Patients who exhibit this should be ade-
quately volume resuscitated and supported with vasopressors
and inotropes if poor myocardial contractility is contributing
to the hypotension. We have also used intravenous steroids and
methylene blue in patients with profound vasodilation (20,61–
63). Addition of these agents has allowed reduction of high
doses of vasopressors that can lead to ischemic complications.

Spinal Cord Ischemia. Spinal cord ischemia and paralysis is
a particularly devastating complication following thoracoab-
dominal aneurysm repair. Spinal cord ischemia occurs at the
time of thoracoabdominal aneurysm repair and is exacerbated
by postoperative hypoperfusion, particularly when the variable
origin of the artery of Adamkiewicz is not adequately reconsti-
tuted. This results in an anterior spinal artery syndrome with
impaired lower extremity motor function and, to a lesser de-
gree, impaired sensory function. Patients should be monitored
closely for these findings in the immediate postoperative pe-
riod. When spinal cord ischemia is suspected, a lumbar drain
should be placed if one was not already placed intraoperatively.
Cerebrospinal fluid (CSF) should be drained for a CSF pressure
of 10 mm Hg or greater, and the mean arterial blood pressure
should be raised to 85 to 100 mm Hg using vasopressors to
increase the perfusion pressure to the spinal cord. These ma-
neuvers have led to reversal of acute lower extremity neurologic
findings in patients following thoracoabdominal aneurysm re-
pair. MRI is useful for confirming the diagnosis of spinal cord
ischemia. Treatment as outlined above should not be delayed
until after MRI scanning if spinal cord ischemia is suspected.

Malperfusion Syndromes. Malperfusion syndromes occur in
patients with aortic dissection as a result of obstruction of ar-
terial branch orifices by the dissected intimal flap or inadequate
perfusion via the false lumen of the aorta. Patients presenting
with aortic dissection can develop malperfusion of virtually any
limb or end organ, depending on the anatomic extent of the
dissection. Patients with ascending aorta involvement (Stan-
ford type A) typically undergo emergency surgery whereas pa-
tients with only descending aorta involvement (Stanford type
B) are treated initially with medical therapy. Even patients who
have undergone repair of ascending aortic dissection are fre-
quently left with residual dissection involving the descending
aorta. Therefore, providers must remain vigilant for the de-
velopment of malperfusion syndromes in both patient groups.
Patients admitted to the ICU with dissection should undergo
serial peripheral pulse, neurologic, and abdominal exams for
evidence of malperfusion. Serial arterial blood gases, liver en-
zymes, and lactate levels are useful when visceral malperfusion
is suspected.



Chap t e r 80: Postoperative Management of Adult Cardiovascular Surgery Patients 1217

We have a low threshold for performing angiography when
malperfusion is suspected. If confirmed by this study, interven-
tional techniques such as fenestration or stenting can frequently
be used to treat malperfusion during the same procedure. La-
parotomy may be occasionally required for patients with vis-
ceral malperfusion who progress to bowel infarction.
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CHAPTER 81 ■ MANAGEMENT OF THE
PEDIATRIC CARDIAC SURGICAL PATIENT
KAREN L. BOOTH r STEPHEN J. ROTH

Pediatric cardiac surgery and postoperative care has under-
gone significant advancements over the past several decades.
The successful collaboration of numerous disciplines including
pediatric cardiac surgery, anesthesia, cardiology, and intensive
care have led to an increase in the complexity of cardiac le-
sions repaired with a simultaneous reduction in surgical mor-
tality. There has been a shift away from palliative procedures
to primary repair as early as possible, even in the very pre-
mature neonate (1–3). The heterogeneity of congenital heart
disease and the individualized care these patients require has
led to the emergence of dedicated pediatric cardiac intensive
care units. This chapter focuses on the key principles for suc-
cessful management of the pediatric cardiac surgical patient
including assessment of the preoperative status and operative
course, postoperative stabilization, subsequent evaluation of
the repair, and support of myocardial function.

CARDIAC INTENSIVE CARE: A
SPECIALIZED ENVIRONMENT

The pediatric cardiac intensive care unit (CICU) shares many
of the common features of a generalized intensive care unit.
Bedside monitors with the ability to display heart rate, arterial
blood pressure, central venous pressure, pulse oximetry, and
respiratory rate are essential. Additionally, the monitor should
be capable of transducing several pressures simultaneously, in-
cluding right atrial pressure, left atrial pressure, and pulmonary
artery or right ventricular pressure, as many pediatric cardiac
patients have several intracardiac catheters placed for post-
operative hemodynamic monitoring. There should be central
monitoring capable of storing at least 24 hours of individual
patient hemodynamic data and alarms. This is often impor-

tant for reconstructing critical events and trending a patient’s
recovery or deterioration over time.

Ventilators capable of supporting patients of all sizes (from
premature neonates through adults) should be readily avail-
able. Specialized ventilators such as the oscillator should be
also available for patients with coexisting lung disease. Inhaled
nitric oxide has become an essential therapy in the treatment of
the postoperative cardiac patient with pulmonary hypertension
(4,5). There should be several ventilators capable of delivering
inhaled nitric oxide, as it is common for more than one pa-
tient to be receiving this therapy simultaneously. Bedside blood
gas analysis with hand-held point-of-care testing devices is the
norm at many institutions. If this is not available, rapid blood
gas analysis with a laboratory turnaround time of less than
15 to 30 minutes is necessary.

Many postoperative cardiac patients have dysrhythmias, in-
cluding tachycardias, bradycardias, and heart block. Thus, the
cardiac intensive care unit must be equipped with the equip-
ment to provide temporary cardiac pacing. Most contempo-
rary battery-operated temporary pacemakers also have the
ability to deliver rapid atrial pacing, which can terminate
tachyarrhythmia including re-entrant supraventricular tachy-
cardia and atrial flutter. A portable electrocardiogram (ECG)
machine and defibrillator are essential devices for bedside di-
agnosis, cardioversion, and emergency defibrillations.

Echocardiography should be accessible for rapid assessment
of the postoperative patient for important residual lesions or
tamponade. Equipment for emergent bedside sternotomies for
tamponade is required. This is accomplished with a mediastinal
cart or tray stored in the CICU and stocked with all the neces-
sary instruments. This cart will also facilitate emergency can-
nulation for extracorporeal membrane oxygenation (ECMO)
if mechanical support of the myocardium is necessary.
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POSTOPERATIVE ASSESSMENT
AND STABILIZATION

The admission of a pediatric patient to the CICU after congen-
ital heart surgery is a complex undertaking. Considerable ad-
vanced preparation is required for successful transition of a pa-
tient from the operative environment to the intensive care unit.
The first several hours after separation from cardiopulmonary
bypass (CPB) is the time when patients are the most vulnera-
ble to decompensation as they are physically moved and care is
transferred to a new team. Preparations should begin before the
patient is admitted to the hospital. Most cardiovascular surgi-
cal programs have multidisciplinary conferences to review each
patient’s history and data. Important components of the pre-
operative review include the precise anatomic diagnosis, prior
operative procedures, coexisting medical conditions, medica-
tion regimen, and current preoperative echocardiographic and
catheterization findings. In this venue, the surgical approach
as well as the initial postoperative care should be planned. For
example, if a patient is known to have pulmonary hyperten-
sion by preoperative catheterization data, the team can plan to
have nitric oxide available in the operating room and/or CICU.
If additional studies or subspecialty consultations are required,
ample time should be allotted to accomplish a complete preop-
erative evaluation.

Transit ion from t he Op e rat ing Room

As the surgery concludes, a patient report should be formu-
lated by the operating room team and called to the receiving
nurse and physician in the CICU. This report includes informa-
tion on the procedure performed, the hemodynamic status, cur-
rent vasoactive infusions, and ventilator settings. This allows
the CICU sufficient time to prepare the appropriate personnel,
equipment, and medications. The patient is transferred to the
CICU by the anesthesia and surgical team. Upon arrival the ini-
tial goal is to transition from portable monitoring and transport
equipment to the bedside CICU monitor and ventilator as effi-
ciently as possible while maintaining gas exchange and patient
stability. It is prudent to use the same infusion pumps from
the operating room so as to not interrupt any vasoactive in-
fusions. During this critical time, the medical decision making
and management of the patient should continue to be provided
by the anesthesia and surgical team until a complete exchange
of information occurs.

The key operative events are details of the repair, length of
CPB including any special techniques used such as deep hy-
pothermic circulatory arrest or low-flow regional perfusion,
abnormal rhythms, or significant bleeding after CPB. The initial
assessment of the repair typically includes transesophageal or
epicardial echocardiography, intraoperative intracardiac satu-
ration measurements to assess for residual shunts, and initial
hemodynamic pressure measurements. If a second CPB run is
required to correct residual lesions, this can have important ef-
fects on myocardial function in the initial postoperative period.
If the sternum is left open, it is important to know the exact
surgical reason for this decision. For example, was there ex-
cessive chest bleeding, poor myocardial function, or difficulty
with ventilation (6)? Each would have different implications
for management strategies in the first postoperative hours.

The anesthesia team can provide a wealth of information re-
garding patient course and stability. The key anesthesia events
are airway issues such as difficulty with bag-mask ventilation or
tracheal intubation, type of anesthesia given including cumula-
tive dose of narcotics and benzodiazepines, current vasoactive
and inotropic support, and blood and colloid products admin-
istered. The anesthesia team should be able to predict the initial
course and readiness for extubation.

After patient transfer and the exchange of information have
occurred, the CICU team performs their initial assessment. The
physical exam should focus on clinical cardiac output and evi-
dence for residual lesions. Patients often emerge from the oper-
ating room hypothermic, and perfusion may be affected by the
need to rewarm slowly. Some murmurs are expected (e.g., af-
ter a procedure that includes an aortopulmonary shunt). Other
patients should have a silent precordial exam, such as repair of
a ventricular septal defect (VSD). Patients with cavopulmonary
connections such as the bidirectional Glenn or Fontan proce-
dure should also have a quiet precordial exam. Murmurs in
these patients may indicate outflow tract obstruction or atri-
oventricular valve regurgitation, each of which can adversely
affect the function of the single ventricle.

Initial laboratory evaluation should include immediate arte-
rial blood gas (ABG) analysis. Ideally, the anesthesia and surgi-
cal team should remain in the CICU until the first ABG has been
measured to ensure that the patient has adequate gas exchange.
Interpretation of the initial ABG requires understanding of the
patient’s physiology. Patients with two-ventricle physiology are
often receiving 100% oxygen (O 2) and, in the absence of signif-
icant pulmonary pathology, should have a high arterial partial
pressure of O 2 (PaO 2) to reflect this. Patients with large left-
to-right shunts preoperatively may have significant alveolar–
arterial gradients from pulmonary edema. Patients undergoing
right ventriculotomies, as in tetralogy of Fallot repairs, may
have right ventricular dysfunction and elevated central venous
pressures. This may cause a right-to-left shunt at the atrial level
if a patent foramen ovale (PFO) is preserved, and a PaO 2 < 100
mm Hg regardless of the fraction of inspired oxygen (FIO 2)
delivered. Single-ventricle patients receive a lower FIO2 to pre-
vent pulmonary overcirculation and systemic undercirculation
(see Single Ventricle Physiology). The PaO 2 in these patients
should be 35 to 45 mm Hg. In general, patients should be ven-
tilated to a normal arterial partial pressure of carbon dioxide
(PaCO2), which is 35 to 45 mm Hg. An indication for mildly
hyperventilating a patient (PaCO 2 30–35 mm Hg) would in-
clude pulmonary hypertension to reduce pulmonary vascular
resistance (PVR) (7).

Pulmonary overcirculation may be treated with hypoventi-
lation to increase PVR (PaCO 2 45–50 mm Hg). Evaluation of a
metabolic acidosis with low pH and bicarbonate levels should
raise concern for low cardiac output syndrome. This should be
treated immediately by providing judicious intravascular vol-
ume supplementation, providing increased inotropic support,
and maximizing oxygen-carrying capacity with a blood trans-
fusion for anemia. If the cause of the low cardiac syndrome
is unclear or is unresponsive to initial measures to improve
cardiac output, urgent bedside echocardiography to evaluate
the repair and myocardial function and to look for possible
tamponade should be performed.

Additional laboratory evaluations to be performed are
blood chemistries, complete blood count with platelet count,
coagulation studies, and lactate level. Serial postoperative
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lactate levels after congenital heart surgery have been pre-
dictive of outcomes. Higher initial ICU lactate levels (9.4 vs.
5.6 mmol/L) and lactates that continue to rise greater than
0.75 mmol/L/hour are associated with poorer outcome (death
or use of ECMO) (8,9). Coagulation parameters including pro-
thrombin time (PT), partial thromboplastin time (PTT), fib-
rinogen, and platelet count should be normal. Any abnormali-
ties in the setting of excessive chest bleeding should be aggres-
sively corrected. Additional doses of protamine can be given in
the CICU if the PTT is prolonged and there is excessive chest
bleeding. If all coagulation parameters are corrected and there
is still excessive bleeding, an antifibrinolytic such as aprotinin,
tranexamic acid, or ε-aminocaproic acid may be considered
(10). Aprotinin is currently not available until further stud-
ies are done regarding its side effects. Activated factor VIIa
has been successfully used for refractory surgical bleeding in
the setting of post-CPB ECMO (11). If bleeding remains pro-
nounced despite aggressive pharmacologic and blood product
transfusion, it may be a surgical bleed requiring chest explo-
ration. Similarly, brisk chest bleeding that abruptly stops with
a concurrent rise in intracardiac pressures is likely due to car-
diac tamponade; chest exploration is also typically required in
this situation.

An admission chest radiograph should be performed min-
utes after arrival. This study will verify tracheal tube, naso-
gastric tube, pacing wire, and intracardiac catheter placement.
An assessment of cardiac size and the lungs is essential to rule
out a significant pneumothorax or hemothorax, both of which
should be evacuated immediately. In some procedures such
as unifocalization of aortopulmonary collaterals, there can be
alveolar infiltrates from increased blood flow or hemorrhage,
and the early use of positive end-expiratory pressure on the
ventilator can improve oxygenation. Assessing the placement
of intracardiac catheters is important in interpreting pressure
and saturation data (see Hemodynamic Monitoring). The right
atrial catheter or common atrial catheter typically enters the
heart through the right atrial appendage and is directed infe-
riorly toward the inferior vena cava. The left atrial catheter
usually enters the heart through a right pulmonary vein and is
directed to the left atrium with a horizontal course. Alterna-
tively, the left atrial catheter may enter the heart through the
left atrial appendage and course inferiorly toward the mitral
valve. A pulmonary artery catheter enters the heart through
the right ventricular outflow tract and is directed superiorly
across the pulmonary valve into the main pulmonary artery.
A right ventricular catheter enters the heart through the right
atrium and crosses the tricuspid valve with the tip in the body
of the right ventricle.

A 12- or 15-lead ECG should be performed to assess rhythm
and atrioventricular (AV) conduction. Lack of AV synchrony
can contribute to a low cardiac output state, so every effort
should be made to preserve AV synchrony with temporary pac-
ing if there is AV nodal block or an ectopic junctional rhythm
(see Postoperative Rhythm and Pacing). The QRS complex
should be compared to baseline to assess for new abnormalities
including bundle branch block. Complete right bundle branch
block is common after VSD closure for tetralogy of Fallot or
truncus arteriosus repairs, but usually it is not of hemodynamic
significance. The ST segment should be assessed for signs of is-
chemia, especially after procedures that include coronary artery
reimplantation.

After the initial assessment and stabilization, a plan may be
made for weaning both inotropic support and ventilatory sup-

port over the subsequent hours to days. Analgesia and sedation
will be tailored to this assessment and plan. Older children with
short CPB support times, stable hemodynamics, and minimal
chest bleeding (e.g., conduit revisions, subaortic membrane re-
sections, septal defect closures) can be extubated almost imme-
diately when they awaken from anesthesia (12). Neonates and
younger infants often undergo more complex repairs (e.g., the
arterial switch operation, truncus arteriosus repair, AV canal
repair, tetralogy of Fallot repair) and will need more gradual
weaning of support over 24 to 48 hours. Those undergoing
complex neonatal single-ventricle palliation (e.g., stage I palli-
ation for hypoplastic left heart syndrome [HLHS]) often have
open sternums; these patients will require several days of sta-
bilization and diuresis before their sternums can be closed.

He mod ynamic Monit oring

Patients undergoing congenital heart surgery will have in-
travascular or transthoracic intracardiac catheters placed for
postoperative hemodynamic monitoring. These catheters are
invaluable for the continual assessment of the patient and have
a low risk of complications (13,14). Virtually every patient will
have an arterial catheter placed for ABG sampling and blood
pressure monitoring. Monitoring the central venous pressure
is routine as well except for the simplest procedures performed
via a thoracotomy (e.g., patent ductus arteriosus ligation or
coarctation repair). The most common transthoracic intracar-
diac catheter placed is a right atrial catheter. This catheter may
have more than one lumen, thus allowing for simultaneous cen-
tral venous pressure measurement and vasoactive medication
delivery. Patients may have a second central venous catheter
placed by the anesthesiologist to manage the patient in the
operating room before CPB is initiated. Often this catheter is
inserted into the internal jugular vein with the tip at the su-
perior vena cava–right atrial junction. This catheter may be
placed in lieu of a right atrial catheter in older children. Young
infants with complex two-ventricle repairs or a mitral valve
repair will typically have a transthoracic left atrial intracar-
diac catheter placed. This catheter is valuable in assessing left
ventricular function, mitral valve function, and intravascular
volume status.

In single-ventricle patients, a common atrium is either con-
genitally present or created at the first stage of the procedure.
Therefore, transthoracic intra-atrial catheters in these patients
are referred to as common atrial catheters. Transthoracic pul-
monary artery catheters are placed for selected repairs includ-
ing truncus arteriosus and tetralogy of Fallot repairs. How-
ever, with the increased use of intraoperative transesophageal
echocardiography, these catheters are less common and are re-
served for procedures where the incidence of postoperative pul-
monary hypertension is high, such as repair of obstructed total
anomalous pulmonary venous return. More commonly used
are transthoracic right ventricular catheters that enter the heart
through the right atrial appendage and are positioned with the
tip crossing the tricuspid valve. These catheters are useful in as-
sessing right ventricular and pulmonary artery pressures after
complex pulmonary artery reconstructions such as in tetral-
ogy of Fallot with pulmonary atresia and aortopulmonary
collaterals. In contrast to adults, children rarely have flow-
directed pulmonary artery (Swan Ganz) catheters placed for
postoperative monitoring. This is due to both small patient size
and the need for unobstructed access for intracardiac repairs.
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TA BLE 8 1 . 1

CAUSES OF ELEVATED OR REDUCED RIGHT ATRIAL
PRESSURE

ELEVATED
Volume overload
Right ventricular dysfunction

Systolic dysfunction
Diastolic dysfunction or noncompliance

Tricuspid stenosis
Tricuspid regurgitation
Tamponade
Loss of AV synchrony from heart block, junctional rhythm
Tachyarrhythmia
Catheter or transducer malposition or malfunction

REDUCED
Volume depletion

Inadequate preload
Bleeding

Catheter or transducer malposition or malfunction

AV, atrioventricular.

There are multiple causes of abnormal right and left atrial
pressures (Tables 81.1 and 81.2). Typically, the mean right
atrial pressure ranges from 0 to 8 mm Hg, and the mean left
atrial pressure is 1 to 2 mm Hg higher than the right atrial
pressure (15). In postoperative patients, these mean pressures
are higher due to the effects of CPB on the myocardium and
the volume of fluid received in the operating room. In general,
mean right and left atrial pressures should not exceed 15 mm
Hg; when they are elevated, the etiology should be addressed.
In determining the cause of high atrial pressures, the onset is
important. Gradually increasing pressures often indicate that
a clinical problem such as low cardiac output or tamponade
physiology is evolving. A sudden change in the pressure with-
out a change in heart rhythm or other vital signs may indicate
a technical problem with the catheter or transducer (e.g., the
transducer fell off the bed). Rezeroing a transducer is always

TA BLE 8 1 . 2

CAUSES OF ELEVATED OR REDUCED LEFT ATRIAL
PRESSURE

ELEVATED
Volume overload
Left ventricular dysfunction

Systolic dysfunction
Diastolic dysfunction or noncompliance

Mitral stenosis
Mitral regurgitation
Left-to-right shunt
Tamponade
Loss of AV synchrony from heart block, junctional rhythm
Tachyarrhythmia
Catheter or transducer malposition or malfunction

REDUCED
Volume depletion
Catheter or transducer malposition or malfunction

AV, atrioventricular.

TA BLE 8 1 . 3

CAUSES OF ELEVATED OR REDUCED PULMONARY
ARTERY PRESSURE

ELEVATED
Primary pulmonary hypertension
Anatomical obstruction

Pulmonary artery stenosis
Pulmonary vein stenosis
Mitral stenosis

Left atrial hypertension
Ventricular dysfunction
Mitral valve disease

Hypoxia
Lung disease (edema, atelectasis)
Pleural effusion
Pneumothorax

Acidosis
Hypoventilation
Metabolic

Left-to-right shunt
Hyperviscosity (polycythemia)
Catheter or transducer malposition or malfunction

REDUCED
Intravascular volume depletion
Obstruction to pulmonary blood flow
Catheter or transducer malposition or malfunction

indicated if the numbers are not compatible with the clinical
status. The morphology of the atrial tracing is also helpful in
determining the etiology of a pressure elevation. Large a waves,
referred to as cannon a waves, occur when the atrium is con-
tracting against a closed AV valve. This occurs with loss of
AV synchrony as in AV block or junctional rhythm. Large v
waves occur during ventricular contraction with an incompe-
tent AV valve. Severe AV regurgitation in a low cardiac output
state may require surgical consultation and possible reopera-
tion. Low atrial filling pressures in the setting of low arterial
blood pressure or cardiac output should be treated with vol-
ume expansion. Typically 5 to 10 mL/kg of colloid or crystal-
loid fluid is the initial dose to restore preload. Chest bleeding
with low atrial pressure should prompt correction of any co-
agulopathy and/or anemia with blood products.

Causes of abnormal pulmonary artery or right ventricular
pressures are listed in Table 81.3. Normal mean pulmonary
artery pressures are 10 to 20 mm Hg (15). There can be con-
siderable variation in the postoperative patient, but the mean
should not exceed 25 to 30 mm Hg in repaired patients. The
right ventricular systolic pressure is often expressed as a per-
centage of the systemic systolic pressure, as both may be tran-
siently elevated in response to high catecholamine states such
as agitation. The right ventricular pressure should be less than
30% to 50% systemic. Elevated pulmonary pressures are gen-
erally not well tolerated for long periods of time. Correcting
associated hypocarbia and acidosis, both of which elevate PVR,
should be accomplished quickly. Inhaled nitric oxide as a se-
lective pulmonary vasodilator is useful for pulmonary hyper-
tension and low cardiac output (5,16).

Saturation data from intracardiac catheters are also valu-
able in assessing the postoperative cardiac patient. The causes
of abnormal right atrial, left atrial, and pulmonary arterial
saturations are listed in Table 81.4. Accurate interpretation of
this saturation data relies on precise knowledge of the location
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TA BLE 8 1 . 4

CAUSES OF ABNORMAL RIGHT ATRIAL, LEFT ATRIAL, AND PULMONARY
ARTERY SATURATION

Location Elevated Reduced

RA Left-to-right atrial shunt Low cardiac output (increased O2 extraction)
Anomalous pulmonary venous

return
Increased oxygen consumption (fever, high

catecholamines)
Increased venous oxygen content Decreased arterial saturation with normal O 2

extraction
Decreased oxygen extraction Catheter tip position (near coronary sinus)
Catheter tip position (near IVC) Anemia

LA Normal is fully saturated Right-to-left atrial shunt
Decreased pulmonary vein saturation (lung

disease, arteriovenous malformation)

PA Left-to-right cardiac shunt Low cardiac output (increased O 2 extraction)
Catheter tip wedged (LA sample) Increased oxygen consumption (fever, high

catecholamines)
Decreased arterial saturation with normal O 2

extraction
Anemia

RA, right atrium; LA, left atrium; PA, pulmonary artery; IVC, inferior vena cava.

of the catheter tip for sampling and the patient’s physiology.
Right atrial and pulmonary artery saturation data are a useful
assessment of the patient’s cardiac output and oxygen extrac-
tion. Normal superior vena cava, right atrial, and pulmonary
arterial saturations in a patient with two-ventricle physiology
and no intracardiac shunts are approximately 70% to 80% . If
the patient has a normal cardiac output and fully saturated sys-
temic arterial blood, the arteriovenous O 2 saturation difference
will be normal at approximately 25% to 30% (17). It is com-
mon for the right atrial saturation to be in the 60% range after
CPB with adequate oxygen delivery and perfusion. Lower right
atrial saturations are expected in patients with single-ventricle
physiology because of intracardiac right-to-left shunting and
systemic O 2 desaturation. As long as the arteriovenous satura-
tion difference is ≤ 30% , the cardiac output should be normal.
In patients with two-ventricle physiology, the true mixed ve-
nous saturation is in the pulmonary arteries where complete
mixing of systemic venous blood occurs. An elevation in the
pulmonary artery saturation after atrial or ventricular septal
defect repair is indicative of a residual left-to-right shunt. An
absolute pulmonary artery saturation of > 80% while receiving
an FIO 2 < 0.4 is predictive of a residual intracardiac shunt of
greater than 1.5:1 (18). The most common causes of decreased
left atrial saturation and concurrent systemic desaturation are
right-to-left atrial shunting (common after tetralogy of Fallot
repair when the PFO is left open) and pulmonary disease.

Transthoracic intracardiac catheters should be maintained
in the postoperative period only until the necessary data are
obtained. Typically, left atrial and pulmonary artery catheters
are removed within the first 48 hours while the patient is still
intubated and the chest tubes are in place in case there is bleed-
ing (the coagulation profile should be normal) upon catheter
removal. Although significant bleeding is rare, catheters are
removed with blood available at the bedside. Right atrial
catheters may remain in place up to 2 weeks but should be
removed as soon as clinically indicated.

Post op e rat ive Rhyt hm and Pacing

Arrhythmias are common after congenital heart surgery (19).
Postoperative electrolyte imbalances, myocardial stress and
dysfunction, and intracardiac incisions and suture lines all play
a role in the etiology of new rhythm disturbances. Both brady-
cardias and tachycardias occur, but fortunately most are self-
limited.

The most common bradycardia is sinus bradycardia. Sinus
bradycardia is normal in children during sleep and with high
vagal tone and is generally benign. Patients returning from the
operating room may be hypothermic with core temperatures of
32◦C to 34◦C; they will remain bradycardic until their temper-
ature rises closer to normal. Patients at risk for sinus bradycar-
dia are those undergoing atrial baffles such as a lateral tunnel-
type Fontan for a single-ventricle defect or atrial switch proce-
dures for transposition of the great arteries. Patients with sinus
venosus and primum atrial septal defect repairs also commonly
have slower sinus rates. Extremely bradycardic patients can be
treated with pacing with temporary epicardial wires placed in
the operating room, but in the absence of long sinus pauses,
sinus bradycardia tends to be well tolerated.

Surgeries near the AV node such as ventricular septal defect
repairs, AV canal repairs, resection of subaortic muscle, and
tetralogy of Fallot repairs create risk for injury to the conduc-
tion system. Usually this is manifest as bundle branch block,
most commonly right bundle branch block after tetralogy of
Fallot repair. Left bundle branch block can occur with subaortic
surgeries. Rarely there is more significant block such as com-
plete heart block. Fortunately, it resolves in the majority of
patients (< 2% incidence overall, with recovery in two thirds
of affected patients) without need for permanent pacemaker
placement (20).

Common tachyarrhythmias include supraventricular tachy-
cardia and junctional tachycardia. Patients with accessory
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FIGURE 81.1. The use of an atrial electrocardiogram to diag-
nose ectopic atrial tachycardia. The surface electrocardiogram
(lower tracing) reveals an irregular, narrow complex rhythm.
Atrial depolarizations (P waves) are not easily discernible. The
unipolar atrial electrocardiogram (upper tracing) reveals a rapid
ectopic atrial tachycardia with many blocked atrial premature
beats. Atrial depolarization is denoted by “A” and ventricular
depolarization is denoted by “V.”

pathways will often first develop a tachyarrhythmia in the post-
operative period. Ectopic tachycardias are also common after
congenital heart surgery (21). High catecholamine states, in-
tracardiac catheters and suture lines, and electrolyte abnor-
malities all contribute to the appearance of postoperative tach-
yarrhythmias in previously asymptomatic patients. The onset
of tachycardia may provide useful information regarding its
etiology. Tachycardias with a sudden onset that generate a
sustained heart rate with minimal variability are likely to be
re-entrant in nature. Tachycardias with a gradual increase in
heart rate with some beat-to-beat variability are likely to be
automatic in nature. Temporary epicardial atrial wires can be
used to obtain intracardiac atrial electrograms to examine the
relationship of the P waves to the QRS complex to further aid
in diagnosis (see Fig. 81.1). Atrial wires can also be used to ter-
minate re-entrant rhythms by overdrive pacing. The indication
for treatment is a hemodynamic change causing low cardiac
output or blood pressure, as most tachyarrhythmias will im-
prove with time. A summary of common antiarrhythmics used
after congenital heart surgery is provided in Table 81.5.

For re-entrant and ectopic supraventricular tachycardias, β -
blockers, such as esmolol, are usually the first-line therapy and
are well tolerated. Digoxin can be considered in patients with
apparent accessory pathways that are not pre-excited or for
rate control in rapid atrial rhythms. Second-line agents include
procainamide and amiodarone. Amiodarone should be used
with caution, as the incidence of serious side effects including
circulatory collapse and proarrhythmia is high (22). Once the
tachycardia is controlled and the patient has progressed to ex-
tubation, intravenous agents can be transitioned to oral agents
(e.g., the β -blocker propranolol can be substituted for esmolol).
More refractory supraventricular tachycardias may be treated
with the class III agent sotalol, or class IC agents flecainide or
propafenone. The length of oral treatment will vary with the
nature of the tachycardia, but should be considered for at least
1 to 3 months postoperatively.

Junctional ectopic tachycardia (JET) is a narrow complex
rhythm that arises just below the AV node. It is most common
after ventricular septal defect closure in tetralogy of Fallot and
AV canal repairs. JET usually occurs in the first 24 to 48 hours
postoperatively and is almost always self-limited. The typical
electrocardiographic finding is AV dissociation (Fig. 81.2) with
a more rapid ventricular rate (typically > 180 bpm), but there

can be retrograde P waves with a 1:1 relationship. Because of
the lack of AV synchrony, this rhythm can lead to elevated atrial
pressures and low cardiac output with hypotension. Treatment
is directed toward reducing catecholamine states by weaning
vasoactive infusions such as dopamine; providing sedation,
analgesia, and possibly paralysis; and avoiding hyperthermia
with active cooling. Atrial pacing above the junctional rate (if
< 180 bpm) can restore AV synchrony and improve hemody-
namics. The most efficacious pharmacologic therapy includes
procainamide in combination with cooling (23). Amiodarone
has been reported to be successful in the treatment of JET (24),
but it should be used with caution due to acute cardiac side
effects such as hypotension and proarrhythmia (22). Because
JET is a self-limited tachycardia, once the patient has regained
normal sinus rhythm, a gradual reduction in therapy starting
with rewarming and removal of deep sedation and/or paralysis
can occur. Pharmacologic support should then be weaned over
24 to 48 hours.

Ventricular ectopy after congenital heart surgery can occur,
especially in the setting of electrolyte abnormalities. Monomor-
phic premature ventricular beats or ventricular bigeminy or
trigeminy is usually benign and self-limited. Sustained ventric-
ular tachycardia that is rapid and polymorphic is dangerous
and concerning for myocardial ischemia. Treatment with lido-
caine and cardioversion should be attempted, but an urgent
evaluation of myocardial function and perfusion must be pur-
sued or a cardiac arrest may be imminent.

Re sp irat ory and Ve nt ilat ory Manag e me nt

Postoperative ventilation should take into consideration the
important cardiopulmonary interactions that occur after con-
genital heart surgery. Each patient’s ventilatory support and
weaning plan should be individualized to his or her physiol-
ogy and hemodynamic status using a set of guiding principles.
Frequent reassessment and ventilatory adjustments should be
expected.

Positive pressure ventilation has effects on preload. Increas-
ing tidal volumes and positive end-expiratory pressure (PEEP)
increase intrathoracic pressure and limit systemic venous
return. Increased lung volume and intrathoracic pressure also
increase afterload to the right (pulmonary) ventricle (25).
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TA BLE 8 1 . 5

COMMON ANTIARRHYTHMIC AGENTS USED AFTER CONGENITAL HEART SURGERY

Drug name Class/mechanism/ indications Dosing Considerations/side effects

Adenosine Blocks AV node; termination of
re-entrant SVT

0.1–0.2 mg/kg rapid IV push
(max 6 mg)

Sinus arrest (have pacing available),
hypotension, bronchospasm

Procainamide IA, prolongs atrial refractory
period; atrial tachycardia
(re-entrant SVT, atrial
fib/flutter)

5–15 mg/kg IV load (30 min)
20–80 µ g/kg/min IV infusion

Myocardial depressant, vasodilator,
monitor levels, lupus syndrome with
long term use

Esmolol II, β -blocker; re-entrant SVT,
ectopic atrial tachycardia,
ventricular tachycardia

0.1–0.5 mg/kg IV load
50–250 µ g/kg/min IV

infusion

Myocardial depressant, bradycardia,
hypotension, bronchospasm

Amiodarone III, prolongs atrial and ventricular
refractory periods; atrial,
junctional, ventricular
tachycardia

5 mg/kg IV load (60 min)
5–15 µ g/kg/min IV infusion
5–10 mg/kg/day PO

Potent vasodilator and myocardial
depressant, proarrhythmic (torsades),
hepatic, thyroid, and pulmonary
toxicity

Lidocaine IB, prolongs ventricular
refractory period; prevents
ventricular ectopy, tachycardia,
and fibrillation

1 mg/kg slow IV push
20–50 µ g/kg/min IV infusion

Monitor levels, seizures at toxic levels

Verapamil IV, Ca channel blocker, prolongs
AV node refractory period;
re-entrant SVT

0.1 mg/kg/dose slow IV push
3–4 mg/kg/day PO divided

Q8h

Myocardial depressant, avoid in infants,
do not use concurrently with β -blockers

Digoxin Prolongs AV node refractory
period; atrial tachycardia
except WPW syndrome

20–60 µ g/kg IV/PO
digitalizing

4–10 µ g/kg IV/PO divided
Q12h

Multiple medication interactions, AV
block and proarrhythmic at toxic levels

Propanolol II, β -blocker; oral treatment atrial
tachycardia

2–4 mg/kg/day PO divided
Q6–8h

Hypotension, hypoglycemia,
bronchospasm

Sotalol III, β -blocker, prolongs atrial and
ventricular refractory period;
oral treatment atrial and
ventricular tachycardia

80–200 mg/m2/day PO
divided Q8–12h

Myocardial depressant

Flecainide,
Propafenone

IC, prolongs atrial and ventricular
refractory period; oral
treatment of atrial tachycardia

Flec: 2–6 mg/kg/day divided
q8h

Prop: 150–300 mg/m2 day

Myocardial depressant, proarrhythmic,
monitor QRS prolongation

AV, atrioventricular; SVT, supraventricular tachycardia; PO, per os; Ca, calcium; WPW, Wolf-Parkinson-White; Flec, flecainide; Prop, propafenone.
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FIGURE 81.2. The use of an atrial electrocardiogram to diag-
nose junctional ectopic tachycardia. The surface electrocardio-
gram (upper tracing) reveals a regular, narrow complex rhythm
with possible atrioventricular (AV) disassociation. The unipo-
lar atrial electrocardiogram (lower tracing) demonstrates AV
dissociation with a ventricular rate that is more rapid than the
atrial rate. This is junctional ectopic tachycardia. Atrial depo-
larization is denoted by “A” and ventricular (or junctional)
depolarization is denoted by “V.”
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Therefore, in patients with limited right ventricular function,
such as patients undergoing tetralogy of Fallot repair with
a ventriculotomy, right ventricular output may be compro-
mised by elevated mean airway pressures. This can result in
high right-sided filling pressure, poor right ventricular func-
tion, hepatomegaly, ascites, and pleural effusions. As the pa-
tient becomes fluid overloaded and gas exchange is impaired,
the temptation is to increase ventilatory support. However, this
may worsen the patient’s clinical status. Patients with cavopul-
monary connections and passive pulmonary blood flow also
have compromised pulmonary blood flow and cardiac output
with positive pressure ventilation (26,27). A strategy of a larger
tidal volume (15 mL/kg) with a lower ventilatory rate may min-
imize afterload and give the right ventricle an opportunity to
eject or the pulmonary arteries additional filling time during
a longer expiratory phase. The patient should be allowed to
breathe spontaneously with less mandatory ventilator breaths.
Ideally, if the patient will tolerate it, he or she should be extu-
bated as soon as possible after surgery.

Positive pressure has the opposite effect on the left (sys-
temic) ventricle. The higher-pressure aorta is not as affected
by the lung volumes. The increased intrathoracic pressure de-
creases left ventricular afterload due to the decreased transmu-
ral pressure across the myocardium (28). Therefore, patients
with left ventricular dysfunction can improve with the initia-
tion of positive pressure ventilation (29). Patients with ventric-
ular dysfunction also have increased work of breathing due to
increased pulmonary edema and decreased lung compliance.
Positive pressure ventilation helps these patients by decreasing
the work of breathing and oxygen consumption. A judicious
amount of PEEP at 3 to 5 cm H 2O maintains lung volumes at
functional residual capacity. This keeps alveoli recruited and
minimizes increases in pulmonary vascular resistance caused
by atelectasis.

The mode of ventilation used to support cardiac patients of-
ten depends on the experience of the team members in the car-
diac intensive care unit. Many units will ventilate in a pressure
mode, acknowledging that the lung compliance in most post-
operative cardiac patients is normal and not rapidly changing
as it is in patients with primary lung disease. Volume ventilation
is equally acceptable, and newer ventilators are capable of vol-
ume ventilation with deceleration flow patterns, which is more
comfortable for spontaneously breathing patients. More novel
techniques employing higher airway pressures such as high-
frequency oscillatory ventilation and airway pressure release
ventilation have been used successfully in pediatric patients
with primary lung disease (30,31). These modes of ventilation
have limited use after congenital heart surgery due to reduc-
tions in cardiac output that occur at higher mean airway pres-
sures in infants (32,33). Fortunately, significant lung disease
after cardiac surgery is uncommon. There are selected cases
where the degree of lung disease outweighs the cardiac disease
and high-frequency oscillatory ventilation has been anecdo-
tally beneficial. Scenarios such as pulmonary hemorrhage after
collateral unifocalization procedures, severe pulmonary edema
after repair of obstructed total anomalous pulmonary return,
and respiratory distress syndrome in premature infants under-
going cardiac surgery are examples.

Timing of extubation is contingent upon several factors.
The patient should be evaluated for significant residual cardiac
lesions and the adequacy of myocardial function. Hemosta-
sis should be achieved. The patient should be weaned to a

low mandatory ventilatory rate (4–6 breaths per minute) or
to a pressure support mode with no mandatory breaths and
a FIO 2 of ≤ 0.4. The patient should be awake, not tachypneic
for age, and able to generate spontaneous tidal volumes of 6
to 8 mL/kg per breath. Problems encountered postextubation
include atelectasis, stridor, and diaphragm paresis or paralysis.
Atelectasis is most common in neonates, larger but immobile
children, or chronically malnourished patients. Chest physio-
therapy and occasionally bronchoscopy may be employed to
re-expand atelectatic segments of lung. Stridor is usually self-
limited and can be treated with nebulized racemic epinephrine
and steroids, which reduce mucosal swelling. Persistent stri-
dor or a weak cry can also be a manifestation of a recurrent
laryngeal nerve injury with vocal cord paresis or paralysis (34).

Formal assessment of swallowing function to prevent re-
current aspiration of oral feeds may be required if vocal cord
injury is identified. Phrenic nerve injury with associated hemidi-
aphragm dysfunction is challenging to treat. The postextu-
bation chest radiograph typically reveals an elevated hemidi-
aphragm with collapse of the ipsilateral lung. Fluoroscopy
demonstrating decreased (paretic) or paradoxical (paralyzed)
movement of the diaphragm will confirm the diagnosis. Ul-
trasound can also be used to assess diaphragm function, but
it is less reliable in distinguishing a paretic from a paralyzed
diaphragm, which may impact treatment (35). Usually the in-
jured phrenic nerve will recover with time. Older children can
often tolerate the phrenic nerve injury and compensate with
the use of accessory muscles of breathing. Neonates and in-
fants may require a hemidiaphragm plication, especially if the
diaphragm is paralyzed, to wean successfully from mechanical
ventilation (36).

Noninvasive forms of respiratory support are being used
more commonly after congenital heart surgery. Continuous
positive airway pressure (CPAP) delivered with nasal prongs or
a mask and bilevel positive airway pressure (BiPAP) also deliv-
ered with nasal or full face masks provides respiratory support
using positive pressure without a tracheal tube. In patients who
have been extubated but have increased work of breathing or
have developed atelectasis, these methods will often avert the
need for reintubation. In patients with ventricular dysfunction
and marginal hemodynamics, a planned extubation to nonin-
vasive support such as CPAP will provide continued afterload
reduction of the systemic ventricle (37). Also, for those patients
with prolonged ventilator courses and respiratory muscle de-
conditioning, a planned extubation directly to CPAP or BiPAP
with subsequent weaning can successfully transition a patient
to unassisted breathing. Children often require additional se-
dation to tolerate CPAP and BiPAP masks for longer periods
of time.

Se d at ion, Analg e sia, and
Ne urolog ic Monit oring

Sedation and analgesia are important components of postop-
erative care of pediatric cardiac surgical patients. The strategy
of sedation and analgesia should be tailored to the age and
anatomy of the patient; type of repair and operative course,
including rhythm and bleeding concerns; and anticipated post-
operative course, including timing of sternal closure (if delayed)
and initial hemodynamics. A patient following atrial septal
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defect closure requires different sedation and analgesia man-
agement than a patient following stage 1 palliation who has
an open sternum and labile blood pressure. Analgesia is ini-
tiated in the operating room, and most agents used are nar-
cotic based. High-dose narcotics have been shown to alleviate
the stress response associated with cardiac surgery and CPB
(38,39). High-dose fentanyl (up to 25 µ g/kg) can be adminis-
tered to neonates with minimal hemodynamic effect (40). As
a continuation of operative anesthesia, patients with marginal
hemodynamics and complex repairs or palliations are deeply
sedated with continuous fentanyl infusions and usually para-
lyzed as well for the initial postoperative course to minimize
the stress response and oxygen consumption. Interventions in
the intensive care unit that may provoke stress such as tracheal
tube suctioning should be managed with anticipatory doses of
fentanyl (41).

Common muscle relaxants used in the pediatric cardiac in-
tensive care unit are rocuronium, vecuronium, pancuronium,
and cisatracurium. Rocuronium has the shortest onset of action
and is often used for intubation, but not continuous paralysis.
Vecuronium is commonly employed as an infusion for contin-
uous paralysis. Pancuronium is the longest-acting agent and is
cleared by the kidneys, so it should be used with caution in
patients with renal insufficiency. Cisatracurium is cleared by
Hofmann degradation (i.e., independent of renal and hepatic
function), so it may be the best choice in patients with mul-
tisystem organ failure. The significant side effects of succinyl-
choline, including severe bradycardia, have limited its routine
use in the pediatric cardiac population.

Patients who have achieved hemodynamic stability but may
require a longer ventilatory course for diuresis or pulmonary re-
covery, such as after a unifocalization procedure, benefit from
sedation with continuous infusions of a narcotic and benzo-
diazepine. This provides a more continuous level of sedation
and analgesia than intermittent bolus dosing of these agents.
As the patient develops tolerance to these agents over sev-
eral days, doses must be increased to achieve the same effect.
The most common narcotic used is morphine, but fentanyl
(shorter acting) and hydromorphone can be considered. Cau-
tion should be used with bolus dosing of fentanyl because of
an idiosyncratic chest wall rigidity reaction that can occur with
rapid infusion (42,43). Chest wall rigidity can prevent effective
ventilation, and rapid muscle relaxation may be required to
treat it.

Midazolam is the most common benzodiazepine used and
is desirable due to its amnestic properties. Lorazepam and di-
azepam are other sedating benzodiazepines employed in the
cardiac intensive care unit, but they are administered in bolus
doses rather than as infusions. Patients typically develop tol-
erance to narcotics and benzodiazepine infusions after 5 to
7 days and will need to be transitioned to methadone and
lorazepam for a weaning taper after extubation. The advan-
tage to these agents is that they are longer acting and can
be administered orally. Therefore, recovered patients can con-
tinue narcotic and benzodiazepine tapering as outpatients. Pa-
tients who have been successfully extubated can be transitioned
to oral agents including acetaminophen, ibuprofen, and oxy-
codone. Older patients can benefit from the use of narcotic-
based patient-controlled analgesia pumps. Short courses of the
nonsteroidal anti-inflammatory drug ketorolac (eight doses or
less) can be used in patients with normal coagulation and renal
function.

Propofol has become a popular sedating agent in adult ICUs
(44). It has a rapid onset of action and clearance, and it is an
ideal agent in patients for whom rapid awakening is desired. Of
note, propofol has no analgesic properties. Because it is a potent
vasodilator and negative inotrope, it has limited use in cardiac
patients with decreased myocardial function. There also have
been reports of myocardial failure and acidosis in children (45).
Therefore, propofol has generally been restricted to short-term
use in older patients with two-ventricle physiology and normal
myocardial function who are anticipated to extubate within 6
to 12 hours.

A promising new agent for sedation in the pediatric pop-
ulation is dexmedetomidine (46). It is an α2 agonist used as
a continuous infusion in addition to a narcotic and benzo-
diazepine. Patients treated with a dexmedetomidine infusion
require fewer rescue doses of other agents for sedation. The
infusion does not depress respiration, and patients do not de-
velop tolerance. Thus far, this agent appears safe and effec-
tive in pediatric cardiac patients, although data are limited to
older infants and children (47). Some patients develop brady-
cardia, which resolves when the infusion is discontinued. A
relative contraindication to dexmedetomidine may be high-
grade AV nodal block or concurrent administration of med-
ications that slow conduction at the AV node such as digoxin
(48).

Procedural anesthesia in the cardiac intensive care unit for
intubations, chest thoracentesis, and catheter placement is com-
monly required. For many patients, ketamine is an excellent
agent for this indication. It is a dissociative anesthetic agent
with rapid onset and excellent analgesic properties. Heart rate
and blood pressure are preserved through central stimulation
and diminished postganglionic reuptake. It has minimal effects
on respiratory drive at lower doses, although airway secretions
can be increased. A benzodiazepine should be given concur-
rently for hallucinations in older children. Another effective
agent for procedural anesthesia is etomidate. It causes minimal
cardiovascular depression and is an ideal agent for tracheal in-
tubation in a hemodynamically compromised patient. Chloral
hydrate is a hypnotic agent that can be safely given by mouth
or per rectum for nonpainful procedures such as echocardiog-
raphy.

The practice of neurologic monitoring in postoperative pa-
tients is evolving as more information about the neurologic se-
quelae of cardiac surgery becomes available. The incidence of
neurologic abnormalities following CPB surgery is likely to be
higher than reported. Postoperative electroencephalographic
(EEG) seizures occur in up to 11% to 20% of neonates un-
dergoing contemporary CPB techniques (49,50). The duration
of deep hypothermic circulatory arrest appears to have a role
in the incidence of seizures (50). Periventricular leukomalacia
(as a marker of brain injury) is found on brain magnetic res-
onance imaging (MRI) in greater than 50% of neonates after
congenital heart surgery (51). Most of these lesions appear to
resolve over time, but the long-term implications on cognition
and development are still being determined (52).

Neurologic surveillance in the cardiac intensive care unit is
increasing. Routine EEG monitoring and a brain MRI for ev-
ery patient are not practical. These tests tend to be reserved
for patients with a high clinical suspicion of neurologic in-
jury. The increasing use of near-infrared spectroscopy (NIRS)
to monitor transcutaneous cerebral oxygen saturation in the
intensive care unit may help identify periods of vulnerability to
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central nervous system injury. The cerebral oxygen saturation is
measured by an oximeter probe placed on the forehead be-
low the hairline. The measured saturation is a combination
of mixed venous saturation (approximately 85% ) and arterial
saturation (approximately 15% ). Normal cerebral oxygen sat-
uration varies with cardiac defect but is approximately 70% in
acyanotic lesions. A decrease of cerebral oxygen saturation of
20% from baseline was associated with an increased incidence
of seizures and coma (53), and prolonged cerebral oxygen de-
saturation < 45% has been associated with an increased inci-
dence of periventricular leukomalacia on brain MRI (54). This
technology may be used to monitor cerebral oxygen saturation
as a surrogate for cerebral oxygen delivery. Studies demonstrat-
ing that interventions that raise the cerebral oxygen saturation
lead to a reduction in neurologic injury have not been published
to date.

Fluid s and Nut rit ion

The body’s inflammatory response to CPB results in significant
increases in total body water and edema with diffuse capil-
lary leak. Operative strategies to minimize this process include
ultrafiltration on CPB and steroid administration (55). High-
risk patients such as neonates and young infants may have
peritoneal dialysis catheters placed electively in the operating
room. Fluid management and diuretic therapy in the first 24 to
48 hours after cardiac surgery have a significant impact on the
patient’s hemodynamic status and recovery. During the first 24
hours, many patients are oliguric despite adequate atrial fill-
ing pressures. Longer CPB times, increased complexity of the
repair, and preoperative renal dysfunction contribute to the
duration of oliguria. Intravenous fluids should be restricted to
one half of calculated maintenance fluids for at least 24 hours
(or longer) if the patient does not have improved urine output.
Preload should be maintained with crystalloid or colloid so-
lutions using intermittent boluses of 5 to 10 mL/kg. Albumin
(5% solution) priming of CPB circuits results in less require-
ment for volume expansion and less weight gain during and
after CPB when compared to crystalloid solutions (56). This is
likely due to increased intravascular oncotic pressure with al-
bumin administration. Anecdotally, neonates benefit from vol-
ume expansion with 5% albumin over crystalloid, although
there are no controlled trials comparing colloid and crystalloid
in the postoperative setting. Older children with less complex
repairs can receive normal saline or lactated Ringer solution to
avoid blood product exposure.

Electrolytes should be normalized; potassium replacement
should be performed cautiously in patients who are oliguric to
avoid hyperkalemia. Calcium is a potent inotrope and ionized
calcium levels should be maintained at the higher end of the
normal range for age (1.2–1.3 mmol/L) (57). This strategy is
particularly useful in neonates, patients with 22q11.2 deletions
(DiGeorge syndrome) with hypoparathyroidism, and patients
with myocardial dysfunction. Calcium can be repleted with bo-
lus dosing (10 mg/kg calcium chloride or 100 mg/kg calcium
gluconate) or with a continuous infusion. Magnesium should
be repleted to avoid the development of ventricular dysrhyth-
mias, which is more common with hypomagnesemia.

After 12 to 24 hours, diuretics can be introduced as bolus
doses or as a continuous infusion. Diuretics can be considered
earlier in patients with large left-to-right shunts and pulmonary

edema to encourage clearance of excess lung water and wean-
ing from the ventilator. Diuretics should be held longer than
24 hours in hemodynamically unstable patients who need fre-
quent preload repletion with volume boluses. The diuretic ini-
tiated first at most institutions is the loop diuretic furosemide;
it is administered at a 1 to 2 mg/kg dose intravenously every
6 to 12 hours. A continuous furosemide infusion of 0.1 to 0.3
mg/kg/hour (after an initial loading dose of 1 mg/kg) may be
more desirable in hemodynamically fragile patients, or in pa-
tients with significant fluid overload (58). If urine output is not
adequate, a second agent can be added. Common agents in-
clude the thiazide diuretic chlorothiazide, which can be given
at a 5 to 10 mg/kg dose intravenously every 6 to 12 hours,
and metolazone, which can be given at a 0.1 to 0.4 mg/kg
dose enterally once daily. Newer agents including fenoldopam
(Table 81.6), a selective dopamine receptor agonist, and nesir-
itide (Table 81.7), a natriuretic peptide, are additional choices
(59,60).

It is common for patients to develop a significant
hypochloremic metabolic alkalosis, as well as hypokalemia and
hyponatremia, when receiving furosemide and/or chloroth-
iazide. Chloride can be repleted with arginine chloride, potas-
sium chloride, or sodium chloride (only if hyponatremic from
sodium loss and not congestive heart failure). Neonatal pa-
tients with shunted single-ventricle physiology can develop
high serum bicarbonate levels and a compensatory respiratory
acidosis with hypochloremia; their electrolytes should be nor-
malized prior to extubation. Their reduced ventilatory drive
and potential for apnea may impact the balance of pulmonary
and systemic blood flow if not corrected prior to extubation.

Significant renal dysfunction beyond 72 hours after cardiac
surgery is uncommon. Renal replacement therapy should be
considered when renal function continues to worsen despite
maximizing cardiac output. Often a peritoneal dialysis catheter
inserted into the peritoneum and placed to gravity drainage can
improve fluid balance without dialysis. Indications for dialysis
include life-threatening electrolyte abnormalities including hy-
perkalemia, persistent metabolic acidosis, severe fluid overload
impairing ventilation or sternal closure (if open), and rising
blood urea nitrogen levels > 100 mg/dL. If required, dialysis can
be accomplished with peritoneal exchanges or with continuous
venovenous hemofiltration (61). Conventional hemodialysis is
usually not well tolerated in postoperative cardiac patients with
myocardial dysfunction. Significant ongoing renal dysfunction
carries a poor prognosis with > 50% mortality in some reports
(62,63).

Adequate nutrition after cardiac surgery is required for ad-
equate wound healing and recovery. Unfortunately, nutrition
is often compromised for several days due to hemodynamic in-
stability and fluid intake restrictions. Enteral feedings should
be restarted as soon as feasible. The use of promotility agents
such as metoclopramide and postpyloric feeding tubes can en-
able enteral feeding in nearly all postoperative cardiac patients.
An absolute contraindication for enteral feeding is the pres-
ence of necrotizing enterocolitis. Relative contraindications are
the presence of an umbilical artery catheter, high-dose vaso-
constrictive agents, and paralysis. Patients at increased risk
for necrotizing enterocolitis are neonates with left-sided ob-
structive lesions, aortopulmonary shunts, and cyanotic lesions
(64). Enteral feedings can be introduced in these patients but
should advance slowly with close observation for signs of feed-
ing intolerance such as emesis and abdominal distention. In
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TA BLE 8 1 . 6

SUMMARY OF CATECHOLAMINES AND DOPAMINERGIC AGENTS

Cardiac
Name IV dose range Peripheral vascular effect effect Comment

Alpha Beta2 Dopa Beta1 Beta2
Dopamine 2–4 µ g/kg/min

4–10 µ g/kg/min
10–20 µ g/kg/min

0
0
2–4+

0
2+
0

2+
2+
0

0
1–2+
1–2+

0
1+
2+

Increasing doses produce
increasing alpha effect,
splanchnic vasodilator

Epinephrine 0.01–0.05 µ g/kg/min
0.1–0.5 µ g/kg/min

1+
4+

1–2+
0

0
0

2–3+
4+

2+
3+

Increasing doses produce
increasing alpha effect

Dobutamine 2–10 µ g/kg/min 1+ 2+ 0 3–4+ 1–2+ Dose-dependant effect similar to
dopamine, increasing doses
associated with tachycardia
and dysrhythmias

Isoproterenol 0.1–0.5 µ g/kg/min 0 4+ 0 4+ 4+ Potent inotrope and
chronotrope, vasodilator,
increasing doses produce
tachycardia and increased
oxygen consumption

Norepinephrine 0.01–0.1 µ g/kg/min 4+ 1+ 0 2+ 1+ Moderate inotrope, increases
systemic vascular resistance

Phenylephrine 0.01–0.5 µ g/kg/min 4+ 0 0 0 0 Increases systemic vascular
resistance, no inotropy

Fenoldopam 0.05–1 µ g/kg/min 0 0 yes 0 0 Dopaminergic receptor agonist.
Little chronotopic or
inotropic effect. May increase
renal blood flow

IV, intravenous; kg, kilogram; min, minute
From Castanada AR. Cardiac Surgery of the N eonate and Infant. Philadelphia: W. B. Saunders, 1994.

patients for whom enteral feedings are not feasible, total par-
enteral nutrition should be used to avoid a catabolic state.
Ranitidine or another histamine-2 antagonist should be rou-
tinely prescribed for protection against gastric mucosal bleed-
ing from stress and nasogastric tubes until full-volume enteral
feeds are re-established. Extubated patients with nausea should
be treated with antiemetics such as ondansetron to encourage
oral intake and weaning of intravenous fluids.

Infe ct ious Issue s

In the first 24 hours following surgery, it is common for pa-
tients to have fever. This is presumably related to the inflam-
matory response after CPB and does not represent infection.
Early postoperative fevers should be treated to help minimize
oxygen consumption, but the patient may be observed for ad-
ditional signs of infection prior to starting antibiotic treatment.
All patients receive at least three doses of a second-generation
cephalosporin (e.g., cefazolin) intravenously in the first 24
hours after surgery as prophylaxis. Treatment is extended in
high-risk patients such as those with an open sternum, with
immune deficiency, or receiving mechanical circulatory sup-
port. Fevers that persist or arise after the first 24 hours should
be evaluated with a physical exam focused on the sternal in-
cision, blood cultures obtained from indwelling intravascular
catheters, and a urine culture. If tracheal secretions are copi-

ous and/or discolored, suggesting a respiratory source for fever,
a tracheal aspirate may be obtained for Gram stain and cul-
ture. Chronically ventilated patients are often colonized with
bacteria in their trachea, so a qualitative change in their se-
cretions or increase in white blood cells on Gram stain may
indicate a new respiratory infection. If the clinical suspicion
for infection is high, intravenous antibacterial coverage should
be broadened while awaiting culture results. Nosocomial infec-
tions are a significant cause of morbidity in the ICU (65,66).
Every effort should be made to insert intravascular catheters
using sterile technique, to enter and manipulate catheters using
meticulous care, and to remove intravascular catheters as soon
as feasible. Mediastinitis is a serious postoperative infection
that occurs in approximately 2% of patients, with Staphylo-
coccus aureus as the most common bacterial agent. Risk factors
include prolonged open sternum and need for multiple chest re-
explorations (67). Prompt antibiotic treatment with open de-
bridement and use of muscle flaps has decreased the morbidity
and mortality from mediastinitis (68).

LOW CARDIAC OUTPUT
SYNDROME

Low cardiac output syndrome (LCOS) is a common problem
after congenital heart surgery with CPB, especially in neonates
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TA BLE 8 1 . 7

SUMMARY OF NONCATECHOLAMINE VASOACTIVE AGENTS

Peripheral vascular
Name IV dose range effect Cardiac effect Comment

Calcium
Chloride
Gluconate

10–20 mg/kg
50–100 mg/kg

Vasoconstrictor Inotropic effect;
depends on iCa level

Slows sinus node and AV
node conduction

Milrinone 50 µ g/kg load
0.25–1 µ g/kg/min

Systemic and pulmonary
vasodilator

Diastolic relaxation,
decreases afterload

Minimal tachycardia

Amrinone 1–3 mg/kg load
5–20 µ g/kg/min

Systemic and pulmonary
vasodilator

Diastolic relaxation,
decreases afterload

Minimal tachycardia,
lowers platelet count,
longer half life than
milrinone

Nitroprusside 0.5–5 µ g/kg/min NO donor, relaxes
smooth muscle,
dilates pulmonary
and systemic vessels

Decreases afterload Reflex tachycardia

Nitroglycerin 0.5–10 µ g/kg/min NO donor, venodilator,
more preload effect
than nitroprusside

Decreases preload and
afterload, may
decrease myocardial
wall stress

Minimal tachycardia,
sometimes used as a
coronary vasodilator

Vasopressin 0.0003–0.003
U/kg/min

Potent vasoconstrictor Weak inotrope Used to increase systemic
blood pressure

Tri-iodothyronine 0.05–0.1 µ g/kg/hour Vasodilation Inotrope Tachycardia

Nesiritide 0.01–0.03 µ g/kg/min Natriuresis Diastolic relaxation Hyponatremia

Digoxin 6–10 µ g/kg/day Increases systemic
vascular resistance

Inotrope Slows sinus node and AV
node conduction

IV, intravenous; mg, milligram; kg, kilogram; min, minute; iCa, ionized calcium; U, units; NO, nitric oxide; AV, atrioventricular; µ g, microgram.

and young infants (69). Many factors are thought to contribute
to decreased cardiac output including myocardial ischemia
from aortic cross-clamping and associated reperfusion injury,
inflammation from CPB, ventriculotomies (when performed),
and the existence of hemodynamically significant residual le-
sions. There is an expected decrease in cardiac output that oc-
curs over the first 6 to 12 hours after CPB with a nadir of < 2
L/minute/m2 in the youngest patients (70). With appropriate
recognition, the significant morbidities and occasional mortal-
ity related to LCOS can be prevented.

Re cog nit ion of Low Card iac Out p ut

There are several clinical symptoms and signs of LCOS that
should be immediately recognized (Table 81.8). On physical
exam, early findings of low cardiac output include tachycar-
dia, cool extremities, delayed capillary refill time, and dimin-
ished pulses. Decreased urine output, elevated filling pressures,
and low mixed venous oxygen saturation are important signs.
Hypotension and metabolic acidosis are later findings; they
require immediate attention or a cardiac arrest may be immi-
nent. Evaluation of LCOS should begin with physical exam.
For example, auscultation for pathologic murmurs caused by
residual obstructions, shunts, or valvar regurgitation is impor-
tant. Hepatomegaly and ascites may indicate right heart fail-
ure, especially in surgeries involving right ventriculotomies. An

echocardiogram should be obtained promptly to assess ventric-
ular systolic function and to rule out tamponade. The quality
of the repair should be assessed to look for residual lesions that
can be corrected by reoperation or catheter-based intervention.
Large residual shunts, severe valvular regurgitation, outflow
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SIGNS OF LOW CARDIAC OUTPUT SYNDROME

PHYSICAL EXAM/SIGNS
Tachycardia
Hypotension
Narrowed pulse pressure/diminished pulses
Cool extremities
Central hyperthermia
Diminished heart sounds
Hepatomegaly
Pleural effusion and ascites
Oliguria
Elevated central venous pressure/left atrial pressure

LABORATORY
Anion gap acidosis
Elevated lactate
Low mixed venous saturation
Indices of abnormal end organ function
Cardiomegaly on chest radiograph
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tract obstructions, and venous baffle obstructions are gener-
ally poorly tolerated in the postoperative patient. If the patient
has an open sternum, or if chest dressings obstruct transtho-
racic echocardiographic windows, a transesophageal echocar-
diogram should be performed. Occasionally, the etiology of
the low cardiac output is not obvious by echocardiography
or needs additional clarification before considering reopera-
tion. There should be a low threshold to progress to cardiac
catheterization in these patients. Catheterization in this popula-
tion can be accomplished safely, even in patients supported with
ECMO, and facilitates the diagnosis of important lesions in a
majority of the patients (55% –76% ) that can be addressed with
interventional catheter procedures or reoperation (71,72).

Tre at me nt of Low Card iac
Out p ut Synd rome

Once LCOS is recognized, and concurrent with ruling out cor-
rectible residual lesions, immediate therapy should be initiated.
The goals of therapy are to maximize oxygen delivery and
minimize oxygen consumption of the recovering myocardium.
Anemic patients should be transfused with packed red blood
cells to increase oxygen-carrying capacity. Cardiac output is a
function of preload, contractility, and afterload. Intravascular
volume should be repleted either with a colloid solution such as
5% albumin or alternatively with a crystalloid solution. Phar-
macologic agents can be used to increase inotropy and decrease
afterload (see Tables 81.6 and 81.7). Fevers should be actively
prevented (e.g., by cooling the patient) to minimize oxygen
consumption. The most unstable patients should receive neu-
romuscular blockade, deep sedation or anesthesia, and active
cooling to minimize oxygen consumption. Continual reassess-
ment of the response to therapy by physical exam focused on
perfusion, and monitored parameters such as urine output and
acidosis, is required.

Pharmacolog ic The rap y

Catecholamines (Table 81.6) have been the first-choice phar-
macologic agents for increasing cardiac output. Almost all pa-
tients who undergo congenital heart surgery receive dopamine
immediately after CPB. Dopamine stimulates β receptors in the
heart and increases contractility; typical initial dosing is 3 to
7 µ g/kg/minute via continuous infusion. Higher doses (> 10
µ g/kg/minute) will also stimulate α receptors in the periph-
eral vasculature and cause vasoconstriction. Epinephrine is an-
other commonly used catecholamine. Low to moderate doses
of epinephrine (0.02–0.1 µ g/kg/minute) increase contractility
and cause mild peripheral vasoconstriction, both of which tend
to increase blood pressure. Dobutamine primarily stimulates β
receptors in the heart. Higher doses have been associated with
arrhythmias and tachycardia. This synthetic catecholamine is
most often used in pediatric patients with chronic congestive
heart failure (e.g., dilated cardiomyopathy) rather than in the
postoperative setting. Isoproterenol stimulates β receptors in
the heart and is both an inotrope and chronotrope. Because
it causes tachycardia, which increases oxygen consumption,
and peripheral vasodilation, which can lower blood pressure,
it is not commonly used to treat LCOS. Norepinephrine and
phenylephrine (pure α agonist) are predominantly α-receptor

agonists; norepinephrine possesses reduced inotropic activity
compared to dopamine and epinephrine, and their use is limited
to patients with profound hypotension. Arginine vasopressin is
a noncatecholamine vasoconstrictor that increases blood pres-
sure by promoting vascular smooth muscle constriction with-
out causing tachycardia. Its use has been described in patients
with vasodilatory shock, but its role in cardiogenic shock is
unclear and it has not improved outcomes in pediatric patients
with poor myocardial function (73–75). Patients requiring con-
tinued high doses of these potent vasoconstricting agents to
support systemic blood pressure should be considered for me-
chanical circulatory support. Catecholamines should also be
used judiciously in postoperative neonates. While these agents
do increase cardiac output, the relatively noncompliant neona-
tal myocardium may be more susceptible to catecholamine-
driven increases in tachycardia, afterload, and oxygen con-
sumption. Animal data show actual necrosis of neonatal piglet
myocardium exposed to high-dose epinephrine (76). Fortu-
nately, alternative pharmacologic options are available.

Afterload reduction is increasingly recognized as the prin-
cipal form of pharmacologic support for the myocardium
after CPB. The type III phosphodiesterase inhibitors milri-
none and amrinone inhibit the breakdown of cyclic adenosine
monophosphate (AMP), thus increasing the intracellular Ca2+

concentration, which enhances myocyte contractility, periph-
eral vasodilation, and diastolic relaxation (77). Milrinone has
a shorter half-life than amrinone and less antiplatelet side ef-
fects, thus making it the more desirable alternative. Milrinone
is tolerated well by postoperative neonates, and it promotes
increased cardiac output, lower atrial pressures, and decreased
pulmonary and systemic vascular resistance (78). A large, mul-
ticenter trial of milrinone after congenital heart surgery inves-
tigated the prophylactic use of milrinone in preventing LCOS.
Patients treated with 0.75 µ g/kg/minute of milrinone had a
relative risk reduction of 55% for LCOS compared to patients
treated with placebo (79). Based on these data and anecdotal
experience, milrinone combined with dopamine is currently
the combination therapy most commonly used to prevent and
treat LCOS after congenital heart surgery. The vasodilators ni-
troprusside and nitroglycerine, both of which are nitric oxide
donors, can decrease afterload and improve cardiac output, but
they have no direct inotropic effects on the heart.

Other agents used to treat LCOS include thyroid hormone,
B-type natriuretic peptide (BNP), and glucocorticoids. All pa-
tients exposed to CPB develop low thyroid hormone levels in
the blood approximately 24 hours after bypass; this typically
recovers by 5 to 7 days. Data are mixed, but there is some
evidence that replacing tri-iodothyronine, the biologically ac-
tive form of thyroid hormone, after congenital heart surgery
increases cardiac output, blood pressure, and time to negative
fluid balance and extubation (80–82). The natriuretic hormone
system is important in regulating fluid balance and is normally
activated in response to atrial stretch receptors. Data from
adult patients with heart failure suggest that infusions of nesir-
itide, a synthetic form of BNP, decreases atrial pressures and
systemic vascular resistance, and improves cardiac output (83).
Preliminary pediatric data are less convincing for improved car-
diac output, although diuresis was enhanced (60). Lastly, glu-
cocorticoids in the form of hydrocortisone have been shown
to decrease the inotrope requirements in neonates and in-
fants receiving high-dose catecholamines (> 0.15 µ g/kg/minute
epinephrine) after congenital heart surgery (84). The
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mechanism of the effect is not clear, but may be due to in-
creased expression of β receptors on myocytes. Inflammation
after CPB may produce relative adrenal insufficiency and va-
sodilation that is partially reversed with additional steroids in
the postoperative course. However, many of the patients stud-
ied did not have cortisol levels measured prior to glucocorticoid
administration.

Ext racorp ore al Me mb rane Oxyg e nat ion

When all interventions to maximize oxygen delivery are per-
formed but the patient remains in a low cardiac output state
with metabolic acidosis and end organ dysfunction, mechan-
ical circulatory support should be considered. The principal
mode of mechanical circulatory support in the postoperative
pediatric cardiac patient is venoarterial (cardiac) ECMO. The
overall goal of ECMO is to provide myocardial rest that allows
for recovery. The indications for cardiac ECMO are listed in
Table 81.9. Ideally, the patient should be placed on ECMO
before the development of severe end organ dysfunction or
cardiac arrest. In the event of an unexpected cardiac arrest,
a patient can be supported using a crystalloid-primed circuit
following rapid arterial and venous cannulation. Survival to
hospital discharge as high as 64% has been reported for such
patients (85). Cannulation can be initiated via an open sternum
with direct atrial and aortic cannulation when the patient fails
to wean from CPB or suffers a postoperative cardiac arrest.
Alternatively, the neck or groin vessels can be accessed if there
is more time for cannulation.

The expected course of myocardial recovery after CPB is 3
to 5 days (86,87). If the patient is unable to wean from ECMO
after this time, and there are no residual cardiac lesions to be
corrected, the possibility of cardiac transplantation should be
explored, since most patients cannot be supported with ECMO
for longer than 2 to 4 weeks due to complications. Smaller ven-
tricular assist devices are becoming available to bridge infants
and young children to transplant when indicated (88). Patient
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INDICATIONS FOR VENOARTERIAL
EXTRACORPOREAL MEMBRANE OXYGENATION

LOW CARDIAC OUTPUT
Cardiomyopathy with progressive dysfunction
Myocarditis
Failure to wean from cardiopulmonary bypass
Sudden cardiac arrest

CYANOSIS
Marked intracardiac shunting with inadequate oxygenation
Acute obstruction to pulmonary flow (shunt thrombosis)
Pulmonary hemorrhage from pulmonary venous hypertension
Respiratory failure

ARRHYTHMIA
Refractory primary arrhythmias
Postoperative arrhythmia

SUPPORT DURING INTERVENTIONAL PROCEDURES
Intervention that creates life-threatening physiology

populations with poor outcomes are those who fail to wean
from CPB, those with cavopulmonary connections, and adult
congenital patients (89,90). The results of cardiac ECMO for
all indications through July 2006 as reported to the interna-
tional registry of the Extracorporeal Life Support Organiza-
tion (ELSO) were 60% survival through decannulation and
42% survival to discharge (89).

Sup p ort of t he Myocard ium aft e r
Card iac Transp lant at ion

Pediatric cardiac transplant recipients are a unique population
in the postoperative period because both donor and recipient
considerations are relevant to outcomes. Myocardial function
of the donated heart will depend on donor factors including the
circumstances leading to donor status, the level of vasoactive
support preharvest, and the ischemic time. Recipient factors
include preoperative pulmonary vascular resistance and its im-
pact on donor right heart function, end organ function, and the
overall condition of the patient. Patients with congenital heart
disease often have pre-existing adhesions and variant anatomy
that may complicate and lengthen transplant surgery. Because
the transplanted heart is denervated and tends to be brady-
cardic in the immediate postoperative period, pacing wires
should be placed to allow control of the heart rate. If pacing
wires do not exist or do not capture, isoproterenol can be used
as a chronotrope. This is less desirable because isoproterenol
increases oxygen consumption and can cause arrhythmias and
systemic hypotension at higher doses. All cardiac transplant
patients should have both right and left heart atrial pressures
monitored. In infants and young children, this will necessitate
the placement of an intracardiac left atrial catheter. Monitoring
both right and left heart filling pressures is critical in differen-
tiating right heart failure caused by elevated PVR (only right
atrial pressures elevated) from biventricular failure due to graft
ischemia or acute rejection (both right and left atrial pressures
elevated). Right heart failure is an important cause of morbid-
ity and mortality after cardiac transplantation and should be
treated aggressively (see next section) (91).

Pulmonary Hyp e rt e nsion and
Rig ht He art Failure

Primary right heart failure and pulmonary hypertension lead-
ing to secondary right heart failure are significant causes of
morbidity in postoperative pediatric cardiac patients. Primary
right heart failure should be anticipated in patients undergoing
right ventriculotomies for right ventricular outflow tract re-
construction (e.g., tetralogy of Fallot repair) or conduit place-
ment (e.g., truncus arteriosus repair). Those at risk for pul-
monary hypertension and secondary right heart failure include
patients with pulmonary venous or pulmonary arterial obstruc-
tion, heart transplant recipients with elevated PVR from preop-
erative left atrial hypertension, and patients with preoperative
pulmonary hypertension from large left-to-right shunts (16).
Anticipatory postoperative care and early recognition of right
ventricular dysfunction will optimize recovery.

Patients who are expected to have a reactive pulmonary vas-
cular bed should have a transthoracic pulmonary artery or right
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ventricular catheter placed intraoperatively for monitoring in
the ICU. In the absence of direct measurement of pulmonary
artery pressures, signs of pulmonary hypertension include el-
evated right-sided filling pressures with normal or low left-
sided filling pressures and tachycardia. Patients with right-to-
left shunts can become more cyanotic. As the right heart fails,
physical exam will reveal poor perfusion, hepatomegaly, and
possibly a loud tricuspid regurgitation murmur. In a pulmonary
hypertensive crisis, signs of poor left heart filling occur and in-
clude systemic hypotension and bradycardia. In the immediate
postoperative period, a patient with pulmonary hypertension
should be evaluated for residual anatomic problems. Residual
pulmonary venous obstruction, pulmonary artery stenosis, or
significant left-to-right shunts can all cause pulmonary hyper-
tension and may not be responsive to medical therapies.

Patients who undergo an extensive right ventriculotomy or
who are anticipated to have pulmonary hypertension can ben-
efit from an intraoperative strategy that allows right-to-left
shunting at the atrial level. Typically, these are patients with
tetralogy of Fallot or truncus arteriosus who have hypertro-
phied and noncompliant right ventricles. With an incision as
part of the repair, the right ventricle may develop both systolic
and diastolic dysfunction (92). If a transannular patch across
the right ventricular outflow tract is required to relieve ob-
struction, pulmonary regurgitation creates a volume load on
the struggling right ventricle as well. It is helpful to leave the
foramen ovale patent, or even to create a new atrial level com-
munication, to allow the right ventricle to decompress with
a right-to-left shunt. In this physiology, systemic cardiac out-
put will be preserved at the expense of mild cyanosis, which is
usually well tolerated and transient (93).

Postoperative care should focus on minimizing the reac-
tivity of the pulmonary vascular bed. The post-CPB inflam-
matory response, pulmonary arterial endothelial dysfunction,
and alveolar hypoxia from edema and atelectasis all contribute
to pulmonary hypertension (16). These should be time-limited
processes as the patient recovers. The strategies for medical
treatments are outlined in Table 81.10. The initial approach is
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TREATMENT OF POSTOPERATIVE PULMONARY
HYPERTENSION

ENCOURAGE/ADMINISTER
Investigate for residual shunts, obstructions to pulmonary

blood flow
Supplemental oxygen
Mild alkalosis (pH 7.45–7.5)
Mild hyperventilation (pH 7.45–7.5)
Sedation and analgesia, consider paralysis
Inotropic support of right ventricle
Intravenous vasodilators
Inhaled nitric oxide

AVOID
Metabolic acidosis (pH < 7.30)
Hypoventilation or respiratory acidosis
Agitation and pain
Alveolar hypoxia
Atelectasis or alveolar overdistention
Polycythemia

to minimize the factors that increase PVR. Acidosis, agitation,
and hypoxia all increase PVR and can provoke a pulmonary
hypertensive crisis. Therefore, patients with pulmonary hyper-
tension should be pain free, deeply sedated, and possibly par-
alyzed. They should be maintained with a mild alkalosis using
either mild hyperventilation or sodium bicarbonate adminis-
tration. Oxygen is a pulmonary vasodilator, so patients should
receive supplemental oxygen and not be weaned to room air
even if the arterial oxygen saturation is normal. Patients not
responding to these initial maneuvers should be treated with
vasodilators.

Nitric oxide (NO) is a selective pulmonary vasodilator when
inhaled. It crosses the alveolar wall where it acts on vascu-
lar smooth muscle by increasing levels of cyclic guanosine
monophosphate (cGMP) to cause relaxation. It is usually deliv-
ered via a tracheal tube but can also be delivered via a face mask
or nasal cannula. A reduction in pulmonary artery pressure is
usually seen at doses of up to 40 parts per million; higher doses
may increase toxicity (from methemoglobinemia) without any
additional reduction in the pulmonary pressure (94). The uses
of inhaled nitric oxide (iNO) in the treatment of pulmonary hy-
pertension after congenital heart surgery are extensive (95,96).
Its selective pulmonary vasodilation occurs without significant
systemic hemodynamic effects, which is desirable in tenuous
postoperative patients. The most responsive patients appear
to be those who have relief of pulmonary venous obstruction
such as with repair of obstructed total anomalous pulmonary
venous return or congenital mitral stenosis (97). iNO is also an
ideal agent to prevent right ventricular failure in a transplanted
heart not accustomed to elevated PVR (91,98).

After the patient’s pulmonary artery pressures have normal-
ized and diuresis has been achieved, iNO can be slowly weaned
off. If the dose of iNO is decreased too rapidly (e.g., dose low-
ered at intervals < 4 to 6 hours), and especially below doses of
5 parts per million, pulmonary hypertension can recur. This is
called “rebound” pulmonary hypertension (99). If the patient
fails to wean off due to rebound, he or she can be transitioned to
sildenafil (a phosphodiesterase type V inhibitor, which reduces
the degradation of cGMP) to mitigate this phenomenon and as
a transition to oral therapy (100,101). Caution should be used
in administering iNO to patients with pulmonary hyperten-
sion caused by severe left ventricular dysfunction. Pulmonary
vasodilation can increase pulmonary blood flow and left atrial
pressures, which may volume overload the left ventricle, caus-
ing further dysfunction (102).

Intravenous vasodilators are not selective for the pulmonary
vasculature, but some agents still have a role in treating pul-
monary hypertension and right ventricular dysfunction. Mil-
rinone (a phosphodiesterase type III inhibitor) is used to af-
terload reduce the right ventricle and provide inotropic sup-
port and diastolic relaxation. Prostaglandin derivatives such
as prostacyclin, delivered either nebulized or as an intravenous
infusion, can be beneficial but are dose limited by their sys-
temic vasodilatory side effects. Prostacyclin is now commonly
prescribed as a long-term outpatient therapy for pulmonary
hypertension associated with congenital heart disease in chil-
dren (103). Given the extensive literature supporting the bene-
fits of iNO, the nonspecific vasodilators such as nitroprusside,
tolazoline (an α-receptor agonist), and isoproterenol should
be used infrequently for the treatment of postoperative pul-
monary hypertension (104). Oral therapies for adults with
chronic primary pulmonary hypertension, including calcium
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channel blockers and endothelin receptor blockers, have not
been adequately studied in children in the postoperative set-
ting, but may have a future role.

SINGLE-VENTRICLE PHYSIOLOGY
Patients with single-ventricle physiology are among the most
challenging to care for in the pediatric cardiac intensive care
unit. There are many variations of single-ventricle anatomy,
but the defects can be broadly divided into those with a sin-
gle left ventricle and obstruction to pulmonary blood flow,
such as tricuspid or pulmonary atresia, and those with a single
right ventricle and obstruction to systemic blood flow, such as
HLHS. Most neonates with single-ventricle anatomy require
prostaglandin E1 to maintain adequate pulmonary or systemic
blood flow via the ductus arteriosus. The single ventricle’s out-
put occurs in parallel to the lungs and body, rather than in series
as in normal (two-ventricle) physiology. The output to the sys-
temic and pulmonary circulations is dependent on the vascular
resistance in each circulation. The single ventricle’s workload
is the sum of the outputs to these two circulations, so that the
single ventricle does the work of two ventricles. During the
postnatal transition, PVR falls rapidly, so these patients often
develop excessive pulmonary blood flow and compromised sys-
temic flow within a few days of birth. This is commonly referred
to as pulmonary overcirculation.

Most neonates with single-ventricle anatomy will need a
palliative operation. This will be either an aortopulmonary
shunt when pulmonary flow is obstructed or a stage I (Nor-
wood) operation with aortic arch reconstruction and an
aortopulmonary shunt or right ventricle–pulmonary artery
conduit when systemic flow is obstructed. Occasionally, a
single-ventricle patient will have unobstructed pulmonary and
systemic blood flow through two well-developed outflow
tracts. These patients usually require a pulmonary artery band
shortly after birth to limit pulmonary blood flow as their first-
stage palliation.

Shunt e d Sing le -ve nt ricle Physio log y

Irrespective of whether a stage I palliation, aortopulmonary
shunt alone, or pulmonary artery band is the first palliative
operation, the principles of balancing the systemic and pul-
monary circulations are the same in the postoperative period.
The operation does not alter the basic physiology of parallel
circulations. An acceptable balance of pulmonary-to-systemic
blood flow can be defined as sufficient pulmonary blood flow
to provide adequate systemic oxygenation without pulmonary
overcirculation. The newer modification of the stage I pallia-
tion that includes a right ventricle–to–pulmonary artery con-
duit is less likely to create overcirculation compared to an aor-
topulmonary shunt, since pulmonary blood flow occurs only
in systole (105). However, depending on the size of the pa-
tient and the conduit, overcirculation from a right ventricle–
to–pulmonary artery conduit can still occur. Assuming normal
pulmonary venous saturations of 100% and normal oxygen
extraction with a mixed venous saturation of 60% , a systemic
and pulmonary artery saturation of 80% would result in a pul-
monary blood flow (Qp)–to–systemic blood flow (Qs) ratio of
1:1, which represents balanced circulations (106). This would

correlate with an arterial PaO 2 of approximately 40 mm Hg.
Typically, the Qp:Qs ratio is higher than this, and as it pro-
gresses toward 2:1, the single ventricle becomes volume over-
loaded. A Qp:Qs ratio of greater than 2:1 may be associated
with low systemic output, hypotension, and acidosis.

The ability to monitor Qp:Qs accurately at the bedside is
limited. Arterial saturations and mixed venous saturations (us-
ing superior vena caval saturation as a representative value)
can be measured, but pulmonary venous saturations are as-
sumed (107). Since the degree of postoperative lung disease is
highly variable, assuming that pulmonary venous saturations
are normal can erroneously underestimate pulmonary blood
flow and the degree of overcirculation in patients with low
systemic oxygen saturations (108). In patients with complete
cardiac mixing, high systemic saturations are likely to repre-
sent pulmonary overcirculation. A patient with high systemic
saturations (> 90% ) and high arterial PaO 2 (> 50 mm Hg) with
low blood pressure and metabolic acidosis should be treated
for pulmonary overcirculation.

Strategies to treat pulmonary overcirculation focus on in-
creasing PVR and decreasing pulmonary blood flow. Trans-
fusing the patient to a hematocrit of 45% to 50% will in-
crease blood viscosity and PVR. Minimizing inspired oxygen
to a room air level and/or even lower (e.g., FIO 2 of 17% –19% )
with the addition of nitrogen also increases PVR. Allowing the
PaCO2 to rise (e.g., to 45–50 mm Hg with a pH < 7.34) with
hypoventilation or by the addition of carbon dioxide to the ven-
tilator circuit has a similar effect (7). A cross-over trial compar-
ing hypoxic gas mixtures to inhaled carbon dioxide in preoper-
ative neonates with HLHS for increasing PVR was performed
(109). Both methods increased the resistance and decreased the
pulmonary blood flow, but carbon dioxide administration in-
creased oxygen delivery to the brain as measured by increased
mixed venous saturations in the superior vena cava and de-
creased arteriovenous saturation difference. In addition, high
systemic vascular resistance should be avoided, as it increases
pulmonary blood flow and the afterload on the single ventricle
(110). High upper extremity blood pressures and oxygen sat-
urations should raise the suspicion of residual coarctation of
the aorta in single-ventricle patients and aortic arch obstruc-
tion. Large-dose catecholamines should be avoided, and after-
load reduction with milrinone should be optimized. If a pa-
tient remains in a low cardiac output state despite ventilatory
and pharmacologic strategies to limit pulmonary blood flow,
surgical options such as narrowing the pulmonary conduit or
aortopulmonary shunt with clips should be considered.

Excessive cyanosis is less common after patients are palli-
ated with an aortopulmonary shunt, but it does occur. Possible
etiologies include lung disease, elevated PVR, obstruction to
pulmonary blood flow, and low mixed venous saturation from
increased oxygen consumption or low cardiac output. Lung
disease should be detectible by chest radiograph, and interven-
tions can be performed in an effort to improve gas exchange.
Elevated PVR is less common but may be seen in a patient with
HLHS who has an intact or highly restrictive atrial septum and
pulmonary venous hypertension before surgery (111). Despite
decompression of atrial hypertension by opening the atrial sep-
tum, PVR can remain elevated postoperatively; it may respond
to a brief course of iNO, similar to other patients who undergo
relief of left atrial hypertension (16). The mortality rate of pa-
tients with HLHS and intact atrial septum is high despite strate-
gies for emergent decompression and operation (112). When
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a shunt-dependent postoperative patient suddenly develops
oxygen desaturation and bradycardia, it should raise the suspi-
cion of acute shunt thrombosis. These patients need emergent
cannulation for ECMO and shunt revision. Many patients with
shunted single-ventricle physiology have labile hemodynamics
for the first several postoperative hours to days. Delayed ster-
nal closure is an accepted strategy that provides rapid access
for additional procedures such as clipping of the shunt and
emergent ECMO cannulation, if needed (6).

Cavop ulmonary Conne ct ions

The transition to a superior vena cava–to–pulmonary artery
connection, which is called a bidirectional Glenn shunt (BDG),
is typically performed when a single-ventricle patient is 3 to 6
months old. The BDG is the first of a two-stage conversion to a
total cavopulmonary circulation with separation of pulmonary
and systemic blood flow (Fontan circulation). The advantage
of a BDG is a reduced volume load and work for the single
ventricle. The patient usually undergoes a cardiac catheteri-
zation to assess the pulmonary artery anatomy and measure
PVR prior to the BDG. A PVR of less than approximately 3 to
4 Woods units is considered optimal. This operation is usually
well tolerated by patients. It is common to observe systemic hy-
pertension after the BDG; this may be secondary to intracranial
hypertension from elevated superior vena cava pressures. Pa-
tients are often irritable in the first postoperative days, perhaps
due to headache. Mild hypertension should be tolerated, as this
preserves cerebral blood flow during the transition to passive
pulmonary blood flow through the BDG. Systemic hyperten-
sion associated with bleeding or marked hypertension (> 120
mm Hg systolic blood pressure) should be treated.

Cyanosis associated with elevated superior vena cava pres-
sure occasionally occurs after BDG. If there is a low transpul-
monary gradient with elevated atrial pressures, ventricular
function should be optimized with inotropes. If the atrial pres-
sures are low and the transpulmonary gradient is greater than
10 mm Hg, this suggests either anatomic obstruction to pul-
monary blood flow or elevated PVR. The role of carbon dioxide
and its effects on PVR and pulmonary blood flow is complex
in BDG patients. Modest hypoventilation with elevated car-
bon dioxide increases arterial PaO 2, presumably by increasing
pulmonary blood flow via greater cerebral blood flow from
cerebral autoregulation (113). The vasodilatory role of carbon
dioxide in the brain predominates over any increase in PVR
from hypoventilation and lower blood pH (114). The data for
use of nitric oxide in these patients are mixed. In one study it
appeared to lower superior vena cava pressures and improve
oxygenation (115). However, in another study, it had no im-
pact on oxygenation (116). Positive pressure ventilation and
increased intrathoracic pressures may play a role in limiting
passive pulmonary blood flow, so early extubation is advo-
cated (117). A superior vena cava pressure of > 20 mm Hg
that is unresponsive to medical therapies is concerning for the
successful transition to BDG physiology. Postoperative cardiac
catheterization to assess for reversible causes and consideration
of possible takedown of the BDG should be pursued.

The final stage in the single-ventricle palliation is the com-
pletion of the cavopulmonary connection with a Fontan oper-
ation. This can be performed with either a lateral tunnel baffle
through the common atrium or an extracardiac conduit, usu-

ally when the patient is 2 to 3 years old and weighs 10 to 15 kg.
Patients again undergo a preoperative cardiac catheterization
to assess pulmonary artery anatomy and PVR. It is common
at this catheterization to discover both aortopulmonary collat-
erals and decompressing venovenous collaterals from systemic
to pulmonary veins. Large aortopulmonary collaterals are typ-
ically eliminated (by coil embolization) to lower pulmonary
artery pressure, and venovenous collaterals are occluded to
increase pulmonary blood flow from systemic veins into the
pulmonary arteries (118, 119). Postoperative concerns after
a Fontan are usually focused on PVR and cardiac output. An
ideal Fontan baffle pressure is 10 to 15 mm Hg with a transpul-
monary gradient of < 10 mm Hg. A Fontan baffle pressure > 20
mm Hg is worrisome. Elevated Fontan baffle and atrial pres-
sures indicate low cardiac output or tamponade physiology. An
elevated Fontan baffle pressure with a low atrial pressure indi-
cates either high PVR or obstruction in the Fontan pathway;
these patients should be promptly investigated and treated.
Low Fontan baffle and atrial pressures indicate inadequate in-
travascular volume status (106). The passive pulmonary blood
flow of the Fontan circulation is preload dependent, so hypo-
volemia will quickly lead to low cardiac output and hypoten-
sion. Patients undergoing Fontan operations often have si-
nus node dysfunction with junctional rhythm. AV synchrony
should be preserved with mechanical pacing to maximize car-
diac output. Surgical fenestration of the Fontan baffle has a
positive impact on the early recovery Fontan patients. In the
immediate postoperative hours, the fenestration allows for a
right-to-left shunt. This shunt decompresses the Fontan baf-
fle and causes mild oxygen desaturation; however, it preserves
cardiac output by increasing preload to the ventricle. The PVR
is transiently elevated due to the inflammatory response after
CPB. The Fontan circulation is highly sensitive to elevations in
PVR, so acidosis, alveolar hypoxia, and atelectasis should be
avoided. As the patient diureses and is extubated from posi-
tive pressure ventilation, PVR decreases and the arterial oxy-
gen saturation improves as less blood is shunted right to left.
The duration of pleural effusions, which are common after the
Fontan operation, is also reduced by the fenestration (120).
The fenestration may be electively closed with an occluder de-
vice during cardiac catheterization at a later time with good
intermediate functional outcomes (121).

Pediatric cardiac surgery patients can be challenging. With
specialized care, vigilant monitoring, and good communication
between teams, outcomes may be rewarding.
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CHAPTER 82 ■ VASCULAR SURGERY
IN THE INTENSIVE CARE UNIT
ROBERT J. FEEZOR r TIMOTHY C. FLYNN

Patients requiring vascular intervention—whether open
surgery or endovascular procedures—are elderly and have
comorbidities that make their overall care complicated. To
achieve a successful outcome, the perioperative care of the vas-
cular surgery patient requires meticulous attention to detail
and knowledge about the possible pitfalls these patients can
encounter. Even the most seemingly innocuous clinical symp-
tom must be thoroughly investigated and potentially treated
in order to achieve acceptable perioperative outcomes. Despite
meticulous attention to detail, vascular patients often fall vic-
tim to their comorbidities.

A key element in the care of the vascular patient is the recog-
nition of vascular pathology as a systemic disease and not just a
focal anatomic problem regardless of the procedure that brings
the patient to the intensive care unit (ICU). The main exception
to this is the young patient who sustains vascular injury. The
nature of atherosclerosis is that it affects the blood vessels of
all circulatory beds: cardiac, peripheral, and cerebral. Thus, pa-
tients who present with leg ischemia are at significantly higher
risk than the general population for having both myocardial
infarctions as well as cerebrovascular accidents. In fact, the av-
erage patient with claudication has an estimated mortality rate
of 50% at 5 years, with the predominant cause of death being
cardiovascular (1). Furthermore, there is progressing evidence
that the vascular occlusive process is proinflammatory in na-
ture. These patients have elevated levels of C-reactive protein
(CRP), interleukin (IL)-6, and soluble intercellular adhesion
molecule-1. Elevated CRP has recently been shown to be a pre-
dictor of cardiovascular events among patients with peripheral
artery disease (PAD) (2). Up-regulation of inflammatory medi-
ators may contribute to complications in the ICU.

In most series, patients with vascular occlusive disease have
a high incidence of chronic obstructive pulmonary disease, oc-
cult cardiac disease, diabetes, and renal insufficiency. The ad-
verse pulmonary sequelae of arterial revascularization are fre-
quently related to the ravages of smoking. In most reports of
operative repair of peripheral arterial disease, the incidence
of tobacco use among patients exceeds 50% , and often ap-
proaches 90% . In a study looking at femoral atherosclerosis
using duplex ultrasound, smoking was the largest risk fac-
tor, more influential than exercise tolerance, hypertension, or
hypercholesterolemia (3). We may choose a potentially less
durable endovascular therapy for patients based on their con-
dition and ability to tolerate general anesthesia. Although gen-
eral endotracheal anesthesia (GETA) is still the most common
type of anesthesia used in vascular patients, increasing evidence
suggests that spinal or epidural anesthesia may be more appro-
priate. In a review of 14,788 patients in the National Surgical
Quality Improvement Program (NSQIP) of the Department of

Veterans Affairs, GETA was associated with a higher incidence
of cardiac, pulmonary, and graft complications when compared
to spinal or epidural anesthesia (4).

Patients with known vascular disease are assumed to have
associated coronary artery disease, even though they may
be asymptomatic. In a landmark study by Hertzer et al.,
greater than 90% of patients undergoing peripheral vascular
reconstruction had coronary artery disease evident by cardiac
catheterization, and nearly one third had multivessel disease
(5). The goals of the American Heart Association/American
College of Cardiology should be targeted, including a blood
pressure less than 140/90 mm Hg, serum low-density lipopro-
tein (LDL) < 100 mg/dL, and hemoglobin A1C less than 7%
(6). To achieve these goals, patients should be on an aspirin, a
β -blocker dosed to a target heart rate of 70 to 75, an
angiotensin-converting enzyme (ACE) inhibitor or other an-
tihypertensive therapy, and probably a statin (independent of
baseline cholesterol levels). Despite recent reports questioning
the use of β -blockers, judicious use that avoids excessive hy-
potension or bradycardia may still be reasonable (7).

There is increasing evidence that patients with vascular dis-
ease should all be treated with a statin regardless of cholesterol
levels (8). Statins have numerous effects other than reduction of
cholesterol including anti-inflammatory, immunomodulatory,
and anticoagulant effects. Moreover, abrupt discontinuation
may lead to a rebound effect and possibly increase cardiovas-
cular complications (9). It is our practice to routinely start pa-
tients on a statin preoperatively and continue it throughout the
postoperative period. The antiplatelet drug clopidogrel is fre-
quently used in vascular patients. Preoperatively we review the
indications for this drug, and if the indications are compelling,
such as the patient with a recent coronary stent placement, we
will continue the drug through the perioperative period, recog-
nizing that there may be a slightly increased incidence of wound
complications. We do not hesitate to start the drug in patients
who exhibit cardiac ischemia in the postoperative period.

The electrocardiogram (ECG) should be monitored contin-
uously for any changes suggestive of ischemia. For the diabetic
population, angina may present as nausea and must be inter-
preted as signs of myocardial ischemia until proven otherwise.
Lastly, cardiac dysrhythmias are often caused by ischemia, elec-
trolyte disturbances, or fluid shifts in the postoperative period,
and patients should be monitored closely for such events.

In order to decrease the risk of perioperative cardiac events
in the vascular surgery patient population, much attention has
been given to preoperative risk stratification. In the surgical
and anesthesia literature, most vascular surgery procedures
for occlusive or aneurysmal disease are placed in the “high-
risk” category. The question is how to minimize the risk of

1237



1238 Sect ion VIII: The Surg ical Patient

perioperative cardiac complications. Data from several ran-
domized, multicenter trials have shown that coronary revascu-
larization (percutaneous or open) before elective major vas-
cular surgery does not decrease the overall mortality (10).
Nevertheless, many clinicians request preoperative cardiology
consultation to help determine existing cardiac function, usu-
ally with an ECG, an echocardiogram, or a chemical cardiac
stress test.

Even without prior known elevated serum creatinine, many
vascular patients have renal insufficiency as determined by
creatinine clearance. Nephrotoxic effects of the IV contrast
commonly used in revascularization procedures make postop-
erative renal dysfunction a constant threat. Moreover, periop-
erative mortality after most vascular procedures is significantly
increased in patients with renal failure (11). Strict monitoring
of fluid balance, maintenance of serum electrolytes, appropri-
ate dosing of nephrotoxic medications, adequate hydration,
and resumption of chronic diuretics will all help to minimize
the chance of postoperative renal dysfunction.

A majority of vascular patients have diabetes mellitus and
this group is at higher risk for postoperative complications,
both vascular and nonvascular. From a vascular perspective,
patients with diabetes have a higher rate of postoperative am-
putations after peripheral bypass surgery for tissue loss (11).
Diabetics are also at risk for other postoperative morbidities in-
cluding postoperative wound infections. They should be main-
tained euglycemic, even if that requires a constant intravenous
infusion of insulin, with a target blood glucose of 80 to 110
mg/dL.

There is a subset of patients with vascular disease with un-
derlying hypercoagulable states. The concern for a hyperco-
agulable state should be raised with patients with seemingly
advanced atherosclerotic disease at a younger age. A careful
history can assist with determining these patients, but when
identified, they should be started on appropriate anticoagula-
tion. Hematology consultation should be obtained, but may be
of somewhat limited value in the setting of the acute thrombotic
event.

VASCULAR CARE IN THE
INTENSIVE CARE UNIT

All patients in an ICU have a propensity for developing venous
thromboembolic events. Virchow’s triad dictates that patients
at risk include those with stasis, endothelial injury, and a hyper-
coagulable state. In the postsurgical population, venous stasis
is inevitable due to the patients’ relative immobility. Endothe-
lial injury occurs during the course of the surgical procedure. It
is our practice that all patients receive chemical and/or mechan-
ical prophylaxis; we routinely use low-molecular-weight or
unfractionated heparin and/or sequential compression devices
when there is no existing contraindication. We avoid lower
extremity sequential compression devices in patients with se-
vere peripheral arterial occlusive disease, although the data for
this practice are anecdotal. The incidence of heparin-induced
thrombocytopenia is relatively rare, and when suggested by a
decline in platelet count, we promptly cease all systemic or local
heparin and transition to purely mechanical prophylaxis.

Stress gastritis is a constant threat in the vascular ICU pa-
tient. Patients are routinely placed on either histamine-receptor
blockers or proton pump inhibitors, irrespective of any clini-

cally detected gastrointestinal hemorrhage. Opponents of this
practice suggest that in doing so, one of the body’s natural de-
fense mechanisms (gastric acidity) is altered, but we find that
the risk of stress gastritis exceeds the diminution in host de-
fenses.

Ventilator-associated pneumonia has been well documented
to increase in-hospital mortality, length of stay, and overall cost
of hospitalization. We employ routine suctioning, aggressive
bronchoscopy to control secretions, and head elevation for all
our intubated patients. Once extubated, activity is encouraged
and adequate pain control is important for patients with an
abdominal or a thoracic incision.

The routine assessment of the vascular ICU patient includes
not only all the usual cardiovascular, pulmonary, and metabolic
parameters, but also frequent and detailed physical exams. All
incisions should be inspected for signs of early wound compli-
cations such as infection, separation, or hematoma. Objective
assessment of distal perfusion should be performed regularly,
even hourly, in the immediate postoperative period. This as-
sessment includes looking at the extremity for cutaneous signs
of malperfusion, assessing motor function, and palpating the
major muscle groups for tenseness, which may signify com-
partment syndrome in patients who are too sedated to relate
the classic “pain with passive motion.” The best exam, in our
opinion, is to elevate the lower extremity by placing the hand
behind the Achilles tendon and palpating the anterior calf com-
partment with the posterior leg off the bed. A patient should be
alert enough to follow commands of simple dorsiflexion, again
ensuring that the posterior knee is off the bed. (Dorsiflexing the
foot with the heel resting on the bed can be achieved with flex-
ion of the quadriceps muscles, thereby not testing the anterior
calf compartment, which is the muscle group of interest.)

Some centers have advocated use of pressure monitoring de-
vices to measure compartment pressures, but it has been our
practice that if compartment syndrome is even suspected, it
is imperative to perform fasciotomies emergently. This is best
accomplished by the two-incision technique with a medial in-
frageniculate incision releasing the pressure within the deep
and posterior compartments, and a lateral incision releasing
the anterior and lateral compartments. Fasciotomies can be
performed in the ICU setting using Bovie electrocautery and
sterile scissors. The underlying muscle should bulge when re-
leased, thereby confirming the diagnosis. The wound should be
left open and treated with routine dressing changes with subse-
quent closure in several days to weeks when the swelling abates.
The metabolic sequelae of compartment syndrome may con-
sist of cellular lysis with release of potassium and myoglobin
that may cause systemic hyperkalemia and possibly acute renal
failure. We routinely check urine myoglobin and administer
aggressive intravenous fluids to ensure brisk urine output of
at least 100 mL/hour. Electrolytes are checked frequently and
continuous telemetric cardiac monitoring is employed.

Each extremity should be assessed by checking for palpa-
ble pulses; if none is found, Doppler signals must be auscul-
tated to assess the perfusion. Ample quantity of Doppler gel
should be used and the Doppler probe should be positioned at
60 degrees from the long axis of blood flow to maximize the
signal. Normal Doppler signals are described as triphasic: the
initial forward flow of blood is due to left ventricular systolic
ejection; the second (reversal) flow is due to the intrinsic resis-
tance of the arterioles in the circulation; the third phase again is
forward-directed flow, and is largely attributed to the elasticity
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of the aorta. Doppler signals distal to an obstruction may be
characterized as biphasic or monophasic signals with the lat-
ter suggesting significantly diminished blood flow. Sometimes
it is difficult to tell if the sound is venous or arterial. If the
sound disappears with gentle pressure on the Doppler probe, it
is likely a venous sound. Also, if the sound in one of the pedal
pulses disappears with gentle compression around the forefoot,
it may be a venous and not arterial sound. At the conclusion of
any vascular procedure, extremity perfusion is assessed prior
to leaving the operating room. The operating surgeon should
relay to the ICU team of physicians and nurses the quality
and location of each Doppler signal or palpable pulse, as well
as the frequency that he or she wants the perfusion assessed.
Any change in the exam or inability of the examiner to detect
the signal may potentially constitute an emergent trip back to
the operating room to restore perfusion. Loss of a palpable
pulse even if the pulse remains by Doppler should always be
cause for alarm and the operating team should be alerted.

As an objective marker of extremity perfusion, we advocate
bedside ankle-brachial index (ABI) measurements. This is done
by inflating blood pressure cuffs on each arm and listening to
the Doppler signal of the brachial arteries and comparing the
values to the Doppler signals auscultated at the dorsalis pedis
(DP) and posterior tibial (PT) arteries after inflating the cuff on
the calves. The pressure at which arterial perfusion is restored
as the cuff deflates is noted in each location. The ABI is the
quotient of the pressure in the higher of the DP or PT pressures
and the higher of the arm pressures. Each leg has a single ABI.
Any change of greater than 0.15 is significant and should be
reported, independent of any other clinical event.

All vascular surgery wounds should be examined daily for
signs of infection. Of particular difficulty are the incisions made
in the groins. The incidence of groin wound complications in
the vascular surgery patient has been estimated to be up to 44%
in some series (12,13). Although most surgeons try to close
groin wounds with several layers of suture, any breakdown
of the wound can be a significant complication. Groin wound
breakdown is especially common in obese patients and efforts
should be directed toward keeping this area dry and covered
with sterile gauze. We tend to keep Foley catheters in place
in the questionably mobile patient to avoid contamination of
the wound, or at the least, maceration of the skin surrounding
the surgical site. Most breakdowns can be treated with local
therapy, usually routine dressing changes at the bedside.

Although there has been a great deal of interest in new tech-
niques and agents to expedite wound healing, few advances
have impacted the overall rate of wound complications, pos-
sibly owing to the patient’s underlying systemic illnesses that
translate into slow healing. The most disastrous complication
of groin, or any other wound, breakdown is the exposure of the
underlying vascular graft or anastomosis with the devastating
potential for anastomotic disruption. When the bypass graft
is noted to be exposed, patients should be scheduled for the
operating room for exploration and attempted reclosure of the
wound, preferably with autogenous tissue such as a sartorius
or rectus flap. Until the patient can go back to the operat-
ing room (OR), it is imperative that all health care personnel
treating the patient be aware of exposed vasculature. We have
instituted a “blowout precaution” protocol wherein patients
are kept at bedrest and blood typed and crossed. Any bleeding
from the wound is a potential emergency. Immediate pressure
should be held on the wound, the patient stabilized, and the

operating team notified. We have on occasion had to rush back
to the operating room with a member of the team holding di-
rect pressure on the wound until the patient is intubated and
anesthetized, the surgeon scrubbed in, and the operative field
prepped (even if this includes the team member’s gloved hand
being prepped into the field).

For the vascular patient, meticulous care of the skin is
mandatory, and even modest duration of pressure on the heel
by the bed mattress can lead to skin breakdown and turn a
successful revascularization into an amputation. Since the vast
majority of vascular patients have compromised distal perfu-
sion, we try to keep the heels off of the bed by placing the
extremity on pillows, which allows the weight of the leg to be
borne over a larger surface area. There is no substitute for fre-
quent inspection of all pressure-sensitive areas and this should
be part of the physician’s and nurse’s practice.

Pharmacologic prophylaxis against thromboembolic events
is the routine. However, many patients require systemic antico-
agulation after vascular surgical procedures (14) such as with
distal bypasses when there is compromised outflow or less than
ideal conduit. The need for systemic anticoagulation must be
balanced with the risk of bleeding complications, and usually
we hold off full anticoagulation until postoperative day 2 or 3.
In most patients we will give subtherapeutic heparin (400–500
U/hour) in the early postoperative period. Patients are moni-
tored for any decline in platelet counts, and if seen, a heparin
antibody panel is sent. If the clinical suspicion is high, we stop
all heparin and switch to anticoagulation with other agents.
Regardless of the agent chosen, it is imperative that the antico-
agulation be monitored closely and is best accomplished with
protocol-driven therapy (15).

Acute limb ischemia in the ICU setting can have disas-
trous consequences. The pathologic differential includes em-
bolic events (usually from cardiac or aortic sources) or in situ
thrombosis of pre-existing atherosclerotic lesions that likely
is a consequence of plaque instability and the aggregation of
platelets, which then occludes the vessel. If identified acutely,
there may be a role for intra-arterial thrombolysis, although in
the setting of the postsurgical patient, this role is limited due to
excessive bleeding risk. When an ischemic extremity is identi-
fied, patients should immediately be fully anticoagulated while
resources are being mobilized to further evaluate the problem.
More aggressive intervention, either catheter-based therapy or
open surgical thrombectomy, should be entertained. In gen-
eral, if the acute arterial occlusion is associated with motor
or sensory deficits, then an emergent exploration is indicated.
On rare occasions, patients present with acute lower extremity
paralysis secondary to acute infrarenal aortic occlusion. There
is often a delay in diagnosis owing to an investigation of neu-
rologic causes of the paraplegia. Absence of femoral pulses is
a clue to the vascular nature of the paralysis. These patients
typically require emergent procedures, and despite operative
success, the perioperative mortality rate exceeds 50% (16).

Common ICU causes of arterial occlusion include sequelae
of invasive monitoring, usually intra-arterial lines. In a recent
review of brachial artery cannulations for cardiac catheteriza-
tions, the overall complication rate was an astonishing 36%
(17). Not infrequently we are called to assess lack of distal per-
fusion in an extremity with an indwelling arterial line. The first
step is to remove the catheter and to observe for restoration of
perfusion. The collateral blood supply should also be assessed
(usually the ulnar pulse in the event of radial artery occlusion)



1240 Sect ion VIII: The Surg ical Patient

as well as the distal perfusion, including motor and sensory
assessment. Choices of therapy include observation, systemic
anticoagulation, local thrombolysis, and operative thrombec-
tomy with the potential for bypass.

The choice of invasive arterial and venous monitoring can
represent a continuous challenge in any ICU patient, but in par-
ticular the vascular ICU patient. Lower extremity intravenous
and arterial lines are contraindicated in patients with peripheral
arterial occlusive disease. Furthermore, patients with dialysis
access fistulae should have that extremity kept free of IVs, cen-
tral venous catheters, invasive arterial lines, and noninvasive
blood pressure cuffs. If a patient is identified as likely to require
permanent vascular access in the future, duplex ultrasonogra-
phy should be used to identify a potential arm for future access,
and the identified extremity should be preserved.

Various bleeding complications can occur in the postopera-
tive vascular wound. These can range from simple “skin edge”
bleeding to frank exsanguination. Skin edge bleeding may be
a nuisance, and may be treated with manual compression, ap-
plication of silver nitrate, or a simple suture. Hematomas are
monitored closely. Recurrent blood transfusion requirements,
overlying skin or wound compromise, deleterious mass effects,
and hemodynamic instability are all indications for operative
evacuation of the hematoma. Patients who have had percuta-
neous interventions (usually through the groin at the common
femoral artery) should also be monitored for hematomas, and
in these instances, simple manual compression may be ade-
quate. Attempted femoral artery punctures that are aimed more
cephalad may in fact be external iliac artery punctures. Com-
pression for hemostasis may be ineffective due to the retroperi-
toneal location of the arteriotomy. A progressive hematoma in
such a location more often requires surgical repair (open or
endovascular).

SPECIFIC CONDITIONS

Ane urysmal Dise ase

Infrare nal Ab d ominal Aort ic Ane urysm
Approximately 90% of the extracranial aneurysms found in
the human body involve the infrarenal aorta. The natural his-
tory of aneurysms of the aorta is to expand and rupture. The
tension felt by the thinning aortic wall can be estimated by the
Law of Laplace, which describes the relationship between aor-
tic diameter and wall tension. The results of randomized trials
and observational studies have led vascular surgeons to recom-
mend operative repair when the diameter of the aorta reaches
5.5 cm in asymptomatic patients (18), but the numeric value
varies, especially with female patients. Most aneurysms are
asymptomatic and are discovered during radiographic workup
of other problems. Patients who have symptomatic aneurysms
generally complain of back or abdominal pain. These symp-
toms should be interpreted as a sign of impending rupture ne-
cessitating urgent repair. We no longer place pulmonary artery
catheters routinely, but all patients have arterial lines and Foley
catheters and most have central lines. All patients get a single
dose of preoperative antibiotics, which are not continued post-
operatively.

Endovascular Repair. Depending on patient anatomy and in-
stitutional expertise, abdominal aortic aneurysm repair can

be performed either via an open or endovascular approach.
The endovascular approach holds great appeal in terms of re-
duced physiologic insult to the patient. Typically, both com-
mon femoral arteries are accessed either percutaneously or via
an open groin exposure, and the device is placed from within
the arterial lumen using fluoroscopic guidance. The weakened
arterial wall is bolstered from within with stents made of a mal-
leable metal alloy and a woven fabric. These patients rarely re-
quire admission to the ICU but are monitored for hematomas
and lower extremity pulses. The devices used to deploy en-
dovascular stents can be as large as 26 French, and these are
introduced through femoral or external iliac arteries. There is
a possibility of local arterial damage or dislodging of plaque
that may embolize distally.

Open Repair. Open aneurysms, on the other hand, require sur-
gical ICU monitoring postoperatively. The overall periopera-
tive mortality is approximately 5% (19). Because a prosthetic
graft has been sewn to the abdominal aorta, the main con-
cern is bleeding. Furthermore, because the blood supply to the
lower extremities is occluded intraoperatively during the aortic
repair, it is vital to objectively assess and document lower ex-
tremity perfusion. Lower extremity ischemic events after open
abdominal aortic aneurysm repairs occur in 2% to 5% of pa-
tients (20). Any inability to detect a Doppler signal or palpate
a pulse when there previously was one is a potential surgical
emergency.

A major complication of open abdominal aortic aneurysm
surgery is gastrointestinal problems. A large retrospective study
estimated the incidence of postoperative prolonged ileus to be
11% and nonischemic diarrhea to be 7.1% (20). All patients
will have a brief period of postoperative ileus that may be
shortened by use of a retroperitoneal approach to aneurysm-
orrhaphy (21). However, the dreaded complication is colonic
ischemia with an estimated prevalence of 0.6% (20). Most in-
stances present as bloody stools 3 to 5 days postoperatively
but may occur as early as the first 24 hours after surgery and
are cause for considerable concern. Warning signs include fever,
abdominal pain, thrombocytopenia, unexplained leukocytosis,
or lactic acidosis. Any suspicion of colonic ischemia should
prompt endoscopic evaluation, with the obvious caveat that
endoscopy will only view the mucosal changes, and cannot
evaluate for transmural ischemia. However, in the appropriate
clinical setting, mucosal ischemia may justify operative explo-
ration with possibly colon resection and end colostomy. These
patients require intensive invasive ICU monitoring, as they of-
ten progress to multisystem organ failure as a result of their
colonic ischemia. Routine broad-spectrum antibiotics to in-
clude Gram-negative and anaerobic coverage are used.

Other potential gastrointestinal complications known to oc-
cur include cholecystitis and pancreatitis. The latter is probably
related to direct surgical trauma during aortic exposure and is
usually self-limited. Cholecystitis may be ischemia related or
may be a variant of acalculous cholecystitis seen in ICU pa-
tients. Treatment options range from percutaneous cholecys-
tostomy to surgical cholecystectomy. Much like the problem
of colon ischemia in the setting of an aortic graft, an infected
gallbladder should not be overlooked or minimized.

The incidence of postoperative renal dysfunction can be as
high as 5.4% after open infrarenal aortic surgery, but dialysis
requirement is much less at 0.6% (20). Renal dysfunction is
significantly lower in patients who have undergone infrarenal
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aortic cross-clamp, thereby avoiding the obligate renal
ischemia-reperfusion. The exact etiology of the renal dysfunc-
tion after infrarenal clamping is largely speculative, but may in-
volve migration of atheroemboli leading to acute tubular necro-
sis. In the early postoperative period, oliguria is most frequently
due to intravascular depletion and not intrinsic renal dysfunc-
tion. However, patients with baseline renal insufficiency, those
more than 2 days postoperative, or those who do not respond
appropriately to intravenous fluid challenges should be investi-
gated for acute tubular necrosis or other intrinsic (nonprerenal)
cause of oliguria.

In the absence of other causes (e.g., colon ischemia), patients
may experience postoperative thrombocytopenia. Although an
inciting event or agent is not always identifiable, there are sev-
eral likely etiologies. Before occluding the aorta in the operating
room, all patients are systemically heparinized, and although
our practice is to reverse the anticoagulant effects of heparin
toward the end of the case, the drug’s side effects may persist.
Unless there is evidence of ongoing bleeding, mild thrombocy-
topenia is usually well tolerated.

The cohort of patients who get abdominal aneurysms may
have coronary artery disease and are at risk for postoperative
myocardial infarctions, dysrhythmias, and episodes of conges-
tive heart failure. Johnston reported an incidence of myocar-
dial infarctions (5.2% ), heart failure (8.9% ), and dysrhythmia
requiring treatment (10.5% ). The overall incidence of any pe-
rioperative cardiac event was 15.1% (20). Unless contraindi-
cated, patients undergoing open aneurysm repair should be on
a medical regimen consisting of a β -blocker with a target heart
rate of 70 to 75, a statin (independent of serum cholesterol lev-
els), and some form of antiplatelet therapy, usually aspirin.

Rup t ure d Aort ic Ane urysms
A meta-analysis found the operative mortality rate of ruptured
abdominal aortic aneurysm (AAA) to be 48% , with a small de-
cline in mortality for each decade from the 1950s to the 1990s
(22) (much higher than an elective AAA repair of < 5% mor-
tality). With ruptured AAA, there are impressive fluid shifts
that transpire during such an emergent operation, independent
of overt blood loss. These fluid shifts, associated with the hy-
potension and the physiologic strain of an emergent procedure,
contribute to a tenuous postoperative course. The incidence of
colonic ischemia is significantly higher after ruptured aneurysm
repair compared to elective open aneurysmorrhaphy, and some
authors recommend empiric and routine endoscopic evaluation
of the colonic mucosa.

Juxt are nal or Sup rare nal Aort ic Ane urysms
Most aortic aneurysms are infrarenal, meaning that the prox-
imal extent of the dilated segment of aorta is caudal to the
lowest renal artery. Therefore, operative repair usually can
be performed with infrarenal aortic occlusion in the operat-
ing room. If the aneurysm extends to the level of the renal
arteries, or involves the para-visceral aorta, the repair becomes
technically more challenging. The postoperative complications
escalate dramatically due to renal and possibly mesenteric
ischemia-reperfusion. Depending on the length of intraoper-
ative ischemia, there is a resultant release of pro- and anti-
inflammatory cytokines that drives a systemic inflammatory
reaction resulting in multisystem organ failure (23). There is
considerable third spacing of fluid in the first 24 hours as edema
collects in the interstitial spaces. Attempts to improve mortal-

ity and morbidity by a hybrid approach involving multiple vis-
ceral bypasses and endovascular repair of the aneurysm have
met with mixed results (24).

If the thoracic cavity is violated as a part of the aneurysm
repair, the patient will have an even greater risk of pulmonary
complications. Routinely a chest tube is placed intraoperatively
to drain any pleural fluid that may accumulate. Adequate pain
control is key in these patients.

Infe ct e d Aort ic Graft
One of the more dreaded complications of aortic surgery is in-
fection of the prosthesis. This rarely happens in the early post-
operative period, and the majority occurs months to years later
with unexplained fevers and a computed tomography (CT)
scan that shows fluid around an aortic graft. Other patients
present with gastrointestinal bleeding (a manifestation of an
aortoenteric fistula) or a draining sinus in the groin. These are
serious surgical problems, and patients should be treated ag-
gressively. Broad-spectrum antibiotics (although the causative
organism is usually Staphylococcus), IV resuscitation, and
close hemodynamic monitoring should be undertaken. Patients
should be medically optimized and prepared for a staged pro-
cedure. The initial step is usually an extra-anatomic bypass in
the form of an axillobifemoral bypass, with subsequent laparo-
tomy and excision of the aortic graft. In patients who are good
operative candidates, a single-stage aortic replacement using
autogenous tissue (syndactylized bilateral femoral veins) of ca-
daveric vessels can be entertained. These patients are routinely
sent to the ICU since some may become floridly septic after
manipulation of the infected retroperitoneum.

Despite the misnomer of a “dissecting aneurysm,”
aneurysms do not dissect. Rather, dissections may become
aneurysmal. Dissections start as an intimal flap and blood es-
capes the true lumen and channels down the aorta, shearing
apart the layers of the wall. Dissections that involve the ascend-
ing aorta (Stanford type A) are cardiac surgical emergencies for
fear of retrograde dissection, causing coronary malperfusion or
cardiac tamponade. Aortic dissections that do not involve the
ascending aorta (Stanford type B) are usually treated medically
with aggressive blood pressure control. The four indications for
operative intervention are branch vessel malperfusion (usually
celiac, superior mesenteric, renal, or iliac), inability to con-
trol hypertension, persistent pain related to the dissection, or
aneurysmal degeneration. Dissections can be repaired via open
techniques or endovascularly. The postoperative implications
and precautions are the same as with any thoracic aortic inter-
vention, with the additional caveat that blood pressure control
is paramount.

Art e rial Occlusive Dise ase

Many patients experience narrowing or occlusion of their aor-
toiliac arterial tree. This can be detected by the absence of a
palpable femoral pulse and symptoms of lower extremity vas-
cular compromise: claudication, tissue loss, or ischemic rest
pain. The specific diagnosis and management of these prob-
lems are beyond the scope of this chapter. The most durable
surgical solution for aortoiliac occlusive disease is an aorto-
bifemoral (ABF) bypass. This is accomplished using a celiotomy
incision as well as two groin incisions. The prosthetic graft
(usually Dacron) is sewn to the aorta just below the renal
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arteries with similar complications as with open aneurysm-
orrhaphy (i.e., bleeding, postoperative ileus, colonic ischemia,
renal dysfunction, lower extremity ischemia, cholecystitis, pan-
creatitis). The limbs of the bifurcated graft are then tunneled
beneath the ureters and sewn into the femoral bifurcation, usu-
ally hooded onto the profunda femoris. The groin incisions,
similar to those used for infrainguinal bypasses, should be mon-
itored for wound breakdown, infection, and drainage. Periph-
eral pulses are regularly monitored and any deviation from
the immediate postoperative result is a potential emergency as
it may represent a graft thrombosis. Another complication is
distal embolization with ischemia of the toes (trash foot). Man-
agement is expectant and most often this resolves with minimal
or no permanent tissue loss.

As endovascular technology evolves, many iliac lesions are
treated with angioplasty and possible stent placement. Al-
though better tolerated by patients, the stents may not be as
durable as the surgical bypass procedures. The wound is much
smaller in stent placement (puncture sites) compared to the
larger abdominal and groin incisions seen in ABF. A small sub-
set of patients, namely patients under the age of 55, are believed
to have better long-term vascular durability for infrarenal aor-
tic reconstruction with autogenous tissue rather than Dacron
(25). Femoral veins can be harvested and syndactylized to be
used as aortic replacement. This requires more extensive op-
erations with longer OR times and larger leg incisions, which
can be a cause of significant morbidity.

As with any surgical procedure, redo aortic surgery is
fraught with intraoperative and postoperative complications.
Patients generally require longer recovery periods. If the deci-
sion is made to avoid operating in the same surgical field (ab-
domen and retroperitoneum), extra-anatomic bypasses may be
performed, usually axillobifemoral. These procedures are con-
sidered to be less invasive but less durable and still require
the same vascular monitoring as any other bypass procedures.
Although abdominal complications are not seen, patients still
require groin and axillary incisions and there is significant sub-
cutaneous tunneling for the graft placement. With rehabilita-
tion, trapeze devices are contraindicated to avoid undue stress
on a fresh arterial axillary anastomosis.

Infraing uinal Byp asse s
Infrainguinal bypasses are commonly performed to alleviate
symptoms of vascular compromise. The principles for vascular
surgery are simple: the patient must have adequate inflow (from
the femoral artery), adequate outflow (of the popliteal, tibial,
peroneal, or pedal arteries), and conduit (“pipe” to perform the
bypass). The incisions that are made are significant, and may
not only be located on the extremity being reperfused, but also
may be on either leg or either arm as a site of vein harvest. We
are particularly aggressive about harvesting autogenous tissue
for vein conduit as the patency of infrainguinal bypass grafts
using autogenous tissue, especially the greater saphenous vein,
is clearly superior to that using prosthetic tissue (e.g., polyte-
trafluoroethylene [PTFE]) (26). The main sources of morbidity
from these procedures are arterial occlusion (which can be de-
tected with routine close pulse/Doppler monitoring), bleeding,
and wound complications. The mortality from peripheral by-
passes is estimated to be between 2% and 8% , and the cause
of mortality is primarily cardiac, so aggressive cardiac medical
management, judicious use of antiplatelet therapy, and careful
fluid status monitoring are essential (27,28).

Any revascularization procedure is associated with a reper-
fusion syndrome that is usually mild and well tolerated. How-
ever, the reperfused extremity should always be monitored for
compartment syndrome and acted upon early. Details about
the technique of detecting compartment syndrome and fas-
ciotomies have been described above. Electrolytes and cardiac
rhythm should be monitored, and the urine assessed for myo-
globinuria, even if that means a simple visual inspection of the
urine color.

A major complication of any revascularization procedure is
graft thrombosis with the highest risk in the immediate postop-
erative period most likely due to platelet aggregation on a sur-
gically damaged endothelium. Patients with “high-risk” grafts
(i.e., multiple segments of vein sewn together as a conduit, small
distal target arteries, or poor-quality arteries) are routinely sys-
temically anticoagulated postoperatively with heparin (14). At
our institution, there has been a slight increase in the incidence
of postoperative wound hematomas, but the fraction that need
operative evacuation is small. In addition to full anticoagula-
tion, patients with endovascular stents are routinely placed on
clopidogrel to decrease the incidence of in-stent restenosis. All
patients should be on aspirin unless otherwise contraindicated.

Caro t id End art e re ct omy
Carotid endarterectomy has been shown to decrease the chance
of a future cerebrovascular accident in certain patients with
carotid stenosis. The procedure involves a neck incision along
the anterior border of the sternocleidomastoid muscle, and
occlusion of the carotid artery to attain vascular control.
Once occluded, the operating surgeon then may place a plas-
tic shunt to reroute blood flow and allow distal perfusion
while the endarterectomy is being performed. Although there
are many intraoperative variables in technique (mode of anes-
thesia, whether or not to shunt, and type of shunt), the key
outcome variable is perioperative stroke related to disruption
of cerebral blood flow or embolic event from clamping an
atherosclerotic vessel. Aspirin should be continued in the recov-
ery phase, but full anticoagulation is seldom indicated unless
carotid occlusion has occurred. Neurologic deficit may mani-
fest itself upon awakening or occur in the early postoperative
period. Any change in neurologic function that occurs after
awakening with a normal neurologic examination should be
reported to the operating team. Opinions vary whether to in-
vestigate with imaging or return directly to the operating room
depending on whether the deficit is transient or seems to be
dense and progressive.

Due to the baroreceptors in the carotid bulb, patients often
experience large fluctuation in blood pressures, which should
be targeted to the “normal range” of 120 to 140 mm Hg. Ad-
ditionally, any wound hematoma, because the neck is a rela-
tive closed space, can cause carotid compression and resultant
bradycardia or potentially airway compression. The operat-
ing team should be alerted if hematoma is suspected. Because
the field of dissection is intimately associated with the cranial
nerves, a detailed head and neck exam is mandatory at reg-
ular intervals. Particular attention should be paid to assess-
ing the function of the marginal mandibular nerve and the
hypoglossal nerve. Headache and even seizure activity may
be a manifestation of cerebral reperfusion syndrome. This is
rarely seen in the immediate postoperative period, but may
cause readmission for blood pressure control in the weeks af-
ter carotid endarterectomy. These patients should also have a
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CT scan because of the incidence of intracranial bleeding that
accompanies these symptoms.

Me se nt e ric Re vascularizat ion
Mesenteric ischemia, whether acute or chronic, can have lethal
consequences. The restoration of intestinal perfusion sets in
motion a cascade of inflammatory cytokines that frequently
progresses to the systemic inflammatory response syndrome,
multisystem organ failure, and even death. After restoration
of blood flow, patients typically have a period of hemody-
namic stability for 24 to 48 hours after the procedure, but
then progress to retaining more fluid and show signs of sys-
temic inflammation. Subtle early changes such as a diminution
in platelet count should elicit concern. To date, despite nu-
merous anticytokine therapies, the treatment of the systemic
inflammation is largely supportive (29). As this response is not
uniform, efforts to predict which patient will progress to clin-
ical deterioration have been unsuccessful. As with any other
revascularization bypass, the patency of the mesenteric graft
should be assessed objectively. Duplex ultrasound is nonin-
vasive and is highly sensitive. Despite all the usual support-
ive measures, the average postoperative length of stay is over
3 weeks (30).

VASCULAR TRAUMA
The care of the trauma patient with vascular injuries shares
many of the same principles as care of other vascular surgery
patients with the exception that this cohort frequently, but
not always, lacks the systemic comorbidities of the typical
atherosclerotic vascular patient. Most extremity vascular in-
juries are associated with orthopedic fractures and dislocations;
some injuries are nearly synonymous with vascular injuries,
such as a posterior knee dislocation and popliteal artery in-
jury. In the secondary survey as part of the Advanced Trauma
Life Support (ATLS) evaluation of the trauma patient, extrem-
ity pulses should be assessed and clearly documented. For any
patient recovering from an orthopedic procedure, the same at-
tention to distal perfusion is merited. Any change in pulse exam
or hard sign of vascular injury mandates radiographic evalua-
tion, usually with an arteriogram, although a CT angiogram is
sufficient.

Although most surgeons no longer explore extremities when
a penetrating injury is in proximity to a vessel, penetrating
trauma associated with hard signs of vascular injury (decreased
distal perfusion, active arterial hemorrhage, or a rapidly ex-
panding hematoma) should be evaluated immediately after life-
saving measures are undertaken. Often, the area of interest is
operatively explored and the vessel visually inspected. If in-
jured, it is either repaired or blood is rerouted around the “blast
field” (e.g., an external iliac artery injury in a contaminated
field may be repaired with vessel ligation and a femoral-femoral
bypass to perfuse the ipsilateral leg). Venous injuries are ligated
unless easily repaired. Revascularization of an extremity that
has been malperfused for greater than 6 hours increases the
likelihood of a reperfusion syndrome and at the least, compart-
ment syndromes should be considered. Most surgeons will per-
form fasciotomies if there is any question of reperfusion injury.

Naturally, vascular injury to an extremity that has too exten-
sive musculoskeletal damage to be salvageable can be treated
with simple ligation and amputation. Lastly, trauma to an

artery and adjacent vein can result in a traumatic arteriovenous
fistula. This can occur even months after the inciting trauma,
and unexplained extremity swelling, distal ischemic symptoms,
heart failure, or an audible bruit over an extremity should alert
the clinician to the presence of a fistula.

The perceived incidence of aortic trauma is increasing, pos-
sibly due to the increased use of CT scans in trauma man-
agement. In the abdomen, any central periaortic hematoma
should be operatively evaluated. With the resolution of the
current scanners we are seeing a number of intimal injuries
and short segments of dissection in the infrarenal aorta and
iliac vessels that previously were not detected. In the absence
of hemodynamic compromise most of these can be observed.
Thoracic aortic injuries are increasingly treated with endovas-
cular devices. Initial care is directed toward treating the urgent
life-threatening injuries and controlling blood pressure with β -
blockers. Open surgical repair is still a viable option, though
in most series the morbidity is clearly greater.

Penetrating neck trauma can involve the carotid artery,
which can be exposed readily in certain locations (zone 2) or
require more extensive operations to expose adequately (zones
3 and 1). Our current management of neck trauma in the stable
patient with a zone 2 injury is to cover the wound in the trauma
bay, perform the global assessment of the patient including ab-
dominal sonography and intravenous resuscitation, and then
take the patient to the OR for exploration. Only then is the
injury exposed since unroofing a clot and losing hemostasis is
best done with good exposure in the OR. For more proximal
or distal injuries, angiography (standard contrast angiography
or CT angiography) plays a vital role in both diagnosing and
planning either open or endovascular treatment.

Blunt trauma to the head can result in injury to the carotid
or vertebral arteries. Because these injuries are relatively rare
(< 1% of blunt trauma patients), controversy remains about
the best way to diagnose and treat these patients. The Eastern
Association for the Surgery of Trauma (EAST) has recently pub-
lished practice management guidelines on blunt cerebrovascu-
lar injury (31). They recommended screening, preferably with
angiography, for blunt trauma patients who present with or
develop an unexplained neurologic deficit or who have cer-
vical spine fractures, LeFort II or III fractures, petrous bone
fracture, or fracture through the foramen transversum, and
for those with a Glasgow coma scale score < 8 or diffuse ax-
onal injury. While CT angiography has been reportedly used
as screening, some have questioned its sensitivity, although it
is likely that the newest generation of devices may eventually
be accurate enough for diagnosis in this situation (32). The
most common lesion discovered is a dissection or intramural
hematoma. The general consensus is that these lesions should
be treated with either full anticoagulation or an antiplatelet
agent that should continue for 3 to 6 months. Occasionally
pseudoaneurysms are seen and endovascular repair seems to
be the evolving treatment modality for this lesion. Morbidity
from this lesion remains high since many patients present with a
deficit. In one large series there was a 26% mortality and only
31% of patients were discharged to home. However, in the
asymptomatic group that was treated with either anticoagula-
tion or antiplatelet therapy, the failure rate was only 9% (33).

Traumatic amputations, although grossly impressive, typi-
cally are not life threatening. Traumatic amputations of a major
extremity (digits not included) should be wrapped with warm
gauze, and manual pressure applied while the protocol-driven
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trauma evaluation proceeds. Once other life-threatening in-
juries have been evaluated, the amputated stump may be ex-
amined. The treatment priority should be hemostasis and local
debridement to remove large debris. Patients should be given
tetanus toxoid if there are no other contraindications. Dress-
ing changes should be initiated, and when stabilized, a formal,
closed amputation can be undertaken, with an emphasis on
leaving a functional stump for the patient to use.

HEMODIALYSIS
Although the annual mortality of patients on hemodialysis
approaches 25% , many patients in the ICU are on chronic
hemodialysis with functional fistulae. The extremity with the
fistula should be preserved from invasive and noninvasive mon-
itoring devices, and all IVs and central lines should be placed
away from that extremity unless there are no other options.
Because of the presence of the fistula, the extremity distal to it
is at risk of ischemic events, and should be monitored closely.
Additionally, tunneled catheters already in place should not be
routinely used as a convenient intravenous line except in dire
circumstances. These lines can often be a source of infection,
and limiting their use to their intended purpose will decrease
the chance of infection. When they are accessed for dialysis pur-
poses, it is routine practice to “ lock” the catheter with concen-
trated heparin to minimize the chance of a mechanical catheter
complication. Flushing this heparin “ lock” will systemically
anticoagulate the patient, even if transiently.

SUMMARY
The care of the vascular patient in the ICU setting can be com-
plex and challenging; it requires not only meticulous attention
to detail, but also comprehensive knowledge of cardiovascular
anatomy and physiology. As vascular disease is a systemic pro-
cess, the patients typically have comorbidities that are symp-
tomatic before surgery or unmasked with the stress of a surgical
intervention. Regular and careful assessment of the patient can
minimize, but not eliminate, the risks of perioperative compli-
cations.

PEARLS
■ Peripheral vascular disease is one manifestation of a systemic

process that is proinflammatory in nature and affects the
coronary, cerebral, and peripheral vasculature.

■ Ninety-three percent of patients undergoing the most com-
mon vascular procedures (AAA repair, carotid endarterec-
tomy, peripheral bypass) have documented coronary artery
disease; all patients should be managed accordingly.

■ Patients with diabetes can manifest angina as nausea, di-
aphoresis, or “ indigestion.”

■ Any objective change in the assessment of distal perfusion—
either by palpation of pulses or auscultation of Doppler
signals—is a potential surgical emergency.

■ All patients with obstructive or aneurysmal vascular disease
should be placed on a β -blocker, an aspirin, and a statin,
unless otherwise contraindicated.

■ Compartment syndrome may be subtle, especially in the se-
dated ICU patient. The disappearance of pulses is a late find-
ing. Clinicians should have a low threshold to perform fas-
ciotomies.

■ Colon ischemia after aortic surgery may present as hema-
tochezia or melena, or may be more insidious: leukocytosis,
thrombocytopenia, or fevers.
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CHAPTER 83 ■ NEUROLOGIC INJURY:
PREVENTION AND INITIAL CARE
CHERYLEE W. J. CHANG

HEAD INJURY

The Prob le m

Each year in the United States, nearly 1.4 million people sus-
tain a traumatic brain injury (TBI) (1). Of those, an estimated
235,000 are hospitalized, and approximately 50,000 die. In
children younger than 14 years, TBI results in 2,685 deaths
per year with 37,000 hospitalizations and 435,000 emergency
department visits. Worldwide, an estimated 57 million people
are hospitalized with TBI with 10 million deaths annually (2).

Compared to females, males have at least double the risk
of TBI (1). In 1994, the National Center for Health Statistics
(NCHS) reported that the TBI death rate for males was 3.3
times higher than for females (30.7 per 100,000 males vs. 9.3
per 100,000 females). Death rates were highest in persons aged
75 years or older (46.3 per 100,000) (3).

The leading causes of TBI are falls (28% ), motor vehicle
collisions (MVC) (20% ), “struck by/against” events, which in-
clude colliding with a moving or stationary object (19% ) and
assaults (11% ) (4). The rate of falls is highest with children
younger than 4 years and adults age 75 years and older. MVC-
related TBI is highest in adolescents age 15 to 19 years and
results in the greatest number of TBI-related hospitalizations
(1). Firearm-inflicted TBI has the highest mortality of 90.4%
compared with 10.2% associated with falls (3,5). In the mili-
tary population, TBI is often due to blast injuries with concus-
sion, contusion, subdural hematoma, and axonal shear injury
as the primary injuries (6). The Defense and Veterans Brain
Injury Coalition estimates that during the recent wars, 40% of
injured soldiers suffer from mild TBI (7).

Over 5.3 million Americans require assistance with activi-
ties of daily living as a consequence of the long-term effects on

cognition and behavior with emotional and physical impair-
ment following TBI (3,8). In the United States, lifetime costs
of TBI, which include medical costs and lost productivity, are
estimated at $60 billion annually (9).

Although outcome is chiefly determined by the severity of
the initial injury, with appropriate neurologic support, sec-
ondary brain injury from hypotension, hypoxia, hyperthermia,
and hyperglycemia may be prevented and decrease morbidity
and mortality.

Pre ve nt ion

Primary prevention of TBI includes strategies to increase pub-
lic awareness to wear seat belts, use child safety seats, wear
helmets, avoid driving while intoxicated, and install window
guards and safety gates. For the elderly, available exercise pro-
grams, appropriate lighting, and handrails may prevent injury
(10).

PRIMARY BRAIN INJURY
Primary focal neurologic injury following TBI includes hemor-
rhage into the subdural or epidural spaces, intraparenchymal
hematomas (IPH) and cerebral contusions and lacerations. Pri-
mary diffuse injury includes subarachnoid (SAH) and intraven-
tricular hemorrhage (IVH) and diffuse axonal injury (DAI).

Sub d ural He mat oma

Subdural hematomas (SDH) are more common than epidu-
ral hematomas (EDH) and were seen in 25% of patients with
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severe head injury entered into the Traumatic Coma Data Bank
(TCDB) supported by the National Institute of Neurologi-
cal Disorders and Stroke (NINDS) between 1980 and 1988
(11,12). SDH typically results from tearing of the bridging veins
between the brain and the draining venous sinuses. The mech-
anism usually involves high-velocity acceleration and deceler-
ation forces.

Imaging shows a crescent-shaped hyperdensity that follows
the contours of the brain. Hyperacute hemorrhages or SDH in
anemic patients are isointense on initial CT and may be over-
looked. Acute SDH carries a poor prognosis and is one of the
most lethal of all head injuries. Fifty to 60% of patients with
SDH die, and only 19% to 38% will achieve functional recov-
ery despite surgical treatment (13,14). Early evacuation within
the first 4 hours of injury decreased mortality from 90% to
30% in a single study of 82 consecutive comatose patients. This
suggested that preventable secondary injury was the cause of
the high mortality, despite multiple studies, these findings have
not been replicated. More likely the high mortality is a result
of the severity of initial forces from the primary mechanism of
injury (15,16).

Ep id ural He mat omas

Epidural hematoma was found in 9% of 1,030 patients in the
TCDB (17). An EDH requires a great impact force and is of-
ten associated with a skull fracture that disrupts the middle
meningeal artery in the supratentorial space or causes injury
to the venous sinuses in the posterior fossa (18). Classically,
patients present awake and alert, known as the lucid inter-
val, and quickly lapse into unconsciousness. Imaging shows
a lenticular-shaped hyperdensity. With rapid evacuation, EDH
has a relatively good prognosis, and the mortality rate is 5% to
10% (19). Factors determining mortality and functional out-
come include age, best motor response on the Glasgow coma
score (GCS), hematoma volume, and degree of midline shift
(19–21). In patients with EDH who are comatose with either a
very short or no period of wakefulness following injury, mor-
tality can be as high as 40% . The motor score immediately
before surgical evaluation is predictive; two thirds of patients
with scores of 3 or less become vegetative or die (22).

Ce re b ral Cont usions

Cerebral contusions result from direct impact of the brain on
the skull. These are known as coup injuries. Alternatively, ac-
celeration/deceleration injury of the brain against the contralat-
eral side of the direct impact causes contrecoup injuries. The
most common areas of contusion are the frontal, temporal
lobes and occipital regions. These lesions are hyperintense ar-
eas within the parenchyma on CT scan and are more diffuse
than IPH. As discussed below, secondary injury can result when
contusions enlarge, which causes cerebral edema and intracra-
nial hypertension (23). Clinical deterioration or elevation in
ICP requires urgent repeat cerebral imaging.

Int rap are nchymal He morrhag e

Intraparenchymal hemorrhage (IPH), similar to a contusion, is
hyperintense on CT scan. It is a focal process and less diffuse

than a contusion as it is caused by direct vascular injury or by
stretching of the vessels with brain shift and distortion. Hem-
orrhage in the upper brainstem (midbrain and pons), known
as Duret hemorrhages, can also occur with rapidly evolving
transtentorial herniation and may be due to stretching of the
perforating arterioles or from venous thrombosis and infarc-
tion. Spontaneous causes of IPH are hypertensive hemorrhagic
stroke, or hemorrhaging due to arteriovenous malformation,
aneurysm, amyloid angiopathy, or tumor. In the setting of hem-
orrhage in the basal ganglia, cerebellum, or thalamus, the clin-
ician should consider the differential of spontaneous IPH as a
possible cause of the traumatic event, rather than the result.

Sub arachnoid He morrhag e

Trauma is the most common cause of subarachnoid hemor-
rhage. It occurs in 21% to 53% of patients with severe TBI
and worsens outcome (24,25). In contrast to aneurysmal SAH,
traumatic SAH (tSAH) is less likely concentrated in the basal
cisterns and is usually found over the hemispheric convexities.
The presence of tSAH in the basal cisterns carries a positive
predictive value of unfavorable outcome of up to 70% (26).

Int rave nt ricular He morrhag e

Intraventricular hemorrhage (IVH) in isolation is not com-
monly seen in closed head injury (CHI). However, like trau-
matic SAH, it has been associated with worsened outcome
(25). Obstructive hydrocephalus may result and may require
cerebrospinal fluid (CSF) diversion by external ventricular
drainage.

Diffuse Axonal Injury

Diffuse axonal injury (DAI) occurs in approximately half of pa-
tients with severe CHI (12). Sudden acceleration-deceleration
impact causes rotational forces and shear injury to axons. The
axon may not be entirely transected, but axoplasmic transport
is disrupted causing swelling and disconnection (27). A retrac-
tion ball forms, and the axon undergoes Wallerian degener-
ation. Since axonal degeneration may be a secondary injury
process, eventually pharmacologic strategies to intervene may
be developed. Outcome is worsened with severe DAI (28,29).
Although microscopic neuronal injury cannot be seen on imag-
ing studies, the diagnosis is best made with MR imaging with
gradient echo and susceptibility-weighted sequences that detect
blood products from the capillary injury and leak that accom-
panies DAI (30).

PHYSIOLOGIC PRINCIPLES
The Monro-Kellie hypothesis describes the skull as a semi-
closed compartment containing brain and interstitial fluid
(80% ), CSF (10% ), and blood (10% ). Compensatory mech-
anisms to decrease cerebral blood or CSF volume become ac-
tive in pathologic conditions where intracranial volume and
pressure increase. For example, with hemorrhage or edema
after TBI, reductions in CSF production and cerebral blood
flow (CBF) are seen. Once these compensatory mechanisms are
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overwhelmed, depending on the compliance (volume/pressure
relationship) of the intracranial contents, pressure will increase.
Patients with atrophy are able to tolerate larger volumes be-
fore the intracranial pressure (ICP) increases. A young patient
without much atrophy has low cerebral compliance, which in-
creases the risk for early intracranial hypertension and poten-
tial cerebral herniation.

Cerebral perfusion pressure (CPP) is determined by the dif-
ference of the mean arterial pressure (MAP) and ICP. When
ICP monitoring is used, the CPP supplants MAP goals in the
intensive care unit (ICU). Normal ICP is less than 10 mm Hg.
In a study in which ICP and CPP were closely evaluated with
respect to outcome, the most powerful predictor of neurologic
worsening was the presence of intracranial hypertension de-
fined as an ICP of 20 mm Hg or greater. As long as CPP was
maintained greater than 60 mm Hg, CPP did not correlate with
neurologic worsening (31). Current Brain Trauma Foundation
(BTF) guidelines recommend CPP greater than 60 mm Hg and
ICP between 20 and 26 mm Hg. Prior to placement of an in-
tracranial monitor, recommendations are to maintain a MAP
of 90 mm Hg or greater (32,33).

EVALUATION
On arrival at the ICU, the initial focus is on respiratory and
hemodynamic stability. This will be discussed below. In addi-
tion to the usual general examination, in the neurologically
injured patient, the evaluation includes an examination of the
head for scalp lacerations, which can be a major source of
bleeding and orbital, facial, and depressed skull fractures. Evi-
dence for basilar skull fractures include periorbital ecchymoses
known as raccoon eyes indicative of frontal skull base injury or
postauricular ecchymosis known as the Battle sign seen with
middle fossa or temporal bone fractures. Cervical spine pre-
cautions are maintained in these patients and will be discussed
later.

During the evaluation and observation of the TBI patient,
repeated neurologic monitoring includes the vital signs with
special attention to extremes in blood pressure. Hypotension
may result in secondary injury, whereas hypertension, not al-
ways associated with bradycardia, can be a sign of impending
cerebral herniation. If ICP rises, cerebral autoregulation ele-
vates MAP to maintain an adequate CPP.

A rapid neurologic assessment includes level of conscious-
ness and ability to speak or understand language by assessing

the ability to follow simple commands or to at least mimic clear
hand signals. Vision is assessed by asking the patient to count
fingers placed in the right or left visual field with one eye cov-
ered, or to mimic finger movements. In patients with a lower
level of consciousness, vision is assessed by blinking to a vi-
sual threat. Pupillary response to light (cranial nerves [CN] II,
III), corneal reflex (CN V, VII), and gag and cough (CN IX, X)
responses assess cranial nerve and brainstem function. Oculo-
cephalic maneuvers (CN III, VI, VIII) should not be performed
in patients who have a risk of cervical spine fracture. Ice wa-
ter caloric response (CN III, VI, VIII) can be performed if the
tympanic membranes are intact. The head of the bed should be
up at 30 degrees, and 60 to 90 mL of ice water instilled into
the otic canal. A normal response is a slow lateral deviation to
the side stimulated with ice water and nystagmus with the fast
phase to the opposite ear. Absence may be caused by medica-
tions or brainstem injury. Motor response is assessed by verbal
commands to move the limbs. In patients with lower levels of
consciousness, motor responses are elicited by painful stimuli
delivered to the sternum or fingernail bed. During painful stim-
ulation, the examiner should also reassess facial movement for
asymmetry. If flexion is noted, pain is applied to the supraor-
bital ridge or by trapezius squeeze to test for localization. In the
lower extremities, it is important to recognize a triple flexion
response, which is described by the flexion of the ankle, knee,
and hip. Triple flexion is a spinal reflex to painful stimulation
of the legs or feet. It is stereotyped in appearance independent
of the location of pain delivery on the lower extremity. It does
not reflect brainstem or upper spinal cord function. Patients
who are brain dead or with higher cord complete lesions can
triple-flex lower extremities.

The clinical evaluation in TBI includes a GCS, which was
first developed and introduced in 1974 to assess the depth and
duration of impaired consciousness (34). The GCS has been
divided into three categories: (i) A GCS of 8 or less is defined
as severe head injury, (ii) a GCS of 9 to 12 represents moderate
head injury, and (iii) a GCS of 13 to 15 is mild or minor (Ta-
ble 83.1). The best GCS following adequate fluid resuscitation
and stabilization has previously been shown to be predictive of
outcome (35). Interrater variability is often minimal, but can
exist (36). In unintubated patients, field and arrival GCS cor-
relate highly. A change between the field and arrival GCS can
be predictive of outcome (37).

Laboratory evaluation of patients with head injury include
complete blood count with platelet counts, partial thrombo-
plastin time (PTT), prothrombin time (PT), electrolytes with

TA BLE 8 3 . 1

GLASGOW COMA SCALE

Score Eye opening Best verbal Best motor

1 No response No response No response
2 To pain Incomprehensible Extensor
3 To speech Inappropriate Flexor
4 Spontaneous Disoriented Withdraws to pain
5 — Oriented Localizes pain
6 — — Obeys command

From Teasdale G, Jennett B. Assessment of coma and impaired consciousness: a practical scale. Lancet.
1974;2:81–84.



1248 Sect ion VIII: The Surg ical Patient

blood urea nitrogen, creatinine, glucose, and liver function tests
to assess for renal insufficiency or liver dysfunction, which may
impair clotting ability. A toxicology screen including a blood
alcohol level is essential to assist in evaluating for other causes
of altered mental status and to determine whether delirium
tremens may be a factor in the following days of ICU care. Ar-
terial blood gas (ABG) and lactic acid levels help assess volume
status and whether ventilation is adequate.

Imag ing

The initial imaging, often coupled with the neurologic exam,
determines the need for acute neurosurgical intervention. Neu-
rosurgical guidelines have been established for focal intracra-
nial lesions (38–40). Noncontrast head CT is the fastest, most
widely available noninvasive imaging technique to determine
this. All patients with altered mental status and/or focal neu-
rologic findings should have an initial CT scan performed. In
minor head injury, a CT scan may not be necessary if the exam
is normal and the GCS is 15 unless the patient is older than
60 years, has a headache, emesis, drug or alcohol intoxica-
tion, deficits in short-term memory, physical evidence of trauma
above the clavicles, or seizures (41).

Evolving Injury and Re p e at He ad CT
Progressive intracranial hemorrhage consistent with an evolv-
ing contusion is seen in 14% to 38% (42–44). Although wors-
ening CT findings does not necessarily require treatment, 54%
of patients may require neurosurgical intervention including
ICP monitoring or craniotomy subsequent to the findings on a
repeat scan (23,45–50). A significant risk factor is early initial
imaging within 2 hours of injury (24,42,50), and often com-
munity standards are to repeat a CT scan within 12 to 24 hours
of the initial imaging. In stable patients without clinical neuro-
logic deterioration, the utility of repeat imaging is debated since
it is unlikely that neurosurgical intervention will be necessary
(24,47,50). Other independent risk factors for progression in-
clude associated tSAH, SDH, older age, and prolonged partial
thromboplastin (23,42,44,50,51). A large initial contusional or
intraparenchymal hemorrhage size and effacement of cisterns
is strongly predictive of failure of nonoperative management
(44).

SECONDARY BRAIN INJURY
PREVENTION: TREATMENT AND

MANAGEMENT
Following immediate impact and anatomic damage, sec-
ondary damage at the cellular level from inflammation, edema,
free radicals, and excitatory neurotransmitters can worsen
outcome. Contributing factors include hypoxemia, hypoten-
sion, seizures, fever, and intracranial hypertension. Immediate
postinjury care focuses on the prevention of these problems.

Hyp oxe mia and Re sp irat ory Manag e me nt

Hypoxia, defined as a PaO 2 less than 60 mm Hg or O 2 satura-
tion less than 90% can independently increase mortality from
27% to 50% and increase poor outcome from 28% to 71%
(52,53). Early intubation can prevent aspiration and minimize

hypoxic and hypercapnic events (54) and is recommended by
the Advanced Trauma Life Support (ATLS) guidelines from
the American College of Surgeons (55) and the Brain Trauma
Foundation Traumatic Brain Injury prehospital guidelines (56).
A GCS of 8 or less is the usual threshold for endotracheal
intubation.

In the prehospital setting, rapid sequence intubation has
been associated with increased mortality (57,58). This may re-
sult from decreased cerebral perfusion due to hyperventilation-
induced hypocapnia. Positive pressure ventilation may cause
hypotension in a hypovolemic patient if central venous return
is impeded by high intrathoracic pressures (59). Intubation
presents a high-risk procedure for secondary neurologic injury.
Sedative/hypnotic medications and bag/mask ventilation with
positive pressure ventilation contribute to hypotension and hy-
percapnia and hypocapnia during induction. In addition, direct
laryngoscopy causes a marked, transient increase in ICP. Intra-
venous lidocaine may blunt this ICP response (60).

Hyperventilation with resultant hypocapnia causes cerebral
vasoconstriction and a reduction in CBF (61–63). Prolonged
hypocapnia appears to slow neurologic recovery (64). Prophy-
lactic hyperventilation of PaCO 2 less than 35 mm Hg should
be avoided, although PaCO 2 as low as 30 mm Hg may be nec-
essary for brief periods for immediate treatment of intracranial
hypertension. Options to identify cerebral ischemia in the set-
ting of hyperventilation include the use of jugular venous oxy-
gen saturation, arterial jugular venous oxygen content differ-
ences, brain tissue oxygen monitoring (see below), or cerebral
blood flow monitoring (32).

To achieve adequate ventilation, positive end-expiratory
pressure (PEEP) may be necessary. Positive end-expiratory pres-
sure affects CPP and ICP when the lung is compliant and the
chest wall is not. The high lung compliance allows for an in-
creased intrathoracic volume, which in the setting of a low com-
pliant chest wall increases intrathoracic pressures. The high in-
trathoracic pressure decreases cerebral venous outflow, which
will increase ICP (65,66). When intrathoracic pressure is ele-
vated, cardiac venous return is diminished and results in low-
ered mean arterial pressure and CPP.

Pulmonary infections were seen in 41% of patients regis-
tered in the Traumatic Coma Data Bank and were an indepen-
dent predictor of unfavorable outcome (67). Bedside manage-
ment includes adequate pulmonary toilet and strategies such
as elevation of the head of the bed (HOB) to decrease the risk
for ventilator-associated pneumonia (VAP). In patients with
intracranial hypertension, during endotracheal suctioning, ad-
equate sedation is necessary to prevent an increase in ICP (68).

Ne urog e nic Pulmonary Ed e ma

In addition to hypoventilation and aspiration from poor airway
protection, a less frequently recognized cause of hypoxemia fol-
lowing TBI is neurogenic pulmonary edema (NPE). Neurogenic
pulmonary edema results from central sympathetic stimulation.
Pretreatment with adrenergic-blocking agents prevents exper-
imental NPE (69). Experimental lesions in the hypothalamus
(70), bilateral nucleus tractus solitarius (71), and the ventro-
lateral medulla (72) can produce NPE. Traumatic brain injury
causes a sympathetic discharge, which increases systemic and
pulmonary vascular pressures. The resultant increase in pul-
monary capillary pressure increases the hydrostatic pressure
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and causes pulmonary capillary injury; this in turn causes leak-
age of fluid and protein, and pulmonary hemorrhages (73–75).

Clinical signs include dyspnea, tachypnea, tachycardia, and
chest pain if the patient is awake. Rales are present on chest
auscultation. Laboratory results show hypoxemia and a mild
leukocytosis. Chest radiography shows a bilateral alveolar fill-
ing process (76). Pulmonary capillary wedge pressures and pul-
monary artery pressures can be elevated or normal. There are
two distinct forms of NPE. The classic form appears early,
within minutes to a few hours after acute brain injury. A de-
layed form of NPE slowly progresses over 12 to 72 hours
following injury. Treatment is supportive and often requires
supplemental oxygen and positive pressure ventilation. Dobu-
tamine may be effective by decreasing cardiac afterload and
increasing cardiac contractility (77).

Hyp ot e nsion

Hypotension, defined as systolic blood pressure (SBP) less than
90 mm Hg, independently worsens mortality (78,79). Trau-
matic Coma Data Bank reports hypotension was present in
29% of patients and doubled mortality from 27% to 55%
(67,78). If the patient presented in shock, mortality was 65%
independent of age, admission GCS motor score, hypoxia, or
associated severe extracranial trauma. Adequate fluid resusci-
tation with euvolemia is essential. Independent of ICP, mean
arterial pressure or CPP or negative fluid balance of nearly 600
mL was associated with poorer outcome (80). Guidelines rec-
ommend adequate fluid resuscitation and blood pressure sup-
port to maintain MAPs greater than 90 mm Hg (33). Once an
ICP monitor is placed, the optimal blood pressure is determined
by a CPP of 60 mm Hg or greater.

Cont ract ion Band Ne crosis

Following head trauma, subarachnoid hemorrhage, seizures,
or stroke, patients may have cardiogenic shock with global
hypokinesis associated with transient cardiac arrhythmias
and repolarization changes (81–84). Arrhythmias may include
supraventricular tachycardias, sinus bradycardia, atrioventric-
ular (AV) block, AV dissociation, nodal rhythms, and paroxys-
mal ventricular tachycardia. These changes are cerebrally me-
diated and are recognized as myofibrillar degeneration (also
known as contraction band necrosis [CBN] or coagulative my-
ocytolysis). The histologic appearance of CBN contrasts to the
coagulation necrosis seen with ischemic injury where there are
cytoplasmic degenerative changes with cloudy swelling, hya-
line droplets, and fatty change. With CBN, the myocardium
instead shows loss of definition of the linear arrangement of
myofibrils and the appearance of prominent dense eosinophilic
transverse bands (contraction bands), and intervening granu-
larity throughout the cytoplasm (85). This injury pattern was
first described with pheochromocytoma and has been associ-
ated with the administration of catecholamines including co-
caine abuse (86,87). It is postulated that centrally mediated
sympathetic or exogenous catecholamine stimulation of the
myocardium results in cellular calcium overload and results in
the formation of the contraction bands (88). Contraction band
necrosis is predominantly located in the subendocardium with

the cardiac conducting system, which results in the associated
arrhythmias (89).

In CBN, cardiac enzymes are often elevated and may be dif-
ficult to differentiate from an acute coronary syndrome. How-
ever, the treatment for CBN is vastly different and typically
includes observation for arrhythmias and blood pressure sup-
port in contrast to reperfusion therapy with an acute ischemic
myocardial infarction. Clinical differentiation typically relies
on the recognition of patients with higher risk for coronary
artery disease such as older age, hypertension, diabetes, and
hyperlipidemia rather than a young patient with massive head
injury.

Post t raumat ic Vasosp asm

Following TBI, focal cerebral ischemia as a result of posttrau-
matic vasospasm can occur in 24% to 36% of patients (90,91)
and may manifest as lateralizing neurologic deficits such as
hemiparesis and aphasia between 2 to 37 days following in-
jury (92,93). In patients with severe TBI, small studies have
reported incidence as high as 82% (94). Transcranial Doppler,
while reasonably specific, is not a sensitive test for vasospasm.
If vasospasm is suspected, cerebral angiography can confirm
the diagnosis. The effectiveness of treatment of posttraumatic
vasospasm with modalities used following aneurysmal SAH
(e.g., hypervolemic, hypertensive therapy or nimodipine) has
not been assessed.

Fe ve r

Hyperthermia accelerates neuronal injury by increasing basal
energy requirements (neuronal discharges), excitatory neuro-
transmitters, free radial production, calcium-dependent pro-
tein phosphorylation, ICAM-1 and inflammatory responses,
DNA fragmentation, and apoptosis, causing blood–brain bar-
rier changes as seen by extravasation of protein tracers (95,96).
Despite this, previous TBI studies of prophylactic moderate hy-
pothermia (32◦C to 33◦C) and their meta-analyses were not
able to show improved outcome (97–99). This may be due to
significant intercenter variability in the management of MAP,
CPP, fluids, and vasopressors (97,100).

In the individual patient, therapeutic hypothermia lowers
ICP by reducing the cerebral metabolic rate 7% for each degree
Celsius decrease. This treatment can be life-saving and result
in reasonable neurologic recovery (101). Pentobarbital coma
and/or neuromuscular blockade may be necessary to achieve
cooling without shivering. New techniques for intravascular
and topical cooling are available. Although complications of
hypothermia can include increased risk of cardiac arrhyth-
mias, hypotension, bradycardia, thrombocytopenia, and pneu-
monia, in studies evaluating hypothermia in cardiac arrest pa-
tients, there was no statistical increase in these adverse events
(102,103).

Hyp e rg lyce mia

Hyperglycemia causes brain tissue acidosis (104), and early
hyperglycemia has been associated with worsened neurologic
outcome following TBI (105,106). It is not fully understood



1250 Sect ion VIII: The Surg ical Patient

whether the hyperglycemia is causative or is a marker for sever-
ity of injury and subsequent poor outcome. Although tighter
glucose control with TBI is theoretically reasonable, based on
current evidence, it is not clear that aggressive treatment of
hyperglycemia in the neurologic and neurosurgical population
improves outcome.

In the ICU setting, where glycemic control often uses insulin
infusion or injection, patients with acutely altered mental status
should be urgently evaluated for hypoglycemia.

Coag ulop at hy

Brain is rich in tissue thromboplastin and following head injury,
increased tissue thromboplastin activity in the frontal, pari-
etal, and temporal lobes activates the coagulation cascade and
causes a disseminated intravascular coagulopathy (107). The
Traumatic Coma Data Bank reported that 19% of patients
were coagulopathic (67). Although initial evaluation may show
thrombocytopenia in 14% and coagulopathy in 21% of TBI
patients, in ensuing days, disseminated intravascular coagula-
tion can be seen in 41% to 60% of patients with blunt brain
injury (108,109). It is more common in patients with penetrat-
ing head trauma (110).

Abnormalities in PT, PTT, or platelet count have been asso-
ciated with 55% of patients with progressing hemorrhage after

TBI (111,112). Associated coagulopathy and thrombocytope-
nia increases mortality in TBI (108,109,112). Although there
are no guidelines for correction of coagulopathy or throm-
bocytopenia, usual practice is to transfuse platelets for values
< 100,000 per mL and fresh frozen plasma for an elevated PTT
or a PT international ratio (INR) of 1.5 or more. Other alter-
natives such as activated factor VII or prothrombin complex
concentrate may be effective emergently (110).

Int racranial Pre ssure Monit oring
and Manag e me nt

Normal ICP is less than 10 mm Hg. The Traumatic Coma Data
Bank reports that 72% of patients with severe TBI had ICPs
above 20 mm Hg (113). Since multiple studies show worsened
outcome with ICP above 20 to 25 mm Hg, published guidelines
use this as the threshold to treat (32,33).

Maneuvers for management of ICP begin with those with
fewer potential side effects and progress to more invasive treat-
ments with higher complication risk (Fig. 83.1). Elevation of
the head of bed to greater than 30 to 45 degrees not only de-
creases the risk of ventilator-associated pneumonia but can
facilitate cerebral venous drainage and lower ICP. In ortho-
static, hypovolemic patients, however, head of bed elevation
can lower MAP. Adequate fluid resuscitation is necessary.

ICP≥ 20 mm Hg

Sedation
Benzodiazepines

Propofol

Intracrania l hypertens ion Pr emise:
1) I CP <20  mm Hg
2) CPP >60 mm Hg

CPP = MAP-I CP

Pain therapy:
opioids

If not orthos ta tic, 
Head of Bed up.

Optimize  fluids

CoolingPara lytic 
agents
(Especia lly if 
shivering)

Pentobarbita l 
infus ion

PaCO2 
30–35 
mm Hg 
Rescue 
Hyperventi- 
la tion
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dra inage
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Osmotic 
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to mass  e ffect)
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FIGURE 83.1. Algorithm for management of intracranial hypertension. CCP, cerebral perfusion pressure;
CSF, cerebrospinal fluid; ICP, intracranial pressure.
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Adequate pain therapy with opioids and adequate sedation
with sedative-hypnotics decrease ICP. Constant infusion may
be hemodynamically better tolerated than bolus administra-
tion.

Prophylactic or sustained hyperventilation of PaCO 2 less
than 35 mm Hg may be harmful and should be avoided. In
the situation of impending herniation or refractory intracranial
hypertension, decreasing PaCO 2 to 30 mm Hg for transient
“ rescue” therapy will give the practitioner time to initiate other
maneuvers to lower ICP.

Osmotic therapy is a mainstay in ICP management.
Mannitol or hypertonic saline are both effective. However,
repetitive dosing by the above agents may worsen the volume
of injured brain (114–116). To avoid this, osmotic therapy
similarly to hyperventilation, may also be best used as rescue
therapy until more definitive therapy is implemented. Doses of
0.25 g/kg to 1 g/kg of mannitol are effective. The lower dose
drops ICP and may decrease the risk of vasogenic edema seen
with multiple dosing (114). Due to potential renal damage,
maximal mannitol dosing traditionally has been when serum
osmolarity reaches 320 mosm/kg, but this convention is under
debate. An osmolar gap of greater than 10 from baseline may
be a better indicator for maximizing mannitol administration
(117,118). Hypertonic saline may be more effective and have
a longer duration of action on lowering ICP than mannitol
(116,119). Doses include 250 mL of 3% or 7.5% saline or 30
mL of 23.42% saline (120).

Osmotic therapy is best administered through a central ve-
nous access as it may sclerose veins. When deciding which os-
motic agent to use, elevated ICP with low fluid status would
be best treated with hypertonic saline. Studies evaluating the
use of hypertonic saline compared to conventional fluids for
prehospital or emergency department resuscitation have not
shown outcome improvement (121,122).

Neuromuscular blockade (NMB) lowers ICP by decreasing
muscle tone, especially during shivering. Shivering increases
the metabolic rate and generates carbon dioxide. After admin-
istering neuromuscular blockade, an ABG should be obtained
to ensure that the PaCO2 has not dropped below 35 mm Hg.
The minute ventilation should be adjusted accordingly. Rapid
increases in PaCO 2 may result in rebound vasodilation and
ICP elevation. Ventilator manipulation should be performed in
small increments when adjusting to increase the PaCO 2.

Neuromuscular blockade also assists in cooling the patient.
As noted above, hypothermia is useful in refractory intracranial
hypertension. Temperatures of 32◦C to 33◦C can be well toler-
ated. The combination of neuromuscular blockade and cool-
ing appears to have a high risk for pneumonia. The patient is
unable to effectively clear secretions, and empiric pulmonary
toilet with frequent suctioning is often necessary.

Barbiturate-induced coma lowers the cerebral metabolic
rate. This results in lowered cerebral blood volume and ICP.
Thiopental or pentobarbital infusions can be used. Thiopental
in long-term infusion, because of its lipophilicity, may take over
a week to clear after the infusion is stopped. For pentobarbital,
20 mg/kg is given as a slow loading dose followed by a mainte-
nance infusion of 1 mg/kg/hour. The loading dose may signifi-
cantly lower mean arterial pressure. Often fluids and vasopres-
sor administration may be necessary. Electroencephalography
(EEG) is critical to titrating the dose during barbiturate coma.
Although the infusion can be titrated to ICP effect, if the EEG
is isoelectric, there is little to be gained in the way of ICP con-

trol by increasing the infusion. At this point, worsening side
effects result from increasing the infusion. These include hy-
potension from peripheral vasodilation, decreased cardiac in-
otropy, and ileus. Also cough reflex is diminished and decreased
bronchociliary activity and slowed leukocyte chemotaxis in-
crease the risk for pneumonia. A benefit of barbiturate coma is
a quiescent hypothalamus that no longer modulates body tem-
perature. Hypothermia can often be achieved without the need
for neuromuscular blockade since shivering is diminished.

Loop diuretics have been used to help manage ICP by de-
creasing CSF production in the choroids plexus. Loop diuretics
will decrease volume status. Unless the patient is hypervolemic,
CSF diversion is a more effective method of lowering ICP.

Other therapy for refractory intracranial hypertension re-
quires neurosurgical intervention. Placement of an external
ventricular drainage allows for CSF drainage. Hemicraniec-
tomy may be life-saving and a viable option depending on the
patient. Case series of 19, 23, and 51 children at three dif-
ferent centers had mortalities of 30% to 31.4% . Favorable
outcome with return to school and functional independence
was reported in 68% to 81% . Eighteen percent to 21% were
severely disabled and dependent on caregivers (123–125). To
date, there are no randomized controlled trials to evaluate its
effectiveness and outcome in the setting of TBI.

Brain Tissue Oxyg e nat ion

Hypoxic brain injury causes secondary damage. To monitor
and help prevent this injury, new modalities to evaluate cere-
bral oxygenation have been developed. Jugular bulb oximetry
(SjvO 2) is a global measure of the balance between oxygen
delivery to the brain and oxygen consumption. Local brain
tissue partial pressure oxygen (PBtO 2) is measured by a po-
larographic Clark-type microcatheter. An increase in cerebral
oxygen delivery is reflected by increases in SjvO 2 and PBtO 2.
Oxygen delivery to the brain is manipulated by increases in
blood pressure, cardiac output, and red blood cell transfusion
(126). Normobaric hyperoxia has not shown to improve cere-
bral oxygen metabolism on PET imaging, and the use of 100%
oxygen is not supported by the available literature (127). Op-
timal SjvO 2 is generally accepted as 50% oxygen saturation
(128). The optimal PBtO 2 has not been established. Various
studies show worsened outcome in patients with mean PBtO2
less than 15 mm Hg. Other thresholds include 25 mm Hg (129–
132). Mortality was significantly decreased and functional out-
comes improved in one study comparing 25 patients treated by
traditional ICP/CPP-guided therapy to 28 patients with therapy
targeted to a PBtO 2 greater than 25 mm Hg (133). No random-
ized controlled trials of SjvO 2 or PBtO 2-targeted therapy have
been performed to establish effectiveness. Current guidelines
for management of TBI do not recommend the use of these
modalities. Cerebral microdialysis evaluating the biochemical
byproducts of ischemia such as increased lactate and glutamate
and lactate-pyruvate ratio is another potential technology to as-
sist bedside care, but has not yet reached practical clinical use
(134).

Ant ib io t ic Prop hylaxis

Fractures of the skull base and severe facial trauma can result in
a CSF leak. Various studies report incidences of 2.6% to 4.6%
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of all patients with basilar or facial fractures (135,136). In one
study, otorrhea was three times more common than rhinor-
rhea (135). Approximately 50 percent of CSF leaks stop within
5 days (137). The risk of bacterial meningitis is approximately
12% to 21% . Studies conflict as to whether prophylactic an-
tibiotics decrease the risk of infection, and there are no guide-
lines or recommendations (137,138). Constant surveillance for
meningitis is essential.

In the setting of CSF leak, if the spine is stable and blood
pressure is adequate, the head of the bed should be elevated
to facilitate leak closure. Stool softeners help avoid vigorous
Valsalva maneuvers that may worsen the leak. Neurosurgical
intervention with CSF diversion (i.e., lumbar drain or external
ventricular drain) or surgical closure may be necessary if the
leak persists.

Following penetrating head trauma, a CSF leak is the pri-
mary predictor of intracranial infection. Infection is seen in
38% to 63% of CSF leaks after military-related penetrating
cerebral injury (139–141). Current recommendations are to
treat with empiric broad-spectrum antibiotics following pene-
trating brain injury (141,142). Optimum duration and regimen
are unknown.

For clean neurosurgical procedures, such as external ven-
tricular drain placement or craniotomy, guidelines have been
established by the Surgical Infection Prevention and Surgical
Care Improvement Projects that recommend cefazolin within
1 hour prior to surgical incision (143).

Post t raumat ic Se izure s

Early posttraumatic seizures occur within 7 days of injury.
Three percent to 6 percent of patients with closed head in-
jury suffer early posttraumatic seizures compared to 8% to
10% with penetrating brain injury (144–146). Late posttrau-
matic seizure by definition manifests at least 7 days postinjury
and is seen in 30% of patients with penetrating brain injury.
Late posttraumatic seizures can occur up to 5 years after injury.
There is adequate evidence to recommend antiseizure medica-
tions, e.g., phenytoin and carbamazepine, for the first week
after closed and penetrating brain injury to prevent early post-
traumatic seizures (33,147–149). Of note, valproate showed
no benefit for seizures following brain injury and had a trend
to higher mortality (150). There is no evidence that continuing
prophylactic antiseizure medications beyond a week prevents
late seizures, and it is not recommended for closed or penetrat-
ing head injury (33,149).

Thromb op rop hylaxis

In the general postoperative neurosurgical population, the risk
for deep venous thrombosis (DVT) is 3% to 14% (151–154).
Following major head injury, the risk for DVT is as high as 54%
(155). The Brain Trauma Foundation has no recommendations
for thromboprophylaxis (33). However, current recommenda-
tions from the seventh conference of the American College of
Chest Physicians (ACCP) are that patients undergoing major
neurosurgical procedures receive thromboprophylaxis in the
form of intermittent pneumatic compression (IPC) devices with
or without graduated compression stockings (GPC) (grade 1A)
(154). Acceptable alternatives include subcutaneous unfrac-
tionated heparin (grade 2B) or postoperative low-molecular-

weight heparin (LMWH) (grade 2A). In high-risk neurosurgery
patients, the combination of mechanical and pharmacologic
prophylaxis is recommended (grade 2B). In patients who are
not neurosurgical candidates, a grade 1A recommendation is
that trauma patients receive LMWH as soon as it is considered
safe to do so. In the meantime, mechanical prophylaxis with in-
termittent pneumatic compression and/or graded compression
stockings should be used (grade 1B). Inferior vena cava filters
are not considered acceptable primary prophylaxis in trauma
patients (grade 1C).

Nut rit ion

Following severe traumatic brain injury, patients have a hy-
permetabolic, catabolic state with rapid weight loss associated
with a negative nitrogen balance and protein wasting. In ex-
perimental models of TBI, 3 hours after injury morphologic
changes are seen in the gut mucosa that include shedding of
epithelial cells, fracture of villi, focal ulcers, fusion of adjacent
villi, mucosal atrophy, and edema in the villous interstitium
and lamina propria. On electron microscopy, there is a loss of
tight junctions between enterocytes, damage of mitochondria
and endoplasm, and apoptosis of epithelial cells (156). These
changes in gut permeability increase bacteria translocation and
endotoxin, which increases the risk of the systemic inflamma-
tory response. Arginine and glutamine modulate gut permeabil-
ity. There is some debate whether glutamine should be used in
brain injury patients due to the potential increase in cerebral
glutamate with neuroexcitatory properties and cell damage.

Early parenteral or enteral nutrition can speed neurologic
recovery and decrease disability and mortality (157–160).
Early enteral feeding may have benefit over parenteral feeding
by protecting against intestinal apoptosis and atrophy (161)
and decreasing infection clinically (162). Early enteral nutri-
tion with glutamine and probiotics may decrease the infection
rate and length of ICU stay (163).

Current guidelines in severe TBI are to replace 140% of rest-
ing metabolism in nonparalyzed patients and 100% of resting
metabolism expenditure in paralyzed patients within 7 days.
Either enteral or parenteral nutrition should contain at least
15% of calories from protein (32).

St re ss Gast rit is

Stress gastritis was seen in 91% of 44 comatose mechanically
ventilated patients within 24 hours of head injury. Lesions were
most commonly seen in the fundus and body of the stomach
(164). Mucosal ulceration is typically prevented by maintain-
ing intraluminal pH above 5 or by H 2 receptor blockade (165).
In TBI patients, stress ulcer bleeding prophylaxis is typically
given. Sucralfate, H 2-antagonists, proton pump inhibitors, or
antacids in patients with mechanical ventilation may be effec-
tive; none are recommended over another with regard to risk
of ventilator-associated pneumonia.

Prog nosis

Survivors of traumatic brain injury variably suffer from
long-term cognitive, motor, sensory, and emotional deficits.
These manifest as weakness, incoordination, emotional lability,
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impulsivity, and difficulty with vision, concentration, memory,
judgment, and mood. Nearly 5.3 million in the United States
live with disabilities as a result of TBI (3). When the postresus-
citation GCS is not complicated by medications or intubation,
approximately 20% of patients with GCS 3 will survive and
8% to 10% will have moderate to good recovery such that
they are able to live independently (166). Despite this, 34% to
47% of “minor” head injury patients cannot return to work
or their previous lifestyle (167,168). Independent predictors of
outcome include older age at time of injury, the postresusci-
tation Glasgow coma score, injury severity score (ISS), pupil-
lary response on admission, and CT scan findings of diffuse
edema, subarachnoid hemorrhage, subdural hematoma, partial
obliteration of the basal cisterns, or midline shift (169–174).
The Traumatic Coma Data Bank reports a mortality rate of
severe TBI patients with postresuscitation GCS of 3 to be 76%
and 18% for patients with GCS of 6 to 8, respectively. Over-
all mortality was 36% in 746 patients (12). In another study
of 1,311 head-injured patients, the highest mortality was as-
sociated with spinal cord injury, obstructed airway, difficulty
breathing, and shock, although none of these was indepen-
dently predictive of survival when adjusted for GCS (175).

SPINAL CORD INJURY
The annual incidence of acute spinal cord injury (ASCI) in
North America is between 27 and 47 cases per million (176).
The United States has approximately 11,000 cases per year
(177). Those at highest risk are young males. ACSI is most
commonly caused by MVC (46.9% ) followed by falls, acts of
violence, particularly gunshot wounds, and recreational sport-
ing activities (177).

Manag e me nt

Primary spinal cord injury (SCI) results from cord compres-
sion from discs, bone, ligament, or hematoma or from distrac-
tional forces such as flexion, extension, dislocation, or rotation,
which cause shearing of the neuronal axons or vasculature.
Similar to head injury, the spinal cord undergoes both primary
and secondary injury. Secondary injury results from systemic
and local vascular insults, which may be a result of hypoten-
sion, electrolytes changes, edema, and excitotoxicity (178).

Immob ilizat ion
Three percent to 25% of spinal cord injuries may occur after
the initial traumatic event, and nearly 20% of ACSI includes
multiple noncontiguous vertebral levels (179,180). For this rea-
son, early management of patients with SCI includes immediate
immobilization of the entire spine. Spine immobilization can
be uncomfortable and carries potential morbidity of pressure
sores and risk of aspiration, and may limit respiratory func-
tion; however, it is the usual treatment for all patients with a
mechanism of injury that may cause spinal injury (179). Var-
ious methods for complete spine immobilization can be used,
but a rigid cervical collar with supportive blocks on a rigid
backboard is effective.

Rad io log ic Evaluat ion
No cervical radiologic evaluation is recommended in awake,
alert, nonintoxicated trauma patients who have no neck pain

or tenderness unless there are significant associated injuries that
would interfere with their history and physical examination
(181). In patients with neck pain or tenderness, a combina-
tion of radiologic techniques may be necessary to clear the
cervical spine of significant injury. The CT scan is better than
MRI for evaluating bones; however, flexion/extension radio-
graphs in an awake patient or MR within 48 hours of injury
can best detect ligamentous injury. Newer-generation CT scan-
ners are sensitive, and some centers no longer perform plain
radiographs. However, current American Association of Neu-
rological Surgeons (AANS) standards are for an anteroposte-
rior, lateral, and odontoid cervical spine series supplemented
with CT scan in the initial evaluation. In an awake patient
with neck pain, options to clear the cervical spine include nor-
mal flexion/extension films or a normal MRI within 48 hours
of injury. In obtunded patients with normal cervical spine films,
options to clear the spine include (a) dynamic flexion/extension
studies under fluoroscopy, (b) normal MRI obtained within
48 hours of injury, or (c) the discretion of the treating physi-
cian (182).

He mod ynamic Sup p ort
Systemic hypotension, which contributes to secondary spinal
cord injury, can result from trauma-related hypovolemia and
from neurogenic shock (183–186). Neurogenic shock is defined
as the loss of sympathetic innervation that causes loss of periph-
eral vasoconstriction and cardiac compensatory mechanisms of
tachycardia and increased stroke volume and cardiac output.
In experimental models, microvascular spasm, thrombosis, and
rupture disrupt spinal cord vascular autoregulation and make
the spinal cord more susceptible to systemic hypotension. This
worsens spinal cord ischemia several hours after injury (186).

Augmentation of mean arterial pressures to 85 to 90 mm Hg
for 5 to 7 days postinjury has been shown to reduce morbidity
and mortality and shorten length of stay (187–190).

Treatment typically includes volume resuscitation with crys-
talloid or red blood cell transfusion if the patient is anemic. Va-
soactive medications such as norepinephrine, dopamine, and
phenylephrine are used as needed. Volume-resistant hypoten-
sion is fivefold more common among patients with complete
spinal cord injury above the thoracic sympathetic innervation
(188). In the subset of patients requiring vasopressors and in-
otropes, central venous catheters and invasive monitoring with
arterial catheters should be used. Some investigators use pul-
monary artery catheters to establish volume status. No studies
have been performed to compare these modalities.

Surg ical Int e rve nt ion
The timing of surgical decompression, reduction of bony struc-
tions, and fusion in the treatment of acute spinal cord injury
remains in debate. A multicenter retrospective study of 585
patients at 36 North American centers applied decompression
traction in 47% of patients with cervical injury and success-
fully decompressed the cord in 42% of patients. Neurologic
deterioration occurred in 8.1% of cases with traction. Surgical
intervention was undertaken in 65.4% of patients. Surgery was
performed within 24 hours of trauma in 23.5% , between 25
to 48 hours in 15.8% , between 48 and 96 hours in 19% , and
more than 5 days in 41.7% (191). This wide variation con-
firmed that there is little agreement on optimal timing. Early
surgery may be associated with shorter hospitalizations and
reduced pulmonary complications (192–194).
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A meta-analysis of studies performed between 1966 to 2000
of 1,687 eligible patients comparing early decompression to
conservative management or later decompression concluded
that there was weak evidence that surgery within 24 hours im-
proved neurologic outcome (195). Multicenter studies attempt-
ing to evaluate outcome of early decompression within 8 or 12
hours are much needed but have been difficult to perform due
to the barriers to operative treatment within this time frame
(196). At this time, surgical intervention of patients with in-
complete injury with persisting compression from dislocation
with bilateral locked facets, burst fracture, or disc rupture, es-
pecially in patients with neurologic deterioration, is considered
a practice option (193).

Pharmacolog ic Int e rve nt ion
Following acute spinal cord injury, a cascade of biochemical
processes is activated that produces excitatory amino acids,
calcium fluxes, free radicals, acidosis, protein phosphorylation,
phospholipases, and apoptosis, which can further injure sur-
rounding tissue (186). Pharmacologic agents targeted to inter-
rupt this cascade may provide neuroprotection by preventing
secondary injury.

Naloxone, GM-1 ganglioside, and methylprednisolone have
undergone randomized clinical trials to examine their effects
following spinal cord injury. Despite multiple trials evaluating
the use of methylprednisolone, meta-analyses do not agree with
respect to recommendations for its use (197,198). A multicen-
ter National Acute Spinal Cord Injury Study (NASCIS) II trial
in 1985 of 30 mg/kg bolus followed by 5.4 mg/kg per hour
infusion for 23 hours given within 8 hours of injury reported
significant improvement in motor function and pin and light
touch at 6 months compared to those treated after 8 hours and
those treated with naloxone or placebo (199). Criticism of this
study include the use of only the right side for motor scores,
the lack of anatomic level injury limit or required motor deficit
(i.e., injury below T12 and normal motor examination were
included), and lack of functional outcome measures. NASCIS
III, which compared methylprednisolone to a free radical scav-
enger, tirilazad mesylate, for 2–4 or 48-hour infusions, showed
that a 48-hour infusion initiated within 3 to 8 hours improved
motor scores at 6 weeks and 6 months (200).

Multiple trials have failed to show the benefit seen in the
NASCIS trials (201), and increased complications such as a
higher rate of respiratory complications including pneumonia,
gastrointestinal hemorrhage, sepsis, and longer hospital stays
have been reported (202–204). The NASCIS III trial showed
a higher rate of sepsis and pneumonia in the patients treated
for 48 hours. For this reason, the American Association of
Neurosurgical Surgeons CNS guidelines offer it as an option,
but suggest that harmful side effects may be more consistent
with the data than actual clinical benefit. Medical evidence also
does not support the use of GM-1 ganglioside in acute spinal
cord injury (205).

Pulmonary Sup p ort
The most common cause of death in patients with spinal cord
injury is due to pneumonia, pulmonary emboli, and septicemia.
In patients with tetraplegia, pneumonia and other respiratory
complications occur in 40% to 70% of patients (206,207).
Aggressive pulmonary toilet is essential. Although diaphrag-
matic innervation arises from the cervical levels of 3 through
5, an effective cough and deep inspiration requires intercostal

musculature and thoracic innervation to splint the chest wall
while the diaphragm descends. Patients with high-level cervi-
cal injuries (C3–5) may fatigue over the first few hours to days.
Also, patients such as smokers with lower cervical injuries with
increased pulmonary secretions or those who have aspirated
fluid such as blood, water, or stomach contents may have dif-
ficulty clearing their airway and should be monitored closely
for failing pulmonary reserve. Early measurements indicating
the need for elective endotracheal intubation include the use
of vital capacity (< 20 mL/kg) and negative inspiratory forces
(less negative than − 20 cm H 2O). Hypoxia and hypercapnia
are late signs of respiratory failure, and intubation should not
await these findings.

Associat e d Vascular Injury

Blunt cervical spinal trauma can result in vertebral artery in-
jury and cause posterior circulation ischemia (208). Incidence
varies from 0.05% to 1% and may depend on screening meth-
ods (209,210). Mortality ranges from 23% to 28% , whereas
48% to 58% of survivors have significant neurologic deficits
(211). The most common mechanism of injury is MVC, fol-
lowed by falls and pedestrian and motorcycle crashes. Patients
at risk include those with cervical fractures with subluxation or
with a fracture through the transverse foramen, especially those
with displaced or complex midface or mandibular fracture, a
basilar skull fracture involving the carotid canal or sphenoid
sinus, near-hanging resulting in cerebral hypoxia, and cervical
vertebral body fraction or distraction injury (209). Suspicion
should be high if the patient develops a lateralizing neurologic
deficit with normal initial CAT scan, or evidence of a recent
ischemic stroke on cerebral imaging. Although CT angio with
a 16-channel detector shows high sensitivity for screening, the
gold standard is four-vessel cerebral angiography (212,213).

A grading system of injury has been described by Biffl (214)
(Table 83.2). Fifty-seven percent of grade I injuries heal spon-
taneously in 10 days independent of therapy (215); therefore,
they can be treated with aspirin. Retrospective studies of grade
II through IV injuries show no difference between antiplatelet
agent or heparin therapy although heparinization increases
hemorrhage risk (216,217).

TA BLE 8 3 . 2

GRADING SCALE FOR BLUNT CERVICAL VASCULAR
INJURY

Grade I: Luminal irregularity or dissection < 25% luminal
narrowing

Grade II: Dissection or intramural hematoma with ≥ 25%
luminal narrowing, intraluminal thrombus, or raised
intimal flap

Grade III: Pseudoaneurysm
Grade IV: Occlusion
Grade V: Transection with free extravasation

Adapted from: Biffl WL, Moore EE, Offner PJ, et al. Blunt carotid
arterial injuries: implications of a new grading scale. J Trauma.
1999;47:845, with permission.
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Thromb op rop hylaxis

Deep venous thrombosis detection with 131I-fibrinogen scans of
patients with acute spinal cord injury and paralysis is as high
as 100% (218). The Consortium for Spinal Cord Medicine
recommends ultrasound for the initial screening for DVT and
venography if suspicion remains high and the ultrasound is
negative (219).

Prophylactic anticoagulation for all patients with acute SCI
is a grade 1A recommendation from the American College of
Chest Physicians (154). The recommended anticoagulation is
LMWH once primary hemostasis is achieved or a combina-
tion of intermittent pneumatic compression and either low-
dose unfractionated heparin or LMWH. If anticoagulation is
contraindicated, it is recommended that intermittent pneumatic
compression with or without graduated compression stockings
be used (grade 1C). The period of highest risk for DVT is in the
first few months following injury. For this reason, duration of
treatment is recommended for at least 6 to 12 weeks. Warfarin
is recommended for the rehabilitative phase of SCI (220).

Vena caval filters are not recommended as primary pro-
phylaxis against pulmonary embolus. However, in conjunc-
tion with intermittent pneumatic compression and/or gradu-
ated compression stockings, the vena caval filter is a useful
option for patients who are at high risk for anticoagulation
such as patients with concurrent severe head injury (221). Re-
movable filters are important for patients with SCI. “Quad”
coughing is a Heimlich maneuver used for pulmonary toilet to
clear secretions in SCI patients with a poor cough (222). Caval
filters have been reported to embolize or perforate with quad
coughing, and quad coughing probably should be avoided until
the filter is removed.

Following trauma, full anticoagulation may be indicated
for patients who have undergone spinal surgery. This may oc-
cur in the setting of acute pulmonary embolism or myocardial
ischemia or infarction. There are no prospective randomized
studies of the safety of anticoagulation following spinal surgery
(223). In this setting, an open discussion of the risks and bene-
fits with the patient and his or her decision makers is necessary.
If anticoagulation is used, close neurologic checks are essential
as early evacuation of an acute epidural hematoma can impact
neurologic outcome if the injury to the spinal cord is incomplete
(224,225).

Nut rit ional Sup p ort and
Me t ab olic Chang e s

As described above, traumatic injury is associated with a hy-
permetabolic, catabolic state with nitrogen loss. In spinal cord
injury victims, indirect calorimetry will be more accurate than
the Harris-Benedict equation to determine metabolic needs
(157,226). Although metabolic needs may be increased, the
resting energy expenditure may be lower than expected.

Aut onomic Dysrefle xia

Autonomic dysreflexia (AD) is a life-threatening hyperten-
sive emergency that typically occurs in patients with motor-
complete SCI above the T6 neurologic level (227,228). Auto-

nomic dysreflexia is typically seen in the rehabilitative phase of
SCI; it has been recognized as early as 4 days after injury (229).
Noxious stimuli including fecal impaction, bladder distention,
or pain to the lower extremities increases sympathetic out-
flow below the injury level. Resultant vasoconstriction of the
splanchnic bed forces blood into the system circulation and in-
creases blood pressure. Reflex parasympathetic outflow rostral
to the injury allows flushing of the skin above the level of the le-
sion and bradycardia. Recognition of this entity and detection
and removal of the inciting noxious stimulus is primary. Blood
pressure treatment traditionally included ganglionic blockers,
although intravenous antihypertensives such as nicardipine or
nitroprusside can be effective.

Prog nosis

To better standardize the language used to describe SCI, the
American Spinal Injury Association developed the ASIA Spinal
Cord Injury Classification (Table 83.3) (230), which has shown
good interrater reliability, making the classification useful for
studies and comparison of outcome (231). Incomplete injury
has a better prognosis than those that are complete. The ASIA
Impairment Scale severity on presentation of injury is one
of the strongest predictors for outcome (232,233). Those in
group A are unlikely to have significant recovery (233) whereas
those in groups C and D recover better than those in B. Mag-
netic resonance imaging shows that complete spinal cord injury
was associated with more substantial maximum canal compro-
mise, spinal cord compression, length of lesion, hemorrhage,
and cord edema. Substantial canal compromise, intramedullary
hemorrhage, and cord edema at time of presentation were pre-
dictive of a poorer prognosis (234).

Two clinical entities described in SCI are pertinent to prog-
nosis. The first, spinal shock, is a transient loss of spinal cord
sensorimotor function. Patients present with flaccid paralysis
and loss of all spinal cord reflexes including the bulbocaver-
nosus, cremasteric, and deep tendon reflexes. Priapism can be
seen due to local unopposed parasympathetic outflow. If there
is no anatomic injury, function returns within hours to days.

TA BLE 8 3 . 3

AMERICAN SPINAL INJURY ASSOCIATION
IMPAIRMENT SCALE

A: Complete: No motor or sensory function is preserved in the
sacral segments S4–S5.

B: Incomplete: Sensory but not motor function is preserved
below the neurologic level and includes the sacral segments
S4–S5.

C: Incomplete: Motor function is preserved below the
neurologic level, and more than half of key muscles below
the neurologic level have a muscle grade less than 3.

D: Incomplete: Motor function is preserved below the
neurologic level, and at least half of key muscles below the
neurologic level have a muscle grade of 3 or more.

E: Normal: Motor and sensory function are normal.

From Krassioukov AV, Furlan JC, Fehlings MG. Autonomic
dysreflexia in acute spinal cord injury: an under-recognized clinical
entity. J N eurotrauma. 2003;20:707–716.
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The second is the central cord syndrome (CCS) in which
the motor deficit in the upper extremities is disproportionately
worse than that in the lower extremities, with bowel and blad-
der dysfunction and variable sensory loss below the level of in-
jury (235,236). Typically, central cord syndrome results from
hyperextension injury without a fracture in older patients as
a result of a stenotic spondylotic cervical canal (238). Motor
recovery is improved when there is a higher motor score at
the time of injury (236). The natural history of central cord
syndrome is good neurologic recovery, although some patients
have persistent neurologic deficits. Conservative nonsurgical
treatment is the usual course. Another group predisposed to
central cord syndrome includes a younger population with
acute central cervical disc herniation or with spinal instabil-
ity that may require surgical decompression or stabilization.

SUMMARY
Primary prevention and avoidance of neurologic injury would
be ideal. Once neurologic injury ensues, a key principle is
that the primary injury helps determine prognosis; however,
secondary injury will also play a significant role in the over-
all functional outcome. Preventable significant secondary neu-
rologic injury can occur in the ICU. The role of the inten-
sivist is to identify these mechanisms of injury and to optimize
management. Priority concerns are adequate cerebral perfu-
sion pressure, maintenance of adequate blood pressure and eu-
volemia, good oxygenation, fever control, adequate nutrition,
and avoiding complications of critical care.
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CHAPTER 84 ■ CNS VASCULAR DISEASE
DAVID A. DECKER r BRIAN L. HOH r MICHAEL F. WATERS

IMMEDIATE CONCERNS

Major Prob le ms

The first concern is to establish the diagnosis of stroke and de-
termine if the patient is a candidate for thrombolytic therapy.

St re ss Point s

1. Strokes may be ischemic, resulting from the occlusion of
small or large arteries, or hemorrhagic, resulting from the
rupture of a conducting artery or an intraparenchymal ar-
teriole.

2. An abrupt focal lateralizing neurologic deficit attributable
to a cerebrovascular distribution is the hallmark of ischemic
stroke.

3. A depressed level of consciousness is rarely the presenting
symptom of ischemic stroke and much more commonly oc-
curs in the setting of a hemorrhagic event.

4. Patients with acute ischemic stroke may be candidates for
thrombolytic therapy, but the therapeutic window is ex-
tremely narrow, so timely diagnosis and evaluation is of the
utmost importance.

Esse nt ial Diag nost ic Te st s and Proce d ure s

1. A computed tomography (CT) scan of the brain is criti-
cal for the initial evaluation and management of the stroke
patient. Additionally, when available, CT angiography and
perfusion studies may aid in diagnosis and management.

2. Magnetic resonance imaging (MRI) is more sensitive than
CT, but it is usually less available urgently, and patients must
remain still for a much longer period of time.

3. Vascular ultrasound allows rapid bedside assessment of ab-
normal flow within the major intracranial and extracranial

arteries and can provide valuable immediate information
about the vascular physiology to supplement the anatomic
information provided by the CT scan.

4. A transthoracic or transesophageal echocardiogram may
identify potential cardiac sources of cerebral emboli.

5. An electrocardiogram (ECG) followed by continuous car-
diac telemetry monitoring is often necessary to identify ar-
rhythmias associated with stroke.

6. A lumbar puncture may be necessary to rule out subarach-
noid hemorrhage (SAH) in patients in whom the diagnosis
is strongly suspected but CT is unrevealing.

Init ial The rap y

1. Thrombolytics are the mainstay of treatment of acute is-
chemic stroke in eligible patients.

2. Careful attention to blood pressure may reduce complica-
tions such as hemorrhage.

3. Supportive care, with special attention paid to prevention of
aspiration pneumonia and deep vein thromboses, is essential
to reduce mortality associated with stroke.

4. Rapid initiations of secondary preventive therapies are ef-
fective in reducing risk for recurrent stroke.

5. Certain patients, such as those with large ischemic or hemor-
rhagic strokes, will require monitoring of intracranial pres-
sure and, potentially, decompressive surgery.

DIFFERENTIAL DIAGNOSIS
Most patients who suddenly develop a lateralized focal neuro-
logic problem have, in fact, had a stroke. It is by far the most
common acute, focal, nontraumatic brain disease. When the
presentation differs from this definition, further investigation
and supportive evidence should be sought before establishing
the diagnosis. As shown in Table 84.1, there are many stroke
symptoms that may occur alone, unaccompanied by other



Chap t e r 84: CNS Vascular Disease 1261

TA BLE 8 4 . 1

SYMPTOMS SELDOM RESULTING FROM
CEREBROVASCULAR DISEASE

Vertigo alone Confusion
Dysarthria alone Memory loss
Dysphagia alone Delirium
Diplopia alone Coma
Headache Syncope
Tremor Incontinence
Tonic-clonic motor activity Tinnitus

evidence of neurologic damage, that are not an expression of
vascular disease. Most of the errors in the diagnosis of stroke
occur in patients with altered mental status. Beware of attribut-
ing such nonfocal symptoms to strokes without corroborating
historic or diagnostic evidence.

Table 84.2 lists the diseases most commonly mistaken for
stroke. Epilepsy mimics stroke more often than any other con-
dition. In one study of 821 consecutive patients admitted to
a stroke unit, only 13% had a disease other than stroke, but
almost 40% of these misdiagnosed patients had seizures (1).
Focal onset seizures may leave a portion of the ictal brain dys-
functional for a prolonged period (hours or more), and the
deficits may be indistinguishable from those of ischemic stroke.
Often, the only clues will be a history of seizures or absence of
diagnostic evidence of ischemia.

Intracranial hemorrhage, encephalitis, or other structural
brain lesions, such as tumors, may produce focal deficits iden-
tical to ischemic stroke. However, headache and altered or de-
pressed level of consciousness are more likely to be the primary
complaint in these cases. Findings consistent with infection or
demonstration of a hemorrhage on CT are usually all that is
required to differentiate these disorders from ischemic stroke.
The next largest group of mistaken diagnoses occurs in patients
suffering confusion and neurologic deficits from drug intoxica-
tion, alcohol, or metabolic abnormalities. Extreme electrolyte
or serum glucose derangements can produce temporary focal
deficits.

Migraine may produce several transient neurologic symp-
toms that may be misinterpreted as stroke. Visual phenom-
ena, such as bright lines, and blurriness or loss of vision are
commonly described. Sensory disturbances, and particularly
well-demarcated regions on the upper extremity and periorally
often occur. These symptoms may occur with or without the
associated head pain but do not respect laterality or vascular

TA BLE 8 4 . 2

CONDITIONS MOST FREQUENTLY MISTAKEN FOR
STROKE

Seizures Peripheral neuropathy and
Metabolic encephalopathy Bell palsy
Cerebral tumor Multiple sclerosis
Subdural hematoma Hypoglycemia
Cerebral abscess Encephalitis
Vertigo, Meniere disease Migraine

Psychogenic illness

territories as ischemic strokes do. People who suffer migraines,
however, are at increased risk for ischemic stroke, so a thor-
ough evaluation is warranted before dismissing the symptoms,
particularly if it is the first occurrence. Motor deficits only very
rarely result from migraine, so they should be attributed to
stroke until proven otherwise.

Occasionally, peripheral nerve lesions, such as Bell palsy,
may appear suddenly and mimic an ischemic stroke. Care-
ful differentiation between upper and lower motor signs will
most often clarify the diagnosis, but incomplete presentations
can be confusing. In general, dense paralysis in the absence
of other neurologic signs or complaints is more likely the re-
sult of a peripheral lesion. Although uncommon, stroke may
present with bizarre or otherwise unbelievable symptoms, so
the diagnosis of a psychogenic disorder should remain one of
exclusion.

Establishing a correct diagnosis of these stroke mimics usu-
ally depends heavily on the patient’s history, and the physician
must specifically probe for characteristics of these diseases. A
thorough history and physical examination, combined with ap-
propriate laboratory testing and brain imaging such as MRI or
CT scan, can usually exclude most conditions that mimic a
stroke.

ISCHEMIC STROKE

Pat hog e ne sis

Ischemic stroke occurs when the supply of blood to brain tis-
sue is acutely interrupted. Normal cerebral blood flow in gray
matter is about 80 mL/100 g tissue per minute, whereas white
matter is about 20 mL/100 g tissue per minute. A global av-
erage in cortical mantle (assuming a 50:50 mix of gray and
white matter) is about 50 mL/100 g tissue per minute. Mod-
est perturbations of the amount of cerebral blood flow can be
accommodated by the autoregulatory capacity of the cerebral
vasculature. When systemic blood pressure drops, resistance
vessels in the brain dilate to increase flow. Once these vessels
are maximally dilated, further drops in systemic pressure will
reduce cerebral blood flow. If the average cerebral blood flow
drops below 35 mL/100 g tissue per minute, protein synthesis
stops; below 20 mL/100 g tissue per minute, synaptic failure oc-
curs and neurons cease to function. As this threshold is crossed,
patients become suddenly symptomatic. When cerebral blood
flow drops below 10 mL/100 g tissue per minute, metabolic
failure and irreversible cell death occur.

Disruption of blood flow to the brain does not affect all tis-
sues within the vascular distribution equally. Most often, there
is a region with markedly reduced flow that quickly undergoes
infarction; surrounding that area are regions with diminished
flow that will survive longer, but not indefinitely. This poten-
tially salvageable area is referred to as the penumbra. The pur-
pose of acute stroke therapies is to salvage the penumbra.

In the general adult population, the causes of disruptions
of arterial flow can be separated into three major categories
based on cause: (i) large vessel atherothrombotic disease, (ii)
small vessel (lacunar) infarction, and (iii) cardiogenic em-
bolism. This categorization will focus the diagnostic evalua-
tion and therapy and has prognostic implications. Determin-
ing the cause will also guide the clinician in administering the
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appropriate level of care based on the possibility of progres-
sion and anticipated complications. For example, subtle speech
changes and right hand weakness could be the presenting symp-
toms of any of the three stroke subtypes outlined above. If a
lacunar infarction is the cause, symptoms will most likely be
maximal at onset and rarely will the patient experience compli-
cations compromising respiration or circulation. The volume
of brain tissue involved is by definition small, and the risk for
progression or recurrence in the acute period is quite small. A
cardiogenic embolus would also be expected to cause symp-
toms maximal at onset, but the infarct volume could be large
enough to cause mass effect and, depending on the underlying
cardiac pathology, the risk for complications could be substan-
tial.

Larg e Ve sse l At he ro t hromb osis
Large vessel atherothrombosis encompasses approximately
15% of all strokes; of these, two thirds are of extracranial
internal carotid artery (ICA) origin, and one third are due to
intracranial atheromatous disease (2). Atheromatous disease of
large vessels is a slowly degenerative process, but as the disease
progresses, the chance for lesion instability increases. Vascu-
lar plaques may fragment, exposing an ulcerated surface that
is highly thrombogenic and leading to local occlusion or cre-
ation of emboli material. Thus, in large vessel disease, throm-
bosis or artery-to-artery embolism are often parts of the same
underlying pathologic process. Atherosclerotic lesions tend to
occur at bifurcations or sharp turns in the vessel, both of which
are associated with increased blood flow turbulence. The pro-
totypic example of this is carotid stenosis at the origin of the
ICA. Other common extracranial sites include the origin of
the vertebral artery and the other great vessels. Intracranially,
common sites include the distal vertebral artery, the midbasilar
artery, the siphon of the ICA, and the proximal middle cerebral
artery (MCA).

Lacunar St roke s
Lacunar strokes represent approximately one quarter of all
such events. They are caused by occlusion of a single perfo-
rating arteriole, such as those that supply deep brain structures
like the thalamus, pons, or basal ganglia (Fig. 84.1). The result
is a small infarction—by most definitions, less than 1 cm3—
that undergoes liquefaction necrosis with time, leaving a tiny
fluid-filled space for which they are named. The primary risk
factor for lacunar infarction is hypertension, which results in
lipohyalinosis of the vessel wall with progressive concentric
stenosis and eventual thrombosis (3).

Card iog e nic Emb olism
Approximately 60% of all ischemic strokes are caused by cere-
bral embolism, of which only one third have a definitively
known clinical source (4). Cerebral emboli may be composed of
atherosclerotic plaque material, clotted blood, or, in rare cases,
air or fat. Once free in the arterial circulation, the emboli will
tend to follow the straightest path formed by the most blood.
Therefore, most emboli will affect distal branches of the MCA,
although other locations are possible; the larger the embolus,
the more proximal it will lodge.

Cerebral emboli may originate from atheromatous disease
of more proximal large vessels, such as the aortic arch, as out-
lined above, or the heart (5). Atrial fibrillation is the most com-
mon cardiac cause, but others include valvular heart disease,

intracardiac thrombus, atrial myxoma, dilated cardiomyopa-
thy, patent foramen ovale (PFO), especially when accompanied
by an atrial septal defect, and endocarditis. Air emboli are usu-
ally iatrogenic and result when a large amount of air enters
the venous circulation (e.g., through a central venous catheter)
and bypasses the lungs through a PFO, thereby entering the
arterial circulation. Fat emboli are generally the result of long-
bone fractures in severe trauma. It is important to seek out
the definitive source whenever possible, as it may have a pro-
found impact on the management of secondary stroke preven-
tion. For example, although most sources of cardiogenic emboli
are treated with oral anticoagulation, several conditions may
contraindicate it, such as bacterial endocarditis (6) or atrial
myxoma (7).

Art e rial Disse ct ions
Although arterial dissections may occur at any age, they are
probably the most common cause of stroke in young patients
(younger than 50 years old) who are unlikely to have typical
risk factors. Arterial dissections may arise spontaneously or
following a traumatic head or neck injury (8). These lesions
typically arise at the petrous portion of the ICA or at the cervi-
cal 1–2 level in the vertebral artery. Thrombus may form at the
site of intimal tear, extending into the media, with subsequent
artery-to-artery embolism. If a large intimal flap or intramural
hematoma forms, occlusion of the affected vessel may occur.
Dissection may also lead to subarachnoid hemorrhage when
a pseudoaneurysm forms after the artery passes intradurally
(9).

Clinical Evaluat ion

Hist ory
The history, when available, is the key instrument in diagnosing
neurologic disease. If the patient is unable to provide a reliable
history, which is often the case in acute brain dysfunction, then
historic details should be sought from witnesses, family, EMS
records, or whatever sources are available; no other diagnostic
tool will so quickly narrow the differential diagnosis.

The key historic element in ischemic cerebrovascular disease
is sudden onset of symptoms, which are typically maximal at
onset. Under certain circumstances, the symptoms may follow
a stuttering or stepwise progression, but in each instance there
is a sudden change. Contrast this with the waxing and waning
character of delirium or the symptoms that may develop over
days to weeks from a brain tumor. There is an unfortunate
tendency to dismiss symptoms of short duration, but this is a
serious mistake, as the duration of the symptoms speaks little
to the underlying pathogenesis. For example, a patient with
occult atrial fibrillation may suffer transient neurologic deficits
from an embolus that happens to spontaneously lyse before
infarction has completed. Without addressing the underlying
cause, the patient is unlikely to continue to be so fortunate,
and an opportunity to prevent a devastating neurologic injury
will have been lost.

If the ictal event is consistent with a stroke, the remainder
of the initial history should be focused on determining if the
patient is a candidate for thrombolytic therapy and identify-
ing possible risk factors. Whereas other details not elucidated
in the initial history can be revisited at a later time, it is of
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FIGURE 84.1. Intracerebral hemorrhage of the left basal ganglia.
Hyperdense appearance of blood on the CT scan easily defines the
extent of hemorrhage.

the utmost importance to obtain the exact time of symptom
onset, as current acute stroke treatment protocols depend on
this for inclusion. If the onset was not witnessed, then the time
when last known to be normal is used. For example, if the pa-
tient awakes with symptoms, then the time when the patient
retired is used (assuming he or she was asymptomatic then).

The reason time of onset is so important is that it is used as
a surrogate marker for the likelihood that salvageable tissue
remains. Additionally, the risk of intracerebral hemorrhage as-
sociated with thrombolytics increases with time after onset of
symptoms. Current research is focused on using multimodal
imaging to generate physiologic data that may be used in lieu
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TA BLE 8 4 . 3

INCLUSION CRITERIA FOR tPA USE

1. Symptoms consistent with acute ischemic stroke, with a
clearly defined onset of less than three hours before rt-PA
will be given (if the onset was not witnessed, the ictus is
measured from the time the patient was last seen to be at
baseline);

2. A significant neurological deficit is expected to result in
long-term disability

3. A non-contrast CT with no evidence of hemorrhage or
well-established infarction.

CT, computed tomography.
From Adams HP Jr, Del Zoppo G, Albert MJ, et al. Guidelines for the
early management of adults with ischemic stroke: a guideline from the
American Heart Association/American Stroke Association Stroke
Council, Clinical Cardiology Council, Cardiovascular Radiology and
Intervention Council, and the Atherosclerotic Peripheral Vascular
Disease and Quality of Care Outcomes in Research Interdisciplinary
Working Groups: the American Academy of Neurology affirms the
value of this guideline as an educational tool for neurologists. Stroke.
2007;38(5):1655–1711, with permission.

of time to identify patients with a salvageable penumbra, but
these techniques have yet to mature.

Aside from time of onset, factors that may place the pa-
tient at increased risk for bleeding must be sought. Tables 84.3
through 84.5 list common inclusion and exclusion criteria for
intravenous (IV)-tPA (tissue plasminogen activator), which are
based on those used in the pivotal trials. Most institutions have
their own protocols, which may vary somewhat from those
used in the trials.

TA BLE 8 4 . 4

ABSOLUTE CONTRAINDICATIONS TO tPA USE

1. Mild or rapidly improving deficits
2. Hemorrhage on CT, well-established acute infarct on CT, or

any other CT diagnosis that contraindicates treatment,
including abscess or tumor (excluding small meningiomas)

3. A known CNS vascular malformation or tumor
4. Bacterial endocarditis

CT, computed tomography; CNS, central nervous system.
From Adams HP Jr, Del Zoppo G, Albert MJ, et al. Guidelines for the
early management of adults with ischemic stroke: a guideline from the
American Heart Association/American Stroke Association Stroke
Council, Clinical Cardiology Council, Cardiovascular Radiology and
Intervention Council, and the Atherosclerotic Peripheral Vascular
Disease and Quality of Care Outcomes in Research Interdisciplinary
Working Groups: the American Academy of Neurology affirms the
value of this guideline as an educational tool for neurologists. Stroke.
2007;38(5):1655–1711, with permission.

Once a decision regarding acute treatment has been made,
attention can be directed to identifying conditions that may
have caused the patient’s stroke. Cerebrovascular and cardio-
vascular diseases share many of the same risk factors, includ-
ing hypertension, hyperlipidemia, diabetes mellitus, cigarette
smoking, and obesity. Other risk factors that may be important
include obstructive sleep apnea, migraine headaches with an
aura, and drug abuse. Family history may provide insight into
heritable causes of stroke such as cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopa-
thy (CADASIL) or Fabry disease.

TA BLE 8 4 . 5

RELATIVE CONTRAINDICATIONS TO tPA USE

1. Significant trauma within the past 3 months (including CPR with chest compressions within the past 10 days)
2. Ischemic stroke within 3 months
3. History of intracranial hemorrhage, or symptoms suggestive of subarachnoid hemorrhage
4. Major surgery within the past 14 days
5. Minor surgery within past 19 days, including liver and kidney biopsy, thoracentesis, and lumbar puncture
6. Arterial puncture at a noncompressible site within past 14 days
7. Pregnancy (and ≤ 10 days postpartum)
8. Gastrointestinal, urologic, or respiratory hemorrhage within past 21 days
9. Known bleeding diathesis (includes renal and hepatic insufficiency)

10. Peritoneal dialysis or hemodialysis
11. PTT > 40 sec, PT > 15 (INR > 1.7), platelet count < 100,000
12. Seizure at onset of stroke (This relative contraindication is intended to prevent treatment of patients with a

deficit due to postictal Todd paralysis or with seizure due to some other CNS lesion that precludes
thrombolytic therapy. If rapid diagnosis of vascular occlusion can be made, treatment may be given.)

13. Glucose < 50 or > 400 mg/dL (This relative contraindication is intended to prevent treatment of patients with
focal deficits due to hypoglycemia or hyperglycemia. If the deficit persists after correction of the serum
glucose, or if rapid diagnosis of vascular occlusion can be made, treatment may be given.)

14. Systolic BP > 180 mm Hg or diastolic BP > 110 mm Hg, despite basic measures to lower it acutely
15. Consideration should be given to the increased risk of hemorrhage in patients with severe deficits (NIHSS

> 20), age > 75, or early edema with mass effect on CT.

CPR, cardiopulmonary resuscitation; PTT, partial thromboplastin time; PT, prothrombin time; INR, international normalized
ratio; CNS, central nervous system; BP, blood pressure; NIHSS, National Institutes of Health Stroke Scale; CT, computed
tomography.
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Ne uro log ic Examinat ion
The neurologic examination will allow the clinician to quickly
determine which brain areas are dysfunctional and further nar-
row the differential diagnosis. The neurologic deficits caused
by ischemic cerebrovascular disease are expected to be later-
alizing and confined to a vascular distribution. For example,
the triad of language disturbance and right face and arm mo-
tor deficits is typical for occlusion of the left MCA. However,
sudden-onset motor and sensory deficit of both arms is not lat-
eralizing, nor readily explained by a cerebrovascular occlusion,
and thus is more likely due to spinal cord pathology.

The first step in localization of vascular lesions is determin-
ing, based on the signs and symptoms, whether they arise from
the anterior circulation (carotid artery and its main branches,
the anterior and middle cerebral arteries) or the posterior circu-
lation (vertebral, basilar, and posterior cerebral arteries). This
finding will guide the remainder of the diagnostic evaluation,
therapy, and prognosis. Ideally, these two separate circulations
would be robustly connected such that a failure in one could
be compensated by the other, but this is rarely the case.

The two symptoms that most accurately reflect carotid cir-
culation disease are aphasia and monocular blindness. Apha-
sia is a deficit in either the expression or comprehension of
language and may involve both in the acute period. Aphasia
must be distinguished from dysarthria, which is the inability to
correctly produce words due to motor impairment of facial, lin-
gual, or pharyngeal muscles; dysarthria may result from either
anterior or posterior circulation infarcts. The areas responsi-
ble for language reside in the dominant (nearly always left)
hemispheric cortex, within the territory of the MCA; a stroke
causing aphasia must, therefore, involve this circulation. Sim-
ilarly, the blood supply of the eye arises largely from the oph-
thalmic artery, a direct branch from the carotid artery, and
monocular ischemia therefore implicates the carotid circula-
tion. The prototypic example of this process is amaurosis fu-
gax, or transient monocular blindness in which vision is lost in
one eye for minutes. This must be contrasted with a visual field
deficit, which affects one field of both eyes, as this is more likely
the result of posterior circulation ischemia. Pain is rarely a sig-
nificant complaint, but when present, especially if following
the course of a major blood vessel, arterial dissection should
be considered. Involvement of the carotid artery may cause a
Horner syndrome.

Because of the density of discrete populations of neurons
supplied by the posterior circulation, the clinical syndromes
that result from strokes in this area are usually more complex
than those in the cerebral hemispheres. The medulla, pons, mid-
brain, cerebellum, parts of the thalami, and the visual cortices
are the major structures involved. Strokes involving the brain-
stem often manifest with cranial nerve dysfunction (dysarthria,
dysphagia, diplopia). Crossed signs, with motor or sensory
deficits affecting one side of the face and the opposite side of the
body, may occur as major decussations in these pathways and
occur in the pons and medulla. The unique vascular anatomy
of the basilar artery, with a single midline vessel supplying both
sides of the pons and the posterior cerebral arteries, may lead
to bilateral neurologic deficits.

Lacunar infarctions also have a set of clinical features that
may be used to differentiate them from other stroke subtypes.
Classic lacunar syndromes include pure motor hemiparesis
(caused by infarction in the internal capsule or basis pontis),
pure hemisensory symptoms (caused by infarction in the ven-

tral posterolateral [VPL] thalamic nucleus), dysarthria–clumsy
hand syndrome (with pontine or internal capsule infarcts), and
ataxia-hemiparesis (pontine infarct).

Vascular Syst e m Examinat ion
Physical examination of the vascular system itself is usually sur-
prisingly unrewarding. Atherosclerosis may present few out-
ward signs. Although carotid bruits were classically empha-
sized, modern ultrasound techniques have proven them to be
of low sensitivity and specificity for predicting vascular disease.
No characteristic feature, including the volume, pitch, or dura-
tion of the bruit, reliably indicates the degree or the nature of
constriction of the vascular lumen. Many bruits reflect benign
conditions. The clinical significance of carotid bruits is mini-
mized because they are audible in many asymptomatic persons
without atherosclerosis who never suffer from cerebrovascular
disease, but may be absent in severely diseased vessels. There-
fore, even if a carotid bruit is detected, it may be difficult to
decide whether it is relevant to the patient’s symptoms, and it
should not be given undue emphasis in the overall evaluation.
Clinical decisions should be based on definitive assessment of
blood vessels using ultrasound or angiography.

Examination of the heart should focus on detecting throm-
bogenic diseases, including myocardial infarction, congestive
heart failure, arrhythmias, prosthetic valves, and bacterial en-
docarditis. Heart disease is a key risk factor for stroke and
may complicate the acute period. Patients with stroke may
also present concurrently with a myocardial infarction (MI)
and, without careful examination, the less dramatic of the two
may go undetected. Elevation of serum troponin levels is a very
sensitive and specific indicator of an MI. Isolated creatine ki-
nase (CK)-MB elevations should be interpreted with caution,
however, as the MB fraction is expressed in brain tissue, and
small elevations are not uncommon in stroke (10).

Lab orat ory St ud ie s
Laboratory studies will also help narrow the differential diag-
nosis and may reveal relevant comorbid conditions. Some stud-
ies need to be obtained immediately to determine a patient’s
candidacy for thrombolytic therapy, including an electrolyte
battery, glucose, platelet count, cardiac enzymes, beta-HCG
(human chorionic gonadotropin), and coagulation parameters.
Severe electrolyte (specifically hyponatremia or hypernatremia)
or glucose disturbances can cause neurologic dysfunction that
may mimic stroke. Cardiac enzymes will determine if cardiac
ischemia is part of the current presentation, and a beta-HCG
will reveal occult pregnancy, both of which may be contraindi-
cations to systemic thrombolytics. Coagulation parameters and
a platelet count will identify patients who may be at greater risk
for bleeding.

Other laboratory studies will help determine the cause and
identify risk factors but do not need to be obtained immediately.
A fasting lipid profile should be obtained for potential vascu-
lar risk factor modification. In patients older than 50 years
of age, an erythrocyte sedimentation rate and C-reactive pro-
tein are essential if giant cell arteritis is suspected. In patients
for whom an unusual cause of stroke is suspected (young pa-
tients or minimal vascular risk factors), laboratory investiga-
tion of prothrombotic states could be considered. The interpre-
tation of these tests is very complex and should be performed
in consultation with a hematologist (11). Toxicology screen-
ing should be performed on hospital admission, with attention
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FIGURE 84.2. Evolving radiographic evidence of cerebral infarction.
CT scan at 3 hours (A) shows little evidence of acute ischemia. At 3
days, damaged brain is indicated by hypodensity in the left subcortical
region (B). At 8 days, frank infarction is now clearly demonstrated by
CT (C).

directed to amphetamines, phencyclidine, ephedrine, and co-
caine.

Imag ing St ud ie s
CT Scan. Several imaging studies are used in the evaluation
of acute stroke. A noncontrasted CT scan of the brain is the
standard initial evaluation for stroke. CT is very sensitive to the
presence of hemorrhage, which is the primary reason for its use
in the acute setting, and is the only radiologic test necessary to
determine eligibility for IV-tPA. CT is not sensitive for detec-
tion of an acute cerebral infarction (Fig. 84.2), and the lack of
abnormality within the first 24 hours should be expected. The
view of the posterior fossa is also quite limited, and any changes
(with the exception of hemorrhage) seen within the brainstem
or cerebellum should be confirmed with MRI. When available,
CT angiography and perfusion studies can be obtained with
very little additional time and provide valuable additional in-
formation regarding the patency of blood vessels and blood
flow to individual large vessel territories. Pathologic changes on
these studies are visible immediately, but they require iodinated
contrast, which may be a limiting factor for some patients. The
angiographic results from CTA are closest to the traditional
gold standard exam: digital subtraction catheter angiography
(CTA). When examining the carotid arteries, the results from
CTA are often sufficient to differentiate a high-grade stenosis
(60% –99% ) that is treatable from complete occlusion that is
not.

MRI. MRI is far more sensitive for acute infarction than CT.
Diffusion MR sequences can detect ischemia within, perhaps,
minutes of onset. MRI is of special value in brainstem and pos-
terior circulation strokes, since the images it produces are not
obscured by bony artifacts as with CT (Fig. 84.3). The combi-
nation of multiple MRI sequences allows for much more spe-

cific differentiation between ischemic brain and other structural
abnormalities. In addition, MRI can display flow-related en-
hancement of the vasculature, resulting in a magnetic resonance
angiogram (MRA). The resulting image can be manipulated in
three dimensions, allowing for more accurate interpretation of
small abnormalities. However, MRA tends to slightly overes-
timate the degree of stenosis, and thus is not usually sufficient
to differentiate high-grade stenosis from occlusion (12). MRA
uses gadolinium as a contrast agent instead of an iodinated ma-
terial, making the study available to more patients. Perfusion
studies, very similar to those performed with CT, may also be
obtained if the right equipment is available. Disadvantages of
MRI and MRA include reduced availability and substantially
longer scanning times, which place some limitations on their
use.

Digital Subtraction Catheter Angiography. Digital subtraction
catheter angiography is an invasive imaging technique in which
the artery of interest is selectively catheterized under fluo-
roscopy and dye injection enables a high resolution view of
the vessel that can be obtained in multiple planes. As the qual-
ity of noninvasive imaging techniques has improved and the
associated morbidity has decreased to approximately 1% (11),
catheter angiography is no longer used as a routine screen-
ing test. Indications now include precisely delimiting critical
vascular stenoses and examination of arterial dissections, arte-
riovenous malformations, and aneurysms.

Carotid Ultrasound. Carotid ultrasound provides a rapid non-
invasive assessment of carotid artery disease, based on abnor-
malities of either flow (Doppler) or morphology (B-mode). As
with any ultrasound technique, sensitivity is to some degree
operator dependent, but with experienced technicians and in-
terpreters, duplex scanning provides a reproducible, accurate
screening examination for carotid disease. However, this tech-
nique suffers from the same limitation as MRA in differenti-
ating high-grade stenosis and occlusion. Lesions of the more
distal internal carotid artery may also be difficult to visualize
in some patients.

Transcranial Doppler. Transcranial Doppler (TCD) allows
rapid bedside assessment of abnormal flow within the distal
ICA and major intracranial arteries. It is primarily a functional
study that provides information about blood flow velocity and
vascular resistance rather than structural features. The 2-MHz
ultrasonic signal can penetrate various bony “windows” in
most patients, and its gated character allows identification of
arteries by “depth” of the reflected signal. TCD can examine
proximal portions of all major branches of the circle of Willis,
but is insensitive for pathology beyond the A1, M1, or P1 seg-
ments. Newer applications include detection of microemboli
and online monitoring of arterial flow during invasive proce-
dures, such as carotid endarterectomy (Fig. 84.4). TCD may
also be useful as an adjunctive therapy to tPA, as continuous
insonation may enhance thrombolysis (13). Disadvantages in-
clude major dependency on operator skill and the prevalence
of acoustically inadequate bony windows.

Transthoracic Echocardiography. Transthoracic echocardiog-
raphy (TTE) is essential to evaluate cardiac function. Physi-
cians must attend not only to a visualized thrombus, but also to
other pathologic states associated with systemic embolization,
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FIGURE 84.3. MRI demonstrates enhancing left lateral medullary in-
farction in a patient with Wallenberg syndrome.

including left ventricular wall motion abnormalities, chamber
dilatation, valvular disease, ejection fraction, and septal de-
fects. TTE can be routinely performed and is a superior study
for the detection of ventricular apex pathology, left ventri-
cle thrombus, and views of prosthetic valves. Transesophageal
echocardiography (TEE) provides much greater resolution and
is more sensitive for pathology of the left atrial appendage,
intra-atrial septum, atrial aspect of mitral-tricuspid valves, and
the ascending aorta. TEE is an invasive procedure that requires
sedation but can be performed safely on most patients (14).

Manag e me nt

Acut e The rap y
As with any acutely ill patient, attention should initially be
focused on the evaluation of airway, breathing, and circula-
tion. A secure airway should be established for patients with
a depressed consciousness. Supplemental oxygen or mechani-
cal ventilation should be used as needed to treat any degree of
hypoxia. Circulation assessment includes evaluation of blood
pressure and cardiac electrical activity with an ECG, as co-
existent MI is not uncommon. Patients with acute stroke are
often markedly hypertensive, and one should be cautious in

FIGURE 84.4. Transcranial Doppler. A: The normal flow-velocity pro-
file through the middle cerebral artery (velocity plotted over time dur-
ing three cardiac cycles) is demonstrated. B: Elevated flow velocities as
a result of the arterial spasm associated with subarachnoid hemorrhage
is demonstrated. C: Two microemboli are detected through the middle
cerebral artery as transient high-intensity signals.
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aggressively treating elevated blood pressure before a more
complete assessment of the patient has been completed (15).
Blood pressure goals are determined by type of stroke, cause,
and the presence of comorbid conditions, such as coronary
artery disease; this will be discussed in the following sections.

The immediate goal will be to determine if the patient is a
candidate for thrombolytic therapy; thus attention should be
focused on obtaining the relevant history and performing a neu-
rologic examination. The care of patients who will ultimately
not receive thrombolytic therapy will be discussed below (see
Supportive Care). Crucial for therapy is the proper determi-
nation of the exact time of onset of the stroke. The patient
must be witnessed to have had an abrupt change in neurologic
status by a reliable observer; otherwise the time of onset, by
default, must be the last time the patient was seen at his or her
baseline level of neurologic function. All patients should be
evaluated with the National Institutes of Health Stroke Scale
(NIHSS), which can help to exclude a patient from potentially
harmful therapy on the basis of the stroke being too small or
too severe.

Thrombolytic Therapy. Currently, thrombolytic treatment
with recombinant tissue plasminogen activator (tPA) in eligi-
ble stroke patients is the standard of care based on the re-
sults of four large trials: the National Institute of Neurological
Disorders and Stroke (NINDS) recombinant t-PA study (16–
18), the European Cooperative Acute Stroke Study (ECASS)-I
(19), ECASS-II (20), and the ATLANTIS tPA (Alteplase) Acute
Stroke Trial (parts A and B) (21,22). The collective results in-
dicate that patients treated with tPA within 3 hours of onset
were ≥ 30% more likely to have minimal or no disability at 3
months compared with placebo-treated patients (23). The aver-
age disability across all groups was, additionally, decreased in
the treatment group. The benefit seen by the tPA-treated group
existed regardless of patient age or stroke subtype.

To maximize the possible benefit and minimize the risk for
hemorrhage, the NINDS study helped to establish strict inclu-
sion criteria for the administration of thrombolytic therapy in
acute stroke patients, which are outlined in Table 84.3. Ab-
solute exclusion criteria have been established as well (Table
84.4). In addition, there is a long list of relative contraindica-
tions to thrombolytic therapy (Table 84.5), which often vary
slightly in institutional protocols. These can be summarized as
risks for bleeding from a noncompressible site, the presence
of potential stroke mimics, or uncontrollable hypertension.
The rationale for excluding patients with improving symp-
toms is to avoid giving a potentially harmful treatment to
patients with epileptic postictal presentations or spontaneous
recovery.

Tissue Plasminogen Activator (tPA). When the protocol is fol-
lowed, the administration of tPA is safe relative to other com-
monly accepted treatments. Several studies have attempted to
examine the risk, but perhaps the most clinically relevant is
the number needed to harm. For every 100 patients treated
with tPA who match the NINDS trials populations across all
levels of final global disability, approximately 32 will receive
benefit, and approximately 3 will be harmed (24). The risk–
benefit ratio, thus, strongly favors treatment. Many of the
hemorrhages that occur are asymptomatic, and of those that
are symptomatic, not all symptoms persist to discharge. Most
patients who experience intercerebral hemorrhage (ICH) after

tPA therapy have severe baseline insults and were already des-
tined for a poor outcome; thus the hemorrhage does little to
alter the final outcome (25). One should keep in mind that,
although excluding a patient from treatment will mitigate the
risk for hemorrhage, it also denies the patient a significantly
better chance of recovery.

The dose of tPA is 0.9 mg/kg, with a maximum dose of
90 mg; 10% is given as a bolus over 1 minute, and the re-
maining 90% is infused over 60 minutes. Following treatment,
patients should be monitored in an ICU for more than 24 hours.
While many post-tPA patients will not need ventilatory or pres-
sor support, as do many other patients in the ICU, blood pres-
sure monitoring and frequent neurologic exams are critical for
a favorable outcome, as hypertension dramatically increases
the risk for hemorrhage. Blood pressure must initially be mon-
itored noninvasively as arterial puncture is contraindicated for
24 hours after administration of tPA. All other invasive pro-
cedures, such as placement of nasogastric tubes, urinary blad-
der catheters, central venous lines, intramuscular injections,
and rectal temperature must be avoided for 24 hours as well.
Also, any drug that impairs hemostasis such as heparin, or
antiplatelet or nonsteroidal anti-inflammatory agents, are con-
traindicated during this 24-hour period.

Vital Signs. Vital signs should be checked every 15 minutes
for the first 2 hours, then every 30 minutes for 6 hours, and
then every hour for 16 hours. Blood pressure should be strictly
controlled for 24 hours, keeping the systolic blood pressure less
than 180 mm Hg and the diastolic blood pressure less than 105
mm Hg (Table 84.6). Labetalol is recommended for control of
hypertension; 10 mg should be given intravenously over 1 to
2 minutes, and the dose repeated or doubled every 10 to 20
minutes, up to a total of 150 mg. If the blood pressure remains
refractory despite these measures, consideration can be given
to a continuous infusion of nicardipine or sodium nitroprus-
side. Neurologic evaluation should be performed every hour.
Oxygenation should be checked by continuous pulse oximetry
and oxygen provided to keep saturation > 95% . The benefit of
therapeutic hypothermia is yet to be confirmed, but euthermia
is clearly associated with better outcome (26). Acetaminophen,
650 mg every 4 hours orally or rectally, should be given for any
temperature higher than 37.4◦C, and a cooling blanket used for
temperatures over 38.9◦C.

STAT Head CT. A STAT head CT should be performed for
any worsening neurologic status. Should an intracerebral hem-
orrhage develop following thrombolysis, several steps must be
taken emergently. Neurosurgery should be contacted for pos-
sible hematoma evacuation, and anticoagulation should be re-
versed according to the protocol outlined in Table 84.7.

Intra-arterial Approach for Thrombolytic Therapy. The use of
thrombolytic interventions outside of the 3-hour time window
is controversial. Trials that have extended the therapeutic win-
dow beyond 3 hours for intravenous therapy have failed to
show convincing benefit (19,20,22), as the risk of hemorrhage
rapidly increases with time. However, there have been several
attempts to prove the benefit of catheter-directed therapy via
an intra-arterial approach for focal clot lysis. The most studied
agent was prourokinase (27), but it was unfortunately removed
from the market in 1999 due to concerns with its preparation.
The agent most commonly used today is tPA.
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TA BLE 8 4 . 6

BLOOD PRESSURE CONTROL AFTER tPA

1. Management of blood pressure during and after treatment with tPA or other acute reperfusion intervention:
a. Monitor blood pressure every 15 minutes during treatment and then for another 2 hours, then every 30

minutes for 6 hours, and then every hour for 16 hours;
b. For systolic 180 to 230 mm Hg or diastolic 105 to 120 mm Hg:

i. Labetalol 10 mg IV over 1 to 2 minutes, may repeat every 10 to 20 minutes, maximum dose of 300 mg;
or

ii. Labetalol 10 mg IV followed by an infusion at 2 to 8 mg/min
c. For systolic greater than 230 mm Hg or diastolic 121 to 140 mm Hg:

i. Labetalol 10 mg IV over 1 to 2 minutes, may repeat every 10 to 20 minutes, maximum dose of 300 mg;
or

ii. Labetalol 10 mg IV followed by an infusion at 2 to 8 mg/min; or
iii. Nicardipine infusion, 5 mg/h, titrate up to desired effect by increasing by 2.5 mg/h every 5 minutes to

maximum of 15 mg/h
iv. If blood pressure not controlled, consider sodium nitroprusside.

From Adams HP Jr, Del Zoppo G, Albert MJ, et al. Guidelines for the early management of adults with ischemic stroke: a
guideline from the American Heart Association/American Stroke Association Stroke Council, Clinical Cardiology Council,
Cardiovascular Radiology and Intervention Council, and the Atherosclerotic Peripheral Vascular Disease and Quality of Care
Outcomes in Research Interdisciplinary Working Groups: the American Academy of Neurology affirms the value of this
guideline as an educational tool for neurologists. Stroke. 2007;38(5):1655–1711, with permission.

Theoretically, there are several potential benefits to treat-
ment of stroke via an intra-arterial approach. First, angio-
graphic confirmation of vessel occlusion can be obtained at
the time of treatment. Second, high concentrations of throm-
bolytic agents can be given directly at the site of thrombosis,
thereby minimizing systemic exposure. Third, the response to
lysis can be monitored by direct visualization. Fourth, mechan-
ical disruption of the clot (e.g., via balloon angioplasty, MERCI
device) may accelerate thrombolysis (28).

According to the American Stroke Association guidelines
(29), intra-arterial thrombolysis is an option for treatment of
selected patients who have major stroke of < 6 hours’ duration
due to occlusion of the MCA and who are not otherwise can-

didates for intravenous tPA. The availability of intra-arterial
thrombolysis should not preclude the administration of IV-tPA
in otherwise eligible patients. Treatment requires immediate ac-
cess to cerebral angiography and qualified interventionalists.

Sup p ort ive Care

Supportive care lacks the excitement and drama of acute ther-
apy, but nonetheless is critical to patient outcomes. Since the
1970s, mortality from stroke has markedly diminished from a
rate of 156 to 56/100,000 cases (30), with only 3% to 10%
of stroke patients receiving thrombolytic therapy; this trend

TA BLE 8 4 . 7

MANAGEMENT OF POST-tPA HEMORRHAGE

1. Blood should be sent STAT for CBC, PT, PTT, platelets, fibrinogen and D-dimer (this should be repeated every
two hours until bleeding is controlled).

2. Give two units of fresh frozen plasma every six hours for 24 hours after the thrombolytic agent was given.
3. Give cryoprecipitate (20 units); if the fibrinogen level is < 200 mg/dL at one hour, repeat the cryoprecipitate

dose.
4. Give 4 units of platelets.
5. Give protamine sulfate (1 mg per 100 units of heparin given in the past 3 hours);

a. A test dose of 10 mg slow IV push over 10 minutes should be given while observing for anaphylaxis;
b. Then the remaining dose by slow IV push, up to a maximum dose of 50 mg.

6. Institute frequent neuro checks, as well as management of increased ICP, as needed.
7. Aminocaproic acid (Amicar) can be given as a last resort, in a dose of 5 g in 250 mL normal saline IV over

1 hour.

CBC, complete blood count; PT, prothrombin time; PTT, partial thromboplastin time; IV, intravenous; ICP, intracranial pressure.
From Adams HP Jr, Del Zoppo G, Albert MJ, et al. Guidelines for the early management of adults with ischemic stroke: a
guideline from the American Heart Association/American Stroke Association Stroke Council, Clinical Cardiology Council,
Cardiovascular Radiology and Intervention Council, and the Atherosclerotic Peripheral Vascular Disease and Quality of Care
Outcomes in Research Interdisciplinary Working Groups: the American Academy of Neurology affirms the value of this
guideline as an educational tool for neurologists. Stroke. 2007;38(5):1655–1711, with permission.
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TA BLE 8 4 . 8

SUGGESTED RECOMMENDED GUIDELINES FOR TREATING ELEVATED BLOOD PRESSURE IN
SPONTANEOUS ICH

1. If SBP is > 200 mm Hg or MAP is > 150 mm Hg, then consider aggressive reduction of blood pressure with
continuous intravenous infusion, with frequent blood pressure monitoring every 5 minutes.

2. If SBP is > 180 mm Hg or MAP is > 130 mm Hg and there is evidence of or suspicion of elevated ICP, then
consider monitoring ICP and reducing blood pressure using intermittent or continuous intravenous
medications to keep cerebral perfusion pressure > 60 to 80 mm Hg.

3. If SBP is > 180 mm Hg or MAP is > 130 mm Hg and there is not evidence of or suspicion of elevated ICP, then
consider a modest reduction of blood pressure (e.g., MAP of 110 mm Hg or target blood pressure of 160/90
mm Hg) using intermittent or continuous intravenous medications to control blood pressure, and clinically
re-examine the patient every 15 minutes.

SBP, systolic blood pressure; MAP, mean arterial pressure; ICP, intracranial pressure.
From Broderick J, Connolly S, Feldmann E, et al. Guidelines for the management of spontaneous intracerebral hemorrhage in
adults: 2007 update: a guideline from the American Heart Association/American Stroke Association Stroke Council, High
Blood Pressure Research Council, and the Quality of Care and Outcomes in Research Interdisciplinary Working Group.
Circulation. 2007;116(16):e391–413, with permission.

cannot be explained by tPA (31,32). Rather, it is the advance-
ments made in the prevention of medical complications that
has reduced mortality.

Mot or Deficit s
Dysphagia is common after stroke, whether it be from upper or
lower motor neuron deficits. All patients with stroke should be
screened for dysphagia before being allowed to take anything
by mouth, as aspiration pneumonia is a substantial contrib-
utor to mortality after stroke (33). Any impairment in level
of consciousness or motor function of mouth, tongue, palate,
or muscles of facial expression should alert the physician to
a high risk for dysphagia. Coarse breath sounds may indicate
that aspiration has already occurred. A preserved gag reflex
may not indicate safety with swallowing (34). If any of these
signs are present, a formal swallowing evaluation is indicated.
Enteral access can be achieved by placement of a nasogastric or
Dobhoff tube. Feeding and hydration should be initiated imme-
diately (35). Dysphagia often improves rapidly, but placement
of a percutaneous endoscopic gastrostomy (PEG) tube may be
necessary for prolonged feeding.

Before the advent of routine prophylaxis, deep vein throm-
boses and resulting pulmonary emboli were common in
stroke patients who frequently have profound lower extrem-
ity immobility; pulmonary embolism presently accounts for
approximately 10% of deaths in stroke patients (36). Recent
trials, including PREVAIL (37), have shown low-molecular-
weight heparin to be safe and more effective than unfraction-
ated heparin. Early mobilization not only prevents deep vein
thromboses (DVTs), but also speeds rehabilitation.

Blood Pre ssure Maint e nance
Blood pressure goals in the acute period after ischemic stroke
are often a source of confusion for many practitioners. Ischemic
stroke patients are often quite hypertensive, and, while the re-
flex may be to aggressively lower the blood pressure, this may
cause more harm than benefit. When blood flow is impaired,
the resulting change in pressure gradients will allow circulation
through alternative or collateral paths. Through autoregula-
tion, these collateral vessels maximally dilate, and thus flow
becomes entirely dependent on cerebral perfusion pressure.
Some even advocate the induction of therapeutic hypertension

with pressors, but insufficient evidence exists to recommend
this practice. Therefore, lowering blood pressure potentially
reduces blood flow to the potentially salvageable penumbra.
Determining the exact pressure required for adequate blood
flow is not readily accomplished, so one must err on the side
of hypertension. For most stroke patients with acute hyperten-
sion, the general practice is to refrain from intervening until
the pressure exceeds an arbitrary limit of 220 mm Hg systolic
or 120 mm Hg diastolic (29). Patients with coronary artery
disease or those with another comorbidity that may preclude
tolerance of such pressures may require a careful decrement in
blood pressure. In these cases, it is recommended that blood
pressure be lowered slowly, using frequent smaller doses of
drug rather than larger ones that may cause rapid changes;
patients should be carefully observed for acute worsening as
pressure is lowered. In patients having received thrombolyt-
ics, the tolerable limit is lower, as the risk for intracerebral
hemorrhage increases with increasing blood pressure. In this
case, pressures greater than 180 mm Hg systolic or greater than
105 mm Hg diastolic require treatment according to the pro-
tocol (Table 84.8).

Hyp e rg lyce mia
Hyperglycemia will be detected on admission in approximately
one third of patients with stroke (38). Predictions for pa-
tients with persistent hyperglycemia (blood glucose level > 200
mg/dL) during the first 24 hours after stroke are expansion of
the volume of ischemic stroke and poor neurologic outcomes
(39). Our practice is to aggressively control glucose—keeping
it between 80 and 140 mg/dL—but care must be taken to avoid
hypoglycemia, as the morbidity from that may abolish the ben-
efit obtained from treating hyperglycemia.

Although most patients eventually improve substantially af-
ter a stroke, early clinical deterioration is not uncommon. Neu-
rologic causes of clinical deterioration include progressive or
recurrent stroke, hemorrhagic transformation of the infarct,
and local cerebral edema. The latter is the most common cause
of deterioration, and may well cause fatal herniation in large
MCA infarctions, especially in the young, women, and in pa-
tients with involvement of additional vascular territories (40).
Brain swelling typically appears about 4 days after the stroke
onset (41). Dramatic early swelling has been described; the
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term malignant MCA infarction is used to delineate a group of
patients with large territorial infarcts that swell within 24 hours
(42).

Ischemia-related edema is cytotoxic and unresponsive to
treatments useful for vasogenic edema. Corticosteroids, in par-
ticular, do not appear helpful, and hyperglycemia associated
with their use may worsen clinical outcome (29,43,44). Al-
though no evidence exists that ultimate outcome is improved,
certain treatments are often used to reduce intracranial pres-
sure: mannitol (1 g/kg bolus, then 0.3 g/kg every 6 hours)
dehydrates viable brain tissue (45) to create more space for
swelling tissue, and is primarily useful as a temporizing mea-
sure for patients destined for decompressive surgery, as the
effects of this medication are transient and associated with
eventual rebound. Other measures such as mechanical hyper-
ventilation (to a PaCO 2 of 25–30 mm Hg), or use of albumin
and furosemide to raise colloid oncotic pressure (to 25–30 mm
Hg) are used, but, again, their efficacy in improving outcome
remains to be demonstrated.

De comp re ssive Surg e ry
Decompressive surgery, including hemicraniectomy and duro-
tomy with temporal lobe resection, for treatment of brain
edema after stroke has been a controversial topic. Many studies
in the past have shown conflicting results, but these trials en-
rolled mixed age groups, and surgery was often not performed
until symptomatic herniation occurred (46). Three large Eu-
ropean trials (HAMLET, DESTINY, and DECIMAL) (47–49)
that enrolled patients younger than 60 years of age and treated
within 48 hours of onset were prematurely terminated after
it became clear that decompressive craniotomy was associated
with a dramatic survival and outcome benefit. In elderly pa-
tients, the results have generally shown that, while mortality
may be decreased, outcomes remained poor (50).

The likelihood of hemorrhagic transformation of a stroke
increases as stroke volume increases. Often, this transforma-
tion may be limited to petechial transudation of blood prod-
ucts into the ischemic tissue bed. Generally, this phenomenon
occurs in a delayed fashion with no associated clinical deteri-
oration. Specific therapy is not usually required, although any
ongoing anticoagulation is generally held for 1 to 2 weeks. If
the hemorrhage is associated with clinical deterioration, man-
agement should follow those principles outlined in the intra-
cerebral hemorrhage section below.

Early initiation of physical, occupational, and speech ther-
apy services hastens functional recovery from stroke. Each pa-
tient requires individualized assessment for potential benefit
from these services. Speech therapists are also commonly in-
volved in formal assessment of aspiration risk. A video fluo-
roscopy swallowing study is the most sensitive measure and
should be a consideration for most patients with a stroke. At
the least, bedside swallowing function should be observed by
a trained technician, nurse, or physician before oral intake is
resumed.

INTRACEREBRAL HEMORRHAGE

Pat hog e ne sis

In contrast to ischemic stroke, primary intracerebral hemor-
rhage (ICH) involves bleeding, usually of arterial origin, into

normally perfused brain, and thus must be distinguished from
hemorrhagic transformation of an initially ischemic stroke. The
expanding hematoma causes direct injury to local brain tissue
and dysfunction in surrounding regions. The onset is typically
very sudden, although continued bleeding often progresses over
minutes or hours. Very often, there is either depression or loss
of consciousness due to an abrupt increase in intracranial pres-
sure (ICP) from the sudden outpouring of blood into the brain.
In addition to the initial cerebral insult caused by the hemor-
rhage, secondary injury can occur by various means, including
seizures, hydrocephalus, and edema, all of which can lead to a
further increase in ICP.

In younger patients, hypertension is by far the more com-
mon cause, and, as such, ICH tends to occur in the same brain
areas where other hypertensive pathologies occur, specifically
brainstem, cerebellum, and deep supratentorial structures (51).
In contrast, lobar ICHs occur more commonly in the elderly
population and are often associated with cerebral amyloid an-
giopathy in the absence of hypertension (52). ICH may also
occur in the setting of trauma, use of illicit drugs (e.g., cocaine)
or over-the-counter medications (e.g., phenylpropanolamine)
(53), excessive alcohol consumption (54), an underlying vas-
cular abnormality (e.g., arteriovenous malformation, cerebral
aneurysm), brain tumor (primary or secondary), or a bleeding
diathesis.

ICH causes approximately 10% of first-time strokes. The
30-day mortality rate is high at 35% to 50% , with half of
the deaths occurring within the first 2 days (12). Outcome in
ICH is dependent on several factors, including the location
and size of the hemorrhage (55), the age of the patient, the
Glasgow Coma Scale (GCS) on presentation (56), and the cause
of the hemorrhage. When intraventricular blood is present, the
mortality substantially increases (57) and worsens further with
increasing volume (58). The presence of hydrocephalus also
confers a poor prognosis (59).

Clinical Evaluat ion

Rapid diagnosis of ICH is essential, as progression during the
first several hours is the norm. The hallmark is sudden onset fo-
cal neurologic deficit, which progresses over minutes to hours.
Steady symptomatic progression of a focal deficit is rare in ei-
ther ischemic stroke or subarachnoid hemorrhage. Headache,
increased blood pressure, and impaired level of consciousness
are common features that complete the presentation. History
gathering should be directed at elucidating the presence of risk
factors as outlined above. Other considerations include the use
of antithrombotic medications (e.g., aspirin or warfarin) or
hematologic disorders that predispose to bleeding, such as se-
vere liver disease. The initial physical examination is similar
to that of patients with ischemic stroke, focusing on airway,
breathing, and circulation before assessing the level of con-
sciousness and neurologic deficits. The patient’s coagulation
parameters should be checked immediately and corrected if
abnormal.

Once stabilized, the patient should undergo a noncontrast
head CT immediately to verify brain hemorrhage. CT angiog-
raphy may also be helpful in detecting aneurysms, arteriove-
nous malformations (AVMs), underlying tumors, or abscesses.
Contrast extravasation into the hematoma is thought to repre-
sent ongoing bleeding (60). MRI will also provide information
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TA BLE 8 4 . 9

INTRAVENOUS MEDICATIONS THAT MAY BE CONSIDERED FOR CONTROL OF ELEVATED
BLOOD PRESSURE IN PATIENTS WITH ICH

Drug Intravenous bolus dose Continuous infusion rate

Labetalol 5 to 20 mg every 15 min 2 mg/min (maximum 300 mg/day)
Nicardipine NA 5 to 15 mg/h
Esmolol 250 µ g/kg IVP loading dose 25 to 300 µ g ·kg–1 ·min–1

Enalapril 1.25 to 5 mg IVP every 6 h� NA
Hydralazine 5 to 20 mg IVP every 30 min 1.5 to 5 µ g ·kg–1 ·min–1

Nipride NA 0.1 to 10 µ g ·kg–1 ·min–1

Nitroglycerin NA 20 to 400 µ g/min

NA, not applicable; IVP, intravenous push.
�Because of the risk of precipitous blood pressure decrease, the first test dose of enalapril should be 0.625 mg.
From Broderick J, Connolly S, Feldmann E, et al. Guidelines for the management of spontaneous intracerebral hemorrhage in
adults: 2007 update: a guideline from the American Heart Association/American Stroke Association Stroke Council, High
Blood Pressure Research Council, and the Quality of Care and Outcomes in Research Interdisciplinary Working Group.
Circulation. 2007;116(16):e391–413, with permission.

about the hemorrhage but is time consuming and potentially
dangerous for an unstable patient. When it can be obtained
safely, MRI is most useful for dating the time course of the hem-
orrhage if the history is in doubt, detecting areas of prior hem-
orrhage (with the use of gradient-echo imaging) (61), and diag-
nosing cavernous malformations. Catheter angiography should
be considered in a young patient with an ICH with no history
of hypertension, as an occult AVM or aneurysm may be re-
sponsible.

Cardiac arrhythmias represent another potentially catas-
trophic secondary complication of ICH, especially those that
occur in the right hemisphere insular region. Dysfunction of
this area has a propensity for causing abnormal cardiac elec-
trical activity and “cerebrogenic sudden death” (62). Patients
with such lesions must have close cardiac monitoring in the
intensive care unit during their first several days after hemor-
rhage.

Manag e me nt

The mainstays of medical treatment of acute ICH are correc-
tion of any coagulopathy and avoidance of hypertension. Most
studies suggest that hematoma expansion occurs within the first
several hours of onset, and therefore treatment must begin as
soon as possible (63). If the patient recently received heparin,
protamine sulfate (1 mg/100 units of heparin) should be ad-
ministered; this drug is given carefully to avoid hypotension.
Patients anticoagulated with warfarin with an elevated interna-
tional normalized ratio (INR) should be reversed with vitamin
K (10 mg intravenously administered over 15–20 minutes to
prevent anaphylactoid reaction), as well as fresh frozen plasma
to normalize the prothrombin time (PT).

Beyond the first few hours after onset, aggressive lowering
of blood pressure may be potentially harmful. Large hemor-
rhages will lead to increased ICP, and attention must be fo-
cused on maintaining the cerebral perfusion pressure (mean ar-
terial pressure–intracranial pressure [MAP-ICP]) > 70 mm Hg
to avoid secondary ischemia (64). Despite several clinical trials,
a definitive guideline has yet to emerge. The American Stroke

Association guidelines regarding blood pressure, presented in
Table 84.8, are based on the best available, albeit incomplete,
evidence. Table 84.9 lists recommended antihypertensives.

Seizures—occasionally nonconvulsive—occur commonly
after ICH. The published incidence rates vary from 4% in un-
monitored populations (65) to 28% in patients with continu-
ous electrophysiologic monitoring in a neurocritical care unit
(66). Prophylactic anticonvulsant medications may be consid-
ered for patients, especially for those with cortical involvement.
If seizures are confirmed, they should be treated aggressively.
Phenytoin remains the preferred first-line agent, as it is nonse-
dating, and loading doses can be given intravenously. Loading
doses are 15 to 20 mg/kg and should be given as fosphenytoin if
needed quickly to avoid hypotension and potential toxic infu-
sion reactions. Maintenance doses are often 4 to 5 mg/kg and
may be given slowly. Total serum levels of phenytoin should
be followed daily, at least initially. Free levels may be neces-
sary, as phenytoin is protein bound, and critically ill patients
are very frequently protein depleted. Additional antiepileptics
should be added as necessary. The duration of therapy with an-
ticonvulsants is unclear, but in seizurefree nonepileptic patients,
antiepileptic medications are often arbitrarily withdrawn after
4 to 6 weeks of therapy.

Other general supportive care measures are similar to those
described above for ischemic stroke, including attention to
DVT prophylaxis, and treatment of hyperthermia and hyper-
glycemia. Patients with increased intracranial pressure often
develop disturbances of free water homeostasis in the form
of either hyponatremia or hypernatremia. As with ischemic
stroke, corticosteroids for treatment of edema are of no benefit
and actually increase morbidity (67).

Treatment of increased ICP should initially focus on more
conservative noninvasive measures, such as keeping the head
of the bed at 30 degrees, hyperventilation if intubated, and
osmolar therapy with hypertonic saline or mannitol. An im-
planted ICP monitor should be considered for those patients
with large hematomas. This will inform the decision to place
an intraventricular drain or perform a surgical evacuation.

In general, patients with a GCS of 4 or more have a uni-
formly poor outcome, whether or not surgery is performed,
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TA BLE 8 4 . 1 0

SEVERITY GRADE OF SUBARACHNOID
HEMORRHAGE

Grade 1: Fully conscious, no neurologic deficit, headache only
Grade 2: Mild drowsiness, no neurologic deficits other than

cranial nerve dysfunction
Grade 3: Drowsy, mild neurologic deficit
Grade 4: Stuporous, moderate to severe neurologic deficits
Grade 5: Coma

From Hunt WE, Hess RM. Surgical risk as related to the time of
intervention in the repair of intracranial aneurysms. J N eurosurg.
1968;28:14.

and thus these patients should be treated medically. Patients
with cerebellar hemorrhages > 3 cm in diameter should be con-
sidered for emergency decompression, especially if there are
signs of brainstem compression, hydrocephalus, or neurologic
deterioration (64); whether surgery is indicated in most other
patients is not clear. Clinicians treating patients who deterio-
rate despite maximal medical therapy may turn to surgical de-
compression, but results from clinical trials have been mixed
(68,69). Patients with lobar hemorrhages secondary to amy-
loid angiopathy have exceptionally friable cortical blood ves-
sels and are poor surgical candidates.

SUBARACHNOID HEMORRHAGE
Subarachnoid hemorrhage (SAH) is a relatively uncommon
but often devastating type of stroke. Incidence is estimated at
30,000 patients per year in the United States, with a mortality
that exceeds 50% . Whereas head trauma is the most frequent
cause of subarachnoid hemorrhage, aneurysmal rupture results
in the greatest morbidity and mortality. Clinically, this is an
apoplectic disorder. Most commonly, patients perceive a sud-

den severe headache with rapid impairment of consciousness,
both symptoms related to the sudden release of irritating blood
products into the meningeal spaces surrounding the brain. Fo-
cal neurologic symptoms such as hemiparesis, sensory loss, or
diplopia may occur if loculation of subarachnoid blood or in-
traparenchymal extension of the hemorrhage develops. The
most important features of the neurologic examination are
the assessment of level of consciousness, cranial nerve func-
tion, and motor function. Clinical severity of SAH is graded
on these findings (70) (grades I to V, Table 84.10) and can be
rough prognostic indicators.

Diag nosis

Diagnosis of SAH is based on neuroimaging or cerebrospinal
fluid (CSF) analysis. Brain CT scan is a very sensitive indicator
of the presence of subarachnoid blood, although close exam-
ination must be paid to the subarachnoid spaces surrounding
the brainstem and over the cerebral convexities (Fig. 84.5).
Brain parenchyma itself most commonly displays no acute ab-
normalities. Erythrocyte concentration in CSF below approx-
imately 30,000 cells/µ L may not result in the diagnostic in-
creased density within CSF on CT scans. In approximately 10%
of patients, diagnosis therefore requires CSF analysis through
lumbar puncture. In addition to elevated erythrocyte count,
CSF xanthochromia and elevation of CSF D-dimer can often
be detected in true subarachnoid hemorrhage. The latter two
findings may help distinguish bloody CSF from a “traumatic
tap,” as these serve as markers of the breakdown of throm-
bosis or blood products. Serial cell counts should always be
obtained, however, whenever SAH is suspected. Cell counts
in SAH should be roughly equivalent in all tubes, whereas a
declining count is usual in traumatic punctures. It should be
stressed that lumbar puncture should be avoided in any pa-
tient with a depressed level of consciousness until CT scan
excludes a focal mass (such as intraparenchymal or subdu-
ral hemorrhage). If bacterial meningitis is a concern, blood

A B

FIGURE 84.5. Subarachnoid hemorrhage. Blood is imaged as hyperdense fluid within the cisterns sur-
rounding the brainstem and within bilateral sylvian fissures.
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TA BLE 8 4 . 1 1

COMPLICATIONS OF SUBARACHNOID HEMORRHAGE

Complication Clinical features Diagnostic tests Therapy

Increased ICP Decreased alertness, worsened
headache, herniation syndrome

ICP monitor Mannitol, steroids, hyperventilation

Hydrocephalus Decreased alertness, worsened
headache, herniation syndrome

CT scan Ventriculostomy drainage or shunt

Vasospasm Delayed focal neurologic deficit TCD, angiography Nimodipine, hypervolemia,
hypertension, angioplasty

Rebleed Worsened neurologic condition,
especially level of consciousness

CT scan, lumbar puncture Ablation of aneurysm

Seizure Sudden behavioral change or
uncontrolled motor activity

EEG Anticonvulsants

Hyponatremia Confusion, seizure Serum electrolytes Isotonic fluids to achieve euvolemia or
hypervolemia

Infection Confusion, lethargy Panculture, chest
radiograph, urinalysis

Appropriate antibiotic

ICP, intracranial pressure; CT, computed tomography; TCD, transcranial Doppler; EEG, electroencephalogram.

cultures should be obtained and antibiotics started while await-
ing results of the CT scan.

Manag e me nt

Patients with acute SAH are at high risk for a multitude of com-
plications (71) (Table 84.11) that usually mandate admission
to an intensive care facility. All patients should be placed on
strict bed rest, with appropriate precautions for deep venous
thrombosis and aspiration. Patients with progressive lethargy
may require intubation for airway protection and mechanical
ventilation. Until the aneurysm has been ablated, blood pres-
sure should be kept in the normotensive range, and isotonic
intravenous fluids should be used to maintain normovolemia.
All patients should be started on nimodipine at 60 mg every 4
hours (duration 21 days), either orally or through a nasogastric
tube, for prevention of vasospasm (see below).

Historically, patients were placed on prophylactic anticon-
vulsants; this practice has recently come into question, as pa-
tients enrolled in the international tirilazad trials who were on
prophylactic anticonvulsants had significantly more in-hospital
complications and worse clinical outcomes (72).

ECG changes and elevations in cardiac enzymes, troponin,
and CK-MB are commonly seen in SAH patients and may rep-
resent the phenomenon of stunned myocardium, in which case
management should be aimed at optimizing left ventricular
function to support cardiovascular and cerebrovascular per-
fusion (73–76). Serum electrolytes are closely monitored, as
hyponatremia may be seen in more than 30% of patients after
SAH; however, hypernatremia can occur as well and is sig-
nificantly associated with clinical outcome (77). The cause of
hyponatremia after SAH is most commonly reported to be due
to syndrome of inappropriate antidiuretic hormone (SIADH)
but can also be due to cerebral salt-wasting (CSW) syndrome
and other causes (78). One theory links SAH-induced hypona-

tremia to levels of serum brain natriuretic peptide, which is
thought to be associated with delayed ischemic neurologic
deficits (79). It is intuitive that SIADH and CSW are not treated
in the same manner.

Serum glucose levels should also be closely monitored, as
hyperglycemia has been significantly associated with mortality
and poor functional outcome in SAH patients (80). Because
fever in SAH patients has been associated with mortality and
poor clinical outcome (80), and has even been linked to va-
sospasm (81), patients should be kept normothermic. Platelet
levels should be monitored, as a relatively significant incidence
of heparin-induced thrombocytopenia has been reported in
SAH patients (82).

Re b le e d ing
In those patients surviving the initial hemorrhage, the lead-
ing factor associated with mortality is rebleeding from the
aneurysm . A second bleed from an aneurysm is associated with
a 74% mortality rate (83). Untreated aneurysms rebleed at a
rate of 4% on day 1, then 1% to 2% a day for the next 4 weeks.
Thus, early treatment to secure a ruptured aneurysm is critical.
This can be done either via a craniotomy and clipping, or by
endovascular coiling. The findings of the International Coop-
erative Study on the Timing of Aneurysm Surgery concluded
that aneurysmal clipping was best performed either early (0 to
3 days) or late (11 to 14 days), but outcome was worse when
performed at 7 to 10 days after the onset of SAH (84). Because
of the concern for rebleeding, we have adopted a protocol of
treating aneurysms in the ultra-early period (less than 24 hours
after presentation). The advent of endovascular therapy to treat
ruptured aneurysms may bypass the risks associated with open
clipping during the 7- to 10-day period; thus we recommend
treatment for the ruptured aneurysm as soon as it is found, and
not waiting until the late 11- to 14-day period. Early treatment
of the ruptured aneurysm also allows aggressive management
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FIGURE 84.6. Aneurysm at the bifurcation of the left middle cerebral
artery demonstrated by angiography. (Courtesy of R. Nick Bryan, MD,
Baylor College of Medicine, Houston, TX.)

of vasospasm, manipulations that would increase the risk of
rebleeding from an unsecured aneurysm.

Vasosp asm
After rebleeding, vasospasm is the next leading cause of mor-
tality and morbidity from a SAH (85,86). The exact cause of
arterial vasospasm following SAH is unknown, but its inci-
dence does appear to be correlated with the density of blood
products seen on CT scan, the basis for the Fisher score to pre-
dict vasospasm (87,88). Severe vasospasm may result in cere-
bral infarction within the vascular distribution of the involved
artery. The risk for vasospasm begins about 3 days after the
bleed and may persist for 3 weeks. Transcranial Doppler is
a sensitive, noninvasive indicator of the presence and degree
of vasospasm within proximal arteries, although it may not
detect vasospasm restricted to smaller peripheral vessels. This
technique may be used daily to guide and monitor manage-
ment strategies. Modern techniques, such as CT angiography
and CT perfusion studies, have been reported to be successful
in diagnosing vasospasm (89) (Fig. 84.6).

The calcium channel blockers nimodipine and nicardipine
can reduce the incidence of vasospasm as well as associated
cerebral infarction. Trials with magnesium sulfate have yielded
promising results in reducing vasospasm (90–92) or achieving
better clinical outcomes in patients (93). Studies with statin
therapy (HMG Co-A inhibitors), such as pravastatin and sim-
vastatin, have demonstrated promising results with reduced
rates of vasospasm and better clinical outcomes (94–97).

Once the aneurysm is secured, vasospasm can be man-
aged aggressively. Triple-H therapy—hypertension, hyper-
volemia, hemodilution—is the first-line therapy against va-
sospasm. Once vasospasm occurs, IV fluids should be pushed
to the tolerance of the patient (below 400 mL/hour). Since con-
gestive heart failure is a potential complication, central pres-
sure monitoring—at a minimum—should be used in patients
at risk; optimal central venous pressure is 8 to 12 mm Hg.

Other modalities of monitoring, from pulse-waveform variabil-
ity (FlowTrak, PICCO, LiDCO) to placement of a pulmonary
artery catheter, may be necessary to properly care for these
patients. If hypervolemic therapy is not adequate to control
vasospasm, hypertension can be initiated by cessation of anti-
hypertensives or use of vasopressors (e.g., phenylephrine, 0.1–5
µ g/kg per minute, or vasopressin, 0.01–0.04 units per minute),
targeting mean arterial pressures of 120 to 140 mm Hg (systolic
blood pressure [BP] 180–200 mm Hg). Triple-H therapy does
not increase the risk of rupture of other, incidentally found,
aneurysms in patients with multiple aneurysms (98).

For symptomatic vasospasm refractory to these therapies,
endovascular interventions can be performed, such as percu-
taneous transluminal balloon angioplasty, and/or intra-arterial
administration of calcium channel blockers or other vasodilat-
ing agents (99) may be considered in experienced hands. Even
using the most aggressive management strategies, vasospasm
remains a leading cause of morbidity and mortality after sub-
arachnoid hemorrhage.

Acut e Hyd roce p halus
Acute hydrocephalus occurs in approximately 20% of sur-
vivors of SAH, either as a result of direct obstruction of CSF
channels or by impeding CSF absorption at arachnoid granula-
tions. The likelihood of hydrocephalus increases with worsen-
ing grade of hemorrhage. Ventriculostomy drainage is recom-
mended for patients with acute hydrocephalus and decreased
level of consciousness; improvement can be expected in > 50%
of patients.
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CHAPTER 85 ■ ORTHOPEDIC CRITICAL CARE
DEBORAH STERN r ANDREW POLLAK r THOMAS M. SCALEA

Bony and soft tissue injuries often complicate trauma. Optimal
treatment of these injuries is essential for good overall patient
care. Patients treated suboptimally are at risk for myriad com-
plications such as fat embolism syndrome, pulmonary embolus,
soft tissue infection, and multiple organ failure. There is little
prospective randomized data to guide treatment decisions in
patients with bony injuries. However, certain treatment princi-
ples have emerged. These must, of course, be interpreted in the
context of the total patient.

Fracture stabilization is an operative procedure of signif-
icance. Some patients may be too critically ill or injured at
the time of initial presentation to tolerate definitive fracture
fixation. The critical care staff must be well versed in the
management principles that govern musculoskeletal injuries
as they will often have important roles to play in decision
making. Orthopedic surgeons and/or anesthesiologists may not
have sufficient information on total patient physiology in or-
der to make these decisions without input from the critical care
staff.

DIAGNOSING
MUSCULOSKELETAL INJURY

Patients presenting after injury should typically have either
signs or symptoms to guide diagnosis of their injuries. Pain,
swelling, and soft tissue discoloration often accompany muscu-
loskeletal injury, particularly in badly displaced or comminuted
fractures. However, the initial presentation of many fractures
may be far more subtle. Patients who have fractures that are
not badly displaced may actually have only modest soft tis-
sue swelling and discoloration or none at all at the time of
presentation. Patients who are multiply injured often undergo
endotracheal intubation at the time of emergency department
presentation and are unable to complain of pain. Multiply in-
jured patients may have other injuries that distract them from
the pain of a minor fracture. Patients with brain injury and/or
intoxication may not complain of pain. The authors are con-
stantly impressed how the signs and symptoms of fractures can
be subtle or completely absent initially. Fractures missed at the
time of initial presentation can cause significant morbidity or
mortality. While these data on missed injuries are sparse, es-
timates are that fractures are missed up to 10% of the time
in multiply injured patients (1). Several options exist to try to
reduce that number.

Certainly any patient with any signs, symptoms, or suspi-
cion of fractures should undergo evaluation both by physi-
cal exam and plain radiographs. While the yield is low, ob-
taining radiographs on every area of soft tissue contusions
will yield unsuspecting fractures in a small number of cases.
Thus, screening algorithms should be broad to avoid miss-

ing fractures. Technologic advances have helped. The Lodox
Corporation has produced the Statscan, a total body screen-
ing x-ray machine (Fig. 85.1). Using low-dose radiation de-
veloped in the diamond mine industry, it is possible to ob-
tain both anteroposterior (AP) and lateral total body images
of the skeleton (Fig. 85.2). These can be obtained in 13 sec-
onds and the images available for viewing 15 seconds later.
This allows the clinician to obtain an entire skeletal survey
rapidly (2).

Another option is to perform a “tertiary survey” somewhere
between 12 and 24 hours postadmission (1). Patients with frac-
tures that have been missed generally develop some signs or
symptoms in the ensuing hours after admission. The tertiary
survey is a careful head-to-toe physical examination attempt-
ing to identify areas of missed injuries. Diagnostic imaging
can be obtained to diagnose injuries that had been initially
missed.

As with any injury, fractures are dynamic. It is not simply
that a bone is broken. X-ray images are static and will not allow
the clinician to appreciate the degree of energy transfer at the
time of impact. Bones may be substantially displaced at the time
of impact and then be spontaneously reduced or be reduced
by actions of the local muscle and appear relatively undis-
placed in the emergency department. Fractures are a source
of significant bleeding, either from the fracture fragments
themselves, muscle bleeding, or accompanied major vascular
injury.

Physical examination should be able to identify blood loss
in the extremity. The generally accepted rule is that closed long
bone fractures each bleed up to 2 units of blood. Thus, bilateral
femur fractures and a tibia fracture in a 70-kg person will result
in a 3-liter blood loss, which produces class III hemorrhage.

Neurovascular injury can be diagnosed relatively simply
in patients who are awake and alert. Careful neurovascu-
lar exam directed by patient complaints should pick up vir-
tually every injury. The same is not true for patients who
are multiply injured, intubated, and in the intensive care unit
(ICU). In addition, neurovascular injury may evolve over time.
For instance, nerve contusion can progress to neurapraxia or
paralysis. Swelling around the fracture site can progress and
compress the nerve, producing neurologic dysfunction. Com-
partment syndrome often occurs 6 to 24 hours postinjury as
a result of muscular swelling within the noncompliant fas-
cial envelope following crush injuries and/or fractures. Partial
thickness vascular injuries can go on to vascular thrombosis
hours or even days after injury, producing limb-threatening
ischemia.

Critical care practitioners must be cognizant of all of these.
Careful ongoing assessment is critical in order to make these
diagnoses as early as possible. A delayed diagnosis can produce
substantial disability that is lifelong. Even worse, unrecognized
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FIGURE 85.1. Statscan in trauma bay.

ischemia and/or compartment syndrome can place a limb at
jeopardy, requiring amputation later. Unrecognized ischemia
can also produce life-threatening electrolyte abnormalities such
as hyperkalemia and/or be the source of multiple organ failure,
either one of which can prove to be fatal.

FIGURE 85.2. Normal anterior total body and lateral spine.

TREATMENT OPTIONS
FOR FRACTURES

Clearly, fractures that are not associated with life-threatening
bleeding are not the highest priority following initial pa-
tient presentation. However, all long bone fractures should be
splinted as part of the initial management. Every time the pa-
tient is transferred or moved in any way, unsplinted fractures
are displaced, producing additional blood loss and pain and
risking secondary nerve or vascular injury. Splinting can be
accomplished simply by utilizing several IV boards and some
rolled gauze to fashion a makeshift splint. There are commer-
cially available molded metal splints that can also be used short
term. These two methods can lead to skin breakdown if applied
for long periods of time. Once time permits, more definitive,
lightweight plaster splints can be made to restore stability and
decrease the risk of skin breakdown.

It is also important for the critical care practitioner to un-
derstand the various options for more definitive fracture fixa-
tion. Rigid fracture fixation is generally obtained via open re-
duction/internal fixation (ORIF) or closed intramedullary (IM)
nail fixation. ORIF involves directly exposing the fracture frag-
ments. They are then manually reduced and rigid fixation is
achieved utilizing a number of techniques such as plates and
screws or rods. Overlying muscles must often be divided in or-
der to obtain adequate exposure. This also allows for debride-
ment of nonviable and/or contused muscle and irrigation of
the fracture hematoma. Depending on the particular fracture,
ORIF can be a substantial operative procedure with signifi-
cant soft tissue injury and blood loss from the procedure itself.
Fractures often treated with ORIF include proximal and dis-
tal tibial fractures, acetabular fractures, periarticular humerus,
elbow fractures, and distal radius fractures (Fig. 85.3).

Approximately 70 years ago, the technique of closed IM
nailing was developed. This technique involves making a small
incision proximally or distally in the extremity. The fracture
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FIGURE 85.3. This 17-year-old female sustained a high-energy distal
tibial fracture as a result of a motorcycle crash. Open reduction with
plate fixation offers the best chance of achieving anatomic restoration
of articular congruity and reduction of the risk of posttraumatic arthri-
tis.

fragments are then reduced manually under fluoroscopic visu-
alization. The medullary canal is accessed and a guidewire is
placed across the fracture. A nail is then driven up the med-
ullary canal over the guidewire to sterilize the bone. If desired,
the canal can be reamed before the nail is placed. The nail can
be locked in place by placing several screws in the very prox-
imal or distal portion of the nail through a secondary small
incision. These screws are placed under fluoroscopic control
(Fig. 85.4).

IM nailing does not typically require direct exposure of the
fracture fragment. Theoretically, there is less soft tissue injury
and less blood loss associated with IM nailing as compared
to ORIF of fractures. Passage of a nail through the medullary
canal is, however, associated with liberation of a number of me-
diators and/or fat globules into the systemic circulation. Either
of these can produce systemic inflammatory response syndrome
(SIRS) and/or acute lung injury (ALI). In addition, passage of
the nail can produce significant bleeding around the fracture
itself, which may not be appreciated as it is not directly visu-
alized in the operative field. IM nailing is generally used for
most midshaft femur and tibia fractures. It is necessary to have
adequate bone on either side of the fracture in order to achieve
sufficient fixation to restore stability.

External fixation involves placing an external frame that
spans the fracture, limiting fracture movement (Fig. 85.5). Ex-
ternal fixation achieves relatively good fracture stabilization,
though it may not produce optimal fracture reduction, partic-
ularly with periarticular injuries. It can be rapid and noninva-

FIGURE 85.4. The fracture was treated with early intramedullary nail
fixation. With early fixation of femoral fractures in multiply injured
patients, many pulmonary problems can be avoided. Stable fixation
of even complex, comminuted injuries can allow early weight bearing
and facilitate functional rehabilitation despite polytrauma.

sive and result in substantially less blood loss than ORIF or
IM nailing. Pins are placed into the bone on either side of the
fracture connected to a frame. This can be used as definitive
fixation for some fractures if acceptable restoration of length,
alignment, and stability have been achieved.

FIGURE 85.5. This patient’s pelvic ring injury was treated with pos-
terior screw fixation and an anterior external fixator.



1282 Sect ion VIII: The Surg ical Patient

Open fractures require an initial debridement and irriga-
tion of the fracture fragments as a minimum. This is done to
reduce the rate of early soft tissue infection and late osteomyeli-
tis. While ideal therapy involves irrigation, debridement, and
definitive fracture fixation, this is not always the wisest course.
Options include irrigation, and debridement can be followed
by temporary external fixation. In addition, irrigation and de-
bridement can be followed by simple splinting of the fractures
if there are more immediate patient care priorities. This tech-
nique is ideally performed in the operating room and involves
debridement followed by pulse lavage. Patients can be tempo-
rized with a bedside procedure if that is all they are able to
tolerate initially or if there are other more urgent priorities.
While the data supporting any treatment algorithm are not
definitive, most studies suggest that rates of infection are simi-
lar provided operative debridement is accomplished within 24
hours of injury (3).

OPTIMAL TIMING OF
FRACTURE FIXATION

There are a significant number of advantages to early defini-
tive fracture fixation. Ideally, this should take place as soon as
possible following patient presentation. While the definition of
early fracture fixation has varied over the years, most would
agree that fracture fixation within 24 hours is early. These ad-
vantages may be most pronounced in patients with multiple
system injury. Obviously, these are the patients most at risk for
systemic complications from a significant operative procedure.
Thus, judgment must be key in weighing the various risks and
benefits to early fracture fixation.

Patients who are treated nonoperatively initially are of-
ten treated in some type of balanced traction, particularly for
femoral and acetabular fractures. This requires that the patient
remain supine in bed. Patients are at risk for developing de-
pendent atelectasis resulting in worsening respiratory failure.
Patients with brain injury and intracranial hypertension may
have worsening of their intracranial pressures as they cannot
have the head of the bed elevated as easily. These patients may
also be at increased risk for aspiration. Even though the frac-
ture is somewhat reduced by the traction apparatus or by a
splint, as with any fracture, motion at the fracture site worsens
bleeding and produces pain and such motion is only reduced
by traction and splinting, not eliminated. Either bleeding or
pain can increase the systemic inflammatory response. Any im-
mobilized patient is at risk for thromboembolic complications
such as deep vein thrombosis or pulmonary embolus. Those in
traction may be at particular risk. Patients kept at bed rest in
traction cannot be rolled from side to side, producing pressure
ulcerations on areas in contact with the bed. Finally, the inci-
dence of fat embolism syndrome may be higher in patients who
undergo delayed fracture repair.

In 1985, Seibel et al. published a prospective nonrandom-
ized cohort study of patients with femoral shaft fractures or
acetabulum fractures who also had additional injury (4). All as-
pects of care of the patients were reportedly controlled except
fracture management. Their patient population was divided
into four groups. The first group underwent immediate opera-
tive fixation of their femoral or acetabular fracture (defined as
less than 24 hours after injury). The second group underwent

an average of 10 days of femoral traction. The third group un-
derwent up to 30 days of femoral traction. The fourth group
had special circumstances that were predicted to potentially
contribute to their pulmonary failure septic state. Ventilator
days and intensive care days were both substantially greater in
the groups that underwent prolonged traction than in the im-
mediate fixation group, supporting the conclusion that femoral
traction was detrimental in the setting of blunt multiple trauma.

This led the authors to propose a number of principles gov-
erning the care of patients with multisystem trauma and frac-
tures. They proposed that the fracture hematoma was itself a
metabolically active organ, capable of producing multiple or-
gan failure. Early fracture fixation allowed for irrigation of the
fracture hematoma. They also included the orthopedic surgeon
as one of the frontline members of the trauma team, emphasiz-
ing the need for early consultation. In addition, they strongly
advocated for fracture repair on the night of admission includ-
ing using two teams to simultaneously repair fractures if that
was available and prudent. They argued that all efforts must
be made to support the patient through early fracture fixation
as they had demonstrated far better results with this technique
as opposed to delaying repair for some days to allow patient
stabilization.

Following this report, others also demonstrated better re-
sults with early fracture fixation (5–7). Fracture fixation within
24 hours became the standard of care. However, in the early
1990s, data began being published that suggested that not ev-
ery patient benefited from early fracture fixation. In fact, these
studies strongly suggested that patient outcome was much more
a function of underlying injury and not so much the timing of
fracture fixation. Poole et al. published a series of patients with
long bone fracture and brain injury (8). They were unable to
demonstrate any advantage to early fracture fixation, and in-
stead argued that the severity of the brain injury was the ulti-
mate determinate of final outcome. Rogers et al. addressed the
cost of performing early fracture fixation, particularly on off
hours in hospitals that did not have in-house operating room
resources (9). Outcomes were the same when femur fractures
were repaired in the middle of the night as compared to a group
of patients who were placed on the operating room schedule
for the next day. The cost, however, was significantly higher in
patients who underwent emergency fracture fixation.

It is unclear as to why these authors were unable to sub-
stantiate the findings that seemed to show clear benefit to early
operative fixation. One possibility is that the care during the
critical care phase of these multiply injured patients improved
over the late 1980s and early 1990s. End points of resuscita-
tion were defined (10). The role of invasive monitoring was
made more clear (11). Specific needs for patient populations
such as geriatric trauma patients were defined (12). Thus, it is
possible that the time taken to stabilize the patient in the ICU
preoperatively was now, in fact, time well spent.

In the mid- to late 1990s, several papers were published that
strongly suggested that early fracture fixation was, in fact, dan-
gerous, particularly in patients who sustained traumatic brain
injury. The group from Yale reported on 32 patients treated
over a 5-year period with brain injury and long bone fractures
(13). Those who underwent early fracture fixation, defined as
within the first 24 hours of admission, had statistically signif-
icant worse neurologic outcome at the time of discharge. This
was thought to be secondary to the increased rate of intraop-
erative hypotension and hypoxia seen in patients with early
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fracture fixation. Townsend et al. observed similar findings
(14). In their study, episodes of intracranial hypertension were
more common in patients who underwent early fracture fixa-
tion. They also noted an increased rate of intraoperative hy-
potension and hypoxia. This risk seemed to persist for approx-
imately 24 hours.

Scalea et al., however, reported different findings (15). They
studied over 180 patients with long bone fracture and trau-
matic brain injury over the same 5-year period as studied by the
group at Yale. They found no difference in neurologic outcome
in the group of patients treated with early fracture fixation.

How, then, should a critical care physician decide when a
patient ought to have fracture fixation? It would seem reason-
able to address a number of issues. The first would be to assess
the risk of anesthesia and the magnitude of the operative pro-
cedure. There certainly are scoring systems that can be applied
to assess perioperative risk. Careful clinical assessment may be
equally good. The second issue would be to examine opera-
tive options. For instance, does the patient have a reasonable
nonoperative option? Would a lesser procedure, while perhaps
not ideal, at least be adequate? This obviously would require a
discussion between the critical care service and the orthopedic
surgeons, trauma team, and anesthesiologist. Finally, one must
ask whether the patient is in optimal condition. Can we reduce
perioperative risk with a reasonable period of preoperative op-
timization? Can cardiac performance be improved with volume
and/or inotropes? Will 1 to 2 days allow ventilatory require-
ments to be reduced? Would a delay improve renal function?
Only when all of these questions are answered can an intelli-
gent decision about the optimal time and fracture fixation be
made.

DAMAGE CONTROL
ORTHOPEDICS

Damage control was a technique developed in the late 1980s
and early 1990s in early urban American trauma centers. This
shift in approach coincided with a period of time when pene-
trating trauma became much more common. Not only was pen-
etrating trauma more common, but also multiple high-velocity
missiles became the norm, rather than the exception. Tradi-
tional teaching was to repair all injuries at the time of initial sur-
gical procedure. Unfortunately, this often required prolonged
operative care. Patients developed what was termed the lethal
triad of acidosis, coagulopathy, and hypothermia, only to ar-
rive in the ICU and die of acute organ failure, usually 6 to 24
hours postoperatively.

Many trauma centers began using a staged approach with
encouraging results. In 1993, Rotundo et al. published the se-
ries that named the technique damage control, and demon-
strated statistically significant better outcomes in a group of
patients treated with the new techniques (16).

The principles that govern damage control are listed in Table
85.1 when damage control is used for abdominal injuries. In
essence, only life-saving procedures are performed at the time
of the initial procedure. Important but non–life-threatening in-
juries such as gastrointestinal injuries are simply temporized.
The patient is then packed and the fascia left open to avoid
the potential of developing abdominal compartment syndrome.
The patient is then admitted to the ICU and resuscitated. Be-

TA BLE 8 5 . 1

PRINCIPLES OF DAMAGE CONTROL

■ It is easy to miss an injury if you rush
■ Hypothermia, acidosis, and coagulopathy only lead to more

of the same
■ The best place for a sick person is in the ICU
■ Only blood loss kills early
■ GI injuries cause problems much later
■ Everything takes longer than you think

tween 1 and 3 days later, the patient can be brought back to
the operating room for re-exploration, gastrointestinal recon-
struction, and an attempt at fascial closure.

The same principles can be applied to bony injuries. Frac-
tures are common and occur in over 75% of multiply injured
patients. There are clear advantages to early fracture fixation.
Yet, some patients may not be best served by such technique. A
technique that would achieve many of the advantages of frac-
ture fixation without the disadvantages of definitive surgery
would be advantageous for some patients.

It is important to recognize that remote organ injury occurs
not only in association with, but also as a direct consequence
of long bone fractures. In addition to the fracture itself, soft
tissue injury, compartment syndrome, infection, and extremity
ischemia-reperfusion injury can all be associated with release of
toxic mediators that can cause remote endothelial cell damage.
The primary target of this remote organ injury appears to be the
lungs, but secondary targets include the gut, kidney, and brain.
The resultant injury is a progressive one and can lead to mul-
tiple organ dysfunction syndrome. This understanding led to
the development of the concept of damage control orthopedics
(DCO). DCO is the process by which temporary stabilization
of long bone fractures is accomplished using techniques not as-
sociated with secondary systemic injury. Secondary definitive
stabilization is delayed until after physiologic stabilization has
been achieved (Figs. 85.6 through 85.8). The goal of damage
control therefore is to provide the patient with the benefits of
early stabilization of long bones without exposing him or her
to the risks associated with definitive stabilization procedures.

For that subset of patients whose physiologic condition pre-
cludes primary definitive operative stabilization of fractures
(early total care), external fixation can be a useful technique for
temporary stabilization of long bone fractures. Such external
fixation is advantageous because it can be applied rapidly, with
minimal blood loss, and with sufficient restoration of stability
to prevent ongoing soft tissue injury and to prevent ongoing
release of inflammatory mediators. Effective limitation of sec-
ondary effects of shock has been demonstrated with this type
of initial DCO approach.

The disadvantages to employing this type of technique in
all patients with even questionable polytrauma are at least
twofold. First, employing temporizing external fixation tech-
niques necessitates a return to the operating room for delayed
definitive fixation, thus exposing the patient to two separate
operative interventions. This is obviously warranted if the ben-
efit is prevention of a serious secondary consequence such as
acute respiratory distress syndrome (ARDS). In the absence of
a clear decrease in the risk of ARDS, it is harder to justify ex-
posing polytrauma patients to a need for secondary surgical
procedures.
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FIGURE 85.6. Damage control orthopedics case example. This 27-
year-old motorcyclist sustained multiple injuries including an open
right femoral shaft fracture. He presented in physiologic extremis. La-
parotomy demonstrated a grade 5 hepatic injury and a retrohepatic
caval injury. Right hepatic lobectomy and repair of a vena caval lacer-
ation were performed as part of a damage control laparotomy proce-
dure.

A second major disadvantage to external fixation (a tempo-
rary device) is the risk of complications with conversion from
external fixation to intramedullary nailing or other definitive
treatment. Experience in the tibia has suggested that if external
fixation is in place for less than 2 weeks, the risk of infec-
tion with definitive fixation is lower, particularly if there is no
history of pin tract infection at any point (17). In the femur,
conversion from external fixation to definitive nailing appears
safe within the first 4 weeks following application of the initial
frame (18).

Advantages of external fixation include rapid application
with minimal blood loss and simultaneous stabilization of mul-
tiple limbs expeditiously.

The issues that led to the use of DCO have been debated for
some time. In 1989, Bone et al. published a prospective ran-
domized trial of early (less than 24 hours after injury) versus
late (greater than 72 hours after injury) nail fixation of femoral
shaft fractures (19). They found that in patients with an over-
all Injury Severity Score (ISS) of greater than 18 (indicative of
polytrauma), intensive care days and pulmonary complications
were reduced with early fixation as compared to late fixation.
They concluded that stabilization of femoral fractures within
24 hours of injury in multiply injured patients decreases pul-
monary morbidity as compared to stabilization after 72 hours.
The study was flawed in that it was not blinded, that param-
eters of resuscitation were not defined, and that very few pa-
tients with severe pulmonary injury were included in the early
fixation group.

FIGURE 85.7. Damage control orthopaedics consisted of rapid de-
bridement of the open femoral fracture plus temporizing external fix-
ation to achieve restoration of femoral length and alignment and de-
crease ongoing injury secondary to release of inflammatory mediators.

In 1993, Pape et al. published a worrisome report implicat-
ing primary nail fixation of femoral shaft fractures (reamed) as
a potential cause of posttraumatic ARDS (20). They reviewed
patients admitted over a period of 10 years with an ISS greater
than 18 and midshaft femoral fractures. Those with and with-
out chest injury and those who underwent femoral nailing less
than 24 hours and greater than 24 hours after injury were com-
pared. They found a higher incidence of ARDS and death in
patients with severe chest trauma who were treated with early
reamed nailing as compared to those with severe chest trauma
treated with delayed reamed nailing. They concluded that early
reamed nail stabilization of femoral shaft fractures in “border-
line” patients may increase the risk of secondary pulmonary
injury and development of ARDS. They recommended that
definitive fracture fixation be delayed in these patients and that
temporizing techniques such as external fixation be employed.

The problem with Pape’s study was that the early nailing
group included eight patients with pulmonary contusions as
compared to only two in the late nailing group. Both Pape
et al. (20) and Bone et al. (19) failed to report on any parameters
of resuscitation within their patient populations.

What was becoming obvious as trauma surgeons became
more aggressive with early nailing of femoral (and to a cer-
tain extent tibial) shaft fractures in polytrauma patients was
that the operative procedure for intramedullary stabilization
of long bone fractures was associated with some component of
pulmonary injury (21,22). While fracture fixation–associated
pulmonary injury appeared to be well tolerated in the majority
of patients including polytrauma patients, certain susceptible
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FIGURE85.8. On postinjury day 5, after adequate restoration of phys-
iologic stability, the patient underwent removal of the temporary exter-
nal fixator and definitive fixation of the femoral fracture using a reamed
intramedullary nail. He was discharged to a rehabilitation facility 19
days after injury.

polytrauma patients seemed to be at risk for worsening lung
injury. Paradoxically, these are likely the same patients who
are at greatest risk for developing secondary pulmonary injury
from a nonoperative management of their long bone fractures
and the most in need of early fracture stabilization.

Several groups of surgeons have engaged in the process of
temporary stabilization of long bone fractures in polytrauma
patients using techniques associated with minimal systemic
consequences. Scalea et al. published their experience with ex-
ternal fixation as a temporary tool for stabilization of long
bone fractures in polytrauma patients in 2000 (23). They re-
ported that as part of DCO, external fixation was an alternative
mechanism of achieving temporary stabilization in multiply in-
jured patients and that it was rapid, associated with minimal
blood loss, and safely convertible to better definitive fixation
after appropriate delayed physiologic stabilization of the pa-
tient. Other authors have expanded on the DCO concept and
reported more specifically on its efficacy (24).

The physiologic rationale for DCO is based upon the timing
and extent of the initial inflammatory response that follows a
major injury. In most individuals, that initial inflammatory re-
sponse is followed by a counterregulatory anti-inflammatory
response that leads to spontaneous recovery. In situations
where the initial inflammatory response is excessive, secondary
remote organ injury such as acute lung injury related to in-
creased pulmonary capillary membrane permeability can occur.
The likelihood of this secondary remote organ injury develop-
ing may be increased in situations associated with substantial

ischemia-reperfusion injury (such as prolonged shock), contin-
ued loss of body temperature, tourniquet-mediated ischemia-
reperfusion injury, a surgical blood loss with failure of resusci-
tation, and embolization of fat and marrow contents secondary
to instrumentation of the femoral or tibial canal. This sec-
ondary remote organ injury is characterized by increased cap-
illary membrane permeability, acute lung injury, gut bacterial
translocation, and acute tubular necrosis. It can be mediated
by cytokines, complement, activated neutrophils, eicosanoids,
and reactive oxygen products.

Thus, both early total care and ongoing long bone insta-
bility can serve as second hits that lead to the development of
severe secondary remote organ injury. In the “at-risk” patient
population, early DCO can limit ongoing release of inflamma-
tory mediators and allow for further physiologic stabilization
prior to proceeding with definitive stabilization (25).

Hildebrand et al. evaluated the association between the tim-
ing of secondary definitive surgical intervention, inflammatory
changes, and systemic outcome (26). They reviewed a prospec-
tive cohort of patients treated with DCO. They compared those
treated with early secondary surgery (2–4 days after initial in-
jury) to those treated with late secondary surgery (5–8 days
after initial injury). They found that early secondary surgery
was associated with a higher incidence of organ dysfunction
and concluded that there was no particular advantage to early
secondary surgery. They recommended that if DCO is selected,
secondary surgery should be delayed more than 5 days after
the initial DCO procedure.

In a prospective randomized trial, Pape et al. compared nail-
ing to DCO with regard to immunoinflammatory parameters
in patients with tibial or femoral shaft fractures, and ISS greater
than 16 (27). Patients with a thoracic abbreviated injury scale
score (AIS) greater than 3, ongoing shock, or elevated intracra-
nial pressure were excluded. They found that primary femoral
nailing was associated with significantly higher systemic inter-
leukin (IL)-6 and IL-8 levels for 48 hours postoperatively com-
pared to either initial DCO procedures or secondary femoral
nailing after initial damage control. This suggested that the
secondary release of inflammatory mediators associated with
femoral nailing can be effectively mitigated by initial DCO with
delayed femoral nailing.

O’Toole et al. looked at the effect of resuscitation prior to
femoral nailing on the development of ARDS in multiply in-
jured patients (28). They found that a practice of resuscitation
protocol that included normalization of lactate prior to IM
nailing resulted in rare need of damage control and develop-
ment of ARDS.

DCO, the practice of utilizing temporary external fixation
to limit ongoing injury secondary to long bone fractures in sit-
uations where definitive operative stabilization is contraindi-
cated, may be effective in patients with polytrauma and lung
or brain injury. For the majority of patients with femoral shaft
fractures, including most polytrauma patients, primary reamed
femoral nailing within 24 hours of injury remains the gold stan-
dard of treatment (21). Defining the “at-risk” patients who
are unable to tolerate early reamed nailing is difficult, but if
adequate resuscitation and normalization of serum lactate is
achieved, damage control should rarely be necessary (28). In
borderline patients who are physiologically unstable because of
severe chest or head injury or inadequate resuscitation, tempo-
rizing external fixation and damage control orthopedics may
be advantageous.
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COMPARTMENT SYNDROME

Compartment syndrome occurs when there is increased tissue
pressure within a confined osseofascial space. This increased
pressure compromises blood flow and subsequently results in
tissue damage if left untreated. The fascia of muscle compart-
ments is stiff and does not expand to accommodate signifi-
cant swelling. Increases in compartment volume and subse-
quent pressure can be caused by fractures, soft tissue crush
injury, hemorrhage, reperfusion following arterial revascular-
ization, and increased capillary permeability as may occur in
the setting of burns or shock states. Compartment syndrome
was first recognized as a causative factor in ischemia of the
hand by Richard von Volkmann in 1881 (29). Other investi-
gators subsequently described and confirmed that ischemia of
muscle in a fascial compartment was caused by an increase in
pressure from compromised venous outflow and edema sec-
ondary to reperfusion (30,31). Although most typically found
in the leg, compartment syndrome of the arm and hand is well
recognized as is compartment syndrome of the buttock, thigh,
and foot (32–35). The reported incidence of compartment syn-
drome varies widely. Rates of 6% in patients with open tibial
fractures and 1% in patients with closed fractures have been
reported, but much higher percentages have been published in
association with concomitant vascular injury (36,37). In chil-
dren, rates of up to 20% have been reported with open forearm
fractures (32).

Any increase in compartment volume elevates compartment
pressures, which, in turn, compromises lymphatic and venous
outflow. This leads to additional edema and ultimately arte-
rial insufficiency. Compromised arterial inflow causes tissue is-
chemia and cellular edema, which only serves to increase com-
partment pressures further (38,39). Experimental studies have
shown that the longer pressure remains elevated, the more se-
vere the muscle and nerve damage (39). Additionally, episodes
of hypotension increase the extent of muscle ischemia.

External restriction of an extremity may also lead to com-
partment syndrome. Compartment syndrome has been de-
scribed as a result of constrictive casting or dressings and with
the use of pneumatic antishock garments (military antishock
trousers) (40). Regardless of the underlying cause, if left un-
treated, the end result of compartment syndrome is muscle and
nerve injury from infarction and necrosis.

The clinical diagnosis of compartment syndrome can be elu-
sive. Symptoms may often be ascribed to other causes (41,42).
In the alert patient, pain is typically the first symptom. Pain
is typically worsened with palpation of the affected compart-
ment and ameliorated with passive stretch of the muscle group.
Pain or physical findings are frequently attributed to the asso-
ciated fracture, however. Sensory deficits may occur late and
are typically in the distribution of the sensory nerve traversing
the affected compartment. The classic description of sensory
loss is in the first web space of the foot secondary to elevated
anterior leg compartment pressures and the effect on the deep
peroneal nerve. Motor weakness is a late and ominous sign.
Loss of palpable pulses is typically associated with vascular in-
jury and is a very late and rare finding in the extremity with
compartment syndrome.

In the patient who is not awake and alert, the diagnosis of
compartment syndrome requires extreme vigilance and a high
degree of clinical suspicion. The diagnosis in these patients re-

quires frequent physical examination and tissue pressure mea-
surements. Tissue pressure measurements are typically accom-
plished via accessing the affected compartment with a needle
or catheter and recording pressure measurements via manom-
etry or pressure transduction. Many techniques have been de-
scribed, but the simplest and most widely used is the STIC
Device (Stryker Corporation, Kalamazoo, MI). The handheld
STIC catheter utilizes a disposable syringe and needle and after
zeroing the monitor, insertion of the needle through the fascia
of the compartments. It allows for rapid and reliable assessment
of compartment pressures (43). Alternatively, a 16-gauge nee-
dle attached to a transduction system also can produce reliable
measurements (44). Some have advocated continuous pressure
monitoring using systems designed specifically for that pur-
pose, although recent data do not support the use of continu-
ous monitoring in the alert patient (45,46). Several researchers
have attempted to develop noninvasive methods of compart-
ment pressure measurements with limited success in the setting
of acute compartment syndrome (47,48).

There is some debate in the literature concerning the mea-
sured pressure at which the diagnosis of compartment syn-
drome should be made and fasciotomy performed. Many
advocate the use of absolute values of greater than 30 to
35 mm Hg as an indication for fasciotomy (45,49). Others
have stressed the importance of the difference between sys-
temic diastolic pressure and measured compartment pressure
(50,51). This difference in pressures has been shown to be a
more reliable indicator of impending compartment syndrome.
A  p of less than 30 mm Hg is used by many as an indication
for fasciotomy. This highlights the concern that patients who
are hypotensive are at significantly greater risk of compart-
ment syndrome than normotensive patients with comparable
absolute compartment pressure measurements. Therefore, in-
traoperative  p should be calculated based on the preoperative
diastolic blood pressure and compartment pressures should be
measured early in the postoperative period (51).

In the patient who is at risk of compartment syndrome, there
are some steps that can be taken that may minimize the devel-
opment of compartment syndrome. First, tight casts, splints,
and dressings should be avoided and promptly removed if the
patient complains of pain out of proportion to the underlying
injury or fracture. There is some controversy about the op-
timal extremity position in patients at risk for compartment
syndrome. Elevation of the extremity may lead to a reduction
of arterial perfusion pressure and subsequent blood flow (52).
Alternatively, placing the limb in a dependent position may
exacerbate edema and reduce venous outflow. The optimal po-
sition for the patient at risk of compartment syndrome is to
place the affected extremity at the level of the heart to optimize
both arterial and venous flow.

Surgical decompression is the treatment of compartment
syndrome. Care must be taken to ensure that all affected os-
seofascial compartments are widely opened. The fasciotomy
wounds should be left open, as any attempt to provide tis-
sue coverage over the at-risk muscle may lead to additional
muscle injury. A variety of techniques have been described for
fasciotomy of the various compartments of the extremities.

In the patient at high risk for the development of compart-
ment syndrome, prophylactic fasciotomy may be appropriate.
If the patient will be unexaminable, unable to complain of
symptoms, or unavailable for serial or continuous measure-
ments of compartment pressures, prophylactic fasciotomy may
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be indicated to prevent the morbid sequelae of untreated com-
partment syndrome. In patients with prolonged hypotension
or arterial vascular repairs, prophylactic fasciotomy should be
performed if the affected extremity was poorly vascularized or
unvascularized for more than a few hours. In the setting of con-
comitant venous injury, fasciotomy should not be delayed be-
cause venous insufficiency may exaggerate edema and increase
the risk of the development of compartment syndrome.

Once fasciotomies are performed, sterile dressings or a
closed vacuum suction device should be applied and the
wounds re-examined in about 48 hours. If fasciotomy was done
late in the course of compartment syndrome, frankly necrotic
muscle should be debrided at the time of decompression. Mus-
cle with borderline or questionable viability should be left and
re-examined in 24 to 48 hours. There are a number of tech-
niques available for delayed muscle coverage following fas-
ciotomy that have been described. Closure by secondary in-
tention is an option, as is split-thickness skin grafting. Other
techniques of delayed coverage include the “Op-Site roller,”
the “shoelace technique,” the STAR (suture tension adjustment
reel) method, and vacuum-assisted closure (53–56).

Complications of untreated compartment syndrome in-
clude muscle necrosis, irreparable nerve damage, and limb loss
(57,58). Delay in therapy may also result in these morbid se-
quelae (50,57,58). When irreversible ischemia in an affected
extremity occurs, there is a depreciable decrease in functional
recovery (59,60). Additionally, delay in fasciotomy causes an
increase in infection rates, which may lead to sepsis and mul-
tiple organ system failure (57,60). When treatment is delayed
more than 12 hours, amputation rates may be over 20% .

Massive necrosis of muscle also has significant systemic ef-
fects. Myonecrosis can result in the release of large amounts of
myoglobin. Myoglobin is released from damaged muscle, par-
ticularly during the reperfusion phase following fasciotomy,
causing rhabdomyolysis. Myoglobin can precipitate renal fail-
ure via three mechanisms: decreased renal perfusion, renal
tubular obstruction due to cast formation, and direct toxic ef-
fects of myoglobin on the kidney (61,62). The incidence of
renal failure in the setting of rhabdomyolysis is estimated at
4% to 33% and carries a mortality of 3% to 50% (62,63).
Early diagnosis is critical to prevention of renal failure, and
all patients who have compartment syndrome should be mon-
itored with serial creatine kinase (CK) levels. Generally, CK
levels of greater than 5,000 U/L are diagnostic of rhabdomyol-
ysis, although renal failure is usually seen at higher levels (63).
The mainstay of treatment of rhabdomyolysis is aggressive hy-
dration and maintenance of high-volume urine output. Some
have advocated the use of mannitol and urine alkalinization
with bicarbonate-containing solutions, although others have
demonstrated no benefit of these therapies over high-volume
normal saline hydration alone. Continuous renal replacement
therapies can also be used to clear myoglobin from the blood
and are advantageous if renal failure occurs due to greater
hemodynamic stability and tolerance in critically ill patients.

In addition to poor long-term functional recovery following
late or untreated compartment syndrome, a Volkmann contrac-
ture may occur. A Volkmann contracture is the chronic limb de-
formity arising from untreated compartment syndrome causing
muscular ischemia and subsequent fibroblastic proliferation,
contraction, and adhesion formation. Additionally, nerve is-
chemia leads to loss of denervation of the muscle, muscle pare-
sis, and paralysis. A Volkmann contracture causes significant

long-term morbidity and may lead to a need for amputation
or extensive reconstruction to regain function of the affected
extremity.

FAT EMBOLISM SYNDROME
Fat embolism syndrome (FES) has been reported to occur in
bone marrow transplant, pancreatitis, fatty liver, and liposuc-
tion (64,65). However, FES is most commonly associated with
long bone fractures. Although fat embolism may occur in up
to 90% of trauma patients, FES occurs in only 2% to 5%
of patients with long bone fractures (66,67). FES is charac-
terized by both pulmonary and systemic fat embolism and
includes a spectrum from subclinical to mild and fulminate
presentations (65,68,69). Clinical FES typically involves mul-
tiple organ systems; however, involvement of the pulmonary,
neurologic, hematologic, and dermatologic systems is the most
common.

Fat embolization can occur at the time of fracture. Long
bone fixation may result in additional embolization and FES.
Elevated pressures during reaming of the intramedullary canal
appear to be temporally associated with embolization to the
pulmonary circulation when studied with echocardiography
(70). Once fat is liberated into the circulation and embolizes,
the pulmonary microvasculature becomes occluded.

Depending on the size of fat globules, smaller globules may
traverse the pulmonary microvasculature and reach the sys-
temic circulation, leading to the common neurologic manifesta-
tion of FES. Although the pulmonary, cerebral, retinal, and skin
microcirculations are typical clinical manifestations of FES, fat
embolization can affect any microcirculatory bed.

Acute lung injury (ALI) and ARDS may result from fat em-
boli occluding pulmonary capillaries, and biochemical alter-
ations directly damage the pulmonary capillary endothelium
(65,71–73).

Although many patients with long bone fractures develop
fat embolism, far fewer develop FES, suggesting that additional
factors may be necessary in the development of lung injury.
Biochemical fat embolization is associated with the release of
free fatty acids (FFAs) (74). FFAs in the lung are locally hy-
drolyzed in pulmonary circulation by lipoprotein lipase, which
releases toxic substances that injure the capillary endothelium.
The release of FFAs increases vascular permeability, producing
alveolar hemorrhage, edema, and inactivation of the surfac-
tant molecules (75,76). Ultimately, these pulmonary alterations
lead to ALI and ARDS. As fat accumulates in the pulmonary
microcirculation and lipoprotein lipase liberates FFAs, dissemi-
nated intravascular coagulation (DIC) and platelet aggregation
further compound capillary disruption and systemic inflamma-
tion.

Fat emboli that pass through the pulmonary vasculature re-
sult in systemic embolization, most commonly in the brain and
kidneys (77). Cerebral FES is a rare, yet potentially lethal, com-
plication of long bone fractures. Neurologic symptoms vary
from confusion to encephalopathy with coma and seizures.
A clinical diagnosis may be difficult as cerebral FES may be
masked by other clinical scenarios (78). Diffuse encephalopa-
thy, petechial hemorrhages, localized cerebral edema, and
white matter changes have also been seen in patients diagnosed
with FES. Magnetic resonance imaging (MRI) may be necessary
to show the characteristic cerebral lesions of the acute state of
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FES as opposed to a computed tomography (CT) scan, which
often may appear normal (79).

A specific treatment for FES does not currently exist. Treat-
ments with heparin, dextran, and corticosteroids have not been
shown to reduce the morbidity or mortality (64,80). How-
ever, when given prophylactically, corticosteroids (methylpred-
nisolone) may have beneficial effects (81,82). The mainstay of
treatment for FES is supportive; therefore, prevention, early di-
agnosis, and adequate symptom management are paramount.
Although long bone fracture fixation is the main cause of fat
embolism and FES, early fracture fixation may be critical in re-
ducing recurrent liberation of fat into the circulation as a result
of fracture movement and decreases the incidence of FES (83).

Patients with polytrauma are at risk of other forms of res-
piratory failure (atelectasis, pneumonia) and multiple system
organ failure (MSOF). Early fixation and patient mobilization
may reduce those complications (84). Methods to reduce in-
tramedullary pressure and embolization during reaming have
been developed, which include venting or applying a vacuum
during reaming to limit the elevation of intramedullary pres-
sure and thus reduce the incidence of fat embolization (85,86).

Respiratory failure from FES is characterized as permeabil-
ity edema with decreased compliance similar to oleic acid lung
injury. Gas exchange abnormalities include shunt and increased
dead space from atelectasis and alveolar flooding comparable
to ALI and ARDS from other causes (87,88). The general goals
of ALI and ARDS management focus on maintaining accept-
able gas exchange while limiting ventilator-associated lung in-
jury (VALI).

Patients with FES may develop cerebral edema, leading to
rapid deterioration (89). In such cases, intracranial pressure
(ICP) monitoring may be beneficial (90). In general, trauma pa-
tients should not have their neurologic examination obscured
by excessive sedation or neuromuscular blocking agents in or-
der to allow them to tolerate mechanical ventilation (91).

The outcome in patients with FES who receive supportive
care is generally favorable, with mortality rates of less than
10% (92). Pulmonary, neurologic, and retinal abnormalities
generally resolve completely. General management is support-
ive in nature and focuses on early fixation and mobilization.
Organ support includes shock resuscitation and gas exchange
support, which balances lung recruitment and limits the po-
tential for VALI. Ideally, neurologic support would include the
ability to conduct a clinical neurologic examination.

PELVIC FRACTURES
Pelvic fractures occur from high-impact trauma and are asso-
ciated with mortality rates ranging from 10% to 50% (93).
The principles of pelvic fracture management after the initial
assessment of “airway, breathing, and circulation” include de-
tection of associated injuries (especially intraperitoneal bleed-
ing source), stabilization of pelvic fracture in patients who
demonstrate signs of hemorrhage (external compression de-
vices), early embolization of pelvic arterial bleed, and avoid-
ing coagulopathy and hypothermia by vigilant monitoring and
treatment. Older patients (≥ 60 years) have a higher likelihood
of arterial bleeding with more transfusion requirement (94). Af-
ter control of life-threatening issues such as bleeding, careful
assessment of other injuries that may cause significant morbid-
ity such as rectal and vaginal tears and bladder and urethral
injuries need to be assessed. Missed open pelvic fractures will

lead to sepsis. Adequate hydration, monitoring for abdomi-
nal compartment syndrome, and vigilant secondary and ter-
tiary survey are necessary. Some patients require more than
one embolization to control hemorrhage (95). A newer con-
cept adopted from the European trauma groups is the method
of preperitoneal packing, which can be done expeditiously and
save time in transporting patients to the radiology suite and
waiting for angiographers (96). Due to the high-energy impact
required to cause pelvic fractures, these patients have multiple
sites of injury and remain a challenge.
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CHAPTER 86 ■ UROLOGIC SURGERY
AND TRAUMA
MICHAEL COBURN

IMMEDIATE CONCERNS

Primary emergency considerations in urology from the critical
care perspective include hemorrhagic, obstructive, infectious,
and ischemic processes, in addition to a wide variety of gen-
eral postoperative difficulties that may warrant emergent in-
tervention. Oncologic emergencies also arise in urology and
may require urgent critical care management. Urologic trauma
(addressed in a separate section, below) encompasses a wide
variety of injuries that may vary from life threatening issues to
those impacting functional outcomes.

Gross hematuria is an alarming symptom to the patient and
the medical practitioner, and may mandate immediate critical
care intervention depending on the magnitude of the hema-
turia and details of the individual case (1). Patients present-
ing with gross hematuria to the emergency center may have
a defined cause (e.g., known radiation cystitis, recurrent be-
nign prostatic hypertrophy [BPH]-related bleeding) or may be
reporting a new sign not previously evaluated. Immediate uro-
logic intervention is necessary if the patient has clot retention
(unable to void or empty adequately due to the presence of
clots in the bladder), is bleeding severely (which may be dif-
ficult to judge), has significant pain, is infected, has coagu-
lopathy, or has other underlying medical factors with increased
risk of further complications. Vital sign measurement, physical
examination, and basic laboratory studies including complete
blood count (CBC), coagulation functions, electrolyte and re-
nal function testing, urinalysis, and culture will often answer
the above questions and determine the need for immediate in-
tervention. Palpation and percussion of the bladder may reveal
bladder distention with or without tenderness. Bladder ultra-
sound units (BladderScan) or other readily available ultrasound
instruments may rapidly answer the question of whether the
bladder is distended. In the setting of gross hematuria and a
distended bladder, a catheter must be inserted. Often too small
a catheter is placed, which does not allow adequate irrigation
of clots; clots must be fully evacuated to allow proper catheter
drainage as well as to determine the degree of bleeding and
continuation of bleeding. Small clots may be evacuated via an
18 to 20 French catheter; large clots require a bigger catheter
(22–24 French) for satisfactory evaluation. The catheter should
be irrigated to and fro with a piston syringe using 60 to 120 mL
of normal saline. When no more clots can be retrieved, the ir-
rigation efflux should become clear if bleeding is not ongoing.
If the efflux remains bloody despite complete clot evacuation
or if new clots continue to form, there is ongoing bleeding and
input from the urologist is needed. One can change the pa-
tient to a three-way catheter in the setting of continuing bleed-

ing in order to keep the catheter patent, but this decision is
best made along with urologic consultation. There are risks
involved in the implementation of continuous bladder irriga-
tion, including bladder rupture if the outflow lumen becomes
occluded without recognition and the inflow of irrigant con-
tinues. It is preferable to diagnose early with definitive inter-
vention as cystoscopic examination and fulguration may solve
the problem with less morbidity and less blood replacement
than more conservative approaches. Gross hematuria in the
urologic postoperative setting will be addressed in more detail
below.

Other hemorrhagic urologic problems requiring immediate
critical care intervention include renal or perirenal bleeding
(e.g., spontaneous hematoma in the anticoagulated patient or
the renal tumor patient) or scrotal hematoma. Bleeding in these
sites is often trauma related (see below).

Urosepsis is another concern. Sepsis of the urinary tract
or urogenital origin may present in a most precipitous and
potentially life-threatening manner, or may be indolent (2). It
is essential to understand the importance of the combination
of infection and obstruction in producing a dangerous septic
state. A common scenario is the patient presenting with an ob-
structing ureteral calculus. Typical symptoms of ureteral colic
include flank pain (often radiating to the lower quadrant, and
ipsilaterally to the genitalia with distal stones), irritative void-
ing symptoms (when the stone is distal in the intramural ureter),
nausea, vomiting, or distention (due to ileus). These symptoms
can be extremely distressing and require urgent medical atten-
tion, but the most critical emergency seen in such a setting oc-
curs when these symptoms are accompanied by infection and
sepsis. The combination of infection and obstruction of the
urinary tract (upper or lower) is a veritable surgical emergency
requiring immediate action. Septic shock may unfold rapidly
in such situations with a significant mortality rate, even in the
otherwise healthy host. We teach our residents that the sun
should never set on an undrained, infected obstructed urinary
tract.

Other infectious states requiring urgent critical care inter-
vention include renal or perirenal abscess, scrotal abscess, acute
epididymo-orchitis, and Fournier gangrene (see below).

Obstruction of the urinary tract and urinary retention may
require critical care intervention independent of the presence
or absence of hematuria or infection. Upper or lower tract ob-
struction can result in acute or chronic renal failure, mandating
prompt drainage to control metabolic instability. Acute urinary
retention with bladder distention is a miserable experience for
the patient, and must be promptly relieved by introduction of a
catheter into the bladder, preferably by a transurethral route, or
alternatively by a suprapubic route if the urethra is impassable.
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Ischemic states represent another form of pathology for
which immediate intervention is essential (3,4). The quintessen-
tial example in our discipline is that of testicular torsion. De-
layed diagnosis of torsion is a common cause of unnecessary
testicular loss (as well as avoidable litigation). After 8 hours,
the likelihood of testicular salvage decreases significantly. A
high index of suspicion is necessary when addressing “ the
acute scrotum,” with accurate history and physical examina-
tion forming the core of this assessment, with diagnostic imag-
ing (mainly scrotal ultrasound, occasionally computed tomog-
raphy [CT] scanning when extension from an intra-abdominal
process is suspected). When clinical suspicion of acute testicu-
lar torsion is high, surgical exploration should not be delayed
to obtain confirmatory imaging that is not readily and rapidly
available. The outcome with regard to testicular salvage is crit-
ically time sensitive. The occasional negative exploration or the
finding of some other cause of the acute scrotum is appropriate,
similar to the principles of exploration for the acute abdomen
and for acute appendicitis. Naturally, proper patient education
is important preoperatively in addressing the differential diag-
nosis and both the possibility of finding a lesion, which might
have been manageable without surgery, as well as the possi-
bility of orchiectomy. The differential diagnosis of the acute
scrotum includes incarcerated or strangulated inguinal hernia
for which urgent surgical management is also critical. Physical
and sonographic findings are usually diagnostic preoperatively.

Other ischemic states of critical care relevance in urology
include the ischemic kidney (due to atherosclerotic or embolic
disease or pedicle injury from trauma). The kidney begins to
undergo irreversible loss of function following approximately
30 minutes of warm ischemia time; thus, rapid action is neces-
sary.

Oncologic emergencies in urology often involve hemor-
rhagic, obstructive, and infectious problems. Other emergen-
cies include neurologic compromise and pain management is-
sues. Prostate cancer may metastasize preferentially to the
skeletal system. In prior eras, presentation with extensive spinal
involvement was much more common than in current prac-
tice; however, sudden neurologic compromise from spinal cord
compression due to prostate cancer is still seen. Sensory loss,
paralysis, and loss of urinary, bowel, and sexual function may
be manifestations of neurologic compromise from malignant
involvement of the central nervous system. When observed,
immediate neurosurgical consultation should be obtained to
determine if corticosteroids, emergency radiation therapy, or
decompressive laminectomy is indicated. In addition, medical
oncology input is valuable. Commencing antiandrogen ther-
apy emergently may be of great value when prostate cancer pa-
tients present with complications such as neurologic or urinary
obstructive compromise. Intramuscular leuteinizing hormone–
releasing hormone (LH-RH) agonists such as leuprolide acetate
may be started immediately; to prevent transient worsening
from the androgen flare that accompanies the initiation of such
regimens, an antiandrogen drug such as bicalutamide should
be commenced simultaneously or prior to the LH-RH analog.

POSTOPERATIVE MANAGEMENT
Both major and minor urologic surgery may present critical
care issues that require rapid and accurate assessment and in-
tervention. While the postoperative considerations following

major retroperitoneal or pelvic surgery will be familiar to the
surgical critical care specialist as they mirror the issues rele-
vant to general and vascular surgery, there are special consid-
erations in urologic patients. Patients undergoing endoscopic
surgery and genital surgery may present with postoperative is-
sues less familiar to the critical care teams, and it is important
to understand the anatomy and the issues that may require
expeditious intervention. Currently, many urologic procedures
that have traditionally been performed through open surgical
approaches are now commonly being approached via laparo-
scopic, robotic, and other minimally invasive techniques, which
bring with them their own set of postoperative challenges. We
will address the more common and important types of urologic
procedures with relevance to the critical care provider.

Upper abdominal surgery in urology usually involves extir-
pative procedures on the adrenal gland, kidney, or ureter and/or
reconstructive procedures on these structures.

Patient position and selection of incision are relevant to the
postoperative management. While the anterior midline incision
is often favored by general surgeons for intraperitoneal pro-
cedures, urologists often prefer to operate through the flank
or through other incisional approaches to the upper abdomen.
Flank surgery is an art that is mastered through extensive expe-
rience: exactly how and where to make an incision reflect one’s
training and the task to be accomplished. Large renal tumors
are often approached through a thoracoabdominal incision,
which may enter the chest through the bed of the 8th to 11th
rib through a rib resection or intercostal technique. Smaller
or lower pole tumors are commonly approached through a
subcostal flank or anterior incision, which generally does not
enter the thoracic cavity. Such incisions may be developed as
extraperitoneal exposure or through a transperitoneal route.
The critical care provider in these postoperative patients should
know how the patient was positioned, what kind of incision
was made, and whether it was transthoracic and intra- or ex-
traperitoneal. These details allow one to anticipate the types of
problems that may arise postoperatively. In flank surgery, it is
not uncommon to encounter a “down-lung” syndrome, with
postoperative atelectasis involving the lung positioned down-
ward against the operating table, particularly when the oper-
ation is prolonged and the patient is large. Occasionally lobar
or complete lung atelectasis may be noted and may require
bronchoscopic intervention. If a tube thoracostomy is placed
following urologic surgery, the standard problems typical of
the use of such tubes can occur; rarely, lung resection is per-
formed as part of a urologic procedure (e.g., wedge resection of
a solitary metastasis from renal cell carcinoma) and problems
related to air leak or postoperative intrathoracic bleeding may
be encountered. Excellent pulmonary toilet is critical follow-
ing upper abdominal and flank urologic surgery and ideally
should be initiated preoperatively, with patients being medi-
cally optimized and being taught to use an incentive spirome-
ter, and then being closely monitored for pulmonary difficulties
with early intervention as indicated. Postoperative pain from
flank surgery can be a major problem and can require expert
pain management intervention, continuous epidural analgesic
strategies, subcutaneous pain pumps, and patient-controlled
intravenous analgesic. Appropriate pain control is also key to
minimizing pulmonary complications by aiding respiratory and
coughing efforts.

Following surgery that involves removal or manipulation
of the adrenal gland, the possibility of an early postoperative
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hypoadrenal state should be considered, including the poten-
tial for addisonian crisis. These entities may be unsuspected
and may be missed or noted with a delay in diagnosis when as-
sessing postoperative electrolyte and hemodynamic abnormal-
ities and other nonspecific signs that may be consistent with
acute adrenal dysfunction or deficiency. The critical care spe-
cialist should know if the adrenal was removed along with a
nephrectomy procedure and whether there is any reason to sus-
pect hypofunction or absence of the contralateral gland.

Acute renal insufficiency may occur following any major
surgery, and is of particular concern following renal surgery.
Partial nephrectomies may be performed using warm or cold
ischemia techniques. When the latter approach is used, the pa-
tient’s kidney is packed in saline slush following noncrushing
occlusion of the renal artery and the excisional procedure is
completed in a setting of local hypothermia. While the objec-
tive in such surgery is to minimize the negative impact on the
function of the operated kidney, some degree of postoperative
acute tubular necrosis (ATN) may still occur. Whether this is
clinically noted or relevant depends largely on the state of the
contralateral kidney, and standard management principles for
acute renal insufficiency are applicable.

Bleeding following renal or other upper abdominal urologic
surgery is of vital importance. Postoperative bleeding may be
manifested by hemodynamic changes, acute anemia, physical
findings such as palpable flank hematoma or ecchymosis, or
radiologic findings of blood in the renal fossa, chest (after a
transthoracic procedure) or peritoneal cavity (after a transperi-
toneal procedure). If a drain is left in place following surgery,
elevated output of bloody fluid is important to monitor. Follow-
ing a partial nephrectomy, significant postoperative bleeding
most commonly arises from arterial branch vessels within the
renal parenchyma at the resection site. An effort is made intra-
operatively to suture significant parenchymal bleeding points,
often supplemented by the use of additional bolstering sutures,
hemostatic agents, and coagulation instruments (e.g., Argon
beam coagulator). If significant bleeding occurs following re-
nal surgery, expectant management with transfusion and cor-
rection of any coagulopathy, return to the operating room for
re-exploration, angiographic embolization, or CT scanning to
assess the specific anatomic site of bleeding and judge the size
of the hematoma are options to consider. The choice between
these measures is individualized based on the severity of the
bleeding, patient condition and physiologic reserve, and access
to imaging, interventional radiologic, and surgical resources.
If there is evidence that major early postoperative bleeding oc-
curs that may be due to an uncontrolled renal pedicle, rapid
surgical re-exploration is the best approach. If bleeding oc-
curs subacutely and renal parenchymal bleeding is suspected,
interventional radiology (IR) is usually favored. The patient
should be maintained in a fluid-resuscitated state when a re-
nal bleeding issue is evolving, with the hemoglobin at a level
that would allow the patient to tolerate continued blood loss
without catastrophic decompensation.

Urinary extravasation following upper urinary tract surgery
may be manifested by increased drainage from suction drains
for which creatinine determination confirms the fluid’s identity
as urine. Urologic input should be sought as to whether the re-
gion is well drained, whether the leak is expected, and whether
intervention versus observation is indicated.

Pelvic surgery procedures requiring postoperative critical
care include exenterative procedures for malignancies (radical

prostatectomy or cystectomy), simple open prostatectomy for
benign prostatic hyperplasia, and reconstructive pelvic surg-
eries for incontinence. Critical care issues typically relate to
standard postoperative abdominal surgical concerns such as
pain, bleeding, and ileus. Specifically with pelvic urologic pro-
cedures, management of tubes and drains and recognizing
when urinary extravasation arising in the postoperative period
requires urgent attention or can be managed expectantly is im-
portant. Patients that have undergone major surgery involving
an open bladder (open prostatectomy, bladder stone removal,
etc.) may have significant bladder spasms postoperatively re-
quiring anticholinergic medication. Bleeding following major
urologic pelvic surgery may result in Foley catheter occlusion
with clot, and it should be established with the urologist how
much hematuria is acceptable and what measures should be
taken if failure of catheter drainage develops. Catheter manip-
ulation should be pursued only with the input of the urologist.
Significant bleeding from the catheter is relatively uncommon
following radical prostatectomy, while dramatic hematuria is
much more common following an open simple prostatectomy
performed for BPH, in which the adenoma is enucleated from
the prostatic capsule by finger dissection, leaving a raw, vascu-
lar tissue bed. Urologic input is needed for problematic bleeding
in such patients.

The possibility of anastomotic leakage or a missed injury to
the ureter exists in the radical prostatectomy patient. If inordi-
nately high pelvic suction drainage is noted, the fluid should be
sent for creatinine level to determine if a urine leak is present.
If well drained, no immediate intervention may be necessary,
but radiographic studies may be indicated to localize the site
of extravasation and plan definitive management.

Following radical cystectomy for bladder cancer, compli-
cations may include urinary extravasation from the urinary
diversion reconstruction, pelvic bleeding, ileus, bowel obstruc-
tion or anastomotic leak, and pelvic lymphocele accumulation.
These patients invariably require stays in the intensive care unit
(ICU) postoperatively, due to the length and complexity of the
surgery, potential for postoperative bleeding, and general med-
ical management. Patients undergoing major urologic surgery,
and especially patients undergoing cystectomy and urinary di-
version, may require nutritional support. These patients, who
have had both a major exenterative procedure as well as com-
plex bowel surgery, may have a prolonged ileus, develop partial
small bowel obstruction, and be depressed, and will often re-
quire aggressive nutritional supplementation, which should be
begun early when a prolonged recovery is anticipated, to avoid
the healing problems seen with development of a progressive
catabolic state.

Deep venous thrombosis (DVT) and pulmonary embolism
are risks of many urologic surgical procedures, and urologists
are acutely aware of the issues related to DVT prophylaxis. Be-
cause major retroperitoneal or pelvic surgery also presents sig-
nificant risks for postoperative bleeding, a judicious approach
to postoperative anticoagulation is applied, with careful assess-
ment of DVT risk factors and risk–benefit analysis. Radical
cystectomy is the procedure with the greatest DVT risk of the
urologic operations, as an extensive pelvic lymphadenectomy
is also typically included, and many urologic oncologists will
start low-molecular-weight heparin regimens 24 hours follow-
ing surgery if there are no bleeding issues.

Other pelvic surgical procedures the critical care provider
may encounter include the wide range of pelvic floor
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reconstructive operations performed for management of pro-
lapse or stress incontinence. The traditional pubovaginal sling
or retropubic bladder neck suspension procedures, and par-
ticularly some of the newer procedures that involve passage
of artificial tape and mesh materials either via the retropubic
space, through a transobturator foramen approach, or through
other transvaginal techniques, may introduce the risks of en-
teric pelvic injury or major pelvic vascular injury. If major
bleeding occurs following these types of procedures, either via
the surgical incisions or resulting in large pelvic hematoma and
hemodynamic instability, pelvic exploration or angiographic
study may be indicated and vascular surgical expertise may be
necessary.

Endoscopic upper and lower urinary tract surgery encom-
passes a wide variety of commonly performed procedures,
including diagnostic cystoscopy (rigid, flexible), cystoscopic
surgery (bladder biopsy, transurethral resection of prostate or
bladder tumor [TURP, TURBT]), ureteroscopy (rigid, flexi-
ble, diagnostic alone, or with stone manipulation or biopsy/
fulguration), and percutaneous renal access surgery (percuta-
neous nephrostolithotripsy). Each of these varieties of urologic
instrumentation can be simple or complicated, and can raise
problems for the critical care provider.

Lower tract endoscopy for diagnostic purposes is usually
performed in an office setting, using a flexible cystoscope (some
urologists use the rigid cystoscope in the female, as it is well
tolerated due to short length and straight orientation of the
female urethra; most male cystoscopy utilizes the flexible cys-
toscope). Lidocaine jelly is usually used as a local anesthetic,
typically instilled with a prepackaged applicator (Uro-jet). The
procedure causes minimal discomfort. Postprocedure infection
can occur, but the risk is small if the urine is sterile preproce-
dure. Prophylactic oral antibiotics are often administered for all
endourologic procedures to minimize the infection risk. Gross
hematuria can occur following simple diagnostic cystoscopy,
but is usually self-limiting and minimal, especially when the
flexible cystoscope is used. Cystoscopic surgery, on the other
hand, is generally performed under regional or general anes-
thesia, and specific issues exist.

When cutting or resection is required, a resectoscope is used,
which is a rigid instrument that employs a cutting loop or
cutting blade. When performing a traditional TURP, normal
saline is not used as an irrigant, as the electrolyte solution will
cause dissipation of electric current and prevent effective cut-
ting or coagulation. The most common irrigant used for TURP
in the United States is 1.5% glycine, which is nonelectrolyte
and isotonic to plasma. This irrigant allows the electroresec-
tion system to function properly while avoiding hemolysis if
intravascular extravasation occurs, a problem seen historically
when sterile water was used. Cystoscopic surgery using glycine
can result in significant hyponatremia if major absorption oc-
curs, either directly into the vasculature (as with cutting into a
periprostatic venous sinus during a TURP) or into interstitial
tissues (as with fluid entering the retropubic space or infiltrat-
ing under the bladder trigone). As hyponatremia develops, the
patient may develop altered mental status, bradycardia, hyper-
tension, and respiratory compromise. If under general endotra-
cheal anesthesia, foamy material may be noted in the breath-
ing circuit. Severe hyponatremia may cause cerebral edema and
grand mal seizures, and may be life threatening. Some intersti-
tial extravasation has been shown to occur during TURP even
without capsular or venous perforation but it does not cause

morbidity if minimal. If this problem is recognized intraoper-
atively, the procedure may need to be prematurely terminated.
Diuretics with normal saline or hypertonic saline administered
intravenously may be indicated, depending on the clinical man-
ifestations. The more abrupt the development of the hypona-
tremia and the lower the serum sodium, the more dramatic the
clinical manifestations are. TURBT procedures are sometimes
performed using sterile water as the irrigant of choice in or-
der to minimize cell implantation risk, but there is a lack of
data to support this concept, and extravasation of sterile wa-
ter can introduce both a hyponatremia and a hemolysis risk.
We strongly recommend avoiding sterile water as an irrigant
for operative cystoscopy, confining its use to simple diagnos-
tic cystoscopy. If bladder perforation occurs during TURBT
or bladder biopsy procedures, there is the potential for sig-
nificant irrigant extravasation to occur rapidly. If the perfo-
ration is extraperitoneal, management with catheter drainage
will suffice and the fluid is usually reabsorbed without sequelae
unless the volume is very large, in which case placing a drain
in the retropubic space to evacuate the fluid may be indicated.
Minimal intraperitoneal resectoscopic injuries may be manage-
able with catheter drainage alone. If problems arise (abdominal
distention, persistent extravasation) with this nonoperative ap-
proach to intraperitoneal bladder perforation, laparoscopic or
open surgical repair should be performed. (This situation is
very different from the intraperitoneal bladder rupture due to
blunt trauma, which typically results in a large defect in the
bladder dome, consistently requiring suture repair to prevent
urinary ascites and sepsis.)

Bleeding may be a problem following either TURP or
TURBT. Urologists are well trained to deal with this problem
and distinguish arterial bleeding, which will likely warrant re-
turn to the operating room for a second look and fulguration at-
tempt, from acceptable venous bleeding, which is self-limiting.
Often three-way catheter continuous bladder irrigation is em-
ployed following these procedures to maintain catheter patency
and prevent clot formation postoperatively. While these devices
are valuable adjuncts in our management of such patients, they
introduce the potential for postoperative difficulties with oc-
clusion of the outflow channel from clot, while irrigant inflow
continues. Bladder distention and bladder rupture can result in
this situation. When managing any continuous bladder irriga-
tion system, the critical care provider must closely monitor the
inflow and output, and palpate the lower abdomen on a regular
basis to be certain that occlusion does not occur. If uncertain
as to whether the three-way catheter is draining properly, the
inflow should be turned off while the catheter is irrigated or
urologic assistance is obtained. Only normal saline should be
used as irrigant for continuous bladder irrigation systems. For
TURP procedures, catheter traction may help control bleeding
from within the prostatic fossa. Only the urologist should im-
plement or adjust the traction system. For TURBT procedures,
catheter traction is of no value, as the bladder body cannot be
compressed, so a lower threshold to take the patient back to
surgery for a second look is safer for post-TURBT bleeding. If a
catheter needs to be changed in the early postoperative period
following a TURP or TURBT, this should be done by the op-
erating urologist’s team or on their specific order. Newer tech-
nologies for TURP and TURBT employ laser energy to ablate,
vaporize, or coagulate tissue endoscopically. These approaches
usually result in less bleeding than the traditional electroresec-
tion approaches. Complications usually relate to obstruction
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following catheter removal or to iatrogenic injury from the
laser energy being misdirected.

Upper tract endoscopy (ureteroscopy, percutaneous nephro-
scopy) has progressed greatly in the last two decades, with the
current instrumentation allowing complex upper tract proce-
dures to be performed with low morbidity. Ureteroscopy is of-
ten performed for hematuria evaluation, treatment of ureteral
or renal stones, endoscopic assessment, and treatment of upper
tract urothelial neoplasms, and for addressing obstructive le-
sions with laser or other incision procedures. Normal saline
is used for most such procedures, although glycine may be
needed when electrofulguration in the upper tract is planned.
Problems that the critical care provider may encounter usu-
ally relate to ureteral perforation, gross hematuria with stent
occlusion or “clot colic,” or obstructive problems related to re-
tained stone fragments. Percutaneous renal surgery may be ac-
companied by problems related to having surgery in the prone
position, a high access traversing or affecting the chest, and
postoperative bleeding. Percutaneous nephrostolithotomy or
nephrolithotomy (PCNL) involves gaining access to the col-
lecting system through the flank with the patient in the prone
position. A needle, guidewire, and balloon or other dilating sys-
tem is utilized to place a hollow plastic working sheath through
the renal parenchyma into the collecting system, through which
a flexible or rigid working nephroscope can be advanced. Laser,
electrohydraulic, ultrasonic, or pneumatic devices are used to
fragment and remove stone, or resection, incision, or fulgura-
tion instruments can be introduced to deal with neoplastic or
obstructive lesions. Depending on the task to be accomplished,
the access for percutaneous renal surgery may be obtained by
the interventional radiologist or by the urologist. If entry into
the upper pole calyx is needed for stone access, a supracostal
puncture may be required (above the 12th rib). The risk ex-
ists to traverse the chest cavity resulting in pneumothorax or
hydrothorax, which may require tube thoracostomy postoper-
atively. If elevated airway pressures and difficulty with ventila-
tion occur intraoperatively, these possibilities should be enter-
tained and managed acutely. As the kidney is a very vascular
organ and the access traverses the renal parenchyma, significant
bleeding can occur intraoperatively, perioperatively, or days or
weeks postoperatively at the time of nephrostomy removal.
Occasionally angiographic embolization may be necessary for
major renal bleeding associated with PCNL. If brisk bleed-
ing with hemodynamic instability occurs via an indwelling
nephrostomy tube, the tube can be clamped while urologic in-
put is urgently obtained. When removing a nephrostomy tube
following PCNL, a tamponade catheter should be immediately
available to place into the tract and inflate if dangerous bleed-
ing ensues following tube removal.

While not strictly endoscopic surgery, extracorporeal shock
wave lithotripsy (ESWL) is another common procedure for
stone management that the critical care provider may en-
counter. This approach involves the noninvasive fragmenta-
tion of renal or ureteral calculi with a shock wave generator
system under fluoroscopic or ultrasound guidance. The proce-
dure commonly produces transient gross hematuria, which is
rarely troublesome, as ESWL does result in some mild blunt
trauma to the kidney. The typical procedure involves adminis-
tering approximately 3,000 shocks to the stone(s). Following
ESWL, colic can occur due to passage of fragments. Whether
manageable expectantly or requiring stent insertion depends
on the stone burden, the amount of debris created, the size of

residual fragments, the degree of symptoms, and whether there
are signs of infection and septic shock.

Laparoscopy in urologic surgery has come into its own in
recent years and has become a major element of our approach
to a wide range of surgical tasks that previously were per-
formed solely through major open approaches. In many cen-
ters, the open radical retropubic prostatectomy (RRP) has been
nearly replaced by the robotic-assisted laparoscopic prostat-
ectomy (RALP), and kidney surgery done through a flank inci-
sion has been largely replaced by laparoscopic approaches. The
same special considerations that are relevant to all laparoscopic
surgeries are important to urologic laparoscopy. Such common
issues include postoperative ileus, CO 2 retention, venous CO 2
embolism, postoperative bleeding, unrecognized intraoperative
iatrogenic injury, and trochar and port-site complications (5).

In laparoscopy for renal surgery, there are two potential ma-
jor sites of postoperative bleeding: the renal pedicle and the re-
nal parenchyma (relevant for partial nephrectomy). The tradi-
tional means of controlling vessels in open surgery, using sutur-
ing and ligation, is often replaced in laparoscopic surgery with
vascular stapling devices and instruments like the harmonic
scalpel. The technology has advanced rapidly with these tools,
and they are generally reliable and secure. There are, however,
user-dependent factors and there is a learning curve involved
in mastering the use of these devices. Bleeding can occur im-
mediately postoperatively or in a more delayed fashion, and be
manifested by hemodynamic and laboratory changes or visible
bleeding from instrument ports or incisions. When precipitous
and life threatening, a quick return to the operating room with
either laparoscopic or open re-exploration may be the most ap-
propriate course. When more gradual and when the luxury of
the opportunity for further evaluation is appropriate, postop-
erative CT scanning to determine if there is a renal or perirenal
hematoma may be relevant prior to a surgical effort. If bleed-
ing occurs from the cut surface of the kidney following either
open or laparoscopic partial nephrectomy, angiography with
subselective embolization is often the preferred approach.

Drains left within the abdomen following laparoscopic pro-
cedures are often placed intraperitoneally, as opposed to the
case in extraperitoneal flank surgery, where the drain is of-
ten not within the peritoneal cavity. As such, intraperitoneal
drains may drain retained irrigant or peritoneal fluid in co-
pious amounts following surgery. If there is uncertainty as to
the significance of increased drain output, fluid may be sent for
chemical analysis (creatinine to determine if fluid is urine, amy-
lase to rule out pancreatic fluid leak). Leakage of urine follow-
ing laparoscopic urologic surgery may not require immediate
intervention if the leak is well drained. If action is needed, post-
operative ureteral stent insertion (along with a urethral Foley
catheter or in some cases nephrostomy insertion) will often al-
low the collecting system to heal without sequelae. In general,
drains should be removed as early as possible, as they have the
downside of potentially allowing the entry of bacteria into the
abdominal cavity.

In the course of dissection during laparoscopic urologic
surgery, especially if electrocautery is extensively utilized, the
risk of unrecognized bowel injury must be appreciated. The
presentation of such complications may be subtle, with low-
grade fever; minimal diffuse tenderness, which may be con-
sistent with the expected postsurgical state; or delayed return
of bowel function or persistent anorexia. A high degree of
suspicion is important when patients fail to thrive following
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laparoscopic surgery, and postoperative CT scanning may
demonstrate a fluid collection in an unexpected location or
inflammatory changes in or near the intestine that would not
be otherwise anticipated.

As robotic surgery for radical prostatectomy is rapidly be-
coming commonplace, the critical care provider may encounter
such patients in the postoperative period. The same considera-
tions noted above apply to the RALP patient with regard to sus-
pecting and identifying inadvertent injuries. Gross hematuria
causing catheter occlusion is important to recognize, as the vesi-
courethral anastomosis in these patients is quite delicate and
usually performed with a running suture. Clot retention from
catheter occlusion can result in bladder distention, which may
strain or cause dehiscence of the anastomosis. Clear instruc-
tions from the urologist should be noted regarding catheter
management, what to expect regarding volume and appearance
of efflux, and appropriate interventions. If a catheter fails to
drain following RALP, judicious irrigation with normal saline
is generally safe, using no more that 60 mL. If a small clot is
present and this maneuver results in normal clear efflux, no
further action is necessary. Otherwise, the urologist should be
informed and should provide specific intervention instructions
or deal with the situation personally. Under no circumstances
should anyone but the operating urologist ever remove and at-
tempt replacement of an indwelling urethral catheter during the
early perioperative period following major lower tract urologic
surgery, especially when a fresh anastomosis or reconstructive
site is present; such manipulation without direct visualization
may disrupt the reconstruction site and cause major additional
complications.

Genital surgery issues that may arise in the critical care set-
ting may relate to penile, sphincter, and testicular prosthetic
implants; neurologic stimulater implants; or complications of
the wide range of other genital procedures urologists perform.
Dressings on the genitalia should be inspected for bleeding
or excessive tightness, which can cause vascular compromise,
especially if applied circumferentially around the penis. Any
major local complaint by a patient following genital surgery
should be referred to the urologic surgeon for input. It is impor-
tant for the critical care provider to know when a patient has
a genitourinary prosthesis implanted. Obviously, there should
never be any needle placement or incisional procedure per-
formed by a nonurologist in the region of the genitalia in the set-
ting of a prosthetic implant, as the fluid-filled components are
prone to damage. If a patient with an artificial urinary sphinc-
ter (AUS) device needs a Foley catheter inserted, it is important
that the device be deactivated (i.e., locked in an open position)
by cycling the device and pressing the deactivation button on
the pump once the pump has cycled full of fluid. Forcibly pass-
ing a Foley catheter into the urethra of an AUS patient risks
damage to the urethra and the device. Infection and erosion can
occur with any of the urologic prostheses, rarely resulting in
abscess formation and major soft tissue infections and sepsis.
Explantation and drainage procedures may be necessary, which
require urologic surgical expertise. If uncertain as to how to ap-
proach any genitourinary prosthesis, obtain urologic expertise.
Other genital surgery procedures such as vasectomy, testicular
biopsy, reconstructive microsurgery for fertility treatment, and
orchiectomy for tumor or benign disease can be complicated by
bleeding or infection. If marked swelling occurs following gen-
ital surgery, the urologist should be immediately made aware.
Orchiectomy for tumor is performed through a groin incision

and involves removing the testis, its investing tunics (intact),
and the spermatic cord to the level of the internal inguinal
ring. If bleeding occurs from the stump of the spermatic cord,
the hematoma can develop in the retroperitoneum and require
high exploration for control.

UROLOGIC TRAUMA
Trauma centers vary markedly with regard to the role played
by the urologist in trauma management. Some highly respected
trauma centers utilize the urologist’s expertise on a regular basis
for assistance with the management of genitourinary injuries,
while others rarely include the urologist. At our trauma center,
the urology service plays a central role in the assessment and
management of urologic injuries, participating in the selection
and interpretation of imaging studies, the decision of when to
operate, and the operative intervention itself (6). As such, we
have achieved a high level of cooperation between our service
and the trauma surgery and critical care services. This discus-
sion will address the basic approach to the diagnosis and man-
agement of urologic trauma, with a recommendation that the
urologist be included whenever possible in management deci-
sions (7). The urologist’s experience in elective urologic surgery;
endoscopic, radiologic, and open surgical intervention; recon-
structive approaches; and management of complications may
be very helpful to the trauma and critical care teams when
faced with the multiply injured patient or with solitary uro-
logic organ trauma. When no urologist is available, however,
or critical care decisions need to be made in the absence of
urologic input, the critical care provider must have a working
knowledge of the approach to the most common and impor-
tant types of urologic trauma. We will address management
of iatrogenic urinary tract trauma, followed by trauma from
external violence for renal, ureteral, bladder, urethral, and gen-
ital injuries with regard to assessment and management, and
discuss the relevance of damage control strategies in urologic
trauma.

Iat rog e nic Injury Manag e me nt

The occurrence of an iatrogenic urologic injury provokes sig-
nificant anxiety in the surgical team. Having a basic concept
of the standard approach to management is essential in main-
taining a focus on prompt resolution of the problem.

For bladder injuries, simple closure is feasible as long as the
injury involves the upper bladder segment, the trigone is unin-
volved, and there is not significant tissue loss. We try to perform
a running, two-layer closure using heavy absorbable suture. A
generously sized Foley catheter should be used (20 French or
larger) to allow drainage of bloody efflux and allow efficient
irrigation when needed. If the bladder wall surrounding the
injury is markedly abnormal (fibrotic, friable, irradiated), a
two-layer closure may not be feasible. In these cases, we pre-
fer a one-layer, interrupted closure with heavy suture, with a
plan to leave the bladder catheterized for a longer period of
time.

If there is involvement of the trigone, ureteral orifices, or
intramural ureters, the situation is more complex, and ureteral
stent insertion or ureteral reimplantation may be needed.
This is best accomplished with urologic support, and may



Chap t e r 86: Urolog ic Surgery and Trauma 1297

involve placing an externalized single-J or internalized double-J
ureteral stent, then suturing the bladder injury, taking care not
to include the ureter in the sutures. If a stricture ultimately
forms, endoscopic management or delayed elective ureteral
reimplantation is always an option. Feeding tubes may also
be temporarily passed up the ureters during the bladder re-
pair to identify and potentially protect the ureters and support
performing a safe cystorrhaphy. Prophylactic insertion of exter-
nalized ureteral catheters prior to complex pelvic or retroperi-
toneal surgery may be helpful in avoiding surgical injury to the
ureter (8).

For iatrogenic ureteral injuries, the repair approach depends
on the level of injury, whether there is loss of ureteral length, the
condition of the ureter and surrounding tissue, and the comfort
of the surgeon. Traditional urologic teaching states that if the
ureter is transected caudal to the crossing of the internal iliac
artery, a reimplant rather than a primary anastomosis should
be performed. This policy reflects the concern for the viability
of the distal ureteral stump in the setting of abnormal pelvic
anatomy and surgical insult. The reimplant can be performed
with or without a psoas hitch depending on ureteral length
and bladder status. For injuries in the mid- or upper ureter,
primary, spatulated anastomosis performed over an indwelling
stent is the preferred solution. As long as one is dissecting out-
side the ureteral adventitial sheath, substantial length can be
gained by mobilizing the ureter toward the kidney and deep
into the pelvis with devascularization unlikely to be a concern.
If primary repair is not possible, the options include ligation
followed by nephrostomy insertion and planned delayed recon-
struction, transureteroureterostomy, renal autotransplantation
(seldom appropriate in the acute care surgery setting), or ileal
ureteral replacement (also seldom appropriate in the acute care
surgery setting).

When dissecting in the groin, especially in the setting of a
redo hernia, the spermatic cord is at risk for injury. If there is
injury to cord vasculature, precise suture ligation of bleeding
points should occur, as a hematoma around the cord is very
problematic. If there is concern for devascularization of the
testis, use of a fine-tipped Doppler probe to detect an arterial
pulse distal to the area of dissection or over the testis itself is
helpful. Even if one is quite concerned that most of the cord vas-
culature has been lost, we would generally recommend leaving
the testis alone and observing it. The testis has redundant blood
supplies (internal spermatic, external spermatic, and vasal ar-
teries, which come from aortic, external iliac, and internal iliac
sources, respectively) and may survive on collateral blood sup-
ply. The status of the testis can be addressed postoperatively.

Pe ne t rat ing and Blunt Trauma t o
t he Ge nit ourinary Syst e m

Ge ne ral Evaluat ion
Diagnosis of urinary tract injury is typically based on history
and mechanism of injury, physical examination, laboratory as-
sessment, and the findings on imaging studies. Any patient with
a history of gross hematuria following trauma should be im-
aged, unless of course he or she is unstable and/or must be taken
directly to surgery (9). In addition, current literature supports
also obtaining imaging studies for patients with microscopic
hematuria and hypotension at any time following trauma, as

well as those patients with significant deceleration mechanisms
of injury and other injury factors that portend a high risk of
urinary tract injury such as lower posterior rib fracture, trans-
verse spinal process fracture, or pelvic or femur fracture. The
contrast-enhanced CT scan of the abdomen and pelvis has be-
come the standard study of choice for assessment of hematuria,
for staging of injuries in the trauma setting, and for the eval-
uation of renal or ureteral injuries. The “shock room intra-
venous pyelogram (IVP)” has fallen out of favor and provides
much less information than the CT scan. Bladder injuries may
be suspected based on the presence of gross hematuria fol-
lowing pelvic trauma with confirmation by either standard ra-
diographic or CT cystography. Adequate bladder filling must
be accomplished to demonstrate extravasation and minimize
false-negative studies. When urethral injury is suspected (fol-
lowing pelvic fracture or perineal or genital trauma), especially
when blood is exiting from the urethra or present at the ure-
thral meatus, retrograde urethrography should be performed
prior to any attempt at urethral catheterization. For genital
trauma, scrotal ultrasonography may be of great value in di-
agnosing testicular rupture from blunt forces; in penetrating
genital trauma, surgical exploration is usually necessary and
one can usually forego imaging studies.

Urethral injuries should be suspected in cases of pelvic
fracture, particularly with severe pubic diastasis and vertical
shear injuries. A urethrogram that demonstrates contrast ex-
travasation is diagnostic (10). Some urologists may be com-
fortable with a careful attempt at catheter insertion under
cystoscopic guidance or a fluoroscopically and endoscopi-
cally guided catheter realignment procedure, though whether
this approach provides advantages over traditional suprapu-
bic diversion remains controversial. The standard approach
remains suprapubic (SP) tube insertion; certainly any nonurol-
ogist should handle such injuries with placement of a suprapu-
bic catheter, obtaining urologic consultation when available.
Suprapubic cystostomy insertion may be accomplished using
trochar-based percutaneous systems if the bladder is adequately
distended. If not, an open surgical approach in the operating
room is preferable. Blunt trauma to the perineum with com-
plete urethral rupture is also best handled with suprapubic di-
version. Penetrating injuries to the urethra can also be managed
in a delayed fashion with suprapubic diversion, or, if the injury
is readily apparent, direct suture repair with fine absorbable
suture may be attempted in the stable patient. All such injuries
can be managed in a delayed fashion as long as proximal uri-
nary diversion is achieved acutely.

Bladder injuries from blunt trauma are diagnosed on cystog-
raphy (11), and can usually be managed with catheter drainage
alone, if the injury is extraperitoneal. Adequate-bore catheters
(20 French or larger) are preferable to evacuate grossly bloody
efflux. If there is failure of catheter management (continued
profuse hematuria with repeated occlusion of the catheter, con-
tinued urinary extravasation), surgical repair may be neces-
sary. If it is necessary to surgically repair such an injury, a
high midline cystotomy should be made to avoid entering into
a fresh retropubic hematoma, which may produce problem-
atic bleeding. The laceration may be sutured in a single layer
transvesically by placing retractors into the bladder and expos-
ing the injury. Other cases of extraperitoneal bladder injury
that benefit from surgical repair include those which involve
communication with a vaginal or rectal injury. A suprapubic
tube, in addition to the urethral Foley catheter, may be left
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indwelling in cases in which the repair is tenuous or prolonged
tube drainage is anticipated (e.g., closed head or spinal cord
injury). In the uncomplicated case, performing a contrast cys-
togram at approximately 10 to 14 days postinjury and prior to
catheter removal ensures complete healing before stressing the
bladder.

For intraperitoneal bladder injuries, direct suture repair is
required. These injuries invariably occur in the bladder dome,
and result from sudden compression of the full bladder. Trans-
abdominal suture repair is straightforward. We generally do
not use suprapubic tubes in such cases.

Ureteral injury is usually noted upon abdominal exploration
in the penetrating trauma setting, or may be noted on preop-
erative CT scanning (12). It is necessary to obtain a delayed
excretory phase on the CT such that the excreted contrast col-
umn has transited the entire ureter, or the risk of missing a
ureteral injury is significant. Injuries from penetrating trauma
are managed similarly to the approach described above for ia-
trogenic injuries, or by applying damage control techniques
when necessary (see below). For gunshot wounds to the mid-
and upper ureter, limited debridement to viable ureter, careful
extra-adventitial mobilization, and spatulated suture anasto-
mosis is appropriate. For distal ureteral injuries, reimplanta-
tion into the bladder (“ureteroneocystostomy”) is a more de-
pendable approach, as the problem of the distal stump having
impaired vascularity is avoided. Ureteral injuries from blunt
trauma are rare. Exceptions would include the pediatric pop-
ulation, where ureteropelvic avulsion injuries or renal pelvic
lacerations may occur following blunt injuries. When major
injury occurs to the urinary tract following seemingly trivial
trauma, one should be suspicious of the presence of previously
existent underlying pathology of the urinary tract such as neo-
plasm or ureteropelvic junction obstruction.

Renal injuries are typically staged by contrast-enhanced CT
using the American Association for the Surgery of Trauma
(AAST) Organ Injury Scaling system (13,14). Renal injuries
are managed according to a multifactorial decision process that
considers grade and whether they are due to blunt or penetrat-
ing forces, and is based on patient clinical status and hemody-
namic stability. In general, for blunt renal injury, grade I, II,
and III injuries are routinely managed nonoperatively. Grade
IV injuries, which involve deeper, significant parenchymal in-
jury and laceration to the collecting system, require a selective
approach, largely influenced by hemodynamic parameters and
degree of progressive blood loss, and often warrant monitoring
to address whether continued bleeding or urinoma formation
occurs, which may warrant delayed intervention (15). The ma-
jority of such injuries in most series do not require early ex-
ploration, and the observation of extravasation from the col-
lecting system is not, in itself, a strong indication for surgical
exploration. If there is extensive medial extravasation on CT,
retrograde pyelography may be indicated to exclude a major
injury to the renal pelvis or proximal ureter. Grade V injuries
from blunt trauma routinely require surgical exploration and
often nephrectomy, and most reported results of attempts to
manage true grade V injuries nonoperatively have not resulted
in good outcomes. Renal pedicle injuries, which are considered
in both the grade IV and V groups, require careful considera-
tion to select appropriate management. When the kidney suf-
fers a pedicle stretch injury from deceleration trauma, resulting
in arterial intimal disruption, the artery can thrombose, result-
ing in renal devascularization (16). This can be diagnosed on

CT scan with the finding of renal nonperfusion. If the vessels
are thrombosed but not avulsed or lacerated, the decision of
whether to operate to revascularize the kidney depends on how
much time has elapsed, which predicts renal salvage, as well as
the patient’s other injuries and ability to tolerate a laparotomy.
After 30 minutes of warm ischemia, irreversible renal dam-
age begins; by 3 hours, the kidney is not retrievable. If there
is a pedicle avulsion injury, surgery is mandatory to prevent
delayed catastrophic bleeding.

For penetrating renal trauma, the standard approach tradi-
tionally has been surgical exploration and repair or nephrec-
tomy. This view has evolved over the past two decades, how-
ever, with reports demonstrating favorable outcomes from
nonoperative management of carefully selected penetrating
injuries. It has been reported that up to 50% of renal stab
wounds and over 20% of renal gunshot wounds may be suc-
cessfully managed nonoperatively. When comparing the ap-
proach to blunt versus penetrating trauma, one must consider
the high likelihood of there being associated injuries in pene-
trating trauma. Still, a fully staged penetrating kidney injury
(based on CT) may be appropriately managed nonoperatively
if certain conditions are met. These include, in our view, a lat-
eral or polar parenchymal injury, which spares the renal sinus
or deep central region of the kidney; in a hemodynamic sta-
ble patient; and with low suspicion of injury to the extrarenal
collecting system or ureter. The larger the renal hematoma, the
less comfortable we are with nonoperative management of a
penetrating renal injury. Proactive angiography may be consid-
ered when weighing the safety of a nonoperative approach to
the penetrating renal injury in selected cases, and admission to
the ICU is essential to monitor for renewed bleeding. It should
be stated for the critical care provider that the default mode for
penetrating trauma to genitourinary organs is operative explo-
ration and repair; departure from this approach is appropriate
when complete staging information is available that predicts
a favorable outcome for a specific injury with a nonoperative
approach, the patient is hemodynamically stable, and careful
monitoring for failure of nonoperative management can be car-
ried out. Criteria and a plan for changing to an operative strat-
egy should exist.

Genital injuries require specialized care and should be han-
dled by practitioners experienced in genital surgery. As a gen-
eral principle, a very conservative approach to genital de-
bridement should be maintained, with tissues of questionable
viability reassessed in a delayed fashion. Nearly all penetrating
genital injuries should be surgically explored acutely assuming
the patient is sufficiently stable to undergo a reconstructive ef-
fort. Penetrating penile injuries are repaired surgically by clos-
ing lacerations in the corpus cavernosum, urethral repair, and
skin and soft tissue reconstruction. Penetrating testicular in-
juries can usually be repaired by closing the tunica albuginea
of the testis after debriding nonviable testicular parenchyma.
Blunt fracture of the penis, which results from forcible flex-
ing of the penile shaft during erection (often due to trauma
during intercourse), should be explored and repaired acutely,
upon presentation, to achieve the most favorable cosmetic and
functional outcome. For blunt scrotal injury, it is often useful
to assess the patient with scrotal ultrasonography to determine
if testicular rupture is present, as it may be difficult to deter-
mine this on physical exam if there is scrotal wall swelling,
which makes identification of internal structures difficult. Ul-
trasound is quite accurate for detecting testicular rupture: loss
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of capsular continuity or marked heterogeneity of testicular
parenchyma is predictive of rupture. Testicular salvage is en-
hanced by early exploration and repair.

Damag e Cont ro l St rat e g ie s for
t he Manag e me nt of Urolog ic
Injury in t he Unst ab le Pat ie nt

Damage control approaches to the management of the unstable
trauma patient have become well accepted in the trauma center
setting. This concept refers to abbreviating the initial operative
effort in order to minimize the effects of prolonged surgery,
which results in progressive metabolic deterioration. Critical
injuries (surgical bleeding, fecal contamination sources) are
addressed, while noncritical injuries are handled in a delayed
fashion, on a subsequent visit to the operating room after sta-
bilization in the ICU. This approach avoids development of
the “ lethal triad” of progressive acidosis, hypothermia, and
coagulopathy, which occurs in critically injured patients when
initial surgical efforts are prolonged. Many urologic injuries
are quite amenable to initial management by applying damage
control strategies (17). With the exception of severe renal or
bladder bleeding cases, urinary tract injuries do not directly
result in early mortality. When, in the surgeon’s judgment, the
patient would not tolerate the magnitude of reconstructive ef-
fort needed to deal definitively with a urologic injury at ini-
tial laparotomy (due to pattern of injury, hypothermia, acido-
sis, coagulopathy, or other parameters that mandate a damage
control approach), certain temporary solutions may be very de-
sirable (18). We have gained substantial experience with such
approaches in our center and have achieved an effective work-
ing relationship with the trauma surgeons in patient selection
and technical approach for such cases.

Renal injuries that are incompletely staged or unstaged may
be approached with delayed assessment and exploration, as
long as a determination is made that early exsanguinating
bleeding from the injury is unlikely. In the absence of signif-
icant bleeding from the renal fossa into the peritoneal cavity,
a large midline hematoma, or an expanding or pulsatile renal
hematoma, one can elect to leave the perinephric hematoma
undisturbed and either obtain postoperative imaging during
the resuscitation phase following initial laparotomy or explore
at the time of a second-look procedure. If the kidney is al-
ready surgically exposed, hemostasis for major bleeding from
parenchyma or branch renal vessels can be rapidly obtained.
If a major reconstructive effort is still needed in the unstable
patient, packing the kidney and returning for reconstructive
interventions later is also an option.

Ureteral injuries may be initially managed with externalized
stenting, ligation, or simple local drainage. Of these options, we
favor externalized stenting, as it allows control of the urinary
output, minimizes ongoing urinary extravasation, and can be
maintained for several days until the patient is stable enough
to return to surgery for definitive reconstruction. A 7 French or
8.5 French single-J urinary diversion stent can be placed into
the ureter through the injury site and advanced proximally into
the kidney, then externalized through the abdominal wall. The
stent should be tied to the very end of the injured ureter at
the injury site, so as not to lose ureteral length by ligating it
more proximally and making later reconstruction more chal-

lenging. The distal ureteral limb is best left undisturbed; ligating
it requires subsequent debridement and causes further tissue
loss.

A similar approach can be utilized for extensive bladder
injuries: the ureteral orifices can be catheterized, the catheters
externalized, and the pelvis packed, leaving bladder reconstruc-
tion to be performed at a more suitable time, following ap-
propriate resuscitation. Urethral and genital injuries are also
amenable to damage control approaches, generally involving
tube urinary diversion, placement of moistened dressings, and
tissue preservation until definitive reconstruction following ap-
propriate resuscitation.

UROLOGIC TUBES AND
DRAINS FOR THE CRITICAL

CARE PROVIDER
Tube drainage and diversion of the urinary tract and adjacent
areas constitute important and commonly employed strategies
in urologic care and urologic surgery. The safe insertion, main-
tenance, and management of such tubes are essential to avoid
preventable morbidity and support appropriate medical and
surgical management. The frequently utilized tubes that may
be encountered by the critical care provider include nephros-
tomy, suprapubic cystostomy, urethral Foley catheter, and in-
ternal ureteral stents. In addition, externalized drains are often
placed near the site of urologic surgery or injuries and employed
for various purposes including drainage of blood, infectious
fluid, lymph, or extravasated urine. The general principles be-
hind urologic tube drainage along with specific management
considerations for the different types of tube mentioned above
will be addressed in this section (19).

Tubes placed within the urinary tract may be intended as
temporary or permanent solutions to various urologic prob-
lems, including bladder muscle failure and obstructive upper
or lower tract lesions. Patients with detrusor muscle failure re-
quire regular bladder emptying, which may be managed by in-
termittent catheterization (typically utilizing a clean/nonsterile
technique) or by an indwelling catheter. In the case of in-
dwelling catheters, the options include a transurethral Foley
catheter or a suprapubic cystostomy tube. In the male, due
to the potential morbidity of a long-term indwelling urethral
catheter (including urethral erosion, periurethral abscess, epi-
didymitis, and traumatic hypospadias), the SP tube is often
favored. All patients with indwelling bladder catheters of ei-
ther variety will become bacteriuric, but patients with SP tubes
are less likely to develop the list of catheter-related complica-
tions noted above. In women, long-term urethral catheters are
better tolerated, though the urethra may gradually become di-
lated and capacious, resulting in troublesome leakage around
the tube.

Urethral catheter placement techniques are well known. If
a standard Foley catheter is needed but resistance is met dur-
ing placement, it is important not to force the catheter into the
urethra, which risks urethral mucosal perforation, creation of
a false passage, and bleeding, which greatly complicates further
catheterization attempts. This principle is relevant both to the
trauma and nontrauma setting. A catheter balloon should not
be inflated until urine return is ensured; if no urinary drainage
occurs upon catheter insertion, aspiration of the catheter using
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a piston syringe should occur before balloon inflation. In gen-
eral, most catheter balloons should be inflated with a full 10 mL
of saline or water, to avoid inadvertent migration into the ure-
thra. Some balloons are rated to 30-mL inflation volume or
greater; this information is clearly printed on the catheter in-
flation hub. If a standard catheter will not advance into the
bladder, options include trying a smaller catheter, using a coude
catheter, or requesting urologic consultation. If obstruction is
met deep in the urethra in the male, the coude catheter is par-
ticularly helpful, as the curved tip will often navigate over the
prostate and bladder neck and solve the problem. If resistance
is met more distally in the penile or distal bulbar urethra, a
stricture may be present for which a smaller catheter may be of
benefit. Beyond these measures, the safest approach is to seek
urologic expertise to assist with bladder access.

In the female, urethral catheter insertion is seldom difficult;
true urethral strictures are uncommon (seen occasionally fol-
lowing radiation therapy or local surgery) and the urethra is
generally straight and short. At times, due to atrophic changes,
the female urethral meatus may be difficult to identify visually.
In such cases, the meatus is often retracted onto the distal an-
terior vaginal wall. We can typically palpate it with a gloved
fingertip and guide a catheter into the appropriate location.
Problems in placing a female urethral catheter not solved by
the above technique or by using a smaller tube may indicate
significantly abnormal anatomy and should prompt urologic
consultation.

In the hospital setting, patients often arrive in the critical
care venue already with an indwelling catheter in place. It is
important to verify that, on arrival, the catheter is properly
positioned and is draining properly. It is remarkable how often
we are consulted for a mysteriously malfunctioning catheter
only to find that the balloon is easily palpable in the perineum
or penis, plainly indicative of malposition. If a catheter fails
to drain, it should be irrigated with 60 to 120 mL of normal
saline or water. It should be possible to infuse and withdraw the
instilled irrigant. If the catheter is not draining spontaneously
and one can infuse but not withdraw fluid, the catheter is prob-
ably malpositioned and will likely require repositioning or re-
placement. When changing an indwelling catheter for routine
purposes (generally monthly is advised), choose a convenient
time when help is readily available if difficulty is encountered,
not in the middle of the night shift. If a patient forcibly re-
moves a catheter with the balloon inflated, dramatic urethral
bleeding often occurs. Catheter replacement is typically neces-
sary, and may be difficult due to deep laceration of the urethral
mucosa. We would recommend trying to pass a coude catheter
with the tip pointed cephalad; if not successful, obtain urologic
assistance.

Suprapubic (SP) cystostomy tubes are straightforward de-
vices that may be used as a temporary bladder drain or as a
permanent strategy as noted above. SP tubes can be placed in
the awake patient under local anesthesia using trochar-based
kits, or can be placed through an open surgical approach under
anesthesia in the operating room. If placed percutaneously, it is
essential that the bladder be well distended prior to insertion.
If the bladder is not well distended, the trochar, over which the
catheter is advanced, can penetrate fully through the bladder
lumen and pierce the posterior bladder wall, causing bladder in-
jury and potentially injuring the vagina or rectum, or can injure
intraperitoneal structures. Signs of such adjacent organ injury
should prompt immediate surgical and urologic consultation.

Once in place, a SP tube should generally be left indwelling
for at least a week so that an established track forms between
the skin and the bladder lumen. If prematurely removed, ex-
travasation of urine into the retropubic and perivesical space
may occur, which can result in urine absorption, azotemia, or
urosepsis. A long-term indwelling SP tube through an estab-
lished track is usually easy to change by simple removal and
replacement with the same caliber and type of tube. Occasion-
ally the track may be oblique or tortuous and direct visualiza-
tion with a flexible cystoscope by a urologist and placement
of the new tube over a guidewire may be necessary. If a SP
tube is inadvertently removed or displaced, the track may close
within a matter of hours or certainly over the course of a day,
even when the tube has been in place long term. It is important
that tube replacement be accomplished promptly to avoid track
closure and the need to re-establish access in a more invasive
manner.

It is important to realize, as noted above, that nearly all
indwelling urinary tract tubes that communicate with the ex-
ternal environment will result in bacteriuria, often within about
10 days of tube placement (20). In most cases this is a harmless
process and does not result in clinical infection. If, however, uri-
nary tract manipulation or an invasive urinary tract procedure
is planned, instrumentation in the face of such bacteriuria may
precipitate urosepsis, and the tissues are vulnerable to intrava-
sation of bacteria when a chronic catheter has been present. It
is beneficial to obtain urine culture data and institute therapy
with culture-specific agents prior to significant instrumentation
of the chronically catheterized urinary tract, to minimize the
risk of iatrogenically induced clinical infection or urosepsis.

The same principle applies when considering removal of an
indwelling bladder tube, especially when there is the potential
for the patient failing a voiding trial and developing urinary
retention following catheter removal (as in BPH patients with
episodic retention who may or may not pass a voiding trial).
If a patient with catheter-related bacteriuria develops urinary
retention upon catheter removal, the risk of clinical infection
or urosepsis is significant. These patients as well should have
coverage with culture-specific antibiotics whenever possible,
or at least have the provision of empiric broad-spectrum uri-
nary antibiotics (fluoroquinolone or extended-spectrum peni-
cillin derivative) prior to a voiding trial. Such patients are likely
to have resistant organisms, as they have often been in the hos-
pital environment.

Nephrostomy tubes are placed directly through the renal
parenchyma into the collecting system to provide proximal ip-
silateral urinary tract drainage and diversion. They may be
placed percutaneously under fluoroscopic, CT, or ultrasound
guidance in an interventional radiology suite, or in the operat-
ing room as part of a urologic surgical procedure through ra-
diologic, endoscopic, or open techniques. Several types of tube
are available and critical care practitioners should know what
type of tube they are dealing with. Most commonly used are
the loop nephrostomy tubes, which have some type of retention
system, usually consisting of a pull-string that is deployed upon
tube placement to allow it to be retained effectively within the
collecting system. Percutaneously placed tubes are usually in
the range of 8 to 12 French in size and are attached to drainage
bags with connector tubing. Tubes placed as part of percuta-
neous stone or other upper tract surgical procedures may be
larger; often Foley catheters ranging from 16 to 24 French in
size are often employed. In such cases the tube is usually sutured
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to the skin for retention, as inflating the balloon is problematic
in the renal collecting system and may impair drainage or stress
or tear the delicate collecting system wall. Critical care prac-
titioners should be entirely clear as to what is expected with
regard to such tubes under their care; a conversation with the
urologist or whomever is responsible for the tube insertion and
familiar with its specific purpose is desirable. Is it expected to
drain continuously? What action should be taken if it fails to
drain? How should bloody efflux be interpreted or acted upon?
The purposes of these tubes may vary from providing a large-
bore drain after a bloody percutaneous lithotripsy to a small
tube placed only to drain urine for an obstructed ureter. It may
be safe to irrigate nephrostomy tubes if they fail to drain, but
again, this should be arranged by specific order, and assump-
tions regarding the purpose and management approach to such
tubes introduce unnecessary risk. When irrigating a nephros-
tomy when it is determined that doing so is safe and appropri-
ate, a small volume of saline (5 to 10 mL) should be utilized.
If, in the postoperative urologic surgery setting, a nephrostomy
tube begins to drain blood at an alarming rate, the best course
of action may be to clamp the tube, address hemodynamics
urgently, and urgently call the urologist for instructions. As for
other tubes mentioned above, the collecting system will become
colonized with bacteria after being indwelling for a week, and
clamping trials, manipulation, or tube removal is best done
following institution of culture-specific antibiotics.

Internal ureteral stents are commonly used in urology, of-
ten for the purpose of relieving ureteral obstruction, but also
following urologic surgery or trauma to allow low-pressure
drainage or provide urinary diversion while the trauma of
surgery or local edema or inflammatory changes are allowed
to resolve. The most common variety of stent is the double-J
or pigtail stent. These stents have a loop in the bladder and
a loop in the kidney. They are placed either retrograde via
cystoscopy or antegrade during open or percutaneous surgery,
over a guidewire. The proximal and distal coils form upon
removal of the guidewire. Typical sizes in adults are 6 to 7
French caliber and 22 to 28 cm length, depending on the pa-
tient’s height and ureteral length and tortuosity. Some stents
include a pull-string on the distal coil, which, at the urologist’s
discretion, may be either cut short or allowed to exit the ex-
ternal urethral meatus to aid in subsequent removal without
requiring repeat cystoscopy. Patient care personnel should be
instructed as to the presence of a pull-string and should be
aware of the importance of not pulling on it or allowing the
patient to do so. Stents are of great value in urologic surgery
but they do have their pitfalls, mainly related to their small
caliber and proneness to obstruction, the potential for them to
migrate and become malpositioned, their tendency to cause un-
pleasant flank or bladder symptoms, and the risk that they may
be forgotten and lost to follow-up. In the critical care setting,
the major issues relate to obstruction, migration, or infection.
Significant flank pain, chills or fever, or a change in stent posi-
tion on serial abdominal radiographs should prompt urologic
consultation to address these stent-related complications. As
discussed in the Immediate Concerns section above, stent oc-
clusion in the setting of obstruction is a surgical emergency
that may result in septic picture and require immediate uro-
logic intervention in the form of endoscopic stent replacement
or urgent nephrostomy insertion. Stents are typically certified
for a 3- to 6-month maximum indwelling time, after which
they need to be changed to avoid calcification and obstruction.

Some stents are specifically designed for long indwelling times
(e.g., persistent obstructive states such as benign or malignant
retroperitoneal fibrosis or postradiation strictures) of up to
12 months. There are stents that combine the function of an ex-
ternalized nephrostomy and an internal stent; these are usually
termed nephrostents or “universal stents.” They can be capped
at the flank entry point and made to drain internally, or may
be uncapped to drain as an externalized nephrostomy tube.

Nephrostomy change or removal and stent change or re-
moval should only be performed by a urologist or interven-
tional radiologist or upon his or her specific direction.

For a patient presenting with upper tract obstruction, the
option often exists to observe, or provide relief with stent inser-
tion or nephrostomy placement (21). The decision of how to
manage such patients acutely depends on the ability to get the
patient to either the cystoscopy suite or the IR suite more expe-
ditiously, the expertise available, and the clinical picture. For
patients seriously ill with an obstructed, infected upper tract,
many urologists prefer to have IR place a nephrostomy tube
percutaneously, control the infection, and then reserve any ret-
rograde instrumentation for an elective setting. If the patient is
coagulopathic or anticoagulated, a retrograde cystoscopic ap-
proach may be safer, as the radiologist will be quite reticent
to enter the kidney percutaneously when the coagulation func-
tions are abnormal for fear of creating a major hemorrhagic
complication.

Closed suction drains or Penrose drains may be left in place
following urologic surgery to allow external drainage of blood,
urine, lymph, or infectious fluid. From the critical care view-
point, the urologist should be asked specifically what should be
expected regarding appropriate function of the drain and ex-
actly what parameters should be a cause for concern. Is signifi-
cant blood output expected? Is continuous drainage important?
Under what circumstances should the surgeon be informed ur-
gently? Urine leaks following certain types of urologic surgery,
such as some partial nephrectomies for trauma, may be ex-
pected, and if adequately drained externally, seldom constitute
an emergency. Elevated blood output may be an indication of
internal bleeding and should prompt a call to the surgeon if
there is any doubt as to whether the situation is acceptable.

As a general statement to the critical care team, urologic
drainage tubes have widely varying purposes and specifica-
tions and should be managed in concert with the surgeon who
placed them or is responsible for them to avoid confusion and
preventable complications.

Any of these tubes may become malpositioned or occluded
(often with blood clots or mucus from the bowel segment),
requiring intervention.

URINARY DIVERSION
MANAGEMENT FROM THE

CRITICAL CARE PERSPECTIVE
Beyond the considerations regarding tube diversion or
drainage, some patients under the critical care team’s care may
have undergone, either acutely or remotely, a surgical urinary
diversion procedure. The variety of such diversions is consid-
erable, and the critical care team deserves a full explanation
of the patient’s anatomy and how to deal with any problems
that may arise. Problems include urinary outflow obstruction,
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intra-abdominal urinary extravasation, infectious complica-
tions, and problems with the intestinal anastomosis.

One can divide urinary diversion procedures into conduits
and reservoirs (and reservoirs into cutaneous and orthotopic).
Conduits are simple surgical reconstructions that allow urine
to exit to the outside and do not involve an internal urinary
reservoir (22).

An ileal conduit is one of the most commonly encountered
urinary diversions, often performed following cystectomy for
lower urinary tract cancer, but also at times for neurogenic or
inflammatory disease. In this procedure, a segment of distal
ileum is isolated from the fecal stream, followed by a small
bowel anastomosis to re-establish intestinal continuity. One
end of the isolated segment is closed, and the other end is
brought to the skin of the abdominal wall as a stoma. The
ureters are sutured into the conduit intra-abdominally to route
the urinary stream externally. Most ileal conduits seen acutely
by the critical care team in the immediate postsurgical pe-
riod have indwelling tube drainage present—often external-
ized stents that enter the stoma, travel up each ureter to allow
the ureteroileal anastomosis to heal, and avoid obstruction or
urinary extravasation in the early postoperative period. A sec-
ond tube, often a simple straight catheter segment, may also
be placed from outside the stoma to inside the conduit beneath
the abdominal wall fascia to allow conduit drainage.

Other conduits employed in urologic surgery may utilize
other bowel segments, including jejunum and descending or
transverse colon, especially when there has been extensive
pelvic irradiation that has damaged the ileum and lower small
intestine.

Reservoirs (neobladders) involve the use of larger segments
of intestine to fashion a neobladder internally, along with some
form of urinary efflux mechanism, often designed to create a
continent diversion that the patient can catheterize (and not
wear a urinary collection appliance) or that is sutured to the
native urethra (in the male or female) to allow restoration of
voiding (an “orthotopic neobladder”).

While conduits may be complicated by obstruction or uri-
nary leakage as noted above, and the same issues can arise
in neobladder reservoirs, the reservoir urinary diversions can
develop certain other potentially serious problems including
“pouchitis,” pouch rupture, and formation of pouch calculi.
These issues require specialty input and prompt urologic con-
sultation. The issue of pouch rupture, however, deserves spe-
cific mention as this must be promptly recognized. Any patient
with signs of abdominal infection or sepsis who has a neoblad-
der should raise the suspicion of pouch rupture. This entity
can also be seen in patients who have had an augmentation
cystoplasty, in which a segment of bowel is added to the native
bladder to increase capacity or deal with severe and intransi-
gent overactive bladder symptoms. Such patients should have
urgent urologic assessment, which may involve contrast imag-
ing studies (CT or “pouchography”) to rule out urinary leakage
intra-abdominally. Broad-spectrum antibiotics should be insti-
tuted early in such cases, as the urine is often colonized and
intra-abdominal infection may be developing. Many such cases
can be managed with tube drainage of the neobladder alone,
though in some cases surgical exploration and repair, and/or
evacuation of infectious fluid from the abdominal cavity are
necessary.

Depending on the type of urinary diversion and the spe-
cific segment of the gastrointestinal tract used for the recon-

struction, these patients may be at risk for dehydration, and
specific electrolyte and metabolic disturbances may be seen
(23,24). The significance of these problems is related to the por-
tion of the gastrointestinal tract utilized for the diversion and
the length of time the urine is exposed to the bowel surface.
Jejunal conduits may result in hyponatremic, hypochloremic
metabolic acidosis; this process may be clinically manifested
by nausea, vomiting, anorexia, and muscular weakness. When
ileum and colon are utilized for the urinary diversion, hyper-
chloremic metabolic acidosis may be seen. Clinically this may
produce weakness, anorexia, vomiting, or Kussmaul breath-
ing, and may progress to coma. This type of process was seen
more commonly in the past when ureterosigmoidostomy was a
commonly used form of diversion. With appropriate metabolic
management, it is much less commonly noted with contempo-
rary conduit or continent diversions. When gastric segments
are utilized for urinary diversion, dehydration and hypona-
tremic metabolic alkalosis may occur, requiring replacement
of sodium and chloride through intravenous salt administra-
tion.

Other metabolic abnormalities seen with urinary diversion
procedures include bile salt metabolism following ileal resec-
tion, which can affect fat digestion and uptake of vitamins A
and D. Malabsorption and steatorrhea and a propensity to
develop cholelithiasis may also be associated with ileal resec-
tion. Gastric or ileal resection may cause vitamin B12 deficiency,
which can lead to megaloblastic anemia and peripheral nerve
dysfunction; B12 nutritional supplementation may be indi-
cated.

Other complications include stomal complications, recur-
rent upper tract urinary infection and deteriorating renal func-
tion, and calculus formation in the upper tract or the diver-
sion conduit or reservoir. Stomal stenosis may cause obstruc-
tive uropathy requiring catheterization and stomal revision.
Catheter insertion into a conduit or reservoir construct may
be challenging; if difficulty is encountered, a small-bore coude
catheter may be useful, as may use of fluoroscopy to guide
catheter positioning. Stomal bleeding is usually superficial and
manageable with local compression or minimal cautery when
necessary. Parastomal hernias may occasionally become incar-
cerated requiring urgent surgical intervention. Azotemia and
upper tract dilation may be problematic, especially when more
than 10 years have elapsed since the diversion. Upper tract dete-
rioration is seen in at least 50% of patients who have undergone
urinary diversion during childhood or young adult years, and
the risk of developing chronic renal insufficiency is increased
in such patients. Calculi occur in roughly 8% to 10% of uri-
nary diversion or bladder substitution patients, where urease-
producing organisms (Proteus, Pseudomonas, Klebsiella, etc.)
are common affecting organisms.

UROSEPSIS AND COMPLEX
UROGENITAL INFECTION IN THE

CRITICAL CARE SETTING
Urosepsis has been addressed in several sections within this
chapter, related to immediate concerns, urologic tubes and
drains, and below in renal failure management. It is also ad-
dressed elsewhere in this text with regard to general man-
agement principles for sepsis and septic shock (2,25,26). In
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addition, there are several specific urologic infectious disease
phenomena that warrant specific mention.

Sp e cific Infe ct ious Proce sse s of t he
Up p e r and Lowe r Urinary Tract

The combination of obstruction and infection of the upper
and lower urinary tract requires urgent drainage, antibiotic
therapy, and supportive care. Initial empiric antibiotic ther-
apy for presumed urosepsis must address the likely offend-
ing organisms and must consider the “worst-case scenario”
from the bacteriologic standpoint. While awaiting culture data,
Gram stain findings can also be very helpful in selecting initial
therapy. Broad-spectrum antibiotics that cover aerobic Gram-
negative rods and the typical Gram-positive cocci that ap-
pear as uropathogens are critical. If the patient has been re-
cently instrumented, has been recently hospitalized, or has
other risk factors for having sepsis due to atypical or resis-
tant pathogens, coverage should be expanded accordingly. The
newer-generation cephalosporins, imipenem and related drugs,
aminoglycosides, and vancomycin are commonly used in such
circumstances. It may be necessary in certain situations to con-
sider the presence of anaerobic infections of the genitourinary
system. Sepsis following transrectal prostate biopsy procedures
(typically ultrasound guided and office based) may introduce
the risk of anaerobic infection. We are aware of mortality cases
where a patient presented with urosepsis and retroperitoneal
cellulitis following a needle biopsy of the prostate, in which
anaerobic coverage was not provided and ultimately death
from Bacteroides fragilis infection occurred. Anaerobic infec-
tion of the urinary tract has also been described outside the
setting of iatrogenic rectal violation, so this uncommon sce-
nario is worth bearing in mind (27). Staphylococcal infections
of the urinary system do also occur, particularly in the elderly
or immunocompromised population, or in patients who have
iatrogenic manipulation, which may result in the entry of skin
flora into the urinary system (percutaneous lithotripsy, supra-
pubic cystostomy tube presence). When a Gram-positive coccus
is noted on stained urine or infectious fluid, vancomycin is an
appropriate empiric choice for sepsis of urinary tract origin,
as both Enterococcus and Staphylococcus species are usually
covered. Fungal organisms should be considered especially in
the diabetic patient and in the patient who has had extensive
antibiotic therapy. Fluconazole is an appropriate empiric cov-
erage agent pending culture results.

In addition to supportive care and antibiotic management,
prompt drainage of the urinary tract is critical in certain condi-
tions of urinary infection and urosepsis (28). When either up-
per or lower tract obstruction is present with urosepsis, prompt
imaging of the urinary tract should be obtained (noncontrast
CT of the abdomen and pelvis or renal ultrasound, bladder
ultrasound to exclude retention) (29). Rapid decline in clini-
cal status may ensue if there is a delay in instituting prompt
drainage of an infected, obstructed system (30). We encourage
our medical colleagues to practice the principle that the “sun
never sets” on an obstructed, infected urinary tract. Uncer-
tainty occasionally arises when there is incomplete obstruction
(evidenced by contrast passing beyond a stone on an imaging
study) and the patient is clinically stable. The goal is to pro-
vide low-pressure drainage of the infected system since the pa-
tient can still deteriorate even when some urine is progressing

beyond the point of obstruction. Whether to drain the upper
tract through cystoscopy and stent placement versus percuta-
neous nephrostomy, or the lower tract through transurethral
catheter placement or suprapubic tube insertion, reflects a set
of clinical judgments that varies from case to case. The available
facilities and expertise, promptness of access to resources, co-
agulation status, and clinical instability and mobility all come
into play in selecting the best approach to draining the urinary
tract emergently. One major potential diagnostic pitfall occurs
when a patient has complete unilateral upper tract obstruction
with a negative urinalysis, as no urine from the obstructed sys-
tem enters the bladder, and the urinary tract origin of sepsis
is therefore not suspected. While one can argue the cost effec-
tiveness of routine abdominal imaging of septic patients with
an unknown source, such a policy does avoid the potential for
missing upper tract obstruction, potentially with a preventable
poor outcome.

Certain specific infectious processes of the urinary tract
deserve mention with regard to their relevance to the criti-
cal care provider (31,32). Emphysematous pyelonephritis and
cystitis are infections of the kidney and bladder, respectively,
which result in gas formation within the tissues. The pres-
ence of gas in the urinary tract may be due to gas-forming
infection, previous instrumentation, or fistula. The clinical sit-
uation will usually lead to the correct etiology. Gas-forming
infections in the upper tract may represent a range of in-
fectious processes: emphysematous pyelitis describes infection
that results in gas within the collecting system, whereas em-
physematous pyelonephritis describes gas within the renal
parenchyma (which may progress into the perinephric space
or other sites in the retroperitoneum). The most commonly
seen organism in such infections is not the classic anaerobes,
but Escherichia coli, which may enter into a state of fac-
ultative anaerobic metabolism, especially in a diabetic when
severe hyperglycemia is present. These patients may become
severely ill and require aggressive resuscitation and sometimes
drainage procedures or occasionally urgent nephrectomy; uro-
logic consultation is essential. Emphysematous cystitis reflects
the same bacteriologic basis and propensity for the diabetic
patient as for the renal counterpart. Bladder catheter drainage
and aggressive antibiotic management will usually correct the
process.

Acute papillary necrosis may also be seen in a diabetic due
to microvascular renal disease that affects the vasculature of
the renal papillae and pyramids, though other underlying con-
ditions include excessive use of certain analgesics. When ac-
companied by infection, these patients behave like those with
ureteral colic from calculous disease, and will often require
drainage and decompression of the urinary tract along with
aggressive medical management. Sloughed papillae may dwell
within the renal collecting system and undergo surface calcifi-
cation, often resembling typical calculous disease, though the
changes in the appearance of the calyces due to the sloughed
papilla are indicative.

Renal and perinephric abscesses are important causes of
urosepsis, and one must have a high index of suspicion in the
setting of incomplete resolution of upper tract urinary infec-
tion with standard antibiotic regimens, prompting imaging to
detect an undrained source of relapsing or persistent infection.
CT scanning is significantly superior to ultrasound for imag-
ing the perinephric space, and is preferable when an abscess
is suspected. Small renal parenchymal abscesses not causing
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a septic picture may resolve with antibiotic treatment alone.
Large parenchymal abscesses or perinephric collections usually
require drainage, which in most cases can be appropriately at-
tempted by CT- or ultrasound-guided percutaneous drainage.
When multiloculated or when inadequately drained by the per-
cutaneous route, an open surgical drainage procedure may be
necessary.

Acute prostatitis may be categorized by etiology (bacte-
rial, abacterial) or clinical course and manifestations (acute,
chronic) (33,34). Acute bacterial prostatitis can present with
a septic picture. Common symptoms include dysuria, fre-
quency, urgency, chills and fever, elevated white blood count
on CBC, and infected urine. Some urologists believe that ure-
thral catheterization and instrumentation should be avoided in
such patients due to concern of worsening sepsis. If the patient
is emptying adequately, antibiotic administration is usually ad-
equate without catheter drainage. If the patient is in acute uri-
nary retention, bladder drainage is needed; one can proceed
either with a gentle attempt at Foley catheter passage per ure-
thra or with percutaneous suprapubic cystostomy placement.
Our view is that urethral catheterization is usually preferable
and is less invasive. For patients presenting with acute prostati-
tis or other complex lower tract infection who do not respond
appropriately to antibiotic therapy, or for those with suspi-
cious findings on a digital rectal examination (DRE), prostatic
abscess should be suspected. The findings of concern on DRE
would include unusual tenderness and/or an area of fluctu-
ance on prostatic palpation. One should avoid an aggressive
prostate exam on such patients, and it is generally ill-advised
to put significant digital pressure on the tender, acutely infected
prostate to obtain a sample of expressed prostatic secretion as
is often done in the chronic prostatitis patient. Acute prostati-
tis patients usually have infected urine and culture information
from prostatic secretions is usually not necessary. Transrectal
ultrasound or CT scanning of the pelvis will usually confirm
the presence of a prostatic abscess when present, and can also
guide therapy by revealing whether the abscess cavity may be
best drained through a transurethral, transperineal, or trans-
rectal route. We usually prefer the transurethral approach if
the cavity is abutting the prostatic urethral lumen. A transper-
ineal drainage procedure can be performed under ultrasound
guidance if the abscess is deep and a transurethral approach
is deemed too risky. Unless the abscess has already started to
drain spontaneously into the rectal lumen, we do not favor this
approach to prostatic abscess drainage.

Acute infectious conditions involving the genitalia and per-
ineum are important both with regard to the challenges some-
times faced in differential diagnosis (e.g., epididymitis vs.
torsion, trauma, or incarcerated hernia) and systemic manage-
ment as in some conditions (e.g., Fournier gangrene). Acute
epididymitis or epididymo-orchitis may be due to standard en-
teric bacteria (more common in patients over age 35 and those
with obstructive urethral or prostatic disease) or to venereal
transmission of chlamydial or gonococcal infection. Mild epi-
didymitis can be treated on an ambulatory basis with antibi-
otics (often fluoroquinolone if enteric infection is suspected,
tetracycline derivative if venereal transmission is more likely,
or a combination of two drugs if coverage for both entities is
desired while awaiting culture data). Severe epididymo-orchitis
is manifested by global enlargement of the hemiscrotal contents
and loss of palpable anatomic landmarks, often with skin fix-
ation and marked redness and tenderness. Such patients find

it very painful to walk or stand, and may be best managed by
hospitalization, bedrest, scrotal elevation, anti-inflammatory
drugs, and broad-spectrum antibiotics until improvement is
observed. Scrotal ultrasound examination may be useful for
clarifying the diagnosis and excluding the presence of abscess
formation, which may require surgical drainage and sometimes
orchiectomy.

Urolog ic Involve me nt in Comp le x Soft
Tissue Infe ct ious Proce sse s

Urologic involvement with such entities as perirectal abscess
or Fournier gangrene is common. Fournier gangrene may be
idiopathic with no identifiable point of origin, or may be due
to extension from primary rectal, urinary, intra-abdominal, or
retroperitoneal processes. Diabetics are at increased risk for
this disease. When there is genital, perineal, or groin involve-
ment in such processes, several applicable management princi-
ples may be of value to the critical care provider or acute care
surgeon. Such patients should be treated with broad-spectrum
(“ triple antibiotic” ) regimens that cover aerobes, anaerobes,
and Gram-positive and -negative organisms, as polymicrobial
infection is the norm. These patients require a combination
of aggressive antibiotic therapy, metabolic and fluid resusci-
tation, and prompt and aggressive surgical debridement and
drainage. These infectious processes can progress very rapidly,
and delays in bringing the patient to surgery may result in
loss of otherwise salvageable tissues and increased mortality.
The surgical approach for this entity in our institution is based
on the areas of involvement and typically includes the urol-
ogy and general surgery teams in a close collaboration to ad-
dress our areas of anatomic specialty expertise (surgery per-
forming proctoscopy and addressing debridement of involved
abdominal wall, rectal, ischiorectal fossa, thigh, or buttock
tissues; urology performing cystoscopy as indicated and ad-
dressing genital and perineal debridement). We believe the ad-
vantages of this specialty focus assists in functional and or-
gan preservation, and subsequent reconstructive efforts. When
an abscess or necrotizing process extends into the region of
the perineum or genital soft tissues, incision or debridement
of scrotal or penile skin and underlying dartos may be nec-
essary. In the scrotum, we try to establish a dissection plan
just superficial to the parietal tunica vaginalis and keep this
membrane, which surrounds the testes, intact. The testes are
rarely involved in these soft tissue infections, and not directly
exposing the testes to the wound will aid in subsequent wound
management and avoid the pain and dessication that occurs
when the testis is exposed externally. On the penis, necrotic
skin and dartos may be debrided up to the coronal sulcus when
necessary, taking care to stay superficial to the Buck fascia
(deep fascial layer) of the penis, to avoid injury to the cor-
pora and the dorsal neurovascular bundle, which lies in a wide
band across the center on the top of the penis. Fournier gan-
grene may occasionally arise from a urethral source (such as
a periurethral abscess or perforated stricture or diverticulum).
Debridement of urethral tissue should be avoided unless it is
grossly necrotic, as a superficial exudate may create the ap-
pearance of marginally perfused tissue; such changes can be
reassessed on take-back to the operating room and allowed
to declare themselves further into the course of the disease. If
the surgeon must enter the scrotal wall for drainage of a local
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abscess, it is best to avoid deep incision into the tunica vagi-
nalis compartment to avoid preventable injury to the scrotal
contents.

As general considerations for the patient with urosepsis,
there is the potential that the patient’s hemodynamics and de-
gree of severity of sepsis may transiently worsen following
needed urinary tract drainage or manipulation. A low thresh-
old to have such patients in an ICU setting is appropriate
even if they are not so critically ill that they initially clearly
need ICU management. For example, if we perform percuta-
neous nephrostomy insertion or ureteral stent placement in a
patient with infection, an obstructing stone, tachycardia, and
fever, especially when addressed “after hours,” we will arrange
ICU observation overnight to ensure that any deterioration is
promptly recognized and managed. When culture data become
available, broad-spectrum empiric antibiotic regimens should
be simplified based on bacteriologic identification and sensi-
tivities. Tubes that are placed into the urinary tract to drain
infected spaces must be appropriately secured to the patient
to avoid inadvertent malposition or removal and observed to
avoid kinking or occlusion of outflow systems, which may pre-
vent low-pressure drainage and exacerbate sepsis.

UROLOGIC CAUSE OF
RENAL FAILURE

The urologist’s view of renal failure is usually focused on
“postrenal” factors, as this is the setting in which we are typi-
cally consulted. At times, however, it is unclear whether a pa-
tient with acute renal failure is suffering from an obstructive
process, whether the process is remediable, and how best to
approach therapy.

Assessment and management of acute renal failure are cov-
ered in detail elsewhere in this text. The urologist is typically
consulted when there is suspicion or evidence that the state of
renal failure is due to a mechanical or vascular etiology usually
manifested by significant oliguria and distention of some level
of the urinary tract.

If a Foley catheter is in place in a patient with impaired urine
output, palpation of the lower abdomen to detect bladder dis-
tention, ultrasound assessment of bladder volume, and/or irri-
gation of the catheter to ensure patency are appropriate initial
steps. Management of catheter-related dysfunction is discussed
in detail above. If uncertainty remains as to the appropriate
positioning or function of an indwelling catheter, urologic con-
sultation should be obtained.

If lower tract or bladder catheter malfunction has been
excluded, one must exclude upper urinary tract obstruction.
Renal ultrasound or noncontrast CT scanning is commonly
employed for this purpose. The findings of hydronephrosis
or ureteral dilatation raise concerns about the possibility of
postrenal failure. It is important to appreciate that ureteral
obstruction can exist without significant collecting system di-
lation in some cases, particularly if the obstructive process is
of very recent onset. Patients with two normally functioning
kidneys should not develop renal failure in the face of unilat-
eral upper tract obstruction; in fact, complete obstruction of
one ureter often causes little or no change in serum creatinine
if the contralateral kidney is functionally normal. Unilateral
upper tract obstruction involving a solitary kidney (or marked

hypofunction of the contralateral kidney) may result in anuria
and renal failure. In most such cases, radiographic evidence of
underlying inadequacy of the contralateral kidney is evident
(atrophy, long-standing obstruction with hydronephrosis and
marked parenchymal thinning). In entities that can cause asym-
metric and asynchronous development of obstructive uropathy
(advancing prostate cancer with trigonal invasion, progressive
pelvic lymphadenopathy, asymmetric retroperitoneal fibrosis
with extrinsic ureteral compression), unrecognized loss of func-
tion of one kidney may result from obstruction without symp-
toms or much change in serum creatinine. Only when the re-
maining kidney becomes obstructed and renal failure ensues is
the entire process recognized.

When evidence of upper tract obstruction is noted, one must
expeditiously implement a strategy to determine definitively if
postrenal obstruction is present, and choose the least morbid
means of relieving it. The gold standard for such determination
is to perform cystoscopy and retrograde pyelography. This pro-
cedure can be performed in the operating room setting using
static or fluoroscopic imaging capability, or at the bedside in
the ICU. We have successfully performed flexible cystoscopy,
retrograde pyelography, guidewire insertion and manipulation
past a point of obstruction, and internal or externalized stent
placement in the ICU. This approach is especially applicable
in the hemodynamically unstable patient for whom movement
to the operating room may be hazardous. The newer digital
X-ray units are ideally suited for such procedures, as the digi-
tal plate is placed beneath the patient once, allowing multiple
images to be obtained and viewed on the monitor almost im-
mediately. If an obstructed or tortuous ureter is encountered,
the area of difficulty may often be navigated using a 5 French
open-ended catheter through which an angle-tipped guidewire
is advanced. Rotating the guidewire may allow passage across
an area of ureter that is not possible using straight wires or
catheters. Once a guidewire has been advanced past the com-
plex ureter into the kidney, either an open-ended catheter or
a double-J type internal stent may be inserted over the wire.
Open-ended catheters may be tied to a Foley catheter for sta-
bility and attached to an external drainage appliance.

An alternative to achieving upper tract drainage cystoscop-
ically is to have a percutaneous nephrostomy tube placed
through interventional radiology techniques. It is important
that the patient’s coagulation functions be normal when pur-
suing such an approach, and it is also important to verify
that there is, in fact, upper tract obstruction present, before
introducing the risk of a percutaneous puncture. In the ap-
propriate clinical setting, where there is certainty that up-
per tract drainage is needed, PCNL is an important option,
and may be preferable to achieving drainage through lower
tract instrumentation when dealing with urosepsis or challeng-
ing lower tract anatomy where manipulation may be difficult
(gross hematuria, some cases of prior lower tract surgery, per-
manent urinary diversion states). It is usually necessary for the
patient to be prone on the radiology table to accomplish PCNL
placement, and one must determine if such a position is safe or
advisable. Respiratory compromise, recent abdominal surgery,
or body habitus may create major challenges in placing the
patient prone for such a procedure.

When lower or upper tract drainage is achieved in the set-
ting of postrenal failure, one must observe the patient closely
for transient worsening of urosepsis and for the possibility of
pathologic postobstructive diuresis. Worsening of sepsis can
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result from instrumenting the infected urinary tract, and sup-
portive measures may be necessary, including the institution of
pressor support. Adequate hydration prior to urinary tract ma-
nipulation and provision of prophylactic antibiotics will mini-
mize the risk of worsening sepsis with instrumentation. Patho-
logic postobstructive diuresis may occur when there is a major
solute load and severe obligatory water loss occurs following
relief of obstruction. This can be seen with lower tract or bilat-
eral upper tract obstruction. Fluid and electrolyte monitoring
and judicious fluid replacement may be necessary during the
diuresis period.

Acute papillary necrosis may result in acute renal failure.
Papillary necrosis may develop as a gradually progressive, in-
dolent process, recognized by the classic cavitary appearance
of the renal calyces on contrast studies, or may present as a ful-
minant, infectious course with urosepsis and obstruction from
sloughed papillae. Relief of obstruction, treatment of infection,
and supportive care are indicated.

Other entities for which urologic input may be valuable
when acute renal failure occurs include vasculogenic renal fail-
ure (due to renal artery or renal vein thrombosis) and ab-
dominal compartment syndrome–related renal failure. Both are
covered elsewhere in this text. An important pitfall in diagno-
sis occurs when a patient presents with abrupt onset of flank
pain, nonfunction of the ipsilateral kidney is noted in intra-
venous pyelography, and the presumptive diagnosis of renal
colic from stone is declared. In fact, complete nonfunction is as
uncommon as an IVP finding from ureteral obstruction; more
commonly, a persistent nephrogram with delayed excretion is
observed. Complete nonfunction may be due to vascular com-
promise of the kidney either from primary arterial occlusion
or renal vein thrombosis, which leads to microvascular occlu-
sion and nonfunction. One should be suspicious of renovas-
cular compromise whenever acute onset of flank pain occurs.
Contrast-enhanced CT scanning is diagnostic, as the affected
kidney will fail to opacify. When vascular compromise of the
kidney occurs, urgent vascular surgical and interventional ra-
diologic consultation should be obtained to determine if imme-
diate revascularization is feasible and warranted.

SUMMARY
Critical care issues in urology are many and varied. The critical
care provider must be familiar with the anatomic and physi-
ologic factors that are relevant to urologic disease, and must
have a low threshold to request urologic consultation when
specialty expertise may be of value to the patient. Recognition
of obstructive, infectious, and ischemic entities for which time-
sensitive intervention is important is most essential for the crit-
ical care provider. In the postoperative setting, issues common
to other surgical specialties are relevant to urology patients,
and various specialty-specific problems may also arise, often
related to renal dysfunction, the complexities of endoscopic
and reconstructive surgery, and perioperative infection. Uro-
logic residency training in the United States provides a strong
background in critical care knowledge and skills, as all urol-
ogy residents spend 1 to 2 years in general surgery and related
specialties, including exposure to surgical intensive care expe-
rience. The field of critical care requires an enormous breadth
of knowledge and capability, however, and the practicing urol-

ogist and his or her patients may benefit greatly from the input
and expertise of those specializing in the care of critical care
patients. A close collaboration between these specialties greatly
enhances the quality of urologic patient care.
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CHAPTER 87 ■ FACIAL TRAUMA
M. BARBARA HONNEBIER

Facial trauma is any injury of the midface, including the max-
illary complex. Panfacial injuries involve trauma to the up-
per, middle, and lower facial bones. Although injuries to the
mandible often accompany other facial injuries, mandibular
trauma is usually discussed as a separate entity. Injuries to
the frontal bone and frontal sinus are also discussed sepa-
rately since they are often complicated by injuries to the cranial
vault and violate the intracranial space. Often, such distinc-
tions based on anatomic boundaries (1) are used for the sake
of organization, as injuries to the nasal cavity or sinuses, orbits,
and ethmoids may also involve violations of the cranium and
cranial space.

Facial trauma may present in clinically different ways: with
lacerations of skin and soft tissues, obstruction of the nasal
cavity or sinuses, problems with vision, and problems with oc-
clusion, which often are more outward manifestations of un-
derlying facial fractures. Maxillofacial injury may result from
both penetrating and blunt trauma. Comprehensive manage-
ment and treatment of facial trauma involves airway control,
control of bleeding, reduction of swelling, prevention of infec-
tion, repair of soft tissue lacerations, and repair of bone frac-
tures to restore function and esthetic form to the face. The aim
of this chapter is to discuss the potential pitfalls and problems
that facial injuries may create. The operative management of
facial fractures has undergone many changes in the last decade.
With the advent of rigid fixation and continued new technolo-
gies, detailed discussions of methods of operative reconstruc-
tion of different types of facial fractures are best discussed in
specialty textbooks.

PATHOPHYSIOLOGY
In the treatment of a patient with multiple maxillofacial in-
juries, it is critical to differentiate injuries that require im-
mediate operative intervention from those for which opera-
tion can be deferred. However, immediate intervention may
be indicated for stabilization. Procedures that require an ex-
tensive workup are delayed until the patient is clinically
stable.

The most essential component of initial care begins with
the ABC’s (airway, breathing, circulation), as well as cervical
spine assessment. As with any other trauma patient, the fa-
cial trauma patient should be evaluated in a systematic and
comprehensive fashion in cooperation with the trauma team.
Although rare, isolated facial trauma may be severe and life
threatening. Critical facial injuries are usually obvious upon
presentation (e.g., gunshot wound to the face, profuse bleed-
ing from orifices). Abdominal, thoracic, cervical spine, and
neurosurgical emergencies take priority over maxillofacial in-
jury. If possible, a detailed history of the event and past med-

ical history should be obtained from the patient, paramedics,
and/or family members. Dental records are typically diffi-
cult to obtain but very helpful in diagnosis and treatment
planning.

Particularly in the facial trauma patient, early airway con-
trol and neurologic assessment of a potential head injury are
critical because the eyes and oropharynx are the “shock or-
gans” of the face and development of facial edema will obscure
the pupils and obstruct the upper airway. Immediate treatment
of maxillofacial trauma patients is indicated in the following
situations: (a) airway compromise, (b) severe hemorrhage, (c)
large open wounds, (d) superior orbital fissure and orbital apex
syndrome, (e) mandibular condylar impaction into the cranial
fossa, and (f) if urgent surgical procedures need to be performed
by other services.

CONTRAINDICATIONS
Definitive treatment of maxillofacial injuries is delayed if the
patient has severe, concomitant, and/or undetermined systemic
trauma. Definitive treatment of facial fractures can be delayed
as much as 2 weeks after injury as long as the fractures do not
violate the cranial space (2). Patients with neurologic or cranial
injury are operated on when stable. Blood volume, electrolytes,
and acid-base problems should all be addressed prior to the
surgical procedure. In addition, the resolution of facial edema
and perineural contusion during this period of time allows for a
much more accurate evaluation and simplifies surgical planning
and operative treatment.

EPIDEMIOLOGY: CAUSES,
INCIDENCE, AND RISK FACTORS

Facial trauma is multifactorial with a variety of etiologies rang-
ing from sports, falls, penetrating injuries, assaults, and vio-
lence, to motor vehicle accidents. The incidence and frequency
of any specific etiology varies with culture and within geo-
graphic regions. Prominent factors include lifestyle, population
density, and socioeconomic status. Urban trauma centers eval-
uate and treat many facial trauma patients on a daily basis.
Many university hospitals are well known for their high vol-
ume of facial fracture management (3). Oral and maxillofacial
surgery, plastic surgery, and otolaryngology services are heav-
ily consulted by the emergency department and trauma team to
assist with management of facial injuries. A large body of re-
search has focused on data collection regarding types of facial
trauma and studies on the outcome and morbidity associated
with the treatment of facial fractures. Data regarding age, race,
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gender, social habits, mechanism of injury, and incidence of pre-
vious facial trauma are available from many centers in many
countries (4). In most urban areas, mandible fractures account
for the majority of injuries, followed by lacerations and mis-
cellaneous facial injuries. Interpersonal violence is the primary
cause of injury and motor vehicle accidents are the next most
frequent culprit. Half of the patients who experience facial in-
juries as victims of assault are likely to have interpersonal vio-
lence and have a high likelihood for a future injury (5).

AIRWAY MANAGEMENT
The possibility of cervical spine injury makes airway manage-
ment more complex in the facial trauma patient. Spinal injuries
are increased fourfold if there is a clinically significant head
injury (Glasgow coma scale [GCS] score < 9). A cervical spine
injury should be suspected in all patients involving forced blunt
trauma. Cervical spine injury may be occult, in which case sec-
ondary injury to the spinal cord must be avoided. Immobiliza-
tion of the cervical spine must be instituted immediately until a
complete clinical and radiologic evaluation has excluded injury
(6).

A fully conscious, coherent patient is maintaining his or
her own airway. Because overall status may deteriorate at any
time, the ABC’s must constantly be reassessed. The following
subsets of patients require immediate securement of airway to
prevent respiratory failure: (a) patients with GCS score < 9, (b)
patients with sustained seizure activity, (c) patients with un-
stable midface trauma, (d) patients with direct injuries to the
airway, (e) patients with aspiration risk or unable to maintain
an airway, and (f) patients with oxygenation problems. In the
facial trauma patient, the clinical urgency of airway mainte-
nance may interfere with the proper planning of the safest and
most appropriate technique to use for securing the airway, but
airway must take precedence.

The airway should be cleared of debris, foreign bodies
(teeth), blood, and secretions. The classic “chin lift” or “ jaw
thrust” maneuvers are commonly employed for assessment of
airway patency and to remove obstruction of the tongue base.
However, jaw thrust and chin lift may cause distraction of at
least 5 mm in a cadaver with C5–6 instability that is unaffected
by the use of a rigid collar (6). Manual in-line axial stabiliza-
tion must therefore be maintained throughout. Bag and mask
ventilation also produce significant degrees of cervical spine
movement at zones of instability. The “sniffing the morning
air” position for standard endotracheal intubation should sim-
ilarly be avoided as it flexes the lower cervical spine and extends
the occiput on the atlas. Atlanto-occipital extension is neces-
sary to visualize the vocal cords. Patients with unstable C1 or
C2 injuries might therefore be at more risk from this technique.
The hard C-collar may interfere with intubation efforts. If nec-
essary, the front part of the collar can be removed to facilitate
intubation as long as manual stabilization remains in effect.

The safest method of securing an endotracheal tube remains
debatable. The Advanced Trauma Life Support (ATLS) recom-
mends a nasotracheal tube in the spontaneously breathing pa-
tient, and orotracheal intubation in the apneic patient. Orotra-
cheal intubation is the fastest and surest method of intubating
the trachea and therefore the more commonly used method.
At Shock Trauma in Baltimore, Maryland, more than 3,000
patients were intubated orally with a modified rapid sequence

induction technique with preoxygenation and cricoid pressure.
Ten percent of these patients were found to have cervical spine
injury and none deteriorated neurologically following intuba-
tion (7). Blind nasal intubation is ultimately successful in 90%
of patients but requires multiple attempts in up to 90% of these.
Nasotracheal intubation is (relatively) contraindicated in pa-
tients with potential skull base fractures or unstable midface
injuries that typically involve the naso-orbito-ethmoid (NOE)
complex. The same holds true for the use of nasogastric tube
placement. Any paranasal manipulation may notoriously pro-
duce or recreate local hemorrhage, making airway manipula-
tions difficult or impossible. Inadvertent placement and con-
tamination/violation of the cranial space is a theoretical possi-
bility.

Nasotracheal intubation in nontrauma patients is often ac-
complished by rotating or flexing the neck to align the tube
correctly. In the trauma patient, this requires prior cervical
spine clearance. Local anesthetic preparation of the airway
is also time consuming and might increase the risk of aspi-
ration. Laryngeal mask airway (LMA) does not protect the air-
way from aspiration, and by acting as a bolus in the pharynx,
may increase esophageal reflux. The need for a surgical airway
should be recognized and obtained without delay. A percuta-
neous needle cricothyroidotomy with high-flow oxygen is in-
dicated in emergency situations when standard tracheotomy
is not feasible or advisable. The potential for carbon diox-
ide retention with this technique must be remembered and the
levels in arterial samples monitored. Studies on movement of
the neck during cricothyroidotomy, ease of cricothyroidotomy
with neck immobilization, or neurologic deterioration follow-
ing cricothyroidotomy are lacking. If identification of anatomic
landmarks is ambiguous, one should proceed with standard
tracheotomy or needles, if time is of the essence. Cricothy-
roidotomy is contraindicated in laryngeal or tracheal trauma,
cervical infection, and young children, but unfortunately is nec-
essary if unable to intubate. A standard tracheotomy is essential
in unstable patients who require prolonged maxillomandibular
fixation for fracture stabilization and management.

LIFE-THREATENING
HEMORRHAGE AND BLEEDING

FROM FACIAL FRACTURES
In the multisystem-injured patient, hemorrhage is the most
common cause of hypovolemia. Hemorrhage can be external
or internal into body cavities. Because the face and neck have a
rich vascular supply, injuries in these areas can lead to substan-
tial blood loss. Major hemorrhage can result from large scalp
wounds, nasal or midface fractures, and penetrating wounds.
As opposed to bleeding into body cavities, hemorrhage in the
head and neck area is almost always immediately detectable in
the trauma bay on clinical examination and often external in
nature. Hence, external hemorrhage can usually be controlled
by direct pressure to the wound and/or bleeding areas. Pressure
can also be applied proximal to major arteries if direct pressure
to the wound is not effective.

Scalp wounds are notorious for large amounts of blood loss
in a short time if the galea is involved. Scalp wounds can be
rapidly approximated with 2.0 nonabsorbable sutures (nylon,
Prolene) or staples if available. Sutures should be placed away
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from the wound edge to ensure hemostasis as the galea tends
to retract. Direct pressure over the wound can be applied as
well. The patient can be stabilized first before continuing with
further diagnostic studies.

Nasal fractures and midface fractures can result in tearing of
the ethmoidal arteries. Most of these can be controlled with di-
rect pressure or packing. Nasal packing can be made of gauze,
foam, or cotton. The term “packing” refers to commercially
available gauze strips or cotton pledgets that are packed as
they are inserted into the nasal cavity via the nares to form a
compression plug. Packings may be made by cutting the fingers
of a sterile examination glove and stuffing with gauze. Nasal
packing may be coated with petrolatum, antibiotic ointment,
or agents such as lidocaine and thrombin that aid in hemosta-
sis and clot formation. Preformed foam nasal packs may have
small tubes in the center of the pack to allow nasal breath-
ing while the packing is in place as nasal packing prevents air
exchange through the nose. Nonintubated patients with nasal
packing in place should have the head of the bed elevated 30
degrees and be observed and monitored for respiratory dis-
tress. Continued bleeding may not be apparent on the nasal
side of the packing. Nasal packing easily slips posteriorly with
swallowing or out with movement or sneezing. The posterior
oropharynx should be checked regularly.

Fractures of the posterior maxillary wall, as in LeFort I and
II fractures, may be associated with profuse bleeding from the
internal maxillary artery. Bleeding from this artery can be very
difficult to control by gauze packing. Epinephrine and liquid
thrombin can be added to the packing and the head elevated
to help achieve hemostasis. However, a postnasal pack has to
be used to treat the bleeding in the postnasal area. This is a dif-
ficult area to pack. A balloon catheter can be passed through
the nose and pulled out through the mouth. The safety and
length of nasal packing is not evidence based. In rhinoplasty
surgery, nasal stents and packs are routinely left in place for
7 to 10 days. Complications can be packing related. The most
common complication of nasal packing is that removal of the
packing dislodges healing tissue and causes recurrent hemor-
rhage. Hypoxemia and hypercarbia can cause respiratory and
cardiac complications. Airway obstruction and asphyxiation
can occur if the nasal packing slips back into the airway, par-
ticularly during sleep. Complications may occur if a pack com-
presses the eustachian tube. Rarely, infections can develop in
the nose, sinus, or middle ear after nasal packing and lead to
toxic shock syndrome (TSS). Risk factors for TSS include any
wound and respiratory infections, such as sinusitis, sore throat
(pharyngitis), laryngitis, tonsillitis, or pneumonia. Foul odor is
alarming as the nasal pack ages over the next 48 hours. Bruis-
ing or swelling of the eyelids secondary to nasal packing may
develop. Therefore, packing is best removed within 24 to 48
hours following placement provided the patient’s clinical con-
dition has stabilized.

When tight nasal/oral packing fails in unstable patients,
supraselective arteriography and embolization is the treatment
of choice in institutions where this modality is available (8).
Ligation of the external carotid artery is a last resort in the un-
stable multitrauma patient who cannot be transported. How-
ever, due to collateral circulation of the face, ligation is seldom
truly effective. Best control of hemorrhage is obtained by ex-
ploratory surgery and fixation of fractures. In patients with iso-
lated LeFort fractures, open reduction/internal fixation (ORIF)
is the first line of treatment (9).

WOUND MANAGEMENT
The management of facial soft tissue injuries depends on the
area of injury. However, there are some basic rules that ap-
ply in treating soft tissue injuries. Soft tissue injuries are only
properly evaluated after the wound is cleaned of dirt, foreign
bodies, debris, and dry blood. A local anesthetic is usually nec-
essary to properly clean the wound and perform a thorough
examination. In the awake patient, most local infiltrative anes-
thetics cause great discomfort, which may compromise spinal
precautions. Very slow injection using a fine needle (30 gauge)
as well as adding bicarbonate in a 1:10 ratio may help. Facial
nerve function should be assessed in all patients with facial
lacerations and nerve function should be documented prior to
anesthetic use. Anatomic landmarks are of great importance:
if facial nerve paralysis results from a laceration anterior to a
line perpendicular to the lateral canthus of the eye, the termi-
nal nerve branches are involved. If facial nerve paralysis results
from a laceration posterior to this imaginary line, the facial
nerve should be explored. Ideally, repair of the facial nerve
should occur as soon as possible, but no later than 72 hours
unless the wound is heavily contaminated. In this case, the
nerve endings are tagged with a permanent suture and repair
is performed when the wound is clean. In patients with deep
lacerations of the cheek, the wound should also be explored for
injury to the parotid duct (Stensen duct). One may see saliva in
the wound if the duct is lacerated. The parotid duct is repaired
over a stent to prevent stenosis. Lacerations and contusions
of specialized three-dimensional structures such as the eyelid,
nasal alae, and ear are often best referred to a specialist, espe-
cially if flaps show signs of devascularization.

Optimum timing of facial laceration repair is a topic of de-
bate. After tetanus prophylaxis, soft tissue repair can be per-
formed within 12 to 24 hours provided the wounds are irri-
gated, cleaned, and kept moist. Because of the abundant blood
supply, definite wound closure can be delayed and, in gen-
eral, requires minimal debridement. “Traumatic tattooing” is
a greater problem in the face than skin loss. A perfect repair is
difficult to obtain in the acute setting as areas of contusion have
to declare themselves and often leave irregularities later on. As
long as important anatomic landmarks are aligned (e.g., vermil-
lion border of the lip, gray line of the eyelid) and like tissues are
approximated (mucosa to mucosa, muscle to muscle, cartilage
to cartilage, and skin to skin), revisions can be done later. Deep
sutures are used to close dead space to avoid hematomas and to
remove tension from the skin closure, preventing an unsightly
scar. Good esthetic results depend less on suture technique than
on proper redraping of tissues. Scars are noticeable as a result
of reflection of light and creation of shadow. For cosmesis, it is
of importance to create an “even” closure and, if possible, to
place scars in areas of shadow and along lines perpendicular to
facial muscle pull. Photographic documentation is important
so that the patient may later realize the extent of the original
injury, to follow healing, to document subsequent revisions,
and for medical-legal reasons.

CRANIAL NERVE EXAM

Olfaction (cranial nerve [CN] I): Olfaction is typically
not examined in the acute trauma bay setting but reserved
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for later trauma surveys (e.g., tertiary survey). Damage
to CN I should be considered with NOE fractures and
frontal sinus fractures if disruption of the cribriform plate
is present.

Pupillary responses (CN II, III): Examine the pupil size
and shape at rest. This can be difficult in patients with ex-
tensive orbital trauma as the eyelid swells rapidly and is
difficult to open. Next, examine with a flashlight. Note the
direct constriction of the illuminated pupil, as well as the
consensual constriction of the opposite pupil. In an affer-
ent pupillary defect there is decreased direct response in the
affected eye. This can be demonstrated by moving the flash-
light back and forth between the two eyes, with a lag of 2
to 3 seconds. The afferent defect becomes evident when the
flashlight is moved from the normal to the affected eye be-
cause the affected eye will dilate in response to light. Brief
pupillary oscillations of the stimulated pupil (hippus) are
normal and should be distinguished from pathologic re-
sponse. Finally, test the pupillary response to accommoda-
tion, by moving an object (e.g., finger) from far to near. The
pupils should constrict. The direct response of the ipsilateral
pupil is absent in lesions to the ipsilateral optic nerve, the
pretectal area, the ipsilateral sympathetic nerves traveling
with CN III, or the pupillary constrictor muscle of the iris.
The consensual response is impaired (contralateral pupil il-
luminated) in lesions of the contralateral optic nerve, the
pretectal area, the sympathetic nerves, or the pupillary con-
strictor of the iris. Accommodation is affected for the same
reasons and in pathways from optic nerve to the visual cor-
tex. Accommodation is spared in injury to the pretectal area
(10).

Extraocular movements (CN III, IV, VI): Extraocular
movement is readily checked by asking patients to look in
all directions without moving their head and asking them if
they experience any diplopia in any direction. Test “smooth
pursuit” by slowly moving an object or finger up and down
and sideways. Test convergence by asking the patient to
fixate on an object that is moved toward a point between
the eyes. During these tests, look closely for nystagmus and
dysconjugate gaze.

Facial sensation and muscles of mastication (CN V): Test
facial sensation using a soft object or finger in the forehead,
cheek, and lower jaw line to capture all three branches of
the nerve. Test the masseter muscles during jaw clench. In
facial fractures, the most commonly affected nerve is the Vb
branch, which may indicate maxillary, orbital, or zygomati-
comaxillary complex (ZMC) fractures.

Muscles of facial expression and taste (CV II): Look for
asymmetries in spontaneous facial expressions and blink-
ing, smiling, and squinting. Taste testing is usually not per-
formed. Facial weakness can be caused by lesions of upper
motor neuron in the contralateral cortex or in descending
nerve pathways (ipsilateral). Upper motor neurons to the
upper face cross over to both facial nuclei so in intracranial
injury or stroke, motor functions of the upper face remain
intact. Lower motor neuron lesions typically cause weak-
ness to the entire ipsilateral face.

Hearing and vestibular sense (CN VIII): Hearing and
vestibular sense are seldom checked in the acute setting.
Vestibular sense is typically not tested except in patients
with vertigo.

Palate elevation and gag reflex (CN IX, X): Perform an
intraoral exam and observe palatal motion when the patient
says “aaah.” Observe the gagging motion when the poste-
rior pharynx is touched. The gag reflex is usually checked
in patients with suspected brainstem pathology.

Sternocleidomastoid and trapezius muscles (CN XI):
These muscles are examined by asking the patient to shrug
the shoulders and turn the head from side to side. Of note
is that bilateral upper motor neuron projections control the
sternocleidomastoid, analog to the bilateral CN VII projec-
tions controlling the upper face.

Tongue (CN XII): The tongue will deviate toward the
weak side. Lesions of the motor cortex cause contralateral
tongue weakness as opposed to lower motor lesions or le-
sions of the tongue muscles.

SPECIFIC SIGNS AND SYMPTOMS
OF FACIAL FRACTURES

Nasal Bone s

The clinical features of an isolated nasal fracture are as follows:

Tenderness over nasal bones
Mobility
Swelling
Flattened or deviated nose
Epistaxis
Septal deviation
Septal hematoma
Mouth breathing

Due to the prominence of the nose, nasal injuries are fairly
common and the nose is the most commonly fractured bone
in the facial skeleton. Nasal fracture diagnosis is often a clini-
cal, and not a radiologic, diagnosis. External nasal deformities
are usually obvious during examination. Crepitus will distin-
guish recent trauma from a nasal deformity due to a previous
injury. Septal hematoma must be ruled out in every patient. A
septal hematoma forms between the septal cartilage and peri-
chondrium from which it gets its blood supply. It appears as
edema and ecchymosis of the septum with narrowing of the
nasal airway on speculum exam. Septal hematoma is treated
with incision and drainage. Failure to treat can lead to a sep-
tal abscess, intracranial complications, or delayed saddle nose
deformity due to cartilage loss.

Leakage of cerebrospinal fluid (CSF) indicates a fracture
through the cribriform plate of the ethmoid bone. This poten-
tially carries a risk of meningitis. There is controversy on the
use of prophylactic antibiotics. Epistaxis is treated by packing
the nose as discussed above. If this is not successful, an epis-
taxis catheter can be inserted to control bleeding from branches
of the anterior ethmoidal artery. Treatment of most noncom-
minuted nasal fractures is closed reduction. Manipulation is re-
quired to restore an obstructed nasal airway and for restoration
of facial cosmesis. The ideal timing for manipulative treatment
varies. If reduction is not performed within the first few hours
following injury, treatment is delayed 3 to 5 days for swelling
to resolve. After a prolonged period (7–14 days), manipula-
tion becomes increasingly difficult as the nasal bones will be
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difficult to move into place without osteotomies and a formal
rhinoplasty may be required.

Naso-orb it o -e t hmoid Fract ure s

The clinical features of a nasoethmoidal fracture are as follows:

Flat nasal bridge with splaying of nasal complex and
crepitus

Saddle-shaped deformity of nose (“punched-in” look)
Telecanthus (increased distance between the medial

canthi)
Circumorbital edema and ecchymosis (“ raccoon eyes”)
Subconjunctival hemorrhage
Epistaxis
CSF rhinorrhea
Supraorbital/supratrochlear nerve paresthesia

With true nasoethmoidal fractures, a CSF leak should be
assumed even if not clinically evident. Classically, an increased
intercanthal distance (greater than 35 mm) and depression of
the nasal root are unequivocal clinical signs of traumatic tele-
canthus. Closed manipulation of naso-orbito-ethmoid injuries
notoriously gives a poor result, with a high incidence of per-
sistent or recurrent deformity postoperatively. The results of
secondary surgery of this deformity are seldom satisfactory.
ORIF, often with bone grafting to the nose, is usually neces-
sary as the NOE complex is a very difficult area of the facial
skeleton to reconstruct. Access to the nasoethmoidal region
can be obtained through an existing laceration, if present, or
through a coronal incision for adequate access to the frontal
bone, nasal root, and orbits (11).

The evaluation of the stability of the medial canthal lig-
ament forms an integral part of the clinical assessment. The
clinical classification of status of the medial canthal ligament
and its attachment to underlying bone can be classified accord-
ing to Gruss et al. (12) or Markowitz et al. (13). The medial
canthus must be stabilized usually by wiring to the opposite
anterior lacrimal crest (transnasal canthopexy). If both canthal
ligaments are detached, then the telecanthus can be addressed
by means of wiring the two medial canthal ligaments to each
other (transnasally).

Orb it al Blowout Fract ure

The term orbital blowout fracture is reserved for a fracture of
the bones of the orbit. This may involve the orbital floor, walls,
or roof. The majority of cases involve the orbital floor and me-
dial wall, as these areas comprise the thinnest bone of the orbit.
An isolated orbital blowout fracture is usually secondary to a
blunt blow. Smith and Regan demonstrated that when an object
of slightly greater diameter than the orbital rim strikes the orbit
and incompressible eyeball, a fracture results in the middle or-
bit likely due to increased intraorbital pressure (14). Often, the
thin bone of the floor displaces downward into the maxillary
antrum, remaining attached to the orbital periosteum as one
fragment (“ trap door”). The periorbital fat herniates through
the defect, thereby interfering with the inferior rectus and in-
ferior oblique muscles, which are contained within the same
fascia sheath. This prevents upward movement and outward

rotation of the eye and the patient experiences diplopia on up-
ward gaze. This clinical finding should be distinguished from
true “entrapment,” which indicates impingement of the ocu-
lar muscles. Those patients will present with pain, tenderness
around the eye, swelling, and subjective diplopia in all outer
fields of gaze. Painful eye movement is common with signifi-
cant swelling and hemorrhage in the orbit, and restriction of
eye motility and double vision are not necessarily an indication
for surgical repair of the fracture. Ophthalmologic evaluation
is advised if significant eye trauma is detected. If the patient is
unresponsive, an afferent pupillary defect may uncover occult
visual loss. If indicated clinically, tonometry may be used to as-
sess intraocular pressure. This may serve as a baseline for serial
examinations. Also, forced duction testing can be done to check
extraocular movements. This is done by grasping the sclera in
the fornix and mechanically moving the globe. To test inferior
rectus entrapment, the globe is moved superiorly. Inhibition of
this motion would indicate need for exploration. A computed
tomography (CT) scan will determine the presence or absence
and size of the fracture. Surgical repair of orbital fractures de-
pends on symptoms and largely on the size of the fracture it-
self. Small fractures (less than 50% of the floor or < 2 cm2),
even if associated with double vision, can be observed for 1
to 2 weeks to assess if repair is indicated if symptoms do not
resolve. Patients are instructed to avoid blowing their nose and
to use nasal decongestants. Should symptoms persist and/or if
the fracture is large, surgical intervention is required to return
the orbital contents to their correct position and to restore or-
bital volume. This is done by placement of a graft in the orbital
floor. Many different graft materials can be used but autolo-
gous bone remains the gold standard and may be required if
the defect is large enough, especially in a young patient (15).

Complications of unrecognized orbital floor fracture are as
follows:

Posttraumatic persistent enophthalmos
Hypoglobus (inferior displacement of the orbit)
Persistent diplopia
Lower eyelid retraction (ectropion) and scleral show
Persistent edema of the lower eyelid

Zyg oma Fract ure s

Clinical features of ZMC fractures are as follows:

Swelling and bruising over the cheek/flattening
Step-off deformity at the orbital rim
Periorbital ecchymosis
Subconjunctival hemorrhage
Para-/anesthesia of the infraorbital nerve
Trismus and restricted lateral excursion
Para-/anesthesia of Z-facial/temporal nerves

The zygomaticomaxillary complex is both a functional and
esthetic unit of the facial skeleton and the prominent zy-
goma is the second most commonly fractured facial bone.
Zygomatic fractures usually result from high-impact trauma.
Leading causes of fractures include assault, motor vehicle or
motorcycle accidents, sports injuries, and falls. The majority of
zygomatic fractures occur in men in the third decade of life. The
zygoma separates the orbit from the maxillary sinus and tem-
poral fossa. Because the zygoma articulates superficially with
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the maxilla, frontal, and temporal bones, zygomatic fractures
in the past have been referred to as tripod or trimalar frac-
tures. However, the fourth articulation with the sphenoid really
makes it a quadripod fracture. The ZMC can be defined by two
arcs: a vertical arc from the zygomaticofrontal suture down to
the lateral antrum, and a horizontal arc from the zygomatic
arch to the inferior orbital rim. The intersection of these two
arcs defines the malar prominence (1). The zygoma itself is a
relatively strong bone, and isolated fractures of the body of the
zygoma are rare unless there is a direct blow to the zygomatic
arch. Due to traction on the infraorbital nerve, patients often
complain of upper lip/tooth numbness. Trismus may be present
as the masseter muscle pulls the malar fragment down, which
impinges on the mandible. Radiologic imaging remains an im-
portant step in the evaluation of orbitozygomaticomaxillary
fractures. CT scanning offers advantages over plain films that
justify the increased cost. Important areas to evaluate on CT
scanning include the buttresses, the orbital walls, the zygomatic
arch, the palate, and the mandibular condyles (16).

For the zygoma, timing of repair is 5 to 7 days postinjury
to allow tissue edema and swelling to subside. After 10 days,
masseter contracture may complicate closed reduction of the
zygoma. If the zygomatic arch is minimally displaced and there
is no comminution, the patient is a candidate for “simple” re-
duction. If there is moderate displacement or comminution of
the maxillary wall, the maxilla will have to be plated for stabil-
ity. For true ZMC fractures, ORIF is typically necessary at the
lateral maxilla, the inferior orbital rim, the zygomaticofrontal
(ZF) suture, the zygomatic arch, and commonly the orbital
floor as well. Full access to the arch unfortunately requires a
coronal approach (17).

The Mid facial Ske le t on: Le Fort Fract ure s

LeFort fractures tend to result from anterior forces. The frac-
ture possibilities and combinations thereof are numerous;
hence, classification schemes fail to describe them all. The orig-
inal fracture patterns described by LeFort in 1901 are based
on experimentally induced midface trauma. LeFort established
that midface fractures tend to occur in reproducible patterns
along weaker areas of the craniofacial skeleton. The LeFort I
fracture essentially separates the lower maxilla, including the
alveolar ridge and teeth, from the rest of the midface. The frac-
ture classically travels through the inferior portion of the piri-
form aperture across the maxilla to the pterygoid fissure. This
fracture pattern may occur as a single entity or in association
with LeFort II and II fractures. The LeFort II fracture is a pyra-
midal fracture that includes the entire piriform aperture in the
distracted midface. The fracture line includes the frontonasal
suture, passes through the inferomedial orbit, and runs between
the zygoma and maxilla for a larger area of dissociation. The
LeFort III fracture is a suprazygomatic fracture through the
lateral orbit. The fracture line extends from the dorsum of the
nose and the cribriform plate along the medial and lateral wall
of the orbit to the ZF suture line. This is also known as cran-
iofacial dissociation as the bones of the midface are essentially
completely disarticulated from the cranium (18).

Sig ns and Symp t oms of Le Fort Fract ure s
All complete LeFort fractures will create mobility of the max-
illa, especially the upper alveolus (tooth-bearing portion of

the maxilla). Hence, all will lead to subjective (and objective)
malocclusion in varying degrees of severity. Infraorbital nerve
paresthesia may be present. There can be palpable crepitus in
the upper buccal sulcus from the fracture line. An intraoral
hematoma or ecchymosis is likely. In LeFort II and III fractures,
the nose is often involved and epistaxis common. In LeFort III
fractures, this should be distinguished from CSF rhinorrhea. Pe-
riorbital ecchymosis and edema, subconjunctival hemorrhage,
and visual disturbance occur only in LeFort III fractures.

MANAGEMENT OF MAXILLARY
FRACTURES

Minimally displaced fractures can be clinically observed pro-
vided no malocclusion is present. The patient is allowed oral
intake but only full liquid/soft foods as load bearing (chewing)
may displace fracture fragments. Comminuted fractures and
fractures with malocclusion are treated with maxillomandibu-
lar fixation (MMF) and/or by ORIF. Truly rigid fixation of the
midface, unlike the mandible, is unattainable due to the thin
bones and correspondingly thin plates.

For comminuted or displaced fractures, the status of the
mandible is critical for management. If the mandible is intact,
it serves as a guide for placing the upper dentition into oc-
clusion. MMF is placed, and then the midface is treated with
appropriate ORIF. Intraoperatively used MMF can be released
after fracture fixation and the patient allowed range of motion
(soft diet only). If the mandible is also fractured, the patient is
placed in MMF for 2 to 3 weeks (19).

SUMMARY OF PATIENT
EVALUATION

Evaluating the facial trauma patient can be challenging. The
basics of ATLS courses apply to the facial trauma patient as
well. Airway stabilization and securement may be difficult in
extensive facial trauma with the possibility of basilar skull base
injury where endotracheal intubation is relatively contraindi-
cated and one must consider a surgical airway. Any patient
who has sustained forces adequate to cause facial fractures
must be assumed to have a cervical spine injury until proven
otherwise. Epistaxis can be troublesome and hemodynamically
significant. In the clinical evaluation of facial fractures, subjec-
tive data that the patient is able to provide offer clues to facial
fracture diagnosis and include pain, malocclusion, numbness
in portions of the face, trismus, and diplopia. Malocclusion
is a very sensitive indicator of injury due to the high sensi-
tivity of the periodontal ligaments. Numbness often indicates
disruption or compression of a peripheral nerve. Trismus may
result from mandibular trauma or from an impacted zygoma
impinging on the temporalis muscle. Diplopia may result from
entrapment of the extraocular muscles or gross globe malposi-
tion. Of special note, monocular diplopia indicates an intrinsic
globe problem and mandates prompt ophthalmologic evalua-
tion.

Unfortunately, many trauma patients are obtunded or intox-
icated and unable to provide any subjective information. Phys-
ical examination alone is inconclusive in the majority of cases.
On physical examination the examiner should note presence
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and location of lacerations, ecchymoses, and gross asymme-
try. Palpation is done to assess instability, crepitus, tenderness,
bony stepoffs, and canthal tendon disruption. The trigeminal
nerve should be tested. Ophthalmologic examination deserves
special mention. Many authors believe that it is impractical
to expect ophthalmologic consultation on every patient with
facial injury (15). Most physicians are able to test visual acu-
ity (subjective and objective), pupillary function, ocular motil-
ity, anterior chamber exam (to look for hyphema), and fun-
duscopic exam. Ophthalmologic consultation should then be
obtained as indicated. Last but not least: although cosmesis
is not an immediate concern, it is of great concern to pa-
tients, especially once the acute trauma experience has worn
off. Long-term goals and appearance outcomes should there-
fore be discussed with every patient on an individual basis to
avoid misunderstandings and misconceptions. Facial fracture
management aims to restore facial height, width, and projec-
tion. Newer techniques of rigid fixation are constantly being
developed to optimize treatment outcomes for facial fracture
management. Bioresorbable plates have come onto the market
with particular utility in the pediatric population, where there
is concern that rigid fixation with hardware may get incorpo-
rated in growing bone and inhibit facial growth. However, the
behavior of the soft tissue envelope is much more difficult to
predict depending on age, gender, race, and soft tissue trauma
sustained at the injury. In general, the abatement of swelling
and soft tissue adjustment takes at least 3 months, and neu-
rapraxia substantially longer. In general, patients should be
told that it takes about a year before final settling and a stable
end result. This helps dissuade requests for interventions as the
tissues continue to improve (20).
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CHAPTER 88 ■ BURN INJURY: THERMAL
AND ELECTRICAL
WINSTON T. RICHARDS r DAVID W. MOZINGO

Burn injury accounts for 40,000 hospital admissions per year,
including 25,000 admissions to hospitals with specialized burn
centers. More than 60% of the 40,000 hospitalizations for burn
injuries in the United States each year are now admitted to
125 hospitals with specialized burn centers. Over one third of
the admissions—38% —exceeded 10% total body surface area
(TBSA), and 10% exceeded 30% TBSA involvement. Most in-

cluded severe burns of such vital body areas as the face, hands,
and feet; interestingly, 70% of burn patients were male. Data
from the National Hospital Discharge survey of 2003, as well
as the Agency for Healthcare Research and Quality health care
cost and utilization project national inpatient sample 2003, se-
lected state hospital data systems from 2002 through 2004,
and the American Burn Association National Burn Repository
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2005 report suggest that the causes of the burns include fire
(46% ), scald burns (32% ), contact with a hot object (8% ),
electrical (4% ), and chemical burns 3% .

Burn injury has a systemic effect on the patient, and each
organ system responds to this injury in a predictable manner
proportional to the extent of burn. The current literature sup-
ports the following physiologic responses in each organ system.

BURN PHYSIOLOGY AND THE
EFFECTS ON ORGAN SYSTEMS

Card iovascular Syst e m

The cardiovascular system is affected in several ways after burn
injury. Cardiac output becomes depressed, peripheral vascular
resistance increases, and the patient’s capillary permeability is
altered. Each of these occurs in a burn size- and time-dependent
fashion.

During the late 1960s and early 1970s, studies by Moncrief,
Asch, and Wilmore clearly defined the physiologic response
of the heart and systemic and pulmonary vasculature to burn
injury (1–3). These animal experiments showed a burn size-
and severity-dependent depression in cardiac output, which re-
solved over time and could be altered with fluid resuscitation
and the addition of vasoactive medications. They also showed
a time-dependent increase in systemic and pulmonary vascular
resistance, which was resolved with fluid resuscitation as well
as with the administration of vasoactive medication.

Burn injury causes loss of the skin’s fluid barrier function.
These resultant fluid losses, as well as increased capillary per-
meability, lead to hypovolemia and burn shock. The loss of
fluid leads to decreased cardiac preload and, ultimately, de-
creased cardiac output. Integumentary fluid losses and tissue
edema drive the cardiovascular response to burn injury, but
improvement in cardiac function parameters achieved by fluid
resuscitation do not fully resolve this deficit. There is also evi-
dence for a myocardial depressant factor being linked to mul-
tiple inflammatory mediators (4–7).

Cardiac depression after a thermal injury is mediated by the
interaction of multiple inflammatory and anti-inflammatory
molecular signals. Early and late inflammatory mediators in-
fluence myocardial contraction and relaxation in the first 24 to
48 hours after burn injury (8,9). Factors including tumor necro-
sis factor–α (TNF-α), Fas ligand, interleukin-1, interleukin-18,
interleukin-6, macrophage migration inhibitory factor, high
mobility group box 1 chemokines, and caspase-1 have been
implicated in the loss of cardiac contractility as well as my-
ocardial relaxation, leading to decreased cardiac output after
injury. By contrast, the anti-inflammatory pathways involv-
ing interleukin-10, transforming growth factor–β , and soluble
TNF receptor lead to the resolution of the initial myocardial
depression.

Resuscitation of the burn patient addresses the cardiac de-
pression, with administered fluid bolstering the intravascular
volume by replacing losses and anticipating future deficits.
Multiple formulas exist for fluid management in the burn pa-
tient, which are discussed separately below. Myocardial de-
pression can be marginally supported pharmacologically with
the use of inotropic agents. Further research toward more di-
rect management of the decreased contractility could target the
inflammatory mediators released after burn injury (7).

Pulmonary Syst e m

Burn injury has multiple effects on the pulmonary system. De-
pending on the mode of injury, including inhalation and direct
burns to the chest wall, these effects may be manifest as alter-
ations in respiratory rate, tidal volume, gas exchange, and even
long-term effects on pulmonary function. Burn injury not only
affects the lungs in a direct manner, but the complications of
these injuries may add to the dysfunction manifested. Pneumo-
nia and tracheal irritation from prolonged intubation are some
of the complicating factors that affect the burn patient (1).

The pulmonary response to burn injury is characterized by
transient pulmonary hypertension, decreased lung compliance,
and hypoxia. These functional changes are mediated by mul-
tiple factors including inflammation, acid-base imbalance, air-
way injury, and chest wall restriction. The body’s pH balance
highlights the close interaction of the pulmonary system and the
renal system in addressing disturbances caused by burn injury.
Anti-inflammatory treatment preburn has been noted to alter
the pattern of decreased compliance, pulmonary hypertension,
and hypoxia, suggesting a cause-and-effect relationship.

With relatively small TBSA burns, increases in the patients’
respiratory rate, peaking by postburn day 8 and returning to
control levels by about 3 weeks postburn, have been noted.
Along with these respiratory rate changes, an increase in tidal
volume and minute ventilation were also recorded; these re-
turned to control levels in approximately 3 weeks.

Chest burns with their concurrent edema formation showed
notable restrictive effects on pulmonary function during the
first 3 days postinjury; these effects resolved over time. During
the patient’s initial resuscitation, decreased chest wall compli-
ance may lead to restricted ventilation and increased airway
pressures; burn wound escharotomy of the chest wall is indi-
cated in these situations to improve chest wall compliance.

Further effects of burn injury on pulmonary function have
been attributed to burn wound infection, which may lead
to lung dysfunction secondary to inflammatory mediator re-
lease from the periburn, possibly mediated by thrombox-
ane A2. Management of the inflammatory process initiated
by burn injury may prove to be helpful in modulating this
effect.

Complications associated with intubation after burn in-
juries include ventilator-associated pneumonia (VAP) and tra-
cheal stenosis. Protocols for the reduction/prevention of VAP
have been extensively reviewed and are currently being used in
many hospitals. The judicious management of ventilator sup-
port and endotracheal intubation addresses postinjury tracheal
stenosis. Extubation at the earliest opportunity afforded by
the patient’s physiology—and his or her operative schedule—is
important in reducing this complication. At this time, a gen-
eralized benefit from the VAP bundle has not been clearly
defined in the burn patient population, and requires further
study.

Smoke inhalation injury affects between 10% and 30% of
burn patients. This injury is caused by the inhalation of hot
gases and products of incomplete combustion. When present,
an inhalation injury is associated with increased mortality over
that predicted by age and extent of burn alone. Although in the
past, increased fluid resuscitation was advocated for patients
with inhalation injury, this did not correlate well with fluid
requirements during resuscitation; interestingly, a low initial
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PaO 2/FiO 2 ratio does so correlate. An increased TBSA injury
is associated with increased pneumonia rates, and the pres-
ence of pneumonia in patients with an inhalation injury results
in a higher mortality rate. Pneumonia and inhalation injury
increases length of stay over inhalation injury alone; this is
discussed further below.

In the late 1980s, high-frequency percussive ventilation
(HFPV) was used to treat patients with severe inhalation in-
jury; the results were promising, and further studies followed.
By 2007, it had been noted that HFPV for inhalation injury
did not change mean ventilator days, intensive care unit (ICU)
length of stay, hospital length of stay, or incidence of pneu-
monia. Despite the similarities in the HFPV and conventional
ventilator groups, a decrease in both overall morbidity and
mortality in a subset of patients with less than or equal to 40%
TBSA burned was noted. This finding led to the recommenda-
tion for further study in a randomized and controlled fashion
(10–22).

Re nal Syst e m

Renal failure has been reported in up to 20% of burn injury
patients, with a clinical picture related to the size and severity
of burn injury. Multifactorial in nature, the time course of re-
nal failure falls into early or late categories. The mortality of
patients developing severe renal failure with burn injury ap-
proaches 80% .

Early acute renal failure appears to be directly associated
with clinical events such as delayed resuscitation, underresus-
citation, hypotension, and rhabdomyolysis.

More extensive and deeper burns are associated with a
higher incidence of acute renal failure. Rhabdomyolysis, a rare
consequence of flame burns, but often associated with elec-
trical injury, has a direct association with renal failure. Late
episodes of acute renal failure are more commonly associated
with sepsis, toxic drugs, and pre-existing medical conditions.

Treatment of acute renal failure in the burn patient and other
patient populations involves multiple steps. Adequate fluid re-
suscitation initiated as early as possible during the time course
of the burn injury will reduce the presentation of early acute
renal failure. Monitoring urine output as a measure of renal
perfusion will allow the clinician to maintain adequate fluid
input. Late episodes of acute renal failure can be addressed by
treating the underlying cause. Sepsis from lines, wound, pneu-
monia, or urinary tract should be controlled by replacing the
lines, excising the burn wound, and providing adequate antibi-
otic therapy for pneumonia and urinary tract infection. When
needed, renal replacement therapy should be instituted.

Gast ro int e st inal Tract and Live r

Ileus presents in patients with burns exceeding 20% TBSA. De-
spite this problem, using the gut with some—even minimal—
level of feeding is advocated early after injury, and is usually
well tolerated. Tube feeding should be instituted for patients
with large burns where the patient is unable to tolerate suffi-
cient intake by mouth to sustain the markedly increased nutri-
tional requirements.

Gastroduodenal stress ulceration has been a hallmark of
early burn care, with significant bleeding or perforation com-
plicating the care of extensively burned individuals. This com-

plication markedly decreased with the use of antacids, H 2-
antagonists, and proton pump inhibiting medications. Their
use has become routine in the management of the thermally
injured patient.

Pe rforat ion
Poor perfusion of the gut during resuscitation may lead to seg-
mental ischemia in the watershed areas of the intestine. With
this condition, there is a risk for developing necrosis and sub-
sequent perforation. The use of vasoactive medications during
burn resuscitation or during prolonged septic events may in-
crease this risk (23).

Normal gut flora has been identified as an infection source
in the burn patient as well as in other critically injured patients
(24–26). Maintaining gut integrity with nutritional support in
the form of glutamine supplementation has been proposed and
studied in the burn patient. A second approach to this problem,
selective gut decontamination, has been proposed and tested in
animal models (27–29). Selective gut decontamination has been
shown to reduce bacterial translocation from the gut in burned
rats (30). With this reduction in translocation, immunosuppres-
sion was reduced and the cardiac response to subsequent septic
challenge was improved. Clinical success with this approach is
not well documented (31–35).

Intra-abdominal hypertension, as defined by a bladder pres-
sure of 30 mm Hg or greater is the precursor to the abdom-
inal compartment syndrome. Respiratory compromise with
increasing peak airway pressures, renal compromise with
decreased renal perfusion and urine output, and increased mor-
tality among burn patients are the features of this syndrome
(36). Burn patients with 30% or greater TBSA injury requiring
fluid resuscitation over and above the standard calculated rates
are at risk for this complication (37). We recommend monitor-
ing bladder pressures in each patient with burns greater than
30% and initiating therapeutic maneuvers for those patients
with pressures of greater than 30 mm Hg (38).

Therapy for intra-abdominal hypertension follows a graded
response. Reduced fluid administration, sedation, and chemi-
cal paralysis of the patient are the initial treatments. Escharo-
tomies and peritoneal drainage make up the next most invasive
line of management, and ultimately, abdominal decompression
through a laparotomy incision may be needed to relieve the
symptoms. In the severely burned population, abdominal com-
partment syndrome has a high mortality rate and should be
addressed urgently when recognized (39,40).

Ce nt ral Ne rvous Syst e m

Burn injury and resuscitation in an ovine model showed that
cerebral autoregulation adjusted to the hemodynamic changes
caused by burn injury. Autoregulation of cerebral blood flow
was effective to a point and then began to fail as resuscitation
proceeded, suggesting that the cerebrovascular system has a
limited reserve to tolerate the effects of burn injury (41,42).

End ocrine Syst e m

There is a graded response of the endocrine system after burn
injury. Hormone levels are directly related to the TBSA in-
volved; these levels rise and fall in a time-dependent fashion
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from the onset of injury. Burn injury is characterized by
a painful incident followed by a significant inflammatory
response, with fluid losses and shifts occurring both near the
burn wound itself and systemically. Each part of the endocrine
system reacts to regain or maintain its preburn state.

The hypothalamus responds by secreting antidiuretic hor-
mone (ADH) which acts on the collecting ducts of the kidney to
facilitate the reabsorption of water into the blood. This reduces
the volume of urine formed while retaining water in response
to losses of fluid from the intravascular space. The anterior pi-
tuitary releases adrenal corticotropic hormone (ACTH), which
stimulates the release of the mineralocorticoid aldosterone and
glucocorticoid cortisol. Aldosterone acts on the kidney to pro-
mote retention of sodium ions in the blood. Water follows the
salt and helps maintain normal blood volume and pressure.
Glucocorticoids increase blood sugar levels through the stimu-
lation of gluconeogenesis. This elevation in the blood glucose
levels is thought necessary to supply the increased metabolic
demand of the injured body. Cortisol and other glucocorti-
coids also have a potent anti-inflammatory effect on the body
(43–51). They depress the immune response, especially cell-
mediated immune responses.

The adrenal medulla releases the tyrosine-derived neuro-
transmitters adrenaline and noradrenaline into the blood. This
response is associated with the autonomic nervous system—
sometimes called the fight or flight response—and leads to mul-
tiple effects, some of which are an increase in the rate and
strength of the heartbeat, resulting in increasing blood pres-
sure; and the shunting of blood from the skin to the skeletal
muscles, coronary arteries, liver, and brain. With the release
of adrenaline and noradrenaline, blood sugar rises and the
metabolic rate is increased; bronchial dilation occurs; pupils
dilate; and blood clotting time is decreased. This autonomic
response also leads to increased ACTH secretion from the an-
terior lobe of the pituitary.

The elevations in stress-related hormones are noted in a
time- and burn size–dependent manner after injury. This hor-
mone response follows a pattern associated with the ebb and
flow of the burn injury process. An initial increase in the hor-
mone levels in response to fluid shifts and inflammation re-
solves over time as the patient’s fluid balance returns to normal,
and the burn wounds close.

Several medications are available that can modify the en-
docrine response to burn injury. A recent prospective, double-
blind, randomized single-center study on the effect of oxan-
drolone on the endocrine, inflammatory, and hypermetabolic
responses during the acute phase of burn injury suggested that
this treatment shortened the length of acute hospital stay, main-
tained lean body mass, and improved body composition and
hepatic protein synthesis while having no adverse effects on the
endocrine axis postburn. This study and another using beta-
blockade to modify the metabolic response after burn injury
are at the heart of attempts to improve the outcome of patients
after a severe burn injury (52,53).

He mat op oie t ic Syst e m

Typically, the red blood cell (RBC) mass in the burn patient
declines in a burn size- and severity-dependent fashion. This
is initially related to the burn injury itself and thereafter can
be attributed to the therapeutic interventions of the treating

service. Although surgery and phlebotomy account for the ia-
trogenic loss of red blood cells, several possible causes have
been explored for the injury-related loss of blood in the burn
patient. Initial heat injuries to the RBCs, as well as sequestra-
tion of blood in the burn eschar, are early factors in the loss
of RBCs and the decline in hemoglobin and hematocrit. Dam-
age to RBCs secondary to the inflammatory response to the
burn wound is a later developing cause for blood loss in these
patients (54–60).

In 1973, a paper by Loebl (58) described studies of RBC
half-life in burn victims and healthy volunteers. Red blood cells
from the burn patient had a normal half-life when transfused
into healthy volunteers. The same red blood cells had a de-
creased half-life in the burn victim and, when normal red blood
cells were transfused into a burn victim, they acquired a similar
decrease in their half-life. This study suggested a humoral or
inflammatory process driving the loss of red cells.

Later studies have linked this loss in red cells to a process
mediated by inflammation and the release of toxic oxygen free
radicals, representing a nonspecific mechanism for the destruc-
tion of red cells. Immune system–mediated processes for the
destruction of red cells in burn patients have also been postu-
lated, but Coombs testing in these patients has failed to reveal
a definite link to immune-mediated blood loss.

Immune Syst e m

Infection remains a major complicating factor of burn injury
(61–63). Burned skin loses its barrier function against the envi-
ronment, and normal skin flora and environmental pathogens
are able to gain access to the system. The risk of infection and
its complications are directly related to the size of the burn
injury and additional factors such as inhalation injury and pre-
existing medical conditions. Burn injury leads to compromised
immune function, resulting in increased susceptibility to sub-
sequent sepsis and multiple organ system failure.

Immune system dysfunction occurs on the cellular and hu-
moral levels. Multiple avenues for this effect have been in-
vestigated. Currently, macrophages, T cells, other lymphocyte
subpopulations, and humoral factors such as opsonins, im-
munoglobulins, protease inhibitors, and chemotactic factors
have been implicated in the process. Some combination of all
of the above factors, related to their natural interaction, pro-
duces a weakened immune system susceptible to infection en-
tering through multiple avenues.

In general, burn patients are assailed by bacteria from mul-
tiple directions. Damaged skin, its barrier function destroyed,
is the most obvious portal. Burn-related hypotension and pe-
ripheral vasoconstriction may permit intestinal hypoperfusion
and translocation of normal gastrointestinal flora into the sys-
temic circulation. Other clinically relevant pathways are as-
sociated with current treatment modalities used in thermally
injured patients: intubations of the respiratory, vascular, and
genitourinary systems provides ready access for bacteria into
the compromised host.

Musculoske le t al Syst e m

Loss of muscle mass and bone are notable in severely
burned patients. Bone loss is, in part, due to an increase in
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glucocorticoids that inhibit bone formation and osteoblast dif-
ferentiation; hypercalciuria secondary to hypoparathyroidism;
and vitamin-D deficiency. Muscle loss is secondary to an in-
tense catabolic state initiated by the inflammatory response to
burn injury and is fueled by the need to repair the surface injury
suffered. Current research has identified possible treatment av-
enues in each of these systems (64–67).

A randomized, double-blind, placebo-controlled study
by Klein and Herndon (64) suggested that intravenous
pamidronate administration may help preserve bone mass in
children with > 40% TBSA burns. Follow-up to that study
2 years later showed a sustained improvement in bone min-
eral content as measured by dual-energy radiograph absorp-
tiometry (66). This effect was attributed to a decrease in the
glucocorticoid-mediated effect on bone mass.

FLUID RESUSCITATION
Fluid resuscitation addresses the clinical picture of burn shock.
Whereas multiple resuscitation regimens have been developed
to overcome the cardiac depression, vasoconstriction, and hy-
povolemia associated with acute burn injury, most, if not all, of
the current formulae have been developed through retrospec-
tive review of the fluid requirements of burn patients. Aided
by the use of the rule of nines and Lund-Browder charts, a
patient’s TBSA burn and weight measurements are used to de-
termine his or her initial fluid requirement. One half of the fluid
requirements calculated are given in the first 8 hours after the
burn injury, with the remaining amount administered over the
subsequent 16 hours. A slight variation in the composition of
the resuscitation fluid is present in the different formulae; there
are also differences in the addition of colloid to the initial resus-
citation scheme (68–79). The most commonly used formulae
are noted in Table 88.1.

Colloid infusion during the resuscitation of acutely injured
patients has been debated for some time. Acute burn injury
leads to capillary permeability, which allows loss of intravas-
cular albumin into the interstitial spaces of the acutely injured
patient. This particular problem has been studied at length,
and, although the infusion of colloid after completion of the
acute resuscitation phase increases plasma oncotic pressure, it
has not shown any improvement in clinical outcome. Currently,
the application of albumin or fresh frozen plasma is considered
after the initial 8-hour period postburn in an attempt to avoid
loss of the colloid secondary to capillary permeability.

Adequate resuscitation is measured by end organ perfusion.
Currently, exact measures of end organ perfusion are being de-

TA BLE 8 8 . 1

THE COMMON RESUSCITATION FORMULAE

Common burn formulae

Evans Brooke Parkland
formula formula formula

Colloid 1.0 mL/kg/% 0.5 mL/kg/% None
Crystalloid 1.0 mL/kg/% 1.5 mL/kg/% 4.0 mL/kg/%
Free Water 2,000 mL 2,000 mL None

veloped and tested. A surrogate measure of the success of fluid
administration is the measurement of urine output. Renal func-
tion is highly dependent on renal blood flow, which can be ade-
quately assessed by the rate of urine output. Most practitioners
view a urine production rate of 0.5 to 1.0 mL/kg ideal (or ad-
justed) body weight per hour as adequate. Secondary measures
of perfusion are also important in the resuscitation plan. The
combination of blood pressure, heart rate, oxygenation, and
central venous pressure are used in tandem to determine the
adequacy of treatment.

Other measures of adequate resuscitation, such as blood
pressure, heart rate, and central venous pressure, must be mon-
itored cautiously. Postburn tissue edema will decrease the ac-
curacy of cuff blood pressure measurements, and the vasocon-
striction caused by catecholamine release will adversely affect
the accuracy of indwelling arterial lines. Central venous pres-
sure measurements require the interaction of multiple physio-
logic and environmental parameters to provide the practitioner
with meaningful measurements.

Patients who begin to lag in their urine output during re-
suscitation should have their fluid rates adjusted. Urinary rates
of one third the predicted value, or less, of the patient’s body
weight over 2 consecutive hours should prompt an increase in
intravenous fluid administration. On the other hand, patients
running one third or more over their expected urine output may
benefit from decreased fluid administration. A graded increase
or decrease of the intravenous fluid rate of 20% per hour is a
measured and conservative response to these situations. Those
patients who do not respond as expected to calculated fluid
administration or who require more than 6 mL/kg per percent
TBSA fluid administration should be considered for more inva-
sive monitoring, such as pulse-waveform analysis (FlowTrack,
PICCO, LiDCO, among others) or pulmonary artery catheter
monitoring. With measurements obtained through this more
advanced monitoring, a decision can be made to either support
the cardiac output or reduce the peripheral vascular resistance,
or both. Small doses of hydralazine may be used to reduce
peripheral resistance in situations where the cardiac output re-
mains low. Hydralazine doses on the order of 0.5 mg/kg have
been shown to be effective when used in this situation. In ani-
mal models of burn injury, sodium nitroprusside and verapamil
decreased peripheral resistance and supported cardiac output
with good effect. This approach should be used with caution in
the severely burn-injured patient to avoid further tissue hypo-
perfusion, which may exacerbate the condition of the partially
burned tissues.

Insensible water losses become more significant with larger
total body surface area burns. Evaporative water losses from
the open wounds/burns usually peak on the third day post-
burn and then trail off until the wounds are completely closed.
An estimation of insensible water losses may be calculated as
follows:

Insensible water loss (in mL/h) = (125 + % TBSA burned)
× TBSA (in m2).

The total body surface area involved may be estimated using
the formula of DuBois and DuBois as follows:

BSA = (W0.425 × H 0.725) × 0.007184

where W is the weight in kilograms and H is the height in
centimeters. Initially, the replacement fluid should free water
and then be altered based on electrolyte measurements.
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ELECTRICAL INJURY
Electrical injuries can be divided into those due to low
voltage—less than 1,000 volts—and those due to high
voltage—greater than or equal to 1,000 volts (80). These in-
juries have varying patterns. Low-voltage injuries range from
the circumoral injuries noted in children who have bitten home
electrical cables to deaths caused by dropping electrical appli-
ances in a bathtub full of water. High-voltage injuries have a
range that includes the more severe episodes of instant death,
massive tissue loss, and secondary clothing ignition. Some of
the less dramatic injuries include thermal injury, central ner-
vous system related trauma, and fractures. With high-voltage
injuries, there is a high ratio of limb amputations, highlighting
the danger of this modern-day source of power. Herein, we will
concentrate on high-voltage injuries.

Electrical energy interacts with human anatomy following
the basic principles of physics. Current flowing through tissue
is related to the voltage drop across the resistance of that tissue.
Heat produced by this current can be represented mathemati-
cally as follows:

J (heat in Joules) = I2 × R × T

where I is current, R resistance, and T time in seconds. Body
tissues have differing electrical resistances. Given the above
equation, it appears that differing tissues would create varying
degrees of heat and subsequent damage; interestingly, clinical
findings do not wholly support this concept. The highest re-
sistance is found in the bone, fat, and tendons, whereas the
lowest resistance has been identified in the muscles, blood, and
nerves; skin has an intermediate resistance. Clinical findings
in electrically injured patients support the idea that the body
represents a volume conductor with a resistance on the order
of 500 to 1,000 ohms. In this model, the relative differences in
tissue resistance are small enough that the body is considered a
single resistor. Heat generated by the current flowing through
the resistor is related to the cross-sectional area of the entry or
exit wound and the local anatomy.

Contact wounds on the hands and feet are common. Each
of the contact areas might have a low cross section, releasing
more heat in that area; as the current crosses the “bottleneck”
areas of the ankles and wrists, there may be more tissue dam-
age generated at those sites. At its most extreme, heat released
by high-voltage injuries produces coagulation necrosis of the
tissues and varying other effects on the organs as the electricity
passes through.

Arc injuries are less common but just as destructive. Elec-
tricity can travel 2 to 3 cm/10,000 volts, and may travel 10 feet
or more to its target. Temperatures at the contact points range
from 2,000 to 4,000◦C, with spikes of up to 20,000◦C; this
intense temperature leads to severe and deep tissue damage.

Electrical injuries have specific organ effects in addition to
the thermal injury described above. With high-voltage injuries,
cardiac standstill and ventricular fibrillation are the most lethal
cardiac injuries. Other electrocardiograph (ECG) findings and
rhythm changes that have been reported include atrial fibril-
lation, focal ectopic arrhythmias, supraventricular tachycar-
dia, right bundle branch block, and nonspecific ST-T segment
changes. These clinical findings are thought to be associated
with direct myocardial muscle damage, coronary vasospasm,
and coronary endarteritis.

Renal injury may be direct, although this is rare, or may
take on the more familiar form of acute renal failure sec-
ondary to rhabdomyolysis. Large quantities of muscle protein,
hemoglobin, and other tissue proteins released from the tis-
sues coagulated by high voltage and current are filtered into
the renal tubules, causing acute renal failure with oliguria or
polyuria. Up to 15% of patients injured in high-voltage acci-
dents will suffer from this type of renal injury.

Central nervous system injury ranges from the devastating
effect of high voltage and current on the brain and brainstem,
leading to instant death, to more subtle findings. Altered levels
of consciousness with varying degrees of recovery have been
reported, while progressive neurologic deterioration has been
noted in both the central and the peripheral nervous systems.
With high-voltage injuries, progressive deterioration of the mi-
crovascular nutrient vessels to the nerves has been identified,
and is thought to lead to ischemia, necrosis, and fibrosis of the
injured nerve; progressive loss of function can be seen as a late
developing problem.

Other organ systems may be directly affected by the passage
of current through them. Each is susceptible to both the current
and the resistance-induced production of high temperatures
and tissue damage. Cataracts may form in the eyes of a patient
who has had an electrical injury in which the current pathway
is through the orbits; this complication has been reported in
≤ 30% of patients suffering from this injury.

INHALATION INJURY
The pathophysiology associated with smoke inhalation in-
jury falls into three broad categories: (i) upper airway injury,
(ii) asphyxiant gases and hypoxic environments, and (iii) car-
bonaceous particle deposition. These areas are all involved in
an inhalational injury (81–84).

The diagnosis of inhalation injury is based on several site-
specific and clinical findings surrounding each burn patient. For
example, closed space injuries or explosions are some of the
circumstances surrounding inhalation injury. Noxious fumes
noted at the scene by the scene responders, as well as facial
burns noted on the patient, are other findings consistent with
inhalation injury. Clinical findings on examination, such as
large burns, carbonaceous sputum, hoarseness, or an abnormal
lung exam, are associated with this injury, and elderly patients
are more susceptible to inhalation injury.

Once inhalation injury is suspected, upper airway pathology
should be expected. Heated smoke or ambient air may injure
the supraglottic airway from the lips to the vocal cords. This
injury may occur abruptly, leading to significant edema and
swelling of the face and oropharynx, as well as affecting the
region around the vocal cords.

True heat injury below the cords is rare, with the excep-
tion of steam injuries or ignition of flammable gases in the
airway. Signs and symptoms of a true airway burn injury in-
clude hoarseness; stridor and/or wheezing; carbonaceous spu-
tum; singed nasal hair, eyebrows, or facial hair; and edema or
inflammatory changes in the upper airway. The resultant up-
per airway edema formation can threaten the airway and the
patient’s breathing.

Asphyxiant gases and hypoxic environments lead to the sec-
ond area of pathology associated with inhalation injury. In
fires involving structures, the ambient oxygen level markedly
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decreases; this lack of oxygen may lead to carbon monox-
ide generation, as this molecule is a byproduct of incomplete
combustion in the burning structure. Carbon monoxide binds
tightly to hemoglobin, reducing the amount of oxygen deliv-
ered to end organs, which may cause a hypoxic injury. Aside
from carbon monoxide, other toxic gases can be released by
the flames. Cyanide generation is associated with burning plas-
tics; this molecule is highly lethal. Treatment of carbon monox-
ide intoxication includes a high concentration of oxygen and,
sometimes, hyperbaric oxygen. Cyanide poisoning treatment
includes delivery of oxygen, as well as a three-part regimen to
bind the cyanide compound in the blood.

The third broad area of pathology associated with smoke in-
halation injury is related to the deposition of carbonaceous par-
ticles in the airway. The flame-generated toxins that are bound
to the carbon particles will slowly be released after the latter
are deposited in the lungs, inducing a chemical tracheal bron-
chitis. This effect is manifested by impaired ciliary function and
edema, significant inflammation, and ulceration or necrosis of
the respiratory epithelium. The clinical sequelae of tracheal
bronchial injury include bronchorrhea, bronchospasm, distal
airway obstruction, and atelectasis, as well as pneumonia. Ep-
ithelial injury leads to sloughing of the mucosa and blockage
of the airways with this cellular debris. Air trapping in this sit-
uation leads to atelectasis and the development of barotrauma
and pneumonia.

Treatment for each area of pathology is based on standard
clinical practice. When presented with a patient who is sus-
pected of having an inhalation injury and upper airway edema,
endotracheal intubation to protect the airway should be per-
formed early to avoid the consequences of airway compromise.
Patients suffering from carbon monoxide exposure, and show-
ing clinical signs of intoxication, should be treated with 100%
oxygen to displace the molecule from hemoglobin. If immedi-
ately available, and if the patient is stable, high levels of carboxy
hemoglobin and severe neurologic symptoms should be treated
with hyperbaric oxygen therapy. The tracheal-bronchial injury
associated with inhalational injury and carbonaceous particle
deposition should be treated with humidified oxygen by face
mask, and frequent examination of the airway should be per-
formed to evaluate for signs of compromise that may require
endotracheal intubation.

Cyanide toxicity presents clinically with lethargy, nausea,
headache, weakness, and coma. Cyanide combines with cy-
tochrome oxidase, thereby blocking oxygen use and inhibit-
ing high-energy phosphate compound production. Cyanide
toxicity begins at 0.1 µ g/mL of serum and quickly leads
to death at concentrations of 1 µ g/mL. Laboratory studies
show a decreased arterial-venous oxygen difference with se-
vere metabolic acidosis; this acidosis is unresponsive to fluids
and oxygen administration.

S-T segment elevations may be seen on the patient’s elec-
trocardiogram, mimicking a myocardial infarction. Treatment
of this condition includes the administration of 100% oxygen
and a three-part medication regimen. Initially, the administra-
tion of amyl nitrate pearls, by inhalation for 15 to 30 seconds
every minute, is followed by 10 mL 3% sodium nitrate solution
(300 mg) intravenously over 3 minutes, repeated at one-half
the dosage in 2 hours if symptoms persist or recurrent signs of
toxicity are present. Sodium thiosulfate is the final medication,
given in a dose of 50 mL of a 25% solution (12.5 gm) intra-
venously over 10 minutes, repeated at one-half the dosage in

2-hour intervals if persistent or recurrent signs of toxicity are
present.

INFECTION CONTROL
Historically, mortality from burn injury was associated with
burn shock (85–87); the loss of fluid through the burned and
damaged skin, as well as fluid shifts related to the release of in-
flammatory mediators, led to hypovolemia and unrecoverable
end organ failure. As our understanding of the injury suffered
during burns improved, so did the survivability of these in-
juries. Currently, burn shock is well controlled by our fluid
resuscitation regimens. The new challenge in burn injury is the
concurrent development of infection in a compromised host.
Burn injury is associated with a burn size–dependent depres-
sion in the immune system in which bacterial, fungal, and viral
elements are better able to breach the defense mechanisms of
the body, thereby worsening the injury.

As fluid resuscitation techniques advanced, wound colo-
nization and sepsis became a leading factor in morbidity and
mortality. The advent of topical antibiotic/anti-infective agents
addressed this new area of pathology. Subsequent movement
toward early wound excision and skin grafting led to improve-
ments in the rates of wound sepsis and its complications. Al-
though the burn wound has become less of a risk for infection,
other portals of entry have persisted in plaguing the burn pa-
tient. With our current methods of intubating the respiratory,
vascular, and genitourinary systems, we expose the burn pa-
tient to other portals of entry for pathogens.

NUTRITION
Burn patients present to the ICU in a severe inflammatory state.
This state, along with a wide variety of prehospital factors and
premorbid conditions, provides the practitioner with a chal-
lenging nutritional problem. Nutritional support for the burn
patient can be addressed in several steps: first, an assessment of
the patient’s initial nutritional status, and second, monitoring
of his or her nutritional status throughout the hospital course,
and adjustments based on the monitoring measures. By using
a combination of variables, including burn size and severity,
time from injury, physical parameters such as age, weight, and
the presence of other medical factors, nutrition support can be
tailored to each burn patient.

Nutritional assessment should begin with measurement of
the patient’s weight, estimation of the patient’s calorie and pro-
tein needs, measurement of the patient’s serum albumin, pre-
albumin, and C-reactive protein levels (88–101). Pre-existing
illnesses should prompt the practitioner to make adjustments
in the rate of feeding, use of additional medications, and the
need for additional nutrient support.

Glutamine supplementation has been shown to improve
morbidity and mortality when administered to critically ill pa-
tients. This response appears to improve with increasing doses
of the amino acid, and parenteral administration appears to
have an improved response over enteral administration. Not
all of the trials reported to date have shown a definitive bene-
fit, and the general consensus is that a large randomized con-
trolled trial would be needed to confirm or refute the benefits
of glutamine administration.
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Physiologically, glutamine affects the immune system, the
anti-oxidant status, glucose metabolism, and heat shock pro-
tein response. These physiologic effects appear to provide ben-
efit with regard to gastrointestinal mucosal integrity, wound
healing, Gram-negative bacteremia and infection—including
with Pseudomonas—as well as a reduction in mortality, and
possibly cost savings to burn patients. At the time of this writ-
ing, a consensus has not been reached on the length of time
for glutamine therapy, the optimum dose, and definite safety
aspects of the supplementation of glutamine in critically ill and
burn patients. Most studies suggest that clinically important
differences appear to commence at doses greater than 0.2 gm/kg
body weight per day, and most trials have used 15 to 30 gm
per day glutamine supplementation.

WOUND MANAGEMENT
With the exception of chemical burns, for which prompt water
irrigation to remove the offending agent is required, no spe-
cific treatment of the thermal burn wound is needed in the
prehospital setting (81,102,103). The patient should be cov-
ered with a clean sheet and blanket to conserve body heat and
minimize burn wound contamination during transport to the
hospital. The application of ice or cold water soaks, when ini-
tiated within 10 minutes after burning, may reduce tissue heat
content and lessen the depth of thermal injury. If cold therapy
is used, care must be taken to avoid causing hypothermia; this
is accomplished by limiting this form of therapy to 10% or less
of the body surface and only for the time required to produce
analgesia.

Following admission to the burn center, definitive care of the
burn wound can begin. Daily wound care involves cleansing,
debridement, and dressing of the burn wound. On the day of
injury, the burn wound is best cleansed by means of hydrother-
apy, a practice that has been used in the treatment of burn
patients for many years and remains an integral part of current
treatment plans. Hydrotherapy is accomplished by means of
showering, immersion, or use of a spray table. Showering is
often used for ambulatory patients who remain capable of in-
dependent, or near-independent, wound care. Patients who are
near to discharge are encouraged to use the shower, especially
if showering is to be used at home.

Use of a spray table is generally reserved for newly admitted
patients, those with limited mobility, or those with large open
wounds. The patient is placed on the table, and the wounds
are washed and rinsed with running water. As an alternative,
a stretcher or plinth can be placed over a Hubbard tank. The
patient is placed on the stretcher, and the wounds are washed
and rinsed as described previously.

Immersion hydrotherapy often is used for patients in a less
acute stage who have a moderate or smaller injury and who will
benefit from soaking in a tub. Soaking promotes removal of
therapeutic creams and exudate, debridement of loose eschar,
and active participation by the patient in range-of-motion ex-
ercises. Immersion hydrotherapy should be avoided in patients
with an extensive thermal injury, since this process may spread
contamination from one site to the entire burn surface. Also, if
the water becomes contaminated with fecal material, the entire
wound would be exposed.

The consensus is that a hydrotherapy session of 30 min-
utes or less is optimal for patients with acute burns. Longer

sessions may cause excessive sodium loss through the burn
wound—remember that water is hypotonic—as well as heat
loss, pain, and stress. Adequate cleansing is achieved by using
a mild soap or surgical detergent such as chlorhexidine glu-
conate, although very dilute solutions of sodium hypochlorite
and povidone iodine have also been used. Care must be taken
in selecting a wound cleanser; skin cleansers that contain cy-
totoxic chemicals should not be used. Studies have shown that
most wound cleansers need to be diluted to maintain cell vi-
ability. Body hair within the burned area and within about
2.5 cm of the wound periphery should be shaved, with the ex-
ception of the eyebrows. Gentle cleansing and debridement of
the burn wound are important because bacteremia has been
demonstrated in up to 21% of wound debridements or manip-
ulations. The incidence of bacteremia increases with increase
in the size of the burn and with the extent of wound manipu-
lation. To prevent infection and cross-contamination between
patients, single-use, plastic tub liners are used and discarded
after each hydrotherapy session.

Hydrotherapy may be contraindicated for some patients be-
cause of a recent grafting procedure or because of cardiopul-
monary instability and the need for continuous monitoring and
support. For these patients, the burn wounds are washed with
a mild soap or surgical detergent and thoroughly rinsed while
the patient remains in bed.

Wound debridement involves the removal of all loose tissue,
wound debris, and eschar (nonviable tissue); debridement of
a burn wound is accomplished through mechanical, chemical
(enzymatic), or surgical means.

Mechanical debridement is accomplished through applica-
tion and removal of gauze dressings, hydrotherapy, irrigation,
and use of scissors and tweezers. Wet-to-dry or wet-to-moist
dressings are sometimes used to debride exudative wounds. Wet
dressings of coarse, meshed gauze are applied to the wound sur-
face. A wet dressing is made by saturating an all-gauze dressing
with the prescribed solution, wringing the dressing out until it
is just moist, and applying it to the wound surface. The dress-
ing material is allowed to dry (wet-to-dry dressing) or to be-
come less moist (wet-to-moist dressing). As the dressing dries,
drainage, exudate, and necrotic debris adhere to the gauze,
and on careful removal, the wound is mechanically debrided.
However, this process is nonselective, and new granulating and
epithelial tissue can be removed along with the necrotic tis-
sue; therefore care must be taken in removing the dressing.
Bleeding should not occur when the dressing is removed. If the
dressing is too dry and adherent to remove, it can be moist-
ened with sterile normal saline or the patient can soak the
area before attempts are made to remove it. This method of
debridement can be extremely painful, necessitating adequate
analgesia.

Hydrotherapy aids in mechanical wound debridement. As
discussed earlier, hydrotherapy promotes the removal of loose
wound exudate and debris through gradual softening of the
eschar.

Wound irrigation using the hydraulic force created by water
pressure is another method of debridement useful for wounds
without hard eschar. High-pressure irrigation, defined as wa-
ter pressure above 8 pounds per square inch (psi), removes
wound debris, bacteria, and necrotic tissue. Low-pressure irri-
gation (less than 8 psi) is useful in removing foreign bodies and
exudate. Regardless of the irrigation system and force used,
irrigation must be done gently so as not to damage healing
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tissue. It should be discontinued once the wound has begun to
granulate unless there are still significant areas of necrosis.

Surgical, or sharp, debridement requires the use of scalpels
and scissors to debride wounds of loose, necrotic tissue. Care
must be taken to avoid excessive debridement that results in
bleeding and pain. Bleeding may indicate injury to the healthy
underlying tissue. In most instances, sharp debridement should
be carried out in the operating room to ensure adequate de-
bridement and hemostasis.

Mafenide acetate (Sulfamylon), silver sulfadiazine (Sil-
vadene), and silver nitrate are the three most commonly used
topical antimicrobial agents for burn wound care. Each agent
has specific limitations and advantages with which the physi-
cian must be familiar to ensure patient safety and optimal bene-
fit. Mafenide acetate and silver sulfadiazine are available as top-
ical creams to be applied directly to the burn wound, whereas
silver nitrate is applied as a 0.5% solution in occlusive dress-
ings. Either cream is applied in a half-inch (about one-third
of a centimeter) layer to the entire burn wound in an aseptic
manner after initial debridement, and reapplied at 12-hour in-
tervals or as required to maintain continuous topical coverage.
Once daily, all of the topical agents should be cleansed from
the patient using a surgical detergent disinfectant solution and
the burn wounds examined by the attending physician. Silver
nitrate is applied as a 0.5% solution in multilayered occlusive
dressings that are changed twice daily.

Mafenide acetate burn cream is an 11.1% suspension in
a water-soluble base. This compound diffuses freely into the
eschar, owing to its high degree of water solubility. Mafenide
is the preferred agent if the patient has heavily contaminated
burn wounds or has had burn wound care delayed by several
days. This agent has the added advantage of being highly ef-
fective against Gram-negative organisms, including most Pseu-
domonas species. Physicians using this agent must be aware
of several potential clinical limitations associated with its use.
Hypersensitivity reactions occur in 7% of patients, and pain or
discomfort of 20 to 30 minutes duration is common when it
is applied to partial-thickness burn wounds. This agent is also
an inhibitor of carbonic anhydrase, and a diuresis of bicar-
bonate is often observed after its use. The resultant metabolic
acidosis may accentuate postburn hyperventilation, and signif-
icant acidemia may develop if compensatory hyperventilation
is impaired. Inhibition of this enzyme rarely persists for > 7 to
10 days, and the severity of the acidosis may be minimized by
alternating applications of mafenide with silver sulfadiazine
cream every 12 hours.

Silver sulfadiazine burn cream is a 1% suspension in a water-
miscible base. Unlike mafenide, silver sulfadiazine has limited
solubility in water and, therefore, limited ability to penetrate
into the eschar. The agent is most effective when applied to
burns soon after injury to minimize bacterial proliferation on
the wound’s surface. This agent is painless on application, and
serum electrolytes and acid-base balance are not affected by its
use. Hypersensitivity reactions are uncommon; an erythema-
tous maculopapular rash sometimes seen subsides on discon-
tinuation of the agent. Silver sulfadiazine occasionally induces
neutropenia by a mechanism thought to involve direct bone
marrow suppression; white blood cell counts usually return
to normal following discontinuation. With continual use, re-
sistance to the sulfonamide component of silver sulfadiazine
is common, particularly in certain strains of Pseudomonas
and many Enterobacter species. However, the continued sensi-

tivity of microorganisms to the silver ion of this compound
has maintained its effectiveness as a topical antimicrobial
agent.

A 0.5% silver nitrate solution has a broad spectrum of an-
tibacterial activity imparted by the silver ion. This agent does
not penetrate the eschar, since the silver ions rapidly precipitate
on contact with any protein or cationic material. Use of this
agent is not associated with more intense wound pain, except
from the mechanical action required for dressing changes. The
dressings are changed twice daily and moistened every 2 hours
with the silver nitrate solution to prevent evaporation from
increasing the silver nitrate concentration to cytotoxic levels
within the dressings. Transeschar leaching of sodium, potas-
sium, chloride, and calcium should be anticipated, and these
chemical constituents should be appropriately replaced. Hy-
persensitivity to silver nitrate has not been described. Mafenide
acetate, silver sulfadiazine, and 0.5% silver nitrate are effective
in the prevention of invasive burn wound infection; however,
because of their lack of eschar penetration, silver nitrate soaks
and silver sulfadiazine burn cream are most effective when ap-
plied soon after burn injury.

Acticoat is a new burn wound dressing. It consists of a ure-
thane film onto which nanocrystalline elemental silver is de-
posited. When moistened, application of this dressing to the
wound results in a sustained release of elemental silver, which
is bactericidal and fungicidal. The mechanism of action is prob-
ably much like that of silver nitrate dressings; however, Acti-
coat does not cause transeschar leaching of electrolytes. The
silver does not penetrate the eschar, limiting its use on infected
or heavily contaminated wounds. Transient mild pain may be
noted occasionally after application. The use of Acticoat is cur-
rently limited to partial-thickness burns.

Aquacel Ag hydrofiber is another dressing containing ele-
mental silver, though at a much lower concentration. When
compared to silver sulfadiazine on partial-thickness burns,
this dressing was associated with an increased rate of re-
epithelization and was slightly more cost-effective. This study
was limited due to sample size; however, the replacement
of burn cream pharmaceuticals with silver-containing barrier
dressings is occurring in certain settings, namely those of su-
perficial burns.

PAIN MANAGEMENT
Because burn pain is variable in its degree and time course,
reliance on a single analgesic regimen is unreliable at best and
unsuccessful at worst. Conversely, the diverse spectrum of burn
patients—adult versus children, large burns versus small, inten-
sive care unit nursing versus ward setting—makes the routine
individualization of analgesic plans overwhelming and imprac-
tical. Our recommendation is to determine an analgesic regi-
men for each individual patient based on two broad categories:
the assessed clinical need for analgesia and the limitations im-
posed by the patient.

The first step is to address background, procedural, post-
operative, and breakthrough pain treatment separately, and
then consider individual drug choices based on patient limita-
tions. To reinforce this type of approach to analgesic manage-
ment, detailed institutional guidelines to help physicians and
nurses choose and administer specific analgesics are recommen-
ded.
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Backg round Pain

In general, because it is a pain of continuous nature, back-
ground pain is best treated with mild-to-moderately po-
tent, longer-acting analgesics administered so that plasma
drug concentrations remain relatively constant throughout the
day. Examples include the continuous IV infusion of fen-
tanyl or morphine (with or without patient-controlled anal-
gesia [PCA]), oral administration of long-acting opioids with
prolonged elimination (methadone) or prolonged enteral ab-
sorption (sustained-release morphine, sustained-release oxy-
codone), or oral administration on a regular schedule of short-
acting oral analgesics (oxycodone, hydromorphone, codeine,
acetaminophen). Such analgesics should almost never be ad-
ministered on an as-needed (PRN) basis during the early and
middle phases of hospitalization.

Proce d ural Pain

In contrast, procedural pain is significantly more intense but
shorter in duration; therefore, analgesic regimens for procedu-
ral pain are best composed of more potent opioids that have a
short duration of action. Intravenous access is helpful in this
setting, with short-acting opioids (fentanyl) offering a poten-
tial advantage over more longer-acting agents (morphine, hy-
dromorphone). When intravenous access is not present, orally
administered opioids (morphine, hydromorphone, oxycodone,
codeine) are commonly used, although their relatively long du-
ration of action (2–6 hours) may potentially limit postproce-
dure recovery for other rehabilitative or nutritional activities.
Oral transmucosal fentanyl and nitrous oxide are useful agents
when IV access is not present due to their rapid onset and short
duration of action.

Post op e rat ive Pain

Postoperative pain deserves special mention because increased
analgesic needs should be anticipated following burn wound
excision and grafting. This is particularly true when donor
sites have been harvested, as these are often the source of in-
creased postoperative pain complaints. In contrast, pain from
excised/grafted burns may increase, decrease, or not change
postoperatively compared to preoperatively. Typically, this in-
creased analgesic need in the postoperative period is limited to
1 to 4 days following surgery before returning to, or falling
below, preoperative levels.

Bre akt hroug h Pain

Breakthrough pain occurs at rest when background analgesic
therapy is inadequate. Breakthrough pain occurs commonly
in burn patients, particularly in early stages of hospitalization
until a stable, appropriate, and individualized pharmacologic
regimen can be determined for each patient. Analgia for break-
through pain can be provided with IV or oral opioids. When
breakthrough pain occurs repeatedly, it is an indication to re-
evaluate and likely increase the patient’s background pain anal-
gesic regimen, as it may be inadequate in terms of analgesic dose
and/or frequency. Tolerance develops rapidly in these patients
and may initially manifest as breakthrough pain.

Pat ie nt Limit at ions

As stated above, the presence of intravenous access directly
influences analgesic drug choice, particularly in children. Simi-
larly, patients who are endotracheally intubated and ventilated
are somewhat protected from the risk of opioid-induced respi-
ratory depression; thus, opioids may be more generously ad-
ministered in these individuals, as is often required for painful
burn debridements. Also, individual differences in opioid effi-
cacy should be considered in all patients, including opioid tol-
erance in patients requiring prolonged opioid analgesic therapy
or in those with pre-existing substance abuse histories.

An appropriate rationale is to titrate the drug dose to the
desired effect, rather than to rely on a particular textbook dose
for all patients. Due to the development of drug tolerance with
prolonged medical use or recreational abuse of opioids (i.e.,
increasing drug doses are required to attain adequate levels of
analgesia), opioid analgesic doses needed for burn analgesia
may exceed those recommended in standard dosing guidelines.
Furthermore, because of cross-tolerance, tolerance to one opi-
oid analgesic usually implies tolerance to all opioid analgesics.
One clinically relevant consequence of drug tolerance is the
potential for opioid withdrawal to occur during inpatient burn
treatment. Thus, the period of inpatient burn care is not an
appropriate time to institute deliberate opioid withdrawal or
detoxification measures in tolerant patients, because such treat-
ment ignores the very real analgesic needs—background pain
and procedural pain—of these patients. Similarly, when reduc-
tions in analgesic therapy are considered as burn wounds close,
reductions should occur by careful tapering, rather than abrupt
discontinuation of opioids, to prevent the acute opioid with-
drawal syndrome.

Anxio lysis in t he Tre at me nt of Burn Pain

Current aggressive therapies for cutaneous burns, together with
the qualities of background and wound care pain, make burn
care an experience that normally induces anxiety in a large pro-
portion of adult and pediatric patients. Anxiety, in itself, can
exacerbate acute pain. This has led to the common practice in
many burn centers of using anxiolytic drugs in combination
with opioid analgesics. Intuitively, this practice seems partic-
ularly useful in premedicating patients for wound care, to di-
minish the anticipatory anxiety experienced by these patients
prior to and during debridement. Low-dose benzodiazepine ad-
ministration significantly reduces burn wound care pain scores
and narcotic requirements. It appears that the patients most
likely to benefit from this therapy are not those with high trait
or premorbid anxiety, but rather those with high state or the
time of the procedure anxiety, or those with high baseline pain
scores. Other nonpharmacologic anxiolysis techniques, such as
hypnosis and behavioral therapy, could also be considered.

TEAM APPROACH TO
BURN PATIENTS

The management of the burned patient is a multidisciplinary
effort of burn care professionals to provide optimal care to
the burn patient. This multidisciplinary care spans the early
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resuscitative phases of care through the long-term rehabilita-
tion and reconstructive phases. The Burn Center Director coor-
dinates all activities of the multidisciplinary care of the critically
ill burn patients. Team members include burn surgeons, plastic
and reconstructive surgeons, critical care specialists, anesthesi-
ologists, critical care burn nurses, physical therapists, occupa-
tional therapists, clinical nutritional specialists, psychologists,
social workers, and pastoral care support personnel. This mul-
tidisciplinary approach affords the patients and their families
state-of-the-art resources for optimal outcome, education, and
rehabilitation. This concept of team care, originating in the
1950s when the first burn centers opened, has persisted to this
day and is a model of coordinated, interdisciplinary, outcome-
driven patient care.
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CHAPTER 89 ■ TEMPERATURE-RELATED
INJURIES
TAKERU SHIMIZU r TARO MIZUTANI

Human body temperature is maintained within tight limits by a
balance between heat production and dissipation. Heat is nor-
mally generated by muscular activity and metabolic reactions,
the latter mainly by the liver. It is dissipated by a combination
of radiation, convection, conduction, and evaporation. This
balance between heat generation and dissipation is the key to
maintaining optimal body temperature. Under normal circum-
stances, body temperature is 37◦C under the tongue, 38◦C in
the rectum, 32◦C at the skin, and 38.5◦C in the central liver.
Significant deviation from normal body temperature is a crit-
ical condition that requires prompt diagnosis, treatment, and
normalization of the temperature alteration. Herein, we dis-
cuss hypothermia, hyperthermia, and malignant hyperthermia
and the neuroleptic malignant hyperthermia.

HYPOTHERMIA
Hypothermia is generally defined as a core temperature below
35◦C (95◦ F) (1–3). In a more detailed manner, the literature
classifies hypothermia as mild, moderate, or severe: mild hy-
pothermia is that between 35◦C and 32◦C, moderate hypother-
mia between 32◦C and 28◦C, and severe hypothermia below
28◦C (4). Table 89.1 outlines the classification of severity and
clinical manifestations.

Hypothermia may be precipitated by various acute and
chronic medical conditions, environmental exposure, or drugs.
Hypothermia caused without exposure to the extreme temper-
atures is generally limited to mild to moderate in degree. Inter-
estingly, however, with equivalent body temperature, patients
found indoors were more severely affected and died more fre-
quently than those found outdoors (5).

Hypothermia is considered to be an underrecognized condi-
tion, especially in the aged (2,3). Elderly patients who develop
hypothermia are more likely to live alone, have other intercur-
rent diseases, to have their home heating turned off or inad-
equate home heating, and to wear inappropriate clothing for
actual ambient temperatures (6).

Several confounding factors can further impair temperature
control. Intoxicants, medications, extremes of age, and the
general state of health—including intercurrent diseases—can
modify the heat loss. Hypothermia occurs in various clinical
settings; Table 89.2 outlines the clinical causes and disorders
associated with this finding.

Accidental hypothermia is defined as a spontaneous de-
crease in core temperature. It is often caused by a cold environ-
ment and associated with an acute problem, but without any
primary disorder of the temperature regulatory center. This is

most commonly observed in neonates; the elderly; unconscious,
immobile, or drugged persons; and workers in an extremely
cold environment. Mortality rates for accidental hypothermia
have been reported to range between 10% and 80% . A multi-
center review of 428 cases of accidental hypothermia reported
an overall mortality of 17% (7–9). Intercurrent diseases or in-
fection seem to contribute to most deaths, as it was shown that
patients with sepsis had a markedly worse mortality rate when
they presented with hypothermia, as opposed to fever (10).

Te mp e rat ure Re g ulat ion and
Me chanism of He at Loss

Hypothermia presents when heat generation cannot keep
up with heat dissipation. Heat generation depends on the
metabolic process at rest and on skeletal muscle metabolism
during exercise. Humans have a high capacity to dissipate heat,
with four primary means of heat dissipation or transmission.
It is important to know these mechanisms to prevent hypother-
mia and to develop effective rewarming strategies.

1. Conduction: Conduction is the transfer of heat between two
masses in contact with one another. The rate of heat trans-
fer depends on the temperature gradient at the interface and
the size of the contact area. It is also determined by the ther-
mal conductivity of the materials. Metals and liquids are
most conductive, and gases are most insulating. For exam-
ple, water has a 25- to 30-fold larger conductivity than air.
This means that contacting a wet surface is one of the fastest
ways to dissipate body temperature.

2. Convection: Convection is the transfer of heat due to the
flow of liquids or gases over a surface. Convective heat
loss occurs when air around a patient is continuously swept
away, and it is directly proportional to the body surface area,
the temperature gradient, and the air velocity.

3. Radiation: Transfer of radiant energy is due to electromag-
netic transmission.

4. Evaporation: Evaporation is the process whereby atoms or
molecules in a liquid state gain sufficient energy to enter the
gaseous state. Evaporation proceeds more quickly at higher
temperature and/or at higher flow rates between the gaseous
and liquid phase. Therefore, the heat loss by this mechanism
is proportional to the change of the vapor pressure from the
surface to ambient air and the velocity of air movement. Ap-
proximately 30% of evaporative heat loss occurs in the lung,
and the rest is from the skin surface at usual room temper-
ature. Evaporation accounts for 10% to 15% of total body
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TA BLE 8 9 . 1

CLASSIFICATION OF HYPOTHERMIA

Core temperature Consciousness Shivering Heart rate ECG Respiration

Mild (35◦C–33◦C) Normal + Normal Normal Normal
Moderate (33◦C–30◦C) Depressed (stupor) − Slight decrease Prolongation Depressed
Severe (30◦C–25◦C) Confusion − Decreased Osborne J-wave Apneic/agonal
25◦C–20◦C Coma Muscle rigidity Decreased Atrial fibrillation Apneic
Below 20◦C Coma Muscle rigidity Asystole Ventricular fibrillation Apneic

heat loss. The heat of evaporation of water is 0.58 kcal/g
H 2O. Given that 30 g of water is lost during the breathing
of dry room air per hour, about 18 kcal, which is nearly half
of an anesthetized patient’s hourly heat production, is lost.

Clinical Synd rome s

Card iovascular
A sympathetic response increases myocardial oxygen consump-
tion and causes tachycardia and peripheral vasoconstriction—
that is, diminished pulses, pallor, acrocyanosis, and cold
extremities—in patients with mild hypothermia (core tempera-
ture of 32◦C–35◦C). Blood pressure and heart rate are initially
increased, followed by bradycardia, which further deteriorates
at 32◦C, and consequently, cardiac output, myocardial con-
tractility, and arterial pressure fall.

Electrocardiographic (ECG) findings include the Osborne
J-wave after the QRS complex as hypothermia becomes more
severe (Fig. 89.1) The Osborne J-wave is an important diag-
nostic feature, which can be observed in other pathologic con-
ditions such as central nervous system lesions and sepsis, but
it is frequently absent (3,11). Atrial and ventricular fibrillation
are common, and electrical defibrillation during hypothermia is
often ineffective. It is important to remember that the hypother-
mic myocardium is irritable, making placement of pulmonary
artery or other central catheters dangerous.

Re sp irat ory Syst e m
Respiratory rate falls. The patient becomes apneic or has an
agonal respiratory pattern when the body temperature is less
than 28◦C.

Ce nt ral Ne rvous Syst e m
The electroencephalogram (EEG) becomes flat at 19◦C to 29◦C
(12). Cerebrovascular autoregulation remains intact until the
core temperature falls to below 25◦C, but mentation starts to
drop at 30◦C. Dysarthria and hyperreflexia occur below 35◦C,
and hyporeflexia occurs below 32◦C.

Coag ulat ion
Hypothermia produces coagulopathy via three major mecha-
nisms (13,14). First, the enzymatic coagulation cascade is im-
paired; second, platelet dysfunction occurs; and third, plasma
fibrinolytic activity is enhanced. Because coagulation tests, such
as prothrombin time (PT) or partial thrombin time (PTT), are
performed at 37◦C in the laboratory, a major disparity between
clinical coagulopathy and the reported values is frequently ob-
served (15). A disseminated intravascular coagulation (DIC)
type of syndrome is also reported (16). Clinically significant
coagulopathies occur and are often associated with trauma
(17,18).

Re nal Syst e m
Exposure to cold induces a diuresis irrespective of the state
of hydration. Centralization of the blood volume—due to the

TA BLE 8 9 . 2

CAUSES OF HYPOTHERMIA

Clinical cause Associated disorders

Central N ervous System Head trauma, tumor, stroke, Wernicke encephalopathy, Shapiro
syndrome, Parkinson disease, multiple sclerosis, sarcoidosis,
acute spinal cord transection, paraplegia

Metabolic Hypoglycemia, hypothyroidism, hypoadrenalism,
panhypopituitarism, diabetic ketoacidosis, anorexia nervosa

Integument Burns, erythroderma, ichthyosis, psoriasis, exfoliative dermatitis
Infection Sepsis
Chronic Diseases Chronic heart failure, chronic renal failure, chronic hepatic

insufficiency, advanced age
Environmental Exposure Outdoor activities and physical or metabolic exhaustion, cold

water immersion, inadequate indoor heating (particularly in
the elderly and infirm), operating room

Pharmaceuticals/Drugs Ethanol, muscle relaxants, phenothiazines, barbiturates, tricyclic
antidepressants, lithium (toxic dose), α-adrenergic agonist
(clonidine), anticholinergic drugs, β -adrenergic blocker
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FIGURE 89.1. The electrocardiogram (ECG) shows atrial fibrillation with a very slow ventricular re-
sponse, prominent J (Osborne) waves (late, terminal upright deflection of QRS complex; best seen in
leads V3–V6), and nonspecific QRS widening. (Adapted from O’Keefe J, Hammill S, Freed M, et al. The
Complete Guide to ECGs. 2nd ed. Royal Oak, MI: Physicians’ Press; 2002.)

initial peripheral vasoconstriction—stimulates the diuresis.
Hypothermia depresses renal blood flow by 50% at 27◦C to
30◦C, and the renal cellular basal metabolic rate decreases (2).
As a result, renal tubular cell reabsorptive function decreases
and the kidney excretes a large amount of dilute urine. This
is termed cold diuresis, resulting in a decreased blood volume
and progressive hemoconcentration (19).

Glucose Me t ab olism
Blood glucose concentration commonly increases because pan-
creatic function, insulin activity, and/or response to insulin de-
crease, along with activated function of the autonomic nervous
system in hypothermia. At the same time, hemoconcentration
results in elevated serum glucose concentration.

The rap e ut ic Ap p roach

While rewarming is the common goal in the clinical treatment
of the hypothermic patient, it is both difficult and controversial
to treat. At the same time as treatment is initiated, a search for
and discovery of the mechanism of heat loss will play a key
role in achieving a better outcome. Treatment includes that
delivered by prehospital providers as well as inpatient care.

Pre hosp it al Tre at me nt
Hypothermia is often combined with mental and physical ex-
haustion. Even if a patient is found down, cold, stiff, and cyan-
otic, the patient is not necessarily dead and may make a re-
covery even when signs of life are initially absent. Thus, rescue
efforts should not be given up while the patient is cold. Since

ventricular fibrillation or asystole may be induced by any stim-
uli, such as tracheal intubation, comatose patients should be
treated with extreme care.

The initial primary focus of prehospital treatment is to avoid
further loss of heat. Removal of wet clothing and applying dry
insulating covers such as blankets, pads, coats, and sleeping
bags are effective in treating all the mechanisms of heat loss
described above. During transportation, an aluminized space
blanket may be used. To make the most of its effect, the pa-
tient should be carefully wrapped with additional blankets. The
patient should be kept horizontal to minimize the circulatory
and sympathetic change. Vigorous rubbing should be avoided
because it induces vasodilation, which may be followed by hy-
potension or “rewarming shock.” Hot water bottles or hot
packs may be used if available but should be used cautiously
to avoid burn injury.

Resuscitation using the ABCs—airway, breathing, circula-
tion—of basic life support are implemented if needed. Warmed
(42◦C–46◦C), humidified oxygen during bag/mask ventilation
(20) and warmed intravenous fluids should be given if possible.
Death should not be declared below 32◦C.

In-hosp it al Tre at me nt
Indicated monitoring includes an ECG, Doppler evaluation of
pulses, and temperature. General laboratory studies include
electrolytes, complete blood count, coagulation studies (pro-
thrombin time and partial thromboplastin time), blood urea
nitrogen, creatinine, amylase, calcium, magnesium, and glu-
cose concentrations. Radiologic examinations are indicated.
Patients with hypothermia are usually dehydrated, which
should be corrected with IV fluids warmed to 43◦C (20). The
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REWARMING METHODS

Classification Methods Effects

Passive External Adding an insulating layer (e.g.,
blanket, sleeping bag)

0.1◦C–0.7◦C increase/h

Increasing ambient temperature Effective when body temperature is above 32◦C

Active External Hot water bottles 1◦C–4◦C increase/h
Heating blanket Internal rewarming should be applied to avoid
Infrared lamp rewarming shock
Submersion in a warm water tank 5◦C–7◦C increase/h

�

�

Internal
(core)

Warmed crystalloid fluids or blood
transfusion

1.5◦C–2◦C increase/h

Gastric lavage Warmed fluids administration required due to
Rectal lavage loss of circulatory blood volume caused by
Cystic lavage cold diuresis
Airway rewarming

�

���

(invasive) Peritoneal dialysis 3◦C–15◦C increase/h
Thoracic cavity lavage
Hemodialysis
Cardiopulmonary bypass
Percutaneous cardiopulmonary

support

�

������

use of glucose-containing solutions should be used with cau-
tion as hypothermic patients are usually hyperglycemic due to
hypoactivity of insulin.

The various options for therapeutic approaches can be con-
sidered, and rewarming should be performed along with other
supportive therapy. Techniques of rewarming include active
and passive methods, and external and internal (core) methods
(Table 89.3). Although no difference in survival and clinical
or histopathologic morbidity has been demonstrated by some
prospective studies comparing active and external rewarming
versus core rewarming methods (21,22), percutaneous or open
chest cardiopulmonary bypass is recommended for pulseless
hypothermic patients if it is available (23–31).

Bronchopneumonia secondary to aspiration is a common
complication. Oral intake of warm or hot drink should be
avoided because obtunded, hypothermic patients may have
suppressed airway protective mechanisms, including cough or
gag reflexes. Prophylactic tracheal intubation may be consid-
ered if suppression of these reflexes is present. When the trachea
is intubated, warmed (42◦C–46◦C), humidified oxygen should
be administered (20).

HYPERTHERMIA
There are many conditions that elevate the body temperature.
Table 89.4 outlines the major causes, which may be classified
as hyperthermia or fever. In this section, we discuss environ-
mental hyperthermia as well as malignant hyperthermia and
the neuroleptic malignant syndrome.

Environme nt al Hyp e rt he rmia—He at
St roke

Heat stroke is a medical emergency, characterized by a high
body temperature, altered mental status, and hot dry flushed

skin (32). It may lead to multisystem organ dysfunction with
hemorrhage and necrosis in the lungs, heart, liver, kidneys,
brain, and intestines (33). Heat stroke is thought to be relatively
uncommon in temperate climates. The documented body tem-
perature with this disorder is 41.1◦C or more. There has been
no obvious decrease in mortality in the last 50 years, which is
variably quoted as ranging between 10% and 50% (33).

There are several heat-related illnesses, which may take the
form of heat syncope, heat cramps, heat exhaustion, and heat
stroke. Heat stroke may be further classified as exertional and
nonexertional (classic heatstroke). Table 89.5 outlines the syn-
dromes.

■ Heat syncope: Heat syncope is fainting due to peripheral
vasodilation secondary to high ambient temperature.

■ Heat cramp: Heat cramp refers to muscular cramping occur-
ring during exercise in heat, which is related to electrolyte
deficiency; it is usually benign.

■ Heat exhaustion: This is often referred to as heat prostra-
tion. Heat exhaustion occurs when the individual becomes
dehydrated and weak. The patient collapses from dehydra-
tion, salt depletion, and hypovolemia. Anorexia, nausea,
and vomiting frequently occur. Excessive sweating leads to
a loss of water and/or electrolytes. There are two mecha-
nisms for this disorder: salt-depletion and water-depletion
heat exhaustion. Salt-depletion heat exhaustion usually oc-
curs when an unacclimatized person exercises and replaces
only water. Water-depletion heat exhaustion is usually ob-
served in an acclimatized person who has inadequate wa-
ter intake during exposure to extreme heat. Serum sodium
concentration may be normal or mildly elevated. The core
temperature may or may not be raised (usually mild to mod-
erate, less than 38◦C) and tissue damage does not occur.

■ Heat stroke: Heat stroke occurs when the core body temper-
ature rises against a failing thermoregulatory system (32).
The core temperature most often quoted is a rectal tempera-
ture exceeding 40.6◦C (34). Heat stroke may be divided into



Chap t e r 89: Temperature -Related Injuries 1329

TA BLE 8 9 . 4

HYPERTHERMIA AND FEVER

HYPERTHERMIA
Environmental exposure
Malignant hyperthermia
Neuroleptic malignant syndrome
Thyroid storm
Pheochromocytoma
Serotonin syndrome
Iatrogenic hyperthermia
Brainstem/hypothalamic injury
Drugs:

Diuretics Anticholinergics Phenothiazines
Antidepressants Lithium Antihistamines
Ethanol Salicylates β -adrenergic blockers

FEVER
Inflammatory disorders

Infection
Allergic reactions
Collagen diseases

Neoplasm
Inherited and metabolic diseases
Factitious fever

exertional and nonexertional (classic) heat stroke (34). Exer-
tional heat stroke occurs in previously healthy young people
exercising in hot and humid climates without being accli-
matized. Nonexertional heat stroke occurs during extreme
heat waves, the elderly being particularly vulnerable (Table
89.6).

Te mp e rat ure Re g ulat ion

Normal heat production is primarily due to metabolic activ-
ity in the liver and skeletal muscle, with the liver generating
most body heat at rest and muscle being the major source with
exercise or shivering. Skeletal muscle heat production ranges
from 65 to 85 kcal/hour at basal level, but it may increase up
to 900 kcal/hour (35). Heat elimination occurs by four major
mechanisms as we have discussed in hypothermia. Convection
and radiation are normally the most important mechanisms
for heat elimination. Evaporation becomes a major mechanism
for heat dissipation with incremental skeletal muscle metabolic
activity. If the ambient temperature exceeds body temperature,
heat loss may depend only on evaporation. However, sweating
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HEAT SYNDROMES

Syndrome Temperature Manifestation

Heat syncope Normal Faintness
Heat cramps Normal Muscle cramps
Heat exhaustion Normal to 39◦C Faintness, weakness
Heat stroke > 40.6◦C Gross neurologic

impairment

produces only 400 to 650 kcal/hour of heat dissipation. There-
fore, blood flow regulation to skin and sweat gland activity are
critical in maintaining thermal balance. There is a distinction
made between exertional and nonexertional heat stroke at this
point; failure of thermoregulation (lack of sweating) may be
more important in nonexertional (classic) heat stroke and less
so in exertional heat stroke (36).

The process of thermoregulation consists of three parts: (i)
afferent thermal sensing, (ii) hypothalamic processing, and (iii)
efferent responses through the sympathetic system. Heat stim-
uli are carried by C fibers from the skin to the spinal cord. Cen-
tral temperature sensors in the abdominal and thoracic viscera,
spinal cord, and brain may play a significant role in prevent-
ing hyperthermia, although peripheral sensors in the skin seem
to be most important. The hypothalamus integrates all affer-
ent temperature input to alter body temperature by regulat-
ing vasomotor tone to the skin and inducing sweat formation.
Neural output to the cerebral cortex is also important in mod-
ifying behavior to compensate for changes in temperature. The
efferent hypothalamic response to heat consists of cutaneous
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EXERTIONAL AND NONEXERTIONAL HEAT STROKE
SYNDROMES

Exertional Nonexertional

Age Young Elderly
Precipitating event Heat, strenuous

activity
Heat

Underlying process None Medical illness,
drug therapy

Onset Rapid Slow
Sweating Present Absent
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vasodilation, sweat formation, and inhibition of muscle tone.
Vasomotor tonic changes result in cutaneous dilation and
shunting of blood away from the liver and splanchnic circu-
lation, facilitating heat transfer from the core to skin. Sweat
formation is under cholinergic sympathetic control. Removing
clothes, limiting physical activity, and moving to a cooler place
are important behaviors.

Acclimatization is a physiologic process whereby an individ-
ual adapts to work in a hot environment (35). Acclimatization
to sustained increases in body temperature is slow and requires
1 to 2 weeks for peak effect. Sweat volume increases from 1.5
L/hour up to 4 L/hour. The sweating threshold decreases over
an extended period of time. Sweat sodium concentration de-
creases from 30 to 60 mEq/L to about 5 mEq/L. Plasma an-
tidiuretic hormone, growth hormone, and aldosterone levels
increase. Cardiovascular mechanisms include a 10% to 25%
increase in plasma volume and an increased stroke volume and
cardiac output with a slowing of heart rate.

Clinical Synd rome

Heat stroke is mostly defined as a core temperature above
40.6◦C, but neurologic impairment may occur at lower tem-
peratures in some cases; indeed, neurologic dysfunction is a
cardinal feature of heat stroke (37). Neurologic manifestations
include slurred speech, delirium, stupor, lethargy, coma, and
seizures (38). Seizures occur more commonly at temperatures
above 41◦C. Ataxia, dysmetria, and dysarthria may also be
observed.

The cardiovascular system is commonly compromised in the
presence of heat stroke. Tachydysrhythmia and hypotension
frequently occur (38). Hypotension may result from translo-
cation of blood from the central circulation to the periphery
to dissipate heat, or the increased production of nitric oxide
may result in vasodilation (37,39). A study of Doppler and
echocardiographic findings in patients with classic heat stroke
and heat exhaustion reported a circulation that was hyperdy-
namic, with tachycardia, resulting in high cardiac output (34).
It also reported that hypovolemia was more pronounced in heat
stroke patients with signs of peripheral vasoconstriction. Heat
exhaustion patients were more likely to demonstrate peripheral
vasodilation.

Lactic acidosis may occur. Since patients in heat stroke are in
shock, the mechanism by which lactate is cleared by the liver
and converted to glucose is less effective, and restoration of
the circulating volume may lead to worsening lactic acidosis as
skeletal muscle is reperfused and the elevated lactate cleared.
Patients typically hyperventilate to compensate for the acute
acidosis with an acute respiratory alkalosis. This may lead to
heat-induced tetany. After several hours, a mixed acid-base dis-
order may occur because of sustained tissue damage.

Significant dehydration is noted in most patients with exer-
tional heat stroke and may be reflected as elevated blood urea
nitrogen and creatinine levels or hemoconcentration. Sodium,
potassium, phosphate, calcium, and magnesium serum con-
centrations are frequently low in the early period (35,40–
44). Sodium, potassium, and magnesium are lost through
increased sweating. Hypokalemia may be as a result of cate-
cholamine release or may occur secondary to hyperventilation.
Hypokalemia decreases sweat secretion and skeletal muscle
blood flow, which may impair heat dissipation. Cellular death

begins to occur throughout the body at temperatures above
42◦C. Hyperkalemia may occur if significant skeletal muscle
damage or cellular lysis develops. If significant rhabdomyoly-
sis develops, injured cells release phosphate, which reacts with
serum calcium and may lead to hypocalcemia.

Renal dysfunction is well documented in exertional heat
stroke, with the incidence of acute renal failure approximately
25% (45). The cause is usually multifactorial, including di-
rect thermal injury, the prerenal insults of volume depletion,
and renal hypotension, rhabdomyolysis, and disseminated in-
travascular coagulation (DIC) (38).

Liver damage is very frequently seen and is probably related
to splanchnic redistribution (46,47). Elevated liver enzymes are
common.

Hemorrhagic complications may be observed. These may be
petechial hemorrhages and ecchymoses, which may represent
direct thermal injury or may be related to the development of
DIC. Damatte et al. (38) reported that 45% of patients had
laboratory evidence of DIC. This consumption coagulopathy
may be further compounded by hepatocellular damage.

Comp licat ions
Cardiac complications include myocardial pump failure, tachy-
dysrhythmia, high cardiac output, and myocardial infarction.
ECG abnormalities are also observed (48). Sinus tachycardia
and QT prolongation are followed by nonspecific ST-T wave
changes, suggesting cardiac ischemia.

Neurologic complications include seizures, cerebral edema,
and localized brain hemorrhages. Irreversible brain damage oc-
curs above 42◦C. Cerebellar impairment may persist after re-
covery.

Pulmonary edema may be caused by a limited cardiac func-
tion or may develop secondary to the acute respiratory distress
syndrome (ARDS) (49). Pulmonary aspiration may be observed
in obtunded patients.

Acute renal failure may be caused by direct heat damage, re-
nal hypoperfusion, or rhabdomyolysis. The incidence of renal
failure is about 35% with exertional heat stroke and about 5%
in classic nonexertional heat stroke, with which rhabdomyol-
ysis is less likely to coexist.

Liver damage and dysfunction occur in most patients with
heat stroke. Cholestasis and centrilobular necrosis elevate
bilirubin and liver enzymes, which may not be apparent un-
til 48 to 72 hours after injury (44).

Hematologic complications include hemolysis, thrombocy-
topenia, and DIC (49). DIC is triggered by diffuse endothelial
and organ damage, has an onset delay of 2 to 3 days after the
initiating event, and is associated with high mortality.

The rap e ut ic Ap p roach
Heat stroke requires prompt and effective treatments. Oxygen
therapy, rapid cooling, and cautious hydration should be imme-
diately instituted to avoid complications and achieve recovery.
Tracheal intubation should be considered if the patient is ob-
tunded or in respiratory distress. Oxygen delivery is often less
than normal, and pulmonary shunt fraction is increased (50).

Rapid cooling is accomplished by external techniques.
These include immersion in ice water or application of cool-
ing blankets above and below the patient (conductive cooling
technique), and wetting the skin with water or alcohol, fol-
lowed by the use of fans to facilitate evaporation and heat
dissipation (evaporative-convective cooling technique). Both
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techniques usually reduce core temperature below 40◦C in
1 hour. A significant disadvantage of immersion is impairment
of access to the patient and limited monitoring. Another dis-
advantage of immersion is that intense vasoconstriction can
slow the rate of heat loss (51). Vasoconstriction may also have
adverse cardiovascular effects in patients with limited cardiac
function because it increases cardiac afterload. Vasoconstric-
tion may be reduced by skin massage, which prevents dermal
stasis of cooled blood. More aggressive cooling techniques in-
clude gastric lavage with iced saline, cold hemodialysis, and
cardiopulmonary bypass. They are only rarely required, being
used in cases of refractory temperature elevation or malignant
hyperthermia, in which thermogenesis is ongoing. In addition,
the efficacy of rapid infusion of large-volume ice-cold intra-
venous fluid (LVICF)—using either lactated Ringer solution
or normal saline—has been implicated in clinical trials of in-
duced hypothermia. Bernard et al. (52) showed that 30 mL/kg
of LVICF (lactated Ringer solution at 4◦C) over 30 minutes de-
creased core temperature by 1.7◦C immediately after infusion,
with improvements in acid-base and renal function.

Core body temperature should be monitored closely at the
rectum, bladder, or tympanic membrane. Vital signs, neuro-
logic functions, urine output, and laboratory measurements
should also be monitored closely. Laboratory measurements in-
clude arterial blood gas and serum electrolyte concentrations,
especially potassium, which may increase significantly and re-
sult in life-threatening hyperkalemia. Glucose–insulin therapy
should be instituted emergently in patients with ECG changes.

Intravenous volume repletion should be individualized. Vol-
ume deficit is not a prominent feature in classic nonexertional
heat stroke. Central venous catheter and pulmonary artery
catheter placement may be invaluable to assess volume deple-
tion, peripheral vascular vasodilation, or primary myocardial
dysfunction, especially in patients with limited cardiac reserve.
Hypotension usually responds to intravenous fluids, but if an
inotropic drug is needed, dobutamine is the drug of choice for
heat stroke.

Seizures occur commonly in heat stroke patients and
should be treated with intravenous diazepam or other benzo-
diazepines. The efficacy or clinical rationale for the adminis-
tration of dehydrating drugs is uncertain, but these drugs may
be potentially beneficial for some patients at risk of acute re-
nal failure secondary to rhabdomyolysis, as acute renal failure
can be a major cause of patient morbidity. This may be pre-
vented by prompt repletion of intravascular volume and resta-
bilizing adequate renal perfusion pressure. Hemodialysis may
be required if hyperkalemia or other metabolic disturbances
exist.

DIC may be treated with continuous infusion heparin ther-
apy. Although this therapy brings some benefit, its utility seems
uncertain (40,42,44).

Malig nant Hyp e rt he rmia and t he
Ne urole p t ic Malig nant Synd rome

Malignant hyperthermia (MH) and the neuroleptic malignant
syndrome (NMS) are disorders of rising body temperature re-
lated to an imbalance between heat production and heat dis-
sipation. MH was not clearly described as a syndrome until
1960 (53,54). NMS was first described by Delay et al. (55)
after the introduction of neuroleptics in 1960. These disor-
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DRUGS ASSOCIATED WITH MALIGNANT
HYPERTHERMIA AND THE NEUROLEPTIC
MALIGNANT SYNDROME

Classification Associated drugs

MALIGNANT HYPERTHERMIA
Volatile anesthetics Halothane, cyclopropane,

enflurane, methoxyflurane,
isoflurane, sevoflurane,
desflurane, diethyl ether

Depolarizing muscle
relaxants

Succinylcholine, decamethonium

Antidysrhythmics Lidocaine

NEUROLEPTIC MALIGNANT SYNDROME
Phenothiazines Fluphenazine, chlorpromazine,

levomepromazine,
thioridazine, trimeprazine,
methotrimeprazine,
trifluoperazine,
prochlorperazine,
promethazine, alimemazine

Butyrophenones Haloperidol, bromperidol,
droperidol

Thioxanthenes Thiothixene, zuclopenthixol
Dibenzazepines Loxapine
Dopamine-depleting drugs Alpha-methyltyrosine,

tetrabenazine, amoxapine
Dopamine agonist

withdrawal
Levodopa, levodopa/carbidopa,

amantadine
Serotonin dopamine

antagonists
Risperidone

Serotonin-depleting drugs Paroxetine

ders are uncommon but life-threatening complications related
to the administration of anesthetic or neuroleptic drugs. Their
main features include hyperthermia, muscle rigidity, metabolic
acidosis, and autonomic disturbances. Endogenous heat pro-
duction resulting from impaired physiologic heat-dissipating
mechanisms and hypothalamic temperature regulation is re-
sponsible for elevation of core body temperature in NMS. On
the other hand, it usually appears intact in MH (56). Both
of them are uniquely characterized by their association with
various drugs, although they are distinctive from each other;
associated drugs are listed in Table 89.7 (56–65). An additive
in commercial succinylcholine, chlorocresol, has been reported
as an additional trigger in MH (66). The in vitro halothane–
caffeine contracture test on skeletal muscle helps to identify
susceptible individuals and to establish with certainty the ge-
netic nature of the disorder in most individuals (67).

Incid e nce
A Danish survey indicates an incidence of fulminant MH of
1 in 250,000 patients. The overall incidence of MH is between
1 in 50,000 and 1 in 100,000 patients receiving general anesthe-
sia (68–70). Suspected MH occurred in 1 in 16,000 anesthet-
ics overall and 1 in 4,200 anesthetics involving potent volatile
agents and succinylcholine. Incidence rates of MH reported
vary by country. The mortality rate was initially 70% ; earlier
diagnosis and use of dantrolene have reduced it to less than
5% (71).
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The incidence of NMS ranges from 0.07% to 2.2% among
patients receiving neuroleptic agents (72–74). A decrease in
mortality has been reported; NMS has had a 76% mortality
before 1970, a 22% mortality from 1970 to 1980, and a 15%
mortality since 1980 (75).

Te mp e rat ure Re g ulat ion
Most patients with an episode of MH have a history of rel-
atives with a similar episode or an abnormal response to the
halothane–caffeine contracture test. Genetic inheritance pat-
terns reflect the complexity of the responsible genes of MH.
Genes on chromosomes 1, 3, 5, 7, 17, and 19 (1q32, 3q13,
5p, 7q21–24, 17q21–24) have been indicated (76–78). The
exact mechanisms of MH are poorly understood. The initial
focus was on an abnormal calcium channel receptor, ryan-
odine RYR1 receptor, in patients with MH, which is responsible
for calcium release from the sarcoplasmic reticulum and plays
a critical role in muscle depolarization. Further studies have
shown that many patients with MH have a normal ryanodine
receptor. However, mutations in RYR1 occur in at least 50% of
susceptible subjects and almost all families. More than 30 mis-
sense mutations and one deletion have been associated with
a positive contracture test result or clinical MH (79). Other
than RYR1, only two other genes—α1s-subunit of DHPR, and
CACNL1A3 in MHS3—are implicated, and they are responsi-
ble for less than 1% of the cases (80). For practical purposes,
the RYR1 gene remains the target for genetic analysis.

Resultant from this mutation, free inbound ionized calcium
can be released from the storage sites, which normally main-
tain skeletal muscle relaxation by sequestering calcium from the

muscle contractile apparatus (56). The administration of anes-
thetics may unpredictably trigger rapid calcium release into the
myoplasm, followed by the development of muscle contracture,
rigidity, and increased muscle metabolic activity. This process
can cause core body temperature to rise vigorously at a rate of
1◦C every 5 minutes.

The administration of certain neuroleptic drugs may induce
a similar elevation of body core temperature. A common patho-
physiology of NMS and MH has been suggested (81,82). This
suggestion is based mainly on three points: (i) NMS and MH
have clinical features in common, such as hyperthermia, rigid-
ity, an elevated creatine kinase concentration, and a mortality
rate of 10% to 30% ; (ii) sodium dantrolene has been used suc-
cessfully in both syndromes; and (iii) abnormal findings have
been observed in in vitro contractility tests in patients with ei-
ther of the syndromes. Caroff et al. (83) suggested that patients
with a genetic predisposition for MH might also be at risk for
developing NMS. However, Adnet et al. (84) reported that ab-
normal sarcolemmal calcium permeability was not shared in
the pathogenesis of these disorders. The mechanism of hyper-
thermia and muscle rigidity is not yet defined, but two ma-
jor theories have been postulated, which are central dopamine
receptor blockade and the direct toxic effect of skeletal mus-
cle induced by neuroleptics. Hypothalamic thermoregulation
involves noradrenergic, serotoninergic, cholinergic, and cen-
tral dopaminergic pathways (85). Dopamine plays a role in
central thermoregulation in mammals. A dopamine injection
into the hypothalamus causes a reduction in core temperature
(86). Since neuroleptics block dopamine receptors, the hyper-
thermia associated with NMS may result from a blockade of
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SCORING RULES FOR THE MALIGNANT HYPERTHERMIA (MH) CLINICAL GRADING SCALE

MH INDICATORS
Review the list of clinical indicators. If any indicator is present, add the points applicable for each indicator while observing the

double-counting rule below, which applies to multiple indicators representing a single process.
If no indicator is present, the patient’s MH score is zero.
DOUBLE-COUNTING
If more than one indicator represents a single process, count only the indicator with the highest score. Application of this rule

prevents double-counting when one clinical process has more than one clinical manifestation.
Exception: The score for any relevant indicators in the final category of Table 89.8B (“other indicators” ) should be added to the

total score without regard to double-counting.
MH SUSCEPTIBILITY INDICATORS
The italicized indicators listed below apply only to MH susceptibility. Do not use these indicators to score an MH event. To calculate

the score for MH susceptibility, add the score of the italicized indicators below to the score for the highest-ranking MH event.
Positive family history of MH in relative of first degree
Positive family history of MH in relative not of first degree
Resting elevated serum creatinine k inase
Positive family history of MH together with another indicator from the patient’s own anesthetic experience other than elevated

serum creatine k inase
Interpreting the raw score: MH rank and qualitative likelihood

Raw score range MH rank Description of likelihood

0 1 Almost never
3–9 2 Unlikely

10–19 3 Somewhat less than likely
20–34 4 Somewhat greater than likely
35–49 5 Very likely
50+ 6 Almost certain
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hypothalamic dopamine sites. In addition, the blockade of
dopamine receptors in the corpus striatum is thought to cause
muscular rigidity and heat generation. Muscle contracture has
been induced in vitro by chlorpromazine (87), which is reported
to influence calcium ion transport across the sarcoplasmic retic-
ulum and the contractile system (88). However, other studies
that do not support the mechanism have also been reported
(83,84).

Clinical Synd rome
MH may occur shortly after induction of anesthesia, at any
time during the administration of anesthetics, or postopera-
tively. Trismus is the initial event in 50% of patients, and
other early signs are tachycardia and hypercapnia due to in-
creased metabolism (89). These are followed by whole-body
rigidity and a marked increase in core body temperature. Tris-
mus may occur in up to 1% of normal patients, and it has
been also reported that fewer than 50% of patients prove to be
susceptible to MH by muscle testing (90). Tachypnea is obvi-
ous when muscle relaxants are not administered. Sympathetic

system overactivity produces tachycardia, hypertension, and
mottled cyanosis. These symptoms precede hyperthermia, hy-
perkalemia, hypercalcemia, and lactic acidosis. Capnography
may provide an early warning, since carbon dioxide produc-
tion is remarkably increased while MH is in progress (91). Core
body temperature can rise at a rate of 1◦C every 5 minutes
when hyperthermia occurs. Hypertension may be rapidly fol-
lowed by hypotension as cardiac depression occurs. Anesthesia
should be aborted if these signs appear or if MH is suspected.
Laboratory evaluation reveals increased serum myoglobin, cre-
atine kinase (CK, greater than 20,000 U/L), lactate dehydro-
genase, and aldolase levels. Dark urine reflects myoglobine-
mia and myoglobinuria. However, elevation of both myoglobin
and CK levels can be observed in some normal patients after
succinylcholine administration without MH. The recent most
significant study on a clinical grading scale for the prediction
of MH was reported and is summarized in Table 89.8A and
B (89).

NMS should be suspected in patients given any neurolep-
tic drugs who subsequently develop signs of muscular rigidity,
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CLINICAL INDICATORS FOR USE IN DETERMINING THE MALIGNANT HYPERTHERMIA (MH) RAW SCORE

Process Indicator Points

Process I: Rigidity Generalized muscular rigidity (in absence of shivering due to hypothermia, or during
or immediately following emergence from inhalational general anesthesia)

15

Masseter spasm shortly following succinylcholine administration 15

Process II: Muscle breakdown Elevated creatine kinase > 20,000 IU after anesthetic that included succinylcholine 15
Elevated creatine kinase > 10,000 IU after anesthetic without succinylcholine 15
Cola-colored urine in perioperative period 10
Myoglobin in urine > 60 µ g/L 5
Myoglobin in serum > 170 µ g/L 5
Blood/plasma/serum K > 6 mEq/L (in absence of renal failure) 3

Process III: Respiratory acidosis PETCO 2 > 55 mm Hg with appropriately controlled ventilation 15
Arterial PaCO 2 > 60 mm Hg with appropriately controlled ventilation 15
PETCO2 > 60 mm Hg 15 with spontaneous ventilation
Arterial PaCO 2 > 65 mm Hg with spontaneous ventilation 15
Inappropriate hypercarbia (in anesthesiologist’s judgment) 15
Inappropriate tachypnea 10

Process IV: Temperature increase Inappropriately rapid increase in temperature (in anesthesiologist’s judgment) 15
Inappropriately increased temperature > 38.8◦C (101.8◦F) in the preoperative period

(in anesthesiologist’s judgment)
10

Process V: Cardiac involvement Inappropriate sinus tachycardia 3
Ventricular tachycardia or ventricular fibrillation 3

Process VI: Family history (used
to determine MH
susceptibility only)

Positive MH family history in relative of first degreea

Positive MH family history in relative not of first degreea
15
5

Other indicators that are not Arterial base excess more negative than − 8 mEq/L 10
part of a single processb Arterial pH < 7.25 10

Rapid reversal of MH signs of metabolic and/or respiratory acidosis with IV
dantrolene

5

Positive MH family history together with another indicator from the patient’s own
anesthetic experience other than elevated resting serum creatine k inasea

10

Resting elevated serum creatine k inasea (in patient with a family history of MH) 10

aThese indicators should be used only for determining MH susceptibilty.
bThese should be added without regard to double-counting.
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CRITERIA FOR GUIDANCE IN THE DIAGNOSIS OF
NEUROLEPTIC MALIGNANT SYNDROME

Category Manifestations

Major Fever, rigidity, elevated creatine kinase
concentration

Minor Tachycardia, abnormal arterial pressure,
tachypnea, altered consciousness, diaphoresis,
leukocytosis

dystonia, or unexplained catatonic behavior, followed by hy-
perpyrexia. Other symptoms include unstable blood pressure,
confusion, coma, and delirium. Although laboratory data may
vary, a raised CK may be observed in patients who develop
rhabdomyolysis. Some authors incline to make a diagnosis of
NMS if certain signs are present. Levenson (92), for exam-
ple, suggested that the presence of all three major signs, or two
major and four minor signs (Table 89.9), indicates a high prob-
ability of NMS. These criteria are commonly used in clinical
research studies (83,84).

Comp licat ions
Complications arising from MH and NMS are in general par-
allel to those of heat stroke syndrome, but complications asso-
ciated with MH may be more severe because of extreme eleva-
tion of temperature. Rhabdomyolysis and hepatic necrosis may
be fulminant, and DIC is more common (56). Renal failure is
seen almost exclusively in patients with severe rhabdomyoly-
sis. Ventricular fibrillation can occur, and cerebral edema with
seizures is uncommon but may be seen. Patients with NMS are
at risk for aspiration pneumonia because of dystonia and the
inability to handle secretions (93).

The rap e ut ic Ap p roach
Successful treatment of MH and NMS depend on early clinical
recognition and prompt withdrawal of the suspected drugs.
In MH, discontinuation alone is effective if the syndrome is
not well established (56). NMS may be similarly aborted with
discontinuation of the drugs. It may take 5 to 7 days to return
to the patient’s baseline (89) because neuroleptics cannot be
removed by dialysis and blood concentrations decline slowly.
General symptomatic treatment, such as hydration, nutrition,
and reduction of fever, is essential.

Dantrolene should be administered emergently to prevent
further release of calcium from the sarcoplasmic reticulum. The
dose is 2 mg/kg intravenously every 5 minutes to a total dose
of 10 mg/kg until the episode terminates (94). Dantrolene also
decreases temperature in NMS and thyroid storm.

Acidosis should be treated aggressively with intravenous
administration of bicarbonate, 2 to 4 mEq/kg. Hyperkalemia
should be treated with insulin and glucose infusion, and diure-
sis.

Fever should be controlled by iced fluids, surface cooling,
and cooling of body cavities with sterile iced fluids. Cold dialy-
sis and cardiopulmonary bypass may also be applicable if other
measures fail.

Mannitol infusion—0.5 g/kg—with or without furosemide
should be used to establish a diuresis and prevent the onset of
acute renal failure from myoglobinuria.

Further therapy is guided by blood gases, electrolytes,
temperature, arrhythmia, muscle tone, and urinary output.
Blood chemical analyses include electrolytes, CK concentra-
tions, liver enzymes, blood urea nitrogen, lactate, glucose,
serum hemoglobin and myoglobin, and urine hemoglobin and
myoglobin. Coagulation studies also should be done.

SUMMARY
In general, when significant deviation from normal body tem-
perature exists, prompt diagnosis, treatment, and normaliza-
tion of the temperature alteration are required immediately,
followed by careful review of each patient’s condition. Thera-
peutic approaches vary from conservative to invasive methods,
and thus risk–benefit balance always should be taken into con-
sideration for a better outcome.
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CHAPTER 90 ■ TRANSPLANTATION: AN
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IMMEDIATE CONCERNS
Critical care and clinical organ transplantation have developed
in parallel over the past several decades. While organ trans-
plantation has emerged as the treatment of choice for an ever-
growing number of patients with end-stage organ failure, the
intensive care unit (ICU) has become the venue where much of
this care is rendered. The modern intensivist plays an important
role in the care of the critically ill patient awaiting transplant,
the postoperative management of the transplant recipient, and
the identification and management of the potential deceased
organ donor.

The success of organ transplantation can be attributed to
a number of factors. These include better patient selection
and preoperative preparation, standardization of surgical tech-
niques, advances in immunosuppression and graft surveillance,
and improved postoperative care. This success, in part reflective
of advances in critical care medicine, poses a great challenge
to the skills of the intensivist and the resources of the ICU.
The continuing shortage of organs available for transplanta-
tion translates into longer waiting times for recipients, during
which their condition may further deteriorate. Additionally,
organ allocation algorithms—especially heart, lung, liver, and
intestine—in the United States emphasize the “sickest first” phi-
losophy, which states that the highest priority for organs should
go to those most in danger of imminent death. Finally, the short-
age of organs has forced the transplant community to consider
the use of organs from less than ideal donors. The organs from
these marginal or “expanded criteria” donors (ECDs), while
used with caution, must be considered in order to minimize
deaths on the waiting list. The impact on the ICU is clear:
more transplants are being performed on critically ill patients
with an organ pool that now includes compromised organs.

A prerequisite to the success of organ transplantation is
the availability of suitable organs. Deceased organ donors are,
and will continue to be in the foreseeable future, our most im-
portant organ source. A crucial consideration of the ICU staff
should be the timely recognition of the potential organ donor,
both those who are brain dead and those for whom death is
imminent, and the early involvement of organ procurement
organization (OPO) personnel to facilitate the process. The as-
sessment of the potential organ donor, a clear understanding
of donation after brain death and cardiac death protocols, and
donor management are skills of the intensivist that are funda-
mental to the organ procurement process and the subsequent
transplants performed.

TRANSPLANT ACTIVITY, RESULTS,
AND TRENDS

Organ procurement and transplantation are highly regulated
endeavors governed in the United States by the federal Organ
Procurement and Transplant Network (OPTN). The OPTN
contract is managed by the United Network for Organ Sharing.
Each OPO and transplant center (TC) collects and reports data
regarding their activity and results. The Scientific Registry of
Transplant Recipients (SRTR), administered by the Arbor Re-
search Collaborative for Health with the University of Michi-
gan, analyzes these data and continually evaluates the status of
clinical organ transplantation in the United States. This com-
prehensive analysis is periodically updated and is available to
the public through the SRTR Web site (www.ustransplant.org).
Data and figures in this chapter regarding transplant activity,
results, and trends are from the SRTR (1).

In 2002, in an effort to promote organ donation and pro-
curement, and ultimately increase the number and quality of
transplants performed, the U.S. Secretary of Health launched
the Health Resources and Services Administration (HRSA) Or-
gan Donation Breakthrough Collaborative. The goal of this
nationwide endeavor was to identify the best operational and
clinical practices of the most successful OPOs and share these
“best practices” with the rest of the health care community.
The result of these efforts has been the steady increase, in re-
cent years, in the number of organ donors, the number of or-
gans procured, and the number of transplants performed. As
discussed below, the increasing quality of these transplants has
manifested as better graft and patient survival.

Kid ne y

Over 46,000 patients were on the active waiting list for a kidney
transplant in 2005. In that year, approximately 16,000 kidney
transplants were performed. The total number of kidney trans-
plants has gradually increased, as has the fraction of those kid-
neys transplanted with other organs. Living donor kidneys ac-
counted for approximately 41% of those transplants, while the
remainder of transplanted kidneys originated from deceased
donors. Policy changes continue to refine deceased donor kid-
ney allocation to better utilize this scarce resource. Addition-
ally, novel living donor–recipient matching strategies have been
developed that offer the prospect of some relief to this shortage
(2). As shown in Figure 90.1, the disparity between the number
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FIGURE 90.1. Number of kidney transplants and
size of active waiting list per year. TX, transplant.
(Source: 2006 Annual Report of the U.S. Organ
Procurement and Transplantation Network and the
Scientific Registry of Transplant Recipients: Trans-
plant Data 1996–2005. Rockville, MD: Health Re-
sources and Services Administration, Healthcare Sys-
tems Bureau, Division of Transplantation, Tables 1.7
and 5.1a. The data and analyses reported in the
2006 Annual Report of the U.S. Organ Procurement
and Transplantation Network and the Scientific Reg-
istry of Transplant Recipients have been supplied
by UNOS and Arbor Research under contract with
HHS. The authors alone are responsible for report-
ing and interpreting these data; the views expressed
herein are those of the authors and not necessarily
those of the U.S. Government.)

of those waiting for a kidney and those transplanted continues
to increase despite increases in both living and deceased organ
donation over the past decade.

Kidney transplantation confers a clear survival advantage
for patients with end-stage renal failure compared to long-
term hemodialysis (3). For living donor kidney recipients, 5-
year patient and graft survival are 90% and 80% , respectively
(Fig. 90.2).

Pancre as

Pancreas transplantation offers selected diabetic patients the
prospect of glucose control, avoiding—and, in some cases,
reversing—the devastating complications of the disease. Most
pancreata are transplanted simultaneously with a kidney (SPK),
although a significant fraction is transplanted alone (PTA)
or at some time after a kidney (PAK) transplant. Deceased
donor pancreata remain a relatively underutilized organ re-
source; only 19% of available deceased donor pancreata are

recovered and transplanted. A few percent are procured, pro-
cessed, and transplanted as islet cell transplants. The reasons
for this underutilization are multifactorial, and include re-
gional variation in the number of potential recipients, donor
and organ quality, and competition for kidneys with other
patients.

In 2005, 903 SPK transplants, 344 PAK transplants, and
195 PTA transplants were performed. These totals have
changed little over the last several years. Figure 90.3 depicts
the trend for SPK transplants over the past decade. Similarly,
patient and graft survival has improved, with 5-year patient
survival approaching 90% (Fig. 90.4).

Live r

Liver transplantation remains the only therapy for end-stage,
chronic liver disease and irreversible, fulminant liver failure.
It is increasingly being performed for patients with localized,
unresectable hepatocellular carcinoma with promising results

FIGURE 90.2. Kidney transplant patient and graft survival by donor type. ECD, expanded criteria donor.
(Source: 2006 Annual Report of the U.S. Organ Procurement and Transplantation Network and the Scien-
tific Registry of Transplant Recipients: Transplant Data 1996–2005. Rockville, MD: Health Resources and
Services Administration, Healthcare Systems Bureau, Division of Transplantation, Tables 5.10a, 5.10b,
5.10c, 5.14a, and 5.14b. The data and analyses reported in the 2006 Annual Report of the U.S. Organ
Procurement and Transplantation Network and the Scientific Registry of Transplant Recipients have been
supplied by UNOS and Arbor Research under contract with HHS. The authors alone are responsible
for reporting and interpreting these data; the views expressed herein are those of the authors and not
necessarily those of the U.S. Government.)
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FIGURE 90.3. Number of simultaneous pancreas
kidney transplants (SPK) and size of active waiting
list per year. (Source: 2006 Annual Report of the U.S.
Organ Procurement and Transplantation Network
and the Scientific Registry of Transplant Recipients:
Transplant Data 1996–2005. Rockville, MD: Health
Resources and Services Administration, Healthcare
Systems Bureau, Division of Transplantation, Tables
1.7 and 8.1a. The data and analyses reported in the
2006 Annual Report of the U.S. Organ Procurement
and Transplantation Network and the Scientific Reg-
istry of Transplant Recipients have been supplied
by UNOS and Arbor Research under contract with
HHS. The authors alone are responsible for report-
ing and interpreting these data; the views expressed
herein are those of the authors and not necessarily
those of the U.S. Government.)

(4). Since 2002, the number of patients waiting for liver trans-
plantation has slowly increased to near 13,000. The age distri-
bution of those waiting has changed more dramatically, with
ages between 50 and 64 making up the majority (Fig. 90.5).

The total number of liver transplants performed has steadily
increased over the past decade, with 6,441 transplants in 2005.
This increase is due primarily to the increase in deceased donor
livers available for transplant. Living donor liver transplanta-
tion (LDLT) accounted for 5% of liver transplants performed
in 2005, down from a peak of 10% in 2001 (Fig. 90.6). This
decrease may be due in part to the increased utilization of ECD
livers and concerns about the morbidity and mortality risks as-
sociated with living donor liver transplantation.

Liver allocation for adults depends primarily on disease
severity as determined by the Model for End-Stage Liver Dis-
ease (MELD). The MELD formula uses easily obtained labora-
tory data—total bilirubin, serum creatinine, and international
normalized ratio—and is highly predictive of death on the wait-
ing list (5). Important exceptions are made for selected patients
with hepatocellular carcinoma and other groups of patients for

whom the MELD score does not reflect disease severity. Despite
performing transplants in more older patients, utilizing more
ECD livers, and employing an allocation system that gives pri-
ority to the sickest patients, the results of liver transplantation
continue to be encouraging (Fig. 90.7).

He art

The number of patients on the waiting list for a heart and the
number of transplants performed has decreased significantly
over the past decade (Table 90.1). Over the same time, deaths
on the waiting list have declined and survival results after heart
transplantation remain high (Fig. 90.8). These data reflect the
improvements in transplantation, better medical management
of interventional techniques for patients with heart disease, and
the development of more effective mechanical support devices.

Limitations to heart preservation require that geographic
location be a significant factor in the heart allocation system.
Also, determining the urgency remains difficult because it is

FIGURE 90.4. Patient and graft survival for simultaneous pancreas kidney transplantation. (Source: 2006
Annual Report of the U.S. Organ Procurement and Transplantation Network and the Scientific Registry
of Transplant Recipients: Transplant Data 1996–2005. Rockville, MD: Health Resources and Services
Administration, Healthcare Systems Bureau, Division of Transplantation, Tables 8.10 and 8.14. The data
and analyses reported in the 2006 Annual Report of the U.S. Organ Procurement and Transplantation
Network and the Scientific Registry of Transplant Recipients have been supplied by UNOS and Arbor
Research under contract with HHS. The authors alone are responsible for reporting and interpreting these
data; the views expressed herein are those of the authors and not necessarily those of the U.S. Government.)
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FIGURE 90.5. Age distribution of patients
listed for liver transplant per year. (Source:
2006 Annual Report of the U.S. Organ Pro-
curement and Transplantation Network and
the Scientific Registry of Transplant Recipi-
ents: Transplant Data 1996–2005. Rockville,
MD: Health Resources and Services Admin-
istration, Healthcare Systems Bureau, Divi-
sion of Transplantation. The data and anal-
yses reported in the 2006 Annual Report of
the U.S. Organ Procurement and Transplan-
tation Network and the Scientific Registry of
Transplant Recipients have been supplied by
UNOS and Arbor Research under contract
with HHS. The authors alone are responsi-
ble for reporting and interpreting these data;
the views expressed herein are those of the
authors and not necessarily those of the U.S.
Government.)

based on qualitative factors, including the “need” for hospi-
talization, inotropes, and mechanical support by the potential
recipient.

Lung

There were more than 3,000 patients awaiting lung transplants
at the end of 2005. The past decade has seen a steady increase in
the percentage of older patients on the waiting list (Fig. 90.9).
Over the past several years, the average waiting time to trans-
plant has decreased, the number of deaths on the list has de-
creased, and the number of transplants has increased, with a
peak of 1,407 lung transplants in 2005 (Fig. 90.10). These data
are the product of changes in lung allocation policy, better pa-
tient management while on the list, and the efforts of OPOs
and hospitals to recognize and optimize potential lung donors.
Of note, the number of combined heart–lung transplants has
declined, with just 45 performed in 2005.

The typical recipient is an adult 50 to 64 years of age, with
a diagnosis of emphysema or idiopathic pulmonary fibrosis.
The median waiting time to transplant is nearly 7 months. Sur-
vival rates after lung transplant have gradually improved, the

main determinants of outcome including recipient age, diag-
nosis, history of prior transplant, and severity of illness at the
time of transplant. Adjusted survival rates at 1, 3, and 5 years
are currently 85% , 66% , and 51% , respectively.

Int e st ine

Intestinal transplantation has emerged as an accepted therapy
for complicated intestinal failure. Standardization of surgical
techniques, better management of the intestinal failure patient,
improvements in immunosuppression, and advances in graft
surveillance have led to better patient and graft survival (6).
Survivors are almost always able to be completely tapered from
parenteral nutrition.

The intestine can be transplanted as an isolated organ or as
part of a composite graft depending on the needs of the pa-
tient. The multivisceral graft includes, en bloc, the stomach,
liver, duodenum, pancreas, and small intestine. This graft can
be modified to include or exclude the liver, spleen, colon, or a
kidney. Each modification has critical care implications, espe-
cially when the recipient requires a liver as part of the trans-
plant.

FIGURE 90.6. Number of liver transplants
performed by donor type per year. DDLT, de-
ceased donor liver transplant; LDLT, living
donor liver transplant. (Source: 2006 Annual
Report of the U.S. Organ Procurement and
Transplantation Network and the Scientific
Registry of Transplant Recipients: Transplant
Data 1996–2005. Rockville, MD: Health Re-
sources and Services Administration, Health-
care Systems Bureau, Division of Transplan-
tation. The data and analyses reported in the
2006 Annual Report of the U.S. Organ Pro-
curement and Transplantation Network and
the Scientific Registry of Transplant Recipi-
ents have been supplied by UNOS and Arbor
Research under contract with HHS. The au-
thors alone are responsible for reporting and
interpreting these data; the views expressed
herein are those of the authors and not neces-
sarily those of the U.S. Government.)
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FIGURE 90.7. Patient survival after deceased donor liver transplant
over time by decrease severity. St 1 represents status 1 patients—these
patients have the highest priority. The Model for End-Stage Liver Dis-
ease (MELD) ranges from 6 to 40. A higher MELD reflects a greater
disease severity and a higher place on the waiting list. (Source: 2006
Annual Report of the U.S. Organ Procurement and Transplantation
Network and the Scientific Registry of Transplant Recipients: Trans-
plant Data 1996–2005. Rockville, MD: Health Resources and Services
Administration, Healthcare Systems Bureau, Division of Transplanta-
tion. The data and analyses reported in the 2006 Annual Report of the
U.S. Organ Procurement and Transplantation Network and the Scien-
tific Registry of Transplant Recipients have been supplied by UNOS
and Arbor Research under contract with HHS. The authors alone are
responsible for reporting and interpreting these data; the views ex-
pressed herein are those of the authors and not necessarily those of the
U.S. Government.)

The number of intestinal transplants has been increasing,
as illustrated in Figure 90.11. Many variables affect outcome,
and, in recent years, patient and graft survival have been im-
proving. Patient survival from data over the past 15 years is
shown in Figure 90.12.

DONOR RECOGNITION
AND ASSESSMENT

Transplantation depends on organ donation. OPOs are charged
with the responsibility of deceased organ donor recognition

TA BLE 9 0 . 1

NUMBER OF PATIENTS ON HEART WAITING LIST
BY YEAR

Year Patients activea

1996 2,436
1997 2,414
1998 2,525
1999 2,478
2000 2,421
2001 2,257
2002 2,055
2003 1,809
2004 1,590
2005 1,334

a*Patients listed as active at end of each year.
From the 2006 Annual Report of the U.S. Organ Procurement and
Transplantation Network and the Scientific Registry of Transplant
Recipients: Transplant Data 1996–2005. Rockville, MD: Health
Resources and Services Administration, Healthcare Systems Bureau,
Division of Transplantation, Chapter V. The data and analyses
reported in the 2006 Annual Report of the U.S. Organ Procurement
and Transplantation Network and the Scientific Registry of Transplant
Recipients have been supplied by UNOS and Arbor Research under
contract with HHS. The authors alone are responsible for reporting
and interpreting these data; the views expressed herein are those of the
authors and not necessarily those of the U.S. Government.

and assessment. Medical professionals are required to coop-
erate with OPO personnel to ensure that all potential organ
and tissue donors are identified and afforded the opportunity
to donate (7,8). It is recommended that OPO and hospital staff
collaborate by establishing criteria as to when it is the earliest
appropriate time to consult the OPO.

The critical care physician’s first priority is to provide excel-
lent patient care. Additionally, he or she should recognize, when
brain death is imminent or when withdrawal of support mea-
sures are considered, that there is an opportunity through organ
donation to help other patients. Timing is critical: approaching

FIGURE 90.8. Patient survival after heart trans-
plant by diagnosis. (Source: 2006 Annual Report
of the U.S. Organ Procurement and Transplanta-
tion Network and the Scientific Registry of Trans-
plant Recipients: Transplant Data 1996–2005.
Rockville, MD: Health Resources and Services
Administration, Healthcare Systems Bureau, Di-
vision of Transplantation. The data and analyses
reported in the 2006 Annual Report of the U.S.
Organ Procurement and Transplantation Net-
work and the Scientific Registry of Transplant
Recipients have been supplied by UNOS and Ar-
bor Research under contract with HHS. The au-
thors alone are responsible for reporting and in-
terpreting these data; the views expressed herein
are those of the authors and not necessarily those
of the U.S. Government.)
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FIGURE 90.9. Age distribution of active lung
waiting list by year. (Source: 2006 Annual Report
of the U.S. Organ Procurement and Transplanta-
tion Network and the Scientific Registry of Trans-
plant Recipients: Transplant Data 1996–2005.
Rockville, MD: Health Resources and Services
Administration, Healthcare Systems Bureau, Di-
vision of Transplantation. The data and analyses
reported in the 2006 Annual Report of the U.S.
Organ Procurement and Transplantation Net-
work and the Scientific Registry of Transplant
Recipients have been supplied by UNOS and Ar-
bor Research under contract with HHS. The au-
thors alone are responsible for reporting and in-
terpreting these data; the views expressed herein
are those of the authors and not necessarily those
of the U.S. Government.)

a family too early is inappropriate and too late threatens the
potential for organ donation.

To assist in defining the appropriate time to consider OPO
involvement, UNOS has devised the term imminent neurologic
death. This term describes the patient with an irreversible brain
injury who may fit the general criteria of a potential organ
donor but has not been legally declared brain dead. It is appro-
priate to notify the OPO when a patient meets this definition
and displays an absence of at least three of the following neu-
rologic functions as a result of the brain injury (not pharmaco-
logic sedation or other confounding variables):

■ Pupillary reaction
■ Response to cold calorics
■ Gag reflex
■ Cough reflex
■ Corneal reflex
■ Doll’s eyes reflex
■ Response to painful stimuli
■ Spontaneous breathing

In short, when the diagnosis of brain death is being con-
sidered, and the clinical assessment has begun to confirm that
diagnosis, the OPO should be notified.

There are two important implications of the above state-
ment that warrant clarification. First, OPO personnel are per-
mitted access to patients’ medical records per an exemption
in the Health Insurance Portability and Accountability Act

(HIPAA) (9). Second, the critical care provider is not required
to notify the patient’s family that the OPO has been consulted.
If they wish, critical care providers can inform the family and/or
introduce the idea of organ donation. It is not recommended
that they discuss the process and options in detail. That task
should be left to OPO personnel who are specially trained to
approach grieving families and are qualified to obtain informed
consent for organ and tissue donation.

DONATION CONSENT REQ UEST
Informed consent is required for organ donation. Signed or-
gan donor cards, living wills, and driver’s license organ donor
designation are recognized as legal “first-person consent” doc-
uments. More often, informed consent is obtained by trained
OPO personnel from the potential donor’s legal next-of-kin
or designated health care surrogate. Before the family is ap-
proached for consent, it is appropriate that the ICU team in-
form the family as to the patient’s condition and prognosis.
Once brain death has been declared and confirmed or, alterna-
tively, once care efforts have been deemed futile and a decision
has been made to withdraw support, OPO personnel can ap-
proach the family for a discussion about organ donation. The
HRSA Organ Donation Breakthrough Collaborative stresses
that “effective requesting” requires planning and communica-
tion between OPO and ICU personnel so that the family is
approached with sensitivity and compassion (10).

FIGURE 90.10. Number of deceased donor lung trans-
plants per year. (Source: 2006 Annual Report of the U.S.
Organ Procurement and Transplantation Network and the
Scientific Registry of Transplant Recipients: Transplant
Data 1996–2005. Rockville, MD: Health Resources and
Services Administration, Healthcare Systems Bureau, Di-
vision of Transplantation. The data and analyses reported
in the 2006 Annual Report of the U.S. Organ Procurement
and Transplantation Network and the Scientific Registry
of Transplant Recipients have been supplied by UNOS and
Arbor Research under contract with HHS. The authors
alone are responsible for reporting and interpreting these
data; the views expressed herein are those of the authors
and not necessarily those of the U.S. Government.)
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FIGURE 90.11. Number of intestinal trans-
plants by age group and era. TX, transplant;
LI, liver; IN, intestine; Peds, pediatric pa-
tients. (Source: 2006 Annual Report of the
U.S. Organ Procurement and Transplantation
Network and the Scientific Registry of Trans-
plant Recipients: Transplant Data 1996–2005.
Rockville, MD: Health Resources and Services
Administration, Healthcare Systems Bureau,
Division of Transplantation. The data and anal-
yses reported in the 2006 Annual Report of the
U.S. Organ Procurement and Transplantation
Network and the Scientific Registry of Trans-
plant Recipients have been supplied by UNOS
and Arbor Research under contract with HHS.
The authors alone are responsible for reporting
and interpreting these data; the views expressed
herein are those of the authors and not neces-
sarily those of the U.S. Government.)

ORGAN DONATION PROCESS
There are fundamentally two types of potential donors that
can be considered from the critical care population: ventilator-
dependent patients who will be withdrawn from life-sustaining
measures and patients who are declared clinically brain dead.
In the former circumstance, it is possible to offer the option
of organ donation after cardiac death (DCD), provided cer-
tain criteria are met. In the latter, donation may occur in the
presence of circulation after the patient has been declared clin-
ically brain dead. This is termed organ donation after brain
death (DBD). As guidelines, UNOS has published the Critical
Pathway for the Organ Donor and the Critical Pathway for
Donation After Cardiac Death (11).

Brain De at h

Hist ory and Le g islat ion
For centuries, the timing of death coincided with the cessa-
tion of circulation. Advances in cardiopulmonary resuscitation
and techniques such as hypothermic total circulatory arrest
demand a re-examination of this definition. Death, by defini-
tion, is permanent. Also, the advent of prolonged mechanical
ventilation showed that respiration and circulation could be

supported even in cases of complete, irreversible cessation of
brain function. Medical advancements over the past century
have required that the definition and timing of death be recon-
sidered. It is out of this milieu that the concept of brain death
has emerged and evolved.

In 1956, Löfstedt and Von Reis described six mechanically
ventilated patients with lethal brain injuries. On examination,
all were unarousable and unresponsive, flaccid, areflexic, and
apneic. Spontaneous respiratory effort had ceased abruptly.
Cerebral angiography demonstrated no blood flow to the brain.
Autopsy revealed cerebral necrosis (12). In 1959, Wertheimer
et al. described “ the death of the nervous system,” which they
concluded should be regarded in the same accord as death by
cardiopulmonary arrest (13). In the same year, Mollaret and
Goulon introduced the term coma dépassé (beyond coma), an
irreversible condition of coma and apnea (14). These obser-
vations, as well as those by others over the next decade, cul-
minated in the well-known review of the Harvard Committee,
which, in 1968, described brain death as being characterized
by “unresponsiveness and lack of receptivity, the absence of
movement and breathing, the absence of brainstem reflexes,
and coma whose cause has been identified” (15).

In the years that followed, the criteria were revised to ex-
clude the need for a 24-hour period between brain death eval-
uations and that an electroencephalogram (EEG) is useful in
the diagnosis but not required (16). In 1971, Mohandas and

FIGURE 90.12. Patient survival after intestinal trans-
plant, 1991–2005. (Source: 2006 Annual Report of the
U.S. Organ Procurement and Transplantation Network
and the Scientific Registry of Transplant Recipients:
Transplant Data 1996–2005. Rockville, MD: Health
Resources and Services Administration, Healthcare Sys-
tems Bureau, Division of Transplantation. The data and
analyses reported in the 2006 Annual Report of the
U.S. Organ Procurement and Transplantation Network
and the Scientific Registry of Transplant Recipients have
been supplied by UNOS and Arbor Research under con-
tract with HHS. The authors alone are responsible for re-
porting and interpreting these data; the views expressed
herein are those of the authors and not necessarily those
of the U.S. Government.)
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Chou specifically identified damage to the brain stem as a crit-
ical component of brain death. This point remains key in both
clinical and legal brain death definitions (17).

Key legislation was introduced in 1980 with the Uniform
Determination of Death Act (UDDA), which met the approval
of the National Conference of Commissioners on Uniform State
Laws in cooperation with the American Medical Association,
the American Bar Association, and the President’s Commission
on Medical Ethics. This law has served as the medical and legal
communities’ foundation for the determination of brain death
in all situations (18). In the United States, the most recent ap-
praisal and comprehensive guide to assist clinicians in the eval-
uation of brain death was published by the American Academy
of Neurology in 1995, which provided evidence-based practice
measures along with a very practical version of apnea testing
(19).

Brain De at h De t e rminat ion
Brain death is fundamentally a clinical diagnosis based on key
physical examination features in the context of a specific his-
tory and in the absence of confounding factors. Important con-
siderations in a precise brain death evaluation include a his-
tory of an acute, irreversible catastrophic event involving the
cerebral hemispheres and brain stem, ruling out any condi-
tions that may confound the determination. Confounding fac-
tors that prohibit a diagnosis of brain death include acid-base,
electrolyte, or endocrine disturbances; severe hypothermia; hy-
potension; drug intoxication; poisoning; or the presence of neu-
romuscular blocking agents.

The clinical physical examination remains the gold standard
for brain death evaluation. The key examination features in-
clude no motor response to pain, no pupillary response to light,
absent oculocephalic reflex, absent corneal reflex, absent cough
and gag reflex, and apnea (20). If the patient does not exhibit
any of these neural reflexes, the clinician may document the
diagnosis of clinical brain death in accordance with state law.
Each state specifies who is qualified to make the determina-
tion of brain death. A given hospital may have a policy stating
who can determine brain death and whether a time interval or
second exam is needed to verify the diagnosis.

Confirmatory tests can serve a complementary role in the
determination of brain death, but are not routinely required;
though at times helpful, their availability and utility vary from
institution to institution. Commonly used diagnostic tests to
confirm brain death include cerebral angiography, cerebral nu-
clear imaging with contrast, and EEG. These tools can be espe-
cially useful in pediatric patients or those patients in whom the
neurologic examination findings may be difficult to assess. Ex-
amples of the latter include the patient with severe facial trauma
or spinal cord injury. Cerebral angiography and nuclear imag-
ing serve to assess intracranial perfusion. The absence of per-
fusion supports the diagnosis of brain death but, alone, is not
sufficient to make the diagnosis. The use of the EEG can also be
complementary, but must be used with caution. It is used often
because of its wide availability relative to other confirmatory
studies, but is subject to artifact and interference in the ICU
environment.

Although the same principles for the evaluation and diagno-
sis of brain death are used in the pediatric patient, the clinical
examination may be difficult because of the patient’s size, devel-
opmental differences, and course of treatment. In 1987, a group
composed of several prominent medical societies convened and

published guidelines for the determination of brain death in
children. The group concluded that although the specifics of the
clinical exam and the pertinent findings that determine brain
death are essentially the same, in the pediatric population, re-
peat assessments by different observers and a more liberal use
of confirmatory tests are recommended (21).

Donor Manag e me nt

In many ways, management of the organ donor resembles that
of the critically ill patient, with an important distinction. The
goal for the critically ill patient is recovery, prolonging life, and
improving its quality. The goal of donor management is max-
imization of the number and quality of transplantable organs
(22). Once brain death has been determined, OPO personnel
play an instrumental role in donor management. Brain death is
associated with grossly impaired body temperature regulation,
profound hypernatremia due to diabetes insipidus, impaired
blood pressure regulation, coagulopathy, endocrine dysfunc-
tion, and electrolyte and acid-base disturbances. Physiologic
derangement may have been the manifestation of the inciting
injury or insult; this is often worse at the time of cerebral edema,
herniation, and brain death (23–28).

Monit oring and Maint e nance
Donor maintenance has become more sophisticated in recent
years. Each OPO has detailed protocols and care pathways for
organ donor optimization. Each has a medical director and/or
critical care physician as a consultant or as an active participant
in the process. The OPO community under the direction of the
HRSA has developed its “best practices” for donor monitor-
ing and maintenance. Fluids administered, urine output, and
any other fluid losses are measured. Monitoring routinely in-
cludes the use of arterial catheters for blood pressure monitor-
ing, central venous pressure monitoring, and sometimes pul-
monary artery (PA) catheter placement. Arterial oxygenation
is monitored via continuous pulse oximetry.

Fluid warmers and other warming devices are utilized as
needed to maintain normothermia. Mechanical ventilation
modalities geared toward maintaining oxygenation and venti-
lation while minimizing pulmonary injury are utilized. Hemo-
dynamic derangement is addressed with fluids (crystalloid,
colloid, and blood products) and the administration of vaso-
pressors, inotropes, or antihypertensives as indicated. A stan-
dardized battery of laboratory tests is obtained, and detected
abnormalities are corrected, if possible. Acid-base abnormali-
ties are corrected, and hypernatremia and hyperglycemia are
treated. Antibiotics, corticosteroids, endocrine replacement,
and other medications are given to the donor in accordance
with detailed management protocols. Cultures, viral serologies,
blood type, and human leukocyte antigen studies are performed
to assess donor and recipient compatibility.

Asse ssme nt
Coincident with monitoring and correction of physiologic de-
rangement, the donor organs are evaluated for transplanta-
tion. A thorough history is obtained and the medical record
reviewed. Emphasis is placed on detection of infection, pres-
ence or a history of malignancy, and comorbid conditions that
can affect organ viability.
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Each organ is considered individually, and specific tests are
available to measure function or detect impairment (29). The
heart is evaluated by an assessment of the donor’s hemody-
namic status, sometimes with the aid of a PA catheter, need
for vasopressors or inotropic drugs, transthoracic echocardio-
graphy, and, in selected cases, coronary angiography. Lung as-
sessment includes serial arterial blood gas measurement, chest
radiography, and flexible bronchoscopy. The kidneys are eval-
uated by urine output, serum creatinine measurement, and,
for some OPOs, a calculation of the glomerular filtration rate.
After procurement, a renal cortical biopsy can yield important
information regarding organ quality. Some OPOs and TCs pre-
serve kidneys with a pulsatile perfusion machine. Some trans-
plant surgeons use the performance parameters of the kidney(s)
on the pump as an adjunct measure of quality. There are few
specific indicators of pancreas viability and quality. Euglycemia
without the need for significant amounts of exogenous insulin
is preferable. Elevated serum amylase may raise concern that
the gland is not suitable because of pancreatitis. The liver is
assessed by transaminase and bilirubin measurements. Serum
albumin and coagulation studies are measures of liver function.
A liver biopsy obtained percutaneously before procurement, or
in the operating room at the time of organ recovery, can be use-
ful for detecting inflammation, necrosis, fibrosis, or steatosis.
There are no specific standardized methods for the evaluation
of the donor intestine.

While organ evaluation has improved, nothing has ap-
proached the judgment of the experienced transplant surgeon
visually inspecting the organs at the time of organ recovery. It is
this important evaluation, in conjunction with the donor’s his-
tory and physiologic condition and the results of organ-specific
studies, that is ultimately used to decide whether an organ is
suitable for transplant.

ORGAN RECOVERY
AND PRESERVATION

Like donor maintenance and assessment, the surgical recov-
ery and preservation of organs for transplant has become a
highly orchestrated process directed by the OPO. The procure-
ment procedure often occurs at a hospital with otherwise lit-
tle contact with transplant procedures or patients. The pro-
cedure is usually added to an already busy operating room
schedule and is often given little priority. Yet, procurement is
a time in which multiple surgeons—sometimes from multiple
institutions—convene to assess, remove, and preserve those or-
gans suitable for transplantation. While the procurement takes
place, specialized OPO personnel support a grieving family,
and critically ill patients are being mobilized and prepared for
transplant surgery. The procurement is a time-sensitive, highly
orchestrated procedure.

The organ recovery operation has become standardized.
The procedure is performed in the operating room using a stan-
dard sterile technique. The donor’s identity, informed consent,
blood type, brain death certification, and medical record are
again reviewed. The chest and abdomen are opened. The donor
is inspected for malignancy or occult disease. The organs to be
procured are visually inspected. Some dissection is done to mo-
bilize the organs. The donor is heparinized, followed by the in-
sertion of cannulas for the administration of cold preservation

fluid. The time is recorded, and the aorta is clamped, initiat-
ing the start of cold ischemia. The donor organs are flushed
with specialized preservation solutions to exsanguinate the
organs and instill preservation fluid. Three commonly used
solutions are the University of Wisconsin (UW) solution,
histidine-tryptophan-ketoglutarate (HTK) solution, and Cel-
sior solution. The organs are removed sequentially, with the
thoracic organs being removed first, followed by the abdomi-
nal organs, then the kidneys. Finally, various vessels are taken
for vascular conduits if needed, and lymph nodes and the spleen
are taken for immunologic studies.

Our ability to preserve organs for transplant is rather lim-
ited. Optimally, the cold ischemia time for transplanted organs
should be less than 4 hours for hearts and lungs, less than
10 hours for the abdominal viscera, and less than 24 hours for
kidneys. Certainly, organs have been successfully transplanted
with many more hours of ischemia, but the risk of delayed graft
function and graft nonfunction rises rapidly as time elapses.

The brain-dead organ donor remains the preferred donor
type, since circulation and supportive interventions continue
until the moment hypothermic preservation is initiated. This
type of donor is relatively controlled, and allows time for confir-
mation of death, informed consent, optimization, assessment,
organ allocation, and coordinating the recovery. Finally, the
quantity and quality of the organs recovered from this donor
type are typically greater than that obtained from DCD donors.

In the DCD donor, there is a time interval between the with-
drawal of support from the patient, cardiopulmonary arrest,
determination and pronouncement of death, the start of the
recovery procedure, and initiation of cold preservation. The
amount of time this takes is difficult to predict, but certainly
adds to the ischemic injury to the organs, and limits the sur-
geon’s ability to assess the organs for transplant (30). Logisti-
cally, the process is more difficult than that for the brain-dead
organ donor. The process is emotionally sensitive and must be
handled with the utmost sensitivity and care (31).

The DCD donor concept is simple: some patients with lethal
insults or injuries for whom supportive measures are to be with-
drawn are candidates for organ donation if the organ recovery
can take place within minutes of the cessation of circulation.
The logistics of the process are complex. OPO personnel must
be consulted prior to the withdrawal of support, but they do
not participate in the withdrawal process or pronouncement
of death (32). The task of the OPO personnel is to explain
the options regarding organ donation to the patient’s family or
designee, obtain informed consent, and coordinate the assem-
bling of a surgical recovery team to be present and immediately
available at the time of death.

The withdrawal of support usually takes place in, or near,
the operating suite. The family may be present, but must be
willing to leave immediately upon declaration of death. It is
preferred that the patient be heparinized prior to cessation of
circulation. The physician authorized and designated to assess
and pronounce death is present. This physician must not be
affiliated with the OPO, the transplant team, or potential re-
cipient(s). The surgical recovery team prepares to begin, but
waits in an adjacent room beyond view for two reasons: (a) in
deference to any family members present and (b) to ensure that
they in no way influence the protocol for the withdrawal of life
support, nor the physician’s assessment and determination of
death. Once death has been declared, the recovery must begin
after 2 minutes but before 5 minutes have elapsed. If the patient
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does not expire in 30 to 60 minutes, he or she is brought back
to the ICU, and the procurement is cancelled. This possibility
should be explained when consent is obtained. Recently, the
issue of DCD organ donation has been addressed separately
by a consensus conference of experts in transplantation, the
Institute of Medicine, and UNOS (33–35).

FUTURE EXPECTATIONS
The past several years have generated dramatic advances in
transplantation, and the future promises much more. The
transplant community will continue to investigate methods for
expanding the pool of organs available for transplantation.
Multiple modalities, ranging from public education to increas-
ing organ donation awareness to the use of living donors and
ECDs, will continue. The problems related to the long-term
use of immunosuppressive drugs, disease recurrence, and or-
gan donor disease transmission will pose important challenges
in the years to come. The development of comprehensive cen-
ters designed to treat the spectrum of patients with end-stage
organ failure, and not just those patients who are potentially
transplant recipients, will likely continue. Strategies are evolv-
ing that may take us closer to the lofty goal of immunologic
tolerance. Finally, advances in tissue engineering and cell trans-
plantation give us a glimpse of a future where organs can be
repaired or produced in the laboratory to the recipient’s exact
specifications.
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CHAPTER 91 ■ HEART TRANSPLANTATION
CHARLES W. HOOPES

Cardiac allotransplantation is now an established therapeutic
modality for end-stage heart disease (1). Although the opera-
tive procedure remains essentially unchanged, recent advances
in mechanical assist technology and significant advances in the
medical therapy of congestive heart failure have changed heart
transplantation from an “operation” to a definitive therapy
among competing therapies in integrated heart failure man-
agement programs. Ventricular assist devices (VAD), cardiac
resynchronization therapy, nontransplant surgical procedures,
and novel molecular strategies have further complicated the
process of patient selection for transplantation. This discus-
sion will review the current status of clinical cardiac trans-
plantation, describe the diagnostic algorithms of the acute de-
compensated heart failure patient that determine appropriate
patient selection for cardiac transplantation, and identify the
major perioperative risk factors for acute allograft loss and the
clinical strategies designed to attenuate these risks.

CARDIAC TRANSPLANTATION:
CURRENT STATUS

Registry data from the International Society of Heart and Lung
Transplantation demonstrate continued improvement in clini-
cal outcomes with the current expected half life (50% survival)
of cardiac allografts at 10 years (2). Conditional half life for pa-
tients surviving to 1 year now exceeds 13 years. Indications for
transplantation continue to be equally divided between patients
with ischemic cardiomyopathy and those with nonischemic di-
lated cardiomyopathies, and among recent transplant recipi-
ents, 40% were receiving inotropic support and 30% were on
some form of mechanical circulatory device. However, fewer
than half of all patients between 2001 and 2004 were hospi-
talized at the time of transplant versus a nearly 70% hospital-
ization rate between 1999 and 2001 (2).

Categoric risk factors for early mortality are essentially un-
changed (2). Requirement for dialysis at the time of transplant,
female organ recipient, donor with a cerebrovascular accident
as cause of death, coronary artery disease as the indication for
transplant, and human leukocyte antigen–DR (HLA-DR) mis-
matches continue to be risk factors for 1-year mortality for
patients transplanted between January 2001 and June 2004.
Continuous variables contributing to 1-year mortality include
older donors, older recipients, longer allograft ischemic times,
and physiologic markers of progressive decompensated heart
failure (elevated bilirubin, creatinine, and diastolic pulmonary
artery pressure of the recipient). Important factors that no
longer predict 5-year mortality in patients who survive to 1
year include the presence of a ventricular assist device, contin-
uous mechanical ventilation, intravenous inotrope dependency,
or hospitalization at the time of transplant.

Late morbidity after transplantation continues to be defined
by increasing renal dysfunction, progressive hyperlipidemia,
and diabetes, with nearly 10% of all heart recipients having
significant renal insufficiency (creatinine > 2.5) by 8 years and
an additional 5% requiring long-term dialysis (2). Coronary
artery vasculopathy (CAV) and malignancy continue to impact
late mortality with the incidence of any malignancy approach-
ing 35% at 10 years. By 10 years, only 44% of patients are free
of angiographic CAV. Donor hypertension and early infection
(within 2 weeks of transplant) are independent categoric risk
factors for coronary artery vasculopathy whereas donor age
and elevated recipient body mass index are continuous vari-
ables contributing to progressive CAV. This is consistent with
our institutional bias that the biology of CAV is an inherent
characteristic of allograft selection and early inflammatory in-
jury. Skin cancer is the most common malignancy among solid
organ transplant recipients and complicates the care in 21% of
heart patients by 10 years (2).

PATIENT SELECTION AND
ORGAN ALLOCATION

He mod ynamic Marke rs of He art Failure

The decision to transplant should be determined by the natu-
ral history of underlying disease, the relative efficacy of medi-
cal therapy, and the patient’s perception of quality of life. Al-
though the objective hemodynamic criteria used to define end
stage heart disease have not changed significantly in the past
decade, the clinical profile of patients who die from heart fail-
ure is radically different (3). Knowing the risk of dying and the
prognosis of patients receiving optimal medical therapy is crit-
ical to the determination of transplant candidacy and timing.
Here we discuss the objective criteria of oxygen consumption
(VO 2) and right heart catheterization that define the hemody-
namics of transplant candidacy, discuss the evolving concept of
the circulatory-renal limit (CRL) in predicting medical efficacy
and the timing of transplant, describe the Heart Failure Sur-
vival Score (HFSS), and integrate these issues into the current
paradigm of organ allocation. This discussion is focused on the
ambulatory patient with acute decompensated heart failure.

Cardiopulmonary testing as a measure of oxygen consump-
tion is routinely used to determine candidacy for transplanta-
tion (4). The currently accepted indication for transplantation
is a peak VO 2 < 10 mL/kg per minute in patients with adequate
β -blockade who achieved anaerobic threshold. Patients with a
VO2 between 10 and 14 mL/kg per minute are more problem-
atic, and decisions to list for transplantation should be individ-
ualized. The use of VO 2 as a discriminatory variable requires
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experience and attention to detail in testing performance. It is
important to note that patients tolerating β -blockade demon-
strate improved survival with equivalent VO 2. It is also notable
that appropriate patient selection assumes maximal effort to
achieve a plateau of performance. In populations with limited
functional status a respiratory exchange ratio (RER) > 1.05 is
generally considered a maximal exercise test. Peak VO 2 also
varies with age and gender and is normalized for body weight
with heavier patients having a lower VO2 at comparable lev-
els of performance. In the era prior to widespread use of β -
blockers and angiotensin-converting enzyme (ACE) inhibitors,
a VO2 maximum of < 50% was shown to be a significant pre-
dictor of cardiac death. Nonetheless, isolated peak VO 2 should
not be used as the sole criterion for transplant eligibility.

Right heart catheterization provides information on cardiac
output, ventricular filling pressures, and pulmonary vascular
resistance (PVR) and is an absolute prerequisite to consider-
ation for transplantation (4–6). A pulmonary vascular resis-
tance greater than 5 Wood units, an indexed PVR greater than
6 Wood units or a transpulmonary gradient (TPG) greater than
16 to 20 mm Hg have been considered relative contraindica-
tions to transplant (1 Wood Unit = 80 dynes · s/cm5). Can-
didacy for transplantation is less dependent on the absolute
measures of PVR than on the responsiveness of the pulmonary
vascular bed to therapy. Heart failure patients with pulmonary
artery (PA) systolic pressures greater than 50 mm Hg and ei-
ther a PVR > 3 Wood units or a TPG > 15 mm Hg are routinely
challenged with multiple vasodilators to ascertain whether the
elevated pulmonary pressures are reactive. Most patients with
acute decompensated heart failure have elevated left-sided fill-
ing pressures with secondary pulmonary venous hypertension.
Pharmacologically unloading the left ventricle with sodium ni-
troprusside while maintaining a systolic blood pressure (SBP)
of > 85 mm Hg is generally considered evidence of a reactive
vascular bed and does not preclude transplantation.

A significant minority of patients have evidence of fixed pul-
monary hypertension. It is our institutional practice to initially
evaluate patients who fail provocative vasodilatory testing for
an anatomic substrate of pulmonary hypertension including
chronic thromboembolic disease, pulmonary parenchymal dis-
ease, or history of significant sleep apnea. Patients without ev-
idence of an anatomic substrate are treated with aggressive
diuresis and short-term inotropy with the phosphodiesterase
inhibitor milrinone. If subsequent provocative testing demon-
strates continued nonreactivity, dobutamine is added to the
inotropic support for synergy. Such vasodilatory conditioning
generally improves pulmonary vascular resistance, but these
patients remain at higher risk for acute cardiac death prior
to transplant (7) and in our experience remain at significant
risk for elevated PA pressures after transplantation. It is im-
portant to recognize that the reversibility of PVR in patients
with low left ventricular ejection fraction (LVEF) cannot be as-
sessed without unloading the left ventricle. Fixed pulmonary
hypertension has been effectively treated with mechanical cir-
culatory support allowing isolated cardiac transplantation in
patients initially thought to require a combined heart–lung pro-
cedure (8).

Renal dysfunction is among the most significant clinical
variables complicating the decision to transplant and one of the
most significant morbidities after transplant (2). A serum creati-
nine > 2 mg/dL or a creatinine clearance (CrCl) < 50 mL/minute
were initially considered evidence of irreversible renal dysfunc-

tion and a contraindication to transplant (4). Current practice
patterns are variable and institution specific, but efferent arteri-
olar vasoconstriction mediated by elevated angiotensin II levels
with resultant interstitial fibrosis and glomerular scarring is a
common feature of progressive heart failure. We do not con-
sider renal dysfunction a contraindication to transplant and
have actively pursued combined heart and kidney transplant in
patients at high risk for end-stage renal disease in the early post-
operative interval. Outcomes for combined transplant are com-
parable to those of isolated cardiac allografts (9). Regardless of
approach, the decision to exclude patient candidacy secondary
to significant renal dysfunction or to simultaneously transplant
a renal allograft requires careful consideration of the cause of
preoperative renal insufficiency, the degree to which renal in-
sufficiency is irreversible, and the probability of progressive
renal failure after transplant.

There is little disagreement that a CrCl > 80 mL/minute cor-
rected for body surface area and a urine protein < 150 mg per
24 hours present no significant risk for transplant. Elevated
creatinine is a common manifestation of decompensated heart
failure and even mild increases are associated with poor out-
come (2). It is our practice to routinely evaluate any potential
recipient with an elevated creatinine (> 1.5 mg/dL) or question-
able CrCl by estimated glomerular filtration rate (eGFR) using
the risk stratified database and analysis of the Modification of
Diet in Renal Disease (MDRD) study (http://nephron.com/cgi-
bin/mdrd.cgi). Patients with decreased GFR or marginal GFR
in the context of associated proteinuria are referred to trans-
plant nephrology for formal evaluation and consideration as to
candidacy for combined organ transplant. Renal ultrasound is
routinely used to assess renal parenchymal disease and screen
for renovascular disease, and sequential biopsy may be neces-
sary to determine renal transplant candidacy in the context of
progressive heart failure (10). The decision to offer combined
heart–kidney transplant remains controversial as the heart re-
cipient removes a renal allograft from the kidney donor pool.
Alternatively, transplantation in patients with poorly character-
ized renal dysfunction carries significant morbidity with nearly
20% of heart recipients demonstrating renal insufficiency by 5
years (2).

Ne urohormonal Marke rs of He art Failure

The natural history of heart failure is characterized by sys-
temic neurohormonal activation in response to the structural
and functional remodeling of decreased ejection fraction and
progressive volume overload. Optimal medical therapy of
heart failure is designed to ameliorate these neurohormonal
changes—β -blockade of adrenergic pathways, diuresis to re-
duce volume overload and natriuretic hormone production,
and various inhibitors of the renin–angiotensin system includ-
ing ACE inhibitors and angiotensin receptor blockade. Al-
though there is as yet no composite score of multiple neuro-
hormonal markers to describe the dynamic changes in heart
failure, there are a number of relationships between various
markers and cardiac remodeling that allow risk stratification of
patients considered for transplant. Analysis of the RESOLVD
(Randomized Evaluation of Strategies for Left Ventricular Dys-
function) trial data demonstrated that temporal increases in
brain natriuretic (BNP) and N-terminal atrial natriuretic pep-
tide (NT-ANP) during medical therapy were associated with
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concurrent reductions in ejection fraction and increases in end-
diastolic and systolic volume (11). In a multivariate analysis of
the same database, NT-ANP and norepinephrine increases over
time and beyond baseline were independently predictive of an
increased risk for death and heart failure hospitalization. We
use BNP as a marker to evaluate the adequacy and response to
acute heart failure therapy and consider it a physiologic marker
of volume overload. C-reactive protein (CRP), a nonspecific
marker of inflammation, is considered a sensitive marker of
the neurohormonal milieu in acute heart failure and a more
sensitive marker of prognosis. In patients with decompensated
heart failure, CRP is most elevated (CRP > 15% –18 mg% ) and
associated with poor outcomes regardless of ejection fraction
(12).

Neurohormonal modulation with nonselective β -blockers,
ACE inhibitors, angiotensin receptor blockade, and aldos-
terone antagonists directly influences patient survival and con-
stitutes the basis for contemporary heart failure therapy. How-
ever, the survival advantage of effective early therapy and the
prevention of sudden death has created a population of patients
very different from that of previous decades. The decision to
recommend definitive therapy, whether transplant or mechan-
ical ventricular assist, is contingent on the ability to identify
which patients can tolerate aggressive therapy. Intolerance to
such medical therapy defines a high-risk population of heart
failure patients at risk for early death and has led to the impor-
tant concept of the circulatory-renal limit (13).

Systemic blood pressure, renal perfusion, and sodium home-
ostasis are controlled by the renin–angiotensin–aldosterone
system via angiotensin-II–mediated vasoconstriction of the pe-
ripheral and efferent renal arterioles. Vasoconstriction po-
tentiates the sympathetic stimulation of the adrenergic path-
ways, and serum sodium indirectly influences volume status
by influencing intravascular oncotic pressure. Symptomatic
hypotension, renal dysfunction, and hyperkalemia define the
circulatory-renal limit and identify patients unable to tolerate
escalating levels of β -blockade and ACE inhibition. Among
ACE inhibitor–intolerant patients, mortality is greater than
50% by 6 months, and patients requiring inotropic support
to maintain systemic blood pressure and renal perfusion have
even poorer prognosis with no survivors by 4 months (13).

He art Failure Survival Score (HFSS)

The Heart Failure Survival Score (HFSS) is a clinical descrip-
tor derived from a Cox proportional hazards regression model
of noninvasively derived measurements describing ambulatory
patients with advanced heart failure (14). The prognostic vari-
ables include resting heart rate, mean systemic blood pressure,
left ventricular ejection fraction, serum sodium, peak oxygen
consumption, intraventricular conduction delay defined as a
QRS complex > 120 ms, and the presence or absence of is-
chemic cardiomyopathy (Table 91.1). Based on the absolute
value of the sum of weighted variables, three risk-stratified
groups were identified: high risk (score < 7.19, 35% 1-year
survival with medical therapy), medium risk (score 7.20–8.09,
60% 1-year survival), and low risk (score > 8.10, 88% 1-year
survival with medical therapy). These risk strata were derived
before the widespread application of β -blockade and resyn-
chronization therapy. However, the HFSS has been validated
against peak oxygen consumption (15) and with the addition
of effective β -blocker therapy (16). Application of the HFSS to
medical decision making is variable among programs, but we
consider high-risk stratification (score < 7.2) a relative indica-
tion for transplantation. Even with effective medical therapy,
2-year event-free survival for high-risk HFSS patients is only
60% , and limited data suggest that the very significant survival
advantage of β -blockers in medium-risk patients (85% 1-year
survival) is lost by 3 to 4 years (16).

The Seattle Heart Failure Model is a more recent reit-
eration of a Cox proportional hazards multivariate analy-
sis of mortality in ambulatory heart failure patients (17).
New York Heart Association (NYHA) class, ischemic eti-
ology, diuretic dose, ejection fraction, SBP, serum sodium,
hemoglobin, percent lymphocytes, uric acid, and cholesterol
each had independent predictive value. The model has been
prospectively validated and incorporates both medicine and
devices to predict associated changes in patient survival
(www.SeattleHeartFailureModel.org). However, neither the
Seattle nor the HFSS model is designed to address issues of
patients in the critical care environment with acute decompen-
sated heart failure. Analysis of the Acute Decompensated Heart

TA BLE 9 1 . 1

HEART FAILURE SURVIVAL SCORE (HFSS)

Coronary artery disease (. . . . . × 0.6931) = +
(yes = 1, no = 0)

Intraventricular conduction delay (. . . . . × 0.6083) = +
(yes = 1, no = 0)

Left ventricular ejection fraction (% ) (. . . . . × 0.0464) = +
Heart rate (bpm) (. . . . . × 0.0216) = +
Na+ concentration (mmol/L) (. . . . . × 0.0470) = +
Mean arterial pressure (mm Hg) (. . . . . × 0.0255) = +
Peak VO 2 (mL/kg/min) (. . . . . × 0.0546) = +

HFSS = . . . . . . . . .

High risk < 7.19 (35% 1-y survival), medium risk 7.20–8.09 (60% 1-y survival), and low risk > 8.10 (88%
1-y survival).
From Aaronson KD, Schawartz JS, Chen TM, et al. Development and prospective validation of a clinical
index to predict survival in ambulatory patients referred for cardiac transplant evaluation. Circulation.
1997;95:2660.
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Failure National Registry (ADHERE) demonstrates that blood
urea nitrogen (BUN) > 43 mg/dL at admission is the best dis-
criminator between hospital survivors and nonsurvivors, fol-
lowed by a systolic blood pressure < 115 mm Hg and a creati-
nine > 2.75 mg/dL. In-hospital mortality for the high-risk group
(elevated BUN and creatinine, low SBP) is approximately 23%
(18).

It is our institutional bias that the decision to transplant
is individualized and directed toward patient-specific quality
of life. Hemodynamic and objective measures of cardiac per-
formance are always used to make transplant decisions, but
functional status, a history of acute decompensation, neuro-
hormonal markers of compensated heart failure, and intoler-
ance to optimal medical therapy influence the thought process
and timing of decisions. We do not question that transplanta-
tion improves cardiac function but always question whether
“fixing the heart” will significantly improve the patient. While
individual physicians advocate for patients, the decision to
transplant is collective and represents the balance of interest
between responsible use of a shared limited resource and ap-
propriate patient need. Heart transplantation as an operation
should not exist outside an integrated heart failure service and
an active mechanical circulatory assist program. We do not
consider decompensated heart failure an indication for trans-
plantation. Every effort is made to establish a euvolemic state
with adequate end organ perfusion before proceeding to trans-
plantation. Patients intolerant of maximal medical therapy are
referred for ventricular device placement, and patients with
acute cardiogenic shock refractory to medical therapy are sta-
bilized with extracorporeal life support (ECLS) before place-
ment of definitive ventricular assist devices and consideration
for transplant. The separation of mechanical ventricular assist
technology and transplantation in this discussion is editorial
and does not reflect current thinking in the surgical manage-
ment of end-stage heart disease.

Org an Allocat ion

The current allocation system for donor hearts is designed
to prioritize patients with the most urgent medical need of
transplantation—potential recipients with mechanical circula-
tory assist devices and patients requiring multiple inotropes
or a single high-dose inotrope (dobutamine > 7.5 µ g/kg per
minute or milrinone > 0.5 µ g/kg per minute) are listed as status
1A. Patients requiring a single continuous low-dose inotrope to
maintain hemodynamics and end organ perfusion are listed as
1B. Patients with end-stage heart disease who fail to meet either
of these criteria are listed as status 2. Because of the increasing
efficacy of medical therapy, the survival benefit of transplan-
tation to United Network for Organ Sharing (UNOS) status 2
patients has been questioned (19). As a result, hearts are now
offered to local 1A and 1B recipients and subsequently offered
to regional 1A and 1B recipients within 500 miles of a donor
hospital before returning to the local transplant centers for
UNOS status 2 patients. There have been serious suggestions
that heart transplantation be subjected to a randomized trial
against medical therapy for patients currently listed as UNOS
status 2.

One consequence of regional allocation beyond the local
organ procurement organization is the logistic difficulty of
cross-matching hearts to allosensitized patients. Nearly 20%

of potential recipients in our program have significant anti-
HLA antibodies or panel reactive antibody (PRA) > 10% re-
quiring a prospective cross-match prior to organ acceptance.
Because of the logistic difficulty of maintaining potential recip-
ient sera at all possible donor centers, we have come to rely
on the virtual cross-match to exclude organs at significant risk
for acute immune mediated rejection (20). Currently, all po-
tential recipients are screened for class I and class II anti-HLA
IgG antibodies by flow cytometry. If HLA alloantibodies are de-
tected, the specificity of the HLA antibody is determined by sin-
gle HLA molecule high-definition reagents. A list of exclusive
antigens is used to virtually cross-match and exclude organs
with potentially cross-reactive allospecific HLAs. Local donors
are prospectively cross-matched using cell based, complement-
dependent cytotoxicity assays to identify immunoreactive allo-
grafts. It is important to recognize that cytotoxicity assays are
subjective and open to significant differences in interpretation,
particularly at lower levels of reactivity. Infection and transfu-
sion are the most frequent source of alloreactive antibodies in
potential organ recipients and as such should be carefully noted
in the critical care environment. It is our practice to screen ac-
tively listed potential transplant recipients every 30 days for
alloreactive antibodies.

ACUTE ALLOGRAFT LOSS
Within 30 days of transplantation, causes of death include graft
failure (primary and/or nonspecific) accounting for 40% , mul-
tiorgan system failure (14% ), and noncytomegalovirus (non-
CMV) infection (13% ). Here we discuss the cause and man-
agement of primary graft loss focusing on the mechanisms of
acute right ventricular failure, acute immune injury in the con-
text of current practices of immunosuppression and induction
therapy, and the biology of opportunistic infections in the early
posttransplant period.

Rig ht Ve nt ricular Dysfunct ion and
Allog raft Failure

Whereas acute right ventricular (RV) failure at the time of al-
lograft implantation is an uncommon but highly morbid con-
dition with historical mortalities approaching 30% to 50% ,
RV dysfunction after allograft implantation is common. Nearly
20% of orthotopic heart transplants demonstrate some degree
of RV dysfunction as manifested by tricuspid regurgitation. Tri-
cuspid regurgitation has recently been shown to be a predictor
of late survival after cardiac transplantation, suggesting that
early RV dysfunction is a marker of poor outcome (21). The
etiology of transplant RV dysfunction is poorly understood but
clearly multifactorial and includes primary aspects of donor
organ biology (e.g., primary right ventricular graft dysfunc-
tion), inherent injury secondary to the procurement process
(e.g., ischemia–reperfusion injury), and specific characteristics
of recipient pathophysiology (e.g., elevated pulmonary vascu-
lar resistance).

Heart donors with cerebrovascular accident as the cause
of death have consistently demonstrated a significant nega-
tive impact on 1-year posttransplant mortality (2), and ex-
perimental data have supported the concept that donor brain
death contributes to right ventricular dysfunction after cardiac
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transplantation. Animal studies have demonstrated a signifi-
cant decrease in right ventricular function after transplanta-
tion in hearts retrieved from a brain dead donor whereas right
ventricular function is maintained or increased after implan-
tation of normal hearts even in recipients with chronic pul-
monary hypertension (22). Furthermore, large animal models
assessing the intrinsic myocardial mechanics of transplanted
hearts independent of the severe changes in peripheral loading
conditions that accompany the catecholamine storm of brain
death (elevated peripheral and pulmonary vascular resistance)
demonstrate a nearly 40% reduction in RV contractility with-
out a similar decrease in LV contractility (22). This suggests
that RV dysfunction is primarily related to the status of the
donor heart, and although elevated pulmonary vascular resis-
tance will increase the severity of postoperative RV dysfunc-
tion, it is unlikely that elevated PVR independently creates RV
dysfunction.

The early biology of transplanted hearts is defined by de-
nervation and diastolic dysfunction. Loss of afferent parasym-
pathetic vagal tone and corresponding lowering of myocardial
catecholamine levels in response to sympathetic denervation
results in higher resting heart rates and a blunted response
to hypovolemia and decreased preload. A poorly understood
but useful consequence of denervation is increased presynaptic
sensitivity to β -adrenergic stimulation (22). The transplanted
heart is also “stiff,” and restrictive physiology is expected in
the immediate postoperative period. Elevated diastolic ven-
tricular filling pressures generally diminish within weeks of
transplant, but persistent diastolic dysfunction may represent
donor–recipient size mismatch, myocardial injury from harvest
ischemia, intrinsic characteristics of the donor heart (e.g., hy-
pertension), or evidence of rejection.

Because of limited therapies, prophylaxis for acute allograft
dysfunction is a preferable clinical strategy. It is our practice
to start inhaled nitric oxide (NO) (20 ppm) prior to weaning
from cardiopulmonary bypass to lower pulmonary vascular
resistance in patients with preoperative PVR > 3 Wood units.
All patients exit the operative theatre on low- to moderate-
dose epinephrine (0.02–0.06 µ g/kg per minute) and patients
receiving chronic afterload reduction preoperatively (e.g., in-
travenous milrinone) are simultaneously started on low-dose
norepinephrine (0.02–0.04 µ g/kg per minute). Patients are atri-
ally paced (92 beats per minute [bpm]), or AV sequentially
paced, in the immediate postoperative period. In the absence
of significant tricuspid regurgitation and RV dysfunction, NO
is weaned in the immediate postoperative period, and patients
are generally extubated within 6 hours of exiting the operat-
ing room (OR). Caution should be used in weaning NO as
rebound pulmonary hypertension has been observed (23). We
have not found this to be a significant clinical problem outside
the pediatric population. Inotropic support is maintained for
the initial 24 hours and weaned off between 24 and 36 hours
as determined by clinical exam.

We routinely start milrinone (0.2–0.5 µ g/kg per minute)
as a selective pulmonary vasodilator and for peripheral af-
terload reduction between 12 and 24 hours postoperatively
as epinephrine/norepinephrine are withdrawn. Patients fre-
quently remain on low-dose milrinone (0.2 µ g/kg per minute)
for 3 to 5 days after transplant. Approximately half of our
patients have right heart catheters postoperatively. We have
found clinical exam and echocardiogram effective for evaluat-
ing ventricular function, filling pressures, and RV strain, and

right heart catheters are generally placed for specific diagnos-
tic questions and rarely guide clinical management. All patients
undergo right heart catheterization and biopsy within 7 to 14
days of transplant. For patients with biventricular dysfunction
thought secondary to reperfusion injury, we have anecdotally
found the combination of epinephrine and low-dose calcium
(50–200 mg/hour) efficacious in the postoperative period. This
is consistent with theoretical models identifying calcium home-
ostasis as a significant pathway in ischemia–reperfusion injury
(23).

Ische mia–re p e rfusion Injury

Over the past three decades, studies of ischemia–reperfusion
injury have created an enormous amount of descriptive data,
a limited amount of information, and a small amount of inte-
grated knowledge. Traditional views hold that the obligatory is-
chemia of organ procurement induces endothelial dysfunction,
lipid peroxidation with loss of membrane integrity, free radi-
cal superoxide production, dysregulation of intracellular and
mitochondrial calcium flux, and neutrophil activation with al-
lograft infiltration. Reperfusion at the time of allograft implan-
tation is thought to extend the inflammatory injury with sub-
sequent apoptosis and delayed cell death contributing to graft
dysfunction. The volume of translational research directed at
the cause of ischemia–reperfusion injury and the efforts to de-
sign surgical strategies to diminish its impact on the vascular
biology of solid organ transplants precludes any significant dis-
cussion, and the subject has been recently reviewed (23). How-
ever, two conceptual shifts of probable impact on the treatment
and understanding of acute cardiac allograft function in the
context ischemia–reperfusion injury deserve mention.

First, reintroduction of blood flow to the thoracic allograft
in a stuttering fashion has had wide anecdotal application
among transplant surgeons. This is based on anecdotal obser-
vations that slow and intermittent reperfusion limits clinical
reperfusion injury. Similar patterns of postconditioning have
recently been demonstrated to reduce reperfusion injury and
enhance myocardial function in patients experiencing acute
myocardial infarcts (24). The mechanism of postconditioning
appears to involve release of endogenous adenosine and opioid
receptor ligands (24). A second observation is the increasing
appreciation of toll-like receptors in ischemia–reperfusion in-
jury. Toll-like receptors, one class of the pathogen recognition
system involved in innate immunity, have been associated with
early cytokine release after reperfusion (23). It is likely that
antagonists of both systems will eventually find application in
modulating the adhesion molecule engagement and proinflam-
matory cytokine biology of allograft reperfusion injury.

Re je ct ion and Immunosup p re ssion

With the exception of homozygous twins, all allografts are in-
compatible. This incompatibility is defined by the predomi-
nant mechanism of allorecognition—humoral or cellular—and
the temporal pattern of allograft rejection. Hyperacute rejec-
tion occurs within minutes to hours of allograft reperfusion
and is a rare form of perioperative graft loss caused by pre-
formed antibodies directed against donor HLA or endothe-
lial antigen. Complement activation results in intravascular
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thrombosis and ischemic graft dysfunction. There is no med-
ical therapy as graft loss is nearly immediate and salvage re-
quires mechanical circulatory support (ECLS or VAD) and con-
sideration for retransplantation. Diagnosis is mandatory and
should be directed at confirming ABO compatibility and iden-
tifying the antibody-specific alloantigen. Although the UNOS
ethics committee recognizes retransplantation as a therapeu-
tic option, it also notes that “graft failure, particularly early or
immediate failure, evokes significant concerns regarding repeat
transplantation” and suggests that “ the likelihood of long-term
survival of a repeat transplant should receive strong considera-
tion” (www.UN O S.org/bioethics). Histologic confirmation of
humoral injury requires immunostains for complement (C4d),
immunoglobulins, and macrophages (CD68) within capillaries.

Acute rejection is historically considered a T-cell–mediated
process with perivascular infiltration of lymphocytes and
macrophages and variable degrees of myonecrosis. It can occur
anytime after transplantation but is most commonly diagnosed
within the first 6 months—nearly 60% of heart recipients—and
is the most common form of rejection within days to weeks
after allograft implantation (25). The diagnosis and manage-
ment of acute rejection can be problematic. Early ischemic in-
jury can manifest as significant myocyte injury with various
degrees of inflammation. Although mild acute cellular rejec-
tion (grade 1R) with perivascular mononuclear cells and se-
vere acute cellular rejection (grade 3R) with diffuse mononu-
clear cell infiltrates and extensive myonecrosis are easily dis-
tinguished from ischemic injury, moderate rejection requires
interpretation. Perivascular and interstitial mononuclear cells
predominate with few (two or more) foci of myocyte injury
in moderate acute cellular rejection. A predominance of neu-
trophils and organ dysfunction may suggest the possibility of
a humoral component (26)

Chronic rejection is characterized by circumferential my-
ointimal proliferation and progressive coronary artery vascu-
lopathy. Nearly half of all heart transplants demonstrate angio-
graphically recognizable CAV by year five. Early acute vascular
rejection, inadequately treated acute rejection, CMV infection,
non-CMV infection, donor age, and donor hypertension are
among the factors associated with the biology of chronic re-
jection, and early CAV (occurring within 1 year) contributes
to significant increases in mortality when compared to patients
without CAV (27).

The goal of early biopsy is diagnosis, and the subsequent
histology must be interpreted within the patient-specific clini-
cal context. This clinical context requires active participation
of both surgeon and cardiologist with the reviewing patholo-
gist, and it is our policy to collectively review all biopsy spec-
imens. Interobserver differences in the interpretation of biop-
sies can be significant, and there is an understandable tendency
to “overcall” inflammation and overtreat mild rejection be-
cause of the fear of rejection; overimmunosuppression in the
acute postoperative phase can result in catastrophic infection
whereas failure to adequately treat rejection can result in sig-
nificant allograft injury. We do not treat mild rejection (grade
1R). Severe rejection (grade 3R) is always treated with pulse
steroids and antilymphocyte therapy, and in the context of or-
gan dysfunction, every attempt is made to rule out humoral
rejection. If circulating antibody is detected, patients undergo
plasmapheresis although this is uncommon in our practice since
all recipients undergo retrospective cross-match to guide post-

transplant management. Moderate rejection can be confused
with ischemic injury, and we routinely treat grade 2R biopsies
with pulse steroids and rebiopsy within 7 to 10 days.

Balance d Risk: Immunosup p re ssion
and Infe ct ion

Coronary artery vasculopathy is a probable complication of
underimmunosuppression whereas early infection and late ma-
lignancy are probable complications of overimmunosuppres-
sion. These opposing problems represent the major failure
of contemporary thoracic transplantation. Immunosuppressive
therapies remain institution specific. Drug protocols for tho-
racic transplant are derived largely from the investigational
experiences of renal transplant, and monitoring of immunosup-
pressive drug therapy is based on pharmacology and presumed
therapeutic drug levels rather than the analysis of specific mea-
sures of general and donor-specific immune responsiveness.
Nonetheless, there are shared immunosuppressive strategies for
the induction of immune tolerance at the time of allograft im-
plantation and for the maintenance of chronic immune sup-
pression over time. Rescue (antirejection) therapy in response
to histologic rejection remains very problematic as there is no
direct relationship between microscopic evidence of allograft
rejection, allograft dysfunction, and patient survival. Acute re-
jection, outside the context of patient noncompliance or unap-
preciated preformed antibody in the sensitized organ recipient,
is uncommon and accounts for only 2% of deaths at 1 year
(Fig. 91.1).

Ind uct ion The rap y and Maint e nance
Immunosup p re ssion

The goal of induction therapy is clonal deletion of T cells with
allograft-specific antigen recognition. The reality of induction
therapy is generalized T-cell anergy with effective immunosup-
pression at the risk of generalized immunodeficiency. Although
the efficacy of induction therapy in cardiac transplantation re-
mains controversial and is necessarily balanced against the risk
of increased infection, approximately half of all heart trans-
plant patients receive antilymphocyte induction therapy at the
time of allograft implantation (2). Collective registry data sug-
gest no significant differences in survival among patients re-
ceiving induction therapy. However, the specific risk profiles
for various induction therapies—nonspecific polyclonals ver-
sus specific monoclonals—are distinct, and the application of
various induction therapies is often patient specific.

Polyclonal antilymphocyte antibody preparations are
gamma globulin fractions of serum derived from animals
immunized with human lymphoid tissue—rabbit-derived an-
tilymphocyte/thymocyte globulin (ALG, Thymoglobulin) or
horse-derived antithymocyte globulin (ATG). Both prepara-
tions bind various cell surface antigens on B and T cells
with subsequent complement-mediated cytolysis and eventual
opsinization (28). Therapy is nonspecific, and cross-reactivity
may induce leukopenia and thrombocytopenia. The current
polyclonals are foreign proteins and induce an immune re-
sponse in the organ recipient; this limits long-term efficacy
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FIGURE 91.1. Causes of specific mortality in heart transplantation. Note the early incidence of infection
and graft failure followed by a dose-dependent rise in coronary artery vasculopathy (CAV) and malignancy.
CMV, cytomegalovirus. (Adapted from Taylor DO, Edwards LB, Boucek MM, et al. Registry of the
International Society of Heart and Lung Transplantation: twenty-third official adult heart transplantation
report. J Heart Lung Transplant. 2006;25:869.

without recurrent therapy and raises concerns as to the po-
tential for hypersensitivity responses with subsequent expo-
sures. Cytokine release syndrome complicates polyclonal ther-
apy in approximately 20% of patients, and serum sickness
has been reported with equine-derived antithymocyte globu-
lin. Nonetheless, while very limited retrospective reviews sug-
gest some efficacy to polyclonal induction therapy (29,30) the
practice and experience remains largely institution specific.

Induction therapy with the monoclonal antibody da-
clizumab (Z enapax ), directed against the interleukin-2 recep-
tor, is now widespread among cardiac transplant programs. A
randomized trial of daclizumab as induction therapy demon-
strated a decreased rate of acute cellular rejection (25% vs.
41% ) and an increased median time to the primary end points
of histologic rejection, allograft dysfunction, retransplantation,
or death (31). However, the mortality in the daclizumab group
was 6.5% at 6 months versus 3.2% in the nontreatment group
with most of the treatment group deaths secondary to infection
in patients receiving a second antilymphocyte cytolytic therapy
(32). The efficacy of daclizumab may be influenced by the de-
gree of donor–recipient mismatch at the HLA-DR histocom-
patability locus (33).

It is our institutional practice to use the humanized
antiinterleukin-2 receptor monoclonal antibody daclizumab
(Z enapax ) to delay the initiation of calcineurin inhibitor ther-
apy in an attempt to prevent potential nephrotoxicity in the
perioperative setting. Patients receive 1 mg/kg intravenously
(IV) at the time of transplant with an additional dose given on
postoperative day 7 and every 14 days thereafter for a total of
three to five cumulative doses. In reality, only 20% of patients
receive the full five doses with therapy curtailed in response

to leukopenia or two consecutive biopsies with no evidence of
rejection in the context of well-tolerated therapeutic levels of
calcineurin inhibitor. As an alternative induction therapy, basil-
iximab (Simulect), a chimeric anti-IL-2 receptor monoclonal
antibody, is given on induction (20 mg IV) and postoperative
day 4 (20 mg IV). We do not use induction therapy with pa-
tients on mechanical circulatory devices or in patients who have
received any immunosuppressive therapy within 12 weeks of
transplant.

Maintenance immunosuppression generally consists of an
antiproliferative drug (azathioprine or mycophenolate), a cal-
cineurin inhibitor (tacrolimus or cyclosporine), and steroids. It
is our institutional preference to use mycophenolate because
of a reported lower rate of death and treated episodes of rejec-
tion when compared to azathioprine (32). Tacrolimus is started
postoperatively within 72 hours in patients receiving induc-
tion therapy or immediately if serum creatinine is < 1.8 mg/dL.
Heart recipients without induction therapy receive tacrolimus
(1 mg via nasogastric tube) in the operative theater and are
converted to sublingual therapy in the rare situation of de-
layed extubation. We do not use IV tacrolimus because of the
difficulty in predicting therapeutic levels and our observation
of delayed seizures in patients with transient toxic levels of cal-
cineurin inhibitor. Every attempt is made to wean steroids to
5 mg of prednisone or less within 6 months of transplant, and
30% of heart recipients are steroid free by 2 years (2). We have
increasingly used the mammalian target of rapamycin (mTOR)
inhibitor rapamycin (Sirolimus) in conjunction with low-dose
calcineurin inhibitors to limit calcineurin-induced nephrotoxi-
city. Rapamycin is not started until 4 to 6 weeks after transplant
because of its significant impact on sternal wound healing.
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Infe ct ion Prop hylaxis and
Pe riop e rat ive Risk

Because of the risks of hospitalization and immunosuppres-
sion, infection is second only to allograft failure as a cause
of early death after cardiac transplantation. Pneumonia is the
most common presentation with an historical incidence of ap-
proximately 14% to 28% and an overall mortality of 23% to
31% (34). Hospitalization at the time of transplant, postoper-
ative endotracheal intubation for more than 1 day posttrans-
plant, reintubation after transplant, evidence of pretransplant
pulmonary infection, use of antilymphocyte induction therapy,
and prolonged and excessive use of steroids (> 80 mg/day dur-
ing the first month) are considered significant risk factors (34).
It is important to note that nearly 20% of heart transplants
occur in patients on mechanical assist devices and that nearly
half of all VAD recipients experience infectious complications.
These infections rarely involve the device and are not a con-
traindication to transplant. Registry data suggest that infec-
tion requiring IV antibiotics within 2 weeks of transplant is no
longer a risk factor for poor operative outcome (2).

The importance of clinical history and serologic screening
of potential organ donors cannot be overemphasized given the
potential for disease reactivation. Specific characteristics of the
donor population vary widely among geographically distinct
transplant centers, and ethnic diversity can influence the preva-
lence of endemic disease. Nearly half of our thoracic organs
derive from donors born in areas of endemic Chagas disease
(Trypanosoma cruzi), and 20% derive from areas of endemic
viral hepatitis B. Geography, not immunosuppression, is also
the major risk factor for certain mycoses (e.g., coccidiomycosis,
histoplasmosis), and the endemicity of tuberculosis and vari-
able use of immunization can influence the interpretation of
donor serologies. The recent deaths of organ recipients receiv-
ing allografts from patients with undiagnosed trypanosomal
infection (www.CDC.org) underscores the increasing global-
ization of the donor population and the need for increasingly
sophisticated screening technologies. Our institutional biases
for the prophylaxis and treatment of the common bacterial,
viral, and fungal pathogens are listed below:

1. Vancomycin (10–15 mg/kg every 12 h) and piperacillin/
tazobactam (3.375 gm IV every 6 h) are empiric bacterial
prophylaxis. Therapy is stopped at 72 hours after review of
donor cultures.

2. Cytomegalovirus seropositivity is not a contraindication for
either donor or recipient. Leukocytes are the source of CMV
infection, and seronegative blood products should be used
in seronegative patients and patients with seronegative al-
lografts. Primary infection, a seropositive (CMV+ ) organ
into a seronegative (CMV–) recipient, is associated with the
greatest risk of CMV disease. These patients receive prophy-
laxis with CMV immune globulin (CytoGam, CMV-IVIG)
at 150 mg/kg IV for 7 days followed by valganciclovir (Val-
cyte) for 1 year (450 mg twice daily [BID] dosed for renal
function). Seropositive patients who receive either CMV-
positive or CMV-negative allografts are at moderate to low
risk of reactivation disease as are seronegative recipients of
CMV-negative transplants. These patients receive prophy-
lactic coverage for 6 months with Valcyte (450 mg orally
(PO) BID). Any patient receiving treatment for histologic

rejection receives 6 months of prophylactic Valcyte in the
context of increased immunosuppression. Active CMV dis-
ease is treated with CytoGam (50 to 150 mg/kg IV daily)
and a relative withdrawal of immunosuppression to facili-
tate immunocompetence.

3. Hepatitis B surface antigen seropositivity in potential recip-
ients has been associated with hepatic inflammation or cir-
rhosis in 37% of heart recipients and is a relative contraindi-
cation to transplantation (35). Currently, all patients receive
Hep B vaccine prior to transplant (HBsAg positive, HBsAb
IgM positive, HBcAb negative). We routinely use HBcAb-
positive donor hearts in the context of HBsAg seronegativity
as we consider this a sign of prior exposure and not active
disease.

Positive hepatitis C serologies (Hep C Ab+ ), if confirmed
by nucleic acid testing, is considered evidence of active donor
infection. It is our practice not to use organs from donors
with presumed active hepatitis C because of high conversion
rates (> 50% ) in recipients and poor outcomes (36). Active
hepatitis C in patients with end-stage heart disease is not
an absolute contraindication to transplant. Favorable hep-
atitis C viral genotype and low to undetectable viral titre
by quantitative polymerase chain reaction (PCR) identifies
a group of patients with outcomes comparable to those of
thoracic transplant recipients without viral infection. We
have also challenged hepatitis C seropositive patients pre-
transplant with low-dose calcineurin inhibitors (target level
of 5–8 ng% ) and mycophenolate (1,000 mg BID). Patients
without a significant rise in viral titre by quantitative PCR
over 3 months have not demonstrated evidence of active
viral disease after transplantation.

4. All patients receive trimethoprim/sulfamethoxazole (Septra)
for Pneumocystis carinii prophylaxis. Fluconazole (100 mg
PO every week) is given for mucocutaneous candidiasis pro-
phylaxis as long as patients are receiving steroids, and pa-
tients with evidence of fungal colonization (e.g., Aspergillus
spp.) are maintained on voriconazole.

In the absence of allograft dysfunction, the decision to treat
moderate histologic (2R) rejection with pulse steroids deserves
discussion. There is no compelling data that treatment of mild
to moderate rejection significantly influences allograft survival,
and there is significant evidence that increased steroids and an-
tilymphocyte therapy increase the incidence of infection. Given
the variability of histologic interpretation and the inherent
possibility of nonrepresentative biopsy tissue, the decision to
treat histologic rejection should be approached with caution
as this represents the most significant variable in transplant
infections.

CLINICAL PEARLS IN CARDIAC
TRANSPLANTATION

1. Neurohormonal markers and the circulatory-renal limit pre-
dict the need for transplantation, not isolated hemodynam-
ics.

2. Elevated pulmonary vascular resistance, renal insufficiency,
and diabetes mellitus are only relative contraindications to
transplant.

3. The degree of fixed pulmonary vascular resistance cannot
be assessed without unloading the left ventricle.
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4. Elevated postoperative PVR exacerbates RV dysfunction.
5. The relationship between histologic rejection and patient

outcome remains obscure; microscopic rejection is rarely
manifested as graft dysfunction.

6. Balanced risk is the goal of immunosuppression.
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Lung transplantation has become a therapeutic option for pa-
tients with end-stage lung diseases who have severe functional
impairment and limited life expectancy. Lung transplantation
thus offers the possibility of improving the quality of life and
prolonging life in a select population of recipients. It has been
applied with success to most advanced lung diseases, with the
exception of lung cancers. Nonetheless, complications are fre-
quent, with a median survival of 5 years. The purpose of this
chapter is to give the reader a thorough account of lung trans-
plantation, its application, benefits, and potential complica-
tions.

PRETRANSPLANT
CONSIDERATIONS AND
CANDIDATE SELECTION

Wait ing List s, Donor Availab ilit y,
and Donor Suit ab ilit y

The number of lung diseases successfully treated by transplan-
tation has increased in the last two decades, resulting in an
increase in both the indications for lung transplantation and,
as a consequence, in the number of eligible candidates. After
many years of stable lung donor supply, it seems that the pro-
curement of lungs from potential donors has slightly increased
in the last 1 to 2 years as a result of national collaboration
among the transplant centers and the organ procurement orga-
nizations (OPO) to improve the medical management of organ
donors (Fig. 92.1) (1). This has led to a slight increase in the
number of lung transplant operations performed in the last 1 to
2 years. Moreover, it appears that with the implementation of
a new lung allocation system (LAS) score on May 4, 2005, the
number of deaths on the waiting list is trending downward.
The LAS score is based on the principle of maximum benefit
from lung transplantation, rather than transplanting the “sick-
est” patient. A score is calculated based on the probability of
surviving 1 year on the waiting list minus the probability of
surviving the first year posttransplant. This compound score
has resulted in our ability to transplant patients with shorter
life expectancy (i.e., pulmonary fibrosis) at a higher rate than
the previous system used (2). The previous system was based
purely on the waiting time, with seniority on the list going to
patients with the most waiting time, regardless of their level
of illness or potential benefit from lung transplantation. We
are hopeful that in 1 to 2 years, we will be able to unequivo-
cally demonstrate that the new LAS has resulted in a significant
decrease in the death rate on the waiting list.

All hospitals are obligated to report all deaths to their lo-
cal organ procurement organizations (OPO). Each OPO covers

several counties—and sometimes a whole state. The OPO re-
views and identifies potential organ donors (brain death with
consenting families). Once a suitable donor is identified, the
OPO offers the lungs first to the transplant centers located
within the geographic boundaries of their working area. The
local recipient list (Fig. 92.2) is organized first by blood type
and height; recipients are usually listed with a height range of
± 20% , as height is the primary determinant for lung volumes.
Patients on the waiting list with the highest lung allocation sys-
tem score will be offered the lungs first. The list is then run by
compatible blood types if no recipients with identical blood
types match in the OPO’s region. Lung transplant centers usu-
ally prefer to implant taller-donor lungs into recipients with
obstructive lung diseases (chronic obstructive pulmonary dis-
ease [COPD], cystic fibrosis [CF]) and shorter-donor lungs into
recipients with restrictive lung diseases (idiopathic pulmonary
fibrosis [IPF]). If the transplant center(s) within the geographic
boundaries of the OPO does not accept the lungs, the procure-
ment agency will widen the search to include transplant centers
within a radius of 500 miles—as determined by zip codes—with
lungs offered to patients with the highest LAS score in those ar-
eas. Since lungs can tolerate a 6- to 8-hour period of ischemia,
travel time limitations are also a factor for accepting lungs. By
way of contrast, livers can tolerate up to 12 hours of ischemia
time.

Organ donors are procured from patients declared brain-
dead, whose families consent to donation. The most common
causes of brain death are from motor vehicle crashes, gun-
shot wounds, or cerebrovascular accidents. Historically, lung(s)
were procured only from about 15% to 20% of potential solid
organ donors; in contrast, about 80% of donors have kidneys
and livers procured (3–5). Potential lung donors are managed
by the OPOs prior to procurement, with the goal of maximiz-
ing organ function and suitability. The medical management
is ideally geared toward keeping the donor lungs “dry” and
minimizing risk of ventilator-associated pneumonia by using
aggressive chest percussion and administering intravenous an-
tibacterial therapy to the donor (6,7). With the recent empha-
sis on optimizing the medical management of donor lungs and
the collaboration between OPOs and critical care physicians,
some OPOs are now reporting lung procurement rates of 35%
to 40% .

Potential lung donors could be considered unsuitable if there
is a long history of smoking, evidence of aspiration pneu-
monia by chest radiograph or bronchoscopy, or evidence of
neurogenic pulmonary edema by chest radiographs, especially
when there is an associated progressive decline in oxygenation
(8) (Table 92.1). Although Table 92.1 has criteria for “ ideal”
donors, other lungs with less ideal characteristics have been
successfully transplanted with reasonable short-term outcomes
(9).
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FIGURE 92.1. In the United States: number of
lung transplants, number of patients waiting
and deaths on the waiting list, 1988 to 2005
(ages 18–64 years). (Adapted from 2005 An-
nual Report of the U.S. Organ Procurement
and Transplantation Network and the Scien-
tific Registry of Transplant Recipients: trans-
plant data 1994–2006.)

Timing of Re fe rrals

Patients should be referred at a point in the course of the disease
when death is considered likely in the next few years, especially
if the projected 2-year survival is about 50% to 60% . The pa-
tient’s report of an unacceptable quality of life is an important
factor to consider in evaluating his or her candidacy for lung
transplantation, but the disease prognosis must be the over-
riding impetus for referral and listing. An anticipated waiting
time of 12 to 24 months, during which the candidate’s con-
dition must remain functionally suitable for transplantation,
must be integrated into the decision process for referring and
listing patients. Disease-specific guidelines for referral are listed
in Table 92.2. Between the years of 1995 and 2005, the combi-
nation of COPD and alpha-1 antitrypsin deficiency accounted
for about 50% of indications for lung transplantation, while
IPF and CF accounted for 19% and 16% , respectively (10).
However, it appears that there has been a trend toward more
transplantation of IPF patients in the last 18 months, possibly
due to a higher LAS score at the time of listing in this popula-
tion since its implementation in May of 2005 (Fig. 92.3).
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FIGURE 92.2. Adult patients on the waiting list in the United States
in 2005, by indication. (Adapted from 2005 Annual Report of the U.S.
Organ Procurement and Transplantation Network and the Scientific
Registry of Transplant Recipients: transplant data 1994–2006.)

Se le ct ion Crit e ria for Suit ab le Cand id at e s

Although transplantation has been successful in most lung dis-
eases, not all patients with advanced lung diseases are suit-
able candidates (11). The patient’s medical records are screened
carefully prior to the initial clinic visits. Patients are often de-
clined at the initial clinic visit if there is any history of cigarette
smoking in the last 6 months or if there is evidence of severe
extrapulmonary end organ damage. Patients are also screened
for their insurance coverage, as lung transplantation is not an
inexpensive endeavor. In most states, Medicaid, Medicare, and
private insurance policies cover the costs of lung transplanta-
tion and immunosuppressive medications.

After an initial screening of the patient’s medical records, the
potential lung recipients are seen in the lung transplant clinic.
A detailed discussion of lung transplantation, its outcome, and
potential complications occurs with the patient if there are no
obvious contraindications identified during the clinic visit. If
the patient consents to the transplant procedure, he or she is
then referred for a more detailed transplant evaluation and
testing. Lung transplant evaluation and the guidelines for the
selection of recipients are listed in Tables 92.3 and 92.4, re-
spectively. A body mass index (BMI) > 30 has recently been
identified as an independent predictor of mortality in the first
12 months post transplantation (10,12). BMI > 30 is a relative
contraindication, as some of these patients have a large muscle
volume accounting for their weight. Patients with BMI > 30
with a low muscle volume are counseled to lose weight, and
usually are not transplanted until they meet the target weight of

TA BLE 9 2 . 1

CRITERIA FOR “IDEAL” LUNG DONORS

PaO 2 > 300 mm Hg on FiO 2 = 1.0 and 5 cm H 2O continuous
positive airway pressure (CPAP)

Less than 20 pack-years smoking history
Clear chest radiograph
Minimal secretions on bronchoscopy
Negative viral serology (HIV, hepatitis B and C infections)
Age younger than 55–60 years
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TA BLE 9 2 . 2

DISEASE-SPECIFIC GUIDELINES FOR REFERRAL

Chronic obstructive pulmonary disease (COPD)
FEV1 (forced expiratory volume in 1 s) < 25% of predicted

postbronchodilator, especially when associated with mild or
moderate pulmonary artery hypertension

Frequent severe exacerbations
BODE index (body-mass index [B], airflow obstruction [O],

dyspnea [D], and exercise capacity [E]) of ≥ 7
Cystic fibrosis (CF)
FEV1 < 30% of predicted
PaCO2 > 50 mm Hg
Frequent severe exacerbations
Rapid decline in lung function (especially in females)
Idiopathic pulmonary fibrosis (IPF)
Vital capacity (VC) < 65% predicted
10% decline in VC or in diffusion capacity in the last 12 months
Initiation of oxygen therapy
Pulmonary arterial hypertension (PAH)
NYHA (New York Heart Association) functional class III or IV
Cardiac index < 2 L/min/m2

Mean right atrial pressure > 12 mm Hg
Failure of medical therapy to improve hemodynamic indexes

or functional class
Eisenmenger syndrome
NYHA III or IV despite optimal medical therapy (especially if

patients are discontented with their current quality of life)

BMI < 30. This is especially important in the COPD population
where quality of life is the sole indication for transplantation.
Patients who are suitable for lung transplantation are listed
with the United Network for Organ Sharing (UNOS).

SURGICAL TECHNIQ UES FOR
LUNG TRANSPLANTATION

There are four lung transplant surgical procedures: (i) single-
lung transplantation (SLT), (ii) bilateral sequential lung trans-
plantation (BLT), (iii) combined heart–lung transplantation
(HLT), and (iv) bilateral lobar transplantation from living re-
lated donors. Although recipient history of previous talc pleu-
rodesis still gives many transplant centers pause, a history of
other chest surgeries is not a contraindication to lung trans-
plantation (13,14).

Historically, SLT used to be the most applied technique, but
lately, more centers are adopting BLT as the transplant proce-
dure of choice. The airway anastomosis is performed by tele-

scoping the airways into each other at the mainstem bronchus.
The pulmonary venous anastomosis is performed at the level
of the donor atrial cuff, and the pulmonary artery anastomo-
sis is performed at the main pulmonary artery branch. The
advantages of SLT include a shorter waiting time for the recip-
ient, technical ease, and the fact that lungs from one donor can
be potentially used for two recipients. With the exception of
suppurative lung diseases, SLT has been applied to all lung dis-
eases (15–17). COPD is the most common indication for lung
transplantation in the United States, with most receiving SLT
(10,18,19). Most patients with alpha-1 antitrypsin deficiency
have recently been receiving BLT (10).

The only absolute indication for BLT is suppurative lung
disease such as cystic fibrosis (CF). BLT accounted for about
60% of the lung transplant operations in the United States in
the last 1 to 2 years. There is currently debate about whether
BLT should be the preferred procedure for all end-stage lung
diseases, as BLT has marginal but significant survival advantage
after 5 years and because BLT recipients have more lung reserve
to buffer complications. Most patients with pulmonary artery
hypertension (PAH) receive BLT. This is because PAH patients
who have undergone SLT encounter severe hypoxemia with
airway injury to the allograft (pneumonia or rejection) due
to the resultant severe ventilation/perfusion mismatch (19,20).
Recently, there has been a trend to performing more BLT for pa-
tients with IPF, especially in the presence of pulmonary vascular
disease (10). Most patients with COPD continue to receive SLT
at this time.

The only absolute indications for HLT are: pulmonary hy-
pertension with surgically irreparable congenital heart disease
(i.e., tetralogy of Fallot, large ventricular septal defect); pul-
monary hypertension associated with significant left ventric-
ular systolic dysfunction; or severe end-stage lung disease as-
sociated with significant coronary artery disease. In HLT, the
airway anastomosis is typically performed at the distal tra-
cheal level. The vascular anastomoses are performed at the
right atrium and aorta. Patients with Eisenmenger syndrome
secondary to patent ductus arteriosus or atrial septal defect
usually undergo BLT with concurrent repair of the congeni-
tal heart disease. Right ventricular dysfunction, per se, is not
an indication for heart–lung transplantation since the recov-
ery of right ventricular function—and the associated tricuspid
valve regurgitation—is generally rapid and complete after the
restoration of normal pulmonary artery pressures after trans-
plantation (Fig. 92.4) (21–23).

Living related bilateral lobar transplantation is an evolving
technique; about 130 transplantations have been performed
in the United States since 1991. This technique is gener-
ally reserved for patients who meet all the criteria for lung
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FIGURE 92.3. Indication for lung transplantation in
the United States. (Adapted from OPTN data, 2006:
http://www.OPTN.org. Accessed September 19, 2007.)
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TA BLE 9 2 . 3

TRANSPLANT EVALUATION TESTING

1. Detailed history and physical exam
2. Chest radiograph, electrocardiogram
3. Computed tomography (CT) scan of chest
4. Pulmonary function tests, arterial blood gas
5. Differential ventilation/perfusion scan
6. Two-dimensional echocardiography
7. Coronary angiography (age older than 45 years or

younger than 45 in presence of risk factors)
8. Right heart catheterization (in all candidates)
9. Abdominal ultrasound

10. Bone density (if indicated)
11. Bronchoscopy (rarely indicated)
12. Sputum culture (in patients with suppurative lung disease)
13. Labs: viral serologies (human immunodeficiency virus

[HIV], hepatitis B and C, cytomegalovirus [CMV], herpes
simplex virus [HSV], Epstein-Barr virus [EBV]), ABO
blood typing, human leucocyte antigen [HLA] typing,
reactive antibodies panel, complete blood count, liver and
chemistry batteries

14. Consults
a. Physical therapy

Six-minute walk test
Musculoskeletal strength assessment
Rest and exercise oxygen requirements

b. Social work
c. Psychology
d. Nutritional services (when indicated)
e. Anesthesiology
f. Transplant thoracic surgeon
g. Transplant pulmonologist

transplantation but have a minimal chance of surviving the
waiting time on the lung transplant waiting list. Most of the
recipients have been patients with CF, although a few patients
with fibrotic lung diseases or pulmonary hypertension have
been transplanted (24). Donors are typically family members

TA BLE 9 2 . 4

GENERAL GUIDELINES FOR SELECTION OF
RECIPIENTS

INDICATIONS
End-stage lung disease with average life expectancy < 2 years
Failed medical and surgical therapy
Severe functional limitation, but ambulatory
Upper age limit has recently been liberalized to include
≤ 69 years

ABSOLUTE CONTRAINDICATIONS
Significant extrapulmonary end organ damage
Acute critical illness
History of cancer in the last 5 years
Active psychosis or history of noncompliance with therapy
Cigarette smoking in the last 6 months
History of substance abuse with risk factors for recidivism
Nonambulatory, with poor rehabilitation potential
Inadequate social support
Systemically active collagen vascular diseases
Extrapulmonary infections (human immunodeficiency virus

[HIV], hepatitis B, C active infections)

RELATIVE CONTRAINDICATIONS
Mechanical ventilation
Extensive pleural adhesions from previous surgical procedures

(especially talc)
Airway colonization with bacteria panresistant to all

antibacterials
Body mass index > 30

who undergo full evaluation for thoracotomy. Because this pro-
cedure presents risks to two healthy donors, appropriate re-
cipient and donor selection and timing of transplantation are
critical to minimize the morbidity to the donor and maximize
the chance of a successful outcome in the recipient. The sur-
gical technique involves explantation of both of the recipient’s

Pre Tx, end diastole Post Tx, end diastole
FIGURE 92.4. Intraoperative transesophageal echocardiogram (TEE) in a PAH patient undergoing BLT.
Note the reduction of the size of the right atrium (RA) and right ventricle (RV) at end systole �1 hour after
reperfusion of the lungs. (Courtesy of Division of Pulmonary Medicine, University of Florida, Gainesville,
FL.)
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TA BLE 9 2 . 5

COMMONLY USED IMMUNOSUPPRESSIVE MEDICATIONS

Drug Dosing and adjustments Side effects Drug interactions

Cyclosporine and
tacrolimus

Every 12 h Commonly occur with both:
nephrotoxicity, hypertension,
neurotoxicity (tremors, headaches,
rarely seizures), hyperkalemia,
hyperlipidemia, hypomagnesemia

Occur only with tacrolimus:
myalgias, hyperglycemia

Occur only with CyA:
hemolytic-uremic syndrome,
hirsutism, gingival hyperplasia

Blood levels are increased with all
macrolide antibiotics (except
azithromycin), azole antifungals,
calcium channel blockers (except
nifedipine).

Blood levels are decreased by
anticonvulsants and rifampin.

Sirolimus Every 24 h Cytopenias, hyperlipidemia (mainly
hypertriglyceridemia)

Same drug interactions as tacrolimus and
cyclosporine: Blood levels are increased
with all macrolide antibiotics (except
azithromycin), azole antifungals
(voriconazole contraindicated with
sirolimus), calcium channel blockers
(except nifedipine).

Blood levels are decreased by
anticonvulsants and rifampin.

Azathioprine Every 24 h
Decrease dosage in the

event of renal or
hepatic insufficiency.

Cytopenias, hepatotoxicity,
pancreatitis, nausea

Increased bone marrow suppression with
allopurinol, ganciclovir, and
antithymocyte globulin (ATG).

Mycophenolate
mofetil

Every 12 h
Decrease dosage in the

event of renal or
hepatic insufficiency.

Abdominal cramps, diarrhea,
vomiting, cytopenias

No significant interactions.

Prednisone 0.3–0.5 mg/kg/d in the
first 3 mo, then
tapered afterwards.

Hypertension, hyperglycemia,
weight gain, myopathy,
osteoporosis, cataracts, mood
swings, hyperlipidemia

No significant interactions.

lungs, lobectomy—usually lower lobe—from two donors, and
implantation of one donor lobe in each thoracic cavity of the
recipient. Even though the risk for chronic rejection appears
to be lower compared to the cadaveric lung transplantation,
the long-term (3–5 years) outcomes of the two techniques are
equivalent (25).

Immunosup p re ssion

Immunosuppression initiated intraoperatively is termed induc-
tion immunosuppression and is continued for the rest of the re-
cipient’s life as a maintenance immunosuppressive regimen. An
intravenous bolus of 500 to 1,000 mg of methylprednisolone
is used for intraoperative induction. Some centers add antilym-
phocyte antibodies (Thymoglobulin or OKT3) to the induction
therapy during the first 72 hours. Cyclosporine A (CyA), or al-
ternatively tacrolimus (Tac), and azathioprine (AZA, 2 mg/kg
per day) are also started intraoperatively or in the first 24 hours.
Recently, more centers are using interleukin-2 receptor antago-
nists (basiliximab, daclizumab) as part of the routine induction
therapy.

The classic triple maintenance immunosuppressive regimen
consists of CyA or Tac, AZA, and prednisone. The steroid dose
is rapidly reduced to a maintenance prednisone dose of 0.3 to

0.5 mg/kg per day by the third or fifth day after transplanta-
tion, and then patients are gradually weaned over the next 6 to
12 months to about 0.15 to 0.2 mg/kg per day. The CyA dose is
adjusted to maintain therapeutic trough serum levels of 250 to
300 ng/mL; the Tac dose is adjusted to maintain trough serum
levels of 8 to 12 ng/mL; whereas the AZA dose is adjusted to
maintain white blood cell count > 3,500 cells/microL. Table
92.5 details the numerous side effects, interactions, and dosing
of the immunosuppressive medications.

OUTCOMES FOLLOWING LUNG
TRANSPLANTATION

Survival

The median survival after lung transplantation is approxi-
mately 5 years. The 1-, 3-, 5-, and 10-year actuarial survivals
after lung transplantation are 78% , 61% , 49% , and 25% , re-
spectively (Fig. 92.5). The survival at some transplant centers
is higher than the national average, likely because survival is
significantly correlated with a center’s experience (Fig. 92.6).
However, these survival rates lag considerably behind those
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FIGURE 92.5. Five-year actuarial survival after lung transplantation.
(From Taylor DO, Edwards LB, Boucek MM, et al. Registry of the In-
ternational Society for Heart and Lung Transplantation: twenty-third
official adult heart transplantation report—2006. J Heart Lung Trans-
plant. 2006;25(8):869–879.)

of liver or kidney transplant recipients, for whom the 5-year
actuarial survival approximates 70% to 80% .

In the absence of prospective randomized trials, it is diffi-
cult to ascertain whether lung transplantation truly increases
survival over the natural history of the lung disease. Hosen-
pud et al. (26) made a disease-specific comparison of survival
after transplantation and found that patients with CF and IPF
have higher survival rates. No such advantage has yet been
demonstrated for patients with COPD, a disease that typically
follows a protracted course with a 5-year survival of 40% to
50% for patients with forced expiratory volume in 1 second
(FEV1) < 20% of predicted (27). Thus, the main indication for
lung transplantation in patients with COPD is to improve qual-
ity of life in patients with FEV1 in the 15% to 25% range, rather
than prolonging survival. Recently, a BODE index (body-mass
index [B], airflow obstruction [O], dyspnea [D], and exercise
capacity [E]) has been identified that may yet prove to be a pre-
dictor of improved survival when transplantation is applied to
COPD patients with a high index (28).

The leading causes of death in the first 30 days after trans-
plantation are primary allograft failure and pneumonia (Fig.
92.7) (29). Primary allograft failure manifests in the first
24 hours with severe hypoxemia, a pulmonary edema pat-
tern on chest radiograph, and, often, hypotension. In the first
24 hours, medical management is geared toward establishing
adequate systemic perfusion pressure with judicious amount
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FIGURE 92.6. Impact of center volume on the relative risk (RR)
of death within 1 year after lung transplantation. (From Taylor
DO, Edwards LB, Boucek MM, et al. Registry of the International
Society for Heart and Lung Transplantation: twenty-third official
adult heart transplantation report—2006. J Heart Lung Transplant.
2006;25(8):869–879.)
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FIGURE 92.7. Causes of death after lung transplantation. (Courtesy
of Division of Pulmonary Medicine, University of Florida, Gainesville,
FL.)

of fluids and intravenous pressor support. This approach tends
to preserve the kidneys from significant injury, which will later
allow the institution of diuresis and extubation. At Shands Hos-
pital at the University of Florida (SUF), our discharge rate post–
lung transplantation approximates 95% , with pneumonia be-
ing the most common cause of death. Approximately 50% of
the patients are liberated from mechanical ventilation within
the first 24 hours, and 75% by 48 hours after transplanta-
tion.

Pneumonia in the immediate postoperative period is almost
always associated with bacterial organisms acquired with the
donor lung. Donors are usually on mechanical ventilation for
a few days prior to procurement, and they are often colonized
with bacteria. Alternatively, the donor aspirates from vom-
iting at the time of death or during intubation, resulting in
pneumonia. These pneumonias can be very subtle, escaping
detection at the time of procurement, only to manifest fully
24 hours after implantation. Low found that when donors
did not routinely receive antibacterial therapy, 97% of their
bronchial washings have potentially pathogenic microbes, with
Staphylococcus and Enterobacter being most common (30).
A review of bronchial swab cultures obtained intraoperatively
from 50 consecutive non-CF recipients cared for at SUF showed
that 32/50 patients had 45 potential bacterial pathogens,
with some showing more than one potential pathogen, and
18/50 had “normal oral flora.” Twenty-four of the 45 bacte-
rial species were Gram-positive cocci, and 21/45 were Gram-
negative rods. Methicillin-sensitive Staphylococcus aureus was
the most common Gram-positive organism, while Enterobacter
was the most common Gram-negative organism. The incidence
of donor-associated bacterial pneumonia approximated 15%
at SUF over the last 18 months. The lower incidence of de-
tecting pathogenic bacteria at our center may result from the
routine use of antibacterial therapy 24 to 48 hours prior to
organ procurement, or due to the method of collection of the
culture specimen as compared to the technique in the study of
Low et al. (30)

There have been a few risk factors identified by multivariate
analysis that are associated with risk of death 1 year after trans-
plantation: diagnosis of portopulmonary hypertension (PPH)
or IPF, ventilator dependence prior to transplantation, and re-
transplantation (10). However, it is important to remember
that those statistics are obtained from multiple centers and re-
ported to the International Society of Heart and Lung Trans-
plantation (ISHLT). Since different centers have different ex-
pertise and experience, those risk factors may not be uniform
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among centers. For example, in carefully selected ventilator-
dependent patients who are not critically ill, mechanical venti-
lation did not influence the 1-year outcome after transplanta-
tion at two centers (31,32).

There is a marginal (approximately 8 months) but signif-
icant survival advantage of BLT recipients compared to SLT
recipients after analysis of survival data in about 6,000 recip-
ients (10). In both groups, the long-term survival is limited by
obliterative bronchiolitis (OB). OB, the most common cause of
death in patients surviving past the first year after transplan-
tation, is responsible for progressive decline in lung function
and, ultimately, respiratory failure. The median survival after
the diagnosis of OB is approximately 2 years. This higher sur-
vival has caused more and more centers to consider BLT as the
procedure of choice, with approximately 60% of lung trans-
plantations being BLT in the United States.

Pulmonary Funct ion and Gas Exchang e

Both SLT and BLT patients have significant improvement in
pulmonary function tests (PFTs) and in gas exchange post trans-
plantation. The peak improvement in PFTs is achieved at 1 to
3 months after SLT, but after BLT, improvement may not be
achieved until 4 to 6 months post transplant. The factors asso-
ciated with the delay in achieving peak values are reperfusion
injury, postoperative pain, altered chest wall mechanics, and
respiratory muscle dysfunction after transplant surgery.

After SLT in patients with COPD, the FEV1 significantly im-
proves to about 45% to 60% of the predicted value and lung
volumes approach the normal predicted values (Fig. 92.8) (33).
The chest radiograph in COPD recipients of SLT shows hyper-
inflated native lung with a flat diaphragm and mild herniation
across the midline. The transplanted allograft is a normal-sized
lung—although it appears small compared to the native lung—
with a physiologically domed diaphragm (Fig. 92.9).

After SLT in patients with IPF, the vital capacity improves
to about 70% to 80% of the predicted value (Fig. 92.10) (33).
Compared to a fibrotic native lung on the contralateral side,
the chest radiograph shows a normal-sized lung allograft (Fig.
92.11). After BLT, the chest radiograph and spirometry val-
ues approximate predicted values for the recipient size (Figs.
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FIGURE 92.8. Lung function in chronic obstructive pulmonary dis-
ease (COPD) patients after single lung transplant (SLT) (n = 6).
(Courtesy of Division of Pulmonary Medicine, University of Florida,
Gainesville, FL.)

FIGURE 92.9. Chest radiograph after right SLT in a patient with
COPD. Note the hyperinflated native lung with (clinically asymp-
tomatic) shift across the midline. (Courtesy of Division of Pulmonary
Medicine, University of Florida, Gainesville, FL.)

92.12 and 92.13). After lung transplantation, arterial oxygena-
tion rapidly returns to normal, but hypercapnia may take a few
days before returning to normal. Supplemental oxygen is un-
necessary for most patients at the time of hospital discharge.

He mod ynamics

Both SLT and BLT result in immediate and sustained
normalization—or near normal in SLT—of pulmonary artery
pressures in PPH recipients, barring significant reperfusion in-
jury. This is associated with near total or total resolution of
the associated tricuspid valve insufficiency and is accompanied

Weeks

80

60

40

%
 P

re
di

ct
ed

20

43

64
70 70

0
PreTx Pos tTx 6 12

FIGURE 92.10. Vital capacity in idiopathic pulmonary fibrosis (IPF)
patients after single lung transplant (SLT) (n = 7). (Courtesy of Division
of Pulmonary Medicine, University of Florida, Gainesville, FL.)
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FIGURE 92.11. Chest radiograph in a patient with IPF who under-
went left SLT. Note the mild midline shift (clinically asymptomatic)
of the allograft into the right chest cavity containing the native lung.
(Courtesy of Division of Pulmonary Medicine, University of Florida,
Gainesville, FL.)

by an immediate increase of the cardiac output with a gradual
remodeling of the right ventricle. The right ventricle decreases
in size and regains normal function over the next few days
to weeks. This hemodynamic improvement is sustained after
successful transplantation. The advantage of BLT over SLT for
patients with pulmonary vascular disease is that airway injury
is better tolerated in BLT. Due to the resultant severe ventila-
tion/perfusion mismatch, airway injury (caused by pneumonia,
or acute or chronic rejection) results in profound hypoxemia
in patients with severe pulmonary hypertension who undergo
SLT (20).

Months

100

60

40

%
 P

re
di

ct
ed

20

0
PreTx Pos tTx 3 6

80

9

FEVI
FVC

FIGURE 92.12. Spirometry values in cystic fibrosis (CF) patients un-
dergoing bilateral lung transplantation (BLT) (n = 5). (Courtesy of
Division of Pulmonary Medicine, University of Florida, Gainesville,
FL.)

Q ualit y of Life

Several studies show a dramatic, global improvement in all
measures of quality of life (physical, social, and psychologi-
cal) in most recipients as early as 3 months after transplanta-
tion. These improvements are maintained for the next 12 to
24 months (34–36). However, because OB causes progressive
deterioration of lung function, any newly acquired improve-
ment in the quality of life deteriorates if OB occurs after trans-
plantation (37). Only approximately one third of recipients re-
turn to work after transplantation. Factors that may contribute
to this relatively low re-employment rate include potential re-
luctance to hire employees with complex medical conditions,
potential loss of income or medical benefits as a result of return-
ing to work, and the change of priorities and goals of recipients
after recovering from their previous incapacitating condition
(38).

FIGURE 92.13. Pretransplant chest radiograph in a patient with CF showing bilateral bronchiectasis,
severe left lower lobe necrosis and volume loss with shift of the heart into the left hemithorax; and 3
month post BLT. (Courtesy of Division of Pulmonary Medicine, University of Florida, Gainesville, FL.)
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Exe rcise Cap acit y

Peak exercise performance, as measured by cycle ergometry,
is characteristically reduced in both SLT and BLT recipients
as late as 1 or 2 years after the surgery. These patients have
subnormal peak work rate, peak oxygen consumption, and
early lactate threshold on incremental exercise testing. Max-
imal oxygen consumption is significantly increased after lung
transplantation, but it typically is 40% to 60% of the maximal
predicted value. Interestingly, the limitation to exercise is not
cardiac or ventilatory in nature, and, surprisingly, the maximal
oxygen consumption attained during exercise testing is similar
whether the recipients are of SLT or BLT (39). Reduced mito-
chondrial oxidative capacity and peripheral oxygen use in the
skeletal muscles of lung transplant recipients (40–42) may be
secondary to the deconditioning associated with chronic lung
diseases or cyclosporine-associated impairment in skeletal mus-
cle mitochondrial respiration (43,44).

COMMON COMPLICATIONS AFTER
LUNG TRANSPLANTATION

Primary Graft Dysfunct ion/ Failure

Most allografts have reperfusion lung injury manifesting as
pulmonary edema within the first 24 hours after transplanta-
tion. The injury is mild to moderate, and the edema is tran-
sient in most cases. However, in 5% to 10% of cases, the
lung injury is severe enough to cause acute respiratory dis-
tress syndrome or severe primary graft failure. Primary graft
failure manifests as severe pulmonary edema, severe hypox-
emia, high pulmonary artery pressures, high airway pressures,
fever, and hypotension. It is presumed to reflect ischemia–
reperfusion injury, but hyperacute rejection (caused by pre-
formed antibodies in the recipient) is the cause for the severe
injury in a small subset of patients with this complication (45).
The chest radiograph and clinical scenario are almost identi-
cal in all these etiologic factors, i.e., all have widespread in-
terstitial and alveolar infiltrates in the allograft(s) and severe
hypoxemia. The diagnosis of reperfusion injury is established
by excluding other causes of graft dysfunction: hyperacute or
acute rejection, pneumonia, volume overload, and thrombo-
sis of the pulmonary venous anastomosis. An algorithm for
the workup of reperfusion injury is summarized in the arti-
cle by Zander et al. (29). Inhaled nitric oxide, independent
lung ventilation, and extracorporeal membrane oxygenation
have been attempted with variable success. The mortality rate
reportedly ranges between 40% and 60% in cases of severe
hypoxemia. The clinical course in survivors is protracted, but
some of the survivors are able to ultimately attain normal al-
lograft function. Variables associated with increased mortal-
ity in patients with reperfusion lung injury are age, severity
of gas exchange impairment, and severity of hemodynamic
failure (46).

Airway Comp licat ions

Airway complications requiring intervention occur in 7% to
15% of bronchial anastomosis (47). This reflects both im-

proved surgical techniques that occurred with the advent of
bronchial telescoping and relatively lower steroid doses com-
pared to those used with transplantation in the 1970s and early
1980s. Complete dehiscence of the bronchial anastomosis, very
rare in the present time, is an emergency situation that requires
immediate surgical intervention. Anastomotic stenosis is the
most common airway complication, followed by bronchoma-
lacia.

Most airway complications manifest in the first 100 days af-
ter transplantation. They may present as wheezing, exertional
dyspnea, or decline in FEV1. As the bronchial arteries are not re-
connected at the time of transplantation, the bronchial mucosa
distal to the anastomosis could be affected by bronchial artery
reperfusion injury. This manifests as bronchial mucosal injury
with ischemic mucosal surface. The mucosal injury may heal
with minimal sequelae, thereby resulting in airway stricture, or,
if the bronchial artery ischemia injures the underlying cartilagi-
nous support of the bronchus, it may cause bronchomalacia.
Alternatively, bronchial stenosis may be caused by overgrowth
of the scar tissue at the site of the bronchial anastomosis. Thus,
airway complications may be at the anastomotic site or a few
centimeters distally.

Bronchial mucosal injury has the bronchoscopic appearance
of a pseudomembrane, which is sometimes superinfected with
fungal organisms (Fig. 92.14). Most airway complications are
amenable to correction with stent placement, balloon dilation,
or cautery (Fig. 92.15) (47–49).

Infe ct ions

The rate of infection among lung transplant recipients is two to
three times higher than that for recipients of other solid organs
(50). This is most likely related to the exposure of the allo-
graft to the external environment, impaired mucociliary clear-
ance after transplantation, and the denervation of the allograft,
which can cause poor cough reflex. Ciliary motility, airway sen-
sation, and lymphatic drainage remain abnormal years after
lung transplantation due to bronchial mucosal injury, denerva-
tion, and lymphatic resection, respectively. Infection, the most
common cause of death in the first 12 months after lung trans-
plantation, is also a common cause of death in patients afflicted
with OB (51).

Most recipients will have at least one infection requiring
therapy with an antimicrobial agent during the first 12 months
after transplantation. At SUF, the rate of freedom from at least
one episode of infection is 32% in patients surviving 12 months
(Fig. 92.16). Respiratory tract pathogens are the most com-
mon source of bacterial infections after transplantation. Mi-
crobes from donor lungs cause a significant number of early
episodes of bacterial pneumonia, but the incidence has de-
creased because antibacterial prophylaxis is used at the time
of transplantation. Pseudomonas and the Enterobacteriaceae
cause most bacterial infections after discharge from the trans-
plant hospitalization; infections caused by Staphylococcus and
Haemophilus are also common (52,53). At SUF, the incidence
of bacterial pneumonias after lung transplantation in CF pa-
tients who are colonized with Pseudomonas, sensitive to at least
one antibacterial agent prior to transplantation, is comparable
to that of non-CF patients. In a single-center study, panresistant
Pseudomonas was not associated with increased mortality or
increased risk of pneumonia after lung transplantation; some
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FIGURE 92.14. Bronchial mucosal reperfusion injury and Aspergillus superinfection of right upper lobe
(RUL) orifice and bronchus intermedius before (left photo) and after debridement and suctioning (right
photo). (Courtesy of Division of Pulmonary Medicine, University of Florida, Gainesville, FL.)

centers, however, continue to consider it as a contraindication
to lung transplantation (54). Colonization with Burkholderia
cepacia is associated with a significantly high incidence of in-
fection and mortality (55).

Viral infections are the second most common cause of infec-
tions; cytomegalovirus (CMV) infection is the most common
among the viral causes (56). The incidence of CMV infection
or reactivation has been reported to be 40% to 75% , which
is much higher than for other solid organs. The patients at
highest risk of infection and morbidity are CMV-seronegative
recipients from a seropositive lung donor. The case fatality rate
of CMV infection is reported to be about 5% . Herpes simplex
(HSV) and varicella-zoster (VZ) infections are also quite com-
mon. HSV and VZ are mostly caused by reactivation of a latent

viral infection. Acquired respiratory viral infections are mostly
secondary to respiratory syncytial virus (RSV), influenza, and
parainfluenza viruses. These viral infections may cause cough,
wheezing, or, in extreme cases, acute respiratory distress syn-
drome. Parvovirus has been reported to cause refractory ane-
mia in recipients of solid organ transplants.

The most common cause of fungal infection is Candida
albicans, with Aspergillus a close second. The lung allograft
is a common site of infection; the spectrum of disease ranges
from necrotic bronchitis (Fig. 92.10) to invasive fungal pneu-
monia (57–59). The incidence of Pneumocystis carinii pneu-
monia (PCP), approximately 80% prior to prophylaxis (60),
has decreased to between 5% and 10% since the institution of
long-term prophylaxis.

FIGURE 92.15. Bronchus intermedius showing pseudomembrane formation and severe bronchostenosis
(left photo) prior to stent placement and after 10 mm × 20 mm Ultraflex stent placement (right photo).
(Courtesy of Division of Pulmonary Medicine, University of Florida, Gainesville, FL.)
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FIGURE 92.16. One-year freedom from any infection at the University
of Florida (n = 110). (Courtesy of Division of Pulmonary Medicine,
University of Florida, Gainesville, FL.)

Acut e Re je ct ion

Acute rejection denotes the infiltration of the allograft by lym-
phocytes (Fig. 92.17); severity of the rejection is classified by
pathologic criteria (61). In a study published in 1996, the in-
cidence of acute lung rejection was highest in the first 30 days
after transplantation and plateaued about 3 months after trans-
plantation. A surveillance bronchoscopy program indicated
that only 25% of recipients were free from acute rejection at
3 months (Fig. 92.18) (62). In that study, the recipients had
induction steroid therapy and subsequent triple maintenance
immunosuppression consisting of CyA, prednisone, and AZA.
Antilymphocyte therapy and interleukin-2 (IL-2) receptor an-
tagonists were not part of the induction immunosuppression.
IL-2 receptor antagonists have recently been shown to decrease
the 3-month risk of acute rejection without increasing the risk
for infection, but the incidence of acute rejection approached
the control arm rate—50% to 70% —by 6 months (63). In a re-
cently completed prospective multicenter, open label random-
ized study comparing azathioprine (AZA) to mycophenolate
mofetil (MMF) with CyA and prednisone, there was no differ-
ence in the freedom from acute lung rejection or in the number

FIGURE 92.17. Perivascular cuffing of a blood vessel (detected by
transbronchial biopsy) is diagnostic of acute rejection. (Courtesy of
Division of Pulmonary Medicine, University of Florida, Gainesville,
FL.)
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FIGURE 92.18. One-year freedom from acute lung rejection. (From
Baz MA, Layish DT, Govert JA, et al. Diagnostic yield of bronchos-
copies after isolated lung transplantation. Chest. 1996;110(1):84–88.)

of episodes of acute rejection per 100 patient days at 6 months
(64).

There have been no large prospective randomized studies
showing that tacrolimus is associated with higher freedom from
acute rejection when compared to CyA. A prospective study
compared a triple immunosuppression maintenance therapy
containing CyA to tacrolimus and found that the number of
episodes of acute rejection per 100 patient days was lower in
the tacrolimus group (65). There have also been uncontrolled
studies showing that tacrolimus is as effective as rescue ther-
apy for patients with recurrent acute lung rejection who have
switched from CyA to tacrolimus (66).

Acute rejection may present as decline in airflows, cough,
oxygen desaturation with exercise, or, rarely, as low-grade tem-
perature elevation. The chest radiograph may be clear and un-
changed or may represent a pulmonary edema pattern (Fig.
92.19). While the classic triple maintenance immunosuppres-
sive regimen remains CyA, prednisone, and AZA, acute rejec-
tion episodes are treated with a course of pulse steroids con-
sisting of three daily doses of methylprednisolone, dosed at
15 mg/kg per day, followed by oral prednisone taper and opti-
mization of the CyA and AZA doses. Patients resistant to pulse
steroid therapy are treated with antilymphocyte antibodies—
polyclonal antithymocyte globulin or monoclonal OKT3—and
are often switched from CyA to tacrolimus.

Chronic Re je ct ion (Bronchio lit is
Ob lit e rans)

Chronic lung rejection is used synonymously with bronchioli-
tis obliterans syndrome (BOS). BOS is a progressive and irre-
versible decline in airflow, ultimately resulting in respiratory
failure. The disease has a variable course: some patients ex-
perience a rapid decline in airflow, whereas others experience
either slow progressive decline or intermittent decline in air-
flow punctuated by long periods of stable lung function. BOS
is staged by the magnitude of the loss of lung function (Table
92.6). BO is the histologic equivalent of chronic lung rejection,
and the histologic diagnosis is difficult because transbronchial
biopsy specimens are not sufficiently sensitive for diagnosis.

BO is characterized by initial lymphocytic-mediated cyto-
toxicity directed at the epithelial cells lining the respiratory
bronchioles. The lymphocytes initially infiltrate the submu-
cosa of the airways and migrate through the basement mem-
brane into the epithelial layer. At this site, epithelial cell necro-
sis occurs, resulting in a secondary cascade of inflammatory
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FIGURE 92.19. Steroid-resistant acute rejection. Note the increased perihilar infiltrate 4 weeks post left
lung transplantation. The chest Xray and hypoxemia continued to worsen a few days after therapy with
pulse steroids. Complete reversal was achieved within a few days after initiation of therapy with anti-
lymphocyte antibodies. (Courtesy of Division of Pulmonary Medicine, University of Florida, Gainesville,
FL.)

mediators and cytokines attracting neutrophils, fibroblasts,
and myofibroblasts. This results in formation of granulation
tissue obliterating the bronchiolar lumen, airway obstruction,
and proximal bronchiectasis (Fig. 92.20).

After the exclusion of other factors confounding bron-
choscopy and transbronchial biopsy, the diagnosis is made by
pulmonary function tests. Bronchoscopy is performed to ex-
clude anastomotic complications, infections, acute rejection,
or disease recurrence in the allograft. If the decline in FEV1 is
> 20% compared to the peak FEV1 attained after transplan-
tation, and the bronchoscopy—with transbronchial biopsy—
excludes confounding factors, the clinical scenario is then di-
agnostic of BOS (67). Moreover, if the decline in FEV1 is asso-
ciated with acute rejection on transbronchial biopsy but does
not reverse with augmentation of immunosuppression, it is also
consistent with BOS.

BOS occurs in approximately 50% of recipients 5 years after
transplantation (Fig. 92.21) (68). It is the most common cause
of death in patients surviving > 1 year. The median survival

TA BLE 9 2 . 6

STAGING OF BRONCHIOLITIS OBLITERANS
SYNDROME (BOS)

BOS-p (potential BOS): 10% –19% decline in forced
expiratory volume in 1 s (FEV1) compared with the peak
FEV1

Stage 1: 20% –33% decline in FEV1 compared with the peak
FEV1

Stage 2: 33% –50% decline in FEV1 compared with the peak
FEV1

Stage 3: > 50% decline in FEV1 compared with the peak FEV1

after the diagnosis of BOS approximates 2 years. In most pa-
tients, BOS is characterized by a relentless decline in airflows,
albeit at variable rates in different patients, and ultimately re-
sults in respiratory failure. In SLT recipients, BOS is associated
with a significantly lower survival when it occurs in IPF pa-
tients rather than COPD patients (69). Recurrent episodes of
acute lung rejection are a definite risk factor for BOS; CMV
pneumonitis is a probable risk factor (70,71). In a retrospec-
tive study, mismatching at the HLA-A locus was found to be a
risk factor for BOS (72).

FIGURE 92.20. Open lung biopsy sample showing obliteration of a
bronchiolar lumen with granulation tissue, diagnostic of Obliterative
Bronchiolitis. (Courtesy of Division of Pulmonary Medicine, University
of Florida, Gainesville, FL.)
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FIGURE 92.21. Freedom from obliterative bronchiolitis (OB). (From
Taylor DO, Edwards LB, Boucek MM, et al. Registry of the Interna-
tional Society for Heart and Lung Transplantation: twenty-third official
adult heart transplantation report—2006. J Heart Lung Transplant.
2006;25(8):869–879.)

BOS presents as cough that later becomes productive, fol-
lowed by progressive exertional dyspnea. The chest radiograph
is clear, but in the advanced stages will show bronchiectasis and
interstitial infiltrates. Studies have shown that augmentation of
immunosuppression will not reverse the decline in most cases;
furthermore, it probably places patients at increased risk of
infection, with very little impact on the natural history of the
disease. Retransplantation has been attempted for this compli-
cation but with variable success.

Post t ransp lant Lymp hop rolife rat ive
Dise ase (PTLD)

The reported incidence of PTLD after lung transplantation
varies between 2% and 6% . The presentation and pattern of or-
gan involvement is related to the time of onset. In the first year,
intrathoracic involvement is the most common presentation;
gastrointestinal tract involvement predominates later (73,74).
The incidence of PTLD increases in proportion to the intensity
of immunosuppression, especially when antilymphocyte anti-
bodies are used (75).

Most PTLD falls under the spectrum of non-Hodgkin lym-
phoma, and it is predominantly B-cell lymphocyte in lineage.
Epstein-Barr virus (EBV) reactivation or infection results in the
unchecked proliferation of infected B lymphocytes caused by
the impaired T-lymphocyte response. The EBV-encoded latent
membrane protein 1 (LMP1) oncogene represents the major
pathogenic factor for enabling the virus to cause PTLD (76).
Decreasing the intensity of immunosuppression is the mainstay
of therapy, but it carries the risk of allograft rejection. Antiviral
therapy, anti-CD20 monoclonal antibody therapy, and radia-
tion therapy have all been used but with variable success; an
optimal treatment protocol has, at the time of this writing, not
been determined.

Re curre nce of Nat ive Lung Dise ase s

Sarcoidosis, giant cell pneumonitis, lymphangiomyomatosis,
and diffuse panbronchiolitis have each been documented to
recur in the allograft (77–80). Due to the small number of re-
cipients with these diagnoses, and the relatively short follow-up

time, the recurrence rate and its impact on the allograft func-
tion is not known with certainty. Furthermore, the transplant
community has not developed a bias against transplanting these
diseases.

SUMMARY: LUNG
TRANSPLANTATION

Lung transplantation has become an acceptable therapeutic op-
tion for patients with end-stage lung diseases who have failed
all possible medical and surgical interventions. Patients should
be referred for transplantation when projected 2-year survival
is about 50% and transplantation is expected to increase the
probability of survival. The patient’s perception of an unaccept-
able quality of life associated with the end-stage lung disease is
an important additional consideration, but the life expectancy
must be the overriding impetus for referral. In addition, since
the waiting time is between 12 and 24 months, the patient’s
health must remain stable during this time so that the patient
will be able to endure transplantation as well as the pulmonary
rehabilitation that follows.

The use of relatively stringent criteria is important in iden-
tifying candidates for whom transplantation is likely to be suc-
cessful. It is important to avoid selecting poor candidates sim-
ply because of the desperate nature of their situation. Patients
should be functionally disabled but ambulatory. They should
also be free of clinically significant cardiac, renal, or hepatic im-
pairment. Lung transplantation has been proven to prolong the
2- and 4-year survival in advanced stage IPF and CF patients,
but not in patients with COPD. In COPD patients, we generally
wait until the patient has a projected 2-year survival—with or
without transplantation—before performing transplantation,
with improvement in the quality of life being the most impor-
tant factor to consider as the justification.
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CHAPTER 93 ■ LIVER TRANSPLANT
GIUDITTA ANGELINI r ZOLTAN G. HEVESI r DOUGLAS B. COURSIN

Liver failure or end-stage liver disease (ESLD) is the fourth lead-
ing cause of death in the United States in patients 45 to 54 years
of age and 12th among all age groups (1). Liver transplanta-
tion is the only definitive cure for irreversible liver failure. The
etiology of liver failure is well reviewed elsewhere in this text-
book. The first several liver transplants performed in the 1960s
and 1970s resulted in a 75% mortality within 1 year (2). The
intervention that improved survival dramatically was the clin-
ical introduction of cyclosporine in the late 1970s. Since then,
many innovations have further improved the prognosis after
liver transplantation. Depending on the degree of liver failure,
survival is now 73% to 81% at 1 year (3). Several develop-
ments have occurred during the intervening time period due to
an improved understanding of the physiology of liver failure
and management during the perioperative period. Currently in
the United States, there are 127 liver transplant centers (4) and
about 17,000 patients on the liver transplant waiting list (5). It
is important for intensive care unit physicians to understand the
process of liver transplantation including preoperative assess-
ment, intraoperative management, and postoperative priorities
to optimize their ability to positively affect the outcome of these
often complex patients.

KEY POINTS

1. The model for end-stage liver disease (MELD) is a system
recently developed and extensively studied to accurately pre-
dict short- and intermediate-term mortality. It is based on
the parameters of bilirubin, international standardized ra-
tio, and creatinine. It is the new method on which allocation
of transplant organs is based.

2. Patients with liver failure can have alterations in their car-
diovascular, pulmonary, and renal physiology that can im-
pact their prognosis after liver transplantation.

3. Blood product use during the management of the liver trans-
plant patient should be judicious despite significant coagu-
lation defects. This will also help to avoid hypervolemia, as
both of these can significantly impact prognosis after liver
transplantation.

4. Patients undergoing liver transplantation need constant
surveillance of their fluid and electrolyte status to avoid com-
plications.

5. Although most patients will experience a mild increase in
aminotransferases after transplantation, there are several
complications that can significantly increase the degree or
duration of this rise and require evaluation.

PRESURGICAL PROCESS
The appropriate assignment and prioritization of scarce re-
sources such as solid organs remains a challenge with organi-
zations such as the United Network of Organ Sharing (UNOS),
which strives to achieve optimal and fair distribution for trans-
plantation. Since 2001, the MELD scoring system has been the
accepted method of prioritizing liver allocation for an individ-
ual patient (6). It is calculated as shown in Table 93.1 using
logarithmic numbers of the following serum indices: biliru-
bin, international standardized ratio (INR) for prothrombin
time, and creatinine. Any patient who is on dialysis receives
an automatic 4 mg/dL for his or her creatinine score. The only
exception to the MELD scoring system for listing transplant
candidates are status 1 patients who have acute fulminant liver
failure (6). Initial research on the MELD score included a fourth
number reflecting the cause of liver failure, which is no longer
used. However, it is replaced by adding 0.643 for all patients
to make the literature comparable despite the change. A calcu-
lator for the MELD score can be found at the UNOS Web site
(www.unos.org/resources/meldPeldCalculator.asp).

The MELD score has been shown to be a better predic-
tor of short- and intermediate-term morbidity and mortality
among patients with liver failure than the previously used
Child-Pugh Score (7,8) as well as other less well known scor-
ing systems. In addition, once the score rises above 21, it also
outperforms composite indicators such as persistent ascites or
encephalopathy. There is a subset of patients at higher risk for
mortality than calculated by the MELD score; the increased
mortality is based on persistent ascites and hyponatremia, fac-
tors likely related to the potential for developing renal failure
(9).

Patients with hepatocellular cancer (HCC) can have an ex-
cellent prognosis if liver transplantation occurs early, but their
disease progression is not well represented by MELD. There-
fore, the HCC patients are assigned a MELD score based on
their stage according to the Milan criteria, which evaluate the
number and size of liver tumors present on a CT scan or MRI.
This “MELD exception” score attempts to predict the chance
of progression to inoperability within 90 days. Periodically, the
system is adjusted to make the allocation fair for all patients
with ESLD as well as HCC. UNOScontinuously monitors wait-
ing list dropout and reviews patient scores to maintain impar-
tiality (10). Other patients may be considered on a case-by-case
basis for exception as published by the MELD exception study
group (11). Potential candidates include those suffering from
hepatopulmonary syndrome, primary hyperoxaluria, familial
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TA BLE 9 3 . 1

MODEL FOR END-STAGE LIVER DISEASE

0.378 × loge (bilirubin) [mg/dL]
+

1.120 × loge (INR)
+

0.957 × loge (creatinine) [mg/dL]
+

0.643
Add the above 4 numbers and multiply by 10.

Round to the nearest integer.

INR, international normalized ratio.
From United Network for Organ Sharing. MELD/PELD calculator
documentation. www.unos.org/resources, with permission. Accessed
October 12, 2007.

amyloid polyneuropathy, cystic fibrosis, and small-for-size syn-
drome.

Card iovascular Issue s

The cardiac physiology of liver failure is characterized as a hy-
perdynamic profile with a high cardiac output. If there is any
degree of dysfunction, it has been assumed in the past that the
patient suffered from alcohol chronic toxicity, which is respon-
sible for 30% of dilated cardiomyopathies (12). However, it is
becoming evident that a significant amount of systolic dysfunc-
tion and even more diastolic dysfunction is present in patients
with ESLD of all causes including nonalcoholic (13). In addi-
tion, the potential for coronary artery disease has been under-
appreciated previously in the potential liver transplant patient.
Current studies suggest that the prevalence of coronary artery
disease in patients with ESLD is at least as common and prob-
ably more so than in the general population. Patients may also
be less symptomatic despite moderate to severe coronary heart
disease (14). At least 50% of patients with coronary artery
disease will suffer significant morbidity and mortality while
undergoing a liver transplantation (1).

Patients with liver failure demonstrate blunted cardiac re-
sponse to stimuli such as hemorrhage, hypovolemia, and ad-
ministration of inotropic drugs (15). In ESLD patients, there
are several elevated levels of circulating vasodilators such
as nitric oxide, tumor necrosis factor-alpha (TNF-α), and
prostaglandins, so patients are often autotreated for cardiac
failure by their evolving pathophysiology (13). However, when
challenged with a dramatic increase in preload from shunted
mesenteric venous blood, as occurs in the transjugular intra-
hepatic portosystemic shunt (TIPS) procedure, cirrhotic pa-
tients have a 12% risk of heart failure (16). The risk of mor-
tality secondary to heart failure from liver transplantation is at
least 7% (17).

The prevalence of cirrhotic cardiomyopathy is difficult to
assess since no firm diagnostic criteria exist, and its presence
only becomes evident under stress. The prognosis correlates
with the degree of liver failure and does improve over time af-
ter transplantation. The presence of cirrhotic cardiomyopathy
can potentiate the occurrence of hepatorenal syndrome (13).
β -Adrenergic receptor desensitization occurs so the normal in-

otropic and chronotropic responses to isoproterenol and dobu-
tamine are attenuated (18,19).

The high pressure present in the hepatic sinusoids and hy-
poalbuminemia associated with ESLD increases Starling forces
in the direction to translocate fluid to the abdominal cavity,
which results in total body volume overload secondary to re-
sultant ascites but with intravascular depletion (20). Adding
the vasodilatory state associated with liver failure results in
decreased end organ perfusion and predisposes to complica-
tions such as the hepatorenal syndrome discussed below. Ev-
ery attempt to maintain intravascular repletion and euvolemia
should be exercised. At least part of fluid resuscitation in ESLD
patients should include albumin, as it has been shown to im-
prove patient survival after the onset of ascites in long-term
management of liver failure (21).

Pulmonary Disord e rs in Live r Failure

There are several reasons for pulmonary disease to develop
in patients with liver failure. Some are related to the cause of
liver failure such as emphysema with alpha-1 antitrypsin defi-
ciency and fibrosing alveolitis associated with primary biliary
cirrhosis. Additionally, complications of portal hypertension
can affect lung function due to overwhelming ascites, which
can decrease functional residual capacity and cause hepatic
hydrothorax. However, the pulmonary issues that receive the
most attention include the vascular abnormalities of hepatopul-
monary syndrome and portopulmonary hypertension (22).

Approximately 40% of cirrhotic patients have hepatopul-
monary syndrome, with approximately 8% to 15% devel-
oping impaired oxygenation. Essentially, the patient develops
pulmonary arteriovenous dilations due to the increased pres-
ence of vasodilators. The gold standard in diagnosis is a con-
trast echocardiogram demonstrating intrapulmonary shunting.
There is no effective treatment for this disease, but transplan-
tation results in an 85% resolution or significant improvement
(22). The duration of time until that improvement occurs can
be quite variable, anywhere between a few days to 14 months
postoperatively. Unfortunately, there are no good indicators to
predict reversibility (23). Baseline room air arterial oxygena-
tion of ≤ 50 mm Hg has been shown to worsen survival despite
liver transplantation (24).

Conversely, portopulmonary hypertension is essentially pul-
monary hypertension, which occurs in 2% to 5% of cirrhotic
patients (25). It does not correlate with the degree of portal hy-
pertension or liver failure. Using a cutoff of 40 mm Hg for right
ventricular systolic pressure, the sensitivity of echocardiogram
is 80% and the specificity is 96% (26).

The treatment of portopulmonary hypertension is not at all
the same as for other types of pulmonary artery hypertension
(PAH). At the present time, diuretics and epoprostenol have
been the best studied and the most likely to provide benefit.
Recommended therapies for PAH such as anticoagulation, cal-
cium channel blockers, beta blockers, and endothelin receptor
antagonists can have adverse effects either on the prognosis
of portopulmonary hypertension or on liver failure in general.
TIPS is contraindicated in this setting. Sildenafil may have some
benefit, but it does increase the production of endogenous nitric
oxide and can further exacerbate systemic hypotension (25).

When the mean pulmonary artery pressure is > 50 mm Hg,
liver transplantation is contraindicated, as the mortality has
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been documented to be 100% (27). It is considered a con-
traindication due to the fact that transplantation will decrease
the amount of circulating prostaglandins and result in wors-
ening of the disease. Below a mean pulmonary artery pressure
of 35 mm Hg, proceeding with liver transplantation can occur
without delay. Between 35 and 50 mm Hg, optimizing the pa-
tient’s status with diuretics and epoprostenol is indicated prior
to liver transplantation (25).

He p at ore nal Synd rome

Hepatorenal syndrome (HRS) is a functional type of renal im-
pairment that occurs in 11.4% of patients with liver failure
within 5 years of the first episode of significant ascites (28).
There are two types, which are both potentially reversible with
liver transplantation. HRS 1 is rapidly progressive, with a dou-
bling of initial creatinine to above 2.5 mg/dL or 50% reduction
of creatinine clearance to less than 20 mL/minute, which oc-
curs in less than 2 weeks. The mortality rate is nearly 100%
within 10 weeks of development. HRS 2 is associated with
a more moderate, steady decline in renal function (29). The
1-year probability of survival is 38.5% with HRS 2, but the
mean survival of HRS 1 is only 7 ± 2 days (28). A more com-
plete discussion of this topic is found in the chapter on liver
failure. Therefore, the focus here will be regarding the goals of
therapy during liver transplantation in patients with HRS.

The most successful management to prevent further injury
during surgery is to alter the physiology that led to the develop-
ment of HRS. The effect of peripheral and splanchnic vasodi-
lation from cytokines and nitric oxide, as well as the intrarenal
vasoconstriction that occurs in response to intravascular deple-
tion are both aspects of liver failure that combine to produce
this syndrome (29). Obviously, euvolemia is a primary goal,
and in most studies looking at prevention and improvement of
HRS, albumin is used as an adjuvant therapy.

Vasopressin analogues administered with albumin to pa-
tients with both types of HRS have been shown to improve
glomerular filtration rate and creatinine levels (29). Pretrans-
plant normalization of kidney function with terlipressin has
been shown to provide similar outcomes after liver transplanta-
tion similar to patients with normal renal function (30). There
is also a survival advantage while waiting for transplantation
if terlipressin is administered, but only if the transplant oc-
curs within 3 months. The major risk associated with vaso-
pressin analogues is the potential for ischemia, which has been
shown to be clinically significant with only ornipressin. Terli-
pressin is not currently available in the United States, however
(29).

The combination of octreotide and midodrine has been
shown to have some beneficial effects on renal function and
mortality in HRS; however, patients treated with vasopressin
had improved survival rates and were more likely to receive a
liver transplant (31). There is no literature that has investigated
the combined effects of all three agents. In a very small study,
norepinephrine had comparable efficacy to vasopressin with-
out any adverse side effects (32). In patients with liver failure
who develop hypotension, norepinephrine and vasopressin are
agents that should be considered first line with less concern re-
garding renal side effects. Patients who do not respond to the
above therapies will likely require some form of renal replace-
ment therapy. Continuous venovenous hemodialysis (CVVHD)

is the treatment of choice since it causes less hypotension, with
a decreased potential to create ongoing injury compared to
hemodialysis performed 3 times a week. However, once a pa-
tient has received any type of dialysis for HRS lasting longer
than 12 weeks, there is a risk that renal dysfunction will either
continue after transplantation or will recur within a few years.
For patients who develop renal failure within 13 years of their
liver transplant, survival is only 28% compared to 55% for
those who do not; yet, it is not clear which patients will def-
initely develop ongoing renal compromise. Therefore, the se-
lection of which patients will receive a combined liver/kidney
transplant remains in evolution (33).

Fulminant He p at ic Failure

The abrupt onset of liver failure within 8 weeks in a previously
healthy patient has been the traditional definition of fulminant
failure, but modern discussion centers on potentially decreasing
the time period to 2 weeks to correlate with the prognosis.
There are several potential causes, but acetaminophen is by
far the most common. The mortality rate is 80% without liver
transplantation (34).

Table 93.2 summarizes the King’s College criteria for liver
transplantation (35). The MELD score has a higher sensitiv-
ity and negative predictive value, but a very high false-positive
rate so it may be better to use it in conjunction with King’s
College criteria to avoid transplantation in patients who may
recover spontaneously (36). One of the main components of
both scores is the prothrombin time and/or INR. Therefore,
it is imperative to give blood products only if bleeding occurs
or a procedure is planned. Infection occurs in 80% of patients

TA BLE 9 3 . 2

KING’S COLLEGE CRITERIA FOR LIVER
TRANSPLANTATION IN FULMINANT HEPATIC
FAILURE

ACETOMINOPHEN
■ pH < 7.3 (irrespective of encephalopathy)

O r all three of the following:
■ Grade III or IV encephalopathy
■ PT > 100 sec or INR > 6.5
■ Serum creatinine > 3.4 mg/dL

ALL OTHER CAUSES
■ PT > 100 s or INR > 6.5 (irrespective of encephalopathy)

O r any three of the following:
■ Age < 10 or > 40 years
■ Cause: non–A, non–B hepatitis; halothane; idiosyncratic

drug reaction; Wilson disease
■ Length of time from jaundice to encephalopathy > 7

days
■ PT > 50 seconds or INR > 3.5
■ Serum bilirubin > 17.5 mg/dL

PT, prothrombin time; INR, international normalized ratio.
From O’Grady JG, Alexander GJ, Hayllar KM, et al. Early indications
of prognosis in fulminant hepatic failure. Gastroenterology.
1989;97:439–445, with permission.
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TA BLE 9 3 . 3

HEPATIC ENCEPHALOPATHY IN FULMINANT
HEPATIC FAILURE

Stage Mental status EEG

I Confusion, slow mentation and affect,
slurred speech, disordered sleep

Normal

II Accentuation of stage I, drowsy,
inappropriate, loss of sphincter
control

Slowing

III Marked confusion, sleeps mostly but
arousable, incoherent

Abnormal

IV Not arousable; may or may not
respond to painful stimuli

Abnormal

EEG, electroencephalograph.
From Sass DA, Shakil AO. Fulminant hepatic failure. Liver
Transplant. 2005;11(6):594–605, with permission.

with fulminant hepatic failure (FHF), and thus a high index
of suspicion and regular surveillance are important. Some cen-
ters use prophylactic antibiotics, but this increases the risk of
fungal infections, which occur in 30% of patients with FHF.
Hemodynamically, FHF is associated with a high cardiac out-
put and vasodilation similar to sepsis, making infection difficult
to discern. Optimizing intravascular volume is the main goal in
management, but vasopressors may be necessary. Fluid man-
agement may be complicated by renal failure since this occurs
in 40% to 50% of patients (34).

Encephalopathy inversely correlates with prognosis. Table
93.3 summarizes the four stages of encephalopathy that are
seen in FHF (34). Cerebral edema occurs in most cases that
progress to stage 4. Typical symptoms of cerebral edema are
the Cushing reflex, decerebrate rigidity, dysconjugate eye move-
ments, and a loss of pupillary reflexes. Intracranial pressure
(ICP) monitoring should be considered if the patient develops
stage 3 or 4 encephalopathy due to the development of in-
creased ICP in the setting of systemic hypotension (34). Cere-
bral perfusion pressure (CPP) of > 60 mm Hg is necessary to
maintain intact neurologic function. Liver transplantation in
the setting of CPP < 40 mm Hg for 2 hours or more is con-
traindicated (37). Concern for intracranial bleeding associated
with the placement of an ICP monitor has precluded use in
most liver transplant centers. Recently, factor VIIa has been
shown to be effective in transiently correcting coagulopathy to
allow for safer placement of this monitor (38). Patients with
elevated ICP are candidates for mannitol, mild hyperventila-
tion, and barbiturate or propofol infusions while maintaining
systemic blood pressure in an attempt to optimize CPP.

ANESTHETIC AND
SURGICAL ISSUES

Ane st he t ic Drug s

Increasingly, numerous transplant centers demonstrate success-
ful extubation at the end of surgery in over 50% of patients
(39). Therefore, careful dosing of anesthetic drugs is warranted
to ensure the possibility that patients are awake enough to extu-

bate. Low doses of midazolam based on previous history of ex-
posure to benzodiazepines and alcohol and less than 20 µ g/kg
of fentanyl will facilitate avoidance of postoperative mechan-
ical ventilation in suitable patients who are able to maintain
oxygenation and normocarbia. Maximizing the use of inhaled
agents will decrease the need for other sedative agents. Isoflu-
rane is probably the volatile anesthetic of choice to preserve
splanchnic flow, as it produces vasodilator effects on the hep-
atic circulation (1). Cisatracurium is the muscle relaxant of
choice since it is degraded by serum esterases. Some reports
suggest that a recovery time of more than 150 minutes from
rocuronium is predictive of primary graft dysfunction (40).

Blood Prod uct Use

Patients with liver failure have a decrease in all factors except
von Willebrand. Platelets are also reduced secondary to hy-
persplenism, bone marrow suppression, and decreased throm-
bopoietin production in ESLD (41). Attempts to correct co-
agulation defects in patients undergoing liver transplantation
result in a hypervolemic state, which can lead to an increase
in blood transfusion. Restricting the transfusion of products to
situations in which clinical bleeding requires control or to treat
severe anemia can lead to fewer or no red blood cell transfu-
sions during liver transplantation. This has been shown to im-
prove 1-year survival after transplantation (42). Table 93.4 is
a transfusion algorithm based on the thromboelastogram and
has been applied successfully in cardiac surgical patients to de-
crease transfusion (43). Some minor changes make it amenable
to liver transplantation patients. Thromboelastography is used
because most serum component markers of coagulation do not
reflect the intricate dynamics of whole blood clotting to guide
transfusion.

Aprotinin use in liver transplantation has been shown to
decrease red blood cell transfusion in several randomized trials
(44,45). During the anhepatic phase of surgery, the suprahep-
atic and infrahepatic vena cava may be cross-clamped. This
is a stage during which there is rapid increase in tissue-type
plasminogen activator in the absence of α-2-antiplasmin and
plasminogen activator inhibitor. Therefore, plasmin activity in-
creases, and fibrinolysis can ensue (46). Aprotinin acts to in-
hibit plasmin. The concern regarding the use of aprotinin on

TA BLE 9 3 . 4

A THROMBOELASTOGRAM-BASED ALGORITHM IN
LIVER TRANSPLANTATION

Platelet administration if platelet count is less than 50,000
or MA is less than 45 mm

Fresh frozen plasma administration if heparinase R time is
more than 20 mm

Cryoprecipitate if fibrinogen is less than 100 mg/dL
Protamine if heparinase R time is less than one half

nonheparinase R time
Antifibrinolytic therapy if LY 30 is more than 7.5%

R, recombinant.
From Shore-Lesserson L, Manspeizer HE, DePerio M, et al.
Thromboelastography-guided transfusion algorithm reduces
transfusions in complex cardiac surgery. Anesth Analg.
1999;88(2):312–319, with permission.
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a prophylactic basis is due to scattered case reports of throm-
botic episodes such as clots on pulmonary artery catheters and
an increased rate of vein graft occlusions in cardiac surgery
(47).

Stagnation of blood flow can lead to clot formation in the
vena cava. On reperfusion of the transplanted liver, echocardio-
graphic evidence of embolization has been documented, even
in the absence of aprotinin (48). Nonetheless, it is concerning
that there are several case reports of massive pulmonary em-
bolism and death during liver transplantation when aprotinin
was used (49,50). Given the crude understanding of coagula-
tion in the presence of liver disease, potential aprotinin admin-
istration should be reserved for documented fibrinolysis during
the reperfusion stage. The lowest effective dose documented in
the literature is 500,000 kallikrein inactivation units (KIU) as
a bolus, with 150,000 KIU/hour, with equal efficacy to higher
doses in limiting the number of blood products transfused (51).
If pulmonary embolism occurs, supportive care and thrombol-
ysis may lead to better outcomes compared to embolectomy
(50).

The benefit of aprotinin outside of blood conservation in-
cludes potential anti-inflammatory activity. Aprotinin has been
shown to decrease some of the cytokines that inappropriately
vasodilate patients with ESLD such as TNF and nitric ox-
ide (52). This can produce less cardiovascular instability and
vasopressor use, and result in improved graft function (46).
However, there are several adverse effects with increasing doc-
umentation in the cardiac surgery literature. Recent evidence
suggests a dose-dependent increase in death, renal failure, and
cardiovascular events when aprotinin was used. This informa-
tion makes routine or even occasional use of aprotinin ques-
tionable for reasons other than thromboembolic complications
(53).

Aminocaproic acid and tranexamic acid have both been
used in liver transplantation but are less studied than apro-
tinin. There are fewer randomized controlled trials to con-
firm efficacy. Furthermore, neither agent has the benefit of the
anti-inflammatory activity, which is seen with aprotinin. These
agents exert their effect by inhibiting the conversion of plas-
minogen into plasmin (46). In studies with aminocaproic acid,
fatal thromboembolism has occurred if the standard dose in
cardiac surgery is given with a 5-g bolus and then 1 g per
hour. However, it has been safely used without reports of many
thromboembolic complications if administered in lower doses,
ranging from 0.25 to 1 g as a bolus only. Success was variable in
controlling significant bleeding (46). Studies with tranexamic
acid have shown a dose-related effect. Low dose (2mg/kg/hour)
has minimal effect on transfusion requirements, but high dose
(10–40 mg/kg/hour) has been shown to significantly reduce in-
traoperative bleeding. An optimal dose has not been established
(46). Tranexamic acid has not been associated with throm-
boembolic phenomena, but it is much less frequently used than
either aprotinin or Amicar to treat fibrinolysis during liver
transplantation.

Factor VIIa is a novel way to increase the thrombin burst
and acutely improve coagulation on a short-term basis sec-
ondary to rapid factor consumption. Theoretically, it requires
an activated platelet so coagulation occurs at the site of bleed-
ing and not systemically (54). It has been studied in cirrhotic
patients in trials for gastrointestinal bleeding and liver trans-
plantation (55–57). Neither showed any difference in the de-
gree of bleeding or required transfusions. However, cirrhotic

patients are likely to be factor VII deficient. There has been no
dose-ranging study to look at efficacy related to the degree of
serum levels achieved.

Fluid s and Ele ct ro lyt e s

Along the lines of avoiding hypervolemia, minimizing fluid use
is the goal during liver transplantation. There is no particular
type of fluid that conclusively shows benefit. ESLD patients
have a decreased ability to metabolize lactate and are prone
to lactic acidosis, especially during the required interruption
of blood flow for performing the vascular anastomosis of the
liver transplant (58). The exclusive use of lactate-containing
solution is likely unwise. In addition, patients may require a
small amount of bicarbonate administration to offset ongoing
acid production, with attention to the fact that large amounts
will result in metabolic alkalosis after surgery (58). Placing 150
mEq of sodium bicarbonate in 1 L of D5W achieves an isotonic
fluid with a modest degree of bicarbonate. Using this fluid dur-
ing the anhepatic phase of surgery may have the added benefit
of aiding renal preservation. ESLD patients experience renal
vasoconstriction that may be similar pathophysiologically to
what occurs with intravenous dye administration (59).

Hyponatremia at ≤ 127 mEq/L occurs in 3.5% of liver trans-
plant candidates. A change in serum sodium approaching 20
mEq/L is much more likely to produce central pontine myeli-
nolysis (CPM) than a change closer to 7 mEq/L (60). CPM
is a source of mortality after liver transplantation (61). Nor-
mal saline solutions are actually somewhat hypernatremic and
hyperchloremic to serum, and excessive use will lead to hyper-
chloremic acidosis. Albumin administration has shown benefit
during paracentesis and in the long-term management of pa-
tients with ESLD. However, there is no conclusive evidence for
risks or benefits during liver transplantation, and it is a source
of sodium as well. Although a transfusion algorithm will min-
imize administration, fresh frozen plasma may be required in
some amount and also presents a salt load. Potentially, a mix-
ture of crystalloid and colloid provides the best approach.

Attempting to maintain euvolemia in patients who are
total body-volume overloaded leads into a discussion of di-
uretic administration. Intravascular volume depletion chroni-
cally present in ESLD complicates the use of furosemide unless
there has been significant volume overload requiring removal
such as a stable patient who required several different blood
products to control bleeding. However, mannitol has many
characteristics that make it advantageous to use during liver
transplantation. Patients with ESLD may have edema of the
abdominal organs due to congestion of blood flow through the
fibrosed liver and the hypoalbuminemic state. The osmotic ac-
tivity of mannitol can aid in removing free water within these
organs, particularly in the setting of hepatorenal syndrome,
and thus prevent hepatic distention once the transplanted liver
is reperfused. It may also provide some renal protection dur-
ing hypoperfusion of the anhepatic stage while simultaneously
increasing portal blood flow. Finally, the patient benefits from
the potential of mannitol to provide free radical scavenging
(62). Optimal dosing of mannitol is 0.5 to 1 g/kg just prior to
cross-clamping or while anhepatic.

In addition to acid-base homeostasis, there are a number
of other electrolyte issues of concern during liver transplanta-
tion. Due to the presence of cirrhosis-induced insulin resistance,
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the increase in stress hormones during surgery, and the use of
steroid and glucose-containing solutions, patients may become
quite hyperglycemic even if there are no glucose control is-
sues prior to surgery (58). Since these patients are going to the
intensive care unit, they may benefit from some degree of con-
trol with an insulin infusion, with the goal of maintaining the
blood sugar > 80 mg/dL and < 150 mg/dL. With the use of di-
uretics and the presence of malnutrition, magnesium deficiency
is also common in liver failure (58). This places the patient at
risk for arrhythmias, which can be resistant to treatment with-
out magnesium replacement (63). In addition, in some patients
a hypocoagulable tracing on a thromboelastogram (TEG) has
been shown to normalize solely from magnesium supplementa-
tion (64). Patients can be hyperkalemic or hypokalemic prior
to liver transplantation also based on the degree of diuretic
use; hyperkalemia can be exacerbated during surgery, especially
since spironolactone has such a long half-life. Transfused blood
products are a source of additional potassium during surgery.
Depending on the type of preservation solution, revasculariza-
tion can be a time of excessive hyperkalemia, which can re-
sult in cardiac arrest (65). This concern is increased with livers
obtained through donation after cardiac death, with resultant
warm ischemia and increased cell death.

Patients with significant renal dysfunction and/or those un-
dergoing dialysis at the time of transplantation will most likely
require CVVHD during liver transplantation. Although this is
helpful to manage electrolyte abnormalities, it is not quick.
This is particularly the case with metabolic acidosis in which
patients often require the addition of a dilute bicarbonate in-
fusion, which may be faster and safer (66). However, CVVHD
can be used to both remove and administer fluid expeditiously.
A heating system should be used during CVVHD since serum
is exchanged at about the rate of 22 to 30 L in 24 hours, and
patients can become hypothermic, which can exacerbate base-
line coagulopathy. To prevent the system from developing clots,
citrate is often used, as opposed to heparin, in patients with sig-

nificant coagulopathy. Between this condition and the amount
of citrate that may be administered from blood products, cal-
cium supplementation is often required (58).

Surg ical Consid e rat ions

In the past, venovenous bypass was required for the anhepatic
phase of liver transplantation due to the patient’s inability to
tolerate complete occlusion of the portal vein and inferior vena
cava. However, this intervention is not without the potential
for complications such as nerve damage and lymphatic disrup-
tion, as well as fatal pulmonary embolus (2). The piggyback
technique (Fig. 93.1), in which outflow of the donor liver is
anastomosed to a vessel formed from combined hepatic veins,
results in a shorter anhepatic phase and avoidance of com-
pletely cross-clamping the inferior vena cava. The advantages
in addition to avoiding venovenous bypass include less bleed-
ing, protection of renal venous outflow, less adrenal injury, and
potentially more hemodynamic stability (2).

Card iop ulmonary Manag e me nt

Intraoperative transesophageal echocardiography (TEE) has
increasingly been used as part of an anesthetic in situations
that traditionally have been managed with a pulmonary artery
catheter. There are no randomized controlled trials demon-
strating the efficacy of this technology in liver transplantation.
However, it would seem helpful at the time of reperfusion given
that cardiac output alone is not as reliable in patients with liver
failure and the potential presence of cirrhotic cardiomyopathy.
It would also document evidence of thromboembolism during
that stage of the surgery. The obvious concern about the use
of TEE is the risk of bleeding from varices. No case reports
have documented this as an actual risk, and there are some
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FIGURE 93.1. Piggyback technique. (From Eghtesad
B, Kadry Z, Fung J. Technical considerations in liver
transplantation: what a hepatologist needs to know
(and every surgeon should practice). Liver Transpl.
2005;11[8]:861–871, with permission.)
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centers that use TEE on a regular basis. Theoretically, varices
may deflate after celiotomy, with resultant decrease in abdom-
inal pressure. It would seem prudent to evaluate the use of the
technology on a case-by-case basis and maybe restrict its use
to an unstable patient (67).

Minimizing intrathoracic pressure will be helpful to im-
prove hepatic outflow. Setting lower tidal volumes (6–8 mL/kg)
and avoidance of positive end-expiratory pressure may con-
tribute to maintaining euvolemia in minimizing preload, and
therefore decrease the risk for bleeding. Nitric oxide has been
shown to improve oxygenation and decrease severe intraoper-
ative pulmonary hypertension (68) as a bridge to more defini-
tive treatment. However, the most commonly used medica-
tion for intraoperative therapy of pulmonary hypertension is
epoprostenol.

Patients frequently require the use of vasopressor agents. As
already discussed above, vasopressin and norepinephrine are
considered the best choices due to their potential to improve
intra-abdominal vascular stability and enhance renal perfusion
without inducing mesenteric ischemia. Since the phenomenon
of cirrhotic cardiomyopathy is difficult to demonstrate, there
are no studies on the beneficial effects of dobutamine or milri-
none.

POSTTRANSPLANT
COMPLICATIONS

The postoperative goals in a liver transplant recipient are simi-
lar to intraoperative priorities. Therefore, this section will dis-
cuss unique and specific postoperative entities. Infections in the
immunodepressed posttransplant period are thoroughly dis-
cussed in other sections of the textbook.

Primary Nonfunct ion

Ischemia reperfusion injury of the transplanted organ can re-
sult in some degree of graft dysfunction, which can be com-
pensated by the significant regenerative capacity of the liver.
However, some patients may develop primary graft nonfunc-
tion, with a reported incidence of 7% (69). There is no clear
definition or uniform diagnostic criteria for this diagnosis, but
generally it includes patients who die or require retransplanta-
tion within 1 week without a definite technical or immunologic
cause. Patients appear to rapidly go back into hepatic failure
with high levels of aminotransferases, prolonged prothrom-
bin time, hepatic encephalopathy, hypoglycemia, and lactic
acidosis (70).

Reactive oxygen intermediates and issues in organ preserva-
tion represent targets to potentially modulate primary nonfunc-
tion, but there are currently no definitive preventative strategies
or treatments. Donor age older than 50 years and macrovesic-
ular steatosis of > 60% are possible risk factors, but these have
not been shown to be consistently so (70).

Vascular Occlusion

Studies concerning the incidence of portal vein thrombosis
(PVT) at the time of liver transplant show that it occurs in
about 12% of patients. The presence of a pre-existing throm-

bosis makes surgery more challenging and increases the risk of
rethrombosis after transplantation, but it has not been shown
to alter mortality (71). The incidence of PVT presenting after
transplantation is less than 1% . In addition to a prior history
of PVT, the risk factors include a hypercoagulable state, peri-
operative hypotension, and allograft cirrhosis. Acutely, it can
lead to hepatic failure, but chronically there is a more insidi-
ous presentation involving portal hypertension with ascites and
varices (70). Hepatic vein thrombosis is very unusual except in
patients who have undergone transplantation for Budd-Chiari
syndrome with subtherapeutic anticoagulation, and it typically
takes months to years to develop (70).

The most common vascular complication is hepatic artery
thrombosis (HAT), which occurs somewhere between 3% and
9% (72). In addition, mortality is common without retrans-
plantation, with an incidence of about 30% (70). If HAT is
tolerated by the liver surviving solely on portal flow, then com-
plications occur usually after 1 month with the development
of bile duct strictures since virtually all biliary perfusion comes
from the hepatic artery. For patients who cannot be supported
solely on portal flow, their presentation is much more acute
with severe graft dysfunction or primary nonfunction (70).

Risk factors for HAT include small caliber or complex arte-
rial structure of both the donor and recipient. Increased donor
age and a recipient/donor ratio greater than 1.25 can put the
recipient at risk for HAT. Medical issues that may predispose
to HAT include cytomegalovirus infection, rejection, tobacco
use, and hypercoagulable states. Urgent revascularization can
be attempted for early presentation of HAT-associated graft
dysfunction (70). This can be accomplished angiographically
or surgically. However, about 50% of patients in this scenario
will require retransplantation. Patients who do receive some
type of intravascular therapy have difficulty maintaining long-
term hepatic artery patency (72).

Re je ct ion

Not only is rejection less common in liver transplantation than
in other solid organ transplants, but less rejection occurs in the
latter group when performed in the setting of a concurrent or
previous liver transplant (73). In addition, rejection that occurs
early after the liver is transplanted does not necessarily affect
overall graft survival (74). This effect is not due to antigenic
indifference, but instead to an active immune system process
in which there are several theoretical causes. Microchimerism
is one such hypothesis where donor hematopoietic cells persist
in the recipient, producing tolerance through a balance of graft
versus host and host versus graft reactions (73).

Nonetheless, transplantation tolerance is not attainable
consistently. It has been shown that patients can be weaned off
corticosteroid immune suppression 3 to 4 months after trans-
plantation, but complete cessation of immune suppression is
associated with about a 30% incidence of rejection (74). The
commonly used immune suppressives in liver transplantation
with their side effects are listed in Table 93.5 (75). Side ef-
fects can result in the alteration of which medications are used,
and the development of a lymphoproliferative disorder can be
grounds for complete cessation of therapy (73).

Acute rejection occurs within the first 5 to 15 days af-
ter transplantation. It is manifested by fever, graft enlarge-
ment, tenderness, leukocytosis with increased eosinophils, and
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TA BLE 9 3 . 5

IMMUNE SUPPRESSIVE MEDICATION IN LIVER TRANSPLANT

Medication Side effects

Steroids Acne, obesity, hypertension, bone loss, hyperglycemia, bone
disease, cataracts, adrenal suppression, muscle wasting

Calcineurin inhibitor
(cyclosporine, tacrolimus)

Neurotoxicity, nephrotoxicity, hypertension, hyperglycemia,
lipid abnormalities

Mycophenolate Nausea, diarrhea, leucopenia, thrombocytopenia, anemia
Azathioprine Gastrointestinal ulceration, myelosuppression
MTOR inhibitor (sirolimus,

everolimus)
Increased cholesterol and triglycerides, proteinuria,

potentially nephrotoxica

Murine monoclonal antibody
(OKT3)

Fever, rigor, headache, dyspnea, nausea, diarrhea, flash
pulmonary edema

Rabbit polyclonal antibody
(Thymoglobulin)

Similar to OKT3, leukopenia, thrombocytopenia, serum
sickness

Anti-interleukin-2 receptor
(basiliximab)

Minimal to none

aPatients on sirolimus and a calcineurin inhibitor in combination may have more nephrotoxicity than seen
with the latter drug alone.
From Hirose R, Vincenti F. Immunosuppression: today, tomorrow and withdrawal. Semin Liver Dis,
2006;26(3):201–210, with permission.

reduced bile production. Biopsies are done only when symp-
toms are present because the morphologic features consistent
with acute rejection can be present in a significant percentage of
patients in the early posttransplant period (76). Treatment for
acute rejection is 3 to 5 days of 500 to 1,000 mg of methylpred-
nisolone daily, with about 75% resolution. A second course is
sufficient for treatment in an additional 10% . The rest require
some type of antilymphocyte therapy, with a rare case requiring
retransplantation (77). Patients who develop rejection in the
setting of complete immune suppressive cessation have been
shown to have an increased risk of steroid-resistant rejection
(74).

Biliary Dysfunct ion

Posttransplant complications in the biliary tract are relatively
common. The reported incidence is somewhere between 9%
and 15% (78). A very rare syndrome of diffuse biliary necrosis
may require retransplantation. In this scenario, patients present
with a combination of sepsis, cholestasis, and bile leakage in
which temporizing measures are useless. However, most cases
of biliary dysfunction are not a cause for retransplantation or
mortality (78).

Early complications of the biliary tract are leaks and stric-
tures. Anastomotic leaks and strictures are the most serious and
are usually related to ischemic necrosis of the donor distal bile
duct. These can be managed with endoscopic or percutaneous
stenting and require surgery only if a major leak is present.
The vast majority of these problems present within the first 2
months after transplantation (78).

Live Donor or Living Re lat e d
Live r Transp lant at ion

For the most part, the recipient receives essentially the same
measures. However, there is an increased risk of vascular and

biliary problems postoperatively. Unique to this type of trans-
plantation is small-for-size syndrome. Essentially, the patient
has poor bile production, delayed synthetic function, pro-
longed cholestasis, and intractable ascites. These patients are at
risk for sepsis and have an increased mortality (79). A similar
situation may affect patients who receive a split liver as well.

SUMMARY
The patient undergoing liver transplantation has a significantly
altered physiology and undergoes specific management to en-
sure optimal outcome. Coordinated care from the perioperative
physician, surgeon, and anesthesiologist can minimize the risks
from this procedure so the intensivist is in the position to effect
a prognosis.
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CHAPTER 94 ■ PANCREATIC
TRANSPLANTATION
RAJA KANDASWAMY r DAVID E. R. SUTHERLAND

The treatment options for insulin-dependent diabetes mellitus
are (a) exogenous insulin administration or (b) β -cell replace-
ment by pancreas or islet transplantation. Exogenous insulin
administration is burdensome to the patient and gives imper-
fect glycemic control, predisposing to secondary complications
of the eyes, nerves, kidneys, and other systems. On the other
hand, β -cell replacement, when successful, establishes a con-
stant euglycemic state but requires major surgery (a pancreas
transplant) and immunosuppression to prevent rejection, pre-
disposing to complications, often compounded by comorbidi-
ties from pre-existing diabetes.

The Diabetes Control and Complications Trial (1) showed
that intensive insulin therapy (multiple injections per day with
dose adjusted by frequent blood sugar determinations) de-
creased (although rarely normalized) glycosylated hemoglobin
levels and reduced the rate of secondary complications (2). The
threshold for totally eliminating the risks of secondary diabetic
complications was perfect glycemic control, an objective that
cannot be achieved by even the most sophisticated exogenous
insulin delivery devices available today. This may change in
the future with real-time glucose monitoring systems combined
with insulin pumps (3,4). Pancreas transplantation induces in-
sulin independence in diabetic recipients without the risk of hy-
poglycemia and can ameliorate secondary complications. With
major advances in the management of pancreas transplanta-
tion, the success rate of pancreas transplants has progressively
increased during the past two decades (5). Today’s recipients
have a high probability of being insulin independent for years,
if not indefinitely.

Historically, islet transplants have been less successful for a
variety of reasons (6). In the late 1990s at the University of Al-
berta, insulin independence was achieved in several consecutive
recipients by sequential grafting of islets from multiple donors
and the use of a steroid-free nondiabetogenic immunosuppres-
sive regimen (7). In another series from the University of Min-
nesota with a similar regimen, single-donor islet transplants
induced insulin independence (8). In the Minnesota series, the
donors had a high body mass index and the recipients had a low
body mass index. Thus, the net number of islets transplanted
per unit weight was similar in the Alberta and Minnesota series.

Islet transplants can succeed with stringent donor and recipient
selections, but is not yet able to supersede pancreas transplants
as the mainstay of β -cell replacement. Until islet transplants can
consistently succeed from a single donor, regardless of size or
recipient insulin requirements, an integrated approach is likely.
Large donors will be used for islet transplants to recipients with
low insulin requirements and the remaining donors (the major-
ity) for pancreas transplants to recipients with average or high
insulin requirements. This strategy will maximize the number
of recipients of allogenic β -cells and eliminate surgical compli-
cations for a subset of patients.

Although short-term islet graft survival appears promising
(even with single donors) (9), long-term graft function after
islet transplants (even with multiple donors) continues to be a
major impediment to rapid progress. In the University of Al-
berta series, only 10% of islet transplant recipients were insulin
independent at 5 years posttransplant (10).

The main tradeoff for recipients of β -cell allografts is the
need for immunosuppression. A successful graft makes the
recipient euglycemic and normalizes glycosylated hemoglobin
levels (11,12), but the combined risks of immunosuppression
and pancreas transplant surgery must be weighed against the
long-term risks of imperfect glycemic control and of develop-
ment of secondary complications with exogenous insulin. A
randomized prospective trial has not been done to weigh these
risks. The burden of day-to-day management of diabetes with
need for multiple needlesticks to inject insulin and monitor
blood sugar levels tilts the balance in favor of a transplant for
many diabetic patients. Furthermore, antirejection strategies
are continually being developed to decrease the side effects of
immunosuppression. Nevertheless, only a few institutions per-
form pancreas transplants soon after the onset of the disease
(13).

The main indications for a pancreas transplant in patients
with normal kidney function has been labile diabetes with fre-
quent insulin reactions and hypoglycemic unawareness, a syn-
drome that may emerge years after the onset of diabetes, partic-
ularly in patients with autonomic neuropathy (14). However,
even for nonlabile diabetic patients who attempt tight control
by intensive glucose monitoring, literature shows a high rate of
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secondary complications that are just as morbid as (15), if not
more so than, chronic immunosuppressive complications in or-
gan allograft recipients (16,17). Thus, for a patient who wishes
to avoid a lifetime of insulin injections and glucose monitoring
and who prefers the risks of immunosuppressive complications
to the secondary complications of diabetes, a pancreas trans-
plant can be performed with good results (18). This also ap-
plies to type 2 diabetics who are obligatory insulin dependent.
About 5% of pancreas transplants are performed in selected
type 2 diabetics (19).

In the past, most pancreas transplant candidates had ad-
vanced diabetic nephropathy and required a kidney transplant
also. The risks of immunosuppression are about to be assumed
because of the kidney transplant, so a simultaneous or sequen-
tial pancreas transplant does not pose any additional risks other
than surgery (13). Indeed, pancreas transplants have been done
in renal allograft recipients who meet the criteria for type 2 di-
abetes with elimination of the need for exogenous insulin (20).

RECIPIENT CATEGORIES
Diabetic pancreas transplant candidates are divided into three
categories: uremic (need a kidney transplant), posturemic (have
a functioning kidney transplant), and nonuremic (do not need a
kidney transplant). For candidates who are uremic, the options
are to receive kidney and pancreas transplants either simulta-
neously in one operation or sequentially in separate operations.
The decision as to which option to take is usually based on the
availability and suitability of living and cadaveric donors for
one or both organs.

Accordingly, there are three broad categories of recipients:
simultaneous pancreas–kidney (SPK), pancreas after kidney
(PAK), and pancreas transplants alone (PTA).

1. SPK transplants: Most SPK transplants have been done with
both organs coming from the same cadaveric donor. Because
a large number of patients are waiting for a kidney, unless
priority is given to SPK candidates, waiting times tend to
be long (years). Thus, to avoid two operations and a long
wait, a simultaneous kidney and segmental pancreas trans-
plant from a living donor can be done (20–22). Only a few
centers offer this option (23,24). There has been a report
from Japan of a successful islet transplantation from a live
donor (25). Therefore, a simultaneous living-donor islet kid-
ney transplant may become a viable option in the future
(26,27). If a living donor is suitable for or only willing to
give a kidney, another option is a simultaneous living-donor
kidney and cadaveric pancreas transplant (23,24). For these
options, the living kidney donor usually must be available
on a moment’s notice (the same as for the recipient), as the
cadaveric pancreas must be transplanted soon after procure-
ment. Alternatively, a recipient of a scheduled living-donor
kidney transplant could also receive a cadaveric pancreas
simultaneously if one became available fortuitously. If not,
and only a kidney is transplanted, the recipient becomes a
PAK candidate.

2. PAK transplants: For nephropathic diabetic patients who
have already undergone a kidney transplant from a living
or a cadaveric donor, a PAK transplant can be performed.
Most PAK transplants today are done in patients who pre-
viously received a living-donor kidney because suitable ure-

mic diabetic patients without a living donor will undergo
a cadaveric pancreas transplant. Although a PAK means a
uremic diabetic patient requires two operations to achieve
both a dialysis-free and insulin-independent state, the two
transplants done separately are smaller procedures than a
combined transplant. The interval between the living-donor
kidney and cadaveric pancreas transplant depends on sev-
eral factors, including recipient recovery from the kidney
transplant and donor availability, but the outcome is simi-
lar for all intervals more than 1 month. PAK is the largest
pancreas transplant category at the University of Minnesota
(28–30).

3. PTA: For recipients with adequate kidney function, a soli-
tary pancreas transplant can be performed from either a
living or a cadaveric donor. Because the waiting time for
a cadaveric pancreas is relatively short at the present time,
living-donor pancreas transplants are done infrequently, but
are particularly indicated if a candidate has a high panel-
reactive antibody and a negative cross-match to a living
donor. Most PTA candidates have problems with glycemic
control, hypoglycemic unawareness, and frequent insulin re-
actions. A successful PTA not only obviates these problems,
but also improves the quality of life, and may ameliorate
secondary complications, thus increasing the applicability
of PTA (28–31).

EVOLUTION AND IMPROVEMENTS
The first clinical pancreas transplant was performed at the Uni-
versity of Minnesota in 1966 (32). The number of transplants
remained low during the 1970s, but progressively increased in
the 1980s, following the introduction of cyclosporine. By the
end of 2000, more than 15,000 pancreas transplants had been
performed at more than 1,000 centers worldwide (Figs. 94.1
and 94.2), including more than 11,000 in the United States
(33). By the mid-1990s, more than 1,000 pancreas transplants
were being done annually in the United States (5).

The history of pancreas transplants involves many different
techniques and eras (34). The first series of pancreas transplants
at the University of Minnesota used enteric drainage (ED) (32).
Urinary drainage was first done into the ureter by Gliedman in
the early 1970s (33,34), then via duct injection by Dubernard
et al. (35) in 1974, and then via direct bladder drainage (BD) by
Sollinger et al. (36) in 1982. During the 1980s, BD became the
predominant technique (Fig. 94.3) with good results (37). ED
was still used (38), although sparingly, but in the 1990s it be-
came more frequent (Fig. 94.4), especially in SPK transplants.

Venous drainage of the pancreas has also evolved over the
years. Portal drainage was used with segmental grafts in the
1980s (39–42). For whole-organ pancreas transplants, sys-
temic drainage was the norm until the 1990s, when portal
drainage gained popularity, especially with ED (43,44), as op-
posed to BD (45). Between 1996 and 2000, about one fifth
of all SPKs used portal drainage, by anastomosis either to the
recipient splenic vein (40) or, more commonly, to the superior
mesenteric vein (46) (Fig. 94.5).

Before techniques were developed to procure both liver
and pancreas grafts with intact blood supply (47,48), segmen-
tal pancreas grafts were commonly used. Currently, whole-
organ pancreaticoduodenal grafts predominate (49), although
segmental grafts are still used for living-donor pancreas
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FIGURE 94.1. Number of pancreas transplants world-
wide tabulated by the International Pancreas Transplant
Registry from 1966 to 2005.

transplants (28). The first living-donor pancreas transplant
was performed at the University of Minnesota in 1979 (50).
The early series of living-donor pancreas transplants consisted
of solitary pancreases because the rejection rate of cadaveric
pancreases was high (23). In the 1990s, living-donor pan-
creas transplants were predominantly performed in combina-
tion with a kidney from the same donor (Fig. 94.6) (22,51–53).
Recently, living-donor segmental pancreatectomy has been per-
formed laparoscopically (54). Another approach, as previously
mentioned, is to perform a living-donor kidney transplant si-
multaneously with a cadaveric pancreas transplant (24).

Immunosuppressive regimens have made great strides over
the years. Today, there are more than 100 pancreas transplant
centers in the United States (55). Some centers have reported
extensive experience. For example, more than 500 SPK trans-
plants have been performed at the University of Wisconsin (56),
and more than 1,000 pancreas transplants of all categories have
been performed at the University of Minnesota (28). The Inter-
national Pancreas Transplant Registry, formed in 1980, collects
data from all centers in the world (57) and is the best resource
for outcome analysis.

RESULTS
Outcomes after pancreas transplants have consistently im-
proved over the years (5). The latest report from the Interna-
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tional Pancreas Transplant Registry (5) outlined recent results,
focusing on U.S. transplants from 2000 through 2004, includ-
ing more than 3,800 SPK, more than 600 PAK, and 290 PTA
cases. Patient survival rates for all three categories was more
than 95% at 1 year posttransplant (Fig. 94.7). Primary pan-
creas graft survival rates at 1 year posttransplant were higher
for SPK (85% ) than for PAK (78% ) and PTA (76% ) recipients
(Fig. 94.8). Graft loss from rejection was low at 1 year in all
three categories (2% SPK, 8% PAK, 10% PTA). In the majority
of all transplants, ED was used for duct management, and of
the ED transplants, portal venous drainage was used in about
25% of cases. Although overall graft function did not vary with
ED or BD, the PTA group had a higher immunologic graft loss
rate in ED versus BD cases. BD may result in earlier diagnosis
of rejection because of the ability to monitor for a decline in
urine amylase activity as a marker (28). Nevertheless, the late
rejection rate is higher in the PTA than in other categories.

Pancreas
(Graft)

Iliac
Arte ry
(Graft)

Iliac
Arte ry
and
Vein Bladder

Duodenum
(Graft)

Pancreas
Vesse ls

Iliac
Arte ry

FIGURE 94.3. Bladder-drained (BD) pancreaticoduodenal transplant
alone (PTA) from a cadaver donor.



Chap t e r 94: Pancreatic Transp lantation 1385

Recipient
Intes tine

Ente ric
Anas tamosis

Pancreas  and
Duodenum

(Graft)

Ure te r

Kidney
Graft

FIGURE 94.4. Enteric-drained (ED) simultaneous
pancreas and kidney (SPK) transplant from a cadaver
donor with systemic venous drainage.

INDICATIONS AND
CONTRAINDICATIONS

The indications for a pancreas transplant have evolved and
expanded over the years as the results have improved. The
position statement of the American Diabetes Association (58)
on indications for a pancreas transplant (Table 94.1) is con-
servative. A pancreas transplant is also indicated for patients
who have developed secondary complications of diabetes. The
progression of complications is halted by a functioning pan-

FIGURE 94.5. Enteric drainage (ED) simultaneous pancreas and kid-
ney (SPK) transplants with portal venous drainage of the pancreas graft
via the superior mesenteric vein.

creas graft. In fact, even an improvement in neuropathy has
been documented (22,34,59,60). In addition to improvement
in glomerular architecture, a recent study shows that interstitial
expansion is reversible, and atrophic tubules can be reabsorbed
(61). Advanced retinopathy and vascular disease, however, are
unaffected (62). Atherosclerotic risk factors decrease and en-
dothelial function improves posttransplant (63). A pancreas
transplant should be offered early, before the onset of compli-
cations of diabetes, to interested patients who understand the
risk of immunosuppression versus the benefit of insulin inde-
pendence and freedom from diabetic complications.

Contraindications include those for any other trans-
plant, such as malignancy, active infections, noncompliance,

Tail of Pancreas

Pancrea tic Duct

FIGURE 94.6. Simultaneous segmental pancreas and kidney trans-
plant from a living donor (LD). Either bladder drainage (BD) or enteric
drainage (ED) can be used, but the BD technique has a lower compli-
cation rate and is illustrated.
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serious psychosocial problems, and prohibitive cardiovascular
risk. Candidates with advanced vascular disease have an in-
creased risk of surgical complications, yet those who do well
posttransplant greatly benefit from stabilization of their car-
diovascular risk.

Although it was clear that insulin-dependent recipients with
renal failure benefited from a pancreas transplant in addition
to the kidney, the survival benefit for pancreas transplant
in patients with preserved renal function was questioned
by at least one study (64). However, a more comprehensive
reanalysis revealed that there was no increased mortality for
solitary pancreas transplant recipients over wait-listed patients
(65,66).

PRETRANSPLANT EVALUATION
The pretransplant workup should include a detailed medi-
cal and psychosocial evaluation. Cardiac risk assessment is
mandatory because diabetes is a major risk factor for coro-
nary artery disease (CAD). Cardiologists vary on the type of
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creas transplant alone; PAK, pancreas after kidney; SPK, simultaneous
pancreas–kidney; Cat, category; N, numbers; 1 Yr Fxn, 1 year function.
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SUMMARY OF AMERICAN DIABETES ASSOCIATION
(ADA) RECOMMENDATIONS FOR INDICATIONS FOR
PANCREAS TRANSPLANTS

1. Established end-stage renal disease (ESRD) in patients
who have had, or plan to have, a kidney transplant

2. History of frequent, acute, and severe metabolic
complications (e.g., hypoglycemia, hyperglycemia,
ketoacidosis)

3. Incapacitating clinical and emotional problems with
exogenous insulin prescription

4. Consistent failure of insulin-based management to prevent
acute complications

test to screen for CAD in pretransplant diabetic patients. Coro-
nary angiograms are performed in most candidates. Nonin-
vasive tests are not very sensitive for CAD and poorly pre-
dictive for subsequent postoperative events in long-standing
diabetic patients (67,68). With the use of iso-osmolar radio
contrast, there does not seem to be an increased risk of contrast-
induced nephropathy in patients with chronic kidney disease
(69). In selected patients (i.e., young, healthy patients with
short-duration diabetes), dobutamine stress echocardiograms
are used for cardiac evaluation with good results (70). Once
significant CAD is detected, aggressive treatment by revascu-
larization, angioplasty, or stenting is recommended. In one
study, revascularized transplant candidates had significantly
fewer postoperative cardiac events, as compared with those
who received medical therapy alone (71).

A detailed vascular examination must be done to rule out
significant vascular insufficiency. If such insufficiency is found,
it may need correction pretransplant because the transplant
surgery, involving an anastomosis to the iliac artery, may fur-
ther diminish lower-extremity blood flow.

Pulmonary function tests are indicated in chronic smok-
ers and patients with a history of chronic pulmonary disease.
Postoperative intensive care unit monitoring and periopera-
tive bronchodilator therapy may be indicated in some patients.
Liver function tests should be done to rule out hepatic insuffi-
ciency and viral hepatitis. The diagnosis of viral hepatitis (either
B or C) is associated with worse long-term outcome after ex-
trahepatic transplantation (72). Abnormal liver function tests
or the diagnosis of viral hepatitis should be followed up with
a liver biopsy to rule out cirrhosis. The presence of cirrhosis is
a contraindication for pancreas transplant. A gastrointestinal
evaluation must be done to rule out autonomic dysfunction.
Some immunosuppressive medications may worsen gastroin-
testinal dysfunction. A prokinetic agent may be indicated to
treat gastroparesis. A urologic examination is especially impor-
tant for BD recipients because bladder dysfunction predisposes
to graft pancreatitis.

CADAVERIC DONOR SELECTION
Pancreas donor selection criteria are not standardized, but in-
stead vary from center to center. Absolute contraindications are
the obvious ones applied to most solid organs: active hepati-
tis B, C, and non A–non B; human immunodeficiency virus;
non–central nervous system (CNS) malignancy; surgical or
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traumatic damage to the pancreas; history of diabetes mellitus;
pancreatitis; and extremes of age (younger than 10 or older
than 60 years). Prolonged intensive care unit stay and duration
of brain death have been associated with an increased risk of
graft failure (73). Other studies have shown that donor age is
important. Even middle-aged donors (older than 40 years) are
associated with increased complications and graft failure (73–
75). However, so-called marginal donor organs are associated
with good outcome if the pancreas, on inspection, is found to
be “healthy” in appearance (76,77).

Donors after cardiac death are being used increasingly to
expand the donor pool. However, there may be a higher rate
of early organ dysfunction with these donors (78). A recent
survey showed equivalent patient and graft survival at 1, 3, and
5 years in SPK transplant recipients from donors after cardiac
death compared with donors after brain death (78).

PANCREAS PRESERVATION
University of Wisconsin (UW) solution was first used for pan-
creas preservation in a preclinical model in 1987 (79). As with
most solid organs, in vivo flush followed by simple storage
in cold University of Wisconsin solution is the standard for
pancreas preservation. In the original model, pancreases were
preserved for up to 96 hours (80). In clinical transplantation,
pancreas cold preservation exceeding 24 hours has been as-
sociated with increased graft dysfunction (81). Even less than
24 hours, it has been shown that the longer the cold ischemia
time, the greater the technical complication rate (82). There-
fore, every effort should be made to minimize the cold ischemia
time in order to optimize graft function and to lower complica-
tion rates. Recent data suggest a new method of preservation
that may be advantageous: the two-layer method using Uni-
versity of Wisconsin solution and perfluorochemical (83). This
method allows for longer preservation time while providing a
mechanism for repair of ischemic damage due to cold storage
(84–86). More clinical trials are needed before the two-layer
method becomes routine.

Recently, histidine-tryptophan ketoglutarate solution has
been increasingly used in pancreas transplantation (87). Ad-
vantages include lower viscosity, less potassium, and lower
cost. Early outcome studies do not show inferiority compared
to the more expensive UW solution (88,89).

HUMAN LEUKOCYTE
ANTIGEN MATCHING

The impact of human leukocyte antigen (HLA) matching on
outcome varies. It is generally accepted that HLA matching
has little effect on graft outcome for the SPK category (90,91),
although higher rejection rates have been reported with poor
matches (92–94). For solitary pancreas transplants (PAK and
PTA), the data are mixed, ranging from studies showing no
impact (95) to registry data showing that HLA A and B matches
have a significant impact (91). At the University of Minnesota,
SPKs are done regardless of HLA match; for PAKs, generally
at least one antigen in the B locus matches, and for PTAs, at
least one antigen in each of the A, B, and DR loci.

ANESTHETIC CONSIDERATIONS
A patient with brittle diabetes and secondary complications
(e.g., CAD, autonomic neuropathy) can pose special problems
for the anesthesiologist. Dysautonomic response to drugs or
hypoxia can lead to significant morbidity (96) and even death
(97). It has also been documented that long-standing diabetes
poses a challenge to the anesthesiologist during intubation (98).
Awareness of these risks and employment of an experienced
anesthesiology team might help decrease the risks or morbidity.
A major operation such as a pancreas transplant or combined
kidney–pancreas transplant is often prolonged and can be as-
sociated with significant blood loss. Prompt replacement with
blood or colloids should be instituted to avoid hypoperfusion
after significant blood loss. Before and after revascularization
of the pancreas, careful blood glucose monitoring, along with
continuous intravenous (IV) insulin therapy to maintain tight
control of blood glucose levels, is essential. Perioperative β -
blockade should be considered for long-standing diabetic pa-
tients with a cardiac history.

BACK-TABLE PREPARATION
OF THE DONOR PANCREAS

Once the donor pancreas has been opened in the recipient op-
erating room, some back-table work is necessary to prepare it
for the transplant, including these steps:

1. Donor splenectomy (taking care to avoid injury to the pan-
creatic tail)

2. Trimming down of the donor duodenum to the shortest
length without damage to the main or accessory duct (espe-
cially important with BD to minimize bicarbonate loss)

3. Oversewing or individual vessel ligation of the mesocolic
and mesenteric stumps on the anterior aspect of the pancreas

4. Excision of lymphatic and ganglionic tissue in the periportal
area

5. Reconstruction of the splenic and superior mesenteric arter-
ies with a Y graft of the donor iliac A bifurcation (to provide
for a single arterial anastomosis in the recipient)

RECIPIENT OPERATION
Several techniques have been described for the recipient opera-
tion (99). The techniques vary based on whether a solitary pan-
creas transplant (PTA, PAK) or a combined transplant (SPK) is
done.

Solit ary Pancre as Transp lant

The major surgical considerations for solitary pancreas trans-
plants include:

1. Choice of exocrine secretion of the pancreas, drainage of
bowel or bladder: Currently, for pancreas transplants in the
United States, 67% of PAK, 56% of PTA, and 81% of SPK
transplants are drained enterically (5). ED is more physio-
logic and does away with the complications of BD (e.g., aci-
dosis, pancreatitis, urinary infections, hematuria). Between
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10% and 20% of BD recipients are ultimately converted
to ED because of such complications once they are 6 to 12
months posttransplant and their rejection risk is lower. BD,
however, allows for direct measurement of urinary amylase
as a marker of exocrine function. A decrease in urine amy-
lase is sensitive, but not very specific, for acute rejection of
the pancreas (100). Hyperglycemia is a late event in the re-
jection, and a decrease in urine amylase occurs early. Thus,
rejection episodes are detected early with BD, and the rejec-
tion loss rate is lower with BD than with other techniques
(55).

In clinical practice, the choice of exocrine drainage
varies. Some groups always use ED (101,102), while some
always use BD (101). Others base it on the individual re-
cipient’s immunologic risk versus the risk of urologic com-
plications (28). The surgical risks and short-term outcome
with both techniques are comparable (74,103). ED is likely
to predominate as the major technique in the future as im-
munologic strategies to eliminate rejection are developed
(102).

2. Choice of venous drainage, portal or systemic: Currently
in the United States, of all ED transplants, 20% of SPK,
23% of PAK, and 35% of PTA cases are drained to the
portal vein (5). Portal drainage is more physiologic than
systemic drainage (104,105). Theoretically, portal drainage
preserves the first-pass metabolism of insulin in the liver.
Therefore, portally drained recipients will have lower sys-
temic insulin levels (106). However, there is no evidence of
any detrimental effect on lipid levels (107) or on risk of
vascular disease (62) as seen in de novo hyperinsulinemia
(syndrome X).

Portal venous drainage is difficult to perform with ex-
ocrine BD (45). However, portal drainage is likely to in-
crease in popularity, given some reports that rejection rates
are lower in this category (103,108). Recent modifications
include a retroperitoneal portal-enteric drainage technique
(109).

3. Whether to transplant the whole organ or a segment: Al-
most all cadaveric pancreas transplants performed today use
whole-organ grafts. Segmental grafts have little role to play
in this group, except when a rare anatomic abnormality is
noted such that the head of the pancreas cannot be used. A
rare instance of a split cadaveric pancreas transplanted into
two different recipients has been described (110). All living-
donor pancreas transplants use segmental grafts (body and
tail); doing so maintains normoglycemia in the recipient
(12).

Simult ane ous Pancre as–Kid ne y

SPK transplants have a lower rejection rate than do solitary
pancreases. Further, rejection episodes are rarely isolated to the
pancreas alone. Most pancreas rejection episodes can be indi-
rectly detected by monitoring serum creatinine as a marker for
kidney rejection. Therefore, most SPK transplants are done us-
ing ED, as advocated by the Stockholm group (111) (Fig. 94.4).
With ED, the risk of acute technical complications is slightly
higher, but the chronic complication rate is lower (112). Choice
of venous drainage varies by center. Because ED is the choice
for exocrine drainage, there is no impediment to performing
portal venous drainage (Fig. 94.4).

POSTOPERATIVE CARE
After an uncomplicated pancreas transplant, the recipient is
transferred to the postanesthesia care unit or the surgical in-
tensive care unit. Centers that have a specialized monitored
transplant unit (with central venous and arterial monitoring
capabilities) transition the postoperative recipients through the
postanesthesia care unit to the transplant unit. Others transfer
directly to the surgical intensive care unit for the first 24 to
48 hours. Care during the first few hours posttransplant is
similar to care after any major operative procedure. Careful
monitoring of vital signs, central venous pressure, oxygen sat-
uration, and hematologic and laboratory parameters is crucial.
The following factors are unique to pancreas recipients and
should be attended to:

1. Blood glucose levels: Any sudden, unexplained increase in
glucose levels should raise the suspicion of graft thrombosis.
An immediate ultrasound examination must be done to
assess blood flow to the graft. Maintenance of tight glucose
control (less than 150 mg/dL) using an IV insulin drip is
important to “rest” the pancreas in the early postoperative
period.

2. Intravascular volume: Because the pancreas is a “ low-flow”
organ, intravascular volume must be maintained to provide
adequate perfusion to the graft. Central venous pressure
monitoring is used to monitor intravascular volume status.
In some cases, such as patients with depressed cardiac func-
tion, pulmonary artery catheter monitoring may be required
during the first 24 to 48 hours. If the hypovolemia is asso-
ciated with low hemoglobin levels, then washed packed red
blood cell transfusions should be given. Otherwise, colloid
or crystalloid replacement can be used.

3. Maintenance IV fluid therapy: The choice of IV fluid is usu-
ally 5% dextrose in half normal saline. The use of dextrose
is not contraindicated and may be of benefit, as long as IV
insulin is used to maintain good blood glucose control. In
SPK recipients, whose IV rate is based on urine output, dex-
trose should be eliminated if the urine output is high (more
than 500 mL/hour). Maintenance solution for BD recipients
should include 10 mEq of HCO 3 added to each liter to ac-
count for the excess HCO3 loss (113,114). Sodium lactate
can be used as an alternative (115).

4. Antibiotic therapy: Broad-spectrum antibiotic therapy (with
strong Gram-negative coverage) and antifungal therapy are
instituted before the incision is made in the operating room,
then continued for 3 days (for antibiotics) and 7 days (for
antifungal). At the University of Minnesota, since the in-
troduction of this protocol, we have noted a decrease in
postoperative abdominal infections (74). Cytomegalovirus
(CMV) and antiviral prophylaxis is similar to that for other
solid organs.

5. Octreotide: The use of octreotide in pancreas recipients
helps reduce the incidence of technical complications (116).
This benefit should be weighed against evidence, in rat stud-
ies, that shows decreased pancreatic islet blood flow with
octreotide use (117), although clinically no detrimental ef-
fects of octreotide use have been documented. A dose of
100 to 150 µ g IV or subcutaneously three times a day is
administered for 5 days posttransplant. Dose adjustments
may be made for nausea, which is the predominant side
effect.
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6. Anticoagulation: The use of low-dose heparin in the early
postoperative period (days 0–5) decreases the risk of graft
thrombosis (118). An intraoperative dose of 70 units/kg
is given, followed by an IV infusion of 3 units/kg started
at 4 hours postoperatively and gradually increased up
to 7 units/kg (depending on hemodynamic stability and
hemoglobin levels). Enteric-coated aspirin (8 mg) is started
on day 1 and continued for 6 months. At the University
of Minnesota, this protocol decreased the thrombosis rate
from about 12% to 6% , but increased the relaparotomy rate
due to bleeding from 4% to 6% . Segmental pancreas trans-
plants (as in living-donor transplants) have a higher throm-
bosis risk and therefore therapeutic heparinization (with a
target partial thromboplastin time of 50) for 5 days and
Coumadin therapy (with a target international normalized
ratio of 2–2.5) are recommended for 6 months. The higher
risk of thrombosis is due to the smaller vessels in a segmental
graft (119,120).

IMMUNOSUPPRESSION
Immunosuppression is essential to thwart rejection in all allo-
transplant recipients (17). Before the advent of cyclosporine in
the early 1980s (121), azathioprine and prednisone were the

mainstays of immunosuppression. From the early 1980s to the
mid-1990s, cyclosporine was added to the mix and resulted in
significant improvement in immunologic outcomes (122). Since
the mid-1990s, tacrolimus and mycophenolate mofetil have re-
placed cyclosporine and azathioprine as the main drugs, result-
ing in even better pancreas graft survival rates (122–124). In
addition, steroids have been successfully withdrawn from some
pancreas recipients (125) and, in some cases, avoided (126).
With a recently introduced drug, rapamycin, used in combina-
tion with tacrolimus, steroids have been successfully avoided
in some pancreas recipients (127,128).

Anti–T-cell therapy has always remained a part of the induc-
tion protocol for pancreas recipients. With the recent emphasis
on steroid withdrawal or avoidance, anti–T-cell therapy has
taken on added importance to avoid rejection. Anti-CD25 an-
tibodies are also used frequently as induction therapy (129).
Avoidance of calcineurin inhibitors has been attempted in pan-
creas transplantation. When combined with steroid avoidance,
this required prolonged anti–T-cell therapy, which increases the
risk of infection without adequately controlling rejection (130).
Table 94.2 presents the immunosuppressive protocol for pan-
creas transplant recipients at the University of Minnesota.

For PTA recipients, whose rejection rates are the highest of
all categories, pretransplant immunosuppression has decreased
rejection rates and graft loss from rejection (31). Heavy use of
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UNIVERSITY OF MINNESOTA STANDARD IMMUNOSUPPRESSION PANCREAS PROGRAM

SPK PAK & SPLK PTA Rejection

Antithymocyte globulin
(1.25 mg/kg)�

5 doses
First dose intraoperative
Give methylprednisolone

500 mg, 250 mg, and
100 mg before first,
second, and third doses,
respectively

Tacrolimus
2 mg PO bid
Start when creatinine

< 3 mg/dL or
postoperative day #5,
whichever is later

If tacrolimus is delayed
continue TMG until
tacrolimus levels are
therapeutic

Levels 8–10 ng/mL for 3
mo, then 5–8 ng/mL

Mycophenolate
Start postoperative
1 g PO bid

Antithymocyte globulin
(1.25 mg/kg)�

7 doses
First dose intraoperative
Give methylprednisolone

500 mg, 250 mg, and
100 mg before first,
second, and third doses,
respectively

Tacrolimus
2 mg PO bid
Start postoperative
If tacrolimus is delayed

continue TMG until
tacrolimus levels are
therapeutic

Levels 8–10 ng/mL for
3 mo, then 5–8 ng/mL

Mycophenolate
Start postoperative
1 g PO bid

Antithymocyte globulin
(1.25 mg/kg)�

7–10 doses
First dose intraoperative
Give methylprednisolone

500 mg, 250 mg, and 100
mg before first, second, and
third doses, respectively

Tacrolimus
2 mg PO bid
Start postoperative
If tacrolimus is delayed

continue TMG until
tacrolimus levels are
therapeutic

Levels 8–10 ng/mL for 3 mo,
then 5–8 ng/mL

Mycophenolate
Start postoperative
1 g PO bid

Methylprednisolone
Day #0: 500 mg IV
Day #1: 250 mg IV
Day #2: 125 mg IV

Antithymocyte globulin
1.25 mg/kg IV�× 5–7 d
Give premedication
Monitor ALC

Resistant rejection
OKT3 qd × 5–7 doses
First dose = 5 mg IV
Subsequent doses = 2.5 mg IV
Give premedication
Monitor CD3

Note: Kidney rejections on the
kidney steroid avoidance study
should be treated with
Thymoglobulin (mild) or OKT3
(moderate/severe or vascular).

SPK, simultaneous pancreas kidney; PAK, pancreas after kidney; SPLK, simultaneous cadaver pancreas living-donor kidney; TMG, antithymocyte
globulin; ALC, absolute lymphocyte count; mo, month.
�Round up antithymocyte globulin dose to the nearest 25.
ALC levels: If zero, hold antithymocyte globulin; if 0.1 give half-dose antithymocyte globulin; if 0.2 or above give full dose.
CD3 levels (if using OKT3): Monitor effectiveness of antibody therapy. Absolute CD3 level should drop to < 100 mm3. Antithymocyte globulin and
OKT3 require “premedication.”



1390 Sect ion IX: Organ Transp lantation

immunosuppression may increase the infection rate, but effec-
tive antimicrobial prophylaxis has helped ameliorate this prob-
lem (131,132).

INTRAVENOUS
IMMUNOGLOBULIN AND

PLASMAPHERESIS
IV immunoglobulin has many applications in transplantation.
It has been used successfully to decrease anti-HLA antibod-
ies in transplant recipients on the waiting list and to shorten
their waiting times (133,134). It can also be used to control
acute humoral rejection in kidney and heart allograft recipi-
ents (135). Plasmapheresis has been used to decrease humoral
antibody titers in ABO-incompatible liver and kidney recip-
ients (136,137). It has also been used to control hyperacute
and accelerated acute rejection in positive cross-match kidney
recipients (138,139) and lung (140) recipients. At the Univer-
sity of Minnesota, for ABO-incompatible (A2 to O, B, or AB)
or positive cross-match (T-cell) pancreas recipients, the treat-
ment protocol consists of intraoperative IV immunoglobulin
(0.5 mg/kg) followed by a course of 5 to 7 days in combina-
tion with daily plasmapheresis. For B-cell positive cross-match
recipients, IV immunoglobulin may be used without plasma-
pheresis.

SURGICAL COMPLICATIONS
1. Bleeding: Postoperative bleeding is a frequent reason for

early relaparotomy in pancreas recipients. The incidence
ranges from 6% to 8% (74,141). This risk is increased by
the use of anticoagulation in the immediate postoperative
period. Frequent physical examinations and monitoring of
hemoglobin help detect bleeding early. Heparin may be tem-
porarily suspended to stabilize the patient. If bleeding con-
tinues, early operative intervention is indicated. If bleeding
stops or slows down, heparin should be restarted at a lower
rate and judiciously increased as tolerated.

2. Thrombosis: The incidence of thrombosis posttransplant
ranges from 5% to 13% (118,141). The risk is increased
after segmental pancreas transplants because of the small
caliber of vessels (51). Most thromboses are due to technical
reasons. A short portal vein (requiring an extension graft)
or atherosclerotic arteries in the pancreas graft increases the
risk for thrombosis. In the recipient, a narrow pelvic in-
let with a deeply placed iliac vein, atherosclerotic disease
of the iliac artery, a technically difficult vascular anastomo-
sis, kinking of the vein by the pancreas graft, significant
hematoma formation around the vascular anastomosis, and
a hypercoagulable state are some of the factors that increase
the risk for thrombosis. The most common form of hyper-
coagulable state is factor V Leiden mutation in the Western
population. The incidence ranges from 2% to 5% but may
be as high as 50% to 60% in patients with a history (self
or family) of thrombosis (142). Other causes of hyperco-
agulable state include antithrombin deficiency, protein C or
S deficiency, activated protein C resistance, and anticardi-
olipin antibodies (143).

3. Duodenal leaks: The incidence of duodenal leaks ranges
from 4% to 6% (74,141). A leak from the anastomosis of
the duodenum to the bowel almost always leads to a rela-
parotomy. Gross peritoneal contamination due to an enteric
leak necessitates a graft pancreatectomy. The diagnosis is
made by elevated pancreatic enzymes associated with acute
abdomen. The differential diagnosis is pancreatitis, abdom-
inal infection, or acute severe rejection. A Roux-en-Y anas-
tomosis to the pancreatic duodenum may be preferred if the
risk of leak is thought to be increased during intraoperative
inspection of the pancreas. Other novel techniques such as a
venting jejunostomy (Roux-en-Y) have been used in selected
recipients (144).

Duodenal leaks in BD recipients are usually managed non-
operatively with prolonged catheter decompression of the
urinary bladder. The diagnosis is made using plain or com-
puted tomography (CT) cystography. The size and extent of
the leak cannot always be assessed by the imaging studies.
Large leaks may require operative intervention, such as a
repair or enteric conversion (145).

4. Major intra-abdominal infections: The incidence of intra-
abdominal infections requiring reoperation ranges from 4%
to 10% (74,141). Opening the duodenal segment intraoper-
atively, with associated contamination, predisposes to this
high rate. Fungal and Gram-negative infections predom-
inate. With the advent of advanced interventional radio-
logic procedures to drain intra-abdominal abscesses, the in-
cidence of reoperations is fast decreasing. If the infection
is uncontrolled or widespread, then graft pancreatectomy
followed by frequent washouts may be necessary.

5. Renal pedicle torsion: Torsion of the kidney has been re-
ported after the SPK transplants (146,147). The intraperi-
toneal location of the kidney (allowing for more mobility)
predisposes to this complication. Additional risk factors are
a long renal pedicle (more than 5 cm) and a marked dis-
crepancy between the length of artery and vein. Prophylac-
tic nephropexy to the anterior or lateral abdominal wall is
recommended in intraperitoneal transplants to avoid this
problem.

6. Others: Other surgical complications that may require
laparotomy also decreased from 9% to 1% . Improved anti-
infective prophylaxis, surgical techniques, immunosuppres-
sion, and advances in interventional radiology have all con-
tributed to this disease (74).

NONSURGICAL COMPLICATIONS
1. Pancreatitis: The incidence of posttransplant pancreatitis

varies based on the type of exocrine drainage. BD recipi-
ents with abnormal bladder function are at increased risk
secondary to incomplete bladder emptying or urine reten-
tion causing resistance to the flow of pancreatic exocrine
secretions. Other causes of pancreatitis include drugs (corti-
costeroids, azathioprine, cyclosporine), hypercalcemia, viral
infections (CMV or hepatitis C), and reperfusion injury af-
ter prolonged ischemia. Pancreatitis is usually manifested by
an increase in serum amylase and lipase with or without lo-
cal signs of inflammation. The treatment usually consists of
catheter decompression of the bladder for a period of 2 to
6 weeks, depending on the severity. In addition, octreotide
therapy may be used to decrease pancreatic secretions. The
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underlying urologic problem, if any, should be treated. If re-
peated episodes of pancreatitis occur, an enteric conversion
of exocrine drainage may be indicated (148–150).

2. Rejection: The incidence of rejection is discussed in the Re-
sults section earlier in this chapter. The diagnosis is usually
based on an increase in serum amylase and lipase and a de-
crease in urine amylase in BD recipients. A sustained signif-
icant drop in urinary amylase from baseline should prompt
a pancreas biopsy to rule out rejection (151). In ED recip-
ients, one has to rely on serum amylase and lipase only.
A rise in serum lipase has recently shown to correlate well
with acute pancreas rejection (149). Other signs and symp-
toms include tenderness over the graft, unexplained fever,
and hyperglycemia (usually a late finding). Diagnosis can be
confirmed by a percutaneous pancreas biopsy (153,154). In
cases in which percutaneous biopsy is not possible due to
technical reasons, empiric therapy may be started. Rarely,
open biopsy is indicated. Transcystoscopic biopsy, which
was used in the past, has been largely abandoned.

3. Others: Other findings include infectious complications such
as CMV, hepatitis C, extra-abdominal bacterial or fungal in-
fections, posttransplant malignancy such as posttransplant
lymphoproliferative disorder, and other rare complications
such as graft versus host disease that occur in pancreas trans-
plantation. The diagnosis and management of these compli-
cations is similar to those of other solid-organ transplants.

RADIOLOGIC STUDIES
1. Ultrasonography: This is the most frequent study used

in pancreas recipients. Noninvasive, portable, and rela-
tively inexpensive, it provides prompt information regard-
ing blood flow to the pancreas; the presence of arterial or
venous occlusion, thrombi, pseudoaneurysms, or arteriove-
nous (AV) fistulas; resistance to blood flow within the pan-
creas (suggestive of either rejection or pancreatitis); and peri-
pancreatic fluid collections.

2. CT scan: A CT scan provides more detail of pancreatic and
surrounding anatomy. Use of oral, IV, and bladder contrast
(in BD recipients) is recommended. Thus, a CT cystogram
can be combined with an abdominal CT scan. A CT scan is
frequently used as a guide in pancreas biopsies or in place-
ment of directed intra-abdominal drains.

3. Fluoroscopy: A contrast cystogram can be performed under
fluoroscopy and can be used instead of, or in addition to, a
CT cystogram to look for bladder leak. The combination of
the tests increases the sensitivity for detecting leaks.

4. Magnetic resonance angiogram (MRA): An MRA is done
if vascular abnormalities are suspected on the ultrasound
and if the patient’s kidney function is inadequate to per-
form standard angiography with contrast. MRA provides
resolution comparable to a CT angiogram, without the risk
of contrast nephropathy, but it is inferior to standard an-
giography in providing fine vascular detail.

5. Angiography: This is the gold standard test for evaluat-
ing details of arterial anatomy in and around the pancreas.
However, it is rarely employed, except in cases in which
angiographic intervention (such as angioplasty, stenting of
a stenotic segment, or coiling of an AV fistula or pseudo-
aneurysm) is planned. Contrast nephropathy is feared in a

diabetic kidney, and reasonable alternatives (such as ultra-
sound and MRA) are available.

FUTURE DIRECTIONS
In diabetic patients with kidney dysfunction, SPK or PAK trans-
plant is the standard of care. A PTA, however, is less common
because the long-term risks of diabetes are pitted against the
long-term risks of immunosuppression. A successful transplant
can improve existing neuropathy (62) in diabetic recipients,
and the survival after a solitary pancreas transplant is better
than remaining on the waiting list (65). As the risks of immuno-
suppression decrease with novel methods of tolerance and im-
munomodulation (102), the balance will tilt in favor of an early
transplant. The limiting factor will then be the organ shortage,
which could be alleviated if xenotransplantation is able to over-
come its current barrier of hyperacute rejection (155).

The application of islet transplants is rapidly growing. Re-
cent successes (7,8) suggest that islet transplants can provide
all the benefits of pancreas transplants without the risks of ma-
jor surgery. Xenotransplantation of islets may be more readily
achievable using encapsulation (156) than with other organs.
Prolonged diabetes reversal after intraportal xenotransplant in
primates has been documented (157) and may pave the way for
human xenotransplant trials. Also, stem cells that are manip-
ulated to differentiate into islets may provide a rich supply for
transplantation (158). Islet transplants can be combined with
immunomodulation and tolerogenic strategies to minimize or
avoid immunosuppression (159). This combination would pro-
vide for minimally invasive cellular (islet) transplants for all
type 1 diabetic patients without the need for long-term im-
munosuppression.
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Because of advances in critical care and medical treatment,
many more patients are living with end-stage renal disease
(ESRD). In 2003, more than 324,000 patients in the United
States received some form of renal replacement therapy for
ESRD. The economic burden of ESRD is staggering, with $27.3
billion spent in the United States in public and private funds
in 2003 (1). Renal transplantation is clearly the most cost-
effective treatment option for ESRD when compared to all
other forms of renal replacement therapy (2,3). The improve-
ment in outcome after renal transplantation has resulted in a
more liberal selection of patients. Unfortunately, the demand
for kidney transplants far exceeds the supply of available or-
gans. While nearly 70,000 patients currently await renal trans-
plantation in the United States, only 16,477 renal transplant
procedures were performed in 2005 (4). As a result, patients
on the deceased donor organ transplant waiting list wait pro-
longed periods and suffer the consequences of chronic dis-
ease and associated comorbidities before finally undergoing
transplantation. This serious shortage of donor kidneys has
prompted many institutions to expand their donor criteria. In
an attempt to increase the utilization of suboptimal kidneys,
transplantation of both marginal kidneys, a “dual transplant,”
into a single recipient has been performed at some centers with
good short-term results (5). Furthermore, there has been a re-
newed interest in the use of “non–heart-beating donors,” also
with good short-term results (6,7). Because of these reasons,
which may lead to an increase in the incidence of delayed graft
function or slow graft function, the critical care management
of these patients has become increasingly important. Further-
more, advances in transplant management now allow for long-
term survival after transplant. There are now over 100,000 pa-
tients living on chronic immunosuppression after renal trans-
plant in the United States, some of whom may present to the
critical care unit for unique problems and complications long
after they have undergone transplant surgery (8).

EVALUATION OF POTENTIAL
TRANSPLANT CANDIDATE

Before undergoing renal transplantation, each patient must un-
dergo thorough evaluation, as not all ESRD patients are appro-
priate candidates for transplantation. Each center has a specific
protocol for candidate evaluation, but the main purpose of any
evaluation is to identify major contraindications to transplan-
tation including active malignancy, advanced cardiopulmonary
disease, active infection, substance abuse, and noncompliance
with medical therapy. With most malignancies, a waiting pe-
riod before transplantation is recommended (time period varies
with the type of malignancy) and patients should be thoroughly
evaluated for any recurrence or metastasis, which would con-

traindicate transplantation. There is no completely reliable al-
gorithm for evaluating patients for cardiac disease for renal
transplant surgery. General recommendations include nonin-
vasive cardiac stress testing for the following population: dia-
betics, males older than 45 years, females older than 55 years,
family history of premature cardiac disease (myocardial infarc-
tion [MI] or sudden death in first-degree male relative younger
than 55 or first-degree female relative younger than 65), cur-
rent cigarette smoking, hypertension, total cholesterol > 200
mg/dL, and high-density-lipoprotein cholesterol < 35 mg/dL.
For those with positive stress testing, coronary angiography
would be indicated. Some centers routinely advocate coronary
angiography for all diabetics as the incidence of ischemic heart
disease is high in this population (9).

Patients undergoing evaluation should be screened for viral
hepatitis B and C and HIV, and any active infection should be
treated. While viral hepatitis B and C and HIV positivity are
not absolute contraindications, patients with advanced forms
of these infections are generally not candidates for transplan-
tation.

Other potential relative contraindications to transplanta-
tion include obesity, severe peripheral vascular/cerebrovascular
disease, and advanced age. Although obesity is not an absolute
contraindication, U.S. data on over 27,000 patients have indi-
cated that those with morbid obesity (body mass index [BMI]
> 35) have a higher rate of delayed graft function, acute re-
jection, and overall survival, as well as longer hospitalizations
(10). Thrombophilia, prostatic disease, high immunologic sen-
sitization, psychosocial problems, and renal diseases with a
high recurrence rate such as focal and segmental glomeruloscle-
rosis should be identified during this transplant evaluation.
Potential anatomic abnormalities such as severe iliac arterial
disease and genitourinary anomalies should also be delineated
before transplantation.

Candidates on the deceased donor waiting list should be
reassessed periodically for any changes in the status of their
medical and psychosocial problems. Potential recipients with
diabetes mellitus should be evaluated annually as they often
have associated ischemic heart disease. As patients wait longer
for deceased organ donors, they will need to be monitored care-
fully as significant changes in their medical status may occur
during the waiting period.

TYPES OF DONORS
Kidneys are transplanted from deceased donors after brain
death or cardiac death, and from living donors. Brain death is
defined by the Uniform Determination of Death Act of 1981 as
follows: “an individual is dead if there is irreversible cessation
of circulatory and respiratory functions or if there is irreversible
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cessation of all brain functions of the entire brain, including
the brainstem.” A brain-dead donor has suffered head trauma,
cerebrovascular accident, cerebral anoxia, or a nonmetastasiz-
ing brain tumor. Physicians caring for the patient can diagnose
brain death with the assistance of physical exam findings, an
apnea test, a nuclear brain flow scan, and an electroencephalo-
gram, though none of these tests is specifically required. It is the
responsibility of all health professionals and especially critical
care medicine physicians to report all patients with brain death
and impending brain death to the local organ procurement or-
ganization (OPO). Once family members have accepted that
their relative is brain dead, the trained donation coordinator
may approach the family to discuss organ donation.

Because of the disparity between organ demand and supply,
kidneys that traditionally would not have been used are now
being considered. These deceased donors have been defined by
the United Network for Organ Sharing (UNOS), the national
organization that coordinates organ allocation, as “expanded
donors.” Expanded criteria donors (ECDs) include all kidneys
procured from donors of age older than 60 or age between 50
and 59 years and at least two of the following: hypertension,
serum creatinine > 1.5 mg/dL, or death due to a cerebrovascular
accident. Some studies have shown that recipients of kidneys
with expanded donor criteria have slightly diminished graft
function, but comparable long-term graft and patient survival
(11). Use of ECD kidneys may offer survival advantages to
those on dialysis and should be offered principally to recipients
older than 60 years or perhaps allocated to OPOs with longer
waiting times (12). This is a controversial area and some centers
advocate ECD kidneys to all diabetics older than age 40 if
waiting time is long.

In donation after cardiac death (DCD), death is determined
by the usual cardiopulmonary criteria to prove the absence
of circulation and can be used in clinical scenarios in which
the donor does not meet brain death criteria. Conditions that
may warrant consideration of DCD include irreversible brain
injury, end-stage musculoskeletal disease, and high spinal cord
injury. Early reports suggest that the time between extubation
of the donor and the initiation of cold perfusion of the organs
(warm ischemia) should be less than 60 minutes for successful
kidney removal and function, though this does vary somewhat
between centers (13).

Living donors are people who have been evaluated exten-
sively both medically and psychosocially for possible donor
nephrectomy. Medical evaluation should include thorough his-
tory and physical examination, laboratory studies (chemistry
panel, complete blood count, hepatitis Band C and HIV testing,
ABO typing, tissue typing, cross-match testing), 24-hour urine
for creatinine clearance and protein, chest radiograph, com-
puted tomography (CT), or magnetic resonance imaging (MRI)
to evaluate both kidneys. Psychosocial evaluation is done to
determine the emotional relation of the donor to the potential
recipient and to ensure that the donor truly desires to donate
and for altruistic reasons (not financial or other gain). An in-
dividual should be considered as a potential living donor only
if the following basic requirements have been fulfilled:

1. Donor and recipient are ABO blood group compatible.
2. The warm T-lymphocyte cross-match is negative.
3. The person is in excellent physical condition, emotionally

stable, and well motivated.

4. The individual is willing to undergo donor nephrectomy, is
fully informed about the procedure, and is not under pres-
sure from family members to donate a kidney.

The cytotoxic T-cell cross-match must be negative immedi-
ately before transplantation in order to proceed with surgery.
A positive high-titer B-cell cross-match is also a contraindica-
tion to transplantation; however, transplantation may proceed
in the presence of a low-titer B-cell cross-match, provided that
the T-cell cross-match and the flow cytometry cross-match are
negative (14).

IMMEDIATE PREOPERATIVE
MANAGEMENT

Appropriate recipients are selected based on a list that is gener-
ated by UNOS. This list takes into account the following fac-
tors: ABO blood type, human leukocyte antigen (HLA) match-
ing, antibody testing, and waiting time. Although potential re-
cipients are familiar to the transplant center physicians, they
are carefully evaluated for recent infection or illness with blood
tests, chest radiograph, and electrocardiogram (ECG). Because
waiting lists are long and patients may have been waiting for
several years, other illnesses may have developed in the interim
that may contraindicate transplant surgery. Patients may re-
quire a treatment of hemodialysis or peritoneal dialysis prior
to transplant surgery if there is evidence of hyperkalemia or
fluid overload.

IMMEDIATE POSTTRANSPLANT
MANAGEMENT

Renal transplantation is carried out in the standard fashion
through an incision that exposes the iliac fossa. The donor re-
nal vessels are sutured in an end-to-side fashion to the external
iliac artery and vein and a ureteroneocystostomy is created.
Patients are monitored with continuous ECG and central ve-
nous pressure in the immediate postoperative period. Blood
pressures are carefully monitored, as most patients have under-
lying hypertension and administration of immunosuppressive
medications such as corticosteroids can affect blood pressure
control. In addition, pain, catecholamine release, and fluid sta-
tus may contribute to difficulties with blood pressure control.
While adequate blood pressure control is important for the in-
tegrity of the renal arterial anastomosis, it is equally important
to avoid hypotension and therefore prevent renal hypoperfu-
sion and graft thrombosis.

Urine output is carefully monitored on an hourly basis via
an indwelling urinary catheter. This urinary catheter also serves
to protect the ureteroneocystostomy during the early postop-
erative period. Any increase in intravesical pressure due to in-
complete emptying of the bladder could compromise the newly
created anastomosis between the ureter and bladder. Hema-
turia occurring early posttransplant may be due to bleeding
at the ureteral anastomosis, in the bladder, or along the ure-
thra. This can be managed with gentle flushing of the urinary
catheter with 20 to 30 mL of sterile saline. Changing the uri-
nary catheter to one of a larger caliber may also help remove
clots. Three-way urinary catheters are also used to facilitate



Chap t e r 95: Renal Transplantation 1397
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Vesse l thrombosis  
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FIGURE 95.1. Algorithm for management of low urine output following renal transplant.

continuous bladder irrigation should other measures fail to
treat the hematuria.

Blood glucose monitoring is also done on a regular ba-
sis. Many transplant recipients have underlying diabetes melli-
tus and all patients may have hyperglycemia exacerbation re-
lated to administration of steroids and other immunosuppres-
sive agents. Use of continuous insulin infusion and frequent
blood glucose monitoring may be necessary to maintain good
glycemic control. Optimal control of hyperglycemia in the post-
operative period and in critically ill patients has been shown to
decrease morbidity and mortality (15,16).

Particular attention should be paid to the volume and elec-
trolyte status as the urine output in the immediate posttrans-
plant period can vary from oliguria (frequently due to delayed
graft function) to several liters as a result of generous fluid re-
placement during the surgery and also due to solute-induced
osmotic diuresis. Living donor allografts typically have excel-
lent immediate function and may have prompt and marked
diuresis. Most transplant centers utilize a center-specific proto-
col with a fixed-rate maintenance of intravenous fluids usually
with 0.9% normal saline at 50 mL/hour or 100 mL/hr together
with replacement fluid at two thirds or one half of previous
hour urine output. Some recipients may need hourly fluid re-
placement on a milliliter-for-milliliter basis in order to keep up
with fluid losses. Kidneys from expanded donors or donation
after cardiac death or with longer cold ischemia times may not
have immediate function due to acute tubular necrosis (ATN).

These recipients should be kept on a maintenance volume of in-
travenous fluids and the central venous pressure can be used to
guide fluid status (Fig. 95.1). Other factors to consider would
include the timing of the last dialysis and the amount of urine
produced by the patient before transplant. Hemodialysis treat-
ment shortly before the transplant surgery may render a re-
cipient relatively hypovolemic during the perioperative period.
Patients who have not yet been started on renal replacement
therapy or who make a normal amount of urine may not have
issues with hypovolemia.

Postoperative evaluation of electrolytes should include
monitoring of serum sodium, potassium, bicarbonate, calcium,
magnesium, and phosphorous. While some patients require bi-
carbonate supplements, potassium supplements are usually not
necessary. However, supplementation may be required in pa-
tients with large-volume posttransplant diuresis.

Prophylaxis with subcutaneous heparin to prevent deep ve-
nous thrombosis and H 2 receptor blockers or proton pump
inhibitors to prevent gastric and/or duodenal ulcers are often
administered. Patients should be evaluated for the need for dial-
ysis based on their electrolyte, metabolic, and volume status.

EARLY COMPLICATIONS
The most common complication early posttransplant is an
inappropriately low urine output. The differential diagnosis
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includes (a) obstruction of urine flow anywhere between the
renal pelvis and the collection bag; (b) graft hypoperfusion; (c)
urinary leak; (d) renal parenchymal disease, usually ATN; and
(e) acute rejection in immunologically sensitized patients. If a
brisk diuresis was observed in the operating room or has been
recorded in previous hours, a sudden reduction in urine flow
should immediately raise suspicion of a mechanical problem.

Frequently, blood clots obstruct the urinary catheter. The
patient complains of a sense of fullness and need to urinate.
“Milking” the urinary catheter tubing poses no risk of con-
taminating the closed system and usually dislodges the clots. If
catheter irrigation is necessary, meticulously sterile technique is
used. Sterile saline, 20 to 30 mL, should be instilled retrograde
to facilitate mechanically breaking up the clot. Avoid overdis-
tention of the bladder, which risks rupture of the ureteroneo-
cystostomy or bladder closure. If irrigation fails to evacuate
the clot, removal of the Foley catheter and replacement with
a larger catheter (no. 18 through 20 F) is recommended. If
clots still accumulate, a triple-lumen urinary catheter permits
continuous bladder irrigation. Rarely, cystoscopy is required
to evacuate clots.

Other mechanical problems include obstruction of the
ureter or urine leak (17). These should always be suspected
when there has been a history of brisk urine flow noted at
surgery, but little or none has been noticed since bladder clo-
sure. Urine leak can present as severe wound pain, ascites, scro-
tal or labial edema, and fluid draining from the wound or oper-
ative drains with urea nitrogen and creatinine concentrations
much higher than serum. Ultrasonography is particularly use-
ful in diagnosing hydroureter or perinephric fluid collections
(18). These problems require immediate operative correction.

After exclusion of outflow problems, factors that determine
allograft perfusion should be addressed. Norms for “adequate”
blood pressure are higher after transplantation, especially in
children receiving adult kidneys and patients with limited car-
diac contractility. To some degree, all transplanted kidneys have
sustained predonation procurement and reperfusion injuries
(19). There is an increase in interstitial edema and increased
venocapillary resistance, endothelial swelling and denuding,
and activation of vasoactive mediators. The resistance of the
renal vascular bed is increased. Renal plasma flow requires a
higher mean arterial pressure in this setting. The renal trans-
plant recipient usually requires a blood pressure greater than
120/80 mm Hg. The patient’s history of average pretransplant
pressures is valuable in targeting perfusion pressure.

Unless there is clear evidence of intravascular volume over-
load, fluid boluses with normal saline are usually required.
A transient response may justify further volume expansion.
Most dialysis-dependent patients have total-body fluid over-
load. Their “dry weight,” used to calculate an end point on
dialysis, is always in excess of the dry weight they reach with
normal renal function. Several centers use low-dose dopamine
(2.5 µ g/kg/minute) in an attempt to improve renal perfusion.
In rare circumstances, the intrarenal vascular resistance may
be excessively high, and adequate perfusion pressures do not
produce sufficient intrarenal blood flow. This problem dramati-
cally increases the risk of further ischemic injury or even throm-
bosis. Grafts from pediatric donors, especially those younger
than 4 years of age, are prone to thrombosis. As an additional
safeguard, in recipients of pediatric en bloc kidneys, low-dose
aspirin therapy immediately after surgery to minimize the risk
of thrombosis should be considered. Graft thrombosis is rare,

but any hope of graft salvage requires immediate return to the
operating room.

DELAYED GRAFT FUNCTION AND
ACUTE TUBULAR NECROSIS

Delayed graft function (DGF) or acute renal dysfunction in
the immediate posttransplant period has been a serious and
frequent problem in cadaver renal transplantation and occurs
in up to 30% of the recipients (20), and up to 35% to 40%
in ECD and DCD kidney recipients, respectively. However,
this diagnosis should be considered only after all other causes
are eliminated. Acute tubular necrosis is the most common
histologic feature in patients with DGF. The risk factors as-
sociated with an increased incidence of DGF include donor
hypovolemia or hypotension, particularly in the presence of
nephrotoxic drugs or vasopressors; prolonged cold or warm
ischemia times; kidneys procured from older donors and from
donors with hypertension or vascular occlusive disease; injury
incurred during procurement, preservation, or implantation;
and a high (> 50% ) panel reactive antibody level in the re-
cipient (21–23). Living donor kidneys are much less likely to
have DGF than deceased donor kidneys. The pathophysiology
leading to DGF is complex and incompletely understood and
appears to be due to ischemia–reperfusion injury. The short-
term and long-term deleterious effects on graft survival that
have been demonstrated in patients developing this disorder re-
late to its association with acute and chronic rejection (23,24).
Therefore, protocols were developed to administer antilym-
phocyte antibodies for the preemptive treatment of acute rejec-
tion, during this period of graft dysfunction, when a diagno-
sis of rejection could be difficult. This led to the development
of protocols termed sequential quadruple immunosuppressive
therapy, where patients receive antibody induction followed by
maintenance immunosuppression, usually with three agents.

IMMUNOLOGIC CAUSES OF EARLY
GRAFT DYSFUNCTION

Hyperacute rejection is a rare and largely preventable cause of
immediate graft failure. It is caused by preformed antibodies
present in the recipients’ serum at the time of transplantation
against donor antigens. These antibodies are the consequence
of previous exposure to donor antigens due to blood transfu-
sions, prior transplantation, or pregnancy. It also occurs when
transplantation is attempted across ABO-incompatible barri-
ers. The events that lead to hyperacute rejection may occur with
such rapidity that the kidney becomes visibly ischemic while the
patient is still on the operating table. It always occurs within 24
hours of transplantation. Renal histology shows fibrin thrombi
occluding the glomerular capillaries and small vessels with ex-
tensive tissue necrosis. Although plasmapheresis and anticoag-
ulation have been advocated, there is no established effective
treatment and interventions are seldom successful. A kidney
with hyperacute rejection should always be removed promptly.
The current cross-match techniques, because of their increased
sensitivity, have greatly diminished the incidence of hyperacute
rejection. Antibody-mediated (CD4 positive) acute rejection is
another form of early rejection that can occur in previously
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sensitized patients but with an initial negative cross-match.
This form of acute rejection is potentially reversible if diag-
nosed early and treated aggressively with plasmapheresis and
intravenous immunoglobulin (25).

IMMUNOSUPPRESSION
The different phases of immunosuppressive therapy after trans-
plantation are (a) induction immunosuppression in the immedi-
ate posttransplantation period when potent therapy is required
to prevent rejection; (b) maintenance immunosuppression for
long-term therapy to prevent allograft rejection, but at the same
time preserving host defense mechanisms against infections;
and (c) intensification of the immunosuppressive therapy for
the treatment of an acute rejection episode.

Antilymphocyte antibodies are ideally suited for use as in-
duction immunosuppressive agents and some for the treatment
of acute rejection. They have been available for use as immuno-
suppressive agents since the late 1960s. All early forms of an-
tilymphocyte antibodies were polyclonal, which are made by
injecting human lymphocytes into horses, goats, rabbits, or
sheep. In contrast to polyclonal antibodies, a monoclonal anti-
body is highly specific, and recognizes a single antigen epitope.
They have a greater potency at lower doses, and have a more
predictable and consistent effect. Monoclonal antibodies that
are currently approved for use in transplantation are directed
either at cell surface receptors such as the CD3/T-cell recep-
tor (TCR) complex (OKT3), or the interleukin-2 (IL-2) recep-
tor (IL-2R; daclizumab and basiliximab). Current maintenance
immunosuppression protocols often use the combination of a
calcineurin inhibitor, an antimetabolite, and corticosteroids.
However, the principles of the different regimens are simi-
lar: more intense immunosuppression in the induction phase
with gradual reduction in immunosuppression in the mainte-
nance phase. The immunosuppression protocol an institution
implements should provide a balance between preventing rejec-
tion and avoiding the consequences of overimmunosuppression
such as infection and malignancy.

POLYCLONAL ANTIBODIES
Polyclonal antilymphocyte antibodies are produced by the
immunization of rabbits (Thymoglobulin) or horses (Atgam)
with human thymocytes. Several mechanisms of action have
been proposed to explain the immunosuppressive effect of
polyclonal antibodies. These include (a) complement-mediated
cell lysis, (b) clearance of lymphocytes by opsonization and
subsequent phagocytosis by macrophages, and (c) antibody-
dependent cell-mediated cytolysis (26).

Polyclonal antibody treatment induces marked lymphocyte
depletion that persists during the entire treatment period. The
number of circulating T cells will gradually increase after the
cessation of treatment and reach pretreatment levels in sev-
eral weeks, with significant variability among patients. Each
polyclonal antilymphocyte preparation varies in its constituent
antibodies. Due to this unpredictable antibody mixture and
batch-to-batch variability, treatment responses and side effects
are variable between the different preparations (27).

There are two formulations of antithymocyte globulin avail-
able in the United States: Atgam, an equine polyclonal an-

tithymocyte globulin, and Thymoglobulin, a rabbit polyclonal
antithymocyte globulin. Thymoglobulin consists of antibod-
ies specific for T-cell epitopes, including CD2, CD3, CD4,
CD8, CD11a, CD18, CD25, HLA-DR, and HLA class I.
Comparative studies have demonstrated superior efficacy of
Thymoglobulin when compared to Atgam (28,29) and there-
fore the use of Thymoglobulin has largely superseded that of
Atgam.

The most common side effect of polyclonal antibody treat-
ment is the cytokine release syndrome, which usually occurs
after the administration of the first few doses. However, these
symptoms are not as severe as with OKT3. More severe re-
actions include the development of skin rashes, hypotension,
acute respiratory distress, and anaphylaxis. Polyclonal anti-
bodies often cross-react with antigens on unrelated cells, result-
ing in such side effects as granulocytopenia, thrombocytope-
nia, arthralgia, serum sickness, phlebitis, and immune com-
plex glomerulonephritis. Because these agents severely impair
the cell-mediated immunity, patients are prone to develop op-
portunistic infections and posttransplantation malignancies,
especially posttransplantation lymphoproliferative disorders
(PTLDs).

Thymoglobulin is dosed at 1.5 mg/kg/day, whereas Atgam
is dosed at 10 to 15 mg/kg/day. Both antibody preparations are
administered as an IV infusion over a period of about 6 hours.
Premedication is recommended using high-dose methylpred-
nisolone, an antihistamine, and acetaminophen 1 hour prior
to the administration of these antibodies.

MONOCLONAL ANTIBODIES

OKT3 (Muromonab )

OKT3 is a murine monoclonal antibody directed against CD3,
a molecule closely associated with the TCR on the surface of
human T cells (30). Antigen recognition by the TCR results in
signal transduction via the CD3 molecule and subsequent T-
cell proliferation and activation. OKT3 inhibits the CD3/TCR
complex, thereby inactivating T lymphocytes. OKT3 is used for
induction or for the treatment of acute rejection. The standard
dose of OKT3 is 5 mg/day administered intravenously through
a central or peripheral line.

The most common side effect of OKT3 is the cytokine re-
lease syndrome that typically begins 30 to 60 minutes after the
administration of the first few doses and may last for several
hours. This syndrome is characterized by fever, chills, tremor,
nausea, vomiting, diarrhea, headache, myalgia, chest pain and
tightness, and wheezing. This syndrome is believed to be me-
diated by a massive systemic release of cytokines by activated
T cells. The cytokine release syndrome may cause severe pul-
monary edema in patients who are fluid overloaded. It is there-
fore essential to assess the volume status of the patient prior
to initiating OKT3 treatment and to induce diureses or dia-
lyze as indicated (31). Cytokine nephropathy, a reversible re-
nal dysfunction, has also been reported. In order to minimize
or avoid the cytokine release syndrome, premedication is rec-
ommended using high-dose corticosteroids, an antihistamine,
and acetaminophen 1 hour prior to the administration of
OKT3 (32). Another drawback of OKT3 therapy is the produc-
tion of human antimouse antibodies by the kidney transplant
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TA BLE 9 5 . 1

COMPARISON OF BASILIXIMAB AND DACLIZUMAB

Basiliximab (Simulect) Daclizumab (Zenapax)

Nature Chimeric (mouse variable region with human
constant region)

Humanized (murine hypervariable regions, rest of the
molecule [90% ] is human)

Mechanism of action Blocks the binding of IL-2 to its receptor Blocks the IL-2 pathway by binding to the Tac-subunit
of the IL-2 receptor

Half-life 7.2 days 20 days
Saturation 36 days 120 days
Affinity More (9 × 109 mol/L) Less (3 × 109 mol/L)
Recommended adult

dosing schedule
20 mg within 2 h prior to and 20 mg 4 d after

transplantation
Five doses of 1 mg/kg. First dose given within 24 h prior

to transplantation and four remaining doses at
intervals of 14 days

Adverse reactions Similar to placebo Similar to placebo

Resultsa

Biopsy-confirmed
acute rejection

Graft survival

Patient survival

29.8% vs. 44% with placebo (p = 0.012)

87.9% vs. 86.6% with placebo
(p = 0.591)

95.3% vs. 97.3% with placebo
(p = 0.293)

22% vs. 35% with placebo
(p = 0.03)

95% vs. 90% with placebo
(p = 0.08)

98% vs. 96% with placebo
(p = 0.51)

IL, interleukin.
a Data from published studies.
From Vincenti F, Kirkman R, Light S, et al., for the Daclizumab Triple Therapy Study Group. Interleukin-2-receptor blockade with daclizumab to
prevent acute rejection in renal transplantation. N Engl J Med. 1998;338:161; and Nashan B, Moore R, Amlot P, et al., for the CH1B 201 International
Study Group. Randomized trial of basiliximab versus placebo for control of acute cellular rejection in renal allograft recipients. Lancet. 1997;350:1193.

recipients’ immune system. These antibodies may neutralize the
efficacy of OKT3 treatment, thus limiting repeated use.

Immunologic monitoring using flow cytometric determina-
tion of the lymphocyte subsets to monitor depletion of CD3+
lymphocytes from the peripheral blood plays an essential role
in the treatment of patients receiving OKT3 or antithymocyte
globulin preparations. The absolute number of CD3+ cells
should remain depressed throughout treatment. The guidelines
for the number of CD3+ cells varies from fewer than 10/mm3

to more than 50/mm3 in different studies (33).

Ant i-int e rle ukin-2α Re ce p t or Ant ib od ie s

IL-2 is a cytokine responsible for the growth and proliferation
of activated T cells. During an immune response, IL-2 exerts its
effects by binding to the IL-2R on the surface of the antigen-
activated T cell. Anti-interleukin-2α receptor antibodies are
monoclonal antibodies directed against the IL-2R on activated
T cells. These antibodies are used as induction agents for pro-
phylaxis against acute rejection in renal transplant recipients
(34,35).

Basiliximab (Simulect) is a chimeric (human and mouse)
IgG1κ monoclonal antibody that is administered as an IV infu-
sion of two doses of 20 mg each. The first dose is given within
2 hours prior to transplantation and the second dose is given 4
days after transplantation. Daclizumab (Zenapax) is a human-
ized IgG1 monoclonal antibody that is administered as an IV
infusion of five doses of 1 mg/kg body weight each. The first
dose of 1 mg/kg is given prior to transplantation. Subsequent
doses are administered every 2 weeks posttransplantation for
a total of five doses. Adverse effects of the IL-2R antibodies are

minimal and equivalent to placebo in controlled trials. Hyper-
sensitivity reactions have been reported with both antibodies.
The two IL-2R antibodies are compared in Table 95.1.

Ale mt uzumab (Camp at h-1H)

Alemtuzumab (Campath-1H) is a humanized monoclonal an-
tibody directed against the CD52 antigen (36,37) found on
approximately 5% of the lymphocyte surface, making it the
highest-density cell-surface marker on lymphocytes. Targeting
of CD52 with antibody has shown to be exceptionally lytic
of lymphocytes. The mechanism of action of alemtuzumab in-
cludes complement-mediated lysis, cell-mediated killing (anti-
body dependent cellular cytotoxicity [ADCC]), and induction
of apoptosis of targeted cells. Alemtuzumab is a relatively low-
affinity antibody, requiring 20 to 50 µ g/mL to saturate its re-
ceptors (38). Because of the humanization of alemtuzumab, the
first-dose effect is relatively mild. There is an associated tumor
necrosis factor (TNF)-α and interferon-γ release that can be
reduced with steroids. First infusion reactions such as fever,
rash, nausea, vomiting, headache, and rigors due to a cytokine
release syndrome have been reported with alemtuzumab treat-
ment; however, these effects have been of a low-grade nature
and limited with steroid pretreatment (38). Alemtuzumab ef-
fectively depletes immune cells, namely T and B lymphocytes;
some natural killer (NK) cells; and some monocyte/macrophage
lineage. Currently, alemtuzumab is approved for treatment of
patients with B-cell chronic lymphocytic leukemia (39) and is
not Food and Drug Administration (FDA) approved for use in
transplant recipients in the United States. However, since the
introduction of this agent for leukemic patients, a number of
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single-center trials have taken place in renal transplantation
with good results (40,41). Results from a recently completed
multicenter trial comparing alemtuzumab induction with that
of basiliximab in low-immunologic-risk recipients and with
Thymoglobulin for high-immunologic-risk recipients are pend-
ing.

Rit uximab

Rituximab (Rituxan) antibody is a genetically engineered
chimeric (human and mouse) monoclonal antibody directed
against the CD20 antigen found on the surface of normal and
malignant B lymphocytes (42). Rituximab is approved for the
treatment of patients with relapsed or refractory, low-grade
or follicular, CD20-positive, B-cell, non-Hodgkin lymphoma
(43,44). Because of its effects on the B lymphocytes, ritux-
imab is believed to be effective in the treatment of patients
with antibody-mediated (humoral) acute rejection and is also
thought to have a role in decreasing the panel reactive antibody
(PRA) level in sensitized patients. However, it is not FDA ap-
proved for the latter indications and has not gained widespread
support for use in transplant recipients, except for treatment
in patients with PTLD (45).

CALCINEURIN INHIBITORS
Calcineurin inhibitors are currently considered to be the main-
stay of immunosuppression regimens following transplanta-
tion. They are potent immunosuppressants that inhibit T-cell
activation by inhibiting calcineurin phosphatase, a key step
in the regulation of cytokine expression. The introduction of
calcineurin inhibitors in the mid-1980s has revolutionized the
field of transplantation by dramatically reducing acute rejec-
tion rates and improving short-term allograft survival (46).

Cyclosp orine

Cyclosporine A (CsA), the first calcineurin inhibitor approved
for use in transplant recipients for maintenance immunosup-
pression, binds to cyclophilin in the T cell. The CsA/cyclophilin
complex, in turn, inhibits calcineurin phosphatase, which is re-
sponsible for the transcription of IL-2. CsA is highly lipophilic
and water insoluble. Early formulations (Sandimmune) were
administered orally as an oil-based solution. In this form,
bioavailability was erratic and highly variable and bile depen-
dant for its absorption. This erratic absorption profile led to
the development of a microemulsion formulation (modified cy-
closporine, Neoral) that demonstrated a more reliable and pre-
dictable absorption. These two formulations are not bioequiv-
alent and are thus not interchangeable. CsA is available in an
IV formulation, as an oral solution, and in a capsule form. The
IV formulation should be administered as a continuous infu-
sion and should be limited to patients unable to take CsA orally,
and the patient should be monitored closely during the infusion
process. The dosage should be titrated based on whole blood
concentration. The recommended starting dose of oral solution
or capsules is 10 to 14 mg/kg/day for the nonmodified CsA and
6 to 12 mg/kg/day of the modified CsA administered 12 hours
apart in divided doses. Various generic formulations of CsA

are available. In the United States use of CsA has been super-
seded by that of tacrolimus in the majority of kidney transplant
recipients and in almost all pancreas transplant recipients.

Tacro limus

Tacrolimus (Prograf, FK-506) is a macrolide agent that inhibits
IL-2 production in a similar fashion as CsA in the T lympho-
cyte. However, instead of binding to cyclophilin, tacrolimus
binds to the FK binding protein 12 (FKBP-12) and the resulting
complex inhibits calcineurin phosphatase. Tacrolimus is avail-
able in IV injection and oral capsule dosage forms. The IV form
of tacrolimus is also administered as a continuous infusion and
because of the risk of neurotoxicity should be limited to select
patients unable to take tacrolimus orally. Tacrolimus is readily
absorbed in the stomach and should be given orally or through
nasogastric tube whenever feasible. The recommended starting
dose of oral tacrolimus is 0.2 mg/kg/day administered 12 hours
apart in divided doses.

Ad ve rse Effe ct s of t he
Calcine urin Inhib it ors

Both calcineurin inhibitors have a narrow therapeutic window,
multiple side effects, and drug interactions. Both drugs are me-
tabolized by the cytochrome P450–3A4 enzyme system; their
blood concentrations are affected by drugs that block or induce
the cytochrome P450–3A4 enzyme system. Both drugs interact
with some of the commonly used antibiotics, antifungal agents,
and antihypertensive agents. Their interactions with other com-
monly used drugs are listed in Table 95.2. Both drugs cause
acute and chronic nephrotoxicity. The acute nephrotoxicity is
due in part to hemodynamic changes secondary to their vaso-
constrictor effects on the afferent arteriole of the glomerulus.
This results in a reduction in the glomerular filtration rate, man-
ifested by an increase in the serum creatinine concentration.
This acute change is dose related and reversible. However, the
lesions associated with calcineurin inhibitor–induced chronic
nephropathy may lead to end-stage renal failure. These lesions,
which consist of tubulointerstitial striped fibrosis, tubular at-
rophy, afferent arteriolopathy, and global or focal glomerular

TA BLE 9 5 . 2

COMMON DRUG INTERACTIONS WITH
CYCLOSPORINE AND TACROLIMUS

Decreased blood
concentrations Increased blood concentrations

Phenytoin
Carbamazepine
Phenobarbital
Rifampin
Rifabutin
St. John’s wort

Diltiazem
Nicardipine
Nifedipine
Verapamil
Ketoconazole
Fluconazole
Itraconazole
Clarithromycin
Erythromycin

Cimetidine
Metoclopramide
Oral contraceptives
Prednisone
Protease inhibitors
Grapefruit juice
Amiodarone
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TA BLE 9 5 . 3

ADVERSE-EFFECT PROFILE OF CYCLOSPORINE A AND TACROLIMUS

Adverse event Cyclosporine A (%) Tacrolimus (%) p

Hypertension 52.2 49.8
Hyperlipidemia 38.2 30.7
Nephrotoxicity 41.5 45.4
Hyperglycemia 4.0 19.9 < 0.001
Headache 37.7 43.9
Tremors 33.8 54.1 < 0.001
Alopecia 1.0 10.7 < 0.001
Hirsutism 8.7 0.5 < 0.001
Gingival hyperplasia 5.3 0.5 0.004
Gingivitis 8.7 1.5 < 0.001

From Pirsch JD, Miller J, Deierhoi MH, et al., for the FK506 kidney transplant study group. A comparison
of tacrolimus (FK506) and cyclosporine for immunosuppression after cadaveric renal transplantation.
Transplantation. 1997;63:977.

sclerosis or collapse, have been well demonstrated in patients
with autoimmune diseases treated with cyclosporine, as well
as in the various organ transplant recipients: heart, liver, renal,
and bone marrow (47,48). The other reported adverse effects
of CsA and tacrolimus include hypertension, hyperkalemia, hy-
perlipidemia, and headache. Adverse effects unique to CsA in-
clude hirsutism and gingival hyperplasia, whereas those unique
to tacrolimus include alopecia, fine tremor, and hyperglycemia.
The adverse-effect profile of both CsA and tacrolimus is com-
pared in Table 95.3.

Dose modifications of both CsA and tacrolimus are based
on whole blood trough concentrations. Monitoring of the re-
spective drug concentrations is an essential aid in the man-
agement of a transplant recipient for the evaluation of rejec-
tion, toxicity, dose adjustments, drug interactions, and compli-
ance. Two methods for monitoring CsA levels in whole blood
include high-pressure liquid chromatography (HPLC) and ra-
dioimmunoassay, or TDx. For tacrolimus, a microparticle en-
zyme immunoassay (MEIA) or an enzyme-linked immunosor-
bent assay (ELISA)-based IMx assay are utilized. Target levels
of either drug vary based on the type of assay used, the type
of monitoring (trough vs. C2 [drug level 2 hours postdose]
vs. AUC [area under the curve]), transplant center standards,
time posttransplantation, and the recipients’ risk for acute re-
jection.

ANTIMETABOLITES

Mycop he nolic Acid

Mycophenolate mofetil (MMF) (CellCept) and enteric-coated
mycophenolate sodium (MPS) (Myfortic) contain the active
moiety mycophenolic acid (MPA), a reversible inhibitor of in-
osine monophosphate dehydrogenase (IMPDH), a key, rate-
limiting step in the de novo pathway of guanosine nucleotide
synthesis. Depletion of the guanosine nucleotides inhibits T-
and B-cell proliferation as they are dependent on the de novo
pathway of purine synthesis rather than salvage pathways.

The recommended dose of MMF is 1,000 mg orally or IV
twice daily divided 12 hours apart. MMF is the prodrug of

MPA and allows for increased oral bioavailability. Some cen-
ters monitor MPA drug levels for dose adjustments. The MPS
equivalent is 720 mg orally twice daily 12 hours apart, al-
though due to differences in absorption, these two formulations
are not interchangeable. MPS is not available for IV infusion
and the enteric-coated tablets should not be cut, crushed, or
chewed.

Adverse effects of MPA include gastrointestinal effects (dys-
pepsia, nausea, vomiting, diarrhea, and constipation) and bone
marrow suppression (leukopenia and thrombocytopenia). Di-
arrhea, leukopenia, and thrombocytopenia are often dose lim-
iting requiring dose reduction to ameliorate the toxic effects.
These patients, however, should be monitored closely, as a re-
lation exists between an increased incidence of acute rejection
and decreased MPA doses (49,50).

Azat hiop rine

Azathioprine (Imuran) is an imidazole derivative of 6-
mercaptopurine. It is a purine analog that inhibits DNA and
RNA production in the T cell. The initial recommended dose
of azathioprine is 3 to 5 mg/kg/day administered orally or IV
once daily. Adverse effects of azathioprine include hematologic
toxicities (pancytopenia, macrocytic anemia, thrombocytope-
nia, and leukopenia), alopecia, pancreatitis, and hepatotoxi-
city. Dose reductions may be required for myelosuppressive
toxicities. A potent drug interaction may be seen with the coad-
ministration of azathioprine and allopurinol (a xanthine oxi-
dase inhibitor). Although it is recommended that the dose of
azathioprine should be reduced by 75% when coadministered
with allopurinol, it is more prudent to avoid the use of these
two agents together.

mTOR INHIBITORS
Sirolimus (Rapamune) is a macrolide antibiotic produced
by Streptomyces hygroscopicus and is structurally similar to
tacrolimus. Like tacrolimus, sirolimus also binds to FKBP-12.
However, unlike tacrolimus, this complex binds to and inhibits



Chap t e r 95: Renal Transplantation 1403

the activation of the mammalian target of rapamycin (mTOR).
This interferes with biochemical signal transductions from the
cell membrane to the nucleus by inhibiting the stimulation of
T cells by IL-2, -4, and -6 and by blocking the CD28 costim-
ulatory signal. Sirolimus is available in oral tablets and oral
solution. The recommended initial dose of sirolimus is approx-
imately 6 mg (5–10 mg) loading dose, followed by 2 mg once
daily maintenance dose. Dose adjustments are made based on
weekly or biweekly trough level monitoring (t1/2 = 62 hours).

Adverse effects of sirolimus include anemia, leukopenia,
thrombocytopenia, hyperlipidemia, prolongation of delayed
graft function, impaired wound healing, pneumonitis, arthral-
gia, aphthous mouth ulcers, lymphocele, and diarrhea.

The advantage of sirolimus is due to its lack of nephrotox-
icity (51,52). However, when coadministered with CsA, the
nephrotoxic effect of CsA can be potentiated (53). Sirolimus is
metabolized by the cytochrome P450–3A4 enzyme system and
has a similar drug interaction profile as that of the calcineurin
inhibitors.

CORTICOSTEROIDS
Corticosteroids exert their immunosuppressive effects through
multiple pathways, the most important of which is through
their ability to inhibit cytokine and cytokine receptor tran-
scription. Corticosteroids inhibit the expression of various cy-
tokines responsible for the activation of T cells including IL-1,
IL-2, IL-3, IL-6, TNF-α , and interferon-γ (IFN-γ ). Cortico-
steroids function as both induction and maintenance immuno-
suppressive agents as well as for the treatment of acute rejection
episodes. Typical induction protocols call for high-dose methyl-
prednisolone, the first dose administered intraoperatively prior
to organ perfusion with tapering doses for the first few days
posttransplantation. This is followed by oral prednisone with
continued tapering to a baseline maintenance dose. Cortico-
steroids are typically administered once a day in the morning
concurrent with intrinsic cortisol release.

Adverse effects of corticosteroids are numerous and include
cosmetic changes, avascular necrosis, cataracts, osteoporosis,
impaired wound healing, glucose intolerance, hypertension,
hyperlipidemia, increased appetite, hypothalamic–adrenal axis
(HPA) suppression, and mood swings.

Corticosteroids were the first used immunosuppressant
when renal transplants were done in the 1960s. Because of nu-
merous adverse effects, steroid withdrawal has been attempted,
but only with moderate success because of increased acute re-
jection. However, with the advent of newer and more effec-

tive immunosuppressive therapy, there has been a renewed in-
terest in early withdrawal or complete elimination of cortico-
steroids. Short-term success has been achieved in several small
single-center trials and a few larger multicenter trials. Early
corticosteroid withdrawal has also been associated with a more
favorable cardiovascular risk profile, as evidenced by less hy-
pertension, posttransplant diabetes mellitus (PTDM), and hy-
perlipidemia (54).

MINIMIZING OPPORTUNISTIC
INFECTIONS IN THE TRANSPLANT

RECIPIENT
Within the first month following transplantation, surgical
wound-related and nosocomial infections are the most com-
mon infections observed in renal allograft recipients. As a re-
sult, bacterial infections involving the urinary tract, the respira-
tory tract, the surgical wound, and/or intravenous lines are the
ones frequently encountered. In a few instances, infections may
be due to reactivation of pre-existing infection in the recipient
such as subclinical bacterial infections, especially urinary tract
infections and tuberculosis, or transmission of infections from
the donor to the recipient.

Infections in the 1-month to 6-month period after transplan-
tation are due to opportunistic organisms, most notably viruses
belonging to the herpes group, especially cytomegalovirus
(CMV), and due to Candida species and Pneumocystis carinii.
Antimicrobial prophylaxis specific to these opportunistic or-
ganisms should be given to all renal allograft recipients early
posttransplantation. Prophylaxis protocols differ among cen-
ters in antimicrobial selection and duration of therapy. Pro-
phylaxis with antifungals such as clotrimazole, nystatin, or flu-
conazole may be used against Candida infections of the mouth
and throat (thrush). Prophylaxis against P. carinii pneumonia
(PCP) includes cotrimoxazole; or for those patients with a sulfa
allergy, monthly inhaled pentamidine or oral dapsone will pro-
vide adequate prophylaxis against PCP. Drug and dose selection
of antiviral prophylaxis against CMV infection can be strati-
fied by infection risk based on previous CMV exposure, or the
presence of anti-CMV antibodies in the recipient (Table 95.4).
Valganciclovir is currently the drug of choice for antiviral pro-
phylaxis against CMV.

Several antimicrobial agents adversely interact with cy-
closporine and tacrolimus, and careful consideration should
be given to the choice of the antimicrobial agent.

TA BLE 9 5 . 4

CYTOMEGALOVIRUS (CMV) RISK STRATIFICATION AND TREATMENT OPTIONS

Donor CMV Recipient CMV Usual drug
Risk status IgG serostatus IgG serostatus of choice Dose Duration

High Positive Negative Valganciclovir 450 mg qd 90–180 days

Moderate Positive Positive Valganciclovir 450 mg qd 90 days
Negative Positive Valganciclovir 450 mg qd 90 days

Low Negative Negative Valacyclovir 500 mg bid
or tid

30 days
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”STABLE” ALLOGRAFT RECIPIENTS
READMITTED TO THE INTENSIVE

CARE UNIT
Successful transplantation restores patients to an active and
functional life, but it does not prevent subsequent occurrence
of atherosclerotic cardiovascular disease, cancer, trauma, in-
fections, and other major problems. Furthermore, the care of
transplant patients with other diseases demands an awareness
of the long-term problems that are unique to this patient pop-
ulation, and these are also discussed below.

INFECTIONS

Viral Infe ct ions

Cytomegalovirus is the most important viral infection affecting
transplant recipients. CMV infection risk is highest in patients
who are CMV IgG seronegative and received an allograft from
a CMV-seropositive donor (Table 95.4) or who have received
CMV-positive blood transfusion. CMV infection often presents
clinically with fever after cessation of anti-CMV prophylaxis
and in some instances may present as disseminated or tissue
invasive CMV disease affecting the gastrointestinal tract, liver,
kidney, or lungs (pneumonitis) and with organ-specific symp-
toms. CMV is diagnosed by identification and quantification
of the viral DNA in the blood by polymerase chain reaction
(PCR). Tissue-invasive disease may be diagnosed by the identi-
fication of the characteristic owl-eye inclusions on tissue biopsy
(55). Treatment of CMV viremia and tissue-invasive CMV dis-
ease should be initiated promptly with oral valganciclovir or
intravenous ganciclovir. Concomitant treatment with CMV im-
mune globulin may be required in some patients with severe
tissue disease. Duration of treatment depends on the extent
of the disease and continued positivity of the CMV-DNA by
PCR.

Other viral infections that may occur in the immunosup-
pressed renal allograft recipient include Epstein-Barr virus
(EBV), which may lead to the development of EBV-positive
lymphomas; herpes simplex virus (types I and II); hepatitis B
virus; hepatitis C virus; varicella-zoster virus; and the influenza
virus. Treatment of viral infections depends on the type of virus
and the extent of the disease. All transplant recipients should
receive an annual influenza immunization.

Fung al Infe ct ions

Fungal infections are a major concern in the immunosup-
pressed renal allograft recipient. As with the general popula-
tion, Candida albicans infections resulting from endogenous
flora are common. However, with immunosuppression, these
infections can rapidly develop into more serious infections.
Other fungal pathogens seen in transplant recipients include
nocardiosis, aspergillosis, Cryptococcus, histoplasmosis, coc-
cidiomycosis, blastomycosis, and mucormycosis. Treatment of
fungal infections include the use of antifungals specific to the
organism, surgical excision (especially in the case of mucormy-
cosis), and reduction in the overall immunosuppression. Care-

ful consideration should be given to the choice of the antimi-
crobial agent because of drug interactions (azole antifungals)
or additive nephrotoxicity (amphotericin B). Invasive fungal
infections in transplant recipients are associated with a high
risk of graft loss and mortality. Early diagnosis and aggres-
sive treatment can preserve organ function and can be life
saving.

Ot he r Op p ort unist ic Infe ct ions

Urinary tract infections (UTIs) are a frequent complication of
renal transplantation. Although UTIs are frequently asymp-
tomatic, they constitute the major source of bacteremia in this
patient population. Therefore, all urinary tract infections, even
asymptomatic ones, should be treated appropriately. Fortu-
nately, renal dysfunction is an uncommon complication of uri-
nary tract infections in the transplant recipient. It usually oc-
curs with severe pyelonephritis involving the allograft, usually
in the setting of ureteric obstruction or vesicoureteral reflux.
Chronic urinary tract infections may require daily prophylactic
antibiotic administration.

Renal allograft recipients, especially patients with poor allo-
graft function with a background of intensive acute and chronic
immunosuppressive therapy for recurrent rejection episodes,
are susceptible to a large range of infections. Empiric treatment
should be initiated at the first sign of infection as infections can
be aggressive and worsen rapidly.

GASTROINTESTINAL
COMPLICATIONS

A wide variety of gastrointestinal complications may occur af-
ter transplantation due to infections with organisms such as
CMV, Candida sp., and Clostridium difficile; adverse effects as-
sociated with immunosuppressive agents; posttransplantation
complications of pre-existing conditions such as diverticulitis;
and other complications such as acute appendicitis, gastroin-
testinal bleeding, colonic or small bowel perforations, pancre-
atitis, and ischemic colitis. Diarrhea is a common problem in
transplant recipients and may be related to the immunosup-
pressive drugs, due to opportunistic infections, or due to pre-
existing autonomic dysfunction often related to diabetes mel-
litus.

Pe p t ic Ulce r Dise ase

Gastroduodenal ulcers account for most of the gastrointesti-
nal complications posttransplantation and often occur soon
after renal transplantation or acute rejection therapy. Gas-
troduodenal ulcers presenting posttransplantation can be at-
tributed to a variety of causes including pre-existing ulcer his-
tory, viral pathogens (CMV in 15% , herpes simplex in 2% ),
and immunosuppressive agents, mainly corticosteroids (56–
59). The treatment of posttransplantation gastroduodenal ul-
cers is the same as with the general population. Proton pump in-
hibitors and H 2-receptor blocking agents may be used for both
therapy and prophylaxis. Intermittent therapy with calcium,
aluminum, or magnesium salts can provide immediate relief;
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however, coadministration of these agents with MMF (Cell-
Cept) may inhibit absorption of the active moiety of this drug in
the intestinal tract. All kidney transplant recipients diagnosed
with gastroduodenal ulcers should be evaluated for Helicobac-
ter pylori and CMV infection. Clarithromycin (Biaxin), com-
monly used for the treatment of H. pylori, interacts with CsA
and tacrolimus (Table 95.2), and therefore ideally, an alternate
antibiotic regimen should be used. For CMV-related gastroin-
testinal lesions, ganciclovir or valganciclovir treatment should
be initiated promptly.

Bowe l Pe rforat ions

Colonic perforation should be suspected in the presence of
one or more of the following: abdominal pain, fever, increased
white blood cell count, tenderness, and pneumoperitoneum.
These clinical criteria may be blunted in the presence of poor
renal function, use of high-dose corticosteroids, or the overall
state of immunosuppression. A plain abdominal radiograph,
CT scan, or colonoscopy may help in the diagnosis. Mortality
rates after colonic perforation can be reduced with minimal
delay to perform surgery, broad-spectrum antibiotic therapy,
and reduction of immunosuppression. Operative intervention
has been shown to improve patient survival significantly (60).
Screening for colonic diverticula before transplantation should
be applied to all patients older than age 50 years, and a seg-
mental colectomy may be required in patients who have expe-
rienced clinical symptoms of diverticulitis (56,60).

Acut e Pancre at it is

Acute pancreatitis is an infrequent but severe complication fol-
lowing renal transplantation. A review of the literature has doc-
umented an incidence of 2.3% with a mortality rate of 61.3%
in 3,253 renal transplant recipients (61). Several etiologic fac-
tors have been considered. Azathioprine has been reported to
cause pancreatitis with rapid improvement after cessation and
with recurrence of symptoms with reinstitution (62). Cortico-
steroids and cyclosporine have also been reported to cause pan-
creatitis; however, this association is not as convincing. Other
causes of pancreatitis include hyperparathyroidism, CMV in-
fection, biliary tract disease, alcoholism, and hyperlipidemia
(63). Although the diagnosis of pancreatitis depends largely on
an increase in the serum amylase and/or serum lipase levels,
ultrasonography and CT scan may be useful. Intensive medical
management with particular attention to volume replacement,
electrolyte balance, and nutrition is essential.

Severe diarrhea with ensuing dehydration and acidosis, gas-
trointestinal bleeding, cholecystitis, and diverticulitis are other
commonly encountered gastrointestinal problems in the trans-
plant recipient. Advances in the management of peptic ulcer
disease, prophylaxis against CMV disease, and better prepa-
ration of recipients prior to transplantation have reduced the
overall morbidity and mortality. Several of the gastrointestinal
problems may be related to the side effects of the immunosup-
pressive drugs or due to the net state of overimmunosuppres-
sion. Careful consideration should be given to the change in
the immunosuppressive agent and to decrease in the dosages
of these medications.

He mat olog ic Comp licat ions

Neutropenia is a frequent complication posttransplantation,
often as a result of the adverse effects of immunosuppressive
medications. Antithymocyte globulin can cause transient de-
creases in neutrophils that often rebound after cessation of
therapy. Maintenance immunosuppression with mycopheno-
lic acid, sirolimus, and prophylaxis with ganciclovir and cotri-
moxazole contribute to the development of neutropenia due to
their myelosuppressive effects. Careful dose reduction of these
agents and/or use of granulocyte-stimulating factors are often
required for persistent neutropenia. Of particular importance
is that neutropenia can be a sign of CMV infection, and there-
fore this should always be excluded in transplant recipients
with persistent neutropenia.

Anemia is a frequent occurrence in the early posttrans-
plantation period as a result of pre-existing anemia of end-
stage renal disease, surgical blood loss, and immunosuppres-
sive medications. Patients with slow or delayed graft function
may have a more pronounced and prolonged anemia. Ane-
mia in the late posttransplantation phase can be attributed to
a combination of immunosuppressive medications, renal allo-
graft dysfunction, use of angiotensin-converting enzyme (ACE)
inhibitors or angiotensin II receptor blockers, and/or iron de-
ficiency (64). As cardiovascular disease is the leading cause of
morbidity and mortality in kidney transplant recipients, it is
important to manage anemia aggressively in this patient pop-
ulation with the use of erythropoietin. Furthermore, given the
high incidence of coexisting cardiovascular disease in this pa-
tient population, blood transfusions should not be withheld for
acute indications.

Thrombocytopenia is also a frequent occurrence in renal
allograft recipients and often is caused by the immunosup-
pressive medications. Antithymocyte globulin, valganciclovir,
and dapsone can cause transient decreases in platelets. With-
holding doses or dose adjustments of the responsible agent
may be required for thrombocytopenia. Platelet recovery is
rapid, often returning to baseline within days. In rare circum-
stances, thrombocytopenia may be due to hemolytic uremic
syndrome (HUS) that is caused by immunosuppressive drugs
(calcineurin inhibitors, sirolimus, OKT3), severe acute vascu-
lar rejection, transmission from donor, recurrence of previous
HUS, or causes similar to those in nontransplant recipients.

CARDIAC AND VASCULAR
DISEASES

Coronary Art e ry Dise ase

Atherosclerotic vascular disease is the major cause of late mor-
bidity and mortality in transplant recipients, and coronary
artery disease is the principal cause of death (65–69). In trans-
plant recipients, risk factors for posttransplantation coronary
artery disease include increased age, male gender, history of di-
abetes mellitus, hypercholesterolemia, smoking history, acute
renal allograft rejection episodes, and greater cumulative dose
of steroids (70). The key to the early detection of significant
coronary artery disease in renal transplant recipients without
coronary symptoms is repeated evaluation for the known risk
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factors. The management of transplant patients with coro-
nary artery disease is similar to that of other patients and
should include noninvasive exercise or resting diagnostic test-
ing, coronary arteriography, or both. However, some noninva-
sive screening tests have been shown to be less useful, especially
in the presence of diabetes, uremia, and left ventricular hyper-
trophy (71). With the increasing number of transplantations
performed in the elderly and in patients with diabetes mellitus,
cardiovascular disease will continue to be a major cause of post-
transplantation morbidity. Of particular note, during cardiac
catheterization, femoral arterial puncture on the ipsilateral side
to the renal transplant should be avoided whenever feasible to
reduce the risks of mechanical injury and atheroembolization
to the renal allograft.

Ce re b rovascular and Pe rip he ral
Vascular Dise ase

Cerebrovascular disease occurs in 1% to 3% of all renal allo-
graft recipients (65,72). There is also an increased risk of pe-
ripheral vascular disease (65,68,73,74). A thorough history to
elicit symptoms associated with cerebrovascular and periph-
eral vascular disease and examination of the carotid arteries
and peripheral circulation should be performed annually and
the presence of a carotid bruit should be further investigated
with duplex ultrasonography and magnetic resonance angiog-
raphy (MRA). In the presence of more than 60% stenosis of
the carotid artery, the patient should be referred to the neu-
rovascular surgeon for further evaluation (75).

Successful transplantation does not reduce the rate of
atherosclerosis initiated in renal failure. Factors contributing
to the high incidence of vascular disease include hypertension,
hyperlipidemia, obesity, cigarette smoking, and the presence
of pre-existing diabetes mellitus or the development of post-
transplantation diabetes mellitus (65). The mortality rate from
coronary artery disease was increased 25-fold to that of age-
matched and gender-matched controls in an Australian study
(76), was increased 10-fold in a study from Stockholm (77),
and was increased three- to fourfold in a Minneapolis study
(70). By actuarial analysis, 15% of patients who survived with
a functioning allograft for 15 years developed peripheral vas-
cular disease (73).

HYPERTENSION
Hypertension is a common complication of renal transplanta-
tion and remains an important risk factor for mortality from
cardiovascular disease. Posttransplantation hypertension is a
major risk factor for graft survival. It is unclear, however,
whether this is because of the deleterious effects of hyper-
tension on the structure and function of the renal allograft
or whether hypertension is a marker of underlying renal dis-
ease (78,79). The causes of hypertension in renal transplant
recipients include acute and/or chronic allograft rejection; re-
current or de novo transplant glomerulonephritis; transplant
renal artery stenosis; high renin output state from diseased na-
tive kidneys; immunosuppressive agents such as steroids, cy-
closporine, and tacrolimus; obesity; hypercalcemia; and new-
onset essential hypertension (80).

HYPERLIPIDEMIA
As discussed earlier, cardiovascular disease is the most common
cause of posttransplantation morbidity and mortality among
long-term renal transplant survivors. As in the general popula-
tion, posttransplantation lipoprotein abnormalities contribute
to the development of cardiovascular and peripheral vascu-
lar disease in renal transplant recipients (67,73,81,82). The
prevalence of posttransplantation hyperlipidemia ranges from
16% to 78% of recipients (65), depending at which time
point posttransplantation serum lipid levels were obtained.
Elevations in triglycerides, low-density lipoproteins (LDLs),
apolipoprotein B, and total cholesterol levels are common (83–
91). The pathogenesis of hyperlipidemia in renal transplant
recipients is poorly understood and appears to be multifac-
torial. The numerous factors that have been shown to be as-
sociated with hyperlipidemia after renal transplantation are
age, body weight, gender, pretransplantation lipid levels, renal
dysfunction, proteinuria, concomitant use of diuretics or β -
blockers, diabetes, steroid use, and cyclosporine and sirolimus
use (81,83–89,92,93).

NEW-ONSET DIABETES AFTER
TRANSPLANTATION

New-onset diabetes after transplantation (NODAT) has been
reported in 3% to 40% of transplant recipients with an even
higher incidence occurring in African Americans, Hispanics,
and patients with a family history of diabetes mellitus, in-
creasing with recipient age and weight (65,66,69,72,94–96).
NODAT has been attributed to the use of immunosuppressive
agents, especially with tacrolimus and corticosteroids; how-
ever, cyclosporine has also been implicated (96–99). Patients
with NODAT have a poor outcome in terms of patient and
graft survival, with increased mortality resulting from cardio-
vascular and possibly infectious complications (95,100).

Insulin treatment may be required in patients with NODAT
who do not respond to lifestyle modification and oral hypo-
glycemic agents. About half of patients in whom NODAT de-
velops require insulin. Aggressive treatment with either intra-
venous or subcutaneous insulin may also be indicated during
periods of intercurrent illness and stress.

GRAFT DYSFUNCTION AND
GRAFT FAILURE

The differential diagnosis of acute allograft dysfunction can be
divided into (a) early, occurring < 90 days posttransplantation,
and (b) late, occurring > 90 days after transplantation. It can
be further differentiated into medical and surgical problems as
outlined in Table 95.5. Some of the more common medical and
surgical problems are discussed below.

Acut e Re je ct ion

Although acute allograft rejection is the most common cause
of graft dysfunction both in the early and late periods, it most
commonly occurs during the first 90 days posttransplantation.
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TA BLE 9 5 . 5

CAUSES OF GRAFT DYSFUNCTION AND FAILURE

Early (0–90 days
posttransplantation)

Late (> 90 days
posttransplantation)

Medical Hyperacute rejection
Delayed graft function
Acute rejection
Acute calcineurin inhibitor

nephrotoxicity
Dehydration
Other drug toxicities
Infection
De novo/recurrent disease

Acute rejection
Calcineurin inhibitor toxicity
Chronic rejection
Dehydration
Other drug toxicities
Infection
BK virus nephropathy
De novo/recurrent disease

Mechanical Lymphocele
Ureteric obstruction
Urine leak
Vascular thrombosis

Renal artery stenosis
Ureteric obstruction
Urine leak
Vascular thrombosis

Recipients of transplants from living donors have a significantly
lower incidence of rejection episodes. Factors significantly as-
sociated with the development of acute rejection are HLA mis-
match, anti-HLA antibodies reactive to greater than 50% of
a lymphocyte panel, retransplantation, African American race,
and recipient age under 16 (101,102). The classic clinical fea-
tures associated with acute rejection are fever, oliguria, weight
gain, edema, hypertension, and the presence of an enlarged,
tender graft. However, these features are frequently absent, and
the most common presentation may be an asymptomatic rise in
serum creatinine. An increase in serum creatinine greater than
20% is often the cardinal feature of rejection. Percutaneous
needle biopsy of the allograft is the most reliable method of
diagnosis of acute rejection. Acute rejection is classified his-
tologically using the Banff 97 classification of renal allograft
pathology depending on the severity of lymphocytic infiltra-
tion of tubules (tubulitis), arterioles (arteritis), and the renal
interstitium (103).

The principles and the management of acute rejection in-
clude rapid diagnosis, accurate classification, and prompt ad-
ministration of antirejection therapy. Currently, corticosteroids
and antilymphocyte antibodies represent the main components
of antirejection treatment protocols. The decision on treatment
of acute rejection is based on histologic severity. One approach
is to treat mild acute cellular rejection with a course of 250 to
500 mg of intravenous methylprednisolone administered daily
for 3 or 4 days, and moderate and severe acute cellular re-
jection and acute vascular rejection are treated with a 4- to
7-day course of an antilymphocyte antibody, currently either
Thymoglobulin or OKT3.

Chronic Re je ct ion

Chronic rejection is characterized clinically by a progressive
decline in renal function, persistent proteinuria, and hyperten-
sion. The course of chronic rejection is slow and insidious.
Chronic rejection often occurs in conjunction with other histo-
logic causes of allograft dysfunction, namely, acute rejection,
calcineurin inhibitor nephrotoxicity, and recurrent or de novo

glomerular diseases. The diagnosis of chronic rejection should
therefore be based on morphologic characteristics of allograft
histology and the clinical observation of a gradual decline in
renal allograft function. The pathophysiology of chronic re-
jection is not completely understood, but most likely involves
both immune and nonimmune factors. Risk factors for the de-
velopment of chronic rejection include delayed graft function,
ischemia–reperfusion injury, degree of HLA mismatching, his-
toincompatibility, acute rejection episodes, inadequate renal
mass, hypertension, hyperlipidemia, and cytomegalovirus in-
fection (104). There is no treatment for chronic rejection at the
present time.

Uro log ic Comp licat ions

Urologic problems have been reported in between 2% and
20% of all renal transplants (105–109). These complications
can include urinary retention, urine leak, and ureteral steno-
sis. Urinary retention can occur because of a neurogenic blad-
der (related to diabetes or a congenital neurologic disorder)
or perhaps an undetected prostatic hypertrophy. These can be
managed with an initially longer period of urinary catheter-
ization and use of α-antagonists (tamsulosin, terazosin, pra-
zosin) to improve bladder emptying. More extreme cases may
require long-term intermittent self-catheterization or surgical
urinary diversion. Urine leak or stenosis can occur both early
and later after renal transplant and will be manifested by a ris-
ing serum creatinine. Urine leaks may also result in increased
fluid through an operative drain or fluid leakage through the
wound. This fluid can be sent for creatinine level to confirm
the presence of a urine leak. Ultrasound studies may demon-
strate a fluid collection around the allograft or hydronephrosis
in the case of ureteral stenosis. Nuclear medicine scans can
also be obtained to confirm the presence of a ureteral steno-
sis or urine leak. Mild cases of ureteral stenosis/leakage can
be managed with percutaneous methods including insertion
of ureteral stents and transluminal balloon dilation. Many of
these stenoses/leaks will require operative management to reim-
plant the ureter or a more complex urologic procedure using
the recipient’s native ureter or bladder (105–109).
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Vascular Comp licat ions

Vascular complications including vessel thrombosis or stenosis
have been reported in 2% to 12% of all renal transplants. Vas-
cular complications in general are significantly associated with
ATN and graft loss. Early graft dysfunction should be evalu-
ated for vascular complications with ultrasound with Doppler
(110). Patients with underlying thrombophilia are at a higher
risk for early allograft loss without appropriate anticoagula-
tion. Screening for thrombophilia in those ESRD patients with
a history of a thromboembolic event may be appropriate to pre-
vent this. Those patients with graft loss due to vascular throm-
bosis in the absence of an obvious technical problem should un-
dergo a thrombophilia evaluation before retransplant (111).

Lymp hoce le

A lymphocele is a collection of lymphatic fluid around the allo-
grafted kidney that can occur due to leakage of small lymphatic
channels around the iliac vessels at the time of the transplant.
The incidence of lymphoceles has been reported from 0.02% up
to 26% following renal transplant (112–114). Consequences
of lymphoceles can include distention due to the fluid collection
as well as venous or ureteral obstruction and graft compromise.
Treatment of lymphoceles can include percutaneous techniques
with drainage and sclerosis of the cavity or may include oper-
ative marsupialization via the laparoscopic or open technique.
Laparoscopic techniques are less invasive, have less morbidity,
and are generally the first line of therapy (114).

St one s

Urinary calculi are a relatively uncommon complication of re-
nal transplantation. Calculi may have been present in the donor
kidney or may develop after transplantation. Predisposing fac-
tors include obstruction, recurrent urinary tract infection, hy-
percalciuria, hyperoxaluria, internal stents, and nonabsorbable
suture material (115). Open removal of a calculus from the
transplanted kidney is rarely necessary. Complete stone re-
moval is usually possible by standard urologic techniques.

POSTTRANSPLANT
MALIGNANCIES

Prolonged and intensive immunosuppression impairs the abil-
ity of the body to cope with cancers caused by carcino-
gens such as sunlight or oncogenic viruses and may lead to
the development of an unusual assortment of malignancies
(116,117). Infections with potentially oncogenic viruses are
common in immunosuppressed patients, including EBV-related
B-cell PTLD, human papillomavirus, hepatitis B and hepatitis
C virus–related hepatocellular carcinoma, and the human her-
pes virus-8 (Kaposi sarcoma) (117). Malignancies that occur in
transplant recipients have a pattern that is very different from
that of the general population. The frequency of the cancers
that are common in the general population, such as carcinomas
of the lung, prostate, breast, and colon and invasive carcinomas
of the uterine cervix, are not increased among transplant recipi-

ents (116). Most patients who develop malignancies posttrans-
plant have received multiple immunosuppressive drugs and no
single agent can be implicated. The natural history of tumors
associated with immunosuppression used for renal transplanta-
tion may be more aggressive than would be expected in patients
without immunosuppression or transplantation. Cancers of the
lip and skin are the most common malignancies. In contrast to
the general population, squamous cell carcinoma outnumbers
basal cell carcinoma and occurs at a much younger age.

PTLDs are the second most common malignancies found in
renal transplant recipients, with the bulk being non-Hodgkin
lymphomas. The EBV genome has been isolated from many
lymphomas in transplant recipients and causes a variety of le-
sions that range from benign polyclonal B-cell hyperplasia to
frank monoclonal B-cell lymphomas (116,118). Risk factors
for PTLD include the overall extent of immunosuppression of
the patient. Use of monoclonal/polyclonal antibodies for in-
duction and repeated treatments for acute rejection will sig-
nificantly increase the risk for PTLD (116,119). The clinical
symptoms of PTLD may be extremely variable, and a high in-
dex of suspicion is required for accurate diagnosis. PTLD may
present in the lymph nodes or extranodally. There are two ba-
sic clinical patterns with some overlap. The first, occurring in
the early (usually < 90 days) posttransplantation period, usu-
ally manifests with widespread lesions in an EBV-susceptible
patient. The second pattern occurs in patients who received
long-term immunosuppression and may present several years
after transplantation, with lesions confined to a single organ
(120,121).

Treatment of PTLD consists of partial or complete with-
drawal of immunosuppression. Such treatment carries the risk
of allograft rejection and return of the renal allograft recipi-
ent to dialysis. Treatment with prednisone may be continued,
however, because it is an important component of many cancer
chemotherapy protocols. If EBV infection is suspected, treat-
ment with acyclovir, ganciclovir, or valacyclovir should be initi-
ated pending documentation of EBV infection. Other treatment
options include interferon-γ therapy to enhance the immune
attack on the lymphoma cells; surgical excision or local radio-
therapy to localized tumors; and in advanced cases, chemother-
apy. Rituximab (Rituxan; Genentech), a monoclonal antibody
directed against the CD20 antigen, has been used successfully
to treat CD20-positive tumors (122–124).

Re fe re nce s

1. Kidney and Urologic Diseases Information Clearinghouse. A ser-
vice of the National Institute of Diabetes and Digestive Diseases
and Kidney Diseases, National Institutes of Health. Available at:
http://kidney.niddk.nih.gov/kudiseases/pubs/kustats/index.htm. Accessed
October 15, 2006.

2. Winkelmayer WC, Weinstein MC, Mittelman MA, et al. Health economic
evaluations: the special case of end-stage renal disease treatment. Med Decis
Making. 2002;22:417.

3. Loubeau PR, Loubeau JM, Jantzen R. The economics of kidney transplan-
tation vs hemodialysis. Prog Transplant. 2001;11:291.

4. National transplant statistics, 2005. United Network for Organ Sharing.
Available at: www.unos.org. Accessed October 15, 2006.

5. Remuzzi G, Grinyo J, Ruggenenti P, et al. Early experience with dual kidney
transplantation in adults using expanded donor criteria. Double Kidney
Transplant Group (DKG). J Am Soc N ephrol. 1999;10:2591.

6. Gok MA, Buckley PE, Shenton BK, et al. Long-term renal function in kid-
neys from non-heart beating donors: a single-center experience. Transplan-
tation. 2002;74:664.

7. Sanchez-Fructuoso A, Sanchez DP, Vidas MM, et al. Non-heart beating
donors. N ephrol Dial Transplant. 2004;19(Suppl 3):iii26.



Chap t e r 95: Renal Transplantation 1409

8. U.S. Organ Procurement and Transplantation Network/Scientific Registry
of Transplant Recipients, Annual Report 2005.

9. Kasiske BL, Cangro CB, Hariharan S, et al. The evaluation of renal
transplant candidates: clinical practice guidelines. Am J Transplantation.
2001;2(Suppl 1):5–95.

10. Gore JL, Pham PT, Danovitch GM, et al. Obesity and outcome following
renal transplant. Am J Transplantation. 2006;6:357.

11. Stratta RJ, Rohr MS, Sundberg AK et al. Intermediate-term outcomes with
expanded criteria deceased donors in kidney transplantation: a spectrum
or specter of quality. Ann Surg. 2006;243:594.

12. Merion RM, Ashby VB, Wolfe RA, et al. Decreased-donor characteristics
and the survival benefit of kidney transplantation. JAMA. 2005;294:2726.

13. Bernat JL, D’Alessandro AM, Port FK, et al. Report of a national conference
on donation after cardiac death. Am J Transplant. 2006;6:281.

14. Ting A, Welsh K. HLA matching and crossmatching in renal transplanta-
tion. In: Morris PJ, ed. Kidney Transplantation: Principles and Practice.
4th ed. Philadelphia: WB Saunders; 1994:109.

15. Furnary AP, Wu Y, Bookin SO. Effect of hyperglycemia and continuous
intravenous insulin infusions on outcomes of cardiac surgical procedures:
the Portland Diabetic Project. Endocr Pract. 2004;10:21.

16. Finney SJ, Zekveld C, Elia A, et al. Glucose control and mortality in criti-
cally ill patients. JAMA. 2003;290:2041.

17. Starzl TE, Broth CG, Putnam CW, et al. Urologic complications in 216
human recipients of renal transplants. Ann Surg. 1973;172:609.

18. Petrek J, Tilney NL, Smith EH, et al. Ultrasound in renal transplantation.
Ann Surg. 1977;185:441.

19. Maley HT, Bulkley GB, Williams GM. Ablation of free radical-medicated
reperfusion injury for the salvage of kidneys taken from non-heartbeating
donors. Transplantation. 1988;45:284.

20. Sola R, Alarcon A, Jimenez C, et al. The influence of delayed graft function.
N ephrol Dial Transplant. 2004;19(Suppl 3):iii32.

21. Boom H, Mallat MJ, deFijter JW, et al. Delayed graft function influences
renal function, but not survival. Kidney Int. 2000;58:859.

22. Irish WD, McCollum DA, Tesi RJ, et al. Nomogram for predicting the
likelihood of delayed graft function in adult cadaveric renal transplant re-
cipients. J Am Soc N ephrol. 2003;14:2967.

23. Shoskes DA, Halloran PF. Delayed graft function in renal transplantation:
etiology, management and long-term significance. J Urol. 1996;155:1831.

24. Ojo AO, Wolfe RA, Held PJ, et al. Delayed graft function: risk factors, and
implications for renal allograft survival. Transplantation. 1997;63:968.

25. Rocha PN, Butterly DW, Greenberg A, et al. Beneficial effect of plasma-
pheresis and intravenous immunoglobulin on renal allograft survival of
patients with acute humoral rejection. Transplantation. 2003;75:1490.

26. Bonnefoy-Berard N, Revillard JP. Mechanisms of immunosuppression in-
duced by antithymocyte globulins and OKT3. J Heart Lung Transplant.
1996;15:435.

27. Rossi SJ, Schroeder TJ, Hariharan S, et al. Prevention and management of
the adverse effects associated with immunosuppressive therapy. Drug Saf.
1993;9:104.

28. Gaber AO, First MR, Tesi RJ, et al. Results of the double-blind, random-
ized, multicenter, phase-III clinical trial of Thymoglobulin versus Atgam in
the treatment of acute graft rejection episodes after renal transplantation.
Transplantation. 1998;66:29.

29. Brennan DC, Flavin K, Lowell JA, et al. A randomized, double-blinded
comparison of Thymoglobulin versus Atgam for induction immunosup-
pressive therapy in adult renal transplant recipients. Transplantation.
1999;67:1011.

30. Ortho Multicenter Transplant Study Group. A randomized clinical trial of
OKT3 monoclonal antibody for acute rejection of cadaveric renal trans-
plants. N Engl J Med. 1985;313:337.

31. First MR, Schroeder TJ, Hariharan S. OKT3-induced cytokine release syn-
drome: renal effects (cytokine nephropathy). Transplant Proc. 1993;25:25.

32. Chatenoud L, Legendre C, Ferran C, et al. Corticosteroid inhibition of the
OKT3-induced cytokine release syndrome: dosage and kinetics prerequi-
sites. Transplantation. 1991;51:334.

33. Peddi VR, Bryant M, Roy-Chaudhury P, et al. Thymoglobulin induc-
tion therapy in cadaveric renal allograft recipients: intermittent dosing
with CD3+ lymphocyte count monitoring [Abstract]. Transplantation.
2000;69:S160.

34. Vincenti F, Kirkman R, Light S, et al., for the Daclizumab Triple Therapy
Study Group. Interleukin-2- receptor blockade with daclizumab to prevent
acute rejection in renal transplantation. N Engl J Med. 1998;338:161.

35. Nashan B, Moore R, Amlot P, et al., for the CH1B 201 International Study
Group. Randomized trial of basiliximab versus placebo for control of acute
cellular rejection in renal allograft recipients. Lancet. 1997;350:1193.

36. Riechmann L, Clark M, Waldmann H. Reshaping human antibodies for
therapy. N ature. 1988;332:323.

37. Hale G, Xia MQ, Tighe MJS, et al. The Campath-1H antigen (CDw52).
Tissue Antigens. 1990;35:118.

38. Hale G. CD52 antigen as a target for immunotherapy. Transpl Rev.
2003;17:S8.

39. Waldmann H. Development and clinical use of Campath 1H. Transpl Rev.
2003;17:S5.

40. Kaufman DB, Leventhal JR, Axelrod D, et al. Alemtuzumab induction and
prednisolone-free maintenance immunotherapy in kidney transplantation:

comparison with basiliximab induction. Long-term results. Am J Transpl.
2005;78:426.

41. Shapiro R, Basu A, Tan H, et al. Kidney transplantation under minimal im-
munosuppression after pretransplant lymphoid depletion with Thymoglob-
ulin or Campath. J Am Coll Surg. 2005;200:505.

42. Nadler LM, Ritz J, Hardy R, et al. A unique cell surface antigen identifying
lymphoid malignancies of B-cell origin. J Clin Invest. 1981;67:134.

43. Maloney D, Liles T, Czerwinski D, et al. Phase I clinical trial using escalating
single dose infusion of chimeric anti-CD 20 monoclonal antibody in patients
with recurrent B-cell lymphoma. Blood. 1994;84:2457.

44. Coiffier B, Haioun C, Ketterer N, et al. Rituximab for the treatment of
patients with relapsing or refractory aggressive lymphoma: a multicenter
phase II study. Blood. 1998;92:1927.

45. Blaes AH, Peterson BA, Bartlett N, et al. Rituximab therapy is effective for
post transplant lymphoproliferative disorders after solid organ transplan-
tation: results of a phase II trial. Cancer. 2005;104:1661.

46. Rosenthal JT, Hakala TR, Iwatsuki S, et al. Cadaveric renal transplantation
under cyclosporine-steroid therapy. Surg Gynecol O bstet. 1983;157:309.

47. Myers BD, Newton L, Oyer P. The case against the indefinite use of cy-
closporine. Transplant Proc. 1991;23:41.

48. Bennett WM, DeMattos A, Meyer MM, et al. Chronic cyclosporine
nephropathy: the Achilles’ heel of immunosuppressive therapy. Kidney Int.
1996;50:1089.

49. Hardinger KL, Brennan DC, Mutinga N, et al. Long-term outcome and cost
of gastrointestinal complications in renal transplant patients treated with
mycophenolate mofetil (MMF). Presented at American Society of Trans-
plantation, May 30–June 4, 2003; Washington DC. Poster #1595.

50. Knoll GA, MacDonald I, Khan A. Mycophenolate mofetil dose reduction
and the risk of acute rejection after renal transplantation. JAm Soc N ephrol.
2003;14:2381.

51. Morales JM, Wramner L, Kreis H, et al. Sirolimus does not exhibit nephro-
toxicity compared to cyclosporine in renal transplant recipients. Am J
Transplant. 2002;2:436.

52. Reitamo S, Spuls P, Sassolas B, et al. Efficacy of sirolimus (rapamycin) ad-
ministered concomitantly with a subtherapeutic dose of cyclosporine in the
treatment of severe psoriasis: a randomized controlled trial. Br J Dermatol.
2001;145:438.

53. Shihab FS, Bennett WM, Yi H, et al. Sirolimus increases transform-
ing growth factor- beta1 expression and potentiates chronic cyclosporine
nephrotoxicity. Kidney Int. 2004;65:1262.

54. Matas AJ, Kandaswamy R, Humar A, et al. Long-term immunosuppression,
without maintenance prednisone, after kidney transplantation. Ann Surg.
2004;240:510.

55. Ulrich W, Schlederer MP, Buxbaum P, et al. The histopathologic identi-
fication of CMV infected cells in biopsies of human renal allografts. An
evaluation of 100 transplant biopsies by in situ hybridization. Pathol Res
Pract. 1986;1981:739.

56. Benoit G, Moukarzel M, Verdelli G, et al. Gastrointestinal complications
in renal transplantation. Transplant Int. 1993;6:45.

57. Troppmann C, Papalois BE, Chiou A, et al. Incidence, complications, treat-
ment, and outcome of ulcers of the upper gastrointestinal tract after renal
transplantation during the cyclosporine era. J Am Coll Surg. 1995;180:
433.

58. Gianello P, Squifflet JP, Pirson Y, et al. Gastroduodenal complications after
transplantation. Clin Transplant. 1988;2:221.

59. Hadjiyannakis EJ, Evans DB, Smellie WAB, et al. Gastrointestinal compli-
cations after renal transplantation. Lancet. 1971;2:781.

60. Carson SD, Krom RAF, Uchida K, et al. Colon perforation after kidney
transplantation. Ann Surg. 1978;188:109.

61. Fernandez-Cruz L, Targarona EM, Cugat E, et al. Acute pancreatitis after
renal transplantation. Br J Surg. 1989;76:1132.

62. Kawanishi H, Rudolph E, Bull FE. Azathioprine-induced acute pancreatitis.
N Engl J Med. 1973;289:357.

63. Fernandez-Cruz L, Targarona EM, Cugat E, et al. Acute pancreatitis after
renal transplantation. Br J Surg. 1989;76:1132.

64. Vanrenterghem Y, Ponticelli C, Morales JM, et al. Prevalence and man-
agement of anemia in renal transplant recipients: a European survey. Am J
Transplant. 2003;3:835.

65. First MR. Long-term complications after transplantation. Am J Kidney Dis.
1993;22:477.

66. Kirkman RL, Strom TB, Weir MR, et al. Late mortality and morbidity in
recipients of long-term renal allografts. Transplantation. 1982;34:347.

67. Hill MN, Grossman RA, Feldman HI, et al. Changes in causes of death
after renal transplantation, 1966 to 1987. Am J Kidney Dis. 1991;5:512.

68. Rao KV, Andersen RC. Long-term results and complications in renal
transplant recipients: observations in the second decade. Transplantation.
1988;45:45.

69. Braun WE. Long-term complications of renal transplantation. Kidney Int.
1990;37:1363.

70. Kasiske BL. Risk factors for accelerated atherosclerosis in renal transplant
recipients. Am J Med. 1988;84:985.

71. Braun WE, Marwick TH. Coronary artery disease in renal transplant re-
cipients. Cleve Clin J Med. 1994;61:370.

72. Keown PA, Shackleton CR, Ferguson BM. Long-term mortality, morbidity,
and rehabilitation in organ transplant recipients. In: Paul LC, Solez K, eds.



1410 Sect ion IX: Organ Transp lantation

O rgan Transplantation: Long-Term Results. New York: Marcel Dekker;
1992:57.

73. Kasiske BL, Buijjaro C, Massy ZA, et al. Cardiovascular disease after renal
transplantation. J Am Soc N ephrol. 1996;7:158.

74. Vanrenterghem Y, Roels L, Lerut T, et al. Long-term prognosis after ca-
daveric kidney transplantation. Transplant Proc. 1987;19:3762.

75. Brott T, Toole JF. Medical compared with surgical treatment of asymp-
tomatic carotid artery stenosis. Ann Intern Med. 1995;123:720.

76. Ibels LS, Stewart JH, Mahony JF, et al. Deaths from occlusive arterial dis-
ease in renal allograft recipients. BMJ. 1974;3:552.

77. Gunnarsson R, Lofmark R, Nondlander R, et al. Acute myocardial infarc-
tion in renal transplant recipients: incidence and prognosis. Eur Heart J.
1984;5:218.

78. Held PJ, Port FK, Blagg CR, et al. Survival and mortality. Excerpts from
United States Renal Data System 1990 Annual Report. Am J Kidney Dis.
1990;16(Suppl 2):44.

79. Luke RG. Pathophysiology and treatment of posttransplant hypertension.
J Am Soc N ephrol. 1991;2(Suppl 1):S37.

80. Luke RG. Hypertension in renal transplant recipients. Kidney Int.
1987;31:1024.

81. Abdulmassih Z, Chevalier A, Bader C, et al. Role of lipid disturbances in the
atherosclerosis of renal transplant patients. Clin Transplant. 1992;6:106.

82. Summary of the second report of the National Cholesterol Education
Program (NCEP) expert panel on detection, evaluation, and treatment
of high blood cholesterol in adults (adult treatment panel II). JAMA.
1993;269:3015.

83. Cattran DC, Steiner G, Wilson DR, et al. Hyperlipidemia after renal
transplantation: natural history and pathophysiology. Ann Intern Med.
1979;91:554.

84. Vathsala A, Weinberg RB, Schoenberg L, et al. Lipid abnormalities in
cyclosporine-prednisone-treated renal transplant recipients. Transplanta-
tion. 1989;48:37.

85. Kasiske BL, Umen AJ. Persistent hyperlipidemia in renal transplant recipi-
ents. Medicine. 1987;66:309.

86. Divaker D, Bailey RR, Frampton CM, et al. Hyperlipidemia in stable renal
transplant recipients. N ephron. 1991;59:423.

87. Massy ZA, Kasiske BL. Post-transplant hyperlipidemia: mechanisms and
management. J Am Soc N ephrol. 1996;7:971.

88. Duerke TB, Abdulmassih Z, Lacour B, et al. Atherosclerosis and lipid dis-
orders after renal transplantation. Kidney Int. 1991;39:S24.

89. Raine AEG, Carter R, Mann JI, et al. Adverse effect of cyclosporin on
plasma cholesterol in renal transplant recipients. N ephrol Dial Transplant.
1988;3:458.

90. Jung K, Neumann R, Scholz D, et al. Abnormalities in the composition of
serum high density lipoprotein in renal transplant recipients. Clin N ephrol.
1982;17:191.

91. Averna MR, Barbagallo CM, Sparacino V, et al. Follow-up of lipid and
apoprotein levels in renal transplant level in renal transplant recipients.
N ephron. 1991;58:255.

92. Kasiske BL, Tortorice KL, Heim-Duthoy KL, et al. The adverse impact of
cyclosporine on serum lipids in renal transplant recipients. Am J Kidney
Dis. 1991;17:700.

93. Bittar AE, Ratcliffe PJ, Richardson AJ, et al. The prevalence of hyperlipi-
demia in renal transplant recipients associations with immunosuppressive
and antihypertensive therapy. Transplantation. 1990;50:987.

94. Roth D, Milgrom M, Esquenazi V, et al. Posttransplant hyperglycemia in-
creased incidence in cyclosporine-treated renal allograft recipients. Trans-
plantation. 1989;47:278.

95. Sumrani NB, Delaney V, Ding Z, et al. Diabetes mellitus after renal trans-
plantation in the cyclosporine era—an analysis of risk factors. Transplan-
tation. 1991;51:343.

96. Jindal RM. Posttransplant diabetes mellitus—a review. Transplantation.
1994;58:1289.

97. Pirsch JD, Miller J, Deierhoi MH, et al., for the FK506 kidney transplant
study group. A comparison of tacrolimus (FK506) and cyclosporine for
immunosuppression after cadaveric renal transplantation. Transplantation.
1997;63:977.

98. US multicenter FK506 Liver Study Group. A comparison of tacrolimus
(FK506) and cyclosporine for immunosuppression in liver transplantation.
N Engl J Med. 1994;331:1110.

99. European FK506 Multicentre Liver Study Group. Randomised trial com-
paring tacrolimus (FK506) and cyclosporin in prevention of liver allograft
rejection. Lancet. 1994;344:423.

100. Sumrani N, Delaney V, Ding Z, et al. Posttransplant diabetes melli-
tus in cyclosporine-treated renal transplant recipients. Transplant Proc.
1991;23:1249.

101. Koyama H, Cecka JM. Rejection episodes. Clin Transpl. 1992;391.
102. Peddi VR, First MR. Early posttransplant care of renal transplant recipients.

Semin Dial. 1999;12:320.
103. Racusen LC, Solez K, Colvin RB, et al. The Banff 97 working classification

of renal allograft pathology. Kidney Int. 1999;55:713–723.
104. Monaco AP, Burke JF Jr, Ferguson RM. Current thinking on chronic renal

allograft rejection: issues, concerns, and recommendations from a 1997
round table discussion. Am J Kidney Dis. 1999;33:150.

105. Hernandez D, Rufino M, Armas S, et al. Retrospective analysis of surgical
complications following cadaveric kidney transplantation in the modern
transplant era. N ephrol Dial Transplant. 2006;10:2908.

106. Dalgic A, Boyvat F, Karakayali H , et al. Urologic complications in 1523
renal transplantations: the Baskent University experience. Transplant Proc.
2006;38:543.

107. Juaneda B, Alcaraz A, Buhons A, et al. Endourological management is
better in early-onset ureteral stenosis in kidney transplant. Transplant Proc.
2005;37:3825.

108. Pisani F, Iaria G, D’Angelo M, et al. Urologic complications in kidney
transplantation. Transplant Proc. 2005;37:2521.

109. Praz V, Leeisinger HJ, Pascual M, et al. Urological complications in renal
transplantation from cadaveric donor grafts: a retrospective analysis of 20
years. Urol Int. 2005;75:144.

110. Osman Y, Shokeir A, Ali-el Dein B, et al. Vascular complications after live
donor renal transplantation: study of risk factors and effects of graft and
patient survival. J Urol. 2003;169:859.

111. Morrissey PE, Ramirez PJ, Gohh RY, et al. Management of thrombophilia
in renal transplant patients. Am J Transplant. 2002;2:872.

112. Smyth GP, Beitz G, Eng MP, et al. Long-term outcome of cadaveric
renal transplant after treatment of symptomatic lymphocele. J Urol.
2006;176:1069.

113. Atray NK, Moore F, Zaman F, et al. Post-transplant lymphocele: a single
centre experience. Clin Transplant. 2004;18:46.

114. Bailey SH, Mone MC, Holman JM, et al. Laparoscopic treatment of post
renal transplant lymphoceles. Surg Endosc. 2003;17:1896.

115. Yigit B, Aydin C, Titiz I, et al. Stone disease in kidney transplantation.
Transplant Proc. 2004;36:187.

116. Penn I. Cancers complicating organ transplantation. N Engl J Med.
1990;323:1767.

117. Penn I. Tumors in the transplant. In: Jacobson HR, Striker GF, Klahr S, eds.
The Principles and Practice of N ephrology. Philadelphia: Mosby; 1995:833.

118. Hanto DW. Polyclonal and monoclonal posttransplant lymphoproliferative
diseases (PTLD). Clin Transpl. 1992;6:227.

119. Penn I. The changing pattern of posttransplant malignancies. Transplant
Proc. 1991;23:1101.

120. Renoult E, Aymard B, Gregoire MJ, et al. Epstein-Barr virus lymphoprolif-
erative disease of donor origin after kidney transplantation: a case report.
Am J Kidney Dis. 1995;26:84.

121. Alfrey EJ, Friedman AL, Grossman RA, et al. Two distinct patterns of post-
transplantation lymphoproliferative disorder (PTLD): early and late onset.
Clin Transpl. 1992;6:246.

122. Penn I. Immunosuppression—a contributory factor in lymphoma forma-
tion. Clin Transpl. 1992;6:214.

123. Milpied N, Vasseur B, Parquet N, et al. Humanized anti-CD20 monoclonal
antibody (rituximab) in post transplant lymphoproliferative disorder: a ret-
rospective analysis on 32 patients. Ann O ncol. 2000;1(Suppl 1):113.

124. Faye A, Van Den Abeele T, Peuchmaur M, et al. Anti-CD20 mono-
clonal antibody for post-transplant lymphoproliferative disorders. Lancet.
1998;352:1285.



CHAPTER 96 ■ CRITICAL CARE ASPECTS OF
STEM CELL TRANSPLANTATION
ROBERT PETER GALE r AMIN RAHEMTULLA

Bone marrow and blood cell transplants are widely used to
treat aplastic anemia, leukemias, lymphomas, myeloma, and
immune deficiency disorders. Transplants are also increasingly
used to treat other bone marrow disorders such as sickle cell
disease and thalassemia. Morbidity and mortality associated
with transplants usually result from regimen-related toxicity,
such as adverse effects of drugs and radiation given pretrans-
plant, complications of graft versus host disease (GVHD), as
well as infections resulting from bone marrow failure. Mor-
bidity and mortality of transplants has steadily decreased over
the past four decades because of better supportive care. Re-
cently, there has also been an increased use of reduced intensity-
conditioning transplants, with less attendant regimen-related
toxicity, and an increase in transplants from unrelated donors
with increased regimen-related toxicity because of more inten-
sive pretransplant therapy.

Pretransplant evaluation of recipients typically includes the
following (1–6):

1. Measurement of the left ventricular ejection fraction (LVEF),
which should be at least 40%

2. Pulmonary function tests, including diffusing capacity
(DLCO ), and forced vital capacity (FVC), which should be
more than 50% of predicted

3. Hepatic transaminases, which should be less than twice nor-
mal

4. Creatinine clearance, which should be more than 50 mL/
minute

5. A pretransplant performance score consistent with an inde-
pendent life

Because the risk of GVHD increases with age, allotrans-
plants are typically done in subjects younger than 55 years of
age (7). By way of contrast, autotransplant recipients may be as
old as 70 years (8). The risk of infection is minimized by various
preventative or isolation procedures (see below). Transplants
are typically delayed in subjects with active infections until
the infection resolves (9,10). The 100-day transplant-related
mortality after autotransplants is 2% to 5% ; after related allo-
transplants, it is 15% to 20% ; and after alternative (unrelated)
allotransplants, it is about 30% (9,10).

IMMEDIATE CONCERNS—THE
FIRST 30 DAYS

Pre t ransp lant Cond it ioning Re g ime ns

In the setting of allotransplants, the pretransplant condition-
ing regimen needs to moderate or eliminate recipient immu-

nity to prevent graft rejection (11,12). When the allotransplant
recipient has cancer, the pretransplant conditioning regimen
must also eradicate it. Most allotransplant conditioning regi-
mens contain cyclophosphamide and busulphan, or total-body
radiation (13,14). Antilymphocyte antibodies, such as anti-
lymphocyte globulin (ALG), antithymocyte globulin (ATG), or
alemtuzumab (anti-CD52), are often used in reduced-intensity
conditioning regimens or in alternative donor transplants. In
immune deficiency disorders—for example, severe combined
immune deficiency (SCID), pretransplant conditioning is not
necessary, as the host is already immune deficient.

For autotransplants, the choice of pretransplant condition-
ing regimen is based on anticancer effect, a steep dose–response
curve, lack of cross-resistance with other drugs, and low non–
bone marrow dose-limiting toxicities. In general, these regi-
mens contain alkylating drugs, such as melphalan or cyclophos-
phamide, combined with two or three other drugs. Immune
suppression is unnecessary and an unwanted side effect of ther-
apy. Radiation is not used in autotransplants, as the effective
anticancer doses exceed nonbone marrow dose-limiting toxic-
ity.

Pretransplant conditioning regimens are typically empiri-
cally determined, with few large randomized trials. Conse-
quently, it is difficult to determine which regimen, if any, is
best (15). The choice of a pretransplant conditioning regimen
depends not only on effectiveness of the regimen in a specific
disease and the need for immune suppression needed for en-
graftment, but also on avoiding toxicity from prior therapy
or current organ dysfunction. For example, prior mantle radi-
ation or exposures to radiosensitizers, such as bleomycin or
carmustine (BCNU), increase the pulmonary toxicity of to-
tal body irradiation (TBI), whereas prior therapy of subjects
with testicular cancer with cisplatin increases kidney toxicity
of platinum-based conditioning regimens. The nonbone mar-
row, dose-limiting toxicities of drugs in commonly used pre-
transplant conditioning regimens are listed in Table 96.1.

Bone Marrow and Blood Ce ll Colle ct ion

Cells used for transplants are most often collected from the
blood but may also be collected from the bone marrow or um-
bilical cord blood (16–21). Collection of blood cells is an out-
patient procedure accomplished with an apheresis device such
as the Cobe Spectra. In the context of autotransplants, recipi-
ents often receive chemotherapy and/or hematopoietic growth
factors to increase the number of blood cells collected. Normal
allotransplant donors often receive only hematopoietic growth
factors. The timing of apheresis correlates with the method
used to increase the number of cells collected: apheresis is
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TA BLE 9 6 . 1

TOXICITY OF CONDITIONING REGIMEN DRUGS

Extramedullary dose-
Drug/dose limiting toxicity Other toxicities

BCNU Interstitial pneumonitis Renal insufficiency, encephalopathy, nausea,
vomiting, veno-occlusive disease (VOD).

Busulphan Mucositis, VOD Seizures, rash, hyperpigmentation, nausea,
vomiting, pneumonitis

CCNU (lomustine) Interstitial pneumonitis Renal insufficiency, encephalopathy, nausea,
vomiting, VOD

Cyclophosphamide Heart failure Hemorrhagic cystitis, syndrome of inappropriate
antidiuretic hormone (SIADH), nausea,
vomiting, pulmonary edema, interstitial
pneumonitis

Cytarabine Mucositis, cerebellar ataxia Pulmonary edema, conjunctivitis, rash, fever,
hepatitis, toxic epidermal necrolysis

Cisplatin Renal insufficiency, peripheral
neuropathy

Nausea, vomiting, renal tubular acidosis,
hypomagnesemia

Carboplatin Ototoxicity, hepatitis Renal insufficiency, hypomagnesemia, peripheral
neuropathy

Etoposide Mucositis Nausea, vomiting, hemorrhagic cystitis,
pneumonia, hepatitis

Ifosfamide Encephalopathy, renal
insufficiency

Hemorrhagic cystitis, renal tubular acidosis

Melphalan Mucositis Nausea, vomiting, hepatitis, SIADH,
pneumonitis, renal insufficiency

Mitoxantrone Cardiotoxicity Mucositis

Paclitaxel Mucositis Peripheral neuropathy, bradycardia, anaphylaxis

Thiotepa Mucositis Intertriginous rash, hyperpigmentation, nausea,
vomiting

usually done for 1 to 3 days, starting 4 days after beginning
hematopoietic growth factor therapy. In contrast, when
chemotherapy is used, apheresis is usually done for 1 to 3 days
when neutrophils are present at a level of greater than or equal
to 1 × 109 cells/L; this is usually 10 to 16 days after begin-
ning chemotherapy. The advantages of collecting blood rather
than bone marrow cells include no need for anesthesia; util-
ity in subjects with hypocellular, fibrotic, or cancer-infiltrated
bone marrow; and a more rapid bone marrow recovery post
transplant. A disadvantage of using blood as opposed to bone
marrow cells is an increased incidence and severity of chronic
GVHD. This is probably because blood contains tenfold more
T cells, the cells causing chronic GVHD (20). The cost of blood
cell collection is similar to collecting bone marrow cells. The
complications of blood cell collection are rare, but include in-
fection, anaphylaxis, and hypocalcemia.

Bone marrow cells are collected in the operating room un-
der general, epidural, spinal, or caudal anesthesia. The donor
may be admitted on the day of the harvest and discharged the
next day. Sometimes, an autologous red blood cell (RBC) unit
is collected 3 to 4 weeks before the procedure for autotrans-
fusion. Complications of bone marrow collection are rare but
include the risks of anesthesia: hypotension, nausea, vomit-
ing, cardiac arrest, pulmonary emboli, pain, hemorrhage, and
infection.

Cord blood cells are obtained from the umbilical cord and
placental blood at the time of birth. The target is to collect 2
to 4 × 107 nucleated cells/kg donor weight. This is more than
tenfold less than the 2 to 4 × 108 nucleated cells/kg recipient
weight collected from the bone marrow. Cord blood cell trans-
plants are often limited to children because of the small number
of cells collected. The potential advantages of cord blood are a
higher proportion of progenitor cells compared to bone mar-
row and possibly less GVHD from fewer T cells.

Bone Marrow and Blood Ce ll Infusion

Bone marrow and blood cells may be frozen in dimethyl sul-
foxide (DMSO) for later use (22,23). The intracellular contents
of cells destroyed in the freezing and thawing processes—and
DMSO itself—may cause hypotension, anaphylaxis, or dys-
rhythmias, including transient heart block (24). To avoid com-
plications, subjects are premedicated with diphenhydramine
hydrochloride (Benadryl) and methylprednisolone sodium suc-
cinate (Solu-Medrol). Intubation equipment and epinephrine
should be available at the bedside when cells are infused. If
hypotension occurs, the infusion is slowed or temporarily in-
terrupted until the blood pressure stabilizes. If the bone marrow
or blood cells have not been frozen, the risk of anaphylaxis is
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similar to a standard blood transfusion, and premedication is
unnecessary.

Bone marrow and blood cell collections are routinely ana-
lyzed for quality control at various times during collection, pro-
cessing, storage, and infusion. Approximately 1.2% of cultures
obtained during these processes are found to contain bacteria
(25). Most cultures show coagulase-negative Staphylococcus
sp., which colonize the skin; pathogenic Gram-negative bac-
teria are occasionally present. Bone marrow and blood cell
collections inconvenience the donor and cost approximately
$16,000. Thus, despite positive culture results, most centers
reinfuse the stem cells after appropriate antibiotic coverage. Al-
though controversial, this approach has generally been without
adverse effects.

Fluid s and Hyp ot e nsion

High-dose chemotherapy and radiation damage vascular en-
dothelial cells, resulting in extravascular leakage of fluids. Fur-
thermore, GVHD and cytokines such as tumor necrosis fac-
tor (TNF), interleukin 2 (IL-2), and interferon-gamma (IFN-γ )
contribute to a post transplant capillary leak syndrome (26–
29). In addition, subjects often receive large volumes of intra-
venous (IV) fluids from drug dilutions, parenteral nutrition,
and prophylaxis for hemorrhagic cystitis. Consequently, all
transplant recipients gain weight, and diuretics are frequently
given to maintain baseline weight and prevent fluid retention. If
hypotension develops, emphasis should be placed on early in-
vasive cardiovascular monitoring, inotropic support, and irra-
diated packed red blood cell transfusion to maintain intravas-
cular oncotic pressure. Aggressive hydration may precipitate
pulmonary and peripheral edema, even with normal pul-
monary artery wedge pressure and right atrial pressure.

Ele ct ro lyt e Balance

Electrolyte abnormalities are common in transplant recip-
ients, resulting from the underlying disease, prophylactic
hydration for hemorrhagic cystitis, diarrhea, parenteral nutri-
tion, renal insufficiency, diuretics, and other medications. Ifos-
famide, especially combined with carboplatin, causes a Fan-
coni syndrome–like renal tubular acidosis 3 to 7 days after the
pretransplant conditioning regimen (30,31). The resulting nor-
mal anion gap acidosis may be treated with sodium bicarbon-
ate. Other drugs associated with renal tubular wasting of elec-
trolytes are amphotericin, foscarnet, and aminoglycosides. The
syndrome of inappropriate secretion of antidiuretic hormone
(SIADH) may result from high-dose cyclophosphamide and/or
ifosfamide. Cyclosporine may cause hypomagnesemia and hy-
pokalemia or hyperkalemia. Hypomagnesemia increases the
risk of cyclosporine-associated seizures. Tumor lysis syndrome
is rare, as most transplant recipients have relatively few cancer
cells and receive intensive hydration. Finally, uric acid, a major
blood antioxidant, is markedly decreased soon after a trans-
plant, independent of allopurinol which is often given (32).

Blood Prod uct Transfusions

Subjects receiving transplants are immune compromised and
at risk for transfusion-associated GVHD. All cellular blood

products contain white blood cells (WBC), including immune-
competent T cells, and should be irradiated (25 Gy) (33).

Cytomegalovirus (CMV) infection is another risk. Allo-
transplant recipients should receive CMV-negative blood prod-
uct transfusions, especially when the recipient is CMV seroneg-
ative (34–37). If CMV seronegative blood is unavailable,
removal of contaminating WBC with an in-line microfilter is an
alternative (38,39). When an allotransplant recipient is CMV
seropositive, no special CMV-related precautions are needed.
Because autotransplant recipients do not develop GVHD or
receive post transplant immune suppression, the risk of CMV-
related infection is low (40), and no special CMV-related pre-
cautions are needed.

In the allotransplant setting, special consideration is needed
regarding ABO compatibility between recipient and donor (41–
43). As donor bone marrow engraftment occurs, there is a
switch to the ABO type of the donor. However, there is a tran-
sition period when RBCs with both recipient and donor ABO
types are present. When there is A and/or B incompatibility be-
tween recipient and donor, there is the possibility that residual
anti-A or -B recipient antibodies may react against donor RBC,
or that B cells in the graft may produce anti-A or -B antibodies
against residual recipient RBC. This complexity of blood prod-
uct transfusion support should be viewed in terms of whether
there is a major or minor ABO incompatibility between the
recipient and donor (Table 96.2). A major ABO incompatibil-
ity occurs when the recipient has antibodies to the donor RBC
phenotype, for example, recipient group O, donor group A. To
prevent RBC destruction, red blood cells should be removed
from the graft. Post transplant, the recipient should receive
recipient ABO-type RBC transfusions or O-type RBC trans-
fusions from which plasma and platelets are removed. With a
minor ABO incompatibility, the donor has anti-A and/or -B an-
tibodies to the recipient’s RBC ABO type, for example, donor
O type, and recipient A or B type. Donor anti-A and/or B anti-
bodies should be removed from the graft. Post transplant, the
recipient should receive O-type RBC transfusions and recipi-
ent ABO-type plasma and platelets. When recipient and donor
have anti-A and/or -B antibodies to each other’s ABO type, for
example, recipient A type and donor B type, there is a combined
major/minor ABO incompatibility. In this instance, RBC and
plasma should be removed from the graft. Post transplant, the
recipient should receive O-type RBC transfusions and AB-type
platelets and plasma.

Despite using ABO-compatible platelets, many subjects fail
to respond to platelet transfusions early post transplant. Causes
include fever, hepatic veno-occlusive disease (VOD), drugs,
infection, disseminated intravascular coagulation (DIC), and
microangiopathic hemolytic anemia related to cyclosporine
and/or GVHD (44).

Infe ct ion Pre ve nt ion

Tactics to prevent bacterial, viral, and fungal infections vary
considerably between centers (45–47). This reflects the fact that
there are few definitive studies and frequent availability of new
drugs. The types of infections occurring in transplant recipi-
ents correlated with the post transplant interval. Tactics to pre-
vent bacterial infections early post transplant are based on two
considerations: most infections arise from endogenous micro-
organisms; and in studies of neutropenic animals, the oral
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TA BLE 9 6 . 2 a

DONOR-RECIPIENT ABO INCOMPATIBILITY

Major ABO incompatibility Minor ABO incompatibility Major and minor ABO incompatibility

Recipient has antibody to donor Donor has antibody to
recipient

Recipient has antibody to donor and
donor has antibody to recipient

IMMEDIATE HEMOLYSIS
Prevent by RBC depletion of

marrow
Prevent by plasma depletion

of marrow
Prevent by RBC and plasma depletion

of marrow

DELAYED HEMOLYSIS
Occurs 2 to 4 weeks after SCT Occurs Day 9 to Day 16 after

SCT
+ Direct antiglobulin test

+ Direct antiglobulin test + Direct antiglobulin test
Risk increased with high

recipient isohemagglutinin
titer

Risk increased with T-cell
depleted marrow

DELAYED ERYTHROPOESIS
Plasma exchange,

erythropoietin, steroids
Plasma exchange, erythropoietin,

steroids

RBC, red blood cell; SCT, stem cell transplantation; + , positive.

inoculum of Gram-negative bacteria required to cause death
is increased by colonization of the gastrointestinal tract with
anaerobes. This has led to selective aerobic gastrointesti-
nal decontamination, first, with nonabsorbable antibiotics

TA BLE 9 6 . 2 b

ABO TYPE OF BLOOD COMPONENTS USED IN
PATIENTS WHO HAVE RECEIVED AN
ABO-INCOMPATIBLE TRANSPLANT

Donor Recipient Red cells Platelets� FFP

MAJOR ABO INCOMPATIBILITY
A O O A A
B O O B B
AB O O A AB
AB A A A AB
AB B B B AB

MINOR ABO INCOMPATIBILITY
O A O A A
O B O B B
O AB O A AB
A AB A A AB
B AB B B AB

MAJOR AND MINOR ABO INCOMPATIBILITY
A B O B AB
B A O A AB

�Occasionally, due to nonavailability of platelets of the requested
group, group O platelets (labelled as “ low titre,” i.e., low titre of
anti-A and anti-B) may be used for patients of any group.
When full ABO conversion has taken place, all patients receive
products of their new ABO group.

such as gentamicin, Vancomycin, and nystatin, and later,
with absorbable antimicrobials selective for aerobes like oral
quinolones (48–50).

Standards for prevention of infection vary from strict isola-
tion in laminar airflow (LAF) rooms to none. In LAF rooms,
the subject is in a sterile environment; anyone who enters must
be gloved and gowned, and the patient’s food is sterilized or has
a low microbial content secondary to autoclave or microwave
treatment (51–54). Prophylactic oral antibiotics are given to
destroy enteric pathogens, which not only are reservoirs for
infection, but also may function as superantigens that increase
the severity of GVHD (55). The minimal standards to prevent
bacterial infections include the following:

1. A transplant unit set aside from general hospital, patients,
and visitor traffic

2. High-efficiency particulate air (HEPA) filtration to prevent
iatrogenic Aspergillus species infection (56,57)

3. Careful hand-washing before entering a patient’s room
4. A diet without fresh salads, vegetables, or fruits, as these

may be contaminated with Gram-negative bacteria, or with-
out pepper, as this may be contaminated with an Aspergillus
species (58)

Other measures, such as donning shoe covers, gloves,
masks, and gowns and low microbial diets and anterooms
are also commonly used, but their cost-effectiveness is debat-
able. Bacterial prophylactic measures are generally discontin-
ued when the neutrophil count is greater than 0.5 × 109 cells/L.

Tactics to prevent fungal infections include the use of oral
triazoles such as itraconazole or fluconazole, given orally or in-
travenously for the first month post transplant (59). The azole
antifungals are effective against most Candida species, but in
transplant recipients, fluconazole is ineffective and itraconazole
is more effective against Aspergillus species. Most Aspergillus
species infections are iatrogenic and preventable by HEPA
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filtration of rooms. Subjects with prior aspergillus infection
are at high risk of recurrence (60), especially when there is

1. Prolonged neutropenia post transplant
2. A more advanced cancer state
3. Less than or equal to a 6-week interval from beginning sys-

temic antiaspergillus therapy to the transplant
4. Severe acute GVHD

Persons with prior aspergillosis should receive amphotericin,
voriconazole, or caspofungin early post transplant (61).

Herpes simplex reactivation is usually prevented by using in-
travenous or oral acyclovir for the first month post transplant
(62,63). Treatment thereafter results in frequent acyclovir re-
sistance and delays the development of natural immunity.

Fe ve r and Ne ut rop e nia

Transplant recipients are immune compromised from neu-
tropenia, breakdown in mucosal barriers (e.g., mucositis), in-
vasive therapies (e.g., Foley catheter or central venous lines),
immune suppressive drugs (e.g., cyclosporine, corticosteroids,
and methotrexate), and GVHD. Lymphocyte function is also
affected by thymic involution, weak proliferative responses to
T- or B-cell mitogens, and inverted CD4+ /CD8+ ratios for 6
months after autotransplants and more than 1 year after allo-
transplants (64,65). When an allotransplant is complicated by
chronic GVHD, normal lymphocyte function may never return
(66). The risk of infection depends on the genetic link between
donor and recipient, graft type, and post transplant immune
suppression.

In transplant recipients with fever—temperature greater
than or equal to 38◦C—and a neutrophil count less than 0.5 ×
109 cells/L (67), one should try to identify an infection source
using a chest radiograph, blood and urine cultures, and physical
examination with emphasis on line sites and perineal, oropha-
ryngeal, and sinus regions. Usually no focal source is found,
and broad-spectrum antibiotics are begun. The choice of antibi-
otics may include an antipseudomonal penicillin, aminoglyco-
side, and vancomycin or a third-generation antipseudomonal
cephalosporin. Transplant recipients commonly receive loop
diuretics such as furosemide. The ototoxicity of this drug is in-
creased by aminoglycosides and vancomycin. Allotransplant
recipients receive cyclosporine, whose nephrotoxicity is in-
creased by aminoglycosides. Recurrent or persistent fever for 3
to 5 days without source in a person with granulocytes less than
0.5 × 109 cells/L is an indication for empiric antifungal ther-
apy with amphotericin. The kidney toxicity of amphotericin is
enhanced by cyclosporine and aminoglycosides.

Mucosit is

The severity of mucositis depends on the components of the
preconditioning regimen. The nonbone marrow dose-limiting
toxicity of etoposide, busulfan, cytarabine, thiotepa, and pa-
clitaxel is mucositis. Radiation also contributes to mucositis.
Not surprisingly, conditioning regimens containing these drugs
and/or radiation are associated with severe mucositis. Other
risk factors include post transplant methotrexate and pretrans-
plant interferon-gamma. Methotrexate should be withheld if

severe mucositis develops, whereas interferon-gamma should
be discontinued at least 2 to 4 weeks before giving radiation.

Management of mucositis includes good oral hygiene, using,
for example, saline, chlorhexidine, and nystatin rinses, and top-
ical analgesics (68,69). Opioids are often needed, and should
be given intravenously by schedule or using patient-controlled
analgesia (PCA). Severe mucositis may require prophylactic in-
tubation for airway protection. Ultimately, the resolution of
mucositis generally correlates with recovery of the neutrophil
count bone marrow. New drugs, such as palifermin (recombi-
nant human keratinocyte growth factor-1) reduce the incidence
and severity of oral mucositis (70).

Diarrhe a

Diarrhea in transplant recipients may be caused by high-dose
chemoradiotherapy, other drugs such as antibiotics, and bac-
terial or viral infections, as well as GVHD (71–73). The pre-
transplant conditioning regimen is the most common cause of
diarrhea within 2 to 3 weeks post transplant. Nevertheless,
an infection cause should always be considered. including
Clostridium difficile and Escherichia coli (0157:H7), CMV,
herpes simplex, adenoviruses, rotaviruses, echoviruses, astro-
viruses, Norwalk virus, Coxsackie virus, Strongyloides species,
Giardia species, and Cryptosporidium species. GVHD also
causes diarrhea; the diagnosis can be confirmed by intestinal
biopsy showing loss of crypts, vacuolization of crypt epithe-
lium, karyorrhectic apoptotic debris, microabscesses, and, in
severe cases, ulceration and denudation of the epithelium. Ther-
apy is directed toward appropriate antibiotics for infections
and immune suppression for GVHD. Conditioning regimen-
and GVHD-associated diarrhea may respond to octreotide, a
somatostatin analogue whose mechanism of action is partly
through the inhibition of secretory hormones (74). Some viral
infections—for example, CMV—respond to ganciclovir, fos-
carnet, or cidofovir (75).

He morrhag ic Cyst it is

Hemorrhagic cystitis, occurring 2 to 3 weeks post transplant,
usually results from drugs in the pretransplant conditioning
regimen, such as cyclophosphamide, ifosfamide, or etoposide
(76–78). Prophylaxis for hemorrhagic cystitis includes hydra-
tion and diuretics to maintain urine output at 0.2 mL/kg per
hour (79,80). Sodium mercaptoethane sulphate (Mesna) is of-
ten used, especially with high-dose cyclophosphamide or ifos-
famide (81). Mesna is inert in plasma but is hydrolyzed in the
urine to reactive monomers that conjugate alkylating drugs. It
has a short half-life, and is therefore given by continuous in-
travenous infusion. Complications of hemorrhagic cystitis are
uncontrolled bleeding and clotting of the ureters or urethra,
resulting in acute kidney failure. Obstruction of the ureters by
clots may be asymptomatic or cause kidney colic from ureteral
spasm. Severe pain may occur in the back or flank and radiate
into the groin or genitals.

Therapy of hemorrhagic cystitis consists of using a Fo-
ley catheter to irrigate the bladder with normal saline at 250
mL/hour to prevent intravesicular clotting. Platelets should be
maintained at more than 50 × 109 cells/L with platelet trans-
fusions, and RBC transfusion should be given to replace blood
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loss. Discomfort from local bladder spasm can be treated with
antispasmodic agents such as oxybutynin chloride (Ditropan).
In severe cases, arterial embolization or cystectomy may be
necessary.

Hemorrhagic cystitis seen more than 2 weeks post trans-
plant can result from pretransplant conditioning or viral infec-
tion due to, for example, adenovirus, CMV, JC or BK viruses
of the bladder epithelium (82–84). Except for CMV, there are
no effective antiviral drugs.

Ve no-occlusive Dise ase of t he Live r

Veno-occlusive disease of the liver (VOD) is caused by drugs
and/or radiation in the pretransplant conditioning regimen
within 1 to 3 months post transplant (85). Unlike the Budd-
Chiari syndrome with thrombosis of the large hepatic veins,
VOD arises from thrombosis of the central venule. High-dose
therapy damages endothelial cells throughout the body. How-
ever, metabolism or activation of drugs by hepatocytes results
in a high local concentration. Histologically, the central venule
is occluded by concentric fibrosis best shown by a trichrome
Masson stain. Lesions are composed initially of von Willebrand
factor, soon replaced by collagen (86). Obliteration of the cen-
tral venule results in intrahepatic hypertension, diminished or
reversal of portal blood flow, and ascites.

VOD, with a reported incidence of 1% to 56% , is a clini-
cal diagnosis suggested by elevated bilirubin, weight gain, as-
cites, and tender hepatomegaly (87–89) (Table 96.3). The in-
cidence variability results partly from different pretransplant
conditioning regimens and the clinical criteria used to diagnose
VOD. For instance, although diagnostic criteria from Johns
Hopkins and Seattle seem similar, a retrospective comparison
showed VOD incidence rates of 32% versus 8% (90). Risk fac-
tors for VOD include increased pretransplant transaminases,
conditioning regimen intensity, prolonged fever, and age (88).
A positive hepatitis viral serology does not increase the risk of
VOD if pretransplant transaminases are normal. Altered drug
metabolism is probably responsible for the decreased incidence
of VOD in children and increased risk for VOD in persons with
abnormal pretransplant transaminases. Cytokines that cause
fever also damage endothelial cells and probably cause the in-
creased risk of VOD in persons with prolonged fever. In gen-
eral, VOD incidence is not significantly different in recipients
of allotransplants versus autotransplants.

Clinical symptoms of VOD are also associated with many
common but unrelated transplant complications. For instance,
jaundice may result from hemolysis—for example, ABO incom-

TA BLE 9 6 . 3

CLINICAL CRITERIA FOR VENO-OCCLUSIVE DISEASE
OF THE LIVER

McDonald criteria—Seattle Jones criteria—Johns Hopkins

Before day 30: Any two of
the following

Before day 21: Any two of the
following

Bilirubin > 27 µ mol/L =
1.7 mg/dL

Bilirubin > 34 µ mol/L =
2.0 mg/dL

Hepatomegaly Hepatomegaly
Ascites or weight gain Ascites

Weight gain

patibility, bacterial sepsis, hepatic candidiasis, parenteral nutri-
tion, drugs such as cyclosporine and methotrexate, or GVHD.
Initial evaluation for VOD should include ultrasound of the
liver, with Doppler measurement of portal vein blood flow. Re-
versal or diminished portal flow is consistent with intrahepatic
obstruction of blood flow secondary to VOD (91). Ultrasono-
graphic findings are generally present only in overt clinical dis-
ease (92). Although uncertain cases may require liver biopsy,
a percutaneous biopsy is contraindicated because of ascites,
coagulopathy, and low platelets. Transjugular biopsy may, in
general, be performed safely and provides an opportunity to
measure the hepatic venous pressure gradient, which, if greater
than 10 mm Hg, is consistent with VOD (93).

Therapy for VOD is predominantly supportive. Empha-
sis should be on avoiding hepatotoxic drugs that will further
damage the liver. Persons with severe VOD may develop the
hepatorenal syndrome, marked by kidney insufficiency and a
low fractional sodium excretion. Therapy includes diuretics
to maintain baseline weight and oral ursodeoxycholic acid to
lower the bilirubin and prevent further liver injury from free
radicals generated by bile acids (94). Some centers attempt
to maintain intravascular volume and kidney perfusion with
RBC transfusions, aiming for a hemoglobin of 12 to 15 g/dL.
Early studies of defibrotide, a single-stranded polydeoxyri-
bonucleotide with fibrinolytic, antithrombotic, and anti-
ischemic properties, in severe VOD suggested activity with
complete response rates of 36% to 55% (95–97). No severe
hemorrhage or other serious toxicity related to defibrotide was
reported.

The prognosis of VOD is poor when bilirubin is more than
15 to 20 mg/dL. Thrombolytic therapy with tissue plasminogen
activator and heparin has been used successfully but may be
complicated by severe bleeding (98,99). Once the thrombus is
replaced by fibrin and collagen, thrombolytic therapy is proba-
bly ineffective. However, in late VOD, another option is a trans-
jugular, intrahepatic portal shunt to decompress the portal
vein (100–102). If there is engraftment without severe GVHD
or recurrence of the underlying disorder prompting the trans-
plant, consideration should also be given to a liver transplant
(103–105).

Re sp irat ory Failure

Transplant recipients who develop respiratory failure and re-
quire mechanical ventilation have a poor prognosis (106,107).
Once intubated, 80% of recipients are never extubated and, at
6 months, only 3% of subjects who required intubation sur-
vive. Except for procedures performed as a prelude to surgery,
the reason for intubation is not correlated with a likelihood
of survival, but age younger than 40 years and intubation
more than 100 days post transplant correlated with better
survival.

Respiratory failure within the first 30 days is usually caused
by pretransplant conditioning, regimen-related epithelial cell
damage, and/or infection (108–111). Early post transplant ra-
diotherapy and chemotherapy releases free radicals and cy-
tokines, resulting in damage to pulmonary epithelial cells. This
leads to blebs in the cell membranes, separation of junctions be-
tween cells, and necrosis. The end result is pulmonary edema,
occasionally with focal or diffuse pulmonary alveolar hemor-
rhage (112). This may occur without an increase in pulmonary
artery occlusion pressure (PAOP). Median time to onset of
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alveolar hemorrhage post transplant is about 4 months, but
it may occur as late as 1 to 2 years. Symptoms are nonspe-
cific and include dyspnea, hypoxia, and diffuse infiltrates. Al-
though hemoptysis is rare, bronchoalveolar lavage often shows
intrapulmonary hemorrhage. Early in the course of respiratory
distress, efforts should be directed to preventing intubation.
Although not evaluated in prospective studies, and therefore
of unproven benefit, management may include early inva-
sive hemodynamic monitoring, RBC transfusions to maintain
hemoglobin more than 12 g/dL, ultrafiltration to decrease
intravascular volume, and anticytokine monoclonal antibod-
ies or cytokine receptor antagonists. Use of high-dose cor-
ticosteroids is controversial but, in theory, inhibits genera-
tion of free radicals, decreases cytokine release, and decreases
inflammation.

The repair process after high-dose chemotherapy and radia-
tion may further interfere with gas exchange by causing intersti-
tial fibrosis. Further, infection aggravates parenchymal inflam-
mation and protracts the repair of the interstitium. Transplant
recipients are especially susceptible to pulmonary infections be-
cause of bone marrow failure, immune suppressive drugs, mu-
cositis, aspiration, and bronchial epithelial cell damage with
impaired ciliary motility. Gram-negative and -positive pneu-
monias are common in the first 30 days post transplant. Fun-
gal infections of the lung also occur early post transplant, and
isolation of Aspergillus species in a nasal or sputum culture
should prompt intial therapy with amphotericin, voriconazole,
or caspofungin. Risk factors for aspergillosis are long-term du-
ration of impaired immunity pretransplant, for example, aplas-
tic anemia or severe combined immune deficiency (SCID); cen-
ters without HEPA filters to prevent inhalation of aerosolized
spores; and prior invasive aspergillosis. Viral pneumonia is rare
early post transplant; the most common etiologic agent when
this does occur is herpes simplex.

He art Failure

Heart failure may result from volume overload or impair-
ment of left ventricular function from sepsis or toxicity from
pretransplant conditioning regimen drugs such as cyclophos-
phamide, ifosfamide, and/or anthracyclines (113–117). Pre-
transplant risk factors for cardiac failure are a prior history of
heart failure or a low resting left ventricular ejection frac-
tion of less than 40% (3). Prior mediastinal radiation or a
high cumulative anthracycline dose are not independent risk
factors, provided the ejection fraction is normal. High-dose
cyclophosphamide causes hemorrhagic myocarditis. Transient
ST-segment depression and T-wave inversions are common
during cyclophosphamide infusion but are not a reason to
alter therapy. Cyclophosphamide damages cardiac capillary
endothelial cells, leading to hemorrhage between, and sepa-
ration of, myocytes. The end result is loss of voltage, heart fail-
ure, and/or pericardial effusion. Unlike anthracycline-related
heart damage arising from myocyte damage, even severe
cyclophosphamide-induced left ventricular dysfunction is re-
versible after an interval of weeks to months.

Kid ne y Failure

Renal insufficiency is usually a multifactorial process whose
cause includes the underlying disease—for example, cast

nephropathy in myeloma, a prerenal decrease in glomerular
filtration, intrinsic renal dysfunction, or postrenal obstruction.
The most common reason for renal insufficiency early in the
post transplant period is drug related, especially with use of
aminoglycosides, cyclosporine, and amphotericin (118,119).
Mortality in persons requiring dialysis is about 85% (120).
Prerenal causes of azotemia include hepatic VOD, diarrhea,
diuretics, third-spacing from sepsis, hypoalbuminemia, and a
capillary leak syndrome from high-dose drugs and radiation.
Hepatic VOD, like other causes of prerenal azotemia, is marked
by decreased fractional excretion of sodium (FeNa+ ) in the
urine.

Azotemia from intrinsic renal failure may result from acute
tubular necrosis (ATN), glomerulonephritis, interstitial nephri-
tis, or renal vascular damage. Causes of ATN in transplant
recipients include sepsis, hypovolemia, and drugs such as
aminoglycosides, amphotericin, platinums, foscarnet, and cy-
closporine. In ATN, the FeNa+ is high, and the urine has
muddy hyaline casts. Renal insufficiency secondary to glomeru-
lonephritis usually results from streptococcal or staphylococ-
cal bacteremia. In glomerulonephritis, the FeNa+ is low, and
the urine sediment contains RBC casts and increased pro-
tein. Interstitial nephritis arising in the early stem cell trans-
plantation (SCT) period is usually drug induced. Causes of
allergic interstitial nephritis are penicillins, cephalosporins,
sulphamethoxazole-trimethoprim, and fluoroquinolones. In al-
lergic interstitial nephritis, the urine FeNa+ is high, and urine
sediment contains white blood cells (WBCs), WBC casts,
and eosinophils. Renal insufficiency from renovascular dam-
age is usually caused by drugs such as cyclosporine or from
hemolytic-uremic syndrome (HUS), which is marked by schis-
tocytes, thrombocytopenia, and azotemia. HUS arises from en-
dothelial cell damage, which may be related to cyclosporine,
GVHD, or high-dose drugs and radiation.

Postrenal kidney failure in transplant recipients may re-
sult from hemorrhagic cystitis with ureteral or urethral ob-
struction due to blood clots, retroperitoneal hemorrhage, urate
nephropathy, or drugs that undergo intratubular crystalliza-
tion and obstruction such as acyclovir, ciprofloxacin, and tri-
amterene. Regardless of the cause, post transplant renal insuf-
ficiency may require a dose reduction of prophylactic immune
suppressive drugs such as cyclosporine or methotrexate; this
may increase GVHD.

Eng raft me nt

Definition of graft failure is controversial. After a bone mar-
row graft, there is usually a rise in the WBC by 3 weeks. Af-
ter a peripheral blood stem cell transplant, the WBC usually
rises by about 2 weeks. Platelet recovery, defined as more than
20 × 109 platelets/L without transfusion, typically occurs 2 to
3 weeks later. Occasionally, recipients require platelet trans-
fusions for months post transplant. Generally, graft failure is
defined as a neutrophil count less than or equal to 0.5 × 109

cells/L by day 28. Causes of graft failure include too few nor-
mal hematopoietic cells, damage to the bone marrow microen-
vironment, immune-mediated graft rejection, or drug- or viral-
related immune suppression (121,122).

The minimal number of bone marrow or blood cells needed
for sustained engraftment is unknown. There are several rea-
sons for this:
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TA BLE 9 6 . 4 a

GRAFT VERSUS HOST DISEASE, GRAFT FAILURE, AND DISEASE-FREE SURVIVAL FOR TRANSPLANTS WITH
SIBLING-MATCHED OR UNRELATED DONORS

Acute DFS-AML
GVHD Chronic Graft or all in DFS-CML DFS-AML DFS-CML in

Degree of grade III GVHD failure remission in chronic or ALL in transformation DFS-AA
HLA match or IV (%) (%) (%) (%) phase (%) relapse (%) (%) (%)

Sibling 6/6 7–15 30–35 < 2 50–60 60–80 20 10–35 78–90
Related 5/6 25–30 50 7–9 40–60 60–80 20 10–35 25–40
Related 4/6 45–50 50 21 10–40 — 10 10–30 —
Haplo-identical 50–100 > 50 20 10–40 — 10 10–30 —
Unrelated 6/6 45–50 55 6 45 40 20 20 30–40

GVHD, graft versus host disease; DFS, disease-free survival; AML, acute myelogenous leukemia; CML, chronic myelogenous leukemia; ALL, acute
lymphoblastic leukemia; AA, aplastic anemia.

1. It is not known what hematopoietic cell(s) are responsible
for sustained engraftment.

2. Different hematopoietic cells may operate under different
circumstances and in different persons.

3. After autotransplants, there is no need for sustained engraft-
ment in the context of autologous bone marrow recovery.

4. There is no validated method to identify the hematopoietic
cell(s) responsible for sustained engraftment (123,124).

Because of these limitations, surrogate markers are used
to assess the hematopoietic-restoring functionality of grafts.
For instance, CD34 is a surface membrane marker of imma-
ture hematopoietic cells. In animals and humans, retrovirus-
transduced CD34+ cells contribute to long-term engraftment
(but may not be necessary) (125). To ensure sustained engraft-
ment in humans, most data suggest a threshold of 2 to 4 ×
108 mononuclear cells or 2 × 106 CD34+ cells/kg of recipi-
ent body weight. Autotransplant recipients receiving extensive
prior chemotherapy and/or radiation frequently have fewer
CD34+ cells. It may be difficult to obtain large numbers of
CD34+ cells from these persons, and recipients generally re-
cover bone marrow function later than after grafts from normal
or less extensively treated donors. This may reflect decreased
numbers and/or function of CD34+ cells and/or damage to the
bone marrow microenvironment.

Immune-mediated graft failure is theoretically impossible
after autotransplants, but it is the most common cause of graft
failure for allotransplants. Risk of immune-mediated graft fail-
ure correlates with the degree of HLA disparity between donor
and recipient. Graft failure occurs in less than 1% after HLA-
identical sibling allotransplants, 6% to 8% after unrelated
HLA-phenotype matched allotransplants, and in up to 20%
after HLA-haplotype mismatched allotransplants (126–128)
(Table 96.4). Immunity to non-HLA antigens, such as H-Y
and KIR, also operates to increase risk of immune-mediated
graft failure. Other variables influencing the risk of immune-
mediated graft failure are transfusion-induced sensitization to
HLA and non-HLA antigens, intensity of the pretransplant
conditioning regimen, and quantity of T cells in the graft. In
persons with aplastic anemia, the volume of pretransplant RBC
or platelet transfusions correlates with a higher rate of graft
failure. This is presumed to result from sensitization of the
recipient to disparate HLA and non-HLA antigens. These ob-

servations were made before microfilters were available to de-
plete WBC from transfused blood products; whether this risk
still operates is unknown. However, because of these consid-
erations, potential allotransplant recipients should avoid un-
necessary transfusions or receive microfiltered blood products.
Removal of donor T cells from the bone marrow graft to pre-
vent GVHD also increases the risk of graft failure; compensa-
tion may be possible by more intensive pretransplant immune
suppression (129,130). Graft failure risk is also increased af-
ter male grafts to parous and/or transfused female recipients.
Here, the recipient is presumed to be sensitized to H-Y antigens
(131,132).

Several bone marrow suppressive drugs commonly used
post transplant may delay and/or reverse engraftment, for
example, methotrexate and sulphamethoxazole-trimethoprim.
Viruses, especially herpes simplex, parvovirus, HHV-6,
parvovirus-B19, and CMV, cause bone marrow suppression,
possibly because they infect bone marrow stroma cells. A de-
cline in the WBC and/or platelets after recovery post trans-
plant should prompt a search for a drug- or virus-related
cause. Declines are also temporarily associated with tapering
immune suppression; whether these are related phenomena
is unclear. The effect, if any, of acute GVHD on bone mar-
row function is poorly understood. However, there is a clear
association of decreased bone marrow function and chronic

TA BLE 9 6 . 4 b

INCIDENCE OF GRADES III–IV ACUTE GRAFT
VERSUS HOST DISEASE IN CML ACCORDING TO
THE NUMBER OF MISMATCHED CLASS I AND
CLASS II ALLELES

0 Class I 1 Class I ≥ 2 Class I Total
(%) (%) (%) (%)

0 Class II 32 29 36 32
1 Class II 45 31 55 45
≥ 2 Class II 67 67 86 74
Total 34 30 44 35

There were 467 chronic myeloid leukemia unrelated donor–recipient
pairs.
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GVHD (see below). The response of chronic GVHD to immune
suppression is often correlated with improved bone marrow
function.

Treatment for graft failure includes using molecularly
cloned hematopoietic growth factors (G- or GM-CSF), a sec-
ond graft, and/or increased immune suppression. Subjects with
primary graft failure (that is, no engraftment) have a poor prog-
nosis, whereas those with secondary graft failure (unsustained
engraftment) do better. When graft failure is associated with re-
emergence of host T cells, repeat pretransplant conditioning is
usually given before the second graft based on the assumption
that graft failure is immune mediated; this may not be correct
in all instances.

Acut e Graft ve rsus Host Dise ase (GVHD)

The principle manifestations of acute GVHD are rash, di-
arrhea, and jaundice, present individually or in combination
(133,134). Histologically, there is involvement of the basal cell
layer of the skin, biliary ductules of the liver, and crypts of the
distal gastrointestinal tract. Symptoms occur close to the time
of engraftment but may occur earlier or at any time within the
first 100 days post transplant. Acute GVHD is an allogeneic re-
sponse mediated by donor T cells, which recognizes recipient
tissues as foreign. The incidence and severity of acute GVHD
increase with increasing recipient age and HLA and non-HLA
disparity between the recipient and donor (135,136) (Table
96.4).

The major HLA genes are inherited from both paternal and
maternal chromosome 6. The classic HLA class-1 genes are A,
B, and C, and more HLA molecules are being characterized.
The classical HLA class-1 molecules are present on the surface
of all cells and function to present small intracellular peptides to
T cells. HLA class 2 molecules are DR, DP, and DQ. These sur-
face molecules present extracellular peptides that result from
endocytosis of extracellular protein and degradation of these
proteins into smaller peptides (137,138). Even after an HLA
genotypically matched allotransplant, acute GVHD invariably
develops when—usually inadvertently—no post transplant im-
mune suppression is given. This likely arises because of recog-
nition of host-derived peptides presented by HLA molecules
and recognized as foreign by donor T cells (139).

Skin involvement in acute GVHD results in a maculopapu-
lar, erythematous rash, often beginning on the palms and soles
and which may become systemic. In severe cases, acute GVHD
with skin involvement may be pruritic with bullae. The skin in-
volvement in acute GVHD may be precipitated by exposure to
sunlight and/or drugs. Histologically, one can see the dermal-
epidermal border disrupted by vacuolar degeneration of epithe-
lial cells, dyskaryotic bodies, acantholysis (that is, separation
of cell–cell contact), epidermolysis (separation of the epidermal
and dermal layers), and lymphocytic infiltration. These clini-
cal and histologic findings are not unique to acute GVHD and
may occur from drug allergy or the effects of the high-dose
chemotherapy and radiation used in the pretransplant condi-
tioning regimen.

Gastrointestinal involvement with acute GVHD results in
diarrhea, often accompanied by cramping abdominal pain. In
severe cases, the diarrhea may be bloody or associated with a
paralytic ileus. Histologically, lymphocytes and apoptotic cells
are present and intestinal crypts are lost, which leads to ep-

ithelial denudation. Evaluation of gastrointestinal tract signs
and symptoms should include stool cultures for bacteria, fungi,
and viruses, especially CMV. Sigmoidoscopy with biopsy may
be helpful if the diagnosis is in doubt and platelet levels are
sufficient. Acute GVHD with hepatic involvement presents as
jaundice and an elevated alkaline phosphatase with or with-
out elevated transaminases. The differential diagnosis includes
VOD or infections with CMV or Candida species and may re-
quire a transjugular liver biopsy for acurate diagnosis. In acute
GVHD, the liver biopsy may show T-cell infiltration of the
portal triad, with apoptosis of epithelial cells lining the biliary
tree.

Acute GVHD and infections from immune suppression are
major causes of early death after allotransplant. Consequently,
acute GVHD prophylaxis is needed for all allotransplant recip-
ients. One effective method to prevent acute GVHD is a 2- to
3-log depletion of T cells from the graft (140–142). However,
benefits from preventing acute GVHD are offset by increased
graft failure and leukemia relapse. Increased graft failure is
presumed to result from immune-mediated graft rejection but
may also reflect loss of the interaction of donor T cells and
hematopoietic cells. Increased leukemia relapse is presumed
to result from decreased T-cell–mediated antileukemia effects,
sometimes referred to as graft versus leukemia or GvL. Ex-
perimental approaches to retain GvL while decreasing acute
GVHD include selective T-cell depletion or adding back sub-
sets of T cells or natural killer (NK) cells to the graft, use of cy-
tokines, and modulation of costimulatory T-cell or chemokine
pathways (143).

Pharmacologic approaches to preventing acute GVHD are
technically simpler and more widely used than T-cell deple-
tion. Cyclosporine and methotrexate given on days 1, 3, 6, and
11 post transplant are the most common preventative regimen
(144). Other regimens include cyclosporine and prednisolone
or cyclosporine, methotrexate, and methylprednisolone (145).
In HLA-identical sibling transplants, weekly intravenous im-
munoglobulin (IVIG) until day 100 results in a lower inci-
dence of acute GVHD (146). GVHD is associated with a
lower leukemia relapse rate, and, therefore, the aim should
not be to completely eliminate acute GVHD, but rather to bal-
ance the risk of acute GVHD against the risk of a leukemia
relapse. Thus, more intensive immune suppressive regimens
are used when GVHD risk is high, for instance, in HLA-
mismatched transplants, and when the leukemia relapse risk
is least, whereas less intensive regimens are used when the
leukemia relapse risk is highest such as in advanced leukemia
and when acute GVHD risk is least. Convincing data support-
ing these approaches are lacking.

Clinical staging of acute GVHD considers individual tis-
sue/organ involvement scores, which are combined for an over-
all grade (Table 96.5). Grade 1 acute GVHD is not clinically
important and requires no specific therapy. Grades 2 through
4 acute GVHD are typically treated with corticosteroids such
as methylprednisolone, 1 to 2 mg/kg per day, with or with-
out cyclosporine. Acute GVHD unresponsive to this approach
has a poor prognosis. Further therapies include monoclonal or
polyclonal antibodies to T cells, such as antithymocyte globulin
(ATG) or alemtuzumab (anti-CD52), or cytokines such as da-
cluzimab or infliximab. Dacluzimab binds to the high-affinity
IL-2 receptor found on activated T cells, whereas infliximab
binds to TNF-α , a cytokine involved in acute GVHD (147).
Several reports suggest that giving IVIG—typically used for
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TA BLE 9 6 . 5 a

GRADING OF ACUTE GRAFT VERSUS HOST DISEASE

SEVERITY OF INDIVIDUAL ORGAN INVOLVEMENT
Organ Grade Description

Skin + 1 A maculopapular eruption involving less than 25% of the body surface
+ 2 A maculopapular eruption involving 25% –50% of the body surface
+ 3 Generalized erythroderma
+ 4 Generalized erythroderma with bullous formation and often with desquamation

Liver + 1 Moderate increase of AST (150–750 IU) and bilirubin (2.0–3.0 mg/dL)
+ 2 Bilirubin rise (3.1–6.0 mg/dL) with or without an increase in AST
+ 3 Bilirubin rise (6.1–15 mg/dL) with or without an increase in AST
+ 4 Bilirubin rise (greater than 15 mg/dL) with or without an increase in AST

Gut Diarrhea, nausea, and vomiting graded + 1 to + 4 in severity. The severity of gut
involvement is assigned to the most severe involvement noted.

+ 1 Diarrhea more than 500 mL/day
+ 2 Diarrhea more than 1,000 mL/day
+ 3 Diarrhea more than 1,500 mL/day
+ 4 Diarrhea more than 2,000 mL/day; or severe abdominal pain with or without ileus

AST, aspartate transaminase.

CMV-infection prevention (see below)—is associated with less
acute GVHD, but these data are inconsistent.

INTERMEDIATE CONCERNS
(DAYS 30 TO 100)

CMV Prop hylaxis

Prophylaxis for CMV infection after autotransplants is un-
necessary. In allotransplants, ganciclovir is often given when
a surveillance blood culture or bronchoalveolar lavage (BAL)
is CMV-positive by quantitative polymerase chain reaction
(PCR). Subjects with CMV viremia and CD4+ T cells less than
0.1 × 109 cells/L are at greatest risk of developing CMV dis-
ease (148). Surveillance CMV-PCR is started 2 weeks before
transplantation and continued until day 100 post procedure.
A positive CMV-PCR usually prompts giving full-dose ganci-
clovir for 2 weeks or until the CMV-PCR becomes negative, and
then for another 2 weeks at one-half dose (149–152). Valaci-
clovir is then given as prophylaxis until day 100. G-CSF may

be given if there is bone marrow suppression, or therapy may
be changed to foscarnet, which is associated with less bone
marrow suppression.

Pne umonit is

Between 30% and 50% of early post transplant deaths are as-
sociated with respiratory failure (153,154). Although bacterial
and fungal pulmonary infections can occur, the two most com-
mon causes are idiopathic and CMV-related interstitial pneu-
monia.

Interstitial pneumonia is more common after allotrans-
plantation (40% ) as compared to autotransplantation (10% ).
Risk factors include a radiation-based pretransplant condition-
ing regimen, severe GVHD, older age, and post transplant
use of methotrexate. The median time to onset of interstitial
pneumonia is about 50 days post transplant, with only rare
cases developing after 6 months. Affected persons are hypoxic
and/or hypocapnic; physical examination often shows basilar
crackles; and the chest roentgenogram shows an interstitial

TA BLE 9 6 . 5 b

OVERALL GRADE OF GRAFT VERSUS HOST DISEASE�

Grade Skin Gut Liver ECOG performance

I + 1 to + 2 0 0 0
II + 1 to + 3 + 1 to + 2 and/or + 1 to + 2 0 to 1
III + 2 to + 4 + 2 to + 4 and/or + 2 to + 4 2 to 3
IV + 2 to + 4 + 2 to + 4 and/or + 2 to + 4 3 to 4

ECOG, Eastern Cooperative Oncology Group. AST, aspartate transaminase
�If no skin disease, the overall grade is the higher single organ grade.
Adapted from Glucksberg H, Storb R, Fefer A, et al. Clinical manifestations of graft versus host disease in
human recipients of marrow from HL-A-matched sibling donors. Transplantation. 1974;18:295–304.
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reticular-nodular infiltrate. Between 40% and 65% of cases of
interstitial pneumonia are CMV related. Diagnosis is usually
accomplished by bronchoscopy with BAL. Early intervention
with combined IVIG and ganciclovir has a reduced mortality of
CMV pneumonia to about 50% (155,156). It is very rare for a
subject to develop CMV pneumonia when routine screening for
CMV activation by PCR is carried out and appropriate inter-
ventions taken. Adoptive immunotherapy, giving CMV-specific
cytotoxic T cells has also been used to treat CMV pneumo-
nia (157). Other opportunistic infections causing interstitial
pneumonia, such as Chlamydia trachomatis and Legionella
pneumophilia, are less common. Prophylaxis for Pneumocys-
tis carinii pneumonia with sulphomethaxozole-trimethoprim
(Bactrim) is usually begun after engraftment and continued for
1 year.

The cause(s) of 30% to 50% of post transplant interstitial
pneumonias are unknown (158–160). Etiologies are complex
and poorly understood; likely contributors include the toxicity
of the pretransplant conditioning regimen, chronic GVHD, and
unidentified infectious organisms such as human herpes virus
6 (HHV-6) and respiratory syncytial virus (RSV) (161). Car-
mustine (BCNU)-related interstitial pneumonia may respond
to corticosteroids, but most cases of idiopathic pneumonia syn-
drome do not.

Ep st e in-Barr Virus
Lymphop rolife rat ive Dise ase

Infection of B cells by Epstein-Barr virus (EBV) results in B-
cell proliferation. In a normal person, infection-induced, EBV-
specific cytotoxic T cells prevent uncontrolled B-cell prolifer-
ation. In immune-deficient allotransplant recipients, failure of
immune surveillance by EBV-specific cytotoxic T cells results
in a polyclonal or, less often, monoclonal B-cell proliferation
of donor or recipient origin (162). EBV-lymphoproliferative
syndrome (EBV-LPS) occurs in about 0.5% of allotransplant
recipients. Risk factors include T-cell–depleted grafts and the
use of ATG or anti-CD3 antibodies post transplant to prevent
acute GVHD. EBV-LPS typically develops 45 days to 1.5 years
post transplant; the median time to onset is 70 to 80 days.
Presenting features of early-onset EBV-LPS include fever and
extranodal involvement; the course is typically unfavorable.
Later-onset EBV-LPS generally has a more indolent course,
manifested by fever and lymph node enlargement. Antiviral
therapy of EBV-LPS is generally ineffective. Rituximab (anti-
CD20 monoclonal antibody) has been used and is sometimes
effective (163). Giving donor EBV-specific cytotoxic T cells
sometimes results in prompt remission of polyclonal and mon-
oclonal EBV-LPS (164).

LATE CONCERNS
(BEYOND DAY 100)

Chronic GVHD

Chronic GVHD usually occurs after day 100 post transplant.
Chronic disease may seemingly develop de novo without prior
clinically diagnosed acute GVHD, after a quiescent interval fol-
lowing resolution of acute GVHD. Most often, acute GVHD

evolves into the chronic process (165,166). The most impor-
tant risk factors for developing chronic GVHD are older recip-
ient age and severity of acute GVHD. Whereas acute GVHD
is predominately an alloimmune disorder, chronic GVHD has
features of alloimmunity and autoimmunity.

Skin involvement in chronic GVHD involves scleroderma-
like changes with hypopigmentation and hyperpigmentation,
loss of hair follicles, thickened skin, and joint contractures.
Mucosal involvement manifests by dryness, pain, ulceration,
and lacy white buccal mucosal membranes. Occular features
include sicca conjunctivitis, ectropion, and, in severe cases,
corneal ulceration. In contrast to acute GVHD of the gastroin-
testinal tract, which is marked by watery or bloody diarrhea,
chronic gastrointestinal GVHD manifests as nausea, anorexia,
malabsorption, dysphagia, and weight loss. Ulcerations, stric-
tures, and narrowing may occur at any site along the gastroin-
testinal tract. Hepatic involvement in chronic GVHD presents
similarly to acute GVHD with predominance of cholestasis—
that is, increased bilirubin and alkaline phosphatase.

Chronic GVHD may have various autoimmune features,
including antibodies to DNA, mitochondria, smooth muscle,
or connective tissue. Autoimmune syndromes associated with
chronic GVHD include polymyositis, myasthenia gravis, sys-
temic lupus erythematosis, rheumatoid arthritis, primary bil-
iary cirrhosis, and thyroiditis. Chronic GVHD of the lung
presents with cough and dyspnea caused by progressive ob-
structive small airway disease with hyperinflated lungs and
reduced midexpiratory flows; histologically, the process re-
sembles bronchiolitis obliterans. Chronic GVHD results from
underlying immune dysregulation, which also causes immune
deficiency that predisposes to infection independent of the im-
mune suppressive drugs used to treat GVHD.

Chronic GVHD may be limited or extensive (Table 96.6).
Limited-stage chronic GVHD has a favorable prognosis and re-
quires no therapy. Extensive-stage chronic GVHD has a poor
prognosis; therapy is needed (167). Adverse prognostic vari-
ables in persons with extensive-stage GVHD include thrombo-
cytopenia (less than 100 × 109 cells/L) and poor performance
status. Standard therapy of extensive-stage chronic GVHD is
alternate day corticosteroids. Other options include thalido-
mide, extracorporeal photophoresis, psoralen and ultravio-
let irradiation (PUVA) for chronic cutaneous GVHD, and ur-
sodeoxycholic acid for chronic hepatic GVHD (168). Clinical
trials with thalidomide analogues, such as lenalidomide and
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CHRONIC GRAFT VERSUS HOST DISEASE GRADES

Limited Disease localized only to skin involvement or
hepatic involvement

Extensive 1. Generalized skin involvement
2. Limited skin involvement or hepatic

involvement and
a. Liver histologic features showing chronic

progressive hepatitis, bridging necrosis, or
cirrhosis

b. Eye involvement (Schirmer’s test with
less than 5 mm wetting)

c. Involvement of minor salivary glands or
oral mucosa

d. Involvement of any other organ
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pomalidomide, are beginning. The natural history of chronic
GVHD is to “burn out” or for subjects to die from an op-
portunistic infection. The therapy paradox here is that one is
forced to use immune suppression to treat a disease that kills
subjects because of intrinsic immune suppression.

He rp e s Zost e r

Varicella zoster occurs in 20% of autotransplant (169) and
20% to 50% of allotransplant recipients, usually 100 days to
1 year post transplant (170,171). Infection may present with
cutaneous or visceral involvement. Persons with visceral in-
volvement may present with severe acute abdominal pain from
virus reactivation in the celiac plexus, which spreads to the pan-
creas and small bowel. If cutaneous or visceral Herpes varicella
zoster is suspected, the subject should be hospitalized, placed
in isolation, and given IV acyclovir.

Se cond Cance rs

Transplant recipients are at increased risk to develop a sec-
ond cancer (172–174). Autotransplants are associated with
increased clonal cytogenetic changes in bone marrow cells
post transplant. Some of these abnormalities are typical of
therapy-related myelodysplastic syndrome (MDS), including
monosomy 5 or 7 (del[5] and del[7]), and translocations in-
volving 11q23. These abnormalities are reported in up to 9%
of recipients at 3 years post transplant and are likely related to
the effects of exposing the bone marrow to drugs and radiation
as part of disease therapy and as part of pretransplant condi-
tioning. Allotransplant recipients have a fourfold to sixfold
age-adjusted risk of developing a cancer. Risk factors include
pretransplant conditioning with radiation and acute GVHD
equal to or greater than grade 2. The 10-year cumulative inci-
dence of solid cancers after allotransplants is about 3% , while
the 15-year probability of a second cancer is about 6% for per-
sons not receiving radiation versus 20% for persons receiving
radiation.

Re lap se

Relapse of disease after autotransplants or allotransplants may
be treated with a second autotransplant or allotransplant (175–
178). If the first pretransplant conditioning regimen included
radiation, it should not be used prior to the second transplant;
if, however, the first pretransplant conditioning regimen lacked
radiation, it should be considered for the second transplant if
this is disease appropriate. If the first transplant was an au-
totransplant, it is unlikely that a second autotransplant will
succeed, and thus, an allotransplant is preferred.

Subjects relapsing less than 1 year after autotransplant or
allotransplant are often not reasonable candidates for a sec-
ond transplant because of substantial transplant-related mor-
bidity and mortality and a low likelihood of leukemia con-
trol. Subjects retransplanted less than 6 months after a first
transplant have done particularly poorly. Sometimes leukemia
relapse can be reversed by discontinuing post transplant im-
mune suppression or by giving donor lymphocytes, or both
(179–181). Donor lymphocyte infusions (DLI) are effective in

many subjects with recurrent chronic phase chronic myeloge-
nous leukemia (CML) provided DLI is done in early relapse
(182). In acute myelogenous leukemia (AML), about 30% of
subjects with relapse respond; the interval to remission after
DLI is 1 to 3 months. Complications of DLI include bone mar-
row failure and worsening of acute GVHD. Mixed chimeras
have a lower risk of bone marrow failure than persons with
only recipient hematopoeisis. The risk of acute GVHD after
DLI is about 80% , with a tendency to cause hepatic acute
GVHD. Attempts to modulate precipitating acute GVHD by
genetically engineering donor lymphocytes to express herpes
simplex virus thymidine kinase (HSVTK) and treating with
ganciclovir if acute GVHD develops are reported (183).

Hyp ot hyroid ism

For the first 3 to 6 months, post transplant recipients may have
a “euthyroid sick syndrome” with decreased tri-iodothyronine
(T3), decreased thyroxine (T4), and low thyroid-stimulating
hormone (TSH) (184,185). As in other nonthyroid diseases
associated with a euthyroid sick syndrome, these abnormalities
are reversible and probably are normal physiologic responses to
decreased protein catabolism. Hormone replacement therapy
is unnecessary.

Primary hypothyroidism post transplant is caused by high-
dose radiation in the pretransplant conditioning regimen (186–
188). Primary hypothyroidism—elevated TSH and low T4—
occurs in less than 2% of recipients not receiving radiation
(189) but in about 10% of radiation recipients. A greater pro-
portion of subjects have compensated primary hypothyroidism
with increased TSH but normal T4. The time interval to onset
of primary hypothyroidism is 6 to 41 months post transplant,
with a median of 13 months. The risk of primary hypothy-
roidism is greater after single-dose than fractionated radia-
tion. Whereas overt hypothyroidism is treated with hormone
replacement, compensated disease may be treated with close
follow-up or hormone replacement.

Growt h and De ve lop me nt

Child and adolescent transplant recipients have delayed or in-
terrupted growth and development; the composition of the
pretransplant conditioning regimen is a major determinant
(187,190). Other risk factors for growth retardation are cen-
tral nervous system (CNS) radiation, single-dose radiation pre-
transplant, chronic GVHD, corticosteroid use, and age. Chil-
dren receiving only high-dose cyclophosphamide do not, in
general, have growth retardation. Radiation regimens, on the
other hand, adversely affect the rate of height and growth. Ra-
diation may also inhibit normal dental and facial skeletal devel-
opment, especially in children younger than 6 years of age. Al-
though chemotherapy regimens were originally not thought to
alter growth, combined busulfan and cyclophosphamide pre-
transplant conditioning causes growth retardation comparable
to that of cyclophosphamide combined with fractionated radi-
ation (191). How pretransplant conditioning regimens cause
growth retardation is incompletely understood but includes
direct injury to the growth plates, decreased pituitary and hy-
pothalamic growth hormone production, and primary gonadal
failure with decreased estrogens and testosterone, as well as
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elevated luteinizing hormone and follicle-stimulating hormone.
In premenopausal transplant recipients, secondary sexual char-
acteristics and menarche are usually delayed. Growth hormone
therapy may improve final height in children younger than 10
years of age at transplant but has no impact on older children
(192).

Fe rt ilit y

Primary gonadal failure, for example, hypergonadotropic hy-
pogonadism, is common post transplant (187,190,193,194).
Recovery of gonadal function depends on recipient age and pre-
transplant conditioning regimen. In postmenopausal women
receiving cyclophosphamide only, gonadal dysfunction is usu-
ally transitory. Gonadal failure occurs in about one half of
recipients of busulphan and cyclophosphamide (194), whereas
almost all recipients of radiation-containing pretransplant con-
ditioning regimens develop gonadal failure. The return of men-
struation within 10 years after radiation occurs in more than
90% of recipients who were younger than 18 years of age at
the time of transplant and in 10% to 15% of recipients older
than 18 years of age at the time of transplant. Post transplant
gonadal failure is often associated with symptoms of estro-
gen deficiency, including hot flashes, dyspareunia, dysuria, and
vaginal dryness, which may be helped by hormone replace-
ment therapy (195). Cases have been reported of cryopreser-
vation and orthotopic transplantation of ovarian tissue that
has resulted in recovery of ovarian function and subsequent
pregnancy (196,197).

Cat aract s

Corticosteroid therapy and radiation-containing pretransplant
conditioning regimens cause cataracts within a median of 2.5 to
5 years post transplant (198–201). The incidence of cataracts,
both subclinical and clinical, is 85% to 100% for unfraction-
ated radiation recipients, 30% to 50% for fractionated radi-
ation recipients, and 5% to 20% for recipients not receiving
radiation. The probability of requiring cataract removal within
10 years post transplant is 100% for single-dose radiation and
20% for fractionated radiation. Eye shielding decreases the
cataract risk but is not generally done because of the concern
of increasing leukemia relapse, as blood cells in the eye would
escape irradiation.

Lat e Re nal Effe ct s

Reversible renal dysfunction is common early post transplant,
with causes that are multifactorial including, but not limited to,
drugs and infections (202,203). Although long-term complica-
tions are rare, there are occasional reports of late-onset renal
dysfunction consistent with radiation nephropathy occurring
after multidrug and radiation-containing pretransplant condi-
tioning regimens. Onset is typically 3 to 7 months post trans-
plant and is characterized by hypertension, edema, uremia, and
occasionally hemolytic uremic syndrome (HUS). Cyclosporine
may cause a similar picture of hypertension, renal insufficiency,
and HUS that can be confused with or complicate transplant-
related renal failure.

Lat e Pulmonary Effe ct s

Late-onset noninfectious pulmonary complications (LONIPC)
occur in 10% to 25% of subjects (204–206). These are further
classified as bronchiolitis obliterans, bronchiolitis obliterans
with organizing pneumonia, interstitial pneumonia, and dif-
fuse alveolar disease. These abnormalities are thought to result
from the pretransplant conditioning regimen, especially radia-
tion. Chronic GVHD and pretransplant pulmonary function
are the main determinants predicting worsening pulmonary
function in long-term survivors post transplant (206). Bronchi-
olitis obliterans presents as cough and wheezing. Studies typ-
ically show severe obstructive lung disease with hyperinflated
diaphragms resulting from obliteration of small bronchioles.
This typically occurs 3 months to 2 years post transplant. Al-
though usually associated with allotransplants complicated by
chronic GVHD, bronchiolitis obliterans occurs rarely after au-
totransplants. Corticosteroids are usually used to treat bron-
chiolitis obliterans, but the results are poor at best. Lympho-
cytic interstitial pneumonia is characterized by a lymphocytic
interstitial infiltrate that may progress to fibrosis. The cause is
not clear but is thought to be immune-mediated, and is also
treated with corticosteroids. Survival of persons with LONIPC
is poor; death usually results from respiratory failure and/or
infections.

IMMUNE SUPPRESSIVE DRUGS

Ant ip ro life rat ive Drug s

Mycophenolate mofetil (MPA), used to modify GVHD in
allotransplants, is metabolized to mycophenolic acid, a po-
tent, reversible noncompetitive inhibitor of inosine monophos-
phate dehydrogenase (IMPDH). IMPDH is the first of two en-
zymes that convert inosine monophosphate (IMP) to guanosine
monophosphate (GMP). GMP is normally converted to GDP,
GTP, and dGTP. IMPDH is not involved in the salvage path-
way of purine biosynthesis. MPA treatment decreases GTP and
dGTP in lymphocytes that inhibit DNA synthesis and GTP-
dependent metabolic events resulting in immune suppression
(207).

Cyclophosphamide is a common component of pretrans-
plant conditioning. It is a cyclic phosphamide ester of
mechlorethamine inactive in its native form. Cyclophos-
phamide is converted in the liver to active alkylating metabo-
lites, acrolein, and phosphoramide mustard, which prevent cell
division by cross-linking DNA strands. High-dose cyclophos-
phamide, if given without mesna, results in hemorrhagic cystitis
via acrolein formation. Prior pelvic radiation also increases the
risk of cyclophosphamide-related hemorrhagic cystitis.

Cort icost e ro id s and Ot he r Immune
Sup p re ssive Drug s

Prednisone is widely used in oncology for anticancer and im-
mune suppression effect. The agent is highly active in acute
lymphoblastic leukemia (ALL) and lymphomas. Prednisone
is also used to palliate symptomatic advanced cancers where
it enhances appetite and produces a sense of well-being.
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Corticosteroids are also powerful immune suppressive drugs
used to prevent and/or treat GVHD. The relatively high min-
eralocorticoid activity of cortisone and hydrocortisone with
resultant fluid retention makes them unsuitable for long-term
immune suppression. Prednisone has predominantly glucocor-
ticoid activity, and is the corticosteroid most commonly used
for long-term immune suppression in chronic GVHD. The
maintenance dose of prednisone in this setting should be kept
as low as possible to minimize adverse effects, including peptic
ulcers, proximal myopathy, osteoporosis, kidney suppression,
hirsuitism, weight gain, susceptibility to infections, euphoria,
depression, cataracts, impaired healing, and others.

Cyclosporine, a calcineurin inhibitor, is a potent immune
suppressive drug that adversely affects the kidney but not the
bone marrow. Cyclosporine is widely used to prevent and/or
treat GVHD.

Tacrolimus is also a calcineurin inhibitor. Although
tacrolimus is not chemically related to cyclosporine, it has a
similar mode of action and side-effect profile. The incidences
of neural and renal toxicity are greater with tacrolimus than
cyclosporine. Additionally, cardiomyopathy and glucose in-
tolerance are reported. Hypertrichosis is less a problem with
tacrolimus than cyclosporine. Tacrolimus is not commonly
used in bone marrow and blood cell allotransplants.

Interleukin-2 (IL-2) and its receptor (IL-2R) are impor-
tant in T-cell–mediated immunity. Monoclonal antibodies to
these moieties, basiliximab and dacluzimab, are used to treat
corticosteroid-resistant GVHD (208). Rare side effects include
hypersensitivity reactions. Infliximab is also used in the treat-
ment of corticosteroid-refractory GVHD (147,209).

Thalidomide, a member of a class of immune modulating
compounds, termed ImiDs, has been used to prevent and/or
treat chronic GVHD (210). It is also used, combined with other
drugs, to treat multiple myeloma. Thalidomide causes drowsi-
ness, constipation, thrombosis, and neuropathy. Because of its
teratogenic effects, it should not be given to sexually active per-
sons without proper precautions. Lenalidomide, a thalidomide
analogue, is also used to treat bone marrow disorders, includ-
ing myelodysplastic syndrome (MDS) and multiple myeloma.
Clinical trials of lenalidomide and pomalidomide, a third ImiD,
in chronic GVHD are beginning.

Alemtuzumab (Campath-1H) directed at the CD52
molecule on the surface of all lymphocytes is sometimes used
to remove T cells from allografts. Alemtuzumab is also some-
times used to treat corticosteroid-resistant, acute GVHD (211).
Infusion-related adverse effects may occur, including fever,
chills, nausea and vomiting, and allergic reactions. There is also
increased susceptibility to infections, particularly with fungi,
viruses, and protozoa.
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SECTION X ■ SPECIAL PATIENT POPULATION

CHAPTER 97 ■ THE OBSTETRIC PATIENT:
GENERAL
MICHAEL A. FRÖLICH r MALI MATHRU

Major scientific advances have occurred in virtually all areas
of patient care. One of the major changes in obstetrics has
been the recognition of the specialty nature of medical compli-
cations related to pregnancy. The physiologic alterations that
accompany pregnancy may have profound effects on a vari-
ety of pathologic conditions. In addition, maternal disease or
its therapy may adversely affect the fetus, which makes these
considerations unique to the obstetric patient.

The intensivist must be knowledgeable of the considera-
tions specific to pregnant patients and should also understand
the pathophysiologic alterations associated with high-risk con-
ditions such as preeclampsia. Obstetricians have done a re-
markably good job in managing common diseases such as
diabetes, asthma, and chronic hypertension with great sophisti-
cation. Nevertheless, life-threatening emergencies during preg-
nancy challenge the knowledge and skills of anyone who works
with this group of patients. Clinicians have acquired consider-
able information about the management of critically ill obstet-
ric patients; however, this information is not geared toward
the critical care provider in most textbooks. This chapter is
intended to fill this gap and provide the essential information
about the most severe critical conditions that might arise during
pregnancy.

An extensive review of all maternal high-risk conditions
would go beyond the scope of this chapter. Therefore, we will
limit our review to the discussion of physiologic changes of
pregnancy that clearly have to be recognized when managing
the critically ill pregnant patient. This review is focused mainly
on the most life-threatening pathophysiologic processes, in-
cluding thrombosis and thromboembolism, hypertensive dis-
ease of pregnancy, hemorrhage, and amniotic fluid embolism
(Tables 97.1 and 97.2), but is inclusive of other more com-
mon pregnancy-related problems that come to the attention of
the intensivist, such as peripartum cardiomyopathy and pul-
monary edema.

PHYSIOLOGIC CHANGES
ASSOCIATED WITH PREGNANCY

Several physiologic changes are associated with normal preg-
nancy. These adaptations are necessary to meet the demands of
the growing fetus, and have to be considered when evaluating
and managing pregnant patients.

Bod y Const it ut ion

Optimal weight gain in pregnancy is currently a matter of de-
bate (1–3). In general, an approximate weight gain of 6 kg is
attributed to the fetus, placenta, and uterus, and the remainder
of the weight gain to an increase in maternal blood, intersti-
tial fluid volume, and fat. A gestational weight gain of more
than 12 kg in women of normal pre-pregnant weight is related
to the lowest risk for complications during delivery. Thorsdot-
tir et al. (4) studied the relationship between gestational weight
gain and complications during pregnancy, comparing pregnant
women with normal weight gain with other higher gestational
weight gain. They found that women who exceeded 18 kg of
weight gain during pregnancy are considered at greater risk
for maternal (pre-eclampsia, gestational diabetes) and fetal (in-
creased incidence of operative delivery) complications.

Changes in maternal physiology occur normally during
pregnancy, and have the potential to alter the absorption, distri-
bution, and elimination of drugs used therapeutically in preg-
nant women (5).

Me t ab olisms and Re sp irat ion

Key physiologic changes of respiration that occur in pregnancy
are an increased minute ventilation, which is caused by in-
creased respiratory center sensitivity and drive; a compensated
respiratory alkalosis; and a low expiratory reserve volume (6).
The vital capacity and measures of forced expiration are well
preserved. Patients who have severe lung diseases tolerate preg-
nancy well, with the exception of those with pulmonary hyper-
tension or chronic respiratory insufficiency from parenchymal
or neuromuscular disease.

Lung volumes have been measured in several case series
of pregnant women and compared to nonpregnant women or
those in the postpartum state (7), with body plethysmography
being the preferred technique of measurement (8), and were
found well preserved in the majority of cases. The residual vol-
ume tends to decrease slightly, which leads to a small increase
or stability of the vital capacity (7,9–12). The most consistent
change in static lung volumes with pregnancy is the reduction
in the functional residual capacity (FRC) and expiratory re-
serve volume. As the uterus enlarges, FRC decreases by 10%
to 25% of the previous value, starting about the 12th week
of pregnancy (7). The normal reduction in FRC is accentuated
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TA BLE 9 7 . 1

DIRECT MATERNAL DEATHS, 2000–2002a

Cause of death 1985–87 1988–90 1991–93 1994–96 1997–99 2000–02

Thrombosis and thromboembolism 32 33 35 48 35 30
Hypertensive disease of pregnancy 27 27 20 20 15 14
Hemorrhage 10 22 15 12 7 17
Amniotic fluid embolism 9 11 10 17 8 5
Deaths in early pregnancy total 22 24 18 15 17 15

Ectopic 16 15 8 12 13 11
Spontaneous miscarriage 5 6 3 2 2 1
Legal termination 1 3 5 1 2 3
Other 0 0 2 0 0 0

Genital tract sepsis 6b 7b 9b 14c 14c 11c

Other direct total 27 17 14 7 7 8
Genital tract trauma 6 3 4 5 2 1
Fatty liver 6 5 2 2 4 3
Other 15 9 8 0 1 4

Anaesthetic 6 4 8 1 3 6

Total number of deaths 139 145 128 134 106 106

aDeaths reported to the Enquiry only and excluding other deaths identified by ONS.
bExcluding early pregnancy deaths due to sepsis.
cIncluding early pregnancy deaths due to sepsis.
From Confidential Enquiry into Maternal and Child Health (CEMACH), Chiltern Court (Lower ground floor), 188 Baker Street, London NW1 5SD,
Tel: 020 7486 1191; Fax: 020 7486 6543; E-mail: info@cemach.org.uk. Publication 2004: Why Mothers Die 2000–2002.

further in the supine position (13). The reduction in FRC is
due to a decrease in chest wall compliance, up to 35% to 40%
(14). The lung compliance remains normal during pregnancy,
whereas expiratory muscle strength is in the low-normal range
(9). The decreased chest wall compliance is the result of the en-
larging uterus increasing the abdominal pressure, which leads
to a reduction of the FRC (15). The diaphragm elevates about
4 cm, and the circumference of the lower rib cage increases
about 5 cm (16). The lower end-expiratory lung volume leads
to an increased area of apposition of the diaphragm to the
chest wall, which improves the coupling of the diaphragm and
chest wall. Thus, the increased tidal volume of pregnancy is
achieved without an increase in the respiratory excursions of
the diaphragm.

The rib cage undergoes structural changes during pregnancy
(17). Progressive relaxation of the ligamentous attachments of
the ribs causes the subcostal angle of the rib cage to increase
early in pregnancy. This change persists for months into the

postpartum period. The increased elasticity of the rib cage is
mediated by the polypeptide hormone, relaxin, which is in-
creased during pregnancy and is responsible for the softening
of the cervix and relaxation of the pelvic ligaments (18,19).
Changes in pulmonary function during pregnancy are summa-
rized in Figure 97.1.

Chang e s in Art e rial Blood Gase s

The hormonal changes of pregnancy lead to remarkable res-
piratory changes throughout its course. The resulting changes
of arterial blood gas values have been measured by Temple-
ton et al. (20,21), who obtained serial measurements of mater-
nal blood gases during pregnancy. The same investigators also
measured serial alveolar-to-arterial oxygen tension differences
(PAO 2-PaO 2), and calculated the pulmonary venous admixture
(physiologic shunt), dead space-to-tidal volume ratio (VD/VT),

TA BLE 9 7 . 2

INDIRECT MATERNAL DEATHS, 2000–2002a

Causes of indirect deaths 1985–87 1988–90 1991–93 1994–96 1997–99 2000–02

Cardiac 22 18 37 39 35 44
Psychiatric N/A N/A N/A 9 15 16
Other indirect 62 75 63 86 75 90
Indirect malignancies N/A N/A N/A N/A 11 5

Total number of indirect deaths 84 93 100 134 136 155

aDeaths reported to the Enquiry only and excluding other deaths identified by ONS.
From Confidential Enquiry into Maternal and Child Health (CEMACH), Chiltern Court (Lower ground floor), 188 Baker Street, London NW1 5SD,
Tel: 020 7486 1191; Fax: 020 7486 6543; E-mail: info@cemach.org.uk. Publication 2004: Why Mothers Die 2000–2002.
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FIGURE 97.1. Pregnancy—pulmonary changes. FVC, forced vital ca-
pacity; FEV1, forced expiratory volume in 1 second; RV, plethys-
mographic residual volume; FRC, plethysmographic functional resid-
ual capacity; TLC, plethysmographic total lung capacity. (Data from
Garcia-Rio F, Pino-Garcia JM, Serrano S, et al. Comparison of helium
dilution and plethysmographic lung volumes in pregnant women. Eur
Respir J. 1997;10:2371–2375.)

and respiratory minute volume (Table 97.3). The mean arterial
PO 2 during pregnancy was found to be consistently greater
than 100 mm Hg throughout pregnancy, with no alterations of
dead space-to-tidal volume ratio (VD/VT) and shunt.

Card iovascular Syst e m

Management of pregnancy, especially for women with heart
disease, requires an understanding of the hemodynamic stress
that occurs during gestation. The most important hemody-
namic change in the maternal circulation during pregnancy is
an increase in the cardiac index of 30% to 40% (22), which
can be primarily attributed to an increase in stroke volume,
while heart rate and blood pressure do not change significantly
(Fig. 97.2).

This alteration has several unique features: (a) the augmen-
tation occurs relatively early in pregnancy (20–24 weeks), (b)
it cannot be explained entirely on the basis of fetal needs, and
(c) fluctuations in cardiac output occur with changes in body
position as the gravid uterus impinges in varying degrees on the
inferior vena cava, thus altering systemic venous return (23).

TA BLE 9 7 . 3

BLOOD GAS ANALYSIS IN LATE PREGNANCYa

pH 7.44 HCO 3
– (mval/L) 20

PaO2 (mm Hg) 103 BE (mval/L) 2.5
PaCO2 (mm Hg) 30

aAverages.
Data from Templeton A, Kelman GR. Maternal blood-gases,
PAo2–Pao2), physiological shunt and VD / VT in normal pregnancy.
Br J Anaesth. 1976;48:1001.

FIGURE 97.2. Pregnancy—cardiovascular changes. HR, heart rate
(bpm); B/Ps, systolic blood pressure (mm Hg); B/Pm, mean blood pres-
sure (mm Hg); B/Pd, diastolic blood pressure (mm Hg); CI, cardiac
index (L/min/m2); SV, stroke volume (mL); EDV, end-diastolic volume
(mL). (Data from Circulation. 1978;58:434–441.)

Re d Blood Ce ll, Plasma, and Blood Volume
An increase of plasma volume is evident by the sixth week
of gestation, reaching a value by the end of the first trimester
of 15% above nonpregnant women. There is subsequently a
steep increase of this parameter until 28 to 30 weeks of ges-
tation, followed by a more gradual rise, to a final volume at
term of 55% above the nonpregnant level (24). Red blood cell
mass decreases during the first 8 weeks of gestation, but in-
creases to nearly 30% above the nonpregnant level at term.
These physiologic changes result in a 45% increase of total
blood volume and a reduction of the hemoglobin concentra-
tion and hematocrit to values of approximately 11.6 g/100 mL
and 35.5 volume % , respectively (Fig. 97.3). Estrogens, proges-
terone, and placental lactogen elevate aldosterone production

FIGURE 97.3. Changes of blood count during pregnancy. RCM, red
cell mass in mL/10; Bvol, blood volume in mL/kg; Hb, hemoglobin
in g/100 mL; Hct, hematocrit in % ; BL, pre-pregnant data; early, 8th
week of pregnancy; mid, 14th week of pregnancy; late, 20th week of
pregnancy. (Data from Metcalfe J, Ueland K. A study of pregnancy in
Pygmy goats. Prog Cardiovasc Dis. 1974;16:363.)
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either directly or indirectly, and are responsible for the increase
of plasma volume during pregnancy. The hyperaldosteronism
of pregnancy can result in retention up to 500 to 900 mEq of
sodium and an increase of 6,000 to 8,000 mL of total body
water, 70% of which is extracellular. The elevated red blood
cell volume after 8 to 12 weeks can be attributed to increased
serum erythropoietin. Erythropoiesis may also be stimulated
by prolactin, progesterone, and placental lactogen. Changes
of blood counts during pregnancy are summarized in Figure
97.3.

Plasma Prot e ins and Collo id Osmot ic Pre ssure
The total serum protein concentration decreases from a non-
pregnant value of 7.3 g/100 mL to 6.5 g/100 mL at term ges-
tation. The change is due primarily to a decline of the albumin
concentration, which decreases from a nonpregnant level of 4.4
g/100 mL to 3.4 g/100 mL at term. Although the concentration
of globulins declines by 10% during the first trimester, the level
rises subsequently to a value at term that is 5% to 10% above
the nonpregnant level. These changes result in a progressive
decrease in the albumin-to-globulin ratio from approximately
1.5 during pregnancy to 1.1 at term gestation. Maternal col-
loid osmotic pressure decreases in parallel with the decline in
serum albumin concentration from nonpregnant values of 25
to 26 mm Hg to approximately 22 mm Hg at term.

Aort ocaval Comp re ssion
Angiographic studies show that the aorta and inferior vena
cava can be significantly compressed by the gravid uterus in the
supine position. In fact, Kerr et al. (25) observed a complete
obstruction of the inferior vena cava at the level of the bifurca-
tion in 80% of patients in late pregnancy. Partial obstruction
of the aorta at the level of the lumbar lordosis (L3–L5) has
also been demonstrated in patients between the 27th week of
pregnancy and term gestation (26,27).

The pregnant subject at term, when placed in the lateral
decubitus position, exhibits a right ventricular filling pressure
(central venous pressure) similar to that of a nonpregnant
woman (28). This observation suggests that venous return in
this position is maintained by the collateral circulation despite
partial caval obstruction (25). In the plain supine position,
however, right atrial pressure falls substantially, demonstrat-
ing that collateral circulation cannot compensate for complete
or nearly complete caval obstruction (26). The fall in the car-
diac filling pressure that follows this position change, which is
evident by 20 to 28 weeks of gestation, results in a decrease
of stroke volume and cardiac output of approximately 25%
and a 20% reduction of uterine blood flow (22), and is reliably
improved by a tilt to the left of at least 25 degrees (29).

Despite the reduction of cardiac output and stroke volume,
a position change from lateral to supine can be associated with
elevation of blood pressure. This results from an increase of
systemic vascular resistance (30) due to compression of the
aorta by the gravid uterus and enhanced sympathetic nervous
system outflow. In approximately 5% of women, however, a
substantial drop in blood pressure occurs (“supine hypotensive
syndrome”), which is associated with bradycardia (usually fol-
lowing a transient tachycardia) and maternal symptoms, low
systemic perfusion such as of pallor and sweating, possibly fol-
lowed by cardiocirculatory collapse. This occasional but pro-
found drop of venous return may be exacerbated by neuraxial
block, the preferred method of providing anesthesia in preg-

nant patients (31). In conclusion and based on the observa-
tions above, the intensivist should always consider in his or
her emergency treatment plan the proper positioning of the
pregnant patient and its influence on hemodynamics.

THROMBOSIS AND
THROMBOEMBOLISM

IN PREGNANCY
Venous thromboembolism (VTE), which includes deep venous
thrombosis (DVT) and pulmonary embolism, occurs in ap-
proximately 1 in 1,000 pregnancies (32). Women are five times
more likely to develop VTE during pregnancy than during a
nonpregnant state (33). Fatal pulmonary embolism (PE), a pos-
sible sequela of VTE, remains a leading cause of maternal mor-
tality in the Western world (34). The rate of PE in pregnancy
is five times greater than that for nonpregnant women of the
same age, and is about 1 in 100 deliveries; the risks are even
higher in the puerperium.

Risk Fact ors and Pre d isp osit ion
t o Ve nous Thromb osis

Compared to nonpregnant females, pregnant women have a
10-fold risk of a thrombotic episode. Risk factors for VTE
other than pregnancy are increased maternal age (> 35 years),
previous cesarean delivery, obesity, multiparity, and a history
of DVT (Table 97.4).

Pregnancy is associated with an increased clotting potential,
decreased anticoagulant properties, and decreased fibrinolysis.
Pregnancy is accompanied by a two- to threefold increased con-
centration of fibrinogen and a 20% to 1,000% increase in fac-
tors VII, VIII, IX, X, and XII, all of which peak at term (35).
Levels of von Willebrand factor (vWF) increase up to 400%
by term (35). Free protein S levels decline significantly (up to
55% ) during pregnancy due to increased circulating levels of
its carrier molecular, complement 4 binding protein (35). As
a consequence, pregnancy is associated with an increase in re-
sistance to activated protein C (35,36). Levels of plasminogen
activation inhibitor-1 increase three- to fourfold during preg-
nancy, while plasma plasminogen activation inhibitor-2 values,
which are negligible before pregnancy, reach concentrations of
160 mg/L at delivery (30).
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RISK FACTORS FOR VENOUS THROMBOEMBOLISM
(VTE) DURING PREGNANCY

■ Cesarean delivery
■ History of prior VTE
■ Family history of VTE
■ Inherited or acquired thrombophilia
■ Obesity
■ Older maternal age
■ Higher parity
■ Prolonged immobilization
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Pregnancy is also associated with venous stasis in the lower
extremities due to compression of the inferior vena cava and
pelvic veins by the enlarging uterus and hormone-mediated in-
creases in deep vein capacitance secondary to increased circu-
lating levels of estrogen and local production of prostacyclin
and nitric oxide.

Important hereditary risk factors that can increase DVT risk
are antithrombin III deficiency, protein S and C deficiency, a
G1691A mutation of the factor V gene (37), and a G20210A
mutation of the factor II gene (38).

Diag nosis of Ve nous Thromb oe mb olism
d uring Pre g nancy

Bates and Ginsberg have recently addressed the diagnosis of
VTE during pregnancy in detail (39). In pregnant women pre-
senting with lower extremity edema, back pain, and/or chest
pain, the prevalence of VTE is less than in the general popula-
tion because of the high frequency of these complaints in the
pregnant woman. D-dimer assays, which can be used to exclude
VTE in healthy nonpregnant individuals, usually become posi-
tive late in pregnancy, which decreases the utility of this assay in
pregnancy (40). Radiologic studies used to diagnose VTE in the
nonpregnant individual have not been validated in pregnancy,
and potential risks to the fetus, particularly in terms of ionizing
radiation exposure, need to be considered (41). Compression
ultrasonography (CUS) of the proximal veins has been recom-
mended as the initial test for suspected DVT during pregnancy
(39). When results are equivocal or an iliac vein thrombosis is
suspected, magnetic resonance venography (MRV) can be used.
MRV does not carry the radiation risk of contrast venography,
and is becoming increasingly available in the United States. The
approach to the diagnosis of PE is similar in the pregnant and
nonpregnant individual. Ventilation/perfusion (V/Q) scanning
confers relatively low radiation exposure to the fetus, a risk
less than that of missing a diagnosis of PE in the mother. How-
ever, when a V/Q study is indeterminate in a pregnant patient
without demonstrated lower extremity thrombosis, it is usually
followed by angiography. A brachial approach carries less radi-
ation exposure to the fetus than spiral computed tomography
(CT).

Pre ve nt ion of Thromb osis
d uring Pre g nancy

The optimal anticoagulation regimen has not been established.
Low-molecular-weight heparins (LMWHs) have become the
anticoagulant of choice because, like unfractionated heparin
(UFH), they do not cross the placenta, have better bioavail-
ability, and carry less risk of osteoporosis and heparin-induced
thrombocytopenia than UFH (42). A recent review of published
data on the use of LMWHs in pregnancy supports their use as
safe alternatives to UFH as anticoagulants during pregnancy
(43).

A more recent practice trend, especially in the United States,
has been to switch patients to the longer-acting, subcutaneous
UFH a few weeks before delivery to allow the use of activated
partial thromboplastin time (aPTT) as a diagnostic test to assess
anticoagulation pre- and post labor. (44)

Another means of providing VTE prophylaxis is with elastic
compression stockings, which may be used for the entire preg-
nancy period. Elastic stockings are appropriate for in-hospital
patients at increased risk of VTE, and may be combined with
the use of LMWH. Vena cava filter placement represents a po-
tentially important but poorly evaluated therapeutic modality
in the prevention of pulmonary emboli. Randomized trials to
establish the appropriate role of vena cava filters in the treat-
ment of venous thromboembolic disease are lacking (45).

Thromb olyt ic The rap y for
Pulmonary Emb olism

The indications for thrombolytic therapy for PE remain con-
troversial. The incidence of intracranial hemorrhage may be as
high as 2% to 3% with systemic thrombolytic therapy (46),
although rates were lower in a recent trial (47). Fatality rates
in patients with PE presenting in cardiogenic shock may be as
high as 30% (46); thrombolytic therapy should be considered
in this circumstance, although evidence for this subgroup is
limited (48). Approximately 10% of symptomatic pulmonary
emboli are rapidly fatal (49,50). The International Cooperative
Pulmonary Embolism Registry, established to ascertain PE mor-
tality, reported that 2% of patients were first diagnosed with PE
at autopsy (51). Of patients diagnosed with PE before death,
5% to 10% have shock at presentation, which is associated
with a mortality of 25% to 50% (51–53). Echocardiographic
evidence of right ventricular dysfunction at presentation also
has been suggested as an indication for thrombolytic therapy
(47); however, a recent randomized trial failed to demonstrate a
survival benefit with thrombolysis in patients with this finding
(47), and mortality rates with conventional therapy are con-
flicting (46). At the time of this writing, routine thrombolysis
cannot be justified in all patients.

HEMORRHAGE
Peripartum hemorrhage remains a significant cause of mater-
nal and fetal morbidity and mortality. In the United States and
other industrialized nations, massive obstetric hemorrhage has
generally ranked among the top three causes of maternal death
despite modern improvements in obstetric practice and trans-
fusion services.

Peripartum hemorrhage includes a wide range of patho-
physiologic events. Antepartum bleeding occurs in nearly 4%
of pregnant women (54). The causes of serious antepartum
bleeding are abnormal implantation (placenta previa, accreta),
placental abruption, or uterine rupture. The latter is often
caused by a dehiscence of a pre-existing uterine scar. The main
reason for postpartum bleeding is uterine atony when myome-
trial contraction is inadequate. It is not surprising that uterine
bleeding may be fatal when considering the massive amount of
blood flow perfusing the uterus at term (up to 600 mL/minute).

Patients with hemodynamic instability or massive hemor-
rhage require prompt resuscitative measures, including the ad-
ministration of supplemental oxygen, placement of two in-
travenous lines, intravenous hydration, and blood typing and
cross-matching for the replacement of packed red blood cells
(Table 97.5). A delay in the correction of hypovolemia, di-
agnosis and treatment of impaired coagulation, and surgical
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MANAGEMENT OF SEVERE POSTPARTUM
HEMORRHAGE

CONSERVATIVE MANAGEMENT
General Measures
■ Administration of supplemental oxygen
■ Placement of adequate intravenous access lines
■ Intravenous hydration
■ Blood typing and cross-matching
■ Placement of arterial line for repeated blood sampling
Pharmacologic Measures
■ Oxytocin
■ Methylergonovine
■ 15-Methyl prostaglandin F2-α

SURGICAL MANAGEMENT
Vascular Ligation
■ Uterine artery
■ Hypogastric artery
■ Ovarian artery
Hysterectomy
■ Supracervical
■ Total

control of bleeding are the avoidable factors in most maternal
mortality cases caused by hemorrhage. If a transfusion must
be given before full cross-matching is finished, type-specific
uncross-matched blood can be used (55).

If the placenta has not been delivered when hemorrhage be-
gins, it should be removed, if necessary by manual exploration
of the uterine cavity. Placenta accreta is diagnosed if the pla-
cental cleavage plane is indistinct. In this situation, the patient
should be prepared by the intensivist or the anesthesiologist for
probable urgent hysterectomy. Firm bimanual compression of
the uterus (with one hand in the posterior vaginal fornix and the
other on the abdomen) can limit hemorrhage until help can be
obtained. Hemorrhage after placental delivery should prompt
vigorous fundal massage while the patient is rapidly given 10 to
30 units of oxytocin in 1 L of intravenous crystalloids. Utero-
tonic agents such as oxytocin are routinely used in the man-
agement of uterine atony (56). This synthetic nonpeptide is a
first-line therapeutic agent because of the paucity of side effects
and the absence of contraindications. If the fundus does not be-
come firm, uterine atony is the presumed (and most common)
diagnosis. While fundal massage continues, the patient may be
then given 0.2 mg of methylergonovine (Methergine) intramus-
cularly, with this dose to be repeated at 2- to 4-hour intervals
if necessary. Methylergonovine, an ergot alkaloid, is used as a
second-line uterotonic agent in the setting of massive obstet-
ric hemorrhage due to uterine atony. It may cause undesirable
adverse effects such as cramping, headache, and dizziness. Co-
existing severe hypertension is an absolute contraindication to
its use. Injectable prostaglandins may also be used when oxy-
tocin fails. Both prostaglandin E and prostaglandin F2 stimu-
late myometrial contractions, and have been used intramuscu-
larly or intravenously for refractory hemorrhage due to uterine
atony.

In particular, carboprost (Hemabate), 15-methyl prosta-
glandin F2-α , may be administered intramuscularly or intramy-
ometrially in a dosage of 250 µ g every 15 to 90 minutes, up

to a maximum dosage of 2 mg. Sixty-eight percent of patients
respond to a single carboprost injection; 86% respond to a
second dose (57). Since oxygen desaturation has been reported
with the use of carboprost (58), patients should be monitored
by pulse oximetry.

The use of a hydrostatic balloon has been advocated as an
alternative to uterine packing for controlling hemorrhage due
to uterine atony (59). The inflated Rusch balloon can conform
to the contour of the uterine cavity and provides an effective
tamponade. Life-threatening hemorrhage can also be treated by
arterial embolization by interventional radiology (60). Finally,
in cases of continuing hemorrhage, a variety of surgical tech-
niques can be used to avoid a hysterectomy, such as bilateral
uterine artery ligation or internal iliac artery ligation (61).

AMNIOTIC FLUID EMBOLISM
Morgan published the first major review on amniotic fluid em-
bolism in 1979 (62), although the entry of amniotic fluid into
the maternal circulation was already recognized in 1926 (63).
He reviewed 272 cases reported in the English literature up
to date. While the true incidence of this disease entity is not
known, most authors estimate it to be between 1 in 8,000 and
1 in 80,000 pregnancies.

Clinical Pre se nt at ion

The classic presentation of amniotic fluid embolism is described
as a sudden, profound, and unexpected cardiovascular collapse
followed, in many cases, by irreversible shock and death (64).
The only known predisposing factor to this life-threatening
complication appears to be multiparity, which accounts for
88% of the cases (62). In a smaller percentage of cases (51% ),
the presenting symptom was respiratory related. Hypotension
is present in 27% of surviving cases, with coagulopathy com-
prising 12% and seizures 10% . Fetal bradycardia (17% ) and
hypotension (13% ) are the next most common presenting fea-
tures (Table 97.6).

Et io log y and Pat hop hysio log y

It has been a common misperception in the literature that the
entry of amniotic fluid into maternal circulation is a routine
event. This belief arises from the recognized presence of squa-
mous cells in the pulmonary vasculature as a marker signal-
ing the entry of amniotic fluid into the maternal circulation.
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CLINICAL PRESENTATION OF AMNIOTIC FLUID
EMBOLISM

■ Acute cardiorespiratory collapse
■ Acute respiratory distress
■ Hypotension
■ Hemorrhage/coagulopathy
■ Seizures
■ Fetal distress
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DIFFERENTIAL DIAGNOSIS OF AMNIOTIC FLUID
EMBOLUS: EXCLUSION CRITERIA

■ Thrombosis
■ Air embolus
■ Septic shock
■ Acute myocardial infarction
■ Peripartum cardiomyopathy
■ Anaphylaxis
■ Aspiration
■ Placental abruption
■ Transfusion reaction
■ Local anesthetic toxicity

Studies have now shown that squamous cells can appear in
the pulmonary blood of heterogenous populations of both
pregnant and nonpregnant patients who have undergone pul-
monary artery (PA) catheterization (65–69). The presence of
these cells is probably the result of contamination by epithelial
cells derived from the cutaneous entry site of the PA catheter
(65,66). Since it is difficult to differentiate adult from fetal ep-
ithelial cells, the isolated finding of squamous cells in the pul-
monary circulation of pregnant patients, with or without co-
existing thrombotic pulmonary embolism, should be seen as a
contaminant and not indicative of maternal exposure to amni-
otic fluid (70–72).

Recently, it has been hypothesized that amniotic fluid could
act as a direct myocardial depressant. In vitro observation
documented that amniotic fluid can cause a decrease in my-
ometrial contractility (73). Other humoral factors, including
proteolytic enzymes, histamine, serotonin, prostaglandins, and
leukotrienes, may contribute to the hemodynamic changes and
consumptive coagulopathy associated with amniotic fluid em-
bolus, with a pathophysiologic mechanism similar to distribu-
tive or anaphylactic shock (73,74).

Diag nosis and Manag e me nt

Amniotic fluid embolus syndrome is a diagnosis of exclu-
sion (Table 97.7), and the treatment is essentially support-
ive. Hemodynamic instability should be treated with opti-
mization of preload by rapid volume infusion. An α-receptor
agonist such as phenylephrine may be useful to maintain ade-
quate aortic perfusion pressure (90 mm Hg systolic) while vol-
ume is infused. Coagulopathy associated with amniotic fluid
embolus should be treated with aggressive administration of
blood component therapy. If maternal cardiopulmonary resus-
citation (CPR) must be initiated, and the fetus is sufficiently
mature and is undelivered at the time of the cardiac arrest, a
perimortem cesarean section should be immediately instituted
(74,75).

PERIPARTUM CARDIOMYOPATHY
Peripartum cardiomyopathy is a rare disease of unknown cause
that strikes women in the childbearing years, and is associated
with a high mortality rate.

Definit ion

Peripartum cardiomyopathy (PPCM) is defined by the develop-
ment of left ventricular or biventricular failure in the last month
of pregnancy or within 5 months of delivery in the absence of
other identifiable cause (76). Peripartum cardiomyopathy in
the United States can affect women of various ethnic back-
grounds at any age, but is more common in women 30 years of
age. The strong association of PPCM with gestational hyper-
tension and twin pregnancy should raise the level of suspicion
for this condition in pregnant patients who develop symptoms
of congestive heart failure (77).

Et io log y and Diag nosis

A number of possible causes have been proposed for PPCM, in-
cluding myocarditis (78), abnormal immune response to preg-
nancy, maladaptive response to the hemodynamic stresses of
pregnancy (79), stress-activated cytokines, and prolonged to-
colysis. A genetic tract is probable, as there have been reported
few cases of familial PPCM. The diagnosis of PPCM requires
the exclusion of more common causes of cardiomyopathy, and
should be confirmed by standard echocardiographic assess-
ment of the left ventricular systolic dysfunction, including de-
pressed fractional shortening and ejection fraction documen-
tation.

Tre at me nt and Prog nosis

Therapy should be initiated using standard clinical protocols
for heart failure. However, angiotensin-converting enzyme in-
hibitors should be avoided prenatally.

Long-term clinical prognosis is usually defined within
6 months after delivery. In one study, approximately half of
27 women studied had persistent left ventricular dysfunction
beyond 6 months, with a cardiac mortality rate of 85% over
5 years, as compared with the group in whom cardiac size re-
turned to normal by the same time interval, with no mortality
(76). The identification of the underlying cause of heart fail-
ure in the pregnant patient is another important factor that
influences long-term survival (80).

HYPERTENSIVE DISEASE
OF PREGNANCY

Diag nosis

Hypertensive disorders of pregnancy include chronic hyperten-
sion, preeclampsia/eclampsia, preeclampsia superimposed on
chronic hypertension, and gestational hypertension (81). Pre-
eclampsia is a pregnancy-specific, multisystem disorder that is
characterized by the development of hypertension and protein-
uria after 20 weeks of gestation. The disorder complicates ap-
proximately 5% to 7% of pregnancies (82), with an incidence
of 23.6 cases per 1,000 deliveries in the United States (83).
Chronic hypertension is defined by elevated blood pressure that
predates the pregnancy, and is documented before 20 weeks
of gestation or is present 12 weeks after delivery. Eclampsia,
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PHYSICAL EXAMINATION OF THE SEVERELY
PREECLAMPTIC PATIENT

■ Funduscopic
● Arteriolar spasm (focal or diffuse)
● Retinal edema
● Retinal hemorrhages (superficial and flame shaped, or

deep and punctate)
● Retinal exudates (hard or “cotton wool”)
● Papilledema

■ Cardiovascular
● Heart failure (rales, elevated jugular venous pressure, S3)

or aortic dissection
● New or increased murmur of mitral regurgitation
● Bruits

■ Neurologic
● Hypertensive encephalopathy: Disorientation
● Depressed consciousness (Glasgow coma scale < 13)
● Focal deficits, generalized or focal seizures

■ Abdominal
● Palpation for liver tenderness or increase in size

■ Fetal
● Assessment of fetal well-being (fetal heart rate strip,

biophysical profile)

a severe complication of preeclampsia, is a new onset of seizures
in a woman with preeclampsia.

Diagnostic criteria for preeclampsia include new onset of
elevated blood pressure and proteinuria after 20 weeks of ges-
tation. Severe preeclampsia is indicated by more substantial
blood pressure elevations and a greater degree of proteinuria.
Other features of severe preeclampsia include oliguria, cere-
bral or visual disturbances, and pulmonary edema or cyanosis
(81,84) (Table 97.8).

The rap y

Initial therapeutic goals during labor are focused on prevent-
ing seizures and controlling hypertension (84). Magnesium sul-
fate is the medication of choice to prevent eclamptic seizures
for either preeclampsia or eclamptic seizures (85). Magne-
sium sulfate has been shown to be superior to phenytoin (Di-
lantin) and diazepam (Valium) for the treatment of eclamp-
tic seizures, although they do not prevent the progression of
the disorder (86,87). Women with systolic blood pressures
of 160–180 mm Hg or higher diastolic blood pressures of
105–110 mm Hg should receive immediate antihypertensive
therapy. The treatment goal is to lower systolic pressure to
140–150 mm Hg and diastolic pressure to 90–100 mm Hg.
Hydralazine (Apresoline) and labetalol (Normodyne, Tran-
date) are the antihypertensive drugs most commonly used.
Nifedipine (Procardia) and sodium nitroprusside (Nitropress)
are potential alternatives, but their use is associated with sig-
nificant adverse effects and risk of overdose. Similarly, la-
betalol should not be used in women with asthma or con-
gestive heart failure. Angiotensin-converting enzyme inhibitors
are also contraindicated in this group of patients. In women
with preeclampsia, blood pressure usually normalizes within
a few hours after delivery but may remain elevated for 2 to
4 weeks (88).
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ANTIHYPERTENSIVE THERAPY IN PRE-ECLAMPSIA

■ Labetalol (Normodyne, Trandate)
IV bolus, 20–40 mg IV. May repeat in 10 min. Usual
effective dose is 50–200 mg, or continuous infusion of
2 mg/min (this regimen avoids reflex tachycardia).

■ Nitroglycerin
Start at 10 µ g/min (6 mL/hr). Titrate by 10–20 µ g/min to
400 µ g/min until desired effect.

■ Hydralazine (Apresoline)
Initial dose: 5 mg IV. Maintenance: 5–10 mg IV
q20–30 min.

■ Other Antihypertensive Options
Nicardipine, nitroprusside, phentolamine, fenoldopam,
diazoxide

Care and Manag e me nt of t he
Hyp e rt e nsive Part urie nt

Some patients with severe preeclampsia will require admission
in the intensive care setting for invasive monitoring and close
supervision. Typical indications include (a) a severe increase in
blood pressure, with diastolic blood pressures greater than 115
to 120 mg/dL or a systolic blood pressure greater than 200 mm
Hg refractory to initial antihypertensive therapy; (b) oliguria
refractory to repeated fluid challenges; (c) eclamptic seizures; or
(d) respiratory insufficiency with pulmonary edema. The initial
physical examination should include a neurologic assessment,
funduscopic examination, auscultation of the heart and lungs,
and palpation of the abdomen (Table 97.8). If magnesium sul-
phate is given, it should be continued for 24 hours following
delivery or at least 24 hours after the last seizure. Regular as-
sessment of urine output, maternal reflexes, respiratory rate,
and oxygen saturation is paramount while magnesium is in-
fused. A loading dose of 4 g should be given by infusion pump
over 5 to 10 minutes, followed by a further infusion of 1 g/hour
maintained for 24 hours after the last seizure. Gradual antihy-
pertensive therapy can be accomplished with a 25% reduction
of mean arterial pressure within minutes to 2 hours, to 160/100
mm Hg (89) (Table 97.9).

Most patients satisfying the criteria for intensive care unit
admission should be monitored with central venous access and
an arterial catheter. The use of invasive monitoring facilitates
the therapeutic goals and can clarify the suspected diagnosis.
Occasionally, the use of a pulmonary artery catheter facilitates
cardiovascular management by monitoring cardiac output and
systemic oxygen delivery while gradually reducing systemic
vascular resistance and restoring preload. Other indications
for placement of a pulmonary artery catheter include underly-
ing or complicating cardiac diseases with suspected pulmonary
hypertension or the progression of respiratory failure to acute
lung injury or acute respiratory distress syndrome.

FETAL MONITORING IN THE
INTENSIVE CARE SETTING

Electronic fetal monitoring (EFM) is used in the management
of labor and delivery in nearly three of four pregnancies in



Chap t e r 97: The Obste tric Patient: General 1437

the United States. The apparent contradiction between the
widespread use of EFM and expert recommendations to limit
its routine use indicates that a reassessment of this practice is
warranted (90). Even more difficult is the question of whether
fetal monitoring is of any substantial use in the critically ill
mother or the mother undergoing surgery. Continuous car-
diotocography (CTG) during labor is associated with a re-
duction in neonatal seizures, but no significant differences in
cerebral palsy, infant mortality, or other standard measures
of neonatal well-being. On the contrary, this monitoring tech-
nique was associated with an increase in cesarean sections and
instrumental vaginal births. When considering the use of EFM,
the intensivist should consider the effects of many sedative,
hypnotic, or analgesic drugs routinely used in the critical care
setting on fetal heart rate variability (91–93). At this time, no
systematic studies have been performed concerning the value
of CTG during general anesthesia for nonobstetric surgery; it
is assumed that uneventful sedation and analgesia provide ade-
quate oxygenation and circulatory stability without having any
influence on the fetus (91–93).

PULMONARY EDEMA
IN PREGNANCY

Pulmonary edema is a rare but well-documented complication
of tocolytic therapy in pregnant patients (94–96). The incidence
of pulmonary edema related to β -mimetic tocolysis is estimated
to be 0.15% (97). The etiology of the pulmonary edema is un-
clear, but is likely multifactorial (98). Both cardiogenic and
noncardiogenic mechanisms have been proposed. Possible car-
diogenic causes include fluid overload, catecholamine-related
myocardial necrosis, cardiac failure secondary to reduced
diastolic compliance, and down-regulation of β -receptors
(97–101).

Tre at me nt

Immediate recognition and appropriate therapy can ameliorate
the course of respiratory insufficiency in patients who develop
pulmonary edema during tocolytic treatment. Therapy involves
discontinuing the medication, ensuring adequate ventilation
and oxygenation, correcting fluid imbalance and hypotension,
and maintaining adequate cardiac output. Continuous assess-
ment of the fetus’ well-being is necessary.

Tocolyt ic The rap y
The development of pulmonary edema during the course of β -
adrenergic agonist treatment for preterm labor is an indication
for discontinuing the treatment and either switching to a dif-
ferent type of labor-inhibiting drug or terminating all efforts to
prevent preterm delivery. Magnesium sulfate, calcium channel
blockers, or oxytocin antagonists are the most frequently used
alternatives.

Ve nt ilat ory Sup p ort
This topic is reviewed extensively in other sections of the book.
Mechanical ventilation principles are not different for the preg-
nant patient, and are being standardized by evidence-based
medicine and consensus conferences (101–103).

Fe t al Consid e rat ions
In particular, fetal well-being must be interpreted within the
context of maternal respiratory failure. At minimum, intermit-
ted fetal monitoring is indicated. If refractory maternal hypox-
emia and acidosis presents, and results in fetal distress, cesarean
delivery to salvage the fetus should be considered.

CARDIOPULMONARY
RESUSCITATION IN PREGNANCY

The major causes of maternal cardiac arrest are trauma, car-
diac arrest, and embolism. Other causes are sepsis, magnesium
overdose, complications of eclampsia, or the result of an unan-
ticipated difficult intubation. The general treatment of the preg-
nant patient in cardiac arrest is no different than any other pa-
tient, including drug dosages and defibrillation settings. Chest
compressions and ventilations should be performed with the
recommended sequence. Because a slight left tilt of the preg-
nant patient during CPR enhances venous return after 24 weeks
of gestation, this position is recommended. Because of the re-
duced pulmonary reserve, pregnant women do not tolerate hy-
poxia well. IV fluid should be running wide open on pressure
bags, and blood products should be considered if hemorrhage
is suspected. Once the age of the fetus is determined, a decision
can be made whether to proceed with a perimortem cesarean
section. The fetus can tolerate hypoxia longer than normal,
but the decision to proceed with a cesarean delivery should be
made within 4 minutes (102). In a recent retrospective review
on cardiopulmonary resuscitation with perimortem cesarean
section, authors found 35 reports with 20 potentially resus-
citable causes, of which 13 women survived (103). While this
recent review fell short of proving that perimortem cesarean
delivery within 4 minutes of maternal cardiac arrest improves
maternal and neonatal outcomes, it provided additional sup-
port for this procedure. An extensive review of this topic is also
available on the American Society of Anesthesiologists (ASA)
website.

Anesthesiologists have recognized that the management of
the airway in the obstetric patient may be especially challeng-
ing. According to a closed claims analysis of the ASA, the main
mechanisms for airway problems are inadequate ventilation,
esophageal intubation, and difficult intubation (104). If the
anesthesiologist encounters an unanticipated difficult airway,
alternative airway management attempts may include the la-
ryngeal mask airway or the Combitube. If cricothyrotomy be-
comes necessary, this maneuver should be initiated in a timely
fashion to minimize the chance of maternal hypoxic brain
damage.

SUMMARY
The obstetric patient poses exceptional challenges in the in-
tensive care unit. Knowledge of the physiologic changes of
pregnancy and specific pregnancy-related disorders is necessary
for optimal management. The critically ill obstetric patient is
unique in terms of medical management and often requires the
input of several specialties. These patients require specialized
nursing care and aggressive monitoring of both mother and
fetus, and often include invasive monitoring of the mother.
Intensive care unit diagnoses may include preeclampsia,
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including the HELLP syndrome, pulmonary embolic disease,
amniotic fluid embolism, status asthmaticus, respiratory infec-
tion, acute respiratory distress syndrome, and sepsis. There is
little doubt that intensivists in an intensive care unit can best
treat these patients. The management of mechanical ventila-
tion is based on modern principles of avoiding lung injury,
while hypercapnia may be tolerated even during the pregnancy.
The maternal–fetal medicine physician should be included in
the treatment team. Care must include the consideration of
pregnancy-induced physiologic changes, normal laboratory al-
terations, and continued fetal well-being if antepartum. Ulti-
mately, the goal of this interdisciplinary approach is to ensure
cohesive coordinated care for the pregnant patient. The follow-
ing chapter will review some of the topics discussed above in
more detail.
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CHAPTER 98 ■ CARDIAC DISEASE AND
HYPERTENSIVE DISORDERS IN PREGNANCY
RAYMOND O. POWRIE

PART I: HYPERTENSIVE
DISORDERS OF PREGNANCY

Hypertension during pregnancy has been classified by the
American College of Obstetricians and Gynecologists into
four distinct categories: (a) pre-eclampsia and eclampsia, (b)
chronic hypertension (hypertension that was present before
pregnancy), (c) chronic hypertension with superimposed pre-
eclampsia or eclampsia, and (d) latent or transient hypertension
of the third trimester (1). Most chronic hypertensive pregnant
patients have essential hypertension, which has no appreciable
effect during pregnancy unless end-organ damage is present.
Chronic hypertension is seen in a critical care unit typically
only when a patient has a hypertensive urgency/emergency un-
related to pregnancy, or if the patient has a secondary cause
of hypertension that represents a short-term risk to mater-
nal health. Similarly, latent or transient hypertension is also
relatively benign, occurring in the last trimester or the im-
mediate postpartum period, with a return of normotension
by the first 3 weeks after delivery. It is pre-eclampsia and
eclampsia (whether occurring de novo or superimposed upon
pre-existing hypertension) that is most likely to require crit-
ical care support, and therefore will be the focus of this
section.

Pre -e clamp sia/ Eclamp sia

Pre-eclampsia is a multisystem disorder unique to human preg-
nancies. Its pathophysiology is not well understood, and its
cause is unknown. It is associated with an increased risk of fe-
tal loss, intrauterine growth restriction, and preterm birth, and
remains a leading cause of maternal death worldwide. Eclamp-
sia refers to pre-eclampsia that is complicated by seizures, but
it is our present understanding that the underlying condition is
the same (2).

Although much of the care of the pre-eclamptic patient
will fall into the domain of the obstetrician, familiarity with
the manifestations and management of pre-eclampsia is im-
portant for any critical care physician for two reasons. First,
pre-eclampsia is far more common among women with medi-
cal problems such as chronic hypertension, thrombophilia, re-
nal disease, diabetes, and collagen vascular disease, which are
precisely the women that intensivists are most likely to care
for during a pregnancy. Second, intensivists are often called to
assist with the maternal medical manifestations of severe pre-
eclampsia, and the help they provide will be greatly enhanced
by an understanding of the underlying condition.

Risk Fact ors for Pre -e clamp sia
Five percent of pregnancies are complicated by pre-eclampsia.
It typically occurs in the final weeks prior to the due date, and
is very rare prior to 20 weeks of gestation. The risk factors for
pre-eclampsia are listed in Table 98.1. The diverse nature of the
risk factors suggests that pre-eclampsia may be a common end
point for a variety of processes related to placental dysfunc-
tion (3).

Et io log y/ Pat hop hysio log y
Pre-eclampsia is believed to be an abnormal vascular response
to the formation of the placenta. It is associated with endothe-
lial cell dysfunction, activation of the coagulation system, en-
hanced platelet aggregation, and increased systemic vascular
resistance. The maternal effects of these changes are manifest
in the cardiovascular system, kidneys, lungs, and brain. Patho-
logic examination of affected maternal organs reveals areas of
edema, endothelial swelling, microinfarctions, and microhem-
orrhages. The cardiovascular features of pre-eclampsia include
decreased plasma volume (despite an increase in total body wa-
ter and salt retention) and colloid osmotic pressure (largely due
to a drop in serum albumin) (4,5). Generalized arteriolar va-
sospasm accounts for the hypertension in pre-eclampsia, which
is often very labile.

The etiology of pre-eclampsia is one of medicine’s greatest
mysteries. Our present understanding suggests that the condi-
tion begins early in pregnancy and that there are three distinct,
sequential phases that are necessary for its evolution (6,7). The
first phase is incomplete invasion of the trophoblast into the
endometrium, perhaps due to a maladaptive immune response
in the mother, followed by inadequate “placentation” (forma-
tion of the placenta), which leads to the second phase in which
decreases in the levels of angiogenic growth factors and in-
creased placental debris are found in the maternal circulation.
This stage of the development of pre-eclampsia is not associ-
ated with any clinical symptoms or signs. However, decreases in
placental growth factor (PlGF) and elevations of fms-like tyro-
sine kinase 1 (sFlt) and endoglin can be detected (8–10). These
changes incite a maternal inflammatory response. The third
phase that leads to the maternal pre-eclamptic syndrome, as
detected clinically, is the response of the maternal endothelium
and cardiovascular system to these stressors, which is modu-
lated by the woman’s own level of metabolic and cardiovascular
health. Although this response is manifested predominantly as
hypertension and proteinuria, it is typically the less common
cardiac, pulmonary, hematologic, neurologic, and hepatic ef-
fects of pre-eclampsia that present to intensivists. The impor-
tance of this model for the etiology of pre-eclampsia is the
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TA BLE 9 8 . 1

RISK FACTORS FOR PRE-ECLAMPSIA

Maternal Fetal

■ First pregnancy
■ New partners
■ Age younger than 18 or older

than 35 y
■ Chronic hypertension
■ Prior history of pre-eclampsia
■ Family history of

pre-eclampsia
■ Pregestational diabetes
■ Obesity
■ Thrombophilias
■ Systemic erythematosus
■ Renal disease

■ Multiple gestations
■ Molar pregnancies (can

cause pre-eclampsia at
< 20 wk gestation)

■ Fetal hydrops
■ Triploidy

underlying concept that pre-eclampsia is evolving long before
it becomes clinically apparent in the maternal syndrome.

Clinical Fe at ure s
Pre-eclampsia can manifest both as a fetal syndrome (abnor-
mal fetal oxygenation, reduced amniotic fluid, and fetal growth
restriction) and a maternal syndrome (proteinuria and hyper-
tension with or without other multisystem abnormalities). In
most patients, both the fetal and maternal syndrome will be
apparent, but one or the other will often predominate in an
individual case. This chapter will focus on the maternal mani-
festations.

Pre-eclampsia is defined by the maternal manifestations of
hypertension and proteinuria occurring in the second half of
pregnancy. The presentation and diagnostic features of this
condition are reviewed in Tables 98.2A and 98.2B (11–16). Al-
though hypertension > 140/90 mm Hg and proteinuria > 300
mg/24 hour are required for the diagnosis of pre-eclampsia,

TA BLE 9 8 . 2 A

CLINICAL FEATURES OF PRE-ECLAMPSIA

SYMPTOMS Headache The headache that characterizes pre-eclampsia is typically frontal in location,
throbbing in character, persistent, and not responsive to mild analgesia.

Visual phenomena The visual disturbances that characterize pre-eclampsia are presumed to be due to
cerebral vasospasm and are typically scintillations or scotomas. Longer-lasting
visual field deficits and rarely transient blindness can result from edema,
posterior reversible encephalopathic syndrome, and even infarction in the
occipital region of the brain.

Serous retinal detachments can also occur in pre-eclampsia and are related to
retinal edema. Magnesium, which is commonly used to prevent seizures in
pre-eclamptic women, can cause mild visual blurring or double vision, but
should not cause scotomas, scintillations, or visual loss.

Epigastric pain The epigastric or right upper quadrant discomfort that occurs in pre-eclampsia
can be marked, and may be out of proportion to the degree of liver enzyme
abnormalities. It is believed to be caused by edema in the liver that stretches the
hepatic capsule. In rare cases, it may be caused by hepatic infarction or rupture.

Edema Edema is present in more than 30% of normal pregnancies, and is thus not a
reliable sign of pre-eclampsia. Rapid weight gain (more than 1 pound per week
in the third trimester) or edema in the hands or facial area (nondependent
edema) is best viewed as a sign that should lead the clinician to evaluate the
patient for other, more specific, evidence of pre-eclampsia.

SIGNS Hypertension > 140/90 Hypertension in pre-eclampsia is due to vasospasm and can be very labile. Ideally,
blood pressure should be measured in the sitting position with a manual cuff,
with the brachial artery at the level of the heart. There is a literature suggesting
that some automated blood pressure cuffs may be less reliable in pre-eclampsia
and that either a manual cuff or arterial line should be used to verify blood
pressure in pre-eclamptic patients with severe hypertension (12).

Although a rise in systolic/diastolic blood pressure of 30/15 mm Hg was once
considered a criterion for diagnosing pre-eclampsia, it is now recognized that
this definition lacks both sensitivity and specificity.

Epigastric or right upper
quadrant tenderness

Abdominal pain in pre-eclampsia is attributed to hepatic capsular stretching from
edema. The degree of tenderness is often out of proportion to the degree of
elevation of liver function tests. Epigastric tenderness is suggestive of severe
pre-eclampsia, and is associated with an increased risk of both maternal and
fetal adverse outcomes.

Hyperreflexia Clonus is an important sign of pre-eclampsia but should be distinguished from the
very brisk reflexes commonly seen in normal pregnancies.

Retinal artery vasospasm
on funduscopy

Retinal vasospasm, retinal edema (in the form of soft exudates), hemorrhage, and
exudative retinal detachment are uncommon findings in pre-eclampsia.
Papilledema is rare.
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TA BLE 9 8 . 2 B

LABORATORY FEATURES OF PRE-ECLAMPSIA

Complete blood count with
elevated hemoglobin and/or
thrombocytopenia

The “elevation of hemoglobin” seen with pre-eclampsia (which may manifest as a hemoglobin
of 12 g/dL at 37 wk when it would be expected to be closer to 10 g/dL because of the
physiologic dilutional anemia that is seen in pregnancy) is due to hemoconcentration. Much
less commonly, hemoglobin may fall with pre-eclampsia due to a microangiopathic
hemolytic anemia.

Platelet consumption in pre-eclampsia can cause an increased mean platelet volume and
thrombocytopenia, and is an important manifestation of severe disease (13).

In severe cases of pre-eclampsia or HELLP (a subset of pre-eclampsia), schistocytes
(fragmented red cells) may be seen on peripheral smear and can lead to a mild drop in
hemoglobin. Brisk hemolysis is rare, however, and should lead to the consideration of HUS
or TTP.

Elevated serum creatinine Typically serum creatinine is < 0.8 mg/dL (70 µ mol/L) in pregnancy and values greater than
this are considered abnormal.

Renal function impairment is caused by decreased renal blood flow and glomerular filtration
rate secondary to swelling of intracapillary glomerular cells, fibrin deposition along the
basement membranes, and afferent arteriolar spasm.

Elevated serum uric acid Typically, serum uric acid is < 5.0 mg/dL (280 µ mol/L) in pregnancy. Uric acid is the most
sensitive test for identifying pre-eclampsia but it is still only elevated in approximately 80%
of cases of pre-eclampsia. Uric acid rises in this setting due to impaired excretion of uric
acid in the renal tubules that is caused by pre-eclampsia-related changes in the renal
microcirculation (14). Although an important sign of pre-eclampsia, the elevated uric acid
level is distinct from an elevated creatinine, AST, or decreased platelet count in that the uric
acid level is not generally believed to have any direct clinical consequences and should not
be used as a marker of disease severity.

Elevated liver enzymes Mild elevations of AST, typically less than 100 U/L, suggest hepatic involvement. Greater
levels may be due to severe pre-eclampsia, HELLP syndrome, hepatic infarction, hepatic
rupture, or superimposed acute fatty liver of pregnancy.

Proteinuria Proteinuria is an essential diagnostic feature of pre-eclampsia. Urine dipsticks are routinely
used to screen for proteinuria in asymptomatic patients. However, dipsticks lack the needed
sensitivity and specificity to make them a reliable test for proteinuria in patients in whom
the diagnosis of pre-eclampsia is suspected because of the presence of other features of this
disease. When pre-eclampsia is suspected, a 24-hour urine test for proteinuria with
creatinine and creatinine clearance should be obtained. Proteinuria is present if there is
more than 300 mg of protein excreted over 24 hours. Total urinary creatinine should be
measured to assess the adequacy of urine collection. The creatinine clearance can be used in
conjunction with the serum creatinine as a measure of renal function.

The use of a random spot urinary protein-to-creatinine ratio to diagnose proteinuria in
pregnancy has had many advocates, but it remains unclear at this time whether this test can
replace the 24-hour urine in pregnant patients with suspected pre-eclampsia (15,16).

DIC screen Severe pre-eclampsia can rarely cause DIC, but it is almost always seen in association with
thrombocytopenia. Checking INR, PTT, and fibrinogen degradation products is usually
only done if the patient with pre-eclampsia has thrombocytopenia or is undergoing an
invasive procedure.

HUS, hemolytic uremic syndrome; TTP, thrombotic thrombocytopenic purpura; AST, aspartate aminotransferase; DIC, dissemination intravascular
coagulation; INR, international normalized ratio; PTT, partial thromboplastin time.

some cases may present initially without these features, or may
present—as in the case of postpartum eclampsia—after some
of these features have already resolved.

Severe pre-eclampsia is defined by one or more of the follow-
ing: systolic blood pressure greater than 160 mm Hg; diastolic
blood pressure greater than 110 mm Hg; mean arterial pressure
greater than 120 mm Hg; proteinuria greater than 5 g/24 hours;
oliguria less than 500 mL/24 hours; and headaches, visual
disturbances, epigastric pain, pulmonary edema, or cyanosis.
Eclampsia results when seizures occur that are not related to
other underlying disorders. These features describe a group
of patients with an increased risk of fetal and maternal mor-
bidity for whom delivery should be strongly considered. Pre-

eclamptic patients who lack any of the features of severe pre-
eclampsia may have to be observed without moving toward
delivery if the fetus is significantly premature and the mother
remains under close observation; however, such patients are
rarely seen in intensive care settings.

Life-threatening maternal complications of pre-eclampsia
include severe hypertension, seizure, cerebral hemorrhage,
pulmonary edema, disseminated intravascular coagulopathy
(DIC), acute renal failure (ARF), and hepatic failure and/or
rupture. Although these complications occur in the minority
of cases of pre-eclampsia, they are reviewed here, as it is these
complications that are most likely to require the care of a crit-
ical care physician.
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Severe Hypertension. Although most clinicians would agree
that the treatment goal for chronic hypertension in pregnancy
is to keep the blood pressure below at least 160/100, the level at
which elevated blood pressure should be treated in the setting
of confirmed pre-eclampsia is controversial. All experts would
agree that blood pressures greater than 180 mm Hg (systolic)
and 110 mm Hg (diastolic) should be treated urgently, and
that in the setting of obvious hypertensive end-organ damage
(retinal hemorrhage, papilledema, pulmonary edema, severe
headache, or renal failure), the blood pressure should be kept
under 160/100 mm Hg. Beyond this consensus, opinions vary
considerably.

Although no evidence suggests that treating blood pressures
between 160/100 and 180/110 mm Hg in the setting of pre-
eclampsia improves maternal or fetal outcomes, many experts
believe that the risks for seizure, placental abruption, and cere-
bral hemorrhage are decreased by bringing blood pressures
down into the normal or mildly hypertensive range. Other
experts believe that because pre-eclampsia is a dynamic va-
sospastic disorder with associated target-organ ischemia, the
safest approach is to let blood pressures run in a moderately
severe range to avoid worsening ischemia in areas of regional
vasospasm. This is a particularly important consideration if
one believes that part of the reason for maternal hypertension
in pre-eclampsia may be to improve placental perfusion. In the
absence of direct evidence of end–target-organ damage from se-
vere hypertension, it is our practice to treat all blood pressures
over 160/105 mm Hg. However, although we treat these blood
pressures urgently, we are careful to avoid any severe, sudden
decreases in maternal blood pressure that may adversely affect
uteroplacental and cerebral perfusion.

If urgent blood pressure reduction is required, intravenous
labetalol or intravenous hydralazine can be used. Increasing
evidence indicates that labetalol may be the better choice of
the two; it is our preferred agent, although both agents are
still acceptable (17). Hydralazine has been associated with an
increased risk of an emergency cesarean in women who re-
ceive it while still pregnant and with lower Apgar scores in
the infants of mothers who have been given this agent prior to
delivery. Short-acting oral nifedipine is also used at some cen-
ters as an alternative to labetalol or hydralazine for the acute
treatment of severe hypertension. Although its use in medi-
cal patients is now discouraged, its use for control of blood
pressure in young pregnant or postpartum women without
coronary artery disease remains an acceptable practice. Pre-
vious concerns about a drug interaction between magnesium
and calcium channel blockers appear to be ill-founded (18).
Diuretics should not be used in this setting unless pulmonary
edema is present because, despite the edema that is so com-
mon in pre-eclamptic patients, most hemodynamic studies of
pre-eclamptic women suggest that they are actually intravas-
cularly volume depleted.

Once the patient has delivered, any antihypertensive agent
can be used for blood pressure control. At that point, nitroprus-
side and nitroglycerin are excellent choices because of their very
short half-lives.

Seizures. Seizures are the most well-known severe manifesta-
tion of pre-eclampsia. The risk of an eclamptic seizure in a
patient with untreated pre-eclampsia is estimated to be about
1 in 200. Because of early identification of pre-eclampsia and
the widespread use of magnesium prophylaxis, the incidence
of eclampsia in the United States ranges from 1 in 1,000 to 1 in

20,000 deliveries. When it does occur, eclampsia is associated
with a maternal mortality rate of 5% and a perinatal mortality
rate between 13% and 30% .

Eclamptic seizures are typically of the grand mal variety,
with clonic-tonic muscular activity followed by a postictal
period. However, focal, jacksonian-type and absence seizures
have been described. Most eclamptic seizures occur in the set-
ting of established pre-eclampsia with hypertension and pro-
teinuria. Classically, they are preceded by evidence of neuro-
muscular irritability such as tremulousness, agitation, nausea,
vomiting, and/or clonus. However, some patients will present
with seizure as their first manifestation of pre-eclampsia,
usually occurring in the absence of hypertension or protei-
nuria.

The onset of eclamptic convulsions can be antepartum
(38% –53% ), intrapartum (18% –36% ), or postpartum (11% –
44% ). Postpartum eclamptic seizures generally occur in the first
48 hours after delivery, but it is not unusual to see them occur
anytime in the first week after delivery. Eclamptic seizures have
been reported as late as 23 days postpartum.

The underlying pathophysiology of the eclamptic seizure is
unclear. They cannot be attributed simply to severe hyperten-
sion, because eclampsia can be seen in patients with only mild
elevations in blood pressure. Electroencephalograms may show
epileptiform abnormalities, but usually show only a nonspe-
cific diffuse slowing that may persist for weeks after delivery.
Computed tomography (CT) and magnetic resonance imaging
(MRI) of the eclamptic patient can be normal, or may show
findings ranging from diffuse edema to focal areas of hemor-
rhage or infarction in the subcortical white matter and adjacent
gray matter of the parieto-occipital lobes. The MRI is more sen-
sitive in detecting abnormalities in eclamptic patients, but both
CT and MRI of the brain can be normal, particularly if done
in the first 24 hours after the seizure. When radiologic changes
are present, some—but not all—of these changes usually re-
solve with time (19).

Management of eclamptic seizures. While moving toward de-
livery, a pre-eclamptic woman should receive an anticonvulsant
to prevent eclamptic seizures. Magnesium sulfate is the drug of
choice for this purpose (20). It halves the risk of eclampsia in
patients with pre-eclampsia and lowers the risk of recurrent
seizures and maternal death in women with eclampsia. It is su-
perior to phenytoin and benzodiazepines in preventing further
seizures. Magnesium is typically given as an intravenous bo-
lus of 4 to 6 g, followed by a continuous intravenous infusion
of 1 to 4 g/hour. Some clinicians will monitor plasma con-
centrations (which should run between 4 and 7 mmol/L), but
others will simply administer the magnesium and monitor the
patient for symptoms and signs of toxicity (hypotension, mus-
cular weakness, and respiratory depression). Carefully moni-
toring for toxicity is important, particularly in patients with
worsening renal function. Severe respiratory depression in a
patient on magnesium should be treated with intravenous cal-
cium. The only role of magnesium in pre-eclampsia is that of an
anticonvulsant. Despite the possibility of a transient decrease
in blood pressure with its initial administration, magnesium
has no significant sustained effect on blood pressure. Its mech-
anism of action remains unclear, but it does not seem to have
any intrinsic anticonvulsant effect, and may actually prevent
seizures through its action as a cerebral vasodilator.

If the woman does have an acute eclamptic seizure, intra-
venous benzodiazepine is indicated to acutely stop the seizure,
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and magnesium should then be initiated if this has not al-
ready occurred. If an eclamptic convulsion occurs while a pa-
tient is receiving magnesium, most clinicians will add pheny-
toin to the regimen. Continued seizures should warrant the
involvement of neurology and consideration of the use of phe-
nobarbital or other hypnotic agents. Anticonvulsant therapy
can generally be stopped once postpartum diuresis has be-
gun and the manifestations of pre-eclampsia have started to
improve.

Most patients with eclamptic seizures should have their
head imaged with CT or MRI to rule out an intracerebral hem-
orrhage; the timing of these neuroimaging tests should be de-
termined by the level of clinical suspicion for this diagnosis,
and should not substantially delay delivery.

Cerebrovascular Accidents. Cerebrovascular accidents are
three to seven times more common in pregnancy. Pre-eclampsia
accounts for over a third of the strokes that do occur during
pregnancy. At least half of the deaths from pre-eclampsia in the
developed world are due to stroke. Most of the strokes in pa-
tients with pre-eclampsia will be related to intracerebral hem-
orrhage, but can also occur due to vasospastic ischemia (21).
Pre-eclampsia-related stroke is often, but not always, associ-
ated with severe hypertension and/or eclamptic convulsions.
Sudden onset or worsening of a headache, a change in men-
tal status, or any focal neurologic complaint occurring in the
context of pre-eclampsia should lead to consideration of this
diagnosis and urgent neuroimaging.

Pulmonary Edema. Pulmonary edema occurs in about 3% of
cases of pre-eclampsia, and can cause significant maternal mor-
bidity (22,23). It occurs as a result of the interplay of pre-
eclampsia-related pulmonary endothelial damage and the low
plasma oncotic pressure seen in all pregnancies. Excessive in-
travenous fluid is also typically a contributing factor. It is often
seen in the postpartum period after a patient has received a
substantial amount of intravenous fluid in labor (or with ce-
sarean delivery) and when mobilization of fluid from the invo-
luting uterus begins. Pulmonary edema in this setting is often
amenable to gentle diuresis but may be severe enough to war-
rant mechanical ventilation.

Echocardiographic studies demonstrate that transient sys-
tolic or diastolic ventricular dysfunction is present in up to one
third of pre-eclampsia cases associated with pulmonary edema.
This pre-eclampsia-related myocardial dysfunction is believed
to be a manifestation of vasospastic coronary ischemia, and
usually resolves rapidly with resolution of the pre-eclampsia.
The author considers this to be a distinct entity from peripar-
tum cardiomyopathy and does not believe there is a substantial
recurrence risk of cardiac disease for these patients in a subse-
quent pregnancy.

Prevention and treatment of pulmonary edema. It is important
to avoid excessive fluid administration to patients with pre-
eclampsia because of their propensity for pulmonary edema.
Ideally, one individual should be designated to approve and
monitor all fluid administration in these patients. Regular aus-
cultation of the lungs and use of transcutaneous pulse oximetry
in patients with severe pre-eclampsia will help identify cases
of pulmonary edema as they evolve. This careful observation
should be continued in the postpartum period because pul-
monary edema often occurs as late as 2 to 3 days after de-
livery. Acute treatment of pulmonary edema should involve

supplemental oxygen, low-dose furosemide, and, if needed,
morphine (23,24). Blood pressure control may help treat pul-
monary edema by decreasing afterload. An echocardiogram
should be obtained to look for an underlying cardiac con-
tribution. Intubation and mechanical ventilation may become
necessary if the above measures do not improve the patient’s
oxygenation.

Disseminated Intravascular Coagulation. Disseminated in-
travascular coagulation (DIC) can occur as a late and se-
vere complication of pre-eclampsia or eclampsia (25). Because
most patients with pre-eclampsia-related DIC have low platelet
counts or elevated transaminase levels, DIC screening in the
absence of these abnormalities is generally not necessary (26).
However, a DIC screen should be ordered in all pre-eclamptic
patients with rising liver enzymes, dropping platelet counts,
and/or any abnormal bleeding. This is particularly important
if there is a possibility of an operative delivery.

Acute Renal Failure. Pre-eclampsia is often associated with a
mild degree of renal impairment manifesting as a slightly el-
evated creatinine or a decreased urine output. This is due to
a combination of intravascular volume depletion, renovascu-
lar vasospasm, and a pre-eclampsia-related glomerular lesion
known as glomerular endotheliosis. This mild renal impair-
ment usually resolves rapidly after delivery.

Acute renal failure in pre-eclampsia is not common. If it
does occur, acute tubular necrosis (ATN) and partial or total
cortical necrosis are the most likely underlying lesions, and
are thought to be caused by pre-eclampsia-related, vasospasm-
induced renal ischemia. A history of transient hypotension is
also typically present in these cases. The differential diagno-
sis includes ATN from sepsis or hemorrhage, an entity known
as postpartum renal failure, or renal failure from causes unas-
sociated with pregnancy such as hemolytic uremic syndrome,
medication effects, or acute glomerulonephritis.

Most renal failure in the setting of pre-eclampsia is rapidly
reversible, but if significant hypotension has occurred (as may
happen with placental abruption or DIC-related hemorrhage),
ATN or renal cortical necrosis may result and necessitate
dialysis. In persons with sustained oliguria in the setting of
pre-eclampsia, fluid challenges should be given cautiously be-
cause of the risk of pulmonary edema. Poor outcomes in pre-
eclampsia are far more commonly related to pulmonary edema
than they are to decreased urine output. Diuretics to improve
urine output should be avoided in the absence of pulmonary
edema because of the intravascular volume depletion present
in most patients with pre-eclampsia.

If the patient is unresponsive to small fluid boluses, the use
of central venous pressure monitoring may be a helpful, if not
completely reliable, guide. The role of the pulmonary artery
catheter in this context is unproven, and should only be used
by nurses and physicians who are trained and experienced in
its use. Increasing data from randomized control trials have
shown that pulmonary artery catheters are of less benefit than
previously believed in nonpregnant patients, and there is little
reason to believe this tool has a uniquely beneficial role in the
pregnant population.

Sustained oliguria in pre-eclampsia is unusual, and therefore
significant and rapid peripartum renal deterioration should
also lead to consideration of differential diagnoses that include
the hemolytic uremic syndrome (HUS), thrombotic thrombo-
cytopenic purpura, and an entity known as postpartum renal
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failure. It is therefore advisable to perform careful microscopic
examination of urinary sediment and a peripheral smear in all
pregnant or postpartum patients with oliguria (27).

HELLP Syndrome. A distinct clustering of the manifestations
of pre-eclampsia is the HELLP syndrome (hemolysis, elevated
liver enzymes, and low platelet counts). This constellation of
findings represents a particularly severe form of pre-eclampsia
with significant risk for maternal illness and fetal injury or
death (28,29). HELLP occurs in up to 20% of cases of se-
vere pre-eclampsia. The hemolysis is microangiopathic, and
therefore schistocytes (fragmented erythrocytes) are seen on
peripheral smears of the blood. Lactate dehydrogenase levels
are usually increased. The liver enzymes may run into the hun-
dreds. The thrombocytopenia can be precipitous and severe.
High-dose dexamethasone is often given to treat patients with
HELLP, but it is not clear that this intervention has clinically
significant effects on outcomes, and the treatment remains sup-
portive care coupled with delivery (30,31).

Hepatic Rupture or Hemorrhage. Epigastric or right upper
quadrant pain and elevation of hepatic enzymes due to pre-
eclampsia are common. When these factors are present, it sug-
gests severe disease and pre-eclampsia-related hepatic edema
and ischemia. It generally is associated with no more than a
two- to fourfold increase in aspartate aminotransferase (AST)
or alanine aminotransferase (ALT). When pain is severe and/or
hepatic enzymes rise above this level, pre-eclampsia-related
hepatic infarction, hemorrhage, and rupture should be con-
sidered and investigated with a hepatic ultrasound or CT (32).
Acute fatty liver of pregnancy (AFLP) is also part of the differ-
ential diagnoses in these cases.

Diabetes Insipidus. Diabetes insipidus is a rare complication
of pre-eclampsia with significant hepatic involvement. It can
also be seen with acute fatty liver of pregnancy. It has been
hypothesized that the acute liver dysfunction in these patients
reduces the degradation of vasopressinase (an enzyme which
itself degrades vasopressin), and results in a state of relative
vasopressin deficiency (33). The course of the condition fol-
lows that of the underlying disorder and can be treated with
additional vasopressin until it resolves.

The Role of Art e rial Line s, Ce nt ral Ve nous Pre ssure
Monit ors, and Pulmonary Art e ry Cat he t e rs in

Pre -e clamp t ic Pat ie nt s
Most severe pre-eclamptic patients have normal or hyperdy-
namic left ventricular function with normal pulmonary artery
pressure. Thus, a central venous pressure (CVP) monitor usu-
ally is adequate to assess volume status and left ventricular
function. However, severely pre-eclamptic patients may de-
velop cardiac failure, progressive and marked oliguria, or pul-
monary edema. In such cases, some authors suggest that a pul-
monary artery (PA) catheter may be helpful for proper diagno-
sis and treatment, because right and left ventricular pressures
may not correlate (34,35). Given that evidence has evolved that
the routine use of pulmonary artery catheters may not be as
beneficial in the care of nonobstetric patients as once believed,
the rather limited literature about their use in obstetric popula-
tions cannot help but be questioned (36,37). No clear consen-
sus exists as to their role in the management of pre-eclampsia

(38). We rarely employ them in any obstetric patients, as the
risks—especially on labor and delivery units where the person-
nel have less experience in their placement and interpretation—
seem to outweigh the evidence justifying their use. When ques-
tions arise as to whether cardiac dysfunction is contributing to
a pre-eclamptic patient’s pulmonary edema and/or renal fail-
ure, we obtain an urgent bedside echocardiogram to guide our
care and, in the absence of a significant cardiac cause, manage
these patients clinically.

An intra-arterial catheter monitor may be indicated for pro-
tracted severe hypertension during therapy with potent an-
tihypertensive agents or when there is a significant disparity
between automated and manual cuff measurements of blood
pressure.

PART II: CARDIAC DISEASE
Cardiac disease during pregnancy has an incidence rate of 0.4%
to 4% , and is associated with a maternal mortality of 0.4% to
6% , depending on the cardiac lesion being discussed (39). It,
therefore, remains one of the leading causes of maternal mor-
tality, and may actually be increasing as a cause of maternal
mortality in the developed world. While rheumatic heart dis-
ease is far less of a concern in the West than it was several
decades ago, it remains a problem, along with peripartum car-
diomyopathy, pulmonary hypertension, adult congenital heart
disease, and myocardial ischemia. These conditions will be the
focus of this section. While many of the patients with cardiac
disease who end up under the care of a critical care physician
will have cardiac disease that was identified prior to pregnancy,
a significant portion of patients will also have their cardiac dis-
ease present for the first time during pregnancy. The physio-
logic changes of pregnancy may exacerbate, and thereby un-
mask, previously undiagnosed cardiac disease, and pregnancy
can predispose patients to the onset of certain cardiac diseases
such as peripartum cardiomyopathy or ischemic heart disease.
Some of the physiologic changes associated with pregnancy are
reviewed below and are summarized in Table 98.3.

Physio log ic Chang e s

1. Maternal blood volume gradually increases during preg-
nancy to 150% of nonpregnant levels (40). The increase in
plasma volume (45% –55% ) is greater than the increase in
red blood cell volume (20% –30% ), resulting in a relative
anemia of pregnancy. This increase in blood volume is as-
sociated with an increase in cardiac output, which begins
early in gestation and peaks at levels 30% to 40% over
nonpregnant values between 20 and 30 weeks (40). The
increase then plateaus until term.

2. The increase in cardiac output with gestation is dependent
on heart rate and stroke volume. Heart rate gradually in-
creases throughout pregnancy, starting as early as 4 weeks’
gestation, with a 10% to 15% increase by term. Stroke vol-
ume, in contrast, peaks during the second trimester, with
a 20% to 40% increase over the nonpregnant state.

3. During labor, cardiac output rises another 15% to 45%
above prelabor values with an additional increase of 10%
to 25% during uterine contractions. The increase in car-
diac output in labor during contractions versus that seen
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TA BLE 9 8 . 3

HEMODYNAMIC CHANGES IN PREGNANCY

% Changea

Pregnancy Labor and delivery Postpartum

Cardiac output + 30–50 + 50–65b + 60–80
Heart rate + 10–15 + 10–30b –10–15
Stroke volume + 20–30 + 40–70 + 60–80

Blood volume + 20–80 — + 0–10
Plasma volume + 44–55 — + 0–30
Red cell volume + 20–30 — –10

Oxygen consumption + 20 + 40–100b –10–15

Systemic vascular resistance –10–25 — —

Systemic blood pressure
Systolic –5 + 10–30b + 10
Diastolic –10 + 10–30b + 10

Pulmonary vascular resistance –30 — —

Pulmonary artery occlusion
pressure (PAOP)

0 — —

Colloid oncotic pressure (COP) –10 — —

COP–PAOP –25 — —

aPercent change from nonpregnant state.
bPercent change without regional anesthesia (local anesthetic).

between contractions is greater late in the first stage (34% )
versus early in the first stage (16% ) (41).

4. Oxygen consumption increases 20% during pregnancy,
and may increase as much as 40% to 100% during active
labor. In the immediate postpartum period, cardiac output
increases 30% to 40% over the labor period or 60% to
80% over the nonpregnant state, with the increased blood
volume shifting to the central circulation from the con-
tracted uterus, as well as alleviation of aortocaval compres-
sion and a slight decrease in total peripheral resistance.

5. Cardiac output and other hemodynamic parameters are
thought to return to their baseline prepregnant state by
6 weeks after delivery. However, cardiac output may re-
main elevated for up to 12 weeks (42).

6. Systemic arterial pressure decreases by 10 to 15 mm Hg
over the first two trimesters and then gradually returns
to baseline by term. Systemic vascular resistance decreases
10% to 20% during pregnancy. Moreover, systemic vascu-
lar resistance may remain decreased for at least 12 weeks
post partum.

7. Venous pressure in the lower extremities increases and
peaks near term as the gravid uterus compresses the in-
ferior vena cava—especially when the patient is supine—
while central venous pressure remains unchanged. Total
body water increases by about 2 kg throughout pregnancy.

8. Invasive PA catheterization in low-risk, near-term preg-
nant patients (36–38 weeks) reveals a significant decrease
in pulmonary vascular resistance, colloid oncotic pressure
(COP), and COP–pulmonary artery occlusion pressure
(PAOP) gradient, with no change in PAOP or left ventric-
ular stroke work index (43).

9. With a significant increase in oxygen consumption, espe-
cially during labor, along with a decrease in functional
residual capacity, the importance of adequate preoxygena-
tion before rapid sequence induction of anesthesia can-
not be overemphasized. Morbidity and mortality statistics
from England and Wales reveal that anesthetic-related ma-
ternal mortality is predominantly caused by the inability
to intubate the trachea or by pulmonary aspiration dur-
ing general anesthesia (44). Thus, an awake orotracheal
intubation should be considered when airway patency is
suspect. The most experienced person available should typ-
ically be the individual who intubates pregnant women on
a regular basis.

10. Despite an average 200- to 500-mL blood loss for routine,
uncomplicated vaginal deliveries and an 800- to 1,000-mL
blood loss for cesarean section deliveries, blood transfu-
sions are seldom necessary because of the increased blood
volume and the autotransfusion of approximately 500 mL
of blood from the contracted uterus in the postpartum
period. Although this increase in blood volume protects
against blood loss at delivery, pulmonary congestion and
cardiac failure can result in patients with underlying car-
diac dysfunction.

11. Pregnant women have a predisposition to pulmonary
edema. Physiologic changes in pregnancy that favor the
development of pulmonary edema include an increase in
intravascular volume, decreased blood viscosity (“physi-
ologic anemia of pregnancy”), decreased COP, and fluid
shifts, especially in the immediate postpartum period.

12. Patients with minimal cardiac reserve may tolerate
early pregnancy, and subsequently decompensate from



1448 Sect ion X: Special Pat ient Population

increasing blood volume and cardiac output in the late
second trimester and early third trimester. Patients with
moderate cardiac reserve may tolerate pregnancy well un-
til labor and delivery or the puerperium. Thus, cardiac
patients should continue to be closely monitored in the
postpartum period because cardiac decompensation most
frequently occurs during this time; the prepregnant base-
line state may not be reached for as long as 12 weeks after
delivery.

13. The enlarging uterus in the third trimester predisposes to
aortocaval compression and decreased cardiac output in
supine patients. Inferior vena cava compression occurs in
up to 90% of near-term parturients in the supine position.
However, only about 10% to 15% of patients manifest
the supine hypotensive syndrome because of shunting of
venous blood away from the caval system to the azygous
system by the intervertebral plexus of veins. Patients most
susceptible to supine hypotension are those with polyhy-
dramnios and multiple gestation. However, in most pa-
tients in the lateral position, cardiac output is maintained.
Turning from the supine to the lateral decubitus position
increases cardiac output from 8% at 20 to 24 weeks to as
much as 30% near term (45). Therefore, to avoid aorto-
caval compression, measures such as uterine displacement
by maternal position (lateral decubitus), bed position (left
lateral tilt), or uterine displacement devices are impera-
tive, especially in the last trimester. Moreover, maternal
hypotension and placental hypoperfusion from aortocaval
compression can be compounded by regional anesthesia
that interferes with compensatory sympathetic nervous
system mechanisms (46).

14. As a consequence of these cardiovascular changes, normal
symptoms of pregnancy can include fatigue, dyspnea, de-
creased exercise capacity, and light-headedness. Cardiac
signs that may be seen in normal pregnancies include dis-
tended neck veins, peripheral edema, loud first heart sound,
loud third heart sound, systolic ejection murmurs, and con-
tinuous murmurs (cervical venous hums and mammary
souffle). Fourth heart sounds and diastolic murmurs oc-
cur rarely in normal pregnancy and should be consid-
ered pathologic unless proven otherwise. These changes
are reviewed in Table 98.4. Therefore, the normal signs
and symptoms of pregnancy may simulate pathologic dis-
ease states, thereby rendering the diagnosis of heart disease
difficult.

15. Normal chest radiographic findings demonstrate increased
lung markings (prominent pulmonary vasculature partly
due to both increased blood volume and increased breast
shadow). Electrocardiographic (ECG) changes may in-
clude a left QRS axis deviation and nonspecific ST-segment
and T-wave changes.

Who is Most at Risk, and Whe n is That
Risk Gre at e st ?

Table 98.5 classifies the risk of various cardiac lesions in preg-
nancy. When we speak about “ risk” for these patients, we re-
fer to congestive heart failure, arrhythmias, stroke, and death.
Overall, about 13% of cardiac patients will suffer one of these
outcomes in pregnancy. The presence of pulmonary hyperten-
sion is always associated with an increased risk, and this risk is

TA BLE 9 8 . 4

NORMAL CARDIAC SYMPTOMS AND SIGNS IN
PREGNANCY

SYMPTOMS
Fatigue
Dyspnea
Decreased exercise tolerance
Light-headedness
Syncope

SIGNS
General

Distended neck veins
Peripheral edema
Hyperventilation

Heart
Loud S1; increased split S1
Loud S3
Systolic ejection murmur
Continuous murmurs (venous hum, mammary souffle)

Chest radiograph
Increased pulmonary vasculature
Horizontal position of heart

Electrocardiogram
Left axis deviation
Nonspecific ST-T–wave changes
Mild sinus tachycardia

commensurate to its degree of severity. Other factors associated
with an increased risk of cardiac complications in pregnancy
include the following (47):

1. N ew York Heart Association (N YHA) functional class. This
is perhaps the most important predictor of pregnancy out-
come. Patients with NYHA class I and II cardiac disease
generally have a good prognosis during pregnancy. Patients
with NYHA class III and IV are more likely to experience
complications and may require special management around
the time of delivery.

2. Left-sided obstructive cardiac lesions. Patients with lesions
such as aortic stenosis may have difficulty accommodating
the increased blood volume and cardiac output seen in preg-
nancy, and become increasingly symptomatic. Interestingly,
patients with regurgitant valvular lesions may have less dif-
ficulty in pregnancy, as cardiac output in these cases may
benefit from the decrease in systemic vascular resistance seen
in pregnancy.

3. Cyanosis
4. Left ventricular systolic dysfunction
5. Prior cardiac events or previous arrhythmia

Although pregnant women with cardiac disease may expe-
rience complications at any point during pregnancy, there are
three periods of particular risk:

1. At the end of the second trimester when cardiac output has
increased to its peak

2. At the time of labor and delivery when cardiac work may be
increased dramatically by both pain and the autotransfusion
of blood from the placenta and uterus with each contraction

3. In the first 72 hours following delivery when the uterine
involution and resolution of pregnancy-related edema leads
to mobilization of large amounts of fluid.
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PERIPARTUM RISK OF VARIOUS CARDIAC LESIONS

Risk category Lesion

Lower-risk lesion Mitral valve prolapse
Mitral valve prolapse with regurgitation
Atrial septal defect
Ventricular septal defect with normal pulmonary pressures
Trace to mild valvular regurgitation
NYHA class I
History of SVT with recent good control
Pacer

Intermediate-risk lesion Stable ischemic heart disease
Mild to moderate pulmonary hypertension
Moderate to severe valvular insufficiency
NYHA class II
Cardiomyopathy with ejection fraction 30% –50%
Poorly controlled SVT

High-risk lesion Unstable ischemic heart disease
Moderate to severe left ventricular obstruction (e.g., aortic < 1.5

cm2 or mitral valvular stenosis < 2 cm2, peak gradient lV
outflow tract of > 30 mm Hg)

NYHA class III
Cardiomyopathy with ejection fraction < 30%
Dilated aortic root/Marfan/Ehlers-Danlos
Moderate pulmonary hypertension
History of ventricular tachycardia with or without AICD
Mechanical prosthetic heart valve
History of TIA or CVA

Highest-risk lesion Pulmonary hypertension > 80 mm Hg
Eisenmenger syndrome
NYHA class IV
Cyanosis

NYHA, New York Heart Association; SVT, supraventricular tachycardia; AICD, automated implantable
cardioverter-defibrillator; TIA, transient ischemic attack; CVA, cerebrovascular accident.
Items above can be used to calculate a risk index with 1 point being assigned for each and 0, 1, and > 1
points being associated with a risk of some cardiac event during the entire pregnancy of 5% , 27% , and
75% , respectively. (Risk calculation adapted from Siu S, Sermer M, Colman JM, et al. Prospective
multicenter study of pregnancy outcomes in women with heart disease. Circulation. 2001;104:515.)

Ge ne ral Manag e me nt of Card iac Pat ie nt s
During Pre g nancy

Management of patients with cardiac disease in pregnancy in
general should include good preconception counseling to assess
and inform the patient of the risks associated with a pregnancy.
Although no woman should be told that she “should never get
pregnant,” a clear discussion of the risk is essential. With cases
such as severe pulmonary hypertension or Eisenmenger syn-
drome, the patient should be strongly cautioned against pur-
suing a pregnancy. Women with congenital heart disease need
also be informed that they are at increased risk of giving birth
to a child with congenital heart disease.

If a woman with cardiac disease decides to pursue a preg-
nancy after a clear discussion of risk, the cardiologist should en-
sure that her cardiac status is clearly delineated and optimized.
Ideally, any necessary investigations or interventions should be
carried out prior to conception.

Once a woman is pregnant, regular visits with a medical spe-
cialist and an obstetrician trained in the care of high-risk preg-

nancies to watch for evidence of heart failure and arrhythmias
are essential. Consultation with an obstetric anesthesiologist
prior to delivery is also prudent.

As stated earlier, most cardiac medications can be used in
pregnancy when indicated. Table 98.7 lists many common car-
diac medications, and classifies them as to which drugs we
know the most about regarding their safe use during preg-
nancy and which drugs we know the least. However, it should
be emphasized that among the more commonly used cardiac
medications, only angiotensin-converting enzyme inhibitors,
angiotensin receptor blockers, and warfarin are known or
strongly suspected to be human teratogens. Amiodarone has
had mixed data with respect to its safety in pregnancy, with
some reports of congenital hypothyroidism, goiter, prematu-
rity, hypotonia, and bradycardia (48,49). While use in an acute
setting is appropriate, it is not a first-line agent for maintenance
therapy in pregnancy. Angiotensin-converting enzymes and an-
giotensin receptor blockers both have been associated with fetal
anomalies, fetal loss, oligohydramnios, cranial ossification ab-
normalities, and neonatal renal failure. Although their use in
the first trimester was once supported, recent evidence suggests
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REVIEWS OF DRUG SAFETY DATA FOR PREGNANCY AND LACTATION

Publication title Format Details

Drugs in Pregnancy and
Lactation

Hardcover Authors: Briggs GS, Freeman R, Yaffe S. Published by Lippincott
Williams & Wilkins; ISBN: 9780781778763; 8th edition
(April 2008)

Shepard’s Catalog of
Teratogenic Agents

Hardcover reference
text

Authors: Shepard T, Lemire RS.
Published by Johns Hopkins University Press; ISBN:

9780801887420; 12th edition (November 2007)

Handbook for Prescribing
Medications in Pregnancy

Paperback Authors: Coustan D, Michizuki T. Published by Lippincott
Williams & Wilkins; ISBN: 0316158267; 3rd edition
(January 15, 1998)

Teratogenic Effects of
Drugs: A Resource for
Clinicians

Hardcover Authors: Friedman JM, Polifka JE
Published by Johns Hopkins University Press;

ISBN: 9780801863875; 2nd edition (July 2000)

Reprotox Online subscription or
diskette

PDA version available

www.REPROTOX.org; distributed in Micromedix, Inc.’s,
TOMES Reprorisk module

TERIS Online subscription or
diskette

http://depts.washington.edu/�terisweb/teris/; distributed in
Micromedix, Inc.’s, TOMES Reprorisk module

Medications & Mothers’
Milk : A Manual of
Lactational
Pharmacology

Softcover Author: Thomas Hale
Published by Pharmasoft Medical Pub; ISBN: 9780981525723;

13th edition (July 2008)
Associated website at http://neonatal.ttuhsc.edu/lact/

they should not be used at any time in gestation (50). Warfarin
is associated with a high risk of miscarriage and anomalies of
the eyes, hands, neck, and central nervous system (51). Again,
the guiding principle of managing critical illness in pregnancy
should be that because fetal well-being is dependent upon ma-
ternal well-being, medications that are of benefit to maternal
health should also be considered to be in the fetus’ best inter-
est. Useful references for reviewing the available safety data
for medications during pregnancy and with breastfeeding are
listed in Table 98.6.

For any structural cardiac lesion, we typically will obtain
an echocardiogram as a baseline early in pregnancy, in the
third trimester, and with any change in clinical status. Addi-
tional investigations and interventions should be dictated by
the patient’s clinical status, and no needed test or procedure
should be withheld during gestation. In particular, pregnancy
should not limit necessary diagnostic testing (52). Ultrasound
has a long history of safe use in pregnancy. The radiation expo-
sure associated with plain film radiographs, nuclear medicine
scans, angiography, and CT scans are all well below what is
deemed acceptable during pregnancy. Contrast agents appear
to be well tolerated by the fetus. Magnetic resonance imaging
has not been associated with any ill effects in human pregnan-
cies. Because fetal well-being is dependent on maternal well-
being, more harm will generally be caused to a mother and her
fetus by withholding necessary investigations than by obtaining
them.

Women with congenital heart disease should undergo a de-
tailed fetal ultrasound in the early second trimester to allow
early diagnosis of congenital heart disease in the fetus. This
will allow informed decision making by the mother, and will
prepare the neonatology team should a problem be present.

Labor and delivery and the first 72 hours post partum war-
rant special consideration with respect to assembling the appro-

priate team and determining what monitoring will be needed.
For most cardiac patients, a multidisciplinary patient care con-
ference should be assembled well in advance of the anticipated
time of delivery and a written care plan developed for the peri-
partum management of the patient. This team should generally
include representation from critical care, nursing, anesthesia,
obstetrics, and cardiology. The plans that are developed should
be explicit and detailed and recognize that the labor and deliv-
ery room is a place where cardiac care is not commonly pro-
vided. Even the best-trained obstetricians and obstetric nurses
will lack the volume of experience in the management of cardiac
cases that is common among cardiac and critical care providers.
It is our conviction that joint nursing of such patients by ob-
stetric and cardiac-trained nurses during labor and delivery,
followed by postpartum care in a cardiac or critical care unit,
seems the ideal approach when possible. Table 98.8 offers a
check list of parameters to be considered and addressed in a
patient care conference dedicated to developing a delivery plan
for a cardiac patient.

The mode of delivery should not generally be determined by
medical concerns. The need for cesarean deliveries is generally
dictated by obstetric concerns, and vaginal deliveries should
generally be viewed as the safest and best option for cardiac
patients. The choice between spontaneous labor and elective
induction of labor should be made both on the likelihood of
successful induction and the availability of medical expertise
and resources should a cardiac patient go spontaneously into
labor during the off hours and weekends.

Most patients should be kept in neutral fluid balance over
the course of their delivery period, and careful monitoring
of both input and output will be essential. Early and good
anesthesia is important to decrease the cardiac work of de-
livery, and most patients should receive regional anesthe-
sia in a manner that will minimize the need for the fluid



Chap t e r 98: Card iac Disease and Hypertensive Disorders in Pregnancy 1451

TA BLE 9 8 . 7

COMMONLY USED CARDIAC MEDICATIONS AND THEIR SAFETY IN PREGNANCY

Use generally justifiable for Use justifiable in special circumstances Use almost never justifiable for
this indication in pregnancy for this indication in pregnancy this indication in pregnancy

Arrhythmia Digoxin
β -Blockers (all probably safe

but most avoid propanolol
and atenolol, which may
cause intrauterine growth
restriction)

Calcium channel blockers,
especially verapamil and
diltiazem (less known about
amlodipine)

Adenosine
Quinidine
Procainamide
Lidocaine

Amiodarone
Disopyramide, mexiletine, and flecainide (less

is known about these agents in pregnancy
but there is no evidence at this point of
human teratogenesis; they should generally
be considered second-line agents in
pregnancy)

Ischemia Nitrates
Low-dose (< 100 mg) ASA
β -Blockers
Heparin (unfractionated or

low molecular weight)
Tissue plasminogen activator
Streptokinase

HMG-coA reductase inhibitors (“statins”)
have concerning animal pregnancy data,
but very limited reported human
experiences thus far have been encouraging;
should only be used in pregnancy when
short-term benefits are clear

Abciximab (and other glycoprotein IIb/IIIa
inhibitors) dipyridamole, ticlopidine, and
clopidogrel lack published human data;
they are probably safe but should only be
used in pregnancy when short-term benefits
are clear

Warfarin

Heart failure Furosemide
Digoxin
Hydralazine
β -Blockers
Dopamine
Dobutamine

Nitroprusside (fetal cyanide toxicity possible
at high doses)

ACE inhibitors
Angiotensin II receptor

blockers

Hypertension Labetalol
β -Blockers
Nifedipine
Hydralazine
Methyldopa

Thiazide diuretics (in this category for the
treatment of hypertension because of
effects of blood volume in pregnancy)

Clonidine, prazosin, verapamil, diltiazem,
and amlodipine (in this category for the
treatment of hypertension because of
limited data on safety and the availability
of many good alternatives with more data)

Nitroprusside (fetal cyanide toxicity possible
at high doses)

ACE inhibitors
Angiotensin II receptor

blockers

ASA, acetylsalicylic acid; ACE, angiotensin-converting enzyme.

boluses typically given to decrease the hypotension associated
with establishing regional anesthesia. It is also important to
consider that certain lesions, such as an aortic stenosis, may
be highly volume dependent and require this additional fluid
support.

Intra-arterial lines are advisable for cardiac lesions for
which moment-to-moment monitoring of blood pressure might
be desirable, such as severe aortic stenosis. The role of the pul-
monary artery catheter in the laboring patient remains unclear
and, in the absence of clear benefit, it is this author’s opinion
that their use during delivery should be limited to the most
severe cardiac cases, if it is used at all.

Bacterial endocarditis prophylaxis is no longer recom-
mended by the American Heart Association for vaginal or ce-
sarean deliveries because the bacteremia associated with de-
livery is unlikely to cause endocarditis (53). If done at all,
endocarditis prophylaxis should be reserved for patients with
prosthetic heart valves, a prior history of subacute bacterial en-
docarditis, complex cyanotic congenital heart disease, or surgi-
cally constructed systemic pulmonary shunts or conduits, and
an agent active against enterococci such as penicillin, ampi-
cillin, or vancomycin should be utilized.

It is critical that all team members recognize that the cardiac
patient remains at risk for at least 72 hours postpartum, so

(tex t continues on page 1456)
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CARDIAC PATIENT DELIVERY PLAN CHECK LIST

PRIOR TO HOSPITALIZATION

Is additional testing needed to assess risk or guide therapy
peripartum?
 Baseline ECG done in third trimester
 Echocardiogram at any time in the past for lowest-risk

lesions, in this pregnancy for moderate-risk lesions, and in
the third trimester for high- and highest-risk lesions

 Stress testing (exercise echo or dobutamine echo in past year
for patients with known or suspected ischemic heart disease
or more recently if they are symptomatic)

 EP testing for life-threatening arrhythmia investigation
(often deferred until postpartum but can be done in
pregnancy if warranted)

Consider for all levels of risk.

Has the patient’s cardiac status been optimized?
 Is medical therapy optimized and have appropriate dose

adjustments been made for the changes of pharmacokinetics
in pregnancy?

 Are there interventions that would be done if the woman
was not pregnant that should be done while she is pregnant
to optimize patient’s status for delivery (e.g., diagnostic or
therapeutic cardiac catheterization [angioplasty, stent],
valvuloplasty, valve replacement, diagnostic or therapeutic
EP studies, AICD or pacemaker placement or adjustment)?

Consider for all levels of risk.

 Multidisciplinary team meeting needed and arranged
(generally should have occurred by 34 wk). Team should
include:
● Nursing (LDR and postpartum care RN + /- ICU/CCU

nursing)
● Maternal fetal medicine
● Anesthesia (ideally obstetric anesthesia, also consider

cardiac anesthesia for high- and highest-risk
cases)

● Cardiology
● ICU/CCU doctor

Consider having meeting of RN/MFM/Anesthesia for
moderate-risk patients and all of the listed providers
for high- and highest-risk patients.

 Written delivery plan should be generated and distributed
and made available to all relevant parties including nursing
(should include who to call and how to do so when the
patient comes in)

Consider for all levels of risk

 Case-specific nursing education should occur in advance of
delivery.

Consider for all levels of risk. For lowest-risk lesions it
may be adequate to have a standardized nursing
care plan or the written delivery plan.

INTRAPARTUM

Determine mode and timing of delivery:
 Planned induction at what gestation/cervical status
 Planned cesarean delivery at what gestation
 Spontaneous delivery

Decision to be made on the basis of obstetric factors
and the need to ensure availability of necessary
members of the care team. Planned delivery may be
advisable for high- and highest-risk patients.

Delivery location:
 Standard LDR
 Specialized LDR
 Obstetric ICU
 MICU
 CCU

Decision to be made on the basis of local facilities and
expertise. In general, care during delivery is best
provided in LDR and afterwards in medical setting.

(continued)
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Delivery personnel who should be notified of admission (make
sure needed parties available on day of any planned delivery)
Medical Attendants:
 Obstetrician
 Cardiologist
 Anesthesia (ideally obstetric anesthesia; also consider

cardiac anesthesia for high- and highest-risk cases)
 Intensivist
Nursing (Consider need for team approach of
ICU/CCU/RR/ER nurse with LDR nurse. Define necessary
nurse-to-patient ratio):
 LDR nurse
 LDR nurse with ACLS training
 LDR nurse with ACLS and special critical care training
 Critical care nurse (ICU/CCU/RR/ER) nurse

Consider having both LDR nurse and critical care
nurse for high- and highest-risk patients.

Consider required response time of ACLS trained
personnel if nursing team caring for patient is not
ACLS certified/experienced

This question is particularly important for
free-standing obstetric centers.

EDUCATION
 Verify written care plan is available to all team members
 Is a “recap” in-service for care team advisable on day of

delivery?

Consider summary in-service on day of delivery for
high- and highest-risk patients and any patient for
whom medications may be required urgently that
are not routinely used on obstetric floors.

MONITORING
Cardiac monitor options (choose one)
 Not necessary
 To be in room but does not need to be on if patient

asymptomatic
 To be on patient at all times but not continuously observed
 To be on patient at all times and should be continually

observed by ACLS-trained individual
 To be on patient at all times and should be observed at all

times by critical care nurse/MD/PA/RNP

Most cardiac patients aside from the highest-risk
patients or those with a history of life-threatening
hemodynamically unstable arrhythmias will not
need continuous monitoring by ACLS-trained
personnel. Low-risk lesions may warrant one of the
first two approaches. Moderate- and high-risk
lesions may warrant only option 3.

Pulse oximeter (choose one)
 Not necessary
 Readily available but use only with symptoms
 In room and check hourly
 In room and on continuously

Pulse oximeter may provide evidence of CHF but
should always be interpreted in view of strength of
pulse signal. Option 2 is probably adequate for
most cardiac patients aside from those with
cyanotic heart disease or those in CHF, who
probably warrant option 4.

Fetal monitoring Obtain explicit plan from obstetric team including
who will read the fetal monitoring strips and the
plan of action should they be concerning.

Defibrillator
 On the unit with ready access to defibrillator pads
 Defibrillator and defibrillator pads in the room
 Defibrillator pads on patient but machine not hooked up
 Patient to be monitored using defibrillator with defibrillator

pads

Option 1 is generally adequate. Consider other
options in highest-risk patients.

IV access
 No IV necessary
 Single peripheral IV lines needed
 Two peripheral IV lines needed
 Central line
 Central line with CVP
 Central line with pulmonary artery catheter

Option 2 is enough for most patients. Consider central
line in highest-risk lesions.

Fluid balance

All patients need strict ins and outs measured throughout
hospitalization. Most cardiac patients we will want to keep in
a neutral fluid balance during hospitalization.
Fluid to be run:
Rate:

Make sure to add in all fluids given with medications
and for regional anesthesia.

(continued)
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Arterial line
 No arterial line needed
 Arterial line warranted

Arterial line advisable when hemodynamics make
moment-to-moment monitoring of blood pressure
useful (e.g., aortic stenosis)

May be given for prosthetic heart valves, prior SBE,
complex cyanotic congenital heart disease,
surgically constructed systemic pulmonary shunts or
conduits but not necessary for the rest

 Standard dosing: Ampicillin 2 g IV plus gentamicin
1.5 mg/kg within 30 min of delivery; ampicillin 1 g
IV 6 h after delivery

 Penicillin allergy: Vancomycin 1 g IV over 1–2 h
plus gentamicin 1.5 mg/kg IV within 30 min of
delivery

MEDICATIONS
 Need for SBE prophylaxis (SBE prophylaxis for high-risk

lesions only and even then not absolutely necessary)
 Special issues related to interactions with commonly used

obstetric medications
 Possibly necessary cardiac medications not routinely used

on obstetric units
● Need for RN/MD education regarding these medications
● Need for written instructions with respect to preparation

and administration of this medication
● Need for medication to be at bedside
● Pharmacy notified in advance of request (especially if

free-standing obstetrics hospital)

Anesthetic concerns
 Special issues related to anesthesia

Anesthesia will determine preferred modality of
anesthesia timing and precautions in technique.

 Special issues with respect to cautery for cesarean delivery Implanted defibrillators may need to be turned off
prior to surgery because of interference from
cautery.

Thromboprophylaxis
 Intermittent compression stockings
 Heparin 5,000 units SQ q12h
 Heparin 5,000 units SQ q8h
 Enoxaparin 40 units SQ daily
 Enoxaparin 30 units SQ q12h
 Full anticoagulation necessary in peripartum period (please

see peripartum anticoagulation protocol)

Options 1 and 2 compatible with epidural anesthesia.
Options 3–6 should only be done after the epidural
catheter is removed. Consider option 1 or 2
antepartum and option 2, 3, 4, or 5 for most
patients postpartum while in hospital.

POSTPARTUM
How long postpartum will patient require special observation?
 Usual period of postpartum observation
 6 h
 12 h
 24 h
 48 h
 72 h
 96 h

Low-risk patients probably only warrant the usual
period of observation given all patients.
Moderate-risk patients warrant 6 h. High-risk
patients warrant between 6 and 48 h and
highest-risk patients 72–96 h.

Location of special postpartum observation
 Room on regular postpartum floor
 Room on high-risk antenatal floor
 Standard LDR/postop CS area
 Specialized LDR/postop CS area
 Obstetric ICU
 MICU
 CCU
 Other

Option 1, 2, or 3 for low-risk; 2, 3, or 4 for
moderate-risk; and 4, 5, 6, or 7 for high- and
highest-risk patients

(continued)
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MONITORING
Cardiac monitor options (choose one)
 Not necessary
 To be in room but does not need to be on if patient

asymptomatic
 To be on patient at all times but not continuously observed
 To be on patient at all times and should be continually

observed by ACLS-trained individual
 To be on patient at all times and should be observed at all

times by critical care nurse/MD/PA/RNP

Option 1 or 2 for low-risk; 2 or 3 for moderate-risk;
3 for high-risk; and 3, 4 or 5 for highest-risk patients

Postpartum monitoring/interventions recommended and for
how long
 Peripheral IV
 Central line
 CVP
 Arterial line
 Pulmonary artery catheter

No special monitoring or interventions for low-risk
patients; 1 for 24 h for moderate-risk patients;
and 1 or 2 for 48–72 h for high- and highest-risk
patients

All patients need strict ins and outs measured throughout
hospitalization. Most cardiac patients we will want to keep
in a neutral fluid balance during hospitalization.

Fluid to be run:
Rate:

Make sure to add in all fluids given with medications
and for regional anesthesia.

Pulse oximeter in room and checked how often
 Not necessary
 In room but use only with symptoms
 In room and check hourly
 In room and on continuously

Pulse oximeter may provide evidence of CHF but
should always be interpreted in view of strength of
pulse signal. Option 2 probably adequate for most
cardiac patients aside from those with cyanotic
heart disease and those in CHF, who probably
warrant option 4.Availability of ACLS trained physician/PA/RNP:

 Special availability not necessary
 Special availability necessary with what maximum response

time

Postpartum care team: Identify the care team and circle who
will be the initial contact should medical problems arise. Make
sure the person’s name and contact number are clearly
documented in the chart.
Medical Attendants:
 Obstetrician
 Cardiologist
 Anesthesia (ideally obstetric anesthesia; also consider

cardiac anesthesia for high- and highest-risk cases)
 General internist
 ICU team
 CCU team
 Medical ICU vs. LDR with cardiac nursing (consider need

for team approach and necessary nurse-to-patient ratio)
 LDR nurse
 LDR nurse with ACLS training
 LDR nurse with ACLS and special critical care training
 Critical care (ICU/CCU/RR/ER) nurse

Consider required response time of ACLS-trained
personnel if not present

(continued)
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Defibrillator
 On the floor
 In the room
 Pads on patient
 Patient to be monitored with defibrillator pads on

Option 1 is generally adequate. Consider other
options in highest-risk patients.

 Special issues related to interactions with commonly used
obstetric medications

Thromboprophylaxis
START
DURATION
 Intermittent compression stockings
 Heparin 5,000 units SQ q 2h
 Heparin 5,000 units SQ q8h
 Enoxaparin 40 units SQ daily
 Enoxaparin 30 units SQ q12h
 Full anticoagulation will be needed postpartum: See

peripartum anticoagulation protocol
 Possibly necessary cardiac medications not routinely used

on obstetric units
● Need for RN/MD education regarding these medications
● Need for written instructions with respect to preparation

and administration of this medication
● Need for medication to be at bedside
● Pharmacy notified in advance of request (especially if

free-standing obstetric hospital)

DISCHARGE PLANNING
Will there be any adjustments to medication necessary

postpartum (e.g., resumption/replacing of medications
stopped/started because of pregnancy OR dosing
adjustments necessary in postpartum period because of
increases made during pregnancy)?

Who will follow the patient after discharge and when will
patient need to be seen (letter or phone call should be
sent/made to receiving MD):
 Cardiology
 Primary care doctor
 Obstetrics

ECG, electrocardiogram; EP, electrophysiologic; AICD, automatic implantable cardioverter-defibrillator; LDR, labor and delivery room; RN, registered
nurse; ICU, intensive care unit; CCU, critical care unit; MFM, maternal–fetal medicine; MICU, medical intensive care unit; RR, recovery room; ER,
emergency room; ACLS, Advanced Cardiac Life Support; MD, doctor; PA, physician assistant; RNP, registered nurse practitioner; CHF, congestive heart
failure; CVP, central venous pressure; SBE, subacute bacterial endocarditis; CS, cesarean section.

despite the sense of completion that comes with a successful
delivery, caregivers need to remain vigilant for early signs of
deterioration in the days following the birth.

Sp e cific Le sions
Mitral Stenosis. Rheumatic heart disease remains a common
form of heart disease in pregnancy despite its declining inci-
dence in the developed world. Mitral stenosis (MS) accounts
for approximately 90% of the rheumatic valvular lesions in
pregnancy. It often presents for the first time in pregnancy;
risk factors include atrial fibrillation, pulmonary edema, and
thromboembolic stroke. Most patients will experience some
worsening of symptoms during pregnancy (54). Complication
rates were found in one study to be 38% in moderately se-

vere MS and 67% in severe cases (55). Avoidance of tachycar-
dia, increased PA pressure, decreased systemic vascular resis-
tance, and increased central blood volume are essential to pa-
tient management. For this reason, many patients will benefit
from β -blockade to improve filling time during pregnancy (56).
Echocardiograms in these patients should be done once every
trimester and with any change in status in these patients. Care-
ful attention should be paid to pulmonary pressures (although
echocardiography may provide a less reliable estimate of pul-
monary pressures in pregnancy). Pulmonary edema should be
treated with diuretics and β -blockade. If symptoms persist de-
spite optimal medical management, percutaneous mitral bal-
loon valvuloplasty, commissurotomy, or even valve replace-
ment may be warranted; all have been successfully performed
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in pregnancy (57–59). Open procedures may be associated with
a higher risk of miscarriage, fetal loss, and preterm labor, and
thus balloon valvuloplasty may be preferable at centers experi-
enced with this procedure. Although surgery can be performed
at any point in the pregnancy, the risk to the fetus is lowest in
the second trimester.

If atrial fibrillation occurs, it should be treated promptly to
decrease tachycardia and the associated risk of a low cardiac
output state or degeneration into more malignant dysrhyth-
mias. Rate control, full anticoagulation with heparin, and con-
sideration of either medical or electrical cardioversion remain
the core management principles in pregnant women with atrial
fibrillation as they are for nonpregnant women.

For labor, vaginal delivery or cesarean, excellent pain con-
trol is important and is best achieved with early establishment
of regional anesthesia. Control of pain will limit the undesirable
effects of labor on heart rate and blood pressure. A conserva-
tively dosed lumbar epidural anesthetic with special attention
to fluid status, left uterine displacement, and careful use of α-
adrenergic agents to treat hypotension is often helpful. These
patients are dependent on high left ventricular filling pressures
for their cardiac output (60,61). Obstetricians will generally
try to limit the second stage of delivery (the “pushing” stage)
and assist a prolonged second stage through the use of vacuum
extractors or forceps to decrease maternal work. The role of
pulmonary artery catheters and intra-arterial lines for cardiac
patients in labor was discussed previously and remains unclear.
If there is a group who benefits from these interventions, it
will likely be those patients with severe obstructive lesions or
very poor ejection fractions. If the pulmonary artery catheter
is used for patients with mitral stenosis, it will be important
to remember that the PAOP may overestimate left ventricular
end-diastolic pressure.

Aortic Stenosis. Aortic stenosis is a valvular lesion rarely seen
during pregnancy, and can be of rheumatic or congenital origin.
Although bicuspid aortic valves are common, they are unlikely
to be associated with significant stenosis in the childbearing
years. They are, however, associated with an increased risk of
both coarctation and dissection. While mild to moderate aortic
stenosis is generally well tolerated in pregnancy, severe stenosis
(defined as < 1.0 cm2) carries a significant fetal and maternal
risk. The rate of complication varies from 10% to 31% (62,63).
Ideally, symptomatic aortic stenosis should be repaired prior to
pregnancy. If the patient is classified as NYHA functional class
III or IV while pregnant, consideration should be given to per-
cutaneous valvuloplasty, surgical repair, or valve replacement.
Ideally, such procedures are best done in the middle of the preg-
nancy but, if necessary, can be done at any time. When severe
disease is identified after the first trimester, it is important to
be aware that both labor and delivery and a late termination
are associated with significant risks. Due to the fixed outflow
obstruction, these patients will not tolerate sudden drops in
volume or preload, and their peripartum period should be man-
aged in such a way as to minimize the risk of such events and
ensure the ability to respond rapidly if and when they do occur.
Arterial lines are strongly advised, and the use of pulmonary
artery catheters, while not proven, may be of benefit.

In the past, with severe stenotic lesions of the aorta, re-
gional anesthesia has been avoided because of the resulting
local anesthetic–induced sympathectomy, which can lead to
bradycardia and decreased venous return. However, good re-

sults have been obtained in patients with severe aortic stenosis
managed during labor with a carefully titrated epidural anes-
thetic (64,65).

Mitral and Aortic Insufficiency. Mitral insufficiency is the sec-
ond most common valvular lesion seen in pregnancy, and is typ-
ically due to rheumatic heart disease (65). Aortic insufficiency
is less common, and may be due to rheumatic, infectious, or
rheumatologic conditions. These lesions, when found in isola-
tion, tend to do well in pregnancy unless there is associated ven-
tricular decompensation. Treatments when symptomatic may
include diuretics, digoxin, or calcium channel blockers, but
angiotensin receptor blockers should not be used despite the
benefits of afterload reduction. Increases in systemic vascular
resistance, decreased heart rate, atrial arrhythmias, and my-
ocardial depressants may be poorly tolerated. Perhaps the most
important peripartum issue for these patients is early regional
anesthesia to prevent pain-associated increases in systemic vas-
cular resistance.

Cong e nit al He art Dise ase
Approximately 25% of heart disease in pregnancy is congen-
ital. It can be categorized as left-to-right shunt, right-to-left
shunt, and aortic lesions.

Left-to-right Shunt. The most common congenital heart lesions
are atrial septal defects (ASDs) and ventricular septal defects
(VSDs), which are usually well tolerated in pregnancy. The risk
of cardiac complications is greatest in patients with large de-
fects. Congestive heart failure (due to increased blood volume
in pregnancy leading to cardiac decompensation), atrial ar-
rhythmias, shunt reversal (occurring due to sudden systemic
hypotension), and thromboembolic disease are all possible
complications seen with ASD and VSD in pregnancy. Ideally,
hemodynamically significant septal defects should be repaired
prior to pregnancy. However, when symptomatic septal defects
present in pregnancy, the principles of management include
(a) acetylsalicylic acid (ASA) 81 mg daily to prevent throm-
boembolism, (b) use of diuretics and digoxin to treat heart
failure, (c) avoidance of hypotension with epidural adminis-
tration or postpartum blood loss, and (d) rapid rate control
with any arrhythmia.

Right-to-left Shunt and Pulmonary Hypertension. The high-
risk congenital disorders in pregnancy include right-to-left
shunts, as seen in Eisenmenger syndrome (any congenital heart
lesion with a bidirectional or right-to-left shunt at the atrial,
ventricular, or aortic level), and any other lesions associated
with significant pulmonary hypertension. Patients with uncor-
rected cyanotic heart disease have increased spontaneous abor-
tion rates, pulmonary embolization, congestive heart failure,
and incidence for congenital heart defects in the fetus. A high
hematocrit (≥ 65% ) is not only an indication of the severity
of the cardiac disease, but also in itself has a poorer progno-
sis secondary to complications from hyperviscosity (decreased
cardiac output, organ hypoperfusion, and thrombosis).

During pregnancy, right-to-left shunting is increased be-
cause of decreased systemic vascular resistance, resulting in
decreased pulmonary artery perfusion and hypoxia. A review
on maternal and fetal outcome in patients with Eisenmenger
syndrome reveals maternal mortality rates of 25% to 52% and
fetal loss as high as 44% (66–69). Because of the grim prognosis
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for these pregnancies, these women should be strongly warned
about the dangers of pursuing a pregnancy and, if they do
become pregnant, should be offered the opportunity for an
early termination. If they continue with the pregnancy, they
may warrant hospitalization from 20 weeks onward. Oxygen
should be administered for dyspnea, and prophylactic heparin
should be considered throughout pregnancy and for 6 weeks
postpartum. The mode of delivery should be determined on
the basis of obstetric indications. Pulmonary artery catheter-
ization can carry additional risks in patients with significant
pulmonary hypertension, and should probably be avoided in
these patients. Active efforts should be made to avoid sud-
den decreases in systemic vascular resistance, blood volume,
and venous return. Increased pulmonary vascular resistance
promotes right-to-left shunting; therefore, hypercapnia and hy-
poxia are to be avoided. How best to provide peripartum anes-
thesia to these patients is not clear, and discussion of this matter
is beyond the scope of this chapter. What is clear is that if re-
gional anesthesia is used, care must be taken to prevent precip-
itous drops in venous return. Patients with pulmonary hyper-
tension and/or Eisenmenger syndrome should be observed for
72 hours postpartum in a cardiac setting, as many of the mater-
nal deaths associated with these conditions will occur during
this period.

Aortic Disease. Coarctation of the aorta and aortic manifesta-
tions of Marfan syndrome pose significant problems in preg-
nancy (70,71). The physiologic changes during pregnancy, in-
cluding increased blood volume and increased blood pressure
during labor and delivery, may promote aortic dissection in ei-
ther of these conditions. Patients with coarctation of the aorta
may also suffer from worsening hypertension or congestive
heart failure in pregnancy.

Marfan syndrome is often associated with aortic dilation,
aortic valve regurgitation, and mitral valve disease. Aortic dis-
section occurs in about 10% of patients with Marfan syndrome
who undergo a pregnancy, and is most likely to occur if the aor-
tic root measures beyond 4.5 cm in diameter (72,73). Ideally,
women with this severity of aortic root dilation should have
their aorta repaired prior to pregnancy. However, if they have
not, serial echocardiography during pregnancy to watch for
worsening dilation should be performed. If the root is increas-
ing in size, aortic repair should be considered. The activity of
patients with significant aortic dilation in pregnancy should be
limited, and they should be placed on β -blockers to decrease
shear stresses upon the vessel wall (74,75). Although we gener-
ally teach that the indications for cesarean delivery are obstetric
and not medical, it is common practice to deliver women with
aortic roots dilated beyond 4.0 cm by cesarean to avoid ad-
ditional stressors on the aorta associated with the pain and
pushing of a vaginal delivery. However, it is worth noting that
the majority of aortic dissections in these patients occur prior
to the onset of labor.

Aortic coarctation in pregnancy is associated with an in-
creased risk of worsening hypertension and, less commonly,
congestive heart failure or pre-eclampsia (76,77). It is much
less likely to be associated with aortic dissection than Marfan
syndrome, but dissection can and does occur. Blood pressure
should be kept less than 160/100 mm Hg in these patients but
not brought below 120/70 mm Hg, as there may be a significant
gradient between blood pressure measurement in the arm and
the estimated blood pressure of the placenta circulation that

is distal to the aortic narrowing. β -Blockers are the preferred
antihypertensives for these patients. Patients with coarctation
can undergo a vaginal delivery but should have a limited sec-
ond stage (i.e., prolonged pushing should be avoided by the use
of vacuum extractor or forceps).

Te t ralog y of Fallo t
Tetralogy of Fallot is the most common cyanotic congeni-
tal heart disease. It consists of a ventricular septal defect, an
overriding aorta, infundibular pulmonary stenosis, and sec-
ondary right ventricular hypertrophy. Patients with uncor-
rected tetralogy have significant complications in pregnancy
including biventricular failure, arrhythmias, stroke, and risk
of shunt reversal with worsening cyanosis. Preconception sur-
gical repair should be undertaken if at all possible. If these
patients do proceed with a pregnancy unrepaired, they should
be managed in a manner similar to patients with Eisenmenger
syndrome.

Patients with a surgically corrected tetralogy of Fallot who
enter a pregnancy with a good functional status generally tol-
erate pregnancy well. The main risks are right-sided heart fail-
ure and arrhythmias. Their volume status should be watched
throughout pregnancy and complaints of palpitations or syn-
cope investigated with an event monitor. Delivery should in-
clude cardiac monitoring (78–81).

Ot he r Re p aire d Cong e nit al He art Cond it ions
An increasing number of women with congenital heart prob-
lems that were repaired in childhood are reaching adulthood
and undergoing pregnancy. In general, these patients’ course
in pregnancy is readily predictable by the parameters outlined
earlier in this chapter. The majority will have a good pregnancy
outcome for both themselves and their offspring if they enter
the pregnancy with a good functional status.

Pe rip art um Card iomyop at hy
The National Heart, Lung, and Blood Institute (NHLBI) de-
fines peripartum cardiomyopathy (PPCM) as the new onset of
systolic dysfunction occurring in the absence of other plausi-
ble causes anytime between the final month of pregnancy up to
5 months postpartum. The incidence is between 1 in 3,000 and
1 in 15,000 pregnancies, and may be increasing (82,83). It is
most commonly found in women who have twins, women who
have pre-eclampsia/eclampsia, and older multiparous women.
It is not clear if race is an independent risk factor for PPCM,
but it is clear that African American women are more likely
to die of PPCM than Caucasian women when it does occur. It
is generally quoted that one third of these patients have com-
plete resolution in the year following delivery, one third are left
with residual cardiac dysfunction, and one third have progres-
sive cardiac decompensation. The mortality rate is between 9%
and 56% , and is highest in the subset of patients with persis-
tent cardiomegaly beyond 6 months. Mortality can be due to
end-stage heart failure, arrhythmia, or thromboembolism.

Pathologic findings include four-chamber enlargement with
normal coronary arteries and valves. Light microscopic find-
ings include myocardial hypertrophy and fibrosis with scat-
tered mononuclear infiltrates. Clinical signs include symptoms
of ventricular failure with possible associated arrhythmias
and/or pulmonary emboli. Treatment includes bed rest, sodium
restriction, diuresis, and preload/afterload reduction with a cal-
cium channel blocker and hydralazine while pregnant and an
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angiotensin-converting enzyme inhibitor post partum. Patients
with an ejection fraction less than 35% should be considered
for anticoagulation with low-molecular-weight heparin while
pregnant and warfarin post partum. Antidysrhythmics should
be utilized in a manner similar to what would be done for
any patient with an idiopathic cardiomyopathy. Although the
exact risk remains unclear, there is evidence that peripartum
cardiomyopathy may recur or worsen with subsequent preg-
nancies (84).

Hyp e rt rop hic Card iomyop at hy

During pregnancy, the course of hypertrophic cardiomyopathy
(HCM) is variable because while the normal increase of blood
volume is beneficial, the decrease in systemic vascular resistance
and the increase in heart rate may be detrimental. Several large
case series have highlighted the risks for these patients dur-
ing pregnancy (85–87). Complications are not common but
include congestive heart failure, chest pain, supraventricular
tachycardias, ventricular tachycardia, and sudden death. Com-
plications can occur at any point in the pregnancy or during
labor as a result of stress, pain, and increased circulating cat-
echolamines. Moreover, the immediate postpartum period can
increase risk due to blood loss and decrease in systemic vas-
cular resistance. Atrial fibrillation and supraventricular tachy-
cardias are a common feature of this cardiac anomaly; thus,
cardioselective β -blockers and verapamil are usually admin-
istered to these patients. Tocolytics, sympathomimetic agents,
and digoxin should be avoided in these patients, as they may
increase the risk of arrhythmia. The peripartum period should
include cardiac monitoring and use of forceps or vacuum ex-
tractor so that the mother has to do little or no pushing. If
regional anesthesia is employed, it should be done incremen-
tally and with agents that minimize the risk of a sudden drop
in preload.

Ische mic He art Dise ase in Pre g nancy

Although myocardial infarction in pregnancy is uncommon,
with an incidence estimated at between 1 in 10,000 and 1
in 35,700, it does appear to be increasing. Risk factors in-
clude advancing age, pre-eclampsia, multiparity, chronic hyper-
tension, and diabetes. Myocardial infarctions associated with
pregnancy can occur at any time during gestation, with one re-
port finding that 38% occurred antepartum, 21% intrapartum,
and 41% in the first 6 weeks postpartum. Maternal mortality
rate ranges from 7% to 35% , with a disproportionate number
of deaths occurring among the antenatal cases (88–90). A large
portion of pregnancy-associated myocardial infarctions are not
due to atherosclerotic heart disease but instead due to coronary
artery in situ thrombus formation, dissection, or spasm.

Diagnosis of ischemic heart disease in pregnancy does re-
quire considering it as part of the differential diagnosis, even in
the absence of traditional risk factors. Clinicians should also be
aware that creatine phosphokinase (CPK) and creatine kinase-
MB (CK-MB) can be mildly elevated following a cesarean de-
livery and that troponin is a more specific marker of cardiac
disease in the peripartum period. All forms of stress testing
can be safely carried out in pregnancy, including nuclear imag-
ing, although many centers prefer exercise echocardiography

for this population. Diagnostic coronary angiography can and
should be performed on pregnant women for the same indica-
tions as for nonpregnant patients.

Treatment of coronary artery disease remains largely un-
changed in pregnancy. None of the medications commonly
used to treat ischemic heart disease has been shown to cause
adverse effects in the fetus. There is broad experience with low-
dose aspirin, nitrates, β -blockers, and heparins in pregnancy.
The paucity of data regarding the use of clopidogrel and the
platelet glycoprotein IIb/IIIa inhibitors should limit their use
in pregnancy to clinical scenarios with proven benefits. Coro-
nary angiography, angioplasty and stenting, and thrombolysis
have been and can be carried out safely throughout pregnancy
(91–94).

The management of laboring patients with ischemic heart
disease should be the same for other cardiac patients as dis-
cussed in the section above on general principles of manage-
ment of cardiac disease at the time of delivery, and has strong
parallels with the management of the cardiac patient undergo-
ing general surgery.

Card iac Arrhyt hmias in Pre g nancy

Arrhythmias during gestation, and especially labor and deliv-
ery, appear to be more common than in the nonpregnant pop-
ulation (95). Hormonal changes, stress, and anxiety are con-
tributing factors; however, most arrhythmias are not serious
unless they are associated with organic heart disease.

At rial Fib rillat ion
Atrial fibrillation occurring in pregnancy is usually associated
with underlying disease such as mitral stenosis, peripartum
cardiomyopathy, hypertensive heart disease, thyroid disease,
or atrial septal defects. Patients with acute atrial fibrillation
and significant hemodynamic changes require direct current
cardioversion. Cardioversion appears to have no adverse ef-
fects on the fetus. Most patients, however, will require only
medical management with rate-controlling or rhythm-restoring
antidysrhythmics. β -Adrenergic blockers such as metoprolol,
calcium channel blockers such as diltiazem or verapamil, and
agents such as procainamide or digoxin can all be used safely
during pregnancy. Amiodarone would not be considered a first-
line agent for hemodynamically stable atrial fibrillation be-
cause of its possible effects on the fetal thyroid, but its use in
pregnancy is not absolutely contraindicated. Anticoagulation
for atrial fibrillation in pregnancy has the same indications as
in nonpregnant patients, but the agent that must be used is
heparin (usually in the form of subcutaneous low-molecular-
weight heparin) because warfarin is associated with adverse
fetal effects throughout gestation.

Sup rave nt ricular Tachycard ia
Supraventricular tachycardias (SVTs) during pregnancy can oc-
cur with or without organic heart disease. Four percent of
women with SVT report that their condition was first identi-
fied in pregnancy, and up to 22% state that pregnancy exacer-
bated their condition (96). In the absence of underlying cardiac
disease, these tachycardias are not usually associated with in-
creased morbidity. However, in patients with underlying struc-
tural cardiac disease or cardiomyopathy, SVT can lead to heart
failure and death. Treatment protocols for supraventricular
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tachycardia remain unchanged in pregnancy and include
carotid sinus massage, adenosine (97), calcium channel block-
ers, β -blockers, and direct current cardioversion (98,99).

Ve nt ricular Arrhyt hmias
Ventricular arrhythmia during pregnancy may be associated
with cocaine use, peripartum or any other form of cardiomy-
opathy, ischemic heart disease, and digitalis toxicity. Antiar-
rhythmic agents for which we have the most pregnancy data
are lidocaine, β -blockers, and procainamide. Amiodarone is
associated with an increased risk of fetal thyroid disease and,
although its use in pregnancy is permissible, it should not be
considered a first-line agent. Implantable defibrillators can and
should be used when indicated in pregnancy, although they will
need to be turned off during surgical procedures that require
the use of cautery.

Brad ycard ia
Bradyarrhythmias during pregnancy are rare and may re-
sult from Lyme disease, hypothyroidism, myocarditis, and
drug-induced, or congenital or acquired heart blocks. Perma-
nent pacemakers are indicated for hemodynamically significant
bradycardia. Patients with pre-existing pacemakers may need
to have their baseline rate increased during pregnancy to mimic
the normal physiologic changes of pregnancy.

Ant iarrhyt hmic Drug s
Table 98.7 classifies the commonly used antiarrhythmic agents
on the basis of what is known about their safety in pregnancy.
Although there are obviously agents that we know more about
than others, it is important to re-emphasize here that both
mother and fetus benefit from the use of the best agent to
control cardiac symptoms in pregnancy, and treatment should
never be withheld from a pregnant woman based on theoretic
fears of fetal harm.

Card iac Surg e ry During Pre g nancy

As in other semi-elective nonobstetric surgery during preg-
nancy, if nonurgent cardiac surgery is necessary, it should
ideally take place during the second trimester. Deferring when
possible until after the first trimester avoids the period of
organogenesis and the risk of miscarriage. Third-trimester
surgery carries the risk of precipitating preterm labor. How-
ever, surgery that is important to a patient’s short-term well-
being and survival should be done at any point in gestation as
required. Coronary artery bypass grafts, valvuloplasties, valvu-
lar replacements, and aortic root replacements have all been
done in pregnancy with good outcomes for mother and baby.
When medical management can ameliorate the disease pro-
cess, surgery may be postponed until the patient has recovered
at least 4 to 6 weeks post partum; however, such decisions
should be based on the best plan of action for the mother’s
safety rather than a cultural discomfort related to performing
surgery in pregnancy.

Special intraoperative considerations in pregnant patients
include (a) fetal monitoring during and after surgery, (b) main-
tenance of high flow and systemic mean arterial pressure (dur-
ing cardiopulmonary bypass), and (c) uterine displacement
devices if the patient is in the supine position for a median
sternotomy. Although the pregnant patient has fared well with

open heart procedures, fetal mortality rate can be high. Gener-
ally, better results are seen in closed heart procedures. Postop-
eratively, fetal monitoring should be continued and maternal
analgesia maintained to avoid precipitating labor from accel-
erated postoperative pain.

Pre g nancy aft e r Prost he t ic Valve Surg e ry

Patients with mechanical heart valve prostheses pose a signif-
icant risk during pregnancy as a result of their coagulation
status. Fewer maternal and fetal complications occur with bio-
prosthetic valves but the need for reoperation on these valves
for degenerative changes means they are not commonly used
in women of reproductive age.

Heparin, typically low-molecular-weight heparin (LMWH),
is the anticoagulant agent of choice during pregnancy because
its molecular weight prevents placental crossover, and it is not
teratogenic. It is now well established as the anticoagulant of
choice in pregnancy for all indications except for mechani-
cal heart valves. Questions still remain as to whether LMWH
provides the same level of protection against mechanical valve
thrombosis as warfarin. Although warfarin and its derivatives
are associated with an increased risk of central nervous sys-
tem anomalies and warfarin embryopathy, it may be that the
risk is worth taking to prevent the catastrophic consequences
of valve thrombosis (100–102). Some experts therefore recom-
mend that women with mechanical heart valves use LMWH
during the period of organogenesis, switch to warfarin for the
majority of the pregnancy, and then switch back to LMWH
close to term to avoid both fetal and maternal bleeding associ-
ated with delivery. Other experts would use LMWH but carry
out frequent testing of the peak and trough heparin levels (also
known as anti-Xa levels) to ensure that the patient is adequately
anticoagulated.

Card iac Transp lant Pat ie nt s

With the increasing number and survival of heart transplant
recipients, increasing numbers of women who have undergone
this procedure have become pregnant (40,41). The pregnancy
experience with solid tissue transplant patients in general has
found a 25% risk of maternal complications (with over half
of these complications being hypertension), a 29% risk of mis-
carriage, and a 41% risk of prematurity (103). The best data
specific to cardiac transplantation describes 32 U.S. pregnan-
cies in women who had undergone cardiac transplantation,
and found a 44% rate of hypertension, a 22% risk of rejec-
tion, and a 13% risk of worsening renal function. Neonatal
complications were similar to the data described above for all
solid tissue transplants (104). In light of these data, women who
have undergone cardiac transplantation are warned of the pos-
sible risks of a pregnancy, and are encouraged to wait 2 years
after transplantation before becoming pregnant to ensure that
the transplant has been a success. Drugs used to prevent rejec-
tion should be continued during pregnancy; evidence of their
safety is accumulating. If antirejection treatment is continued,
pregnancy does not appear to increase the risk of rejection
(104,105). The peripartum management should be dictated by
the quality of left ventricular function in a manner similar to
that discussed previously in this chapter.
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Card iop ulmonary Re suscit at ion

Pregnancy poses some unique problems during cardiopul-
monary resuscitation (CPR). In the third trimester and par-
ticularly near term, the gravid uterus impairs venous return.
Thus, during CPR, the uterus should be displaced (i.e., left uter-
ine tilt). Moreover, if defibrillation is required, the left breast
needs to be displaced because of marked enlargement during
pregnancy. The unlikely but theoretical possibility that there
may be electrical arcing between a defibrillator and any fetal
monitoring devices means that fetal monitoring devices should
be removed prior to defibrillation. Otherwise, the Advanced
Cardiac Life Support (ACLS) protocols, including medications
and the use of the defibrillator, should be followed as done in a
nonpregnant patient. Some experts would suggest that the use
of amiodarone should be deferred in cardiac resuscitation un-
til alternative appropriate agents have failed. However, in the
context of a cardiac arrest, this author would support the use
of any recommended ACLS medication, as the one-time use of
any of these agents is very unlikely to be of any harm, and may
be of great benefit to both mother and fetus.

Data about the risk and benefits of an emergency cesarean
delivery in the context of maternal resuscitation are very lim-
ited. The present-day view is that if the fetus has reached a
point in the pregnancy where survival after delivery is possible
(typically more than 24 weeks’ gestation), emergency cesarean
should be considered a part of the resuscitative efforts. Evac-
uation of the gravid uterus, with the concomitant release of
pressure on the inferior vena cava and removal of the low-
resistance circulatory unit that is the placenta, may improve
the efficacy of chest compressions and improve the outcome
for both mother and baby. Present recommendations are for
consideration of cesarean delivery in pregnant women greater
than 24 weeks’ gestation who have had a cardiac arrest and
failed to respond to 5 minutes of aggressive and appropriate
resuscitative efforts (106).

An extensive review of this topic is available on the Ameri-
can Society of Anesthesiology website.
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CHAPTER 99 ■ HEMORRHAGIC AND
LIVER DISORDERS OF PREGNANCY
KAREN BORDSON r CARL P. WEINER

IMMEDIATE CONCERNS

Major Prob le ms

Maternal mortality is defined as deaths occurring during preg-
nancy or within 6 weeks postpartum, with the cause of death
identified as complications related to pregnancy, delivery, or
the puerperium (International Classification of Diseases, 9th
Revision, codes 630–676). It has decreased significantly over
the past century, falling from 850 deaths per 100,000 deliver-
ies in 1900 to 7.5 deaths per 100,000 in 1982 (1). This rate
has remained stable at approximately 7.5 per 100,000 deliv-
eries between 1982 and 1996. Hemorrhage and hypertensive
disorders are the major contributors to maternal death rates
(2). Hemorrhagic disorders can become life threatening and
quickly challenge the obstetrician. Appropriate care requires
an efficient plan with the understanding of the special compli-
cations associated with pregnancy and the gravid uterus. There
are two main subtopics in this chapter that the reader needs to
consider; these include placental complications (abruption and
previa) and the HELLP syndrome (hemolysis, elevated liver
enzymes, and low platelets)/disseminated intravascular coagu-
lation (DIC).

As hepatic disorders in pregnancy can be devastating to both
fetus and the pregnant patient, this chapter will address liver
disorders related to pregnancy, specifically hyperemesis gravi-
darum, intrahepatic cholestasis of pregnancy, and acute fatty
liver of pregnancy.

St re ss Point s

1. The physician must be aware of the potential hemorrhagic
complications to which pregnancy predisposes the patient
and fetus, and the physiologic and pathologic risk factors.
Rapid diagnosis and treatment are critical to patient safety.

2. Liver disorders can vary from irritating and relatively minor,
to life threatening with significant morbidity and mortality.

HEMORRHAGIC CONCERNS
Significant bleeding in pregnancy can be quantified by total
amount, or by amount and time period over which the bleeding
occurred (3,4). Generally, postpartum hemorrhage—defined by
the total estimated blood loss—is established when there is
greater than 500 mL for vaginal deliveries and more than 1 L
for cesarean deliveries; additionally, clinical symptoms and
signs with respect to the blood loss are considered in the man-
agement.

Coag ulat ion Chang e s

In pregnancy, if factors are measured, one will note an increase
in factors I (fibrinogen), VII, VIII, IX, and X. Functional tests,
such as the prothrombin time (PT), partial thromboplastin time
(PTT), and bleeding times (BT) should not change in a normal
pregnancy.

The reader is asked to refer to Chapter 49 for more de-
tailed description of essential physiologic concerns related to
coagulation and Chapter 170 for coagulation disorders.

PLACENTAL COMPLICATIONS

Place nt al Ab rup t ion

Placental abruption (abruptio placentae) is a condition in
which the placenta separates from the implantation site of the
uterus prior to the delivery of the fetus. The area of hemor-
rhage along the decidua basalis expands as the bleeding pro-
gresses. This hematoma may be concealed or present clinically
with vaginal bleeding. The underlying mechanism may be re-
lated to vascular damage caused by preeclampsia, trauma, co-
caine/alcohol use, or chorioamnionitis. Risk factors for abrup-
tion include either maternal or paternal (secondhand) smok-
ing, multiparity, prior caesarean delivery, and African Amer-
ican ethnicity (5,6). The incidence ranges between 0.4% and
0.8% , and there is a 15% recurrence rate for a subsequent preg-
nancy and a 20% recurrence rate for two previous episodes (7).
Morbidity and mortality of both the mother and fetus can be
significant with this process if the hemorrhage is significant.

Classic clinical manifestations include vaginal bleeding, ab-
dominal pain/uterine irritability, and fetal heart rate abnormal-
ities or fetal distress; of note, however, is that none or all of these
symptoms may be present. Ultrasound has limited usefulness
as it reveals a retroplacental blood clot in only 15% of cases,
thus giving a high false-negative rate (5).

Treatment with fluid resuscitation, adequate oxygenation,
and close fetal monitoring is critical. With evidence of signifi-
cant hemorrhage or fetal distress, delivery must be expedited.
It is critical to anticipate additional postpartum complications,
such as uterine atony, to limit further hemorrhage.

Place nt a Pre via

Placental previa occurs with improper implantation of the pla-
centa such that it overlies the internal os of the cervix during the
third trimester. Traditionally, placenta previa was referenced
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FIGURE 99.1. Placental implantation abnormalities (public domain
image per http://en.wikipedia.org/wiki/Image:Placenta accreta.png).

with different classifications of previa and low-lying placentas.
However, with current ultrasound capabilities, this classifica-
tion scheme has limited utility.

The incidence of placenta previa is noted to be approxi-
mately 0.5% (8); however, with the increased rates of cesarean
deliveries and advancing maternal age, there is concern regard-
ing an increase in that incidence in the future (9). Risk factors
include prior placenta previa, a history of cesarean delivery, a
history of suction curettage, maternal age older than 35 years,
African American or non-Caucasian ethnicity, and cigarette
smoking.

Clinical symptoms include painless vaginal bleeding begin-
ning in the second or third trimester. Ultrasound is then per-
formed to confirm or rule out the diagnosis. Management is ex-
pectant unless maternal bleeding or fetal heart rate abnormal-
ities/fetal distress necessitates imminent delivery via cesarean
section. If the patient is stable—meaning no bleeding—and
the fetal surveillance is reassuring, the patient is closely moni-
tored on pelvic rest (nothing per vagina, no vaginal exam, no
intercourse) until fetal lung maturity or 37 weeks’ gestation,
at which time a cesarean delivery is performed. Risks of pla-
centa previa include other placental implantation abnormal-
ities, such as placenta accreta, placenta increta, and placenta
percreta (Fig. 99.1). The physician must be aware of these risks
at the time of delivery and be prepared for a possible cesarean
hysterectomy (hysterectomy performed at the time of the ce-
sarean delivery) if necessary.

HEMOLYSIS, ELEVATED LIVER
ENZYMES, AND LOW PLATELETS

(HELLP) SYNDROME AND
DISSEMINATED INTRAVASCULAR

COAGULATION (DIC)
The topic of preeclampsia/eclampsia is discussed in Chap-
ter 98, Cardiac Disease and Hypertensive Disorders in
Pregnancy.

The acronym, HELLP, for the syndrome consisting of
hemolysis, elevated liver enzymes, and low platelets, was first

used by Weinstein in 1982 (10). The clinical entity was first
noted by Pritchard et al. in 1954 (11). It is currently thought
to be a distinct variant, rather than a progression, of the
preeclampsia/eclampsia continuum. The incidence is rare, with
Bhattacharya and Campbell (12) noting 13 cases of HELLP
in a population of 4,188 patients with preeclampsia (310 per
100,000 patients). Although much speculated, the true cause
is unclear. Older theories dealt with long-chain 3-hydroxyacyl-
CoA (LCHAD) and other fatty acid oxidation defects. How-
ever, these have not been proven to be major risk factors in
HELLP (13,14). Current research has found associations with
genetic mutations of the Fas gene and regulation of the immune
system (15,16). There are also studies regarding the prognostic
values of hyaluronic acid (17) and serotonin (18) to evaluate
liver function and platelet activation, respectively. Risk factors
have been shown to include African Americans (19) and a his-
tory of prior pregnancy with HELLP. The recurrence rate has
been reported as 14% (20).

HELLP is a disease with significant morbidity and mortal-
ity, both maternal and perinatal. In a prospective study of 442
pregnancies with HELLP, the risk of maternal death was found
to be 1.1% (21). Significant maternal morbidity included DIC
(21% ), placental abruption (16% ), acute renal failure (7.7% ),
pulmonary edema (6% ), and rare occurrences of subcapsular
liver hematoma and retinal detachment (22). Additionally, case
reports of hepatic rupture (23–26) have been documented. Fe-
tal outcome is typically related to the necessity to proceed with
preterm delivery. Neonatal outcomes include risk of intensive
care requirements, mechanical ventilation, sepsis, and intra-
ventricular hemorrhage (27).

The clinical features and laboratory evaluation of HELLP
have not been firmly defined. Generally, the findings reflect the
disease process on the vascular supply of the maternal liver.
The hemolysis can be noted by an abnormal peripheral smear,
elevated serum bilirubin, low serum haptoglobin levels, ele-
vated lactate dehydrogenase (LDH) of subtypes LDH1/LDH2,
or a fall in the hemoglobin (22). Elevated liver enzymes, gener-
ally aspartate transaminases (AST), alanine transferase (ALT)
and/or bilirubin, are present; however, there is no strict defi-
nition of the degree of elevation. There is also great variabil-
ity in establishing the criteria for low platelets, varying from
150,000 to less than 50,000 cells/µ L. Patients with HELLP
also have altered vascular reactivity (28), and methods of pre-
diction of HELLP by Doppler ultrasound have been examined,
revealing a decrease in dual hepatic blood supply preceding
the onset of HELLP (29,30). Objective parameters for DIC in-
clude prolonged prothrombin time (PT) and activated partial
thromboplastin time (aPTT), elevated fibrinogen degradation
products, and elevated D-dimers; as fibrinogen is increased in
a normal pregnancy, the value in DIC may decrease to “nor-
mal” (nonpregnant) values, so it is not used as an objective
parameter.

Treatment of HELLP includes supportive care in a facil-
ity suited for such high-level care. Prompt delivery of the fe-
tus is indicated if the patient is beyond 34 gestational weeks,
or sooner if the disease has progressed to multiorgan dys-
function, DIC, liver infarction or hemorrhage, renal failure,
suspected placental abruption, or a nonreassuring fetal status
(22).

There is more controversy regarding the recommendations
if the pregnancy is less than 34 weeks’ gestation and there
are only mild to moderate laboratory abnormalities. Generally,
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expectant management and corticosteroids for fetal lung ma-
turity are given with delivery after completion of the course of
steroids. There is significant debate over use of steroids for
treatment of the laboratory abnormalities of HELLP. Some
studies have shown clinical benefit (31,32), whereas others, in-
cluding a Cochrane Database review (33), find insufficient evi-
dence of beneficial effect. This topic, among others, was specif-
ically discussed at the 2004 Annual Meeting of the Society for
Maternal-Fetal Medicine (34), with the conclusion that insuf-
ficient evidence of beneficial effect exists and there is a need for
further studies. Additionally, the benefit of plasma exchange
therapy has been shown to improve treatment outcome (35).
Heparin therapy, however, is associated with further bleeding
complications (36). Management of DIC must address the un-
derlying cause (37); transfusion of both packed red cells and
component therapy as indicated, as well as fluid replacement
and oxygenation, are critical. There are investigations exam-
ining the role of solvent-detergent plasma (38) and aprotinin
(39) in HELLP, the results of which appear safe and improve
laboratory indices of coagulopathy.

LIVER CONCERNS

Physio log ic Chang e s Associat e d
wit h Pre g nancy

Pregnancy-related hormones and fetal enzymes significantly af-
fect the maternal liver. Known changes in the liver profile re-
veal a decrease in serum albumin secondary to the dilutional
effect of a 50% increase in maternal plasma volume. There is
also an increase in serum alkaline phosphatase due to placen-
tal/fetal production. Markers of liver injury, such as aspartate
aminotransferase, alanine aminotransferase, and lactate dehy-
drogenase, will not change in normal pregnancy. Bilirubin and
gamma-glutamyl transpeptidase are both significantly lowered
(40).

One of the main hormones causing alterations in hepatic
physiology is estrogen. Estrogen produces an increase in the
hepatic rough endoplasmic reticulum, which increases the pro-
duction of proteins. The approximate sevenfold increase in
estradiol—related to multiple factors, from changes in the bind-
ing hormones to changes in metabolism and production—in the
first trimester and a further fivefold increase by term stimulates
an approximate sixfold increase in the production of the sex
hormone–binding globulin (41). Estrogen also has an inverse
relationship with bile salt production and bile flow. There is a
change in both composition of the bile and in the rate of choles-
terol and phospholipid production; these changes produce an
increased lithogenicity (42).

Progesterone, another hormone known to cause significant
hepatic changes, mainly effects an increase of smooth endo-
plasmic reticulum and an increase in cytochrome P-450. Ad-
ditionally, there is notable smooth muscle relaxation of the
gallbladder and biliary ductal system. Progesterone can also
produce slow wave dysrhythmia in the gastrointestinal tract
(43).

It is now thought that there are genetic influences specifically
related to MDR3 gene mutations in liver diseases in pregnancy.
Refer to Chapter 48 for more detailed description of essential
physiologic concerns related to the liver.

Hyp e re me sis Gravid arum

Hyperemesis gravidarum (HG) is a condition characterized by
serious and persistent vomiting that limits fluid intake and ad-
equate nutrition. Clinical manifestations include weight loss
greater than 5% of prepregnancy weight, weakness, dehydra-
tion, ketosis, and muscle wasting. HG occurs in approximately
0.3% to 2.0% of pregnancies, seems to affect a diverse popu-
lation with multiple risk factors, and can be associated with
a range of outcomes. Studies have associated HG to vari-
ous hormone levels, including those of human chorionic go-
nadotropin, estrogen (44), prolactin (45), thyroxine (46), an-
drogens (46), cortisol (47), and maternal prostaglandins (48).
Other factors identified included prior history of HG with pre-
vious pregnancies (49), female fetal gender (50,51), maternal
age, maternal weight (52), and smoking (53). Helicobacter py-
lori may (54–56) or may not (57) have a role. Chronic medical
conditions such as history of gastritis, allergies, and gallblad-
der disease (58) contribute to the risk. Additionally, the inter-
pregnancy interval and paternity (50) have been examined; al-
though the cause cannot be established, the relationship is being
studied.

A complete differential diagnosis includes multiple systems;
obstetric and gynecologic conditions such as a molar preg-
nancy, degenerating uterine leiomyoma, or ovarian torsion
should be considered. Gastrointestinal causes could include
gastroenteritis, gastroparesis, achalasia, biliary tract disease,
hepatitis, intestinal obstruction, peptic ulcer disease, pancre-
atitis, and appendicitis. The patient needs to be evaluated for
urinary tract conditions, including pyelonephritis, uremia, and
kidney stones. Metabolic diseases, including hyperthyroidism,
diabetic ketoacidosis, porphyria, and Addison disease, should
be ruled out. Neurologic disorders, drug reactions, and psychi-
atric conditions are other considerations.

Some studies have found HG to be protective against ad-
verse outcomes (59), whereas more recent studies have failed
to prove this relationship (60). Current research shows a re-
lationship between HG and low birth weight that is mostly
attributed to poor maternal weight gain (61–63). In addition
to potentially compromised fetal outcomes, a worsened mater-
nal morbidity and mortality are also noted. Cases of Wernicke
encephalopathy (64–67), central pontine myelinolysis (68–70),
severe liver injury (71), splenic avulsion (72), pneumomedi-
astinum following esophageal rupture (73), and acute renal
failure (74) have been reported.

Treatment for HG is primarily supportive, with antiemet-
ics, fluid therapy, and electrolyte replacement. Natural reme-
dies such as pyridoxine (vitamin B6) and ginger (75) have been
shown to be effective. Additionally, behavior modification with
avoidance of strong odors/scents and adjustment of diet may
be tried. However, if these measures are inadequate, hospi-
talization and treatment with steroids (76–78) and parenteral
nutrition may be necessary.

Int rahe p at ic Chole st asis of Pre g nancy

Intrahepatic cholestasis of pregnancy (ICP) is the most frequent
of the pregnancy-related liver diseases (79), occurring in ap-
proximately 1% of pregnancies (80). It is a condition charac-
terized by the progressive pruritus of cholestasis, with elevated
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fasting bile salts—specifically chenodeoxycholic acid, deoxy-
cholic acid, and cholic acid elevations more than 10 µ mol/L—
and elevated aminotransferases (81). Clinical manifestations
begin in the late second or third trimester and most often will
resolve spontaneously within 2 to 3 weeks postpartum. Al-
though the direct cause is unknown, research has shown a
strong familial component. Nonetheless, ICP affects specific
populations at different rates. For example, ICP occurs in less
than 0.2% of pregnancies in women of North American and
Central/Western European descent, whereas Scandinavian and
Baltic populations show a rate of 1% to 2% , and Chilean and
Bolivian populations have shown rates of 5% to 15% (80). The
severe form of ICP—bile acid levels more than 40 µ mol/L—in
the Swedish population is associated with a frame shift mu-
tation in the gene coding for the ATP binding cassette trans-
porter, specifically the ABCB4 5 gene variant (formerly known
as multidrug resistance gene 3, MDR3) (82–84). Mutations
in the bile salt export pump (BSEP) can also predispose a pa-
tient to ICP (85). Other possible causes relate to “ leaky gut”
theories (86). This theory is based on the increased absorp-
tion of bacterial endotoxins and the enterohepatic circulation
of cholestatic metabolites of sex hormones and bile salts. Re-
search has also shown an association with low maternal serum
estrogen (87,88).

Fetal complication rates are directly related to maternal
serum bile acids (89). Bile acid levels greater than 40 µ mol/L
are associated with preterm delivery, fetal asphyxial events, and
meconium staining (90). Additionally, case reports of neona-
tal respiratory distress syndrome (90) and fetal death (91) are
noted; on the other hand, maternal morbidity and mortality are
low.

Supportive measures for pruritus with antihistamine is in-
adequate, as it has limited effectiveness and fails to address
the bile acid elevation and fetal concerns. Cholestyramine, S-
adenosylmethionine, and dexamethasone were the treatments
of choice (92). However, newer research is advocating the use
of ursodeoxycholic acid (UDCA), which is a tertiary bile acid.
Initial use of UDCA was with bear bile in traditional Chinese
medicine for the treatment of liver disease (93). Recent research
has shown UDCA to be more effective in reducing bile acids
and bilirubin (94–97). Fetal risks are decreased, but not elimi-
nated. Because of this, careful fetal monitoring and delivery at
fetal lung maturity should be considered (92). Ondansetron is
also being evaluated as a treatment for pruritus; however, no
data are noted on fetal benefits of that antiemetic (98).

Acut e Fat t y Live r Dise ase of Pre g nancy

Acute fatty liver disease of pregnancy (AFLP) is a rare but po-
tentially fatal disease that occurs in the third trimester. Mean
gestational ages vary between 34.5 weeks’ (99,100) and 37
weeks’ gestation (101). Incidence has been documented as 1 in
6,659 births (102) to 1 in 15,900 births (102). It is character-
ized by significant malaise, nausea/vomiting, anorexia, abdom-
inal pain, and jaundice (103). Clinical signs include hyperten-
sion, jaundice, elevated serum transaminases, coagulopathies,
thrombocytopenia, and hypoglycemia. A high index of suspi-
cion should be maintained if evidence of these signs and symp-
toms are noted (104). Imaging studies are often performed but
have limited usefulness in making the diagnosis; ultrasound
may show nonspecific changes (104). Computerized tomogra-

phy (CT) has a high false-negative rate (100). Liver biopsy is the
gold standard in confirming the diagnosis; however, it is rarely
necessary and carries significant maternal risk in the setting of
disseminated intravascular coagulation (DIC).

This disease is noted to have significant risks with respect to
morbidity and mortality. Older research reported maternal and
perinatal mortality rates as high as 75% and 85% , respectively
(104). Although the maternal mortality rate has fallen signif-
icantly, fetal mortality has remained as high as 66% (101).
Maternal morbidity includes coagulopathies (specifically DIC)
(105), hepatic encephalopathy (100), respiratory compromise
(pulmonary edema or respiratory arrest) (100), and renal insuf-
ficiency (102). Current research has found an associated genetic
component with mitochondrial trifunctional protein mutations
(106,107).

Treatment of this disease is supportive, with management
in a higher-level setting, specifically an ICU. Delivery is recom-
mended as efficiently as possible. Debates regarding prolonged
inductions and surgical risks of cesarean are common. The de-
cision should be individualized, and should include the patient
and her family. Hypoglycemia should be treated with dextrose-
containing solutions. Elevated ammonia levels can be decreased
with neomycin. Blood transfusions and replacement of clotting
factors should be considered as appropriate. AFLP generally
resolves within 2 to 3 days postpartum; however, cases of ful-
minant hepatic failure requiring liver transplantation have been
reported (108).
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CHAPTER 100 ■ ACUTE ABDOMEN AND
TRAUMA DURING PREGNANCY
IRA M. BERNSTEIN r CATHLEEN HARRIS

IMMEDIATE CONCERNS
The evaluation of pregnant patients with surgical disorders and
trauma is complex, owing to the fact that the woman and her
fetus are both regarded as patients. The well-being of the fe-
tus depends entirely on the stability of the physiologic pro-
cesses of the pregnant woman. Knowledge of normal physio-
logic changes of pregnancy is essential, as increased morbidity
and mortality for mother or baby can result from delays in
diagnosis and treatment. This chapter will summarize the ap-
proach to the gravid patient with surgical disease, including
clinical assessment, diagnostic studies, interpretation of labo-
ratory values, and specific considerations for various clinical
conditions.

Approximately 1 in 500 (0.2% ) of pregnant women re-
quire surgery for nonobstetric conditions (1). Appendectomy,
cholecystectomy, and adnexal procedures constitute the most
common surgeries during pregnancy. Although pregnancy out-
comes after surgery are often good, fetal loss rates can be as
high as 2% to 20% , depending on the condition (1). This
fact highlights the importance of thoughtful management in
these cases. Trauma is an additional important cause for surgi-
cal intervention during pregnancy. Most series report the inci-
dence of trauma to be approximately 8% , or 1 in 12 pregnan-
cies (2). Trauma is the leading cause of nonobstetric maternal
death, and fetal losses can be significant. One should always
consider the possibility of pregnancy in any female between
12 and 44 years of age presenting with abdominal pain or
trauma.
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TA BLE 1 0 0 . 1

KEY POINTS IN THE ABCs OF THE RESUSCITATION
OF PREGNANT WOMEN

Airway Weight gain
Breast enlargement
Short time to establish airway before

desaturation
Edema of airway
Difficulty in positioning neck
Delayed gastric emptying—aspiration risk

Breathing Elevated diaphragm
Decreased fetal heart rate—rapid

desaturation
Respiratory alkalosis
Limited chest wall expansion
Limited accessory muscle use
Normal large and small airway function

Circulation Aortocaval compression at > 20 weeks gravid
Increased cardiac output
Increased resting heart rate
Decreased peripheral vascular resistance
Decreased systolic and diastolic blood

pressure
Large shunt due to placental blood flow
Hypercoagulable state

As in nonpregnant individuals, the first task is to ensure that
airway, breathing, and circulation (ABCs) are adequate. It is
important to give first priority to these basic elements, because
adequate maternal oxygenation and uteroplacental perfusion
are the means by which the fetus is also resuscitated. Attention
should always be paid to achieving hemodynamic stability in
the mother first, before evaluation and treatment of pregnancy
issues. Physiologic adaptations of pregnancy affect the clini-
cian’s ability to address the ABCs, and key points that should
be considered in the pregnant trama victim are summarized in
Table 100.1.

Once assured that the patient is hemodynamically stable,
attention is turned to a more detailed secondary assessment.
This is centered on evaluation of specific injuries or organ sys-
tems, as well as the pregnancy itself. A focused patient his-
tory is central to the evaluation of abdominal pain or trauma
during pregnancy. Abdominal symptoms can be nonspecific
during pregnancy, so it is especially valuable to clarify the
location, intensity, and quality of pain, including associated
symptoms and aggravating or alleviating factors. Any obstet-
ric symptoms, such as contractions, cramps, bleeding, or fluid
leakage, should be noted. In the case of trauma, important
details of the incident should be elicited, including vehicle
speed, position seated in the vehicle, use of restraints, airbag
deployment, and injuries to the head, abdomen, or extremi-
ties.

Understanding normal physical changes and common com-
plaints associated with pregnancy will help the clinician to de-
termine which symptoms are benign and pregnancy-related ver-
sus pathologic. Many patients report nausea and vomiting in
early pregnancy, but these symptoms are not typical in the lat-
ter two trimesters. Pyrosis due to acid reflux is reported by
many gravidas, but is often easily relieved with antacids. Con-

stipation is a common complaint, due to the increased transit
time of the gastrointestinal tract. Transient discomfort or inter-
mittent contractions are not rare, but persistent, rhythmic, or
severe abdominal pain merits evaluation. In all trimesters, right
lower quadrant pain may signal appendicitis. Colicky right up-
per quadrant pain is suggestive of cholelithiasis, and the symp-
tom profile for biliary tract disease in pregnant women is sim-
ilar to that of their nonpregnant counterparts.

In the third trimester, it is important to evaluate and exclude
the possibility of obstetric complications such as preterm labor
(PTL), premature rupture of membranes, placental abruption,
and intrauterine infection. A basic obstetric (OB) triage evalua-
tion includes external fetal heart rate monitoring, assessment of
contractions, palpation of the uterine fundus, speculum exami-
nation for pooling, Nitrazine and fern tests, and digital cervical
examination.

A suggested approach to the initial evaluation of the preg-
nant patient with surgical diseases or trauma is shown in Table
100.2.

TA BLE 1 0 0 . 2

KEY STEPS IN THE APPROACH TO THE PREGNANT
PATIENT WITH SURGICAL DISEASES OR TRAUMA

1. Consider pregnancy in any woman of reproductive age
presenting after trauma or with abdominal
complaints—check urine or serum HCG

2. Perform a primary assessment of
airway/breathing/circulation (ABCs)
a. Use a 15-degree left lateral tilt
b. IV hydration with isotonic crystalloid solution
c. Supplemental oxygen as necessary

3. Primary assessment of maternal status should be done prior
to evaluation and treatment of fetal issues—should be
focused and brief

4. Perform a secondary assessment once patient is
hemodynamically stable
a. Investigate specific injuries or organ systems
b. Evaluate pregnancy viability and gestational age
c. Assess for pregnancy complications such as preterm

labor (PTL), intrauterine infection, placental abruption,
or fetomaternal hemorrhage

d. Perform cardiotocography for patients over 24 weeks’
gestation

5. Do not withhold necessary diagnostic procedures
a. Consider using modalities that do not use ionizing

radiation when possible
b. Limit ionizing radiation exposure to less than a total

dose of 5 rad, as doses less than this amount are not
associated with fetal loss or anomalies

6. Obstetric consult for all cases of severe abdominal pain or
injury in pregnant patients
a. Determine if intervention for fetal indications is

appropriate
b. Manage pregnancy complications as necessary
c. Develop contingency plans for route and timing of

delivery where appropriate
d. Consider neonatal, anesthesiology consultations
e. Ensure equipment and staff available to effect

emergency delivery if indicated

HCG, human chorionic gonadotropin; IV, intravenous.
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DIAGNOSTIC STUDIES

Lab orat ory Value s

When common laboratory tests are evaluated during preg-
nancy, results can be misinterpreted or confusing unless
pregnancy-specific norms are considered. Physiologic changes
of pregnancy, including increased blood and plasma volumes,
hormone production, and altered metabolic clearance, cause
changes in the plasma concentration of many analytes. Selected
laboratory values of interest are displayed in Table 100.3 (3).

OB Te st s of Int e re st

Fe t al Fib rone ct in
Fetal fibronectin (fFN) is a protein produced by fetal mem-
branes involved in adhesion of the placenta and membranes to
maternal tissues. Between 24 and 34 weeks, fFN is not nor-
mally detectable in cervicovaginal secretions. The presence of
fFN may indicate a disruption of the membranes and decidua,
due to inflammation or other causes. Numerous studies have
shown success in using fFN to predict preterm birth. The clin-
ical utility of the test rests in its high negative predictive value.
In a symptomatic patient, a negative test is associated with
greater than 95% likelihood of not delivering within 14 days.
This information is useful in the management of patients with
preterm contractions, not uncommon in the setting of surgical
diseases complicating pregnancy (4).

Amnioce nt e sis
In selected cases, evaluation of amniotic fluid may be impor-
tant to exclude intrauterine infection as a cause of abdom-

TA BLE 1 0 0 . 3

NORMAL LABORATORY VALUES DURING
PREGNANCY

WBC Increased 5,000–15,000 cells/mm3

Hemoglobin Decreased 10.5–13.5 g/dL
Hematocrit Decreased 30.5% –39%
Platelet Decreased 150–380 × 103/µ L
Fibrinogen Increased 265–615 mg/dL
D-Dimer Frequently

positive
—

HCO 3– Mild acidosis 19–25 mEq/L
BUN Decreased 3–4 mg/dL
Creatinine Decreased 0.4–0.7 mg/dL
Albumin Decreased 2.7–3.7 g/dL
AST, ALT Unchanged 12–38 U/L
Bilirubin Unchanged 0.2–0.6 mg/dL
Alkaline

phosphatase
Increased 60–140 IU/L

ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BUN, blood urea nitrogen; HCO 3

− , bicarbonate; WBC, white blood
cell count.
From Lockitch G. The effect of normal pregnancy on common
biochemistry and hematology tests. In: Barron WM, Lindheimer MD,
eds. Medical Disorders during Pregnancy. 3rd ed. St. Louis, MO:
Mosby; 2000.

inal pain. Abnormal findings in amniotic fluid suggestive of
bacterial infection include bacteria seen on Gram stain and/or
positive culture. Low glucose, typically less than 15 mg/dL,
and a high white cell count are also highly suspicious. In addi-
tion, inflammatory markers such as high granulocyte colony-
stimulating factor (G-CSF), tumor necrosis factor (TNF)-α ,
interleukin (IL)-1, and IL-6 are strongly suggestive of amnioni-
tis. Because there is a risk of preterm contractions, premature
rupture of the membranes, or fetal loss due to the procedure,
amniocentesis should be done on a selective basis. However,
these data can be extremely useful when the clinical picture is
unclear (5).

Diag nost ic Imag ing St ud ie s

Several modalities are available for diagnostic imaging to aid
in the evaluation of surgical diseases of pregnancy. Medically
necessary diagnostic tests should not be withheld solely on the
basis of pregnancy, but one should contemplate the potential
advantages and disadvantages when selecting a particular test-
ing method.

Ultrasonography uses sound waves and thus does not ex-
pose the patient to ionizing radiation. There are no known
adverse fetal outcomes associated with the use of prenatal di-
agnostic ultrasound under current clinical guidelines for en-
ergy exposure. Magnetic resonance imaging (MRI) makes use
of the altered energy state of protons to enhance imaging. Its
chief clinical uses have been to evaluate placental abnormali-
ties and characterize fetal central nervous system (CNS) mal-
formations; however, increasing experience in the acute setting
suggests MRI may also be a valuable tool for assessing for
intra-abdominal pathology. To date, MRI has been used safely
during pregnancy and is consistent with American College of
Radiology guidelines, as discussed below. X-ray studies and
computed tomography (CT) involve ionizing radiation, and for
this reason need to be used judiciously in gravid patients (6).

Ob st e t ric Ult rasound
Obstetric ultrasound serves to confirm fetal viability and offers
the opportunity to assess fetal size, anatomy, amniotic fluid
volume, and placental location (6). This information provides
the basis for decision making in pregnant patients. A basic
study can be completed quickly at the bedside and can be done
at the time of sonographic evaluation for other indications,
such as right upper quadrant ultrasound.

Sonog rap hy for Trauma
In the setting of trauma, surgeon-performed focused assessment
with sonography for trauma (FAST [focused assessment with
sonography for trauma]-US [ultrasound]) is a useful screen-
ing tool. At one institution, FAST-US was used not only for
trauma evaluation, but as a screen for pregnancy, and 18 of
144 (11% ) of patients were newly diagnosed with pregnancy
using this procedure. Because of this, FAST-US contributed to
a significant decrease in radiation exposure when compared
to other trauma patients diagnosed with pregnancy based on
serum human chorionic gonadotropin (HCG) screening (7).

FAST-US done to detect intra-abdominal bleeding af-
ter trauma has a similar sensitivity and specificity among
pregnant and nonpregnant patients. In one study of 127
pregnant trauma patients, ultrasound examination identified
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intraperitoneal fluid in 5 of 6 patients and was negative in 117
of 120 patients without intra-abdominal injury. Patients with
false-positive scans had serous fluid (8). In reproductive-age
women with blunt abdominal trauma, free fluid in the cul de
sac has been associated with a higher injury rate compared to
no free fluid in both pregnant and nonpregnant women. Thus,
free fluid is not necessarily a normal or physiologic finding (9).

Ultrasonography is of limited value in the diagnosis of pla-
cental abruption after trauma. In fact, ultrasound may miss up
to 50% to 58% of cases. The echotexture may be very similar
to that of placental tissue, so identification of retroplacental
bleeding is not always possible (10,11).

Appendicitis. Graded compression ultrasonography is the ini-
tial test of choice in the assessment of appendicitis during preg-
nancy. Imaging is focused on the self-reported area of maxi-
mal pain. The overall accuracy of this technique in diagnos-
ing appendicitis is 86% . However, accuracy may be limited in
the setting of a retrocecal appendix or perforated appendicitis,
both of which are more common in the gravid patient. Color
Doppler sonography can be used as an adjunct for improving
the sensitivity of the test. In a series of 42 women with sus-
pected appendicitis during pregnancy, ultrasound was found
to be 100% sensitive, 96% specific, and 98% accurate in diag-
nosing appendicitis (12).

Biliary Tract Disease. The diagnosis of cholelithiasis during
pregnancy is similar to that in the nonpregnant patient. Visu-
alization of stones in the gallbladder is reported to be as high
as 95% using sonography. Although detection of gallstones in
a patient with right upper quadrant pain is suggestive of acute
cholelithiasis, other features should be considered, such as gall-
bladder wall edema or thickening > 4 to 5 mm. The Murphy
sign can also be elicited, as the patient experiences pain from
pressing the transducer over the gallbladder (13).

Comp ut e d Tomog rap hy
Computed tomography (CT) may be considered for evaluation
of the abdomen if the initial examination or other studies are
equivocal. The most common indication for CT is blunt ab-
dominal trauma after motor vehicle crashes (13). Other com-
mon indications include appendicitis and renal colic. One study
of helical CT revealed good success in detecting injuries after
trauma during pregnancy. In this cohort, 17 women (35% ) had
normal evaluations, 11 patients (23% ) had abnormal placental
enhancement, and 1 uterine rupture occurred. Fifteen women
(31% ) had nonuterine injuries, and 27% had both uterine and
other maternal injuries. The estimated radiation exposure due
to helical CT was estimated to be 8.7 to 17.5 mGy, depending
on technique (14). Although there are limited data regarding
the accuracy of CT for the diagnosis of appendicitis during
pregnancy, one series of seven patients correctly identified all
cases (15). Depending on the protocol, pelvic CT can deliver a
dose of radiation to the fetus as high as 2 to 5 rad. Although
the threshold for teratogenesis may not be reached with this
level of radiation exposure, the relative risk of childhood can-
cer may be increased. The odds of dying of childhood cancer
increase from a baseline of 1 in 2,000 to approximately 2 in
2,000 after exposure of 5 rads (15,16). The potential risks and
benefits of CT during pregnancy should be discussed with pa-
tients. CT contrast seems safe to use in pregnancy and should
be administered in the usual fashion (6).

Mag ne t ic Re sonance Imag ing
In recent years, magnetic resonance imaging (MRI) has been
used as a tool to identify the cause of abdominal pain during
pregnancy. MRI studies confirm that the appendix and cecum
are superiorly displaced as pregnancy advances (17). In one
series, MRI was able to correctly identify the appendix in 10
of 12 cases where sonography was uninformative (18). In an-
other study, 29 pregnant women were evaluated with MRI for
abdominal or pelvic pain, and correct prospective diagnoses
were made in all but one patient (19). More recently, a se-
ries of 51 patients were evaluated for abdominal pain with
both sonography and MRI. Four cases with appendicitis were
found, with three inconclusive results. Ultrasound revealed ap-
pendicitis in only two of the confirmed cases. MRI compared
favorably with sonography—the overall sensitivity was 100% ,
specificity 93.5% , and accuracy 94% for detecting appendicitis
(20).

According to American College of Radiology guidelines,
“Pregnant patients may be approved to undergo MR studies
at any stage of pregnancy, so long as the attending radiolo-
gist determines the risk–benefit ratio warrants that the study
be done” (21). After conferring with the referring provider, the
radiologist should document the following:

1. The information from the MR will obtain information not
obtainable from nonionizing means

2. The data are needed to affect care given to the patient or
fetus during the pregnancy

3. The referring physician does not feel it is prudent to wait to
obtain the data until after the patient is no longer pregnant
(21).

Gadolinium contrast is not recommended for use in preg-
nancy. Gadolinium crosses the placenta and enters the fetal
circulation. It enters the amniotic fluid, where it is swallowed
by the fetus and absorbed (22). It is a pregnancy category C
drug, since animal studies have revealed adverse effects but no
controlled studies have been performed in humans.

Decisions about contrast use should be made on a case-
by-case basis after considering the risks and benefits. Written
informed consent for MRI during pregnancy is suggested (21).
MRI is not recommended for acute evaluation of severely ill
persons, because examinations can be lengthy and there is lim-
ited access to patients.

SPECIFIC MANAGEMENT

Sp e cific Cond it ions: Trauma

Trauma complicates 1 in 12 pregnancies. Two thirds of trauma
cases in pregnant women are due to motor vehicle crashes, and
other common causes are falls, burns, and penetrating wounds.
Blunt abdominal trauma is the most frequent mechanism of
injury. One percent to 20% of gravidas experience domestic
abuse, and up to 60% of women affected report two or more as-
saults during pregnancy. At one center, nearly 3% of all trauma
patients were pregnant, and 11% of these pregnancies were di-
agnosed during the trauma evaluation (1,23).

Fortunately, severe trauma requiring admission to the ICU
is infrequent (3 in 1,000 pregnancies). Maternal death due
to trauma is estimated to be 1.9 per 100,000 live births,
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representing the leading cause of nonobstetric maternal death.
It is estimated that 1,300 to 3,900 pregnancies are lost due to
maternal trauma each year (24). Mild maternal injuries carry
a 1% to 5% fetal loss rate, whereas life-threatening trauma
is associated with loss rates up to 40% to 50% . Because mild
trauma is more prevalent, most fetal loss is due to minor ma-
ternal injury (24). Population-based data indicate that motor
vehicle crashes account for 82% of fetal deaths after trauma,
with an overall rate of 3.7 per 100,000 live births. The highest
rate of fetal death due to trauma is seen in patients between 15
and 19 years of age (25,26).

One study of 271 pregnant women observed after blunt ab-
dominal trauma showed that fetal death was associated with
ejection from vehicle, motorcycle crash, pedestrian collision,
maternal death, maternal tachycardia, abnormal fetal heart
rate (FHR), lack of restraints, and an injury severity score (ISS)
greater than 9. Preterm labor was associated with gestational
age over 35 weeks, assault, and pedestrian collisions (10). As
many as 20% of injured pregnant patients test positive for
drugs or alcohol, and one in three do not report using seat
belts (27). The worst outcomes take place among those who
deliver during their hospital stay for trauma. In this group of
patients, the odds ratios (OR) are strikingly high for mater-
nal death (OR 69), fetal death (OR 4.7), uterine rupture (OR
43), and abruption (OR 9.2), compared to women who deliver
later or had no trauma (28). Interestingly, fetal survival was
78% among fetuses born to mothers with a high injury sever-
ity score (less than 25), whereas maternal survival was only
44% . In contrast, for women with an ISS less than 16, mater-
nal survival was 100% but the fetal survival was only 73% ,
giving support to the concept that even minor maternal injury
places fetuses at risk (29).

Besides fetal death, complications such as abruptio pla-
centae, preterm labor, and fetomaternal hemorrhage can con-
tribute to morbidity and mortality among survivors. The di-
agnosis of abruption is based on signs and symptoms. One
of the best indicators of placental abruption is cardiotocogra-
phy. In patients with a normal study, the risk of abruption after
trauma is approximately 1% to 5% . In patients with more than
six contractions per hour or abnormal fetal heart rate patterns,
the risk of abruption can be 20% or higher.

All women over 24 weeks’ gestation should undergo an ini-
tial evaluation with cardiotocographic monitoring for 4 to 6
hours after trauma. Four to 6 hours of observation is sufficient
for patients who have experienced minor trauma, and who are
hemodynamically stable, with a negative primary evaluation,
FAST-US, and reassuring cardiotocography (29). An extended
period of observation for 24 hours or more is indicated for
women with six or more contractions per hour, nonreassur-
ing FHR patterns, vaginal bleeding, uterine pain or tenderness,
premature rupture of membrane (PROM), or serious maternal
injury. Consideration for prolonged monitoring is advised if
laboratory data are abnormal, such as decreased fibrinogen or
a positive Kleihauer-Betke (KB) test. Patients with these charac-
teristics are more likely to experience abruption or other com-
plications (30).

Kleihauer-Betke testing to detect fetomaternal hemorrhage
should be considered for patients beyond the first trimester, es-
pecially those with Rh-negative status. RhIG 300 µ g IM should
be administered to all pregnant women with an Rh-negative
blood type. Should the KB test be positive, the amount of fetal
bleeding can be quantified and additional RhIG administered

as necessary. A positive KB test may also be an indicator for
adverse pregnancy outcome after trauma. One study reviewed
166 pregnant trauma cases. In 71 of these cases, a KB test was
done. The likelihood ratio for preterm labor was 20.8-fold if
the KB was positive, whereas clinical assessment did not predict
preterm birth accurately (31).

Pregnant women occasionally present with other types of
injuries due to trauma to the head, pelvis, or chest. Pelvic frac-
tures, especially those involving the acetabulum, are associated
with high maternal and fetal mortality rates. The mechanism
of injury and severity influence mortality more than the classi-
fication type or trimester of pregnancy (32). Specific manage-
ment can be complex and requires the coordination of a mul-
tidisciplinary team. Penetrating injury is less common during
pregnancy than other forms of trauma. In general, the severity
of maternal abdominal or vascular injuries may be less than
that of nongravid women, but rate of placental injury and fetal
loss tends to be high. Management is similar to that of non-
pregnant persons, with careful and prompt evaluation of the
placenta and fetus.

Sp e cific Cond it ions: Ap p e nd icit is

Acute appendicitis complicates approximately 1 in 1,500 preg-
nancies, making it the most common indication for nonobstet-
ric surgery during pregnancy. Overall, appendicitis may occur
less frequently in gravid patients than in nonpregnant individ-
uals (33).

Although appendicitis occurs in all trimesters, the second
trimester is most typical. More than 80% of patients with ap-
pendicitis report right lower quadrant pain, irrespective of the
trimester (34). Appendicitis can be difficult to diagnose during
pregnancy because signs and symptoms can be easily confused
with physiologic changes of pregnancy. Nausea and vomiting
are common during pregnancy, but not typically associated
with pain. Constipation and bowel irregularity, frequent both-
ersome symptoms of gestation, can be difficult to interpret.
Mild leukocytosis is a normal laboratory finding in pregnant
women, rendering it of limited value in making the diagnosis
of appendicitis. The white blood cell (WBC) count ranges from
5,000 to 15,000 cells/mm3 in the first two trimesters and can
be as high as 20,000 cells/mm3 in labor (35,36). The classic
triad of obturator, psoas, and Rovsing signs is present in less
than one in three pregnant patients (37). Imaging plays an im-
portant role in the diagnosis of appendicitis during pregnancy
and is discussed above.

Complications may be increased when appendicitis occurs
during pregnancy. A delay in diagnosis and treatment over 24
hours was associated with perforation in 14% to 43% of cases
in one report (38). In another study, the perforation rate for
appendicitis occurring in the first and second trimesters was
31% , but rose to 69% in the third trimester (39). Fetal loss
rates as high as 33% and preterm delivery rates of 14% have
also been reported in women undergoing appendectomy (40).
This underscores the importance of a high index of suspicion
in evaluating women with right lower quadrant pain during
pregnancy.

When appendicitis is strongly suspected, surgery should be
performed as per usual clinical indications. An incision over
the point of maximal tenderness is most often recommended.
Laparoscopy may be considered as an alternative in patients
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under 24 weeks’ gestation. For patients under 24 weeks’ gesta-
tion, the uterine size and location of the appendix may reduce
access for laparoscopic procedures.

Sp e cific Cond it ions: Gallst one s

Cholelithiasis is common among pregnant women, seen in 3%
to 4% of OB ultrasounds. Symptomatic gallstones occur less
frequently, in approximately 1 in 1,000 cases. Half or more
of patients experience recurrent bouts of biliary colic, making
management a challenge. Traditional management consists of
intravenous hydration, nothing by mouth or a low-fat diet,
analgesics, and antibiotics. Cholecystectomy is required in 1
to 6 per 10,000 pregnancies. Typical indications for surgery
include acute cholecystitis (38% ), gallstone pancreatitis (28% ),
common bile duct stone (20% ), and refractory pain (18% )
(41). Laparoscopy has been used successfully during pregnancy
for this indication, as discussed below. Traditional management
emphasized deferring surgery for symptomatic cholelithiasis
until after delivery. More recent data suggest that relapse of
symptoms is common, seen in 38% , and labor induction due to
refractory symptoms results in preterm delivery in some cases
(42).

Sp e cific Cond it ions: Ad ne xal Surg e ry

The true incidence of adnexal masses during pregnancy is un-
clear, but it is estimated to be approximately 1 in 200. Simple
ovarian cysts compose the vast majority of cases, and most do
not require intervention. Adnexal surgery is necessary in 1 in
1,300 pregnancies, typically due to masses greater than 6–8 cm,
complex masses, and ovarian torsion. Malignancy is uncom-
mon, seen in less than 10% of cases (43). Care should be taken
to avoid removal of the corpus luteum in the first trimester
prior to 10 weeks’ gestation, as this can result in disruption of
the ongoing pregnancy unless progesterone supplementation is
provided.

Historically, about half of surgeries performed were due to
ovarian torsion (1). With improvements in the diagnosis of
ovarian masses, surgery during pregnancy for asymptomatic
patients with adnexal pathology has become more common. In
one series of 44 cases of benign ovarian masses, most surgeries
were performed successfully using laparoscopy in the middle
trimester, and the most common diagnosis was benign cystic
teratoma (44). Outcomes after adnexal surgery during preg-
nancy have been shown to be excellent, so long as surgery is
performed after the 7th week of gestation (45).

FETAL ASSESSMENT

Risk of Fe t al Loss and Re comme nd e d
Fe t al Asse ssme nt

A review of 55 papers regarding surgery during pregnancy,
including 12,452 patients reported in the literature, confirms
that the total fetal loss rate is low, at 2.5% . Birth defects after
first trimester surgeries occurred in 3.9% , and the miscarriage
rate was 5.8% , likely not increased above background rates,
but not proven due to lack of controls for comparison. Pre-
mature labor after nonobstetric surgery was seen in 3.5% , and

the overall rate of preterm birth was 8.2% . The highest risk
for preterm birth and fetal loss was seen with appendectomy.
In this setting, the preterm delivery rate was 4.6% , and losses
occurred in 10.9% of cases (46).

There is no consensus on optimal fetal monitoring in the
perioperative period. During the first trimester, no specific fetal
evaluation is necessary. Documentation of a live intrauterine
pregnancy prior to surgery is prudent in those patients who
present with abdominal complaints, primarily to exclude the
possibility of ectopic pregnancy or nonviable gestation. From
14 weeks to 24 weeks, assessment of fetal heart tones is advised
preoperatively and postoperatively. Perioperative assessment of
contractions may be considered after 20 to 24 weeks.

At 24 weeks or beyond, cardiotocography should be per-
formed before and after completion of surgery. In special cir-
cumstances, intraoperative monitoring may be chosen. It is im-
portant to remember that anesthetic drugs may be associated
with decreased fetal heart rate variability, and misinterpreta-
tion has led to unnecessary emergency cesarean deliveries (47).
In general, if the mother is normotensive and normoxemic, the
fetus is well maintained. In the setting of trauma, an initial
evaluation consisting of 4 to 6 hours of cardiotocography is
warranted, as discussed above.

Decisions about the timing, duration, and methods of fetal
monitoring are dependent on the clinical scenario and proce-
dure planned. Such decisions should be made in consultation
with an obstetrician and with input from an anesthesiologist.

PRETERM LABOR AND TOCOLYSIS
Preterm labor is a frequent event, due to either the underly-
ing condition or the surgical intervention. In one series of 77
patients undergoing nonobstetric surgery, preterm labor was
seen in 26% of patients in the second trimester and in 82%
of those in the third trimester. Preterm labor was commonest
after appendicitis and adnexal surgery. Actual preterm birth
was seen in 16% . Only in 5% , however, was a clear link to
the surgical procedure established (1). Another study of 62
pregnant subjects with nonobstetric abdominal surgery during
pregnancy revealed 18% delivered preterm, similar to that in-
stitution’s preterm delivery rate but higher than the national
average (48,49).

Most women with preterm labor will not deliver prema-
turely. Tocolytic medications are given to reduce uterine con-
tractions in many cases, because it is difficult to predict accu-
rately which women will go on to deliver prematurely. There
is not a single drug of choice to manage preterm labor. The
most commonly used tocolytic agents include nifedipine, mag-
nesium sulfate, and indomethacin. The selection of a tocolytic
drug should be based on gestational age, maternal health condi-
tions, and possible side effects. Because tocolytic drugs prolong
pregnancy for only 2 to 7 days, their chief utility is to allow
for administration of steroids to improve fetal lung maturity
(50).

In the postoperative patient, discomfort most often repre-
sents typical postsurgical pain, but care should be taken to
evaluate for preterm labor or signs of intrauterine infection.

Clinical assessment includes physical examination with pal-
pation of the fundus, cervical examination, and cardiotocog-
raphy. Adjunctive tests to aid in predicting preterm birth in-
clude cervical length measurement, fetal fibronectin testing, and
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possibly amniocentesis. Tocolysis should be undertaken with
caution in the surgical patient, and obstetric consultation is rec-
ommended in the event of preterm contractions after surgery.

Cort icost e ro id s for Fe t al Lung
Mat urit y Enhance me nt

All pregnant women between 24 and 34 weeks of gestation
who are at risk of preterm delivery within 7 days should be
given a single course of corticosteroids for fetal lung maturity
enhancement (51).

Recommended regimens for this indication include the fol-
lowing:

Betamethasone, 12 mg intramuscularly every 24 hours
for two doses

or
Dexamethasone, 6 mg intramuscularly every 12 hours

for four doses

These corticosteroids have been shown to cross the placenta
and still retain their biologic effects. They have minimal min-
eralocorticoid activity and cause little immune suppression.
Overall, antenatal corticosteroid use has proved to be one of
the most beneficial interventions in the treatment of preterm
labor. Corticosteroids for fetal lung maturity enhancement re-
duce the incidence and severity of respiratory distress syn-
drome in preterm infants, and betamethasone has been shown
to decrease neonatal mortality (52). In addition, intraventric-
ular hemorrhage and necrotizing enterocolitis are decreased
with steroid use (52,53). Consideration should be given as to
whether a patient may benefit from corticosteroid administra-
tion, and decisions individualized. Consultation with an obste-
trician regarding this issue is recommended.

Ve nous Thromb oe mb olism Pre ve nt ion

Pregnancy is a prothrombotic state, and the risk of venous
thromboembolism (VTE) is increased among women who un-
dergo cesarean delivery as compared with vaginal birth (53).
However, there are few data regarding the risk for VTE af-
ter nonobstetric surgery. There are no clear guidelines or rec-
ommendations to address prevention of thromboembolism in
the setting of trauma or abdominal surgery during pregnancy.
Nonpregnant trauma patients with at least one risk factor for
VTE (including estrogen exposure) are recommended to receive
thromboprophylaxis (54,55). In the gravid patient, mechani-
cal prophylaxis, such as pneumatic compression, is reasonable,
and low-molecular-weight heparin (LMWH) prophylaxis can
be considered on a case-by-case basis. For patients with ad-
ditional risk factors for thromboembolism beyond pregnancy
itself, pharmacologic methods should be combined with use of
mechanical approaches.

Consult at ion

Ob st e t rics
Obstetric consultation should be considered for any patient re-
quiring surgery during pregnancy. Because there are few data
to guide clinical management, the American College of Ob-

stetricians and Gynecologists states that “ it is important for
non-obstetric physicians to obtain obstetric consultation be-
fore performing non-obstetric surgery. The decision to use fetal
monitoring should be individualized, and each case warrants
a team approach to ensure optimal safety for the woman and
her baby” (48).

Ane st he sia
Prior to delivering anesthesia care, the anesthesiologist is re-
sponsible for reviewing the medical record, interviewing and
performing a focused examination on the patient, ordering
and reviewing appropriate medical tests, ordering appropriate
medications, ensuring consent for anesthesia is obtained, and
documenting the above in the patient medical record. Preop-
erative anesthesia consultation should be considered in most
cases of nonobstetric surgery during pregnancy, as obstetric
complications that may lead to operative delivery are possible
(56,57).

Ne onat o log y
In the scenario of surgical diseases affecting third trimester
pregnancy, decisions must be made about obstetric and neona-
tal management. This is especially critical for cases at the
threshold of viability. Parents should participate along with
physicians in decisions regarding management, including the
selection of facility for perinatal care, the type of fetal surveil-
lance planned, and whether or not to perform cesarean birth
for fetal indications.

Although the overall prognosis for premature infants has
steadily improved, the morbidity and mortality for extremely
low-birth-weight infants remains high. The mean survival rates
for infants born between 23 and 25 weeks increase from 30% ,
to 52% , to 76% with each additional week of development.
Likewise, the survival for infants weighing 401–800 g ranges
from 11% in those under 500 g to 74% in those over 701 g.
Severe disability is common among survivors in this group of
vulnerable infants.

Neonatal consultation is extremely important for those pa-
tients at risk for preterm birth, particularly in the “periviable”
period. Parents should be informed about the prospects for
infant survival, the likelihood of various outcomes related to
prematurity, and the potential risks and benefits of treatments
for preterm infants. Decisions regarding the planned level of in-
tervention for the neonate should be documented in the medical
record. Noninitiation of resuscitation for newborns less than
23 weeks or 400-g birth weight is appropriate (58).

PERIOPERATIVE MANAGEMENT

Ane st he sia

The goals of anesthesia for nonobstetric surgery are different
than those of the labor patient. Instead of attempting to pre-
serve uterine tone and minimize fetal sedation, the objective is
to provide effective surgical anesthesia while avoiding stimu-
lating uterine contractions. There is little concern for the effects
of fetal respiratory depression, but instead a focus on uteropla-
cental exchange.

In general, regional or local anesthetics are thought to
be safer than general anesthesia. Regional anesthesia for
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abdominal surgery has the advantage of minimal fetal local
anesthetic drug exposure and is less likely to be associated with
airway complications. Local anesthetics are not known to be
teratogenic when used in this clinical setting.

Due to the risk of aspiration from gastroesophageal (GE) re-
flux and delayed gastric emptying, it is customary to administer
a nonparticulate antacid or H2 blocker as well as medication to
improve GE sphincter tone preoperatively. If general anesthesia
is planned, preoxygenation and rapid-sequence intubation are
typically performed. Care should be taken to avoid hyperven-
tilation, as uterine blood flow is impaired. Inhalational agents,
such as isoflurane and others, decrease uterine tone and effec-
tively inhibit labor during surgery.

In general, agents used for general anesthesia during preg-
nancy, including a single dose of benzodiazepines, nitrous ox-
ide, and inhalational agents, have not been shown to be ter-
atogenic. Fetal loss, low birth weight, and perinatal mortality
increases after nonobstetric surgery appear not to be influenced
by the choice of anesthetic in one study of 5,405 operations in
pregnant women (59).

Lap aroscop y d uring Pre g nancy

Various conditions are suitable for treatment via laparoscopic
surgery. In general, laparoscopy has had a good record of safety
during pregnancy. Special considerations for laparoscopy dur-
ing pregnancy might include use of an open technique to gain
access to the abdominal cavity, direct visualization for trocar
placement, and lower insufflation pressures. Laparoscopy is of
limited utility in late pregnancy, when the size of the uterus
obscures views and reduces access to abdominal structures.

Rates of fetal loss in the first trimester have been reported to
be about 10% to 15% , similar to persons with no surgery (60).
The effects of CO 2 on the fetus are unclear. Insufflation with
carbon dioxide has been reported to cause metabolic acidosis
in animal studies but is not known to cause harmful sequelae
in human cases (60,61).

The largest experience with laparoscopy has been reported
by the Swedish Health Registry (2,233 laparoscopies and 2,491
open laparotomies). In both groups, there was an increase in
low birthweight (< 2,500 g) due to fetal growth restriction and
also associated with delivery before 37 weeks. There were no
significant differences between the groups with respect to any
other obstetric outcomes (62). It would seem reasonable to as-
sess fetal growth periodically among patients who have under-
gone nonobstetric surgery. Guidelines for laparoscopic surgery
during pregnancy are displayed in Table 100.4 (63).

De live ry Consid e rat ions

Optimal maternal and infant outcome depends on planning for
contingencies. Action items that might impact care when man-
aging pregnant trauma or surgery patients are listed below:

1. Admit the mother to a facility able to provide appropriate
specialty care, including neonatology and neonatal inten-
sive care unit (NICU) care.

2. Provide level I trauma center care for any gravid trauma
patient whenever possible.

3. Ensure immediate availability of equipment for emergency
delivery, in the emergency room (ER), main operating room

TA BLE 1 0 0 . 4

SOCIETY FOR AMERICAN GASTROINTESTINAL
ENDOSCOPIC SURGEONS GUIDELINES FOR
LAPAROSCOPIC SURGERY DURING PREGNANCY
(2000)

1. Preoperative obstetric consultation
2. If possible, defer operation until second trimester, when

fetal risk is lowest.
3. Use pneumatic compression devices whenever possible, as

pneumoperitoneum enhances lower extremity venous stasis
and pregnancy induced a hypercoagulable state.

4. Monitor fetal and uterine status, and use maternal
end-tidal CO 2 and/or arterial blood gas (ABG).

5. Protect uterus with a lead shield if intraoperative
cholangiography is possible. Use fluoroscopy selectively.

6. Attain abdominal access using an open technique, as the
gravid uterus is enlarged.

7. Shift the uterus off the inferior vena cava by using
dependent positioning/lateral tilt.

8. Minimize pneumoperitoneum pressures (8–12 mm Hg) and
do not exceed 15 mm Hg.

From Lu E, Curet M, El-Sayed Y, et al. Medical versus surgical
management of biliary tract disease in pregnancy. Am J Surg.
2004;188:755–759, with permission.

(OR), intensive care unit (ICU), or surgical unit, where
appropriate. This includes all items for infant resuscitation,
such as warmer bed, oxygen, endotracheal tubes, suction,
other supplies, and emergency medications.

4. Plan for adequate staff to address obstetric issues, including
fetal monitoring and/or emergency delivery.

5. Plan for adequate nursing care for perioperative needs on
labor and delivery ward.

6. Ensure that clear instructions designate which providers
or specialty services are responsible for various aspects of
patient care.

7. Display contact information for the various providers
prominently in patient medical record, in case emergency
evaluation and treatment is necessary.

8. Encourage impeccable communication between specialists,
including general surgery, trauma surgery, obstetrics, anes-
thesiology, neonatology, or others.

9. Obtain consultations early, and document recommenda-
tions or treatment plans.

10. Clearly indicate what the plans are for fetal assessment and
whether or not intervention is planned for indications, such
as emergent cesarean in the event of nonreassuring fetal
heart rate patterns.

11. Delivery timing and route may be individualized. In gen-
eral, delivery at full term (≥ 37 weeks) is the goal. Cesarean
is reserved for usual clinical indications, with the notable
exception of the perimortem patient (Table 100.5).

12. A typical trauma care team for a gravid patient includes
the following:
a. ER physician
b. ER nurse
c. Trauma surgeon
d. Obstetrician
e. OB nurse
f. Anesthesiology
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TA BLE 1 0 0 . 5

IINDICATIONS FOR EMERGENT CESAREAN

Emergent cesarean may be warranted in the following
circumstances:

Fetal heart tones are present (there is a living fetus)
The fetus is at a viable gestational age (≥ 23 to 24 weeks)
Adequate equipment and personnel are available to perform

cesarean
Adequate equipment and personnel are available for neonatal

resuscitation
Lack of response to maternal cardiopulmonary resuscitation

(CPR) within 4 minutes (discussed in text)
Persistent nonreassuring fetal heart rate (FHR) pattern is

present—examples include fetal bradycardia, prolonged
decelerations, or repetitive late decelerations

Deteriorating maternal condition—cardiovascular instability
Direct uterine or fetal injury

g. Pediatrician available
h. NICU or nursery nurse available
i. OR team on standby

Mat e rnal CPR or De at h

Rarely, a pregnant woman is sufficiently unstable to require
cardiopulmonary resuscitation (CPR) or advanced cardiac life
support (ACLS) procedures. To be most effective with CPR, it
is important to recall the physical changes of pregnancy that
affect the efficiency of compressions. Aortocaval compression
by the gravid uterus decreases cardiac output by 25% , and
hypotension in supine position is not uncommon.

The American Heart Association suggests key components
for the resuscitation of the pregnant woman in cardiac arrest,
itemized below (64):

1. left lateral position
2. 100% oxygen
3. IV access and fluid bolus
4. Identification of the cause of cardiac arrest, and considera-

tion of other medical conditions that could complicate ef-
forts to revive the patient

Chest compressions should be done higher on the sternum,
slightly above the center, because of the elevated diaphragm and
abdominal contents. Vasopressors should be used when neces-
sary, but be aware that epinephrine, vasopressin, and dopamine
can decrease uterine blood flow. Maintaining maternal circu-
lation is still the most important means of supporting the fe-
tus, even in the event of maternal CPR. Medication doses and
defibrillation protocols do not change. If fetal or uterine mon-
itors are in place, these should be removed before delivering
shocks. No other changes from the ACLS protocol are ad-
vised. Pregnancy-specific complications that providers should
consider during their resuscitation efforts include magnesium
toxicity, eclampsia, and amniotic fluid embolism (64).

Pe rimort e m Ce sare an

Intact survival of a fetus is most likely when cesarean delivery
is accomplished within 5 minutes of cardiac arrest in a preg-

nant patient (65). A recent report of outcomes after 38 cases
of perimortem cesarean indicated that there were 34 surviving
infants. Of those infants, time of delivery was available for 25
cases. Twelve of 25 (48% ) were delivered within 5 minutes,
and 9 of these 12 infants had no neurologic deficits on follow-
up. Of the remaining cases, four were delivered between 6 and
10 minutes, two between 11 and 15 minutes, and seven de-
livered more than 15 minutes from cardiac arrest. Neurologic
sequelae were present in at least one of the survivors in each
of these groups. Interestingly, of 20 perimortem cesareans with
resuscitable causes, 13 mothers were revived and discharged
from the hospital in good condition (65). Clearly there is a role
for this life-saving procedure for both mother and baby.

Mat e rnal Brain De at h

On rare occasions maternal brain death is identified in a preg-
nant woman while somatic support has been maintained and
the fetus remains alive. Under these circumstances, a determi-
nation must be made as to whether to deliver the fetus immedi-
ately, to initiate supportive care to allow further fetal matura-
tion, or to allow the fetus to die as the mother is removed from
mechanical ventilation. Immediate delivery when gestational
age is consistent with neonatal survival is always preferred.
However, if the mother’s condition permits, it is possible to
support the mother and previable fetus until fetal maturation
allows for neonatal survival. This somatic support can be pro-
vided for extended periods with no apparent neonatal or pedi-
atric sequelae with 2-year follow-up reported (66,67).

Et hical De cision Making

There is a potential for conflicts in decision making between
the clinician and the pregnant woman. Patients may be asked
to consent to procedures that carry some risk to the fetus. Alter-
natively, interventions proposed for fetal benefit may present
a risk to maternal health. Principle-based ethics, based on the
concepts of autonomy, beneficence, and justice, have been used
to aid choices. Providers also need to take into account the
social and cultural context within which the patient is mak-
ing her choices. According to the ACOG Ethical Guidelines,
“Every reasonable effort should be made to protect the fe-
tus, but the pregnant woman’s autonomy should be respected
. . . Intervention against the wishes of a pregnant woman is
rarely if ever acceptable” (68).

In the case of a patient who is incapacitated, state laws vary
with respect to who may serve as a surrogate decision maker.
The designees should base their decisions on the values and
wishes of the patient, which may or may not have previously
been stated in writing. Clinicians should try to anticipate such
scenarios and attempt to adhere to the woman’s wishes re-
garding treatment for herself and/or her fetus. If there is not
consensus about who should be designated, the advice of an
ethics committee should be considered.

INJURY PREVENTION/ REDUCTION
Lack of seat belt use has been shown to contribute to the
severity of maternal and fetal injuries. Knowledge of proper
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seat belt use is low among some patients, especially teens
and those with low education levels. In one survey of 450
pregnant women, only 72.5% reported using the seat belt in
the proper location. Women who always wore restraints were
more likely to report correct placement. 60% of respondents
thought restraints would protect their baby, whereas 11.6%
thought restraints caused injury to the baby, and 37% were
unsure. The most common reasons for lack of use were lack
of comfort (52.8% ) and forgetting (42.5% ). However, only
36.9% of women reported receiving information about seat
belt use during that pregnancy (69). Another survey of 807
women revealed that although 79% of women used safety re-
straints, only 52% of them did so correctly, and only 21%
were educated on proper use during pregnancy (70). Edu-
cational interventions during prenatal care can improve the
proper use of seat belts significantly. At one institution, the
proportion of women reporting correct seat belt placement im-
proved from 70.8% to 83% after instruction during prenatal
care (71).

There are case reports of complications due to seat belts and
air bags, including uterine rupture (72). However, the evidence
to date suggests that correct use of seat belts reduces the likeli-
hood of fetal loss. One statewide study reviewed the experience
of 8,928 women (2.8% of the overall pregnant population)
with a history of motor vehicle crashes during pregnancy. Un-
belted women were 2.8 times more likely to experience a fetal
death after the incident (73). Prenatal care visits and emergency
room encounters provide an opportunity for providers to give
health messages to their patients regarding the importance of
proper seat belt use.

Dome st ic Vio le nce Aware ne ss

Studies indicate that women who experience physical violence
are at higher risk for pregnancy loss and low-birth-weight in-
fants (74). A recent prospective study of pregnant women indi-
cated that among 949 surveyed, low birth weight was increased
in those reporting verbal abuse (7.6% vs. 5.1% ). Also, neonatal
deaths were more common among those with physical abuse
(1.5% vs. 0.2% ). Unexpectedly, 94 women who declined in-
terview had higher rates of low-birth-weight infants (12.8% ),
preterm birth (5.3% vs. 1.2% ), abruption (7.4% vs. 2.2% ),
and NICU admission (7.4% vs. 2.2% ) than those reporting no
abuse (75).

Women generally feel that a provider asking them about
domestic violence in a confidential, private setting is helpful.
Universal screening for domestic violence is recommended by
several professional organizations, such as American Medical
Association (AMA), American College of Obstetricians and
Gynecologists (ACOG), and American Academy of Family
Physicians (AAFP). Behavioral cues that domestic violence may
be an issue include late entry to prenatal care or sporadic atten-
dance at prenatal visits, changes in appointment patterns, over-
protective or threatening partner, or multiple visits for somatic
complaints. Battered women are commonly reported to seek
medical services at eight times the rate of other women, but they
are rarely identified or referred for services. Indeed, battered
women account for up to a quarter of all women seeking emer-
gency medical services and/or prenatal care. Emergency visits
for abdominal complaints or trauma may serve to prompt the
clinician to consider domestic violence as an underlying cause

of symptoms. Should a patient indicate that domestic violence
is a concern, assistance is available from the National Domes-
tic Violence Hotline, 1-800-799-SAFE. This 24-hour, toll-free
hotline provides information and referrals from anywhere in
the United States.
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CHAPTER 101 ■ FETAL MONITORING
CONCERNS
KERI A. BAACKE r RODNEY K. EDWARDS

The care of a pregnant woman poses a special set of challenges.
These challenges are due primarily to the fact that one really
is caring for two separate patients: the woman and her fetus.
To further complicate matters, one of these patients, the fe-
tus, cannot be assessed directly. The needs of one often are
congruent with the needs of the other. However, this may not
always be the case. There are times when interventions under-
taken on behalf of either the pregnant woman or her fetus may
be detrimental to the other. At all times, the needs of each of
these patients must be considered when caring for a pregnant
woman.

IMMEDIATE CONCERNS
Immediate issues that need to be evaluated when caring for a
pregnant woman include viability of the fetus, the gestational
age of the fetus, and assessment of the fetal condition. De-
termination of fetal viability is the first priority in the initial
assessment of a pregnant patient—a diagnosis of fetal demise
eliminates the fetus as a confounding factor in decisions re-
garding maternal treatment. In contrast, confirmation of a live
fetus indicates a need to avoid teratogenic agents and opti-
mize oxygen delivery to the placenta. In either case, one should
consider the physiologic changes that occur during pregnancy
when formulating a plan of care.

Estimation of gestational age is an important factor to estab-
lish as early into the treatment as is possible. If the pregnancy
is near term and nonobstetric surgical treatment is indicated,
delivery of the fetus prior to such treatment may be warranted.
The earliest gestational age at which neonatal survival may oc-
cur is around 23 weeks. However, survival, particularly with-
out significant morbidity, becomes more likely at later gesta-
tional ages. Even prior to the time when ex utero survival is
possible, some treatments may better be avoided for the sake
of the fetus, but as the gestational age advances, discussion re-
garding delivery of the fetus may be appropriate to maximize
treatment to the woman without placing the fetus at unneces-
sary risk.

Finally, fetal assessment is dependent on the current gesta-
tional age. At early gestational ages, assessment includes only
documentation of fetal cardiac activity. At later gestational
ages, the goal of fetal assessment and monitoring is the de-
termination of the adequacy of fetal oxygenation, and, when
necessary, alerting the physician to potential hypoxia and/or
fetal compromise. These indirect assessments of the fetal con-
dition (discussed later in this chapter) allow for intervention,
with the aim of improving fetal oxygenation or delivery if im-
provement does not occur.

SPECIAL CONSIDERATIONS
When instituting therapies for a pregnant patient, the effect
of such therapy on the fetus must be considered. Many treat-
ments provided to pregnant women are also considered to be
in the best interest of the fetus. Optimal maternal oxygena-
tion, blood pressure, temperature, and electrolyte balance ben-
efit both the mother and the fetus. Some therapies, however,
may be detrimental to the fetus, such as certain radiologic pro-
cedures and the administration of some medications. Similar
to the blood–brain barrier, not all medications are transported
across the placenta. This fact allows the use of some treatments
without undue risk to the fetus. However, there are instances
when short-term use of some medications may be acceptable
or when alternate therapies may provide similar benefit with-
out excessive risk to the fetus. Certainly, all of these factors
need to be considered before beginning a course of treatment.
Consultation with a maternal-fetal medicine specialist will pro-
vide appropriate recommendations regarding the effects of the
physiologic changes of pregnancy on the planned treatment
and which medications to avoid.

FETAL OXYGENATION
The placenta develops from trophoblastic cells called the syncy-
tiotrophoblast. As these cells proliferate, the intervillous space
is created. This space is where maternal blood bathes the fe-
tal chorionic villi and where fetal-maternal and maternal-fetal
exchange occurs (1). Although the intervillous space is an area
characterized by low pressure, a pressure differential does ex-
ist and ensures adequate circulation. The maternal arteriolar
pressure exceeds the pressure in the intervillous space, which
exceeds the pressure in the maternal veins. The placenta itself
is a low-resistance organ, and, accordingly, the pressure dif-
ferential across the intervillous space is small. Therefore, the
vascular resistance of the maternal arteries governs the rate
of flow into and across the intervillous space. During uterine
contractions, venous pressure increases. This increased venous
pressure causes cessation of flow into the intervillous space.
However, the villous space becomes somewhat dilated during
a contraction, allowing for continued contact with maternal
blood and continued gas exchange, although with reduced ef-
ficiency.

The placenta has a high rate of oxygen consumption. It
serves as the main organ of gas and nutrient exchange for the
fetus (2). However, oxygen extracted at the fetal-maternal in-
terface serves not only the fetus, but the placenta as well. This
highly metabolic organ uses as much, and possibly more, of
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the total oxygen and nutrients as the fetus to maintain its own
growth and metabolism (3).

Oxygen consumption remains constant over a wide range
of changes in oxygen delivery and will decrease only when ex-
traction is maximal and delivery is further reduced (4). A 50%
reduction in uterine blood flow is compensated by an increase
in umbilical blood flow and an increase in oxygen extraction
to maintain oxygen delivery with no change in fetal oxygen
consumption (5). This compensatory mechanism remains ade-
quate only with short-term reductions in uterine blood flow. A
critical point exists below which oxygen uptake becomes de-
pendent on oxygen delivery (6). Long-term reductions result in
decreased consumption secondary to the decrease in delivery.
Below this threshold, tissue hypoxia occurs, there is an inabil-
ity to maintain oxidative metabolism, and fetal acidemia results
(7). A chronic decrease in oxygen consumption also will lead
to decreases in both fetal growth and fetal activity in an effort
to conserve oxygen for cellular homeostasis (8).

Evidence in sheep indicate that low oxygen-diffusing ca-
pacity may be the limiting factor in equilibration of maternal
and fetal PO 2 across the placenta, particularly in the setting
of fetal growth restriction (9). At high altitudes, the diffusion
capacity for oxygen increases in an effort to compensate for the
low maternal PO 2 (10). The administration of maternal oxy-
gen has no effect on uterine or umbilical blood flow but does,
however, increase the fetal venous PO 2. In situations where fe-
tal oxygen consumption is normal, no increase in fetal oxygen
consumption occurs (11). In situations in which fetal oxygen
consumption is decreased, maternal administration of oxygen
will increase fetal oxygen consumption to near-normal range
(12).

The placenta carries oxygenated blood to the fetus via the
umbilical vein, while deoxygenated blood is carried back to the
placenta via the two umbilical arteries. The human fetal um-
bilical venous PO 2 is low compared to postnatal standards—
around 30 mm Hg. Despite this low PO 2, adequate amounts
of oxygen can be delivered to the fetal tissues. This delivery is
facilitated by the high fetal cardiac output, relative to its body
size, and the affinity of fetal hemoglobin for oxygen (13). This
situation highlights the importance of the high affinity that fe-
tal hemoglobin has for oxygen. Fetal hemoglobin’s high affin-
ity for oxygen ensures that virtually all of the fetal hemoglobin
is maximally saturated, even at the low PO 2 of the fetal um-
bilical venous blood. This affinity can be altered by factors
such as acidosis and temperature. An increase in pH or a de-
crease in temperature causes a shift of the hemoglobin oxy-
gen dissociation curve to the left, indicating a higher oxygen
affinity.

The transfer of carbon dioxide across the placenta is lim-
ited by the diffusion capacity. The placenta is highly permeable
to carbon dioxide, and transfer across the chorionic villi is ac-
complished faster than the transfer of oxygen. Also favoring the
transfer of carbon dioxide is the higher affinity that maternal
blood has for carbon dioxide compared to fetal blood. Finally,
the mild respiratory alkalosis that is normally present in the
pregnant woman results in a lower PCO 2, further enhancing
the transfer of carbon dioxide from the fetus to the maternal
blood. These physiologic changes also can work to alter the
fetal acid-base balance. Alterations in maternal PCO2 content
can lead to disturbances in the fetal PCO2 content. If maternal
PCO 2 is abnormally elevated, fetal transfer is hindered and will
result in elevations of fetal PCO 2 and fetal acidosis.

Glucose is a major energy source for the fetus. The fetus
primarily obtains glucose from maternal blood, but this may
be supplemented by its own glycogenolysis. Fetal glucose dep-
rivation does not alter the weight-specific glucose utilization
by the fetus. Instead, this utilization causes fetal hypoglycemia,
which results in an increase in the maternal-fetal glucose gradi-
ent, and thus increased glucose transport across the placenta.
Glucose transport is limited by the availability of transport pro-
teins in the placenta as well as maternal blood glucose levels
(2). This facilitated transport differs from that of oxygen and
carbon dioxide, which is dependent solely on simple diffusion.
Severe glucose deprivation and the resultant decrease in placen-
tal uptake may result in fetal growth abnormalities due to the
decrease in available substrate (3). Chronic glucose depriva-
tion will decrease glucose utilization and increase glycogenol-
ysis and gluconeogenesis by the breakdown of fetal protein.
This net protein loss results in fetal growth disturbances and
ultimately may lead to growth restriction.

Transport of waste includes lactate. With a drop in oxygen
supply and a change to anaerobic metabolism, the fetus be-
gins to produce large amounts of lactate. In this situation, the
placenta becomes a major source of lactate clearance from the
fetal circulation (14). The placenta, in response to decreased
glucose supply, will decrease its consumption of glucose and
increase its consumption of lactate to account for the glucose
deficit (15).

FETAL MONITORING
Electronic fetal monitoring, introduced in the 1960s, has be-
come ubiquitous in labor and delivery units in developed coun-
tries. This type of fetal monitoring typically is used at any ges-
tational age at which ex utero survival is possible. It requires
very little in preparation or maintenance but does require an
experienced interpreter. This technique results in a continuous
tracing of the fetal heart rate, coupled with a tracing of uterine
activity.

Regulation of the fetal heart rate is governed by a com-
plex interplay of the sympathetic and parasympathetic nervous
systems (16). The sympathetic nervous system exerts influence
through the release of norepinephrine, which accelerates the
heart rate and increases inotropy. The parasympathetic ner-
vous system influences the fetal heart through the vagus nerve.
Stimulation of the vagus nerve leads to a decrease in the heart
rate. The fetal heart rate variability results from the constant
“push-pull” of these two systems. Gestational age has some
effect on the fetal heart rate, with a general decrease in the
baseline heart rate occurring with advancing gestation. Finally,
fetal heart rate tracing reactivity is defined by the presence of
fetal heart rate accelerations. These transient increases in base-
line fetal heart rate are due to fetal movement. The presence
of reactivity is associated with central nervous system matu-
ration and virtually always is present in a normal fetus after
32 weeks gestational age (17). The absence of fetal heart rate
variability for periods of more than 1 hour, and especially in
the presence of fetal heart rate decelerations, is associated with
fetal acidemia (18).

Decelerations occur when the fetal heart rate falls below the
baseline heart rate and are classified according to their location
in relation to uterine contractions and their appearance. Differ-
ent types of decelerations are caused by different mechanisms.
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FIGURE 101.1. Early decelerations. Early decelerations mirror the contraction and are not associated
with fetal compromise.

Therefore, each type of deceleration has different implications
for fetal well-being.

■ Early decelerations: Early decelerations begin at the onset of
uterine contractions and appear to mirror the contraction
(Fig. 101.1). They are believed to be caused by pressure on
the fetal head. This pressure results in an alteration in cere-
bral blood flow and stimulation of the vagal center, with a
subsequent decrease in the fetal heart rate. Early decelera-
tions generally are not associated with other ominous find-
ings and are not associated with fetal hypoxia, acidosis, or
low Apgar scores.

■ Variable decelerations: Variable decelerations are caused by
intermittent umbilical cord compression. Although they oc-
cur most often during uterine contractions, they may occur
at variable times in relation to uterine contractions and may
occur even in the absence of contractions (Fig. 101.2). The
physiologic basis for these decelerations results from either
a chemoreceptor or a baroreceptor response. On initial cord
occlusion, there is an increase in fetal peripheral resistance
caused by the interruption of the low resistance placental cir-
culation. This results in fetal hypertension and stimulation
of the baroreceptors. The baroreceptor response activates
the vagus nerve, resulting in fetal heart rate deceleration.
Along with the rise in pressure, there is a fall in fetal PO2
with umbilical cord compression. This decrease in arterial
oxygen content leads to chemoreceptor activation and stim-
ulation of vagal activity. Frequently, “shoulders” can be seen
both preceding and following these variable decelerations.
These transient increases in fetal heart rate are a result of
venous occlusion and a decrease in blood return to the fetal
heart. This decreased cardiac output leads to a compensatory
rise in heart rate. Mild or isolated variable decelerations are
benign. However, repetitive moderate or severe variable de-
celerations may indicate fetal compromise (Table 101.1).

■ Late decelerations: Late decelerations occur late in relation
to the uterine contraction. Their onset begins after the con-
traction begins, and they resolve after the resolution of the
contraction (Fig. 101.3). These decelerations occur as a re-
sult of decreased uteroplacental oxygen delivery to the fe-
tus. This intermittent hypoxia, which may or may not be
associated with fetal acidemia, also results in fetal hyper-
tension, leading to both a chemoreceptor and baroreceptor
response. In the presence of fetal acidemia, this response
may also be mediated by direct myocardial depression (17).
There are many clinical causes of late decelerations, primar-
ily those that result in maternal hypotension or decreased
uterine blood flow. Persistence of late decelerations, espe-
cially in the absence of fetal variability, is an ominous sign
of fetal compromise.

Other fetal heart rate patterns may be seen in the presence
of fetal central nervous system dysfunction. Although the nor-
mal fetus may have episodes of decreased heart rate variability
of 30 to 40 minutes due to sleep, fetuses with central nervous
system dysfunction may exhibit persistently diminished vari-
ability. Unstable, or wandering, baseline heart rates also may
be seen. Sinusoidal patterns also can be seen in the presence of
fetal central nervous system dysfunction. These patterns resem-
ble a sine wave, with a frequency of 3 to 5 cycles per minute
and an absence of fetal heart rate variability. Severe fetal ane-
mia is another potential cause of a sinusoidal fetal heart rate
tracing (17).

ANTENATAL TESTING
In addition to fetal heart rate monitoring during labor, cer-
tain situations may indicate periodic assessments of fetal
well-being during the antepartum period. Several of these
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TA BLE 1 0 1 . 1

CLASSIFICATION OF VARIABLE DECELERATIONS

Classification Nadir Duration

Mild variable Greater than
100 beats/min

Less than 30 sec

Moderate variable Greater than
60 beats/min

Less than 60 sec

Severe variable Less than 60 beats/
min or drop of
greater than
60 beats/min
from baseline

Greater than 60 sec

methods of antepartum fetal surveillance require only elec-
tronic fetal monitoring, whereas some involve the use of ultra-
sound. The primary indication for most aspects of fetal surveil-
lance is the need to evaluate a potentially viable fetus where
there is a concern for fetal hypoxia or death, as well as to as-
sess the likelihood of stillbirth during the subsequent week.
The goal of fetal surveillance is to identify early fetal hypoxia
and prevent prolonged or severe hypoxia that results in perina-
tal asphyxia. Most tests of fetal well-being lack specificity and
have a low positive-predictive value but are used because of
their high negative-predictive value. They are frequently used
in high-risk obstetric patients but are of limited value when the
maternal condition is changing rapidly.

Nonst re ss Te st

Nonstress testing involves fetal heart rate monitoring for a pe-
riod of 20 to 40 minutes. The underlying premise for this test
relates to the fact that a nonacidotic, neurologically intact fe-

tus will have fetal heart rate accelerations in response to fetal
movement. The presence within a 20-minute window of two
fetal heart rate accelerations lasting at least 15 seconds, that
peak at least 15 beats per minute above the baseline, charac-
terizes a ‘reactive’ nonstress test and is reassuring (Fig. 101.4).
The absence of these accelerations requires further testing or
delivery, depending on the gestational age. Fetuses at less than
32 weeks gestational age may not have reactive nonstress tests
despite the absence of compromise (19). The nonstress test is
simple to perform and generally is required on admission for
initial evaluation of fetal well-being. A reactive test is highly
reassuring, with a false-negative rate of 1.9/1,000 (20).

Cont ract ion St re ss Te st

Contraction stress testing can be used as a follow-up test to a
nonreactive nonstress test or used alone for fetal evaluation.
This test requires at least three spontaneous or elicited con-
tractions during a 10-minute window and evaluates the fetal
heart response to these contractions. Due to the necessity of
uterine contractions, this test is contraindicated in various sit-
uations, including significantly preterm gestations and those
in whom labor is contraindicated. The underlying premise for
this test involves the idea that fetal oxygenation will transiently
worsen in the presence of uterine contractions. In the already
compromised fetus, this will result in late decelerations. The
contraction stress test is interpreted based on the presence or
absence of late decelerations. A positive contraction stress test
is one in which late decelerations occur with at least 50% of
contractions and generally indicates that delivery is warranted.
A negative test result with no late decelerations is highly reas-
suring, with a false-negative rate of only 0.3/1,000 (Fig. 101.5)
(20).

FIGURE 101.2. Variable decelerations. Variable decelerations occur at various times in relation to the
contraction and are a result of transient umbilical cord compression.
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FIGURE 101.3. Late decelerations. Late decelerations occur late in relation to the contraction and may
be a sign of fetal compromise.

Biop hysical Profile

The biophysical profile consists of a nonstress test and an ul-
trasound evaluation of several parameters. This test can be
performed as a follow-up test to a nonreactive, nonstress test

or can be used as a form of surveillance on its own. The bio-
physical profile attempts to evaluate the fetus in terms of acute
and chronic compromise. The nonstress test is one of the pa-
rameters used for evaluation. In addition, an ultrasound ex-
amination seeks to evaluate the amount of amniotic fluid, fetal
tone, gross body movements, and fetal breathing movements

FIGURE 101.4. Reactive nonstress test. This nonstress test is reassuring, indicating fetal well-being.
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FIGURE 101.5. Negative contraction stress test. This contraction stress test is negative, indicating good
fetal reserve.

(Table 101.2). The final score is derived from these various
assessments, and intervention is based on both the score and
gestational age. There are no contraindications to its use, and
the entire evaluation takes less than an hour to complete. Many
factors may alter the results of the biophysical profile, includ-
ing maternal sedation, drug use, or hypoglycemia. There is a
high correlation with low scores and fetal compromise, and
the best predictor of perinatal mortality appears to be the ab-
sence of fetal tone (21). Unfortunately, none of these parame-
ters is able to predict acute events such as placental abruption
or a cord accident. A normal biophysical profile score of 8
or 10 is very reassuring—the false-negative rate is 0.8/1,000
(20).

Dop p le r Ve locime t ry

Doppler assessment can be accomplished with the use of color
Doppler during an ultrasound examination. The umbilical
artery is the most widely interrogated vessel for fetal surveil-
lance. In normal fetuses, the umbilical artery has a high di-
astolic velocity due to low placental resistance (Fig. 101.6).
In the presence of placental injury or pathology, the umbilical
artery resistance may be increased. As this resistance rises, dias-
tolic flow decreases. With high levels of resistance, this diastolic
flow may cease, or even more concerning, actually may become
reversed (Fig. 101.7). Reversed end diastolic flow in the um-
bilical artery is associated with significant perinatal morbidity

TA BLE 1 0 1 . 2

COMPONENTS AND SCORING OF THE BIOPHYSICAL PROFILEa

Parameter Score = 2 Score = 0

Nonstress test Reactive with greater than 2 accelerations
in 20-min time period

Non-reactive

Fetal breathing At least one episode of fetal breathing for
greater than 30 sec

Less than 30 sec of
breathing

Fetal tone At least one episode of active extension
and flexion

No flexion/extension

Gross movement 3 or more limb or body movements in
30 min

Less than 3 movements in
30 min

Amniotic fluid Single vertical pocket greater than 2 cm Largest fluid pocket less
than 2 cm

aScore is 2 or 0 for each parameter.
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FIGURE 101.6. Doppler velocimetry. Normal umbilical artery
Doppler waveform.

and mortality. Although large-scale studies have not been per-
formed using umbilical artery Doppler as the main method
of surveillance, small randomized controlled trials have indi-
cated that it is a highly effective means of monitoring, with
a negative-predictive value approaching 100% (22). A recent
meta-analysis confirms the utility of Doppler assessment in the
setting of growth restriction and notes a reduction in the num-
ber of perinatal deaths with the use of this technology (23).
Doppler assessment has not been shown to be of value in the
general obstetric population as a form of fetal surveillance in
the absence of fetal growth restriction (24).

Doppler interrogation of the middle cerebral artery also has
been shown to be of benefit in certain situations. In the setting
of significant fetal anemia, the blood is “ thinner” and the car-
diac ejection fraction increases. This increase forces an increase
in the velocity of blood through the middle cerebral artery.
Periodic middle cerebral artery interrogation is replacing the
assessment of amniotic fluid for monitoring fetuses at risk of
anemia (25). The use of Doppler measurements from the um-

FIGURE 101.7. Abnormal Doppler velocimetry. This umbilical artery
Doppler waveform shows reversed end diastolic flow, indicating in-
creased placental resistance.

bilical artery or middle cerebral artery outside of the clinical
settings described or the use of measurements from other ves-
sels currently is investigational.

ADJUNCTS TO INTRAPARTUM
FETAL HEART RATE MONITORING

Fe t al Scalp Samp ling

As mentioned previously, decelerations can occur in the absence
of fetal hypoxia or acidemia. In an effort to delineate fetuses
with decelerations and acidemia from those with normal pH,
fetal scalp sampling may be performed. This is accomplished
by taking a blood sample from the fetal scalp. The normal fetal
scalp pH is 7.25 to 7.35, with values below 7.20 considered
acidotic (17). This direct evaluation of fetal pH has limitations,
in that this test can be performed only in the presence of la-
bor with ruptured membranes. Therefore, this technique is not
available for evaluating the preterm fetus, or even the term fe-
tus when the membranes are intact, which limits its use to the
intrapartum course. However, in the appropriate setting, this
test can be an invaluable tool in the assessment of fetal acido-
sis. This metabolic acidosis can be treated with an adequate
supply of oxygen. If the hypoxic insult is reversible, intrauter-
ine resuscitation is preferred to immediate delivery. This can
be accomplished with various techniques to improve maternal,
and thus fetal, oxygenation, including the administration of
supplemental oxygen and maternal position changes.

Many studies have evaluated fetal scalp stimulation and its
relation to fetal pH. Fetuses with a fetal heart rate acceleration
in response to digital stimulation of the scalp reliably have a pH
of greater than 7.20. However, of fetuses without accelerations,
50% have a normal pH, whereas the remaining 50% are noted
to be acidotic (26). Because digital stimulation of the fetal scalp
can be performed when the membranes are intact, it requires
only a cervix that is dilated. Therefore, this more simple eval-
uation of fetal pH can be used without ruptured membranes,
although its use is still confined to evaluation of the fetus during
labor.

Fe t al Pulse Oxime t ry

Fetal pulse oximetry, introduced in the 1980s, initially held
promise as a method to further assess the fetal oxygen status in
the presence of a nonreassuring fetal heart rate tracing (27). As
mentioned previously, the presence of late decelerations does
not always indicate a state of persistent hypoxia or acidemia.
The ability to directly monitor the fetal arterial oxygen sat-
uration was thought to be an advancement in the ability to
accurately predict those fetuses in need of more rapid delivery.
A large randomized controlled trial was performed to assess the
clinical utility of fetal pulse oximetry in the setting of a non-
reassuring fetal heart rate tracing. Unfortunately, the results
revealed no benefit in terms of overall cesarean delivery rate,
with increased cost in the group using pulse oximetry (28). In
response to this study, fetal pulse oximetry is not recommended
for routine use and should be used only in the setting of a spe-
cific research protocol.
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ST Se g me nt Analysis

One of the newest advancements in the field of fetal assessment
and electronic fetal monitoring is the ability to combine stan-
dard fetal heart rate assessment with an automated analysis of
the fetal electrocardiogram, ST waveform analysis. Abnormal-
ities in fetal heart rate tracings, as mentioned previously, have
a low predictive value for neonatal acidemia. Fetal ST segment
analysis is based on the observation that fetal hypoxia results in
characteristic changes in the ST segment as well as the T wave
on the fetal electrocardiogram. These changes are thought to be
caused by anaerobic metabolism resulting from fetal hypoxia
(29). A large Swedish trial comparing electronic fetal moni-
toring alone with electronic fetal monitoring and ST segment
analysis showed a reduction in neonates born with metabolic
acidosis when using ST segment analysis (30). Although this
technology is not currently used in the United States, trials in
this country currently are ongoing and should be reported in
the very near future. If future trials support this improved sen-
sitivity in the detection of fetuses with acidosis, ST segment
analysis will provide more objective data to allow better iden-
tification of those fetuses at risk. ST segment analysis is limited
by the need to have a fetal scalp electrode in place. Therefore,
it is invasive and can be employed only during labor after the
membranes have been ruptured.

HYPOXIA

Acut e Ad ap t at ions

To understand fetal oxygenation, it is necessary to first under-
stand the relationship of maternal to fetal oxygen delivery. As
we know from the oxygen dissociation curve, at high partial
pressures of oxygen, more oxygen can be bound to hemoglobin.
As the hemoglobin protein binds each oxygen molecule, its
affinity for oxygen is increased. The opposite also is true, in
that, as the oxygen is unloaded at the tissue level, the affin-
ity decreases, allowing for easier uncoupling and supply to the
tissue. Various other factors, including pH, temperature, and
organic phosphates, can alter that binding. An increase in tem-
perature or decrease in pH causes a decrease in hemoglobin’s
affinity for oxygen, whereas a decrease in temperature or an
increase in pH increases the affinity.

Carbon dioxide in the fetal circulation is exchanged for oxy-
gen from the maternal circulation at the placental interface. The
partial pressure of oxygen in the fetal circulation is much lower
than that in the maternal circulation. It is this gradient that al-
lows for oxygen transport to the fetus. Fetal hemoglobin is
structurally different from adult hemoglobin, consisting of al-
pha and gamma chains rather than alpha and beta chains. Fetal
hemoglobin has an increased affinity for oxygen compared to
maternal hemoglobin. This difference in oxygen affinity allows
for placental uptake of oxygen even at low partial pressures of
oxygen, as is typical in the fetal circulation. At this lower par-
tial pressure of oxygen, the maternal hemoglobin readily is able
to unload oxygen, while the fetal hemoglobin readily attracts
it. Due to these factors and other adaptations, including a high
fetal cardiac output, the fetus normally is able to supply an
adequate amount of oxygen to its tissues.

Fetal hypoxia results from either a reduction in placental
blood flow or a reduction in oxygen delivery. The process be-
gins with hypoxemia, a reduction in the amount of oxygen car-
ried in the blood as a result of decreased PO 2. Although there
are attempts at compensation, if these compensatory mech-
anisms fail, tissue hypoxia results. Energy requirements then
are met using anaerobic mechanisms. However, when anaer-
obic metabolism is insufficient for continued energy demand,
permanent tissue damage, organ failure, and asphyxia result
(31).

Acute hypoxemia may result from several situations. Cord
compression, uterine contractions, and maternal hypotension
are frequent causes. Several defense mechanisms allow the fetus
to adapt to acute hypoxemia. The fetal brain has a proportion-
ally higher rate of oxygen consumption and therefore requires
a high rate of oxygen delivery. To maintain adequate oxygena-
tion, even during times of hypoxemia, the brain is perfused
preferentially over other organ systems (32). To shunt blood to
the brain, vasoconstriction occurs in the gastrointestinal tract,
the skin, and other less essential organ systems. This redistri-
bution of cardiac output via selective peripheral vasoconstric-
tion is mediated by carotid artery chemoreceptor activation.
What results is both a decrease in blood flow and oxygen de-
livery to the peripheral tissues. The accompanying vasodilation
that occurs in the brain is most pronounced in the fetal brain-
stem. Consequently, it has been noted that the fetal brainstem
is more resistant to hypoxic damage than are other areas of
the brain (33). Tissue mediators, most importantly adenosine,
mediate this cerebral vasodilation in response to acute hypox-
emia. Adenosine is felt to be neuroprotective in the presence
of hypoxemia by controlling oxygen consumption in the brain
(34). Certainly, other mediators also influence the vasodilatory
effect in the fetal brain; there are suggestions regarding the roles
of nitric oxide and opioids. To what degree these other medi-
ators affect the cerebral response to hypoxemia still is under
investigation (35).

Along with circulatory centralization mediated by chemore-
ceptors, metabolic centralization also occurs. Metabolic cen-
tralization refers to the fetus’s ability to reduce oxygen con-
sumption in the setting of hypoxemia. This process allows the
fetus to decrease oxygen delivery to peripheral tissues and al-
lows for increased oxygen delivery to more vital organs. There-
fore, when oxygen is in short supply, oxygen delivery still can
be maintained to organs such as the brain, heart, and adrenals
for continued oxidative metabolism (4). These changes in fetal
metabolism contribute to compensatory adaptations to acute
hypoxemia. A decrease in oxygen delivery can be compensated
for a time. However, once oxygen delivery falls below a critical
level, oxygen consumption also falls. Anaerobic metabolism
of glycogen allows for maintenance of organ functions in the
presence of continued hypoxemia. This anaerobic metabolism,
however, leads to the production of lactate and a resulting
metabolic acidosis. Lactate accumulates in the fetal tissue and
leads to metabolic acidemia. Thus, assessment of fetal pH gives
an indirect measure of fetal oxygenation.

Hypoxemia results in decreases in fetal breathing move-
ments, rapid eye movements, general muscle tone and activity,
and baseline heart rate (36). These changes minimize the fetus’s
consumption of oxygen and allow a greater proportion of the
cardiac output to be used for maintaining the oxygen supply
to the brain (37). Resumption of these activities will occur af-
ter several hours, even in the presence of continued hypoxia,
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as the fetus begins to adapt to a chronic hypoxic condition
(38).

Hypoxia affects the fetal heart with a resulting drop in fetal
heart rate and ventricular output. There is an elevation in blood
pressure but only a small increase in stroke volume (4). To meet
the oxygen requirements of the heart, coronary and myocar-
dial blood flow is increased. If hypoxia progresses to acidemia,
direct myocardial depression occurs, possibly related to deple-
tion of cardiac glycogen stores. This myocardial depression,
in turn, may cause late decelerations seen on fetal heart rate
monitoring.

The fetal kidney also is affected by hypoxia. With increas-
ing hypoxia, renal blood flow is decreased, and renal vascular
resistance is increased in keeping with the redistribution of car-
diac output to the brain, heart, and adrenal glands described
previously (39). Prolonged hypoxia will result in a fall in the
glomerular filtration rate and a decrease in urine output. The
result will be a decrease in the amniotic fluid volume. Studies in
sheep show that during recovery from hypoxia, the glomerular
filtration rate and urine production actually will increase over
control values (40).

Chronic Ad ap t at ions

Much of our understanding of the fetal response to chronic
oxygen deprivation is a result of animal studies. Prolonged
periods of umbilical cord occlusion and reductions in uter-
ine blood flow result in chronic hypoxia for the fetus. The
response to chronic hypoxia is different from the response to
an acute hypoxic event. In an effort to continue to supply ad-
equate amounts of oxygen to the peripheral tissues, plasma
hemoglobin concentrations rise. Vascular endothelial growth
factor and erythropoietin are part of the endocrine response
to chronic hypoxia. These factors have neuroprotective effects
through both direct action on the neuron and stimulation of
angiogenesis and thus act to reduce neuronal injury in the
presence of hypoxia (41). Blood flow, previously centralized
to the brain, begins to normalize. Although cardiac output is
depressed by continued hypoxia, the cerebral vasodilation and
cerebral blood flow is maintained. Some studies have shown
that under chronic hypoxic conditions, an increase in the syn-
thesis of adrenomedullin, a vasodilator in the fetal cerebral
cortex, may allow adequate oxygen delivery, even under low
oxygen conditions (42). The increased cerebral blood flow to
the brainstem that occurred acutely continues as the hypoxia
becomes chronic.

Vascular resistance is increased in the setting of chronic hy-
poxia. This elevated resistance continues to allow the shunting
of blood and oxygen preferentially to the brain. Maintenance
of brain growth continues to be a priority even in the presence
of continued hypoxia. Other organ systems grow at a dispro-
portionately slower rate, and overall fetal weight is slowed.
Meanwhile, the increased resistance in vascular beds, such as
the gastrointestinal tract, may set the stage for neonatal compli-
cations such as necrotizing enterocolitis. This increase in vas-
cular resistance is evident in Doppler studies of the umbilical
arteries.

Some evidence points to changes in the venous circulation
with chronic hypoxia. It has been noted that ductus venosus
flow is increased in the fetus during periods of hypoxia (43).
The increase in ductus venosus flow results in a decrease in flow

through the liver, and the fall in hepatic perfusion may impair
the liver’s ability to synthesize and store glycogen. This situa-
tion leads to a decreased substrate available for continued fetal
growth. The increase in ductus venosus flow is maintained,
even in the presence of severe growth restriction. Some studies
have associated a finding of decreased or absent flow in the duc-
tus venosus during atrial systole as a late finding in the fetus’s
response to hypoxia. This finding has been further implicated
in poor perinatal outcome (44).

Deep inspiratory efforts and fetal gasping occur with se-
vere hypoxia/asphyxia. Although this inspiratory-like reflex is
not effective in the fetus, it has been reported as a preterminal
event in animal studies. With normalization of fetal oxygena-
tion, even after prolonged periods of hypoxia, fetal breathing
movements and fetal movements can return to normal. These
events may occur, however, even in the presence of significant
brain damage, including reduced myelination and periventric-
ular necrosis (45). Therefore, fetal heart rate monitoring is
limited in its ability to predict poor outcome in cases when
significant hypoxic episodes occurred prior to the monitoring
period. Prolonged periods of hypoxia have an effect on fetal
heart rate—similar to the effect on fetal movements. Initially,
bradycardia may be noted, followed by a reflex tachycardia.
However, in the absence of acidemia, fetal heart rate will re-
turn to normal baseline after 12 to 16 hours (46).

SUMMARY
The presence of the fetus and the physiologic changes that occur
during pregnancy significantly complicate the care of the preg-
nant woman. The ability to accurately evaluate the status of
the fetus is limited by current technology. Although most tests
of fetal surveillance can reassure the clinician that the fetus is in
good condition, the positive-predictive value of nonreassuring
results is low, and testing may lead to intervention when the
fetus actually is not in jeopardy. As newer methods of evalu-
ating the fetal response to stress and hypoxia are developed,
our ability to accurately identify fetuses truly at risk will im-
prove. Despite the limitations of the current methods, frequent
monitoring of fetal status in the pregnant critically ill patient
is used to guide treatment. Consultation either with maternal-
fetal medicine specialists or general obstetrician-gynecologists
will improve the ongoing care of pregnant patients, as these
physicians are more familiar with the physiologic changes that
occur in pregnancy and the methods used to evaluate the fetus.

PEARLS
■ Determination of fetal viability is the first priority in the

initial assessment of a pregnant patient.
■ Fetal hemoglobin’s high affinity for oxygen ensures maximal

saturation of fetal hemoglobin.
■ The primary indication for most aspects of fetal surveillance

is the need to evaluate a potentially viable fetus when there
is a concern for fetal hypoxia or death.

■ The goal of fetal surveillance is to identify early fetal hy-
poxia and prevent prolonged or severe hypoxia resulting in
perinatal asphyxia.
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■ Persistence of late decelerations, especially in the absence
of fetal heart rate variability, is an ominous sign of fetal
compromise.

■ Antenatal fetal assessment includes the use of a nonstress
test, biophysical profiles, and Doppler velocimetry.

■ To maintain adequate oxygenation, even during times of
hypoxemia, the brain is perfused preferentially over other
organ systems.

■ When oxygen is in short supply, oxygen delivery still can be
maintained to organs such as the brain, heart, and adrenals
for continued oxidative metabolism.

■ Although the negative-predictive values are high, the
positive-predictive values of all tests of fetal well-being are
low.

■ Consultation either with maternal-fetal medicine specialists
or general obstetrician-gynecologists is recommended.
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CHAPTER 102 ■ THE OBESE SURGICAL
PATIENT IN THE CRITICAL CARE UNIT
ADRIAN ALVAREZ r JUAN C. CENDAN

Throughout the economically developed world, the incidence
of obesity is rising at epidemic proportions. University medi-
cal centers are reporting that 25% of routine surgical patients
are obese, and at least 10% of all patients are morbidly obese.
Given the increasing prevalence of obesity in the general pop-
ulation, it is not surprising that many morbidly obese patients
undergoing surgery are treated in intensive care units (ICU).
Nevertheless, the real prevalence of critically ill morbidly obese
patients, even in the United States, is not known. A retrospec-
tive study has allowed researchers to estimate that the incidence
rate of morbidly obese patients requiring nonsurgical intensive
care treatment approaches 14 cases per 1,000 ICU admissions
annually. Bariatric surgical procedures alone have increased in
the United States from 37,000 cases in 2000 up to 200,000 in
2006 as reported by the American Society for Bariatric Surgery
(1).

The critically ill morbidly obese surgical patient presents
the critical care team with many unique problems (2). As a re-
sult, every health care provider eventually involved in surgical
procedures must be familiar with the management of morbidly
obese patients, not only for bariatric procedures, but also for all
types of surgery (3,4). Morbidly obese patients have an eight-
fold higher mortality rate after blunt trauma than nonobese pa-
tients presenting with the same diagnosis (5). Retrospective re-
views of morbidly obese patients—hospitalized with or without
ICU requirements—have shown significant increases in length
of ICU stay, mortality, and duration of mechanical ventilation
(6–9).

The pathophysiologic consequences of obesity involve
all major organ systems (10). Conditions such as dia-
betes mellitus and hyperlipidemia are associated with obe-
sity and contribute to chronic morbidity in the obese.
However, the main concerns for the intensivist, anesthesi-
ologist, and surgeon have been the same for over three
decades: the derangements of the cardiopulmonary system
(11,12).

The perioperative care of these patients must be understood
as a continuous, indivisible, and dynamic process that re-
quires multidisciplinary involvement from surgeons, anes-
thesiologists, internists, and intensivists. Collaborative and
coordinated activity within the surgical team is vital in these
scenarios involving the morbidly obese (13). In this chapter,
we will discuss cardiac and respiratory diseases in the mor-
bidly obese patient undergoing a surgical procedure, following
the above-mentioned focus, from preoperative assessment to
postoperative care.

SPECIFIC SURGICAL ISSUES
Obese patients undergoing emergency general surgery are
particularly challenging for the team managing the pa-
tient before and after surgery. These patients occasion-
ally present with more advanced disease than otherwise
might be expected due to the obesity causing delays in
diagnosis.

The first decision to be made is whether or not the procedure
can be performed laparoscopically, or if an open procedure is
required. Where possible, it has been our practice to perform
emergency surgery laparoscopically in obese patients; there is
evidence to support this approach for laparoscopic appendec-
tomy and cholecystectomy. However, these patients require an
additional level of expertise in the operating theater, not only
from the surgeon and anesthesiologist, but also from the equip-
ment handlers and the assistants. Colon cases and other cases
involving more complicated visceral dissection may be detri-
mental if performed laparoscopically.

Obese patients are at higher risk for wound infection.
The worst-case scenario develops when an obese patient evis-
cerates in the postoperative period. Emergent management
will require closure, but this may not be technically feasi-
ble. These patients may require leaving the abdomen “open”
with packing, and the patient will generally be intubated and
paralyzed until the abdominal contents can be reduced or
sufficient granulation develops that allows the construct to
stabilize.

CARDIOVASCULAR
CONSIDERATIONS IN THE

MORBIDLY OBESE
Cardiovascular diseases are common in obese individuals, and
manifest as ischemic heart disease, hypertension, and cardiac
failure. Cardiovascular disease is reported in 37% of adults
with a body mass index (BMI) greater than 30 kg/m2, 21%
with a BMI of 25 to 30 kg/m2, and only 10% in those with a
BMI less than 25 kg/m2. O besity—defined as a BMI of greater
than or equal to 30 kg/m2—has been observed to be an inde-
pendent risk factor for the development of hypertension. The
Framingham Heart Study suggests that 65% of the risk for hy-
pertension in women and 78% of the risk in men can be related
to obesity (14). Interestingly, mortality rates were reported to
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be 3.9 times greater in the overweight group versus the normal-
weight group participating in the Framingham study (15).

The relationship between the increase in blood pressure and
the risk of cardiovascular disease is considered to be indepen-
dent of other risk factors. The chances of myocardial infarc-
tion, heart failure, stroke, and kidney disease are all greater as a
patient’s blood pressure increases (16). Obesity is also well rec-
ognized as a risk factor for ischemic heart disease. Many obese
individuals also suffer from “metabolic syndrome,” which has
a strong association as being a precursor in the development of
diabetes, cardiovascular disease, and increased mortality rates
from cardiovascular disorders. There is also a 5% increased
risk of heart failure for men and 7% for women associated
with each unit of increase in body mass (15).

Pre op e rat ive Consid e rat ions

Pat hop hysio log y
In morbidly obese patients, blood volume, cardiac output, sys-
temic and pulmonary artery pressures, and left and right ven-
tricular pressures are all elevated (17,18). These changes mani-
fest clinically as arterial hypertension and, with advancing age,
one may note ischemic heart disease and right–left heart failure
(19). The incidence of pre-existing, often severe, cardiovascu-
lar disease in morbidly obese patients scheduled for elective
bariatric surgery is reported to be as great as 20% (20,21). It
is the complex interaction of hypertension, ischemic heart dis-
ease, and pulmonary hypertension that contribute to the de-
velopment of global cardiac dysfunction and exacerbates con-
gestive heart failure. This clinical situation is referred to as
“obesity cardiomyopathy.”

Art e rial Hyp e rt e nsion
The pathogenesis of obesity-related hypertension is complex.
There is a continuous relationship between body mass index
and systolic/diastolic blood pressures (22,23). Blood pressure
is normally regulated by a series of feedback loops (barore-
ceptors) and by the secretion of vasoactive hormones—renin,
angiotensin, aldosterone, and catecholamines. A derangement
in any of these feedback loops may lead to hypertension.

Many factors act together to promote vasoconstriction,
sodium retention, and volume overload in obesity, and are
noted in Table 102.1 (24–28). In the long term, these changes
cause glomerular injury, ultimately leading to glomerulosclero-
sis. A review of 7,000 renal biopsies between the years 1990
and 2000 showed a 10-fold increase in obesity-related glomeru-
lopathy (glomerulomegaly and glomerulosclerosis). Prolonged
obesity may lead to a gradual loss of nephron function that
worsens with time and exacerbates hypertension (29). Hyper-
tension contributes to a pressure overload of the heart, as well
as an expansion of extracellular and blood volume combining
to create a volume overload.

Other variables that may also lead to hypertension in obese
patients include leptin, free fatty acids, and insulin, which stim-
ulate sympathetic activity and vasoconstriction (24). Further-
more, obesity-induced insulin resistance and endothelial dys-
function may act as amplifiers of the vasoconstrictor response.
Obstructive sleep apnea (OSA), which also is more prevalent
in obese patients, leads to periods of apnea and hypoxia, trig-

TA BLE 1 0 2 . 1

FACTORS THAT ACT TOGETHER TO PROMOTE
VASOCONSTRICTION, SODIUM RETENTION, AND
VOLUME OVERLOAD IN THE OBESE PATIENT

■ Elevated glomerular filtration rate, an elevated renal
blood flow, and exhibiting delayed urinary sodium
excretion in response to the saline loada

■ Increased renal sympathetic nervous activity, which
directly promotes tubular reabsorption of sodium at the
proximal and distal tubulesb

■ The renin-angiotensin-aldosterone system is activated,
which contributes to sodium retention and an increase in
extracellular volume, despite an elevated blood pressurec

■ Natriuretic peptide levels are low, both at basal levels and
also in response to salt loadingd

■ Hyperinsulinemia directly promotes the tubular
absorption of sodium.e Compensatory mechanisms in the
obese for overcoming increased sodium reabsorption
include renal vasodilation, an increased glomerular
filtration rate, and a higher blood pressure.

Data from:
a Montani JP, Antic V, Yang Z, et al. Pathways from obesity to
hypertension: from the perspective of a vicious triangle. Int J O bes
Relat Metab Disord. 2002;26(Suppl 2):S28–38.
b DiBona GF, Kopp UC. Neural control of renal function. Physiol Rev.
1997;77:75–197.
c Engeli S, Sharma AM. The renin-angiotensin system and natriuretic
peptides in obesity-associated hypertension. J Mol Med.
2001;79:21–29.
d Dessi-Fulgheri P, Sarzani R, Tamburrini P, et al. Plasma atrial
natriuretic peptide and natriuretic peptide receptor gene expression in
adipose tissue of normotensive and hypertensive obese patients. J
Hypertens. 1997;15:1695–1699.
e Endre T, Mattiasson I, Berglund G, et al. Insulin and renal sodium
retention in hypertension-prone men. Hypertension.
1994;23:313–319.

gering a chemoreceptor response, which causes sympathetic
activation (24,30,31).

Ische mic He art Dise ase
Obesity is a recognized risk factor for ischemic heart dis-
ease (19,32). The risk is proportional to the duration of obe-
sity and distribution of fat. A habitually overweight individ-
ual is less likely to be at risk than individuals who exhibit
continuous weight gain, and individuals with a central dis-
tribution of fat are more at risk than individuals with a
peripheral distribution. Additionally, hypertension, diabetes,
hypercholesterolemia, and increased levels of low-density
lipoproteins (LDLs), which are common in obese patients, fur-
ther increase the risk of coronary stenosis. Nevertheless, more
than 40% of obese patients with angina do not have significant
coronary artery disease (30,33,34). Angina would then be at-
tributable to the oxygen supply/demand imbalance due to car-
diac hypertrophy and other factors. In the morbidly obese, my-
ocardial oxygen consumption is higher than in normal-weight
adults. The ventricular cavity dimension is enlarged due to a
chronically augmented preload. An enhanced sympathetic ac-
tivity and subsequent arterial hypertension and/or increased
heart rate promote higher wall tension and ventricular systolic
stress. In addition, the ventricular wall is commonly hyper-
trophic (35–39). Patients suffering chronic hypoxemia (pick-
wickian syndrome, obesity hypoventilation syndrome, and
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obstructive sleep apnea syndrome) frequently develop sec-
ondary polycythemia and, subsequently, elevated blood vis-
cosity. In these patients, due to the higher blood viscosity, the
contractility is augmented, which consequently increases my-
ocardial oxygen requirements (40).

It may be assumed that morbidly obese patients are at a
higher risk of myocardial ischemia. In these subjects, reducing
myocardial oxygen consumption and ensuring the maximum
possible oxygen delivery to the heart must be a major thera-
peutic target.

Card iac Failure
There is an increased risk of heart failure of 5% for men and
7% for women per each unit of increase in body mass (15).
There is a linear relationship between body weight and cardiac
weight gain attributed to concentric and eccentric hypertrophy.
This event is secondary to pressure overload, which is due to
arterial hypertension and possibly increased blood viscosity. In
obese patients, circulating blood volume, plasma volume, and
cardiac output increase proportionately with rising weight. For
a patient with a fat mass of 50 kg, blood flow to this fat mass
accounts for an extra cardiac output of 1.5 to 2.0 L/minute,
resulting in both ventricular enlargement and an increase in
stroke volume. The hypertrophy that ensues subsequently con-
tributes to a reduction in cardiac compliance and left ventricu-
lar diastolic function, which leads to increased left ventricular
end-diastolic pressure and possible pulmonary edema (41).

In long-standing obesity, systolic function might be reduced
if hypertrophy is unable to keep pace with the increasing de-
mand. A decrease in midwall fiber shortening and a decrease
in ejection fraction may thus become evident in developing
“obesity cardiomyopathy.” The right ventricle can also exhibit
hypertrophy secondary to pulmonary hypertension due to ob-
structive sleep apnea and subsequent chronic hypoxemia and
hypercapnia.

Pre op e rat ive Evaluat ion and
Op t imizat ion for Surg e ry

A significant percentage of obese patients who present for
intermediate- to high-risk noncardiac surgery is likely to have
cardiovascular disease. It is imperative to know if any related
impairment actually exists. If so, assessment of its severity, deci-
sions on whether or not any therapeutic measures can be taken
prior to surgery, and consideration of any extra intraopera-
tive or postoperative monitoring are of utmost importance for
effective treatment of the obese patient.

Art e rial Hyp e rt e nsion
The preoperative assessment, optimization, and treatment of
arterial hypertension in the obese patient are guided by the
same principles as in the nonobese patient. Urgent and emer-
gent surgeries should be evaluated on a case-by-case basis, and
aggressive control of blood pressure in the perioperative period
is vital.

Acute hypertensive episodes and hypertensive emergencies
should also be approached as they would be in the nonobese,
but with the strong recommendation for meticulous and ade-
quate monitoring. Careful drug titration is required due to the
particular hemodynamic liability of this population, coupled

with the fact that for obvious reasons, pharmacokinetics and
dynamics might be altered.

In current clinical practice, measurement of blood pressure
may be difficult, even to the point of deciding where to make the
measurement. Obese individuals—especially women—tend to
have a conical shape of the upper arm, termed gynoid obesity,
and accurate measurement of blood pressure is difficult with
conventional cuffs. As an alternative, the cuff can be placed
around the forearm for more predictable cuff pressures. An
increasing arm circumference is associated with miscalcula-
tion of blood pressure if standard-length cuffs are used. An
appropriate-sized cuff that encompasses at least 80% of the
arm should be used to ensure accurate measurement of blood
pressure in an obese patient (42). If these maneuvers fail to
result in adequate and reliable measurements, invasive blood
pressure monitoring should then be considered as an alterna-
tive.

Ische mic He art Dise ase and Card iac Failure
To date, no specific cardiac risk index has been proposed for
obese patients. Preoperative cardiac assessment of obese pa-
tients follows the same sequence as for lean patients, and for
that reason, the American College of Cardiology/American
Heart Association (ACC/AHA) guidelines are thought to be
valid for this population (43). However, the guidelines do not
take into account the presence of multiple, intermediate, or mi-
nor risk factors that are frequently observed in the obese. The
presence of multiple cardiac risk factors has been shown to
increase the incidence of perioperative cardiac morbidity (44).
In addition, surgical risk categories may be modified based on
institutional expertise, which is highly dependent on clinical
experience, surgical skills, anesthetic care, and nursing quality
(45,46). In this regard, there is evidence to suggest significant
differences between care and outcomes at different institutions
for the same surgical procedure (46–49). In addition to careful
appraisal of arterial hypertension and its consequences, a com-
prehensive cardiac evaluation in obese patients should focus on
assessing both cardiac function and the presence and severity of
ischemic heart disease. Evaluation of cardiac function by clin-
ical signs can be extremely difficult in the obese and, for that
reason, objective evaluation of ejection fraction and cardiac
function by echocardiography and/or left ventriculography is
usually necessary.

The ACC/AHA recommendation for preoperative nonin-
vasive evaluation of left ventricular function includes patients
with current or poorly controlled heart failure, patients with a
history of heart failure, and patients with dyspnea of unknown
origin—an extremely frequent finding within this population.

Despite the fact that no randomized study has been per-
formed in obese patients to determine the utility of routine
evaluation of right and left ventricular function, it is very
probable that such evaluation, guided by symptoms prior to
intermediate- and high-risk surgery, will be helpful in guid-
ing intraoperative and postoperative management of obese pa-
tients.

Evaluation for ischemic heart disease requires stress testing,
although there is no consensus on which type of stress test
is optimal. The choice among the various noninvasive tests
must be made based on local preferences. The patient’s weight
must be taken into account not only for logistical reasons—as
many diagnostic devices have significant weight limitations—
but also because the effect of the patient’s body habitus has
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long been recognized as a factor that may reduce the accuracy
of myocardial perfusion studies (50,51).

The first decision to be made is whether or not patients can
exercise sufficiently to obtain 85% of predicted maximal heart
rate. If they cannot, then a pharmacologic stress test is bet-
ter indicated (e.g., stress echocardiography after dobutamine
or atropine administration [DSE] or a dipyridamole thallium
nuclear imaging study [DTS]) (52). Patients who have positive
stress test results will require coronary angiography.

If cardiac catheterization is indicated, patient weight has to
be taken into account because some tables used to perform this
study have weight limits as low as 300 lb. Despite the concerns
raised by the size of the patients, cardiac catheterization is con-
sidered safe in these patients. Fifty-five percent of the time,
cardiac catheterization results in negative findings; when pos-
itive, medical management, interventional cardiology therapy,
or even cardiac bypass surgery may be indicated (52).

Once ischemic heart disease has been identified and its sever-
ity quantified in the morbidly obese patient, three therapeutic
options are available prior to elective noncardiac surgery:

■ Revascularization by surgery (coronary artery bypass graft-
ing [CABG])

■ Revascularization by percutaneous coronary intervention
(PCI)

■ Optimized medical management (typically with β -blockers
or α2-agonists)

There is no irrefutable evidence that indications for pre-
operative cardiac revascularization are any different for obese
patients than for nonobese patients.

Coronary Artery Bypass Grafting. Still a controversial topic,
some studies suggest that moderately and morbidly obese pa-
tients have a higher rate of deep sternal wound infection, renal
failure, prolonged postoperative hospital stay, and operative
mortality after coronary artery bypass surgery (53–55).

Coronary revascularization is guided by the patient’s cardiac
condition—that is, is there unstable angina, left main coronary
artery disease (CAD), three-vessel disease, decreased left ven-
tricular (LV) function, and/or left anterior descending artery
disease?—as well as by the added risk of the coronary inter-
vention and the potential consequences of delaying the noncar-
diac surgery for recovery after the cardiac intervention (56). It
has been demonstrated that when indicated, patients undergo-
ing coronary revascularization prior to major-risk noncardiac
surgery did better postoperatively. Comparing this population
of preoperatively revascularized patients with those medically
managed suggests that the latter patient group had a mortality
rate two times higher than the former (57,58).

Percutaneous Coronary Intervention. Evidence suggests that
patients who underwent angioplasty prior to elective noncar-
diac surgery had better outcomes (59–62). However, angio-
plasty is now often accompanied by stenting, with postproce-
dure antiplatelet therapy to prevent acute coronary thrombo-
sis and maintain long-term patency of the intervened vessel. It
is strongly suggested that elective noncardiac surgery should
be delayed for 4 to 6 weeks after PCI with stenting to allow
for complete endothelialization of the stent and completion of
aggressive antiplatelet therapy with glycoprotein (GP) IIb/IIIa
inhibitors (63).

The introduction of drug-eluting stents may obviate the
need for such prolonged systemic anticoagulation, thus allow-
ing patients to undergo noncardiac surgery sooner. The compli-
cation rate of PCI in obese patients has not been reported to be
different than in nonobese individuals, and similar precautions
should also be taken in morbidly obese patients (64).

Medical Management. Perioperative use of β -blockers has
been shown to be efficacious in reducing perioperative mor-
bidity and mortality (65–68). The ACC/AHA guidelines recom-
mend initiating β -blockers as early as possible prior to high-risk
surgery and titrating the patient’s heart rate to 60 bpm (43). Pe-
rioperative β -blocker use is recommended for patients with one
or more Revised Cardiac Index risk factors despite a negative
stress test and for patients with two minor risk factors, even
with a good functional status and/or a negative noninvasive
stress test (43,67).

Many morbidly obese patients are already receiving β -
blocker therapy when they present for their preoperative as-
sessment. β -Blockers have been used intraoperatively to control
hemodynamics, intraoperative ischemia, and cardiac arrhyth-
mias (65). Some studies investigating their prophylactic role
have demonstrated decreased intraoperative ischemia (69).

The general consensus appears to be that if β -blockers are
indicated perioperatively, they should be given not only intra-
operatively but, more appropriately, they should be initiated
during the preoperative period and—except in the presence
of significant contraindications—should be continued through
the postoperative period. The pharmacokinetics of β -blockers
are affected by obesity, and there exists significant pharmacody-
namic variability. The dosage of β -blockers should be initiated
based on lean body mass and then titrated until the desired
clinical effect is achieved (70,71).

Int raop e rat ive Consid e rat ions

Me chanics
Surgical beds are now available that accommodate patients
weighing as much as 500 kg. However, these patients require
tremendous preparation on behalf of the operative staff. Even
with appropriate beds, the obese patient can be at high risk for
falling during sudden motion. This situation can be extremely
dangerous to the patient and the supporting staff alike. Insti-
tution of a lift team and the availability of both “bean” bags
and bed extensions in order to keep the folds of pannus stable
are of the utmost importance to the surgical team, and have
already become widely used in accredited surgical facilities.
Finally, institutional investments in lifting equipment such as
ceiling-mounted lifts and beds that oscillate and/or transform
into chairs may be necessary to fully deploy the necessary me-
chanical advantage to care for the obese patient.

Rhab d omyolysis
Rhabdomyolysis is often described in the obese patient. This
scenario generally follows prolonged operations and presents
as dark urine, representing muscle necrosis from groups on the
flanks or buttock. Also termed pressure-induced myoglobin-
uria, this is more commonly noted among patients with di-
abetes mellitus (72,73). It is generally attributed to lying on
a hard surface, and has been frequently associated with an
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TA BLE 1 0 2 . 2

MOST FREQUENT AND PROMINENT RISKS OF THE
MORBIDLY OBESE PATIENT UNDERGOING SURGERY

■ Pulmonary aspiration of gastric contents
■ Difficult mask ventilation and tracheal intubation
■ Rapid development of hypoxemia after apnea
■ Pulmonary atelectasis
■ Hemodynamic instability
■ Decreased ability to deal with the physiologic responses

to stressful situations (i.e., hyperglycemia, hypertension,
cardiac failure, arrhythmias, and myocardial ischemia)

■ Delayed recovery
■ Postoperative respiratory dysfunction
■ Deep venous thrombosis

exaggerated lithotomy position in the operating theater (74).
To handle this situation, attending staff should initiate aggres-
sive hydration and monitor creatine phosphokinase (CPK). If
CPK exceeds 5,000 IU/L, staff must initiate diuresis with man-
nitol and alkalinize the urine with sodium bicarbonate (75,76).
Acute renal failure may develop, but recovery of renal function
is generally expected.

Ane st he t ic Te chniq ue
No randomized, controlled trial provides unquestionable evi-
dence that one or another anesthetic technique is best for the
morbidly obese. Total intravenous anesthesia (TIVA) and in-
halational, regional, and combined general/epidural or gen-
eral/spinal anesthetics have been used safely in these individu-
als (77–81). Selecting one technique over another will depend
upon:
■ Patient’s clinical status
■ Type of surgery the patient requires
■ Expertise of the senior anesthesiologist
■ Availability of institutional resources
■ Patient’s verbal and/or written requests and consent

What must be absolutely clear are the pathophysiologic al-
terations and subsequent risks presented in each individual
case. This should guide the physician to define the intraop-
erative goals. Considering only the potential impairments of
the cardiovascular and respiratory systems, we must highlight
the potential risks and recommended anesthetic goals.

The classic, most frequent and prominent risks of the mor-
bidly obese patient undergoing surgery are listed in Table
102.2. Accordingly, the basic anesthetic goals should be (77):
■ Hemodynamically smooth and rapid induction
■ Rapid access and securing of the airway
■ Prominent attention paid to hemodynamic stability
■ A high level of analgesia to avoid increments in cate-

cholamine activity
■ Rapid recovery and early ambulation

Post op e rat ive Consid e rat ions

Log ist ic and Te chnical Issue s
The main diagnostic and therapeutic principles related to car-
diovascular diseases and/or complications commonly observed
in the ICU setting—such as arrhythmias, cardiac failure, hyper-

tensive or ischemic episodes, and so forth—do not differ signifi-
cantly when comparing the morbidly obese with lean patients.
Therefore, a detailed discussion is not warranted. Neverthe-
less, we will highlight the few—but in our eyes important—
differences to consider when presented with a morbidly obese
surgical patient in the ICU setting.

Pat hop hysio log ic Princip le s for a Rat ional
The rap e ut ic Ap p roach

Obesity has been likened to “exercise,” that is, a constant state
of “exercise.” The morbidly obese patient’s cardiovascular sys-
tem is continuously overdemanded, even at rest, mainly be-
cause of chronic intravascular volume overload, blood hyper-
viscosity, and sympathetic hyperactivity. These are components
of a “dysfunctional compensating mechanism,” which tries to
satisfy the increased metabolic rate imposed by the excessive
adipose tissue. The resulting eccentric left ventricular hypertro-
phy (LVH) is associated with a reduced LV compliance, causing
elevation of LV filling pressure in many morbidly obese persons
(18,82).

The additional increase in cardiac output promoted by any
perioperative stress may markedly increase LV filling pressure,
often exceeding the threshold for pulmonary edema. Respi-
ratory disease, especially obstructive sleep apnea syndrome
(OSAS) and the obesity hypoventilation syndrome (OHS), act-
ing on the pulmonary circulation may affect the right heart cav-
ities as well. The heart of a morbidly obese patient may have less
tolerance to any kind of cardiovascular stress—hypovolemia,
hypervolemia, hypertension, hypotension, and so forth—and
is at a higher risk of organ failure. Consequently, the appropri-
ate diagnostic and therapeutic measures should be applied as
soon and as accurately as possible to avoid systemic hypoper-
fusion and inadequate oxygen delivery, which may predispose
to multiple organ system failure.

Imp ort ance of Coup le d Card iore sp irat ory Funct ion
It is vital to maintain the best possible ventilation/perfusion
(V/Q) balance, since V/Q mismatch is a prominent mechanism
that can trigger respiratory and subsequent cardiac dysfunc-
tion in the morbidly obese surgical patient. In mechanically
ventilated, morbidly obese patients, airway pressure may be el-
evated. Additionally, morbid obesity is associated with volume
and pressure overload. Volume load conditions may fluctuate
according to patient positioning. For example, changing po-
sition from the “physiologically ideal” reverse Trendelenburg
to the supine position can significantly increase venous blood
return to the heart and, as a result, augment cardiac output, pul-
monary capillary wedge pressure, and mean pulmonary artery
pressure, potentially increasing the risk of acute heart failure
(83); one would expect this maneuver to increase airway pres-
sure as well due to the increased weight of the chest.

Compression of the inferior vena cava may reduce venous
return to the heart, and is thus a possible mechanism of hy-
potension. This can be avoided by tilting the operating room
table or ICU bed by placing a wedge under the patient. These
maneuvers are similar to those performed during caesarean
section to reduce the pressure of the gravid uterus on the infe-
rior vena cava (84). Considering that the reverse Trendelenburg
position significantly improves cardiac and respiratory perfor-
mance, it should be maintained during the entire perioperative
period unless there is a particular contraindication.
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Drug Dosing
The distribution, metabolism, protein binding, and clearance
of many drugs are altered by the physiologic changes asso-
ciated with obesity (85–87). In addition, the patient’s under-
lying disease may substantially influence the pharmacokinetic
properties of a drug (88). The net pharmacologic alteration in
any patient is, therefore, often uncertain, especially in those
suffering from morbid obesity. Nevertheless, for a number of
drugs used in the ICU—most notably digoxin, aminophylline,
aminoglycosides, and cyclosporine—drug toxicity may occur if
the patients are dosed based on their actual, rather than ideal
or adjusted, body weight (70,85,87,89–91). For drug dosing,
with few exceptions, it is advisable to base drug calculations
on ideal body weight (IBW) rather than real weight, and then
adjust doses through meticulous monitoring (92).

RESPIRATORY CONSIDERATIONS
IN THE MORBIDLY OBESE

The higher morbidity and mortality of hospitalized obese pa-
tients may be related to the increased pulmonary complications
with which morbidly obese patients present (93). In the postop-
erative state, obese individuals are at increased risk of develop-
ing atelectasis, aspiration, ventilatory failure, and pulmonary
embolism (93).

Clinicians caring for morbidly obese patients must be aware
of the significant physiologic changes associated with their obe-
sity, such as reduced lung volumes, increased work of breath-
ing, and alterations in control of breathing and gas exchange.
Many factors are involved including, but not limited to, BMI,
patient’s age, duration of obesity, fat distribution (central or pe-
ripheral), and the strong association of certain disorders such
as OSAS, OHS, and pickwickian syndrome. In addition, obe-
sity itself has a major detrimental impact on the respiratory
system (94).

Pre op e rat ive Consid e rat ions

Re sp irat ory Disord e rs
Obstructive Sleep Apnea Syndrome. Morbid obesity is the
most common and major risk factor for OSAS (95). While
its prevalence in the general U.S. population is 2% to 4% ,
this increases to 40% to 78% in the morbidly obese (95–99).
Notwithstanding these facts, it is thought that 80% to 90% of
American sleep apnea sufferers are undiagnosed (100,101).

The detection of OSAS among obese surgical patients is vital
for several reasons:

■ Obese patients are more sensitive to the depressant effects
of hypnotics and opioids (102). Perioperative administra-
tion may lead to life-threatening respiratory complications
(103,104), especially in face of pre-existing OSAS.

■ OSAS is associated with difficult laryngoscopy and mask
ventilation (104–107).

■ Obese patients have, in general, a diminished expiratory
reserve volume (ERV) with, consequently, reduced oxygen
stores; this promotes faster development of desaturation af-
ter apnea (108).

If OSAS is present, these effects become exaggerated. The
combination of these factors sets the stage for an airway catas-
trophe, not only during induction of general anesthesia, but
also during tracheal extubation, and especially if an emergent
intubation becomes necessary in the ICU or during intra- or
interhospital transfer.

Obesity Hypoventilation Syndrome. Some obese patients suf-
fer from a disorder characterized by chronic daytime hypoven-
tilation, also known as obesity hypoventilation syndrome
(109). These individuals are typically extremely obese, with
a BMI greater than 40 kg/m2, and the likelihood of OHS in-
creases as the BMI increases. OHS is associated with chronic
daytime hypoxemia—with a PaO 2 less than 65 mm Hg—and
hypercapnia (107,108,110). It is essential to find out if the
obese patient suffers from chronic daytime hypoxemia, as this
is a better predictor of pulmonary hypertension and cor pul-
monale than the presence and/or severity of OSAS (111–113).

Pickwickian Syndrome. Patients suffering OHS who addition-
ally have signs and symptoms of cor pulmonale are termed
pickwick ian—from the Charles Dickens novel, The Pickwick
Papers—and they have an increased perioperative morbidity
and mortality (93).

Respiratory Insufficiency. Obesity per se is not a common
cause for chronic respiratory insufficiency (109). Significant
respiratory dysfunction is more common when chronic ob-
structive pulmonary disease (COPD) and obesity coexist. When
respiratory insufficiency is present, impairment of gas exchange
is greater than expected from a simple summation of the alter-
ations caused by each pathophysiologic process (114).

Simp le Ob e sit y
Obese patients with minimal or no coexisting pulmonary con-
ditions are classified as “simple” obesity patients. The patho-
physiology of simple obesity consists of alterations in daytime
gas exchange and pulmonary function, and may result from
compression and restriction of the chest wall and diaphragm
by excess adipose tissue (115). The ERV and functional resid-
ual capacity (FRC) are particularly affected, being reduced to
60% to 80% of normal, respectively.

If ERV decreases below the alveolar closing volume, then
airway closure occurs during normal tidal breathing, and de-
pendent alveoli are relatively or completely underventilated. As
a consequence, V/Q mismatch, pulmonary shunt, and daytime
hypoxemia results. One may see, in formerly obese patients
after massive weight loss, a marked improvement in the PaO 2
and alveolar–arterial oxygen gradient; thus, this improvement
is directly proportional to the increase in the ERV (116,117).

Other mechanisms may further impair respiratory function.
Sleep apnea in the obese is usually obstructive, secondary to air-
way narrowing from abundant peripharyngeal adipose tissue,
and an abnormal decrease of upper airway muscle tone during
rapid eye movement (REM) sleep (95). Hypopneic and apneic
events lead to arousal from REM sleep, oxyhemoglobin desat-
uration, and sympathetic nervous system activation in response
to hypoxemia. This may explain the strong association between
OSA and systemic hypertension (118). The precise pathophys-
iologic mechanism of OHS is unclear (93,109).

Of most importance is that vital capacity, reduced to 90%
of normal in simple obesity, decreases to 60% of normal in
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OHS. This reflects a profound and important decrement in lung
volumes in OHS, as compared with simple obesity patients.
Thus, one may see:

■ A marked increase in distal airway resistance
■ A more profound abnormality in V/Q matching
■ A more significant impact on the PaO 2
■ A larger A–a gradient in patients with OHS

Supine positioning further reduces lung volume and, as a result,
increases the magnitude of all these alterations (107,115,119).

Diaphragmatic function is also affected due to overstretch-
ing and cephalad displacement resulting from increased intra-
abdominal pressure. All of these factors combined may lead to
chronic respiratory muscle fatigue and the chronic hypoventi-
lation characteristic of OHS (93).

Ve nous Thromb oe mb olism
Perioperative venous thromboembolism (VTE) occurs in 0.2%
to 2.4% of bariatric patients receiving thromboprophylaxis
(120). According to the Chest Consensus Statement, obese pa-
tients in the ICU will generally fall into either the high or highest
risk categories in which, if left untreated, the risk of deep ve-
nous thrombosis (DVT) ranges from 20% to 80% . The risk of
clinical pulmonary embolus (PE) ranges from 2% to 10% , and
fatal PE occurs in 0.4% to 5% of patients (121).

The obese population in the surgical ICU requires throm-
boprophylaxis; however, the best regimen is not clear. Multiple
variables are worthy of mention in regard to this matter. Ve-
nous stasis ulcers are more common in the obese, and in turn,
are associated with DVT. Prophylactic inferior vena cava fil-
ters can be considered, but may also be technically difficult in
the heaviest patients. Sequential compression devices (SCDs)
are generally recognized as a useful adjunct but, again, may
be limited by the patient size. The adequacy of pedal pumps
is not clear. Unfractionated or low-molecular-weight heparins
are both viable options, though precise dosing regimens and
duration of dosage have emerged largely from uncontrolled
trials. There are reports in the bariatric literature that 40 mg
of enoxaparin every 12 hours may provide better thrombo-
prophylaxis than 30 mg every 12 hours; however, this rec-
ommendation came from a retrospective report that coincided
with significant changes in patient mobilization and improve-
ments in overall hospital length of stay. It is not clear if it was
these improvements in overall patient mobility or the change
in medication administered that led to the improved VTE rates
(122).

Evaluat ion and Op t imizat ion for Surg e ry
In simple obesity, preoperative assessment of respiratory func-
tion should be similar to that indicated in the assessment of
lean and healthy patients. More extensive pulmonary function
tests and preoperative treatment may be necessary for the obese
patient who smokes or has pulmonary symptoms.

Elements of the history and physical examination can be
as important—indeed, more important—as preoperative test-
ing. Obese patients who habitually snore and report daytime
somnolence and/or have suffered breath interruptions during
sleep should be evaluated with polysomnography, since it is
the definitive diagnostic test for OSAS (95). However, morbid
obesity and symptoms of OSA are not, per se, indications for
preoperative pulmonary function testing and room air arterial
blood gas (ABG) analyses. These tests have failed to demon-

strate predictive values and/or lead to the optimization of post-
operative management or outcomes of bariatric surgery pa-
tients, and are not routinely indicated (103,123–125). Room
air pulse oximetry in both the upright and supine positions
may be a useful, noninvasive method for screening patients for
daytime hypoxemia. A supine room air SpO 2 less than 96%
may merit further investigation. An elevated hematocrit may
also be a clue of chronic hypoxemia.

If clinical evidence of OHS is present, ABG analyses are indi-
cated because of chronic daytime hypoxemia—PaO 2 less than
65 mm Hg, but especially sustained hypercapnia—a PaCO 2
greater than 45 mm Hg—in the morbidly obese patient with-
out significant obstructive pulmonary disease is diagnostic for
this syndrome.

One must differentiate whether morbid obesity coexists
with either OHS or COPD. These combinations often result
in chronic daytime hypoxemia and increase the chances for
pulmonary hypertension, right ventricular hypertrophy, and/or
right ventricular failure. Assessment of these pickwickian pa-
tients may require extensive testing to guide preoperative med-
ical optimization and postoperative management, given that
their morbidity and mortality rate is increased (93,102,126).

It is unclear if it is appropriate to delay bariatric surgery for
aggressive optimization of airway status and oxygenation with
continuous positive airway pressure (CPAP) or bilevel positive
airway pressure (BiPAP) therapy. Rennotte et al. observed no
major postoperative respiratory complications in 14 patients
treated with nasal CPAP for up to 3 weeks prior to surgery
(127). Two to three weeks may be necessary not only to maxi-
mize medical benefits, but also to allow sufficient time for pa-
tients unfamiliar with CPAP or BiPAP therapy to acclimate to
the nocturnal use of the device. Three weeks of nightly CPAP
treatment prior to bariatric surgery improved left ventricular
ejection fraction and afterload in obese patients with coexist-
ing heart failure (128). Eight weeks of preoperative nasal CPAP
therapy may be required to treat hypertension secondary to
OSA (129).

Int raop e rat ive Consid e rat ions

Airway Manag e me nt
It is still a debatable issue whether or not morbid obesity should
be considered a risk factor for difficult airway management.
Brodsky et al. observed that neither absolute obesity nor BMI
was associated with problematic intubation in morbidly obese
patients. They also concluded that only a large neck circum-
ference and a Mallampati score of 3 or more were significantly
correlated with a high probability of problematic intubation
(130). In our opinion, preoperative airway assessments should
be similar in both morbidly obese and lean patients.

Whether or not morbid obesity is considered a risk factor
for intubation, issues related specifically to the patient’s BMI
that impact airway management include:

■ Preoxygenation
■ Positioning
■ Immediate availability to adequate resources, both techni-

cal and human (technical: special laryngoscopes, blades, tra-
cheal tubes, oro- and nasopharyngeal cannulae, intubating
laryngeal airway [ILA], LMA Fastrach, Combitube, etc.; hu-
man: personnel sufficient in both number and expertise)
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In the perioperative setting, one never knows when an emer-
gent tracheal intubation or reintubation may be necessary, or
when an unpredicted difficult mask ventilation and difficult
tracheal intubation combination may appear. Indeed, the lat-
ter is a common situation in morbidly obese patients suffer-
ing from OSAS or OHS. The presence of any of these ur-
gent/emergent events—taking into account the reduced time to
hypoxemia after apnea and possible increased risk for gastric
aspiration in morbidly obese individuals—will likely result in
a life-threatening, although preventable/treatable, respiratory
misadventure.

In our opinion, the same American Society of Anesthesiol-
ogists algorithm for difficult airway management and indica-
tions for conscious tracheal intubation should be considered
for both obese and lean patients. If conscious intubation is in-
dicated, it must be remembered that most episodes of gastroe-
sophageal reflux, and the greatest potential for pulmonary as-
piration of gastric contents, occur from and during “bucking”
on an endotracheal tube; consequently, appropriate prepara-
tion of the patient is crucial (131,132).

Meticulous patient explanation, a low infusion rate of
remifentanil (0.05 µ g/kg IBW/minute) to avoid loss of re-
sponse to verbally required active ventilation, and/or local
anesthesia—such as bilateral blockade of the internal branch
of the glossopharyngeal nerve—have shown to be the most ef-
fective and safest induction alternative (77). Finally, although
somewhat controversial, it is prudent to treat morbidly obese
patients with prophylactic measures against gastric aspiration,
such as cimetidine, ranitidine, Bicitra, and/or metoclopramide
(133); the timing of administration of these agents is, of course,
of great significance.

Pre oxyg e nat ion and Posit ion
Hypoxemia during induction of general anesthesia in obese
individuals is, and must be, a real concern for the anesthesi-
ologist and/or intensivist. These patients may experience rapid
arterial oxygen desaturation after apnea (134). Compared with
supine-positioned obese patients, preoxygenation in the 25-
to 30-degree head-up position with 100% oxygen for 3 min-
utes achieves higher oxygen tensions—in other words, more
time and better oxygenation for intubation and airway con-
trol, given that as the BMI increases, it has been shown that
the amount of time for desaturation in the patient decreases
(135). Preoxygenation in the 30-degree reverse-Trendelenburg
position provides a longer, safer apnea period than the 30-
degree semi-Fowler and supine positions. Consequently, the
Trendelenburg position has been recommended as the opti-
mal position for induction of general anesthesia in obese pa-
tients (136). The head-up position results in an unloading of
the intra-abdominal contents from the diaphragm; thus, pul-
monary compliance and FRC increase, and oxygenation re-
turns toward baseline values, as compared to the same patients
who were placed in the supine position (137).

Prior to induction of general anesthesia in any setting—
whether the operating room, the ICU, or on the hospital floor—
the obese patient should be positioned with pillows under the
shoulders, with the head and upper body elevated in a semire-
cumbent or reverse Trendelenburg position. This “ ramped”
position is strongly recommended in the morbidly obese, as
it improves pulmonary function, oxygenation, cardiovascular
function, conditions for mask ventilation, laryngoscopic view,
and tracheal intubation (130). Extremely obese patients should

never be allowed to lie completely flat. Their upper body should
be constantly elevated at 25 to 30 degrees in the perioperative
period.

At e le ct asis
In the perioperative setting, reduction of chest wall and di-
aphragmatic muscle tone following the induction of general
anesthesia and skeletal muscle relaxation impairs oxygenation.
In simple obesity, the net effect may reduce ERV and FRC to less
than 50% of preinduction values, excluding even more alveoli
from effective gas exchange (115). As reduction of ERV and
FRC increases exponentially with increasing BMI, the combi-
nation of these factors predisposes the morbidly obese patient
to suffer atelectasis not only during anesthesia and surgery, but
also in the postoperative period. The importance of this topic
will be developed in the postoperative section.

Me chanical Ve nt ilat ion: Invasive
Posit ive Pre ssure Ve nt ilat ion

Respiratory physiology must be taken into account when con-
sidering mechanical ventilation. Oxygen consumption and car-
bon dioxide production increase due to a higher metabolic rate
promoted by excessive fat and an augmented workload on sup-
portive tissues (138). Normocapnia is maintained by increased
minute ventilation. Regarding mechanics, total compliance of
the respiratory system declines exponentially with increasing
BMI, as do FRC, ERV, and total lung capacity (139). Clini-
cal correlates of these changes are increased work of breath-
ing, small airway closure, ventilation/perfusion mismatch, pul-
monary shunt, and hypoxemia. Sedation, anesthesia, and posi-
tioning supine further reduce FRC in the obese as compared to
nonobese subjects, and consequently worsen respiratory per-
formance (140).

Considering these factors, the initial tidal volume should be
based on ideal body weight rather than actual body weight, and
adjustments made according to airway pressures and appropri-
ate respiratory monitoring (141). As lung volumes are reduced
and airway resistance is increased, a tidal volume based on the
patients’ actual body weight would probably result in high air-
way pressures, alveolar overdistention, and barotrauma. Some
data suggest, as a lung-protective strategy, the use of smaller
tidal volumes and adequate positive end-expiratory pressure
(PEEP)/CPAP (142) to prevent airway closure (143). Although
this technique may result in decreased cardiac output, fluid
loading will correct the problem. Additionally, in an attempt
to improve ventilator–patient synchrony and reduce airway
pressure, the patient’s spontaneous respiratory effort should
be maintained and assisted with pressure support ventilation
as needed (144).

Trache al Ext ub at ion and Int rahosp it al Transfe r
As a result of the increased work of breathing and impaired res-
piratory mechanics, morbid obesity has been associated with
prolonged mechanical ventilation, extended weaning periods,
and longer ICU and hospital lengths of stay (6). Strategies sug-
gested for facilitating the weaning process include positioning
of the patient in a 45-degree reverse Trendelenburg position—
thus optimizing lung mechanics, increasing tidal volume, and
reducing respiratory rate (145)—and BiPAP post extubation
(146).

If hemodynamic stability has been achieved, the trachea
should be extubated with the patient’s upper body elevated
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between 30 and 45 degrees. The patient should be transferred
from the operating room while in a semirecumbent or tilted
reverse Trendelenburg position (147). As obese patients have
greater reduction in lung volumes than normal-weight counter-
parts following abdominal surgery (115), it comes as no sur-
prise that the recovering patient should be kept in a head-up
position in order to minimize intrapulmonary shunting (148).
On days 1 and 2 postoperatively, a change from the semi-
recumbent to the supine position may result in significant de-
creases in PaO 2. Consequently, obese patients should conva-
lesce in the semirecumbent position while receiving supplemen-
tal oxygen (148), if at all possible. Intrahospital transfer of a
morbidly obese patient is best and most safely accomplished if
the patient remains in his or her own hospital bed.

Id e al FiO 2 (Sup p le me nt al Oxyg e n)
It should go without saying that one uses the highest concen-
tration of oxygen necessary to maintain life. Nonetheless, high
oxygen concentrations have often been associated with atelec-
tasis formation and recurrence (149). In order to avoid this con-
sequence, using as low an oxygen concentration as possible has
been recommended. When 100% oxygen is delivered, shunt in-
creases significantly due to atelectasis development, while with
30% oxygen delivery, shunt and atelectasis are minimal (150).
Finally, without any preoxygenation, no atelectasis develops af-
ter induction (151,152), although there may be other problems
unrelated to atelectasis.

Nevertheless, supplemental oxygen carries clear benefits for
patients, especially the morbidly obese. There is evidence that
suggests that an FiO 2 of 0.8 ensures appropriate oxygenation
without increasing the risk of absorptive atelectasis, reduces
the incidence of postoperative nausea and vomiting (PONV)
in patients with an increased risk of gastric aspiration, and im-
proves the host’s defense mechanisms against infection. The
improvement can be seen not only in the wound site, but also
in the respiratory system (153–156). Although not proven in
morbidly obese surgical patients, this possible benefit should
not be ignored. Ideal FiO 2 should, then, result from a balance
between a supplemental quantity of oxygen that is sufficient
enough to avoid hypoxemia, reduce postoperative infections,
and reduce PONV, but not so high as to facilitate the develop-
ment and maintenance of atelectasis.

Our recommendation is to deliver 100% oxygen before in-
duction of anesthesia to retard the development of hypoxemia
after apnea and, once tracheal intubation is confirmed, reduce
the FiO2 to 0.8, if possible, according to respiratory monitor-
ing.

Monit oring
FRC is reduced in the morbidly obese patient; if it drops be-
low closing capacity (CC), the dependent small airways will
collapse, promoting:

■ Ventilation/perfusion mismatch
■ Gas exchange deterioration
■ An increase in the shunt fraction
■ An increase in the alveolar–arterial oxygen gradient

Consequently, the more obese the patient—the greater will be
the alveolar–arterial gas difference, in other words, the less the
expiratory gas measurements will correlate with arterial blood
gas analysis.

A morbidly obese patient will not be able to reach the same
PaO 2/FiO 2 ratio as the normal-weight patient, even if higher in-
spiratory oxygen concentrations are delivered. Morbid obesity
decreases the arterial oxygenation index even further, yet leaves
PaCO 2 values unaffected if the patient does not suffer from ei-
ther OHS or pickwickian syndrome (115); this effect is mainly
due to intrapulmonary shunts in the atelectatic-dependent lung
areas. In this scenario, arterial blood gas analysis becomes in-
creasingly important because blood gases reflect the respiratory
status more accurately than expiratory gas measurements. This
does not mean that morbidly obese patients routinely require
invasive or special monitoring of respiration (157), but morbid
obesity, the presence of comorbidities, and the type of surgery,
among other factors, should influence the decision of which
monitoring devices need be used. Routine noninvasive monitor-
ing will be sufficient in simple obesity cases, while the presence
of OSAS, OHS, pickwickian syndrome, daytime hypoxemia,
and/or associated COPD should alert the anesthesiologist or
intensivist to modify not only the intra- and postoperative res-
piratory monitoring, but also narcotic use (158). It is a good
practice to obtain pulse oximetry or even arterial blood gas
analysis values in the awake obese patient prior to any anes-
thetic premedication in order to obtain a reference reading, and
thereby allow a comparison of preoperative values with intra-
and postoperative values.

Anesthesia and controlled mechanical ventilation will al-
most always have a negative impact on oxygenation and alve-
olar ventilation. In surgeries where large fluid shifts occur, long
intraoperative hypotensive episodes are possible, and satisfac-
tory tissue oxygenation cannot be assessed by pulse oximetry
or PaO2 alone. In these cases, decreasing pH values or increas-
ing anionic gap or lactate values may be indicative of inade-
quate oxygen delivery (159). Inadequate oxygen delivery may
be reflected in increased, and sometimes “unexplained,” post-
operative complications. The degree and duration of postop-
erative surveillance depend on the surgical intervention, the
course of anesthesia, and the patient’s condition. Monitoring
should at least include pulse oximetry, respiratory rate, car-
diac rhythm monitoring, and blood pressure measurement in
the immediate postoperative period. In patients with decreas-
ing oxygen saturations, ABG analysis and chest radiographs
may be useful in sorting out the differential diagnosis. Sudden
onset of respiratory distress, chest pain, and dyspnea may be
indicative not only of a cardiac event, but also of pulmonary
embolism; most mortality in the 30-day postoperative period
after bariatric surgery is due to pulmonary embolism (160).

Obese patients have increased risk of respiratory-related
complications in the postoperative period. In one study, the
overall rate of critical respiratory events in obese patients was
3% (8). Interestingly, however, another study showed no sig-
nificant increase of adverse perioperative events, even in pa-
tients with confirmed OSAS when the levels of wakefulness
were carefully maintained (161). This reflects the importance
of the anesthetic and analgesic management on the speed and
quality of recovery of central nervous system (CNS) function.
It is of utmost importance to take this into account when con-
sidering the anesthetic/analgesic strategy. Combined thoracic
epidural/general anesthesia techniques may be quite suitable in
these major cases.

Patients with confirmed or suspected OSAS, OHS, and pick-
wickian syndrome require more stringent observation. In the
postoperative period, this may warrant prolonged surveillance
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in the postanesthesia care unit or even admission to the ICU
in selected cases, especially in those with surgery lasting for
more than 4 hours and in patients with critical comorbidities.
The main reasons for ICU admission in morbidly obese patients
are disturbances in pulmonary gas exchange, which can be pre-
vented by more prolonged one-on-one surveillance combined
with meticulous medical care (162).

Post op e rat ive Consid e rat ions

Hyp oxe mia and Associat e d Post op e rat ive
Re sp irat ory Disord e rs

Following major open abdominal surgery without postopera-
tive oxygen supplementation, even normal patients experience
hypoxemia (SpO 2 less than 90% ) (163). On the first postop-
erative day following open bariatric surgery, 75% of morbidly
obese patients had a PaO 2 less than 60 mm Hg, which usually
persisted and worsened in the following days (12). Many clin-
ical processes may be suggested to explain this phenomenon.
The most frequently observed is atelectasis, but pulmonary as-
piration of oral or gastric secretions, pneumonia, acute lung
injury, and acute respiratory distress syndrome (ARDS) should
also be considered as possible and relatively common respira-
tory complications of postsurgical morbidly obese patients.

Finally, it is important to remember tracheal tube displace-
ment as a mechanism of perioperative hypoxemia. Abdomi-
nal insufflation, as well as changes in operating room table
position—usually to the Trendelenburg position—can cause
cephalad movement of the diaphragm, and can lead to mi-
gration of an initially correctly positioned endotracheal tube
(164,165). This phenomenon in morbidly obese patients un-
dergoing laparoscopy can result in right endobronchial intu-
bation and intraoperative hypoxemia. This mechanism should
be considered in the intubated ICU patient because of the fre-
quent, necessary changes in the patient’s position during care
(166).

At e le ct asis
General anesthesia may impair pulmonary gas exchange, and
consequently decrease oxygenation in the general population;
atelectasis is a major cause of this kind of impairment (167–
170). Alterations in respiratory mechanics induced by general
anesthesia, such as decreased chest wall and lung compliance,
and a reduction in functional residual capacity promote at-
electasis in nonobese patients. Conscious morbidly obese pa-
tients already have prominent alterations of their respiratory
mechanics (171), and these patients are, in fact, particularly
prone to intra- and postoperative atelectasis. During general
anesthesia, as well as during the immediate postoperative pe-
riod, morbidly obese patients are more likely to have signifi-
cant impairment of pulmonary gas exchange and respiratory
mechanics (115,172,173). Thus, it has been noted, even before
the induction of anesthesia, that morbidly obese patients had
more atelectasis, expressed in the percentage of the total lung
area, than nonobese patients. After tracheal decannulation, at-
electasis increased in both groups, but remained significantly
more severe in the morbidly obese. Finally, 24 hours postop-
eratively, a complete re-expansion of the lung parenchyma oc-
curred in nonobese patients, while the amount of atelectasis
remained unchanged in the morbidly obese (94).

TA BLE 1 0 2 . 3

VITAL MEASURES TO PREVENT OR REDUCE THE
SEVERITY AND DURATION OF ATELECTASIS IN THE
OBESE PATIENT

■ Place patients in the semirecumbent position and, if
possible, out of bed in a chair as tolerated, as this
maneuver may increase functional residual capacity.

■ Provide effective analgesia, which will allow early and
effective mobilization, cough, and excellent tolerance to
physiotherapy.

■ Institute aggressive incentive spirometry.
■ During the first 3 postoperative days, deliver humidified

“supplemental oxygen,” but avoid inspired fractions
higher than 0.8. Supplemental humidified oxygen will not
reduce atelectasis, but will facilitate respiratory secretion
clearance, and will prevent hypoxemic episodes in efforts
to improve the host’s defenses against bacterial infections.

■ During surgery or postoperatively in intubated patients,
instituting positive end-expiratory pressure is probably
effective in increasing functional residual capacity via
recruitment of atelectatic regions of the lung. Applying
vital capacity maneuvers (also known as recruitment
maneuvers) may also reduce the incidence and/or severity
of atelectasis while improving the quality and effective
time of alveoli recruitment.a

■ Noninvasive positive pressure ventilation can be used to
avoid intubation in selected patients.

a From Magnusson L, Spahn DR. New concepts of atelectasis during
general anaesthesia. Br J Anaesth. 2003;91:61–72.

The increased atelectasis found in morbidly obese patients
explains, at least partially, postoperative pulmonary compli-
cations. Various mechanisms have been suggested for the de-
velopment of atelectasis in the morbidly obese, such as lung
parenchyma compression, absorption of alveolar gas in com-
pletely or partially collapsed airways, and alterations in sur-
factant production, function, and/or distribution (174). Our
conclusion is that all possible measures to prevent or reduce
the severity and duration of atelectasis in this patient popula-
tion are vital and are listed in Table 102.3.

While some bariatric groups use noninvasive positive pres-
sure ventilation (NIPPV) routinely in the postoperative care
of morbidly obese patients immediately after extubation, oth-
ers are reluctant because of the fear of anastomotic disrup-
tion; there are no data to support this concern. Commonly,
morbidly obese patients use some form of NIPPV (CPAP or
BiPAP) chronically for the treatment of OSA. Postoperatively,
morbidly obese patients are at risk for prolonged depressant
effects of the drugs administered during surgery. This situa-
tion may promote airway collapse not only in those morbidly
obese patients with diagnosed OSAS and already under preop-
erative treatment, but also in previously undiagnosed morbidly
obese patients (175,176). Airway collapse is most frequent dur-
ing REM sleep, which is brief in the initial postoperative pe-
riod, but significantly longer on the third to fifth postopera-
tive nights. The risk for airway collapse increases even days
after surgery. This means that oximetric monitoring and sup-
plementary oxygen must continue to be administered during
this dangerous period (177).
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A prospective study of 1,067 bariatric patients evaluated
the risk of developing anastomotic leaks and pulmonary com-
plications after gastric bypass. Of the 1,067 patients, 420 had
OSAS and 159 were dependent on CPAP. There were 15 major
anastomotic leaks, two of which occurred in CPAP-treated pa-
tients. No correlation between CPAP utilization and incidence
of major anastomotic leakage was demonstrated. No episodes
of pneumonia were diagnosed in either group. Based on this
study, the conclusion was that CPAP is a useful modality for
treating hypoventilation after gastric bypass surgery without
increasing the risk of developing postoperative anastomotic
leaks (178).

Regarding BiPAP, it appears that when used prophylactically
during the first 24 hours postoperatively, it significantly reduces
pulmonary dysfunction after gastroplasty in morbidly obese
patients and accelerates the re-establishment of preoperative
pulmonary function (146).

Pulmonary Asp irat ion
Even though many mechanisms were classically associated with
an increased risk of gastric content aspiration in the morbidly
obese, this topic remains controversial. While it is still rec-
ommended to take precautions against acid aspiration, mas-
sive pulmonary aspiration in morbidly obese patients is a rare
event in current anesthesia practice, and the occurrence of
unwitnessed “microaspirations” in the postoperative period
is difficult to assess because of the diagnostic problems ob-
served within this population (144). While massive aspiration
is uncommon, the following cautionary list should be carefully
noted:

■ While in bed, the patient must be adequately positioned in
a semirecumbent or reverse Trendelenburg position at all
times.

■ The care team must be ready for bag-valve-mask ventilation
and tracheal intubation in a ramped position, as well as have
technical and adequate human resources.

■ Drug dosing must be meticulously titrated according to mon-
itoring parameters and clinical response, and based on the
IBW.

■ Consider the importance of a sufficient and safe analgesic
strategy. It will improve the tolerance and cooperation of
the patient with the therapeutic measures required for an
expeditious recovery.

Rad iog rap hic Evaluat ion and Comp licat ions
Radiographic evaluation of the surgically obese patient is com-
plicated and made difficult by the weight limitations of modern
scanners and the patient’s inability to cooperate with the trans-
fer. Several radiographic tests, including the upper gastroin-
testinal series, may require the patient to stand for extended
periods of time. Although tomographic tables now routinely
handle patients weighing 400 lb. (182 kg), these weight lim-
its vary by institutional device. Surgeons and caregivers that
are in a position to affect patient selection should consider
this when planning operative interventions for obese patients.
Further consideration for tables that handle heavier patients
should be entertained when new equipment is being purchased.
In the absence of excellent radiographic capabilities, these pa-
tients may require surgical exploration, and both patients and
surgical team members must assume those additional risks.

Ve nous, Art e rial, and Nut rit ional Acce ss
Venous access is difficult in this population. When peripheral
access is inadequate, the point of choice may be the jugular
vein. Gilbert et al. found this location to have fewer compli-
cations and to require fewer conversions to different locations
(179). Arterial access is generally recommended as noninva-
sive blood pressure cuffs can give inaccurate measurements
in this patient population. Nutritional access in critically ill
obese patients is imperative; despite their weight, these pa-
tients can be relatively malnourished. There is evidence from
the trauma literature that obese patients preferentially mobi-
lize protein instead of fats as compared to lean patients (180).
As a result of this mobilization, the obese patient will need
additional nutrition. Optimally, if the patient requires reoper-
ative interventions, a feeding gastrostomy or jejunostomy can
be placed. Although not impossible, achieving percutaneous
gastric access can be extremely difficult, especially in a pa-
tient following a gastric bypass procedure. In these circum-
stances, it is a good time to reiterate the importance of commu-
nication between the surgical and critical care physicians and
staff.

Analg e sia
Overview. Acute pain can result in reduced tidal volume, vi-
tal capacity, functional residual capacity, and alveolar venti-
lation (181,182). These factors contribute to atelectasis, V/Q
mismatch, hypoxemia, and hypercapnia. Pain-related muscle
splinting interferes with the patient’s ability to cough, clear se-
cretions, and efficiently participate in chest physiotherapy, all
of which increase the chances for pulmonary complications
(182).

A major component of segmental and suprasegmental re-
flex responses is enhanced general sympathetic tones (183).
Results of this tone are increased peripheral resistance, stroke
volume, and heart rate, which lead to an increase in cardiac
output. High blood pressure results in increased myocardial
work and myocardial oxygen consumption (181). The rise in
heart rate causes decreased diastolic filling time, possibly re-
sulting in reduced oxygen delivery to the myocardium, with a
risk of ischemia (181). All of these alterations could result in
devastating respiratory and/or cardiovascular complications in
at-risk individuals such as the morbidly obese, who commonly
are at a higher risk of suffering variable degrees of impaired
function affecting both systems.

Every health care provider knows that the efficacy of anal-
gesia must be measured by the ability to cough and move
without pain or discomfort, and not only by the absence of
pain while in a resting state. All the potential consequences of
poor pain control are serious problems in a general popula-
tion, but they are of outstanding importance in the morbidly
obese surgical patient. Early mobilization without discomfort
should be considered a major anesthetic target in this popula-
tion due to the fact that deep vein thrombosis and pulmonary
embolism are some of the most frequent causes of mortality
during the first 30 postoperative days. In addition, sufficient
and safe postoperative pain control would result in a more ef-
fective and tolerable respiratory physiotherapy—a critical ma-
neuver in this context—which would certainly reduce the pos-
sibilities for other respiratory complications such as atelectasis.
Nevertheless, most morbidly obese patients with surgical pain
do not receive adequate pain relief (184).
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Analgesic Strategies (Intravenous, Thoracic Epidural, Multi-
modal Approach). Unfortunately, uncertainty remains as to
the superiority of one pain treatment modality versus another
(185). Open versus laparoscopic surgical techniques, personal
skills, and experience may influence the patient’s and anesthesi-
ologist’s choice of pain treatment. Pain management strategies
may offer specific advantages for specific patient outcomes,
such as a reduced rate of pulmonary complications after ab-
dominal surgery and superior pain control with thoracic epidu-
ral analgesia (TEA) (185–188). Postoperative epidural analge-
sia, using either local anesthetics or opioids, may be the route of
choice for postoperative analgesia in morbidly obese patients,
as it allows a more vigorous cough and chest physiotherapy,
better diaphragmatic function, more powerful leg exercise, and
earlier ambulation and discharge from hospital (11,189,190).
These advantages may lead to a more benign postoperative
course, as previously noted in other populations who had ear-
lier walking, earlier feeding, a lower incidence of pulmonary
alveolar collapse, and fewer thromboembolic complications
(11,189,190). TEA can be improved by adding opioids and
possibly epinephrine to the epidural solution (191,192).

Thoracic epidural anesthesia/analgesia may be particularly
beneficial in the pathophysiologic context observed in morbid
obesity. For example, left ventricular work conditions (both
preload and afterload) may be improved by the sympathetic
blockade, thus reducing the chances for developing heart fail-
ure (193,194). Myocardial oxygen balance may be improved as
well due to a decrease in oxygen demand and augmented my-
ocardial perfusion induced by coronary vasodilatation, both
secondary to sympathetic block, thereby reducing the risk of
ischemia (195–202). TEA does not affect chest wall compli-
ance in the postsurgical state, and allows for better diaphrag-
matic function when compared with general anesthesia alone
(190,203–209). Alterations in chest wall compliance and di-
aphragmatic performance can be considered major determi-
nants of postoperative respiratory dysfunction in most patients,
but especially in the morbidly obese after upper open abdomi-
nal procedures (182,210–219).

Regarding intravenous analgesia, improved efficacy and
safety have been shown when patient-controlled anesthesia
management includes adjunct analgesics such as nonsteroidal
anti-inflammatory medications and local anesthetic wound in-
filtration in a multimodal approach (220,221). It must be re-
membered in the most emphatic way that a continuous and
efficient analgesic scheme would certainly improve patient sat-
isfaction and comfort, and very probably—even though still
not proven in the morbidly obese—would reduce morbidity
and mortality.
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CHAPTER 103 ■ THE GERIATRIC PATIENT
CARL W. PETERS r REBECCA J. BEYTH r MIHO K. BAUTISTA

The elderly population in the United States is growing at a re-
markable rate, with considerable implications for delivery of
intensive care to those in the later years of life. The numbers
tell the story: in the 2000 U.S. census, those 62 years of age and
older represented 14.7% of the population. At that time, those
85 years of age and older numbered 4,239,587, or 1.5% of
the American population, an increase of 1.2 million more than
found within the similar population range 10 years earlier (1).
As of 2000, the life expectancy beyond the age of 65 years was
nearly 19 years for a woman and 16 years for a man. Similar
predictions for those 85 years old were 7 and 6 years, respec-
tively (2). At the dawn of the 20th century, the elderly popu-
lation of the United States was a small percentage of its total,
4% , or 3.1 million people; presently, the corresponding value
is 35 million people. Based on revolutionary advances in public
health and the development of medications and techniques of
acute medical care provided to those born in the 20 years after
World War II, 70,000,000 individuals will find themselves in
the population subgroup known as “elderly” by 2030 (3). At
that time, those 65 years and older are forecast to compose
26% of the population of Florida, which is projected to have
become the third most populous of the 50 states (4). By virtue
of the diseases and natural organ aging and deterioration that
accompany 65—and more—years of living and working, those
who advance into this age range become increasingly voracious
consumers of medical care resources, including the specialized
capabilities of the intensive care unit. In 2005, spending by
Medicare for those older than 65 years totaled $342 billion,
representing 17.1% of the total of $2 trillion spent nationwide
for health care (5). Intensive care consumes 4% of national
health care expenditures (6). During the last 6 months of their
lives, 11% of Medicare recipients spend 8 or more days in
the ICU; various studies documenting ICU occupancy by those
older than 65 years old note that this ranges from one quar-
ter to one half of the available beds (7,8). The magnitude of
these statistics portend the profound financial burden that must
be borne to provide a medically sound and appropriate depth
of care, a significant portion of which will be provided in the
ICU. Because of the magnitude of these expenditures, which
are projected to continue their slow but exponential growth,
the argument has been made that, in the context of increasing
demand for limited health care resources—an economically un-
sustainable situation—blanket cost-cutting actions such as lim-
iting scarce ICU availability to those who would “most ben-
efit” society and themselves in later life should be instituted.
The geriatric population, in some minds, does not qualify for
this category of expenditure, given their diminished physical
functionality and limited life span—and therefore, less payoff
in return for resource use compared to a younger population.
This “ logic,” however, belies reality. Although levels of func-
tionality diminish with advancing age, albeit with a very wide

bell curve contour, many individuals continue to perform both
complex physical and intellectual tasks well into their eighth
or ninth decades of life, bringing to bear resources of expe-
rience and problem solving not yet acquired by their descen-
dents. Additionally, while flirting with the tactic of cost savings
through measures that “cut out the expensive waste” in the
ICU care of the elderly may fascinate some, thoughtful analy-
ses argue persuasively that such a superficially derived position
is misleading and inaccurate (9–11). Furthermore, at least in
the United States, while increasingly alarmed by the financial
implications of medical care costs associated with an aging
population, we continue to postpone in-depth reckoning with
the consequences and management of this information. Until
we are ready to deal with this issue, one must maximize use of
the resources available, while being mindful of the individual
patient’s expectations and likelihood of recovery. In the man-
agement of geriatric medical issues, recognition of the unique
pathophysiology of the elderly patient may lead to streamlin-
ing of what might otherwise be a prolonged and painful ICU
admission, either by recognition of the futility of the care or
by amending the clinical strategy based on assessment of the
distinctive clinical features, thereby extending the availability
of scarce resources.

The response of the human body to physiologic insult
evolves with age. A parallel with outdoor activity is useful in
understanding this evolution. Imagine that a man is placed on
a long ridgetop that is quite wide and smooth, and that man is
told to walk down the middle of the ridge with his eyes closed.
Unknown to him, as he walks, the ridge slowly becomes strewn
with larger and larger rocks, and narrows inexorably as he
approaches the end. Initially, the man walks quickly, with little
risk of tripping or nearing the edge. As he advances farther,
however, his drifting excursions off the centerline each take
him closer to the treacherous rocky edge, increasing the risk
of a fall. If he is careful and walks slowly, he hears the wind
blowing near the cliff and is able to redirect himself away from
the danger. Eventually, however, the narrowed ridgetop is com-
pletely covered with loose rocks to the very edges, and no step
is possible without catastrophe. By analogy, one can think of
the human body as possessing a certain amount of physiologic
reserve that sustains it through times of stress brought on by
disease or injury, with the maximum amount of reserve being
present in young adulthood. With age, baseline organ function
declines at a generally predictable rate, leaving the aging per-
son with progressively less and less capacity to respond fully
and expeditiously to stressful demands. Furthermore, there is
the accumulation of permanent detrimental consequences of
lifestyle decisions, such as tobacco use and lack of exercise, and
of only partially controllable genetic influences, such as famil-
ial hypercholesterolemia or essential hypertension, with which
the aging individual must contend, thereby increasing the
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likelihood of succumbing to a stressful physiologic insult. The
progressive impairment of physiologic vigor is exemplified by
the exponential increase in the death rate from sepsis with age,
although the incidence of sepsis increases only linearly (12).

CARDIOVASCULAR DISEASE
IN THE ELDERLY

Cardiovascular (CV) disease is pervasive in the elderly. Ap-
proximately 35% of all deaths in the United States are at-
tributable to one of several manifestations of this pathophysiol-
ogy, namely coronary artery disease and other conditions that
involve the myocardium, hypertension, and arteriosclerosis of
the central and peripheral arterial tree and cerebral vascular
system, with three fourths of these deaths directly attributable
to a cardiac cause (13). This proportion is higher in the more
aged population, with CV disease manifesting itself as a compli-
cating cofactor in the management of any older person’s serious
illness. For example, although only 6% of the U.S. population
is 75 years of age or older, such individuals account for 30%
of all myocardial infarctions and 60% of the infarction-related
deaths (14).

Ag ing and t he CV Syst e m

Studying the effect of the natural aging process on cardiovascu-
lar physiology is quite complex. From the epidemiologic stand-
point, it is difficult to differentiate the basis of decline in car-
diovascular function of the well-conditioned octogenarian who
exercises aggressively from that of his sedentary twin who has
led a life of excess, because some features and consequences of
natural aging resemble those seen with disease. Although de-
generative cardiovascular processes are most often looked on as
what happens as you grow old, these have been demonstrated
not to be the obligatory sequence of events in human aging
(15,16). For all intents and purposes, the common causative
elements within modern civilized existence, such as diet, min-
imal demands for aerobic exercise, and recurrent and ubiqui-
tous emotional and physical stress are so intimately associated
with mere existence that they may be looked on as inevitable
and unchangeable. The clinical consequences to these presently
unalterable processes may be perceived by the clinician or in-
vestigator as the natural process of cardiovascular aging, but
the accuracy of this statement is difficult to determine. The
steepness of the downward slope of this decline is increased by
both a sedentary lifestyle and by the cardiovascular disease pro-
cesses that are epidemic in western society’s geriatric popula-
tions. Some features of cardiovascular physiology in the elderly
are identical to those of younger individuals, primarily those
measured in the resting state, but are affected by processes that
are presently characterized as immutable in the aging process.

A degenerative process that occurs in most elderly individu-
als is that of stiffening of the central arterial tree with advancing
age. Although the consequences of this process do not mani-
fest in acute ways within the direct purview of the intensivist,
they induce chronic progressive conditions that complicate crit-
ical illness in the elderly, warranting discussion. Oxygen- and
nutrient-bearing blood is carried to organs via the conduit of
the vascular arterial tree. In doing so, distensible large arter-
ies perform transport and cushioning functions, transforming

pulsatile flow into a steady stream of blood to the periphery
(17). Release of the potential energy stored with each heart-
beat within the stretched arterial wall elastin fibers propels the
column of blood smoothly toward the muscular arterioles and
capillary bed (17). With age—and likely related to both replace-
ment of deteriorating, nonregenerating structural elastin fibers
with nondistensible collagen, and to the progressive calcifica-
tion of wall structural components (18)—vascular remodeling
causes the progressive slow dilation and stiffening of the ar-
terial wall, transforming the robust, pliant central vasculature
typical of youth to that commonly seen in the elderly, more akin
to a thick-walled, stiff, nondistensible garden hose (19,20).
Augmented tensile and shear stresses related to the nonlam-
inar flow characteristic of fluid flow through vessels with im-
paired compliance contribute to progressive occlusive disease
(21) that is typically found at turbulent areas of narrowing,
bending, and bifurcation (22). The prominent manifestation
of this progressive central arterial stiffening is that of the so-
called systolic hypertension syndrome—the gradual increase in
systolic blood pressure with simultaneous diastolic decline or
maintenance at the same level (23). In years past, the trans-
mission velocity of the cardiac-generated pressure impulse was
discovered to change with patient age and to vary as a function
of central arterial stiffness (24–27). With increased central ar-
terial elastance—in other words, stiffness—comes an increased
velocity of impulse transmission in both the forward and back-
ward (i.e., reflected) directions. In the young, with distensible
central arteries, the arrival of the reflected wave coincides with
diastole, thereby augmenting coronary perfusion and modulat-
ing the magnitude of the disease-inducing tensile shear forces
on the vasculature. Youthful vessels have little disease, and thus
seldom display the wide pulse pressure that is the hallmark of
central thickening. Aging, stiff central arteries transmit the car-
diac impulse outward more rapidly and turbulently such that
its reflected return arrives at the end or even the height of sys-
tole (27). In those with such vessels—the elderly—is seen iso-
lated systolic hypertension, the term seeming to imply a benign
connotation consistent with the previous generalized opinion
that sustained diastolic pressure elevation was the lethal cul-
prit (28). More recently, the insidiously destructive nature of
the augmentation index—the reflected augmentation of systolic
pressure at the expense of diastolic coronary perfusion, yield-
ing an easily observed increased pulse pressure (29)—has been
recognized as the true contribution of central vascular stiffness
to the morbidity and mortality among the elderly. Indeed, the
speed with which the cardiac impulse is propelled outward,
known as pulse wave velocity (PWV), and pulse pressure (PP)
are recognized as factors strongly associated with all forms of
cardiovascular disease:

PP = SBP − DBP

where SBP is systolic blood pressure and DBP is diastolic
blood pressure. These measurements, when elevated over time,
strongly predict mortality and are indicative of vascular and
cardiac pathology, even if the patient’s blood pressure mea-
surements and examination findings at a given moment, such
as at the time of the initial evaluation of a geriatric patient on
ICU arrival, appear benign (21,28,30,31).

Other specific processes within the cardiovascular system
change with age, seen even in the most healthy and intact geri-
atric physiology. With myocardial aging, there is a predictable
loss of myocytes, possibly from apoptosis (32,33). Since cardiac
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myocytes are unable to regenerate, functional “ replacement”
of these contractile cells occurs by hypertrophy of the remain-
ing myocytes, with only slight overall loss of myocardial mass.
With preservation of cardiac fibroblast synthetic function de-
spite myocyte loss, cardiac tissue becomes infiltrated with an
increasing proportion of noncompliant connective tissue, caus-
ing the gradual thickening and stiffening of the ventricular
wall and impairment of left ventricular diastolic relaxation and
filling. This appears similar to the fibrosis seen in pathologic
left ventricular hypertrophy leading to congestive heart fail-
ure (34). Diastolic relaxation is an energy-requiring process,
consuming ATP to recover calcium back into the sarcoplasmic
reticulum after its release during systole (35). Malfunction of
the calcium-sequestering mechanism, involving a dysfunctional
SERCA (smooth endoplasmic reticulum calcium) pump, is felt
to be at least partially responsible for the increased percent-
age of geriatric heart failure patients who display lusitropic
dysfunction (36). As a consequence, the filling process is de-
layed, with a smoother—though steeper, as depicted on the left
ventricular pressure–volume loop—slope of passive diastolic
ventricular filling (37) into a more slowly relaxing ventricle
that ends diastole with lower volume. The ventricle thereby
becomes more dependent on the contribution of atrial con-
traction to ventricular filling for optimum systolic function. In
other words, as the aging ventricle becomes progressively more
and more lusitropically impaired, it fills progressively less well
by virtue of thickening from age-related myocyte depletion and
incomplete relaxation from SERCA pump dysfunction. The re-
sulting dependence on volume repletion, control of heart rate,
and the robust synchronous atrial contribution to ventricle fill-
ing assume increasing importance in managing geriatric car-
diac issues. In the critically ill elderly patient in whom there is
a very high chance of harboring occult diastolic dysfunction, if
not overt congestive heart failure, the strictest attention must
be paid to maintenance of both sinus rhythm and volume re-
pletion within a narrow range. Furthermore, the reassurance of
a preserved ejection fraction viewed on echocardiogram may
be deceptive, since systolic function is preserved in the normal
healthy geriatric heart (38) and can be maintained at greater
than 50% in a very high proportion of those whose cardiac
status has deteriorated to the point of being symptomatic from
lusitropically deficient congestive heart failure (39,40).

Equally important is recognition of the progressive decrease
in the responsiveness of myocardial and vascular tissue to
adrenergic stimulation (41–43). This phenomenon manifests
itself as an age-associated lowering of exercise-induced maxi-
mal heart rate, with a gradual shift to augmented ventricular
filling to meet exercise-related demands. The stressed or exer-
cising younger adult musters additional cardiac output by in-
creasing contractility and heart rate and by vasodilation in the
areas of maximum demand—in the case of exercise, the skele-
tal muscles—in response to increased levels of norepinephrine
and epinephrine, with unchanged or reduced end systolic vol-
ume as output is ejected into a dilated vascular tree. The
elderly, by comparison, with reduced myocardial and vasodila-
tory responsiveness to exercise-induced beta-1 and beta-2 stim-
ulus (43), have increased reliance on ventricular filling (the
Frank-Starling mechanism) to achieve augmented cardiac out-
put (44,45).

Optimal care requires clinical awareness of age-related car-
diovascular differences such as diastolic dysfunction. Cur-
rently, there are no medications that restore the vigor with

which calcium is resequestered within the SER during diastole,
nor avert the obligate loss of myocardial cells, nor restore the
responsiveness of the elderly cardiovascular system to endoge-
nous catecholamines, although supplements can be supplied via
a continual infusion in the ICU setting. Meanwhile, the clini-
cian must contend with the challenge of managing the stiff, hy-
pertrophied ventricle perfusing a nondistensible vascular tree.
With the fraction of elderly patients who harbor cardiovas-
cular disease being as large as it is in western society, clinical
manifestations of this condition may complicate the manage-
ment of virtually every older patient. In those not displaying
the “usual, common” symptoms of heart failure traditionally
taught in medical school, one must maintain a level of suspi-
cion to recognize the more subtle presentations of age-related
lusitropic pathophysiology.

Acut e Coronary Synd rome in t he Eld e rly

Acute coronary syndrome (ACS) presents a particular chal-
lenge from the standpoints of recognition and management.
Optimal management of myocardial ischemia and infarction
in the elderly population is less well defined than in younger
populations, since those older than 75 years are less commonly
included in ischemia-related studies (46). The elderly mortality
rate exceeds that found in younger individuals (47), but the
elderly stand to benefit most in mortality reduction from inter-
vention (48). In the young, acute ischemic processes are often
associated with onset of classic angina or one of its common
equivalents; in the elderly, symptoms may be much more sub-
tle and nondistinguishing, but the condition is more likely to
be fatal (49). Therefore, proper identification of myocardial is-
chemia and infarction must occur in a timely manner, as aggres-
sive management is warranted. The diagnostic picture can be
further complicated by the postoperative sedated state, when
hypotension or arrhythmias may easily be attributed to hy-
dration or electrolyte disturbances rather than to coronary in-
sufficiency. ICU patients often have contraindications to inter-
vention, and the risks of reperfusion therapy must be weighed
thoughtfully against the benefits. While evaluating the need for
intervention with the cardiologist, the patient, and family mem-
bers, the intensivist must remember that only a small percent-
age of elderly patients warranting reperfusion therapy actually
receive it (50), even when no absolute contraindication exists.
This is attributable to two misperceptions: the magnitude of
risk to the geriatric patient, and the likelihood of benefit (48).
The cardiology literature contains studies covering enormous
numbers of patients evaluating the strategies of treatment to
optimize the restoration of coronary blood flow, and in-depth
discussion is beyond the scope of this chapter. Nonetheless,
a few generalities focusing on the management of the elderly
patient can be made.

One relevant observation is the paucity of elderly individ-
uals who have been included in many of the large trials (51),
especially considering the prevalence of coronary disease in this
group; for this reason, optimal management strategies may
not be as well defined as those that address ACS within a
younger population. ACS must be identified correctly, nonethe-
less, since treatment strategies of the patient subgroups within
this very large category differ (52). One of the underpinnings of
any strategy is that of expeditious implementation, in that the
more quickly the intervention is begun, the greater the mass of
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myocardial tissue preserved and the greater number of lives
saved (53). Rapid restoration of coronary blood flow is the
major goal of treatment for STEMI (ST-segment elevation my-
ocardial infarction). A decrease in mortality of 25% with reper-
fusion therapy has been demonstrated (54). From identification
of STEMI, it is recommended that the infusion of thrombolyt-
ics begin within 30 minutes, or that the dilating balloon be
inflated within 90 minutes (55). In general, percutaneous coro-
nary intervention (PCI) is the preferred mode of treatment for
STEMI, as long as the time constraints are met (56). Extrapola-
tion of this analysis to the elderly population is done only with
trepidation, since only small numbers of elderly patients were
included in the studies covered by this meta-analysis. By exam-
ining the subgroup data, nevertheless, it appears that elderly
patients in this urgent situation of evolving myocardial infarc-
tion, in which the risk of death is particularly high by virtue
of the risk factors associated with advanced age (57) and by
the emergent nature of the situation, are best served by PCI
(47,58). PCI yielded lower mortality in the elderly population
than did thrombolysis, with more benefit found as age pro-
gressively advanced, although possibly at the risk of a slightly
increased rate of major bleeding events. In the management
of non–ST-segment elevation MI (N-STEMI), early invasive
strategy with catheterization and revascularization (when war-
ranted) significantly benefits those older than 65 years of age
(59). The early invasive strategy, however, led to a significant
increase in in-hospital major bleeding (16.6% vs. 6.5% ; p =
0.009) and blood transfusion (20.9% vs. 7.9% ; p = 0.002) in
the patients older than 75 years of age. There were no signifi-
cant increases in minor bleeding or stroke in any study group.
The potential benefits of PCI in the elderly patient in the elective
and emergent arenas must be weighed closely against the risks
incurred by this group of individuals in the form of increased
bleeding and vascular complications (60).

Card iomyop at hy

Decompensated heart failure (HF) is frequently encountered in
the management of the critically ill elderly. In the United States,
5,000,000 persons suffer from heart failure, with more than
50,000 new cases diagnosed yearly; over 80% of the individ-
uals with heart failure are older than 65 years of age (61–63).
Symptomatic heart failure by itself carries a dismal progno-
sis, with a median survival of 1.7 years for men and 3.2 years
for women (64). Critical illness superimposed on decompen-
sated HF is challenging for even the most adept clinical wizard.
Common causes for HF in the elderly include coronary artery
disease and hypertension, followed by diabetes mellitus, valvu-
lar disease (especially aortic stenosis and mitral regurgitation)
and cardiomyopathies other than ischemic (65). The incidence
of heart failure increases with age; Framingham Study data
reveal a doubling in incidence with each decade after 45 to
54 years of age (66). Factors abound in the critical care arena
that may precipitate HF decompensation, suddenly destabiliz-
ing an already tenuous orchestration of treatment modalities.
These include ischemia and infarction, which is more often
“silent” and subtly manifested in the elderly (67), dysrhythmias
and extremes of heart rate, fever and infection, medication side
effects, and rapid fluid shifts such as with bleeding and aggres-
sive fluid resuscitation. Suspicion of cardiovascular decompen-
sation warrants aggressive timely investigation. Marginal coro-

nary reserve should be presumed and investigated with mea-
surement of cardiac enzymes and documentation of electrocar-
diogram patterns. An echocardiogram is usually available rel-
atively quickly and may be useful in separating those suffering
from lusitropic dysfunction from those with inotropic insuffi-
ciency. Particular points of interest to be investigated include
systolic ejection fraction, lusitropic state (i.e., diastolic “ relax-
ability” between contractions, reflecting preload), valvular in-
tegrity, and wall motion abnormalities. The wary intensivist
should maintain a low threshold in the use of invasive monitor-
ing to clarify an uncertain hemodynamic state and guide infu-
sion of vasoactive medications. In the elderly patient with heart
failure, an eroded reserve may not allow more than a trivial
aberration beyond the margins of physiologic compensation.

Dysrhyt hmias

Dysrhythmias are frequent in the elderly patient (68,69), in-
cluding those who manifest no other overt cardiovascular
abnormalities—for example, the so-called lone atrial fibrilla-
tion. With advancing age, sinus node and conduction system
integrity deteriorate, with gradual replacement of cardiac pace-
maker cells by collagen and elastic tissue (70–74). Such trigger-
ing events as autonomic tone disruption (75,76), ischemia or
infarction (which portends worse outcome) (77,78), anatomic
alterations such as fluid overload or cardiac surgery (79,80),
and a host of other cardiac conditions (81) may initiate poten-
tially injurious tachyarrhythmic events, the most common of
which is atrial fibrillation.

The occurrence of atrial fibrillation (AF) increases with age
(82), carrying an increased risk of stroke and death (83) in
those older than 60 years, even in the absence of other cardiac
abnormalities. Several issues remain unsettled in the optimal
management of AF (84). Of these, the two that receive the most
attention are rate control versus rhythm control, and manage-
ment of anticoagulation. The AFFIRM investigators (85) found
no clear survival advantage to either rate or rhythm control in
AF, but the rate control strategy did appear to manifest some
advantages in the area of medication side effects. All choices
for chemical control of rate and rhythm in the elderly pop-
ulation must be made within the skewed context of the high
percentage of these patients who harbor comorbid conditions,
especially heart failure. Choices for immediate rate control in-
clude beta-blockers and calcium channel blockers, remaining
mindful of their impact on the state of heart failure compensa-
tion. Amiodarone or digoxin may be used in those with heart
failure in the absence of an accessory pathway. Digoxin is not
recommended in such patients, as it may precipitate profound
tachycardia via the accessory pathway, with heart rate near-
ing 300 beats per minute (bpm), leading to rapid cardiovas-
cular collapse. In the case of acute hemodynamic instability,
recovery of sinus rhythm with biphasic DC cardioversion after
sedation is appropriate. Digoxin or amiodarone can provide
rate control, but the former is not recommended for chemical
cardioversion, and several medications primarily used by car-
diologists surpass the latter in class of recommendation for this
purpose (86).

There is no “one size fits all” solution to the question of
anticoagulation, although it has been well demonstrated (87)
to reduce the incidence of stroke related to AF. Equally well
demonstrated (88,89) is the extent to which anticoagulation is
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underused in the elderly, presumably because of concern for
bleeding risk in this accident- and fall-prone population, and
inadequate awareness of the extent to which AF warrants an-
ticoagulation to minimize the risk of AF-associated stroke. Al-
though use of direct thrombin inhibitors in AF is under inves-
tigation, at present for the long-term patient, anticoagulation
is best accomplished by using vitamin K antagonists for those
at highest risk of severe stroke (> 75 years), and aspirin for
those elderly (< 65) with less stroke risk; in the 65 to 75 age
range, either will suffice. Target international normalized ratio
(INR) of 2.0 to 3.0 is recommended for those receiving vitamin
K antagonists (90). Clearly, maintenance of long-term antico-
agulant regimens have limited applicability to the patient who
suffers a critical injury or illness, and rapid normalization of
INR may be warranted. Quickly reversible heparin may be a
better choice in such a situation, if continued anticoagulation
is warranted at all. AF that persists beyond 48 hours man-
dates anticoagulation for 2 weeks (86,90) or transesophageal
echocardiogram evaluation by a cardiologist—with particular
attention to the left atrium and its appendage—for the presence
of clot prior to conversion to sinus rhythm. The most complete
and recent American College of Cardiology/American Heart
Association/European Society of Cardiology (ACC/AHA/ESC)
guidelines for management of all issues relating to atrial fibril-
lation appear in the references to this chapter (86).

Complex ventricular dysrhythmias and ventricular tachy-
cardia (VT) present a difficult management problem in the el-
derly. Sudden cardiac death is, to a large extent, a product of un-
treated VT degenerating into ventricular fibrillation (VF), fol-
lowed by asystole (91,92). In the elderly population as a whole,
ambulatory monitoring reveals a very high instance of ventric-
ular arrhythmias, including VT (93,94). Therefore, there is a
high likelihood that any given elderly ICU patient will have
worrisome ventricular ectopy, with a significant number dis-
playing VT (95–97). Despite the high prevalence of ventricular
ectopy in this population, only those patients with underlying
heart disease have a poorer long-term prognosis by virtue of the
ectopy (98). Underlying heart failure and left ventricular hyper-
trophy (99) associated with increased ectopy are prognostic of
an increased likelihood of subsequent adverse cardiac events,
including myocardial infarction and sudden death (100). Pulse-
less cardiac arrest due to VF or VT warrants management fol-
lowing current advanced cardiac life support (ACLS) guide-
lines, using cardiopulmonary resuscitation with chest compres-
sions and immediate defibrillation (101). The timely recogni-
tion of these lethal arrhythmias and initiation of most recent
ACLS protocols is crucial for patient welfare, since survival
is a direct function of the immediacy of electrical resynchro-
nization therapy (102). Defibrillation for VF provides the op-
timal chance of survival if provided within 3 minutes (103).
The frequency of ventricular ectopy is increased in the geri-
atric ICU population where several factors, including ischemia,
sepsis, extremes of heart rate, hypoxia, electrolyte imbalance,
and autonomic disruption associated with recent surgery, can
aggravate cardiac irritability and induce lethal arrhythmias in
a marginally compensated individual. These inciting factors
should be readily recognized and reversed in the constantly
vigilant ICU environment. Empiric treatment of ventricular ec-
topy per se, however, has been demonstrated to be more proar-
rhythmic than beneficial (104,105), often increasing mortality
and/or inducing drug-related side effects. Nonetheless, certain
medications warrant closer attention. Beta-blockers after my-

ocardial infarction have been demonstrated to reduce subse-
quent total mortality and sudden cardiac death (SCD) (106).
After initial enthusiasm, amiodarone has not, in a recent study
of cardiomyopathy patients, proven to be beneficial in reducing
SCD when given prophylactically to patients with ejection frac-
tion ≤ 35% and New York Heart Association (NYHA) class
II or III heart failure, as compared to that achieved with a
single-lead automatic implantable cardiac defibrillator (AICD)
(107). With the emergence of AICD technology, there has been
a gradual reduction in mortality from SCD in elderly patients,
in whom there is a higher incidence than in the general pop-
ulation of coronary artery disease. In this situation, the AICD
appears superior to medications in preventing SCD (108). El-
derly individuals accrue an equal or greater benefit from AICD
placement compared to younger individuals, with minimal risk
involved in the actual placement of the device (109). The in-
dications for AICD placement continue to evolve (110–112).
Clearly, the expertise of a cardiac electrophysiologist is indi-
cated when medications or AICD placement are considered in
the management of a patient at risk for or who has survived
SCD.

With advancing age comes a parallel increase in conduc-
tion system disease, often mandating permanent pacemaker
(PPM) placement. In 1990, the implantation rate for cardiac
pacemakers was 329 devices per million patients; by 2002, the
rate had risen to 612 per million (113). The mean age of im-
planted patients was 75.1 years (113). Such statistics make it
likely that an elderly person with a PPM will at some time
arrive in the intensive care unit for a noncardiac ailment. Fur-
thermore, advances in engineering and microcircuitry have al-
lowed the development of single devices that incorporate PPM
and AICD capability. Although management of issues directly
referable to these increasingly complex machines is more within
the purview of the cardiologist, certain data can be gathered
quickly that will expedite investigation of such a device’s per-
formance, as is well detailed in the recent literature (114–116).
Considerable guidance can be formulated based on informa-
tion found on the manufacturer’s card carried by the patient,
and on a chest radiograph, showing lead position and integrity,
and an electrocardiogram with rhythm strip. Details of electri-
cal patterns should be apparent from the rhythm strip and in-
terrogation findings. Any ICD discharge should be investigated
with interrogation.

In the instance of withdrawal or termination of unwanted
medical care from a terminally ill patient, the intervention of
a normally functioning ICD or PPM is directly contrary to the
natural process of dying, analogous to instituting cardiopul-
monary resuscitation (CPR) when “Do Not Resuscitate” or-
ders exist. In such an instance, deactivation is indicated (117).

PULMONARY DISEASE
Human pulmonary function deteriorates with age, occurring
on the microscopic level with resulting functional changes
and on the macroscopic level from alterations of chest wall
anatomy. Quantification of this age-induced deterioration is
quite difficult. Measurement solely of the effects of aging on
the respiratory system would require exclusion of all factors
that influence respiratory function other than those relating di-
rectly to breathing and gas exchange, namely (A) chest wall me-
chanics, (B) lung histologic structure, and (C) neural/muscular
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respiratory control. The list of such influencing factors includes
environmental pollution and tobacco smoke exposure, occult
disease, and effects of previous nutritional deficiencies. Fur-
thermore, these factors complicate contemporaneous compar-
ison between different generations because of the variability
of their impacts on these generations. The alternative is the
longitudinal study of a rigorously screened cohort of subjects,
which has been performed in a few cases (118,119). Analytic
difficulties notwithstanding, it is possible, in some instances,
to identify the predictable alterations in respiratory physiology
that occur with age, so as to prepare the intensivist to contend
with a common form of critical illness pathophysiology in the
elderly—that of profound respiratory insufficiency.

Microscopic examination of tissue samples from young and
older individuals reveals the basis of age-related changes in
pulmonary physiology. One sees alveoli from older patients
to be less fully surrounded by the elastin/collagen network
(120,121), each less robustly tethered open from without,
yielding an increasingly compliant lung with compromised re-
coil (122). Loss of cartilaginous supporting tissue in the small
airways further contributes to loss of lung elasticity. The con-
cepts of first, airway collapse, worsened in the patient with
advanced emphysema, and second, the progressive stiffening
of the chest wall with age allow one to forecast and better
understand the evolution of geriatric respiratory function: al-
terations in lung volume due to gas trapping at higher residual
volumes and deterioration of gas exchange. In addition, neu-
ral factors alter responsiveness to changes in PaCO 2 and PaO 2
(123,124). The magnitude of these changes varies from person
to person.

Geriatric flow–volume curves reveal “scooping” of the ex-
piratory limb, implying early closure of airways, and increased
residual volume as seen in obstruction from airway collapse in
emphysema, a similar phenomenon (125,126). Furthermore,
chest wall compliance decreases from calcification of the car-
tilaginous rib and thoracic spine joints, with kyphotic changes
stiffening the thoracic spine itself (127). Compromised compli-
ance results in a substantial increase in the work of breathing,
to be provided by deconditioned, aging muscles, likely in the
face of low cardiac output and poor nutrition. Such factors
yield the respiratory pattern displayed by a significant percent-
age of the elderly: rapid, shallow breathing at rest, with little
exertional reserve. A diagram of lung volumes versus age re-
veals a slight increase in functional residual capacity (FRC) and
residual volume, with a steep rise in closing capacity, the vol-
ume at which airway collapse takes place in the dependent
airways. Thus, airway closure occurs in the upright person
without pulmonary disease at a lung volume that exceeds FRC
(128). In other words, airway collapse can take place in the
upright healthy elderly lung even during quiet resting tidal vol-
ume during spontaneous breathing, with ventilation/perfusion
(V/Q) mismatch increasing shunt fraction and alveolar-arterial
partial pressure of oxygen (PO 2) gradient, with relative hypox-
emia for a given inspired fraction of oxygen (FiO 2). Subjecting
the supine elderly patient with compromised FRC to controlled
positive pressure ventilation demands that meticulous atten-
tion must be paid to ventilator management to correct V/Q
mismatch. The complex details of mechanical ventilation are
addressed elsewhere. (Chapter 130). In general, one must use
PEEP (positive end-expiratory pressure) while administering
the lowest FiO 2 possible, avoiding overdistention of the better
aerated (more superior, nondependent) alveoli, and providing

sufficient expiratory time to avoid auto-PEEP and breath stack-
ing, as well as sufficient tidal volume into the restricted thoracic
cage without exceeding peak pressure limits.

It is commonly held that healthy elderly individuals have a
significantly lower PaO 2 for a given FiO 2, compared to equally
healthy younger counterparts. Traditional teaching has pro-
posed the following formulae (129,130):

PaO 2 (mm Hg) = 104.2 − (0.27 × age)
PaO 2 = 100.1 − 0.325 × age (years)
PaO2 = 109 − 0.43 (age)

More recent studies have yielded varying results (131,132), cer-
tainly not confirmatory of a pronounced “predestined” decline
in oxygenation with age, and questioning the hypothesis that
progressive disruption of the matching of ventilation and per-
fusion in the elderly is actually the cause of whatever decline
actually occurs (133). The related questions of rise in (A–a)
gradient with age, and “normal” age-related decline in PaO 2
are, similarly, quantified by different investigators (129,130,
134,135).

NUTRITIONAL ISSUES
Malnutrition, also known as undernutrition, is a common com-
panion of elderly individuals and frequently a complicating
factor in the efficient and successful management of an elderly
ICU patient. The natural decline in energy expenditure with
age begins at about age 30 and accompanies the age-related in-
crease in body fat–to–protein ratio (136–138). The evolution
of nutritional intake with age is one of decline that exceeds
the decrease in energy expenditure (139,140) for various rea-
sons. Thus, even the healthy individual will eat less and lose
weight with time, and will be at risk for malnutrition if illness
occurs or social support wanes. For example, in elderly nursing
home patients, a population in whom initially minor medical
problems can quickly blossom into life-threatening conditions,
the incidence of undernutrition can approach 85% (141,142).
Malnutrition at the onset of critical illness portends poor out-
come, as does insufficient nutritional support during the course
of the illness (143,144). Mortality is considerably higher in the
malnourished elderly patient, compared to those who are nu-
tritionally replete (143). Undernutrition has several common
causes: (i) functional decline and social isolation from fam-
ily and other support systems, (ii) anorexia associated with
older age—the so-called anorex ia of aging—or chronic illness,
(iii) anatomic or gustatory impediments to mastication or swal-
lowing, (iv) abuse or neglect, and (v) insufficient financial re-
sources (145–148). Therefore, the prevalence of undernutrition
in hospitalized, geriatric patients is relatively high (149,150)
and is often unrecognized unless sought specifically (151). Iden-
tification of malnutrition in the elderly patient (151) may be
facilitated by the routine employment of easily used physical
examination and laboratory screening tools as part of an or-
ganized, proactive nutrition screening program (152). There
is little literature addressing nutrition in the geriatric intensive
care unit patient per se, and the principles set forth below are
generally applicable to any ill elderly patient.

Undernutrition imposes a considerable burden on the
marginally compensated geriatric patient. The conditions
known as protein-energy malnutrition (PEM) and micronutri-
ent deficiency complicate the treatment of several conditions
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seen in the ICU. These include the contribution of gas-
trointestinal tract nonintegrity to multiorgan system failure
(153,154) and other common cardiovascular (155,156), pul-
monary (157–159), and infectious issues (160). Wound healing
is impeded by a poor nutritional state (161–163); in particular,
development of decubitus ulcers is more common in malnour-
ished elderly individuals, and successful management is decid-
edly more difficult (164). Patients with PEM are at increased
risk for serious complications while in the hospital (165), with
slower recovery (166), poorer functional status at discharge,
and higher rates of mortality after discharge (167,168).

Malnutrition is a disorder of body composition in which
macronutrient and/or micronutrient deficiencies occur when
nutrient intake is insufficient, resulting in reduced organ func-
tion, abnormal blood chemistry studies, and suboptimal clin-
ical outcomes (169). Nutritional deficiency is found in 35%
to 65% of elderly hospitalized patients (170). Of the available
screening techniques reflective of nutritional status, one of the
most revealing is the dietary and weight loss history, as found
in such structured nutritional questionnaires as the Mini Nu-
tritional Assessment (MNA) tool and others (171,172). While
probably more applicable to the long-term outpatient setting,
certain pieces of information gathered from the patient or fam-
ily via the MNA are helpful in providing a “snapshot” of the
patient’s nutritional status. Obtaining the patient’s weight im-
mediately on admission is an obvious step in assessing nutri-
tional condition. Because of the various types of body habitus
found in ICU patients, a calculation of the Quetelet body-mass
index (BMI) is helpful to standardize weight to height, provid-
ing a relatively standardized estimate of body fat (173):

BMI = weight (in kg) divided by height (in m2).

The Department of Health and Human Services defines normal
BMI as being within the range of 18 to 24.9, with those with
BMIs less than 18 being underweight, the overweight range
being 25 to 29.5, and those displaying a BMI above 30 be-
ing obese (174). These data, however, cover—in the United
States—the adult population as a whole. The picture in a
unique subset such as the elderly is more complex. In the geri-
atric population, BMI less than 20 is predictive of nearly 50%
1-year mortality (175), a stronger predictor of mortality than is
diagnosis. Similar results were found among critically ill adults
with a BMI less than or equal to the 15th percentile (176). Such
data lead researchers to suggest that the optimal BMI lies higher
in the elderly than in the general population (177); this supposi-
tion has been supported by a large study demonstrating that the
detrimental effect on mortality of excess body weight declines
with age (178). Furthermore, the BMI calculation does not
differentiate between differences in body morphology; obese,
malnourished individuals whose BMIs fall within the normal
range may go unidentified using this formula (179). Since an
age-associated loss of height can be significant in the geriatric
population, especially in kyphotic individuals, substitution of
arm span as the denominator of the BMI calculation has been
suggested to give a more accurate comparison of an individual
patient’s BMI to the standards that were originally established
in younger persons (180,181). Arm span is identical to height in
younger years; although height may decline with age, arm span
remains unchanged, providing more accuracy within the pre-
viously determined younger age frame of BMI reference. Knee
height, as measured from plantar surface to top of patella with
the ankle at 90 degrees, is another measurement (182) that

can be substituted in corrected BMI calculations in those with
diminished stature who are unsuitable for arm span measure-
ment. Triceps skin fold thickness and midarm circumference
can also provide an idea of body fat content (183).

In general, however, use of the BMI in the elderly is suspect,
regardless of the height measurement used, as there are few
normal BMI data that specifically describe those older than 65
years. The ages of geriatric patients included in nutrition stud-
ies vary, anthropometric characteristics vary in different ad-
vanced decades, and incidence of weight-changing diseases and
conditions—such as cancer or the anorexia of aging—increases
with age (184). These factors make the formulation of accu-
rate statements and recommendations addressing ideal weight
and BMI in the elderly difficult to formulate (137). Although
the percentage of older Americans falling into the definition
of obese continues to climb (185), one should not make the
assumption of nutritional integrity. Age-related redistribution
of caloric stores may disguise the overweight elderly patient
with severe PEM (179) as one who is obese in the mind of
the unwary clinician who is not familiar with the metabolism
of geriatric patients, and the pathophysiologic implications of
these changes (186). Misguided hypocaloric feeding, directed
at mobilizing excess fat stores in the obese, but malnourished,
elderly patient may worsen the situation by leaving the ongo-
ing catabolic protein breakdown associated with critical illness
uncorrected (187).

Several easily measured laboratory parameters are reflective
of nutritional status on admission, and some can be followed
periodically to assess the success of nutritional support. Albu-
min is a product of hepatic metabolism, synthesized ultimately
from ingested or infused nitrogenous precursors in the pres-
ence of adequate caloric support. Although it is held that the
serum albumin level is reflective of the nutritional state, various
factors influencing serum albumin levels make it only vaguely
reflective of overall nutritional status (188), with a ROC (re-
ceiver operating characteristic) curve rating of 0.58 compared
to the clinical subjective global assessment tool. Serum albumin
level does decline somewhat with age—0.8 g/L per decade for
individuals older than 60 years of age—but generally remains
within the numerical normal range. Significantly reduced al-
bumin concentration, therefore, should be attributed to dis-
ease processes (189,190) and be aggressively investigated. A
substantial decline in serum albumin concentration is accu-
rately predictive of mortality and worse outcome among the
elderly, both in the setting of apparent health and illness (191–
195), possibly reflective of the presence of chronic disease- or
inflammation-induced mediators that simultaneously suppress
albumin gene expression (196). The half-life of albumin, 18 to
19 days (197–199), makes its use less than optimal in monitor-
ing metabolic and synthetic functions, in which rapid change is
significant. Alternatives include prealbumin and retinol bind-
ing protein. The former has a half-time of 2 days and is not
affected by age but is elevated with steroid use. The latter
has a half-time of 12 hours, decreases slightly with age, and
is elevated in the setting of acute liver injury. The serum level
of renally excreted retinol binding protein is artificially ele-
vated in renal failure, which may suggest nutritional integrity
(199).

As critical illness induces substantial catabolism (199–201),
resting energy expenditure (REE) rises during the first 2 weeks
of this state, with mobilization of nitrogen stores as a com-
ponent of the associated inflammatory response to physiologic
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insult. Total energy expenditure (TEE) may rise to as high as
40 to 50 kcal/kg/day in critically ill, septic, or trauma patients,
repletion of which is most difficult without correcting the un-
derlying inciting process (202,203). In the elderly individual
with marginal nutritional reserve at the onset of critical illness,
early provision of caloric and protein support is warranted.
The farther behind the patient starts, the more difficult is the
recovery of positive nitrogen balance. Catabolic processes char-
acteristic of critical illness are not reversible by nutrient sup-
plementation alone; they are incited by inflammatory media-
tors rather than by pre-existing deficiency or inadequate re-
pletion and are thus not forestalled by aggressive nutritional
support. Traditional guidance recommends 25 kcal/kg/day of
nutritional support, with an additional protein supply of 1.2
to 1.5 grams/kg/day (169), based on usual body weight. Obese
individuals, defined as above (204,205), warrant feeding based
on ideal, rather than usual, body weight:

Men: IBW (kg) = 50 + 2.3 kg per inch over 5 ft
Women: IBW (kg) = 45.5 + 2.3 kg per inch over 5 ft

Where IBW is ideal body weight.
Greater accuracy can be achieved using the Harris-Benedict

equations to determine the estimated resting energy expendi-
ture (REE) as a guide to calculation of nutritional needs (206):

Men: REE = 66.5 + (13.75 × weight in kg)
+ (5.003 × height in cm)
− (6.775 × age in years)

Women: REE = 655.1 + (9.563 × weight in kg)
+ (1.850 × height in cm)
− (4.676 × age in years)

This may be insufficient in the critically ill geriatric patient
in the throes of the inflammatory response, unless the higher
stress and activity factor is used (207). Resting metabolic rate
may be nearly double in the critically ill or injured individual
(202) compared to the healthy noninjured person. Protein sup-
plementation at a rate of 2 g/kg is recommended for the most
critically ill, catabolic patients although, in the initial stages of
such a condition, the rate of catabolism may just not be ame-
liorable despite aggressive support in appropriate quantities
(208). Initial empiric dosages should subsequently be adjusted
based on indirect calorimetry and nitrogen balance studies if
there is suspicion of inadequate nutritional support as revealed
by following the previously noted markers of protein synthesis
as surrogates of metabolic recovery (209). Enthusiastic over-
provision of macronutrients in a misguided and vain attempt
to thwart and correct inflammatory catabolism, on the other
hand, leads to a host of complications and considerable mor-
bidity (210) for which the geriatric patient may be unable to
compensate. Furthermore, the confounding factor of obesity
sometimes seen in the nutritionally deficient geriatric patient
makes the recipe that provides optimal nutritional support frus-
tratingly difficult to determine. In such situations, measure-
ments of energy expenditure performed at frequent intervals
are even more strongly advisable, since energy requirements
fluctuate with time and medical condition, and vary signifi-
cantly from those of younger patients, on whose metabolism
nutritional recommendations are often based. In general, most,
although not all, studies show that enteral nutrition is preferred
because of the purported preservative effects on intestinal mu-

cosal integrity, cost issues, and a lesser degree of risk exposure
to the patient, both infectious and mechanical, associated with
placement of flexible nasointestinal feeding tube versus central
line for parenteral nutrition (169,211–215). This statement,
however, is the source of endless controversy and the basis of
considerable investigation and an inordinate number of publi-
cations (216–218). The risks and benefits of the common routes
of nutritional support were recently reviewed in exquisite detail
(219).

RENAL CONSIDERATIONS
Deterioration of renal function in a critically ill patient has a
dramatic impact on survival. Acute renal failure (ARF) car-
ries a mortality of nearly 30% in a general ICU population;
a decline of renal function of even lesser severity also impacts
mortality significantly (220) and more so in the geriatric pop-
ulation. An elderly patient with compromised renal function
will often succumb to the added insult of renal failure after a
complex surgical intervention or traumatic injury. The chance
for at least partial renal functional recovery after critical illness-
related ARF is greater than 90% among those alive a year after
their illness (221). Presently, there is little treatment for renal
insufficiency or failure other than optimization of hemodynam-
ics, prevention of further damage, and aggressive treatment of
the complications. The intensivist holds a pivotal position in
the understanding of renal physiology and principles of renal
protection to minimize the impact of critical illness on renal
function and its influence on outcome.

As in all physiologic systems in the elderly, there is a grad-
ual deterioration of renal function, beginning at age 30 years
(222,223). When the sixth decade is reached, this deteriora-
tion generally continues, although with a very wide bell curve
of distribution (224). It is well described (225) that renal
blood flow declines after the fourth decade (226). There is
loss of renal—primarily cortical—mass (227) and the onset
of glomerular sclerosis and involution, causing a decrease in
the number of functional glomeruli (228), in turn causing a
decrease in glomerular filtration rate (GFR) of 30% to 40%
by age 80 (222,229). Deterioration of tubular function paral-
lels that of the glomerulus (230). In the elderly patient, factors
other than age-related deterioration may complicate renal func-
tion, including pre-existing renovascular disease, hypertensive
nephrosclerosis, or hypotension associated with trauma or ne-
glect. Clearly, accurate assessment of GFR is fundamental to
the prudent management of the elderly patient’s medication
dosages and fluid and electrolyte status. Laboratory measure-
ment of serum blood urea nitrogen (BUN) and creatinine (Scr),
used individually or in a ratio, act as surrogates of renal func-
tion. They are, however, less accurately reflective of renal func-
tion in the elderly than in a younger person. BUN rises slightly
with age over 60 years, paralleling the gradual decline in renal
function. Scr reflects muscle mass and, while completely filtered
(and only minimally secreted) into the tubule and therefore
generally reflective of GFR, may not climb as expected de-
spite age-related falling renal filtration (231). Age-related di-
minished muscle mass, often paralleling the deterioration of
renal function, generates less creatine (and thus, creatinine),
leading to what may erroneously be looked upon as a normal
(i.e., lower than expected Scr for given GFR that is diminished
from the effects of age and its associated diseases) baseline Scr .
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The wary clinician will individualize each assessment of GFR
by using the Cockcroft-Gault formula (232) to generate a more
accurate estimate of function based on weight, age, and serum
creatinine:

Creatinine clearance = [(140 − age) (weight in kg)]/ (72 × Scr)
(arithmetic result × 0.85 = clearance for female patients)

This formula provides a “snapshot” of function at a given time
and is most useful if calculated on ICU arrival and daily there-
after. Recall that Scr may be affected (i.e., increased) by exces-
sive muscle breakdown due to rhabdomyolysis, critical illness,
or medications. Other laboratory surrogates of GFR have been
devised, such as the measurement of cystatin C (233–235) and
MDRD (modification of diet in renal disease) equations (236),
but the ease with which the Cockcroft-Gault calculation is per-
formed makes its routine replacement unlikely. If CFR remains
uncertain, urine collection for measurement of creatinine clear-
ance can be done with fair accuracy using at least an 8-hour
urine collection period (237,238). However, 24-hour collection
is preferred in critically ill patients and is easily done in patients
with indwelling urinary catheters.

There are alterations of fluid and electrolyte handling by the
aging kidney of which the intensivist must be aware, related to
tubular dysfunction proportional to the decline in GFR. Al-
though baseline electrolyte values and fluid status are likely
within normal ranges in the previously healthy geriatric patient,
age-related tubular dysfunction narrows the limits of correc-
tion of water and sodium aberrations that the patient can read-
ily accomplish. Sodium excretion and reabsorption declines in
efficiency, with those older than 60 years requiring consider-
ably more time to achieve homeostasis in the face of sodium
overload or deprivation (239). Similarly, the range of specific
gravity and osmolarity achievable in the face of water excess or
deficit is narrowed in comparison to that of a younger individ-
ual (240). Rectification of acid-base perturbations is similarly
deficient (241). The stresses of critical illness or injury typical of
the elderly ICU patient intensify the effects of these functional
deficiencies, and must be foreseen and addressed aggressively to
forestall the profound effects of deterioration of renal function
on morbidity and mortality. These stresses include volume de-
pletion from gastrointestinal (GI) bleeding, severe dehydration,
diarrhea, aggressive diuresis, insensible losses in burn patients
or those with drainage from wounds or fistulas, and disruption
of renal blood flow from sepsis, shock, or surgical causes such
as complex renovascular surgery.

Management of deteriorating renal function requires accu-
rate diagnosis of the inciting cause, while addressing complicat-
ing or resultant metabolic derangements and preventing further
insult. The details of the diagnosis of renal pathology are not
specific to the geriatric patient and are addressed elsewhere in
this text (Chapter 163). It is important to recognize that acute
kidney injury occurs in as many as 67% of ICU admissions
(220), as identified by RIFLE (risk, injury, failure, loss, end-
stage) criteria (242), and that the effect of renal deterioration
is quite detrimental to the elderly individual. Initial evaluation
must include such fundamental steps as performance of a phys-
ical examination that may reveal an occluded urinary catheter
causing an enlarged bladder. Hypovolemia, both absolute, as
in severe dehydration, and relative, as in sepsis, must be ag-
gressively corrected with appropriate fluid and blood prod-
ucts; invasive monitoring is warranted in this population of
patients with compromised reserve. Dosage adjustment of po-

tentially nephrotoxic medications is mandatory, using assess-
ment of GFR as a guide. Antimicrobials such as cephalosporins
and aminoglycosides, nonsteroidal anti-inflammatory medica-
tions, certain chemotherapeutic medications, and angiotensin-
converting enzyme inhibitors are common offenders (243).
Loop diuretics, mannitol, and natriuretic peptides have largely
been demonstrated to be of no use in preventing incipient acute
renal failure that may seem to be starting (244). The role of
N-acetylcysteine and bicarbonate to minimize the deleterious
effect of radiocontrast medium on renal function in critically
ill individuals remains controversial, but it should generally
be used in any elderly patient receiving contrast (245–247).
Beyond awareness of medications that impact renal function,
there is the effect of age-related diminished renal function on
drug metabolism and excretion (248). Recall that common in-
dicators of renal function, BUN and Scr , although appearing
normal in the elderly, may mask a compromised GFR, risking
medication-induced complications if this fact is overlooked.
Early nephrology consultation is encouraged when RIFLE cri-
teria suggest compromised renal function; similarly, a critical
care pharmacologist can assist in clarifying renal-active medi-
cation issues in these complex patients.

ASSESSMENT AND MANAGEMENT
OF TRAUMATIC INJURIES

Elderly individuals suffer a significant number of severe and of-
ten lethal traumatic injuries, the analysis and management of
which can be frustratingly complex (249). In the 55 to 64 age
group, unintentional injury was the sixth leading cause of death
in 2003; in those older than 65 years, nearly 35,000 deaths were
attributed to trauma (250). Most serious injuries are caused
by falls, the occurrence rising dramatically as age advances
into the 60s and beyond (251). Falls from a standing or even
sitting position, imparting an apparently trivial amount of ki-
netic energy to frail tissue, may result in fatal injury, dispropor-
tionately accounting for half the trauma-related deaths when
compared to those of younger people (252). Most remaining
significant traumatic injuries to the elderly involve motor vehi-
cles, either as vehicle occupants or as pedestrians (253), while
there is a small but persistent incidence of injury and death
from penetrating trauma in the geriatric population, declining
to less than 1% in those older than 75 years (254,255). Evalua-
tion and management of the injured elderly require familiarity
with characteristic injury patterns and knowledge of comor-
bid diseases and particulars of geriatric physiology that impact
treatment (256). Practice management guidelines for geriatric
trauma (257) are helpful in this situation.

Immediate assessment of the resuscitation status of any pa-
tient arriving in the ICU, whether from the operating room, the
emergency department, or elsewhere in the hospital, is imper-
ative. The paucity of overt physical findings of intravascular
fluid deficiency that may be seen in the elderly patient adds
additional urgency to its accurate analysis. The lusitropic com-
promise that typifies the geriatric patient demands avoidance
of overgenerous fluid repletion. Although standard protocols
may serve as a guide to ensure that all systems are evaluated,
one must remain mindful that standard and acceptable ini-
tial hemodynamic measurements may actually conceal unsus-
pected injury or bleeding in the confused elderly trauma patient
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who may be taking medications that affect vital signs. Airway
management in the elderly carries its own set of difficulties.
Age-associated arthritic spinal, mandibular, and arytenoid de-
formities; an increased incidence of occult cervical spinal in-
juries (258–260); marginal respiratory drive; and compromised
airway reflexes may warrant securing the airway preemptively,
avoiding a later “crash” difficult airway emergency. A thorough
and detailed physical examination is fundamental. Timely se-
quential measurement of routine hematology tests, even in the
stable geriatric patient, may reveal unsuspected hemorrhage.
Arterial blood gas analysis is a convenient tool since it is quickly
performed and allows frequent measurement of hemoglobin,
base deficit, and lactate. The latter two values are powerful
indicators of resuscitation status and, when elevated, predict
increased mortality in the elderly population (261,262). In one
study of elderly trauma patients, mortality was decreased from
54% to 34% (p < 0.003) by institution of a protocol of trauma
team activation and early noninvasive and subsequently inva-
sive monitoring for resuscitation of all patients older than age
70 years with an injury severity score (ISS) greater than 15,
even for those with nonworrisome initial vital signs and fairly
minor injuries (263). This supports the precept that achieving
adequate tissue perfusion early, while often difficult to accom-
plish, is fundamental to successful trauma management. One
must be mindful, furthermore, that while invasive monitoring
carries its own risks, judicious use of these tools can improve
outcome and survival in the elderly trauma patient (263–265).

Certain patterns of injury are found in geriatric patients.
Traumatic brain injury (TBI) afflicts the elderly with extraor-
dinary severity. High mortality leaves fewer survivors, most of
whom suffer debilitating sequelae (266). In 2003, there were
90,000 emergency department visits involving TBI in those
older than 65 years, of whom 38.4% died (267). Some series
document mortality rates for severe TBI in those older than 55
years of age as high as 80% (268). Initial neurologic exami-
nation of an elder with significant intracranial injury may be
deceptively normal (269). Suspicion of an occult central ner-
vous system (CNS) injury must be maintained if such individu-
als arrive in the ICU without radiologic evaluation having been
performed, warranting frequent, sequential neurologic evalu-
ations by the same examiner and a conservative approach to
ordering a cranial CT scan. Those elderly whose cause of TBI
is a fall—nearly 50% , from 1988 to 1998—are likely to have
three or more significant comorbid conditions complicating
ICU management (270,271). Outcome after TBI is optimized
by using meticulous clinical assessment, timely radiologic re-
evaluation, and aggressive invasive monitoring to facilitate im-
mediate recognition of worsening status, such as that due to re-
current intracranial hemorrhage, while minimizing secondary
injury.

Secondary injury may occur when even transient episodes
of hypoxia or hypotension affect cerebral perfusion pressure
(CPP) (272) and, in the setting of elevated intracranial pressure
(273), hyperglycemia (274), hyperthermia (275), or aggres-
sive hyperventilation (276,277). Infusion of hypertonic saline
(278) may supplement the management of elevated intracra-
nial pressure that resists control by the usual initial measures.
The cornerstone of TBI treatment is the maintenance of cere-
bral oxygenation by ensuring adequate oxygen content and
CPP, guided by data derived via invasive intracranial moni-
toring devices that are inserted based on specific indications
(279). Little, however, has been written specifically address-

ing geriatric CPP requirements. Although a CPP of 70 mm Hg
is considered the standard (279), this has not been rigorously
tested specifically in the elderly as it affects outcome. Cerebral
autoregulation in the elderly is subject to the same influences as
those that affect the younger individual. In this population, the
abundance of comorbidities, such as untreated hypertension,
may have acclimated the cerebral vasculature to a new base-
line, making invasive cerebral monitoring even more critical in
ensuring adequate perfusion for the aging brain. The profound
influence of even mild TBI (280–282) on short- and long-term
outcome in the elderly patient mandates aggressive monitoring
and optimization of cerebral perfusion parameters.

Cervical spine injury is not uncommon in the geriatric
trauma patient (283); plain radiographs (258,284) may be un-
revealing of fracture or difficult to interpret because of age-
related boney changes obscuring acute pathology (259). Frac-
ture of the upper cervical spine is more common in the elderly
than in younger individuals, especially in those who have fallen
(260) and are more likely to be unstable (285). Helical CT
is superior to plain radiographs to identify cervical spine in-
jury in this population (284,285–287). Cervical spine pathol-
ogy may exist in totally asymptomatic individuals with un-
remarkable examination findings, only to be discovered by a
diligent clinician who takes extra steps to search for such an
injury (288,289). In the cervically injured geriatric patient, the
likelihood of coincident painful injury—a distracting injury in
which the pain from another injury distracts the patient’s at-
tention from the perception of neck pain or a condition, such
as altered mental status—that would affect the examiner’s de-
cision to forgo radiographic evaluation is so high as to make
such an evaluation imperative in nearly all cases. One must be
mindful of the greater likelihood that cervical injuries in the
elderly often occur in the arthritis-prone superior vertebrae,
which are notoriously difficult to depict on plain films (290),
and consider CT evaluation of virtually all geriatric trauma pa-
tients in whom even subtle symptoms, history, or mechanism
of injury suggest cervical injury, regardless of the initial exam-
ination findings or any comforting results of a protocol-based
decision-assisting algorithm that suggest the safety of less ag-
gressive investigation.

Traumatic rib fractures impose substantial morbidity. Those
older than 45 years of age with more than four fractures are
particularly affected (291). In a study of patients tradition-
ally defined as elderly—those older than 64 years—rib frac-
tures profoundly affected morbidity and mortality, with longer
length of stay in the ICU, more frequent pneumonia, and over-
all mortality rate of 22% versus 10% (p < 0.001) in those less
seriously affected (292). Of note in this study was that rates of
mortality and pneumonia both increased with each additional
rib fracture. Epidural analgesia would appear to be the ideal
technique to alleviate the pain associated with rib fractures to
optimize pulmonary status and, indeed, has been found to be
successful in nongeriatric adults (293,294). In one recent study,
however, the opposite has been demonstrated in an elderly pop-
ulation when compared to parenteral analgesia (295).

The management of abdominal trauma follows pathways
similar to those for younger patients, with certain caveats. As
in other body systems in the elderly, findings on physical ex-
amination indicating serious abdominal pathology can be sub-
tle, especially when complicated by distracting orthopedic or
mild head injury. Liberal use of CT scanning is strongly recom-
mended if mechanism of injury, external abdominal findings
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such as a seat belt mark, or laboratory evidence of hypoperfu-
sion (elevated base deficit or serum lactate) suggest visceral in-
jury. Nonoperative management of certain radiologically well-
characterized injuries of solid organs—namely the spleen, the
liver, and the pancreas—in the hemodynamically stable elderly
patient is becoming increasingly accepted as evidence of the
success of this approach accumulates (296–298).

Serious orthopedic injuries frequently befall older victims
of polytrauma. Decrease in bone mineral density (BMD) with
age older than about 30 years heightens the risk of fracture
in general; this phenomenon is observed in varying degrees in
both genders and all races, but is particularly severe in post-
menopausal Caucasian women (299,300). Pelvic fracture in
the aged is associated with a greater likelihood of significant
blood volume transfusion and mortality (p < 0.005) (301).
Open pelvic fracture often has substantial associated bleeding,
which is seldom treatable, with the exception of arterial bleed-
ing, in any way other than with early stabilization, aggressive
transfusion, and correction of coagulopathy in hopes of even-
tual tamponade of the retroperitoneal bleeding source. Arterial
bleeding from lacerated pelvic vessels warrants embolization
(302). The more typical scenario, however, is that of diffuse ve-
nous oozing, which, nonetheless, may render the elderly patient
hemodynamically unstable, requiring large-volume transfusion
of blood products as a temporizing measure until anatomic
stabilization can be achieved (302,303). The presence of an
open pelvic fracture, with frequent associated visceral injuries
(304,305), further worsens outcome (301). Hemodynamic con-
sequences of large-volume transfusion and frequent septic com-
plications can drive the mortality in both younger and older
adults to nearly 80% (306). Long-bone fractures, in general,
warrant early immobilization and stabilization to minimize on-
going hemorrhage and generation of fat emboli; such fixation
improves mortality significantly (307). Optimal timing of sur-
gical stabilization of these quite morbid fractures, however,
is a complex issue to resolve when they occur in the larger
setting of the patient with severe head, chest, or abdominal
injuries (308). Although postponing the operative stabiliza-
tion of a femur or complex pelvic fracture to allow time to
achieve hemodynamic stability in a traumatized patient is not
without benefits, it is also not without risks (309,310). Pro-
longed immobilization of the elderly patient with such a frac-
ture prior to stabilization forgoes the profound respiratory
benefits of early mobilization, more likely exposing the pa-
tient to extended intubation, pulmonary thromboembolus, and
infection.

Studies of elderly trauma patients have consistently doc-
umented the higher mortality expected in this population
(254,264,310,311). The mortality rate begins to climb for
those in their sixth decade, even for less severe injuries (312),
when compared to younger individuals; for moderate injuries,
the mortality curves diverge beginning in the fifth decade, with
a steeper turn in the seventh. With advancing age, trauma-
related mortality rates for those in the seventh decade and
above range as high as 47% for those with an injury sever-
ity score (ISS) more than 30, compared to those 45 years old
or younger (20.1% ) (313). Within the context to which al-
lusion was earlier made—that of future payoff in return for
resource use—the complexity and enormity of the issue grows
as health care costs rise, and as the percentage of the popula-
tion represented by the elderly increases. As these rising num-
bers of individuals cease working, and, thereby, are no longer

able to generate an income that can be taxed to finance pub-
lic health care funding programs such as Medicare, or be used
to pay for personal private health insurance to cover costs of
traumatic injuries, the costs of providing that trauma—and,
indeed, all—care will have to be borne by a source other than
the patients themselves. Based on the size of these costs and the
likelihood of marginally or poorly acceptable outcomes among
a substantial minority of geriatric trauma patients (3,313–316),
investigations have been performed that have tried to answer
two important trauma outcome-related questions. These are
as follows: Is it possible to identify an elderly trauma patient
who will certainly die later, even if the patient survives the ini-
tial period of resuscitation, surgery, and further stabilization;
and to what level of functioning will the elderly survivor of
trauma-related intensive care return on discharge? To many el-
derly individuals, the prospect of lingering in the netherworld
of prolonged posttrauma multiorgan system failure with the
certainty of death pushed back “only as long as the machines
keep me running,” or existing debilitated in a nonhome en-
vironment where even bowel function and bathing are at the
behest of another, is worse than death itself, not really living at
all, and is the basis of much concern among the elderly.

There are, however, grounds for hope. In one study of vic-
tims of penetrating trauma more than 60 years old, 91% were
discharged home, most without assistance (255). The postdis-
charge level of functioning in elderly patients surviving blunt
trauma varies widely, as would be expected in a population
whose baseline physiologic attributes are so diverse. Clearly,
even the healthiest octogenarian is not the physiologic equal
of a two-sets-of-tennis 65-year-old and will have a signifi-
cantly decreased likelihood of returning to premorbid func-
tionality, although both individuals may be described as el-
derly. Nonetheless, even after significant traumatic injuries, a
substantial percentage of recovering geriatric patients, even the
very old, will be able to live relatively independently, albeit
for some patients, in a protected environment with assistance.
Many will be able to return home with or without periodic pro-
fessional assistance (314,317–319). In one retrospective study
of 38,707 elderly trauma patients with a mean ISS of 11.7 ±
0.05 (standard error of mean), in which 10.3% died in hos-
pital, 52.2% of the survivors went home. The percentage of
patients returning home after serious traumatic injuries, many
requiring prolonged intensive care, varied considerably with
age, from 66.7% of those 65 to 74 years to 30.5% of those
85 years of age or older (320). With aggressive rehabilitation,
improvement in function and independence can continue for
substantial periods of time after discharge, including in those
who have suffered TBI (321). In another study, recovery of el-
derly trauma patients was improved by early involvement of
physicians from a geriatric trauma consult service, who as-
sisted in recognition and treatment of medical issues, and in
advanced care and disposition planning (322). The likelihood
of leaving the hospital after a trauma-related ICU admission
can be improved from the outset, as noted earlier, by aggres-
sive attention to adequate resuscitation to rectify suboptimal
perfusion, by attention to maintenance of acceptable CPP in
TBI, and by recognition and treatment of the early subtle signs
of cardiac and respiratory decompensation. Finally, trauma
care outcome must be scrutinized within the context of pro-
found personal and social issues, beyond those solely of medi-
cal success, that are integral to ICU care in patients in this age
group.
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OUTCOME AFTER A CRITICAL
ILLNESS IN THE GERIATRIC

POPULATION
Most people die after the age of 65 years. Although life ex-
pectancy is greater at any given age now than it was even
15 years ago, with an increasing percentage of patients falling
within the age range when death within a few years is a real
possibility even in the most healthy of individuals, objective
evaluation must be made of the appropriateness—and likeli-
hood of successful outcome—of aggressive critical care medical
services that are provided to those in this age group. At present,
geriatric patients represent between 25% and 50% of all ICU
admissions (8,9). In 2000, ICU costs represented 13.3% of hos-
pital costs, 4.2% of health care expenditures, and 0.56% of the
U.S. gross domestic product (323). The enormous expense as-
sociated with ICU care has prompted some analysts to raise
the subject of limits on expenditures for the elderly (324,325),
since, for example, an 80-year-old who is supported through a
3-week bout of sepsis is not likely to return to the revenue-
generating work force for an additional 30 years as would
a similarly afflicted 35-year-old. Indeed, the literature dealing
with geriatric medical issues is liberally populated with articles
addressing ageism in the context of delivery of services to the
elderly (326–328), raising the concept of providing less aggres-
sive or intensive levels of acute care to an elderly person solely
on the basis of age. Meaningful discussions addressing the more
philosophical issues of critical care such as the correct level of
aggressiveness of care and appropriateness of withdrawal of
care, to say nothing of the financial issues, simply cannot be
addressed in any rational way without an accurate picture of
what critical care accomplishes in these elderly patients.

A successful ICU admission is certainly defined within cul-
tural and social, as well as personal, contexts. Although the
family member’s “do everything for Granddad” dictum is fa-
miliar, it often represents an unrealistic appraisal of the possible
benefit from certain modalities of care that can be done, but
possibly should not be done. Although the ICU is designed as a
temporary environment that allows support of body functions
during recovery, the complicated technology and meticulous
attention to detail that characterize that environment is not
the basis for such “magical” accomplishments as saving the
life of a patient who has a lethal condition, despite the ex-
pectations and exhortations of some. Nonetheless, death can
often skillfully be forestalled with polished and professional
ICU care to such a degree that it may occur immediately after
a de-escalation of such care, or later while the patient is on the
general ward, in a step-down unit or rehabilitation facility, or
after returning home (either early or late) to a life with varying
similarity to that prior to the original serious medical occur-
rence (329). Meaningful discussions with elderly patients and
their families, whether prior to complex morbid surgical pro-
cedures or as an ICU stay extends past the first few days, must
include accurate outcome data, so as to facilitate informed de-
cisions regarding the specifics and suitability of continued care.
Studies addressing outcome in the critically ill geriatric popu-
lation have produced various results that vary with the metric
employed, the duration over which the outcome is monitored,
and broad intrapopulation patient variability. The latter cate-
gory highlights differences in age, premorbid physical status,
statements of preference regarding aggressiveness of long-term

medical care, and patient and family declarations addressing
such subjective concepts as posthospitalization quality of life.

The term geriatric population encompasses a quite heteroge-
neous group of individuals from the standpoint of age, premor-
bid general medical health as a reflection of functional status,
severity of the event that justifies ICU admission, and cultural
mores as they impact interaction with the modern health care
structure of the country in question. Studies assessing the re-
sults of care delivered to the elderly may or may not reflect this
diversity (330), making interpretation of individual study con-
clusions and their application to individual clinical situations
suspect. Furthermore, the term outcome must be specifically de-
fined as to the depth of support required by the post-ICU elder
and its correspondence with that autonomous person’s prefer-
ences, which, again, may vary widely based on cultural, reli-
gious, national, and other parameters. Although many elders
prefer a less aggressive care regimen designed around end-of-
life comfort at the expense of duration of remaining life, many
desire life extension in the face of critical illness by use of com-
plex technology despite a vanishingly small or nonexistent ex-
pectation of recovery (8,331,332). Furthermore, the clinician’s
perceptions of the patient’s desires may not be accurate, and
thus may lead to withdrawal of care or withholding of a modal-
ity of treatment in a manner that would not be considered in
the care of a younger patient (331). It is important to remem-
ber that while age may be associated with worse outcome from
critical illness, numerous investigations have demonstrated that
age, in and of itself, is less a factor than is the severity of the
specific condition that warrants intensive care or the general
medical condition of the patient prior to the institution of inten-
sive care (333–335). Despite being subjected to procedures that
are potentially morbid, the otherwise healthy patient may fare
quite as well as a younger individual (335,336). In one study
of outcome after intensive care in octogenarians, postdischarge
survival was more accurately forecast by care dependency at the
time of discharge, as a reflection of premorbid condition and
severity of illness, rather than solely by length of stay (337).
Quality of life (QOL) in the post-ICU elder is not necessarily
inferior to that of younger individuals (338); indeed, overall
QOL has been demonstrated to be similarly good across age
groups ranging from middle-aged to very old (above 80 years)
(339,340). It must be remembered, however, when evaluating
outcome data in elderly ICU patients, that while ICU survival
is less a function of age than of premorbid condition or sever-
ity of illness (30,337,338,341,342), when the aggressive ICU
support is de-escalated with recovery, physiologic reserve may
no longer suffice to forestall death in the few months after dis-
charge, and thus may not be reflected in ICU outcome statistics.
With the wide variability of desires for aggressiveness of care
displayed by the elderly and the inaccuracy with which they
are analyzed by many physicians (343), the most important
function of the geriatric intensivist may be that of conducting
a thorough discussion at the outset of care with the patient and
involved family members so as to tailor intensiveness of care
to the patient’s educated and informed preferences.

DRUG DOSING IN THE ELDERLY
As more patients live longer and consume a larger propor-
tion of medications, it is necessary for health care providers
to understand the risks, benefits, and consequences of drug
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TA BLE 1 0 3 . 1

AGE-RELATED CHANGES RELEVANT TO DRUG PHARMACOLOGY

Pharmacologic process Physiologic change Clinical significance

Absorption Decreased absorptive surface Little change in absorption with age
Decreased splanchnic blood flow
Increased gastric pH
Altered gastrointestinal motility

Distribution Decreased total body water
Decreased lean body mass
Increased body fat
Decreased serum albumin
Altered protein binding

Higher concentration of drugs that distribute
in body fluids; increased distribution and
often prolonged elimination half-life of
fat-soluble drugs

Increased free fraction in plasma of some
highly protein-bound acidic drugs

Metabolism Reduced hepatic mass
Reduced hepatic blood flow
Decreased phase I metabolism

Often decreased first-pass metabolism and
decreased rate of biotransformation of
some drugs

Elimination Reduced renal plasma flow
Reduced glomerular filtration rate
Decreased tubular secretion function

Decreased renal elimination of drugs and
metabolites; marked interindividual
variation

Tissue sensitivity Alterations in receptor number
Alterations in receptor affinity
Alterations in second-messenger function
Alteration in cellular and nuclear responses

Patients are more sensitive or less sensitive to
an agent

therapy in older patients. Several important pharmacologic
and nonpharmacologic issues influence the safety and effec-
tiveness of drug therapy in this population. Pharmacok inetics,
the study of the action of a drug in the body over a period of
time, changes with age. The physiologic changes accompanying
aging affect the pharmacologic processes of absorption, distri-
bution, metabolism, and excretion (Table 103.1). The effects of
these age-related changes are variable and difficult to predict.
Some changes are related solely to aging, whereas others most
likely are due to the combined effects of age, disease, and the
environment. Although increasing age is often accompanied by
decreased physiologic reserve in many organ systems, indepen-
dent of the effects of disease, this change is not uniform. There
is substantial variation from individual to individual, making
some older patients more vulnerable than others. The alter-
ations in pharmacokinetics and pharmacodynamics that occur
with increasing age suggest a pharmacologic basis for concern
about the vulnerability of the elderly to the effects of medica-
tions. Unfortunately, the results of epidemiologic studies that
explore these relationships are unclear, in part due to the small
number of older people included in premarketing studies rela-
tive to the patient population most likely to be exposed to the
drug. The oldest—those aged 80 years or older—have not gen-
erally been included in clinical trials of investigational drugs,
and those older subjects who do participate in such trials tend
to be healthy “young-old” people. Thus, the results of these
trials and the side effects reported often have limited applica-
tion to the older patient with multiple illnesses, taking several
medications. In general, consideration of the individual patient,
his or her physiologic status—hydration, nutrition, and cardiac
output, and how this status affects the pharmacology of a par-
ticular drug are more important in prescribing that drug than
any specific age-related changes.

Absorption of drugs, which occurs mainly by passive dif-
fusion, changes little with advancing age. The changes listed

in Table 105.1 could potentially affect drug absorption. More
important changes result from concurrent administration of
several medications. For example, antacids decrease the oral
absorption of cimetidine, and alcohol accelerates the absorp-
tion of chloral hydrate.

Unlike absorption, drug distribution is affected by age in
clinically meaningful ways. In older persons, the relative in-
crease in body fat and the decrease in lean body mass alter
drug distribution so that fat-soluble drugs are distributed more
widely and water-soluble drugs less so (344) (Table 103.2). The
increased distribution of fat-soluble drugs can delay elimina-
tion and may result in prolonged duration of action of a single
dose. This effect is especially important for drugs such as hyp-
notics and analgesics, which may be given in single doses on
an intermittent basis. For example, the volume of distribution

TA BLE 1 0 3 . 2

VOLUME OF DISTRIBUTION OF COMMONLY
PRESCRIBED DRUGS

Increased volume Decreased volumea

Acetaminophen Cimetidine
Chlordiazepoxide Digoxin
Diazepam Ethanol
Oxazepam Gentamicin
Prazosin Meperidine
Salicylates Phenytoin
Thiopental Quinine
Tolbutamide Theophylline

aIf the volume of distribution is decreased, drug levels tend to be
higher.
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of diazepam is increased almost twofold in older patients, and
the elimination half-life is prolonged from 24 hours in young
patients to approximately 90 hours in the elderly. In contrast,
the volume of distribution of water-soluble compounds, such
as digoxin, is decreased in older patients, and thus the dose
required to reach a target plasma concentration is decreased.
Likewise, due to the decreased volume of distribution, the load-
ing dose of aminoglycosides is less in older patients.

For drugs that bind to serum proteins, equilibrium exists be-
tween the bound or ineffective portion and the unbound (free),
or effective, portion. For acidic drugs that are highly bound
to albumin, the free plasma concentration may correlate best
with pharmacologic effect. Although albumin levels decrease
only slightly with age, they tend to decrease during periods of
illnesses. This can result in elevated levels of unbound acidic
drugs in older persons during episodes of illnesses, and thus in
an increased potential for toxicity. These changes can be sig-
nificant for drugs such as thyroid hormone, digoxin, warfarin,
and phenytoin. On the other hand, some basic drugs, such as
lidocaine and propranolol, bind mainly to alpha-1 acid gly-
coprotein, an acute phase-reactant protein. The concentration
of this protein tends to rise as a person ages and is elevated
following myocardial infarction and in chronic inflammatory
diseases and malignant conditions (345). The plasma binding
of these drugs is increased in older patients, but because these
age-related changes are not great, their exact clinical relevance
is uncertain.

Overall, changes in protein binding are an important consid-
eration initially when a drug is being started, when the dosage
is changed, when serum protein levels change, or when a newly
administered drug displaces another protein-bound agent. Be-
cause the free portion of the drug is generally smaller than the
bound portion, the normal mechanisms of metabolism and ex-
cretion ultimately eliminate the free drug. If either hepatic or
renal function is impaired due to age or disease, this elimination
may be slowed.

Although in vitro studies of drug-metabolizing enzyme ac-
tivity from human liver biopsy samples have not demonstrated
any changes with aging, some investigators speculate that the
decline in liver size with age may result in decreased metabolic
capacity. A significant decline in hepatic blood flow occurs with
age, reductions of 25% to 47% being reported in persons be-
tween the ages of 25 and 90 years. This decrease in hepatic
blood flow is clinically important because hepatic metabolism
is the rate-limiting step that determines the clearance of most
metabolized drugs. This change is especially relevant for drugs
that undergo rapid hepatic metabolism (e.g., propranolol).
Also, drugs that undergo extensive first-pass metabolism are
likely to reach higher blood levels if hepatic blood flow is de-
creased.

The liver metabolizes drugs through two distinct sys-
tems: phase I metabolism, involving drug oxidation, reduc-
tion and hydrolysis; and phase II metabolism, involving glu-
curonidation, sulfation, acetylation, and methylation. Phase I
metabolism is catalyzed primarily by the cytochrome P-450
system in the smooth endoplasmic reticulum of hepatocytes.
Cytochrome P-450 enzymes are a superfamily of microsomal
drug-metabolizing enzymes important in the biosynthesis and
degradation of endogenous compounds such as steroids, lipids,
and vitamins, as well as the metabolism of most commonly
used drugs (346). Phase I metabolism activity decreases sub-
stantially with age. Drugs that are metabolized through phase I

enzymatic activity have prolonged half-lives. Examples of some
drugs whose metabolism is slowed because of these age-related
changes in hepatic metabolism include meperidine, phenytoin,
diazepam, propranolol, theophylline, labetalol, lidocaine, and
quinidine. Age-related changes in phase I metabolism, coupled
with the use of multiple medications, place older patients at
increased risk for adverse drug reactions. Adverse drug reac-
tions occur due either to inhibition or induction of cytochrome
P-450 enzymes, especially CYP3A, which is thought to be in-
volved in the metabolism of more than half of the currently
prescribed drugs (347). Clinical outcomes are determined by
the potency of the CYP3A inhibitor (moderate versus potent),
the availability of alternative pathways, and the seriousness of
the symptoms. A drug is considered a potent CYP3A inhibitor
if it causes more than a fivefold increase in the plasma concen-
tration of another drug that is primarily dependent on CYP3A
for its metabolism (348). Thus, clinicians should be cognizant
of potential drug interactions when they prescribe drugs from
classes that include potent or moderate inhibitors of CYP3A.
If a potent CYP3A inhibitor or inducer and substrate must be
taken together, dosage adjustment and close clinical monitor-
ing are warranted to avoid adverse reactions.

Phase II hepatic metabolism involves the conjugation of
drugs or their metabolites to organic substrates. The elimina-
tion of drugs that undergo phase II metabolism by conjuga-
tion is generally altered less with age. Thus, drugs that require
only phase II metabolism for excretion (e.g., triazolam) do not
have a prolonged half-life in older people. These drugs con-
trast with agents such as diazepam that undergo both phases
of metabolism and have active intermediate metabolites. Al-
though the effect of aging on hepatic drug metabolism is vari-
able, phase I metabolism is the process that is most likely to
decrease in older persons. The apparent variable effect of age
on drug metabolism is probably due to the fact that age is only
one of many factors that affect drug metabolism. For exam-
ple, cigarette smoking, alcohol intake, dietary modification,
drugs, viral illness, caffeine intake, and other unknown fac-
tors also affect the rate of drug metabolism. Induction of drug
metabolism can occur in older persons. The rate of elimina-
tion of theophylline is increased by smoking and by phenytoin
in both young and older persons (349). Not all metabolizing
isoenzymes are induced equally in the young and the old. For
example, antipyrine elimination is increased after pretreatment
with dichloralphenazone in younger patients but not in older
patients.

An important pharmacokinetic change that occurs in per-
sons of advanced age is that of reduced renal drug elimina-
tion. This change results from the age-related decline in both
glomerular filtration rate and tubular function. Drugs that de-
pend on glomerular function (e.g., gentamicin) and/or on tubu-
lar secretion (e.g., penicillin) for elimination both exhibit re-
duced excretion in older patients. Because drug elimination is
correlated with creatinine clearance, measurement of creatinine
clearance is helpful in determining the maintenance dose. As
noted earlier, the average creatinine clearance declines by 50%
from age 25 to age 85 despite a serum creatinine level that re-
mains unchanged at approximately 1.0 mg/dL. The Cockroft-
Gault formula (see earlier discussion) is useful in the accurate
assessment of renal function when planning administration of
renally excreted drugs. Although helpful in adjusting for age,
weight, and the measured serum creatinine level, it does not
account for individual variation.
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Altered renal clearance leads to two clinically relevant con-
sequences: the half-lives of renally excreted drugs are pro-
longed, and the serum levels of these drugs are increased. For
drugs with large therapeutic indices (e.g., penicillin), this is of
little clinical importance, but for drugs with a narrower thera-
peutic index (e.g., digoxin, cimetidine, aminoglycosides), side
effects may occur in older patients if dose reductions are not
made. Thus, it is not surprising that digoxin is the drug that
most often causes side effects in the elderly, especially if the
dose exceeds 0.125 mg daily (350). To define dose requirements
further, therapeutic drug monitoring should be performed for
drugs with a low therapeutic index.

In addition to the factors that determine the drug concen-
tration at the site of action—the pharmacok inetics—the effect
of a drug also depends on the sensitivity of the target organ to
the drug. The biochemical and physiologic effects of drugs and
their mechanisms of action—pharmacodynamics—and the ef-
fects of aging are not clearly known. Pharmacodynamics has
been even less extensively studied in older patients than has
been pharmacokinetics. Generalizations are not straightfor-
ward, and the effect of age on sensitivity to drugs varies with
the drug studied and the response measured. These differences
in sensitivity occur in the absence of marked reductions in the
metabolism of the drug and its related compounds. Thus, sen-
sitivity to drug effects may either increase or decrease with
increasing age. For example, older patients seem to be more
sensitive to the sedative effects of given blood levels of ben-
zodiazepine drugs (e.g., diazepam) but less sensitive to the ef-
fects of drugs mediated by beta-adrenergic receptors (e.g., iso-
proterenol, propranolol). Although an age-related decline in
hormone receptor affinity or number (e.g., in beta-adrenergic
receptors) is suspected, definitive data demonstrating such an
alteration are sparse. Other possible explanations offered for
these differences are alterations in second-messenger function
and alterations in cellular and nuclear responses.

Since the response of older patients to any given medication
is variable and cannot be foreseen, all drugs should be used
appropriately, but judiciously, in older patients. The physician
should resist the temptation to apply protocol medicine. In gen-
eral, knowledge of the pharmacology of the drugs prescribed,
limits on the number used, determination of the preparation
and dosage based on the patient’s general condition and ability
to handle the drug, combined with downward adjustment of
the dose in the presence of known hepatic or renal impairment,
in concert with surveillance for untoward effects, will minimize
the risks of medication use in the elderly.

SPECIAL PROBLEMS
OF THE ELDERLY

As has been briefly addressed above, more people are living
longer with chronic diseases, thus increasingly older patients
are being admitted to the ICU. Over one half of all ICU ad-
missions are patients older than 65 years of age, and they ac-
count for almost 60% of all ICU days (7,341,351,352). Unfor-
tunately, many of these older patients’ final days before death
are spent in the ICU; 40% of Medicare patients who die are
admitted to an ICU during their terminal illness, accounting
for 25% of all Medicare expenditures (353,354). Additionally,
of those who survive, many are discharged to a subacute fa-

cility with persistent organ failure where they eventually die.
Dardaine et al. (355) reported a 6-month post-ICU survival of
53% in 116 patients over 70 years of age who had required me-
chanical ventilation for more than 24 hours. Compared to their
younger counterparts, octogenarians have a higher ICU mor-
tality rate (10% vs. 6% , p < 0.01) and higher discharge rate to
a subacute care facility (35% vs. 18% , p < 0.01) (337). Further-
more, those discharged to a subacute care facility had a higher
mortality rate compared to those discharged home (31% vs.
17% ). Preadmission comorbidities and severity of illness were
independent predictors of discharge to a subacute care facility.
Degenerative brain disease, cerebrovascular disease, chronic
heart failure, chronic pulmonary disease, diabetes mellitus, and
malnutrition were more commonly associated with care depen-
dency. Thus, the decision to admit an elderly patient to an ICU
should be based not only on their comorbidities, acuity of ill-
ness, prehospital functional status, including quality of life, but
also on their preference for the use of life-sustaining treatments
if it is known. The underlying disease process is not altered de-
spite the use of invasive procedures in terminally ill patients
(356,357), and potential harm or discomfort can occur if inva-
sive procedures are used inappropriately. To avoid such unin-
tended consequences and enhance optimal end-of-life decision
making, health care providers need to identify, explain, and
negotiate consensus therapeutic goals (358).

Ne uro log ic Disord e rs

Neurologic problems common among older adults in the crit-
ical care setting are delirium, stroke, and sleep disorders.

De lirium
Background and Risk Factors. Delirium is an acute mental dis-
order common among elderly patients. Fourteen percent to
56% of the hospitalized elderly develop delirium (359), in-
creasing the 6-month mortality rate among these patients to
10% to 26% (360,361). Recognition is difficult, with only
25% of cases being diagnosed using standard screening tools
(362,363). Delirium-associated morbidity complicates the hos-
pitalization of 2.3 million older people annually, adding 17.5
million inpatient days and $4 billion to Medicare expenditures
to cover increased lengths of stay and greater need for post-
discharge institutionalization, rehabilitation, and home care
(364–367). Older adults with multiple comorbidities, particu-
larly pre-existing cognitive deficits, are predisposed (368–370),
with a prevalence rate surpassing 50% during intensive care.
Symptoms persist in nearly that number after ICU departure
(371). Particularly at risk are those with a history of hyperten-
sion, smoking, elevated bilirubin level, recent epidural anal-
gesia, and recent administration of morphine (369,370,372).
Other predictors of delirium include respiratory disease, infec-
tion, fever, hypotension, hypocalcemia, and hyperamylasemia
(373). Invasive devices, sensory alteration, and inadequate or
overaggressive pain control likely aggravate delirium-inducing
medication effects in the critically ill patient (369,372,374).

Pathophysiology. Specific pathophysiologic mechanisms are
not well understood. The phenomenon can be viewed as a final
pathway of various causes of acute brain dysfunction. These
include the following: (a) direct brain injury from trauma, cere-
brovascular disease, or central nervous system infection; (b)
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systemic disturbances such as hypoxemia, hypotension, renal
failure, hepatic failure, sepsis, and endocrine dysfunction; (c)
effects of toxic or pharmacologic agents such as anticholin-
ergics, narcotics, and sedative-hypnotics; and (d) the conse-
quences of withdrawal of substances to which the brain has de-
veloped tolerance (e.g., alcohol or benzodiazepines). Delirium
is more likely to occur when these factors coexist in patients
with pre-existing comorbidities (375–388). Current theory
proposes alteration of central nervous system neurotransmit-
ter levels and metabolism by age, medication, or illness as
paramount in producing the mental status that character-
izes delirium, particularly acetylcholine and dopamine path-
ways, and serotonin, GABA, histamine, glutamine, and nor-
epinephrine systems (389–392).

Diagnosis. Criteria defining delirium are detailed in the Diag-
nostic and Statistical Manual of Mental Disorders (DSM-IV) of
the American Psychiatric Association, specifically (a) a distur-
bance of consciousness with impaired ability to focus, sustain,
or shift attention; (b) a change in cognitive function (in terms
of memory, orientation, and language) or a perceptual distur-
bance that is not better explained by pre-existing or evolving
dementia; (c) disturbance development over a short period of
time in hours or days, fluctuating through the day; and (d)
history, physical examination, or laboratory data suggestive
of the abnormalities caused by a general medical condition
(393). Additional features include alteration of sleep/awake
cycle and psychomotor activities. Various instruments have
been developed that allow accurate and timely diagnosis us-
ing these criteria (370,394–396) when the diagnosis is specif-
ically sought. Patterns of psychomotor symptoms are termed
hyperactive and hypoactive (397–399). Hyperactive patients
are agitated and combative, with loud, inappropriately bois-
terous outbursts and motor activity that can be harmful to
self or a caregiver. Those termed hypoactive alternate between
calm, appropriate behavior and a minimally interactive, with-
drawn state, making this variant easy to overlook. Delirium
may erroneously be attributed to such conditions as dementia
or depression (indeed, the three may coexist) or simply not be
recognized (400), delaying the diagnosis. Delays may be ex-
plained by the following: (a) the fluctuating nature of the signs
and symptoms, (b) inadequate or insufficiently detailed sched-
uled neurologic and cognitive assessments of patients at risk for
delirium, (c) avoidance of interactions with patients displaying
altered mental status, or (d) misperception of mental status
changes “expected” in critically ill patients (401,402). Altered
mental status in any patient suggests delirium; an organized
approach to its investigation (403) that focuses on known risk
factors is paramount to avoid overlooking the condition.

Of particular interest to the intensivist who manages elderly
patients are alterations of mental status temporally related to
surgical procedure, specifically delerium developing within the
immediate (minutes to days) postoperative time, and the more
indolent neurocognitive decline that may appear days to weeks
to months later, termed postoperative cognitive dysfunction
(POCD). The uniqueness of these conditions lies in their as-
sociation with the postoperative period. Emergence delirium,
the transitory restlessness and disorientation often apparent in
the postanesthesia care unit or an ICU that receives patients
directly from the operating room, is familiar to all anesthesi-
ologists and often resolves within a brief period of time. More
worrisome is interval delirium, appearing 2 to 7 days after op-

eration, the patient manifesting disorientation and agitation
and being at risk for suboptimal outcome by virtue of its ap-
pearance. Risk factors for postoperative delirium are additive
to those menacing the nonoperated elderly patient, including
perioperative hypoxemia and hypotension, exposure to medi-
cations that are used in the operating room—anticholinergics
such as atropine, volatile inhalational anesthetics, neuromus-
cular blocking agents, and potent opioids—and high-volume
blood transfusion and rapid fluid shifts associated with surgery.
Procedures using cardiopulmonary bypass raise the possibil-
ity of microscopic atheromatous or air emboli as contributors.
The incidence of postoperative delirium ranges from 0 to 74% ,
varying with age group, type of surgery, variability of diag-
nostic criteria, and preoperative and postoperative cognitive
status (404). POCD was first identified in 1955 (405), char-
acterized by the appearance weeks to months after a surgical
procedure of impairment of memory, concentration, compre-
hension of language, and social integration (406). Although
the intensivist is seldom charged with management of POCD,
she or he is instrumental in its prevention, in that delirium in
the early postoperative period may forecast its later appearance
(407). One well-designed investigation of elderly patients un-
dergoing noncardiac surgery reported the incidence of delirium
to be 25% at 1 week after operation, with symptoms of POCD
being present in 9.9% of patients at 3 months, significantly
worse than controls at both intervals (406), and revealing ad-
vancing age as the only factor significantly predictive of POCD.
Similarly, abundant literature (408–410) exists addressing this
syndrome in cardiac surgery patients following both on- and
off-pump procedures, most of whom were older than 60 years
of age. Although most cardiac surgery patients suffer various
concurrent confounding medical conditions that make the spe-
cific effects solely of cardiac surgery on subsequent mental sta-
tus difficult to isolate, meticulous attention to statistical and
study control issues allows identification of a substantial inci-
dence (53% ) of coronary artery bypass graft (CABG) patients
(average age, 60.9 years ± 10.6 years) showing cognitive dete-
rioration consistent with POCD at time of discharge, and 42%
at 5 years (411), with age being a univariate predictor of de-
cline. The specific cause of POCD is obscure. Suggested causes
are those noted above as well as more abstract considerations
such as brain inflammation, genetic factors, cerebral edema,
and blood–brain barrier dysfunction (412–414).

Timely recognition of the onset of delirium is required
for optimal treatment, facilitating rapid identification of re-
versible precipitating factors. Beyond that, treatment is sup-
portive, with aggressive treatment of symptoms and protec-
tion of the patient from the sequelae of his or her delirious
state. Prevention is central, requiring a multicomponent ap-
proach that includes modification of environmental factors
and provision of supportive measures, as demonstrated in a
prospective, although nonrandomized, study of 852 patients
over 70 years old admitted to a general medicine service in
which a multicomponent delirium prevention strategy achieved
a one-third reduction in the incidence of delirium, compared
to those who received standard care (364). Although this study
included patients in a general ward, one may extrapolate the
findings to profoundly at-risk ICU patients. Symptomatic treat-
ment uses both pharmacologic and nonpharmacologic strate-
gies. Instrumental are the use of repeated reorientation, cog-
nitive stimulating activities, promotion of adequate sleep on a
normal sleep/wake cycle, physical therapy and mobilization,
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early removal of catheters and physical restraints, and provi-
sion of eyeglasses and hearing aids, combined with the judi-
cious use of medications particularly targeted at calming ag-
itation. All potentially neuroactive medications such as ben-
zodiazepines, opioids, or those with anticholinergic effects
that are not absolutely fundamental to the patient’s treatment
plan and improvement should be discontinued (370,372,373).
Butyrophenone haloperidol is often used in the management
of delirium-induced agitation, having few active metabolites
and minimal anticholinergic, sedative, and hypotensive effects
(415). A recent retrospective analysis suggested that haloperi-
dol use was independently associated with lower mortality in
989 critically ill patients (416). For POCD, there is no man-
agement other than prevention; no therapy has been identified
that is curative once the syndrome had developed. In all cases,
contributing problems must be identified and corrected and
the patient protected. Support must also be provided to family
members, who likely will be affected by their loved one’s dis-
tressing symptoms and by the prospect of additional responsi-
bilities for caring for that person.

St roke
Incidence and Risk Factors. Stroke is the third leading cause of
death and the leading cause of disability in the elderly. Approx-
imately 500,000 individuals in this age group suffer strokes an-
nually in the United States, corresponding to one event every
45 seconds and leading to one death every 3 minutes. Among
those 55 years and older, the incidence of stroke doubles with
each additional decade of life (417), despite a decline in the
United States, Canada, and Western Europe through the later
part of the 20th century to the present, attributable to improved
management of modifiable risk factors. Among these factors,
hypertension is by far the most powerful; aggressive blood pres-
sure control can reduce the risk of stroke by 40% (417). Coro-
nary atherosclerosis, left ventricular hypertrophy, and atrial
fibrillation contribute to stroke risk. Diabetes mellitus may in-
crease likelihood of stroke by a factor of two to four; tight glu-
cose control significantly reduces this risk, and may postpone
such vascular complications as retinopathy and nephropathy
(418,419). Modifiable factors also include cigarette smoking,
hyperlipidemia, and excessive alcohol consumption.

Classification. Stroke classification can be based on location,
cause, and time course. Prior to routine availability of CT, his-
tory and clinical findings provided the sole method of neuro-
logic lesion identification. Today, rapid CT localization supple-
mented by the time-sensitive history and clinical examination
findings allow much more rapid formulation of a treatment
plan. Although the details of stroke syndromes are addressed
elsewhere in this textbook (see Chapter 84), discussion of some
issues as they affect the elderly is warranted.

Location. The most common location in which a stroke
occurs, representing approximately two thirds of ischemic
strokes (420), is in the distribution of the middle cerebral
artery (MCA). Findings include contralateral hemiplegia and
hemianesthesia. Proximal MCA occlusion produces profound
symptoms: homonymous hemianopsia, or deviation of the
head and eyes toward the side of the lesion. Involvement of the
dominant MCA distribution may cause aphasia, expressive or
receptive. Dominant hemisphere MCA lesions may induce de-
pression in the elderly, whereas those in the nondominant hemi-

sphere produce visuospatial deficits, unilateral neglect, and
emotional lability that can mimic depression, sometimes de-
laying correct diagnosis. Anterior cerebral artery (ACA) stroke,
the least common variety, accounting for about 2% of ischemic
infarcts (420), most profoundly affects the contralateral leg
and foot, generally with lesser impact on the arm and little
involvement of the face. Very proximal ACA occlusion, how-
ever, may affect the entire contralateral side. Abundant collat-
eral flow in ACA territory yields various symptoms associated
with anterior circulation stroke. One may observe frontal lobe
features such as emotional lability, mood impairment, person-
ality changes, and intellectual deficits; aphasia is uncommon.
Stroke-related paraplegia and incontinence may leave the el-
derly victim wheelchair-bound and unable to control critical
body functions, greatly complicating rehabilitation and sub-
sequent independent living. Strokes in the distribution of the
posterior cerebral artery (PCA) manifest a diversity of findings
due to the variability of anatomic origin, namely partial or
complete origin from the basilar artery or internal carotid arter-
ies. Neurologic consequences of PCA stroke include contralat-
eral hemianesthesia and hemianopsia with sparing of central
macular vision, difficulty with reading and calculations, and
hemiballismus from subthalamic involvement (420). With ver-
tebrobasilar atherothrombotic disease, cerebellar dysfunction
predominates. Common symptoms include vomiting, dizziness,
ataxia, nystagmus, and double vision. Vertigo can be profound,
causing an already tenuously balanced elderly person to sus-
tain a fatal fall. Other symptoms include weakness of the face
and the opposite side of the body, with dysarthria or dysphasia.
Facial numbness may occur. Brain stem involvement may be re-
vealed by altered mental status or quadriplegia (420). Lacunar
strokes—small occlusions of the penetrating and subcortical
arteries—tend to occur in the basal ganglia, internal capsule,
thalamus, or pons. Depending on the specific sites of lesions, a
wide variety of presentation may occur, including pure motor
or sensory findings, symptoms that appear parkinsonian, or a
mixture of presenting abnormalities.

Cause. Strokes are either ischemic or hemorrhagic. Those that
are ischemic, about 85% of the total, involve occlusion of
the cerebral vessel by embolus or thrombosis; the remaining
15% include hemorrhage into the brain parenchyma or its
surrounding spaces (420). Rapid identification of the specific
cause of the stroke is fundamental to its management, since
modalities of treatment vary with cause. Embolic phenomena
most often originate from the heart, commonly associated with
atrial fibrillation, which is frequent in the elderly population.
Atherosclerotic disease of the aortic arch is emerging as an in-
creasingly important and recognized risk factor for recurrent
stroke when the wall thickness exceeds 4 mm (421). Atheroma-
associated clot formation may produce neurologic syndromes
known as thrombotic stroke. Subintimal vascular disease is the
ultimate inciting event, inducing arterial narrowing with ulcer-
ated plaque formation in areas of more turbulent flow, such as
the carotid bifurcation, leading ultimately to symptoms rang-
ing from a temporary deficit (i.e., a transient ischemic attack, or
TIA) to complete arterial occlusion caused by clot formation.

Time Course. Stroke phases are termed acute, subacute, and
chronic, each with its unique needs and goals of care. Time
spans are generally said to extend from symptom onset to 48
hours, 48 hours to 3 months, and past 3 months, respectively.
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The intensivist is little involved in direct management of stroke-
related symptoms after the first few days, although elderly pa-
tients who fall within the later stages of recovery may certainly
require intensive care for recurrent stroke, a stroke-related
complication, or other critical illness.

Acute phase of stroke (admission to 48 hours). Management
of the acute phase involves, first and foremost, ensuring airway
and hemodynamic stability. Thereafter, the goals of care are (i)
identification of the stroke as ischemic or hemorrhagic, (ii) ini-
tiation of thrombolytic therapy when indicated, and (iii) recog-
nition and therapy of medical or neurologic complications. The
first goal is most easily achieved by obtaining a noncontrast-
enhanced CT scan of the brain as quickly as possible when
stroke is suspected. Hemorrhage is usually obvious on this scan,
although early in the course of ischemic stroke there may be no
visible abnormality. Early CT may reveal one of the many mim-
ics of stroke: subarachnoid hemorrhage, subdural hematoma,
neoplasm, or hydrocephalus. Contrast enhancement may im-
prove yield if tumor or infection are likely. Recall that comorbid
conditions abound in the elderly; cardiac arrhythmias or in-
farction may provoke or result from a cerebrovascular event,
mandating 12-lead electrocardiogram (ECG) and continuous
cardiac monitoring in all stroke patients. Questions of the nu-
merous other causes of altered mental status in the geriatric
patient must be investigated and settled quickly. For those in
whom, with the assistance of expert consultation, it is decided
that ischemic stroke is present, the risks and benefits of throm-
bolytic therapy must be weighed. Current recommendations
for management include initiation of intravenous thrombolytic
therapy with recombinant tissue plasminogen activator (rt-PA)
as soon as possible, within 180 minutes of onset of stroke,
in the absence of contraindications (422,423). Intra-arterial
thrombolysis is an option for those with occlusion of the mid-
dle cerebral artery. Of note is that rt-PA is approved by the
Food and Drug Administration (FDA) for intravenous admin-
istration, but not for intra-arterial use. Use of rt-PA appears
to improve outcome from stroke at 3 months. There is a rela-
tive paucity of data documenting treatment of older patients,
similar to those studies addressing thrombolysis for myocar-
dial infarction. It does appear, however, that while there may
be poorer outcome from stroke in the elderly population, there
is no increased likelihood of rt-PA–induced severe intracranial
hemorrhage (424,425). A number of stroke scales, including
the National Institutes of Health Stroke Scale (NIHSS), have
been devised to assist in quantification of severity of stroke-
related symptoms, as a guide to optimal management. Impor-
tant issues such as blood pressure management and anticoag-
ulation are best addressed in concert with expert consultation
(426).

Subacute and chronic phases of stroke management. The acute
events and aggressive treatment related to stroke often stabi-
lize a patient’s condition within 48 hours. Thereafter, close at-
tention to complications or neurologic decompensation is war-
ranted. Early extubation is advisable, with meticulous attention
to the return of intact airway reflexes and sufficient recovery of
mental status. Otherwise, tracheostomy for airway protection
allows withdrawal of sedation, early mobilization, and more
robust participation in physical and occupational therapy, with
the long-term goal of rehabilitation to maximal recovery. The
common companions of those with compromised mental sta-
tus, namely pulmonary aspiration, skin breakdown, infections,

and limitation of extremity range of movement, can be ame-
liorated by aggressive rehabilitation efforts. Early nutritional
support via feeding tube is sometimes overlooked in the flurry
of initial management activity but must be initiated as early as
possible. Formal rehabilitation programs may be organized in
the setting of the acute inpatient rehabilitation unit, or in long-
term rehabilitation hospitals, skilled nursing facilities, outpa-
tient rehabilitation centers, or home. Optimal programs incor-
porate comprehensive assessment and treatment by a multidis-
ciplinary team that includes physical, occupational, and speech
therapists, and a geriatrician, physiatrist, psychologist, nurse,
and social worker during this first few months during which
most neurologic recovery occurs. A pre-existing state of debili-
tation, however, may limit the 3-hour period of active participa-
tion traditional to inpatient environments, mandating alternate
plans. General goals of rehabilitation include restoration of
motor and sensory function, and strengthening of intact func-
tions to facilitate compensation for residual deficits. Beyond
the first few months, while neurologic function likely plateaus,
functional recovery continues when encouraged and supported
by family presence, social interaction, and adequate nutrition.
The stroke recurrence rate of 30% within 10 years warrants
continued attention to chronic medical conditions. Framing-
ham Study data documents survival in stroke victims of 50% in
5 years (427–429). Preservation of functional gains, avoidance
of complications, and aggressive management of contributing
comorbid conditions may well forestall the decline that often
follows a stroke in an elderly patient.

Sle e p Disord e rs
Background. Insomnia plagues the elderly, afflicting nearly
50% of older adults (430); the genders are generally equally
affected, although sleepless men predominate after 85 years
of age. Prevalence increases in the elderly with the number of
coincident medical conditions (431,432). Common sleep com-
plaints among the community-dwelling elderly are difficulty
in initiation of sleep, and nighttime and early morning awak-
ening (433). Sequelae of insomnia include physical and men-
tal fatigue, anxiety, and irritability, which worsen as bedtime
approaches and personal worries re-emerge without the pro-
tective diversion of normal daytime activities (434). Chronic
dysfunctional sleep induces a state of endless fatigue, affect-
ing memory and concentration (431,435). The elderly are par-
ticularly affected, with steepened cognitive decline and risk
of falls, with associated morbidity and mortality (436–438).
Hospitalization amplifies the morbidity of sleep disturbances;
ICU admission likely subverts any semblance of a normal sleep
pattern. Sedation to facilitate mechanical ventilation subdues
consciousness but disrupts normal variation in sleep stages,
preventing rest. Circadian rhythms are disrupted, with dyssyn-
chrony with anticipated light/dark time cycles and adequate
daily morning exposure to sufficient bright light (439). Many
elderly patients become disoriented at night, exhausted and
confused by constant alarms, noises, dressing changes, un-
scheduled diagnostic procedures, and the impact of acute severe
illness, producing delirium in nearly two thirds of elderly ICU
patients (372). Dementia contributes to this phenomenon.

Identification and Management of Sleep Disorders. The
sleep/wake cycle is regulated by a complex neurochemical inter-
action subserved by the brainstem, hypothalamus, pons, and
preoptic areas of the brain (440). Aberrations of sleep pat-
terns produce dysfunctional sleep (441), disrupting daytime
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functioning. Sleep architecture is determined for an individual
by performance of a sleep study displayed on a hypnogram.
Normal sleep architecture displays three segments: light sleep
(stages one and two); deep (delta or slow wave) sleep (stages
three and four), which is the most restorative segment; and
rapid eye movement, or REM, sleep (stages one and four) (442).
In nonelderly adults, typical cycle time between REM and non-
REM sleep is 90 to 120 minutes (442). Advanced age alters
sleep by shortening sleep latency and total sleep time, preserv-
ing REM sleep, decreasing the delta segment, and advancing
the natural onset of sleepiness to an earlier time in the evening
(433). Nocturnal sleep fragmentation worsens, with daytime
somnolence and frequent napping being commonplace, some-
times causing reversal of the sleep/wake cycle. Acute insomnia
in the geriatric patient may be precipitated by a host of issues,
including the critical illness itself. Metabolic derangements re-
lated to sepsis or trauma, recent exposure to potent anesthetic
agents, and the unfamiliar ICU environment filled with off-
schedule and frequent disruptions effectively prevent restful
sleep. Although not generally within the purview of the inten-
sivist, investigation of the cause of insomnia may be initiated
for the ICU patient by meticulous history gathering, discus-
sion with family members, use of sleep-related questionnaires
such as the Multiple Sleep Latency Test (441) and the Epworth
sleepiness scale screening tool (443), and observation of the
patient for evidence of any of the primary sleep disorders that
respond to specific treatment modalities. These include a spec-
trum of conditions collectively termed sleep-disordered breath-
ing (SDB), periodic limb movements in sleep/restless legs syn-
drome, and REM sleep behavior disorder. Some causes of SDB
(obstructive sleep apnea, specifically) respond to continuous
positive airway pressure (CPAP) (444), and the latter two re-
spond to medications (445,446). Secondary causes are legion,
including medications, sleep-disruptive behavioral habits (such
as prolonged daytime naps, sedentary lifestyle, overindulgence
in tobacco or alcohol, late evening meals), numerous medical
conditions (heart failure with orthopnea, incomplete bladder
emptying with nocturia, gastric reflux, dementia), or environ-
mental deficiencies (insufficient daytime sunlight exposure, in-
adequate climate control) (442).

Effective treatment obviously requires an accurate diagno-
sis. Evidence of primary causes should be relayed to the pa-
tient, family members, and the physician responsible for long-
term management of the patient after transfer. All possible ac-
commodations should be made to minimize interruption of
the older patient’s restful nighttime sleep periods, minimizing
noise, procedures, and cycling of lights on and off. Daily ex-
posure to bright sunlight through nearby windows is beneficial
(447,448). Pharmacologic treatments are best addressed on an
individual basis, and within certain guidelines (449). Various
medications are available (442); each, however, may provoke
delirium in elderly patients. In-depth guidelines for the evalu-
ation and treatment of sleep disorders are available (435,450–
455).

REHABILITATION AFTER
ACUTE ILLNESS

The impact of critical illness on the lives of elderly patients is
profound. Beyond the associated death rates, level of function-
ing is compromised in a substantial percentage of survivors

(456). Increasing vulnerability to long-term dependence in-
creases with age (457). Medical intervention in the critically
ill or injured patient has evolved to a level of sophistication
and capability that allows a previously unsalvageable patient
to survive. Thoughtful and comprehensive discharge planning,
initiated at the time of admission, can shorten length of stay
(LOS) (458) and provide the springboard for return to a reason-
able, though often compromised, level of functional autonomy
(459). Many of these elderly individuals, after considerable im-
provement, may nevertheless linger for a prolonged period, re-
quiring a single isolated critical intervention such as mechan-
ical ventilation, further risking the decline of inactivity. The
deleterious effects of such a prolonged hospital confinement
can be ameliorated by early use of the expertise of rehabili-
tation professionals. Furthermore, optimal recovery from cer-
tain common medical occurrences and conditions simply is not
possible without active patient participation, which can be as-
sisted and promoted by the physical medicine team. It is being
increasingly recognized that early institution of rehabilitation
planning and execution by such a team of specialists can re-
duce health care costs, length of stay, and severity of disability
after discharge (460). Shortening of hospitalization decreases
the exposure of the marginally compensated patient to its de-
bilitating risks (461). Avoidance of postillness disability is of
paramount importance in that it is associated with higher mor-
tality and greater dependence on family and other caregivers
(462,463).

Rehabilitation, as a general concept, encompasses several
basic tenets that meld smoothly with the critical care frame
of reference (464). Fundamental to any rehabilitation plan is
stabilization of the primary inciting disorder; such a precept is
the essence of the practice of critical care medicine, and thus is
accomplished by virtue of the administration of ICU care. The
unique jeopardy in which the elderly exist by virtue of their
frailty and vulnerability to complications warrants the most
meticulous attention to routine ICU precautions, which must
be recognized by the intensivist (465). These include frequent
turning, early nutrition, appropriate deep venous thrombosis
(DVT) prophylaxis, semirecumbent positioning, and mainte-
nance of day–night cycle of auditory and visual stimulation.
Early evaluation by a multidisciplinary team of specialists fa-
cilitates identification of evolving and anticipated functional
deficits that are amenable to treatment, whether preventive
or corrective. Integrated rehabilitation treatment and planning
should occur in both the immediate and long-term settings by
involvement of the physiatry team. Admission of a frail elder
to a specialized unit designed around and attentive to specific
features of geriatric pathophysiology has been demonstrated to
improve functional outcomes (466).

The fundamental tool available to the geriatrician with
which to organize the management and treatment of medical
issues, including problems warranting formal rehabilitation, is
the comprehensive geriatric assessment (CGA) (467). The inte-
grated, patient-centered concept of treatment implicit in CGA
is often accomplished in specialized hospital units or within the
framework of treatment considerations peculiar to the elderly,
managed by a devoted multidisciplinary team. Such units in-
clude the geriatric evaluation and management (GEM) unit, as
found in some Veterans Administration hospitals (468), or a
specifically formulated management plan termed Acute Care
for Elders (ACE) (469), or a construct of aggressive hospital-
wide screening and treatment for at-risk patients by special-
ists and volunteers in an organization such as the Hospital
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Elder Life Program (HELP) (470). An alternative for the in-
tensivist, whose patients are clearly unavailable for transfer to
such a location remote from the ICU, is consultation by an
in-patient geriatric consultation service team including indi-
viduals knowledgeable in rehabilitation issues (471). To date,
the success of CGA in improving functionality and decreasing
disability in the elderly after discharge seems clear, although
improvement in mortality with this approach, as documented
by several studies, seems less so (466,468,472–474).

Several specific medical issues mandating ICU admission re-
quire active rehabilitation activities to achieve successful treat-
ment. These include cardiac events related both to ACS and car-
diac surgery, stroke, serious injury, various debilitating muscu-
loskeletal conditions, and such morbid orthopedic procedures
as lower extremity amputation and hip fracture repair.

Although large studies and reviews (475) document the suc-
cess of aggressive rehabilitation in reducing cardiac mortality,
its success specifically in the elderly appears mostly in small,
nonrandomized, or uncontrolled studies. Nevertheless, it ap-
pears that an aggressive program of cardiac rehabilitation con-
ducted for elderly patients, although often limited by arthri-
tis or coexistent peripheral vascular or pulmonary disease, is
safe, able to improve aerobic capacity, and favorably affects
body fat percentage, lipid profiles, and physical function scores
(476–478). Less enthusiastic referral habits by physicians may
explain lower participation among elderly cardiac patients, es-
pecially women, compared to younger people (479–481).

Recovery from acute stroke presents a complex challenge
to victim and physician alike. Whereas the cardiac patient may
see improvement after surgery that continues during rehabilita-
tion, the stroke patient often must endure compromised men-
tal status and motor/sensory capabilities from the initial insult,
yielding a debilitated individual with little motivational reserve
with which to sustain himself or herself during recovery. Sur-
vival beyond the first few days likely mandates prolonged assis-
tance that may be required for months to achieve optimal im-
provement. The extent of this improvement hinges on several
issues. These include age (482), the nature and severity of the
initial deficit (483,484), presence of intracranial hemorrhage-
related rather than infarction-related stroke—a patient with
the former improves more than one with the latter for a given
initial severity (485)—and early initiation of the rehabilitation
activities, preferably within 7 days (486). The plasticity of in-
jured and unaffected normal brain tissue allows gradual im-
provement over the subsequent several months (487). Specific
stroke-related rehabilitation issues include the following: (a)
optimal location for therapy, (b) speech and swallowing, (c)
recovery of upper extremity function, (d) balance and walking,
and (e) strengthening exercises (483). Evaluation tools such as
the Barthel Index and the Stroke Impact Scale (488) are used
to quantify a stroke patient’s recovery, which may continue
for as long as six months of recovery in the absence of an-
other complication (489,490). Success of recovery from stroke
varies over a large population (491) based on aforementioned
variables and, to some extent, social status (492).

Rehabilitation of an injured elderly patient often involves
continued long-term supportive therapy of conditions from
which a younger individual may well recover quickly, namely
mild traumatic brain injury and extremity fracture. Indeed,
continuity of specialized geriatrician involvement may facili-
tate continued attention to several issues during a prolonged
trauma-ICU admission: comorbid problems, functional abili-

ties and family support, formulation and continuous assess-
ment of an itemized management plan toward realistic goals,
and early initiation of planning for discharge and follow-up
care (493,494). Of particular concern to intensivists managing
elderly patients is hip fracture, of which more than 250,000
occur annually (495), with most patients being older than
50 years of age. Such fractures increase mortality—compared
to that of similar patients without fracture—in those older than
65 years of age by 12% to 36% (496), as well as the likeli-
hood of subsequent institutionalization (497) and functional
dependence (498). Those whose course is complicated by pre-
existing cognitive dysfunction or delirium fare more poorly
(497,499). Successful management requires identification and
correction/stabilization of comorbid conditions, appropriate
surgical treatment, and early initiation of important precepts
of rehabilitation (495,500). These include early mobilization,
initially to chair followed by standing and walking with weight
bearing; prolonged bed rest fosters deconditioning and is to be
avoided. The intensivist who manages a particularly ill elder
must address the potential for thromboembolic complications
by encouraging early mobilization to minimize venous stasis,
and by using prophylactic anticoagulant medication; regimens
differ according to the exact situation (501–504). Functional-
ity can be profoundly affected after hip fracture (505,506) and
is further impacted by a high level of comorbidity (507). Al-
though more men than women die initially after hip fracture,
those who survive after the first year experience comparable
functional recovery regardless of gender (508). Very advanced
age is not necessarily a contraindication to hip fracture surgery
in the absence of a prohibitive comorbidity; those older than
90 years often do quite well, returning, with aggressive reha-
bilitation and social support, to independent living (509).

About 50,000 amputations are performed annually in the
United States, most on patients who are older than 60 years
(510). Rates of lower extremity amputation declined from the
1980s to the mid 1990s, paralleling the improvement in arterial
bypass and angioplasty techniques and the heightened atten-
tion to control of risk factors for vascular disease. Rates since
then seem to have stabilized (511). Eighty percent of ampu-
tations are performed as a result of arteriosclerotic occlusive
disease and complications of diabetes mellitus (512), coinci-
dent with common comorbidities that may direct an elderly
patient to the ICU. Nearly half of lower extremity amputees
die within 2 years (513); a substantial percentage of survivors
go on to lose the other leg (514) within a few years. Despite the
attention paid to morbid consequences of amputation during
the immediate postoperative period, this procedure profoundly
impacts the patient’s entire remaining life span. Optimal ther-
apy for the amputee is achievable only with the early involve-
ment and assistance of a rehabilitation team of physicians, tech-
nologists, and therapists skilled specifically in management of
amputation-related issues and familiar with prosthetic devices.
Level of amputation varies with severity of lower extremity
involvement; although medically sound judgement is the pre-
eminent guide in this decision, it is important to note that
the more joints and muscles are replaced by a prosthesis, the
greater the associated forfeiture of mobility and increase in en-
ergy cost of ambulation. The transmetatarsal amputee requires
fairly trivial energy supplement to return to ambulation; the
similar requirement for a transfemoral amputation patient can
balloon by nearly 100% (512–515). Such cardiovascular and
energy demands are considerable, even in an otherwise healthy
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amputee (515,516), and may not be achievable in the debili-
tated geriatric vascular or traumatized patient without risk of
further decompensation. Nonetheless, early mobilization is to
be encouraged. Prolonged bed rest further compromises bal-
ance and endurance, inviting the onset of contractures and loss
of strength in compensatory muscle groups during prosthesis
introduction. In the past, elderly amputees were seldom offered
prosthesis; this picture has reversed with the more modern ap-
proach to elderly amputee care (517), in which such an of-
fering is made to nearly 90% of elderly. An early visit from
the physiatrist to the amputee’s bedside facilitates initiation of
an organized rehabilitation care plan to formulate future pros-
thetic, physical therapy, wound care, and emotional support
needs. Parts of these recovery plan components may be ini-
tiated by the intensivist while the patient is still critically ill
and more fully conducted on a regular hospital ward, a spe-
cialty rehabilitation facility, or even at home. Follow-up must
be long term; medical, emotional, and physical needs continue
long after the amputee’s surgical stump has completely healed
(518,519).

SUMMARY
The health care needs of the elderly members of the community
represent enormous challenges to all members of the medical
profession. The aspirations and personal convictions of such in-
dividuals are as fundamental to the well-being and fruitfulness
of their lives as are those of any other segment of the popula-
tion. While years of living bring elderly patients with the most
complex illnesses and comorbid conditions to the door of the
hospital and intensive care unit, it is to be remembered that
the elderly often recover fully, or almost so, from profoundly
serious illness despite numerous worrisome impediments that
would discourage all but the most optimistic clinician. In gen-
eral, vigilance and dispatch in investigations and treatment of
critically ill geriatric patients, using the guidelines listed in this
chapter, will facilitate recognition of the subtleties of such con-
ditions. Although a substantial percentage of the elderly cannot
be brought back to an independent level of functioning, every
effort should be expended to achieve accurate diagnosis and
expeditious treatment, providing full intensive support to con-
ditions that are correctable and recognition when reasonable
limits have been reached.
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SECTION XI ■ INFECTIOUS DISEASE

CHAPTER 104 ■ THE ROLE OF ANTIBIOTICS
IN THE MANAGEMENT OF SERIOUS
HOSPITAL-ACQUIRED INFECTIONS
MARIN H. KOLLEF r SCOTT T. MICEK r LEE P. SKRUPKY

Antimicrobial resistance has emerged as an important vari-
able influencing patient mortality and overall resource use
in the hospital setting (1). Intensive care units (ICUs) world-
wide are faced with increasingly rapid emergence and spread
of antibiotic-resistant bacteria. Both antibiotic-resistant Gram-
negative and Gram-positive bacteria are reported as important
causes of hospital-acquired infections. In many circumstances,
particularly with methicillin-resistant Staphylococcus aureus
and Enterococcus faecium and Gram-negative bacteria produc-
ing extended-spectrum β -lactamases with resistance to multiple
other antibiotics, few antimicrobial agents remain for the effec-
tive treatment of seriously ill patients (1,2). Within hospitals,
ICUs are an important area for the emergence of antimicrobial
resistance due to the following (1–6):

■ The frequent use of broad spectrum agents
■ The physical crowding of patients with high-acuity diseases

within relatively small specialized areas
■ Reductions in nursing and other support staff due to eco-

nomic pressures, which increase the likelihood of person-to-
person transmission of micro-organisms

■ The presence of more chronically and acutely ill patients
who require prolonged hospitalizations and often harbor
antibiotic-resistant bacteria.

For the reasons listed above, hospitals—and particularly
ICUs—are at the center of the problem of escalating bacte-
rial resistance. The antibiotic treatment strategies described in
this chapter attempt to balance the need to provide appro-
priate initial antimicrobial treatment to patients with serious
infections while minimizing further development of antibiotic
resistance. Many of these strategies—developed in the ICU
setting—also have application in non-ICU areas of the hos-
pital. The strategies described in this review adhere to the Cen-
ters for Disease Control and Prevention 12-step program for
the prevention of antimicrobial resistance (http://www.cdc.gov/
drugresistance/healthcare/). One of the key elements in this
strategy is to consult experts in the field of antimicrobial resis-
tance (e.g., infectious disease experts, infection control prac-
titioners, microbiologists) when designing interventions aimed
at optimizing the treatment of infected patients and minimizing
the emergence of antimicrobial resistance.

The primary treatment strategy described in this chapter will
be the approach of antibiotic de-escalation (7). De-escalation is
a treatment strategy that attempts to provide appropriate ini-

tial antimicrobial therapy to optimize patient outcomes while
avoiding the consequences of excessive or unnecessary antibi-
otic administration (Figs. 104.1 and 104.2).

KEY POINTS
1. Efforts should be made to rapidly identify the source and

site of infection and to obtain specimens for culture, an-
timicrobial susceptibility testing, and rapid diagnostic tests.
Obtaining these specimens should not delay initial empiric
therapy in a critically ill patient.

2. Initial treatment with an appropriate antibiotic regimen is
one of the most important factors influencing the outcome
of critically ill patients with infection.

3. Infection with antibiotic-resistant micro-organisms in-
creases the likelihood that inappropriate initial antibiotic
therapy will be prescribed to critically ill patients.

4. Host factors influence the likelihood that a patient will be in-
fected with antibiotic-resistant pathogens (e.g., prior hospi-
talization or antibiotic treatment, admission from a nursing
home or other high-risk environment).

5. Avoidance of unnecessary antibiotic exposure in the ICU set-
ting is important to reduce the emergence of and subsequent
infection with antibiotic-resistant micro-organisms.

ESSENTIAL DIAGNOSTIC TESTS
AND PROCEDURES

1. For patients with septic shock, establish adequate intra-
venous access and assess intravascular volume status (e.g.,
measure central venous pressure).

2. Perform a directed medical history and physical examina-
tion to identify potential sources and sites of infection.

3. Obtain specimens for microbiologic testing including blood,
urine, and lower respiratory tract secretions. Other spec-
imens should be directed by the initial history/physical
examination (e.g., ascites, pleural fluid, cerebral spinal
fluid).

4. Perform radiographic evaluation to identify infection sites
requiring expeditious surgical or percutaneous drainage
(intra-abdominal abscess, thoracic empyema, necrotizing
skin, or visceral infection).
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Increas ing  
Es calation/De-es calation  Es calation Es calation 

Number of Antimicrobials De-es calation Initial Antimicrobial Regimen Es calation 

Decreas ing  De-es calation De-es calation Es calation 

Narrow Spectrum 

Antibiotic  Spectrum of Activity 

Broad Spectrum 

FIGURE 104.1. Antimicrobial de-escalation promotes initial administration of broad-spectrum antibi-
otics to patients at risk for infection with multidrug-resistant pathogens, followed by the reduction of the
number of antimicrobials used and/or their spectrum of activity based on subsequent pathogen identifica-
tion and antimicrobial susceptibility testing.

INITIAL THERAPY

1. Administer intravenous fluids to the patient with septic
shock to achieve predetermined goals (e.g., central venous
pressure > 8 mm Hg, oxygen saturation of central venous
blood [SsvcO 2] > 70% ).

2. An initial appropriate antibiotic regimen should be pre-
scribed with adequate activity against all pathogens likely
to be responsible for the infection.

3. Initial antibiotic dosing and interval of administration
should be pharmacokinetically based to ensure that drug
concentrations at the site of infection are adequate to achieve
therapeutic drug levels.

Lack of 
Clinical 

Improvement

Reas s es s  patient for fo llowing: 
•  Pathogen(s ) res is tant to  initial therapy  
•  Unidentified s ource  of infection  
•  Complication of infection (abs ces s )  
•  Noninfectious  caus es  (drug fever)  

•  Narrow antimicrobial s pectrum bas ed 
   on microbio logic  data (Figure  104.1)  
•  Reas s es s  antimicrobial need beyond 7 
   days  (unles s  bacteremia is  pres ent)    

Clinical 
Improvement

Obtain appropriate  s pec imens  
for culture  and s pec ial s tains

Begin initial antimicrobial reg imen bas ed on ris k 
factors  for antibiotic -res is tant pathogens  

(recent hos pitalization or antibiotic  therapy, 
admis s ion from nurs ing  home, late -ons et infection) 

Evaluate  patient’s  c linical 
res pons e  at 48–72 hours  
(temperature , white  blood 
ce ll count, organ function) 

Cons ider a change  in 
antimicrobial therapy 

(Tables  104.3 and 104.4)

Step 2:  Subs equent evaluation of c linical and microbio logic  data: 

Step 1:  Initial s us pic ion of s erious  infection in critically ill patient:

FIGURE 104.2. Clinical algorithm for the de-escalation approach to antibiotic treatment of serious infec-
tions in patients with risk factors for multidrug-resistant pathogens. Optimally, de-escalation of antimicro-
bial treatment would always occur once the pathogen causing infection and its antimicrobial susceptibility
are known.
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4. Drainage of amenable infection sites should occur once the
patient has received adequate intravascular fluid replace-
ment and appropriate initial antibiotic therapy.

5. Antibiotic treatment should be reassessed as soon as micro-
biologic test results become available.

6. Failure of initial antimicrobial therapy should prompt a
thorough re-evaluation to identify the reason for failure
(e.g., inadequate fluid resuscitation, inappropriate initial an-
timicrobial therapy, unidentified collection of infected fluid
needing drainage).

ANTIMICROBIAL RESISTANCE:
RISK FACTORS AND INFLUENCE

ON OUTCOME
Antimicrobial use is the key driver for the emergence of an-
tibiotic resistance. Therefore, antibiotic treatment strategies in
the ICU need to take this into account to optimize clinical out-
comes, both efficacy and the prevention of subsequent resis-
tance to these drugs. Several investigators have demonstrated
a close association between the prior use of antibiotics and the
emergence of subsequent antibiotic resistance in both Gram-
negative and Gram-positive bacteria (6,8,9). Other factors pro-
moting antimicrobial resistance include prolonged hospitaliza-
tion, the presence of invasive devices such as endotracheal tubes
and intravascular catheters (possibly due to the formation of
biofilms on the surfaces of these devices), residence in long-
term treatment facilities, and inadequate infection control prac-
tices (6). The emergence of new strains of existing pathogens
within the community setting has created additional stressors
favoring the entry of resistant micro-organisms into the hos-
pital setting. This has most recently been demonstrated by the
identification and spread of community-associated, methicillin-
resistant Staphylococcus aureus (MRSA) (10). However, the
prolonged administration of antimicrobial regimens appears to
be the most important factor promoting the emergence of an-
tibiotic resistance that is potentially amenable to intervention
(9,11,12).

Many clinical investigations have shown that antimicrobial
regimens that lack action against identified micro-organisms
that cause serious infections (i.e., inappropriate initial antimi-
crobial therapy) are associated with greater hospital mortal-
ity (13–18). Unfortunately, changing antibiotic therapy to an
appropriate regimen after antimicrobial susceptibility data be-
come available has not been demonstrated to improve clinical
outcomes (19). These studies suggest that the increasing preva-
lence of antimicrobial resistance has led to greater overall hos-
pital mortality, in part, through the administration of less effec-
tive antibiotic agents. The recent Infectious Disease Society of
America/American Thoracic Society (IDSA/ATS) guidelines for
the treatment of nosocomial pneumonia emphasize the impor-
tance of inappropriate initial antimicrobial therapy as a deter-
minant of hospital mortality (20). This guideline also stresses
the importance of maintaining local, frequently updated antibi-
ograms within individual hospitals and ICUs to ensure the ap-
propriateness of antibiotic coverage and the use of proper drug
doses to optimize tissue concentrations of antibiotics. In addi-
tion to increased hospital mortality, antimicrobial resistance is
associated with excess costs. Most of this cost is simply asso-
ciated with the acquisition of a nosocomial infection, much of

which is due to potentially antibiotic-resistant bacteria (9,21).
However, the presence of antibiotic resistance may also confer
added morbidity and costs (22).

CLINICAL FACTORS THAT AFFECT
INITIAL ANTIMICROBIAL

SELECTION
To provide an empirical antimicrobial regimen with an appro-
priate spectrum of activity, one must appreciate (a) the likely
pathogens causing various infections, (b) local pathogen dis-
tribution and resistance patterns, and (c) patient-specific risk
factors for resistance. Ideally, administration of appropriately
broad-spectrum empiric antimicrobial therapy is based on con-
sideration of all of these factors, and each will be examined in
the following section.

Data from the National Nosocomial Infections Surveillance
(NNIS) outlines the most frequent infections in participating
acute care general hospitals in the United States. This surveil-
lance network was established in 1970 and initially reported
only hospital-wide infection rates; however, since 1986, the
network has reported ICU infection rates as well. In the 2000
report, device-related infection predominated; 83% of nosoco-
mial pneumonia episodes were associated with mechanical ven-
tilation, 97% of urinary tract infections occurred in catheter-
ized patients, and 87% of primary bloodstream infections
occurred in patients with a central catheter (23). A more recent
publication of the NNIS data reported pathogen distribution
by site of infection and compared data from 1975 and 2003
as demonstrated in Table 104.1 (24). In general, the occur-
rence of hospital-acquired infections attributed to potentially
antibiotic-resistant bacteria (e.g., Staphylococcus aureus, Pseu-
domonas aeruginosa) is increasing (23,24).

The NNIS data outline the changing spectrum of bacte-
rial infection among patients with hospital-acquired pneumo-
nia where Gram-negative aerobes remain the most frequently
reported pathogen associated with pneumonia (65.9% ); how-
ever Staphylococcus aureus (27.8% ) was the most frequently
reported single species (23,24). In patients with primary blood-
stream infections, coagulase-negative staphylococci (42.9% )
has remained the most common pathogen reported and Staphy-
lococcus aureus (14.3% ) was reported as frequently as en-
terococci (14.5% ). In patients with urinary tract infections,
Escherichia coli (26% ) was the most frequently reported iso-
late; however, Pseudomonas aeruginosa constituted 16.3%
of reported isolates, increasing from 10.6% in the 1989 to
1998 data. In surgical site infections, the proportion of iso-
lates that were Gram-negative decreased significantly during
the past two decades. Gram-positive pathogens are now more
commonly associated with both bloodstream infections and
skin and skin structure infections, whereas Gram-negative aer-
obes predominate in pneumonia and urinary tract infections
(23–25).

One of the most concerning trends reported in the NNIS
data is the increasing isolation of Acinetobacter species in
urinary tract infections, pneumonia, and surgical site infec-
tions (23–25). Although overall numbers of isolates of Acine-
tobacter are still relatively small (approximately 2.0% ), the
percentage increase is significant. Even more concerning is
the recent report of community-acquired pneumonia now
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TA BLE 1 0 4 . 1

RELATIVE PERCENTAGE BY SITE OF INFECTION OF PATHOGENS ASSOCIATED WITH NOSOCOMIAL INFECTION

Pathogen PNEU BSI SSI UTI

Year 1975 1989–1998 2003 1975 1989–1998 2003 1975 1989–1998 2003 1975 1989–1998 2003
Number 4,018 65,056 4,365 1,054 50,091 2,351 7,848 22,043 2,984 16,434 47,502 4,109

Staphylococcus aureus 13.4 16.8 27.8 16.5 10.7 14.3 18.5 12.6 22.5 1.9 1.6 3.6
Pseudomonas aeruginosa 9.6 16.1 18.1 4.8 3 3.4 4.7 9.2 9.5 9.3 10.6 16.3
Enterococcus subspecies 3 1.9 1.3 8.1 10.3 14.5 11.9 14.5 13.9 14.2 13.8 17.4
Enterobacter subspecies 9.6 10.7 10 6 4.2 4.4 4.6 8.8 9 4.7 5.7 6.9
Escherichia coli 11.8 4.4 5 15 2.9 3.3 17.6 7.1 6.5 33.5 18.2 26
Klebsiella pneumoniae 8.4 6.5 7.2 4.5 2.9 4.2 2.7 3.5 3 4.6 6.1 9.8
Serratia marcescens 2.2 — 4.7 2.6 — 2.3 0.5 — 2 1.4 — 1.6
Acinetobacter species 1.5 — 6.9 1.8 — 2.4 0.5 — 2.1 0.6 — 1.6

PNEU, pneumonia; BSI, blood stream infection; SSI, surgical site infection; UTI, urinary tract infection; —, not reported.
From: Gaynes R, Edwards JR; National Nosocomial Infections Surveillance System. Overview of nosocomial infections caused by Gram-negative bacilli.
Clin Infect Dis. 2005;41:848–854.

attributed to Acinetobacter species, suggesting that this patho-
gen is extending its area of influence outside of the health care
setting (26).

Also disconcerting is the observation made by the NNIS
report that for each of the antibiotic-pathogen combinations
tested, there was a significant increase in resistance between
study periods. Most impressive were trends in carbapenem- and
cephalosporin-resistant Pseudomonas aeruginosa and Acine-
tobacter species (23,24). Rates of imipenem- and amikacin-
resistant Acinetobacter isolates are approaching 20% and
have been steadily increasing since 1990. The intrinsically
multidrug-resistant (MDR) nature of this organism makes these
trends particularly worrisome, as many isolates lack effec-
tive treatment options and represent a serious public health
concern. Last, 2003 rates of third-generation cephalosporin-
resistance in Escherichia coli (6.4% ) and Klebsiella pneumo-
niae (14.2% ) provide estimates of the presence of extended-
spectrum β -lactamase (ESBL) producing often MDR bacteria,
again with very limited treatment options in hospitals in the
United States (24,27).

The prevalence of MDR pathogens varies by patient pop-
ulation, hospital, and type of floor or unit in which the pa-
tient resides, which underscores the need for local surveillance
data. MDR pathogens are more commonly isolated from pa-
tients with severe, chronic underlying disease—for example,
those with risk factors for health care–associated infection
(Table 104.2) and patients with late-onset hospital-acquired
infections. The importance of these risk factors was demon-
strated by Trouillet et al. (9) for potentially antibiotic-resistant
ventilator-associated pneumonia (VAP) in 135 mechanically
ventilated patients. The duration of ventilation before the onset
of VAP and prior antibiotic use (within 15 days prior to devel-
oping VAP) were both significant risk factors associated with
VAP caused by antibiotic-resistant pathogens. Late-onset VAP
(≥ 5 days), in patients who had previously received antibiotics
was generally caused by MDR pathogens such as Pseudomonas
aeruginosa, Acinetobacter baumannii, Stenotrophomonas mal-
tophilia, or MRSA. The authors concluded that this study pro-
vided evidence for the need of a more rational approach to se-
lecting initial empiric antibiotic therapy before culture results

were available in patients with VAP to provide an appropriate
initial regimen.

A study by Namias et al. (28) examined how variable MDR
pathogen distribution can occur among ICUs even from a sin-
gle hospital. These investigators found highly variable rates of
susceptibility to several problem pathogens in their trauma,

TA BLE 1 0 4 . 2

DEFINITIONS OF INFECTION CATEGORIES (WITH
FOCUS ON BACTERIAL PATHOGENS)

Infection category Definition

Community-acquired
infection

Patients with a first positive
bacterial culture obtained
within 48 hours of hospital
admission lacking risk
factors for health care–
associated infection

Hospital-acquired infection Patients with a first positive
bacterial culture > 48 hours
after hospital admission

Health care–associated
infection

Patients with a first positive
bacterial culture within 48
hours of admission and any
of the following:

■ Admission source indicates
a transfer from another
health care facility (e.g.,
hospital, nursing home)

■ Receiving hemodialysis,
wound, or infusion therapy
as an outpatient

■ Prior hospitalization for
≥ 3 days within 90 days

■ Immunocompromised state
due to underlying disease
or therapy (human
immunodeficiency virus,
chemotherapy)
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surgical, and medical ICUs and found that while Acinetobac-
ter susceptibility rates to imipenem were low in the surgical
ICU, susceptibility was very good in the trauma ICU. Similar
variations in infection rates with MDR pathogens have been
reported between different cities and countries (29,30). These
data suggest that consensus guidelines for antimicrobial ther-
apy will need to be modified at the local level (for example, ac-
cording to county, city, hospital, and ICU) to take into account
local patterns of antimicrobial resistance. In addition, it is help-
ful for clinicians to appreciate local specific resistance rates
of certain Gram-negative pathogens such as ESBL-producing
Klebsiella pneumonia or Escherichia coli, fluoroquinolone-
resistant Pseudomonas aeruginosa, or carbapenem-resistant
Acinetobacter baumannii. When risk of these pathogens is
identified, empirical therapy must be tailored accordingly.

In addition to local or regional variance, numerous patient-
specific factors affect the risk of isolation of a resistant
pathogen. Therefore, the choice of empirical antibiotic agents
should be based on local patterns of antimicrobial suscepti-
bility and must also take into account patient-specific charac-
teristics that may influence the risk of infection with a resis-
tant pathogen. Patients of particular concern are those at risk
for hospital-acquired infections caused by Staphylococcus au-
reus, Pseudomonas aeruginosa, and Acinetobacter species due
to the high frequency with which they cause infection, their
resistance to numerous antibiotics, and their associated high
mortality rates. Infections with these potentially antibiotic-
resistant bacteria have occurred primarily among hospitalized
patients and/or among patients with an extensive hospitaliza-
tion history and other predisposing risk factors like indwelling
catheters, past antimicrobial use, decubitus ulcers, postopera-
tive surgical wound infections, or treatment with enteral feed-
ings or dialysis.

DIFFERENTIATING HEALTH
CARE–ASSOCIATED INFECTIONS
FROM COMMUNITY-ACQ UIRED

INFECTIONS
Health care–associated bacteremia (HCAB) and health care–
associated pneumonia (HCAP) have recently been described
as infections developing in patients admitted to the hospital
from high-risk environments (20,31–33). These high-risk envi-
ronments include nursing homes and extended care facilities,
or patients’ homes if they are receiving chronic dialysis, home
infusion therapy, or home wound therapy, or have had a re-
cent hospitalization (Table 104.2) (34). These risk factors in-
crease the likelihood of infection with MDR bacteria that are
more commonly seen in nosocomial infections as compared
with community-acquired infections.

Health care services, such as dialysis, chemotherapy, and
same-day surgery, are increasingly provided in the outpatient
environment (34). At present, pneumonia and bloodstream in-
fections related to these health care–associated interventions
often are classified as community-acquired infections and are
initially treated as such. However, given the frequent trans-
fer of patients and health care workers between these facilities
and hospitals, an outpatient facility is likely to be distinct from
the true community setting and may more closely resemble the
nosocomial setting in terms of the pathogens it might house.

For example, MRSA strains isolated from patients infected in
health care–associated settings are distinct from those that are
truly community-acquired and have different susceptibility to
antibiotics (10).

In addition to the complexity introduced by evolving
health care practices, the causative pathogens associated with
community-acquired infections have also changed in preva-
lence in recent years. Although Streptococcus pneumoniae
remains the most common causative pathogen for community-
acquired pneumonia, other potential pathogens (e.g., Chlamy-
dia pneumoniae, Mycoplasma pneumoniae, Acinetobacter
species, MRSA, and Legionella spp) exist and their preva-
lence changes over time and varies by geographic location
(26,35). Furthermore, the emerging antimicrobial resistance of
community-acquired pathogens has complicated the manage-
ment of these infections. These changes necessitate an evolving
treatment strategy based on the most recent findings regarding
microbiology and epidemiology (10,20,35).

A DE-ESCALATION APPROACH
FOR THE ANTIBIOTIC TREATMENT

OF SERIOUS INFECTION IN THE
HOSPITALIZED PATIENT

Above all, it is imperative to provide an initial antibiotic regi-
men that is active against the pathogen(s) causing the underly-
ing infection in a seriously ill patient to optimize clinical out-
comes (36). Additionally, the prescribed antibiotics must be
dosed adequately according to their pharmacodynamic char-
acteristics, given at the proper interval, and monitored for tox-
icities to achieve tissue levels that will kill the pathogens (6). Af-
ter an initial appropriately broad-spectrum antibiotic regimen
is prescribed, modification of the regimen using a de-escalation
strategy should occur based on the results of the patient’s clin-
ical response and microbiologic testing (Fig. 104.2). Based on
the de-escalation strategy, modification of the initial antibiotic
regimen should include decreasing the number and/or spec-
trum of antibiotics, if possible based on culture and sensitiv-
ity results, shortening the duration of therapy in patients with
uncomplicated infections who are demonstrating signs of clini-
cal improvement, or discontinuing antibiotics altogether in pa-
tients who have a noninfectious cause identified accounting
for the patient’s signs and symptoms. The following sections
describe individual antibiotic classes as well as methods for
implementing a de-escalation approach at the local hospital
level. These methods should be used, in combination, accord-
ing to local preferences to achieve the desired balance between
prescribing appropriate initial antibiotic treatment to patients
with a serious infection and minimizing the emergence of an-
timicrobial resistance.

ANTIBIOTICS, THEIR MODE OF
ACTION, CLINICAL INDICATIONS

FOR THEIR USE, AND ASSOCIATED
TOXICITIES

Most antimicrobial agents used for the treatment of infections
may be categorized according to their principal mechanism of
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action. For antibacterial agents, the major modes of action in-
clude the following (37):

1. Interference with cell wall synthesis
2. Disruption of the bacterial cell membrane
3. Inhibition of protein synthesis
4. Interference with nucleic acid synthesis
5. Inhibition of a metabolic pathway

Tables 104.3, 104.4, and 104.5 review the major pathogens,
the antimicrobials of choice by pathogen, and the major toxi-
cities of specific agents, respectively.

Ce ll Wall Act ive Ant ib io t ics

Antibacterial drugs that work by inhibiting bacterial cell
wall synthesis include the β -lactams—such as the peni-
cillins, cephalosporins, carbapenems, and monobactams—and
the glycopeptides, including vancomycin and teicoplanin. β -
Lactam agents inhibit the synthesis of the bacterial cell wall
by interfering with the enzymes required for the synthesis of
the peptidoglycan layer. Vancomycin and teicoplanin also in-
terfere with cell wall synthesis by preventing the cross-linking
steps required for stable cell wall synthesis.

Disrup t ion of Bact e rial Ce ll Me mb rane

Disruption of the bacterial membrane is a less well charac-
terized mechanism of action. Polymyxin antibiotics appear to
exert their inhibitory effects by increasing bacterial membrane
permeability, causing leakage of bacterial contents. The cyclic
lipopeptide, daptomycin, appears to insert its lipid tail into the
bacterial cell membrane, causing membrane depolarization and
eventual death of the bacterium.

Inhib it ion of Bact e rial Pro t e in Synt he sis

Macrolides, aminoglycosides, tetracyclines, chloramphenicol,
streptogramins, and oxazolidinones produce their antibacterial
effects by inhibiting protein synthesis. Bacterial ribosomes dif-
fer in structure from their counterparts in eukaryotic cells. An-
tibacterial agents take advantage of these differences to selec-
tively inhibit bacterial growth. Macrolides, aminoglycosides,
and tetracyclines bind to the 30S subunit of the ribosome,
whereas chloramphenicol binds to the 50S subunit. Linezolid is
a Gram-positive antibacterial oxazolidinone that binds to the
50S subunit of the ribosome on a site that has not been shown
to interact with other classes of antibiotics.

Inhib it ion of Nucle ic Acid Synt he sis

Fluoroquinolones exert their antibacterial effects by disrupting
DNA synthesis and causing lethal double-strand DNA breaks
during DNA replication.

Inhib it ion of a Me t ab olic Pat hway

Sulfonamides and trimethoprim block the pathway for folic
acid synthesis, which ultimately inhibits DNA synthesis. The

common antibacterial drug combination of trimethoprim, a
folic acid analogue, plus sulfamethoxazole (a sulfonamide) in-
hibits two steps in the enzymatic pathway for bacterial folate
synthesis.

Me chanisms of Re sist ance t o
Ant ib act e rial Ag e nt s

Most antimicrobial agents exert their effect by influencing a
single step in bacterial reproduction or bacterial cell function.
Therefore, resistance can emerge with a single point mutation
aimed at bypassing or eliminating the action of the antibiotic.
Some species of bacteria are innately resistant to at least one
class of antimicrobial agents, with resulting resistance to all the
members of those antibacterial classes. However, the emergence
and spread of acquired resistance due to the selective pres-
sure to use specific antimicrobial agents is of greater concern
due to the spread of such resistance. Several mechanisms of
antimicrobial resistance are readily transferred to various bac-
teria. First, the organism may acquire genes encoding enzymes,
such as β -lactamases, that destroy the antibacterial agent be-
fore it can have an effect. Second, bacteria may acquire efflux
pumps that extrude the antibacterial agent from the cell before
it can reach its target site and exert its effect. Third, bacte-
ria may acquire several genes for a metabolic pathway that
ultimately produces altered bacterial cell walls that no longer
contain the binding site of the antimicrobial agent, or bacte-
ria may acquire mutations that limit access of antimicrobial
agents to the intracellular target site via down-regulation of
porin genes. Susceptible bacteria can also acquire resistance to
an antimicrobial agent via new mutations such as are noted
above.

STRATEGIES THAT OPTIMIZE THE
EFFICACY OF ANTIBIOTICS WHILE

MINIMIZING ANTIBIOTIC
RESISTANCE

Formal Prot ocols and Guid e line s

Antibiotic practice guidelines or protocols have emerged as a
potentially effective means of both avoiding unnecessary an-
tibiotic administration and increasing the effectiveness of pre-
scribed antibiotics. Automated antimicrobial utilization guide-
lines have been successfully used to identify and minimize the
occurrence of adverse drug effects due to antibiotic adminis-
tration and to improve antibiotic selection (6). Their use has
also been associated with stable antibiotic susceptibility pat-
terns for both Gram-positive and Gram-negative bacteria, pos-
sibly as a result of promoting antimicrobial heterogeneity and
specific end points for antibiotic discontinuation. Automated
and nonautomated antimicrobial guidelines have also been em-
ployed to reduce the overall use of antibiotics and limit the
use of inappropriate antimicrobial treatment, both of which
could affect the development of antibiotic resistance (38). One
way these guidelines limit the unnecessary use of antimicrobial
agents is by recommending that therapy be modified when ini-
tial empiric broad-spectrum antibiotics are prescribed and the
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MOST COMMON PATHOGENS ASSOCIATED WITH SITES OF SERIOUS INFECTION COMMONLY SEEN IN THE
ADULT INTENSIVE CARE UNIT SETTING

Infection site Pathogens

I. Pneumonia
1. Community-acquired pneumonia (non-

immunocompromised host)

2. Health care–associated pneumonia

3. Pneumonia (immunocompromised host)
a. Neutropenia

b. Human immunodeficiency virus

c. Solid organ transplant or bone marrow
transplant

d. Cystic fibrosis

4. Lung abscess

5. Empyema

II. Meningitis

Streptococcus pneumoniae
Haemophilus influenzae
Moraxella catarrhalis
Mycoplasma pneumoniae
Legionella pneumophilia
Chlamydia pneumoniae
Methicillin-resistant Staphylococcus aureus (MRSA)
Influenza virus

MRSA
Pseudomonas aeruginosa
Klebsiella pneumoniae
Acinetobacter species
Stenotrophomonas species
Legionella pneumophilia

Any pathogen listed above
Aspergillus species
Candida species

Any pathogen listed above
Pneumocystis carinii
Mycobacterium tuberculosis
Histoplasma capsulatum
Other fungi
Cytomegalovirus

Any pathogen listed above
(Can vary depending on timing of infection to transplant)

Haemophilus influenzae (early)
Staphylococcus aureus
Pseudomonas aeruginosa
Burkholderia cepacia
Bacteroides species
Peptostreptococcus species
Fusobacterium species
N ocardia (in immunocompromised patients)
Amebic (when suggestive by exposure)

Staphylococcus aureus
Streptococcus pneumoniae
Group A Streptococci
Haemophilus influenzae
Anaerobic bacteria
Enterobacteriaceae
Mycobacterium tuberculosis
Streptococcus pneumoniae
N eisseria meningitidis
Listeria monocytogenes
Haemophilus influenzae
Escherichia coli
Group B streptococci

Staphylococcus aureus
Enterobacteriaceae
Pseudomonas aeruginosa

�
��

��
Usually acute

 

Usually subacute or chronic

 
Neonates

 

Post-surgical or Post-trauma

(continued )
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(CONTINUED)

Infection site Pathogens

III. Brain abscess

IV. Encephalitis

V. Endocarditis

VI. Catheter-associated bacteremia

VII. Pyelonephritis

VIII. Peritonitis
1. Primary or spontaneous

2. Secondary (bowel perforation)

3. Tertiary (bowel surgery, hospitalized on
antibiotics)

IX. Skin structure infections
1. Cellulitis

2. Decubitus ulcer

Streptococci
Bacteroides species

Enterobacteriaceae
Staphylococcus aureus
N ocardia
Toxoplasma gondii
West Nile
Herpes simplex
Arbovirus
Rabies
Catscratch disease

Streptococcus viridans
Enterococcus species
Staphylococcus aureus
Streptococcus bovis

MRSA

Candida species

Candida species
Staphylococcus aureus
Enterococcus species
Enterobacteriaceae
Pseudomonas aeruginosa
Enterobacteriaceae
Escherichia coli
Enterococcus species
Pseudomonas aeruginosa
Acinetobacter species

Enterobacteriaceae
Streptococcus pneumoniae
Enterococcus species
Anaerobic bacteria (rare)

Enterobacteriaceae
Bacteroides species
Enterococcus species
Pseudomonas aeruginosa (uncommon)

Pseudomonas aeruginosa
MRSA
Acinetobacter species
Candida species

Group A streptococci
Staphylococcus aureus
Enterobacteriaceae
Polymicrobial
Streptococcus pyogenes
Enterococcus species
Enterobacteriaceae
Anaerobic streptococci
Pseudomonas aeruginosa
Staphylococcus aureus
Bacteroides species

 
Post-surgical or Post-trauma

 
Immunocompromised or HIV infected

Intravenous drug user, prosthetic value

Prosthetic value

 
Catheter-associated, post-surgical

Diabetics

(continued )
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(CONTINUED)

Infection site Pathogens

3. Necrotizing fasciitis

X. Muscle infection
1. Myonecrosis (gas gangrene)

2. Pyomyositis

XI. Septic shock
1. Community-acquired

2. Health care–associated

3. Toxic shock syndrome

4. Regional illness or special circumstances

Streptococcus species
Clostridia species
Mixed aerobic/anaerobic bacteria

Clostridium perfringens
Other Clostridia species

Staphylococcus aureus
Group A streptococci
Anaerobic bacteria
Gram-negative bacteria (rare)

Streptococcus pneumoniae
N eisseria meningitidis
Haemophilus influenzae
Escherichia coli
Capnocytophaga (DF-2 with splenectomy)

MRSA
Pseudomonas aeruginosa
Acinetobacter species
Candida species

Staphylococcus aureus
Streptococci species

Rickettsial species
Ehrlichiosis
Babesiosis
Catscratch disease (immunocompromised hosts)

Yersinia pestis
Francisella tularensis
Leptospira
Salmonella enteritidis
Salmonella typhi

culture results reveal that narrow-spectrum antibiotics can be
used.

Hosp it al Formulary Re st rict ions

Restricted use of specific antibiotics or antibiotic classes from
the hospital formulary has been used as a strategy to re-
duce the occurrence of antibiotic resistance and antimicrobial
costs. Such an approach has been shown to achieve reductions
in pharmacy expenses and adverse drug reactions from the
restricted drugs. However, not all experiences have been uni-
formly successful, and the homogenous use of a single or lim-
ited number of drug classes may actually promote the emer-
gence of resistance (6). Restricted use of specific antibiotics has
generally been applied to those drugs with a broad spectrum
of action (e.g., carbapenems), rapid emergence of antibiotic re-
sistance (e.g., cephalosporins), and readily identified toxicity
(e.g., aminoglycosides). To date, it has been difficult to demon-
strate that restricted hospital formularies are effective in curb-
ing the overall emergence of antibiotic resistance among bac-
terial species. This may be due in large part to methodologic
problems. However, their use has been successful in specific
outbreaks of infection with antibiotic-resistant bacteria, par-

ticularly in conjunction with infection control practices and
antibiotic educational activities.

Use of Narrow-Sp e ct rum Ant ib io t ics

Another proposed strategy to curtail the development of an-
timicrobial resistance, in addition to the judicious overall use
of antibiotics, is to use drugs with a narrow antimicrobial spec-
trum. Several investigations have suggested that infections such
as community-acquired pneumonia can usually be successfully
treated with narrow spectrum antibiotic agents, especially if
the infections are not life threatening. Similarly, the avoidance
of broad-spectrum antibiotics, especially those associated with
rapid emergence of resistance (cephalosporins, quinolones),
and the reintroduction of narrow-spectrum agents (penicillin,
trimethoprim, gentamicin), along with infection control prac-
tices have been successful in reducing the occurrence of spe-
cific infections in the hospital setting (6). Unfortunately, ICU
patients often have already received prior antimicrobial treat-
ment, making it more likely that they will be infected with
an antibiotic-resistant pathogen (9). Therefore, initial empiric
treatment with broad-spectrum agents is often initially neces-
sary for hospitalized patients to avoid inappropriate treatment
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DRUGS OF CHOICE IN SERIOUS INFECTIONSa

Organism Drug of choice Alternative drugs

GRAM-POSITIVE COCCI
Staphylococcus aureusb or
Staphylococcus epidermidis

Penicillin-sensitive Penicillin G Cephalosporin, vancomycin, or clindamycinc

Penicillinase-producingd Oxacillin or nafcillin Cephalosporin, vancomycin, or clindamycin
Methicillin-resistante Vancomycin (linezolid for pneumonia) Quinolone, TMP/SMX, minocycline,

clindamycin
Nonenterococcal streptococci Penicillin G Cephalosporin, vancomycin, or clindamycin

Enterococcus Penicillin or ampicillin + gentamicin Vancomycin + gentamicin
Streptococcus pneumoniae f Penicillin G Cephalosporin, vancomycin, macrolide, or

clindamycin

GRAM-POSITIVE BACILLI
Actinomyces israelii Penicillin G Tetracycline
Bacillus anthracis Penicillin G Tetracycline, macrolide
Clostridium difficile Metronidazole Oral vancomycin
Clostridium perfringens Penicilling Clindamycin, metronidazole, tetracycline,

imipenem
Clostridium tetani Penicillinh Tetracycline
Corynebacterium diphtheriae Macrolideg Penicillin
Corynebacterium JK Vancomycin Penicillin G + gentamicin, erythromycin
Listeria monocytogenes Ampicillin gentamicin TMP/SMX
N ocardia asteroides TMP/SMX carbapenem + amikacin
Proprionobacterium sp. Penicillin Clindamycin, erythromycin

GRAM-NEGATIVE COCCI
Moraxella catarrhalis TMP/SMX Amoxicillin-clavulanic acid, ceftriaxone,

macrolide, tetracycline
N eisseria gonorrhea Ceftriaxone Penicillin G, quinolone
N eisseria meningitidis Penicillin G Ceftriaxone

ENTERIC GRAM-NEGATIVE BACILLI
Bacteroides

Oral source Penicillin Clindamycin, cefoxitin, metronidazole,
cefotetan

Bowel source Metronidazole Cefoxitin, cefotetan, imipenem,
ampicillin-sulbactam

ticar-clavulanate, pip-tazobactam, clindamycin
Citrobacter Cefepime or imipenem/meropenem Aminoglycoside, quinolone, piperacillin,

aztreonam
Enterobacter sp.i Cefepime or imipenem/meropenem Ciprofloxacin, aminoglycoside, aztreonam
Escherichia coli j 3rd-generation cephalosporin Aminoglycoside, carbapenem, cefepime,

β -lactam/β -lactamase inhibitor,
ciprofloxacin, TMP/SMX

Klebsiella j 3rd-generation cephalosporin As for E. coli
Proteus mirabilis Ampicillin Aminoglycoside, quinolone, cephalosporin,

piperacillin, ticarcillin, TMP/SMX
Proteus, nonmirabilis 3rd-generation cephalosporin Aminoglycoside, quinolone, piperacillin,

aztreonam, imipenem
Providencia 2nd- or 3rd-generation cephalosporin Gentamicin, amikacin, piperacillin, aztreonam,

imipenem, ticarcillin, mezlocillin,
TMP/SMX

Salmonella typhi Ceftriaxone or quinolone Ampicillin, TMP/SMX
Salmonella, nontyphik Cefotaxime, ceftriaxone, or quinolone Ampicillin, TMP/SMX
Serratia Cefepime or imipenem/meropenem Aminoglycoside, aztreonam piperacillin,

TMP/SMX, quinolone
Shigella Quinolone Ampicillin, TMP/SMX, ceftriaxone, cefixime
Yersinia enterocolitica TMP/SMX Aminoglycoside, tetracycline, 3rd-generation

cephalosporin, quinolone

(continued )
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Organism Drug of choice Alternative drugs

OTHER GRAM-NEGATIVE BACILLI
Acinetobacter Imipenem Cefepime, aminoglycoside, TMP/SMX,

colistin, sulbactam
Eikenella corrodens Ampicillin Penicillin G, erythromycin, tetracycline,

ceftriaxone
Francisella tularensis Streptomycin, gentamicin Tetracycline
Fusobacterium Penicillin Clindamycin, metronidazole, cefoxitin
Haemophilus influenzae 3rd-generation cephalosporin Ampicillin, imipenem, quinolone, cefuroximel ,

quinolone, macrolide, TMP/SMX
Legionella Erythromycin (1 g q6h) + rifampin
Pasteurella multocida Penicillin G Tetracycline, cephalosporin, amps-sulbactam
Pseudomonas aeruginosa Antipseudomonal penicillinm +

aminoglycoside
Aztreonam, cefepime, imipenem, quinolone

Pseudomonas cepacia TMP/SMX Ceftazidime
Spirillum minus Penicillin G Tetracycline, streptomycin
Streptobacillus moniliforms Penicillin G Tetracycline, streptomycin
Vibrio choleraen Tetracycline TMP/SMX, quinolone
Vibrio vulnificus Tetracycline Cefotaxime
X anthomonas maltophilia TMP/SMX Quinolone, minocycline, ceftazidime
Yersinia pestis Streptomycin Tetracycline, gentamicin

CHLAMYDIAE
Chlamydia pneumoniae (TWAR) Macrolide Tetracycline
Chlamydia psittaci Tetracycline Chloramphenicol
Chlamydia trachomatis Macrolide Sulfonamide, tetracycline

MYCO PLASMA sp. Macrolide Tetracycline
Tetracycline Quinolone

SPIROCHETES
Borrelia burgdorferi Doxycycline, amoxicillin Penicillin G, macrolide, cefuroxime,

ceftriaxone, cefotaxime
Borrelia sp. Tetracycline Penicillin G
Treponema pallidum Penicillin Tetracycline, ceftriaxone

VIRUSES
Cytomegalovirus Gancicloviro Foscarnet, cidofovir
Herpes simplex Acyclovir Foscarnet, ganciclovir
HIV See Centers for Disease Control Web site
Influenza Amantadine Rimantadine, oseltamivir, zanamivir
Respiratory syncytial Ribavirin
Varicella zoster Acyclovir Famciclovir p

FUNGI
Aspergillus Voriconazole Amphotericin B, echinocandin, Itraconazole
Blastomyces Amphotericin B or itraconazole Ketoconazole
Candidaq

Mucosal Fluconazole, echinocandins Ketoconazole, itraconazole
Systemic Fluconazole, echinocandin Amphotericin B

Coccidioides Amphotericin B or fluconazole Itraconazole, ketoconazole
Cryptococcus Amphotericin Fluconazole, itraconazole
Histoplasma Itraconazole or Amphotericin B
Pseudallescheria Ketoconazole or itraconazole
Zygomycosis (“mucor”) Amphotericin B Posaconazole

(continued )

aThis table does not consider minor infections that may be treated with oral agents, single-agent therapy, or less toxic drugs. Sensitivity testing must be
done on bacterial isolates to confirm the sensitivity pattern.
bSome authorities recommend clindamycin as the first choice for susceptible toxin-producing staphylococci, streptococci, or clostridia.
cFirst-generation cephalosporins are most active. If endocarditis is suspected, do not use clindamycin. Some authorities recommend the addition of
gentamicin for endocarditis caused by nonenterococcal streptococci or tolerant staphylococci.
d Penicillinase-producing staphylococci are also resistant to ampicillin, amoxicillin, carbenicillin, ticarcillin, mezlocillin, and piperacillin
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(Footnote continued from previous page).
eMethicillin-resistant staphylococci should be assumed to be resistant to all cephalosporins and penicillins, even if disk testing suggests sensitivity.
Tigecycline, ceftobiprole, daptomycin, telavancin, and dalbavancin may be alternatives for specific types of methicillin-resistant infection pending future
studies and indications.
f Some stains show intermediate- or high-level penicillin resistance. Highly resistant strains are treated with vancomycin, or rifampin, or both. In regions
with high prevalence of resistant pneumococcus, ceftriaxone or vancomycin should be considered until sensitivity is known.
gUse as an adjunct to debridement of infected tissues.
hUse as an adjunct to active and passive immunization.
i Because of rapid development of resistance, cephalosporins not recommended even if initial tests indicate susceptibility.
j Klebsiella sp. and E. coli producing extended-spectrum beta-lactamase (ESBL) should be preferentially managed with a carbapenem.
k Uncomplicated Salmonella enteritis should not be treated with antibiotics.
l Should not be used in meningitis because of poor CNS penetration.
m Antipseudomonal penicillins include ticarcillin, mezlocillin, and piperacillin.
nPrimary therapy is fluid and electrolyte repletion.
oOral form should be used only in maintenance therapy of retinal cytomegalovirus.
pApproved only for mild herpes zoster in immunocompetent hosts.
q Candida kruseii and Torulopsis glabrata may be resistant to azole therapy, Candida parapsilosis may be resistant to echinocandins.
r In multidrug combinations.
s Echinocandins include caspofungin, micafungin, and anidulafungin.

until culture results become available and de-escalation can oc-
cur (Fig. 104.2) (14).

Q uant it at ive Cult ure s and Asse ssme nt
of Infe ct ion Risk

Pneumonia is the most common hospital-acquired infection
among mechanically ventilated patients. A recent meta-analysis
of four randomized trials demonstrated that the use of quan-
titative bacterial cultures obtained from the lower respiratory
tract may, in theory, facilitate de-escalation of empiric broad-
spectrum antibiotics and reduce drug-specific antibiotic days of
treatment (39). Another recent study found that patients with
a clinical suspicion for VAP and culture-negative bronchoalve-
olar lavage (BAL) results for a major pathogen could have an-
timicrobial therapy safely discontinued within 72 hours (40).
Interestingly, the mean modified clinical pulmonary infection
scores of these patients was approximately six, suggesting that
this quantitative clinical assessment of the risk for VAP could
have been used to discontinue antibiotics as previously sug-
gested (41). Regardless of whether quantitative culture meth-
ods are used, the results of microbiologic testing should be used
to routinely modify or discontinue antibiotic treatment in the
appropriate clinical setting.

Comb inat ion Ant ib io t ic The rap y

Several recent meta-analyses recommend the use of monother-
apy with a β -lactam antibiotic, as opposed to combination ther-
apy including an aminoglycoside, for the definitive treatment
of severe sepsis once antimicrobial susceptibilities are known
(42,43). Additionally, there is no definitive evidence that the
emergence of antibiotic resistance is reduced by the use of
combination antimicrobial therapy. However, empiric combi-
nation therapy directed against high-risk pathogens such as
Pseudomonas aeruginosa should be encouraged until the re-
sults of antimicrobial susceptibility become available. Such an
approach to empiric treatment can increase the likelihood of

providing appropriate initial antimicrobial therapy with im-
proved outcomes (15).

Ant ib io t ic Cycling and Sche d ule d
Ant ib io t ic Chang e s

The concept of antibiotic class cycling has been suggested as a
potential strategy for reducing the emergence of antimicrobial
resistance (6). In theory, a class of antibiotics or a specific an-
tibiotic drug is withdrawn from use for a defined time period
and reintroduced at a later time in an attempt to limit bacterial
resistance to the cycled antimicrobial agents. Unfortunately,
mathematical modeling suggests that the use of antibiotic cy-
cling will be inferior to “mixing” of antibiotics as a strategy
to reduce the emergence of antimicrobial resistance (44). Nev-
ertheless, several earlier studies of antimicrobial cycling have
found beneficial outcomes in terms of antibiotic resistance,
with benefits extending outside of the ICU setting. More re-
cent rigorous studies of antimicrobial cycling have failed to
confirm these findings (45,46). Although antimicrobial hetero-
geneity or mixing seems to be a logical policy, simple cycling
of antibiotics combined with prolonged treatment exposures
seems to be a strategy that will only promote further antibiotic
resistance.

Ant imicrob ial De colonizat ion St rat e g ie s

The prophylactic administration of parenteral antibiotics has
been shown to reduce the occurrence of nosocomial infections
in specific high-risk patient populations requiring intensive care
(47). Similarly, topical antibiotic administration (i.e., selective
digestive decontamination), with or without concomitant par-
enteral antibiotics, has also been shown to be effective at re-
ducing nosocomial infections (48). However, the routine use
of selective digestive decontamination has also been linked to
the emergence of antimicrobial resistance. Additionally, the
mixed results of recent negative trials for VAP prevention us-
ing iseganan and chlorhexidine, an antimicrobial peptide and
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TA BLE 1 0 4 . 5

TOXICITIES ASSOCIATED WITH ANTIMICROBIALS

Antimicrobial Serious toxicities, uncommon Common toxicitiesa

Penicillins
Ampicillin
Penicillin

Anaphylaxis, seizures, hemolytic anemia,
neutropenia, thrombocytopenia, drug
fever

Diarrhea, nausea, vomiting, rash

Antistaphylococcal penicillins
Nafcillin
Oxacillin

Anaphylaxis, neutropenia,
thrombocytopenia, acute interstitial
nephritis, hepatotoxicity

Diarrhea, nausea, vomiting, rash

B-lactam/B-lactamase inhibitors
Amoxicillin/clavulanate
Ampicillin/sulbactam
Piperacillin/tazolbactam�

Ticarcillin/clavulanate

Anaphylaxis, seizures, hemolytic anemia,
neutropenia, thrombocytopenia

C. difficile colitis, cholestatic jaundice,�
drug fever

Diarrhea, nausea, vomiting, rash

Cephalosporins Anaphylaxis, seizures, neutropenia,
thrombocytopenia, drug fever

Diarrhea, nausea, vomiting, rash

Carbapenems
Imipenem
Meropenem
Ertapenem

Anaphylaxis, seizures (imipenem >
meropenem, ertapenem)

C. difficile colitis, drug fever

Diarrhea, nausea, vomiting

Glycopeptides
Vancomycin

Ototoxicity, nephrotoxicity (unlikely
without concomitant nephrotoxins),
thrombocytopenia

Red-man syndrome

Oxazolidinones
Linezolid

More common with long-term use:
Peripheral and optic neuropathy,

myelosuppression
Possible with short-term use:
Lactic acidosis, myopathy anemia

Diarrhea

Lipopeptides
Daptomycin

Diarrhea, constipation, vomiting

Streptogramin
Quinupristin/dalfopristin

Arthralgia, myalgia, inflammation, pain,
edema at infusion site, hyperbilirubinemia

Aminoglycosides
Amikacin
Gentamicin
Tobramycin

Nephrotoxicity, ototoxicity

Fluoroquinolones
2nd generation

Ciprofloxacin
3rd generation

Levofloxacin
4th generation

Gatifloxacin�

Moxifloxacin
Gemifloxacin

Anaphylaxis, dysglycemia�

QT c prolongation, joint toxicity in
children, tendon rupture

Nausea, vomiting, diarrhea, photosensitivity,
rash

CNS stimulation, dizziness, somnolence

Macrolides
Erythromycin�

Azithromycin
Clarithromycin

QT c prolongation (erythromycin >
clarithromycin > azithromycin),
cholestasis�

Nausea, vomiting, diarrhea, abnormal taste

Ketolides
Telithromycin

Acute hepatic failure
QT c prolongation

Nausea, vomiting, diarrhea

Clindamycin C. difficile colitis Nausea, vomiting, diarrhea, abdominal pain,
rash

Tetracyclines
Tetracycline�

Doxycycline
Minocycline†

Tooth discoloration and retardation of
bone growth (in children), renal tubular
necrosis,� dizziness,† vertigo,†
pseudotumor cerebri

Photosensitivity, diarrhea

Glycylcyclines
Tigecycline

Nausea, vomiting, diarrhea

Trimethoprim/sulfamethoxazole Myelosuppression
Stevens-Johnson syndrome, hyperkalemia,

aseptic meningitis, hepatic necrosis

Rash, nausea, vomiting, diarrhea

Metronidazole Seizures, peripheral neuropathy Nausea, vomiting, metallic taste,
disulfiramlike reaction

Nitrofurantoin Pulmonary toxicity, peripheral neuropathy Urine discoloration, photosensitivity

(continued )
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TA BLE 1 0 4 . 5

(CONTINUED)

Antimicrobial Serious toxicities, uncommon Common toxicitiesa

Antifungal Agents
Azoles

Fluconazole
Itraconazole�

Voriconazole†

Hepatic failure, increased AST/ALT,
cardiovascular toxicity,� hypertension,�
edema�

Nausea, vomiting, diarrhea, rash, visual
disturbances,† phototoxicity†

Amphotericin B products
Amphotericin B deoxycholate
ABLC
ABCD
Liposomal amphotericin B

Acute liver failure, myelosuppression Nephrotoxicity (less common with lipid
formulations), acute infusion-related
reactions, hypokalemia, hypomagnesemia

Echinocandins
Caspofungin
Micafungin
Anidulafungin

Hepatotoxicity, infusion-related rash,
flushing, itching

Flucytosine Myelosuppression, hepatotoxicity,
confusion, hallucinations, sedation

Nausea, vomiting, diarrhea, rash

Antiviral Agents
Nucleoside analogues

Acyclovir
Valacyclovir
Ganciclovir†

Valganciclovir†

Nephrotoxicity, rash, encephalopathy,
inflammation at injection site, phlebitis

Bone marrow suppression,† headache, nausea,
vomiting, diarrhea (with oral forms)

Amantadine
Rimantadine

CNS disturbances (amantadine >
rimantadine)

Nausea, vomiting, anorexia, xerostomia

Neuraminidase inhibitors
Oseltamivir�

Zanamivir†

Anaphylaxis,� bronchospasm† Nausea, vomiting,� cough,† local discomfort†

Cidofovir Anemia, neutropenia, fever, rash Nephrotoxicity, uveitis/iritis, nausea, vomiting
Foscarnet Seizures, anemia, fever Nephrotoxicity, electrolyte abnormalities

(hypocalcemia, hypomagnesemia,
hypokalemia, hypophosphatemia), nausea,
vomiting, diarrhea, headache

aToxicities were classified as “common” relative to the other toxicities that agent is known to cause. Because toxicities are classified as “common” does
not imply they are not serious.

antiseptic, respectively, to decontaminate the oropharynx in
mechanically ventilated patients sheds doubt on the overall
utility of this practice (49–51). Based on these studies, antimi-
crobial and nonantimicrobial agents should be considered for
oral decontamination only in appropriate high-risk ICU pa-
tients or to assist in the containment of outbreaks of MDR
bacterial infections in conjunction with established infection
control practices.

Short e r Course s of Ant ib io t ic Tre at me nt

Prolonged administration of antibiotics to hospitalized patients
has been shown to be an important risk factor for the emer-
gence of colonization and infection with antibiotic-resistant
bacteria (9,12). Therefore, recent attempts have been made to
reduce the duration of antibiotic treatment for specific bacterial
infections. Several clinical trials have found that 7 to 8 days of
antibiotic treatment is acceptable for most nonbacteremic pa-
tients with VAP (11,41). Similarly, shorter courses of antibiotic
treatment have been successfully used in patients at low risk for

VAP (38,40,41) with pyelonephritis (52) and for community-
acquired pneumonia (53). In general, the shorter-course treat-
ment regimens have been associated with a significantly lower
risk for the emergence of antimicrobial resistance compared
to more traditional durations of antibiotic treatment ranging
from 14 to 21 days. In the future, more specific markers for the
presence of bacterial infection (e.g., procalcitonin, soluble trig-
gering receptor on myeloid cells [sTREM1]) may allow shorter
courses of empiric antibiotic administration in patients without
identified bacterial infection. Several recently published guide-
lines for the antibiotic management of nosocomial pneumonia
and severe sepsis currently recommend the discontinuation of
empiric antibiotic therapy after 48 to 72 hours if cultures are
negative or the signs of infection have resolved (2,20).

Op t imizing Pharmacokine t ic/
Pharmacod ynamic (Pk/ Pd ) Princip le s

Antibiotic concentrations that are sublethal can promote the
emergence of resistant pathogens. Optimization of antibiotic



Chap t e r 104: The Role of Antib iotics in the Management of Serious Hospital-Acquired Infect ions 1549

Pharmacodynamic  Parameters  
D

ru
g 

C
on

ce
nt

ra
tio

n 
 

Time 

MIC 
T > MIC 

AUC 

Cmax (Peak Concentration) 

FIGURE 104.3. Pharmacodynamic parameters found to be impor-
tant for the efficacy of antimicrobial agents. AUC, area under the
concentration–time curve; Cmax , maximum concentration; MIC, min-
imum inhibitory concentration; T, time.

regimens on the basis of pharmacokinetic/pharmacodynamic
principles could play a role in the reduction of antibiotic resis-
tance (8). The duration of time the serum drug concentration
remains above the minimum inhibitory concentration of the
antibiotic (T > MIC) enhances bacterial eradication with β -
lactams, carbapenems, monobactams, glycopeptides, and oxa-
zolidinones (Fig. 104.3). Frequent dosing, prolonged infusion
times, or continuous infusions can increase the T > MIC and
improve clinical and microbiologic cure rates. To maximize
the bactericidal effects of aminoglycosides, clinicians must op-
timize the maximum drug concentration (Cmax)-to-MIC ratio.
A Cmax:MIC ratio of ≥ 10:1 using once-daily aminoglycoside
dosing (5–7 mg/kg) has been associated with preventing the
emergence of resistant organisms, improving clinical response
to treatment, and avoiding toxicity. The 24-hour area un-
der the antibiotic concentration curve-to-MIC ratio (AUIC) is
correlated with fluoroquinolone efficacy and prevention of re-
sistance development. An AUIC value of > 100 has been as-
sociated with a significant reduction in the risk of resistance
development while on therapy. As a general rule, clinicians
should use the maximum approved dose of an antibiotic for
a potentially life-threatening infection to optimize tissue con-
centrations of the drug and killing of pathogens.

Ne w Ant imicrob ial Ag e nt s

Most new antibiotics have been developed for the treatment
of Gram-positive bacteria. Given the increasing prevalence
of resistance in Gram-negative bacteria, new agents for these
pathogens are urgently needed as well. Until recently, the gly-
copeptides, vancomycin and teicoplanin, were the only an-
tibacterial compounds available to which MRSA strains re-
mained uniformly susceptible. In 1996, the first clinical isolate
of Staphylococcus aureus with reduced susceptibility to van-
comycin (vancomycin-intermediate Staphylococcus aureus, or
VISA) was reported in Japan and, since then, similar cases have
been reported around the world. Only a few years later, clini-
cal isolates of Staphylococcus aureus that were fully resistant to
vancomycin were reported in South Africa and Michigan, USA.
The emergence of MRSA strains with reduced vancomycin sus-
ceptibility has limited the treatment options and increased the

incidence of treatment failure (54); infection with one of these
strains may be an independent predictor of mortality (55).
More concerning are the observations that upward drift in the
minimum inhibitory concentrations for vancomycin in MRSA
are associated with an increased risk of clinical treatment fail-
ures (56). As a result of this upsurge in MRSA resistance, most
of the recent advances in the development of new antibiotic
agents have predominantly occurred for Gram-positive bacte-
ria. Unfortunately, Gram-negative antibiotic development has
lagged behind.

Line zolid
Linezolid is the first licensed member of a new class of an-
tibiotics, the oxazolidinones, that binds to the ribosome and
inhibits microbial protein synthesis. This novel mechanism of
action provides an antimicrobial activity that is independent
of the resistance status toward other antibiotics. Some studies
suggest that linezolid may be associated with improved survival
and clinical cure rates compared to vancomycin in patients with
nosocomial pneumonia. Linezolid is a suitable alternative to
vancomycin in nosocomial infections caused by MRSA, par-
ticularly in pneumonia. Although a general agreement on the
superiority of linezolid to vancomycin and teicoplanin is lack-
ing, it does not require adjustment for renal function at a dosage
of 600 mg every 12 hours. Close monitoring of the blood cell
count should be done in case of pre-existing myelosuppression
and during prolonged treatment.

Dap t omycin
Daptomycin is a cyclic lipopeptide active only against Gram-
positive organisms, and has been recently approved for the
treatment of complicated skin and soft tissue infections, with
activity against resistant and susceptible isolates of Staphylo-
coccus aureus. Its once-daily dosing (4 mg/kg IV) and safety
profile (except for some concerns for rhabdomyolysis) make
daptomycin an attractive option for the treatment of staphy-
lococcal infections. Unfortunately, daptomycin may not be a
useful agent for deep-seated tissue infections. A recent trial of
740 patients with pneumonia had to be terminated early due
to a lower level of efficacy compared to ceftriaxone. This may
be related to the molecular size of this drug, its protein-binding
characteristics, and inhibition by pulmonary surfactant. There-
fore, the current use of daptomycin should be limited to skin
infections and bacteremia and/or endocarditis.

Q uinup rist in-Dalfop rist in
Quinupristin-dalfopristin is a semisynthetic, parenteral strep-
togramin with activity against most of the Gram-positive
pathogens. A multicenter study compared quinupristin-
dalfopristin and vancomycin in the treatment of nosocomial
pneumonia by Gram-positive pathogens. Similar clinical suc-
cess rates were observed, including in the MRSA subgroup,
although very low rates were seen (30.9% in the quinupristin-
dalfopristin group versus 44.4% in the vancomycin group) in
the bacteriologically evaluable population. These data suggest
that quinupristin-dalfopristin is probably not a better option
than vancomycin, with both agents seemingly having limited
activity against MRSA pneumonia in this study. Although an-
timicrobial resistance has not been an overriding concern, the
side effect profile of quinupristin-dalfopristin (myalgia, arthral-
gia, and thrombophlebitis) and its lack of proven efficacy over
vancomycin have limited its overall use.
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Clinica l Suspicion of Serious  
Health care–Associa ted Infection 

in the  ICU Se tting

Attempt to rule  out 
noninfectious  causes  of 

symptoms 

Obta in cultures  from poss ible  sources  of infection 
Examples : 

- Pneumonia : bronchoa lveola r lavage  or trachea l aspira te  
- Sepsis : blood 
- Meningitis : lumbar puncture  
- Pye lonephritis : urine  

S ta rt empiric antibiotics  based on risk factors  for like ly pa thogens   
(See  Tables  104.2 and 104.3) 

Continue  empiric therapy for 48–72 hours  or 
until culture  results  fina lized 

Resolution of symptoms and no
pos itive  cultures  

Cons ider discontinuing 
antibiotics  

Improvement or 
s table  symptoms 

De-esca la te  therapy based on culture  
results  and antimicrobia l susceptibility  

No improvement in symptoms Continued improvement in symptoms 

 Limit antimicrobia l therapy to 7 
days  for uncomplica ted 

infections . Consider longer 
course  of therapy for specific 
infections  (e .g., endocarditis ) 

 

Exclude  complica ting 
is sues  (e .g., abscess , 

empyema) and 
noninfectious  is sues  

Re-eva lua te  for infection with 
antibiotic-res is tant pa thogen 

not covered by initia l 
antimicrobia l regimen or 

inadequa te  antibiotic 
concentra tion a t infection s ite

FIGURE 104.4. A step-by-step approach to the antibiotic management of serious or life-threatening health
care–associated infections. ICU, intensive care unit.
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Tig e cycline
Tigecycline is the first glycylcycline to be launched and is one of
the very few antimicrobials with activity against Gram-negative
bacteria and MRSA. In contrast to classic tetracyclines, tige-
cycline can be administered only parenterally, and its major
side effect appears to be dose-related nausea and emesis. The
dosing regimen for tigecycline has been validated in clinical tri-
als that involved a 100-mg loading dose, followed by 50 mg
twice daily in patients with complicated infections of the skin
and skin structure, as well as intra-abdominal infections. It
evades acquired efflux and target-mediated resistance to classi-
cal tetracyclines but not chromosomal efflux. The Cmax is low,
but tissue penetration is excellent and, in clinical trials, the
compound has shown equivalence to imipenem/cilastatin in
intra-abdominal infection and to vancomycin plus aztreonam
in skin and skin structure infection. Tigecycline may prove
particularly useful for the treatment of surgical wound infec-
tions, where both Gram-negative bacteria and MRSA are likely
pathogens. Tigecycline may also have a role in the treatment of
infections due to multiresistant pathogens, including Acineto-
bacter species and extended-spectrum β -lactamase producing
Gram-negatives. Future studies are needed to differentiate the
role of tigecycline from other newly available agents including
new glycopeptides, linezolid, daptomycin, and ceftobiprole.

Ce ft ob ip ro le
Ceftobiprole (BAL5788) is the water-soluble prodrug of
BAL9141, a novel broad-spectrum cephalosporin with potent
bactericidal activities against MRSA and penicillin-resistant
Streptococcus pneumoniae. Until recently, efforts to develop
β -lactam antibiotics active against MRSA have largely been un-
successful. One exception is BAL9141, a novel pyrrolidinone-
3-ylidenemethyl cephalosporin specifically designed to have
strong affinity for penicillin-binding protein (PBP) 2a known to
confer resistance in staphylococci and pneumococci. BAL9141
also binds strongly to the relevant PBPs of most Gram-positive
and Gram-negative pathogens and is resistant to many β -
lactamases. Ceftobiprole is currently being investigated in pa-
tients with pneumonia and complicated skin infections.

Dalb avancin
Dalbavancin is a lipoglycopeptide antimicrobial that has been
studied in phase two trials for complicated skin and skin struc-
ture infections and catheter-related bloodstream infection. Dal-
bavancin is a bactericidal agent whose long terminal plasma
half-life (9–12 days) allows for the unique dosing of 1,000 mg
given on day 1 and 500 mg given on day 8. The long half-life
may turn out to be the strength of the drug, allowing for more
convenient treatment options in patients requiring prolonged
antibiotic therapy (e.g., right-sided infective endocarditis or os-
teomyelitis). However, the impact of this prolonged half-life on
adverse reactions also needs further evaluation.

Te lavancin
Telavancin is another lipoglycopeptide in development. Tela-
vancin exerts concentration-dependent bactericidal activity
against Gram-positive bacteria, including MRSA. This agent’s
rapid bactericidal activity arises from two mechanisms: inhibi-
tion of peptidoglycan synthesis and interaction with the bac-
terial membrane. In a recent double-blind randomized control
trial, it proved effective for the treatment of complicated skin

and skin structure infections given as a once-daily dosing. Tela-
vancin’s once daily dosing is appealing, and perhaps the dual
mechanism of action will eventually slow the development of
resistance to this agent. Additional studies are ongoing to de-
termine the efficacy of this agent in other infections including
pneumonia.

Dorip e ne m
Doripenem is a novel broad-spectrum parenteral carbapenem
antimicrobial. The chemical formula for doripenem confers ß-
lactamase stability and resistance to inactivation by renal de-
hydropeptidases. Information from presented in vitro studies
indicates that doripenem has a spectrum and potency against
Gram-positive cocci most similar to imipenem or ertapenem
and a Gram-negative activity most like meropenem (twofold
or fourfold superiority to imipenem).

SUMMARY
Antimicrobial resistance is a common variable influencing an-
tibiotic prescription decisions and clinical outcomes. Increas-
ingly, clinicians must be able to balance the need to provide ap-
propriate antimicrobial treatment to patients while minimizing
the further development of resistance. The practice of antimi-
crobial de-escalation (Figs. 104.1 and 104.2) should be used
to accomplish this difficult but important balance. Moreover,
for patients with serious or life-threatening infections, treat-
ment algorithms should be used to ensure that early appropri-
ate therapy is administered to all patients (Fig. 104.4).
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CHAPTER 105 ■ AN APPROACH TO THE
FEBRILE ICU PATIENT
NEIL A. MUSHLIN r PAUL E. MARIK

Fever is a common problem in the intensive care unit (ICU),
with approximately 70% of patients developing a fever at some
point during their ICU stay. Infectious and noninfectious eti-
ologies contribute almost equally to the causation of febrile
episodes (1). The discovery of fever in an ICU patient has a sig-
nificant impact on health care costs due to the blood cultures,
radiologic imaging, and antibiotics that routinely follow. It is
therefore important to have a good understanding of the mech-
anisms and etiology of fever in ICU patients, how and when to
initiate a diagnostic workup, and when initiation of antibiotics
is indicated.

The Society of Critical Care Medicine and the Infectious
Disease Society of America consider a temperature of 38.3◦C
or greater (101◦F) in an ICU patient a fever that warrants fur-
ther evaluation (2). This does not necessarily imply that a tem-
perature below 38.3◦C (101◦F) does not require further in-
vestigation, as many variables determine a patient’s febrile re-
sponse to an insult. In addition, it should be recognized that
there is a daily fluctuation of temperature by 0.5◦C to 1.0◦C,
with women having wider variations in temperature than men
(3). Furthermore, with aging, the maximal febrile response de-
creases by about 0.15◦C per decade (4).

Accurate and reproducible measurement of body tempera-
ture is important in detecting disease and in monitoring pa-
tients with an elevated temperature. A variety of methods are
used to measure body temperature by combining different sites,
instruments, and techniques. The mixed venous blood in the
pulmonary artery is considered the optimal site for core temper-
ature measurement. However, this method requires placement
of a pulmonary artery catheter. Infrared ear thermometry has
been demonstrated to provide values that are a few tenths of a
degree below temperatures in the pulmonary artery and brain
(5–9). Rectal temperatures obtained with a mercury thermome-
ter or electronic probe are often a few tenths of a degree higher
than core temperatures (10–12). However, patients perceive
having rectal temperatures taken as unpleasant and intrusive.
Furthermore, access to the rectum may be limited by patient
position, with an associated risk of rectal trauma. Oral mea-
surements are influenced by events such as eating and drinking
and the presence of respiratory devices delivering warmed gases
(13). Many tachypneic patients are unable to keep their mouth
closed to obtain an accurate oral temperature. Axillary mea-
surements substantially underestimate core temperature and
lack reproducibility. Body temperature is therefore most ac-
curately measured with an intravascular thermistor; however,
measurement by infrared ear thermometry or with an electronic
probe in the rectum is an acceptable alternative (2).

PATHOGENESIS OF FEVER
Cytokines released by monocytic cells play a central role in the
genesis of fever. The cytokines primarily involved in the de-
velopment of fever include interleukin-1 (IL-1), interleukin-6
(IL-6), and tumor necrosis factor-α (TNF-α) (14–23). The inter-
action between these cytokines is complex, with each being able
to up-regulate and down-regulate their own expression as well
as that of the other cytokines. These cytokines bind to their
own specific receptors located in close proximity to the pre-
optic region of the anterior hypothalamus (14,15). Here, the
cytokine receptor interaction activates phospholipase A2, re-
sulting in the liberation of plasma membrane arachidonic acid
as substrate for the cyclo-oxygenase pathway. Some cytokines
appear to increase cyclo-oxygenase expression directly, leading
to the liberation of prostaglandin E2 (PGE2).

Fever appears to be a preserved evolutionary response
within the animal kingdom (24,25). With few exceptions, rep-
tiles, amphibians, fish, and several invertebrate species have
been shown to manifest fever in response to challenge with
microorganisms. Increased body temperature has been shown
to enhance the resistance of animals to infection (24,25). Al-
though fever has some harmful effects, it appears to be an
adaptive response that has evolved to help rid the host of
invading pathogens. Temperature elevation has been shown
to enhance several parameters of immune function includ-
ing antibody production, T-cell activation, production of
cytokines, and enhanced neutrophil and macrophage func-
tion (26–29). Furthermore, some pathogens such as Strep-
tococcus pneumoniae are inhibited by febrile temperatures
(30).

Schulman et al. investigated whether it was beneficial to
treat the fever of hospitalized patients admitted to a trauma ICU
(31). Patients were randomized to an active treatment group,
in which acetaminophen and cooling blankets were used to
aggressively cool this subgroup, as compared to a permissive
group, in which fever was only treated once it reached 40◦C. In
this study, there was a strong trend toward increased mortal-
ity in the active treatment group. It should, however, be noted
that all the patients who died in the aggressive treatment group
had an infectious etiology as the cause of the fever. Doran et
al. demonstrated that children with varicella who were treated
with acetaminophen had a more prolonged illness (32). Wein-
stein et al. reported that patients with spontaneous bacterial
peritonitis had improved survival if they had a temperature
greater than 38◦C (33). These data suggest that fever from an
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infectious cause should not be treated unless the patient has
limited cardiorespiratory reserve.

In contrast to patients with infectious disorders, patients
with cerebral ischemia or head trauma have worse outcomes
with increased temperature. For these patients, the current
recommendation is to maintain the patient’s temperature in
the normothermic range (34). Antipyresis must always include
an antipyretic agent, as external cooling alone increases heat
generations and catecholamine production (35). Furthermore,
acute hepatitis may occur in ICU patients with reduced glu-
tathione reserves (alcoholics, malnourished, etc.) who have re-
ceived regular therapeutic doses of acetaminophen.

FEVER PATTERNS
Attempts to derive reliable and consistent clues from evaluation
of a patient’s fever pattern are fraught with uncertainty and are
not likely to be helpful diagnostically (14,36,37). Most patients
have remittent or intermittent fever, which, when due to infec-
tion, usually follows a diurnal variation (36). Sustained fevers
have been reported in patients with Gram-negative pneumonia
or central nervous system (CNS) damage (36). The appearance
of fever at different time points in the course of a patient’s illness
may, however, provide some diagnostic clues. Fevers that arise
more than 48 hours after the institution of mechanical venti-
lation may be secondary to a developing pneumonia. Fevers
that arise 5 to 7 days postoperatively may be related to abscess
formation (38). Fevers that arise 10 to 14 days after institution
of antibiotics for intra-abdominal abscess may be due to fungal
infections (39–41).

CAUSES OF FEVER IN THE
INTENSIVE CARE UNIT

Any disease process that results in the release of the proinflam-
matory cytokines IL-1, IL-6, and TNF-α will result in the devel-
opment of fever. While infections are common causes of fever
in ICU patients, many noninfectious inflammatory conditions
cause the release of the proinflammatory cytokines and induce
a febrile response. Similarly, it is important to appreciate that
not all patients with infections are febrile. Approximately 10%
of septic patients are hypothermic and 35% normothermic at
presentation. Septic patients who fail to develop a fever have a
significantly higher mortality than febrile septic patients (42–
44). The reason that patients with established infections fail
to develop a febrile response is unclear; however, preliminary
evidence suggests that this aberrant response is not due to di-
minished cytokine production (45).

The presence of fever in an ICU patient frequently triggers a
battery of diagnostic tests that are costly, expose the patient to
unnecessary risks, and often produce misleading or inconclu-
sive results. It is therefore important that fever in ICU patients
be evaluated in a systematic, prudent, clinically appropriate,
and cost-effective manner.

Infe ct ious Cause s of Fe ve r in t he
Int e nsive Care Unit

The prevalence of nosocomial infection in ICUs has been re-
ported to vary from 3% to 31% (13, 46–49). In a point preva-

TA BLE 1 0 5 . 1

MOST COMMON INFECTIOUS CAUSES OF FEVER IN
THE INTENSIVE CARE UNIT

Catheter-related bloodstream infection
Ventilator-associated pneumonia
Primary septicemia
Sinusitis
Surgical site/wound infection
Clostridia difficile colitis
Cellulitis/infected decubitus ulcer
Urinary tract infection
Suppurative thrombophlebitis
Endocarditis
Diverticulitis
Septic arthritis
Abscess/empyema

lence study conducted in 1992, the European Prevalence of
Infection in Intensive Care (EPIC) study investigators reported
on the prevalence of nosocomial infections in 10,038 patients
hospitalized in 1,417 European ICUs (50). In this study, 20.6%
of patients had an ICU-acquired infection, with pneumonia be-
ing most common (46.9% ), followed by urinary tract infection
(17.6% ) and bloodstream infection (12% ). The most common
infectious causes of fever in ICU patients are listed in Table
105.1.

Cat he t e r-re lat e d Blood St re am Infe ct ion
Intravascular catheters are a major source of infection in
the ICU. According to the National Nosocomial Infections
Surveillance (NNIS) system, the mean incidence of catheter-
related bloodstream infection (CRBI) in the United States is
5.3 per 1,000 catheter-days. Coagulase-negative staphylococci
account for up to 40% of cases (51). Other common causes
of CRBI include enterococci, Staphylococcus aureus, Can-
dida species, and aerobic Gram-negative bacilli. Methicillin-
resistant S. aureus (MRSA) and vancomycin-resistant entero-
cocci are now becoming important causes of CRBI. A number
of different mechanisms likely lead to CRBI. Skin pathogens
can infect the catheter exit site and then migrate down the
tract along the external catheter surface. Pathogens can also
contaminate the catheter hub, leading to intraluminal catheter
colonization and infection. Hematogenous seeding of the ex-
ternal surface of the catheter may also occur (52). In addition,
despite rigorous skin disinfection, viable micro-organisms can
be impacted during insertion of the distal tip of the catheter,
causing infection (53). A number of factors have been iden-
tified as increasing the risk of CRBI, including the number of
lumens in the central venous catheter, the number of stopcocks,
transfusion of blood and blood products, parenteral nutrition,
and an open infusion system (54–57). Catheter-related throm-
bosis is associated with an increased risk of catheter infection,
while thrombocytopenia has been suggested to be protective
against CRBI (55,58). The acquired immunodeficiency syn-
drome (AIDS) and hematologic malignancies have been found
to be independent risk factors for CRBI (57).

The site of central venous catheter placement and the length
of time it can be left indwelling has been a controversial topic
for decades. Many studies have been published reporting con-
flicting data. Generally, however, subclavian catheters have
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been found to have a lower risk of infection than femoral
catheters (59). It has also been suggested that placement of
subclavian catheters may result in fewer catheter-related in-
fections than internal jugular placement (60–62). However, a
recent study found no difference in the risk of CRBI between
subclavian, internal jugular, and femoral catheter placement
(63). In this study, the vascular catheters were placed by expe-
rienced operators using strict aseptic techniques. While the risk
of CRBI increases with the time the catheter remains in situ,
changing catheters at regularly scheduled intervals has not been
shown to reduce the risk of CRBI (64).

The diagnosis of CRBI can be challenging. Routine culture
of blood withdrawn from the catheter is not recommended.
However, the catheter exit site should be inspected daily for
evidence of erythema or pus. The absence of local infection,
unfortunately, does not exclude CRBI. In a patient with an in-
dwelling central venous catheter who develops a fever, two sets
of blood cultures should be drawn: one from the catheter and
one from a peripheral source. If the patient has systemic signs
of infection and no other identifiable source of infection, the
catheter should be removed and empiric antibiotics commenced
pending culture results. In patients with limited venous access,
the central catheter may be replaced with a new catheter over
a guidewire. However, both the catheter tip as well as the in-
tracutaneous portion of the catheter should be sent for culture.
If catheter culture returns positive (greater than 15 colony-
forming units [CFU]), or the blood cultures are consistent with
a CRBI, the catheter that was changed over a guidewire must
be removed and replaced with a new catheter at a clean site
(65,66). Follow-up blood cultures should be obtained in pa-
tients with CRBI. If blood cultures remain positive, a thorough
investigation for septic thrombosis, infective endocarditis, and
other metastatic infections should be pursued (67).

The usual approach to patients with suspected CRBI in-
volves removal of the catheter. However, this subjects patients
with negative cultures to the added risk of catheter placement.
To avoid this problem, a number of methods have been in-
vestigated for the diagnosis of CRBI that do not require re-
moval of the central venous catheter. Comparison of blood
cultured from the central catheter with that from a peripheral
venous site is currently the most useful technique. In patients
with CRBI, quantitative culture counts are greater and time
to positivity shorter with blood withdrawn from the catheter
as opposed to the peripheral site (65). Acridine-orange leuko-
cyte cytospin testing, available in some countries, is a rapid,
inexpensive test that can also be used to prevent unnecessary
removal of catheters (68–70). Endoluminal brushing, in which
the central venous catheter is sampled within 3 to 5 cm of the
catheter tip, has also been demonstrated to be useful in the
diagnosis of CRBI (71,72). Experience with these alternative
methods of diagnosing CRBI is, however, quite limited.

Ve nt ilat or-associat e d Pne umonia
Ventilator-associated pneumonia (VAP) is a common source of
fever in the intubated patient. Intubation increases the risk of
developing pneumonia from 6- to 21-fold (73). Between 10%
and 25% of patients on mechanical ventilation will develop
VAP during their ICU stay (74,75). VAP is associated with sig-
nificant costs and has an attributable mortality of about 25%
(76). The risk of acquiring VAP is highest in the first week, at
3% a day, thereafter decreasing to 2% a day in the second week,
and down to 1% a day in the third and subsequent weeks (77).

The risk of VAP is higher in trauma, burn, and neurosurgical
units as compared to medical ICUs.

VAP is usually categorized as either early (occurring less
than 48 hours after intubation) or late onset (occurring after
5 to 7 days of intubation) (78). The distinction between these
two phases of VAP is vitally important, as they are associated
with different pathogens. Early-onset VAP is associated with
bacteria that are normally sensitive to antibiotics (methicillin-
sensitive S. aureus, Haemophilus influenzae, and Streptococcus
pneumoniae). Late onset is typically associated with antibiotic-
resistant bacteria (MRSA, Pseudomonas aeruginosa, Acineto-
bacter species, and Enterobacter species) (76,79,80).

The major risk factors for VAP include (74,81,82):

■ Age over 60 years
■ Male gender
■ Chronic lung disease
■ Acute respiratory distress syndrome
■ Aspiration
■ Sinusitis
■ Nasogastric tube
■ Transport in and out of the ICU
■ Failure to elevate the head of the bed
■ Endotracheal cuff pressures less than 20 cm of H 2O
■ Increased severity of illness
■ Delayed extubation
■ Continuous sedation
■ Cardiopulmonary resuscitation
■ Medications including H 2 blockers and paralytic agents

The diagnosis of VAP is challenging. VAP should be sus-
pected when a patient on mechanical ventilation develops a
new infiltrate on a chest radiograph along with leukocytosis,
fever, and purulent tracheobronchial secretions (83). The pres-
ence of a new infiltrate on chest radiograph, together with
two of the above-cited clinical findings, has a sensitivity of
69% with a specificity of 75% for the diagnosis of VAP (84).
The decision to treat a suspected VAP on clinical grounds
alone will frequently overdiagnose the condition and lead to
treatment that fails to cover the correct pathogen in patients
with true VAP (85). Quantitative cultures of secretions ob-
tained from the lower respiratory tract can facilitate mak-
ing the diagnosis of VAP. The two most common techniques
include protected specimen brush (PSB) sampling and bron-
choalveolar lavage (BAL). These techniques can be performed
bronchoscopically or blindly. Blind bronchial suctioning and
mini-bronchoalveolar lavage are gaining popularity in inten-
sive care units, and have been shown to be as effective as a
protected specimen brush (86). These are generally safe, inex-
pensive tests that can be performed by respiratory therapists
without a physician present. A threshold of 1,000 CFU/mL for
PSB and 10,000 CFU/mL for BAL is currently recommended.
However, we suggest a threshold of 500 and 5,000 CFU/mL,
respectively, as this increases the sensitivity of the tests (87).
Microscopic examination of the BAL fluid has also been used
to facilitate the diagnosis of VAP; if there is less than 50% neu-
trophils, pneumonia can be excluded (88). The role of quan-
titative culture of tracheal aspirates (as opposed to lower res-
piratory tract sampling) is unclear at this time. The effect of
quantitative culture techniques on patient outcome is unclear;
however, these techniques result in a significant reduction in
the use of antibiotics (89–92).
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Urinary Tract Infe ct ion
Most ICU patients require an indwelling urinary catheter for
monitoring fluid balance and renal function. Urinary tract in-
fections (UTIs), according to some studies, are the third most
common infection found in the intensive care unit. In a study
of 4,465 patients who were admitted to the ICU for at least
48 hours, 6.5% developed a UTI, with an overall incidence of
9.6 cases per 1,000 ICU days (93). However, the incidence of
bacteremia and fungemia was only 0.1 case per 1,000 catheter-
days. Interestingly, UTIs are reported to be more common in
medical ICU patients and least likely in cardiothoracic patients.
Reported risk factors for UTIs include (94,95):

■ Female gender
■ Age over 60 years
■ Antimicrobial therapy use
■ Severity of illness
■ Duration of urinary catheterization

The presence of a urinary catheter for longer than 4 to 5 days
significantly increases the risk of UTI (96). Gram-negative bac-
teria, especially Escherichia coli and Pseudomonas aeruginosa,
account for more than half of the pathogens. Gram-positive
organisms, especially Enterococcus and Candida, account for
the remaining cases. Risk factors for funguria include immuno-
suppression, diabetes, renal failure, structural or functional ab-
normalities of the urinary tract, recent surgery, chronic illness,
and broad-spectrum antibiotics (97). Examination of the urine
with “dipsticks” for leukocyte esterase and nitrate is insen-
sitive and should not be substituted for quantitative culture
(98).

The significance of UTIs in catheterized ICU patients is un-
clear, and they appear unlikely to lead to increased morbidity or
mortality (99). It is probable that most patients have “asymp-
tomatic bacteriuria” rather than true infections of the urinary
tract. The treatment of patients with “asymptomatic bacteri-
uria” is based on a single study performed in the early 1980s
that may not be applicable today (100). Platt et al. demon-
strated that in hospitalized patients, bacteriuria with greater
than or equal to 105 CFU of bacteria per milliliter of urine
during bladder catheterization was associated with a 2.8-fold
increase in mortality (100). Based on this study, thousands of
ICU patients with urinary tract colonization have been, and
continue to be, treated with antibiotics. However, recent stud-
ies suggest that this approach may not be optimal.

In patients with indwelling urinary catheters, colonic flora
rapidly colonizes the urinary tract (101). Stark and Maki have
demonstrated that in catheterized patients, bacteria rapidly
proliferate in the urinary system to exceed 105 CFU/mL over a
short period of time (102). Bacteriuria, defined as a quantita-
tive culture of greater than or equal to 105 CFU/mL, has been
reported in up to 30% of catheterized hospitalized patients
(102). The terms bacteriuria and UTI are generally—although
incorrectly—used as synonyms. Indeed, most studies in ICU
patients have used bacteriuria to diagnose a UTI. Bacteriuria
implies colonization of the urinary tract without bacterial in-
vasion and an acute inflammatory response, while urinary
tract infection implies an infection of the urinary tract (103).
Criteria have not been developed for differentiating asymp-
tomatic colonization of the urinary tract from symptomatic
infection. Furthermore, the presence of white cells in the urine
is not useful for differentiating colonization from infection,

as most catheter-associated bacteriurias have accompanying
pyuria (104). It is therefore unclear how many catheterized
patients with greater than or equal to 105 CFU/mL actually
have urinary tract infections.

While catheter-associated bacteruria is common in ICU pa-
tients, data from the early 1980s indicate that less than 3% of
catheter-associated bacteriuric patients will develop bacteremia
caused by organisms in the urine (105). Therefore, the surveil-
lance for, and treatment of, isolated bacteruria in most ICU pa-
tients is currently not recommended (106). Bacteriuria should,
however, be treated following urinary tract manipulation or
surgery in patients with kidney stones, and in those with uri-
nary tract obstruction. In a patient with systemic signs of in-
fection together with bacteruria and no other obvious source
of infection, it would probably be prudent to treat this patient
with a short course of antibiotics. Moreover, ultrasonography
to exclude urinary tract obstruction and repeat urine culture is
recommended. Treatment is clearly indicated in those patients
with bacteruria who develop bloodstream infection. Isolated
Candida lower urinary tract infection is exceedingly uncom-
mon; when this diagnosis is entertained, Candida infection of
the kidney should be excluded.

Sinusit is
Sinusitis is an underappreciated cause of fever in the ICU and,
as a result, the diagnosis is usually not considered or made un-
til other, more common infectious causes of fever have been
excluded. Sinusitis, if not diagnosed and treated in a timely
fashion, can lead to nosocomial pneumonia and severe sep-
sis (107–109). Nasal colonization with enteric Gram-negative
rods, nasoenteric tubes, and a Glasgow Coma Scale score of
less than 7 are all risk factors of acquiring nosocomial sinusi-
tis. Patients who are orally intubated are less prone to develop
sinusitis than those who are nasotracheally intubated (110).
Indeed, up to 85% of nasally intubated patients will develop
sinusitis within a week.

In patients with radiologic evidence of sinusitis, aspiration
of the sinuses is required to confirm the diagnosis and to iden-
tify the causative pathogen (111). Several radiologic tests have
been employed to identify this problem. While a computed
tomography (CT) scan of the sinuses is considered the gold-
standard study, if a patient is too ill to be transported out of
the ICU, plain films of the sinuses may be obtained. In order to
maximize the chances of making the diagnosis, multiple views
of the sinuses are required (111). Bedside ultrasound has been
gaining popularity in European countries over the last decade,
and there are data to suggest that it is at least equivalent to CT
scanning (108,112–114).

Once sinusitis is diagnosed, all nasal tubes should imme-
diately be removed, with early sinus drainage (115). Broad-
spectrum antibiotics should be commenced with coverage that
includes Pseudomonas and MRSA. The antibiotics should then
be de-escalated once culture data are available (116). Topical
decongestants and vasoconstrictors, alone or combined with
systemic decongestants and antihistamines, are also recom-
mended (111).

Clost rid ium d ifficile Colit is
In patients who develop fever with concurrent diarrhea,
Clostridium difficile must be considered. It is crucial to diag-
nose this disease early, as it can lead to severe sepsis, multior-
gan system failure, and death. Patients with C. difficile often
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present with a leukemoid reaction, with white blood cell counts
that may reach greater than 35,000 cells/µ L. A leukemoid reac-
tion or unexplained leukocytosis may be the presenting sign of
C. difficile, even in the absence of diarrheal symptoms (117–
119). Interestingly, C. difficile presenting with a leukemoid re-
action is associated with a worse prognosis and higher mortal-
ity rate (120).

Concurrent or prior antibiotic use is a strong risk factor
for developing C. difficile colitis. Clindamycin, β -lactams (es-
pecially cephalosporins), and, more recently, quinolones have
been the antibiotics most frequently associated with this form
of colitis (121,122). Most patients in the ICU receive stress ul-
cer prophylaxis, with many receiving proton pump inhibitors
(PPIs). PPIs have recently been associated with a higher risk of
C. difficile infection (123–125); indeed, the number of cases of
C. difficile colitis has doubled in university hospitals over the
past 6 years (126). Recently, epidemics of an extremely viru-
lent strain of C. difficile have been reported in the United States
and Canada (127–132); it is suggested that the increasing use
of fluoroquinolones has played a role. This strain is associated
with higher morbidity and mortality, as it produces significantly
more toxins than do the other strains.

The diagnosis of C. difficile colitis is usually made by im-
munoassays of stool against both toxin A and toxin B. The
presence of C. difficile antigen in the absence of the toxin sug-
gests colonization, rather than infection, with C. difficile. Due
to the low sensitivity of the toxin assay, two stool specimens
should be examined. The cytotoxic assay is more sensitive and
specific than the immunoassay; however, this test is not readily
available and takes longer to perform. In patients where the
diagnosis is still in doubt, colonoscopy may be performed to
look for pseudomembranes. CT scan may also be helpful, as
50% of patients will have changes that can be seen on imaging.
Positive CT scans are associated with leukocytosis, abdominal
pain, and diarrhea (133). If C. difficile colitis is suspected, em-
piric treatment should be started until the diagnosis is excluded.
It is important to note that alcohol-based hand hygiene, which
has rapidly gained popularity in many hospitals, does not kill
spore-forming organisms such as C. difficile and should not
replace handwashing with soap when one is exposed to these
patients.

Skin Infe ct ions
Skin infections, especially infected pressure ulcers, may be a
source of infection in ICU patients. Several factors increase
the risk of ICU patients developing pressure ulcers, including
(134–136):

■ Emergent admissions
■ Severity of illness
■ Extended ICU length of stay
■ Malnutrition
■ Age
■ Diabetes
■ Infusion of vasopressor agents
■ Anemia
■ Fecal incontinence

Protocols for the prevention of pressure ulcers should be
routinely instituted in the ICU. In addition, physicians and
nurses should routinely examine their patient’s skin, particu-
larly high-pressure areas such as the sacrum and heels, to detect
early signs of skin breakdown.

Ot he r Infe ct ions
Nosocomial meningitis is exceedingly uncommon in hospital-
ized patients who have not undergone a neurosurgical proce-
dure (137,138). Lumbar puncture, therefore, does not need to
be performed routinely in nonneurosurgical ICU patients who
develop a fever, unless they have meningeal signs or contiguous
infection (137,138). In patients who have undergone abdomi-
nal surgery and develop a fever, intra-abdominal infection must
always be excluded, usually with an evaluation that includes
CT scanning of the abdomen. Similarly, in patients who have
undergone other operative procedures, wound infection must
be excluded.

Noninfe ct ious Cause s of Fe ve r in t he
Int e nsive Care Unit

A large number of noninfectious conditions result in tissue in-
jury with inflammation and a febrile reaction. Those nonin-
fectious disorders that should be considered in ICU patients
are listed in Table 105.2. For reasons that are not entirely
clear, most noninfectious disorders usually do not lead to a
fever in excess of 38.9◦C (102◦F); therefore, if the temperature
increases above this threshold, the patient should be consid-
ered to have an infectious etiology as the cause of the fever
(139). However, patients with drug fever may have a temper-
ature greater than 102◦F. Similarly, fever secondary to blood
transfusion may exceed 102◦F. In patients with a temperature
above 40◦C (104◦F), neuroleptic malignant syndrome, malig-
nant hyperthermia, the “serotonin syndrome,” and subarach-
noid hemorrhage must always be considered. Most of those
clinical conditions listed in Table 105.2 are clinically obvious
and do not require additional diagnostic tests to confirm their
presence. However, a few of these disorders require special con-
sideration.

Drug -ind uce d Fe ve r
Most ICU patients receive numerous medications, and all drugs
have side effects, including fever. It is estimated that about
10% of inpatients develop drug fever during their hospital stay
(140). Patients with human immunodeficiency virus (HIV) ap-
pear to be at a particularly high risk of developing a drug fever
(141–143). The diagnosis of drug fever in ICU patients is chal-
lenging, as the onset of fever can occur immediately after ad-
ministration of the drug or it can occur days, weeks, months,
or even years after the patient has been on the offending med-
ication (140). Furthermore, once the implicated medication is
discontinued, the fever can take up to 3 to 4 days to resolve.
Associated rashes and leukocytosis occur in less than 20% of
cases (144). Penicillins, cephalosporins, anticonvulsants, hep-
arin, and H 2 blockers are commonly used medications in the
ICU that are associated with drug fevers (145–148).

Five mechanisms have been described that give rise to drug
fevers. First, and the most common mechanism, patients can
have a hypersensitivity reaction to the drug. Second, medica-
tions can cause fever by disrupting the normal thermoregu-
latory mechanisms of the body. Third, drugs can cause fever
directly related to administration of the drug (e.g., from con-
tamination of the solution with endotoxin or other exogenous
pyrogens). The drug can also cause a chemical phlebitis or
inflammation at the site of injection. The fourth mechanism
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TA BLE 1 0 5 . 2

NONINFECTIOUS CAUSES OF FEVER IN THE
INTENSIVE CARE UNIT

Drug-related
Drug fever
Neuroleptic malignant syndrome
Malignant hyperthermia
Serotonin syndrome
Drug withdrawal (including alcohol and recreational drugs)
IV contrast reaction

Posttransfusion Fever

Neurologic
Intracranial hemorrhage
Cerebral infarction
Subarachnoid hemorrhage
Seizures

Endocrine
Hyperthyroidism
Pheochromocytoma
Adrenal insufficiency

Rheumatologic
Crystal arthropathies
Vasculitis
Collagen vascular diseases

Hematologic
Phlebitis
Hematoma

Gastrointestinal/Hepatic
Acalculous cholecystitis
Ischemic bowel
Cirrhosis
Hepatitis
Gastrointestinal bleed
Pancreatitis

Pulmonary
Aspiration pneumonitis
Acute respiratory distress syndrome
Thromboembolic disease
Fat embolism syndrome

Cardiac
Myocardial infarction
Dressler syndrome
Pericarditis

Oncologic
Neoplastic syndromes

is due to the direct extension of the pharmacologic action of
the drug. This can be seen in chemotherapy with cell necro-
sis, lysis, and the release of various pyrogenic substances.
This can also be seen with antimicrobial therapy with the
release of bacterial products into the circulation, known as
the Jarisch-Herxheimer reaction. Finally, patients can have id-
iosyncratic reactions, which include syndromes such as malig-
nant hyperthermia, neuroleptic malignant syndrome, serotonin
syndrome, and glucose-6-phosphate dehydrogenase deficiency
(140,148–151).

Malignant Hyperthermia. This is a rare genetic disorder of
the muscle membrane causing an increase of calcium ions in

the muscle cells. This can cause a variety of clinical problems,
most commonly a dangerous hypermetabolic state after the
use of agents such as succinylcholine and the potent inhaled
anesthetic agents (152). This reaction typically occurs within
1 hour of anesthesia but can be delayed for up to 10 hours
(153,154). Patients present with continually increasing fevers,
muscle stiffness, and tachycardia. They can rapidly develop
hemodynamic instability with progression to multiorgan fail-
ure. Since the introduction of dantrolene, the mortality of ma-
lignant hyperthermia has decreased from 80% in the 1960s to
less than 10% today (155).

Neuroleptic Malignant Syndrome. This syndrome is character-
ized by high fevers, a change in mental status, muscle rigidity,
extrapyramidal symptoms, autonomic nervous system distur-
bances, and altered levels of consciousness (156,157); symp-
toms usually begin within days to weeks of starting the of-
fending drug. Patients typically have very high creatinine ki-
nase levels (158). Neuroleptic malignant syndrome is caused
by excessive dopaminergic blockade causing a dopamine defi-
ciency in the central nervous system (156). Agents most com-
monly implicated include neuroleptic medications and certain
antiemetics. Withdrawal of certain medications, which will be
discussed later in this chapter, can cause this syndrome as well.
Treatment includes discontinuing the offending drug, aggres-
sive supportive care, and close hemodynamic monitoring. Drug
treatment of neuroleptic malignant syndrome is controversial.
A case control analysis and a retrospective analysis of published
cases suggested that dantrolene, bromocriptine, and amanta-
dine may be beneficial (159,160).

Serotonin Syndrome. Serotonin syndrome shares many of the
clinical features found in neuroleptic malignant syndrome. Pa-
tients with serotonin syndrome typically have lower fevers than
those with neuroleptic malignant syndrome, but have more
gastrointestinal dysfunction. Their neuromuscular findings are
more consistent with hyperreactivity, and can include tremors,
clonus, and muscular hypertonicity (161). The presentation is
much more rapid than that of neuroleptic malignant syndrome.
In one report, 74.3% of patients presented within 24 hours
of medication initiation, overdose, or change in dosage, and
61.5% presented within the first 6 hours (162). The Hunter
Serotonin Toxicity Criteria are commonly used to evaluate the
likelihood that a patient has the serotonin syndrome. The cri-
teria include the following features in a patient recently ad-
ministered a serotonergic agent: spontaneous clonus, inducible
clonus, ocular clonus, agitation or diaphoresis, tremor and hy-
perreflexia, hypertonicity, and fever greater than 38◦C (163).
Benzodiazepines should be used for control of agitation, and
physical restraints should be avoided (164–167). Cyprohep-
tadine, an H 1-receptor antagonist with nonspecific 5-HT1A
and 5-HT2A antagonistic properties, has been used in patients
who respond poorly to benzodiazepines alone (168). Paraly-
sis with nondepolarizing agents, endotracheal intubation, and
mechanical ventilation may be needed in severely agitated and
hyperthermic patients (164).

Alcohol and Drug Wit hd rawal
Withdrawal from alcohol and medications is a common cause
of noninfectious fever in hospitalized patients, and usually
presents within the first few days of hospital admission. Drug
withdrawal can present in a variety of ways including fever
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alone, neuroleptic malignant–like syndromes, and fever with
hemodynamic instability. Patients admitted to the ICU are often
unable to provide histories and, thus, it is important to get an
accurate list of their current medications at the time of admis-
sion. Drug withdrawal syndromes have been described with the
use of baclofen, selective serotonin reuptake inhibitors (SSRI
antidepressants), levodopa, narcotics, certain street drugs, and
herbal remedies (169–173).

Cryst al-associat e d Art hrit is
Patients in the ICU are at increased risk of developing gout or
pseudogout (174). A thorough physical exam focusing on the
joints and an arthrocentesis to examine the synovial fluid are
essential in making this diagnosis. Gout will typically present
as a monoarthritis (174). Patients with increased body mass
index, hypertension, alcohol consumption, and renal disease
are at an increased risk for gout (175–179). Trauma, surgery,
and severe infection are associated with an abrupt drop in
uric acid level, which can trigger acute gout (180). Loop di-
uretics, iodinated contrast dye, and total parenteral nutrition
may also precipitate gout (181,182). Calcium pyrophosphate
dehydrate crystal deposition disease, also known as pseudo-
gout, most commonly affects the knee. Pseudogout can be trig-
gered by trauma, surgery, or severe medical illness (181–183).
Electrolyte disorders such as hypomagnesemia and hypophos-
phatemia increase the risk for pseudogout. Pseudogout is also
associated with endocrine and metabolic disorders such as hy-
perparathyroidism, hemochromatosis, Wilson disease, and hy-
pothyroidism (174,184–186).

Acalculous Chole cyst it is
Acute acalculous cholecystitis is a condition of inflammation
of the gallbladder in the absence of calculi. It is a disease with
significant morbidity and mortality, as it can lead to empyema,
gallbladder gangrene, and gallbladder perforation. A high in-
dex of suspicion is required as this can be a difficult diagnosis to
make, especially in the intubated and sedated patient. Initially
patients present with very few symptoms. Clinical features in-
clude fever, leukocytosis, abnormal liver function tests, a palpa-
ble right upper quadrant mass, vague abdominal discomfort,
and jaundice. Untreated, bacterial superinfection may occur,
which can progress to empyema, peritonitis, and septic shock.

The pathophysiology of acalculous cholecystitis is complex
and involves hypoperfusion and biliary stasis. Risk factors in-
clude everything one expects to see in an ICU patient: trauma,
surgery, intermittent positive pressure ventilation, coronary
heart disease, cholesterol emboli, fasting, total parental nutri-
tion, immunosuppression, transfusions of blood products, hy-
potension, multiorgan dysfunction, sedation, opiates, diabetes,
infections, childbirth, and renal failure (187–196).

Ultrasound is usually the first diagnostic test performed, as
it may be performed at the bedside. In addition, a bedside ultra-
sound can readily image other abdominal organs. Ultrasound
for acute acalculous cholecystitis, however, has been found to
be inferior to morphine cholescintigraphy and CT. One study
showed ultrasound to have a sensitivity of 50% compared to
67% for morphine cholescintigraphy with a specificity of 94%
and 100% , respectively (197). Another study reported a sen-
sitivity of 90% for cholescintigraphy, 67% for CT, and only
29% for ultrasound (198). An abnormal ultrasound can be
seen in 50% of ICU patients, even if they are not suspected of
having acalculous cholecystitis (199). As soon as the diagnosis

is suspected, blood cultures should be drawn, broad-spectrum
antibiotics initiated, and a surgical consult requested. In un-
stable patients, percutaneous drainage may be preferable to
surgical intervention.

Post op e rat ive Fe ve r
Surgery alone can cause fever, which is self-limited. In the early
postoperative period, a patient’s temperature may increase up
to 1.4◦C, with the peak occurring approximately 11 hours
after surgery. Fifty percent of postoperative patients will de-
velop a fever greater than or equal to 38◦C, with 25% reaching
38.5◦C or higher (200); the fever typically lasts for 2 to 3 days
(200–202). Postoperative fever is believed to be caused by tis-
sue injury and inflammation with associated cytokine release
(203–205). The invasiveness of the procedure, as well as ge-
netic factors, influences the degree of cytokine release and the
febrile response (201,206,207). A good physical examination
and history of the timing and sequence of events are crucial
to help differentiate this from other causes of infectious and
noninfectious fever. Reactions to medications, especially anes-
thesia; blood products; and infections that might have existed
prior to the surgery should be considered during a patient’s
early postoperative course. Nosocomial and surgical site infec-
tions usually develop 3 to 5 days postoperatively.

At e le ct asis
While atelectasis is commonly implicated as a cause of fever
(38,208), even in standard ICU texts, they provide no primary
reference source to support this assertion (38,208). Indeed, a
major surgery text states that “ . . . fever is almost always present
[in patients with atelectasis] . . . ” (38). During rounds, many
medical students and house-staff have been taught that atelec-
tasis is one of the “five” main causes of postoperative fever.
However, there are very little data to support this widely held
belief.

Engoren studied 100 postoperative cardiac surgery patients
and was unable to demonstrate a relationship between atelec-
tasis and fever (209). Furthermore, when atelectasis is induced
in experimental animals by ligation of a mainstem bronchus,
fever does not occur (210,211). However, Kisala et al. demon-
strated that IL-1 and TNF-α levels in macrophage cultures from
atelectatic lungs were significantly increased compared with
control lungs (212). While the role of atelectasis as a cause of
fever is unclear, atelectasis probably does not cause fever in the
absence of pulmonary infection.

Blood Transfusions
A large number of patients in the ICU will receive transfusions
of blood products. One study composed of 4,892 ICU patients
demonstrated that 44% received a blood transfusion (213).
In another study, 85% of patients in the ICU for longer than
1 week were reported to receive a blood transfusion (214).
Febrile, nonhemolytic transfusion reactions are exceedingly
common following transfusion of blood and blood products.
This is likely mediated by the transfusion of cytokines such as
IL-1, IL-6, IL-8, and TNF-α , which accumulate with increasing
length of blood storage (215–218).

Febrile, nonhemolytic reactions normally manifest within
the first 6 hours after transfusion, and are self-limiting.
They can present with chills and rigors in addition to
fever. It is crucial to differentiate these from febrile acute
hemolytic transfusion reactions, which can be life threatening.
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Leukoreduction has been shown to reduce the risk of febrile
nonhemolytic transfusion reactions (219–221).

Thromb oe mb olic Dise ase
Fever has been reported in 14% to 18% of patients with throm-
boembolic disease, and is generally an uncommon cause of
fever in hospitalized patients (222–224). If present, the fever is
typically low grade (37.5◦C–38◦C) (225).

AN APPROACH TO THE
CRITICALLY ILL PATIENT WITH

FEVER
From the foregoing information, the following approach is sug-
gested in ICU patients who develop a fever (see Fig. 107.1).
Due to the frequency and excess morbidity and mortality as-
sociated with bacteremia, blood cultures are recommended in
all ICU patients who develop a fever. A comprehensive phys-
ical examination and review of the chest radiograph is es-
sential. Noninfectious causes of fever should be excluded. In
patients with an obvious focus of infection—purulent nasal dis-
charge, abdominal tenderness, profuse green diarrhea—a fo-
cused diagnostic workup is required. If there is no clinically
obvious source of infection, and unless the patient is clinically
deteriorating—falling blood pressure, decreased urine output,

increasing confusion, rising serum lactate concentration, falling
platelet count, or worsening coagulopathy—or the tempera-
ture is in excess of 39◦C (102◦F), it may be prudent to perform
blood cultures and then observe the patient before embarking
on the further diagnostic tests and commencing empiric antibi-
otics. However, all neutropenic patients with fever, as well as
patients with severe—as outlined above—or progressive signs
of sepsis should be started on broad-spectrum antimicrobial
therapy immediately after obtaining appropriate cultures.

In patients whose clinical picture is consistent with infec-
tion and in whom no clinically obvious source has been docu-
mented, removal of all central catheters that are more than 48
hours old—with semiquantitative or quantitative cultures per-
formed on the intracutaneous segments—is recommended, as
is stool culture for C. difficile toxin in those patients with loose
stools and CT scan of sinuses with removal of all nasal tubes.
Urine culture is indicated only in patients with abnormalities
of the renal system or following urinary tract manipulation. If
the patient is at risk of abdominal sepsis or has any abdom-
inal signs—tenderness, distention, inability to tolerate enteral
feeds—a CT scan of the abdomen is indicated. Patients with
right upper quadrant tenderness require an abdominal ultra-
sound or CT examination.

Reevaluation of the patients’ status after 48 hours, using all
available results and the evolution of the patients’ clinical con-
dition, is essential. If fever persists despite empiric antibiotics
and no source of infection has been identified, empiric antifun-
gal therapy may be indicated in patients with risk factors for
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FIGURE 105.1. Suggested diagnostic algorithm for intensive care unit patients who develop a fever. ABx,
antibiotics; CT, computed tomography; Dx, diagnostic.



Chap t e r 105: An Approach to the Febrile ICU Patient 1561

Candida infection. Additional diagnostic tests may be appro-
priate at this time, including venography, a differential blood
count for eosinophils to assist in the diagnosis of drug fever,
and abdominal imaging.

SUMMARY
Intensive care physicians are presented with patients who de-
velop a fever on a daily basis. The clinician should be aware of
the common infectious and noninfectious causes of fever in ICU
patients. A comprehensive history and physical examination as
well as a review of the patient’s hospital course and medica-
tions are essential in formulating a diagnostic and therapeutic
plan. Antibiotics are only recommended in patients with a high
likelihood of having an infectious cause of fever. The empiric
antibiotics should be based on the presumed site of infection
as well as the likely pathogens. De-escalation of the antibiotic
regimen is important once culture data are available. As a gen-
eral rule, patients with an infective cause of fever should not
be treated with antipyretic agents.
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CHAPTER 106 ■ SURGICAL INFECTIONS
PHILIP S. BARIE r FREDERIC M. PIERACCI r SOUMITRA R. EACHEMPATI

Infection is morbid and costly, but also preventable to some
degree; therefore, it behooves every practitioner to do the ut-
most to prevent infection. An ensemble of prevention methods
is required, because no single method is universally effective.
Infection control is paramount, but often underemphasized.
Surgical incisions and traumatic wounds must be handled gen-
tly, inspected daily, and dressed if necessary using aseptic tech-

nique. Drains and catheters must be avoided if possible, and
removed as soon as practicable. Prophylactic and therapeutic
antibiotics should be used sparingly so as to minimize antibiotic
selection pressure on the development of multidrug-resistant
(MDR) pathogens.

Surgical patients are at particular risk of infection for many
reasons. Surgery is inherently invasive, which creates portals
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of entry in natural epithelial barriers for pathogens to invade
the host. Surgical illness is immunosuppressive (e.g., trauma,
burns, malignant tumors), as is therapeutic immunosuppres-
sion following solid organ transplantation. General anesthe-
sia almost always means a period of mechanical ventilation
and a period of reduced consciousness during emergence from
anesthesia that poses a risk of pulmonary aspiration of gastric
contents, all of which increase the risk of pneumonia. Noso-
comial pneumonia occurs more frequently among surgical pa-
tients than comparably ill medical patients. Surgical patients
are also uniquely afflicted by infections of incisions. Consid-
ering that the development of a postoperative infection has a
negative impact on surgical outcomes, recognizing risk, mini-
mizing it, and taking an aggressive approach to the diagnosis
and treatment of such infections is crucial to improve surgical
outcomes.

Surgical infections are traditionally considered to be in-
fections that require surgical therapy (e.g., complicated intra-
abdominal and soft tissue infections). However, the recognition
that surgical patients are especially vulnerable to nosocomial
infection has led to an expansive definition to include any in-
fection that affects surgical patients. Intra-abdominal and soft
tissue infections are considered in detail elsewhere in this text-
book. The emphasis of this chapter is on the epidemiology, pre-
vention, and management of postoperative and posttraumatic
infections.

RISK FACTORS FOR
POSTOPERATIVE INFECTION

The general principles of surgical care, critical care, and infec-
tion control cannot be overemphasized. Resuscitation must be
rapid, yet precise. Pathology must be identified and treated as
soon as possible. Infection control is sometimes sacrificed un-
der the often chaotic conditions of resuscitation, but it must not
be (see below). Central venous catheters inserted under subop-
timal barrier precautions (i.e., lack of cap, mask, sterile gown,
and sterile gloves for the operator and a full-bed drape for the
patient) must be removed and replaced (if necessary) by a new
puncture at a new site as soon as the patient’s condition permits.
Detailed evidence-based guidelines for the general prevention
of infection (1,2) and the prevention of ventilator-associated
pneumonia have been published (3,4). All who provide critical
care must be familiar with the guidelines and adhere to them
insofar as possible.

CONTROL OF BLOOD SUGAR
Hyperglycemia is deleterious to host immune function, and
may also reflect the catabolism and insulin resistance associ-
ated with the surgical stress response. Poor perioperative con-
trol of blood glucose increases the risk of infection and worsens
outcome from sepsis. Diabetic patients undergoing cardiopul-
monary bypass surgery have a higher risk of infection of both
the sternal incision and the vein harvest incisions on the lower
extremities (5). Moderate hyperglycemia (> 200 mg/dL) at any
time on the first postoperative day increases the risk of surgical
site infection (SSI) fourfold after cardiac (6) and noncardiac
surgery (7). Insulin infusion to keep blood glucose concentra-
tions < 110 mg/dL was associated with a 40% decrease in mor-

tality among critically ill postoperative patients, and also fewer
nosocomial infections and less organ dysfunction (8). Meta-
analysis of 35 trials of control of blood glucose indicates that
the risk of mortality is decreased significantly (risk ratio [RR]
0.85, 95% confidence interval [CI] 0.75–0.97) by tight glucose
control, especially so for critically ill surgical patients (RR 0.58,
95% CI 0.22–0.62), regardless of whether the patients had di-
abetes mellitus (RR 0.71, 95% CI 0.54–0.93) or stress-induced
hyperglycemia (RR 0.73, 95% CI 0.58–0.90) (9).

Nutritional support is crucial, considering that surgical
stress causes catabolism and that restoration of anabolism re-
quires the provision of calories and nitrogen far in excess of
basal requirements of 25 to 30 kcal and 1 g nitrogen/kg/day.
In the midst of the stress response, it is challenging to provide
adequate calories and protein while avoiding hyperglycemia.
Parenteral nutrition appears to convey no advantage over not
feeding the patient at all (10), perhaps because of the in-
herent morbidity of central intravenous feeding (i.e., the risk
of catheter-related bloodstream infection [CR-BSI] and hyper-
glycemia). In contrast, early enteral feeding (within the first 48
hours, perhaps immediately if the gut is functional) is clearly
beneficial, with the possible exception of pneumonia preven-
tion (see below). The risk of infection was reduced by 55%
(odds ratio [OR] 0.45, 95% CI 0.30–0.66) in a meta-analysis of
15 randomized trials of early enteral feeding following surgery,
trauma, or burns (11).

Blood Transfusion

Blood transfusion can be life saving after trauma or hemor-
rhage, but an increased risk of infection is the consequence.
Transfusions exert immunosuppressive effects through presen-
tation of leukocyte antigens and the induction of a shift to
the T-helper 2 (immunosuppressive) phenotype, although the
mechanism remains somewhat controversial because transfu-
sion of leukocyte-depleted red blood cell concentrates does not
reduce the risk of infection (12). Claridge et al. identified an
exponential relationship between transfusion risk and infec-
tion risk among trauma patients, detectable with even 1 unit
of transfusion and becoming a virtual certainty after more than
15 units of transfused blood (RR 1.084, 95% CI 1.028–1.142)
(13). Hill et al. has estimated by meta-analysis the risk of in-
fection related to blood transfusion to be increased for trauma
patients by more than fivefold (OR 5.26, 95% CI 5.03–5.43),
and for surgical patients by more than threefold (14). This in-
creased risk for infection by transfusion has also been identified
for critically ill patients in general (15), and for CR-BSI (16)
and ventilator-associated pneumonia (VAP) (17) specifically.

Banked blood is affected by a “storage lesion” characterized
by loss of membrane 2-3-diphosphoglycerate and adenosine
triphosphate, leading to loss of membrane deformability (18).
As a result, erythrocytes cannot deform as they must to transit
the microcirculation, causing disruption of nutrient blood flow
and impaired oxygen offloading. Consequently, blood transfu-
sion does not increase oxygen consumption for critically ill
patients with sepsis (19), and may actually increase the risk of
organ dysfunction. The storage lesion becomes fully manifest
after about 14 days of storage; transfusion of older blood is an
independent risk factor for the development of infection (20).
It is safe to be conservative in the administration of red blood
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cell concentrates to stable patients in the intensive care unit
(ICU) (21).

INFECTION CONTROL
Infection control is an individual and a collective responsibil-
ity of the critical care team and unit. Hand hygiene is the most
effective means known to reduce the spread of infection, yet
whenever studied it is invariably underutilized. Hand cleansing
with soap and water requires a minimum of 30 to 45 seconds
to be effective. Alcohol gel hand cleansers are equally effective
(except against the spores of Clostridium difficile), compliance
with use is higher, and when used, the prevalence of MDR
bacteria is reduced (22). Universal precautions (i.e., cap, mask,
gown, gloves, and protective eyewear) must be observed when-
ever there is a risk of splashing of body fluids.

The source of most bacterial pathogens is the patient’s en-
dogenous flora. Skin surfaces, artificial airways, gut lumen,
wounds, catheters, and inanimate surfaces (e.g., bed rails, com-
puter terminals) may become colonized. Any break in natural
epithelial barriers (e.g., incisions, percutaneous catheters, air-
way or urinary catheters) creates a portal of entry for invasion
of pathogens. The fecal-oral route is the most common manner
by which pathogens reach the portal, but health care work-
ers definitely facilitate the transmission of pathogens around a
unit. Many organisms that cause infection following surgery
are inherently avirulent (e.g., Candida, Enterococcus, Pseu-
domonas). Whether infection develops is determined by com-
plex interactions among host defenses, pathogen, and therapy.

Contact isolation is an important part of infection con-
trol, and should be used selectively to prevent the spread
of pathogens such as methicillin-resistant Staphylococcus au-
reus (MRSA) and vancomycin-resistant enterococci (VRE), or
MDR Gram-negative bacilli. However, contact isolation may
decrease the amount of direct patient contact. An appropriate
balance must be struck, because reduced nurse staffing of ICUs
has been independently associated with an increased risk of a
number of nosocomial infections (23).

CATHETER CARE
Optimal catheter care includes avoidance of use when unnec-
essary, appropriate skin cleansing and barrier protection dur-
ing insertion, proper catheter selection, proper dressing of in-
dwelling catheters, and removal as soon as possible when no
longer needed, or after insertion under less than ideal circum-
stances (e.g., trauma bay, cardiac resuscitation).

The benefit of the information gained by catheterization
must always be weighed against the risk of infection. Almost
all indwelling catheters carry a risk of infection, but nontun-
neled central venous catheters (and pulmonary artery catheters)
pose the highest risk, including local site infections and CR-
BSIs (see below). Other catheters that pose increased infection
risk include intercostal thoracostomy catheters (if inserted as
an emergency), ventriculostomy catheters for intracranial pres-
sure monitoring, and urinary bladder catheters. Each day of
endotracheal intubation and mechanical ventilation increases
the risk of pneumonia by 1% to 3% ; it is controversial whether
tracheostomy decreases that risk.

Chlorhexidine (which is bactericidal, viricidal, and fungi-
cidal) should be used preferentially for skin preparation for
vascular catheter insertion, having been shown to be superior
to povidone-iodine solution (24). If povidone-iodine solution
is used (of which use is discouraged), it must be allowed to
dry, as it is not bactericidal when wet. Full barrier precautions
are mandatory for all bedside catheterization procedures (2)
except arterial and urinary bladder catheterization, for which
sterile gloves and a sterile field suffice. Whenever a central ve-
nous catheter is inserted under suboptimal conditions it must
be removed (and replaced at a different site if still needed) as
soon as permitted by the patient’s hemodynamic status, but no
more than 24 hours after insertion. A single dose of a first-
generation cephalosporin (e.g., cefazolin), but no more, may
prevent some infections following emergency tube thoracos-
tomy or ventriculostomy, but is not indicated for vascular or
bladder catheterizations. Topical antiseptics placed postpro-
cedure at the insertion site are of no benefit for any type of
indwelling catheter, and may actually increase the risk of infec-
tion.

Dressings must be maintained carefully (25). Maintaining
the integrity of dressings is challenging if the patient is agitated
or the body surface is irregular (e.g., the neck [internal jugular
vein catheterization] as opposed to the chest wall [subclavian
vein catheterization]), but its importance is crucial. Marking
the dressing clearly with the date and time of each change is a
simple and effective way to manage dressing changes. Dressing
carts or similar apparatus should not be brought from patient
to patient; rather, sufficient supplies should be kept in each
patient’s room. The possibility for inanimate objects (e.g., scis-
sors) to be transmission vectors if not cleansed thoroughly af-
ter contact with each patient must be borne in mind. Dedicated
catheter care teams reduce the risk of CR-BSI substantially (26).

The choice of catheter may play a role in decreasing the
risk of infection related to endotracheal tubes, central venous
catheters, and urinary catheters. Continuous aspiration of sub-
glottic secretions (CASS), via an endotracheal tube with an
extra lumen that opens to the airway just above the balloon, fa-
cilitates the removal of secretions that accumulate below the vo-
cal cords but above the endotracheal tube balloon, an area that
cannot be reached by routine suctioning. The incidence of VAP
is decreased by one half by CASS (26). Silver-impregnated en-
dotracheal tubes are effective in reducing airway colonization,
but whether the incidence of VAP is reduced is not yet known
(27). Antibiotic- (e.g., minocycline/rifampin) or antiseptic-
coated central venous catheters (e.g., chlorhexidine/silver sul-
fadiazine) can reduce the incidence of CR-BSI (28), especially in
high-prevalence units; minocycline/rifampin-coated catheters
may be more effective. Urinary bladder catheters coated with
ionic silver reduce the incidence of catheter-related bacterial
cystitis by a similar amount (29).

Ventilator weaning by protocol, combined with daily se-
dation holidays and spontaneous breathing trials, allows ear-
lier endotracheal extubation and decreases the risk of VAP
(see below) (30). An even better strategy may be avoidance of
endotracheal intubation entirely. Respiratory failure can some-
times be managed with noninvasive positive pressure ven-
tilation delivered by mask (e.g., continuous positive airway
pressure [CPAP]) (31). Improved resuscitation techniques and
noninvasive monitoring techniques have decreased the utiliza-
tion of pulmonary artery catheters, which pose a particularly
high risk of infection (32). Most drains do not decrease the risk
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of infection; in fact, the risk is probably increased (33) because
the catheters hold open a portal for invasion by bacteria.

RISK FACTORS FOR SURGICAL
SITE INFECTION

The spectrum of bacterial contamination of the surgical
site is well described (34). Clean surgical procedures affect
only integumentary and musculoskeletal soft tissues. Clean-
contaminated procedures open a hollow viscus (e.g., alimen-
tary, biliary, genitourinary, respiratory tract) under controlled
circumstances (e.g., elective colon surgery). Contaminated pro-
cedures involve extensive introduction of bacteria into a nor-
mally sterile body cavity, but too briefly to allow infection to
become established during surgery (e.g., penetrating abdom-
inal trauma, enterotomy during adhesiolysis for mechanical
bowel obstruction). Dirty procedures are performed to con-
trol established infection (e.g., colon resection for perforated
diverticulitis).

Numerous factors determine whether a patient will develop
an SSI, including factors related to the patient, the environment,
and the therapy (Table 106.1) (33). As incorporated in the
National Nosocomial Infections Surveillance System (NNIS)
(34,35), the most recognized factors are the wound classifica-
tion, American Society of Anesthesiologists class ≥ 3 (class 3:
Chronic active medical illness), and prolonged operative time,
where time is longer than the 75th percentile for each such pro-
cedure. According to the NNIS, the risk of SSI increases with
an increasing number of risk factors present, irrespective of
the type of operation (35). Laparoscopic surgery decreases the
incidence of SSI under most circumstances (36). The reasons
that laparoscopic surgery decreases the risk of SSI are possibly
several, including decreased wound size, limited use of cautery
in the abdominal wall, or a diminished stress response to tissue
injury.

TA BLE 1 0 6 . 1

RATES OF HEALTH CARE-ASSOCIATED PNEUMONIA
AND CATHETER-RELATED BLOODSTREAM
INFECTION AMONG VARIOUS INTENSIVE CARE
UNIT (ICU) TYPES

CVC CR-BSI rate TT VAP rate
ICU type use Mean/median use Mean/median

Medical 0.52 5.0/3.9 0.46 4.9/3.7
Pediatric 0.46 6.6/5.2 0.39 2.9/2.3
Surgical 0.61 4.6/3.4 0.44 9.3/8.3
Cardiovascular 0.79 2.7/1.8 0.43 7.2/6.3
Neurosurgical 0.48 4.6/3.1 0.39 11.2/6.2
Trauma 0.61 7.4/5.2 0.56 15.2/11.4

CVC use, number of days of catheter placement per 1,000 patient-days
in ICU; CR-BSI, catheter-related bloodstream infection; TT use,
number of days of indwelling endotracheal tube or tracheostomy per
1,000 patient-days in ICU; VAP, ventilator-associated pneumonia.
Infection rates are indexed per 1,000 patient-days.
From the National Nosocomial Infection Surveillance System, U.S.
Centers for Disease Control and Prevention.
From Reference 6. Data available at www.cdc.gov, and are in the
public domain.

Host-derived factors contribute importantly to the risk of
SSI, including increased age (36), obesity, malnutrition, dia-
betes mellitus (5,7), hypocholesterolemia (38), and numerous
other factors that are not accounted for specifically by the NNIS
system (Table 106.1). In one 6-year study of 5,031 patients
undergoing noncardiac surgery, the overall incidence of SSI
was 3.2% . Independent risk factors for the development of
SSI included ascites, diabetes mellitus, postoperative anemia,
and recent weight loss, but not chronic obstructive pulmonary
disorder, tobacco use, or corticosteroid use (39). In another
prospective study of 9,016 patients, 12.5% of patients devel-
oped an infection of some type within 28 days after surgery
(40). Multivariable analysis revealed that decreased serum al-
bumin concentration, increased age, tracheostomy, and am-
putations were associated with an increased probability of an
early infection, whereas factors associated with readmission
due to infection included a dialysis shunt, vascular repair, and
an early infection. Factors associated with 28-day mortality
included increased age, low serum albumin concentration, in-
creased serum creatinine concentration, and an early infection
(40).

Lapses in the modern operating room can result in increased
rates of SSI. Proper sterilization, ventilation, and skin prepa-
ration techniques require continuous vigilance. The operating
team must be attentive to personal hygiene (e.g., hand scrub-
bing, hair). Recent data indicate that a brief rinse with soap
and water followed by use of an alcohol gel hand rub is equiv-
alent to the prolonged (and ritualized) session at the scrub sink
(41).

Hypothermia during surgery is common if patients are not
warmed actively, owing to evaporative water losses, admin-
istration of room temperature fluids, and other factors (42).
Maintenance of normal core body temperature is unequivo-
cally important for decreasing the incidence of SSI. Mild intra-
operative hypothermia is associated with an increased rate of
SSI following elective colon surgery (43) and diverse operations
(44).

It is intuitive that oxygen administration in the postopera-
tive period would be beneficial for wound healing (45,46). The
ischemic milieu of the fresh surgical incision is vulnerable to
bacterial invasion. Moreover, oxygen has been postulated to
have a direct antibacterial effect (46). However, clinical trials
have had conflicting results (47,48). Supplemental oxygena-
tion administration specifically to reduce the incidence of SSI
remains plausible, and further studies are needed.

Closure of a contaminated or dirty incision is widely be-
lieved to increase the risk of SSI, but few good studies exist to
help sort out the multiplicity of wound closure techniques avail-
able to surgeons. “Open abdomen” techniques of temporary
abdominal closure for management of trauma or severe peri-
tonitis are utilized increasingly. Retrospective studies indicate
that antibiotics are not indicated for prophylaxis of the open
abdomen (49), but infection of the abdominal wall, should it
occur, is highly morbid. Inability to achieve primary abdomi-
nal closure is associated with several infectious complications
(pneumonia, bloodstream infection, and SSI). Infectious com-
plications, in turn, significantly increased costs from prolonged
length of stay, but not mortality (50).

Drains placed in incisions probably cause more infections
than they prevent. Epithelialization of the wound is prevented
and the drain becomes a conduit, holding open a portal for
invasion by pathogens colonizing the skin. Several studies of
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drains placed into clean or clean-contaminated incisions show
that the rate of SSI is not reduced (51,52); in fact, the rate is
increased (53–56). Considering that drains pose a risk and ac-
complish little of what is expected of them, they should be used
as little as possible and removed as soon as possible (57). Under
no circumstances should prolonged antibiotic prophylaxis be
administered to “cover” indwelling drains.

Wound irrigation is a controversial means to reduce the risk
of SSI. Routine low-pressure saline irrigation of an incision
does not reduce the risk of SSI (58), but high pressure (i.e.,
pulse irrigation) may be beneficial (59). An increasing body
of knowledge suggests that intraoperative topical antibiotics
can minimize the risk of SSI (60–62), but the use of antiseptics
rather than antibiotics might minimize the possibility of the
development of resistance.

Risk Fact ors for Pne umonia

Surgical patients are susceptible to pneumonia, particularly
if they require mechanical ventilation. Ventilator-associated
pneumonia, defined as pneumonia occurring 48 to 72 hours
after endotracheal intubation, is the most common ICU infec-
tion among surgical and trauma patients. Unfortunately, VAP is
partially iatrogenic. Nonspecific diagnostic criteria, indiscrim-
inate antibiotic use, and unclear therapeutic end points have
all contributed to increased episodes of VAP caused by MDR
pathogens. In turn, MDR pathogens increase the likelihood of
inadequate initial antimicrobial therapy, which exerts further
selection pressure for these pathogens, and results in higher
mortality.

Distinction is sometimes made between early-onset VAP
(occurring < 5 days after intubation) and late-onset VAP (oc-
curring ≥ 5 days after intubation). Early-onset VAP, to which
trauma patients are particularly prone, is often a result of aspi-
ration of gastric contents, and is usually caused by antibiotic-
sensitive bacteria such as methicillin-sensitive S. aureus, Strep-
tococcus pneumoniae, and Haemophilus influenzae (4,63,64).
Conversely, patients with late-onset VAP are at increased risk
for infection with MDR pathogens (e.g., MRSA, Pseudomonas
aeruginosa, or Acinetobacter spp.).

The incidence of VAP depends upon the diagnostic criteria
utilized, and thus varies in published reports. Clinical crite-
ria alone overestimate the incidence of VAP as compared with
either microbiologic or histologic data (65,66). A systematic
review of 89 studies of VAP among mechanically ventilated
patients (67) reported a pooled incidence of VAP of 22.8%
(95% CI 18.8–26.9). The NNIS system reported recently that
VAP occurred at a rate of 4.9 cases per 1,000 ventilator-days
in medical ICUs and 9.3 per 1,000 ventilator-days in surgical
ICUs (36) (Table 106.2). The risk for trauma patients, espe-
cially those with traumatic brain injury, is especially high. The
incidence of VAP increases with the duration of mechanical
ventilation at a rate of 3% per day during the first 5 days, 2%
per day during days 5 to 10, and 1% per day after that (68).

Risk factors for VAP are summarized in Table 106.3 (27).
Perhaps most important is airway intubation itself. The risk
of VAP increases six- to 20-fold in mechanically ventilated
patients (69,70); VAP is also especially common in patients
with acute respiratory distress syndrome (ARDS), owing to
prolonged mechanical ventilation and devastated local airway
host defenses (71–73).

TA BLE 1 0 6 . 2

RISK FACTORS FOR THE DEVELOPMENT OF
SURGICAL SITE INFECTIONS

PATIENT FACTORS
Ascites (for abdominal surgery)
Chronic inflammation
Corticosteroid therapy (controversial)
Obesity
Diabetes
Extremes of age
Hypocholesterolemia
Hypoxemia
Peripheral vascular disease (for lower extremity surgery)
Postoperative anemia
Prior site irradiation
Recent operation
Remote infection
Skin carriage of staphylococci
Skin disease in the area of infection (e.g., psoriasis)
Undernutrition

ENVIRONMENTAL FACTORS
Contaminated medications
Inadequate disinfection/sterilization
Inadequate skin antisepsis
Inadequate ventilation

TREATMENT FACTORS
Drains
Emergency procedure
Hypothermia
Inadequate antibiotic prophylaxis
Oxygenation (controversial)
Prolonged preoperative hospitalization
Prolonged operative time

Several evidence-based strategies can prevent VAP, but to be
used effectively a thorough understanding of modifiable risk
factors is required (Table 106.4). Prevention of VAP begins
with minimization of endotracheal intubation and the dura-
tion of mechanical ventilation. Noninvasive positive pressure
ventilation (NIPPV) should be considered in lieu of intuba-
tion, as management of respiratory failure with NIPPV leads

TA BLE 1 0 6 . 3

RISK FACTORS FOR VENTILATOR-ASSOCIATED
PNEUMONIA

Age ≥ 60 y
Acute respiratory distress syndrome
Chronic obstructive pulmonary disease or other

underlying pulmonary disease
Coma or impaired consciousness
Serum albumin < 2.2 g/dL
Burns, trauma
Blood transfusion
Organ failure
Supine position
Large-volume gastric aspiration
Sinusitis
Immunosuppression
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TA BLE 1 0 6 . 4

STRATEGIES TO PREVENT VENTILATOR-
ASSOCIATED PNEUMONIA

Insufficient
Strategy Recommended evidence

Universal infection control
precautions

+

Orotracheal intubation +
Maintenance of endotracheal

cuff pressure > 20 cm H2O
+

Continuous aspiration of
subglottic secretions

+

Semirecumbent positioning +
Postpyloric feeding +
Postponement of enteral feeding

for at least 48 h following
intubation

+

Selective decontamination of the
digestive tract

+

Topical chlorhexidine +
Transfusion restriction +
Antibiotic cycling +

to a lower incidence of VAP (74). If endotracheal intubation
is required, the orotracheal route is preferred to nasotracheal
intubation to decrease the risk of VAP by as much as one half
(75), by decreasing the risk of nosocomial sinusitis (76), which
often precedes and is caused by the same pathogen as that
which caused VAP subsequently. Evidence-based strategies to
decrease the duration of mechanical ventilation include daily
interruption of sedation (77), standardized weaning protocols,
and adequate ICU staffing (78).

After intubation, most VAP preventive measures aim to de-
crease the risk of aspiration. Both maintenance of endotracheal
cuff pressure > 20 cm H 2O (51) and CASS reduce the incidence
of VAP significantly (26).

Semirecumbent positioning (30- to 45-degree head-up) is
also protective as compared to supine positioning, especially
during enteral feeding (79–81). Compared to postpyloric feed-
ing, intragastric feeding increases both gastroesophageal re-
flux and aspiration (82). A meta-analysis of 11 randomized
trials reported a RR of 0.77 (95% CI 0.60–1.00, p = 0.05)
for VAP with postpyloric as compared to gastric feedings (83).
Promotility agents such as erythromycin may facilitate safe in-
tragastric feeding, should this route be used (84). However,
early enteral feedings may increase the risk of VAP. Shorr et al.
reported that enteral nutrition begun ≤ 48 hours after the initi-
ation of mechanical ventilation was independently associated
with the development of VAP (OR 2.65, 95% CI 1.93–3.63,
p < 0.0001) (17).

Pharmacologic strategies to minimize the risk of aspiration
include minimization of stress ulcer prophylaxis, and selective
decontamination of the digestive tract (SDD) with either topi-
cal or systemic antibiotics or antiseptics. Myriad clinical trials
have reported a significant decrease in the incidence of VAP,
but the literature is limited by questionable study methodol-
ogy (85), study in ICUs in which MDR pathogens were rare,
and an increased number of infections caused by MDR bacteria
observed in the SDD groups (86–88). For these reasons, use of
SDD is currently not recommended for the routine prevention

of VAP. However, meta-analysis of studies of oropharyngeal
decontamination with topical chlorhexidine provides sufficient
evidence to recommend the practice (89), especially for cardiac
surgical patients.

Stress ulcer prophylaxis is a known risk factor for VAP (90);
its use should be reserved for patients at high risk for gastroin-
testinal mucosal hemorrhage (e.g., mechanical ventilation > 2
days, intracranial hemorrhage, coagulopathy, glucocorticoid
therapy). Results of randomized trials comparing histamine
type 2 antagonists, sucralfate, and antacids are conflicting for
prevention of VAP (91,92).

Ample data document the relationship between blood trans-
fusion and infection risk in surgical, trauma, and critically ill
patients. Shorr et al. found red blood cell transfusion to be an
independent risk factor for VAP (OR 1.89, 95% CI 1.33–2.68,
p = 0.0004) (17). Earley et al. documented a 90% decreased
incidence of VAP in a surgical ICU following implementation of
an anemia management protocol that resulted in fewer blood
transfusions (93).

Risk Fact ors for Cat he t e r-re lat e d
Blood st re am Infe ct ion

Critically ill patients often require reliable large-bore central
venous access (e.g., femoral, internal jugular, or subclavian
vein), but the catheters are highly prone to infection. Strict
adherence to infection control and proper insertion technique
is crucial for prevention (94), because surgical and especially
trauma patients are at high risk (Table 106.1). When placed un-
der elective (controlled) circumstances, optimal insertion tech-
nique includes chlorhexidine skin preparation (not povidone-
iodine) (24), draping the entire bed into the sterile field, and
donning a cap, a mask, and sterile gown and gloves (2). If
technique is breached, the risk of infection increases exponen-
tially, and the catheter should be removed and replaced (if still
needed) at a different site using strict asepsis and antisepsis as
soon as the patient’s condition permits, but certainly within 24
hours. Infection risk for femoral vein catheters is highest, and
is lowest for catheters placed via the subclavian route (49). Pe-
ripheral vein catheters, peripherally inserted central catheters
(PICCs), and tunneled central venous catheters (e.g., Hickman,
Broviac) pose less risk of infection than percutaneous central
venous catheters (25). Information campaigns, educational ini-
tiatives (95), and strict adherence to insertion protocols are
all effective to decrease the risk of CR-BSI. Antibiotic- and
antiseptic-coated catheters are controversial, but may help de-
crease the risk of infection in units that have a high rate of
infection (96).

Risk Fact ors for Sinusit is

In the ICU, nosocomial sinusitis is an uncommon closed-space
infection that may be clinically occult but can have serious con-
sequences (97). Whereas sinusitis is often part of the differential
diagnosis of fever, the incidence is low in comparison to other
nosocomial infections in the ICU, and the diagnosis can be
difficult to document convincingly. The likely pathogenesis of
sinusitis is anatomic obstruction of the ostia draining the facial
sinuses, especially the maxillary sinuses. Transnasal endotra-
cheal intubation is the leading risk factor, with an incidence of
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sinusitis estimated to be one third after 7 days of intubation.
Maxillofacial trauma, with obstruction of drainage by retained
blood clots, is another clear risk factor. Nasogastric intubation,
nasal packing for epistaxis, and corticosteroid therapy have
also been implicated, but the evidence is less convincing.

ANTIBIOTIC PROPHYLAXIS
Prophylactic antibiotics are used most often to prevent infec-
tion of a surgical incision. Antibiotic prophylaxis of surgery
does not prevent postoperative nosocomial infections, which
actually occur at an increased rate after prolonged prophylaxis
(98), selecting for more resistant pathogens when infection does
develop (99).

Preoperative antibiotic prophylaxis is proved to reduce the
risk of postoperative SSI in many circumstances. However, only
the incision itself is protected, and only while it is open and
thus vulnerable to inoculation. Therefore, antibiotics are not a
panacea. If not administered properly, antibiotic prophylaxis
is ineffective and may be harmful.

Antibiotic prophylaxis is indicated for most clean-
contaminated and contaminated (or potentially contaminated)
operations. An example of a clean-contaminated operation
where antibiotic prophylaxis is usually not indicated is elec-
tive laparoscopic cholecystectomy (100); meta-analysis of five
trials including 899 patients revealed no benefit compared with
placebo for prevention of SSI (OR 0.68, 95% CI 0.24–1.91),
“major infection,” or “distant infection.” Antibiotic prophy-
laxis is indicated for high-risk biliary surgery; high-risk is con-
ferred by age older than 70 years, diabetes mellitus, or a re-
cently instrumented biliary tract (e.g., biliary stent).

Elective colon surgery is a clean-contaminated procedure
where preparatory practices are in evolution (101,102), al-
though the evidence of benefit of systemic antibiotic prophy-
laxis is unequivocal. Antibiotic bowel preparation, standard-

ized in the 1970s by the oral administration of nonabsorbable
neomycin and erythromycin base in addition to mechanical
cleansing, reduced the risk of SSI to its present rate of approxi-
mately 4% to 8% (101). However, mechanical bowel prepara-
tion and preoperative oral antibiotics are omitted increasingly
out of the belief that there is no additive benefit beyond par-
enteral antibiotic prophylaxis. Current Surgical Care Improve-
ment Project (SCIP) guidelines for antibiotic prophylaxis of
elective colon surgery give equal weighting to oral prophylaxis
alone, parenteral prophylaxis alone, or the combination (102)
(Table 106.5), despite the fact that two meta-analyses (that
asked different questions) are in conflict as to the efficacy of
oral prophylaxis for colorectal surgery. Song and Glenny (103)
examined oral antibiotics alone compared with oral/systemic
antibiotic prophylaxis (five trials), and found a higher SSI rate
with oral prophylaxis alone (OR 3.34, 95% CI 1.66–6.72).
Lewis performed a meta-analysis of 13 randomized trials of
systemic versus combined oral and systemic prophylaxis, and
showed significant benefit for the combined approach (RR
0.51, 95% CI 0.24–0.78) (101).

Antibiotic prophylaxis of clean surgery is controversial.
Where bone is incised (e.g., craniotomy, sternotomy) or a pros-
thesis is inserted, antibiotic prophylaxis is generally indicated.
Some controversy persists with clean surgery of soft tissues
(e.g., breast, hernia). Meta-analysis of randomized controlled
trials shows some benefit of antibiotic prophylaxis of breast
cancer surgery without immediate reconstruction (104,105),
but no decrease of SSI rate for groin hernia surgery (106, 107),
even when a nonabsorbable mesh prosthesis is implanted.

Arterial reconstruction with prosthetic graft material is an
example of clean surgery where the susceptibility to infec-
tion is high, owing to the presence of ischemic tissue and
the infrainguinal location of many such operations. A recent
meta-analysis (108) identified 23 randomized, controlled tri-
als of prophylactic systemic antibiotics for peripheral arterial
reconstruction (Table 106.6). Prophylactic systemic antibiotics

TA BLE 1 0 6 . 5

SURGICAL CARE IMPROVEMENT PROGRAM: APPROVED ANTIBIOTIC
PROPHYLACTIC REGIMENS FOR ELECTIVE SURGERY

Type of operation Antibiotic(s)

Cardiac (including CABG)a , vascularb Cefazolin, cefuroxime, or vancomycin f

Hip/knee arthroplastyb Cefazolin, cefuroxime, or vancomycin f

Colonc,d Oral: Neomycin sulfate plus either erythromycin base
or metronidazole, administered for 18 h before
surgery

Parenteral: Cefoxitin, cefotetan, or cefazolin plus
metronidazole or ampicillin-sulbactam or ertapenem

Hysterectomye Cefazolin, cefoxitin, cefotetan, cefuroxime, or
ampicillin-sulbactam

aProphylaxis may be administered for up to 48 h for cardiac surgery; for all other cases, the limit is 24 h.
bFor β -lactam allergy, clindamycin or vancomycin is an acceptable substitute for cardiac, vascular, and
orthopedic surgery.
cFor β -lactam allergy, clindamycin plus gentamicin, a fluoroquinolone, or aztreonam; or metronidazole plus
gentamicin or a fluoroquinolone is an acceptable choice.
d For colon surgery, either oral or parenteral prophylaxis alone, or both combined, is acceptable.
eFor β -lactam allergy, clindamycin plus gentamicin, a fluoroquinolone, or aztreonam; or metronidazole plus
gentamicin or a fluoroquinolone or clindamycin monotherapy is an acceptable choice.
f Vancomycin is acceptable with a physician-documented justification for use in the patient’s medical record.
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META-ANALYSIS OF MEASURES TO PREVENT
INFECTION FOLLOWING ARTERIAL
RECONSTRUCTION

Intervention No. of trials Odds ratio 95% CI

Systemic antibiotic prophylaxis
Surgical site infection 10 0.25 0.17–0.38
> 24 h prophylax is 3 1.28 0.82–1.98
Early graft infection 5 0.31 0.11–0.85
Rifampicin bonding of polyester grafts
Graft infection—1 mo 3 0.63 0.27–1.49
Graft infection—2 y 2 1.05 0.46–2.40
Suction wound

drainage—groin
2

Surgical site infection 0.96 0.50–1.86
Preoperative antiseptic

bath
3

Surgical site infection 0.97 0.70–1.36
In situ surgical

technique
2

Surgical site infection 0.48 0.31–0.74

Data from Stewart A, Evers PS, Earnshaw JJ. Prevention of infection
in arterial reconstruction. Cochrane Database Syst Rev. 2006;3:
CD003073.

reduced the risk of SSI by approximately 75% , and early graft
infection by about 69% . There was no benefit to prophylaxis
for more than 24 hours, antibiotic bonding to the graft ma-
terial itself, or preoperative bathing with an antiseptic agent
compared with unmedicated bathing.

Four principles guide the administration of antimicrobial
agents for prophylaxis: safety, an appropriate narrow spec-
trum of coverage of relevant pathogens, little or no reliance
upon the agent for therapy of infection (owing to the possible
induction of resistance with heavy usage), and administration
within 1 hour before surgery and for a defined, brief period
of time thereafter (no more than 24 hours [48 hours for car-
diac surgery]; ideally, a single dose) (109). According to these
principles, quinolones or carbapenems are undesirable agents
for surgical prophylaxis, although ertapenem and quinolone
prophylaxes have been endorsed by the SCIP for prophylaxis
of colon surgery (the latter with metronidazole for penicillin-
allergic patients) (Table 106.5).

Most SSIs are caused by Gram-positive cocci; therefore, pro-
phylaxis should be directed primarily against staphylococci for
clean cases and high-risk clean-contaminated elective biliary
and gastric surgery. A first-generation cephalosporin is pre-
ferred in almost all circumstances (Table 106.7), with clin-
damycin used for penicillin-allergic patients (109). If Gram-
negative or anaerobic coverage is required, a second-generation
cephalosporin or the combination of a first-generation agent
plus metronidazole is most experts’ regimens of first choice.
Vancomycin prophylaxis is generally appropriate only in insti-
tutions where the incidence of MRSA infection is high (> 20%
of all SSIs caused by MRSA).

The optimal time to give parenteral antibiotic prophylaxis is
within 1 hour prior to incision (110). Antibiotics given sooner
are ineffective, as are agents given after the incision is closed.

A 2001 audit of prescribing practices in the United States in-
dicated that only 56% of patients who received prophylac-
tic antibiotics did so within 1 hour prior to the skin incision
(111); timeliness was documented in only 76% of cases in a
2005 audit in U.S. Department of Veterans Affairs hospitals
(112). Most inappropriately timed first doses of prophylac-
tic antibiotic occur too early (111,112); changing institutional
processes to administer the drug in the operating room can im-
prove compliance with best practices (112). Antibiotics with
short half-lives (< 2 hours, e.g., cefazolin or cefoxitin) should
be redosed every 3 to 4 hours during surgery if the operation
is prolonged or bloody (113). Even though the SCIP specifies
a 24-hour limit for prophylaxis, single-dose prophylaxis (with
intraoperative redosing, if indicated) is equivalent to multiple
doses for the prevention of SSI (114). Unfortunately, excessively
prolonged antibiotic prophylaxis is both pervasive and poten-
tially harmful. Recent U.S. data show that only 40% of patients
who receive antibiotic prophylaxis do so for less than 24 hours
(111). As a result of ischemia caused by surgical hemostasis, an-
tibiotic penetration into the incision immediately after surgery
is questionable until neovascularization occurs (24–48 hours).
Antibiotics should not be given to “cover” indwelling drains
or catheters, in lavage or irrigation fluid, or as a substitute
for poor surgical technique. That prophylaxis is prolonged
excessively is demonstrated by antibiotic utilization data for
U.S. surgical ICUs (Table 106.8); high usage of first-generation
cephalosporins in ICUs cannot be explained by therapeutic use.

Prolongation of antibiotic prophylaxis beyond 24 hours is
not only nonbeneficial, but also may be harmful. Clostrid-
ium difficile–associated disease (CDAD) follows disruption of
the normal balance of gut flora, resulting in overgrowth of
the enterotoxin-producing C. difficile (115). Although virtually
any antibiotic may cause CDAD (even a single dose), prolonged
antibiotic prophylaxis increases the risk. Prolonged prophy-
laxis also increases the risk of nosocomial infections unrelated
to the surgical site, and the emergence of MDR pathogens. Both
pneumonia and vascular catheter–related infections have been
associated with prolonged prophylaxis (116,117), as has the
emergence of SSI caused by MRSA (99).

EVALUATION OF POSSIBLE
POSTOPERATIVE INFECTION

A new temperature elevation usually triggers an automatic eval-
uation that includes many costly tests of limited utility, based
on suspicion of a nosocomial infection. During the evaluation,
the patient may be exposed to unneeded radiation, require
transport outside the controlled environment of the ICU, or
experience considerable blood loss due to this testing, which is
often repetitive. With utilization of resources under intensive
scrutiny, it is appropriate to assess such fevers in a prudent and
cost-effective manner.

However, some infected patients do not become febrile, and
may even become hypothermic. A hypothermic or euthermic
patient may have a life-threatening infection (118,119). Such
patients include elderly patients, those with open abdominal
wounds or large burns, patients on extracorporeal support
(e.g., continuous renal replacement therapy) (120), patients
with end-stage liver disease or chronic renal failure, and pa-
tients taking anti-inflammatory or antipyretic drugs. Absent a
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APPROPRIATE CEPHALOSPORIN PROPHYLAXIS FOR SELECTED OPERATIONSa

Operation Alternative prophylaxis in serious penicillin allergy

First-generation cephalosporin (i.e., cefazolin, cefuroxime)
Cardiovascular and thoracic Clindamycin (for all cases herein except

amputation)b

Median sternotomy Vancomycin
Pacemaker insertion
Vascular reconstruction involving the abdominal aorta, insertion of a prosthesis, or a groin

incision (except carotid endarterectomy, which requires no prophylaxis)
Implantable defibrillator
Pulmonary resection
Lower limb amputation Gentamicin and metronidazole
General
Cholecystectomy Gentamicin
(High risk only)
Gastrectomy Gentamicin and metronidazole
(High risk only: Not

uncomplicated chronic
duodenal ulcer)

Hepatobiliary Gentamicin and metronidazole
Major debridement of traumatic

wound
Gentamicin

Genitourinary
(Ampicillin plus gentamicin is a

reasonable alternative)
Ciprofloxacin

Gynecologic
Cesarean section (stat) Metronidazole (after cord clamping)
Hysterectomy (cefoxitin is a

reasonable alternative)
Doxycycline

Head and neck/oral cavity
Major procedures entering oral

cavity or pharynx
Gentamicin and clindamycin or metronidazole

Neurosurgery
Craniotomy Clindamycin, vancomycin
Orthopedics
Major joint arthroplasty Vancomycinb

Open reduction of closed fracture Vancomycinb

Appendectomy Metronidazole with or without gentamicin (for all
cases herein) Second generation (i.e., cefoxitin)c

Colon surgery
Surgery for penetrating abdominal

trauma

aShould be given as a single intravenous dose just before the operation. Consider an additional dose if the
operation is prolonged longer than 3–4 h.
bPrimary prophylaxis with vancomycin (i.e., for the non–penicillin-allergic patient) may be appropriate for
cardiac valve replacement, placement of a nontissue peripheral vascular prosthesis, or total joint
replacement in institutions where a high rate of infections with methicillin-resistant Staphylococcus aureus
or Staphylococcus epidermidis has occurred. The precise definition of “high rate” is debated. A single dose
administered immediately before surgery is sufficient unless operation lasts for more than 6 h, in which case
the dose should be repeated. Prophylaxis should be discontinued after a maximum of two doses, but may be
continued for up to 48 h.
cAn intraoperative dose should be given if cefoxitin is used and the duration of surgery exceeds 3–4 h,
because of the short half-life of the drug. A postoperative dose is not necessary, but is permissible for up to
24 h.

fever, any of hypotension, tachycardia, tachypnea, confusion,
rigors, skin lesions, respiratory manifestations, oliguria, lactic
acidosis, leukocytosis, leukopenia, immature neutrophils (i.e.,
bands > 10% ), or thrombocytopenia may indicate a workup
for infection and immediate empiric therapy.

The definition of fever is arbitrary, and depends on how
and when temperature was measured. In addition to host bi-
ology, a variety of environmental forces in an ICU can also
alter body temperature, such as specialized mattresses, light-
ing, heating or air conditioning, peritoneal lavage, and renal
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COMPARISON OF ANTIBIOTIC UTILIZATION
(MEDIAN DEFINED DAILY DOSES) FOR SURGICAL
INTENSIVE CARE UNITS (SICUs) AND INPATIENT
UNITS, 1998–2002

Agent Inpatient SICU

First-generation cephalosporins 76 168
Third-generation cephalosporins 81 142
Vancomycin 104
Fluoroquinolones 62 87
Ampicillins 63 83
Second-generation cephalosporins 34 NR

NR, not reported.
From the National Nosocomial Infections Surveillance System, U.S.
Centers for Disease Control and Prevention. Data abstracted from
www.cdc.gov. Data are in the public domain.

replacement therapy (121–123). Thermoregulatory mecha-
nisms can be disrupted by drugs or by injury to the central
nervous systems. Thus, it is often difficult to determine if an
abnormal temperature is a reflection of a physiologic process,
a drug, or an environmental influence. Moreover, in surgical
patients, the substantial possibility (�50% ) that a fever is due
to a noninfectious cause must be considered (Fig. 106.1) (124).

Many ICUs consider any patient with a core temperature
≥ 38.3◦C (≥ 101◦F) to be febrile and to warrant evaluation to
determine if infection is present. However, a lower threshold
may be decided upon for immunocompromised patients. How-
ever, laboratory tests or imaging studies to search for infection
should be performed only after a clinical assessment (history

and physical examination) indicates that infection might be
present.

Blood Cult ure s

Blood cultures should be obtained from patients with a new
fever when clinical evaluation does not strongly suggest a non-
infectious cause. The site of venipuncture should be cleaned
with either 2% chlorhexidine gluconate in 70% isopropyl al-
cohol or 1% to 2% tincture of iodine. Povidone-iodine (10% ),
while acceptable, is not bactericidal until dry; some false-
positive blood cultures may be due to premature specimen col-
lection (125,126). One blood culture is defined as a 20- to
30-mL sample of blood drawn at a single time from a single
site, regardless of how many bottles or tubes are filled for pro-
cessing. The sensitivity of blood culturing for detection of true
bacteremia or fungemia is related to many factors, most impor-
tantly the volume of blood drawn and obtaining the cultures
before initiation of anti-infective therapy (127,128).

Recent data suggest that the cumulative yield of pathogens
is optimized when three blood cultures with adequate volume
(20- to 30-mL each) are drawn (127). Each culture should ide-
ally be drawn by separate venipuncture or through a separate
intravascular device, but not through multiple ports of the same
intravascular catheter (129). There is no evidence that the yield
of cultures drawn from an artery or vein is different. Drawing
two to three blood cultures with appropriate volume from sep-
arate sites of access at the onset of fever is the most effective
way to discern whether an organism found in blood culture
represents a true pathogen (multiple cultures are often posi-
tive), a contaminant (only one of multiple blood cultures is
positive for an organism commonly found on skin and clinical
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correlation does not support infection), or a bacteremia/
fungemia from an infected catheter (one culture from the source
catheter is positive, often with a positive catheter tip, and other
cultures are not) (130).

Int ravascular De vice s

All intravascular devices and insertion sites must be assessed
daily as part of a comprehensive physical examination to deter-
mine if they are still needed and whether signs of infection are
present locally (e.g., inflammation or purulence at the exit site
or along the tunnel) or systemically. Contaminated catheter
hubs are common portals of entry for organisms colonizing
the endoluminal surface of the catheter (131). Additionally,
infusate (parenteral fluid, blood products, or intravenous med-
ications) can become contaminated and produce bacteremia or
fungemia, which is especially likely to result in septic shock.
Abrupt onset of signs and symptoms of sepsis or shock in
patients with an indwelling vascular catheter should prompt
suspicion of infection of an intravascular device. Recovery of
certain micro-organisms in multiple blood cultures, such as
staphylococci or Candida spp., strongly suggests infection of
an intravascular device.

Removal and culture of the catheter has historically been
the gold standard for the diagnosis of CR-BSI, particularly with
short-term catheters. Studies have demonstrated the reliability
of semiquantitative or quantitative catheter tip culture methods
for the diagnosis of CR-BSI (132), which is confirmed when a
colonized catheter is associated with concomitant bloodstream
infection with the identical organism, with no other plausible
source. Some ICU clinicians culture central venous catheters
routinely on removal, regardless of whether infection is sus-
pected. Because �20% of central venous catheters are colo-
nized at removal, most unassociated with local or systemic in-
fection, this practice is expensive and can lead to unnecessary
therapy. The predictive value of a positive catheter culture is
very low when there is a low pretest probability of line sepsis
(132), and catheters removed from ICU patients should only
be cultured if there is strong clinical suspicion of CR-BSI (133).

For patients with fever alone who do not have systemic in-
flammatory response syndrome (SIRS) (134), there is usually no
need to remove or change all indwelling catheters immediately,
although such an approach would be prudent in a patient with
a prosthetic heart valve or a fresh arterial graft (133). If patients
have severe sepsis or septic shock, peripheral embolization, dis-
seminated intravascular coagulation, or acute respiratory dis-
tress syndrome (ARDS), removal of all intravascular catheters
is indicated, even if the catheters are cuffed or tunneled devices
(135).

Infected phlebitis (suppurative phlebitis) of a central vein
due to a centrally placed catheter is unusual. With suppura-
tive phlebitis, bloodstream infection characteristically persists
and originates from a peripheral vein catheter site with infected
intravascular thrombus, producing a picture of overwhelming
sepsis with high-grade bacteremia or fungemia. This syndrome
is most often encountered in burn patients or other ICU patients
who develop catheter-related infection that goes unrecognized,
permitting micro-organisms to proliferate. In patients with per-
sistent S. aureus bacteremia or fungemia, echocardiography is
appropriate to assess for endocarditis and guide further therapy
(133).

Int e nsive Care Unit –acq uire d Pne umonia

Pneumonia is the second most common cause of ICU-acquired
infection and a ubiquitous cause of fever, with the majority of
cases occurring in mechanically ventilated patients (65,136).
The diagnosis of VAP is especially challenging, as patients com-
monly also have other, noninfectious processes producing ab-
normal chest radiographs and gas exchange (e.g., congestive
heart failure, atelectasis, ARDS). Intubated, sedated patients
cannot cough, or otherwise mobilize abnormal secretions with-
out assistance. In addition, immunocompromised patients such
as solid organ transplant recipients may have pneumonia with-
out fever, cough, sputum production, or leukocytosis (137–
138).

The diagnosis of VAP requires determination if the patient
has pneumonia, and the etiologic pathogen. Poor specificity is
problematic because it not only exposes patients to unneces-
sary risk from overtreatment with antibiotics, but also increases
selection pressure and thus the emergence of MDR bacteria
(139,140). Conversely, inadequate initial therapy in patients
with VAP (poor sensitivity) is associated with increased mortal-
ity that cannot be reduced by subsequent changes in antibiotics
(141).

Historically, the diagnosis of VAP requires one or more of
the following: fever, leukocytosis or leukopenia, purulent spu-
tum, hypoxemia, or a new or evolving chest radiographic in-
filtrate. However, several noninfectious processes may mimic
these nonspecific signs, such as congestive heart failure, atelec-
tasis, pulmonary thromboembolism, pulmonary hemorrhage,
and ARDS, making clinical criteria alone unreliable. A new
chest radiographic infiltrate, along with two of the three afore-
mentioned criteria, was only 69% sensitive and 75% specific
for VAP as compared to postmortem histology (142). Several
subsequent reports have confirmed the low specificity of clin-
ical acumen in the diagnosis of VAP (143–144); clinically di-
agnosed VAP is confirmed microbiologically in < 50% of cases
(66,145,146). Computerized tomography (CT) is particularly
sensitive for demonstrating parenchymal or pleural disease in
posterior-inferior lung segments (147,148), although there is
only a fair correlation with the diagnosis of pneumonia in com-
plex patients (149). Clinical judgment determines whether sus-
picion is high enough to warrant transporting the patient to
the radiology suite for a higher-resolution study such as CT.

The Clinical Pulmonary Infection Score (CPIS) incorporates
clinical, radiographic, and microbiologic criteria (i.e., temper-
ature, leukocyte count, chest radiographic infiltrates, appear-
ance and volume of tracheal secretions, PaO 2:FiO 2, culture
and Gram stain of tracheal aspirate [0–2 points each]) to yield
a maximum score of 12 points (150). A CPIS of > 6 points
indicates a high probability of VAP. However, the specificity
of CPIS is no better than clinical acumen alone when com-
pared to lower respiratory tract cultures obtained via bron-
choscopic bronchoalveolar lavage (BAL) or protected specimen
brush (PSB) (150–152). However, the negative predictive value
of a Gram stain showing no organisms in a clinically stable
patient approaches 100% (153).

Because of the low specificity of traditional diagnostic cri-
teria, culture of lower respiratory tract samples is mandatory
for nosocomial pneumonia prior to any manipulation of antibi-
otics in order to minimize false-negative results. The method of
specimen collection (invasive vs. noninvasive) and the method
of specimen analysis (semiquantitative vs. quantitative) are
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debated. Noninvasive techniques include endotracheal suction
aspiration (EA), blinded plugged telescoping catheter, blinded
PSB, and mini-BAL. Endotracheal aspirates are less specific due
to an increased likelihood of contamination by oropharyngeal
flora reflecting colonization rather than infection.

Invasive techniques (BAL or PSB) collect samples using
fiberoptic bronchoscopy, and also allow direct inspection of
the airways, but are more expensive and resource intensive
than noninvasive techniques. Furthermore, arterial desatura-
tion may persist for up to 24 hours postbronchoscopy, pos-
sibly due to alveolar flooding caused by residual lavage fluid.
However, this desaturation has not been correlated with poorer
outcomes (154).

Respiratory tract cultures may be reported either semiquan-
titatively or quantitatively. The crucial issue is distinction of
colonization from infection (155). Whereas semiquantitative
microbiology reports growth in terms of ordinal categories
(e.g., light, moderate, or heavy), quantitative microbiology
reports growth in terms of colony forming units (CFU)/mL
of aliquot; a threshold value is assigned to distinguish
colonization from infection. Commonly used thresholds are
103 CFU/mL for PSB, 104 CFU/mL for BAL, and 105 CFU/mL
for EA. Any threshold should be lowered by one order of mag-
nitude if antibiotics have been changed recently or started prior
to sample acquisition (156). Clinical interpretation of quantita-
tive cultures is likely to be hampered by prior antibiotic admin-
istration, which may lower the observed quantitative inoculum
after 24 hours of ongoing antibiotic therapy, and for up to 72
hours after cessation of antibiotics (157,158). The diagnostic
threshold is usually lowered by one order of magnitude in the
presence of antibiotics or recently discontinued therapy.

Endotracheal aspirates have lower specificity compared to
either blinded plugged telescoping catheter (159) or broncho-
scopic BAL or PSB (160–163). Two systematic reviews, one
of bronchoscopic BAL (154) and one of blinded invasive tech-
niques (163), reported similar test characteristics for the two
techniques, but methodologic variability is rampant. Broncho-
scopic techniques are more specific than blinded techniques,
and both techniques are superior to EAs.

Shorr et al. performed a meta-analysis of randomized trials
that compare outcomes of patients with VAP managed with
invasive versus noninvasive sampling when both samples were
cultured quantitatively (164). Although the pooled OR sug-
gested a survival advantage to the invasive approach (OR =
0.62), the result was not significant. However, patients in the in-
vasive group were significantly more likely to undergo changes
in antimicrobial regimen.

Pulmonary secretions for culture should be transported to
the laboratory and processed within 2 hours so that fastidious
organisms such as S. pneumoniae remain viable. For any expec-
torated specimen, it is important for the laboratory to perform
direct microscopy on the specimen to determine if squamous
epithelial cells are present, which invalidates the specimen.

Organisms that may be pathogens in VAP or contaminants
when recovered from the airway include P. aeruginosa, En-
terobacteriaceae, S. pneumoniae, S. aureus, and H. influen-
zae. Conversely, isolation of enterococci, viridans streptococci,
coagulase-negative staphylococci, and Candida spp. (165,166)
should rarely be considered the cause of respiratory dysfunc-
tion, if ever. Although febrile postoperative patients in an ICU
often have small pleural effusions due to fluid overload, hy-
poalbuminemia, or postoperative processes, it is not necessary

to sample such fluid from every febrile patient. Thoracentesis
is appropriate if there is sufficient fluid to aspirate safely us-
ing ultrasound (US) guidance and there is either an adjacent
pulmonary infiltrate or possible contamination of the pleural
space by surgery, trauma, or a fistula.

Evaluat ion for Clost rid ium
d ifficile Infe ct ion

Many ICU patients have diarrhea, often due to enteral feed-
ings or drugs. By far the most common enteric cause of fever
in the ICU is C. difficile, which should be suspected in any pa-
tient with diarrhea and fever or leukocytosis who has received
an antibacterial agent or antineoplastic chemotherapy within
60 days prior to the onset of diarrhea (167,168). C. difficile
accounts for 10% to 25% of all cases of antibiotic-associated
diarrhea and virtually all of the cases of antibiotic-associated
colitis (169). However, some patients, especially those who are
postoperative, may present with ileus or toxic megacolon, or
leukocytosis without diarrhea, as the manifestation of CDAD.
In these patients, the diagnosis is difficult to establish because
stool specimens are not accessible (170). C. difficile–associated
diarrhea may occur with any antibacterial agent, but the most
common causes are clindamycin, cephalosporins, and fluoro-
quinolones (171).

Although less accurate than expensive tissue culture assays,
most laboratories now use immunoassays for C. difficile tox-
ins, which provide results within hours and are easy to perform.
Lower sensitivity may require repeat tests to document disease
in seriously ill patients (172). Most strains of C. difficile pro-
duce toxin A, but 2% to 3% of stains produce only toxin B so
an assay that detects both toxins A and B is preferred (173).
Cultures for C. difficile are technically demanding, and are not
specific in distinguishing toxin-positive strains, toxin-negative
strains, and asymptomatic carriage (172,174). Cultures may be
useful in the setting of nosocomial outbreaks to identify isolates
for epidemiologic purposes (168). The North American pulse-
field gel electrophoresis type 1 (NAP1) strain, now epidemic
in many hospitals in the United States, Canada, and Europe, is
associated with serious complications (toxic megacolon, leuke-
moid reactions, septic shock, and death) (175,176).

Direct visualization of pseudomembranes is nearly diagnos-
tic of CDAD, but only about 70% of seriously ill patients and
25% of patients with mild disease have pseudomembranes by
direct visualization (177), diminishing the role of endoscopy
for routine diagnostic use. However, a role for direct visual-
ization may exist if false-negative C. difficile toxin assays are
suspected (168).

Urinary Tract Infe ct ion

Catheter-associated bacteriuria or candiduria usually repre-
sents colonization, is rarely symptomatic, and is an unlikely
cause of fever or secondary bloodstream infection (178), even
in immunocompromised patients (179), unless there is urinary
tract obstruction; there is a history of recent urologic manipula-
tion, injury, or surgery; or the patient is neutropenic (180,181).
Traditional signs and symptoms (dysuria, urgency, pelvic or
flank pain, fever or chills) that correlate well with bacteriuria
in noncatheterized patients are rarely reported in ICU patients
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with documented catheter-associated bacteriuria or candiduria
(> 105 CFU/mL) (180,181). In the ICU, the majority of urinary
tract infections are related to urinary catheters and are caused
by multiresistant nosocomial Gram-negative bacilli other than
Escherichia coli, Enterococcus spp., and yeasts (178,182,183).

When clinical evaluation suggests the urinary tract as a pos-
sible source of fever, a urine specimen should be evaluated by
direct microscopy, Gram stain, and quantitative culture. The
specimen should be aspirated from the catheter sampling port,
not collected from the drainage bag. Health care personnel
should wear clean gloves whenever manipulating a urinary de-
vice and should scrupulously clean the port with 70% to 90%
alcohol prior to specimen collection. For patients without a
catheter, a conventional midstream clean-catch urine specimen
should be obtained. Urine collected for culture should reach
the laboratory promptly to prevent multiplication of bacteria
within the receptacle, which might lead to the misdiagnosis of
infection; any delay should prompt refrigeration of the speci-
men.

In contrast to community-acquired urinary tract infections,
where pyuria is highly predictive of important bacteriuria,
pyuria may be absent with catheter-associated urinary tract
infections. Even if present, pyuria is not a reliable predictor
of urinary tract infection in the presence of a catheter (178).
The concentration of urinary bacteria or yeast needed to cause
symptomatic urinary tract infection or fever is unclear. Whereas
it is clear that counts > 103 CFU/mL represent true bacteriuria
or candiduria in catheterized patients (184), there are no data
to show that higher counts are more likely to represent symp-
tomatic infection. Gram stain of a centrifuged urine specimen,
however, will show micro-organisms most of the time if infec-
tion is present (185).

Whereas it is appropriate to collect urine specimens in the
investigation of fever, routine monitoring or “surveillance” cul-
tures of urine contribute little to patient management. Rapid
dipstick tests, which detect leukocyte esterase and nitrite, are
unreliable in the setting of catheter-related UTI. The leukocyte
esterase test correlates with the degree of pyuria, which may or
may not be present in a catheter-related UTI. The nitrite test re-
flects Enterobacteriaceae, which convert nitrate to nitrite, and
is therefore unreliable to screen for Enterococcus spp., Candida
spp., and Staphylococcus spp. (186,187).

SINUSITIS
The paranasal sinuses are normally sterile, but bacterial over-
growth occurs when drainage is impeded. The etiologic agents
responsible for most cases of nosocomial sinusitis are those that
colonize the naso-oropharynx (76,188), which occurs at high
frequency among critically ill patients. Gram-negative bacilli
(particularly P. aeruginosa) constitute 60% of bacteria isolated
from nosocomial sinusitis, whereas Gram-positive cocci (typi-
cally S. aureus and coagulase-negative staphylococci) comprise
one third of isolates, and fungi the remaining 5% to 10%
(76,189,190). Infections are often polymicrobial.

The diagnosis of sinusitis in critically ill, intubated patients
is difficult to make. Complaints of facial pain or headache
may be impossible to elicit, and purulent nasal discharge is
present in only 25% of proved cases of sinusitis. In the ICU,
acute sinusitis is diagnosed most efficiently by CT of the facial
bones (191), followed by sampling using antiseptic technique

if mucosal thickening or sinus fluid is documented. Microbial
analysis of fluid obtained by minimally invasive sinus punc-
ture and aspiration under antiseptic conditions is definitive for
the diagnosis. Although less well studied, endoscopic-guided
middle meatal tissue culture is a safe alternative for patients
who are not candidates for antral puncture (e.g., coagulopa-
thy) (192). Pathogen identification and susceptibility testing
permit focused, narrow-spectrum antimicrobial therapy. How-
ever, specimen collection is susceptible to contamination by
bacteria colonizing the overlying mucosa if rigorous antisepsis
is not practiced when obtaining the specimen.

INTRACRANIAL DEVICE–
RELATED FEVER

When a patient with an intracranial device such as an extraven-
tricular drain (EVD) (ventriculostomy catheter) or a ventricu-
loperitoneal shunt becomes febrile, cerebrospinal fluid (CSF)
should almost always be analyzed. Access to CSF in the pa-
tient with an EVD is straightforward. The patient with a shunt
or Ommaya reservoir should have the reservoir aspirated. Pa-
tients with EVDs who develop stupor or signs of meningitis
should have the catheter removed and the tip cultured.

Basic tests of CSF for suspected central nervous system
(CNS) infection include cell counts and differential, glucose
and protein concentrations, Gram stain, and bacterial cultures.
Patients with bacterial meningitis typically have a CSF glucose
concentration < 35 mg/dL, a CSF:blood glucose ratio < 0.23,
a CSF protein concentration > 220 mg/dL, > 2,000 total white
blood cells/µ L, or > 1,180 neutrophils/µ L (193). Conversely,
the presence of a normal opening pressure, < 5 white blood
cells/µ L, and a normal CSF protein concentration essentially
exclude meningitis (193). Measurement of CSF lactate concen-
tration may be useful in neurosurgical patients to distinguish
infection from postoperative aseptic meningitis (194,195).

NONINFECTIOUS CAUSES
OF FEVER IN THE INTENSIVE

CARE UNIT

Post op e rat ive Fe ve r

Fever is common during the initial 72 hours following surgery,
and is usually noninfectious in origin (196), presuming that
unusual breaks in sterile technique or pulmonary aspiration
did not occur. Considerable effort and money can be wasted in
overzealous evaluation of early postoperative fever. However,
once a patient is more than 96 hours postoperative, fever is
more likely to represent infection.

A chest radiograph is not mandatory for evaluation of post-
operative fever unless respiratory rate, auscultation, abnormal
blood gases, or pulmonary secretions suggest a high yield. At-
electasis is often considered to be a cause of postoperative fever.
The clinician must be alert to the possibility that the patient
could have aspirated during the perioperative period, or the
uncommon event that the patient was incubating a community-
acquired pneumonia prior to the operation caused, for exam-
ple, by pneumococci or influenza A.



Chap t e r 106: Surg ical Infections 1577

Urinary tract infection is common postoperatively in non-
trauma patients because of the use of urinary drainage catheters
(197). The duration of catheterization increases the risk of bac-
teriuria by about 5% per day, which in turn increases the risk of
nosocomial cystitis or pyelonephritis. A urinalysis or culture is
not mandatory to evaluate fever during the initial 3 days post-
operatively unless there is reason by history or examination
to suspect an infection at this site. After trauma, urinary tract
infection is common only after injury to the urinary tract.

Fever can be related to hematoma or infection of the sur-
gical field. Surgical site infection is rare in the first few days
after operation, except for group A streptococcal infections
and clostridial infections, which can develop within hours to
1 to 3 days after surgery. These causes should be suspected on
the basis of inspection of the incision.

Many emergency abdominal operations are performed for
control of an infection (e.g., perforated diverticulitis). Even un-
der optimal circumstances (definitive surgical source control
and timely administration of appropriate broad-spectrum an-
tibiotics), it may take ≥ 72 hours for such patients to defervesce.
New or persistent fever more than 4 days after surgery should
raise suspicion of persistent pathology or a new complica-
tion. Thus, it is mandatory to remove the surgical dressing
to inspect the incision. Swabbing an open wound or collect-
ing fluid from drains (if present) for culture is rarely helpful
because the likelihood of colonization is high. Muscle com-
pression injury (either direct trauma or as a result of com-
partment syndrome) and tetanus are two rare complications
of traumatic wounds that may cause fever. Toxic shock may
accompany infection with group A streptococci or S. aureus.
O ther potentially serious noninfectious causes of postoperative
fever include deep venous thrombosis, tissue ischemia or necro-
sis, pulmonary embolism, adrenal insufficiency, drug-induced
fever, anesthesia-induced malignant hyperthermia, and acute
allograft rejection.

Drug -re lat e d Fe ve r

Any drug can cause fever due to hypersensitivity (198), but
“drug fever” is decidedly unusual in surgical patients, and
must be considered a diagnosis of exclusion. In addition, some
drugs cause fever by producing local inflammation at the site
of administration (phlebitis, sterile abscesses, or soft tissue re-
action), such as amphotericin B, erythromycin, and potassium
chloride. Drugs or their delivery systems (diluent, intravenous
fluid, or intravascular delivery devices) may also contain py-
rogens or, rarely, microbial contaminants (199). Some drugs
may also stimulate heat production (e.g., thyroxine), limit heat
dissipation (e.g., atropine or epinephrine), or alter thermoreg-
ulation (e.g., butyrophenone tranquilizers, phenothiazines, an-
tihistamines, or antiparkinson drugs). Among drug categories,
drug fever in surgical ICUs is most often attributed to antimi-
crobial agents (e.g., vancomycin, β -lactams) and anticonvul-
sants (especially phenytoin).

Two important syndromes, malignant hyperthermia and
neuroleptic malignant syndrome, deserve consideration when
fever is especially high because the results can be devastating
if left untreated (200). Malignant hyperthermia is more often
identified in the operating room than in the ICU, but onset can
be delayed for as long as 24 hours, especially if the patient
is on steroids. Malignant hyperthermia is believed to be a ge-
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CAUSES OF FEVER RELATED TO NONINFECTIOUS
STATES

Acalculous cholecystitis
Acute myocardial infarction
Acute respiratory distress syndrome (fibroproliferative phase)
Adrenal insufficiency
Cytokine release syndrome
Fat embolism
Gout
Hematoma
Heterotopic ossification
Immune reconstitution inflammatory syndrome (IRIS)
Intracranial hemorrhage
Pancreatitis
Pericarditis
Pulmonary infarction
Thyroid storm
Transfusion of blood or blood products
Transplant rejection
Tumor lysis syndrome
Venous thromboembolic disease
Withdrawal syndromes (drug, alcohol)

netically determined response mediated by a dysregulation of
cytoplasmic calcium flux in skeletal muscle, resulting in intense
muscle contraction, fever, and increased creatinine phosphok-
inase concentration. It can be caused by succinylcholine and
inhalational anesthetics.

The neuroleptic malignant syndrome is slightly more com-
mon, and more often identified in the ICU than malignant
hyperthermia. It has been strongly associated with the neu-
roleptic medications phenothiazines, thioxanthenes, and buty-
rophenones (200,201), most frequently haloperidol in the ICU.
It also manifests as muscle rigidity, fever, and increasing creati-
nine phosphokinase concentration. However, unlike malignant
hyperthermia, the initiator of muscle contraction is central, the
syndrome is often less intense, and mortality is less.

Drug withdrawal syndromes may be associated with fever,
tachycardia, diaphoresis, and hyperreflexia, including from al-
cohol, opioids, barbiturates, and benzodiazepines. It is impor-
tant to recognize that a history of use of these drugs may not be
available when the patient is admitted to the ICU. Withdrawal
and related fever may therefore occur several hours or days
after admission. Other noninfectious causes of fever are listed
in Table 106.9.

CLINICAL INFECTION SYNDROMES

Biliary Tract Infe ct ions

Infections of the biliary tree are similar to those found else-
where in the body in that therapy consists of antibiotics di-
rected at the causative pathogens and source control, typically
in the form of drainage. Biliary tract infections remain an im-
portant cause of critical illness. They are difficult to diagnose
in critically ill patients, owing to their relative rarity and the
nonspecificity of symptoms that noncommunicative patients
may manifest. Unless diagnosed and treated aggressively, organ
dysfunction and death may ensue rapidly. Signs and symptoms
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of hepatobiliary infection commonly include abdominal pain,
fever, nausea, and vomiting; the clinical presentation may range
in severity from the appearance of a chronic disease state to
overt septic shock. Leukocytosis is common to all but the pat-
terns of liver enzyme abnormalities overlap to such a degree
that it may be difficult to make a definitive diagnosis based
on history, physical examination, and laboratory values alone.
Furthermore, in the critically ill patient, it may be difficult to
distinguish liver dysfunction caused by primary infection from
that caused by multiple organ dysfunction syndrome. Imaging
of the biliary tree is often of paramount importance in the di-
agnosis and treatment of biliary tract infections, but ultimately
a thorough working knowledge of the differential diagnosis
and treatment of biliary tract infections is the key to successful
management.

Acut e Chole cyst it is
Among outpatients, acute cholecystitis usually occurs when
gallstones migrate into the cystic duct, causing outflow ob-
struction. This obstruction causes sterile inflammation and
edema of the gallbladder wall initially, followed by bacterial su-
perinfection (202). Acute calculous cholecystitis presents with
fever, right upper quadrant pain, nausea, and vomiting. Phys-
ical examination may range from arrest of inspiration due to
tenderness on palpation in the right upper quadrant (Murphy
sign) to signs of peritonitis in advanced cases. Concomitant
jaundice suggests the presence of choledocholithiasis. Ultra-
sound is a highly sensitive and specific test (95% and 97% ,
respectively) for acute cholecystitis and is the initial test of
choice. Diagnostic findings include the presence of stones in
the gallbladder, thickening of the gallbladder wall (> 3.5 mm),
pericholecystic fluid, and tenderness with application of the US
probe (sonographic Murphy sign) (203). Most cases (�80% )
of acute calculous cholecystitis resolve with bowel rest, fluid
resuscitation, and intravenous antibiotics, and are treated ul-
timately by cholecystectomy. Patients who become ill enough
to require ICU care generally have gallbladder gangrene that
progresses to perforation, resulting in either subhepatic abscess
or free perforation with bile peritonitis. Gangrene of the gall-
bladder is associated with a 30% mortality rate and tends to
occur in older patients (204). Emphysematous cholecystitis, a
severe manifestation of acute cholecystitis that occurs with a
predilection for elderly patients and patients with diabetes mel-
litus, is defined by the presence of gas in the gallbladder wall as
visualized on US or CT and is characterized by polymicrobial
infection including Clostriduim spp., E. coli, Klebsiella spp.,
and Streptococcus spp. Roughly one half of all cases of emphy-
sematous cholecystitis are acalculous (see below); the reported
mortality ranges from 15% to 25% (205,206).

Acalculous cholecystitis has been reported in all age groups,
but most often occurs in the setting of severe illness or injury.
It may also occur in the postoperative setting, particularly in
males after emergency surgery complicated by large-volume
blood loss. One review of 31,710 cases of cardiac surgery
found a 0.05% incidence of acalculous cholecystitis (207); af-
ter open abdominal aortic aneurysm repair, the incidence has
been reported to be between 0.7% and 0.9% (208). Acute acal-
culous cholecystitis is a grave condition of insidious onset in
patients who are often already critically ill, and the mortality
approaches 30% (209). Therefore, the diagnosis of acalculous
cholecystitis must always be entertained in a patient with sepsis
for whom no clear source of infection can be determined.

The pathogenesis of acalculous cholecystitis is most likely
splanchnic ischemia–reperfusion injury. Critically ill patients
probably have this pathophysiology even in the presence of
gallstones. Alternatively, bile stasis associated with critical ill-
ness may lead to distention of the gallbladder, which in combi-
nation with hypoperfusion may cause ischemia and ultimately
necrosis. Factors such as mechanical ventilation, total par-
enteral nutrition, cytokine activation, and endotoxemia have
also been implicated (210).

The diagnosis of acalculous cholecystitis can be difficult to
make in the ICU. Patients who are able to communicate may
report abdominal pain localizing to the right upper quadrant or
diffuse pain in the case of peritonitis. Fever is usually present.
Physical examination may reveal signs ranging from localized
tenderness in the right upper quadrant to frank peritonitis. A
right upper quadrant abdominal phlegmon may be palpable.
All too often, the altered mental status that often accompanies
critical illness may obscure any useful information that might
be obtained from the history and physical examination. Labo-
ratory values are nonspecific but usually include leukocytosis
and elevated liver enzymes, particularly of bilirubin, transami-
nases, and alkaline phosphatase. Hyperbilirubinemia, perhaps
representative of the cholestasis of sepsis, is typical and occurs
more often in acalculous than calculous cholecystitis.

Ultrasound is perhaps the ideal radiologic study to inves-
tigate the diagnosis of acalculous cholecystitis in the ICU. Ul-
trasound may reveal hydrops of the gallbladder, pericholecys-
tic fluid, or gallbladder wall thickening. At a gallbladder wall
thickness ≥ 3.5 mm, US is 98.5% sensitive and 80% specific
for the diagnosis of acalculous cholecystitis (211). Ultrasound
conveniently can be diagnostic at the bedside of patients too
ill to be transported to the radiology suite, and followed im-
mediately by percutaneous drainage of the gallbladder under
US guidance. Computed tomography is equally accurate in the
diagnosis of acalculous cholecystitis (212), but requires a pa-
tient stable enough to be transported. The primary advantage
of CT scan over US is in its ability to evaluate other poten-
tial sources of intra-abdominal infection. Interpretation of ra-
dionuclide biliary scans can be confounded in critically ill pa-
tients by false-positive scans due to fasting, liver disease, or
parenteral nutrition, which are sufficiently common to dimin-
ish its utility in this population.

Upon making the diagnosis of acalculous cholecystitis, a de-
cision about the method of source control must be made and
empiric antibiotic therapy must be started. Even though up to
one half of cases of acute acalculous cholecystitis are associ-
ated with culture-negative bile (at least initially, considering
that ischemia–reperfusion is paramount and superinfection is
a secondary phenomenon), empiric antibiotics are needed be-
cause distinguishing sterile from infected cases can be clinically
impossible owing to the massive inflammatory response. The
organisms most frequently cultured from the bile in acalculous
cholecystitis are E. coli, Klebsiella, and Enterococcus faecalis
(211).

Source control for cholecystitis, whether calculous or acal-
culous, has traditionally been by cholecystectomy. However,
patients with acalculous cholecystitis are often critically ill
and thus poor surgical candidates. Percutaneous cholecys-
tostomy tube placement is a minimally invasive alternative
to cholecystectomy that is favored increasingly. In this tech-
nique, the gallbladder is punctured through an anterior trans-
hepatic approach under US guidance and a drainage catheter is
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placed using the Seldinger technique. A tube study may be per-
formed at the time of catheter placement to discern whether
the cystic duct is patent. If not, and concomitant cholangitis
is suspected, further drainage of the biliary tree must be per-
formed with endoscopic retrograde cholangiopancreatography
(ERCP) or percutaneous transhepatic cholangiopancreatogra-
phy (PTC). Complications of percutaneous cholecystostomy
include bacteremia, hemorrhage, bile peritonitis, and tube dis-
lodgement. Patients with uncomplicated cholecystitis should
improve rapidly after gallbladder decompression; failure to im-
prove should raise suspicions of an incorrect diagnosis or inad-
equate source control. Under such conditions, surgical explo-
ration is mandated. Upon resolution of acalculous cholecystitis,
patients treated with percutaneous cholecystostomy may have
their tubes removed once sepsis has resolved, the patient has
recovered from the precipitating illness, and the cystic duct is
demonstrated to be patent. Percutaneous cholecystostomy is
the definitive treatment in this group.

Cholang it is
Cholangitis is an acute infection of the main biliary ductal sys-
tem. The pathogenesis of cholangitis requires both obstruction
and bacterial superinfection. The most common cause of in-
trinsic obstruction in the Western world is choledocholithiasis
(213). Both primary and metastatic malignant disease of the ab-
dominal viscera may cause extrinsic obstruction, among other
causes. Obstruction from calculi is more likely to cause cholan-
gitis than malignant obstruction (214). Cholangitis may also
occur in the postoperative setting, particularly after a biliary-
enteric anastomosis.

Bile is sterile in the normal biliary tree. Bile is naturally
bacteriostatic, and antegrade flow of bile from liver to duo-
denum serves as a flushing mechanism. The sphincter of Oddi
is an anatomic barrier, preventing reflux of enteric flora. Bile
salts serve to absorb intraluminal endotoxins and may also
exhibit a trophic effect on small bowel mucosa, thus helping
to prevent bacterial and endotoxin translocation. In the ab-
sence of bile flow, normal bacterial ecology is perturbed, lead-
ing to bacterial overgrowth and degradation of mucosal de-
fenses. The hepatic reticuloendothelial system serves to filter
translocated bacteria and endotoxin and is impaired when the
biliary tree is obstructed, further increasing the risk of infec-
tion (215). Bacteria may gain access to the biliary tree either
via the portal vein or by ascending directly from the duode-
num. In addition, pathogens may be introduced iatrogenically
during surgical, endoscopic, or percutaneous biliary interven-
tions.

The Charcot triad of fever, right upper quadrant pain, and
jaundice is observed in 50% to 70% of patients who present
with cholangitis, with fever present most consistently (90% ).
Hypotension and altered mental status (i.e., severe sepsis
or septic shock) in addition constitute the Reynolds pentad.
Patients with cholangitis typically have leukocytosis, direct
hyperbilirubinemia (88% –100% ), and elevated alkaline
phosphatase (80% ) (216); transaminitis is usually mild.

Common duct bile cultures are positive 80% to 100% of
the time in cholangitis, with positive blood cultures found in up
to two thirds of patients. The concordance rate between bile
and blood cultures is 33% to 84% , with bile cultures being
polymicrobial in roughly one half of cases. The typical florae
are Klebsiella, E. coli, and Enterococcus (217).

Imaging of patients with cholangitis is possible using US,
CT, or magnetic resonance imaging (MRI). Ultrasound detects
cholelithiasis and bile duct dilation reliably, but is only 50%
sensitive for detecting choledocholithiasis. Computed tomog-
raphy detects ductal dilation with 98% accuracy and is supe-
rior to US in defining the level of obstruction, but may fail
to visualize the 85% of biliary calculi that are radiolucent.
Stones can be visualized on MRI; therefore, magnetic resonance
cholangiopancreatography (MRCP) provides the most com-
plete imaging as to the etiology of biliary obstruction. However,
MRCP is expensive, time consuming, and cumbersome for ICU
patients, and does not allow for therapeutic intervention. By
contrast, ERCP and PTC are both 90% to 100% sensitive for
defining the site and nature of biliary obstruction (218). Either
can be used diagnostically or therapeutically to decompress the
biliary tree. Both ERCP and PTC have rare potential complica-
tions (e.g., bile leak, bleeding) that may precipitate ICU admis-
sion. In the hemodynamically stable patient with cholangitis,
US is the investigation of first choice, followed by further imag-
ing as needed with CT or MRCP. Because of the potential for
intervention, ERCP should be considered strongly for unsta-
ble patients and other cases where intervention is likely to be
necessary. Hemodynamic instability in the setting of suspected
or confirmed bacterial cholangitis is a true emergency that re-
quires immediate biliary decompression.

Treatment of cholangitis consists of immediate fluid re-
suscitation and broad-spectrum antibiotics, followed by ur-
gent or emergent biliary decompression. Numerous antibiotic
regimens have been successful historically, but many authori-
ties prefer a single broad-spectrum agent such as piperacillin/
tazobactam (219) or a carbapenem. The majority of patients
respond to initial medical therapy followed by biliary decom-
pression, but 10% to 15% will require emergent decompres-
sion (220). ERCP is the safest and most efficacious treatment
for acute cholangitis with a success rate of 90% and a mortality
rate of 10% , considerably lower than that of emergency sur-
gical decompression of the common bile duct. Through ERCP,
a sphincterotomy can be performed to facilitate drainage and
removal of calculi, or a temporizing stent or nasobiliary tube
may be placed. Other complications of ERCP include pancre-
atitis, perforation, aspiration, systemic sepsis, and failure to
decompress the bile duct.

Percutaneous transhepatic biliary drainage carries 30%
morbidity from complications such as hemorrhage, pneumo-
thorax, subphrenic abscess, and bile peritonitis. The mortality
for PTC is estimated to be between 5% and 10% , similar to
that seen with ERCP (221). Although the risk is higher, PTC
may be used preferentially for intrahepatic choledocholithiasis,
for cholangitis from proximal bile duct stricture or neoplasm,
or when ERCP is impossible secondary to surgically altered
upper gastrointestinal tract anatomy (e.g., after Roux-en-Y re-
construction) or anatomic anomalies (e.g., ampulla of Vater
located within a duodenal diverticulum).

Surgery is now infrequent in the primary management of
acute cholangitis. In situations that require surgery (e.g., re-
sectable malignant obstruction), patients may be temporized
by ERCP or PTC, converting an emergency operation into
an elective procedure that can be performed at lower risk.
Surgery is also indicated in patients who fail less invasive
treatment methods. Standard emergency surgical therapy in-
cludes cholecystectomy, choledochotomy, and T-tube place-
ment.
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Live r Ab sce ss

The most common cause (50% to 65% of liver abscesses) is
now ascending biliary tract infection (222) (e.g., cholangitis, di-
rect extension of acute suppurative cholecystitis). Seeding from
the portal vein accounts for 10% to 25% of abscesses and is
typically a result of intra-abdominal sources of infection such
as diverticulitis. Systemic seeding via the hepatic artery occurs
in 1% to 10% of cases from processes such as bacterial en-
docarditis, dental abscesses, or interventions such as hepatic
artery chemoembolization, intraoperative cryoablation, or ra-
diofrequency ablation (221). Liver abscess complicates fewer
than 1% of blunt liver injuries managed nonoperatively, and
is more common in patients requiring damage-control laparo-
tomy and perihepatic packing to control hemorrhage (222).

Patients with pyogenic hepatic abscess usually present with
fever and chills, abdominal pain, and weight loss. Nonspe-
cific abdominal complaints and constitutional symptoms are
common, and presentation can range from the appearance of
a chronic disease state to overt septic shock. The laboratory
workup demonstrates leukocytosis in most patients, with liver
enzymes being moderately abnormal as well.

Due to the protean manifestations of liver abscess and the
mimicry of a number of disease processes, radiographic imag-
ing is crucial in confirming the diagnosis. Ultrasound and CT
both have greater than 95% sensitivity for the diagnosis. One
half of patients will present with more than one abscess, and
approximately 75% of all liver abscesses will be found in the
right lobe of the liver (223).

Pyogenic liver abscesses are equally likely to be polymicro-
bial as monomicrobial, and approximately 5% to 27% show
no growth in culture. In many cases, failure to speciate bacte-
ria in culture may reflect prior antibiotic treatment. The flora
found in liver abscesses reflects the underlying source of the in-
fection, but overall the most common Gram-negative aerobes
found in pyogenic liver abscesses are E. coli and Klebsiella spp.,
whereas the most common Gram-positive aerobes are Entero-
coccus spp., viridans streptococci, and S. aureus. Among cul-
tured anaerobes, Bacteroides spp. predominate (224).

Historically, medical management of pyogenic liver abscess
carried a mortality rate of 60% to 100% (225). Several recent
case series demonstrate success rates for antibiotics alone of up
to 80% when multiple (military) abscesses are too small or too
numerous for percutaneous drainage. Although antibiotics are
a necessary adjunct to the treatment of hepatic abscess, most
authorities agree that this approach is not sufficient except in
the case of very small abscesses or in patients in whom interven-
tion poses a prohibitive risk. The preferred method of treatment
is broad-spectrum antibiotics in conjunction with drainage of
all abscesses. Most hepatic abscesses can be drained success-
fully by image-guided percutaneous techniques, with a success
rate of 70% to 93% . Surgical drainage is indicated in patients
who fail percutaneous drainage, who require surgical manage-
ment of the underlying problem (e.g., diverticulitis), or who
have abscesses that are not amenable to minimally invasive
techniques because of their location. Surgical options include
simple drainage, debridement, and formal resection. Liver re-
section should be considered in those patients with extensive
tissue loss or with intrahepatic stones, which may serve as a
nidus for recurrent infection.

Most contemporary series quote a mortality rate for hepatic
abscess between 6% and 31% (221). Factors associated with a

worse prognosis include an underlying diagnosis of malignant
disease, multiple abscesses, and a high presenting APACHE II
score (226).

Post op e rat ive Infe ct ions aft e r
Biliary Tract Op e rat ions

Perihepatic infections may occur as a result of commonly per-
formed hepatobiliary surgical procedures. Postoperative bile
leaks may occur after any operation in which a bile duct
is opened (such as hepatectomy, hepaticoenterostomy, hep-
atic transplant, or cholecystectomy). Leaking bile may induce
chemical peritonitis, or cause infection with microbial flora
present in or introduced into tissue at the time of operation, or
by translocation from the gut, leading to an infected intrahep-
atic or perihepatic collection known as a biloma.

After cholecystectomy, bile leaks occur in up to 1% of pa-
tients regardless of the technique used. Bile leakage may occur
from the transected cystic duct, the hepatic bed of the gallblad-
der, or incidental injury to other portions of the biliary tree dur-
ing dissection. Patients with postoperative bile collections may
present with right upper quadrant pain, fever, nausea, vomit-
ing, or jaundice. Discrimination between sterile bile peritonitis
and infection may be difficult without culture of the collec-
tion.

Postoperative fluid collections may be imaged with US, CT,
or nuclear scintigraphy. The diagnosis of bile leak can also be
made by image-guided aspiration of the collection. Nuclear
scintigraphy is an excellent screening test for the diagnosis of
bile leak, but it is not useful in determining the precise anatomy
of the leak. For this reason ERCP is used to determine the
anatomy once leakage is documented, with some leaks being
amenable to concomitant endoscopic therapy by stent place-
ment.

Treatment of postoperative bile leakage hinges first upon
drainage and then definitive treatment of the underlying prob-
lem. If the leak originates from the bed of the gallbladder, per-
cutaneous drainage alone is indicated. Extravasation from the
cystic duct is best managed endoscopically by stent placement
with or without sphincterotomy to allow bile to drain preferen-
tially through the ampulla of Vater (227). Major duct injuries
discovered at ERCP generally require surgical management.

Perihepatic or intra-abdominal abscess complicates 8% to
30% of major liver resections, and is associated with preopera-
tive biliary stenting, hepaticoenterostomy, increased operative
time, greater extent of resection, and the need for blood trans-
fusion (222). Preoperative hyperbilirubinemia as a result of bil-
iary obstruction occurs frequently in patients with malignant
biliary tract obstruction; such patients are at increased risk for
complications of surgical resection (228). However, recent data
demonstrate clearly that preoperative stent placement to allevi-
ate biliary obstruction leads to increased rates of postoperative
infectious complications (229).

Resection of hepatic parenchyma leaves dead space in the
abdomen that collects bile and blood and is in proximity to is-
chemic tissue at the resection margin. Bacterial superinfection
may occur, leading to the formation of an abscess. Infected bilo-
mas are heralded by fever, right upper quadrant pain, leukocy-
tosis, and elevated liver enzymes. Imaging modalities for post-
hepatectomy abscesses include CT, US, and MRI as discussed
in the prior section on pyogenic hepatic abscess. Cultures re-
veal that 50% to 75% of postoperative perihepatic abscesses
are polymicrobial, with bacteria of enteric origin (e.g., E. coli,
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Enterococcus) predominating (215). Image-guided percuta-
neous drainage is the treatment of choice where feasible, with
reoperation reserved for those patients in whom percutaneous
drainage is not possible or unsuccessful.

Despite recent advances in surgical technique and perioper-
ative management, liver transplantation is plagued by compli-
cation rates ranging from 24% to 64% . The incidence of bile
leak after orthotopic liver transplantation is between 10% and
40% , with the leaks arising most commonly from hepatic resec-
tion lines, T-tube sites, and biliary anastomoses (230). Patients
may present up to 6 months after transplantation. Computed
tomography is used to image the collection, which may be in-
trahepatic in up to two thirds of cases. Endoscopic retrograde
cholangiopancreatography, PTC, or cholangiogram through a
pre-existing T tube may be used to delineate the origin of the
leak. Most collections can be drained percutaneously, and in the
event of direct communication with the biliary tree, ERCP can
be used to re-establish preferential enteric drainage. Because
the blood supply to the biliary tree is provided by the hep-
atic artery, anastomotic leaks after liver transplantation may
occur as a result of ischemia from hepatic artery thrombo-
sis. Therefore, assessment of the patency of the graft hepatic
artery must be determined. Whereas some cases of biloma asso-
ciated with hepatic artery thrombosis may respond to conser-
vative measures, up to two thirds will require retransplantation
(231).

SURGICAL SITE INFECTION

Surgical site infections are among the most frequently encoun-
tered complications in surgical patients regardless of specialty.
Local surgical control of the infection remains the crucial as-
pect of therapy, oftentimes by simply opening and draining
the incision in cases of superficial incisional SSI. Infections ex-
tending below the superficial fascia (deep incisional SSIs) in-
variably require formal surgical debridement and open wound
care to resolve the infection. Vacuum-assisted closure (VAC)
and antimicrobial therapy also improved outcomes, but MDR
pathogens may complicate resolution of ostensibly simple in-
fections in the postoperative period (232), especially among
patients hospitalized for a period before surgery, particularly if
they required antimicrobial therapy.

Surgical site infection remains a clinical diagnosis. Present-
ing signs and symptoms depend on the depth of infection, typ-
ically as early as postoperative day 4 or 5. Clinical signs range
from local induration only to the hallmarks of infection (e.g.,
erythema, edema, tenderness, warm skin, and pain-related im-
mobility), which may manifest before wound drainage. In cases
of deep incisional SSIs, tenderness may extend beyond the mar-
gin of erythema, and crepitus, cutaneous vesicles, or bullae may
be present (233). With ongoing infection, signs of SIRS herald
the development of sepsis. If infection involves an intracavi-
tary space (organ/space), symptoms specific to that organ sys-
tem will usually predominate, such as prolonged postoperative
ileus, persistent respiratory distress, or altered neurologic sta-
tus.

Cultures are not mandatory for management of superfi-
cial incisional SSIs, particularly if drainage and wound care
alone will suffice without antibiotics. In cases of deeper infec-
tion or infection that has arisen in the hospital, exudates or

drainage specimens should be sent for analysis. Culturing the
surgically opened wound (as opposed to the already opened
wound, which becomes colonized) by the swab method has
been shown experimentally to be reliable. Computed tomog-
raphy and MRI are more sensitive in detecting small amounts
of gas in soft tissues than plain radiographs, and CT-guided as-
piration or drainage often facilitates treatment, and may serve
as definitive source control for an organ/space SSI.

More severe SSIs, especially the dangerous forms of necro-
tizing soft tissue infection (NSTI), are true emergencies that
need immediate surgical attention. Even modest delays can in-
crease patient mortality substantially. Freischlag et al. showed
that mortality increased from 32% to 70% when therapy was
delayed more than 24 hours (234). With an established diag-
nosis of NSTI, immediate and widespread operative debride-
ment is indicated without waiting for precise determination of
the causative pathogen or the identification of a specific clini-
cal symptom. These patients often require planned, sequential,
repetitive surgical debridement sessions to control the infec-
tion.

When faced with a potential SSI, the first steps in manage-
ment are to remove the appropriate sutures, open and examine
the suspicious portion of the incision, and decide about fur-
ther surgical treatment (235). If the infection is not confined to
the skin and superficial underlying subcutaneous tissue, urgent
surgical exploration and debridement is essential to obtain lo-
cal control of the infection, remove necrotic tissue, and restore
aerobic conditions to prevent further spread of the infection.
Surgical site infection must also be considered the cause of de-
layed or failed wound healing and prompt the same decisions
as described above (235).

Superficial SSIs, which functionally are subcutaneous ab-
scesses, rarely lead to systemic infection and usually do not
make patients seriously ill. Antibiotic therapy is not indicated
for patients who do not have systemic signs of infection. For-
mal surgical intervention is limited to complications such as
loculated abscesses or necrosis of the skin or underlying tissue.
In contrast, deep incisional SSIs typically present with extensive
discomfort in more seriously ill patients. These infections ex-
tend to superficial fascia or beneath, and may cause extensive
tissue necrosis and liquefaction beyond the obvious limits of
the cutaneous signs, making it necessary to explore the wound
formally in the operating room. The clinician must be alert to
the possibility that necrotizing is present. Broad-spectrum an-
timicrobial therapy should be given empirically to cover likely
pathogens, and reassessed following receipt of the microbiol-
ogy report.

Organ/space SSIs occur within a body cavity, are directly
related to a surgical procedure, and may manifest as intra-
abdominal, intrapleural, or intracranial infections. They also
may remain occult or present with few symptoms, mimick-
ing incisional SSIs and leading to inadequate initial treatment,
becoming apparent only when a major complication ensues.
The diagnosis of organ/space SSI usually requires some form
of imaging to confirm the site and extent of infection. Adequate
source control requires a drainage procedure, whether open or
percutaneous.

Experimentally, the value of vacuum-assisted wound closure
was first appraised by Morykwas et al. in a swine model in 1997
(236). VAC optimizes blood flow, decreases tissue edema, and
removes fluid from the wound bed, thereby facilitating the re-
moval of bacteria from the wound. Mechanical deformation of
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the wound promotes tissue expansion to cover the defect, and
subatmospheric pressure in the milieu may trigger a cascade
of intracellular signals that increases the rate of cell division
and formation of granulation tissue (237). The clinical value
of VAC systems has been described only in small case series and
cohort studies, mostly for sternal infections following cardiac
surgery, abdominal wall dehiscence, and the management of
complex perineal wounds, or as a method to secure skin grafts
(238,239). A lack of well-designed randomized, controlled tri-
als precludes more specific recommendations.

PNEUMONIA
The decision to treat pneumonia with an antibiotic is based
on clinical suspicion and microscopic examination of Gram-
stained sputum, as culture data will not become available for
48 to 72 hours. Choice of agent is based on both individual
patient risk factors for infection with MDR organisms and
institution-specific susceptibility data. Antimicrobial therapy
may be withheld safely if the Gram stain reveals no organisms
and the patient has no signs of sepsis (164). Clinical signs of
infection with a negative sputum Gram stain suggest either an
extrapulmonary source of infection or sterile inflammation.

Patients with micro-organisms on Gram stain or clinical
instability should receive empiric therapy for VAP pending
the results of cultures. The primary concern is the adminis-
tration of “adequate therapy,” being collectively at least one
antimicrobial agent to which the pathogen is sensitive, in the
correct dose, via the correct route of administration, and in
a timely manner. Treated patients must be re-evaluated seri-
ally so that therapy is de-escalated to treat only the specific
etiologic pathogen, an end point of therapy may be identified
prospectively and adhered to, or therapy may be discontinued
if cultures are negative and the patient remains stable.

Choice of initial antimicrobial therapy depends not only
on patient risk factors, but also on local (ideally, unit-specific)
microbiologic data, which increases the likelihood that ap-
propriate empiric therapy will be prescribed (240). In gen-
eral, a regimen for patients at risk for infection with an
MDR organism should provide coverage against MRSA, P.
aeruginosa, Acinetobacter spp., and extended-spectrum β -
lactamase (ESBL)-producing Klebsiella spp. At least two drugs
are usually required, one effective against MRSA (e.g., van-
comycin, linezolid) and one effective against MDR Gram-
negative bacilli, particularly P. aeruginosa (e.g., piperacillin-
tazobactam, meropenem).

Increased mortality is associated with inadequate initial an-
timicrobial therapy of VAP (241), due to clinical failure and
the emergence of MDR bacteria. Appropriate initial dosing
is paramount to achieving adequate therapy, for example, of
vancomycin (15 mg/kg q12h), aminoglycosides (gentamicin,
tobramycin 7 mg/kg daily; amikacin 20 mg/kg daily), and flu-
oroquinolones (levofloxacin 750 mg daily; ciprofloxacin 400
mg q8h) (all doses assume normal renal function). Abundant
data now document an association between fluoroquinolone
use and the emergence of VAP caused by MDR pathogens,
particularly Pseudomonas (242–244) and MRSA (245). Flu-
oroquinolone use should be judicious, based on current unit-
specific susceptibility data.

Whereas multidrug empiric therapy is necessary to treat pa-
tients with suspected VAP until culture results become avail-

able, combination therapy of a specific pathogen (e.g., “double-
coverage” of Pseudomonas) is unlikely to provide benefit and
may worsen outcomes. Neither in vitro nor in vivo synergy of
such combination therapy has been demonstrated consistently.
A meta-analysis of β -lactam monotherapy versus β -lactam–
aminoglycoside combination therapy for immunocompetent
patients with sepsis (64 trials, 7,586 patients) found no differ-
ence in either mortality (RR 0.90, 95% CI 0.77–1.06) or the
development of resistance (246). In fact, clinical failure was
more common with combination therapy.

Following initiation of therapy for suspected VAP, lower
respiratory tract cultures may reveal either (a) no growth or
growth below the predetermined threshold value, (b) signif-
icant (above threshold) growth of a “sensitive” pathogen,
or (c) significant growth of an MDR pathogen. Under the
first scenario, antimicrobial therapy may be discontinued if
the patient has not deteriorated (164,247). Under the second
scenario, therapy is de-escalated to a narrow-spectrum agent
active against the pathogen. In the last scenario, the initial
broad-spectrum agent active against the pathogen is contin-
ued.

Once pathogen-specific therapy has been initiated, its dura-
tion must be determined with the goal of avoiding prolonged
and unnecessary administration. Resolution of clinical and ra-
diographic parameters typically lags the eradication of infec-
tion (248). Vidaur et al. found that improved oxygenation and
normothermia occurred within 3 days in VAP patients with-
out ARDS (156). Dennesen et al. observed a clinical response
to therapy (e.g., normalization of temperature, white blood
cell count, arterial oxygen saturation, and decreased bacterial
count in sputum) within 6 days of therapy of VAP (249). A
randomized, multicenter trial of 401 patients (VAP proved by
bronchoscopy and quantitative microbiology) (250) showed an
8-day course (vs. 15 days) of initially appropriate antimicro-
bial therapy to be effective, provided that the patient is stable
and the pathogen is not a nonfermenting Gram-negative bacil-
lus. In select patients (i.e., those unlikely to have VAP based
on a CPIS ≤ 6), a 3-day course of therapy may be effective for
therapy of VAP (251).

Nonresponders to therapy for VAP pose a dilemma (247).
Inadequate therapy, misdiagnosis, or a pneumonia-related
complication (e.g., empyema, lung abscess) must be consid-
ered. The diagnostic evaluation should be repeated, including
quantitative sputum cultures (using a lower diagnostic thresh-
old when interpreting quantitative microbiology given recent
antibiotic exposure). Broadened antibiotic coverage should be
considered until new data become available.

CATHETER-RELATED
BLOODSTREAM INFECTION

The pathogens of CR-BSI are predominantly Gram-positive
cocci, most commonly methicillin-related Staphylococcus epi-
dermidis (MRSE), MRSA, and enterococci. Unfortunately,
MRSE is both the most common cause of CR-BSI and the
most common cause of false-positive blood cultures because
of contamination during the collection process. Most author-
ities consider the isolation of MRSE from a single blood cul-
ture to be a contaminant and do not treat, especially if the pa-
tient has no indwelling hardware that might become infected



Chap t e r 106: Surg ical Infections 1583

secondarily (e.g., prosthetic joint or heart valve). Gram-
negative bacillary pathogens are less common (but seldom are
contaminants), and fungal CR-BSIs are less common in surgical
patients than medical patients.

Treatment is by catheter removal (for peripheral or percu-
taneous central venous catheters) and parenteral antibiotics, at
least initially. It is unclear whether a positive catheter culture
requires therapy beyond catheter removal, absent local signs
of infection or a true-positive blood culture. Catheter-related
bloodstream infections caused by S. aureus probably require at
least 2 weeks of therapy, although some authorities argue for
a longer course (4–6 weeks) because of the risk of metastatic
infection (e.g., pneumonia, endocarditis). Vancomycin or line-
zolid may be chosen for MRSA CR-BSI (or MRSE when treat-
ment is indicated), with daptomycin as an alternative. Therapy
for enterococcal or Gram-negative CR-BSI is dictated by bac-
terial susceptibility, with no clear consensus as to duration of
therapy. Beyond removal of the catheter, treatment of fungal
CR-BSI is controversial; some authorities recommend at least
2 weeks of systemic antifungal therapy.

PERITONITIS
Only about 15% of patients with secondary peritonitis are ill
enough to require ICU care. Severe secondary peritonitis may
follow penetrating intestinal injury that is not recognized or
treated promptly (> 12-hour delay). Other causes include de-
hiscence of a bowel anastomosis with leakage and development

of an intra-abdominal abscess. Secondary peritonitis is polymi-
crobial, with anaerobic Gram-negative bacilli (e.g., Bacteroides
fragilis) predominating, and E. coli and Klebsiella spp. isolated
commonly from community-onset infections. Any of a number
of antibiotic regimens of appropriate spectrum may be pre-
scribed. Enterococci, Pseudomonas, and other bacteria may be
isolated, but do not require specific therapy if the patient is oth-
erwise healthy (e.g., not immunocompromised) and responding
to therapy as prescribed.

When secondary peritonitis develops in a hospitalized pa-
tient as a complication of disease or therapy, the flora are more
likely to reflect MDR pathogens encountered in the hospital
(252–254), and outcomes are worsened if empiric therapy is
not appropriate. For example, enterococci, Enterobacter, and
Pseudomonas are more prevalent, whereas E. coli and Kleb-
siella are less common (Fig. 106.2) (254,255). Antibiotic ther-
apy must be adjusted accordingly, and surgical source control
must be achieved. Failure of two source control procedures
with persistent intra-abdominal collections is referred to as
tertiary peritonitis. Tertiary peritonitis is also characterized by
complete failure of intra-abdominal host defenses (256). There
is controversy whether tertiary peritonitis is a true invasive
infection, or rather peritoneal colonization with incompetent
local host defenses, and thus, whether antibiotics should be
prescribed and if so, for how long. Bacteria isolated in ter-
tiary peritonitis are avirulent opportunists such as MRSE, en-
terococci, Pseudomonas, and Candida albicans, supporting the
incompetent host defense hypothesis. Some authorities recom-
mend management with an open-abdomen technique, so that
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FIGURE 106.2. Microbiology of community-acquired versus health care-acquired intra-abdominal in-
fections. Results from a study in which peritoneal isolates from 67 patients with postoperative peritonitis
were compared to those of 68 patients with community-acquired peritonitis. As a consequence of prior
antimicrobial use, the florae of the peritoneum are altered. Whereas pathogens such as Escherichia coli and
streptococci are more commonly isolated in cases of community-acquired intra-abdominal infection (CA-
IAI), enterococci and Staphylococcus aureus are more prevalent in health care-acquired intra-abdominal
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CD, Belliveau PP, et al. Experience with a once-daily aminoglycoside program administered to 2,184 adult
patients. Antimicrob Agents Chemother. 1995;39:650–655.)
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peritoneal toilet can be provided manually (at the bedside in
some cases) under sedation or anesthesia, until local host de-
fenses recover. There may be no alternative to open-abdomen
management if the infection extends to involve the abdominal
wall and extensive debridement is required.

CLOSTRIDIUM DIFFICILE–
ASSOCIATED DISEASE

C. difficile–associated disease, formerly pseudomembranous
colitis, develops because antibiotic therapy disrupts the balance
of colonic flora, allowing the overgrowth of C. difficile, which
is present in the fecal flora of about 3% of normal hosts. Any
antibiotic can induce this selection pressure, even when given
appropriately as surgical prophylaxis, although clindamycin,
third-generation cephalosporins, and fluoroquinolones have a
predilection (174). Paradoxically, even antibiotics used to treat
CDAD (e.g., metronidazole) have been associated with CDAD.

C. difficile–associated disease is unquestionably a nosoco-
mial infection. Spores can persist on inanimate surfaces for
prolonged periods, and pathogens can be transmitted from pa-
tient to patient by contaminated equipment (e.g., bedpans, rec-
tal thermometers) or on the hands of health care workers. The
alcohol gel that is used increasingly for hand disinfection is not
active against spores of C. difficile; therefore, hand washing
with soap and water is necessary when caring for an infected
patient, or generally during outbreaks.

The clinical spectrum of CDAD is wide, ranging from
asymptomatic (8% of affected patients do not have diarrhea)
to life-threatening transmural pancolitis with perforation and
severe sepsis or septic shock. The typical patient will have
fever, abdominal distention, copious diarrhea, and leukocyto-
sis. Colon hemorrhage is rare, and if observed should prompt
an alternative diagnosis.

Treatment of mild cases consists of withdrawal of the pu-
tative offending antibiotic; oral antibiotic therapy is often pre-
scribed but may or may not be necessary. More severe cases
may require parenteral metronidazole or oral or enteral van-
comycin (by gavage or enema, if ileus precludes oral therapy);
parenteral vancomycin is ineffective. Some patients with se-
vere disease may require a colectomy, usually a total abdominal
colectomy (176). The prevalence of severe disease has increased
markedly with the emergence of a new strain of C. difficile. The
new strain has undergone a mutation of a gene that suppresses
toxin production, such that far more toxin is elaborated, re-
sulting in clinically severe disease (175). More of these patients
will require surgery, but it remains to be determined whether
or how antibiotic therapy should be modified to combat this
dangerous bacterium.

SINUSITIS
Nosocomial sinusitis is a dangerous, closed-space infection that
is increasing in incidence, but is difficult to diagnose and there-
fore controversial as to its actual incidence and importance
(257).

Sinusitis should be suspected in any patient with sepsis,
particularly if initial cultures (e.g., blood, sputum, urine, in-
dwelling vascular catheters) are unrevealing. If sinusitis is sus-
pected, the diagnosis is confirmed by maxillary antral tap,

lavage, and culture using aseptic technique. Gram-positive
cocci, Gram-negative bacilli (including P. aeruginosa), and
fungi (incidence, 8% ) are possible pathogens, so initial therapy
should be based on local susceptibility patterns. Most antibi-
otics achieve adequate tissue penetration. The optimal duration
of therapy is unknown, so it is based on the patient’s clinical
response. Refractory cases may require repetitive lavage of the
sinus, or a formal drainage procedure.

Sinusitis is a predisposing factor for VAP, and may be a
source of lower respiratory tract pathogens. There is 85% con-
cordance between pathogens of sinusitis and pneumonia in pa-
tients who develop VAP subsequently, lending credence to the
hypothesis that purulent sinus drainage inoculates the lower
airway.

PRINCIPLES OF
ANTIBIOTIC THERAPY

Antimicrobial therapy is a mainstay of the treatment of infec-
tions, but widespread overuse and misuse of antibiotics have
led to an alarming increase in MDR pathogens. New agents
may allow shorter courses of therapy and prophylaxis, which
are desirable for cost savings and control of microbial flora. To
provide effective therapy with no toxicity requires an under-
standing of the principles of pharmacokinetics (PK).

Pharmacokine t ic Princip le s

Pharmacokinetics is the principles of drug absorption, distri-
bution, and metabolism (258). Dose-response relationships are
influenced by dose, dosing interval, and route of administra-
tion. Plasma and tissue drug concentrations are influenced by
absorption, distribution, and elimination, which in turn depend
on drug metabolism and excretion. The concentrations may or
may not correlate, depending on tissue penetration. Relation-
ships between local drug concentration and effect are defined
by pharmacodynamic (PD) principles (see below) (258).

Basic concepts of PK include bioavailability, the percentage
of drug dose that reaches the systemic circulation. Bioavailabil-
ity is 100% after intravenous administration, but is affected
by absorption, intestinal transit time, and the degree of hepatic
metabolism after oral administration. Half-life (T1/ 2), the time
required for the drug concentration to reduce by one half, re-
flects both clearance and volume of distribution (VD) (258), and
is useful to estimate for interpretation of drug concentration
data. The proportionality constant VD, a derived parameter of
no particular physiologic significance that is independent of a
drug’s clearance or T1/ 2 , is useful for estimating the plasma drug
concentration achievable from a given dose. Volume of distri-
bution varies substantially due to pathophysiology; reduced VD
causes a higher plasma drug concentration for a given dose,
whereas fluid overload and hypoalbuminemia (which decrease
drug binding) increase VD, making dosing more complex.

Clearance refers to the volume of liquid from which drug
is eliminated completely per unit of time, whether by tissue
distribution, metabolism, or elimination; knowledge of drug
clearance is important for determining the dose of drug nec-
essary to maintain a steady-state concentration. Drug elimina-
tion may be by metabolism, excretion, or dialysis. Most drugs
are metabolized by the liver to polar compounds for eventual
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renal excretion, which may occur by filtration or either active
or passive transport. The degree of filtration is determined by
molecular size and charge and by the number of functional
nephrons. In general, if ≥ 40% of administered drug or its ac-
tive metabolites is eliminated unchanged in the urine, decreased
renal function will require a dosage adjustment.

Pharmacod ynamic Princip le s

Pharmacodynamics (PD) is unique for antibiotic therapy, be-
cause drug–patient, drug–microbe, and microbe–patient inter-
actions must be accounted for (258). In contrast to most drug
treatments, the key drug interaction is not with the host, but
with the microbe. Microbial physiology, inoculum size, micro-
bial growth phase, mechanisms of resistance, the microenvi-
ronment (e.g., local pH), and the host’s response are important
factors. Because of microbial resistance, mere administration
of drug may not be microbicidal.

Antibiotic PD parameters determined by laboratory anal-
ysis include the minimal inhibitory concentration (MIC), the
lowest serum drug concentration that inhibits bacterial growth
(MIC90 refers to 90% inhibition). However, some antibiotics
may suppress bacterial growth at subinhibitory concentrations
(postantibiotic effect [PAE]). Appreciable PAE can be observed
with aminoglycosides and fluoroquinolones for Gram-negative
bacteria, and with some β -lactam drugs (notably carbapen-
ems) against S. aureus. However, MIC testing may not detect
resistant bacterial subpopulations within the inoculum (e.g.,
“heteroresistance” of S. aureus) (259, 260). Moreover, in vitro
results may be irrelevant if bacteria are inhibited only by drug
concentrations that cannot be achieved clinically.

Sophisticated analytic strategies utilize both PK and PD,
for example, by determination of the peak serum concen-
tration:MIC ratio, the duration of time that plasma concen-
tration remains above the MIC, and the area of the plasma
concentration-time curve above the MIC (the area under
the curve [AUC]) (261). Accordingly, aminoglycosides exhibit
concentration-dependent killing (262,263), whereas β -lactam
agents exhibit efficacy determined by time above the MIC
(264). For β -lactam antibiotics with short T1/ 2 , it may be effi-
cacious to administer by continuous infusion (265,266). Some
agents (e.g., fluoroquinolones) exhibit both properties; bacte-
rial killing increases as drug concentration increases up to a
saturation point, after which the effect becomes concentration
independent.

Emp iric Ant ib io t ic The rap y

Empiric antibiotic therapy must be administered carefully. In-
judicious therapy could result in undertreatment of established
infection, or unnecessary therapy when the patient has only
inflammation or bacterial colonization; either may be delete-
rious. Inappropriate therapy (e.g., delay, therapy misdirected
against usual pathogens, failure to treat MDR pathogens) leads
unequivocally to increased mortality (141,241,267,268).

Strategies have been promulgated to optimize antibiotic
administration, including reliance upon physician prescribing
patterns, computerized decision support (269), administration
by protocol (140,270–275), and formulary restriction pro-
grams. Owing to the increasing prevalence of MDR pathogens,

it is crucial for initial empiric antibiotic therapy to be targeted
appropriately, administered in sufficient dosage to ensure bac-
terial killing, narrowed in spectrum (de-escalation) (276) as
soon as possible based on microbiology data and clinical re-
sponse, and continued only as long as necessary. Appropri-
ate antibiotic prescribing not only optimizes patient care, but
also supports infection control practice and preserves microbial
ecology (276).

Choice of Ant ib io t ic

Antibiotic choice is based on several interrelated factors (Table
106.10). Paramount is activity against identified or likely (for
empiric therapy) pathogens, presuming infecting and coloniz-
ing organisms can be distinguished, and that narrow-spectrum
coverage is always desired. Estimation of likely pathogens de-
pends on the disease process believed responsible; whether the
infection is community, health care, or hospital acquired; and
whether MDR organisms are present. Local knowledge of an-
timicrobial resistance patterns is essential, even at the unit-
specific level. Patient-specific factors of importance include age,
debility, immunosuppression, intrinsic organ function, prior al-
lergy or other adverse reaction, and recent antibiotic therapy.
Institutional factors of importance include guidelines that may
specify a particular therapy, formulary availability of specific
agents, outbreaks of infections caused by MDR pathogens, and
antibiotic control programs.

Numerous agents are available for therapy (Table 106.11)
(277–279). Agents may be chosen based on spectrum, whether
broad or targeted (e.g., antipseudomonal, antianaerobic), in
addition to the above factors. If a nosocomial Gram-positive
pathogen is suspected (e.g., wound or surgical site infection,
CR-BSI, pneumonia) or MRSA is endemic, empiric vancomycin
(or linezolid) is appropriate. Some authorities recommend
dual-agent therapy for serious Pseudomonas infections (i.e.,
an antipseudomonal β -lactam drug plus an aminoglycoside),
but evidence of efficacy is lacking (247). It is important to use
at least two antibiotics for empiric therapy of any infection that
may be caused by either a Gram-positive or Gram-negative in-
fection (e.g., nosocomial pneumonia) (248).

Ant ifung al Prop hylaxis and The rap y
The incidence of invasive fungal infections is increasing
among critically ill surgical patients. Several conditions are

TA BLE 1 0 6 . 1 0

FACTORS INFLUENCING ANTIBIOTIC CHOICE

Activity against known/suspected pathogens
Disease believed responsible
Distinguish infection from colonization
Narrow-spectrum coverage most desirable
Antimicrobial resistance patterns
Patient-specific factors

Severity of illness
Age
Immunosuppression
Organ dysfunction
Allergy

Institutional guidelines/restrictions



1586 Sect ion XI: Infectious Disease

TA BLE 1 0 6 . 1 1

ANTIBACTERIAL AGENTS FOR EMPIRIC USE

ANTIPSEUDOMONAL
Piperacillin-tazobactam
Cefepime, ceftazidime
Imipenem, meropenem
? Ciprofloxacin, levofloxacin (depending on local

susceptibility patterns)
Aminoglycoside

TARGETED SPECTRUM
Gram positive
Glycopeptide
Lipopeptide (not for known/suspected pneumonia)
Oxazolidinone
Gram negative
Third-generation cephalosporin (not ceftriaxone)
Monobactam
Antianaerobic
Metronidazole

BROAD SPECTRUM
Piperacillin-tazobactam
Carbapenems
Fluoroquinolones
Tigecycline (plus an antipseudomonal agent)

ANTIANAEROBIC
Metronidazole
Carbapenems
β -Lactam/β -lactamase combination agents
Tigecycline

predictors for invasive fungal infection complicating critical
illness, including intensive care unit length of stay, altered
immune responsiveness, and the number of medical devices
placed. Neutropenia, diabetes mellitus, new-onset hemodial-
ysis, total parenteral nutrition, broad-spectrum antibiotic ad-
ministration, bladder catheterization, azotemia, diarrhea, and
corticosteroid therapy are also associated with invasive fungal
infection (122,154).

Durat ion of The rap y

The end point of therapy is largely undefined, in part because
quality data are few (140,249,280). If cultures are negative,
empiric antibiotic therapy should be stopped in most cases. Un-
necessary antibiotic therapy in the absence of infection clearly
increases the risk of MDR infection; therefore, therapy beyond
48 to 72 hours with negative cultures usually is unjustifiable.
The morbidity of antibiotic therapy includes allergic reactions,
development of nosocomial superinfections (e.g., fungal, en-
terococcal, and C. difficile–related infections), organ toxicity,
promotion of antibiotic resistance, reduced yield from subse-
quent cultures, and induced vitamin K deficiency with coagu-
lopathy or accentuation of warfarin effect.

If bona fide evidence of infection is evident, then treatment is
continued as indicated clinically. Some infections can be treated
with therapy lasting 5 days or less. Every decision to start an-
tibiotics must be accompanied by a decision regarding the du-
ration of therapy (66). A reason to continue therapy beyond the

predetermined end point must be compelling. Bacterial killing
is rapid in response to effective agents, but the host response
may not subside immediately. Therefore, the clinical response
of the patient should not be the sole determinant for continua-
tion of therapy. If a patient still has SIRS at the predetermined
end of therapy, it is more useful to stop therapy and obtain
new cultures to look for persistent or new infection, resistant
pathogens, and noninfectious causes of SIRS. Seldom should
antibacterial therapy continue for more than 7 to 10 days. Ex-
amples of bacterial infections that require more than 14 days
of therapy include tuberculosis of any site, endocarditis, os-
teomyelitis, and selected cases of brain abscess, liver abscess,
lung abscess, postoperative meningitis, and endophthalmitis.
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APPENDIX A. ABBREVIATIONS

ARDS Acute respiratory distress syndrome
AUC Area under curve
BAL Bronchoalveolar lavage
CASS Continuous aspiration of subglottic secretions
CI Confidence interval
CDAD Clostridium difficile–associated disease
CFU Colony forming units
CNS Central nervous system
CPAP Continuous positive airway pressure
CPIS Clinical pulmonary infection score
CR-BSI Catheter-related bloodstream infection
CSF Cerebrospinal fluid
CT Computerized tomography
CXR Chest radiograph
EA Endotracheal suction aspiration
ERCP Endoscopic retrograde

cholangiopancreatography
ESBL Extended-spectrum β -lactamase
EVD Extraventricular drain
ICU Intensive care unit
MDR Multidrug resistant
MIC Minimal inhibitory concentration
MIC90 90% inhibition
MRCP Magnetic resonance cholangiopancreatography
MRI Magnetic resonance imaging
MRSA Methicillin-resistant Staphylococcus aureus
MRSE Methicillin-related S. epidermis
NAP1 North American pulse-field gel electrophoresis

type 1
NIPPV Noninvasive positive pressure ventilation
NNIS National Nosocomial Infections Surveillance

System
NSTI Necrotizing soft tissue infection
OR Odds ratio
PAE Postantibiotic effect
PD Pharmacodynamic
PICC Peripherally inserted central catheters
PK Pharmacokinetic
PSB Protected specimen brush
PTC Plugged telescoping catheter
PTC Percutaneous transhepatic

cholangiopancreatography
RR Relative risk
SCIP Surgical care improvement project
SDD Self-decontamination of the digestive tract
SIRS Systemic inflammatory response syndrome
SSI Surgical site infections
T1/ 2 Half-life
US Ultrasound
UTI Urinary tract infection
VAP Ventilator-associated pneumonia
VD Volume of distribution
VRE Vancomycin-resistant enterococci
VAC Vacuum-assisted closure
WBC White blood count





CHAPTER 107 ■ SKIN WOUNDS AND
MUSCULOSKELETAL INFECTION
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WOUND CLASSIFICATION

Surg ical Sit e Infe ct ions

In the United States alone, an estimated 27 million surgical
procedures are performed annually (1). Surgical site infections
(SSIs) are the third most common nosocomial infection in most
hospitalized patients accounting for 14% to 16% (Fig. 107.1).
Among surgical patients, SSIs were the most common nosoco-
mial infection, accounting for 38% of infections. Whereas 66%
of the SSIs remained confined to the incision site, the remainder
involved organs or spaces accessed during the surgical proce-
dure. In 1980 it was estimated that a SSI increased hospital stay
by 10 days and cost an additional $2,000 per patient (2). By
1992 that number had decreased to 7.5 days’ increased stay;
however, the cost had increased to $3,152 per patient. All told,
the contribution to the cost of health care in the United States
is calculated at 130 to 180 million dollars per year (3). The
effects of SSIs are not only felt locally, such as tissue destruc-
tion, pain, scar formation, septic thrombophlebitis, but also
extend systemically to septicemia, shock, organ dysfunction,
and death.

Ce nt e r for Dise ase Cont rol (CDC) Classificat ion
of Surg ical Sit e Infe ct ions

Superficial Incisional SSIs. Infection occurs within 30 days of
surgery and involves only skin or subcutaneous tissue with the
following:

1. Purulent drainage
2. Presence of organisms in drainage
3. Pain or tenderness, swelling, redness

Deep Incisional SSIs. Infection within 30 days of surgery, or
within 1 year if implant is present. Infection involves deep soft
tissues with the following:

1. Purulence from deep incision, not the organ space of oper-
ation

2. Dehiscence of deep incision or opened wound by surgeon
due to symptoms of fever, pain, tenderness

3. Abscess found on direct exam or reoperation

Organ/Space SSIs. Infection within 30 days of surgery, or
within 1 year if implant is present. Infection involves any part
of the anatomy other than the incision opened during operation
with the following:

1. Purulence from a surgically placed drain in the organ space

2. Positive cultures from that organ space
3. Abscess found on direct exam or reoperation

Purulence alone is not a hallmark of an infected wound. If
purulence is present, however, a wound can be considered in-
fected, even if confirmatory cultures are negative. The absence
of confirmatory pathogens can be as a result of inadequate tech-
niques of culture, the patient’s current antimicrobial therapy,
or a particularly fastidious organism. Patients with immuno-
logic dysfunction or those who are granulocytopenic may not
always produce purulent material.

Surgical wounds are grouped into four classes, each with its
infection risk (Table 107.1):

Class I (clean): An uninfected operative wound in which
no inflammation is encountered and the respiratory, alimen-
tary, genital, or uninfected urinary tract is not entered. In
addition, clean wounds are primarily closed and, if nec-
essary, drained with closed drainage. Operative incisional
wounds that follow nonpenetrating (blunt) trauma should
be included in this category if they meet the criteria.

Class II (clean to contaminated): An operative wound
in which the respiratory, alimentary, genital, or urinary
tracts are entered under controlled conditions and with-
out unusual contamination. Specifically, operations involv-
ing the biliary tract, appendix, vagina, and oropharynx are
included in this category, provided no evidence of infection
or major break in technique is encountered.

Class III (contaminated): These include open, fresh, ac-
cidental wounds. In addition, operations with major breaks
in sterile techniques (e.g., open cardiac massage) or gross
spillage from the gastrointestinal tract, and incisions in
which acute nonpurulent inflammation is encountered.

Class IV (dirty to infected): Old traumatic wounds with
retained devitalized tissue and those that involve existing
clinical infection or perforated viscera. The organisms caus-
ing postoperative infection were present in the operative
field before the operation.

Risk Fact ors

All surgical wounds are at risk for infection. It is important to
be aware of the risk factors and if possible to take as many pre-
ventative measures as possible that will have a positive impact.
The National Nosocomial Infection Surveillance (NNIS) sys-
tem was developed in the early 1970s to monitor the incidence
of health care–associated infections (HAIs) and their associ-
ated risk factors and pathogens. NNIS has identified wound
infection risk factors as the following:
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Skin

Subcutaneous
tissue

Superficia l
incis iona l

SSI

Deep incis iona l
SSI

Deep soft tis sue
(fascia  & muscle )

Organ/Space

Organ/Space
SSI FIGURE 107.1. Surgical site infections (SSI) categorized by

depth of involvement.

a. Wound classified as contaminated or dirty
b. A patient with an ASA (American Society of Anesthesiolo-

gists) score of 3, 4, or 5 prior to operation
c. A procedure lasting longer than T hours, where T represents

the 75th percentile of duration of time expected for that
surgery

To identify a patient’s risk index category (RIC), each factor,
if present, receives a score of 1, with a range between 0 and
3. SSI rates by operative procedure category and risk index are
published in NNIS source documents.

The NNIS also publishes recommendations for reducing the
risk of SSIs. The weight of these recommendations are based
on the scientific evidence used to support the conclusions:

1. Category IA: Strongly recommended for implementation
and supported by well-designed experimental, clinical, or
epidemiologic studies

2. Category IB: Strongly recommended for implementation
and supported by some experimental, clinical, or epidemio-
logic studies and strong theoretical rationale

3. Category II: Suggested for implementation and supported by
suggestive clinical or epidemiologic or theoretical rationale

4. No recommendation or unresolved issue: Practice for which
insufficient evidence or no consensus regarding efficacy ex-
ists

TA BLE 1 0 7 . 1

SURGICAL WOUND CLASSIFICATION AND RISK OF
INFECTION (IF NO ANTIBIOTICS USED)

Classification Description Infection risk (%)

Class I Clean < 2
Class II Clean to Contaminated < 10
Class III Contaminated 20
Class IV Dirty 40

Category IA recommendations for SSI prevention:

■ Treat remote infection before performing an elective opera-
tion.

■ Do not remove hair from operative sites unless it interferes
with surgery and then only use electric clippers just prior to
surgery.

■ Select an agent with efficacy against the suspected organ-
ism, making sure the therapeutic serum levels exist from the
beginning of the operation. Mechanical preparation of the
colon with enemas and cathartics before elective colorectal
operations and the use of nonabsorbable oral antimicrobials
the day before operation have been beneficial.

Category IB recommendations for SSI prevention:

■ Control serum glucose prior to operation.
■ Cease tobacco use 30 days prior to operation.
■ Shower night before surgery.
■ Prepare operative site with an antiseptic skin agent.
■ Do not routinely use vancomycin for antimicrobial prophy-

laxis.
■ The operative team should keep nails short and not wear

artificial nails.
■ A 2- to 5-minute preoperative surgical scrub for the surgical

team should occur.

Category II recommendations for SSI prevention:

■ Prepare skin in concentric circles from the incision site out-
wards.

■ Keep preoperative stay in the hospital as short as possible.
■ Clean underneath each fingernail prior to performing first

scrub of the day.
■ Do not wear hand or arm jewelry.
■ Limit the number of personnel entering the operating room.

No recommendation or unresolved issue: Restriction of scrub
suits to the operating suite, or coverage of scrub suits outside
of theater.
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Pre ssure / De cub it us Ulce rs

From the Latin decumbere, “ to lie down,” the term decubitus
has been applied to any area that develops an ulcer secondary
to prolonged pressure between a bony prominence and an un-
yielding surface. Thus the term pressure ulcer is a more accurate
description. Although an issue of long duration, it appears to
be first addressed in scientific writing in the 19th century.

To overcome arterial and capillary hydrostatic pressure and
develop subsequent tissue necrosis with ulceration, an individ-
ual must be subjected to 32 mm Hg pressure at the level of
the ischium, sacrum, or heels for a prolonged period of time,
usually exceeding 2 hours as reported by Lindan et al. (4). The
points of greatest pressure with a supine patient are seen over
the sacrum, heel, and occiput at 40 to 60 mm Hg (Fig. 107.2).

With the body in a prone position, the chest and knees ab-
sorb the greatest pressure, which may be 50 mm Hg. When
the patient is sitting, the ischial tuberosities are under the most
pressure, measured at near 100 mm Hg (Fig. 107.3).
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Fee t, especia lly the
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FIGURE 107.3. Pressure points in sitting position.

If sensation is intact, ulceration usually will not occur as
the incipient pain would lead to a change in position by the
patient. This occurs during the sleep cycle.

The risk factors associated with pressure ulcer development
can be divided into external and internal causes. Externally, the
patient might be subjected to a constant pressure for a period of
time, or friction exists between exposed skin and a surface that
remains static, or a region remains moist and may have desqua-
mation, leading to a loss of the epithelial protective mechanism
(Fig. 107.4). The placement of splints can also alter a patient’s
ability to change position in response to pressure-related pain
or in itself may cause pressure necrosis. The administration
of sedatives or paralytics can also remove the normal feed-
back pathways that exist to prevent pressure ulcer formation.
Internally, factors responsible for pressure ulceration include
malnutrition (serum albumin levels less than 3.0 g/dL preop-
eratively), anemia, and/or endothelial dysfunction. Diabetes,
peripheral vascular disease, and episodes of hypotension also
increase the risk as do sensory deficits in patients with plegia
or paresis. Patients with dementia may also not be sensitive to
the importance of changing position frequently and may also
be more prone to pressure ulceration.

Buttock

Surface  of bed,
cha ir or clothes

Shearing Spine

Coccyx or
ta il bone

FIGURE 107.4. Shearing effect.
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Most patients with pressure ulcers (66% ) are older than 70
years old, with a prevalence rate in nursing homes of 17% to
28% . In contrast, patients admitted with an acute illness have
an incidence rate of 3% to 11% . In both subsets of patients,
recurrence rates as high as 90% may be seen. The operating
room, where patients are immobile is a high-risk area, and there
is a report that up to 25% of all pressure ulcers are instigated
there (5).

Anatomic sites affected are primarily the hip and buttocks
(67% of the cases involve ischial, trochanteric, and sacral
tuberosity); 25% in malleolar, heel, patellar, or pretibial area;
with the remainder occurring on the nose, chin, occiput, chest,
back, or elbow. In paraplegic patients, pressure ulcers are a
leading cause of death, responsible for an 8% mortality rate
(6). Overall an estimated 60,000 people die each year from a
pressure ulcer complication. The health care cost in the United
States alone per year is in excess of $1 billion (7).

Several scoring systems are used to grade the risk for ulcer-
ation. The Braden scale is a summation rating scale made up of
six subscores consisting of sensory perception, moisture, activ-
ity, mobility, nutrition, and friction/shear, each ranging from 1
to 3 or 4 points, with total scores ranging from 6 to 23. The
subscores measure the functional capabilities of the patient that
contribute to either higher intensity and duration of pressure or
lower tissue tolerance for pressure. A lower Braden score indi-
cates lower levels of functioning with a higher risk for pressure
ulcer development

The Daniels classification looks at muscle and subcutaneous
tissue breakdown, which occurs before dermal and epidermal
changes are observed. Epidermal necrosis occurs later because
epidermal cells are able to better withstand prolonged absence
of oxygen than cells in the deeper tissues both in vivo and
in vitro (8). Once skin damage is visible, irreversible internal
damage may have already occurred (9).

Shea staging describes ulcers that start superficially and
progress to deeper structures:

■ Grade I: limited to superficial epidermis and dermis
■ Grade II: Involving the epidermis and dermis and extending

to the adipose tissue
■ Grade III: Extending through the superficial structures and

adipose tissue down to muscle
■ Grade IV: Complete soft tissue destruction down to bone

Currently the most widely accepted classification system for
pressure ulcers is that produced by the National Pressure Ul-
cer Advisory Panel (NPUAP). Considered to be a modification
of the Shea system, it is used only to determine initial depth,
and is not a system to follow the natural history of the ulcer. It
is also limited by the presence of eschar, which will mask the
underlying damage. Stage I represents intact skin with signs of
impending ulceration. Clinically, this may consist of blanchable
erythema from reactive hyperemia that should resolve within
24 hours of relief of pressure. Warmth and induration may
also be present. Continued pressure creates erythema that does
not blanch. This may be the first outward sign of tissue de-
struction. As pressure necrosis increases, the skin may appear
white from ischemia. With proper treatment, resolution should
be expected in 5 to 10 days (10). Stage II represents a partial-
thickness loss of skin involving epidermis and possibly dermis.
This lesion may present as an abrasion, blister, or superficial
ulceration, with pigmentation changes. These too represent a
reversible condition. Stage III represents a full-thickness loss of

skin with extension into subcutaneous tissue but not through
the underlying fascia. This lesion presents as a crater with or
without undermining of adjacent tissue. On examination this
will appear as a necrotic, foul-smelling crater with altered light
and dark pigmentation. Stage IV represents full-thickness loss
of skin and subcutaneous tissue and extension into muscle,
bone, tendon, or joint capsule. Osteomyelitis with bone de-
struction, dislocations, or pathologic fractures may be present.
Sinus tracts and severe undermining commonly are present.

Tre at me nt

All modalities of care for pressure ulcers fall along four paths:

1. Pressure reduction: Frequent turning and repositioning the
patient at least every 2 hours. Historically, this was adopted
because of nursing issues (it took 2 hours for the nurse to
rotate all ward patients). Currently, there is debate in the
literature as to this being an adequate amount of time. In ad-
dition to positioning, mattresses that reduce pressure, such
as low-air-loss and air-fluidized beds should be used for pa-
tients with stage III and IV ulcers, whereas for stage I and
II ulcers, the use of static mattresses such as air, foam, or
water overlays are the most beneficial.

2. Wound management: Once an ulcer has developed, removal
of dead tissue and debris, drainage, and protecting the sur-
rounding healthy tissue are the goals. The pressure needed
to clean wounds with no necrotic material is 2 to 5 pounds
per square inch (psi). If necrotic debris is present, the pres-
sure required increases by a factor of 2 to 3. The old wound
dictum—if it is dry, wet it; if it is wet, dry it—has some
validity here. A draining wound needs either a hydrocol-
loid or alginate, whereas a wound without drainage will re-
spond to simple moist gauze; the surrounding skin of both
need to be kept lubricated, but not wet, to reduce friction.
Negative pressure therapy enhances wound healing by re-
ducing edema, increasing the rate of granulation tissue for-
mation, and stimulating circulation. Increased blood flow
translates into a reduction in the bacterial load and deliv-
ery of infection-fighting leukocytes (11). However, there are
significant contraindications for the use of vacuum-assisted
or negative pressure therapy including malignancy of the
wound, untreated osteomyelitis, nonenteric fistulas, and ex-
posed vessels, organs, or nerves (12). Various dressing cate-
gories are presented in Table 107.2.

3. Surgical intervention: Debridement is the process of remov-
ing devitalized tissue. Stage III and IV ulcers will require
some form of debridement, whether it is from surgical, au-
tolytic, mechanical, or via enzymatic means. The patient’s
wound and overall status will dictate the means of debride-
ment, a more stable patient receiving a more aggressive
means of removing the necrotic material. In 1938, Davis (13)
was the first to suggest replacing the unstable scar of a healed
pressure sore with a flap of tissue. In 1947, Kostrubala and
Greeley recommended excising the bony prominence and
adding padding for the exposed bone with local fascia or
muscle-fascia flaps. In addition, larger wounds may respond
only to the placement of flaps, either fasciocutaneous or
musculocutaneous. Flap failure can be seen after insufficient
excision of soft tissue and bone, and if systemic factors such
as nutritional status are suboptimal.
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DRESSING CATEGORIES

Category Properties/Uses

Alginates Absorption of drainage, dead space
obliteration, autolysis of necrotic
material

Foams Absorption of drainage, dead space
obliteration, mechanical
debridement, moisture retention

Gauzes Absorption of drainage, dead space
obliteration, mechanical
debridement, moisture retention

Hydrocolloids Dead space obliteration, autolysis of
necrotic material, moisture retention

Vacuum-assisted
closure

Dead space obliteration, induction of
granulation

Ostomy appliances Drainage diversion

4. Nutritional support: Malnourished patients have a higher
susceptibility for ulcer formation. Once formed these pa-
tients also have a diminished ability to heal or to prevent
further ulcer formation in other sites. Patients with serum
albumin levels less than 3 mg/dL may be candidates for sup-
plemental feedings via enteral or parenteral routes

PRIMARY BACTERIOLOGIC
INFECTIONS

Skin and soft tissue infections are usually easily treated but have
the potential of being lethal. Any break in the usual protection
of the integument such as occurs with a cut, scrape, insect bite,
splinter, or traumatic injury allows bacteria to enter underlying
tissues. Although a scrape or a cut will not usually result in a
cellulitis, a tender, firm, painful, and rapidly expanding area of
redness on the skin surrounding violation of the skin barrier
should be a cause for concern. Red streaks between lymph
node–bearing areas may be visible, and this is indicative of a
potentially spreading infection. Certain areas are more prone in
becoming infected depending on the age group, such as facial
cellulitis occurring more commonly in adults older than 50
years and in children 6 months to 3 years of age.

Most common causative organisms in skin infections are
group A β -hemolytic streptococci and Staphylococcus aureus.
Depending on the source of contamination and whether the pa-
tient is immunocompromised, Gram-negative rods and fungus
can be seen. If the insult occurs during exposure to fresh water,
the causative organism may be Aeromonas, a Gram-negative
rod.

Predisposing states in which a minor break in the skin bar-
rier leads to a significant infection include those patients with
diabetes, immunodeficiency, varicella; venous, arterial or lym-
phatic insufficiency, such as that seen after lymphatic removal
during mastectomy; or vein stripping for varicosities.

Treatment of uncomplicated cellulitis begins with removing
the nidus of infection, cleansing the wound with an antiseptic
agent, dressing the wound with an antiseptic ointment if in-
dicated, and considering a course of oral antibiotics, such as
dicloxacillin, 500 mg PO (orally) four times a day for 7 days, or

FIGURE 107.5. Erysipelas.

cephalexin, 500 mg PO four times a day for 7 days. For patients
with a suspected or known penicillin allergy, clindamycin, 400
mg, is given PO four times a day (14).

Erysip e las

Erysipelas (Fig. 107.5) is a form of cellulitis that affects the
epidermis primarily extending into the cutaneous lymphatics.
During the Middle Ages, it was referred to as St. Anthony’s
fire, named after the Egyptian healer who was successful in
treating this condition. It shares the same underlying cause as
cellulitis with bacterial inoculation into an area of skin vio-
lation. It is more commonly seen in children and the elderly.
Erysipelas differs from cellulitis in that the inflamed area is dis-
tinct from the surrounding skin, being raised and demarcated.
Erysipelas is often found on the face; however, it can also de-
velop on the arms and legs. Sometimes the skin will have what
is called a peau d’orange, or orange peel, look to it. As with
cellulitis, streptococcus is the primary organism identified with
its toxin responsible for the brisk inflammation associated with
this condition.

Treatment consists of elevation of the affected extremity,
penicillin, 250 to 500 mg PO or 0.6 to 1.2 million Units intra-
muscularly, given every 4 to 6 hours for a 10- to 20-day course.
In cases of penicillin allergy, a macrolide or cephalosporin usu-
ally suffices. If the area affected becomes ulcerated, saline dress-
ings changed every 12 hours will assist with wound closure.

Imp e t ig o

Also known as pyoderma, impetigo (Fig. 107.6) is the most
common bacterial infection of the skin seen. It is contagious
and can happen at any age but is more common in young
children. Patients report skin lesions, often with associated
adenopathy, with minimal systemic signs and symptoms. Im-
petigo may present in two forms: small vesicles with a honey-
colored crust known as impetigo contagiosa, or purulent-
appearing bullae, known as bullous impetigo. Most commonly
caused by S. aureus, group A beta-hemolytic strep is also com-
monly seen in the over-2-year-old population. Warm tempera-
tures, humidity, poor hygiene, and crowded living conditions
can exacerbate the spread of impetigo. When associated with
lymphadenitis in deeper infections, the term ecthyma is given.
Topical mupirocin (Bactroban) applied three times a day for
5 days is successful in treating > 90% of cases and is more
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FIGURE 107.6. Impetigo due to Staphylococcus aureus in a 68-year-
old diabetic who fell onto concrete while walking and developed this
lesion after 6 days. This resolved with conservative care and antibiotics.

effective than oral erythromycin (2). Lesions usually resolve
completely within 7 to 10 days.

CUTANEOUS FUNGAL INFECTIONS
The most common important fungal infections that occur in the
ICU setting are for the most part due to Candida, especially al-
bicans, glabrata, and tropicalis (2). In immunocompromised or
morbidly obese patients, this usually manifests itself as cuta-
neous moniliasis and can be treated with topical powders or
ointments. Vaginitis, of course, should be treated with suppos-
itories, and funguria is addressed by removing or replacing the
urinary catheter, which will be successful in about one third of
patients.

MUSCULOSKELETAL INFECTIONS
First described in 1848, deep soft tissue infection remained a
disease of unknown cause until 1920 when Meleney identified
20 patients in China in whom a hemolytic streptococcus was
identified in the wounds. In Meleney gangrene, there is exten-

Break in skin integrity 
↓ 

Wound contamination with anaerobic and/or aerobic necrotizing bacteria 
↓ 

Edema 
↓ 

Tissue hypoxia 
↓ 

Release of exotoxins  
↓ 

Necrosis of fat, subcutaneous tissue, and muscle 
Production of hydrogen sulfide and carbon dioxide as a result. 

↓ ↑
Decreased blood flow   Liquefactive necrosis of tissues due 
Causing further tissue hypoxia ↓ to enzymes from anaerobic bacteria. 

FIGURE 107.7. Pathophysiology of necrotizing fasciitis.

sive necrosis of the skin and subcutaneous tissue caused by
synergistic infection between microaerobic staphlococcal and
hemolytic streptococcal infection.

The term necrotizing fasciitis (NF) was first coined in 1952
by Wilson (15) and involves the underlying fascia and subcuta-
neous tissue and spares the muscle. Myositis results in muscle
involvement, which becomes exquisitely tender and indurated.
The muscle involvement leads to elevation of the creatine phos-
phokinase and can spread over several hours to contiguous
muscle groups, thus heightening the need for early diagnosis
and treatment. Fournier’s gangrene is listed here as a separate
entity due to its predilection for the perineum.

All of these subgroups have in common pathogenicity with
the organisms spreading from subcutaneous tissues to both su-
perficial and deep fascial planes (Figs. 107.1 and 107.7). The
local effect is vascular occlusion, ischemia, and necrosis. The
systemic effect is sepsis, end organ dysfunction with a mor-
tality rate as high as 75% with Fournier’s gangrene (16) and
up to 100% in patients with multiple organ failure. Mortality
rate varies with age and extent of involvement (17) with sur-
vivors being younger. The male:female ratio of affliction ranges
2 to 3:1.

Typ e s of Ne cro t izing Fasciit is

Table 107.3 presents types of necrotizing fasciitis. Further de-
tails are discussed in the paragraphs that follow.

TA BLE 1 0 7 . 3

SUBTYPES OF NECROTIZING FASCIITIS (NF)

Subtype Organisms present Treatment Mortality

Type I Gram-negative, gram-positive,
aerobes and anaerobes

Antibiotics, penicillin,
clindamycin, debridement

Without organ dysfunction,
25% ; with organ dysfunction,
75% ; dependent on age

Type II Streptococcus Antibiotic, cessation of NSAID
use, debridement

Same as above

Type III Clostridium perfringens,
Clostridium septicum

Wide local debridement,
hyperbaric oxygen,
immunoglobulin, antibiotics

75%

Fournier’s Polymicrobial, same as type III Wide local debridement,
hyperbaric oxygen, antibiotics

75%
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C
FIGURE 107.8. A–C: Meleney’s synergistic gangrene in a 45-year-old pipe
layer who noticed initially a wheal and subsequently required incision and
drainage for beta-hemolytic streptococcus.

a. Type I (polymicrobial): Usually occurring after injury or
surgery, it can be misdiagnosed as a simple cellulitis; how-
ever, as tissue necrosis and hypoxia continue, pain and sys-
temic symptoms of fever, chills, and malaise increase as the
underlying tissue liquefies while the overlying skin may show
minimal changes. In the late stages, extension into the mus-
cle itself occurs. Over 2 to 3 days erythema increases, with
occasional bullae formation. Cultures may reveal a combi-
nation of aerobic and anaerobic organisms. Deep soft tis-
sue infection of the perineum is termed Fournier’s gangrene
(15). Many of these patients have predisposing systemic is-
sues such as diabetes or the presence of immunosuppressed
states. Histologically, thrombosis of blood vessels and abun-
dant bacteria with many polymorphonuclear cells are typi-
cally seen.

b. Type II (group A streptococcal) (Figs. 107.8A–C and
107.9A,B): Also known familiarly as ‘flesh-eating bacteria’
or as Meleney’s synergistic gangrene. As with type I, a nearly
normal appearing overlying skin may result in a delay in
diagnosing the underlying ongoing necrosis. A simple inci-
sion into the region affected can demonstrate drainage or
even gas in advanced cases. Other predisposing factors in-
clude varicella infection and the use of nonsteroidal anti-
inflammatory drugs (NSAIDs) (18). NSAID use is seen as an
immunomodulator, which may predispose to this condition.

With type II there is an association with the streptococcal
toxic shock syndrome, similar to its staphylococcal coun-
terpart except for the presence of necrosis as the precipitant
event.

c. Type III (gas gangrene/clostridial myonecrosis): A rapidly
progressive infection coined necrotizing fasciitis, it is most
commonly caused by C. perfringens and less frequently by C.
septicum . Most cases arise in the setting of recent surgery or
trauma, being less commonly spontaneous as in types I and
II. C. perfringens (formally C. welchii) is an anaerobic Gram-
positive spore-forming organism that produces at least ten
distinct exotoxins. The most important exotoxin leading to
human pathogenesis is the alpha-toxin, which hemolyzes red
blood cells, hydrolyzes cell membranes, and exerts a direct
cardiodepressive effect. Within 12 to 24 hours, crepitation
(Fig. 107.10) of the soft tissues may be detected by palpation
(19,20). A variant of type III, known as anaerobic strepto-
coccal myonecrosis, has a slower progression and less gas
production. Aeromonas hydrophilia, a facultatively anaero-
bic, Gram-negative bacillus most commonly encountered in
freshwater, can also yield a type III-like syndrome.

d. Fournier’s gangrene (idiopathic gangrene of the penis and
scrotum) (21): Although first described in 1764 by Bauri-
enne, this entity received its name from a French venere-
ologist, Jean-Alfred Fournier. In 1883 he presented a case
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A B

FIGURE 107.9. A,B: A 25-year-old female who had a c-section 1 week prior for placenta previa and
accreta who 48 hours later developed these purplish minimally raised lesions that grew out beta-hemolytic
streptococcus.

of gangrene of the perineum in an otherwise healthy young
man. In 95% of cases, an identifiable cause can be found,
with the disease process originating from the anorectum,
the urogenital tract, or the skin of the genitalia. Anorectum
causes include malignancy, diverticulitis, or appendicitis.
Urethral injury, urethral stricture, urogenital manipulation,
or infection can initiate Fournier’s gangrene, whereas cu-
taneous conditions like hidradenitis suppurativa or trauma
can be precursors. In addition to local predisposing con-
ditions, systemic factors such as leukemia, systemic lupus
erythematosus, Crohn’s disease, HIV, or other conditions
of immunodeficiency may predispose one. Other predispos-
ing comorbidities associated with Fournier’s include obesity,
cirrhosis, vasculitides of the perineum, steroid use, and di-
abetes. On exam the typical Fournier’s patient will be an
elderly male in his sixth or seventh decade of life with one
or more of the above comorbidities. Clinically, this patient
may have a history of fever and lethargy for approximately
1 week. Pain, tenderness, and erythema of the genitalia and

FIGURE 107.10. Necrotizing fasciitis on chest radiograph with soft
tissue air in right shoulder.

overlying skin will progress to a dusky appearance, ulti-
mately with purulent-appearing drainage.

There are no predictive tests as to when a superficial infection
will develop into a deep infection nor is there a chemistry test
for identifying a soft tissue infection. Investigation has focused
on polymerase chain reaction tests specific for streptococcal
pyrogenic exotoxin (SPE) genes, variants A, B, and C along
with streptococcal superantigens. These superantigens cause
the release of cytokines through binding to a specific segment
of the T-cell receptor, resulting in an overwhelming production
of TNF-α , IL-1, and IL-6 with subsequent systemic effects of
sepsis and septic shock. Work has also centered on the filamen-
tous M-protein, which is anchored to the cell membrane and
has antiphagocytic properties (Fig. 107.11).

Imag ing St ud ie s for Ne cro t izing Fasciit is

A summary of different imaging studies is presented in Table
107.4.

Imaging studies, in particular computerized tomography,
have shown with great sensitivity the presence and extent of gas
or subcutaneous air. MRI T2-weighted images (Fig. 107.12)
can show well-defined areas of high signal intensity signifi-
cant for tissue necrosis, and absence of gadolinium contrast
enhancement on T1 images reliably detects fascial necrosis in
those who might require operative debridement. Ultrasound,
although able to detect fluid or gas within soft tissues, requires
the probe to be applied directly on the involved tissues. Many
patients with NF, especially those with Fournier’s, may not tol-
erate this, plus there may be a limitation of the anatomic site
causing difficulty in visualizing deep tissues. Yen et al. (22)
found ultrasound to have a sensitivity of 88% and a specificity
of 93% (positive predictive value of 83% ). Their diagnostic
criteria included diffuse thickening of the subcutaneous tissue
accompanied by fluid accumulation more than 4 mm in depth
along the fascial layer.

In addition, the diagnosis can be made with culture and
biopsy of the affected tissue; a Gram stain to identify single or
multiple organisms would be helpful in distinguishing type I
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TA BLE 1 0 7 . 4

IMAGING STUDIES

Type Role of study Limitations Advantages

Ultrasound Detection of fluid and gas
within soft tissues

Requires direct contact, painful Fast, reproducible, portable to
bedside

Magnetic resonance imaging
(Fig. 107.12)

T2-weighted images.
T1-weighted images

Unstable patients unable to
tolerate time required for
study

High sensitivity for extent of
involvement

Plain radiographs (Fig. 107.10) Identification of air in
subcutaneous location

Seen in < 50% of cases Fast, reproducible

Computerized tomography Detection of extent of fluid/gas
in soft tissues

Requires transport, dye is
nephrotoxic

High sensitivity for extent of
involvement

A B

FIGURE 107.12. T1-weighted and T2-weighted
magnetic resonance (MR) image of the lower ex-
tremity showing fascial thickening and fluid ac-
cumulation between the subcutaneous tissues (A)
and fascial layer (B), respectively, in this patient
with necrotizing fasciitis.
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CLINICAL INDICATORS PROMPTING WIDE SURGICAL
INTERVENTION IN NECROTIZING FASCIITIS

Indicator Remarks

Failure of
improvement

After hours of parenteral antibiotics
for presumed cellulitis, no
decrease in signs and symptoms is
detected or if there is progression

Profound toxic effects
occurring at the
onset of infection

These include malaise, weakness,
generalized aching, loss of
appetite/concentration

Extensive necrosis Necrosis or gas is noted in the
wound or is evident on
radiographs

Compartment
syndrome suspected

Edema within muscle group
resulting in ischemic injury

from type II NF. Once the diagnosis is made, either on physi-
cal exam or through other diagnostic means including culture,
biopsy, or excision, multimodality therapy should be used early
due to the rapidity of progression.

The rap y

Until the organism is identified, broad-spectrum antibiotics
should be administered. For aerobic organisms, one regimen

Buck’s  fascia
(fascia  penis )

Dartos  fascia
(Colles ’ fascia
of penis  and
scrotum)

Colles ’ fascia
of perineum

Inguina l
ligament

Fascia
la ta

Ischio-pubic ramus
Anus

Ischio recta l fa t

Broken line  indica tes  line  of
a ttachment of Colles ’ and Scarpa’s

fasciae  with deep fascia  

Fascia  of
exte rna l oblique
muscle
Externa l
spermatic
fascia

Anterior
superior
iliac spine

Camper’s
fascia

Scarpa’s
fascia

A

FIGURE 107.13. A-C: Fournier’s gan-
grene involving the perineum but spar-
ing the penis and testicles. Wide de-
bridement has been performed. (con-
tinued)

might be ampicillin, 8 to 14 g/day intravenously (IV) admin-
istered in every-6-hours in divided dosages, and gentamicin, 3
mg/kg per day IV divided every 8 hours. Penicillin G, 8 to 24
million Units per day IV given in divided dosages every 4 to
6 hours, should be given for presumed necrotizing fasciitis. If
there is a concern of anaerobic organisms clindamycin, 600 mg
IV every 6 hours, or metronidazole, not to exceed 4 g/day, can
be given. In the presence of group A streptococcal infection, the
use of clindamycin may be advantageous as it is not affected by
inoculum size or stage of growth. Clindamycin suppresses toxin
production, facilitates phagocytosis of streptococcus pyogenes
by inhibiting M-protein synthesis, and suppresses production
of regulatory elements controlling cell wall synthesis.

Other nonsurgical modalities include hyperbaric oxygen
(HBO), although no prospective study exists to justify its value.
HBO can increase the oxygen saturation in infected wounds
by a thousandfold, is bacteriocidal, improves polymorphonu-
clear leukocytes (PMN) function, and enhances wound healing.
There may be higher oxygenation and saturation in infected
necrotic tissue secondary to HBO-induced vasodilation. HBO
has been reported by some to improve patient survival by as
much as 50% and decrease the number of debridements re-
quired to achieve wound control, whereas others have failed
to show any beneficial effect (23). A typical treatment pro-
tocol involves HBO given aggressively after the first surgical
debridement.

Three treatment sessions, in a multiplace chamber at 3 atmo-
spheres absolute (ATA) at 100% oxygen for 90 minutes each,
can be given in the first 24 hours; in a monoplace chamber, 2.5
to 2.8 ATA, 100% oxygen for 90 minutes per session can be
given. Beginning with the second day, twice-daily treatments
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are given until granulation tissue is seen, usually requiring a
total of 10 to 15 treatments (24). Since clostridial myonecrosis
is a monobacterial anaerobic infection, hyperbaric therapy has
a greater logistic role in inhibiting clostridial growth and alpha
toxin production.

Intravenous immunoglobulins (IVIG) has also been used
with necrotizing soft tissue infections although there are no
prospective randomized trials to support its use. Case reports
indicate that IVIG inhibits activation of T cells by superantigens
and thereby decreases the production of TNF-α and IL-6 by T
cells, providing a beneficial effect. The Canadian Streptococcal
Study Group in 1998 compared 21 consecutive patients with
group A streptococcal toxic shock syndrome who were admin-
istered IVIG and had a survival benefit rate of 33% (25). Sev-
eral adverse side effects occurred in < 5% of patients, which can
mimic a worsening course of NF. Adverse effects include pallor,
flushing, fever, muscle aches, hypotension, anaphylaxis, ery-
thema multiforme, and blood-borne pathogen transmission.

Although wide local debridement may be the classical ther-
apy for cases of necrotizing soft tissue infections (Table 107.5),
initially, diagnostic surgical exploration can be limited (26,27).
A series of small incisions under local anesthesia can be per-

formed to delineate the extent and presence of muscle or facial
necrosis. In addition, frozen sections of tissue specimens ob-
tained can establish the diagnosis. However, once the diagnosis
is confirmed, there exists no role for conservative debridement
or incision and drainage. In the case of Fournier’s gangrene, an
understanding of the anatomic relationship between the per-
ineum and abdominal wall is important. Below the area of the
inguinal ligament, Scarpa’s fascia blends into the Colles’s fas-
cia, which is contiguous with the dartos fascia of the penis
and scrotum (Fig. 107.13A–C). This allows a potential space
to exist between the Scarpa’s fascia and abdominal oblique
musculature, contributing to a potential spread from the per-
ineum to the anterior abdominal wall. Due to Buck’s fascia, a
deep fascia that covers the corpora and anterior urethra, and
due to the retroperitoneal blood supply to the testis, the penis
and testicles may be spared.

The two most common pitfalls with a necrotizing soft tis-
sue infection are diagnostic delay and inadequate debridement.
Excision of nonviable areas should be early and aggressive,
with repeat debridements performed until the local process
has been controlled. The use of electrocautery will aid in re-
ducing the considerable operative blood loss if the area of
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involvement is extensive. With perineal involvement, fecal di-
version via colostomy allows for less contamination of the
wound site. With urogenital involvement, continued use of a
urethral catheter is safe; occasionally suprapubic cystostomy
will be necessary. In the case of Fournier’s gangrene, the testi-
cles are usually spared. To prevent dessication they are usually
placed in a surgically made subcutaneous pocket. If not viable,
orchiectomy is performed. In all cases of NF, vacuum-assisted
closure devices have shown great promise in decreasing time to
grafting and closure of the debrided area (Fig. 107.9B).

Fact ors Associat e d wit h Poor Out come

Factors associated with poor outcome are the following:

Older age
Female sex
Elevated creatinine and lactate
Extent of tissue involved
Inadequate debridement
Advanced age
Truncal involvement
Chest wall involvement (28)
Presence of diabetes when in conjunction with renal dys-

function or peripheral vascular disease (29)

SUMMARY
The major points to remember with all soft tissue and muscu-
locutaneous infections is that aggressive and early therapy in
general yields the best results. This includes local care, surgi-
cal debridement, and the use of appropriate antibiotics, which
can be guided by the cultures obtained. There are many new
topical products coming out on the market place which can
further assist in the management of these conditions and allow
for improved outcome.
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CHAPTER 108 ■ NEUROLOGIC INFECTIONS
WENDY I. SLIGL r STEPHEN D. SHAFRAN

Infections of the central nervous system (CNS) are often rapidly
progressive and can be fatal if left undiagnosed and/or treat-
ment is delayed. Prompt diagnosis and treatment are, therefore,
crucial to decreasing morbidity and mortality. Patients with
CNS infections commonly require intensive care unit (ICU)
support, particularly for airway protection and mechanical
ventilation in the presence of an altered mental status. Simi-
larly, patients with undiagnosed CNS infections may be admit-
ted to the ICU, offering intensivists the opportunity to make
challenging diagnoses and alter patient outcomes with early
and effective therapy.

Identifying the presence or absence of focal neurologic find-
ings is the most important distinction to be made in patients
with suspected neurologic infections. This distinction helps to
focus the differential diagnosis and identifies patients in whom
lumbar puncture may be contraindicated—at least until neu-
roimaging is completed. The major neurologic infections en-
countered in the critically ill include acute bacterial meningitis,
encephalitis, brain abscess, subdural empyema, epidural ab-
scess, and suppurative intracranial thrombophlebitis. Neuro-
logic findings may also be the result of primary nonneurologic
syndromes such as bacterial endocarditis and are covered in
other chapters. Neurologic infections in advanced HIV/AIDS
are also covered separately elsewhere.

The central nervous system is normally protected by vari-
ous host defenses, the most important of which is the blood–
brain barrier. Once micro-organisms gain entry, however, they
are able to proliferate rapidly due to the low concentra-
tion of immunoglobulins and leukocytes in the CNS. Cen-
tral nervous system infections can be caused by viral, bacte-
rial, mycobacterial, fungal, or parasitic agents. Patient age,
underlying host factors, and epidemiologic exposures includ-
ing travel, animal or vector exposures, and contacts with in-
fectious cases are important risk factors for acquiring spe-
cific types of infections or pathogens. Prompt physical exam-
ination to identify patients in need of urgent interventions—
including endotracheal intubation—should be performed, fol-
lowed by lumbar puncture and/or imaging studies. New tech-
niques in the areas of molecular diagnostics and neuroimag-
ing have revolutionized the approach to the diagnosis and
management of patients with central nervous system infec-
tions. New therapeutic options, as well as improvements in
intensive care support, have also enhanced outcomes in these
patients.

The remainder of this chapter will specifically address the
epidemiology, clinical presentation, diagnosis, management,
and prevention of neurologic infections in the critically ill.

MENINGITIS

Ke y Point s

■ Untreated acute bacterial meningitis is universally fatal;
early recognition, rapid diagnostic testing, and emergent ad-
ministration of antimicrobials are crucial.

■ The classic triad of fever, nuchal rigidity, and change in men-
tal status occurs in less than 66% of patients with bacterial
meningitis; however, the absence of all three of these find-
ings effectively excludes the diagnosis with 99% to 100%
sensitivity.

■ Lumbar puncture should be performed urgently in all pa-
tients with suspected meningitis.

■ Neuroimaging with computed tomography (CT) or mag-
netic resonance imaging (MRI) to rule out mass lesions
should precede lumbar puncture in those with an abnormal
level of consciousness, focal neurologic deficits, papilledema,
a history of CNS disease, immune compromise, or seizure
within 1 week of presentation.

■ Empiric antimicrobial agents should be administered as soon
as possible after blood cultures are collected if neuroimaging
is to be performed prior to lumbar puncture or immediately
following cerebrospinal fluid (CSF) collection.

■ The specific microbiology and choice of empiric therapy in
bacterial meningitis depend on patient risk factors, especially
age, underlying host immune status, and history of preceding
infections or neurosurgical procedures.

■ Dexamethasone has been shown to decrease mortality in
adults with Streptococcus pneumoniae meningitis and chil-
dren with Haemophilus influenzae, and should therefore be
administered before or concomitant with the first dose of
antimicrobial in all cases pending Gram stain and culture
results.

■ Neurologic complications of bacterial meningitis include
seizure, cerebral edema, cerebral infarction, cranial nerve
involvement, venous sinus thrombosis, brain abscess, sub-
dural empyema, and coma. Intracranial pressure monitoring
and/or other surgical interventions may be required.

■ Chemoprophylaxis and/or immunoprophylaxis are avail-
able for N eisseria meningitidis, Haemophilus influenzae,
and infections in specific circumstances.

■ In suspected meningococcal or Haemophilus influenzae
meningitis, droplet isolation should be strictly enforced until
24 hours of effective antimicrobial therapy has been com-
pleted or an alternate diagnosis is reached. Isolation in other
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cases of meningitis, including pneumococcal meningitis, is
not required.

■ Aseptic meningitis refers to inflammation of the meninges
not attributed to bacterial infection. CSF analysis usually
reveals a normal glucose, elevated protein, elevated white
blood cell count with lymphocytic predominance, and neg-
ative Gram stain and bacterial cultures.

■ Viral, mycobacterial, syphilitic, fungal, amoebic, and para-
meningeal infections should be considered in the differential
diagnosis of aseptic meningitis.

Meningitis, or inflammation of the meninges, may be caused
by a wide variety of micro-organisms (Table 108.1). Infectious
agents gain entry to the CSF via hematogenous, transdural, or

transparenchymal routes. It is important to consider noninfec-
tious syndromes in the differential diagnosis of meningitis. Such
examples include meningeal carcinomatosis, vasculitic syn-
dromes, or drug effect (e.g., nonsteroidal anti-inflammatories,
antimicrobials, immunosuppressants, anticonvulsants). Identi-
fication of such noninfectious conditions is essential, as their
therapies differ from those used in the treatment of infectious
syndromes; specifically, high dose corticosteroid therapy may
be indicated in some of these cases. Aseptic meningitis refers to
inflammation of the meninges not attributed to bacterial infec-
tion. Critically ill patients, however, present much more com-
monly with bacterial meningitis by virtue of the more rapid
and fulminant presentation of bacterial as opposed to aseptic
meningitis.

TA BLE 1 0 8 . 1

CAUSES OF ACUTE MENINGITIS

Common Uncommon

Viruses Enteroviruses non-polio
Human immunodeficiency virus (HIV)
Arboviruses (including West Nile virus,

St. Louis encephalitis virus)
Herpes simplex virus types 1 and 2

(HSV-2)

Influenza
Parainfluenza
Lymphocytic choriomeningitis virus (LCM)
Varicella-zoster virus (VZV)
Polio
Mumps
Cytomegalovirus (CMV)
Epstein-Barr virus (EBV)
Adenovirus

Bacteria Streptococcus pneumoniae
N eisseria meningitidis
Haemophilus influenzae
Listeria monocytogenes
Enterobacteriaceae
Staphylococcus aureus
Mycobacterium tuberculosis
Borrelia burgdorferi (Lyme disease)
Streptococcus agalactiae

Treponema pallidum (syphilis)
Rickettsiae
Mycoplasma
Brucella
Chlamydia
Leptospira

Fungi Cryptococcus neoformans
Histoplasma capsulatum
Coccidioides immitis

Candida
Aspergillus
Blastomyces dermatitidis
Sporothrix schenckii

Parasites Toxoplasma gondii
N aegleria fowleri (free-living amoeba)
Angiostrongylus cantonensis (eosinophilic

meningitis)
Strongyloides stercoralis (hyperinfection

syndrome)

Other infectious
syndromes

Parameningeal focus (brain abscess,
subdural empyema, epidural abscess)

Infective endocarditis

Noninfectious causes Medications
Intracranial tumor
Stroke
Lymphoma/leukemia
Meningeal carcinomatosis
Post procedure (neurosurgery)
Seizure

Autoimmune diseases (SLE, sarcoid,
Behçet)

Migraine syndromes

SLE, systemic lupus erythematosus.
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PREDISPOSING HOST FACTORS TO SPECIFIC ETIOLOGIC AGENTS OF
MENINGITIS

Immunoglobulin deficiency S. pneumoniae
Asplenia S. pneumoniae
Complement deficiency N . meningitidis
Corticosteroid excess L. monocytogenes, Cryptococcus
HIV infection Cryptococcus, L . monocytogenes, S. pneumoniae
Bacteremia S. aureus, Enterobacteriaceae
Fracture of cribiform plate S. pneumoniae
Basal skull fracture S. pneumoniae, H. influenzae, S. pyogenes
Neurotrauma, postneurosurgery S. aureus, S. epidermidis, Gram-negative bacilli

including P. aeruginosa

HIV, human immunodeficiency virus.

Bact e rial Me ning it is
Acute bacterial meningitis accounts for approximately 1.2 mil-
lion cases annually worldwide (1). Because untreated bacterial
meningitis is universally fatal, early recognition, rapid diagnos-
tic testing, and emergent administration of antimicrobial and
adjunctive agents are crucial. The most common meningeal
pathogens include Streptococcus pneumoniae and N eisseria
meningitidis, although specific etiologic agents and their fre-
quencies vary with underlying host factors such as age, immune
status, and route of acquisition. The case fatality rate for adults
with bacterial meningitis is approximately 25% , with transient
or permanent neurologic sequelae in 21% to 28% of survivors
(2,3).

Bacterial meningitis develops as a result of several mecha-
nisms (4). Certain micro-organisms that colonize the nasophar-
ynx may invade local tissues and subsequently spread to the
bloodstream and CNS. Bacteremia and subsequent CNS inva-
sion may also develop from localized sources such as pneumo-
nia or urinary tract infection. Last, direct entry from contiguous
infection (such as via the sinuses or mastoids), trauma, neuro-
surgery, or prosthetic devices such as CSF shunts or cochlear
implants also occurs. Host factors including functional or
anatomic asplenia, complement deficiency, and congenital or
acquired immunodeficiency predispose to bacterial meningitis
(Table 108.2). Other risk factors for the development of menin-
gitis include recent exposure to a patient with acute bacterial
meningitis, recent travel to areas with endemic meningococcal
disease, injection drug use, recent neurotrauma or CSF leak,
and otorrhea.

The median duration of symptoms prior to admission in
bacterial meningitis is impressively short, averaging approxi-
mately 24 hours (5). The classic triad of fever, nuchal rigidity,
and change in mental status occurs in less than 66% of cases;
however, almost all patients have at least one of these find-
ings (6). It bears reiterating that the absence of any of these
findings effectively excludes the diagnosis with 99% to 100%
sensitivity.

Nuchal rigidity can be detected with passive or active flex-
ion of the neck. Tests, such as the Kernig and Brudzinski signs,
are well-described physical examination techniques but are nei-
ther sensitive nor specific (7). In addition to severe headache,
patients often note photophobia, and seizures, focal neurologic
deficits, and papilledema may be seen on physical examination.
Some patients may not manifest the classic signs and symptoms

of bacterial meningitis, particularly neonates and those with
underlying immunosuppressive conditions including diabetes,
chronic organ failure, neutropenia, chronic corticosteroid use,
transplantation, and HIV infection.

Certain micro-organisms may present with specific physical
findings. Meningococcal meningitis may present with charac-
teristic skin manifestations consisting of diffuse petechiae and
purpura on the distal extremities. Skin findings occur in ap-
proximately one fourth of bacterial meningitis cases, over 90%
of which are due to N eisseria meningitidis infection (8).

As a result of the widespread use of conjugate vaccine for
H. influenzae type b in infants, Streptococcus pneumoniae has
become the most frequently observed cause of bacterial menin-
gitis, accounting for 47% of total cases (9). S. pneumoniae
serotypes causing bacteremic disease are also those commonly
responsible for meningitis. Focal infection is common with con-
tiguous or distant sites, including sinusitis, mastoiditis, pneu-
monia, otitis media, and endocarditis. The major risk factors
for pneumococcal meningitis include asplenia, hypogamma-
globulinemia, alcoholism, chronic renal or hepatic disease, ma-
lignancy, diabetes mellitus, basal skull fracture with CSF leak,
and the presence of a cochlear implant. Mortality rate range
from 19% to 30% (9–13).

N eisseria meningitidis commonly causes meningitis in chil-
dren and young adults. Serogroups B, C, and Y are respon-
sible for most endemic disease in North America, accounting
for 32% , 35% , and 26% of cases, respectively (14). Epidemic
disease is most commonly caused by serogroup C, with fewer
outbreaks due to serogroup A. In 2000, epidemic W-135 was
associated with the Hajj pilgrimage to Mecca in Saudi Ara-
bia (15). Subsequently, meningococcal vaccination has become
legally required prior to undertaking this activity. Risk fac-
tors for invasive meningococcal disease include nasopharyn-
geal carriage, terminal complement deficiency, and properdin
deficiency (16,17). Although a characteristic rapidly evolv-
ing petechial or purpuric rash strongly suggests N . meningi-
tidis, a similar rash may be seen in splenectomized patients
with overwhelming S. pneumoniae or H. influenzae type b
infection.

Haemophilus influenzae previously accounted for a
large proportion of cases of bacterial meningitis; however,
widespread vaccination against H. influenzae type b has now
markedly decreased its incidence (Table 108.3). Isolation of
H. influenzae type b in adults suggests the presence of an
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INCIDENCE BY CAUSE OF BACTERIAL MENINGITIS
IN THE UNITED STATES, 1995

Micro-organism Rate per 100,000

Streptococcus pneumoniae 1.1
N eisseria meningitidis 0.6
Streptococcus agalactiae

(group B streptococcus)
0.3

Listeria monocytogenes 0.2
Haemophilus influenzae type b 0.2

From Schuchat A, et al. Bacterial meningitis in the United States in
1995. Active Surveillance Team. N Engl J Med. 1997;337(14):
970–976, with permission.

underlying condition such as sinusitis, otitis media, pneumonia,
diabetes mellitus, alcoholism, CSF leak, asplenia, or immune
deficiency.

Listeria monocytogenes meningitis carries a mortality rate
of 15% to 29% (9,12). It occurs in neonates, adults older
than 50 years of age, and in those with risk factors includ-
ing alcoholism, malignancy, pregnancy, and immune suppres-
sion secondary to corticosteroid therapy or transplantation. It
is interesting that this infection is seen infrequently in HIV-
infected patients for unknown reasons. Pregnant women may
be asymptomatic carriers and transmit infection to their in-
fants. L. monocytogenes commonly makes up part of the fecal
flora of farm animals and can be isolated from soil, water, or
contaminated vegetables. Outbreaks have been associated with
unpasteurized dairy products such as milk and cheeses, vegeta-
bles, and processed meats (18–20).

Aerobic Gram-negative bacilli can cause meningitis in spe-
cific groups of patients. Predisposing risk factors include neu-
rosurgical procedures, neonatal status, advanced age, immune
suppression, Gram-negative bacteremia, and disseminated
Strongyloides stercoralis infection with hyperinfection syn-
drome. Escherichia coli is a common cause of meningitis in
neonates.

Staphylococcus aureus or Staphylococcus epidermidis can
both cause meningitis but are, however, less common than
the previously described micro-organisms. Both staphylococ-
cal species exist as part of the normal skin flora, predominantly
causing infections following neurosurgery or neurotrauma, or
when prosthetic material is present, particularly external ven-
tricular drains or ventriculoperitoneal shunts. Some patients
with staphylococcal bacterial meningitis have underlying in-
fective endocarditis, paraspinal or epidural infection, sinusitis,
osteomyelitis, or pneumonia.

Other less common causes of bacterial meningitis include
enterococci, viridans group streptococci, beta-hemolytic strep-
tococci, diphtheroids and Propionibacterium acnes—generally
only in the setting of prosthetic material—and anaerobic
species.

Viral Me ning it is
Viruses are the most commonly isolated pathogens in aseptic
meningitis. The nonpolio enteroviruses, especially Coxsackie
viruses A and B, and echoviruses are common, accounting for
85% to 95% of all cases of aseptic meningitis with an identi-
fied pathogen (21). Enteroviruses occur worldwide, are trans-

mitted by fecal-oral or respiratory droplet spread, and exhibit
summer and fall seasonality in temperate climates. Infants, chil-
dren, and young adults are commonly affected. Clinical mani-
festations depend on host age and immune status but generally
include abrupt onset of severe headache, fever, nausea, vomit-
ing, photophobia, nuchal rigidity, and malaise. Rash and upper
respiratory symptoms are common. Only rarely is illness severe
enough to require critical care.

Arboviruses more commonly cause encephalitis but have
also been isolated in cases of aseptic meningitis. Arboviruses
endemic to North America include the flaviviruses—such as
St. Louis encephalitis virus, Colorado tick fever, Japanese en-
cephalitis virus, and West Nile virus—and California encephali-
tis viruses. Arboviruses occur predominantly in the summer
and early fall when vector exposure is most likely. St. Louis en-
cephalitis virus is mosquito borne and causes epidemic disease
in the Mississippi River area. Japanese encephalitis virus less
commonly causes meningitis, is endemic in Asia, and requires
prolonged stays in rural settings for acquisition so is uncom-
mon even in returned travelers.

West Nile virus (WNV) came to widespread attention in
1999 when the first North American cases were identified.
Since then, the virus has spread extensively across North
America and should be considered in all patients with menin-
gitis, particularly in late summer or early fall. WNV infection
is asymptomatic in 80% of cases. The remaining patients
present with West Nile nonneurologic syndrome (approxi-
mately 20% ; formerly named West Nile fever) or West Nile
neurologic syndrome (WNNS; less than 1% ). West Nile non-
neurologic syndrome is a self-limited febrile illness character-
ized by fever, headache, malaise, myalgias, and often a rash
(50% ). WNNS may present as encephalitis, meningitis, or flac-
cid paralysis. Meningitis, however, is the least common presen-
tation of WNNS.

Lymphocytic choriomeningitis (LCM) virus is a zoonotic
disease, transmitted by contact with infected rodents—such
as house mice, rats, hamsters—or their feces. Though now
rare, LCM virus was one of the first viruses to be associated
with aseptic meningitis (4). Infection is more common in the
winter months. Presenting manifestations include an influenza-
like syndrome and meningismus, with occasional rash, orchitis,
arthritis, myopericarditis, and transient alopecia.

Six of the eight recognized human herpesviruses can cause
meningitis. Herpes simplex viruses (HSV) are most commonly
associated with aseptic meningitis during primary genital infec-
tion, affecting 36% of women and 13% of men with primary
genital herpes (22). HSV-2 infection is responsible for most
infections; nonetheless, HSV-1 genital infection and concomi-
tant meningitis can also occur. Meningitis is much less likely
in the setting of genital herpes recurrences. Headache, photo-
phobia, and meningismus are common presenting symptoms.
Genital lesions are present in 85% of patients with primary
HSV-2 meningitis and generally precede meningeal symptoms
by several days.

Herpes zoster aseptic meningitis, with or without typical
skin lesions, has also been reported, particularly in older pa-
tients. Cytomegalovirus (CMV), Epstein-Barr virus (EBV), and
human herpes virus 6 (HHV-6) are all capable of causing asep-
tic meningitis but occur very rarely, predominantly in immune-
suppressed populations.

HIV-associated aseptic meningitis can occur with primary
infection in approximately 5% to 10% of patients (22). Cranial
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neuropathies may be present along with headache, fever, and
meningismus. Symptoms are usually self-limited.

Mumps, now rare as a result of universal vaccination prog-
rams, was once a relatively common cause of aseptic meningitis.
The clinical manifestations include fever, vomiting, headache,
and parotitis in approximately 50% of patients. Meningismus,
lethargy, and abdominal pain may also be present.

Ot he r Le ss Common Infe ct ious Cause s

Spirochetal meningitis may be caused by Treponema pallidum
or Borrelia burgdorferi. T. pallidum , the etiologic agent of
syphilis, is acquired by sexual contact, placental transfer, or di-
rect contact with active lesions; these include condyloma lata,
mucous patches, or the rash of secondary syphilis. Syphilitic
meningitis usually occurs during primary or secondary in-
fection, complicating 0.3% to 2.4% of untreated infections
during the first 2 years (4). B. burgdorferi is transmitted by
the Ixodes tick and causes Lyme disease. It is the most com-
mon vector-borne disease in the United States. Meningitis can
occur during the first stage of disease, concurrently with ery-
thema migrans at the tick bite site. Dissemination of the micro-
organism in the second stage of disease, 2 to 10 weeks fol-
lowing exposure, may also result in aseptic meningitis. Late or
chronic disease may include subacute encephalopathy but not
meningitis.

Mycobacterium tuberculosis may cause a subacute or chro-
nic form of meningitis. Infection of the meninges results from
rupture of a tuberculous focus into the subarachnoid space. In
very young patients, concomitant disseminated systemic infec-
tion is common. Epidemiologic risk factors include a known
prior history of tuberculosis (TB) exposure, residence in an en-
demic area, contact with an active case, incarceration, home-
lessness, and HIV infection. Tuberculin skin testing is negative
in over half of patients with tuberculous meningitis (23,24). A
negative skin test, therefore, cannot be used to exclude tuber-
culous meningitis, as is also the case with other active tuber-
culous infections. Newer tests, such as the QuantiFERON-TB
Gold test, may be available in some centers (25).

Fungal meningitis, although uncommon, should be consid-
ered, particularly given the high mortality associated with un-
treated infection. Cryptococcus neoformans predominantly af-
fects immunocompromised hosts but can also infect the im-
munocompetent. The encapsulated yeast is distributed world-
wide but prefers wet forested regions with decaying wood and
is found in particularly high concentrations in pigeon guano.
Risk factors for cryptococcal infection include HIV/AIDS,
prolonged corticosteroid therapy, immunosuppression post-
transplantation, malignancy, and sarcoidosis. Clinical presen-
tation is typically indolent, occurring over 1 to 2 weeks, and is
characterized by fever, malaise, and headache. Meningismus,
photophobia, and vomiting occur in less than 33% of patients.
Cryptococcus gattii, a serotype usually restricted to tropical cli-
mates, emerged on Vancouver Island, British Columbia (BC),
Canada in 1999 and has since been responsible for numerous
cases of CNS infection in predominantly immunocompetent
hosts in BC and the U.S. Pacific Northwest.

Coccidioides immitis, a dimorphic fungus, is found in soil in
the dry desert regions of the southwest United States, Mexico,
and Central and South America. Infection results after inhala-
tion of arthroconidia, usually following a dust storm or dur-

ing building construction. Infection is usually confined to the
respiratory system in those with competent immune systems.
However, extrapulmonary dissemination to the meninges can
occur in patients with immune compromise or during preg-
nancy. Patients present with headache, vomiting, and altered
level of consciousness. Risk factors for the development of dis-
ease include travel to or residence in an endemic region and
immune deficiency. Coccidioidal meningitis is universally fatal
if untreated.

Less common fungal causes of meningitis include Blas-
tomyces dermatitidis, Histoplasma capsulatum , Sporothrix
schenck ii, and rarely, Candida species. B. dermatitis, H. cap-
sulatum , and S. schenck ii are all dimorphic fungi with similar
presentations to coccidioidal meningitis. Primary infection oc-
curs via inhalation, and disseminated infection occurs predom-
inantly in immune compromised populations. B. dermatitidis
and H. capsulatum are endemic in the Mississippi and Ohio
River Valleys. S. schenck ii has been reported worldwide, with
most cases in the tropical regions of the Americas.

Candida exists only in yeast form and is part of the nor-
mal flora of skin and gastrointestinal tract. CNS involvement is
most commonly due to candidemia with subsequent meningeal
seeding. Predisposing risk factors for candidemia include the
use of broad-spectrum antibiotics, the presence of indwelling
devices such as vascular or urinary catheters, parenteral nutri-
tion, intensive care unit admission, prolonged hospital stay, and
immune compromise. Specific risk factors for Candida CNS
infection include ventricular shunts, trauma, neurosurgery, or
lumbar puncture (26,27). C. albicans is the most commonly iso-
lated species; however, nonalbicans species are becoming more
prevalent, particularly in ICU populations (28–30).

Meningitis caused by protozoa or helminths is extremely
rare. The free-living amoebas Acanthamoeba, Balamuthia, and
N aegleria fowleri are associated with fresh water exposure.
They are usually acquired by individuals diving into contami-
nated lakes or swimming pools. CNS invasion occurs via pen-
etration of the nasal mucosa and cribriform plate. N . fow-
leri can cause a primary amoebic meningoencephalitis. Acan-
thamoeba and Balamuthia rarely cause meningitis; they com-
monly present as encephalitis.

Angiostrongylus cantonensis, the rat lungworm, is the
classic infectious cause of eosinophilic meningitis (> 10%
eosinophils in the CSF) (Table 108.4). Humans are incidental
hosts and develop neurologic symptoms as a result of larval mi-
gration through the CNS. A. cantonensis is endemic in South-
east Asia and the Pacific Islands and is acquired by ingesting
raw mollusks such as snails or slugs. Gnathostoma spinigerum ,
acquired by ingestion of raw and undercooked fish and poultry,
is not primarily neurotropic like A. cantonensis but may also
cause eosinophilic meningitis as a result of migration of larvae
up the nerve tracts to the CNS. Gnathostomiasis is endemic
in Asia, especially Thailand and Japan, and more recently
in Mexico. Baylisascaris procyonis, a roundworm infection
of raccoons, rarely causes human eosinophilic meningoen-
cephalitis following accidental ingestion of ova from raccoon
feces in contaminated water, soil, or foods.

Diag nosis

Lumbar puncture (LP) should be performed emergently in
all patients suspected of having bacterial meningitis unless
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CEREBROSPINAL FLUID TESTS IN SUSPECTED CNS INFECTION

Routine tests Further testing

Cell count and differential Lactate
Viral studies:

Viral culture
PCR for Enteroviruses, HSV, WNV, VZV, influenza

Protein AFB stain and Mycobacterial culture

Glucose (preferably with
simultaneous serum glucose)

Cryptococcal antigen test (can send serum as well,
sensitivity comparable to CSF)

Gram stain Fungal culture

Bacterial culture and sensitivity VDRL, FTA-Abs, T. pallidum PCRa

Cytology
Cytospin and flow cytometry if available
Wet mount if PAM suspected
Lyme-specific Ab and PCRa

CNS, central nervous system; PCR, polymerase chain reaction; HSV, herpes simplex virus; WNV, West Nile
virus; VZV, varicella-zoster virus; AFB, acid-fast bacillus; CSF, cerebrospinal fluid; VDRL, Venereal Diseases
Research Laboratory; FTA-Abs, fluorescent treponemal antibody absorption; PAM, primary amoebic
meningoencephalitis.
aExperimental, available only in research laboratories

contraindicated, although it is commonly unnecessarily de-
layed while neuroimaging is performed to exclude mass lesions.
Complications associated with lumbar puncture are uncom-
mon; however, the incidence of life-threatening brain herni-
ation has been reported to range from less than 1% to 6%
(31,32). A recent study evaluating the clinical features at base-
line associated with abnormal findings on CT scan, and thus,
increased risk of brain herniation, identified: age greater than
or equal to 60 years; a history of CNS disease such as a mass
lesion, stroke, and focal infection; immune compromise such
as HIV or immunosuppressive therapy; a history of seizure
less than or equal to 1 week before presentation; and specific
abnormal neurologic findings (33). Based on these findings,
guidelines for which adult patients should undergo CT prior
to LP have been recommended (Table 108.5) (34).

TA BLE 1 0 8 . 5

INDICATIONS FOR IMAGING PRIOR TO LUMBAR
PUNCTURE IN ADULTS WITH SUSPECTED
BACTERIAL MENINGITIS

Immunocompromised state (HIV/AIDS, immunosuppressive
therapy)

History of CNS disease (mass lesion, stroke, or focal infection)
New-onset seizure (less than or equal to 1 week of presentation)
Papilledema
Abnormal level of consciousness
Focal neurologic deficit (dilated nonreactive pupil,

abnormalities of ocular motility, abnormal visual fields,
arm or leg drift)

HIV, human immunodeficiency virus; AIDS, acquired
immunodeficiency syndrome; CNS, central nervous system.

Nosocomial meningitis is rare in nonneurosurgical patients;
nevertheless, lumbar punctures are often performed in hospi-
talized patients with unexplained fever and/or decreased level
of consciousness. The yield of performing an LP in the non-
neurosurgical population is extremely low and of questionable
utility (35).

CSF analysis is extremely important in the diagnosis of
meningitis. Basic laboratory analyses, including cell count and
differential, protein, glucose, Gram stain, and bacterial cul-
tures, are most useful in distinguishing between viral, bacterial,
tuberculous, and fungal infection (Table 108.3).

Bact e rial Me ning it is
Bacterial meningitis usually presents with an elevated sys-
temic white blood cell (WBC) count and left shift (immature
forms such as bands and myeloids). Leukopenia is occasion-
ally present in severe infection. Thrombocytopenia may be
the result of sepsis, disseminated intravascular coagulation, or
meningococcemia alone. Renal and hepatic dysfunction may
occur as part of multiorgan failure in severe disease. Blood cul-
tures are often positive and should always be drawn prior to
the administration of antimicrobials, particularly if the LP can-
not be performed immediately. Approximately 66% of patients
with bacterial meningitis have positive blood cultures (8).

CSF analysis in bacterial meningitis classically reveals a neu-
trophilic pleocytosis with hundreds to thousands of cells and
greater than 80% neutrophils. In fact, a low CSF WBC count is
usually a marker of poor prognosis in this setting. The CSF glu-
cose concentration is usually low and should always be com-
pared with a simultaneous serum glucose measurement. An
abnormal CSF-to–serum glucose ratio (less than 0.5) is com-
mon in bacterial meningitis—and it is often much lower than
0.5. Acute illness in diabetics may increase serum glucose lev-
els markedly, making the CSF-to–serum glucose ratio inaccu-
rate. In the postoperative neurosurgical patient, elevated CSF
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TYPICAL CSF PARAMETERS IN PATIENTS WITH MENINGITIS

WBC Count Predominant Protein Glucose Opening Pressure
Etiology (cells/mm3) cell type (mg/dL) (mg/dL) (cm H2O)

Normal 0–5 Lymphocyte 15–40 50–75 8–20
Viral 10–500 Lymphocytea Normal Normal 9–20
Bacterial 100–5,000 Neutrophil > 100 < 40 20–30
Tuberculous 50–300 Lymphocyte > 100 < 40 18–30
Cryptococcal 20–500 Lymphocyte 50–200 < 40 18–30

CSF, cerebrospinal fluid.
aNeutrophils may predominate in the first 24 hours.

lactate concentrations (greater than or equal to 4.0 mMol/L)
have been shown to be superior to CSF-to–blood glucose ratios
(36), and initiation of empirical antimicrobial therapy in this
setting should be considered pending the results of additional
studies (34). CSF protein and opening pressure are usually el-
evated in bacterial meningitis (Table 108.6).

Gram staining permits rapid identification of bacterial
species and is positive in approximately 50% to 60% of pa-
tients with bacterial meningitis. The presence of bacteria is
virtually 100% specific, but sensitivity is variable. The Gram
stain is more likely to be positive in patients with high bacterial
loads. Gram-positive diplococci suggest S. pneumoniae infec-
tion, Gram-negative diplococci suggest N . meningitidis infec-
tion, Gram-positive rods suggest L. monocytogenes infection,
and small pleomorphic coccobacilli suggest H. influenzae in-
fection.

CSF bacterial cultures are positive in approximately 70%
to 85% of cases. The yield decreases significantly in patients
treated with antimicrobials prior to CSF collection. Antigen
assays (latex agglutination tests) have been used in these cases,
but due to their low sensitivity are no longer routinely offered
by many laboratories. Broad-based polymerase chain reaction
(PCR) may be useful for excluding the diagnosis of bacterial
meningitis (34) but is unavailable in many centers.

Viral Me ning it is
In acute viral meningitis, the CSF cell count is usually in the low
hundreds with lymphocytic predominance. A predominance of
neutrophils may be seen in the first 24 hours of disease, oc-
casionally confusing the diagnosis. The CSF glucose concen-
tration is usually within normal range. CSF protein is usually
mildly elevated, and the opening pressure is usually normal.

Viral cultures and nucleic acid amplification tests are most
commonly used in the diagnosis of viral meningitis. En-
teroviruses may be cultured from CSF, throat, or rectal swabs,
with a sensitivity of 65% to 70% , or identified by nucleic acid
amplification testing. Enteroviral PCR is both sensitive and spe-
cific. PCR for HSV is also widely available, and in studies of
HSV-1 encephalitis, HSV PCR demonstrated a specificity of
approximately 100% and sensitivity of 75% to 98% (37,38).
False negatives occur mostly within the first 72 hours of in-
fection. The diagnosis of WNV can be made by detection of
serum IgM or a fourfold rise in IgG between acute and conva-
lescent titers. WNV PCR of serum and CSF are also available;

however, the sensitivity is higher in CSF specimens due to the
short-lived viremia in humans.

Ot he r Le ss Common Cause s
CSF analysis in syphilitic meningitis is characterized by a mild
lymphocytic pleocytosis, decreased glucose, and elevated pro-
tein. T. pallidum cannot be cultured, so diagnosis must be made
using alternate methods, predominantly serology. Direct visual-
ization by darkfield microscopy or direct fluorescent antibody
testing may be possible if a primary chancre or skin lesion
of secondary syphilis—condyloma latum or mucous patch—is
present. Serologic testing should include nontreponemal (RPR,
rapid plasma reagin; VDRL, Venereal Diseases Research Lab-
oratory) and treponemal (TPPA, Treponema pallidum particle
agglutination; FTA-Abs, fluorescent treponemal antibody ab-
sorption) tests for the diagnosis of active syphilis infection.
Treponema-specific enzyme immunoassays (EIA) for IgM and
IgG are replacing the above traditional serologic tests as the
initial laboratory diagnostic test in some centers. CSF VDRL
may be used in the diagnosis of syphilitic meningitis. The speci-
ficity is high, but false positives occur in bloody specimens. The
major limitation of CSF VDRL is its low sensitivity (30% to
70% ), so a negative result should not be used to rule out in-
fection in the setting of high clinical suspicion. CSF FTA-Abs
is more sensitive; however, false positives are common due to
serum antibody leak into the CSF. Last, PCR has been recently
used to detect T. pallidum DNA in the CSF. Further studies are
needed to ascertain the sensitivity and specificity of this test.

Lyme meningitis is characterized by a mild lymphocytic
pleocytosis, low glucose, and an elevated protein. The CSF
concentration of B. burgdorferi antibody, compared to serum
levels, is a sensitive and specific diagnostic method. PCR is
currently available only in research laboratories, although it
will likely become the diagnostic test of choice in the near fu-
ture. CSF oligoclonal bands and B. burgdorferi culture are also
available, but neither is sensitive or specific.

The CSF analysis in tuberculosis meningitis demonstrates a
lymphocytic pleocytosis, low glucose, and markedly elevated
protein and opening pressure. The elevation in protein is par-
ticularly marked in the setting of CSF block. Acid-fast bacillus
(AFB) smears are very low yield; only 10% to 22% of cases
will be positive (24,39,40). Mycobacterial cultures, although
slow growing—taking several weeks—become positive in up to
88% of cases (4). DNA probes and nucleic acid amplification
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techniques (mainly PCR) have recently become available with
great improvements in sensitivity and specificity. Meningeal
biopsy is rarely performed but may show caseating granulo-
mata. Skin testing and QuantiFERON-TB Gold testing have
been discussed in the previous section. Sputum and urine AFB,
as well as mycobacterial blood cultures, should also be included
as part of the TB workup in these patients.

Cryptococcal meningitis is characterized by a lymphocytic
pleocytosis, decreased glucose, and elevated protein. Opening
pressures may be markedly elevated. Culture of C. neoformans
or C. gattii from the CSF is diagnostic; however, other simpler
tests are now available. Detection of serum or CSF cryptococcal
antigen (CrAg) is highly sensitive (greater than 90% ). India ink
was previously regarded as the standard diagnostic test, but
due to its low sensitivity (50% ), it has been largely replaced
by antigen testing. Fungal blood cultures may also be useful,
as cryptococcal meningitis occasionally occurs in the setting
of disseminated cryptococcal infection with cryptococcemia,
especially in HIV-infected patients.

Other fungal meningitides are similarly characterized by a
lymphocytic pleocytosis, low to normal glucose, and an ele-
vated protein. Coccidioidal meningitis may present with an
eosinophilic pleocytosis and peripheral eosinophilia. Fungal
cultures are diagnostic and are most useful in Candida or As-
pergillus infection. Dimorphic fungal infection may be diag-
nosed serologically, as isolating these organisms from the CSF
is challenging and of low yield. Detection of complement-fixing
(CF) IgG antibodies or immunodiffusion tests for IgM and IgG
in CSF are currently the standard diagnostic tests. Low-titer
false positives may occur in the setting of parameningeal foci.
As well, false negatives may occur in early disease.

Primary amoebic meningoencephalitis due to N . fowleri re-
sults in a neutrophilic pleocytosis, increased red blood cells,
low glucose, and an elevated protein. Demonstration of motile
trophozoites on a wet mount of CSF or biopsy specimens is
diagnostic. The diagnosis of A. cantonensis, G . spinigerum , or
B. procyonis requires an appropriate epidemiologic exposure,
peripheral blood eosinophilia, and a characteristic eosinophilic
pleocytosis. Serologic tests are helpful but performed only in
reference laboratories.

Tre at me nt

The initial management of the patient with suspected meningi-
tis is primarily guided by epidemiologic risk factors and lum-
bar puncture results. The CSF cell count, glucose, and Gram
stain are crucial in guiding empiric therapy. If the LP is delayed
for any reason, empiric antimicrobial therapy should not be
withheld (Table 108.7), as delays in therapy have been asso-
ciated with adverse clinical outcomes and increased mortality
(41,42). The administration of antimicrobials should immedi-
ately follow blood culture collection and should not be delayed
by neuroimaging or other tests performed prior to LP.

Bact e rial Me ning it is
As noted above, lumbar puncture should be performed urgently
in those with suspected meningitis. A protocol for the manage-
ment of bacterial meningitis is presented in Figure 108.1. Imag-
ing should be performed prior to LP in specific populations
(Table 108.5) but should not result in a delay in the initiation
of antimicrobial therapy. Empiric therapy should be based on
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EMPIRIC THERAPY OF BACTERIAL MENINGITIS BASED ON AGE AND HOST FACTORS

Most common causes Recommended therapy

Age: Preterm to less than 1 month Streptococcus agalactiae
Escherichia coli
L isteria monocytogenes

Ampicillin + cefotaxime or ceftriaxone

Age: 1 month to 50 years Streptococcus pneumoniae
N eisseria meningitidis
Haemophilus influenzae

Cefotaxime or ceftriaxone + vancomycina

+ dexamethasoneb

Age: greater than 50 years or alcoholism
or other debilitating diseases or
impaired cellular immunity

Streptococcus pneumoniae
Listeria monocytogenes
Coliform Gram-negative bacilli

Ampicillin + cefotaxime or ceftriaxone
+ vancomycina + dexamethasoneb

Post neurosurgery, neurotrauma, or
cochlear implant

Streptococcus pneumoniae
Staphylococcus aureus
Coliform Gram-negative bacilli
Pseudomonas aeruginosa

Vancomycin + ceftazidime or meropenem

Ventriculitis/meningitis due to infected
shunt

Staphylococcus epidermidis
Staphylococcus aureus
Coliform Gram-negative bacilli
Diphtheroids
Propionibacterium acnes

Vancomycin + ceftazidime or meropenem

aVancomycin should be added in centers where S. pneumoniae may be resistant to third-generation cephalosporins
bDexamethasone is efficacious in children with H. influenzae and in adults with S. pneumoniae. The first dose is to be given 15 to 20 minutes prior to or
concomitant with first dose of antibiotic. Dose, 0.15 mg/kg IV every 6 hours for 2 to 4 days; discontinue if micro-organism isolated other than listed
above.
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aIndications: Decreased mental status, focal neurologic deficits, history of recent head trauma or 
intracranial malignancy, immune suppression (HIV, transplantation, chronic corticosteroid use). 
bVancomycin is recommended if third-generation cephalosporin–resistant S. pneumoniae isolates have 
been documented locally

History and physical examination consistent with acute bacterial meningitis 

Draw blood cultures STAT 

CT scan if indicateda 
If intracranial lesion identified, treat accordingly; lumbar puncture contraindicated 

Perform lumbar puncture: Send for STAT cell count, glucose, protein, Gram stain, 
culture, and sensitivity. Additional tests as indicated, see Table 108.4

If CSF cloudy, high clinical suspicion, or cell count demonstrates neutrophilic 
pleocytosis, treat with empiric antimicrobial therapy: 
1. Dexamethasone 10 mg IV every 6 h 
2  Cefotaxime 2 g IV every 6 h or ceftriaxone 2 g IV every 12 h
3. Vancomycin 1 g IV every 12 hb 
4. Ampicillin 2 g IV every 4 h if age older than 50 y, chronic alcoholism, immune 
suppression, or malignancy 

Adjust therapy based on Gram stain and culture results, see Table 108.8. 
Discontinue dexamethasone therapy unless: 
−    Gram-positive diplococci are seen on Gram stain or S. pneumoniae is 

isolated in culture in adults 
−    H. influenzae is isolated in a child 

FIGURE 108.1. Bacterial Meningitis Protocol

age, underlying host factors, and initial CSF Gram stain results
(Table 108.7).

The choice of antimicrobial therapy in bacterial meningi-
tis is influenced by blood–CSF barrier penetration, effect of
meningeal inflammation on penetration, and the bactericidal
efficacy. In general, CSF penetration is enhanced in the setting
of meningeal inflammation due to increased permeability. Ad-
ditionally, high lipid solubility, low molecular weight, and low
protein binding increase CSF drug levels. Bactericidal efficacy
may be decreased in purulent CSF, particularly with amino-
glycosides, due to the low pH. Penicillins, third-generation
cephalosporins, carbapenems, fluoroquinolones, and rifampin
achieve high CSF levels and are all bactericidal. Antimicro-
bials should be adjusted based on renal and hepatic function.
Therapeutic drug monitoring may be required to ensure ad-
equate levels and prevent toxicity (e.g., vancomycin, amino-
glycosides). Antimicrobial therapy should be adjusted based
on culture and susceptibility results as soon as possible (Table
108.8). In suspected meningococcal or H. influenzae menin-
gitis, droplet isolation (single room, gowns, gloves, surgical
masks, and dedicated patient care equipment) should be strictly
enforced until 24 hours of effective antimicrobial therapy have
been completed or an alternate diagnosis is reached. Isolation
in other cases of meningitis, including pneumococcal meningi-
tis, is not required (Table 108.9).

Streptococcus pneumoniae. Empiric therapy guidelines for
pneumococcal meningitis have been recently modified due to
the increasing incidence of penicillin resistance. S. pneumoniae
organisms were once uniformly susceptible to penicillin; how-
ever, mutations in penicillin-binding proteins have resulted in
varying levels of resistance. Empiric therapy therefore consists
of a third-generation cephalosporin until susceptibility results
become available. Once the minimum inhibitory concentra-
tions (MIC) are available, therapy should be adjusted accord-
ingly. For isolates with penicillin MIC less than 0.1 µ g/mL,
penicillin G (4 million units IV every 4 hours) or ampicillin
(2 g IV every 4 hours) should be used. For isolates with a
MIC greater than or equal to 0.1 µ g/mL, treatment with a
third-generation cephalosporin should be continued; either ce-
fotaxime (2 g IV every 6 hours) or ceftriaxone (2 g IV ev-
ery 12 hours). For isolates with a ceftriaxone MIC greater
than or equal to 1 µ g/mL, vancomycin and a third-generation
cephalosporin are the recommended therapy; some clinicians
administer very high doses of third-generation cephalosporins
in these cases. Vancomycin should be dosed 1 g IV every 12
hours, or 500 to 750 mg IV every 6 hours, to a maximum of 2
to 3 g/day, and adjusted based on therapeutic drug monitoring
to maintain a trough serum concentration of between 15 and
20 µ g/mL. Meropenem is a reasonable alternative to the above
agents and does not carry the theoretical risk of decreasing
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TA BLE 1 0 8 . 8

SPECIFIC THERAPY OF BACTERIAL MENINGITIS

Recommended
Bacterium therapy

Haemophilus influenzae
Ampicillin susceptible
Ampicillin resistant

Ampicillin
Cefotaxime or ceftriaxone

N eisseria meningitidis
Penicillin MIC < 0.1 µ g/mL
Penicillin MIC 0.1–1.0 µ g/mL

Penicillin G or ampicillin
Cefotaxime or ceftriaxone

Streptococcus pneumoniae
Penicillin MIC < 0.1 µ g/mL
Penicillin MIC ≥ 0.1 µ g/mL
Ceftriaxone MIC ≥ 1.0 µ g/mL

Penicillin G or ampicillin
Cefotaxime or ceftriaxone
Vancomycin plus

cefotaxime or
ceftriaxone

Enterobacteriaceae Cefotaxime or ceftriaxone
unless member of
SPICEM groupa

Pseudomonas aeruginosa Meropenem or
ceftazidime or cefepine
or aztreonam or
ciprofloxacin PLUS
tobramycin

Listeria monocytogenes Ampicillin or penicillin G

Staphylococcus aureus
Methicillin susceptible
Methicillin resistant
Prosthesis associated

Nafcillin or oxacillin
Vancomycin
Consider adding rifampin

to above choices

Staphylococcus epidermidis
Prosthesis associated

Vancomycin
Consider adding rifampin

Streptococcus agalactiae Ampicillin or penicillin G

MIC, minimum inhibitory concentration.
aSPICEM group: includes Serratia marcescens, Providencia,
indole-positive Proteus (P. vulgaris), Citrobacter freundii group,
Enterobacter spp., and Morganella morganii). These micro-organisms
carry chromosomal, inducible ß-lactamases (ampC), which are capable
of inactivating third-generation cephalosporin even if reported to be
susceptible. Carbapenems (meropenem has greatest cerebrospinal fluid
penetration), fluoroquinolones, or trimethoprim/sulfamethoxazole
may be used to treat these micro-organisms, if susceptible.

seizure threshold as is seen with imipenem. The efficacy of
newer antimicrobials, such as linezolid and daptomycin, have
not been established. Dexamethasone should be administered
prior to or with the first dose of antimicrobial (see Adjunctive
Therapy). Treatment duration is 10–14 days.

Neisseria meningitidis. The initial treatment of meningococcal
meningitis is with a third-generation cephalosporin—for ex-
ample, cefotaxime (2 g IV every 6 hours) or ceftriaxone (2 g IV
every 12 hours); however, therapy should be stepped down to
penicillin if susceptibility is confirmed. The duration of treat-
ment is 7 days. Chloramphenicol (25 mg/kg, to a maximum of
1 g IV every 6 hours) is a reasonable alternative in the beta-
lactam–allergic patient. Meropenem (2 g IV every 8 hours) is
another alternative, although there is a high degree of cross-
reaction in penicillin-allergic patients. Dexamethasone is not
indicated in confirmed meningococcal meningitis.

TA BLE 1 0 8 . 9

MORTALITY RATES IN BACTERIAL MENINGITIS BY
PATHOGEN

Cause Mortality

N eisseria meningitidis 3% –13%
Streptococcus pneumoniae 19% –30%
Haemophilus influenzae 3% –6%
Listeria monocytogenes 15% –29%
Streptococcus agalactiae 7% –27%
Staphylococcus aureus 14% –77%

Haemophilus influenzae. Therapy for H. influenzae meningitis
is initially a third-generation cephalosporin. Therapy can be
changed to ampicillin, 2 g IV every 4 hours if susceptibility
is confirmed. A total of 7 days of therapy is recommended.
Dexamethasone should be administered as adjunctive therapy
in children.

Listeria monocytogenes. L. monocytogenes meningitis should
be treated with ampicillin, 2 g IV every 4 hours. Gentam-
icin may be added for antimicrobial synergy, but amino-
glycosides have poor penetration into CSF. When used,
gentamicin should be administered as a 2 mg/kg load-
ing dose, followed by 1.7 mg/kg every 8 hours. Trimetho-
prim/sulfamethoxazole (TMP/SMX), 20 mg/kg/day of the
trimethoprim component, divided into 6 to 12 hourly doses,
can be used in penicillin-allergic patients. Alternate therapies
include meropenem and, potentially, linezolid and rifampin.
Third-generation cephalosporins have no activity against L.
monocytogenes and should not be used. Treatment duration is
14 to 21 days.

Aerobic Gram-negative bacilli. Aerobic Gram-negative bacilli
should be treated empirically with a third-generation
cephalosporin or meropenem. Susceptibility results should be
obtained as soon as possible to guide therapy in consultation
with an infectious diseases specialist. For Pseudomonas aerug-
inosa infections, ceftazidime or cefepime, 2 g IV every 8 hours,
or meropenem, 2 g IV every 8 hours, with tobramycin 2 mg/kg
IV every 8 hours, should be used. Cefotaxime and ceftriaxone
should not be used as they do not have antipseudomonal activ-
ity. Ciprofloxacin or aztreonam are acceptable alternatives if
the isolate is susceptible. The duration of therapy is prolonged,
generally 21 days.

Staphylococcus. Staphylococcal meningitis therapy depends
on methicillin susceptibility. Methicillin-susceptible strains
should be treated with nafcillin or oxacillin, 2 g IV every 4
hours, whereas methicillin-resistant strains should be treated
with vancomycin, 1 g IV every 12 hours or 500 to 750 mg
IV every 6 hours, to a maximum of 2 to 3 g/day, with ther-
apeutic drug monitoring to ensure adequate serum levels—
15 to 20 µ g/mL—are achieved. Vancomycin is recommended
in patients with penicillin allergy. Infected prosthetic mate-
rial should be removed if possible and antimicrobial ther-
apy continued for 10 to 14 days after removal. If removal is
not possible, rifampin may be added; however, cure rates are
poor with hardware retention. Linezolid and daptomycin may
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become alternate therapies, but data on efficacy are currently
lacking.

Adjunctive therapies in bacterial meningitis include cor-
ticosteroids, procedures to reduce intracranial pressure, and
surgery. Corticosteroid therapy aims to decrease the inflamma-
tory response while allowing antimicrobial therapy to erad-
icate infection. Although corticosteroid administration may
decrease CSF penetration and bactericidal activity of antimi-
crobials, recent randomized controlled trials suggest benefit
with its use. In children, the administration of dexamethasone
has demonstrated a reduction in the incidence of hearing im-
pairment and severe neurologic complications in H. influen-
zae meningitis (43). Adjunctive corticosteroid therapy has also
been evaluated in adults, showing a mortality benefit in patients
with pneumococcal meningitis (5). Based on these results, treat-
ment recommendations suggest dexamethasone, 0.15 mg/kg,
be given 10 to 20 minutes before, or at least concomitant with,
the first dose of antimicrobial therapy and continued every 6
hours. Dexamethasone should therefore be administered to all
patients with suspected meningitis until Gram stain or culture
results are available. Dexamethasone should be continued for
2 to 4 days only if the Gram stain or cultures demonstrate
H. influenzae in children or S. pneumoniae in adults. The po-
tential disadvantage of decreased CSF penetration by non–
beta-lactam antimicrobials with concomitant dexamethasone
administration has yet to be thoroughly studied. Treatment
with adjunctive dexamethasone has not been associated with
an increased risk for long-term cognitive impairment (44).

Placement of an intracranial pressure monitoring device
may be beneficial for patients with bacterial meningitis and
elevated intracranial pressure. Admission to an ICU with ex-
pertise in this type of monitoring is most appropriate. Surgical
intervention may be required in some patients, for example,
those with basal skull fractures with persistent CSF leaks or
dural defects.

Complications of bacterial meningitis can be divided into
neurologic and nonneurologic complications. Neurologic com-
plications include seizures, cerebral edema, cerebral infarc-
tion, cranial nerve palsies, venous sinus thrombosis, brain
abscess, subdural empyema, and coma. Late complications in-
clude hearing impairment, obstructive hydrocephalus, learn-
ing disabilities, sensory and motor deficits, mental retardation,
cortical blindness, and seizures. Nonneurologic complications
include septic shock, coagulopathy, and the syndrome of inap-
propriate antidiuretic hormone secretion (SIADH).

Viral Me ning it is
In general, the treatment for viral meningitis is supportive given
its benign and self-limited course. Pleconaril has been eval-
uated for enteroviral meningitis with modest benefit but re-
mains experimental (45,46). Intravenous immunoglobin has
been used in agammaglobulinemic patients with chronic en-
teroviral meningitis. No specific therapy exists for arboviruses,
mumps, or LCM. HIV-associated meningitis should be treated
with combination antiretroviral therapy.

It is not clear whether antiviral treatment alters the course of
HSV meningitis; nevertheless, primary episodes of genital her-
pes should be treated as per guidelines. Some physicians extend
therapy to 14 days with concomitant meningitis. Intravenous
acyclovir, dosed at 5 mg/kg every 8 hours, has been used in
severe disease. Ganciclovir is the treatment of choice for CMV
meningitis in immunocompromised hosts.

Ot he r Le ss Common Cause s
Syphilitic meningitis does not respond to benzathine peni-
cillin, which is used to treat most forms of syphilis; it re-
quires a 2-week course of high-dose IV penicillin G (4 mil-
lion units every 4 hours). RPR titers should be monitored
after therapy, and repeat CSF examination should be per-
formed if titers do not decline fourfold 6 months after ther-
apy. All HIV patients with syphilitic meningitis should have
a lumbar puncture repeated 6 months following therapy. Pa-
tients with penicillin allergy should undergo desensitization, as
there are no proven effective alternative therapies for syphilitic
meningitis.

The treatment of Lyme meningitis is achieved with ceftriax-
one, 2 g daily, or cefotaxime, 2 g IV every 8 hours for 14 to
28 days. Alternate therapy is penicillin (4 million units every
4 hours) for 14 to 28 days.

The treatment of tuberculous meningitis depends largely on
the resistance pattern in the community and results of suscepti-
bility testing; consultation with an infectious diseases specialist
is recommended. In general, standard combination therapy in-
cludes isoniazid (INH), rifampin (RIF), ethambutol (ETB), and
pyrazinamide (PZA). ETB may be discontinued once INH and
RIF susceptibilities are confirmed. Treatment should be contin-
ued for a minimum of 12 months and up to 24 months. Ad-
junctive therapy with dexamethasone for the first month has
been shown to decrease complications and is recommended.
Pyridoxine, 25 to 50 mg daily, should also be administered to
prevent INH-related neuropathy.

Therapy for fungal meningitis is complicated by the lack of
standardized susceptibility testing and interpretation for many
fungi. The area of antifungal therapy, however, is an evolv-
ing area with an increasing number of antifungal agents from
which to choose.

Cryptococcal meningitis should be treated with a 14-day in-
duction phase of amphotericin B, 0.7 to 1 mg/kg/day IV, with
or without flucytosine, 100 mg/kg/day PO dosed every 6 hours.
Consolidation therapy with fluconazole, 400 mg daily, should
be continued for 8 weeks following induction. Maintenance (or
suppressive) therapy with fluconazole, 200 mg per day, should
be continued in patients with HIV/AIDS until immune reconsti-
tution is achieved. Cryptococcal meningitis may require daily
therapeutic lumbar punctures, an external ventricular drain,
or a ventriculoperitoneal shunt to relieve increased intracra-
nial pressure. Therapy is identical in non-HIV/AIDS patients,
with the exception that consolidation therapy is continued for
10 weeks; further prolongation may be required in transplant
patients. Echinocandins, such as caspofungin and micafungin,
are not active in cryptococcosis.

The treatment for coccidioidal meningitis is oral flucona-
zole, 400 mg daily. Some clinicians initiate therapy with a
higher dose of 800 mg per day or may add intrathecal ampho-
tericin B. Treatment must be continued lifelong, as relapses are
frequently lethal. Therapy for H. capsulatum meningitis con-
sists of amphotericin B, 0.7 to 1 mg/kg/day to complete a total
dose of 35 mg/kg. Fluconazole, 800 mg per day, for an addi-
tional 9 to 12 months, may be used to prevent relapse. If relapse
does occur, long-term therapy with fluconazole or intraventric-
ular amphotericin B is recommended. Itraconazole should be
avoided due to poor CSF penetration. Although very rare, S.
schenck ii meningitis is treated with amphotericin B. Itracona-
zole, despite its poor CSF penetration, may be tried after initial
therapy for lifelong suppression.
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For candidal meningitis, the preferred initial therapy is am-
photericin B, 0.7 mg/kg/d, with flucytosine, 25 mg/kg dosed
every 6 hrs and adjusted to maintain serum levels of 40 to 60
µ g/mL. Fluconazole therapy, in susceptible species, may be used
for follow-up or suppressive therapy. The duration of therapy
should continue for at least 4 weeks after resolution of symp-
toms. All prosthetic material must be removed to achieve cure.

Primary amoebic meningoencephalitis caused by N . fow-
leri is usually fatal. A few cases have been successfully treated
with early diagnosis and treatment with high-dose intravenous
and intrathecal amphotericin B or miconazole and rifampin.
Eosinophilic meningitis caused by A. cantonensis and G.
spinigerum are treated supportively. Corticosteroids are recom-
mended to decrease the inflammatory response to intracranial
larvae. Antihelminthic therapy is relatively contraindicated, as
clinical deterioration and death may occur following severe in-
flammatory reactions to dying larvae.

Pre ve nt ion

Chemoprophylaxis (medications) and immunoprophylaxis
(vaccines) are available to prevent infection in contacts of cases
or in times of epidemic spread. Temporary nasopharyngeal car-
riage with H. influenzae, N . meningitidis, and S. pneumoniae
may occur following exposure to an index case and is a risk
factor for the development of invasive disease. Chemoprophy-
laxis is recommended to eliminate nasopharyngeal carriage in
some individuals at risk.

Prophylaxis is indicated in household contacts—those re-
siding with the index case or with greater than 4 hours of close
contact—and day care contacts—same day care as index case
for 5 to 7 days before onset of disease—of cases of H. influen-
zae type b. If there is an unvaccinated contact less than or equal
to 4 years of age in the household, chemoprophylaxis is rec-
ommended for all household contacts except pregnant women.
Rifampin, 20 mg/kg, with a usual adult dose of 600 mg daily,
for four doses, is the recommended therapy.

Prophylaxis for N . meningitidis is recommended for close
contacts of cases. This includes intimate contacts (e.g., kiss-
ing) and close contacts with greater than or equal to 4 hours
contact 1 week prior to the onset of illness. Most close con-
tacts include house mates, day care center contacts, cellmates,
and/or military recruits. Medical personnel exposed to oropha-
ryngeal secretions during intubation, nasotracheal suctioning,
or mouth-to-mouth resuscitation should also receive chemo-
prophylaxis. Rifampin, 600 mg orally every 12 hours for a
total of four doses, or single doses of ciprofloxacin (500 mg
orally) or ceftriaxone (250 mg intramuscularly) are all effica-
cious. It is recommended that ciprofloxacin be avoided in chil-
dren younger than 16 years of age and in pregnant women,
based on joint cartilage injury demonstrated in animal studies.
Chemoprophylaxis is not indicated in S. pneumoniae infection.

Vaccination is available for the prevention of H. influen-
zae, N . meningitidis, and S. pneumoniae (47,48). Vaccination
against H. influenzae type b is part of routine childhood immu-
nization. Unvaccinated children less than or equal to 2 years of
age exposed to an index case should receive chemoprophylaxis
and vaccination.

S. pneumoniae vaccination is available in two preparations:
the 23-valent polysaccharide vaccine and the 7-valent conju-
gate vaccine. The conjugate vaccine is recommended routinely

in all children less than or equal to 23 months of age and in
those at high risk of invasive disease—sickle cell disease and
other hemoglobinopathies, functional or anatomic asplenia,
HIV infection, immunocompromising conditions, and chronic
medical conditions—who are greater than 23 months of age.
The polysaccharide vaccine is recommended for all individu-
als greater than 65 years old and in those greater than 5 years
old with the above high-risk conditions, but is of limited im-
munogenicity and efficacy. Studies of conjugate pneumococcal
vaccine in adults are ongoing. S. pneumoniae vaccination is not
an indicated as postexposure prophylaxis.

N . meningitidis vaccine is also available in two forms: con-
jugate and polysaccharide vaccines. Available conjugate vac-
cines include a quadrivalent (MCV4) vaccine, as well as the
monovalent serogroup C (Men-C) vaccine. Available polysac-
charide vaccines include a quadrivalent vaccine containing A,
C, Y, and W-135 and a bivalent vaccine with serogroups A and
C. N . meningitidis vaccination is indicated in high-risk popula-
tions, including those with specific immune deficiencies (Table
108.2), those traveling to endemic and epidemic regions, labo-
ratory workers routinely exposed to N . meningitidis, first-year
college students living in dormitories, and military recruits.
Vaccination during outbreaks of meningococcal disease due
to a serogroup contained in a vaccine should be performed in
consultation with public health authorities.

ENCEPHALITIS

Ke y Point s
■ In distinguishing encephalitis from meningitis, the most use-

ful finding is altered mental status.
■ Encephalitis is most commonly viral or postinfectious in

etiology.
■ Herpes simplex encephalitis is the most common cause of

sporadic encephalitis in Western countries, accounting for
10% to 20% of cases. Temporal lobe involvement on MRI
and electroencephalogram (EEG) are characteristic. PCR is
75% to 98% sensitive, with false negatives occurring pre-
dominantly during the first 72 hours of illness. Mortality
approaches 70% without therapy but can be significantly
reduced with early antiviral therapy.

Encephalitis is defined as inflammation of the brain
parenchyma. Although encephalitis and meningitis may
present with similar clinical findings, the two syndromes are
pathophysiologically distinct. The major distinguishing feature
is the presence or absence of normal brain function. Patients
with meningitis may be drowsy or lethargic but should have
normal cerebral function, whereas those with encephalitis gen-
erally have altered mental status. Occasionally patients may
present with a combination of findings in an overlap syndrome
of meningoencephalitis. It is important to distinguish between
the two syndromes, as the etiologic agents and treatments may
differ.

Encephalitis is most commonly viral or postinfectious (Ta-
ble 108.10). Viral encephalitis is caused by direct viral in-
vasion of the CNS whereas postinfectious encephalitis is
an immune-mediated process. Unfortunately it may be diffi-
cult to differentiate between the two; however, encephalitis
with resolving infectious symptoms suggests a postviral cause.
The most common viruses causing postinfectious encephalitis
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TA BLE 1 0 8 . 1 0

MOST COMMON VIRAL CAUSES OF ENCEPHALITIS, THEIR VECTORS OR ANIMAL HOSTS, AND GEOGRAPHIC
DISTRIBUTIONS

Viral cause Vector or animal host Geographic distribution

Alpha viruses Mosquitoes
Eastern equine (EEE) Culiseta melanura New England
Western equine (WEE) Culex tarsalis West of Mississippi River
Venezuelan equine (VEE) Culex spp. South and Central America

Flaviviruses Mosquitoes or ticks
St. Louis Culex spp. Throughout the United States
West Nile (WNV) Culex pipiens and tarsalis Americas, Africa, Asia, Middle East, Europe
Japanese Culex tritaeniorhyunchus Asia and SE Asia
Murray Valley Culex and Aedes spp. Western Australia
Tick-borne

Powassan virus
Louping ill virus

Ixodes ricinus and persulcatus ticks Russia, Central Europe, China, North
America, British Isles

Herpes viruses
Herpes simplex virus (HSV-1)
Varicella-zoster virus (VZV)
Cytomegalovirus (CMV)
Epstein-Barr virus (EBV)
Human herpesviruses 6, 7

N/A Worldwide

Enteroviruses
Polioviruses
Coxsackieviruses
Echoviruses

N/A Worldwide

Adenoviruses N/A Worldwide

Human immunodeficiency virus (HIV) N/A Worldwide; particularly high prevalence in
sub-Saharan Africa, Central and
Southeast Asia, Eastern Europe

Rabies Dogs, cats, raccoons, wolves, foxes, bats Worldwide

Colorado tick fever Dermacentor andersoni tick Western United States and Canada

Mumps N/A Unvaccinated populations worldwide

Measles N/A Unvaccinated populations worldwide

N/A, not applicable.

include mumps, measles, varicella-zoster virus, rubella, and in-
fluenza.

Access to the CNS is highly virus-specific and occurs via
hematogenous or neuronal routes. In hematogenous invasion,
viral infection is acquired at an initial site of entry, with pri-
mary site replication, transient viremia, and CNS seeding. Ret-
rograde transport within motor and sensory axons to the
CNS occurs in the neuronal route of entry. After CNS en-
try, viruses enter neural cells, causing inflammation and cell
dysfunction. Clinical manifestations are the result of specific
cell-type invasion. Oligodendroglial cell invasion causes de-
myelination, whereas cortical invasion results in altered mental
status, and neuronal invasion may result in focal or generalized
seizures. Thus, focal pathology is the result of specific neural
tropism.

Arboviruses are acquired via vector exposure, mainly
mosquitoes and ticks. These include eastern equine encephali-
tis (EEE), western equine encephalitis (WEE), St. Louis en-
cephalitis, Venezuelan equine encephalitis (VEE), California
encephalitis (caused by La Crosse virus), Japanese encephali-

tis, yellow fever, and West Nile virus (WNV). Arbovirus-related
encephalitides are most prevalent during the summer and early
fall months when mosquitoes and ticks are most active.

EEE has a high mortality rate and occurs in the New Eng-
land area, whereas WEE is a much milder illness, occurring
west of the Mississippi River. VEE occurs from Florida to
South America, whereas St. Louis encephalitis virus is found
throughout much of the United States. The California en-
cephalitis viruses mainly affect children in the Midwest and
Eastern states. West Nile virus, identified in North America
in 1999, causes West Nile neurologic syndrome (WNNS) in
less than 1% of exposed individuals. WNNS most commonly
manifests as encephalitis and occurs in those with diabetes mel-
litus, alcoholism, and of older age (49). Muscle weakness and
flaccid paralysis may present concurrently in patients with en-
cephalitis. Japanese virus encephalitis, occurring principally in
Southeast Asia, China, India, and Japan, is the most common
viral encephalitis outside of the United States.

Colorado tick fever is prevalent in the western United States,
and most affected individuals have a history of camping and
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hiking in wooded endemic areas. Malaria, in those with an
appropriate travel history, should also be considered in the dif-
ferential diagnosis of encephalitis.

Rabies, a zoonotic disease that requires contact with in-
fected animals, should be considered in all cases of encephali-
tis. Once CNS infection is established, however, the mortality
is essentially 100% . Rabies can be acquired from many sources
including dogs, cats, raccoons, bats, and foxes. The history of
an animal bite, although useful if present, is absent in most
cases of rabies.

Herpes viruses cause disease by primary infection or reacti-
vation. Herpes simplex encephalitis (HSE) is the most common
cause of sporadic encephalitis in Western countries, accounting
for 10% to 20% of cases (50). HSE is caused by type 1 virus
in greater than 90% of cases, occurs year-round, and affects
all age groups. Two thirds of cases are due to reactivation of
the virus in the trigeminal ganglion, with retrograde transport
along the olfactory tract to the orbitofrontal and mediotempo-
ral lobes. Untreated HSE has a mortality rate of 50% to 75% ,
and all survivors suffer neurologic sequelae. Outcomes corre-
late strongly with the severity of disease at presentation, as well
as the time to initiation of antiviral therapy. Varicella-zoster en-
cephalitis generally affects immune-compromised patients and
may occur with or without concomitant cutaneous lesions.

Nonviral causes of encephalitis include bacterial, rick-
ettsial, fungal, and parasitic infections. Bacterial causes include
Mycoplasma, Listeria monocytogenes, Borrelia burgdorferi
(Lyme disease), Leptospira spp., Brucella, Legionella, N ocar-
dia, Treponema pallidum (syphilis), Salmonella typhi, and my-
cobacterial species, Coxiella burnetii (Q-fever), and Ehrlichiae.
The most common rickettsial species include R. rickettsii
(Rocky Mountain spotted fever) and R. typhi (endemic ty-
phus). Fungal causes include Cryptococcus spp., Aspergillus
spp., Candida, Coccidioides immitis, Histoplasma capsulatum,
and Blastomyces dermatitidis. Last, Trypanosoma brucei com-
plex (African sleeping sickness), malaria, Toxoplasma gondii,
Echinococcus granulosus, and Schistosoma species can cause
encephalitis but require epidemiologic exposures or specific
risk factors. For example, toxoplasma encephalitis is most com-
mon in advanced HIV.

Clinical findings of encephalitis include the classic triad
of fever, headache, and altered mental status. The onset of
symptoms may be acute, subacute, or chronic; the acuity and
severity of symptoms at presentation correlate with prognosis.
Encephalitic symptoms may be preceded by a viral prodrome
consisting of fever, headache, nausea, vomiting, lethargy, and
myalgias.

Disorientation, amnesia, behavioral and speech changes,
movement disorders, and focal or diffuse neurologic abnormal-
ities such as hemiparesis, cranial nerve palsies, or seizures are
common presenting; neck stiffness and photophobia may also
be noted. VZV, EBV, CMV, measles, and mumps may present
with rash, lymphadenopathy, and hepatosplenomegaly. HSE
incidence is unrelated to a history of oral or genital lesions.

Laboratory findings may include peripheral leukocytosis or
leukopenia. CSF examination usually reveals a pleocytosis with
lymphocytic predominance; neutrophilic predominance may
be present early in infection. Red blood cells, in the absence
of a traumatic tap, are suggestive of HSV but may be seen in
other necrotizing viral encephalitides. Protein levels are usu-
ally elevated, and glucose may be normal or slightly decreased.
Because viral cultures are rarely positive, molecular methods

have become the diagnostic tests of choice. Demonstration of
HSV DNA in the CSF by PCR is both sensitive and specific
(75% –98% and 100% , respectively) but may miss cases in the
first 72 hours of illness. PCR testing is available for WNV,
VZV, enteroviruses, adenoviruses, rabies, CMV, EBV, HHV-6,
and HHV-7 in most reference laboratories. Serology may be
diagnostic if IgM is detected or a fourfold rise in acute and
convalescent IgG titers is demonstrated. Corneal or neck (pos-
terior, at the hairline) biopsies and saliva PCR can be diagnostic
for rabies. Brain biopsy may be considered in patients with en-
cephalitis if all other tests are nondiagnostic.

Other investigations that may aid in diagnosis include EEG,
CT, or MRI. EEG is particularly helpful in HSE, showing char-
acteristic focal changes (spiked and slow wave patterns) from
the temporal regions in 80% of patients. MRI is the most sen-
sitive imaging modality at detecting early viral encephalitis and
may show virus-specific changes. CT scans are more available
on an urgent basis and are useful in ruling out space-occupying
lesions; however, they are rarely able to visualize encephalitic
changes.

It is most unfortunate that there are few specific therapies for
viral encephalitis. Treatment of HSE with acyclovir, 10 mg/kg
IV every 8 hours, is the main exception. Treatment should be
initiated as soon as possible, as delays in therapy correlate with
mortality. Therapy should be started empirically in all patients
with encephalitis until confirmatory testing is available, given
the dramatic effect on outcome. Acyclovir should also be con-
sidered in VZV encephalitis even though data regarding effi-
cacy in this form of VZV disease are only anecdotal. Supportive
therapy, including ICU admission with intubation and mechan-
ical ventilation, may be required. Ganciclovir or foscarnet for
ganciclovir-resistant strains is used to treat CMV encephalitis.
The role of antivirals for EBV and HHV-6 encephalitides is un-
proven, but the International Herpes Management Forum has
recommended the use of ganciclovir or foscarnet for HHV-6
encephalitis.�

Outcomes are related to multiple factors including host age
and immune response, organism virulence, and time to effec-
tive therapy. Poor outcomes are more common in younger (less
than 1 year of age) and older (greater than 55 years of age) pop-
ulations. HSE, Japanese encephalitis, and EEE have the highest
mortality rates. HSE mortality approaches 70% without ther-
apy but can be reduced to 28% with early antiviral treatment.
Most patients with HSE (62% ) recover with significant neuro-
logic deficits (paresis, seizures, cognitive and memory deficits).

BRAIN ABSCESS

Ke y Point s

■ Brain abscess results from focal infection, trauma, or
surgery.

■ A solitary abscess is usually the result of contiguous infection
from otitis, mastoiditis, sinusitis, or dental infection.

�Data on CMV encephalitis come from several papers related to HIV
patients, including International Herpes Management Forum (IHMF)
recommendations (Herpes. 2004;11(Suppl 2):95A–104A). Data on
HHV-6 are more limited, but antivirals are still suggested by the IHMF
(Herpes. 2004;11(Suppl 2):105A–111A).
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■ Multiple abscesses commonly result from hematogenous
spread from chronic pulmonary, endocardial, skin, intra-
abdominal, or pelvic infections.

■ The microbiology of brain abscess depends on the primary
site of infection, patient age, and underlying host factors.
Infections are commonly polymicrobial, and empiric therapy
should include targeted anaerobic activity.

■ Clinical manifestations are nonspecific and depend on the
size and location of the abscess. Headache is the most com-
mon presenting feature.

■ MRI is more sensitive than CT scanning and is the neu-
roimaging test of choice.

■ Blood and abscess culture results should be used to tailor
antimicrobial therapy, which is generally prolonged (6 to
8 weeks) and guided by serial imaging.

■ Surgical excision may be indicated in patients with traumatic
brain abscesses, fungal abscesses, and multiloculated or large
(greater than 2.5 cm) abscesses.

Brain abscess is an uncommon but potentially life-
threatening infection. Characterized by localized intracranial
suppurative collections, brain abscesses are usually the re-
sult of extension of focal infection (45% ), trauma (10% ), or
surgery. Bacteria may also gain entry to the CNS by hematoge-
nous seeding in 25% of cases. Mortality rates with treatment
range from 4.5% to 13% , even with new imaging techniques,
antimicrobials, and surgical therapies (51–53). Infection begins
as a localized area of cerebritis, with subsequent central necro-
sis, suppuration, and fibrous capsule formation (Table 108.11).

Solitary abscesses are usually the result of contiguous infec-
tion including otitis, mastoiditis, frontal or ethmoid sinusitis, or
dental infection. Bullet fragments or other foreign bodies may
serve as a nidus of infection and develop into abscesses even
years after initial injury. Postneurosurgical brain abscesses may
also present in a delayed fashion.

Multiple abscesses are more commonly the result of
hematogenous seeding from chronic pulmonary, endocar-
dial, skin, intra-abdominal, or pelvic infections. For exam-
ple, patients with hereditary hemorrhagic telangiectasia (Osler-
Weber-Rendu syndrome) and children with congenital cyanotic
heart disease are predisposed to brain abscesses. A primary site
or underlying condition cannot be identified in approximately
20% to 40% of patients with brain abscess.

The location of the brain abscess may be suggestive of the
source. Temporal lobe or cerebellar abscesses commonly result

TA BLE 1 0 8 . 1 1

RISK FACTORS FOR BRAIN ABSCESS

Otic infection (otitis media, mastoiditis)
Sinusitis (frontal, ethmoid, sphenoid)
Dental infection
Neurosurgical intervention or neurotrauma
Bacterial endocarditis
Neutropenia
Immune compromise (HIV infection, immunosuppressive

therapy)
Chronic lung infection (abscess, bronchiectasis, empyema)
Congenital heart disease

HIV, human immunodeficiency virus.

FIGURE 108.2. Axial contrast CT scan of a right temporal lobe ab-
scess. This 36-year-old patient with cyanotic heart disease underwent
a previous right craniotomy for subdural hematoma evacuation. Due
to the presence of a pacemaker an MRI could not be performed. The
image shows a 3.8 cm × 2.4 cm abscess in the posterior right temporal
lobe underlying the previously noted right craniotomy. Decreased cen-
tral attenuation of the lesion and surrounding vasogenic edema with
uncal and subfalcine herniation are noted. There is no hydrocephalus.
Abscess cultures grew Streptococcus anginosus group.

from otic infections, frontal lobe abscesses from sinusitis or
dental infection, and abscesses in the distribution of the middle
cerebral artery from hematogenous seeding.

The microbiology of brain abscesses is diverse and de-
pends on the primary site of infection, age of the patient,
and underlying host factors. Common aerobic species include
streptococci (viridans, anginosus group, and microaerophilic
species), which are isolated in up to 70% of cases (54). Aer-
obic Gram-negative bacilli—commonly Klebsiella pneumo-
niae, Pseudomonas spp., Escherichia coli, and Proteus spp.—
and S. aureus are common pathogens with contiguous in-
fection (55,56). Less common pathogens, such as Rhodococ-
cus, Listeria, N ocardia, mycobacteria, and fungi—including
Candida, Cryptococcus, Aspergillus, agents of zygomycosis,
Pseudallescheria boydii, and the dimorphic fungi such as
Histoplasma, Coccidioides, and Blastomyces—cause disease in
immunocompromised hosts. Postsurgical and posttraumatic
abscesses are usually due to S. aureus and aerobic Gram-
negative bacilli. HIV-infected patients with advanced disease
commonly present with Toxoplasma gondii infection.

Anaerobes are present in 40% to 100% of brain abscesses
(55), although anaerobic cultures may not be routinely per-
formed in all laboratories and, even if performed, may be falsely
negative. Anaerobic species identified may originate from the
oropharynx with contiguous head and neck infections, or from
the abdomen or pelvis when infection is due to hematogenous
seeding. Commonly isolated anaerobes include Peptococcus,
Peptostreptococcus, Bacteroides spp, Prevotella spp., Propi-
onibacterium , Fusobacterium , Eubacterium , Veillonella, and
Actinomyces.

Helminths may occasionally cause localized brain infec-
tion in immigrant populations. Neurocysticercosis, intracranial
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TA BLE 1 0 8 . 1 2

COMMON PRESENTING FEATURES IN BRAIN
ABSCESS

Headache
Mental status changes
Fever
Focal neurologic deficits
Neck stiffness
Papilledema, nausea, or vomiting with increased intracranial

pressure
Seizures

infection with the larval cyst of T. solium or pork tapeworm, is
most common and results from the ingestion of T. solium ova.
Entamoeba histolytica, Schistosoma japonicum and mekongi
species, Paragonimus, and Toxocara have also been described
as causes of brain abscess.

The clinical manifestations of brain abscess are relatively
nonspecific, resulting in delays in presentation and diagnosis
(Table 108.12). The onset may be acute or chronic, and most
of the presenting features are related to the size and location of
the abscess. Systemic toxicity is uncommon. Headache is the
most common presenting symptom and is usually localized to
the side of the abscess. Sudden worsening of headache may be
due to rupture of the abscess into the ventricular space. Fever
is present in only half of patients and thus is not a reliable sign;
seizure is, however, a common presenting feature. Focal neuro-
logic findings are relatively uncommon. Neck stiffness occurs
in 15% of patients and is most commonly seen with occipital
abscesses. Altered mental status and vomiting are late signs,
indicating the development of elevated intracranial pressure.

Specific presenting features correlate with abscess location.
Patients with frontal lobe abscesses often present with changes
in personality or mental status, hemiparesis, motor speech dif-
ficulties, and seizures. Temporal lobe abscesses may cause vi-
sual field defects or dysphasia if located in the dominant hemi-
sphere. Patients with cerebellar abscesses may present with
ataxia, nystagmus, and dysmetria. Brainstem abscesses usually
extend longitudinally, with minimal compressive effect, and
therefore present with few classic features. Papilledema occurs
late with increased intracranial pressure.

Imaging of the brain parenchyma is the diagnostic test of
choice. Lumbar puncture is contraindicated in patients with
focal findings or papilledema and should be avoided in pa-
tients with suspected brain abscess. Computed tomography
(CT) scanning or magnetic resonance imaging (MRI) should
be performed, with the choice of test depending on the sta-
bility of the patient and availability of the imaging technique.
CT scanning with contrast is not as sensitive as MRI but is
generally more easily obtained on an urgent basis. MRI with
gadolinium enhancement is more sensitive than CT in detecting
early cerebritis and can more accurately estimate the extent of
central necrosis, ring enhancement, and cerebral edema. MRI
is also better able to visualize the brainstem, cerebellum, and
spinal cord and can detect lesions 1.5 cm or smaller, which the
CT scan may miss.

Blood cultures should be drawn in all patients with sus-
pected or confirmed brain abscess. Abscess specimens should
be obtained by stereotactic CT-guided aspiration or surgery to
confirm the diagnosis and guide antimicrobial therapy. Bacte-
rial, mycobacterial, and fungal cultures should be requested.
Serology may be helpful for specific causes, such as Toxo-
plasma gondii and neurocysticercosis. In toxoplasma brain ab-
scesses, IgG should be positive, as most infections are due to

FIGURE 108.3. Axial and coronal MRI images of a frontal brain abscess. This 59-year-old diabetic male
presented with a 10-day history of confusion, headache, right upper extremity weakness, as well as a
generalized tonic-clonic seizure. Axial T2 FLAIR and coronal T1 post-gadolinium MRI images are shown
above demonstrating a 3.4 cm × 3.4 cm × 4.3 cm intra-axial frontal lobe abscess with surrounding edema
and mass effect. An urgent craniotomy was performed when the patient’s level of consciousness decreased
abruptly. Approximately 8 mL of pus were drained; cultures grew Streptococcus anginosus. Blood cultures
were negative and the primary source of abscess was never identified.
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Brain imaging (MRI more sensitive than CT but less available on an urgent basis) 

If intraparenchymal lesion(s) identified, consult neurosurgery for aspiration or 
excision 

Send blood cultures, and start empiric therapy based on predisposing condition, age, 
and underlying host factors 

Initiate therapy with corticosteroids if evidence of increased intracranial pressure 
and consider antiseizure prophylaxis 

Adjust antimicrobial therapy based on culture and sensitivity results from aspirate or
blood cultures when available 

Determine treatment duration based on clinical response and serial imaging, usually 
6–8 weeks IV ± prolonged oral therapy 

FIGURE 108.4. Management of Brain Abscess

reactivation and not primary infection. A positive IgG anti-
body, however, does not prove T. gondii is the cause of a brain
abscess. Brain biopsy may establish the diagnosis but is not rou-
tinely recommended given the risks involved and availability of
less invasive diagnostic methods. Empiric therapy without aspi-
ration for microbiologic samples is not generally advised except
in specific situations where there is a high likelihood of a specific
pathogen. For example, empiric treatment for toxoplasma in-
fection may be warranted in a patient with advanced HIV (CD4
count less than 100 cells/µ L) not receiving prophylaxis, with
multiple lesions and positive IgG T. gondii serology. If clinical
and radiologic responses are not evident within 7 and 14 days
respectively, a microbiologic specimen should be obtained.

The therapy for brain abscess (Fig. 108.4) requires combi-
nation medical and surgical therapy for cure, as antimicrobial
therapy alone is rarely effective. Empiric therapy should be ini-
tiated after imaging confirms the presence of an intraparenchy-
mal lesion, pending aspiration for definitive diagnosis. Empiric
therapy should be directed by the most likely source and re-
spective pathogens.

For patients with presumed otic, mastoid, sinus, or dental
sources, or temporal or cerebellar abscesses, treatment with
a third-generation cephalosporin (cefotaxime, 2 g IV every 4
hours, or ceftriaxone, 2 g IV every 12 hours) and metronidazole
(15 mg/kg IV load, followed by 7.5 mg/kg IV every 8 hours) is
appropriate.

For patients with suspected hematogenous spread, an an-
timicrobial with activity against S. aureus should be used. Naf-
cillin or oxacillin, 2 g IV every 4 hours, is appropriate in settings
with a low prevalence of methicillin resistance. Vancomycin,
15 mg/kg IV every 12 hours—adjusted for renal function
and monitored with therapeutic drug levels—should be used
where methicillin resistance is common or in penicillin-allergic
patients. Vancomycin penetrates the CNS poorly and should
be used only when indicated; a trough level of 15 to 20 µ g/mL
should be achieved. Metronidazole and/or a third-generation
cephalosporin may be added, depending on the clinical setting.

For postneurosurgical or posttrauma patients with brain
abscess, nafcillin, oxacillin, or vancomycin plus meropenem, a

third-generation cephalosporin, preferably one with antipseu-
domonal activity such as ceftazidime, should be used.

Antimicrobial therapy should be adjusted once pathogen
identification and susceptibility results are available and con-
tinued intravenously for 6 to 8 weeks, guided by clinical re-
sponse and serial imaging. Prolonged oral antimicrobial ther-
apy (2–6 months) is often administered if an appropriate
regimen is available, although the efficacy of this approach
has not been established. Therapy should be continued un-
til there is complete resolution of symptoms and CT/MRI
findings.

Antifungal therapy must be guided by fungal cultures and
used in combination with surgical therapy. Candidal brain ab-
scesses should be treated with amphotericin B and flucytosine.
The efficacy of fluconazole has not been sufficiently evaluated
in this clinical setting to recommend its use. Aspergillus brain
abscesses have been historically treated with amphotericin B.
However, due to recent data, voriconazole has become the
treatment of choice (57), and combination antifungal therapy
with voriconazole, plus either an echinocandin or an ampho-
tericin B formulation, is increasingly used. Cerebral zygomy-
cosis is almost invariably fatal, although amphotericin B is the
treatment of choice. Posaconazole may be an alternative for zy-
gomycoses, but voriconazole is inactive in these cases. P. boydii
demonstrates in vitro resistance to amphotericin B, and, due to
the lack of alternative agents, voriconazole is recommended as
the antifungal of choice in these cases.

Neurosurgical consultation should be sought at the time of
diagnosis. Aspiration through a burr hole or complete excision
following craniotomy are both appropriate treatment options,
although aspiration is generally preferred. Therapeutic aspira-
tion may also be performed with CT or MRI guidance. Surgical
excision is indicated in patients with traumatic brain abscesses,
fungal abscesses, and large (greater than 2.5 cm) or multiloc-
ulated abscesses. If there is no clinical improvement within 1
week of initiation of treatment and aspiration, mental status de-
clines, or intracranial pressure or abscess size increases despite
therapy, surgical excision is also indicated. Antibiotic therapy
may be shortened to 2 to 4 weeks following surgical excision.
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Therapy with dexamethasone should be initiated in patients
with significant edema and mass effect. Prophylactic antiseizure
medications are also frequently administered. Poor prognostic
factors in brain abscess include rapid progression, mental status
or neurologic impairment on presentation, and rupture into a
ventricle (51). Neurologic sequelae, most commonly seizures,
occur in 30% to 60% of patients (51).

CRANIAL SUBDURAL EMPYEMA

Ke y Point s
■ Cranial subdural empyema and brain abscess share epidemi-

ologic risk factors and microbiology.
■ Presenting symptoms include high fever, unilateral headache,

and a recent history of contiguous otic, mastoid, sinus, or
meningeal infection.

■ MRI is the diagnostic test of choice.
■ Therapy should include prolonged antimicrobials and sur-

gical drainage for cure.

Cranial subdural empyema is an intracranial collection of
pus in the subdural space, the area between the dura and arach-
noid. It is a potentially life-threatening condition, accounts for
15% to 20% of all intracranial infections (58–60,61), and was
universally fatal prior to antimicrobial therapy. Recent data
indicate that mortality with combined medical and surgical
therapy now approximates 12% (61,62) with usually complete
recovery in survivors.

Spread of infection to the subdural space occurs via the
emissary veins or by direct extension of cranial osteomyelitis
with accompanying epidural abscess. The subdural space lacks
septations, so infection may spread rapidly and progressively.
Most cranial subdural empyemas involve the frontal lobe, but
the area of involvement is generally related to contiguous in-
fection. Cerebral edema and hydrocephalus may develop when
blood or cerebrospinal flow is disrupted by increased intracra-
nial pressure. Cerebral infarction may also result from septic
venous thrombosis.

Common predisposing infections include otic and sinus
infections in up to 50% to 80% of cases (63). In patients
with chronic otitis media, the middle ear and mastoids are
commonly the predisposing sites of infection. Other predis-
posing conditions include traumatic brain injury with skull
fracture, neurosurgical procedures, infection of a pre-existing
hematoma, chronic pulmonary infection, or preceding menin-
gitis.

Cranial subdural empyema is invariably polymicrobial,
including streptococci, staphylococci, aerobic Gram-negative
bacilli, and anaerobes. S. aureus, Enterobacteriaceae, and Pseu-
domonas are more common following neurosurgical proce-
dures or neurotrauma.

The clinical presentation of cranial subdural empyema can
be rapidly progressive so early diagnosis and treatment are cru-
cial. Presenting symptoms generally include high fever and uni-
lateral headache. A recent history of sinusitis, otitis media, mas-
toiditis, meningitis, cranial surgery or trauma, sinus surgery, or
pulmonary infection within 2 weeks is common. Altered men-
tal status, present in approximately 50% of patients on ad-
mission, is initially characterized by confusion and drowsiness
and progresses to coma in most untreated cases. Focal neuro-
logic signs most commonly include hemiparesis or hemiplegia,
and seizures develop in up to 50% of patients (61). Other focal

findings include cranial nerve palsies, homonymous hemianop-
sia, dysarthria or dysphasia, and ataxia. A fixed, dilated pupil
portends imminent cerebral herniation and requires emergent
surgical intervention.

The diagnosis of cranial subdural empyema requires a high
index of suspicion and should be considered in patients pre-
senting with meningeal signs and focal neurologic deficits,
with or without systemic toxicity. A lumbar puncture is con-
traindicated in these cases because of the risk of cerebral
herniation with increased intracranial pressure. The diagnos-
tic imaging tests of choice are contrast CT or MRI, demon-
strating a typical crescentic collection running parallel to the
cranial vault. Midline shift implies significant mass effect.
Gadolinium-enhanced MRI is the most sensitive, visualizing
subdural empyemas too small to be detected by CT. MRI can
also detect falcine, basal, and posterior fossa empyemas as
well as differentiate between subdural empyemas and cystic
hygromas or chronic hematomas, which CT is unable to do
(61). Imaging of the sinuses, middle ear, and/or mastoids should
be performed in the appropriate clinical settings to identify po-
tential sources.

Treatment of cranial subdural empyema requires emergent
combined medical and surgical therapy. Surgical drainage is
mandatory, as antimicrobials alone cannot effectively cure
empyemas. Cultures are, of course, required to guide antimi-
crobial therapy. Antiseizure treatment and/or prophylaxis may
be warranted, and standard therapy for increased intracranial
pressure should be instituted.

Empiric antimicrobial therapy should be initiated as soon
as aspiration of the empyema is performed, or immediately
on admission in unstable patients. Empiric therapy should be
guided by the most likely source of primary infection. Rec-
ommended therapy includes a third-generation cephalosporin
(cefotaxime, 2 g IV every 4 hours, or ceftriaxone, 2 g IV every
12 hours) or meropenem, 2g IV every 8 hours with metron-
idazole (15 mg/kg IV load, followed by 7.5 mg/kg IV every
12 hours). If S. aureus is suspected, nafcillin or oxacillin (2 g
IV every 4 hours) should be used. Vancomycin, 1 g IV every
12 hours or 500 to 750 mg IV every 6 hours, to a maximum of
2 to 3 g/day, should be used in patients with penicillin allergy or
in regions with high prevalence of methicillin resistance. Van-
comycin dosing requires adjustment in patients with renal dys-
function, and serum levels should be monitored; a trough level
of 15 to 20 µ g/mL is desired. If Pseudomonas aeruginosa infec-
tion is suspected, ceftazidime, cefepime, or meropenem should
be used in place of other third-generation cephalosporins. In-
travenous antimicrobial therapy should be administered for 3
to 6 weeks, depending on clinical response and serial imaging.
Prolonged therapy (6–8 weeks) may be warranted if contiguous
osteomyelitis or mastoiditis is present.

Surgical therapy of cranial subdural empyema includes ei-
ther burr hole drainage or craniotomy. Debridement of necrotic
bone and surgical correction of sinus and otic infections are im-
portant adjuvant surgical therapies.

EPIDURAL ABSCESS

Ke y Point s

■ Epidural abscesses may be cranial (between the dura and
skull) or spinal (overlying the vertebral column).
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■ Spinal epidural abscesses are nine times more common than
cranial epidural abscesses, and result most commonly from
hematogenous seeding of the intervertebral disk or vertebral
body. They can also occur as a complication of spinal surgery
or spinal/epidural anesthesia.

■ Risk factors for spinal epidural abscess include injection
drug use, diabetes mellitus, bacteremia, infective endocardi-
tis, chronic indwelling catheters, decubitus ulcers, back
surgery or procedures, and trauma.

■ S. aureus is the most common pathogen.
■ Consider tuberculosis in those at epidemiologic risk.
■ Common presenting features of spinal epidural abscess in-

clude fever, back pain, and neurologic deficits.
■ MRI is the diagnostic test of choice.
■ Management includes prolonged antimicrobial therapy and

early surgical decompression. Surgical intervention is pre-
ferred when symptoms have been present for less than
24 hours.

An epidural abscess is a localized collection of pus between
the dura and overlying skull (cranial epidural abscess) or ver-
tebral column (spinal epidural abscess). Because severe symp-
toms may result due to compression of the brain or spinal cord,
prompt diagnosis and treatment are crucial.

Cranial epidural abscess is commonly accompanied by sub-
dural empyema, as emissary veins may translocate infection
across the cranial dura. The microbiology is therefore identical
to that of cranial subdural empyema (see previous section).

Spinal epidural abscess is nine times more common than cra-
nial epidural abscess. The epidural space is a potential space
extending from the foramen magnum down the length of the
spinal canal. The space is larger in the lumbar area and is
predominantly posterior, and thus most spinal epidural ab-
scesses occur in this area. Spinal epidural abscesses most com-
monly originate when the intervertebral disk (diskitis) or ver-
tebral body (osteomyelitis) become infected via hematogenous
seeding. As the abscess extends, it may track longitudinally in
the epidural space causing damage via direct compression of
the spinal cord or local vascular damage (thrombosis, throm-
bophlebitis, vasculitis). Most spinal epidural abscesses extend
approximately three to five vertebral spaces but can extend the
entire length of the spinal canal in some cases.

Risk factors for the development of spinal epidural abscess
include injection drug use, diabetes mellitus, bacteremia, infec-
tive endocarditis, chronic indwelling venous catheterization,
epidural catheterization, decubitus ulcers, chronic skin condi-
tions, paraspinal abscess, back surgery, lumbar puncture, CT-
guided needle biopsies, and blunt or penetrating spinal trauma.
Secondary hematogenous spread occurs in 25% to 50% of
cases.

S. aureus is the most common pathogen isolated from spinal
epidural abscesses, accounting for approximately 65% of cases
(64). Other implicated micro-organisms include streptococci;
aerobic Gram-negative bacilli, particularly Escherichia coli and
Pseudomonas aeruginosa; coagulase-negative staphylococci,
usually with previous spinal instrumentation; and anaerobes.
Less common pathogens include Actinomyces, N ocardia, and
fungi, predominantly Candida. Infections are polymicrobial
in 5% to 10% of cases. Mycobacterium tuberculosis makes
up approximately 25% of spinal epidural abscess and should
be suspected in patients with a previous history of tuber-
culosis, residence in a TB-endemic region, or other TB risk
factors.

Clinical manifestations in patients with cranial epidural ab-
scess are usually insidious. Headache is the most common pre-
senting feature. Once infection spreads to involve the meninges,
subdural space, and brain perenchyma, focal neurologic signs
and symptoms may develop. If the abscess is located near the
petrous bone, osteomyelitis of the petrous ridge may result in
Gradenigo syndrome–cranial nerve V and VI palsies with uni-
lateral pain or otalgia.

Spinal epidural abscess presents classically with fever, back
pain, and neurologic deficits. However, all three symptoms are
present in only 13% of patients (65). Back pain is usually the
first symptom, with paresthesias, motor weakness, and sen-
sory changes occurring in the affected nerve roots. Bladder
and bowel dysfunction, as well as paralysis, are late signs and
should prompt urgent surgical consultation.

The diagnosis of epidural abscess begins with the identi-
fication of risk factors and clinical suspicion. Routine blood
work may demonstrate a peripheral leukocytosis or elevated
erythrocyte sedimentation rate (ESR) or C-reactive protein
(CRP). MRI with gadolinium enhancement is the imaging
modality of choice for both cranial and spinal epidural ab-
scesses. CT scanning cannot visualize the spinal cord ade-
quately and is less sensitive at identifying contiguous diskitis
or osteomyelitis. Blood cultures should be collected in all pa-
tients, as they are positive in 62% of patients (64). Lumbar
puncture is relatively contraindicated in the setting of epidural
abscess; however, studies have shown that CSF analysis is rou-
tinely Gram stain–negative, but cultures are positive in 19% of
cases. The highest-yield (90% ) culture comes from the abscess
itself. Ultrasound- or CT-guided drainage should be performed
as soon as possible. Bacterial, mycobacterial, and fungal cul-
tures should be requested. Additional studies to diagnose active
tuberculosis should be performed—for example, sputum AFB
smears and cultures, urine AFB culture, and tuberculin skin
testing or QuantiFERON-TB Gold testing—in patients with
suspected spinal TB.

The management of epidural abscess requires a combina-
tion of medical and surgical therapy. Empiric antimicrobial
therapy for cranial epidural abscess should include a third-
generation cephalosporin or meropenem plus metronidazole.
Nafcillin, oxacillin, or vancomycin may be added if S. au-
reus is strongly suspected. Surgical drainage is crucial for
cure.

The management of spinal epidural abscess similarly re-
quires empiric antimicrobial therapy and surgical decompres-
sion, drainage, and debridement. Because of the predominance
of S. aureus infection, empiric therapy is fairly targeted; van-
comycin if methicillin-resistant S. aureus is likely or if the pa-
tient is penicillin-allergic; and nafcillin or oxacillin if the local
prevalence of methicillin resistance is low. Early surgical inter-
vention, specifically within the first 24 hours of presentation,
results in improved outcomes (66,67). Medical therapy alone
may be successful when blood or abscess aspirate cultures are
available to guide therapy and there are no neurologic deficits
on presentation (68,69). Serial imaging is required in these
cases to confirm improvement in abscess size. Surgery should
be pursued if neurologic deterioration occurs at any time, or
if resolution of the abscess is not evident with medical therapy
alone.

Therapy with antimicrobials is prolonged, usually 4 to 8
weeks, and should be guided by serial imaging to ensure com-
plete resolution of the abscess. Repeat imaging should occur
at approximately 4-week intervals or at any time if neurologic
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deterioration occurs. Although the prognosis is fair, 37% of
patients experience residual neurologic deficits. The degree of
residual deficit is affected by the duration of neurologic deficit
prior to surgery and diagnostic delays of greater than 24 hours
(65).

SUPPURATIVE INTRACRANIAL
THROMBOPHLEBITIS

Ke y Point s

■ Suppurative intracranial thrombophlebitis is a complication
of otic, sinus, mastoid, oropharyngeal, facial, or neurologic
(bacterial meningitis, epidural abscess, or subdural abscess)
infections.

■ Staphylococci, streptococci, aerobic Gram-negative bacilli,
and anaerobic bacteria are the most common pathogens.

■ Symptoms depend on the location of septic intracranial
thrombosis.

■ MRI is the diagnostic test of choice.
■ Management includes antimicrobials, surgical therapy, and

anticoagulation.

Suppurative intracranial thrombophlebitis is septic venous
thrombosis of the cortical veins. It may occur as a compli-
cation of sinus, middle ear, mastoid, oropharyngeal, or facial
infections. Bacterial meningitis, epidural abscess, or subdu-
ral abscess may also result in intracranial suppurative throm-
bophlebitis. The absence of valves in the cerebral veins and
venous sinuses aids the spread of infection from proximal sites.

Anatomically, the location of intracranial infection depends
on the original source of infection. In bacterial meningitis, in-
fection is spread via drainage of the meningeal veins into the
superior sagittal sinus. The superior sagittal sinus may also be
involved following facial, scalp, subdural, and epidural space
infections. Otitis media and mastoiditis are the usual causes of
lateral sinus and petrosal sinus thromboses. Paranasal sinus, fa-
cial, or oropharyngeal infections may result in cavernous sinus
thrombosis. Risk factors for cerebral venous stasis include hy-
percoagulable states—specifically antiphospholipid antibody
syndrome—volume depletion, polycythemia, pregnancy, the
use of oral contraceptives, malignancy, sickle cell disease, and
traumatic brain injury (63).

The bacterial pathogens involved in intracranial suppura-
tive thrombophlebitis depend on the originating source of in-
fection. S. aureus is commonly involved following facial infec-
tion; otherwise, sinusitis and otitis media pathogens cause most
infections; these include staphylococci, streptococci, aerobic
Gram-negative bacilli, and anaerobes such as Fusobacterium
and Bacteroides. Aspergillus and the agents of zygomycosis
rarely cause suppurative intracranial thrombophlebitis and are
most often seen in patients with diabetes mellitus or immune
deficiencies.

The clinical manifestations of suppurative intracranial
thrombophlebitis depend on the anatomic site(s) involved. Sep-
tic thrombosis of the superior sagittal sinus presents with fever,
headache, confusion, nausea, vomiting, and seizures. Mental
status depression and progression to coma may occur rapidly.
Upper motor neuron lower extremity weakness or hemiparesis
may be present. When septic thrombosis is a complication of
bacterial meningitis, nuchal rigidity may also be present.

Cranial nerve palsies may result from compression due
to increased pressure in the cavernous sinus. Cranial nerves
III, IV, V-1, V-2, and VI, as well as the internal carotid
artery, travel through the cavernous sinus. Classic symptoms
of septic cavernous sinus thrombosis include fever, headache,
diplopia, and retro-orbital pain. Depending on the specific
nerves involved, ptosis, proptosis, chemosis, hyperesthesia,
and decreased corneal reflexes may be present. Venous en-
gorgement of the retinal veins and papilledema are commonly
present.

Septic transverse sinus thrombosis presents with headache
and otitis. Intracranial suppurative thrombophlebitis may also
be a complication of Gradenigo syndrome with spread of infec-
tion around the carotid sheath and surrounding venous plexus;
patients with sigmoid sinus and internal jugular vein thrombo-
sis may present with neck pain.

The diagnosis of suppurative intracranial thrombophlebitis
is made by MRI, demonstrating absence of flow within the
affected veins and venous sinuses. MR venography or angiog-
raphy can be used to confirm the diagnosis, and sinus imaging
should be concomitantly performed. Compared to CT scan-
ning, MRI offers the additional benefits of detecting cerebri-
tis, intracranial abscess, cerebral infarction, hemorrhage, or
edema. Despite its lower sensitivity, CT scanning is commonly
performed before MRI, as it is more easily obtained on an ur-
gent basis.

The treatment of suppurative intracranial thrombophlebitis
includes antimicrobials, surgical therapy, and anticoagulation.
The choice of antimicrobial therapy depends on risk factors, the
most probable source of infection, and culture results, if avail-
able. In antecedent sinusitis, empiric therapy with cefotaxime
or ceftriaxone, and metronidazole is a reasonable choice. In
cavernous sinus thrombosis, an agent active against S. aureus
should be included. Antimicrobial therapy should be continued
for 6 weeks or until radiographic resolution of thrombosis.

If antimicrobial therapy is ineffective, surgical therapy may
be required for drainage of infected sinuses, ligation of the in-
ternal jugular vein, or for source control (e.g., oropharyngeal
or dental infections). Anticoagulation with heparin is beneficial
in cavernous sinus thrombosis, particularly if used early, and
should be strongly considered (70). Intracerebral hemorrhage,
if small, is not an absolute contraindication to heparin therapy;
however, this form of therapy must be individualized. The effi-
cacy of thrombolysis in septic intracranial thrombosis has not
been adequately evaluated to suggest its use.
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CHAPTER 109 ■ INFECTIONS OF THE HEAD
AND NECK
MARIA SUURNA r ALLEN M. SEIDEN

OTOLOGIC INFECTIONS

Ot it is Ext e rna

Acute otitis externa (AOE) is defined as a diffuse inflammation
of the external ear canal, which may also involve the pinna
or tympanic membrane (1). This condition is also known as
“swimmer’s ear” or “ tropical ear” due to a higher prevalence
in individuals with prolonged water exposure during swim-
ming or who live in warm and humid climates (2). The annual
incidence of AOE is about 1:100 to 1:250 within the general
population (3).

The external ear comprises the auricle and external ear
canal. The medial 60% of the external auditory canal is osseous
and contains thin skin densely adherent to the underlying pe-
riosteum (Fig. 109.1). The lateral 40% of the external auditory
canal is cartilaginous and contains a thin layer of subcutaneous
tissue between the skin and cartilage. This subcutaneous layer
contains hair follicles and sebaceous and apocrine glands. The
skin of the auditory canal has a property of migrating from the
tympanic membrane outward, resulting in self-cleansing. Ceru-
men is formed by glandular secretions and sloughed epithelium
and provides both a chemical and mechanical protective barrier
to infection. Cerumen is slightly acidic, maintaining a canal pH
of 5 to 6.5, which helps inhibit bacterial and fungal growth. The
lipid content of cerumen prevents maceration and breakdown
of the epithelium. It is the breakdown in this natural defense
mechanism that allows for opportunistic infections, giving rise
to otitis externa (4).

The risk factors for acute otitis externa are prolonged ex-
posure to water from swimming; dermatologic conditions such
as seborrhea, psoriasis, eczema; trauma from ear cleaning, and
foreign objects; use of assistive devices such as earplugs or hear-
ing aids; anatomic abnormalities such as exostoses and narrow
ear canals; immunocompromising systemic conditions such as
diabetes, HIV; concomitant ear diseases such as cholesteatoma,
suppurative otitis media; and a history of cancer radiotherapy
(1,5).

Symptoms and signs of ear canal inflammation usually have
rapid onset. Some of the presenting symptoms may be otalgia,
itching, aural fullness, decreased hearing, and pain with chew-
ing. Patients with AOE will often have disproportionately se-
vere pain and will have significant tenderness when pushed on
the tragus, or with manipulation of the pinna. Otoscopic exam
usually reveals ear canal cellulitis and edema. Depending on the
severity of the ear canal swelling, the tympanic membrane may
or may not be visualized. The ear canal is often filled with puru-
lent discharge and debris. Inflammation may spread to involve

the entire auricle and adjacent skin. Regional lymphadenopa-
thy may be present on the exam (1).

Most cases of AOE are bacterial. Pseudomonas aeruginosa
and Staphylococcus species have been found to be the most
common pathogens (6). Fungal involvement is uncommon in
primary AOE. It is more often seen in chronic otitis externa or
as secondary overgrowth following the treatment of bacterial
infection.

Initial treatment of otitis externa involves removal of debris
from the external ear canal, pain control, use of topical med-
ications, acidification of the ear canal, and control of predis-
posing factors. Debridement of the external ear canal removes
infectious material and allows for better penetration of topical
medications. Topical medications can usually be administered
directly into the ear canal. However, in many cases marked
edema of the ear canal will prevent proper penetration of the
medicated drop down into the canal. In this situation, place-
ment of a cotton wick directly into the ear canal for several
days will facilitate delivery of the medication (1).

Currently recommended topical preparations consist of an-
tibiotics and steroid combinations. Quinolone antibiotic prepa-
rations may have broader microbial coverage and a low risk
of contact dermatitis. Caution should be used when treating
with neomycin-containing topical preparations due to a po-
tential for neomycin to cause contact sensitivity and in turn
lead to worsening of symptoms. Neomycin-containing prepa-
rations also have a low risk of causing permanent sensorineural
hearing loss and should be used with caution in patients with
perforated tympanic membranes. Acetic acid, boric acid, alu-
minum acetate, and silver nitrate have also been found to be
effective. When treating immunocompromised patients, or if
otitis externa infection has spread beyond the ear canal, con-
sideration should be given to the use of systemic antibiotics as
well. The choice of antibiotics should be based on their an-
tipseudomonal and antistaphylococcal properties (1).

Chronic Ot it is Ext e rna
Chronic otitis externa (COE) is a persistent inflammatory dis-
order of the ear canal usually caused by repeated mechanical
debridement or water exposure. Other potential causes are al-
lergic, contact dermatitis, or dermatologic disorders. Chronic
inflammation may lead to development of granulation. The
treatment of COE involves debridement, avoidance of ear canal
manipulation, elimination of the offending agent, and topical
corticosteroids. Regular flushing of the ear canal with a mild
acidic solution, such as acetic acid or vinegar and distilled wa-
ter, can help to eradicate infection and keep the canal free of
debris (7,8).
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FIGURE 109.1. Anatomic depiction of the external, middle, and inner
ear.

Ot omycosis
Otomycosis is a fungal infection of the external ear canal. It
constitutes roughly 10% of all cases of otitis externa and is
more common in geographic locations with a warm and hu-
mid climate, in patients following long-term topical antibiotic
therapy, and in patients with diabetes, HIV, or other immuno-
compromising condition (9). The ear canal will often have
cellulitis and edema on otoscopic examination. The canal de-
bris may have a cheeselike or grayish appearance with visu-
alized fungal hyphae. Aspergillus species and Candida species
are the most common pathogens (10). Treatment consists of
debridement, acidification, and drying of the ear canal. For
candidal infections, topical antifungal therapy may also be
effective.

Ne crot izing Ot it is Ext e rna
Malignant or necrotizing otitis externa (MOE) is an aggressive
infection that begins as otitis externa but spreads through sur-
rounding tissues toward the skull base. It is seen predominantly
in the elderly, diabetic, or immunocompromised patient. Pseu-
domonas aeruginosa is the most common causative pathogen;
however, staphylococcal species are also known to cause the in-
fection (11,12). Fungal causes of MOE are less common, with
Aspergillus species the predominating pathogen (13).

MOE initially presents with symptoms and signs of AOE.
Subsequently it may progress to temporal bone osteomyeli-
tis and affect adjacent cranial nerves (VII–XII), blood ves-
sels, and soft tissue. If not treated aggressively, the infection
can expand intracranially, leading to neurologic symptoms.
On otoscopic exam, granulation tissue is classically seen at
the bony-cartilaginous junction (11–14). A raised erythrocyte
sedimentation rate and abnormal computed tomography (CT)
or magnetic resonance imaging (MRI) scan help to confirm
the clinical diagnosis. Other imaging techniques that assist

in diagnosis include gallium scan, indium-labeled leukocyte
scan, technetium bone scan, and single photon emission tomo-
graphs (12,15). Patients will require treatment with systemic
antibiotics that cover pseudomonal and staphylococcal in-
fection, including methicillin-resistant Staphylococcus aureus
(11,12).

Furunculosis (Ear Canal Ab sce ss)
Furunculosis is a localized infection of the ear canal that is
usually caused by an infected hair follicle. It may present with
otalgia, otorrhea, and localized tenderness. A tender, often fluc-
tuant nodule within the lateral ear canal can be identified on
the exam. The most common pathogen is S. aureus. The treat-
ment includes application of heat, incision and drainage of the
infected area, and systemic antibiotic treatment with staphylo-
coccal coverage (16).

Acut e Ot it is Me d ia

Acute otitis media is an inflammation of the middle ear that
is generally characterized by the rapid onset of otalgia, aural
fullness, and occasionally fever. In the pediatric patient, more
common signs are irritability, sleeplessness, and pulling at the
affected ear. On pneumatic otoscopy, the tympanic membrane
will have a red, opaque, and bulging appearance with decreased
mobility due to the accumulation of purulent fluid in the middle
ear space. Erythema of the tympanic membrane may be noted,
and if the tympanic membrane is ruptured, patients will present
with otorrhea (17,18).

Predominant pathogens in AOM are Streptococcus pneu-
moniae, Haemophilus influenzae, and Moraxella catarrhalis
(19). Observation for 24 to 48 hours in the case of a non-
severe illness in an otherwise healthy individual older than 6
months of age is an initial option. If symptoms persist, an-
timicrobial therapy should be initiated. Amoxicillin is recom-
mended for initial treatment of acute otitis media, at a rec-
ommended dose of 80 to 90 mg/kg per day. In the case of
penicillin allergy, azithromycin, clarithromycin, erythromycin-
sulfisoxazole or trimethoprim-sulfamethoxazole could be used.
Due to the increased incidence of beta-lactamase–producing or-
ganisms, the bacterial coverage should be expanded if there is
no improvement within 48 to 72 hours. In very rare cases,
if pain or fever is excessive, immediate tympanocentesis or
myringotomy may be required (18,19).

Otitis media with effusion is the presence of fluid in the mid-
dle ear without signs or symptoms of acute ear infection and
should be distinguished from acute otitis media. Otitis media
with effusion often occurs as a result of eustachian tube dys-
function, or middle ear inflammation following acute infection.
It is most common in the pediatric population between the ages
of 6 months and 4 years, although it may occur at any age.
On pneumatic otoscopy, the tympanic membrane is usually re-
tracted, will have decreased mobility, and an air–fluid level or
bubbles are often visualized. Patients often report a decrease in
hearing. Otitis media with effusion is often self-limited and is
likely to resolve spontaneously within 3 months. If it persists,
hearing testing is recommended, particularly in children with
language delay, learning problems, or suspicion of significant
hearing loss (17,20). In individuals with persistent middle ear
effusion leading to hearing loss or structural damage, surgical
intervention, such as myringotomy with tympanostomy tube
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insertion, should be considered. Medical treatment, such as de-
congestants, has not been shown to be effective in the treatment
of middle ear effusion. In an adult presenting with a unilateral
middle ear effusion, an examination of the nasopharynx should
be performed to rule out the possibility of a nasopharyngeal
mass causing obstruction of the eustachian tube.

Chronic Ot it is Me d ia

Chronic otitis media is diagnosed when infection persists for
more than 1 to 3 months. It may present as chronic suppurative
otitis media (CSOM), which is characterized by persistent bac-
terial infection and drainage from the ear, or as chronic otitis
media with effusion (COME), which results from unresolving
inflammation of the middle ear and persistent middle ear secre-
tions with an intact tympanic membrane. Chronic otitis media
may be associated with cholesteatoma, which is a keratin cyst
that forms from an accumulation of squamous debris in the
middle ear with potential for growth and erosion of surround-
ing structures (21).

Patients with CSOM will present with hearing loss, pain-
less purulent otorrhea, and a chronic tympanic membrane per-
foration. Evaluation includes visual exam, bacterial culture,
and radiographic imaging. Gram-negative and anaerobic or-
ganisms are usually seen on cultures with Pseudomonas aerug-
inosa being a predominant organism. Temporal bone CT scan
allows evaluation of the extent of disease and reveals potential
complications. Medical treatment of CSOM consists of topical
debridement, along with topical and systemic antibiotics. Top-
ical drops often consist of antibiotic and steroid combinations.
Ciprofloxacin is recommended for systemic use; however, it
cannot be given to children younger than 17 years of age. Sur-
gical treatment is performed for eradication of the infection
and reconstruction of the middle ear (21,22).

COME is characterized by persistent hearing loss and a mid-
dle ear space filled with thick mucus. Chronic inflammation of
the middle ear often begins with obstruction of the eustachian
tube. The resulting negative pressure in the middle ear leads to
collection of transudate. Secondary to chronic inflammation,
the middle ear lining becomes hyperplastic and produces fur-
ther mucus. On exam the tympanic membrane is intact and has
a thickened, opaque appearance. On pneumatic otoscopy, the
tympanic membrane does not move. As the disease progresses,
the tympanic membrane starts to retract and drape over the
ossicles. Nasal obstruction and sinus disease may contribute
to eustachian tube insufficiency and lead to middle ear fluid
accumulation. Treatment of COME consists of fluid drainage,
which is accomplished by myringotomy with ventilation tube
insertion. Treating sinus disease and relieving nasal obstruction
may improve eustachian tube function (21).

Acute or chronic forms of otitis media, if left untreated,
may lead to extracranial or intracranial complications (Table
109.1). Hearing loss, tympanic membrane perforation, atelec-
tasis of the middle ear, mastoiditis, apical petrositis, facial nerve
paralysis, labyrinthitis, and ossicular discontinuity are some of
the possible intratemporal sequelae of otitis media. Meningi-
tis, extradural abscess, subdural empyema, encephalitis, brain
abscess, sigmoid sinus thrombosis, and hydrocephalus are po-
tential intracranial complications. Intracranial complications
should be suspected in individuals presenting with changes in
mental status (17,23–25).
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COMPLICATIONS OF OTITIS MEDIA

Intratemporal
Tympanic membrane perforation
Mastoiditis
Petrositis
Facial nerve paralysis
Labyrinthitis
Ossicular discontinuity

Intracranial
Meningitis
Extradural abscess
Subdural empyema
Encephalitis
Brain abscess
Sigmoid sinus thrombosis
Hydrocephalus

Lab yrint hit is

Labyrinthitis is an inflammation or infection of the vestibu-
lar apparatus. Patients typically present with vertigo, nausea,
vomiting, and malaise. The cause is most often viral or trau-
matic but can be bacterial. Bacterial labyrinthitis most often
arises as a spread of infection from meningitis or otitis media.
It can be serous or suppurative. Viral infections such as mumps,
measles, Lassa fever, varicella-zoster, and herpes simplex have
been associated with labyrinthitis. Labyrinthitis may or may
not be associated with a sensorineural hearing loss, which can
be temporary or permanent depending on the cause, patient’s
age, and severity of the loss (26).

Be ll’s Palsy

Bell’s palsy is defined as an acute unilateral peripheral facial
nerve weakness. Diagnosis is made when other causes of facial
nerve paralysis such as systemic diseases, infection, trauma,
central nervous system disorders, and neoplasm are ruled out.
Patients will usually present with abrupt onset of unilateral fa-
cial weakness. Other symptoms may include numbness or pain
around the ear, decreased taste, and increased sensitivity to
sounds (27). Herpes simplex virus is thought to be an etiologic
factor for this disease (28). Bell’s palsy most commonly occurs
in individuals between 10 to 40 years of age. Pregnant women
and individuals with diabetes mellitus are at a higher risk of
developing Bell’s palsy. Most cases spontaneously improve
within 6 months. Residual facial nerve weakness may persist
in about 15% of affected individuals (27). Recommended
treatment consists of the early administration of high-dose
prednisone and acyclovir (29). Patients should be educated
about using artificial tears and protecting the eye during sleep
to prevent corneal abrasion and eye infection. Preferably,
treatment should be initiated within 72 hours of the onset of
symptoms (27).

Ramsay Hunt Synd rome

Ramsay Hunt syndrome is caused by reactivation of varicella-
zoster virus (VZV) in the geniculate ganglion and is associated
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with eruption of an auricular or oropharyngeal vesicular rash,
facial paralysis, and otalgia (30,31). In addition tinnitus, hear-
ing loss, nausea, vomiting, vertigo, and nystagmus can be ac-
companying symptoms (32). Patients with Ramsay Hunt syn-
drome present more severe symptoms and have a worse prog-
nosis for recovery of facial nerve function relative to patients
with Bell’s palsy. The timing between onset of facial paralysis
and vesicular eruption may vary. Some patients present with fa-
cial paralysis, have a rise in VZV antibody, but never develop
cutaneous manifestations. Such cases are termed Ramsay Hunt
sine herpete and often are labeled as Bell’s palsy (30). Initiation
of early treatment with prednisone and acyclovir is currently
recommended (33).

Chond rit is/ Pe richond rit is

Chondritis/perichondritis of the ear is an infection of auricular
cartilage/perichondrium. It is often caused by penetrating in-
jury to the ear, particularly piercing of the pinna. Blunt trauma
with auricular hematoma can also lead to infection. Cartilage
involvement can also be seen in spreading otitis externa. Due to
its relative avascularity, cartilage is more susceptible to infec-
tion. Infections are more often reported during warm weather,
after exposure to water in pools, lakes, or hot tubs. Patients
present with a very tender, erythematous, and indurated auri-
cle. It is generally doughy on palpation and is rarely fluctuant.
Pseudomonas aeruginosa has been identified as the most likely
cause of the infection (34,35). Treatment consists of removing
any foreign body, and drainage of any abscess or hematoma.
Patients should be treated aggressively with antibiotics that
provide coverage for Pseudomonas. Cartilage necrosis or sub-
perichondrial fibrosis leading to auricular deformity may be
seen following the infectious process (34). Recurrent auricular
chondritis should raise suspicion for the diagnosis of relapsing
polychondritis (36).

NASAL INFECTIONS

Se p t al Ab sce ss

Septal abscess is rare and is defined as a collection of pus
between the cartilaginous or bony nasal septum and overly-
ing mucoperichondrium or mucoperiosteum (37). The leading
cause is trauma that leads to a septal hematoma. It has also been
shown to occur in association with influenza, sinusitis, nasal fu-
runcle, and dental infection. Immunocompromised patients are
at a higher risk of dangerous complications. Patients complain
of nasal congestion, nasal pain, fever, and headache. On exam
there is evidence of an anterior intranasal mass, as the septum
will appear swollen and fluctuant. Most common causative
organisms are S. aureus and group A beta-hemolytic strep-
tococcus; however, Staphylococcus epidermidis, S. pneumo-
niae, H. influenzae, and anaerobes are also possible pathogens.
Treatment involves antibiotics and surgical drainage. Ischemic
necrosis of the septal cartilage may lead to saddle nose defor-
mity or septal perforation. Other complications may involve
intracranial infections such as meningitis, brain abscess, and
subarachnoid empyema (37,38).

Rhinoscle roma

Rhinoscleroma is a chronic infectious granulomatous disease
that originates in the nose but can involve any part of the res-
piratory tract. It is more common in the Middle East, parts
of Latin America, and Eastern Europe, and is often diagnosed
in young adults. Three clinical stages are recognized: (i) the
catarrhal-atrophic stage, which consists of mucosal congestion
and suppurative discharge; (ii) the granulomatous stage, which
may present with epistaxis and nasal deformity and is associ-
ated with granulomatous nodules and infiltration; and (iii) the
sclerotic stage in which fibrosis and stenosis develop (39). Typ-
ically patients present with crusting and nodular thickening of
the nasal mucosa. Biopsy and culture of the diseased area pro-
vides a diagnosis. The presence of Klebsiella rhinoscleromatis is
diagnostic of rhinoscleroma. Diagnosis is usually made in the
proliferation stage. Biopsy shows an abundance of Mikulicz
cells (40). Surgical debridement and prolonged antibiotic ther-
apy is effective against the disease. Streptomycin, tetracycline,
rifampin, second- or third-generation cephalosporins, and
fluoroquinolones have been found to be effective against Kleb-
siella rhinoscleromatis. Treatment requires months to years,
and relapses are common. Patients require long-term follow-
up with repeat cultures and biopsies (39).

Rhinosinusit is

Acut e Bact e rial Rhinosinusit is
Acute bacterial rhinosinusitis most often develops following
a viral upper respiratory infection. Some of the presenting
diagnostic symptoms include purulent nasal discharge; nasal
congestion; maxillary, tooth, or facial pain; and worsening
of symptoms following initial improvement. Other symptoms
include general malaise and a more generalized headache,
although fever is unusual. Predisposing physiologic factors
include obstruction of sinus ostia, reduction in number or func-
tion of sinus cilia, and a change in the quality of secretions (41).
The most common pathogens are S. pneumoniae, H. influen-
zae, Moraxella catarrhalis, and S. aureus. In immunocompro-
mised patients, in patients with cystic fibrosis, and in patients
with sinusitis of nosocomial origin (on mechanical ventilation,
with nasal tubing), P. aeruginosa and other aerobic Gram-
negative rods are common causative pathogens (42). Anaerobic
bacteria are usually associated with sinusitis of dental origin
(43). It is often difficult to distinguish between viral and bacte-
rial sinusitis. The diagnosis is usually based on medical history
and clinical findings. With bacterial sinusitis symptoms are usu-
ally present for > 7 days. Sinus puncture with aspiration of sinus
contents is the most accurate diagnostic technique; however,
since it is invasive, it is not commonly used. Radiographic imag-
ing may help confirm the presence of sinus disease. Plain films
can be difficult to interpret and are rarely ordered. CT findings
will include thickened mucosa, sinus opacification, or air–fluid
levels, and CT is the preferred exam although these findings are
nonspecific (Fig. 109.2). A CT is rarely ordered to confirm acute
infection unless there is concern about possible complications,
such as in the case of frontal or sphenoid sinus infection. Nasal
endoscopy will often demonstrate swelling within the middle
meatus or sphenoethmoidal recess, with purulent discharge.
Antimicrobial treatment of acute sinusitis includes amoxicillin,
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FIGURE 109.2. A coronal computed tomography (CT) image depict-
ing inflammatory sinus disease. A coronal CT without contrast is the
preferred radiographic study to evaluate for the presence and extent of
sinus infections.

amoxicillin-clavulanic acid, cephalosporins, trimethoprim-
sulfamethoxazole, macrolides, doxycycline, and quinolones.
Treatment can be supplemented with nasal saline irrigation,
antihistamines, decongestants, and intranasal steroids (41). If
not treated, acute bacterial sinusitis may be complicated by
development of several orbital and intracranial complications,
particularly when the infection involves the ethmoid, frontal,
or sphenoid sinuses (44,45) (Table 109.2).

Chronic Bact e rial Rhinosinusit is
Chronic bacterial rhinosinusitis is diagnosed when symptoms
are present for at least 12 weeks. Symptoms are similar to
an acute infection, with nasal congestion and purulent dis-
charge predominating, sometimes associated with facial pres-
sure, aural fullness, and anosmia. Nasal endoscopy may reveal
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POTENTIAL COMPLICATIONS OF SINUSITIS

Acute sinusitis
Orbital

Periorbital cellulitis
Orbital cellulitis
Subperiosteal abscess
Orbital abscess
Optic neuritis
Cavernous sinus thrombosis

Intracranial
Meningitis
Epidural abscess
Subdural empyema
Brain abscess

Chronic sinusitis
Mucocele
Osteitis/osteomyelitis
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up

FIGURE 109.3. The ostiomeatal complex, referring to the anterior
ethmoid sinus, and the ostia of the maxillary and frontal sinus as they
drain into the middle meatus. Most sinus infections begin and persist
because of obstruction in this area. The right side depicts these areas
swollen; the left demonstrates the postsurgical appearance after the
ostiomeatal complex has been opened. Eb, ethmoidal bulla; fr, frontal
recess; i, infundibulum; mt, middle turbinate; up, uncinate process.

nasal polyps, edema, or purulent discharge (46,47). CT findings
may reveal mucosal thickening, sinus opacification, polyps, or
air–fluid levels (47). Predisposing factors include smoking, in-
halant allergies, obstruction of the ostiomeatal complex (Fig.
109.3), immune deficiency, and genetic factors (48). Pathogens
are similar to those found in acute infections, with a greater
predominance of staphylococcus, Pseudomonas, and possibly
anaerobes. The most common anaerobic bacteria include Pep-
tostreptococcus species, Fusobacterium species, Prevotella and
Porphyromonas species. In cases of P. aeruginosa, aminogly-
cosides, fourth-generation cephalosporins, or fluoroquinolones
are used (42). A more prolonged course of antibiotic therapy
may be required, ranging from 3 to 6 weeks. Adjunctive ther-
apy including decongestants, mucolytics, and steroids may be
helpful. If patients do not respond to medical therapy, surgical
drainage should be considered (47).

Viral Rhinosinusit is
Viral rhinosinusitis is more common than bacterial. The most
common pathogens are rhinovirus, influenza viruses, aden-
oviruses, parainfluenza viruses, and respiratory syncytial virus
(RSV). Inflammatory symptoms of viral rhinosinusitis are
thought to be due to the host response to the virus. Patients may
present with symptoms of the common cold such as nasal con-
gestion, nasal discharge, sneezing, cough, fever, malaise, and
muscle ache. Viral rhinosinusitis is usually self-limited. Antivi-
ral therapy may be used for specific viruses. Nasal saline irriga-
tion and various anti-inflammatory medications may aid with
symptomatic relief (49).

Fung al Rhinosinusit is
Acute Necrotizing Fungal Rhinosinusitis. Acute necrotiz-
ing fungal rhinosinusitis is a fulminant invasive fungal in-
fection that is often life threatening. It usually affects
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FIGURE 109.4. Magnetic resonance imaging (MRI) of a mycetoma or fungal ball within the sphenoid
sinus, demonstrating isodense opacification on T1 images (A), with a ring of enhancement and central
attenuation on T2 (B).

immunocompromised patients, such as diabetics, patients with
immunodeficiency disorders, patients undergoing chemother-
apy, or patients requiring prolonged stays in the intensive care
unit. Patients often present with acute onset of fever, headache,
cough, mucosal ulcerations, and epistaxis. On exam, nasal es-
char spreading through mucosa, soft tissue, and bone is seen.
Histopathologic evaluation of involved tissue reveals necro-
sis and inflammatory infiltrate with giant cells, lymphocytes,
and neutrophils. Gomori methenamine silver or periodic acid-
Schiff histologic fungal stains demonstrate tissue and vascu-
lar invasion by fungal hyphae. Most common pathogens are
Aspergillus, Rhizopus, and Mucor species. Treatment involves
emergent surgical debridement, intravenous antifungal drugs
such as amphotericin B, and treatment of the underlying im-
munocompromising disorder. If the disease is not treated, it
may lead to rapid dissemination and death (50,51).

Chronic Invasive Fungal Rhinosinusitis. Chronic invasive fun-
gal rhinosinusitis is a chronic, more indolent, and slowly inva-
sive fungal infection. It too usually affects immunocompro-
mised patients, particularly diabetics and patients requiring
prolonged corticosteroid treatment, but has also been reported
in otherwise healthy individuals. Patients may present with or-
bital apex syndrome due to the extension of the infection into
the orbit. This will result in decreased vision, ocular immobility,
and proptosis. Erosion may also occur into the infratemporal
fossa, the anterior cranial fossa, or the premaxillary region.
Histopathology reveals a dense accumulation of hyphae, with
a chronic inflammatory infiltrate of lymphocytes, giant cells,
and necrotizing granulomas. If left untreated, the disease may
invade cerebral blood vessels leading to ischemic injury or di-
rectly invade the brain. Treatment involves repeated surgical
debridement and antifungal drugs (50).

Myce t oma

Mycetoma, also described as a fungal ball, is an accumula-
tion of degenerating fungal hyphae within a sinus cavity. It
usually involves one sinus, most often the maxillary sinus. Pa-
tients are generally immunocompetent and will present with

symptoms of nasal obstruction, postnasal drainage, and local-
ized facial pain. Risk factors include previous sinus surgery,
oral-sinus fistula, and chemotherapy treatment. The presence
of chronic mucosal inflammation may be noted on nasal en-
doscopy, along with green-black concretions within the middle
meatus. A CT study will reveal sinus opacification, often with
areas of calcification. Magnetic resonance imaging (MRI) may
be definitive, demonstrating isodense opacification on T1 im-
ages, with a ring of enhancement and central attenuation on
T2 (Fig. 109.4). This result is from ferromagnetic deposits re-
lated to the fungal infection. Aspergillus is the most common
organism, although fungal cultures are often found to be neg-
ative. Treatment involves surgical removal of the fungal ball
with adequate drainage of the affected sinus (51,52).

Alle rg ic Fung al Sinusit is

Allergic fungal sinusitis (AFS) is a form of chronic hypertrophic
sinus disease and not really a true infection. The cause of AFS
is thought to be in part an allergic response to the presence
of noninvasive fungi in the sinus cavity and has been likened
to allergic bronchopulmonary aspergillosis (51). Patients will
commonly present with hypertrophic sinus disease and nasal
polyps. Symptoms of headache, paranasal fullness, and nasal
discharge are often reported. Sinus CT often reveals the pres-
ence of chronic sinusitis with hyperattenuation present in the
opacified sinus, creating an inhomogeneous appearance often
with areas of calcification (Fig. 109.5). Serum IgE levels are of-
ten elevated. Histologic evaluation reveals the presence of aller-
gic mucin, containing fungal hyphae and elevated eosinophils.
There is no evidence of mucosal invasion. Intraorbital and in-
tracranial expansion may occur secondary to pressure resorp-
tion of surrounding bone. The most common causative agents
are Bipolaris spicifera and Curvularia lunata. Other causative
agents are Exserohilum rostratum , Alternaria species, and As-
pergillus species. Treatment consists of sinus surgery to re-
move the diseased mucosa and allergic mucin, although re-
currence is common. Once AFS is diagnosed, if there are no
contraindications, treatment with corticosteroids should be ini-
tiated (52,53).
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FIGURE 109.5. Computed tomography (CT) of the sinuses in a pa-
tient with allergic fungal sinusitis, demonstrating an inhomogeneous
appearance with areas of calcification.

ORAL CAVITY

Ging ivit is

Gingivitis affects 50% to 90% of the adult population. It has
an infectious etiology caused by oral microflora in the accu-
mulating dental plaque and usually contains both aerobic and
anaerobic bacteria. Gingivitis is a reversible disease. Chronic
gingivitis often leads to bleeding of the gums during tooth
brushing (54). Gingivitis may progress to periodontitis, which
involves inflammation of deeper tissues leading to the loss of
supporting connective tissue and alveolar bone. This disease is
nonreversible and may lead to loss of involved teeth (55,56).
Treatment involves primarily good oral hygiene along with the
mechanical removal of plaque and calculus (55).

Acut e Ne cro t izing Ulce rat ive Ging ivit is
(Tre nch Mout h)

Acute necrotizing ulcerative gingivitis (trench mouth, Vincent
stomatitis) is a rare periodontal disease characterized by gingi-
val necrosis, ulceration, pain, and bleeding (57). Disease is most
commonly seen in young adults. Patients will often present
with sudden onset of gingival inflammation. Gingival lacera-
tions covered with gray membranes and gingival bleeding are
noted on the exam. The causative organisms are fusospiro-
chetal bacteria, which become pathogenic during periods of
compromised immune system function. Bacteroides and Se-
lenomonas species have also been implicated in the disease
(57). Diagnosis is based on clinical findings. Risk factors in-
clude dental crowding, physical fatigue, increased stress, low
socioeconomic status, immunosuppression, smoking, and poor
oral hygiene (58). Treatment includes eliminating precipitat-
ing factors, treatment of underlying immunosuppression, oral
hygiene, mechanical debridement of affected areas, and antibi-
otics. Penicillin or metronidazole is recommended for antibiotic
treatment (57).

He rp e t ic Ging ival St omat it is
Herpetic gingivostomatitis is an infection due to herpes simplex
virus. Primary infection most commonly manifests in children

between the ages of 2 and 5 years. Patients may present with
fever and irritability. Oropharyngeal pain, mucosal edema and
erythema are often present. Vesicular lesions appear on mo-
bile or nonkeratinized mucosal surfaces (buccal, labial) and
attached or keratinized surfaces (gingiva, hard palate). These
usually rupture within 24 hours, leaving small ulcers with an
elevated margin. Diagnosis is confirmed by viral studies and
biopsy. Treatment is usually supportive, although acyclovir
may help to shorten the severity and duration of the infec-
tion. Once the primary infection resolves, infection remains
dormant, the reservoir usually being the trigeminal ganglion.
Periodic reactivation of infection may occur. In most cases, in-
dividuals must have an active lesion to be able to transmit the
virus (59,60).

He rp ang ina

Herpangina is a disease that commonly occurs in children (61).
Coxsackie A virus is the most common causative organism
(62). Patients will present with fever, malaise, and sore throat.
On exam patients are noted to have oropharyngeal erythema.
Vesicles and small ulcers are present on the posterior pharynx,
often on the uvula and soft palate. The course is usually self-
limiting (61).

Cand id iasis

Candidiasis is caused by overgrowth of Candida albicans. Of-
ten the patient is predisposed, with a history of immuno-
suppression, radiation, or altered microflora following long-
term broad-spectrum antibiotic use. In the pseudomembranous
form, yellow-white plaques are present that have been likened
to milk curds (Fig. 109.6A), whereas in the erythematous form,
these plaques have disappeared (Fig. 109.6B). Clinical diagno-
sis may be confirmed with potassium hydroxide staining re-
vealing fungal hyphae. Initial therapy usually consists of oral
hygiene and topical treatment. Some of the available agents in-
clude oral nystatin preparations, amphotericin lozenges, and
clotrimazole troches. Ketoconazole, fluconazole, and itracona-
zole can be used for systemic treatment if indicated (63).

Od ont og e nic Infe ct ions

Odontogenic infections often originate from infected pulp and
may spread to the fascial spaces of the head and neck where an
abscess may form (Fig. 109.7). The potential spaces are found
around the face—masticator, buccal, canine, and parotid; in
the suprahyoid area—submandibular, sublingual, and para-
pharyngeal; and in the infrahyoid area—retropharyngeal and
paratracheal. The most common causative organisms are S. au-
reus, group A streptococci, and anaerobic bacteria. Treatment
with broad-spectrum antibiotics is recommended (64,65).

Lud wig ’s Ang ina
Ludwig’s angina is an infection that involves the left and
right sublingual and submandibular spaces, generally spread-
ing rapidly through fascial planes. It occurs most often in adults
with poor dentition, usually from an infection involving the sec-
ond or third molar. Other sources may include inflammation
of the tongue or floor of mouth, and lingual tonsillitis (65,66).
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FIGURE 109.6. Oropharyngeal infection by Candida albicans (thrush). These photos demonstrate the
pseudomembranous form (A) associated with yellow-white plaques, and the erythematous form (B). (From
Walner DL, Shott SR. Infectious and inflammatory disorders. In: Seiden AM, Tami TA, Pensak ML, et
al., eds. O tolaryngology: The Essentials. New York, NY: Thieme Medical Publishers; 2001:188, with
permission.)

Patients will often present with submandibular swelling but not
fluctuance, and swelling of the floor of the mouth that pushes
the tongue upward and backward toward the palate. In the case
of advanced disease, patients may present in acute distress with
fever, difficulty handling secretions, and dyspnea that favors a
seated and head forward position. Infection can be rapidly pro-
gressive, leading to airway compromise. Anaerobic organisms
and streptococci are the most common cause of Ludwig angina.
Treatment requires close airway monitoring with prophylactic
tracheotomy in most cases for airway protection, administra-
tion of antibiotics, and surgical drainage (66,67).

PHARYNX

Tonsillit is/ Pharyng it is

Tonsillopharyngitis is a common disease characterized by infec-
tion of the nasopharynx and oropharynx and associated lym-
phoid tissue. Acute tonsillopharyngitis may be caused by viral
or bacterial infection, a virus being most common. It is of-
ten difficult to distinguish between a bacterial and viral cause
based on clinical exam. Patients present with fever, malaise,
odynophagia, and lymphadenitis. On exam tonsillar enlarge-
ment, erythema, and exudate may be present. Upper respiratory
viruses such as rhinovirus, coronavirus, and adenovirus are the
most common causes of viral infection (68). The most com-
mon cause of bacterial tonsillopharyngitis is a group A beta-
hemolytic streptococci (GABHS). It can be diagnosed by per-
forming a group A Streptococcus test. Other pathogens have
also been associated with the disease such as M. catarrhalis, H.
influenzae, S. aureus, and S. pneumoniae (69). Diphtheria and
gonococcal infections should also be considered. If GABHS
infection is suspected, antibiotic treatment should be initi-
ated. Penicillin, amoxicillin, erythromycin, and first-generation
cephalosporins are recommended for treatment. It is recom-

mended to perform a group A Streptococcus test prior to ini-
tiation of antibiotic treatment (68,70). If not treated, bacte-
rial tonsillopharyngitis may lead to complications that can be
suppurative and nonsuppurative. The nonsuppurative compli-
cations include scarlet fever, acute rheumatic fever, and post-
streptococcal glomerulonephritis. Suppurative complications
include peritonsillar, parapharyngeal, and retropharyngeal cel-
lulites and/or abscess (71). In cases of recurrent streptococcal
tonsillopharyngitis or infections unresponsive to antimicrobial
therapy, tonsillectomy might be indicated (72).

Pe rit onsillar Ab sce ss

Peritonsillar abscess is the most common deep infection of the
head and neck. It usually occurs as a complication of bacterial
tonsillitis or less frequently in cases of infectious mononucle-
osis. Infection may spread through the tonsillar capsule into
the space between the tonsil and superior constrictor muscle
and sequentially develop into an abscess. Peritonsillar abscess
is most commonly diagnosed in adults or adolescents. Patients
will present with increasing pharyngeal pain, dysphagia, tris-
mus, dysarthria, drooling, and a muffled voice. The clinical
exam reveals trismus, peritonsillar bulging that displaces the
soft palate medially, and uvular deviation toward the opposite
side. Patients will often have tonsillar exudates and tender cer-
vical lymphadenopathy (65). A peritonsillar abscess is usually
polymicrobial, with Group A streptococci and anaerobes the
most common pathogens (73). The diagnosis is usually made
on physical exam. A CT scan may help if the diagnosis is un-
certain. Treatment involves aspiration or incision and drainage
of the abscess along with antibiotic therapy (74). If the peri-
tonsillar abscess becomes recurrent, a tonsillectomy would be
indicated (75). A peritonsillar space infection has the potential
for spreading to the parapharyngeal space, the manifestations
of which may be delayed (65).
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FIGURE 109.7. Schematic representation of the deep fascial spaces of the head and neck. (From Portugal
LG, Padhya TA, Gluckman JL. Anatomy and Physiology. In: Seiden AM, Tami TA, Pensak ML, et al., eds.
O tolaryngology: The Essentials. New York, NY: Thieme Medical Publishers; 2001:477, with permission.)

Le mie rre Synd rome

Lemierre syndrome is described as the presence of oropharyn-
geal infection, sepsis, internal jugular vein thrombosis, and sep-
tic emboli caused by Fusobacterium necrophorum (76). This is
a Gram-negative anaerobic organism that can be part of the
normal human oropharyngeal, gastrointestinal, or genitouri-
nary flora. In the present time disease is rather uncommon
due to the availability of antibiotics. Most often Lemierre syn-
drome affects young adults with a recent history of oropha-
ryngeal, tonsillar, or peritonsillar infection. Patients will of-
ten present with tenderness and swelling of the lateral neck,
secondary to thrombophlebitis of the internal jugular vein.
Septic emboli may spread and affect other organs, especially
the lungs. The disease requires immediate antibiotic treatment
with agents such as clindamycin, metronidazole, ampicillin-
sulbactam, or ticarcillin-clavulanate for a period of at least
6 weeks (76,77). In the case of abscess formation, surgical
drainage might be required. In rare cases of refractory dis-

ease, ligation or excision of the jugular vein might be indicated
(77,78).

Infe ct ious Mononucle osis

Infectious mononucleosis is a systemic disease caused by
Epstein-Barr virus (EBV). It most commonly occurs in teenagers
and young adults. The virus is transmitted through saliva. Pa-
tients will present with fever, fatigue, malaise, sore throat, and
generalized nontender lymphadenopathy. On exam patients
will have inflamed tonsils with exudate. Hepatosplenomegaly
may also be present. Diagnosis is confirmed by the presence of
atypical lymphocytes on peripheral smear, a positive monospot
test, and positive EBV titers. Treatment of mononucleosis is
supportive (79,80). Corticosteroids are used to decrease in-
flammation, particularly in cases where airway obstruction is
a concern due to marked tonsillar enlargement. In severe cases
of airway obstruction, establishing a secure airway might be
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indicated. Patients will develop a rash if treated with amoxi-
cillin for presumed bacterial tonsillitis; thus administration of
amoxicillin should be avoided (79).

LARYNX/ AIRWAY

Sup rag lo t t it is/ Ep ig lo t t it is

Epiglottitis is an infectious disease of the epiglottis and supra-
glottis, most commonly bacterial in origin. It usually has a
sudden onset, with patients developing high fever, pain with
swallowing, drooling due to difficulty handling secretions, and
respiratory distress. On presentation the patient is often found
sitting in a hunched-forward position with an extended neck
and open mouth (sniffing position) (81). On a lateral neck film,
edema of the epiglottis and a ballooning of the hypopharynx
(thumb sign) will be noted (Fig. 109.8). On direct visualiza-
tion the epiglottis will appear erythematous (cherry-red) and
swollen. Care should be taken with airway manipulation as it
may quickly precipitate complete airway obstruction. H. in-
fluenzae type b used to be the most common causative agent;
however, with the introduction of the vaccine the incidence
of H. influenzae–related epiglottitis has significantly decreased
(82). Currently S. pneumoniae group A beta-hemolytic strepto-
cocci are the most common causative agents (82,83). Epiglot-
titis is considered an emergency as it has a potential for rapid
complete airway obstruction, particularly in children. When
epiglottitis is diagnosed, in most cases a secure airway should be
established via endotracheal intubation or tracheostomy. The

FIGURE 109.8. Lateral plain neck radiograph demonstrating edema
of the epiglottis associated with epiglottitis.

decision to extubate or decannulate is based on clinical im-
provement. Treatment with intravenous antibiotics (ceftriax-
one or ampicillin/sulbactam) and steroids is initiated (81,82).
Adults may sometimes present with supraglottitis where the
epiglottitis is not involved. In these cases, the airway can of-
ten be managed more conservatively, although close in-hospital
observation is required.

Laryng it is

Acute laryngitis most often occurs as part of an upper respira-
tory infection and therefore is usually caused by rhinovirus
(84). Laryngoscopy reveals diffuse laryngeal erythema and
edema, often producing a cough and hoarseness. The treat-
ment is often supportive, including voice rest, humidification,
and occasionally anti-inflammatory medications.

Croup

Croup is an inflammatory disease of the subglottic airway. Al-
most always it is associated with a viral infection, most com-
monly caused by parainfluenza and influenza viruses. It most
commonly occurs in the pediatric population between the ages
of 1 and 3 years. Patients usually present with fever, tachyp-
nea, inspiratory stridor, hoarseness, and a barking cough. The
history often includes a preceding upper respiratory infection.
Radiographic studies reveal subglottic narrowing, the so-called
steeple sign (Fig. 109.9). Depending on the severity of the symp-
toms, patients might require close observation and establish-
ment of a secure airway. Administration of glucocorticoids is
recommended to decrease airway inflammation, and racemic

FIGURE 109.9. Subglottic edema causing narrowing and the so-called
steeple sign associated with croup. (From Stern Y, Myer CM. Infectious
and inflammatory disorders. In: Seiden AM, Tami TA, Pensak ML,
et al., eds. O tolaryngology: The Essentials. New York, NY: Thieme
Medical Publisher; 2001:304, with permission.)
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epinephrine treatments are often helpful. When croup is re-
current, an airway evaluation with laryngoscopy and bron-
choscopy is recommended to assess for anatomic abnormalities
(85).

Dip ht he ria

Diphtheria is an infectious disease of the upper airway. It is
caused by Corynebacterium diphtheriae and is rather rare due
to widespread immunization. Patients will present with fever
and malaise. Bloody nasal discharge and pseudomembranes in
the nose, oropharynx, and larynx may be noted on exam. The
presence of membranes may lead to airway obstruction and
respiratory failure. Exotoxins produced by the bacteria may
affect the heart, liver, kidney, and brain. Clinical diagnosis is
confirmed by bacterial smear and cultures on Löffler or tellu-
rite media. The treatment consists of ensuring a secure airway,
administration of antitoxin, and antibiotics. Penicillin or eryth-
romycin is recommended for treatment (68,86).

Bact e rial Trache it is

Bacterial tracheitis is a rare, potentially life-threatening respi-
ratory infection. It is characterized by the presence of thick
membranous tracheal secretions that do not readily clear with
coughing and may lead to occlusion of the airway. Patients
will present with fever, cough, stridor, and generalized malaise.
Patients do not respond to racemic epinephrine treatment. Ra-
diographic findings often reveal irregular tracheal margins with
a normal-appearing epiglottis. Diagnosis is made with direct
visualization of thick membranous tracheal secretions or the
presence of purulent tracheal secretions in the glottis and sub-
glottis (87,88). The most commonly isolated pathogen is S. au-
reus. Other causative bacterial pathogens include H. influen-
zae, S. pneumoniae, Streptococcus pyogenes, M. catarrhalis,
Klebsiella, and Pseudomonas species (87–89). If the diagnosis
of bacterial tracheitis is made, treatment consists of securing
the airway, endoscopically removing tracheal membranes, and
administration of antibiotics (87).

NECK

Salivary Gland Infe ct ions

Viral Infe ct ions
Mumps. Mumps is a viral infection caused by paramyxovirus
and is the most common viral infection that involves the sali-
vary glands. Infected patients display signs of fever and malaise.
Painful parotid swelling occurs within 24 hours and is often
bilateral. Ten percent of patients have submandibular gland
involvement. Patients may experience pain with salivation.
Twenty-five percent of affected adolescent or adult males will
develop orchitis, and 5% of females may present with oophori-
tis. Mastitis, pancreatitis, and central nervous system involve-
ment may also occur in affected individuals. Mumps infection
can also lead to sensorineural hearing loss. The treatment is
usually supportive. In children the disease has a less severe
course than in adults (90).

Other potential viruses that may infect the salivary glands
include coxsackie A, echovirus, choriomeningitis, parain-
fluenza type 1 and 3, and cytomegalovirus (90,91).

Bact e rial Infe ct ions
Bacterial infections of the salivary glands often develop follow-
ing salivary stasis, secondary to ductal obstruction by a stone or
mass, or a decrease of salivary flow secondary to dehydration.
Any sort of intraoral trauma, such as extensive dental work,
may also cause an inflammatory obstruction of the duct. The
most common causative pathogens are S. aureus and Strepto-
coccus viridans. The parotid gland is affected more often, likely
due to lower bacteriostatic activity of saliva from this gland as
compared to the submandibular or sublingual glands. Patients
will present with pain, swelling, and erythema in the region
of the salivary gland, exacerbated by eating. Patients may also
have fever, malaise, and an elevated white count. Treatment
involves hydration to increase salivary flow, massaging of the
affected gland, sialogogues, and administration of antistaphy-
lococcal antibiotics. In cases of chronic or recurrent sialadeni-
tis, removal of the obstructing stone or excision of the gland
might be recommended (91,92).

Lymp had e nit is

Lymphadenitis is an inflammatory process involving lymph
nodes. The pediatric group is more commonly affected. Upper
respiratory viral infections are the most common cause of cer-
vical lymphadenopathy. This condition is self-limited and usu-
ally does not require treatment. Bacterial lymphadenitis usually
occurs as a complication of skin or respiratory infection. The
most common causative organisms are S. aureus and group A
streptococci. Patients may present with tender lymphadenopa-
thy, which may progress to formation of an abscess. If bacte-
rial lymphadenitis is suspected, treatment with beta-lactamase–
resistant antibiotics is recommended. In case of progression to
abscess formation, incision and drainage are indicated (93,94).

Cat scrat ch Dise ase
This disease usually presents with subacute solitary or regional
lymphadenopathy in patients with a previous contact with a
kitten or cat. It is primarily caused by Bartonella henselae; how-
ever, cases of Bartonella clarridgeiae and Bartonella elizabethae
have been reported. Lymphadenopathy occurs 1 to 3 weeks af-
ter a scratch, bite, or other contact with an infected kitten or
cat. Small red-brown nontender papules may develop at the
site of inoculation 3 to 30 days after contact. The lymph nodes
draining the affected site gradually enlarge and are moderately
tender, with the overlying skin appearing warm and erythe-
matous. Up to 10% of lesions may require surgical drainage.
Histologic examination reveals granulomas with multiple mi-
croabscesses. The indirect fluorescent antibody test and enzyme
immunoassay are used for detection of specific serum antibody
to B. henselae (95).

Mycob act e rium
Nontuberculous mycobacterial infection is a rare cause of lym-
phadenitis. It presents as a slowly enlarging, nontender cervical
mass. The infection can affect adults; however, it is most com-
monly found in children younger than 5 years of age. It is often
diagnosed after failure to respond to treatment with antibiotics.
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The most common causative pathogen is Mycobacterium
avium-intracellulare. O ther reported pathogens are M. scrofu-
laceum, M. kanasasaii, M. fortuitum , and M. malmoense (96).
Nontuberculous mycobacteria are found ubiquitously in the
environment—in soil, food, water, animals, and so on. It is usu-
ally acquired from the environment, and there is no evidence of
person-to-person transmission. An intradermal PPD test (pu-
rified protein derivative of tuberculin) aids in the diagnosis of
nontuberculous lymphadenitis. However, positive cultures will
be more definitive (97). Complete surgical resection of infected
tissues has been the gold standard for the treatment of nontu-
berculous mycobacterial infections. Treatment with antituber-
culous medications, such as macrolides (clarithromycin), has
also been shown to be effective in some cases. Recent studies
have suggested an antibiotic therapeutic trial prior to surgical
excision or as an adjunct to surgical excision (98).

Act inomycosis

Actinomycosis is an infection caused by Actinomyces israelii,
a Gram-positive anaerobic bacterium. The disease has mul-
tiple presentations and is often misdiagnosed. Most of these
infections occur in the head and neck region (> 50% ), most
often entering the tissue through an area of prior trauma. As
the infection develops, patients will be noted to have a woody
induration that eventually leads to central abscess formation.
This abscess will generally track to a mucosal surface or exter-
nally to the skin, forming a sinus or fistulous tract. The sup-
purative drainage will contain so-called sulfur granules, yellow
flecks containing the bacterial colonies. The diagnosis is best
made by culture, but as anaerobic cultures can be unreliable,
diagnosis may have to rely on the clinical picture and histology.
The organisms stain best with Gram and Gomori methenamine
silver stains. Treatment consists of drainage and debridement
of the infected area with administration of penicillin (99).

De e p Ne ck Sp ace Infe ct ions

Re t rop haryng e al Sp ace Ab sce ss
The retropharyngeal space is defined by the prevertebral fas-
cia posteriorly, the posterior layer of the deep cervical fascia
anteriorly, the skull base superiorly, and the posterior medi-
astinum inferiorly (Fig. 109.7). Infection usually develops from
infected retropharyngeal lymph nodes, which receive lymphatic
drainage from the paranasal sinuses, nasopharynx, and middle
ear, and are more common in children. Trauma is another com-
mon cause. Patients commonly present with fever, pain with
swallowing, decreased oral intake, drooling, malaise, and tor-
ticollis. Trismus and neck swelling are often present. The most
common causative organisms are S. pyogenes and anaerobic
bacteria (73). Lateral radiographic images of the neck in ex-
tension reveal thickened prevertebral soft tissue. Computed to-
mography aids in determining the presence of an abscess. Ther-
apy involves the administration of intravenous antibiotics and
drainage of the abscess. Transoral drainage is recommended
unless there is extension lateral to the great vessels, i.e., the
carotid artery (100). If left untreated, spontaneous rupture of
the abscess may lead to aspiration of infectious material. Infec-
tion may spread to the parapharyngeal and prevertebral spaces,
and lead to mediastinitis, or involve the great vessels (65).

Parap haryng e al Sp ace Ab sce ss
The parapharyngeal space is a potential space that extends
from the skull base to the greater cornu of the hyoid bone
(Fig. 109.7). The pharynx and superior constrictor muscle are
the medial boundaries; the internal pterygoid muscle, parotid
gland, and mandible are lateral structures; the prevertebral fas-
cia lies posteriorly; and the pterygomandibular ligament is an
anterior structure that surrounds the parapharyngeal space.
The styloid process divides the space into an anterior and
posterior division. Pharyngeal infections, molar tooth infec-
tions, gingivitis, and even mastoiditis may spread to the para-
pharyngeal space. If untreated, infection has the potential to
spread to the retropharyngeal space, to the mediastinum, and to
involve the great vessels causing internal jugular thrombosis
and erosion of the internal carotid artery. Airway compromise
may occur. Patients typically present with a prior history of a
sore throat or tooth infection. Initial symptoms are fever and
pain with swallowing. Tender, erythematous swelling at the
angle of the mandible and parotid is typically found on clini-
cal exam, but it will not appear fluctuant even if an abscess is
present. Examination of the pharyngeal will often reveal medial
displacement of the ipsilateral tonsil. Trismus may develop sec-
ondary to inflammation of the medial pterygoid muscle. Torti-
collis toward the opposite side often results from inflammation
of lymph nodes under the sternocleidomastoid muscle. Patients
may also complain of otalgia (65,101,102). The most common
causative pathogens are S. aureus, S. pyogenes, and anaerobic
bacteria (73). Computed tomography aids in evaluation of the
site and the extent of infection, distinguishing between celluli-
tis and abscess (Fig. 109.10). Parapharyngeal space infections
require immediate treatment with intravenous antibiotics and
surgical drainage if an abscess is present. This is usually done

FIGURE 109.10. Computed tomography (CT) of the neck demon-
strating a parapharyngeal space abscess.
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through an external approach. Transoral drainage is not rec-
ommended (65,102).

TIPS AND PEARLS
Infections of the head and neck may be an occult source of
sepsis in critically ill patients, especially since nasopharyngeal
and oropharyngeal tubes may cause obstruction and mucosal
breakdown.

■ In a patient presenting with an ear infection, pushing on the
tragus will elicit pain if it is an outer or external ear infection,
but not if it is a middle ear infection.

■ Oral antibiotics are rarely helpful in the treatment of exter-
nal otitis, a condition that is more effectively treated with
topical preparations.

■ Otomycosis caused by aspergillus usually presents with gray-
ish black or yellow dots (fungal conidiophores) surrounded
by a cottonlike material (fungal hyphae) that is easily visible
when examining the ear canal.

■ Otitis externa with granulation tissue in a diabetic patient
should be considered diagnostic of necrotizing otitis externa
and treated aggressively.

■ In an adult presenting with a unilateral middle ear effusion, it
is essential to evaluate the nasopharynx to rule out the pres-
ence of a nasopharyngeal mass obstructing the eustachian
tube.

■ Auricular perichondritis should be treated early and aggres-
sively to prevent the sequela of auricular deformity.

■ The presence of a nasal septal hematoma or abscess requires
immediate drainage to prevent secondary necrosis of the sep-
tal cartilage and the subsequent development of a saddle
nose deformity.

■ A bacterial rather than viral sinus infection should be sus-
pected when symptoms have been present for > 7 to 10 days
or symptoms are worsening after 5 days.

■ Primary herpes can be distinguished from aphthous ulcera-
tion by the fact that aphthous ulcers appear only on mobile
or unattached mucosal surfaces, whereas herpetic lesions ap-
pear on both mobile and attached mucosa.

■ Ludwig’s angina can be rapidly progressive and should be
considered an airway emergency, with a prophylactic tra-
cheotomy recommended in most cases.

■ Due to its potential for rapid airway compromise, epiglottitis
should be considered an airway emergency.

■ Due to its deep location, a parapharyngeal space abscess will
cause tender induration of the upper neck, but not fluctu-
ance.
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CHAPTER 110 ■ CATHETER-RELATED
BLOODSTREAM INFECTIONS
DANY E. GHANNAM r ISSAM I. RAAD

Central venous catheter (CVC) use now permeates every sector
of medicine, spanning the spectrum of both the inpatient and
outpatient clinical settings. Their use is primarily directed at se-
curing vascular access for fluids, medications, blood products,
total parenteral nutrition (TPN), and hemodialysis (1). How-
ever, these intravascular devices are becoming a ready conduit
for bacterial and fungal invasion, resulting in catheter-related
bloodstream infection (CRBSI) (Table 110.1) that ultimately
can be complicated by septic thrombophlebitis, infective endo-
carditis, and other metastatic infections, such as lung abscess,
brain abscess, and endophthalmitis.

CRBSIs are the most common cause of hospital-acquired
infections in the critically ill (2). More than 80,000 CRBSIs are
estimated to occur annually in intensive care units (ICUs) in
the United States, with an attributable mortality ranging from
12% to 25% (3). Therefore, 9,600 to 20,000 patients die from
CRBSI in ICUs annually. The added cost ranges from $28,690
to $56,167 per each individual episode in ICU patients (4).
Non-ICU patients, especially the immunocompromised hosts
with CVCs in place, are also at significant risk. These infections
are often difficult to diagnose, treat, and prevent. This chapter
will concentrate on the latter aspects of CRBSI.

PATHOGENESIS
Diagnosis, treatment, and prevention of CRBSIs are based
on our understanding of the pathogenesis of these infections.
The first step in primary infection is the colonization of the
CVC. For short-term, nontunneled, noncuffed, multilumen
catheters—which make up 90% of CRBSIs—the skin insertion
site is the source of the colonization; organisms migrate along
the external surface of the catheter and through the subcuta-
neous layers and infect the catheter tip (5,6).

For long-term catheters—the cuffed, tunneled, silicone
catheters, Hickman or Broviac—or implantable devices, the
lumen of the hub or belt of the port is the primary source of
entry (7,8). Micro-organisms are introduced via the hands of
medical personnel while manipulating the hub during, for ex-
ample, flushing and drawing of blood (7–9). Of note is that
colonization is universal after insertion of a CVC, can occur as
early as 1 day after insertion, and is quantitatively independent
of a catheter-related infection (7).

These sources explain the prevalence of Staphylococ-
cus aureus, coagulase-negative Staphylococcus (CNS), ente-
rococci, nonenteric hospital-acquired Gram-negative bacilli
(Stenotrophomonas maltophilia, Pseudomonas aeruginosa,
Acinetobacter spp.), mycobacteria, and Candida spp. as pri-
mary organisms of CRBSI (10). Secondary seeding of the

CVC, whereby organisms become blood-borne and colonize
the catheter, has been suggested (11,12) to the point of rec-
ommending treatment of urinary tract infections prior to CVC
insertion to prevent a potential CRBSI (13). However, its role
in CRBSI has not been documented (13).

Contamination of the infusate or additives, such as con-
taminated heparin flush, are rare causes of colonization and
infection of the vascular devices (14–16). The nationwide out-
breaks of Enterobacter agglomerans and Enterobacter cloacae
in 1971 led to widespread changes and surveillance at industry,
hospital, and state and federal levels. The nutritional compo-
nents present in the TPN promote the growth of certain fungi
such as Candida parapsilosis and Malassezia furfur, as well as
bacteria such as Klebsiella pneumoniae and E. cloacae (17–19).

The second step in the pathogenesis of CRBSI is the
ability of some microbes to form a biofilm of extracellular,
polysaccharide-rich, slimy material (20,21), promoting the ad-
hesiveness of the bacteria to the surface of the CVC. Biofilms
form on the external surface of short-term catheters and the
internal surface of long-term catheters—that is, those with a
dwell time of at least 30 days. This biofilm enables bacteria not
only to adhere to the surface of the catheter, but also to resist
antibiotics, such that “chronic” biofilm eradication becomes a
difficult task (22). Another factor promoting adherence is the
thrombin layer that covers both surfaces of a catheter during its
insertion; the rich composition of the host’s own blood compo-
nents enables S. aureus, for example, to adhere to fibrinogen,
CNS to fibronectin, and Candida spp. to fibrin (23–27).

Finally, other factors could also potentiate the risk for a
CRBSI, including femoral catheterization, which was associ-
ated with a higher rate of infections and thrombotic com-
plications when compared to subclavian catheterization in a
prospective randomized, controlled trial involving intensive
care unit patients (28). Another prospective controlled trial
demonstrated that a transparent occlusive dressing was asso-
ciated with significantly increased rates of insertion site colo-
nization (p < 0.001) in patients having CVCs for more than
3 days when compared to gauze dressing (29). This difference
was explained by the warm atmosphere created by occlusive
dressings, which promoted microbial growth.

CLINICAL MANIFESTATIONS
Clinical manifestations of CRBSIs can be divided into two cat-
egories: local and systemic. Local manifestations include ery-
thema, edema, tenderness, and purulent discharge. These signs
and symptoms are neither sensitive nor specific, and cannot
be relied on to identify catheter colonization or CVC-related

1641



1642 Sect ion XI: Infectious Disease

TA BLE 1 1 0 . 1

DEFINITIONS OF CATHETER-RELATED
BLOODSTREAM INFECTIONS (CRBSIs)

PROBABLE CRBSI
■ Clinical manifestations of infection (fever > 38◦C,

chills/rigors, or hypotension)
■ No apparent source of the sepsis/bloodstream infection

other than the catheter
■ Common skin organisms (e.g., coagulase-negative

staphylococci) isolated from two blood cultures from
patients with intravascular device or a known pathogen
(Staphylococcus aureus or Candida) isolated from a single
blood culture

DEFINITE CRBSI
Probable CRBSI criteria outlined above with any of the
following:
■ Differential quantitative blood cultures with 5:1 ratio of the

same organism isolated from blood drawn simultaneously
from the central venous catheter (CVC) and peripheral vein

OR
■ Differential positivity time (positive result of culture from a

CVC is obtained at least 2 h earlier than positive result of
culture from peripheral blood)

OR
■ Positive quantitative skin culture whereby the organism

isolated from an infected insertion site is identical to that
isolated from blood

OR
■ Isolation of the same organisms from the peripheral blood

and from a quantitative or semiquantitative culture of a
catheter segment or tip

bloodstream infection. On one hand, they could be com-
pletely absent, especially in immunocompromised and neu-
tropenic patients. On the other hand, peripherally inserted cen-
tral catheters (PICCs) (inserted in the basilic or cephalic veins)
are associated with a 26% rate of sterile local exit site inflam-
mation secondary to irritation of small veins (i.e., cephalic vein)
by insertion of a large catheter (30); to this must be added
the finding that coagulase-negative staphylococci, the most fre-
quent pathogen involved, incites little local or systemic inflam-
mation (31).

The Centers for Disease Control and Prevention (CDC) sug-
gested the following definitions:

1. Exit-site infection: Purulent drainage from the catheter exit
site, or erythema, tenderness, and swelling within 2 cm of the
catheter exit site, and colonization of the catheter if removed

2. Port-pocket infection: Erythema and/or necrosis of the skin
or subcutaneous tissues either over or around the reservoir
of an implanted catheter, and colonization of the catheter if
removed

3. Tunnel infection: Erythema, tenderness, and induration of
the tissues above the catheter and more than 2 cm from the
exit site, and colonization of the catheter if removed

The systemic features of CRBSIs are generally indistinguish-
able from those of secondary bloodstream infections arising
from other foci of infection, and include fever and chills, which
may be accompanied by hypotension, hyperventilation, altered
mental status, and nonspecific gastrointestinal manifestations
such as nausea, vomiting, abdominal pain, and diarrhea. Deep-

seated infections such as endocarditis, osteomyelitis, retinitis,
and organ abscess may complicate CRBSIs caused by some vir-
ulent organisms such as S. aureus, P. aeruginosa, and Candida
albicans.

DIAGNOSIS
A clinical diagnosis of CRBSI is frequently inaccurate, as out-
lined before. Removal of the CVC had previously been manda-
tory to prove the CRBSI. Microbiologic methods requiring re-
moval of the CVC were studied with the semiquantitative roll
plate catheter cultures developed by Maki et al. in 1977 and
considered the gold standard. However, the majority of the
catheters were removed unnecessarily (32), exposing the pa-
tient to the complications related to reinsertion of a new cen-
tral catheter and adding to the cost as well. To prevent that,
techniques allowing accurate diagnosis without removing the
line have been elaborated. In the following section, we will re-
view different methods used for the microbiologic diagnosis of
CRBSI (Table 110.2).

Cat he t e r-sp aring Diag nost ic Me t hod s

Simult ane ous Q uant it at ive Blood Cult ure s
This method consists of obtaining paired quantitative blood
cultures (QBCs) simultaneously from the CVC and a periph-
eral vein. The target is to have both samples drawn < 10 min-
utes apart with the same volume of blood. The hypothesis is
that the higher load of organisms on the internal lumen of the
CVC signifying CRBSI would translate into a colony count

TA BLE 1 1 0 . 2

SENSITIVITY AND SPECIFICITY OF TESTS USED IN
THE DIAGNOSIS OF CRBSIa

Diagnostic tests Sensitivity Specificity

Paired quantitative blood cultures 75% –93% 97% –100%

Differential time to positivity
Short-term CVCs 89% 87%
Long-term CVCs 90% 72%

Acridine orange leukocyte cytospin
technique

87% 94%

Semiquantitative culture of
catheter tip (roll-plate technique)
Short-term CVCs 84% 85%
Long-term CVCs 45% 75%

Quantitative catheter culture
Short-term CVCs 82% 89%
Long-term CVCs 83% 97%

CRBSI, catheter-related bloodstream infection; CVC, central venous
catheter.
aThe data on the sensitivities and specificities are based on a
meta-analysis of diagnostic methods by Safdar et al. (Safdar N, Fine
JP, Maki DG. Meta-analysis: methods for diagnosing intravascular
device-related bloodstream infection. Ann Intern Med. 2005;142[6]:
451–466).
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from the CVC greater by manyfold than the peripheral stick.
A CVC/peripheral ratio of CFU/mL of 5:1 has been chosen by
the Infectious Diseases Society of America to represent true in-
fection. However, multiple cutoffs have been used, including
2:1 (33), 3:1 (34), 4:1 (35, 36), 5:1 (37), and 10:1 (38).

A recent meta-analysis found that quantitative blood cul-
ture is the most accurate, with a pooled sensitivity of 75% to
93% and specificity of 97% to 100% (39). That same study
recommended not culturing all catheter tips, but rather cultur-
ing only if CRBSI is suspected clinically. Keutgen et al. found
that a 3:1 ratio has a sensitivity and specificity very close to the
5:1 ratio, and concluded that the latter might be missing true
CRBSI episodes (40). This method is limited by the fact that it
is expensive and labor intensive, in addition to the difficulty in
obtaining samples through the catheter in some cases (41).

Diffe re nt ial Time t o Posit ivit y
The differential time to positivity (DTP) of qualitative paired
CVC and peripheral blood culture has been a more practical
test for centers that lack the logistics for QBCs, especially with
the introduction of automated radiometric blood culture sys-
tems that record the time at which a culture turns positive.
The hypothesis suggests that time to positivity of a culture is
closely related to the inoculum size of micro-organisms. The
technique involves measuring the difference between the time
required for culture positivity in simultaneously drawn samples
of catheter blood and peripheral blood. In a single center trial
of CRBSI, a DTP of 120 minutes was associated with 81% sen-
sitivity and 92% specificity for short-term catheters and 93%
sensitivity and 75% specificity for long-term catheters (42). A
meta-analysis showed that the DTP of 120 minutes predicts
CRBSI, with a pooled sensitivity and specificity of 89% and
87% for short-term catheters and 90% and 72% for long-
term catheters, respectively (39). This technique also demands
a simultaneous blood draw (within 10 minutes) from the line
and the peripheral vein with the same amount of blood. One
limitation of this study is that its sensitivity could be compro-
mised when antibiotics are given intraluminally at the time of
drawing the blood cultures through the catheters (42).

Acrid ine Orang e Cyt osp in Te chniq ue
This test involves 1 mL of ethylenediaminetetraacetic acid
(EDTA) blood aspirated through the CVC. The sample is added
to 10% formalin saline solution for 2 minutes. The sample is
then centrifuged, the supernatant decanted, and the cellular de-
posit homogenized and cytocentrifuged. A monolayer is stained
with 1 in 10,000 acridine orange staining and viewed by ultra-
violet light. A positive test is indicated by the presence of any
bacteria (43). This method is expensive but takes 30 minutes,
with a sensitivity of 87% and specificity of 94% (44). It should
be noted that this technique has only been tested by a small
group of investigators and is not easy to perform correctly in
order to reproduce the Kite method (45).

Cat he t e r-d rawn Q uant it at ive Blood Cult ure
This method includes a single quantitative blood culture drawn
through the CVC. The cutoff of 100 CFU/mL establishes the
diagnosis with a pooled sensitivity of 81% to 86% and pooled
specificity of 85% to 96% (39). In a retrospective study in a
pediatric cancer population (46), this technique showed a sen-
sitivity of 75% , specificity of 69% , positive predictive value of
79% , and likelihood ratio of 2.44—that is, the odds of hav-

ing a true CRBSI with the > 100 CFU/mL cutoff increase by
2.44 when compared to < 100 CFU/ mL. One major drawback
to this technique is that it cannot distinguish between CRBSI
and high-grade bacteremia, especially in immunocompromized
patients.

Diag nost ic Me t hod s Re q uiring
Cat he t e r Re moval

Se miq uant it at ive Roll-p lat e Cat he t e r Cult ure
This method was described by Maki et al. in 1977 and remains
the international reference diagnostic method (47). It consists
of rolling a 3- to 5-cm section of the distal tip of the CVC at
least four times back and forth over an agar plate surface and
leaving it to incubate overnight. A cutoff of ≥ 15 CFU defines
catheter colonization; if at the same time a peripheral culture
grows with the same organism, then a CRBSI is diagnosed.
However, this method does not sample the internal lumen of a
CVC that is the source of the infection in long-term catheters.
Nevertheless, pooled sensitivity and specificity in 14 trials in-
volving short-term catheters was 84% and 85% , respectively
(39); this number decreased to 45% and 75% , respectively,
with long-term CVCs (i.e., those with more than 30 days of
dwell time) (6,48).

Q uant it at ive Cat he t e r Cult ure s
This type of culture involves flushing or sonicating a catheter
segment in broth with the target of retrieving organisms from
both surfaces of the line. A threshold of ≥ 1,000 CFU correlated
best with colonization; CRBSI would be defined by the same
cutoff accompanied by a high clinical suspicion and absence
of evidence of other sites of infection. As would be expected,
the sonication method had a higher sensitivity than the roll-
plate method for long-term CVCs (6); however, both sonication
and vortexing had the same sensitivity and specificity of the
roll-plate method for short-term CVCs (49). A recent meta-
analysis revealed a pooled sensitivity and specificity of 82%
and 89% for short-term catheters and 83% and 97% for long-
term catheters, respectively (39).

St ain and Microscop y Rap id Diag nost ic Te chniq ue s
This method suggests staining of the removed catheter segments
and subsequent microscopy testing. The cutoff value of 1 or-
ganism per 20 oil immersion fields indicates that the catheter is
colonized. Cooper and Hopkins (50) reported 100% sensitiv-
ity, 97% specificity, a positive predictive value of 84% , and a
negative predictive value of 100% , but the results were not re-
produced in another study (51). In a similar technique, acridine
orange staining has been used for diagnosis, in which fluores-
cence is indicative of positivity (52). In addition to achieving
a sensitivity of 84% and a specificity of 99% , acridine orange
staining perhaps may be more easily performed than Gram
staining, though microscopic techniques as a whole are labor
intensive.

PREVENTIVE STRATEGIES
It should go without saying—but obviously does not—that
CVCs should only be used when medically necessary, and
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PREVENTIVE MEASURES TO DECREASE THE RISK OF
COLONIZATION OF CENTRAL VENOUS CATHETERS

■ Hand hygiene
■ Avoiding femoral site insertion if possible
■ Removing unnecessary catheters
■ Cutaneous antiseptic agents (2% chlorhexidine-based

preparation)
■ Maximal sterile barrier (handwashing, sterile gloves, large

drape, and sterile gown, mask, and cap)
■ Antimicrobial catheter lock solutions (a combination of an

anticoagulant like heparin or ethylenediaminetetraacetic
acid plus an antimicrobial agent, such as vancomycin,
minocycline, or ciprofloxacin)

■ Antimicrobial coating of catheter (with minocycline/
rifampin or chlorhexidine/silver sulfadiazine)

should be removed as soon as possible to prevent potential
complications. In a large study that included 1,981 ICU months
of data, collective antiseptic measures consisting of hand-
washing, maximal sterile barriers during insertion, cutaneous
antisepsis with chlorhexidine, avoidance of femoral site, and re-
moval of CVCs determined to be unnecessary were associated
with a significant decrease in CRBSI rate—from 7.7 per 1,000
catheter-days to 1.4 per 1,000 catheter-days (p < 0.001) over 18
months of follow-up (53). In 1992, Cobb et al., in an attempt to
reduce catheter-related infection, conducted a controlled study
whereby CVCs or pulmonary artery catheters were changed
or exchanged over guidewire every 3 days. The former pro-
cedure resulted actually in an increase in the risk of mechan-
ical complications, whereas the latter technique increased the
risk of bloodstream infection (9). Table 110.3 provides a list-
ing of preventive strategies to decrease the risk of colonization
of central venous catheters. We review below the novel strate-
gies implemented by the Healthcare Infection Control Practices
Advisory Committee (HICPAC) and other professional orga-
nizations, including the Infectious Diseases Society of Amer-
ica (IDSA), Society for Healthcare Epidemiology of America
(SHEA), and American Society of Critical Care Anesthesiolo-
gists (ASCCA) aiming at controlling all factors that could lead
to colonization of the CVC, and hence decreasing the rate of
CRBSI.

Cut ane ous Ant ise p t ics

The HICPAC/CDC guidelines recommend with level 1A
evidence—data derived from multiple randomized clinical tri-
als proving general agreement on its effectiveness—the usage of
2% chlorhexidine (CHX)-based preparation (54). Maki et al.
prospectively randomized 68 ICU patients to 10% povidone-
iodine, 70% alcohol, or 2% aqueous chlorhexidine to disinfect
the site before insertion of CVCs and for site care every other
day thereafter, and demonstrated that 2% aqueous chlorhex-
idine preparation tended to decrease the rate of CRBSI sub-
stantially (55). Using lower concentrations of CHX decreased
the effectiveness of this method. Tincture of chlorhexidine glu-
conate 0.5% is no more effective in preventing CRBSI or CVC
colonization than 10% povidone-iodine, as demonstrated by a
prospective, randomized study in adults (56). A meta-analysis

of eight randomized trials found an overall reduction of 49% in
catheter-associated bloodstream infections when a disinfectant
containing chlorhexidine was used (57).

Maximal St e rile Barrie r

This involves wearing a sterile gown, gloves, and a cap and
using a large drape similar to those used in the operating room
during the insertion of catheters as opposed to the regular pre-
cautions consisting of sterile gloves and a small drape only. The
HICPAC/CDC guidelines recommend this technique while in-
serting CVCs, PICC lines, and pulmonary artery catheters (54)
(category 1A) based on a number of studies (58–60).

A prospective study conducted by Raad et al. with long-
term, nontunneled silicone CVCs and PICC lines in a can-
cer patient population demonstrated not only a reduction of
CRBSIs (p = 0.03), but also that this practice was cost effective
(58). Mermel et al., in another prospective study with Swan-
Ganz pulmonary artery (PA) catheters, found that less strin-
gent barrier precautions were associated with a significantly
increased risk of catheter-related infection (relative risk = 2.1,
p = 0.03) (59). Of note is that this technique failed to reduce
the colonization of CRBSIs associated with arterial catheters
(60).

Ant imicrob ial Cat he t e r Lock Solut ions

Antimicrobial catheter lock involves flushing the catheter lu-
men and then filling it with 2 to 3 mL of a combination of
an anticoagulant plus an antimicrobial agent. The dwell (lock)
time varies between clinicians, but 20 to 24 hours is the most
preferred. However, this might not be possible if the catheter
has to be used (61). This intervention has often been used in
long-term CVCs that remain in place longer than 30 days. Hen-
rickson et al. showed that a combination of vancomycin and
heparin, with or without ciprofloxacin, was equivalent, but
each was superior to heparin alone (62). Heparin prevents the
formation of the fibrin sheath on the inner surface of the line.
Of six studies, four revealed a significant reduction in CRBSI
with the above lock solution (63–65), and two demonstrated
no benefit (66,67). Vancomycin-heparin lock solutions did not
promote vancomycin resistance (66), but the risk of superinfec-
tion with Gram-negative bacilli and Candida is present since
the vancomycin spectrum is limited to Gram-positive bacte-
ria. A recent meta-analysis concluded that the use of a van-
comycin lock solution in high-risk patient populations being
treated with long-term central intravascular devices (IVDs) re-
duces the risk of bloodstream infection with a risk ratio of 0.34
(95% confidence interval [CI], 0.12–0.98; p = 0.04) (68).

Minocycline and EDTA (M-EDTA), another lock solution,
was reported in a prospective randomized trial to significantly
reduce the risk of catheter colonization and infection when
compared with heparin in long-term hemodialysis CVCs (69).
This solution was superior in an in vitro biofilm model and in an
animal model to vancomycin-heparin lock solution (70,71). A
clinical study of pediatric cancer populations showed that M-
EDTA significantly reduces the risk of catheter infection and
colonization when compared to heparin (72).

In a prospective nonrandomized study of tunneled CVCs
in a pediatric cancer population, ethanol as a lock solution
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reduced the risk of relapse of CRBSI and was well tolerated
(73). However, symptoms of fatigue, nausea, dizziness, and
headache were reported. The study involved filling the catheter
lumen with 2.3 mL of a 74% ethanol solution for 20 to
24 hours. The solution was then flushed through to prevent
clotting inside the catheter. Each port was alternately blocked
for 3 days, allowing the unblocked port to be used. In a re-
cent study by Raad et al. (74), M-EDTA in 25% ethanol was
found to be highly effective in eradicating organisms embed-
ded in biofilm, even after a short exposure of 15 to 60 minutes.
Hence, the addition of a low concentration of ethanol (25% ) to
M-EDTA could expedite its activity and decrease the necessary
dwell time. A prolonged dwell time of more than 8 hours is
often required for nonalcohol based antibiotic lock solutions,
which makes their use limited, particularly in critically ill pa-
tients or patients requiring TPN.

Ant imicrob ial Imp re g nat ion of Cat he t e rs

This technique consists of the impregnation of the external
and/or internal surface of the catheter with antiseptic or antibi-
otics; the slow release of antimicrobials would prevent initial
bacterial adherence and biofilm formation, with virtually un-
detectable serum levels. The HICPAC/CDC, with a category
1B, recommends use of the coated CVCs described herein.
The first-generation catheters were impregnated on the exter-
nal surface with CHX and silver sulfadiazine (CHX/SSD) (Ar-
row Gard and Arrow Gard Plus, Arrow International, Inc.).
That technique lowered the rate of CRBSI from 7.6 cases per
1,000 catheter-days to 1.6 cases per 1,000 catheter-days (p =
0.03), with a decrease in the rate of colonization (relative risk,
0.56 [95% CI, 0.36–0.89]; p = 0.005) (75); the estimated cost
savings per CVC insertion was $196 (76). However, three sub-
sequent studies failed to show that difference (77–79). This
was explained by the fact that short-term catheter infection is
due to external colonization, whereas long-term CRBSIs due
to internal colonization are not prevented by external coating.
Moreover, Mermel showed that these catheters do not protect
if the CVC dwell time is more than 3 weeks, secondary to wear-
ing off of the antimicrobial activity (3). The second-generation
CHX/SSD-coated catheters were impregnated on both sur-
faces. In a multicenter, randomized double-blind prospective
study from 14 French ICUs, second-generation catheters failed
to decrease the rate of CRBSI (80,81) when compared to non-
coated catheters, although they significantly decreased the rate
of colonization (11/1,000 catheter-days to 3.6/1,000 catheter-
days, p = 0.01).

In 1997, Raad et al. launched the polyurethane catheter im-
pregnated on both surfaces with minocycline-rifampin (M/R).
In a prospective randomized, double-blind trial, M/R CVCs
showed more efficacy when compared to noncoated catheters
(81). Another prospective trial comparing M/R catheters
with first-generation CHX/SSD-impregnated catheters found
that the former were three times less likely to be colonized
(p < 0.001), and CRBSI was 12-fold more likely to occur in
the CHX/SSD catheters (p < 0.002) (82). The use of antibiotic-
impregnated CVCs in medical and surgical units was associ-
ated with a significant decrease in nosocomial bloodstream
infections, including vancomycin-resistant enterococci (VRE)
bacteremia, catheter-related infections, and length of hospital
and ICU stay (83). Furthermore, the MR-coated catheters saved

$9,600 per each CRBSI and $81 per each catheter placed when
compared to first-generation CHX/SSD (84).

The concern for the emergence of antibiotic-resistant or-
ganisms was raised with the catheters coated with minocy-
cline and rifampin. Four prospective studies evaluated the skin
at the catheter insertion site before and after the insertion
of antibiotic-coated catheters and failed to detect any emer-
gence of resistance (81,82,85,86). A retrospective review of
the M/R-coated CVC experience in bone marrow transplant
patients also detected no emergence of resistance of staphy-
lococci to either component (87). Through prospective ran-
domized studies, the M/R-coated CVCs were shown to bring
the risk of CRBSI to a level ≤ 0.3 per 1,000 catheter-days in
nontunneled, noncuffed CVCs (81,82,86), which is lower than
the 1.4 per 1,000 catheter-days achieved with multiple other
aseptic measures applied collectively (such as the maximal
sterile barrier, chlorhexidine cutaneous antisepsis, and hand
hygiene).

Silve r-imp re g nat e d Cat he t e rs

Other catheters incorporate silver, platinum, and carbon (SPC)
into the polyurethane, allowing topical silver ion release (Van-
tex CVC with oligan, Edwards Life Sciences, Irvine, CA). A
recent prospective randomized study compared these catheters
to the M/R-coated type; the latter was more efficacious in re-
ducing, to a significant degree, CVC colonization with Gram-
positive and Gram-negative bacteria (p = 0.039). However,
the CRBSI rates were low and similar between the two groups
(88). In another prospective, randomized, controlled, open-
label, multicenter clinical trial, the SPC CVCs failed to show
any benefit in reducing CRBSI or colonization (89). Manage-
ment of CRBSI is based on the organisms causing such an in-
fection, and is detailed below.

MANAGEMENT
The management of CRBSIs involves confirming the source of
infection, determining the choice of antimicrobials, determin-
ing the duration of therapy, and deciding whether to remove
the catheters.

Confirmation of the infection is dependent on the diagnostic
measures outlined above. The duration of therapy depends on
whether the infection is complicated (i.e., by a septic phlebitis
or endocarditis) or uncomplicated.

Coag ulase -ne g at ive St ap hylococcus (CNS)

Coagulase-negative staphylococci are the primary organisms
involved in CRBSIs because they are the most common skin
organisms. However, and for the same reason, they are the
most frequent blood contaminants. A recent study indicated
that QBC collected through CVC, with a cutoff point of
15 CFU/mL, could be a useful laboratory criterion, together
with positive clinical findings for differentiating true bac-
teremia from false-positive contaminated blood cultures, with a
sensitivity of 96% , specificity of 94% , positive predictive value
of 86% , and negative predictive value of 98% (90). The IDSA
guidelines recommend removing the CVC and treating for



1646 Sect ion XI: Infectious Disease

5 to 7 days. Otherwise, if the CVC is to be retained, dura-
tion of treatment should be 10 to 14 days, and antibiotic lock
therapy should be considered (91). Leaving the CVC in place
carries a risk of recurrence of 20% (92).

Lock solutions used included vancomycin plus heparin. The
limited activity of vancomycin against Staphylococcus embed-
ded in biofilms (66,68,93) led investigators to consider other
alternatives. Minocycline and EDTA, ethanol, or the triple
combination (94,95) was used as an alternative. Systemically,
vancomycin has been the most frequently used glycopeptide.
Dalbavancin, a new, long-acting glycopeptide that is dosed
weekly, was noted to be superior to vancomycin for adult pa-
tients with CRBSIs caused by CNS and S. aureus, including
methicillin-resistant S. aureus (MRSA) in a phase 2, open-label,
randomized, multicenter study; the side effect profile was com-
parable (96). Linezolid and daptomycin were also used suc-
cessfully (97,98).

St ap hylococcus aure us

S. aureus CRBSI is associated with high rates of deep-seated in-
fection such as osteomyelitis, septic phlebitis, and endocarditis
(99). In addition, Fowler et al. showed that patients whose in-
travascular device was not removed were 6.5 times more likely
to relapse or die of their infection than were those whose de-
vice was removed (99). IDSA guidelines recommend removing
the CVC, as this results in a more rapid response and lower
relapse rate but, at the same time, gives the option of keeping
it and initiating systemic and lock solutions in case of throm-
bocytopenia or lack of other vascular access (91). Capdevila et
al. used the antibiotic lock technique in addition to standard
parenteral therapy for patients with a hemodialysis catheter–
related infection. All 40 CRBSIs—including all 12 cases re-
ported to involve S. aureus—were cured and the catheter sal-
vaged (100). The lock solutions most frequently used in vivo
and in vitro are vancomycin plus heparin, or minocycline plus
EDTA (64,95). However, the former combination—with or
without ceftazidime, depending on the organism—was asso-
ciated with a 60% failure rate in hemodialysis MRSA catheter
infections (101). Ethanol is another very appealing component
for use in combination lock solutions. Raad et al. found that
the combination of minocycline–EDTA in 25% ethanol was
highly efficacious in eradicating S. aureus in biofilm within
60 minutes of dwell time (74).

For methicillin-sensitive S. aureus, nafcillin or first-
generation cephalosporins are the first-choice agents (91). Van-
comycin, linezolid, daptomycin, and dalbavancin (96–98) are
all appropriate options for MRSA. Duration of therapy usu-
ally consists of 10 to 14 days of intravenous therapy if the
CVC is removed, with no deep-seated infection present (91).
If fever or bacteremia persists for more than 72 hours after
catheter removal, transesophageal echocardiography should
be considered to rule out infectious endocarditis, with the
intravenous therapy duration expanded to at least 4 weeks
(91,102).

Gram-ne g at ive Bacilli

Gram-negative bacilli (GNB) bacteremia is rarely due to a CVC;
rather, it generally arises from a visceral source of infection

such as the genitourinary, pulmonary, or gastrointestinal tracts.
However, CRBSIs caused by such organisms as K. pneumoniae,
Enterobacter spp., P. aeruginosa spp., Acinetobacter spp., and
Stenotrophomonas maltophilia have been reported (103,104).
Elting and Bodey reported a 15-year experience of 149 episodes
of septicemia caused by X anthamonas maltophilia and Pseu-
domonas spp. in cancer patients where the CVC was the most
common source (103). Hanna et al. demonstrated that catheter
removal within 72 hours of the onset of the catheter-related
GNB was the only independent protective factor against the
relapse of infection (odds ratio, 0.13; 95% confidence interval,
0.02–0.75; p = 0.02) (104). IDSA guidelines (91) recommend
removing nontunneled CVCs and treating for 10 to 14 days;
there are no data to guide the use of intravenous versus oral
antibiotics. It is considered appropriate to attempt to salvage
the CVC in certain situations (e.g., when unable to access other
vascular sites due to anatomic challenges or if there is a high risk
of hemorrhagic complications because of thrombocytopenia or
elevated prothrombin time) using systemic and lock solution
therapies. However, lock therapy for GNB CRBSIs is anecdo-
tal; successful cases were salvaged using gentamicin, amikacin,
or ceftazidime (91,101).

Cand id a

Five large prospective studies proved that catheter retention
was associated with increased mortality and an increase in the
mean duration of candidemia in cases of Candida CRBSI (105–
109). Hung et al. investigated the predisposing factors and
prognostic determinants of candidemia in a Taiwan hospital,
and concluded that higher severity scores, nonremoval of the
catheter, persistent candidemia, and lack of antifungal therapy
adversely affect the outcome (107). Raad et al., in a retrospec-
tive study of 404 patients with candidemia and an indwelling
CVC, using a multivariate analysis, demonstrated that catheter
removal 72 hours or sooner after onset of candidemia improved
the response to antifungal therapy exclusively in patients with
catheter-related candidemia (p = 0.04) (110). IDSA guidelines
recommend removing the CVC and treating for 14 days after
the last positive blood culture in uncomplicated cases. Endoph-
thalmitis merits 6 weeks of therapy (91). Further studies are
needed to define the role of antifungal lock solution in these
cases. Fluconazole and caspofungin were equivalent to ampho-
tericin B in candidemia, but with a better safety profile (109,
110); therefore, fluconazole or caspofungin should be consid-
ered in documented cases of catheter-related candidemia. If the
rates of fluconazole-resistant Candida glabrata and Candida
krusei in the hospital are high, an echinocandin (caspofungin,
micafungin, or anidulafungin) would be the best alternative to
amphotericin B.

SUMMARY
Central venous catheters are as much a part of modern ICU
practice as are mechanical ventilators and antibiotics. When
CVCs are placed with the appropriate technique, accessed, and
cared for, it is possible to use these devices while approximating
a zero incidence of infection. As is true in the majority of the
practice of critical care medicine, it is in the details that the
battle is won or lost.
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CHAPTER 111 ■ RESPIRATORY INFECTIONS
IN THE ICU
OLIVIER Y. LEROY r SERGE ALFANDARI

PNEUMONIA
Traditionally, pneumonia is differentiated as being either com-
munity acquired or hospital acquired. For community-acquired
pneumonia, the infection begins while the patient is in an out-
patient setting. Conversely, hospital-acquired pneumonia oc-
curs while the patient is in an inpatient setting. Usually, a
pneumonia that was apparently not incubating at the time
of admission is defined as hospital acquired when it occurs
48 hours or more after admission (1).

It has increasingly become clear that this dichotomous
classification scheme cannot be sufficient to characterize all
patients suffering from pneumonia. First, among hospital-
acquired pneumonias, those occurring during mechanical ven-
tilation must be distinguished from others. One reason for
this distinction comes from the fact that a significant num-
ber of ventilator-associated pneumonias (VAPs) occur within
48 hours of hospital admission. Consequently, the 48-hour
threshold used to define the infection as hospital acquired is no
longer appropriate for pneumonia acquired during mechanical
ventilation (2), although it does remain adequate for hospital-
acquired pneumonia occurring apart from mechanical ventila-
tion (3). Second, numerous outpatients benefit from health care
services such as dialysis, chemotherapy, or ambulatory surgery.
Similarly, in most nursing homes and rehabilitation hospitals,
patients can receive intensive and/or invasive medical therapies.
Sometimes categorized as community acquired and other times
as hospital acquired, a pneumonia developing in such patients
is now defined as a health care–associated pneumonia (3).

Thus, four classes of pneumonia can be distinguished:

1. Community-acquired pneumonia
2. Ventilator-associated pneumonia
3. Hospital-acquired pneumonia
4. Health care–associated pneumonia

We will discuss each of these below, and will also briefly touch
on the topics of tracheobronchitis, pleural infections, and pul-
monary abscess.

Se ve re Communit y-acq uire d Pne umonia

Imme d iat e Conce rns
Community-acquired pneumonia (CAP) is a common infec-
tious disease affecting about 1 per 1,000 of the adult pop-
ulation per year. An intensive care unit (ICU) admission for
severe CAP is required for 2% of patients. The most frequent
pathogen is Streptococcus pneumoniae. Despite progress in an-

tibiotic therapy and ICU management, the mortality of pneu-
mococcal pneumonia remains elevated. The changing pattern
of antimicrobial resistance of pneumonia pathogens compli-
cates therapeutic guidelines.

Diag nosis of Communit y-acq uire d Pne umonia
CAP is suspected on the basis of clinical symptoms: cough,
dyspnea, sputum production, pleuritic chest pain, and elevated
body temperature. These symptoms can be absent or moder-
ated in older patients. However, these signs are not specific
of pneumonia; a chest radiograph or computed tomography
(CT) scan revealing a new infiltrate is required to document a
pneumonia diagnosis (4).

The chest radiograph might offer insights into the etio-
logic diagnosis, with intracellular pathogens typically present-
ing with interstitial pneumonia, and S. pneumoniae resulting in
lobar pneumonia. However, none of these findings is specific,
and caution should be exercised in interpreting radiographs,
particularly in critically ill patients. The chest radiograph al-
lows for staging of severity according to the localization and
number of involved lobes. It is helpful to detect complica-
tions (pleural effusion, cavitation, acute respiratory distress
syndrome [ARDS], etc.), for which the CT scan can be used
to reveal evocative patterns, particularly in immunosuppressed
patients (e.g., halo or crescent signs in pulmonary aspergillosis
of neutropenic patients, cavitation in tuberculosis).

Definit ion of Se ve re Communit y-acq uire d
Pne umonia and De cision for Ad mission

t o t he Int e nsive Care Unit
Although there is no gold standard to define severe CAP, criteria
do exist that may be used to assess the severity of CAP and
define the need for ICU admission.

According to the original American Thoracic Society (ATS)
guidelines (5), CAP was considered severe when any one of the
following criteria was present:

■ Respiratory frequency greater than 30 breaths per minute
on admission

■ Severe respiratory failure (PaO 2/FiO 2 < 250 mm Hg)
■ Requirement for mechanical ventilation
■ Bilateral or multilobar or extensive (greater than or equal

to 50% within 48 hours of admission) involvement of the
chest radiograph

■ Shock (systolic blood pressure less than 90 mm Hg or dia-
stolic blood pressure less than 60 mm Hg)

■ Requirement for vasopressors for more than 4 hours
■ Low urine output (less than 20 mL/hour or less than 80 mL/

4 hours) or acute renal failure requiring dialysis
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In 1998, Ewig et al. (6) demonstrated that using any one of
these factors as the definition of severe CAP had a high sensi-
tivity but a low specificity. They proposed a new definition of
severe CAP, which, in 2001, was adopted by the ATS(7). Today,
the diagnosis of CAP is considered severe and requiring ICU
admission for patients exhibiting either one of two major crite-
ria (need for mechanical ventilation and septic shock) or two of
three minor criteria (systolic blood pressure less than or equal
to 90 mm Hg, multilobar involvement on chest radiograph,
or PaO 2/FiO 2 less than 250 mm Hg) (7). Unfortunately, two
recent studies suggest that this revised ATS criteria rule does
not discriminate enough to guide individual decision making
and underlines the need for additional criteria not presently
available that may be identified in future studies (8,9).

In 2001, the British Thoracic Society (BTS) proposed assess-
ing the severity of CAP utilizing three groups of adverse prog-
nostic features: Four “core” factors (CURB score: Confusion,
blood Urea nitrogen greater than 19 mg/dL [7 mmol/L],
Respiratory rate greater than or equal to 30 breaths/minute,
and low Blood pressure—systolic less than 90 mm Hg and/or
diastolic less than or equal to 60 mm Hg); two “additional”
factors (hypoxemia defined by SpO 2 less than 92% or PaO 2 less
than 60 mm Hg [8kPa] and bilateral or multilobar involvement
on chest radiograph); and two “pre-existing” factors (age 50
years or older and the presence of coexisting disease) (10). CAP
was considered and treated as severe in patients having two or
more core adverse prognostic features. In patients exhibiting
only one of these core factors, the decision, based on clinical
judgment, could be assisted by taking into account pre-existing
and additional factors (10).

Diag nost ic St ud ie s
Evaluation for the etiologic diagnosis is helpful to confirm
the infectious origin of the pneumonia and allow adequate
antimicrobial therapy (including secondary deescalation ther-
apy). Numerous methods are available for the microbiologic
diagnosis of pneumonia:

■ Sputum stains and cultures necessitate rigorous interpreta-
tion criteria. The presence of more than 25 polymorphonu-
clear cells and less than 10 squamous epithelial cells per
high power field is required to interpret a sample. A sin-
gle predominant organism on Gram stain suggests the etiol-
ogy. Other stains can be used according to particular clinical
context and may allow for a positive diagnosis without any
sample validation (Mycobacterium tuberculosis, Legionella
pneumophila, Pneumocystis jirovecii).

■ More invasive sampling methods (endotracheal aspiration,
protected brush, bronchoalveolar lavage, and transtracheal
aspiration) are discussed in the ventilator-associated pneu-
monia section but can also be used to diagnose CAP.

■ Blood cultures, drawn before antibiotic therapy, are rarely
positive (6% –20% of cases) and, when positive, are most
often for S. pneumoniae, Staphylococcus aureus, and Gram-
negative bacilli.

■ Rapid diagnostic tests have recently been introduced. The
urinary antigen test is highly sensitive for the diagnosis of
L. pneumophila type 1. A more recent urinary antigen test
has been introduced for the diagnosis of pneumococcal
pneumonia; a recent study in ICU patients with severe CAP
displayed sensitivity, specificity, and positive and negative
predictive values of 72% , 90% , 68% , and 92% , respectively
(11). Rapid diagnosis is available for influenza A (12). Avail-

able tests can detect influenza viruses in 30 minutes. The
types of specimens acceptable for use (i.e., throat, nasopha-
ryngeal, or nasal; and aspirates, swabs, or washes) vary by
test. The specificity and, in particular, the sensitivity of rapid
tests are lower than for viral culture and vary by test.

■ Serologic testing is less useful for rapid diagnosis. The pres-
ence of IgM with a titer greater than or equal to 16 gener-
ally indicates recent infection. This titer is, however, rarely
observed in the initial phase of infection when antibiotic
therapy must be chosen. A fourfold rise in antibody titer
requiring samples drawn 2 weeks apart indicates, retro-
spectively, infection. Serologic diagnosis can be useful for
some pathogens (e.g., Mycoplasma pneumoniae, Chlamy-
dia pneumoniae, Chlamydophila psittaci, Legionella spp.,
Coxiella burnetii, adenovirus, parainfluenza viruses, and in-
fluenza A virus).

■ Polymerase chain reaction (PCR) testing is a promising fu-
ture field. To date, it cannot be recommended routinely, as
questions concerning sensitivity, specificity, and clinical rel-
evance remain.

Minimal diagnostic testing for patients admitted to the ICU
with CAP can be done via endotracheal aspiration, blood cul-
tures, L. pneumophila urinary antigen, and thoracentesis if
pleural effusion is present. More invasive investigations should
be reserved for the most critically ill patients, immunosup-
pressed patients, and those with failure of a first-line treatment
(7).

Et io log y of Se ve re
Communit y-acq uire d Pne umonia

Despite intensive microbiologic testing, a definitive diagnosis
is obtained in only about 50% of cases.

Organisms Causing Community-acquired Pneumonia in Hos-
pitalized Patients Requiring Intensive Care Unit Admission.
The epidemiology of CAP patients admitted to the ICU does not
appear to be different from other hospitalized individuals with
CAP. The most frequent pathogen isolated in ICU-hospitalized
CAP patients is S. pneumoniae (Table 111.1) (13–15).

Other pathogens responsible for severe CAP, L. pneu-
mophila or S. aureus, occur with variable frequency, prob-
ably reflecting different settings and diagnostic management
strategies. S. aureus pneumonia is typically a complication of
influenza pneumonia. Less frequent pathogens are mostly re-
covered from immunosuppressed patients and include Pseu-
domonas aeruginosa, Aspergillus spp., influenza, and other
pathogens.

Drug-resistant Pathogens. One major challenge is the emer-
gence and dissemination of drug-resistant micro-organisms.
Resistant pathogens increase regularly. Major concerns
are caused by penicillin-resistant pneumococci (PRP) and
methicillin-resistant staphylococci.

For S. pneumoniae, macrolide resistance is above 20% in
the United States and higher than 50% in some European or
Asian-Pacific countries (16). Decreased susceptibility or resis-
tance to penicillin is observed in 30% to 50% of strains in
some studies. While the prevalence is higher for noninvasive
infections, it reached 19% in blood cultures worldwide (17,
18). PRP risk factors include recent previous hospitalization,
recent administration of antimicrobial agents, and immuno-
deficiency. The impact of drug resistance on outcome is
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TA BLE 1 1 1 . 1

MICROORGANISMS CAUSING SEVERE COMMUNITY-ACQUIRED PNEUMONIA
REQUIRING ADMISSION TO AN INTENSIVE CARE UNITa

References Yoshimoto et al.b Leroy et al.c Shorr et al.d

Number of patients 72 308 199
Unknown pathogen 55.6% 45% –45.9% 43.7%
Streptococcus pneumoniae 13.9% 38.7% –41% 44.7%
Haemophilus influenzae 2.8% 15.8% –24.5% 10.6%
Legionella pneumophila 2.8% 3.2% –3.8% 8.9%
Staphylococcus aureus 2.8% 2.8% –7.4% 8.9%
Pseudomonas aeruginosa 8.3% ND 4.9%
Other Gram-positive 2.8% 17% –17.9% ND
Enterobacteriaceae 11.1% 7.5% –8.4% 6.5%
Chlamydia spp. ND 1.9% –3.2% ND
Mycobacterium tuberculosis 2.8% ND 2.4%
Other 1.4% 3.2% –3.8% 13%

ND, no data.
a Data presented as number or percentage.
b Yoshimoto A, Nakamura H, Fujimura M, et al. Severe community-acquired pneumonia in an intensive
care unit: risk factors for mortality. Intern Med. 2005;44:710.
c Leroy O, Saux P, Bedos JP, et al. Comparison of levofloxacin and cefotaxime combined with ofloxacin for
ICU patients with community-acquired pneumonia who do not require vasopressors. Chest. 2005;128:172.
d Shorr AF, Bodi M, Rodriguez A, et al. Impact of antibiotic guideline compliance on duration of
mechanical ventilation in critically ill patients with community-acquired pneumonia. Chest. 2006;130:93.

controversial, although adverse outcomes have been described
(19). A recent Spanish study noted a nonsignificant trend
to higher mortality in patients with pneumococcal pneumo-
nia caused by intermediately resistant strains (20). However,
the patients did not have a poorer outcome when treated
with amoxicillin. Fluoroquinolone resistance is increasing, and
fluoroquinolone-prescribing habits may affect resistance rates
(21). Resistance to fluoroquinolones reaches 5.6% in Italy,
where clonal spreading is thought to be responsible for the
rapid dissemination of resistance (22).

Emergence of community-acquired methicillin-resistant
S. aureus (MRSA) is a new challenge. An MRSA strain car-
rying Panton-Valentine leukocidin (PVL) genes was recently
described in the community. It primarily causes skin and soft
tissue infections but can be responsible for rapidly progressing
necrotizing pneumonia (23).

P. aeruginosa are naturally resistant to numerous antibiotics
and can elevate to a high-level resistance under treatment. Risk
of P. aeruginosa is increased in patients presenting with a pre-
vious chronic pulmonary disease such as chronic obstructive
pulmonary disorder (COPD) or cystic fibrosis, recent antibiotic
therapy, or a stay in the hospital, especially the ICU (24,25).

Specific Etiologies in Immunosuppressed Patients. Immuno-
suppressed patients have an increased risk of severe CAP. All
patients have more frequent bacterial pneumonia, particularly
due to S. pneumoniae or P. aeruginosa. Moreover, different
types of immunodeficiency can also result in different epidemi-
ology.

Human immunodeficiency virus (HIV)-infected patients
used to have a 25-fold higher risk of developing bacterial pneu-
monia (26). In developed countries, this risk has been tremen-
dously decreased with the use of newer antiretroviral drugs.
This incidence of bacterial pneumonia in a French cohort was

0.8 per 100 patient-years—very little difference from the gen-
eral population (27). P. jirovecii pneumonia remains a fre-
quent acquired immunodeficiency syndrome (AIDS)-defining
diagnosis. Less frequent causes of severe pneumonias include
cytomegalovirus (CMV), toxoplasma, and mycobacteria.

Patients with chemotherapy-induced neutropenia, particu-
larly when severe (below 500 neutrophils/µ L) and prolonged
(greater than 10 days), have an increased risk of invasive pul-
monary aspergillosis (28) and severe bacterial pneumonia (29).
This risk also exists with targeted monoclonal antibody thera-
pies, which increase the risk of CMV and P. jirovecii pneumo-
nia (30). Patients with solid organ transplant have an increased
risk of severe CAP. The usual bacterial pathogens, as well as
P. jirovecii and Aspergillus, have been described (31). Patients
treated by anti–tumor necrosis factor (TNF)-α monoclonal an-
tibodies have an increased risk of infection, including severe
pneumonia (32). Bacterial, viral, and fungal pneumonia have
been described.

Tre at me nt of Se ve re
Communit y-acq uire d Pne umonia

Antibiotic Therapy

Antimicrobial spectrum. The ideal antibiotic should have a
“kill spectrum” to cover all pathogens responsible for severe
CAP. Because other factors (e.g., cost effectiveness and selec-
tive pressure) need to be assessed, the choice of antimicrobial
regimen usually results in a compromise. The most frequent
and/or most severe pathogens (S. pneumoniae, Haemophilus
influenzae, L. pneumophila) should be covered by the initial
antimicrobial regimen. Initial coverage of other pathogens (i.e.,
S. aureus, P. aeruginosa, opportunistic agents) should be eval-
uated on a case-by-case basis according to patient history and
clinical presentation.
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One should be aware that, compared to drugs used to treat
other diseases, antimicrobial agent efficacy should not be con-
sidered constant over time and in every location. Drug resis-
tance is a major concern worldwide, and drugs consistently
effective 20 years ago may be nearly useless for the next pa-
tient admitted to the ICU.

Timing of initial therapy. The most recent Infectious Diseases
Society of America (IDSA) guidelines recommend initial an-
tibiotics administration within 4 hours of admission (24). A
reduced mortality (adjusted odds ratio, 0.85, 95% confidence
interval [CI] 0.76–0.95) was observed in patients with early
therapy in a retrospective study of 18,209 Medicare patients
(33). However, other studies contradict this finding, suggest-
ing the time to first antibiotic dose to be a marker of disease
severity rather than an indicator of prognosis (34,35).

Antimicrobial choices. Drug choice depends on numerous fac-
tors: pharmacodynamics/pharmacokinetics, spectrum, dosing
schedule, adverse events, costs, and availability.

The antimicrobial should have sufficient diffusion in pul-
monary tissues. β -Lactam antibiotics have a good extracellular
diffusion, but are ineffective on intracellular organisms. Their
concentration in the alveolar lining fluid (ALF) reached 10%
to 20% of the serum concentration after a single administra-
tion. Macrolides, on the other hand, have a variable intra-
cellular distribution—low for erythromycin and elevated for
the newer macrolides (clarithromycin, azithromycin). Fluoro-
quinolones have an excellent intracellular and ELF diffusion.
Newer quinolones have an enhanced activity against S. pneu-
moniae, and levofloxacin is reported to be the most active drug
against Legionella spp. (36).

Little data are available on the best antimicrobial regimen
for CAP. Retrospective studies have suggested that some com-
bination regimens, including a macrolide, might be superior to
β -lactam monotherapy for CAP (37,38), particularly for bac-
teremic pneumococcal pneumonia (39,40). Similar results were
reported with a β -lactam–fluoroquinolone combination (41).
However, these studies presented with potential biases and con-
founding factors.

The impact of combination therapy on the prognosis of
pneumococcal bacteremia was confirmed in an international,
multicenter, prospective observational study (38). Lower mor-
tality was associated with combination therapy for critically ill
patients (14-day mortality, 23.4% vs. 55.3% ; p = 0.0015), but
not for all patients receiving combination versus monotherapy
(10.4% vs. 11.5% , p = NS). All combinations using a β -lactam
had an enhanced response.

Recommendations. Regularly updated guidelines published by
North American and European medical societies mostly rec-
ommend the utilization of a β -lactam with a macrolide or a
fluoroquinolone. The 2007 IDSA/American Thoracic Society
(ATS) guidelines are presented in Table 111.2, and take into
account new data on antimicrobial susceptibility patterns and
newly available antibiotics.

Duration of therapy. Length of treatment is usually based on
the pathogen, response to treatment, comorbid illness, and
complications (42). Length of treatment for pneumonia caused
by S. pneumoniae should continue, at least, until the patient
has been afebrile for 72 hours. Bacteria causing necrosis of the
pulmonary parenchyma (e.g., S. aureus, P. aeruginosa, Kleb-
siella, and anaerobes) should probably be treated for no less

TA BLE 1 1 1 . 2

INITIAL EMPIRIC ANTIBIOTIC THERAPY IN PATIENTS ADMITTED TO AN
INTENSIVE CARE UNIT FOR SEVERE COMMUNITY-ACQUIRED PNEUMONIA

Clinical characteristics Recommended antibiotics

No Pseudomonas or methicillin-resistant
Staphylococcus aureus (MRSA) or
penicillin allergy

A β -lactam (cefotaxime, ceftriaxone,
ampicillin/sulbactam)

plus
azithromycin or a respiratory fluoroquinolonea

Patients with penicillin allergy A respiratory fluoroquinolone, with
azithromycin

Suspected Pseudomonas infection An antipseudomonal β -lactamb

plus ciprofloxacin or levofloxacina

or
plus an aminoglycoside and an

antipneumococcal fluoroquinolonea

Suspected community-acquired MRSA Addition of vancomycin or linezolid

a Dosage of levofloxacin should be 750 mg daily.
b Antipseudomonal agents include piperacillin-tazobactam, imipenem, meropenem, or cefepime.
Azithromycin can be substituted for penicillin allergy.
Adapted from Mandell LA, Wunderink RG, Anzueto A, et al. Infectious Diseases Society of
America/American Thoracic Society consensus guidelines on the management of community-acquired
pneumonia in adults. Clin Infect Dis. 2007;44(Suppl 2):S27.
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than 2 weeks. Pneumonia caused by intracellular organisms
should probably be treated for at least 2 weeks.

Nonantimicrobial Therapy. Besides antimicrobial therapies,
most patients admitted to the ICU for severe CAP need addi-
tional treatments. Organ dysfunctions such as respiratory fail-
ure, septic shock, or renal failure require supportive, as well
as specific, treatments. Similarly, the standard care of acutely
ill patients (i.e., nutrition, prevention of ICU-related complica-
tions, and treatment of underlying diseases) must be utilized.
These points are detailed in other chapters of this textbook.
Only two recent aspects of the nonantibiotic treatment of se-
vere CAP will be discussed further.

Activated Protein C. Severe sepsis is associated with a gener-
alized inflammation and procoagulant response to infection.
Activated protein C is an important endogenous modulator of
this response. The activation of protein C can be impaired dur-
ing sepsis, and there are reduced levels of activated protein C
in most patients with severe sepsis.

Drotrecogin-α activated, a recombinant form of human ac-
tivated protein C (r-aPC), exhibits profibrinolytic, antithrom-
botic, and anti-inflammatory characteristics. A large ran-
domized, double-blind, placebo-controlled, multicenter study
(PROWESS) composed of 1,690 patients demonstrated that
treatment with r-aPC significantly decreased 28-day and hos-
pital discharge mortality rates in patients with severe sepsis
(43,44).

A retrospective analysis of these 1,690 patients included in
the PROWESS trial identified 602 patients (r-aPC, n = 324;
placebo, n = 278) classified as exhibiting severe CAP (45).
Compared with placebo, r-aPC provided a relative risk reduc-
tion in a 28-day mortality of 28% . This survival benefit was
even more pronounced in patients with severe pneumococcal
CAP and in patients with a high risk of death assessed by an
Acute Physiology and Chronic Health Evaluation (APACHE)
II score of at least 25, or a Pneumonia Severity Index score of
4 or greater.

Conversely, in patients with severe sepsis but a low risk of
death defined by an APACHE II score less than 25 or a single
organ failure, r-aPC compared with placebo provided no ben-
eficial effect and was associated with an increased incidence of
bleeding events (46). Consequently, as recommended by reg-
ulatory agencies, the use of r-aPC should be limited in severe
CAP, as in other severe infections, to patients at high risk of
death. An APACHE II score of 25 or more or multiple organ
failure must be present.

Corticosteroids. In a recent preliminary randomized trial, hy-
drocortisone (200 mg IV bolus followed by infusion at a rate of
10 mg/hour for 7 days) was compared with placebo in 46 pa-
tients (47). On day 8, hydrocortisone treatment was associated
with a significant improvement in PaO 2/FiO 2 and chest radio-
graph score, as well as a significant decrease in C-reactive pro-
tein levels and Multiple Organ Dysfunction Syndrome score,
and a lower incidence of delayed septic shock. Moreover, length
of hospital stay and mortality were decreased. These results,
suggesting that low doses of hydrocortisone could hasten the
resolution of severe CAP and prevent the occurrence of sepsis-
related complications, are as yet insufficient to propose the
systematic use of hydrocortisone in severe CAP. Future trials
are needed before such routine use.

Expected Clinical Course
Evaluation on Day 3. Generally, a decrease in fever and oxy-
genation requirements is not observed in responding patients
prior to day 3 or 4. In the absence of rapid clinical deteriora-
tion, initial therapy should not be changed prior to completion
of 48 to 72 hours of the initial therapy.

Day 3 usually sees the return of microbiologic exams, in-
cluding cultures and antimicrobial sensitivity. This can allow
for treatment adaptation (de-escalation or treatment for a
pathogen not covered by first-line therapy). For example, nega-
tive results of urinary antigen test combined with blood cultures
positive for S. pneumoniae make it possible to simplify therapy
to target S. pneumoniae with an aminopenicillin.

Complications and failure to improve. A poor clinical response
by day 3 is usually a sign of treatment failure. However, in the
ICU, other diagnoses such as pulmonary embolism or cardiac
failure should be considered. Treatment failure can be due to
an organism not covered by the first-line antimicrobial therapy,
thus demanding a change or addition to the previous treatment
regimen. Other causes of treatment failure can include compli-
cations despite adequate antimicrobial therapy. These include
lung abscess, necrosis, meningitis, endocarditis, or superinfec-
tion.

Prog nosis of Se ve re
Communit y-acq uire d Pne umonia

Despite advances in antimicrobial therapy and supportive mea-
sures, mortality in patients with severe CAP requiring admis-
sion to the ICU remains high, ranging in the literature from
18% to 46% (8,48–54). A meta-analysis of 788 evaluable ICU
patients found a mean mortality rate of 36.5% (55). In this
meta-analysis, Fine et al. identified 11 independent prognos-
tic factors associated with a mortality of CAP (55). They were
(a) male gender (odds ratio [OR] = 1.3), (b) pleuritic chest
pain (OR = 0.5), (c) hypothermia (OR = 5.0), (d) systolic hy-
potension (OR = 4.8), (e) tachypnea (OR = 2.9), (f) diabetes
mellitus (OR = 1.3), (g) neoplastic disease (OR = 2.8), (h)
neurologic disease (OR = 4.6), (i) bacteremia (OR = 2.8), (j)
leukopenia (OR = 2.5), and (k) multilobar pulmonary involve-
ment (OR = 3.1). This analysis included 33,148 patients suf-
fering from CAP, although only 788 of them were admitted to
an ICU.

Numerous studies have focused on the prognosis of patients
admitted to the ICU for severe CAP (48–50,52–54,56–58). Al-
though inclusion criteria were different from one study to an-
other and no meta-analysis was performed, most independent
prognostic factors identified in these studies are quite similar.
They demonstrate that the prognosis of severe CAP depends on
the preadmission health status of the patient, the initial severity
of illness, and the evolution during ICU stay (Table 111.3).

Although these findings might suggest that physicians mini-
mally influence the prognosis of severe CAP, since prior health
status and initial severity cannot be modified, the following
points must be underlined: the initial empiric treatment must
be instituted as soon as possible (less than 4 hours after hospital
admission) and must be adequate to be as effective as possible.
Moreover, nonpneumonia-related complications—such as up-
per gastrointestinal bleeding, catheter-related infection, deep
venous thrombosis, and pulmonary embolism—and complica-
tions attributed only to underlying medical conditions must be
prevented during the ICU stay.
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TA BLE 1 1 1 . 3

INDEPENDENT PROGNOSTIC FACTORS ASSOCIATED
WITH MORTALITY OF PATIENTS WITH SEVERE
COMMUNITY-ACQUIRED PNEUMONIA

PREADMISSION HEALTH STATUS
■ Age older than 70 yr
■ Immunosuppression
■ Comorbidities with anticipated death within 5 yr

INITIAL SEVERITY OF ILLNESS
■ Antibiotic administration prior to hospital presentation
■ Simplified Acute Physiologic Score (SAPS) I more than

12 or SAPS II more than 45
■ Septic shock
■ Requirement for mechanical ventilation
■ Acute renal failure
■ Bilateral or multilobar pulmonary involvement
■ K. pneumonia or P. aeruginosa as etiologic agent
■ Bacteremia
■ Nonaspiration pneumonia

EVOLUTION DURING INTENSIVE CARE UNIT STAY
■ Radiographic spread of pneumonia
■ Number of nonpulmonary organs that failed
■ Increase in Logistic Organ Dysfunction score from D1 to

D3
■ Delay in hospital antibiotic administration of more than 4 h
■ Ineffective initial antimicrobial therapy
■ Occurrence of non–pneumonia-related complications
■ Increase of procalcitonin level in serum from D1 to D3

Data from Pachon J, Prados MD, Capote F, et al. Severe
community-acquired pneumonia. Etiology, prognosis, and treatment
Am Rev Respir Dis. 1990;142:369; Almirall J, Mesalles E, Klamburg
J, et al. Prognostic factors of pneumonia requiring admission to the
intensive care unit. Chest. 1995;107:511; Leroy O, Santré C, Beuscart
C, et al. A five-year study of severe community-acquired pneumonia
with emphasis on prognosis in patients admitted to an intensive care
unit. Intensive Care Med. 1995;21:24; Paganin F, Lilienthal F, Bourdin
A, et al. Severe community-acquired pneumonia: assessment of
microbial aetiology as mortality factor. Eur Respir J. 2004;24:779;
Tejerina E, Frutos-Vivar F, Restrepo MI, et al. Prognosis factors and
outcome of community-acquired pneumonia needing mechanical
ventilation. J Crit Care. 2005;20:230; Boussekey N, Leroy O,
Alfandari S, et al. Procalcitonin kinetics in the prognosis of severe
community-acquired pneumonia. Intensive Care Med. 2006;32:469;
Torres A, Serra-Batlles J, Ferrer A, et al. Severe community-acquired
pneumonia. Epidemiology and prognostic factors. Am Rev Respir Dis.
1991;144:312; Leroy O, Devos P, Guery B, et al. Simplified prediction
rule for prognosis of patients with severe community-acquired
pneumonia in ICUs. Chest. 1999;116:157; Wilson PA, Ferguson J.
Severe community-acquired pneumonia: an Australian perspective.
Intern Med J. 2005;35:699.

Some studies have shown that empiric initial antimicrobial
treatment based on an antibiotics combination employing a
macrolide or a fluoroquinolone as a second agent could reduce
mortality from CAP (37,59,60). Similarly, it was suggested that
an antibiotic combination could decrease mortality from bac-
teremic pneumococcal CAP (39,40,61). Despite the interest of
these findings, it must be underlined that most of these stud-
ies were retrospective and often even excluded severely ill ICU
patients. To the best of our knowledge, only one study com-
pared the survival impact of various antimicrobial regimens for

patients admitted to the ICU for severe CAP (38). This study
was unable to demonstrate the superiority of any antimicro-
bial regimen to another, and only suggested that combinations
including aminoglycosides could be suboptimal.

Mortality risk scores specific to CAP have been elaborated;
Fine et al. derived a prediction rule from data on 14,199 adults
hospitalized for CAP, stratifying patients into five classes ac-
cording to the risk of death within 30 days (62). This rule, val-
idated with data on 38,039 patients, is now entitled the Pneu-
monia Severity Index (PSI) and stratifies risk using a two-step
approach. First, patients with a low risk (class I) are identified
by age younger than 50 years and the absence of comorbidities
and vital sign abnormalities. For the remaining patients, a score
is determined by adding points assigned to age and different
variables, taking into account comorbid conditions, physical
examination findings, and laboratory and radiographic abnor-
malities (Table 111.4). According to the value of this score,
patients are classified into class II (70 points or less), III (71–90
points), IV (91–130 points), or V (more than 130 points). From
class I to class V, mortality rates observed in the validation co-
hort were 0.1% , 0.6% , 2.8% , 8.2% , and 29.2% , respectively.
Despite the major interest of this PSI, it must be emphasized
that this score was primarily built to identify patients at low
risk who might be safely treated as outpatients. Consequently,
the implications of the PSI for the medical care of patients ex-
hibiting severe CAP, requiring admission into an ICU, may be
questionable.

A specific prediction rule for mortality of patients with se-
vere CAP admitted to an ICU has been proposed by our group
(57). This rule takes into account data on prognostic factors,
emphasizing that the prognosis of severe CAP depends on both
initial baseline characteristics of the patient and evolution dur-
ing the ICU stay, and is based on two successive steps. On
ICU admission, an initial risk score based on six independent
variables associated with the prognosis is established. These
variables and their respective point value are (a) age 40 years
or older (+ 1 point), (b) anticipated death within 5 years (+ 1
point), (c) nonaspiration pneumonia (+ 1 point), (d) chest ra-
diograph involvement greater than one lobe (+ 1 point), (e)
acute respiratory failure requiring mechanical ventilation (+ 1
point), and (f) septic shock (+ 3 points). The initial risk score,
obtained by summing up these points, allows inclusion of each
patient into one of the three risk classes of increasing mortal-
ity. In class I (0–2 points) mortality risk is low (less than 5% ),
whereas in class III (6–8 points), mortality risk is high (more
than 50% ). In class II (3–5 points), mortality risk is interme-
diate (25% ). A risk score based on three independent factors
identified during the ICU stay allows a definite evaluation of
the final prognosis. These three independent factors and their
point scoring are (a) hospital-acquired, lower respiratory tract
superinfections (+ 1 point), (b) nonspecific CAP-related com-
plications (+ 2 points), and/or (c) sepsis-related complications
(+ 4 points) occurring during the ICU stay. This risk score ap-
pears particularly useful for patients in the intermediate-risk
class II on ICU admission. Indeed, for these patients, the mor-
tality rate estimated on ICU admission by the initial risk score
is quite similar to the mortality rate observed in the overall
population of patients admitted into the ICU for severe CAP.
According to the occurrence or the nonoccurrence of compli-
cations during the ICU stay, the adjusted risk score determined
subgroups of patients exhibiting significantly different mortal-
ity rates; in the studied cohort, rates ranged from 2% to 86% .
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TA BLE 1 1 1 . 4

CRITERIA AND POINT SCORING SYSTEM USED IN THE PNEUMONIA SEVERITY
INDEX (STEP 2; CLASSES II–V)

Variables Points Variables Points

Age
Female gender
Nursing home resident

Age (yr)
–10
+ 10

Vital sign abnormality
Altered mental status
Respiratory rate more than 30 breaths/min
Systolic blood pressure less than 90 mm Hg
Temperature less than 35◦C or greater than

or equal to 40◦C
Tachycardia more than 125 breaths/min

+ 20
+ 20
+ 20
+ 15

+ 10

Comorbidity
Neoplastic disease
Liver disease
Congestive heart failure
Cerebrovascular disease
Renal disease

+ 30
+ 20
+ 10
+ 10
+ 10

Laboratory and radiographic data
Arterial pH less than 7.35
Blood urea nitrogen greater than or equal to

30 mg/dL
Sodium less than 130 mmol/L
Glucose greater than or equal to 250 mg/dL
Hematocrit less than 30%
PaO2 less than 60 mm Hg
Pleural effusion

+ 30
+ 20

+ 20
+ 10
+ 10
+ 10
+ 10

Adapted from Fine MJ, Auble TE, Yealy DM, et al. A prediction rule to identify low-risk patients with
community-acquired pneumonia. N Engl J Med. 1997;336:243.

Therefore, this score may help clinicians to reassess severe CAP
patients during the ICU stay.

Pre ve nt ion of Communit y-acq uire d Pne umonia
Many of the factors associated with an increase in CAP risk (to-
bacco use, malnutrition, chronic pulmonary disease, diabetes,
liver disease, older age, confinement to a nursing home) are
not amenable to prevention. Immunization remains the most
significant method of prevention (24).

Two vaccines are available for preventing pneumococcal
disease. Pneumococcal polysaccharide vaccine is recommended
for persons 65 or more years of age, and for persons 2 or more
years of age who are immunocompetent but at an increased
risk for illness and death associated with pneumococcal dis-
ease because of chronic illness, with functional or anatomic
asplenia, who live in environments in which the risk for dis-
ease is high, or are immunosuppressed and at high risk for in-
fection (63). The more recent pneumococcal conjugate vaccine
is, at the time of this writing, recommended only for children
(64–66).

The Advisory Committee on Immunization Practices (ACIP)
recommends inactivated influenza A vaccine for all persons
older than 50 years of age, those at risk for influenza complica-
tions, and household contacts of high-risk persons (including
health care workers) (67).

Ve nt ilat or-associat e d Pne umonia

Ventilator-associated pneumonia (VAP) is defined as a pneumo-
nia occurring in intubated or tracheotomized patients undergo-
ing mechanical ventilation. Although usual guidelines suggest
a delay of 48 to 72 hours between the beginning of mechanical
ventilation and the occurrence of pneumonia to qualify for this
diagnosis (68), recent data suggest that a pneumonia acquired

earlier than the 48th hour of mechanical ventilation could also
be considered a VAP (2,69). VAP represents 80% of pneumo-
nia acquired during hospitalization, and is the most frequent
hospital-acquired infection in ICUs.

Imme d iat e Conce rns
The major dilemmas regarding VAP at the present time are the
following:

■ Prevention remains a challenge.
■ There is no gold standard for diagnosis.
■ The rate of multidrug-resistant causative pathogens has dra-

matically increased during recent years.
■ Prompt initiation of an adequate antibiotic therapy is essen-

tial.

Incid e nce
The exact incidence of VAP is difficult to assess for a number
of reasons. Study populations vary greatly from one study to
another, the criteria used to diagnose VAP can be quite differ-
ent (i.e., clinical vs. bacteriologic diagnosis), and, finally, an
overlap between VAP and other hospital-acquired lower res-
piratory tract infections such as nosocomial tracheobronchitis
exists. With this in mind, one must carefully analyze the exis-
tent studies, which show an incidence varying from 5.6% to
82.4% (Table 111.5) (70–77).

In a large U.S. inpatient database composed of 9,080 pa-
tients mechanically ventilated for more than 24 hours, the in-
cidence of VAP was 9.3% (69). The percentages of episodes
of VAP occurring during the first 2 days of hospitalization—
between days 3 and 6 and after hospital day 6—were 45.2% ,
29.1% , and 25.7% , respectively. Most episodes of VAP
(63.2% ) developed within 48 hours of mechanical ventilation.
Thereafter, 16% occurred between 48 hours and 96 hours of
mechanical ventilation, and 20.8% after 96 hours of mechan-
ical ventilation.
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TA BLE 1 1 1 . 5

INCIDENCE OF VENTILATOR-ASSOCIATED PNEUMONIA (VAP) IN THE INTENSIVE CARE UNIT

No. of Incidence
References patients Characteristics of patients Diagnostic criteria of VAP

Torres et al.a 322 Medicosurgical patients Clinical and Rx 24%
Chevret et al.b 540 Medicosurgical patients Clinical and Rx 12.6%
Baker et al.c 514 Trauma patients Clinical, Rx, and Q. bacteriologic cultures 5.6%
Chastre et al.d 56 Patients with ARDS Clinical, Rx, and Q. bacteriologic cultures 55%
Tejada Artigas et al.e 103 Trauma patients Clinical, Rx, and Q. bacteriologic cultures 22.3%
Ibrahim et al. f 880 Medicosurgical patients Clinical and Rx 15%
Bouza et al.g 356 Heart surgical patients Clinical, Rx, and Q. bacteriologic cultures 7.9%
Hilker et al.h 17 Patients with acute stroke Clinical and Rx 82.4%

Rx, radiologic; ARDS, acute respiratory distress syndrome; Q., quantitative.
a Torres A, Aznar R, Gatell JM, et al. Incidence, risk, and prognosis factors of nosocomial pneumonia in mechanically ventilated patients. Am Rev
Respir Dis. 1990;142:523.
b Chevret S, Hemmer M, Carlet J, et al. Incidence and risk factors of pneumonia acquired in intensive care units. Results from a multicenter prospective
study on 996 patients. European Cooperative Group on Nosocomial Pneumonia. Intensive Care Med. 1993;19:256.
c Baker AM, Meredith JW, Haponik EF. Pneumonia in intubated trauma patients. Microbiology and outcomes. Am J Respir Crit Care Med.
1996;153:343.
d Chastre J, Trouillet JL, Vuagnat A, et al. Nosocomial pneumonia in patients with acute respiratory distress syndrome. Am J Respir Crit Care Med.
1998;157:1165.
e Tejada Artigas A, Bello Dronda S, Chacon Valles E, et al. Risk factors for nosocomial pneumonia in critically ill trauma patients. Crit Care Med.
2001;29:304.
f Ibrahim EH, Tracy L, Hill C, et al. The occurrence of ventilator-associated pneumonia in a community hospital: risk factors and clinical outcomes.
Chest. 2001;120:555.
g Bouza E, Perez A, Munoz P, et al. Ventilator-associated pneumonia after heart surgery: a prospective analysis and the value of surveillance. Crit Care
Med. 2003;31:1964.
h Hilker R, Poetter C, Findeisen N, et al. Nosocomial pneumonia after acute stroke: implications for neurological intensive care medicine. Stroke.
2003;34:975.

In a cohort of 1,014 patients ventilated for 48 hours or
more, the overall incidence of VAP was 14.8 cases per 1,000
ventilator-days. The daily risk for developing VAP is high-
est in the early course of hospital stay. It is estimated to be
3% per day at day 5, 2% at day 10, and 1% at day 15
(78).

Pat hog e ne sis
Pneumonia occurs resultant to the entry of bacteria into the
normally sterile lower respiratory tract, leading to colonization
and subsequently to infection when bacteria overwhelm host
defenses secondary to a large bacterial inoculum, a virulent
pathogen, or a defect in the local host defenses (68,80).

Bacteria can reach the lower respiratory tract by four
different pathogenic mechanisms: (a) contiguous spread, (b)
hematogenous spread, (c) inhalation, and (d) aspiration. The
first two mechanisms of invasion are infrequent (79). Inhala-
tion of gastric material or direct inoculation of bacteria into
the lower respiratory tract through contaminated “devices”
(aerosol, bronchoscopes, ventilator circuit, nebulizer, tracheal
suctioning) is rarely associated with VAP. Aspiration of bacte-
ria colonizing the oropharynx is the main route of entry into
the lower respiratory tract.

Colonization of the oropharyngeal airways by pathogenic
micro-organisms occurs during the first hospital week in most
critically ill patients. These micro-organisms that replace the
normal microflora of the oropharynx can be either endoge-
nous (enteric Gram-negative bacteria) or exogenous via a cross-
contamination from other patients in the ICU. The stomach,
sinuses, and dental plaque may be potential reservoirs for

pathogens colonizing the oropharynx. However, their exact
contribution still remains controversial. The endotracheal tube
compromises the natural barrier between the oropharynx and
lower respiratory tract, and leakage of contaminated secretions
around the endotracheal tube cuff allows bacterial entry into
the trachea (68,80).

Risk Fact ors
Many risk factors for VAP are host related and, thus, not
accessible to intervention. Patient-related risk factors include
male gender, pre-existing pulmonary disease, coma, AIDS, head
trauma, age older than 60 years, neurosurgical procedures, and
multiorgan system failure (81).

Among accessible risk factors, the most important is the
presence of mechanical ventilation, associated with a 3- to 21-
fold risk (71). The endotracheal tube limits the draining of
secretions that leak around the cuff, favors bacterial multi-
plication, offers a focus for bacterial adherence and coloniza-
tion, and impairs ciliary clearance and cough. Furthermore,
the mechanically ventilated patient requires other devices such
as nebulizers or humidifiers, which can be a source of micro-
organisms. The risk of infection is highest during the first 8 to
10 days (82) of mechanical ventilation and increases with the
duration of mechanical ventilation (78).

Accidental extubation, rather than reintubation, increases
the risk of VAP (83), likely due to preparation for extuba-
tion that is—obviously—inadequate to nonexistent. Enteral
nutrition administered by a nasogastric, rather than a post-
pyloric, tube also increases the risk of VAP (78,81). The na-
sogastric tube might increase the risk of reflux and subsequent
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colonization of the airways. The use of H 2 blockers or antacids
favors gastric colonization and may contribute to VAP.

Other factors facilitating the inhalation of oropharyngeal
secretions favor VAP: supine position, patient transportation
out of the ICU (84), sedation (85), failed subglottic aspiration
(82), intracuff pressure less than 20 cm H2O, tracheostomy,
and aerosol treatment. Identifying these risk factors will guide
the prevention measures of VAP.

Et io log y
VAP may be caused by a wide spectrum of bacteria and is often
polymicrobial (Table 111.6) (86,87,88). Gram-negative enteric
bacilli, P. aeruginosa, and S. aureus are the leading etiologies.
However, micro-organisms responsible for VAP may differ ac-
cording to patient groups, unit types, hospitals, and countries
(88). Moreover, the main epidemiologic patterns—principally
the susceptibility patterns of causative pathogens—may also
vary in a given unit over the course of time.

Several studies have tried to identify specific risk factors for
VAP due to a given causative pathogen. The presence of an al-
tered level of consciousness, admission into a medical ICU, and
a high Simplified Acute Physiologic Score are independent fac-
tors associated with the development of VAP caused by anaer-
obes (89). In trauma patients, VAP due to Stenotrophomonas
maltophilia are independently associated with prior exposure
to cefepime and tracheostomy (90). Cytotoxic chemotherapy
and use of corticosteroids are independent factors predisposing
to the development of nosocomial pneumonia due to L. pneu-

mophila (91). Neurosurgery, acute respiratory distress syn-
drome, head trauma, and large-volume pulmonary aspiration
are independent risk factors for VAP due to Acinetobacter bau-
mannii (92). Chronic obstructive pulmonary disease, prior use
of antibiotics, and duration of mechanical ventilation longer
than 8 days are independently associated with VAP due to P.
aeruginosa (93). Finally, coma is an independent risk factor for
VAP caused by S. aureus (94). Even if such factors are impor-
tant to consider, there is major overlap between these different
factors and, consequently, they are not sufficiently discriminant
to allow focusing the empirical antimicrobial treatment on a
specific etiologic agent.

The time of onset of VAP influences the etiology of VAP,
making it useful to distinguish early-onset VAP from late-onset
VAP. In early-onset VAP, the main causative pathogens are S.
pneumoniae, methicillin-susceptible S. aureus, H. influenzae,
and susceptible Gram-negative enteric bacilli (95). In late-onset
VAP, MRSA, P. aeruginosa, A. baumannii, and S. maltophilia
are the main causative organisms. Although this distinction be-
tween early- and late-onset VAP is useful, we must emphasize
that there is no consensus on the number of days considered
that separate these types of VAP. According to the literature,
the threshold varies from 3 to 7 days (80). Similarly, it is un-
clear whether the threshold refers to the number of days in
the hospital or to the number of days of mechanical ventila-
tion (95). In the recent ATS/IDSA guidelines (68), duration of
hospitalization fewer than, or more than 5 days, respectively,
separates early- from late-onset VAP.

TA BLE 1 1 1 . 6

MICRO-ORGANISMS CAUSING VENTILATOR-ASSOCIATED PNEUMONIA (VAP)a

References Trouillet et al.b Leroy et al.c Rello et al.d

Number of episodes of VAP 135 124 290
Number of bacteria identified 245 154 321
Pseudomonas aeruginosa
Acinetobacter baumannii
Stenotrophomonas maltophilia
Klebsiella species
Escherichia coli
Proteus species
Enterobacter species
Morganella species
Serratia species
Haemophilus species
Methicillin-resistant Staphylococcus aureus
Methicillin-sensitive S. aureus
Streptococcus pneumoniae
Streptococcus species
Enterococcus species
Coagulase-negative staphylococcus
Anaerobic pathogens

39 (15.9% )
22 (9% )
6 (2.4% )
9 (3.7% )
8 (3.3% )
7 (2.9% )
5 (2.0% )
4 (1.6% )
4 (1.6% )
15 (6.1% )
32 (13.1% )
20 (8.2% )
3 (1.2% )
33 (13.5% )
5 (2.0% )
4 (1.6% )
6 (2.4% )

48 (31.1% )
9 (5.8% )
8 (5.2% )
5 (3.2% )
8 (5.2% )
5 (3.2% )
7 (4.5% )
—
7 (4.5% )
10 (6.5% )
10 (6.5% )
19 (12.4% )
9 (5.8% )
2 (1.3% )
—
1 (0.6% )
—

102(31.7% )
38 (11.8% )
8 (2.5% )
ND
ND
ND
ND
ND
ND
26 (8.1% )
10 (4.0% )
38 (11.8% )
25 (7.8% )
10 (3.1% )
ND
ND
ND

ND, no data.
a Data are presented as number and (percentage).
b Trouillet JL, Chastre J, Vuagnat A, et al. Ventilator-associated pneumonia caused by potentially
drug-resistant bacteria. Am J Respir Crit Care Med. 1998;157:531.
c Leroy O, Girardie P, Yazdanpanah Y, et al. Hospital-acquired pneumonia: microbiological data and
potential adequacy of antimicrobial regimens. Eur Respir J. 2002;20:432.
d Rello J, Sa-Borges M, Correa H, et al. Variations in etiology of ventilator-associated pneumonia across
four treatment sites: implications for antimicrobial prescribing practices. Am J Respir Crit Care Med.
1999;160:608.
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TA BLE 1 1 1 . 7

RISK FACTORS FOR MULTIDRUG-RESISTANT
PATHOGENS AS CAUSATIVE ORGANISMS IN
VENTILATOR-ASSOCIATED PNEUMONIA (VAP)

■ Admission from a nursing home or an extended-care facility
■ History of regular visits to an infusion or dialysis center
■ Prior antimicrobial treatment in the preceding 90 days
■ Prior use of broad-spectrum antibiotics
■ Prior hospitalization in the preceding 90 days
■ Current hospitalization for greater than or equal to 5 days
■ Duration of mechanical ventilation greater than or equal to

7 days
■ Immunosuppression
■ High level of antibiotic resistance in the community or in

local intensive care unit

Data from American Thoracic Society, Infectious Diseases Society of
America. Guidelines for the management of adults with
hospital-acquired, ventilator-associated, and healthcare-associated
pneumonia. Am J Respir Crit Care Med. 2005;171:388; Trouillet JL,
Chastre J, Vuagnat A, et al. Ventilator-associated pneumonia caused
by potentially drug-resistant bacteria. Am J Respir Crit Care Med.
1998;157:531; Leroy O, Girardie P, Yazdanpanah Y, et al.
Hospital-acquired pneumonia: microbiological data and potential
adequacy of antimicrobial regimens. Eur Respir J. 2002;20:432;
Porzecanski I, Bowton DL. Diagnosis and treatment of
ventilator-associated pneumonia. Chest. 2006;130:597; Rello J, Torres
A, Ricart M, et al. Ventilator-associated pneumonia by Staphylococcus
aureus. Comparison of methicillin-resistant and methicillin-sensitive
episodes. Am J Respir Crit Care Med. 1994;150:1545; Trouillet JL,
Vuagnat A, Combes A, et al. Pseudomonas aeruginosa
ventilator-associated pneumonia: comparison of episodes due to
piperacillin-resistant versus piperacillin-susceptible organisms. Clin
Infect Dis. 2002;34:1047; Leroy O, Jaffre S, D’Escrivan, et al.
Hospital-acquired pneumonia: risk factors for antimicrobial-resistant
causative pathogens in critically ill patients. Chest. 2003;123:2034.

Among these potential causative pathogens, the rate of
multidrug-resistant pathogens has dramatically increased dur-
ing recent years. Numerous factors are associated with the
emergence of these resistant strains and are summarized in
Table 111.7. As demonstrated in numerous studies, duration of
hospitalization (and/or mechanical ventilation) and prior expo-
sure to antimicrobial agents are the major risk factors for VAP
due to multidrug-resistant pathogens (86,87,96–99). Finally,
it must be underlined that VAP due to fungi such as Candida
species and Aspergillus species or to viruses such as influenza,
parainfluenza, measles, adenovirus, and respiratory syncytial
virus is uncommon in immunocompetent patients (68).

To conclude this section, we must emphasize that the etio-
logic characteristics of VAP vary widely from one ICU to an-
other. Consequently, every ICU is encouraged to determine the
local microbiology of VAP and the antimicrobial susceptibili-
ties of these specific pathogens. Such a determination will assist
in choosing adequate initial empiric antimicrobial treatment.

Diag nost ic St rat e g ie s and Diag nost ic Te st ing
In the ICU, the diagnosis of VAP remains a challenge. Diffi-
culties encountered by physicians are mainly explained by the
absence of a gold standard for this diagnosis. Usually, the di-
agnostic approach is based on two successive steps: (a) the di-
agnosis of pneumonia must be established and (b) the etiologic
pathogen(s) of this pulmonary parenchymal infection must be
identified (68).

Pneumonia is suspected when a patient exhibits signs and
symptoms suggesting both pulmonary involvement and infec-
tion. The most current signs of infection are fever or hypother-
mia, leukocytosis or leucopenia, and tachycardia. Purulent spu-
tum, a decline in oxygenation, and pulmonary infiltrates on
chest radiograph are suggestive of pulmonary involvement.
Unfortunately, among these signs and symptoms, none is spe-
cific for pneumonia. Most inflammatory processes and nonpul-
monary infectious diseases are associated with fever, leukocyto-
sis, or tachycardia. Similarly, cardiogenic and noncardiogenic
pulmonary edema, pulmonary embolism, pulmonary contu-
sion, and atelectasis are all associated with radiographic in-
filtrates. Finally, purulent sputum, even when associated with
fever and leukocytosis, may be due only to nosocomial tracheo-
bronchitis (100). To address the high sensitivity of these criteria
and avoid too high a number of false-positive diagnoses, cur-
rent recommendations are to combine them (68). Currently,
the presence of a new or progressive radiographic infiltrate as-
sociated with at least two of three major clinical findings (fever
greater than 38◦C, purulent tracheal secretions, and leukocyto-
sis or leucopenia) is considered the most accurate combination
(101).

Numerous techniques have been proposed to identify
causative organism(s) of VAP. Blood cultures are rarely pos-
itive. Moreover, a positive result is far from being specific since
it could reflect more a severe extrapulmonary infection than
identify the causative agent of VAP (102). A positive pleu-
ral effusion culture is generally considered as a specific result.
However, the spread of infection to the pleural space is a rare
event. Thus, analysis of lower respiratory secretions is the most
frequently used technique to identify causative organism(s) of
VAP. Numerous sampling methods have been described, with
the major ones being endotracheal aspiration and broncho-
scopic techniques with protected specimen brush and/or bron-
choalveolar lavage. Numerous microbiologic techniques can be
applied to these samples: direct examination with Giemsa or
Gram staining and qualitative, semiquantitative, and quanti-
tative cultures. Among all described methods of sampling and
microbiologic techniques applied to these samples, it is not pos-
sible, to date, to identify the best method because the data are
controversial.

The advantages and disadvantages of each technique eval-
uating lower respiratory tract samples have been recently re-
viewed (68,80). The main points summarizing these data are
as follows:

■ Microscopy and qualitative culture of expectorated sputum
or endotracheal aspirates are associated with a high percent-
age of false-positive results because of colonization of the up-
per respiratory tract and/or tracheobronchial tree. However,
the initial empiric antimicrobial treatment of VAP could be
guided by a reliable tracheal aspirate Gram stain. Quanti-
tative cultures with a threshold of 106 colony-forming units
(CFU)/mL to differentiate colonization from lung infection
provide a diagnostic accuracy nearly similar to that of quan-
titative cultures from samples obtained by bronchoscopic
techniques (103,104). Moreover, when the culture of endo-
tracheal secretions is sterile in a patient with no recent (less
than 72 hours) change in antimicrobial therapy, the diag-
nosis of VAP can be ruled out with a high probability (the
negative predictive value is greater than 90% ) (105), and an
extrapulmonary infectious process must be investigated.
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■ A protected specimen brush (PSB) allows the collection of
uncontaminated specimens from the infected pulmonary
area. A threshold set at 103 CFU/mL is the most adequate
for quantitative cultures (106); false-positive results are in-
frequent (104). False-negative results may be observed when
sampling is performed at an early stage of infection, in a
technically incorrect (unaffected pulmonary area) manner,
in a patient where a new antimicrobial treatment has been
initiated, and/or if the specimens are incorrectly processed.
Bronchoalveolar lavage explores a larger lung area than PSB.
Quantitative cultures of bronchoalveolar lavage (BAL) fluid,
with a threshold set at 104 CFU/mL, seem to provide results
similar to those obtained by PSB (106). However, a possi-
ble microscopic examination of BAL fluid immediately af-
ter the procedure is a clear advantage. The detection with
Gram or Giemsa staining of BAL cells containing intracel-
lular bacteria allows for a rapid diagnosis and guides the
initial antibiotic treatment (107,108). The arguments favor-
ing these bronchoscopic techniques are their ability to con-
firm the diagnosis of VAP by identifying the causative organ-
ism(s) and guide the antimicrobial treatment. Furthermore,
when cultures are negative, they can point to an alternative
diagnosis. When cultures are positive, a more targeted an-
timicrobial treatment plan is possible, and the selective pres-
sure for antibiotic resistance may be reduced. Finally, having
an accurate microbiologic diagnosis may reduce VAP mor-
tality (109). The major limitations of these bronchoscopic
techniques are a questionable accuracy in patients in whom
a new antimicrobial treatment has been introduced before
sampling, the significant cost, a possible occurrence of com-
plications (i.e., hypoxemia), and, perhaps, a low impact on
therapeutic decisions since physicians are often reluctant to
modify (or discontinue) an effective treatment.

Over many years, experts have discussed the best means to
diagnose VAP. Some have preferred a clinical strategy based
on radiologic, clinical, and biologic signs previously described;
this approach is now considered overly sensitive. Other experts
preferred a bacteriologic strategy based on a positive quanti-
tative culture of lower respiratory tract secretions to define
both pneumonia and the causative pathogen(s); this approach
is now considered insufficiently sensitive, especially in patients
in whom an antimicrobial treatment was recently started or
changed. The recent ATS/IDSA guidelines propose a “mixed”
diagnostic strategy as follows (68):

■ The diagnosis of VAP is suspected in the presence of a new
or progressive pulmonary infiltrate associated with at least
two of the following three infectious signs: fever greater
than 38◦C, leukocytosis or leucopenia, and/or purulent se-
cretions. For patients with ARDS, radiographic changes are
difficult to analyze; consequently, hemodynamic instability
and/or deterioration of blood gases could be considered suf-
ficient to suspect VAP.

■ As soon as the diagnosis is suspected, lower respiratory
tract samples are obtained for microscopy, and quantita-
tive or semiquantitative cultures and empiric antimicrobial
therapy is started unless there is both a low clinical suspi-
cion for VAP and a negative microscopy of the respiratory
sample.

■ On days 2 and 3, the results of cultures should be avail-
able, and the clinical response is assessed. According to
whether the clinical picture is improving or worsening and

the results of cultures, antimicrobial therapy will be stopped,
de-escalated, or adjusted, and an investigation for other
pathogens, other diagnoses, other sites of infection, or com-
plications is performed.

The major points and recommendations for diagnostic test-
ing following this diagnostic strategy are the following. All
acutely ill, mechanically ventilated patients should have a com-
plete daily investigation including physical examination, an an-
teroposterior portable chest radiograph, measurement of arte-
rial oxygenation saturation, and determination of necessary
laboratory values (complete blood count, serum electrolytes,
renal function). When VAP is suspected, each patient should
have a complete physical examination to search for another
source of infection; arterial blood analysis must be performed;
and blood cultures collected. In case of large pleural effusion,
a diagnostic thoracentesis must be performed, unless there is
a contraindication. Samples of lower respiratory tract secre-
tions must be obtained in all patients. They can include endo-
tracheal aspirate and/or bronchoscopic samples (PSB and/or
BAL). Quantitative cultures of respiratory samples appear
more accurate than qualitative or semiquantitative cultures for
diagnosis of VAP (68).

Ant ib io t ic Tre at me nt
Principles of Initial Empiric Treatment. Prompt initiation of
adequate antimicrobial treatment is a cornerstone of therapy
for VAP (96). This rule is based on the following data: an in-
adequate initial antibiotic treatment is associated with a signif-
icantly increased mortality due to VAP (110–112). The timing
of adequate antibiotic treatment is an important determinant
of outcome. Iregui et al. studied 107 patients suffering from
VAP (113). Among them, 33 received delayed appropriate an-
tibiotic treatment—defined as a period greater than or equal
to 24 hours between the time VAP was suspected and the ad-
ministration of adequate treatment. These patients exhibited a
significantly higher mortality than those receiving nondelayed
treatment (69.7% vs. 28.4% ; p < 0.001). It must be empha-
sized that patients with delayed treatment received antibiotics,
on average, only 16 hours later than patients without delay.
Once bacteriologic and susceptibility data become available, it
does not reduce the excess mortality induced by the inadequate
treatment given initially (111,112).

Combining various definitions in the literature, an ade-
quate antibiotic therapy could be defined as the administra-
tion, at an appropriate dose, of at least one antibiotic with
good penetration into lung tissues and to which all causative
pathogens are susceptible in vitro. Although inappropriate
doses and/or choice of agents with poor lung penetration
could explain the inadequacy of treatment, the most com-
mon reason is the resistance of the causative pathogen(s).
Consequently, antibiotics must be selected according to the
presence or absence of risk factors for multidrug-resistant
pathogens (Table 111.7) and the local microbiologic patterns of
VAP.

Guidelines for Initial Empiric Antibiotic Therapy. On the ba-
sis of the time of onset of VAP and the presence or absence of
risks for multidrug-resistant pathogens, the recent ATS/IDSA
guidelines propose two different schemes for initial empiric
antibiotic therapy (68). In patients with no risk factors for
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TA BLE 1 1 1 . 8

INITIAL EMPIRIC ANTIBIOTIC THERAPY IN PATIENTS WITH
VENTILATOR-ASSOCIATED PNEUMONIA (VAP)

Characteristics of patient Recommended antibiotics and recommended dosagesa

Early-onset VAP and no risk
factors for
multidrug-resistant
pathogens

■ Ceftriaxone (1–2 g/24 h)
or
■ Levofloxacin (750 mg/24 h), moxifloxacin (400 mg/24 h),

or ciprofloxacin (400 mg/8 h)
or
■ Ampicillin (1–2 g) plus sulbactam (0.5–1 g)/6 h
or
■ Ertapenem (1 g/24 h)

Late-onset VAP or risk
factors for
multidrug-resistant
pathogens

■ Antipseudomonal cephalosporin: Cefepime (1–2 g/8–12 h)
or ceftazidime (2 g/8 h)

or
■ Antipseudomonal carbapenem: Imipenem (500 mg/6 h or

1 g/8 h) or meropenem (1 g/8 h)
or
■ β -Lactam/β -lactamase inhibitor: Piperacillin-tazobactam

(4.5 g/6 h)
plus
■ Antipseudomonal fluoroquinolone: Levofloxacin (750

mg/24 h) or ciprofloxacin (400 mg/8 h)
or
■ Aminoglycosideb: Gentamicin (7 mg/kg/24 h) or

tobramycin (7 mg/kg/24 h) or amikacin (20 mg/kg/24 h)
plus
■ Vancomycin (15 mg/kg/12 h)c

or
■ Linezolid (600 mg/12 h)

Adapted from American Thoracic Society, Infectious Diseases Society of America. Guidelines for the
management of adults with hospital-acquired, ventilator-associated, and health care–associated pneumonia.
Am J Respir Crit Care Med. 2005;171:388.
a Dosages are based on normal hepatic and renal function.
b Trough levels for gentamicin and tobramycin should be < 1 mg/L and for amikacin should be < 4–5 mg/L.
c Trough levels for vancomycin should be < 15–20 mg/L.

multidrug-resistant pathogens and an early-onset VAP (du-
ration of hospitalization less than 5 days), limited-spectrum
antibiotic therapy based on monotherapy seems appropriate
(Table 111.8). Conversely, in patients with late-onset VAP
(greater than or equal to 5 days) or exhibiting risk factors
for multidrug-resistant pathogens, a broad-spectrum antibiotic
regimen based on two or three combined antibiotics is usually
required (Table 111.8).

Among all proposed antimicrobial agents, the initial choice
should take into account patient characteristics (underlying dis-
eases associated with contraindications to specific antibiotic
agents or classes), class of antibiotic to which the patient was
recently exposed, and local microbiologic data (resistance pat-
terns). A recent exposure to one antibiotic could lead to resis-
tance to the entire class. Consequently, if patients develop VAP
shortly after, or during, antibiotic treatment, it is recommended
that an antibiotic be chosen from a different antimicrobial class
for empiric treatment. Local epidemiologic patterns (predomi-
nant pathogens and local antibiotic susceptibility) must lead to
the implementation of specific institutional guidelines for the
treatment of VAP, which are of particular importance. Ioanas
et al. demonstrated that guidelines such as those of the ATS

have a good ability to predict the causative pathogens of VAP
(114). Conversely, their accuracy in regard to the adequacy of
a proposed antimicrobial regimen is lower, mainly due to the
resistance patterns of locally identified causative organisms.
Consequently, institutional guidelines tailored to local micro-
biologic data are imperative to increase the rate of adequacy of
the initial empiric antibiotic treatment of VAP, as demonstrated
by Ibrahim et al. (115).

Finally, it is important to report the results from a recent
study from Michel et al. (116). These authors demonstrated
that routine quantitative cultures of endotracheal aspirates ob-
tained twice a week in mechanically ventilated patients before
the onset of VAP was identified, in 95% of cases, the same
micro-organisms as the BAL cultures are obtained when VAP
was suspected. Consequently, an antibiotic choice based on the
results of the last available quantitative culture of endotracheal
aspirate could increase the adequacy of the initial empiric treat-
ment. Although prospective comparative studies are required
to validate these results, it is possible to imagine that routine
cultures of endotracheal aspirates could also help the clinician
to choose the most appropriate antibiotic(s) among all pro-
posed agents.
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De-escalation Strategy. Considering the negative prognostic
impact of an inadequate initial antibiotic therapy in VAP, a
therapeutic strategy based on narrow-spectrum initial therapy,
followed by a broadened-spectrum therapy once culture results
are available, must be avoided. As previously noted, current
recommendations propose an initial therapy for which the an-
timicrobial spectrum depends on potential causative pathogens
and the risk of multidrug-resistant pathogens.

As demonstrated in numerous studies (86,87,114), most pa-
tients suffering from VAP exhibited either a late-onset VAP or
risk factors for multidrug-resistant pathogens. Consequently,
most patients with VAP are treated with a broad-spectrum an-
tibiotic therapy that combines two or three agents. One great
concern about the widespread use of broad-spectrum empiric
therapy in the ICU is the emergence of multidrug-resistant
pathogens. Such an emergence could lead, in the future, to inef-
fective treatment with broad-spectrum antibiotics. To preempt
this vicious circle, a de-escalating strategy has been proposed
(117).

Once the results of blood or respiratory tract cultures be-
come available, this strategy recommends the change from a
broad- to a narrow-spectrum antibiotic to which the isolated
organism is sensitive (i.e., imipenem to ceftriaxone when the en-
teric Gram-negative bacilli do not exhibit extended-spectrum
β -lactamase [ESBL]), as well as removing an antibiotic from
an initial combination when the anticipated organism is not
recovered (i.e., discontinuation of vancomycin or linezolid
when MRSA is not present). Rello et al. demonstrated that
de-escalation was possible in 31.4% of the 115 patients in-
cluded in their study (118). This strategy was applied to 40.7%
of patients with early-onset and 12.5% of patients with late-
onset VAP. Obviously, a de-escalation strategy is not possible
in patients without cultures (118). This emphasizes the impor-
tance of an initial diagnostic strategy for all patients as soon as
VAP is suspected and before the initiation of empiric antibiotic
treatment, which includes blood cultures and samples of lower
respiratory tract secretions for culture.

Duration of Therapy. Until recently, the optimal duration of
antibiotic therapy for VAP was unknown. Lacking prospective
controlled studies devoted to this issue, experts empirically rec-
ommended a 14- to 21-day treatment duration (1). This was
theoretically justified to avoid relapses with short treatment du-
ration. However, this is now in conflict with our knowledge of
the impact of prolonged antibiotic duration on the emergence
of resistant strains in the ICU.

A prospective, multicenter, randomized, double-blind trial
was performed to determine whether 8 versus 15 days of
antibiotic treatment were equally effective. Patients receiving
appropriate antimicrobial treatment during 8 days had nei-
ther excess mortality nor more recurrent infection than pa-
tients treated for 15 days. For patients suffering from VAP
due to nonfermenting Gram-negative bacilli (mainly P. aerug-
inosa and A. baumannii), although the outcome was similar
in the two groups, there was a trend to greater rates of pul-
monary infection recurrences (relapses and/or superinfection)
in the short duration of treatment group (119). Consequently,
recent ATS/IDSA guidelines suggest shortening the duration of
therapy to 7 days, providing that the causative pathogen is nei-
ther P. aeruginosa nor A. baumannii and the patient exhibits
a good clinical response (68). Whatever the treatment dura-
tion, when aminoglycosides are used in combination with other

agents, they may be stopped after no more than 5 to 7 days
(68).

As previously discussed, prompt initiation of empiric antibi-
otic therapy is a cornerstone of VAP treatment. Unfortunately,
in the absence of a gold standard, the diagnosis of VAP remains
difficult and, among all empirically treated patients, some will
not have VAP. Recent studies demonstrated that empiric antibi-
otic therapy could be safely discontinued after 72 hours when
a noninfectious etiology for the pulmonary infiltrates is discov-
ered or when signs and symptoms of active infections resolve
(120,121). Finally, a sterile culture of lower respiratory tract
secretions rules out, in the absence of a new antibiotic in the
past 72 hours, the presence of bacterial pneumonia (68). In a
case such as this, withholding antibiotics is justified.

Specific Antibiotic Regimens. As previously noted, P. aerug-
inosa, A. baumannii, and MRSA are the main causative
pathogens of VAP. Some points about their specific antimicro-
bial treatment must be discussed.

A combination of antibiotics for P. aeruginosa VAP is com-
monly used by most clinicians. The aim of the combination
is to achieve antibiotic synergy and prevent the emergence
of resistant strains during therapy. Two recent meta-analyses
showed that, for septic patients, the combination β -lactam
plus aminoglycoside compared with β -lactam monotherapy
provides no clinical benefit (122), and has no beneficial ef-
fect on the development of antimicrobial resistance among ini-
tially antimicrobial-susceptible isolates (123). However, these
meta-analyses, like previous ones, suffer from limitations that
weaken the interpretation (low number of studies included in
the analysis, heterogeneity of those studies, outdated amino-
glycoside administration schedules). Consequently, we do not
think these results are sufficiently strong to justify discontinu-
ing the use of short-term aminoglycoside–β -lactam combina-
tion therapy for P. aeruginosa VAP.

Vancomycin remains the accepted standard therapy for
treatment of serious infections due to MRSA. Linezolid is a re-
cent agent proposed for treatment of these infections. Two mul-
ticenter studies demonstrated the equivalence between linezolid
and vancomycin for treatment of hospital-acquired pneumonia
due to MRSA (124,125). When the results of these studies were
combined, linezolid appeared to provide a better outcome and
a lower mortality than vancomycin (126). However, these re-
sults appear conflicting, and a prospective validation of the
superiority of linezolid is still required. Nevertheless, linezolid
may be preferred to vancomycin in patients with or at risk for
renal insufficiency (68).

A. baumannii exhibits native resistance to many classes of
antimicrobial agents and has seen the emergence of resistance to
carbapenems. Despite the reported nephrotoxicity of polymyx-
ins, they may be safely used. Garnacho-Montero et al. demon-
strated the safety and the efficacy of intravenous colistin in pa-
tients with VAP due to A. baumannii resistant to carbapenems
(127).

Local Instillation and Aerosolized Antibiotics. Although
aminoglycosides and polymyxin B have been used for local in-
stillation or aerosolization to treat VAP due to pathogens that
are “resistant” to systemic antimicrobial agents, there is a lack
of large or randomized prospective studies evaluating the value
of these administration routes. Consequently, the routine use of
local instillation or aerosolized antibiotics is not recommended
(68).
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Re sp onse t o The rap y
Normal Pattern of Resolution. Improvement usually becomes
apparent only after 48 to 72 hours of adequate antibiotic ther-
apy. Thus, unless there is rapid clinical deterioration, antimi-
crobial therapy should not be changed during this period fol-
lowing the initiation of therapy (68).

Two clinical variables, fever and hypoxemia, appear as the
best indicators to monitor the response to treatment. In patients
without ARDS, most respond with a resolution of fever to less
than 38◦C and resolution of hypoxemia with a PaO 2/FiO 2 im-
proving to greater than 250 within the first 72 hours of ade-
quate treatment. For responding patients with ARDS, hypox-
emia resolves more slowly and, consequently, this parameter
should not be used to define the resolution of VAP. In this sub-
set of patients, although fever takes twice as long to resolve,
core temperature appears as the most useful indicator of clini-
cal response (128).

Monitoring of white blood cell count is not accurate to eval-
uate the response to therapy (128,129). Similarly, chest radio-
graphs are of limited value for defining clinical improvement in
VAP; indeed, initial radiograph deterioration is common (68).
However, a quick radiographic resolution suggests that the ini-
tial diagnosis of VAP could be erroneous (128).

Reasons for Deterioration or Nonresolution. When a patient
fails to improve or exhibits rapid deterioration, several causes
may be considered (Table 111.9) (68). In these patients, the
following therapeutic approach can be proposed:

■ When possible, the antimicrobial spectrum should be broad-
ened while waiting for culture results and complementary
diagnostic studies. A careful clinical evaluation to rule out
diagnostic possibilities based on the differential diagnosis
must be performed, and sampling of respiratory tract secre-
tions must be repeated.

TA BLE 1 1 1 . 9

CAUSES OF NONRESOLUTION OR DETERIORATION IN PATIENTS WITH
VENTILATOR-ASSOCIATED PNEUMONIA (VAP)

Factors Comments

Wrong initial diagnosis of VAP Many noninfectious processes can mimic VAP:
■ Pulmonary embolism
■ Congestive heart failure
■ Lung contusion
■ Atelectasis
■ Chemical pneumonitis from aspiration
■ ARDS
■ Pulmonary hemorrhage

Host factors Despite adequate treatment, many conditions are known
to be associated with failure:

■ Underlying fatal condition
■ Age older than 60 yr
■ Prior pneumonia
■ Prior antibiotic treatment
■ Chronic lung diseases

Bacterial factors ■ Infecting bacteria can be resistant and can acquire
resistance during treatment (Pseudomonas aeruginosa)

■ Infecting pathogen can be a nonbacterial pathogen:
 Mycobacteria
 Virus
 Fungus

■ Some pathogens, even with effective treatment, are
difficult to eradicate (P. aeruginosa)

Occurrence of complications ■ Complications of initial pneumonia:
 Empyema
 Lung abscess

■ Other sites of infection:
 Urinary tract infection
 Catheter-related infection
 Sinusitis
 Pseudomembranous enterocolitis

■ Drug fever, pulmonary embolism, and sepsis with
multiple system organ failure

ARDS, acute respiratory distress syndrome.
Adapted from American Thoracic Society, Infectious Diseases Society of America. Guidelines for the
management of adults with hospital-acquired, ventilator-associated, and healthcare-associated pneumonia.
Am J Respir Crit Care Med. 2005;171:388.
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■ If cultures reveal a resistant pathogen (inadequate initial
empiric choice, development of resistance or superinfection
with a resistant strain), an adequate antibiotic therapy must
be rapidly instituted, even if such a change has a low prog-
nostic impact.

■ If cultures do not yield a resistant pathogen, one must con-
sider a noninfectious process, another site of infection, or
occurrence of complications. Vascular catheters must be re-
moved and cultured, and blood and urine samples must
be drawn for culture. Radiographic procedures such as CT
scanning of the thorax and, possibly, of extrathoracic sites
(sinuses, abdomen) may reveal complications (e.g., lung ab-
scess, empyema) or other infectious sites (e.g., sinusitis).

Finally, when the entire workup remains negative—
including the microbiologic and radiographic evaluations for
VAP, with or without resistant pathogens, noninfectious pro-
cesses mimicking VAP, VAP complications, or an extrapul-
monary site of infection, physicians must consider the follow-
ing: (a) coverage for unusual pathogens (i.e., mycobacteria,
fungi), (b) the need for an open-lung biopsy, and (c) initiation
of anti-inflammatory therapy such as corticosteroids.

Ioanas et al., studying 71 patients with ICU-acquired pneu-
monia, demonstrated that the rate of nonresponding patients
was high (62% ) (130). The main causes of nonresponsiveness
were inappropriate initial treatment (23% ), superinfections
(14% ), another site of infection (27% ), and a noninfectious
process (16% ). In 36% of nonresponding patients, no cause of
failure could be identified.

Prog nosis of Ve nt ilat or-associat e d Pne umonia
According to the literature, crude mortality rates associated
with VAP vary from 24% to 76% (80). These widely diverging
crude mortality rates can be explained by differences both in
the studied populations and the diagnostic criteria used.

One of the most important concerns about VAP is to know
whether it is associated with significant attributable mortal-
ity. Case-control studies comparing patients with and with-
out VAP with a matching process including variables such as
cause of ICU admission, duration of mechanical ventilation,
and severity of underlying diseases provide discordant results.
In some studies, VAP was not associated with any significant
attributable mortality (69,131). Conversely, in others, VAP was
associated with a significant attributable mortality set around
25% (132–134).

Numerous independent prognostic factors associated with
hospital mortality of patients suffering from VAP were iden-
tified. These reflect the patients’ underlying illnesses (malig-
nancy, immunosuppression, anticipated death within 5 years,
American Society of Anesthesiology grade 3 or more), age older
than 64 years, severity of disease justifying ICU admission (high
APACHE II score, Simplify Acute Physiology Score greater than
37), initial severity of VAP (chest radiographic involvement of
more than one lobe, platelet count less than 150,000 cells/µ L,
Logistic Organ Dysfunction score greater than 4, time of onset
of VAP greater than 3 days, surgery, or hypotension), and ini-
tial therapeutic approach (delayed initial appropriate antibiotic
treatment) (111–113,135–138).

Pre ve nt ion of Ve nt ilat or-associat e d Pne umonia
Basic infection control techniques such as hand washing, glove
use, sterile equipment, and adequate staffing are necessary

to limit cross-contamination of resistant organisms through
health care workers.

Prevention of nosocomial pneumonia has been the subject
of two recent reviews (81,139). The primary intervention to
reduce VAP is to minimize intubation frequency and duration.
Noninvasive positive pressure ventilation using a face mask
could be an interesting alternative ventilation mode in ICU pa-
tients. It is associated with a relative risk reduction for VAP
ranging from 0.67 to 0.87. When intubation is necessary, the
orotracheal route is preferred. Strategies to reduce the dura-
tion of mechanical ventilation, such as optimized sedation and
weaning protocols, are also effective. Continuous aspiration of
subglottic secretions is associated with a relative risk reduction
for VAP of 0.45. A semirecumbent (45-degree) patient position
also reduces VAP, particularly compared to the supine position
with enteral nutrition. Stress ulcer prophylaxis has a contro-
versial impact on VAP. The benefit it offers by decreasing risks
of gastric hemorrhage might outweigh the increased risk of
VAP. Similarly, enteral nutrition is associated with VAP, but the
alternative—parenteral nutrition—carries the risk of catheter-
related bacteremia. Postpyloric feeding has been reported to
reduce VAP. Ventilator circuit management, transfusion prac-
tices, and glycemic control are also issues that may be addressed
to reduce VAP (140).

The Centers for Disease Control and Prevention (CDC) pub-
lished 2004 guidelines on the prevention of VAP (141). These
graded guidelines offer a comprehensive view on the different
interventions useful in reducing VAP. Only four measures are
recommended (Table 111.10).

ICU providers caring for immunosuppressed patients with
severe neutropenia and/or allogeneic hematopoietic stem cell
transplant recipients must take measures to prevent legionel-
losis or aspergillosis. Legionellosis prevention is based on the
control of the hot water system, while aspergillosis prevention
necessitates rooms with high-efficiency particulate air filters
and the use of high-efficiency respiratory protection devices
(e.g., N95 respirators) by patients when they leave their rooms
and/or when dust-generating activities are ongoing in the
facility.

One last highly controversial issue is the use of selec-
tive digestive decontamination (SDD) (81,139,142). This has

TA BLE 1 1 1 . 1 0

MEASURES RECOMMENDED BY THE CENTERS FOR
DISEASE CONTROL AND PREVENTION TO REDUCE
THE INCIDENCE OF VENTILATOR-ASSOCIATED
PNEUMONIA

■ Changing the breathing circuits of ventilators only when
they malfunction or are visibly contaminated

■ Preferential use of orotracheal rather than nasotracheal
tubes

■ Use of noninvasive ventilation
■ Use of an endotracheal tube with a dorsal lumen to allow

drainage of respiratory secretions

Data from Tablan OC, Anderson LJ, Besser R, et al. Healthcare
Infection Control Practices Advisory Committee, Centers for Disease
Control and Prevention. Guidelines for preventing
health-care–associated pneumonia, 2003: recommendations of the
CDC and the Healthcare Infection Control Practices Advisory
Committee. MMW R Recomm Rep. 2004;53(RR-3):1.
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TA BLE 1 1 1 . 1 1

MICRO-ORGANISMS THAT CAUSE HOSPITAL-ACQUIRED PNEUMONIA (HAP)a

References Valles et al.b Sopena et al.c Kollef et al.d

Number of episodes of HAP
Number of bacteria identified
Pseudomonas aeruginosa
Acinetobacter baumannii
Stenotrophomonas maltophilia
Enterobacteriaceae
Haemophilus species
Legionella pneumophila
Methicillin-resistant Staphylococcus aureus
Methicillin-sensitive S. aureus
Streptococcus pneumoniae
Streptococcus species
Enterococcus species
Coagulase-negative staphylococcus
Anaerobic pathogens
Aspergillus species

96
75
18 (24% )
1
ND
7 (9.3% )
2
9 (12% )

9 (12% )

11 (15% )
2
ND
ND
ND
13 (17% )

165
60
7 (11.7% )
5 (8.3% )
ND
8 (13.3% )
2 (3.3% )
7 (11.7% )

1 (1.6% )

3 (5% )
16 (26.7% )
ND
ND
ND
ND
7 (11.7% )

835
ND
18.4%
2.0%
ND
16.1%
5.6%
ND

22.9%

26.2%
3.1%
13.9%
ND
ND
ND
ND

ND, no data.
a Data are presented as number and/or (percentage).
b Valles J, Mesalles E, Mariscal D, et al. A 7-year study of severe hospital-acquired pneumonia requiring
ICU admission. Intensive Care Med. 2003;29:1981.
c Sopena N, Sabria M, Neunos 2000 Study Group. Multicenter study of hospital-acquired pneumonia in
non-ICU patients. Chest. 2005;127:213.
d Kollef MH, Shorr A, Tabak YP, et al. Epidemiology and outcomes of health-care-associated pneumonia:
results from a large US database of culture-positive pneumonia. Chest. 2005;128:3854.

been the subject of multiple trials using the application and
ingestion of topical nonabsorbed antimicrobials (usually com-
bining polymyxin, aminoglycoside, and amphotericin B) with
or without the addition of a short-duration systemic broad-
spectrum antibiotic. The theory is that topical agents will eradi-
cate potential pathogens (Gram-negative aerobic intestinal bac-
teria, S. aureus, and fungi) but not the anaerobic flora. Impres-
sive results have been recently published, with a 20% decrease
in ICU mortality (143). However, methodologic flaws (ward,
no patient randomization, and unblinded trials) and an ex-
tremely low rate of drug-resistant organisms, including zero
MRSA colonization, make the generalization of these results
difficult. The preventive effects of SDD for VAP are lower in
ICUs with high endemic levels of antibiotic resistance, and, in
such cases, SDD increases the selective antibiotic pressure and
can increase the incidence of drug-resistant micro-organisms.
Thus, to date, the generalized routine use of SDD in ICUs is
not recommended; it should be decided according to the patient
population studied and the characteristics of ICU.

 

Hosp it al-acq uire d Pne umonia

As recently reported by Kollef et al. (3), a hospital-acquired
pneumonia (HAP) may be defined as a pneumonia occurring
less than 2 days from hospital admission, but without any crite-
ria defining ventilator-associated pneumonia. Data about HAP
acquired outside the ICU, treated outside the ICU, or requir-
ing ICU admission for treatment are scarce. Information from
recent studies (3,144,145) suggests that most patients who ac-
quired HAP in medical wards exhibited severe underlying dis-
eases (i.e., chronic pulmonary diseases, immunosuppression)

and developed HAP late during the hospital stay. Microbio-
logic data demonstrate both the major role played by the En-
terobacteriaceae, P. aeruginosa, and MRSA and variations in
local epidemiology (Table 111.11). Mortality rate varies from
one study to another between 18.8% and 53% . Resultant from
this lack of data about HAP, recent ATS/IDSA guidelines sug-
gest, by extrapolation, that all patients with HAP be managed
as if they were VAP cases (68).

He alt h care –associat e d Pne umonia and
Nursing Home Pne umonia

Health care–associated pneumonia (HCAP) includes any pa-
tient who was hospitalized in an acute care hospital for 2 or
more days within 90 days of the infection; resides in a nurs-
ing home or long-term care facility (LTCF); received recent
intravenous antibiotic therapy, chemotherapy, or wound care
within 30 days of the current infection; or attends a hospital
or hemodialysis clinic. Moreover, most pneumonia occurring
in hosts with therapeutic immunodeficiency may now be clas-
sified as HCAP.

In nursing homes, pneumonia is a leading cause of mor-
tality, morbidity, and transfers to acute care facilities among
residents. Pneumonia is the second most common infection in
LTCFs, with an incidence of 0.3 to 4.7 cases per 1,000 resident-
days (146). It is an independent risk factor for death in LTCF
patients (147). Mortality in these at-risk patients ranges from
5% to 40% , and coincides with mortality seen in community-
dwelling patients diagnosed with pneumonia and admitted
to an intensive care unit (148). These pneumonias differ in
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presentation due to the modified host response often seen in
the elderly.

In these older individuals, fever and respiratory signs may
be minimal, while an altered mental status might be the only ev-
ident symptom (149). Pneumonia risk factors in nursing home
residents include decreased functional status, diminished abil-
ity to clear airways, underlying comorbidities (such as chronic
obstructive pulmonary disease and heart disease), swallowing
disorders, and use of sedatives.

The etiology of nursing home–acquired pneumonia remains
controversial. Studies identified a large proportion of Gram-
negative bacilli and S. aureus based on sputum culture without
assessing the quality of the sample. However, when using strict
criteria (150), S. pneumoniae and H. influenzae are the major
pathogens (151), while Gram-negative bacilli account for 0%
to 12% of cases.

The ATS/IDSA (68) guidelines recommend that, in the hos-
pital, these patients be managed like those with HAP until an
etiologic diagnosis is made. Recommendations are summarized
in Tables 111.8 and 111.9.

TRACHEOBRONCHITIS

Acut e Exace rb at ions of Chronic
Ob st ruct ive Pulmonary Dise ase

Acute exacerbation of COPD is defined by an impairment in
the patient’s baseline dyspnea, cough, and/or sputum (152).
The need for ICU or special care unit admission is based on
the severity of respiratory failure and/or the presence of asso-
ciated organ dysfunction (i.e., shock, hemodynamic instability,
neurologic disturbances) (152). Therapy in the ICU is based
on supplemental oxygen, ventilatory support, bronchodilators,
corticosteroids, and antibiotics (152). Only the latter point will
be further discussed.

Notwithstanding a literature extending years into the past,
the role of bacterial infection in acute exacerbation of COPD
remains controversial. As explained by Murphy et al. (153),
this point is still debated for the following reasons: (a) even
in the absence of symptoms of exacerbation, numerous bac-
teria colonize the lower respiratory tract of COPD patients;
(b) bacteria colonizing the lower respiratory tract vary from
one patient to another, as COPD patients are heterogeneous;
(c) information provided by sputum culture does not really
reflect conditions in the distal airways; (d) only half of the
episodes of acute exacerbations of COPD are linked to bac-
terial infection; (e) animal models are limited by the fact that
the most often isolated bacteria (S. pneumoniae, H. influenzae,
Moraxella catarrhalis) are exclusively human pathogens; and
(f) clinical studies addressing the impact of antibiotic therapy
during acute exacerbation of COPD suggest that such a treat-
ment provides only a small improvement in the most severely ill
patients (154).

Despite these uncertainties, the recent ATS/European Res-
piratory Society Task Force proposed to institute antibiotic
treatment in all patients suffering from a severe acute exacer-
bation of COPD requiring ICU admission (152). Two studies
that focused on the impact of antibiotic treatment in COPD pa-
tients admitted in the ICU for severe exacerbation requiring me-
chanical ventilation reinforce this recommendation. Nouira et
al. (155) performed a prospective, randomized, double-blind,

placebo-controlled trial assessing the effects of ofloxacin. They
showed that antibiotic treatment reduced the mortality rate, the
need for additional antibiotics in preventing the occurrence of
nosocomial pneumonia, and the duration of mechanical ven-
tilation and hospital stay. Similarly, Ferrer et al. (156) demon-
strated that an inadequate initial antibiotic treatment increased
hospital mortality and was significantly associated with failure
of noninvasive ventilation, leading to secondary intubation and
invasive mechanical ventilation. Inadequacy of initial empiric
treatment mainly occurred when colonizing pathogens were
not the usual community-acquired pathogens (S. pneumoniae,
H. influenzae, M. catarrhalis), but were instead nonfermenting
(P. aeruginosa) or enteric Gram-negative bacilli.

Current recommendations (152) propose an antibiotic ther-
apy based on amoxicillin/clavulanate or respiratory fluoro-
quinolones (gatifloxacin, levofloxacin, moxifloxacin). If Pseu-
domonas spp. or Enterobacteriaceae spp. are suspected, com-
bination therapy should be considered. As in hospital-acquired
pneumonia, a wide-spectrum β -lactam combined with an an-
tipseudomonal fluoroquinolone or an aminoglycoside may be
of use. Finally, an ongoing study of local microbiology and
susceptibility patterns by routine bacteriologic investigation in
COPD patients appears as the best means to provide an ini-
tial adequate antibiotic treatment for acute exacerbations of
COPD (152,157).

Nosocomial Trache ob ronchit is

As recently noted, only a few studies have addressed nosoco-
mial tracheobronchitis acquired during mechanical ventilation
(158). Most recent data are provided by Nseir et al. (100),
with the potentially major limitation that their studies were
performed in a single ICU. Consequently, the results may not
be applicable to other units.

In a retrospective analysis of 2,128 patients mechanically
ventilated more than 48 hours, the incidence of nosocomial
tracheobronchitis was 10.6% , without any significant differ-
ence between medical (9.9% ; 165 of 1,655) and surgical pa-
tients (15.3% ; 36 of 234) (100). In patients without under-
lying chronic respiratory insufficiency, the incidence was 8%
(159). In most patients, the delay between initiation of me-
chanical ventilation and occurrence of tracheobronchitis was
up to 10 days. In medical patients, nosocomial tracheobronchi-
tis was significantly associated with age younger than 60 years
(OR = 1.8), COPD (OR = 1.57) and receiving prior antibiotics
within the 2 weeks preceding ICU admission (OR = 1.52). The
main pathogens identified in culture of tracheal aspirates were
P. aeruginosa, A. baumannii, and MRSA.

The impact of nosocomial tracheobronchitis on patient
outcome remains difficult to assess. Nseir et al. performed
two case-control studies comparing patients with and without
nosocomial tracheobronchitis (159,160). In both COPD pa-
tients and in patients without chronic respiratory insufficiency,
nosocomial tracheobronchitis was significantly associated with
longer durations of mechanical ventilation and ICU stay. Con-
versely, the occurrence of tracheobronchitis had no significant
influence on mortality rates.

Indications for antibiotic treatment in these patients are
still being debated. Some physicians consider that antibiotic
treatment is not justified, whereas others consider antibiotics
to be useful in patients with tracheobronchitis and weaning
difficulties. In Nseir’s trial (159), including patients without
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underlying chronic respiratory insufficiency, only 21% of pa-
tients received antibiotics. Despite results suggesting that ap-
propriate antibiotic treatment might reduce the duration of
mechanical ventilation (160), only well-designed prospective
studies will answer the question of whether or not patients
with nosocomial tracheobronchitis should be treated with an-
tibiotics.

LUNG ABSCESS
Lung abscesses can be associated with aspiration pneumonia,
poor dental hygiene, alcohol consumption, or chronic lung dis-
ease (161). It is relatively uncommon in developed countries,
where it occurs mostly in immunosuppressed patients or as a
postobstructive complication. Risk factors and underlying dis-
eases from two studies are presented in Table 111.12 (161,162).

Bact e rio log y of Lung Ab sce sse s

The predominant pathogens are considered to be anaerobes,
which account for 60% to 80% of cases (163). Hammond et
al., in a study of 34 patients with community-acquired lung ab-
scess, identified 2.3 bacterial species per episode (161); anaer-
obes were identified in 75% of cases, with infection due to
an aerobe observed in only 19% of cases. More recent stud-
ies reveal a more mixed pattern. A study of 90 patients with
lung abscesses in Taiwan observed polymicrobial infection in
only 20% of cases (162). Gram-negative bacilli, mostly Kleb-

TA BLE 1 1 1 . 1 2

RISK FACTORS AND UNDERLYING DISEASES OF
ADULT PATIENTS WITH COMMUNITY-ACQUIRED
LUNG ABSCESSa

Hammond Wang
References et al.b et al.c

Number of patients 34 90

Characteristic (%)
Smoking ND 57%
Chronic lung disease 29% 37%
Diabetes mellitus ND 31%
Previous aspiration pneumonia 29% 32%
Malignancy 3% 19%
Alcohol abuse 38% 14%
Dental caries 26% ND
CNS disease 9% 11%
Chronic liver disease ND 11%
Steroid use/SLE 9% 6%
None 12% 18%

ND, no data; CNS, central nervous system; SLE, systemic lupus
erythematosus.
a Data are presented as number or percentage.
b Hammond JM, Potgieter PD, Hanslo D, et al. Etiology and
antimicrobial susceptibility patterns of micro organisms in acute
community-acquired lung abscess. Chest. 1995;108:937.
c Wang JL, Chen KY, Fang CT, et al. Changing bacteriology of adult
community-acquired lung abscess in Taiwan: Klebsiella pneumoniae
versus anaerobes. Clin Infect Dis. 2005;40:915.

TA BLE 1 1 1 . 1 3

PATHOGENS ISOLATED FROM ADULT PATIENTS
WITH COMMUNITY-ACQUIRED LUNG ABSCESSa

Hammond Wang
References et al.b et al.c

Number of patients 34 90
Number of bacteria identified 79 118
Anaerobes 59 (75% ) 40 (34% )
Microaerophilic streptococci 7 (20% ) 11 (12% )
Prevotella 17 (50% ) 8 (9% )
Bacteroides 4 (12% ) 6 (7% )
Fusobacterium 4 (12% ) 3 (3% )
Porphyromonas 7 (20% ) 1 (1% )
Gram-negative bacilli 3 (9% ) 42 (47% )
Klebsiella pneumoniae 2 (6% ) 30 (33% )
Gram-positive cocci 12 (35% ) 30 (33% )
Streptococcus milleri ND 19 (21% )
Staphylococcus aureus 5 (15% ) 2 (2% )
Viridans streptococci 7 (20% ) 5 (5% )
Other 5 (15% ) 5 (5% )

ND, no data.
a Data are presented as number and (percentage).
b Hammond JM, Potgieter PD, Hanslo D, et al. Etiology and
antimicrobial susceptibility patterns of micro organisms in acute
community-acquired lung abscess. Chest. 1995;108:937.
c Wang JL, Chen KY, Fang CT, et al. Changing bacteriology of adult
community-acquired lung abscess in Taiwan: Klebsiella pneumoniae
versus anaerobes. Clin Infect Dis. 2005;40:915.

siella pneumoniae, were the most frequently isolated micro-
organisms (47% ), while anaerobes were only isolated in 31%
(162). Despite limitations (the study excluded nosocomial,
nonbacterial, and undocumented infections), it probably de-
scribes a change in the epidemiology of lung abscess that could
modify the preferred antimicrobial regimen. Main bacterio-
logic data are reported in Table 111.13.

Diag nosis

Blood cultures and sputum examination are rarely positive
(161,162). Methods to obtain a specimen uncontaminated with
colonizing bacteria from the upper airway are preferred. Per-
cutaneous aspiration, transtracheal aspiration, or thoracocen-
tesis from empyema fluid make isolation of both aerobic and
anaerobic bacteria possible.

Tre at me nt

Lung abscess is a severe disease. Historical studies reported
death in one third of cases (163) when surgical resection or
drainage was the only available tool.

Ant imicrob ial The rap y
Lung abscesses are generally treated successfully with pro-
longed systemic antibiotic therapy. The preferred antimicrobial
therapy, based on the high frequency of anaerobes, was clin-
damycin (163). A β -lactamase inhibitor/aminopenicillin is also
effective (164). Both regimens obtain cure rates between 60%
and 70% with a 3-week course of therapy.
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Ot he r The rap ie s
Lack of improvement may necessitate drainage procedures in
10% to 20% of patients who remain symptomatic and even-
tually require other therapy.

Percutaneous radiographic-guided drainage is effective in
only a selected subgroup of patients. Reported catheter
drainage times averaged 9.8 to 20.1 days, with a range of 4
to 59 days (165). This invasive procedure may be difficult in
patients with hemostatic abnormalities. Furthermore, there is a
risk of soiling the pleural space with abscess contents. Surgical
resection of the diseased lung and abscess might be necessary
in some cases. Endoscopic drainage is a more recent procedure
that could be useful in patients who have an airway connec-
tion to the abscess or an endobronchial obstruction preventing
drainage (166).

PLEURAL EMPYEMA

Pat hop hysio log y of Ple ural Infe ct ion

The pleural space is normally sterile. Pleural effusion is fa-
vored by an increase in the hydrostatic pressure, a decrease of
oncotic pressure, or alterations of pleural permeability. Infec-
tion follows colonization of pleural fluid. The formation of an
empyema is arbitrarily divided into three phases: (a) an exuda-
tive phase with accumulation of pus, (b) a fibropurulent phase
with fibrin deposition and loculation of pleural exudate, and
(c) an organization phase with fibroblast proliferation leading
to scar formation and lung entrapment (167).

In up to half of cases, empyema is a complication of pneu-
monia. Approximately one fourth of empyemas are due to a
traumatic or iatrogenic injury (surgery, thoracocentesis, chest
tube placement). In the remaining cases, pleural infection is
due to a contiguous infection (i.e., mediastinum, esophagus,
subdiaphragmatic areas) extending to the pleura (167).

Bact e rio log y of Ple ural Infe ct ion

The bacterial etiology of empyema depends on the underlying
mechanism leading to pleural colonization. With three fourths
of empyemas developing as a complication of pneumonia or
traumatic or iatrogenic injury, most isolated aerobic organ-
isms are Streptococcus species, S. pneumoniae, and S. aureus.
The main isolated aerobic Gram-negative organisms are Kleb-
siella species, P. aeruginosa, H. influenzae, and Escherichia
coli. These organisms are commonly part of mixed growths
with anaerobes. Anaerobic isolates are identified in 12% to
34% of cultures. They can cause empyema without aerobic
copathogens in about 15% of cases (167,168).

Manag e me nt of Pat ie nt s
wit h Ple ural Infe ct ion

Id e nt ificat ion of Ple ural Effusion
In patients suffering from empyema, clinical symptoms may
be nonspecific (fever, chills, chest pain, night sweats). Physical
examination alterations may be limited to diminished breath
sounds, basilar dullness to percussion, and/or a pleural friction
rub. In mechanically ventilated patients, these signs and symp-

toms may be less relevant (167). Chest radiographic study re-
mains the most important clue for diagnosis of pleural effusion.
As soon as the volume of pleural fluid exceeds 200 mL, blunting
of the posterior costodiaphragmatic sulcus occurs. Moreover,
chest radiograph can reveal a pulmonary infiltrate, which sug-
gests the possibility of a parapneumonic collection (168).

Ultrasonography is particularly useful in unstable or criti-
cally ill patients, since devices can be transported to the bed-
side. This investigation is able to precisely locate the fluid col-
lection and allows for a guided diagnostic aspiration. More-
over, according to some ultrasonographic characteristics (i.e.,
echogenicity, septations), it may help distinguish empyema
from transudative pleural effusion and solid mass, and may
detect the presence of loculated collections (167).

When diagnosis appears difficult, a contrast-enhanced CT
scan is useful to differentiate pleural empyema from a lung ab-
scess, to detect complications of pleural infection, and, finally,
to identify an intra- or extrathoracic focus of infection that
extends to the pleura.

Ind icat ion of Ple ural Fluid Samp ling
In most cases, management of pleural effusion is guided by bi-
ologic characteristics of pleural fluid. Consequently, diagnos-
tic pleural fluid sampling is recommended in all patients ex-
hibiting pleural effusion in association with pneumonia, recent
chest surgery or trauma, or an infectious process contiguous to
pleura (168).

However, in the ICU, numerous patients develop pleural
effusion without any relationship to pleural infection (i.e., hy-
poalbuminemia, heart failure, and atelectasis). In these patients
at low risk of infection, pleural fluid sampling does not appear
immediately useful in the absence of sepsis (168).

Gross appearance and chemical, physical, and microscopic
characteristics of pleural fluid must be determined. The pH, lac-
tic dehydrogenase (LDH) and glucose levels, and white blood
cell count must be measured, and an appropriate microscopic
examination of stained smears and cultures of pleural fluid
must be performed. Empyema usually has a pH value of less
than 7.0, an LDH level greater than 1,000 IU/L, a glucose level
less than 40 mg/dL, and positive Gram stain and/or culture
(167).

In patients with parapneumonic pleural effusions, gross ap-
pearance and biologic characteristics of pleural fluid can differ-
entiate simple parapneumonic effusion from complicated para-
pneumonic effusion and empyema and, consequently, guide the
management (168). In simple parapneumonic effusion, macro-
scopic appearance reveals a clear fluid, pH is greater than 7.2,
LDH level is less than 1,000 IU/L, glucose level is greater than
40 mg/dL, and no organism is identified on Gram stain and cul-
ture. In complicated parapneumonic effusion, pleural fluid is
clear, cloudy, or turbid; pH is less than 7.2; LDH level is greater
than 1,000 IU/L; glucose level is greater than 40 mg/dL; and
the Gram stain and/or culture are positive. Finally, in empyema,
macroscopic examination reveals frank pus exhibiting the bio-
logic characteristics previously described.

Tre at me nt
Treatment of empyema requires adequate antimicrobial ther-
apy, drainage of pus, and re-expansion of the lung.

Antibiotics. As soon as pleural infection is diagnosed, an-
tibiotic treatment must be started. When pleural fluid cul-
tures are positive, antibiotics must be chosen according to
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organisms identified and their sensitivities. Both penicillins
and cephalosporins exhibit good penetration into the pleu-
ral space. They are the drugs of choice for treating empye-
mas due to Streptococcus species and S. pneumoniae. Nafcillin
is the drug of choice for methicillin-sensitive S. aureus infec-
tion. Third-generation cephalosporins and carbapenems are
preferred choices in case of empyema due to Gram-negative
aerobic bacilli. Infections due to MRSA and penicillin- and
cephalosporin-resistant S. pneumoniae should be treated with
vancomycin. Aminoglycosides must be avoided, as their pene-
tration into the pleural space is poor and they lose their activity
in acid pleural fluid. When anaerobic organisms are causative
pathogens, a β -lactam combined with a β -lactamase inhibitor,
imipenem, metronidazole, and clindamycin are the drugs of
choice (167,168).

When cultures are negative, antibiotics must be chosen ac-
cording to the likely causative organisms. Choice depends on
the mechanism of empyema, the origin of infection (community
acquired vs. hospital acquired), and the local hospital policy.
Recent guidelines from the British Thoracic Society (168) sug-
gest the following empirical antibiotic regimens:

■ In community-acquired infection, second- and third-
generation cephalosporins, amoxicillin, β -lactam–β -lacta-
mase inhibitor combination, meropenem, clindamycin, and
benzyl penicillin combined with quinolone may be proposed.

■ In hospital-acquired infection, such as empyema follow-
ing a nosocomial pneumonia or recent chest surgery,
antibiotics should cover both Gram-positive and Gram-
negative aerobes and anaerobes. Antipseudomonal peni-
cillins (piperacillin-tazobactam, ticarcillin-clavulanic acid),
carbapenems, and third-generation cephalosporins com-
bined with vancomycin may be used.

The duration of antibiotic treatment remains controversial
since specific clinical trials are absent. Recent BTS guidelines
suggest that a duration of 3 weeks is probably appropriate.

Chest Tube Drainage. Prompt chest tube drainage is indicated
in patients with frankly purulent or turbid/cloudy pleural fluid
on sampling. Similarly, a pleural fluid pH less than 7.2 and the
presence of pathogens identified by Gram stain or culture of
nonpurulent pleural fluid require prompt chest tube drainage
(168). When, despite appropriate antibiotic treatment, clinical
improvement is poor or when radiologic investigations demon-
strate the presence of a loculated pleural collection, chest tube
drainage may be suggested.

There is no consensus about the optimal size of the chest
tube or about the efficacy of intrapleural fibrinolytic drugs. A
recent randomized, double-blind trial compared intrapleural
streptokinase (250,000 IU twice daily for 3 days) to placebo.
Among the 427 studied patients, streptokinase did not reduce
mortality, need for drainage surgery, or duration of hospital
stay, and it did not improve radiographic and spirometric out-
comes (169). A recent meta-analysis does not support the rou-
tine use of fibrinolytic treatment for patients requiring chest
tube drainage for empyema or complicated parapneumonic ef-
fusion (170). Further evaluation is needed to define patients
that would benefit from this therapy.

Surgical Treatment. Surgical treatment must be considered in
all patients exhibiting a persisting sepsis associated with con-
tinuous pleural collection despite being appropriately treated

with antibiotics and chest tube drainage. Different surgical
approaches have been described. The choice between video-
assisted thoracoscopic surgery, open thoracic drainage, or tho-
racotomy with decortication depends on the patient status (age,
comorbidity), surgical preferences, and anatomy of pleural ef-
fusion assessed by recent thoracic CT scanning (168).

SUMMARY
Pneumonia remains a frequent disease in the community and
in ventilated patients. Management of severe pneumonia in
the ICU is challenging on many fronts. Diagnosis is difficult,
as community-acquired pneumonias are only documented in
about 50% of cases, and no consensual gold standard exists for
ventilator-associated pneumonia. Preventive strategies such as
vaccination have a low impact on community-acquired pneu-
monia, and the best strategies remain to be determined for
ventilator-associated pneumonia.

Despite adequate treatment, the death rate remains elevated,
reaching 18% to 46% in community-acquired pneumonia and
24% to 76% in ventilator-associated pneumonia. Adequate an-
timicrobial therapy is paramount for successful treatment but
is increasingly complex. Drug choice depends on numerous
factors: pharmacodynamics/pharmacokinetics, spectrum, dos-
ing schedule, adverse events, costs, and availability. The rise of
antimicrobial resistance in pneumonia pathogens complicates
therapeutic guidelines that need to be regularly adapted to local
resistance patterns.
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CHAPTER 112 ■ ADULT GASTROINTESTINAL
INFECTIONS IN THE ICU
SRIDIVYA JAINI r HERBERT L. DUPONT

Diarrhea occurs in close to one occurrence per person per year
in the United States. It varies from a short-lasting mild illness to
various more serious enteric syndromes that include watery di-
arrhea with dehydration, febrile dysentery, and gastroenteritis
with sepsis.

Although diarrhea may be acquired directly from an in-
fected person, it is usually acquired by exposure to contami-
nated food, water, or the environment. Foodborne diseases be-
came particularly important during 2006. The foodborne en-
teric diseases have been estimated to cause approximately 76
million cases of illness, 325,000 hospitalizations, and 5,000
deaths in the United States each year. Known pathogens ac-
count for an estimated 14 million cases of illnesses, 60,000
hospitalizations, and 1,800 deaths (1).

Diarrhea has two important definitions:

1. An increase in the normal frequency of stools associated
with a decrease in their form, progressing from formed
stools to those showing a watery or loose (soft) consistency.

2. Passage of more than 200 gm per day of unformed stool in
an adult person on a standard western diet.

Diarrhea may be divided into three stages based on duration: (i)
acute (less than or equal to 14 days), (ii) persistent (14 days or
more), or (iii) chronic (30 days or more). The cause of the illness
is different in the three groups. Viruses, bacteria, and toxins
explain most episodes of acute diarrhea (Table 112.1); parasitic
agents are more involved in the persistent cases (Table 112.1);
and noninfectious causes are characteristically associated with
chronic diarrhea. The severity of diarrhea can be determined
according to a functional definition:

1. Mild—requires no change in activities
2. Moderate—requires a change in activities but doesn’t dis-

able
3. Severe—disables, usually confining the affected person to

bed. It is the severe forms of diarrhea that usually lead to
hospitalization.

ETIOLOGY OF ACUTE DIARRHEA
IN THE UNITED STATES

Community-acquired, acute infectious diarrhea is caused by
various micro-organisms including bacteria, viruses, and par-
asites (Table 112.1). Bacterial causes include the following:
Shigella, Salmonella, Campylobacter, Clostridium difficile, and
various Escherichia coli species—enterotoxigenic (ETEC), en-
teroaggregative (EAEC), shigatoxin-producing (STEC) includ-
ing E. coli O157:H7, enteropathogenic (EPEC), enteroinvasive

(EIEC)—and, less commonly, others that include Aeromonas,
Plesiomonas, Yersinia species, Vibrio cholerae, and other Vib-
rios. Important viral causes include rotavirus in infants and
noroviruses in all age groups. Protozoan parasitic causes
include Giardia, Entamoeba histolytica, Cryptosporidium ,
Isospora, Cyclospora and Microsporidia.

In the community, the most common causes of diarrhea are
viral, with noroviruses being the most important. These cases
are usually mild and do not require any specific treatment.
The cause of diarrhea may vary depending on the season, with
more viral cases in spring and winter and more bacterial cases
in summer and spring (2).

The etiology of diarrheal cases presenting to a hospital and
hospital-acquired diarrhea is different from the community-
based diarrhea. In diarrheal cases presenting to the hospital,
the disease is more severe compared to community diarrhea,
and the causative agent may be a bacterial (most common), par-
asitic, or viral agent (rarely). Diarrhea acquired in the hospital
may be due to bacteria (Clostridium difficile or Salmonella),
viruses (rotavirus, noroviruses), or fungi (Candida albicans),
or most commonly to noninfectious agents.

EVALUATION OF THE PATIENT
WITH SEVERE DIARRHEA

Eme rg e ncy De p art me nt

The first priority is to evaluate vital signs and the hydration
status of the patient. Second, electrolyte disturbances need to
be sought and corrected. The primary concern is to immedi-
ately reverse circulatory or organ failure resulting from loss
of fluid and salt. Electrolyte imbalances may vary depending
on the cause and also on other comorbid conditions. Diagnos-
tic investigations for identifying the causative agent should be
done either simultaneously or after stabilization of the patient.
Most of the cases requiring hospitalization are due to bacterial
causes rather than viral, which tend to be mild. Epidemiologic
history and clinical features may provide clues to the diagnosis.
Prior travel to an economically developing country suggests a
bacterial cause of the diarrhea. Diarrhea in a person receiving
antibacterial or chemotherapeutic drugs suggests C. difficile as
the etiologic agent. Proctitis in a male with a history of hav-
ing sex with men suggests sexually transmitted pathogens in-
cluding N eisseria gonorrhoeae, Chlamydia trachomatis, herpes
simplex or Treponema pallidum . In Figure 112.1, an algorithm
is provided to help identify important steps in the workup of
patients with acute diarrhea.
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TA BLE 1 1 2 . 1

POTENTIAL ETIOLOGIC AGENTS IN PATIENTS WITH
ACUTE DIARRHEA

Viral Bacterial Protozoal

Noroviruses Shigella sp. Entamoeba
histolytica

Rotavirus Salmonella sp. Giardia lamblia
Cytomegalovirus Vibrio cholerae Cryptosporidium

Clostridium difficile Cyclospora
Campylobacter jejuni Isospora
Staphylococcus aureus Microsporidia
Bacillus cereus
Shigatoxin-producing

E. coli (STEC)
Enteropathogenic

E. coli (EPEC)
Enteroaggregative

E. coli (EAEC)
Enterotoxigenic E. coli

(ETEC)
Aeromonas
Plesiomonas
Yersinia sp.
Clostridium

perfringens
Non-cholera Vibrio

The laboratory will help establish the diagnosis. Finding
many fecal leukocytes indicates the patient has diffuse colonic
inflammation. Finding occult blood in the stool supports an in-
flammatory type of diarrhea. Gross blood passed in stool may
indicate a dysenteric pathogen including Shigella, Campylobac-
ter, Shigatoxin-producing E. coli (often E. coli O157:H7), and
C. difficile. Stool cultures, parasite examination, or stool toxin
test for C. difficile may help define the cause of the illness. Some
characteristics, when present, that require aggressive and thor-
ough laboratory workup are fever greater than 102◦F with sys-
temic findings, suggesting the presence of sepsis; among enteric
pathogens, Salmonella is an important cause or an extraintesti-
nal focus of infection such as an intra-abdominal abscess. If as-
sociated cases of diarrhea are known to be present, local health
department authorities should be notified. In the United States
and other economically developed nations, the most important
etiologic agent to consider in patients suffering from diarrhea
after being admitted to the hospital is C. difficile. Once disease
onset, presentation, and progression of associated symptoms
are evaluated and immediate laboratory work has been per-
formed, it may be useful to categorize the diarrhea into one of
two physiologic classifications. Diarrhea can be divided into
noninflammatory and inflammatory (Table 112.2). A subcat-
egory of inflammatory is hemorrhagic or dysenteric diarrhea.
Distinction of the specific type of diarrhea is helpful to focus
on appropriate empiric management options.

Hosp it al-Acq uire d Diarrhe a

Illness occurring after the expected incubation period of an
identified enteric pathogen is considered nosocomial or health

care-associated. For practical purposes, diarrhea developing
3 days or longer after admission can be considered health care
associated. In Figure 112.2, the relative importance of causes
of diarrhea in hospitalized patients in one study is provided.
Between 10% and 30% of nosocomial diarrhea is due to C. dif-
ficile (3,4). The other important causes of nosocomial diarrhea
include antibiotics, chemotherapeutic agents, proton pump in-
hibitors, tube feedings, laxatives, other drugs, and various ia-
trogenic and idiopathic conditions (Fig. 112.2).

It is appropriate in all hospital-associated diarrheas, when
a patient is receiving antibacterial treatment, to consider C.
difficile as the causative agent, and empiric treatment is advis-
able in the more severe cases while laboratory tests are pending.
Rarely, other pathogens can be found in hospital-associated di-
arrhea, including rotaviruses in pediatric wards, noroviruses,
and Salmonella spp.

The Int e rnat ional Trave le r

The incidence of traveler’s diarrhea (TD) ranges from 13.6%
to 54.6% in the high-risk regions (5) and approximately 4%
in low-risk regions. (6) The various parts of the world have
been classified into three different groups: low, intermediate,
and high risk, based on the frequency of TD in the traveling
public (7).

The important causes of TD are ETEC, EAEC, noroviruses,
Campylobacter, Shigella, and Salmonella (7–12). Less com-
monly, the parasitic agents cause TD and should be suspected
in persistent illness. The important parasitic pathogens in
persistent TD include Giardia, Cryptosporidium, and Cyclo-
spora.

The Immunosup p re sse d Pat ie nt

An immunosuppressed or immune-compromised patient—that
is, with congenital or acquired immune deficiency, HIV/AIDS,
or receiving immunosuppressive or cancer chemotherapy
drugs—will have increased susceptibility to diarrhea. The eti-
ology of diarrheal diseases in immunocompromised hosts is
different from that of other populations in that they are at
risk of developing infections from various opportunistic or-
ganisms in addition to the routine diarrheal pathogens. The
use of various chemotherapy drugs or immunomodulators
such as cyclosporine, mycophenolate mofetil, tacrolimus, or
sirolimus results in drug-induced diarrhea (13). Diarrhea in
transplant recipients can also be due to graft versus host
disease (GVHD). Various organisms to consider as causes
of diarrhea in this group of patients include Clostridium
difficile, Salmonella enterica, noroviruses, Cryptosporidium,
Isospora, Cyclospora, cytomegalovirus, and Mycobacterium
avium intracellulare complex. A thorough and quick evalua-
tion for identifying the causative organism is the key in treat-
ing/controlling diarrhea in this patient population. Appropriate
rapid diagnostic tests include direct stool examination for ova,
cysts, and parasites; stool test for C. difficile toxin; polymerase
chain reaction (PCR) for cytomegalovirus or herpesvirus; stool
cultures; and blood cultures. If the above tests do not provide
a specific diagnosis, endoscopy and mucosal biopsy should be
pursued to establish an etiologic diagnosis.
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Acute Infectious Diarrhea 

1. Perform immediate assessment of vital signs and hydration status. 
2. Initiate prompt treatment with oral or IV fluid therapy as needed. 
3. Obtain thorough history of exposures and symptoms. 
4. Begin work up to determine possible cause. 
5. Prevent/control spread of epidemic in community/hospital. 

Work up for cause and to give specific 
therapy if needed 

Nosocomial (onset >3 
days in hospital) 

Community 
Acquired 

Mild / Moderate
symptoms:

Fluid therapy and stool
examination for

leukocyte, occult and
gross blood and

examination for fever and
abdominal tenderness

Severe symptoms: Stool 
examination for leukocytes, 

occult blood, lactoferrin, stool 
culture, blood culture with fever, 
test for CD toxins, consider tests 

for parasites if diarrhea has 
lasted ≥14 days, empiric/specific 

antimicrobial therapy 
(Table 112.5)  

•  Stop offending drug use 
•  Supportive treatment 
•  Stool examination for blood, 

leukocytes, toxins  
•  Stool toxin test for C. difficile  
•  Consider empiric metronidazole 

or vancomycin treatment in 
moderate and severe cases 
(see Table 112.4)  

•  Specific treatment if other 
pathogens are identified 
(see Table 112.5) 

If no fever and 
negative for above 
tests, symptomatic 

treatment only

Stool + for occult/gross blood or 
leukocytes or with fever, − stool culture,
test for CD, consider parasites if diarrhea
lasted ≥14 days, and give empiric/specific
antibiotic therapy (Table 112.4 or 112.5)

FIGURE 112.1. Flow chart showing approach to a patient with acute infectious diarrhea.

The Pat ie nt wit h Ext raint e st inal Dise ase

Diagnostic evaluation of patients with diarrhea and systemic
symptoms and signs will often take the clinician’s focus away
from the gut for the diagnosis. Blood cultures, CT of the ab-
domen, and serology (for Entamoeba histolytica) may help de-
termine the primary cause of the disease. In cases of sepsis,
blood cultures and stool studies may provide the diagnosis.
Systemic complications are often seen with invasive bacterial
and parasitic infections. Systemic complications of enteric in-
fection include hemolytic uremic syndrome (HUS) or throm-
botic thrombocytopenic purpura (TTP), Guillain-Barré syn-
drome, sepsis, infective endocarditis, and abdominal abscesses
or localized abscess elsewhere, or pyogenic arthritis (14). In
immunocompromised patients with diarrhea, systemic compli-
cations can occur with any of the etiologic agents. Antimotility
drugs should not be used in inflammatory diarrhea, as they can
prolong or complicate the disease (15,16). Amoebiasis, which

is uncommon in the United States, shows an extended spec-
trum of extraintestinal complications including liver abscess
and disseminated infection (14,17).

MANAGEMENT OF ACUTE
DIARRHEA

De hyd rat ion

Dehydration is defined as excess loss of body fluids resulting
in fluid and electrolyte abnormalities. In Table 112.3, the clas-
sifications of dehydration are provided. Dry skin and dry mu-
cous membranes, sunken eyes, decreased urine output, loss of
skin turgor, dizziness/light-headedness are all manifestations of
moderate to severe dehydration. Dehydration is the most com-
mon serious complication of diarrhea and should be promptly
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TA BLE 1 1 2 . 2

CLASSIFICATION OF ACUTE DIARRHEA BASED ON FINDINGS OF FECAL MARKERS OF INFLAMMATION
(LEUKOCYTES OR LACTOFERRIN) OR PRESENCE OF GROSS FECAL BLOOD

Types of diarrhea Possible causes Measures to be taken

Noninflammatory (negative for
inflammatory markers or dysentery)

Toxin-mediated, viral, noninvasive
pathogens like Vibrio cholerae, ETEC

Oral/IV fluid replacement and empiric
therapy if required

Invasive, cytotoxic, or
enterohemorrhagic (positive for
inflammatory markers or presence of
dysentery)

Shigella, Salmonella, STEC, Entamoeba
histolytica, Giardia, Campylobacter,
Clostridium difficile

Oral/IV fluid therapy based on
hydration status and thorough
laboratory investigations with specific
antibiotic therapy if indicateda

ETEC, enterotoxigenic E. coli; STEC, shigatoxin-producing E.coli.
aSpecific therapies are listed in Table 112.5.

recognized and managed in all patients. Patients in an ICU,
with other comorbid conditions and extremes of age, need to
be vigorously treated to avoid life-threatening complications
of dehydration. Routine testing of electrolytes in patients with
severe diarrhea is of proven value in guiding fluid management
in the ICU setting (18).

Rehydration can be done depending on severity of the de-
hydration either by oral route or intravenous route. Where
available, oral rehydration salt (ORS) solution can be used in
mild or moderate dehydration, and also for maintenance of
hydration after IV fluid administration in severe dehydration.
Standard or reduced osmolarity (low-salt) ORS formulations
are preferable where available. In dehydration due to cholera,
reduced-osmolarity ORS may lead to subclinical reduction of
body electrolytes, making standard ORS preferable in this de-
hydrating form of diarrhea (19). In the United States, ORS is
not readily available, but Pedialyte or Ricelyte can be used to
maintain hydration and treat minor degrees of dehydration.
Specific fluid replacement strategies based on severity are men-
tioned in Table 112.3.

Dyse nt e ry

Dysentery is the diagnosis when subjects are passing grossly
bloody stools. The disease has been historically classified

as bacillary dysentery (shigellosis) versus amoebic dysentery.
Bacillary dysentery is also caused by several invasive pathogens
in addition to Shigella spp. including Campylobacter, Clostrid-
ium difficile, STEC, and Salmonella. The specific cause of
dysentery should be established followed by specific treatment.
Empiric and specific antibiotic treatments are provided in Ta-
bles 112.4 and 112.5.

Clost rid ium d ifficile Diarrhe a
and Colit is

C. difficile (CD) was first identified as a causative agent of
antibiotic-associated diarrhea in the early 1970s and then
was associated with clindamycin use (20,21). CD is a Gram-
positive, spore-forming anaerobic bacteria that produces an
enterotoxin known as toxin A and a cytotoxin called toxin B.
There is currently a third type of toxin produced, called bi-
nary toxin, which is an actin-specific ADP ribosylating toxin.
Toxin A causes necrosis, increased intestinal permeability, and
inhibition of protein synthesis. Toxin B is thought to become
effective once the gut wall has been damaged (22,23). There
has been an increased virulence of CD strains, which is pre-
sumably associated with higher levels of toxin production by
a fluoroquinolone-resistant CD strain variably classified as
PCR ribotype 027, pulsed-field gel electrophoresis (PFGE) type

IBD 2%

Percentages  of Various  caus es  o f Nos ocomial diarrhea

Unknown
25%

CDAD
24%

Other pa thogens
5%

Antibiotic associa ted
13%

Other medica tions
8%

Nasogas tric tube  feeds
3%

Radia tion therapy
2%

Subs tance  withdrawal
12%

Malabsorption
6%

FIGURE 112.2. Relative importance of etiologic agents in
hospital-acquired diarrhea. This figure shows the percentage of in-
cidence of each of the common diarrhea-causing bacteria. CDAD,
C. difficile–associated disease; IBD, inflammatory bowel disease.
(Adapted from McFarland LV. Epidemiology of infectious and ia-
trogenic nosocomial diarrhea in a cohort of general medicine pa-
tients. Am JInfect Control. 1995;23(5):295–305, with permission.)
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TA BLE 1 1 2 . 3

CLASSIFICATION OF DEHYDRATION IN A PATIENT WITH ACUTE DIARRHEA

Dehydration Symptoms Suggested management

Mild dehydration 3% –5% loss in body weight Increased thirst and slightly dry
mucous membranes

Oral rehydration solution (ORS) 50
mL/kg over first 2–4 h

Moderate dehydration 6% –9% loss in body weight Loss of skin turgor, dry mucous
membranes, tenting of skin

ORS 100 mL/kg over first 2–4 h

Severe dehydration ≥ 10% loss in body weight Lethargy, altered consciousness,
prolonged skin retraction time,
cool extremities, decreased
capillary refill

Immediate IV fluid replacement with
20 mL/kg of lactated Ringer solution
to restore perfusion and mental
status. Continue with 100 mL/kg
ORS or IV 5% dextrose and 1/2
normal saline at two times the
maintenance rate.

From Duggan C, Santosham M, Glass RI. The management of acute diarrhea in children: oral rehydration, maintenance, and nutritional therapy.
Centers for Disease Control and Prevention. MMW R Recomm Rep. 1992;41(RR-16):1–20; and King CK, Glass R, Bresee JS, et al. Managing acute
gastroenteritis among children: oral rehydration, maintenance, and nutritional therapy. MMW R Recomm Rep. 2003;52(RR-16):1–16, with permission.

NAP1, restriction endonuclease analysis (REA) type BI, and
toxinotype III (24).

The incidence of CD acute diarrhea (CDAD) has been rising
in recent years due to excess use of antibiotics and emergence of
resistant and more virulent strains. According to the Centers
for Disease Control and Prevention (CDC) national nosoco-
mial infection surveillance systems data, nosocomial CDAD
has been increasing both in the intensive care units of large
hospitals and hospital-wide in smaller hospitals (25). This rise
has nearly doubled from 1996 to 2003 and has disproportion-
ately increased in the elderly population (26). A conservative
estimate of the cost of this disease in the United States is $1.1
billion per year, with a 54% increase in individual adjusted
hospital costs and an extension of hospital stay by 3.6 days for
each affected person (27). In a study done by our group (4),

normal hospital surveillance of CDAD identified only half of
the affected patients in our institution. Thus, the real burden
of CDAD seems to be much more than estimated.

Major risk factors for CDAD include antimicrobial use, age
older than 65 years, severity of existing health condition, use of
other drugs such as chemotherapeutic agents and proton pump
inhibitors, renal insufficiency, and gastrointestinal surgery. Our
research team recently identified a genetic factor that allows
identification of persons at high risk for CDAD (28). In CDAD,
advanced age and comorbidity, plus severity of underlying im-
pairment, predict frequency of infection and outcome (29).

When assessing institutionalized individuals, such as nurs-
ing home patients with diarrhea, associated risk factors for
CDAD should be considered. Some of the risk factors other
than antibiotic use and comorbidity are low albumin level

TA BLE 1 1 2 . 4

EMPIRIC ANTIMICROBIAL THERAPY OF ACUTE DIARRHEA

Indication Recommended therapy References

Febrile dysentery: Fever
(temperature > 100.2◦F [> 38◦C])
plus dysentery (passage of grossly
bloody stools)

Azithromycin, 500 mg PO daily for
3 days

50–52

Moderate to severe traveler’s
diarrhea with fever and dysentery

Azithromycin, 500 mg PO daily for
3 days

50–52

Moderate to severe traveler’s
diarrhea without fever and
dysentery

Rifaximin, 200 mg tid for 3 days;
ciprofloxacin, 500 mg bid for 3
days; or levofloxacin, 500 mg
once a day for 3 days; or
azithromycin, 500 mg once a day
for 3 days

53–57

Severe hospital-acquired diarrhea in
a patient with comorbidity and
prior receipt of antibacterial
therapy

Oral metronidazole, 500 mg tid for
10 days; or vancomycin,
125–500 mg qid for 10 days

43, 58–60

bid, twice a day; PO, orally; qid, four times a day; tid, three times a day.
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TA BLE 1 1 2 . 5

SPECIFIC THERAPY FOR PATHOGEN-SPECIFIC DIARRHEA, ONCE ETIOLOGIC DIAGNOSIS IS ESTABLISHED

Identified pathogen Suggested antimicrobial therapy References

Clostridium difficile Oral metronidazole, 500 mg tid for 10 days; or vancomycin,
125 to 500 mg qid for 10 days (newer therapies being
evaluated including nitazoxanide, rifaximin, and
Saccharomyces)

43, 58–60

Salmonella sp. (treat only for suspected sepsis
based on presence of high-risk host*)

For high-risk hosta : Fluoroquinolones: ciprofloxacin, 500 mg
bid; or levofloxacin, 500 mg once a day for 7 to 10 days

61–63

Shigella Fluoroquinolones, dose as in Salmonella above, give for 3 days 64–66
Campylobacter Azithromycin, 500 mg once a day for 3 days; or

erythromycin, 500 mg bid for 5 days
52, 67–69

Shigatoxin-producing E. coli (STEC) No antimotility drugs, antibiotic treatment not usually given
as they may increase the risk of occurrence of hemolytic
uremic syndrome (HUS)

15, 70–73

Enterotoxigenic E. coli (ETEC) Rifaximin, 200 mg tid for 3 days; fluoroquinolone in above
dose for 3 days; or azithromycin, 500 mg once a day for 3
days.

53–55, 74

Enteropathogenic E. coli (EPEC) Same as Shigella
Enteroaggregative E. coli (EAEC) Same as ETEC
Enteroinvasive E. coli (EIEC) Same as Shigella
Vibrio spp. (Vibrio cholerae or noncholera

Vibrios)
Tetracycline, 500 mg qid for 3 days; or 300 mg doxycycline,

single 100-mg dose for adults
75, 76

Aeromonas/Plesiomonas Same as Shigella 62, 77–79
Yersinia Same as Shigella 61, 80–82
Entamoeba histolytica Metronidazole, 750 mg tid for 5–10 days and diloxanide

furoate, 500 mg tid for 10 days; or paromomycin, 500 mg
tid for 10 days

61

Giardia Metronidazole, 250–750 mg tid for 7–10 days; tinidazole, 2 g
as a single dose

62, 83, 84

Cryptosporidium Nitazoxanide, 500 mg bid for 3 days; in HIV/AIDS or
immunosuppressed patients nitazoxanide, 500/1,000 mg
bid for 14 days or more. Paromomycin, 500 mg qid for
7–14 days; or spiramycin, 3 g/day for up to 1 week

85–91

Cyclospora TMP-SMZ, 160 and 800 mg, respectively, bid for 7 days; in
AIDS patients, TMP-SMZ treatment is given for 14 days
followed by 3 times weekly for up to 10 weeks

92, 93

Isospora TMP-SMZ, 160 and 800 mg, respectively, bid for 7 days; in
AIDS patients, treatment is followed by thrice weekly
TMP-SMZ for up to 10 weeks

93

Microsporidium Albendazole, 400 mg bid for 7 days and for 4 weeks in
immunocompromised patients

94–96

Cytomegalovirus In immunocompromised patient, ganciclovir, 5 mg/kg bid for
14 days

97, 98

bid, twice a day; ETEC, enterotoxigenic E. coli; qid, four times a day; tid, three times a day; TMP-SMZ, trimethoprim-sulfamethoxazole.
aHigh-risk patients for Salmonella enterica species (nontyphoid Salmonella): Any subject who is toxic with fever greater than 102◦ F (39◦C), age less
than 3 months or 65 years of age or greater, and subjects with malignancy or AIDS, on steroids, with inflammatory bowel disease or renal failure, or
undergoing hemodialysis, with hemoglobinopathy such as sickle cell disease. Patients with simple gastroenteritis are best not given antibacterial drugs.

(less than 2.5 g/dL), recent admission to a health care institu-
tion, and use of proton pump inhibitors (30). In nonhospital-
ized patients with other predisposing conditions such as cancer,
prolonged antibiotic usage—especially with first-generation
cephalosporins, fluoroquinolones, or clindamycin—is a recog-
nized risk factor for CDAD (31).

Recurrence is very common in CDAD as, after the first
episode, it is estimated that nearly 15% to 30% of patients
have recurrent illness after initial treatment (32,33). Recur-
rences include both re-infections with new strains and relapse
of the original infecting strain. In one study, 56% of recur-
rences were due to re-infection (34). Some of the risk factors

for early recurrence of CDAD are renal failure, white blood cell
counts greater than 15,000 cells/µ L with the initial episode,
and community-acquired CDAD with the first episode (35).
Failure to mount a serum antibody response to toxin A during
an initial episode of CDAD is associated with CD recurrence
(36).

Diagnosis of CDAD is based on both clinical and laboratory
findings. The customary way to make the diagnosis is to recover
a toxigenic strain of CD through microbiologic culture or to
detect one or both of the known CD toxins, A and B, in stool
samples. The stool toxin studies include a commercial tissue
culture cytotoxin assay for toxin B or an enzyme immunoassay
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(EIA) for one or both of the toxins. In a highly probable clinical
case with severe disease or fragile clinical picture, it is often
advisable to initiate prompt empiric treatment before stool test
results are back or even in the face of negative laboratory tests
for the toxins. Colonoscopy should be considered in patients
in whom the diagnosis is not obvious, after initial screening,
when there are extraintestinal complications, and in those not
responding to empiric treatment (37).

Tre at me nt
Prompt diagnosis and treatment are important to successful
management of CDAD (Table 112.5). Cessation of causative
antibiotic use if possible and initiation of either oral metron-
idazole (most consider first-line therapy) or oral vancomycin
for 10 days is the standard practice in treating symptomatic
patients (38–40). Vancomycin may be slightly more effective
than metronidazole but its widespread use could promote the
development of vancomycin resistance in the hospital setting,
especially among Enterococcus spp.

Both metronidazole and vancomycin are used in the treat-
ment of recurrent CD diarrhea. Independent predictors of a
second recurrence are age and duration of hospitalization af-
ter the first recurrence (41). Strategies for treating recurrent
CD diarrhea or colitis include repeating antibiotics either with
metronidazole or vancomycin, with tapering of the antibiotic
dose after a 10-day standard and administering the drug for
2 months or longer; use of probiotics such as Saccharomyces
boulardii along with high-dose (500 mg four times a day) van-
comycin; and use of intravenous immunoglobulin (IVIG) (42).
When Saccharomyces was used in one study, the risk of recur-
rence was reduced by 50% (43).

If more than one recurrence occurs, various drugs may be
used for prolonged therapy including vancomycin, rifaximin,
and Saccharomyces. Other microbiologic approaches that may
be useful include the restoration of normal colonic flora by fe-
cal enema or by nasogastric tube administration (42). Surgical
management of CDAD is done after failure of medical therapy
or if life-threatening complications occur, including colonic per-
foration, peritonitis, or bowel infarction.

Diarrhe a Ep id e mics in t he Hosp it al

Early identification and controlling the spread of rare hospi-
tal epidemics of enteric disease are the keys to successful man-
agement. Universal protocols of isolation and personal hygiene
measures play an important role. Cohorting subjects by putting
infected persons in contiguous areas away from uninfected per-
sons and using dedicated hospital personnel for their care is an
important strategy. Judicious use of antibiotics in the hospi-
tal and prompt discontinuation of possible inciting drugs also
can be helpful. Agents showing potential for epidemics in hos-
pitals are C. difficile, Salmonella spp, Shigella, Campylobac-
ter, Vibrio, Aeromonas, Yersinia, noroviruses, and rotavirus.
Early therapy of treatable enteric pathogens should occur (Ta-
ble 112.5). Health care worker and patient education regarding
various personal hygiene and isolation procedures could help
in stopping the spread within the institution.

Pre ve nt ion of Diarrhe a in t he Hosp it al
Appropriate use of antibiotics in hospitalized patients, along
with use of the narrowest-spectrum antibiotics safely possible

to minimize the disruption of gut flora should prevent cases
of CDAD. Additionally, at least in a research setting, Saccha-
romyces has been used to prevent CDAD (44). Enteric isolation
practices for patients with known enteric infection in the hos-
pital will help prevent the spread of diarrhea and lower its inci-
dence. Effective and widespread hand washing with soap and
water—note that alcohol-based hand cleaners are not effective
against C. difficile—by patients and health care workers, us-
ing disposable thermometers for recording temperature, and
meticulous environmental cleaning with chlorine-based bleach
products in clinical settings where C. difficile-infected patients
have been housed are proven to prevent spread of infections in
the hospital (45–47).
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CHAPTER 113 ■ CATHETER-ASSOCIATED
URINARY TRACT INFECTIONS IN THE ICU:
IMPLICATIONS FOR CLINICAL PRACTICE
MARC LEONE r CLAUDE MARTIN

OBJECTIVE
Intensive care units (ICUs) represent a meeting point between
the most seriously ill patients receiving aggressive therapy
and the most resistant pathogens that are selected by the
use of broad-spectrum antimicrobial therapy. Most patients
who are hospitalized in ICUs receive an indwelling urinary
catheter to monitor urine output. Urinary tract infection (UTI)
remains a leading cause of nosocomial infections with sig-
nificant morbidity, mortality, and, hence, additional hospital
costs (1).

Although UTI represents 30% to 40% of nosocomial in-
fections (1,2), its prevalence in patients admitted to the ICU is
approximately 20% (3). In a large European survey, UTI was
the third most common cause of nosocomial infections in the
ICU (3). Another study suggests that the incidence of urosep-
sis, defined as an inflammation of the upper urinary tract that
causes sepsis, occurs in approximately 16% of the ICU patient
population (4). The aim of this chapter is to focus on the pre-
vention and management of UTI in patients hospitalized in the
ICU.

DEFINITIONS
The Centers for Disease Control and Prevention (CDC) defi-
nitions of symptomatic UTIs and asymptomatic UTIs are col-
lected in Tables 113.1, 113.2, and 113.3 (5). In the ICU, UTI is
the consequence of placement of an indwelling catheter. This re-
sults in the concept of catheter-associated UTI, the definition of
which is restricted to the presence of bacteria in the bladder of a
patient with an indwelling catheter. Bacteriuria is defined as the
detection of greater than or equal to 105 micro-organisms/mL
of urine with no more than two species of organisms (5). It is
of interest to note that, contrary to non–ICU-acquired urinary
tract infections, this definition does not take into account the
clinical symptoms.

PATHOPHYSIOLOGY
With the exception of the distal urethra, the urinary tract is
normally sterile. Resistance to UTI is influenced by exposure to
uropathogenic bacteria, age, hormonal status, and urine flow
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TA BLE 1 1 3 . 1

DEFINITIONS FOR SYMPTOMATIC URINARY TRACT INFECTIONS

At least one of the following criteria:

CRITERION 1
Patient has at least one of the following signs or symptoms with no other recognized cause : fever (> 38◦C), urgency, frequency,

dysuria, or suprapubic tenderness and patient has a positive urine culture with ≥ 105 micro-organisms/mL of urine with no more
than two species of micro-organisms.

CRITERION 2
Patient has at least one of the following signs or symptoms with no other recognized cause: fever (> 38◦C), urgency, frequency, dysuria,

or suprapubic tenderness and at least one of the following: (a) positive dipstick for leukocyte esterase and/or nitrate; (b) pyuria
(urine specimen with 10 white blood cells (WBC)/µ L or ≥ 3 WBC/high-power field of unspun urine); (c) organisms seen on Gram
stain of unspun urine; (d) at least two urine cultures with repeated isolation of the same uropathogen (Gram-negative bacteria or
Staphylococcus saprophyticus) with ≥ 102 colonies/mL in nonvoided specimens; (e) ≤ 105 colonies/mL of a single uropathogen
(Gram-negative bacteria or S. saprophyticus) in a patient being treated with an effective antimicrobial agent for a urinary tract
infection; (f) physician diagnosis of a urinary tract infection; or (g) physician institutes appropriate therapy for a urinary tract
infection.

CRITERION 3
Patient ≤ 1 year of age with at least one of the following signs or symptoms with no other recognized cause: fever (> 38◦C),

hypothermia (< 37◦C), apnea, bradycardia, dysuria, lethargy, or vomiting and positive urine culture with ≥ 105 micro-organisms/mL
of urine with no more than two species of micro-organisms.

CRITERION 4
Patient ≤ 1 year of age with at least one of the following signs or symptoms with no other recognized cause: fever (> 38◦C),

hypothermia (< 37◦C), apnea, bradycardia, dysuria, lethargy, or vomiting and (a) positive dipstick for leukocyte esterase and/or
nitrate; (b) pyuria (urine specimen with 10 WBC/µ L or ≥ 3 WBC/high-power field of unspun urine); (c) organisms seen on Gram
stain of unspun urine; (d) at least two urine cultures with repeated isolation of the same uropathogen (Gram-negative bacteria or S.
saprophyticus) with ≥ 102 colonies/mL in nonvoided specimens; (e) ≤ 105 colonies/mL of a single uropathogen (Gram-negative
bacteria or S. saprophyticus) in a patient being treated with an effective antimicrobial agent for a urinary tract infection; (f)
physician diagnosis of a urinary tract infection; or (g) physician institutes appropriate therapy for a urinary tract infection.

From Garner JS, Jarvis WR, Emori TG, et al. CDC definitions for nosocomial infections, 1988. Am J Infect Control. 1988;16:128.

(6). Insertion of a catheter allows organisms to gain access
to the bladder. The catheter induces an inflammation of the
urethra, allowing bacteria to ascend into the bladder in the
space between the urethral mucosa and the catheter. Catheter-
associated UTI usually follows the formation of biofilm, which
consists of adherent micro-organisms, their extracellular prod-
ucts, and host components deposited on both the internal and
external catheter surfaces. The biofilm protects the organisms

from both antimicrobials and the host immune response (7).
The ascending route of infection is predominant in women, ow-
ing to their short urethra and contamination with anal flora.
An internal route of contamination (i.e., through the lumen of
the catheter) is less frequent and related to reflux of pathogens
from the drainage system into the bladder. This contamination
occurs when the drainage system fails to close or contamination
of urine in the collection bag.

TA BLE 1 1 3 . 2

DEFINITIONS FOR ASYMPTOMATIC URINARY TRACT INFECTIONS

One of the following criteria:

CRITERION 1
Patient has had an indwelling urinary catheter within 7 d before the culture and patient has a positive urine culture with ≥ 105

micro-organisms/mL of urine with no more than two species of micro-organisms and patient has no fever (> 38◦C), urgency,
frequency, dysuria, or suprapubic tenderness.

CRITERION 2
Patient has not had an indwelling urinary catheter within 7 d before the first positive culture and patient has had at least two positive

urine cultures with ≥ 105 micro-organisms/mL with repeated isolation of the same micro-organism and no more than two species of
micro-organisms and patient has no fever (> 38◦C), urgency, frequency, dysuria, or suprapubic tenderness.

From Garner JS, Jarvis WR, Emori TG, et al. CDC definitions for nosocomial infections, 1988. Am J Infect Control. 1988;16:128.
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TA BLE 1 1 3 . 3

OTHER URINARY TRACT INFECTIONS

One of the following criteria:

CRITERION 1
Patient has organisms isolated from culture of fluid (other than urine) or tissue from affected site.

CRITERION 2
Patient has an abscess or other evidence of infection seen on direct examination, during surgical operation, or during a histopathologic

examination.

CRITERION 3
Patient has at least two of the following signs or symptoms with no other recognized cause: fever (> 38◦C), localized pain, or tenderness

at the involved site and at least one of the following: (a) purulent drainage from affected site; (b) organisms cultured from blood that
are compatible with suspected site of infection; (c) radiographic evidence of infection (e.g., abnormal ultrasound, computed
tomography [CT] scan, magnetic resonance imaging [MRI], or radiolabel scan); (d) physician diagnosis of infection of the kidney,
ureter, bladder, urethra, or tissues surrounding the retroperitoneal or perinephric space; or (e) physician institutes appropriate
therapy for an infection of the kidney, ureter, bladder, urethra, or tissues surrounding the retroperitoneal or perinephric space.

CRITERION 4
Patient ≤ 1 year of age with at least one of the following signs or symptoms with no other recognized cause: fever (> 38◦C),

hypothermia (< 37◦C), apnea, bradycardia, dysuria, lethargy, or vomiting and at least one of the following: (a) purulent drainage
from affected site; (b) organisms cultured from blood that are compatible with suspected site of infection; (c) radiographic evidence
of infection (e.g., abnormal ultrasound, CT scan, MRI, or radiolabel scan); (d) physician diagnosis of infection of the kidney, ureter,
bladder, urethra, or tissues surrounding the retroperitoneal or perinephric space; or (e) physician institutes appropriate therapy for
an infection of the kidney, ureter, bladder, urethra, or tissues surrounding the retroperitoneal or perinephric space.

From Garner JS, Jarvis WR, Emori TG, et al. CDC definitions for nosocomial infections, 1988. Am J Infect Control. 1988;16:128.

MICROBIOLOGY
The isolated pathogens in ICU patients with bacteriuria are es-
sentially relatively few: Escherichia coli, Pseudomonas aerugi-
nosa, and Enterococcus species (Table 113.4) (8–10). Polymi-
crobial infections represent a relatively small percentage—5%
to 12% (2,8,9)—of total infections. In a large report investi-
gating nosocomial infections in ICU patients, Gram-negative
bacteria caused 71% of UTIs, with stability over a 17-year pe-
riod of surveillance (10). Resistance to antimicrobials increased
during this period, with rates of resistance to third-generation
cephalosporins up to 20% for E. coli (10,11). Although its role
is demonstrated in a urologic ward, cross-transmission proba-
bly plays a much greater role than suggested up to the present
(12).

RISK FACTORS
As stated, in ICU patients, UTIs are associated with the pres-
ence of indwelling catheters. The first step of prevention is to
highlight the risk factors of catheter-associated UTI in this spe-
cific population. In a study assessing risk factors for bacteriuria
in 553 patients with a urinary catheter for more than 48 hours
and hospitalized in an ICU (8), female sex, length of ICU stay,
prior use of antibiotics, severity score on admission, and dura-
tion of catheterization were independently associated with an
increased risk of catheter-associated bacteriuria; these results
mirrored those from a previous clinical study (13). Such re-
sults emphasize that reducing the duration of catheterization
appears to be the most important clinical step that can be iden-

tified for prevention. One notable study showed that in 21%
of 202 patients, the initial indication for the placement of a uri-
nary catheter was unjustified. In a medical intensive care unit,
excessive duration of urinary catheter use for monitoring urine
output resulted in 64% of the total of unjustified patient-days
(14).

IMPACT OF URINARY TRACT
INFECTIONS IN THE INTENSIVE

CARE UNIT
Although adverse consequences of asymptomatic UTIs have
been described during pregnancy or in nursing home patients
(15), the real impact of ICU-acquired UTIs on outcome re-
mains unclear. In a general hospital population, Platt et al.
showed that nosocomial UTIs were associated with significant
attributable mortality (16). The picture is probably different
in a specific ICU population. Indeed, even after controlling for
many risk factors, UTIs have a higher incidence in ICUs as
compared to other wards (17), although the urinary tract is
the source of sepsis in only 10% to 14% of the cases, which
is far less than the lung (Table 113.5) (18,19). Development
of ICU-acquired UTIs is associated with both an increase in
the length of ICU stay and the crude rate of mortality (8,9).
However, adequately powered studies demonstrate that UTIs
are not dependent factors for mortality (9,17).

Urosepsis is defined as an inflammation of the upper uri-
nary tract that causes seeding of the blood with bacteria, re-
sulting in local and distant destruction of tissue. A retrospective
study evaluated 126 trauma patients with a urinary catheter for
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TA BLE 1 1 3 . 4

PERCENTAGE OF PATHOGENS ASSOCIATED WITH NOSOCOMIAL URINARY
TRACT INFECTIONS

Percentage of isolates

Leone et al.a Laupland et al.b Gaynes et al.c
Pathogens (n = 53) (n = 290) (n = 4,109)

Gram negative
Escherichia coli 39 23 26
Pseudomonas aeruginosa 22 10 16.3
Enterobacter species 15 3 6.9
Acinetobacter acinus 11 — 1.6
Proteus species 11 5 —
Klebsiella species 11 5 9.8
Citrobacter species 2 1

Gram positive
Enterococcus species 4 15 17.4
Staphylococcus aureus 2 1 3.6
Coagulase-negative Staphylococcus 2 5 4.9
Yeast
Candida albicans 2 20 —
Candida non-albicans 8 —

a Leone M, Albanese J, Garnier F, et al. Risk factors of nosocomial catheter-associated urinary tract
infection in a polyvalent intensive care unit. Intensive Care Med. 2003;29:1077.
b Laupland KB, Bagshaw SM, Gregson DB, et al. Intensive care unit-acquired urinary tract infections in a
regional critical care system. Crit Care. 2005;9:R60.
c Gaynes R, Edwards JR, National Nosocomial Infections Surveillance System. Overview of nosocomial
infections caused by gram-negative bacilli. Clin Infect Dis. 2005;41:848.

sepsis. Twenty (16% ) were diagnosed with urosepsis, which
was correlated with age older than 60 years, extended length
of stay in the ICU and/or hospital, and duration of catheteriza-
tion. The mortality rates (15% ) of the patients without urosep-
sis and with urosepsis did not differ (4). Similarly, in a prospec-
tive study, 6 out of 60 (10% ) catheterized patients with asymp-
tomatic bacteriuria developed urosepsis (20). Another prospec-
tive, cohort study of 235 catheter-acquired infections among
1,497 patients, 90% of whom were asymptomatic, reported
only one (0.42% ) secondary bloodstream infection (21).

TA BLE 1 1 3 . 5

RATES OF SEPSIS ACCORDING TO EACH SITE

Percentages of patients

Vincent et al.a Angus et al.b
Sites (n = 1,177) (n = 192,980)

Lung 68% 44.0%
Abdomen 22% 8.6%
Blood 20% 17.3%
Urine 14% 9.1%

a Vincent JL, Sakr Y, Sprung CL, et al. Sepsis in European intensive
care units: results of the SOAP study. Crit Care Med. 2006;34:344.
b Angus DC, Linde-Zwirble WT, Lidicker J, et al. Epidemiology of
severe sepsis in the United States: analysis of incidence, outcome, and
associated costs of care. Crit Care Med. 2001;29:1303.

Finally, UTIs can incur significant additional cost. An
episode of symptomatic nosocomial UTI in a hospitalized pa-
tient is expected to result in an average of $676 in additional
cost (22). Interestingly, however, a Turkish study calculated the
daily antibiotic costs per infected ICU patient. Among the sites
of nosocomial infections, urinary tract infections had the low-
est daily antibiotic cost per infected patient ($52) (23).

DIAGNOSTIC TOOLS IN THE
INTENSIVE CARE UNIT

Urosepsis should be suspected any time a patient has a febrile
episode. Because of the prevalence of bacteriuria in patients
with urinary catheters, some have advocated daily monitor-
ing of urine in catheterized patients. Routine daily bacterio-
logic monitoring of the urine from all catheterized patients is
not an effective way to decrease the incidence of symptomatic,
catheter-associated UTI, and is not recommended (24).

Three clinical trials have assessed the effectiveness of uri-
nary dipsticks (leukocyte esterase and nitrite) for screening pa-
tients instead of quantitative urine culture in the ICU (Table
113.6) (25–27). Leukocyte esterase activity is an indicator of
pyuria, and urinary nitrite production is an indicator of bac-
teriuria. In the medical ICU, it has been demonstrated that the
urinary dipstick strategy is a rapid and cost-effective test with
which to screen asymptomatic catheterized patients. This ef-
fectiveness is observed only for a positive quantitative urine
culture level of 105 micro-organisms/mL. The urinary dipstick



Chap t e r 113: Cathe te r-associated Urinary Tract Infections in the ICU 1687

TA BLE 1 1 3 . 6

ASSESSING URINARY REAGENT STRIPS IN THE
INTENSIVE CARE UNIT

Tissot Mimoz Legras
et al.a et al.b et al.c

Prevalence (% ) 31 38 42
Sensitivity (% ) 87 84 90
Specificity (% ) 61 41 65
Positive predictive

value (% )
31 46 61

Negative predictive
value (% )

96 81 91

a Tissot E, Woronoff-Lemsi MC, Cornette C, et al. Cost-effectiveness
of urinary dipsticks to screen asymptomatic catheter-associated
urinary infections in an intensive care unit. Intensive Care Med.
2001;27:1842.
b Mimoz O, Bouchet E, Edouard A, et al. Limited usefulness of
urinary dipsticks to screen out catheter-associated bacteriuria in ICU
patients. Anaesth Intens Care. 1995;23:706.
c Legras A, Cattier B, Perrotin D. Dépistage des infections urinaires
dans un service de rintérêt des bandelettes réactives. Med Mal Infect.
1993;23:34.

strategy decreases the cost of diagnosis of nosocomial infection
and the daily workload in the microbiology laboratory (25).
One limitation of this study is that the incidence of asymp-
tomatic bacteriuria was 31% , as compared with 6% to 9% in
other studies (8,9).

In a prior study, analysis of 102 urine samples determined
a positive predictive value of 81% . Those authors did not rec-
ommend the use of urinary dipsticks (27). Our best sense of
these data is that the use of dipsticks—instead of quantita-

tive urine culture—cannot be recommended for symptomatic
UTIs in ICU patients. The Infectious Disease Society of Amer-
ica (IDSA) guidelines recommend that asymptomatic bacteri-
uria or funguria not be screened in patients with an indwelling
urethral catheter (28). Hence, in symptomatic patients, quan-
titative urine culture with Gram stain examination is recom-
mended to obtain rapid identification of the pathogen.

PREVENTION
The best prevention of ICU-acquired UTIs is to simply reduce
the use of indwelling urethral catheters. In a medical ICU, an
independent observer determined that 64% of the total un-
justified patient-days with urethral catheter resulted from its
prolonged use for monitoring urine output (14). Hence, each
member of the critical care medicine team should attempt to re-
duce the length of urethral catheterization and, whenever pos-
sible, this evaluation should occur during daily rounds. Other
measures, described below, can be useful only in units with a
restrictive policy of catheterization (Table 113.7).

Urinary Drainag e Syst e m

In order to prevent infection, the maintenance of a closed sterile
drainage system is recommended as the most successful method
(29). A closed drainage system was described for the first time
in 1928 (30), and its benefit has been subsequently re-enforced
(16). A subgroup analysis of a randomized study, in which an-
alyzed patients did not receive antibiotic treatment, showed a
reduction in mortality in the group using the closed system (16).
Historically, “open systems” were large, uncapped glass bot-
tles. The drainage catheters were inserted into the glass bottles,

TA BLE 1 1 3 . 7

COMPARATIVE STUDIES PERFORMED IN THE INTENSIVE CARE UNIT ON THE PREVENTION OF
CATHETER-ASSOCIATED URINARY TRACT INFECTION

Leone et al.a Leone et al.b Thibon et al.c Bologna et al.d

Method (number of
patients)

Prospective
Not randomized
(311)

Prospective
Randomized
(224)

Prospective
Randomized
Multicenter
(199)

Prospective
Not randomized
Multicenter
(108)

Rate of bacteriuria
(% )

8 12 11 8.1 vs. 4.9

Study group Two-chamber simple
closed drainage
system

Two-chamber simple
closed drainage
system

Catheter coated with
hydrogel and silver
salts

Hydrogel latex
Foley catheter with

silver metal

Control group Complex closed
system

Complex closed
system

Standard catheter Standard catheter

Conclusion No difference No difference No difference No difference

a Leone M, Garnier F, Dubuc M, et al. Prevention of nosocomial urinary tract infection in ICU patients. Comparison of effectiveness of two urinary
drainage systems. Chest. 2001;120:220.
b Leone M, Garnier F, Antonini F, et al. Comparison of effectiveness of two urinary drainage systems in intensive care unit: a prospective, randomized
clinical trial. Intensive Care Med. 2003;29:410.
c Thibon P, Le Coutour X, Leroyer R, et al. Randomized multi-centre trial of the effects of a catheter coated with hydrogel and silver salts on the
incidence of hospital-acquired urinary tract infections. J Hosp Infect. 2000;45:117.
d Bologna RA, Tu LM, Polansky M, et al. Hydrogel/silver ion-coated urinary catheter reduces nosocomial urinary tract infection rates in intensive care
unit patients: a multicenter study. Urology. 1999;54:982.
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often below the level of urine. Urine was stagnant, and bacte-
ria could easily grow and ascend through the drainage catheter.
The introduction of closed drainage systems was a major im-
provement, and their use has greatly reduced the rate of bacteri-
uria. However, in the modern era, several studies have failed to
confirm the benefit of complex closed systems compared with
simple devices (31–33).

There are only two studies in the literature specifically fo-
cused on ICU patients (34,35) and comparing a two-chamber,
open drainage system with a complex closed drainage system.
Both of them, which were performed by the same team of in-
vestigators, found similar results, although one of these stud-
ies was not randomized (34). In the randomized and prospec-
tive trial, 311 patients requiring an indwelling urinary catheter
for longer than 48 hours were assigned to the two-chamber
drainage system group or to the complex closed drainage sys-
tem group to compare the rates of bacteriuria. The rates of
UTIs were 12.1 and 12.8 episodes per 1,000 days of catheter-
ization, respectively (35). The data extracted from the recent
literature do not support the use of complex closed drainage
systems in ICU patients in view of the increased cost.

Owing to the lack of specific ICU studies, the guidelines
for the management of drainage systems should be viewed as
recommendations at best.

The following are reasonable suggestions:

1. Only people who know the proper technique of aseptic
insertion and maintenance of the catheter should handle
catheters.

2. Hospital personnel should be given periodic in-service train-
ing stressing the proper techniques and potential complica-
tions of urinary catheterization.

3. Hand washing should be performed immediately before and
after any manipulation of the catheter site or apparatus.

4. If small volumes of fresh urine are needed for examination,
the distal end of the catheter, or preferably the sampling port
if present, should be cleansed with a disinfectant, and urine
then aspirated with a sterile needle and syringe.

5. Larger volumes of urine for special analyses should be ob-
tained aseptically from the drainage bag.

6. Unobstructed flow should be maintained.
7. In order to achieve free flow of urine, (a) the catheter and col-

lection tube should be kept from kinking; (b) the collection
bag should be emptied regularly using a separate collecting
container for each patient (the draining spigot and nonster-
ile collection container should never come into contact); (c)
poorly functioning or obstructed catheters should be irri-
gated or, if necessary, replaced; (d) collection bags should
always be kept below the level of the bladder; and (e) in-
dwelling catheters should not be changed at arbitrary fixed
intervals (36).

Typ e s of Ure t hral Cat he t e rs

There are a large number of articles in the literature that stress
the efficacy of antiseptic-impregnated catheters, including silver
oxide or silver alloy, and antibiotic-impregnated catheters in
hospitalized patients (37–39). The results of two meta-analyses
clarify some points (38,39) related to these devices.

Silver oxide catheters are not associated with a reduction
in bacteriuria in short-term catheterized adults, whereas silver

alloy catheters reduce the incidence of asymptomatic bacteri-
uria and the risk of symptomatic UTI in catheterized adults.
Further, economic evaluation is required to confirm that the
reduction of infection compensates for their increased cost.
Catheters coated with a combination of minocycline and ri-
fampin or nitrofurazone may also be beneficial in reducing bac-
teriuria in hospitalized men catheterized less than 1 week, but
this requires further testing (38,39). No trials directly compare
nitrofurazone-coated and silver alloy–coated catheters.

In a specific ICU patient population, a randomized, prospec-
tive, double-blind multicenter trial compared catheters coated
with hydrogel and silver salt with classic urinary tract catheters
in 199 patients requiring urethral catheterization for more
than 3 days (40). The cumulative incidence of UTIs associated
with catheterization was 11.1% overall, 11.9% for the control
group, and 10% for the coated catheter group. The odds ratio
was 0.82 (95% confidence interval [CI] 0.3–2.2). The differ-
ences between the two groups were not significant, although
the power of the study was more than 90% (40). A prior trial,
which included five hospitals selected to participate in a blinded
prospective study, exchanged the standard latex Foley catheter
for a hydrogel latex Foley catheter with a monolayer of silver
metal applied to the inner and outer surfaces of the device. The
adjusted catheter-associated infection rate during the baseline
and intervention periods was 8.1 and 4.9 infections per 1,000
catheter-days (p = 0.13), respectively (41).

Me at al Care

Twice-daily cleansing of the urethral meatus with povidone-
iodine solution and daily cleansing with soap and water have
failed to reduce catheter-associated UTIs. Thus, at this time,
daily meatal care with either of these two regimens cannot be
endorsed.

A randomized, controlled, prospective clinical trial involv-
ing 696 patients hospitalized in medical and surgical units was
undertaken to determine the effectiveness of 1% silver sulfadi-
azine cream applied twice daily to the urethral meatus in pre-
venting transurethral catheter-associated bacteriuria. The over-
all incidence of bacteriuria was approximately 13% in both
groups (p = 0.56) (42). In the absence of data from an ICU-
specific patient population, the current guidelines should be
followed.

There are no data available on the level of sterility required
to insert a urinary catheter. Experts recommend that catheters
should be inserted using an aseptic technique and sterile equip-
ment, including gloves, drapes, and sponges. However, in a
prospective study conducted in the operating room, 156 pa-
tients underwent preoperative urethral catheterization, ran-
domly allocated to “sterile” or “clean/nonsterile” technique
groups. There was no statistical difference between the two
groups with respect to the incidence of UTI, but the cost dif-
fered considerably between the two groups (43).

Ve sical Irrig at ion and Ant ise p t ic
in t he Drainag e Syst e m

The objective of antibiotic irrigation is to clear bacteria from
the urinary tract. A randomized study compared 89 patients re-
ceiving a neomycin-polymyxin irrigation administered through
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a closed urinary catheter to 98 patients not so irrigated. Al-
though the number of ICU patients was not specified in this
clinical study, 19 of the 98 (18% ) patients not irrigated became
infected as compared with 14 out of the 89 (16% ) of those who
were irrigated; the organisms from the irrigated patients were
more resistant (44). Another study was conducted in 264 urol-
ogy patients, evaluating the effect of povidone-iodine bladder
irrigation prior to catheter removal on subsequent bacteriuria.
Of 264 patients, 138 received irrigation and 126 were controls.
Urine cultures were positive in 22% in the control group and
18% in the study group (45). Thus, irrigation methods failed
to demonstrate efficacy in surgical patients, and its use is not
recommended in ICU patients.

The addition of antimicrobial agents to the drainage device
has not been studied in the ICU. The largest reported clinical
trial evaluating the effect of H 2O 2 insertion into the drainage
device of 353 patients, and comparing this to 315 control pa-
tients, failed to show a benefit in the treatment group. It is
of interest to note that 68% of these patients required an in-
dwelling catheter for hemodynamic monitoring, with antimi-
crobial therapy prescribed in 75% of the patients, suggesting
that these results may apply to ICU patients (46). Expert opin-
ion recommends that we not use irrigation unless obstruction
is anticipated, as might occur with bleeding after prostatic or
bladder surgery.

Alt e rnat ive s t o a Urinary Cat he t e r

For selected patients, other methods of urinary drainage, such
as condom catheters, suprapubic catheterization, and intermit-
tent urethral catheterization, should be considered as alterna-
tives to indwelling urethral catheterization. There are limited
ICU data available to assess these alternative devices. There is
evidence, however, that suprapubic catheterization is advan-
tageous, as compared to indwelling catheters, with respect to
bacteriuria, recatheterization, and discomfort (47,48). The use
of a condom connected to a collection bag has been evalu-
ated in a study comparing 167 patients over two periods of
6 months. The occurrence of bacteriuria was significantly de-
creased for the period using the condom catheters (26.7 vs.
2.4% ) (49). However, this issue merits further study to deter-
mine whether or not this alternative method may actually re-
duce bacteriuria rates. The use of intermittent catheterization is
also associated with a lower risk of bacteriuria than indwelling
urethral catheter, although such a procedure has never been
investigated in ICU patients (48,50,51).

Misce llane ous Me asure s

While there is a low risk of bacteremia during urinary catheter-
ization (52), the administration of antimicrobial therapy at the
time the device is placed leads to a reduction in bacteriuria
(53–55). The efficacy of antibiotic treatment has been assessed
as optimal for catheterization lasting less than 14 days (54).
However, the prophylactic use of antibiotic in the ICU can
be detrimental to the bacterial ecology by increasing the pres-
sure for antimicrobial resistance among bacteria. The practice
of administration of prophylactic antimicrobials in this man-
ner must be discouraged in our ICUs. It should be noted that
in most ICU studies, 75% of the patients with an indwelling

catheter require antibiotics for reasons unrelated to the urinary
catheter (8). Further, all measures aimed at reducing the burden
of nosocomial infections can reduce the rate of UTIs (56–58).

TREATMENT AND MANAGEMENT
The management of catheter-associated UTI has not been eval-
uated in ICU patients. Several nonspecific measures, including
hydration, have been advocated in the therapy of UTI. Ade-
quate hydration would appear to be important, although there
is no evidence that it improves the effectiveness of an appro-
priate antimicrobial therapy (59). The management of compli-
cated UTIs in the ICU may include mechanical intervention.
Consequently, appropriate diagnostic tests and urologic con-
sultation should be included in the algorithm of the manage-
ment of these patients (Fig. 113.1).

Manag e me nt of Asymp t omat ic Bact e riuria

According to leaders in our field, asymptomatic catheter-
associated UTI does not require treatment (28). However, an-
timicrobial treatment may be considered for asymptomatic
women with a catheter-acquired UTI that persists 48 hours
after catheter removal (60). In a specific ICU patient popula-
tion, 60 patients with an indwelling urethral catheter for longer
than 48 hours who developed an asymptomatic positive urine
culture were randomized to receive either a 3-day course of
antibiotics associated with the replacement of the indwelling
urethral catheter 4 hours after the first antibiotic administra-
tion or no antibiotics and no catheter replacement. Six patients
equally distributed in the two groups developed urosepsis. The
profile of bacterial resistance was similar in the two groups.
Hence, treating a positive urine culture in an asymptomatic
patient with an indwelling urethral catheter does not reduce
the occurrence of urosepsis (20).

Manag e me nt of Symp t omat ic Urinary
Tract Infe ct ions

Choice of Ant imicrob ial Ag e nt s
The optimal characteristics of agents to treat urinary tract in-
fection must include activity against the major pathogens in-
volved in these infections, good tissue penetration, and minimal
side effects. High urinary levels should be present for an ade-
quate period to eliminate the organisms, since disappearance
of bacteriuria correlates with the sensitivity of the pathogen
to the concentration of the antimicrobial agent achieved in the
urine (61). Inhibitory urinary concentrations are achieved af-
ter administration of essentially all commonly used antibiotics.
However, an antibiotic that achieves active concentrations in
the renal tissue is required for infection of the renal tissue. The
antibiotic concentration in the serum or plasma can be used as
surrogate markers for the antibiotic concentrations in the renal
tissue (62). For drugs with concentration-dependent time-kill
activity such as the aminoglycosides or the fluoroquinolones,
the peak antibiotic concentration is the most important pa-
rameter for the in vivo effect. Experimentally, gentamicin and
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Bacteriuria in patient with an indwelling urethral catheter 

No symptoms 

Do not consider  

Urosepsis 

CT scan or ultrasound: Renal injury 

Shock 

Fluoroquinolones 
(oral)  
OR  
third-generation 
cephalosporin (IV) 
14 days 

Third-generation 
cephalosporin* 
(parenteral) 
+ aminoglycoside 
OR 
fluoroquinolone# 

21 days 

Shock 

Third-generation 
cephalosporin 
(parenteral) 
7 days 

Third-generation 
cephalosporin* 
(parenteral) 
+ aminoglycoside 
OR 
fluoroquinolone# 

7 days 

Yes No 

Yes Yes No No 

FIGURE 113.1. Suggested algorithm for the manage-
ment of urinary tract infections related to an indwelling
catheter in the intensive care unit. CT, computed to-
mography. *Discuss the need for antipseudomonal cov-
erage according to the duration of hospitalization, prior
medical history, and local ecology. #Discuss if renal fail-
ure.

fluoroquinolone treatment are both more effective than the β -
lactam antibiotics in rapid bacterial killing (62).

Most clinical studies have shown that the renal concentra-
tions of the cephalosporins remained higher than the minimal
inhibitory concentration for the most common bacteria during
the time interval between the administration of two doses (63–
65). By contrast, β -lactam antibiotics, which have a low pKa
and poor lipid solubility, penetrate poorly into the prostate,
except for some cephalosporins. Good to excellent penetration
into the prostatic tissue has been demonstrated with many an-
timicrobial agents, such as aminoglycosides, fluoroquinolones,
sulfonamides, and nitrofurantoin (66).

In ICU patients, the side effects of treatment should be min-
imized at both the individual and the community level. Many
patients develop renal failure, associated with the inability to
concentrate antimicrobial agents in the urine. Additionally, ad-
ministration of drugs with potential renal toxicity may worsen
renal insufficiency. This may be an important limiting factor
for using aminoglycosides in patients with renal failure. Oth-
erwise, antimicrobial treatment must produce a minimal effect
on the bacterial flora of the community (67). From this stand-
point, there is significant literature demonstrating that the use
of fluoroquinolone is associated with the emergence of resis-
tant pathogens (68–70). This implies that an indication for
antibacterial therapy should be weighed thoroughly and fluo-
roquinolones should be used in accordance with sensitivity test-
ing (70). Hence, it is of importance to stress that UTI should
not be treated before the results of sensitivity testing, except
in patients with pyelonephritis and those with severe sepsis or
septic shock who require empirical antimicrobial therapy.

Cyst it is
As acute uncomplicated cystitis is infrequent in ICU patients,
most recommendations focus on the treatment of nonhospi-

talized women, which makes their relevance in ICU patients
questionable; E. coli is the evident target pathogen. The 1999
IDSA guidelines recommend treatment with trimethoprim-
sulfamethoxazole for 3 days as standard therapy for acute
uncomplicated cystitis. Single-dose therapy is less effective in
eradicating initial bacteriuria than longer durations of treat-
ment with trimethoprim-sulfamethoxazole, trimethoprim, nor-
floxacin, ciprofloxacin, fleroxacin, and, as a group, β -lactam
antibiotics (71). In contrast, a meta-analysis determined that 3
days of antibiotic therapy is similar to 5 to 10 days in achiev-
ing symptomatic cure during uncomplicated UTI treatment,
while the longer treatment is more effective in obtaining bac-
teriologic cure. Consequently, such durations should be con-
sidered for treatment of women in whom eradication is critical
(72). Quinolones are recommended for acute cystitis in regions
where the level of resistance to trimethoprim-sulfamethoxazole
is high. There were no significant differences in clinical or mi-
crobiologic efficacy between quinolones. The rate of adverse
events causing antimicrobial withdrawal tends to be lower with
norfloxacin and ciprofloxacin than with other quinolones (73).

Antibiotic treatment of UTI depends on the ability of the
antibiotic to inhibit the growth or kill the bacteria present in the
urinary tract. This is related to the concentration of antibiotics
at the site of infection. Very high concentrations of antibiotics
with renal clearance are obtained in urine. Consequently, even
in the presence of pathogens exhibiting in vitro resistance, the
high concentrations of antibiotics in urine inhibit the growth
of pathogens, rendering them effective to treat a UTI.

Prost at it is
For outpatients, bacterial prostatitis is a common diagnosis and
a frequent indication for antibiotics. Although urethral instru-
mentation and prostatic surgery are known causes of prostati-
tis, the incidence of prostatitis among ICU patients has never
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been assessed, and there is only a weak relation between acute
and chronic prostatitis.

Acute prostatitis is an acute infection producing local heat,
tenderness, and fever, with the presence of IgA and IgG
bacteria-specific immunoglobulins in the prostatic secretions.
Few symptoms, usually perineal discomfort, are exhibited with
prostatitis. Most patients with chronic prostatitis have no his-
tory of positive urine or urethral cultures (74).

In ICU patients, acute bacterial prostatitis is probably a
common infection. The patient presents septic, but without an
evident source of infection. There may be a history of urine
retention due to bladder outlet obstruction. Rectal examina-
tion, a crucial step in the diagnosis, reveals a warm, swollen,
and tender prostate. The prostatic fluid contains leukocytes
and the pathogen responsible for the infection. However, mas-
sage of the prostate is proscribed to avoid bacteremia. Fluoro-
quinolones are the drugs of choice to treat acute prostatitis be-
cause of their excellent penetration in the tissue and excretions
(75,76). The targeted pathogens are E. coli, Proteus sp., Kleb-
siella sp., Enterococcus sp., Staphylococcus aureus, N eisseria
gonorrhoeae, and Chlamydia trachomatis. For acute prostatitis
occurring without bacteremia, antimicrobial treatment consists
of oral ofloxacin 200 mg twice per day for 28 days; ceftriaxone
2 g/day has good prostatic tissue penetration and represents an
alternative to ofloxacin (77). Gentamicin 3 mg/kg/day is added
in the presence of positive blood cultures (Table 113.8). Of
importance, urethral instrumentation should be discouraged,
and if acute retention occurs, suprapubic drainage of urine is
required. Treatment of chronic prostatitis is based on the oral
administration of ofloxacin 200 mg twice per day, or trimetho-
prim 160 mg–sulfamethoxazole 800 mg twice per day for at

least 28 days. The indications for this treatment should be dis-
cussed with specialists.

Acut e Pye lone p hrit is
There are no specific data available in the literature on the man-
agement of acute pyelonephritis in the ICU. The urine of all
patients with suspicion of complicated pyelonephritis should
be cultured and a Gram stain of the spun urine performed.
Blood cultures, which are positive in 36% of women not ad-
mitted to the ICU, are also required (78). All patients with acute
pyelonephritis should have an ultrasound examination or a re-
nal computed tomography scan to evaluate for obstruction and
stones.

For uncomplicated acute pyelonephritis, the IDSA, in 1999,
derived two conclusions from the analysis of randomized clin-
ical trials. The first is that trimethoprim-sulfamethoxazole is
preferred over ampicillin. Indeed, there is a relatively high
prevalence of organisms causing acute pyelonephritis that are
resistant to ampicillin, and even for susceptible organisms,
there is a significantly increased recurrence rate in patients
given ampicillin compared with those given trimethoprim-
sulfamethiazole. The second conclusion is that 10 to 14 days
of therapy appears to be adequate for the majority of women
(71). There has been little additional information since the
publication of these recommendations. However, 255 outpa-
tients were randomized to oral ciprofloxacin, 500 mg twice
per day for 7 days, followed by placebo for 7 days versus
trimethoprim-sulfamethoxazole, 160/800 mg twice per day
for 14 days. In this study, a 7-day ciprofloxacin regimen was
associated with greater bacteriologic and clinical cure rates
than a 14-day trimethoprim-sulfamethoxazole regimen (79)
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ANTIMICROBIAL TREATMENT OF URINARY TRACT INFECTIONSa

Source of infection Pathogens Treatment Duration

Acute prostatitis (without
bacteremia)

Escherichia coli, Proteus sp., Klebsiella
sp., Enterococcus sp., Staphylococcus
aureus, N eisseria gonorrhoeae,
Chlamydia trachomatis

Ofloxacin 200 mg twice daily (oral) 28 d

Acute prostatitis (with
bacteremia)

E. coli, Proteus sp., Klebsiella sp.,
Enterococcus sp., S. aureus, N .
gonorrhoeae, C. trachomatis

Ofloxacin 200 mg twice daily (oral)
or
Ceftriaxone 2 g/d
and
gentamicin 3 mg/kg/d IV

28 d

3 d

Chronic bacterial
prostatitis

E. coli, Proteus sp., Klebsiella sp.,
Enterococcus sp., S. aureus, N .
gonorrhoeae, C. trachomatis

Ofloxacin 200 mg twice daily (oral)
or
Trimethoprim 160 mg/sulfamethoxazole

800 mg twice daily (oral)

28 d

Acute pyelonephritis
(uncomplicated)

Enterobacteriaceae, E. coli, Proteus sp.,
Enterococcus sp.

Ciprofloxacin 500 mg twice daily (oral)
If oral route not possible: Ceftriaxone 2

g/d IV

14 d

Acute pyelonephritis
(complicated)

Enterobacteriaceae, E. coli, Proteus sp.,
Enterococcus sp.

Ciprofloxacin 500 mg twice daily (oral)
or
Ceftriaxone 2 g/d IV
AND
Gentamicin 3 mg/kg/d

14–21 d

3 d

Each empirical treatment must be adapted to the susceptibility testing results.
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(Table 113.8). Gatifloxacin appears to be equivalent to
ciprofloxacin for this indication (80).

Patients with complicated acute pyelonephritis should be
hospitalized and initial administration of broad-spectrum in-
travenous antibiotics begun. The targeted bacteria are En-
terobacter sp., E. coli, Proteus sp., and Enterococcus sp.
Ciprofloxacin, 500 mg twice daily, is administered orally for 14
to 21 days. Gentamicin, 3 mg/kg/day intravenously, is added
during the first 3 days. Interestingly, oral ciprofloxacin is as ef-
fective as the intravenous regimen in the initial empirical man-
agement of complicated pyelonephritis (81), and gatifloxacin
is as effective as ciprofloxacin (80). If needed, ceftriaxone, 2
g/day intravenously, is an alternative choice to ciprofloxacin.
Further, the success rates are similar in patients given ceftriax-
one or ertapenem (82).

The drainage of urine must be urgently performed using
bladder catheterization, percutaneous nephrostomy drainage,
or definitive surgery. Antimicrobial treatment is administered
after urine and blood specimen collection. The antibiotic selec-
tion is based on the result of the Gram stain of the urine and
the knowledge of the local ecology. Antimicrobial treatment
should be adapted to the susceptibility testing results as soon
as possible, and de-escalation should be performed in favor of
a narrow-spectrum antibiotic.

Sp e cificit ie s of Comp licat e d Urinary Tract
Infe ct ions in t he Int e nsive Care Unit

Although there is little in the literature on the treatment of
UTIs in the ICU, one presumes the need for intravenous antibi-
otics for these patients because of the possibility of bacteremia
or sepsis. The guidelines from the Surviving Sepsis Campaign
state that (a) antibiotic therapy should be started within the first
hour of recognition of severe sepsis, after appropriate cultures
have been obtained; (b) initial empirical anti-infective therapy
should include one or more drugs that have activity against
the likely pathogens and that penetrate the presumed source of
sepsis; and (c) monotherapy is as effective as combination ther-
apy with a β -lactam and an aminoglycoside as empiric therapy
of patients with severe sepsis or septic shock (83). Hence, em-
pirical antimicrobial therapy should include drugs with good
penetration in the urinary tract, and the choice is guided by
the susceptibility patterns of micro-organisms in the hospital.
For the septic shock patients whose presumed source is urine,
we recommend, empirically, a combination of a β -lactam an-
tibiotic with antipseudomonal activity and a fluoroquinolone.
This broad-spectrum treatment is narrowed as soon as the re-
sults of the susceptibility testing are known. The durations of
treatment should be tailored to the source of infection.

Manag e me nt of Cand id uria
Candiduria represents from 3% to 15% of catheter-associated
UTI in the ICU (8,9,13). Candida albicans and Candida (Toru-
lopsis) glabrata are found in 46% and 31% of cases, respec-
tively (84). According to the International Conference for the
Development of a Consensus on the Management and Preven-
tion of Severe Candidal Infections, colonized patients without
evidence of infection do not require treatment, but the con-
tributing cause should be addressed, such as changing or re-
moving the indwelling catheter and discontinuing inappropri-
ate antibiotic therapy. Fluconazole may be the best option for
treating a candiduria (85), but only if the species is C. albi-

cans. Voriconazole may be more effective against non-albicans
species.

Clinician reaction to isolating Candida organisms in urine
was assessed in a retrospective review of 133 consecutive pa-
tients. The average patient age was 68.8 years old, most (78% )
had an indwelling catheter, and many (35% ) were in the ICU. In
response to culture results, clinicians initiated antifungal ther-
apy in 80 instances (60% ). Treatment was often based on a
single culture result without evidence of infection (66% ) and
in the absence of risk of invasive disease. Removal of the in-
dwelling catheter was never attempted and antibiotics were
rarely discontinued or modified (1.3% ). Fluconazole was most
frequently utilized (52% ), followed by amphotericin B blad-
der irrigation (32% ) and combined fluconazole/amphotericin
B bladder irrigation (15% ). Therapy was more frequently ini-
tiated in ICU cases (77 vs. 56% ; p = 0.02) (86). These results
show the poor adherence to guidelines.

A prospective, randomized trial compared fungal eradica-
tion rates among 316 hospitalized patients with candiduria
treated with fluconazole (200 mg) or placebo daily for 14 days.
Candiduria cleared by day 14 in 50% of the patients receiving
fluconazole and 29% of those receiving placebo, with higher
eradication rates among patients completing 14 days of ther-
apy. Fluconazole initially produced high eradication rates, but
cultures at 2 weeks revealed similar candiduria rates among
treated and untreated patients. In 41% of the catheterized sub-
jects, candiduria was resolved as the result of catheter removal
only. The outcomes of patients were not provided in the results
(87).

Bladder irrigation using amphotericin B has been proposed
as an alternative technique to clear Candida from the urine.
A comparative and randomized study of 109 elderly patients
showed that funguria was eradicated in 96% of the patients
treated with amphotericin B and 73% of those treated with
fluconazole (p < 0.05). One month after study enrollment, the
mortality rate associated with all causes was greater among pa-
tients who were treated with amphotericin B bladder irrigation
than among those who received oral fluconazole therapy (41%
vs. 22% , respectively; p < 0.05). This finding suggests that irri-
gation therapy could be associated with poorer survival (88).

There has only been one study performed in ICU patients
developing candiduria, which reached the same conclusions;
unfortunately, methodologic issues restrict the interest of this
study. The authors retrospectively compared three means to
manage candiduria in ICU patients: successful bladder irriga-
tion with amphotericin B (10 of 27 patients), failure of bladder
irrigation requiring the use of parenteral amphotericin B (17
of 27), and patients treated with parenteral fluconazole (n =
20). Severity score on admission day was significantly lower
in the first group than in the two others. However, the mor-
tality rate was 53% and 5% in patients experiencing a failure
of bladder irrigation and in patients receiving fluconazole, re-
spectively (89). These results must be considered with caution
because of serious methodologic limitations. However, these
data indicate that bladder irrigation of critically ill patients has
a negative survival advantage.

SUMMARY
Bacteria in the bladder constitute a reservoir for the develop-
ment of multiresistant bacterial strains, and the rate of bac-
teriuria may be used as a marker of the level of care in the
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ICU. Prevention of UTIs in the ICU is not improved by the
use of expensive devices, but can reflect the level of general
unit hygiene. While management of UTIs in the ICU is poorly
described in the literature, it is reasonably clear that there is
no need to treat asymptomatic bacteriuria. However, although
infrequent, severe sepsis with a urine source requires empiri-
cal broad-spectrum antimicrobial treatment based on the local
bacterial ecology. Treatment is de-escalated after identification
of the pathogen and reporting of the susceptibility testing.
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CHAPTER 114 ■ FUNGAL AND VIRAL
INFECTIONS
MINH-LY NGUYEN r MINH-HONG NGUYEN r KEVIN J. FARRELL r CORNELIUS J. CLANCY

FUNGAL INFECTIONS

Fung al Pat hog e ns

Medically relevant fungi are classically considered as one of
three types of organism: yeasts, molds, or dimorphic agents.

The yeasts grow as smooth colonies on culture plates. Mi-
croscopically, they are oval or spherical, and they reproduce
by budding. The two most common human yeast pathogens
are Candida spp. and Cryptococcus spp.; the molds appear
as fuzzy colonies on agar plates. Microscopically, they have
hyphae, which are tubular or filamentous morphologies that
grow by branching and longitudinal extension. Hyphae can
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be septated (i.e., with cross walls perpendicular to hyphal cell
wall) or aseptated (no cross walls). The most common human
pathogens are Aspergillus spp. and Rhizopus spp. The term,
dimorphic fungi, is used to describe the endemic fungi, which
are found in distinct geographic locations. These fungi grow
as filaments in the environment at ambient temperatures and
as yeasts at higher body temperatures. The three most com-
mon pathogens are Histoplasma capsulatum , Coccidioides im-
mitis, and Blastomyces dermatitidis. Clinicians should recog-
nize that the term, dimorphic fungi, as commonly used in the
medical literature is misleading. Candida albicans, although
not grouped with the endemic dimorphic fungi, frequently as-
sumes filamentous morphologies in tissue (pseudohyphae and
hyphae).

Most fungal pathogens, except for Candida spp., are
widespread in nature and are acquired by inhalation into the
lungs. In immunocompetent hosts, inhaled fungi are generally
arrested in the lungs by the host immune system. Candida spp.,
with the exception of Candida parapsilosis, are part of the hu-
man gastrointestinal flora, and infections with these organisms
are usually endogenous in origin.

Due to the widespread environmental distribution of many
fungal pathogens and the presence of Candida as human com-
mensals, the diagnosis of infection (i.e., fungal disease) is
often difficult to distinguish from colonization. As such, defini-
tive diagnoses generally require either the presence of the or-
ganism at sterile sites or histopathology demonstrating tissue-
invasive disease. Since many fungi show morphologies that are
indistinguishable by histopathology (e.g., Aspergillus spp. ver-
sus Fusarium spp. and other acute-angle branching, septated
molds), identification of the organism from culture is the only
means to ascertain the etiologic agent.

In intensive care unit (ICU) settings, Candida spp. and, to a
much lesser extent, Aspergillus are the major fungal pathogens.
This chapter will concentrate on these fungi.

Infe ct ions Cause d b y Cand id a
sp e cie s (Cand id iasis)

Candida spp. cause a wide range of clinical syndromes, from
benign cutaneous to fatal deep-seated infections (Table 114.1).
Candida spp. can affect otherwise healthy patients, as well as
those with defective immune systems. In the ICU setting, the
most common and serious form of disease is invasive candidi-
asis, which will be the focus of the rest of this section. Other
types of candidiasis are alluded to in Table 114.1.

Invasive candidiasis typically refers to candidemia and deep-
organ infections resulting from bloodborne dissemination.
Candidemia is not always detected, and deep-seated organ in-
volvement is, not infrequently, the first evidence of candidiasis.

Ep id e miolog y
In the ICU, Candida spp. are the third most common cause
of blood stream infections (1), accounting for approximately
10% of cases (1,2). The crude mortality rates range from 40%
to 75% , and candidemia is associated with excess ICU and hos-
pital stays and increased costs of care (3). Postmortem studies
suggest that mortality rates due to invasive candidiasis may be
higher than generally realized because of undiagnosed infec-
tions.

Risk Fact ors
The leading predisposing factors for invasive candidiasis in-
clude prolonged ICU stay, previous surgery (especially solid
organ transplant and gastrointestinal surgery), acute renal fail-
ure, receipt of antibacterial agents or hyperalimentation, and
the presence of a central venous catheter. In these settings, Can-
dida colonization of different body sites and immunosuppres-
sion are major risk factors. Solid organ transplant recipients are
at highest risk among the surgical patients, particularly small
bowel, liver, and pancreas recipients, in whom the prevalence
ranges from 9% to 59% . The types of surgical procedure and
posttransplant immunosuppression confer additional risk. Al-
though risk factors are well defined, the diversity of factors and
underlying diseases associated with invasive candidiasis make
it difficult to reliably identify large subgroups of patients within
the ICU who might merit particular attention or targeted inter-
ventions.

Microb iolog y
C. albicans is the most common Candida species involved in
invasive candidiasis, followed by C. glabrata, C. tropicalis, and
C. parapsilosis. Other species are less common and often asso-
ciated with underlying malignancy or chemotherapy. Whereas
C. tropicalis and C. glabrata are found largely in adults, C.
parapsilosis is the leading pathogen in the neonatal popula-
tion. In many tertiary care centers, C glabrata has surpassed
C. albicans to become the most common Candida sp. in inva-
sive candidiasis, accounting for up to 35% of all candidemias
(4,5). Among non-albicans Candida species, C. krusei and C.
glabrata are particularly important because of their resistance
and decreased susceptibility to fluconazole, respectively.

Clinical Manife st at ions
Clinical manifestations are often nonspecific. Fever is fre-
quently the first and only sign of invasive candidiasis. Other
signs that should raise concern for candidemia are papulopus-
tular or macronodular skin lesions or ocular involvement such
as chorioretinitis or endophthalmitis. Deep-seated infections
often present, with findings localized to the particular tissue
site.

Invasive candidiasis can be divided into four major clin-
ical entities: catheter-related candidemia, acute disseminated
candidiasis, chronic disseminated candidiasis, and deep-organ
candidiasis (Table 114.2).

Diag nosis
The diagnosis of invasive candidiasis is a challenge due to non-
specific clinical manifestations and the low sensitivity of micro-
biologic culture techniques. Blood cultures should be routinely
obtained in patients who have suggestive signs and symptoms,
as well as those at high risk for invasive candidiasis. Although
candidemia is the most common manifestation of invasive can-
didiasis, and whereas the other forms of invasive candidia-
sis generally originate from bloodborne dissemination, deep-
seated candidiasis can occur without a positive blood culture.
Indeed, blood cultures are positive in less than 50% of patients,
and autopsy data demonstrate that as few as 15% to 40% of
patients with invasive candidiasis have an antemortem diagno-
sis of the disease (6). Diagnosis, therefore, should also rely on
histopathology and/or fungal cultures obtained by biopsy of
sterile sites. As mentioned earlier, Candida spp. are common
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TA BLE 1 1 4 . 1

MAJOR CLINICAL CANDIDAL SYNDROMES

Type of Specific clinical
candidiasis syndromes Frequency Risk factors Types of hosts Treatment

Cutaneous:
skin, nails

Most common
form of
candidiasis;
Self-limited

Prolonged
exposure of skin
to moisture

Immunocompetent
Immunocompromised

Topical antifungals

Mucocutaneous:
Mucous
membranes of
the mouth,
esophagus,
vagina

Oropharyngeal About 25% in
patients with
solid tumors and
60% in patients
with hematologic
malignancies
and/or following
bone marrow
transplantation;
up to 90% in
AIDS

Extremes of age,
broad-spectrum
antibiotics,
inhaled or
systemic
steroids,
radiation to the
head and neck

Immunocompetent
Immunocompromised,

especially patients
receiving cytotoxic
chemotherapy or
systemic
immunosuppressive
therapy, those with
AIDS, malignancy,
or chronic
mucocutaneous
candidiasis

Topical or systemic
azole agents

Esophagitis 15% –20% in AIDS Broad-spectrum
antibiotics,
acid-suppressive
therapy, prior
gastric surgery,
mucosal barrier
injury, inhaled
or systemic
steroids,
esophageal
motility
disorders

Mostly immunocom-
promised, especially
patients receiving
cytotoxic
chemotherapy or
systemic
immunosuppressive
therapy, those with
AIDS or malignancy

Systemic antifungal
agents: oral azole
(preferred
treatment),
parenteral
echinocandin or
AmB

Vaginitis 70% –75% of
healthy adult
women

Pregnancy,
diabetes
mellitus, and
broad-spectrum
antibiotics

Immunocompetent
Immunocompromised

Topical or systemic
azole agents

Disseminated
candidiasis

Colonization with
Candida,
broad-spectrum
antibiotics,
end-stage renal
disease, central
venous catheters,
critically ill
patients, hyper-
alimentation, GI
surgery, burn
patients,
neonates

Immunocompetent
Immunocompromised,

especially
granulocytopenia,
bone marrow or
solid organ
transplant,
chemotherapy,
mucositis

Systemic antifungal
agents

AIDS, acquired immunodeficiency syndrome; AmB, amphotericin B; GI, gastrointestinal.

colonizers of humans, which often makes it difficult to differen-
tiate between colonization or true infections when organisms
are isolated from the urine and nonsterile sites (see below).

Given the potential for antifungal resistance among the non-
albicans Candida spp., isolates recovered from blood or sterile
sites should be identified to the species level. The availability of
special fungal media (such as CHROMagar) and rapid in situ

hybridization techniques have significantly shortened the time
to speciation.

Efforts have been devoted to develop nonculture-based di-
agnostic methods for invasive candidiasis. Antibody-based as-
says have not been useful. Beta D-glucan assay, an antigen
test, has recently been approved for the diagnosis of invasive
fungal infections. The assay measures the [1, 3]-beta-D-glucan
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TA BLE 1 1 4 . 2

FORMS OF INVASIVE CANDIDIASIS

Forms Portal of entry Characteristics Blood cultures Management

Catheter-related
candidemia

Intravascular catheter Frequently self-limited,
but can rarely spread to
deep-seated organs

Positive for Candida
sp.

Systemic antifungal
agents and removal
of the catheter

Acute disseminated
candidiasis

Intravascular catheter
or GI tract is most
common

Frequently involves
deep-seated organ(s)

Can be positive or
negative

Systemic antifungal

Chronic disseminated
candidiasis (or
hepatosplenic
candidiasis)

GI tract is the most
common portal;
intravascular
catheter

Almost exclusively seen in
neutropenic patients or
bone marrow
transplant recipients.
Typical presentation:
Persistent fever, right
upper quadrant pain,
elevated alkaline
phosphatase, lucencies
on CT or ultrasound of
the liver

Typically negative at
the time of the
diagnosis

Systemic antifungal

Deep-organ
candidiasis

Intravascular catheter
or GI tract is most
common

Frequently follows an
episode of undiagnosed
candidemia

Typically negative at
the time of the
diagnosis

Systemic antifungal

GI, gastrointestinal; CT, computed tomography.

levels released from the cell wall of most fungi. The sensitivity,
specificity, and positive and negative predictive values (PPV and
NPV) for this test in diagnosing invasive candidiasis are 81% ,
84% , 84% , and 75% , respectively (7). Although this test is able
to detect various Candida spp., a potential drawback is its non-
specificity for Candida, as it also detects Aspergillus, Fusarium ,
and Trichosporon. O ther factors that can contribute to false-
positive tests results include dialysis filters, gauze, and sponges.

Studies have demonstrated that azole minimum inhibitory
concentrations (MICs) correlate with the likelihood of suc-
cess in treating patients. Nevertheless, antifungal susceptibil-
ity testing of Candida is currently performed in relatively few
clinical laboratories, and it is not considered the standard of
care, unlike antibacterial susceptibility testing. In fact, antifun-
gal susceptibility patterns are predictable in most cases based
on species and prior exposure to antifungal agents (8). For this
reason, identification of isolates to the species level is usually
more important than MIC data in the management of individ-
ual patients. For example, C. krusei is intrinsically resistant to
fluconazole and a significant minority of C. glabrata strains de-
velop resistance to the drug. For other species, the vast majority
of bloodstream isolates remain susceptible to fluconazole, al-
though resistance is a concern in the setting of prior exposure to
the drug. Cross-resistance to other azoles is often seen, which
limits the utility of this class against fluconazole-resistant iso-
lates.

Reports of resistance to the new echinocandin class of anti-
fungals are beginning to appear, but experience is too limited to
know how widespread the phenomenon will be or the extent to
which use of these agents will be influenced (9). Of note, MICs
of echinocandins against C. parapsilosis are generally higher
than against other species, and breakthrough infections among
patients receiving these agents have been described (10). Since

the significance of these observations on the use of echinocan-
dins in the treatment of C. parapsilosis infections is unclear,
susceptibility testing does not have a role in the management of
individual patients as yet. Amphotericin B resistance is difficult
to document using current testing methods. Resistance among
C. lusitaniae and C. guilliermondii isolates is well described
but not seen with all isolates. Clinicians should probably avoid
amphotericin B if elevated MICs are documented. At centers
where candidiasis is a particular problem and antifungal use is
widespread, it is useful to conduct periodic susceptibility test-
ing to generate an institutional antibiogram. Clinicians should
be aware if such reports exist at their institution, as suscep-
tibility patterns against different species can be used to guide
empiric antifungal therapy.

Manag e me nt
Invasive Candidiasis. The major antifungal agents and their
activity are summarized in Table 114.3. The current guide-
lines for management of invasive candidiasis are summarized
in Table 114.4 (11–13). Amphotericin B (conventional or lipid
formulations) or caspofungin should be the first-line treatment
of critically ill patients with invasive candidiasis. Caspofungin,
an echinocandin agent, is better tolerated and has fewer side ef-
fects than amphotericin B. Fluconazole can also be considered
once resistant species such as C. krusei are ruled out. Recent
data show that anidulafungin and micafungin, two newly ap-
proved echinocandin agents, are as effective as caspofungin in
management.

All patients with candidemia should have an ophthalmo-
logic exam to rule out retinal involvement. In addition, all vas-
cular catheters should be removed if possible. Candida spp.
tend to form biofilms on catheters, which can render otherwise
susceptible isolates resistant to antifungal agents.
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TA BLE 1 1 4 . 4

RECOMMENDED ANTIFUNGAL AGENTS AGAINST INVASIVE CANDIDIASIS

Host Primary therapy Alternative therapy Comments

Nonneutropenic AmB, 0.6–1 mg/kg/d IV or
Fluconazole, 400–800 mg/d IV or PO or
Caspofungin, 70 mg IV once, then 50 mg/d

IV or
Voriconazole, 6 mg/kg IV every 12 h for 2

doses, then 3 mg/kg/d IV every 12 h (can be
switched to 200 mg bid PO after 3 days) or

Anidulafungin, 200 mg IV for 1 dose, then
100 mg/d IV or

Micafungin, 100 mg/d IV

AmB, 0.7 mg/kg IV plus
fluconazole, 800 mg IV
or PO for 4 to 7 days,
then fluconazole, 800
mg/d

Duration: 14 days after the last
positive blood culture and
resolution of signs and
symptoms

Removal of all vascular
catheters

Neutropenic AmB, 0.7–1 mg/kg/d IV or
Lipid formulations of AmB, 3–5 mg/kg/d IV

or
Caspofungin, 70 mg IV for 1 dose, then 50

mg/d IV

Fluconazole, 6 to 12
mg/kg/d

Duration: 14 days after the last
positive blood culture,
resolution of signs and
symptoms, and of neutropenia

Removal of vascular catheters if
possible (controversial issue)

Candida Recovered from Urine or Sputum/Bronchoalveolar
Lavage (BAL). As mentioned above, Candida spp. are part of
endogenous flora and frequent colonizers of mucosal surfaces.
In the ICU setting, urine and sputum are the two most common
sites of colonization.

Candida in the Urine. Candida spp. are now the most common
organisms recovered from the urine of surgical ICU patients.
The risk factors include urinary catheters, old age, and receipt
of antibacterial agents. Unlike the assessment of bacteriuria,
colony counts and urine analysis are not helpful in deciding
whether candiduria is of clinical importance (14,15). Many
studies have demonstrated that asymptomatic candiduria in the
low-risk patient is of little clinical relevance and should not be
treated. In a small subset of patients, candiduria is a marker for
invasive candidiasis. Treatment is indicated for symptomatic
patients and those who are neutropenic, have undergone a uro-
logic manipulation, or received a kidney transplant (9). Treat-
ment entails removal of the urinary catheter and therapy with
a systemic antifungal agent (fluconazole or amphotericin B) for
7 to 14 days. In the event that catheter removal is not possi-
ble, changing the catheter might be of benefit and should be
performed (9).

Candida in the Sputum. Specimens from the airways—sputum,
tracheal aspirates, and BAL—are frequently contaminated with
oropharyngeal flora, including Candida spp. Despite the fre-
quency with which Candida spp. are isolated from the respira-
tory tree of ICU patients, primary Candida pneumonia is ex-
tremely rare (16,17). Cases are generally encountered among
neutropenic hosts. The diagnosis of Candida pneumonia re-
quires evidence of parenchymal invasion by hyphae on a biopsy
specimen. Antifungal therapy should not be instituted in re-
sponse to Candida isolates recovered from respiratory samples.
In fact, strategies of not identifying or reporting Candida spp. in
respiratory samples decrease length of stay, hospital costs, and
unnecessary antifungal therapy, without any negative effects
on the accurate diagnosis of Candida pneumonia or patient
outcome (18).

Pre ve nt ion
Given the nonspecific clinical manifestations, low yield of
blood cultures, and high mortality rates of invasive candidi-
asis, investigators have studied three treatment strategies in the
absence of a definitive diagnosis:

■ Prophylactic strategy: Administration of an antifungal agent
at a period of high risk to prevent candidiasis

■ Preemptive strategy: Administration of an antifungal agent
to treat suspected invasive candidiasis based on particular
warning signs

■ Empiric therapy: Administration of an antifungal agent in
persistently febrile patients without a known source or with
no response to appropriate antibacterial agents

Prophylactic Strategy. The role of prophylactic antifungal ther-
apy is controversial, as results from several clinical trials are
contradictory. The most popular antifungal agent used for pro-
phylaxis is fluconazole, given its benign side effect profile and
good absorption. Trials that showed a positive clinical impact
of fluconazole prophylaxis are summarized in Table 114.5 (19–
22). It should be pointed out that only a small subset of pa-
tients is at sufficient risk for invasive candidiasis to justify this
strategy. Thus, universal prophylaxis to all ICU patients is not
warranted. To date, the specific patient populations that would
benefit most are not clearly defined.

Preemptive Strategy. Preemptive antifungal therapy based on
specific findings on computed tomography (CT) scan or labo-
ratory markers such as galactomannan is a popular approach
in patients undergoing bone marrow transplantation or those
with neutropenia from a hematologic malignancy. At this time,
however, there are no good indicators for preemptive ap-
proaches in nonneutropenic ICU patients.

Empiric Strategy. This practice, although widely used, is not
validated by clinical trials. Mathematical models suggest that
empiric strategies might be proven effective. A theoretical cost-
effectiveness analysis was performed on a target population of
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CLINICAL TRIALS DEMONSTRATING A POSITIVE IMPACT OF ANTIFUNGAL PROPHYLAXIS IN
NONNEUTROPENIC ICU PATIENTS

Patient population Intervention Impact on fungal infections References

Surgical patients with recurrent
gastrointestinal perforations or
anastomotic leakage

Randomized prospective
double-blind, placebo-controlled
study:

fluconazole (400 mg IV/day) (N =
25) or placebo (N = 22)
continued until resolution of the
underlying surgical condition

Fluconazole reduced candida
colonization by 47% (15% vs.
62% ; p = 0.04) and Candida
peritonitis by 31% (4% vs. 35% ;
p = 0.02)

No impact on survival

19

Medical and surgical adult ICU
patients with mechanical
ventilation for at least 48 h

Randomized double-blind,
placebo-controlled study:
fluconazole, 100 mg daily (N =
103) or placebo (N = 101)

Fluconazole reduced Candida
infections by about 10% (5.8%
vs. 16% ).

No impact on survival (mortality
rate 39% vs. 41% )

20

Medical and surgical adult ICU
patients in septic shock

Randomized double-blind study:
fluconazole, 200 mg IV daily (N
= 32) or placebo (N = 39) during
the course of their septic shock

Fluconazole improved 30-day
survival by 32% (78% vs. 46% )
in patients with intra-abdominal
sepsis.

No impact on survival in patients
with septic shock due to
nosocomial pneumonia

21

Surgical ICU patients with a length
of ICU stay of at least 3 days

Randomized placebo-controlled
study: fluconazole, 400 mg orally
or placebo (total N = 260)

Fluconazole reduced the risk of
fungal infection by 55% .

No impact on survival

22

ICU patients with fever, hypothermia, or unexplained hypoten-
sion who had not responded to 3 days of antibacterial ther-
apy (23). Assuming that 10% of the target population would
have invasive candidiasis, the authors concluded that empiric
fluconazole was the most reasonable strategy (cost: $12,593
per discounted life-year saved; one life saved for 71 patients
treated). Empiric fluconazole was estimated to decrease mor-
tality from 44% to 30.4% in patients with invasive candidi-
asis, and from 22.4% to 21.0% in the overall target cohort.
The authors calculated that this strategy would be justifiable
if the likelihood of invasive candidiasis were at least 2.5% .
Until clinical trials validate empiric strategies within well de-
fined at-risk populations, however, they cannot be broadly
recommended.

Infe ct ions Cause d b y Asp e rg illus
Sp e cie s (Asp e rg illosis)

Aspergillus spp. are less common human pathogens in the ICU
than Candida spp. but cause greater morbidity and mortal-
ity. These molds are ubiquitous in the environment. In normal
hosts, they are generally saprophytes that colonize the bron-
chopulmonary tree. The four classical clinical syndromes of
pulmonary aspergillosis are presented in Table 114.6. This sec-
tion will focus on the two syndromes most commonly encoun-
tered in ICU setting: chronic necrotizing pulmonary aspergillo-
sis (CNPA) and invasive pulmonary aspergillosis (IPA). In both
of these diseases, Aspergillus spp. invade tissue and blood ves-
sels, causing necrosis and possibly disseminating to the brain
and elsewhere. Of note, entities similar to allergic bronchopul-

monary aspergillosis, CNPA, and IPA are also found in the
sinuses.

Ep id e miolog y
IPA is estimated to occur in 5% to 13% of patients who
have undergone bone marrow transplantation, 5% to 25%
of patients who have received heart or lung transplants, and
10% to 20% of patients receiving intensive chemotherapy for
leukemia; mortality rates are 50% to 90% . The disease is not
as common in patients with less profound immunosuppres-
sion and exceedingly uncommon in immunocompetent hosts.
In immunocompetent hosts, the rare cases of IPA often follow
influenza or other infectious respiratory processes. CNPA is
generally a disease of patients with underlying lung disease.

Risk Fact ors
The major risk factors predisposing to invasive aspergillosis
are summarized in Table 114.7. In addition to these, there are
increasing reports of disease among debilitated patients in the
ICU.

Microb io log y
Although there are over 100 species of Aspergillus, only a few
cause diseases in humans. A. fumigatus is most common, fol-
lowed by A. flavus. Less common pathogens include A. ter-
reus, A. niger, and A. clavatus. Antifungal susceptibility testing
against molds is not recommended as routine practice. Repro-
ducible testing methodologies have been developed, but inter-
pretive criteria have not been established. Nevertheless, ele-
vated MICs to amphotericin B have been documented against
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CLINICAL SPECTRUM OF ASPERGILLOSIS

Description and
Clinical syndromes epidemiology Predisposing factors Clinical characteristics Outcome

Aspergilloma Fungus ball (a mass of
fungal mycelia,
inflammatory cells,
tissue debris) within a
pre-existing lung cavity.

Usually, the fungus does
not invade the
surrounding lung
parenchyma or blood
vessels.

17% of patients with
pre-existing lung cavity
have aspergilloma.

Pre-existing lung cavity. Often asymptomatic. Some
develop hemoptysis.

Chest radiograph shows a
mobile intracavitary mass
with an air crescent in the
periphery.

Asymptomatic patients:
No treatment.

Symptomatic patients:
Intracavitary AmB or
antimold azole agents.

Surgical resection:
Reserved for patients
with massive
hemoptysis; carries
significant morbidity
and mortality.

Allergic bron-
chopulmonary
aspergillosis
(ABPA)

Hypersensitivity reaction
to Aspergillus
colonization of the
tracheobronchial tree.
This can occur by itself
or in conjunction with
aspergillus sinusitis.

7% –10% of patients with
steroid-dependent
asthma and 7% of
patients with cystic
fibrosis have ABPA.
The incidence is much
less among all patients
with asthma (< 1% ).

Patients with asthma or
cystic fibrosis.

Typical presentations: fever
and pulmonary infiltrates
unresponsive to
antibacterial therapy;
cough with mucous plugs.

Suggestive findings: asthma,
eosinophilia, a positive
skin test result for A.
fumigatus, serum IgE level
> 1,000 IU/dL, fleeting
pulmonary infiltrates,
central bronchiectasis,
mucoid impaction, and
positive test results for
Aspergillus precipitins.

Systemic corticosteroids
(inhaled steroids have
no effect).

For recurrent ABPA,
itraconazole in
conjunction with
systemic steroids speeds
the resolution of
symptoms and
facilitates steroid taper.

Chronic
necrotizing
aspergillosis

Chronic, indolent
destructive process of
the lung due to
invasion by Aspergillus.

The rate of disease is not
known.

Underlying lung disease.
Patients with mild

immunosuppression,
diabetes, poor
nutrition, chronic lung
diseases (such as
COPD, inactive
tuberculosis, previous
radiation therapy,
pneumoconiosis, cystic
fibrosis), lung
infarction, sarcoidosis.
This syndrome can also
follow aspergilloma.

Typical presentations: fever,
cough, sputum production,
and weight loss for several
months.

Chest radiographs show an
infiltrative process with or
without a fungal ball.

The diagnosis requires
confirmation by
demonstration of fungal
tissue invasion and the
growth of Aspergillus
species on culture.

Systemic antifungal
therapy with
voriconazole (or
itraconazole) or lipid
formulations of AmB.
Caspofungin might also
be considered.

Surgical resection is
considered if the disease
is focal and refractory
to antifungal therapy.

Invasive
aspergillosis

Rapidly progressive, often
fatal infection.

Characterized by fungal
invasion of blood
vessels. Infection can
disseminate to various
organs.

Epidemiology: refer to
discussion in text.

Patients with profound
immunosuppression:
prolonged neutropenia;
recipients of bone
marrow transplant or
solid organ transplant;
advanced AIDS or
chronic granulomatous
disease; severe burn.

Typical presentations: fever
refractory to antibacterial
agents, cough, pleuritic
chest pain, or hemoptysis.

Suggestive chest radiograph
findings: pulmonary
nodules with or without
surrounding halo sign,
crescent sign (indicative of
cavitation), wedge-shaped
or pleural-based nodules
or infiltrates.

Systemic antifungal
therapy with
voriconazole.

Itraconazole, lipid
formulations of
amphotericin B, and
caspofungin are
alternative treatments.

COPD, chronic obstructive pulmonary disease; AIDS, acquired immunodeficiency syndrome.
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PREDISPOSING FACTORS TO INVASIVE ASPERGILLOSIS

Underlying conditions Notes Predisposing factors

Allogeneic bone marrow transplant
(BMT) recipients

Risk highest for transplantation from an
unrelated donor > HLA-mismatched
related donor > HLA-matched related
donor

Early after BMT: receipt of T-cell-depleted or
CD34-selected stem cell products;
neutropenia; use of steroids; CMV disease;
respiratory viral infections

1–6 mo: defective cellular immunity; use of
steroids

> 6 mo: use of steroids for GVHD; CMV disease

Cord blood transplant Higher risk of fungal infections than other
allograft recipients during the early and
late transplant period

Early: slower myeloid engraftment
Greater than 6 mo: use of steroids for GVHD

Autologous bone marrow
transplant

Lowest risk of infections among the bone
marrow transplants

Use of CD34-enriched autografts
Use of previous potent immunosuppression for

treatment of refractory malignancy

Solid organ transplant Lung transplant has the highest risk Immunosuppression to treat allograft rejection

Neutropenia Highest risk among patients treated with
chemotherapy for acute leukemia or
aplastic anemia

Intensity (absolute neutrophil count less than
200 cells/µ L) and duration of neutropenia
(more than 10 days)

Receipt of immunosuppressive
therapy

Therapy for autoimmune diseases Receipt of high-dose steroids (dose equivalent to
prednisone more than 20 mg for greater than
3 weeks), antilymphocyte immunoglobulin,
anti-TNFα agents, and other
immunosuppressive drugs

AIDS Advanced HIV infection with CD4+

less than 100 cells/µ L

CMV, cytomegalovirus; GVHD, graft versus host disease; TNF, tumor necrosis factor.

a number of A. terreus isolates and elevated MICs of itracona-
zole against a small percentage of A. fumigatus isolates.

Clinical Manife st at ions
Most infections caused by Aspergillus spp. originate from the
inhalation of fungal spores into the lungs. Cases of direct skin
inoculation of Aspergillus have been described in association
with the insertion of intravenous devices or the taping of arm
boards to the extremities. Patients with severe burns can also
develop local burn wound infections, especially if they are
rolled in the dirt to extinguish flames. Regardless of the por-
tal of entry, any local form of aspergillosis can disseminate to
various sites if host immune function is impaired.

Almost any organ may be involved in disseminated as-
pergillosis, including integument (onychomycosis, cutaneous
aspergillosis), ear (otomycosis), respiratory tract (sinusitis,
pneumonia, empyema), heart (endocarditis, myocarditis), gas-
trointestinal (GI, hepatosplenic aspergillosis), central nervous
system (cerebral aspergillosis, meningitis), eye (endophthalmi-
tis), bone (osteomyelitis, mediastinitis), and so forth. The lungs
and sinuses are the two most common primary sites of as-
pergillosis. The central nervous system is the most common
secondary site.

Diag nosis
The diagnosis of invasive aspergillosis is problematic. Since As-
pergillus spores are ubiquitous, they are common colonizers of

the bronchopulmonary tree. A definitive diagnosis, therefore,
requires histologic evidence of tissue invasion by hyphal ele-
ments, as well as culture of the organism. It should be noted,
however, that the sensitivity of tissue biopsy in diagnosing inva-
sive aspergillosis is low (e.g., 30% for lung biopsies). Moreover,
recovery of Aspergillus from the blood is extremely rare, with
a recovery rate approximating 5% in cases of Aspergillus.

In immunocompromised hosts, a positive culture from a
respiratory sample (sputum or BAL) is highly associated with
invasive pulmonary disease. However, the sensitivity of culture
of sputum or BAL is only 50% .

Radiography. In neutropenic patients and bone marrow trans-
plant recipients, high-resolution CT scan of the chest has be-
come an important adjunct to the diagnosis of IPA. One or
more nodules surrounded by halo signs (ground glass opacity
or haziness) are early findings of angioinvasive mold infections
(24); cavitation is a late finding. Although these lesions are
highly suggestive of IPA in high-risk patients, it should be em-
phasized that other infections (other fungi, N ocardia, and so
forth) can also present with halo signs. In one study, classic CT
scan findings led to the earlier diagnosis of IPA, more timely
administration of antifungal therapy, and improved outcome
(24).

Serologic Detection. A double-sandwich enzyme-linked im-
munosorbent assay (ELISA) for the detection of galactomannan
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(GM) in serum has been used as a marker for aspergillosis. GM
is a cell wall polysaccharide of most Aspergillus and Penicil-
lium species that is released in serum during growth in tissue.
The sensitivity of the test in different reports has ranged from
30% to 100% , with the wide range explained in part by vari-
ous definitions of positive tests (e.g., different cutoff values and
number of values above a cutoff) and different patient popula-
tions. In adult neutropenic patients, a single serum GM level of
0.8 ng/mL or greater is equivalent to two consecutive serum
GM levels of 0.5 ng/mL or greater. The sensitivity, specificity,
positive and negative predictive values (PPV and NPV) for these
cutoffs are 96.5% , 96.5% , 97.3% , and 98.6% , and 93.3% ,
98.6% , 98.6% , and 98.4% , respectively. A major limitation of
this assay is false-positive results. Drugs such as piperacillin-
tazobactam or cyclophosphamide and certain foods can result
in falsely high serum GMs.

In a meta-analysis of 27 studies encompassing about 4,000
patients, the overall sensitivity of the serum ELISA was 61%
to 71% with specificity of 89% to 93% , PPV of 26% to 53% ,
and NPV of 95% to 98% (25). The test performed best among
bone marrow transplant recipients and patients with hemato-
logic malignancies; serial testing strategies in these populations
are widely accepted. Experience among patients undergoing
solid organ transplantation is much more limited. In studies of
lung and liver transplant recipients, the sensitivities of the assay
were 30% and 56% , respectively (26,27), with specificities of
93% to 95% and 87% to 94% , respectively (26–28). Given the
lack of data, it is not clear at present whether serial GM testing
of serum plays a useful role in surveillance for IPA among solid
organ transplant recipients (26,27). It has been suggested that
the moderate sensitivity and relatively low positive predictive
value of the serum GM in diagnosing IPA might be improved
by applying the assay to bronchoalveolar lavage (BAL) samples
(29). Among bone marrow transplant recipients and patients

with hematologic malignancies, detection of GM within BAL
samples has been reported to add to the sensitivity of both BAL
culture and serum GM detection (30–33). Although the speci-
ficity of BAL GM detection has generally been good (29,31),
high rates of false-positive results were reported in at least one
study (34). Moreover, BAL testing is likely to be influenced by
the collection techniques of individual bronchoscopists.

Manag e me nt
Voriconazole should be the first-line therapy against invasive
aspergillosis, as it has been proven superior to conventional
amphotericin B (35). To date, there have not been head-to-
head comparisons of voriconazole versus lipid formulations of
amphotericin B. Therapy is generally prolonged for at least
6 weeks or until the primary infection is resolved. The role of
other systemic antifungal agents is summarized in Table 114.8
(36–40).

Debridement of the involved sinuses or primary cutaneous
aspergillosis should be performed in conjunction with systemic
antifungal therapy. Recent data show that combined antifun-
gal therapy and surgical resection of single lesions from the
lungs or central nervous system (CNS) might clear the infection
faster than antifungal therapy alone, improve outcome, and
prevent reactivation during consecutive chemotherapy courses
(40–45). The procedures are generally well tolerated and asso-
ciated with low rates of complications and mortality.

Patients who recover from an episode of invasive aspergillo-
sis are at risk for recurrence of disease during subsequent
chemotherapy or transplantation. These patients should be
treated with a systemic antifungal agent for at least 6 weeks
or until the primary infection resolves, whichever is longer, be-
fore further immunosuppressive therapy is considered. In addi-
tion, secondary prophylaxis is advised during any subsequent
periods of immunosuppression.
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RECOMMENDED ANTIFUNGAL AGENTS AGAINST ASPERGILLOSIS

Antifungal agents Primary therapy Alternative therapy

Monotherapy
Voriconazole More effective and yields better outcome than

conventional AmB.
There have not been head-to-head

comparisons between voriconazole and
lipid formulations of AmB.

Posaconazole Has not been evaluated as initial
monotherapy for invasive aspergillosis.

Yields favorable response (42% ) when used as
salvage therapy (36)

Caspofungin Has not been evaluated as initial
monotherapy for invasive aspergillosis.

Yields favorable response (45% ) when used as
salvage therapy. To date only caspofungin has
been evaluated for invasive aspergillosis
among echinocandins (37)

Lipid formulations of AmB Have not been evaluated in controlled trials. Anecdotal reports demonstrating efficacy as
salvage therapy

Combination Therapy
Liposomal formulations of AmB

and caspofungin
Have not been evaluated in controlled trials. Yield favorable outcome in 40% –60% of

patients (38,39)
Voriconazole and caspofungin Has not been evaluated in controlled trials. Superior to voriconazole alone in salvage therapy

of invasive aspergillosis (40)
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VIRAL INFECTIONS
Recent years have seen the emergence of unexpected viral dis-
eases with high case fatality rates, including Hantavirus pul-
monary syndrome, West Nile virus encephalitis, severe adult
respiratory syndrome, and avian influenza. There are several
reasons for critical care physicians to be familiar with a range
of viral infections and to consider viral causes in their differen-
tial diagnosis. First, there is a small window of time to effec-
tively intervene with antiviral agents in many of these diseases.
Second, the timely identification of persons with potentially
infectious viral diseases has significant public health implica-
tions and may reduce the risk of transmission to other persons.
Third, in the era of long-distance travel, clinicians must rec-
ognize previously unfamiliar diseases. Finally, viruses such as
those causing hemorrhagic fevers are possible agents of bioter-
rorism.

In general, viral infections can be diagnosed by several
means (46):

■ Serologic tests: The antibody response to viral antigens can
be detected in the serum of patients with viral infections. An
IgM response usually indicates recent exposure to a virus,
whereas the presence of IgG reflects past exposure.

■ Culture: Several types of cells are available for growing
viruses, and no single cell line is appropriate for all of them.
Therefore, it is helpful for the laboratory to know which
virus the clinician suspects.

■ Pathology: Histologic examination of biopsy and autopsy
tissues may demonstrate changes that are typical of certain
viruses (e.g., DNA viruses usually produce inclusions in the
cytoplasm).

■ Detection of viral antigens: Viral antigens can be detected
in tissues by direct or indirect immunofluorescence using
appropriate antibodies.

■ Amplification of viral nucleic acids: Small copy numbers of
viral DNA and RNA can be detected by polymerase chain
reaction (PCR) and reverse transcription-PCR (RT-PCR), re-
spectively. Real-time amplification methods permit simulta-
neous detection and quantification of viral nucleic acids.

Table 114.9 lists the leading viruses that might be encoun-
tered in the ICU, as of the writing of this chapter. We will re-
view major viral illnesses encountered in critically ill patients,
their diagnosis, and treatment. A review of human immunode-
ficiency virus (HIV) medicine is covered elsewhere (see Chapter
120).

Viral Infe ct ions on Ad mission t o t he
Int e nsive Care Unit

Viral Pne umonit is
Severe community acquired pneumonia is caused by bacteria in
approximately 60% of cases. In a French ICU, bronchoscopy
of 41 patients with severe pneumonia revealed that 30% of all
BALs and 63% of bacteria-negative BALs were positive for a
respiratory virus (47). Influenza A and B are the most com-
mon causes of viral pneumonia in immunocompetent adults,
whereas CMV and other herpes viruses are more important in
immunocompromised patients.

It is frequently difficult to differentiate bacterial from viral
pneumonia, but patients who have viral pneumonia often have
a less severe illness and may complain of a dry hacking cough.
Cultures are often necessary to make a definitive diagnosis. The
radiographic findings of viral pneumonia are generally non-
specific, ranging from minimal changes on chest radiograph to
hyperinflation or bilateral reticular opacities that are diffuse
in distribution. Uncommonly, viral pneumonias can be associ-
ated with thickened interlobular septae that result in Kerley B
lines. Viral pneumonias are rarely associated with pleural ef-
fusions, unless complicated by secondary bacterial pneumonia
(48). CT scan of the chest may show poorly defined air space
nodules, patchy areas of peribronchial ground glass opacity,
and consolidation.

Influe nza Virus
In the United States, epidemics of influenza typically occur dur-
ing the winter. Approximately 66% of patients hospitalized
with influenza are older than 64 years of age. Morbidity and
mortality are highest among the elderly, children younger than
2 years of age, and persons of any age who have comorbid ill-
nesses such as cardiac, pulmonary, or renal diseases, diabetes
mellitus, and/or immunosuppression (49,50).

Microbiology. Human infections are caused by influenza A, B,
or C viruses. Wild birds are the natural host for influenza A,
and the virus infects humans, birds, pigs, and other animals.
Influenza B and C viruses are usually found only in humans. In-
fluenza A and Bcan cause severe disease and occur in epidemics.
Influenza A can also be responsible for pandemics. Influenza
C, on the other hand, causes only mild illness in humans and
does not result in epidemics or pandemics.

Influenza A viruses are divided into subtypes on the basis of
the two main surface glycoproteins, hemagglutinin (HA) and
neuraminidase (NA). There are 16 known HA and 9 known
NA subtypes of influenza A. New influenza virus variants result
from frequent antigenic change, termed antigenic drift, result-
ing from point mutations that occur during viral replication.
Influenza B viruses undergo antigenic drift less rapidly than in-
fluenza A viruses. In 2006–2007, H5N1 virus (avian influenza)
was the circulating virus in Asia and Europe and caused se-
vere respiratory diseases, life-threatening complications, and
death (51).

Immunity to the surface antigens, particularly HA, reduces
the likelihood of infection and severity of disease. Antibody
against one influenza virus type or subtype confers limited or
no protection against another type or subtype of influenza. Fur-
thermore, antibody to one antigenic variant of influenza virus
might not completely protect against a new antigenic variant
of the same type or subtype. Antigenic drift is the basis for sea-
sonal epidemics and the reason for the incorporation of one or
more new strains in each year’s influenza vaccine. More dra-
matic antigenic changes, or shifts, occur less frequently and
can result in the emergence of a novel influenza virus with the
potential to cause a pandemic.

Clinical Manifestations. The classic influenza symptoms in
healthy adults include abrupt fever, myalgia, headaches, and
upper respiratory symptoms. In the elderly or immunocom-
promised hosts, these classic symptoms might be absent, and
patients might present only with fever and altered mental
status.
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VIRAL PATHOGENS MOST LIKELY TO BE ENCOUNTERED IN THE ICU

DNA Viruses

Family Viruses Acute critical illness

Adenoviridae Adenovirus Myocarditis
Hepadnaviridae Hepatitis B

Hepatitis delta virus
Fulminant liver failure, myocarditis
Fulminant liver failure

Herpesviridae Herpes simplex
Varicella zoster
Cytomegalovirus
EBV
HHV8 (Kaposi sarcoma virus)

Myocarditis
Pneumonitis
Opportunistic infection in

immunosuppressed hosts
Fulminant liver failure
Pulmonary or GI bleeding in HIV

Papovaviridae JC, BK, other polyomavirus Renal failure, encephalitis
Parvoviridae Parvovirus B19 Myocarditis
Poxviridae Vaccinia Postvaccinia vaccine complication

RNA Viruses

Family Viruses Acute critical illness

Arenaviridae Lymphocytic choriomeningitis
virus

Encephalitis

South American hemorrhagic
fever

Hemorrhagic fever

Bunyaviridae California encephalitis Encephalitis
Hantavirus pulmonary

syndrome
Pneumonitis

Bunyavirid hemorrhagic fever Hemorrhagic fever
Coronaviridae Coronavirus (including SARS

associated)
Pneumonitis

Filoviridae Marburg
Ebola

Hemorrhagic fever
Hemorrhagic fever

Flaviviruses Yellow fever
Dengue, dengue hemorrhagic

fever
Japanese encephalitis
West Nile encephalitis
St. Louis encephalitis
Tick-borne encephalitis
Hepatitis C

Encephalitis
Hemorrhagic fever

Encephalitis
Encephalitis
Encephalitis
Encephalitis
Myocarditis

Orthomyxoviridae Influenza virus
Avian influenza

Pneumonitis, myocarditis
Pneumonitis

Paramyxoviridae Parainfluenza
Mumps
Respiratory syncytial virus
Human meta-pneumovirus
Measles virus (rubeola)

Pneumonitis
Myocarditis
Pneumonitis in children, IC

Encephalitis, myocarditis
Picornaviridae Enterovirus

Hepatitis A
Poliovirus
Coxsackievirus, echovirus, and

newer enteroviruses
Rhinovirus

Myocarditis
Fulminant hepatic failure
Myocarditis
Myocarditis

Retroviridae Human T-cell lymphotropic
virus I and II

Acute adult T cell leukemia

Human immunodeficiency virus Refer to Chapter 120
Rhabdoviridae Vesicular stomatitis virus and

related virus
Rhabdovirus

Encephalitis

Togaviridae Rubella virus (German measles) Myocarditis

EBV, Epstein-Barr virus; HHV8, human herpes virus 8; GI, gastrointestinal; SARS, severe acute respiratory
syndrome; IC, intensive care.
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Influenza-associated lower respiratory tract infections can
be classified into four general forms (52):

1. Influenza without radiographic evidence of pneumonia: Up
to 30% of hospitalized patients with influenza have no evi-
dence of pulmonary infiltrates (53).

2. Viral pneumonia followed by bacterial pneumonia: The
true incidence is unknown. The most common bacteria are
Staphylococcus aureus and Streptococcus pneumoniae.

3. Rapidly progressive diffuse viral pneumonia: This entity
may be decreasing due to the increased rate of influenza
vaccination in the elderly.

4. Concomitant viral and bacterial pneumonia: In addition to
S. aureus and S. pneumoniae, the most common bacteria is
Haemophilus influenzae. These patients are generally more
ill than the other groups, with a higher rate of ICU ad-
mission and greater morbidity. Poor outcomes result from
worsening of underlying heart or lung conditions, secondary
bacterial pneumonia, toxic shock syndrome, endotoxemia,
myopericarditis, cytokine-induced shock syndrome, enceph-
alitis, and transverse myelitis.

Diagnosis. Several tests can be performed to diagnose in-
fluenza. Nasopharyngeal swabs, nasal washes, and aspirates
obtained within the first 4 days of illness are preferred respira-
tory samples.

■ Rapid influenza tests (54) can provide results within 30 min-
utes, and some distinguish between influenza A and B. The
overall sensitivity is 70% to 75% , with a specificity of 90%
to 95% . These tests are useful in the diagnosis of individual
patients and in detecting outbreaks.

■ Direct immunofluorescent antibody (DFA) staining requires
2 to 4 hours for results. It distinguishes influenza A and Band
is often performed in a panel that also detects parainfluenza
and respiratory syncytial viruses.

■ RT-PCR detects and distinguishes both influenza A and B in
1 to 2 days.

■ Viral culture might take up to 10 days. The culture is essen-
tial for determining influenza A subtypes and influenza A
or B strains, information that can be incorporated into the
following year’s vaccine.

■ Serology is used mainly for research or public health in-
vestigations, as results are not helpful for clinical decision
making.

Treatment. Two classes of antiviral drugs are available for the
prevention and treatment of influenza (see Table 114.10 and
Fig. 114.1):

1. Amantadine and rimantadine target the M2 protein of in-
fluenza A and are not effective against other influenza
viruses. These agents were not recommended in the 2006–
2007 season due to the emergence of a high level of resis-
tance (54). Both amantadine and rimantadine are generally
well tolerated, but central nervous system (CNS) side ef-
fects are more common in the elderly. Dosing modification
is based on renal function.

2. Z anamivir and oseltamivir are neuraminidase inhibitors
that are active for prevention and therapy against both in-
fluenza A and influenza B. They work best if initiated within
48 hours of clinical symptoms. Although all antiviral medi-
cations lessen symptoms and shorten the duration of illness,

only oseltamivir has been shown to reduce lower respira-
tory tract complications requiring antibiotics. Patients with
asthma or chronic obstructive pulmonary disease (COPD)
are advised to have a fast-acting inhaled bronchodilator
available when inhaling zanamivir. Zanamivir should be
stopped if patients develop difficulty breathing.

Prevention. Yearly vaccination is the best means to prevent in-
fluenza. Vaccination is particularly important in people who
are at high-risk of having serious complications, such as those
65 years of age or older, and those with cardiac or pul-
monary diseases, diabetes or other metabolic diseases, renal
dysfunction, hemoglobinopathies, or immunosuppression, or
people (physicians, nurses) caring for those at high risk for
serious complications. During influenza outbreaks within an
institution or community, public health practice is to com-
bine influenza vaccine and antiviral medications. The vaccine
is given to the exposed patients and staff, and the antiviral
agent is also given for about 2 weeks until the vaccine takes
effect.

Re sp irat ory Syncyt ial Virus
Respiratory syncytial virus (RSV) causes acute respiratory ill-
ness in persons of all ages. The annual frequency of RSV in-
fection in the elderly and high-risk adults is about 5.5% (55).
Among patients admitted to a hospital for community-acquired
pneumonia, RSV is second to influenza among viral causes.
RSV and influenza A result in comparable lengths of stay, ad-
missions to ICUs, and mortality (8% and 7% , respectively).

Transmission. RSV is transmitted person-to-person through
close contact or inhalation of large droplets following sneezing
or coughing, or by contact with infected fomites. In the United
States, RSV outbreaks occur in the winter. In tropical regions,
outbreaks occur usually in the rainy season.

Clinical Manifestations. The clinical presentation varies de-
pending on the patient’s age and health status. Older chil-
dren and young adults typically present with upper respiratory
symptoms or tracheobronchitis. The elderly and immunocom-
promised may develop pneumonia. Wheezing occurs in 35%
of elderly patients with RSV infection. The presentations can
be difficult to differentiate from other causes of viral illnesses,
including influenza. In general, however, the upper respiratory
infection (URI) symptoms tend to last longer than those caused
by other respiratory viruses, and are associated with a bron-
chitic cough and wheezing (55). Findings on chest radiograph
range from focal interstitial or lobar consolidations to diffuse
alveolar interstitial infiltrates. Infections are particularly severe
in compromised hosts, with a mortality of 30% to 100% in
bone marrow transplant recipients (56).

Diagnosis. The diagnosis is made by viral detection (by culture
or immunofluorescence) or by detection of viral antigens, RNA,
or serology. Cultures are performed on respiratory secretions
and require 4 to14 days for results. Rapid assays using antigen
capture technology can be performed in less than 30 minutes,
and sensitivity and specificity approach 90% . Multiplex PCR
ELISA is being developed to allow the simultaneous diagnosis
of multiple respiratory pathogens (55). In general, the diagnosis
is more difficult to establish in adults than in children due to
the low titers of viral shedding.
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Mammalian cell

Uncoating

Genome
Replication

RNA synthesis

Protein synthesis
and processing

Packaging and
assembly

Viral release

Blocked by:
neutralizing
antibodies, γ-
globulins

Blocked by:
Interferon α  
(Hepatitis C, B)

Blocked by:
neuraminidase
inhibitors 
(Influenza A, B)

Blocked by:
Interferon α  
(Hepatitis C, B)

Blocked by:
Ribavirin
(RSV, 
Hepatitis C)

Blocked by:
Amantidine,
Rimantidine
(Influenza A)

Blocked by:
Acyclovir, Valacyclovir
Famciclovir
Ganciclovir
Cidofovir
Foscarnet 
(Herpes family)

Blocked by:
Lamivudine
Emtricitabine
Adefovir
Entecavir
Tenofovir 
(Hepatitis B)

FIGURE 114.1. Sites of action of antiviral agents.

Treatment. Therapy is mainly supportive. Bronchodilators
may help to relieve bronchospasm in some patients. Early use
of inhaled ribavirin has been shown to reduce morbidity and
mortality in adult bone marrow transplant patients who de-
velop RSV infections (56). More aggressive therapy with com-
bined ribavirin, intravenous immunoglobulin with high titers
of neutralizing RSV antibody, and/or steroids can be considered
in immunosuppressed patients with severe RSV pneumonia
(55–57).

Varice lla-zost e r Virus
Varicella-zoster virus (VZV) causes chickenpox or shingles.
Primary infection usually occurs in childhood and is gener-
ally a benign self-limited illness in immunocompetent hosts.
Although pneumonia is an uncommon complication of vari-
cella in healthy children, it is the most frequent complication
in healthy adults. The reported incidence rate is about 2.3 in
400 cases in the United States, and the overall mortality is
between 10% and 30% (58,59). In patients with respiratory
failure due to varicella pneumonia who require mechanical ven-
tilation, mortality rates approach 50% despite institution of ag-
gressive therapy and supportive measures. Cigarette smoking,
pregnancy, immunosuppression, and male sex are risk factors
for varicella pneumonia (58,59).

Clinical Manifestations. Varicella pneumonia develops insid-
iously 1 to 6 days after the onset of the vesicular rash, with
symptoms of cough, shortness of breath, fever, and occasion-
ally pleuritic chest pain or hemoptysis. Examination of the
chest may reveal rhonchi or wheezes. Chest radiograph typi-
cally reveals diffuse or patchy nodular infiltrates with a promi-
nent peribronchial distribution. Reticular markings, pleural ef-
fusions, and hilar adenopathy may be seen as well (60).

Treatment. Prompt treatment with intravenous acyclovir at a
dose of 10 mg/kg every 8 hours has been associated with clinical
improvement and resolution of pneumonia (58,59). The addi-
tion of steroids for the treatment of life-threatening varicella
pneumonia is controversial and has not been well studied. In
one study, patients who received steroids as adjunctive therapy
had shorter hospitalizations and ICU stays and no mortality
(61,62). Rapid institution of extracorporeal life support has
been reported to improve outcome in patients with severe life-
threatening varicella pneumonia (63).

Hant avirus Pulmonary Synd rome
Among the agents causing Hantavirus pulmonary syndrome
(HPS), the Sin N ombre (Spanish for “nameless” or “with-
out a name”) virus that caused the 1993 Four Corners
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outbreak in the southwestern United States is the most severe.
Many hantaviruses are shed in the urine, feces, or saliva of in-
fected rodents, and transmission to humans occurs via aerosols
(64). The deer mouse Peromyscus maniculatus is the predomi-
nant reservoir. The Centers for Disease Control and Prevention
(CDC) reported an increase in human cases of HPS during Jan-
uary through March of 2006 in Arizona, Texas, North Dakota,
New Mexico, and Washington (65).

Clinical Manifestations. The incubation period is 1 to 3 weeks,
after which patients experience fever, muscle pain, and fatigue;
some patients also experience headache, dizziness, vomiting,
or diarrhea. Four to 10 days later, patients develop cough and
respiratory distress. In general, there are no defined sets of
symptoms and signs that reliably distinguish HPS from other
forms of noncardiogenic pulmonary edema or adult respira-
tory distress syndrome (ARDS) (64). Features associated with
HPS are thrombocytopenia, hemoconcentration, leukocytosis
with increased band forms on differential, hypoalbuminemia,
and lactic acidosis (64). The classic diagnostic triad includes
thrombocytopenia, neutrophilia, and an immunoblast count
of greater than 10% of the total lymphocytes. Shock and lactic
acidosis are associated with poor prognosis; the case fatality
ratio is 30% to 40% .

Diagnosis. Clinicians should consider HPS in the differential
diagnosis of previously healthy patients from endemic areas
who present with fever greater than 101◦F and develop bi-
lateral diffuse interstitial edema of the lungs within 72 hours
of hospitalization. The edema can resemble ARDS on chest
radiograph (64). Serologic tests are the main method of diag-
nosing HPS, with high levels of IgM antibodies present by the
time symptoms are evident. In the United States, states that of-
fer hantavirus diagnostic testing use IgG and mu capture IgM
ELISA assays developed and distributed by CDC (64).

Treatment. There is no specific antiviral therapy for HPS, and
treatment is mainly supportive, with early initiation of me-
chanical ventilation to treat respiratory failure. In special-
ized centers, the use of extracorporeal membrane oxygenation
(ECMO) should be considered in patients with a cardiac index
of less than 2.5 L/minute/m2 despite inotropes (66). A placebo-
controlled double-blind trial of intravenous ribavirin for the
treatment of hantavirus cardiopulmonary syndrome in North
America was terminated early due to the drug’s probable inef-
fectiveness (67).

Se ve re Acut e Re sp irat ory Synd rome
Severe acute respiratory syndrome (SARS) is a serious pul-
monary illness caused by a coronavirus that jumped species
from semidomesticated animals to humans and spread from
China to Hong Kong in late 2002 (68–70). The infection
is spread by close person-to-person contact via respiratory
droplets; incubation period is 2 to 10 days. The patients first
experience a high fever associated with chills, headache, and
myalgia. Diarrhea is seen in approximately 10% to 20% of
patients. Two to 7 days later, patients develop a dry nonpro-
ductive cough and hypoxia that progresses to ARDS and mul-
tiple organ dysfunction (68–71). Ten percent to 20% of pa-
tients require mechanical ventilation. RT-PCR, serology, and
cultures of blood, stool, and nasal secretions are possible diag-
nostic tools but have shortcomings that make routine clinical

use difficult. There is no specific treatment against the SARS-
associated coronavirus, and supportive care remains the princi-
pal therapeutic alternative. Rivabirin and corticosteroids have
been used, but their efficacy has not been established. Mortal-
ity approximates 11% (68–70). Infection control practices are
extremely important in halting the progression of an outbreak.

Ot he r Viruse s
Although uncommon in adults, adenovirus pneumonia out-
breaks have been described among military recruits and among
adults in chronic care facilities (72). Diagnosis is established
by culture of a nasopharyngeal aspirate or swab, throat swab,
or sputum. Other viruses associated with acute pneumonias
in adults include measles, parainfluenza (73), and rarely, par-
vovirus (74).

Viral Me ning it is and Ence p halit is

The terms, viral meningitis and encephalitis, refer to infec-
tions of the leptomeninges and brain parenchyma, respectively.
The important feature that differentiates viral meningitis and
encephalitis is the presence or absence of altered sensorium.
Patients with viral meningitis may be lethargic and have se-
vere headache, but their cerebral function remains normal.
In encephalitis, cerebral functions are abnormal, including al-
tered mental status, altered behavior and personality changes,
speech or movement disorder, and focal neurologic deficits. Vi-
ral meningitis and encephalitis are common, with the reported
incidence of 11 and 7 per 100,000 person-years, respectively.
Some patients may have both a parenchymal and meningeal
process that is called meningoencephalitis.

Viral (Ase p t ic) Me ning it is
The common causes of viral meningitis are summarized in Ta-
ble 114.11 (75–77). Other viruses such as Epstein-Barr virus
(EBV), cytomegalovirus (CMV), human herpes virus 6 (HHV-
6), and herpes zoster (reactivation of VZV infection) are even
rarer causes of aseptic meningitis. Arboviruses such as St.
Louis encephalitis and California encephalitis (SLE and CE,
respectively) more commonly cause encephalitis or meningoen-
cephalitis but can also cause aseptic meningitis.

The clinical presentations of viral meningitis are nonspecific
with fever, headache, photophobia, and nuchal rigidity as com-
mon symptoms. Helpful clues to the diagnosis include travel to
arbovirus endemic areas, exposure history (rodents, ticks), sex-
ual activity (HSV-2), and contact with other people with similar
symptoms (enteroviruses). Clinicians should look for pharyn-
gitis and pleurodynia (enteroviruses), rash (zosteriform rash of
VZV, vesicular rash of HSV, maculopapular rash measles or
enteroviruses), and adenopathy (primary HIV or EBV). Cere-
brospinal fluid (CSF) findings include white blood cells (WBC)
less than 500 per µ L, of which greater than 50% are lympho-
cytes; protein less than 80 mg/dL; normal glucose; and negative
Gram stain. CSF should be sent for bacterial and viral cultures,
HSV PCR, and HIV viral load. Other tests that can be sent if
indicated include enterovirus PCR and acute/convalescent sero-
logic testing for specific viruses.

If the patient is neither immunocompromised nor toxic ap-
pearing, one can observe without giving antibiotic therapy.
Treatment for enteroviral meningitis is mostly supportive (pain
management and hydration). Pleconaril, which inhibits viral
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TA BLE 1 1 4 . 1 1

COMMON CAUSES OF VIRAL MENINGITIS AND ENCEPHALITIS

Types of
infection Viral pathogen Comments

Viral meningitis Enterovirus Most common cause of viral meningitis
More than 50 serotypes of enteroviruses
Can cause meningitis or meningoencephalitis

Herpes simplex type 2 Associated with genital herpes infection
HIV Generally develops at the time of HIV

seroconversion
Lymphocytic

choriomeningitis (LCM)
Sporadic cause of meningitis
Can cause meningitis or meningoencephalitis

Adenovirus Rare cause of viral meningitis
Can cause severe meningoencephalitis in

children

Encephalitis Japanese encephalitis Most common cause worldwide
Herpes simplex type 1 Most common cause of sporadic viral

encephalitis
Associated with focal symptoms

Arboviruses Transmitted by mosquitoes or ticks.
CMV, VZV Causes disease in immunocompromised

patients only

HIV, human immunodeficiency virus; CMV, cytomegalovirus; VZV, varicella-zoster virus.

attachment to host cells and viral uncoating, has shown dis-
appointing results in the treatment of enteroviral meningitis. If
the patient is immunosuppressed, elderly, or toxic appearing,
or has received antibiotics before presentation, one may con-
sider empiric antibiotics for 48 hours while waiting for culture
results.

Viral Ence p halit is
In the United States, the most common cause of sporadic en-
cephalitis is HSV-1. Arboviruses account for approximately
5% of viral encephalitis, with SLE virus being the most com-
mon. Clues to arboviral infection include the season (ar-
boviruses cause disease when mosquitoes are active, whereas
HSV-1 can occur at any time), location (woody or marshy areas
would suggest viruses such as the cause of Colorado tick fever
or nonviral illness such as Lyme disease or Rocky Mountain
spotted fever), geographic region (SLE occurs in the midwest
and southern United States, whereas West Nile virus [WNV]
occurs in multiple continents), or a history of animal exposure
(rabies). Clues on physical exam include parotitis (mumps);
flaccid paralysis (WNV); tremors of the eyelids, tongue, lips,
and extremities (SLE); or findings of hydrophobia, aerophobia,
and hyperactivity (rabies).

The CSF findings can be similar to those of viral meningi-
tis. Depending on clinical suspicion, the CSF can also be sent
for PCR for enteroviruses, HSV, or CMV. Acute and convales-
cent sera against specific viral pathogens such as arboviruses,
and lymphocytic choriomeningitis virus (LCMV) might also be
useful in determining a cause. CT scan with IV contrast or mag-
netic resonance imaging (MRI) should be obtained to exclude
an intracranial process (cerebritis, abscess, subdural empyema,
mass occupying lesions) or to detect findings suggestive of a vi-

ral cause. Temporal and basal frontal lobe involvement suggests
HSV encephalitis, whereas basal ganglia and thalamic involve-
ment suggest Eastern equine encephalitis.

Until HSV encephalitis is ruled out, acyclovir at 10 mg/dL IV
every 8 hours should be considered in patients with suspected
viral encephalitis.

HSV Encephalitis. HSV encephalitis is a fulminant hemor-
rhagic and necrotizing meningoencephalitis that involves pri-
marily the temporal and basal frontal cortices and the limbic
system (78). Herpes simplex type 1 (HSV-1) accounts for most
fatal cases of sporadic encephalitis in adults. HSV-1 encephali-
tis can arise either from primary infections or reactivation of a
latent infection; there is no difference in outcome from patients
suffering encephalitis from a primary or reactivation HSV in-
fection. Herpes simplex virus type 2 (HSV-2) accounts for her-
pes encephalitis in 80% to 90% of neonates and children.

Clinical Manifestations. The most common early symp-
toms are fever and headache. Additional symptoms include
meningeal irritation, nausea, vomiting, altered consciousness,
and generalized seizures. Other changes are referable to the in-
volved areas of the brain and include anosmia, memory loss,
abnormal behavior, speech defects, olfactory and gustatory hal-
lucinations, and focal seizures. There can be rapid progression
of the disease in some patients with the development of focal
paralysis, hemiparesis, and coma.

Diagnosis. The diagnosis of HSV encephalitis can be strongly
suggested if the typical clinical presentations are associ-
ated with specific findings on electroencephalogram (EEG)
and MRI. The typical EEG findings are focal temporal
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abnormalities, which are found in about 80% of patients; pe-
riodic lateralized epileptiform discharges also suggest HSV en-
cephalitis, although they are not as specific. In HSV encephali-
tis, a normal EEG essentially excludes the diagnosis. The typical
MRI appearance is medial temporal abnormalities that do not
respect hippocampal borders. CSF findings are similar to other
cases of viral meningoencephalitis. Isolation of HSV from the
CSF is rare, occurring in less than 5% of cases. A definitive
diagnosis is made by detection of HSV DNA in CSF by PCR,
which is very sensitive and specific. The availability of PCR
has largely obviated the need for brain biopsy, which was the
previous gold standard diagnostic test.

Treatment. Morbidity and mortality are reduced by early an-
tiviral therapy. Intravenous acyclovir, 10 mg/kg every 8 hours,
is continued for 14 to 21 days. There is a 5% relapse rate after
the discontinuation of antiviral therapy.

Rabies. Rabies is caused by neurotropic RNA viruses (79). In
addition to the classic rabies virus, at least ten other rabies-
related viruses can cause clinically indistinguishable fatal en-
cephalitis (79). Rabies has a worldwide distribution and is
found throughout the United States except Hawaii. In devel-
oping countries, dogs are the major reservoir. Wild animals
remain the most important reservoir in the United States; most
reported cases occur in carnivores (raccoons in the northeast,
skunks in the south and southwest, and foxes in the southwest
and Alaska) or insectivorous bats (79). In the United States,
there have been an average of three fatal human cases per year
since 1980 (79).

Acquisition of rabies usually occurs after a bite from an in-
fected animal or scratching and licking by a rabid animal. Cases
have also been reported after solid organ, cornea, or vascular
tissue transplantation from unsuspected rabies-infected indi-
viduals (80,81).

Clinical Manifestations. Human rabies assumes two forms: fu-
rious (encephalitic) and paralytic (dumb). The furious form
(observed in 80% of patients) manifests as hyperactivity, hy-
drophobia, pharyngeal spasms, and aerophobia. The paralytic
presentation can mimic Guillain-Barré syndrome with quadri-
paresis, sphincter involvement, and late cerebral involvement.
Some bat-associated rabies may present atypically with neu-
ropathic pain, sensory or motor deficits, choreiform move-
ments of the bitten limb, focal brainstem signs, myoclonus, and
seizures (82). Regardless of presentation, the disease is almost
always fatal.

Diagnosis. The diagnosis can be confirmed in several ways: (a)
detection of viral RNA in saliva by RT-PCR; (b) biopsy of the
nape of the neck for detection of RNA or viral antigen within
hair follicles by RT-PCR or immunofluorescence staining, re-
spectively; (c) antibodies in serum and cerebrospinal fluid; (d)
the presence of pathognomonic Negri bodies (eosinophilic neu-
ronal cytoplasmic inclusions) in brain biopsy (79).

Treatment. There is no proven effective treatment for rabies af-
ter the onset of illness. Only six survivors have been reported,
five of whom received postexposure vaccination. The sixth pa-
tient survived after induction of coma and treatment with rib-
avirin and amantadine (83). Clinicians who wish to consider
this protocol should contact Dr. Rodney Willoughby at Chil-

dren’s Hospital of Wisconsin (414-266-2000). Rabies vacci-
nation after the onset of illness is not recommended and may
be detrimental. After definitive diagnosis, the primary focus is
comfort care.

Management of patients with rabies poses no greater risk
to health care providers than caring for patients with more
common infections. Adherence to standard precautions should
be maintained, including gloves, gowns, masks, eye protec-
tion, and face shield (particularly during intubation or suc-
tioning). Because of the lack of effective treatment, postexpo-
sure prophylaxis should be initiated as soon as possible after
exposure to rabid or unknown animals. This includes the ad-
ministration of human rabies immune globulin (HRIG: Hyper-
Rab Tm S/D or Imogam Rabies-HT) and rabies vaccination
(purified chick embryo cell vaccine (PCECV; 1-800-244-7668;
www.rabavert.com).

West Nile Virus. West Nile virus (WNV) is a single-stranded
RNA virus that can infect humans, mosquitoes, and animals
such as birds and horses. In temperate climates, WNV is trans-
mitted primarily in the summer or early fall, whereas transmis-
sion can occur year round in warmer climates. Most human
WNV infections result from mosquito bites. Infection can also
be transmitted via transfusion of WNV-infected blood prod-
ucts, transplacental fetal infection, and transplantation of in-
fected organs.

Clinical Manifestations. Patients infected with WNV can be
asymptomatic (80% ), develop West Nile fever (WNF, 20% )
or West Nile neuroinvasive disease (WNND, less than 1% )
(84). WNND includes meningitis, encephalitis, and acute flac-
cid paralysis. WNV encephalitis is more common in the el-
derly or immunocompromised patients. The incubation period
ranges from 3 to 14 days, and symptoms generally last 3 to
6 days. Patients with WNF or WNND present with an abrupt
onset of fever, headache, fatigue, anorexia, gastrointestinal
complaints, myalgia, lymphadenopathy, and generalized non-
pruritic maculopapular rash. Patients with WNND also present
with altered mental status (46% –74% ), tremor (12% –80% of
patients), extrapyramidal features such as rigidity or bradyki-
nesia (67% ), and cerebellar abnormalities (11% –57% ).
Myoclonus, which is present in 33% of cases, is a clue to WN
infection since it is rare in other causes of viral encephalitis.
Seizures are unusual (1% –16% ).

Diagnosis. Diagnosis of WNV infection is based on a high in-
dex of suspicion and obtaining specific laboratory tests. An
IgM antibody capture ELISA (MAC-ELISA) can detect WNV
in nearly all CSF and serum specimens from WNV-infected pa-
tients. Because IgM antibody does not cross the blood–brain
barrier, IgM antibody in the CSF strongly suggests acute CNS
infection. WNV testing of patients with encephalitis, meningi-
tis, or other serious CNS infections can be obtained through
local or state health departments.

Treatment. Treatment is supportive, with hospitalization, IV
fluids, respiratory support, and prevention of secondary infec-
tions for patients with severe disease. Although ribavirin and
interferon alpha 2b were found to have some activity against
WNV in vitro, no controlled studies have been completed. The
role of corticosteroids has not been assessed.
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Viral Infe ct ions Acq uire d d uring Int e nsive
Care Unit St ay

Herpes family viruses have been recognized as pathogens in im-
munosuppressed transplant patients and HIV/AIDS patients.
Recently, they have been increasingly reported as pathogens in
the nonimmunosuppressed critically ill. A retrospective review
demonstrated that at least 14% of chronic critically ill surgical
patients had occult CMV or HSV infection/reactivation (85).

CMV Infe ct ion
CMV infects about 60% to 70% of people during their life-
times. Like other members of the herpes family, CMV becomes
latent or persistent after primary infection. The infection can
reactivate at a later time, especially in the settings of immun-
odeficiency or significant stress from operations or injuries.

Transmission. CMV can be found in body secretions (such as
urine, saliva, sputum, breast milk, semen, and cervical fluid) or
in circulating mononuclear and polymorphonuclear cells, vas-
cular endothelium, and renal epithelium. CMV spreads from
person to person by contact with body fluids. Transmission is
particularly high among toddlers in day care. Day care employ-
ees are also at significant risk for CMV exposure and/or infec-
tion, as are health care personnel with direct patient contact.
Congenital transmission from a mother with acute infection
during pregnancy is a significant cause of neurologic abnormal-
ities and deafness in newborns. CMV can also be transmitted by
breastfeeding, blood transfusion, or receipt of an organ trans-
plant. The major risk factors for CMV disease in solid organ
transplant recipients are CMV mismatch (i.e., transplantation
of a CMV-positive organ into a CMV-seronegative recipient)
and the degree of immunosuppression.

Clinical Manifestations. Most immunocompetent children
and adults who are infected with CMV do not develop symp-
toms. Some may experience an illness resembling infectious
mononucleosis with fever, swollen glands, and mild hepatitis.
Rare complications of primary CMV infection include hepati-
tis, interstitial pneumonia, Guillain-Barré syndrome, menin-
goencephalitis, pericarditis, myocarditis, thrombocytopenia,
and hemolytic anemia. In patients who are immunocompro-
mised, primary CMV infection can be life threatening; myelo-
suppression, encephalitis, hepatitis, pneumonitis, retinitis, and
GI infection are the most common manifestations. Moreover,
reactivation of latent CMV also causes disease in immunocom-
promised hosts, although typically milder than primary infec-
tion. In general, the severity of CMV disease is related to the
degree of immunosuppression. CMV appears to target allo-
grafts in particular. Hepatitis, for example, is common in liver
transplant recipients, pancreatitis in pancreatic transplant, and
pneumonitis in lung and heart-lung transplant. CMV pneumo-
nia is highest among bone marrow transplant recipients.

In solid organ transplant recipients, CMV infections pre-
dispose to other opportunistic infections, especially fungal or
Pneumocystis infections. CMV infection can also affect graft
survival, causing early allograft rejection in renal transplant
recipients, chronic allograft rejection in cardiac transplant re-
cipients (allograft atherosclerosis), and vanishing bile duct syn-
drome in liver transplant recipients.

Diagnosis. Since CMV can be shed in biologic fluids from pa-
tients with no evidence of CMV disease, the gold standard for
diagnosis remains finding intranuclear inclusion bodies in his-
tologically examined tissue. CMV infection may be confirmed
by in situ hybridization or direct or indirect staining of intranu-
clear inclusions using specific antibodies linked to an indicator
system. Histopathology is limited by poor sensitivity. Tests that
can detect and quantify CMV or its products in blood, leuko-
cytes, or tissues are reviewed in Table 114.12.

CMV excretion in the saliva and urine is common in pa-
tients who are immunocompromised and is generally of little
consequence. In contrast, viremia in organ transplant patients
identifies those at greatest risk for CMV disease. In bone mar-
row transplant recipients, the sensitivity of viremia as a marker
for CMV pneumonia is 60% to 70% ; lack of viremia also has
a high negative predictive value. In general, detection of CMV
or its products in the blood of transplant recipients is a basis
for starting antiviral therapy. The value of positive CMV tests
in the nontransplant ICU patient is less clear. Studies indicate
that asymptomatic CMV infection is common, and low level
viremia can be detected in almost a third of patients after 2
weeks in the ICU (85,86). Viremia, therefore, does not neces-
sarily signify CMV disease in ICU patients. Further studies are
needed to elucidate the impact of CMV infection/reactivation
in critically ill patients and to clarify the effects of CMV treat-
ment on morbidity and mortality.

Management. Ganciclovir, foscarnet, and cidofovir are antivi-
ral agents active against CMV (Table 114.10). To date, the ef-
ficacy of anti-CMV therapy has been evaluated primarily in
immunocompromised hosts (transplant recipients and AIDS
patients). CMV disease in transplant recipients is typically
treated with a 3-week course of ganciclovir. Foscarnet is an
alternative for patients who cannot tolerate, or fail to respond
to, ganciclovir; but experience is more limited, and foscarnet
is associated with high rates of nephrotoxicity. CMV retini-
tis requires a longer course of systemic therapy; intravitreal
administration of ganciclovir or fomivirsen, an antisense in-
hibitor of CMV, is frequently used in addition to systemic ther-
apy. Although long-term maintenance therapy is required for
AIDS patients who do not undergo immune reconstitution, this
strategy is generally not required for transplant recipients. Re-
currence of CMV disease, which can occur in up to 25% of
transplant recipients, appears to respond to ganciclovir as well
as the initial episode.

HSV Infe ct ion
HSV-1 and HSV-2 are closely related, but the epidemiology
of infections by the viruses is distinct. HSV-1 is transmitted
mainly by contact with infected saliva, and HSV-2 by contact
with the genital tract. HSV-1 is acquired more commonly and
at an earlier age than HSV-2. By the age of 50 years, over 90%
of people have antibodies against HSV-1. Consistent with this,
HSV-1 is also more common among ICU patients.

Clinical Manifestations. HSV encephalitis and meningitis are
discussed above. HSV-1 can infect virtually any mucocutaneous
or visceral site. Typically, primary infections are associated
with systemic signs and symptoms, mucosal and extramucosal
involvement, longer duration of symptoms and viral shed-
ding, and higher complication rates. Gingivostomatitis and
pharyngitis are the most common clinical syndromes of HSV-1
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infection. Lesions are ulcerative with or without exudates, and
can be difficult to differentiate from bacterial pharyngitis. HSV-
1 also has a predilection for regenerating epithelium. Therefore,
healing partial-thickness skin burns, skin donor sites, skin dis-
eases (e.g., eczema, pemphigus, Darier disease), and areas of
cutaneous trauma are common sites of infection. HSV-1 ker-
atitis is the most frequent cause of corneal blindness. HSV-1 can
also cause chorioretinitis—a sign of disseminated infection—
and acute necrotizing retinitis, affecting both immunocompe-
tent and immunocompromised hosts.

In immunocompromised hosts and patients with atopic
eczema or burns, severe orofacial HSV lesions can rapidly
spread and disseminate infection. Bone marrow and solid organ
transplant recipients are at highest risk for HSV reactivation
during the pre-engraftment period or within the first month
posttransplant. Complications include pneumonitis, tracheo-
bronchitis, esophagitis, hepatitis, and disseminated viral
infection.

HSV-1 shedding is observed in immunocompetent but crit-
ically ill patients. In one study, HSV-1 was recovered from the
mouth swabs or respiratory secretions of 27% of patients re-
quiring mechanical ventilation (87). Although the presence of
HSV was associated with a higher APACHE II score and in-
creased mortality (88), it is not clear whether HSV was the
cause of the excess deaths or simply a marker for impaired im-
mune function. HSV-1 may predispose to subsequent bacterial
or fungal infection (87).

Diagnosis. The diagnosis of HSV-1 infection can be made us-
ing a direct immunofluorescence test or by culture of tissue or
aspirated fluid. Serology is helpful in diagnosing primary HSV
infection. Improved testing methods have led to increased de-
tection of HSV-1 in ICU patients. As with CMV, however, it is
often unclear whether HIV-1 is an active pathogen or merely
a marker of immune dysfunction. Large randomized trials are
needed to determine the impact of CMV and HSV isolation
from respiratory specimens of patients in the ICU and the ef-
fect of treatment on morbidity and mortality of critically ill
patients.

Management. For mucocutaneous and visceral infections, acy-
clovir or related agents (famciclovir and valacyclovir) are the
standard therapy. For disseminated disease or encephalitis due
to HSV-1, intravenous acyclovir is recommended. For HSV ker-
atitis, debridement along with topical therapy with idoxuridine
or vidarabine is the treatment of choice. Other ophthalmologic
disease such as chorioretinitis or retinal necrosis requires sys-
temic antiviral therapy.

SUMMARY
Although the field of antiviral therapy has developed exten-
sively over the last 30 years, many issues remain. Most agents
have a similar target of action, which frequently results in cross-
resistance among agents. Furthermore, the range of viral infec-
tions for which treatment options exist is still limited. A lack
of culture systems for many viruses hinders drug development.
Moreover, the intracellular parasitism of viruses increases the
potential for host toxicity. One needs to keep clinical suspi-
cion for viral illness high since the window of opportunity for
treatment is often very narrow. Clearly, there is a critical need

for new therapies that expand the rather limited present arma-
mentarium. Until that time, vaccination and other preventive
strategies are the best hope for the control of viral infections.
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CHAPTER 115 ■ INFECTIONS IN THE
IMMUNOCOMPROMISED HOST
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The population of immunocompromised patients has mul-
tiplied greatly in recent years due to an expansion of in-
dications for immunosuppressive therapies combined with
improved survival following organ and bone marrow trans-
plantation, cancer chemotherapy, and other chronic diseases
requiring immunosuppressive therapy. Despite advances in
prophylactic strategies and antimicrobial therapies, infectious
complications remain a leading complication of immunosup-
pressive therapy. Familiarity with the clinical presentation,
differential diagnosis, and management of infectious compli-
cations in immunocompromised patients is essential for the
practice of critical care medicine. An understanding of the na-
ture of the patient’s underlying immune deficits—neutropenia
and humoral- or cell-mediated immune deficit—and their epi-
demiologic exposure—intensity and virulence of offending
pathogens—will often define the most likely pathogens respon-
sible for an infectious syndrome.

The following points should be considered when evaluating
any immunocompromised patient presenting with a suspected
infection.

KEY POINTS

1. Due to the impaired inflammatory response, the classic signs
and symptoms of infection may be absent in immunocom-
promised patients. For example, an organ transplant recip-
ient with a perforated viscus may present with fever but
without clinical evidence of peritonitis; a neutropenic pa-
tient with pneumonia may have cough but absence of a pul-
monary infiltrate on chest radiograph.

2. A thorough, repeated history and physical examination re-
main vital, and are the basis upon which investigations and
management are directed in order to achieve a rapid diag-
nosis and early appropriate therapy. Subtle signs are often
the basis for fruitful investigations.

3. Assessment of the immune deficits based on the underly-
ing condition and immunosuppressive therapies, and other
therapeutic interventions—surgery, surgical drains, vascu-
lar access, antimicrobial therapies—will suggest the most
probable pathogens.

4. An aggressive initial approach to diagnosis is generally war-
ranted given the broad spectrum of pathogens potentially
causing disease in this population. Routine noninvasive
investigations—cultures of blood, urine, and sputum; chest
radiograph; and so forth—should be performed, and inva-
sive procedures such as biopsy and bronchoscopy consid-
ered early. A delay in arriving at a diagnosis results in delays

of appropriate therapy or exposure to toxicities of unneeded
therapies, and will compromise treatment outcomes.

5. When tissue or body fluids are collected, histopathologic
and microbiologic specimens must be evaluated for both in-
fectious and noninfectious syndromes, such as malignancy,
drug toxicity, rejection, and graft versus host disease. Con-
sultation with the pathology and microbiology departments
can help ensure maximal yields from clinical specimens.

6. Initial empiric antimicrobial therapy is often warranted due
to the severity of initial presentation and/or potential for
rapid clinical deterioration. Microbiologic specimens ob-
tained prior to antimicrobial therapy will facilitate microbi-
ologic diagnosis and directed therapy that will limit toxici-
ties and improve patient outcome.

THE IMMUNOCOMPROMISED
HOST WITH SUSPECTED

INFECTION
The risk of infection in the immunocompromised host, as for
any individual, is determined by the interaction of two fac-
tors:

■ The epidemiologic exposures of the patient including the
timing, intensity, and virulence of the organisms to which
the individual is exposed

■ The patient’s “net state of immunosuppression,” a measure
of all host factors potentially contributing to the risk for
infection (Table 115.1) including anatomic defects, as well
as exogenous immunosuppression. Specific immunosuppres-
sive therapies and deficits predispose to specific types of in-
fection (Table 115.2).

Consideration of these factors for each patient allows devel-
opment of a differential diagnosis for “ infectious syndromes”
and can also be used to direct preventative strategies, such
as prophylaxis and vaccination, appropriate to each individ-
ual’s degree of risk for specific infections. Additional clues to
possible etiologies of infection can be obtained from a careful
epidemiologic exposure history including travel, occupation,
hobbies, animal contact, exposure to ill contacts, and recent
hospitalization.

A thorough physical examination should be completed,
with particular focus on organ systems commonly involved
with infectious complications in immunocompromised hosts;
these include the skin, respiratory tract, central nervous system
(CNS), and urinary tract. A careful assessment for cutaneous
lesions should be performed, as this may be the earliest man-
ifestation of disseminated infection. Examination of the skin
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FACTORS CONTRIBUTING TO THE NET STATE OF
IMMUNOSUPPRESSION

IMMUNOSUPPRESSIVE THERAPY
■ Type
■ Temporal sequence
■ Intensity
■ Cumulative dose

PRIOR THERAPIES
■ Chemotherapy or antimicrobials

MUCOCUTANEOUS BARRIER INTEGRITY
■ Surgery
■ Catheters
■ Lines
■ Drains
■ Fluid collections

NEUTROPENIA, LYMPHOPENIA
■ Often drug induced

UNDERLYING IMMUNE DEFICIENCY
■ Hypogammaglobulinemia (e.g., from proteinuria)
■ Complement deficiencies
■ Autoimmune diseases (e.g., systemic lupus

erythematosus)
■ Other disease states:

 Human immunodeficiency virus
 Lymphoma/leukemia

METABOLIC CONDITIONS
■ Uremia
■ Malnutrition
■ Diabetes mellitus
■ Cirrhosis

IMMUNOMODULATORY VIRAL INFECTIONS
■ Cytomegalovirus
■ Hepatitis B and C
■ Respiratory viruses

should include the perirectal area, looking for evidence of ery-
thema or tenderness, as this is a common site of infection, such
as a perirectal abscess, and source of fever in neutropenic pa-
tients. Examination of the respiratory tract should include the
paranasal sinuses in addition to the lungs. Signs and symp-
toms of infection in immunocompromised hosts are often sub-
tle, and minor complaints may be the only clues to localize
infection.

In all immunocompromised patients with fever or suspected
infection, routine investigations should include a complete
blood count (CBC) with differential, serum creatinine, liver
enzymes (alanine aminotransferase [ALT], aspartate amino-
transferase [AST], alkaline phosphatase), and liver function
tests (bilirubin, international normalized ratio [INR]) in ad-
dition to blood cultures. A chest radiograph should be per-
formed, as signs and symptoms of respiratory infection may be
absent despite an active pulmonary process. Chest computed
tomography (CT) scans will often reveal important abnormal-
ities missed by routine radiographs. Additional investigations
should be guided by the history, examination, and results of
the initial investigations.

An aggressive approach to making a specific microbiologic
diagnosis should be undertaken, because delays in appropri-

ate therapy may compromise outcome. Based upon the clin-
ical stability of the patient, the severity of immune deficits,
and the most likely cause of infection, the physician may ini-
tiate empiric therapy while awaiting the results of investiga-
tions, or therapy may be deferred until these are available.
Increasingly, infections in compromised hosts are due to or-
ganisms with antimicrobial resistance patterns that make se-
lection of empiric therapy more difficult. Compromised hosts
have an increased susceptibility to both community-acquired—
methicillin-resistant Staphylococcus aureus and multiresistant
Pneumococcus—and nosocomial—vancomycin-resistant ente-
rococcus, fluconazole-resistant Candida species—organisms.
Consultation with an infectious diseases specialist may be use-
ful to assist in decisions regarding empiric therapy and for guid-
ance regarding appropriate investigations, specimen collection,
and transport.

Whenever tissue or body fluids are collected, appropri-
ate histologic and microbiologic investigations should be
performed, and consultation with the pathologist and/or mi-
crobiologist is recommended to ensure appropriate testing.
Diagnosis of many pathogens that cause disease in immuno-
compromised hosts requires special stains (e.g., modified acid-
fast stain for N ocardia, silver stain for Pneumocystis carinii
[jirovecii]) or culture media (e.g., for Mycobacteria species).
In addition, given that noninfectious etiologies such as organ
rejection, drug toxicity, and graft versus host disease (GVHD)
are often in the differential diagnosis, histology is integral to
making a definitive diagnosis. The diagnosis of virally driven
diseases such as tissue-invasive cytomegalovirus (CMV) dis-
ease (1) and Epstein-Barr virus (EBV)-associated posttrans-
plant lymphoproliferative disorder (PTLD) (2) also require his-
tology for diagnosis.

THE NEUTROPENIC PATIENT
Neutropenic patients, generally as a result of cytotoxic
chemotherapy for hematologic or solid tumors, are among the
most commonly encountered immunocompromised hosts. The
relationship between the absolute neutrophil count (ANC) and
risk of infection was initially described by Bodey et al., who
correlated the risk for infection with the degree and duration
of neutropenia, notably in leukemic patients, with neutrophil
counts less than 500 cells/µ L (3,4). This reduction in ANC im-
pairs the innate host immune response of phagocytosis, thus
predisposing the neutropenic patient to an array of bacterial
and fungal infections, usually from endogenous colonization.

Pre se nt at ion, Common Pat hog e ns, and
Infe ct ious Dise ase Synd rome s

Fever, defined as a single oral temperature of greater than or
equal to 38.3◦C (101◦F) or a temperature of greater than or
equal to 38◦C (100.4◦F) for an hour or more, is often the
only predictor of infection (5). About 50% of neutropenic pa-
tients with fever have a documented infection, and about 20%
of those with neutrophil counts less than 100 cells/µ L have
bacteremia (5).

The gastrointestinal tract, including the oropharynx and
periodontium where chemotherapeutic agents induce mucosal
damage, is the most common source of infection in febrile
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INFECTIONS ASSOCIATED WITH SPECIFIC IMMUNE DEFECTS

Defect Common causes Associated infections

Granulocytopenia Leukemia, cytotoxic chemotherapy, acquired
immunodeficiency syndrome (AIDS), drug
toxicity, Felty syndrome

Enteric Gram negatives, Pseudomonas,
Staphylococcus aureus, Staphylococcus epidermidis,
streptococci, Aspergillus, Candida, and other fungi

Neutrophil chemotaxis Diabetes, alcoholism, uremia, Hodgkin disease,
trauma (burns), Lazy leukocyte syndrome,
connective tissue disease

S. aureus, Candida, streptococci

Neutrophil killing Chronic granulomatous disease, myeloperoxidase
deficiency

S. aureus, Escherichia coli, Candida, Aspergillus,
Torulopsis

T-cell defects AIDS, congenital lymphoma, sarcoidosis, viral
infection, connective tissue disease, organ
transplants, steroids

Intracellular bacteria (Legionella, L isteria,
Mycobacteria), herpes simplex virus, varicella-zoster
virus, cytomegalovirus, Epstein-Barr virus, parasites
(Strongyloides, Toxoplasma), fungi (Candida,
Cryptococcus)

Pneumocystis carinii (jirovecii)
B-cell defects Congenital/acquired agammaglobulinemia, burns,

enteropathies, splenic dysfunction, myeloma,
acute lymphocytic leukemia

Streptococcus pneumoniae, Haemophilus influenzae,
Salmonella and Campylobacter spp., Giardia
lamblia

Splenectomy Surgery, sickle cell, cirrhosis S. pneumoniae, H. influenzae, Salmonella spp.,
Capnocytophaga

Complement Congenital/acquired defects S. aureus, N eisseria spp., H. influenzae, S. pneumoniae
Anatomic Vascular/Foley catheters, incisions, anastomotic

leaks, mucosal ulceration, vascular insufficiency
Colonizing organisms, resistant nosocomial organisms

neutropenic patients (6). However, this is often difficult to
document, making pulmonary infections and bacteremia—
especially related to vascular lines—more commonly docu-
mented (6). Although historically, Gram-negative organisms
such as Escherichia coli, Klebsiella species, and Pseudomonas
aeruginosa accounted for most bloodstream infections (4),
Gram-positive organisms, particularly Streptococcus species
and coagulase-negative Staphylococcus, are now isolated in al-
most two thirds of bloodstream infections (6). This shift from
Gram-negative to Gram-positive bacteremia is related to the
now almost universal placement of central venous catheters
(CVCs) in patients undergoing chemotherapy, as well as a re-
duction in the risk of Gram-negative infections with the use of
fluoroquinolone prophylaxis (7). The skin, particularly CVC
sites, and the lower respiratory and urinary tracts are other
common sites of infection.

The risk of opportunistic fungal infection increases with
the duration and severity of neutropenia (8). Up to one third
of febrile neutropenic patients who fail to respond to a 1-week
course of empiric antibacterial therapy have systemic fungal
infections, most commonly (over 80% ) due to Candida or
Aspergillus species (9,10). The epidemiology of invasive fungal
infections has evolved with the growing “at risk” population
and increased use of azole prophylaxis. Over half of the blood-
stream isolates at most centers are due to non-albicans Candida
species with increasing intrinsic (e.g., seen with Candida kru-
sei) or acquired (e.g., seen with Candida glabrata) fluconazole
resistance (11). Similarly, neutropenic patients have been found
to become infected with highly resistant non-Aspergillus molds
in addition to Aspergillus species (12,13).

Ap p roach t o Diag nosis

Signs and symptoms of inflammation may be minimal or ab-
sent in the neutropenic host (14). Cutaneous infection often
occurs at former sites of intravenous catheters or drains, and
may be tender or edematous, without the usual signs of cel-
lulitis. Urinary tract infection may present without pyuria—
often with viral pathogens—and the chest radiograph is often
normal despite rapidly progressive pneumonia. Up to 50% of
neutropenic patients with a normal chest radiograph and fever
lasting 2 days, despite empiric antibiotic therapy, will have find-
ings on chest CT suggestive of pneumonia (15). A daily search
for subtle signs and symptoms of infection, particularly pain
at the most commonly involved sites—periodontium, orophar-
ynx, perianal, skin, and vascular access sites—should be un-
dertaken.

Basic investigations of the neutropenic patient with possi-
ble infection include a CBC with differential, serum creatinine,
liver enzymes, and liver function tests in addition to cultures of
blood, urine, and sputum. A chest radiograph should be per-
formed. If the chest radiograph is normal but the patient has
pulmonary symptoms or no identified source of infection, a CT
scan should be performed. Collection of additional specimens
is guided by the clinical presentation and preliminary investi-
gations. For example, oral ulcerations should be swabbed for
viral (herpes simplex virus [HSV]) studies, skin lesions biopsied
for culture and histology, and unexplained pulmonary infil-
trates assessed with bronchoscopy and bronchoalveolar lavage
and/or transbronchial biopsy, or open lung biopsy, as indicated.
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While these investigations are not without risk, it is likely that
the patient will become less tolerant of invasive studies as in-
fection progresses. In those recovering from neutropenia with
persistent fever, liver function tests and chest and abdominal
imaging should be performed to look for hepatosplenic can-
didiasis, typhlitis, or invasive mold infection. Many infections
will be asymptomatic during a neutropenic event, only becom-
ing apparent with recovery.

Manag e me nt

Identification of the best candidates for empiric therapy and
avoiding the excessive use of prophylactic antimicrobial agents
and the toxicities associated with many therapies are central
goals for the care of the sick, neutropenic host. After obtaining
appropriate microbiologic studies, empiric antimicrobial ther-
apy is indicated in neutropenic patients at the onset of fever
or, in the case of suspected infection, without fever (5). In criti-
cally ill neutropenic patients, there is no single empiric regimen
appropriate for all patients (5,16,17). The selection of an ini-
tial empiric antibiotic regimen should take into consideration
the general trend of increasing Gram-positive infections, the
local hospital epidemiology, and the susceptibility patterns of
isolates from neutropenic patients, in addition to the clinical
presentation, epidemiologic exposures, and antimicrobial use
history.

Options include monotherapy with (a) a third- or fourth-
generation cephalosporin (e.g., ceftazidime or cefepime), (b)
a carbapenem such as imipenem or meropenem, or (c)
piperacillin-tazobactam. Dual therapy may be used without
a glycopeptide, such as an antipseudomonal β -lactam plus
an aminoglycoside or fluoroquinolone, or, for inpatients with
recent surgery or vascular access catheters, a glycopeptide
such as vancomycin can be combined with one- or two-drug
therapy.

The empiric addition of vancomycin therapy in febrile neu-
tropenia has not been shown to alter outcomes in those patients
without pulmonary infiltrates, septic shock, clinically docu-
mented infections likely due to Gram-positive organisms such
as central venous catheter or skin and soft tissue infections, or

documented Gram-positive infections resistant to the primary
empiric therapy (18). Vancomycin use has also been associated
with the emergence of vancomycin-resistant enterococci, and
thus its use in febrile neutropenic patients should be limited as
indicated above.

For those who have a source of infection identified—
usually less than half of patients under consideration—
antimicrobial therapy can be tailored based on culture re-
sults, while those who defervesce on empiric antibacterial ther-
apy should have the antimicrobials continued until neutrophil
recovery.

Controversy exists regarding the optimal timing of adding
antifungal therapy. In patients who have been in the intensive
care unit (ICU) for more than 5 to 7 days and have been hy-
potensive or otherwise critically ill, anti-Candida therapy may
be added after cultures are obtained (Table 115.3) (19,20). In
others who have failed to defervesce on empiric antibiotic ther-
apy after 5 to 7 days, and in whom no source of infection is
identified, there is a high risk of systemic fungal infection, and
empiric antifungal therapy should be added (5,8,10). Ampho-
tericin B is the historical gold standard for empiric therapy in
this setting; however, lipid products of amphotericin B (e.g.,
liposomal amphotericin B [AmBisome, Astellas] and ampho-
tericin B lipid complex [Abelcet, Elan]) have similar efficacy
with less toxicity (21). Recently, voriconazole (22), caspofun-
gin (23), other echinocandins (e.g., anidulafungin and micafun-
gin), and posaconazole have been demonstrated to be effective
in persistently febrile patients with neutropenia. Renal and hep-
atic function, potential drug interactions, cost, and suspected
source of fungal infection are all considerations when choosing
an initial empiric antifungal agent.

Adjunctive therapies studied in the setting of febrile neu-
tropenia include granulocyte transfusion and the use of
hematopoietic growth factors. The role of neutrophil trans-
fusion has been controversial, limited by technical aspects, and
made essentially obsolete with the availability of hematopoietic
growth factors (24). Although the use of hematopoietic growth
factors such as granulocyte colony-stimulating factor (G-CSF)
increase the neutrophil count, they have not been shown to
have benefit in the management of febrile neutropenia; hence,
their use is not routinely recommended (25,26).

TA BLE 1 1 5 . 3

RISK FACTORS FOR CANDIDEMIA IN THE INTENSIVE CARE
UNIT SETTINGa

■ Prolonged length of stay (10 d or more) ■ Immune suppression
■ High acuity of illness ■ Cancer and chemotherapy
■ Acute renal failure ■ Severe acute pancreatitis
■ Hemodialysis ■ Surgery (gastrointestinal)
■ Broad-spectrum antibiotics ■ Transplantation
■ Central venous catheter (3 d or more) ■ Prematurity/low Apgar/congenital

malformations■ Parenteral nutrition
■ Candida colonization at multiple sites

(longer than about 8 d)
■ Burns
■ Mechanical ventilation

■ Diabetes

d, days.
aReviewed in Rex JH, Sobel JD. Prophylactic antifungal therapy in the intensive care unit. Clin Infect Dis.
2001;32(8):1191; and Ostrosky-Zeichner L, Pappas PG. Invasive candidiasis in the intensive care unit. Crit
Care Med. 2006;34(3):857.
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THE CORTICOSTEROID-TREATED
PATIENT

Corticosteroids have been used for the treatment of inflam-
matory, autoimmune, and lymphoproliferative diseases as well
as for the prevention of graft rejection since the 1950s. Corti-
costeroids have an effect, both negative and positive, on var-
ious components of the immune system (27). Treatment with
corticosteroids results in reduced proliferation of B and T lym-
phocytes, inhibition of neutrophil adhesion to endothelial cells,
inhibition of macrophage differentiation, and reduced recruit-
ment of mononuclear cells, including monocytes, into sites of
immune inflammation (27,28). In addition, these agents sup-
press cellular (Th1) immunity and promote humoral (Th2) im-
munity (27).

The risk of infection in corticosteroid-treated patients is re-
lated to the dose and duration of therapy (29,30). Those treated
with more than 10 to 20 mg/day of prednisone for more than
a month are at risk for infectious complications. Although cor-
ticosteroids have a broad effect on the immune system, the
primary immune deficit is in cell-mediated immunity, thus plac-
ing the host at risk for fungal, viral, protozoal, and intracellu-
lar bacterial infections. Common pathogens to be considered
in corticosteroid-treated patients presenting with a suspected
infectious complication include P. carinii (jirovecii), L isteria
monocytogenes, Legionella, and N ocardia species.

Pne umocyst is carinii (jirove cii)

The human species of Pneumocystis has recently been re-
named P. jirovecii, although considerable controversy persists
regarding the appropriate nomenclature of this protozoan (31).
P. carinii (jirovecii) has a worldwide distribution and is an
important cause of pneumonia in immunocompromised pa-
tients, most notably those with human immunodeficiency virus
(HIV) infection, but also those immunosuppressed due to
malnutrition, organ transplantation, and prolonged cortico-
steroid use, usually at a dose greater than 15 to 20 mg/day.
Those requiring prolonged steroid therapy are appropriate can-
didates for prophylaxis with trimethoprim-sulfamethoxazole
(TMP-SMX) (32).

Pre se nt at ion
The onset of symptoms is often associated with recent dose
reduction or discontinuation of steroids and/or with intensi-
fication of the overall immunosuppressive regimen. Although
generally presenting as a subacute illness within weeks of pro-
gressive dyspnea and nonproductive cough in HIV-infected
individuals, non-HIV immunocompromised patients with
Pneumocystis pneumonia (PCP) tend to have a more acute pre-
sentation. Patients with PCP are generally hypoxemic with few
physical or radiographic findings. In addition to nonproduc-
tive cough and dyspnea, low-grade fever is frequently present.
Physical examination findings are nonspecific, but may reveal
inspiratory crackles on auscultation, with or without hypoxia
or other signs of respiratory distress. The illness may progress
to respiratory failure requiring intubation and mechanical
ventilation.

Diag nosis
The classic chest radiograph appearance of PCP is bilateral
interstitial infiltrates with perihilar predominance. The radio-

graphic appearance can be highly variable, however, including
patchy airspace disease and small pulmonary nodules. An ele-
vated lactate dehydrogenase level is a nonspecific finding asso-
ciated with PCP. Since P. carinii (jirovecii) cannot be routinely
cultured, a definitive diagnosis relies on the identification of the
organism by staining techniques from pulmonary secretions or
tissue. The diagnosis may be made by staining secretions ob-
tained through sputum induction with hypertonic saline, which
has a 97% negative predictive value (33). If respiratory secre-
tions cannot be obtained by sputum induction, or if this is
negative and the diagnosis remains uncertain, bronchoscopy
with transbronchial tissue biopsy remains the gold standard
for diagnosis of PCP, yielding better results than bronchoalve-
olar lavage (34). Examination of respiratory secretions may
be done quickly by staining with Gomori methenamine silver
(GMS) or calcofluor white; however, diagnosis has been im-
proved through the use of immunofluorescent staining with
monoclonal antibodies (35).

Tre at me nt
Treatment for PCP is outlined in Table 115.4. First-line therapy
for the treatment of PCP is TMP-SMX at a dose of 15 to 20
mg/kg per day of the TMP component, divided every 6 or 8
hours for 21 days (36). In those with severe disease who are
allergic to or fail TMP-SMX, alternatives include atovaquone
suspension 750 to 1,500 mg orally twice daily, pentamidine
4 mg/kg/day to a maximum of 300 mg, dapsone 100 mg orally
plus TMP 15 to 20 mg/kg/day, or clindamycin 600 mg intra-
venously every 6 hours plus primaquine 15 to 30 mg (as base)
per day. Although adjunctive administration of corticosteroids
to patients with PCP and HIV has been documented to improve
outcomes, this has not been studied in a randomized clinical
trial in non-HIV immunocompromised patients with PCP. In
practice, a short course of tapering steroids is often beneficial in
preventing intubation and in rapidly progressive disease. After
completion of therapy, secondary prophylaxis with TMP-SMX
should be administered to those who remain at risk due to con-
tinued immunosuppression.

List e ria monocyt og e ne s

Listeria monocytogenes is a Gram-positive bacillus capable of
intracellular survival after phagocytosis by macrophages (37).
Although capable of infecting normal hosts, invasive disease is
seen predominantly in those with cell-mediated immune deficits
due to such factors as extremes of age (neonates and the el-
derly), pregnancy, malignancy, organ transplantation, or other
immunosuppressive therapy.

Pre se nt at ion
Though a food-borne pathogen, L. monocytogenes infection
presents as meningitis or primary bacteremia in 80% to 90%
of cases (38–40). Gastrointestinal symptoms are present in only
a minority of cases. Onset of symptoms may be acute or suba-
cute, with fever being nearly universal. CNS involvement may
present as meningitis with headache and neck stiffness, fo-
cal parenchymal involvement with cerebritis and/or abscess,
or meningoencephalitis with impaired level of consciousness.
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TREATMENT MODALITIES FOR THE COMMONEST INFECTIONS

Infectious agent Primary therapy Secondary therapy Other considerations

Pneumocystis
jirovecii (PCP)

Trimethoprim-sulfamethoxazole
(TMP-SMX), dosed as 15–20
mg/kg/d of TMP component,
divided every 6–8 h × 21 days

■ Atovaquone 750–1,500 mg
orally bid

■ Pentamidine 4 mg/kg/d, to max
of 300 mg

■ Dapsone 100 mg orally plus
TMP as above

■ Clindamycin 600 mg IV every
6 h plus primaquine 15–30 mg/d
(as base)

Adjunctive use of
corticosteroids common
but not evidence based in
non-HIV patients

Listeria
monocytogenes

Empiric or confirmed: Ampicillin
2 g IV every 4 h × 21 d or more

For synergy: Ampicillin plus
TMP-SMX 20 mg/kg/d divided
every 6 h

Ampicillin plus gentamicin 2 mg/kg
IV load, then 1.7 mg/kg IV every
8 h

Legionella
pneumophila and
other species

Levofloxacin 250–750 mg IV every
24 h × 7–14 d

Azithromycin 500 mg daily for
7–14 d

N ocardia asteroides
complex

TMP-SMX, dosed as 15 mg/kg/d
of TMP component, divided
every 6–12 h, PO or IV

■ Imipenem 500 mg IV every 6 h
plus amikacin 7.5 mg/kg IV
every 12 h, both × 3–4 wk, then
switch to PO regimen

■ Linezolid 300–600 mg orally bid
× 3–24 mo

■ Surgical resection of
necrotic material often
necessary

■ Therapy duration is 6–12
mo; for central nervous
system infection 9–12 mo

Diag nosis
The diagnosis of listeriosis is generally made through culture
of blood or cerebrospinal fluid (CSF). Approximately 75% of
cases of CNS listeriosis are associated with bacteremia, and a
positive blood culture for Listeria should prompt a CSF exam-
ination. CSF parameters are variable, but a common presen-
tation is pleocytosis with neutrophil predominance, elevated
protein, and normal glucose. The Gram stain is frequently neg-
ative.

Tre at me nt
In patients at risk for Listeria who present with meningitis of
uncertain etiology, empiric therapy should include ampicillin,
2 g intravenously every 4 hours, as part of the initial regimen.
If listeriosis is confirmed, ampicillin is the drug of choice. In
vitro data suggest bactericidal synergy of the combination of
ampicillin and gentamicin (41). In vitro synergy has also been
demonstrated between ampicillin and TMP-SMX; this com-
bination has been demonstrated to be superior to ampicillin
and gentamicin in the treatment of Listeria meningoencephali-
tis (41,42), suggesting that this combination may be indicated
in those with severe disease. The minimum duration of therapy
recommended is 3 weeks, but this may need to be extended
based on the clinical response and radiographic resolution of
CNS parenchymal disease if present.

Le g ione lla

Legionella species are small Gram-negative bacilli that are
widely distributed in the aqueous environment. Both commu-

nity and hospital outbreaks have occurred in association with
contaminated water sources such as air conditioners, cooling
towers, and whirlpools (43). Although capable of causing dis-
ease in normal hosts, those with impaired cell-mediated immu-
nity are at highest risk (44).

Pre se nt at ion
Most commonly, Legionella infection presents as pneumonia—
termed Legionnaires disease—although extrapulmonary dis-
ease and a self-limited febrile illness—termed Pontiac fever—
may occur. The physical and laboratory findings and radio-
graphic appearance of Legionella pneumonia are not specific.
Fever with pulse–temperature dissociation, diarrhea, hypona-
tremia, and elevated liver enzymes may occur, but are not dis-
tinctive enough for Legionnaires disease to allow a clinical dif-
ferentiation from other causes of pneumonia. In patients at risk,
Legionella must be considered in the differential diagnosis of
pneumonia, and empiric therapy administered when appropri-
ate.

Diag nosis
Legionella is a fastidious organism, and culture of respiratory
secretions for diagnosis is both insensitive and time consum-
ing (45); immunofluorescent microscopy can improve the sen-
sitivity of culture techniques. Serology can be used, but also
results in delays in diagnosis, as paired sera must be collected.
Newer methods that may allow more rapid diagnosis include
a urinary antigen test and nucleic acid detection. Urinary anti-
gen tests have a high sensitivity for the detection of Legionella
pneumophila serogroup 1, but perform less well in those in-
fected with other serogroups of L. pneumophila, or with other
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Legionella species. A combination of culture, urinary antigen
detection, and serology has been suggested to optimize diag-
nosis (45).

Tre at me nt
Both macrolides and fluoroquinolones have in vitro activity
against Legionella species. Three observational studies have
compared the clinical efficacy of macrolides—not including
azithromycin—and quinolones, mainly levofloxacin, in pa-
tients with Legionnaires disease. The results suggested that
quinolones may be superior to macrolides, with fewer compli-
cations and shorter hospital stays in those receiving quinolones
(46). There are no studies comparing newer macrolides (e.g.,
azithromycin) to new quinolones.

Nocard ia

N ocardia species are part of the aerobic actinomycetes genus,
and are ubiquitous environmental saprophytes. While there are
several species, the N ocardia asteroides complex—N ocardia
asteroides senso strictu, N ocardia farcinica, and N ocardia
nova—are the most common cause of disease (47). Immuno-
suppression is the major risk factor for nocardial infections,
and disease is seen most often in solid organ transplant recip-
ients, patients with advanced HIV infection (i.e., with CD4+

counts of less than 100 cells/µ L), patients with lymphoreticular
malignancy, and those on chronic corticosteroid therapy.

Pre se nt at ion
N ocardia predominantly causes pneumonia, and the initial pre-
sentation includes respiratory symptoms generally in associa-
tion with fever (48). Chest radiograph typically demonstrates
nodular lesions, which may progress to cavitation; however,
diffuse infiltrates or consolidation may also occur. N ocardia
has a high propensity to disseminate to the CNS, and immuno-
compromised patients with nocardiosis may present with CNS
symptoms with or without concomitant pulmonary symptoms.
Although the usual route of infection is inhalational, direct cu-
taneous inoculation with resultant skin disease—generally sub-
cutaneous nodules—may also be seen.

Diag nosis
Definitive diagnosis of nocardial disease is made through spe-
cial stain and culture of the organism from the suspected site
of infection. Modified acid-fast stain (Kinyoun) demonstrates
branching and beading Gram-positive bacilli. N ocardia grow

on nonselective media; however, the lab should be notified if
this diagnosis is suspected, as selective media can be used to
avoid overgrowth by other organisms. Whenever a diagnosis of
pulmonary nocardiosis is made, further investigations should
include neuroimaging to exclude CNS dissemination.

Tre at me nt
Antimicrobial therapy is the foundation of treatment of nocar-
diosis, although adjunctive surgical resection of necrotic tissue
is necessary on occasion. TMP-SMX, dosed as the TMP com-
ponent at 15 mg/kg/day divided in two or four doses and ad-
ministered either orally or intravenously, is the preferred agent
for treating nocardial infections; this agent achieves high con-
centrations in lung, brain, skin, and bone (49). Given that some
species may be resistant to TMP-SMX, combination therapy
may be considered until susceptibilities are available. Other
antimicrobial agents with activity against N ocardia species in-
clude imipenem, amikacin, minocycline, ceftriaxone, linezolid,
ciprofloxacin, and amoxicillin/clavulanate. While the duration
of therapy should be individualized based on clinical response,
pulmonary and cutaneous disease should be treated for at least
6 to 12 months, and CNS disease for at least 9 to 12 months.
Immunosuppression should be reduced as much as possible to
aid in treatment.

PATIENTS TREATED WITH
IMMUNOMODULATORY AGENTS

In recent years, a number of monoclonal antibody therapies
have been developed and have revolutionized the treatment of
rheumatologic as well as other systemic inflammatory and au-
toimmune conditions (Table 115.5). Immune modulation using
these agents results in selected immune deficits and infectious
complications have been recognized in association with several
of these agents. As more patients are treated with these ther-
apies, with a longer-term follow-up, our understanding of the
risk of infection associated with these biologic compounds will
undoubtedly be refined.

Tumor Ne crosis Fact or-α Ant ag onist s

Three tumor necrosis factor-α (TNF-α) antagonists are cur-
rently marketed in the United States: Infliximab (Remicade,
Centocor Inc.), etanercept (Enbrel, Amgen and Wyeth Phar-
maceuticals), and adalimumab (Humira, Abbott). These agents

TA BLE 1 1 5 . 5

SELECTED THERAPEUTIC ANTIBODIES

Antibody Trade name Target Indication

Antithymocyte globulin Thymoglobulin (others) T cells (polyclonal rabbit IgG) Transplant induction, rejection
Muromonab OKT3 Orthoclone OKT3 CD3+ Transplant induction, rejection
Alemtuzumab Campath-1H CD52+ B-cell chronic lymphoid leukemia
Daclizumab Zenapax Interleukin (IL)-2 receptor a

chain (CD25+ )
Transplant induction

Basiliximab Simulect IL-2 receptor a chain (CD25+ ) Transplant induction
Efalizumab Raptiva CD11a+ Psoriasis
Natalizumab Tysabri α4-integrin Multiple sclerosis, Crohn disease
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are effective in the treatment of rheumatoid arthritis, active
Crohn disease, and ankylosing spondylitis. Blockade of TNF-α ,
a proinflammatory cytokine, results in improvement in sys-
temic inflammatory conditions; however, TNF-α , along with
interferon-γ and other cytokines, is an important component
in maintaining cellular immunity.

Tuberculosis has been associated with use of TNF-α an-
tagonists, probably as a result of the resultant cell-mediated
immune deficits (50,51). The majority of cases have occurred
in patients receiving infliximab; however, cases have also been
described in association with etanercept and adalimumab. In
general, cases have occurred in those with risk factors for la-
tent tuberculosis infection. As a result, tuberculosis skin testing
(TST) is recommended in all patients prior to the initiation of
a TNF-α antagonist. Regardless of TST results, tuberculosis
should be considered in the differential diagnosis in a patient
presenting on a TNF-α antagonist with compatible symptoms.

A number of other infections including histoplasmosis, liste-
riosis, aspergillosis, coccidiomycosis, and candidiasis have been
associated with the use of TNF-α antagonists; however, the
magnitude of risk and whether or not a causative association
exists are unclear (51).

Rit uximab

Rituximab (Rituxan, Genentech Inc. and Biogen Idec) is a
chimeric murine/human monoclonal antibody that binds the
CD20+ marker, expressed on B lymphocytes. Treatment with
rituximab results in rapid depletion of circulating CD20+ B
cells. This agent is approved for the treatment of CD20+ B-cell
lymphoma, as well as in combination with methotrexate for
the treatment of rheumatoid arthritis. In addition to these con-
ditions, rituximab has been used for the treatment of posttrans-
plant lymphoproliferative disease, immune thrombocytopenic
purpura, autoimmune hemolytic anemia, systemic lupus ery-
thematosus, multiple sclerosis, graft versus host disease, and
treatment of antibody-mediated graft rejection (52).

Following rituximab therapy, antibody production is main-
tained by plasma cells, which are CD20, negative. Peripheral
B-cell recovery takes 3 to 12 months (53). Despite this B-cell
deficiency and extensive use of rituximab for the treatment of
malignant and autoimmune conditions, there has been no evi-
dence of an increased risk of infection in patients treated.

Nat alizumab

Natalizumab (Tysabri, Biogen Idec and Elan Pharmaceuticals)
is a recombinant humanized monoclonal antibody that binds
to α4-integrin, thereby inhibiting α4-integrin–mediated leuko-
cyte adhesion. Disruption of binding prevents the transmigra-
tion of leukocytes across the endothelium into inflamed tissue.
Natalizumab is indicated as monotherapy for the treatment of
patients with relapsing forms of multiple sclerosis and in those
with inadequate response to, or who are unable to tolerate,
alternate therapies (54). It also increases the rate of remission
and improves the quality of life in patients with active Crohn
disease (55).

Progressive multifocal leukoencephalopathy (PML), a de-
myelinating disease of the central nervous system caused by the
human polyomavirus JC virus, has been reported in three pa-

tients who received natalizumab (56–58). The U.S. Food and
Drug Administration (FDA) approved an application for re-
sumed marketing in June of 2006. Given the mechanism of
action and inhibition of leukocyte migration, it is possible that
further opportunistic infections may be associated with the use
of this agent.

THE SOLID ORGAN
TRANSPLANT RECIPIENT

With improvements in surgical techniques and immunosup-
pressive therapy, a growing number of people are living with
solid organ transplants. With intensified immune suppression,
the incidence of graft rejection has decreased, while infectious
complications are an important cause of morbidity and mor-
tality. Although all transplant recipients are at increased risk
of infection compared to the general population, the risk of
infection in an individual recipient is determined largely by
two factors: the degree of exposure to potential pathogens and
the overall or “net state of immunosuppression” (Table 115.1)
(59). These patients are differentiated from other immunocom-
promised hosts by the technical aspects (complex surgery) and,
in general, the need for lifelong immune suppression to main-
tain graft function.

In an individual, the net state of immunosuppression is de-
termined not only by the immunosuppressive agents used, but
also by their dose, duration, and sequence of use. In addition,
factors such as underlying immune deficiency, metabolic de-
rangements, the presence of foreign bodies (e.g., central ve-
nous catheters) or fluid collections, and infection with immune-
modulating viruses such as CMV or EBV all contribute to
overall immunosuppression and the risk of infection (59).

Time line of Post t ransp lant Infe ct ions

With standardized immunosuppressive regimens, specific in-
fections vary in a predictable pattern depending on the
time elapsed since transplantation (Fig. 115.1) (59). This is
a reflection of the changing risk factors over time includ-
ing surgery/hospitalization, immune suppression, acute and
chronic rejection, emergence of latent infections, and expo-
sures to novel community infections. The pattern of infection
changes with the immunosuppressive regimen (e.g., pulse dose
steroids or the intensification for graft rejection), intercurrent
viral infections, neutropenia, or significant epidemiologic ex-
posures, such as travel or food. The timeline remains a useful
starting point, although it has been altered by the introduc-
tion of newer immunosuppressive agents and patterns of use;
the reduced use of corticosteroids and calcineurin inhibitors;
the increased use of antibody-based induction therapies or
sirolimus; routine antimicrobial prophylaxis; improved molec-
ular assays; antimicrobial resistance; transplantation in HIV-
and hepatitis C virus (HCV)-infected individuals; and broader
epidemiologic exposures, again, such as travel. Figure 115.1
demonstrates three overlapping periods of risk for infection
after transplantation, each most often associated with unique
groups of pathogens:

■ The perioperative period to approximately 4 weeks after
transplantation, reflecting surgical and technical complica-
tions
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Timeline  of Pos ttrans plant Infections

Period of mos t 
intens ive  

immune s uppres s ion

TRANSPLANT

1–6 MONTHS >6–12 MONTHS

NOSOCOMIAL 
TECHNICAL

<4 WEEKS

MRSA, Candida , VRE,
Aspergillus , aspira tion, 

line  infection, 
Clos tridrium difficile

Nosocomia l 
pa thogens

Donor derived
Recipient colonizers

COMMON TO RARE 
(Based on ne t s ta te  of 
immune suppress ion)

HSV, CMV, HBV, HCV, EBV,
Lis te ria , TB, PCP, BK virus,

Nocardia , Toxoplasma ,
Strongyloides , Le ishmania

Community-acquired
pneumonia , Aspergillus ,

dermatophytes, CMV
colitis , UTI

OPPORTUNISTIC INFECTION 
Activation of latent infection
Res idual technical problems

COMMUNITY 
ACQUIRED

FIGURE 115.1. The timeline of infection after transplantation. MRSA, methicillin-resistant Staphylococ-
cus aureus; VRE, vancomycin-resistant enterococcus; HSV, herpes simplex virus; CMV, cytomegalovirus;
HBV, hepatitis B virus; EBV, Epstein-Barr virus; TB, tuberculosis; PCP, Pneumocystic carinii; UTI, urinary
tract infection. (Adapted from Fishman JA, Rubin RH. Infection in organ-transplant recipients. N Engl J
Med. 1998;338[24]:1741.)

■ The period 1 to 6 months after transplantation, depending
on the rapidity of tapering immune suppression and the use
of antilymphocyte “ induction” therapy, reflecting intensive
immune suppression with viral activation and opportunistic
infections

■ The period beyond 6 to 12 months after transplantation,
reflecting community-acquired exposures and some unusual
pathogens based on the level of maintenance immune sup-
pression

In the first month after transplantation, most infections
are related to the surgery, similar to those occurring in the
complex general surgical population. These include pneu-
monia and surgical site, urinary tract, and central venous
catheter–associated infections caused by typical bacterial and
fungal pathogens such as Candida. Exposure to nosoco-
mial pathogens and colonization will alter the use of em-
piric antimicrobial therapy, including for methicillin-resistant
S. aureus (MRSA), vancomycin-resistant enterococcus (VRE),
fluconazole-resistant Candida species, Clostridium difficile,
and P. aeruginosa. Opportunistic infections rarely occur within
the first month posttransplant unless there has been pretrans-
plant immunosuppression. In the absence of prophylaxis, how-
ever, 24% to 34% of transplant recipients will have HSV dis-
ease, with most cases of HSV occurring as orolabial or genital
disease due to reactivation of latent infection in the recipient
during the first post transplant month (60).

Uncommonly, infections may be transmitted from a bac-
teremic or fungemic donor with potentially serious complica-
tions, including seeding of the vascular suture line. The use of
prophylactic antibiotics in the recipient, directed by donor cul-
ture results, allows organs from donors with bacteremia and/or

meningitis to be safely used without compromising transplant
outcomes (61–63).

The first month through the sixth month post transplant is
the highest-risk period for opportunistic infections, since the
effects of immunosuppression are greatest during this period.
These infections may include viral (CMV, varicella-zoster virus
[VZV], EBV, and hepatitis B), bacterial (N ocardia, Listeria, and
tuberculosis), fungal (Aspergillus and Cryptococcus), or para-
sitic (Pneumocystis, Toxoplasma and Strongyloides) infections.

Beyond 6 months post transplant, most recipients are on
reduced levels of maintenance immunosuppression with good
graft function and at low risk for opportunistic infections. Most
infectious complications during this time are due to conven-
tional community-acquired pathogens occurring in the general
population. These include viral respiratory infections, pneu-
mococcal pneumonia, and gastroenteritis. Intense exposure to
an opportunistic pathogen, however, may still result in dis-
ease, and transplant recipients should be counseled regarding
strategies to avoid high-risk exposures (64). Recipients requir-
ing augmentation of immunosuppression for management of
acute chronic rejection, as well as those with chronic or re-
current CMV infection, remain at risk for other opportunistic
infections, particularly P. carinii (jirovecii), invasive fungal in-
fection, and EBV-associated, posttransplant lymphoprolifera-
tive disease.

Pre ve nt ion of Infe ct ions

Treatment of infections in transplant recipients may be com-
plicated by rapid progression, precipitation of rejection,
and antimicrobial toxicity related to drug interactions or
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nephrotoxicity. Whenever possible, prevention of infections is
therefore a principal goal. Approaches to prevention include
donor and recipient history and serologic screening, tuberculin
skin testing, and pretransplant immunization of recipients.

Donor and Re cip ie nt Scre e ning
All potential organ donors and recipients should undergo a
thorough history and physical examination to identify risk fac-
tors for infection and potential latent infections. This includes
a complete medical history, as well as travel/residence, occu-
pational, and risk behavior (e.g., injection drug use) and expo-
sure history (e.g., tuberculosis). Commonly utilized serologic
tests for screening donors and recipients include HIV-1 and
-2, human T-lymphotropic virus (HTLV)-I/II, and HCV anti-
bodies; hepatitis B surface antigen (HBsAg); hepatitis B core
(HBcAb total ± IgM); hepatitis B surface (HBsAb) (some cen-
ters); CMV IgG antibodies; EBV antibody panel; syphilis screen
(rapid plasma reagin [RPR] or venereal disease research labora-
tory [VDRL]); Toxoplasma antibody; HSV IgG (some centers);
and VZV IgG in recipients.

Immunizat ion
Optimally, immunization against vaccine-preventable diseases
should be completed prior to transplantation and as early in
the course of the disease as possible. This is based on three
principal factors: (a) the response to vaccine declines with pro-
gressive end-organ failure; (b) despite this, the response to vac-
cination may be better before transplantation than after; and
(c) live viral vaccines (e.g., mumps, measles, rubella [MMR],
varicella) are generally contraindicated post transplant. Atten-
tion to the appropriate and timely administration of as many
immunizations as possible is of particular importance in pedi-
atric transplant candidates. National immunization guidelines
should be followed by consultation with an infectious diseases
specialist as needed and, based on vaccine type and urgency
of transplant, accelerated vaccination schedules used prior to
transplant where appropriate. In addition to routine vaccina-
tions, all transplant candidates should receive a pneumococ-
cal vaccine, yearly influenza vaccine, and hepatitis B vaccine.
Hepatitis B vaccination, with a documented serologic response,
allows for the safe use of HBcAb-positive donors, thus expand-
ing the donor pool (65). Susceptible individuals should receive
varicella vaccine (live vaccine) a minimum of 4 weeks prior to
transplantation.

Tub e rculosis Scre e ning
There is a 50- to 100-fold increased risk of tuberculosis (TB)
following organ transplantation, with an increased risk of dis-
semination compared to the general population (66,67). Man-
agement of TBpost transplant is also associated with significant
morbidity and mortality, and its therapy is complicated by the
multiple drug interactions between antituberculous and antire-
jection medications (68,69). Transplant candidates should un-
dergo TB screening with TST and risk factor assessment prior
to transplantation.

Dise ase -sp e cific Pre ve nt ion and Manag e me nt
Cytomegalovirus. CMV remains a significant cause of mor-
bidity in organ transplant recipients; however, strategies for
prevention have decreased the morbidity and mortality from
CMV. The risk of CMV disease depends on a number of fac-
tors, including the donor and recipient serostatus, as well as

the immunosuppression, particularly the use of antilympho-
cyte antibody (ALA) preparations for induction or treatment
of rejection.

The American Society of Transplantation Guidelines on
CMV prevention and management (70) should be used to guide
institutional approaches to CMV prevention in conjunction
with local CMV epidemiology, available laboratory support,
and infrastructure. If both the donor and recipient are CMV-
negative, antiherpes virus prophylaxis (for HSV and VZV) are
generally used for the first 3 to 12 months post transplan-
tation. However, 5% to 10% of such patients may develop
community-acquired CMV at some time post transplant. Those
who are CMV-seronegative and receive a seropositive organ
are at greatest risk of a primary CMV infection. Such patients
should receive prophylaxis with valganciclovir (900 mg/day)
for 100 days (70,71). In CMV-seropositive recipients, either
prophylaxis with valganciclovir or preemptive therapy based
on the results of a sensitive monitoring assay (e.g., CMV anti-
genemia or polymerase chain reaction [PCR]) have been used.
Given the high risk of CMV infection and disease in seroposi-
tive lung and heart-lung recipients, prophylaxis is generally pre-
ferred. All patients at risk for CMV who receive lymphocyte-
depleting agents for induction or treatment of rejection should
receive antiviral prophylaxis.

CMV disease refers to the presence of symptoms at-
tributable to CMV in the face of viral replication, and can
be further divided into (a) “CMV syndrome” and (b) tissue-
invasive disease. “CMV syndrome” is defined by the constella-
tion of fever greater than 38◦C, neutropenia or thrombocytope-
nia, and the detection of CMV in the blood by antigenemia,
PCR, or shell vial culture. Tissue-invasive disease requires a
biopsy for confirmation, except in the case of retinitis, and is
defined by the presence of signs or symptoms of organ dys-
function in association with histologic evidence of CMV in the
affected tissue (1).

Established CMV syndrome or tissue-invasive disease
should be treated with intravenous ganciclovir, 5 mg/kg every
12 hours. Although oral ganciclovir and valganciclovir have
been shown to be effective in the prevention of CMV infection,
there are, as yet, no data to support their use in the treatment of
disease due to CMV. Therapy should be continued for a mini-
mum of 14 days until symptoms have resolved and viremia has
cleared (i.e., until the CMV PCR/antigenemia is undetectable)
in order to minimize the risk of relapse (72,73).

Ganciclovir-resistant CMV is an emerging problem; risk fac-
tors include donor–recipient mismatch, in which the donor is
seropositive and the recipient seronegative; prolonged use of
ganciclovir; suboptimal ganciclovir levels; intense immunosup-
pression; and high CMV viral load. Ganciclovir-resistant CMV
should be suspected in the setting of a stable, or rising, viral
load in patients treated with ganciclovir; no decrease in anti-
genemia after 7 days of therapy; lack of clinical improvement
after 14 days of full-dose intravenous ganciclovir; or CMV in-
fection developing shortly after a prolonged course of low-dose
ganciclovir. If ganciclovir resistance is suspected, infectious dis-
eases/microbiology should be consulted for consideration of
molecular resistance testing and either alternative (e.g., foscar-
net, cidofovir) or adjunctive (CMV-Ig) therapies (74).

Epstein-Barr Virus and Posttransplant Lymphoproliferative
Disease. Primary EBV infection after transplantation has been
identified as the most important risk factor for PTLD, a
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complication with mortality reported to range as high as 40%
to 60% . This risk is exacerbated by the occurrence of CMV
disease and treatment with polyclonal or monoclonal ALA.
Studies comparing transplant recipients having received antivi-
ral prophylaxis with either acyclovir or ganciclovir to histori-
cal controls suggest some benefit of antiviral prophylaxis (75).
Recently, quantitative EBV viral load monitoring has also been
shown to decrease the risk of PTLD (76). In those at high risk
for PTLD (i.e., EBV donor seropositive/recipient seronegative),
preventative strategies with antiviral prophylaxis and/or EBV
viral load monitoring may be considered. If EBV viremia is
detected, immunosuppression reduction should be considered.

PTLD represents a highly diverse spectrum of disease with
variable clinical presentation, from benign B-cell proliferation
(mononucleosis) to true monoclonal malignancy. It may be
nodal or extranodal and localized or disseminated, and com-
monly involves the allograft. The diagnosis of PTLD requires
histologic confirmation and staging of the disease (2).

Options for the treatment of PTLD depend on the histol-
ogy and stage of the disease; however, in all cases, attempts
should be made to reduce or withdraw immunosuppression.
Additional considerations for treatment will depend on the
clinical presentation, histology, and stage of disease. A mul-
tidisciplinary approach to management is generally indicated
with collaboration of the transplant physician with hematol-
ogy/oncology, infectious diseases, and surgery specialists, de-
pending on the clinical setting. In addition to immunosuppres-
sion reduction or withdrawal, potential options for therapy
include antiviral agents, intravenous immunoglobulin, surgi-
cal resection, and local radiation. The use of rituximab, the
anti-CD20 monoclonal antibody, is an attractive second-line
option if reduction in immunosuppression alone fails given its
low toxicity and response rates, which range from 61% to
76% (77). Cytotoxic chemotherapy is generally considered a
third-line option due to a high incidence of toxicity in this
population.

Pneumocystis carinii (jirovecii). In the absence of prophylaxis,
P. pneumoniae occurs in 5% to 15% of solid organ transplant
recipients. Prophylaxis with trimethoprim-sulfamethoxazole,
one single-strength tablet daily, essentially eliminates this risk
and is indicated in all nonallergic transplant recipients for a
minimum of 6 months following transplantation. This also
acts as prophylaxis for a number of other infections such as
N ocardia, Listeria, and community-acquired pneumonia. In
sulfa-allergic patients, dapsone 100 mg daily, aerosolized pen-
tamidine 300 mg monthly, or atovaquone 1,500 mg daily are
alternatives (32).

Toxoplasmosis. Toxoplasmosis is of particular concern among
cardiac transplant recipients given that the site of latency is the
cardiac muscle. Seronegative recipients of a seropositive heart
are at risk due to donor transmission and primary infection,
and therefore require prophylaxis. TMP-SMX has been used
effectively for prophylaxis as one double-strength tablet daily;
lifelong prophylaxis is recommended (78).

Diag nosis and Tre at me nt of Infe ct ious Synd rome s
The diagnosis and management of infectious complications in
transplant recipients can be complex, and thus, consultation
with local infectious diseases specialists is recommended. The
initial approach to the transplant patient with suspected infec-

tion includes a thorough history and physical examination to
assess the overall state of immune function and exposure his-
tory and localize the potential site of infection. Basic testing
should include a complete blood count, creatinine, liver en-
zyme and function studies, blood cultures, and a chest radio-
graph. Additional specimens for microbiologic testing should
be obtained as directed by the history and physical examination
(e.g., urine cultures, stool for bacterial culture, Clostridium dif-
ficile toxin, ova and parasites, blood for CMV antigenemia, or
PCR).

Identification of the etiologic agent of infection is extremely
important and, hence, early aggressive testing (e.g., tissue
biopsy, bronchoscopy) should be considered. Due to the possi-
bility of unusual pathogens, close coordination with microbi-
ology and pathology is recommended to ensure proper collec-
tion and testing of specimens. Because infections may progress
rapidly in immunocompromised hosts, empiric therapy di-
rected at likely pathogens may be considered after collection of
appropriate diagnostic samples.

Fe ve r and Pulmonary Infilt rat e
Transplant recipients are susceptible to both common and un-
usual respiratory pathogens. In transplant patients presenting
with fever and a pulmonary infiltrate, the differential diagnosis
is broad and includes both infectious and noninfectious etiolo-
gies. However, infection is ultimately identified in 75% to 90%
of such cases, and dual or sequential infections are common.
Because pneumonia may rapidly progress in immunocompro-
mised hosts with a resultant high mortality, initial empiric ther-
apy directed at the most likely pathogens should be considered
following the collection of blood and sputum cultures, viral
respiratory studies, a complete blood count, and serum cre-
atinine; consultation with pulmonary and infectious diseases
specialists is recommended. Identification of the pathogen is
key to directing appropriate therapy, and thus, early invasive
diagnostic tests (e.g., bronchoscopy, lung biopsy) should be
considered, particularly in those who are critically ill or fail to
respond to initial empiric therapy.

Findings on chest radiograph combined with the clinical
presentation, rate of progression, exposure history, and as-
sessment of the net state of immunosuppression can help nar-
row the differential diagnosis. Table 115.6 summarizes the dif-
ferential diagnosis based on chest radiographic findings and
clinical presentation. Chest CT may be useful to delineate
the extent of pulmonary disease and guide invasive diagnostic
tests.

Ce nt ral Ne rvous Syst e m Infe ct ions
Similar to pulmonary infections, the presentation of CNS infec-
tion in transplant patients may differ from the general popu-
lation due to immunosuppression. Fever may or may not be
present, and the presentation can be subtle, with headache
or minor changes in mental status. The differential diagnosis
in transplant patients presenting with neurologic symptoms—
with or without fever—is broad, including both infectious
and noninfectious etiologies. Clinical presentations include
meningitis—acute or subacute/chronic—encephalitis, seizures,
focal neurologic deficits, and progressive cognitive impairment.
Among the common causes of infection are L. monocyto-
genes and Cryptococcus neoformans, as well as the common
community-acquired bacteria pathogens. Metastatic infection
due to Aspergillus and N ocardia species are also common.
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TA BLE 1 1 5 . 6

DIFFERENTIAL DIAGNOSIS OF FEVER AND PULMONARY INFILTRATE IN ORGAN
TRANSPLANT RECIPIENTS

Chest radiograph finding Acute onset Subacute/chronic onset

Consolidation Bacteria Fungal
Pulmonary embolism N ocardia
Hemorrhage Tuberculosis
Pulmonary edema Viral (adenovirus)

Reticulonodular Pulmonary edema Pneumocystis carinii (jirovecii)
Viral
P. carinii (jirovecii)

Drug reaction (including sirolimus)

Bacterial Viral

Nodular Bacterial Fungal
N ocardia
Tuberculosis
Tumor (including PTLD)

PTLD, posttransplant lymphoproliferative disease.

Table 115.7 lists the most common causes of these symptoms.
Consultation with infectious diseases/microbiology should be
considered to assist in diagnosis and to ensure that appropri-
ate samples are collected for diagnostic testing. Cerebral spinal
fluid analysis after neuroimaging with CT and/or magnetic res-
onance imaging (MRI) should be obtained in all such individ-
uals.

TA BLE 1 1 5 . 7

COMMON CENTRAL NERVOUS SYSTEM INFECTIONS
IN TRANSPLANT RECIPIENTS

COMMUNITY-ACQUIRED PATHOGENS
■ Pneumococcus
■ Meningococcus
■ Listeria monocytogenes
■ Herpes simplex virus (HSV)
■ Cryptococcus neoformans
■ Lyme disease

METASTATIC INFECTION
■ Bacteremia (endocarditis)
■ Mycobacterium tuberculosis
■ Aspergillus
■ N ocardia species
■ Strongyloides stercoralis (Gram-negative meningitis)
■ Mucoraceae (sinuses)
■ Dematiaceae—cerebral phaeohyphomycosis (skin)
■ Histoplasma and Pseudoallescheria/Scedosporium,

Fusarium

OTHER CENTRAL NERVOUS SYSTEM PROCESSES
■ Cytomegalovirus (nodular angiitis)
■ Varicella-zoster virus
■ Human herpesvirus 6
■ Toxoplasma gondii
■ JC virus (progressive multifocal leukoencephalopathy)
■ West Nile virus, lymphocytic choriomeningitis virus
■ Lymphoma (PTLD)
■ N aegleria/Acanthamoeba

THE HEMATOPOIETIC STEM CELL
TRANSPLANT RECIPIENT

A growing number of patients are undergoing allogeneic and
autologous hematopoietic stem cell transplantation (HSCT)
procedures for both malignant and nonmalignant indications
(79). Despite the advances, severe infectious complications are
not uncommon, with up to 40% of HSCT recipients requiring
ICU admission, and 60% of these needing mechanical venti-
lation, which is associated with a high mortality rate (80,81).
Although traditionally poor, the outcomes of HSCT recipients
admitted to the ICU are improving with advances in infection
prevention, diagnosis and management, and ICU care (82).

Historically, bone marrow has been relied upon as a source
of stem cells, but recent developments now include the use
of peripheral blood stem cell (PBSC) and umbilical cord blood
(UCB) for transplantation. In an attempt to eliminate malignant
cells and decrease the risk of graft versus host disease, positively
selected CD34+ progenitor cells may be used for transplan-
tation; however, this results in significant T-lymphocyte and
monocyte depletion of the graft, and therefore an increased
risk of opportunistic infection (83). In an attempt to extend
treatment by allogeneic HSCT to older patients and those with
comorbid conditions, reduced-intensity or nonmyeloablative-
conditioning regimens have been developed (84). Although the
period of neutropenia is shorter, and potent antitumor effects
result from this type of transplant, patients remain at high risk
for GVHD and require GVHD prophylaxis (85). Thus, despite
shorter periods of neutropenia and less severe mucositis, and
though the risk of early bacterial infections appears to be de-
creased, the risk of late viral, fungal, and bacterial infections
persists (86).

As a result of pretransplant conditioning chemotherapy,
with or without total body irradiation, both humoral- and
cell-mediated immunity are diminished. Natural host barrier
defenses are also impaired by mucositis and the use of vascu-
lar access catheters. The risk of infectious complications in the
HSCT recipient is generally divided into three phases: (a) the
period from conditioning therapy to engraftment when patients
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are neutropenic—the pre-engraftment phase—carries a high
risk of bacterial and fungal infections; (b) the second phase,
from engraftment to day 100—or during the period of treat-
ment for acute GVHD—in which viral and filamentous fungal
infections predominate; and (c) beyond day 100—late phase
or with chronic GVHD—the incidence of infections is reduced,
and is determined by the level of immune suppression needed
for chronic GVHD.

Phase 1: Pre -e ng raft me nt Infe ct ions

The early pre-engraftment, neutropenic phase usually lasts 10
to 15 days in most current nonmyeloablative HSCT patients,
and longer with ablative regimens. The predominant infections
seen during conditioning chemotherapy to the time of engraft-
ment are similar to those seen in association with neutropenia
(see previous section on the neutropenic patient). Similar to
other neutropenic hosts, there has been a shift from predom-
inantly Gram-negative to Gram-positive—coagulase-negative
Staphylococci, Streptococci, Enterococci—bacterial infections
with the use of fluoroquinolone prophylaxis (7). Although
azole prophylaxis has reduced the incidence of candidemia,
this continues to be an early cause of bloodstream infection
with an increase in the risk of azole-resistant Candida (87).
Herpes simplex virus may also reactivate during this phase but
can be prevented with prophylactic acyclovir in seropositive
HSCT recipients.

Phase 2: Eng raft me nt t o Day 100 (Acut e
Graft ve rsus Host Dise ase )

This phase is characterized by deficits in cellular immunity;
therefore, the most important infectious complications are vi-
ral infections, particularly CMV and invasive mold infections.
The most common manifestations of CMV disease in HSCT re-
cipients are pneumonia and gastrointestinal disease (88). The
highest risk of disease occurs in seropositive recipients of
seronegative transplants (89), and CD34+ selected PBSC trans-
plantation is associated with an increased risk of CMV infec-
tion due to T-lymphocyte depletion. The use of ganciclovir for
prophylaxis or preemptive therapy has resulted in a decreased
risk of CMV infection during this period, with most infections
now occurring after ganciclovir has been discontinued.

Interstitial pneumonitis is an important clinical syndrome
presenting during the postengraftment phase, and etiologies
include CMV, respiratory viruses, Pneumocystis, or idiopathic
pneumonia syndrome (IPS). The diagnosis of CMV pneumoni-
tis requires histology for definitive diagnosis; however, this is
often impractical, and a presumptive diagnosis may be made
on the basis of the presence of interstitial pneumonia, detec-
tion of CMV antigen or nucleic acid in the peripheral blood,
and/or respiratory secretions combined with negative investi-
gations for other etiologies of pneumonitis. Despite treatment
with intravenous ganciclovir and CMV hyperimmune globu-
lin or intravenous immunoglobulin, the mortality from CMV
pneumonitis remains high at 50% or greater (90).

P. carinii (jirovecii) has essentially been eliminated as a cause
of pneumonitis with the use of TMP-SMX prophylaxis. Res-
piratory viral infections, such as respiratory syncytial virus,
parainfluenza virus, and human metpneumovirus, have been

increasingly recognized as an etiology of pneumonia in HSCT
(91). A number of noninfectious etiologies of pneumonia also
exist, including IPS and diffuse alveolar hemorrhage, which
must also be considered in the differential diagnosis of HSCT
recipients with pneumonitis.

The majority of invasive mold infections occur during the
postengraftment phase, and are associated with treatment of
acute GVHD (92). Although Aspergillus continues to be the
predominant pathogen, non-Aspergillus molds, including Zy-
gomycetes, are emerging pathogens in this population (93). In-
vasive mold infections generally present as pulmonary nodules,
but invasive sinus disease and disseminated disease including
CNS involvement are other common presentations. Given the
high mortality associated with invasive mold infections, em-
piric antifungal therapy should be initiated while a definitive
diagnosis is aggressively pursued. Empiric therapy with liposo-
mal amphotericin is preferred to voriconazole in HSCT patients
with fever or pulmonary infiltrates, given that it has the broad-
est spectrum of activity. By contrast, the treatment of choice for
documented invasive aspergillosis is voriconazole, which has a
survival benefit over amphotericin B deoxycholate therapy and
is associated with less toxicity, particularly nephrotoxicity (94).
Despite appropriate therapy, the mortality of invasive mold in-
fections remains high in HSCT recipients, particularly in those
with disseminated or CNS disease, where the mortality reaches
80% to 100% . Newer antifungal agents, such as posaconazole,
and combination therapies have not yet been fully studied for
therapy in these populations.

Phase 3: Lat e Infe ct ions b e yond 100 Days

Beyond 100 days post transplant, there is gradual recovery of
humoral and cellular immune function, but infection risk is
driven to a large extent by the additional immunosuppression
induced by chronic GVHD and its treatment. Up to 40% of
HSCT recipients develop varicella-zoster virus infection, gen-
erally as a result of reactivation of latent infection, with most
cases occurring during the first year. Disseminated disease is as-
sociated with a high mortality rate and should be treated with
intravenous acyclovir, 10 mg/kg every 8 hours. Late CMV dis-
ease may occur and is associated with a history of early CMV
disease and GVHD (95). Late CMV disease is treated the same
as that occurring early; the outcome of late disease is poor, par-
ticularly for CMV pneumonia. Late invasive mold infections
may also occur, particularly in those with GVHD and preced-
ing viral (CMV) infection. As with CMV, the management of
late mold infections mimics that of early infections. Every at-
tempt should be made to decrease immunosuppression to assist
in the treatment of infection.

About one third of patients with chronic GVHD may de-
velop recurrent infection with encapsulated bacteria (sinopul-
monary, bacteremia) (96). The predominant pathogen is
Streptococcus pneumoniae, with Haemophilus influenzae and
S. aureus also commonly isolated. This risk is related to a deficit
in opsonizing antibody (97). Because HSCT recipients respond
poorly to pneumococcal vaccine within the first 1 to 2 years
post transplant, antibiotic prophylaxis with penicillin or TMP-
SMX is recommended in those with chronic GVHD. In patients
with chronic GVHD admitted with sepsis, broad-spectrum em-
piric antibiotic therapy is recommended pending microbiologic
identification.
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CHAPTER 116 ■ HUMAN IMMUNODEFICIENCY
VIRUS IN THE INTENSIVE CARE UNIT
ALISON MORRIS r KRISTINA CROTHERS r LAURENCE HUANG

Human immunodeficiency virus (HIV)-infected patients re-
quire critical care for various reasons that may or may not
be related to their underlying immunodeficiency. The evalua-
tion of HIV-infected persons admitted to the intensive care unit
(ICU) requires consideration of all processes that can occur in
HIV-uninfected persons, as well as those particular to HIV in-
fection, namely opportunistic infections, neoplasms, and HIV-
associated comorbidities or toxicities associated with antiretro-
viral therapy. Management of acute, life-threatening conditions
requires institution of similar therapies in HIV-infected persons

as in HIV-uninfected persons, with awareness of potential drug
toxicities and drug interactions that can occur in those on an-
tiretroviral therapy.

This chapter reviews the critical care of HIV-infected
patients, including causes of ICU admission and patient
outcomes. Special emphasis is placed on the etiology and man-
agement of respiratory failure, particularly that due to Pneu-
mocystis pneumonia (PCP), which carries an especially high
mortality risk. The potential impact of highly active antiretro-
viral therapy (HAART) on the critical care of HIV-infected
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patients is summarized, and issues regarding HIV testing and
decreasing transmission of HIV in the health care setting are
discussed.

EPIDEMIOLOGY OF HIV-INFECTED
PATIENTS IN THE ICU

ICU Ad mission Rat e s and Out come s

The first cases of HIV/AIDS were reported in 1981. Since that
time, there have been many developments in the treatment of
HIV and its associated diseases, most notably the introduc-
tion of HAART in 1996. Rates of ICU admission and mor-
tality related to ICU admission for HIV-infected patients have
shifted multiple times during the AIDS epidemic. Reasons for
these changing patterns are likely related in part to patient and
provider attitudes regarding the utility of intensive care (1). A
series of investigations focusing on outcomes of HIV-infected
patients requiring intensive care at San Francisco General Hos-
pital illustrates these changes. An analysis of ICU admissions
during the early 1980s reported mortality rates of nearly 70%
for HIV-infected patients, with most patients admitted for PCP
(2). Despite increasing hospital admissions of HIV-infected pa-
tients after 1984, the rates of ICU admission declined, likely
the result of both the physicians’ and patients’ views of ICU
care as futile (1). Subsequently, in the late 1980s, mortality
rates decreased coincident with the introduction of adjunctive
corticosteroids to treat PCP (3). However, in the early 1990s,
ICU mortality increased in the setting of increased rates of ICU
use, possibly because of renewed optimism in outcomes (4).
Data from the immediate pre-HAART period of 1992–1995
demonstrated an overall improvement in the mortality rate to
37% compared to the early days of the AIDS epidemic (5).

Studies have suggested a further decline in ICU mortality
after the introduction of HAART, although this has not been
demonstrated in all reports. In studies from San Francisco Gen-
eral Hospital, ICU mortality decreased significantly from 37%
in 1992–1995 to 29% in 1996–1999 (1,6). Likewise, studies
comparing the mortality rate between 1991–1992 and 2001
from Beth Israel Medical Center in New York demonstrated a
decrease in mortality from 51% to 29% (7). In contrast, analy-
ses of ICU admissions at a hospital in Paris, France, found that
ICU mortality was unchanged when comparing admissions be-
fore and during the HAART era (8,9). Overall, in recent stud-
ies, the average reported in-hospital mortality for HIV-infected
patients admitted to the ICU ranged between 25% and 40% ,
with a median ICU length of stay of 5 to 11 days (5–12) (Table
116.1).

Despite decreasing hospitalization rates for HIV-infected
patients, ICU admission rates have not changed substantially
in the HAART era (6–9,13). Approximately 5% to 12% of
hospital admissions for HIV-infected patients involve ICU care
(8,12). Possible reasons why ICU admissions have remained
relatively constant include the fact that a large proportion of
HIV-infected patients continue to be admitted to the ICU with-
out prior known HIV infection (range 28% –40% ) (8,9). In
addition, approximately 50% of patients are not on HAART
at the time of admission (8,9,12). Thus, these patients may be
presenting with critical HIV-associated illnesses, as they have
not been receiving care or have not been able to benefit from

HAART. Furthermore, as overall survival has improved in HIV-
infected patients on HAART, the number of persons living with
HIV has increased. Given this improved survival, providers
may be more likely to admit patients to the ICU and pursue
aggressive life support measures (8,13).

Ind icat ions for ICU Ad mission

Studies of critically ill HIV-infected patients indicate that the
spectrum of diseases requiring ICU admission is changing in
the setting of HAART. Early in the epidemic, most patients
were admitted with an AIDS-associated condition, most of-
ten PCP. Increasingly, patients with HIV infection are admit-
ted with a non–AIDS-associated condition. In a study from
Beth Israel Medical Center in New York, ICU admissions for
non–HIV-related disease increased substantially from 12% of
all admissions in 1991–1992 to 67% in 2001 (7). Likewise, in
a study from France, the proportion of admissions for non–
AIDS-related conditions increased significantly from 42% to
63% when admissions between 1995–1996 and 1997–1999
(9) were compared. Data from San Francisco General Hospital
found a similarly high proportion of patients (63% ) admitted
with non–AIDS-related conditions from 1996 through 1999
(6).

Acute respiratory failure is the most common indication for
ICU care, accounting for approximately 25% to 50% of ICU
admissions in HIV-infected patients (5,6,9–12,14,15). Pneu-
mocystis jirovecii was the responsible pathogen in approxi-
mately 25% to 50% of these patients in earlier investigations
(5,10,16). Although decreased in some studies (7), it remains
a significant cause of respiratory failure in recent studies, ac-
counting for 14% to nearly 50% of cases of respiratory failure
(6,7,12,17). Bacterial pneumonia is also a frequent cause of
acute respiratory failure and in some studies is now as com-
mon (6) or more common (7) than PCP.

Sepsis is an increasingly frequent indication for ICU admis-
sion, in one study increasing from 3% to 23% of all admissions
for HIV-infected patients during recent years (9). Other com-
monly reported causes of ICU admission include CNS dysfunc-
tion (11% –27% ), gastrointestinal bleeding (6% –15% ), and
cardiovascular disease (8% –13% ) (5,6,9,10,15,16). Other rea-
sons for ICU admission unrelated to immunodeficiency include
trauma, routine postoperative care, noninfectious pulmonary
diseases such as asthma and pulmonary embolism, renal fail-
ure, metabolic disturbances, and drug overdose. Given the fre-
quent coinfection with hepatitis C among patients with HIV,
liver disease may be increasing as a cause of death (18,19),
and complications related to cirrhosis often require ICU ad-
mission. In addition, solid organ transplantation (liver, kidney)
is currently being studied in HIV-infected patients; thus, these
patients may also be encountered in the ICU setting.

Pre d ict ors of Mort alit y
d uring ICU Ad mission

Mortality in the ICU is clearly related to the reason for ICU ad-
mission. The highest mortality rates for HIV-infected patients
requiring ICU admission are associated with sepsis and respi-
ratory failure. Mortality rates of approximately 50% (5,15),
and as high as 68% , have been reported for sepsis (20). If
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respiratory failure is due to PCP, mortality remains nearly
50% (6,12) and is increased if complicated by PCP-associated
pneumothorax (6,8). For AIDS patients admitted to the ICU
for other HIV-related reasons, the reported mortality is gener-
ally lower. For example, the reported mortality for CNS dys-
function is 20% to 48% (5,10–12,15), whereas the mortal-
ity for gastrointestinal disease is approximately 30% to 35%
(5,10,11). However, patients admitted with non–HIV-related
conditions may have better outcomes. In a study from San
Francisco General Hospital, patients admitted with a non–
AIDS-associated diagnosis were significantly more likely to sur-
vive than patients admitted with an AIDS-associated condition
(odds ratio [OR] 2.9, 95% confidence interval [CI] 1.5–5.8,
p = 0.002) (6). In a study from New York, ICU admission
with an HIV-related illness was independently associated with
increased mortality (OR 4.2, 95% CI 2.0–9.0, p < 0.001) (12).

Mortality during hospitalization is also related to the sever-
ity of the acute illness (Table 116.1). Predictors of increased
hospital mortality include the need for mechanical ventilation
and disease severity (as assessed by scoring systems such as the
Simplified Acute Physiology Score I [SAPS I], and the Acute
Physiology and Chronic Health Evaluation II [APACHE II]
score) (5,6,9,12,15). ICU mortality has also been related to
the preadmission health status of the patient. Patients with a
decreased serum albumin level or a history of weight loss may
also have a higher mortality (5,6,15). The CD4+ T-cell count
and the plasma HIV RNA level have generally not been in-
dependent predictors of short-term mortality during the ICU
stay (5–7,11,12,16). However, long-term mortality after ICU
admission is related to the underlying severity of HIV disease
(5,15,16). Compared to pre-HAART, long-term survival fol-
lowing ICU discharge is improved in the HAART era (8,9).

Imp act of Ant ire t roviral The rap y
on ICU Mort alit y

The full impact of HAART on outcome of HIV patients in the
ICU remains unclear, as prospective, randomized trials assess-
ing the initiation of HAART on outcome in critically ill patients
have not been completed. Two retrospective studies conducted
at San Francisco General Hospital suggest that HAART may
improve outcomes in critically ill HIV patients. In a review of
all HIV-infected patients admitted to the ICU between 1996
and 1999, patients receiving combination HAART at the time
of ICU admission were less likely to present with two condi-
tions associated with decreased survival, an AIDS-associated
diagnosis and decreased serum albumin, but HAART itself
was not independently associated with survival (6). In a study
of all HIV-infected patients with PCP who were admitted to
the ICU at San Francisco General Hospital between 1996 and
mid-2001, patients who were on HAART at the time of ICU
admission or started HAART during hospitalization had an
improved survival compared to patients not receiving HAART
(21). However, in another study from New York City, ICU mor-
tality was not different in patients admitted between 1997 and
1999 when comparing patients receiving HAART versus those
not on HAART (12). Furthermore, the prior use of HAART
was not associated with differences in overall hospital mortal-
ity or length of stay (12). Another study found that although
ICU mortality had improved in recent years, this improvement
could not be attributed to HAART because none of the patients

received this therapy (22). Conclusions regarding the impact of
HAART on outcome are limited by the nonrandomized nature
of these retrospective studies and by the inability to measure po-
tential bias in the selection of which patients received HAART.
In addition, these studies do not address treatment failure, drug
resistance, or medication nonadherence prior to or after ICU
admission, all of which influence long-term outcome (12).

IMMEDIATE CONCERNS IN
MANAGING CRITICALLY ILL

HIV-INFECTED PATIENTS
The initial management of critically ill HIV-infected patients
includes all the immediate concerns in HIV-uninfected patients
such as securing a stable airway and ensuring adequate res-
piration and circulation. The immediate management of pa-
tients with respiratory failure depends on the underlying reason
for respiratory compromise, but consideration of opportunis-
tic infections is warranted early in the course of care to ensure
prompt diagnostic evaluation and initiation of appropriate an-
tibiotic therapy. Management of patients in shock consists of
similar strategies as in HIV-uninfected patients and depends
on the cause of shock, with use of volume resuscitation, va-
sopressors, and/or inotropic agents as appropriate to maintain
adequate mean arterial pressures and systemic perfusion. For
patients with septic shock, early goal-directed therapy should
be instituted (23). Given the increased association of HIV with
cardiovascular disease, cardiomyopathy (24), and adrenal in-
sufficiency (25), providers should be alert to the possibility that
these conditions may also cause shock in HIV-infected patients.

Certain aspects of the patient’s history are important for ini-
tiating early appropriate management. The degree of immuno-
suppression related to HIV infection is a critical determinant
of risk for opportunistic infections. In addition, use of and ad-
herence to antiretroviral therapy and prophylactic antibiotics,
as well as intravenous drug use and exposures to endemic fungi
and mycobacteria, are key components of the patient’s history.
The evaluation and management of the most common indi-
cations for ICU admission among HIV-infected patients are
discussed in detail below.

PULMONARY MANIFESTATIONS
OF HIV

Sp e ct rum of Re sp irat ory Dise ase s
and Ap p roach t o Diag nosis

Although the spectrum of diseases leading to respiratory failure
has changed during the HAART era, acute respiratory failure is
still the most common cause of ICU admission for HIV-infected
patients (5,6,9–12,14,15). Respiratory failure can occur from a
multitude of causes including infections, neoplasms, drug over-
dose, and neurologic conditions that may be both HIV- and
non–HIV-related. Rapid diagnosis and initiation of appropriate
therapy is crucial, particularly in patients with HIV-associated
infections. Although many of the conditions have typical signs
and symptoms, many of the presentations can overlap. There-
fore, definitive diagnosis should be pursued whenever possible.
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Appropriate workup includes chest radiograph and occasion-
ally chest computed tomography (CT). Blood and sputum cul-
tures should be obtained, and bronchoscopy with bronchoalve-
olar lavage (BAL) should be strongly considered for definitive
diagnosis. In some cases, pulmonary disease becomes dissemi-
nated, and biopsy of other sites such as lymph nodes or bone
marrow can be useful in obtaining a diagnosis. It is impor-
tant to remember that all the conditions leading to respira-
tory failure in the non–HIV-infected patient also occur in those
with HIV infection. Diagnoses such as pulmonary embolism,
asthma, chronic obstructive pulmonary disease, and cardio-
genic pulmonary edema also present with respiratory failure,
and appropriate testing should be performed.

Pne umocyst is Pne umonia
Pneumocystis pneumonia (PCP) has historically been the
most common cause of respiratory failure in AIDS patients
(5,10,16). PCP is caused by the organism Pneumocystis
jirovecii, formerly Pneumocystis carinii. The numbers of pa-
tients admitted to the ICU with PCP has decreased since the
introduction of HAART, but it remains an important cause of
morbidity and mortality in the HIV-infected ICU patient. In the
1980s, patients with PCP who were admitted to the ICU had a
mortality rate as high as 81% , with mortality for those requir-
ing mechanical ventilation approaching 90% (2). The introduc-
tion of adjunctive corticosteroids for moderate to severe PCP
in the mid-1980s led to an improvement in mortality for PCP-
associated respiratory failure to approximately 60% (3,26,27).
Since that time, there has been little change in outcomes from
severe PCP, with recent studies still reporting a hospital mor-
tality of approximately 60% (5,6). The primary factors that
determine mortality in patients with PCP are the need for me-
chanical ventilation and the development of a pneumothorax.
Either of these factors portends a poor prognosis, and the oc-
currence of both is almost uniformly fatal (6,28). Other factors
that have been reported to be associated with mortality in some
studies include low serum albumin, admission to the ICU af-
ter 3 to 5 days of hospitalization, increased age, and elevated
serum lactate dehydrogenase (LDH) (6,22,28–30).

Clinical Presentation. PCP is most frequent in patients with a
CD4+ cell count below 200 cells/µ L, with the risk of PCP in-
creasing as the CD4+ count decreases below that level (31,32).
Although use of PCP prophylaxis decreases the incidence of
PCP, patients receiving prophylaxis may still develop PCP, es-
pecially if severely immunocompromised (33). However, many
patients with PCP do not know that they are HIV-infected, and
therefore never receive PCP prophylaxis. Recent studies have
reported that 28% to 57% of patients admitted to the ICU are
diagnosed with PCP as their first manifestation of HIV; thus
clinicians need to consider PCP in any patient with a consistent
clinical picture if the patient’s HIV status is unknown (21,28).
HIV-infected patients continue to present with PCP because
of a lack of regular medical care, nonadherence to PCP pro-
phylaxis, or failure to have appropriate prophylaxis prescribed
(34,35).

Risk factors for PCP other than a low CD4+ cell count, the
presence of oropharyngeal candidiasis, and prior PCP are de-
bated. For example, exposure to an infected rodent can result
in PCP in immunosuppressed rodents, but whether human ex-
posure increases PCP risk is still unclear (36). Certain activities
such as gardening have been associated with increased risk, and

there appears to be geographic variation in PCP risk (37,38).
The influence of cigarette smoking has also been debated, al-
though some studies have reported an increased risk of PCP in
smokers (39,40).

The symptoms of PCP can be nonspecific but include fever,
tachypnea, dyspnea, and cough. The cough associated with
PCP is most often nonproductive or productive of clear sputum.
Patients with purulent sputum are more likely to have bacterial
pneumonia. The pace and duration of symptoms is also impor-
tant in distinguishing PCP from bacterial pneumonia. Unlike
in the non–HIV-infected immunosuppressed population, HIV-
infected patients with PCP generally report the subacute onset
of symptoms over several weeks, with the median duration of
symptoms in one study being 28 days (41).

Many patients with PCP have an unremarkable lung exam-
ination. They will often manifest hypoxemia and an increased
alveolar-arterial oxygen gradient. Laboratory tests can suggest
the diagnosis, but are often nonspecific. The white blood cell
count can be normal, decreased, or increased. Serum LDH is
often elevated in patients with PCP. The test has a sensitivity
of 83% to 100% , and a normal LDH does not rule out the di-
agnosis (42–44). Also, multiple pulmonary and nonpulmonary
conditions can result in an elevated LDH, so an elevated LDH
does not rule in the diagnosis. In general, the LDH is more
useful as a prognostic rather than a diagnostic test. The degree
of elevation correlates with outcome and response to therapy,
and patients with a rising serum LDH in the face of treatment
have a worse prognosis (44). The arterial blood gas in PCP
demonstrates hypoxemia and a widened alveolar-arterial gra-
dient, which can be seen in any pulmonary disease but is use-
ful in determining the need for adjunctive corticosteroids and
ICU care. A recent study examined the utility of serum procal-
citonin measurement in distinguishing PCP from tuberculosis
and bacterial pneumonia (45). The authors found that procal-
citonin levels were significantly lower in PCP than in either TB
or bacterial pneumonia, but this test has not been applied in
large-scale clinical studies.

The classic chest radiographic appearance of PCP is a diffuse
interstitial, reticular, or granular infiltrate (Fig. 116.1). PCP can

FIGURE 116.1. Portable chest radiograph from a patient with Pneu-
mocystis pneumonia demonstrating diffuse bilateral infiltrates and
pneumothoraces. (Courtesy of Laurence Huang, M.D., M.A.S., Pro-
fessor of Medicine, University of California, San Francisco.)
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also result in focal airspace consolidation, although this presen-
tation is less common. Infiltrates are occasionally unilateral or
asymmetric and, in patients receiving aerosolized pentamidine
for prophylaxis, there may be an upper lobe predominance. In
general, the pattern (reticular or granular) is more suggestive
of the diagnosis than the distribution. Severe PCP is similar
to the acute respiratory distress syndrome (ARDS) in causing
widespread capillary leak that results in bilateral infiltrates,
and these two entities may be indistinguishable radiographi-
cally. Cysts or pneumatoceles occur in about 10% to 20% of
patients, and these changes can be seen before, during, or after
PCP treatment (46,47). Patients with PCP are at risk for devel-
oping spontaneous pneumothoraces, and PCP should be high
in the differential for any HIV-infected patient presenting with
a pneumothorax. Radiographic findings such as pleural effu-
sions or lymphadenopathy are uncommon in PCP, and their
presence should lead the clinician to consider alternate or con-
current diagnoses. High-resolution CT scans can be helpful in
demonstrating diffuse ground glass opacities typical of PCP,
but these findings are not specific.

Diagnosis. Although patients may present with typical signs
and symptoms of PCP, a definitive diagnosis is preferred, par-
ticularly in patients in the ICU. Many HIV-associated respi-
ratory diseases have overlapping or nonspecific presentations,
which makes it difficult for even experienced clinicians to di-
agnose empirically. Definitive diagnosis allows for the timely
administration of appropriate antibiotics and avoids exposure
to unnecessary medications. We are currently unable to culture
Pneumocystis, and thus, the diagnosis relies on visualization
of the organism in a respiratory sample from a patient with a
compatible clinical presentation.

PCP can be diagnosed either through examination of in-
duced sputum or from samples obtained at bronchoscopy.
Spontaneous sputum is generally not acceptable for diagno-
sis of PCP (48). Rarely, open lung biopsy is used to provide a
diagnosis. Induced sputum has a sensitivity ranging from 56%
to over 80% , but these numbers were generated by centers
experienced in the technique (49–53). The usefulness of this
test is often limited because many hospitals lack experience in
examining induced sputum, and a negative sputum induction
should be followed by a bronchoscopy. A recent study reported

that serial sputum samples can improve PCP diagnosis (7). In
the ICU, the technique is usually not used because patients are
generally not able to tolerate the procedure or are intubated.

Bronchoscopy with BAL should be obtained when sputum
induction is negative or cannot be obtained. For patients with
HIV infection, BAL has a sensitivity of over 90% for diagnosis
of PCP and should be performed as early as possible in un-
diagnosed patients (54). Transbronchial biopsy does not add
significantly to the yield for PCP in an HIV-infected individual
and is technically challenging in an intubated patient; however,
it may be useful in diagnosing other pulmonary infections that
are also in the differential (55). It is reasonable to perform
transbronchial biopsy as part of the initial procedure when the
probability of PCP is low or as a follow-up test when the initial
BAL is nondiagnostic.

Traditional staining methods for PCP include Gomori
methenamine silver, toluidine blue O stain, or a modified
Wright-Giemsa stain. Immunofluorescent antibody staining
can also be used to examine induced sputum or BAL and has a
high sensitivity (56,57). Newer methods based on the molecu-
lar technique of polymerase chain reaction (PCR) are currently
under investigation. A recent study compared PCR of BAL and
sputum with traditional methods and found 100% sensitiv-
ity for BAL and 85% sensitivity for sputum, with a specificity
of 90% to 100% for both (58). Because PCR is quite sensi-
tive, its use might obviate the need to obtain invasive samples.
For example, a study of quantitative touch down PCR of oral
washes found that the technique had a sensitivity of 88% and
a specificity of 85% (59). When a cutoff value was applied to
the Pneumocystis copy number, specificity improved to 100% .
PCR-based diagnosis is not yet widely available for PCP.

Treatment and Corticosteroids. The duration of PCP treat-
ment is 21 days. First-line therapy for moderate to severe PCP is
intravenous trimethoprim-sulfamethoxazole (TMP-SMX) (Ta-
ble 116.2). TMP-SMX is curative in 60% to 86% of pa-
tients (60,61). The dosage of TMP-SMX is 15 to 20 mg/kg of
trimethoprim and 75 to 100 mg/kg of sulfamethoxazole daily,
divided every 6 to 8 hours. TMP-SMX is associated with a
high rate of adverse reactions, particularly in those with HIV
infection. Approximately one fourth to one half of patients
will develop therapy-limiting toxicity (41,60,62–64). Adverse

TA BLE 1 1 6 . 2

SUMMARY OF TREATMENT REGIMENS FOR PCP IN THE ICU IN DECREASING ORDER OF PREFERENCE

Agent Dose Side effects

Trimethoprim-sulfamethoxazole 15 to 20 mg/kg/d trimethoprim with 75 to
100 mg/kg/d sulfamethoxazole IV,
divided every 6 to 8 h

Bone marrow suppression, hyponatremia,
hyperkalemia, nausea, nephrotoxicity,
rash, transaminitis

Pentamidine isethionate 3 to 4 mg/kg/d IV Bone marrow suppression, hypoglycemia
or hyperglycemia, hypotension, nausea,
pancreatitis, nephrotoxicity

Clindamycin-primaquine 900 mg IV every 8 h (clindamycin)
30 mg PO daily (primaquine)

Diarrhea, hemolytic anemia, leukopenia,
methemoglobinemia, nausea, rash

Adjunctive therapy:
Prednisone if PaO 2 less than 70 mm Hg or

A-a gradient more than 35 mm Hg

40 mg PO every 12 h for 5 d, 40 mg PO
daily for 5 d, 20 mg PO daily for 11 d

Psychosis, hyperglycemia

PCP, Pneumocystis pneumonia; ICU, intensive care unit; IV, intravenously; PO, by mouth; PaO 2 , arterial oxygen tension; A-a, alveolar-arterial; d, day;
h, hour.
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reactions to TMP-SMX include nausea, integumentary rash, el-
evation of transaminases, hyponatremia, hyperkalemia, renal
insufficiency, and bone marrow suppression.

Intravenous pentamidine isethionate is the preferred al-
ternative treatment for patients who cannot tolerate TMP-
SMX or have failed treatment. Patients should receive 3 to 4
mg/kg/day of pentamidine. Some studies have found that the ef-
ficacy of pentamidine is similar to TMP-SMX, but others have
reported a lower survival rate with pentamidine (61% vs. 86%
for TMP-SMX) (60,61,65). Pentamidine has several serious ad-
verse effects that can limit therapy and may be seen in as many
as 50% of patients. Toxicity from pentamidine includes nausea,
hypotension, bone marrow suppression, hepatic transaminitis,
and nephrotoxicity. Glucose levels should be monitored in pa-
tients receiving pentamidine because it is toxic to pancreatic
islet cells and can result in initial hypoglycemia from a surge
of insulin release, followed by hyperglycemia from inadequate
insulin. Some patients can even progress to chronic diabetes
mellitus. Pancreatitis also occurs with pentamidine and may
be fatal (66,67). Other side effects that have been reported in-
clude myoglobinuria, hyperkalemia, and increases in creatinine
kinase. Pentamidine also has cardiac effects with bradycardia,
prolonged Q-T intervals, and ventricular arrhythmias (68,69).

When TMP-SMX and pentamidine are either ineffective or
toxic, it is possible to use clindamycin and primaquine as an-
other salvage regimen option, but this use may be limited in the
ICU because primaquine is administered orally and its absorp-
tion may be impaired. Clindamycin should be dosed 600 to 900
mg every 6 to 8 hours intravenously, with primaquine given 15
to 30 mg orally daily. Patients should be tested for G6PD de-
ficiency before starting primaquine. Side effects include rash,
diarrhea, and methemoglobinemia.

Adjunctive corticosteroids have been shown to decrease
mortality in those patients with moderate to severe PCP
(26,27,70,71). A recent meta-analysis of all randomized tri-
als of corticosteroids found that the administration of cortico-
steroids was associated with a risk ratio of 0.56 for mortality
and 0.38 for requiring mechanical ventilation (72,73). Patients
with a room air arterial oxygen pressure less than 70 mm Hg
or with an alveolar-arterial gradient greater than 35 mm Hg
should receive corticosteroids. Corticosteroid therapy should
be started within 24 to 72 hours of initiation of PCP treat-
ment, whether the diagnosis is confirmed or only suspected.
Corticosteroids act to reduce the inflammatory response seen
during the first few days of treatment, thereby preventing res-
piratory deterioration. The recommended regimen is 40 mg of
oral prednisone given twice daily for 5 days, then 40 mg once
daily for 5 days, and 20 mg daily for 11 days. If patients are
unable to tolerate oral medications, intravenous methylpred-
nisolone or dexamethasone can be substituted.

Treatment Failure. Due to the increased inflammatory re-
sponse during the initial phase of treatment, clinical deterio-
ration can frequently be seen in the first 3 to 5 days of PCP
treatment. Patients may experience worsening hypoxemia and
respiratory distress, and radiographic infiltrates may progress.
This worsening is likely due to an inflammatory response to
dead or dying organisms that results in increased capillary per-
meability and formation of pulmonary edema. Assessment of
treatment failure is challenging given this potential for initial
worsening combined with the inability to culture Pneumocys-
tis or determine antibiotic sensitivities. In general, treatment

should be continued for at least 5 to 10 days before diagnosing
treatment failure and switching to another agent. It is impor-
tant to remember that other diagnoses present at baseline or
that have developed since admission can explain the patient’s
lack of improvement, and these diagnoses must be excluded
before concluding that treatment failure is solely to blame.
Other diagnoses to consider include nosocomial, community-
acquired, or other opportunistic pneumonia, and cardiogenic
or noncardiogenic pulmonary edema. Patients who worsen or
fail to improve while receiving PCP treatment should undergo
diagnostic procedures such as chest CT, sputum cultures, or
echocardiography as clinically indicated. Repeat bronchoscopy
is useful to identify pathogens other than PCP but is not useful
to evaluate treatment failure because Pneumocystis can persist
in the BAL, even in patients who are successfully treated (74).

It is unknown if treatment failure is more likely in pa-
tients with previous exposure to anti-Pneumocystis prophy-
laxis. Pneumocystis develops mutations at the dihydropteroate
synthase (DHPS) locus with exposure to sulfa- or sulfone-
containing medications such as TMP-SMX and dapsone (75–
77). In other micro-organisms, mutations at this locus have
been shown to produce resistance to TMP-SMX, but the evi-
dence for clinically important resistance in Pneumocystis is not
clear-cut. Some authors have found an increased mortality and
rate of treatment failure in patients with DHPS mutations (78–
81), but others have not observed this association (76,82). In
general, most patients with previous exposure to TMP-SMX or
dapsone respond to treatment with TMP-SMX, and it should
still be regarded as first-line therapy for these patients.

Ventilatory Support. Because the physiology of PCP is very
similar to that of ARDS, principles of ventilatory management
should be the same. Barotrauma is of particular concern in ven-
tilated patients with PCP, as the development of a pneumotho-
rax heralds a poor prognosis. Although patients with PCP were
not included in the ARDSnet study, these patients should prob-
ably be ventilated in a similar fashion—with tidal volumes of
6 mL/kg and levels of positive end-expiratory pressure as
needed to maintain oxygenation according to the ARDS-
net guidelines (83). Noninvasive positive pressure ventilation
(NIPPV) with continuous positive airway pressure (CPAP) or
bilevel positive airway pressure (BiPAP) may be useful in pa-
tients with PCP. One study found that use of noninvasive venti-
lation decreased the rate of intubation, lowered the number of
pneumothoraces, and improved survival (84). NIPPV may be
tried as a first-line ventilation mode in patients with PCP who
are awake, cooperative, and able to protect their airway.

Bact e rial Pne umonia
Both the use of TMP-SMX for PCP prophylaxis and HAART
have contributed to an overall decline in the numbers of cases
of HIV-associated bacterial pneumonia (BP) (85–88). Although
absolute numbers of cases of BP have declined since the intro-
duction of HAART, in some series it now accounts for a greater
percentage of ICU admissions since the number of PCP cases
has also declined (6,11). Clinical risk factors for BP include in-
jection drug use, cigarette smoking, older age, and lower CD4+

cell count, although BP can occur in patients with any CD4+

cell count (87,89–91). There are limited data regarding ICU
mortality, but one study found that 83% of HIV-infected pa-
tients admitted to the ICU with BP survived (7). CD4+ cell
count below 100 cells/µ l, shock, and radiographic progression
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have been associated with mortality from BP in HIV-infected
patients (92). Nosocomial pneumonia has also declined since
the introduction of HAART but is still common in mechani-
cally ventilated patients (88).

Clinical Presentation. Clinical presentation of BP in the HIV-
infected patient is similar to that in the non–HIV-infected pop-
ulation. Patients typically present with an acute onset of fever,
cough, shortness of breath, and purulent sputum. Chest radio-
graphs frequently reveal lobar infiltrates that may progress to
an ARDS-like picture in severe cases. The most common causes
of BP in HIV include Streptococcus pneumoniae, Haemophilus
influenzae, Pseudomonas aeruginosa, and Staphylococcus au-
reus. Drug resistant S. pneumoniae and S. aureus are more
common in HIV-infected patients (93–95). Atypical pneumo-
nia with Mycoplasma pneumoniae is reported in approxi-
mately 20% to 30% of HIV-infected patients with community-
acquired pneumonia (CAP) but is less commonly a cause of
ICU admission (96). HIV-infected patients are more likely to
be bacteremic, particularly those with Streptococcus pneumo-
niae infection (97).

Diagnosis and Treatment. Diagnosis and treatment for both
CAP and hospital-acquired pneumonia should generally fol-
low published guidelines, although these guidelines do not
specifically address pneumonia in HIV-infected patients (98–
100). Blood cultures should be obtained. Sputum should be
sent for Gram stain and culture, and bronchoscopy should
be considered. Treatment should include empiric coverage
for the organisms above. Because of the higher incidence of
pseudomonal and staphylococcal pneumonia in HIV-infected
patients with severe pneumonia, it is important to initiate cov-
erage for these organisms. As methicillin-resistant Staphylococ-
cus aureus (MRSA) is common in HIV infection and is associ-
ated with decreased survival (88), empiric antibiotics effective
against this pathogen are warranted pending results of cultures
and antimicrobial sensitivities.

Ot he r Re sp irat ory Dise ase s
Other respiratory diseases that occur in HIV-infected ICU
patients include Mycobacteria tuberculosis pneumonia; fun-
gal pneumonias such as Cryptococcus neoformans, Histo-
plasma capsulatum , Coccidioides immitis, and Aspergillus fu-
migatus; cytomegalovirus pneumonia, and Toxoplasma gondii
pneumonitis. Malignancies such as Kaposi sarcoma and non-
Hodgkin lymphoma can also lead to respiratory failure, but
they are far less common than infections.

IMMUNE RECONSTITUTION
INFLAMMATORY SYNDROME

The immune reconstitution inflammatory syndrome (IRIS) is
a life-threatening syndrome occurring in HIV-infected patients
who are started on HAART. In the days to months following
initiation of HAART, patients experience a paradoxical wors-
ening or new onset of infectious signs or symptoms. The syn-
drome results from an improvement in the immune system with
an increased inflammatory response against infectious agents
that can occur before the CD4+ cell count has risen (101).
Immune reconstitution is most often seen in infection with
Mycobacterium tuberculosis, cytomegalovirus (CMV), Pneu-

mocystis, Mycobacterium avium complex, and endemic fungi
(101–107). Manifestations of IRIS that can result in the need
for ICU care include pneumonitis, meningitis, hepatitis, and
pericarditis.

Respiratory failure secondary to IRIS is most common in
tuberculosis and PCP (105,108–110). Paradoxical worsening
in these cases presents with fever, hypoxemia, and new or in-
creased radiographic infiltrates. Care is supportive, and corti-
costeroids are generally advocated, particularly in cases of PCP.
Antiretroviral regimens should be continued whenever possi-
ble. Because this syndrome can be difficult to distinguish from
acute opportunistic infections or other causes of respiratory
deterioration, it is imperative that other causes of respiratory
failure are sought before assigning a diagnosis of IRIS.

SEPSIS AND BACTEREMIA
Sepsis is increasingly common among HIV-infected patients ad-
mitted to the ICU, and its mortality rate has been reported to be
as high as 68% (9,20,111). In the HAART era, more deaths in
the HIV population have been attributed to sepsis (112). Care
of the HIV-infected patient with sepsis should follow current
guidelines (113). Broad-spectrum antibiotics should be based
on the patient’s CD4+ cell count, the presumed source, and
previous use of prophylactic antibiotics that might predispose
to resistant bacteria. Clinicians should consider empiric cov-
erage for mycobacterial diseases and endemic fungi as sug-
gested by the patient’s presentation. The use of corticosteroids
or recombinant-activated protein C has not been extensively
studied in the HIV-infected population. Because HIV-infected
patients have a high incidence of adrenal insufficiency, it is
prudent to evaluate all septic HIV-infected patients and initi-
ate therapy if cortisol levels do not increase appropriately with
stimulation. Use of activated protein C can be difficult in this
population because it should not be administered to patients
with platelet counts below 30,000 cells/µ L or to those with a
history of a central nervous system (CNS) lesion.

NEUROLOGIC MANIFESTATIONS
OF HIV

The spectrum of neurologic disorders requiring critical care for
patients with HIV infection includes all the causes commonly
seen in the non–HIV-infected population in addition to partic-
ular opportunistic infections, neoplasms, and sequelae of HIV.
In one series, neurologic diagnoses accounted for 12% of ICU
admissions and had a 75% survival in the HAART era (6). An
earlier series found that as many as 80% of these conditions
required mechanical ventilation (114). A recent study of neuro-
logic causes of ICU admission found that CNS toxoplasmosis
and progressive multifocal leukoencephalopathy (PML) had
decreased, but the incidence of ischemic stroke, hemorrhagic
stroke, and primary CNS lymphoma had increased (115).

CNS toxoplasmosis is one of the most frequent CNS in-
fections seen, although the number of cases has fallen dra-
matically with the introduction of HAART. Patients typically
present with fever, headache, focal neurologic deficits, and a de-
creased level of consciousness; seizures can also occur. CT scan
reveals characteristic ring-enhancing lesions (Fig. 116.2). Sim-
ilar findings can also be seen with CNS lymphoma. Treatment
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FIGURE 116.2. Contrast-enhanced head computed tomography scan
from an AIDS patient with headache, word-finding difficulty, and sev-
eral seizures showing a left frontoparietal ring-enhancing lesion (ar-
rowhead) with mass effect on the lateral ventricle and a subtler focus
of enhancement on the right at the gray-white junction (arrow ). (Cour-
tesy of Cheryl Jay, M.D., Associate Clinical Professor of Neurology,
University of California, San Francisco.)

for CNS toxoplasmosis is pyrimethamine given as a 200-mg
loading dose, followed by 50 to 75 mg orally every 24 hours,
with sulfadiazine at a dose of 1 to 1.5 g every 6 hours orally.
Patients should also receive 10 to 20 mg of folic acid daily
while receiving pyrimethamine. Other CNS infections that are
seen in HIV infection include bacterial and Cryptococcus neo-
formans meningitis. Diagnosis of C. neoformans is confirmed
by visualization of encapsulated yeast on cerebrospinal fluid
(CSF), a positive CSF culture, or a positive CSF cryptococcal
antigen. Treatment should be initiated with amphotericin B
(0.7 mg/kg/day intravenously) and flucytosine (100 mg/kg/day
orally, divided into four doses). Repeated lumbar puncture is
often required to normalize CSF pressure. Other CSF infec-
tions that occur in HIV include PML, which is a progressive
demyelinating disease, CMV, and herpes simplex virus. Any of
these diseases can worsen and present with a neurologic im-
mune reconstitution inflammatory syndrome in the setting of
introduction of HAART (115).

GASTROINTESTINAL
MANIFESTATIONS OF HIV

Gastrointestinal (GI) diseases, in particular liver diseases, have
increased as a cause of death in HIV-infected patients (112).
These diseases are either the primary cause or a complicating
factor in the ICU admission of many HIV-infected patients. As
in the non-ICU population, significant GI bleeding often re-

sults in ICU admission. Upper GI bleeding is more common
than lower GI bleeding, and approximately half of the cases
are HIV-related (116). Common HIV-associated diagnoses in-
clude infectious esophagitis (e.g., CMV) and ulcers, Kaposi sar-
coma, and AIDS-associated lymphoma (116). In cases of lower
GI bleeding, approximately 70% are a result of HIV infection
(116). CMV colitis and idiopathic colon ulcers are most com-
mon, but Kaposi sarcoma, AIDS-associated lymphoma, and
infections such as Mycobacterium avium complex may also
contribute (117). Hemorrhoids and anal fissures can also result
in significant bleeding in HIV-infected patients with thrombo-
cytopenia (118). Care of the HIV-infected patient with a GI
bleed is the same as for a non–HIV-infected patient and should
include immediate resuscitation, source identification, reversal
of coagulation defects, and achievement of hemostasis.

Coinfection with HIV and hepatitis C is increasingly com-
mon and complicates the management of both diseases. Mor-
tality from hepatitis C has increased in recent years (119–121),
and infection in HIV-infected individuals seems to be more se-
vere with a higher mortality and risk of cirrhosis (122–124).
There is also an increased risk of renal failure in hospitalized
patients coinfected with HIV and hepatitis C (125). Hepatitis
B is also common among HIV-infected patients.

Other GI conditions that are common in HIV-infected pa-
tients include peritonitis and bowel perforation. The most com-
mon cause of life-threatening abdominal pain is small bowel
or colon peritonitis from CMV (126). Kaposi sarcoma, AIDS-
associated lymphoma, and mycobacterial infection have also
been associated with bowel perforation (117). Pancreatitis can
also be seen, particularly with exposure to certain antiretroviral
medications or pentamidine. AIDS cholangiopathy can result
from various infectious and neoplastic processes and can be
asymptomatic or present with fulminant biliary sepsis (117).
In addition to the usual care of cholangitis with intravenous
fluids and broad-spectrum antibiotics, endoscopic retrograde
cholangiopancreatography (ERCP) with sphincterotomy may
be helpful in patients with common bile duct dilatation (126).

OTHER HIV-ASSOCIATED
CONDITIONS

Card iac Dise ase

Since the introduction of HAART, there has been growing ev-
idence that HIV-infected patients are developing premature
atherosclerosis, and cardiovascular disease is now a primary
cause of non–HIV-related deaths in these patients (112,127).
Therefore, these patients may be more commonly admitted to
the ICU with acute coronary syndromes.

The development of metabolic abnormalities that contribute
to atherosclerosis has been associated with the use of non-
nucleoside reverse transcriptase inhibitors (NNRTIs) and/or
protease inhibitors (PIs). Elevated triglycerides, hypercholes-
terolemia, decreased high-density lipoproteins, glucose intoler-
ance, and frank diabetes have all been associated with various
antiretrovirals (128–131). There may also be direct endothe-
lial effects of PIs or HIV itself that play a role in the develop-
ment of vascular complications (132). Because of the higher
rate of these metabolic abnormalities, combined with a high
prevalence of cigarette smoking, it has been postulated that
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HIV-infected patients might have advanced cardiac and cere-
brovascular disease, but several large-scale studies have had
varying results (133–135). Even if the risk of cardiovascular
events is elevated compared to non–HIV-infected patients, it is
still low, particularly in comparison to the dramatic improve-
ments in morbidity and mortality associated with HAART.
There are few data on treatment or outcomes of cardiac dis-
ease specifically in the HIV-infected population, but treatment
of acute coronary syndromes should be the same as in the
non–HIV-infected population. A study of HIV-infected patients
undergoing cardiac surgery found that these patients had fa-
vorable outcomes and should be referred for coronary artery
bypass grafting when appropriate (136).

Re nal Dise ase

HIV-infected patients are at risk of acute and chronic renal fail-
ure that can either lead to ICU admission or complicate care
in the ICU. Renal function is abnormal in approximately 30%
of HIV-infected subjects, and HIV-associated nephropathy is a
common cause of end-stage renal disease (137). Renal dysfunc-
tion can occur from use of certain antiretroviral medications
and other therapies such as pentamidine, TMP-SMX, and am-
photericin B. HIV-infected patients who are coinfected with
hepatitis C also have an increased risk of renal failure (125).
HIV-associated nephropathy is another common cause of renal
dysfunction and seems to improve with the administration of
HAART (137). The diagnostic workup and treatment of renal
dysfunction in HIV-infected patients is similar to that for the
non–HIV-infected patient and should include renal ultrasound
to rule out obstruction, examination of the urine, discontinua-
tion of nephrotoxic medications, and renal biopsy if indicated.
Dialysis should be offered to appropriate patients.

Me t ab olic Ab normalit ie s

Metabolic abnormalities are common in the HIV-infected ICU
patient. As described above, lipid and glucose abnormalities
are often seen. Hyperglycemia secondary to drugs such as pen-
tamidine also occurs in this population. It has been noted
that hospitalized patients with HIV have high rates of hy-
ponatremia (138–140). Causes of hyponatremia include hy-
povolemia, adrenal insufficiency, drugs, and the syndrome of
inappropriate antidiuretic hormone (SIADH). A high incidence
of adrenal abnormalities has been noted on autopsy of HIV-
infected patients (141,142). Causes of adrenal pathology in-
clude infections such as CMV, tumors such as Kaposi sar-
coma, and drugs such as ketoconazole and pentamidine. The
clinical significance of the adrenal abnormalities is uncertain,
but it seems that HIV-infected patients have a higher likeli-
hood of adrenal dysfunction (25,143). Adrenal insufficiency
can present with hyperkalemia, hyponatremia, and hypoten-
sion, and patients with these symptoms should be evaluated
and treated appropriately. As with non–HIV-infected patients,
adrenal insufficiency is likely common in sepsis.

Lactic acidosis is another metabolic abnormality that can
occur in HIV-infected patients receiving HAART. This syn-
drome was first described in the 1990s and can occur with any
nucleoside/nucleotide reverse transcriptase inhibitor (NRTI)
but is most commonly seen with didanosine and stavudine

(144,145). Mitochondrial toxicity secondary to impaired syn-
thesis of adenosine triphosphate (ATP)-generating enzymes is
believed to be the cause of lactic acidosis (146). Patients partic-
ularly at risk of developing lactic acidosis from these drugs in-
clude those with a creatinine clearance less than 70 mL/minute
and a nadir CD4+ cell count below 250 cells/µ L (147). Al-
though some patients may have only an asymptomatic lactic
acidosis, others present with life-threatening acidemia. These
patients also commonly complain of abdominal pain, nausea,
and vomiting. Hepatic steatosis and transaminitis also occur,
and patients can progress to respiratory failure and shock. In
any patient presenting with these symptoms, an arterial lac-
tate level should be checked and all antiretroviral medications
discontinued if the level is greater than 5 mmol/L. Support-
ive care should be administered with bicarbonate therapy and
hemodialysis if necessary. Based on anecdotal data, riboflavin,
thiamine, and L-carnitine may reverse toxicity (148–151). Ri-
boflavin is administered at a dose of 50 mg daily with 50 mg/kg
of L-carnitine, and 100 mg of thiamine. Although the exact
length of treatment is unknown, it should be continued at least
until acidosis resolves.

FEVER OF UNKNOWN ORIGIN
Fever is common in all ICU patients. The differential for fever
is broad in the HIV-infected patient and includes infections,
neoplasms, medications, and collagen vascular diseases. Sev-
eral studies have examined the etiology of fevers of unknown
origin in those with HIV infection. Most studies have found
that infectious causes are responsible for most prolonged fevers
in the HIV-infected patient, with mycobacterial diseases diag-
nosed most commonly. PCP and bacterial infections are also
seen (152–155). The most common neoplastic cause of pro-
longed fever is lymphoma. Patients receiving HAART are less
likely to present with a fever of unknown origin than those not
receiving HAART (156).

Recurrent fever in an HIV-infected ICU patient should also
prompt evaluation of those conditions commonly seen in non–
HIV-infected ICU patients. Common infectious causes of fever
in the ICU include hospital-acquired pneumonia, catheter-
related infections, sinusitis, and pseudomembranous colitis.
Noninfectious causes include drug reactions (which are par-
ticularly common in those with HIV), pancreatitis, venous
thromboembolism, acalculous cholecystitis, adrenal insuffi-
ciency, and thyroid storm. Diagnostic workup should include
standard evaluation for infections such as blood, sputum, and
urine cultures. Bronchoscopy with BAL should be performed in
patients who demonstrate a new infiltrate on chest radiograph
or have a worsening respiratory status. Testing should be per-
formed for mycobacterial and fungal pathogens. Other testing
should be performed as would be done in the non–HIV-infected
population.

ANTIRETROVIRAL THERAPY
IN THE ICU

Tre at me nt St rat e g ie s

HIV-infected patients may be receiving antiretroviral ther-
apy at the time of ICU admission or may have antiretroviral
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therapy initiated in the ICU. The use of antiretroviral ther-
apy in critically ill patients presents distinct issues related to
drug delivery, dosing, drug interactions, and antiretroviral-
associated toxicities. The success of HAART in decreasing HIV-
associated morbidity and mortality has raised questions regard-
ing the ability of HAART to improve outcome in critically ill
HIV-infected patients. It is unclear if the risks associated with
HAART outweigh the potential benefits and if patients who
are already receiving HAART should continue therapy in the
ICU.

There are several factors related to using HAART in the
ICU that are important to consider. HAART improves immune
function. In chronic HIV infection, improving immune func-
tion with HAART significantly reduces the risk of opportunis-
tic infections and neoplasms. This could contribute to reduc-
tions in morbidity and mortality in critically ill HIV-infected
patients by decreasing the risk of subsequent HIV-associated
diseases. HAART is also important in treating conditions such
as PML that otherwise lack effective therapy. For these pa-
tients, HAART use may be necessary, even in the face of sig-
nificant risks. For patients already receiving HAART, discon-
tinuing therapy could result in the selection of drug-resistant
virus that could limit future therapy. This is especially true if pa-
tients are receiving efavirenz or nevirapine, as these antiretrovi-
ral medications have longer half-lives than other antiretroviral
medications. As a result, levels of these medications may persist

as the levels of the other antiretroviral medications decrease,
resulting in functional monotherapy.

HAART is also associated with several risks. Drug inter-
actions and HAART-associated toxicities complicate manage-
ment. In addition to issues regarding antiretroviral drug deliv-
ery and absorption, there are uncertainties surrounding dosing
in acute and multiple organ system failures. These uncertain-
ties could place patients at risk for subtherapeutic drug lev-
els and drug resistance or, conversely, supratherapeutic levels
and toxicity. Immune reconstitution inflammatory syndromes
could result in significant clinical worsening of an already crit-
ical disease. The potential threat of this syndrome may make
physicians reluctant to initiate HAART in the ICU.

There are no randomized clinical trials and no consensus
guidelines to assist in decisions regarding HAART use in the
ICU. Only a few retrospective studies address some of the clin-
ical issues that clinicians face. Although decisions regarding
HAART use in the ICU require a case-by-case basis review,
Huang et al. (157) suggested the following framework (Fig.
116.3). Patients receiving HAART prior to ICU admission who
have evidence of virologic suppression (plasma HIV RNA be-
low the limit of detection) should continue HAART, if possible.
These patients should have no contraindications to continuing
HAART such as drug interactions or HAART-associated toxi-
cities. Prompt placement of a feeding tube is especially critical
in these patients, as lapses in therapy create the potential for

ICU admiss ion

HIV infection known

Review previous  his tory of use  of and 
response  to antire trovira l the rapy

HIV infection suspected

Tes t for HIV

HIV pos itive

Not receiving combina tion 
antire trovira l the rapy

Rece iving combina tion 
antire trovira l the rapy

Continue  antire trovira l the rapy 
if HIV RNA is  unde tectable ;

consult HIV specia lis t 
if HIV RNA is  de tectable

Additional cons idera tions  be fore  initia ting or 
    continuing antire trovira l the rapy 
  Drug-res is tance  tes ting 
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FIGURE 116.3. Treatment strategies for patients with HIV in the ICU. This algorithm provides a frame-
work for making decisions regarding the use of antiretroviral therapy in the ICU. (Reproduced from Huang
L, Quartin A, Jones D, et al. Intensive care of patients with HIV infection. N Engl J Med. 2006;355:179,
with permission.)
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subtherapeutic antiretroviral drug levels and the emergence of
HIV drug resistance. In patients whose plasma HIV RNA is de-
tectable despite HAART, the risks of continuing HAART may
outweigh the benefits of this incomplete HIV viral suppression.
However, consultation with an expert in HIV medicine should
be obtained prior to any decision to continue, switch, or dis-
continue HAART.

Patients not receiving HAART prior to ICU admission rep-
resent the largest proportion of HIV-infected patients admitted
to the ICU (6–9). Two studies from the HAART era suggest
that patients admitted with an AIDS-defining diagnosis, espe-
cially PCP, have the poorest prognosis and, thus, the greatest
theoretical benefit from HAART (6,21). Although one study
found that patients receiving or started on HAART during ad-
mission for PCP had decreased mortality (25% versus 63% ),
this study was retrospective and based on a limited number of
patients.

Based on the limited available data, HAART initiation
should be deferred in HIV-infected patients admitted to the ICU
with a non–AIDS-associated condition (Fig. 116.3) (157). The
immediate prognosis in these patients is generally better than
for an AIDS-associated diagnosis, and the short-term outcome
is most likely related to successful treatment of the underly-
ing non-AIDS condition (6). As a result, the risks of HAART
initiation in the ICU outweigh the short-term benefits of this
therapy. If, however, patients remain in the ICU for a prolonged
period, HAART (and opportunistic infection [OI] prophylaxis)
should be considered if the patients have a CD4+ cell count less
than 200 cells/µ L since the risk of opportunistic infections is
increased below this CD4+ count.

In contrast, HAART should be considered for HIV-infected
patients admitted to the ICU with an AIDS-associated diag-
nosis. This is especially true for patients whose condition is
worsening despite optimal ICU management and treatment
for the AIDS-associated condition. In these individuals, the
prognosis is dire, and aggressive measures are warranted. Pa-
tients who receive HAART should be followed for develop-
ment of the immune reconstitution inflammatory syndrome,
and consultation with an expert in HIV medicine should be
obtained.

Drug De live ry, Dosing , and Int e ract ions

All of the currently approved antiretroviral medications are
dispensed orally, either as tablets or capsules, with the sole ex-
ception of enfuvirtide, a fusion inhibitor that is delivered sub-
cutaneously (Table 116.3). Several antiretroviral medications
are available in an oral solution, but only zidovudine has an
intravenous formulation. If these medications are to be contin-
ued or initiated in the ICU, tablets and capsules can be crushed
and reconstituted for delivery via feeding tube. As an addi-
tional consideration, the administration of many antiretroviral
medications requires the interruption of enteral feedings that
are usually delivered continuously, while other antiretroviral
medications should be taken with food to minimize adverse
effects.

Critical illness may complicate the absorption of antiretro-
viral medications. Decreased gastric motility (158,159), contin-
uous feeding (160), nasogastric suctioning, and gastric alkalin-
ization recommended for stress ulcer prophylaxis (113) may
contribute to variations in the absorption of enterally admin-
istered drugs. H 2-blockers and proton pump inhibitors, used

for stress ulcer prophylaxis, are contraindicated with certain
antiretroviral medications, necessitating the use of alternative
prophylaxis agents or antiretroviral medications (Table 116.4)
(161). Absorption of subcutaneously injected medications may
also be altered (162,163). Furthermore, atypical drug volumes
of distribution and compromise of elimination pathways due
to acute organ failures may confound the achievement of ap-
propriate drug levels (164).

The impact of acute and multiple organ system failures on
the pharmacokinetics of antiretroviral medications, particu-
larly when used in combination, have been largely unstudied.
The presence of renal insufficiency or hepatic impairment will
affect antiretroviral dosing. Renal insufficiency will reduce the
clearance of all NRTIs except abacavir and will require dose
adjustment of these NRTIs (Table 116.3). Patients with renal
insufficiency cannot use most of the fixed-dose NRTI combi-
nations. Instead, each antiretroviral medication must be used
individually and dosed accordingly. Liver impairment will re-
duce the hepatic metabolism of many PIs and NNRTIs and will
require dose adjustment of these medications (Table 116.3). Fi-
nally, as the patient’s renal and hepatic functions change, the
dose of these medications must be readjusted accordingly.

Antiretroviral medications, especially NNRTIs and
ritonavir-boosted PI regimens, have several important drug
interactions with other medications (Table 116.4). These inter-
actions involve other HIV-associated medications, including
those for opportunistic infection treatment or prevention,
and common ICU medications, especially benzodiazepines.
Midazolam, a benzodiazepine of choice in the ICU, should be
avoided in nonventilated patients who are receiving NNRTIs or
PIs, as benzodiazepine drug levels may be markedly increased
(161). For mechanically ventilated patients, any resulting in-
creased sedation may be a relative rather than an absolute con-
traindication. However, excess sedation is a significant factor
in patients weaning from a ventilator and nearing extubation.
Other drug–drug interactions may require close monitoring,
dose adjustment (increase or decrease), or avoidance of a
specific antiretroviral medication and/or the other drug.

Drug Toxicit y

In general, the newer antiretroviral medications possess better
safety profiles compared to their predecessors. Nevertheless,
several antiretroviral medications are associated with poten-
tially life-threatening and serious adverse effects (Table 116.5).
Abacavir is associated with a hypersensitivity syndrome that,
in rare cases, can lead to death if the patient is rechallenged.
The rash associated with nevirapine can be severe, present-
ing with systemic symptoms and, in rare cases, progressing
to Stevens-Johnson syndrome and toxic epidermal necrosis.
Efavirenz is associated with mental status alterations that may
be attributed erroneously to analgesics, sedatives, or the sleep-
disrupted schedule in the ICU. These complications may be
difficult to recognize as secondary to antiretroviral therapy.
If toxicities to antiretroviral agents are suspected, the offend-
ing agent should be discontinued promptly. Since antiretroviral
drug resistance can develop within days of a partially suppres-
sive regimen, all antiretroviral medications should be discon-
tinued or a replacement drug should be substituted for the sus-
pected agent. Consultation with an expert in HIV medicine is

(tex t continues on page 1747)
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TA BLE 1 1 6 . 4

COMMON ICU MEDICATIONS AND POTENTIALLY SERIOUS LIFE-THREATENING
INTERACTIONS WITH ANTIRETROVIRALS

Drug Antiretroviral Interaction

NEUROLOGIC AGENTS
Anticonvulsants

Phenytoin,
phenobarbital,
carbamazepine

Darunavir
Delavirdine
Efavirenz

May decrease ARV levels
May decrease anticonvulsant levels

SEDATIVES/ANALGESICS
Midazolam/triazolama Most PIs, NNRTIs Increased sedative effects
Methadone Most PIs, NNRTIs, NRTIs Narcotic withdrawal
Meperidine Ritonavir Increased normeperidine levels

ANTIMICROBIALS
Metronidazole Amprenavir

Ritonavir
Tipranavir

Disulfiram-like reaction

Rifampin Most PIs
Delavirdine
Efavirenz
Nevirapine

Decreased ARV levels
Increased hepatotoxicity

Voriconazole Efavirenz
Ritonavir

Decreased voriconazole levels
Increased ARV levels

RESPIRATORY AGENTS
Fluticasone Most PIs Increased plasma fluticasone levels

and adrenal suppression

CARDIAC AGENTS
Amiodarone Most PIs Increased cardiac effects

Increased cardiac effects
Diltiazem

Amprenavir
Atazanavir
Indinavir

Nifedipine Amprenavir
Darunavir
Delavirdine
Lopinavir/ritonavir

Increased cardiac effects

Simvastatin/lovastatin PIs
Delavirdine
Efavirenz

Increased statin levels

Sildenafil Most PIs Increased sildenafil effects

GASTROINTESTINAL AGENTS
Proton pump inhibitors/

H 2 blockers
Atazanavir
Delavirdine

Decreased ARV levels

ICU, intensive care unit; ARV, antiretroviral; PI, protease inhibitor; NNRTI, nonnucleoside reverse
transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor.
aMidazolam can be used with caution as a single dose and given in a monitored situation for procedural
sedation.

recommended for patients with suspected antiretroviral-
associated toxicities.

HIV TESTING IN THE ICU
In the current era, up to 40% of patients are unaware of their
HIV infection at the time of their ICU admission (6–9). For

these patients, the first opportunity for HIV testing and diag-
nosis occurs in an ICU setting. Current guidelines recommend
HIV testing whenever HIV infection is suspected (165). How-
ever, the prompt recognition of previously undiagnosed HIV
infection and HIV testing and disclosure requirements present
challenges to critical care physicians.

Most states have specific legislation regarding HIV testing,
and significant differences exist between states, requiring health
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TA BLE 1 1 6 . 5

POTENTIALLY LIFE-THREATENING AND SERIOUS ADVERSE EFFECTS OF ANTIRETROVIRAL AGENTS

Life-threatening and Principal antiretroviral
adverse effect agent Estimated frequency, onset Prevention/monitoring and management

Dermatologic-
Hypersensitivity reaction
(HSR)—fever, diffuse
rash; may progress to
hypotension, respiratory
distress, and vascular
collapse

Abacavir (ABC) Approximately 5% –8%
Onset, 9 days (median);

approximately 90%
within first 6 weeks

■ Discontinue ABC and other ARVs.
Most signs and symptoms resolve
48 hrs after discontinuation

■ Rule out other causes of symptoms
■ Discontinue other potential agent(s)
■ Do not rechallenge patients with ABC

after suspected HSR

Dermatologic-
Stevens-Johnson
syndrome/toxic
epidermal necrolysis
(TEN)

Chiefly NNRTIs:
Nevirapine (NVP) more
than efavirenz (EFV),
delavirdine (DLV)

NVP: 0.3% –1% , EFV and
DLV: 0.1% ; case reports
for other ARVs

Onset within first few days
to weeks

■ NVP: 2-week lead in period with 200
mg QD dosing, then increase to 200
mg BID. Avoid use of corticosteroids
during lead-in period—may increase
incidence of rash

■ Discontinue NNRTI and other ARVs
■ Rule out other causes of symptoms
■ Discontinue other potential agent(s)
■ Do not rechallenge patients with

NNRTI

N eurologic- Central
nervous system (CNS)
effects including
drowsiness, somnolence,
insomnia, hallucination,
psychosis, suicidal
ideation, exacerbation of
psychiatric illness

Efavirenz (EFV) More than 50% may have
some symptoms

Onset within first few
days; most symptoms
subside or diminish after
2–4 weeks

■ Administer at bedtime or 2–3 hrs
before bedtime for nonintubated,
nonsedated patients

■ Take on an empty stomach to reduce
drug concentration and CNS effects

■ Consider discontinuing EFV if
symptoms persist and cause
significant impairment or
exacerbation of psychiatric illness

Gastrointestinal-
Hepatotoxicity

All ARVs, especially
nevirapine (NVP)

Frequency varies with ARV
Onset (NRTIs), months to

years; PIs generally
weeks to months; NVP,
2/3 within first 12 weeks

■ Monitor liver enzymes
■ Rule out other causes of

hepatotoxicity
■ For symptomatic patients, discontinue

all ARVs
■ Discontinue other potential agent(s)

Gastrointestinal-
Pancreatitis

Didanosine (ddI), also
stavudine (d4T) plus ddI

ddI: 1% –7% , d4T plus
ddI: increased frequency

Onset usually weeks to
months

■ ddI should not be used in patients
with a history of pancreatitis

■ Avoid concomitant use of ddI with
d4T

■ Monitoring of serum amylase/lipase
in asymptomatic patients is generally
not recommended

■ Discontinue offending agent

Hematologic- Bone
marrow suppression

Zidovudine (AZT, ZDV) Anemia: 1.1% –4% ;
neutropenia: 1.8% –8%

Onset, weeks to months

■ Avoid use in patients at risk
■ Avoid other bone marrow

suppressants if possible
■ Monitor CBC with differential
■ Switch to another NRTI if there is an

alternative
■ Discontinue concomitant bone

marrow suppressants if there are
alternatives

■ Identify and treat other causes for
anemia and neutropenia

■ Blood transfusion if indicated
■ Consider erythropoietin therapy for

anemia
■ Consider filgrastim for neutropenia

(Continued )



Chap t e r 116: Human Immunodeficiency Virus in the Intensive Care Unit 1749

TA BLE 1 1 6 . 5

(Continued )

Life-threatening and Principal antiretroviral
adverse effect agent Estimated frequency, onset Prevention/monitoring and management

Lactic acidosis, hepatic
steatosis ± pancreatitis
(severe mitochondrial
toxicities)

NRTIs, especially
stavudine (d4T),
didanosine (ddI), and
zidovudine (AZT, ZDV)

Rare, but mortality up to
50% in some case series

Onset, months

■ Discontinue ARV if this syndrome is
highly suspected

■ Routine monitoring of lactic acid is
generally not recommended

■ Some patients may require IV
bicarbonate infusion, hemodialysis, or
hemofiltration

■ Thiamine, riboflavin, and/or
L-carnitine resulted in rapid
resolution of hyperlactatemia in some
case reports

Lactic acidosis, rapidly
progressive ascending
neuromuscular weakness

Stavudine (d4T), most
frequent

Rare
Onset, months; then

dramatic motor
weakness may occur
within days to weeks

■ Discontinue ARV. Symptoms may be
irreversible

■ Do not rechallenge patients with
suspected ARV

■ Plasmapheresis, high dose
corticosteroids, intravenous
immunoglobulin, carnitine,
acetylcarnitine attempted with
varying success

Renal- Nephrolithiasis/
urolithiasis/crystalluria

Indinavir (IDV) most
frequent

Approximately 12%
Onset is any time after

beginning of therapy,
especially at times of
decreased fluid intake

■ Maintain hydration, increase
hydration at first sign of darkened
urine

■ Monitor serum creatinine, urinalysis
■ Consider switching to alternative

agent or therapeutic drug monitoring
■ Stent placement may be required

Renal- Nephrotoxicity Indinavir (IDV),
potentially tenofovir
(TDF)

Frequency unknown
Onset-(IDV): months;

(TDV): weeks to months

■ Avoid use of other nephrotoxic
medications

■ IDV: Maintain hydration, increase
hydration at first sign of darkened
urine

■ Monitor serum creatinine, urinalysis,
serum potassium and phosphorus

■ Stop offending agent (generally
reversible)

ARV, antiretroviral; NNRTI, nonnucleoside reverse transcriptase inhibitor; QD, daily; BID, twice a day; NRTI, nucleoside reverse transcriptase
inhibitor; PI, protease inhibitor; CBC, complete blood count.
This table only lists potential life-threatening and serious adverse effects with an onset starting from initial dose up to months after initiation of therapy.
However, there are several important adverse effects including cardiovascular effects, hyperlipidemia, insulin resistance or diabetes mellitus, and
osteonecrosis that may result from antiretroviral therapy.
Adapted from Guidelines for the Use of Antiretroviral Agents in HIV-1-Infected Adults and Adolescents. These guidelines are updated frequently, and
the most recent information is available on the AIDSinfo Web site: http://AIDSinfo.nih.gov. Accessed October 10, 2006.

care providers to be aware of their state statutes and health
codes. In general, HIV testing requires consent from the pa-
tient. If a patient is incapacitated, some states permit a surro-
gate to consent on the patient’s behalf. HIV testing cannot be
performed if a patient or their surrogate refuses HIV testing.
As a result, physicians must weigh the risks and benefits of di-
agnostic procedures and empiric therapy without a confirmed
diagnosis; these decisions may harm patients with and with-
out HIV infection. For example, physicians may decide against
pursuing bronchoscopy to diagnose PCP or initiating empiric
PCP therapy that could be life-saving in an HIV-infected patient

with PCP. Conversely, physicians may perform procedures or
initiate therapies based on an incorrect assumption of under-
lying HIV infection, subjecting a patient without HIV to the
resulting complications and toxicities.

In cases where HIV testing cannot be performed, well-
intentioned physicians may wish to order plasma HIV RNA
assays or CD4+ cell counts to infer HIV status. This prac-
tice is ill-advised and may be in violation of legal statutes in
some states, which specifically prohibit plasma HIV RNA test-
ing without the appropriate counseling. Although a normal
CD4+ cell count argues strongly against the presence of an
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HIV-associated opportunistic infection such as PCP, low CD4+

counts characteristic of advanced HIV disease are often seen in
critically ill patients without HIV (166–168).

CONTROL OF HIV
INFECTION IN THE ICU

Blood -b orne Pat hog e n Pre caut ions

Risks for occupational transmission of HIV depend on the type
and severity of exposure. Potentially infectious fluids include
blood, any visibly bloody body fluid, semen, vaginal secretions,
and cerebrospinal, synovial, pleural, peritoneal, pericardial,
and amniotic fluid. Transmission may occur via percutaneous
injury or via contact with mucous membranes or nonintact skin
with infectious material. The average risk for transmission of
HIV following a percutaneous exposure to HIV-infected blood
is estimated to be approximately 0.3% (169). Transmission
after mucous membrane exposure is estimated to be approxi-
mately 0.09% (170).

Primary preventive measures should be used to decrease the
risk of exposure to HIV, as well as other infections including
hepatitis B and C. Health care workers should use universal
precautions for handling blood and body fluids for all pa-
tients, regardless of known HIV status. These precautions in-
clude the routine use of personal protective equipment such
as gloves, face protection, and gown, depending on the na-
ture of the procedure, anticipated contact with blood or bodily
fluids, and the potential for splashing or splattering of fluids
(171). Additional components of a primary prevention strategy
include work practice controls—for example, not recapping
needles, announcing all sharps introduced onto or removed
from the field, not leaving sharps on the field—and engineer-
ing controls—for example, self-retracting needles, needleless
systems, and sharps disposal containers (172).

Manag e me nt of Ne e d le St icks
In health care workers exposed to potentially infectious
body fluids, secondary prevention measures should be used
promptly. The first step in postexposure management is the
immediate cleaning of the site of injury or skin exposure with
soap and water (172). Mucous membranes should be flushed
with copious amounts of water (173). Exposures should be re-
ported promptly to the appropriate contact at each facility. If
the HIV status of the source patient is unknown, evaluation
of the risk factors and HIV testing following proper consent
procedures should be performed.

In workers with a potential exposure to HIV, postexpo-
sure prophylaxis (PEP) should be offered urgently. Decisions
of whether to initiate PEP when exposure occurs from a pa-
tient with unknown HIV status depend on the type and sever-
ity of exposure, prevalence of HIV in the community, and HIV
risk factors of the patient. However, the decision to start pro-
phylaxis will often need to be made prior to establishing the
HIV status of the source patient. PEP should be begun within
hours of exposure, as data suggest that postexposure prophy-
laxis is likely to be more effective if started shortly after expo-
sure (170,172).

Selection of the PEP antiretroviral regimen depends on the
efficacy of the antiretroviral agents and likelihood that the

strain of HIV will be susceptible to different agents, as well
as the pill burden, tolerability, and any comorbidities or use of
concurrent medications in the health care worker. Basic two-
or three-drug antiretroviral regimens are recommended by the
Centers for Disease Control and Prevention (CDC), depend-
ing on the HIV status of the patient and the severity and type
of exposure; specific recommendations are available from the
CDC (170). Expert consultation should be considered early,
particularly in cases with exposure to documented HIV drug
resistance. In an earlier study, use of zidovudine following ex-
posure in health care workers was associated with a decrease in
the risk of transmission by an estimated 80% (174). No studies
have specifically addressed the additional benefit of combina-
tion antiretroviral therapy following occupational exposure,
but the risk of transmission is likely to be further decreased
with multidrug regimens (170).

Substantial side effects are associated with PEP. A full 4-
week course of treatment is recommended, although studies
suggest that many are unable to finish a complete course (170).
Side effects are reported in as many as 75% of persons on PEP
(172). Balancing the risk of toxicity related to a three-drug
compared to a two-drug regimen depends on the degree of risk
associated with the exposure. Because of toxicity, PEP is not
justified in exposures that have a negligible risk for transmis-
sion of HIV.

Health care workers with potential exposure to HIV should
undergo serial HIV antibody testing. The CDC-recommended
schedule is initial testing at the time of exposure, with repeat
testing at 6 weeks, 12 weeks, and 6 months after exposure
(170). Testing should be extended to 12 months in those with
dual exposure to HIV and hepatitis C. Health care workers
should also receive counseling at the time of exposure to discuss
ways to decrease risk of exposures in the future, measures to
decrease the risk of secondary transmission, and side effects of
any treatments. Re-evaluation within 72 hours after exposure is
warranted, particularly as additional information regarding the
source patient may be available, and PEP may be discontinued
if HIV testing of the source patient is negative.

Re sp irat ory Iso lat ion
As with HIV-uninfected patients, HIV-infected patients with
suspected airborne-spread infections should be placed in res-
piratory isolation. Airborne precautions in the hospital set-
ting consist of the use of personal protective equipment in the
form of respirators and engineering controls such as the use
of negative-pressure rooms (175). Diseases requiring airborne
isolation precautions include tuberculosis, varicella (chicken-
pox and herpes zoster), measles, and the severe acute respi-
ratory syndrome (SARS) (175). Because tuberculosis is com-
mon in the HIV-infected population and is often difficult to
distinguish from other types of pneumonia, most HIV-infected
patients with respiratory symptoms and chest radiographic ab-
normalities should be considered for respiratory isolation. The
immune status of staff caring for the patient should also be
considered, and limiting the number of staff exposed to the
patient may be warranted. Patients with suspected airborne-
transmitted diseases should wear a surgical mask during trans-
port. Criteria for removing patients from respiratory isola-
tion vary by disease. For example, patients with tuberculosis
can be removed from respiratory isolation when the patient
is on effective therapy, is clinically improving, and has three
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consecutive negative sputum smears for acid-fast bacilli on dif-
ferent days or tuberculosis has been ruled out.

SUMMARY
In summary, the outcome for HIV-infected ICU patients has
improved dramatically since the beginning of the AIDS epi-
demic. The spectrum of admitting diagnoses in the ICU has
shifted to include more non–HIV-related conditions and diag-
noses related to side effects of HAART. Because many patients
are admitted to the ICU as their first manifestation of HIV, clin-
icians also need to consider a diagnosis of HIV in any patient
with a compatible clinical history. Issues regarding continuing
or starting HIV therapy are complex, and although HAART
seems to have had some impact on the outcomes of critically
ill HIV-infected patients, much remains to be discovered about
its role in the ICU. Unfortunately, few data exist to guide clin-
icians in this difficult decision, and until future randomized,
controlled studies examine this question, physicians must bal-
ance the risks and benefits for individual patients.

PEARLS

■ Intensive care survival of HIV-infected patients has im-
proved over the course of the AIDS epidemic with survival
rates that justify ICU care for most patients.

■ Diagnoses such as bacterial pneumonia, sepsis, and non–
AIDS-related conditions have increased in frequency since
the introduction of highly active antiretroviral therapy
(HAART).

■ Definitive diagnosis is highly recommended in patients
with HIV. Early bronchoscopy with bronchoalveolar lavage
should be performed in patients with pneumonia who do
not have an established microbiologic diagnosis.

■ Despite decreasing numbers of cases of Pneumocystis pneu-
monia (PCP), PCP is still common in HIV-infected patients.
It is associated with a high mortality, particularly in those
patients with a pneumothorax while on mechanical venti-
lation. Many patients admitted with PCP are not aware of
their HIV status.

■ First-line treatment for PCP is intravenous trimethoprim-
sulfamethoxazole, although many patients develop side ef-
fects. Corticosteroids should be given to those meeting oxy-
genation criteria.

■ Immune reconstitution inflammatory syndrome can result
in pneumonitis, meningitis, hepatitis, and pericarditis. Res-
piratory failure is most often from tuberculosis and PCP.
The syndrome occurs after starting HAART and needs to be
distinguished from acute opportunistic infections.

■ Patients can develop fatal lactic acidosis as a result of an-
tiretroviral medications. Treatment consists of drug dis-
continuation. Administration of riboflavin, thiamine, and
l-carnitine might be helpful but is unproven.

■ Coinfection with HIV and hepatitis C is increasingly com-
mon and can complicate ICU care.

■ Administration of HAART in the ICU is challenging because
of the multiple side effects and drug interactions, difficulty
with administration of oral medications, and the possibility
of inducing viral resistance; however, use of these medica-
tions may be beneficial in certain patients.
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CHAPTER 117 ■ UNUSUAL INFECTIONS
SANKAR SWAMINATHAN

This chapter describes the epidemiology, clinical presentation,
diagnosis, therapy, and prevention of several relatively unusual
infections. Although the incidence of these infections in the
United States is low, they have the potential to cause rapidly
progressive disease and, in some cases, present unique prob-
lems in management and infection control in the critical care
setting. Since rapid treatment is critical in many of these infec-
tions, prompt diagnosis is likewise essential. Many of the or-
ganisms causing these infectious diseases have also gained new
relevance as potential biologic warfare agents. The epidemiol-
ogy, clinical presentation, and management of infections result-

ing from an intentional release of micro-organisms may differ
significantly from disease resulting from traditional modes of
spread. In addition to an intentional bioterrorist attack, large
social disruptions that affect housing, public hygiene, and mass
migration have the potential to allow epidemic transmission of
some of these agents. Outbreaks of diseases previously thought
to be under control have occurred as a result of natural disas-
ters and human activities, both in the United States and abroad.
Finally, globalization, leading to increasing travel of humans,
and transport of animals and plant materials all increase the
likelihood that, hitherto, unusual infections will become more
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prevalent in the United States. Recognition of such unusual in-
fections will require familiarity with their epidemiology and
clinical presentation and will allow diagnosis and treatment in
a timely fashion.

TULAREMIA
Tularemia is a multisystem zoonotic infection caused by
a Gram-negative coccobacillus, Francisella tularensis. Tu-
laremia, named after Tulare County, California, where the
disease was first characterized in ground squirrels (1), has
been recognized since the 1800s and is primarily transmitted
through contact with infected animals, contaminated food and
water, or arthropod bites (2). Tularemia has been listed as a
category A bioterrorism agent (3), defined as follows:

High-priority agents include organisms that pose a risk to
national security because they
■ can be easily disseminated or transmitted from person to

person
■ result in high mortality rates and have the potential for major

public health impact
■ might cause public panic and social disruption; and require

special action for public health preparedness.

Ep id e miolog y

The incidence of tularemia in the United States has declined
since the 1950s and is currently less than 200 per year (4,5).
Most cases in the United States occur in the western and south-
western states in small sporadic clusters. Tularemia primarily
occurs during the summer months, most likely due to the in-
creased exposure to biting arthropods. Cases also occur dur-
ing the fall and winter and are linked to hunting and handling
infected animals. Perhaps because of a greater likelihood of
exposure to animals and arthropods, there is a 3-to-1 prepon-
derance of male-to-female cases. The most recent cases in the
United States have been young adults, although a significant
percentage of cases occurs among children younger than the
age of 14 years (6). Inhalational exposures have occurred in
Martha’s Vineyard in Massachusetts and were associated with
mowing grass and cutting brush (7).

In the United States, ticks and biting flies are the most im-
portant arthropod vectors. Major animal reservoirs are lago-
morphs (rabbits and hares), as well as rodents including prairie
dogs, squirrels, and rats. Mosquitoes were implicated as a pri-
mary vector in Scandinavia in one large outbreak (8). Direct
contact with infected animals is another significant mode of
transmission (9). Hunting, trapping, butchering animal car-
casses, and handling meat are all risk factors for tularemia.
Contamination of food and water by rodents and other carri-
ers has also been linked to human infection. The organism sur-
vives well in cold, moist conditions and can withstand freezing.
Finally, cats and other carnivores may transiently carry organ-
isms in their mouths or claws and can thereby transmit infec-
tion to humans (10). Pets may also increase the likelihood of
tick-borne transmission to humans.

Inhalational exposure may occur in the laboratory or as the
consequence of a deliberate release of weaponized Francisella
cultures. Human-to-human transmission of tularemia is not
known to occur.

Clinical Pre se nt at ion

Tularemia has been classically described as presenting in one
of six syndromes: ulceroglandular, oculoglandular, glandu-
lar, pharyngeal, typhoidal, and pneumonic (11). However, it
is clear that individual patients may have symptoms of sev-
eral of these types simultaneously. After initial entry into
the host—either through cutaneous inoculation, ingestion, or
inhalation—Francisella organisms multiply at the site of in-
fection (11). A vigorous inflammatory response ensues, lead-
ing to subsequent necrosis. The organism multiplies within
macrophages and travels to regional lymph nodes, kidney, liver,
lung, and spleen (12). The meninges and pericardium are oc-
casionally involved secondarily in untreated tularemia. Inhala-
tion or cutaneous inoculation of 10 to 50 organisms is sufficient
for infection (13,14). Symptoms usually begin 3 to 5 days after
infection, although longer incubation periods are possible (15).

Differences in clinical presentation may be partly at-
tributable to the type and route of infection. Thus tick-borne
infection is more likely to result in skin lesions on the head
and neck, trunk, and perineum, whereas animal-associated in-
fections more commonly result in upper extremity lesions (16).
Ingestion of contaminated water or food is more likely to cause
pharyngeal infection. Inoculation into mucous membranes of
the eye results in the oculoglandular syndrome, an ocular lesion
with local lymphadenopathy. Inhalation of the organism leads
to the pneumonic form of tularemia, although other forms of
tularemia can also cause prominent pulmonary involvement
through hematogenous dissemination. A typhoidal form of tu-
laremia occurs in less than 30% of cases, in which there are
no characteristic localized mucocutaneous or glandular signs
or symptoms. The distinction between typhoidal and nonty-
phoidal infections appears to reflect differences in the host re-
sponse. In nontyphoidal forms, there is a vigorous inflamma-
tory reaction, and the prognosis is good compared to typhoidal
infection, which has a higher mortality and in which pneumo-
nia is more common (16).

In general, the onset of systemic symptoms in tularemia is
abrupt and includes fever, headache, myalgia, coryza, cough,
malaise, and chest pain or tightness. In mucocutaneous in-
fection, the presenting complaint is usually painful lym-
phadenopathy, which may precede or follow the skin lesion.
In the purely glandular form, there is no apparent skin lesion.
Skin lesions usually begin as erythematous painful papules,
which progress to necrotic ulcers that are slow to heal. En-
larged lymph nodes are also slow to resolve and may suppu-
rate. In ocular infection, a painful conjunctivitis occurs. Pha-
ryngeal tularemia presents as an exudative pharyngitis with
adenopathy that is unresponsive to standard therapy. Tularemic
pneumonia is characterized by fever, cough, and pleuritic pain,
but sputum production and hemoptysis are unusual. A rela-
tive bradycardia, with a normal pulse despite an elevated tem-
perature, is common (40% ) in tularemia and may be a useful
diagnostic finding (16). Chest radiographic findings include hi-
lar adenopathy, patchy or less commonly lobar infiltrates, and
pleural effusions.

Although there has not been a documented biologic at-
tack with weaponized tularemia organisms, several probable
aspects of such a scenario are worth noting to allow early
recognition and management. If an aerosolized release of or-
ganisms were to occur, cases are likely to be pneumonic,
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although aerosolized tularemia would also likely result in ocu-
lar and cutaneous forms (2). Occurrence of tularemia in urban
settings and among healthy individuals should also prompt sus-
picion of a biologic attack. Onset of symptoms is expected to be
rapid and, as described above, closely resemble the acute onset
of influenza. The differential diagnosis of pneumonia due to
an aerosolized biologic weapon attack would include anthrax,
plague, and Q fever. Important distinguishing characteristics
between these causes would include a more rapid and fulminant
course in both anthrax and plague. In addition, pneumonic an-
thrax would not be expected to cause bronchopneumonia but
would result in mediastinal widening. Pneumonic plague re-
sults in frankly purulent sputum with hemoptysis and rapid
progression. Laboratory testing is important in distinguishing
between these various entities (see below), but initial empiric
treatment will, by necessity, require diagnosis based primarily
on clinical and epidemiologic data.

Diag nosis

Cultures for Francisella tularensis require incubation on spe-
cial supportive media. The laboratory must be notified in ad-
vance if tularemia is suspected, both to perform appropriate
testing and to institute protective measures to prevent infec-
tion of laboratory workers. Cultures of pharyngeal washings,
sputum, and fasting gastric aspirates are most likely to yield
positive results, whereas blood samples are usually negative
(17). Direct fluorescent staining of specimens can be performed
by specialized laboratories for a relatively rapid diagnosis.
Serology is positive approximately 10 days after infection. Al-
though serology is not helpful for diagnosing acute infection,
it is useful for confirmation of suspected cases. It is important
to promptly contact the hospital epidemiologist or infection-
control practitioner and the local health department in cases
of tularemia to aid in management and diagnosis of suspected
outbreaks.

Tre at me nt

Treatment regimens for most of the select agents have been de-
vised for either a contained casualty setting or a mass casualty
setting (Table 117.1). The recommendations for the latter sit-
uation take into account the likelihood that services may be
limited and parenteral or inpatient therapy may not be possi-
ble. The first-line treatment of tularemia in a contained casu-
alty setting is an aminoglycoside, either streptomycin or gen-
tamicin (2). Alternatives are doxycycline, chloramphenicol, or
ciprofloxacin given intravenously. Treatment with aminogly-
cosides or ciprofloxacin should be given for a minimum of 10
days, and treatment with doxycycline or chloramphenicol for
14 to 21 days. In a mass casualty setting or for postexposure
prophylaxis, oral doxycycline or ciprofloxacin for 14 days is
recommended. As is the case with other organisms described
later in this chapter, several potentially toxic antibiotics that are
not routinely given to children or pregnant women are included
in the recommended treatment regimens. For example, the use
of tetracyclines and quinolones carries the risk of potential side
effects in pregnant women and children. Nevertheless, given the
high mortality of tularemia, these agents are recommended as
acceptable alternatives if aminoglycosides cannot be adminis-

tered or are not available. The Centers for Disease Control and
Prevention (CDC) Web site should be consulted for the most
current details regarding the CDC recommendations for treat-
ment as well as more detailed information regarding usage in
renal failure and in special situations (18).

PLAGUE
Plague, caused by the Gram-negative bacillus Yersinia pestis,
is one of the oldest and most feared illnesses known to man.
Millions of people were killed by three pandemics occurring in
AD 540, the Middle Ages, and in the late 19th century (19,20).
Plague has been developed by various groups and nations as
a biologic weapon since the 1950s and has been listed as an
important potential agent of bioterrorism (3).

Ep id e miolog y

Plague is primarily a rural disease that occurs in all continents
except Australia (19). Although most common in rural settings
in developing nations, sporadic clusters occur regularly in the
United States. For example, 107 cases were reported in the
United States between 1990 and 2005, with a median num-
ber of seven cases per year (6). However, in 2006, 13 cases
were reported in the first 10 months of the year (6). Most cases
occur between spring and autumn in the Western states where
the disease is enzootic in wild rodents. Humans are infected via
bites from infected rodent fleas or by handling infected animals,
either domestic pets or wild animals. Worldwide, the most im-
portant reservoir is the domestic rat, but as in the United States,
sylvatic foci (in wild animals) also exist (21). Human-to-human
transmission can occur in pneumonic plague but requires close
contact. The last known case acquired in this manner in the
United States was reported in 1925 (22).

Clinical Manife st at ions

The three main types of plague are bubonic, septicemic, and
pneumonic. Although there is no current experience with pneu-
monic plague acquired from a biologic attack, the clinical pre-
sentation is expected to differ from that of natural infection
and is discussed below.

Bub onic Plag ue
Bubonic plague is the most common type of plague, occurring
in 76% of the cases reported in the United States between 1990
and 2005 (6). Large numbers of bacteria are inoculated at the
site of the flea bite and multiply locally, followed by rapid repli-
cation in nearby lymph nodes (21). The incubation period is
between 2 and 7 days. There is abrupt onset of fever, chills,
and headache. The characteristic bubo typically develops as a
smooth, firm oval mass which is extremely tender. The over-
lying skin is warm and erythematous, but suppuration is rare.
The primary lesion is often inapparent but can develop into an
ulcer. The most common site of the buboes is in the femoral
lymph nodes, but they are also seen in inguinal, cervical, and
axillary locations depending on the location of the inoculation.
Bacteremia occurs in about 25% of case, and in untreated cases,
the mortality is approximately 50% (6,21). In untreated cases,
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TA BLE 1 1 7 . 1

TREATMENT RECOMMENDATIONS FOR TULAREMIA

Contained casualty setting

Adults Preferred choices:
Streptomycin, 1 g IM twice daily
Gentamicin, 5 mg/kg IM or IV once daily
Alternative choices:
Doxycycline, 100 mg IV twice daily
Chloramphenicol, 15 mg/kg IV 4 times daily
Ciprofloxacin, 400 mg IV twice daily

Children Preferred choices:
Streptomycin, 15 mg/kg IM twice daily (not to exceed

2 g/d)
Gentamicin, 2.5 mg/kg IM or IV 3 times daily
Alternative choices:
Doxycycline

If weight 45 kg or more, 100 mg IV twice daily
If weight less than 45 kg, 2.2 mg/kg IV twice daily

Chloramphenicol, 15 mg/kg IV 4 times daily
Ciprofloxacin, 15 mg/kg IV twice daily

Pregnant women Same as adults above except chloramphenicol is not
recommended.

Mass casualty setting

Adults, including pregnant women Preferred choices:
Doxycycline, 100 mg orally twice daily
Ciprofloxacin, 500 mg orally twice daily

Children Preferred choices:
Doxycycline

If 45 kg or more, 100 mg orally twice daily
If less than 45 kg, 2.2 mg/kg orally twice daily

Ciprofloxacin, 15 mg/kg orally twice dailya

For full details and most current treatment recommendations, the reader is referred to the CDC Web site:
Centers for Disease Control and Prevention. Consensus statement: tularemia as a biological weapon:
medical and public health management.
http://www.bt.cdc.gov/agent/tularemia/tularemia-biological-weapon-abstract.asp#4. Accessed February 6,
2007.
aCiprofloxacin dosage should not exceed 1 g/d in children.

deterioration is usually rapid, with progression of typical signs
of shock and death occurring as early as 2 to 3 days.

Se p t ice mic Plag ue
Septicemic plague is defined as plague in the absence of an ap-
parent bubo. As with other systemic infections without clear lo-
calization, diagnosis of septicemic plague is often delayed, and
the prognosis is thus poorer. In the United States from 1990 to
2005, 18% of reported plague cases were defined as septicemic,
although 38% of the cases in 2006 were of this variety (6). A
useful clue to the diagnosis of septicemic plague is that gas-
trointestinal symptoms of nausea and vomiting, diarrhea, and
abdominal pain were prominent in several recent cases (6). Dis-
seminated intravascular coagulation may develop rapidly with
cutaneous and visceral hemorrhage. Rapidly progressive gan-
grene may also develop in this setting. Both septicemic plague
and pneumonic plague are fatal if untreated. Even with treat-
ment, mortality rates of 33% in septicemic plague were re-
ported from New Mexico in the 1980s (23).

Pne umonic Plag ue
Pneumonic plague may develop secondary to either bubonic
or septicemic plague. The incidence of secondary pulmonary
involvement is approximately 12% (19). Recent cases of pri-
mary pneumonic plague in the United States have occurred
either from laboratory accidents or from exposure to cats (24).
Pneumonic plague is similar to other acute pneumonia, with
abrupt onset of fever and dyspnea. Watery or purulent, and
bloody sputum is produced and is highly infectious. Transmis-
sion is via respiratory droplets, and therefore simple respira-
tory isolation with droplet precautions is sufficient. The chest
radiograph usually reveals bronchopneumonia and multilobar
consolidation, or cavitation may be seen (25).

Clues to plague arising as the result of a biologic attack
include cases outside areas of known enzootic infection; occur-
rences in an area without associated rodent die-offs, and nu-
merous cases of pneumonia in otherwise healthy patients (25).
In general, routine laboratory tests are not markedly different
from those seen in other causes of fulminant pneumonia and
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sepsis. The white blood cell count is often markedly elevated,
and fibrin degradation products are detectable in cases where
disseminated intravascular coagulation is present (26).

Diag nosis

Specialized laboratory tests to definitively and rapidly identify
Y. pestis are not widely available. When plague is suspected,
coordination with state public health officials and the Centers
for Disease Control and Prevention will allow more specialized
tests and susceptibility testing to be performed. Blood, sputum,
lymph node aspirates, and lesion swabs should be examined
by Gram or Wright-Giemsa stain for the presence of bipolar-
staining Gram-negative bacilli, which have the appearance of
safety pins. The laboratory should be alerted to the possibil-
ity of plague so that appropriate biosafety procedures can be
followed.

Tre at me nt

The recommendations for therapy of plague provided here are
derived from the recommendations of the Working Group on
Civilian Biodefense and the CDC (25). Treatment recommen-
dations for plague are complicated by the lack of clinical ef-
ficacy trials, lack of experience with widespread pneumonic
plague, and potentially unpredictable clinical responses in in-
fections due to a biologic attack. Although some recommen-
dations are not FDA-approved uses of the antibiotics, they are
the consensus recommendations for the best alternatives for
therapy in various situations and clinical scenarios.

The historically proven, effective antibiotic therapy for
plague has been streptomycin. Because of the limited avail-
ability of streptomycin, gentamicin—used successfully to treat
plague—is the recommended alternative. Both tetracycline and
doxycycline are effective against plague and are also recom-
mended. For pregnant women and children, the use of tetra-
cyclines and quinolones carry the risk of potential side effects.
Nevertheless, given the high mortality of plague, these agents
are recommended as acceptable alternatives if aminoglycosides
cannot be administered or are not available. In the setting of a
mass casualty, oral regimens are recommended, as these allow
treatment of large numbers of people and are also useful in
settings where parenteral therapy may not be possible.

The recommended duration of therapy for plague (Table
117.2) is 10 days, and oral therapy should be substituted when
the patient’s condition improves. Duration of postexposure
prophylaxis to prevent plague infection is 7 days. For full de-
tails regarding usage in pregnant women and children as well
as in special settings including renal failure, please consult the
CDC Web site where the most current recommendations may
be found (27).

ANTHRAX
Anthrax was an extremely rare disease in the United States
until the bioterrorism attacks of 2001. The disease is caused
by a Gram-positive, spore-forming bacillus, Bacillus anthracis.
However, anthrax was tested as a biologic weapon by the
United States in the 1960s and by several other countries until

at least the 1970s. The technology to produce highly infectious
anthrax spores and disseminate them widely as an aerosol ex-
ists and is known to have been developed for use as a biologic
warfare agent (28). It is therefore important for all physicians
to be aware of the manifestations of anthrax and especially of
the expected characteristics of an outbreak due to a biologic
attack.

Ep id e miolog y

There are three major modes of infection with anthrax: inhala-
tional, cutaneous, and gastrointestinal. Cutaneous anthrax is
the most common type of anthrax. However, it is still extremely
rare in the United States, with 224 cases having been reported
in the 50 years from 1944 to 1994 (29). Barring exposure to
intentionally produced anthrax, inhalational anthrax is even
less common and occurs primarily in those with occupational
or laboratory exposure. Prior to 2001, there were only 18 cases
of inhalational anthrax reported from 1900 to 1978 (30). Gas-
trointestinal anthrax is most commonly reported where im-
properly cooked meat contaminated with large numbers of an-
thrax bacilli has been consumed (31).

Clinical Manife st at ions

The presentation of anthrax due to a biologic attack is still in-
completely characterized. Most of the information relevant to
inhalational anthrax from anthrax manufactured as a biologic
weapon is from the 2001 U.S. attacks and an unintentional re-
lease in Sverdlosk, Russia, in 1979 (32). There were 11 cases
of inhalational anthrax resulting from the exposures in 2001.
Several aspects of the pathophysiology of inhalational anthrax
are highly relevant to the clinician. Infection occurs after spores
are inhaled and deposited in the alveoli. The spores are phago-
cytosed by macrophages and transported to regional lymph
nodes where they germinate and replicate vegetatively (33).
There may be a period of extended latency in the lymph node
because of spores that remain dormant. Therefore, although
the usual period of incubation is 2 to 6 days, cases have oc-
curred as late as 6 weeks after exposure to aerosolized anthrax
(32). When replication does occur, toxin production leads to
edema, necrosis, and hemorrhage.

Typical symptoms are fever and chills, chest discomfort and
dyspnea, severe fatigue, and vomiting. Two stages may occur,
with an initial period of improvement followed by rapid dete-
rioration. The initial finding on chest radiograph is a widened
mediastinum due to mediastinal lymph node involvement (34).
A hemorrhagic mediastinal lymphadenitis ensues, often accom-
panied by bloody pleural effusions. Eight of 11 patients in 2001
developed bloody pleural effusions, and 10 of 11 had radio-
logic evidence of mediastinal adenopathy (35). Although an-
thrax does not cause a typical bronchopneumonia, pulmonary
infiltrates or consolidation were observed in 8 of 11 cases. In
addition, in an autopsy series from the Sverdlosk outbreak, pri-
mary focal hemorrhagic necrotizing pneumonia was described
in 11 of 42 cases (36).

An important point emphasized by Lucey is that while there
are three known modes of exposure—inhalational, cutaneous,
and gastrointestinal—anthrax may actually present as meningi-
tis, which was the initial presentation of the index case in 2001
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TA BLE 1 1 7 . 2

RECOMMENDATIONS FOR TREATMENT OF PATIENTS WITH PNEUMONIC PLAGUE IN CONTAINED AND MASS
CASUALTY SETTINGS AND FOR POSTEXPOSURE PROPHYLAXIS

CONTAINED CASUALTY SETTING

Adults Preferred choices:
Streptomycin, 1 g IM twice daily
Gentamicin, 5 mg/kg IM or IV once daily or
2 mg/kg loading dose followed by 1.7 mg/kg IM or IV three times daily
Alternative choices:
Doxycycline, 100 mg IV twice daily or
200 mg IV once daily
Ciprofloxacin, 400 mg IV twice daily
Chloramphenicol, 25 mg/kg IV 4 times daily

Children Preferred choices:
Streptomycin, 15 mg/kg IM twice daily (maximum daily dose, 2 g)
Gentamicin, 2.5 mg/kg IM or IV 3 times daily†

Alternative choices:
Doxycycline
If 45 kg or more, give adult dosage
If less than 45 kg, give 2.2 mg/kg IV twice daily (maximum, 200 mg/d)
Ciprofloxacin, 15 mg/kg IV twice daily
Chloramphenicol, 25 mg/kg IV 4 times daily
In children, ciprofloxacin dose should not exceed 1 g/d, and chloramphenicol should not

exceed 4 g/d. Children younger than 2 y should not receive chloramphenicol.

Pregnant Women Same as adults above except chloramphenicol is not recommended.

MASS CASUALTY SETTING AND POSTEXPOSURE PROPHYLAXIS

Adults, including pregnant
women

Preferred choices:
Doxycycline, 100 mg orally twice daily
Ciprofloxacin, 500 mg orally twice daily
Alternative choice:
Chloramphenicol, 25 mg/kg orally 4 times daily

Children Preferred choices:
Doxycycline
If 45 kg or more, give adult dosage
If less than 45 kg, give 2.2 mg/kg orally twice daily
Ciprofloxacin, 20 mg/kg orally twice daily
Alternative choice:
Chloramphenicol, 25 mg/kg orally 4 times daily (maximum 200 mg/dL)

(28). Furthermore, as many as 50% of inhalational anthrax
cases may develop meningitis (36). Anthrax causes a rapidly
progressive hemorrhagic meningitis with characteristic large
Gram-positive bacilli in the cerebrospinal fluid (CSF). Simi-
larly, although the portal of infection is the lung, hemorrhagic
submucosal lesions may develop in the gastrointestinal tract
along with mesenteric infection; such lesions were seen in 39
of 42 of the autopsy cases reported in the Sverdlosk outbreak
(36) and in one 2001 case. Importantly, this patient presented
with primarily gastrointestinal symptoms (37).

The diagnosis of inhalational anthrax may be difficult, es-
pecially in the early stages. In addition to the signs and symp-
toms listed above, tachycardia and severe diaphoresis may be
present. Rhinorrhea or sore throat are common in viral respi-
ratory infections but were uncommon in inhalational anthrax
(38). A high index of clinical suspicion should be maintained,
especially since the risk of exposure may be unknown in the
early stages of a biologic attack. Blood cultures are invariably
positive if obtained prior to antibiotics.

Cutaneous anthrax is also expected to occur as a result of
a biologic anthrax attack. Cutaneous cases occurred up to 12
days after the exposure in the Sverdlovsk outbreak (32). The
initial lesion is a papule or macule, leading to ulceration at the
site of inoculation within two days, followed by vesiculation.
The lesion is painless, although it may be highly pruritic, and
the vesicular fluid contains large amounts of bacteria. The char-
acteristic depressed black eschar that subsequently develops is
painless. Surrounding edema is often a prominent feature of cu-
taneous anthrax lesions. In the one case of cutaneous anthrax
that developed in a 7-month-old infant in 2001, microangio-
pathic hemolytic anemia and renal insufficiency occurred (39).

Diag nosis

Blood cultures should be obtained promptly if anthrax is sus-
pected. Blood smears should be examined for the presence of
organisms. Chest radiograph and chest CT scans should be
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obtained to look for evidence of mediastinal widening, pleu-
ral effusions, and parenchymal abnormalities. Thoracentesis of
any pleural effusions should be performed, and lumbar punc-
ture should be done as indicated. The clinical microbiology
laboratory and the state public health department should both
be notified of the possibility of anthrax. If indicated, speci-
mens can be sent to specialized laboratories participating in
the Laboratory Response Network for specific testing such as
immunohistochemical staining or polymerase chain reaction
(PCR). Cutaneous lesions, especially vesicle fluid, should be
swabbed for stain and culture. Punch biopsy of the periphery
of lesions may also be performed and analyzed by immunohis-
tochemistry or PCR if the Gram stain is negative. Nasal swabs
are not sensitive indicators of exposure or infection and should
not be used to diagnose or rule out infection in individual pa-
tients (40). Sputum culture is generally negative in inhalational
anthrax.

Tre at me nt

The current recommendations for therapy of anthrax pro-
vided here are derived from the Working Group on Civil-
ian Biodefense (41) and the CDC guidelines (Table 117.3).
As with recommendations for plague, these are based on ex-
pert opinion and a risk–benefit calculation that takes into ac-
count the extremely high mortality of inhalational anthrax.
As such, the recommendations include therapy with drugs
that are not specifically FDA-approved for anthrax and drugs
that may have potential side effects in pregnant women and
children.

Several factors are important in choosing an empiric reg-
imen for inhalational anthrax. The 60% survival rate in the

2001 cases, which were treated with multidrug regimens, was
superior to historical experience. Partly because of these data,
the CDC has recommended the use of ciprofloxacin and at
least one or two other drugs for the initial treatment of inhala-
tional anthrax. Other factors to be considered are the penetra-
tion of drugs into the central nervous system (CNS) in cases
where meningitis may be present, as well as the possibility
of engineered or primary drug resistance. Although penicillin
is FDA-approved for anthrax, the presence of inducible beta-
lactamases dictate against the use of penicillin alone. Parenteral
therapy is recommended initially. In a mass exposure setting or
for postexposure prophylaxis, ciprofloxacin as an oral agent is
recommended.

The duration of therapy is an important consideration both
in treatment and in postexposure prophylaxis. Although the
longest period of latency in the Sverdlovsk episode was re-
ported to be 43 days, viable spores have been demonstrated in
the mediastinal lymph nodes of monkeys as late as 100 days af-
ter exposure, and disease has occurred 98 days after exposure
(42,43). In addition, antibiotic treatment may prevent not only
disease, but also the development of an effective immune re-
sponse; therefore, treatment regimens are recommended for 60
days, with close follow-up after discontinuation of antibiotics.
Postexposure vaccination, if available, was also used as an op-
tion in addition to antibiotic prophylaxis. Treatment summary
guidelines are as follows:

■ Recommendations for a mass exposure setting—for both
treatment and prophylaxis, where parenteral or multidrug
therapy may be problematic—essentially consist of oral
ciprofloxacin, 500 mg every 12 hours or 10 to 15 mg/kg
twice daily for children.

■ For gastrointestinal and oropharyngeal anthrax, use regi-
mens recommended for inhalational anthrax.

TA BLE 1 1 7 . 3

INHALATIONAL ANTHRAX TREATMENT PROTOCOL IN THE CONTAINED
CASUALTY SETTING

Adults (including
pregnant
women)

Ciprofloxacin, 400 mg every 12 h
or
Doxycyclinea 100 mg every 12 h
and
one or two additional

antimicrobialsb

IV treatment initially. Switch to oral
antimicrobial therapy when
clinically appropriate.

Continue for 60 days (IV and PO
combined)

Children Ciprofloxacinc, 10–15 mg/kg
every 12 h

or
Doxycyclinea

Older than 8 y and greater than
45 kg: 100 mg every 12 h

Younger than 8 y or 45 kg or
less: 2.2 mg/kg every 12 h

and
One or two additional

antimicrobialsb

Same as adult

aIf meningitis is suspected, doxycycline may be less optimal because of poor central nervous system
penetration.
bOther agents with in vitro activity include rifampin, vancomycin, penicillin, ampicillin, chloramphenicol,
imipenem, clindamycin, and clarithromycin. Because of concerns of constitutive and inducible
beta-lactamases in Bacillus anthracis, penicillin and ampicillin should not be used alone.
cThe ciprofloxacin dosage in children should not exceed 1 g/d.
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■ For cutaneous anthrax, the recommendations are cipro-
floxacin or doxycycline alone at the same doses as in in-
halational anthrax.

■ The recommended duration of treatment is a minimum of
60 days after exposure because of the risk of latent spores
that may cause reactivation.

■ Based on the experience with other bacterial types of menin-
gitis, the use of adjunctive steroids may be considered in
anthrax meningitis.

■ Initial therapy may be altered based on the clinical course
of the patient; one or two first-line antimicrobial agents—
ciprofloxacin or doxycycline—may be adequate as the pa-
tient improves.

VIRAL HEMORRHAGIC FEVER
The major diseases that will be considered in this section are
Marburg, Ebola, and Lassa fevers. Marburg and Ebola viruses
are filoviruses, whereas Lassa virus is an arenavirus with differ-
ent clinical characteristics. Nevertheless, they have the potential
to create similar problems in hospital management because of
the sometimes dramatic nature of the illness and the potential
for human-to-human transmission.

Ep id e miolog y

Since 1976, there have been approximately a dozen outbreaks
of Ebola in Africa, with mortality generally ranging from 53%
to 88% (44). There have also been eight cases of documented
human infection in the United States from contact with im-
ported monkeys from the Philippines. Infections with this Res-
ton strain of Ebola virus have been subclinical. Marburg virus
has been associated with six outbreaks since the disease was
recognized in 1976 in German and Yugoslav laboratory work-
ers infected by African green monkeys of Ugandan origin (45).
Since then, there have been six other clusters of infection in
Africa, the most recent in Angola and the Democratic Repub-
lic of Congo. Involving more than 400 people, the mortality
was 83% and 90% , respectively, in these last two outbreaks.

Both infections are transmitted by exposure to infected pri-
mate blood or cell culture (46). Secondary transmission occurs
from exposure to blood and body fluids, as well as by intimate
contact. Ebola transmission has ranged from 3% to 17% in
household contacts (47). Droplet and, possibly, small-particle
aerosol transmission is thought to have occurred in the Reston
outbreak but has not been documented in human-to-human
transmission (46). Nosocomial transmission is associated with
percutaneous exposure and mucous membrane or cutaneous
exposure to infected body fluids. The skin of patients is also
infected and may serve as a source of secondary transmission
(46).

Lassa virus causes a chronic infection of rodents, and is en-
demic throughout West Africa (48). Transmission to humans is
through exposure to infected rodents, primarily through con-
tact with urine (49). Person-to-person transmission is thought
to be primarily via contact with infected body fluids, although
aerosol transmission may also occur. Incubation is between 3
and 16 days. Other arenaviruses are present worldwide in ro-
dent reservoirs and are a potential source of new clinical syn-
dromes (48).

Clinical Manife st at ions

The clinical pictures of Ebola and Marburg infection are sim-
ilar (46). The incubation period ranges between 5 and 10
days. Abrupt onset of fever, myalgias, and headache is typical.
Nausea and vomiting, abdominal pain, diarrhea, chest pain,
and pharyngitis are common. Photophobia, lymph node en-
largement, jaundice, and pancreatitis are all manifestations of
widespread organ involvement. CNS involvement may mani-
fest as obtundation or coma. A bleeding diathesis is seen in at
least 50% of patients. A characteristic maculopapular rash is
described by day 5 of the illness. By the second week, there is
either a period of defervescence and improvement, or further
deterioration with multiorgan system failure. Disseminated in-
travascular coagulation, as well as hepatic and renal failure
may ensue; convalescence is often protracted. Mortality is esti-
mated at 25% for Marburg, 50% for Ebola-Sudan, and 90%
for Ebola-Zaire (46). As described above, Ebola-Reston has not
led to any known human deaths. There is viremia with infection
of all organs, leading to necrosis in areas of viral replication
(50). Pathogenesis is thought to be also due to cytokine release,
leading to increased vascular permeability and hemodynamic
instability (51).

Lassa fever presents with relatively nonspecific signs and
symptoms, making recognition of cases in the initial stages
difficult (48,52). A combination of fever, retrosternal pain,
pharyngitis, and proteinuria has been suggested to be indica-
tive of Lassa fever (52). A diffuse capillary leak syndrome in
the second week of illness is a cardinal manifestation of this
disorder. Mortality of hospitalized cases ranges from 15% to
25% . Seventh cranial nerve deafness is a common sequela of
Lassa infection, occurring in approximately one third of cases
(53); persistent vertigo is another reported side effect (54). The
pathogenic mechanism of Lassa fever is not well understood,
but there is variable necrosis in affected organs, and the sys-
temic manifestations of vascular dysfunction may be due to
soluble macrophage-derived factors.

Diag nosis

A history of travel to endemic areas and a clinical syndrome
compatible with viral hemorrhagic fever (VHF) are key ele-
ments of making a diagnosis. Nevertheless, a cluster of cases
with signs and symptoms indicative of VHF may the first clue
of a biologic attack. Specialized testing for Marburg and Ebola,
including PCR and direct antigen visualization in clinical sam-
ples, is available through reference laboratories. Contact with
local public health authorities and the CDC will allow test-
ing via mobile laboratory facilities. BSL-4 level containment
facilities are required for attempts to isolate virus and BSL-3
facilities for routine testing.

Lassa virus is easily cultured, as the levels of viremia are
usually high; reverse transcription-PCR (RT-PCR) may also be
used to identify Lassa virus.

Tre at me nt

Treatment of Marburg and Ebola virus is primarily support-
ive, as there is no effective specific therapy, and interferon is
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felt not to be useful. Unnecessary movement or manipulation
of the patient should be avoided. Contact and respiratory iso-
lation of the patient is necessary, including use of goggles and
face shields to prevent exposure to body fluids (55). Thorough
disinfection of all materials that have come into patient contact
should be performed, and containers of biologic waste should
be externally disinfected (55).

In cases of Lassa fever, where the aspartate transaminase
levels exceed 150 IU/L, early treatment with intravenous rib-
avirin has been reported to be beneficial in tapering doses over
12 days (56).

SMALLPOX
Smallpox is caused by infection with variola, a double-stranded
DNA orthopoxvirus. Smallpox, one of the most feared and
lethal diseases known to man, was virtually eliminated as a
natural threat by vaccination (57). By 1980, the World Health
Organization declared it to be eradicated worldwide, with the
last case known to have occurred naturally in 1977. In the
United States, universal childhood vaccination ended in 1972,
and thus, most people in the United States today are susceptible
to smallpox infection. The anthrax attacks in 2001 again raised
the possibility of smallpox being used as a biologic weapon.
Smallpox is classified as a category A bioterrorism agent, a
high-priority organism that poses a risk to national security
(see above under Tularemia for full definition of Category A
agents) (3) and should be considered one of the most dangerous
agents because of its high infectiousness, capability for rapid
spread, lack of effective treatment, and capacity to induce mass
social disruption and overburden the public health system.

Ep id e miolog y

Smallpox is spread by direct close contact via large droplet in-
halation (58); there are no known animal reservoirs. Spread can
also occur by contact with lesions or infected fomites. House-
hold spread has been reported to range from 30% to 80%
(59). Smallpox outbreaks were most common during the win-
ter and early spring (60). All ages are susceptible although, his-
torically, vaccination rates and prior infection modulated the
attack rates among different groups. Patients are most conta-
gious when they have a rash, although they may be infectious
during the symptomatic prodrome prior to the development
of skin lesions (see below). Incubation is from 7 to 17 days,
during which period the patient is not infectious.

Clinical Manife st at ions

During the prodromal phase, the patient experiences high fever
with back pain and prostration (57). The rash follows within a
day or two, with more lesions on the face, oral mucosa, and ex-
tremities than on the trunk—termed a centrifugal pattern. The
lesions begin as macules, progress to vesicles, and become pus-
tules over the first week. Fever is usually persistent throughout
the period of rash development. The lesions are deep seated,
firm, painful, and—important for the diagnosis—all lesions are
at the same stage of development at each phase. All of these
characteristics of the rash serve to differentiate it from the rash

of chickenpox, which is superficial, appears in crops, is cen-
tripetal in distribution, and is associated with a relatively mild
prodrome. The extent of the smallpox rash correlates with mor-
tality, which may range from 10% to 75% . In fatal cases, death
usually occurs by the second week. The lesions begin to crust
over after 7 to 9 days, and the patient is noninfectious only
after all scabs have fallen off. Scarring and pitting result in
the characteristic pock-marked appearance of survivors. The
pathologic damage in smallpox is generally confined to the skin
and mucous membranes, although virus is present throughout
the internal organs (57). The systemic manifestations and fa-
talities are attributed to toxinemia and antigenemia.

Vaccine-modified smallpox presents as a milder illness with
fewer lesions and mortality less than 10% (57). A hemorrhagic
form of smallpox may occur in which there is diffuse erythema,
followed by petechial hemorrhages; it is reported to have mor-
tality approaching 100% (61). In malignant or “flat” smallpox,
discrete lesions do not develop, but confluent rubbery lesions
are present (62). A form of smallpox known as variola minor,
with much milder symptoms and mortality less than 10% , is
now known to be due to a genetically distinct strain of the virus
(63).

Diag nosis

Specimens of vesicular or pustular fluid should be obtained
for culture and electron microscopic examination; these are
transported in double-sealed, leakproof containers designed for
transport of body fluids. Specimens should be handled only
in BSL-4 laboratories, and public health authorities should be
notified to assist with specimen handling if a case of smallpox
is suspected. The diagnosis of orthopoxvirus infection can be
made by electron microscopic examination, and speciation can
be performed by molecular techniques such as PCR and DNA
sequencing.

Tre at me nt and Pre ve nt ion

Although a full discussion of infection control and vaccina-
tion protocols is beyond the scope of this text, the following
principles should be followed (64). The patient should be iso-
lated, and contact and airborne precautions should be insti-
tuted when a case of smallpox is suspected. All personnel who
had face-to-face contact with the patient should be vaccinated,
as should all personnel who had contact with the patient while
the latter was febrile. Local health authorities should be con-
tacted immediately, and the CDC will provide assistance with
prioritizing contacts for vaccination and monitoring. It should
also be noted that contraindications to vaccinations do not ap-
ply to high-risk exposures. Treatment is primarily supportive
and is aimed at maintaining hemodynamic stability and treat-
ing secondary infections.

MONKEYPOX
Monkeypox is a disease clinically similar to smallpox that has
been sporadically reported in Africa since 1960. Pronounced
lymphadenopathy is an additional sign of monkeypox that
may help differentiate it from smallpox (65,66). Monkeypox
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is thought to be endemic in rodents and transmitted to humans
via direct animal contact, with occasional human-to-human
transmission. In 2003, there was a large cluster of human
cases in the United States associated with prairie dogs that had
become infected by imported African rodents (67). Although
there were no fatalities, several patients required hospitaliza-
tion. Vaccination against smallpox is thought to ameliorate
symptoms and lessen the likelihood of infection. Cidofovir, an
antiviral agent, has activity against monkeypox in vitro and
may be used in severe infection, although there are no clinical
data regarding its effectiveness (68).

MALARIA
Malaria, the fourth largest killer of children younger than 5
years of age, causes over 350 million clinical episodes and one
million deaths per year. Although a comprehensive discussion
of the management of malaria will not be possible here, we will
cover the recognition and treatment of severe malaria, which
may be encountered in the critical care setting in a nonen-
demic setting. As such, this chapter will focus on infection
with Plasmodium falciparum , the strain of the parasite that
is most likely to cause high-level parasitemia and severe life-
threatening malaria.

Ep id e miolog y

Malaria is endemic throughout much of the world, with the
greatest number of cases in Africa and Asia (69). Malaria has
been officially eradicated in the United States since 1970, but
approximately 1,200 cases are reported annually (70), most in
travelers from endemic areas. Other cases are due to local trans-
mission from infected mosquitoes (so-called airport malaria),
congenital malaria, and malaria acquired from blood transfu-
sion. Local transmission of malaria in the United States has
occurred at least 11 times since 1970, with 20 probable cases
(71). In a recent outbreak in Florida, seven cases were verified
as being caused by the same strain of P. vivax (71). Thus, do-
mestic transmission of malaria is possible, especially in warmer
regions of the United States.

In endemic areas, many adults are partially immune to
malaria and, although infected, may even be asymptomatic.
Children are particularly prone to infection and to develop-
ing severe disease. Other high-risk groups include pregnant
women, asplenic individuals, and other immunocompromised
hosts.

Clinical Manife st at ions

Malaria typically has an incubation period of 1 to 3 weeks.
However, this may be extended by partial immunity or chemo-
prophylaxis. Therefore, it has been suggested that any traveler
returning from an endemic area should be considered at risk
for development of malaria for as long as 3 months (72). The
clinical presentation is usually nonspecific. Fever and headache
are universally present, and myalgia, sweats, and weakness are
common. Paroxysmal and cyclical fever, although classically
associated with malaria, are not consistently present. Especially
in the case of falciparum malaria, the fever is often continuous.

Although other infections are common in malaria-endemic ar-
eas, malaria should be considered one of the most likely diag-
noses in any patient with a consistent clinical picture and travel
history. If malaria is suspected, prompt infectious disease con-
sultation is indicated to help with management and assess the
likelihood of alternate diagnoses.

The pathogenesis of malaria is complex and related to both
the direct effects of the parasite on erythrocytes and the vascula-
ture and indirect effects on cytokine production, tissue oxygen
consumption, and other systemic effects (72). Several aspects
of the biology of Plasmodium falciparum are relevant to the
development of severe malaria. P. falciparum sequesters itself
in the venous microcirculation of virtually all tissues, including
the brain. Hypoglycemia is common during P. falciparum in-
fection and is thought to be due to oxygen consumption by
replicating parasites, as well as a result of increased tissue
metabolism. Severe anemia may occur and is due to lysis of
infected erythrocytes and the clearance of uninfected erythro-
cytes and decreased erythrocyte production. Thus, the anemia
in severe malaria is often normochromic and normocytic. This
combination of factors aggravates tissue hypoxia and leads to
metabolic acidosis. A capillary leak syndrome due to parasite
sequestration and cytokine production may lead to pulmonary
edema. Renal failure in malaria is multifactorial and is more
common in adults than children. Hemoglobinuria may be se-
vere enough to cause dark urine, termed, when present, black-
water fever.

Diag nosis

The gold standard for diagnosis of malaria remains the micro-
scopic identification of parasites on the blood smear. Exam-
ination of thick and thin blood smears should be performed
immediately by trained personnel. If the initial examination
is negative, smears should be repeated every 12 to 24 hours
for a total of 48 to 72 hours (70). When parasites are detected,
the percentage of parasitemia can be calculated by counting the
number of infected and noninfected red blood cells (RBCs). The
number of white blood cells (WBCs) in the microscopic field
can also be used as an internal standard to aid in estimated par-
asite density and percentage when thick smears are examined.
Malaria is a nationally notifiable disease, and the state health
authorities should be notified when a diagnosis of malaria is
made. The Centers for Disease Control and Prevention main-
tains a 24-hour malaria hotline to assist clinicians with the
management of suspected and confirmed malaria cases. The
numbers to call are at the time of this publication: 770-488-
7788 Monday to Friday, 8:00 a.m. to 4:30 p.m. Off-hours,
weekends, and federal holidays, call 770-488-7100 and ask to
have the malaria clinician on call to be paged (73).

Tre at me nt

It should be emphasized that patients, particularly those who
are nonimmune, may deteriorate rapidly. Thus hospitalization
of patients during the initial phase of treatment is prudent. Fur-
thermore, nonimmune patients may have severe illness before
manifesting high degrees of parasitemia. Therefore, patients
who manifest any of the symptoms or signs of severe malaria
and have any degree of parasitemia on blood smear should be
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TA BLE 1 1 7 . 4

WORLD HEALTH ASSOCIATION CRITERIA FOR
SEVERE MALARIA

Criteria for severe malaria requiring parenteral therapy:
■ Impaired consciousness/coma
■ Severe normocytic anemia
■ Renal failure
■ Pulmonary edema
■ Acute respiratory distress syndrome
■ Circulatory shock
■ Disseminated intravascular coagulation
■ Spontaneous bleeding
■ Acidosis
■ Hemoglobinuria
■ Jaundice
■ Repeated generalized convulsions
■ Parasitemia of more than 5%

treated as a case of severe malaria. The World Health Orga-
nization (WHO) has promulgated criteria for the diagnosis of
severe malaria (Table 117.4) (74).

Cases that meet these criteria should be treated with intra-
venous therapy. Intravenous quinidine gluconate is currently
the only available parenteral drug recommended for severe
malaria in the United States. It should be administered as a
loading dose of 6.25 mg base/kg (= 10 mg salt/kg), over 1 to
2 hours, followed by a continuous infusion administered at
0.0125 mg base/kg/minute (= 0.02 mg salt/kg/minute). Quini-
dine levels should be maintained in the range of 3 to 8 mg/L.
After 24 hours of intravenous therapy, and if the patient is able
to take oral drugs, treatment can be switched to oral quinine
(10 mg salt/kg every 8 hours) for a total of 7 days of therapy.
All patients with severe malaria should also be treated with in-
travenous doxycycline (100 mg every 12 hours) or clindamycin
(5 mg base/kg every 8 hours) in addition to quinidine until oral
therapy is tolerated. If the hospital pharmacy is unable to ob-
tain intravenous quinidine quickly, Eli Lilly may be contacted
at 1-800-821-0538. Assistance from the company to arrange a
rapid shipment of the drug is available between the hours of 6
a.m. and 6 p.m. The CDC may also be contacted for advice at
the malaria hotline (see above).

Two aspects of quinidine therapy in this setting are very im-
portant to remember. The first is the possibility of ventricular
arrhythmias. Prolongation of the Q-TC interval is commonly
seen during quinidine therapy, and careful monitoring of the
electrocardiogram and electrolytes is mandatory. Combination
with other drugs that may prolong the Q-TC interval should be
avoided. The second is the propensity of quinidine and quinine
to cause hypoglycemia. Given the likelihood of hypoglycemia
in severe malaria due to the disease itself, serum glucose must
be carefully monitored and supplemented as necessary. Given
these considerations, quinidine should be administered in an in-
tensive care unit, with the assistance of a cardiologist as needed.

It is recommended by the CDC that exchange transfusion be
considered in cases where parasitemia exceeds 10% or when
severe complications are present (75,76). Although the benefits
have not been proven in a randomized trial, exchange trans-
fusion has the potential benefit of both reducing the parasite
burden and circulating cytokines and toxins. Exchange trans-
fusion is recommended until parasitemia is below 1% .

ROCKY MOUNTAIN
SPOTTED FEVER

Rocky Mountain spotted fever (RMSF) is a disease that
presents with nonspecific signs and symptoms, for which there
is no specific, rapid diagnostic test; when not treated appro-
priately, RMSF has a high mortality. It is therefore important
for the practicing clinician to have a high index of suspicion
for RMSF and to be familiar with its epidemiology, clinical
manifestations, and treatment.

Ep id e miolog y

RMSF is caused by Rickettsia rickettsii, an intracellular bac-
terium that is transmitted in the United States primarily by
the dog tick, Dermacentor variabilis, in the Eastern states, and
the wood tick Dermacentor andersoni, in the Rocky Moun-
tain States; ticks are also the primary reservoir for R. rickettsii.
Despite the name, most cases of RMSF occur in the southeast-
ern United States, and more than half of all reported cases are
from North Carolina, South Carolina, Tennessee, Oklahoma,
and Arkansas. However, cases have been reported in all 48
continental states except Vermont and Maine (77). Most cases
occur between April and September. Children are at highest
risk of RMSF, and the peak incidence is between 5 and 9 years
of age (77). Although males are reported to be at higher risk, a
recent study of children with RMSF found more cases among
girls than boys (78). Most bites are unnoticed, and the tick
must be attached for 6 to 10 hours for feeding and infection to
take place.

Clinical Manife st at ions and Pat hog e ne sis

The rickettsial organisms primarily target and infect endothe-
lial cells (79). The primary pathology consists of diffuse cell in-
jury and increased vascular permeability caused by cell-to-cell
spread of the organisms after initial hematogenous and lym-
phatic seeding. Infection occurs in virtually all internal organs,
and vascular injury occurs in lung, heart, brain, gastrointestinal
tract, and skin as well as other sites.

Symptoms typically begin 2 to 14 days after the tick bite.
Virtually all patients experience the classical triad of fever,
headache, and rash (78,80,81). However, it should be empha-
sized that the rash is present in only about 50% of cases within
the first 3 days. Rash usually appears by the second to fifth
day, but is absent in about 10% of patients. The rash is often
faint in the initial stages and may be more difficult to detect in
patients with dark skin (81). It begins as a blanching, pink mac-
ulopapular exanthem, most commonly beginning at the wrists
and ankles, and develops into palpable lesions that spread cen-
trally. The rash often becomes petechial and may involve the
palms and soles. Commonly associated symptoms occurring in
more than 50% of patients are myalgias, nausea, vomiting, and
abdominal pain. The serum AST (aspartate aminotransferase)
is often elevated, and thrombocytopenia and hyponatremia oc-
cur in up to 50% of cases (81).

CNS abnormalities occur in about 25% and carry a poor
prognosis. CSF abnormalities are observed in one third of pa-
tients and consist of pleocytosis and elevated protein levels,
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although the CSF glucose is usually normal. A fulminant form
of the disease, with death occurring in the first 5 days, has been
described; glucose-6-phosphate dehydrogenase deficiency has
been linked to this form of the disease (82). Neurologic deficits
and limb loss are the most serious sequelae observed in sur-
vivors of RMSF (83).

Diag nosis

Delay in diagnosis and delay in seeking medical attention are
associated with poor outcome in RMSF. Factors that are likely
to lead to delay in diagnosis include absence of rash or delayed
appearance of the rash, no history of tick bite, and presentation
early in the course of disease (81,84,85). R. rickettsii can be
isolated in culture or demonstrated by immunohistochemistry
in tissue specimens. However, these methods are not routinely
available, and empiric therapy should not await the result of
laboratory testing. Serology is likewise useful for confirmation
of diagnosis. Diagnosis should therefore be made on the basis
of epidemiologic and clinical findings described above.

Tre at me nt

The recommended therapy for RMSF is doxycycline, admin-
istered at a dose of 100 mg twice daily (86). Therapy is con-
tinued for 7 days and a minimum of 3 days after the patient
has defervesced. Treatment of suspected RMSF should be insti-
tuted promptly with doxycycline either intravenously or orally.
Doxycycline for RMSF is not contraindicated in children (86).
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SECTION XII ■ CARDIOVASCULAR DISEASE AND
DYSFUNCTION

CHAPTER 118 ■ EVALUATION OF CHEST
PAIN AND ACUTE CORONARY SYNDROME
IN THE ICU
GIUSEPPE DE LUCA r SALVATORE CASSESE r PAOLO MARINO

This chapter deals with the clinical presentation and evalua-
tion of chest pain in the intensive care unit (ICU). Please see
Chapters 119 and 120 for a full discussion of non–ST-segment
elevation myocardial infarction and ST-segment elevation my-
ocardial infarction.

EVALUATION OF CHEST PAIN

Imme d iat e Conce rns

Despite insights and innovations over the last decades, acute
nontraumatic chest pain still represents one of the most diffi-
cult diagnostic challenges in medicine. In fact, it is commonly
observed in several life-threatening illnesses, including cardio-
vascular, pulmonary, and gastrointestinal diseases and, when
symptoms are atypical, it may be difficult to interpret (Table
118.1) (1). Algorithms have been proposed to improve the ac-
curacy of diagnosis and the patient’s risk stratification via the
integrated use of clinical data, biomarkers, and noninvasive
diagnostic tests (2,3) (Fig. 118.1).

Main Tip s

When confronted with a patient suffering from acute chest
pain:

1. First, exclude major life-threatening processes, such as my-
ocardial infarction, pulmonary embolism (PE), or aortic dis-
section.

2. Obtain a careful history and perform a meticulous physi-
cal examination, particularly in patients with atypical chest
pain, which is commonly seen in the emergency department
(Table 118.2).

3. Use this information to select the most appropriate tests or
procedures needed to confirm or reject the suspected diag-
nosis.

Clinical Evaluat ion

The evaluation of patients with acute chest pain should include
the following.

Hist ory
1. Symptoms and description of the current illness: The pa-

tient should be allowed to describe the character (pressure,
sharp, burning, pleuritic), duration (minutes, hours, days),
intensity (scale of 0–10), location, radiation, and onset (sud-
den, gradual) of the pain. Associated symptoms and signs
such as nausea, vomiting, diaphoresis, dyspnea, presyncope,
and syncope should be noted. Factors that worsen or relieve
the symptoms should be obtained (Table 118.2).

2. Past medical history: A thorough investigation on history of
cardiopulmonary and gastrointestinal disease is mandatory
(Table 118.1).

3. Family history: A family history of glucose intolerance,
coronary artery disease, and sudden or premature death
should be investigated.

4. Social history: A history of alcohol, cigarette, cocaine, or
other drug use should be sought.

Physical Examinat ion
1. Vital signs: Changes in heart rate, blood pressure, pulse

pressure, pulmonary artery waveforms and pressure, ven-
tilatory parameters, temperature, and urine output should
be noted.

2. Inspection and palpation: Examination of the head, neck,
chest, and abdomen may reveal significant disease. Dis-
robe the patient and visually inspect for obvious deformities
and asymmetry. Significant point tenderness and crepitation
should be sought by applying firm pressure to the anterior,
lateral, and posterior chest wall. Cardiac impulses may re-
veal significant underlying disease. Palpate and note the sym-
metry of all upper and lower extremity pulses. Palpation of
the abdomen for tenderness and pulsatile masses is vital in
making the diagnosis of thoracic and intra-abdominal dis-
ease.

3. Auscultation: The neck should be auscultated to evaluate
for the presence of significant upper airway obstruction (stri-
dor). Careful auscultation of the chest should assess symme-
try of breath sounds. Abnormal sounds (i.e., rales, wheezing,
rhonchi, friction rubs) and their location should be noted.
Heart sounds should be carefully studied. The cardiac rate
and rhythm should be noted. Close attention to findings
suggestive of valvular heart disease is important. The ab-
domen should be auscultated, and the presence and quality
of bowel sounds should be noted.
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TA BLE 1 1 8 . 1

DIFFERENTIAL DIAGNOSIS OF CHEST PAIN

CARDIOVASCULAR
Myocardial infarction
Angina pectoris
Aortic valve disease
Hypertrophic cardiomyopathy
Myocarditis
Pericarditis
Dressler syndrome
Pulmonary embolism
Pulmonary hypertension
Aortic dissection
Thoracic aneurysm
Pericardial effusion
Mitral valve prolapse

PULMONARY
Pulmonary embolism
Pneumothorax
Asthma
Pleuritis
Pneumonia
Chronic obstructive pulmonary disease
Intrathoracic tumor
Tracheitis and tracheobronchitis

GASTROINTESTINAL
Esophageal spasm
Esophageal reflux
Esophagitis
Esophageal rupture
Foreign bodies (food, pills)
Peptic ulcer disease
Nasogastric tube erosions
Gastritis
Colonic distention
Biliary disease

MUSCULOSKELETAL
Costochondritis
Intercostal muscle cramps
Rib fractures
Trauma

OTHER
Herpes zoster
Mediastinitis
Diaphragmatic flutter
Psychoneurosis

Diag nost ic Te st s for Acut e Che st Pain
1. Electrocardiogram (ECG): An electrocardiogram should be

obtained as soon as possible, particularly in patients with
persistent chest discomfort at the time of evaluation. Non-
diagnostic ECG changes (i.e., old left bundle branch block)
or a normal ECG may neither prove nor disprove signif-
icant cardiac ischemia. Right axis deviation, right bundle
branch block, and inversion of T waves in chest (V-) leads
may be observed in acute pulmonary embolism. Diffusely
concave ST-segment elevation or inversion of T waves may
be observed in patients with pericarditis.

2. Biomarkers
A) Markers of myocardial injury: Several markers are cur-

rently available that allow accurate identification of pa-
tients with myocardial injury. Cardiac troponin I and T
represent a more accurate and sensitive marker of my-
ocardial injury (3,4). It is imperative to consider that a
single negative troponin assay at the time of a patient’s
admission cannot always be relied upon to exclude my-
ocardial infarction. In this setting, it is recommended to
repeat the test 6 to 12 hours after admission and after
any further episode of chest pain. Myoglobin might be
considered between 2 and 6 hours from symptom on-
set, as compared to creatine kinase (CK)-MB mass and
troponin, but the maximal negative predictive value of
myoglobin reaches only 89% during this time frame (5).
Elevation of troponin may be observed also in patients
with acute pulmonary embolism, where it correlates well
with the extent of right ventricular dysfunction and prog-
nosis (6–8), and in patients with myocarditis, pericardi-
tis, or acute heart failure (4).

B) Natriuretic peptides: Cardiac natriuretic peptides are
useful diagnostic and prognostic markers for patients
with heart failure (8,9). Similar to cardiac troponin, el-
evations in brain natriuretic peptide (BNP) and in N -
terminal proBNP (the prohormone) are associated with
right ventricular dysfunction in acute pulmonary em-
bolism, and may help to identify a subgroup of hemo-
dynamically stable patients at especially high risk for
adverse clinical events (8) (Fig. 118.2).

C) D-dimer: Fibrin d-dimer (DD) has been proposed as a
diagnostic tool in patients with suspected pulmonary
thromboembolism (Fig. 118.2) (10). In fact, the dimeric
d-domain serves as an indicator of in vivo fibrin for-
mation. However, many conditions are associated with
fibrin formation:
■ N onpathologic: Cigarette smoking, aging, functional

impairment, pregnancy, and postoperative state
■ Pathologic: Trauma, pre-eclampsia, malignancy, in-

fection, disseminated intravascular coagulation, arte-
rial or venous thromboembolism, atrial fibrillation,
acute coronary syndromes, stroke, and acute upper
gastrointestinal hemorrhage

Because of this low specificity, DD testing may not be helpful
in hospitalized patients in whom comorbidities are common.
In addition, DD assays (especially qualitative latex aggluti-
nation assays) are not 100% sensitive, limiting their utility
as a single screening test.

3. Imaging techniques:
A) Echocardiography: The echocardiogram plays an impor-

tant role in evaluating chest pain and is frequently used
to diagnose regional wall motion abnormalities, aortic
stenosis, dissecting aortic aneurysm, pericardial effusion,
and cardiac tamponade. Preserved regional wall motion
occasionally occurs early in the process of significant
cardiac ischemia. Contrast echocardiography may fur-
ther improve diagnostic accuracy in the evaluation of
acute chest pain (11). Transesophageal echocardiogra-
phy (TEE) has a sensitivity approaching 100% for aortic
dissection (12).

B) Radionuclide myocardial perfusion imaging: T c-99m–
based tracers have been shown to be highly sensi-
tive in the detection of myocardial infarction, although
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Dura tion
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Reaction to nitroglycerin

Cutaneous  pa in

Musculo-
ske le ta l

Skin

Viscera l pa in

Cardiac

Ischemic
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Noncardiac
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Cardiomyopa thy
Myocarditis
Pericarditis Lung
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Aorta
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Ches t radiograph
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D-dimer
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FIGURE 118.1. Diagnostic flow chart in patients with
chest pain. ECG, electrocardiogram; TTE, transthoracic
echocardiography; TEE, transesophageal echocardiogra-
phy; CT, computed tomography; STEMI, ST-segment el-
evation myocardial infarction; ACS, acute coronary syn-
drome; GI, gastrointestinal.

somewhat less specific. However, data acquisition in a
gated mode for additional wall motion score informa-
tion results in a significant increase in specificity (13).
The most suitable population for this method are pa-
tients judged at low to intermediate probability of hav-
ing myocardial ischemia, with an atypical chest pain and
a normal or nondiagnostic ECG (14,15).

C) Chest radiography: The chest radiograph may provide
important clues regarding the cause of chest pain. The
presence or absence of the following radiographic abnor-
malities should be determined: subcutaneous air, rib frac-
tures, pneumothorax, pulmonary infiltrates, widened
mediastinum, pleural effusions, and intraperitoneal free
air.

TA BLE 1 1 8 . 2

CLINICAL FEATURES OF CHEST PAIN ACCORDING TO THE ETIOLOGY

RESPONSE TO

Cause of chest pain Type of pain Referred pain Posture/movement Food/fluid Nitroglycerin

Ischemic cardiac pain Visceral Yes No No Yes
Nonischemic cardiac pain Visceral Yes No No No
Pulmonary disease Visceral/cutaneous Usually no No No No
Pneumothorax Visceral/cutaneous No No No No
Musculoskeletal Cutaneous No Yes No No
Gastrointestinal Visceral Sometimes No Yes No
Aortic aneurysm Visceral Yes No No No
Psychiatric Visceral/cutaneous No No No No
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FIGURE 118.2. Algorithm on diagnosis
and management of patients with acute
pulmonary embolism (PE). ECG, electro-
cardiogram; DVT, deep vein thrombosis;
CT, computed tomography; V/Q, ventila-
tion/perfusion; BNP, brain natriuretic pep-
tide; RV, right ventricle.

D) Radionuclide perfusion lung scan: Intubated patients or
patients too ill for transport who are believed to have PE
may undergo bedside perfusion lung scanning. Whereas
this test is often nondiagnostic, a normal scan result is
a sensitive negative predictor for the presence of pul-
monary emboli. This test is no longer a principal diag-
nostic test in PE, being supplanted by computed tomog-
raphy (CT) scan, unless patients are too unstable for
transportation.

E) Radionuclide ventilation/perfusion (V̇ / Q̇) lung scan:
Normal- and high-probability findings on V̇/ Q̇ scan of-
ten are sensitive enough to dictate therapy without fur-
ther evaluation. Patients with low- and intermediate-
probability V̇/ Q̇ scan results, depending on the level of
clinical suspicion, frequently require additional exami-
nations (see Chapter 144). This is no longer a principal
diagnostic test in PE, being supplanted by CT scan. It

is usually reserved for patients with renal insufficiency,
contrast allergy, or pregnancy (because of lower radia-
tion exposure as compared to CT scan).

F) Duplex ultrasound of the lower extremities: Venous ul-
trasonography is useful if it demonstrates deep venous
thrombosis (DVT) in patients with suspected PE. How-
ever, the majority of patients with PE have no imaging
evidence of DVT. Therefore, if clinical suspicion of PE is
high, patients without evidence of DVT should still be
investigated for PE.

G) CT scan: It is readily available in most emergency depart-
ments, and performed rapidly. It may help in challenging
cases when the chest radiograph is not conclusive (e.g.,
pneumothorax). Furthermore, CT angiography scan
may evaluate coronary, aortic, and pulmonary anatomy
with great clarity. Several studies have shown that
64-slice computed tomography coronary angiography
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is very accurate in the diagnosis of coronary artery dis-
ease (16). The multidetector CT seems at least as good as
stress nuclear imaging for the detection and exclusion of
an acute coronary syndrome in low-risk chest pain pa-
tients (17). A recent large study has shown that CT scan
is effective in the evaluation and management of patients
with clinically suspected pulmonary embolism (18). In
cases of acute aortic syndromes, in addition to making
the initial diagnosis, CT angiography can assess the ex-
tent of aortic involvement and depict involvement of vis-
ceral and iliac arteries. The average sensitivity exceeds
95% , with specificities of 87% to 100% , and may be
more accurate than magnetic resonance imaging (MRI)
or TEE in the detection of aortic arch vessel involvement
(19).

H) Gadolinium-enhanced magnetic resonance angiography
(MRA): Despite the high accuracy for the detection of
coronary artery disease, acute aortic dissection, and PE
(16,20) and the clear advantages due to the fact that
this examination does not require ionizing radiation or
use of iodinated contrast agents, MRA is currently used
as a second-line diagnostic study when a first imaging
study is not adequate or the true diagnosis remains un-
certain. The reasons include the limited availability of
MRI, especially on an emergency basis, and the issues
surrounding patient inconvenience and limited applica-
bility (MRI cannot be performed on patients with claus-
trophobia, pacemakers, aneurysm clips, or other metal
devices).

CHEST PAIN SYNDROMES
Pinpointing the origin of chest pain is often problematic be-
cause nociceptors from within the myocardium, aorta, pleura,
lungs, and esophagus traverse a common neuronal pathway
to the cortex (21). Structures within the thorax that are rela-
tively insensitive to pain include the lung parenchyma and vis-
ceral pleura. The parietal pleura, upper airways, musculoskele-
tal structures of the upper torso, diaphragm, and mediastinal
structures respond to trauma and inflammation with pain im-
pulses. Diabetic neuropathy, differing pain thresholds, med-
ications, and varying levels of consciousness all may greatly
influence a patient’s description of the chest pain.

Classic Che st Pain

Certain disease processes are associated with characteristic
pain patterns (Table 118.2). For example, an inflammatory
process involving the pleural surfaces of the lungs or heart may
produce pleuritic chest pain. This type of pain is described as a
sharp, scratchy, or catch-like discomfort. Pneumonia, PE, and
pericarditis produce inflammatory processes with this type of
pain. Patients who describe their chest discomfort as retroster-
nal, squeezing, pressure-like, or heavy in nature often are di-
agnosed with myocardial ischemia (22,23). One of the most
dramatic presentations of chest pain is that of acute aortic
dissection. Patients frequently describe an excruciating, sharp,
knifelike retrosternal pain radiating to the back. The evalua-
tion of patients presenting with classic chest pain syndromes

should be directed to specifically confirm or exclude the sus-
pected diagnosis.

At yp ical Che st Pain

As shown in Figure 118.1, the approach to patients with chest
pain can be systematic and organized. Musculoskeletal or cu-
taneous causes of atypical chest pain should be excluded. An
ECG and cardiac enzymes should thus be obtained. If the in-
dex of suspicion for cardiac ischemia is high, irrespective of
the ECG and cardiac enzymes, one should proceed with fur-
ther studies to either confirm or negate the suspected diagno-
sis. If the index of suspicion for cardiac ischemia is low, causes
of chest pain such as PE, aortic dissection, pleural inflamma-
tion, pneumothorax, and gastroesophageal disease should be
considered. If the ECG reveals new ischemic changes, one may
assume that this is the primary cause of the patient’s discomfort.
Many patients in the adult ICU have significant undiagnosed
coronary artery disease. An echocardiogram, unless the result is
totally normal, usually is not sensitive enough to exclude acute
and significant cardiac ischemia. Stress echocardiography, nu-
clear medicine studies, angio-CT, and, finally, cardiac catheter-
ization may be necessary under these circumstances. The ur-
gency with which to pursue these tests depends on the acuity of
illness.

LIFE-THREATENING CAUSES
OF CHEST PAIN

Diffe re nt ial Diag nosis: Pulmonary
Cause s of Che st Pain

Pulmonary Emb olism
Approximately 200,000 patients die yearly from PE. The mor-
tality of untreated PE is five times greater than treated cases
(24). The multiple factors that appear to predispose to pul-
monary thromboembolism are detailed in Table 118.3. The
signs and symptoms of PE have been well described (25). The
clinical presentation of acute PE includes the following:

■ Abrupt onset of dyspnea
■ Chest pain unrelieved with nitroglycerin
■ Apprehension
■ Tachypnea
■ Diaphoresis
■ Fever
■ Tachycardia
■ Increased P2
■ Dyspnea at rest
■ Thrombophlebitis of the lower extremity
■ Decreasing PaO 2

The most common complaint is the sudden onset of pleuritic
chest pain; nonpleuritic discomfort occurs less frequently. Ap-
proximately 84% of patients complain of dyspnea, and appre-
hension, cough, and hemoptysis are noted in 50% of patients.
Syncope may also be a presenting sign.

On physical examination, most patients have tachycardia
and tachypnea. Fever is seen in nearly half of affected patients.
Patients with large or multiple emboli often have evidence of
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TA BLE 1 1 8 . 3

PREDISPOSING FACTORS TO ACUTE AORTIC SYNDROME, PULMONARY EMBOLISM, AND ACUTE CORONARY
SYNDROME

Acute aortic syndrome Pulmonary embolism Acute coronary syndrome

Long-standing arterial hypertension Hereditary Hereditary
Connective tissue disorders - Factor V mutation - Factor V mutation
Hereditary vascular disease - Protein C mutation - Protein C mutation

- Marfan syndrome - Protein S deficiency - Protein S deficiency
- Vascular Ehlers-Danlos syndrome - Antithrombin III deficiency - Antithrombin III deficiency
- Bicuspid aortic valve, coarctation of the aorta - Plasminogen deficiency - Plasminogen deficiency
- Hereditary thoracic aortic aneurysm/dissection - Factor VIII overexpression - Factor VIII overexpression

Vascular inflammation - Hyperhomocysteinemia - Hyperhomocysteinemia
- Giant cell arteritis Acquired - Obesity
- Takayasu arteritis - Antiphospholipid antibody - Advanced age
- Behçet’s disease - Orthopedic or pelvic surgery - Antiphospholipid antibody
- Syphilis - Obesity- Obesity Acquired

Deceleration trauma - Oral contraceptive/pregnancy - Hypertension
Iatrogenic factors - Cancer or chemotherapy - Smoking

- Diagnostic catheterization or intervention - Central venous catheters - Diabetes
- Vascular or aortic surgery - Immobilization - Dyslipidemia

Advanced age - Heart failure
- Atherosclerotic disease - Previous deep venous thrombosis

- Aging
- Hyperhomocysteinemia

hypoperfusion. A narrowed pulse pressure, poor peripheral
perfusion, hypotension, low urine output, and mental status
changes are common signs of hypoperfusion. Once a suspicion
of PE is entertained, one should proceed with further diagnostic
studies (Fig. 118.2) (26–28) (see Chapter 144).

Pne umot horax
Pneumothorax, a common entity in the ICU setting, is an
abnormal collection of air between the parietal and visceral
pleurae, which may be, if undiagnosed, rapidly fatal. Pneu-
mothoraces are either spontaneous, traumatic, or iatrogenic.
Irrespective of the etiology, a pneumothorax can have a signif-
icant impact on oxygenation and hemodynamics. The array of
clinical presentations ranges from mild pleuritic chest pain with
the sensation of shortness of breath to cardiac arrest. The clin-
ician should look for the following signs and symptoms when
pneumothorax is suspected:

■ Tachypnea
■ Dyspnea at rest
■ Dyspnea with exertion
■ Localized decrease in breath sounds
■ Unilateral hyperresonance to chest percussion
■ Dyspnea of abrupt onset
■ Increased peak airway pressure
■ Sudden hemodynamic instability
■ Arterial desaturation

Patients are often apprehensive and demonstrate tachypnea
and tachycardia. Auscultation and percussion of the chest of-
ten reveal decreased breath sounds and hyperresonance of
the affected side. Tracheal deviation, jugular venous disten-
tion, hypotension, and shock are indicators of an immediate
life-threatening process (tension pneumothorax). A chest ra-
diograph should be obtained in the relatively stable patient
believed to have a pneumothorax. Expiratory radiographs

increase the likelihood of visualizing a small pneumotho-
rax. Chest radiographs are usually diagnostic when the lung
parenchyma is normal. The diagnosis of tension pneumo-
thorax should ideally be made clinically, and the pneumo-
thorax evacuated without waiting for results of a chest radio-
graph.

Patients who are critically ill and undergoing mechani-
cal ventilation are at risk for a pneumothorax. Such patients
may have increased peak airway pressures, arterial desatura-
tion, and increased oxygen extraction. Despite sedation, some
patients may become agitated and diaphoretic. Compression
of the mediastinal structures with a subsequent decrease in
preload may result in a significant decrease in the cardiac out-
put and hemodynamic instability. If a ball-valve mechanism
occurs during positive-pressure ventilation, a life-threatening
tension pneumothorax may rapidly develop.

A pneumothorax in a patient with severe underlying pul-
monary disease may be extremely difficult to diagnose (29,30).
Loculated pneumothoraces are frequently missed on portable
radiographs of critically ill patients. Once suspected, this di-
agnosis must be confirmed or negated, as nearly half of all
untreated pneumothoraces progress to tension pneumothorax.
In these circumstances, a CT scan of the chest often is necessary
to make the diagnosis.

Diffe re nt ial Diag nosis: Card iovascular
Cause s of Che st Pain

Acut e Aort ic Synd rome
Acute aortic syndrome is the modern term that includes aortic
dissection, intramural hematoma (IMH), and symptomatic aor-
tic ulcer (12). Clinical manifestations, etiology, and treatment
can be readily differentiated by using the Stanford or DeBakey
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TA BLE 1 1 8 . 4

PROPOSED CLASSIFICATIONS OF AORTIC
DISSECTION

STANFORD CLASSIFICATION
Type A: Dissection of the ascending and descending aorta
Type B: Dissection of the descending aorta

DEBAKEY CLASSIFICATION
Type 1: Dissection of the entire aorta
Type 2: Dissection of the ascending aorta
Type 3: Dissection of the descending aorta

NEW CLASSIFICATION
Class 1: Classic aortic dissection with an intimal flap

between true and false lumen
Class 2: Medial disruption with formation of intramural

hematoma/hemorrhage
Class 3: Discrete/subtle dissection without hematoma,

eccentric bulge at tear site
Class 4: Plaque rupture leading to aortic ulceration,

penetrating aortic atherosclerotic ulcer with
surrounding hematoma, usually subadventitial

Class 5: Iatrogenic and traumatic dissection

classification of aortic dissection. Due to new studies demon-
strating that intramural hemorrhage, intramural hematoma,
and aortic ulcers may be signs of evolving dissections or dis-
section subtypes, a new system of differentiation has been pro-
posed (Table 118.4).

Among several factors (Table 118.3), the most common
risk condition for acute aortic syndromes is hypertension, with
chronic exposure of the aorta to high pressures leading to in-
timal thickening, fibrosis, calcification, and extracellular fatty
acid deposition.

Patients complain of the sudden onset of excruciating chest
discomfort. This discomfort is sharp and tearing in nature,
radiating to the back, abdomen, and extremities. Syncope,
diaphoresis, and generalized weakness may occur. Patients
may have evidence of shock with mental status changes, cool
clammy skin, low urine output, hypertension or hypotension,
and lactic acidosis. The clinical presentation of acute aortic
syndromes may include the following signs and symptoms:

■ Abrupt onset
■ Maximal severity at onset
■ Knifelike or tearing substernal chest pain
■ Severe back pain
■ Chest pain unrelieved by nitroglycerin
■ Fever
■ Tachycardia
■ Elevated diastolic blood pressure
■ Diaphoresis

Untreated acute aortic dissection is associated with a 50% mor-
tality within the first 48 hours.

Classic Aort ic Disse ct ion
Acute aortic dissection is characterized by the rapid develop-
ment of an intimal flap separating the true and false lumens
(12,31). The dissection can spread from the intimal tear in an
antegrade or retrograde fashion, often involving side branches

and causing malperfusion syndromes, tamponade, or aortic
insufficiency (12,32). Once a patient survives to hospital dis-
charge, further prognostic stratification based on clinical and
imaging parameters is challenging. Spontaneous false lumen
thrombosis (better prognosis), evidence of persistent commu-
nication, and/or a patent false channel (worse prognosis) may
be used to estimate late risk of expansion (12,33,34).

Type A dissections are most often seen in young pa-
tients with Marfan syndrome or cystic medial necrosis. Upper
extremity weakness, diminished or loss of upper extremity
pulses, asymmetric upper extremity blood pressure, hemi-
plegia, Horner syndrome, recurrent laryngeal nerve damage,
hemopericardium, and cardiac tamponade all are associated
with type A dissections. Acute aortic valvular insufficiency and
dissection of the coronary artery ostium resulting in an acute
myocardial infarction may occur. A prominent diastolic mur-
mur of aortic insufficiency and congestive heart failure may be
present. Type B aortic dissections are usually seen in older pa-
tients with a history of hypertension and atherosclerosis. Pares-
thesias, weakness, and pain of the lower extremities may result
from compromised blood flow to the spinal arteries, iliac arter-
ies, or both. Diminished or unequal lower extremity pulses and
pressures relative to the upper extremities also are suggestive
of distal dissection of the aorta. Manifestations of mesenteric
and renal ischemia may occur (35).

The radiographic data suggestive of a type A dissection in-
clude a widened superior mediastinum and left pleural effusion.
Chest radiographs of type Bdissections are usually unrevealing.
One may, however, see a widened descending aorta relative to
the ascending aorta. When a dissection is suspected, immediate
surgical consultation is required and a rapid diagnosis is war-
ranted. The CT scan, MRI, and TEE are sensitive and specific
(36–38).

Surgery is the preferred approach in case of proximal dis-
section, whereas medical therapies, including sodium nitro-
prusside, β -blockers or labetalol, and morphine, may be pre-
ferred in distal dissection. However, it is important to monitor
the patient vigilantly for any evidence of branch arterial com-
promise, with the most lethal consequence being mesenteric
ischemia.

Int ramural He mat oma
Aortic IMH is considered a precursor of dissection, originating
from ruptured vasa vasorum in medial wall layers and result-
ing in an aortic wall infarct that may provoke a secondary
tear, causing a classic aortic dissection. It is similar to clas-
sic dissection in its natural history in that IMH may extend,
progress, regress, or reabsorb. Whereas IMH resorption has
been reported in about 10% of cases, resorption of aortic dis-
section has rarely been so reported (12,39,40). Most IMHs
(50% –85% ) are located in the descending aorta and are typ-
ically associated with hypertension (41,42). Although clinical
manifestations of IMH are similar to acute aortic dissection,
IMH tends to be a segmental process; therefore, radiation of
pain to the head or legs is less common. Chest pain is more com-
mon with ascending (type A) IMH; upper or lower back pain is
more common with descending (type B) lesions. Nonetheless,
the diagnosis of IMH versus acute aortic dissection cannot be
made clinically. IMH is a tomographic imaging diagnosis in the
appropriate clinical setting. These patients should be managed
as those with classic aortic dissection.
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Plaq ue Rup t ure / Pe ne t rat ing At he roscle ro t ic Ulce r
Deep ulceration of atherosclerotic aortic plaques can lead to
IMH, aortic dissection, or perforation (43–46). Noninvasive
imaging has further elucidated this disease process that often
further complicates IMH and appears as an ulcer-like projec-
tion into the hematoma. In association with IMH, limited series
have reported penetrating atherosclerotic ulcers almost exclu-
sively in patients with type B IMH (46). Symptomatic ulcers
with signs of deep erosion are more prone to rupture than oth-
ers. In these patients, endovascular stent grafting is emerging
as an attractive therapeutic modality.

Acut e Pe ricard it is
Acute pericarditis is an inflammatory process of the peri-
cardium caused by a variety of disorders. It is the most common
disease of the pericardium. Pericarditis is commonly caused
by infection, trauma, autoimmune disease, or neoplasm (see
Chapter 127).

The diagnosis of acute pericarditis is established by the pres-
ence of chest pain, pericardial friction rub, and ECG abnor-
malities. A more complete list of the clinical features of acute
pericarditis is as follows:

■ Chest pain at rest
■ Exacerbation of chest pain with breathing
■ Chest pain lasting longer than 20 minutes
■ Chest pain unrelieved with nitroglycerin
■ Fever; sinus tachycardia
■ ST-segment elevation without reciprocal depression
■ Inverted T waves
■ Pericardial friction rub
■ Leukocytosis

Pericardial effusions of various sizes are seen by echocar-
diography (47). The pain of acute pericarditis is pleuritic in
nature and often is described as a sharp, retrosternal discom-
fort radiating to the back and shoulders. This pain is relieved
by leaning forward and worsened by recumbency, inspiration,
and cough. The chest pain of acute pericarditis may be band-
like with radiation to the arms, similar to that of a myocardial
infarction.

Pathognomonic for acute pericarditis is a three-component
friction rub that is heard best over the left sternal border
with the patient sitting upright and leaning forward. It is
high pitched and scratching in nature. The rub is often tran-
sitory and may be confused with aortic stenosis or mitral re-
gurgitation; careful auscultation of the early diastolic compo-
nent makes the distinction. In the absence of a large pericar-
dial effusion, subepicardial inflammation often yields a clas-
sic triphasic ECG. In the acute stages, one may see diffuse
ST-segment elevation with concurrent PR depression in the
limb and precordial leads. At 24 to 48 hours, ST and PR
segments normalize; however, diffuse T-wave inversion oc-
curs. The T-wave abnormalities subsequently resolve with time.
Because there may be elevation of cardiac enzymes, the dis-
tinction between myocardial infarction and pericarditis may
be difficult initially. Sequential ECGs demonstrating concave
morphologic features of the ST segments and absence of Q
waves are suggestive of pericarditis. With the development of
a large pericardial effusion, reduced QRS voltage, oscillatory
voltage pattern, and atrial arrhythmias are sometimes present
(48,49).

TA BLE 1 1 8 . 5

DIAGNOSTIC TESTS FOR ACUTE PERICARDITIS

Echocardiogram
Pericardiocentesis
Evaluation of pericardial fluid:

The following suggests bacterial pericarditis:
Greater than 2,000 WBCs
Purulent pericardial fluid
Positive Gram stain/culture

CBC with differential
Serum urea and creatinine
Blood cultures
Tuberculin skin test
Antinuclear antibodies
Rheumatoid factor
Serologic tests for Brucella
Salmonella
Toxoplasma
Mycoplasma
Human immunodeficiency virus
Thyrotropin

WBCs, white blood cells; CBC, complete blood cell count.

Most patients who are diagnosed with acute pericardi-
tis have an uneventful recovery with bedrest and anti-
inflammatory drug therapy. However, a substantial number of
individuals have persistent chest discomfort, fever, leukocyto-
sis, generalized illness, or hemodynamically significant pericar-
dial effusions. In these patients, aggressive diagnostic strate-
gies including pericardiocentesis are warranted (Table 118.5).
Despite an aggressive search, a diagnosis is obtained in only
approximately 20% of cases (50,51).

Card iac Ische mia
An imbalance between myocardial oxygen supply and demand
is the basic pathophysiologic process for a variety of disease
entities. Myocardial infarction, myocardial ischemia, aortic
stenosis, hypertrophic cardiomyopathy, right ventricular hy-
pertension, and severe anemia all are associated with the de-
velopment of such an imbalance. The distinction between these
disease processes is made by medical history, symptoms, phys-
ical examination, ECG, cardiac enzymes, chest radiographs,
and other related studies.

Acut e Coronary Synd rome (se e b e low and
Chap t e rs 121 and 122)

ST-segment Elevation Myocardial Infarction (see Chapter 122)
Aortic Stenosis
Aortic stenosis is a narrowing of the aortic valve orifice sec-
ondary to congenital abnormality, valvular degeneration (cal-
cific), or rheumatic heart disease (see Chapter 125). Discomfort
associated with aortic stenosis mimics typical angina pectoris.
The clinical presentation of aortic stenosis includes the follow-
ing:

■ Exertional dyspnea
■ Chest pain at rest
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■ Heart gallop
■ Forceful localized apical impulse
■ Murmur of aortic stenosis
■ Decreased aortic component of S2 or presence of S4
■ Left-axis deviation on ECG
■ Left ventricular hypertrophy on ECG

Although the syndrome of chest pain in patients with aortic
stenosis is anginal, only 40% of such patients have coronary
artery disease. The remaining patients develop ischemia sec-
ondary to altered perfusion pressures within a hypertrophied
ventricle (52). The diagnosis of aortic stenosis is based on symp-
toms, with confirmation by echocardiography, coronary an-
giography, or both; heart catheterization with left ventricular
and aortic pressure gradient is also a diagnostic tool. Patients
with severe aortic stenosis—less than 1.0 cm3 valve area—who
develop chest pain and hypotension are at a high risk of imme-
diate death and require aggressive management.

Diffe re nt ial Diag nosis: Gast ro int e st inal
Cause s of Che st Pain

Unless chest pain is related to obvious life-threatening gastroin-
testinal disease, many patients initially undergo an evaluation
for myocardial ischemia. Most patients with severe gastroin-
testinal disease have a prior history of gastroesophageal reflux,
peptic ulcer disease, caustic ingestion, forceful vomiting, or re-
cent instrumentation.

Esop hag e al Injury and Rup t ure
Most causes of esophageal injury are suggested by history. Pa-
tients who attempt suicide by ingesting lye or other caustic
agents may have obvious injury to the oropharynx. In this
circumstance, emergency endoscopy may be warranted. Less
obvious causes of chest pain related to esophageal injury in-
clude mucosal damage by ingested pills or the presence of pill
fragments lodged in the distal esophagus. Occasionally, naso-
gastric tubes have been found to be the culprit of significant
esophageal trauma with resultant chest pain.

Acute increases in intra-abdominal pressure secondary to
vomiting, heavy lifting, trauma, or straining during defecation
have been associated with esophageal wall tear and rupture.
Without a preceding event, making the diagnosis is extremely
difficult because this process may easily mimic myocardial in-
farction, pneumothorax, or esophageal spasm. Undiagnosed
esophageal rupture may result in life-threatening mediastini-
tis. The diagnosis of a nonperforating esophageal injury is fre-
quently obtained by upper endoscopy. The presence of sub-
cutaneous emphysema, pleural effusion, or mediastinal air on
chest radiograph is suggestive of esophageal perforation. This
may be confirmed by barium or water-soluble contrast studies
of the entire esophagus (see Chapter 160).

Esop hag e al Sp asm
Esophageal spasm is a motility disorder characterized by abnor-
mal lower esophageal sphincter tone. Phasic propulsive con-
tractions cause diffuse spasm of the esophagus. These spasms
are associated with substernal chest pain that is squeezing in
nature and may occur with exercise, thus making this disor-
der difficult to distinguish from angina pectoris. Unlike angina
pectoris, the discomfort is often induced by very hot or cold

liquids. Dysphagia with liquid and solid food may accompany
the discomfort.

Once this disease entity is considered, a variety of tests
can aid the clinician in establishing the diagnosis. Esophageal
scintigraphy, esophageal manometry, and provocative tests all
have been used.

NONLIFE-THREATENING CAUSES
OF CHEST PAIN

Cost ochond rit is

Inflammation of the costochondral joints frequently results in
chest wall pain. This pain is exacerbated by applying pressure
over the affected area, by deep breathing, or by coughing. Of-
ten, patients can point to the exact area of inflammation.

He rp e s Zost e r

Reactivation of latent varicella-zoster virus with subsequent
posterior root neuronal viral replication and inflammation can
result in severe chest pain. This process can be triggered by
trauma, surgery, immunosuppression, and a multitude of other
immunologic stresses. The distribution of pain is usually along
a particular dermatome, with eventual eruption of vesiculopus-
tules on an erythematous base. The Tzanck test demonstrating
multinucleated giant epidermal cells is diagnostic.

Ast hma and Chronic Ob st ruct ive
Lung Dise ase

A well-known association exists between atypical chest pain
and obstructive lung disease. Patients describe a variety of
symptoms ranging from sharp stabbing discomfort to pressure-
like sensations. Bronchodilators may provide relief in some pa-
tients.

Psychosomat ic Che st Pain

Psychosomatic chest pain is a diagnosis of exclusion. Patients
may present with either classic or atypical symptoms. Signifi-
cant coronary artery disease is frequently excluded by coronary
angiography. Many of these patients have clinical depression
and need aggressive intervention.

Summary

The evaluation of patients with chest pain should be organized
and proceed rapidly in logical sequence. The evaluation should
include a review of the patient’s past medical history, history
of present illness, risk factors, and a detailed physical exam-
ination. This initial evaluation should narrow the differential
diagnosis and direct the clinician so that appropriate tests or
procedures are performed.
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EVALUATION OF ACUTE
CORONARY SYNDROMES

Imme d iat e Conce rns

Acute coronary syndrome (ACS) is a broad term that encom-
passes a range of acute manifestations of coronary atheroscle-
rosis, including ST-segment elevation myocardial infarction
(see Chapter 122), non–ST-segment elevation myocardial in-
farction (N-STEMI), and unstable angina (UA) (see Chapter
123). The diagnosis and the optimal treatment of these pa-
tients may be associated with significant improvement in out-
come and survival. We focus on patients with UA/N-STEMI,
although, as noted above, there are separate chapters within
this textbook that will deal with these topics in detail.

Main Tip s

When confronted with a patient suffering from acute coronary
syndrome (UA/N-STEMI):

1. Obtain a careful history and perform a meticulous physi-
cal examination (Table 118.1), particularly in patients with
atypical chest pain, which is commonly seen in the ICU, to
exclude:
■ Noncardiac causes of chest pain
■ Nonischemic cardiac disorders (pericarditis, valvular dis-

ease)
■ Precipitating extracardiac causes (anemia)
■ Signs of potential hemodynamic instability

2. Monitor ECG and repeat marker of myonecrosis if initially
negative (at least 6 hours after initial measurement).

3. Perform echocardiography to identify regional dysfunction
and/or nonischemic disorders.

4. After confirmation of the diagnosis, start medical therapy
as soon as possible.

5. Risk stratification: high-risk patients may benefit from ag-
gressive antiplatelet therapy and early angiography and
revascularization.

Clinical Evaluat ion

Patients with acute coronary syndromes should undergo rapid
and accurate evaluation (see Chapters 120, 121 and 122). Ob-
taining a careful history and a meticulous physical examination
are mandatory as a guide toward a definite diagnosis, which
may influence therapeutic strategies.

Unstable angina is defined as angina pectoris (or equiva-
lent type of ischemic discomfort) with at least one of the three
features:

1. Occurrence at rest (or with minimal exertion) and lasting
more than 20 minutes (if not interrupted by nitroglycerin)

2. Severe new-onset chest pain (i.e., within 1 month)
3. Occurrence with a crescendo pattern (i.e., more severe, pro-

longed, or frequent than previously) (53,54)

These symptoms may be associated with ECG changes, such
as inversion of T waves or ST-segment depression, and ele-
vation of cardiac biomarkers of necrosis (such as CK-MB or
troponin T or I, or both); when this is the case, the condition

is defined as non–ST-segment elevation myocardial infarction
(53,54). Asymptomatic patients with ECG changes and/or ele-
vation of cardiac enzymes are also included in these categories.
ST-segment elevation myocardial infarction is defined as pro-
longed chest pain at rest (greater than 30 minutes), the presence
of ST-segment elevation in the 12-lead ECG (more than 0.1 mV
in at least two contiguous peripheral leads or more than 0.2 mV
in at least two contiguous chest leads), or new-onset left bundle
branch block (see Chapter 122).

The discomfort associated with acute coronary syndromes
typically radiates to the left shoulder and the left arm, and may
be associated with diaphoresis, nausea, and vomiting. Left ven-
tricular failure—manifested by pulmonary edema and shock—
may occur. During attacks, increased heart rate, distant heart
sounds, and a diffuse apical impulse may develop. Localized
papillary muscle dysfunction may cause the late systolic mur-
mur of mitral regurgitation. The tools for diagnosing the prob-
lem include ECG changes during attacks, biomarkers, echocar-
diography, nuclear medicine scan, exercise stress testing, CT
scan, and cardiac catheterization.

Risk St rat ificat ion

Due to differences in the extent and severity of underlying coro-
nary artery disease, and the different degree of thrombotic risk,
identification of high-risk patients is of high clinical relevance
in order to prevent, by adequate pharmacologic therapies and
mechanical revascularization, the progression and the extent
of myocardial infarction and the risk of death (53–55). As
previously noted, medical history, clinical examination, ECG,
and biomarkers provide key elements for risk assessment (Fig.
118.3).

The characteristics of patients with non–ST-segment eleva-
tion ACS at high risk for rapid progression to myocardial in-
farction or death who should undergo coronary angiography
within 48 hours include:

■ Recurrent rest pain
■ Dynamic ST-segment changes: ST-segment depression of

more than or equal to 0.1 mV or transient (less than
30 minutes) ST-segment elevation more than or equal to
0.1 mV

■ Elevated troponin-I, troponin-T, or CK-MB levels
■ Hemodynamic instability within the observation period
■ Major dysrhythmias (ventricular tachycardia, ventricular
fibrillation)

■ Early postinfarction unstable angina (56–60)

Furthermore, the following markers of severe underlying dis-
ease (i.e., a high long-term risk) might also be helpful for risk
assessment in non–ST-segment elevation ACS:

■ Age older than 65 to 70 years
■ History of known coronary artery disease, previous MI,

prior percutaneous coronary intervention (PCI), or coronary
artery bypass grafting (CABG)

■ Congestive heart failure, pulmonary edema, and new mitral
regurgitant murmur

■ Elevated inflammatory markers (i.e., C-reactive protein
[CRP], fibrinogen, interleukin (IL)-6)

■ BNP or NT-proBNP in upper quartiles
■ Renal insufficiency
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Diagnos is  of ACS

Aspirin, clopidogre l, unfractiona ted heparin, 
β-blockers , nitra tes

GP IIb/IIIa  inhibitors /
coronary angiography/

revascula riza tion

Low risk

Second troponin

Nega tive

Pos itive

Noninvas ive  
imaging

Nega tive

Pos itive

Conserva tive
management

Immediate
angiography

(<3 hours )

GP IIb/IIIa inhibitors  
pos tponed

Early
angiography
(<48 hours )

High risk
clinica l fea tures

or pos itive
troponin and/or

ST-segment
depress ion

UA/N-STEMI

STEMI

Lysis  or
primary PCI

FIGURE 118.3. Algorithm on management of pa-
tients with acute coronary syndrome (ACS). STEMI,
ST-segment elevation myocardial infarction; UA, un-
stable angina; N-STEMI, non–ST-segment elevation
myocardial infarction; GP, glycoprotein.

The Thrombolysis in Myocardial Infarction (TIMI) risk score
has been shown to be an accurate tool for risk stratification that
can be easily applied at the bedside of a patient with N-STEMI
(61).

Pe riop e rat ive Manag e me nt

Card iac Surg e ry
Despite improvements in intraoperative myocardial protection,
between 5% and 15% of patients undergoing cardiac surgery
actually experience a perioperative myocardial infarction due
to diffuse atherosclerotic disease of the distal coronary arter-
ies, spasm, embolism, thrombosis of native coronary vessels
or bypass graft, technical problems with graft anastomoses, or
increased myocardial oxygen need (as in left ventricular hyper-
trophy).

The diagnosis of postoperative MI is difficult because of
the nonspecific ST–T-wave abnormalities frequently present in
those patients. In addition, troponins are elevated in almost
all patients who undergo CABG. A 12-lead ECG should be ob-

tained upon arrival in the ICU after surgery and every 24 hours,
since it represents the most reliable tool to diagnose perioper-
ative MI. CK and CK-MB should be evaluated every 8 hours
for the first 36 hours, if postprocedural MI is suspected. Bed-
side echocardiography, by detecting new regional wall motion
abnormalities, represents a major diagnostic tool, particularly
when ECG and serum marker measurements are unclear. The
appropriate management strategy should be defined according
to an integrated evaluation of clinical findings and diagnostic
tests (Fig. 118.4).

Major Noncard iac Surg e ry
Myocardial infarction and ischemia occurring during or after
major noncardiac surgery are difficult to diagnose, since they
are often silent and because of the confounding effects of anal-
gesics and postoperative surgical pain. The diagnosis is often
based on evaluation of cardiac troponins, since CK and CK-
MB are less specific and may be elevated during aortic surgery
or mesenteric ischemia. Furthermore, most perioperative MIs
are non–Q wave, and nonspecific ST changes are common after
surgery with or without MI. Echocardiography may certainly
help by identifying new wall motion abnormalities.
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ST e leva tion a fte r CABG

Nitroglycerin

Cardiac index >2.0

Echocardiography

No new wall-motion
abnormalitie s

ECG
normalized
or improved

Obse rva tion

New wall-motion
abnormalitie s

1) Nitroglyce rin

2) IABP

3) Coronary angiography

No ST-
segment
resolution

Cardiac index <2.0

Inotropes  +
nitroglycerin

Still uns table

IABP, angiography

Cardiac index >2.0

FIGURE 118.4. Algorithm on management of patients with ST-segment elevation myocardial infarction
after coronary artery bypass grafting (CABG). IABP, intra-aortic balloon pump; ECG, electrocardiogram.

The management of these patients should be based on the
extension and severity of ischemia, weighing the risk of bleed-
ing complications and the benefits from an aggressive therapy.
Patients in stable hemodynamic condition, without severe is-
chemia, may be managed conservatively with administration of
acetylsalicylic acid (ASA), β -blockers (if not contraindicated),
nitroglycerin, and low-molecular-weight heparin (LMWH). In
patients with large STEMI or who are hemodynamically unsta-
ble, immediate coronary angiography and PCI should be the
preferred strategy.

Drug The rap y

The main objectives of medical therapy in patients with ACS
are to stabilize and “cool” the culprit lesion, treat residual is-
chemia, and prevent long-term complications.

Ant ip lat e le t and Ant icoag ulat ion The rap ie s
Aspirin and clopidogrel, as shown by several large randomized
trials (62,63), improve the outcome, and thus represent a cor-
nerstone in the initial treatment of ACS. Glycoprotein IIb/IIIa
inhibitors have been shown to reduce mortality. However, the
benefits were restricted to patients with positive troponin. A
strategy of upstream administration—starting 48 hours before
angiography—is currently recommended with eptifibatide or
tirofiban. Abciximab may be considered for downstream ad-
ministration in the cardiac catheterization laboratory in pa-
tients with positive troponin undergoing percutaneous revas-
cularization due to the significant benefits shown in a recent
randomized trial (64).

Intravenous heparin or LMWH are considered a fundamen-
tal therapy for treating ACS and are a class IA therapy when
given in conjunction with antiplatelet agents (53–55). How-

ever, it seems that LMWH further improves the outcome as
compared to intravenous unfractionated heparin (65).

Ant i-ische mic Drug s
Relief of the symptoms of acute myocardial ischemia requires
the use of drugs that correct the imbalance that exists between
myocardial oxygen supply and demand. In the absence of con-
traindications, β -adrenergic blockers should be first-line anti-
ischemic therapy and should be given intravenously in high-risk
patients, particularly if ischemia is ongoing. A meta-analysis
of three randomized clinical trials comparing β -blockers with
placebo in unstable angina showed a significant reduction in
rates of progression to acute myocardial infarction, but not
death, by active treatment (66).

There are no randomized, placebo-controlled trials investi-
gating the effect of nitrates on symptoms or prognosis in ACS.
A number of small, uncontrolled datasets have been published
(67,68), but the routine use of this group of drugs is almost en-
tirely based on anecdotal experience of their efficacy in relieving
symptoms. It is recommended that sublingual glyceryl trinitrate
should be given in all cases where ischemic chest discomfort is
present at the time of initial clinical assessment. If symptoms
are not relieved rapidly thereafter and after administration of
intravenous β -blockers, an intravenous nitrate infusion should
be started.

Randomized studies of calcium channel blockers in ACS
have shown their efficacy in relieving symptoms (69,70). In ad-
dition, diltiazem may have a protective effect (71,72), whereas
there is strong evidence that immediate-release nifedipine (a
dihydropyridine) increases mortality rate, particularly if given
without β -blockers (73,74). Current guidelines recommend
reserving the dihydropyridine calcium antagonists for use as
second- or third-line therapy after β -blockers and nitrates,
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whereas the rate-limiting, nondihydropyridine agents (dilti-
azem and verapamil) may be reasonable alternatives when
β -blockers are contraindicated.

Statins represent the main agents for treatment of hyper-
cholesterolemia today. Recent studies have shown that their
effects on progression of atherosclerosis may be explained by
additional properties beyond lowering cholesterol (75–77). In
particular, their antithrombotic and anti-inflammatory prop-
erties make statins a therapeutically attractive option in ACS
patients. In fact, early statin therapy has been shown to be asso-
ciated with a significant improvement in clinical outcome (78),
and is strongly recommended after ACS (53,54).

SUMMARY
The evaluation of patients with ACS should be organized and
proceed rapidly in logical sequence. The evaluation should in-
clude a review of the patient’s past medical history, history
of present illness, risk factors, and a detailed physical exam-
ination, to exclude noncardiac or nonischemic disorders and
precipitating extracardiac causes. After confirmation of the di-
agnosis, all patients should be treated with optimal medical
therapy. Risk stratification is mandatory, since high-risk pa-
tients may benefit from aggressive antiplatelet therapy and early
angiography and revascularization, whereas patients at lower
risk should undergo early, noninvasive testing for inducible
myocardial ischemia, followed by coronary angiography when
such testing is positive.
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CHAPTER 119 ■ NON ST ELEVATION ACUTE
CORONARY SYNDROME: CONTEMPORARY
MANAGEMENT STRATEGIES
ACHILLE GASPARDONE r LEONARDO DE LUCA

OVERVIEW

Definit ion of Te rms

The term, acute coronary syndrome (ACS), describes a spec-
trum of clinical conditions ranging from ST-segment elevation
myocardial infarction (STEMI) to non–ST-segment elevation
MI (N–STEMI) and unstable angina (UA) (Fig. 119.1) (1).
These manifestations of acute myocardial ischemia may revert
to the presymptomatic state or evolve into a non-Q wave (also
termed nontransmural) MI or to Q wave (or transmural) MI
(Fig. 119.1).

The boundaries between UA, N-STEMI, and STEMI are not
always well defined. Indeed, the three entities should be consid-
ered as different and dynamic clinical manifestations of a con-
tinuous pathogenetic spectrum; N-STE-ACS are represented by
UA and N-STEMI.

Unst ab le Ang ina (UA)
Anginal pain is the pivotal symptom for the diagnosis of UA,
and its intensity, duration, and exercise-related threshold are
usually graded according to the Canadian Cardiovascular So-
ciety (CCS) classification (Table 119.1) (2). UA may have three
clinical presentations (Table 119.2) (3): (1) de novo or new-
onset angina of at least CCS III-IV severity in patients with-
out previously diagnosed angina; (2) crescendo, or increasing
angina in patients with previously diagnosed angina that has
become significantly more frequent, more severe in duration,
and with a markedly reduced threshold (CCS Class III-IV); (3)
postinfarction angina in patients with an MI within 2 weeks in
whom biomarkers of myocardial necrosis have returned within
normal range.

In all three clinical presentations of UA, pain may occur at
rest and, typically, the low threshold for angina (CCS III and
IV) represents an essential clinical feature for the diagnosis of
UA. In all three clinical manifestations of UA, the presence of
angina at rest is associated with a worse prognosis and a higher
rate of events (4). In all cases, of course, it is crucial to exclude
extracardiac conditions that can intensify or precipitate my-
ocardial ischemia (secondary UA) such as anemia, fever, infec-
tion, hypotension, uncontrolled hypertension, hypoxemia, and
thyrotoxicosis. The resting ECG may show ST-segment depres-
sion and/or T-wave inversion or transient ST-segment elevation
or, rarely, may remain normal. The serum markers (troponin I,
troponin T, and CK-MB) may remain within their normal bi-

ological ranges or fall between the normal range and the level
diagnostic of myocardial infarction, the latter being, according
to ACC/AHA recommendations, more than twice the upper
normal limit (1). In the absence of release of myocardial mark-
ers of necrosis, the diagnosis of UA may be made, whereas if
markers of myocardial necrosis have been released, the patient
with ACS can be considered to have experienced N-STEMI. In
the latter condition, ECG ST-segment or T-wave changes may
be persistent, whereas in UA, they may or may not occur and,
if they are seen, are usually transient.

A peculiar clinical manifestation of UA was described in
1959 by Prinzmetal and associates detailing an atypical is-
chemic coronary syndrome characterized by sudden onset
angina occurring almost exclusively at rest, particularly in the
first hours of the day, associated with ST segment elevation
on the ECG (1). Because of its peculiar clinical pattern, this
acute coronary syndrome was defined as a variant form of
angina. Prinzmetal and colleagues hypothesized that variant
angina is caused by a focal spasm of a coronary artery (5); this
initial hypothesis has been convincingly demonstrated by coro-
nary angiography. Variant angina may be associated with acute
myocardial infarction, severe cardiac arrhythmias—including
ventricular tachycardia and fibrillation, and sudden death. De-
spite these potentially devastating consequences, long term fol-
lowup of patients with documented coronary vasospasm is not
well documented. In a large population of patients with vari-
ant angina—i.e. normal or near normal coronary arteries—
and treated with calcium channel blockers, the 7.5-year inci-
dence of sudden death and myocardial infarction were 3.6%
and 6.5% , respectively (6). Although the clinical presentation
of this variant form of angina is also characterized by insta-
bility, with evidence of subendocardial and/or transmural my-
ocardial ischemia, the specific pathogenetic mechanisms—i.e.
coronary spasm—is completely different from those leading to
N-STE-ACS.

Non-ST-Se g me nt Ele vat ion Myocard ial Infarct ion
N-STEMI may have symptoms and a clinical pattern indis-
tinguishable from UA. While the resting ECG more frequently
shows ST-segment depression or T-wave inversion (Fig. 119.2),
ST-segment elevation, while sometimes observed, is, by defini-
tion, never sustained. There will always be a clear-cut rise in
the serum biomarkers to levels that are diagnostic for myocar-
dial infarction. Thus, the essential difference between UA and
N-STEMI is mainly related to the amount of biomarkers of
myocardial injury.
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Acute Coronary Syndrome 

No ST Elevation ST Elevation 

Unstable Angina Non–Q-wave MI Q-wave MI 

Serum markers elevated to diagnostic levelSerum markers normal or 
below diagnostic level

N-STEMI STEMI

nontransmural transmural

FIGURE 119.1. The interrelationship of the components of
ACS on presentation, during evolution and at final outcome
[Adapted from Braunwald E, et al. (1)].

Epidemiology of N-STEMI. In the United States, two million
patients are admitted annually to cardiac care units with ACS.
The number of hospital admissions for patients with UA/N-
STEMI is greater than the number with STEMI: 1.4 million and
600,000, respectively (7). The consequences of N-STE-ACS are
not benign: among those who reach the hospital alive, approx-
imately 13% of patients will die in the succeeding six months,
and 8% will be left with unstable angina (8). The frequency
of new stroke ranges between 1.5% and 3% , and rehospital-
ization for a further episode of ACS ranges between 17% and
20% over the same time interval. Survival data indicate that
the risk associated with N-STEMI is greatest during the first
15 to 30 days from symptom presentation.

The Euro Heart Survey–Acute Coronary Syndromes (EHS–
ACS) (9) and the Global Registry of Acute Coronary Events
(GRACE) studies (8) provided insight into the practice of car-
diology in different hospital settings and in different coun-
tries. EHS–ACS recorded prospectively 14,271 patients admit-
ted with chest pain, with subsequently documented ACS in
10,484 (73% ) of these. GRACE identified, in a prospective or
retrospective manner, 11,543 patients with a final diagnosis

TA BLE 1 1 9 . 1

PRINCIPAL PRESENTATIONS OF UNSTABLE ANGINA

New-Onset Angina New-onset angina of at least CCS
Class III severity.

Increasing Angina Previously diagnosed angina that has
become distinctly more frequent,
longer in duration, or lower in
threshold (i.e., increased by
greater than or equal to 1 CCS
class to at least CCS Class III
severity).

Postinfarction
Angina

Patients with recent myocardial
infarction (within 2 weeks) in
whom biomarkers of myocardial
necrosis have returned within
normal range.

of myocardial infarction or unstable angina—i.e., an ACS—in
10,709 patients (93% ).

In both EHS–ACS and GRACE, about half of all patients
underwent diagnostic coronary angiography, and percutaneous
revascularization (PCI) was performed in 40% of patients ad-
mitted with ST elevation and in about a quarter of patients
without initial ST elevation. Inpatient medical therapy included
aspirin in over 90% of patients, appropriate use of unfraction-
ated or low molecular weight heparin, but low use of glycopro-
tein IIb/IIIa receptor blockers when compared to guideline rec-
ommendations. Therapy at discharge included aspirin and/or
ticlopidine/clopidogrel in over 90% of patients, ACE inhibitors
(EHS–ACS 56% , GRACE 55% ), β -blockers (EHS–ACS 73% ,
GRACE 71% ), and statins (EHS–ACS 53% , GRACE 47% )
(8,9). These findings indicate an increasing awareness of the
need for preventive medication in most patients with ACS.

TA BLE 1 1 9 . 2

GRADING OF ANGINA PECTORIS ACCORDING TO
THE CANADIAN CARDIOVASCULAR SOCIETY
CLASSIFICATION [MODIFIED FROM REFERENCE 1]

I Ordinary physical activity does not cause angina, such as
walking two blocks or climbing stairs. Angina occurs
with strenuous, rapid, or prolonged exertion at work
or recreation.

II “Slight limitation of ordinary activity.” Angina occurs
on walking or climbing stairs rapidly; walking uphill;
walking or stair climbing after meals; in cold, in wind,
or under emotional stress; or only during the few
hours after awakening. Angina occurs on walking
more than 2 blocks on level ground and climbing
more than 1 flight of ordinary stairs at a normal pace
and under normal conditions.

III “Marked limitations of ordinary physical activity.”
Angina occurs on walking 1 to 2 blocks on the level
and climbing 1 flight of stairs under normal conditions
and at a normal pace.

IV “Inability to carry on any physical activity without
discomfort—anginal symptoms may be present at
rest.”
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Chest Pain Suggesting Cardiac Ischemia 

Clinical Examination 
ECG 

Serum Markers

ST Elevation 
New LBBB

ST Depression 
Transient ST Elevation 

T-Wave Inversion 
Normal ECG

UA/N-STEMI STEMI

FIGURE 119.2. The differentiation of unstable angina/non–ST-
segment elevation myocardial infarction from ST-segment elevation
myocardial infarction.

Pathogenesis of N-STE-ACS. N-STE-ACS are usually caused
by a sudden reduction of myocardial perfusion resulting from
coronary artery narrowing due to a nonocclusive thrombus.
The latter, in turn, is a consequence of disruption or erosion
of an atherosclerotic coronary artery plaque. Distal microem-
bolization of thrombus and disrupted plaque components may
further reduce perfusion of the distal microvasculature. Re-
cent research has focused on the characterization of coronary
atherosclerotic plaques more prone to rupture—termed, vul-
nerable plaque (10). The vulnerable plaque is characterized
by a necrotic lipid core infiltrated by inflammatory cells—
macrophages and lymphocytes, with evidence of intraplaque
hemorrhage and abundant generation of vasa vasorum on the
adventitial site, surrounded by a thin fibrous cap (10). The most
convincing hypothesis to explain plaque rupture is based on
the critical role of inflammatory mediators driving the expres-
sion of proteases and proteolytic inhibitors that progressively
weaken the fibrous cap, leading to plaque rupture (11).

The severity of coronary arterial obstruction and the vol-
ume of affected myocardium determine the pattern of clinical
presentation. Patients with complete occlusion may manifest
with a STEMI if the lesion occludes an artery supplying a sub-
stantial volume of myocardium, although the same occlusion
in the presence of extensive collateralization may manifest as a
N-STEMI or UA.

EARLY EVALUATION AND RISK
STRATIFICATION

Imme d iat e Conce rns

ACS constitutes a clinical emergency. Therefore, early recog-
nition and initiation of treatment is mandatory. Every patient
with chest pain should be comprehensively evaluated, includ-
ing a history and clinical examination of the cardiovascular
system, the immediate recording of a resting ECG, and urgent
evaluation of the serum markers of myocardial injury. Partic-
ular attention must be paid to the factors that influence the

patient’s risk stratification. These factors are found among the
clinical features, the magnitude of ECG change, and the ele-
vation of serum markers of myocardial necrosis. Among those
without ST elevation on the ECG, an ACS is diagnosed by
the presence of a clinical syndrome of acute ischemia with ei-
ther pain at rest or a crescendo pattern of ischemic pain with
minimal exertion, plus electrocardiographic and/or marker ev-
idence of acute ischemic injury. The predictive accuracy of ST
elevation for a final diagnosis of MI is very high, but for non-
ST elevation MI, less than 50% are suspected as infarction on
initial presentation.

Within the spectrum of ACS, N-STEMI represents the most
difficult diagnostic challenge. Separation of N-STEMI from UA
is based on the biomarker elevation in the former and the ab-
sence of detectable marker release in the latter (repeat assay at
6 to 12 hours after presentation is recommended).

Tools for Risk St rat ificat ion

Symp t oms and Physical Examinat ion
The features of cardiac ischemic chest pain are usually well rec-
ognized. The pain may vary in severity from mild compressive
discomfort to sharp, severe pain. It may be located in the ante-
rior chest, particularly substernally, or predominantly involve
the mandible, neck, shoulders, either or both arms, the back, or
epigastrium. It may be associated with shortness of breath, per-
spiration, palpitations, nausea or vomiting; however, none of
these features predicts the severity of the underlying coronary
involvement. The pain is generally of short duration but may
last longer than 30 minutes without necessarily resulting in my-
ocardial infarction. In ACS, the chest pain is frequently spon-
taneous in onset and unrelated to the usual stressors known
to precipitate stable angina pectoris. It may occur with no—or
less than the usual amount of—provocation, and be more se-
vere or more prolonged. Less frequently, ACS may present with
little or no chest pain but, instead, with atypical pain, or it can
be accompanied by the features of an acute transient reduction
in cardiac output—tachycardia, hypotension, and poor periph-
eral circulation, pulmonary venous congestion, breathlessness
or pulmonary edema or, rarely, a potentially lethal ventricular
tachyarrhythmia—a rapid heart rate with a weak or nonpal-
pable pulse (1).

Male gender, age above 50 years and, in women, early
menopause, as well as a history of smoking, dyslipidemia, hy-
pertension, diabetes mellitus, and/or a family history of coro-
nary disease all increase the likelihood of ACS in a given patient
with chest pain. Repeated attacks of chest pain or ongoing chest
pain before admission, or pain which recurs on treatment, is
associated with a worse outcome.

Physical examination often fails to contribute to the diag-
nosis of ACS. There may be no abnormal findings. However,
a fourth heart sound, a mitral regurgitant murmur, or signs
of pulmonary congestion are suggestive of transient ischemic
myocardial dysfunction (1).

Heart failure (HF) is a frequent complication of ACS (12)
and significantly worsens the prognosis of patients with is-
chemic heart disease (13). In a recent subanalysis of the GRACE
Registry, HF on hospital admission was associated with an ap-
proximately 3- to 4-fold increase in hospital and 6-month death
rates (14). HF was also associated with longer hospital stay and
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higher readmission rates. As in previous studies, the de-
velopment of HF during hospital stay—as opposed to HF
at admission—was associated with an even worse outcome
(13,15). Importantly, there was a reduced frequency of PCI
and lower β -blocker usage among patients with HF on admis-
sion. Notably, given the high mortality rate of patients with
HF and ACS, this group would be expected to derive an even
greater benefit from revascularization and, indeed, patients
with HF who underwent revascularization had lower cumu-
lative 6-month mortality rates than those who did not, even
after adjustment for baseline differences (14).

Ele ct rocard iog ram
The presence of ECG changes, especially when occurring at
rest and associated with angina, are a powerful indicator of
higher risk. ST elevation and ST depression are well recognized
electrocardiographic markers of risk. It has been demonstrated
that when the other elements of baseline risk have been under
control, ST deviation conveys the same risk for death whether
this deviation is upwards or downwards (16) (Fig. 119.3). New
onset T-wave changes—especially T-wave inversion, although
less specific—are also important markers of subendocardial is-
chemia. Clinically, the normalization of ECG alterations and
anginal relief are very important within minutes after sublin-
gual nitrate administration; persistence of pain and ECG al-
terations for more than 20 minutes despite repeated nitrate
administration is a marker of increased risk for myocardial
infarction (1).

Bioche mical Marke rs
Not all patients presenting with N-STE-ACS have elevated
serum markers; at the time of the initial assessment, these
markers may be within normal ranges, especially when they
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have been obtained very shortly after the onset of chest pain.
All patients who have normal serum marker results on pre-
sentation must have a second assessment 4 to 6 hours later,
or 8 to 12 hours after the onset of symptoms, whichever is
longer. Elevated levels of creatine kinase (CK), creatine kinase
MB iso-enzyme (CK-MB), troponin T or I, and myoglobin are
indicators of myocardial injury (Table 119.3).

Myoglobin is the earliest marker of an infarct event to ap-
pear in the serum. Although myoglobin is a very sensitive indi-
cator of infarction, its clinical usefulness as the sole marker of
myocardial injury/infarction is limited by the high incidence of
false-positive results. CK in conjunction with CK-MB, CK-MB
alone (17), and the troponins (18) are all sensitive and specific
markers of myocardial injury/infarction that appear within the

TA BLE 1 1 9 . 3

ADVANTAGES AND DISADVANTAGES OF BIOCHEMICAL CARDIAC MARKERS FOR THE EVALUATION AND
MANAGEMENT OF PATIENTS WITH SUSPECTED ACS [MODIFIED FROM BRAUNWALD E, ET AL. (1)].

Marker Advantages Disadvantages

CK-MB 1. Rapid, cost-efficient, accurate assays
2. Ability to detect early reinfarction

1. Loss of specificity in setting of skeletal muscle disease or
injury, including surgery

2. Low sensitivity during very early MI (less than 6 h after
symptom onset) or later after symptom onset (more than
36 h) and for minor myocardial damage (detectable with
troponins)

CK-MB Isoforms 1. Early detection of MI 1. Specificity profile similar to that of CK-MB
2. Current assays require special expertise

Myoglobin 1. High sensitivity
2. Useful in early detection of MI
3. Detection of reperfusion
4. Most useful in ruling out MI

1. Very low specificity in setting of skeletal muscle injury or
disease

2. Rapid return to normal range limits sensitivity for later
presentations

Cardiac Troponins 1. Powerful tool for risk stratification
2. Greater sensitivity and specificity than

CK-MB
3. Detection of recent MI up to 2 weeks

after onset
4. Useful for selection of therapy
5. Detection of reperfusion

1. Low sensitivity in very early phase of MI (less than 6 h
after symptom onset) and requires repeat measurement at
8 to 12 h, if negative

2. Limited ability to detect late minor reinfarction
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FIGURE 119.4. Relationship between cardiac troponin lev-
els and risk of mortality in patients with ACS. [From Antman
EM, et al. (20): Antman EM, Tanasjevic MJ, Thompson B,
et al. Cardiac specific troponin I levels to predict the risk
of mortality in patients with acute coronary syndromes. N
Engl J Med 1996;335:1342–1349.]

serum in raised amounts from about 4 hours after the onset of
the ischemic event. Whereas CK and CK-MB are cleared from
the serum within 2 to 3 days, an elevation of the troponin level
may persist for up to 14 days after an event, making the tro-
ponins poor markers of early reinfarction.

The bedside use of a “multi-marker strategy” that evalu-
ated CK-MB, troponin I or T, and myoglobin in combination
proved much superior to any “single-marker” strategy, and was
also better than CK-MB and troponin without myoglobin in
reaching an earlier diagnosis and identifying those at higher
risk of death or MI by 30 days (19). Elevated levels of tro-
ponin T or I (20–22) or CK-MB (17) on admission indicate
a poorer outcome (Fig. 119.4). The later appearance of an
elevated troponin level, suggesting ongoing ischemia, is also
associated with higher risk (23).

Extensive evidence supports the powerful and indepen-
dent prediction of thrombotic complications, including MI and
death, associated with troponin elevation (21). Furthermore,
the evidence from trials of PCI revascularization suggests that
troponins can be used as one part of the measures to identify
higher risk—although it is not the sole arbiter of risk—and the
potential for gain from the interventional procedures (24,25).
Newer generation troponin assays have higher sensitivity and
diagnostic accuracy. With newer generation assays, very mi-
nor increases in troponins are noted when as little as 1 gram
of myocardium is necrotic. These minor increases do predict a
higher risk of cardiac complications and death. In all instances,
the risk predictors should complete, rather than replace, clini-
cal judgment.

Certain biomarkers reflect an upregulation of the inflam-
matory/thrombotic systems—for example, high sensitivity C
reactive protein (hsCRP), interleukin 6 (IL-6), CD40 ligand,
and platelet–monocyte complexes. These inflammatory mark-
ers may be upregulated before the patient’s presentation with
ACS, but the acute phase reactant biomarkers are also elevated
as a consequence of myocyte injury. Elevation of both hsCRP
and troponin signifies a substantially higher risk of death—
approximately 14% at one year—than either marker alone. In
the absence of both markers, the patient is at very low risk
of future cardiac events—less than 2% —based on FRISC 2
data (26). Importantly, whereas troponins predict the hazard
of acute events, including acute MI and death, hsCRP on pre-
sentation does not independently predict the risk of death dur-
ing hospitalization but is a powerful predictor of death in the
following 1 to 2 years. The extent to which these biomark-

ers add to the predictive accuracy of established risk models
remains to be tested (27). Finally, recent investigations demon-
strated the association of a single B-type natriuretic peptide
(BNP) measured after presentation with an ACS with short-
term and long-term risk of death and HF (28). More recently,
changes in BNP over time predicted long-term outcomes, thus
providing a tool that could be used to tailor therapy after ACS
(29).

Imag ing Mod alit ie s
Echocardiographic ultrasound evaluation may be extremely
useful in early evaluation of left ventricular function and to
exclude nonischemic causes of chest pain, ECG alterations,
and elevated biomarker levels. With increasing emphasis on
early reperfusion and prevention of left ventricular remodeling,
echocardiography is also assuming a prominent role in the set-
ting of ACS (30). This imaging modality is noninvasive, cheap,
and is an ideal portable imaging technique. Newer modalities,
including myocardial contrast echocardiography for the assess-
ment of perfusion, also hold promise (31). Other techniques
such as single photon emission computed tomography or mag-
netic resonance imaging can detect wall motion abnormalities
in patients with recent or established infarction, but their role
remains to be determined.

After clinical stabilization of low-risk ACS patients, exer-
cise stress testing may be appropriate. Early-onset symptoms
during exercise, a short exercise time, a fall in blood pressure
during exertion, ST-segment elevation, new postexercise ST-
segment depression and/or prolonged ST-segment depression
are the characteristics of a strongly positive test. Stress echocar-
diography and/or myocardial perfusion imaging should be re-
served for the patient with a particular clinical problem, when
such specialized facilities are available locally. If the functional
test demonstrates ischemia, investigation by coronary angiog-
raphy is advised. The more strongly positive the test, the ear-
lier angiography should be undertaken. Angiography defines
the nature and extent of the coronary disease and enables the
planning of appropriate revascularization.

ESTIMATION OF THE LEVEL OF
RISK AND RISK SCORES

The patient with N-STE-ACS is at risk of major cardiovas-
cular complications and death, and the extent of this risk is
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RISK INDICATORS OF A POOR OUTCOME IN ACS

Event-Related ■ Ongoing or recurring chest pain
■ ST-segment depression/new ischemia

on ECG
■ Elevated serum biomarkers of

cardiac injury/infarction
■ Hemodynamic instability

Preexisting ■ Age over 65 years
■ Three or more risk factors for CAD,

especially diabetes mellitus
■ Aspirin use within 7 days
■ Known CAD
■ Prior left ventricular dysfunction

dependent upon acute and preexisting risk factors (Table
119.4). These risk factors not only predict the hazards of early
cardiac events, but also of future cerebrovascular and periph-
eral vascular complications. In such patients, early risk stratifi-
cation plays a central role, as the benefit of newer, more aggres-
sive, and costly treatment strategies seem to be proportional to
the risk of adverse clinical events (32–34) (Figs. 119.5–119.7).
Different scores are now available based on initial clinical his-
tory, ECG, and laboratory tests that enable early risk stratifi-
cation on admission (Table 119.5).

The Thrombolysis In Myocardial Infarction (TIMI) (35)
and platelet glycoprotein IIb/IIIa in unstable angina: Recep-
tor Suppression Using Integrilin (PURSUIT) (36) scores were
developed with the databases from large clinical trials of N-
STE-ACS. The more recent Global Registry of Acute Coronary
Events (GRACE) score was developed from the registry (27),
with a population of patients across the entire spectrum of
ACS. All these scores were developed for short-term progno-
sis: events in-hospital for the GRACE risk score (RS) (37), at
14 days for the TIMI RS, and at 30 days for the PURSUIT
RS. Nevertheless, a significant proportion of adverse events in
N-STE-ACS patients occur after the first 30 days, and it is not
known whether these RSs can also predict their occurrence. On
the other hand, it has been demonstrated that an early inva-
sive strategy has a prognostic benefit long term (38). Recently,
the GRACE risk model has been demonstrated to have a good
predictive accuracy for death or nonfatal MI at 1 year (37).

HOSPITAL CARE AND
MANAGEMENT STRATEGIES

Early Pharmacolog ic Tre at me nt

Cont ro l of Pain
While analgesics have no influence on the pathophysiological
process, narcotic analgesia with IV morphine sulphate and/or
sedation with oral benzodiazepines in standard doses may as-
sist in alleviating the patient’s pain and anxiety. As morphine
may induce nausea and vomiting, it is advisable to premedi-
cate the patient with IV metoclopramide prior to commenc-
ing the IV morphine titration. It is important to be aware
of other analgesic treatments such as tramadol, a synthetic

analogue of codeine, which may have been administered by
paramedical staff during transport to the hospital. Adverse in-
teractions might arise if a narcotic analgesic were administered
inadvertently shortly thereafter. Intravenous injection of anal-
gesics and other drugs should be preferred, because intramus-
cular injection may perturb certain serum markers of cardiac
injury/infarction (1), have variable absorption, and are, in gen-
eral, more painful and less humane than IV injections.

Ant i-ische mic Drug s
Nitrates, β -adrenergic blockade, and calcium channel blockade
have been used to treat patients with ACS. These therapies aim
to control symptoms, reduce myocardial ischemia, and prevent
the dire complications of this syndrome. The randomized trials
that have evaluated the effects of an antianginal agent against
placebo therapy or compared one class of antianginal agent
with another in ACS are relatively few and fairly small.

Nitrates. Nitrates act by reducing preload and afterload, pro-
moting coronary vasodilation, relieving coronary vasospasm
or vasoconstriction, and by putative effects upon platelet ag-
gregability. These effects combine to improve myocardial blood
flow and relieve ischemia. Although nitrates effectively relieve
cardiac ischemic pain, they have not been found to improve the
outcome in ACS (39). They may be administered sublingually,
orally, or intravenously in standard doses (Table 119.6).

Beta-blockers. Beta-blockade reduces myocardial oxygen de-
mand and diminishes ischemia. Although there are large trials
that have demonstrated the benefit of β -blockade following
acute myocardial infarction, there is limited evaluation of this
treatment in N-STE-ACS. The effects of β -blockade upon sub-
sequent myocardial infarction and survival are uncertain. The
drugs that have been scrutinized in smaller trials or retrospec-
tive subgroup analysis are metoprolol (40), propranolol (41),
and esmolol (42). Whichever β -blocker is selected, the dose
should be titrated to obtain a resting heart rate of 50 to 60
beats per minute, while maintaining an adequate blood pres-
sure and satisfactory peripheral perfusion.

Calcium Channel Blockers. Calcium channel blockers are a
diverse group of compounds that cause smooth muscle relax-
ation by blocking cellular calcium entry. Their action results
in coronary vasodilation and afterload reduction. The dihy-
dropyridine group of calcium channel blockers may increase
the resting heart rate, whereas the nondihydropyridine group—
diltiazem and verapamil—reduce the resting heart rate, and
thus tend to diminish myocardial oxygen demand. The Hol-
land Interuniversity Nifedipine/Metoprolol Trial (40) showed
that the short-acting dihydropyridine, nifedipine, was detri-
mental in comparison with placebo in unstable angina. Cal-
cium channel blockers should be reserved for the control of in-
tractable chest pain or hypertension that cannot be alleviated
by other means. Diltiazem is a nondihydropyridine calcium
channel blocker that is superior to placebo treatment in reduc-
ing reinfarction and postinfarction angina in non-Q wave my-
ocardial infarction (43). Mortality was unaffected in the trial.
A trial comparing diltiazem treatment to propranolol found
no differences in outcome in groups of patients with unstable
angina or Prinzmetal angina (44). In a trial that compared intra-
venous glyceryl trinitrate with intravenous diltiazem, the com-
bined end point of refractory angina and myocardial infarction
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was less with diltiazem than with the nitrate (45). Although ve-
rapamil has similar effects to diltiazem, its effects in ACS have
not been evaluated in any large trial. Dihydropyridines should
be used only in combination with β -blockade, as the combina-
tion avoids induction of tachycardia. Short-acting dihydropy-
ridine calcium channel blockers should not be used at all. The
nondihydropyridine calcium channel blocker, diltiazem, may
be used alone as an alternative therapy if it is not possible to
use β -blockade. However, β -blockers are preferred in all other

patients, as they have marked benefits in those who go on to de-
velop MI. Furthermore, the use of any calcium channel blocker
is contraindicated when there is left ventricular dysfunction.

Ant ip lat e le t The rap y (se e Tab le 119.7)
Aspirin. Aspirin irreversibly inhibits cyclooxygenase-1, thus
reducing the generation of thromboxane A2, a potent media-
tor of platelet aggregation. The most recent update of the Anti-
thrombotic Trialists’ Collaboration, based upon 287 studies in



1788 Sect ion XII: Card iovascular Disease and Dysfunction

  High/Intermediate Risk  

Coronary angiography

Left Main Coronary Dis., 
3-Vessel Dis+severe LV 
dysfunction and/or DM

1- or 2-Vessel disease, suitable 
for PCI Normal

Consider CABG Clopidogrel
IIb/IIIa Inhibitors

Consider Alternative 
Diagnosis

Consider PCI

Discharge on ASA, Clopidogrel, Statin, ACE-I

FIGURE 119.6. Algorithm for the
management of NSTE-ACS patients
at high-intermediate risk undergoing
coronary angiography.

13,500 patients, demonstrates a highly significant reduction in
the risk of MI/stroke/vascular death as a result of antiplatelet
treatment versus control (46). Overall, the event rates were
13.2% in control patients and 10.7% in those treated with an-
tiplatelet therapy, a 22% relative risk reduction (46). In acute
MI, and in other high risk patients, the absolute and rela-
tive risk reductions were greater: 23 per 1,000 fewer vascular
deaths and 13 per 1,000 fewer MIs. Thus, abundant evidence
supports the use of aspirin in patients with ACS.

Additional antiplatelet treatment requires evidence of bene-
fit on top of aspirin, rather than as an alternative to aspirin. Re-
cent data suggest that the bleeding risk doubles for aspirin doses
above versus below 160 mg daily, with no improved efficacy
(1). Unless there are specific contraindications—intolerance or
allergy; active bleeding; hemophilia; severe hypertension; reti-
nal, genitourinary, or gastrointestinal bleeding; active peptic
ulcer—aspirin should be given to all patients with N-STE-ACS
as soon as possible and continued indefinitely.

Thienopyridines. Thienopyridines (ticlopidine and clopido-
grel) inhibit adenosine diphosphate (ADP) mediated platelet

aggregation and, although initial studies were conducted with
ticlopidine, this has been superseded by clopidogrel due to a
much superior safety and more rapid onset of action. The
blockade of ADP receptors by thienopyridines is irreversible
but relatively slow to became manifest—several days for ticlo-
pidine. Furthermore, recent evidence indicates that a substan-
tial number of individuals appear to be resistant to the an-
tiplatelet action of thienopyridines. For this reason, a high
loading dose of 300 to 600 mg of clopidogrel or 500 mg of
ticlopidine can be used to obtain a rapid onset of action. As
the antiaggregation effects of aspirin and thienopyridines are
mediated by different mechanisms, an additive benefit by using
both drugs may exist. In N-STE-ACS, the AHA/ACC guide-
lines recommend approximately nine months treatment with
clopidogrel (1). Longer term treatment in higher risk vascu-
lar patients awaits the results of the large scale CHARISMA
trial. The association of aspirin and clopidogrel increases the
risk of bleeding during major surgery and coronary surgery
(CABG), thus clopidogrel should be interrupted 5 to 7 days be-
fore elective surgery. If early diagnostic catheterization is sche-
duled within 24 to 36 hours, clopidogrel administration can be

N-STE-ACS Pa tients  a t High Risk 

Aspirin, clopidogre l, LMWH/UH, anti-anginals
Monitor in CCU

Plan early angiography

Angiography de layed 
>4 hours
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in CCU/before  transport)
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(abciximab or ‘double  bolus’ eptifiba tide

in ca th. lab)

Angio expedited 
and PCI indica ted

FIGURE 119.7. Algorithm for the treatment of
high risk patients with unstable angina/non–ST-
segment elevation myocardial infarction.
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RISK SCORES FOR N-STE-ACS

TIMI (0–7) Age 65 years or greater
3 or more risk factors for CAD
Use of ASA (last 7 days)
Known CAD (stenosis 50% or

more)
More than 1 episode rest angina in

less than 24 h
ST-segment deviation
Elevated cardiac markers

1
1
1
1

1

1
1

PURSUIT
(0–18)

Age, separate points for
enrollment diagnosis

Decade [UA (MI)]
50
60
70
80

Sex
Male
Female

Worst CCS-class in previous 6
weeks
No angina or CCS I/II
CCS III/IV

Signs of heart failure
ST-depression on presenting ECG

8 (11)
9 (12)
11 (13)
12 (14)

1
0

0
2
2
1

GRACE
(0–258)

Age (years)
less than 40
40–49
50–59
60–69
70–79
80 or older

Heart rate (bpm)
less than 70
70–89
90–109
110–149
150–199
200 or more

Systolic BP (mm Hg)
less than 80
80–99
100–119
120–139
140–159
160–199
200 or higher

Creatinine (mg/dL)
0–0.39
0.4–0.79
0.8–1.19
1.2–1.59
1.6–1.99
2 –3.99
4 or higher

Killip class
Class I
Class II
Class III
Class IV

Cardiac arrest at admission
Elevated cardiac markers
ST-segment deviation

0
18
36
55
73
91

0
7
13
23
36
46

63
58
47
37
26
11
0

2
5
8
11
14
23
31

0
21
43
64
43
15
30

initiated after coronary angiography when it is clear that CABG
will not be undertaken; in the case of immediate percutaneous
revascularization, the therapy can be initiated with a loading
dose immediately.

Thienopyridines reduce the risk of stent thrombotic occlu-
sion and are now part of standard treatment for at least four
weeks in all patients undergoing elective PCI. With drug eluting
stents, at least six months and perhaps 12 months of clopido-
grel and aspirin are required (1). The CURE trial tested clopido-
grel in 12,562 N-STE-ACS patients on top of background treat-
ment and aspirin (47). A 2.1% absolute risk reduction (20%
relative risk reduction, p < 0.0001) occurred in the frequency of
nonfatal MI, stroke, or cardiovascular death (47). The treat-
ment effect was evident within the first 24 hours of starting
therapy and, although the absolute benefits were greatest in
the first three months of treatment, the relative risk reduction
was the same beyond three months. Approximately 1% more
patients experienced major bleeding, but there was no signifi-
cant excess of life-threatening bleeding or hemorrhagic strokes
(47). Nevertheless, in view of the irreversible nature of the ADP
antagonism, current guidelines suggest that clopidogrel should
be withheld for five days before CABG surgery. In candidates
for very urgent CABG, a small molecule Gp IIb/IIIa inhibitor—
eptifibatide or tirofiban—can be used before surgery.

Three new antiplatelet drugs are in phase III clinical trials,
including a potent, fast-acting thienopyridine (prasugrel [48]),
a reversible oral PGY12 inhibitor (AZD6140, a cyclopentyltri-
azolopyridimidine [49]), and a potent, short-acting intravenous
PGY12 inhibitor (cangrelor [50]). In patients with N-STE-ACS,
preliminary data from the DISPERSE 2 (Safety, Tolerability and
Preliminary Efficacy of AZD6140, the First Oral Reversible
ADP Receptor Antagonist, Compared with Clopidogrel in Pa-
tients with Non-ST-Segment Elevation Acute Coronary Syn-
drome) trial comparing AZD6140 with placebo demonstrated
that AZD6140, 180 mg twice daily, achieved greater and more
consistent platelet inhibition, and showed favorable effects on
clinical outcomes without an increase in major bleeding (51).

Glycoprotein IIb/IIIa Receptor Antagonists. Platelet aggrega-
tion involves the GP IIb/IIIa receptor linked to fibrinogen or
von Willebrand factor. Intravenous GP IIb/IIIa receptor antag-
onists have been extensively tested in patients with ACS and, in
a meta-analysis of all the major randomized trials, the absolute
risk reduction for death or MI at 30 days was 1% (11.8% con-
trol vs. 10.8% with Gp IIb/IIIa) (52). The absolute treatment
benefit was largest in high risk patients—in particular, those
with evidence of troponin release or those undergoing acute
PCI (52). Among those without troponin elevation or PCI, no
significant benefits were observed with Gp IIb/IIIa administra-
tion.

The CREDO (Clopidogrel for the Reduction of Events Dur-
ing Observation) trial has helped to resolve the question of
whether clopidogrel plus GP IIb/IIIa receptor antagonists may
be required in patients undergoing PCI (53). Approximately
half of the patients received GP IIb/IIIa antagonists (a non-
randomized subset) and two thirds had presented with an ACS.
The frequency of MI, stroke, or death at one year was reduced
with clopidogrel from 11.5% to 8.5% (p = 0.02), with similar
risk ratios in the presence or absence of GP IIb/IIIa inhibitors
(53). In the ISAR-REACT 2 (Abciximab in Patients with Acute
Coronary Syndromes Undergoing Percutaneous Coronary In-
tervention After Clopidogrel Pre-treatment) trial, abciximab
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DOSAGES OF NTG AND NITRATES IN ANGINA [MODIFIED FROM BRAUNWALD
ET AL. (1).]

Agent Route Dosage

NTG ■ Sublingual tablets
■ Spray
■ Transdermal
■ Intravenous

■ 0.3 to 0.6 mg up to 1.5 mg
■ 0.4 mg as needed
■ 0.2 to 0.8 mg/h every 12 h
■ 5 to 200 mcg/min

Isosorbide dinitrate ■ Oral
■ Oral, slow release

■ 5 to 80 mg, 2 or 3 times daily
■ 40 mg 1 or 2 times daily

Isosorbide mononitrate ■ Oral
■ Oral, slow release

■ 20 mg twice daily
■ 60 to 240 mg once daily

Pentaerythritol tetranitrate ■ Sublingual ■ 10 mg as needed

Erythritol tetranitrate ■ Sublingual
■ Oral

■ 5 to 10 mg as needed
■ 10 to 30 mg 3 times daily

TA BLE 1 1 9 . 7

COMMONLY USED ANTIPLATELET AND ANTICOAGULANT AGENTS IN UNSTABLE ANGINA AND
N-STEMI—DRUG DOSES AND SPECIAL PRECAUTIONS

Agent Dose Precautions

Oral antiplatelet agent
Aspirin
Clopidogrel (Plavix /Iscover)

Initially 300 mg p.o.; then 75 to 150 mg daily
Initial loading dose of 300 mg (or 600 mg);

then 75 mg daily

■ GI bleeding
■ Peptic ulceration
■ Aspirin allergy
■ Increased bleeding risk
■ Antiplatelet therapy contraindicated

Heparins
Unfractionated heparin
Low-molecular-weight heparin

Dalteparin (Fragmin)
Enoxaparin (Clexane)

60 U/kg IV bolus to a maximum of 4,000 units;
then 12 units/kg/h infusion to a maximum of
1,000 units/h

120 IU/kg subcutaneously every 12 h
1 mg/kg subcutaneously every 12 h

■ Monitor PTT: keep at 50–70 seconds
■ Any abnormal bleeding
■ Any major surgery < 30 days
■ Thrombocytopenia
■ Risk of bleeding
■ As above

Glycoprotein IIb/IIIa inhibitors
Eptifibatide (Integrilin) 180 µ g/kg IV over 1 to 2 min; then 2

µ g/kg/min infusion over 72 h or until
hospital discharge, whichever occurs first

When initiating immediately before PCI, as
above but repeat 180 µ g/kg IV bolus 10 min
after the first bolus

■ Bleeding disorder
■ Thrombocytopenia
■ Surgery < 6 weeks
■ Abnormal bleed < 30 d
■ Active GI ulceration
■ Puncture of a non-compressible vessel
■ Prior stroke, organic CNS pathology
■ Any systolic BP > 180 mm Hg during

the acute event
■ As above
■ 1/2 dose in renal insufficiency

Tirofiban (Aggrastat) 0.4 µ g/kg/min IV over 30 min; then
0.1 µ g/kg/min infusion for 48 to 108 h

■ As above

Abcix imab (ReoPro) 0.25 mg/kg IV bolus 10 to 60 min before PCI,
then 10 µ g/min IV infusion for 12 h
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reduced the composite of death, MI, or urgent target vessel
revascularization within 30 days compared with placebo by
25% among 2,022 patients with N-STE-ACS, all of whom re-
ceived clopidogrel, 600 mg, at least 2 h before PCI (54). How-
ever, the benefit of abciximab was observed only in patients
with N-STEMI (54).

The EVEREST (Randomized Comparison of Upstream
Tirofiban versus Downstream High Bolus Dose Tirofiban or
Abciximab on Tissue-Level Perfusion and Troponin Release
in High-Risk Acute Coronary Syndromes Treated with Per-
cutaneous Coronary Interventions) trial of 93 patients with
high risk N-STE-ACS compared upstream tirofiban given in
the CCU several hours before coronary angiography to down-
stream (immediately after coronary angiography) high bolus-
dose tirofiban and downstream abciximab given 10 min before
PCI (55). Upstream tirofiban improved TIMI myocardial per-
fusion before and after PCI, achieved a higher myocardial con-
trast echocardiographic score, and resulted in lower rates of
postprocedure troponin elevation (55). Results from the open-
label ACUITY (Acute Catheterization and Urgent Intervention
Triage strategy) timing trial in 9,207 patients randomized to
upstream GP IIb/IIIa inhibitors administered, on average, 6
hours before PCI compared with downstream use begun in the
catheterization laboratory demonstrated that a downstream
strategy was noninferior for a quaternary net clinical benefit
end point—death, myocardial infarction, unplanned revascu-
larization for ischemia, major bleeding—but did not satisfy the
noninferiority criterion for the triple ischemic end point (56). A
cost-effective analysis using data from the TACTICS–TIMI-18
(Prognostic Implications of Elevated Troponin in Patients with
Suspected Acute Coronary Syndrome but no Critical Epicardial
Coronary Disease–Thrombolysis In Myocardial Infarction-18)
trial concluded that the upstream use of tirofiban was superior
to selective use and was cost-effective in moderate to high risk
patients (57). Taken together, these studies suggest that up-
stream GPI therapy may be more effective than downstream
use in moderate to high risk patients managed with an invasive
strategy in whom immediate catheterization is not planned. The
EARLY ACS (Early Glycoprotein IIb/IIIa Inhibition in Non-ST-
Segment Elevation Acute Coronary Syndrome) study (58) is an
ongoing randomized, double-blind, clinical trial comparing up-
stream double-bolus eptifibatide to downstream selective use
in high risk patients with N-STE-ACS who are not undergoing
PCI in the first 12 hours, and should help shed further light on
this issue.

Ant icoag ulat ion The rap y
Thrombin (Factor IIa) is a highly potent stimulus not only of
the generation of fibrin, but also platelet activation. In addi-
tion, it leads to monocyte chemotaxis, mitogenesis, increased
permeability of the vascular wall, and secretion of cytokines
and growth factors from smooth muscle cells. Effective an-
tithrombotic treatment requires the inhibition of both platelet
function and thrombin.

Unfractionated heparin has been widely used, but suffers
from practical difficulties in maintaining antithrombin activity
within the therapeutic range, which are influenced by acute
phase proteins and binding to antithrombins. Nevertheless,
there is clear evidence that a form of heparin, either unfrac-
tionated or low molecular weight heparin (LMWH), is supe-
rior to placebo in patients with ACS. The meta-analysis of trials

demonstrates a reduction in absolute rates of death or MI from
7.4% to 4.5% (odds ratio 0.53, 95% CI 0.38 to 0.73) (59).

Direct antithrombins may provide significant advantages
over the indirect inhibitors (unfractionated and LMWH). Com-
bined analysis of the hirudin studies suggests a relative risk re-
duction compared to unfractionated heparin. At this point in
time, hirudin has only been approved for patients with heparin-
induced thrombocytopenia, and none of the hirudins are li-
censed for ACS. LMWHs partially inhibit factor Xa of the co-
agulation cascade, but newer specific inhibitors of Xa have been
developed—for example, bivaliridin and fondaparinux. Such
agents inhibit thrombin generation as distinct from thrombin
activity. In the recently published ACUITY trial, 13,819 pa-
tients with moderate to high risk N-STE-ACS were randomized
to 1 of 3 arms: (1) heparin + GP IIb/IIIa inhibitors (standard),
(2) bivalirudin + GP IIb/IIIa inhibitors (combination), or (3)
bivalirudin alone (monotherapy) (56). Combination therapy
was noninferior to the standard (neither arm was superior),
while monotherapy was superior to standard therapy, driven
by a reduction in bleeding with bivalirudin monotherapy (56).
A common theme among the studies evaluating bivalirudin is
the marked reduction in bleeding observed when GP IIb/IIIa
inhibitors are not routinely administered.

Direct comparisons with LMWH did not show advantages
for fondaparinux over enoxaparin in reducing the risk of is-
chemic events at nine days, but it substantially reduces major
bleeding and improves long term mortality and morbidity (60).
The results of a randomized, double-blind trial of fondaparinux
versus enoxaparin in 20,000 patients with unstable angina or
non-STEMI are pending (OASIS 5) (61).

An alternative approach involves an orally administered, di-
rect thrombin antagonist, ximelagatran. It is converted to mela-
gatran in the circulation and directly binds with the active site
of the thrombin molecule. Ximelagatran does not require anti-
coagulation monitoring, and is administered as a fixed dose. In
a phase II trial, it reduced the frequency of death, nonfatal MI,
and severe recurrent ischemia compared to placebo treatment
(hazard ratio 0.76, 95% CI 0.59 to 0.98) (62). Ximelagatran
has also been used as an alternative to warfarin in the manage-
ment of atrial fibrillation (SPORTIF trials), and demonstrates
similar efficacy but less bleeding than warfarin. A potential
hazard of ximelagatran involves alterations in liver enzymes:
6% to 10% of patients experience a rise in alanine amino-
transferase to at least three times the upper limit of normal
(62). This appears to resolve with or without cessation of drug
treatment. Widespread application of ximelagatran as an alter-
native to other antithrombins in ACS requires large scale safety
and efficacy studies.

HMG-CoA Re d uct ase Inhib it ors
In the past year, ancillary analyses from randomized trials of
intensive statin therapy and mechanistic studies provided new
insights into the role of lowering lipids in patients with ACS.
The case for intensive statin therapy after N-STE-ACS was
strengthened by a meta-analysis of 6 randomized controlled tri-
als demonstrating that intensive, but not moderate, statin treat-
ment reduces early recurrent ischemic events and stroke (63). A
detailed comparison of two trials comparing intensive to mod-
erate statin therapy emphasized the importance of intensive
therapy beginning in the early post-ACS phase, and suggested
that the early benefit may be associated with a more profound
reduction in CRP achieved with earlier intensive therapy (64).



1792 Sect ion XII: Card iovascular Disease and Dysfunction

These results have been rapidly reflected in subsequent changes
in the particular statin and dose prescribed. A trend-over-time
analysis in Ontario, Canada, documented a greater than two-
fold increase in the use of atorvastatin, 80 mg, within months
after publication of the PROVE IT–TIMI-22 (Pravastatin or
Atorvastatin Evaluation and Infection Therapy Thromboly-
sis In Myocardial Infarction-22) and REVERSAL (Reversing
Atherosclerosis With Aggressive Lipid Lowering) studies (65).

The benefit of atorvastatin, 80 mg, compared with prava-
statin, 40 mg, occurred within 30 days in the PROVE IT–
TIMI-22 trial (28% reduction in the hazard ratio of death,
myocardial infarction, or rehospitalization for recurrent ACS)
consistent with greater early pleiotropic effects (66). A number
of potential early benefits of statins independent of LDL have
been postulated and include favorable effects on inflammation,
endothelial function, and the coagulation cascade (67). In a sec-
ondary analysis from the PROVE IT–TIMI-22 trial, random-
ization to intensive statin therapy was associated with a lower
CRP level, irrespective of the presence of a single or multi-
ple uncontrolled cardiovascular risk factors (68). Endothelium-
dependent, flow-mediated dilation increased between one and
four months after initiating either atorvastatin, 80 mg, or
pravastatin, 40 mg, in the BRAVER (Intensity of Lipid Low-
ering with Statins and Brachial Artery Vascular Endothelium
Reactivity After Acute Coronary Syndromes) trial, independent
of reductions in LDL and CRP (69).

Two important observations regarding the safety of statins
were reported during the past year. An analysis of 15,693 pa-
tients from the GRACE (Global Registry of Acute Coronary
Events) registry demonstrated that, in general, patients receiv-
ing the combination of clopidogrel and a statin did not have
an increase in clinical events, thus suggesting no adverse in-
teraction exists between these two therapies. Indeed, even af-
ter adjustment for differences in baseline variables and bias in
treatment allocation, an analysis of patients administered as-
pirin with or without clopidogrel and with or without statin
revealed that the group taking all 3 drugs had the lowest mor-
tality (70). In an analysis of patients who achieved very low
LDL concentrations in the PROVE IT–TIMI-22 trial, there was
no adverse safety signal, while clinical efficacy improved as the
LDL was lowered to less than 40 mg/dL (71), thus suggesting
that downward adjustment of the statin dose is not required
in patients who achieve very low LDL concentrations. Despite
such favorable results with high intensity statins, only 44% of
patients randomized to atorvastatin, 80 mg, with baseline to-
tal cholesterol less than 240 mg/dL (average LDL 106 mg/dL)
achieved the dual goals of LDL less than 70 mg/dL and CRP less
than 2 mg/L (72). Better control of traditional risk factors (68)
and even more potent pharmacologic therapy are necessary to
achieve these ambitious targets that have been associated with
relatively lower rates of death and recurrent ischemic compli-
cations (73).

Invasive St rat e g ie s

The Role of Coronary Ang iog rap hy
Presently, coronary angiography represents the only reliable
tool for the assessment of coronary anatomy in patients with N-
STE-ACS. Patients with high risk coronary lesions—left main
disease, three vessel disease, and proximal left anterior descend-
ing coronary artery disease—represent about 50% of all pa-
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HIGH RISK FEATURES FAVORING AN EARLY INVASIVE
STRATEGY

■ Recurrent angina/ischemia at rest or with low-level
activities despite intensive anti-ischemic therapy

■ Elevated troponin level
■ New or presumably new ST-segment depression
■ Recurrent angina/ischemia with symptoms of heart failure,

an S3 gallop, pulmonary edema, worsening rales, or new or
worsening mitral regurgitation

■ High risk findings on noninvasive stress testing
■ Left ventricular systolic dysfunction (ejection fraction less

than 40% on a noninvasive study)
■ Hemodynamic instability
■ Sustained ventricular tachycardia
■ Percutaneous coronary intervention within

tients with N-STE-ACS (74,75) and, despite the use of risk
scores and biomarkers of myocardial damage, it is frequently
impossible to correctly identify these high risk patients who
are most likely to benefit from revascularization both in terms
of survival and symptom improvement (Table 119.8). Thus,
the concept of low and high risk patients suggested by the
various scores derived by investigational studies and registry
is rather relative. According to the TIMI risk score, about
50% of patients with N-STE-ACS are in the low risk sub-
group (below score 3); nevertheless about 25% of these pa-
tients develop a major event—death, nonfatal MI, or urgent
revascularization—within 14 days from hospitalization. Thus,
as the predictive accuracy of these risk scores is rather low, all
patients with N-STE-ACS should be regarded at risk to develop
major coronary events. In this context, the early knowledge of
coronary anatomy and the possibility to promptly restore my-
ocardial perfusion appear to have important therapeutic and
prognostic implications.

Early Conse rvat ive ve rsus
Invasive St rat e g ie s

Studies comparing head-to-head early conservative versus an
early invasive strategy are flawed by the substantial rate of
crossover patients originally randomized into the conservative
arm who were treated invasively because of unstable symp-
toms. Indeed, when the difference in revascularization rate
between the treatment arms is large, the benefit of revascu-
larization strategy is evident. According to a recently pub-
lished meta-analysis, managing N-STE-ACS by early invasive
approach improves long-term survival and reduces late non-
fatal myocardial infarction and rehospitalization for symp-
toms recurrence (76–78). Thus the issue is not whether but
when a patient with N-STE-ACS should undergo coronary an-
giography and eventually revascularization. Combined data
from seven large randomized trials indicate that the goal in
patients with N-STE-ACS should be to perform early inva-
sive therapy within 48 hours from hospital admission (76,77)
(Fig. 119.8).

Obviously, coronary angiography should be anticipated if
clinical instability occurs. This time interval is also supported
by the CRUSADE (Can Rapid risk stratification of Unstable
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Trial

TIMI IIIB

VANQWISH

MATE

FRISC I

TACTICS-TIMI 18

VINO

RITA 3

Subtotal

Routine 
Invasive

Nonfatal MI: No./Total (%)

62/740 (8.4)

72/462 (15.6)

4/111 (3.6)

105/1,222 (8.6)

53/1,114 (4.8)

2/64 (3.1)

37/895 (4.1)

335/4,608 (7.3)

Selective 
Invasive

Favors
Routine
Invasive

Favors
Selective 
Invasive

74/733 (10.1)

80/458 (17.5)

2/90 (2.2)

143/1,235 (116)

76/1,106 (6.9)

10/67 (14.9)

48/915 (5.2)

0.1 1.0 10
Odds Ratio (95% CI)

433/4,604 (9.4) OR 0.75 
95% CI, 0.66–0.88 
P <0.001

FIGURE 119.8. Odds of non-fatal myocardial infarc-
tion (MI) from randomization to end of follow-up in a
meta-analysis of 7 trials of routine versus selective in-
vasive management of acute coronary syndromes (77).
P = 0.51 for heterogeneity across the trials. CI = con-
fidence interval; OR = odds ratio.

angina patients Suppress ADverse outcomes with Early imple-
mentation of the ACC/AHA guidelines) registry data, indicat-
ing that a delay of 46 hours is not associated with increased
adverse events compared with a delay of only 23 hours (79).
As clinical stabilization can be obtained pharmacologically in
about 90% of patients with N-STE-ACS, this time delay ap-
pears reasonably applicable in the majority of cardiology cen-
ters. The best revascularization strategy (PCI or CABG) should
be evaluated for each case according to coronary anatomy, clin-
ical symptoms, and associated diseases.
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CHAPTER 120 ■ ST ELEVATION MYOCARDIAL
INFARCTION (STEMI) CONTEMPORARY
MANAGEMENT STRATEGIES
ACHILLE GASPARDONE r LEONARDO DE LUCA

OVERVIEW OF ST ELEVATION
MYOCARDIAL INFARCTION

Definit ion of Te rms

The definition of acute myocardial infarction (MI) may refer to
different perspectives related to clinical, electrocardiographic
(ECG), biochemical, and pathologic characteristics, all reflect-
ing death of cardiac myocytes caused by prolonged ischemia
(1,2). A definition for acute evolving myocardial infarction in
the presence of clinically appropriate symptoms has been es-
tablished as:

1. Patients with ST-segment elevation (ST elevation MI
[STEMI])—that is, new ST-segment elevation at the J-point
with the cutoff points greater than or equal to 0.2 mV in
V1 through V3 and greater than or equal to 0.1 mV in other
leads, or

2. Patients without ST-segment elevation (non–ST elevation
MI [N-STEMI])—that is, ST-segment depression or T-wave
abnormalities with elevated biomarkers of myocardial dam-
age. ST-segment elevation is usually indicative of transmu-
ral MI, while ST-segment depression—whether associated
or not with T-wave abnormalities—is more likely indicative
of subendocardial MI.

Clinically established myocardial infarction may be defined
by any Q wave in leads V1 through V3, or a Q wave greater
than or equal to 0.03 s in leads I, II, aVL, aVF, V4, V5, or V6. In
the setting of acute MI, ECG changes are associated with ele-
vation of the biomarkers of myocardial damage. The standard
biomarker for myocardial damage is cardiac troponin (I or T),
which has an elevated myocardial tissue specificity as well as
high sensitivity, and creatine kinin (CK)-MB mass, which is less
tissue specific than cardiac troponin but more specific for irre-

versible injury (1,2). Recently, a Global Task Force composed
by several worldwide scientific working groups redefined the
ESC/ACC criteria for the diagnosis of MI from various per-
spectives (2A) (Table 120.1). Clinically, the various types of
MI, according to this new definition, can be classified as shown
in Table 120.2.

Ep id e mio log y

Acute MI represents a significant public and social health prob-
lem in industrialized countries, and is becoming an increas-
ingly significant issue in developing countries (3). Although
the exact incidence is difficult to ascertain, using primary
listed and secondary hospital discharge data, the incidence
has been estimated at 500,000 STEMI events per year in the
United States (3). Several registries have reported significant
declines in the incidence of STEMI such that ST-elevation MIs
are becoming less frequent (4). Accompanying these trends,
the overall proportion of admissions for chest pain caused
by STEMI is also declining, while several sources have indi-
cated that the incidence of unstable angina and N-STEMI is
increasing (4).

Pat hog e ne sis of ST Ele vat ion Myocard ial
Infarct ion and It s Comp licat ions

ST elevation is conventionally thought of as representing trans-
mural ischemia in response to fissuring or rupture of an athero-
matous plaque with total and prolonged occlusion of a major
coronary artery. Less frequently vessel occlusion may be caused
by a prolonged coronary artery spasm.

After an acute MI, mechanical problems that result from
dysfunction or disruption of critical myocardial structures (e.g.,
loss of contracting muscle causing left ventricular dysfunction,
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NEW DEFINITION OF MYOCARDIAL INFARCTION (FROM REF 2A)

Criteria for acute MI
The term MI should be used when there is evidence of myocardial necrosis in a clinical setting consistent with myocardial ischemia.
Under these conditions any of the following criteria meets the diagnosis for MI:
■ Detection of rise and/or fall of cardiac biomarkers (preferably troponin) with at least one value above the 99th percentile of the

URL together with evidence of myocardial ischemia with at least one of the following:
a. Symptoms of ischemia
b. ECG changes indicative of new ischemia (new ST-T changes or new LBBB)
c. Development of pathological Q waves in the ECG
d. Imaging evidence of new loss of viable myocardium or new regional wall motion abnormality

■ Sudden, unexpected cardiac death, involving cardiac arrest, often with symptoms suggestive of myocardial ischemia, and
accompanied by presumably new ST elevation, or new LBBB, and/or evidence of fresh thrombus by coronary angiography and/or
at autopsy, but death occurring before blood samples could be obtained, or at a time before appearance of cardiac biomarkers in
the blood

■ For PCI and CABG in patients with normal baseline troponin values, elevation of cardiac biomarkers above the 99th percentile URL
are indicative of periprocedural myocardial necrosis. By convention, increases of biomarkers greater than 3 × 99th percentile URL
has been designated as defining PCI-related myocardial infarction and elevations of biomarkers greater than 5 × 99th percentile URL
plus either new pathological Q waves or new LBBB or angiographically documented new graft or native coronary artery occlusion,
or imaging evidence of new loss of viable myocardium have been designated as defining CABG-related myocardial infarction

■ Pathological findings of an acute MI

Criteria for prior MI
Any one of the following criteria meets the diagnosis for prior MI:
■ Development of new pathological Q waves with or without symptoms
■ Imaging evidence of a region of loss of viable myocardium that is thinned and fails to contract, in the absence of a non-ischemic

cause.
■ Pathological findings of a healed or healing MI

CABG, coronary artery bypass grafting; LBBB, left bundle branch block; MI, myocardial infarction; PCI, percutaneous coronary intervention; URL,
upper reference limit.

mitral regurgitation, rupture of the interventricular septum
or of the free wall, or ventricular aneurysm formation) may
occur and require an immediate combination of pharmaco-
logic, catheter-based, and surgical treatments. This may lead
to ventricular remodeling, a term that refers to changes in
size, shape, and thickness of the left ventricle involving both

the infarcted and noninfarcted segments of the left ventricle
(1,2,5,6). An extra load is placed on the residual functioning
myocardium, which results in compensatory hypertrophy. Ad-
ditionally, cardiac dysrhythmias may result from electrical in-
stability, pump failure/excessive sympathetic stimulation, and
conduction disturbances (1,2,5,6).

TA BLE 1 2 0 . 2

CLINICAL CLASSIFICATION OF DIFFERENT TYPES OF MYOCARDIAL INFARCTION (FROM REF 2A)

Type 1
Spontaneous MI related to ischemia due to a primary coronary event such as plaque erosion and/or rupture, fissuring, or dissection
Type 2
MI secondary to ischemia due to either increased oxygen demand or decreased supply, e.g. coronary spasm, coronary embolism, anaemia,
arrhythmias, hypertension, or hypotension
Type 3
Sudden unexpected cardiac death, including cardiac arrest, often with symptoms suggestive of myocardial ischemia, accompanied by
presumably new ST elevation, or new LBBB, or evidence of fresh thrombus in a coronary artery by angiography and/or autopsy, but
death occurring before blood samples could be obtained, or at a time before the appearance of cardiac biomarkers in the blood
Type 4a
MI associated with PCI
Type 4b
MI associated with stent thrombosis as documented by angiography or at autopsy
Type 5
MI associated with CABG

CABG, coronary artery bypass grafting; LBBB, left bundle branch block; MI, myocardial infarction; PCI, percutaneous coronary intervention.
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AIMS OF ACUTE MANAGEMENT OF ST ELEVATION
MYOCARDIAL INFARCTION

■ Rapidly establish a working diagnosis following
presentation.

■ Treat acute dysrhythmic and hemodynamic complications,
including cardiac arrest.

■ Provide prompt pain relief and adequate arterial oxygen
concentration.

■ Initiate reperfusion therapy to limit the extent of infarction
and minimize the complications of pump failure and
dysrhythmias.

■ Treat complications of acute myocardial infarction.
■ Provide risk assessment for longer-term management and to

initiate secondary prevention.

EARLY EVALUATION

Imme d iat e Conce rns and Q ue st ions t o Be
Ad d re sse d at t he Init ial Evaluat ion

Rapid diagnosis and early risk stratification are essential to
identify patients with acute chest pain in whom early revas-
cularization can improve outcomes (Table 120.3). A working

diagnosis of acute MI is usually based on the history of severe
chest pain lasting for 20 minutes or more, not responding to ni-
troglycerin (Fig. 120.1). Important clues are a previous history
of coronary artery disease (CAD) and radiation of the pain to
the neck, lower jaw, or left arm. The pain may not be severe and,
particularly in the elderly, other presentations such as fatigue,
dyspnea, feeling faint or simply feeling “poorly,” or syncope
are common. There are no individual physical signs diagnos-
tic of myocardial infarction, but most patients have evidence
of autonomic nervous system activation (e.g., pallor and/or
sweating) and either hypotension or a narrow pulse pressure.
Features may also include irregularities of the pulse, bradycar-
dia or tachycardia, and a third heart sound (7,8). The presence
and severity of basal pulmonary rales is an easy, immediate, and
pivotal tool for an early risk stratification of STEMI patients
(Table 120.4).

An ECG should be obtained as soon as possible. In case
of ST-segment elevations, or new or presumed new left bundle
branch block, reperfusion therapy should be initiated as soon
as possible. However, the ECG is often equivocal in the early
hours and, even in proven infarction, it may never demonstrate
the classic features of ST-segment elevation and new Q waves.
During the early evolution of infarction, the ECG may be ab-
normal without significant ST elevation. Typical changes may
evolve over minutes or hours, and it is critically important to
institute continuous ST monitoring or perform repeat ECGs to
ensure that such evolution is detected promptly (7,8).

Patient experiences chest
pain / discomfort

Has patient previously been prescribed nitroglycerin ?

No Yes

Is chest discomfort / pain unimproved or worsening
5 minutes after it began ?

Notify Physicians

No Yes

Move to Cath Lab 
IMMEDIATELY

Take 1 nitroglycerin dose sublingually

Is chest discomfort / pain unimproved or worsening
5 minutes after taking 1 nitroglycerin dose

sublingually ?

Consider Chronic 
Stable Angina

Yes No 

FIGURE 120.1. Patient (advance) instructions for nitroglycerin use and emergency medical service (EMS)
contact in the setting of non–trauma-related chest discomfort/pain. (Modified from Antman EM, Anbe
DT, Armstrong PW, et al. American College of Cardiology; American Heart Association Task Force
on Practice Guidelines; Canadian Cardiovascular Society. ACC/AHA guidelines for the management of
patients with ST-elevation myocardial infarction: a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines [committee to revise the 1999 Guidelines for the
Management of Patients with Acute Myocardial Infarction]. Circulation. 2004;110[9]:e82–e292.)
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PERCENT MORTALITY BY KILLIP CLASSa

Fibrinolytic trials (30 d)

GISSI-1
Killip and Kimball International Study ASSENT-2:

Killip class (in-hospital) Placebo Fibrinolytic Group: Fibrinolytic Fibrinolytic

I = no rales 6 7 6 5 5
II = rales less than 50% 17 20 16 18 13
III = pulmonary edema 38 39 33 32 26
IV = cardiogenic shock 81 70 70 72 56b

a �Values cited are subject to survivor bias.
bHighly selected group of patients.

In patients with symptoms suggestive of infarction but with-
out diagnostic ECG changes, alternative diagnoses must be
considered, including aortic dissection, gastroesophageal dis-
ease, and musculoskeletal and mediastinal conditions (Table
120.5). A normal ECG in the presence of suspected cardiac
pain should prompt the search for an alternative diagnosis.
Similarly, myocardial perfusion scintigraphy or magnetic res-
onance imaging (MRI) may be used to detect the presence of

TA BLE 1 2 0 . 5

DIFFERENTIAL DIAGNOSIS OF ST ELEVATION
MYOCARDIAL INFARCTION

LIFE THREATENING
■ Aortic dissection
■ Pulmonary embolus
■ Perforating ulcer
■ Tension pneumothorax
■ Boerhaave syndrome (esophageal rupture with

mediastinitis)

OTHER CARDIOVASCULAR AND NONISCHEMIC
ENTITIES
■ Pericarditis
■ Atypical angina
■ Early repolarization
■ Wolff-Parkinson-White syndrome
■ Deeply inverted T waves suggestive of a central nervous

system lesion or apical hypertrophic cardiomyopathy
■ Left ventricular hypertrophy with strain
■ Brugada syndrome
■ Myocarditis
■ Hyperkalemia
■ Bundle branch blocks
■ Vasospastic angina
■ Hypertrophic cardiomyopathy

OTHER NONCARDIAC ENTITIES
■ Gastroesophageal reflux and spasm
■ Chest wall pain
■ Pleurisy
■ Peptic ulcer disease
■ Panic attack
■ Biliary or pancreatic pain
■ Cervical disc or neuropathic pain
■ Somatization and psychogenic pain disorder

ischemia or infarction, and a normal result effectively excludes
significant MI. Certain groups of patients, including the elderly
and those with diabetes, may present without typical symp-
toms of MI. They may present with evolving ECG changes
of MI or hemodynamic/mechanical complications. Their treat-
ment should be similar to patients with typical painful
infarction.

Blood sampling for serum biomarkers is routinely done in
the acute phase. Considering that the first blood sample may be
negative for elevated biomarkers, even in the presence of acute
MI, it is not reasonable to wait for the next results before initi-
ating a reperfusion regimen when the diagnosis of acute MI is
established. The finding of elevated biomarkers may sometimes
be helpful in deciding to initiate reperfusion therapy (e.g., in pa-
tients with left bundle branch block). When the history, ECG,
and serum biomarkers are not diagnostic of acute myocardial
infarction, the patient can proceed safely to stress testing for
investigation of underlying CAD.

He mod ynamic Comp romise and
Card iac Arre st

Resuscitation may be suddenly required for ventricular fib-
rillation (VF) or for ventricular tachycardia with diminished
cardiac output; guidelines for such resuscitation are provided
within the framework of Basic and Advanced Life Support. For
the patient with extensive myocardial ischemia and/or heart
failure (HF), additional circulatory support may be necessary,
including the insertion of an intra-aortic balloon pump (IABP),
as a bridge to revascularization (see below).

EARLY IN-HOSPITAL CARE AND
MANAGEMENT STRATEGIES

Pharmacolog ic Tre at me nt in t he
Acut e Phase of ST Ele vat ion

Myocard ial Infarct ion

Pain Cont ro l
Pain relief is a key element in the early management of the pa-
tient with STEMI. Pain management should be directed toward
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CONTRAINDICATIONS TO FIBRINOLYTIC THERAPY

ABSOLUTE CONTRAINDICATIONS
■ Hemorrhagic stroke or stroke of unknown origin at any

time
■ Ischemic stroke in preceding 6 mo
■ Central nervous system damage or neoplasms
■ Recent major trauma/surgery/head injury (within preceding

3 wk)
■ Gastrointestinal bleeding within the last month
■ Known bleeding disorder
■ Aortic dissection

RELATIVE CONTRAINDICATIONS
■ Transient ischemic attack in preceding 6 mo
■ Oral anticoagulant therapy
■ Pregnancy or within 1 wk postpartum
■ Noncompressible punctures
■ Traumatic resuscitation
■ Refractory hypertension (systolic blood pressure

greater than 180 mm Hg)
■ Advanced liver disease
■ Infective endocarditis
■ Active peptic ulcer

acute relief of symptoms of ongoing myocardial ischemia and
necrosis, and toward general relief of anxiety and apprehen-
sion, the latter of which can heighten pain perception. Mor-
phine sulfate remains the analgesic agent of choice for man-
agement of pain associated with STEMI, the exception being
documented cases of morphine sensitivity. The dose required
for adequate pain relief varies in proportion to age and body
size, as well as blood pressure and heart rate. Anxiety reduction
secondary to morphine administration reduces the patient’s
restlessness and the activity of the autonomic nervous system,
with a consequent reduction of the heart’s metabolic demands.
Morphine administration for patients with pulmonary edema
is clearly beneficial and may promote peripheral arterial and
venous dilation, reducing the work of breathing and slowing
the heart rate secondary to a combined decrease in sympathetic

tone and augmentation of vagal tone (7,8). Side effects of mor-
phine administration, such as hypotension, can be minimized
by keeping the patient supine and elevating the lower extremi-
ties if systolic pressure decreases below 100 mm Hg, assuming
pulmonary edema is not present.

Fib rinolysis
Prompt and effective reperfusion by pharmacologic therapy is
the cornerstone of treatment for STEMI. It is the only widely
applicable acute treatment that can diminish infarct size and
major cardiac complications (Table 120.6). In trials of fibrinol-
ysis versus control, more than 150,000 patients were random-
ized and showed that the treatment benefit was approximately
50 lives saved per 1,000 patients treated with the combination
of thrombolytic agent and aspirin (9).

Limitations of Fibrinolysis. The major limitation of fibrinolytic
drug treatment is that reperfusion is gradual and, in addi-
tion, is incomplete or inadequate in a significant proportion of
patients. This proportion may range from about 40% show-
ing failure to achieve Thrombolysis in Myocardial Infarction
(TIMI) 3 flow within the first 3 hours of reperfusion therapy
when streptokinase is used, to 20% to 30% with tissue plas-
minogen activator (tPA) or tenecteplase (TNK) (Table 120.7).

The principal hazard of fibrinolytic therapy is stroke and
intracranial hemorrhage. Overall, about four extra strokes oc-
cur per 1,000 patients treated and, of these, two are fatal. The
use of accelerated tPA (alteplase) results in ten fewer deaths
per 1,000 patients treated, but at the risk of three additional
strokes compared with streptokinase treatment (10). Single-
bolus agents provide logistic advantages, and both reteplase-
PA or weight-adjusted TNK have equivalent efficacy to accel-
erated tPA. TNK has a lower rate of noncerebral bleeds and a
lesser need for blood transfusion. Bolus agents are particularly
advantageous in minimizing time delay in the prehospital and
emergency room settings (10).

Prehospital Fibrinolysis. In clinical trials, it has been shown
that prehospital thrombolysis (PHT) could be used safely in
patients presenting with evidence of acute MI (11).

TA BLE 1 2 0 . 7

COMPARISON OF APPROVED FIBRINOLYTIC AGENTS

Streptokinase Alteplase Reteplase Tenecteplase-tPA

Dose 1.5 MU over
30–60 min

Up to 100 mg in 90 min
based on weighta

10 U × 2 each
over 2 min

30–50 mg based on
weightb

Bolus administration No No Yes Yes
Antigenic Yes No No No
Allergic reactions Yes No No No
Systemic fibrinogen depletion Marked Mild Moderate Minimal
90-min patency rates, approximate % 50 75 7 75
TIMI grade 3 flow, % 32 54 60 63
Cost per dose (US $) 613 2,974 2,750 2,833 for 50 mg

MU, mega units; TIMI, Thrombolysis in Myocardial Infarction.
aBolus 15 mg, infusion 0.75 mg/kg × 30 min (maximum 50 mg), then 0.5 mg/kg not to exceed 35 mg over the next 60 min to an overall maximum of
100 mg.
bThirty milligrams for weight less than 60 kg; 35 mg for 60–69 kg; 40 mg for 70–79 mg; 45 mg for 80–89 kg; and 50 mg for 90 kg or more.
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The efficacy of PHT has initially been demonstrated in the
Grampian Region Early Anistreplase Trial (GREAT) (12) in
which administration of thrombolysis by the general practi-
tioners before hospital admission resulted in a 50% reduction
in 1-year mortality. Recently, a meta-analysis of six trials com-
paring PHT and in-hospital thrombolysis confirmed this bene-
ficial effect, showing a 17% reduction in in-hospital mortality
with the use of PHT (11). The Comparison of Angioplasty
and Prehospital Thrombolysis In acute Myocardial infarction
(CAPTIM) trial (13), which compared PHT with primary per-
cutaneous coronary intervention (PCI), showed that 1-month
mortality was lower in the group that received PHT. These data
are concordant with the observation from the meta-analysis of
trials of thrombolytic therapy that showed an exponential de-
crease in the efficacy of thrombolysis in the patients treated
more than 3 hours after the onset of chest pain (14).

In this regard, it is now clear that myocardial salvage is
highly dependent on the time from the beginning of symptoms
to reperfusion, and that very early administration of throm-
bolytics are likely to result in superior myocardial salvage com-
pared with in-hospital thrombolysis and possibly also primary
PCI, for which the time delay observed in the real-world setting
is often 1 hour or more (15,16).

Fibrinolysis Combined with Newer Antithrombotic Agents.
To improve the rates of patients achieving TIMI 3 flow by
pharmacologic reperfusion therapy, glycoprotein (GP) IIb/IIIa
antagonists have been combined with fibrinolytic agents to
achieve both platelet disaggregation and fibrinolysis (1,2,17).
This pharmacologic combination has been tested in seven stud-
ies, including two large trials (ASSENT 3 and GUSTO V) in-
volving more than 30,000 patients. There was no overall ad-
vantage noted when combining the thrombolytic agent with
a GP IIb/IIIa inhibitor. In patients older than 70 years of age,
the combination increased the risk of intracranial hemorrhage
and extracranial bleeding (10). Similarly, the combination of
streptokinase with a specific antithrombin (bivalirudin) failed
to improve survival in the HERO 2 trial (18). Two ongoing
randomized trials (CARESS and FINESS) are investigating the
impact of a combination therapy in the early treatment of
STEMI.

Ant i-ische mic Drug s
Oxygen. Although oxygen administration to virtually all pa-
tients with suspected STEMI has become universal practice, it is
still unknown whether this therapy limits myocardial damage
or reduces morbidity or mortality. Experimental results indi-
cate that oxygen administration may limit myocardial injury
(19), and may reduce ST-segment elevation (20). The rationale
for use of oxygen is based on the observation that even with
uncomplicated MI, some patients are modestly hypoxemic ini-
tially, presumably because of ventilation/perfusion mismatch
and excessive lung water (21). For patients without compli-
cations, excess administration of oxygen can lead to systemic
vasoconstriction, and high flow rates can be harmful to patients
with chronic obstructive airway disease. In the absence of com-
pelling evidence for established benefit in uncomplicated cases,
and in view of its expense, there appears to be little justification
for continuing its routine use beyond 6 hours.

Nitrates. The rationale for using nitrates in the setting of
STEMI is that they reduce preload and afterload through pe-

ripheral arterial and venous dilation, improve coronary flow by
relaxation of epicardial coronary arteries, and dilate collateral
vessels, potentially creating a more favorable subendocardial-
to-epicardial flow ratio (22,23). Nitrate-induced vasodilatation
may also have particular utility in those rare patients with coro-
nary spasm presenting as STEMI.

Clinical trial results have suggested only a modest bene-
fit from nitroglycerin used acutely in STEMI and continued
subsequently. A pooled analysis of more than 80,000 patients
treated with nitratelike preparations intravenously or orally in
22 trials yielded a mortality rate of 7.7% in the control group,
which was reduced to 7.4% in the nitrate group. These data
are consistent with a possible small treatment effect of nitrates
on mortality, such that three to four fewer deaths would oc-
cur for every 1,000 patients treated (24). Nitrates in all forms
should be avoided in patients with initial systolic blood pres-
sures less than 90 mm Hg or greater than or equal to 30 mm Hg
below baseline, marked bradycardia or tachycardia, or known
or suspected right ventricular (RV) infarction.

β -Adrenergic Blockers. The emergency treatment of suspected
STEMI with intravenous (IV) β -blocker therapy has also been
studied in more than two dozen randomized trials (25–29).
Overall, those trials included more than 27,000 patients, but
nearly all were done before fibrinolytic and antiplatelet therapy
had become routine, and they mainly involved fairly low-risk
patients. Collectively, though not separately, their results indi-
cated that this treatment was safe and moderately effective in
such low-risk patients (25). However, in the recently published
COMMIT trial, 45,852 patients admitted within 24 hours of
suspected STEMI onset were randomly allocated metoprolol—
up to 15 mg intravenously, followed by 200 mg oral daily—
or matching placebo (29). Allocation to early metoprolol was
associated with reduced risk of reinfarction and ventricular
fibrillation, but increased risk of cardiogenic shock, especially
during the first day or so after admission (29). Consequently, it
might generally be prudent to consider starting β -blocker ther-
apy in hospital only when the hemodynamic condition after
STEMI has been stabilized.

Ant ip lat e le t The rap y
Aspirin. Aspirin should be given to the patient with suspected
STEMI as early as possible and continued indefinitely, regard-
less of the strategy for reperfusion or whether additional an-
tiplatelet agents are administered. Known true aspirin allergy
is the only exception to this recommendation. Maintenance as-
pirin doses for secondary prevention of cardiovascular events in
large trials have varied from 75 to 325 mg/day, but no trial has
directly compared the efficacy of different doses after STEMI
(1,2).

Thienopyridine. A thienopyridine (e.g., ticlopidine or clopido-
grel) should be substituted for aspirin in patients with STEMI
for whom aspirin is contraindicated because of hypersensitiv-
ity or major gastrointestinal intolerance. Clopidogrel is gener-
ally preferred to ticlopidine because of fewer side effects, lack
of need for laboratory monitoring, and once-daily dosing. On
the basis of several randomized trials (30–33), clopidogrel, in
combination with low-dose aspirin—75 to 162 mg, to mini-
mize the risk of bleeding—is recommended for all patients after
stent implantation (1,2,34). Recently, two randomized trials of
7,000 patients with STEMI showed that adding clopidogrel to
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aspirin improved the patency of the infarct-related coronary
artery after fibrinolytic therapy, and suggested some reduction
in clinical events (35,36). In addition, these trials demonstrated
that adding clopidogrel 75 mg daily to aspirin and other stan-
dard treatments, such as fibrinolytic therapy, in STEMI patients
safely reduces mortality and major vascular events in hospital
(35,36).

Prasugrel is a new thienopyridine derivative that is about ten
times more potent than clopidogrel in preclinical studies (37).
It has been evaluated both in healthy individuals and in patients
undergoing elective or urgent PCI, in which it was shown to
result in low and similar rates of bleeding when compared with
clopidogrel (38).

Platelet Glycoprotein IIb/ IIIa Receptor Antagonists. It is rea-
sonable to start treatment with GP IIb/IIIa (abciximab,
tirofiban, and eptifibatide) as early as possible in patients under-
going primary PCI. Several randomized studies have demon-
strated that adjunctive antiplatelet therapy with GP IIb/IIIa
blockade reduces the incidence of acute ischemic events by as
much as 35% to 50% among the broad population of patients
undergoing primary PCI (39).

GP IIb/IIIa inhibitors were also shown to decrease coro-
nary thrombus, improve TIMI flow grade, enhance epicar-
dial reperfusion when combined with thrombolysis, improve
30-day clinical outcomes post-MI (Fig. 120.2), speed resolution
of ST-segment elevation, and in one study of elective percuta-
neous coronary intervention, improve coronary artery flow re-
serve and myocardial blush grade (40). A recent meta-analysis
of all completed, published, randomized trials of abciximab in
STEMI showed that, when compared with the control group,
adjunctive abciximab was associated with a significant reduc-
tion in 30-day and long-term mortality in patients treated with
primary PCI, but not in those receiving fibrinolysis (41). The
30-day reinfarction rate was significantly reduced in patients
treated with either fibrinolysis or primary PCI. A higher risk

of major bleeding complications is observed with abciximab in
association with fibrinolysis (41).

Ant it hromb ot ic The rap y
Unfractionated Heparin. Despite the use of unfractionated
heparin (UFH) (42) in STEMI for over 40 years, there is contin-
ued controversy regarding its role. In patients who are treated
with fibrinolytic therapy, recommendations for UFH therapy
depend on the fibrinolytic agent chosen. The nonspecific fib-
rinolytic agents—streptokinase, anistreplase, and urokinase—
that produce a systemic coagulopathy, including depletion of
factors V and VIII, and massive production of fibrinogen degra-
dation products are themselves anticoagulants. From this per-
spective, the need for adjunctive systemic anticoagulation with
these agents is conceptually less compelling. When primary
PCI is chosen as the route of reperfusion, weight-adjusted bo-
luses of heparin in the range of 70 to 100 U/kg are recom-
mended. This recommendation does not come specifically from
empirical data in the setting of STEMI, but from general ob-
servations in the setting of angioplasty that an activated clot-
ting time of at least 250 to 350 seconds is associated with a
lower rate of complications than lower activated clotting times
(43).

When GP IIb/IIIa antagonists are used, the UFH bolus
should be reduced to 50 to 70 U/kg to achieve a target activated
clotting time of 200 seconds (34). UFH doses used during PCI
for failed fibrinolysis should be similarly reduced and further
lowered if used with GP IIb/IIIa antagonists.

Low-molecular-weight Heparin. In the setting of STEMI, low-
molecular-weight heparin (LMWH) may be an attractive alter-
native to UFH, as demonstrated by several clinical trials includ-
ing those with LMWH as ancillary therapy to fibrinolysis and
those that randomized patients not receiving fibrinolysis (44–
49). The two LMWHs studied most extensively in patients with
STEMI are enoxaparin and dalteparin.
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Direct Antithrombin Agents. Selective factor Xa inhibition ap-
pears to be a reasonable therapeutic concept in patients present-
ing with STEMI. A meta-analysis evaluated 11 trials that col-
lectively enrolled more than 35,000 patients, comparing direct
thrombin inhibitors with UFH (50). There was an approximate
25% reduction in the incidence of re-MI in patients treated with
either hirudin or bivalirudin, but there was less evident effi-
cacy for univalent thrombin inhibitors such as argatroban, efe-
gatran, and inogatran. Other large randomized trials recently
completed have confirmed the safety and long-term efficacy of
bivalirudin alone compared with heparin or heparin and GP
IIb/IIIa in the setting of STEMI (51,52).

Fondaparinux is a synthetic pentasaccharide that is a highly
selective inhibitor of factor Xa. It selectively binds antithrom-
bin III, inducing a conformational change that increases the
anti-Xa activity of antithrombin III more than 300 times, which
results in dose-dependent inhibition of factor Xa (53). In pa-
tients with STEMI, particularly those not undergoing primary
PCI, fondaparinux seems to reduce mortality and reinfarction
without increasing bleeding and strokes (54).

Ot he r Pharmacolog ic Ag e nt s
Angiotensin-converting Enzyme Inhibitors. It is now well es-
tablished that angiotensin-converting enzyme (ACE) inhibitors
should be given to patients who have an impaired left ventric-
ular (LV) ejection fraction or who have experienced congestive
heart failure (CHF) in the early phase of an MI. The GISSI-
3 (55), ISIS-4 (56), and Chinese study (57) have shown that
ACE inhibitors started on the first day after a STEMI reduce
mortality in the succeeding 4 to 6 weeks by a small but signifi-
cant amount. The CONSENSUS II study (58), however, failed
to show a benefit of early IV ACE inhibitor administration in
STEMI patients. This may have been due to chance, or the fact
that treatment was initiated early with an intravenous formu-
lation. However, a systematic overview of trials of ACE inhi-
bition early in acute MI indicated that this therapy is safe, well
tolerated, and associated with a small but significant reduction
in 30-day mortality, with most of the benefit observed in the
first week. Therefore, there is now general agreement on start-
ing ACE inhibitors in the first 24 hours after a STEMI if no
contraindications are present (59). Opinions still differ as to
whether to give ACE inhibitors to all patients or to high-risk
patients only.

Calcium Antagonists. In patients with STEMI, immediate-
release nifedipine does not reduce the incidence of reinfarction
or mortality when given early (less than 24 hours after STEMI)
or late, and may be particularly detrimental in patients with hy-
potension or tachycardia. Although the overall results of trials
with verapamil showed no mortality benefits, subgroup anal-
ysis showed that immediate-release verapamil initiated several
days after STEMI, in patients who were not candidates for a
β -blocking agent, may have been useful in reducing the inci-
dence of the composite end point of reinfarction and death,
provided LV function was well preserved with no clinical evi-
dence of CHF. Verapamil is detrimental to patients with CHF or
bradyarrhythmias during the first 24 to 48 hours after STEMI
(60–65).

Data from randomized trials (60–65) suggest that patients
with non–Q-wave MI or those with Q-wave MI, preserved LV
function, and no evidence of CHF may benefit from immediate-
release diltiazem.

Inodilators. Administration of inodilator agents may be par-
ticularly threatening to patients with acute MI and should
be avoided, except when severe hypotension occurs. Positive
inotropic agents, especially phosphodiesterase inhibitors and
adrenergic agonists such as dobutamine, may be associated
with increasing myocardial oxygen demand and the potential
to induce malignant dysrhythmias and myocardial ischemia,
contributing to further cell death or necrosis (66–69).

Levosimendan is a calcium sensitizer that, by virtue of its
unique mechanism of action and its negligible effect on my-
ocardial oxygen demand, is the only inodilator that has been
associated with favorable short-term outcomes in patients with
acute MI, but large mortality studies are warranted (70).

Magnesium. Although a meta-analysis of seven randomized
trials suggested a significant mortality benefit of magnesium
in acute MI (71,72), subsequently a total of 68,684 patients
were studied in a series of 15 randomized trials with controver-
sial findings (73–80). On the basis of the totality of available
evidence, in current coronary care practice, there is no indi-
cation for the routine administration of intravenous magne-
sium to patients with acute MI at any level of risk. Magnesium
can continue to be administered for repletion of documented
electrolyte deficits and life-threatening ventricular arrhythmias
such as torsades de pointes (81).

Lidocaine. Although it has been demonstrated that lidocaine
can reduce the incidence of ventricular fibrillation in the acute
phase of MI (82,83), this drug significantly increases the risk
of asystole (83). A meta-analysis of 14 trials showed a non-
significantly higher mortality in lidocaine-treated patients than
in controls (84). The routine prophylactic use of this drug is
therefore not justified.

Glucose-Insulin-Potassium. There is experimental and limited
clinical evidence that routine administration of glucose-insulin-
potassium may favorably influence metabolism in the ischemic
myocardium and therefore confer a clinical benefit (1,2).

Invasive St rat e g ie s

Primary Pe rcut ane ous Coronary Int e rve nt ion
Primary PCI refers to the use of PCI without prior thrombolytic
therapy and, as such, is associated with several potential ad-
vantages and disadvantages (Fig. 120.3 and Table 120.8). Most
significantly, primary PCI results in better acute arterial patency
compared to lytics, further improving survival and reducing the
hazards of excess cerebral and systemic bleeding and recurrent
ischemia, especially in high-risk patients (Fig. 120.4). In addi-
tion, several studies have demonstrated improvements in LV
function and less reperfusion injury, cardiogenic shock, and
myocardial rupture for primary PCI than fibrinolytic therapy
(1,2,34,85).

Even lower mortality rates have been reported among pa-
tients undergoing primary PCI in centers with a high volume
of PCI procedures compared with low-volume centers, demon-
strating the need for an experienced team, made up of inter-
ventional cardiologists and skilled support staff (1,2,86).
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FIGURE 120.3. A case of successful revascularization of anterior ST elevation myocardial infarction
(STEMI) by primary percutaneous coronary intervention (PCI). A: Total occlusion (TIMI 0) in the middle
tract of the left anterior descending (LAD) coronary artery. B: Crossing of the guidewire and thrombus
removal by a manual thromboaspiration device. C: Restoration of a TIMI 3 flow on the LAD. D: Final
angiographic result after stent placement.

Facilit at e d Pe rcut ane ous Coronary Int e rve nt ion
Facilitated PCI refers to treatment with low-dose thrombolytic
therapy, platelet GP IIb/IIIa inhibitors, or both, before PCI.
The rationale is to provide the earliest possible pharmacologic
reperfusion before an attempt at definitive mechanical revascu-
larization (87,88). These strategies may offer advantages, but
larger-scale trials are still awaited (89).

Recently, the Assessment of the Safety and Efficacy of
a New Treatment Strategy for Acute Myocardial Infarction
(ASSENT)-4 PCI study was prematurely terminated. The study
was intended to be a large, randomized trial in acute MI pa-

tients facing very long delays—3 to 4 hours—before receiving
therapy, as is typical for patients facing long travel distances
or who must be transferred to a hospital with interventional
facilities (90). It was an open-label, 1:1 study that randomized
patients to either full-dose tenecteplase plus PCI (facilitated
PCI) or to primary PCI with unfractionated heparin. GP IIb/IIIa
inhibitors were used either in bail-out situations in patients
pretreated with fibrinolytic therapy or at the investigator’s dis-
cretion in the PCI-alone arm. The primary end point—death,
cardiogenic shock, or congestive heart failure within 90 days—
was significantly lower in the PCI-alone group compared with
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ADVANTAGES AND DISADVANTAGES OF PRIMARY
PERCUTANEOUS CORONARY INTERVENTION (PCI)
VERSUS THROMBOLYSIS

ADVANTAGES OF PRIMARY PCI VERSUS
THROMBOLYSIS
■ Immediate definition of coronary anatomy
■ Early risk stratification
■ Superior acute vessel patency and TIMI flow grade
■ Less reocclusion, recurrent ischemia, and reinfarction
■ Better survival in high-risk patients
■ Less reperfusion injury and myocardial rupture
■ Lower risk of intracranial hemorrhage
■ Useful in thrombolytic ineligible patients
■ Shorter length of hospital stay

DISADVANTAGES OF PRIMARY PCI VERSUS
THROMBOLYSIS
■ Skilled interventional cardiologists and catheterization

laboratory must be available
■ Logistic delays

TIMI, Thrombolysis in Myocardial Infarction.

the facilitated PCI arm (90). The significantly higher rate of
stroke at 90 days in the facilitated PCI group was mainly due
to a significant increase in the rate of intracranial hemorrhage
(90). Additionally, in the recent BRAVE trial examining the
impact of PCI with two boluses of 5 U reteplase plus abcix-
imab versus abciximab alone (12 hours), the infarct size was
not improved after PCI with reteplase, and bleeding was more
frequent (91).

On the other hand, the recently published CARESS-in-AMI
(Combined Abciximab RE-teplase Stent Study in Acute My-
ocardial Infarction) suggested that immediate transfer for PCI
improves outcomes (composite of death, reinfarction, or re-
fractory ischaemia at 30 days) in high-risk patients with STEMI
treated at a non-interventional centre with half-dose reteplase
and abciximab compared to standard medical therapy with
transfer for rescue angioplasty (91A). Based on these findings
and waiting for further trial results, organisation of networks to
move patients given a thrombolytic drug to institutions with
catheterisation laboratories seems a reasonable option, since
primary angioplasty cannot be implemented everywhere.

Re scue Pe rcut ane ous Coronary Int e rve nt ion
Rescue PCI refers to a PCI procedure performed in patients
without evidence of a response to thrombolytic treatment
within 90 minutes after therapy; that is, there is less than 50%
ST-segment resolution and/or symptom regression within 90
minutes after treatment.
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Feasibility studies have demonstrated success of PCI in
achieving coronary patency and flow, and current guidelines
recommend it only for certain high-risk subgroups of patients
(1,2,34).

In the recently published Rescue Angioplasty versus Con-
servative Treatment or Repeat Thrombolysis (REACT) trial,
event-free survival after failed thrombolytic therapy was signif-
icantly higher with rescue PCI than with repeated thromboly-
sis or conservative treatment (92). However, available data are
still insufficient to demonstrate whether there is improvement
in mortality or further MI with this strategy.

Transp ort for Primary Pe rcut ane ous
Coronary Int e rve nt ion

For hospitals without on-site PCI facilities, careful considera-
tion needs to be given to the potential benefits of PCI following
transfer to an intervention center versus fibrinolysis (93). For
instance, the DANAMI 2 study suggested that for transfer times
of 2 hours or less from a community hospital to the start of
PCI, there is a significant reduction in death, reinfarction, and
stroke compared with thrombolysis (94). After early reports
of feasibility (95), five trials (94,96–99) randomly assigned pa-
tients with STEMI in community hospitals without PCI capa-
bility to immediate transfer to hospitals that could perform
primary PCI or to on-site thrombolytic therapy (Fig. 120.5).
Complications were rare during the transfer, with a 0.5% risk
for death, a 0.7% to 1.4% risk for ventricular dysrhythmias,
and a 2% risk for second- or third-degree heart block (94,96–
99). A meta-analysis of these trials (100), which included a trial
comparing primary PCI with prehospital thrombolytic therapy
(13), compared outcomes of 1,887 patients randomly assigned
to emergency transfer for primary PCI and 1,863 patients ran-
domly assigned to on-site or prehospital thrombolytic therapy.
The combined end point of death, reinfarction, and stroke at 30
days was reduced by 42% (p < 0.001) in the group transferred
for primary PCI as compared with the group receiving throm-
bolytic therapy (100). However, these findings have a limited
application in the daily clinical practice. For instance, most
patients randomly assigned to transfer for primary PCI were
treated in high-volume PCI centers: in the largest trial 96%
of patients were transferred in less than 2 hours and the me-

dian interval from symptom onset to first balloon inflation was
only 224 minutes (94). Accordingly, these data should not be
extrapolated to transfer for primary PCI in low-volume centers
or to situations in which transfer delays exceed 2 to 3 hours.
More importantly, the time from symptom onset to first bal-
loon inflation must be minimized, requiring that the transferred
patient is delivered directly to an experienced “ready and wait-
ing” catheterization laboratory (101).

The Crucial Role of Time in Re p e rfusion The rap ie s
The shorter the time is from symptom onset to treatment,
the greater the survival benefit with either reperfusion ther-
apy (102–107). The choice between therapies should take into
account reperfusion treatment times (1,2) (Figs. 120.6 and
120.7). Time delay is critically important, especially within the
first 3 to 4 hours following symptom onset (1,2,108). Overall,
there is a progressive decrease of about 1.6 deaths per hour of
delay per 1,000 patients treated. However, within the first 2
hours, the reduction in mortality is twice as large as beyond 2
hours (Fig. 120.8). Hence, the European guidelines for the man-
agement of acute MI recommend that for those patients with
clear-cut changes of acute infarction, no more than 20 minutes
should elapse between hospital arrival and the administration
of thrombolytic therapy (or prehospital administration) or no
more than 60 minutes between hospital arrival and balloon
inflation for primary PCI (1,2). A second and critically impor-
tant reason for minimizing prehospital delay is to treat early
ventricular fibrillation. At least as many deaths may be saved
by prompt resuscitation therapy in early acute MI as are saved
by reperfusion therapy.

While the relationship between mortality and time de-
lay from symptom onset to treatment is stringent in patients
with STEMI who are receiving thrombolytic therapy (109–
111), it is much weaker in patients undergoing primary PCI
(108,112,113) (Fig. 120.9). Consequently, favorable results
obtained from primary PCI depend less on the time to treat-
ment than does thrombolytic therapy. On the other hand, more
recent trials showed that the benefits of primary PCI may
diminish with excessive delays in opening the infarct-related
artery (106,107,114,115) (Fig. 120.10).
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Several mechanisms have been proposed to explain this dif-
ference in time-to-treatment effect. With thrombolytic therapy,
there is an inverse relationship between the rate of achieving
normal blood flow and the time-to-treatment interval (116).
In addition, patients treated with thrombolytic therapy have
an increased risk for mechanical complications, such as my-
ocardial rupture, with progressive increases in time to treat-
ment (116). In patients treated with primary PCI, on the other
hand, mechanical complications are rare. Interestingly, throm-
bolytic therapy is more often complicated by reocclusion of the
infarct-related artery, reinfarction, and worse long-term sur-
vival as compared with primary PCI (117). Finally, the extent
of myocardial salvage is inversely proportional to the time to
treatment in patients treated with thrombolytic therapy, but is
independent of time to treatment in primary PCI, particularly
with adjunctive stenting (118).

Coronary Art e ry Byp ass Surg e ry
The number of patients who need coronary artery bypass graft-
ing (CABG) in the acute phase of STEMI is quite limited. It may,

however, be indicated when PCI has failed, when there has been
a sudden occlusion of a coronary artery during catheterization,
if PCI is not feasible, in selected patients in cardiogenic shock,
or in association with surgery for a ventricular septal defect or
mitral regurgitation due to papillary muscle dysfunction and
rupture (1,2).

LONG-TERM POST–MYOCARDIAL
INFARCTION PHARMACOLOGIC

TREATMENT
The results of large randomized clinical trials have formed
the basis for the long-term management of acute MI. Evi-
dence from these trials has demonstrated that pharmacologic
therapies aimed at limiting risk factors and coronary plaque
instability with lipid-lowering therapies, and focused on in-
hibiting post-MI remodeling with neurohumoral antagonists—
namely ACE inhibitors, angiotensin II receptor blockers (ARBs;
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FIGURE 120.8. Time dependency of myocardial salvage expressed as percentage of initial area at risk.
The initial parts of the curve up to 2 hours were reconstructed based on the experimental studies. The
other parts of the curve showing myocardial salvage from 2 to 12 hours from the symptom onset are
reconstructed according to the data of scintigraphic studies. Efficacy of reperfusion is expressed as follows:
+ + + + , very effective; + + + , effective; + + , moderately effective; ± , uncertainly effective; − , not effective.
PCI, percutaneous coronary intervention. (From Schomig A, Ndrepepa G, Kastrati A. Late myocardial
salvage: time to recognize its reality in the reperfusion therapy of acute myocardial infarction. Eur Heart
J. 2006;27:1900–1907.)

e.g., valsartan), β -blockers (e.g., carvedilol), and, most recently,
aldosterone antagonists (e.g., eplerenone)—can significantly
improve long-term outcomes including death, reinfarction, and
worsening CHF (1,2) (Table 120.9). Clinical trials have also
shown the benefits of antiplatelet and anticoagulant therapies,
including aspirin and warfarin, as well as newer platelet in-
hibitors in limiting recurrent myocardial ischemia and its con-
sequences (1,2) (Table 120.10).

SPECIAL ISSUES

Acut e Cong e st ive He art Failure and
Card iog e nic Shock

Acute CHF arises from a sudden injury or structural failure and
constitutes approximately 10% of CHF admissions. Etiologies
include acute coronary syndromes (ACSs), acute valvular dys-
function (e.g., those due to endocarditis, aortic dissection, or
papillary muscle rupture), pericardial disease, new arrhythmia
(especially atrial fibrillation), myocarditis, and malignant hy-
pertension (119).

Patients who present with ACS accompanied by CHF have
considerable mortality and clearly benefit from emergent revas-
cularization (120,121) (Fig. 120.11). Medical management in-
cludes the standard therapies for ACS (antiplatelet therapy and
anticoagulation), with the exception that β -blockers are con-
traindicated in the presence of systolic CHF. β -Blockers are
not contraindicated, and are probably helpful, in an ACS with
diastolic CHF.

For patients with hypotension or hypoperfusion, serious
consideration should be given to placement of a pulmonary
artery catheter. An IABP is the most physiologic for improv-
ing cardiac output in the setting of ACS as it improves coro-
nary perfusion while increasing blood pressure and decreasing
afterload (122) (Fig. 120.12). Notably, all currently available
inotropes will worsen ischemia and are proarrhythmic.

Cardiogenic shock remains the leading cause of death in
patients hospitalized with acute MI (123). The SHOCK ran-
domized trial (124,125) demonstrated that in patients with
acute MI complicated by cardiogenic shock, early mechani-
cal revascularization reduced 6- and 12-month mortality com-
pared with initial medical stabilization—including IABP coun-
terpulsation and fibrinolytic therapy—followed by late or no
revascularization (Fig. 120.13). There was a significant interac-
tion between treatment and age, with apparent lack of benefit
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FIGURE 120.9. Time dependence of myocardial salvage according to
time-to-treatment interval in patients with ST elevation myocardial in-
farction (STEMI) treated by percutaneous coronary intervention (PCI)
or thrombolysis. A: Myocardial salvage expressed as percentage of the
left ventricle (LV). B: Myocardial salvage expressed as proportion of
the initial area at risk salvaged by reperfusion therapy. (From Schomig
A, Ndrepepa G, Kastrati A. Late myocardial salvage: time to recognize
its reality in the reperfusion therapy of acute myocardial infarction.
Eur Heart J. 2006;27:1900–1907.)
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AMERICAN COLLEGE OF CARDIOLOGY/AMERICAN
HEART ASSOCIATION GUIDELINES FOR
MANAGEMENT OF ST ELEVATION MYOCARDIAL
INFARCTION

Acute therapy Discharge therapy

Aspirin
Clopidogrel
β -Blocker
ACE inhibitor
Heparin (UFH or LMWH)
GP IIb/IIIa Inhibitor

(if receiving PCI)

Aspirin
Clopidogrel
β -Blocker
ACE inhibitor
Aldosterone antagonist
Statin
Smoking cessation
Cardiac rehabilitation

ACE, angiotensin-converting enzyme; UFH, unfractionated heparin;
LMHW, low-molecular-weight heparin; GP, glycoprotein; PCI,
percutaneous coronary intervention.
Table made with data from Antman EM, Anbe DT, Armstrong PW,
et al. American College of Cardiology; American Heart Association
Task Force on Practice Guidelines; Canadian Cardiovascular Society.
ACC/AHA guidelines for the management of patients with
ST-elevation myocardial infarction: a report of the American College
of Cardiology/American Heart Association Task Force on Practice
Guidelines (committee to revise the 1999 Guidelines for the
Management of Patients with Acute Myocardial Infarction).
Circulation. 2004;110(9):e82–e292.

of early revascularization for the small subset of patients aged
75 years or older (124,125). Based on these findings, the Amer-
ican College of Cardiology (ACC) and the American Heart As-
sociation (AHA) elevated early mechanical revascularization
for cardiogenic shock to a class I recommendation for patients

P = 0.001

25

20

15

10

5

0
PTCA not 
performed 

N = 93

Greater than 91 
N = 140

76–90 
N = 76

61–75 
N = 109

Time to PTCA (minutes)

30
 d

ay
 m

or
ta

lit
y 

(%
)

Less than 60 
N = 104

14.1

3.7 4.0

6.4

1.0

FIGURE 120.10. Relationship between 30-day mortality and time from study enrollment to first balloon
inflation. PTCA, percutaneous transluminal coronary angioplasty. (Modified from Berger PB, Ellis SG,
Holmes DR Jr, et al. Relationship between delay in performing direct coronary angioplasty and early
clinical outcome in patients with acute myocardial infarction: results from the Global Use of Strategies to
Open Occluded Arteries in Acute Coronary Syndromes [GUSTO-IIb] trial. Circulation. 1999;100:14–20.)



Chap t e r 120: ST Elevat ion Myocard ial Infarction (STEMI) Contemporary Management Strateg ies 1809

TA BLE 1 2 0 . 1 0

LARGE-SCALE CLINICAL TRIALS OF THERAPY FOR AMI SURVIVORS

All-cause
Patient Background Average Mortality Risk

Study Reference Population (n) Treatment Therapy Duration Reduction Reinfarction

Antiplatelet
ATC BMJ.

1994;308:
81–106

AMI (20,000) Aspirin none 4.5 y 25%
p< 0.02

34%
p< 0.02

ACE Inhibitors /ARBs
SMILE N Engl J Med.

1995;332:
80–85

AMI (1,556) Zofenopril Aspirin (53% )
β -blockers (18% )
CCBs (10% )

6 week 29% a

p = 0.01
37%

p = N/A

ISIS-4 Lancet.
1995;345:
669–685

AMI (58,050) Captopril Nitrates / diuretics 15m 7% at 1 month
p = 0.02

No difference

GISSI-3 Lancet.
1987;2:
871–874

AMI (18,895) Lisinopril IV β -blockers (31% ),
Fibrinolytic therapy
(72% ), Aspirin
(84% ), Antiplatelets
(4% )

6w 11%
p = 0.03

No difference

Including patients with LVD or HF
SAVE N Engl J Med.

1992;327:
669–77

AMI with LVD
(2,231)

Captopril Aspirin (59% )
β -blockers (75% )
Thrombolytics (32% )
PCI (17% )
CCBs (42% )

3.5 y 19%
p = 0.019

25%
p = 0.015

AIRE Lancet.
1993;342:
821–828

AMI with HF
(2,006)

Ramipril Aspirin (77% )
β -blockers (24% )
Thrombolytics (59% )
CCBs (15% )

15m 27%
p = 0.002

p = NS

TRACE N Engl J Med.
1995;333:
1670–1676

AMI with LVD
(1,749)

Trandolapril Aspirin (92% )
β -blockers (17% )
Thrombolytics (45% )
CCBs (28% )

2–4 y 22%
p = 0.0001

14%
p = NS

OPTIMAAL Lancet.
2002;360:
752–760

AMI with HF
(5,477)

Losartan vs
Captopril

Aspirin (96% )
β -blockers (79% )
Thrombolytics (55% )

2.7 y 13% Increase
in risk
p = 0.07

3% increase in
risk

p = NS
PCI (17% ), CCBs
(22% ), Statins (31% )

VALIANT N Engl J Med.
2003;349:
1893–1906

AMI with
HF/LVD
(14,703)

Valsartan Vs.
Valsartan
plus
captopril
Vs.
captopril

Aspirin (91% )
β -blockers (70% )
ACEIs (40% )
Antiplatelet (25% )
PCI (20% )
Thrombolytics (35% )

24.7 months No difference
p = NS

No difference
p = NS

STATINS
CARE N Engl J Med.

1996;335:
1001–1009

AMI (4,159) Pravastatin Aspirin (83% )
β -blockers (41% )
ACEIs (15% ),
CCBs (40% )

5y No difference 24% b

p = 0.003

HPS Lancet.
2002;360:
7–22

History of MI
(8,510)

Simvastatin Aspirin (21% )
β -blockers (19.5% )
ACEIs (25% )

5y 24% b

MIRACL JAMA.
2001;285:
1711–1718

ACS (3,086) Atorvastatin Aspirin (91% )
β -blockers (78% )
ACEIs/ARBs (49% )
Antiplatelet (11% )
CCBs (48% )

16 weeks 16% c

p = 0.048
10%

p = NS

PROVE
IT-TIMI

N Engl J Med.
2004;3:
1495–1504

ACS (4,162) Pravastatin
or Atorvas-
tatin

Aspirin (93% )
β -blockers (85% )
ACEIs/ARBs (83% )
Antiplatelet (72% )
PCI (69% )

2y 28%
p = 0.07

18%
p = 0.06

(Continued )
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TA BLE 1 2 0 . 1 0

(CONTINUED)

All-cause
Patient Background Average Mortality Risk

Study Reference Population (n) Treatment Therapy Duration Reduction Reinfarction

A to Z trial JAMA.
2004;292:
1307–1316

ACS (4,497) Simvastatin
40 mg for
30 days
then 80 mg
vs. placebo
for 4
months
then 20 mg

Aspirin (98% )
β -blockers (90% )
ACEIs/ARBs (71% )

6–24 months 11 % d

p = NS
4%
p = NS

Aldosterone Antagonists
EPHESUS Cardiovasc

Drugs Ther.
2001;15:
79–87

AMI with LYD
or HF (6,642)

Eplerenone Aspirin (88% )
β -blockers (75% )
ACEIs/ARBs (87% )
statin (47% )
Thrombolysis or
PCI (45% )

16 m 15%
p = 0.008

N/A

β -Blockers
Goteborg Lancet.

1981;2:
823–827

AMI (1,395) Metoprolol
tartrate

None 3 m 36%
p = 0.03

p = NS

MIAMI Am J Cardiol.
1985;56:
15G-22G

AMI (5,778) Metoprolol
tartrate

Antihypertensives (5% )
Anticoagulants (2% )

15 days p = NS p = NS

ISIS-1 Lancet.
1986;2:
57–66

AMI (16,027) Atenolol Antiplatelets (5% )
Anticoagulants (6% )

1 week 15% p < 0.04 p = NS

TIMI II-B Circulation.
1991;83:
422–437

AMI (1,434) Immediate
vs. Late

Metoprolol
tartrate

N/A 12 m NS p = NS

Lopressor
Intervention
Trial

Eur Heart J.
1987;8:
1056–1064

AMI (2,395) Metoprolol
tartrate

None 12m Increase risk
4% NS

p = NS

Norwegian N Engl J Med.
1985;313:
1055–8

AMI (1,884) Timolol None 17 m 39%
p = 0.0003

28%
p = 0.0006

BHAT JAMA.
1981;246:
2073–4

AMI (3,837) Propranolol Aspirin (21% ) 25 m 26%
p < 0.005

16%
p = NS

Including Patients with LVD or HF
CAPRICORN Lancet.

2001;357:
1385–1390

AMI with LVD
(1,959)

Carvedilol ACEIs (98% ),
Aspirin (86% ),
Lipid-lowering (24% ),
Thrombolytics (36% ),
PCI (12% )

15 m 23% p = 0.031 41%
p = 0.014

ACEI, angiotensin-converting enzyme inhibitor; ACS, acute coronary syndrome; AMI, acute myocardial infarction; ARB, angiotensin-II receptor
blocker; HF, heart failure; IV, intravenous; LVD, left ventricular dysfunction; CCB, calcium channel blockers; PCI, percutaneous coronary intervention.
aRisk reduction at one year
b Cardiac death or reinfarction
c Primary end point event defined as death, nonfatal acute myocardial infarction, cardiac arrest with resuscitation, or recurrent symptomatic myocardial
ischemia with objective evidence and requiring emergency rehospitalization.
d Composite of cardiovascular death, nonfatal myocardial infarction, readmission for ACS, and stroke
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FIGURE 120.11. Impact of presence of heart fail-
ure (HF) at admission or development of HF during
hospitalization (H) in all patients with acute coro-
nary syndromes (ACSs). STEMI, ST elevation my-
ocardial infarction; N-STEMI, non–ST elevation my-
ocardial infarction; UA, unstable angina. (Modified
from Steg PG, Dabbous OH, Feldman LJ, et al.;
Global Registry of Acute Coronary Events Investi-
gators. Determinants and prognostic impact of heart
failure complicating acute coronary syndromes: ob-
servations from the Global Registry of Acute Coro-
nary Events [GRACE]. Circulation. 2004;109:494–
499.)

Clinical signs: Shock, hypoperfusion, congestive heart failure, acute pulmonary edema
Most likely major underlying disturbance?

Acute pulmonary
edema

1st Line 
of Action

2nd Line 
of Action

3rd Line 
of Action

Hypovolemia Arrhythmia

Bradycardia Tachycardia

See Section 7.7 
in the ACC/AHA Guidelines 

for Patients with ST Elevation
Myocardial Infarction

Low Output -
Cardiogenic Shock

Check Blood Pressure

Norepinephrine 
• 0.5 to 30 mcg/min IV

Dopamine 
• 5 to 15 mcg/Kg 

per minute IV

Systolic BP 
70 to 100 mm Hg 

NO signs/symptoms 
of shock

Further diagnostic/therapeutic considerations (should be considered in non-hypovolemic shock)
Diagnostic Therapeutic

Systolic BP 
Less than 70 mm 

Hg 
Signs/symptoms of 

shock

Systolic BP 
70 to 100 mm Hg 
Signs/symptoms 

of shock

Dobutamine 
• 2 to 20 mcg/Kg

per minute IV

Nitroglycerin 
• 10 to 20 mcg/min IV

• Pulmonary artery catheter 
• Echocardiography 
• Angiography for MI/ischemia 
• Additional diagnostic studies

• Intra-aortic balloon pump 
• Reperfusion/revascularization

Systolic BP 
Greater than100 mm Hg

Check Blood Pressure

Systolic BP 
Greater than 100 mm Hg 

and Not less than 30 mm Hg 
Below Baseline

ACE Inhibitors 
• Short acting agent such as 
captopril (1.0 to 6.25 mg)

Administer
• Fluids
• Blood transfusions
• Cause-specific interventions
 Consider vasopressors 

Administer
• Furosemide IV 0.5 to 1.0 mg/Kg*
• Morphine IV 2 to 4 mg
• Oxygen/intubation as needed
• Nitroglycerin SL, then 10 to 20 mcg/min IV if SBP
greater than 100 mm Hg
• Dopamine 5 to 15 mcg/Kg per minute IV if SBP 70 to
100 mm Hg and signs/symptoms of shock prescim
• Dobutamine 2 to 20 mcg/Kg per minute IV if SBP 70
 to100 mm Hg and No signs/symptoms of shock

FIGURE 120.12. Emergency management of complicated ST elevation myocardial infarction (STEMI).
The emergency management of patients with cardiogenic shock, acute pulmonary edema, or both is
outlined. HF, heart failure; IV, intravenous; SL, sublingual; SBP, systolic blood pressure; BP, blood pressure;
ACE, angiotensin-converting enzyme; MI, myocardial infarction. (Modified from Antman EM, Anbe
DT, Armstrong PW, et al. American College of Cardiology; American Heart Association Task Force
on Practice Guidelines; Canadian Cardiovascular Society. ACC/AHA guidelines for the management of
patients with ST-elevation myocardial infarction: a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines [committee to revise the 1999 Guidelines for the
Management of Patients with Acute Myocardial Infarction]. Circulation. 2004;110[9]:e82–292.)
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FIGURE 120.13. Mortality of medi-
cal stabilization vs. emergency revas-
cularization by percutaneous coro-
nary intervention (PCI) in ST eleva-
tion myocardial infarction (STEMI)
patients with shock. (Modified from
Hochman JS, Sleeper LA, Webb JG,
et al.; SHOCK Investigators. Early
revascularization in acute myocardial
infarction complicated by cardiogenic
shock. N Engl J Med. 1999;341:625–
634.)

younger than 75 years with ST elevation left bundle branch
block acute MI in their revised guidelines for the management
of acute MI (1).

A large observational study of patients hospitalized with
acute MI suggests that over the last 10 years, there has been
a relatively stable rate of acute MI complicated by cardiogenic
shock, but there has been a decline in the associated in-hospital
mortality rate for hospitals with revascularization capability
(126). There was a significant increase in total and primary
PCI rates. Primary PCI also was independently associated with
a reduction in the odds of death during hospitalization even
after adjustment with the propensity score. There were low
and unchanging rates of IABP use, while fibrinolytic therapy
use diminished over time (126,127).

Ot he r Possib le In-hosp it al Comp licat ions

Mit ral Re g urg it at ion
In a community-based study, mitral regurgitation was present
in a remarkable 50% of 773 patients who underwent Doppler
echocardiographic examination within 30 days of MI. After
a mean follow-up of 4.7 years, a graded positive association
was observed between the severity of mitral regurgitation and
CHF or death (128). Subsequent echocardiographic and early
invasive studies demonstrated the prognostic significance of
even mild mitral regurgitation after an acute MI (129).

De e p Ve in Thromb osis and Pulmonary Emb olism
These complications are now relatively uncommon after MI,
except in patients kept in bed for comorbidities or compli-
cations of MI. When they occur they should be treated with
therapeutic doses of LMWH, followed by oral anticoagulation
for 3 to 6 months.

Int rave nt ricular Thromb us and Syst e mic Emb oli
Echocardiography may reveal intraventricular thrombi, espe-
cially in patients with a large anterior MI. If the thrombi are
mobile or protuberant, they should be treated initially with
intravenous UFH or LMWH and subsequently with oral anti-
coagulants for at least 3 to 6 months.

Pe ricard it is
Acute pericarditis may complicate MI and is associated with
a worse outcome. It gives rise to chest pain that may be mis-
interpreted as recurrent MI or angina. The pain is, however,
distinguished by its sharp nature, and its relationship to pos-
ture and respiration. The diagnosis may be confirmed by a
pericardial rub. If the pain is troublesome, it may be treated
by high-dose oral or intravenous aspirin, nonsteroidal anti-
inflammatory agents, or steroids. A hemorrhagic effusion with
tamponade is uncommon, is especially associated with antico-
agulant treatment, and may usually be recognized echocardio-
graphically. Treatment is by pericardiocentesis if hemodynamic
embarrassment occurs.

Lat e Ve nt ricular Dysrhyt hmias
Ventricular tachycardia (VT) and ventricular fibrillation (VF)
occurring on the first day have a low predictive value for re-
curring dysrhythmias. Dysrhythmias developing later are li-
able to recur and are associated with a high risk of death. VT
or VF during the first week postinfarction is associated with
more extensive myocardial damage; a careful assessment of
coronary anatomy and ventricular function should always be
undertaken. If it is probable that the arrhythmia is induced by
ischemia, revascularization by PCI or surgery should be consid-
ered. If this is unlikely, a variety of therapeutic approaches are
available, which are, as yet, inadequately researched. These in-
clude the use of β -blockers, amiodarone, electrophysiologically
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guided antidysrhythmic therapy, and/or insertion of an im-
plantable converter defibrillator.

Post infarct ion Ang ina and Ische mia
The routine use of elective PCI following fibrinolytic therapy
has been compared with a conservative approach in several
randomized trials. It may be concluded that routine PCI in
the absence of spontaneous or provocable ischemia does not
improve LV function or survival (130,131). In treating angina
or recurrent or inducible ischemia, however, whether due
to reocclusion or to a residual stenosis, revascularization by
PCI or CABG has a definite role (130). It may also be of
value in managing dysrhythmias associated with persistent
ischemia. CABG surgery may be indicated if symptoms are
not controlled by other means or if coronary angiography
demonstrates lesions, such as left main stenosis or three-vessel
disease with poor LV function, for which surgery improves
prognosis.

Rig ht Ve nt ricular Infarct ion
Right ventricular infarction encompasses a spectrum of dis-
ease states ranging from asymptomatic mild RV dysfunction
through cardiogenic shock. Most patients demonstrate a return
of normal RV function over a period of weeks to months, which
suggests that RV stunning, rather than irreversible necrosis,
has occurred. In this sense, RV ischemia can be demonstrated
in up to half of all inferior STEMIs, although only 10% to
15% of patients show classic hemodynamic abnormalities of
clinically significant RV infarction (132,133). Right ventricular
infarction with hemodynamic abnormalities accompanying in-
ferior STEMI is associated with a significantly higher mortality
(25% –30% ) and thus identifies a high-risk subgroup of pa-
tients with inferior STEMIs (6% ) who should be considered
high-priority candidates for reperfusion (132). One group of
investigators reported a 31% in-hospital mortality rate in pa-
tients with inferior STEMIs complicated by RV infarction com-
pared with 6% in patients who had an inferior STEMI without
RV involvement (131). An analysis of patients with predom-
inant RV infarction and cardiogenic shock from the SHOCK
trial registry demonstrated an unexpectedly high mortality rate
similar to that for patients with LV shock (53.1% vs. 60.8% )
(134).

The treatment of patients with RV ischemic dysfunction is
different and, in several ways, diametrically opposed to man-
agement of LV dysfunction. It includes early maintenance of
RV preload, reduction of RV afterload, inotropic support of the
dysfunctional RV, and early reperfusion (135). Because of their
influence on preload, drugs routinely used in management of
LV infarctions, such as nitrates and diuretics, may reduce car-
diac output and produce severe hypotension when the RV is
ischemic. Indeed, a common clinical presentation is profound
hypotension after administration of sublingual nitroglycerin,
with the degree of hypotension often out of proportion to the
ECG severity of the infarct. Volume loading with normal saline
alone often resolves in patients with RV ischemia/infarction
(136).

Although volume loading is a critical first step in the man-
agement of hypotension associated with RV ischemia/infarc-
tion, inotropic support—in particular, with dobutamine—
should be initiated promptly if cardiac output fails to improve
after 0.5 to 1 L of fluid has been administered. Excessive volume
loading may further complicate the right-sided filling pressure

increase and RV dilatation, resulting in decreased LV output
(136,137) secondary to shift of the interventricular septum to-
ward the LV.

INDICATIONS FOR
HEMODYNAMIC MONITORING

It is important to accurately assess the severity of left ventricu-
lar dysfunction because maneuvers performed in the coronary
care unit may worsen this state. More than half of the patients
with a moderate reduction in resting cardiac output and an in-
crease in left ventricular filling pressure have no clinical signs
of left ventricular dysfunction. Clinical evaluation frequently
does not identify patients with low cardiac output who have
normal chest radiographs and physical examinations. How-
ever, correlation of the chest radiograph and clinical evaluation
with hemodynamic measurements have demonstrated that the
presence of cardiomegaly, gallop rhythms, and pulmonary
edema may help predict which patients with MI will develop
shock (138–140).

There is an unfortunate tendency to institute potent ther-
apeutic measures in patients with myocardial infarction be-
fore precise hemodynamic indices are known. Intravenous
furosemide, for example, may create a decline in pulmonary
artery occlusion pressure (PAOP) without compromising the
cardiac output if ventricular filling pressures are elevated and
there is pulmonary congestion. However, if the clinical diagno-
sis of CHF is incorrect and the PAOP is normal, diuretic therapy
may actually decrease the cardiac output and cause deteriora-
tion of an already compromised myocardial flow reserve. This
can be particularly detrimental in patients who present with
RV infarction.
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CHAPTER 121 ■ EVALUATION AND
MANAGEMENT OF HEART FAILURE
JAMES E. CALVIN, Jr. r STEPHANIE H. DUNLAP

Heart failure is a complex syndrome physiologically character-
ized as low cardiac output leading to inadequate blood supply
of tissues and vital organs. No matter the etiology, damage to
the cardiocytes starts a complicated neurohormonal cascade
that causes poor renal perfusion, leading to stimulation of the
renin–angiotensin–aldosterone system and elevated levels of
circulating catecholamines. These compensatory mechanisms
lead to sodium and water retention and tachycardia that may
cause pulmonary, hepatic, and splenic congestion, as well as
peripheral and splanchnic bed constriction. The patient may
experience symptoms such as dyspnea on exertion, lower ex-
tremity edema, early satiety, paroxysmal nocturnal dyspnea,
fatigue, dizziness, and/or syncope.

Heart failure is a serious public health concern in the United
States and other industrialized countries. It continues to in-
crease in incidence and prevalence, with a prevalence of 5
million Americans having the syndrome in 2003 and with
an incidence 550,000 new persons diagnosed annually (1).
These derangements lead to frequent hospitalizations, total-
ing 1,093,000 hospital discharges (2) and 3.4 million visits
to physicians, emergency departments, and hospital outpatient
departments annually (3). The mortality rate remains high
despite complex and expensive medical regimens, with self-
assessment of the patient’s quality of life rated as poor. The
Framingham Heart Study now has 44 years of follow-up and,
based upon these data, heart failure incidence approaches 10
per 1,000 population after age 65 (1). The lifetime risk for de-
velopment of symptomatic heart failure is one in five for both
men and women (4). The lifetime risk for heart failure is dou-
bled for both sexes with blood pressure greater than or equal
to 160/100 mm Hg compared to those without hypertension.
Thus, given current demographics, cases of heart failure are
predicted to continue to rise.

Risk factors for heart failure continue to include hyperten-
sion, with 75% of heart failure cases having antecedent hyper-
tension (1). About 22% of male and 46% of female victims
of myocardial infarction (MI) will become disabled with heart
failure within 6 years of the MI (1). Diabetes mellitus is another
significant risk factor for heart failure. In women with coronary
heart disease, diabetes mellitus was found to be the strongest
risk factor for the development of heart failure. Additionally, in
this study, those with an elevated body mass index or depressed
creatinine (Cr) clearance in diabetic women were noted to be
at highest risk, with annual incidence rates of 7% and 13% ,
respectively (5). In another study of patients with heart fail-
ure, African American women with elevated body mass index
and pre-existing hypertension were the cohort with the high-
est risk for the development of heart failure (6). With regard
to mortality, deaths from heart failure based on the Interna-

tional Classification of Disease (Code 428) increased 20.5%
from 1993 to 2003. In 2003, the overall death rate for heart
failure was 19.1% . Examined by race and gender, death rates
were 20.3% for Caucasian males, 22.9% for African American
males, 18.3% for Caucasian females, and 19.0% for African
American females. Heart failure discharges from hospitals were
1,093,000 in 2003.

Heart failure is a syndrome with diverse etiologies,
anatomies, and physiologic presentations. The World Health
Organization developed classification nomenclature for the
cardiomyopathies. This nomenclature is based on anatomic
and physiologic findings: restrictive, hypertrophic, and dilated.
This chapter focuses on the dilated cardiomyopathies. The my-
ocardial muscle disease causing dilated cardiomyopathy may
be either a primary cardiocyte disorder or secondary to another
disease process. Whether primary or secondary, the hallmark
findings of dilated cardiomyopathy are a dilated left ventricle
and a low left ventricular ejection fraction. The most common
etiology of dilated cardiomyopathy (DCM) is secondary to is-
chemic heart disease. Ischemic cardiomyopathy accounts for
nearly half of all cases of DCM in the United States. All the re-
maining dilated cardiomyopathies are considered primary mus-
cle diseases. Although 75% of patients diagnosed with heart
failure have antecedent hypertension, only about 22% of pa-
tients with DCM have hypertension as the only identifiable eti-
ology (1). Nearly 25% of patients with dilated cardiomyopathy
have no pre-existing risk factors for DCM and are given the
diagnosis of idiopathic dilated cardiomyopathy. Nearly 25%
of patients with idiopathic dilated cardiomyopathy have a fa-
milial component, likely related to abnormalities in cardiac β -
adrenergic receptors (7). Once the common etiologies are ex-
cluded, a small but important number of other causes remains,
including DCM secondary to toxins such as alcohol, anthracy-
clines, and cocaine. Endocrine diseases such as diabetes mellitus
and thyroid disease may also cause heart failure. Other pos-
sible etiologies include human immunodeficiency virus (HIV)
and Lyme disease infections, sarcoidosis, thiamine deficiency,
peripartum cardiomyopathy, hemochromatosis, and underly-
ing collagen vascular diseases.

CELLULAR DETERMINANTS OF
MYOCARDIAL CONTRACTION

The Cont ract ile Prot e ins

The interaction of the proteins actin, myosin, and the tro-
ponin complex is responsible for myocardial contraction.

1817
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A

B C

FIGURE 121.1. A schematic representation of tropomyo-
sin, troponin complex, actin, myosin, and calcium during
relaxation (A), activation (B), and contraction (C). During
relaxation, the myosin is prevented from interacting with
actin by tropomyosin. Activation by the interaction of cal-
cium with troponin C confers a configurational change in
tropomyosin allowing the interaction of myosin and actin.

Engagement of actin and myosin occurs when calcium (Ca2+ )
levels in the cytosol increase in the presence of adequate adeno-
sine triphosphate (ATP). This process is regulated by a complex
that consists of troponin C and other proteins. Troponin C con-
tains a Ca2+ -specific binding site with a variable affinity for
Ca2+ (8). This binding of Ca2+ to troponin C is regulated by
troponin I. When Ca2+ is bound to troponin C, tropomyosin—
a protein, bound to the troponin complex by troponin T, which
inhibits actin–myosin interaction in the absence of troponin
C—undergoes a conformational change, allowing for actin–
myosin interaction and contraction (Fig. 121.1).

Removal of Ca2+ from the cytosol results in dissociation
from troponin C, with subsequent cessation of actin–myosin
cross-linkage. This event signals the end of contractile activity
and the start of relaxation—a process known as inactivation
(9).

Calcium and Cyclic
Ad e nosine Monop hosp hat e

Alterations in the delivery, use, and myofibrillar sensitivity to
Ca2+ and removal of Ca2+ from the myofibril and the myocyte
cytosol constitutes the biologic basis for the vast majority, if not
all, of the abnormalities in both contractility and relaxation.
Entry of Ca2+ from extracellular locations occurs through ei-
ther voltage-dependent, gated “slow channels” activated by
membrane depolarization or via sodium–calcium (Na+ –Ca2+ )
exchange across the sarcolemma. In addition, elevated levels
of cyclic adenosine monophosphate (cAMP), the major in-
tracellular second messenger, causes increased Ca2+ influx by
recruitment of additional voltage-dependent channels on the
sarcolemma, previously dormant. This is accomplished by
cAMP-mediated transfer of phosphates to phospholamban, a
protein linked to the voltage-gated channels. This Ca2+ , rather
than participating directly in activation of contraction, causes
release of Ca2+ from the sarcoplasmic reticulum (SR) (10),
termed Ca2 -dependent Ca2+ release. The Ca2+ released from
the SR binds to troponin with subsequent contractile activity
(Fig. 121.2).

Altered Ca2+ kinetics are responsible for the increases in
contractility observed in other circumstances. The increased
contractility of postextrasystolic beats (11,12), increased heart
rate (HR) (13,14), and, during pharmacologic manipulation
with cardiac glycosides, phosphodiesterase inhibitors (15),
sympathomimetic amines (14), and caffeine (16) are dependent
on changes in intracellular Ca2+ and/or cAMP levels.

Absolute blood Ca2+ levels—by raising cytosolic Ca2+ levels
(17)—and hormonal changes such as hyperthyroidism increase
contractility (18,19) secondary to increased troponin C affinity
for Ca2+ , increased ATPase activity with concomitant increased
cAMP levels, and changes in intracellular Ca2+ handling.

Individual muscle units in the failing and hypertrophied ven-
tricle have been found to have depressed function (20). The my-
ocardial depression accompanying anoxia (21), acidosis (22),
hypothyroidism (18), barbiturate use, administration of local
and general anesthetics, Ca2+ antagonists (23), and ischemia
(24) all result from abnormalities in the Ca2+ -dependent mech-
anisms described here.

CELLULAR DETERMINANTS
OF RELAXATION

Just as abnormalities of contraction have as their cellular basis
derangements of Ca2+ handling, so too does relaxation. Cessa-
tion of the inward Ca2+ current—or inactivation—by closure
of voltage-limited channels of the sarcolemma begins the pe-
riod of relaxation, with the rate and extent of Ca2+ removal
affecting the rate and extent of relaxation. As alluded to ear-
lier, inactivation signals the end of actin–myosin interaction.
However, this single term does not adequately describe the in-
terplay of processes that are occurring at the cellular level to
facilitate relaxation. The SR Ca2+ pump, in the presence of
adequate ATP, pumps Ca2+ into the SR from the cytosol. Phos-
pholamban, a protein within the SR, when phosphorylated by
cAMP-dependent mechanisms, results in increased SR uptake
of Ca2+ by the reticulum Ca2+ ATPase (SERCA) (16,25). This is
noted to occur primarily after adrenergic stimuli. In addition,
the Na+ –Ca2+ exchange pump—also requiring ATP—allows
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FIGURE 121.2. The role of calcium in excitation and contraction in the human myocyte. During depo-
larization, Ca2+ enters from the extracellular space through the voltage-dependent, gated slow channel,
the so-called L-type channel. This entry is facilitated by β -receptor stimulation of a protein receptor,
which in turn stimulates adenyl cyclase (AC) producing cyclic adenosine monophosphate (cAMP) and
phosphorylation of the calcium channel. However, this intrusion of calcium into the cell does not mod-
erate the interaction of actin and myosin. Rather, it acts as a trigger for the release of calcium from the
sarcoplasmic reticulum through the Ca2+ release or ryanodine receptor channel. During repolarization,
the sarcoplasmic reticulum (SR) Ca2+ ATPase (SERCA) mediates the uptake of cytosolic calcium into the
SR. cAMP-mediated phosphorylation of phospholamban prevents the inhibition by phospholamban of
SERCA activity. The Na–Ca2+ exchange pump is the dominant mechanism of Ca2+ extrusion out of the
cytosol into the extracellular space.

the efflux of Ca2+ into the extracellular space from the
cytosol (Fig. 121.2). The affinity of myofibrils for Ca2+

also affects relaxation. As the myofibril shortens, its affinity
for Ca2+ decreases, limiting Ca2+ effects (26). All of these
mechanisms will be facilitated or inhibited by drugs or neu-
rohumoral factors.

The process of relaxation has been extensively studied in
DCM, left ventricular (LV) hypertrophy, ischemia, and hyper-
trophic cardiomyopathy (HCM). Impairment of relaxation in
these patients occurs secondary to increased levels of Ca2+

within the myocyte in diastole (27,28), owing to diminished
function of the SR uptake pump, decreased expression at the
genetic level for this pump as evidenced by decreased mRNA
levels (29), decreased phospholamban activity (30) and levels of
phospholamban mRNA (31), down-regulation or uncoupling
of β receptors (32,33), and inhibition of β -receptor function
via G-protein inhibition (34).

MEDIATORS OF CONTRACTILITY
Various mediators, acting independently by linking stimulated
α , β , or acetylcholine receptors to intracytoplasmic enzyme sys-

tems, alter the contractile state of the myocardium. The best
characterized of these systems, the guanine nucleotide regula-
tory proteins (35,36), are coupled to β , α , and acetylcholine
receptors, and possibly to receptors for nitric oxide and en-
dothelins.

β Re ce p t ors and Guanine Nucle ot id e
Re g ulat ory Prot e ins

As alluded to earlier, adrenergic stimulation of cardiac my-
ocytes is a very important regulator of both Ca2+ influx and
cAMP levels within the cell (Fig. 121.2) (37). The predominant
(β ) receptor of myocytes, when stimulated, increases the manu-
facture of cAMP. Via the mechanisms previously described, this
action, in turn, results in increased Ca2+ influx. Ca2+ chan-
nels that are under the influence of β -receptor–mediated in-
creases in cAMP are known as “receptor-operated channels”
(38). Stimulation of β receptors on the cell surface results in
activation of adenylate cyclase (AC) and subsequent increases
in cAMP levels. This results in increased Ca2+ influx, with re-
sultant increases in contractile force. The coupling between β
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receptors and AC occurs through guanine cyclic nucleotides,
also known as G proteins (39). G proteins have both stimu-
latory and inhibitory influences on AC. The G-protein com-
plex (GPC) in its active form contains guanosine triphosphate
(GTP). When present, this protein “couples” the β receptor to
AC, and when β -receptor adrenergic stimulation occurs, results
in the formation of cAMP and subsequent increases in intracel-
lular calcium. The GPC is capable of degrading its bound GTP
to guanosine diphosphate (GDP) when β -receptor stimulation
ceases, thereby no longer stimulating AC (40). G proteins also
have a pivotal role in stimulation of cardiac contractility by α-
receptor stimulation via a cAMP-independent mechanism (41),
which results in increased contractility within a single heart-
beat. cAMP-dependent mechanisms have demonstrated delays
in response of 2 to 20 seconds, as opposed to G-protein path-
way delays in response of 150 msec. This allows alterations in
Ca2+ flux within a single heartbeat, explaining the observed
phenomenon of increased contractility immediately after in-
creased sympathetic stimulation.

Inhibitory G proteins, when activated by stimulating acetyl-
choline receptors, have been shown to inhibit Ca2+ influx
(42). This has been demonstrated to occur via a cyclic guano-
sine monophosphate (cGMP)-mediated mechanism. A cGMP
system, similar to the cAMP system outlined earlier, acti-
vates cGMP protein kinase (cGMP-PK), which inhibits cal-
cium inward currents previously stimulated by cAMP (43).
Additionally, cGMP-mediated inhibition of Ca2+ channels has
been demonstrated not to be a result of cAMP hydrolysis
or a result of inhibition of cAMP-PK, but a direct effect of
cGMP-PK.

In addition to changes in receptor function, molecular al-
terations in β -receptor production in various disease states
have been shown to occur. In dilated cardiomyopathies, both
β 1-receptor mRNA and absolute receptor levels were found
to be depressed (32). At the same time, β -receptor kinase
(βARK) levels were elevated. βARK, the molecule responsible
for the phosphorylation of β -adrenergic receptors, is elevated
when β receptors are dysfunctional (uncoupled). This may
provide an explanation for the catecholamine insensitivity ob-
served in failing hearts as well as after cardiopulmonary bypass
(44).

Nit ric Oxid e

Nitric oxide (NO) has been shown to affect cardiac contractil-
ity. It has been found in many tissue types, including ventricular
myocytes, where its physiologic effects are mediated via cGMP.
Cholinergic myocardiac depressant effects, as evidenced by in-
hibition of the effect of the muscarinic agonist carbachol, were
inhibited by antagonists of NO (methylene blue and oxyhe-
moglobin) as well as by L-arginine (the natural substrate of
NO synthesis analogs), which inhibits NO. In addition, the
positive inotropic action of the β agonist isoproterenol is en-
hanced by NO inhibition. These data indicate that the effect
of NO is to activate the inhibitory receptor cyclic nucleotide
interaction via cGMP mechanisms.

Nitric oxide has been implicated in the myocardial response
to sepsis. It has been well documented that myocardial de-
pression in septic shock occurs secondary to a yet undefined
substance. One potential substance, tumor necrosis factor-α

(TNF-α), has been shown in vitro to depress the activity of
spontaneously beating rat cardiomyocytes in tissue culture.
Inhibition of NO synthesis by N-methyl-L-arginine (NMA)
blocked TNF-induced cardiomyocyte depression (45). Addi-
tionally, methylene blue, an inhibitor of guanylate cyclase (46),
prevented TNF-induced cardiomyocyte depression.

Although the cellular mechanisms of the depression noted
in septic myocardium have not been well characterized, it may
be due to alterations in Ca2+ handling. Abnormalities of β -
receptor function as measured by decreased levels of cAMP in
peripheral lymphocytes in septic patients have been elicited, as
well as possible abnormalities in septic patients (47). The ex-
act cellular level of this defect, whether this abnormality of β -
receptor function is receptor down-regulation or reduced tran-
scription of β -receptor genes, has yet to be determined.

End ot he lin

Endothelin-1, a 21-amino acid vasoconstrictor peptide released
from the vascular endothelium, was isolated by Yanagisawa
et al. in 1988 (48). Since that time, four additional isoforms
and a closely related substance, vasoactive intestinal contractor
(VIC), have been isolated. These substances have been found
ubiquitously in mammalian tissues. Their intracardiac site of
genesis is unknown, but is believed to be the endothelium of
the coronary arteries and microvasculature. Various vasodila-
tor and vasoconstrictor substances released from the vascular
endothelium alter blood flow and, in this way, indirectly af-
fect cardiac contractility (49). Of these locally elaborated para-
crine substances, the endothelins have been most extensively
studied.

High-affinity receptors for endothelins in mammalian atria
and ventricles have been isolated. In vitro, these substances
have been shown to be potent vasoconstrictors and positive in-
otropes, acting via a yet incompletely defined mechanism. Kelly
et al. (50) demonstrated that at constant cytosolic Ca2+ levels
using the Ca2+ -specific intracellular probe Fura-2, endothelins
cause marked increases in the contractility of isolated rat ven-
tricular myocytes. This observation suggests that endothelins
may sensitize the myofibrils to calcium, although this finding
has not been duplicated by others.

As previously discussed, an increase in intracellular pH re-
sults in increased myofibrillar sensitivity for Ca2+ , thereby in-
creasing contractility. Endothelin causes an increase in intra-
cellular pH, with a subsequent increase in contraction when
studied in rat ventricular myocytes. This effect is completely
inhibited by pretreatment with amiloride, which inhibits Na+ –
H + exchange across the sarcolemmal membrane and, hence,
prevents increases in intracellular pH (51). Furthermore, the
effect of endothelin appears to be mediated via G proteins par-
ticipating in signal transduction after binding of endothelin to
its sarcolemmal receptor.

THE CELLULAR BASIS
OF HEART FAILURE

Heart failure, either acute or chronic, results from loss of my-
ocytes or loss of intrinsic contractility within individual
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myocytes. Several functional abnormalities involving
excitation–contraction coupling of contractile proteins within
myocytes and myocardial energetics have been identified.

The importance of Ca2+ in the regulation of myocardial con-
traction cannot be overstated. Evidence has mounted about the
role of disturbances in calcium handling in heart failure (52–
58). Prolonged elevation of Ca2+ concentration intracellularly
is apparent in heart failure. Furthermore, there is a blunted
rise of depolarization, causing slower activation and a slower
rate of fall during repolarization. This is likely mediated via the
impaired reuptake of calcium into the sarcoplasmic reticulum
because Ca2+ –adenosine triphosphatase activity (SERCA2) is
reduced. The activity of SERCA2 activity is inhibited by
phosphorylation of phospholamban through cAMP stimulated
by β -adrenergic receptors.

The calcium release channel (CRC) of the sarcoplasmic
reticulum mediates release of Ca2+ from the SR into the cy-
tosol during contraction and is critical for activation of the
contractile elements. It now appears that the CRC is hyper-
phosphorylated by protein kinase A in heart failure, resulting
in a high rate of Ca2+ leakage from the SR (59) throughout
the cardiac cycle. Other abnormalities identified in heart fail-
ure include increased activity in the Na+ –Ca2+ exchanger, per-
haps as a compensation for reduced SERCA2, and decreased
mRNA and protein levels of the voltage-dependent Ca2+

channel.

Cont ract ile Pro t e in Alt e rat ion
in t he Failure He art

Considerable data now exist (60,61) demonstrating alterations
in contractile proteins in heart failure. Both myosin heavy and
light chains have been demonstrated to revert to fetal pheno-
types in chronic heart failure. In addition, troponin I and T
have also been shown to revert to fetal phenotypes.

Re g ulat ion of Int e rst it ia l Collag e n

Collagen provides stents along which myocytes are aligned.
The quantity and nature of the collagen in the extracellular
matrix (ECM) are determined by the balance between synthe-
sis and degradation. The latter is regulated by matrix metallo-
proteinases (MMPs) (62,63). In heart failure, there appears to
be a maladaptation of collagen stents, perhaps mediated by in-
creased activity of MMPs. Paradoxically, in hypertension and
pressure overload, an increase in interstitial collagen has been
noted.

Ad ap t at ions t o Chang e s in Load
or Myocard ial Injury

In situations where an excessive load is placed on either ventri-
cle, or where an injury has occurred that depresses myocardial
contraction, the ventricle (14) can adapt to maintain cardiac
output by doing the following:

1. Increase ventricular preload (so-called Frank Starling effect)
(Fig. 121.3) (64)

2. Activation of neurohumeral systems such as the renin–
angiotensin–aldosterone system (65)

3. The release of norepinephrine (66)
4. Myocardial remodeling via chamber dilatation and augmen-

tation of myocardial mass (67)

The first adaptation increases cardiac output by increasing
preload (end-diastolic pressure and volume). The second in-
creases blood volume and blood pressure by increasing periph-
eral vascular resistance. The third attempts to increase con-
tractility by shifting the Frank-Starling curves upward, and
the fourth enhances contractility by restoring the number of
contractile units. The next effect of these adaptations is main-
tenance of cardiac output and blood pressure in the face of

Normal Contractility

Depres s ed Contractility

End Dias to lic  Volume

St
ro

ke
 V

ol
um

e

Frank Starling  Relations hip

FIGURE 121.3. Typical Frank-Starling curves for normal and depressed
myocardium. For a given end-diastolic volume, stroke volume is de-
creased with depressed contractility.
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increased afterload (peripheral vascular resistance [PVR]) at
the expense of increasing ventricular dilatation.

Myocardial remodeling takes longer to develop and there
are two distinct patterns (67,68): (a) concentric hypertrophy
(increased mass without ventricular dilatation) and (b) eccen-
tric hypertrophy (increased mass and ventricular dilatation)
(69). Concentric hypertrophy usually occurs in response to
pressure overload, and is characterized by parallel replication
of myofibrils and thickening of individual myocytes. Eccentric
hypertrophy occurs in response to volume overload, leading
to increased diastolic stress with a series replication of sarco-
meres, elongation of myocytes, and ventricular dilatation. In
both of these cases, wall stress is returned toward normal, at
least initially. There appears to be differences in patterns of
gene activation for several peptide growth factors.

At the cellular level, there is an increase in the number of
mitochondria, an increase in cell size, and an increase in the
amount of collagen within the extracellular matrix. When the
injury or stress exceeds the ability of these adaptive mechanisms
to compensate, myocardial contractility decreases. The transi-
tion from a compensated state to failure involves the following
processes:

1. Inadequate hypertrophy to maintain contractility
2. Re-expression of fetal genes and decreased expression of

adult genes (70)
3. Alteration in proteins involved in excitation–contraction

coupling
4. Myocardial death by necrosis or apoptosis (71)
5. Changes in myocardial energetics

Ne urohormonal Ab normalit ie s in He art Failure
When low cardiac output occurs, renal perfusion pressure
is decreased. This causes stimulation of renin in the juxta-
glomerular apparatus. Renin is then converted in the kidney to
angiotensinogen, and then to angiotensin I. Angiotensin I is
released into the circulation and is converted in the lung by
angiotensin-converting enzyme to angiotensin II, a potent vaso-
constrictor. A major breakthrough in therapeutic options for
heart failure was the discovery of this enzyme system that then
led to pharmaceutical development of angiotensin-converting
enzyme inhibitors to interrupt this pathway. Another major
breakthrough was the realization that other enzymes, located
in the myocardium, could cleave the decapeptide angiotensin
I into the octapeptide angiotensin II. These enzymes are chy-
mase, CAGE, and cathepsin G. This discovery cemented the
idea that the heart was a neuroendocrine organ. The potent
vasoconstrictor effects of angiotensin II were part of the car-
diovascular system’s compensatory mechanisms: angiotensin II
increased renal perfusion pressure.

Elevated levels of aldosterone are also seen in patients with
left ventricular systolic dysfunction. Stimulation of renin and
angiotensin II leads to increased production of aldosterone by
the adrenal gland. Additional mechanisms of increased aldos-
terone levels are decreased hepatic clearance of the hormone
as well as stimulation by sodium-restricted diets. Since ele-
vated aldosterone levels lead to sodium and water retention,
plasma volume is increased. Low cardiac output also causes the
adrenal gland to produce more norepinephrine. Elevated lev-
els of circulating catecholamines in patients with heart failure
have been shown to have prognostic significance, with higher
norepinephrine levels predicting higher mortality (72). With

increased levels of norepinephrine, heart rate is increased, thus
aiding in maintenance of cardiac output since:

CO = SV × HR

where CO = cardiac output, SV = stroke volume, and HR =
heart rate.

Elevated levels of norepinephrine, angiotensin II, and al-
dosterone result in maladaptive changes in LV structure. These
neurohormones lead to dilatation of the left ventricle as well as
changes in cardiocyte architecture, collagen type and content,
and β -adrenergic receptor abnormalities. Collectively, these
changes in LV architecture are known as remodeling. Com-
plex signaling pathways have been shown to activate cellu-
lar responses during hypertrophy of cardiocytes in vivo. These
include accumulation and assembly of contractile proteins, in-
crease in size of cardiocytes, and expression of embryonic genes
resulting in eccentric hypertrophy. Eccentric hypertrophy is
found in DCM and is a result of contractile protein units being
assembled in series, rather than in parallel, as seen in concentric
hypertrophy. Scientific advances that have led to this knowl-
edge were achieved by first identifying mutant genes, such as
those that cause familial idiopathic cardiomyopathy, then being
able to culture cardiocytes, followed by studying genetically en-
gineered animals. Factors that led to the hypertrophic response
include growth factors, peptides, and cytokines, with the most
comprehensively studied substances being insulin growth fac-
tor I, angiotensin II, endothelin, and those that activate a form
of GTP-binding protein (ras) signaling pathways, cytokines in-
cluding interleukin-6, and heteromeric (Gq) (70).

The presence of these neurohormones in abnormal amounts
has been intensively studied. These substances are produced as
part of compensatory mechanisms used to alleviate the adverse
effects of low cardiac output. The vasoconstrictors include en-
dothelin and angiotensin II. These are the two strongest intrin-
sic vasoconstrictors discovered in humans, with endothelin be-
ing the most potent. Vasoconstrictors aid the failing ventricle by
keeping perfusion pressure up. Another compensatory mech-
anism is stimulation of aldosterone. Increased production of
aldosterone results in the kidney retaining sodium—and thus,
water—in exchange for increased secretion of potassium, re-
tention of sodium and water, and increased plasma volume.
Other adverse effects of this compensatory release of aldos-
terone include vascular and myocardial fibrosis, baroreceptor
dysfunction, and prevention of myocardial norepinephrine up-
take. In response to decreased renal perfusion pressure, arterial
baroreceptors are activated, leading to nonosmotic stimulation
of arginine vasopressin from the supraoptic nucleus of the hy-
pothalamus. This increase in arginine vasopressin stimulates
both V1a vascular smooth muscle receptors and V2 receptors
on the collecting duct. In the collecting duct, the V2 receptor
stimulation activates the adenylate–cAMP pathway, increas-
ing the aquaporin-2 water channel trafficking, which leads to
increased water reabsorption and hyponatremia. The adrenal
gland also produces more norepinephrine in response to low
cardiac output, which results in an increase in heart rate, ini-
tially a compensatory mechanism to increase cardiac output.
However, when β -adrenergic receptors have prolonged expo-
sure to norepinephrine, they become down-regulated. The first
response to prolonged exposure is for the β -adrenergic recep-
tor to migrate into the cell membrane. As exposure contin-
ues, it is then transported intracellularly and becomes phago-
cytized (73), as was shown by Bristow et al. by performing
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endomyocardial biopsies of patients with systolic heart fail-
ure. This group noted that there were fewer β -adrenergic re-
ceptors in patients with heart failure and that the β recep-
tors that were present were less responsive to isoproterenol, a
β -adrenergic agonist (73). Mann et al. found that cultured car-
diac myocytes exposed to norepinephrine first began to con-
tract normally and then, after prolonged exposure, became irre-
versibly hypercontracted and cell viability decreased over time
(74). Thus, with low cardiac output, a variety of neurohor-
mones are produced in abnormal amounts, leading to left ven-
tricular remodeling, apoptosis, resting tachycardia, β -receptor
down-regulation, arrhythmias, increased systemic vascular re-
sistance (elevated afterload), and edematous states (increased
preload).

Another group of neurohormones produced in response to
the failing heart has been determined to be beneficial. These
include the natriuretic peptides made in response to left ven-
tricular dilatation, especially brain natriuretic peptide (BNP).
This hormone has natriuretic and vasodilatory properties that
are beneficial in patients with heart failure, their function being
an attempt to counteract the deleterious effects of aldosterone
and angiotensin II. Levels of BNP are elevated in patients with
heart failure, compared to those with normal LV function. Ad-
ditionally, data suggest that BNP levels are more elevated as
the patient becomes more symptomatic—that is, as the New
York Heart Association Functional Class increases—and levels
may be more elevated when patients present in decompensated
heart failure compared to their compensated state. Despite ele-
vated BNP production, the patient may continue to deteriorate,
the current explanation being that BNP is rapidly overwhelmed
by more potent vasoconstrictor substances present in the heart
failure milieu.

Other substances with vasodilatory properties include
bradykinin, nitric oxide, and prostaglandins. One mechanism
for vasodilatation with angiotensin-converting enzyme (ACE)
inhibitors is that degradation of bradykinin is inhibited by ACE
inhibitors, since kininase, the enzyme that degrades bradykinin,
is also known as angiotensin-converting enzyme. Cytokines are
also produced in abnormal amounts, including interleukins and
TNF-α . Once LV dysfunction is present, the overexpression of
these compounds contributes to the progression of heart fail-
ure, promoting LV dilatation and remodeling. Moreover, ele-
vated TNF-α levels are found in patients with advanced heart
failure, and a trend toward higher mortality with higher TNF-α
levels was found in an analysis of the Studies of Left Ventricular
Dysfunction (SOLVD) trial (75,76).

Re mod e ling
Remodeling is a complex process in response to either acute or
chronic injury to cardiocytes. The term encompasses LV dilata-
tion, eccentric hypertrophy, apoptosis (programmed cell death
not secondary to ischemia), changes in valvular structure, and
arrhythmias. Increases in left ventricular end-diastolic and end-
systolic dimensions occur, as well as increased size at the cellu-
lar level with cardiocytes developing increased cell volume and
eccentric hypertrophy. White et al. (77) found that the most
potent predictor of death following acute myocardial infarc-
tion was end-systolic volume and, in a multivariable model,
was more potent than the extent of coronary artery disease.
With the increase in chamber size, LV geometry is also altered,
with the left ventricle losing its elliptical shape and developing
a more spherical shape. The more spherical LV has been asso-

ciated with higher end-systolic wall stress and abnormal distri-
bution of fiber shortening (78). Additionally, one small study of
patients with idiopathic dilated cardiomyopathy found poorer
survival in those that had developed a more spherical ventricle
and more uniform distribution of afterload (79).

Mitral regurgitation frequently accompanies LV remodel-
ing. This occurs due to misalignment of papillary muscles and
the subvalvular structures, as well as distortion at the mitral
annulus secondary to LV enlargement. Left atrial enlargement
and pulmonary venous hypertension are frequent sequelae of
mitral regurgitation. Electrocardiographic abnormalities and
arrhythmias are also common problems in patients with heart
failure. These include left bundle branch block, P-R interval
prolongation, atrial flutter and atrial fibrillation, and ventricu-
lar tachycardia. Development of atrial fibrillation is frequently
seen in patients with decompensated heart failure and, in a
chicken and egg type phenomenon, may either cause the de-
compensation or may occur as a result of the decompensa-
tion. Syncope, an ominous predictor for sudden cardiac death,
may be secondary to ventricular tachycardia or atrial arrhyth-
mias, with rapid ventricular response. Any patient, present-
ing with syncope should have a thorough investigation for its
etiology.

Given that LV remodeling is a harbinger for poor out-
comes, attempts to delay or reverse the remodeling process have
become therapeutic targets for altering the outcome and im-
proving survival in patients afflicted with heart failure. The
Cooperative Northern Scandinavian Enalapril Survival (CON-
SENSUS) (80) and SOLVD Treatment trials (75,76) determined
that therapy with enalapril improved survival in patients with
pre-existing mild to moderate and advanced heart failure, most
likely by its impact on angiotensin II production. The Survival
and Ventricular Enlargement (SAVE) trial (81) revealed that
patients surviving myocardial infarction with resultant left ven-
tricular enlargement—but not clinical heart failure—had better
survival with the ACE inhibitor, captopril. Additionally, those
patients receiving captopril had less morbidity and mortality
secondary to cardiovascular events and less recurrent myocar-
dial infarctions. The SOLVD Prevention trial showed that ther-
apy with the ACE inhibitor, enalapril, delayed development of
heart failure symptoms and decreased both all-cause hospital-
izations and hospitalizations for heart failure, whether for pa-
tients with recent myocardial infarcts or those with pre-existing
heart failure. Trials with β -adrenergic receptor therapy, in ad-
dition to ACE inhibitor therapy, revealed that these agents were
capable of decreasing LV size and improving the ejection frac-
tion. Cardiac resynchronization of therapy has also been shown
to reverse remodeling the left ventricle.

DIASTOLIC DYSFUNCTION
IN HEART FAILURE

Left ventricular diastolic function is dependent on many fac-
tors, some intrinsic to the heart itself (e.g., the active energy-
dependent process of relaxation and material properties of the
myocardium) and some ex trinsic to the LV (e.g., pericardial
constraining forces and ventricular interaction). Furthermore,
Gilbert and Glantz (82) have suggested that relaxation can
be further divided into the ex tent of relaxation (i.e., the com-
pleteness of relaxation) and the rate of relaxation. Alterations
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in the extent, rate, or both characterize the abnormalities of
relaxation and result in characteristic hemodynamic patterns
(82).

Le ft Ve nt ricular Comp liance and
t he Diast o lic Le ft Ve nt ricular

Pre ssure –Volume Re lat ionship

A nonlinear relationship normally exists between pressure and
volume during ventricular diastole. Shifts in this relationship
are reflected either by a change in the slope of the relationship
of filling pressure and volume—stiffness of the left ventricle—
as filling volume increases (83), or by changes in either the slope
or intercept of the relationship resulting from various disease
states (82).

Ext e nt of Re laxat ion

The extent of relaxation is the major determinant of end-
diastolic volume (EDV) and end-diastolic pressure (EDP), be-
cause these are measurements made at the end of the relaxation
process. Abnormalities in extent of relaxation affect the end-
diastolic pressure–volume (P–V) relationship to the greatest ex-
tent. Abnormalities in the rate of relaxation, however, tend to
have minimal effect on the end-diastolic P–V relationship, be-
cause of the fact that they occur early in diastole and therefore
do not alter EDP and EDV to any appreciable extent.

The extent of relaxation, as stated earlier, may be viewed as
the compliance properties of the LV at the point where relax-
ation is complete (i.e., end-diastole). Alterations in the determi-
nants of this relationship, intrinsic to the myocardium, result in
shifts of the diastolic P–V curve. LV geometry (i.e., thickness,
size, and chamber dimension) in large part determines the LV
end-diastolic P–V relationship, as determined by mathematic
approximations based on Laplace’s law (82). Alterations in the
LV end-diastolic P–V relationship may occur secondary to the
change in elastic properties as the ventricle stretches during fill-
ing. Changes in the diastolic P–V relationship that depend on
the rate at which the LV deforms are known as viscoelasticity, a
property that myocardium shares with most biomaterials (84).
This property is manifest when filling rates are highest, occur-
ring during the first half of diastole, or after atrial contraction.
Stress relaxation—a decrease in the distending pressure of the
ventricle over time—or creep, a rightward shift in the dias-
tolic P–V relationship—are two experimental manifestations
of viscosity. The clinical importance of viscoelasticity has been
disputed, however.

Other dynamic changes in relaxation that occur during ven-
tricular filling are due to alterations in the elastic properties and
the rate of relaxation of the myocardium, mediated via changes
in the load sensed by the LV during relaxation. These load-
dependent relaxation phenomena cause instantaneous changes
in the LV compliance as well as in the rate of relaxation (9),
which are independent of heart rate when LV muscle is abruptly
stretched.

An additional determinant of the diastolic P–V relationship
previously alluded to is coronary vascular turgor. The effect of
this condition on the extent of relaxation is primarily through
its erectile effect on LV stiffness (85). This decreases LV diastolic

compliance by increasing LV wall volume, resulting in a higher
EDP for a given volume. This effect seems to be independent
of pericardial influences and predominates in the late diastolic
filling period, thereby influencing the extent of relaxation, al-
beit to a small degree. In addition, the constraining effect of
the pericardium and the degree of ventricular interaction affect
the extent of relaxation (discussed later in the text).

LV hypertrophy results in abnormalities of relaxation that
are characteristic of the manner in which the hypertrophy de-
veloped and of the type of hypertrophy formed (86). Eccen-
tric hypertrophy, as seen with mitral or aortic insufficiency, is
characterized by increased ventricular volume but little or no
change in elasticity. This results in little increase in pressure at
increased volumes. In contrast, concentric hypertrophy, seen
with aortic stenosis or chronic untreated hypertension (87), is
characterized by increased elastic stiffness and an elevated EDP
for a given volume. Geometrically, pressure overload or hyper-
trophy is characterized by additional myocytes in parallel with
existing cells; volume overload (eccentric hypertrophy) results
in increased length of existing myocytes. Alterations in Ca2+

metabolism, as discussed, result in elevated myocyte diastolic
Ca2+ levels. These factors account for the elevated EDP seen in
chronic pressure overload hypertrophy.

Ischemia affects the extent of relaxation as evidenced by up-
ward shift in the end-diastolic P–V relationship when myocar-
dial oxygen demand outstrips supply (88,89). Pacing-induced
ischemia after the creation of a coronary stenosis in dogs results
in such a shift in the P–V relationship at end-diastole. These
effects are independent of pericardial, right ventricular (RV), or
lung interactions, implying a change in the intrinsic myocardial
elastic properties. As previously discussed, changes in diastolic
properties secondary to changes in myocardial Ca2+ handling
(90,91), as well as in hydrogen ion accumulation (92) and re-
peated systolic stretch of the ischemia segment (93), interact to
produce the observed changes.

The changes in ventricular compliance seem to be restricted
to the region of active ischemia (93). Furthermore, uninvolved
areas show evidence of a proportional increase in regional
size and pressure—with a resultant constant diastolic P–V
relation—to maintain SV by the Frank-Starling mechanism.
Hence, during acute ischemia, the remaining normal areas of
myocardium appear to utilize the Frank-Starling mechanism
to maintain SV in compensation for the effects of abnormal
contractility or an upward shift of the regional diastolic P–V
relationship within the ischemic areas.

Rat e of Re laxat ion

The rate of relaxation, as stated earlier, results primarily in
changes in the rate of diastolic early filling (82). The determi-
nants of relaxation rate are many, and their interactions com-
plicated. Increases in heart rate and inotropy (94) result in in-
creased rates of relaxation. Alterations in end-diastolic loading
conditions result in changes in the rate of relaxation during ex-
perimental conditions (9,95). Nonuniformity of relaxation (9),
which describes a nonuniform distribution of load and electric
inactivation during diastole in space and time, results in al-
terations in the rate of relaxation. Ventricular suction, or the
ability of the ventricle to generate pressures below equilibrium
diastolic pressures, may alter the rate and extent of LV filling
(94). Finally, ischemia can alter the rate as well as the extent of
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relaxation. Resolution of ischemia results in reversal of these
changes.

EXTRINSIC INFLUENCES ON THE
DIASTOLIC PRESSURE–VOLUME

RELATIONSHIP
External loads can also profoundly influence ventricular com-
pliance properties. Specifically, the RV (96), the pericardium
(97), and the lungs (98,99) all may acutely induce shifts of
the LV diastolic P–V relationship. While not widely studied in
acute decompensated heart failure, it is likely that each of these
influences may be exerted when both ventricles are dilated and
when the lungs are hyperinflated during ventilator therapy.

The influence of the pericardium in the diastolic P–V re-
lationship is a function of both its stiffness and its ability to
constrain the entire heart (100). An increase in size of one ven-
tricle therefore causes an increase in the EDP for a given volume
(i.e., a shift upward in the P–V relationship) (Fig. 121.4). The
constraining effect of a normal pericardium is dependent on
its intrinsic compliance and how it affects LV pressures. Just
as dilatation of the RV affects the LV diastolic P–V relation
(discussed later), dilatation of the LV (i.e., a high LV filling
pressure) amplifies the pericardium’s influence. This has been
demonstrated by measurement of the diastolic P–V relation be-
fore and after removal of the pericardium (97,101). Little nor-
mal pericardial effect is observed at normal filling pressures.

In addition, the intact pericardium allows interaction be-
tween the atria and the LV as well as between the RV and LV.
The effect of left atrial (LA) pressure was approximately one-
fourth that of the RV pressure in determining the LV diastolic
pressure (102). Studies of the influence of the RV on LV com-
pliance (102–104) have demonstrated that an upward shift of
the LV diastolic P–V curve (i.e., reduced compliance) accompa-
nies RV volume increases at end-diastole (Fig. 121.4). Although
this effect is present with the pericardium open, the coupling

is much stronger when it is closed (97). Ventricular interaction
is therefore an important mechanism underlying acute reduc-
tions in LV compliance, whether the RV is enlarged as a result
of pressure or volume overload. Ventricular interaction may
also be responsible for some of the improved LV compliance
properties observed with the administration of vasoactive med-
ications that reduce volume return to the RV, such as nitrates
(105).

Alterations in LV geometry were also noted with increas-
ing pulmonary hypertension. The LV septal/free wall axis ap-
pears disproportionately reduced when compared with either
the base-to-apex or the anteroposterior axis (96,98). Acute pul-
monary hypertension induced by glass bead embolization con-
firms that upward shifts in the LV diastolic P–V relationship
occur with changes in RV afterload (i.e., a reduction in LV
compliance) and that this effect is largely mediated via a re-
duction in the LV septum to the free wall dimension and an
increase in intrapericardial pressure (98).

The Sp e cial Case of Acut e
Rig ht Ve nt ricular Failure

The established mechanisms for acute RV failure are shown in
Table 121.1. As mentioned previously, an inverse relationship
between the vascular load and stroke output has been previ-
ously demonstrated (106). Calvin et al. (98) demonstrated that
RV stroke volume was inversely related to the pulmonary in-
put resistance, which is a more precise measurement of vascular
load. In another study, it was demonstrated that tripling of the
pulmonary artery pressure (PAP) by glass bead embolism is
well tolerated by the RV, with cardiac output being maintained
by both the heart rate (chronotropic) response and the Frank-
Starling mechanism (preload reserve) (107,108). However, fur-
ther increases in PAP sufficient to decrease the cardiac output
by 20% result in a disproportionate increase in end-systolic vol-
ume compared with end-diastolic volume (i.e., stroke volume
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FIGURE 121.4. Diastolic portions of left ventric-
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control and MVI are shifted upward by increasing
right ventricular end-diastolic pressure (RVEDP),
although left ventricular end-diastolic area is re-
duced at a given RVEDP during MVI.
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TA BLE 1 2 1 . 1

CAUSES OF RIGHT VENTRICULAR FAILURE

INCREASED PRESSURE LOAD
Pulmonary embolism

Pulmonary disease (hypoxic pulmonary vasoconstriction,
destruction of pulmonary vascular bed)

Chronic airflow obstruction (emphysema, chronic
bronchitis)

Interstitial lung disease
Neuromuscular chest wall restriction

Primary pulmonary hypertension
Elevated pulmonary venous pressure

Left ventricular failure
Mitral stenosis and insufficiency

Adult respiratory distress syndrome
Positive-pressure ventilation
Pulmonic valve stenosis

INCREASED VOLUME LOAD
Atrial septal defect
Ventricular septal defect
Tricuspid valve insufficiency

DECREASED CONTRACTILITY
Ischemia

Right coronary artery occlusion
Systemic hypotension (poor right coronary perfusion)
Right ventricular contusion (chest trauma)
Mediastinal radiation
β -Blockade

and ejection fraction decrease as a result). At this particular
point, the RV is performing largely pressure work and very lit-
tle flow work. ATP and creatine phosphate levels are normal at
this point (Table 121.2). These phenomena represent evidence
of an afterload mismatch; further decreases in stroke volume
because of RV afterload mismatches are associated with ATP
and creatine phosphate depletion (Table 121.2) (109,110).

The pericardium plays a significant role in mediating a direct
interaction between the RV and the LV. As the RV dilates within
an intact pericardium, RV end-diastolic pressure increases. The
first implication of this observation is that the intrapericar-
dial pressure increases and this external pressure is exerted on
the LV and affects its distensibility (Fig. 121.4) (97,111). In
an experimental model of acute pulmonary hypertension pro-

duced by ventricular glass bead embolism, it was determined
that the LV diastolic pressure–segment length relationship was
shifted upward, indicating decreased distensibility. This effect
was found to be independent of any change in heart rate.

The second implication of these events is that the transeptal
pressure gradient decreases or, in fact, reverses. Kingma et al.,
in a model of pulmonary hypertension produced by pulmonary
artery banding, demonstrated that the septum shifts leftward,
further impairing LV filling (112) as the RV dilates and sep-
tal curvature—normally rightward—is flattened. Kingma et al.
also clearly demonstrated the inverse relationship between the
transeptal pressure gradient and the LV septal–free wall dimen-
sion.

EVALUATION AND TREATMENT
With heart failure a growing public health and economic con-
cern, rigorous and expert analysis of therapies and procedures
with attention to their risks and benefits have led to publica-
tion of guidelines by the Heart Failure Society of America, joint
guidelines by the American Heart Association (AHA) and the
American College of Cardiology (ACC), with endorsement of
the latter by the Heart Rhythm Society (1). The latest doc-
uments emphasize recognition of patients at risk to develop
heart failure and target interventions to halt its development.
Examples include patients with hypertension, diabetes melli-
tus, or coronary artery disease but without demonstrable ab-
normalities in cardiac structure or function; these individuals
would be termed stage A. Stage B patients are defined as those
with similar risk factors that are asymptomatic, but with car-
diac abnormalities such as left ventricular hypertrophy (Fig.
121.5). The guidelines also give recommendations for initial
evaluation of patients presenting with both systolic and dias-
tolic heart failure, chronic outpatient management for the wide
range of NYHA classes, and inpatient management of those
presenting with acute decompensated heart failure (ADHF).

Individuals with risk factors for the development of heart
failure (stage A) are those with hypertension, diabetes melli-
tus, metabolic syndrome, coronary artery disease, and obesity,
as well as those with a family history of cardiomyopathy or
who have exposure to cardiac toxins (alcohol, illicit drugs, an-
thracyclines, or tobacco abuse). These individuals should be
encouraged to exercise regularly and lose weight, and coun-
seled regarding smoking, alcohol, and illicit drug cessation.

TA BLE 1 2 1 . 2

MYOCARDIAL ADENOSINE TRIPHOSPHATE (ATP) AND CREATINE PHOSPHATE
(CP) IN OPEN PERICARDIA EXPERIMENTS (n = 8a )

ATP CP
(µ mol/g wet weight) (µ mol/g wet weight)

Baseline 5.52 ± 1.33 9.49 ± 3.24
Doubling of mean PAP 5.41 ± 1.28 8.78 ± 3.28
Tripling of mean PAP 5.12 ± 0.60 9.19 ± 1.20
RVF 3.63 ± 1.73b 3.11 ± 3.22b

PAP, pulmonary artery pressure; RVF, right ventricular failure.
ap < .05, compared with baseline and doubling and tripling of mean PAP.
bValues are expressed as mean ± standard deviation.
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FIGURE 121.5. American College of Cardiology/American Heart Association 2005 guideline update
for the diagnosis and management of chronic heart failure in the adult—summary article. A report of the
American College of Cardiology Heart Association. Task Force in Practice Guidelines. (Writing Committee
to Update the 2001 Guidelines for the Evaluation and Management of Heart Failure. J Am Coll Cardiol.
2005;46:1116–1143.)

Additionally, therapy for hypertension, dyslipidemia, and di-
abetes mellitus should be maximized according to the lat-
est guidelines as published in the seventh report of the Joint
National Committee on Prevention, Detection, Evaluation
and Treatment of High Blood Pressure (JNC VII) (113); the
American Diabetes Association (114); and ACC/AHA (115)
joint practice guidelines regarding hypercholesterolemia. Ther-
apeutic options for stage A individuals include appropriate
therapy for vascular disease and diabetes mellitus, and ACE
inhibitors or angiotensin II receptor blockers (ARBs) as ap-
propriate. Stage B patients remain asymptomatic, but exhibit
abnormalities in cardiac structure and function such as LV re-
modeling, low LV ejection fraction (LVEF), or LV hypertrophy
(LVH). These individuals should have all therapeutic measures
as those in stage A and should receive ACE inhibitors, ARBs,
and β -adrenergic antagonists as appropriate. Additionally, pa-
tients in stage B should receive implantable cardioverter defib-
rillators as appropriate for their LVEF and pre-existing disease.
Individuals classified as stage C and D have overt heart failure;
their care is subsequently discussed.

Init ial Evaluat ion

Patients presenting with new-onset heart failure should have a
thorough history and physical examination, with special atten-

tion to risk factors and noncardiac disorders that may aggra-
vate their cardiac condition. Behaviors or therapies that may
cause heart failure or exacerbate LV dysfunction should also be
sought. Thorough laboratory data, such as a 12-lead electro-
cardiogram, complete blood count, blood urea nitrogen, crea-
tinine, electrolytes, fasting lipid panel and glucose, hemoglobin
A1C in diabetics, and thyroid-stimulating hormone, should
be obtained. If suspicion is high that common etiologies of
heart failure are not present, patients may be tested for HIV,
hemochromatosis, sleep apnea, amyloidosis, pheochromocy-
toma, and rheumatologic disorders. BNP may be useful to ob-
tain as a baseline. Endomyocardial biopsy should be considered
only if the results would influence therapy.

Individuals should also receive posteroanterior (PA) and lat-
eral chest radiographs initially, as well as echocardiography to
assess for pulmonary congestion, LV dimensions, LVEF, LVH,
and valvular and wall motion abnormalities. Radionuclide ven-
triculography may also be performed to assess LVEF and LV
volumes, and may also be useful to assess right ventricular
ejection fraction (RVEF). In patients with angina pectoris or
ischemia, coronary angiography should be performed unless
contraindicated, since maneuvers to reverse or halt progression
of heart failure, such as revascularization, should always be
entertained. Additionally, patients with chest pain either con-
sistent or not consistent with cardiac ischemia who have not
previously undergone coronary angiography, as well as patients
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without angina but with known coronary artery disease, should
undergo coronary angiography if there are no contraindica-
tions. Noninvasive imaging to determine myocardial viability is
reasonable to perform in patients with known coronary artery
disease (CAD) in HF patients without angina.

PROGNOSIS IN HEART FAILURE
The diagnosis of heart failure has historically been associated
with reduced long-term survival, although improvement with
newer therapy has been gratifying. The overall 5-year survival
is 50% , while the 1-year survival for end-stage heart failure is
75% . Many studies have identified prognostic factors for both
long-term and short-term survival. Those associated negatively
over the years include the presence of an S3, low pulse pressure,
elevated jugular venous pulse, and high NYHA class (116–
120). Other important comorbidities include diabetes mellitus,
renal insufficiency, and depression.

Cardiac testing plays an important role in prognostication
(72). A simple cardiothoracic ratio measured by conventional
chest radiograph correlates with survival. Ejection fraction
continues as a very important marker for prognosis and as
a target for new therapies such as implantable cardioverter de-
fibrillator (ICD) and biventricular pacing. One of the more ob-
jective measurements is peak oxygen consumption. As noted
in Figure 121.6, mortality rates vary from 20% per year if
peak VO2 is greater than or equal to 14 but less than 18 mL/
kg/minute to 60% per year if peak VO 2 is less than or equal
to 10 mL/kg/minute (121,122). An easier test to perform for
chronic congestive heart failure is the 6-minute walk (123). In
this test, a patient’s distance walked after 6 minutes is measured
and is predictive of morbidity and mortality (123).

Hemodynamic variables measured at heart catheterization,
such as cardiac index, systemic and pulmonary vascular resis-
tances, pulmonary artery pressures, and pulmonary capillary
wedge pressures, are important indicators of prognosis as well
as aiding in diagnosis. Stroke work index is an especially impor-
tant predictor, as it incorporates both flow and pressure work.

Inverse relationships exist between survival and plasma
norepinephrine, renin, vasopressin, aldosterone, atrial and B-
type natriuretic peptides, and endothelin-1 (124–127) (Fig.
121.6). While many of these reflect abnormalities in patho-
physiology, only B-type natriuretic peptide has become a rou-
tine laboratory test in suspected heart failure patients. Multi-
variate analyses of heart failure patients randomized in clinical
trials have confirmed independent prognostic information from
several factors including exercise tolerance parameters, plasma
norepinephrine, pro-BNP, and BNP.

Studies of critically ill patients in the past have utilized mul-
tivariate models that can be used to assess the severity of acute
decompensated heart failure. Teskey et al. (128) looked at the
use of the Acute Physiology and Chronic Health Evaluation
(APACHE) II score in patients admitted to the coronary care
unit and found that it predicted mortality in acute heart failure.
Survivors had lower APACHE II scores than nonsurvivors. This
score weighs the degree of deviation from normal of selected
clinical variables, as well as comorbid conditions. Later, Gracin
et al. (129) demonstrated that APACHE II also predicted out-
come after ventricular assist device implantation (Fig. 121.7).
The Acute Decompensated Heart Failure Registry (ADHERE)
has recently published an acuity model for heart failure based

on 33,046 hospitalizations, which was subsequently validated
prospectively on another 32,229 hospitalizations. Using recur-
sive partitioning—a nonparametric multivariable technique—
these investigators identified three predictors: blood urea ni-
trogen greater than or equal to 43 mg/dL, serum creatinine
greater than 2.5 mg/dL, and systolic blood pressure less than
115 mm Hg. This allowed partitioning patients into one high-
risk group (three factors present, crude mortality 21.9% ), three
intermediate-risk groups (varying combinations of risk fac-
tors present, crude mortality 5.5% –12.4% ), and one low-risk
group (no risk factors present, crude mortality 2.14% ).

The rap e ut ic Trials and Find ing s

Unless otherwise stated, all studies of pharmacologic agents
in humans, discussed below, were conducted in randomized,
double-blind, placebo-controlled trials.

Ang iot e nsin-conve rt ing Enzyme Inhib it ors
Hypertension studies in animal models using ACE inhibitors re-
vealed that animals receiving these drugs had less development
of heart failure. This led to interest in vasodilator therapeutics
for heart failure in animals and, eventually, in humans. The
CONSENSUS trial (80) enrolled 253 patients with severe heart
failure (NYHA class IV) already receiving digoxin and diuret-
ics, then randomized them to receive enalapril versus placebo.
Those randomized to enalapril had better survival, with a 40%
risk reduction at 6 months (p = 0.002) and 31% at 1 year
(p = 0.001). The risk reduction was due to reduction in deaths
from progressive heart failure. Additionally, the NYHA func-
tional class improved in a significant number of those receiving
enalapril. Based on the CONSENSUS trial, and other studies of
ACE inhibitors investigating symptoms and hemodynamic in-
dexes, the National Institutes of Health sponsored the SOLVD
trials (75,76). The SOLVD treatment trial enrolled 2,569 pa-
tients with left ventricular systolic dysfunction (LVEF less than
or equal to 35% ) and symptoms of heart failure, ranging from
NYHA class I through IV, with the majority of enrollees being
classes II and III. The primary end point was mortality. Sub-
jects randomized to receive enalapril had better survival than
those receiving placebo; risk reduction with enalapril was 16%
(95% confidence interval [CI] 5% –26% ; p = 0.0036). As seen
in the CONSENSUS trial, the chief difference in mortality was
in deaths due to progressive heart failure, with risk reduction
22% (95% CI 6% –35% ; p < 0.0045) (79).

The SOLVD prevention trial randomized 4,228 patients
with LV systolic dysfunction, but without symptoms, to receive
enalapril versus placebo. End points in the SOLVD preven-
tion trial were total mortality and two composite end points:
Death or development of heart failure requiring hospitaliza-
tion, and death in the hospital from heart failure. In these
asymptomatic patients, there was no significant decrease in to-
tal mortality in those receiving enalapril. However, for those
receiving enalapril, the combined end point of death plus de-
velopment of heart failure was reached less often than those
receiving placebo (630 vs. 818; risk reduction 29% ; 95% CI
21% –36% ; p < 0.001). Additionally, those receiving enalapril
had fewer hospitalizations for heart failure or death (434 in
the enalapril group vs. 518 in the placebo group; risk reduc-
tion 20% ; 95% CI 9% –30% ; p < 0.001) (76).
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FIGURE 121.6. Survival curves for heart fail-
ure patients by peak VO2 (upper panel), plasma
norepinephrine (middle), and brain natriuretic
peptide (BNP, lower panel). Survival is best
with peak VO2 greater than 18 mL/kg/minute,
plasma norepinephrine less than 400 pg/mL,
and BNP less than 100 pg/mL. (Reproduced
from Mancin DM, Eisen H, Kausmaul W, et
al. Circulation. 1991;83:778–786; Cohn JN,
Levin B, Olivari MT, et al. N Engl J Med.
1984;311:819–823; and Anand IS, Fisher LD,
Chiang Y, et al. Changes in brain natriuretic pep-
tide and norepinephrine over time and mortal-
ity and morbidity in the Valsartan Heart Failure
Trial (Val-HeFT) Circulation. 2003;107:1278–
1283.)

The SAVE trial enrolled 2,231 patients within 3 to 16 days
of an acute myocardial infarction and with LV systolic dys-
function (LVEF less than 40% ) to receive the ACE inhibitor
captopril versus placebo (81). The primary end point was all-
cause mortality. Other SAVE trial end points included cardio-
vascular deaths, treatment failure requiring open-label ACE
inhibitor, and all-cause mortality plus progressive LV systolic
dysfunction. All-cause mortality was significantly decreased in
the captopril group compared to the placebo group (228 deaths
vs. 275 deaths; risk reduction 19% ; 95% CI 3% –32% ; p =
0.019). The incidence of both fatal and nonfatal major car-

diovascular events was less in those receiving captopril. For
death from cardiovascular causes, the risk reduction was 21%
(95% CI 5% –35% ; p = 0.014) and for the development of
severe heart failure, the risk reduction for those randomized
to captopril was 37% (95% CI 20% –50% ; p < 0.001). Those
receiving captopril also had fewer congestive heart failure end
points requiring hospitalization and fewer recurrent myocar-
dial infarctions (130).

The Assessment of Treatment with Lisinopril and Survival
(ATLAS) (131) investigators randomized 2,006 patients with
an acute myocardial infarction and clinical evidence of heart
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FIGURE 121.7. Kaplan Meier survival curves for non–left ventricular assist device (LVAD)-treated heart
failure patients demonstrates a strong relationship between survival and APACHE II scores (left panel)
and survival curves for heart failure patients with APACHE II scores between 11 and 20 for both LVAD
and non–LVAD-treated patients (right panel). (Right panel from Gracin N, Johnson MR, Spokes D, et al.
The use of Apache II scores to select candidates for left ventricular assist device placement. J Heart Lung
Transplant. 1998;17:1017–1023.)

failure to receive ramipril versus placebo, with a primary end
point of all-cause mortality. As in the SAVE trial, there were
fewer deaths in those randomized to ramipril. Additionally,
other events examined were grouped in a category called “any
event” that included death, cerebrovascular accident, resistant
heart failure, and recurrent myocardial infarction. There were
fewer events in the ramipril as compared to the placebo group:
28% versus 35% (risk reduction 19% ; p = 0.008).

The Assessment of Treatment with Lisinopril and Survival
(ATLAS) trial (131) differed from the other ACE inhibitor trials
since it compared the safety and efficacy of low-dose and high-
dose lisinopril on the outcomes of all-cause mortality, as well as
cardiovascular mortality, cardiovascular hospitalizations, and
combined end points (131). Those randomized to low-dose
lisinopril received an average daily dose of 4.5 mg, and those
randomized to the high-dose group received an average daily
dose of 33.2 mg (129). Other ACE inhibitors showing survival
benefit in heart failure patients include lisinopril, fosinopril,
and quinapril. Trials of ACE inhibitors in survivors of my-
ocardial infarction showing improved survival with the ACE
inhibitors and less development of LV systolic dysfunction now
tally approximately 100,000 patients.

Based on the above-cited overwhelming evidence of the im-
pact of this class of drug in patients with symptomatic LV sys-
tolic dysfunction and in asymptomatic patients with LV dys-
function, ACE inhibitors are the foundation of therapy for
heart failure. Thus, ACE inhibitors should be prescribed for
all patients with asymptomatic LV systolic dysfunction and
asymptomatic valvular heart disease (stage B), as well as in pa-
tients with symptomatic and/or refractory heart failure (stages
C and D) unless the patient is intolerant to ACE inhibitors. In
stage A patients, ACE inhibitors are indicated for those with
diabetes mellitus and LVH.

In patients experiencing angioedema, intolerable cough, or
other untoward effects of ACE inhibitors, those with stages
B, C, and D LV dysfunction should be prescribed ARBs. Those
patients with stage A disease meeting the requirements as above
should also be prescribed ARBs if intolerant of ACE inhibitors.

Ang io t e nsin II Re ce p t or Blocke rs
Reviewing the data for the use of ARBs in heart failure begins
with the Evaluation of Losartan in the Elderly (ELITE) trial.
This trial (132) studied 722 ACE inhibitor–naı̈ve patients older
than age 65 years of age with LV systolic dysfunction and ran-
domized them to receive either losartan 50 mg daily or capto-
pril 50 mg three times a day, as tolerated. The primary end point
of the ELITE trial was the tolerability measure of a persistent in-
crease in serum creatinine of greater than or equal to 0.3 mg/dL
(26.5 µ mol/L) and the secondary end point was a combined one
either of death or heart failure hospitalization. Analysis of
the ELITE trial data determined that there was less cough
in the losartan group, that the increases in serum creatinine
were the same in both groups, but that the combined end point
was less frequent in those randomized to losartan as compared
to captopril, 9.4% vs. 13.2% (risk reduction 32% , 95% CI
–4% to + 55% , p = 0.075). The majority of decreased events
in the losartan group were due to a decrease in all-cause mor-
tality: 4.8% versus 8.7% (risk reduction 46% ; 95% CI 5% –
69% ; p = 0.035). To confirm the findings found in the ELITE
trial, the ELITE II trial (133) was designed as a mortality trial,
this time enrolling 3,152 subjects and decreasing the enroll-
ment age to 60 years. Patients were also stratified according to
β -blocker use, and were once again randomized to the previ-
ous target dosages of losartan and captopril. With a median
follow-up of 555 days, there was no difference in all-cause
mortality—11.7% versus 10.4% (hazard ratio [HR] 1.13; 95%
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CI 0.95–1.35; p = 0.16), or in sudden death—9.0% versus
7.3% (HR 1.225; 95% CI 0.98–1.60; p = 0.08) between the
two treatment groups. The investigators concluded that the
differences in the first ELITE trial and ELITE II were likely
different secondary to the small number of deaths seen in the
original ELITE trial, and that ELITE II had four times as many
study subjects and ten times more events. However, losartan
was, again, well tolerated.

Valsartan, another ARB, was studied in mortality trials for
both chronic heart failure and in heart failure following my-
ocardial infarction. The Valsartan Heart Failure Trial (Val-
HeFT) was designed to assess the efficacy of adding valsartan to
standard therapy for heart failure (134). Val-HeFT examined
5,010 subjects with LVEFs less than 40% and NYHA class
II through IV heart failure judged to be clinically stable by
the investigator. Background therapy included ACE inhibitors
(93% ), diuretics, digoxin, and β -blockers (35% ). Subjects were
randomized to receive valsartan versus placebo, and random-
ization was stratified by β -blocker therapy. Thus, most study
subjects in the valsartan group were also receiving ACE in-
hibitor therapy. Mortality was similar in the two treatment
groups as was the adjudicated cause of death: 19.7% versus
19.4% (risk reduction 1.02; 95% CI 0.88–1.18; p = 0.80). For
the combined end point of mortality and morbidity, subjects
receiving valsartan had significantly fewer events than those
receiving placebo: 28.8% versus 32.1% (0.87; 95% CI 0.77–
0.97; p = 0.009). This end point was consistent across all pre-
specified subgroups: men and women, young and old, those
with and without diabetes mellitus or coronary artery disease,
LVEFs above and below the median, and in the different NYHA
classes. The investigators did not find a difference in response
to valsartan therapy based on background therapy with neu-
rohormonal inhibitors. They examined four subgroups: those
receiving ACE inhibitors or not, and those receiving β -blockers
or not. In the three groups (group 1 = neither ACE inhibitor
nor β -blockers, group 2 = ACE inhibitor but not β -blockers,
group 3 = β -blockers but not ACE inhibitors), there was a fa-
vorable effect of valsartan on the combined end point of mor-
tality and morbidity (p = 0.003, p = 0.002, and p = 0.037, re-
spectively). However, in patients receiving both ACE inhibitors
and β -blockers, valsartan had an adverse effect on mortality
(p = 0.009) and was associated with a trend to more events in
the combined end point of morbidity and mortality. The investi-
gators were uncertain whether this finding was a chance or true
interaction, as other ARB trials in heart failure have not found
this same outcome. In a mortality trial of patients with myocar-
dial infarction complicated by heart failure, 14,808 patients
were randomized to receive valsartan, captopril, or valsartan
plus captopril in addition to conventional therapy (135). In this
trial (the VALIANT trial), valsartan was found to be noninfe-
rior to captopril with regard to mortality (p = 0.004), as well
as with regard to the composite end point of fatal plus nonfatal
cardiovascular events (p < 0.001). The valsartan plus captopril
group was found to have the most drug-related adverse events.

The Candesartan in Heart failure Assessment of Reduction
in Mortality and morbidity (CHARM) program evaluated the
effects of candesartan on mortality and morbidity in a variety
of patients with chronic heart failure (136). Unlike the pre-
vious heart failure trials, the CHARM-Preserved arm of the
program investigated the use of ARBs in heart failure patients
with preserved LV systolic dysfunction (e.g., diastolic dysfunc-
tion) as well as in patients intolerant to ACE inhibitors. Similar

to other trials, the CHARM-Added arm examined the results
of adding candesartan to patients still symptomatic despite the
presence of ACE inhibitors and other conventional therapy.
In the CHARM-Preserved trial, subjects were NYHA class II
through IV and baseline LVEF was greater than 40% . The pri-
mary outcome of cardiovascular death or admission to hospital
for heart failure was not different for those in the candesartan
versus the placebo group, although there was a trend toward
fewer events in the candesartan group. As could be expected in
patients intolerant to ACE inhibitors (CHARM-Alternative),
patients receiving candesartan had fewer events than those re-
ceiving placebo; 33% of patients receiving candesartan met the
combined end point of cardiovascular death or hospitalization
for heart failure versus 40% in the placebo group (HR 0.77;
95% CI 0.60–0.81; p < 0.0001). In the CHARM-Added trial,
patients with LVEF < 40% already on ACE inhibitors but still
experiencing heart failure symptoms were randomized to can-
desartan versus placebo. For the primary outcome of cardio-
vascular death or hospitalization for heart failure, fewer events
occurred in the candesartan group versus the placebo group,
38% versus 42% , respectively (HR 0.85; 95% CI 0.75–0.96;
p = 0.010). The CHARM investigators did not uncover the
same untoward effects as did the Val-HeFT investigators with
regard to patients receiving ARBs (candesartan) plus ACE in-
hibitors plus β -blockers. The frequency of new diabetes was
lower in the candesartan group than in the placebo group.

β -Ad re ne rg ic Re ce p t or Ant ag onist s
Early reports of treating heart failure patients with β -
adrenergic receptor antagonists were met with skepticism
(137). Then, the initial randomized, double-blind, placebo-
controlled trials did not meet the primary end point of de-
creased mortality but did have some success with decreased
need for transplantation in the Metoprolol in Dilated Car-
diomyopathy (MDC) trial (138) and improvement in ejection
fraction in both the MDC and Cardiac Insufficiency Bisopro-
lol Study (CIBIS) trials (139). The above trials used different
β -adrenergic blockers with different mechanisms of action:
metoprolol, a β 1-selective β -blocker in the MDC trial, and biso-
prolol, a nonselective β -blocker, in the CIBIS trial. Carvedilol
was studied in four efficacy, dosing, and safety trials that were
combined into a single report appearing in the literature in
1996. Although mortality was not a primary end point, the
trial was not a single trial designed with the power to detect
changes in mortality, seven deaths in the open-label run-in pe-
riod were not included in the analysis, and there were a small
number of deaths reported in a short followup time, the results
were definitive enough for decreasing hospitalization and im-
proving quality of life that the drug was approved for use in
patients with NYHA class II and III heart failure for the end
points that the program did have the power to detect. Thus,
carvedilol, a nonselective β -blocker as well as an α-blocker, was
the first drug approved by the Food and Drug Administration
(FDA) for the treatment of heart failure, 21 years after the first
report with practolol appeared in the literature.

Carvedilol was further studied in two other trials. The
first of these, the Carvedilol Prospective Randomized Cumu-
lative Survival (COPERNICUS) trial studied the outcome of
carvedilol on survival in 2,289 patients with severe heart fail-
ure already receiving standard heart failure therapy (ACE in-
hibitors or ARBs plus diuretic) (140). Study subjects had an
LVEF of less than 25% and had symptoms of dyspnea or fatigue
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at rest or on minimal exertion (NYHA class IIIB to IV)
for 2 months prior to randomization. Unlike the prior stud-
ies with carvedilol, COPERNICUS found that patients ran-
domized to carvedilol had fewer deaths (130) than those
randomized to placebo (190). This was a 35% decrease in
the risk of death with carvedilol (95% CI 19% –48% ; p =
0.00013 and p = 0.00014 after adjustment for interim anal-
yses). Subjects in the carvedilol group also had significantly
fewer events for the combined end point of death or hospi-
talization, and the results with carvedilol for both the pri-
mary end point and the combined end point were the same
across all prespecified groups of age, gender, LVEF, heart
failure etiology, study center location, and history of prior hos-
pitalization for heart failure within 1 year prior to random-
ization. Additionally, fewer patients in the carvedilol group re-
quired discontinuation of study drug for adverse events than
did the placebo group. A second trial with carvedilol follow-
ing acute myocardial infarction with left ventricular dysfunc-
tion Carvediol Post Infarct Survival Control in Left Ventricular
Dysfuntion (CAPRICORN) study had reduced all-cause mor-
tality, cardiovascular mortality, and recurrent, nonfatal my-
ocardial infarctions (141). The CIBIS II trial enrolled 2,647
symptomatic heart failure patients to receive bisoprolol versus
placebo, in addition to standard therapy with ACE inhibitors,
to determine if bisoprolol, a selective β 1 antagonist, could de-
crease all-cause mortality. After a follow-up of 1.3 years, biso-
prolol significantly decreased all-cause mortality as well as sud-
den death (HR 0.56; 95% CI 0.39–0.80; p = 0.0011) (142).

Another selective β 1 antagonist, extended-release meto-
prolol (Toprol-XL) was examined in the Metoprolol CR/XL
Randomized Intervention Trial in Congestive Heart Failure
(MERIT-HF) trial (144) for possible benefits to survival in
heart failure patients. When randomized to extended-release
metoprolol, in addition to optimum standard therapy for heart
failure, all-cause mortality and sudden death were once again
significantly decreased. However, these data should not be ex-
trapolated to mean that any β -blocker can be used in heart
failure patients. The warning bell was sounded with the Beta-
blocker Evaluation of Survival Trial (BEST) trial (143), which
examined the effects of bucindolol on mortality in a group of
patients very similar to the study subjects in the COPERNI-
CUS trial. Bucindolol, a nonselective β -blocker and a weak α-
blocker, did not improve survival, unlike carvedilol, bisoprolol,
and extended-release metoprolol. Unlike the other β -blockers
studied in heart failure patients in the late 1990s, bucindolol
has sympatholytic activity, meaning that it is able to decrease
norepinephrine levels. Another explanation for the failure of
bucindolol to improve survival is that the makeup of its heart
failure cohort was designed to enroll more African Americans
and women. Not only did bucindolol not improve survival,
but it also worsened mortality in African Americans and those
with NYHA class IV versus class III heart failure, and, al-
though the hazard ratio for women favored bucindolol, the
95% confidence interval was wide and crossed the line of unity.
Another β -blocker trial, the Carvedilol or Metoprolol Euro-
pean Trial (COMET), randomized subjects to receive either
carvedilol or short-acting metoprolol. In this trial, carvedilol
was found to improve survival and short-acting metoprolol
did not. Therefore, short-acting metoprolol has been found in-
effective in two trials: the COMET (145) and the MDC trial.
Use of β -adrenergic receptor antagonists should be limited to
those shown to improve survival in large, randomized clinical

trials: carvedilol and extended-release metoprolol in the United
States and bisoprolol in Europe.

Ald ost e rone Re ce p t or Ant ag onist s
Since aldosterone promotes retention of sodium, sympathetic
activation, inhibition of the parasympathetic nervous system,
myocardial and vascular fibrosis, and loss of magnesium and
potassium, it was reasonable to propose that blockade of al-
dosterone receptors could alter the course of progressive LV
dysfunction and, thereby, mortality. Although some may think
that ACE inhibitors suppress aldosterone production, there is
evidence suggesting that they do it transiently. Thus, investiga-
tors postulated that there might be a role for spironolactone, an
aldosterone receptor antagonist, in the therapy for heart fail-
ure, and the Randomized Aldactone Evaluation Study (RALES)
was formed (146). A total of 1,663 patients were randomized to
receive spironolactone in addition to standard therapy for heart
failure, including ACE inhibitors and diuretics, and sometimes
digoxin and other vasodilators. Patients with hyperkalemia (K+

greater than 5.5 mmol/L) and serum creatinine greater than 2.5
mg/dL were excluded. Spironolactone successfully decreased
mortality versus placebo: 35% versus 46% , respectively (rela-
tive risk of death 0.70; 95% CI 0.60–0.82; p < 0.001).

Ot he r Vasod ilat ors
The combination of hydralazine and oral nitrates for heart
failure therapy has been studied in three large randomized
clinical trials. The first of these was the Veterans Administra-
tion Cooperative Vasodilator Heart Failure Trial (VeHeFT-I)
(147), which enrolled 642 patients taking standard heart fail-
ure therapy—at the time, digoxin and a diuretic—to three other
groups: placebo, prazosin 20 mg/day, or combination of hy-
dralazine (300 mg/day) and isosorbide dinitrate (160 mg/day).
This study determined that prazosin was equal to placebo, and
that combination vasodilator therapy with hydralazine and
isosorbide dinitrate reduced mortality at 2 years with a risk
reduction of 34% (p < 0.028). Following the publication of the
CONSENSUS trial, questions arose about superiority for heart
failure therapy: enalapril versus combination hydralazine and
isosorbide dinitrate. Study investigators enrolled 804 men—
already receiving digoxin and diuretic—in the Veterans Admin-
istration Cooperative Vasodilator Heart Failure comparison of
enalapril with hydralazine-isosorbide dinitrate Trial (VeHeFT-
II) to receive either enalapril 20 mg/day or combination of hy-
dralazine 300 mg/day plus isosorbide dinitrate 160 mg/day.
Mortality after 2 years was 18% in the enalapril group and
25% in the hydralazine-isosorbide dinitrate arm (RR 28% ;
p = 0.016) (148). Following retrospective analyses of the com-
bined data sets of VeHeFT-I and -II, interest arose in different
treatments based on racial findings in the original trials, with
the understanding that race is likely a phenotypic marker of
a particular genotype. These analyses showed an absence of
treatment effect in Caucasians in VeHeFT-I no matter the as-
signment arm, but a mortality benefit for African Americans
receiving combination therapy. In contrast, Caucasians had
survival benefit from enalapril but not combination therapy
in VeHeFT-II, whereas mortality was similar in the same trial
in the two treatment groups for African Americans. Some clin-
ical investigations found that persons who identify themselves
as African American may have a less active renin–angiotensin
system (149,150) and lower nitric oxide bioavailability than
other racial groups (151,152). This led to the hypothesis that
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a survival benefit with combination therapy—hydralazine plus
isosorbide dinitrate—was possible for NYHA class III and IV
African Americans who remained symptomatic with heart fail-
ure despite standard therapy, including ACE inhibitors or ARBs
in ACE-intolerant patients, β -blockers, digoxin, spironolac-
tone, and diuretics. The African-American Heart Failure Trial
(A-HeFT) enrolled 1,050 subjects, at which point randomiza-
tion stopped, secondary to the independent data and safety
monitoring board determining a significantly higher mortality
rate in those receiving placebo: 54 patients in the placebo group
died versus 32 patients in the combination therapy group. With
combination therapy there was a 43% survival improvement
(HR 0.57; p = 0.01) (153).

Dig oxin
Digitalis glycosides have been used for more than 200 years
since first described by Sir William Withering in his account
of foxglove.1 Following acceptance of ACE inhibitors for the
treatment of heart failure, the efficacy of digoxin became con-
troversial. Two small withdrawal trials in the early 1990s stud-
ied the efficacy of digoxin in heart failure patients; in both,
patients were already receiving digoxin as part of their heart
failure regimen. The Randomized Study assessing the Effect
of Digoxin Withdrawal in Patients with Mild to Moderate
Chronic Congestive Heart Failure (PROVED) trial withdrew
digoxin from 42 subjects receiving diuretic and digoxin and
46 subjects continued with both drugs. In patients withdrawn
from digoxin, maximal exercise capacity worsened and pa-
tients had more treatment failure with a decreased time-to-
treatment failure (154). In the Randomized Assessment of the
Effect of Digoxin on Inhibitors of the Angiotensin Convert-
ing Enzyme (RADIANCE) trial, digoxin was once again with-
drawn, in a randomized fashion, from patients receiving ACE
inhibitors and diuretics. Exercise capacity was assessed using
treadmill testing and exercise endurance was assessed using the
6-minute walk test. Functional capacity deteriorated in patients
withdrawn from digoxin compared with those continuing to re-
ceive digoxin (p = 0.019 for NYHA class, p = 0.033 for max-
imal exercise tolerance, and p = 0.01 for submaximal exercise
endurance). Additionally, left ventricular ejection fractions de-
creased in the placebo group and those in the placebo group
also had increases in both weight and heart rate (155). Despite
the evidence from the PROVED and RADIANCE trials demon-
strating the efficacy of digoxin in the treatment of heart failure,
concerns remained regarding the effect of digoxin on survival.
The Digitalis Investigation Group trial studied the long-term
effect of digoxin on all-cause mortality and heart failure hospi-
talizations. Study subjects were required to have left ventricular
ejection fractions less than 45% and the majority were receiv-
ing diuretics and ACE inhibitors at baseline. Patients enrolled
into the digoxin arm numbered 3,397, and those randomized
to placebo numbered 3,403. There was no difference in mor-
tality between those randomized to digoxin or placebo (34.8%
vs. 35.1% ; p = 0.80), but there were fewer hospitalizations for
worsening heart failure in those randomized to digoxin than
in those in the placebo group: 910 versus 1,180 (0.72; 95%
CI 0.66–0.79; p < 0.001). Total hospitalizations were also less

1An Account of the Foxglove, and Some of its Medical Uses: W ith Prac-
tical Remarks on Dropsy, and O ther Disease. Birmingham, England;
M. Sinney; 1785.

frequent in those randomized to the digoxin group, but there
were no differences in hospitalizations for ventricular arrhyth-
mias or cardiac arrest between the two groups. Thus, in the
era prior to β -blockers, digoxin was shown to be efficacious
for treatment of heart failure and to have a neutral effect on
mortality.

ACUTE DECOMPENSATED
HEART FAILURE

Although acute decompensated heart failure has a variety of
presentations, common symptoms include fatigue, shortness
of breath, and congestion of the lungs and abdominal organs.
Many disease states may present with all or some of the above
symptoms, such as pneumonia, pulmonary embolus, sepsis,
and other volume overload states. Patients with preserved sys-
tolic function and systemic hypertension comprise the major-
ity of hospitalized patients. The minority are those with poor
end-organ perfusion, low ejection fractions, and hypotension.
Despite advances in therapeutics, both pharmacologic and de-
vices, risk of death and rehospitalization continues to be high
for patients admitted with acute decompensated heart failure.
Cost of hospitalization for ADHF remains the bulk of the
cost in caring for those afflicted with heart failure. The abil-
ity to measure BNP, a neurohormone secreted by the LV in
response to volume overload, has become a useful diagnostic
test in those presenting with symptoms of ADHF. Normal val-
ues range from 0 to 100 pg/mL, and those over 400 have a
high probability for heart failure, whether systolic or diastolic
in origin (156). The decision to hospitalize patients for ADHF
continues to be based on clinical judgment. The Heart Fail-
ure Society of America guidelines recommend hospitalization
for patients with altered mentation, worsening renal function,
hypotension, resting dyspnea, hemodynamically significant ar-
rhythmias, and acute coronary syndromes (157). They further
state that hospitalization should be considered when conges-
tion has worsened with evidence of weight gain of greater than
or equal to 5 kg, and when there are signs and symptoms of
abdominal or pulmonary congestion, even in the absence of
weight gain. Other considerations include major electrolyte ab-
normalities, repeated ICD discharges, and associated comorbid
conditions. Recently, the ADHERE collected data for hospital-
ized patients in community, tertiary, and academic centers in
the United States (158,159): 33,046 hospitalization episodes
from the ADHERE were analyzed for predictors of in-hospital
mortality and were then subjected to a classification and re-
gression tree (CART) analysis to develop the best predictors of
in-hospital mortality as well as a risk stratification model (160).
Thirty-nine variables were identified and, following the CART
method, blood urea nitrogen level greater than 43 mg/dL at
hospital admission was identified as the best single discrimina-
tor between survivors and nonsurvivors of hospitalization for
ADHF. The second best predictor was systolic blood pressure
less than 115 mm Hg.

Few trials for those with ADHF admitted to the hospital
have been published. To date, only two trials of therapeu-
tics for ADHF have been published: these are the Outcome
of a Prospective Trial of Intravenous Milronone for Exacerba-
tions (OPTIME) trial and the Vasodilation in the Management
of Acute Congestive Heart Failure (VMAC) trials. Another
two trials, the Evaluation Study of Congestive heart Failure
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And Pulmonary artery catheterization Effectiveness (ESCAPE)
and the Pulmonary Artery Catheters in patient MANagement
(PAC-MAN) trials, assess the effectiveness of pulmonary artery
catheters in the management of ADHF. A variety of patients
were enrolled in the PAC-Man trial (161). Diagnoses at enroll-
ment included multiorgan failure, decompensated heart fail-
ure, and respiratory failure; surgical as well as medical pa-
tients were enrolled. The investigators noted no differences
in hospital mortality in those managed with or without pul-
monary artery catheters. Additionally, there were no differ-
ences in length of stay in either intensive care unit settings or in
hospital. A 10% complication rate was noted in those receiving
pulmonary artery catheters, with the most frequent complica-
tion being hematoma at the insertion site and arrhythmias re-
quiring treatment within 1 hour of insertion. The ESCAPE trial
randomized 433 subjects with decompensated heart failure to
receive therapy guided by clinical assessment and a pulmonary
artery catheter or by clinical assessment alone. The primary
end point of the ESCAPE trial was days alive out of hospital
during the first 6 months. Secondary end points included qual-
ity of life, exercise, and biochemical and echo changes. Those
randomized to pulmonary artery catheters did not impact the
primary end point of number of days alive and out of the hos-
pital during 6 months of follow-up, mortality, or the number
of days hospitalized. There were no deaths due to use of pul-
monary artery catheters, but there were more complications,
with the most common being infection (162).

The Vasodilator in the Management of Acute Heart Fail-
ure trial randomized 489 patients hospitalized with ADHF
to a complicated schema testing nitroglycerin, nesiritide, and
standard therapy for the treatment; based on clinical judg-
ment, half of patients received a pulmonary artery catheter.
The primary end point of the trial was a change in pulmonary
capillary wedge pressure (PCWP) from baseline and change
in dyspnea score from baseline at 3 hours (163). Nesiritide
lowered pulmonary capillary wedge pressure from baseline by
6.5 mm Hg, and statistically significantly better than placebo
(p < 0.001) and nitroglycerin (p = 0.03).

Based on the paucity of data for treating patients with
ADHF admitted to the hospital, current guidelines include
identification of precipitating factors and etiology, optimizing
volume status, treating with recommended vasodilator therapy,
and minimizing side effects. Educating patients about lifestyle
changes, including sodium and fluid restriction, as well as
self-management techniques are recommended general mea-
sures. Precipitating factors include development of arrhyth-
mias, acute infections, and nonadherence with medications and
dietary restrictions. Optimization of medical therapy should
also be attempted during hospitalization. During hospitaliza-
tion, the patient should be weighed daily and accurate record-
ings of intake and output should be kept. Loop diuretics ad-
ministered intravenously are recommended and, in those not
achieving adequate diuresis, continuous intravenous infusion
of loop diuretics or addition of other diuretics, such as meto-
lazone, should be considered. In those not responding to the
above measures, and without symptomatic hypotension, intra-
venous nitroglycerin, nitroprusside, or nesiritide may be used in
addition to intravenous diuretics. Intravenous inotropes should
be reserved for those with advanced heart failure and evidence
of end-organ dysfunction and/or decreased peripheral perfu-
sion, especially if systolic blood pressure is < 90 mm Hg. Small
studies have investigated ultrafiltration (UF) as an alternative
to diuretics for volume removal since the procedure does not

require central venous access but instead is able to utilize pe-
ripheral veins, such as in the antecubital fossa, with a 16-gauge,
35-cm catheter. In one study, after 24 hours 4,650 mL was re-
moved via UF, whereas 2,838 mL was removed in the usual
care group, which included diuretics. Those in the ultrafiltra-
tion group were also able to receive diuretics after the 8 hours
of UF was completed. The authors concluded that UF was fea-
sible and well tolerated (164).

NONPHARMACOLOGIC AND
NONSURGICAL THERAPY FOR

CHRONIC HEART FAILURE
Electrophysiologic therapy is a new addition to the heart failure
management arsenal and is having enormous impact. Defib-
rillator therapy with an Automatic Implantable Cardioverter
Defibrillator (AICD) was first shown to be effective at improv-
ing long-term survival in survivors of cardiac arrest (165) and
later it was proven beneficial in post-MI patients with low ejec-
tion fraction and ventricular dysrhythmia (166). Recent studies
have shown its benefits in both ischemic and nonischemic di-
lated cardiomyopathy (167). Biventricular pacing is a newer
electrophysiologic therapy that attempts to improve cardiac
efficiency by reducing dyssynchrony in cardiac contraction. It
also has been shown to improve NYHA class (168), exercise
tolerance (169), and ejection fraction (170); mortality benefits
have also been demonstrated. In this section, we will review
both defibrillator and biventricular pacing and their role in
managing heart failure.

Imp lant ab le Card iove rt e r Defib rillat ors

Data from the Antiarrhythmic versus Implantable Defibrilla-
tor (AVID) trial (165), the Multicenter Automatic Defibrillator
Implantation Trial (MADIT) (166), the Multicenter Unstrained
Tachycardia Trial (MUSTT) (171), and the Multicenter Auto-
matic Defibrillator Implantation Trial II (172) support the use
of ICDs in patients who have survived symptomatic ventricular
tachycardia or cardiac arrest, patients with ischemic cardiomy-
opathy with ejection fraction less than 30% , and patients with
asymptomatic ventricular tachycardia that is inducible.

Recently, data from the Sudden Cardiac Death in Heart Fail-
ure Trial (SCD-HEFT) (167) and Comparison of Medical Ther-
apy, Pacing and Defibrillation in Chronic Heart Failure (COM-
PANION) trial (168,173) have broadened the indications to
other heart failure patients, including nonischemic cardiomy-
opathy patients who had QRS duration greater than 120 msec,
whose LVEF was less than 35% , and who had an admission
for heart failure in the previous year. Patients were randomized
to (a) medical therapy, (b) medical therapy and biventricular
pacing, and (c) medical therapy, biventricular pacing, and de-
fibrillator implantation. In this study, the addition of the combi-
nation therapies reduced mortality by 50% in the nonischemic
group and 27% in the ischemic group.

At present, the indications for ICD for primary prevention
of sudden cardiac death in heart failure (174) are:

■ As primary prevention in patients with prior MI greater than
40 days old, with an ejection fraction between 30% and
40% , and who are NYHA class II or III on optimal therapy

■ Patients with prior MI greater than or equal to 40 days pre-
viously, or ejection fraction between 30% and 35%
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■ Patients with nonischemic cardiomyopathy, ejection fraction
between 30% and 35% , and NYHA class II or III on optimal
medical therapy

Bive nt ricular Pacing

Biventricular pacing is achieved by implantation of a left ven-
tricular lead, generally via the coronary sinus to the great car-
diac vein, in addition to a right ventricular lead. This strategy
is based on the fact that most patients with intraventricular
conduction delay have dyssynchronous left ventricular con-
traction, which reduces cardiac efficiency (decreased contractile
force and impaired myocardial energetics). Studies have shown
that biventricular pacing increases dp/dt, ejection fraction, and
cardiac index (61,175–178). The COMPANION trial (noted
above) demonstrated a significant decrease in mortality (50% )
with the combination of biventricular pacing plus ICD com-
pared to biventricular pacing alone (9% mortality reduction).

CARDIAC TRANSPLANTATION
AND LEFT VENTRICULAR

ASSIST DEVICES
When patients continue to experience advanced heart failure
symptoms despite maximization of medical therapy, cardiac
transplantation and left ventricular assist devices may be con-
sidered. There are currently three left ventricular assist devices
available for use in the United States. The Abiomed system is
available for temporary use as either right, left, or biventricular
assist systems. It is most commonly used after high-risk coro-
nary artery bypass surgery in patients who fail to wean from
the cardiopulmonary bypass machine. Cannulae are placed in
the atria and the pumps are external to the body. Since the
cannulae are implanted in the atria, removal is feasible should
the patient recover. Additionally, one ventricular system may
be removed at a time; this system requires full anticoagula-
tion. The Thoratec Heart Mate device is approved for use as
a bridge to transplantation and as destination therapy in those
not considered transplant candidates. The outflow cannula is
placed in the proximal ascending aorta, and the inflow cannula
is placed in the left ventricular apex. Cannulae are named with
respect to the pump that is commonly implanted in the left up-
per abdominal quadrant preperitoneally. This device does not
require anticoagulation, although antiplatelet therapy with as-
pirin is recommended. The World Heart left ventricular assist
device is implanted in a similar fashion to the Heart Mate device
and is currently FDA approved as a bridge to transplantation.
Currently, a clinical trial is under way for its potential use as
destination therapy. The World Heart left ventricular assist de-
vice requires full anticoagulation with warfarin, aspirin, and
clopidogrel.

There have been 40,192 cardiac transplant procedures be-
tween 1988 and August 31, 2006; 2,125 of these proce-
dures were performed in 2005. Kaplan-Meier survival rates
for heart transplant procedures performed between 1997 and
2004 ranged from 85.7% to 90.6% at 1 year, 75.2% to 81.8%
at 3 years, and 68.8% to 72.6% at 5 years. Ranges are given
since the data were based on the United Network of Organ
Sharing (UNOS) status at the time of transplantation. Criteria
to be considered for transplantation include advanced symp-

toms despite maximization of medical therapy—including tai-
loring therapy via hemodynamic monitoring with pulmonary
artery catheterization—and a peak oxygen consumption less
than 15.0 mL/kg/minute during exercise testing. Exclusion cri-
teria include fixed pulmonary hypertension with greater than
4 Wood units not responsive to vasodilator therapy; tobacco,
alcohol, or illicit drug use, or other life-threatening illnesses
such as cancer or advanced peripheral arterial disease; non-
compliance with physician visits, diet, and medications or psy-
chiatric or personality disorders likely to become exacerbated
by, or that would interfere with, posttransplant care; and lack
of social support.

THERAPEUTIC GUIDELINES
FOR SYMPTOMATIC LEFT
VENTRICULAR SYSTOLIC

DYSFUNCTION
Polypharmacy has become standard therapy for patients with
symptomatic systolic dysfunction. ACE inhibitors are recom-
mended for all patients fitting the above parameters. In those
patients with contraindications to ACE inhibitor therapy—or
if intolerable side effects develop—treatment should be with
ARBs. After the introduction of ACE inhibitor or ARB therapy,
a patient should be started on β -adrenergic receptor block-
ade consisting of either carvedilol or long-acting metoprolol
(Toprol XL). β -Blockers should be instituted in patients with
euvolemia, starting with low doses and titrating up the dose
every 2 weeks as tolerated, to doses achieved in clinical trials;
achievement of these doses may take 8 to 12 weeks. For patients
being discharged from the hospital with ADHF, low-dose β -
blockers may be instituted in-hospital once euvolemia has been
achieved. In patients on stable doses of β -blockers who then
experience an acute decompensation requiring hospitalization,
continuation of β -blocker therapy is recommended. ARBs are
recommended for patients intolerant to ACE inhibitors for
reasons other than renal insufficiency or hyperkalemia. Hy-
dralazine and oral nitrate combination may be considered in
those not tolerating ACE inhibitors or ARBs. Aldosterone an-
tagonists are recommended for patients with NYHA class III
or IV symptoms in addition to standard therapy, including di-
uretics. Aldosterone antagonists are not recommended in pa-
tients with creatinine clearance less than 30 mL/minute, serum
potassium greater than 5.0 mmol/L, or serum creatinine greater
than 2.5 mg/dL. Guidelines recommend frequent monitoring
of serum potassium levels following initiation of or change
in dose of aldosterone antagonists. The combination of hy-
dralazine and oral nitrates is recommended for African Amer-
ican patients—in addition to ACE inhibitors and β -blockers—
who remain NYHA class III or IV despite these drugs. Loop and
distal tubule diuretics should be viewed as necessary adjuncts
to relieve sodium and water retention. Guidelines recommend
that digoxin should be considered for symptomatic patients re-
ceiving standard therapy and that the dose should be 0.125 mg
in the majority of patients. Serum digoxin level should be less
than 1.0 ng/mL. Amiodarone and other antiarrhythmic medi-
cations should not be used for primary prevention of sudden
death, but amiodarone may be considered in those with ICDs
to decrease the frequency of repetitive ICD discharges should
this become an issue with the devices. Patients with mild heart
failure symptoms (NYHA class II) should restrict their sodium
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intake to 2 to 3 g daily. Those with more advanced symptoms
(NYHA class III to IV) should restrict their sodium intake to
2 g daily. Patients with severe hyponatremia—serum sodium
less than 130 mEq/L—should restrict their fluid intake to less
than 2 liters per day, as should individuals in whom fluid bal-
ance is difficult to maintain despite sodium restriction and high-
dose diuretics.

SUMMARY
Heart failure is a complex syndrome characterized by both
insufficient cardiac output to meet the body’s energy require-
ments and elevated filling pressures leading to systemic and
pulmonary edema. In this chapter, the pathophysiology at a
biochemical, cellular, organ, and total body level was reviewed.
Evidence-based therapies such as ACE inhibitors, β -blockers,
ARBs, and aldosterone antagonists, and the clinical studies sup-
porting their use have been reviewed. Novel therapies such as
implantable defibrillators, biventricular pacing, and ventricular
assist devices have been presented along with present recom-
mendations for their use.
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CHAPTER 122 ■ CARDIAC MECHANICAL
ASSIST DEVICES
CHARLES T. KLODELL

IMMEDIATE GOALS AND
PURPOSE OF USE

Cardiac mechanical assist devices are used during periods of
hemodynamic instability and persistent low cardiac output in
an attempt to restore normal hemodynamic parameters. The
primary goal of their use is to normalize inflow and drainage
of vital organs so that kidney and liver function return to
normal with improved hemostatic potential. The deleterious
effects of elevated atrial pressure on many of the major or-
gans are well known, with the lungs being most adversely af-
fected. Increased central venous pressure is also particularly
detrimental to the liver and kidneys, causing outflow disorders
that compromise organ function. Elevated atrial and central
venous pressures, secondary to ventricular dysfunction, are of-
ten rapidly normalized by the use of cardiac mechanical assist
devices.

There is a stepwise progression of therapy that is followed
in the intensive care unit with respect to cardiac assist inter-

ventions. Therapy begins with inotropic and vasodilator drugs
and, if the sought-after end point is not achieved, typically pro-
gresses to the use of an intra-aortic balloon pump. Ultimately,
mechanical ventricular assist device placement may be neces-
sary. In this chapter, we will briefly discuss these devices with
special emphasis on the indications, contraindications, place-
ment, complications, and potential pitfalls.

INTRA-AORTIC BALLOON PUMP

Ind icat ions

■ Acute myocardial infarction and shock: 10% to 15% of
acute myocardial infarctions may require hemodynamic sup-
port with the temporary use of an intra-aortic balloon pump
(Fig. 122.1). This may translate into as many as 1.5 million
patients annually.

■ Unstable angina



1840 Sect ion XII: Card iovascular Disease and Dysfunction

FIGURE 122.1. Intra-aortic balloon pulsation (IABP). Example of
standard 7.5 French 40-mL IABP.

■ Prophylaxis for high-risk surgery or percutaneous coronary
intervention

■ Acute mitral insufficiency
■ Ventricular septal rupture following an ischemic event (usu-

ally several days after ischemic insult)
■ Postcardiotomy failure: Inability to separate patient from

cardiopulmonary bypass following cardiac surgical proce-
dure

■ Traumatic myocardial contusion with low cardiac output

Cont raind icat ions

■ Aortic insufficiency: Leaking of the aortic valve makes the
use of an intra-aortic balloon pump potentially detrimental.
During periods of diastolic augmentation, enhanced reversal
of flow actually exacerbates the aortic insufficiency.

■ Atheromatous aorta: Patients who are known to have severe
atheromatous disease of the aorta are poor candidates for
balloon pump therapy. There is the risk of atheroemboliza-

tion, either distally or retrograde into the cerebral vascula-
ture, during pump use or manipulation.

■ Severe peripheral vascular disease or aortic dissection: The
balloon pump is typically inserted in a retrograde fashion
from the groin. This relative contraindication of peripheral
vascular disease can be overcome by the use of alternate
insertion techniques.

Te chniq ue s of Inse rt ion

The most commonly used method of intra-aortic balloon pump
insertion is via the retrograde approach from percutaneous ac-
cess to the femoral artery (Fig. 122.2). This can be performed
with or without a vascular sheath. Typically the femoral artery
is accessed with a needle. A wire is then passed retrograde
into the descending aorta. A sheath may or may not be placed
depending on the size of the femoral artery and the circum-
stances. The balloon pump is then carefully inserted over the
wire into the descending aorta to a point immediately distal
to the left subclavian artery. When there has already been an
incision made to the groin related to coronary artery bypass
cannulation or some other intervention, it is possible to insert
the balloon pump via direct arterial access.

In special circumstances, there are alternate sites for inser-
tion. This is especially true in patients who either have their
balloon pump for an extended period of time or have a need for
ambulation during balloon pump use. In these circumstances,

A

B

C

FIGURE 122.2. Intra-aortic balloon pulsation (IABP). Insertion from femoral approach. A: Artery is
accessed and wire advanced. B: Sheath inserted over wire. C: IABP advanced over wire and through
sheath to appropriate level.
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a balloon pump may also be placed directly through the ax-
illary artery (1). When placed via the axillary artery, a sheath
is not routinely used for placement. In more extreme circum-
stances, placement may require an antegrade approach either
directly into the arch or through a small graft sewn onto the
ascending aorta or arch and tunneled to the chest wall (2,3).
This method may be necessary for patients with coexisting pe-
ripheral vascular disease and postcardiotomy failure to wean
during cardiopulmonary bypass.

Ve rificat ion of Locat ion

It is important that the appropriate location of the balloon
pump be confirmed after insertion. It should be positioned just
distal to the left subclavian artery in the descending thoracic
aorta (Fig. 122.3). A more proximal placement risks an in-
creased incidence of cerebral atheroembolization or of throm-
boembolization from microthrombi forming on the balloon
pump itself. A more distal placement may cause the pump to
impede the visceral arteries. The location of the balloon pump
may be verified either by fluoroscopy or a chest roentgenogram.
The tip should be high in the left chest in appropriate relation
to the aortic arch. Another convenient mechanism to verify
location involves using transesophageal echocardiography if
performed concurrently with balloon pump insertion.

It is also important to select the appropriate sized balloon
pump for the patient. Balloon pumps are manufactured in var-
ious sizes, ranging from those appropriate for a small infant to
those used in large adults (Fig. 122.4). The standard adult size

FIGURE 122.3. Chest radiograph showing intra-aortic balloon pulsa-
tion (IABP) in place—marked distal tip of IABP.

FIGURE122.4. Different sizes of intra-aortic balloon pulsation (IABP)
devices.

is 40 mL. The manufacturer’s labeling and recommendations
and the patient’s habitus should be considered in size selection.

Me chanism of Act ion

There are two complimentary effects of an intra-aortic bal-
loon pump. The first is the diastolic augmentation of coronary
blood flow. The balloon pump is carefully timed to the cardiac
cycle so that the pump inflates during aortic valve closure and
thus enhances the diastolic pressure in the proximal aorta. This
allows increased coronary blood flow and enhanced myocar-
dial oxygen delivery. The second action involves the afterload
reduction at the time of cardiac systole, thereby allowing en-
hanced runoff for the failing ventricle. The balloon should be
properly timed to deflate during aortic valve opening, thereby
creating a pocket of reduced afterload and thus enhancing the
ability of the heart to eject the blood during systole. This action
serves to lower the left ventricular end systolic volume. Both of
these mechanisms augment left ventricular function and serve
in complementary fashion to help those patients with right ven-
tricular dysfunction. It is a common misperception that a bal-
loon pump is not beneficial, or indicated, for patients with
right ventricular dysfunction. In clinical practice, patients with
right ventricular dysfunction benefit from the diastolic aug-
mentation of coronary blood flow in the right coronary artery.
Additional benefit is derived from the reduced left ventricular
end-diastolic pressure and left atrial pressure, thereby allowing
increased forward flow and decreased afterload for the failing
right ventricle.

Comp licat ions

Although complications related to balloon pump insertion and
use are relatively infrequent, they can be quite serious. The first
potential complication can occur during insertion of the bal-
loon pump and involves direct trauma to the arterial insertion
site. It is important that insertion occurs relatively high in the
thigh in the femoral artery, near the inferior edge of the inguinal
ligament. It is possible for a misplaced balloon to shear off one
of the major arterial branches. Misplacing the balloon through
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a smaller-caliber artery may completely occlude the artery and
create an ischemic limb. In arteries that are not particularly
calcified, it is relatively easy to use the dilator and place the
balloon pump without the use of a vascular sheath. This serves
to reduce the maximal diameter of obstruction in the artery, and
perhaps reduces the potential for thrombus within the artery.

There is also the potential for mishap in both placement
and location of intra-aortic balloon pumps. It is important to
remember that when the balloon pump is placed as part of a
cardiopulmonary bypass procedure, the blood is equally oxy-
genated in the arterial and venous vessels because of the by-
pass oxygenator. Additionally, there is zero pulsatile flow at
the time of insertion, making it difficult to differentiate artery
from vein. This situation has led some to inadvertently placed
balloon pumps via the femoral vein into the right atrium. Addi-
tionally, hemodynamic instability at the time of insertion may
also lead to suboptimal confirmation of balloon pump loca-
tion. Improper placement can thus lead to impingement of the
arch vessels, causing cerebral ischemia or thromboembolism.

In more chronic management of the balloon pump, ranging
from several days to weeks or months, infectious complications
become more predominant. In addition to meticulous sterile in-
sertion techniques, balloon pumps also require daily attention
from the nursing staff. Like any other percutaneously inserted
central catheter, they have the potential to become a source of
infection. Attention to the insertion site for signs of erythema
or purulence and close monitoring of the patient’s tempera-
ture is mandatory in all patients using a balloon pump. When
a patient’s hemodynamic status fails to stabilize with balloon
pump therapy, a ventricular assist device is the next course of
progressive therapy.

VENTRICULAR ASSIST DEVICES

Pre op e rat ive Consid e rat ions

Indications for ventricular assist devices include unstable
hemodynamic measurements and failure to stabilize measure-
ments with other less invasive therapies previously discussed.
Common hemodynamic parameters that are indications for a
ventricular assist device placement are listed in Table 122.1.

In the preoperative assessment, it is important to determine
the likelihood that right ventricular support will be needed as
a course of therapy. There are several scoring systems that are
commonly used (4–6). Most of these scoring systems center
on the calculation of right ventricular stroke work and other
hemodynamic indices. Generally, practitioners should use cau-
tion if the central venous pressure is greater than the pulmonary

TA BLE 1 2 2 . 1

HEMODYNAMIC PARAMETERS SUGGESTING NEED
FOR MECHANICAL SUPPORT

Hemodynamic Parameters Values

Pulmonary capillary wedge pressure > 20 mm Hg
Central venous pressure > 20 mm Hg
Cardiac index < 2.0 L/m2

Mean arterial pressure < 60 mm Hg

capillary wedge pressure, or if the patient’s central venous pres-
sure is greater than 20 mm Hg after optimization. Dependence
on the right ventricle to support a left-sided device in such in-
stances may prove to be difficult. It is also important to look
at the overall illness of the patient. Patients who are very de-
bilitated at the time of implantation, with organ deterioration
caused by right heart dysfunction, are more likely to require
right-sided support devices. Thus, it is important to take el-
evated liver enzymes, abnormal coagulation parameters, and
renal dysfunction into consideration.

Finally, it is important to select the device based on the goal
of implantation. Devices may be implanted as a bridge to re-
covery, a bridge to transplantation, or as a destination therapy.
The lines between bridge to recovery and bridge to transplanta-
tion can sometimes become blurred when the neurologic status
of patients cannot be defined prior to implantation. These pa-
tients have been termed bridge to decision, where a short-term
device may be appropriate to stabilize hemodynamics until the
neurologic status and overall candidacy for transplantation is
better elucidated. Finally, in patients who are not candidates for
transplantation because of age or end organ dysfunction, con-
sideration of destination therapy may be appropriate. Destina-
tion therapy refers to permanent device implantation, intended
to remain in use for the duration of the patient’s lifetime.

Pre p arat ion of t he Pat ie nt

Before the operative implantation of the ventricular assist de-
vice, it is often useful to have a period of volume optimization,
or a preoperative “ tune up.” This is done to ensure that right
ventricular function is as well preserved as possible for place-
ment of a left ventricular assist device. This may include di-
uretic and inotropic therapy. In some cases, where the decision
for biventricular support is difficult, a 24- to 48-hour period
of intra-aortic balloon pumping may be a useful prognostic
indicator. This helps to demonstrate the response of the right
ventricular function to a reduced left ventricular end-diastolic
pressure (7). During this period of optimization, it is ideal to use
an arterial pressure monitor and a pulmonary artery catheter
to allow fine tuning of medications and volume status.

It is essential that attention be given to antimicrobial pro-
phylaxis during the period of preoperative optimization. This
usually involves selective skin decontamination with Hibiclens
scrub (Regent Medical, London, UK). Additionally, Bactroban
(mupirocin) is often used to reduce the number of pathogens
in the nasal passages of the patient. It may also be useful to
use red cell augmentation in patients who are having semi-
elective implants, as frequently there may be a 5- to 7-day
delay before implantation, during which time erythropoiesis-
stimulating drugs, such as erythropoietin, can be combined
with iron supplementation to achieve a significant increase of
hematocrit.

Classificat ion of Ve nt ricular Assist De vice s

Flow Typ e
The devices may be classified by the type of flow:

■ Pulsatile: In these devices, the intermittent relocation of a
pusher plate or blood sack emits a pulsatile wave similar to
that of the natural heart (Fig. 122.5).
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FIGURE 122.5. HeartMate XVE. An example of a pulsatile pusher
plate device. (Thoratec Corp, Pleasanton, CA, with permission.)

■ Axial flow: The term nonpulsatile is frequently applied to
these devices, although this is a misnomer. These pumps ac-
tually have a central blade that rotates at a rapid rate, similar
to a jet engine in an airplane (Fig. 122.6). The native function
of the left ventricle does intermittently augment the inflow to
the pump, which generates a pulsatile output at appropriate
speeds.

■ Centripetal flow: These pumps have a continuous spinning
impeller that generates a flow similar to axial pumps. How-
ever, the more advanced pumps, currently in development,
may be magnetically levitated to function without bearings
(Fig. 122.7).

Me chanism
■ Pneumatic: These pumps are operated by air, where inter-

mittent external application of compressed gas through a
tube to a blood sac emits the pulse of the pump (Fig. 122.8).

■ Electric:Electric pumps are driven by batteries or AC current
via an adapter. They may have the axial flow motor, or the
pusher plate-driven motor (Figs. 122.5 and 122.6).

Locat ion
■ Paracorporeal: These pumps are placed outside of, but in

continuity with, the body, usually connected via transcuta-
neous cannulas that are surgically implanted into the heart
(Figs. 122.8 and 122.9).

■ Intracorporeal. This term typically refers to those pumps
that are placed completely within the body with only a drive
line exiting the skin (Fig. 122.10). The main pumping mech-
anism is within the body, rather than external to it.

FIGURE 122.6. HeartMate II. An example of an axial flow device.
(Thoratec Corp, Pleasanton, CA, with permission.)

■ Percutaneous:Percutaneous refers to a small group of pumps
that are indicated for extremely short term use and are in-
serted transcutaneously, either via the femoral vein and then
transseptally into the left atrium, or retrograde across the
aortic valve (Fig. 122.11).

Pot e nt ial Durat ion of Sup p ort Base d
on De vice Typ e

■ Short term: These devices are placed to resolve immediate
hemodynamic instability as either a bridge to recovery, a
bridge to decision, or for use during a short-term procedure.
Their use is intended for hours to weeks.

FIGURE 122.7. WorldHeart Levacor. Magnetically levitated, cen-
tripetal pump (in development).
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FIGURE 122.8. Thoratec pVAD. An example of pneumatically actu-
ated ventricular assist device as biventricular support.

■ Medium term: These devices are inserted with the intention
of being used to allow recovery of the native heart func-
tion, or as a short-term bridge to transplantation. They are
indicated for weeks to months.

■ Long term: These devices are intended to be used for either
long-term bridge patients who will require an extended pe-
riod of time to acquire donor hearts, or for those patients
who may potentially have the device as destination therapy.

Imp ort ant Imp licat ions for Pot e nt ial
Eme rg e ncy Sit uat ions while t he Pat ie nt Is
Sup p ort e d b y Ve nt ricular Assist De vice s

It is important to understand the physiologic implications of
each ventricular assist device, not only while they are in use,
but also during periods of unintended pump arrest. One of the
critical differentiations between the various types of pumps is
the presence or absence of valves and the potential for ret-
rograde flow during periods of pump stoppage. In the de-
vices with valves, a pump arrest merely means that the aug-
mented flow no longer exists, and the presence of valves should
prevent retrograde flow. This is a key point to consider dur-
ing emergency management. The pumps with no valves, such
as the axial flow devices, will allow volumes in excess of
1.5 L per minute of retrograde flow during periods of pump
arrest. This degree of acute aortic insufficiency will frequently
lead to ventricular arrhythmias and cardiovascular collapse.
Knowledge of these internal components and working mech-
anisms leads to proper decision-making during emergencies.
Health care providers must know whether the pump can

FIGURE 122.9. Picture of Thoratec pVAD. Paracorporeal device.

be temporally actuated via an external mechanism (blood
sac pumps) by an individual (as opposed to the driver),
and whether or not the pump electronics are defibrillation-
compatible.

FUTURE DEVICES
Although this chapter is not intended to be comprehensive of
all devices currently in development, a few general trends are
relevant. Most future generations of these devices are currently
being designed to have a longer life span so that they are bet-
ter suited for destination therapy. Enhanced battery life will
allow for greater independence, and a reduced need for tran-
scutaneous attachment to the device, thus reducing infectious
complications. Additionally, to extend the life span of these
devices, future development will focus on total elimination of
bearings and metal-to-metal contact through magnetically levi-
tated bearingless designs. Currently, the primary vulnerabilities
of such devices remain issues of anticoagulation and throm-
boembolic events.
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FIGURE 122.10. Picture diagram of HeartMate XVE implanted, an
intracorporeal LVAD. (Thoratec Corp, Pleasanton, CA, with permis-
sion.)

Manag e me nt of t he Post –Le ft Ve nt ricular
Assist De vice Pat ie nt

Most ventricular assist device (VAD) centers strive to support
patients with left-sided devices only and limit the number of
patients who require right ventricular assist devices whenever
possible. Patients on single ventricular support are more mobile
and more rapidly rehabilitated. Thus, a major focus of post–
left ventricular assist device management is the stabilization of
right heart function and prevention of right heart failure. To ac-
complish this goal, the most important factor is the selection of
patients who have sustainable right ventricular hemodynamic
parameters preoperatively. The previously discussed period of
optimization often allows patients with marginal right ventric-
ular function to have significant improvement. This is crucial
and ranks just under the requirement that the right heart can
support the function of the left ventricular assist device. Addi-
tionally, right heart function is frequently supported for some
period of time with inotropic therapy. The most commonly
used drugs are dobutamine or a phosphodiesterase inhibitor
such as milrinone (7). Aggressive attempts are made to lower
the pulmonary artery resistance by using nitroso-dilators, such
as sodium nitroprusside, nitroglycerin, and inhaled nitric ox-
ide. There is some enthusiasm for the use of inhaled prosta-
cyclin as a less expensive alternative to inhaled nitric oxide
(8,9). Other more novel options in evolution include the use of
orally available, direct-acting drugs on the pulmonary vascu-
lature, such as the use of sildenafil, a phosphodiesterase type 5
inhibitor (10,11).

FIGURE 122.11. Impella (Abiomed). Temporary percutaneous ven-
tricular assist device. (Courtesy of Abiomed, Danvers, Mass.)

After placement of a left ventricular assist device, meticu-
lous care of the drive line site is important to reduce the risk
of ascending infection. This typically involves diligent immo-
bilization of the drive line and the use of topical treatments,
initially several times a day. In cases where infection is noted
at the drive line site despite all efforts, topical treatments can
be used with success (12).

Dysfunct ion and Comp licat ions of Le ft
Ve nt ricular Assist De vice s

■ Cannula kinking: In the paracorporeal devices, this is partic-
ularly problematic. Shifting of patient position or rolling in
the bed can lead to either dislodgement or, more frequently,
kinking of the transcutaneous cannula. This will lead to flow
alarms and sudden dysfunction of the device, and can usu-
ally be addressed by simply removing the kink in the can-
nula. Often, centers have found it beneficial to keep a folded
towel under the device to keep it off the patient’s skin and to
keep the cannulas straight. With the intracorporeal devices,
this problem is usually secondary to device migration, either
from chest closure in the operating room or from postopera-
tive ambulation. With intracorporeal devices, this frequently
requires reoperation for adjustment of the device.

■ Thrombosis and embolism: The Achilles heel of all device
therapy remains the poorly understood human coagulation
system and the effects of foreign bodies in the bloodstream.
Depending on the specific device selected and the type of
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valves within the device, variable amounts of anticoagu-
lation are recommended by the manufacturer. Regardless
of the anticoagulation therapy used, thrombosis, embolism,
and bleeding events are a concern with all devices. It is im-
portant to treat patients with any new symptom, such as
abdominal pain or a cold leg, as if it were a thromboem-
bolic event. With appropriate management of anticoagu-
lation and diligent patient care, these events are relatively
infrequent.

■ Mechanical device issues: The devices themselves may have
mechanical issues related to valve dysfunction or problems
with either bearings or motor wear. These are addressed in
the materials supplied by the manufacturers. All of the de-
vices require some type of ongoing surveillance and assess-
ment for wear and potential mechanical failure.

■ Patent foramen ovale and hypoxemia following left ventric-
ular assist placement: Patients need to be carefully screened
in the operating room with transesophageal echocardiog-
raphy and provocation maneuvers during a bubble test to
identify a patent foramen ovale. With the altered hemody-
namics following left ventricular assist device placement, the
left atrial pressure is suddenly dramatically lower than the
right atrial pressure. This allows even the smallest patent
foramen ovale to become clinically significant, with right-
to-left shunting occurring and resulting in hypoxemia. A
recent report described partial digital occlusion of the main
pulmonary artery as a provocative maneuver to be used dur-
ing the bubble study (13). Such a maneuver enhances the
intraoperative detection of patent foramen ovale during de-
vice placement. A patent foramen ovale discovered in the
operating room prior to placement of the ventricular assist
device and those discovered after the device is activated in
the operating room should be closed at that time. There are
some reports of patients being treated with percutaneous
device closure, when discovered as a cause of persistent hy-
poxemia several hours or days following device placement
(14).

■ Right heart failure and the potential need for a right ven-
tricular assist device: One of the greatest concerns when im-
planting a left ventricular assist device is the potential need
for right ventricular assist device therapy. This risk can be
minimized by careful adherence to the post–left ventricular
assist device management protocols discussed earlier in the
chapter. However, despite best efforts, a small percentage of
patients will still develop refractory right heart failure neces-
sitating device therapy. If this occurs in the operating room, it
is possible to use temporary support of the right heart while
the cardiopulmonary bypass cannulas are still in place. This
is done by using a Y off the arterial line and clamping the line
to the aorta, thus redirecting blood flow from the pump di-
rectly into the pulmonary artery via a separate cannula. This
sets up a circuit in which the blood is drawn from the right
atrium, oxygenated by the cardiopulmonary bypass circuit,
and then returned to the pulmonary artery. The effect of su-
peroxygenated blood on the pulmonary artery may result
in a reduction in pulmonary resistance over several minutes
and obviate the need for a right ventricular assist device.
This is often referred to as a Berlin bridge and may be a ben-
eficial intermediate step before placing a right ventricular
assist device when right ventricular dysfunction is apparent
in the operating room. When right heart dysfunction and
failure develop several days after a left ventricular assist de-

vice placement, some type of short-term device support may
be required if the heart remains refractory to initial inter-
ventions. These interventions include the multiple levels of
pharmacotherapy previously discussed.

■ Bleeding: One of the most common complications related
to ventricular assist device therapy is bleeding. This is most
common during the perioperative period, but can also oc-
cur with anticoagulation during device use. Individual insti-
tutions must make the decision regarding the appropriate-
ness of aprotinin therapy. It has been our standard practice
to use a full dose of aprotinin (full Hammersmith proto-
col, see package insert) at the time of device implantation
and with subsequent transplantation because of the tremen-
dous importance of hemostasis. At the time of the second
exposure, a test dose is administered only when cardiopul-
monary bypass is immediately available because of the risk
of a hypersensitivity reaction. Additionally, it is imperative
that meticulous hemostasis be obtained and maintained dur-
ing ventricular assist device therapy. The administration of
blood products, especially plasma and platelets, increases
pulmonary resistance. This increased resistance, in combi-
nation with the volume associated with these products, can
precipitate right heart failure. This outcome should always
be considered when using blood product therapy.

■ Patient factors: These factors include the patient factors of
devices such as accidental disconnects, where a patient, in
spite of optimal education from physicians and VAD staff,
simultaneously disconnects all power sources to their de-
vice, resulting in pump stoppage. Additionally, traction in-
juries are common. Particular attention should be given to
entering and exiting vehicles and traversing through narrow
doorways, as these seem to be particularly problematic for
the drive lines of ventricular assist devices.

TRANSITION FROM ICU TO THE
FLOOR AND OUTPATIENT

MANAGEMENT
It is beyond the scope of this chapter to discuss personnel man-
agement. However, dedicated staff members are essential and
must be thoroughly trained to deal with outpatient manage-
ment of ventricular assist devices. Communication and current
knowledge of the device is paramount to the success of the
ventricular assist device program. This requires the establish-
ment of community resources and alternate caregiver training
so that there is redundancy at every level of the system. Al-
though minor problems with these patients and their devices
are not uncommon, most are easily handled if the support staff
are prepared and adequately trained. Mechanical assist devices
can enhance not only the quantity, but also the quality of life
for these patients.
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CHAPTER 123 ■ VALVULAR HEART DISEASE
KATHIRVEL SUBRAMANIAM r JEAN-PIERRE YARED

IMMEDIATE CONCERNS
Critically ill patients with valvular heart disease (VHD) pre-
senting to the intensive care unit (ICU) fall into three pri-
mary categories: (a) patients who are critically ill as a result
of acute onset, newly acquired VHD; (b) patients with exac-
erbation or complications of pre-existing VHD; or (c) patients
with concomitant VHD who are critically ill from other causes.
Most patients present with instability secondary to left heart
valvular disease, which, if severe, impairs right heart func-
tion, but in patients, right heart valvular lesions can be the
predominant problem. Hemodynamic consequences of decom-
pensated left-sided valvular lesions include diminished cardiac
output with tissue hypoperfusion, and pulmonary venous hy-
pertension with pulmonary edema that, if severe, leads to pul-
monary arterial hypertension and right heart failure. Isolated
right-sided valvular lesions present with reduced cardiac output
and systemic venous congestion. Management is determined
by the type of lesion and its hemodynamic consequences, and
is modified by coexisting derangements. Noninvasive assess-
ment of the hemodynamic derangement by history, physical
exam, chest radiography, or transthoracic echocardiography
(TTE) is essential, but useful information may also be derived
from invasive measurements such as arterial blood pressure,
cardiac filling pressures, cardiac output, mixed venous oxy-
gen saturation, and calculated cardiovascular variables such
as left ventricular stroke work index, systemic vascular resis-
tance, and pulmonary vascular resistance. Invasive monitoring
is particularly useful for guiding and assessing the results of
management.

Patients with life-threatening valvular disease generally
present to the critical care unit with one or more manifesta-
tions of congestive heart failure that require immediate sta-

bilization. The most common initial interventions are aimed
at controlling circulatory shock and respiratory failure. Two
levels of diagnosis must then be established. The first level in-
volves defining the type and severity of valvular heart disease.
The second level of diagnosis involves determination of acute
precipitating events in the patient’s deterioration. These can
include cardiac problems such as acute changes in the valvu-
lar lesion ranging from obstruction to severe insufficiency, en-
docarditis, myocardial infarction, and cardiac dysrhythmias
to systemic problems impacting cardiac performance such as
uncontrolled hypertension, noncompliance with diet or med-
ication regimens, infection, pulmonary embolism, endocrine
abnormalities—particularly diabetic ketoacidosis or hyperthy-
roid crisis—and acute renal failure.

Once both levels of diagnosis have been made, an estimate
of the reversibility of the hemodynamic defect is possible, and
plans for management can be developed. Specific management
decisions depend on the lesion, its inherent physiology, and the
presence of complicating factors.

CRITICAL ILLNESS CAUSED BY
VALVULAR HEART DISEASE

Although valvular disease is often known from the patient’s
history, detection by physical examination may be made dif-
ficult by environmental noise, pulmonary rhonchi, or other
factors. Further, with severe aortic or mitral stenosis and a
failing left ventricle, cardiac murmurs may be unimpressive or
even absent. Electrocardiography frequently reveals the exis-
tence of concomitant ischemic heart disease, left ventricular
hypertrophy, atrial abnormalities, arrhythmias, or right ven-
tricular hypertrophy. Portable plain film chest radiography
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can be invaluable in revealing pulmonary venous or arterial
hypertension, pulmonary edema, pleural effusions, and lung
parenchymal abnormalities, and in allowing evaluation of the
cardiac contour. Because of the distortion produced by antero-
posterior supine radiographs, every effort should be made to
obtain sitting 183-cm (72-inch) posteroanterior radiographs
as well as lateral radiographs when the patient’s condition al-
lows. Early performance of echocardiography is imperative in
patients with unexplained heart failure. If the quality of the
transthoracic echocardiogram is not optimal, transesophageal
echocardiography should be performed.

CRITICAL ILLNESS IN PATIENTS
WITH UNDERLYING VALVULAR

HEART DISEASE
Patients with underlying valvular disease may become criti-
cally ill from noncardiac causes. The effect of valvular disease
on the management plan is determined by the presence of other
cardiac abnormalities, the severity of the physiologic derange-
ments, and the resultant hemodynamic burden. Because these
patients present with other illnesses, valvular disease is often
detected only by the discovery of cardiac murmurs on physi-
cal examination, valve calcification or cardiac contour abnor-
malities on chest radiograph, or unexplained evidence of left
ventricular hypertrophy or atrial abnormality on electrocardio-
gram (ECG). When abnormalities are suspected, echocardiog-
raphy is the most useful diagnostic tool for defining the type
and extent of the valvular abnormality.

Once the valvular abnormality is defined, its impact on
the management plan can be determined by consideration
of its severity and specific hemodynamic characteristics (see
below). All valve lesions share several common considera-
tions. Antibiotic prophylaxis for endocarditis is important
since community-acquired, as well as nosocomial, infections
are common in critically ill patients, particularly when invasive
procedures are undertaken or indwelling catheters are inserted.

Fever and increased work of breathing may increase oxygen
demand to a degree not well tolerated, and should be treated
vigorously. Sinus tachycardia, atrial fibrillation with rapid ven-
tricular response, and paroxysmal atrial tachycardia reduce
left ventricular filling time and may lead to hemodynamic de-
terioration. They should be aggressively treated, particularly
in patients with severely stenotic lesions. Treatment of dys-
rhythmias includes correction of electrolyte abnormalities, ju-
dicious use of digoxin, and intermittent or constant infusion of
β -adrenergic blockers, calcium channel blockers, amiodarone,
or other antidysrhythmic drugs. Hemodynamically compro-
mised patients who do not promptly respond to the above
measures may need urgent cardioversion.

CRITICAL ILLNESSES WITH
SPECIFIC VALVULAR

ABNORMALITIES

Aort ic St e nosis

Et io log y
Aortic stenosis (AS) is the most common primary valvular heart
disease. Stenosis of the normal tricuspid aortic valve caused by

pathology similar to coronary artery disease is the usual cause.
A fibrocalcific process may involve the bicuspid aortic valve,
though the process is slower. Rheumatic aortic valve disease,
though rare in industrialized societies, may be seen along with
mitral valve disease.

He mod ynamics
Obstruction to forward blood flow causes compensatory con-
centric hypertrophy of the left ventricle. Hypertrophy decreases
the wall stress, but comes at the price of increased oxygen
demand and dependence of ventricular filling on left atrial
contractions. As the hypertrophy increases, subendocardial is-
chemia predisposes these patients to ventricular dysrhythmias.
Decrease in forward flow with exercise and associated periph-
eral vasodilatation can cause syncope. Sudden death has been
reported in patients with AS. Later in the course, the ventri-
cles dilate and cardiac function is maintained by Frank-Starling
mechanisms. The triad of symptoms—syncope, angina, and
dyspnea—indicates severe AS and requires surgical interven-
tion. Clinical signs of common valve lesions are noted in Table
123.1.

Diag nosis
Common features on ECG include left ventricular hypertrophy
with strain pattern, left bundle branch block, and left atrial
hypertrophy (biphasic P waves in precordial lead V1). Chest
radiography may reveal a boot-shaped heart, calcification of
the aortic valve, poststenotic dilatation of the aorta, and pul-
monary venous congestion. Echocardiography is the principal
modality for confirming the diagnosis of AS (Fig. 123.1); the
severity of AS is determined by peak gradients across the aortic
valve and calculation of valve area (Table 123.2). It is important
to recognize that the gradients will be lower with severe aortic
stenosis if the flow across the valve is reduced by hypovolemia
or by poor left ventricular function. Echocardiography also
provides information about left ventricular function. Patients
with AS may have preserved systolic function but with signif-
icant diastolic dysfunction. Diastolic dysfunction predisposes
these patients to pulmonary edema. Coronary angiography is
indicated in patients with aortic stenosis before surgery to rule
out associated coronary artery disease (CAD).

The rap e ut ic Consid e rat ions
Patients with AS may require ICU admission because of acute
cardiogenic shock, pulmonary edema, severe angina, ventric-
ular dysrhythmias, or, less commonly, atrial fibrillation and
systemic embolization.

Drug s
Drugs commonly used to treat these conditions carry significant
risks in patients with AS. β -Blockers, calcium channel blockers,
and other antidysrhythmics should be used with caution as pa-
tients with AS are sensitive to drugs causing myocardial depres-
sion. Pulmonary congestion should be relieved by careful ad-
ministration of diuretics, digitalis, and nitroglycerin. The use of
diuretics and nitroglycerin, however, may result in inadequate
preload. Digitalis carries the risk of dysrhythmias. Increased
left ventricular mass and intracavitary systolic pressure increase
oxygen demands, thereby decreasing the patient’s tolerance
to vasodilatation and tachycardia. Angiotensin-converting en-
zyme (ACE) inhibitors and other vasodilators such as nitro-
prusside may precipitate syncope or even sudden death in se-
vere AS, and are relatively contraindicated.
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TA BLE 1 2 3 . 1

CLINICAL SIGNS IN VALVULAR HEART DISEASE

Aortic Acute mitral Chronic mitral
Aortic stenosis regurgitation regurgitation regurgitation Mitral stenosis

General signs Nothing
remarkable

Look for Marfan
syndrome,
ankylosing
spondylitis, or
seronegative
arthropathies

Tachypnea,
circulatory shock

Tachypnea Mitral facies
(malar flush),
tachypnea,
peripheral
cyanosis

Pulse Small volume
(parvus) and late
peaking (tardus)

Water-hammer
pulse, wide pulse
pressure

Sinus tachycardia Irregularly
irregular in AF

Reduced or normal
volume,
irregularly
irregular in AF

Neck and JVP Prominent a wave Prominent carotid
pulsations
(Corrigan sign)

Prominent a wave Absent a wave in
AF

Prominent a wave
in PHT, absent a
wave in AF

Precordium Sustained,
nondisplaced or
slightly displaced
apical impulse,
palpable S4,
systolic thrill at
the base and at
carotids

Diffuse,
hyperdynamic
and displaced
apical impulse

Nondisplaced
hyperdynamic
apical impulse,
systolic thrill

Hyperdynamic,
inferolateral
displaced apical
impulse,
parasternal
heave (LAE)

Tapping apical
impulse
(palpable S1),
palpable P2 and
parasternal
heave in PHT,
diastolic thrill
rarely

AUSCULTATION
S1 Soft Soft in acute AR Normal/soft Soft Loud
S2 Narrow split or

reverse split S2 ,
absent A2 in
severe AS

P2 loud in acute AR Accentuated
P2/wide
paradoxical split

Normal P2/wide
paradoxical split

P2 loud in PHT

S3/S4 Prominent S4 S3 heard Present/present Present/absent
Clicks and

added sounds
Systolic ejection

click indicates
mobile valve

Mid systolic click
in MVP

Opening snap

Murmur Systolic soft
musical murmur,
decreasing
intensity in
advanced disease

High-pitched, long
diastolic murmur
in chronic versus
low-pitched
short diastolic
murmur in acute
AR along left
sternal border,
diastolic murmur
of early mitral
diastolic closure

Early systolic loud
radiating toward
base (anterior
directed jet) or
axilla (posterior
directed jet)

Holosystolic, soft
or harsh and
radiating toward
axilla/back, late
systolic murmur
in MVP

Mid-diastolic
murmur with
late diastolic
accentuation best
heard at apex

AF, Atrial fibrillation; PHT, pulmonary hypertension; LAE, left atrial enlargement; MVP, mitral valve prolapse; AR, aortic regurgitation; AS, aortic
stenosis.

Undesirable hemodynamic effects of sedative drugs such as
propofol, benzodiazepines, and narcotics should also be con-
sidered. Propofol can cause significant vasodilatation and hy-
potension, and therefore should be avoided in patients with
fixed cardiac output. Narcotics can blunt the hypertensive sym-
pathetic responses without significant myocardial depression
and are usually the agents of choice.

Fluid s
Fluid is administered with extreme caution in patients with AS.
Patients with diastolic dysfunction, even when systolic function
and ejection fraction are preserved, are extremely sensitive to

fluids and can develop pulmonary edema. Filling pressures may
need to be monitored with a pulmonary artery catheter (PAC)
in such critical situations.

Monit oring
Hemodynamic stabilization with drugs and fluids should be
carried out with careful monitoring of arterial pressure and
cardiac filling pressures. Normal central venous pressure (CVP)
does not ensure adequate filling pressures in patients with a stiff
left ventricle. Placement of a PAC, while helpful, is not with-
out risks, as it may precipitate malignant dysrhythmias and
sudden deterioration. However, the PAC can provide useful
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FIGURE 123.1. Transesophageal echocardiographic appearance of se-
vere calcific aortic stenosis.

information about left ventricular filling pressures, cardiac
output, and mixed venous oxygenation, and can be used, if
needed, for transvenous pacing. It is intuitive that the risks
must be weighed against the potential benefits when PAC use
is considered. It is important to note that pulmonary capillary
wedge pressure (PCWP) can underestimate left ventricular end-
diastolic pressure (LVEDP) in patients with markedly reduced
ventricular compliance; echocardiography can provide useful
information in such situations. Monitoring for ischemia with
continuous ECG leads V5 and II should be carried out in all
patients with AS, as they are vulnerable to ischemia. However,
the ECG manifestations of left ventricular hypertrophy may
make detection of ischemic changes more difficult.

He mod ynamic Goals
Left ventricular hypertrophy renders the atrial contraction—
and thus sinus rhythm and preload—more crucial for dias-
tolic filling. Atrial fibrillation should be reversed with prompt
cardioversion and initiation of antidysrhythmic therapy with
amiodarone and/or β -blocking drugs. Procainamide may also
be used, but carries an increased risk of myocardial depression
and hypotension. If cardioversion is unsuccessful, pharmaco-
logic control of the ventricular rate is essential. It is imperative
to avoid tachycardia, which will decrease the diastolic ventricu-

TA BLE 1 2 3 . 2

ECHOCARDIOGRAPHIC ASSESSMENT OF AORTIC
STENOSIS (AS)

Mild AS Moderate AS Severe AS

Valve area (cm2) More
than 1.5

1–1.5 Less
than 1

Mean transvalvular
gradient (mm Hg)

Less
than 25

25–40 Greater
than 40

Jet velocity of blood
flow across the
valve (m/s)

Less
than 3

3–4 Greater
than 4

lar filling time and increase the risk of ischemia. Severe brady-
cardia also should be avoided because severe aortic stenosis
results in a fixed stroke volume, therefore potentially reducing
cardiac output. Adequate preload should be maintained, and
one must recognize that afterload reduction may be hazardous
as it can impair coronary perfusion pressure. Severe myocar-
dial dysfunction with low blood pressure and ischemia may
require administration of inotropes. Maintenance of adequate
coronary perfusion pressure by vasopressors such as phenyl-
ephrine may be necessary in patients with optimized volume
and myocardial contractile status. Patients who are refractory
to medical management may benefit from insertion of an intra-
aortic balloon counterpulsation pump (IABP) to improve coro-
nary perfusion pressure.

Definit ive The rap y
Considering the unfavorable natural history of AS, any ICU
patient with severe AS who continues to deteriorate despite
medical therapy should be seen by a cardiologist and a car-
diac surgeon for possible balloon valvotomy or open valve re-
placement. Balloon valvotomy affords temporary improvement
in transvalvular gradient—usually with restenosis in about 6
months—and may relieve symptoms in some patients, thus
serving as a bridge to definitive surgery. Balloon valvotomy is
often very effective for young adults and adolescents with bi-
cuspid valves, although it carries a mortality of 10% in patients
with calcific AS (1).

Aort ic Re g urg it at ion

Patients with aortic regurgitation (AR) may present to the criti-
cal care physician either because of decompensated chronic AR
or due to acute onset of severe regurgitation.

Et io log y
Acute AR results from infective endocarditis, with leaflet per-
foration, vegetations, or perivalvular fistula, and aortic dissec-
tion extending into the aortic annulus or aortic root, and from
trauma, with avulsions of the annulus and tears of the cusps.
Severe, acute hypertension may also cause sudden onset of AR
that often reverses after control of hypertension. The causes
of chronic AR are diverse; the disease may directly involve the
valve or the aortic root. Primary valvular diseases include con-
genital bicuspid valve, prolapse of aortic cusp, rheumatic heart
disease, calcific degenerative disease, connective tissue diseases,
and subacute bacterial endocarditis. Diseases associated with
aortic root dilatation include systemic hypertension, Marfan
disease (Fig. 123.2), Ehlers-Danlos disease, granulomatous dis-
eases of the aorta, senile and cystic medial degeneration, annu-
loaortic ectasia, and syphilis.

He mod ynamics
In chronic AR, the left ventricle (LV) dilates and hypertrophies
when subjected to volume overload. This keeps wall stresses
in check and maintains normal forward stroke volume. As the
disease progresses and the compensatory limit is reached, the
wall stress begins to rise and systolic function deteriorates, with
decreasing forward stroke volume as well as increasing LV end-
diastolic volume (LVEDV) and LVEDP, resulting in symptoms
of heart failure. The presence of symptoms, systolic dysfunc-
tion, and an increase in end-systolic dimensions indicate severe
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FIGURE 123.2. Dilatation of aortic root and ascending aorta by trans-
esophageal echocardiography in a patient with Marfan disease.

and decompensated AR. During the relatively asymptomatic
phase, the patient develops symptoms at a rate of 3.7% per
year. In acute AR, the LV is subject to a sudden increase in
volume, with no opportunity for a compensatory increase in
compliance and eccentric hypertrophy to occur. Without these
adaptations, the increase in end-diastolic pressures causes pul-
monary venous congestion and pulmonary edema. The sever-
ity is dependent on the regurgitant orifice size, duration of
diastole—as the degree of AR increases with bradycardia—and
the diastolic pressure gradient between aorta and left ventricle.
Thus, the patient with acute AR may present with heart failure
if the AR is severe, or the initiating event—aortic dissection,
trauma, or endocarditis—may dominate if AR is mild.

Diag nosis
An ECG is performed to rule out ischemic heart disease in
situations of acute AR. The chest radiograph will reveal car-
diomegaly in chronic AR or pulmonary congestion with a
normal-sized heart in acute AR. TTE is performed to define
the mechanism and severity of AR. Transesophageal echocar-
diography (TEE) is useful in patients with limited TTE win-
dows. TEE defines the nature of perivalvular pathology (e.g.,
an abscess) better than TTE. An acute aortic dissection may be
diagnosed with high sensitivity and specificity with TEE. Other
techniques such as computerized tomographic (CT) scanning,
magnetic resonance imaging (MRI), and aortography have
been used. Each modality has its own advantages and disad-
vantages (2). TEE is clearly superior to MRI and CT scanning
to characterize the valve pathology in cases of acute dissection,
and obviates the need for aortography (Fig. 123.3). Coronary
angiography can rule out ischemic heart disease before surgery
in chronic AR, but is rarely indicated before emergency surgery
in acute AR. Echocardiography may also be helpful to rule out
the coronary artery involvement in dissections.

The rap e ut ic Consid e rat ions
Patients with acute AR are generally ill enough to require ICU
admission. While medical therapy may allow patients with mild
acute AR to reach a chronic compensated state, emergency aor-
tic valve replacement is almost always indicated in a patient
with severe acute AR after medical stabilization.

FIGURE 123.3. Aortic dissection intimal flap involving aortic root.

The principle of therapy is to optimize cardiac output and
systemic perfusion, reduce pulmonary venous congestion, and
initiate therapy for any underlying disorder. Invasive monitor-
ing is initiated and volume is optimized. Tachycardia is benefi-
cial in maintaining cardiac output, and decreases the regurgi-
tant fraction by decreasing the duration of diastole. β -Blockers
are avoided in acute severe AR before surgery, as it inhibits
compensatory tachycardia and may precipitate circulatory fail-
ure. Hypertension and increased afterload are to be avoided;
afterload reduction is indicated with vasodilators such as ni-
troprusside. Inotropic therapy is advised only in patients with
depressed systolic function. The hemodynamic response to
therapy is an increased cardiac output with reduction of fill-
ing pressures. An IABP is absolutely contraindicated in patients
with AR, as it will increase the regurgitant fraction.

In contrast to other causes of AR, inotropic therapy is
avoided in patients with aortic dissection, as it occurs as a result
of long-standing, poorly controlled hypertension or trauma. In
both situations, left ventricular contractility is preserved and in-
otropes are not indicated. β -Adrenergic blockade may be initi-
ated to reduce the velocity of LV ejection and aortic wall stress,
therefore preventing extension of the aortic dissection or aortic
rupture. In patients with chronic AR who present with an acute
decompensation, a search should be made for the precipitat-
ing cause, with particular attention to possible infectious endo-
carditis. Most patients stabilize with medical therapy, but early
elective surgery should be considered, as the outlook for medi-
cally treated symptomatic patients is poor. Decompensated pa-
tients who do not improve with aggressive medical therapy
should undergo emergency valve replacement. Mortality with
medical therapy alone in this group approaches 100% , while
many moribund patients will survive with surgery.

Mit ral Re g urg it at ion

The mitral valve apparatus is composed of the valve leaflets, mi-
tral annulus, chorda tendineae, papillary muscles, and adjacent
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TA BLE 1 2 3 . 3

FUNCTIONAL CLASSIFICATION OF MITRAL REGURGITATION (MR)

Type of MR Pathology Disease

Type I Normal motion of leaflets Endocarditis (leaflet perforation)
or various etiologies causing
left ventricular dysfunction
(annular dilatation)

Type II Increased leaflet motion with free edge of the
leaflet traveling above the plane of the
annulus; this is due to chordal elongation
or rupture, papillary muscle rupture

Degenerative myxomatous valve
disease

Type IIIA Restricted leaflet motion during diastole and
systole

Rheumatic heart disease

Type IIIB Restricted leaflet motion during systole,
papillary muscle displacement

Ischemic or dilated
cardiomyopathy

cardiac chambers, namely the left atrium and left ventricle. Any
disruption in the integrity of the mitral valve apparatus may
result in regurgitation. One of the major breakthroughs in the
management of mitral regurgitation was the functional clas-
sification of mitral regurgitation (MR) by Carpentier in early
1980s (3) (Table 123.3).

Et io log y
An acute presentation of MR to the critical care physician
usually results from infective endocarditis with leaflet perfo-
rations, vegetations, and perivalvular leaks; connective tissue
or myxomatous disorders (e.g., chordal rupture); and ischemic
heart disease—infarction and rupture of papillary muscles, or
transient papillary muscle dysfunction due to ischemia. Acute
rheumatic mitral valvulitis as the cause of mitral regurgitation
is less common today.

He mod ynamics
Chronic MR leads to adaptation of the left ventricle by dilata-
tion and eccentric hypertrophy. Over many years of increas-
ing regurgitant volume, systolic function may fail, resulting in
decreased ejection fraction (EF) and pulmonary hypertension.
Left atrial (LA) dilatation leads to atrial fibrillation. In the ab-
sence of a precipitating event such as an infection or a sec-
ond hemodynamic abnormality, patients with chronic MR are
rarely critically ill on presentation. In acute MR, on the other
hand, the regurgitant volume is mainly ejected into the non-
compliant left atrium. As a result, left atrial pressure increases,
which is transmitted to the pulmonary venous system, result-
ing in pulmonary edema. Sudden volume overload increases the
burden on the LV and it fails. Cardiac output falls and systemic
vascular resistance rises, which further increases the regurgi-
tant fraction. Patients may present with acute onset of fatigue,
dyspnea, and chest pain, or can be admitted with pulmonary
edema and circulatory shock, depending on the etiology. The
differences in clinical signs between acute and chronic forms
of MR are given in Table 123.1.

Diag nosis
The ECG may show atrial fibrillation, left ventricular hyper-
trophy, and right ventricular strain, while the chest radiograph
may show cardiomegaly, indicating pre-existing heart disease.

Pulmonary venous congestion and/or edema with a normal-
sized heart indicate acute MR. An ECG may suggest the etiol-
ogy in cases of ischemic MR.

Echocardiography remains the standard for the diagnosis
of mitral regurgitation. TTE is easy, safe, and quick, and can
be performed at the bedside. The mechanism and type of MR
should be defined. Qualitative and quantitative assessment of
MR can be done by color and spectral Doppler methods. Fi-
nally, the suitability for repair and left ventricular function
should be assessed. TEE may provide better detail because of
superior resolution and, further, has a significant advantage
in that it allows definition of anatomic details of the mitral
valve apparatus and mechanism of MR; the severity of MR
is better evaluated by TEE (Fig. 123.4). Indices of left ven-
tricular function such as EF are unreliable in the presence of
severe MR. EF in MR is increased when contractility is normal.
Normal EF indicates a significant loss of myocardial function;
when EF is reduced to 50% or less, advanced myocardial dys-
function is generally present (4). The American Heart Associ-
ation/American College of Cardiology (AHA/ACC) guidelines
recommend medical treatment when EF is less than 30% and

FIGURE 123.4. Transesophageal echocardiographic diagnosis of mi-
tral regurgitation (MR) severity. Left atrial wall hugging eccentric re-
gurgitant jet indicates severe MR.
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surgical treatment, even in asymptomatic patients, with EF less
than 60% to prevent progression of disease (5). Urgent coro-
nary angiography is indicated if myocardial ischemia or infarc-
tion is a real consideration. Coronary angiography may delin-
eate a culprit lesion, which may be amenable to catheter-based
interventions. Severe triple-vessel disease should be referred for
surgery. In the case of chordal rupture or infective endocarditis
without risk factors for CAD, angiography may be deferred.

The rap e ut ic Consid e rat ions
In acute, severe MR, medical therapy has a limited role and
is aimed at stabilizing the patient’s hemodynamics in prepara-
tion for surgical intervention. Early valve surgery is life saving,
and therefore should not be delayed. Since acute MR is often
a complication of myocardial infarction, therapy should in-
clude the need to maintain coronary perfusion pressure and re-
duce myocardial oxygen consumption. The utilization of a PAC
and invasive arterial pressure monitoring are recommended.
The pulmonary artery waveform may show typical V waves of
mitral regurgitation. Sinus tachycardia maintains the forward
flow and, thus, should not be suppressed. Hypertension and
the use of vasopressors should be avoided, as the increased af-
terload will increase the regurgitant fraction. Diuretics may be
needed to reduce pulmonary venous congestion. While in the
normotensive patient, vasodilators—such as nitroprusside—
can be useful in increasing the forward flow and decreasing the
regurgitant fraction, the same cannot be said when the patient
is hypotensive. In this case, nitroprusside may further impair
coronary perfusion pressure and should not be used except in
combination with inotropes. When patients fail to respond ad-
equately to medical management, IABP may be life saving, as
it increases forward flow and blood pressure while diminishing
filling pressures. It is effective in increasing coronary perfusion
pressure and reducing oxygen consumption, the key factors in
maintaining a favorable balance between myocardial oxygen
supply and demand. Thus, IABP can be used to stabilize pa-
tients while they are prepared for surgery.

The surgical intervention is determined by the nature of
the lesion. Chordal rupture or prolapse of the posterior leaflet
can be successfully repaired. Revascularization alone may im-
prove ischemic MR in selected patients with transient papillary
muscle ischemia without rupture (6). Revascularization can be
done using angioplasty, thrombolysis, or bypass surgery, de-
pending on the anatomic characteristics and the severity of the
lesions. However, revascularization alone may leave many of
these patients with significant degrees of postoperative MR (7).
Current lines of evidence suggest that a combination of com-
plete revascularization with mitral valve repair or replacement
with posterior chordal sparing is the standard of care for acute
ischemic MR refractory to medical management and nonsurgi-
cal revascularization techniques (8). Mitral valve annuloplasty
is the best approach for ischemic MR due to annular dilata-
tion, diminished systolic contraction of the annulus, or pap-
illary muscle malalignment. Mitral valve replacement should
be considered if the repair is unsatisfactory. Papillary muscle
rupture carries a high mortality without surgical intervention;
surgery does improve the long-term outcome in functional class
in these patients.

Infective endocarditis should be treated with antibiotics.
However, if surgery is indicated, it should not be delayed
for microbiologic clearance. Indications for surgery include
congestive heart failure refractory to medical treatment, un-

controlled infection despite antibiotics, recurrent systemic em-
bolism, perivalvular or pericardial extension of infection, fun-
gal endocarditis, and prosthetic valve endocarditis (5).

Mitral valve prolapse (MVP) deserves special mention be-
cause MVP is the most prevalent valvular heart disease and
the most common cause of MR. Patients with this condition
may present to the ICU because of severe MR, atrial fib-
rillation with transient ischemic attacks, long QT syndrome
and tachyarrhythmias, pulmonary hypertension, cerebral em-
bolism from MVP-related fibrin, infective endocarditis, or even
sudden death (9). Medical stabilization and elective surgical re-
pair of the mitral valve are recommended therapies.

Mit ral St e nosis

Et io log y
Mitral stenosis (MS) is mostly related to rheumatic heart dis-
ease. Degenerative calcific stenosis, congenital stenosis, and
connective tissue disorders such as systemic lupus erythemato-
sus and Lutembacher syndrome (atrial septal defect with MS)
are the other causes for MS. Atrial myxomas and left atrial
ball-valve thrombus can present with intermittent obstruction
to mitral inflow and mimic MS.

He mod ynamics
In rheumatic MS, inflammation of the connective tissue leads
to leaflet thickening and calcification, and commissural and
chordal fusion. Ultimately, many patients are left with a funnel-
shaped mitral apparatus. As the condition progresses, left atrial
pressure and the transmitral gradient increase, thus maintain-
ing flow. However, the subsequent increase in pulmonary ve-
nous pressure leads to hydrostatic pulmonary edema. Pul-
monary vasoconstriction increases pulmonary arterial pressure
and right ventricular afterload. Over the course of rheumatic
heart disease, persistently elevated pulmonary arterial pressure
leads to structural changes such as intimal hyperplasia and me-
dial hypertrophy. These structural changes are permanent and
result in fixed pulmonary hypertension. Right ventricular di-
latation and failure result in tricuspid insufficiency and sys-
temic venous congestion, respectively. The impact of MS on
cardiac output is initially determined by the severity of the
stenosis itself and the limitation to flow across the narrowed
mitral orifice. However, as the disease progresses, right ventric-
ular failure may become severe enough to limit cardiac output.
Similarly, progression of rheumatic disease with its associated
inflammation, fibrosis, and calcium deposition may impair left
ventricular function. Although this effect is not a major deter-
minant of cardiac output in patients with MS, it may become
important to consider in some patients after surgical repair. In
such situations, the increase in transmitral flow may expose the
left ventricle to a sudden increase in preload, causing failure.

Pre se nt at ion
Patients with mitral stenosis often present to the ICU with acute
cardiogenic pulmonary edema. Precipitating factors such as
infective endocarditis, fever, anxiety, pain, atrial fibrillation,
and pregnancy should be identified. Occlusion from an en-
larging atrial myxoma should be ruled out. Right-sided heart
failure with hepatic dysfunction, acute hemoptysis, systemic
embolism, and hoarseness of voice may also be present.
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FIGURE 123.5. Typical appearance of rheumatic mitral stenosis.

Diag nosis
The ECG may show left atrial enlargement, right ventricular
hypertrophy, and atrial fibrillation in MS. Chest radiography
shows straightening of the left heart border, indicating left atrial
and pulmonary artery enlargement. Kerley A and B lines in-
dicate pulmonary venous hypertension. TTE findings include
doming of the anterior leaflet, decreased leaflet mobility, in-
creased leaflet calcification and thickness, commissural fusion,
calcification of the subvalvular apparatus, increased LA size,
and the presence of an LA thrombus (Fig. 123.5). Color flow
will show associated mitral regurgitation. Doppler echocardio-
graphy allows calculation of pressure gradients, mitral valve
area, and estimation of pulmonary artery systolic pressure.
Cardiac MRI is increasingly being used in the evaluation of
stenotic valvular lesions; it measures valve area by planimetry.
Its advantage over echocardiography is the lack of dependence
upon good echocardiographic windows.

The rap e ut ic Consid e rat ions
New onset atrial fibrillation with hemodynamic instability
should be treated with cardioversion. Cardioversion of a pa-
tient with atrial fibrillation of unknown duration or that is
known to have persisted for more than 48 hours must be pre-
ceded by 3 weeks of anticoagulation or by a TEE to exclude
the presence of left atrial thrombus. Anticoagulation should
be continued for 4 weeks following cardioversion because the
enlarged LA remains “stunned” and does not recover a nor-
mal contractile state immediately following cardioversion (10).
Anticoagulants should also be used in patients with a prior
embolic event and left atrial diameter greater than 55 mm by
echocardiography (5). Antidysrhythmics, such as amiodarone,
may be used to maintain sinus rhythm but should not be ex-
pected to provide indefinite success.

Patients admitted with pulmonary edema should be sta-
bilized with oxygen, morphine, anxiolytics, diuretics, and
digoxin; the latter is especially useful in patients with atrial
dysrhythmias and congestive heart failure. Sympathetic ner-
vous system activity is increased in patients with mitral stenosis,
and sympathetic overactivity worsens the symptom complex;
β -blockers are very useful in this situation. Intravenous nesiri-

tide, a synthetic human natriuretic peptide, is also used in the
critically ill patients with acute decompensated cardiac failure
and pulmonary hypertension. Short-term intravenous infusion
of nesiritide is associated with hemodynamic and symptomatic
improvements in patients with acutely decompensated conges-
tive heart failure (CHF). Nesiritide may offer tolerability and
practical advantages over currently used vasodilators, inodila-
tors, and inotropes in this condition; in particular, nesiritide
does not appear to have proarrhythmic effects. Nesiritide also
appears to be effective and well tolerated in patients receiving
concomitant β -blocker therapy and those with renal insuffi-
ciency (11, 12). If the patients are hypotensive, inotropes to
improve left ventricular function may not be useful, but may
worsen tachycardia and pulmonary edema. Inodilators may be
useful in improving right ventricular dysfunction and reducing
pulmonary hypertension. Systemic blood pressure may need to
be supported with vasopressors, with the caveat that they may
adversely impact pulmonary vascular resistance. Assessment
of volume status is difficult, as the PCWP does not correlate
with LVEDP in patients with MS. However, the PCWP gives
useful information about the propensity to develop pulmonary
edema.

Emergency invasive intervention is rarely required to relieve
MS. If the precipitating events are controlled, intervention by
surgery or balloon valvotomy can be scheduled electively after
medical optimization. Balloon valvotomy is indicated in pa-
tients with suitable anatomy: pliable leaflets, no commissural
fusion, and minimal subvalvular calcification. LA thrombus
and significant (3+ to 4+ ) MR should be excluded by echocar-
diography. Patients who are not candidates for balloon inter-
vention should be referred for surgery. Because of extensive cal-
cifications and marked anatomic distortion, mitral valve repair
often is not possible in rheumatic mitral disease, and replace-
ment is necessary in those patients.

Tricusp id St e nosis

Et io log y
Tricuspid valve obstruction can be due to anatomic disease
of the tricuspid valve or functional, causes secondary to right
atrial (RA) tumors and thrombus. Anatomic disease is usually
related to rheumatic heart disease, and involvement of mitral
valve is common. Other anatomic causes are carcinoid syn-
drome, infective endocarditis, congenital stenosis or atresia,
and methysergide toxicity.

He mod ynamics
Obstruction to right ventricular inflow results in systemic ve-
nous congestion: elevated jugular venous pulse (JVP), conges-
tive hepatomegaly, and peripheral edema. Diastole is shortened
by increasing heart rate, thus causing dramatic increases in
transvalvular gradients. Most patients are symptomatic from
coexisting mitral stenosis. The presence of systemic venous
congestion out of proportion to pulmonary venous conges-
tion should raise the suspicion for involvement of the tricuspid
valve.

Clinical Sig ns
Physical exam will reveal an elevated JVP, a prominent a
wave, and distension of veins of the upper arm and dorsum of
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extended hand. The JVP increases by compression of the liver—
the hepatojugular reflux . A diastolic thrill may be palpated at
the lower left sternal border; the S1 is increased, and an open-
ing snap and diastolic murmur may be heard at the lower left
sternal border. Assigning the murmur to the tricuspid valve is
based on its location; the higher, shorter, and softer nature of
tricuspid stenosis (TS) in comparison to MS; and the absence of
crackles that commonly accompany the murmur of MS. Right-
sided murmurs are increased during inspiration.

Diag nosis
The ECG may show evidence of RA enlargement—a P wave
exceeding 2.5 mm in lead II and 1.5 mm in V1. RA enlarge-
ment may increase the distance from sinus node to atrioven-
tricular node, causing first-degree heart block; atrial fibrilla-
tion may occur in advanced disease. The chest radiograph may
show cardiomegaly and RA enlargement, and calcification of
the valve may be evident. Typically, echocardiographic visual-
ization shows thickened leaflets, limited mobility, and a dome-
shaped structure in diastole. Right ventricular function and the
presence of tumor, thrombus, and vegetations can also be as-
sessed. Spectral and color Doppler methods allow calculation
of pressure gradients to grade the stenosis—that is, mild less
than 5 mm Hg, moderate 5 to 10 mm Hg, and severe greater
than 10 mm Hg—and valve area. Catheterization is unneces-
sary in patients with good echocardiographic windows.

The rap e ut ic Int e rve nt ions
Complete obstruction of the tricuspid valve by vegetations,
thrombus, and/or tumors is an indication for emergency valve
surgery (Fig. 123.6). As seen in other valvular lesions, the dis-
ease progresses slowly, becoming symptomatic as obstruction
to flow increases. Sodium restriction, careful diuresis, rate con-
trol, and anticoagulation are helpful, but surgical correction is
required when the transvalvular gradient exceeds 5 mm Hg
and the valve area falls below 2 cm2. Percutaneous valvotomy
or, more often, a bioprosthetic valve replacement is necessary.
Mechanical valves are avoided because of the very high risk of
thromboembolism in this position.

FIGURE 123.6. Complete obstruction of prosthetic tricuspid valve by
vegetations requiring emergency surgery.

Tricusp id Re g urg it at ion

Et iolog y
Tricuspid regurgitation (TR) can be classified as structural
or functional. Structural diseases of the valve are caused by
rheumatic disease, infective endocarditis, carcinoid syndrome,
radiation therapy, Marfan syndrome, congenital heart disease,
or tricuspid valve prolapse. Functional TR is usually secondary
to left-sided pathology, such as left ventricular failure or mi-
tral or—less frequently—aortic valve disease, but may also re-
sult from primary pulmonary hypertension, pulmonic stenosis,
right ventricular (RV) infarction, and dilated cardiomyopathy;
a small number of cases may not have an etiology identified.
While most cases of TR are chronic, an acute presentation
may occur following penetrating trauma, RV infarction, infec-
tive endocarditis, and, more recently, repeated endomyocardial
biopsies to diagnose allograft rejection of heart transplanta-
tion.

He mod ynamics
Acutely following the development of TR, elevated RA pres-
sure gives rise to the signs and symptoms of systemic venous
congestion. Over time, the RA dilates, with the possible seque-
lae of atrial fibrillation and thrombus formation. Formation of
an RA thrombus may lead to pulmonary and systemic emboli,
the latter in patients with patent foramen ovale. RV volume
overload leads to eccentric hypertrophy and dilatation. RV sys-
tolic dysfunction develops, leading to further decompensation
and dilatation, which in turn causes annular dilatation and an
increase in the severity of TR. The left heart also suffers from
low cardiac output because the RV fails to deliver enough blood
to the LV. Ventricular interdependence and paradoxical septal
motion also decrease left ventricular output in patients with
RV volume overload.

Clinical Symp t oms and Sig ns
Symptoms of low cardiac output and venous congestion
present in these patients. Shock and hypotension may develop
following acute TR after RV infarction or papillary muscle rup-
ture. Other patients maintain blood pressure but demonstrate
signs of right-sided failure. Distended neck veins with a promi-
nent c-v wave, pulsatile hepatomegaly, a precordial bulge, and
parasternal heave from RV hypertrophy; soft S1, prominent P2,
and right-sided S3 from RV dilatation; pansystolic thrill; and
a murmur heard at the left lower sternal border are associated
signs. Cases of isolated tricuspid valve endocarditis may dis-
seminate emboli to the lungs, resulting in multiple septic emboli
and abscess formation. Peripheral stigmata of infective emboli
are usually absent, but may indicate paradoxical embolism or
left-sided lesions if present.

Diag nosis
The ECG may show atrial fibrillation, right axis deviation,
RV hypertrophy, and a right bundle branch block. Right-sided
leads will show ST elevation in RV infarction and may be asso-
ciated with LV inferior wall infarction. Enlarged RV and car-
diomegaly are seen on chest radiography. Echocardiography
can yield details about the structural issues with the tricuspid
valve—prolapse, vegetations, annular diameter, and rheumatic
disease—and helps to rule out thrombus and patent foramen
ovale. The diagnosis of a patent foramen ovale is important,
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since the elevated right atrial pressure frequently exceeds left
atrial pressure, causing a right-to-left shunt that may cause
refractory hypoxemia. Severity of TR can be assessed by hep-
atic venous systolic flow reversal and estimation of regurgi-
tant orifice area (greater than 40 mm2 is severe). Also, pul-
monary systolic pressure can be estimated by continuous wave
Doppler signal of tricuspid regurgitation. Augmenting ultra-
sound signal with 10% air, 10% patient’s blood, and 80%
saline, and estimation of pulmonary artery systolic pressures
correlate well with PAC-measured PA systolic pressures (13).
Right heart catheterization shows RV pressure greater than
60 mm Hg in functional TR compared to less than 40 mm
Hg in structural TR.

The rap e ut ic Consid e rat ions
In general, the hemodynamic impact of acute TR is less severe
and can be effectively managed with diuretics and inotropes.
In rare instances, acute severe TR may require valvular surgery
when the process is refractory to medical therapy. Once stabi-
lized, these patients’ long-term prognosis depends on the etiol-
ogy and severity of the TR. Patients tolerate mild and moderate
degrees of chronic TR in the presence of normal LV function.
Correction of left-sided heart lesions and treatment of left-sided
failure and pulmonary hypertension take priority. If functional
TR is severe, surgical intervention may be needed. Ring annulo-
plasty can improve TR and survival in these patients (14). Car-
diac resynchronization therapy with biventricular pacemakers
and the Dor procedure (endoventricular circular patch plasty)
help patients with functional TR due to systolic heart failure
(15).

Rheumatic TR may be treated with open valvotomy or valve
replacement. Valves compromised by infective endocarditis can
simply be removed after an aggressive course of antibiotics.
Valve replacement can be performed later if there is no recur-
rence of drug abuse in these patients. When acute TR is the
result of RV infarction, the usual management of acute coro-
nary insufficiency must be observed, including β -blockers, as-
pirin, fluids, thrombolysis, coronary angiography, angioplasty,
and stenting and, in suitable patients, coronary artery bypass
grafting.

Pulmonic St e nosis

Et io log y
Pulmonic stenosis (PS) is usually congenital. While valvular PS
does occur in isolation, subvalvular and supravalvular steno-
sis usually comprise part of a larger syndrome. Severe forms,
or those associated with other cardiac anomalies, are gener-
ally identified and treated in childhood. Acquired forms of
pulmonary stenosis include rheumatic, carcinoid disease; in-
fundibular stenosis from pulmonary hypertension; extrinsic
compression from aneurysm of the sinus of Valsalva; tumors;
and scarring from previous surgery.

Pat hop hysio log y
PS causes obstruction to right ventricular outflow. Right ven-
tricular hypertrophy results, and, if right ventricular failure or
tricuspid regurgitation develops, systemic venous hypertension
can result. The degree of stenosis, once established, tends to be
stable; if decompensation does not occur in childhood, sub-

sequent deterioration is unlikely. Occasionally, patients man-
ifest increasing right ventricular outflow obstruction, perhaps
caused by secondary infundibular hypertrophy.

Pre se nt at ion
Mild PSis often asymptomatic. Patients with more severe steno-
sis commonly develop fatigue, atypical chest pain, and syncope.
When right ventricular failure or tricuspid regurgitation oc-
curs, systemic venous hypertension may be present. Elevated
right atrial pressures in the presence of a patent foramen ovale
or atrial septal defect can result in a right-to-left shunt at the
atrial level.

Physical examination typically reveals a large jugular ve-
nous a wave. In the absence of right ventricular failure or tri-
cuspid regurgitation, jugular venous pressure remains normal.
A left parasternal systolic lift is common with significant pul-
monic stenosis. The murmur is best heard at the left upper
sternal border and typically radiates to the left clavicle. A pal-
pable thrill may be present. The intensity of the murmur does
not correlate well with severity, but increasing duration and
late systolic peaking are indicators of significant stenosis. An
ejection click is usually present. As severity increases, P2 is in-
creasingly delayed; thus, wide splitting of the second sound
indicates more severe stenosis.

Diag nost ic St ud ie s
The ECG is normal in mild pulmonic stenosis. With increas-
ing severity, right ventricular hypertrophy and right atrial
enlargement are common. The chest radiograph may reveal
poststenotic dilatation of the main and left pulmonary arter-
ies. Echocardiography is particularly useful in assessing the
valve morphology, calculating pressure gradients across the
pulmonic valve, grading the severity of stenosis, and evalu-
ating right ventricular function. The presence of other con-
genital abnormalities, tricuspid regurgitation, and right atrial
enlargement can also be ruled out by echocardiography. Car-
diac catheterization provides confirmation of pressure gradi-
ents, full hemodynamic assessment, and identification of asso-
ciated pulmonary artery branch stenosis. Pulmonary stenosis
is graded based on the peak pressure gradient: mild, with a
gradient of 25 to 49 mm Hg; moderate, 50 to 75 mm Hg;
and severe, greater than 75 mm Hg. Currently, balloon valvu-
loplasty is recommended for symptomatic patients and those
with a peak gradient greater than 50 mm Hg. Surgical valvulo-
plasty is reserved for severe calcification, dysplasia, endocardi-
tis, and previous valvuloplasty failure. Medical management
includes infective endocarditis prophylaxis, treatment of right
heart failure and atrial fibrillation, and anticoagulation to pre-
vent thromboembolic complications.

Pulmonic Insufficie ncy

Pulmonic insufficiency (PI) generally has a benign course as an
isolated abnormality. The natural history is that of the associ-
ated lesions.

Et io log y
PI may be secondary to pulmonary hypertension or, rarely,
to leaflet damage caused by infectious endocarditis, rheumatic
fever, or carcinoid syndrome. Occasionally, PI is congenital.
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Pat hop hysio log y
In the absence of pulmonary hypertension, volume overload
of the right ventricle is well tolerated. Decompensation with
resulting right ventricular failure can occur when pulmonary
hypertension develops from other causes.

Pre se nt at ion
PI is usually an incidental auscultatory finding in patients ad-
mitted to the ICU for other reasons. Physical findings include
the typical decrescendo diastolic murmur along the upper left
sternal border. The intensity of the murmur does not correlate
well with the severity of regurgitation.

Diag nost ic St ud ie s
The ECG is usually normal. The presence of right ventricular
hypertrophy suggests pulmonary hypertension. The chest ra-
diograph is normal in mild insufficiency. The pulmonary trunk
may be prominent when the insufficiency is moderate to se-
vere. Pulmonary hypertension may be present. Echocardiogra-
phy with Doppler study can be useful for differentiating pul-
monic from aortic insufficiency and for establishing right heart
chamber sizes and associated abnormalities.

The rap e ut ic Consid e rat ions
Specific treatment is rarely required. However, therapy should
be directed toward control of pulmonary hypertension when
present. When the right heart fails, diuretics and sodium re-
striction are useful, and some clinicians suggest that cardiac
glycosides are helpful. Surgical treatment (bioprosthetic valve
replacement) is reserved for advanced right heart failure. In pa-
tients with a remote repair of tetralogy of Fallot and chronic
PI, RV dilatation has been linked to sudden death. This has
led some clinician-investigators to pursue valve replacement in
early stages of RV dilatation.

Mixe d Valve Le sions

Mit ral St e nosis wit h Re g urg it at ion
The combination of pressure and volume overload on LA fa-
vors early development of symptoms, atrial fibrillation, and
congestive heart failure. Because transvalvular gradients may
overestimate the degree of stenosis, Doppler measurement of
valve area should be considered. Decision making is complex,
and intervention is often required before either of the lesions
reaches a severe degree. Moderate MR is a contraindication
for balloon valvotomy.

Aort ic St e nosis and Re g urg it at ion
This combination causes both pressure and volume overload
on the LV. The predominant lesion is indicated by the size of
the LV: a normal-sized, but hypertrophied, LV signifies pre-
dominant AS; a dilated LV suggests dominant AR. As with
combined MS and MR, transvalvular gradients may overes-
timate AS, so planimetry or the continuity equation method
should be considered. The threshold for surgery is lowered as
compared to single valve–defect patients. Those with severe
AS with accompanying AR should be operated on in higher
calculated valve areas or in the presence of mild symptoms.
Surgery in patients with predominant AR with accompanying
AS can be delayed until symptoms develop or asymptomatic LV

dysfunction becomes apparent on echocardiography (enlarged
ventricular dimensions).

Mit ral St e nosis and Aort ic St e nosis
This combination causes serial obstructions resulting in re-
duced cardiac output and early development of pulmonary
venous congestion and hypertension. Low transvalvular gra-
dients characterize this aortic stenosis because of low cardiac
output. Mitral valvotomy is done first, followed by aortic valve
replacement as indicated.

Mit ral St e nosis and Aort ic Re g urg it at ion
This combination creates a challenge for the physician attempt-
ing to make a diagnosis. MS decreases the volume overload
of AR, and AR attenuates antegrade mitral valve flow by in-
creasing LV diastolic pressure, thereby decreasing transmitral
gradients. Balloon mitral valvotomy followed by aortic valve
replacement (AVR), as indicated, is a reasonable approach.

Mit ral Re g urg it at ion and Aort ic St e nosis
Aortic stenosis aggravates MR by increasing the afterload. MR,
by its pressure release effect, obscures even severe AS. Systolic
function remains normal with low transaortic gradients. If both
lesions are severe, AVR with mitral valve repair or replace-
ment is necessary. Moderate or mild MR may improve after
AVR for AS, especially if there is no anatomic lesion in the mi-
tral valve. Intraoperative TEE plays an important role in this
decision.

Mit ral Re g urg it at ion and Aort ic Re g urg it at ion
These lesions create additive volume loads on the LV; conse-
quently, the sequelae of dyspnea and LV dysfunction appear
sooner.

Prost he t ic Valve Dysfunct ion
Prosthetic valves in common use are broadly divided into me-
chanical, bioprosthetic, and homograft valves. St. Jude bileaflet
valves are commonly used mechanical valves which need life-
long anticoagulation. Carpentier-Edwards and Hancock bio-
prosthetic valves are common tissue valves in use. They do
not require long-term anticoagulation, but have a short life
span and are prone to degenerative changes and failure. Acute
valvular complications may result from infective endocarditis,
paravalvular leak, valve ring abscess, thrombosis, pannus for-
mation, degenerative calcification, lipid infiltration, dehiscence
of the valve, and strut fracture.

Progressive congestive cardiac failure is a common presenta-
tion with stenosis and regurgitation. Acute, complete valvular
obstruction may lead to sudden death in the absence of surgi-
cal intervention. Embolic phenomenon, hemolytic anemia—
indicating a paravalvular leak, and a new atrioventricular
block—indicating a valve ring abscess may be other presenting
symptoms. Prosthetic valve thrombosis may present with non-
specific cardiac symptoms. Normally functioning prosthetic
valves are associated with clicks and murmurs; hence, disap-
pearance of clicks or a new or changing murmur is important
in making the diagnosis.

Echocardiography is essential to make a diagnosis in these
patients. As previously noted, TEE is more sensitive and spe-
cific in the evaluation of prosthetic valve pathologies than TTE;
echocardiography has replaced cardiac catheterization in these
cases. Fluoroscopy may be needed in some cases to identify
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the nature of the disease and assess the effects of thromboly-
sis. Excessive rocking motion of the valve ring or limited mo-
tion of the valve components due to thrombus or vegetation;
calcification; thickening around the valve due to an abscess;
and a pseudoaneurysm can be identified with two-dimensional
echocardiography. The color Doppler technique may show a
paravalvular leak, pseudoaneurysms, and/or fistula formation.
Calculation of transvalvular gradients help in the diagnosis of
prosthetic valve stenosis. Gradients depend on the type and
size of the valve and dynamic conditions such as cardiac out-
put, blood volume, heart rate, and contractility. Therefore,
it is recommended that the measurements be compared to
the control values obtained immediately after valve replace-
ment. It has also been suggested that it may be more appropri-
ate to calculate the prosthetic valve area using the continuity
equation:

Area1× velocity time integral1 = Area2× velocity time integral2

Medical therapy is directed toward treatment of conges-
tive heart failure—diuretics, vasodilators, and inotropes; initi-
ation of antibiotics for infective endocarditis after obtaining
blood cultures; and thrombolysis for certain cases of pros-
thetic valve thrombosis. Staphylococcal organisms predom-
inate in early (less than 60 days postplacement) prosthetic
valve endocarditis, whereas in late (greater than 60 days post-
placement) endocarditis, there are equal percentages of in-
fection caused by streptococcal and staphylococcal organ-
isms (16). Empiric antibiotics are started until culture results
and sensitivities are available. Fibrinolytic therapy is recom-
mended for right-sided thrombosis with a large clot burden
or New York Heart Association class III to IV symptoms
(see http://www.abouthf.org/questions stages.htm). Fibrinoly-
sis for left-sided lesions is reserved for patients in whom emer-
gency surgery is high risk or contraindicated because this is
associated with a 12% to 15% risk of cerebral embolism (17).
Ultimately, all prosthetic valve lesions require valve replace-
ment surgery. Reoperative mortality is high in this patient
population.

IMPORTANT CONSIDERATIONS
IN THE TREATMENT OF RIGHT

VENTRICULAR FAILURE
SECONDARY TO VALVULAR

HEART DISEASE
Chronic RV failure secondary to VHD presents major thera-
peutic challenges to the intensive care physician. These patients
are usually debilitated with low cardiac output and pulmonary,
hepatic, and renal dysfunction. Patients develop hepatic fail-
ure secondary to congestive hepatic cirrhosis. Ascites, malnu-
trition, reduced systemic vascular resistance, jaundice, coag-
ulopathy, and renal failure—the hepatorenal syndrome—are
the manifestations of hepatic dysfunction. The management of
hepatorenal syndrome is challenging and will require invasive
monitoring and, often, renal replacement therapy.

Treatment of pulmonary hypertension in the critically ill
patient with VHD decreases RV afterload and helps prevent
and decrease RV failure. This approach, combined with main-
tenance of adequate coronary perfusion pressure, forms the
mainstay of treatment of acute RV failure. Exacerbating fac-
tors of pulmonary hypertension, such as hypoxemia, hyper-
carbia, acidosis, hypothermia, hypervolemia, and increased in-
trathoracic pressure, should be corrected aggressively. Recent
advances in pharmacology provide intensivists with a wide va-
riety of options for selective pulmonary vasodilatation, with
studies favoring the use of inhaled prostaglandins and nitric
oxide (18). Inhaled pulmonary vasodilators are preferred over
intravenous agents because they do not decrease systemic blood
pressure and also do not increase shunt fraction. Many newer
drugs—including nitric oxide donors and phosphodiesterase
inhibitors—are promising and are under investigation.
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BRADYARRHYTHMIAS
Bradycardia is a common finding in hospitalized patients, es-
pecially during sleep. An increase in vagal tone may result in
sinus bradycardia, sinus pauses, or atrioventricular (AV) nodal
block—all physiologic findings that may have no clinical signif-
icance. Bradyarrhythmias can generally be categorized as either
sinoatrial (SA) or AV conduction abnormalities.

SA Ab normalit ie s

Sinus pauses may be caused by either sinoatrial conduction
block or sinus arrest. SA conduction block occurs when im-
pulses generated by the sinus node are not conducted to the
atrial myocardium. Three categories of block are first-, second-,
and third-degree SA block. First-degree SA block is not mani-
fested on electrocardiogram, as it is merely the delay between
the sinus impulse formation and atrial activation. Second-
degree SA block can be type I or type II. Type I (Wenckebach)
is manifested by group beating, with progressive shortening of
PP intervals until a P wave is absent; this PP interval is usually
less than twice the shortest cycle. Type II SA block has fixed
PP intervals, followed by a pause without a P wave that is
twice the PP interval (Fig. 124.1). Third-degree SA block is not
visible on electrocardiogram, as no sinus impulse can escape
the SA node. This disorder cannot be differentiated from sinus
arrest.

Sinus arrest is the failure of automaticity in which no im-
pulses are generated by the sinus node (Fig. 124.2). Sick sinus
syndrome is dysfunction of the sinus node or SA conduction in
which no adequate escape mechanism is present and the patient
becomes symptomatic because of bradycardia. There are intrin-
sic and extrinsic causes of SA abnormalities. The most preva-
lent intrinsic cause of sinus node dysfunction is aging, with
replacement of the sinus node and the surrounding atrium by fi-
brotic degeneration. Extrinsic causes of sinus node dysfunction
include drugs (Table 124.1), electrolyte abnormalities (hyper-
kalemia), endocrine disorders (hypothyroidism), neurally me-
diated conditions (vasovagal syncope), and intracranial hyper-
tension.

Diag nosis and Tre at me nt of SA Ab normalit ie s
1. Record a 12-lead electrocardiogram (ECG).
2. If hypotension, dizziness, and presyncope are absent, no im-

mediate treatment is required. Symptoms dictate the treat-
ment plan. Asymptomatic bradycardia due to sinus node
dysfunction is not an emergency!

3. Evaluate the ECG for the following:
A. Myocardial infarction
B. Mechanism of bradycardia

■ P-wave regularity (sinus or an atrial rhythm)
■ Abrupt pauses or group beating in the sinus rhythm

suggests SA block
■ P waves without QRS complexes suggest AV block
■ QRS axis and width for coexistent bundle branch

block
4. In case of sinus bradycardia, give no treatment unless hy-

potension is present, then give intravenous (IV) atropine,
0.04 mg/kg of body weight.

5. In case of sinoatrial block or sinus arrest, give no treatment
unless hypotension is present or the rhythm is digitalis in-
duced (stop drug).

6. If sick sinus syndrome, then treatment depends on symptoms
such as dizziness, presyncope, congestive heart failure.

7. In case of acute inferoposterior myocardial infarction
(MI) with sinoatrial block, coronary reperfusion is indica-
ted.

AV Cond uct ion Ab normalit ie s

AV conduction abnormalities can be categorized as first-,
second-, or third-degree AV block. In first-degree AV block,
every P wave is conducted to the ventricles but with a pro-
longed PR interval. Second-degree AV block is characterized
by intermittent P waves not conducted to the ventricles and is
further broken down into type I (Wenckebach), type II, and
two-to-one conduction. Third-degree AV block demonstrates
no conduction between the atrium and ventricles. To make the
diagnosis of complete or third-degree AV block, the sinus rate
must be faster than the ventricular rate.

Noninvasive Me t hod s for De t e rmining
Sit e of AV Block

In AV block, the conduction abnormality may be located within
the AV node, the His bundle, or the bundle branches (1).
Determining the location of block is important, as this will
affect immediate and long-term treatment. A 12-lead ECG
and diagnostic maneuvers are helpful in diagnosing the level
of block. Baseline intervals on the ECG, including PR in-
terval, QRS duration, and axis, are important. Bedside re-
sponses to noninvasive interventions, including IV atropine
administration, exercise, or vagal maneuvers, may differenti-
ate between AV nodal and infranodal (below the AV node)
block (Table 124.2). Specifically, interventions that slow AV
nodal conduction, such as carotid sinus massage, will worsen
AV nodal block but, because of sinus slowing, will seem to
improve infranodal block. Conversely, interventions that im-
prove AV nodal conduction, such as exercise and atropine, may
worsen infranodal conduction because of acceleration of sinus
rate.
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FIGURE 124.1. Lead II rhythm strip. Second-degree type II sinoatrial block. The P-P interval is initially
720 ms and appears to prolong to 1,440 ms.

First -De g re e AV b lock or Pro long e d PR Int e rval
The PR interval is a reflection of AV conduction time and is
measured from the onset of the P wave to the beginning of the
QRS complex. Conduction delay in the atrium, AV node, bun-
dle of His, or bundle branches all may result in a prolonged PR
interval. Prolongation to ≥ 280 ms usually indicates abnormal
AV nodal conduction.

Se cond -De g re e Typ e I AV Block (AV We ncke b ach)
In type I AV block (Wenckebach), there is progressive length-
ening of the PR interval before there is a blocked P wave (Fig.
124.3). The QRS duration may be narrow or wide, depend-
ing on the presence of bundle branch block. When the QRS
is narrow, it is most likely a block occurring at the level of
the AV node that will improve with atropine and exercise and
worsen with carotid sinus message. It can be seen in young
healthy individuals with increased vagal tone. Patients with an
acute inferior myocardial infarction can have AV nodal block
(≤ 20% ), indicating a proximal right coronary occlusion (2).

Se cond -De g re e Typ e II AV Block
In type II (Mobitz II) AV block, the PR intervals are normal or
slightly prolonged, and are exactly the same length before and
after the nonconducted P waves (Fig. 124.4). AV conduction
may worsen with sinus acceleration due to atropine and exer-

cise but may improve with carotid massage. Type II AV block
is most likely infranodal in the His bundle if there is a nar-
row QRS duration (rare) or in the bundle branches if there is
wide QRS duration (common). These patients are often symp-
tomatic, with shortness of breath, fatigue, and syncope, and
sudden progression to complete AV block.

Two-t o-One AV Block
In a two-to-one AV block, every other P wave conducts to the
ventricle, and the conducted PR interval may be either normal
or prolonged (Fig. 124.5). The level of block—AV nodal versus
infranodal—cannot be determined with certainty without an
electrophysiology study. A narrow QRS duration suggests that
the block is in the AV node or the His bundle whereas a wide
QRS suggests block in the bundle branches.

Third -De g re e AV Block or Comp le t e AV Block
There is no P wave to QRS relationship. Sinus rate (P-to-P
intervals) is usually faster than the escape rate. The escape rate
is usually < 50 beats per minute (bpm), with the exception of
a congenital AV block (Fig. 124.6). If the escape rhythm has
a narrow QRS complex, then it originates in the AV junction
and the site of block is either AV nodal or, less likely, bundle
of His. If the QRS is wide, the site of block is likely within the
bundle branches.

FIGURE 124.2. Lead II rhythm strip. Sinus arrest with no ventricular escape.
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TA BLE 1 2 4 . 1

DRUGS AFFECTING SINUS NODE FUNCTION

DRUG TYPES
Antiarrhythmics Class IA (quinidine,

procainamide, disopyramide)
Class IC (flecainide, propafenone)
Class III (sotalol, amiodarone)

Beta-blocking agents
Calcium channel blockers Verapamil

Diltiazem
Cardiac glycosides
Miscellaneous Lithium

Cimetidine
Diphenylhydantoin
Clonidine and dexmedetomidine

Diag nosis of AV Cond uct ion Ab normalit ie s
1. Record a 12-lead ECG and try to determine site of block by

noninvasive methods.
2. In the setting of an acute inferior wall myocardial infarction

(MI), the site of block is usually the AV node and is usually
transient with successful reperfusion.
a. Insert a temporary pacemaker if there is cardiogenic

shock secondary to heart block.
b. Use permanent pacing only if there is chronic, symp-

tomatic second- or third-degree AV nodal block.
3. Type II AV block

a. If there is no PR prolongation prior to block, it is most
likely in the His-Purkinje system.

b. Temporary pacemaker is required when associated with
syncope.

c. Permanent pacemaker can be used in most cases.
4. Two-to-one AV block

a. PR interval (≤ 160 ms suggests His bundle or below)
b. Temporary pacemaker indicated in patients with acute

MI, wide QRS, and/or if symptomatic
5. Third-degree AV block
■ Temporary pacemaker required in acute anterior MI,

wide QRS, and/or if symptomatic

NARROW Q RS TACHYCARDIA
Narrow QRS tachycardia is defined as an arrhythmia with a
rate faster than 100 bpm and QRS duration of < 120 ms. Pa-
tients are usually symptomatic, complaining of palpitations,

TA BLE 1 2 4 . 2

NONINVASIVE INTERVENTIONS TO DETERMINE
SITE OF ATRIOVENTRICULAR (AV) BLOCK

AV nodal site Infranodal site
Intervention of block of block

Atropine AV block improves AV block worsens
Exercise AV block improves AV block worsens
Carotid sinus

massage
AV block worsens AV block improves

lightheadedness, shortness of breath, or anxiety. ECG docu-
mentation of the tachycardia is extremely important to help
determine the mechanism of the tachycardia. The differential
diagnosis for narrow QRS tachycardia includes the following:
sinus tachycardia, atrial tachycardia, atrial flutter, atrial fibril-
lation, AV nodal re-entry tachycardia (AVNRT), and AV re-
entrant tachycardia (AVRT) using an accessory pathway.

Sinus tachycardia can be differentiated from other narrow
QRS tachycardias by the sinus morphology of the P wave on
a 12-lead ECG. Atrial fibrillation results in an irregular nar-
row QRS tachycardia with variable AV conduction, resulting
in varying R-to-R intervals. The ventricular response to atrial
flutter can be regular or irregular. The three most common
causes of regular narrow QRS tachycardia are AVNRT, AVRT,
and atrial tachycardia, respectively (3).

Physical examination, 12-lead ECG features during tachy-
cardia and sinus rhythm in the same leads, and tachycardia
response to carotid sinus massage will facilitate the correct di-
agnosis of the tachycardia. Pulsations in the neck may often
reveal the mechanism of the tachycardia (Table 124.3) (4).

At rial Tachycard ia

During episodes of atrial tachycardia, an ectopic (nonsinus)
P wave precedes the QRS complex. AV block can occur dur-
ing tachycardia. The atrial rate is regular, with P-to-P intervals
ranging between 120 and 250 bpm. The site of origin of the
tachycardia within the atria can often be localized using the
ECG morphology of the P wave (Fig. 124.7). Atrial tachycar-
dias may be paroxysmal or persistent (incessant). Paroxysmal
tachycardias can originate from a focal area of the myocardium
or may be due to re-entry within a macrore-entrant circuit. Per-
sistent or incessant atrial tachycardia is rare but important to
recognize; patients who are in tachycardia > 50% of the time
may develop tachycardia-induced dilated cardiomyopathy.

At rial Flut t e r

Atrial flutter typically has an atrial rate of 250 to 350 bpm.
The most common form of atrial flutter uses a right atrial
macrore-entrant circuit, including the cavotricuspid isthmus.
Typical atrial flutter has a classic sawtooth pattern of atrial ac-
tivation in the inferior leads of the ECG (Fig. 124.8). Flutter
waves can be better appreciated during rapid tachycardia with
slowing of the ventricular response by carotid sinus massage.

At rial Fib rillat ion

Atrial fibrillation is the most common supraventricular tach-
yarrhythmia in the United States (5,6). It is a major cause of
cardiovascular morbidity and mortality, with an increased risk
of death, congestive heart failure, and stroke. The incidence
of atrial fibrillation increases with age, with a lifetime risk of
one in four men and women older than the age of 40 y (6).
Similarly, the risk of embolic stroke from atrial fibrillation in-
creases with age (> 65 years), as well as other risk factors in-
cluding hypertension, prior history of strokes, heart failure, left
ventricular function of ≤ 35% , mitral stenosis, prosthetic heart
valve, and diabetes. Therefore, stroke prevention is the key
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FIGURE 124.3. A 12-lead electrocardiogram. Sinus rhythm with type I second-degree atrioventricular
conduction block.

focus in the management of atrial fibrillation. Anticoagulation
with warfarin, with an international normalized ratio (INR)
between 2.0 and 3.0, is recommended in patients with atrial
fibrillation and one or two of the above-mentioned risk fac-
tors. Recent practice guidelines have been published by Fuster
et al. (7) for the management of patients with atrial fibrillation.

Atrial fibrillation can be divided into four categories: (i) new
onset; (ii) paroxysmal (spontaneous termination); (iii) persis-
tent (terminates only by pharmacologic or electrical conver-
sion); and (iv) permanent. The atrial rhythm is irregular, with
an atrial rate of 350 to 500 bpm (Fig. 124.9).

AV Nod al Re -e nt ry Tachycard ia

AV nodal re-entrant tachycardia (AVNRT) is the most com-
mon form of a regular SVT and is due to re-entry within AV
nodal and perinodal tissue. The heart rhythm is regular, usu-
ally between 130 and 250 bpm. Different forms of AVNRT
are classified based on the direction of the circuit and the
electrophysiologic properties of the circuit. Typically, there
is simultaneous activation of the atria and ventricles, with P
waves either hidden or partially visible at the end of the QRS

FIGURE 124.4. A 12-lead electrocardiogram. Sinus rhythm with second-degree type II atrioventricular
conduction block.
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FIGURE 124.5. A 12-lead electrocardiogram. Sinus rhythm with 2:1 atrioventricular conduction block
with left bundle branch block suggesting block below the His bundle.

FIGURE 124.6. A 12-lead electrocardiogram. Sinus bradycardia with third degree AV conduction block.



1864 Sect ion XII: Card iovascular Disease and Dysfunction

TA BLE 1 2 4 . 3

JUGULAR PULSATION AND SUPRAVENTRICULAR
TACHYCARDIA

Diagnosis of SVT Jugular pulsation

Sinus tachycardia Normal pulsation
Atrial tachycardia Normal pulsation
Atrial flutter Flutter waves
Atrial fibrillation Irregular pulse
AV nodal re-entrant tachycardia Large “a” waves
AV re-entrant tachycardia Large “a” waves
Junctional tachycardia Large “a” waves

AV, atrioventricular.

(Fig. 124.10A), producing a pseudo-r in V1 and pseudo-s in
inferior leads during tachycardia that is not present in sinus
rhythm (Fig. 124.10B, C).

AV Re -e nt rant Tachycard ia

AV re-entrant tachycardia occurs due to re-entry involving an
accessory pathway, an abnormal electrical connection between
the atria and ventricle (8). If the accessory pathway conducts
anterogradely, certain characteristics, such as a short PR inter-

FIGURE 124.7. A 12-lead electrocardiogram. Atrial tachycardia with a p wave preceding each QRS
complex. The origin of the p wave is low atrial septal.

val, broad QRS, and a delta wave typical of Wolff-Parkinson-
White syndrome, may be present on surface 12-lead ECG dur-
ing sinus rhythm (Fig. 124.11A). The tachycardia that results
in a narrow QRS conducts anterogradely down the AV node
to activate the ventricles and then conducts retrogradely up
the accessory pathway to activate the atria (orthodromic AV
re-entry (Fig. 124.11B); antidromic AV re-entry is discussed
below. Thus, both the atria and ventricles are essential parts
of the circuit. Orthodromic AV re-entry is a regular paroxys-
mal tachycardia, usually with the RP interval less than the PR
interval (Fig. 124.11C).

If atrial fibrillation occurs in a patient with an anterograde-
conducting accessory pathway, the impulse can conduct rapidly
down the accessory pathway anterogradely, resulting in vari-
able QRS morphologies (Fig. 124.11D). This rhythm can
degenerate into ventricular fibrillation and sudden death.
Treatment with intravenous ibutilide or procainamide should
be first-line medical therapy for atrial fibrillation with pre-
excitation, as other drug therapies can cause hypotension and
further hemodynamic compromise without affecting the prop-
erties of the accessory pathway or converting to sinus rhythm.

Tre at me nt of Re g ular Narrow-comp le x Tachycard ia
1. Record 12-lead ECG during tachycardia and in sinus

rhythm; record the termination of the tachycardia
2. Physical examination evaluating jugular pulse
3. Vagal maneuver; if no success, then 6 mg of rapid IV adeno-

sine and repeat with 12 mg of IV adenosine



Chap t e r 124: Cardiac Dysrhythmias 1865

FIGURE 124.8. A 12-lead electrocardiogram. Atrial flutter with variable atrioventricular conduction.

FIGURE 124.9. A 12-lead electrocardiogram. Atrial fibrillation with slow ventricular response. Note that
there are no discernible p waves and that the rhythm is irregular.
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FIGURE 124.10. A: Schematic of atrioventricular (AV) nodal re-entrant tachycardia where the ventricle
is passively activated. The most common form is anterograde conduction down the slow pathway and
retrograde conduction up the fast pathway. B: A 12-lead electrocardiogram. Sinus rhythm of a patient
with AV nodal re-entry tachycardia (AVNRT); there is no r in lead V1. C: A 12-lead electrocardiogram.
AVNRT with pseudo r in lead V1 denoted by the arrow .



Chap t e r 124: Cardiac Dysrhythmias 1867

Atrium

AV node

Ventricle

AP

A

B

FIGURE 124.11. A: A 12-lead electrocardiogram. Sinus rhythm with ven-
tricular pre-excitation manifested as a delta wave (arrow ), consistent with
Wolff-Parkinson-White syndrome. B: Schematic of orthodromic atrioventric-
ular (AV) re-entrant tachycardia with anterograde ventricular activation from
the AV node and retrograde activation through an accessory pathway (AP).
Next page. C: A 12-lead electrocardiogram. Narrow-complex tachycardia in
the same patient was found to be AV re-entrant tachycardia with anterograde
conduction down the AV node and retrograde conduction up the accessory
pathway. D: A 12-lead electrocardiogram. Atrial fibrillation in a patient with
anterogradely conducting accessory pathway. There are various QRS width as
there is conduction simultaneously down both the AV node and the accessory
pathway. This patient is at risk for ventricular fibrillation and sudden cardiac
death.

4. If tachycardia continues, then consider beta-blockers, cal-
cium channel blockers (verapamil 5–10 mg IV, if normal
left ventricular function), or digoxin

5. If tachycardia persists, use antiarrhythmic medications such
as IV amiodarone, IV procainamide (10 mg/kg, no faster
than 50 mg/minute), or sotalol

6. If tachycardia persists and/or patient is hemodynamically
unstable, cardiovert

Tre at me nt of At rial Fib rillat ion
1. Recent onset (< 48 hours) without significant heart disease

and stable:
a. Pharmacologic cardioversion with flecainide (300 mg per

mouth once), propafenone (600 mg per mouth), pro-
cainamide (5–10 mg/kg IV over 20 minutes), ibutilide
(1 mg IV over 10 minutes, then repeat), or amiodarone
(1,000 mg IV over first 24 hours)
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FIGURE 124.11. (Continued )
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b. Electrical cardioversion with sedation
2. Recent onset (< 48 hours) and unstable: Proceed with im-

mediate cardioversion
3. More than 48 hours and stable:

a. Control ventricular rate with beta-blockers, calcium
channel blockers, and/or digoxin

b. Aspirin can be used in patients with lone atrial fibrilla-
tion (AF) (with no risk factors of heart failure, history of
thromboembolism, hypertension, or diabetes)

c. Patients with risk factors should be on oral anticoag-
ulation with warfarin, with a goal of INR of 2.0 to
3.0

d. If plan to cardiovert or treat with antiarrhythmic medica-
tions, then either anticoagulate for ≥ 3 weeks prior to car-
dioversion with therapeutic INR or use transesophageal
echocardiography with cardioversion if no thrombus
identified, followed by warfarin anticoagulation

4. More than 48 hours and difficulty obtaining adequate rate
control: Proceed with transesophageal echocardiogram and
cardioversion.
a. If no thrombus, then cardiovert and anticoagulate
b. If thrombus is present, then anticoagulate and control

rate until thrombus has resolved

WIDE Q RS TACHYCARDIA
There are three causes of wide-complex tachycardia: ventricu-
lar tachycardia (VT), supraventricular tachycardia (SVT) with
aberrant conduction to the ventricles, or a pre-excited tachycar-
dia. A correct and rapid diagnosis is essential, as incorrect treat-
ment may result in hemodynamic decompensation and death
(9,10).

Ve nt ricular Tachycard ia

Independent atrial and ventricular activity (AV dissociation)
is an important electrocardiographic finding that is present in
60% of patients with ventricular tachycardia (Fig. 124.12).
Physical examination findings of an irregular jugular pulse,
known as cannon “A” waves, varying intensity of the first heart
sound, and beat-to-beat changes in systolic blood pressure all
are consistent with AV dissociation.

In addition, the presence of supraventricular capture beats
(sinus beats that are conducted to the ventricle with a nar-
row QRS during a wide-complex tachycardia) or fusion beats

FIGURE 124.12. A 12-lead electrocardiogram. Ventricular tachycardia with atrioventricular dissociation
(arrows indicate p waves) and negative concordance. There is an atypical left bundle branch block pattern.
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FIGURE 124.13. A 12-lead electrocardiogram. Ventricular tachycardia with AV dissociation and fusion
beats (first and second arrow) and supraventricular capture beats (third arrow) confirming the diagnosis
of ventricular tachycardia.

(sinus beats that fuse with the wide-complex beat, resulting in a
QRS that is narrower than the tachycardia) would be consistent
with a diagnosis of ventricular tachycardia (Fig. 124.13). The
wide QRS of ventricular tachycardia does not usually mimic
a true bundle branch block, since in ventricular tachycardia
the impulse is generated in the ventricles; therefore, careful ex-
amination of the QRS morphology can usually differentiate
ventricular tachycardia from right or left bundle branch block
aberrancy. In addition, if all the QRS complexes in the precor-
dial leads V1 to V6 are negative (negative concordance), this
is consistent with the diagnosis of ventricular tachycardia (Fig.
124.12). Furthermore, the wider the QRS, the more likely that
tachycardia is ventricular in origin. Hemodynamic stability, age
of the patient, and ventricular rate or regularity should never
be used to distinguish between supraventricular or ventricular
tachycardia, as they can be misleading.

Sup rave nt ricular Tachycard ia
wit h Ab e rrancy

Supraventricular tachycardia that is aberrantly conducted still
conducts down the AV node to the ventricle and can either
present with a functional (intermittent) aberrancy or a fixed
bundle branch block. The pattern of aberrancy is either typical
left or right bundle branch block, and a baseline 12-lead ECG
can determine the presence of underlying bundle branch block
(Fig. 124.14A, B).

Pre -e xcit e d Tachycard ia

In patients with AV accessory pathways or Wolff-Parkinson-
White syndrome, wide-complex (pre-excited) tachycardias can

be seen. In the antidromic AV re-entrant variety, the atrial im-
pulse activates the ventricle anterogradely via the accessory
pathway, and retrograde conduction to the atrium is through
either the AV node or another accessory pathway (Fig. 124.15).
Atrial tachycardias or atrial flutter can conduct via the acces-
sory pathway to produce pre-excited tachycardias.

Tre at me nt of Wid e Q RS Tachycard ia

Monomorphic wide-complex tachycardia that is thought to be
ventricular in origin in a stable patient can be treated with in-
travenous amiodarone (150 mg IV over 10 minutes; repeat as
needed to a maximum dose of 2.2 grams IV per 24 hours). If
amiodarone is not successful or the patient develops hemody-
namic instability or symptoms, then electrical cardioversion is
appropriate (11).

If the wide-complex tachycardia is thought to be SVT
with aberrancy, then adenosine administration is recommended
(6 mg rapid IV push followed by 12 mL of saline. If no effect,
12 mg IV push of adenosine can be tried). Adenosine may be
therapeutic (terminating the tachycardia by blocking the AV
node) if the patient has a re-entrant supraventricular tachycar-
dia, or diagnostic (causing transient increase in AV block) if
the patient has atrial fibrillation or flutter. In the latter case,
if patient remains stable, rate-controlling intravenous drugs
that have longer-lasting effects, such as beta-blockers or dil-
tiazem, may be administered. Avoid the administration of IV
verapamil if the patient has left ventricular dysfunction, heart
failure, and/or if there is a possibility that the rhythm could be
ventricular in origin, as verapamil has been shown to cause clin-
ical deterioration and death (9). If the patient is hemodynami-
cally unstable, then synchronized cardioversion is appropriate
(11).
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A

B

FIGURE124.14. A:A 12-lead electrocardiogram. Atrial flutter with 1:1 conduction and typical left bundle
branch block aberrancy. B: A 12-lead electrocardiogram. Atrial flutter with 2:1 conduction and typical
left bundle branch block aberrancy in the same patient as in Figure 124.12A.
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FIGURE 124.15. Schematic of antidromic atrioventricular (AV) re-
entry, a pre-excited tachycardia with anterograde conduction down the
accessory pathway (AP) and retrograde conduction up the AV node.

In a patient with Wolff-Parkinson-White who is in atrial
fibrillation with anterograde conduction down the accessory
pathway, first-line medical therapy should be intravenous pro-
cainamide, 100 mg every 5 minutes (maximum 25 to 50 mg/
minute or 17 mg/kg maximum if normal renal function) or in-
travenous ibutilide, 1 mg over 10 minutes (may be repeated).
These drugs block the rapid conduction over the accessory
pathway and may also terminate the atrial fibrillation. If there
is no effect, then cardiovert. If the patient is unstable, immedi-
ate cardioversion is indicated (11).

FIGURE 124.16. A 12-lead electrocardiogram. Sinus rhythm with a long QT interval (arrows indicate
QT measured at approximately 520 ms).

DRUG-INDUCED ARRYTHMIAS
Many antiarrhythmic agents, noncardiac drugs, and nonpre-
scription medications can cause QT prolongation (Fig. 124.16)
and subsequently torsade de pointes (12). The mechanism is
thought to be related to reaching the threshold potential for the
slow calcium channel, resulting in early after-depolarizations
and ectopic impulse formation, triggering re-entrant excitation,
which results in torsade de pointes (13,14).

Torsad e d e Point e s

Torsade de pointes is a polymorphic VT with beat-to-beat
changes in the QRS axis (Fig. 124.17); there is QT prolon-
gation, often with a pause or bradycardia-dependent initiation
of the arrhythmia. If a drug is responsible for prolonging the
QT duration, it should be discontinued. The administration
of IV magnesium is effective for the treatment of torsade de
pointes, even when serum magnesium is normal. Hypokalemia
should also be corrected. Close monitoring is essential, and if
bradycardia persists, give atropine or institute temporary pac-
ing. Isoproterenol infusion, between 1 and 4 µ g/minute, can be
used transiently to increase the heart rate.

Dig it alis-ind uce d Arrhyt hmias

Digitalis, frequently used in heart failure and atrial fibrilla-
tion, is a positive inotrope. It slows the ventricular rate dur-
ing atrial fibrillation, increases vagal tone, causes diuresis, and
has vasodilatory effects. Digitalis has a narrow therapeutic
window, with women requiring a lower dose than men (15).
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FIGURE 124.17. Lead II rhythm strip. Long QT interval with torsade de pointes.

Unrecognized digitalis intoxication is a common problem and
often missed by clinicians (16,17) because the symptoms of dig-
italis intoxication are nonspecific (gastrointestinal symptoms,
visual changes, neuropsychiatric problems, and weakness), and
serum drug levels do not correlate well with toxicity. It is im-
portant for any health care professional caring for patients who
take digitalis to be familiar with ECG findings consistent with
digitalis toxicity (17).

Diag nosis and Tre at me nt
Arrhythmias due to digitalis toxicity include atrial tachycar-
dia, junctional tachycardia, ventricular tachycardia, and brady-
arrhythmias, including AV block. Many other comorbidities
and conditions can potentiate digitalis toxicity, including sym-
pathetic stimulation, hypokalemia, hypercalcemia, hypomag-
nesemia, diuretics, ischemia and reperfusion, and heart fail-
ure. Digitalis toxicity can manifest as four ECG features:
(i) bradycardia when the heart rate was previously normal or
fast; (ii) tachycardia when the heart rate was previously nor-

mal; (iii) unexpected regular rhythm when the patient previ-
ously had an irregular rhythm; and (iv) an irregular rhythm
that regularly repeats itself (12).

The treatment of digitalis toxicity depends on the clinical
condition and not the drug level. The first step when suspect-
ing digitalis toxicity is to discontinue the medication. Rest, con-
tinuous ECG monitoring, and correction of electrolyte abnor-
malities will often help. If the arrhythmia is life threatening,
administering digitalis antibodies or phenytoin may be indi-
cated (12). The patient’s kidney function must be determined
to estimate the severity of the suspected intoxication.

SUMMARY
Cardiac arrhythmias are prevalent in the intensive care setting.
Once the mechanism of the arrhythmia is identified, appro-
priate treatment can be initiated. Bradycardia caused by sino-
atrial or AV nodal conduction disorders have been outlined in
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this chapter. In sinus node dysfunction, symptoms should be
used to guide treatment. If patients are asymptomatic, there
is no need for immediate treatment; however, if the patient is
symptomatic, IV atropine and/or transvenous pacing can be
used.

Three degrees of AV block have been reviewed: first, sec-
ond (types I and II), and third. First-degree AV block usually
does not require intervention, and third-degree AV block al-
most always requires intervention, especially in the setting of
an acute MI or heart failure. Second-degree AV block requires
immediate intervention if symptomatic. The site of conduction
abnormality (AV node versus His-Purkinje) in second-degree
AV block can usually be determined by the pattern (type 1 or
2), the QRS width, and by noninvasive maneuvers as outlined
in the chapter. In most cases, permanent pacing is required
for third-degree AV block and for second-degree type II AV
block.

Diagnosis and treatment of narrow and wide QRS tachy-
cardia has also been discussed. The most common regular
supraventricular tachycardia is AV nodal re-entrant tachycar-
dia. The treatment of regular narrow-complex supraventricu-
lar tachycardia includes vagal maneuvers, IV adenosine, and
IV calcium blockers or beta-blockers. Antiarrhythmic medi-
cations can be used if all others are unsuccessful as outlined
above. Electrical cardioversion should be instituted as soon
as the patient is hemodynamically unstable. Atrial fibrillation
and atrial flutter treatment is based on the duration of the ar-
rhythmia. If the time from onset is < 48 hours, patients can be
cardioverted using antiarrhythmics as outlined above, along
with anticoagulation as appropriate. If the time from onset is
> 48 hours or unknown, rate control and anticoagulation
should be instituted as outlined above, unless immediate car-
dioversion is necessary.

The cause of a wide-complex tachycardia should be deter-
mined quickly, as it will facilitate appropriate treatment of the
patient. Various methods of differentiation have been outlined
above. In general, supraventricular tachycardia with aberrancy
will have a typical right or left bundle branch block pattern ver-
sus a pre-excited tachycardia or ventricular tachycardia which
will not have a typical bundle branch block pattern. Differen-
tiation between supraventricular and ventricular tachycardia
can be determined with other criteria such as AV dissociation,
fusion, or supraventricular capture beats as seen in ventricular
tachycardia. With pre-excited tachycardia, there is usually pre-
excitation (delta wave) present in sinus rhythm and a known
history of Wolf-Parkinson-White.

Finally, drug-induced arrhythmias can be seen in the critical
care setting. Certain drugs can prolong the QT interval and
increase the risk of torsade de pointes, especially if the patient
is a female and/or genetically predisposed. Other arrhythmias

can be caused by digoxin toxicity, which can be potentiated by
various conditions that are common in critical care patients.

SUMMARY
Cardiac arrhythmias are common in critical care patients and
may complicate the patient’s clinical course. Recognition and
correct diagnosis are critical for appropriate treatment to be
administered. Careful evaluation of symptoms, electrocardio-
graphic documentation of the arrhythmia, initiating and ter-
minating factors, and response to drug administration all pro-
vide the clinician with important diagnostic information in the
emergent care of these patients.
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CHAPTER 125 ■ PERICARDIAL DISEASE
CARSTEN M. SCHMALFUSS

THE NORMAL PERICARDIUM
The normal pericardium forms a sac around the heart and
proximal large arteries and veins. It has a thin visceral mesothe-
lial layer that closely adheres to the epicardial surface of the
heart. The parietal layer consists of the same thin mesothelium
and a thicker (up to 2 mm), fairly nonelastic fibrous layer on
the outside. Physiologically, the space between both mesothe-
lial layers contains 20 to 30 mL of fluid.

The fibrous part of the pericardium is attached to the sur-
rounding mediastinal structures and holds the heart in its po-
sition within the chest. It limits cardiac dilatation, contributes
to the interventricular interaction, and primarily affects dias-
tolic function. The smooth mesothelial surfaces and the peri-
cardial fluid between them reduce friction and act as a barrier
to inflammation from surrounding structures. The pericardium
is well innervated, and pathologic processes can cause severe
episodic or continuous pain.

The intrapericardial pressure is usually negative; it is ap-
proximately equal to and varies with the pleural pressure at
the same hydrostatic level. Pericardial pressure affects myocar-
dial transmural pressure by the following relationship:

Transmural pressure
= cavitary pressure − adjacent intrapericardial pressure

Because the intrapericardial pressure is normally negative,
this usually adds to the normal transmural pressure gradient
(1).

The relationship between intrapericardial and pleural pres-
sures causes a simultaneous fall of pressures in both spaces
during inspiration and leads to an increased venous return into
the right chambers (increased preload), with a subsequent in-
crease in cardiac output. Inspiration influences filling and car-
diac output of the left heart only indirectly and very little.
The parietal pericardium is very resistant to acute stretching
but adapts and expands to great dimension when subjected to
a chronic stretching process. The pericardial pressure–volume
curve is generally flat as pericardial volume increases, and when
further distention is impossible, a sharp rise in the intrapericar-
dial pressure occurs. This exponential curve accounts for the
rapid clinical response when even small amounts of fluid are
removed in cardiac tamponade (2).

This chapter deals with the most common clinical pericar-
dial problems encountered in critical care medicine. They in-
clude acute pericarditis, pericardial effusion, cardiac tampon-
ade, and pericardial constriction.

ACUTE PERICARDITIS

Et io log y

Inflammation of the pericardial sac results in acute pericarditis
and is either an isolated problem or part of a systemic process.
Exudation of inflammatory fluid into the pericardial space can
result in pericardial effusion. Depending on the frequency and
time course, pericarditis can be acute, recurrent, or chronic.
Common causes of acute pericarditis are shown in Table 125.1.
Most often, clinically recognizable pericarditis in the adult is id-
iopathic. In these cases, various viruses are often the suspected
causes; an etiologic agent is infrequently demonstrated. The
most commonly demonstrated virus is the Coxsackie B group,
which causes myopericarditis in children and pleuropericarditis
in adults—also called Bornholm disease (3). ECHO, influenza,
Epstein-Barr, varicella, hepatitis, mumps, and human immun-
odeficiency viruses can also cause pericarditis.

Up to one third of patients with end-stage renal disease will
develop uremic pericarditis. Most of them have not started
dialysis when they present with pericarditis, and the symptoms
usually disappear after beginning or increasing the frequency
of dialysis (4). There is no direct association with serum blood
urea nitrogen level or serum creatinine and the acute illness.
However, it is suspected that increased toxin levels from de-
clining renal function cause the inflammatory process. It is im-
portant to remember that the uremic patient is susceptible to
infections and that the pericarditis may be infectious. Last but
not least, the underlying disease process leading to the renal
insufficiency (i.e., lupus erythematosus) may also be the cause
for the pericardial inflammation.

Acute pericarditis after myocardial injury is thought to be
due to direct irritation of the visceral mesothelium. In the past,
pericarditis occurred in up to 20% of patients after transmu-
ral myocardial infarction; recently, the frequency has decreased
due to the increased use of reperfusion therapy—that is, throm-
bolytic therapy or angioplasty (5). Typically, symptoms occur 1
to 3 days after the myocardial damage and can mimic recurrent
angina pectoris. If the patient is receiving anticoagulants, the
inflammation can lead to hemorrhagic intrapericardial effusion
and possibly cardiac tamponade. Acute pericardial inflamma-
tion is also found after open heart surgery, implantation of
cardiac pacemakers, percutaneous coronary interventions, or
external cardiac trauma, and the presentation is similar to that
after transmural infarction.

1875
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TA BLE 1 2 5 . 1

COMMON CAUSES OF PERICARDITIS

Idiopathic
Viral
Uremic
Neoplastic

Metastatic
Contiguous spread
Primary

Autoimmune
Systemic lupus erythematosus
Postpericardiotomy syndrome (Dressler)
Rheumatoid arthritis
Scleroderma

Postmyocardial infarction
Bacterial
Parasitic
Mycotic
Trauma with contusion of the heart
Aortic dissection or ventricular rupture
Radiation induced
Myxedema
Drug-induced

Procainamide
Hydralazine
Quinidine
Isoniazid
Methysergide
Daunorubicin
Penicillin
Streptomycin
Phenylbutazone
Minoxidil

Sarcoid
Amyloidosis
Acute pancreatitis
Chylopericardium

The postpericardiotomy syndrome was originally described
as postmyocardial infarction pericarditis. Later, Engle and Ito
(6) noted the same clinical syndrome in children and adults
who experienced an opening of the pericardium. The syndrome
occurs in 10% to 30% of patients who have undergone peri-
cardiotomy and is thought to be an immune complex reaction
to the patient’s own pericardium (7). In contrast to pericarditis
caused by myocardial injury, these patients usually have symp-
toms of chest pain and fever beginning several weeks to months
after cardiac surgery or other myocardial injury.

Neoplastic pericarditis is most often caused by cancer of the
lung, breast, or esophagus as well as lymphoma and melanoma
(8). The tumor directly invades the pericardial space or metas-
tasizes through lymphatics or blood vessels; primary pericar-
dial tumors like mesothelioma are rare. The likelihood of find-
ing previously undiagnosed cancer in a patient presenting with
pericarditis is about 6% to 7% (9). The cause of pericarditis in
patients with known malignancy is neoplastic in only 50% to
60% ; idiopathic pericarditis and radiation-induced pericarditis
are the most common benign causes (10,11). The prognosis of
neoplastic pericarditis and effusion is poor.

Pericarditis is also seen in patients with systemic lupus ery-
thematosus, rheumatoid arthritis, and scleroderma. Inflamma-
tion of the pericardium is often the first manifestation of lupus

in female patients; this diagnosis should be ruled out during
the workup for a first episode of idiopathic pericarditis. Radia-
tion pericarditis often follows a mediastinal dose of 4,000 rad
or more and can lead to pericardial effusion and acute cardiac
tamponade. The long-term effects of radiation also can lead to
constrictive pericarditis.

Pericarditis caused by infectious organisms other than
viruses is less frequent now than it was in the preantibiotic
era. Pneumonia is still the most common cause; others include
sepsis from peritonitis and urinary tract infection, or direct
spread of the infectious process from mediastinitis or necro-
tizing fasciitis of the head or neck. Immunocompromised and
elderly patients are more prone to infectious pericarditis than
the general population. In adults, Staphylococcus aureus is still
the most common organism, and there is an apparent decline
in infections with Streptococcus spp., Pneumococcus spp., and
Haemophilus influenzae.

Tuberculous pericarditis was once a common cause of acute
and constrictive pericarditis, but with the overall decline of tu-
berculosis, it has become a rare entity in the United States (12).
More recently, states with a high percentage of immigrants have
again reported rising numbers of tuberculous pericarditis (13).
One to two percent of patients with pulmonary tuberculosis
will develop tuberculous pericarditis (14). Mycobacterial in-
fection must be ruled out in any case of suspected purulent
pericarditis.

The most common fungal organism to cause pericarditis is
Histoplasma capsulatum . Histoplasmosis in the United States
is most common in the Mississippi and Ohio River Valleys
(15). Diagnosis is usually delayed and made by positive fungal
culture of the pericardial fluid and/or a significant rise of sero-
logic antibody titers (greater than 1:32) against Histoplasma
capsulatum .

Clinical Pre se nt at ion

The typical patient presenting with pericarditis is young and
was previously healthy. Symptoms of acute pericarditis include
sharp and, usually, persistent chest pain that is generally in-
creased with respiration and motion. It is worse in the supine
position and usually improves sitting up and/or with shallow
breathing. The pain can radiate to the neck, and dyspnea may
also be present. Other common findings preceding or accompa-
nying pericarditis are fever, myalgia, malaise, and tachycardia.
The characteristic and pathognomonic three-component fric-
tion rub is best described as coarse, leathery, superficial—like
“pulling Velcro” . The rub is only intermittently heard during
the episode of pericarditis, and therefore, it is important to aus-
cultate frequently. The patient is ideally examined in a quiet
setting in an upright position leaning forward; the rub is best
heard at the left sternal border or the cardiac apex.

An electrocardiogram (ECG) should be obtained in every
patient presenting with chest pain. Four ECG stages, evolving
over hours to days and weeks, have been described:

■ Stage I includes classic and diffuse ST elevations with a con-
cave ST segment and significant PR-segment depression (Fig.
125.1).

■ Stage II is normalization of the ECG.
■ Stage III is the development of diffuse T-wave inversion that

may persist or normalize.
■ Stage IV is final normalization of the ECG (16).
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FIGURE 125.1. Electrocardiogram of a patient with acute pericarditis. Note the PR-segment depressions
(arrows) and convex ST-segment elevations in the inferolateral leads and PR-segment elevation (arrow-
head) and ST-segment depression in lead aVR consistent with stage I of electrocardiogram findings in
acute pericarditis.

The ECG may show all, several, or none of the stages dur-
ing an episode of acute pericarditis. Atrial arrhythmias are rare
but do occur in acute pericarditis (17) and can be the first
manifestation of acute pericarditis. However, sustained atrial
or ventricular arrhythmias are suggestive of concomitant my-
ocarditis.

The key to an ECG diagnosis of pericarditis is the diffuse
nature of the ECG changes, the absence of localization to a
particular ECG anatomic area, PR-segment depression, and
the absence of ST depression except in lead aVR.

Every patient suspected to have pericarditis should have a
chest radiograph taken. It will be normal in most cases of peri-
carditis; a new finding of an enlarged cardiac silhouette is, how-
ever, suggestive of a pericardial effusion (greater than 200 mL)
and should be further evaluated.

The laboratory may report positive acute-phase reactants
(especially the erythrocyte sedimentation rate) and an elevated
white blood cell count; however, these are nonspecific findings.
Cardiac troponin T or I and CK-MB isoenzymes are cardiac—
but not pericardium—specific and are often found minimally
elevated in acute pericarditis. Viral studies may confirm a viral
cause of the pericarditis; however, their yield is low, and the
result does not change management. In cases of suspected in-
fectious etiology, cultures from blood and pericardial fluid, if
available, should be examined for bacterial and mycobacterial
pathogens.

Echocardiography should be performed in every patient
with the suspected diagnosis of pericarditis to evaluate for and
follow pericardial effusion (Fig. 125.2) and to help diagnose
cardiac tamponade.

The triad of typical chest pain, pericardial friction rub, and
the aforementioned ECG changes confirms the diagnosis of

acute pericarditis. However, this diagnosis should be made
only after life-threatening conditions with similar presentation
(Table 125.2) have been ruled out. Electrocardiographic differ-
ential diagnosis also includes variant angina, hypertrophic car-
diomyopathy, and the benign finding of early repolarization—
all of which can mimic the ECG changes described earlier.

Aside from history and physical exam, ECG, chest radio-
graphs, blood work, and echocardiogram, it may be necessary
to evaluate the patient with computed tomography (CT) of the

FIGURE125.2. Subcostal echocardiogram showing a giant pericardial
effusion (asterisk ) in a patient with neoplastic pericarditis.
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TA BLE 1 2 5 . 2

LIFE-THREATENING DIFFERENTIAL DIAGNOSIS OF
ACUTE PERICARDITIS

Acute coronary syndrome
Pulmonary embolism
Aortic dissection
Pericardial tamponade

chest to rule out pulmonary embolism or aortic dissection (Fig
125.3). With the recent development of 64-slice or dual-head
CT scanners, it has become possible to perform a so-called
triple rule-out, at least in specialized centers. During a short
(20–25 seconds), single breath-hold, contrasted, ECG-gated
CT scan, all data can be acquired to evaluate the pulmonary
artery tree, the thoracic aorta, and the coronary arteries as well
(18).

Tre at me nt

Patients with acute pericarditis have a high likelihood of un-
complicated recovery and can be treated outside the hospital.
However, several factors are described as being associated with
a complicated course (Table 125.3), and patients with any of
these factors should be hospitalized for their initial treatment
(19).

Acute idiopathic or viral pericarditis usually responds to
nonsteroidal anti-inflammatory drugs (NSAIDs). The drug reg-
imen consists of high-dose aspirin (325–975 mg three to four
times daily for 4 weeks), with the addition of a proton pump
inhibitor to lessen gastrointestinal effects. Alternatively, in-
domethacin (25–50 mg four times daily) or ibuprofen (400–
600 mg four times daily) can be given. Colchicine has been
shown to be effective as a second-line treatment for patients

FIGURE 125.3. Computed tomography (CT) of the chest with large
pericardial effusion (asterisk ) and small right-sided pleural effusion
(plus sign). The dark rim between the pericardial effusion and the right
heart represents epicardial fat.

TA BLE 1 2 5 . 3

PRESENTING FACTORS PREDICTING COMPLICATED
COURSE

Fever greater than 38◦ C
Symptoms developing over weeks in immune-compromised

patient
Traumatic pericarditis
Patient on oral anticoagulants
Large effusion (more than 20 mm) or tamponade
Failure to respond to nonsteroidal anti-inflammatory drugs

who do not respond to NSAIDs or who have recurrence of
their acute pericarditis (20,21). Recently, Imazio et al. (22)
found that routine use of colchicine (1–2 mg on day 1 fol-
lowed by 0.5–1 mg/day for 3 months) in addition to aspirin—
compared to aspirin alone—in patients with a first episode of
acute pericarditis significantly reduced symptoms at 72 hours
and recurrence at 18 months. Diarrhea is a known side effect
of colchicine and may cause discontinuation of drug therapy
in about 5% of patients.

Symptoms of acute pericarditis respond rapidly to systemic
steroids, but there seems to be an increase in relapse after taper-
ing (23). Therefore, corticosteroid therapy should be reserved
only for patients with recurrent pericarditis not responding
to NSAIDs and colchicine. The recommended regimen is 1 to
1.5 mg/kg of prednisone for at least 1 month before slowly ta-
pering the dose by 5 mg/week until the drug is withdrawn (24).
The possible side effects of corticosteroid treatment include
peptic ulcer disease, sodium retention, hypokalemia, hyper-
glycemia, Cushing syndrome, and suppression of the adrenal
axis. Treatment with corticosteroids also requires the exclu-
sion of infection or an appropriate antibiotic regimen before
initiation of therapy.

The treatment of choice for uremic pericarditis consists of
intensive, initially daily dialysis therapy. Heparin should be
used sparingly during dialysis to reduce the risk of intraperi-
cardial hemorrhage and possible tamponade. The presence of
acute pericarditis in acute myocardial infarction also requires
caution with the use of intravenous anticoagulants. These drugs
are not, however, absolutely contraindicated. Thrombolytic
agents have been reported to lead to cardiac tamponade and
should be used with caution in the patient with acute myocar-
dial infarction and acute pericarditis.

The postpericardiotomy syndrome is usually self-limited if
left untreated; however, the disease may increase the risk of
early coronary artery bypass graft closure. Therefore, aggres-
sive treatment has been recommended; NSAIDs often decrease
symptoms and speed recovery (25). Refractory cases may occur
but usually respond rapidly to systemic corticosteroids as out-
lined above. Advocates of corticosteroid therapy claim that this
treatment reduces the incidence of late constrictive pericarditis.

Nonviral infectious etiology of pericarditis requires prompt
evacuation of pus from the pericardium, usually by operative
intervention, because of the need to establish a definitive di-
agnosis, eradicate the infection, and prevent constrictive peri-
carditis.

Recurrence of acute pericarditis is quite common and of-
ten requires long-term drug therapy as noted above. In a few
selected cases refractory to medical therapy, radical pericardec-
tomy may need to be considered (23).
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Signs and symptoms of 
acute pericarditis  

Rule Out: 
Acute coronary syndrome

Pulmonary embolism  
Aortic dissection

Echo: 
Pericardial effusion? 

Medical treatment with: 
NSAIDs 

Colchicine 

Tamponade? 

Urgent pericardiocentesis or 
Surgical drainage 

Large effusion (>20 mm) or 
Infectious cause? 

Elective pericardiocentesisMedical treatment with: 
NSAIDs 

Colchicine 

Yes

No Yes

No 

No Yes

FIGURE 125.4. Diagnostic and treat-
ment algorithm for patients presenting
with signs and symptoms of acute peri-
carditis.

In general, acute pericarditis symptoms subside within sev-
eral days to weeks. The major immediate complication is car-
diac tamponade, which occurs in less than 5% of patients.
For diagnostic and treatment approach in patients with sus-
pected acute uncomplicated or complicated pericarditis, see
Fig. 125.4.

PERICARDIAL EFFUSION AND
CARDIAC TAMPONADE

Et io log y

Pericardial effusion often develops with acute pericarditis. It is
caused by an inflammatory exudation and an occlusion of the
normal drainage through epicardial venous and lymphatic sys-
tems by the inflammatory process. The most common causes of
tamponade include idiopathic pericarditis, cancer of the lung
and breast, lymphoma, renal failure, and tuberculosis (26).
Pericardial effusion may also occur in the absence of peri-
cardial inflammation—for example, as a hemorrhagic effusion
from internal sources such as a pacemaker, angioplasty, coro-
nary artery bypass grafting (CABG) surgery, aortic dissection,
ventricular rupture—or external cardiac trauma. Regardless of
their size, pericardial effusions can either be clinically silent or
cause hemodynamic compromise. The latter situation is called

cardiac tamponade. The most important factor contributing to
the development of cardiac tamponade is not the total amount
of pericardial fluid but the rate at which it accumulates. The
pericardium resists sudden stretching but can gradually expand
in response to a chronic distending force. A small but rapidly
developing effusion—less than 200 mL—in a trauma patient
can cause tamponade, because the fibrous pericardial mem-
brane does not have enough time to stretch and accommo-
date the increased volume. Conversely, a patient with a very
large pericardial effusion—1,000 mL—developing over weeks
or months may be completely asymptomatic, given that the
parietal pericardium has had time to adjust to the increased
volume.

It is also important to note that the pressure–volume curve
for the stretchable pericardium is curvilinear; a large amount
of fluid accumulating over a long time raises the intrapericar-
dial pressure very little. However, at some point, the ability of
the pericardium to stretch further is exceeded, and the addition
of a very small volume raises the intrapericardial pressure sig-
nificantly. Once the intrapericardial pressure exceeds the fill-
ing pressures of the right atrium and/or the right ventricle,
central venous pressure rises, cardiac output drops, and car-
diac tamponade—and consequently cardiogenic shock—occur
(27,28). Physiologically, the total cardiac volume is limited, and
volume in one chamber can increase only if volume in another
chamber decreases. This physiologic interdependence of the
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ventricles is accentuated in cardiac tamponade when right ven-
tricular filling during inspiration causes a significant decrease
in left ventricular filling and a significant decrease in stroke vol-
ume. This inspiratory drop in systolic blood pressure of greater
than 10 mm Hg, termed pulsus paradoxus, is very suggestive
of cardiac tamponade in a patient presenting with hypotension
and tachycardia, but it is not specific and can also present in
other conditions such as chronic obstructive pulmonary disease
(COPD), pulmonary embolism, pneumothorax, acute asthma,
and hypovolemic shock (29).

Cardiac tamponade is a serious problem that, if not treated
aggressively and rapidly, may be fatal. Treatment may be suc-
cessful if diagnosed in a timely fashion, and thus cardiac tam-
ponade needs be included in the initial differential diagnosis of
cardiogenic shock or pulseless electrical activity.

Clinical Pre se nt at ion

The patient with early pericardial tamponade is often confused,
agitated, pale, and diaphoretic and complains of chest pain and
dyspnea. Initially, compensatory catecholamine release, caused
by a decreased cardiac output, leads to sinus tachycardia and
often to peripheral vasoconstriction. Later in the course, brady-
cardia occurs, indicating imminent pulseless electrical activity
and cardiorespiratory arrest unless the effusion is immediately
decompressed.

Classic clinical signs include jugular venous distension
(JVD), demonstrating a rapid x-descent but no y-descent be-
cause of right atrial and ventricular compression throughout
the entire diastolic cycle. In this situation, the central venous
pressure is usually greater than 15 mm Hg, but jugular venous
distention may be missing in trauma patients with rapidly de-
veloping hemorrhagic tamponade or in patients with uremic
pericarditis due to volume depletion from blood loss or dialy-
sis, respectively (low-pressure tamponade).

Pulsus paradoxus is often present and can be ascertained
through invasive arterial pressure tracing by palpation of an
artery or with a sphygmomanometer. The amount of paradox
is gauged by measuring the systolic blood pressure and observ-
ing the difference in the level at which the Korotkoff sounds are
heard only during expiration and the level at which they are
heard throughout the respiratory cycle. A paradoxical pulse
greater than 10 mm Hg is abnormal; patients with tampon-
ade physiology often drop their systolic blood pressure more
than 20 mm Hg with inspiration. Paradoxical pulse is absent
in patients with severe aortic insufficiency or atrial septal de-
fect and is difficult to assess in acute cardiac tamponade with
hypotension, as the pulse may be unobtainable or disappear
completely with inspiration. Other clinical signs of cardiac tam-
ponade are distant and muffled heart sounds and clear lungs.
The patient with chronic tamponade may present with a low-
output state, right upper quadrant pain caused by swelling of
the hepatic capsule, or even ascites and lower extremity edema.
The two main differential diagnoses for cardiac tamponade are
tension pneumothorax and pulmonary edema; both conditions
can present with tachycardia, hypotension, and JVD.

The ECG usually shows signs of acute pericarditis, includ-
ing sinus tachycardia, PR depression, and abnormal T-wave
changes. Electrical alternans of the ECG is almost pathog-
nomonic of pericardial tamponade; it represents a change of
direction and amplitude of the P, QRS, and T vectors with ev-

FIGURE 125.5. Anteroposterior chest radiograph in patient with a
very large pericardial effusion. The extensive widening of the cardiac
silhouette resembles a water bottle.

ery other heart beat, and probably results from the “swinging”
movement of the heart in a large volume of fluid. A change of
the electrical QRS alternans alone is the most common finding
(30). As mentioned above, the finding is highly specific for car-
diac tamponade, but its absence does not rule out large effusion
or tamponade, particularly if they develop rapidly.

The chest radiograph may show a globular heart hanging
down in the mediastinum—the water bottle heart (Fig. 125.5).
It is also helpful to rule out diagnoses presenting similarly
to tamponade, such as tension pneumothorax and pulmonary
edema.

Cardiac tamponade is a clinical diagnosis based on the pre-
viously described symptoms and findings. However, the best
adjunctive test to assess for pericardial effusion and cardiac
tamponade is the echocardiogram (31). Pericardial effusion is
seen as an echo-free space surrounding the heart. An echocar-
diogram can detect even very small amounts of pericardial ef-
fusion (less than 20 mL), helps to estimate amount and dis-
tribution of the effusion, and visualizes clot or tumor in the
fluid if present. Small effusions (less than 1 cm) are seen only
inferolaterally and around the right atrium (Fig. 125.6). Effu-
sions causing tamponade are mostly large (greater than 2 cm)
and circumferential. Effusions seen with acute tamponade are
usually smaller than those seen with chronic tamponade. An
echocardiogram can distinguish pericardial from pleural effu-
sion; pericardial effusion tracks between the inferolateral wall
and the descending thoracic aorta in the parasternal long axis
view and separates both structures (Fig. 125.7), whereas pleu-
ral effusion is found only posterior to the aorta in this view.

Once a pericardial effusion begins to compromise the hemo-
dynamics, there are several characteristic echocardiographic
findings. There is diastolic collapse, first of the right atrium, and
then right ventricle, both of which worsen during expiration
when right-sided filling is reduced (32,33). Diastolic collapse
lasting more than one third of diastole is considered indicative
for tamponade (Fig. 125.8). Reciprocal respiratory variation of
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FIGURE 125.6. Apical four-chamber view echocardiogram in patient
presenting with acute pericarditis. The very small pericardial effusion
is seen only around the right atrial wall (asterisk ). The right atrium is
not compressed by the effusion. This location may be the only one in
which an early or small pericardial effusion can be seen in a patient
with poor subcostal windows.

greater than 20% to 25% of the peak transmitral and transtri-
cuspid Doppler velocities is another very specific indicator for
hemodynamically significant pericardial effusion (Fig. 125.9).

Echocardiography is a very useful tool to assess pericardial
effusion and determine its hemodynamic significance. How-
ever, life-saving treatments for an unstable or deteriorating pa-
tient suffering from cardiac tamponade should not be delayed
by waiting for an echocardiogram to be performed.

The invasive hemodynamic profile of acute cardiac tampon-
ade is characteristic and can be assessed by placement of a pul-
monary artery catheter. The right-sided cardiac pressures are

FIGURE 125.7. Parasternal long-axis echocardiographic view in a pa-
tient presenting with clinical symptoms of acute pericarditis. There is
a small to moderate-sized concentric effusion (asterisk ). It tracks be-
tween the inferolateral wall and the descending thoracic aorta (arrow )
and thereby confirms the diagnosis of pericardial effusion. A pleural
effusion may be seen in the same inferolateral location but would not
separate the heart from the aorta.

elevated, and the diastolic pressures equilibrate. The mean right
atrial pressure, right ventricular diastolic pressure, pulmonary
artery diastolic pressure, and the pulmonary capillary wedge
pressure are elevated and are measured within 2 to 3 mm Hg
of each other. The pressure contour does not show a dip and
plateau sign as seen in constrictive pericarditis. The pressures
in chronic congestive heart failure are elevated but do not equi-
librate in diastole. These measurements made in the intensive
care unit (ICU) setting can confirm the diagnosis of cardiac
tamponade.

Tre at me nt

Patients with newly diagnosed pericardial effusion, without
tamponade physiology, should be monitored in the hospital for
24 to 48 hours, with at least one repeat echocardiogram prior
to discharge. A repeat echocardiogram should be performed
in patients with large pericardial effusions 4 to 6 weeks after
the initial presentation or with change in symptoms sugges-
tive of beginning hemodynamic significance of the pericardial
effusion.

Patients diagnosed with hemodynamically significant car-
diac tamponade, defined as systolic blood pressure less than
110 mm Hg or pulsus paradoxus greater than 10 mm Hg,
should receive immediate aggressive fluid resuscitation with
normal saline to increase right-sided filling pressures to at least
temporarily stabilize hemodynamics. Additionally, inotropic
support with dobutamine, dopamine, isoproterenol, or nor-
epinephrine may be needed to further stabilize the blood pres-
sure. More definitive treatment with percutaneous pericardio-
centesis or surgically created pericardial window should follow
promptly. Any patient presenting with traumatic hemoperi-
cardium should be treated surgically (34).

Pericardiocentesis should be performed in any patient with
acute tamponade and hemodynamic compromise, or when an
infectious or malignant cause of the pericardial effusion is
suspected. The procedure is usually performed in the cardiac
catheterization laboratory, but in an emergency, may be done
at the bedside if clinically necessary (34).

The patient should be placed in a supine position at a 45-
degree angle. The area between the xiphoid and the left costal
arch should be sterilely prepped using a tinted (so clinicians can
see where they have prepped) chlorhexidine–alcohol solution
and draped in the usual fashion, and anesthetized with a 1%
or 2% lidocaine solution. A 7.6-cm (3-inch) aspiratory needle
(16–18 gauge) with a short bevel should be directly attached
to a three-way stopcock and a 50-mL syringe, and the needle
advanced with negative pressure at an angle of 30 to 45 de-
grees to the abdominal wall and oriented in a posterocephalad
direction toward the left shoulder (35). Once it enters the peri-
cardial space, fluid can be easily removed. Removal of a small
amount of fluid may provide significant clinical improvement.
A temporary catheter is then placed into the pericardial space
via Seldinger technique and connected to a bag draining to
gravity for several days. This approach provides more com-
plete drainage and reduces the risk for reaccumulation of the
effusion.

The first sample of fluid retrieved should be sent for microbi-
ologic studies and several other diagnostic tests (Table 125.4).

Echocardiography can be used to locate the ideal spot for
percutaneous puncture (36). It is helpful to determine the
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A B

FIGURE 125.8. Subcostal echocardiogram in a patient with cardiogenic shock. Compared to early systole
(A), there is significant collapse of the right ventricular free wall until very late into the diastolic filling
phase (B), consistent with pericardial tamponade. The treatment of choice is immediate decompression of
the effusion (�) by percutaneous or surgical drainage.

distance from the surface to the effusion and demonstrates
liver or lung tissue that may be in the projected path of the
needle. After the puncture, an echocardiogram confirms the
correct position when bubbles generated with sterile, agitated
saline injected through the needle are demonstrated within the
pericardial effusion. Alternatively, ECG can be used to deter-
mine the position of the needle; the needle is connected to a V
lead of the ECG via an alligator clamp. If the tip of the needle
contacts the epicardium, the ECG will suddenly demonstrate
ST-segment elevation. The needle should then be withdrawn
until the changes disappear. Complications of this procedure
include pneumothorax, myocardial and coronary artery lacer-
ation, dysrhythmias, and death. Many authors have pointed
out the significant risks associated with this procedure, which
should be approached with experience and caution.

If the patient with acute cardiac tamponade can be stabi-
lized by volume expansion and vasopressor support, a safer
and equally effective drainage of pericardial fluid can be ac-
complished by surgical subxiphoid pericardial resection and
drainage (34). Subxiphoid resection can be performed in a ster-

ile environment under local anesthesia; pericardial fluid can be
removed and pericardial tissue obtained for biopsy and culture
(37).

Malignant recurrent pericardial effusions often require sur-
gical creation of a pericardial window to allow fluid to drain
into the adjacent pleural space. More recently, percutaneous
balloon pericardiotomy has been developed as a nonsurgical
approach to create such a window and to drain large pericar-
dial effusions (38).

CONSTRICTIVE PERICARDITIS

Et io log y

Constrictive pericarditis occurs when chronic inflammation
leads to scarring and, in some cases, calcification of the peri-
cardium. Tuberculosis is the most common cause of constrictive
pericarditis worldwide; the leading causes in the United States
are idiopathic pericarditis, previous mediastinal radiation, or

FIGURE 125.9. Transmitral pulse-
wave Doppler tracing with significant
(greater than 20% ) decrease of E-wave
velocity during inspiration (x ) when
compared to velocity during expira-
tion (+ ). This finding indicates hemo-
dynamic significance if found in con-
junction with a pericardial effusion,
and immediate drainage of the effu-
sion via percutaneous or surgical route
should be considered.
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TA BLE 1 2 5 . 4

DIAGNOSTIC TESTS ON PERICARDIAL FLUID

■ Complete blood count (CBC) and differential
■ Microbiology (Gram stain, culture, acid fast bacillus smear)
■ Chemistry (glucose, protein, albumin, LDH, amylase)
■ Cytology

LDH, lactate dehydrogenase.

cardiac surgery (34). The thickened (greater than 2 to 3 mm)
and shrunken pericardium leads to compromise of diastolic fill-
ing and elevation and equalization of end-diastolic pressures in
all four cardiac chambers (39). Of note is that up to 20% of
patients with surgically proven constriction may present with-
out any pericardial thickening (40) (Fig. 125.10). Contrary to
pericardial tamponade, the initial diastolic ventricular filling is
not inhibited and is very rapid (dip on central pressure tracing).
However, once the ventricular volume has reached the limits
allowed by the constricted pericardium, filling abruptly ceases
(plateau on central pressure tracing). Together, these two find-
ings compose the dip and plateau or square root sign of con-
strictive pericarditis seen during pulmonary artery catheteri-
zation (Fig. 125.11). The signs and symptoms of constrictive
pericarditis generally develop over a prolonged period and are
similar to those of biventricular congestive heart failure, restric-
tive cardiomyopathy, cor pulmonale, cirrhosis, and pericardial
tamponade. Features of cardiac tamponade and constrictive
pericarditis can occur simultaneously, referred to as effusive-
constrictive pericarditis. This likely represents a transitional
state from effusive to constrictive pericarditis, and is commonly
seen in patients with thoracic neoplasm who present with ma-
lignant pericardial effusion and constrictive pericarditis after
radiation to the chest.

FIGURE 125.10. Axial slice of chest computed tomography in a pa-
tient with clinical findings of severe right heart failure. The pericardium
is well seen (arrowheads) due to the separation from the myocardium
by a very small pericardial effusion (arrow ). Of note is that the peri-
cardium is neither thickened (maximally 3 mm in thickness) nor cal-
cified; however, preoperative cardiac catheterization results and the
intraoperative findings during surgical pericardial stripping confirmed
the diagnosis of constrictive pericarditis.

FIGURE 125.11. Right (RV) and left ventricular (LV) pressure tracings
in a patient with clinical findings consistent with constrictive pericardi-
tis. The early diastolic dip is followed by plateau, with elevation and
equalization of right and left ventricular pressures. Note that contrary
to ventricular discordance, the dip and plateau sign is classic but not
specific for constrictive pericarditis and can be found in several other
medical conditions (see text for details). The ECG tracing shows atrial
fibrillation seen often in constrictive pericarditis.

Clinical Pre se nt at ion

Patients often complain of fatigue, increasing dyspnea on exer-
tion, abdominal discomfort, and abdominal and lower extrem-
ity swelling.

Physical findings include increased jugular venous pressure
with a prominent x- and y-descent. A loud early diastolic
sound, a “pericardial knock,” is heard in up to 50% of pa-
tients. It is caused by the sudden cessation of ventricular filling
and is pathognomonic for pericardial constriction. The lungs
remain clear initially, and later in the course, left-sided or bilat-
eral pleural effusions develop. The liver is enlarged secondary
to congestion; ascites, splenomegaly, and significant lower ex-
tremity edema are also present. Unlike in cardiac tamponade,
blood pressure is maintained, and less than 20% of patients
have a significant pulsus paradoxus. A lateral chest radiograph
may show pericardial calcium in up to 50% (Fig. 125.12).

The ECG findings are nonspecific and include T-wave inver-
sions, low voltage, and atrial fibrillation. Echocardiography is
helpful to distinguish right heart failure from pericardial con-
striction; however echocardiographic findings are not specific
for the diagnosis of pericardial constriction. They include para-
doxical septal motion, rapid deceleration of the early diastolic
mitral inflow velocity (E wave), significant respiratory varia-
tion of mitral inflow velocity (more than 25% ), and normal
mitral valve annular tissue Doppler velocity. In the absence of
a pericardial effusion, a thickened pericardium is often hard
to distinguish from the myocardium. On the other hand, car-
diac CT and cardiac magnetic resonance imaging (MRI) are
very useful imaging modalities to precisely determine the peri-
cardial thickness. Cardiac MRI is better suited to image soft
tissues and can, in contrast to CT, show normal pericardium,
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FIGURE 125.12. Lateral chest radiograph showing calcifications of
the anterior and inferolateral pericardium in a patient with constrictive
pericarditis (arrowheads).

even in the absence of pericardial effusion (Fig. 125.13). Fur-
thermore, tagged cine MRI is able to demonstrate adhesions
between the pericardium and myocardium (41).

Cardiac catheterization pressure tracings are still the gold
standard to diagnose constrictive pericarditis and to differenti-
ate it from restrictive cardiomyopathy. The hemodynamic find-
ings of elevated and equalized diastolic pressures in all four
chambers and the dip and plateau sign are classic, although
not very specific for constriction. In contrast, respiratory vari-
ation of ventricular pressures (right ventricular [RV] pressure
rises and left ventricular [LV] pressure falls during inspiration

FIGURE 125.14. Simultaneous inva-
sive left (LV) and right ventricular (RV)
pressure tracings. Note the ventricular
discordance with respiration (RV pres-
sure rises and LV pressure falls during
inspiration and vice versa during expi-
ration). This finding is highly sensitive
and specific for the diagnosis of con-
strictive pericarditis; its presence rules
out the differential diagnosis of restric-
tive cardiomyopathy.

FIGURE 125.13. Four-chamber view of electrocardiogram (ECG)-
gated cardiac magnetic resonance imaging (MRI) in a patient with
suspected pericardial constriction. The normal-appearing pericardium
(arrowheads) is very precisely visualized in areas with pericardial effu-
sion (arrows) and with pericardial fat (asterisk ) only. The outstanding
soft-tissue imaging capabilities of MRI make it preferable over cardiac
computed tomography (CT) to evaluate the pericardium in patients
with no or very little pericardial effusion.

and vice versa during expiration, causing ventricular discor-
dance) has been shown to be highly sensitive and specific for the
diagnosis of constrictive pericarditis (42) (Fig. 125.14). Hemo-
dynamically silent constrictive pericarditis can be evaluated by
performing volume loading during catheterization; the initially
normal right and left heart pressures may elevate and equili-
brate in diastole.

Tre at me nt

Patients with acute onset of constrictive symptoms may
improve significantly with medical treatment that includes
NSAIDs, colchicine, and steroids (43). Chronic constrictive
pericarditis can be treated initially with diuretics, and sodium
and fluid restriction, if symptoms are mild. Moderate to severe
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disease requires definitive treatment with complete removal of
the pericardium by surgical stripping (34). This major proce-
dure is associated with a perioperative mortality of greater than
6% ; it can be life-saving and improves symptoms drastically in
most patients; however, poor outcome is likely if the constric-
tion is radiation induced.

SUMMARY
Disease processes affecting the pericardium are relatively rare.
Inflammation and accumulation of fluid in the pericardial space
occur first; in some patients, these conditions can progress
to pericardial constriction or tamponade with hemodynamic
compromise. The presentation can be acute or chronic; the
signs and symptoms are often nonspecific and can mimic other
acute conditions as described in the chapter. It is therefore im-
portant to include pericardial diseases in the differential diag-
nosis during the initial workup of a patient presenting with
chest symptoms or hemodynamic compromise to avoid inap-
propriate (i.e., lytic therapy for presumed myocardial infarc-
tion in a patient with acute hemorrhagic pericarditis) or de-
layed treatment (delayed pericardiocentesis in a patient with
pericardial tamponade) with possible fatal outcome.
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CHAPTER 126 ■ ACUTE HYPERTENSION
MANAGEMENT IN THE ICU
ANDREAS H. KRAMER r THOMAS P. BLECK

DEFINITIONS
Acute hypertension is a common issue in the intensive care unit
(ICU). The settings in which blood pressure elevation occur are
highly variable, and optimal care must be tailored to the patho-
physiology of the specific circumstances in which it is encoun-
tered. The terminology used in the literature to classify this
heterogeneous group of disorders has been somewhat incon-
sistent and confusing (Table 126.1). The terms, hypertensive
emergency or hypertensive crisis, are commonly defined as a
marked increase in blood pressure associated with target-organ
damage, implying that the blood pressure should be lowered
emergently.

Some authors have reserved the definition of hypertensive
emergency for the situation where blood pressure elevation it-
self is directly responsible for causing end-organ damage. How-
ever, clinicians more often need to rapidly lower blood pressure
in situations where hypertension, although not necessarily di-
rectly responsible for causing the condition, may contribute to
deterioration. For example, acute hypertension is usually the
result of, rather than the immediate cause of, an acute ischemic
stroke. If the patient is to be treated with thrombolytics, it be-
comes imperative to maintain the blood pressure within certain
narrow limits to minimize the risk of hemorrhagic transforma-
tion while at the same time not compromising cerebral blood
flow (CBF). Thus, in this chapter, we define a hypertensive
emergency broadly—as any condition in which blood pressure
should be lowered immediately. Although the term, malignant
hypertension, has been discouraged by some, it is still widely
used in the literature to describe the syndrome where organ dys-
function is a direct consequence of the elevated blood pressure,
rather than an epiphenomenon. The presence of papilledema
is not necessarily required for this diagnosis to be made
(1,2).

In contrast, a hypertensive urgency is defined as a condi-
tion with severe blood pressure elevation and no target-organ
damage, such that the blood pressure can be decreased more
gradually over the course of several hours, often with oral med-
ications. It is therefore the presence or absence of organ dys-
function, rather than the absolute degree of blood pressure ele-
vation, that determines whether a patient is classified as having
a hypertensive emergency or urgency. It is not always clear how
clinicians distinguish between hypertensive urgencies and the
situation where a patient simply has severe, poorly controlled,
chronic hypertension. The most recent Joint National Com-
mittee Guidelines (JNV 7) classify patients with hypertension
into stage 1 (systolic blood pressure [SBP] 140–159 mm Hg
or diastolic blood pressure [DBP] 90–99 mm Hg) and stage 2

(SBP exceeding 160 mm Hg or DBP exceeding 100 mm Hg).
The previously used category of “stage 3 hypertension” (SBP
exceeding 180 mm Hg or DBP exceeding 110 mm Hg) has been
combined with stage 2 (3).

EPIDEMIOLOGY AND ETIOLOGY
Hypertension is extraordinarily common, with over 1 billion
individuals affected worldwide, and only a minority of these
having adequate blood pressure control (4). The incidence of
hypertensive emergencies and urgencies has not been assessed
in population-based studies. Less than 1% of persons with
chronic hypertension ever present in this fashion (2). Never-
theless, because hypertension is so common, and because such
a wide variety of conditions other than malignant hyperten-
sion can be categorized as hypertensive emergencies, acutely
elevated blood pressure is still a factor in a substantial num-
ber of medical visits to emergency departments and a frequent
problem in the ICU (5,6) (Table 126.2).

Malig nant Hyp e rt e nsion

The peak incidence of malignant hypertension occurs between
the ages of 40 and 50, and risk factors include poor long-
term blood pressure control, lack of a primary care physician,
noncompliance with antihypertensive medications, male gen-
der, African American ethnicity, illicit drug use, and lower so-
cioeconomic class (7–10). Prior to the availability of effective
antihypertensive therapy, the mortality of malignant hyperten-
sion was very high, with approximately 80% of patients dying
within a year (hence, the term malignant) (11).

At least 90% to 95% of patients with chronically elevated
blood pressure can be classified as having “essential” hyperten-
sion, meaning that the underlying cause is multifactorial and
not specifically known. A small proportion of patients have
“secondary” hypertension, where there is an identifiable and
sometimes treatable condition that is responsible for raising
blood pressure (3). In contrast, among patients who present
with malignant hypertension, as many as 50% to 80% may
have a secondary etiology (12). Other clues that should alert
clinicians to the possibility of secondary hypertension include
a history of blood pressure that is resistant to medical therapy,
sudden worsening in a previously well-controlled patient, and
the onset of hypertension at an unusually young or old age
(13).

Renovascular disease, the most common cause of sec-
ondary hypertension, may be present in as many as 45%
of patients with severe or malignant hypertension, although
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TA BLE 1 2 6 . 1

DEFINITIONS

1. Hypertensive emergency: Any condition where
hypertension is causing or potentially exacerbating organ
dysfunction and should be lowered emergently

2. Hypertensive urgency: Severe hypertension that is not
associated with acute organ dysfunction and requires
gradual reduction in blood pressure over several hours

3. Malignant hypertension: A syndrome in which
uncontrolled hypertension directly causes organ
dysfunction (note that this is a subtype of #1). Although
previous definitions have sometimes mandated the
presence of retinopathy with papilledema, this is only
one of several possible clinical manifestations, and
should not necessarily be required.

the proportion is higher in Caucasians than African Ameri-
cans (14). Features that suggest renovascular hypertension in-
clude atherosclerotic vascular disease in other organ systems,
systolic-diastolic abdominal bruits, a history of deterioration in
renal function with exposure to angiotensin-converting enzyme
(ACE) inhibitors or angiotensin II receptor blockers (ARBs), re-
current flash pulmonary edema, and small kidneys (determined
by ultrasound or other imaging).

Hypertension is almost universally present in patients with
acute or chronic kidney disease, especially when the etiology
is a glomerulonephropathy (15). Hypertension is a common
manifestation of obstructive sleep apnea, and can be improved
by the administration of noninvasive positive airway pressure
(16). Various rare endocrine causes, including primary aldos-

TA BLE 1 2 6 . 2

TYPES OF HYPERTENSIVE EMERGENCIES

MALIGNANT HYPERTENSION
■ Hypertensive encephalopathy/RPLS
■ Retinopathy and papilledema
■ Acute heart failure
■ Myocardial ischemia
■ Malignant nephrosclerosis and acute renal failure
■ Microangiopathy

NEUROCRITICAL CARE EMERGENCIES
■ Acute ischemic stroke requiring thrombolysis
■ Acute intracerebral hemorrhage
■ Subarachnoid hemorrhage
■ Severe hypertension following craniotomy
■ Cerebral hyperperfusion syndrome (postendarterectomy

or stenting)
■ Normal perfusion pressure breakthrough (post-AVM

resection)

CARDIOVASCULAR EMERGENCIES
■ Acute myocardial infarction
■ Acute heart failure
■ Aortic dissection
■ Severe hypertension following cardiovascular surgery

PRE-ECLAMPSIA/ECLAMPSIA

AVM, arteriovenous malformation; RPLS, reversible posterior
leukoencephalopathy syndrome.

TA BLE 1 2 6 . 3

ETIOLOGIES OF MALIGNANT HYPERTENSION

Essential hypertension
Secondary hypertension

Renovascular disease
Atherosclerosis, thrombosis
Fibromuscular dysplasia
Medium and large vessel vasculitis

Glomerular disease
Glomerulonephritis
Small vessel vasculitis
Microangiopathies
Scleroderma

Renal parenchymal disease
Polycystic kidney disease (and others)
Renin-producing tumors

Endocrine causes
Pheochromocytoma
Primary hyperaldosteronism
Cushing syndrome
Hypercalcemia

Aortic coarctation
Medications (e.g., cyclosporine, tacrolimus, erythropoietin)
Sympathomimetic drugs (e.g., cocaine, amphetamines)

teronism, Cushing syndrome, hypercalcemia, hypothyroidism,
and pheochromocytoma, are also responsible for a small pro-
portion of cases. Several illicit drugs can cause malignant hyper-
tension in addition to other hypertensive emergencies. Sympa-
thomimetics, such as cocaine and methamphetamine, have been
implicated in causing intracerebral and subarachnoid hemor-
rhage, ischemic stroke, and aortic dissection (17–19). However,
various drugs used in clinical practice have also been reported
to cause severe hypertension, or even hypertensive emergencies.
The most commonly implicated are erythropoietin and various
immunosuppressants, most notably cyclosporine, tacrolimus,
interferon, and high-dose corticosteroids, although it is some-
times difficult to separate the hypertension-inducing effects of
these drugs from the complications of the diseases they are
intended to treat (20,21). A careful history, physical examina-
tion, and appropriate diagnostic testing to exclude causes of
secondary hypertension are indicated during the hypertensive
emergency and after it has resolved (Table 126.3).

Ne urolog ic Hyp e rt e nsive Eme rg e ncie s

Acute stroke is one of the most common indications for which
emergent blood pressure control may be necessary, and often
the most frequent form of end-organ damage in a consecutive
series of patients with hypertensive emergencies (5). Stroke is
the second leading cause of death worldwide, and is also a ma-
jor reason for long-term disability. Cerebral ischemia is respon-
sible for 70% to 80% of strokes, while intracerebral hemor-
rhage (ICH) and subarachnoid hemorrhage account for 5% to
20% and 1% to 7% , respectively (22). Overall, more than 80%
of patients with ischemic or hemorrhagic strokes are initially
hypertensive to some degree (23). Even without treatment, the
blood pressure usually declines gradually over the first sev-
eral hours or days in-hospital. In the well-known National
Institute of Neurological Diseases (NINDS) trial evaluating
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recombinant tissue plasminogen activator (rt-PA) for the man-
agement of acute ischemic stroke, 19% of patients had an initial
blood pressure of more than 185/110 mm Hg, and 60% had a
blood pressure of more than 180/105 mm Hg during the first
24 hours in-hospital (24). Whether or not it is appropriate (see
below), more than half of these patients receive antihyperten-
sive medications during the first few days of hospitalization
(25). An even larger proportion of patients with intracerebral
hemorrhage (ICH) develop, and are treated for, acute hyper-
tension (26). The incidence of hypertension with subarachnoid
hemorrhage (SAH) is somewhat lower, but aggressive treat-
ment is sometimes advocated in order to minimize the initial
risk of rebleeding from the aneurysm (27).

Pe riop e rat ive Hyp e rt e nsion

Depending on the patient population, type of surgery, and how
hypertension is defined, 3% to 34% of operations are compli-
cated by postoperative hypertension in the recovery room or
ICU, with the most important risk factors being inadequately
controlled pain and a pre-existing history of hypertension, es-
pecially if antihypertensives were withdrawn preoperatively
(28,29). Elevations in blood pressure occur most often during
the initial 30 to 60 minutes after surgery, may last for several
hours, and have been associated with higher rates of postop-
erative hemorrhage and myocardial ischemia in certain patient
populations (30). Hypertension is particularly frequent follow-
ing neurosurgical and cardiovascular procedures, occurring in
approximately 54% to 91% and 30% to 80% of patients un-
dergoing craniotomy and coronary artery bypass grafting, re-
spectively (31,32). A common dilemma faced by anesthetists
involves patients who present for surgery with poorly con-
trolled blood pressure. Preoperative hypertension is predictive
of intra- and postoperative blood pressure fluctuations, and
has been associated with the occurrence of complications and
worse outcomes in some studies (33,34). The American Heart
Association recommends that nonemergent surgery be deferred
if the blood pressure exceeds 180/110 mm Hg (35). However,
it remains controversial whether delaying surgery ultimately
modifies perioperative risks, with one randomized controlled
trial arguing that it does not (36).

Pre g nancy-ind uce d Hyp e rt e nsion

Hypertension complicates approximately 12% of pregnancies,
and is responsible for 18% of maternal deaths in the United
States. When blood pressure elevation occurs prior to 20 weeks’
gestation, it is considered chronic hypertension. If it occurs
without complication after 20 weeks, it is referred to as ges-
tational hypertension. In contrast, pre-eclampsia is a form of
pregnancy-induced hypertension that is associated with vaso-
constriction, endothelial dysfunction, platelet aggregation, and
increased coagulation. Although it is usually defined by the con-
comitant presence of hypertension and proteinuria (more than
300 mg of protein per 24 hours), some patients can develop se-
vere symptoms in the absence of proteinuria. Pre-eclampsia oc-
curs in 2% to 10% of pregnancies, with important risk factors
including nulliparity, antiphospholipid antibodies, diabetes
mellitus, obesity, family history, multiple (twin) pregnancies,
maternal age over 40, and a previous history during other
pregnancies. Maternal complications can include progression

to eclampsia, pulmonary edema, microangiopathy, and renal
failure. The most common neonatal complications are prema-
turity and growth restriction. Eclampsia is defined as the devel-
opment of severe neurologic manifestations, including seizures
and a depressed level of consciousness, in women with pre-
eclampsia (37,38).

Card iovascular Hyp e rt e nsive Eme rg e ncie s

Acute heart failure is responsible for 5% to 10% of hospital
admissions. Hospital mortality is about 4% , but increases to
more than 50% by 1 year. In a large American registry, 73% of
patients had a history of chronic hypertension, and 50% were
hypertensive at admission (39). In patients presenting with flash
pulmonary edema, acute hypertension is particularly common,
and is likely to be both a consequence and contributing cause.

A history of chronic hypertension exists in about 40%
to 70% of patients with acute coronary syndromes, and
about 30% have an elevated blood pressure when initially
assessed (40,41). Severe uncontrolled hypertension at admis-
sion (greater than 180/110 mm Hg) is a relative contraindi-
cation to thrombolysis for ST elevation myocardial infarction
(STEMI) (42).

Aortic dissection is a relatively rare condition, with an an-
nual incidence of about 3 to 4 cases per 100,000 persons per
year. With modern medical and surgical therapy, the mortality
has decreased from as high as 90% to about 20% –35% . More
than 70% of patients have a history of chronic hypertension,
but blood pressure can be highly variable at presentation. Most
patients (70% ) with type B dissections (descending aorta) have
an admission systolic pressure of more than 150 mm Hg com-
pared with just over a third of those with type A dissections (as-
cending aorta), of whom approximately 25% actually present
with hypertension or in frank shock (43).

PATHOPHYSIOLOGY OF
HYPERTENSION-INDUCED

END-ORGAN DYSFUNCTION
Blood flow to organs is kept relatively constant despite varia-
tions in blood pressure. This process is called autoregulation,
and its limits are usually between mean arterial pressure (MAP)
values of about 60 and 150 mm Hg. Increases in blood pres-
sure induce arteriolar smooth muscle contraction and vasocon-
striction, while reductions lead to vasodilatation. Extreme hy-
pertension exceeding the upper range of autoregulation causes
edema, hemorrhage, and organ dysfunction, while reductions
in blood pressure beyond the lower limits of autoregulation
result in tissue hypoperfusion and ischemia (Fig. 126.1). In ad-
dition to a widespread, systemic myogenic response, there are
also more organ-specific vascular regulatory mechanisms to
protect against the effects of acute hypertension. For example,
increased delivery of filtrate to the distal nephron stimulates
a tubuloglomerular feedback system that promotes afferent
arteriolar vasoconstriction (44). The likelihood of end-organ
damage increases not only with the absolute degree of blood
pressure elevation, but also with the rate at which this occurs
(1). With chronic hypertension, there is hypertrophy in the
walls of small arteries and arterioles, and the autoregulation
curve is shifted toward the right, such that blood flow can be
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FIGURE 126.1. Cerebral blood flow autoregulation: Effect
of changes in cerebral perfusion pressure on cerebral blood
flow and vascular caliber in normal and hypertensive pa-
tients (dashed line).

maintained constant, even at unusually high blood pressures.
Conversely, ischemia may occur when blood pressure falls to
levels that would otherwise be well tolerated. In the setting of
neurologic injury, autoregulation is often impaired, and cere-
bral blood flow becomes directly dependent on blood pressure
(Fig. 126.1).

Normal endothelial function is necessary for the regulation
of vascular tone, blood pressure, and regional blood flow. The
endothelium is involved in maintaining a delicate balance be-
tween vasodilating substances (e.g., nitric oxide, bradykinin,
prostacyclin) and vasoconstrictors (e.g., endothelin), as well as
between coagulation and fibrinolysis. When blood pressure is
elevated, natriuretic peptides are released from the endothe-
lium, which in turn induce sodium and water loss, with de-
creased intravascular volume (1). Excessive activation of the
renin-angiotensin system causes vasoconstriction and inflam-
mation, and has been demonstrated to cause hypertensive emer-
gencies in animal models, an effect that can be inhibited with
the use of ACE inhibitors (45). Angiotensin II levels are el-
evated in most cases of malignant hypertension, particularly
when the etiology is a renal condition (46). Increased wall stress
and prolonged vasoconstriction in the face of severe hyperten-
sion eventually causes endothelial compensatory mechanisms
to fail, such that a vicious cycle ensues, with consequent hy-
peremia, increased permeability, inflammation (endarteritis),
platelet aggregation, coagulation, and thrombosis. Transmu-
ral necrosis and the entry of blood components into the ves-
sel wall lead to obliteration of the lumen and replacement of
smooth muscle with fibrous tissue, a process called fibrinoid
necrosis (47). Patients with malignant hypertension may there-
fore paradoxically develop both hyperemia (due to endothelial
dysfunction and loss of autoregulation) and ischemia (due to
thrombosis and fibrinoid necrosis) (Fig. 126.2).

Manife st at ions

Hyp e rt e nsive Ence p halop at hy/ Re ve rsib le
Post e rior Le ukoe nce p halop at hy Synd rome

Severe elevations in blood pressure eventually cause a break-
down of the blood–brain barrier, with subsequent development

of vasogenic cerebral edema. White matter is less tightly packed
than the overlying cerebral cortex, making it more vulnerable
to the spread of edema (48). Swelling occurs predominantly,
but not exclusively, in the posterior regions of the brain. This
is thought to be due to a larger concentration of sympathetic
fibers around arterioles in the anterior brain, which results
in a greater degree of vasoconstriction and relative protection
against the effects of severe hypertension (49). The character-
istic clinical features and magnetic resonance imaging (MRI)
findings of vasogenic edema in posterior white matter led to
the description of a clinical radiologic syndrome, now most
commonly termed reversible posterior leukoencephalopathy
syndrome (RPLS) or posterior reversible encephalopathy syn-
drome (PRES) (50). Although occurring most commonly in
association with severe hypertension, there are other condi-
tions that may at least predispose to, if not directly cause, the
development of RPLS, perhaps because they induce endothe-
lial toxicity. RPLS has been described in association with cer-
tain medications—most notably cyclosporine (21)—and other
immunosuppressive agents, as well as in the setting of mi-
croangiopathies (51), connective tissue diseases, vasculitis, and
pre-eclampsia (52). Although cerebral edema can sometimes
be seen on computed tomography (CT) scans, RPLS is best
visualized using T2 and fluid-attenuated inversion recovery
(FLAIR) MRI sequences. Diffusion-weighted MRI has con-
firmed that vasogenic edema is much more prominent than
cytotoxic edema and, although RPLS is usually “reversible,”
some patients do develop ischemic strokes (53). Many patients
do not adhere perfectly to the typical patterns of RPLS: gray
matter involvement of the cerebral cortex and basal ganglia, as
well as edema occurring in the frontal lobes, posterior fossa,
and brainstem have all been described. It is rare for only one
vascular territory to be involved (Fig. 126.3).

The clinical manifestations of RPLS in the setting of acute
blood pressure elevation are collectively described by the term,
hypertensive encephalopathy, which is characterized by the
subacute development of neurologic signs and symptoms and
may include headache, altered mental status, seizures, and vi-
sual disturbances (54,55). Headaches are usually generalized,
severe, and poorly responsive to analgesics and improve rapidly
with treatment of hypertension (56). Altered mental status can
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FIGURE 126.2. Simplified pathophysiology of acute
hypertension-induced organ dysfunction. (Adapted from
Vaughan CJ, Delanty N. Hypertensive emergencies. Lancet.
2000;356:411–417.)

range from lethargy and confusion to stupor and coma, al-
though the latter is unusual. The posterior predominance of
RPLS is reflected by the frequent occurrence of unilateral or
bilateral visual disturbances, including hemianopsia, visual ne-
glect, cortical blindness, Anton syndrome (patient is not aware
of blindness), and visual hallucinations. Focal seizures originat-
ing in the occipital regions have also been described, although
they most often generalize, and may be recurrent (57).

Re t inop at hy
Endothelial damage and leakage of plasma proteins into the
retina lead to edema and the formation of hard exudates (Fig.
126.4). Focal areas of ischemia and infarction within the nerve
fiber layer cause white areas, called cotton-wool spots, to ap-
pear. Breakdown of the blood–retinal barrier results in the
emergence of flame-shaped hemorrhages within the retina. The
development of papilledema has historically been used to differ-
entiate “accelerated” from “malignant” hypertension. How-

ever, the presence or absence of papilledema has little impact on
the natural history and prognosis of hypertensive emergencies,
nor should it significantly alter management (58). The mech-
anism of papilledema may include raised intracranial pressure
(ICP), which is known to be present in some patients with hy-
pertensive encephalopathy (59), as well as ischemia of the op-
tic nerve head (60). It should be noted that ophthalmoscopic
examination for hypertensive retinopathy has relatively high
rates of inter- and intraobserver variability, particularly among
nonophthalmologists (61).

Ne p hrop at hy and Microang iop at hy
Certain conditions causing acute renal failure may cause hy-
pertensive emergencies, but severely elevated blood pressure
can also cause renal dysfunction, a condition called malignant
nephrosclerosis. Renal biopsies reveal fibrinoid necrosis, hy-
perplastic arteriolitis, neutrophilic infiltration, and thrombo-
sis of glomerular capillaries. The histologic appearance can

FIGURE 126.3. Fluid-attenuated inversion recovery
magnetic resonance imaging sequences of a 15-year-
old patient with a history of Wegener granulomato-
sis presenting with seizures and altered mental status.
The findings are consistent with reversible posterior
leukoencephalopathy syndrome (RPLS). Although vaso-
genic edema is seen predominantly posteriorly, anterior
changes are also present.
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FIGURE 126.4. Severe hypertensive retinopathy with evidence of disc
swelling (DS, papilledema), cotton wools spots (CWS), and flame-
shaped hemorrhage (FH). (From Wong T, Mitchell P. The eye in hyper-
tension. Lancet. 2007;369:425–435, used with permission.)

be difficult to distinguish from other microangiopathies, like
hemolytic uremic syndrome and thrombotic thrombocytopenic
purpura (62). It is therefore not surprising that more than
a quarter of patients with malignant hypertension, especially
those with acute renal failure, have typical clinical features
of microangiopathy, including thrombocytopenia, elevated lac-
tate dehydrogenase, and schistocytes on blood smear (63). Im-
paired renal perfusion leads to greater activation of the renin-
angiotensin system, which further augments vasoconstriction,
fluid retention, and blood pressure elevation. The earliest evi-
dence of renal involvement is the presence of abnormal urine
sediment, with proteinuria, hematuria, and the appearance of
red and white blood cell casts. This is followed by the develop-
ment of acute renal failure, which is sometimes severe enough

for patients to require dialysis, and occasionally results in end-
stage renal disease. In one series, more than 20% of patients
with malignant hypertension required dialysis (64), but this is
more common when the etiology is secondary rather than es-
sential hypertension, particularly with renal causes (12). The
degree of renal dysfunction is an important prognostic variable
(64).

Card iovascular Comp licat ions
Approximately 20% of patients with malignant hypertension
present with cardiac complications, which may include my-
ocardial ischemia or pulmonary edema (65). Many patients
have a pre-existing history of chronic hypertension, and al-
ready have left ventricular hypertrophy and diastolic dysfunc-
tion, while a smaller subset also has impaired systolic function.
Left ventricular hypertrophy increases myocardial oxygen re-
quirements while also outstripping vascular supply (66) and
compressing coronary arterioles. The increased afterload asso-
ciated with severe hypertension further increases myocardial
wall stress and oxygen demand, such that ischemia occurs,
especially if there is also concomitant coronary artery dis-
ease. Increased wall thickness and changes to the extramy-
ocardial collagen network impair myocardial relaxation, and
cause pressure within the left ventricle to rise at relatively lower
volumes during diastole. As a result, even small increases in
intravascular volume and afterload can produce pulmonary
edema (67).

Tre at me nt

Pharmacolog ic Ag e nt s
An ideal pharmacologic agent (Table 126.4) for treatment of
hypertensive emergencies should have a rapid onset in or-
der to immediately reduce the progression of organ failure,
but should also be short-acting and easy to titrate to avoid

TA BLE 1 2 6 . 4

INTRAVENOUS PHARMACOLOGIC AGENTS FOR MANAGEMENT OF HYPERTENSIVE EMERGENCIES

Drug Dose Onset Duration Precautions

Nitroprusside 0.25–10 µ g/kg/min (ideally < 2
µ g/kg/min)

Immediate 1–10 min Cyanide toxicity with prolonged
infusions; coronary steal; ↑ ICP

Nitroglycerin 10–200 µ g/min Immediate 3–10 min Severe hypotension in
hypovolemic patients; ↑ ICP;
contraindicated if on PDE-5
inhibitors

Labetalol 10–40-mg boluses
1–4 mg/min infusion

5–15 min 2–4 h Bradycardia, heart block; LV
dysfunction; asthma

Esmolol 0.5 mg/kg load, 50–200
µ g/kg/min

5 min 10–30 min Bradycardia, heart block; LV
dysfunction; asthma

Nicardipine 3–15 mg/min 5–15 min 30–60 min Rebound tachycardia; ICP effects
require more study

Fenoldopam 0.1–1.6 µ g/kg/min 5–15 min 20–60 min Glaucoma
Enalaprilat 0.625–2.5-mg bolus, every 6 h 15 min 4–6 h Renal failure; hyperkalemia
Hydralazine 10–20 mg every 4–6 h 5–20 min 2–6 h Reflex tachycardia; ischemic heart

disease

ICP, intracranial pressure; LV, left ventricular; PDE-5, phosphodiesterase-5.
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excessively lowering the blood pressure for long periods of
time. The following agents are the most commonly used.

Sodium Nitroprusside. Sodium nitroprusside (NTP) has been
used in the management of hypertensive emergencies for over
40 years, and continues to be considered first-line therapy,
largely because of its rapid onset, short duration of action,
affordability, familiarity, and efficacy (1,68). NTP is a par-
enterally administered, potent arterial and venous vasodilator,
which has an onset within less than 30 seconds and a duration
of action of only 2 to 3 minutes, such that cessation of the
infusion allows blood pressure to rise back to previous levels
within 1 to 10 minutes. Cardiac output is either preserved or
increased, and cardiac filling pressures decrease (69,70). The
mechanism of action involves the release of nitric oxide into
the bloodstream, activation of guanylate cyclase, and subse-
quent conversion of guanosine triphosphate (GTP) to cyclic
guanosine monophosphate (cGMP) in vascular smooth muscle,
which in turn inhibits the intracellular movement of calcium.
The usual starting dose of NTP is 0.25 to 0.5 µ g/kg/minute,
and it is increased in increments of 0.5 µ g/kg/minute every 5
to 10 minutes until the goal blood pressure is achieved.

NTP has the potential for several serious, life-threatening
complications. First, despite lowering preload and afterload,
NTP may induce coronary steal, whereby excessive vasodilata-
tion of coronary arterioles shunts blood away from ischemic
regions. This effect may help explain the findings of a large
clinical trial in which patients with acute myocardial infarction
and high left ventricular filling pressures had a worse outcome
when treated with nitroprusside within the first 8 hours but
improved outcomes thereafter (71).

Second, NTP is often avoided in neurologic emergencies
because of the observation in several studies that it vasodi-
lates cerebral vasculature, increases cerebral blood volume,
and therefore raises ICP (72). The demonstration of this phe-
nomenon is not entirely consistent in the literature (73), and
it may be avoidable with a somewhat slower administration
(74).

Third, each nitroprusside molecule has five cyanide moi-
eties, such that cyanide makes up 44% of its molecular weight.
Cyanide is metabolized by transulfuration in the liver to thio-
cyanate, which is 100 times less toxic than cyanide, and is
cleared in the urine and stool. When this pathway is over-
whelmed, cyanide accumulates and causes toxicity. Patients
receiving NTP are particularly vulnerable when treated with
prolonged, high-dose infusions, especially if hepatic and renal
function are impaired, or if sulfur stores are depleted because
of malnutrition (68,75). Cyanide blocks oxidative phospho-
rylation and essentially causes tissue anoxia and lactic acido-
sis despite adequate oxygen delivery and high venous oxygen
saturation levels. Manifestations of cyanide poisoning include
depressed mental status, seizures, and, eventually, bradycardia
and hemodynamic collapse. Cyanide levels are not easily mon-
itored, and the development of lactic acidosis is a late finding.
The development of tachyphylaxis to nitroprusside, with con-
sequent increasing dose requirements, may be a harbinger of
toxicity (68,76).

Treatment of cyanide poisoning consists of discontinuation
of nitroprusside, supportive care with the delivery of 100%
oxygen, and the administration of sodium nitrite (300 mg
IV), followed by sodium thiosulfate (12.5 g IV). The use of
sodium nitrite is controversial, as it actually causes the pro-

duction of methemoglobin, which, although also potentially
toxic, binds avidly to cyanide. Sodium thiosulfate acts as a
sulfur donor to promote the formation of thiocyanate, and
has been used effectively as monotherapy. Hydroxycobalamin
combines with cyanide to form cyanocobalamin, and may pro-
vide synergy with sodium thiosulfate (77). Both agents have
been used prophylactically with infusions of nitroprusside to
prevent cyanide accumulation (78,79). Accumulation of thio-
cyanate, although far less toxic than cyanide, may also cause
complications (68,79).

Despite these concerns, NTP has an extensive track record,
and many prospective studies have not found evidence of clini-
cal toxicity even after using it for several days. Still, NTP should
be administered at as low a dose as possible, and for as short
a duration as possible. Newer, alternative agents are increas-
ingly being used as they become available, largely because of
concerns about cyanide toxicity with NTP.

Nitroglycerin. Because nitroglycerin produces more venous
than arterial vasodilatation, it is usually not used as first-line
therapy for hypertensive emergencies, unless there is concur-
rent pulmonary edema or myocardial ischemia. It is usually
started at 5 to 10 µ g/minute, and can be titrated up every 5 to
10 minutes to doses as high as 200 to 300 µ g/minute. Partic-
ular caution must be exercised in the setting of hypovolemia.
Patients using drugs for erectile dysfunction should not be given
nitroglycerin or nitroprusside, as this may induce profound hy-
potension (80). As with nitroprusside, there are case reports of
nitroglycerin increasing ICP, such that it should be used with
caution in brain-injured patients (81).

β -Blockers. Labetalol is the most commonly used intravenous
β -blocker for the management of hypertensive emergencies.
One of its unique properties is that it blocks both α and β
receptors, although the β -blocking effect is more prominent
(82). Labetalol is usually administered as 10- to 20-mg bo-
luses, which can be repeated every 15 minutes until the desired
effect is achieved. Blood pressure lowering begins within 2 to
5 minutes, with maximal effect after about 10 to 15 minutes.
Labetalol can also be delivered as an infusion, beginning at a
dose of 1 to 2 mg/minute. It has been demonstrated to be safe
and effective in the management of severe hypertension, with
advantages including that it does not cause reflex tachycardia,
and has little effect on cerebral blood flow or ICP (83). La-
betalol does not cross the placenta well, and there is extensive
experience using it in pregnancy, making it one of the preferred
agents in the management of pre-eclampsia and eclampsia (84).

Esmolol is an extremely short-acting, relatively cardioselec-
tive β -blocker, has an onset within less than a minute, and is
uniquely metabolized by red blood cell esterases, such that its
duration of action is only 10 to 20 minutes. A loading dose
of 0.5 mg/kg is administered over 1 minute, followed by an
infusion of 50 µ g/kg/minute, which can be adjusted as often as
every 5 minutes to a maximum dose of 200 µ g/kg/minute (85).
It is a useful agent when blood pressure is elevated and cardiac
output is preserved, especially when there are concerns about
myocardial ischemia.

Nicardipine. Nicardipine is a dihydropyridine calcium channel
blocker that inhibits calcium influx through L-type channels,
thereby preventing smooth muscle contraction, particularly in
vascular smooth muscle, rather than cardiac myocytes. Thus,
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nicardipine causes arterial vasodilatation, with minimal ven-
odilatation or change in cardiac output. It is most often admin-
istered as an intravenous infusion, beginning at 3 to 5 mg/hour,
to a maximum of 15 mg/hour, but it can also be given as 0.5-
to 3-mg boluses. Because of a distribution half-life of less than
3 minutes and an intermediate elimination half-life of less than
45 minutes, nicardipine has a relatively rapid onset and offset
(86). It has compared favorably with NTP in clinical trials, with
therapeutic targets achieved in a similar amount of time, fewer
episodes of severe hypotension, and less frequent dose adjust-
ment (86,87). Nicardipine has been used in a variety of settings,
including malignant hypertension, perioperative hypertension,
pre-eclampsia, and acute heart failure. It is generally well toler-
ated, with few adverse effects when used with caution. Given
that nicardipine increases cerebral blood flow, one might ex-
pect that it would raise ICP. Although this has been reported, it
does not appear to be a major concern in most studies (86,88).

Fenoldopam. Fenoldopam is a selective dopamine-1 (DA-1)-
receptor agonist, which produces peripheral, renal, splanchnic,
and, to a lesser degree, coronary vasodilatation. Stimulation of
DA-1 receptors also promotes natriuresis. Unlike dopamine,
fenoldopam does not have any effect on DA-2 receptors, nor
does it act at the α- or β -adrenergic receptor level. It does not
cross the blood–brain barrier, and therefore has little effect
on cerebral blood flow and ICP. It is typically administered in
doses of 0.025 to 1 µ g/kg/minute, and begins to lower blood
pressure after as little as 2 minutes, although the maximal ef-
fect is not seen for at least 20 to 30 minutes or more. With
discontinuation of an infusion, the elimination half-life is less
than 10 minutes. Reflex tachycardia, thought to be related to
activation of the baroreflex, may occur and can be attenuated
with concomitant use of a β -blocker (89). A theoretical advan-
tage of fenoldopam is improved renal blood flow, but despite
a slight increase in creatinine clearance, it remains unclear that
this will translate into clinically important prevention of renal
failure (90). Fenoldopam has been demonstrated to be effec-
tive at controlling blood pressure in hypertensive emergencies,
with similar efficacy to nitroprusside (91), but has shown no
clear improvement in outcomes; it is also considerably more ex-
pensive (92). Overall, fenoldopam seems to have few adverse
effects. It does raise intraocular pressure, and should therefore
probably be avoided in patients with a known history of glau-
coma (93).

Tre at me nt for Sp e cific
Hyp e rt e nsive Eme rg e ncie s

Malig nant Hyp e rt e nsion
Because of the shift in the autoregulatory curve that occurs
with prolonged hypertension, rapid reductions in blood pres-
sure may cause organ ischemia (94). With hypertensive urgen-
cies, the blood pressure should therefore be reduced carefully
and gradually with oral medications over the course of several
days. It is not certain how long it takes for the autoregulatory
curve to recover and shift back toward the left, such that the
initial goal should never be a normal blood pressure.

With hypertensive emergencies, the blood pressure must be
reduced immediately, with an initial goal of no more than a
15% reduction. Specific treatment goals should be individu-

alized to ensure that the pressure is reduced sufficiently for
organ failure to resolve without compromising perfusion. To
facilitate keeping blood pressure within a narrow range, place-
ment of an arterial catheter and careful observation in the ICU
are recommended.

Ne urolog ic
Acute Ischemic Stroke. Although acute hypertension is com-
mon in patients with ischemic stroke, optimal treatment re-
mains uncertain. The greatest priority in these patients is to
preserve as much of the ischemic penumbra as possible. Be-
cause autoregulation is usually impaired within the penumbra,
pressure reductions may cause blood flow to fall, which in turn
may increase infarct size (95). Accordingly, there are several
observational studies demonstrating that lowering blood pres-
sure may cause clinical deterioration (96). Preliminary studies
have even suggested that transcranial Doppler middle cerebral
artery (MCA) flow velocities, cerebral perfusion as determined
by MRI, and neurologic examination may improve with supra-
normal augmentation of blood pressure using a vasopressor
(97). The International Stroke Trial of more than 17,000 pa-
tients found a U-shaped relationship, where the best outcomes
occurred in patients with a presenting systolic blood pressure
of about 150 mm Hg (98). The American Stroke Association
guidelines currently recommend not treating hypertension un-
less the systolic pressure exceeds 220 mm Hg or the diastolic
pressure exceeds 120 mm Hg (99).

The exception to this rule is if the patient is a candidate for
intravenous, or possibly intra-arterial, thrombolysis. Of pa-
tients who receive intravenous rt-PA for treatment of acute
ischemic stroke, approximately 5% to 6% will develop ICH
(100). Whether lowering blood pressure helps to limit this risk
is not certain. However, patients in whom systolic and diastolic
pressure could not easily be lowered to less than 185 mm Hg
and 110 mm Hg, respectively, were excluded from the definitive
clinical trial (101). Patients who did receive thrombolysis had
a goal blood pressure of less than 180/105 mm Hg. Approx-
imately 10% of patients require intravenous antihypertensive
therapy prior to receiving thrombolysis, while 25% to 30%
require treatment in the 24 hours after thrombolysis (24).

Intracerebral Hemorrhage. Good neurologic recovery is very
uncommon if the volume of ICH exceeds 30 to 60 mL.
Hematoma growth is a dynamic process that occurs over sev-
eral hours, with a significant proportion of patients having de-
tectable expansion even within the first few hours after pre-
sentation to the emergency department or ICU (102). Patients
with early hematoma enlargement have substantially worse
outcomes, and it is likely that therapy that can limit this early
growth will improve outcomes. Numerous studies have sug-
gested that patients with higher blood pressure at presentation
are more likely to develop hematoma expansion (103) and
have a higher mortality (104). However, a randomized con-
trolled trial of lowering blood pressure for acute ICH has not
yet been performed. At present, the American Heart Associa-
tion guidelines are conservative, and recommend the following
goals: MAP less than 130 mm Hg, SBP less than 180 mm Hg,
and DBP less than 105 mm Hg (105). The main reason for
concern has been the observation that there is reduced blood
flow around areas of ICH and the belief that this represents
an ischemic penumbra that could be compromised with lower
blood pressure. However, recent studies using positive emission



Chap t e r 126: Acute Hypertension Management in the ICU 1895

tomography and MRI have suggested that decreased flow sur-
rounding ICH is appropriate for the corresponding reduction
in cerebral metabolic rate (106). Furthermore, CBF autoregu-
lation in this region appears to be preserved, such that lowering
blood pressure does not adversely impact regional blood flow
(107).

Subarachnoid Hemorrhage. Nontraumatic subarachnoid hem-
orrhage results from a ruptured intracranial aneurysm in more
than 80% of cases (27). The risk of recurrent hemorrhage from
the aneurysm is about 4% on the first day, followed by 1% to
2% per day for the next 2 to 3 weeks (108). Although the
risk of rebleeding has decreased with the practice of securing
aneurysms early, with either surgical clipping or endovascular
coil embolization, the incidence of this devastating complica-
tion remains approximately 7% , with a mortality of over 50%
(109). Many centers attempt to decrease the risk of recurrent
hemorrhage by reducing blood pressure prior to the aneurysm
being secured, with review articles often citing goal systolic
pressures of less than 140 to 180 mm Hg (27). However, the
efficacy of this practice remains uncertain, with conflicting re-
sults from observational studies. Particular caution should be
exercised when treating patients with high-grade SAH who
are stuporous or comatose, because these patients may have
a raised ICP, and excessive reduction in blood pressure may
compromise cerebral perfusion and promote ischemia.

After the aneurysm has been treated, the most concerning
complication is the development of cerebral vasospasm and
delayed ischemic neurologic deficits, which occur in approxi-
mately 20% to 30% of patients, with maximum risk between
days 4 and 12 after the event. Hypertension should not rou-
tinely be treated during this time, even at relatively high levels,
since this practice increases the risk of delayed infarction. If
clinical vasospasm develops, first-line therapy actually involves
hemodynamic augmentation, using vasopressors to raise blood
pressure in order to increase CBF and improve cerebral perfu-
sion.

Perioperative Neurosurgery. Hypertension occurs in the set-
ting of craniotomy more often than with any other type
of surgery (31). Neurosurgery results in the release of large
amounts of vasoactive substances that raise blood pressure,
including catecholamines, endothelin, and renin (110). Impor-
tantly, severe hypertension occurring intraoperatively or dur-
ing the first 12 postoperative hours has been associated with a
higher risk of ICH-complicated craniotomy (31).

There are certain neurosurgical procedures where tight post-
operative blood pressure control is particularly important. In
most patients undergoing carotid stenting or endarterectomy,
the sudden resolution of carotid stenosis results in a sudden,
asymptomatic, 20% to 40% increase in ipsilateral CBF. How-
ever, in some patients, the increase can be much more profound,
to the degree that it overcomes the autoregulatory capacity of
the corresponding, previously hypoperfused territory. The re-
sulting cerebral hyperperfusion syndrome (CHS) is character-
ized by the presence of vasogenic edema, which resembles RPLS
in that there is a posterior predilection. Patients who are most
vulnerable are those with relatively severe carotid stenosis and
poor collateral circulation, but postoperative hypertension is
also an important risk factor. CHS is treated with tight blood
pressure control, but agents that cause cerebral vasodilatation,
including nitroprusside and perhaps calcium channel blockers,
ideally should be avoided (111).

Mild intraoperative hypotension is sometimes used for vas-
cular neurosurgical procedures, such as microsurgical excision
or endovascular obliteration of arteriovenous malformations
(AVMs) in order to reduce the risk of hemorrhage. With AVMs,
the sudden “repressurization” of previously hypotensive arteri-
oles may contribute to the development of regional hyperemia,
edema, and bleeding, a condition sometimes referred to as
“normal perfusion pressure breakthrough.” Consequently, hy-
pertension should be avoided in the immediate postoperative
period. Conversely, the sacrifice of vascular branches during
the procedure, or vasospasm from surgical manipulation and
retraction, may also create areas of relative underperfusion,
such that hypotension would also be deleterious (112).

Card iovascular Hyp e rt e nsive Eme rg e ncie s
Aortic Dissection. The purpose of emergently lowering blood
pressure in aortic dissection is to decrease shear stress in the
aorta and limit propagation of the intimal tear and false lumen.
In order to concomitantly reduce both blood pressure and the
force of left ventricular contraction, first-line therapy consists
of a β -blocker or, if contraindicated, a calcium channel blocker
with negative inotropic and chronotropic properties (e.g., dil-
tiazem or verapamil). Pure vasodilators should not be used in
isolation. If possible, the heart rate should be lowered to less
than 60 beats per minute, and the blood pressure reduced as
much as can be tolerated, ideally below a systolic pressure of
120 mm Hg. Because patients often have substantial chest dis-
comfort, the use of opiates to ameliorate pain may greatly
reduce antihypertensive requirements. If the blood pressure
remains elevated despite adequate β -blockade, a vasodilator
can be added. There is extensive experience with nitroprus-
side in this setting, although other agents have also been used
(86,113).

Acute Pulmonary Edema. Acute hypertension exists in the ma-
jority of patients presenting with flash pulmonary edema, and
is likely to be both a consequence and contributing cause
(39,114). The venodilating properties of nitroglycerin make
it an excellent initial choice as an antihypertensive in both
normotensive and hypertensive patients, especially if there is
failure to improve after administration of a loop diuretic. In
titrating the dose of intravenous nitroglycerin, clinicians should
be aware that relatively large doses, often in excess of 100
µ g/minute, may be required to significantly lower cardiac filling
pressures and improve symptoms (115). Patients who benefit
from aggressive afterload reduction, such as those with acute
aortic or mitral regurgitation (if not hypotensive), may require
a more potent arterial vasodilator than nitroglycerin, such as
nitroprusside or nicardipine. Although ACE inhibitors are stan-
dard care for chronic heart failure, there is little evidence of
benefit for acute decompensated heart failure. The only intra-
venous preparation, enalaprilat, was potentially harmful when
routinely administered to patients within the first 24 hours fol-
lowing STEMI, and is therefore not recommended (116). Con-
siderable caution must be exercised when intubating hyper-
tensive patients with acute pulmonary edema, since it is very
common for blood pressure to drop precipitously with seda-
tion and positive pressure ventilation. Another agent that has
been proposed for use in acute heart failure is nesiritide (recom-
binant human brain natriuretic peptide). However, it has not
been demonstrated to improve clinically important outcomes
when compared with standard therapy (117), may worsen
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renal function (118), and has been linked to a possible increased
risk of short-term death (119).

Acute Coronary Syndromes. Although definitive therapy for
acute coronary syndromes (ACSs) involves revascularization,
tachycardia and hypertension increase myocardial oxygen re-
quirements, and can potentially worsen ischemia and increase
infarct size. β -Blockers are recommended for all ACS patients
without a contraindication. An intravenous β -blocker is there-
fore a good initial choice as an antihypertensive (42). Intra-
venous β -blockers must be used with caution in patients with
reduced left ventricular systolic function and in those in whom
there is concern about impaired cardiac conduction (e.g.. in-
ferior myocardial infarction). A large clinical trial of early
β -blockade in patients with STEMI has demonstrated an in-
creased risk of cardiogenic shock (41). If the blood pressure
remains significantly elevated, especially with ongoing chest
pain or pulmonary edema, then nitroglycerin should be used.
In addition to reducing preload and afterload, nitrates also
vasodilate coronary arteries, especially at the site of plaque
disruption. If three sublingual tablets (0.4 mg over 5 minutes)
are ineffective, then an intravenous infusion should be started
and adjusted to alleviate chest pain and reduce blood pressure
(10% reduction in normotensive patients, 30% reduction in
hypertensive patients) (42).

Pre -e clamp sia and Eclamp sia
Although hypertensive encephalopathy and eclampsia have
largely been considered separate entities, they have a simi-
lar pathophysiology and essentially the same MRI findings
(RPLS) (120). Definitive treatment for severe pre-eclampsia and
eclampsia is delivery, but careful intravenous blood pressure
control is frequently also necessary.

Treatment of hypertension in severe pre-eclampsia has not
been shown to improve perinatal outcomes, and may actually
contribute to a decrease in neonatal birth weight (121). Thus,
pharmacologic therapy is not recommended unless the degree
of blood pressure elevation is severe (defined as SBP exceeding
160 mm Hg or DBP exceeding 105–110 mm Hg) or there are
end-organ complications. Oral medications, with a goal pres-
sure of 140 to 155/90 to 105 mm Hg, may be sufficient in
the absence of organ dysfunction, but more rapid and tighter
control is necessary for severe pre-eclampsia and eclampsia. Al-
though there has been extensive experience with intravenous
hydralazine (5–10 mg every 15–20 minutes to a maximum dose
of 30 mg), this agent has a relatively slow onset, has not com-
monly been used as an infusion, may overshoot blood pressure
goals, and has recently been linked to worse outcomes, includ-
ing more placental abruption, adverse effects on fetal heart
rate, lower Apgar scores, and a greater need for cesarean sec-
tion (122). Other intravenous agents that have been success-
fully and safely used include labetalol and nicardipine (84,86).
In addition to the above, magnesium sulfate should be given
to prevent the development of seizures in patients with severe
pre-eclampsia (123), and should be used to treat acute seizures
when eclampsia occurs (124).

SUMMARY
The occurrence of acute hypertension in critically ill patients is
not uncommon and can have serious consequences with regard

to outcome. Careful evaluation of the underlying causes is im-
portant in selecting the best treatment options. Furthermore,
the severity of the condition is determined by the magnitude
of the acute increase in blood pressure from baseline more
than by the absolute blood pressure level. Thus, in the pres-
ence of primarily normotensive baseline values (such as those
in pre-eclampsia), a minor increase of blood pressure may lead
to a life-threatening condition. Organ manifestations in the
course of a hypertensive emergency concern the cardiovascular
system and brain, and greatly affect therapeutic options and
goals. With few exceptions from the rule (aortic dissection or
severe pulmonary edema), the patient’s blood pressure should
be reduced in a stepwise approach and with precision by intra-
venous medications rapidly delivered, all the while monitoring
the cardiovascular and central nervous systems. The selection
of the antihypertensive agent, therefore, depends on the exist-
ing organ failure as well as its reliable effectiveness.
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KEY POINTS
1. Spontaneous ventilation is exercise.

a. Failure to wean may connote cardiovascular insuffi-
ciency.

b. Weaning is a cardiovascular stress test.
c. Breathing loads both the heart and lungs.

2. Changes in lung volume alter autonomic tone, pulmonary
vascular resistance, and at high lung volumes compress the
heart in the cardiac fossa in a fashion analogous to cardiac
tamponade.
a. Low lung volumes increase pulmonary vasomotor tone

by stimulating hypoxic pulmonary vasoconstriction.
b. High lung volumes increase pulmonary vascular resis-

tance by increasing transpulmonary pressure.
3. Spontaneous inspiration and spontaneous inspiratory ef-

forts decrease intrathoracic pressure.
a. Increasing venous return
b. Increasing left ventricular afterload

4. Positive pressure ventilation increases intrathoracic pres-
sure.
a. Decreasing venous return
b. The decrease in venous return is mitigated by the associ-

ated increase in intra-abdominal pressure
c. Decreasing left ventricular afterload
d. Abolishing negative swings in intrathoracic pressure se-

lectively reduces left ventricular (LV) afterload without
reducing venous return.

OVERVIEW
Perhaps the most obvious and least understood aspect of car-
diopulmonary disease is the profound and intimate relation
between cardiac and pulmonary dysfunction. Heart–lung inter-
actions go in both directions. They include the effect of the cir-
culation on ventilation wherein acute ventricular failure causes
hypoxemia and ischemic respiratory failure; and the effect of
ventilation on circulation where hyperinflation can induce tam-
ponade and spontaneous inspiration acute heart failure. Al-
though most references to heart–lung interactions usually refer
to the effect of ventilation on the circulation, the opposite in-
teractions also exist and are relevant to the bedside clinician.

Heart–lung interactions can be grouped into interactions
that involve three basic concepts that usually coexist (1,2).

First, spontaneous ventilation is exercise, requiring O 2 and
blood flow, thus placing demands on cardiac output, and pro-
ducing CO 2, adding additional ventilatory stress on CO 2 ex-
cretion. Second, inspiration increases lung volume above rest-
ing end-expiratory volume. Thus, some of the hemodynamic
effects of ventilation are due to changes in lung volume and
chest wall expansion. Third, spontaneous inspiration decreases
intrathoracic pressure (ITP) whereas positive pressure ventila-
tion increases ITP. Thus the differences between spontaneous
ventilation and positive pressure ventilation primarily reflect
the differences in ITP swings and the energy necessary to pro-
duce them.

THE EFFECTS OF
CARDIOVASCULAR DYSFUNCTION

ON VENTILATION
Cardiogenic shock can induce hydrostatic pulmonary edema,
impairing acute hypoxic respiratory failure. Circulatory shock,
by limiting blood flow to the respiratory muscles, can induce
respiratory muscle failure and respiratory arrest. These points
underscore a fundamental aspect of ventilation, namely that
it is exercise, and like any form of exercise, it must place a
certain metabolic demand on the cardiovascular system (3).
If cardiovascular reserve is limited, this metabolic demand
may exceed the heart’s ability to deliver O 2 to meet the in-
creased metabolic activity associated with spontaneous venti-
lation. Thus, ventilator-dependent patients with cardiovascular
insufficiency may not be able to wean from mechanical ventila-
tion because the metabolic demand of spontaneous ventilation
is too great. Since this increased stress occurs only during the
weaning trial, such insufficiency may not be apparent prior to
weaning attempts.

Under normal conditions, respiratory muscle blood flow is
not the limiting factor determining maximal ventilatory effort
even with marked respiratory efforts. Although ventilation nor-
mally requires less than 5% of total O2 consumption (3), if the
work of breathing is increased, such as in pulmonary edema,
pulmonary fibrosis, or bronchospasm, the work cost of breath-
ing can increase to 25% of total O2 consumption (3–6). If car-
diac output is limited, then blood flow to all organs including
the respiratory muscles may be compromised, inducing both
tissue hypoperfusion and lactic acidosis (7–10). Under these
severe heart failure conditions respiratory muscle failure may
develop despite high central neuronal drive (11). Supporting
spontaneous ventilation by the use of mechanical ventilation
will reduce O 2 consumption increasing SvO 2 for a constant
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cardiac output and arterial O 2 content. Thus, intubation and
mechanical ventilation in patients in severe heart failure will
not only decrease the work of breathing but increase the avail-
able O 2 delivery to other vital organs, decreasing serum lactate
levels. These cardiovascular benefits are not limited to intu-
bated patients but can also be seen with the noninvasive con-
tinuous positive airway pressure (CPAP) ventilation mask (12).

Ventilator-dependent patients who fail to wean during spon-
taneous breathing trials often have impaired baseline cardio-
vascular performance that may not be apparent when they
are on at least partial ventilatory support (13). However, such
at-risk patients can develop overt signs of heart failure only dur-
ing spontaneous breathing trials. The spontaneous ventilation-
induced heart failure can present abruptly with the develop-
ment of acute pulmonary edema (13,14), myocardial ischemia
(15–18), tachycardia, and gut ischemia (19). Since breathing is
exercise, all subjects will increase their cardiac outputs in re-
sponse to a spontaneous breathing trial. However, those who
subsequently fail to wean demonstrate a reduction in mixed
venous O 2, consistent with a failing cardiovascular response to
an increased metabolic demand (20). Importantly, the increased
work of breathing may come from the endotracheal tube flow
resistance (21). Thus, some subjects who fail a spontaneous
breathing trial may actually be able to breathe on their own if
extubated. Weaning from mechanical ventilatory support is a
cardiovascular stress test. In fact, numerous studies have docu-
mented weaning-associated ischemic electrocardiogram (ECG)
changes and thallium cardiac blood flow ventilation-related
signs of ischemia in both subjects with known coronary artery
disease (15) and those with normal coronaries (17,18). Using
this same logic in reverse, placing patients with severe heart
failure and/or ischemia on mechanical ventilatory support by
either intubation and ventilation (22) or noninvasive contin-
uous positive airway pressure (23) often reverses myocardial
ischemia.

HEMODYNAMIC EFFECTS OF
VENTILATION AND VENTILATORY

MANEUVERS
Ventilation can profoundly alter cardiovascular function. The
specific response will be dependent on myocardial contractile
and preload reserve, circulating blood volume, blood flow dis-
tribution, autonomic tone, endocrinologic responses, lung vol-
ume, intrathoracic pressure (ITP), and the surrounding pres-
sures for the remainder of the circulation (24,25).

To understand this issue better one must understand, at
least in part, the relation between airway pressure (Paw) and
ITP: the transpulmonary pressure. Paw is relatively easy to
measure (26,27), whereas ITP is not. Positive pressure
ventilation–induced increases in Paw do not necessarily equate
to proportional increases in ITP. The primary determinants of
the hemodynamic responses to ventilation are due to changes in
ITP and lung volume (28), not Paw. The relation between Paw,
ITP, pericardial pressure (Ppc) and lung volume varies with
spontaneous ventilatory effort, as well as lung and chest wall
compliance. Lung expansion during positive pressure inspira-
tion pushes on the surrounding structures, distorting them and
causing their surface pressures to increase, increasing both Ppl
and Ppc (29). Only lung and thoracic compliance determine the

relation between end-expiratory Paw and lung volume in the
sedated and paralyzed patient. However, if a ventilated patient
actively resists lung inflation or sustains expiratory muscle ac-
tivity at end-inspiration, then end-inspiratory Paw will exceed
resting Paw for that lung volume. Similarly, if the patient ac-
tivity prevents full exhalation by expiratory breaking, then for
the same end-expiratory Paw, lung volume may be higher than
predicted from end-expiratory Paw values. At end-expiration,
if the respiratory system is at rest, Paw equals alveolar pres-
sure and lung volume is at functional residual capacity. If in-
complete exhalation occurs, then alveolar pressure will exceed
Paw. The difference between measured Paw and alveolar pres-
sure is called intrinsic positive end-expiratory pressure (PEEP).
Finally, if chest wall compliance decreases, as may occur with
increased abdominal pressure, both Paw and ITP will increase
for the same tidal breath.

Since the heart is fixed within a cardiac fossa and cannot be
displaced in any direction, juxtacardiac Ppl will increase more
than lateral chest wall or diaphragmatic Ppl during inspira-
tion. Ppc is the outside pressure to LV intraluminal ventricular
pressure determining LV filling. Ppc and ITP may not be sim-
ilar nor increase by similar amounts with the application of
positive Paw, if the pericardium acts as a limiting membrane
(30,31). With pericardial restraint, as in tamponade, Ppc ex-
ceeds juxtacardiac Ppl (32). With progressive increases in PEEP,
juxtacardiac Ppl will increase toward Ppc levels, whereas Ppc
will initially remain constant. Once these two pressures equal-
ize, further increases in PEEP by increasing lung volume will
increase both juxtacardiac Ppl and Ppc in parallel. Thus, if
pericardial volume restraint exists, as may occur with acute
cor pulmonale or tamponade, then juxtacardiac Ppl will un-
derestimate Ppc.

The presence of lung parenchymal disease, airflow obstruc-
tion, and extrapulmonary processes that directly alter chest
wall-diaphragmatic contraction or intra-abdominal pressure
may also alter these interactions. Static lung expansion occurs
as Paw increases because the transpulmonary pressure (Paw rel-
ative to ITP) increases. If lung injury induces alveolar flooding
or increased pulmonary parenchyma stiffness, then greater in-
creases in Paw will be required to distend the lungs to a constant
end-inspiratory volume (9,29,33). Thus, the primary determi-
nants of the increase in Ppl and Ppc during positive pressure
ventilation are lung volume change and chest wall compliance,
not Paw change (34). Since acute lung injury (ALI) is often
nonhomogeneous, with aerated areas of the lung displaying
normal specific compliance, increases in Paw above approxi-
mately 30 cm H 2O will overdistend these aerated lung units
(35). Vascular structures that are distended will have a greater
increase in their surrounding pressure than collapsible struc-
tures that do not distend (36). Despite this nonhomogeneous
alveolar distention, if tidal volume is kept constant, then Ppl
increases equally, independent of the mechanical properties of
the lung (33,37,38). Thus, under constant tidal volume con-
ditions, changes in peak and mean Paw will reflect changes
in the mechanical properties of the lungs and patient coordi-
nation, but may not reflect changes in ITP. Thus, one cannot
predict the amount of change in ITP or Ppc that will occur in
a given patient as PEEP is varied. Accordingly, assuming some
constant fraction of Paw transmission to the pleural surface as
a means of calculating the effect of increasing Paw on ITP is
inaccurate and potentially dangerous if used to assess trans-
mural intrathoracic vascular pressures. However, if the patient
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has a pulmonary artery catheter in situ, then one can estimate
end-expiratory ITP. The clinician has the ability to measure
on-PEEP intrathoracic vascular pressures by calculating the
airway pressure transmission index to the pleural space (39)
or by briefly removing PEEP while these pressures are directly
measured (38). The ratio of end-inspiratory to end-expiratory
pulmonary artery diastolic pressure (reflecting ITP changes)
to Paw (reflecting alveolar pressure changes) defines the pul-
monary transmission index. If one assumes that lung compli-
ance is linear over the given tidal volume, then the product of
this transmission index and PEEP represents the end-expiratory
ITP.

HEMODYNAMIC EFFECTS OF
CHANGES IN LUNG VOLUME

Changing lung volume alters autonomic tone, pulmonary vas-
cular resistance, and at high lung volumes, compresses the heart
in the cardiac fossa, limiting absolute cardiac volumes analo-
gous to cardiac tamponade. However, unlike tamponade where
Ppc selectively increases in excess of Ppl, with hyperinflation
both juxtacardiac Ppl and Ppc increase together.

Aut onomic Tone

Cyclic changes in lung volume induce cyclic changes in au-
tonomic inflow. The lungs are richly enervated with inte-
grated somatic and autonomic fibers that originate, traverse
through, and end in the thorax. These neuronal pathways
mediate many homeostatic processes through the autonomic
nervous system that alter both instantaneous cardiovascu-
lar function and steady-state cardiovascular status (40,41).
Lung inflation to normal tidal volumes (< 10 mL/kg) in-
duces parasympathetic withdrawal, increasing heart rate. This
inspiration-induced cardioacceleration is referred to as res-
piratory sinus arrhythmia (42). The presence of respiratory
sinus arrhythmia connotes normal autonomic control (43)
and is used in diabetics with peripheral neuropathy to assess
peripheral dysautonomia (44). Inflation to larger tidal vol-
umes (> 15 mL/kg) decreases heart rate by a combination of
both increased vagal tone (45) and sympathetic withdrawal.
The sympathetic withdrawal also creates arterial vasodilation
(40,46–50). This inflation–vasodilatation response induces
expiration-associated reductions in LV contractility in healthy
volunteers (51), and in ventilator-dependent patients with the
initiation of high-frequency ventilation (40) or hyperinflation
(48). Humeral factors, including compounds blocked by cyclo-
oxygenase inhibition (52), released from pulmonary endothe-
lial cells during lung inflation may also induce this depressor
response (53–55). However, these interactions do not appear
to grossly alter cardiovascular status (56). Although overdis-
tention of aerated lung units in patients with acute lung injury
(ALI) may induce such cardiovascular depression, unilateral
lung hyperinflation (unilateral PEEP) does not appear to influ-
ence systemic hemodynamics (57). Thus, these cardiovascular
effects are of uncertain clinical significance.

Ventilation also compresses the right atrium and through
this mechanical effect alters control of intravascular fluid bal-
ance. Both positive pressure ventilation and sustained hyperin-
flation decrease right atrial stretch stimulating endocrinologic

responses that induce fluid retention. Plasma norepinephrine,
plasma renin activity (58,59), and atrial naturietic peptide (60)
increase during positive pressure ventilation owing to right
atrial collapse. Potentially, one of the benefits of the use of
nasal CPAP in patients with congestive heart failure (CHF) is
to decrease plasma atrial naturietic peptide activity in parallel
with improvements in blood flow (61,62). Thus, some of the
observed benefit of CPAP therapy in heart failure patients may
be mediated through humoral mechanisms.

Pulmonary Vascular Re sist ance

Ventilation alters pulmonary vascular resistance, and thus pul-
monary arterial pressure. Right ventricular (RV) ejection per-
formance is markedly limited by increases in RV ejection pres-
sure because the right ventricle has thin walls that cannot
distribute increased wall stress. Sudden increases in pulmonary
arterial pressure can induce cardiovascular collapse. This is
the common cause of cardiovascular collapse, for example,
with massive pulmonary embolism. The mechanisms inducing
changes in pulmonary vascular resistance with changing lung
volume are often complex, often conflicting, and include both
humoral and mechanical interactions. Increasing lung volume
occurs because transpulmonary pressure increases. For exam-
ple, although obstructive inspiratory efforts, as occur during
obstructive sleep apnea, are usually associated with increased
RV afterload, the increased afterload is due primarily to either
increased vasomotor tone (hypoxic pulmonary vasoconstric-
tion) or backward LV failure and not lung volume–induced
changes in pulmonary vascular resistance (63,64). RV after-
load, like LV afterload, can be defined as the maximal RV sys-
tolic wall stress during contraction (65). Thus, it is a function
of the maximal product of the RV free wall radius of curvature
(a function of end-diastolic volume) and transmural pressure (a
function of systolic RV pressure) during ejection (66). Systolic
RV pressure equals transmural pulmonary artery pressure. In-
creases in transmural Ppa impede RV ejection (67), decreasing
RV stroke volume (68) and inducing RV dilation, and passively
impede venous return (52,54). If not relieved quickly, acute cor
pulmonale rapidly develops (69). Furthermore, if RV dilation
and RV pressure overload persist, RV free wall ischemia and
infarction can develop (70). Importantly, rapid fluid challenges
in the setting of acute cor pulmonale can precipitate profound
cardiovascular collapse due to excessive RV dilation, RV is-
chemia, and compromised LV filling.

The pulmonary vasculature constricts if alveolar PO 2
(PAO 2) decreases to below 60 mm Hg (71). This process of hy-
poxic pulmonary vasoconstriction is mediated, in part, by vari-
ations in the synthesis and release of nitric oxide by endothelial
nitric oxide synthase localized on pulmonary vascular endothe-
lial cells and in part by an NAD/NADH voltage-dependent
calcium channel in the pulmonary vasculature. Hypoxic pul-
monary vasoconstriction, by reducing pulmonary blood flow
to hypoxic lung regions, minimizes shunt blood flow. However,
if generalized alveolar hypoxia occurs, then pulmonary vaso-
motor tone increases, increasing pulmonary vascular resistance
and impeding RV ejection (65). Importantly, at low lung vol-
umes, alveoli spontaneously collapse as a result of loss of in-
terstitial traction and closure of the terminal airways. This col-
lapse causes both absorption atelectasis and alveolar hypoxia.
Patients with acute hypoxemic respiratory failure have small
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lung volumes and are prone to spontaneous alveolar collapse
(72,73). Therefore, pulmonary vascular resistance is often in-
creased in patients with acute hypoxemic respiratory failure
due to small lung volumes and atelectasis (e.g., ALI).

Mechanical ventilation may reduce pulmonary vasomotor
tone, reducing pulmonary artery pressure and RV afterload by
any one of many related processes. First, hypoxic pulmonary
vasoconstriction can be inhibited if O 2-enriched inspired gas
increases PaO2 (74–77) or if the mechanical breaths and PEEP,
by recruiting collapsed alveolar units, increases PaO 2 in those
local alveoli (28,78–80). Second, mechanical ventilation often
reverses respiratory acidosis by increasing alveolar ventilation,
which itself stimulates pulmonary vasoconstriction (77). Fi-
nally, decreasing central sympathetic output by sedation during
mechanical ventilation will also reduce vasomotor tone (81–
83).

Increases in lung volume directly increase pulmonary vascu-
lar resistance by compressing the alveolar vessels (72,79,80).
The actual mechanisms by which this occurs have not been
completely resolved, but appear to reflect differential extra-
luminal pressure gradient–induced vascular compression. The
pulmonary circulation can be conceptually viewed as existing
in two distinct compartments based on the pressure outside the
blood vessels, which will be either alveolar pressure (alveolar
vessels) or extra-alveolar or ITP (extra-alveolar vessels) (79).
The small pulmonary arterioles, venules, and alveolar capillar-
ies sense alveolar pressure as their surrounding pressure while
the large pulmonary arteries and veins, as well as the heart and
intrathoracic great vessels of the systemic circulation, sense in-
terstitial pressure or ITP as their surrounding pressure. Since
alveolar pressure minus ITP is the transpulmonary pressure,
and increasing lung volume requires transpulmonary pressure
to rise, increases in lung volume augments the extraluminal
pressure gradient from extra-alveolar vessels to alveolar ves-
sels. Increases in lung volume progressively raise alveolar vessel
resistance, becoming most noticeable above functional resid-
ual capacity (FRC) (75,84) (Fig. 127.1). Since the intraluminal

FIGURE 127.1. Schematic diagram of the relation between changes
in lung volume and pulmonary vascular resistance, where the extra-
alveolar and alveolar vascular components are separated. Note that
pulmonary vascular resistance is minimal at resting lung volume or
functional residual capacity (FRC). As lung volume increases toward
total lung capacity (TLC) or decreases toward residual volume (RV),
pulmonary vascular resistance also increases. However, the increase
in resistance with hyperinflation is due to increased alveolar vascular
resistance, whereas the increase in resistance with lung collapse is due
to increased extra-alveolar vessel tone.

pressure in the pulmonary arteries is generated by RV ejection
relative to ITP, but the outside pressure of the alveolar ves-
sels is alveolar pressure, if transpulmonary pressure exceeds
intraluminal pulmonary arterial pressure, then the pulmonary
vasculature will collapse where extra-alveolar vessels pass into
alveolar loci, reducing the vasculature cross-sectional area and
increasing pulmonary vascular resistance. Hyperinflation can
create significant pulmonary hypertension and may precipitate
acute RV failure (acute cor pulmonale) (85) and RV ischemia
(70), especially in patients prone to hyperinflation (e.g., chronic
obstructive pulmonary disease [COPD]). Thus, PEEP may in-
crease pulmonary vascular resistance if it induces lung overdis-
tention (86). Similarly, if lung volumes are reduced, increasing
lung volume back to baseline levels by the use of PEEP decreases
pulmonary vascular resistance by reversing hypoxic pulmonary
vasoconstriction (87).

Ve nt ricular Int e rd e p e nd e nce

Although LV preload must eventually be altered by changes in
RV output because the two ventricles are in series, changes
in RV end-diastolic volume can also alter LV preload by
altering LV diastolic compliance by the mechanism of ventric-
ular interdependence (88). Ventricular interdependence func-
tions through two separate processes. First, increasing RV end-
diastolic volume will induce an intraventricular septal shift into
the LV, decreasing LV diastolic compliance (89). Thus, for the
same LV filling pressure, RV dilation will decrease LV end-
diastolic volume and, therefore, cardiac output. Second, if peri-
cardial restraint limits absolute biventricular filling, then RV
dilation will increase Ppc without septal shift (2,90). This ven-
tricular interaction is believed to be the major determinant of
the phasic changes in arterial pulse pressure and stroke volume
seen in tamponade, and is referred to as pulsus paradoxus. Pul-
sus paradoxus can be demonstrated during loaded spontaneous
inspiration in normal subjects as an inspiration-associated de-
crease in pulse pressure. Pulse pressure is defined as systolic
minus the diastolic blood pressure. If the pulse pressure change
is greater than 10 mm Hg or 10% of the mean pulse pressure,
then it is referred to as pulsus paradoxus (2). Maintaining a
constant rate of venous return, either by volume resuscitation
(91) or vasopressor infusion (27), will minimize hyperinflation-
induced cardiac compression.

Hyp e rinflat ion-ind uce d Card iac
Comp re ssion

As lung volume increases, the heart is compressed between
the expanding lungs (92), raising juxtacardiac ITP. This com-
pressive effect of the inflated lungs can be seen with either
spontaneous (93) or positive pressure–induced hyperinflation
(5,38,94–96). As described above, both Ppc and ITP are in-
creased and no pericardial restraint exists. This decrease in
apparent LV diastolic compliance (91) was previously misin-
terpreted as impaired LV contractility, because LV stroke work
for a given LV end-diastolic pressure or pulmonary artery oc-
clusion pressure is decreased (97,98). However, when such pa-
tients are fluid resuscitated to return LV end-diastolic volume to
its original level, both LV stroke work and cardiac output also
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returned to their original levels (91,99) despite the continued
application of PEEP (100).

HEMODYNAMIC EFFECTS
OF CHANGES IN

INTRATHORACIC PRESSURE
The heart within the thorax is a pressure chamber within a
pressure chamber. Therefore, changes in ITP must affect the
pressure gradients for both systemic venous return to the RV
and systemic outflow from the LV, independent of the heart it-
self. Increases in ITP, by increasing right atrial pressure and de-
creasing transmural LV systolic pressure, will reduce the pres-
sure gradients for venous return and LV ejection, decreasing
intrathoracic blood volume. Conversely, decreases in ITP will
augment venous return and impede LV ejection, increasing in-
trathoracic blood volume. Everything else below follows from
these two simple truths.

Ve nous Re t urn

Blood flows back from the systemic venous reservoirs into the
right atrium through low-pressure, low-resistance venous con-
duits (101). Right atrial pressure is the back pressure for venous
return. Ventilation alters both right atrial pressure and venous
reservoir pressure. It is these changes in right atrial and venous
capacitance vessel pressure that induce most of the observed
cardiovascular effects of ventilation. Pressure in the upstream
venous reservoirs is called mean systemic pressure, and is, it-
self, a function of blood volume, peripheral vasomotor tone,
and the distribution of blood within the vasculature (102).
Usually mean systemic pressure does not change rapidly dur-
ing positive pressure ventilation, whereas right atrial pressure
does owing to concomitant changes in ITP. Thus, variations
in right atrial pressure represent the major factor determining
the fluctuation in pressure gradient for systemic venous return
during ventilation (103,104). The positive pressure inspiration
increases in right atrial pressure decrease the pressure gradient
for venous return, decreasing RV filling (68) and RV stroke
volume (68,103,105–113). During normal spontaneous inspi-
ration, the opposite occurs (2,27,68,69,107,110,114,115). The
detrimental effect of positive pressure ventilation on cardiac
output can be minimized by either fluid resuscitation to in-
crease mean systemic pressure (27,105,116,117) or by keeping
both mean ITP and swings in lung volume as low as possible.
Accordingly, prolonging expiratory time, decreasing tidal vol-
ume, and avoiding PEEP all minimize this decrease in systemic
venous return to the RV (4,24,103,107–111,118).

However, if positive pressure ventilation–induced increases
in right atrial pressure always proportionally decreased venous
return, then most mechanically ventilated patients would dis-
play profound cardiovascular insufficiency, especially at higher
levels of PEEP. Fortunately, when lung volumes increase the di-
aphragm descend, compressing the abdominal compartment
and increasing intra-abdominal pressure (119,120). Since a
large proportion of venous blood exists in intra-abdominal vas-
culature, this venous blood is pressurized as well, increasing
mean systemic pressure. Accordingly, the pressure gradient for
venous return is often not reduced by PEEP (116). Inspiration-

induced abdominal pressurization by diaphragmatic descent
is probably the primary mechanism by which the decrease
in venous return is minimized during positive pressure ven-
tilation (121–125). However, laparotomy, by abolishing the
inspiration-associated increases in intra-abdominal pressure,
makes surgery patients especially sensitive to mechanical ven-
tilation, requiring increased fluid resuscitation to sustain a con-
stant cardiac output. This is one of the reasons why abdominal
surgery patients often leave the operating room many liters
positive.

Spontaneous inspiratory efforts usually increase venous re-
turn because of the combined decrease in right atrial pres-
sure (2,26,108–110) and increase in intra-abdominal pres-
sure (119,120). However, this augmentation of venous return
is limited (126–128) because as ITP decreases below atmo-
spheric pressure, central venous pressure also becomes subat-
mospheric, collapsing the great veins as they enter the thorax
and creating a flow-limiting segment (101).

Ve nt ricular Int e rd e p e nd e nce

Changes in RV volume induce reciprocal changes in LV dias-
tolic compliance. Although decreasing RV volume during pos-
itive pressure inspiration increases LV diastolic compliance by
decreasing RV filling, the hemodynamic impact of this effect is
usually minimal (88,127–132) (Fig. 127.2).

However, with spontaneous inspiration RV volumes in-
crease, causing an immediate reduction in LV diastolic com-
pliance. This process is the primary cause for the inspiration-
associated decrease in LV stroke volume and pulse pressure
(87,89,132,133). If the pulse pressure change is greater than
10 mm Hg or 10% of the mean pulse pressure, then it is referred
to as pulsus paradoxus (2). Since spontaneous inspiratory

FIGURE 127.2. Schematic diagram of the effect of increasing right
ventricular (RV) volumes on the left ventricular (LV) diastolic pressure–
volume (filling) relationship. Note that increasing RV volumes decrease
LV diastolic compliance, such that a higher filling pressure is required
to generate a constant end-diastolic volume. (Adapted from Taylor RR,
Corell JW, Sonnenblick EH, et al. Dependence of ventricular distensibil-
ity on filling the opposite ventricle. Am J Physiol. 1967;213:711–718.)
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efforts can also occur during positive pressure ventilation, the
use of ventilation-associated pulse pressure variation during
positive pressure ventilation can reflect ventricular interdepen-
dence. Presently, positive pressure–induced changes in pulse
pressure and LV stroke volume have been advocated to be a
useful parameter of preload responsiveness (134). However, to
assess volume responsiveness using pulse pressure variation, it
is essential that no spontaneous inspiratory efforts be present.

LV Aft e rload

Changes in ITP can directly and indirectly alter LV afterload by
altering both LV end-diastolic volume and ejection pressure. LV
ejection pressure can be estimated as arterial pressure relative
to ITP. Since baroreceptor mechanisms located in the extratho-
racic carotid body maintain arterial pressure constant relative
to atmosphere, if arterial pressure were to remain constant as
ITP increased, then transmural LV pressure and thus LV after-
load would decrease. Similarly, if transmural arterial pressure
were to remain constant as ITP decreased, then LV wall ten-
sion would increase (135). Thus, under steady-state conditions
increases in ITP decrease LV afterload and decreases in ITP in-
crease LV afterload (136,137). The spontaneous inspiration–
associated decrease in ITP-induced increase in LV afterload is
one of the major mechanisms thought to be operative in the
wean-induced LV ischemia described in the first part of this
chapter since increased LV afterload must increase myocardial
O 2 consumption (MVO 2). Thus, spontaneous ventilation not
only increases global O 2 demand by its exercise component
(3–5), but also increases MVO 2.

Profoundly negative swings in ITP commonly occur dur-
ing forced spontaneous inspiratory efforts in patients with
bronchospasm and obstructive breathing. This condition may
rapidly deteriorate into acute heart failure and pulmonary
edema (63) as has been described for airway obstruction
(asthma, upper airway obstruction, vocal cord paralysis). Stiff
lungs (interstitial lung disease, pulmonary edema, and ALI) se-
lectively increase LV afterload and may be the cause of their
LV failure and pulmonary edema (1,49,63,64), especially if
LV systolic function is already compromised (13,138). Clearly,
weaning from mechanical ventilation is a selective LV stress test
(135,139,140). Similarly, improved LV systolic function is ob-
served in patients with severe LV failure placed on mechanical
ventilation if the mechanical breaths abolish negative swings
in ITP (140).

The observed improvement in LV function seen with
positive-pressure ventilation in subjects with severe heart fail-
ure is self-limited because venous return also decreases limiting
total blood flow. However, the effect of removing large nega-
tive swings of ITP on LV performance will also act to reduce
LV afterload but will not be associated with a change in ve-
nous return because until ITP becomes positive, venous return
remains constant. Thus, removing negative ITP swings on LV
afterload will selectively reduce LV afterload in a fashion anal-
ogous to increasing ITP but without the effect on cardiac out-
put (27,101,141–144). This concept has been validated to be
a very important clinical approach for patients with obstruc-
tive sleep apnea. For example, the cardiovascular benefits of
positive airway pressure in nonintubated patients can be seen
with CPAP therapy (145,146). Even low levels of CPAP, if they
inhibit airway obstruction, will be beneficial (147–149). Pro-

longed nighttime nasal CPAP can selectively improve respira-
tory muscle strength, as well as LV contractile function if the
patients had pre-existent heart failure (150,151). These benefits
are associated with reductions of serum catecholamine levels
(152).

Using He art –Lung Int e ract ions t o
Diag nose Card iovascular Insufficie ncy

Since the cardiovascular response to positive pressure breathing
is determined by the baseline cardiovascular state, ventilation-
associated changes in arterial pulse pressure and stroke volume
should monitor dynamic changes in venous return and the re-
sponsiveness of the heart to these transient and cyclic changes
in preload (153). Systolic pressure variations during positive
pressure ventilation nicely describe both preload responsive-
ness if the systolic pressure decreases below an apneic baseline
value and also predict heart failure with volume overload if the
systolic pressure increases above apneic baseline values (154–
157). However, it is often difficult to assess if the variation in
systolic arterial pressure is primarily up or down in clinical set-
tings. A more physiologic approach is to measure arterial pulse
pressure and assess pulse pressure variation (134,158). This
technique can be modified to assess stroke volume variation
(159) and has profound clinical potential as newer monitoring
devices allow for the bedside display of both pulse pressure and
stroke volume variation. In subjects on controlled mechanical
ventilation, a pulse pressure variation of > 13% or a stroke vol-
ume variation of > 10% accurately predict preload responsive-
ness. This novel and exciting application of heart–lung interac-
tions has been validated in many studies and is presently being
assessed in prospective clinical trials, Assuming that this prac-
tical application of heart–lung interactions becomes common-
place, then a basic understanding of the principals described
in this chapter will be an essential part of the training of acute
care physicians.
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CHAPTER 128 ■ ANATOMY OF
MECHANICAL VENTILATION
PAUL B. BLANCH

IMMEDIATE CONCERNS

Ve nt ilat ion/ Pe rfusion (VA/ Q )
in t he Normal Lung

The lung’s primary function is to add oxygen (O 2) to, and re-
move carbon dioxide (CO 2) from, blood passing through the
pulmonary capillary beds. For this to occur, the gas we breathe
must be matched to the blood flowing through our lungs. Av-
erage minute alveolar ventilation (VA) for a healthy adult is
4 liters (L) per minute, while resting cardiac output (Q) is 5
L/minute; therefore that optimal ventilation/perfusion match-
ing (VA/Q ratio) is 4 L/minute divided by 5 L/minute or 0.8.
Perfect VA/Q matching is unlikely because the distribution of
gas and blood flow varies across the lung fields for several rea-
sons. Both gases and blood have mass and are therefore gravity
dependent (Fig. 128.1); as a result, both increase as we progress
from the apex to the base of the lung. Gravity’s effect on blood
flow is, however, predominant; it has been estimated that in
an upright subject, six times as much blood passes through
each lung base compared to its apex, whereas only 21/2 times

as much air reaches each lung base. These different gradients
dictate that the VA/Q ratio rises progressively from the bottom
to the top of the lungs.

Furthermore, the lungs are composed of millions of alve-
oli, connected to each other and eventually to the trachea by a
labyrinth of pathways and interconnections (pores of Kohn).
Few connections are consistent in either length or diameter; this
effect conspires to further disrupt the distribution of inhaled
gases. Even the healthiest athletes exhibit areas of shunt and
dead space (Fig. 128.2). About 30% of the air a healthy adult
breathes each minute is wasted as dead space ventilation (VD),
and 3% to 5% of the cardiac output passes through the lungs
without undergoing gas exchange (shunt). Any pathophysio-
logic stimulus that acutely increases or decreases ventilation or
cardiac output is likely to have a pronounced impact on VA/Q
ratios and in turn, on oxygenation and CO2 removal.

Posit ive Pre ssure Bre at hing

Positive pressure mechanical ventilation, unlike normal breath-
ing, increases transpulmonary pressure, reduces venous return,
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FIGURE 128.1. The effects of gravity on ventilation
(VA)/perfusion (Q) ratio (VA/Q). In the upright sub-
ject, gravity affects VA, Q, and concomitantly, the VA/Q
ratio. Gravitational forces pull on both the gases we
breathe and pulmonary blood flow; as a result, VA and
Q increase from a lung’s apex to its base. Due to blood’s
greater mass, gravity’s effect on Q predominates; it is
estimated that Q at a lung’s base is six times as great as
at its apex, compared to only 21/2 times as much VA at
the lung’s base versus its apex. The resultant VA/Q ratio
is therefore greater at the lung apices than the bases.

and ultimately lowers cardiac output. Positive pressure breath-
ing also preferentially forces gas into areas of the lung with the
lowest airway resistance (Raw) and highest compliance (CRS).
It is not uncommon for ventilated patients to require airway
pressures (Paw) of 30 cm H 2O or more; yet, normal systolic pul-
monary arterial pressures seldom exceed 20 to 25 mm Hg. It
follows that during positive pressure inflations, if intraluminal
alveolar pressure exceeds the hydrostatic pressure, blood flow
and gas exchange cease—until alveolar pressure falls below hy-
drostatic levels again during exhalation. Given these factors, it
is easy to understand how mechanical ventilation often disrupts
VA/Q, and why up to 60% or more of each positive pressure
breath is wasted as VD. Allowing patients to breathe sponta-
neously between mechanical breaths significantly reduces mean
transpulmonary and transluminal pressures and improves ve-
nous return and cardiac output, which in turn improves VA/Q.

VA/ Q Ine q ualit ie s in Re sp irat o ry Failure

It is not necessary that alveoli be completely deprived of VA
or Q for life-threatening symptoms to exist. When significant

areas of a patient’s lungs receive too much or too little VA or Q,
these regions exhibit abnormally high or low VA/Q ratios, re-
ferred to as relative shunt and relative dead space (Fig. 128.3).
Relative shunt and VD are extremely common in the intensive
care unit (ICU) setting, and disrupt CO 2 removal and oxygena-
tion just as quickly as comparable but smaller areas of absolute
VD or shunt.

Cond it ions Affe ct ing Lung St ruct ure

Along with conditions that affect only VA or Q, several dis-
orders actually damage lung structure. Furthermore, failure to
properly manage the ventilator, in some situations, may play a
role in determining the ultimate severity and progression of the
lung disease (1–7). Critical care personnel called on to manage
ventilators for these patients, whether in a primary or consult-
ing role, must possess a thorough understanding of the patho-
physiology and treatment of acute respiratory failure.

Reductions in the arterial partial pressure of oxygen
(PaO2) and carbon dioxide (PaCO 2) are characteristic of the
early stages of acute respiratory distress syndrome (ARDS).

A.    Absolute  shunt—low VA/Q ra tio B.    Alveola r Dead Space—high VA/Q ra tio

No ventila tion,
normal perfus ion

Normal ventila tion,
no perfus ion

FIGURE 128.2. Ventilation (VA)/perfusion
(Q) (VA/Q) abnormalities. A: Absolute
shunt—low VA/Q ratio. An intrapulmo-
nary, or absolute, shunt occurs when blood
continues to perfuse collapsed or otherwise
unventilated alveoli; blood literally shunts
past or bypasses the lung, without partic-
ipating in gas exchange. B: Alveolar dead
space—high VA/Q ratio. Dead space or
wasted ventilation exists when alveoli re-
ceive ventilation but no blood flow.
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A.    Re la tive  shunt—low VA/Q ra tio B.    Re la tive  Dead Space—high VA/Q ra tio

Hypoventila tion,
normal perfus ion Hyperventila tion,

reduced perfus ion

FIGURE 128.3. Relative ventilation (VA)/perfu-
sion (Q) (VA/Q) abnormalities. A: Relative
shunt—low VA/Q ratio. A relative shunt occurs
when an alveolus receives too much Q in relation
to VA. B: Relative dead space—high V A/Q ra-
tio. Relative dead space exists when an alveolus
receives too much VA relative to its Q.

Widespread, but not uniform, alveolar destabilization and
collapse (atelectasis) are hallmarks of ARDS. If ARDS is not
aggressively managed in its early stages, pulmonary consoli-
dation (secondary to atelectasis) develops and may lead to a
fibro-prolific phase; the chances for recovery are significantly
reduced if the disease progresses to this point (8). Hypoxemia
results from both relative and absolute shunting caused by com-
plete or partial alveolar collapse and the continued perfusion
of these lung regions.

Ve nt ilat or The rap y

With respect to therapy, a shifting emphasis in the role of me-
chanical ventilation has occurred. Positive pressure ventilation
was clearly responsible for the decrease in mortality following
the poliomyelitis epidemic. Yet, a similar reduction in mortality
has been slow to respond following the widespread application
of mechanical ventilatory support to ARDS or to acute exacer-
bations of chronic obstructive pulmonary disease (COPD). Al-
though this is in part due to the multisystem dysfunction that
frequently accompanies such problems, it now appears that
the inappropriate use of mechanical ventilation has played a
significant role.

Poliomyelitis, Guillain-Barré syndrome, and other neuro-
muscular disease states produce respiratory insufficiency be-
cause of mechanical and neural failure to control diaphrag-
matic driven ventilation. In the absence of complications such
as aspiration of gastric contents, pulmonary parenchymal func-
tion remains intact. By contrast, ARDS represents a failure of
gas exchange that is related almost entirely to parenchymal in-
volvement. Furthermore, neuromuscular and musculoskeletal
function generally remain unimpaired during ARDS, although
there are exceptions such as flail chest associated with underly-
ing pulmonary contusion after trauma. Even in this situation,
however, the musculoskeletal abnormality is of secondary im-
portance compared with the underlying lung contusion.

Even the simplest ventilator provides a satisfactory means
for sustaining VA when neuromuscular and musculoskeletal
problems predominate. Yet, it would be very surprising if a
simple ventilator performed equally well in the therapy of
ARDS, in which an entirely different spectrum of pathophysio-
logic changes occur. Thus, when a decrease in residual alveolar
volume is present—whether caused by surfactant depletion,
partial airway obstruction, interstitial and alveolar pulmonary

edema, or a combination of these factors—a simple mechan-
ical ventilator can have salutary effects only while it restores
alveolar volume and improves oxygen exchange during the in-
halation phase, provided, of course, that ventilatory pressures
do not approach or exceed pulmonary hydrostatic pressures.
During exhalation, the beneficial effects of inflation quickly
dissipate, especially if alveolar volume is allowed to return to
its starting point.

In fact, opening alveoli during inhalation and allowing them
to close again during exhalation may exacerbate the problem.
It seems that when alveoli collapse, surfactant activity is lost.
There are two putative theories to explain this: first, surfactant
molecules are forced into close proximity during collapse; ulti-
mately they collide and clump together (9,10); and/or second,
surfactant is forced up into the airways during alveolar col-
lapse (11)—once in the airways, surfactant is either damaged
or removed by ciliary action.

Posit ive End -e xp irat ory Pre ssure (PEEP)

Reduced levels of surfactant, such as occur during ARDS,
lead to widespread atelectasis and hypoxemia; these condi-
tions respond poorly to mechanical ventilation alone. The law
of Laplace states that pressure inside a spherical structure is
directly proportional to tension in that structure’s wall and in-
versely proportional to its radius. Normally, alveolar surface
forces, at alveolar-capillary membranes, are essentially iden-
tical. Laplace’s law dictates that a loss of surfactant means a
greater pressure is required to keep smaller alveoli open (Fig.
128.4). When this occurs, smaller alveoli empty into larger
ones, eventually collapsing. A plot of the lung’s pressure–
volume relationship during ARDS helps to better visualize this
phenomenon (Fig. 128.5). Without adequate surfactant, sig-
nificant portions of the lungs collapse at end-exhalation. Dur-
ing inhalation, as pressure is applied to the airways (x-axis,
Fig. 128.5), nothing initially happens. However, when the ap-
plied pressure reaches sufficient magnitude, in this instance
14 cm H 2O, some of the collapsed alveoli start to open and
gas begins entering the lungs. This “opening” pressure is com-
monly referred to as the lower inflection point (Fig. 128.5) and
provides the theoretical underpinnings for the use of PEEP;
that is, an ARDS-related surfactant deficiency predisposes to
alveolar collapse unless counteracted by force. Clinically, the
easiest way to accomplish this goal is by maintaining PEEP,
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A.    Without Surfactant B.    With Surfactant
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FIGURE 128.4. Laplace’s law and its effect on
alveoli. Laplace’s law states that pressure (P) in-
side a sphere is directly proportional to the ten-
sion in the walls (T) and inversely proportional
to the sphere’s radius (r). A: W ithout surfactant.
Wall or surface tension in both large and small
alveoli is about the same. As a result, a greater
pressure develops in the smaller alveolus, which
then proceeds to empty into adjacent larger alve-
oli. B: W ith surfactant. The surface tension–
reducing properties of surfactant increase as in-
dividual surfactant molecules get closer together.
This property counteracts Laplace’s law and re-
duces the tendency for small alveoli to empty into
nearby larger alveoli.
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FIGURE 128.5. Inflation and deflation characteristics in the surfactant-deficient lung. Surfactant-deficient
alveoli generally remain open throughout exhalation (open circles); at end-exhalation, unstable alveoli
empty into adjacent larger alveoli and collapse, significantly reducing functional residual capacity (FRC).
Furthermore, once collapsed, alveoli tend to stay collapsed until a relatively high pressure is applied. In
this idealized example, airway pressure is steadily increased to inflate the lungs (solid circles). Note that
airway pressure reaches 14 cm H2O before any measurable volume enters the lungs; at this point (lower
inflection point), collapsed alveoli begin to open, the lungs begin to accept volume, and the pressure–
volume curve changes slope upward. Alveoli continue to open, those already open expand, and airway
pressure continues to rise until the average patent alveoli begin to approach their maximum volume. At this
point, the pressure–volume curve flattens; in other words, from this point on, larger changes in pressure
will be required to produce a complementary change in volume. This slope change is referred to as the
upper inflection point. Although the pressure–volume curve may be difficult to measure at the bedside,
avoiding ventilator-induced lung injury likely requires that all mechanical ventilation occur between the
upper and lower inflection points; that is, patient airway pressure should not be allowed above the upper
inflection point or below the lower inflection point.
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preferably somewhat above the lower inflection point (12).
Since the therapeutic objective is to prevent alveolar collapse—
that is, to keep the alveoli open—the approach is often referred
to as the open lung approach (13,14).

Combining mechanical ventilation and PEEP usually de-
creases shunt and improves oxygenation (15–18), often signif-
icantly; nevertheless, ARDS mortality rates have to improve.
The reasons for this are complex, but theories for these fail-
ures are starting to emerge (19). It now appears that, to reduce
ARDS-associated morbidity and mortality, we must avoid the
risks associated with both low-volume (4–7) and high-volume
(1–3) lung injury. To this end, all tidal ventilation must occur
between the lower and upper inflection points (19). It sounds
easy, but bedside determination of inflection points is difficult;
nevertheless, it is worth the effort.

To date, a universally agreed on ventilatory approach, or
mode, for managing critically ill patients has failed to emerge.
Considering the wide variety of conditions ameliorated by me-
chanical ventilation, and the extreme range of severity be-
tween patients with the same problem, a single, always best
approach may not exist. Clinicians, therefore, must understand
and recognize the potential and limitations of their favored ap-
proaches.

VENTILATOR CLASSIFICATION

Posit ive ve rsus Ne g at ive Pre ssure

Today, virtually all ventilators function by providing some vari-
ant of positive pressure. Yet, during the polio epidemic, “ iron
lungs” or negative pressure ventilators were in common use.
Negative pressure devices require that the patient’s body be
tightly enclosed within a tube or box while the head remains
outside. Once the patient is sealed inside, a pump or bellows
evacuates gas from inside the box; this creates a negative pres-
sure around the patient’s thorax, making atmospheric pressure
positive in relation to alveolar pressure. As a result, gas flows
from the mouth to alveoli, trying to equalize the pressure differ-
ence. Since this process is nearly identical to normal breathing,
negative pressure ventilators tend to provide better VA/Q ra-
tios (20) and produce less interference with cardiac output (21)
than positive pressure counterparts. Nevertheless, these devices
quickly lost favor for several compelling reasons: (a) iron lungs
are very large and difficult to move; (b) maintaining an airtight
seal around the patient’s neck, without irritation, is nearly im-
possible; (c) personnel responsible for providing patient moni-
toring and routine care could not easily access important areas
of their patient’s body.

Cont ro lle d ve rsus Assist e d Bre at hs

Although modern ICU ventilators offer many different op-
erational modes, from the patient’s standpoint, only two
breath types remain: controlled (mechanical or mandated) and
assisted-spontaneous. Controlled breaths, used during con-
trolled mechanical ventilation (CMV), are completely defined
by the attending clinician. Controlled breaths are always de-
livered on schedule and without regard for the patient. For
this reason, clinicians favoring CMV must hyperventilate (to
suppress respiration), heavily sedate, or even paralyze their pa-
tients to avoid patient–ventilator interface complications. From

another perspective, CMV strategies should replace 100% of a
patient’s work of breathing (WOB). Patients allowed to breathe
spontaneously during CMV frequently end up out of phase
with the ventilator—that is, attempting to breathe when the
ventilator is not in the inspiratory phase. Also known as dyssyn-
chrony, out of phase breathing during CMV produces very high
patient WOB (22). Assisted-spontaneous breathing strategies
involve a work-sharing approach between patient and venti-
lator (23). Theoretically speaking, a work-sharing approach
makes perfect sense; ideally, the ventilator functions to “un-
load” the WOB the patient cannot tolerate. Critically ill pa-
tients face an above-normal workload, primarily from their
pulmonary disease process, and secondarily, from their artifi-
cial breathing apparatus, including the endotracheal tube (ET),
breathing circuits, humidifiers, and the ventilator (24,25). Un-
fortunately, there is a fatal flaw in the ventilator–patient work-
sharing concept: until recently (26) we have not been able to
find a reliable, readily available, easy-to-perform, and nonin-
vasive methodology for determining just how much WOB our
patients can actually tolerate (27–29), and this determination
is absolutely crucial. If the ventilator off-loads too much work,
the patient’s respiratory muscles are predisposed to atrophy. If
the ventilator provides insufficient support, fatigue is likely. Ei-
ther scenario can add unnecessary days, or even weeks, to the
period of time patients require ventilatory support. Fatigued
or weak patients make poor candidates for weaning and at-
tempts at liberation from the ventilator; moreover, the risk
for developing ventilator-associated pneumonia (VAP) corre-
lates directly to the time spent on ventilatory support (30). For
some, these concepts imply that hyperventilation, sedation, and
paralysis predispose to atrophy, and that CMV should be used
with extreme caution. Research suggests that the diaphragm,
which evolved to contract without interruption from birth until
death, begins to loose contractility shortly after initiating CMV
(31); the loss of contractility is time dependent and continues
to worsen as mechanical ventilation is prolonged (31).

Ve nt ilat or Bre at hs—Defining
Charact e rist ics

The idea of trying to classify each ventilator type, to better
understand how specific ventilators interact with and affect
physiology, remains as common a goal today as ever. Yet, to-
day’s ventilators include so many modes and options, they are
nearly impossible to classify. For a time, some tried to clas-
sify ventilator modes (32), but even this strategy is no longer
reliable because many ventilators now incorporate dual-mode
capabilities—the ability to switch modes within an individual
ventilator breath.

Instead of trying to classify ventilators, modes, or even sub-
modes, it may be easier to develop and use a standardized set
of terms and describe the breath types in use. This is possi-
ble since, regardless of ventilator or breath type, all ventilator
breaths are delivered in four distinct phases or variables (Fig.
128.6).

Phase or Cont rol Variab le s
Each ventilator breath must begin for some reason and at some
specific moment in time. The physical change that initiates a
breath is known as the trigger variable (labeled A, Fig. 128.6).
Once a breath is triggered “on,” the ventilator must somehow
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FIGURE128.6. Pressure, flow, and volume curves for
a mechanical ventilator breath. (A ) The trigger vari-
able is the physical characteristic used by the ventila-
tor to initiate a mechanical inflation of the lungs. In
this case, pressure falls before the breath starts; the
represented ventilator breath is likely pressure trig-
gered. (B) Control variable. For patient safety, the
ventilator must precisely control an important aspect
involved with inflating the patient’s lungs. For this
breath, flow is held constant; the ventilator is de-
scribed as flow controlled. (C) Cycle variable. Each
mechanical breath must end such that the lungs are
properly filled and then allow the patient to exhale.
The physical characteristic that determines appropri-
ate lung filling is the cycle variable. This example
shows that the breath ending after the control variable
(flow) has continued for a specific interval of time;
this ventilator is time cycled. (D ) Expiratory variable.
Modern ventilators either control pressure during ex-
halation or they do not. In this example, pressure re-
turns to ambient (0 cm H 2O), so this ventilator has
no operative expiratory variable.

precisely manage how gas is forced into the patient’s lungs;
the physical characteristic managed during lung inflation is the
control variable (labeled B, Fig. 128.6). After delivering the
prescribed volume or pressure, inflation must end. This phys-
ical change responsible for ending inflation is called the cycle
variable, or cycling (labeled C, Fig. 128.6). Immediately follow-
ing inhalation is exhalation, or the exhalation variable (labeled
D, Fig. 128.6). Unlike the previous three variables, use of an
exhalation variable is optional.

In early attempts at ventilator classification, author(s) often
used the term “cycling” for both breath initiation and termi-
nation. Do not confuse the breath initiation, triggering, with
breath termination, cycling; the ambiguous use of the term cy-
cling continues to produce confusion.

All ventilators systematically change the pressure, flow, and
volume with respect to time (Fig. 128.6). Thus, when charac-
terizing any of the four phase variables, pressure, flow, vol-
ume, or time are the only possible physical characteristics a
ventilator could change or control during any phase of the
respiratory cycle (Table 128.1). It is also important to note
that although some of these characteristics correlate and may
change jointly, in direction and magnitude, they do not always
do so. The practical side of this translates into an important
tenet: ventilators can control only one characteristic at a time.
This does not, however, preclude using multiple characteris-
tics, provided they are used in a logical sequence, and one at
a time.

Trig g e r Variab le
Ventilators are triggered “on” by time, pressure, flow, or vol-
ume. Today’s ventilators, however, often depend on multiple
trigger variables used sequentially. For example, with a trig-
ger sensitivity set for 2 (actually, − 2 cm H 2O), breath rate set
to ten breaths per minute (bpm) and in the CMV mode, this
ventilator has at least two trigger variables. First, breaths may
be pressure-triggered when the ventilator is in the expiratory
phase and baseline airway pressure is reduced by 2 cm H 2O or
more. If, however, the patient makes no attempt to breathe, the
CMV rate timer count reaches zero and a time-triggered breath
results—exactly 6 seconds (s) after the last ventilator breath.
This mode is known as assist-control (A/C), because patients
can assist as often as they like, but if they stop breathing (assist-
ing), the ventilator reverts to the predefined CMV rate. Another
way ventilators employ multiple trigger variables is by using
two sensors, for instance pressure and flow; triggering occurs
in response to the variable’s threshold (pressure or flow) that
is breached first.

Cont rol Variab le
Once a breath is triggered “on,” patient safety cannot be en-
sured unless the delivery of gas into the lungs is precisely con-
trolled. Of the four potential physical changes (Table 128.1),
only pressure and flow are used to any extent. Flow is em-
phasized to underscore an engineering issue: volume-controlled
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TA BLE 1 2 8 . 1

VENTILATOR BREATH CLASSIFICATION

Breath variable Variable characteristics Frequency of use and examples

Trigger Time Common, IMV, CMV, PCV, APRV
Pressure Common, SIMV, ACV, PSV, CPAP
Flow Common, SIMV, ACV, PSV, CPAP
Volume Infrequent, SIMV (some neovents)

Inspiratory control Time Never
Pressure Common, all pressure-based breaths
Flow Common, most volume-based breaths
Volume Infrequent, some piston ventilators

Cycle Time Common, PCV, APRV
Pressure Common, IPPB
Flow Common, PSV
Volume Common, all volume-targeted modes

Expiratory Time Never
Pressure Common, CPAP, PEEP, NEEP
Flow Infrequent, retard
Volume Never

IMV, intermittent mandatory ventilation; CMV, controlled mechanical ventilation; PCV, pressure controlled
ventilation; APRV, airway pressure release ventilation; SIMV, synchronized IMV; ACV, assist controlled
ventilation; PSV, pressure support ventilation; CPAP, continuous positive airway pressure; IPPV, intermittent
positive pressure ventilation; PEEP, positive end-expiratory pressure; NEEP, negative end-expiratory
pressure.

ventilators are actually flow controlled. There are several rea-
sons: First, the integral of flow, with respect to time, is volume.
Therefore, precisely controlling inspiratory flow (VI) for a pre-
set inspiratory time (TI) produces an exact tidal volume (VT)
based on the following equation:

VI × TI = VT [1]

Algebraically speaking, the operator can preset only two of
these variables, in this case VI and TI; the third variable (VT)
cannot be preset because it is a consequence of VI and TI. Given
a choice, however, most clinicians prefer to preset the VI and
VT; in this situation, TI becomes the consequential or resultant
variable. In an effort to obviate this preference, most of today’s
ventilators use an algebraic variant of equation 1:

VT/ VI = TI [2]
This design allows operators to preset VT and VI. Furthermore,
since the operator actually predefines VT—referring to the ven-
tilator as a volume controller, or as volume-controlled venti-
lation (VCV)—this is perfectly acceptable; this nomenclature
will be used henceforth.

Volume-controlled strategies differ markedly from pressure-
controlled ventilation (PCV). When we opt for VCV, our pri-
orities are clear: we wish to prescribe (preset) VT, VI, and flow
pattern. If we want these parameters reliably delivered, then
airway pressure (Paw) must not be restricted. When Paw is al-
lowed to vary, VT, VI, and flow pattern are delivered, regard-
less of the patient’s pulmonary mechanics (Fig. 128.7). High
peak inflation pressures (PIP) are a concern, so ventilators al-
low clinicians to preset a maximum safe level of Paw; this set-
ting, referred to as a high-pressure limit, functions as a cycle
variable—that is, ending inspiration (or diverting gas flow) the
moment Paw violates the established threshold. Keep in mind,
though, cycling via a high-pressure limit truncates breath de-
livery, negates volume control, and reduces VT.

Pressure-controlled strategies allow us to preset a desired
Paw and TI; conversely, VT, VI, and flow waveform cannot be
predetermined. Pressure-controlled breaths always generate an
exponentially decelerating flow pattern; the individual’s CRS
and Raw determine the magnitude of VI and VT (Fig. 128.8)
(33,34). Inasmuch as PCV does not control VT, and preset
pressure never varies, clinicians must ensure that PCV is care-
fully monitored; always carefully set low/high VT alarms (if
available), as well as low/high minute ventilation alarms.

Cycle Variab le
All four physical changes are commonly used for cycling venti-
lator breaths. Pressure cycling is common during intermittent
positive pressure breathing (IPPB); flow cycling predominates
during pressure support ventilation (PSV); and either time or
volume is common during VCV. Without question, time is the
most commonly used cycle variable, particularly if one remem-
bers that with today’s VCVs, cycling occurs when TI lapses,
not in response to volume.

Exp irat ory Variab le
The expiratory phase is the least varied of the four; attempts
at manipulating the expiratory phase variable have met with
little success. Varying flow resistance (retard), negative end-
expiratory pressure (NEEP), and PEEP have all been thor-
oughly tried and discarded. Compelling evidence, however,
substantiates using continuous positive airway pressure (CPAP)
and PEEP to restore or increase functional residual capacity
(FRC) (35–37), reduce shunt and improve oxygenation (15–
18), and reduce WOB (38).

Classifying Bre at hs
The four phase variables provide us with a method for clas-
sifying ventilator breaths that is easy to use and understand.
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FIGURE 128.7. Response of volume-control-
led ventilation (VCV) to a sudden change in
respiratory system compliance (CRS). A: Com-
pliance = 50 mL/cm H2O. An airway pres-
sure, flow, and tidal volume curve for a patient
with this CRS and receiving VCV. B: Compli-
ance = 10 mL/cm H 2O. An airway pressure,
flow, and tidal volume curve for the same pa-
tient as shown in A except that the patient’s CRS
is acutely reduced. Note that volume and flow
are essentially unaffected, but airway pressure is
dramatically elevated as the ventilator required
far more pressure to provide the same flow and
volume into the much stiffer lungs.

It makes sense to classify by breath behavior because today’s
ventilators offer so many breath types. For instance, the
breath depicted in Figure 128.6 is pressure-triggered, volume-
controlled, and time or volume cycled; there is no exhalation
phase variable. In Figures 128.7 and 128.8, the breaths are
time triggered, volume controlled, and time or volume cycled;
and time triggered, pressure controlled, and time cycled, re-
spectively. Some ventilator modes like intermittent mandatory
ventilation (IMV) or synchronized IMV (SIMV) allow two dif-
ferent breath types. Mandated breaths might be time triggered,
volume controlled, and time cycled, whereas between sched-
uled breaths, spontaneous breaths might be pressure triggered,
pressure controlled, and pressure cycled.

VENTILATOR DESIGN
Modern ICU ventilators are expensive and seemingly complex;
yet, although the electronics may be complicated, the basic ven-
tilator component configuration is simple and has changed very
little over the last 20 years. In its simplest form, a mechani-
cal ventilator requires only a few essential components (Fig.
128.9).

Powe r Source s

Pne umat ics
Ventilators must have power. Most patients require at least
some oxygen; this makes the energy stored within compressed

oxygen a reliable and convenient power source. Gas-powered
ventilators are called pneumatic. The powering gas source can
be oxygen or compressed air, as long as the gas source is free
of contaminants and debris and is dry. Hospital oxygen sup-
plies virtually never pose contamination or water concerns;
whether in bulk form or in cylinders, oxygen is certified clean
and pure (99.99% ). Compressed air sources are, however, a
completely different matter. Compressors aspirate air from the
environment; if aspirated air is contaminated, so too will be the
compressed air. There have been instances of hospitals locating
compressor intakes too close to parking lots and, on occasion,
compressing exhaust gases along with air. Also, environmen-
tal air contains water vapor, some of which condenses and be-
comes liquid during the compression process; any and all water
must be removed or it can cause serious damage to ventilators
and other pneumatic equipment. Finally, most compressors use
rapidly moving pistons or rotors to compress the air; operating
at such high speed requires lubrication. Compressed air, for hu-
man consumption, should never involve using an oil-lubricated
device. Small oil particles are compressed along with the air and
can cause serious lung injury if inhaled.

Despite potential drawbacks associated with using com-
pressed air sources, pneumatic ventilators offer several ad-
vantages, particularly when used for transport. For instance,
pneumatic ventilators are always ready to go; they never
require time-consuming recharging as battery-powered units
do. Moreover, pneumatic ventilators use no expensive batter-
ies, power supplies, or electric cables that can fail or must
be periodically replaced. Furthermore, batteries often contain
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FIGURE 128.8. Response of pressure-controlled ventilation (PCV) to a sudden change in respiratory
system compliance (CRS). A: Compliance = 50 mL/cm H2O . An airway pressure, flow, and tidal volume
curve for a patient with this CRS and receiving PCV. B: Compliance = 10 mL/cm H 2O . An airway pressure,
flow, and tidal volume curve for the same patient as shown in panel A, except the patient’s CRS is acutely
reduced. Note pressure is essentially unaffected, but flow and volume are dramatically reduced as the far
stiffer lungs respond to the same airway pressure with less flow and volume.
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FIGURE 128.9. Schema of a basic ventilator. This schematic includes all of the major components neces-
sary for ventilator operation. The logic component provides timing signals responsible for the inspiratory
and expiratory phases. Ventilator logic must also synchronize the onset of each breath by the closing of
the exhalation valve. Ventilator logic may be provided by fluidics, analog electronics, digital electronics
(microprocessors), or pneumatics. All ventilators, regardless of simplicity, are either electrically powered
(with or without battery backup) or pneumatically powered. None so far are powered by both modes.
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extremely toxic components—lead, cadmium, lithium, and so
forth—and must be properly disposed of or recycled, often
at hospital expense. Pneumatic ventilators are also exception-
ally robust; many pneumatic components will operate through
many millions of actuations without failure. They are also rea-
sonably priced and easy to maintain.

Ele ct ric Powe r
Electricity is cheap, reliable, and, in most countries, virtually
ubiquitous. As a result, electricity powers most ventilators.
Electrically powered units use alternating current (AC), AC
converted to direct current (DC), battery, or some combina-
tion (Fig. 128.9). Unfortunately, ventilators are either pneu-
matically or electrically powered, never both. As a result, if
power outages are likely, clinicians must consider their alter-
natives carefully; ventilators with battery backup are great, but
will only operate for, at best, a few hours. Few if any of us have
considered how ventilator-dependent patients would be venti-
lated in the event of an extended loss of electricity. This point
is not simply a theoretical one, as just such a scenario occurred
following Hurricane Katrina (39).

Conve nt ional Ve nt ilat o r Log ic

All ventilators require some sort of logic to coordinate the tim-
ing of inhalation (I) and exhalation (E), as well as actuating
the flow/volume delivery mechanism and the exhalation valve
(Fig. 128.9).

Traditionally, ventilator logic involved pneumatics, stan-
dard electronics, fluidics, or some combination of these. To
initiate and maintain inhalation, logic signals simultaneously
activate both the flow/volume delivery system and the exha-
lation valve. At the same time, ventilator logic is responsible
for timing or controlling inhalation and for monitoring breath
delivery; the ventilator’s logic must be prepared to cycle the
breath “off” if the high Paw limit is breached or when cycling
criteria is met.

Microp roce ssor-cont ro lle d Log ic

The first microprocessor-controlled ventilator was introduced
in the early 1980s. Today, microprocessor-controlled logic
dominates virtually every category of mechanical ventilation.
Given that a microprocessor, or central processing unit (CPU),
has virtually no influence on ventilator performance per se,
it is not unreasonable to wonder why microprocessor venti-
lators are so popular. The answer is, in a nutshell, that they
are far more flexible and vastly safer than any other type of
ventilator. Some of the many advantages offered by today’s
CPU-controlled ventilators are listed in Table 128.2.

Re lat ional Log ic
An advantage offered only by a CPU is an ability to answer rela-
tional questions. A CPU can easily evaluate the “ truth” of sim-
ple relational expressions such as the following: Is x < y?, x =
y?, or is x > y?. A relational question can either be true or false.
For instance, x might be the patient’s Paw and y the operator-
selected high-pressure limit. During each breath, the CPU could
be instructed to evaluate, every few milliseconds, the relational
expression Is x > y? If the answer is false, then the ventila-

tor breath continues; if the answer is true, then the breath
would be cycled “off” and the overpressure alarms sounded
and/or illuminated. Modern CPUs evaluate simple expressions
with blinding speed. In fact, microprocessor-controlled venti-
lators evaluate dozens of relational expressions—in a specific
sequence, continuously—until each mechanical breath is safely
delivered.

Log ical Exp re ssions
Microprocessors can also evaluate logical expressions or op-
erate on the results of a relational question; logical operations
follow the rules of Boolean algebra. For example, NOT true is
false and NOT false is true. The AND function operates on two
relational questions and requires that they both be true for the
result to be true. That is, true AND true is true, but true AND
false is false. The OR function also operates on two relational
questions but requires only one of the questions to be true for
the result to be true; true OR false is true, but false OR false is
false.

As an example, a CPU might evaluate the following two
questions: Is exhaled VT less than inhaled VT, divided by 2?,
AND is the operator setting for VT unchanged? If answered
true AND true, then the ventilator might be instructed to warn
clinicians of a low exhaled VT; from there, the patient’s breath-
ing circuit and ET cuff could then be quickly checked for leaks.
With these simple building blocks, powerful algorithms can be
devised that monitor all aspects of ventilator operations and
make today’s mechanical ventilators safer than ever before.

Comp ut e r Me mory
A CPU, no matter how powerful or fast, cannot function with-
out memory. How could a CPU answer the relational question,
Is x (Paw) greater than y (airway pressure limit)? if it couldn’t re-
member the value of y? Additionally, how would a CPU know
when, or how often, to answer relational questions?

In our example, the value for x (Paw) varies continuously as a
function of time, whereas the value for y (airway pressure limit)
may remain constant; on the other hand, y will most likely vary
from one patient to the next. Somehow, the CPU must be able
to update the values for x and y as often as they change. This re-
quires easily erasable memory, known as random-access mem-
ory (RAM). There is a caveat, however—easily erased means
volatile and volatile means easily lost. For instance, valuable
data might be lost the instant power is lost. As a result, ven-
tilator CPUs cannot operate safely without battery backup to
maintain critical data stored in RAM; without a patient’s ex-
act data safely stored, the ventilator could malfunction, even if
power was lost for an instant. Data stored in RAM is bidirec-
tional; this means the CPU can store (write) information into
RAM and read it later. Memory is limited, so the CPU must
use its memory over and over again. Suppose the area used for
storing a patient’s pressure limit (y) is already “occupied” and
the operator changes the pressure limit; the CPU simply “writes
over”—thereby erasing, the pre-existing pressure limit value.

Instructions how to use data stored in RAM and the se-
quence and timing of all functions carried out by the CPU reside
in a different type of memory on known as read-only memory
(ROM). This form of memory is nonvolatile and not easily al-
tered. It is this memory that cues the CPU as to how often and
when to evaluate the relational and logical operations. In fact,
the entire sequence, or code, responsible for every conceivable
ventilator function is stored in ROM. The use of ROM comes
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ADVANTAGES OF MICROPROCESSOR-CONTROLLED VENTILATORS

GENERAL VERSATILITY
■ Can provide virtually any desired mode of positive-pressure ventilation
■ Can provide a wide variety of inspiratory flow waveforms
■ Offers choice of cycling or trigger variable in many modes
■ Can be easily reprogrammed to meet changing trends in mechanical ventilation
■ Can ventilate adults, pediatric, and neonatal patients
■ Can provide adaptive modes of ventilation such as volume-targeted, pressure ventilation or

proportional assist ventilation (PAV)

MONITORING
■ Provides real-time monitoring and alarms for various ventilatory parameters
■ Can measure and display lung-thorax compliance (CLT), airway resistance (Raw), plateau

pressure, minute exhaled ventilation, auto-PEEP
■ Provides on-board computer memory that saves, for later retrieval, ventilation data for trend

analysis

COMPUTER CORRECTION AND SAFETY
■ Can automatically correct for many internal variations that might affect prescribed tidal

volume (VT) or target pressure
■ Can automatically maintain the set inspiratory flow rate, waveform, and VT, even when the

patient’s impedance (CLT, Raw) decreases or increases
■ Measures and displays tidal and minute volumes corrected to BTPS
■ Measures compliance/compression of the specific breathing circuit and humidifier in use and

compensates for the lost volume on a breath-by-breath basis
■ Monitors all critical computer and patient parameters; declares an inoperative condition,

terminates ventilation, opens the safety valve (to allow spontaneous breathing from the
room), or begins a backup mode of ventilation any time a dangerous situation is detected

■ Saves and stores, for later retrieval and analysis, all errors, including patient alarms or other
important issues detected during operation

DISPLAY AND COMMUNICATIONS CAPABILITY
■ Can process and display any monitored data and important patient ventilation parameters
■ Can communicate and interface with remote monitors
■ Can communicate with separate microcomputers (personal computers) for monitoring and

storage of data

REPAIRS AND MAINTENANCE
■ Provides troubleshooting programs or extensive testing programs that pinpoint problems,

facilitate repairs, and minimize downtime
■ Contains few moving parts; maintenance may involve only routine filter changes
■ Provides modular design and easily removable printed circuit boards that facilitate repair

PEEP, positive end-expiratory pressure; BTPS, body temperature and pressure saturated.

with a caveat too: ROM is nonvolatile, but it is not impervi-
ous. Even the slightest change in a critical instruction could
harm a patient. As a result, ventilator CPUs must have power-
ful “watchdog” systems that constantly evaluate every aspect
of their behavior. Watchdogs always err on the side of safety—
should they detect anything out of the ordinary, they immedi-
ately terminate CPU operation, protect the patient, and alert
the operator of the malfunction—often referred to as a vent-
inop. Once a bizarre or unusual behavior has been detected,
manufacturers ensure that CPU integrity is verified before the
ventilator will function again. Unfortunately, too often vent-
inop conditions require technical assistance from a biomedical
engineer or factory representative. To obviate such problems,
engineers have tried two, or even three, CPUs, which are pro-
grammed to constantly evaluate each other. This strategy elim-
inates the need for watchdogs but, in the case of only two

CPUs, does not eliminate the problem; when one CPU detects
a problem, who decides which CPU is still functioning prop-
erly? With a three-CPU design, there is always a “referee” ; the
aberrant CPU, once detected, can be shut off leaving two CPUs
to continue safely operating the ventilator until it can be safely
replaced.

Ve nt ilat o r Cont ro l Syst e ms

Op e n Loop Cont rol
Open loop ventilator designs (Fig. 128.10) are economical
and straightforward but functionally limited. Ventilators using
open loops offer VCV or PCV; they seldom provide both. Open
loop systems are also not fault tolerant. For instance, suppose
over time and with prolonged usage, a ventilator’s flow valve
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LOGIC 
(microproces s or, e lec tronic , or pneumatic )

Flow s ignal 
(from logic )
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Regulator

Controllable  
Flow Valve
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(oxygen)

50 ps ig 10 ps ig

FIGURE 128.10. Schema of open
loop ventilator control. Virtually all
positive pressure ventilators control
flow (shown) or pressure during each
mechanical breath. The simplest con-
trol system involves a properly syn-
chronized signal from the logic ele-
ment that produces the output (flow);
the ventilator does not verify accu-
racy, so the operator must do so.

gradually drifts out of calibration. Now, consider that the sig-
nal designed to produce 0.75 L/s yields only 0.60 L/s, and VT is
preset to 0.75 L. This patient will receive a VT no greater than
0.6 L, and the ventilator, even if CPU controlled, would have
no way of detecting this problem.

Close d Loop Cont ro l
Closed loop, or feedback, designs (Fig. 128.11) are far more
complex and expensive than open loop designs. In return,
they deliver exceptional accuracy and automatically correct
for many common failures and variances. Using the same pre-
set VT of 0.75 L and VI of 0.75 L/s, a closed loop venti-
lator delivers the requested VT even if the flow valve is no
longer calibrated, thereby protecting the patient. Given the ex-
ample above, ventilator logic opens the flow valve, expecting
0.75 L/s; yet, a flow sensor, located just downstream from the
flow valve, measures the actual flow (0.6 L/s) and sends an
electric signal—proportional to measured flow—to the com-
parator (Fig. 128.11). The comparator functions to analyze
(electrically) the difference between the measured flow and ac-
tuating signals; if the signals are identical, nothing happens;
if the signals vary, the comparator provides an output signal
proportional in magnitude to the difference. The comparator’s
output adds to, or removes from, the existing signal actuating
the valve—in this case, the combined signals open the valve to
produce a higher flow. Comparators function nearly instanta-
neously, so the flow valve’s output can be corrected repeatedly,
as often as the valve’s response time and the programmed TI
allow. A response time of 10 ms allows 100 corrections in a TI
of 1 second, if necessary.

Closed loop feedback also corrects the ventilator outputs
when affected by changing pulmonary impedance, different

breathing circuits, and high-resistance humidifiers. Closed loop
designs that incorporate flow and pressure sensors do not re-
quire separate valves for VCV and PCV. In this instance, a flow
valve is either opened and a prescribed VT delivered, or the
valve is opened to provide an initial high flow, and a closed
loop pressure algorithm maintains any desired target pressure
by manipulating the valve’s output flow based on the target
pressure.

Closed loop designs require accurate onboard flow and pres-
sure sensors as well as sophisticated control algorithms; these
are relatively costly and can be damaged by rough handling.
For these reasons, transport ventilators often incorporate open
loop designs.

Microp roce ssors and Close d Loop Cont ro l
The first CPU-powered ventilators were too slow to perform all
of the tasks involved in operating the ventilator and provide the
corrected signals required for closed loop control. To maintain
accuracy and speed, the first generation of CPU-powered ven-
tilators combined digital logic with analog, closed loop control
systems. In contrast, today’s CPUs perform billions of opera-
tions per second, leaving adequate time for the CPU to pro-
vide “corrected” signals necessary for closed loop control (Fig.
128.12).

Microprocessors operate using digital (D) signals, but most
of our real-world hardware (valves, sensors, transducers) re-
quire analog (A) signals. It follows that for a CPU to actuate
a valve, a digital signal from the CPU must first be converted
to analog; this takes place in a D-to-A signal processing chip
(Fig. 128.12). Analog information, such as measured flow sig-
nals, must be similarly converted A to D before the CPU can
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(or pres s ure  s ens or)
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FIGURE 128.11. Schema of closed loop ventilator control. Ventilator reliability and accuracy is vastly
improved by measuring the actual output (flow), comparing the measured to desired, and correcting the
actuating signal by the difference. At the onset of each breath, a signal from the ventilator’s logic actuates
(opens) the output valve. The resultant output (flow) is measured immediately by a flow sensor positioned
downstream. The flow sensor converts measured gas flow into an analog electric signal, which is routed
to one side of an electronic comparator. The actuating signal (actual) from the logic element is fed into
the other side of the comparator, where it is compared to the measured signal. If the two signals differ, the
comparator adds (or subtracts) an amount of electricity proportional to the signal difference to (or from)
the actuating signal. The entire loop requires only about 10 msec to complete; that means the actual signal
could theoretically be corrected as many as 100 times in a typical mechanical breath lasting just 1 sec.
Normally, however, it requires only a few iterations before the measured and desired signals are identical.

use them. During closed loop control, once a measured signal
is converted A to D and reaches the CPU, it is compared to
the current actuating signal. Based on the difference, the CPU
computes a new actuating signal; its digital representation is
sent to the D to A, and from there, it proceeds to replace the
existing signal. As each of these transformations take time, it
is easy to see why early CPUs did not have sufficient speed to
provide closed loop corrections. The state-of-the-art CPUs are
so fast, digital control rivals that of analog comparators for
controlling closed loop systems.

CONVENTIONAL MECHANICAL
VENTILATORY TECHNIQ UES

Comp liance and Re sist ance —The
End -insp irat ory Plat e au

Op e rat ional Princip le s
The terms postinflation hold, end-inspiratory pause, and end-
inspiratory plateau (EIP) all refer to the same ventilator rou-
tine; the instant VT delivery is complete, the ventilator stops

gas flow but does not allow the patient to exhale until a spec-
ified period of time, the EIP, elapses (Fig. 128.13). The EIP is
considered part of TI because the VT volume remains in the
lungs and the patient does not exhale until the EIP is complete;
ventilators often allow plateaus as long as 2 seconds. Although
this may not seem excessive, when combined with the existing
TI, EIPs are often long enough to adversely impact hemody-
namics and are poorly tolerated by spontaneously breathing
patients.

Clinical Ap p licat ions
An end-inspiratory plateau has been advocated as a method to
improve the distribution of inhaled gases, thereby decreasing
VD/VT and PaCO 2 (40). Theoretically, this makes sense; if in-
halation was long enough, gas redistribution into slow-filling
spaces would improve overall distribution (41). Gas redistri-
bution during EIP is thought to result secondary to collateral
ventilation and Pendelluft flow.

Collateral ventilation occurs when gas enters the alveoli
from adjacent alveoli through channels in the alveolar walls
(pores of Kohn) or through cross-communications between
bronchioles (Lambert canals). Pendelluft flow occurs when,
during EIP, volume from fast-filling spaces redistributes into
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FIGURE 128.12. Schema of a microprocessor-controlled closed loop control system. First-generation
microprocessor-controlled ventilators combined digital (D) signals converted to analog (A) with an analog
closed loop system. This approach was necessary because digital control of closed loop feedback added
several time-consuming steps: corrected signals had to be converted D to A before they could operate
ventilator valves, and the measured signal had to be converted A to D before the microprocessor could
compare it to desired and determine an appropriate correction. Unfortunately, microprocessors available
at the time were simply not fast enough to adequately monitor lung inflation and provide corrected closed
loop signals. Today’s microprocessors easily perform billions of operations per second, and most second-
or third-generation microprocessor-controlled ventilators provide closed loop control using only digital
signal processing.

slow-filling spaces. Such gas flow is caused by regional pres-
sure gradients that arise as a consequence of maldistribution
secondary to positive pressure inflation.

The EIP is seldom used to improve distribution, but rather
to determine CRS and Raw. During the plateau time, as gas flow
ceases, the flow-resistive component of PIP disappears. The re-
maining pressure—the plateau pressure—also reflects the static
elastic recoil pressure (ERP) of the lungs. Exhaled VT, PIP, and
ERP are used in determining the patient’s CRS and Raw (Table
128.3). These measurements are often performed routinely to
assess the patient’s progress or to gauge the response to bron-
chodilators.

Insp irat o ry Flow Wave forms
Before the advent of microprocessor-powered ventilators, dif-
ferent ventilator brands delivered gas flow using a wide variety

of methodologies: pistons, injectors, bellows, solenoids, and
so forth. Each flow-generating technique produced a different
inspiratory flow pattern: square or constant (Fig. 128.14A), si-
nusoidal, decelerating (Fig. 128.14B), accelerating. Clinicians
immediately began to wonder which waveform was best, or,
could matching specific waveforms with specific pulmonary
conditions make a difference? To this day, these questions re-
main essentially unresolved. Some tried various waveforms and
found little or no difference in the distribution of ventilation
(42). Other studies, modeling multiple lung compartments with
different Raw, showed improved distribution with the deceler-
ating waveform compared to others (43,44). Clinical reports
confirmed the utility of a decelerating pattern (45–47). In one
investigation, VT, TI, I:E ratio, and ventilator rate were held
constant. Compared to the constant-flow pattern, the decel-
erating waveform significantly reduced patient PIP, PaCO 2,
VD/VT ratio, and alveolar-to-arterial oxygen pressure gradient
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FIGURE 128.13. Compliance and resistance determina-
tion in the ventilator patient. Respiratory system compli-
ance (CRS) and airway resistance (Raw) determination by
end-inspiratory plateau (EIP) requires volume-controlled
mode, square flow pattern, inspiratory flow rate (VI) of ex-
actly 1 liter (L)/second (s) (or 60 L/minute), and an EIP of
≥ 0.25 second. In this example, the peak inflation pressure
(PIP) reaches 25 cm H2O the instant flow ceases. After the
preset tidal volume (VT) is delivered, the EIP begins, that
is, gas flow from the ventilator ceases and the patient is not
permitted to exhale. During the EIP, pressure equilibrates
between the lungs and breathing circuit and elastic recoil
pressure (ERP) of the lungs can be measured at the airway
opening. The greater the difference between a patient’s PIP
and ERP, the greater the Raw. Compliance is computed by
dividing VT (0.65 L) by measured ERP minus the baseline
pressure (0 cm H2O), and is given in units of L/cm H 2O
or mL/cm H2O. Resistance is computed as PIP minus ERP
divided by VI (must be 1 L/s) and is stated in units of cm
H 2O/L/s. In this example, CRS is 0.038 L/cm H 2O and Raw
is 8 cm H 2O/L/s.

TA BLE 1 2 8 . 3

MEASUREMENT OF COMPLIANCE AND AIRWAY RESISTANCE

Definition:
End-inspiratory pause may be used to differentiate dynamic (CRS) (L/cm H 2O) from static

lung–thorax compliance (CRS) (L/cm H 2O) and to determine airway resistance (Raw)
(cm H2O/L/s).

1. Dynamic CRS = VT/(PIP – baseline airway pressure)
Where: VT = exhaled tidal volume (L)
PIP = peak inflation pressure (cm H 2O)
Baseline airway pressure = atmospheric pressure, continuous positive

airway pressure (CPAP) (cm H2O), or positive end-expiratory pressure
(PEEP) (cm H 2O)

e.g., CRS = 0.65 L/(25 cm H 2O – 0 cm H 2O ) = 0.026 L/cm H 2O
2. Static CRS = VT/(ERP – baseline airway pressure)

Where: ERP = static elastic recoil pressure of the respiratory system (cm H 2O)
e.g., CRS = 0.65 L/(17 cm H 2O – 0 cm H 2O ) = 0.038 L/cm H 2O

3. Raw = (PIP – ERP) × VI
Where: VI = inspiratory flow ratea (L/s)
e.g., R aw = (25 cm H 2O – 17 cm H 2O ) × 1 L/s = 8 cm H 2O /L/s

aThe selected inspiratory flow pattern must be constant (square).
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FIGURE 128.14. Differences in peak inflation pressure (PIP) when using a square or decelerating inspi-
ratory flow (VI) waveform. A: An airway pressure (Paw ), flow, and volume curve for a typical volume-
controlled breath delivered using a square V I waveform . Following breath delivery, an end-inspiratory
plateau (EIP) terminates gas flow and allows pressure to equilibrate between the lungs and airway open-
ing; at equilibration, Paw reflects the elastic recoil pressure (ERP) of the respiratory system; that is, of the
lungs and thorax combined. Note that the PIP of this breath is nearly 25 cm H2O. B: An airway pressure,
flow, and volume curve for the same breath, delivered to the same patient, except using a decelerating V I
waveform in this instance. Again, following breath delivery, an EIP allows determination of ERP. Note that
the PIP of this breath is 8 cm H 2O lower than for the square waveform; nevertheless, the measured ERP
(18 cm H2O) is exactly the same as that using the square flow pattern. This occurs because a decelerating
flow pattern reduces gas flow to near zero (as during an EIP) before the breath cycles “off” and the EIP
begins.

P(A− a)O 2 (46). However, mean Paw was significantly greater,
predisposing to adverse hemodynamic effects.

In addition to the potential to improve distribution, deceler-
ating waveforms significantly reduce PIP, especially when con-
trasted to square (Fig. 128.14) or accelerating patterns. Some
clinicians opt for a decelerating pattern, believing the lower
PIPs may help protect their patients from ventilator-induced
lung injury (VILI). This logic is flawed; the pulmonary edema
and lung injury, often seen during mechanical ventilation, are
now believed to be the consequence of excessive volume (volu-
trauma) rather than excessive pressure (barotrauma) (48,49).
Furthermore, the main determinant of volutrauma appears to
be end-inspiratory lung volume (the overall lung distention)
rather than the FRC (which depends on PEEP) (19,37). Based
on this information, reducing PIP by waveform selection of-
fers no advantage; patients supported with VCV receive the
same VT, and therefore overall lung expansion, regardless of
waveform (Fig. 128.14).

Inspiratory flow waveforms impact yet another aspect of
mechanical ventilation: patient–ventilator synchrony. During
any form of patient-triggered mechanical ventilation, the spon-
taneous inspiratory effort may extend well into mechanical in-

flation. If, at any point, spontaneous flow demand exceeds the
preset VI, flow starvation results. Flow starvation distorts pres-
sure patterns and exaggerates WOB. Decelerating flow patterns
often provide initial VI spontaneous sufficient to meet patient
demand; if at any point, however, VI is reduced below that the
patient is demanding, flow starvation follows. Often, flow star-
vation of this nature can be managed by simply switching from
a decelerating to a constant waveform to maintain a higher VI
throughout the breath (Fig. 128.15).

Cont ro lle d Ve nt ilat ion

Op e rat ional Princip le s
Mechanical ventilation is indicated when spontaneous venti-
lation is inadequate or absent. Physiologically, this means the
patient is incapable of maintaining acceptable PaCO2 and ar-
terial pH levels. CMV delivers an operator-selected breathing
rate, VT, peak VI, and flow pattern; CMV operates completely
independent of patient efforts to breathe (Fig. 128.16A). When
patients attempt to breathe during CMV, the result can be
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FIGURE 128.15. Improving patient–ventilator synchrony using a square instead of decelerating flow
waveform, during volume-controlled ventilation (VCV). A: An airway pressure (Paw ), flow, and tidal
volume (VT ) curve for a heavily sedated or very relaxed patient receiving VCV. B: An airway pressure, flow,
and VT curve for the same patient, except the patient is awake, alert, and “fighting the ventilator,”; that
is, attempting to breathe spontaneously during machine breaths. Note that both the Paw pressure pattern
and VI pattern are distorted by the patient’s effort. Distortions are often exacerbated by the selected flow
pattern, particularly the decelerating pattern, which progressively reduces VI while patient flow demands
may remain high. In situations where the patient flow demand exceeds VI from the ventilator, a tremendous
additional workload is imposed on the patient; this predisposes to fatigue and makes managing the patient
difficult. C: An airway pressure, flow, and VT curve for the same patient, mak ing the same effort to breathe
spontaneously, except the selected V I pattern is switched from decelerating to square. Note that peak VI
is nearly identical in each case; yet, by maintaining a high flow longer, a square flow pattern better meets
the patient flow demand.

violent patient–ventilator dyssynchrony. Consequently, pa-
tients supported by CMV often require hyperventilation to
blunt the normal stimulus to breathe, heavy sedation, or even
pharmacologic paralysis.

Clinical Ap p licat ions
Indications for CMV and CMV with PEEP (Fig. 128.16B) in-
clude apnea, ARDS, central nervous system depression, drug
overdose, or neuromuscular dysfunction. For this subset of pa-
tients, an accidental disconnection from the ventilator or a ven-
tilator failure is life threatening. Thus, CMV requires vigilant
monitoring and carefully set disconnect and failure-to-cycle
alarms.

Pat ie nt -t rig g e re d Ve nt ilat ion

Op e rat ional Princip le s
There are two basic forms of patient-triggered breaths: mecha-
nical and spontaneous. Patient-triggered mechanical breaths

(Fig. 128.16C) are nearly identical to CMV breaths in that
the VT, peak VI, and flow pattern are all operator selected; the
only difference is assisted mechanical ventilation (AMV) which
requires that the patient trigger each and every breath. Thus,
when supported by AMV, patients must not experience an acute
apneic episode; otherwise, all ventilation ceases. Concern for
this possibility explains why so few physicians opted to use
AMV before ventilators came equipped with backup ventilator
modes. For AMV, a backup mode might allow the operator to
select desired CMV settings which the ventilator defaults to
and uses in the event of apnea.

Clinical Ap p licat ions
Patient-triggered ventilation is considered a vital link between
CMV and extubation. In theory, it allows the patient to breathe
spontaneously in preparation for removal of the ventilator.
Spontaneous breathing is never consistent, however, meaning
AMV is extraordinarily difficult to optimize to a patient’s ef-
forts. If the preset VI, VT, or both are too high, patient WOB
falls to essentially zero; if they are insufficient or the patient
becomes dyssynchronous, WOB skyrockets.
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FIGURE 128.16. Conventional mechanical ventilatory
airway pressure patterns. A:Controlled mechanical venti-
lation (CMV). Mechanical breath rate, tidal volume (VT),
and inspiratory flow rate (VI) and pattern are all selected
and set by the operator and cannot be altered appre-
ciably by patient efforts to breathe. B: CMV with pos-
itive end-expiratory pressure (PEEP). Exhalation stops
at a predetermined pressure above ambient (PEEP level).
If the PEEP is adequate, it mechanically stabilizes and
prevents alveolar collapse secondary to acute respiratory
distress syndrome (ARDS). C: Assisted mechanical ven-
tilation (AMV). Tidal volume and VI are prescribed and
set by the operator and cannot be altered, regardless of
patient effort; the patient is, however, completely respon-
sible for determining breathing rate by physically trig-
gering the ventilator. D: Assist-control ventilation (A/C).
This mode combines AMV with a CMV backup. This is
accomplished using two trigger variables (for instance,
pressure and time) and initiating a breath to whichever
occurs first. The operator sets VT, VI and pattern, CMV
rate, and trigger sensitivity. After each breath, regardless
of which variable triggered the breath, the CMV rate tim-
ing clock is restarted. At this point, if a spontaneous effort
triggers a breath before the CMV timer lapses, the breath
is pressure triggered and the CMV clock restarted. If the
patient fails to breathe or cannot spontaneously trigger,
the CMV clock will run down and the next breath will
be time triggered. Using the A/C strategy, patients may
breathe as rapidly as they desire, but never at a rate lower
than the CMV mechanical rate setting.

CMV Backup
The use of dual-trigger variables allowed clinicians to safely
use AMV well before the incorporation of backup modes.
Patient-triggered support with a time-triggered CMV backup
was coined assist/controlled ventilation (A/C) (Fig. 128.16D).
When using A/C, the operator sets a minimum acceptable
breathing rate using the CMV rate control, and adjusts trig-
ger sensitivity (usually pressure). As with AMV, the patient
triggers breaths, as often as desired, by breaching the trig-
ger threshold. If the patient stops breathing, however, or the
spontaneous breathing rate drops below the preset minimum,
time-triggered CMV intercedes until a clinician investigates or
adequate breathing activity resumes.

Pot e nt ial Prob le ms
Assisted mechanical ventilation and CMV, used alone or in con-
junction, predispose to hyperventilation, ventilator-induced
VA/Q abnormalities, and excessive WOB. These untoward ef-
fects are related to anxiety-driven ventilator–patient dyssyn-
chrony and maldistribution of ventilation, respectively. A
disproportionate amount of the VT is delivered anteriorly to
nondependent lung regions with decreased perfusion when pa-
tients are in the supine position (50). Conversely, spontaneous
breathing tends to promote better VA/Q distribution. Some
studies have demonstrated that VD increases during CMV and
AMV, with or without PEEP (51,52) Downs and Mitchell (51)
reported that increases in VD were related to the rate of me-

chanical breathing, regardless of the ventilatory pattern, mode,
and whether or not PEEP was used.

As mentioned, ventilator-patient dyssynchrony is very com-
mon during CMV, AMV, and A/C modes of ventilation. These
modes all require preset VI and flow waveforms while pa-
tient breathing patterns frequently vary. When patient flow
demand exceeds that provided by the ventilator, the WOB im-
posed on the patient may become excessive (22). Recent trends
toward smaller mechanical VTs have exacerbated the issue
(53). Patients allowed to breathe spontaneously while receiv-
ing low-VT lung-protective ventilation will likely suffer from
both flow and volume starvation (Fig. 128.17); the additional
WOB can be enormous. Clinicians facing this situation are left
with few palatable options: increasing VT and VI predispose
to ventilator-induced lung injury; yet, continued sedation or
paralysis will undoubtedly complicate or prolong the weaning
process.

Int e rmit t e nt Mand at ory Ve nt ilat ion

Op e rat ional Princip le s
With spontaneous breathing rates often > 100 breaths per
minute, infants with hyaline membrane disease confounded
even the best early efforts at patient–ventilator synchroniza-
tion. The simple concept of providing a continuous flow,
from which these babies could breathe spontaneously between
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FIGURE 128.17. Flow and volume starvation
during low tidal volume (VT) ventilation. A: An
airway pressure (Paw ), flow, and tidal volume (VT )
curve for a heavily sedated or very relaxed pa-
tient receiving lung-protective low-VT ventilation.
B: An airway pressure, flow, and VT curve for
the same patient who is now awake, alert, and
“fighting the ventilator.” Note that because both
flow and VT are insufficient, Paw remains below
baseline pressure throughout the entire inspira-
tory phase of the mechanical breath; distortions of
this magnitude are frequently encountered if pa-
tients are allowed to breathe spontaneously when
using lung-protective low-VT ventilation.

mandated mechanical breaths (54–56), resulted in a new venti-
latory mode referred to as intermittent mandatory ventilation
(IMV). After proving its utility on neonates, IMV was later
advocated for adults, especially those difficult to wean from
mechanical ventilation (57). Neonatal IMV systems provided
a continuous flow of gas throughout the respiratory cycle; tidal
ventilation was accomplished by simply closing the exhalation
valve and diverting flow into the lungs (54,55).

When applying IMV, the operator preselects the desired ven-
tilator rate, VT, VI, and flow pattern; in this aspect, it does not
differ from CMV. With IMV, however, the patient breathes as
often as desired between sequential positive pressure breaths.
In theory, a designed and adjusted IMV system provides an un-
restricted gas flow equal to or greater than the patient’s peak
VI demand; these conditions minimize WOB. Early IMV sys-
tems were “homemade” (58,59), leading some to opine that
reported failures due to poor system design, not were to IMV,
per se (60).

Clinical Ap p licat ions
Most clinicians set an IMV rate sufficient to complement the pa-
tient’s own spontaneous breathing and still maintain an accept-
able alveolar ventilation, PaCO 2, and pH. Mandated breathing
rates of 4 to 6 breaths per minute were popular because they
provided an adequate VA in the event of apnea. When patients
with pre-existing COPD were managed with IMV and com-
pared to others managed with patient-triggered ventilation,
IMV offered better control of PaCO 2 and pH (61,62). When
IMV is combined with CPAP, the cardiopulmonary effects are

improved compared to CMV or A/C modes of ventilation; as a
result, IMV makes it possible to maintain higher mean expira-
tory positive pressures with fewer deleterious effects on venous
return and cardiac output (63,64).

Pot e nt ial Prob le ms
IMV and CMV share many similarities, such as preset VT, VI,
and flow waveform. Furthermore, with both modes, all man-
dated breaths are time triggered, unresponsive to any patient
effort. During IMV, however, the patient breathes freely, as
desired. It follows that, occasionally, a time-triggered breath
might be delivered at or near end-inhalation for a sponta-
neous breath (breath-stacking); if the stacked volumes were
large enough, they would predispose to elevated PIP, mean Paw,
and cardiovascular embarrassment; without any compelling
evidence validating this hypothesis, many clinicians neverthe-
less completely avoided IMV.

The concept of providing an unimpeded continuous gas flow
equal to or exceeding the patient’s peak VI introduced an un-
expected consequence to developing safe and effective IMV
systems: finding a humidifier capable of the task. Poulton and
Downs (65) studied the issue and reported that with the excep-
tion of the Bird humidifier, the others tested either imposed sig-
nificant flow resistance—which would certainly affect patient
WOB—or failed to provide sufficient humidity at the high flow
rates IMV often required.

Breathing spontaneously requires patient WOB; the
amount of work required, however, depends on a number of
physiologic and external apparatus variables such as CRS, Raw,
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effort required to trigger breaths (if needed), available flow to
that demanded, ET size, exhalation valve performance, and
the magnitude and duration of the pressure drop experienced
during inhalation. Downs (60) and others (66) suggested that
properly adjusted continuous-flow IMV systems minimized
the apparatus portion of WOB; several studies comparing
continuous-flow to demand-flow valves corroborated this
theory (67–69). Nevertheless, continuous-flow IMV systems
were never popular—they were bulky, noisy, and difficult to
adequately humidify; required frequent readjustment; and
wasted massive amounts of gas. Clinicians therefore prevailed
on manufacturers to refine and improve their demand valves
or demand-flow systems. Gradually, demand-flow system
performance improved; by 1985, Katz et al. (70) reported
comparing seven demand-flow CPAP systems against a
continuous-flow system (at 60 L/minute) and reported that
some demand-flow systems performed as well or better than
the continuous-flow system.

Synchronize d Int e rmit t e nt
Mand at ory Ve nt ilat ion

Op e rat ional Princip le s
Clinical concerns about the potential for breath-stacking stimu-
lated the development of synchronized intermittent mandatory
ventilation (SIMV), which allowed patient-triggered mandated
breaths. That is, like the A/C mode of ventilation, SIMV used
two trigger variables, usually pressure and time; if the patient
failed to trigger, an IMV breath was time triggered when the
rate clock reached zero. Operators established SIMV by set-
ting patient rate, VT, VI, flow waveform, and trigger sensitiv-
ity. Otherwise, as with IMV, the patient was free to breathe
spontaneously as desired.

Clinical Ap p licat ions
Proponents believed SIMV would eliminate breath-stacking,
promote patient–ventilator synchrony, and minimize cardio-
vascular effects. These benefits were not all easily substan-
tiated. Shapiro et al. (71) reported that mean intrapleural
pressure was substantially lower with SIMV than with IMV
in normal volunteers. Hasten et al. (72) compared SIMV and
IMV in 25 critically ill patients; they found that although PIP
was higher, blood pressure, cardiac output, stroke index, cen-
tral venous pressure, and pulmonary artery pressure did not
differ significantly. In a similar study, Heenan et al. (73) studied
anesthetized, near-drowned dogs ventilated with IMV or SIMV.
Again, no differences were noted with respect to cardiac out-
put, stroke volume, intrapleural pressure, and intrapulmonary
shunt. Mean airway pressure and PIP were significantly ele-
vated with IMV, and some breath-stacking occurred, but the
authors noted no adverse effects from these differences. Based
on these data, SIMV seems to offer little clinical advantage
compared to IMV with CPAP. There is a logical explanation
for these findings, however: spontaneously breathing critically
ill patients seldom inspire large spontaneous VT from CPAP
systems. In fact, the high-rate/low-VT breathing pattern is ex-
tremely common; indeed, a high breathing frequency (f) to VT
or f/VT ratios correlates well with extubation success (74). So,
IMV breath-stacking, when it does occur, is unlikely to result
in dangerously high spontaneous VT, PIP, or cardiovascular
interference.

Modern ventilators all incorporate SIMV, and in the United
States, SIMV with pressure support ventilation (PSV) is now
the preferred ventilatory mode (75). When combined with PSV,
synchronization is an absolute must. Unlike assisted or unas-
sisted spontaneous breaths taken from a CPAP system, PSV
breaths are frequently large—as large as or larger than the man-
dated VT; during SIMV with PSV, if a mandatory breath stacks
on to relatively large PSV breath, a very large and dangerous
VT would result.

Po t e nt ial Prob le ms
The two trigger variables used with SIMV cannot be pro-
grammed to function as flawlessly as during A/C ventilation.
For instance, if the SIMV rate is 8 breaths per minute, but the
patient is breathing spontaneously at a rate varying between
30 and 40 breaths per minute, exactly which of the 30 to 40
breaths should be selected for synchronization? If every fifth
breath is selected, and the breath rate is 40 breaths per minute,
the patient gets exactly 8 mandated breaths per minute; but
what happens if the spontaneous rate suddenly drops to 30
breaths per minute? To overcome this dilemma, ventilator logic
divides 60 seconds by the preset SIMV rate—in this case 60/8 =
7.5 seconds—and then opens a new timing window every 7.5
seconds. The ventilator is programmed to synchronize to the
first patient effort in each timing window . If the patient makes
no effort, the breath is delivered at the end of the window;
this results in the desired SIMV rate—at least most of the time.
Problems still occur, however. During apnea, a bizarre pattern
often results. Since the patient fails to make an effort, a man-
dated breath occurs at the very end of a timing window; the
next successive time window opens immediately, even before
the just-delivered mandated breath can be exhaled. Exhalation
therefore proceeds well into the next timing window. If at the
end of this exhalation, Paw falls a few cm H 2O below baseline
pressure, as often happens, the ventilator often mistakes this
pressure drop for the first patient effort in the timing window
and—delivers a second successive SIMV breath, a phenomenon
often referred to as autotriggering. The strange behavior does
not end there. Since the ventilator has already “synchronized”
to the first breath in the present timing window, and because
the patient is apneic, it will not trigger again until the next
successive timing window expires. A breathing pattern con-
sisting of two consecutive mandated breaths, followed by 15
seconds without a mandated breath, followed by two consec-
utive mandated breaths repeats over and over (Fig. 128.18).
Despite the bizarre appearance, the patient actually receives
the eight mandated breaths per minute, just not in the pattern
expected. Autotriggering is easily rectified by increasing trig-
ger sensitivity to a point just below the pressure drop noted
at end-exhalation. There is a caveat to this solution, however.
Increasing trigger sensitivity makes triggering more difficult.
Therefore, the operator must be sure to readjust the sensitivity
as soon as spontaneous breathing activity resumes.

Pre ssure Sup p ort Ve nt ilat ion

Op e rat ional Princip le s
Pressure support ventilation likely developed as a method to
counteract the additional WOB imposed by early, poorly de-
signed demand valves and demand-flow systems (28).

As demand systems improved, the WOB imposed by the
breathing apparatus approached zero; still, patients often
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FIGURE 128.18. Synchronized intermittent mandatory ventilation (SIMV) and autotriggering during
apnea. A: Too sensitive. An airway pressure curve demonstrating how trigger sensitivity set for normal
breathing may be too sensitive during apnea. SIMV modes are programmed to synchronize to the first
patient effort in each timing window. When no effort occurs, as during apnea, the ventilator must time
trigger at the end of the timing window. If sensitivity is set too low (1–2 cm H 2O), exhalation from the
previous breath may appear as the first effort in the next timing window and autotrigger a breath. This
scenario results in a bizarre breathing pattern: two breaths in succession, followed by a very long pause and
two breaths in succession; the pattern then repeats. Interestingly, this pattern delivers the preset breathing
rate, but not in the sequence expected. B: Increased sensitivity. An airway pressure curve of the same
apneic patient, except that trigger sensitivity is increased to a pressure lower than that occurring during
exhalation; this eliminates autotriggering and results in a more uniform pattern of ventilation.

struggled to overcome the WOB imposed by the ET (29,30).
Furthermore, increased Raw and/or reduced CRS increased pa-
tient physiologic WOB, often significantly (76). There were
plenty of reasons to continue using PSV.

Pressure support is an assisted spontaneous breathing mode;
it can be used alone or in conjunction with SIMV. It is patient
triggered, pressure controlled, and is generally flow cycled (at
25% –50% of peak VI). Patients receiving PSV control their
own breathing rate and exert some control over VT, peak VI,
and TI. Originally, operators preset only the desired PSV level in
cm H2O above the baseline pressure. PSV, however, generates
very high initial VI; on occasion, the flow was too high for
patient comfort (77). This shortcoming was corrected in the
latest generation of ventilators by adding a “rise time” control.
Clinicians use this control to adjust peak VI up or down to meet
patient needs.

Clinical Ap p licat ion
Pressure support has replaced CPAP as the spontaneous breath-
ing mode used during SIMV. PSV helps to reduce WOB by
partially unloading the respiratory muscles. Approaches to the
use of PSV vary; some advocate just enough PSV to zero-out
any additional WOB imposed by the breathing apparatus and
ET (25,27,29,78), whereas others try to neutralize both the
imposed WOB and some of the physiologic WOB—enough to
provide comfort and avoid fatigue. With backup modes for
safety, some use PSV as a stand-alone (79,80).

Pot e nt ial Prob le ms
Despite its promise, PSV may have created more problems
than it solved. If set too low, the patient continues to strug-
gle and may fatigue; set too high, the patient does essentially
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no work and is predisposed to disuse atrophy of the respiratory
muscles. Confounding matters are two unresolved problems:
first, no one has developed a noninvasive, easy-to-use, reliable
method for determining the proper PSV level; and second, pa-
tient demands vary considerably, and a single PSV level cannot
possibly meet every conceivable patient demand level. Stud-
ies suggest that if PSV levels are managed around the clock,
patients spend significantly less time receiving ventilatory
support (81).

Pre ssure -cont ro lle d Ve nt ilat ion

Op e rat ional Princip le s
As outlined in the classification section, in today’s ICU, virtually
all mechanical breaths are either volume or pressure controlled.
Pressure-controlled breaths can be used for CMV, A/C, man-
dated SIMV breaths, as well as for pressure-controlled inverse-
ratio ventilation (PC-IRV). Operators set the desired ventilator
rate, TI, target pressure (above baseline), and, for A/C or SIMV,
trigger sensitivity. After a PCV breath is triggered, flow and
pressure rise rapidly to the preset pressure; on reaching pres-
sure, flow decelerates as needed to maintain that pressure until
the preset TI elapses. For patient-triggered modes, the same
rise time control used for PSV adjusts the initial flow rate and
pressure rise in PCV; on occasion, an appropriate adjustment
of the rise time control significantly enhances patient comfort.
For those acutely ill with ARDS, PC-IRV is sometimes applied.
Using PC-IRV, however, requires sedation and sometimes neu-
romuscular blockade; awake and alert patients seldom tolerate
the extended TI intervals—with I:E ratios up to 4:1—used dur-
ing PC-IRV without “fighting” the ventilator.

Clinical Ap p licat ions
Clinicians opt for PCV instead of VCV for three reasons or
some combination thereof: (i) to provide higher initial and av-
erage VI for patients breathing spontaneously during mechani-
cal breaths; (ii) to control PIP and limit the possibility of VILI;
and/or (iii) to use PC-IRV. Although several studies report im-
provements in oxygenation at lower PIP using PC-IRV with in-
fants (82,83), its use in adults (84,85) remains limited. Clearly,
PC-IRV elevates mean Paw, which in turn raises FRC. Propo-
nents of PC-IRV, however, claimed similar improvements in
oxygenation to those seen using VCV but at much lower CPAP
or PEEP levels. Using PCV as a method to control PIP and mini-
mize the risk of VILI is an interesting approach. However, if the
culprit in VILI is the end-inspiratory lung volume and not the
PIP, then the approach is terribly flawed. That is, during PCV,
the patient is free to interact with the ventilator. If the patient
inhales deeply during any pressure-controlled breath, the resul-
tant spontaneous VT may be quite large. Thus, while PCV may
control Paw precisely, it fails to limit VT to a safe level. Along
the same lines, using PCV to provide higher peak and average
VI makes sense only if the attending clinician is comfortable
with the potential for a large range in spontaneous VT.

Pot e nt ial Prob le ms
The defining characteristics of PCV are high peak VI, deceler-
ating flow waveform, and no control over VT. At one extreme,
PCV continues to control pressure even if the ET occludes and
VT drops to zero; at the other extreme, a vigorous patient

effort often produces very large spontaneous VT, especially
when compared to the VT delivered with no effort. Clinicians
using PCV must carefully set high and low VT and minute ven-
tilation alarms to avoid these problems, as well as keep a close
eye on ventilator graphics, if available. Often, these problems
are visually apparent well before adverse responses.

For a time, PC-IRV was popular; this was, in part, due
to claims that the mode increased oxygenation and reduced
PIP without using high PEEP or CPAP. In retrospect, these au-
thors were probably mistaken. Two editorials questioned these
claims by suggesting that the benefits seen with PC-IRV were
due to PEEP—that is, undetected auto-PEEP (86,87). Auto-
PEEP results from incomplete exhalation; gas volume trapped
in the lungs from the proceeding breath exerts an elastic pres-
sure similar to PEEP or CPAP—thus the name auto-PEEP. Gas
trapping results for two primary reasons: incomplete time for
exhalation or premature airway collapse. Inverse ratios, as used
in PC-IRV, reduce exhalation time, often significantly; hence
PC-IRV predisposes to air trapping or auto-PEEP. Furthermore.
during normal exhalation, auto-PEEP exists only in the lungs,
not in the breathing circuit, making it difficult to detect; for this
reason, some have even called it occult-PEEP (88). Auto-PEEP
can, however, be estimated at the bedside, if one suspects its
existence (88). A patient’s total PEEP must take into consider-
ation auto-PEEP:

total PEEP = applied PEEP + auto-PEEP [3]

Once this concept was understood, clinicians began routinely
monitoring for auto-PEEP. Of note, interest in PC-IRV waned
almost concomitantly, providing strong circumstantial evi-
dence that auto-PEEP was indeed responsible, in part, for PC-
IRV’s initial success in adults. Today’s mechanical ventilators
measure auto-PEEP “on request,” assuming the patient makes
no effort to breathe during the measurement.

SPONTANEOUS BREATHING

CPAP and Sp ont ane ous PEEP

Op e rat ional Princip le s
Given the improvements in oxygenation, VA/Q, CRS, and WOB
attributed to using PEEP or CPAP during mechanical ventila-
tion (14–16,68,89), it seems logical to use them as stand-alone
modes. With CPAP, both inspiratory and expiratory pressures
remain positive. As a practical matter, the inspiratory pressures
are lower than expiratory during CPAP. This occurs for three
reasons: (i) during inspiration, the removal of gas from the
continuous flow by the patient causes pressure to fall; (ii) trig-
gering a demand CPAP system generally requires that pressure
fall; (iii) the CPAP system cannot meet the patient’s inspiratory
flow demands. By definition, spontaneous PEEP requires that
the patient reduce Paw to zero or less during the inspiratory
phase; Paw returns to the PEEP level during exhalation. Spon-
taneous PEEP differs from CPAP in that the large pressure fluc-
tuations during inspiration impose a significantly greater WOB
on the patient (90) (Fig. 128.19). When tolerated, however, the
same large pressure swings improve venous return and cardiac
output (91). Conversely, CPAP reduces patient WOB, but at
the expense of cardiac output.
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FIGURE 128.19. Work imposed by spontaneous continuous positive airway pressure (CPAP) or positive
end-expiratory pressure (PEEP) breathing systems. The inspiratory work of breathing (WOBI) encountered
by patients breathing spontaneously is affected by the type of breathing system. Additional workloads
imposed on spontaneously breathing patients are determined by measuring the area under the curve
obtained by plotting airway pressure (Paw) versus volume (VT) loops taken at the proximal airway (i.e.,
at the endotracheal tube opening). End-expiratory pressure is 10 cm H 2O, while the simulated patient
effort is identical for both systems. The additional WOBI (cross-hatched areas) is computed from the area
within the Paw/VT loop while Paw remains below the starting point (10 cm H 2O). With the CPAP system,
Paw initially falls to 7 cm H 2O (during triggering) but quickly returns to 9 cm H2O for the remainder
of inspiration; with the spontaneous PEEP system, the same patient effort initially reduces Paw to − 2 cm
H2O, but it quickly returns to 0 cm H 2O. The computed WOBI for the CPAP system is approximately
0.1 joules (J) and for the PEEP system 0.48 J, an increase of 480% . The expiratory work of breathing
(WOBE) is generally a nonfactor; the energy required to exhale is provided by the energy released as
patients’ highly elastic lungs, which were stretched during inflation, recoil to their resting position (like
releasing a just-inflated party balloon).

Years ago, most CPAP and PEEP devices were “home-
made”—there were no commercially available systems. Mod-
ern ventilators easily provide either spontaneous PEEP or CPAP
and have obviated the need for homemade systems, particularly
in the ICU setting. Using a ventilator to provide spontaneous
PEEP or CPAP has distinct advantages; if the patient deterio-
rates, the ventilator is already on hand. Furthermore, modern
ventilators often incorporate backup modes that automatically
begin ventilating patients following any predefined. For exam-
ple, a 15- to 60-second period of apnea.

The optimum level of PEEP or CPAP can be difficult to deter-
mine. For this reason, clinicians often start with a conservative
level and then titrate based upon quantitative criteria such as
serial blood gases (92,93), oximetry (94), computers (95), or
even conjunctival oximetry (96).

Clinical Ap p licat ions
The rationale for applying spontaneous PEEP or CPAP is the
same, of whether they are used with or without mechanical
ventilation: both techniques improve oxygenation, VA/Q, CRS,
FRC, and WOB. Furthermore, CPAP/PEEP prevents airway
collapse during exhalation and reduces the potential for low-
volume lung injury.

Pot e nt ial Prob le ms
Both spontaneous PEEP and CPAP impose an additional work-
load on the patient’s respiratory muscles. Of the two, there is no
argument that spontaneous PEEP imposes a far greater work-
load. However, even a “perfect” CPAP system—one that allows
little or no pressure deflection during inhalation—still does not
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eliminate the additional WOB imposed by the patient’s ET. If
an ET is too small, kinks, or becomes partially occluded, the
patient’s WOB may be intolerable, even with the best CPAP
system.

Consider the following example:
Suppose a patient’s ET imposes a flow resistance of 10 cm

H 2O/L/second, CPAP is set at 10 cm H 2O, which drops to 8
cm H 2O at midinspiration, and peak VI measures 60 L/minute;
pressure at the carinal end of the ET at midinspiration is as
follows:

pressure (at the carina)
= CPAP − (resistance at VI + pressure drop)
= 10 − (10 + 2)
= − 2 cm H 2O

What is defined as CPAP in the breathing circuit is actually
spontaneous PEEP at the carinal end of the ET. In this situation,
maintaining CPAP at the carinal end of the ET requires an
airway pressure of ≥ 20 cm H 2O; in this situation, a PSV setting
of 10 cm H 2O would neutralize most of the WOB imposed by
the ET. It also demonstrates why PSV has virtually replaced
CPAP in the ICU setting.

Spontaneous CPAP, especially at high levels, may hyperin-
flate the lungs, elevate VD/VT, and depress cardiac output. Clin-
icians using CPAP must remain vigilant, for as patients improve
so too does their CRS, thereby elevating the risk for these side
effects.

Airway Pre ssure Re le ase Ve nt ilat ion

Op e rat ional Princip le s
Unlike conventional mechanical ventilation, airway pressure
release ventilation (APRV) establishes an elevated baseline
pressure—or CPAP level—ostensibly to restore FRC; tidal ven-
tilation occurs by decreasing, or releasing, the CPAP. APRV
allows unrestricted spontaneous breathing at all times, even
during releases. Interestingly, with conventional ventilation, a
higher breathing rate means a higher mean Paw, which, in turn,
reduces venous return and cardiac output; with APRV, how-
ever, a higher breathing rate actually lowers the mean Paw. As
a result, APRV has far less influence on cardiovascular param-
eters than a comparable level of CPAP.

During the process of initiating APRV, the operator presets
the desired CPAP level, number of releases/minute (or breath
rate), release time, and release pressure. Although it is possible
to set VT during APRV, it is a difficult trial-and-error process.
VT is limited by the CPAP level, release pressure, release time,
and patient CRS. For example, suppose a patient’s CPAP level
is set at 10 cm H 2O, CRS is 50 mL/cm H 2O, and the release
pressure is set to 0 cm H 2O. The maximum VT for this patient
is (assuming complete exhalation) as follows:

VT = change in pressure × CRS

= (10 − 0) cm H 2O × 50 mL/ cm H 2O
= 500 mL [4]

Release volume or VT also varies with release time; we get the
maximum VT only if release time is long enough for the lungs to
completely empty. On many occasions, however, oxygenation
deteriorates when using a release pressure of zero. When this
happens, raising the release pressure will restore oxygenation

(97), but unless the CPAP level is raised concomitantly, VT will
fall. When switching from conventional mechanical ventilation
to APRV, some suggest an adequate VT results by setting CPAP
at 1.5 to 2 times that required during conventional ventilation
(98,99).

Clinical Ap p licat ions
Proponents believe APRV should minimize barotrauma be-
cause PIP never surpasses the CPAP level and maximum
lung volume never exceeds the restored FRC. In addition,
APRV lowers physiologic VD and improves oxygenation
(97,100,101). If these assertions are proven accurate, APRV
might be used in place of conventional ventilation for virtually
any and all patients.

A variant of APRV, called intermittent CPAP, has recently
been used during general anesthesia. Bratzke et al. (102) studied
surgical patients, exposing them to alternating trials of APRV
and CMV. During APRV, patients required less ventilation to
produce a PaCO 2 comparable to that during CMV; this find-
ing represents a significant reduction in VD and an improved
efficiency of ventilation. They also reported that, compared to
CMV, APRV improves the accuracy of using the end-tidal par-
tial pressure of CO 2 (PETCO 2) as a monitor of PaCO 2.

Pot e nt ial Prob le ms
There is a potential flaw in the potential for APRV to minimize
barotrauma. That is, APRV as described and studied does not
necessarily eliminate the risk for low-volume lung injury (4–
7). If avoiding VILI requires that all tidal ventilation take place
between the lower and upper inflection points, as some now
believe (19), then APRV will fail to protect patients, especially
if release pressures of 0 to 6 cm H 2O are used as reported
(97,100,101). On the other hand, given that the volumetric
distance between the lower and upper inflection point is of-
ten small and that APRV maintains the same PaCO 2 levels
as CMV with less ventilation, APRV may well offer the best
lung-protective ventilatory strategy available. This assumes, of
course, that the CPAP level is set to a pressure below the upper
inflection point and the release level to a pressure above the
lower inflection point (19).

SPECIAL TECHNIQ UES

Pre ssure -t arg e t e d Volume Ve nt ilat ion

Op e rat ional Princip le s
For years, the Food and Drug Administration (FDA) resisted
approving any sort of “smart” ventilator setting. Pressure-
targeted volume ventilation, pressure-regulated volume con-
trol (PRVC), or volume ventilation plus represent a distinct
departure from that stance; this mode is far more automated
than any before it. To initiate the mode, the operator presets
a ventilator rate, VT, TI, and trigger sensitivity (if patient trig-
gering is desired). On connecting the patient, the ventilator
performs up to three test breaths. Test breaths are, as a rule,
square flow pattern, volume-controlled breaths with a short
end-inspiratory pause. Assuming one of the test breaths is
not disturbed by patient attempts to breathe, the ventilator
determines the patient’s CRS (Fig. 128.13 and Table 128.3).
Once VT and CRS are known, the ventilator rearranges and
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solves equation 4:

Pressure change (target) = VT/ CRS

Having determined the target pressure, the ventilator switches
from the test breath protocol into what amounts to a smart
PCV. For safety reasons, the ventilator begins PRVC using a
pressure substantially below that calculated (above). The ven-
tilator “watches” the exhaled VT and gradually, over the next
five to ten mechanical breaths, ramps up its pressure until the
exhaled VT equals that requested. At this point, the operator
must thoughtfully set the ventilator’s high Paw limit based on the
current target pressure and the maximum Paw deemed safe for
the patient. This setting is crucial because PRVC is not limited
to the initial or starting target pressure. In fact, PRVC changes
target pressure as often as required, within limits, to maintain
an exhaled VT equal to that requested. If, for instance, patient
CRS suddenly deteriorates, VT also falls in direct proportion and
concomitantly. The ventilator immediately detects the reduced
exhaled VT and increases target pressure at a rate of 2 or 3
cm H 2O per breath. Target pressure continues to increase with
each breath until either exhaled VT is restored or target pres-
sure reaches a value no greater than the high Paw limit minus 2
to 3 cm H 2O. The same but opposite response occurs should
CRS improve and VT increase; that is, target pressure is reduced
by 2 or 3 cm H2O until the exhaled VT is re-established, but
target pressure can go no lower than baseline pressure (PEEP
or CPAP level, if applicable) plus 3 cm H2O.

Clinical Ap p licat ions
In theory, PRVC combines the best aspects of both VCV and
PCV: consistent VT, delivered at lower PIP with high initial
peak VI. Some clinicians will consider using this mode for its
ability to deliver the same VT at lower PIP. There is no doubt
this strategy works to lower PIP, but the same VT produces
the same ERP, regardless of how that volume is forced into
the lungs (Fig. 128.14). This explains why, in two carefully
controlled studies comparing PRVC to VCV, the researchers
found significantly lower PIPs but were unable to detect any
difference in outcome (103,104).

Others might consider using PRVC for its ability to provide
high initial peak VI, reduce WOB, and better synchronize with
spontaneously active patients. Kallet et al. (53) looked at this
issue during lung-protective ventilation, and concluded that
PCV and PRVC offer no advantage in reducing WOB when
compared to VCV with a high preset VI.

Po t e nt ial Prob le ms
Conceptually, PRVC appears inherently safer than traditional
PCV because it automatically maintains the preset VT. Never-
theless, if the operator does not carefully set the high Paw limit,
PRVC may produce unexpected and dangerous changes. For
instance, imagine a patient supported by PRVC with a VT of
500 mL and a target pressure of 25 cm H 2O; the operator sets a
high Paw limit of 50 cm H 2O. Suppose this patient develops an
acute tension pneumothorax and the affected lung collapses.
The patient’s apparent CRS would suddenly be reduced by one
half or more. If the mode were traditional PCV, VT would be
reduced to the same extent, thereby leaving the contralateral
lung inflated by essentially the same VT as prior to the pneu-
mothorax. In contrast, VT would also be initially reduced with
PRVC, but almost immediately, PRVC would begin increas-
ing the target pressure at 3 cm H 2O per breath in an effort to

re-establish the preset exhaled volume. If the desired VT was
re-established by 47 cm H 2O (high Paw limit minus 3 cm H 2O),
then the entire initial VT for both lungs is forced into the re-
maining good lung, risking hyperinflation and damage to this
lung as well.

Prop ort ional Assist Ve nt ilat ion (PAV)

Op e rat ional Princip le s
As explained, PSV unloads potentially fatiguing workloads
from spontaneously breathing patients. Unfortunately, it is dif-
ficult to determine the needed level of PSV, and PCV does not
accommodate changes in patient breathing pattern. As a conse-
quence, PSV either oversupports or undersupports the patient
most of the time. Ideally, we need a variable support mode that
automatically raises or lowers its response to maintain the same
level of support, regardless of patient effort. Younes proposed
such a mode, which he named proportional assist ventilation
(PAV) (105,106). This mode relies on what is referred to as the
equation of motion of the respiratory system, which states:

Paw = VT/ CRS + VI × Raw [5]

If CRS and Raw are known and the ventilator measures VT and
VI instantaneously, as it provides them, the work required—
measured as pressure—can easily be computed, regardless of
effort level; recall that work is defined as the integral of Paw with
respect to time. If the ventilator also knows the ET size and flow
resistance, stored in ROM, the ventilator can compute nearly
the total WOB, although this approach cannot determine the
work needed to inflate the chest wall. Estimating patient WOB
in real time, throughout each and every breath, allows the ven-
tilator to unload any quantifiable amount or percentage of that
WOB; in fact, most PAV systems are preset to unload a specific
percentage of the total WOB provided by the ventilator. For
instance, if PAV was preset for 50% , the ventilator would mea-
sure the work being performed and provide exactly half of it.
By measuring VI and VT, many times within each breath, PAV
provides 50% of the work generated, regardless of how much
or little effort the patient expends.

Assuming PAV works as theorized, it should meet a patient’s
varying needs by proportionally altering its response, a feature
PSV cannot match. Nevertheless, PAV brings us no closer to a
quantifiable and reliable method for determining an appropri-
ate level of support; that is, we do not know what percentage of
the total WOB the patient can tolerate. Manufacturers recom-
mend starting PAV at a high percentage and gradually tapering
down as the patient improves; the statement simply states the
obvious and applies equally well to PSV.

Clinical Ap p licat ions
If PAV proves effective, clinicians should use it in any instance
when they would previously have used PSV. So far, PAV remains
unproven and controversial. Giannouli et al. (107) compared
different levels of PSV and PAV; they reported that PAV seemed
more synchronous, but the differences had no effect on gas ex-
change or spontaneous breathing rate. Hart et al. (108) com-
pared PAV to PSV in patients with neuromuscular and chest
wall deformity and concluded that both modes produced sim-
ilar improvements. Finally, Passam et al. (109) compared dif-
ferent levels of PSV and PAV on breathing pattern, WOB, and
gas exchange in mechanically ventilated, hypercapnic COPD
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patients. They concluded that in COPD, although both PAV
and PSV produced similar improvements in blood gases, higher
levels of PSV often resulted in spontaneous efforts that failed to
trigger breaths, whereas under similar circumstances, PAV de-
veloped the “runaway” phenomenon. Runaway occurs when,
during PAV, the ventilator begins to trigger on and cycle off at
rates much higher than the patient’s actual spontaneous breath-
ing frequency. Finally, another group reported that PAV was
not superior to PSV in unloading the respiratory muscles fol-
lowing artificially increased ventilatory demand (110). These
failures have caused some to question whether PAV represents
any improvement over PSV (111,112).

Pot e nt ial Prob le ms
Based on existing research, patients respond very differently
PAV than PSV; yet, the end results so far appear similar. To
date, we have over 20 years of clinical experience using PSV.
It makes little sense switching to PAV without a compelling
reason to do so, especially if PAV is going to affect patients
differently and in ways we may not yet understand. One of
those differences involves the previously mentioned runaway,
which results when the pressure provided by PAV exceeds the
patient’s elastance (inverse of CRS) and Raw, and persists into the
exhalation phase. The physiologic problems that might result
during runaway PAV remain to be thoroughly understood and
unexplained.

TRANSPORT VENTILATION

Aut omat ic or Manual Ve nt ilat ion

Ventilation during transport is still often supported using a self-
inflating bag (e.g., the Ambu device), a flow-inflating (Maple-

son) system, or oxygen-powered breathing devices (Elder de-
mand valve or similar device). This is indeed surprising in an
era dominated by evidence-based medicine. The use of bags
and valves, even in the most skilled hands, results in significant
breath-to-breath differences in VT, respiratory rate, minute
ventilation, PIP and, in some cases, inspired fraction of oxy-
gen (FIO 2). These differences, acting alone or in combination,
may disrupt arterial blood gases at the end of even a short in-
trahospital transport (113–116). Furthermore, bags and valves
may not deliver an effective level of PEEP/CPAP and can make
spontaneous breathing difficult. A portable ventilator with the
proper capabilities is clearly a better choice.

Imp ort ant Fe at ure s for
Transp ort Ve nt ilat ion

Typical ICU-type mechanical ventilators are too large, cumber-
some, and fragile to use for transports. Repairing a $30,000
ICU ventilator unintentionally tipped over or dropped during
a rushed transport could easily cost as much or more than
the purchase price of a new transport ventilator. Ruggedness
is one of the more important, but often overlooked, charac-
teristics desired in a transport ventilator (Table 128.4). Most
practitioners opt for units that are electrically powered, with
battery backup; nevertheless, an ideal unit would also work
when powered only by compressed air or oxygen. Several hos-
pitals in Hurricane Katrina’s wake lost electric power for days
following the storm. Absolutely nothing electric worked and
batteries were all dead in a few hours; yet they had plenty
of oxygen. Without properly equipped, pneumatically pow-
ered ventilators, however, these physicians and nurses simply
could not adequately ventilate their sickest patients (39). Un-
fortunately, there are no currently manufactured transport or

TA BLE 1 2 8 . 4

DESIRABLE CHARACTERISTICS FOR TRANSPORT VENTILATORS

Adult/pediatric use (> 5 kg or 11 lb)
Transportable, rugged (< 15 lb) and easily stored
Power source (pneumatic/electric with battery backup)
Battery life a minimum of 3 hrs
Nonproprietary, single use, universal breathing circuit
NBC filter–compliant (for use in nuclear, biologic, or chemically hazardous environments)
VT (50–3,000 mL)
Rate (spontaneous—100 breaths/min)
FIO 2 (adjustable at least between 0.6 and 1.0, preferably between 0.21 and 1.0)
PEEP/CPAP (0–20 cm H 2O)
Trigger sensitivity (< 5 cm H 2O, regardless of CPAP level)
Inspiratory time (adjustable to 3.0 sec)
Breath types: Volume control (VC) and/or pressure control (PC), spontaneous continuous

positive airway pressure (CPAP)
Alarms (audible and visual) should include:

Low pressure/disconnect
High pressure (3–75 cm H2O)
Loss of power (pneumatic or electric)
Battery low (if applicable)
Vent-inop
Alarm silence (≥ 60 sec)

PEEP, positive end-expiratory pressure.
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emergency ventilators that are powered either electrically or
pneumatically. It seems only reasonable that disaster prepared-
ness teams consider having at least a few pneumatic transport
ventilators available; at present, with certain exceptions, this
does not seem to be the case.

Sp ont ane ous Bre at hing d uring Transp ort

Disaster preparedness for mass casualty scenarios or avian flu
outbreaks has taken the country by storm. To meet the demand,
many companies are either modifying existing ventilators for
emergency use or are bringing new products to market. Cur-
rently, dozens of brands of transport and emergency ventilators
are available; this makes the selection process truly difficult at
best.

Perhaps a transport ventilator’s spontaneous breathing ca-
pabilities provide us with a useful metric. Clearly, the act
of spontaneous breathing reduces VD (51,52,117,118). True
spontaneous breathing, however, dramatically improves virtu-
ally every parameter associated with VA/Q matching. Putensen
et al. (117) compared APRV, which allows unrestricted spon-
taneous breathing, to PSV, which provides pressure assistance
during each spontaneous breath. The APRV group demon-
strated improved VA/Q matching, venous return, right ven-
tricular end-diastolic filling, stroke index, PaO 2, O 2 delivery,
and mixed venous oxygen content when compared to PSV. In
addition, APRV reduced VD, intrapulmonary shunting, pul-
monary vascular resistance, and O 2 extraction when compared
to PSV (117). Given the compelling strength of the data, it is
surprising so few clinicians consider the idea of spontaneous
breathing during transport. Perhaps this oversight developed
because so few transport ventilators allow effortless sponta-
neous breathing. Some might argue that patients do not really
need to breathe spontaneously during a 10-minute transport.
On the other hand, heavy sedation, paralysis, and CMV really
do not appear to be in the best interest of potential avian flu
victims.

The vast majority of true emergency or transport ventilators
simply do not facilitate spontaneous breathing. Making mat-
ters worse, many use optional PEEP valves that attach to the
exhalation valve, and demand valves that trigger at subambient
pressure; these greatly magnify patient WOB as compared to
CPAP, often requiring a herculean effort to trigger and maintain
flow during spontaneous breaths (Fig. 128.19). To circumvent
these issues, clinicians take one of several approaches: heavily
sedate or even paralyze patients they plan to transport, thus
allowing the use of CMV; or moderately sedate patients, al-
lowing them to use the A/C mode of ventilation with minimal
patient interaction.

For those wishing to avoid sedatives and paralytic agents,
the transport ventilator needed is one that allows unim-
peded, extremely low WOB spontaneous breathing. The pNeu-
ton ventilator (Airon Corporation) is pneumatic and claims
spontaneous WOB comparable to that of an ICU ventilator;
unfortunately, this claim has not been scientifically validated.
Without scientific data, testing ventilators with actual breath-
ing will often expose a system’s strengths and weaknesses in
terms of its spontaneous breathing claims. Considering the po-
tential benefit to patients allowed to spontaneously breathe
during transport, it is surprising there are so few scientific stud-
ies thoroughly examining WOB as it applies to transport ven-

tilators. Furthermore, the studies done so far are now dated;
that is, they do not include many of today’s newer and more
popular models. For example, one study found the LTV 1000
(Pulmonetics) consistently produced WOB values comparable
to those of critical care ventilators (117). The LTV 1000 has
two distinct drawbacks as a transport ventilator. First, it will
not tolerate the many “crash landings” most transport venti-
lators must endure. Second, the LTV 1000 uses a very precise,
high-speed turbine compressor. When used in a dehumidified,
heated, and air-conditioned environment like a hospital, the
LTV 1000 will likely work for many hours without incident.
On the other hand, if the LTV 1000 is even briefly exposed to
the heat and humidity often found outdoors and is then moved
back indoors, a potential exists for condensation to develop on
the turbine’s bearings. If this occurs, the lifespan of the turbine
can be dramatically shortened.

SIDE EFFECTS AND
COMPLICATIONS

Sp ont ane ous Bre at hing

An understanding of the effects of any form of positive airway
pressure requires a working knowledge of the physiology that
drives spontaneous breathing. Normal spontaneous inspiration
at ambient pressure involves contraction of the diaphragm.
As the diaphragm contracts, a pressure gradient develops be-
tween the pleural space and the mouth; in response, air rushes
from the mouth into the lungs. During expiration, the di-
aphragm relaxes, the gradient reverses, and the gas leaves the
lungs.

He mod ynamics
Return of venous blood to the heart is dependent on the pres-
sure gradient between the peripheral vasculature and the right
atrium. If mean pressure rises or right atrial pressure (RAP)
falls, venous return increases. Conversely, a fall in mean pres-
sure or a rise in RAP decreases venous return. Because output
of the right ventricle is dependent on the venous return factors
that alter mean pressure and RAP also affect cardiac output
(119).

Int rap le ural Pre ssure Chang e s

A decrease in intrapleural pressure during inhalation is asso-
ciated with a similar decrease in RAP which enhances venous
return. During exhalation, intrapleural pressure increases and
venous return falls; these fluctuations are familiar to anyone
who has viewed a recording of central venous pressure in a
spontaneously breathing patient.

Ve nt ricular Int e rd e p e nd e nce

Because the right and left ventricles are surrounded by the
pericardium, volume changes in one chamber affect the other.
An increase in right ventricular volume during inspiration
pushes the interventricular septum toward the left (posteriorly),
thereby increasing left ventricular pressure; this in turn reduces



1934 Sect ion XIII: Resp iratory Disorders

left ventricular filling and changes the spatial configuration and
compliance of the left ventricle.

Le ft Ve nt ricular Aft e rload

The decrease in intrapleural pressure is also transmitted to the
left ventricle. At the peak of spontaneous inspiration (lowest
intrapleural pressure), the left ventricular end-diastolic pres-
sure is reduced correspondingly. In contrast, the pressure that
must be developed by the ventricle to perfuse the systemic ves-
sels outside the thoracic cavity remains the same. Because the
ventricle is initiating contraction from a lower baseline pres-
sure, however, the gradient of pressure that must be generated
is increased.

The increment in necessary wall tension represents an in-
crease of the left ventricular afterload and may be tolerated
poorly by patients with ischemic heart disease and compro-
mised ventricular function. Spontaneous breathing with PEEP,
which requires greater decrements in airway pressure and pleu-
ral pressures for gas to flow, predisposes to this chain of events.
Conversely, a properly functioning CPAP system, which re-
quires minimal deflections in airway and intrapleural pressures,
minimizes such changes.

Pulmonary Vascular Chang e s

Expansion of the lungs also affects hemodynamic function.
Alveolar vessels are compressed and elongated while pressure
and alveolar volume increase. Extra-alveolar vessels, however,
are opened by traction of lung inflation, with a consequent
decrease in their resistance. When the alveolar vessels are en-
gorged, inspiration decreases net pulmonary blood volume,
and pulmonary venous return to the left ventricle may rise.
Conversely, when alveolar vessels contain less blood, sponta-
neous inspiration changes alveolar blood volume very little, but
a net increase in pulmonary blood volume and a concomitant
decrease in pulmonary venous flow to the left ventricle occurs.

Sp ont ane ous PEEP and CPAP

Common hemodynamic alterations seen during spontaneous
PEEP or CPAP involve five major areas:

1. Decreased venous return: Most studies confirm increased
intrapleural pressures, secondary to the increased mean air-
way pressures used by these modalities. This reduces the
mean pressure/RAP gradient, which in turn reduces venous
return. The heart has less blood to pump and output falls.

2. Decreased right ventricular function: Acute respiratory fail-
ure and PEEP/CPAP may, in some circumstances, increase
pulmonary vascular resistance. Conceivably, the right ven-
tricle might fail under these conditions; yet, this is probably
not a major direct cause of positive pressure–induced car-
diovascular insufficiency.

3. Decreased left ventricular function: Left ventricular dys-
function can result from increased mean airway pressures,
but the changes are most likely the result of right ventricular
dilatation and encroachment. Some investigators question
this hypothesis, however. Prewitt and Wood (120) suggest
that in selected instances (for example, high PEEP), 50% of

the reduction in cardiac output results from left ventricular
failure. Clearly, the mechanisms are complex and incom-
pletely understood.

4. N eural and humoral depression: In canine cross-circulation
studies, PEEP applied to one dog’s lungs resulted in a re-
duction in cardiac output in both animals (121). The nature
and composition of the depressant substance or substances
is unknown.

5. Reduction of endocardial blood flow : It has been suggested
that an increased mean airway pressure may act to impede
coronary arterial blood flow (122). Such a decrease has been
demonstrated experimentally during the use of PEEP.

Most studies show that spontaneous PEEP does not affect
circulatory function adversely, as long as patients are not hypo-
volemic. These observations, oddly, are diametrically opposed
to those expected during normal breathing. This phenomenon
is best explained by the fact that PEEP is not generally used
on normal lungs; when it is, FRC is raised above normal, of-
ten significantly. With more volume in the lungs, even during
exhalation, venous return may be compromised. When either
PEEP or CPAP is used therapeutically, however, patients in-
variably have reduced compliance and a significantly reduced
FRC. Collapsed and underventilated alveoli produce hypoxic
vasoconstriction in the affected areas; this often markedly in-
creases pulmonary vascular resistance and abnormal loading of
the right ventricle. As end-expiratory pressure is raised, FRC
increases back toward normal, and underventilated alveoli re-
expand; this releases some of the hypoxic vasoconstriction, and
unloading of the right ventricle may occur.

Sturgeon et al. (91) reported the effects of 15 cm H 2O spon-
taneous CPAP, 15 cm H 2O spontaneous PEEP, and zero pres-
sure on a group of patients following coronary artery bypass
grafting. When receiving spontaneous PEEP, this group’s car-
diac output was 1 L/minute more when compared to spon-
taneous PEEP or zero pressure. The authors suggested that
the very large intrapleural pressure drops of > 15 cm H 2O—
required to breathe from 15 cm H 2O PEEP—resulted in a sub-
stantially greater venous return. Also, as pleural pressure in-
creased back to the 15 cm H2O baseline during exhalation, the
associated and likely pericardial compression may have aided
ventricular ejection.

Large intrapleural pressure fluctuations are not always ben-
eficial, and could easily overfill the right ventricle, resulting
in an elevated left ventricular afterload. It is quite possible a
worst case scenario could involve a patient with severe coro-
nary artery disease and left ventricular failure, managed using
a high level of spontaneous PEEP. The resultant increase in
the left ventricular afterload on an already failing myocardium
would predispose to a dramatic and potentially dangerous fall
in systemic cardiac output, as well as acute pulmonary edema.
Substituting a properly functioning spontaneous CPAP system
with a minimal trigger sensitivity would, all other things being
equal, unload the left ventricle by decreasing the preloading of
the right ventricle.

Me chanical Ve nt ilat ion

He mod ynamics
Falling Pressures. As a rule, any form of positive pres-
sure breathing will reduce venous return and decrease right
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ventricular preload; with normal lungs, the effect is pro-
nounced. Even modest increases in airway pressure will elevate
the FRC well above normal; an increased intrapleural pres-
sure from the overexpanded lungs presses the pericardium and
compresses the heart. These conditions make interpreting fill-
ing pressures a challenge, as the central venous pressure (CVP)
and pulmonary artery occlusion pressure may be elevated while
ventricular stroke volumes are actually decreased.

Ventricular Function. As stated, the elevated airway pressures
associated with positive pressure breathing increase the right
ventricular afterload and, in turn, decrease venous inflow to the
right heart. At the same time, transmural aortic pressure, left
ventricular afterload, and end-systolic left ventricular volume
fall. The reduced output volume is easily restored by intravas-
cular volume expansion—enough to counteract some or all
of airway pressure on venous return. If, after re-expansion of
intravascular volume, the source of elevated airway pressure—
i.e., ventilator or PEEP/CPAP system—is suddenly removed, a
venous return surge that may be well beyond the initial baseline
predisposes the patient to acute pulmonary edema (123); this
complication is especially likely if the patient’s left ventricle is
compromised.

Robotham et al. (124) summarized the known and pos-
tulated effects of positive pressure inflation of the lungs on
cardiopulmonary function; most of these have already been re-
viewed. They concluded that mechanical ventilation may act
as a (relatively) noninvasive cardiac assist device and deserves
further evaluation as such.

IMV/SIMV/CPAP. The hemodynamic effects of spontaneous
breathing, with or without CPAP, and those secondary to posi-
tive pressure ventilation become complicated when combined,
as during IMV/SIMV with CPAP. The cumulative effect likely
depends on the relative contributions of spontaneous versus
mandated breaths, as well as the absolute values of the inspi-
ratory and expiratory pressures, VT, baseline cardiovascular
status, intravascular volume, and so forth. Ventilator perfor-
mance also plays an important role, especially during sponta-
neous breathing.

A difficult-to-trigger CPAP system, or a poorly designed and
slow-to-respond demand-flow valve, often requires major in-
spiratory efforts by the patient. These factors were the primary
reason many early trials of IMV failed; that is, patients were
simply fatigued to the point of failure by work imposed by the
system—not by the technique.

Baro t rauma and Ve nt ilat or-Ind uce d Lung Injury
For many years, the concept of pulmonary barotrauma was
limited to extra-alveolar air leaks. It is now abundantly clear
that human lungs can be damaged internally by the ventila-
tor with or without air leaks; this type of damage is known
as ventilator-associated lung injury (VALI) and is reviewed in
depth elsewhere (see Chapter 138).

Extra-alveolar Air Leaks. All forms of mechanical ventilation,
whether by virtue of positive or negative pressure, rhythmically
drive air in and out of the lungs. As outlined, mechanical venti-
lation disrupts normal hemodynamics, alters VA/Q ratios, and
occasionally damages the lungs. Pulmonary barotrauma (PBT)
represents the classic form of VILI. Pulmonary barotrauma
includes pneumothorax, pneumomediastinum, pneumoperi-

cardium, pneumoperitoneum, pneumoretroperitoneum, sub-
cutaneous air, and air embolization—either venous or arterial.
Interestingly, none of these conditions actually describe lung in-
jury. Rather, each of these represents a form of extra-alveolar
air; each occurs after the lung fabric is torn and an air leak
follows. Air leaks occur following a tear in the fabric of lung
parenchyma. If the tear involves the visceral pleura, a pneu-
mothorax often results as the air quickly moves into the pleu-
ral space, which the pressure is negative relative to alveolar
pressure most of the time. Tension pneumothorax is the most
threatening variety of this problem and can obliterate cardiac
output if not immediately decompressed. When an air leak oc-
curs away from the pleura, the repeated stretching associated
with positive pressure ventilation facilitates the dissection of air
along the perivascular sheaths that parallel the airways. Even-
tually, the dissecting air reaches the pulmonary hilum, where
it may invade the subcutaneous tissues of the neck or enter
the mediastinum and beyond. Rarely, the rent exposes a vessel
large enough for air to enter, and with sufficient air pressure
changes (positive or negative), air may enter the circulation.
Scuba divers who ascend too rapidly or hold their breath while
surfacing can easily rupture their lungs. Because divers nor-
mally surface with their heads up, the air bubbles rise and may
reach the brain. Cerebral air emboli can be fatal, particularly
when the diver cannot be quickly recompressed in a hyperbaric
chamber.

A common misconception—that PEEP and CPAP increase
the incidence of barotrauma—persists even today. Yet, no in-
crease in the incidence of barotrauma occurs when positive
pressure ventilation and CPAP are compared with positive pres-
sure alone (125,126).

SUMMARY
Mechanical ventilators continue to evolve rapidly in complex-
ity, design, and function. It is quite likely this brisk pace will
persist for many years. As outlined, it also seems likely that con-
troversies regarding how and when to use ventilators safely and
effectively will not be conclusively resolved anytime soon. This
set of circumstances means that those of us responsible for pre-
scribing, operating, monitoring, or repairing ventilators must
rise to the challenge of maintaining an up-to-date knowledge
base. This is no easy task but one that will result in significant
benefits for all parties involved.
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CHAPTER 129 ■ NONINVASIVE VENTILATORY
SUPPORT MODES
MASSIMO ANTONELLI r GIORGIO CONTI r GIUSEPPE BELLO

Noninvasive ventilation (NIV) refers to the provision of venti-
latory assistance using techniques that do not bypass the upper
airway. The theoretical advantages of NIV include avoiding
the complications associated with endotracheal intubation, im-
proving patient comfort, and preserving airway defense mecha-
nisms. NIV may be delivered through various devices including
negative and positive pressure ventilators. During the first half
of the 20th century, negative pressure ventilation was the main
means of providing mechanical ventilatory assistance outside
the anesthesia suite. Because of several disadvantages relative to
negative pressure ventilation, including patient discomfort, re-
strictions on positioning, lack of airway protection, problems
with correct fitting, time-consuming application, and lack of
portability, negative pressure ventilators have seen diminish-
ing use in favor of positive pressure assistance modes since the
early 1960s. Therefore, only positive pressure support modes
are discussed here.

The following sections deal with the history and epidemi-
ology of NIV, as well as currently available equipment and
techniques, practical applications, appropriate indications, and
possible adverse effects. In this chapter, continuous positive
airway pressure delivered noninvasively is referred to as CPAP,
and NIV using intermittent positive pressure ventilation (IPPV)
with or without positive end-expiratory pressure (PEEP) is re-
ferred to as NPPV (noninvasive positive-pressure ventilation).
The term NIV is considered to include either CPAP or NPPV.

BACKGROUND
The first noninvasive report of positive pressure dates back to
1912, when Bunnell (1) used a face mask to maintain lung ex-
pansion during thoracic surgery. In 1936, Poulton and Oxon
(2) used a vacuum cleaner to generate gas flow and a spring-
loaded valve to oppose expiration to treat a patient with cardio-
genic pulmonary edema (CPE). A number of studies conducted
by Barach et al. (3–5) over the 1930s showed that CPAP deliv-
ered through a face mask could be useful in the treatment of
CPE and other forms of respiratory failure. Noninvasive IPPV
administered through a mouthpiece was first described by Mot-
ley (6) in the 1940s and was used widely until the early 1980s,
either for aerosol delivery in patients with chronic obstructive
pulmonary disease (COPD) and asthma, or as a means of venti-
latory assistance. The use of noninvasive IPPV declined sharply
after the demonstration of lack of benefit in comparison to sim-
ple nebulizing treatments (7).

The proliferation of NIV occurred during the 1980s, af-
ter the introduction of nasal mask ventilation in the manage-
ment of obstructive sleep apnea (8). Despite a lack of random-

ized controlled trials, NIV became the ventilatory mode of first
choice for patients with neuromuscular diseases and chest wall
deformities (9–12). In the early 1990s, the encouraging results
obtained in the treatment of acute respiratory failure (ARF)
by using NPPV (13–15) stimulated investigation on various
applications in the acute care setting. The desire of avoiding
complications of endotracheal intubation (16–19), potentially
lowering morbidity and mortality rates in selected patients
with ARF (20–23), has been the major driving force of the
increasing use of NPPV in the acute care setting over the past
decade.

In their 28-day international study on patients admitted to
361 ICUs who received mechanical ventilation for more than
12 hours, Esteban et al. (24) found that NPPV through a fa-
cial mask was used in 4.9% of overall patients and in 16.9%
of patients ventilated because of an exacerbation of COPD. In
a prospective 3-week survey of 70 French ICUs performed in
2002, Demoule et al. (25) showed that 23% of patients requir-
ing ventilatory assistance received NPPV as a first-line treat-
ment, a significant increase compared to 1997 (16% ) (26); the
incidence of NIV for patients admitted to the ICU without intu-
bation was also significantly increased compared to 1997 (52%
vs. 35% ); furthermore, 3% of patients in 2002 received NPPV
before ICU admission compared to none in 1997 (25,26).

EQ UIPMENT AND TECHNIQ UES
The following paragraphs will discuss various interfaces and
ventilatory modes available for administration of NIV. Cough-
enhancing techniques will also be described.

Int e rface s

Interfaces are devices that connect ventilator tubing to the face,
allowing the delivery of pressurized gas into the airway during
NIV. Currently available interfaces include nasal and oronasal
masks, helmets, and mouthpieces. Selection of a comfortable
interface that fits properly is a key issue for the success of NIV.

Nasal Masks
The standard nasal mask is a triangular or cone-shaped clear
plastic device that fits over the nose and uses a soft cush-
ion or flange to seal over the skin (Fig. 129.1). Because of
the pressure exerted over the bridge of the nose, the mask
may cause skin irritation and redness, and occasionally ulcera-
tion (Fig. 129.2). For occasional patients who cannot tolerate
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FIGURE 129.1. Noninvasive ventilation delivered through a nasal
mask. HS, head straps; RC, respiratory circuit; V, ventilator. (Pho-
tograph printed with the permission of the patient.)

commercially available masks, custom-molded, individualized
masks that conform to facial contours of the patient can be
constructed. Several types of strap systems have been used to
hold the mask in place. Depending on the interface, straps at-
tach at two or as many as five points on the mask and may
be provided with Velcro fasteners. The nasal mask is generally

FIGURE 129.2. Skin lesions caused by a mask. Please note that the
point at major risk to develop a skin necrosis is the bridge of the nose.
(Photograph printed with the permission of the patient.)

FIGURE 129.3. Noninvasive ventilation delivered through nasal pil-
lows. AH, active humidifier; RC, respiratory circuit; V, ventilator. (Pho-
tograph printed with the permission of the patient.)

preferred for chronic administration of NIV. In patients with
a nasogastric tube, a seal connector in the dome of the mask
may be used to avoid air leakage.

Nasal Pillows
Nasal pillows or seals consist of soft rubber or silicone plugs
that are inserted directly into the nostrils (Fig. 129.3). As they
exert no pressure over the bridge of the nose, nasal pillows may
be useful in patients who develop irritation or ulceration on the
nasal bridge while using nasal or oronasal masks.

Oronasal Masks
Oronasal or face masks cover both the nose and the mouth
(Fig. 129.4). The oronasal mask is largely used in patients with
copious air leaking through the mouth during nasal mask ven-
tilation. Interference with speech, eating, and expectoration,
and the likelihood of claustrophobic reactions, are greater with
oronasal than with nasal masks. In the acute setting, however,
oronasal masks are preferable to nasal masks because dyspneic
patients are mouth breathers, predisposing to greater air leak-
age during nasal mask ventilation. The oronasal masks, like the
nasal mask, may cause skin necrosis over the nasal bridge (27).
When the opening pressure of the upper esophageal sphincter
(25–30 cm H 2O) is overcome, the positioning of a nasogastric
tube may protect from gastric distension, even though this is
not a common event.

A type of oronasal mask is the “ total” face mask (28), which
is made of clear plastic and uses a soft silicone flange that seals
around the perimeter of the face like a hockey goalie’s mask,
avoiding direct pressure on facial structures.

He lme t
The helmet (Fig. 129.5) is made of transparent latex-free
polyvinyl chloride and is secured by two armpit braces at two
hooks (one anterior and the other posterior) of the plastic ring
that joins the helmet with a seal connection soft collar adher-
ent to the neck (29,30). The pressure increase during ventila-
tion makes the soft collar sealing comfortable to the neck and
shoulders, avoiding air leakage (29). The whole apparatus is
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FIGURE 129.4. Noninvasive ventilation delivered through an
oronasal mask. HS, head straps; NGT, nasogastric tube; RC, respi-
ratory circuit; SC, seal connection. (Photograph printed with the per-
mission of the patient.)

FIGURE 129.5. Noninvasive ventilation delivered through a helmet.
AB, armpit braces; IC, inflated cushion; IP, inlet port; NGT, nasogastric
tube; OP, outlet port; RC, respiratory circuit; SC, seal connection; SV,
security valve; V, ventilator. (Photograph printed with the permission
of the patient.)

connected to an ICU ventilator by a standard respiratory cir-
cuit. The two ports of the helmet act as inlet and outlet for
inspiratory and expiratory gas flows. The inspiratory and ex-
piratory valves are those of the mechanical ventilator. A spe-
cific connector placed in the plastic ring can be used to allow
the passage of a nasogastric tube, thus reducing air leaks. The
patient is allowed to drink through a straw or to be fed a liq-
uid diet. A new version of the helmet, recently developed, has
an antiasphyxia device and two inner inflatable cushions to
increase comfort and reduce the internal volume. The main ad-
vantages of the helmet include a good tolerability in both adult
and pediatric populations (31), with a satisfactory interaction
of the patients with the environment; a lower risk of dermal
lesions; and, compared with the mask, easier applicability to
any patient regardless of the face contour.

Mout hp ie ce s
Mouthpieces are simple and inexpensive devices used to pro-
vide NPPV for as long as 24 hours a day to patients with chronic
respiratory failure (Fig. 129.6). If nasal air leaking reduces effi-
cacy, ventilator tidal volume may be increased or cotton plugs
or nose clips may be used for occluding the nostrils. NPPV
via mouthpieces has proved to be a valid alternative to tra-
cheostomy in some patients with chronic respiratory muscle
insufficiency (32).

FIGURE 129.6. Noninvasive ventilation delivered through a mouth-
piece. RC, respiratory circuit; V, ventilator. (Photograph printed with
the permission of the patient.)
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Physio log ic Asp e ct s and
Pat ie nt –Ve nt ilat or Int e ract ion

d uring NPPV De live re d b y Diffe re nt
Typ e s of Int e rface s

The choice of an appropriate interface is one of the crucial is-
sues affecting NIV outcome. Data obtained from physiologic
evaluations of NPPV delivered by different types of interfaces
have been useful to improve devices and patient–ventilator syn-
chrony.

The study of mask mechanics and air leak dynamics during
NPPV may guide mask fit and inspiratory pressure (33). The
pressure that fits the mask’s cushion against the patient’s face is
represented by the pressure inside the cushion and is measured
by connecting a pressure transducer to the cushion’s inflation
valve. The mask occlusion pressure is obtained by calculating
the gradient between the mask fit pressure and airway pressure.

In a controlled study of a group of stable hypercapnic pa-
tients (34), the nasal mask used for delivering NPPV was better
tolerated than either nasal pillows or an oronasal mask but was
less effective at lowering PaCO 2. In another controlled trial of
70 patients with acute respiratory failure (ARF) who randomly
received either nasal mask or oronasal NPPV (35), both masks
performed similarly with regard to improving vital signs and
gas exchange and avoiding intubation, but the nasal mask was
significantly less well tolerated than the oronasal mask.

In contrast to NIV via nasal or oronasal masks, with helmet-
delivered NIV, patients receive only part of the large volumes
administered by the ventilator after inspiratory trigger activa-
tion. The rest of the volume is compressed around the head,
pressurizing the helmet. It is therefore impossible to measure
patient tidal volumes and flows with conventional bedside
monitoring. The internal volume surrounding the head varies
between 6 and 8 L, but this usually does not represent a prob-
lem for rebreathing, provided that sufficient levels of pressure
support are delivered (29). When measuring partial pressure
of inspired CO2 and end-tidal CO 2 in healthy volunteers at 10
cm H2O pressure support, CO 2 rebreathing with the helmet is
less than 1.5% and is similar to that detected with the oronasal
mask (30).

In a physiologic study of eight healthy subjects random-
ized to receive either face mask or helmet CPAP, Patroniti et
al. (36) showed that helmet CPAP is as effective as face mask
CPAP in increasing end-expiratory lung volume and in min-
imizing respiratory airway pressure oscillations, without the
need of a reservoir bag. In addition, the authors suggested that
high gas flow rates should always be considered during helmet-
delivered CPAP, to improve CO 2 washout and decrease CO 2
rebreathing, given the elevated dead space. In a physiologic
evaluation of different levels of pressure support ventilation
(PSV) during helmet-delivered NPPV (37), the helmet was ef-
fective in reducing the inspiratory effort and was efficient in
providing ventilation to eight healthy volunteers, without rele-
vant CO 2 rebreathing. Furthermore, a low level of PSV (5–10
cm H 2O) allowed optimal comfort even at high PEEP (10 cm
H 2O), whereas a significant discomfort was observed with PSV
at 15 cm H 2O.

During NPPV, the ventilator must first pressurize the inter-
face and then the respiratory system (38). Some physiologic
studies on healthy subjects (38,39) showed that the use of the

helmet to deliver PSV increased inspiratory muscle effort and
required a longer time to reach the selected level of airway
pressure compared with the standard face mask, thus worsen-
ing patient–ventilator asynchrony. More recently, Moerer et al.
(40) reported a bench study of ventilatory performance by us-
ing an in vitro lung model capable of stimulating spontaneous
breathing, and compared a helmet and face mask during NPPV
at different levels of PSV and PEEP. Measurements included the
time delay to activate the ventilatory trigger, the time between
the initiation of an inspiratory effort until the preset PEEP level
is reached, and the inspiratory pressure–time product (which
reflects the inspiratory muscle effort) during these two periods.
The helmet, although presenting a significantly longer time de-
lay, caused a lower pressure–time product compared to the face
mask. In addition, by increasing the level of PSV or PEEP, the
helmet furthermore significantly reduced the delay times and
pressure–time product. The investigators suggested that using
a minimum PEEP of 6 cm H 2O and adding PSV may shorten
the delay times and reduce inspiratory muscle effort, and will
hardly promote the occurrence of wasted efforts. The longer
delay times observed during helmet-delivered NPPV are pre-
sumably a consequence of the high compliance of the actual
design of the helmet, which needs higher inspiratory volumes
than the face mask to reach the same airway pressure. How-
ever, the patient can use the large air reservoir within the helmet
at the beginning of an inspiration, thus reducing the initial in-
spiratory muscle effort.

Ve nt ilat ory Mod e s

Cont inuous Posit ive Airway Pre ssure
Continuous positive airway pressure (CPAP) delivers a con-
stant pressure throughout spontaneous inspiration and exhala-
tion without assisting inspiration. Because spontaneous breath-
ing is not assisted, this technique requires an intact respira-
tory drive and adequate alveolar ventilation. CPAP increases
functional residual capacity and opens underventilated alveoli,
thus decreasing right-to-left intrapulmonary shunt and improv-
ing oxygenation and lung mechanics (41). Moreover, CPAP
may reduce the work of breathing and dyspnea in COPD pa-
tients by counterbalancing the inspiratory threshold load im-
posed by intrinsic PEEP (42). Effects on hemodynamics during
CPAP have been widely described. By lowering left ventricu-
lar transmural pressure in patients with left congestive heart
failure, CPAP may reduce left ventricular afterload without
compromising cardiac index (43,44). For several years, it was
hypothesized that positive airway pressure, by increasing right
atrial pressure (45), reduced venous return by decreasing the
pressure gradient between mean systemic filling pressure and
right atrial pressure (46). However, as demonstrated in exper-
imental (47,48) and human (49) studies, positive airway pres-
sure does not affect the gradient for venous return, because
pleural pressure is transmitted to the same extent to both the
mean systemic and right atrial pressures. CPAP can be applied
by various devices including low flow generators with an in-
spiratory reservoir, high-flow jet venturi circuits (Fig. 129.7)
(both of them with an expiratory mechanical or water valve),
and bilevel and critical care ventilators. Continuous positive
pressure may be administered using the demand flow (DF)
or the gold standard continuous flow (CF) system. With DF
CPAP, the patient has to trigger a preset pressure to open the
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FIGURE 129.7. Helmet continuous positive airway pressure (CPAP)
delivered by a high-flow jet venturi system. EMV, expiratory mechani-
cal valve; JVS, jet venturi system; RC, respiratory circuit. (Photograph
printed with the permission of the patient.)

demand valve, whereas with CF CPAP, no valves are present.
The work of breathing is significantly greater with the DF sys-
tem than with the CF one (50–52). It is crucial to provide an ad-
equate air flow rate for maintaining a continuous positive pres-
sure, especially in dyspneic patients who breathe at high flow
rates.

Pre ssure Sup p ort Ve nt ilat ion
Pressure support ventilation (PSV) is a pressure-triggered,
pressure-targeted, flow-cycled mode of ventilation. It delivers
a preset inspiratory pressure to assist spontaneous breathing,
augmenting spontaneous breaths and offsetting the work im-
posed by the breathing apparatus. A sensitive patient-initiated
trigger causes the delivery of inspiratory pressure support that
is maintained throughout inspiration, and a reduction in in-
spiratory flow drives the ventilator to cycle into expiration.
Therefore, the patient can control either inspiratory duration
or breathing rate. Typical starting pressures are a PEEP of 3 to
5 cm H 2O and an inspiratory airway pressure of 8 to 12 cm
H2O (Table 129.1).

Bile ve l Posit ive Airway Ve nt ilat ion
In bilevel positive airway pressure (BiPAP), a valve sets two
pressure levels, the expiratory positive airway pressure (EPAP)
level, and the inspiratory positive airway pressure (IPAP) level,

TA BLE 1 2 9 . 1

PROPOSED VENTILATOR SETTINGS FOR PRESSURE
SUPPORT VENTILATION MODE

Initial setting Treatment setting

PEEP 3–5 cm H 2O Slowly increased to up to
8–12 cm H 2O in
hypoxemic patients

PSV 8–12 cm H2O Increased as tolerated to
20 cm H 2O to obtain an
exhaled tidal volume of
about 7 mL/kg and
respiratory rate < 25
breaths/min

FiO 2 Titrated to achieve an
arterial saturation
> 90% or 85% –90% in
patients at risk of
worsening hypercapnia

Titrated to achieve an
arterial saturation
> 90% or 85% –90% in
patients at risk of
worsening hypercapnia

even in the presence of rapidly changing flows. With this tech-
nique, ventilation is produced by the cyclic delta pressure be-
tween IPAP and EPAP. EPAP also recruits underventilated lung
and offsets eventual intrinsic PEEP.

Cont ro lle d Me chanical Ve nt ilat ion
In the mandatory controlled mechanical ventilation (CMV)
mode, no patient effort is required, as full ventilatory support
is provided. In this mode, ventilator settings include inflation
pressure or tidal volume, frequency, and the timing of each
breath.

Pressure control ventilation (PCV) delivers time-cycled
preset inspiratory and expiratory pressures with adjustable
inspiratory-to-expiratory ratios at a controlled rate. The re-
sulting tidal volume is determined by the compliance of the
lungs and chest wall, and the resistance to flow of ventilator
tubing.

In volume control ventilation (VCV), tidal volume is set and
the resulting pressure depends on the thoracic and circuit com-
pliance. VCV can be preferred for those patients with severe
chest wall deformity or obesity who may need higher inflation
pressures.

Assist / Cont ro l Ve nt ilat ion
In assist/control (A/C) ventilation, the ventilator delivers a
breath either when triggered by the patient’s inspiratory ef-
fort (assist) or independently, if such an effort does not oc-
cur within a preselected period (control). When triggering
occurs, the ventilator delivers an identical breath to manda-
tory breaths. Volume-cycled and pressure-limited or pressure-
targeted modes are available.

Prop ort ional Assist Ve nt ilat ion
Proportional assist ventilation (PAV) is an alternative technique
in which both flow and volume are independently adjusted. In
this technique, the ventilator generates volume and pressure
in proportion to the patient’s effort, increasing comfort and so
improving success and compliance with NPPV (53). Despite the
promising concept, there is a substantial lack of large clinical
studies.
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Ve nt ilat ory Mod e Se le ct ion

All ventilatory modes of NPPV have been used to achieve
physiologic or clinical benefit, with theoretical advantages and
limitations. Spontaneously breathing patients with respiratory
failure of various causes may benefit from CPAP to correct
hypoxemia. In acute CPE, mask CPAP can result in early phys-
iologic improvement and reduce the need for intubation (54).
In one study (55), BiPAP improved ventilation and vital signs
more rapidly in patients with CPE, but it was associated with
a higher rate of myocardial infarction compared with CPAP.
Conversely, a more recent study (56) found no difference in
the risk for developing myocardial infarction during NIV de-
livered by CPAP or BiPAP modes.

VCV can be useful in patients with changing respiratory
impedance. In the presence of elevated peak inspiratory airway
pressure, however, this technique is susceptible to air leaks, gas-
tric distention, skin irritation and, consequently, poor patient
tolerance.

Pressure-targeted modes maintain delivered tidal volume in
patients with air leaking better than volume-targeted modes.
Therefore, pressure-targeted ventilators are preferred over
volume-targeted ventilators to deliver NPPV in the pres-
ence of substantial leaks (57). To best compensate for air
leaks, pressure-targeted ventilators should have high and sus-
tained maximal inspiratory flow capabilities (> 3 L/second),
adjustable I:E ratios and other mechanisms to limit inspira-
tory duration so that inversion of the I:E ratio is avoided, and
adjustable trigger sensitivities or algorithms to prevent autocy-
cling (57). Ventilatory systems for air leak detection, calcula-
tion, and compensation are now largely available.

When PSV is used as a noninvasive ventilatory assistance
mode, some forms of patient–ventilator asynchrony might be
intensified, causing breathing discomfort. During PSV, indeed,
brief rapid inhalations may not permit adequate time for the
ventilator to cycle into expiration, so that the patient’s expira-
tory effort begins while the unit is still delivering inspiratory
pressure (58). Also, eventual air leaks during noninvasive PSV
may prevent adequate reduction in inspiratory flow required to
open the expiratory valve, thereby prolonging inspiratory flow
despite expiratory efforts. When this occurs, a time-cycled ex-
piratory trigger provides a better patient–machine interaction
than flow-cycled expiratory trigger (59).

In acute hypercapnic exacerbations of COPD, NPPV per-
formed by different ventilatory modes including PSV, ACV,
and PAV is able to provide respiratory muscle rest and improve
respiratory physiologic parameters (60–62). No difference in
clinical outcome or arterial blood gas tensions between patients
ventilated in ACV and PSV modes has been found, even though
PSV has seemed to be more acceptable to patients and asso-
ciated with fewer side effects in comparison with ACV (63).
As in the intubated mechanically ventilated COPD patients,
application of external PEEP is effective in counterbalancing
the effects of auto-PEEP and dynamic hyperinflation. The use
of noninvasive ventilatory modes in patients with hypoxemic
ARF of various causes can improve arterial blood gases, respi-
ratory rate, and dyspnea, and unload the accessory muscles of
respiration (20,21,64).

Triggering systems are critical to the success of NPPV in both
assist and control modes. During assisted ventilation, flow trig-
gering reduces breathing effort more effectively as compared

with pressure triggering, obtaining a better patient–ventilator
interaction (65–67).

In the absence of evidence favoring a specific ventilatory
mode, the choice should be dictated by personal experience, as
well as cause and severity of the pathologic process responsible
for ARF (68). However, assisted modes (and particularly PSV)
are usually best tolerated and can be safely and effectively per-
formed. A modality that provides a backup rate is needed for
patients with inadequate ventilatory drive.

Te chniq ue s t o Assist Coug h

The cough mechanism may be severely impaired in neuromus-
cular diseases when weak expiratory muscles are combined
with a markedly reduced vital capacity. An effective cough de-
pends on the ability to generate adequate expiratory airflow,
estimated at > 160 L/minute (69), which is determined by lung
and chest wall elasticity, airway conductance, and expiratory
muscle force. Also, an intact glottic function is needed for
yielding high peak expiratory cough flows. Manually assisted
coughing consists of quick thrusts applied to the abdomen us-
ing the palms of the hands, timed to coincide with the patient’s
cough effort. The maneuver should be applied cautiously after
meals and with the patient positioned semiupright to reduce
the risk of aspiration of gastric contents.

Manually assisted coughing may enhance expiratory force,
but it does not increase inspired volume, so that patients with
severely restricted volumes may still achieve insufficient cough
flows. Such a limitation may be overcome by using the me-
chanical insufflator–exsufflator (Fig. 129.8), which delivers a
positive inspiratory pressure of 30 to 40 cm H 2O via a face
mask and then rapidly switches to an equal negative pressure
(70). The positive pressure produces an adequate tidal volume,
whereas the negative pressure stimulates the high peak expi-
ratory cough flows. Insufflator–exsufflator may be combined
with manually assisted coughing to further augment cough ef-
fectiveness. Any technique used to assist cough can be per-
formed effectively and frequently by skilled caregivers, with
minimal discomfort to the patient.

PRACTICAL APPLICATION
NIV should be considered early when patients first develop
signs of incipient respiratory failure needing ventilatory assis-
tance. It is crucial that caregivers can identify patients who
are likely to benefit from NIV and exclude those for whom
NIV would be unsafe. Once the decision to institute NIV has
been taken, an interface and ventilatory mode must be cho-
sen, and a close monitoring in an appropriate hospital location
must be provided. The initial approach should consist in fitting
the interface and familiarizing the patient with the apparatus,
explaining the purpose of each piece of equipment. Patients
should be motivated and reassured by the clinician, instructed
to coordinate their breathing with the ventilator, and encour-
aged to communicate any discomfort or fears. Collaboration
among medical practitioners including physicians, respiratory
therapists, and nurses is critical to the success of NIV during
the early phase of milder respiratory failure and after an initial
period to 20 minutes interruption. For patients with more se-
vere failure, NIV application has to be continuous for at least
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FIGURE 129.8. Mechanical insufflator–exsufflator (MIE). (Photo-
graph printed with the permission of the patient.)

12 to 24 hours (20), and discontinuation is allowed for short
periods only when the clinical situation improves. Aggressive
physiotherapy is crucial during the periods of NIV discontinua-
tion. Endotracheal intubation must be rapidly accessible, when
indicated (Table 129.2).

Pat ie nt Se le ct ion

The criteria for selecting appropriate patients to receive NIV
for ARF include clinical indicators of acute respiratory distress,
such as moderate to severe dyspnea, tachypnea, accessory mus-
cle use and paradoxical abdominal breathing, and gas exchange
deterioration. Blood gas parameters aid in identifying patients

TA BLE 1 2 9 . 2

CRITERIA FOR NONINVASIVE VENTILATION
DISCONTINUATION AND ENDOTRACHEAL
INTUBATION

Technique intolerance (pain, discomfort, or claustrophobia)
Inability to improve gas exchanges and/or dyspnea
Hemodynamic instability or evidence of shock, cardiac

ischemia, or ventricular dysrhythmia
Inability to improve mental status within 30 min after the

application of NIV in hypercapnic, lethargic COPD patients
or agitated hypoxemic patients

TA BLE 1 2 9 . 3

CONTRAINDICATIONS TO NONINVASIVE
VENTILATION

Unconsciousness or mental obtundation (chronic obstructive
pulmonary disease [COPD] patient may be an exception)

Inability to protect the airway
Inability to clear respiratory secretions
Severe upper gastrointestinal bleeding
Life-threatening hypoxemia
Unstable hemodynamic conditions (blood pressure or rhythm

instability)
Recent gastroesophageal surgery
Fixed obstruction of the upper airway
Vomiting
Recent facial surgery, trauma, burns, or deformity
Undrained pneumothorax

with acute or acute superimposed on chronic CO 2 retention.
A conscious and cooperative patient is crucial for initiating
NIV (Table 129.3), although hypercapnic patients with narco-
sis who are otherwise good candidates for NIV may represent
an exception (71,72).

During NIV, patients can achieve a level of control and in-
dependence totally different from when intubated, and seda-
tion is infrequently required. If benzodiazepines or opiates are
administered, caution is advised to prevent undue hypoventi-
lation. NIV should be avoided in patients with hemodynamic
instability and in those who are unable to protect the airways
(coma, impaired swallowing, and so on) (Table 129.3). Pa-
tients with severe hypoxemia (PaO 2/FiO 2 < 100) or morbid
obesity (> 200% of ideal body weight) should be closely man-
aged only by experienced personnel and with a low threshold
for intubation (20,21,73). In the presence of a pneumothorax,
NIV can be initiated provided an intercostal drain is inserted.
Criteria for NIV discontinuation and endotracheal intubation
must be thoroughly considered to avoid dangerous delays (Ta-
ble 129.2).

Identification of predictors of success or failure may help in
recognizing patients who are appropriate candidates for NIV
and those in whom NIV is not likely to be effective, thereby
avoiding its application and unnecessary delays before inva-
sive ventilation is given. The severity of acidosis at baseline
is a logical starting point for identifying patients who might
benefit from NPPV. In a retrospective review aimed at identi-
fying patients with COPD who could be treated successfully
with NPPV, Ambrosino et al. (74) found that patients in whom
NPPV treatment failed were significantly more acidemic at
baseline than those successfully treated (mean pH 7.22 versus
7.28). Similarly, Brochard et al. (75), using a priori criteria for
the need for intubation, found that success was less likely with
a lower starting pH. Also the tolerance of NPPV and the change
in arterial blood gas tensions and respiratory rate in the early
hours are reasonable predictors of the subsequent outcome in
ARF patients with or without hypercapnia (64,74–79). NPPV
is less likely to be successful if there are associated complica-
tions or if the patient’s premorbid condition is poor (78,79).
Late failure, considered as occurring after 48 hours of suc-
cessful NPPV, is recognized, with rates reported at 0 to 20% ,
and has been associated with poor outcomes (78). Patients af-
fected by acute respiratory distress syndrome (ARDS) with a
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Simplified Acute Physiology Score (SAPS) II > 34, and whose
PaO 2/FiO 2 does not improve over 175 after 1 hour of NPPV
should be carefully treated, under strict monitoring within the
ICU where endotracheal intubation and invasive ventilation
are promptly available (64). It is still unclear if the higher mor-
tality observed in patients who failed NPPV and are eventually
intubated might be due to a delayed intubation (64).

Machine Se t t ing s

Pressures commonly used to administer CPAP in patients with
ARF range from 5 to 12 cm H 2O. For pressure-cycled ventila-
tion, it is suggested to start at low pressures to facilitate patient
tolerance (appropriate initial pressures are a CPAP of 3 to 5 cm
H 2O and an inspiratory pressure of 8 to 12 cm H 2O) and, if
necessary, gradually increase pressure settings as tolerated to
obtain alleviation of dyspnea, decreased respiratory rate, ad-
equate exhaled tidal volume, and good patient–ventilator in-
teraction (Table 129.1). In the presence of air leaks, adequate
inspiratory flows and durations should be set, triggering sensi-
tivity should be adjusted to prevent autocycling, and a mech-
anism to limit inspiratory time and avoid I:E ratio inversion
should be considered when available (57). A backup rate
should be applied in patients with inadequate triggering. When
VCV is used to deliver NPPV, tidal volume is usually set higher
(10–15 mL/kg) to compensate for air leaking. In any case, ex-
cessive inflation can cause activation of expiratory muscles dur-
ing inspiration with consequent patient–ventilator asynchrony.
Oxygen supplementation should be provided as needed to keep
oxygen saturation above 90% or between 85% and 90% in pa-
tients at risk of worsening hypercapnia. When the duration of
NIV is expected to be more than a few hours, a heated humid-
ifier may help oronasal dryness and patient’s comfort.

Monit oring

In the acute setting, patients can initiate NIV anywhere, at the
onset of the acute respiratory distress, but after initiation, they
should be transferred to an ICU or a step-down unit for contin-
uous monitoring until they are sufficiently stable to be moved to
a medical ward. During transfers, NIV and monitoring should
not be discontinued. The early use of NIV for less acutely ill
patients with COPD on a medical ward seems to be effective,
but if pH is lower than 7.30, admission to an environment with
intensive care monitoring is highly recommended (80).

Monitoring of patients undergoing NIV is aimed at deter-
mining whether the initial goals are being achieved, including
relief of symptoms, reduced work of breathing, improved or
stable gas exchange, good patient–ventilator synchrony, and
patient comfort (Table 129.4). Gas exchanges are monitored
by continuous oximetry and arterial blood gases at baseline,
after 1 to 2 hours, and as clinically indicated; physiologic re-
sponses are evaluated by continuous electrocardiography, res-
piratory rate, blood pressure and heart rates; finally, dyspnea,
as well as tolerance of the technique, symptoms of impaired
sleep, patient–ventilatory asynchrony, and air leaking can be
easily assessed through patient queries, bedside observation,
and flow, volume, and pressure waveform analysis. If a poor re-
sponse to NIV occurs and the specific measures used to correct
the situation fail to address an adequate improvement within

TA BLE 1 2 9 . 4

MONITORING OF PATIENTS RECEIVING
NONINVASIVE VENTILATION IN THE ACUTE
CARE SETTING

BEDSIDE OBSERVATION
■ Conscious level
■ Comfort
■ Chest wall motion
■ Accessory muscle recruitment
■ Patient–ventilator synchrony

VITAL SIGNS
■ Respiratory rate
■ Exhaled tidal volume (and flow, volume, and pressure

waveform for poor synchrony problems)
■ Heart rate
■ Blood pressure
■ Continuous electrocardiography

GAS EXCHANGE
■ Continuous oximetry
■ Arterial blood gas at baseline, after 1–2 h, and as clinically

indicated

a few hours, NIV should be considered a failure, and invasive
ventilation should be promptly considered.

INDICATIONS
The following sections will review the available evidence on
the efficacy of NIV for various applications in the acute care
setting.

Acut e Exace rb at ions of Chronic
Ob st ruct ive Pulmonary Dise ase

In patients with ARF resulting from acute exacerbations of
COPD, the use of NPPV has been proven to be effective
in ameliorating dyspnea (77), improving vital signs and gas
exchange (75,77,80–82), preventing endotracheal intubation
(75,77,80,81), and improving hospital survival (75,80,81).
Consequently, there is a general agreement concerning the early
use of NPPV in such patients (68,83).

In COPD patients with acute respiratory decompensations,
the increased flow resistance and the impossibility to com-
plete the expiration before inspiration determine high lev-
els of dynamic hyperinflation, and substantial shortening of
the diaphragm and the inspiratory intercostals and accessory
muscles, thereby reducing their mechanical efficiency and en-
durance. The need to overcome the inspiratory threshold load
due to auto-PEEP and to drive the tidal volume against air-
way resistances increases the respiratory muscle fatigue. Dur-
ing NPPV, the combination of external PEEP and PSV offsets
the auto-PEEP level and reduces the work of breathing that the
inspiratory muscles must generate to produce the tidal volume
(60).

In an early study on the use of face mask NPPV in patients
with ARF, Meduri et al. (13) obtained improvements of gas
exchanges and avoided endotracheal intubation in a group of
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COPD patients. Soon thereafter, Brochard et al. (14) described
the short-term (45-minute) physiologic effects of inspiratory
assistance with a face mask on gas exchange and respiratory-
muscle work in 11 patients with COPD and evaluated the
therapeutic use of the technique in 13 patients with COPD
exacerbations, comparing the results in the latter group with
the results of conventional treatment in 13 matched historical-
control patients. In the physiologic study, arterial pH rose from
7.31 to 7.38 (p < 0.01), PaCO 2 fell from 68 to 55 mm Hg
(p < 0.01) PaO2 rose from 52 to 69 mm Hg (p < 0.05), and
respiratory rate reduced from 31 to 21 breaths per minute
(p < 0.01) (14). Only 1 of 13 patients treated with NPPV needed
intubation, as compared with 11 of the 13 historical controls (p
< 0.001). In addition, the NPPV-treated patients were weaned
from the ventilator faster and spent less time in the ICU than did
the control subjects (14). Subsequently, numerous randomized
controlled trials using NPPV in ARF caused by COPD have
been published (Table 129.5).

In the first randomized, prospective study on 60 COPD pa-
tients, Bott et al. (77) compared NPPV delivered through nasal
mask with conventional therapy as a treatment of ARF. Pa-
tients receiving NPPV had a significant reduction of PaCO 2
and dyspnea score, and 30-day mortality (10% vs. 30% ). A
multicenter European trial (75) on the efficacy of NPPV in
acute exacerbation of COPD randomized 85 COPD patients
to receive face mask PSV or conventional treatment (oxygen
therapy plus drugs). After 1 hour of NPPV, respiratory rate but
not PaCO 2 showed a significant decrease. The group of patients
treated with NPPV had a significantly lower intubation rate, a
lower complication rate (14% vs. 45% ), length of hospital stay,
and mortality rate. In another randomized study on 23 COPD
patients that compared NPPV with conventional treatment, the
investigators reported a reduction of intubation rate, with a sig-
nificant improvement in PaO 2, heart rate, and respiratory rate
in the NPPV group, even though PaCO 2 did not significantly
decrease (81). A randomized study on 30 COPD patients with
ARF (82) confirmed that early application of NPPV facilitates
gas exchange improvement, reduces the need for invasive me-
chanical ventilation, and decreases the duration of hospitaliza-
tion. In a randomized trial on 50 COPD patients with acute ex-
acerbation, NPPV reduced weaning time, shortened the length
of stay in the ICU, decreased the incidence of nosocomial pneu-
monia, and improved 60-day survival rates (88). Other and
more recent prospective randomized controlled studies on pa-
tients with ARF due to COPD exacerbations (89,90) have con-
firmed the benefit of applying NPPV in improving clinical status
and blood gases.

A randomized prospective study by Conti et al. (91) has
compared the short- and long-term response to face mask
NPPV versus invasive conventional ventilation in COPD pa-
tients with ARF failing to sustain the initial improvement with
conventional medical therapy in the emergency ward and need-
ing ventilatory assistance. In this study, the intubation rate of
52% in the NPPV group was higher than in other randomized
controlled trials, which is not surprising given the higher sever-
ity of illness of these patients, as evidenced by the mean pH of
7.2, compared with 7.27 in the study of Brochard et al. (75)
and 7.32 in the study of Plant et al. (80). Although the patients
who received NPPV were sicker than those reported in previous
studies, they showed a trend toward a lower incidence of noso-
comial pneumonia during the ICU stay and a better outcome
at a 1-year follow-up, as well as no significant differences in

ICU and hospital mortality, overall complications, duration of
mechanical ventilation and ICU. These findings support early
use of NPPV during the course of acute exacerbation of COPD
patients. However, also if NPPV is started later, after the failure
of medical treatment, it is comparable to invasive mechanical
ventilation in terms of survival.

In a matched case-control study conducted in ICU, 64
COPD patients with advanced ARF (pH ≤ 7.25, PaCO 2 ≥ 70
torr, and respiratory rate ≥ 35 breaths/minute) prospectively re-
ceived NPPV and their outcomes were compared with those of
a control group of 64 COPD patients (92). NPPV had a high
rate of failure (40/64), although mortality rate, duration of me-
chanical ventilation, and lengths of ICU and post-ICU stay were
not different between the two groups, and the NPPV group had
fewer complications. In this study, patients who failed NPPV
were not harmed by the delayed institution of invasive venti-
lation, and those who avoided endotracheal intubation had a
clear-cut benefit. Based on these results, the authors suggested
that in COPD patients with advanced ARF, it might be worth-
while to attempt a trial of NPPV prior to a shift to invasive
ventilation with endotracheal intubation.

In summary, NPPV should be considered the first-line thera-
peutic option to prevent endotracheal intubation and improve
outcome in patients with exacerbations of COPD who have no
contraindication to NPPV (Table 129.3).

Ast hma

NPPV is considered an option in asthmatic patients at risk for
endotracheal intubation. However, mechanical ventilation may
be dangerous in patients with asthma, first, by worsening lung
hyperinflation with the risk of causing barotrauma, and second,
by inducing hemodynamic deterioration by increased intratho-
racic pressure. To date, guidelines for NPPV in severe asthma
are not supported by strong data. In one study (93), only two
of 17 severe asthmatic patients (average initial pH of 7.25 and
PaCO 2 of 65 mm Hg) required intubation after starting therapy
with face mask PSV, and the use of NPPV was associated with
a rapid correction of gas exchange abnormalities and improve-
ment in dyspnea. In a retrospective analysis of 33 asthmatic
patients treated with NPPV or invasive mechanical ventilation
(94), although the NPPV patients were less hypercapnic than
the other group, gas exchange and vital signs improved rapidly
in the NPPV group, and only three patients eventually required
endotracheal intubation. A prospective, randomized, placebo
controlled study compared 15 patients with acute asthma who
received NPPV plus conventional therapy versus conventional
therapy alone, and found an improvement in lung function and
decreased hospital admission rate in the NPPV group (95). In
contrast, another randomized trial found no significant advan-
tages of NPPV in patients with acute asthma (96), and med-
ical therapy alone can be highly effective in the management
of asthmatic patients (97). Therefore, in the absence of clear
evidence, no conclusions can be drawn regarding the relative
effectiveness of NPPV versus conventional therapy in acute ex-
acerbations of asthma.

Hyp oxe mic Re sp irat ory Failure

Trials of NPPV in patients with hypoxemic respiratory failure,
defined as those with ARF not related to COPD, have yielded
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conflicting results. In hypoxemic ARF patients, NPPV has been
adopted to decrease the amount of work of breathing, correct
the rapid shallow breathing, and prevent respiratory muscle
fatigue and endotracheal intubation. The studies reviewed in
these sections have been conducted on heterogeneous groups of
patients with hypoxemic respiratory failure, whereas the anal-
yses of homogeneous patient populations are discussed under
each specific topic. Randomized controlled trials using NPPV
in hypoxemic ARF patients are shown in Table 129.6.

Meduri et al. (13) in 1989 reported one of the first clinical
applications of NPPV in patients with hypoxemic respiratory
failure. Subsequently, Pennock et al. (99) reported a 50% suc-
cess in a large group of patients with ARF of different causes,
and similar good results were achieved using NPPV with nasal
mask in a second study (100). Wysocki et al. (101) randomized
41 non-COPD patients with ARF to NPPV delivered by face
mask versus conventional medical therapy. NPPV reduced the
need of endotracheal intubation, the duration of ICU stay, and
mortality rate only in those patients with hypercapnia (PaCO 2
> 45 mm Hg), while having no significant advantages in the
hypoxemic group without concomitant hypercarbia. On the
basis of these results, the investigators concluded that NPPV
may not be beneficial in all forms of ARF not related to COPD.
In a study conducted by Meduri et al. (102) on the use of NPPV
to treat respiratory failure of varied origins, 41 of 158 patients
were hypoxemic. These patients required endotracheal intuba-
tion in only 34% of cases and showed a mortality rate of 22%
compared with a predicted mortality (using the APACHE II
score) of 40% . In a pilot study on patients with hematologic
malignancies complicated by ARF (103), 15 of 16 individuals
showed a significant improvement in blood gases and respira-
tory rate within the first 24 hours of nasal mask NPPV treat-
ment.

Antonelli et al. (20) conducted a prospective, random-
ized study comparing NPPV via a face mask to endotracheal
intubation with conventional mechanical ventilation in 64
patients with hypoxemic ARF who required ventilatory as-
sistance after failure to improve with aggressive medical ther-
apy. After 1 hour of mechanical ventilation, both groups had
a significant improvement in oxygenation. Ten (31% ) patients
treated with NPPV required endotracheal intubation. Patients
randomized to conventional ventilation developed significantly
more frequent septic complications such as pneumonia or si-
nusitis (31% vs. 3% ). Among survivors, NPPV patients had
a lower duration of mechanical ventilation (p = 0.006) and
a shorter ICU stay (p = 0.002). On the basis of these results,
this trial suggested that NPPV may lead to more favorable out-
comes than conventional ventilation in the management of pa-
tients with hypoxemic respiratory failure. Conversely, Wood
et al. (104) had a substantially negative evaluation of the use
of NPPV when applied to patients with hypoxemic ARF. These
investigators randomized 27 patients in the emergency depart-
ment to receive conventional medical therapy or NPPV for the
treatment of hypoxemic respiratory failure. The 16 patients
who were randomized to the NPPV group had an intubation
rate and duration of ICU stay similar to the 11 patients who
received medical treatment alone, but there was a trend toward
a greater rate of hospital mortality among the patients in the
NPPV group compared to patients in the conventional medi-
cal therapy group. Several factors may have influenced these
negative results of this study. Among patients requiring endo-
tracheal intubation, those of the NPPV group had a longer

delay to intubation (26 vs. 4.8 hours, p = 0.055). In addition,
it cannot be excluded that a sicker patient population was ran-
domized to NPPV. Indeed, NPPV patients had a lower PaO 2
(60 vs. 71), fewer patients with COPD (12% vs. 36% ), and
more patients with pneumonia (44% vs. 18% ), ARDS (1 vs.
0), and interstitial lung disease (1 vs. 0). Furthermore, they
had a higher APACHE II score (18 vs. 16), and more required
admission to an ICU (81% vs. 64% ).

In a study on 10 hemodynamically stable patients with se-
vere acute lung injury or acute respiratory distress syndrome
(ARDS) (105), NPPV had a high success rate (66% ) and high
hospital survival (70% ). Three of the six patients who received
NPPV as initial mode of ventilatory assistance were discharged
from the ICU within 48 hours. Survival for the 10 patients was
70% , and duration of successful NPPV ranged from 23 to 80
hours. Ferrer et al. (106) have prospectively randomized 105
patients with severe hypoxemic ARF to receive NPPV or high-
concentration oxygen. Compared with oxygen therapy, NPPV
decreased the need for intubation (13 [25% ] vs. 28 [52% ]),
the incidence of septic shock (6 [12% ] vs. 17 [31% ]), and the
ICU mortality (9 [18% ] vs. 21 [39% ]), and increased the cu-
mulative 90-day survival (all, p < 0.05). Also the improvement
of tachypnea and arterial hypoxemia was higher in the NPPV
group. In a physiologic study performed by L’Her et al. (107)
in patients with acute lung injury, noninvasive PSV combined
with PEEP improved dyspnea and gas exchange and lowered
neuromuscular drive and inspiratory muscle effort.

In ARDS, transient loss of positive pressure during mechan-
ical ventilation may seriously compromise lung recruitment
and gas exchange. For this reason, most NPPV studies have
excluded patients with ARDS, and limited data are currently
available in the literature. The first application of NIV (via
face mask CPAP) in patients with increased permeability pul-
monary edema ARDS was reported by Barach et al. in 1938
(4). In 1982, Covelli et al. (108) applied face mask CPAP in 35
patients with ARDS of varied causes, with all patients improv-
ing their oxygenation within the first hour of therapy. Only
five patients were ultimately intubated, two from mask dis-
comfort and three from a change in mental status and lack
of cooperation. In two randomized studies, Antonelli et al.
(20,21) reported that among patients with ARDS (n = 31),
NPPV avoided intubation in 60% , whereas in their trial in-
cluding a small number of ARDS patients (n = 7), Ferrer et al.
(106) reported an 86% intubation rate. Two NPPV observa-
tional studies involving 98 ARDS patients reported an intuba-
tion rate of 50% (79,105), which was similar in patients with
ARDS of pulmonary or extrapulmonary origin (79). Antonelli
et al. (64) prospectively investigated, under close ICU observa-
tion, the application of NPPV as first-line intervention in 147
patients with early ARDS. NPPV improved gas exchange and
avoided intubation in 54% of treated patients. Avoidance of
intubation was associated with less ventilator-associated pneu-
monia (2% vs. 20% , p < 0.001) and a lower ICU mortality
rate (6% vs. 53% , p < 0.001). SAPS II > 34 and a PaO 2/FIO 2
< 175 after 1 hour of NPPV were independently associated with
NPPV failure and need for endotracheal intubation.

The above findings are, for the most part, supportive of
the use of NPPV to treat hypoxemic patients without hyper-
capnia. However, an extremely prudent approach is needed,
limiting the application of NPPV to hemodynamically stable
patients who can be closely monitored in the ICU where en-
dotracheal intubation is promptly available. A decisional flow
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ARDS 
(European/American consensus conference) 

PaO2/FiO2 <200 
bilateral pulmonary infiltrates at chest radiograph 

Absence of left vetricular failure     

Contraindications to NIV 
See Table 129.3  

Continue NIV 

a. Intolerance (pain, discomfort, or claustrophobia) 
b. Failure to maintain a PaO2 above 65 mm Hg with a 

FiO2 <0.6 with persistent dyspnea, tachypnea, and 
activation of accessory respiratory muscles 

c. Hemodynamic instability or evidence of cardiac 
ischemia or ventricular dysarrhythmia 

d. Need for urgent endotracheal intubation to manage 
secretions or protect the airways 

YES 

ETI 

NO 

NIV 

NO 

YES 

FIGURE 129.9. Decisional flow chart for the applica-
tion of noninvasive ventilation to acute respiratory dis-
tress syndrome (ARDS). ETI, endotracheal intubation;
NIV, noninvasive ventilation.

chart may be adopted in applying NPPV to patients with ARDS
(Fig. 129.9).

Card iog e nic Pulmonary Ed e ma

Applying positive air pressure has been shown to decrease the
work of breathing (41) and left ventricular afterload while
maintaining cardiac index (44), thereby benefiting patients
with cardiac dysfunction and ARF. The use of mask CPAP in
patients with CPE was first described in the 1930s by Poulton
and Oxon (2) and Barach et al. (3,4). More recently, several
studies have examined responses to NIV of patients with CPE
(54–56,109–117).

A systematic review and meta-analysis performed by Collins
et al. (118) suggested that early application of NIV in the emer-
gency department can decrease the relative risk of mortality
by 39% and the necessity of endotracheal intubation by 57%
when compared with standard medical therapy alone. How-
ever, in patients with CPE, NIV should not be viewed as the
exclusive therapy, but should be accompanied by the aggressive
conventional medical treatment.

In the comparison of NIV modalities, BiPAP has the poten-
tial advantage over CPAP of assisting the respiratory muscles
during inspiration, which would result in faster alleviation of
dyspnea and exhaustion (119). Nevertheless, according to all
available data, there is no evidence to suggest superiority of ei-
ther CPAP or BiPAP in terms of intubation or mortality, even in
patients with CPE and hypercapnia (118,120,121). The results
of one of the earlier studies showed that BiPAP compared with
CPAP might increase the risk for new-onset acute myocardial

infarction in patients with CPE (55). A recent study specifically
examining myocardial infarction rates with BiPAP compared
to CPAP (56) showed no significant difference between groups
(CPAP, 3/22; BiPAP, 2/24).

In conclusion, NIV should be strongly considered as a first-
line treatment in patients with CPE. Future studies are needed
to address the NIV modality of choice and to clarify the actual
risk of myocardial infarction.

Pne umonia
The application of NIV to treat pneumonia has yielded no
definitive conclusions. In a large controlled trial conducted by
Ferrer et al. (106) on patients with severe acute hypoxemic fail-
ure, NPPV prevented intubation and improved ICU survival
in a subgroup of 34 patients with pneumonia compared with
high-concentration oxygen. Confalonieri et al. (86) conducted
a prospective, randomized study comparing NPPV delivered
through a face mask to standard treatment in 56 patients with
severe community-acquired pneumonia and ARF. NPPV was
associated with a significant reduction in the rate of endotra-
cheal intubation and duration of ICU stay. However, a post hoc
analysis showed that the benefits occurred only in patients with
underlying COPD. Jolliet et al. (122) used face mask NPPV in
non-COPD patients with severe community-acquired pneumo-
nia. Despite initial improvements in arterial oxygenation and
respiratory rate in 22 of 24 patients, the intubation rate was
high (66% ). Thus, NPPV is indicated in COPD patients with
community-acquired pneumonia, but caution should be ap-
plied in pneumonia patients without COPD, as the benefit of
NPPV in such patients is currently unclear.
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Immunocomp romise d Pat ie nt s

Immunocompromised patients in whom respiratory failure de-
velops often require mechanical ventilatory assistance. Endo-
tracheal intubation is associated with numerous complications
(16–19), and in immunosuppressed patients, invasive mechan-
ical ventilation is associated with a significant risk of death
(123–125). The use of NPPV in immunosuppressed patients
has been reported in several studies. Among 11 patients af-
fected by AIDS and opportunistic pneumonia, Meduri et al.
(102) reported a 73% NPPV success rate in improving gas ex-
change. Conti et al. (103) evaluated NPPV delivered via nasal
mask in 16 patients affected by ARF complicating hematologic
malignancies. Fifteen of the 16 patients showed an early and
significant improvement in blood gases and respiratory rate.
Five patients died in the ICU following complications inde-
pendent of the respiratory failure, whereas 11 were discharged
from the ICU in stable condition. Antonelli et al. (21) random-
ized 40 recipients of solid organ transplantation with ARF to
NPPV versus conventional therapy. Patients treated with NPPV
more often had increases in oxygenation (60% vs. 25% , p =
0.03) and had lower intubation (20% vs. 70% , p = 0.002) and
ICU mortality rates (20% vs. 50% , p = 0.05). In addition, the
incidence of fatal complications was significantly reduced in the
NPPV group. In another study, NPPV via face mask was well
tolerated and avoided intubation in 18 of 21 patients develop-
ing ARF after bilateral lung transplantation (126). A random-
ized trial of 52 ARF patients with pneumonia and immuno-
compromised state of varied origin (127) showed reductions
in the need for intubation (46% vs. 77% , p = 0.03) and hos-
pital mortality rate (50% vs. 81% , p = 0.02) in NPPV-treated
patients compared with conventionally-treated controls. It is
reasonable to consider NPPV as a useful tool to avoid intuba-
tion and associated infectious complications in selected patients
with immunocompromised states.

Facilit at ion of We aning and Ext ub at ion

NPPV has been used to permit early extubation in patients
who fail to meet standard extubation criteria, thus reducing
the complications related to endotracheal tube.

Nava et al. (88) conducted a randomized, controlled trial
of 50 patients intubated for ARF because of COPD who failed
a T-piece weaning trial after 48 hours of invasive mechanical
ventilation. Patients were randomized to undergo early extu-
bation followed by face mask PSV or to remain intubated and
undergo routine weaning. Patients receiving NPPV had higher
overall weaning rates (88% vs. 68% ), shorter durations of me-
chanical ventilation (10.2 vs. 16.6 days), briefer stays in the
ICU (15.1 vs. 24 days), and improved 60-day survival rates
(92% vs. 72% ) (all p < 0.05). Furthermore, none of the pa-
tients of the NPPV-treated group developed nosocomial pneu-
monia, compared with seven of the control group. Girault et al.
(98) conducted a prospective, randomized controlled study in
33 patients with acute or chronic respiratory failure who failed
a 2-hour T-piece weaning trial, although they met simple crite-
ria for weaning. Sixteen patients initiated conventional invasive
PSV, and 17 patients received NPPV immediately after extuba-
tion. The NPPV group had a shorter duration of endotracheal
intubation (4.6 vs. 7.7 days, p = 0.004), but the total dura-

tion of mechanical ventilation was longer in the NPPV group
(16.1 vs. 7.7 days, p = 0.0001). In addition, weaning and mor-
tality rates and ICU and hospital lengths of stay were similar
between groups. Ferrer et al. (128) investigated the efficacy of
earlier extubation with NPPV during persistent weaning fail-
ure in 43 mechanically ventilated patients with ARF of var-
ied causes who had failed a spontaneous breathing trial with
a T piece for 3 consecutive days. Patients were randomly al-
located, either for extubation and NPPV treatment or recon-
nection to the ventilator and conventional weaning approach
consisting of once-daily weaning attempts. Compared with the
conventional-weaning group, the NPPV group had shorter pe-
riods of invasive ventilation and ICU and hospital stays, less
need for tracheotomy to withdraw ventilation, lower incidence
of nosocomial pneumonia and septic shock, and increased ICU
and 90-day survival (all p < 0.05).

Besides weaning facilitation, another potential application
of NIV in the weaning process is to avert the need for rein-
tubation in patients with extubation failure, thereby avoiding
the risk of increased morbidity and mortality associated with
failed extubation (129). Keenan et al. (130) investigated the
effectiveness of NPPV compared with standard medical ther-
apy in preventing the need for endotracheal intubation in 81
patients who developed ARF during the first 48 hours after ex-
tubation. Comparing the two groups, no significant difference
was found in the rate of reintubation or duration of mechanical
ventilation, as well as in hospital mortality or ICU or hospital
length of stay. Again, in a study conducted by Esteban et al.
(131), no benefits from NPPV were found in avoiding reintu-
bation in patients who had developed ARF after extubation,
and NPPV was even associated with higher mortality rates as
compared with patients treated according to standard treat-
ment. In this study, the time from extubation to reintubation,
which is an independent risk factor for increased mortality in
reintubated patients (132), was longer in patients who received
NPPV. Conversely, positive results were achieved by Ferrer
et al. (133) who tested a strategy based on the early use of NPPV
to avert reintubation in patients at risk for ARF after extuba-
tion. These authors randomized 162 mechanically ventilated
patients who tolerated a spontaneous breathing trial but had
increased risk for ARF after extubation to receive NPPV for 24
hours versus conventional management with oxygen therapy.
In the NPPV group, ARF after extubation was less frequent
(p = 0.029) and the ICU mortality was lower (p = 0.015),
whereas 90-day survival did not change significantly between
groups. Separate analyses of patients without and with hyper-
capnia (PaCO 2 > 45 mm Hg) during the spontaneous breathing
trial showed that NPPV significantly improved ICU mortality
and 90-day survival in hypercapnic patients only.

In summary, further studies are needed to establish the real
efficacy of NPPV either in shortening weaning time or to avoid
extubation failure, as well as to better define which patient
categories are most likely to benefit from NPPV during the
weaning process.

Do-Not -Int ub at e Ord e rs

Applying NPPV has been described in patients with ARF who
are poor candidates for endotracheal intubation or who are
reluctant to undergo invasive ventilation. In one study of 30
patients, most elderly and COPD, in whom invasive ventilation
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was “contraindicated or postponed,” 18 patients (60% ) were
able to be successfully weaned from nasal mask NPPV (134).
In a case series of 11 terminally ill patients with ARF who re-
fused endotracheal intubation (135), NPPV delivered via face
mask was effective in correcting gas exchange abnormalities in
7 patients, all of whom survived and left the ICU. The authors
concluded that even when respiratory failure did not resolve,
NPPV offered an effective, comfortable, and dignified method
for these patients in providing symptomatic relief of dyspnea
and maintaining continuous verbal communication with loved
ones. In a trial conducted on 114 patients who declined intuba-
tion but accepted NPPV to treat their ARF (136), 49 patients
(43% ) survived to discharge. Awake patients with congestive
heart failure or COPD and those with a more efficient cough
mechanism had an increased probability of survival. Another
study on 37 COPD patients with do-not-intubate orders who
underwent NPPV because of ARF reported a 1-year survival
of 30% (137).

A lack of agreement on applying NPPV in do-not-intubate
patients does remain, with some authors warning of the po-
tential ethical and economic cost of delaying the inevitable in
patients with terminal respiratory failure (138). In patients with
the do-not-intubate code, the use of NPPV is justifiable when
the acute process responsible for ARF is known to respond well,
such as CPE or COPD exacerbation. If NPPV is considered in
these terminal patients, the caring clinician should inform the
patient or surrogate that NPPV is being used as a form of life
support and that it can be stopped at any time if not tolerated.

Post op e rat ive Pat ie nt s

Thoracic and upper abdominal surgery are associated with a
prolonged postoperative gas exchange deterioration and re-
duction in functional residual capacity, PaO 2, and forced vital
capacity (139,140). Mask CPAP was initially used by Bunnell
(1) in 1912 to maintain lung expansion in patients undergo-
ing thoracic surgery, and by Boothby (141) et al. in 1940 for
treating postoperative hypoxemic ARF. Applying mask CPAP
or NPPV improves oxygenation and pulmonary function fol-
lowing upper abdominal surgery (139,142–144) or coronary
artery bypass graft (145–147). Squadrone et al. (143) random-
ized 209 patients who developed severe hypoxemia after major
elective abdominal surgery to receive oxygen or oxygen plus
CPAP. CPAP-treated patients had a lower intubation rate (1%
vs. 10% ) and a lower occurrence rate of pneumonia (2% vs.
10% ), infection (3% vs. 10% ), and sepsis (2% vs. 9% ) (all
p < 0.05) than patients treated with oxygen alone. NPPV im-
proves gas exchange and reduces the need for intubation af-
ter lung resection (148,149) or bilateral lung transplantation
(126). Thus, accumulating evidence supports the use of NIV
to improve gas exchange and avoid reintubation and its at-
tendant complications in selected postoperative patients with
respiratory failure.

Ob st ruct ive Sle e p Ap ne a

CPAP is recognized to be effective in correcting the respira-
tory and arousal abnormalities and improving sleep quality
in obstructive sleep apnea syndrome (150,151). CPAP is be-
lieved to act by pneumatically “splinting” the pharyngeal air-

way, thus preventing its collapse during sleep (152,153). Also,
nasal NPPV has been used in patients with ARF following ob-
structive sleep apnea syndrome, with improvements in clinical
status and arterial blood gas values (154).

Trauma

ARF in trauma patients is generally associated with reduced
pulmonary compliance and functional residual capacity, and
subsequent restrictive defects (155). In a study of 33 trauma
patients with ARF who received face mask CPAP, Hurst et al.
(155) found rapid improvements in gas exchange, avoiding in-
tubation in 94% of the cases. In a retrospective survey of 46
trauma patients with ARF who had been given mask NPPV,
33 patients (72% ) were successfully weaned to spontaneous
breathing (156). In another study (157), NPPV used as first-line
treatment in 22 patients with ARF due to blunt chest trauma
resulted in rapid improvement in blood gases and respiratory
rate, and avoided intubation in 18 patients (82% ). In a study of
patients with acute hypoxemic respiratory failure needing ven-
tilatory assistance, Antonelli et al. (20) reported that 7 of the 32
patients (22% ) randomized to receive NPPV had trauma with
pulmonary contusion or atelectasis. NPPV was associated with
a rapid improvement in oxygenation, and all seven patients
avoided intubation and survived. Despite the favorable results
obtained, large randomized studies are needed before definitive
recommendations on the use of NIV in posttraumatic ARF can
be made.

Re st rict ive Dise ase s

NPPV has a role in the treatment of respiratory failure caused
by some types of restrictive thoracic diseases. Bach et al. (158)
demonstrated that NPPV can prolong survival while decreasing
the respiratory morbidity and hospitalization rates in patients
with Duchenne muscular dystrophy. Using NPPV prevented
intubation in 7 of 11 episodes of ARF in a group of 9 pa-
tients with myasthenic crises (159). In ARF due to pulmonary
fibrosis, prognosis is poor even when invasive mechanical ven-
tilation is used (160). Aggressive respiratory physiotherapy is
crucial in all patients with thoracic restriction.

Bronchoscop y

In nonintubated patients, severe hypoxemia is an accepted con-
traindication to fiberoptic bronchoscopy (FB). Since PaO 2 rou-
tinely decreases after uncomplicated FB, these patients are at
high risk for developing ARF or serious cardiac arrhythmias.
Antonelli et al. (161,162) proposed a technique to perform FB
with bronchoalveolar lavage in hypoxemic, nonintubated pa-
tients by means of facial mask NPPV (Fig. 129.10). The fiberop-
tic bronchoscope was passed through a T adapter and then
advanced transnasally. The technique was safe and effective
to avoid gas exchange worsening during FB and to allow an
early and accurate diagnosis of pneumonia, preventing unde-
sired intubation, in spontaneously breathing, hypoxemic pa-
tients. Similar results were achieved by using the helmet to de-
liver NPPV, allowing a safe diagnostic FB with bronchoalveolar
lavage (163). The specific seal connector placed in the plastic
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FIGURE 129.10. Fiberoptic bronchoscopy performed during nonin-
vasive ventilation delivered through an oronasal mask. FB, fiberoptic
bronchoscope; HME, heat and moisture exchanger; RC, respiratory
circuit; SC, seal connection; SV, suction valve. (Photograph printed
with the permission of the patient.)

ring of the helmet permitted the passage of the instrument,
maintaining assisted ventilation.

ADVERSE EFFECTS AND
COMPLICATIONS

Major adverse effects of NIV seldom occur in appropriately
selected patients and are minimized when the technique is ap-
plied by experienced caregivers (164). The most frequently en-
countered complications are related to the interface, ventilator
airflow or pressure, or patient–ventilator interaction.

The pressure of the mask over the bridge of the nose may
induce discomfort, erythema, or ulceration (Fig. 129.2). There
are various remedies to ameliorate this complication such as
application of a hydrocolloid sheet over the nasal bridge or
switching to alternative interfaces.

Air leakage under the mask into the eyes may cause con-
junctival irritation, and excessive pressure may be responsible
for sinus or ear pain. To minimize these problems, refitting the
mask or lowering inspiratory pressure may be useful. Patient–
ventilator asynchrony is a common cause of NIV failure and is
often related to patient agitation or inability of the ventilator
to sense the onset of patient expiration because of excessive air
leaking. A judicious use of sedatives may be safe and effective
in the treatment of NIV failure due to low tolerance (165), and
minimizing air leaks (57,59) may improve patient–ventilator
synchrony.

Presumably because of the low inflation pressure used com-
pared with invasive ventilation, NPPV is well tolerated hemo-
dynamically, but it should be avoided in patients with an
unstable hemodynamic status, arrhythmias, or uncontrolled is-
chemia until these problems are stabilized. Gastric insufflation
occurs commonly, but it is usually well tolerated. Aspiration
pneumonia has been reported in as many as 5% of patients
(102). The risk for aspiration is minimized by excluding pa-
tients with compromised upper airway function or problems
clearing secretions and positioning a nasogastric tube in those

with excessive gastric distention, an ileus, or nausea or vomit-
ing. Although pneumothoraces occur very infrequently, inspi-
ratory pressures should be kept at the minimum effective level
in patients with bullous lung disease.

SUMMARY
To date, the best-established indication for NIV in the acute
care setting is ARF related to exacerbations of COPD. How-
ever, evidence has been rapidly accumulating to support ap-
plication of NIV to treat many other types of ARF in selected
patients. Further research should better define indications and
patient selection criteria, as well as establish optimal techniques
of administration.

PEARLS
■ NIV has the potential of avoiding the complications associ-

ated with endotracheal intubation, improving patient com-
fort, and preserving speech and airway defense mechanisms.

■ Advances in patient–ventilator interfaces and ventilatory
modes have fostered the increasing use of NIV in the acute
care setting.

■ The choice of ventilatory mode should be dictated by per-
sonal experience, as well as the patient’s respiratory drive,
and etiologic factors and severity of the underlying disease
causing respiratory failure.

■ It is crucial to identify patients who are likely to benefit from
NIV and exclude those for whom NIV would be unsafe.

■ Several factors are critical to the success of NIV: properly
timed initiation, comfortable and well-fitting interface, pa-
tient preparation, careful ventilatory mode selection, and
respiratory physiotherapy.

■ Patients should receive NIV in an intensive care unit or a
step-down unit for continuous monitoring until sufficient
stabilization.

■ NIV can be used to avoid intubation, but not to replace it.
Invasive ventilation remains the method of choice for pa-
tients with respiratory failure who have contraindications
to NIV.

■ NIV is indicated as the ventilator mode of first choice in
selected patients with COPD exacerbations.

■ In acute hypoxemic respiratory failure without hypercapnia,
NIV can be used as long as patients are hemodynamically
stable and are closely monitored in the intensive care unit to
avoid dangerous delays if intubation becomes necessary.

■ NIV has a central role in the management of acute respi-
ratory failure of varied causes, improving patient outcome
and efficiency of care in the acute setting.
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CHAPTER 130 ■ INVASIVE VENTILATORY
SUPPORT MODES
CLAUDIA CRIMI r DEAN R. HESS r LUCA M. BIGATELLO

Mechanical ventilation facilitates gas exchange by substitut-
ing, in full or in part, for the action of the respiratory mus-
cles. Indications for the institution of mechanical ventilation
include hypoxemia, acute respiratory acidosis, excessive ven-
tilatory workload, and acute cardiac failure. Mechanical ven-
tilation can be provided by applying positive pressure to the
proximal airway (positive pressure ventilation) or by apply-
ing negative pressure to the chest wall (negative pressure ven-
tilation). Moreover, positive pressure ventilation can be de-
livered through an endotracheal tube or tracheostomy tube
(invasive ventilation), or by use of a face mask or other in-
terface applied to the upper airway (noninvasive ventilation).
Negative pressure ventilators (iron lung, cuirass) are virtually
never used for acute respiratory failure. This chapter focuses
on invasive ventilator modes, although many of the princi-
ples can be applied to noninvasive mechanical ventilation as
well.

PHYSICS OF VENTILATION: THE
EQ UATION OF MOTION

During spontaneous breathing, air flows into the lungs as the
result of the pressure generated by the respiratory muscles. Ex-
halation normally occurs passively due to the elastic recoil pres-
sure of the respiratory system. The pressure generated by the
respiratory muscles during inspiration is opposed by the elastic
forces of the lungs and chest wall, and by the resistance to gas
flow that occurs in the airways (1,2):

PMUS = PE + PR

where PMUS is the pressure generated by the respiratory mus-
cles, PE is the pressure required to overcome the elastic proper-
ties of the respiratory system, and PR is the pressure required
to overcome the resistive properties of the respiratory system.
During positive pressure ventilation, the driving pressure for
air to flow is applied by the ventilator and, depending on the
mode, the respiratory muscles. Hence:

PAPPL = PMUS + PVENT = PE + PR

where PAPPL is the pressure applied across the respiratory
system to inflate the lungs, and is the combination of con-
tributions from the respiratory muscles (PMUS) and the ven-
tilator (PVENT). PE is the result of elastance (E) and tidal
volume (VT):

PE = elastance × VT

Because elastance is the reciprocal of compliance (C), a more
familiar version is

PE = VT/ C

PR is determined by the resistance of the airways:
PR = V̇ × R

where V̇ is gas flow and R is resistance. These physiologic rela-
tionships are described by the equation of motion of the respi-
ratory system for both spontaneous breathing and mechanical
ventilation:

PAPPL = PMUS + PVENT = VT/ C + V̇ × R

This states that a pressure applied to the respiratory system—
whether it is from the respiratory muscles, the ventilator, or
both—generates gas flow through the airways and volume
change in the lungs that is opposed by the airways resistance
and respiratory system elastance. From the equation of motion,
we can derive three important principles to guide the delivery
of positive pressure ventilation:

1. The result of any ventilator setting depends not only on what
is set on the ventilator, but also on the physiologic charac-
teristics of the patient, namely compliance and resistance,
and any active inspiratory effort of the respiratory muscles.
Hence, for the appropriate application of mechanical venti-
lation, we must understand the ventilator operation as well
as the patient’s respiratory mechanics and the interaction
between the ventilator and any active breathing efforts of
the patient.

2. For any independent variable set on the ventilator (e.g.,
PVENT), physiologic variables (compliance and resistance)
in the patient, and respiratory muscle pressure generated
by the patient (PMUS), there is only one possible result
for the dependent variables (e.g., flow and tidal volume).
The ventilator typically controls the independent variables
of flow (volume-controlled ventilation [VCV]) or pressure
(pressure-controlled [PCV] or pressure support ventilation
[PSV]). The ventilator cannot regulate both pressure and
volume (i.e., flow) during mechanical ventilation.

3. If we know the volume and flow during VCV, we can calcu-
late resistance and compliance from the pressures required.
Similarly, if we know the resistance and compliance during
PCV, we can calculate the flow and tidal volume. This is
relatively straightforward if the patient is being passively
ventilated (PMUS = 0) but becomes more difficult if the pa-
tient is actively breathing. Hence, it is difficult to predict
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respiratory mechanics in the actively breathing patient re-
ceiving PCV or PSV.

NOMENCLATURE: DESCRIPTION
OF A VENTILATOR BREATH

As ventilators become increasingly complex, understanding
how each mode of ventilation works is not always simple. As a
starting point, it is helpful to describe the way that a breath is
delivered. Although the technical detail of this can vary, there
are three principal components of ventilator breaths: (i) how
inspiration begins (trigger); (ii) what limits the size of the breath
(limit); and (iii) how inspiration ends (cycle).

The Trig g e r

The trigger starts inspiration. Breaths are triggered either by
the patient or by the ventilator (3). If the ventilator initiates the
breath, the trigger is time, i.e., the operator sets a respiratory
rate, and the ventilator will deliver the breath at time intervals
to achieve that rate. If the breath is initiated by the patient,
inspiration starts when the ventilator detects a pressure or flow
change at the airway (pressure trigger and flow trigger).

With a pressure trigger (Fig. 130.1), a decrease of pressure at
the airway relative to positive end-expiratory pressure (PEEP)
(adjustable sensitivity, but generally set at 0.5–2 cm H 2O) re-
sults in closure of the expiratory valve, opening of the inspira-
tory valve, and delivery of gas to the airway. With a flow trigger
(Fig. 130.1), a flow increase at the airway (adjustable sensitiv-
ity, but generally set at 1–3 L/minute) results in initiation of
the inspiratory phase. Often, but not always, a continuous low
flow (bias flow) through the ventilator circuit is used in con-
junction with flow triggering. The change in pressure or flow
that triggers inspiration is usually caused by the contraction
of the respiratory muscles but can result from artifact such as
transmission of cardiac oscillations to the proximal airway (4),
leaks in the system (e.g., around the airway cuff or through a
chest tube), or movement of the circuit (e.g., water condensate
in the tubing).

In modern ventilators, both flow triggers and pressure trig-
gers are very sensitive (5). If the trigger sensitivity is set cor-
rectly, either flow triggering or pressure triggering is accept-
able (6). With either, the sensitivity can be set to insensitive,
resulting in missed trigger efforts by the patient, or it can be
set too sensitive, resulting in autotriggering with no effort by
the patient. Failure to trigger is usually the result of a phys-
iologic problem such as auto-PEEP (7) or respiratory muscle
weakness, rather than a problem with the trigger setting on
the ventilator. Moreover, in the presence of auto-PEEP, neither
flow nor pressure triggering is superior to the other.

The Limit

The limit determines the size of a breath. This is the indepen-
dent or control variable, i.e., the variable set and controlled
by the ventilator. Within limits set by alarms and safety mech-
anisms, this variable is applied independently of the patient’s
respiratory mechanics or inspiratory effort. When volume is
the preset variable (VCV), flow and volume delivery by the
ventilator are limited, but the pressure applied to the airway
can vary. When pressure is the preset limit variable (PCV or
PSV), the pressure applied at the airway is limited, but the flow
and tidal volume are variable.

The Cycle

The cycle is what ends the breath. This can be volume, time,
flow, or pressure. In first-generation ventilators, inspiration was
volume cycled when the volume was delivered from a bellows
(e.g., Puritan-Bennett MA-1) or piston (e.g., Emerson Post-
Op). In modern ventilators, time is the cycle criteria with VCV
or PCV. Note that for VCV, the ventilator actually controls the
flow during inspiration, and inspiration is time cycled. With
PSV, the cycle is usually flow; inspiration ends when the flow
rate reaches a fraction of the peak flow (adjustable on some
ventilators) or a fixed flow. During VCV or PCV, pressure cy-
cle is an alarm condition that avoids application of unsafe high
pressure to the airway.

flow flow

pressure

trigger

trigger

beginning of 
pa tient e ffort

pressure
beginning of 
pa tient e ffort

       Pres s ure  Trigger                                           Flow Trigger

FIGURE 130.1. Pressure triggering and flow triggering. With pressure triggering, the ventilator responds
to a decrease in airway pressure. With flow triggering, the ventilator responds to a change in flow.
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VENTILATOR MODES
Modern ventilators are equipped to provide various modes. For
all modes, the ventilator delivers one of two types of breath:
mandatory or spontaneous (Fig. 130.2). A mandatory breath
is triggered by the ventilator or the patient and cycled by the
ventilator. A set volume (VCV) or pressure (PCV) is delivered
regardless of the contribution from the patient and regardless of
whether the breath is triggered by the patient or the ventilator.
A spontaneous breath is triggered and cycled by the patient.

A ventilator mode describes the pattern of breath deliv-
ery from the ventilator. With continuous mandatory ventila-
tion (CMV), also called assist/control ventilation (ACV), every
breath is a mandatory breath type. With continuous sponta-
neous ventilation, every breath is a spontaneous breath type.
With synchronized intermittent mandatory ventilation (SIMV),
the ventilator delivers a mix of mandatory and spontaneous
breaths. With CMV or SIMV, a minimum backup rate is set on
the ventilator, but the patient can trigger at a more rapid rate.
With continuous spontaneous ventilation, there is no backup
rate other than the alarm parameter set on the ventilator. The
taxonomy of ventilator modes is shown in Figure 130.2.

Cont inuous Mand at ory Ve nt ilat ion (CMV)

The main feature of CMV (or assist/control ventilation—ACV)
is that it supplies full support of the patient’s respiratory mus-
cles, provided that the level of support is set appropriately.
Disadvantages of CMV are the possibilities of hyperventilation
and/or dyssynchrony. The concern of hyperventilation relates
to the fact that the patient will always receive the full volume-
controlled or pressure-controlled breath, even when triggering
at a high frequency. However, this is uncommon because the
minute ventilation is controlled by the patient’s PaCO 2, which
will decrease with hyperventilation, thus blunting the drive to
breathe. Hyperventilation during CMV may be no more preva-

lent than with other modes (8). Dyssynchrony can occur par-
ticularly when the level of support is insufficient (8).

Volume -cont ro lle d Ve nt ilat ion (VCV)
With VCV, the ventilator controls the flow and the inspira-
tory time to deliver the resultant tidal volume. In some cases
(e.g., Draeger ventilators), tidal volume, flow, and inspiratory
time are each set. In this case, an inspiratory breath hold oc-
curs if the inspiratory time setting is greater than that required
to deliver the tidal volume at the flow selected. For example,
for a tidal volume of 0.5 L, flow 60 L/minute, and inspiratory
time 1 second, a 0.5-second inspiratory breath hold will result.
On other ventilators (e.g., Puritan-Bennett 840), an inspiratory
hold (pause) is set separately, which prolongs the inspiratory
time. For VCV, tidal volume, flow, and inspiratory time are the
independent variables. The dependent variable is the inflating
pressure applied to the lungs, which is affected by the ventilator
settings, the patient’s lung mechanics, and the inspiratory ef-
fort of the patient, as explained by the equation of motion (see
above) (9,10). Hence, during VCV, the pressure applied by the
ventilator will increase with a higher tidal volume, higher flow,
lower compliance, and higher resistance. Also, the pressure ap-
plied by the ventilator will decrease if the patient generates a
vigorous inspiratory effort (i.e., a higher PMUS). This explains
the deformation of the airway pressure waveform during VCV
in patients who are generating vigorous inspiratory efforts and
are dyssynchronous with the ventilator (9). Inspiratory flow
should be set to meet the demand of patients in respiratory
failure (11).

On most ventilators, volume-controlled breaths are deliv-
ered by a constant inspiratory flow. This is called a square wave
or (more precisely) rectangular flow pattern. In some ventila-
tors, the inspiratory flow can also be set to a descending ramp
waveform. With such a flow pattern, the preset peak inspiratory
flow is reached early during the breath, after which the flow
decreases in a linear fashion, reaching a very low level or zero
flow at end-inspiration. This affects the shape of the applied

Continuous  Manda tory Ventila tion 
(CMV)

Continuous  Spontaneous  Ventila tion 
(CSV)

Inte rmittent Manda tory Ventila tion 
(SIMV)

VCV PCV

 Dual Control PCIRV APRV

CPAP PSV PAV NAVA VCV MMV

Dual Control Bileve l

Observa tion and Previous  Knowledge

Dual Control Automode ASV

PCV

FIGURE 130.2. The taxonomy of ventilator modes. APRV, airway pressure release ventilation; ASV,
adaptive support ventilation; CPAP, continuous positive airway pressure; MMV, mandatory minute ven-
tilation; NAVA, neurally adjusted ventilatory assist; PAV, proportional assist ventilation; PCIRV, pressure-
controlled inverse ratio ventilation; PCV, pressure-controlled ventilation; PSV, pressure support ventila-
tion; VCV, volume-controlled ventilation.
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FIGURE 130.3. Waveforms for decelerating and constant flow during
volume-controlled ventilation. Note the differences in the shape of the
pressure waveform and peak inspiratory pressure.

pressure waveform, in which the pressure increases more
rapidly at the beginning of inspiration than near the end of in-
halation (Fig. 130.3). Moreover, with a descending ramp wave-
form, the peak inspiratory pressure is lower and approaches the
plateau pressure, because the end-inspiratory flow is less than
with a constant flow waveform. Note that for the same flow
setting on the ventilator, the inspiratory time will be longer
for a descending ramp flow waveform than for a constant flow
waveform. The longer inspiratory time may result in better oxy-
genation, but the effect is modest. The longer inspiratory time
also increases the risk or air trapping (auto-PEEP) and hemody-
namic compromise. For an equivalent inspiratory time, a higher
flow setting is required for a descending ramp waveform than
for a constant flow waveform.

The main advantage of VCV is the ability to control the
tidal volume. This may be important when the PaCO 2 must
be closely controlled, such as in patients with head trauma or
when a low tidal volume is used in patients with acute lung
injury/acute respiratory distress syndrome (ALI/ARDS) as part
of a lung-protective ventilation strategy (12). Limitations of
VCV are related to the fixed tidal volume and flow pattern.
This can result in patient–ventilator dyssynchrony in actively
breathing patients if efforts are not made to set the inspiratory
flow appropriately or to provide adequate sedation (13). With
VCV, a high peak inspiratory pressure may occur with changes
in lung mechanics. However, this only increases the risk of lung
injury if the high peak inspiratory pressure is associated with

an increase in plateau pressure. Accordingly, it is important to
monitor plateau pressure on a regular basis when VCV is used.

Pre ssure -cont rolle d Ve nt ilat ion (PCV)
With PCV, airway pressure and inspiratory time are set on the
ventilator. In some cases (e.g., Draeger ventilators), the inspira-
tory pressure setting is the peak pressure, but more commonly
the pressure control setting is the pressure applied above PEEP.
For PCV, pressure and inspiratory time are the independent
variables. The dependent variables are flow and volume, which
are affected by the ventilator settings, the patient’s lung me-
chanics, and the inspiratory effort of the patient as described
by the equation of motion (see above) (9,10). Hence, during
PCV, the flow and tidal volume will increase with a higher
pressure control setting, higher compliance, and lower airways
resistance. Also, the flow and tidal volume will increase if the
patient generates a vigorous inspiratory effort (i.e., an increase
in PMUS). In other words, during PCV, the distending pressure
(PVENT + PMUS) and tidal volume increase if the patient makes
an active inspiratory effort. Compared to VCV, this may im-
prove patient–ventilator synchrony (14), but with an increased
risk of overdistention lung injury. An understanding of the
equation of motion as it applies to PCV prevents errors when
assessing lung mechanics or risk of overdistention when PCV
is used.

During PCV, the inspiratory flow waveform is a descending
ramp (Fig. 130.4). After triggering the breath (by the patient or
the ventilator), the ventilator delivers gas to the airway depen-
dent on the capability of the ventilator, respiratory mechanics,
and patient effort. The set pressure is applied to the airway until
the set inspiratory time is reached. The slope of the descending
portion of the inspiratory flow waveform depends on the lung
mechanics (Fig. 130.5). The initial flow is high, the flow descent
is rapid, and the tidal volume is small when the compliance is
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FIGURE 130.4. Flow, pressure, and volume waveforms during
pressure-controlled ventilation.
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FIGURE 130.5. Effect of changes in respiratory
mechanics on gas flow delivery during pressure-
controlled ventilation. The left panel shows the ef-
fect of a significant decrease in compliance; respi-
ratory mechanics were resistance 10 cm H 2O/L/s
and compliance 20 mL/cm H2O; the inspiratory
time was 1.5 s, and the resulting tidal volume (the
area under the flow curve) 400 mL. The right panel
shows the effect of a significant increase in airway
resistance; resistance was 20 cm H 2O/L/s and com-
pliance 50 mL/cm H 2O; the inspiratory time was
1.5 s, and the resulting tidal volume 775 mL.

low (e.g., ALI/ARDS). On the other hand, the initial flow is
low, and the flow descent is slow when the airways resistance
is high (e.g., chronic obstructive pulmonary disease [COPD]).

Many current-generation ventilators allow the clinician to
adjust the rise time (or pressurization rate), which is the time
required for the ventilator to reach the pressure control setting
at the onset of inspiration. A fast rise time (one in which the
ventilator reaches the target pressure quickly) is associated with
a high flow at the onset of inhalation. A slow rise time (one
in which the ventilator reaches the target pressure slowly) is
associated with a lower flow at the onset of inhalation (Fig.
130.6). Patients with a high respiratory drive should benefit
from a fast rise time whereas those with a lower respiratory
drive might benefit from a slower rise time (15).

A potential advantage of PCV is that it limits the pressure
applied to the alveoli and the risk of ventilator-induced lung
injury. However, it is important to note that this benefit oc-
curs only if the patient is making no inspiratory effort, because
any inspiratory efforts of the patient will increase the transpul-
monary distending pressure during PCV. This theoretical ad-
vantage of PCV has not been confirmed by appropriately de-
signed clinical trials. The only randomized controlled trial that
compared VCV to PCV reported no difference in patient out-
comes attributable to the choice of VCV or PCV (16). The vari-
able inspiratory flow pattern may improve patient–ventilator
synchrony during active breathing efforts (14), although this
has not been tested in the setting of a low lung volume, lung-
protective ventilation strategy.
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FIGURE 130.6. Flow and pressure waveforms for three rise times (pressurization rates) at a pressure
support of 20 cm H 2O. Note the effect of rise time on flow at the initiation of the inspiratory phase.
(From Gibbons FK, Hess DR. Mechanical ventilation. In: Bigatello LM, ed. Critical Care Handbook of
the Massachusetts General Hospital. 4th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2006, with
permission.)
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Effect of compliance  increase Effect of compliance  decrease

FIGURE 130.7. Left panel: Effects of an increase in lung compliance on airway pressure (Paw), volume,
and flow during dual control with a target tidal volume of 600 mL. Right panel: Effects of a decrease in
lung compliance on airway pressure and flow during dual-control ventilation with a target tidal volume of
600 mL. (From Branson RD, Johannigman JA. The role of ventilator graphics when setting dual-control
modes. Respir Care. 2005;50:187, with permission.)

The pressure waveform with PCV produces a higher mean
airway (and alveolar) pressure than the pressure waveform
associated with constant flow volume ventilation. Theoreti-
cally, this may produce better alveolar recruitment for the same
end-inspiratory airway pressure. However, the same may be
achieved using VCV and a descending ramp flow waveform
(17). Compared to constant flow VCV, the low end-inspiratory
flow with PCV may improve the distribution of ventilation,
which may increase PaO 2 and decrease PCO 2, but the effect is
usually modest.

PCV has been recommended in the setting of bronchopleu-
ral fistula. Although this makes sense in that alveolar pressure
is controlled, on closer examination it can be shown that the
leak through a bronchopleural fistula will increase with PCV
because the constant alveolar pressure will maintain the pres-
sure gradient for flow and feed the leak through the fistula.

A limitation of PCV is the inability to guarantee a tidal
volume and thus the PaCO 2. With PCV, changes in respiratory
mechanics can result in hypoventilation (or hyperventilation).
In particular, PCV can result in hypoventilation in the presence
of dynamic hyperinflation and auto-PEEP. For example, if the
inspiratory pressure is set at 15 cm H 2O, the PEEP is zero,
and the patient has an auto-PEEP of 10 cm H 2O; the driving
pressure will not be 15 cm H 2O, but rather 5 cm H 2O, resulting
in a lower-than-predicted tidal volume. With VCV, this will not
occur because the tidal volume will be delivered regardless of
the level of auto-PEEP, albeit with a higher inspiratory pressure.

The selection of PCV or VCV is based chiefly on individ-
ual preference. If tidal volume, plateau pressure, and transpul-
monary distending pressure are carefully monitored, either
PCV or VCV can be used safely and effectively.

Dual-controlled Ventilation. Dual-controlled modes allow the
ventilator to control pressure or volume based on a feedback
loop. At any given time, the ventilator controls either pressure
or volume, but cannot do both at the same time. Pressure-
regulated volume control (PRVC) provides PCV, and in addi-

tion ensures a minimum tidal volume (18–24). PRVC (Servo,
Viasys), AutoFlow (Draeger), and VC+ (Puritan-Bennett) are
trade names that function in a similar manner. Each mode in-
creases or decreases the pressure breath-to-breath by no more
than 3 cm H 2O per breath in an attempt to deliver the desired
tidal volume. The pressure limit fluctuates between PEEP and
5 cm H 2O below the upper pressure alarm setting, as illus-
trated by the example in Figure 130.7. An alarm occurs if the
tidal volume and maximum pressure settings are incompati-
ble. The proposed advantage of dual control is the ability of
the ventilator to meet patient demand (an advantage of PCV)
while maintaining a minute ventilation constant (an advan-
tage of VCV). However, the tidal volume and transpulmonary
distending pressure during PRVC can potentially exceed safe
limits, as illustrated by the example in Figure 130.8 (21). More-
over, if patient effort increases, the level of support decreases,
which could result in dyssynchrony and discomfort (25). Addi-
tionally, as the pressure level is reduced, mean airway pressure
will fall, potentially resulting in a fall in PaO 2. Because this
mode depends on the measured tidal volume, any errors in
tidal volume measurement will result in decision errors.

Pressure-controlled Inverse Ratio Ventilation (PCIRV). With
PCIRV, the inspiratory time is set longer than the expiratory
time (Fig. 130.9). The result is a higher mean airway pressure
and enhanced lung recruitment, but also a higher potential for
air trapping and hemodynamic compromise. Early reports of
improved oxygenation with PCIRV generated considerable en-
thusiasm for this method (26), but subsequent controlled stud-
ies reported no, or only marginal, benefit of PCIRV over more
conventional approaches (27,28). The oxygenation of some pa-
tients may benefit from the use of a longer inspiratory time to
increase mean airway pressure. However, the target variable
should be the inspiratory time and not an inverse ratio, per se.
The likelihood of an improvement in oxygenation using PCIRV
is small, and the risk of auto-PEEP and hemodynamic compro-
mise is great. Moreover, the prolonged inspiratory time may
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FIGURE 130.8. Airway pressure (Paw), flow, and volume waveforms demonstrating the response of a
dual-control algorithm over a 2-minute period with varying patient effort. The tidal volume varies above
and below the target (500 mL) by as much as 150 mL. (From Branson RD, Johannigman JA. The role of
ventilator graphics when setting dual-control modes. Respir Care. 2005;50:187, with permission.)

not be well tolerated and may require high levels of sedation
and, in some cases, paralysis.

Airway Pressure Release Ventilation (APRV). Current-genera-
tion ventilators use an active exhalation valve; thereby the ven-

tilator controls the inspiratory pressure by allowing the exha-
lation valve to open if pressure increases and by adding addi-
tional flow if the pressure decreases below the pressure control
setting. Such a design can also allow spontaneous breathing
during the inspiratory phase of the ventilator, which is what
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FIGURE 130.9. Flow, pressure, and volume waveforms dur-
ing pressure-controlled inverse ratio ventilation.
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FIGURE 130.10. Pressure waveform during airway pressure release
ventilation (APRV).

happens in APRV (29,30). The ventilator allows spontaneous
breathing at two levels of pressure (Fig. 130.10). Because the
low pressure is applied for a short period of time, generally all
of the spontaneous breathing occurs at the high level. In the
absence of spontaneous breathing, APRV is exactly the same
as PCIRV.

The minute ventilation during APRV results from the
amount of spontaneous breathing, the difference between the
two pressure levels, and the frequency at which the pressure is
released to the lower level. The high pressure level is the main
determinant of arterial oxygenation, but the additional spon-
taneous breaths may further improve gas exchange by prefer-
entially recruiting the dependent lung regions (31,32).

The potential advantage of APRV is to provide lung recruit-
ment at lower airway pressures than with traditional positive
pressure ventilation by taking advantage of the spontaneous

breathing efforts. This may increase PaO 2 while minimizing
barotrauma, hemodynamic instability, and the need for seda-
tion. However, this may be an uncomfortable breathing pattern
for some patients, resulting in patient–ventilator dyssynchrony,
hemodynamic instability, and auto-PEEP. Another concern is
the potentially high transpulmonary distending pressure that
can occur during spontaneous breathing at the high pressure
level. For example, if the high pressure level is set at 25 cm
H2O and the patient generates –15 cm H 2O during the spon-
taneous breaths, the inspiratory distending pressure is 40 cm
H 2O, a level that may increase the risk of ventilator-induced
lung injury.

Cont inuous Sp ont ane ous Ve nt ilat ion

Cont inuous Posit ive Airway Pre ssure (CPAP)
For the intubated patient, CPAP is usually applied with a venti-
lator (Fig. 130.11). Modern ventilators provide efficient CPAP
by virtue of having very-low-resistance exhalation valves and
minimal time delay for triggering and cycling. CPAP is used to
treat hypoxemia by maintaining alveolar recruitment to treat
acute cardiogenic pulmonary edema by raising intrathoracic
pressure, as well as to counterbalance auto-PEEP in patients
with obstructive lung disease. Despite an apparent contradic-
tion in terms, CPAP can be set to 0 cm H 2O (although in reality
the ventilator often applies a small level of inspiratory pressure
support), and is commonly used as a spontaneous breathing
trial to test extubation readiness.

Pre ssure Sup p ort Ve nt ilat ion (PSV)
With PSV, the ventilator applies a set inspiratory pressure to
support each patient-initiated breath (Fig. 130.12) (33). Tidal
volume is determined by the level of inspiratory pressure sup-
port, respiratory mechanics, and the patient’s inspiratory effort.
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FIGURE 130.11. Flow, pressure, and
volume waveforms during continuous
positive airway pressure (CPAP). Note
that the airway pressure fluctuates
above and below the set CPAP level of
5 cm H 2O. There is a pressure decrease
below CPAP to trigger the breath, a low
level of pressure support is applied dur-
ing inhalation, and there is a small in-
crease in pressure to cycle the end of in-
halation.
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FIGURE 130.12. Flow, pressure, and volume waveforms during pressure support ventilation. (From
Gibbons FK, Hess DR. Mechanical ventilation. In: Bigatello LM, ed. Critical Care Handbook of the
Massachusetts General Hospital. 4th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2006, with
permission.)

The initial part of the breath is delivered in a manner similar
to PCV. During inspiration, the flow is delivered at a variable
rate. In addition, rise time can be adjusted in a manner similar
to that during PCV (34,35). When the set pressure is reached,
the flow decreases at a rate determined by lung mechanics and
the patient’s inspiratory effort.

The inspiratory cycle is what distinguishes PCV from PSV.
With PSV, inspiration continues until the inspiratory flow falls
to a ventilator preset value—commonly 25% of the peak flow
or a fixed flow such as 5 L/minute. In newer-generation venti-
lators, the flow cycle criteria can be adjusted (expiratory sen-
sitivity, Fig. 130.13) (36–40). Setting a high flow cycle (e.g.,
50% of the peak rate) will shorten the duration of the breath,
whereas a low flow cycle (e.g., 5% of the peak rate) will in-
crease its duration. A higher flow cycle may be desirable for
patients with obstructive lung disease, whereas a lower flow
cycle is suitable for patients with restrictive lung disease (i.e.,
acute lung injury). Time and pressure are secondary criteria
that can also cycle the breath during PSV, allowing inspiratory
termination if the patient actively exhales (pressure cycle) or if
there is a leak (time cycle).

PSV is a commonly used mode of ventilation. In many
patients, it effectively assists respiratory muscles during inva-
sive mechanical ventilation (41). However, as with any mode,
patient–ventilator dyssynchrony can occur if careful attention
is not paid to the level of pressure support, the rise time, and
the inspiratory cycle. Because there is no backup rate with PSV,
it has also been shown that patients receiving this mode of
ventilation are more likely to have apnea and sleep-disordered
breathing (42).

SmartCare (Draeger) is a closed-loop knowledge-based
weaning system for PSV (43). It adapts the level of pressure
support to the patient’s ventilatory needs, with the goal of keep-
ing the patient within a comfort zone. Comfort is defined pri-
marily as a respiratory rate that can vary in the range of 15 to
30 breaths/minute, a tidal volume above a minimum threshold,
and an end-tidal CO 2 below a maximum threshold. The level
of support is periodically adapted by the system in increments
of 2 to 4 cm H 2O. The system automatically tries to reduce
the pressure level to a minimum value. At this value, a spon-
taneous breathing trial with a minimal low pressure support
level is performed. If successful, a message on the screen rec-
ommends removal from the ventilator (i.e., extubation). This
mode was shown to reduce the duration of mechanical venti-
lation as compared with physician-controlled weaning (44).

Dual Control. Dual-controlled ventilation can also be applied
during a PSV breath. Volume-assured pressure support (VAPS)
combines the high initial flow of PSV with the constant flow
delivery of a volume-controlled breath (Fig. 130.14) (18,19).
After inspiration is triggered, the ventilator reaches the set air-
way pressure as occurs with PSV. The ventilator’s micropro-
cessor determines the volume that has been delivered and com-
pares this to the set tidal volume. If the set tidal volume is not
reached, the ventilator prolongs the inspiratory phase until the
set tidal volume is delivered. VAPS is designed to reduce the
work of breathing (pressure support) while maintaining a min-
imum tidal volume (volume control). Choosing the appropriate
pressure and flow settings is critical to the success of VAPS. If
the pressure is set too high or the tidal volume is set too low,
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FIGURE 130.13. Examples of flow termination criteria of 10% , 25% , and 50% using a Puritan-Bennett
840 ventilator with pressure support of 15 cm H 2O and PEEP 5 cm H 2O. (From Gibbons FK, Hess
DR. Mechanical ventilation. In: Bigatello LM, ed. Critical Care Handbook of the Massachusetts General
Hospital. 4th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2006, with permission.)

all breaths will be PSV breaths. If the flow is set too high, all
the breaths will be VCV. If the flow is set too low, the switch
from pressure support to volume control will occur late in the
breath, and inspiratory time may be unnecessarily prolonged.

Volume support (VS) uses PSV in a manner analogous to
how PRVC uses PCV (18–23). In other words, the ventilator
adjusts the inspiratory pressure according to a set minimum
tidal volume. If the patient’s effort increases (increased tidal
volume for the set level of PSV), the ventilator decreases the
support of the next breath. If the compliance or patient effort
decreases, the ventilator increases the support to maintain the
set volume. This combines the attributes of PSV with the guar-
anteed minimum tidal volume. A concern with this mode is
that the ventilator takes away support if the patient’s respira-

tory demand increases and tidal volume exceeds the set tidal
volume. This results in increased work of breathing for the
patient (25).

Aut oMod e
AutoMode is a dual-controlled mode available on the Servo
300 and Servo 300A ventilators (18,19). It provides automated
weaning from PCV to PSV, and automated escalation of sup-
port if patient effort diminishes. The ventilator provides PRVC
if the patient is making no breathing efforts. If the patient trig-
gers two consecutive breaths, the ventilator switches to VS.
If the patient becomes apneic, the ventilator switches back to
PRVC. AutoMode can also switch between PCV and PSV or
VCV and VS.
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FIGURE 130.14. The possible breath types during volume-
assured pressure support ventilation. In breath A, the set
tidal volume (VT) and delivered VT are equal. This is a
pressure support breath (patient triggered, pressure limited,
and flow cycled). Breath B represents a reduction in patient
effort. As flow decreases, the ventilator determines that de-
livered VT will be less than the minimum set volume. At
the shaded portion of the waveform, the breath changes
from a pressure-limited to a volume-limited (constant flow)
breath. Breath C demonstrates a worsening of compliance
and the possibility of extending inspiratory time to ensure
the minimum VT delivery. Breath D represents a pressure
support breath in which the VT is greater than the set VT.
(From Branson RD, Johannigman JA. The role of ventila-
tor graphics when setting dual-control modes. Respir Care.
2005;50:187, with permission.)
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Ad ap t ive Sup p ort Ve nt ilat ion (ASV)
Adaptive support ventilation (ASV) is based on the minimal
work-of-breathing concept, which suggests that the patient will
breathe at a tidal volume and respiratory frequency that min-
imizes the elastic and resistive loads while maintaining oxy-
genation and acid-base balance (45). The ventilator attempts
to deliver 100 mL/minute/kg of minute ventilation for an adult
and 200 mL/minute/kg for children. This can be adjusted by set-
ting the % minute volume control from 20% to 200% , which
allows the clinician to provide full ventilatory support or en-
courage spontaneous breathing and facilitate weaning.

When first connected to the patient, the ventilator delivers a
series of test breaths and measures compliance, resistance, and
auto-PEEP. The input of body weight allows the ventilator’s
algorithm to choose a required minute volume. Lung mechan-
ics are measured on a breath-to-breath basis, and ventilator
settings are altered to meet the desired targets. If the patient
breathes spontaneously, the ventilator will support breaths.
Spontaneous and mandatory breaths can be combined to meet
the minute ventilation target. The pressure limit of both the
mandatory and spontaneous breaths is adjusted continuously.
This means that ASV is continuously using dual-control breath-
to-breath of mandatory and spontaneous breaths.

The ventilator adjusts the I:E ratio and inspiratory time of
mandatory breaths by calculation of the expiratory time con-
stant (compliance × resistance) and maintains sufficient expira-
tory time to prevent auto-PEEP. If the patient is not triggering,
the ventilator determines the respiratory frequency, tidal vol-
ume, and pressure limit required to deliver the tidal volume, the
inspiratory time, and the I:E ratio. If the patient is triggering,
the number of mandatory breaths decreases, and the ventila-
tor chooses a pressure support that maintains a tidal volume
sufficient to ensure alveolar ventilation based on a dead space
calculation of 2.2 mL/kg. ASV can provide pressure-limited,
time-cycled ventilation, add dual control of those breaths on a
breath-to-breath basis, allow for mandatory breaths and spon-
taneous breaths (dual-control SIMV + PSV), and eventually
switch to pressure support with dual control breath-to-breath
(variable pressure with PSV). During mandatory breath deliv-
ery, the ventilator sets the inspiratory time and I:E ratio.

Tub e Comp e nsat ion (TC)
TC is designed to overcome the flow-resistive work of breath-
ing imposed by the endotracheal or tracheostomy tube (46,47).
TC uses the known resistive coefficients of the artificial airway
(tracheostomy or endotracheal tube) and measurement of in-
stantaneous flow to apply a pressure proportional to resistance
throughout the total respiratory cycle. With TC, the ventila-
tor targets the tracheal pressure, rather than proximal airway
pressure, increasing the proximal airway pressure necessary to
overcome the flow-resistive properties of the artificial airway
(Fig. 130.15). The clinician can set the fraction of tube resis-
tance for which compensation is desired (e.g., 50% compensa-
tion rather than full compensation). Because in vivo tracheal
tube resistance tends to be greater than in vitro resistance, in-
complete compensation for endotracheal tube resistance may
occur. Additionally, kinks or bends in the tube as it traverses
the upper airway and accumulation of secretions in the inner
lumen will change the tube’s resistive coefficient and result in
incomplete compensation. Available evidence suggests that TC
can effectively compensate for resistance through the artificial

 P
re

ss
ur

e 
(c

m
 H

2O
) 

 P
re

ss
ur

e 
(c

m
 H

2O
) 

Pres s ure  Support Ventilation

Tube Compens ation

FIGURE 130.15. Tube compensation. Pressure waveforms from the
trachea (heavy lines) and the proximal airway (light lines) during pres-
sure support ventilation and automatic tube compensation. Note that
the tracheal pressure fluctuates very little during automatic tube com-
pensation. (From Fabry B, Haberthur C, Zappe D, et al. Breathing
pattern and additional work of breathing in spontaneously breathing
patients with different ventilatory demands during inspiratory pres-
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airway but has not shown improved outcomes with this mode
(48,49). On some ventilators, TC can be used with any mode,
whereas on others, it can be used only with CPAP.

Prop ort ional Assist Ve nt ilat ion (PAV)
With proportional assist ventilation (PAV) (50,51), the venti-
lator delivers gas as a positive feedback controller, where res-
piratory elastance and resistance are the feedback signal gains,
defined as K1 (cm H 2O/L) and K2 (cm H 2O/L/s), respectively.
In such a system, the pressure at the airway opening is adjusted
according to the equation of motion (see above) (9,10)

P = K1 × V + K2 × V̇

where P is the pressure applied at the airway, V̇ is the inspira-
tory flow, and K1 and K2 substitute elastance and resistance,
respectively. K1 and K2 are the volume and flow gains of the
proportional assist ventilator. The ventilator measures the pa-
tient’s instantaneous inspiratory flow rate and provides the set
support through a rapid positive feedback loop (Fig. 130.16).

A potential advantage of PAV is that it should provide opti-
mal patient–ventilator synchrony. By following and amplifying
the patient’s inspiratory flow and volume on a breath-by-breath
basis, the ventilator provides support in proportion to patient
demand. This differs from PSV, in which the level of support is
constant regardless of demand, and VCV, in which the level of
support decreases when demand increases. It is important to
note that, like other continuous spontaneous breathing modes,
PAV requires the presence of an intact ventilatory drive. In ad-
dition, if K1 and K2 are ≥ 100% of elastance and resistance,
“ runaway” occurs where the ventilator no longer tracks inspi-
ratory effort. This is similar to the prolonged inspiratory time
that can occur during PSV if the pressure is set too high.
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FIGURE 130.16. Airway pressure (Paw), flow, and volume waveforms during proportional assist venti-
lation. Note that the airway pressure varies with the inspiratory flow and volume demands of the patient.
(From Marantz S, Patrick W, Webster K, et al. Response of ventilator-dependent patients to different levels
of proportional assist. J Appl Physiol. 1996;80:397, with permission.)

A concern with PAV is its dependence on measures of resis-
tance and compliance. These can be difficult to measure dur-
ing spontaneous breathing, and they change frequently over
the course of mechanical ventilation. In its initial application,
the clinician measured (or estimated) compliance and resis-
tance and set the proportion of inspiratory support that the
ventilator would provide, generally as a percentage of elas-
tic and resistive work, respectively. This has been simplified
on the commercially available form of PAV (PAV+ , Puritan-
Bennett 840). Currently, the ventilator applies end-inspiratory
and end-expiratory pause maneuvers periodically to determine
resistance, compliance, and auto-PEEP. The clinician sets the
trigger, the cycle (3 L/minute default), and the % support. The
% support is used to partition the work of breathing between
the patient and the ventilator. In other words, for 50% support,
half of the work of breathing is performed by the patient and
the other half is performed by the ventilator.

Ne urally Ad just e d Ve nt ilat ory Assist (NAVA)
Control of the ventilator through direct measurement of the
output of the respiratory center is presently not possible. How-
ever, it is possible to transform neural drive into ventilatory
output (neuroventilatory coupling) by measuring the electrical
activation of the diaphragm. Computer technology and newly
developed methods for signal acquisition and processing have
made it possible to reliably obtain real-time diaphragmatic elec-
trical activity that is free of artifacts and noise. Diaphragmatic

electrical activity can provide a means to give ventilatory assist
in proportion to the neural drive, both within a given breath
and between breaths (Fig. 130.17). This is called neurally ad-
justed ventilatory assist (NAVA) (51,52). With NAVA, the mag-
nitude of the support will vary on a moment-by-moment basis
according to diaphragmatic electrical activity and the gain fac-
tor selected on the ventilator. This allows the patient’s respira-
tory center to be in direct control of the mechanical support
provided throughout the course of each breath, provided there
is a functioning phrenic nerve and neuromuscular junction,
and also that the diaphragm is the primary inspiratory muscle.
Through this process, the neural respiratory output is matched
to the level of ventilatory assistance. The level of assistance is
adjusted in response to changes in neural drive, respiratory sys-
tem mechanics, inspiratory muscle function, and behavioral in-
fluences. Because the trigger is based on diaphragmatic activity
rather than pressure or flow measured at the proximal airway,
triggering is not adversely affected in patients with flow limi-
tation and auto-PEEP. Although NAVA is clinically attractive,
it is not yet commercially available.

Synchronize d Int e rmit t e nt Mand at ory
Ve nt ilat ion (SIMV)

With SIMV, the ventilator provides a mandatory breath rate. If
the patient breathes at a more rapid rate, the additional breaths
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FIGURE 130.17. Neurally adjusted ventilatory assist
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during changes in tidal and end-expiratory lung volumes.
(From Sinderby C, Navalesi P, Beck J, et al. Neural control
of mechanical ventilation in respiratory failure. N at Med.
1999;5:1433, with permission.)

are unsupported. If the patient does not breathe at a rate more
rapid than that set on the ventilator, SIMV and CMV are syn-
onymous. The spontaneous breaths may or may not be pres-
sure supported (Fig. 130.18). The mandatory breaths are syn-
chronized to patient effort, and they can be volume controlled,
pressure controlled, or dual controlled. It has been tradition-
ally taught that the ventilator does the work for the mandatory
breaths during SIMV, and that the patient does the work for
the spontaneous breaths. However, this has not been supported
by either physiologic studies or outcome studies. Inspiratory

effort may be as great during mandatory breaths as sponta-
neous breaths (Fig. 130.19) (53,54). Moreover, dyssynchrony
can occur because different breath types are delivered for the
mandatory and spontaneous breaths. This dyssynchrony oc-
curs because the patient’s neural controller does not modulate
its output based on an anticipated ventilator response.

Mand at ory Minut e Ve nt ilat ion (MMV)
MMV is intended to guarantee the minute ventilation that the
patient receives. If the patient’s spontaneous ventilation does
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the spontaneous breaths. (From Hess D, Branson RD. Ven-
tilators and weaning modes. Respir Care Clin N Am . 2000
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not match the target minute ventilation set by the clinician, the
ventilator supplies the difference between the patient’s minute
ventilation and the set minute ventilation. If the patient’s spon-
taneous minute ventilation exceeds what is set, no ventilator
support is provided. MMV can be provided by altering the
rate or the tidal volume delivered from the ventilator. Some
ventilators increase the mandatory breath rate if the minute
ventilation falls below the target level, whereas others increase
the level of pressure support when the minute ventilation falls
below the set level.

Bile ve l and PCV+
This mode is available on the Puritan-Bennett 840 (Bilevel)
and the Draeger Evita 4 (PCV+ ). It is essentially a modifica-
tion of SIMV that uses PCV for the mandatory breaths and
PSV for the spontaneous breaths. This mode can be thought
of as PSV with a sigh (55). The mandatory breath rate is set
at 1 to 4 breaths/minute, with the pressure during the sigh set
at 25 to 30 cm H 2O and a sigh duration of 2 to 4 seconds
(Fig. 130.20). Because these ventilators have an active exhala-
tion valve, the patient is able to breathe spontaneously when a
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pressure-controlled mandatory breath is delivered. This mode
may be more comfortable than the sighs traditionally incorpo-
rated into ventilators because it is a pressure-controlled breath
using an active exhalation valve.

SUMMARY
Various ventilator modes are available on modern ventilators.
The plethora of settings available for the various modes on
modern ventilators can be overwhelming. New modes are of-
ten based on technical and engineering capability rather than
a clear clinical superiority over previously available modes.
There is little evidence that any mode improves patient out-
come. Patient outcomes are affected more by how the mode is
used than by the mode per se.

TIPS AND PEARLS
1. Goals of invasive mechanical ventilation:

a. Provide adequate oxygenation and ventilation.
b. Maintain alveolar recruitment with adequate PEEP.
c. Avoid overdistention by limiting the plateau pressure.
d. Avoid auto-PEEP.
e. Secure a possibly tenuous airway.

2. The result of any ventilator setting depends not only on what
is set on the ventilator, but also on the physiologic charac-
teristics of the patient—namely compliance and resistance,
and any active inspiratory effort.

3. For any independent variable set on the ventilator (e.g., pres-
sure), physiologic variables in the patient (compliance and
resistance), and effort generated by the patient, there is only
one possible result for the dependent variables (e.g., flow
and tidal volume).

4. During fully controlled ventilation, bilevel is identical to
pressure-controlled ventilation (PCV), and airway pressure
release ventilation (APRV) is identical to pressure-controlled
inverse ratio ventilation (PCIRV), which is a form of PCV.

5. During pressure ventilation (both pressure-controlled and
pressure support), a fast time constant (i.e., low compliance
and normal resistance), as is seen in acute lung injury/acute
respiratory distress syndrome (ALI/ARDS), may result in a
low mean airway pressure and low tidal volume; a slow
time constant (i.e., normal or high compliance and high re-
sistance) as is seen in asthma/COPD, may result in a high
mean airway pressure, large tidal volumes, and auto-PEEP.
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CHAPTER 131 ■ BEDSIDE INTERPRETATION
OF VENTILATORY WAVEFORMS
ETTORE CRIMI r DEAN R. HESS r LUCA M. BIGATELLO

Modern ventilators provide a continuous graphic display of
the basic physiologic determinants of ventilation, i.e., pres-
sure, flow, and volume. They also have the capability of
performing diagnostic maneuvers to measure important phys-
iologic variables such as plateau pressure and auto–positive
end-expiratory pressure (PEEP) at the bedside. In addition,
recognition of abnormal ventilator waveforms allows detec-
tion of conditions such as endobronchial intubation, missed
triggering, and patient–ventilator dyssynchrony. This chapter
focuses on the use of the waveforms displayed on ventilator
screens to improve bedside assessment and management of
patients with acute respiratory failure requiring mechanical
ventilation.

BASICS OF VENTILATOR
MONITORING

Ventilators can provide continuous measurement and display
of pressure, flow, and volume. The ability of ventilators to dis-
play graphics and numeric data on their screen has become
possible in recent years due to the availability of cost-effective
sensor–transducer devices and the proliferation of microelec-
tronic and digital technology. What used to be limited to expen-
sive and delicate instruments used in the physiology laboratory
is now compacted at relatively low cost in critical care ventila-
tors.

How Ve nt ilat o rs Me asure Pre ssure ,
Volume , and Flow

Airway pressure is measured in most ventilators by solid state
transducers, such as piezoresistive or strain gauge transducers.
Although airway pressure is best measured distal to the endo-
tracheal tube (tracheal pressure) or at the airway, these loca-
tions tend to interfere with patient care and are not practical
for continuous clinical monitoring. Hence, pressure transduc-
ers are generally located inside the ventilator at the inspiratory
and expiratory valves, alternating measurements at the expira-
tory limb during inspiration and at the inspiratory limb during
exhalation. These systems are reasonably accurate for clinical
purposes but have potential flaws; for example, they will not
accurately indicate proximal airway pressure if obstruction or
kinking of the breathing circuit occur.

Gas flow to and from the patient during spontaneous and
mechanical ventilation can be measured by various techniques
(1,2). Screen and orifice pneumotachographs measure the pres-
sure drop across a known resistance (a screen or an orifice) and
derive the flow according to Ohm’s law:

Resistance =  pressure/flow [1]

and its modifications to account for laminar versus turbulent
flow (2). Thermal cooling pneumotachographs estimate flow
from the amount of heat loss produced by the flow across
the device, applying the principle of thermal convection. They
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oppose minimal resistance to flow and show a rapid response
to flow changes, but their accuracy is decreased by turbu-
lence and moisture. Turbine spirometers work by vane dis-
placement, where flow rate is derived from the rotations of the
turbine blades. These devices are less accurate than pneumo-
tachographs, particularly at low gas flow, but are sturdy and
easy to clean; they have been of widespread use in anesthe-
sia machines, but have been superseded by the newer pneu-
motachographs. As is the case for pressure measurements,
most ventilators measure flow at the inspiratory and expi-
ratory valves rather than at the airway. Flow sensors are
calibrated for air/oxygen mixtures. Thus, inaccuracies can
occur in the presence of other gases, such as heliox (3),
unless the ventilator is designed to make appropriate cor-
rections, as is the Viasys AVEA (Viasys Healthcare, Yorba
Linda, CA).

Tidal volume is generally measured by time integration of
the flow trace. When gas flow, as in most cases, is not measured
at the proximal airway, there is a difference between volume
output from the ventilator and the volume delivered to the pa-
tient due to the compressible volume of the ventilator circuit.
The compressible volume is the volume of gas that is lost in
the compliant structures of the system, mainly the corrugated
tubing of the ventilator circuit. The size of this volume is de-
termined by two main factors: the inspiratory pressure and the
compliance of the tubing. Current ventilators compensate for
this lost volume in different ways (4); commonly, they measure
the compliance of the breathing circuit at the time of the ini-
tial automatic setup, and they calculate a factor in the range
of 3 to 4 mL/cm H 2O, which is automatically added to the set

tidal volume. Additional potential sources of error in volume
measurements include gas conditioning by heating and humid-
ification, which increases gas volume after the inspiratory flow
sensor, as well as differences between the inspired and expired
flow/volume due to oxygen consumption. Generally, these are
small inaccuracies that fall within the margin of error of the
flow sensors ( ± 10% ).

Ad d it ional Monit oring Funct ions

Common functions present in microprocessor-driven ventila-
tors include the ability to perform diagnostic maneuvers that
can be used to assess important physiologic variables at the
bedside. The most common of these functions are the end-
inspiratory and end-expiratory pauses (Fig. 131.1).

■ An end-inspiratory pause is used to estimate alveolar pres-
sure, respiratory compliance, and airways resistance. Dur-
ing volume-controlled ventilation with constant inspiratory
flow, a manual or programmed end-inspiratory pause gener-
ates a characteristic pattern where the peak inspiratory pres-
sure (PIP) is followed by a rapid descent to a plateau—the
inspiratory plateau pressure (Pplat). When the inspiratory
pause is of sufficient duration (0.5–2 seconds), it ensures
cessation of gas flow and equilibration between the pressure
at the proximal airway and alveolar pressure. Measurement
of the Pplat requires full patient relaxation and the absence
of spontaneous breathing efforts, because the consequent
changes in intrathoracic pressure due to respiratory muscle
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FIGURE 131.1. A: Flow and airway pressure (Paw) wave-
forms in a mechanically ventilated patient with chronic ob-
structive pulmonary disease, showing the performance of an
end-inspiratory and an end-expiratory pause. (Modified from
Putensen C, Mutz NJ, Putensen-Himmer G, et al. Spontaneous
breathing during ventilatory support improves ventilation-
perfusion distributions in patients with acute respiratory dis-
tress syndrome. Am J Respir Crit Care Med. 1999;159:1241.
with permission.) B: Diagram of a typical airway pressure wave-
form during mechanical ventilation. The difference between
peak inspiratory pressure (PIP) and plateau pressure (Pplat) is
determined by airways resistance and end-inspiratory flow. The
difference between plateau pressure and positive end-expiratory
pressure (PEEP) is determined by compliance and tidal volume.
(From Fisher D, Hess D. Respiratory monitoring. In: Bigatello
LM, ed. Critical Care Handbook of the Massachusetts Gen-
eral Hospital. 4th ed. Philadelphia, PA: Lippincott Williams &
Wilkins; 2006:33–52, with permission.)
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activity would affect Pplat and invalidate compliance mea-
surements. The presence of a leak in the system (within either
the patient or the ventilator) will also not permit reaching a
stable Pplat. The end-expiratory pause maneuver should be
limited to a single breath at the time to avoid unnecessary
prolongation of the inspiratory time and the development of
auto-PEEP in patients at risk.

■ An end-expiratory pause is used to estimate auto-PEEP when
the lungs fail to empty to functional residual capacity (FRC)
at end expiration. An end-expiratory pause of sufficient du-
ration allows equilibration between alveolar and proximal
airway pressure, and just as for the Pplat, this measurement
is invalidated by the presence of spontaneous breathing ef-
forts and by air leaks (5).

Additional monitoring functions, not universally available
on ventilators, include the measurement of airway occlusion
pressure (P0.1) and the maximum inspiratory pressure (Pimax).

■ The P0.1 is the value of negative airway pressure generated
in the first 100 ms of an occluded inspiratory effort. Since
the early part of inspiration is largely independent of the
subject’s voluntary effort, the P0.1 is used as an index of ven-
tilatory drive (6). Some ventilators can perform this mea-
surement automatically, with seemingly equal accuracy as
the manual measurement (7).

■ The Pimax is the most negative pressure generated during a
maximal inspiratory effort against an occluded airway. It
is an index of the strength of the inspiratory muscles and
has been used as an index of readiness for ventilator wean-
ing. The off-ventilator manual measurement technique uses
a one-way valve, allowing exhalation but not inspiration
and an occlusion for about 15 to 20 seconds, provided that
no arrhythmias or desaturation occur (8). Some ventilators
allow this measurement to be performed electronically by
occluding both inspiratory and expiratory valves for a set
time. Relevant differences between the manual and ventila-
tor method include the starting lung volume, which is the
residual volume (the subject is coached to exhale fully prior
to the maneuver) in the manual method, and FRC in the
automatic method.

SPECIFIC USES

Bre at h De live ry

Delivery of a ventilator breath is determined by the interaction
between the machine’s operation and the patient’s physiology,
which is described by the equation of motion of the respiratory
system , discussed in more detail in Chapter 130:

Pappl = Pvent + Pmus = VT/C + V̇ × R [2]

Where Pappl is the pressure applied to generate the breath, Pvent
is the pressure applied by the ventilator, Pmus is the pressure
generated by the respiratory muscles, VT is the tidal volume,
C is the compliance, V̇ is the gas flow, and R is the airway
resistance. In essence, when a pressure (from the respiratory
muscles, the ventilator, or both) is applied to the respiratory
system, it generates a gas flow through the airways that is op-
posed by their resistance and causes a change in the volume of
the respiratory system that is proportional to its compliance.
Understanding the interaction between ventilator (P, VT, and V̇)

and patient (C and R) variables greatly aids the understanding
of the principles of ventilation. In the previous chapter (Chap-
ter 130), we used this approach to describe how the ventilator
delivers different types of breaths. Here, we will use the same
basic approach to describe how these breaths can be affected
by changes in ventilatory settings, changes in physiologic vari-
ables, and specific disease states. For example, if the ventilator
measures pressure, volume, and flow at multiple times during
the breath delivery, an iterative technique can be used to cal-
culate resistance and compliance (least squares technique) (9).
Note, however, that this technique assumes that the patient is
making no active breathing effort (Pmus = 0).

Typ ical Pre ssure , Flow, and Volume Trace s
Typically, a ventilator screen will display two graphic traces
of pressure, flow, or volume over time. Most ventilators allow
multiple graphic and numeric options that include displaying
continuous measurements as well as—or as an alternative to—
ventilator settings, alarm limits, and operational information.
Graphic options may include adjusting scales, sweep speed,
color coding of various ventilatory modes and breathing cycle
phases, freezing of a desired screen, and performing precise
measurements with a cursor. By convention, inspiratory events
are displayed as positive and expiratory events as negative, and
the baseline is the zero flow, volume, or pressure (or PEEP).
Numerous typical traces obtained during different modes are
shown in Chapter 130.

Loop s
In addition to the time-based graphics of pressure, volume, and
flow, ventilators can often display these variables as pressure
over volume and flow over volume. These graphics are referred
to as loops, and have been used to visualize and diagnose spe-
cific clinical situations.

■ Dynamic pressure–volume curves display volume changes
as a function of the inflating pressure. The inspiratory phase
of the loop reflects how the ventilator delivers inspiratory
flow, whereas the shape of the expiratory portion depends
primarily on the patient’s respiratory mechanics. These loops
are obtained under dynamic conditions (no interruption of
flow), and therefore one has to be cautious to interpret
them as an indication of the respiratory compliance, particu-
larly at the beginning of inspiration of a pressure-controlled
breath when the inspiratory flow rate is high and variable.
However, they may provide useful information regarding the
state of lung inflation at end inspiration when the inspiratory
flow rate has reached minimal or zero value (Fig. 131.2).

■ Endotracheal tube malposition and kinking can be detected
from changes in the flow–volume and pressure–volume
loops. Typically, endobronchial intubation causes a flat-
tening of the expiratory portion of the flow–volume loop
(intrathoracic obstruction). Dynamic recording of pressure–
volume loops can also aid in early detection of distal mi-
gration of a double-lumen tube during anesthesia for lung
resections, as illustrated in Figure 131.3 (10).

■ Expiratory flow limitation. In the presence of increased ex-
piratory airway resistance (e.g., asthma, chronic obstructive
pulmonary disease [COPD]), expiratory gas flow can be sig-
nificantly impeded, causing air trapping and increased work
of breathing. In this situation, the expiratory portion of the
flow–volume loop assumes a curvilinear pattern: the flow
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FIGURE 131.2. Pressure–volume loop showing hyperinflation as
abrupt increase of pressure at the end of inspiration. (From
Nilsestuen JO, Hargett KD. Using ventilator graphics to identify
patient–ventilator asynchrony. Respir Care. 2005;50:202–234, with
permission.)

decays rapidly after the beginning of exhalation and subse-
quently tapers off, ending with a prolonged low flow rate
phase (Fig. 131.4). In addition, when expiratory flow per-
sists through the end of exhalation, the flow–volume loop
becomes truncated, indicating the presence of flow limitation
and consequent auto-PEEP (11–13). Observation of the ex-
piratory flow–volume loop can be used to assess response to
a bronchodilator (Fig. 131.5).

■ Air leaks cause a loss of volume with each breath, as well
as a difference between the delivered and the exhaled tidal
volume. Air leaks can occur within the ventilator system
(e.g., at the ventilator circuit), between the ventilator and
the patient (e.g., at connections between a thoracostomy
tube and a drainage device), and within the patient, such
as in the presence of a bronchopleural fistula. Regardless of
their location, air leaks cause a characteristic failure of the
flow–volume loop to close at the end of expiration, because
a portion of the inspired tidal volume does not return to
the site of volume measurement on the exhalation side (Fig.
131.6).
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FIGURE 131.3. Pressure–volume curve during two-lung (narrower
loops) and one-lung (wider loops) ventilation, using a double-lumen
endotracheal tube. A: Baseline recording; on one-lung ventilation, the
airway pressure is slightly higher than on two-lung ventilation for a
similar volume, as expected. B: Acute change in inspiratory airway
pressure. C: Partial reversal of the increase in airway pressure, as the
endotracheal tube is withdrawn. D: Nearly full return to baseline after
further withdrawal of the tube. (From Simon BA, Hurford WE, Alfille
PH, et al. An aid in the diagnosis of malpositioned double-lumen tubes.
Anesthesiology. 1992;76:862–863, with permission.)

Chang e s in Bre at h De live ry

Volume -cont ro lle d Ve nt ilat ion (VCV)
During VCV, airway pressure waveforms can be affected by
changes in the ventilator settings and changes in the patient’s
respiratory mechanics, as illustrated by equation [2]. Figure
131.7 shows how a change in peak inspiratory flow rate can
affect the shape of the airway pressure trace during VCV at
constant flow.
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FIGURE 131.4. Flow–volume loops
during mechanical ventilation. A
shows a normal pattern (shorter ar-
row ) and an expiratory obstruction
pattern (longer arrow ). Note how the
expiratory flow is truncated at end
expiration and does not reach the
zero-flow line. (Modified from Dhand
R. Ventilator graphics and respira-
tory mechanics in the patient with ob-
structive lung disease. Respir Care.
2005;50:246–261, with permission.)
B also shows expiratory flow obstruc-
tion, where the flow decreases rapidly
after the first few milliseconds and
then continues for the rest of exhala-
tion at a very slow rate, without ever
reaching the zero-flow line.
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FIGURE 131.5. Flow–volume loops showing a response to pharma-
cologic bronchodilation. The expiratory limb is up in this figure (down
in the previous figure) and it shows the concavity characteristic of flow
limitation. The administration of a bronchodilator increased the peak
expiratory flow rate and reduced the degree of concavity. (From Dhand
R. Ventilator graphics and respiratory mechanics in the patient with
obstructive lung disease. Respir Care. 2005;50:246–261, with permis-
sion.)

Patient factors can affect waveforms during VCV through
changes in the patient’s effort and/or respiratory mechanics
(14). The relationship between patient effort and mechanical
support during VCV has been studied extensively (15). The
combination of a fixed, insufficient inspiratory flow rate and a
protracted delay can make triggering inefficient and ventilatory
support ineffective in patients with high ventilatory demands.
In these situations, the inspiratory pressure waveform acquires
a characteristic upward concavity, indicating that the patient is
still exerting a significant negative pressure during inspiration
(Fig. 131.8). Analysis of the airway pressure trace under these
circumstances may aid in estimating the amount of additional
respiratory work performed by the patient (see also the section
on patient–ventilator dyssynchrony below).

During VCV, the breath can also be delivered with a de-
scending ramp flow waveform. With such a flow pattern, the
set peak inspiratory flow is reached early during the breath,
after which the flow decreases in a linear fashion to a very low
level—or zero—at end inspiration. For the same peak flow set-
ting of a constant flow waveform, the descending ramp requires
a substantially extended inspiratory time to provide the same
area under the curve (the tidal volume). The descending ramp
flow pattern also affects the shape of the pressure waveform,
which increases more rapidly at the beginning of inspiration, re-
sulting in a lower PIP, which approaches the Pplat (Fig. 131.9).
The lower PIP is one reason why clinicians often favor the de-
scending ramp over the constant flow waveform; in addition,
the longer inspiratory time results in a higher mean airway pres-
sure, which may be associated with enhanced lung recruitment
(typically, in patients with ALI/ARDS [acute lung injury/acute
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FIGURE 131.6. Detection of an air leak by ventilator waveform analysis. On the left, traces of flow,
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FIGURE 131.7. Changes in inspiratory airway
pressure trace with different peak inspiratory
flow rates during volume-controlled ventilation.
A: Peak inspiratory flow rate = 30 L/min, tidal
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= 60 L/min, tidal volume 500 mL. The higher
flow rate is associated with higher peak inspira-
tory airway pressure (but not plateau inspiratory
pressure) and a shorter inspiratory time; the tidal
volume is the same by default.

25 Pres s ure

Flow

Volume

cm H2O

Lpm

L

20
15
10

5
0

 5

50
25

0

 100
 75
 50
 25

1.50
1.25
1.00
0.75

 0.25
.0

2 4 6 8 10 12

0.25
0.50

FIGURE 131.8. Examples of inadequate peak inspiratory flow rate during volume-controlled ventilation.
The arrows point to the scooped appearance of the airway pressure waveform due to the patient’s own
inspiratory effort. (Modified from Nilsestuen JO, Hargett KD. Using ventilator graphics to identify patient-
ventilator asynchrony. Respir Care. 2005;50:202–234, with permission.)



1980 Sect ion XIII: Resp iratory Disorders

60

40

20

0

−20

−40

−60

−80

Pr
es

su
re

 (c
m

 H
2O

)
Fl

ow
 (L

/m
in

)

32

28

24

20

16

12

8

4

0
0 2 4 6

2 4 6

FIGURE 131.9. Volume-controlled ven-
tilation delivered with a descending ramp
flow waveform. Note that peak inspira-
tory pressure is virtually the same as the
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respiratory distress syndrome]) and a higher PaO 2, although
the benefit is generally marginal. On the other hand, the longer
inspiratory time may be a disadvantage of the descending ramp
with respect to the constant flow waveform when a patient
is at risk of developing auto-PEEP (typically, in patients with
COPD and asthma) because it lengthens the inspiratory time
and shortens the expiratory time. In addition, using the decel-
erating flow waveform takes away the advantage of a constant

inspiratory flow, which is necessary for bedside determination
of compliance and resistance.

Changes in respiratory mechanics can significantly affect the
airway pressure trace during VCV. Secretions, endobronchial
intubation, and bronchospasm are common causes of acute el-
evation of peak airway pressure, which is often the first sign
for the clinician of the occurrence of one of these acute events.
Changes in compliance can occur due to pulmonary edema,
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normal (A) and decreased (B) respiratory system com-
pliance. As the compliance decreases, the peak inspi-
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airway pressure curve changes from concave to linear.
(Modified from Lucangelo U, Bernabe F, Blanch L. Res-
piratory mechanics derived from signals in the ventila-
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during pressure-controlled ventilation. As the duration of in-
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is sufficiently long that the inspiratory flow reaches the zero
line before the end of inspiration, no further volume is gained
(last breath). (Modified from Lucangelo U, Bernabe F, Blanch
L. Respiratory mechanics derived from signals in the ventila-
tor circuit. Respir Care. 2005;50:55–65, with permission.)

increased abdominal pressure, and increased intrathoracic
pressure (Fig. 131.10).

Pre ssure -cont ro lle d Ve nt ilat ion (PCV)
During PCV, inspiratory airway pressure increases rapidly to
the set value, resembling a square or rectangular wave. This
airway pressure waveform is due to the unique way that inspi-
ratory flow is delivered during pressure-controlled modes. The
inspiratory flow rate is variable and is the result of a combi-
nation of several factors: the capability of the ventilator, the
patient’s effort, and the patient’s respiratory mechanics (see
also Chapter 130) (16). Once the set inspiratory pressure is
reached, the flow rate decreases exponentially to maintain the
set pressure for the desired time, and the decay of the flow
rate (descending ramp) is largely determined by the time con-
stant of the respiratory system, i.e., resistance times compli-
ance. Therefore, the inspiratory flow waveform during PCV is
variable (e.g., if the patient makes a greater effort, more flow
will be delivered), and its analysis may be of use in understand-
ing the individual patient’s mechanics, as well as optimizing
ventilatory settings. Figure 131.11 shows how the duration of
the PCV breath may affect the size of tidal volume for a given
set inspiratory pressure. When the breath ends before the in-
spiratory flow has reached the zero line, the tidal volume can
be increased by prolonging the inspiratory time. Note also the
change in the airway pressure trace, which did not reach a full
plateau until the change was made and a new inspiratory pause
(zero flow) created.

Changes of respiratory mechanics affect the flow waveform
of PCV significantly (Fig. 131.12) and, with it, the efficiency of
this mode of ventilation. Patients with a low compliance and
normal resistance (fast time constant, such as in ALI/ARDS)
show a steep descent of the inspiratory phase and will tend to
have a low tidal volume. On the contrary, patients with a high

compliance and high resistance (slow time constant, such as
in asthma and COPD) show a flat slope and will tend to have
problems of dyssynchrony in addition to tidal volume size. In
addition, during PCV, inspiratory flow is increased by patient
effort, which will increase the flow rate and the tidal volume
delivered.
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FIGURE 131.12. Changes of ventilator waveforms during pressure-
controlled ventilation. An abrupt increase in airway resistance (second
breath) causes a decrease in peak inspiratory flow rate and tidal volume.
The arrows indicate the set end of inspiration: following the increase in
resistance, the decay of the inspiratory flow rate is significantly slower
and no longer reaches the zero-flow line before the end of inspiration,
hence decreasing the tidal volume.
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FIGURE131.13. Two pressure support ventilation traces ob-
tained with different expiratory sensitivity. In A, the breath
ends when the inspiratory flow rate reaches 5% of the peak
inspiratory flow (i.e., low sensitivity): The tidal volume (V) is
approximately 300 mL, the esophageal pressure (Pes) change
approximately 5 cm H 2O, and all breaths are synchronous.
In B, the breath ends at 45% of the peak inspiratory flow
rate (i.e., high sensitivity): At the same level of inspiratory
pressure (Paw) and a similar tidal volume, there is signif-
icant patient–ventilator dyssynchrony, demonstrated by an
attempted (all breaths) or successful (second breath) trigger-
ing effort during early mechanical exhalation. (Modified from
Tokioka H, Tanaka T, Ishizu T, et al. The effect of breath
termination criterion on breathing patterns and the work of
breathing during pressure support ventilation. Anesth Analg.
2001;92:161–165, with permission.)

Pre ssure Sup p ort Ve nt ilat ion (PSV)
With PSV, airway pressure during inspiration approximates a
square wave in a way similar to PCV. However, the duration
of a PSV breath is variable. Once the set inspiratory pressure is
reached, the inspiratory flow decays similar to PCV (see above),
except that the breath ends not at a set time, but when the inspi-
ratory flow reaches a certain percentage of the peak inspiratory
flow, generally 20% to 25% . Traces illustrating this standard
feature of PSV are shown in Chapter 130. In addition, some
ventilators allow adjustments of the cycling-off criterion, also
called expiratory sensitivity. A higher percentage of the peak
inspiratory flow shortens the inspiratory time, potentially im-
proving synchrony in patients with long respiratory time con-
stants (e.g., COPD) who may otherwise take too long to reach
the 25% default setting. A lower percentage setting may in-
crease the tidal volume if a sufficient inspiratory flow is still
present at that point during inspiration, which may increase

tidal volume and improve synchrony in patients with long res-
piratory time constants (Fig. 131.13) (17).

PSV allows two other criteria to end inspiration designed
to minimize the chance of patient–ventilator dyssynchrony: a
pressure-cycling and a time-cycling criterion. Figure 131.14
shows how inspiration can be terminated when the inspiratory
pressure plateau rises above the set pressure by a certain level,
generally 1 to 3 cm H 2O (18). A similar result can be reached
with the second backup criterion, a time set duration of in-
spiration similar to PCV. This feature is particularly helpful in
the presence of leaks; a leak of sufficient proportion may cause
the inspiratory flow never to reach the predetermined cycling-
off level, thus maintaining a constant flow as in continuous
positive airway pressure (CPAP).

The rise time (or pressurization rate) is the time required for
the ventilator to reach the pressure control level at the begin-
ning of the inspiratory phase. A faster rise time delivers more
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FIGURE 131.14. Termination of pressure
support ventilation breaths by a pressure
criterion. Once the set pressure is reached
and maintained to begin a plateau, a fur-
ther increase in pressure cycles the ventila-
tor off. This setting is intended to decrease
patient–ventilator dyssynchrony when a pa-
tients forces the end of inspiration (i.e.,
generates a positive airway pressure [Paw])
while the mechanical inspiration is not yet
completed. This occurs typically in patients
with long time constants, such as in COPD
and asthma. (From Branson RD, Campbell
RS. Pressure support ventilation, patient-
ventilator synchrony, and ventilator algo-
rithms. Respir Care. 1998;43:1045–1047,
with permission.)
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flow at the beginning of inspiration, which may relieve dyspnea
in patients with high respiratory drive (Fig. 131.15). This fea-
ture can be expressed in absolute time: the higher the setting,
the slower the rise time; or in percentage rate: the higher the
setting, the faster the rise time (19).

Be d sid e Use s of Physio log ic
Me asure me nt s and Grap hic Disp lay

Asse ssme nt of Re sp irat ory Me chanics
The electronic performance of end-inspiratory and end-
expiratory pauses allows the measurement of respiratory com-
pliance and resistance at the patient’s bedside. The ventilator
has to be set in the VCV mode, with a constant inspiratory flow
pattern. Care must be paid to minimize the patient’s own respi-
ratory efforts, which would invalidate the measurements. This
may be accomplished by overriding the patient’s own drive
by transiently hyperventilating, administering a short-acting
sedative-hypnotic, or even by inducing pharmacologic neuro-
muscular blockade. A thorough risk–benefit evaluation has to
be made before resorting to these interventions.

Compliance. Respiratory compliance (including both lungs
and chest wall) is typically reduced in cases of atelectasis, pul-
monary edema (cardiogenic and noncardiogenic), pneumonia,
pulmonary fibrosis, pleural effusions, pneumothorax, and fi-
brothorax, and it is increased with asthma and emphysema.
Respiratory compliance can be measured by applying an end-
inspiratory pause. Following an end-inspiratory pause, the
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of a patient with acute respiratory distress syndrome, showing a lower
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airway pressure trace should clearly show the PIP and Pplat
(Fig. 131.1). The difference between Pplat and PEEP is due to
the tidal volume and the respiratory compliance (20).

C = VT/(Pplat – PEEP) [3]

This measurement is often called static compliance, mean-
ing that the measurement was performed in conditions of no
flow, or more likely, a very low flow (quasi-static conditions)
achieved by the end-inspiratory pause (21). In contrast, a dy-
namic compliance is measured by the relationship between
volume and airway pressure throughout inspiration, and it is
often estimated using the PIP as the driving pressure, which
includes the pressure contribution due to resistance. Also, the
term chord compliance is sometimes used, indicating that the
compliance measured at two lung volumes (such as above) is
generally not linear (see below; chord is a line segment connect-
ing two points on a curve). The static compliance measured
with an end-inspiratory pause is relatively simple and valid for
routine clinical use, but it also has several limitations:

■ It is measured at just one lung volume. Although under nor-
mal circumstances, the pressure–volume (P-V) relationship
of the respiratory system is linear within a physiologic range
of lung volumes, pathologies such as ALI/ARDS may alter

the P-V relationship so that compliance may vary signifi-
cantly within a relatively narrow range of lung volumes (see
below and Fig. 131.16) (22).

■ It assumes the respiratory system as a single compartment
which, in many cases, underestimates the complexity of re-
gional compliances. In ALI/ARDS, pneumonia, or pneu-
mothorax, the regional variation is significant (Fig. 131.17).

■ It does not distinguish between lung and chest wall, the two
mechanical components of the respiratory system. This dis-
tinction requires measuring intrathoracic (or pleural) pres-
sure as described below. In the absence of a pleural pressure
measurement, a significant contribution of the chest wall to
a decreased compliance value can be suspected in the pres-
ence of abdominal distention, tight chest bandages, scars,
and large pleural effusions (23).

Resistance. Common causes of increased resistance include
bronchospasm, pulmonary edema, increased bronchial secre-
tions, a low FRC, and a small inner diameter of an endotracheal
tube. Following an end-inspiratory pause, inspiratory airway
resistance can be estimated from the difference between PIP
and Pplat (24,25):

R = (PIP − Pplat)/V̇ [4]



Chap t e r 131: Bedside Inte rpre tat ion of Ventilatory Waveforms 1985

Volume

Time

1 S

400 mL

200 mL

0 mL

C = 40 mL s /cm H2O
    = 0.04 L/cm H2O

RI = 0.6/0.04 =
15 cm H2O/L/s

RE = 1.0/0.04 =
25 cm H2O/L/sR = τ/C

τ = R × C
τ (insp.) = 0.6 s
τ (exp.) = 1.0 s

FIGURE131.18. Measurement of inspiratory (RI) and expiratory (RE)
resistance in a fully relaxed patient, based on the measurement of the
time constant (τ ), which equals compliance times resistance; one τ is
the time necessary to inhale or exhale 63% of the final lung volume.
The respiratory system compliance was 40 mL/cm H2O; the inspiratory
τ (time at 63% of inspiratory volume, horizontal line) was 0.6 s, and
the expiratory τ (time at 63% of inspiratory volume, horizontal line)
was 1 s. Values of RI and RE are shown. (From Nims RG, Conner EH,
Comroe JH Jr. The compliance of the human thorax in anesthetized
patients. J Clin Invest. 1955;34:744–750, with permission.)

For example, with a difference of 10 cm H 2O between PIP
and Pplat and a dialed inspiratory flow rate of 60 L/min, R
will be 10 cm H 2O/L/second. Measured as such, R reflects the
resistance to ventilation imposed by the airways as well as the
respiratory equipment, mainly the endotracheal tube.� How-
ever, the resistance of clean endotracheal tubes is known, and
one can use this knowledge (26,27) and clinical judgment (pres-
ence of secretions within the tracheal or tracheostomy tube) in
estimating the airway versus equipment contribution to resis-
tance. Resistance changes with the flow rate, lung volume, and
phase of respiration. Inspiratory resistance is typically lower
than expiratory resistance due to the increased diameter of the
airways during inspiration, particularly in patients with ob-
structive disease and dynamic airflow limitation (28). Airways
resistance can also be estimated from the time constant (τ =
R × C) of the respiratory system. This method permits one to
calculate both inspiratory (RI) and expiratory (RE) resistance
in fully relaxed patients (Fig. 131.18).

Auto-PEEP. Auto-PEEP is the result of incomplete emptying
of the lung at end expiration, causing an increase in end-
expiratory volume and alveolar pressure (28–31). This phe-
nomenon is due to insufficient expiratory time and/or increased
expiratory airflow resistance, in addition to decreased elastic

�Modern ventilators do not include the resistance of the ventilator cir-
cuit in their resistance calculations. This is because they measure pres-
sure during inhalation through the expiratory line and during exhala-
tion through the inspiratory line (as described earlier in the chapter).
So, this becomes de facto identical to putting the pressure transducer
directly on the proximal airway.

recoil pressure, and it occurs chiefly in patients with asthma
and COPD. Figure 131.19 shows a characteristic flow trace
occurring in the presence of expiratory flow limitation and an
end-expiratory pause to measure static auto-PEEP (Fig. 131.1).
Following this maneuver, most ventilators will display a value
that may correspond to the total PEEP, i.e., the absolute value
measured, or to the auto-PEEP that will be calculated by sub-
tracting the applied PEEP from the measured total PEEP. Be-
cause PEEP set on the ventilator can counterbalance auto-PEEP
in patients with flow limitation, the measurement of auto-PEEP
should ideally be made with the PEEP set on zero in patients
with obstructive lung disease.

Intrathoracic or Pleural Pressure (Ppl). Pleural pressure is es-
timated by measuring the pressure in the midesophagus with
an esophageal balloon catheter. Pleural pressure can be used
to estimate lung and chest wall compliance to assess auto-
PEEP and work of breathing during assisted modes of ven-
tilation and to evaluate diaphragm dysfunction (21). The mea-
surement of pleural pressure is of great value in the study of
respiratory mechanics and can be used by experienced clini-
cians at the bedside (Fig. 131.20). However, its measurement
is generally not performed and displayed by current ventila-
tors, and it is obtained by using dedicated portable monitors
or by means of home-built systems of recording that include
sensor–transducers, analog-to-digital converters, a computer,
and appropriate waveform analysis software (32).

Mean Airway Pressure (Paw). Many of the desired and dele-
terious effects of mechanical ventilation are determined by the
mean airway pressure (Paw). Factors affecting the Paw are the
PIP, PEEP, the inspiratory-to-expiratory (I:E) ratio, and the in-
spiratory pressure waveform. During pressure ventilation, the
inspiratory pressure waveform is rectangular and Paw is esti-
mated as follows: Paw = (PIP − PEEP)/(Ti/TT) + PEEP, where
Ti is inspiratory time and TT is total cycle time. For exam-
ple, with a PIP of 40 cm H 2O, PEEP of 10 cm H 2O, Ti of 1
second, rate 15/minute (Ti/TT = 0.33), Paw is 20 cm H 2O.
During constant flow volume ventilation, the inspiratory pres-
sure waveform is triangular, and Paw can be estimated as Paw
= 0.5 × (PIP − PEEP)/(Ti/TT) + PEEP. For example, with
a PIP of 25 cm H2O, PEEP 5 cm H 2O, Ti 1.5 seconds, rate
20/minute (Ti/TT = 0.5), Paw is 15 cm H 2O. Many current-
generation microprocessor ventilators display Paw from inte-
gration of the airway pressure waveform. Typical Paw values
for passively ventilated patients are 5 to 10 cm H 2O (normal),
10 to 20 cm H2O (airflow obstruction), and 15 to 30 cm H 2O
(ALI/ARDS).

Pressure–Time Waveforms. Measuring the overall pressure
changes of the respiratory system throughout a breath (dy-
namic compliance, see above) may be a useful indicator of the
mechanical behavior of the respiratory system during mechan-
ical ventilation (33–36). For example, pressure changes mea-
sured over time under conditions of constant flow can pro-
vide information on alveolar recruitment and overdistention.
A constant slope of the airway pressure suggests that there is
no change in compliance during tidal ventilation; a progressive
increase of the slope (upward concavity) indicates an increase
in compliance (i.e., lung recruitment); and a progressive de-
crease in the slope (downward concavity) suggests a decrease
in compliance (i.e., overdistention) (35,36) (Fig. 131.21).
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During the last breath, an end-expiratory pause shows the presence of auto-PEEP.

Pressure–Volume (P-V) Curves in ALI/ARDS. ALI/ARDS is a
syndrome of low lung compliance, but the measured value of
compliance is the averaged approximation of different regional
mechanics caused by inhomogeneous distribution of alveolar
collapse and edema, as well as chest wall compliance and pa-
tient position (37,38). Compliance measurement at various
lung volumes at the bedside has been advocated as a means
to better evaluate the recruitment status of the lung and to as-
sist in choosing the appropriate ventilator settings (39). The
construction of a P-V curve over a range of lung volumes can
be carried out in various ways. The manual method with a
supersyringe is relatively simple but flawed, with low repro-
ducibility and with the problem of having to disconnect the
patient from the ventilator to perform the maneuver (22). Al-
ternatively, a P-V curve can be performed automatically in se-
lected ventilators without disconnecting the patient from the

breathing circuit. The multiple occlusion method performs re-
peated end-inspiratory breath occlusions at different lung vol-
umes, and the constant flow technique measures the change
in airway opening pressure with a constant slow flow (≤ 10
L/min) (40,41). Several authors have used the analysis of the P-
V curve to guide ventilator settings in patients with ALI/ARDS
(42–47). Accordingly, setting the PEEP above the lower in-
flection point may optimize lung recruitment and reduce end-
expiratory barotrauma. Setting the inspiratory airway pressure
below an upper inflection point may avoid alveolar overdis-
tention and inspiratory barotrauma (Fig. 131.16). Despite the
theoretical appeal of this approach, its clinical use remains con-
troversial. First, the two inflection points are often not as clear
as one would like them to be, which will result in incorrect
application of the physiologic principle behind this approach
(48). Second, recent studies seem to indicate that the level of
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FIGURE 131.21. Analysis of the inspiratory
pressure over time (P-t) curve under conditions
of constant flow. The coefficient b describes
the shape of the P-t curve. When b is < 1 (left),
the P-t trace has a concavity facing up, indi-
cating an increasing compliance throughout
inflation, related to ongoing alveolar recruit-
ment. When b is > 1 (right), the P-t trace has a
concavity facing down, indicating a decreasing
compliance, related to alveolar overdistention.
When b = 1 (middle), the P-t curve is linear,
indicating a constant compliance throughout
inflation and hence minimal alveolar stress.
(Modified from Ranieri VM, Zhang H, Mascia
L, et al. Pressure-time curve predicts minimally
injurious ventilatory strategy in an isolated rat
lung model. Anesthesiology. 2000;93:1320–
1328, with permission.)

PEEP does not make a significant difference in the outcome of
patients with ALI/ARDS, and that a low inspiratory pressure
(most of the time incompatible with a high PEEP) may be the
most important ventilatory variable associated with a better
outcome (49).

Pat ie nt –Ve nt ilat or Dyssynchrony

Dyssynchronous interactions between the patient’s own effort
and the machine’s support may occur at any time in the course
of mechanical ventilation for acute respiratory failure. Dyssyn-
chrony may worsen gas exchange, cause hemodynamic insta-
bility, and generate additional mechanical load that may hinder
ventilator weaning.

■ Insufficient gas flow support can occur when the patient’s
ventilatory demand is higher than the inspiratory flow rate
supplied by the ventilator. Increased inspiratory work during
volume-assisted mechanical ventilation was demonstrated
two decades ago (15), using the airway pressure trace to
estimate the additional work of breathing imposed by inef-
fective machine support. By superimposing two airway pres-
sure traces obtained during VCV at identical settings, with
the patient fully relaxed and actively triggering the breath,
the authors were able to extrapolate the amount of respira-
tory work performed by the patient (Fig. 131.22). Modern
ventilators allow continuous assessment of these parameters,
greatly enhancing our ability to identify optimal mechanical
support. Patient–ventilator dyssynchrony can occur at mul-
tiple levels during the breathing cycle, and can be related
both to patient’s pathology and/or ventilator shortcomings.
We will include here a few examples and we refer to other
inclusive reviews (50–53).

■ Missed triggering due to dynamic hyperinflation and auto-
PEEP can occur with any mode of ventilatory support (54).
Common to this phenomenon is the finding of the expira-
tory flow trace aiming toward the zero-flow line, as if to
start a breath, but not going over it for several additional

INSPIRATION EXPIRATION

MACHINE
WORK

SUBJECT
WORK

MACHINE
WORK

Control
Ass is t

Control
Ass is t

FIGURE 131.22. Airway pressure waveforms during controlled me-
chanical ventilation in the absence (top) and presence (bottom) of
inspiratory muscle activity. In the bottom view, the shaded area rep-
resents the active work performed by the patient’s inspiratory mus-
cles. (From Marini JJ, Rodriguez RM, Lamb V. The inspiratory work-
load of patient-initiated mechanical ventilation. Am Rev Respir Dis.
1986;134:902–909, with permission.)
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FIGURE 131.23. Ineffective triggering
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ventilator (arrows on the airway pressure
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zero-flow line, as if to start a breath, but
not going over it for several additional
milliseconds, after which a breath is
eventually initiated. (Data from Leung
P, Jubran A, Tobin MJ. Comparison of
assisted ventilator modes on triggering,
patient effort, and dyspnea. Am J Respir
Crit Care Med. 1997;155:1940–1948.)

milliseconds, after which a breath is eventually initiated.
These “humps” on the expiratory flow trace (Fig. 131.23)
indicate attempts to trigger a breath that do not generate
sufficient pressure to overcome auto-PEEP. The significance
of this phenomenon is at least twofold. First, it constitutes
wasted respiratory work, i.e., no tidal volume is generated.
Second, it may mislead the clinician reading the ventilator
display to underestimate the true neural respiratory rate that
the patient is trying to develop.

■ Inadequate inspiratory time can cause a discrepancy be-
tween the patient’s own ventilatory pattern and the one
set on the ventilator. This phenomenon can occur during
PSV and can be aided by changing the expiratory sensitivity
parameter (Fig. 131.13). It can also occur during volume-
controlled ventilation (21,55). During volume-controlled
ventilation in a spontaneously breathing patient, an insuffi-
cient inspiratory time or excessively low tidal volume may
result in double triggering, i.e., a second ventilatory cycle

starts immediately after the previous one (Fig. 131.24). This
phenomenon occurs because the patient’s neural inspiration
is longer than what is provided at that time by the ventilator;
the patient’s high demand is sufficient to close the expiratory
valve early in exhalation and trigger a second inspiration be-
fore exhalation is completed.

SUMMARY
Modern ventilators measure and display physiologic informa-
tion during mechanical ventilation. The observation of the
pressure, volume, and flow traces may help clinicians to mea-
sure respiratory mechanics, adjust ventilator settings, and de-
tect equipment abnormalities. In addition, it offers the oppor-
tunity to learn and teach applied respiratory physiology at the
bedside.
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FIGURE 131.24. Double triggering
during volume-controlled ventilation.
Several breaths (arrows) start immedi-
ately after the previous breath, without
allowing full exhalation. This phe-
nomenon is characteristic of situations
where the ventilator provides insuffi-
cient inspiratory flow, time, or volume
to satisfy the patient’s demand. (From
Thille AW, Rodriguez P, Cabello B, et
al. Patient-ventilator asynchrony during
assisted mechanical ventilation. Inten-
sive Care Med. 2006;32:1515–1522,
with permission.)
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TIPS AND PEARLS
1. The appropriate use of the end-inspiratory and end-

expiratory pause functions on the ventilator can provide
measurement and display of basic respiratory mechanics of
use during mechanical ventilation for acute respiratory fail-
ure.

2. During volume-controlled ventilation, peak inspiratory air-
way pressure is determined by tidal volume, inspiratory flow
rate, resistance, compliance, and PEEP.

3. With a large air leak from the lungs, the expiratory volume
will be lower than the inspiratory volume.

4. Flow–volume loops can be used to assess endotracheal tube
malposition, expiratory flow limitation, air leaks, and re-
sponse to bronchodilators.

5. Attention to analysis of the pressure and flow waveforms
during the most common modes of ventilation can reveal
the presence of expiratory flow limitation, auto-PEEP, and
missed breath triggering.

6. Insufficient inspiratory flow delivery during volume-
controlled ventilation can be taxing to the patient and can
be detected by the presence of an upward concavity in the
early part of the pressure trace.

7. The value of the respiratory rate displayed on the ventilator
screen may be deceiving. Missed triggering may occur due to
expiratory flow limitation; the real respiratory rate is higher
than the displayed respiratory rate. Double triggering may
occur due to a set tidal volume that is too small, or a set
inspiratory time that is too short for the patient’s neural
drive, and results in a higher respiratory rate.

8. Esophageal pressure changes reflect pleural pressure
changes.
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CHAPTER 132 ■ WEANING FROM
MECHANICAL VENTILATION
FRANCO LAGHI

Although often life-saving, mechanical ventilation can be asso-
ciated with life-threatening complications (1). Accordingly, it
is essential to safely discontinue mechanical ventilation at the
earliest possible time. The process of discontinuing mechanical
ventilation is known as weaning. Unfortunately, different inves-
tigators and clinicians mean different things with this word. For
some, weaning is the gradual reduction in ventilator support
when patients are recovering from respiratory failure but are
clearly not ready yet for spontaneous respiration. For others,
weaning is the act of disconnecting patients from the ventilator,
and for yet others, weaning constitutes both discontinuation
from mechanical ventilation and extubation.

A framework of seven stages of weaning has been recently
proposed (Fig. 132.1) (2). Stage 1 is preweaning, when patients
are too ill to be considered ready for weaning—e.g., patients re-
quiring high levels of oxygen (O 2) and positive end-expiratory
pressure (PEEP). All ventilated patients begin at stage 1. In
some large series, 13% to 26% of patients never go beyond
stage 1 (3–5). During stage 1, measurement of weaning predic-
tors is inappropriate and potentially dangerous.

Stage 2 is the period of diagnostic triggering. This is the time
when a physician begins to consider that the patient might
be ready to come off the ventilator. Failure to engage in this
period of diagnostic triggering may be the greatest impediment
to prompt weaning (2). In more than 75% of patients who
are ventilated for a week—or longer—the ventilator can be
successfully discontinued the same day weaning predictors are
measured (6,7). This observation raises the possibility that, in
many patients, discontinuation of mechanical ventilation could
have occurred a day or so earlier if physicians had considered
earlier that the patient might have been ready to come off the
ventilator.

Stage 3 is the time to obtain physiologic measurements that
serve as predictors (weaning predictors) and to interpret them
in the context of each patient’s unique clinical condition. Dur-
ing stage 4 (weaning trial), ventilatory support is either grad-
ually decreased over hours or days (e.g., gradual reduction in
pressure support), or it is removed abruptly and completely
(T-tube trial). In stage 5, patients who succeed the weaning
trial are extubated. Patients who do not succeed the weaning
trial are returned to ventilator support. Stages 6 and 7 apply
to patients who do poorly after extubation. Stage 6 is continu-
ation of ventilator support with noninvasive ventilation. Stage
7 is reintubation, usually accompanied by the reinstitution of
mechanical ventilation (2).

This chapter will first review the pathophysiology of wean-
ing failure, and then the clinical use of predictors of weaning
outcome and techniques of weaning will be examined. Finally,
extubation failure will be discussed. Areas of active research

and controversial topics will be highlighted throughout the
chapter.

PATHOPHYSIOLOGY OF
WEANING FAILURE

Various disease states, alone or in combination, may cause
weaning failure. From a pathophysiologic standpoint, it is use-
ful to consider these disease states in terms of those charac-
terized by a failure of the lungs as a gas exchange unit, and
those characterized by a failure of the ventilatory pump. In a
third group of patients, psychological factors may contribute
to weaning failure.

Imp aire d Gas Exchang e

Conditions characterized by failure of the lungs as a gas ex-
change unit include those associated with ventilation–perfusion
mismatching and (less often) conditions associated with in-
creased shunt (8). The typical consequence of impaired gas
exchange is development of hypoxemia—or hypoxemia due
to intrapulmonary pathologies (8). Impaired gas exchange is
a common finding among patients considered for a trial of
weaning. For example, the mean arterial-to-inspired oxygen
ratio (PaO 2/FiO 2) in more than 600 patients enrolled in wean-
ing studies of the Spanish Lung Failure Collaborative Group
ranged from 200 to 335 mm Hg (7,9).

The ratio of dead space to tidal volume—an approximation
of impaired gas exchange due to lung units with abnormally
high ventilation–perfusion ratios—is normally about 0.30 at
rest and less during exercise (10). In patients requiring pro-
longed mechanical ventilation, the ratio can increase to 0.74
or more (11). Patients can compensate for such an increase
in dead space by increasing minute ventilation by as much as
2.5 times. Such an increase in minute ventilation poses a mi-
nor challenge when respiratory mechanics and respiratory mus-
cles are normal; for example, hypercapnia is uncommon with
pulmonary vascular disease (12). Likewise, in the presence of
large shunts, increases in minute ventilation can be sufficient
to prevent hypercapnia (13). Accordingly, an increase in dead
space ventilation or shunt should not be considered the pri-
mary mechanisms responsible for weaning failure, unless there
is a concurrent abnormality in the mechanical load of the res-
piratory muscles or in their contractile performance (8,12), or
there are concurrent abnormalities in the control of breathing.
For example, increases in dead space ventilation may develop
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FIGURE 132.1. Seven stages of weaning. Stage 1 is preweaning, a stage that some patients
never get beyond. Stage 2 is the period of diagnostic triggering, the time when a physician
begins to think that the patient might be ready to come off the ventilator. Stage 3 is the time
of measuring and interpreting weaning predictors. Stage 4 is the time of decreasing ventilator
support (abruptly or gradually). Stage 5 is either extubation (of a weaning success patient) or
reinstitution of mechanical ventilation (in a weaning failure patient). Stage 6 is use of noninvasive
ventilation (NIV) after extubation. Stage 7 is reintubation. Failure to appreciate stage 2 probably
leads to the greatest delays in weaning. (From Tobin MJ, Jubran A. Weaning from mechanical
ventilation. In: Tobin MJ, ed. Principles and Practice of Mechanical Ventilation. New York, NY:
McGraw-Hill; 2006:1185, with permission.)

during weaning trials as the result of rapid shallow breathing
and dynamic hyperinflation (14,15). Finally, an increase in car-
bon dioxide production can probably only be a contributory
factor and not a sole cause of weaning failure (16).

Imp aire d Ve nt ilat o ry Pump

Impairment of the ventilatory pump can occur in conditions
characterized by decreased respiratory drive, abnormal respi-
ratory mechanics, diminished respiratory muscle performance,
and impaired cardiovascular performance.

De cre ase d Re sp irat ory Drive
Specific conditions such as central alveolar hypoventilation sec-
ondary to neurologic lesions (trauma, infections, infarction)
can contribute to, or cause, weaning failure. In most wean-
ing failure patients, however, estimations of respiratory drive
indicate that drive is increased, and not decreased (17–20).

Purro et al. (21) measured airway occlusion pressure at 100
ms (P0.1) during trials of spontaneous respiration in patients
who had been mechanically ventilated for more than 3 weeks.
All of the weaning failures—all of whom ended up being long-
term ventilator dependent—had greater P0.1 values than wean-
ing successes. The high values of P0.1 suggest an enhanced
neuromuscular� inspiratory drive (22–25). The high neuro-
muscular inspiratory drive, however, was poorly transformed
into ventilatory output—the tidal volumes were lower in wean-
ing failure patients than in weaning success patients—and it
was associated with increased respiratory rate (21). It has been

�P0.1 is a function of both neural drive and capacity of the inspiratory
muscles to generate pressure (22). The capacity to generate pressure
depends on many factors including lung volume, respiratory muscle
strength, and respiratory muscle fatigue (23). Because of the dual con-
tribution (neural drive and capacity of the inspiratory muscles to gen-
erate pressure), P0.1 cannot be considered a pure index of neural in-
spiratory drive but it is rather an index of neuromuscular inspiratory
drive (pressure available to generate lung volume or ventilation) (22).
In addition, P0.1 will not result from pure inspiratory muscle contrac-
tion when patients relax their expiratory muscles after having recruited
them during the preceding exhalation (24). During resting breathing,
in healthy subjects, P0.1 is about 0.5 to 1.5 cm H2O (2).

suggested that, by stimulating pulmonary or bronchial recep-
tors (stretch or irritant), the increased mechanical load on
the respiratory muscles could cause such a rapid and shallow
breathing pattern (26). An elevated neuromuscular inspiratory
drive in weaning failure patients does not necessarily translate
into full respiratory muscle recruitment (Fig. 132.2).

In some patients, however, a decrease in drive relative to the
ventilatory demands may still contribute to weaning failure.
Jubran and Tobin (14) observed that 2 of 17 (12% ) weaning

FIGURE 132.2. Continuous recordings of esophageal pressure (Pes),
gastric pressure (Pga), and transdiaphragmatic pressure (Pdi) during
airway occlusion in a patient after an unsuccessful trial of sponta-
neous breathing. Phrenic nerve stimulation (arrow ) during the max-
imal inspiratory effort resulted in a detectable superimposed twitch.
The presence of a superimposed twitch during a maximal effort in-
dicates that voluntary activation of the diaphragm was incomplete.
(From Laghi F, Cattapan SE, Jubran A, et al. Is weaning failure caused
by low-frequency fatigue of the diaphragm? Am J Respir Crit Care
Med. 2003;167:120, with permission.)
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failure patients developed acute hypercapnia during a trial of
spontaneous respiration. Lung mechanics and the pressure out-
put of the respiratory muscles of these weaning failure pa-
tients were within the range of the weaning success patients,
suggesting that about 10% of patients who develop hyper-
capnia during a failed weaning trial may do so primarily be-
cause of (relative) respiratory center depression. Whether sleep
deprivation decreases respiratory drive remains controversial
(27,28).

Incre ase d Me chanical Load
Patients who fail a weaning trial usually experience an in-
creased mechanical load (14,15,21,29–32). The patients typi-
cally have a 30% to 50% greater inspiratory resistance (14,15,
32), 100% greater dynamic elastance (14,21), and 100% to
200% greater intrinsic PEEP (14,21,32) than do similar pa-
tients who are not in acute respiratory failure. Inspiratory ef-
fort is almost equally divided in offsetting intrinsic PEEP, elastic
recoil, and inspiratory resistance (14,31). Abnormal mechanics
arise from bronchoconstriction, bronchial edema, pulmonary
edema (14), and lung inflammation (29,30). Rapid shallow
breathing can aggravate the abnormalities in lung elastance,
intrinsic PEEP, and carbon dioxide clearance (14,15). Expira-
tory muscle recruitment can also increase intrinsic PEEP (33)
and breathing effort (32,34,35). Of interest, before the onset
of a trial of spontaneous respiration (i.e., T-tube trial), Jubran
and Tobin (36) reported that lung resistance, static elastance,
and intrinsic PEEP (during passive ventilation) are equivalent
in weaning failure and weaning success patients. The differ-
ence indicates that one or more factors associated with the act
of spontaneous breathing is responsible for the marked dif-
ference between failure and success patients during a weaning
trial (2).

Several lines of evidence support the likelihood that in-
creased mechanical load contributes to weaning failure. First,
during spontaneous respiration, mechanical load is greater
in weaning failure patients than in weaning success patients
(14,21,37). Second, among six patients who required mechan-
ical ventilation for 6 to 70 days, progression to successful wean-
ing was associated with improvement in work of breathing per
liter of minute ventilation (38); values of work of breathing
per liter of minute ventilation are a function of compliance,
resistance, tidal volume, and minute ventilation (38). Third, in
weaning failure patients, the mean inspiratory flow—or tidal
volume to inspiratory time ratio—produced for a given level of
neuromuscular inspiratory drive (P0.1 to mean inspiratory flow
ratio or effective inspiratory impedance) (22,39) is higher than
in patients who are successfully weaned (Fig. 132.3) (21,37).
The higher effective inspiratory impedance results entirely from
a greater neuromuscular drive (21,37) and not from a reduced
mean inspiratory flow (21). Given that, despite a greater neu-
romuscular drive (21,37) the mean inspiratory flow in weaning
successes and weaning failures did not differ (21), indicates that
for any given change in drive, the flow resistance and compli-
ance characteristics of the respiratory system in weaning failure
patients limits the capacity of neuromuscular drive to produce
the otherwise expected changes in ventilation. Fourth, effec-
tive inspiratory impedance correlates with inspiratory pressure
output (21). This correlation indicates a worse load-capacity
balance in weaning failure patients than in weaning success
patients (21).
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FIGURE 132.3. Effective inspiratory impedance (P0.1 /VT/TI) during
periods of unassisted breathing in long-term ventilator-dependent (VD)
patients with chronic obstructive pulmonary disease (COPD) (n = 12),
in patients with COPD who were successfully weaned (WS) from me-
chanical ventilation after a period of prolonged ventilation (n = 8), and
in stable patients with COPD (n = 9). Effective inspiratory impedance
was less in weaning successes and in stable patients than in patients
who were ventilator dependent. Asterisks, p < 0.05, VD versus WS
and Stable; horizontal bars, average values. (Modified from Purro A,
Appendini L, De Gaetano A, et al. Physiologic determinants of venti-
lator dependence in long-term mechanically ventilated patients. Am J
Respir Crit Care Med. 2000;161:1115.)

Inad e q uat e Pe rformance of t he
Re sp irat ory Muscle s

Respiratory muscle weakness and respiratory muscle fatigue
can decrease the capacity of these muscles to generate and sus-
tain tension. Direct quantification of respiratory muscle tension
is clinically impossible. Therefore, measurements of pressure
produced by respiratory muscle contractions are used as an in-
direct means to determine whether inadequate performance of
the respiratory muscles is responsible for weaning failure.

Respiratory Muscle Weakness
Detection of respiratory muscle weakness in critically ill pa-
tients. Measurements of airway pressure during maximal vol-
untary inspiratory efforts are used to evaluate global inspi-
ratory muscle strength (40). In healthy subjects, maximum
inspiratory airway pressure is usually more negative than
− 80 cm H 2O (40). In mechanically ventilated patients recov-
ering from an episode or acute respiratory failure, maximum
inspiratory airway pressure can range from less negative than
− 20 cm H 2O to about − 100 cm H 2O (5,14,21). Values of
maximal airway pressure during voluntary maneuvers depend
greatly on a level of motivation and comprehension of the ma-
neuver, often not obtainable in critically ill patients. Thus, it is
not surprising that, in patients requiring short-term mechani-
cal ventilation, measurements of maximum inspiratory airway
pressure commonly do not differentiate between weaning suc-
cesses and weaning failure patients (5,32,38,41–43).

In contrast to the voluntary nature of maximal voluntary in-
spiratory efforts, transdiaphragmatic pressures elicited by sin-
gle stimulations of the phrenic nerves—or twitch pressure—are
independent of patients’ motivation and eliminate the influence
of the central nervous system (40). Activation can be achieved
with either an electrical stimulator (44) or a magnetic stimu-
lator (44), though the latter is easier to use in a mechanically
ventilated patient (Fig. 132.4) (32,45,46).
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FIGURE 132.4. Twitch pressure recordings following magnetic stim-
ulation of the phrenic nerves. A: An esophageal and a gastric bal-
loon catheter are passed trough the nares. Magnetic stimulation of
the phrenic nerves elicits diaphragmatic contraction. B: Continuous
recordings of esophageal (Pes) and gastric pressures (Pga) and trans-
diaphragmatic pressure (Pdi), calculated by subtracting Pes from Pga.
Phrenic nerve stimulation (arrows) results in contraction of the di-
aphragm with consequent fall in intrathoracic pressure (negative deflec-
tion of Pes) and rise in intra-abdominal pressure (positive deflection of
Pga). These swings in pressure are responsible for transdiaphragmatic
twitch pressure. The smaller the transdiaphragmatic twitch pressure,
the smaller the force generating capacity of the diaphragm. (From Laghi
F. Hypoventilation and respiratory muscle dysfunction. In: Parillo JE,
Dellinger RP, eds. Critical Care Medicine: Principles of Diagnosis and
Management in the Adult. St. Louis, MO: Mosby; 3rd ed.; 2008:829,
with permission.)

In healthy volunteers, magnetic stimulation elicits twitch
pressures that average 31 to 39 cm H 2O (40). In patients
with severe chronic obstructive pulmonary disease (COPD),
twitch pressures average 19 to 20 cm H 2O (47,48). The value
of transdiaphragmatic twitch pressure in patients recovering
from an episode of acute respiratory failure is about half of
that recorded in ambulatory patients with severe COPD (Fig.
132.5) (32,45,46). This marked reduction in twitch pressure
(45,46) indicates the presence of respiratory muscle weakness
in most of these patients. Respiratory muscle weakness in criti-
cally ill patients can result from pre-existing conditions or from
new onset conditions.

Weakness due to pre-ex isting conditions. Pre-existing condi-
tions that can cause respiratory muscle weakness include dis-
orders such as neuromuscular diseases, malnutrition, endocrine
disorders, and hyperinflation. The existence of pre-existing

conditions can be clinically recognized before instituting me-
chanical ventilation, when ventilator support is being delivered
or when the patient fails a weaning trial.

neur o muscul a r d iso r d er s. According to the level of
anatomic involvement, neuromuscular disorders can be
grouped in those involving the central nervous system (e.g.,
multiple sclerosis, amyotrophic lateral sclerosis), motor neu-
ron (e.g., spinal cord compression, postpolio syndrome, amy-
otrophic lateral sclerosis), peripheral nerves (e.g., Guillain-
Barré syndrome), neuromuscular junction (e.g., botulism,
myasthenia gravis), and peripheral muscles (e.g., inflammatory
myopathies, myotonic dystrophy, Duchenne muscular dystro-
phy) (23).

Hypercapnic respiratory failure usually occurs when res-
piratory muscle strength falls to 39% of the predicted nor-
mal value (49). However, Gibson et al. (50) described sev-
eral patients with neuromuscular disease who had a normal
partial pressure of CO 2 despite decreases in respiratory mus-
cle strength to less than 20% of predicted. Conversely, some
patients with only moderate respiratory muscle weakness dis-
played hypercapnia (Fig. 132.6) (50). In other words, reduc-
tions in muscle strength do not consistently predict the degree
of alveolar hypoventilation in this setting.

h yper infl at io n . Hyperinflation is a common pre-existing
problem in patients with obstructive lung diseases such as
COPD (23), cystic fibrosis (51), bronchiolitis (52), and lym-
phangioleiomyomatosis (23). The severity of pre-existing hy-
perinflation commonly worsens in patients experiencing an ex-
acerbation of COPD (15). Hyperinflation can also occur de
novo in patients with pneumonia, acute respiratory distress
syndrome, and chest trauma (15,53). Indirect evidence of hy-
perinflation has been reported in patients who fail a weaning
trial (14,15,17,33,54,55).

Hyperinflation has several adverse effects on inspiratory
muscle function: the inspiratory muscles operate at an unfa-
vorable position of the length-tension relationship (Fig. 132.7)
(56); flattening of the diaphragm decreases the size of the zone
of apposition with the result that diaphragmatic contraction
causes less effective rib cage expansion (23). Hyperinflation
also has an adverse effect on the elastic recoil of the thoracic
cage (23). This means that the inspiratory muscles must work
not only against the elastic recoil of the lungs but also against
that of the thoracic cage. The functional consequences of dy-
namic hyperinflation are probably the main causes of venti-
latory failure in patients with COPD (57). Impairment of in-
spiratory muscle function as a consequence of hyperinflation,
however, is less likely in patients with acute respiratory distress
syndrome because these patients breathe at a low lung volume
despite dynamic hyperinflation (53,58).

mal nut r it io n . Malnutrition is highly prevalent among
critically ill patients requiring mechanical ventilation (59,60)
and is associated with poor prognosis (60). Malnutrition de-
creases muscle mass and respiratory muscle strength both in
humans (61,62) and laboratory animals (63–65).

In patients with COPD, inspiratory muscle strength is about
30% less in poorly nourished patients than in well-nourished
patients with equivalent airway obstruction (66). Similarly,
malnourished patients with anorexia nervosa can present with
inspiratory muscle strength reduced to 35% to 50% of pre-
dicted (62), impaired respiratory muscle endurance (67), im-
paired hypercapnic ventilatory response (67), and, occasion-
ally, with hypercapnia at rest (62). In malnourished patients,
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FIGURE 132.5. Transdiaphragmatic twitch pressure recorded in mechanically ventilated patients recov-
ering from an episode of acute respiratory failure. Box represents range of transdiaphragmatic twitch
pressures recorded in ambulatory patients with severe chronic obstructive pulmonary disease (COPD).
Most mechanically ventilated patients had evidence of diaphragmatic weakness. (Data from Cattapan SE,
Laghi F, Tobin MJ. Can diaphragmatic contractility be assessed by airway twitch pressure in mechanically
ventilated patients? Thorax . 2003;58:58 [open circles]; and from Watson AC, Hughes PD, Louise HM, et
al. Measurement of twitch transdiaphragmatic, esophageal, and endotracheal tube pressure with bilateral
anterolateral magnetic phrenic nerve stimulation in patients in the intensive care unit. Crit Care Med.
2001;29:1325 [closed circles], with permission.) (Modified from Laghi F. Assessment of respiratory output
in mechanically ventilated patients. Respir Care Clin N Am. 2005;11:173.)

inspiratory weakness (62,66,67), fatigability (66), and dysp-
nea (66) are partially reversible with nutritional support. The
process is slow and, in laboratory animals, can take months
of refeeding for muscle mass to return to normal values (68).

FIGURE 132.6. Relationship between muscle strength and mixed ve-
nous partial pressure of CO2 (PvCO 2) in patients with respiratory
muscle weakness due to myotonic dystrophy and a variety of nonmy-
otonic muscle diseases. Respiratory muscle strength is the arithmetic
sum of maximum static inspiratory and expiratory mouth pressures
(Pmax = PImax + PEmax). As respiratory muscle weakness became
more severe PvCO2 increased, although considerable variability was
observed among patients. (Modified from Gibson GJ, Gilmartin JJ,
Veale D, et al: Respiratory muscle function in neuromuscular disease.
In Jones NL, Killian KJ, editors: Breathlessness. The Campbell Sym-
posium. Hamilton, Ontario, 1992. Boehringer-Ingelheim)

To date, it remains unclear whether malnutrition by itself can
cause sufficient respiratory muscle weakness to cause weaning
failure. It is more likely for malnutrition to be a contributory
factor and not a sole cause of weaning failure.

end o cr ine d ist u r bances. Endocrine disturbances, such
as hypothyroidism (69), hyperthyroidism (70–73), and
acromegaly (74), can adversely affect respiratory muscle func-
tion. Proteolysis of myofibrillar proteins by the ubiquitin/
proteasome proteolytic system (75) (Fig. 132.8) is probably
responsible for respiratory muscle catabolism and weakness
of hyperthyroidism (70). This mechanism is implicated in the
muscle wasting associated with acidosis, renal failure, den-
ervation, cancer, diabetes, AIDS, trauma, and burns (75). In
contrast to other endocrine disturbances, respiratory mus-
cle weakness is unusual in patients with Cushing syndrome
(76).

Weakness due to new-onset conditions. New-onset respira-
tory muscle weakness in critically ill patients may result from
conditions that are unique to these patients and that include
ventilator-associated respiratory muscle dysfunction, sepsis-
associated myopathy, and intensive care unit (ICU) acquired
paresis. New-onset respiratory muscle weakness may also
result from conditions that are not unique to critically ill pa-
tients and that include acid-base disorders, electrolyte distur-
bances, decreased oxygen delivery, or medications. Respiratory
muscle weakness due to conditions that are unique to critically
ill patients are often associated with alterations in respiratory
muscle structure, whereas the others are not necessarily so as-
sociated. Recovery from respiratory muscle weakness, if it oc-
curs at all, is slow when the weakness is caused by alterations
in muscle structure. In contrast, recovery of respiratory mus-
cle weakness in conditions that are not necessarily associated
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FIGURE 132.7. Twitch transdiaphragmatic pressure
elicited by phrenic nerve stimulation (top) and func-
tional residual capacity (FRC) (bottom) in a patient
with severe emphysema before (left) and after (right)
lung volume reduction surgery. The increase in trans-
diaphragmatic pressure after surgery was in part due
to a decrease in the operating lung volume as demon-
strated by the decrease in functional residual capacity.
(Data from Laghi F, Jubran A, Topeli A, et al. Effect
of lung volume reduction surgery on neuromechani-
cal coupling of the diaphragm. Am J Respir Crit Care
Med. 1998;157:475.)

with alterations in muscle structure is usually rapid once the
underlying triggering factor has been corrected.

vent il a t o r -asso c iat ed r espir at o r y musc l e dysf unc-
t io n . In laboratory animals, controlled mechanical ventilation
delivered for 1 to 11 days can decrease diaphragmatic force
generation by 20% to more than 50% (Fig. 132.9) (77–83) and
it can cause similar decreases in diaphragmatic endurance (82).
The reduction in force has been related to the extent of my-
ofibril damage and mitochondrial swelling (rabbits) (79) and
with a decrease in muscle fibers expressing type I myosin iso-
forms (rats) (Table 132.1) (78). Impaired membrane depolar-
ization or impaired excitation/contraction coupling may con-
tribute to ventilator-associated respiratory muscle dysfunction
(81).

Several mechanisms, including structural injury (79,84,85),
oxidative stress (86–89), muscle fiber remodeling (78,88,90),
muscle atrophy (78,83,88,91,92)—with the attendant reduc-
tion in myofibril synthesis (93) and increased myofibril proteol-
ysis (88,92)—appear to be responsible for ventilator-associated
respiratory muscle dysfunction. Use of antioxidants may pre-
vent the muscle damage that results from mechanical ventila-
tion (86). For instance, in a study of more than 200 critically ill
patients, 80% of whom required acute ventilator support, du-
ration of mechanical ventilation was nearly 3 days shorter in
those who completed a 10-day antioxidant supplementation
protocol (vitamin E and vitamin C) than in those who com-
pleted a 10-day course of placebo (94). Similar results have
been reported in critically ill surgical patients requiring me-
chanical ventilation (95). Whether the decrease in duration of
mechanical ventilation in these studies was due, at least in part,
to the (potential) positive effects of antioxidants on the respi-
ratory muscles remains to be demonstrated.

It is unclear if ventilator-associated respiratory muscle dys-
function occurs in humans. In a retrospective study of 13 in-
fants who received uninterrupted ventilator assistance for at
least 12 days before death, most diaphragmatic fibers appeared

atrophic (Fig. 132.10) (96). The development of atrophy was
suggested by a smaller diaphragmatic muscle mass in these
infants than in 26 infants who died after receiving mechan-
ical ventilation for 7 days or less (96). These data are sup-
ported by a recent preliminary report of Levine et al. (97) who
compared costal diaphragm biopsies of six brain-dead organ
donors maintained on controlled mechanical ventilation for 18
to 72 hours with those of nine patients ventilated for less than
2 hours during surgery (to remove solitary pulmonary nod-
ules). In this preliminary report, prolonged controlled mechan-
ical ventilation was associated with 40% atrophy of slow fibers
and 36% atrophy of fast fibers (97). Atrophy was coupled with
increased ubiquitin–proteasome proteolysis (Fig. 132.8) (92).

Considering that decreases in protein synthesis seem to con-
tribute to ventilator-associated respiratory muscle dysfunction
(92,93), it would seem biologically plausible that administra-
tion of anabolic factors, such as growth hormone, might be of
benefit in ventilated patients. Unfortunately, when growth hor-
mone has been administered to patients requiring prolonged
mechanical ventilation, duration of mechanical ventilation was
not decreased nor was muscle strength increased (98). Of con-
cern was the report that recombinant growth hormone can
increase mortality of critically ill patients (99).

sepsis-asso c iat ed myo pat h y. Sepsis, a common occur-
rence in critically ill patients, can produce ventilatory fail-
ure by causing respiratory muscle dysfunction and increased
metabolic demands (100). Septic animals develop failure
of neuromuscular transmission (due to increased sarcolem-
mal electric potential) (101–103) and failure of excitation/
contraction coupling (100,104). Mechanisms responsible for
failure of excitation/contraction coupling include the cytotoxic
effect of free radicals (105–108), ubiquitin/proteasome proteol-
ysis (70,75,100,109–111), the cytotoxic effect of nitric oxide
(Fig. 132.11) (102) and its metabolites (112,113), and a de-
crease in mitochondrial content with associated reduction in
energy-rich phosphates (114).
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FIGURE 132.8. Ubiquitin/proteasome degra-
dation of contractile proteins. The first step in
degradation of actin and myosin is activation of
ubiquitin (Ub) by a first enzyme, E1, a process
requiring ATP (adenosine triphosphate). Acti-
vated ubiquitin interacts with a second enzyme,
E2, a carrier protein. Ub and E2 join a third en-
zyme, E3. E3 transfers activated Ub to actin and
myosin. The cycle is repeated until a chain of Ub
is bound to the contractile proteins. The chain
of Ub binds to one end of a proteasome com-
plex in a process requiring ATP. The Ub chain
is subsequently removed (allowing reuse of Ub),
and actin and myosin are unfolded and pushed
into the core of the proteasome. Multiple en-
zymes within the core degrade actin and myosin
into small peptides. The peptides are extruded
from the proteasome and degraded to amino
acids by peptidases in the cytoplasm. The ubiq-
uitin/proteasome system degrades myofibrillar
proteins only after they have been cleaved and
released by other proteolytic pathways—i.e., the
ubiquitin/proteasome pathway cannot degrade
intact myofibrillar proteins. (From Laghi F, To-
bin MJ. Disorders of the respiratory muscles.
Am J Respir Crit Care Med. 2003;168:10, with
permission.)

To determine whether the inducible nitric oxide synthase
pathway contributes to impaired skeletal muscle contractility
in septic patients, Lanone et al. (115) obtained samples of the
rectus abdominis in 16 septic patients and 21 control subjects.
The muscles of the patients had lower contractile force and in-
creases in inducible nitric oxide synthase expression (mRNA
and protein) and activity. Immunohistochemical studies re-
vealed the generation of peroxynitrite (a highly reactive ox-
idant formed by the reaction of nitric oxide with superoxide
anion). Exposure of control muscles to the amount of peroxyni-
trite found in patients caused an irreversible decrease in force
generation. These data suggest that one of the mechanisms by
which sepsis decreases muscle force is through the production
of nitric oxide and its toxic byproducts.

in t ensive car e unit acq uir ed par esis. While cared for
in the ICU, critically ill patients can develop muscle weakness
and, occasionally, paralysis. Some of these patients have evi-
dence for axonal degeneration and denervation atrophy (Fig.
132.12) (23). This constellation of findings is known as critical
illness polyneuropathy (Table 132.2) (116). Sensory involve-
ment is usually more limited than motor involvement (117).
Critical illness polyneuropathy has been considered one of the
manifestations of multiple organ failure syndrome (118). Sep-
sis and multiple organ failure, though, are not essential pre-
requisites for the development of critical illness polyneuropa-
thy (119,120). Tight control of hyperglycemia may reduce the
risk of polyneuropathy and the duration of mechanical venti-
lation (121). It has been speculated that the known neurotoxic
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FIGURE 132.9. Transdiaphragmatic pressure (Pdi) response to
phrenic nerve stimulation before (solid line) and after 11 days (dashed
line) of mechanical ventilation. That the transdiaphragmatic pressure
recorded after 11 days of mechanical ventilation shows a decrease
response to all stimulation frequencies is suggestive of ventilator-
associated diaphragmatic dysfunction. (Modified from Anzueto A, Pe-
ters JI, Tobin MJ, et al. Effects of prolonged controlled mechanical
ventilation on diaphragmatic function in healthy adult baboons. Crit
Care Med, 1997;25:1187.)

effects of hyperglycemia play a role in the development of criti-
cal illness polyneuropathy, and that the anti-inflammatory and
neuroprotective effects of insulin contribute to the protective
effects of tight hyperglycemic control (118). The administra-
tion of corticosteroids has not been linked with an increased
risk of developing critical illness polyneuropathy (122,123).

In some ICU patients with muscle weakness or paralysis,
rather than axonopathy, there is evidence of isolated myopa-
thy (critical illness myopathy) (23). Patients developing isolated
myopathy often have been treated with steroids and neuro-
muscular blocking agents (e.g., patients with status asthmati-
cus) (23). Muscle biopsies demonstrate a general decrease in
myofibrillar protein content and a selective loss of thick fila-
ments (myosin) within type I and type II fibers (Fig. 132.13).
Although a decrease in thick-filament proteins may be impor-
tant for prolonged weakness (124), this decrease is probably
not the cause of the acute paralysis (125), particularly in pa-
tients with compound motor action potentials of low ampli-
tude (126). Impaired muscle membrane excitability is proba-
bly more important during the acute stage (124,127). Subtypes
of critical illness myopathy (128), including rhabdomyolysis
and frank myonecrosis, have been occasionally reported (Fig.
132.14) (117,118,129,130). Experimental data in laboratory
animals (131) and in critically ill patients (124,132,133) sug-
gest that critical illness myopathy may result from several co-
existing processes including a decrease in mRNA substrates for
actin and myosin due to pretranslational defects (131), decrease
in myosin mRNA (124), induction of myofiber-specific ubiqui-
tin/proteasome pathways (132), and local immune activation
(133).

In the last few years, it has become increasingly apparent
that critical illness neuropathy and myopathy often coexist
(120,122,127,130,132–136). It has become common to refer
to patients who become weak while in the ICU, as a result

TA BLE 1 3 2 . 1

CHARACTERISTICS OF TYPES OF MUSCLE FIBERS

Type I Type IIa Type IIx Type IIb

Contractile Properties
Velocity of shortening + + + + + + + + + +
Tetanic force + + + + + +
Endurance + + + + + + + + + +
Work efficiencya + + + + + + + +

Histochemistry
Mitochondrial volume density + + + + + + + + +
ATP consumption rate + + + + + + + + + +
Oxidative enzymes + + + + + + + + +
Glycolytic enzymes + + + + + + + + + +
Glycogen + + + + + + + +

Capillary Supply + + + + + + + + +

Diameter + + + + + + + +

ATP, adenosine triphosphate.
A single myosin heavy chain isoform is typically expressed within an adult skeletal muscle fiber. Fibers classified as type I, IIa, IIx, and IIb express
myosin heavy chain isoform I (or slow), IIa, IIx, and IIb, respectively. Type IIx fibers have been reported in peripheral muscles of humans and animals
and in the diaphragm of animals. Type IIx fibers have not been reported in the human diaphragm. More than one myosin heavy chain isoform is
expressed in a few fibers (about 14% of adult rat diaphragm coexpresses myosin heavy chain isoforms IIb and IIx, and less than 1% coexpresses myosin
heavy chain isoforms I and IIa) (337). Whereas the velocity of muscle contraction depends primarily on the myosin heavy chain isoform, the velocity of
muscle relaxation is mainly determined by troponin C calcium binding and release and by calcium reuptake by the sarco-endoplasmic reticulum
calcium–adenosine triphosphatase (SERCA). Several SERCA isoenzymes have been identified: SERCA 1 is expressed in type II fibers (fast calcium
reuptake), and SERCA 2a is expressed in type I (slow calcium reuptake) (338). The density of pumping sites largely accounts for different rates of
calcium uptake in fast- and slow-twitch muscle fibers (338). Despite this separation of tasks, velocity of contraction and velocity of relaxation tend to
parallel each other; type II fibers contract and relax with a greater velocity than type I fibers. Slower velocity of relaxation allows fusion of repetitive
twitches at lower frequencies of stimulation as compared with fast relaxations. Impairment of SERCA activity has been implicated in the development
of fatigue and in disease states including heart failure and corticosteroid myopathy.
aAmount of work performed per unit of adenosine triphosphate consumed.
From Laghi F, Tobin MJ. Disorders of the respiratory muscles. Am J Respir Crit Care Med. 2003;168:10, with permission.
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30 µm30 µm

FIGURE 132.10. Photomicrographs of transverse sections of diaphragm from an infant ventilated from
birth until death at day 47 (left) and from an infant ventilated from birth until accidental death at day 3
(right). Prolonged mechanical ventilation was associated with reduction in myofiber cross-sectional area.
(The arrow in the left panel indicates a developing myofiber also known as Wohlfart myofiber.) (Modified
from Knisely AS, Leal SM, Singer DB. Abnormalities of diaphragmatic muscle in neonates with ventilated
lungs. J Pediatr. 1988;113:1074.)

of acquired neuropathy and/or myopathy (not associated with
a known disorder), as simply having critical illness neuromy-
opathy or, more simply, ICU-acquired paresis (127,132,136).
ICU-acquired paresis has been reported to be an independent
risk factor of prolonged weaning (136,137) and to be associ-
ated with respiratory muscle weakness (138).

The functional outcome of ICU-acquired paresis is not uni-
form. Among long-term survivors of prolonged critical illness

with an ICU stay of at least 4 weeks (117), neurophysiologic
evidence of critical illness polyneuropathy has been recorded
in 95% of patients up to 5 years following ICU discharge.
Although all patients report extreme weakness after ICU and
hospital discharge (117), 50% to 60% of them experience com-
plete clinical recovery (ability to breathe spontaneously and to
walk independently) over a period of 2 weeks to 6 months
or longer (124,137,139). Yet, 10% to 30% experience severe

A B

FIGURE 132.11. A: A sample of gastrocnemius muscle obtained from an adult Sprague-Dawley rat
injected 12 hours earlier with E. coli endotoxin (20 mg/kg). The section was stained with an antibody to
inducible nitric oxide synthase. Positive staining (dark gray staining; arrows) is evident inside the fibers.
B: A sample of gastrocnemius muscle obtained from a rat injected 12 hours earlier with normal saline.
No positive staining is evident. (Photomicrographs provided by Dr. Sabah N. Hussain, Royal Victoria
Hospital, Montreal, Canada.) (From Laghi F, Tobin MJ. Disorders of the respiratory muscles. Am J
Respir Crit Care Med. 2003;168:10, with permission.)
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TA BLE 1 3 2 . 2

ELECTROMYOGRAPHIC FINDINGS

Neuromuscular
Axonal injury Myelin injury conduction defect Myopathy

Compound muscle action potential
(amplitude)a

Reduced Normal to slightly
reduced

Normalb Normal

Sensory nerve action potential (amplitude)c Reduced Normal to reduced Normal Normal
Conduction velocity Normal to slightly

reduced
Reduced Normal Normal

Spontaneous muscle depolarizationd Present Absent Absent None to Present
Amplitude of compound muscle action

potential with stimulation at 3 Hze
Unchanged Unchanged Decreased Unchanged

Motor unit activation Decreased Decreased Normal Increased

Examples of injuries and deficits: Axonal injury, critical illness myopathy; myelin injury, Guillain-Barré; neuromuscular conduction defect, myasthenia,
prolonged neuromuscular blockade; myopathy, critical illness myopathy. Although features of myopathy can be recorded by electromyographic studies,
electromyography cannot always distinguish critical illness myopathy from critical illness polyneuropathy, and muscle biopsies may be needed.
aElicited by motor nerve stimulation.
bDecreased in the Lambert-Eaton syndrome.
cElicited by sensory nerve stimulation.
d Spontaneous muscle depolarization (caused by denervation) is detected by presence of fibrillation potentials and positive sharp waves.
eRepetitive nerve stimulation is performed to exclude neuromuscular transmission defects such as prolonged neuromuscular paralysis.
From Laghi F, Tobin MJ. Disorders of the respiratory muscles. Am J Respir Crit Care Med. 2003;168:10, with permission.

A B

FIGURE 132.12. Transverse section of a peripheral motor nerve (deep peroneal nerve, left) and of a
skeletal muscle (intercostal, right) in patients who developed profound weakness following a prolonged
hospital course characterized by sepsis, multiple organ failure syndrome, and inability to wean from
mechanical ventilation. Left: The long thin dark structures are myelin sheaths that contain axons. The
axons are degenerating and dying. And, following death, they disintegrate. The myelin surrounding the
disintegrating axons collapses around the axonal debris to form ovoids of myelin, seen better on the lateral
portions of the micrograph. Right: Amid muscle fibers that are normal in size and shape there are atrophic
ones that appear small and that have developed contours with acute angles. These findings are consistent
with denervation atrophy secondary to axonal degeneration—so-called critical illness polyneuropathy.
(Modified from Zochodne DW, Bolton CF, Wells GA, et al. Critical illness polyneuropathy. A complication
of sepsis and multiple organ failure. Brain. 1987;110:819.)
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A B

FIGURE 132.13. Electron micrographs of normal skeletal muscle (left) and skeletal muscle from a patient
who received steroids and the neuromuscular blocking agent vecuronium during a hospitalization with
status asthmaticus followed by flaccid quadriplegia (right). Compared with the normal structure, the
patient developed extensive loss of thick (myosin) myofilaments and relative preservation of thin (actin)
filaments. Muscle strength returned to normal 3 months after discontinuation of vecuronium. M, M-
line formed by myosin filaments and M-line proteins; Z , Z-disk formed by a lattice of filaments that
join the actin filaments of one sarcomere with the actin filaments of the adjacent sarcomere. (Modified
from Eisenberg BR. In: Bradley WG, Gardner-Medwin D, Walton JN, eds. Recent Advances in Myology.
Amsterdam, the Netherlands: Excerpta Med; 1975, with permission; and from Danon MJ, Carpenter S.
Myopathy with thick filament (myosin) loss following prolonged paralysis with vecuronium during steroid
treatment. Muscle N erv. 1991;14:1131, with permission.)

persistent disability, and some patients continue to be para-
paretic or paraplegic, or tetraparetic or tetraplegic (117,140).
Other investigators report even worse outcome: only two of
ten patients left the hospital in one study (130). Whether it is

FIGURE 132.14. Transverse section of a peripheral skeletal muscle
(rectus femoris) in a critically ill patient with necrotizing myopathy of
the intensive care unit. Several muscle fibers demonstrate an obvious
panfascicular destructive process. The destructive process is associated
with myophagocytosis and small, regenerating muscle fibers that con-
tain groups of vesicular nuclei and prominent nucleoli. Bar, 50 µ m.
(From Ramsay DA, Zochodne DW, Robertson DM, et al. A syndrome
of acute severe muscle necrosis in intensive care unit patients. J N eu-
ropathol Exp N eurol. 1993;52:387, with permission.)

possible to prevent ICU-acquired paresis in patients recover-
ing from severe acute illness and whether that would result in
shorter duration of mechanical ventilation remains unknown.

ac id -base d iso r d er s. Alkalosis, either metabolic or res-
piratory, does not affect skeletal muscle strength (141–143)
and may improve endurance (141). Whether acidosis, either
metabolic (144–152) or respiratory (142,143,145,153–156),
impairs respiratory muscle function remains controversial.

el ec t r o l yt e d ist u r bances. Respiratory muscle function
may be impaired by decreased levels of phosphate (157), cal-
cium (158), magnesium (159), and potassium (160).

med icat io ns. Weakness can result from medications that
have a direct myotoxic effect, such as blockade of myocyte gly-
coprotein synthesis and electron transport caused by statins (in-
hibitors of the hydroxy-methylglutaryl coenzyme A reductase)
used in patients with hyperlipidemia or nucleoside analogues
used in patients with human immunodeficiency virus (161–
164). Weakness can also result with neuromuscular blocking
agents and aminoglycosides, which interfere with neuromus-
cular transmission (165,166).

In acutely ventilated patients, paralysis (including the res-
piratory muscles) can persist after discontinuation of neuro-
muscular blocking agents (166–168). Prolonged blockade is
estimated to occur in 12% to 44% of patients receiving pan-
curonium or vecuronium for 1 or more days (166–168). Accu-
mulation of metabolites of the neuromuscular blocking agents
is responsible for the prolonged blockade (166). Risk factors
for prolonged blockade include renal and/or hepatic failure (de-
pending on the agent used), hypermagnesemia, metabolic aci-
dosis, female gender, and the concomitant use of various antibi-
otics, including aminoglycosides and clindamycin (118,166).
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FIGURE 132.15. Induction of diaphragmatic fatigue
(vertical box ) produced a significant fall in transdi-
aphragmatic pressure (Pdi) elicited by twitch stimula-
tion of phrenic nerves. Significant recovery of twitch
pressure was noted in the first 8 hours after completion
of the fatigue protocol; no further change was observed
between 8 and 24 hours, and the 24-hour value was sig-
nificantly lower than baseline. The delay in reaching the
nadir of twitch transdiaphragmatic pressure probably
results from twitch potentiation, induced by repeated
contractions, which was present at the end of the pro-
tocol. Values are mean ± SE. *Significant difference
compared with baseline value, p < 0.01. (From Laghi
F, D’Alfonso N, Tobin MJ. Pattern of recovery from
diaphragmatic fatigue over 24 hours. J Appl Physiol.
1995;79:539, with permission.)

Repetitive nerve stimulation demonstrates a decrement of the
compound muscle action potential (Table 132.2). Recovery
from prolonged neuromuscular blockade is usually reported
to begin within 2 days of the last dose (166,167), which con-
trasts with the prolonged course of critical illness myopathy
or neuropathy (124,139,140,169). It is thus unlikely, if not im-
possible, for prolonged neuromuscular blockade to cause long-
term ventilator dependence (170,171). Dosing neuromuscular
blocking agents with the assistance of a peripheral nerve stim-
ulator (monitoring of train-of-four) (172) may be associated
with faster recovery of neuromuscular function and sponta-
neous respiration (168). Treatment consists primarily of wait-
ing for clearance of the neuromuscular blocking agents or their
metabolites (118). Reversal of neuromuscular blockade with a
cholinesterase has been used to establish a diagnosis. In the

presence of high concentrations of neuromuscular blocking
agents—or their metabolites—recovery is usually incomplete
or transitory (118).

Limitations in the current classification of respiratory mus-
cle weakness. When studying respiratory muscle weakness
leading to weaning failure, it is necessary to bear in mind
the current limited understanding of these conditions. First,
the distinction between pre-existing conditions and new-onset
conditions can be arbitrary. Second, conditions that are pre-
existing—malnutrition and hyperinflation—can worsen during
the course of an unrelated critical illness. Third, the nosol-
ogy is often unsatisfactory: consider the nebulous distinction
between ICU-acquired paresis and sepsis-associated myopa-
thy, or between ICU-acquired paresis and ventilator-associated

A B

FIGURE 132.16. Electron micrographs of longitudinal sections from the costal diaphragm of a healthy
control hamster (left) and a hamster exposed to 6 days of resistive loading (right). Left: Normal sarco-
meres with distinct A-bands, I-bands, Z-bands, and M-lines that are aligned between adjacent myofibrils.
Right: Load-induced damage recognizable by Z-band streaming (arrow ) and disruption of sarcomeric
structure (right section) with loss of distinct A-bands and I-bands. Z-band streaming is attributed to
a loss of cytoskeletal protein elements such as desmin, alpha-actinin, and vimentin. Magnification for
both micrographs: 16,500× . (Electron micrographs provided by Drs. David C. Walker and Darlene W.
Reid, University of British Columbia, Vancouver, Canada.) (From Laghi F, Tobin MJ. Disorders of the
respiratory muscles. Am J Respir Crit Care Med. 2003;168:10, with permission.)
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respiratory muscle dysfunction. Fourth, conditions in which
respiratory muscle weakness is associated with muscle dam-
age can also display some degree of muscle atrophy: consider
diaphragmatic atrophy in cases of ventilator-associated respira-
tory muscle dysfunction. Fifth, available diagnostic tools have
limited specificity in differentiating the various conditions that
may cause weakness in the ICU. Sixth, in any given patient,
more than one mechanism may be responsible for respiratory
muscle weakness. Last, respiratory muscle weakness can be
combined with a depressed drive—for example, in the setting
of hypercapnia-induced hypoventilation (23).

Respiratory Muscle Fatigue. Contractile fatigue occurs when
a sufficiently large respiratory load is applied over a sufficiently
long period (44,173–175). Contractile fatigue can be brief or
prolonged (Fig. 132.15). Short-lasting fatigue results from ac-
cumulation of inorganic phosphate (176), failure of the mem-
brane electrical potential to propagate beyond T tubes and, to
a much lesser extent, intramuscular acidosis (177,178). Short-
lasting fatigue appears to have a protective function because
it can prevent injury to the sarcolemma caused by forceful
muscle contractions (179). Long-lasting fatigue (174) is con-
sistent with the development of, and recovery from, muscle
injury (Fig. 132.16) (179,180). Several mechanisms may con-
tribute to muscle injury. These include activation of calpain
(a calcium-dependent nonlysosomal protease), increased mus-
cle temperature, and excessive production of reactive oxygen
species (23). Muscle injury can also be caused by eccentric con-
tractions (contraction of a muscle while it is stretched by ex-
ternal forces) (23). Eccentric contractions can occur during in-
effective inspiratory efforts, which have been associated with
worse weaning outcome both in the acute (181) and chronic
setting (182) and with ventilator dependence (21,182).

Whether critically ill patients develop short-lasting or long-
lasting contractile fatigue of the respiratory muscles has not
been clear. Patients who fail a trial of weaning from mechan-
ical ventilation are at particular risk of developing fatigue be-
cause they experience marked increases in respiratory load
(14,15,21). The addition of a new injury to the respiratory
muscles (secondary to the development of contractile fatigue)
might be the ultimate determinant of whether or not some pa-
tients are ever successfully weaned.

Laghi et al. (32) recently measured the contractile response
of the diaphragm to phrenic nerve stimulation in nine patients
who failed a weaning trial; seven patients who were success-
fully weaned served as control subjects. The weaning failure
patients experienced a greater respiratory load. Moreover, the
tension-time index of the diaphragm—an index of the ability of
the diaphragm to sustain a given inspiratory load (183) calcu-
lated by multiplying two ratios: the respiratory duty cycle (in-
spiratory time divided by the time of a total respiratory cycle)
and the mean inspiratory pressure per breath divided by max-
imum inspiratory pressure—was greater in the failure group
than in the success group (p = 0.01). Nevertheless, not a sin-
gle patient developed a decrease in transdiaphragmatic twitch
pressure elicited by phrenic nerve stimulation (Fig. 132.17).
The failure to develop fatigue is surprising because seven of the
nine weaning failure patients had a tension-time index above
0.15 (the putative threshold for task failure and fatigue).

The increase in tension-time index over the course of the
weaning trial (32) and predicted time to task failure (183) are
shown in Figure 132.18. At the point that the physician reinsti-
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FIGURE 132.17. Esophageal pressure (Pes), gastric pressure (Pga),
transdiaphragmatic pressure (Pdi), and compound motor action po-
tentials (CMAP) of the right and left hemidiaphragms after phrenic
nerve stimulation before (left) and after (right) a failed trial of wean-
ing. The end-expiratory value of Pes and the amplitude of the right
and left CMAPs were the same before and after the trial, indicating
that the stimulations were delivered at the same lung volume and that
the stimulations achieved the same extent of diaphragmatic recruit-
ment. The amplitude of twitch Pdi elicited by phrenic nerve stimulation
was the same before and after weaning. A.u., arbitrary units. (From
Laghi F, Cattapan SE, Jubran A, et al. Is weaning failure caused by
low-frequency fatigue of the diaphragm? Am J Respir Crit Care Med.
2003;167:120, with permission.)

tuted mechanical ventilation, patients were predicted to be an
average of 13 minutes away from task failure. In other words,
patients display clinical manifestations of severe respiratory
distress for a substantial time before they develop fatigue. In
an intensive care setting, these clinical signs will lead attendants
to reinstitute mechanical ventilation before fatigue has time to
develop.

Imp aire d Card iovascular Pe rformance
Spontaneous respiratory efforts decrease intrathoracic pres-
sure, and thus increase the pressure gradient for systemic ve-
nous return (184). In addition, decreases in intrathoracic pres-
sure increase left ventricular afterload, causing additional stress
on the left ventricle (184). In patients with coronary artery dis-
ease, the increased stress can alter myocardial perfusion and
cause transient left ventricular dilation (185). The occurrence
of myocardial ischemia during periods of spontaneous res-
piration has been associated with a greater risk of weaning
failure (186) and greater risk of ventilator dependence (187).
Increases in transmural pulmonary artery occlusion pressure
during spontaneous respiration (188) may be the central mech-
anism responsible for ventilator dependence in patients with
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FIGURE 132.18. The interrelationship between the duration of a
spontaneous breathing trial, tension-time index of the diaphragm, and
predicted time to task failure in nine patients who failed a trial of wean-
ing from mechanical ventilation. The patients breathed spontaneously
for an average of 44 minutes before a physician terminated the trial.
At the start of the trial, tension-time index was 0.17, and the formula
of Bellemare and Grassino (Bellemare F, Grassino A. Effect of pressure
and timing of contraction on human diaphragm fatigue. J Appl Phys-
iol. 1982;53:1190) predicted that patients could sustain spontaneous
breathing for another 59 minutes before developing task failure. As
the trial progressed, tension-time index increased and predicted time
to the development of task failure decreased. At the end of the trial,
tension-time index reached 0.26; that patients were predicted to sustain
spontaneous breathing for another 13 minutes before developing task
failure clarifies why patients did not develop a decrease in diaphrag-
matic twitch pressure. In other words, physicians interrupted the trial
based on clinical manifestations of respiratory distress before patients
had sufficient time to develop contractile fatigue. (From Laghi F, Tobin
MJ. Disorders of the respiratory muscles. Am J Respir Crit Care Med.
2003;168:10, with permission.)

myocardial ischemia (187) and in patients with impaired left
ventricular function (189). Mechanisms by which increases in
transmural pulmonary artery occlusion pressure could con-
tribute to weaning failure include worsening pulmonary me-
chanics and decreased gas exchange.

In the acute setting, oxygen consumption at the comple-
tion of a weaning trial is equivalent in weaning-success and
weaning-failure patients (190). The manner in which the car-
diovascular system meets oxygen demands, however, differs be-
tween the two groups. In weaning successes, oxygen transport
increases, mainly resulting from an increase in cardiac index; in
weaning failures, the increase in demand is met by an increase
in oxygen extraction, resulting in a decrease in mixed venous
oxygen saturation (Fig. 132.19). A decrease in mixed venous
oxygen saturation is consistent with a failing cardiovascular
response to an increased metabolic demand (184).

High variability in hemodynamic response during failure
to wean has been reported by Zakynthinos et al. (41). It is
unclear whether the absent interaction between weaning failure
and oxygen consumption in some of the patients studied by
Zakynthinos et al. (41) was due to depression of the respiratory
centers, limited capacity to extract oxygen, or limited cardiac
reserve (191).

To date, detailed studies on the impact of cardiac factors
in determining weaning outcome have not been performed.
So far, few case reports have shown that successful diure-
sis and weight loss may be associated with weaning success
(188,192). Whether intravenous inotropic agents such as dobu-
tamine should be used in difficult-to-wean patients remains
controversial (184,193).

Psycholog ical Fact ors

Patients who require mechanical ventilation are commonly af-
fected by psychological problems such as anxiety, agitation,
delirium, depression, apathy, and posttraumatic stress disor-
der (PTSD) (194–198). Half of patients receiving prolonged
ventilation experience delirium (199). In these patients, delir-
ium has been associated with greater likelihood of discharge to
a nursing home or long-term care facility and with increased
mortality at 1 year (199). As with the high prevalence of delir-
ium, PTSD has also been reported to be very common in acutely
and chronically ventilated patients (200–202). Duration of me-
chanical ventilation, use of sedative agents, and presence and
severity of PTSD appear causally linked and may influence du-
ration of mechanical ventilation and psychological function af-
ter discharge (195). Last, in a preliminary report of 100 patients
requiring prolonged ventilation, Dilling et al. (197) recorded
an association between anxiety at the time of a spontaneous
breathing trial and weaning failure.

Possible mechanisms for psychological dysfunction in me-
chanically ventilated patients include respiratory discomfort,
severity of illness, sleep deprivation, sensory deprivation (Fig.
132.20), and medication side effects (196,201,203–205). The
delivery of mechanical ventilation itself can cause psycholog-
ical dysfunction (195,196). Mechanical ventilation limits mo-
bility, fosters isolation, impairs communication, and interferes
with or blocks patient control of the act of breathing (195,206).
Anxiety and depression can decrease motivation, interfere with
performing simple tasks, and decrease self-esteem (195).

Aggressive treatment of depression may increase the likeli-
hood of weaning (207,208). Biofeedback (209,210), improv-
ing the patients’ environment, communication, and mobility
(195,211), and specialized weaning centers (212) have been
used to decrease psychological problems in ventilated pa-
tients.

PREDICTION OF WEANING
OUTCOME

Research on prediction of weaning outcome uses the tools
of medical decision analysis (2). Therefore, before discussing
weaning predictor tests, it is useful to review the principles of
medical decision analysis.

Me d ical De cision Analysis

Diagnostic tests are designed to screen for a condition and to
confirm the condition. The characteristics of screening tests and
confirmatory tests differ, and only rarely will a single diagnostic
test fulfill both functions (213).
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FIGURE 132.19. Top: Mixed venous oxygen satura-
tion (SvO 2) during mechanical ventilation and a trial
of spontaneous breathing in 11 weaning success (WS)
patients (open symbols) and in 8 weaning failure (WF)
patients (closed symbols). During mechanical ventila-
tion, SvO2 was similar in the two groups (p = 0.28).
Between the onset (dashed line) and the end of the
trial, SvO2 decreased in the failure group (p < 0.01)
whereas it remained unchanged in the success group
(p = 0.48). Over the course of the trial, SvO 2 was
lower in the failure group than in the success group
(p < 0.02). Bars, SE, standard error. Bottom: Oxy-
gen transport, oxygen consumption, and isopleths of
oxygen extraction ratio in the success (WS, open sym-
bols) and failure (WF, closed symbols) groups during
mechanical ventilation (squares) and at the onset (cir-
cles) and end (triangles) of a spontaneous breathing
trial. See text for details. (Modified from Jubran A,
Mathru M, Dries D, et al. Continuous recordings of
mixed venous oxygen saturation during weaning from
mechanical ventilation and the ramifications thereof.
Am J Respir Crit Care Med. 1998;158:1763.)

FIGURE 132.20. The environment where ventilated patients are being cared for can promote sensory
deprivation through the lack of windows with a view (left), bare walls (middle), and tedious ceiling
(right). (From Martin UJ, Criner GJ. Psychological problems in the ventilated patient. In: Tobin MJ, ed.
Principles and Practice of Mechanical Ventilation. 2nd ed. New York, NY: McGraw-Hill; 2006:1142,
with permission.)
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The primary goal of weaning predictor tests is screening
(2). A good weaning predictor test, like any good screening
test, should miss no patient who has the condition under con-
sideration, i.e., to be ready for a weaning trial. This means
that a good weaning predictor test must have a low rate of
false-negative results—high sensitivity (Fig. 132.21) (2,213). A
high rate of false-positive results (low specificity) is acceptable
(2,213).

The process of weaning entails measurement of weaning
predictors, a trial of weaning, and a trial of extubation (Fig.
132.1) (2). Each step in this sequence is a diagnostic test.
Measurements of weaning predictors (screening tests) are used
to diagnose readiness for a weaning trial. The trial of wean-
ing (confirmatory test of the screening tests) itself is used to
screen for readiness to extubate. Extubation (confirmatory test
of the weaning trial) is used to diagnose/screen for readiness
to maintain spontaneous respiration. To apply diagnostic tests
(screening or confirmatory) in sequence introduces critical con-

founders in the interpretation of studies designed to assess
the reliability of a (pre-existing) predictor test. These con-
founders are as follows: spectrum bias (213,214), test-referral
bias (213,214), and base-rate fallacy (214,215). In the case
of weaning, spectrum bias arises when the study population
in a new investigation contains more (or fewer) sick patients
than the population in which the diagnostic test was first de-
veloped (213,214). Test-referral bias arises when the results of
the weaning predictor test being assessed are used to choose
patients for a reference-standard test, i.e., passing a weaning
trial that leads to extubation (213,214). Base-rate fallacy oc-
curs when physicians fail to take into account the pretest prob-
ability of the disorder (214,215).

Pretest probability is a physician’s estimate of the likeli-
hood of a particular condition (weaning outcome) before a
diagnostic test is undertaken (2). Posttest probability (typi-
cally expressed as positive predictive or negative predictive
value) is the new likelihood after the test results are obtained

TNFN

FPTPPos itive  
(≤100)

Negative  
(>100)

Gold Standard
Success Fail

Tes t 
(f/VT)

TP = Tes t predicts  weaning success  and pa tient actua lly succeeds
TN = Tes t predicts  weaning fa ilure  and pa tient actua lly fa ils
FP  = Tes t predicts  weaning success  and pa tient actua lly fa ils
FN = Tes t predicts  weaning fa ilure  and pa tient actua lly succeeds

Sens itivity  = TP =   TPR = [1 − FNR]
TP + FN

Specificity  = TN =   TNR = [1 − FPR]
TN + FP

PPV  = TP
TP + FP

NPV  = TN
TN + FN

FN Rate  = 1 − Sens itivity

FP Rate  = 1 − Specificity

Like lihood ra tio for a  pos itive  tes t = TPR/FPR = sens itivity/(1 − specificity)

Like lihood ra tio for a  nega tive  tes t = FNR/TNR = (1 − sens itivity)/specificity

Preva lence  = TP + FN/(TP + TN + FP + FN)

Diagnos tic accuracy = [TP + TN]/[TP + TN + FP + FN]

FIGURE 132.21. A 2 × 2 tabular display of
the characteristics of diagnostic tests. The ver-
tical columns represent the results of the gold
standard test. The horizontal rows represent
the results of the index test. Readings of f/Vt
≤ 100 are classified as positive test results and
readings of > 100 are classified as negative test
results. The relationship of these binary re-
sults to the outcome of a T-tube weaning trial
forms a decision matrix that has four pos-
sible combinations. (From Tobin MJ, Jubran
A. Weaning from mechanical ventilation. In:
Tobin MJ, ed. Principles and Practice of
Mechanical Ventilation. New York, NY:
McGraw-Hill; 2006:1185, with permission.)
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(Fig. 132.21). A good diagnostic test achieves a marked in-
crease (or decrease) in the posttest probability (over pretest
probability). For every test in every medical subspecialty, the
magnitude of change between pretest probability and postest
probability is determined by Bayes’ theorem (214). Three fac-
tors alone determine the magnitude of the pretest to posttest
change: sensitivity, specificity, and pretest probability. It is com-
monly assumed that sensitivity and specificity remain constant
for a test. In truth, test-referral bias, a common occurrence in
studies of weaning tests, leads to major changes in sensitivity
and specificity (213). Likewise, major changes in pretest prob-
ability arise as a consequence of spectrum bias (213). All of
these factors need to be carefully considered when reading a
study that evaluates the reliability of a weaning predictor test.

We aning Pre d ict or Te st s

Several weaning predictor tests have been proposed and studied
over the years. These tests include measurements of breathing
pattern, pulmonary gas exchange, muscle strength, and neuro-
muscular drive. Their goal is to safely speed up the weaning
process (2).

Re sp irat ory Fre q ue ncy t o Tid al Volume
Rat io (f / VT)

The ratio of respiratory frequency to tidal volume (f/VT)† is
measured during 1 minute of spontaneous breathing (5) (Fig.
132.22). Measurements of f/VT in the presence of pressure sup-
port or continuous positive airway pressure (CPAP) will result
in inaccurate predictions of weaning outcome (2). The higher
the f/VT ratio, the more severe the rapid, shallow breathing
and the greater the likelihood of unsuccessful weaning. An f/VT
ratio of 100 best discriminates between successful and unsuc-
cessful attempts at weaning (5).

The initial evaluation of f/VT was reported in 1991 (5). Since
then, this test has been evaluated in more than 25 studies. Re-
ported sensitivity ranges from 0.35 to 1.00 (214). Specificity
ranges from 0.00 to 0.89 (214). At first glance, this wide scat-
ter suggests that f/VT is an unreliable predictor of weaning
outcome. Many of the investigators, however, ignored the pos-
sibility of test-referral bias and spectrum bias (2). These prob-
lems were compounded by an Evidence-Based Medicine Task
Force of the American College of Chest Physicians (ACCP),
who recently undertook a meta-analysis of the studies (216).

The Task Force calculated pooled likelihood ratios for f/VT
and judged the summated values to signify that f/VT was not
a reliable predictor of weaning success (216,217). The stud-
ies included in the meta-analysis, however, exhibited signifi-
cant heterogeneity in pretest probability of successful outcome
(214). Such marked heterogeneity prohibits the undertaking of
a reliable meta-analysis (218,219). When data from the stud-
ies (included in the meta-analysis) were entered into a Bayesian
model with pretest probability as the operating point, the re-
ported positive predictive values were significantly correlated
with the values predicted by the original report (5) on f/VT,
r = 0.86 (p < 0.0001); likewise, reported negative predictive

†For example, for a spontaneous respiratory rate of 25 breaths per
minute, and a spontaneous tidal volume of 600 mL (0.6 L), the f/VT =
25/0.6 = 41.7 = 42.
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FIGURE 132.22. A time-series, breath-by-breath plot of respiratory
frequency and tidal volume in a patient who failed a weaning trial. The
arrow indicates the point of resuming spontaneous breathing. Rapid,
shallow breathing developed almost immediately after discontinuation
of the ventilator. (From Tobin MJ, Perez W, Guenther SM, et al. The
pattern of breathing during successful and unsuccessful trials of wean-
ing from mechanical ventilation. Am Rev Respir Dis. 1986;132:1111,
with permission.)

values were correlated with the values predicted, r = 0.82 (p <
0.0001) (Figs. 132.23 and 132.24) (214).

The primary task of a weaning predictor test is screening,
which requires a high sensitivity (2,213). The average sensitiv-
ity in all of the studies on f/VT was 0.89, and 85% of the studies
reveal sensitivities above 0.90 (214). This sensitivity compares
well with commonly used diagnostic tests: creatine phospho-
kinase and troponin T for the diagnosis of acute myocardial
infarction, sensitivity of 0.94 (2) and 0.98 (220), respectively;
chest radiograph for lung cancer, 0.60 (2); stress electrocar-
diogram (ECG) for myocardial ischemia, 0.61 for women and
0.72 for men (221); and sensitivity to diagnose endocarditis
of < 0.60 to 0.70 with transthoracic echocardiography and
between 0.75 and 0.95 with transesophageal echocardiogra-
phy (222). The sensitivity of a spontaneous breathing trial is
unknown.

Since screening is the primary purpose of a weaning predic-
tor test, it is important that the test be performed early in a
patient’s ventilator course. Figures 132.23 and 132.24, how-
ever, reveal that pretest probability of weaning success was
75% or higher in more than half the studies of weaning pre-
dictor tests. In other words, most physicians are postponing
(inappropriately) the undertaking of weaning predictor tests.
A simple way for a physician to assess his or her own timeliness
in initiating weaning is to estimate the number of times he or
she obtained positive results on weaning predictor tests over
the preceding 6 months. If a physician working in a typical
medical ICU estimates that he or she obtained positive results
70% or more of the time, they should consider that they are
being too slow in initiating weaning (2).

Pulmonary Gas Exchang e
Mechanical ventilation is virtually never discontinued in a
patient who has severe hypoxemia, such as arterial oxygen
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FIGURE 132.23. Positive-predictive value (post-test probability of
successful outcome) for f/VT plotted against pre-test probability of
successful outcome. Studies included in the ACCP Task Force’s meta-
analysis (Meade M, Guyatt G, Cook D, et al. Predicting success in
weaning from mechanical ventilation. Chest, 2001;120(6 Suppl):400S)
are indicated by closed symbols; studies undertaken after publication
of the Task Force’s report are indicated by open symbols. The curve
is based on the sensitivity, specificity originally reported by Yang and
Tobin (Yang KL, Tobin MJ. A prospective study of indexes predict-
ing the outcome of trials of weaning from mechanical ventilation. N
Engl J Med 1991;324:1445) and Bayes’ formula for 0.01-unit incre-
ments in pre-test probability between 0.00 and 1.00. The lines repre-
sent the upper and lower 95% confidence intervals for the predicted
relationship of the positive predictive values against pre-test probabil-
ity. The observed positive-predictive value in a study is plotted against
the pre-test probability of weaning success (prevalence of successful
outcome). Studies #5, #6, #11, #18a, #18b, and #24 include measure-
ments of f/VT obtained during pressure support. Studies #14 and #21
include measurements obtained in pediatric patients. Studies #7, #18a,
#18b, and #28 used f/VT threshold values < 65. (Modified from: Tobin
MJ, Jubran A. Variable performance of weaning-predictor tests: role
of Bayes’ theorem and spectrum and test-referral bias. Intensive Care
Med. 2006;32:2002).

tension (PaO 2) less than 55 mm Hg with inspired oxygen frac-
tion (FiO2) greater than 0.40. Arterial-to-inspired oxygen ratio
(PaO 2/FiO 2), alveolar-arterial oxygen tension gradient, and ar-
terial/alveolar oxygen tension ratio (PaO 2/PaO 2) are indices de-
rived from arterial blood gas measurements proposed as predic-
tors of weaning outcome. Of these indices only PaO 2/PaO 2 has
been prospectively evaluated, and it has performed poorly as a
predictor of weaning outcome (5). The study (5) was marred
by test-referral bias—i.e., patients with severe hypoxia were ex-
cluded from the study population. Therefore, it is not possible
to conclude that the poor performance of PaO 2/PaO 2 means
that indices derived from arterial blood gas measurements are
of no value in predicting weaning outcome. While threshold
values of the efficiency of indices derived from arterial blood
gas measurements cannot be recommended for weaning predic-
tion, weaning attempts are not recommended in patients with
borderline hypoxemia.

Minut e Ve nt ilat ion
A minute ventilation of less than 10 L/minute was a classic in-
dex used to predict a successful weaning outcome (223). When
prospectively assessed, however, minute ventilation has a high
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FIGURE 132.24. Negative-predictive value (post-test probability of
unsuccessful outcome) for f/VT. Studies included in the ACCP Task
Force’s meta-analysis (Meade M, Guyatt G, Cook D, et al. Predicting
success in weaning from mechanical ventilation. Chest, 2001;120(6
Suppl):400S) are indicated by closed symbols; studies undertaken after
publication of the Task Force’s report are indicated by open symbols.
The curve, its 95% confidence intervals, and placement of a study
on the plot are described in the legend to Figure 132.23. The observed
negative-predictive value in a study is plotted against the pre-test prob-
ability of weaning success (prevalence of successful outcome). Note
study #11, which has a negative-predictive value of 0.00 and speci-
ficity of 0.00. These values suggest that f/VT is an unreliable test (and
this will also be the natural conclusion reached by a meta-analysis
of likelihood ratio). Instead, a negative-predictive value of 0.00 and
specificity of 0.00 are the values predicted for the pre-test probability
of weaning success of 98.2% reported in study #11. (Modified from:
Tobin MJ, Jubran A. Variable performance of weaning-predictor tests:
role of Bayes’ theorem and spectrum and test-referral bias. Intensive
Care Med. 2006;32:2002).

rate of false-negative and false-positive results and cannot be
recommended as a predictor of weaning outcome (2).

Maximum Insp irat ory Pre ssure
The use of maximum inspiratory pressure as a weaning pre-
dictor stems from a study by Sahn and Lakshminarayan (223).
They found that all patients with a maximum inspiratory pres-
sure value more negative than –30 cm H 2O were successfully
weaned, whereas all patients with a maximum inspiratory pres-
sure less negative than –20 cm H 2O failed a weaning trial.
In most successive investigations, these threshold values have
shown poor sensitivity and specificity (5,32,38,41–43).

Vit al Cap acit y
The normal vital capacity is usually between 65 and 75 mL/kg,
and a value of 10 mL/kg or more has been suggested to pre-
dict a successful weaning outcome (2). In a study of ten pa-
tients with Guillain-Barré syndrome, Chevrolet and Deleamont
(224) reported that vital capacity was helpful in guiding the
weaning process. Patients with a vital capacity of less than
7 mL/kg were unable to tolerate as few as 15 minutes of spon-
taneous breathing. As vital capacity increased to more than
15 mL/kg with recovery from the illness, patients were safely
extubated. Apart from unique circumstances, such as patients
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with Guillain-Barré syndrome, vital capacity is rarely used as
a weaning predictor, and it is often unreliable (2).

Airway Occlusion Pre ssure
Several investigators have evaluated the usefulness of P0.1 as
a predictor of weaning outcome (2). In these studies, P0.1 val-
ues above 3.4 to 6.0 cm H2O discriminated between weaning
success and weaning failures (2). However, other investigators
have found P0.1 to be quite inaccurate (19). One mechanism
that could contribute to the poor performance of P0.1 is the lim-
ited reproducibility of the measurement. The within-individual
coefficient of variation of P0.1 is about 50% (225,226), and the
interindividual coefficient of variation is as high as 60% (227).

Gast ric Tonome t ry
The gastrointestinal mucosa becomes ischemic early with the
development of either hemodynamic compromise or a redistri-
bution of blood flow. One factor that leads to blood flow re-
distribution is an increase in respiratory muscle effort. Gastric
tonometry is based on the principle that the carbon dioxide
tension (PCO 2) of the fluid in the gastric lumen equilibrates
with the PCO 2 of the mucosal layer, and that the recording of
PCO2 in gastric fluid provides a reliable estimate of the pH of
the gut mucosa (228). The assumption that PCO 2 in the gastric
lumen is similar to that in the tissues of the gastric wall, how-
ever, may not be true, especially in patients who experience an
uneven distribution of gastric blood flow (2).

The accuracy of gastric tonometry as a predictor of wean-
ing outcome has been investigated in five studies (229–233).
These five studies differ in methodology, and they also re-
veal different patterns of abnormality for intramucosal pH
and PCO 2 in patients undergoing weaning trials. Some inves-
tigators found that the measurements discriminated between
the weaning-success and weaning-failure patients during me-
chanical ventilation (229,233), whereas others did not (230–
232). If the ventilator was set at a level to achieve satisfactory
muscle rest, it is difficult to see why gastric intramucosal pH
should differ between the groups before the onset of sponta-
neous breathing. The studies reveal different levels of accu-
racy in predicting weaning outcome. The reported accuracy
represents an overestimate because none of the investigators
divided their data sets into training and validation subsets.
Several investigators comment that the technique is simple.
Yet it involves inserting a special intragastric tonometer, ob-
taining a radiograph to confirm location, the administration
of histamine2-receptor blockers, withholding enteral feeding,
waiting a sufficient period of time for satisfactory equilibration,
and withdrawing and analyzing a saline sample and an arterial
blood gas (2).

WEANING TRIALS
When a screening test is positive—for example, a low f/VT—
the clinician proceeds to a confirmatory test (213), for example,
pressure support of 6 to 8 cm H 2O or spontaneous respiration
through a T tube. The goal of a positive result on a confir-
matory test—no respiratory distress at the conclusion of the
pressure support trial or T-tube trial—is to rule in a condition,
in this case, a high likelihood that a patient will tolerate a trial
of extubation (213). An ideal confirmatory test has a very low
rate of false-positive results; that is, a high specificity (213).

Unfortunately, the specificity of a spontaneous breathing trial
is not known. Indeed, its specificity will never be known, be-
cause its determination would require an unethical experiment:
extubating all patients who fail a weaning trial and counting
how many require reintubation (2).

The major weaning techniques used include T-tube trial,
pressure support ventilation, intermittent mandatory ventila-
tion, or some combination of these three. Recently, noninvasive
positive pressure ventilation has been used to facilitate extuba-
tion in selected patients.

Int e rmit t e nt Mand at ory Ve nt ilat ion (IMV)

For many years, IMV was the most popular method of wean-
ing from mechanical ventilation (234). With IMV weaning, the
ventilator’s mandatory rate is reduced in steps of one to three
breaths per minute, and an arterial blood gas is obtained about
30 minutes after each rate change (235). Unfortunately, titrat-
ing the ventilator’s mandatory rate according with the results
of arterial blood gases can produce a false sense of security.
As little as 2 to 3 IMV breaths per minute can achieve ac-
ceptable blood gases, but these values provide no information
regarding the patient’s work of breathing (2). At IMV rates of
14 breaths per minute or less, the patient’s work of breath-
ing may be excessive (236,237) both during the IMV breaths
(ventilator-assisted breaths) and the intervening spontaneous
breaths. The fact that, as the IMV rate is decreased, inspira-
tory work increases progressively not only for the spontaneous
breaths, but also for the assisted breaths, is largely due to the
inability of the respiratory center to adapt its output rapidly
to intermittent support (237). By providing inadequate respi-
ratory muscle rest, IMV is likely to delay, rather than facili-
tate, discontinuation of mechanical ventilation in difficult-to-
wean patients (7). In easy-to-wean patients (patients who are
successfully weaned at the first weaning attempt such as un-
complicated postoperative patients), weaning with IMV prob-
ably does not prolong the duration of mechanical ventilation
(238).

Pre ssure Sup p ort

When pressure support is used for weaning, the level of pressure
is reduced gradually and titrated on the basis of the patient’s
respiratory frequency (239). When the patient tolerates a min-
imal level of pressure support, he or she is extubated. What
exactly constitutes a “minimal level of pressure support” has
never been defined (240). For example, pressure support of
6 to 8 cm H 2O is widely used to compensate for the resis-
tance imposed by the endotracheal tube and ventilator circuit
(241). It is reasoned that a patient who can breathe comfort-
ably at this level of pressure support will be able to tolerate
extubation. However, if the upper airway is swollen because
an endotracheal tube has been in place for several days, the
work produced by breathing through the swollen airway is
about the same as that caused by breathing through an en-
dotracheal tube (241). Accordingly, any amount of pressure
support may overcompensate for the resistance imposed by the
endotracheal tube and ventilator circuit, and may give mislead-
ing information about the likelihood that a patient can tolerate
extubation.
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Recently, in a prospective, multicenter, randomized trial,
Lellouche et al. (242) reported their experience with pres-
sure support weaning using a computer-driven, closed-loop,
knowledge-based algorithm. This algorithm included three ba-
sic functions. The first was an automatic gradual reduction in
pressure support, with the goal of keeping the patient within
a “comfort” zone (242). Comfort was defined as a respiratory
rate ranging between 15 and 30 breaths/minute (up to 34 in
patients with neurologic disease), a tidal volume above a min-
imum threshold (more than 250 mL if weight was less than 55
kg, and 300 mL otherwise), and end-tidal CO 2 level less than
55 mm Hg (less than 65 mm Hg in patients with COPD). The
computerized system assesses the patient every 2 to 4 minutes,
and, if considered necessary, it makes changes in the ventilator’s
output. The second function was an automatic performance of
trials of minimal low-pressure support, which the investigators
named “spontaneous breathing trials.” The third was genera-
tion of an incentive message recommending separation from
the ventilator when a spontaneous breathing trial was suc-
cessfully passed. Of 1,014 eligible patients, 144 (14% ) were
included in the study—74 were randomized to the computer-
driven weaning and 70 to physician-controlled weaning (T-tube
trials, IMV trials, or trials of pressure support set at 7 to 12 cm
H 2O). Computer-driven weaning reduced the median duration
of weaning (3 vs. 5 days; p = 0.01), duration of mechanical
ventilation (7.5 vs. 12 days, p = 0.003), and ICU stay (12 vs.
15.5 days, p = 0.02) (Fig. 132.25). Computer-driven weaning
was not different from physician-driven weaning in terms of
reintubation rate (16% vs. 23% , p = 0.40), hospital length of
stay (30 vs. 35 days, p = 0.22), ICU mortality (22% vs. 23% ,
p = 1.0), and hospital mortality (38% vs. 29% , p = 0.29). As
the investigators indicate, the study has some limitations in-
cluding randomization of a small fraction of eligible patients,

inability to blind the investigators to treatment assignment, and
unclear knowledge of which patients may be poor candidates
for computerized weaning. To this list should be included no
record of tidal volume (243). The latter point is of relevance
considering that in a preliminary study, Shannon et al. (244)
reported that in one of ten patients, tidal volume during closed-
loop pressure support ventilation was greater than 10 mL/kg.
In the same preliminary study, Shannon et al. (244) reported
that in two additional patients, closed-loop pressure support
ventilation did not provide sufficient ventilatory assistance to
unload the respiratory muscles and avoid sternocleidomastoid
muscle contractions (244). Finally, in the study of Lellouche et
al. (242), it was estimated that only half of the patients assigned
to usual care underwent spontaneous breathing trials despite
passing weaning criteria. This may have skewed the results in
favor of computer-driven weaning. Despite its limitations, the
promising investigation of Lellouche et al. (242) highlights the
need for much earlier screening in weaning.

T-Tub e Trials

The use of repeated T-tube trials several times a day is the
oldest method for conducting a weaning trial (234). The patient
receives an enriched supply of oxygen through a T-tube circuit.
Initially 5 to 10 minutes in duration, T-tube trials are extended
and repeated several times a day until the patient can sustain
spontaneous ventilation for several hours. This approach has
become unpopular because it requires considerable time on the
part of the ICU staff.

Today, it is usual to limit a T-tube trial to once a day. Per-
forming single daily T-tube trials is as effective as performing
such trials several times a day (7) but much simpler. If the trial
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is successful, the patient is extubated. If the trial is unsuccessful,
the patient is given at least 24 hours of respiratory muscle rest
with full ventilator support before another trial is performed
(2).

To assess whether the target duration of the single daily T-
tube trials should be of 30 minutes or 120 minutes, Esteban
et al. (9) conducted a prospective multicenter randomized trial
of 526 patients who had received more than 48 hours of venti-
lation and who were considered ready for weaning. The rate of
reintubation within 48 hours in patients randomized to trials
lasting 30 minutes (14% ) was equivalent to the rate of rein-
tubation in patients randomized to trials lasting 120 minutes
(13% ). The two groups had similar ICU mortality rates and
similar in-hospital mortality rates. The findings of this study
suggest that, among patients with a high rate of weaning suc-
cess (patients undergoing a first weaning attempt), a single daily
T-tube trial with a target duration of 30 minutes is as effective in
identifying patients who can be safely extubated as a single
daily T-tube trial with target duration of 120 minutes. This
study did not address the target duration of single daily T-
tube trials in difficult-to-wean patients (patients who fail one
or more weaning attempts).

Patients are judged to have failed a T-tube trial when they
develop severe tachypnea, increased accessory muscle activity,
diaphoresis, facial signs of respiratory distress, oxygen desat-
uration, tachycardia, arrhythmias, hypertension, or hypoten-
sion. The degree of change in these variables, however, varies
from report to report. A standardized approach to patient mon-
itoring during a T-tube trial does not exist. Indeed, there is no
agreement as to whether the monitoring of any variable helps
in deciding whether to continue a T-tube trial for an initially
planned duration, prolong it, or curtail it (2).

Jubran et al. (245) investigated whether repeated measure-
ments of esophageal pressure throughout a trial of spontaneous
breathing might provide additional guidance over a single mea-
surement obtained during the first minute of the trial. They
quantified the change in esophageal pressure over the first 9
minutes of the trial using a multivariate adaptive regression
spline procedure (Fig. 132.26). In a study of 60 patients (31
in the derivation data set and 29 in the prospective validation
data set), an esophageal pressure trend index had a sensitivity

of 0.91 and specificity of 0.89. Specifically, an esophageal pres-
sure trend index reading of less than or equal to 0.44 was 8.2
times more likely to occur in weaning failure than in weaning
success patients. These data suggest that, when available, the
continuous monitoring of esophageal pressure swings during a
T-tube trial may provide additional guidance in patient man-
agement over tests used for deciding when to initiate weaning.

Noninvasive Ve nt ilat ion in We aning

Noninvasive positive pressure ventilation (NIPPV) has been
used to facilitate extubation in intubated patients with COPD
and acute hypercapnic respiratory failure.

Nava et al. (246) studied 50 patients with COPD who had
been intubated due to acute hypercapnic respiratory failure and
who had failed a T-tube trial after 36 to 48 hours of mechan-
ical ventilation. Patients were randomized to either immediate
extubation with noninvasive pressure support ventilation via
a face mask, or continued pressure support ventilation via the
endotracheal tube. In both groups, the pressure support level
was decreased by 2 to 4 cm H 2O per day as tolerated. In ad-
dition, all patients underwent trials of spontaneous breathing
at least twice per day in an attempt to discontinue mechanical
ventilation entirely. At the end of the trial, the investigators
reported that noninvasive pressure support ventilation during
weaning increased weaning rates at 60 days (88% vs. 68% ), de-
creased the incidence of nosocomial pneumonia (0% vs. 28% ),
and significantly lowered 60-day mortality rates (8% vs. 28% ).
Noninvasive ventilation was generally well tolerated, although
14 of 25 patients developed nasal abrasions, and 2 developed
gastric distention. By study design, patients were excluded if
they had concomitant severe comorbidities—e.g., neurologic
diseases, cancer, cardiogenic pulmonary edema, acute myocar-
dial infarction, gastrointestinal bleeding, sepsis, trauma, dia-
betic ketoacidosis, coagulopathy, and other hematologic dis-
eases. Postoperative patients were also excluded.

In a second trial, Girault et al. (247) studied 33 patients with
either COPD, restrictive lung disease, or mixed obstructive-
restrictive disease. Patients had been intubated due to acute-
on-chronic respiratory failure and had failed a 2-hour T-piece
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trial after an average of 4.5 days of mechanical ventilation. Pa-
tients were randomized to either immediate extubation and
noninvasive ventilation—either assist-control ventilation or
pressure support ventilation—via a face mask, or continued
pressure support ventilation via the endotracheal tube. The
noninvasive ventilation group had a shorter period of intu-
bation (5 ± 2 vs. 8 ± 4 days, p = 0.004), but there were no
differences in hospital and ICU lengths of stay or in mortality.
By study design, patients were excluded if they had a history
of difficult intubation at the start of invasive mechanical ven-
tilation or had a history of recent gastrointestinal surgery or
ileus. Patients with swallowing disorders, ineffective cough, or
persistence of bronchial congestion at the time of weaning were
also excluded.

A third randomized trial on the usefulness of noninvasive
ventilation as a weaning aid was conducted by Ferrer et al.
(248). They enrolled 43 patients who had failed once-daily
T-tube trials for three consecutive days; 44% of patients had
COPD. Twenty-one patients were assigned to extubation, fol-
lowed by immediate noninvasive ventilation (inspiratory pos-
itive airway pressure [IPAP], 10 to 20 cm H 2O, and expira-
tory positive airway pressure [EPAP], 4 to 5 cm H 2O); 22
patients were reconnected to the ventilator and underwent con-
ventional weaning with daily T-tube trials. An interim analysis
after half the planned number of patients had been studied re-
vealed a superior outcome in the noninvasive ventilation arm,
and the study was stopped. Features of the better outcome in
the noninvasive ventilation group—as compared to conven-
tional weaning—included a higher ICU survival, 20% versus
14% ; shorter duration of invasive ventilation, 10 versus 20
days; shorter ICU stay, 14 versus 25 days; shorter hospital stay,
28 versus 41 days; less frequent tracheotomy, 2% versus 14% ;
lower incidence of nosocomial pneumonia, 5% versus 14% ;
and lower incidence of septic shock, 2% versus 9% .

The three preceding studies suggest that noninvasive ven-
tilation may be beneficial if instituted at the point when cer-
tain patients, in particular those with COPD, have just failed
their first (246,247) or third T-tube trial (248). At this point,
however, it is premature to recommend the routine use of non-
invasive ventilation as weaning mode in patients with hyper-
capnic respiratory failure. Nonetheless, if the success of non-
invasive ventilation is replicated in other trials, noninvasive
ventilation may become an important adjunct in the weaning of
such patients. Insufficient data are available on the role of non-
invasive ventilation in weaning from hypoxemic respiratory
failure.

Comp arison of We aning Me t hod s

When assessed in difficult-to-wean patients, weaning meth-
ods are not equally effective (234). For example, the period
of weaning is as much as three times as long with IMV as
with T-tube trials (7) or pressure support (6) trials. In a study
involving patients with respiratory difficulties on weaning, T-
tube trials halved the weaning time as compared with pressure
support (7); in another study, the weaning time was similar
with the two methods (6). In contrast to the poor performance
of IMV in difficult-to-wean patients (6,7), weaning with IMV
in patients who are not difficult to wean (patients who are
successfully extubated at the first trial of weaning) and who

require short-term mechanical ventilation (less than 72 hours)
is probably as effective as weaning with T-tube trials (238).

We aning b y Pro t oco l ve rsus Usual Care

The use of human-driven protocols for weaning versus usual
care has been compared in six randomized controlled trials
(3,249–253). The reports of Namen et al. (249), Randolph et al.
(250), and Krishnan et al. (251) show no advantage for a pro-
tocol approach. The reports of Kollef et al. (3), Marelich et
al. (252), and Ely et al. (253) are viewed as evidence for the
superiority of a protocol approach to weaning.

In the trial of Kollef et al. (3), however, no advantage for
weaning by protocol was observed in three of the four study
ICUs. In the fourth unit, where a significant advantage for a
protocol approach to weaning was observed, patients assigned
to usual care were significantly sicker than the patients assigned
to protocol management in that ICU; this confounding factor
markedly weakens (if not destroys) any assertion that protocol
weaning was superior (2).

Marelich et al. (252) studied weaning by protocol in two
ICUs and found no significant advantage in one. The study of
Ely et al. (253) does not consist of a straightforward compar-
ison of protocol versus nonprotocol care. All of the patients
in the intervention arm were weaned by T-tube or flow-by tri-
als, whereas no patient in the nonintervention arm was weaned
by T-tube or flow-by trials. Seventy-six percent of the patients
in the nonintervention arm were managed by IMV alone or
in combination with pressure support. Even if at the time of
weaning all patients in the nonintervention arm happened to
be managed with pressure support alone (and, unfortunately,
this information is not provided in the manuscript) (253), the
fact remains that the weaning techniques used in the interven-
tion group (T tube) and in the nonintervention group were not
the same. With this fundamental difference in techniques, it
is impossible to use data from this study to form a judgment
about the efficacy of a protocol per se. Instead, if all patients in
the nonintervention group were weaned with pressure support,
the report of Ely et al. (253) can be viewed primarily as con-
firming the report of Esteban et al. (7)—that T-tube weaning
may be superior to pressure support weaning, and, if patients
in the nonintervention group were weaned with either IMV or
pressure support, the report of Ely et al. (253) can be viewed
primarily (for those patients weaned with IMV) as confirming
the reports of Brochard et al. (6) and Esteban et al. (7)—that
IMV slows weaning.

That the use of a protocol does not improve weaning out-
come should not be surprising (2,254). One needs to make
a distinction between the use of algorithms in research pro-
tocols and their subsequent application in everyday practice.
The algorithm in a research protocol is specified with exact-
ing precision (255). For example, if f/VT less than or equal to
100 is the nodal point for advancement to a T-tube trial, then
patients with an f/VT of 100 will undergo the trial, whereas
patients with a f/VT of 101 will return to mechanical ventila-
tion for another 24 hours. An experienced clinician, however,
would think it silly to comply with a protocol that decided an
entire day of ventilator management on a one-unit difference in
a single measurement of f/VT (or any other weaning predictor)
(254). Instead, physicians customize the knowledge generated
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by research to the particulars of each patient. The careful ap-
plication of physiologic principles is likely to outperform an
inflexible application of a protocol.

EXTUBATION
Decisions about weaning and extubation are commonly
merged. Merging these two decisions, however, can cause pa-
tient mismanagement (256). When a patient tolerates a wean-
ing trial without distress, a clinician feels reasonably confident
that the patient will be able to sustain spontaneous ventila-
tion after extubation. However, passing a weaning trial with-
out distress is not the only consideration. The clinician also
must consider whether the patient will be able to maintain a
patent upper airway after extubation.

Removal of an endotracheal tube is typically performed un-
der controlled conditions (256)—the patient has satisfactorily
tolerated a weaning trial. Enteral feeding is temporally with-
held for about 4 hours. When possible, the head of the bed
should be at 30 to 90 degrees from the horizontal (257). The
endotracheal tube, mouth, and upper airway are suctioned,
paying attention to the collection of secretions above an inflated
cuff, as inadequate clearing of secretions can result in postextu-
bation laryngospasm (257). Some clinicians recommend keep-
ing a suction catheter in place (aiming for the catheter to barely
protrude from the distal end of the endotracheal tube) as the
cuff is deflated; this step is taken in an attempt to capture any
secretions sitting on top of an inflated cuff that may fall into the
airway after deflating the cuff. Some clinicians inflate the lungs
with an Ambu bag immediately before pulling out the endotra-
cheal tube, hoping that the larger-than-usual ensuing exhala-
tion will push secretions upward and outward (258). The cuff
is then deflated, and the endotracheal tube is withdrawn. After
removal of the endotracheal tube, the patient is given supple-
mental oxygen, titrated to oxygen saturation, being particu-
larly cautious with a patient who is at risk of carbon dioxide
retention. Patients may have impaired airway protection re-
flexes immediately after extubation (259,260), and aspiration
can be silent—that is, aspiration can occur without coughing
(261). If speech is impaired for more than 24 hours, indirect
laryngoscopy should be undertaken to assess vocal cord func-
tion. Oral intake should be delayed in patients who have been
intubated for a prolonged period (259,260).

In the hours following extubation, patients are carefully
monitored for their ability to protect the upper airway and
sustain ventilation. Most patients will display progressive im-
provement, allowing the discontinuation of supplemental oxy-
gen and ultimate discharge from the ICU. Between 2% and
30% (232,242,262–266) of patients, however, experience res-
piratory distress in the postextubation period. Many, but not
all, require reinsertion of the endotracheal tube and mechani-
cal ventilation. These patients are commonly classified as ex-
tubation failures. In contrast to the relatively short time re-
quired to recognize that a patient is failing a weaning trial,
the time course for the development of postextubation dis-
tress extends over a longer span. In the study of Epstein
et al. (267), for example, 33% of reintubations occurred within
the first 12 hours after extubation, and 42% occurred after
24 hours.

Cause s of Post e xt ub at ion Dist re ss

The listed indications for reintubation vary considerably from
study to study. Of these, postextubation upper airway obstruc-
tion has attracted the most attention.

Post e xt ub at ion Up p e r Airway Ob st ruct ion
Upper airway obstruction is one of the most urgent and
potentially lethal medical emergencies. Complete airway ob-
struction lasting for as little as 4 to 6 minutes can cause
irreversible brain damage (13). The upper airway, which en-
compasses the passage between the nares and carina, can be ob-
structed by functional or anatomic causes. Among the first are
vocal cord paralysis, paradoxical vocal cord motion, and laryn-
gospasm (13,268,269). Among the second are trauma (includ-
ing arytenoid dislocation) (270,271), burn, granulomas, infec-
tions, foreign bodies, tumors, tracheomalacia, compression by
a hematoma in close proximity to the airway (272), and supra-
glottic, retroarytenoidal or subglottic edema (256,273,274).
Edema can develop after only 6 hours of intubation (275). A
thinner mucosa covering the cartilage of the vocal processes,
less resistance to trauma, and smaller laryngeal diameter are
probably responsible for the greater prevalence of laryngeal
edema in female than male patients (276–279). Other risk fac-
tors associated with the development of laryngeal edema in-
clude traumatic intubation, excessive tube size, excessive tube
mobility secondary to insufficient fixation, a patient fighting
against the tube or trying to speak, excessive pressure in the
cuff, too frequent or too aggressive tracheal suctioning, oc-
currence of infections or hypotension, and the presence of a
nasogastric tube that predisposes to gastroesophageal reflux
(273,278,280). It is also possible that a biochemical reaction
between the tube material and the airway mucosa may cause la-
ryngeal edema (273). Life-threatening obstruction, either func-
tional or anatomic, can occur postoperatively in patients with
redundant pharyngeal soft tissue—such as in sleep apnea—and
loss of muscle tone related to the postanesthetic state (13).

Several investigators have reported that upper airway ob-
struction accounts for about 15% of patients requiring rein-
tubation (9,267,281). When upper airway obstruction occurs,
it typically becomes manifest within 3 to 12 hours after extu-
bation (273,276,280). In the case of postextubation laryngeal
edema, symptoms occur within 5 minutes postextubation in
47% of patients, within 6 to 30 minutes post extubation in
33% of patients, and after more than 30 minutes post extu-
bation in 20% of patients (279). Symptoms rarely occur until
75% of the upper airway lumen has been obliterated (282,283).
Occasionally, symptoms may not occur until the diameter of
the airway is reduced to 5 mm (284).

Upper airway obstruction causes stridor only if the patient
is capable of generating sufficient airflow; if airflow is insuffi-
cient, obstruction may cause hypercapnia, hypoxemia, or para-
doxical breathing, but not stridor. Women are more suscep-
tible to postextubation stridor than men (276–278). Among
patients who develop stridor, 1% to 69% require reintuba-
tion (276,277,280,285). Many (276,278,280,285), but not all
(277–279), investigators have noted that the rate of postextu-
bation stridor increases in proportion to the duration of me-
chanical ventilation. Stridor usually occurs during inhalation
in presence of extrathoracic airway obstruction and during
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exhalation in the presence of intrathoracic airway obstruction,
and it can be biphasic with midtracheal stenosis (286, 287).

The first warning of airway obstruction in an unconscious
patient may be failure of a jaw-thrust maneuver to open the
airway or the inability to ventilate with a bag-valve. In a con-
scious patient, respiratory distress, stridor, altered voice—such
as aphonia or dysphonia—snoring, dysphagia, odynophagia,
prominence of neck veins, and neck and facial swelling all may
indicate impending airway obstruction (13). Patients may bring
their hands to their neck, a sign of choking. Other signs include
suprasternal and intercostal retractions, and reduced or absent
air movement on auscultation. Wheezing may be present or
absent. Thoracoabdominal paradox may be prominent. Sym-
pathetic discharge is high, and patients are diaphoretic, tachy-
cardic, and hypertensive. As asphyxia progresses, bradycardia,
hypotension, and death ensue (13). Arterial blood gases are
not particularly helpful, because they are not specific to airway
patency (288). They may show little change until a patient is
in ex tremis (288).

Ot he r Cause s of Post e xt ub at ion Dist re ss
Conditions other than upper airway obstruction that cause
postextubation distress include respiratory failure, congestive
heart failure, aspiration or excessive secretions, encephalopa-
thy, and other conditions (267). The frequency of a particular
cause differs among studies. For example, cardiac failure ac-
counted for 23% of the cases of Epstein et al. (267), 7% of the
cases of Esteban et al. (9), but none of the cases of Smina et al.
(281) or De Bast et al. (273).

Conse q ue nce s of Post e xt ub at ion Dist re ss

Mortality among patients who require reintubation is more
than six times as high as mortality among patients who can
tolerate extubation (9); the reason for the higher mortality
is unknown. It might be related to the development of new
problems after extubation. In support of this possibility is the
observation of Epstein et al. (267) that mortality increases in
proportion to the time between extubation and reintubation:
mortality of 24% , 39% , 50% , and 69% in patients reintubated
between 0 and 2, 13 and 24, 25 and 48, and 49 and 72 hours
after extubation, respectively. A second explanation is that the
need for reintubation reflects greater severity of the underlying
illness (256). In only a minority of patients, mortality is due to
complications associated with reinsertion of a new tube (256).

In the subgroup of patients in whom postextubation
distress results specifically from upper airway obstruction,
complications include, but are not limited to, anoxic brain
injury, cardiopulmonary arrest, and death (289,290). Upper
airway obstruction can be complicated by pulmonary edema
(13), with an incidence of 11% in one adult series (291),
or pulmonary hemorrhage (292). Increased venous return,
with more negative intrathoracic pressure and catecholamine-
induced venoconstriction, contributes to pulmonary edema,
but it cannot be the sole mechanism; as intrathoracic pres-
sure becomes more negative, venous return to the right ventri-
cle becomes flow limited (293). Other factors contributing to
pulmonary edema include decreased left ventricular preload
(leftward shift of interventricular septum), increased left ven-
tricular afterload (increased negative intrathoracic pressure
and catecholamine-induced elevation of systemic vascular resis-
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1994:647, with permission.)

tance), pulmonary vasoconstriction (hypoxemia and acidosis),
and, possibly, stress failure of the alveolar-capillary membrane
(292) (Fig. 132.27).

Whether pulmonary edema develops during or after re-
lief of upper airway obstruction may depend on whether the
obstruction is fixed or variable (294). Fixed upper airway
obstruction results in vigorous inspiratory efforts (Mueller ma-
neuver), followed by vigorous expiratory efforts (Valsalva ma-
neuver) (291,294). Exhalation against an obstructed airway
raises intrathoracic and alveolar pressures. The positive expira-
tory pressure decreases pulmonary vascular filling and opposes
the hydrostatic forces that favor transudation of fluid into the
alveoli during inhalation (291). With a sudden relief of obstruc-
tion, positive expiratory pressure is lost; consequently, there is a
massive transudation of fluid from the pulmonary interstitium
into the alveoli, resulting in pulmonary edema over minutes to
hours. In contrast to fixed obstruction, variable extrathoracic
upper airway obstruction hinders inhalation, and exhalation
is usually unaffected. In this situation, the hydrostatic forces
that favor transudation of fluid into the alveoli during inhala-
tion are unopposed, leading to edema before the obstruction is
relieved (294).

Pre d ict ors of Post e xt ub at ion Dist re ss

Because reintubation causes serious complications in some pa-
tients, attempts are made to predict its likely occurrence. Sev-
eral physiologic variables have been evaluated for their ability
to predict this likelihood (Table 132.3). For some patients, the
likelihood of reintubation is considered so high that a clinician
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POSSIBLE PREDICTORS OF POSTEXTUBATION
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Ability to sustain spontaneous ventilation
Weaning predictor tests
Cuff-leak test
Laryngeal ultrasound
Secretions and cough
Neurologic assessment
Respiratory drive in the postextubation period

may proceed to tracheotomy without first attempting extuba-
tion (256).

Ab ilit y t o Sust ain Sp ont ane ous Re sp irat ion
A true-positive result of a T-tube trial is defined as a patient who
tolerates the trial without distress, is then extubated, and does
not require reintubation (256). The usual rate of reintubation
is 15% to 20% —sometimes lower—but higher reintubation
rates have been reported by some investigators: 24% (295),
25% (231), 27% (232), 29% (264,265). These false-positive
test results—that is, patients who tolerate the T-tube trial but
require reintubation after extubation—mean that the positive
predictive value and specificity of passing a T-tube trial in pre-
dicting that a patient will not require reintubation is less than
100% . To measure the false-negative rate (Fig. 132.21) would
require extubation of patients who fail a T-tube trial and count-
ing how many do not require reintubation. For obvious ethical
reasons, this number is not known. Given the natural caution
of physicians, it can be confidently assumed that it is higher
than 0% (256).

We aning Pre d ict or Te st s
Several investigators have examined the ability of weaning pre-
dictor tests to predict the development of distress after extu-
bation. The question posed is along these lines: “Does f/Vt ,
or some other predictor test, measured before a T-tube trial,
predict the likelihood of reintubation?” To answer this ques-
tion with scientific validity, it is imperative to avoid test-referral
bias. This can be avoided if the investigators take steps to en-
sure that clinicians do not perform a T-tube trial or are not
taking the results of the T-tube trial into account when decid-
ing whether to extubate the study patients. In other words, a
decision to extubate the patient must be taken before the T-tube
trial, and must proceed even if the patient exhibits significant
distress during the trial, a strategy that raises ethical concerns.

Zeggwagh et al. (296) are the only group of investigators
who assessed the ability of weaning predictor tests to fore-
cast development of distress after extubation without perform-
ing a weaning trial (after the weaning predictors had been
recorded). The investigators prospectively studied 101 patients
at the point that their ICU physicians contemplated weaning.
They measured a series of physiologic measurements during 2
minutes of spontaneous breathing; the results of these measure-
ments were not communicated to the primary team. The team
then extubated the patients without first undertaking any form
of weaning trial. The extubation decision was made by the ICU
team based on the following criteria: improvement or resolu-
tion of the condition precipitating the need for mechanical ven-
tilation; good level of consciousness with cessation of all seda-

tive agents; temperature less than 38◦C; respiratory frequency
less than 35 breaths per minute; oxygen saturation greater than
90% on an FiO2 less than or equal to 0.40; hemodynamic sta-
bility; and the absence of electrolyte disorders, acid-base distur-
bance, or anemia (defined as a hemoglobin less than 10 g/dL).

Reintubation was necessary in 37% of the patients. Several
variables predicted the need for reintubation with a reason-
able degree of accuracy. For example, f/Vt had a sensitivity of
0.77 and a specificity of 0.79, with an area under a receiver
operating curve (ROC) of 0.81 ± 0.06; maximum expiratory
pressure had a sensitivity of 0.52 and a specificity of 0.92, with
an area under a ROC of 0.73 ± 0.07. The investigators devel-
oped a model based on three variables: f/Vt , maximum expira-
tory pressure, and vital capacity. The area under the ROC for
the model was 0.91 ± 0.04 for a development data series and
0.86 ± 0.06 for a validation data series. The accuracy of wean-
ing predictors to predict the development of distress after extu-
bation in this study (296) contrasts sharply with their limited
accuracy in studies where the investigators permitted a weaning
trial (which altered clinician’s extubation decisions) between
measurement of the predictors and extubation (256). This dif-
ference in diagnostic accuracy is likely due to test-referral bias
(2). An important aspect of this study (296) is that the results
suggest that undertaking a weaning trial before extubation is
useful; the rate of reintubation in the study of Zeggwagh et
al. (296) was about double that reported in studies in which
weaning trials preceded extubation (256).

Cuff-Le ak Te st
The presence of an endotracheal tube makes it extremely diffi-
cult to evaluate the structure and function of the airway before
extubation. The amount of air leaking around the outside of
an endotracheal tube on deflating the balloon cuff has been
used by several investigators to predict upper airway obstruc-
tion after extubation (Fig. 132.28). The idea was first reported
by Adderley and Mullins (297), who studied 31 planned extu-
bations in 28 children with croup. After extubation, reintuba-
tion was required in 13% of children who had an audible leak
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FIGURE 132.28. Tracings of inspiratory flow (upgoing) and expira-
tory flow (downgoing) in two patients before and after deflation of the
cuff on the endotracheal tube (arrow). The patient in the upper panel
had a large leak (positive test result): after deflation of the cuff, ex-
piratory flow became substantially smaller than inspiratory flow. The
patient in the lower tracing had a small leak (less than 12% of inspired
tidal volume; negative test result): expiratory flow exhibited little if
any decrease after cuff deflation. (Modified from: Jaber S, Chanques
G, Matecki S, et al. Post-extubation stridor in intensive care unit pa-
tients. Risk factors evaluation and importance of the cuff-leak test.
Intensive Care Med. 2003;29:69).
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FIGURE 132.29. Cuff leak calculated as the per-
cent difference between exhaled tidal volume when
the cuff of the endotracheal tube was inflated and
then deflated. Eight of 76 patients (11% ) required
reintubation for laryngeal edema. In this study, pa-
tients requiring reintubation for laryngeal edema had
a smaller leak than the other patients. The best cut-
off value for air leak was 15.5% . Small or absent
cuff leaks, however, did not necessarily translate in
reintubation. The positive predictive value of a leak
less than 15.5% was only 25% —i.e., a patient with
a small cuff leak still had 75% chance of being extu-
bated without requiring reintubation for laryngeal
edema. (Modified from: De Bast Y, De Backer D,
Moraine JJ, et al. The cuff leak test to predict failure
of tracheal extubation for laryngeal edema. Intensive
Care Med. 2002;28:1267).

(on coughing or when plateau pressure was 40 cm H 2O), and
reintubation was required in 38% of children without a leak.
The cuff-leak test has since been evaluated by numerous in-
vestigators (273,278,280,285,298–300). For several reasons,
however, it is difficult to provide general recommendations on
how to perform and interpret a cuff-leak test (256).

First, the method for performing the test has not been stan-
dardized. In particular, none of the investigators addressed the
setting of inspired tidal volume, which may influence the size
of the leak; the method for quantifying the leak varies between
absolute units (milliliters) and percentage of inspired tidal vol-
ume. Second, the outcome criterion is not always clearly stated:
rate of reintubation for any reason, occurrence of stridor of any
severity, or occurrence of stridor that requires reintubation.
The rates of stridor vary considerably among studies, suggest-
ing that investigators used different criteria; admittedly, it is
not obvious that severity of stridor can be graded in any repro-
ducible manner. Third, in some studies, it is not clear whether
the investigators carefully excluded reasons for reintubation
other than stridor. If a patient is reintubated because of left
ventricular failure, it is not logical to expect the cuff-leak test
to predict such an event. Fourth, the thresholds for defining a
significant leak vary. Fifth, all calculations of test performance
are inevitably overestimates, because none of the investigators
split their data set into training and validation subsets. Finally,
in adult patients, small or absent cuff leaks do not necessarily
translate in the development of stridor or the need for reintuba-
tion, and vice versa (Fig. 132.29) (273,278,299). For instance,
in the study of Kriner et al. (278), 7 of the 462 extubated pa-
tients required reintubation. Only two of these seven patients
had an air leak volume less than or equal to 110 mL, and the
leak volumes of those patients who did and did not require
reintubation were similar: 181 ± 158 versus 131 ± 137 mL,
p = 0.47 (301). In view of all the above observations, some
investigators reason that in adult patients, failing a cuff-leak
test should not be used as an indication for either delaying ex-
tubation or initiating other specific therapy (278,299,301) but,
possibly, as an indicator of increasing vigilance at the time of
extubation (301). Factors that may contribute to small or ab-
sent cuff leaks in patients who do not develop postextubation
distress include the following: secretions located around the en-
dotracheal tube, head and neck position, presence or absence
of sedation, and large endotracheal tube relative to the size of
the patient’s larynx (278,302).

Laryng e al Ult rasound
In intubated patients, laryngeal ultrasonography can delineate
the anatomic structures of the larynx, and it can record the
shape and width of the column of air—both within and around
the endotracheal tube—which passes through the vocal cords
(302). Using laryngeal ultrasonography in 51 patients consid-
ered ready for extubation (4 developed postextubation stri-
dor and 2 of them required reintubation), Ding et al. (302)
measured the difference in width of the column of air pass-
ing through the vocal cords when the cuff of the endotracheal
tube was inflated and the corresponding value when the cuff
was deflated (Fig. 132.30). The smaller the difference in width,
the greater the likelihood of postextubation stridor (302). As
the investigators indicate, the study was not designed to as-
sess how the column of air passing through the trachea, as
detected by ultrasonography, could be affected by secretions
located around the endotracheal tube, cross-sectional dimen-
sion of the endotracheal tube relative to the dimensions of
the patient’s airway, and wakefulness; all patients were studied
while sedated to avoid the confounding effect of cough on ultra-
sound signals. Based on this single study, it is premature to rec-
ommend laryngeal ultrasonography as a screening tool before
extubation.

Se cre t ions and Coug h
A proportion of patients fail either a weaning attempt or an ex-
tubation attempt because of excessive airway secretions. This
proportion varies among reports, largely because there is no
consistent definition of “excessive secretions” or even how best
to quantify secretions (256). If one quantifies secretions ac-
cording to the volume obtained by suctioning over a fixed time
interval, a patient who coughs and expels secretions without
difficulty may get classified as having a greater secretion prob-
lem than a patient who has thick viscid secretions that cannot
be dislodged from the lower airways (256).

Investigators have recently evaluated measurements of se-
cretions as predictors of postextubation distress (281,303–
306). Khamiees et al. (303) attempted to quantify cough
strength by placing a white card 1 to 2 cm from the end of
the endotracheal tube and requesting the patient to cough
as many as three or four times just before extubation. Any
wetness on the card was classified as a positive test (assess-
ment was made by a single observer). This test was seen as
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velop postextubation stridor. When the
cuff on the endotracheal tube is inflated—
ultrasound (A) and schematic illustra-
tion (B)—the column of air (AC) pass-
ing trough the true vocal cords (VC) is
square-shaped. The hypoechoic true vocal
cords can be seen on both sides of the air
column. The hyperechoic arytenoid car-
tilages are located behind the true vocal
cords and next to the air column. When
the cuff is deflated—ultrasound (C) and
schematic illustration (D)—the column of
air passing trough the true vocal cords
becomes trapezoid and the air column
width increases. In addition, the acoustic
shadow of the laryngeal air column masks
the arytenoid cartilages and part of the
true vocal cords. Arrow , width of the air
column; T, thyroid cartilage. (From Ding
LW, Wang HC, Wu HD, et al. Laryngeal
ultrasound: a useful method in predicting
post-extubation stridor. A pilot study. Eur
Respir J. 2006;27:384, with permission.)

a test of cough strength and not of the amount of secretions
present. They studied 100 extubations in 91 patients; 18 pa-
tients were classified as extubation failures, and 11 were rein-
tubated within 72 hours of extubation (the criteria for clas-
sifying the other seven patients as extubation failures are not
clear). Extubation failure was three times more likely in pa-
tients with a negative white-card test (no secretions coughed
onto the card). Three other measures also predicted extubation
failure. Extubation failure was four times more likely among
patients who had a weak or absent cough than in patients
with a moderate or strong cough. Extubation failure was eight
times more likely in patients classified as having moderate or
abundant secretions by the nursing staff in the 4 to 6 hours
preceding extubation than in patients with absent or mild se-
cretions. Extubation failure was 16 times more likely among
patients whose secretions required suctioning every 2 hours or
less.

Salam et al. (304) of the same investigation group undertook
a further study of predictors of reintubation in 88 patients who
underwent 100 extubations; extubation failure was defined as
reintubation. Reintubation within 72 hours was required in
16% of the patients. The cough peak flow was lower in reintu-
bated patients than in patients successfully extubated (SE): 58
± 5 (SE) versus 80 ± 4 L/minute. A threshold peak flow of
less than or equal to 60 L/minute had a sensitivity 0.77, speci-
ficity 0.66, likelihood ratio of 2.3, and risk ratio of 4.8. The
investigators also re-evaluated the white-card test described by
Khamiees et al. (303) and found that it did not predict reintu-
bation. Clearly, physicians in the study of Salam et al. (304) had
reduced the number of extubations attempted in patients with
larger volumes of secretions. The physicians had altered their
pretest probability of extubation failure based on the need for
frequent suctioning. The physicians refused to advance such
patients to extubation (test-referral bias), and thus the results

of the study give an erroneous impression that frequent suc-
tioning is not a good predictor of reintubation. (A limitation
of the white-card test is that it will be negative in patients with
a strong cough who have few or no secretions.) The volume of
secretions collected in the 2 to 3 hours before extubation was
equivalent in reintubated and successfully extubated patients:
2.5 ± 0.9 versus 2.3 ± 0.4 mL/hour, respectively. A threshold
of greater than 2.5 mL secretions per hour, however, did dis-
criminate between the groups: sensitivity 0.71, specificity 0.62,
likelihood ratio 1.9, and risk ratio 3.0.

Ne uro log ic Asse ssme nt
Some ventilated patients demonstrate good respiratory func-
tion and tolerate a T-tube trial without distress, yet their physi-
cians are reluctant to extubate them because they fear that the
patients will not be able to protect their airway after extuba-
tion (256). Inability to protect the airway can be caused, among
other factors, by unsatisfactory neural control over the upper
airway, such that the tongue (in a recumbent patient) may fall
back and occlude the airway lumen, as happens in patients with
sleep apnea. It can also be caused by impaired laryngeal and
other upper airway reflexes, placing patients at risk of aspira-
tion of secretions or of ingested food.

Concern about protecting the airway most often arises
in a patient with evidence of brain injury. Three groups of
investigators—Coplin et al. (305), Namen et al. (249), and
Salam et al. (304)—have studied the role of brain function
in patients being considered for extubation. The most careful
study is that by Coplin et al. (305), who studied 136 brain
injury patients. Based on their data, these investigators (305)
concluded that a depressed level of consciousness—quantified
with the Glasgow coma scale score—and absence of a gag re-
flex should not be used as the sole indication for prolonged
intubation.
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In contrast to Coplin et al. (305), Namen et al. (249) con-
cluded that a Glasgow coma scale score of greater than or equal
to 8 helps in predicting successful extubation in brain injury pa-
tients. A fundamental problem with this second study (249) is
that half of the extubations were part of the withdrawal of life-
support therapy; hence, all of these patients died. Because these
patients were not reintubated, it appears that the authors clas-
sified them as extubation successes. Irrespective of how these
patients were classified, it is impossible to interpret data on ex-
tubation predictors where half of the extubations arose from a
decision to withdraw life support.

The studies of Coplin et al. (305) and Namen et al. (249)
were conducted in patients with brain injury, whereas Salam et
al. (304) studied neurologic function as a predictor of reintuba-
tion in medical-cardiac ICU patients. Neurologic performance
was quantified by requesting patients to perform four simple
tasks (307): open their eyes, follow an observer with their eyes,
grasp the observer’s hand, and stick out their tongue. Reintu-
bation within 72 hours was required in 16% of the patients.
Patients tolerating extubation performed a higher number of
tasks than did the reintubated patients: 3.8 ± 0.1 versus 2.9
± 0.5, respectively. Patients who were unable to complete all
four tasks were 4.3 times more likely to require reintubation
than were patients who could complete all four tasks. The fail-
ure to perform any of the four tasks had a sensitivity of 0.42
and specificity of 0.91 in predicting reintubation.

Re sp irat ory Ne uromuscular Drive in t he
Post e xt ub at ion Pe riod

Increased neuromuscular drive (P0.1 greater than 5 cm H 2O)
20 minutes into a T-tube weaning trial has been reported to
predict the need for reintubation, with a sensitivity of 0.87
and a specificity 0.91 (308). In contrast to P0.1 values recorded
during a T-tube trial (308), measurements of P0.1 during a pres-
sure support weaning trial are less accurate in predicting the
need of reintubation (309). In patients with COPD, a rise in
P0.1 30 minutes after extubation (as compared to P0.1 values
before extubation) may predict the development of postextu-
bation distress (310). Limitations of these studies include lack
of prospective validation of P0.1 thresholds and, for the latter
study, the need to institute noninvasive ventilation for the sole
purpose of measuring P0.1 in all extubated patients.

Tre at me nt of Post e xt ub at ion Dist re ss

When considering therapies for postextubation distress, it is
useful to categorize patients into two groups: patients in whom
upper airway obstruction is responsible for postextubation dis-
tress, and patients in whom postextubation distress is not due
to upper airway obstruction.

Tre at me nt of Post e xt ub at ion Dist re ss
d ue t o Up p e r Airway Ob st ruct ion

The clinical approach to patients with upper airway obstruc-
tion must be dictated by great caution, as difficulty or in-
ability to reintubate a patient can cause excess morbidity, in-
cluding anoxic brain injury and death (289,290). Each patient
requires an individualized therapeutic approach; therefore, def-
inite recommendations are problematic (290). Nevertheless, in-
tensivists should have a preplanned strategy for extubation of
the difficult airway, including plans to be implemented if it is

not possible to maintain an adequate airway after extubation
(290). Close consultation with an anesthesiologist and an oto-
laryngologist must be part of this strategy. Because recommen-
dations on how to approach difficult extubations are essentially
based on small clinical series or case reports, the appropriate
weighting of each recommendation is a matter of judgment and
may be influenced by specific expertise at particular institu-
tions. Upper airway obstruction may worsen suddenly because
resistance varies with the fourth power of the radius. A slight
change in airway anatomy may dramatically increase resistive
load (311). For example, manipulation of the upper airway
by an inexperienced clinician may induce edema, which can
markedly increase airway resistance and induce asphyxia. In
general, pharmacotherapy cannot reverse mechanical obstruc-
tion (13). To ensure adequate oxygen stores before extubation,
patients should be preoxygenated with an FiO 2 of 1.0 for 3
minutes or more (290,312).

Steps for the care of patients with no cuff leak and no identi-
fied complicating factors and those for patients with identified
complicating factors with or without cuff leak will be discussed
separately.

Approach to Patients with No Cuff Leak and No Identified
Complicating Factors. When upper airway obstruction is sus-
pected because the patient has failed a cuff-leak test, one possi-
bility is to proceed with extubation while having an anesthesi-
ologist at the bedside. Intubation equipment has to be readily
accessible (313). If the patient develops postextubation dis-
tress, and reintubation is deemed necessary, the anesthesiolo-
gist is immediately available to proceed with reinsertion of the
endotracheal tube.

Before extubation, the anesthesiologist may consider place-
ment of an airway exchange catheter (AEC) through the endo-
tracheal tube (Fig. 132.31) (314–317). Following extubation,
the AEC is secured, and humidified oxygen can be insufflated
through its central lumen. If the patient does not develop stridor
or other signs of respiratory difficulty, the exchange catheter is
removed after a variable period of time; exchange catheters
have been left in place for up to 72 hours (314). If, however,
the patient develops postextubation respiratory distress, and
reintubation is deemed necessary, the AEC (with or without
the help of laryngoscope) (257) can be used to facilitate rein-
tubation (314–316). Should tracheal reintubation prove com-
plicated, jet ventilation can be delivered through the AEC as
a bridge to more definitive treatment (258,312,315). To avoid
the risk of aspiration, patients should not be fed enterally while
the AEC is in place (315).

Occasionally, extubation is performed over a bronchoscope.
The bronchoscope provides the opportunity to visually assess
the upper airway. When significant abnormalities are noted,
the operator must decide whether to immediately reinsert the
endotracheal tube or to withdraw the bronchoscope and treat
the patient conservatively (see below, racemic epinephrine, he-
liox, and corticosteroids). Recently (272), the laryngeal mask
airway device has been successfully used to rescue the airway
in patients with upper airway obstruction when emergency
tracheal intubation with direct laryngoscopy was impossible.
When using laryngeal mask airway devices without grills, a
flexible bronchoscope can be passed through the mask to as-
sess the upper airway, and catheter-guided intubation can be
performed through the device (272).
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FIGURE 132.31. Top: The airway exchange catheter is a semirigid
catheter designed to maintain airway access following tracheal extu-
bation. Left insert: In the distal 3 cm several side holes are built into the
catheter to allow delivery of gas if needed. Right insert: In the proximal
end, a 15-mm connector for attachment to oxygen tubing (right) and a
Luer lock connector (left) for attachment to jet ventilator circuit. (From
Loudermilk EP, Hartmannsgruber M, Stoltzfus DP, et al. A prospec-
tive study of the safety of tracheal extubation using a pediatric airway
exchange catheter for patients with a known difficult airway. Chest.
1997;111:1660, with permission.) Bottom: A representative patient
following maxillofacial reconstructive surgery. The airway exchange
catheter is emerging from the right nostril and is connected to an oxy-
gen source. At the time of surgery, the endotracheal tube—through
which the airway exchange catheter had been introduced at the time
of extubation—was placed nasally. Airway exchange catheters have
been used as stylets to facilitate reintubation of medical and surgical
patients through the oral and nasal routes (see text for details). (From
Dosemeci L, Yilmaz M, Yegin A, et al. The routine use of pediatric
airway exchange catheter after extubation of adult patients who have
undergone maxillofacial or major neck surgery: a clinical observational
study. Crit Care. 2004;8:R385, with permission.)

When the patient develops postextubation distress with
stridor, but immediate reintubation is not considered nec-
essary, some intensivists administer aerosolized epinephrine
or racemic epinephrine (as long as the compounds are not
contraindicated) (258,315). In adults, aerosolized racemic
epinephrine has been given at doses ranging from 0.25 to
0.75 mL of a 2.25% solution in 2.0 to 3.5 mL of normal saline
(258,315,319). In patients with laryngeal edema, the response
to aerosolized epinephrine or racemic epinephrine can be dra-
matic but short-lived (318). Therefore, if there is a positive
response and patients do not develop side effects, nebulization
of epinephrine or racemic epinephrine can be repeated every 1
to 4 hours (318,319); repeated doses of racemic epinephrine
every 30 to 60 minutes have also been used (315). Racemic

epinephrine consists of equal amounts of the dextro-isomers
and levo-isomers. Most of epinephrine’s pharmacologic action
results from the levo-isomer, which is 30 times more potent
than the dextro-isomer (256). Popularity of the more expen-
sive racemic form is based on the supposition that it produces
epinephrine’s vasoconstrictor action without rebound vasodi-
lation. In addition, less tachycardia, hypertension, and tremor
are expected with aerosolized racemic epinephrine than with
levo-epinephrine. The stated different actions, however, may
have arisen from comparisons of inappropriate dosages (256).
In children with postextubation stridor, levo-epinephrine is as
effective as the more expensive racemic epinephrine (320).

High-dose corticosteroids—for example, dexamethasone 4
to 8 mg intravenously every 8 to 12 hours (321,322), tapered
based on symptoms—may be administered alone or together
with aerosolized racemic epinephrine. Whether corticosteroids
should be administered before extubation in children (323,324)
or in adults (276–279,300) remains controversial. In a recent
investigation conducted in 761 adult patients who had been
intubated for more than 36 hours, François et al. (279) re-
ported that, compared to placebo, intravenous methylpred-
nisolone started 12 hours before a planned extubation re-
duced the incidence of postextubation laryngeal edema from
22% to 3% (p < 0.0001) and reduced the incidence of rein-
tubation from 8% to 4% (p = 0.02). The investigators rea-
son that the ineffectiveness of corticosteroids in preventing
laryngeal edema reported in previous studies (276,277,325)
probably resulted from incorrect timing of administration—
all positive trials started corticosteroids 6 to 24 hours before
planned extubation (279,300,324), whereas all negative trials
started corticosteroids 30 minutes to 6 hours before extubation
(276,277,323,325).

François et al. (279) assessed eligibility for extubation (by
an unreported mechanism) and then left the patients intubated
for a period lasting no less than 12 hours to allow for ad-
ministration of corticosteroids (or placebo) before proceeding
with planned extubation. This strategy was likely conducive
to a conservative approach to extubation as supported by the
low number of canceled extubations (five patients or 1.3% in
the placebo group and three patients or 0.8% in the methyl-
prednisolone group). If such delay indeed occurred in some
patients, the extubation strategy of François et al. (279) would
be a departure from what is the common practice of most
intensivists—i.e., to extubate patients at the earliest feasible
time to decrease the risk of iatrogenic complications includ-
ing ventilator-associated pneumonia. Given the above consid-
erations, it would seem premature to administer intravenous
steroids 12 hours before planned extubation in every patient
who has been intubated for more than 36 hours. However, for
those patients in whom the intensivist has a high suspicion for
laryngeal edema (and who do not have contraindications to
steroids), the strategy of François et al. (279) seems justifiable.

For patients who do not require high FiO 2, helium-oxygen
mixture (Heliox) may be tried (322,326–331). The goal of
this low-density gas mixture is to reduce work of breathing
by decreasing the pressure drop associated with turbulent flow
across the obstruction.‡ In most cases of airway obstruction,
the response to heliox can be seen in minutes (327). If heliox

‡Mixtures of heliox and oxygen containing less than 70% helium are
probably of little or no mechanical benefit (326).
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is ineffective, it is likely that turbulent flow is not playing an
important role in the patient’s stridor. Even when effective, the
use of helium-O 2 mixtures should not engender a false sense of
security (311).

Finally, some authors have used noninvasive ventilation—
CPAP (274) or bilevel positive airway pressure (BiPAP)
(302,326,331)—alone or in combination with heliox (328).
Neither heliox nor noninvasive ventilation have curative prop-
erties on their own. Yet, they may be able to “buy time” until
the underlying cause of upper airway obstruction has resolved
(e.g., laryngeal edema treated with high-dose corticosteroids).
None of these pharmacologic and nonpharmacologic strategies
has been studied systematically. If stridor does not respond to
initial measures or recurs while patients are being treated with
noninvasive ventilation, reintubation is usually necessary.

Racemic epinephrine, systemic corticosteroids, heliox, and
noninvasive ventilation should be used only in carefully se-
lected patients. Occasionally, the decision to defer intubation
may give time to the obstruction of the upper airway to progress
to a point at which intubation becomes more difficult, if not
impossible (326). Similarly, pharmacologic strategies and non-
invasive ventilation should not supplant endotracheal intuba-
tion when the upper airway obstruction is critical and expected
to progress, e.g., upper airway infection, upper airway tumor
awaiting surgery or radiation therapy (326).

Approach to Patients with Identified Complicating Factors
with or without Cuff Leak. It may be prudent to have both an
anesthesiologist and an otolaryngologist available at bedside–
the latter with a tracheostomy tray open and ready to use–
during extubation of patients with difficult airway. This cat-
egory includes patients who fail a cuff-leak test and/or had
stridor during the original intubation; have a history of self-
extubation or in whom the original intubation was difficult or
traumatic; patients who had undergone maxillofacial or ma-
jor neck surgery; morbidly obese patients; or those with soft
tissue swelling. Patients with cervical immobility or instability
are also at risk of postextubation respiratory failure (315). If
the patient develops postextubation distress, and he/she cannot
be immediately be re-intubated, a surgical airway via cricothy-
rotomy or tracheostomy should be immediately considered.
If time permits, and the patient is conscious and still venti-
lating and oxygenating adequately, some clinicians consider
it best to transport the patient to the operating room (288),
otherwise the procedure should be performed at the bedside.
Although percutaneous tracheostomy is gaining in popularity,
it is best performed in an already intubated patient and not
as an emergency procedure (288). Jet ventilation through a
14-gauge angiocatheter passed through the cricothyroid mem-
brane is occasionally used as a bridge for more definitive ther-
apy (332,333). This technique is often marred with compli-
cations, and operator experience is usually limited (326). In
selected patients, extubation should be performed in the oper-
ating room.

Unless upper airway tumor is considered as a possible cause
of upper airway obstruction, endoscopic visualization of the
upper airway before extubation has limited value (334), and it
is usually not performed. In some high-risk patients, clinicians
may decide to perform an elective tracheostomy (315). A pa-
tient with an obstructed airway should not be sedated until the
airway has been secured, as minimal sedation may precipitate
acute respiratory failure (13).

Tre at me nt of Post e xt ub at ion Dist re ss Not
d ue t o Up p e r Airway Ob st ruct ion

As with patients developing postextubation distress due to
upper airway obstruction, patients developing postextubation
distress due to other causes require individualized therapy,
e.g., chest tube for pneumothorax, bronchodilators for bron-
choconstriction, and diuretics for volume overload or negative
pressure pulmonary edema (13). In addition to specific ther-
apies, noninvasive ventilation has also been used in patients
developing postextubation distress not due to upper airway
obstruction (266,335). Two groups of investigators, however,
reported that noninvasive ventilation is not beneficial if insti-
tuted at a point after patients developed respiratory failure in
the 48 hours after extubation (266,335). This contrasts with
the accumulating data on the successful use of noninvasive ven-
tilation in weaning (246–248).

Keenan et al. (335) studied patients who had received more
than 48 hours of mechanical ventilation (overall, 4–5 days). In
this study, one of the exclusion criteria was prior history of up-
per airway obstruction. All study patients were extubated and
followed for 48 hours. Of 358 eligible patients, 23% developed
criteria of respiratory distress. Of the patients with distress,
half were randomly assigned to standard therapy (supplemen-
tal O 2 to maintain oxygen saturation greater than or equal to
95% ), and half to noninvasive ventilation. The rate of reintu-
bation was equivalent for the two groups: 72% for noninvasive
ventilation and 69% for usual care, as was hospital mortality
(31% for both groups). The duration of conventional mechan-
ical ventilation tended to be shorter with noninvasive ventila-
tion: 8 ± 7 versus 18 ± 28 days (p = 0.11). After the first year
of the study, the investigators judged it unethical to withhold
noninvasive ventilation in patients with COPD because of pub-
lished data indicating the superior performance of patients with
COPD with noninvasive ventilation. As a result, when the study
was concluded, only 11% of the study population had COPD.

Like Keenan et al. (335) and Esteban et al. (266) also investi-
gated the value of instituting noninvasive ventilation in patients
after they have developed postextubation distress. All study pa-
tients were extubated and then followed for 48 hours. Of 980
eligible patients, 25% (244/980) developed criteria of respira-
tory distress. Urgent reintubation was necessary in 23 patients
(2 patients were reintubated due to upper airway obstruction).
Of the remaining patients, 114 were randomly assigned to non-
invasive ventilation and 107 to usual care. Reintubation was re-
quired in 48% of patients in the noninvasive ventilation group
and in 48% of patients in the usual care group. Reasons for
reintubation included persistent respiratory distress, lack of im-
provement in pH or PaCO 2, hypoxemia, hypotension, copious
secretions, and change in mental status; no patient was rein-
tubated because of upper airway obstruction. Mortality in the
ICU was higher with noninvasive ventilation, 25% , than with
usual care, 14% (p = 0.048). The interval between extuba-
tion and reintubation was longer in the noninvasive ventilation
group than in the usual care group: 12 versus 2.5 hours (p =
0.02).

An important aspect of this study (266) concerns the pa-
tients who were randomized to the usual care arm. When these
patients developed distress and satisfied criteria for intubation,
physicians had a choice to either reintubate them or manage
them with noninvasive ventilation. Among the 28 patients who
were crossed over to noninvasive ventilation, mortality was
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11% . These 28 patients represent a sicker subgroup of the 107
patients in the usual care group, yet they had the lowest mor-
tality of all groups requiring ventilator support. Of all patients
receiving noninvasive ventilation in the study, these 28 patients
were the only ones in whom it was instituted based on a physi-
cian’s clinical judgment. Thus, it is possible that instituting non-
invasive ventilation based on clinical judgment, as opposed to
a random allocation, at the point of first observing respiratory
distress has a major influence on the success of noninvasive
ventilation.

COPD was not an exclusion criterion in the study of Este-
ban et al. (266). Yet, the fraction of patients with COPD in that
study, 10% , was no higher than that in the study of Keenan
et al. (335), 11% . The relatively low number of patients with
COPD in both studies may have been a major factor in the
failure to demonstrate a benefit with noninvasive ventilation.
In the study of Esteban et al. (266), the average time between
the institution of noninvasive ventilation (for postextubation
distress) and reintubation was 12 hours. A substantial propor-
tion of these patients had a decrease in oxygen saturation to
less than 85% . It is perhaps not surprising that patients with
significant respiratory failure of this magnitude over a pro-
longed period would experience a higher mortality after rein-
tubation. Although the role of noninvasive ventilation in the
management of postextubation distress in patients with COPD
is not resolved by these studies, noninvasive ventilation does
not appear to have a role in the treatment of other causes of
postextubation distress.

A striking feature of the two negative studies is the limited
inspiratory assistance that was provided. Patients received IPAP
and EPAP settings of 9 and 4 cm H 2O, respectively, in the study
of Keenan et al. (335), which is equivalent to pressure support
of 5 cm H 2O. Delivered VT was as little as 5 mL/kg in the study
of Esteban et al. (266)—a tidal volume setting too low for most
patients in acute respiratory failure, with the possible exception
of patients with acute respiratory distress syndrome. The low
assistance setting in these two negative studies contrasts with a
pressure support setting of 19 ± 2 cm H 2O in the study of Nava
et al. (246) and the IPAP and EPAP settings of 10 to 20 cm H2O
and 4 to 5 cm H 2O, respectively, in the study of Ferrer et al.
(248). Application of a face mask connected to an inadequate
level of positive pressure may pose an impediment for patients,
and may have contributed to the negative outcomes in these
two studies (266,335).

The only study that has addressed the role of noninva-
sive ventilation in the prevention of postextubation distress
was conducted by Jiang et al. (336). They instituted nonin-
vasive ventilation—initially at IPAP 12 cm H 2O and EPAP
5 cm H 2O—immediately after extubation. Reintubation was
required in 13 of the 47 patients (28% ) randomly assigned to
noninvasive ventilation and in 7 of the 46 (15% ) of patients
assigned to usual care. The major problem with this study is
that only 56 of the study patients were electively extubated af-
ter weaning; the other 37 (40% ) patients were enrolled after
unplanned extubation. Patients who experience unplanned ex-
tubation have a substantially higher rate of reintubation than
electively extubated patients, yet the investigators did not state
whether these patients were evenly distributed between the two
arms of the study. They also do not state how many of their
patients had COPD.

In summary, two studies (266,335) suggest that noninvasive
ventilation is not beneficial in postextubated patients when in-

stituted after they already have clinical manifestations of res-
piratory distress. It is possible, however, that noninvasive ven-
tilation is beneficial in the subgroup with COPD. In the two
negative studies, it is possible that an inadequate level of pos-
itive pressure was supplied to properly test its usefulness in
postextubated patients. One can also argue that noninvasive
ventilation was unlikely to be beneficial when instituted at such
a late stage. An attempt has been made to address the question
of whether noninvasive ventilation can prevent the develop-
ment of postextubation distress (336), but it is not possible to
form any conclusion because of the limitations of the study.

SUMMARY
In conclusion, to reduce the possibility of delayed weaning or
premature extubation, clinicians should contemplate a two-
step diagnostic strategy: first, measurement of weaning pre-
dictors and second, a weaning trial. Each step constitutes a
diagnostic test, and therefore clinicians must be aware of the
scientific principles of diagnostic testing when they interpret
the information produced by each step (2). The key point is for
physicians to consider the possibility that a patient just may
be able to tolerate weaning. Such diagnostic triggering is fa-
cilitated through use of a screening test and is the rationale
for measurement of weaning predictor tests (2). A positive re-
sult on a screening test (weaning predictor test) is followed by
a confirmatory test (weaning trial) to increase the possibility
that a patient will successfully tolerate extubation. It is im-
portant not to postpone the use of a screening test by waiting
for a more complex diagnostic test, such as a T-tube trial. In
contrast to our greater understanding of the pathophysiology
of weaning failure, our understanding of the pathophysiology
of severe respiratory distress in the postextubation period is
rudimentary.
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J N eurol N eurosurg Psychiatry. 1986;49(5):563–573.

117. Fletcher SN, Kennedy DD, Ghosh IR, et al. Persistent neuromuscular and
neurophysiologic abnormalities in long-term survivors of prolonged critical
illness. Crit Care Med. 2003;31(4):1012–1016.

118. Deem S, Lee CM, Curtis JR. Acquired neuromuscular disorders in the in-
tensive care unit. Am J Respir Crit Care Med. 2003;168(7):735–739.

119. Hund EF, Fogel W, Krieger D, et al. Critical illness polyneuropathy: clin-
ical findings and outcomes of a frequent cause of neuromuscular weaning
failure. Crit Care Med. 1996;24(8):1328–1333.



2024 Sect ion XIII: Resp iratory Disorders

120. Latronico N, Fenzi F, Recupero D, et al. Critical illness myopathy and
neuropathy. Lancet. 1996;347(9015):1579–1582.

121. Hermans G, Wilmer A, Meersseman W, et al. Impact of intensive insulin
therapy on neuromuscular complications and ventilator dependency in the
medical intensive care unit. Am J Respir Crit Care Med. 2007;175(5):480–
489.

122. Khan J, Harrison TB, Rich MM, et al. Early development of critical ill-
ness myopathy and neuropathy in patients with severe sepsis. N eurology.
2006;67(8):1421–1425.

123. Bednarik J, Vondracek P, Dusek L, et al. Risk factors for critical illness
polyneuromyopathy. J N eurol. 2005;252(3):343–351.

124. Larsson L, Li X, Edstrom L, et al. Acute quadriplegia and loss of muscle
myosin in patients treated with nondepolarizing neuromuscular blocking
agents and corticosteroids: mechanisms at the cellular and molecular levels.
Crit Care Med. 2000;28(1):34–45.

125. Rich MM, Teener JW, Raps EC, et al. Muscle is electrically inexcitable in
acute quadriplegic myopathy. N eurology 1996;46(3):731–736.

126. Rich MM, Bird SJ, Raps EC, et al. Direct muscle stimulation in acute
quadriplegic myopathy. Muscle N erve. 1997;20(6):665–673.

127. Lefaucheur JP, Nordine T, Rodriguez P, et al. Origin of ICU acquired paresis
determined by direct muscle stimulation. J N eurol N eurosurg Psychiatry.
2006;77(4):500–506.

128. Bolton CF. Neuromuscular manifestations of critical illness. Muscle N erve.
2005;32(2):140–163.

129. Ramsay DA, Zochodne DW, Robertson DM, et al. A syndrome of acute
severe muscle necrosis in intensive care unit patients. J N europathol Exp
N eurol. 1993;52(4):387–398.

130. Faragher MW, Day BJ, Dennett X. Critical care myopathy: an electrophys-
iological and histological study. Muscle N erve. 1996;19(4):516–518.

131. Mozaffar T, Haddad F, Zeng M, et al. Molecular and cellular defects of
skeletal muscle in an animal model of acute quadriplegic myopathy. Muscle
N erve. 2007;35(1):55–65.

132. Di Giovanni S, Molon A, Broccolini A, et al. Constitutive activa-
tion of MAPK cascade in acute quadriplegic myopathy. Ann N eurol.
2004;55(2):195–206.

133. de Letter MA, van Doorn PA, Savelkoul HF, et al. Critical illness polyneu-
ropathy and myopathy (CIPNM): evidence for local immune activation
by cytokine-expression in the muscle tissue. J N euroimmunol. 2000;106
(1–2):206–213.

134. De Jonghe B, Sharshar T, Lefaucheur JP, et al. Paresis acquired in the inten-
sive care unit: a prospective multicenter study. JAMA. 2002;288(22):2859–
2867.

135. Faragher MW, Day BJ. A practical approach to weakness in the intensive
care unit. In: Cros D, ed. Peripheral N europathy: A Practical Approach
to Diagnosis and Management. Philadelphia, PA: Lippincott Williams &
Wilkins; 2001:370–386.

136. De Jonghe B, Bastuji-Garin S, Sharshar T, et al. Does ICU-acquired pare-
sis lengthen weaning from mechanical ventilation? Intensive Care Med.
2004;30(6):1117–1121.

137. Latronico N, Shehu I, Seghelini E. Neuromuscular sequelae of critical ill-
ness. Curr O pin Crit Care. 2005;11(4):381–390.

138. De Jonghe B, Bastuji-Garin S, Durand MC, et al. Respiratory weakness is
associated with limb weakness and delayed weaning in critical illness. Crit
Care Med. 2007;35(9):2007–2015.

139. Leatherman JW, Fluegel WL, David WS, et al. Muscle weakness in mechan-
ically ventilated patients with severe asthma. Am J Respir Crit Care Med.
1996;153(5):1686–1690.

140. de Seze M, Petit H, Wiart L, et al. Critical illness polyneuropathy. A 2-year
follow-up study in 19 severe cases. Eur N eurol. 2000;43(2):61–69.

141. Roberts PA, Loxham SJ, Poucher SM, et al. Bicarbonate-induced alka-
losis augments cellular acetyl group availability and isometric force dur-
ing the rest-to-work transition in canine skeletal muscle. Exp Physiol.
2002;87(4):489–498.

142. Schnader JY, Juan G, Howell S, et al. Arterial CO2 partial pressure affects
diaphragmatic function. J Appl Physiol. 1985;58(3):823–829.

143. Juan G, Calverley P, Talamo C, et al. Effect of carbon dioxide on diaphrag-
matic function in human beings. N Engl J Med 1984;310(14):874–879.

144. Jackson DC, Arendt EA, Inman KC, et al. 31P-NMR study of normoxic
and anoxic perfused turtle heart during graded CO2 and lactic acidosis.
Am J Physiol. 1991;260(6 Pt 2):R1130–R1136.

145. Yanos J, Wood LD, Davis K, et al. The effect of respiratory and lactic
acidosis on diaphragm function. Am Rev Respir Dis. 1993;147(3):616–
619.

146. Coast JR, Shanely RA, Lawler JM, et al. Lactic acidosis and diaphragmatic
function in vitro. Am J Respir Crit Care Med. 1995;152(5 Pt 1):1648–1652.

147. Knuth ST, Dave H, Peters JR, et al. Low cell pH depresses peak power in rat
skeletal muscle fibres at both 30 degrees C and 15 degrees C: implications
for muscle fatigue. J Physiol. 2006;575(Pt 3):887–899.

148. Kristensen M, Albertsen J, Rentsch M, et al. Lactate and force production
in skeletal muscle. J Physiol. 2005;562(Pt 2):521–526.

149. Posterino GS, Dutka TL, Lamb GD. L( + )-lactate does not affect twitch
and tetanic responses in mechanically skinned mammalian muscle fibres.
Pflugers Arch. 2001;442(2):197–203.

150. Degroot M, Massie BM, Boska M, et al. Dissociation of [H + ] from fa-

tigue in human muscle detected by high time resolution 31P-NMR. Muscle
N erve. 1993;16(1):91–98.

151. Westerblad H, Allen DG, Lannergren J. Muscle fatigue: lactic acid or inor-
ganic phosphate the major cause? N ews Physiol Sci. 2002;17:17–21.

152. Nielsen OB, de Paoli F, Overgaard K. Protective effects of lactic acid on
force production in rat skeletal muscle. J Physiol. 2001;536(Pt 1):161–166.

153. Rafferty GF, Lou HM, Polkey MI, et al. Effect of hypercapnia on maxi-
mal voluntary ventilation and diaphragm fatigue in normal humans. Am J
Respir Crit Care Med. 1999;160(5 Pt 1):1567–1571.

154. Schnader J, Howell S, Fitzgerald RS, et al. Interaction of fatigue and hyper-
capnia in the canine diaphragm. J Appl Physiol. 1988;64(4):1636–1643.

155. Mador MJ, Wendel T, Kufel TJ. Effect of acute hypercapnia on di-
aphragmatic and limb muscle contractility. Am J Respir Crit Care Med.
1997;155(5):1590–1595.

156. Vianna LG, Koulouris N, Moxham J. Lack of effect of acute hypoxia
and hypercapnia on muscle relaxation rate in man. Rev Esp Fisiol.
1993;49(1):7–15.

157. Aubier M, Murciano D, Lecocguic Y, et al. Effect of hypophosphatemia
on diaphragmatic contractility in patients with acute respiratory failure. N
Engl J Med. 1985;313(7):420–424.

158. Aubier M, Viires N, Piquet J, et al. Effects of hypocalcemia on diaphrag-
matic strength generation. J Appl Physiol. 1985;58(6):2054–2061.

159. Dhingra S, Solven F, Wilson A, et al. Hypomagnesemia and respiratory
muscle power. Am Rev Respir Dis. 1984;129(3):497–498.

160. Stedwell RE, Allen KM, Binder LS. Hypokalemic paralyses: a review of the
etiologies, pathophysiology, presentation, and therapy. Am J Emerg Med.
1992;10(2):143–148.

161. Rodriguez JA, Crespo-Leiro MG, Paniagua MJ, et al. Rhabdomyolysis
in heart transplant patients on HMG-CoA reductase inhibitors and cy-
closporine. Transplant Proc. 1999;31(6):2522–2523.

162. Masters BA, Palmoski MJ, Flint OP, et al. In vitro myotoxicity of the
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, pravastatin,
lovastatin, and simvastatin, using neonatal rat skeletal myocytes. Toxicol
Appl Pharmacol. 1995;131(1):163–174.

163. Sugiyama S. HMG CoA reductase inhibitor accelerates aging effect on di-
aphragm mitochondrial respiratory function in rats. Biochem Mol Biol Int.
1998;46(5):923–931.

164. Cote HC, Brumme ZL, Craib KJ, et al. Changes in mitochondrial DNA
as a marker of nucleoside toxicity in HIV-infected patients. N Engl J Med.
2002;346(11):811–820.

165. Hasfurther DL, Bailey PL. Failure of neuromuscular blockade reversal af-
ter rocuronium in a patient who received oral neomycin. Can J Anaesth.
1996;43(6):617–620.

166. Segredo V, Caldwell JE, Matthay MA, et al. Persistent paralysis in critically
ill patients after long-term administration of vecuronium. N Engl J Med.
1992;327(8):524–528.

167. de Lemos JM, Carr RR, Shalansky KF, et al. Paralysis in the critically ill:
intermittent bolus pancuronium compared with continuous infusion. Crit
Care Med. 1999;27(12):2648–2655.

168. Rudis MI, Sikora CA, Angus E, et al. A prospective, randomized, controlled
evaluation of peripheral nerve stimulation versus standard clinical dosing
of neuromuscular blocking agents in critically ill patients. Crit Care Med.
1997;25(4):575–583.

169. Hirano M, Ott BR, Raps EC, et al. Acute quadriplegic myopathy: a com-
plication of treatment with steroids, nondepolarizing blocking agents, or
both. N eurology. 1992;42(11):2082–2087.

170. Gooch JL, Suchyta MR, Balbierz JM, et al. Prolonged paralysis after
treatment with neuromuscular junction blocking agents. Crit Care Med.
1991;19(9):1125–1131.

171. Whetstone Foster JG, Clark AP. Functional recovery after neuromuscu-
lar blockade in mechanically ventilated critically ill patients. Heart Lung.
2006;35(3):178–189.

172. Murray MJ, Cowen J, DeBlock H, et al. Clinical practice guidelines for
sustained neuromuscular blockade in the adult critically ill patient. Crit
Care Med. 2002;30(1):142–156.

173. Laghi F, Topeli A, Tobin MJ. Does resistive loading decrease diaphragmatic
contractility before task failure? J Appl Physiol. 1998;85(3):1103–1112.

174. Laghi F, D’Alfonso N, Tobin MJ. Pattern of recovery from diaphragmatic
fatigue over 24 hours. J Appl Physiol. 1995;79(2):539–546.

175. Travaline JM, Sudarshan S, Roy BG, et al. Effect of N-acetylcysteine on
human diaphragm strength and fatigability. Am J Respir Crit Care Med.
1997;156(5):1567–1571.

176. Dahlstedt AJ, Katz A, Westerblad H. Role of myoplasmic phosphate in
contractile function of skeletal muscle: studies on creatine kinase-deficient
mice. J Physiol. 2001;533(Pt 2):379–388.

177. Radell PJ, Eleff SM, Nichols DG. Effects of loaded breathing and hypoxia
on diaphragm metabolism as measured by 31 P-NMR spectroscopy. J Appl
Physiol. 2000;88(3):933–938.

178. Westerblad H, Bruton JD, Lannergren J. The effect of intracellular pH on
contractile function of intact, single fibres of mouse muscle declines with
increasing temperature. J Physi. 1997;500:193–204.

179. Zhu E, Comtois AS, Fang L, et al. Influence of tension time on muscle
fiber sarcolemmal injury in rat diaphragm. J Appl Physiol. 2000;88(1):135–
141.



Chap t e r 132: Weaning from Mechanical Ventilat ion 2025

180. Jiang TX, Reid WD, Road JD. Delayed diaphragm injury and diaphragm
force production. Am J Respir Crit Care Med. 1998;157(3 Pt 1):736–742.

181. Thille AW, Rodriguez P, Cabello B, et al. Patient-ventilator asynchrony
during assisted mechanical ventilation. Intensive Care Med. 2006;32
(10):1515–1522.

182. Chao DC, Scheinhorn DJ, Stearn-Hassenpflug M. Patient-ventilator trigger
asynchrony in prolonged mechanical ventilation. Chest.1997;112(6):1592–
1599.

183. Bellemare F, Grassino A. Effect of pressure and timing of contraction on
human diaphragm fatigue. J Appl Physiol. 1982;53(5):1190–1195.

184. Pinsky MR. Effect of mechanical ventilation on heart-lung interactions.
In: Tobin MJ, ed. Principles and Practice of Mechanical Ventilation. New
York, NY: McGraw-Hill; 2006:729–757.

185. Hurford WE, Lynch KE, Strauss HW, et al. Myocardial perfusion as
assessed by thallium-201 scintigraphy during the discontinuation of
mechanical ventilation in ventilator-dependent patients. Anesthesiology.
1991;74(6):1007–1016.

186. Srivastava S, Chatila W, Amoateng-Adjepong Y, et al. Myocardial ischemia
and weaning failure in patients with coronary artery disease: an update. Crit
Care Med. 1999;27(10):2109–2112.

187. Hurford WE, Favorito F. Association of myocardial ischemia with failure
to wean from mechanical ventilation. Crit Care Med. 1995;23(9):1475–
1480.

188. Lemaire F, Teboul JL, Cinotti L, et al. Acute left ventricular dysfunction
during unsuccessful weaning from mechanical ventilation. Anesthesiology.
1988;69(2):171–179.

189. Nozawa E, Azeka E, Ignez ZM, et al. Factors associated with failure of
weaning from long-term mechanical ventilation after cardiac surgery. Int
Heart J. 2005;46(5):819–831.

190. Jubran A, Mathru M, Dries D, et al. Continuous recordings of mixed ve-
nous oxygen saturation during weaning from mechanical ventilation and
the ramifications thereof. Am J Respir Crit Care Med. 1998;158(6):1763–
1769.

191. Richard C, Teboul JL. Weaning failure from cardiovascular origin. Intensive
Care Med. 2005;31(12):1605–1607.

192. Scheinhorn D. Increase in serum albumin and decrease in body
weight correlate with weaning from prolonged mechanical ventilation.
Am.Rev.Respir.Dis. 1992;145:A522.

193. Beach T, Millen E, Grenvik A. Hemodynamic response to discontinuance
of mechanical ventilation. Crit Care Med. 1973;1(2):85–90.

194. Indihar FJ. A 10-year report of patients in a prolonged respiratory care
unit. Minn Med. 1991;74(4):23–27.

195. Martin UJ, Criner GJ. Psychological problems in the ventilated patient. In:
Tobin MJ, ed. Principles and Practice of Mechanical Ventilation. 2nd ed.
New York, NY: McGraw-Hill; 2006:1137–1151.

196. Banzett RB, Brown R. Addressing respiratory discomfort in the ventilated
patient. In: Tobin MJ, ed. Principles and Practice of Mechanical Ventilation.
2nd ed. New York, NY: McGraw-Hill; 2006:1153–1162.

197. Dilling D, Duffner LA, Lawn G, et al. Anxiety levels in patients being
weaned from mechanical ventilation. Proc Am Thorac Soc. 2005;2:A161.

198. Ramana RD, Lawn G, Kelly J, et al. Can anxiety be measured in patients
weaning from prolonged mechanical ventilation? Proc Am Thorac Soc.
2006;3:A43.

199. Repetz N, Ciccolella DE, Criner GJ. Long-term outcome of patients with
delirium on admission to a multidisciplinary ventilator rehabilitation unit
(VRU). Am.J Respir.Crit Care Med. 2001;163:A889.

200. Yu BH, Dimsdale JE. Posttraumatic stress disorder in patients with burn
injuries. J Burn Care Rehabil. 1999;20(5):426–433.

201. Kress JP, Gehlbach B, Lacy M, et al. The long-term psychological effects of
daily sedative interruption on critically ill patients. Am J Respir Crit Care
Med. 2003;168(12):1457–1461.

202. Cuthbertson BH, Hull A, Strachan M, et al. Post-traumatic stress disorder
after critical illness requiring general intensive care. Intensive Care Med.
2004;30(3):450–455.

203. Hanly PJ. Sleep in the ventilated patient. In: Tobin MJ, ed. Principles and
Practice of Mechanical Ventilation. 2nd ed. New York, NY: McGraw-Hill;
2006:1173–1183.

204. Dubois MJ, Bergeron N, Dumont M, et al. Delirium in an intensive care
unit: a study of risk factors. Intensive Care Med. 2001;27(8):1297–1304.

205. Ely EW, Gautam S, Margolin R, et al. The impact of delirium in the intensive
care unit on hospital length of stay. Intensive Care Med. 2001;27(12):1892–
1900.

206. Bergbom-Engberg I, Haljamae H. Assessment of patients’ experience of
discomforts during respirator therapy. Crit Care Med. 1989;17(10):1068–
1072.

207. Johnson CJ, Auger WR, Fedullo PF, et al. Methylphenidate in the ‘hard to
wean’ patient. J Psychosom Res. 1995;39(1):63–68.

208. Rothenhausler HB, Ehrentraut S, von Degenfeld G, et al. Treatment of de-
pression with methylphenidate in patients difficult to wean from mechanical
ventilation in the intensive care unit. J Clin Psychiatr. 2000;61(10):750–
755.

209. Holliday JE, Hyers TM. The reduction of weaning time from mechanical
ventilation using tidal volume and relaxation biofeedback. Am Rev Respir
Dis. 1990;141(5 Pt 1):1214–1220.

210. Acosta F. Biofeedback and progressive relaxation in weaning the anxious
patient from the ventilator: a brief report. Heart Lung. 1988;17(3):299–
301.

211. Martin UJ, Hincapie L, Nimchuk M, et al. Impact of whole-body rehabili-
tation in patients receiving chronic mechanical ventilation. Crit Care Med.
2005;33(10):2259–2265.

212. Elpern EH, Silver MR, Rosen RL, et al. The noninvasive respiratory care
unit. Patterns of use and financial implications. Chest. 1991;99(1):205–208.

213. Feinstein AR. Clinical Epidemiology:The Architecture of Clinical Research.
Philadelphia, PA: WB Saunders; 1985.

214. Tobin MJ, Jubran A. Variable performance of weaning-predictor tests: role
of Bayes’ theorem and spectrum and test-referral bias. Intensive Care Med.
2006;32(12):2002–2012.

215. Casscells W, Schoenberger A, Graboys TB. Interpretation by physicians of
clinical laboratory results. N Engl J Med. 1978;299(18):999–1001.

216. Meade M, Guyatt G, Cook D, et al. Predicting success in weaning from
mechanical ventilation. Ches. 2001;120(6 Suppl):400S–424S.

217. MacIntyre NR, Cook DJ, Ely EW Jr, et al. Evidence-based guidelines for
weaning and discontinuing ventilatory support: a collective task force fa-
cilitated by the American College of Chest Physicians; the American As-
sociation for Respiratory Care; and the American College of Critical Care
Medicine. Chest. 2001;120(6 Suppl):375S–395S.

218. Brand R, Kragt H. Importance of trends in the interpretation of an overall
odds ratio in the meta-analysis of clinical trials. Stat Med. 1992;11(16):
2077–2082.

219. Schmid CH, Lau J, McIntosh MW, et al. An empirical study of the effect
of the control rate as a predictor of treatment efficacy in meta-analysis of
clinical trials. Stat Med. 1998;17(17):1923–1942.

220. Engel G, Rockson SG. Rapid diagnosis of myocardial injury with troponin
T and CK-MB relative index. Mol Diagn Ther. 2007;11(2):109–116.

221. Voigt GE. Biomechanics of blunt chest injuries especially of the thorax,
aorta and heart. Contribution to the problem of the so-called internal safety
of personal moor vehicles [in German]. Hefte Unfallheilkd. 1968;96:1–115.

222. Mylonakis E, Calderwood SB. Infective endocarditis in adults. N Engl J
Med. 2001;345(18):1318–1330.

223. Sahn SA, Lakshminarayan S. Bedside criteria for discontinuation of me-
chanical ventilation. Chest. 1973;63(6):1002–1005.

224. Chevrolet JC, Deleamont P. Repeated vital capacity measurements as pre-
dictive parameters for mechanical ventilation need and weaning success in
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CHAPTER 133 ■ HIGH-FREQUENCY
VENTILATION: LESSONS LEARNED
AND FUTURE DIRECTIONS
NIALL D. FERGUSON r ARTHUR S. SLUTSKY

Mechanical ventilation practices continue to evolve. In particu-
lar, the ventilatory care of patients with acute lung injury (ALI)
and acute respiratory distress syndrome (ARDS) has been refo-
cused on avoiding or minimizing further damage to the fragile,
injured lung. Conventional ventilators have been used success-
fully to limit this ventilator-induced lung injury (VILI) (1–3),
but questions remain regarding the optimal method for lung
protection during mechanical ventilation. The recognition of
the critical role that VILI can play in the outcome of adults with
ALI/ARDS has, in part, spawned a renewed interest in alterna-
tive modes of ventilation that may be more lung protective.

High-frequency ventilation (HFV) is just such a modality.
In this chapter, we briefly review the different subtypes of HFV
and then concentrate on high-frequency oscillation as the mode
with the most supporting data and promise. As will be seen,
a great deal of experience with HFV has been accrued in the
neonatal and pediatric settings. We will draw on this knowledge
where relevant, but focus this chapter from the viewpoint of
HFV as an emerging therapy in the adult intensive care unit
(ICU).

DEFINITIONS, TERMINOLOGY,
AND SUBTYPES OF HIGH-

FREQ UENCY VENTILATION
High-frequency ventilation is a collection of ventilatory modes,
grouped together by their common property of employing high
respiratory rates, all greater than 60 breaths per minute (4,5).
In addition to high-frequency oscillation (HFO), other modes
in this group include high-frequency jet ventilation (HFJV) and
high-frequency percussive ventilation (HFPV).

Hig h-fre q ue ncy Je t Ve nt ilat ion

HFJV is a mode of ventilation in which gas is delivered through
a small-bore catheter into the lungs at rates of 100 to 150
breaths per minute (5,6). Delivered tidal volume is still small,
but higher than just the volume exiting the jet, as the jets en-
train an additional flow of gas by the Venturi effect. Exhalation
is passive during HFJV, and gas trapping or dynamic hyperin-
flation can be an issue. In practice, a conventional ventilator is
set up as a “slave” to the jet to provide positive end-expiratory
pressure, along with basic monitoring and alarms.

HFJV is a very efficient mode for removing CO 2. Addition-
ally, because of HFJV’s very high flow rates and the differ-

ing pulmonary time constants in the clinical setting of bron-
chopleural fistulae, this mode of ventilation is purported to
have beneficial effects in the presence of this disorder; how-
ever, these benefits have not been verified during objective test-
ing (7,8). Concerns with HFJV relate to the delivery of high
pressures (10–50 pounds per square inch), unpredictable tidal
volumes, and the development of dynamic hyperinflation, all
of which may worsen VILI rather than minimize it. In addi-
tion, problems with adequate humidification of inspired gas
and the subsequent risks of tracheobronchitis have been noted
and documented.

Hig h-fre q ue ncy Pe rcussive Ve nt ilat ion

HFPV is the newest and least well studied of the HFV modes.
It combines a high-frequency rate of 200 to 900 breaths per
minute superimposed on a conventional pressure mode of ven-
tilation (9). HFPV is reported to enhance the clearance of respi-
ratory secretions and has been successfully used in this regard
in patients with burns and inhalational injury (9).

Hig h-fre q ue ncy Oscillat ion

HFO is a mode of mechanical ventilation that delivers very
small tidal volumes around a set mean airway pressure at high
respiratory rates of 3 to 15 Hz (equivalent to 180–900 breaths
per minute, as 1 Hz = 60 breaths per minute) (10). HFO has
been widely and effectively used in neonates and children for
close to 20 years (11–15), but only recently has become avail-
able in the adult ICU; previous versions of this ventilator were
only capable of generating sufficient flow so as to provide ad-
equate CO 2 elimination in patients under 35 kg. In contrast
to other HFV modes, humidification is less of an issue during
HFO, as a continuous bias flow of humidified gas is passed
in front of an oscillating membrane (Fig. 133.1). This oscillat-
ing membrane pushes the humidified gas into the patient and
also provides active expiration, a factor that likely accounts
for the lack of important gas trapping that is observed when
HFO is employed at adequate airway pressures (16). The ele-
gance of HFO is that it allows for “decoupling” of oxygenation
and ventilation. Alveolar ventilation, and thus carbon dioxide
elimination, are dependent on the frequency and tidal volume
but are relatively independent of lung volume (17). In contrast,
oxygenation is proportional to mean airway pressure and lung
volume (18,19).
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FIGURE 133.1. Schematic overview of the high-frequency os-
cillation (HFO) circuit. (Reused with permission from Fergu-
son ND, Stewart TE. New therapies for adults with acute lung
injury: high-frequency oscillatory ventilation. Crit Care Clin.
2002;18:91–106.)

RATIONALE FOR THE USE OF
HIGH-FREQ UENCY VENTILATION

IN ACUTE LUNG INJURY

Ve nt ilat or-ind uce d Lung Injury

Me chanisms of Ve nt ilat or-ind uce d Lung Injury
VILI is histologically indistinguishable from ARDS; three
decades of experimental research has shown it to occur through
a number of mechanisms, including (a) overdistention injury
(volutrauma) (20–28), (b) collapse–reopening injury (atelec-
trauma) (1,2,20,29–34), and (c) oxygen toxicity (35–37). Each
of these can lead, in turn, to further injury—termed biotrauma,
the release of inflammatory mediators that may worsen pul-
monary injury and propagate systemically to harm distant or-
gans (1,2,31,32,38–45).

Numerous studies, performed using both small and large an-
imals, consistently show that ventilatory high end-inspiratory
stretch can cause a clinical and histologic picture similar to
ARDS even in the absence of any other noxious stimulus (20–
28). Patients with ARDS are at increased risk of regional lung
overdistention because of the patchy nature of ARDS (46,47);
the small areas of relatively normal lung (the so-called “baby
lung”) receive the bulk of the tidal volume and are at particular
risk of volutrauma (48,49). Repeated opening and closing of
alveolar units can also cause VILI. In the injured lung, alve-
olar damage and absolute, or qualitative, deficiencies in alve-
olar surfactant lead to alveolar instability and localized lung
unit collapse. Through each respiratory cycle, these unstable
alveoli undergo collapse and reopening, a process that gener-
ates injurious mechanical forces and causes further lung injury.
There is a substantive body of animal evidence showing that
efforts to limit lung unit closing on expiration by maintaining
an adequate positive end-expiratory pressure (PEEP) are rel-
atively protective against atelectrauma (1,2,20,30–34). Here,
the paradigm is one of “opening the lung and keeping it open,”

thereby avoiding cyclic collapse and recruitment/derecruitment
(2,50).

The major cause of death among ARDS patients is not re-
fractory hypoxemia, as one might expect, but rather multi-
organ dysfunction syndrome (MODS) (51). One hypothesis
to explain the link between VILI and multiorgan failure is
biotrauma (38,39)—the release of inflammatory mediators in
response to injurious ventilation; these mediators may enter
the systemic circulation, and hence lead to the development
of MODS. Inflammatory mediators, such as interleukins, tu-
mour necrosis factor-α , and platelet-activating factor, are re-
leased in response to VILI, oxygen-free radicals, and alveolar
shearing. These mediators perpetuate the cascade of lung in-
flammation and worsen lung injury (31,32). Additionally, in-
jurious ventilation has been shown to increase these inflam-
matory mediators in the peripheral blood of patients with
ARDS (44,52). Through a variety of mechanisms, this inflam-
matory injury can lead to nonpulmonary organ dysfunction
(41–43).

With an increased appreciation of the mechanisms of VILI,
the next logical step is to employ ventilatory strategies that at-
tempt to decrease overdistention, minimize shear injury, and
limit oxygen toxicity (53–55). However, these aims may be
competing; increasing PEEP may increase the risks of regional
alveolar overdistention, while lowering tidal volumes can result
in progressive alveolar collapse, a reduction in total lung vol-
ume, and higher oxygen requirements. The goals of mechanical
ventilation in a patient at risk of VILI therefore should be to
ventilate and oxygenate the patient while staying within a “safe
window,” avoiding both overdistention and derecruitment—
collapse—as illustrated in the volume–pressure curve of the
lung shown in Figure 133.2 (56).

Imp act of Limit ing Ve nt ilat or-ind uce d Lung
Injury wit h Conve nt ional Ve nt ilat ion

In the mid-1990s, given the expanding animal data on VILI out-
lined above and in light of initial promising, but uncontrolled,
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FIGURE 133.2. Volume–pressure curve of the injured
lung. (Reused with permission from Froese AB. High-
frequency oscillatory ventilation for adult respiratory dis-
tress syndrome: let’s get it right this time. Crit Care Med.
1997;25[6]:906–908.)

human studies of lung-protective ventilation (57,58), a call was
made for randomized trials (53). Initial trials focused on avoid-
ing volutrauma, comparing strategies that limited tidal volumes
and inspiratory pressures with traditional strategies, both us-
ing conventional ventilation. Three smaller studies did not find
mortality differences between these approaches (59–61). How-
ever, a large, methodologically rigorous, and adequately pow-
ered trial conducted by the National Institutes of Health (NIH)
ARDS Network did show important differences in mortality
(3). In this study, 861 patients were randomly assigned to re-
ceive a low-stretch strategy with a targeted tidal volume of
6 mL/kg predicted body weight (PBW) and a plateau pres-
sure limit of 30 cm H 2O, or to a higher-stretch strategy us-
ing a targeted tidal volume of 12 mL/kg PBW and a plateau
pressure limit of up to 50 cm H 2O. The low-stretch strategy
was associated with a mortality reduction from 40% in the
control group to 31% in the experimental group (relative risk
[RR] 0.78; 95% confidence interval [CI] 0.65–0.93). This trial
clearly indicates that avoiding volutrauma saves lives in pa-
tients with acute lung injury. The trial has subsequently gener-
ated significant discussion regarding its mechanisms of benefit
(62) and its choice of control strategy (63–66), but neverthe-
less, 6 mL/kg PBW has emerged as a standard for tidal vol-
ume limitation against which other strategies are compared
(67,68).

Another early randomized controlled trial (RCT) published
in the late 1990s demonstrated dramatic reductions in mor-
tality using a lung-protective strategy whose goal was to limit
both volutrauma and atelectrauma using low tidal volumes and
higher PEEP compared with traditional ventilation (69). Am-
ato et al. found a statistically significant reduction in 28-day
mortality (11/29 [38% ] vs. 17/24 [71% ] deaths; RR 0.53; 95%
CI 0.31–0.91) favoring patients exposed to the lung-protective
strategy. In light of the subsequent positive ARDS Network
trial noted above, interpretation of this trial is confounded by
the use of both lower PEEP levels and higher tidal volumes and
inspiratory pressures in the control group; the relative con-
tribution of efforts to avoid cyclic collapse and reopening is
unclear.

Drawing on the promise of the Amato trial, three RCTs
have now been completed analyzing the effects of higher versus

lower levels of PEEP, while limiting tidal volumes in all study
patients. Two of these—the ExPress trial by Mercat et al. and
the Lung Open Ventilation Study conducted by Meade et al.—
are very recently completed and not yet published; both were
presented at the 2006 European Society of Intensive Care Meet-
ing. The one fully published trial, the ALVEOLI study, was
conducted by the NIH ARDS Network investigators (70) and
was stopped early, which likely contributed to the large base-
line imbalance in age favoring the lower PEEP group. When we
consider the relative risk after adjusting for baseline imbalances
in prognostic factors (including age) from this trial, along with
the preliminary findings from the two recent trials, a consistent
trend favoring higher PEEP begins to emerge. Therefore, while
no single trial has definitively shown an incremental mortality
benefit with higher PEEP and attempts to limit atelectrauma
while already avoiding overdistention injury, when viewed to-
gether, these trials suggest that this benefit may well exist. They
also suggest that a higher level of PEEP with or without other
maneuvers to open the lung, along with limited tidal volumes
and inspiratory pressures, may be considered a very reasonable
comparison strategy in future ventilation trials; this approach
may be superior, and there is no suggestion of harm compared
with lower PEEP levels. These studies clearly demonstrated that
ventilatory strategy is important in patients with ARDS, and
that lung-protective strategies can minimize VILI and decrease
mortality in humans with ARDS. As such, and given the pro-
posed mechanisms of lung protection (Fig. 133.2), a strategy
that minimizes overdistention and allows the use of high PEEP
should be the ideal mode in patients with ARDS. This is where
HFO may have great clinical benefit.

Animal St ud ie s Comp aring Conve nt ional
Ve nt ilat ion t o Hig h-fre q ue ncy Oscillat ion

in Acut e Lung Injury
The very small delivered tidal volumes are the key to the lung-
protective potential of HFO. Because cyclic alveolar stretch
is minimal, clinicians are able to set the mean airway pres-
sure (mPAW) on HFO significantly higher than they are able
to set PEEP on conventional ventilation, thereby avoiding
cyclic collapse and atelectrauma—and yet they are still able
to avoid very high peak inspiratory pressures and subsequent
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FIGURE 133.3. Pressure–time curve contrasts tidal variations in air-
way pressure associated with conventional ventilation (dashed line)
and high-frequency oscillation (solid line). HFOV, high-frequency
oscillation ventilation; CMV, conventional mechanical ventilation.
(Reused with permission from Ferguson ND, Stewart TE. New thera-
pies for adults with acute lung injury: high-frequency oscillatory ven-
tilation. Crit Care Clin. 2002;18:91–106.)

volutrauma (Fig. 133.3). This should allow a larger margin
of error and make it easier to stay within the “safe window”
of lung protection (Fig. 133.2) (56). Since the first descrip-
tions of HFO (71,72), numerous studies have examined the
lung-protective potential of HFO using animal models (Table
133.1) (73–89). Perhaps not surprisingly, earlier studies that
compared HFO with potentially injurious conventional venti-
lation uniformly found improvements in physiology, decreased
inflammatory markers, and/or improved histology in animals
treated with HFO (73–83). More relevant today, however, are
recent studies that have compared HFO with lung-protective
conventional ventilation, the majority of which continue to fa-
vor HFO in terms of physiology, inflammation, and pathology
(Table 133.1) (86–89).

Me chanisms of Gas Transp ort d uring
Hig h-fre q ue ncy Oscillat ion

Tidal volumes are extremely small with HFO, often smaller
than the anatomic dead space, in the range of 1 to 2 mL/kg
(90). In addition to relying on bulk flow, adequate CO 2 re-
moval during HFO is achieved through a number of alternative
mechanisms including convective streaming due to asymmetric
velocity profiles, Pendelluft, cardiogenic mixing, and diffusion
(Fig. 133.4). A full explanation of these physiologic principles is
outside the scope of this chapter; the reader is referred to a num-
ber of papers reviewing this physiology in detail (5,91–99). The
major message from these theoretical and experimental stud-
ies is that CO 2 elimination—which is inversely proportional to
PaCO2—is described by the relationship faVT

b, where a = �1
and b = �2. This is important clinically in that it indicates that
increases in frequency may lead to increased PaCO 2 if VT falls
(see below).

IMPLEMENTING AND OPTIMIZING
HIGH-FREQ UENCY OSCILLATION

IN ADULTS
Because of the lack of an appropriate surrogate end point that
correlates with mortality (3,100), a large multicenter trial will
be needed to definitively determine the relative effects of HFO
compared with conventional mechanical ventilation (CMV) in

terms of lung protection and mortality (101,102). Similarly,
when making decisions regarding the best methods for apply-
ing HFO, we must draw inferences from multiple alternate
sources (including animal studies, neonatal RCTs, and adult
case series), since large RCTs comparing different HFO strate-
gies are unavailable and would be, frankly, difficult to justify
ethically in the absence of demonstrable efficacy over conven-
tional ventilation.

Animal St ud ie s

Too many animal studies have been conducted on high-
frequency ventilation to list them in this review (4). Rather, in
Table 133.2, we outline a number of these studies that are in-
formative when considering how best to employ HFO in adults
(72,103–118). Several key messages for HFO can be gleaned
from these studies, including the following:

1. At adequate mPAW, gas trapping is not an issue despite very
high respiratory rates.

2. Increasing mPAW leads to improved oxygenation through
lung recruitment.

3. Tidal pressure swings measured in the trachea can be in-
creased with either underrecruitment or overdistention of
the lung.

4. Recruitment maneuvers (sustained inflations) may be re-
quired to adequately recruit severely injured lungs.

Taken together, and in keeping with the current understanding
of VILI mechanisms, these studies suggest that HFO in adults
should be employed using an open-lung strategy, facilitated by
higher mean airway pressures and lung recruitment maneuvers
(56,119,120).

Ne onat al St ud ie s

The longest clinical experience and the most rigorous evalua-
tion of HFO have both been in the neonatal population (121–
130). The initial large RCT evaluating HFO in this setting
raised safety concerns, but it later became evident that here,
too, the safe and effective application of HFO requires lung
volume recruitment (121,131,132). Subsequent RCTs of HFO
with an open-lung approach have demonstrated HFO to be
safe and effective in improving oxygenation and, as indicated
by the current Cochrane systematic review, may reduce the risk
of death or chronic lung disease (15). Interpreting the neona-
tal HFO literature is challenging due to differences in study
populations (preterm vs. term), interventions (degree of lung
recruitment targeted), the timing of HFO (immediately after
birth vs. later), and by the introduction of exogenous surfac-
tant as a standard therapy in the 1990s. In addition, it is im-
portant to realize that the baseline mortality rate in infant res-
piratory distress syndrome is an order of magnitude less than
that seen in adults with severe ARDS. All of these factors mean
that results from neonatal studies cannot be directly extrapo-
lated to adult populations. Important lessons can be learned
from the neonatal HFO literature, however, including the im-
portance of thoroughly understanding the underlying physio-
logic mechanisms of the therapy, and the recognition that a
learning curve may exist in the initiation of an HFO program
(131,132).
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Direct ventila tion
of close  a lveoli

Turbulence

Turbulent flow
and radia l mixing

Pende lluft

Diffus ion

Laminar flow
and radia l mixing

Colla te ra l
ventila tion

Diffus ion

Velocity profile
on expira tion

Velocity profile
on inspira tion

Asymmetric inspira tory and
expira tory velocity profiles

Convection
and diffus ion

Convection

FIGURE 133.4. Alternative mechanisms of gas exchange with high-frequency oscillation (HFO). (Reused
with permission from Slutsky AS, Drazen JM. Ventilation with small tidal volumes. N Engl J Med.
2002;347[9]:630–631.)

Uncont ro lle d Ad ult St ud ie s

The studies reporting the clinical experience with HFO in
adults, which are summarized in Table 133.3 (133–143), are
also informative for optimizing an HFO protocol. Almost all
of them studied HFO as rescue therapy for patients with ex-
tremely severe disease who were “failing” conventional ventila-
tion. Despite being limited by their uncontrolled nature and by
selection bias, consistent messages that arise from these rescue
series include:
1. HFO is usually effective in improving oxygenation.
2. HFO appears safe, with no obvious increased rates of com-

plications.
3. Both baseline oxygenation index and duration of CMV prior

to HFO are associated with increased mortality.
One prospective, multicentered study from our group is unique
in that it tested an explicit protocol for applying HFO early in
the course of ARDS, incorporating lung recruitment maneuvers
(RMs) and a descending titration of mean airway pressure to
optimize lung volumes for gas exchange and lung protection
(140). RMs—sustained inflation maneuvers with 30 to 40 cm
H 2O pressures for 30 to 40 seconds—have been found to be
safe in adults on CMV, but studies have shown mixed results
in terms of efficacy and duration of their oxygenation effects

(144–152). Because of the small tidal volumes generated with
HFO, there is very little tidal recruitment of the lung, creat-
ing a more compelling rationale for RMs during HFO com-
pared with CMV (19,50,102,153,154). The main finding from
a physiologic standpoint in our study was that the combina-
tion of HFO and RMs was well tolerated and resulted in rapid
and sustained lung recruitment (140). Furthermore, the explicit
HFO protocol appeared feasible; adherence was excellent, and
the method for weaning HFO and transitioning to CMV ap-
peared practical and safe.

Tidal volume during HFO has always been assumed to be
very low, but it is not routinely measured with currently avail-
able oscillators. Tidal volume is known to be inversely related
to frequency due to a decreasing inspiratory time with increas-
ing frequency (17), and in adults, typical frequencies have been
significantly lower than those used in neonates (3–6 vs. 12–
15 Hz) (132,139). Sedeek et al. explored this issue in a lung-
injured sheep model, measuring tidal volumes of up to 4 mL/kg
at high-pressure amplitudes and low frequencies (Table 133.2)
(118). These tidal volume measurements may be overestimated
because of technical reasons (155), but they do highlight the
importance of efforts to minimize delivered tidal volumes with
adult HFO, and they have spurred further investigation. Tidal
volumes on HFO measured in adults using a very accurate
device (156) were small—1.1 to 2.5 mL/kg—and strongly

(tex t continues on page 2038)
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influenced by frequency (90). Cumulatively, these data are re-
assuring in that HFO in adults can be set to deliver very small
tidal volumes, but at the same time they highlight the poten-
tial importance of targeting the lowest tidal volume possible
(155). This could be achieved by increasing frequency as high
as tolerated while avoiding severe respiratory acidosis, a strat-
egy that has been proposed as physiologically sensible (157)
and recently shown to be feasible in most patients (158).

Rand omize d Cont ro lle d Trials of
Hig h-fre q ue ncy Oscillat ion in Ad ult s

To date, only two RCTs have compared HFO with CMV in
adults (101,159). Both of these trials were planned and started
prior to the completion of the first ARDS Network study that
showed benefit from strict control of tidal volumes (3). Nei-
ther RCT demonstrated safety concerns (the primary outcome);
rates of barotrauma and other complications were similar be-
tween groups in both studies. The larger of the two RCTs shows
an impressive trend toward a mortality benefit with HFO (RR
0.72; 95% CI 0.50–1.04) despite more than 10% of the con-
trol group crossing over to HFO (101). The second trial, which
began accrual at the same time, was stopped because of slow
enrollment. In fact, the enrollment rates per center per month
were identical in both studies; the latter study simply high-
lights the need for extensive multicentered collaboration for a
successful HFO RCT. Mortality results from the smaller study
are less encouraging, but these are significantly confounded
by large baseline differences favoring the control group, and
by an almost 20% crossover rate. Nevertheless, pooled results
from these trials still suggest a potentially important survival
benefit with HFO (RR 0.899, 95% CI 0.51–1.58; random ef-
fects model). Inferences from these RCTs are limited, however,
by their methodology, small sample sizes, and, importantly, by
use of now dated, potentially injurious conventional ventila-
tion strategies.

FUTURE DIRECTIONS
A research focus on the ventilatory care of ARDS patients has,
to date, paid significantly greater dividends than the disap-
pointing results of pharmacotherapy testing (160). Following
the completion of the three conventional ventilation RCTs com-
paring a “ lung open” approach with a lower PEEP approach,
we believe that the study of HFO represents the next logical
and important question to be addressed in ARDS research. We
ground this belief in:

1. A strong physiologic rationale and database of animal stud-
ies

2. Experience from the neonatal and pediatric arenas
3. An expanding clinical experience with adult HFO
4. Promising results from small nondefinitive RCTs

Despite the very strong physiologic rationale and the en-
couraging clinical data to date, there are potential detrimental
consequences of HFO. First, the physiologic benefit of HFO is
likely derived from recruitment of the lung with higher mean
airway pressures, while still not overdistending alveoli because
of the very small tidal volumes. Hence, patients with mild dis-
ease and minimal collapsed or consolidated lung may not be

good candidates for HFO (151). Second, the high mean air-
way pressures may negatively impact hemodynamics. Third,
because the bias flow rate is insufficient to meet the inspiratory
flow demands of adults in respiratory distress, all adults on
HFO must have their respiratory efforts suppressed with intra-
venous sedation. This means that the majority of adults will be
heavily sedated, and many may need transient neuromuscular
blockade. Due to these concerns, and to target a population in
need of recruitment, we believe that future studies should enroll
patients with severe ARDS who are likely to have significant
lung collapse and who frequently require significant amounts
of sedation, with or without paralysis, on conventional venti-
lators.

In summary, we believe that HFO—and other forms of high-
frequency ventilation—should currently be reserved for “res-
cue therapy” in patients who are failing conventional ventila-
tion. We do not believe that HFO can be recommended for
routine use in adults with ARDS at the current time because:

■ There are potential detrimental physiologic and clinical con-
sequences as described above

■ This would represent premature dissemination of a complex
technology without rigorous evaluation of its risks, benefits,
and indications

A definitive RCT to establish the impact of HFO versus best
current conventional ventilation on mortality is needed.
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CHAPTER 134 ■ OXYGEN THERAPY
AND BASIC RESPIRATORY CARE
ELAMIN M. ELAMIN r J. MICHAEL JAEGER r ANDREW C. MILLER

THE CHEMISTRY OF OXYGEN
Oxygen in air exists in a diatomic molecular form (O 2, molec-
ular weight [MW] 16 g/mol) that, at standard temperature and
pressure, is a colorless, odorless gas. The diatomic molecular
state is the form that we administer to our patients as a res-
piratory gas, either pure oxygen or in mixtures with air or
helium (heliox), and is that form most commonly referred to
as oxygen. While the gaseous state of oxygen is most clinically
relevant, it can be found in a liquid and solid state as well
under appropriate conditions. However, molecular oxygen has
additional chemical states that expand its impact on human
physiology. The diatomic form (“oxygen”) is essential for aer-
obic metabolism in animals but is toxic to obligate anaerobic
organisms (a fact exploited in hyperbaric oxygen therapy). The
triatomic form, ozone, is produced continuously by ultravio-
let (UV) radiation in the upper layers of the atmosphere, and
serves to shield the earth’s surface from UV radiation. However,
ozone is also produced by the immune system as an antimi-
crobial defense. Finally, singlet oxygen (several different forms
exist) is a high-energy state of molecular oxygen in which all
the electron spins are paired, resulting in extreme instability
and exceptional reactivity toward common organic molecules.
Such oxygen-free radicals, as they are collectively termed, have
varied and increasingly important physiologic roles; therefore,
their role in both normal and pathologic processes must be
recognized and understood to allow the correct application of
oxygen therapy.

In this chapter, we will discuss the various modalities for
oxygen delivery in the critical care setting. In addition, we will
address oxygen’s diverse physiologic and possible pathologic
effects, but in our discussion of oxygen-free radicals, we will
confine it to their role in oxidative lung injury, while being
cognizant of their potential impact on all tissues.

OXYGEN THERAPY DEVICES
Oxygen therapy is one of the basic modes of respiratory care.
Yet, despite the fact that oxygen has been delivered to patients
with lung disease for almost a century, it is commonly delivered
in imprecise concentrations. Because oxygen is “ invisible,” it
has often been downgraded to a position considerably less than
the powerful drug that it is.

Delivery devices for oxygen therapy are typically classified
into two groups: variable flow or fixed-flow equipment. The
term variable flow relates to the fact that as the patient’s respi-
ratory pattern changes, delivered oxygen is diluted with room

air. This results in a widely inconsistent and fluctuating fraction
of inspired oxygen concentration (FiO 2). In fact, despite some
commonly published figures for delivered FiO 2 at given flow
rates, the actual FiO 2 delivered to the patient by various devices
is neither precise nor predictable. Variable flow devices include
nasal catheter, nasal cannulae, transtracheal oxygen catheter,
and various oxygen masks.

Fixed-flow equipment, on the other hand, provides the en-
tire patient’s inspired gas with a precisely controlled FiO 2;
when applied appropriately, the FiO 2 delivered to the patient
is therefore constant, regardless of ventilatory pattern. Fixed-
flow devices include air-entrainment masks, large-volume
aerosol systems, and large-volume humidifier systems.

The following describes various oxygen delivery equipment
and their proper placement, possible problems, and overall per-
formance.

Variab le Flow Eq uip me nt

Nasal Cat he t e r
Description. The nasal catheter is the simplest oxygen delivery
device. It is a soft, plastic, blind-end tube with numerous side
holes at the distal tip. Nasal catheters typically come in French
sizes, which is a reference to the outside diameter (OD) of the
device. A French (Fr) size is three times the OD in millimeters,
with typical adult sizes being 12 Fr to 14 Fr. Oxygen is delivered
to the nasal catheter from a bubble humidifier through the
oxygen tubing.

Placement. Before use, the catheter should be liberally lubri-
cated with a water-soluble lubricant. The catheter is placed in
the external naris and advanced along the floor of the nasal
cavity into the oropharynx, stopping just behind the uvula.
The appropriate size can be determined by inspection of the
external naris and by measurement of the distance between the
tip of the nose to the ipsilateral external ear.

To achieve proper placement, use a tongue blade and flash-
light to observe the posterior pharynx, and then advance the
catheter into the nasopharynx until it appears below the uvula.
After identifying the catheter tip, withdraw the catheter until
the tip of the catheter is no longer seen. Once proper place-
ment is achieved, the catheter should be secured to the nose
with tape.

Problems. Pain and discomfort during insertion have been de-
scribed. In the presence of nasal pathologic conditions, includ-
ing nasal polyps, deviated septum, and nasal congestion, place-
ment may be particularly traumatic or impossible. Bleeding
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can occur resulting from mucosal irritation. For this reason,
patients with coagulation disorders should not have a nasal
catheter placed.

When in place, routine changing of the catheter is required
to prevent blockage of the side holes with secretions in addition
to subsequent reduction of oxygen flow.

Performance. Nasal catheters have been used for adults as well
as infants (1). In adults, nasal catheters provide a relatively low
FiO 2. The increase in FiO 2 through the nasal catheter is directly
related to gas flow, and is enhanced at low flow rates by using
the nasopharynx and oropharynx as a reservoir for oxygen.
Accordingly, at flow rates of 6 to 10 L/minute, an FiO 2 of
0.69 to 0.82 can be delivered to the patient (2). However, like
all variable performance equipment, delivered FiO2 will vary
with a change in respiratory rate or tidal volume.

The major advantage of using a nasal catheter is that it can
be securely placed in obtunded patients. However, due to a
long list of disadvantages, including discomfort, difficulty in
insertion, and bleeding, nasal catheters are infrequently used
today.

Nasal Cannula
Description. The nasal cannula is the most frequently utilized
oxygen delivery device. It consists of a blind-end tube with
two protruding “nasal prongs” that rest in the external naris.
Cannulae come in a variety of designs for more comfortable
or subtle application. Regardless of the design, the principle
of oxygen delivery is the same. Cannulae are connected to an
oxygen flowmeter through oxygen tubing without a humidifi-
cation device for flow less than 4 L/minute and with a bubble
humidifier for higher flow rates to prevent nasal drying (3).

Placement. Nasal cannulae are easily placed regardless of the
type and brand.

Problems. The nasal cannula is relatively problem free. How-
ever, short-term use can result in drying of the nasal mucosa,
while long-term use can cause pressure sores above the ears, un-
der the chin, and above the upper lip. Gauze or foam padding
can be placed between the cannula and irritation sites to limit
this complication.

Performance. A nasal cannula is used with oxygen flow rates
of 1 to 6 L/minute in adults and as low as 1/16 L/minute in
infants. The exact FiO 2 delivered with a nasal cannula has been
measured and estimated using a variety of methods and, as
expected, yielded a variety of results.

An earlier method to predict FiO2 through variable per-
formance equipment and using a host of assumptions demon-
strated a wide range of FiO 2 values delivered by nasal cannula
at any given constant flow of oxygen (4). Another study in FiO 2
delivery through the nasal cannula utilized a model of the respi-
ratory system (5). The model consisted of a lung placed inside
a rigid container and attached to a rubber test lung through
tubing that approximated tracheal volume. A ventilator pro-
ducing a sine wave was connected to the container, and inspira-
tory flow varied from 12 to 40 L/minute at a constant rate and
volume. The study illustrated that delivered FiO 2 varied 13%
to 40% at a given oxygen flow when inspiratory flow varied
from 12 to 40 L/minute.

The nasal cannula is commonly used as the first means to
deliver oxygen to patients requiring long-term therapy. In the-
ory, the nasal cannula increases FiO 2 by 0.04 for every liter of
oxygen flow. Flow is typically set between 1 and 6 L/minute.
Flow above 6 L/minute adds little to increased FiO 2, and may
induce patient discomfort, including nasal mucosa dryness and
bleeding.

Oxyg e n-conse rving De vice s

The wide use of nasal cannulae led to recognition of an impor-
tant device limitation. Since there is lack of synchronization
between the patient ventilation and continuous flow of oxy-
gen through the cannula, there is wasted oxygen flow to the
room during expiration. In an attempt to eliminate this waste
and reduce the cost of oxygen delivery, several device modifica-
tions have been developed. However, the mechanism of oxygen
conservation has centered on two main concepts.

Re se rvoir Cannula
Description. These devices use a mechanical reservoir or an in-
creased anatomic reservoir that fills with 100% oxygen during
exhalation and empties the oxygen into the lungs early in in-
spiration. This was achieved through the use of a collapsible
chamber that empties on inspiration and fills during exhala-
tion.

Moustache-style Cannula. This is among the most widely
available reservoir devices. The cannula contains a soft, inflat-
able reservoir with a volume of approximately 20 mL. During
patient exhalation, oxygen flow fills the expandable reservoir.
Then, during early inspiration, the patient inspires first from
the reservoir, causing the reservoir to begin to empty, and from
the continuous flow once the reservoir is depleted.

Placement. The reservoir cannula rests directly beneath the
nose.

Problems. The moustache-style cannula is larger, heavier, and
more obvious than the traditional cannula. Hence, it is more
obtrusive, and many patients in need of O 2 therapy at home
may prefer not to wear it in public.

Performance. As expected, the reservoir cannula can achieve
oxygenation equivalent to a conventional nasal cannula, but at
a lower flow rate.

Pendant Reservoir Cannula

Description. The pendant reservoir cannula (Fig. 134.1) uses
a pendant-like reservoir that is worn on the chest with a larger-
diameter cannula and connecting tubing. The pendant contains
an inflatable reservoir with a volume of approximately 40 mL
that forces gas up the cannula tubing during expiration. Sub-
sequently, during early inspiration, the gas stored in the tubing
acts as a reservoir of oxygen, but as inspiration continues, the
cannula begins to function like a conventional cannula.

Overall, most of the benefit appears to be derived from the
oversized tubing between the patient and the pendant (6).
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FIGURE 134.1. Pendant reservoir cannula.

Placement. The pendant reservoir is placed to the patient in a
manner similar to a conventional cannula.

Problems. Tubing size makes the pendant cannula more promi-
nent but less so than the moustache-style cannula.

Performance. Like the moustache-style cannula, the pendant
reservoir cannula is capable of providing similar or higher
oxygenation at the flow used with a conventional cannula
(6). The cannula reservoir contains close to 80% oxygen at
a flow rate of 0.5 L/minute, but increases to nearly 100%
oxygen at a flow rate of 1 L/minute (7,8). In addition, at an
inspiratory-to-expiratory ratio of 1:2 and a respiratory rate of
20 breaths/minute, the most efficacious FiO 2 delivery will occur
during the first 0.5 seconds and the first 200 mL of inhalation
(7,8).

Various studies compared the efficacy of reservoir cannulae
with that of standard cannulae, and consistently indicated that
the reservoir cannula at flow rates of 0.5, 1, and 2 L/minute will
yield an FiO 2 equivalent to that delivered by flow rates of 2,
3, and 4 L/minute by the standard nasal cannulae, respectively
(7,8).

Ele ct ronic De mand
Pulsed-dose Oxygen Delivery

Description. Electronic demand pulsed-dose oxygen therapy
can be used in conjunction with a cannula, reservoir cannula,
or transtracheal catheter. Pulsed-dose oxygen systems work by

detecting patient effort and only provide gas during the early
portion of inspiration (9,10).

During expiration, the demand device is referenced to the
atmospheric pressure. Once the flow sensor detects patient ef-
fort, a solenoid valve opens and provides a “pulsed dose” of
oxygen at the preselected flow setting. The pulsed dose is usu-
ally set to begin with every inspiratory effort or every second or
third breath. The goal of these devices is to reduce oxygen us-
age while maintaining inspired oxygen concentration at a level
that provides adequate oxygen saturation.

One of the major concerns about such devices is the effect
of exercise and tachypnea on oxygen saturation. A device that
produces adequate oxygen saturation while the patient is at rest
may not produce adequate oxygen saturation when the patient
is walking or becomes ill.

Placement. Pulsed-dose devices can be connected to any oxy-
gen outlet, including cylinders and liquid oxygen systems. The
device takes the place of a standard flowmeter or incorporates
the flowmeter into the design.

Problems. Possible problems with such devices include dis-
placement and improper sensing of patient effort. However,
the device design incorporates an automatic alarm and default
mechanism to allow continuous flow if patient effort is not
sensed over a designated period. Also, the cost for the device
can be a concern and must be weighed against the potential
savings in oxygen usage.

Performance. Depending on the size and frequency of the oxy-
gen pulse, the savings of such a device could be 4 to 1 or 7 to 1
compared with continuous flow oxygen. Equivalent oxygena-
tion can also be accomplished at lower flow rates (10). On
the other hand, it is important to remember that desaturation
may occur in many patients during exercise. Hence, to ensure
adequate oxygenation, they should be tested during various
activities.

Transt rache al Oxyg e n Cat he t e rs
Description. Transtracheal oxygen catheters deliver oxygen
directly into the trachea through small-bore catheters (Fig.
134.2). Direct delivery into the trachea prevents dilution of
oxygen with room air, as seen with other appliances, and fills
the upper respiratory tract with oxygen.

Placement. Under sterile technique and local anesthesia, a
small incision is made in the skin. A tracheal stent is advanced
through the incision into the trachea. This stent remains in
place for 7 to 10 days to facilitate a permanent tract forma-
tion. Afterward, the stent is removed over a guidewire and a
9 Fr (3.0-mm OD) catheter is inserted over a guidewire and
secured in place with external flange.

Problems. Problems may include subcutaneous emphysema,
infection, hemoptysis, and malposition. However, the most
common problem is mucous obstruction with a mucous ball
at the tip of the catheter. Routine cleaning of the catheter with
instillation of saline and a cleaning rod can help in avoiding
such problem.

Performance. Transtracheal systems have been shown to
increase oxygenation compared with conventional oxygen
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FIGURE 134.2. Transtracheal oxygen catheter.

therapy with a nasal cannula at equivalent flow rates, or can
provide equivalent oxygenation at lower flow rates (11).

Patient acceptance is also reportedly improved because of
the relatively hidden appearance of the equipment. Reduced
oxygen usage, reduced costs, and increased life of portable gas
sources have all been reported with transtracheal oxygen ther-
apy. The use of transtracheal oxygen therapy can reduce re-
quired oxygen flow by close to 50% (12). The latter may even
be enhanced with the additional use of demand pulsed-dose
oxygen that can further increase the savings.

Masks

Simp le Mask
Description. The simple mask is a disposable, lightweight
plastic that increases FiO 2 by increasing the available reservoir
by adding the volume of the mask. Oxygen is delivered to the
mask through standard oxygen tubing at a flow rate of 5 to
12 L/minute. The mask allows room air to be drawn in around
the mask edges and through side ports. A bubble humidifier
may be used to provide comfort, especially with prolonged use.

Placement. Simple masks are held in place over the patient’s
nose and mouth with an adjustable elastic strap.

Problems. Patients wearing a mask may complain of claustro-
phobia or pain at the site of mask application. Also, it can
interfere with eating and drinking.

Performance. Since it is a variable performance device, the ac-
tual FiO2 delivered varies with mask fit, oxygen flow, and cer-
tainly patient respiratory effort. This was first suggested in a
study by Bethune and Coffis (13), who investigated the relation
of the flow and rebreathing of carbon dioxide (CO 2). They were
able to demonstrate that, at flow rates of 1 to 8 L/minute and

tidal volume of 500 mL, an FiO 2 of 0.21 to 0.60 can be deliv-
ered. However, at the same flow rates but at a tidal volume of
1,000 mL, only an FiO2 of 0.21 to 0.43 was delivered. It is gen-
erally stated that a minimum flow of 5 L/minute is necessary
to prevent rebreathing of CO 2 (14).

Part ial Re b re at hing Re se rvoir Mask
Description. Partial rebreathing reservoir masks are simple
masks that are fitted with an additional 600- to 800-mL reser-
voir that extend below the patient’s chin. Oxygen flow is pro-
vided from a bubble humidifier at a flow that keeps the reservoir
bag at least half full during inspiration (usually 8–15 L/minute).
In addition, during expiration, the first third of expired gas en-
ters the reservoir bag, hence the term, partial rebreather. This
is gas from the anatomic reservoir, so it is high in oxygen and
contains little CO 2. As the bag fills from the oxygen flow and
first third of expiration, the remaining expired gas exits the
exhalation openings of the mask.

Placement. The partial rebreathing reservoir mask is held in
place over the patient’s nose and mouth with an adjustable
elastic strap.

Problems. As stated above, flow must be adjusted as patient
demand changes to ensure minimal FiO 2 delivery.

Performance. At flow rates of 6 to 10 L/minute, the partial re-
breathing mask delivered FiO 2 values from 0.35 to 0.70 (15).

Nonre b re at hing Re se rvoir Mask
Description. The Nonrebreathing Reservoir Mask incorpo-
rates one-way valves over one of the mask side ports and above
the reservoir bag. The one-way valve over the reservoir bag pre-
vents expired gas from entering into the bag. In addition, the
one-way valve over the side port limits further entrainment of
room air during inspiration, except if gas flow is inadvertently
disconnected.

Placement. The nonrebreathing mask is held in place over the
patient’s nose and mouth with an adjustable elastic strap.

Problems. In addition to previously mentioned shortcomings
of masks, the combined effects of time and moisture can cause
one-way valves to stick in either the open or closed position.

Performance. The nonrebreathing mask requires minimum
oxygen flow of 10 to 15 L/minute to prevent the reservoir
bag from collapsing during inspiration. With that flow rate,
it is estimated that an FiO 2 of 0.60 to 0.80 is delivered with a
nonrebreathing mask (15). A FiO 2 of 0.57 to 0.70 is delivered
when oxygen flow can be set greater than the patient minute
ventilation. Contrary to common belief, FiO 2 values near 1.0
cannot be achieved using the commonly available disposable
nonrebreathing masks.

Fixe d -p e rformance De vice s

Air-e nt rainme nt Masks
Description. An air-entrainment mask consists of the mask, a
jet nozzle, and entrainment ports. Oxygen under pressure is
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TA BLE 1 3 4 . 1

AIR-ENTRAINMENT MASK FiO2 SETTINGS AND
MINIMUM OPTIONAL OXYGEN FLOW RATES FOR
VARIOUS SETTINGS

Minimum oxygen Entrainment Total flow
FiO2 setting flow (L/min) ratio O2:Air (L/min)

0.24 4 1:25 104
0.28 4 1:10 44
0.31 6 1:7 48
0.35 8 1:5 48
0.40 8 1:3 32
0.50 12 1:1.7 32
0.60 12 1:1 24
0.70 12 1:0.6 19

delivered through the jet nozzle just below the mask. As gas
travels through the jet nozzle, its velocity increases dramati-
cally. On exiting the nozzle, the gas at high velocity entrains or
drags ambient air into the mask. This is due not to the Venturi
principle, but rather to the viscous shearing forces between
the gas traveling through the nozzle and the stagnant ambi-
ent air (16). Accordingly, the delivered FiO 2 is dependent on
the size of the nozzle and entrainment ports, and the rate of
oxygen flow. On average, an air-entrainment mask has six to
eight FiO 2 settings as well as minimum optional oxygen flow
rates for various settings (Table 134.1). To provide additional
system humidity, an aerosol collar can be applied around the
entrainment ports. The dry oxygen will then entrain air from
an aerosol system, increasing the humidity delivered to the pa-
tient. However, the addition of aerosol particles to room air
may increase gas density, which will reduce entrained volume,
and may slightly increase the delivered FiO 2.

Placement. The mask is secured to the patient’s face with an
adjustable, elastic band.

Problems. The most important problem associated with the
air-entrainment mask is obstruction of the entrainment port
by various objects. This decreases total flow perceptibly and
increases FiO2.

Performance. The air-entrainment mask requires FiO 2 values
< 0.30 to maintain total flow 30% greater than peak inspira-
tory flow and continue to function as a fixed-performance sys-
tem (17). At higher FiO2, the total flow falls below 40 L/minute,
and the air-entrainment mask becomes a variable performance
device. The latter may occur if patient demand for flow in-
creases and room air is drawn in around the mask (18).

To accommodate such a demand, masks with larger volumes
(volume ≥ 300 mL) and extension tubes between the jet and the
mask will act as reservoirs for blended gas, keeping delivered
FiO 2 values more constant (19).

Overall, the air-entrainment mask is intended for patients
with high or changing ventilatory demands, such as patients
with chronic lung disease who may hypoventilate when ex-
posed to high FiO 2 values.

The OxyMask
Description. The OxyMask is a recently introduced oxygen
face mask for both hospital and home use. It uses a small dif-

FIGURE 134.3. The OxyMask.

fuser to concentrate and direct oxygen toward the mouth or
nose. This unique design enables the OxyMask to deliver oxy-
gen more efficiently than a Venturi mask, especially in patients
with chronic hypoxemia (20).

Placement. The OxyMask is an “open oxygen” system that
does not require physical contact with the patient’s face. The de-
vice resembles a hands-free telephone headset, with the speaker
portion replaced with “an oxygen diffuser” for precise and
comfortable oxygen delivery (Fig. 134.3). The oxygen diffuser
can be directed toward the nose or mouth; however, it does
not come in contact with either one. Consequently, the Oxy-
Mask will not interfere with various activities such as eating
and talking (21).

Performance. A recent study compared the OxyMask ver-
sus the Venturi mask in 26 oxygen-dependent patients with
chronic, stable respiratory disease in a randomized, single-
blind, cross-over design (20). Oxygen delivery was titrated to
maintain an oxygen saturation (SaO 2) 4% to 5% and 8% to
9% above baseline for two separate 30-minute periods of sta-
ble breathing. Oxygen flow rate, partial pressure of inspired
and expired oxygen (PO2) and carbon dioxide (PCO 2), minute
ventilation, heart rate, nasal and oral breathing, SaO 2, and
transcutaneous PCO2 were recorded. The study reported lower
oxygen flow rates, higher inspired PO 2, and lower expired PO 2
while using the OxyMask. In addition, minute ventilation and
inspired and expired PCO 2 were significantly higher while us-
ing the OxyMask, whereas transcutaneous PCO 2, heart rate,
and the ratio of nasal to oral breathing did not change sig-
nificantly throughout the study. The study concluded that
oxygen is delivered safely and more efficiently by the Oxy-
Mask than by the Venturi mask in stable oxygen-dependent
patients.

Similar results were obtained in the early postoperative pe-
riod, during which OxyMask delivered adequate levels of oxy-
gen for most patients, with no patient experiencing an oxygen
desaturation event less than 97.88% 4 minutes post extubation
(21). In addition, patients and clinicians praised the OxyMask
for its comfort and ease of use, allowing nurses to perform
facial care without interrupting oxygen therapy.
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Larg e -volume Ae roso l and Humid ifie r Syst e ms
Description. Large-volume aerosol systems use air-entrain-
ment nebulizers alone or in tandem to provide gas to face
masks, T-pieces, and tracheostomy collars. Nondisposable
aerosol systems usually offer FiO 2 values of 0.40, 0.60, and
1.0, whereas disposable systems offer continuous adjustments,
with six to eight settings calibrated from 0.28 to 1.0. These
systems use a constant jet nozzle with a changeable size en-
trainment port to modify FiO2.

Placement. Placement varies with the device used. Most sys-
tems use an elastic band that attaches the device around the
head or neck, while the T-piece connects directly to the artifi-
cial airway.

Problems. The most common problem with the system is inad-
equate flow. Other common problems include the presence of
water condensation in the delivery tubing that prevents room
air entrainment and increases delivered FiO 2. In general, if mist
from the aerosol escapes the oxygen delivery device during in-
spiration, flow is generally considered sufficient.

Performance. Under conditions of high patient ventilatory de-
mand, these systems become variable performance devices (22).
With decreased flow, room air becomes entrained in the mask,
and therefore, despite the increase in set FiO 2 values, delivered
FiO 2 decreases. Accordingly, when precise FiO 2 values are nec-
essary at a high flow rate, a high-volume humidifier system is
preferred. If delivery of oxygen is required in excess of 100
L/minute, a blender, air–oxygen flowmeter, or even a Venturi
system can be used and directed through a heated humidifier.
A reservoir is usually placed between the humidifier and the
patient.

MIXING AIR AND OXYGEN

Oxyg e n Flowme t e rs and Ble nd e rs

Various commercially available oxygen flowmeters (Fig. 134.4)
can be used to deliver precise oxygen concentrations. Gas is
delivered from air and oxygen flowmeters and passes through
a humidifier before being delivered to the nasal cannula or
mask.

Air–oxygen blenders (Fig. 134.5) are more expensive com-
pared with using two flowmeters, but with a 50-psig (pounds-
force per square inch gauge) source, they can deliver more
precise FiO 2 values. In general, blenders have three sepa-
rate compartments where different functions are performed:
the alarm, pressure-balancing, and proportioning compart-
ments.

Air and oxygen enter the alarm compartment from two sep-
arate inlets. If the pressure differences between the two inlets
are greater than 10 psig, the accuracy of FiO 2 will be compro-
mised and a high-pitched alarm will sound (23). The pressure-
balancing compartment will then use a diaphragm to balance
the air and oxygen pressures. Finally, at the proportioning com-
partment, air and oxygen at similar pressures are adjusted in
proportion to the desired FiO 2.

FIGURE 134.4. Oxygen and air flowmeters.

Post e xt ub at ion Re sp irat ory The rap y

Postextubation pulmonary complications are major causes of
morbidity and mortality among intensive care unit (ICU) pa-
tients, especially after thoracic or upper abdominal surgeries.
During normal respiration, healthy individuals inspire ap-
proximately ten times each hour and take large intermittent
breaths—“sighing”—that are three times the normal tidal vol-
ume (24). However, postoperatively, such deep breaths are ab-
sent and replaced with a shallow, monotonous breathing pat-
tern that decreases ventilation to the dependent lung regions,
contributing—with the use of postoperative higher FiO 2—
to the development of atelectasis. Factors such as residual

FIGURE 134.5. Oxygen blender.
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anesthetic effects and incisional pain promote decreased resting
lung volume. Furthermore, assuming a prolonged postopera-
tive recumbent position, the diaphragmatic movement is lim-
ited and the functional residual capacity (FRC) decreased (25).
The diminishing expiratory lung volume decreases lung com-
pliance and eventually increases the elastic work of breathing.
To minimize this work, patients take shallow, frequent breaths,
which may further decrease lung volume (25). The primary goal
of postoperative respiratory therapy is to increase FRC, reduc-
ing pulmonary atelectasis and their related complications.

A slight elevation of temperature and decrease in breath
sounds over the lung bases may be useful in diagnosing at-
electasis. However, these means are insensitive in detecting de-
creases in FRC. In addition, the large decline in the amount of
air that can be maximally forced out of the lungs after a max-
imal inspiration (forced vital capacity [FVC]) and the forced
expiratory volume in the first second (FEV1) that occur after
upper abdominal operations are patient effort dependent and
cannot accurately predict a decrease in FRC. The same can be
true regarding the interpretations of portable chest roentgenog-
raphy in ICU patients, which is useful for identifying patients
with atelectasis but does not predict FRC.

The use of postextubation positive pressure devices has been
part of respiratory therapy management since intermittent pos-
itive pressure breathing (IPPB) was first introduced over 50
years ago (26). In addition to the incentive spirometer (IS), there
are many positive pressure devices from which to choose; these
include IPPB, continuous positive airway pressure (CPAP), pos-
itive expiratory pressure (PEP), and nasal intermittent positive
pressure ventilation. In this section, we will review the physi-
ologic effects and indications relating to the use of the IS and
IPPB. However, the use of CPAP and noninvasive intermittent
positive pressure ventilation will be discussed in detail else-
where in the textbook.

Ince nt ive Sp irome t e r
Description. Compared to the many therapeutic maneuvers
and devices that have been used to prevent postoperative pul-
monary complications, the IS has gained the most popularity
for its simplicity, and currently is a common mode of postop-
erative respiratory therapy worldwide.

The IS is designed to mimic natural sighing or yawning by
encouraging the patient to maximally inflate the lungs and sus-
tain that inflation. This is accomplished by using a device that
provides patients with visual or other positive feedback when
they inhale at a predetermined flow rate or volume and inspi-
ratory time, the latter usually targeted at 3 seconds (27). The
prolonged and forced lung inflations open collapsed alveoli,
preventing or resolving atelectasis. Since the re-expanded alve-
oli remain inflated during expiration, the FRC increases.

Placement. The IS mouthpiece is placed in the mouth with the
lips tightly sealed around it. The IS should be used five to ten
breaths per session, or at a minimum every hour while awake
(i.e., 100 times a day) (27).

Problems. The IS use may lead to discomfort secondary to in-
adequate incisional pain control and hypoxia secondary to in-
terruption of prescribed oxygen therapy if a face mask or shield
is being used. Furthermore, the IS is generally ineffective un-
less closely supervised or performed as ordered. In addition,

although uncommon, it might result in barotrauma in patients
with severely emphysematous lungs.

Performance. Four trials with 443 participants contributed to
a recent Cochrane Database of Systematic Review about the
benefits of the IS (28). In that review, there was no significant
difference in pulmonary complications (atelectasis and pneu-
monia) between treatment with the IS and treatment with other
positive pressure breathing techniques (CPAP, bilevel positive
airway pressure [BiPAP], and IPPB), regardless of preoperative
patient education. In addition, patients treated with the IS had
worse pulmonary function and arterial oxygenation compared
with positive pressure breathing (CPAP, BiPAP, IPPB). How-
ever, in view of the small number of patients in the included
studies and the multiple methodologic and reporting shortcom-
ings, these results should be interpreted cautiously.

Int e rmit t e nt Posit ive Pre ssure Bre at hing
Description. IPPB is used in clinical practice, primarily to im-
prove the lung volumes and to decrease the work of breathing.
However, its role in clearing excessive secretions from the lungs
is questionable and controversial. Commercially available de-
vices are most commonly used for the delivery of IPPB. In gen-
eral, all these devices are powered by compressed gas—either
air or oxygen (29). Short-term humidification can be added
to the driving gas. Since IPPB is a pressure-cycled device, the
operator can select the pressure and flow rate of the gas and
the sensitivity for the patient to trigger the system. Upon in-
spiration, a negative pressure is generated in the circuit, and
inspiratory flow proceeds until the preset pressure is attained
when flow ceases and the patient expires passively. The opera-
tor should adjust the machine settings until a desired maximal
volume is delivered to the patient, in general “eyeballed” to 1
inch of chest excursion or approximately 6 to 8 mL/ideal body
weight in kilograms (30,31).

Placement. The patient is connected to IPPB through a mouth-
piece. The patient needs to be cooperative and spontaneously
breathing to trigger the machine using the mouthpiece. Occa-
sionally, a full face mask may be used for less conscious pa-
tients, as it is generally tolerated only for a brief period of
time.

Problems. IPPB has been shown to increase tidal volume, and
consequently minute ventilation, by passively ventilating the
patient and hence improving arterial blood gases (29). How-
ever, this may lead to a decline in cardiac output as a result of
increased intrathoracic pressure during delivery and decreased
venous return.

Performance. A large body of literature has been published ex-
amining the efficacy of IPPB in different patient populations.
The efficacy of IPPB in the management of chronic obstructive
pulmonary disease (COPD) was found to be mainly unsup-
ported (29). This can be partly explained by an inappropriate
choice of patient populations, the frequency of IPPB used, and
other confounding effects of concurrent chest physiotherapy
techniques (32).

Another largely studied use of IPPB was in the preven-
tion or management of postoperative respiratory complications
(33). The comparative efficacy of IPPB with IS, deep breathing
exercises, blow bottles, and physiotherapy has been studied.
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Although this literature is overwhelmed by various method-
ologic problems, their outcomes demonstrated that the use of
IPPB conferred no added benefit to patients following abdom-
inal or cardiac surgery when compared to the other modalities
(29). However, it is conceivable that in patients with excessive
secretions, IPPB may need to be combined with gravity-assisted
drainage and chest wall vibrations for more effective upward
clearing of secretions (29).

The use of IPPB has declined over the past two decades,
partly due to controversial research outcomes and partly as
a result of the introduction of newer modes of positive pres-
sure support. However, IPPB may still have a role—though
reduced—in the management of patients with reduced lung
volumes and respiratory insufficiency who cannot cooperate
well with the use of IS.

OXYGEN: THE PHYSIOLOGIC
IMPACT

The Fat e of Oxyg e n in t he Bod y

The predominant metabolic pathway for oxygen is as an elec-
tron acceptor in oxidative phosphorylation within the mito-
chondria (34). Oxidation of glucose and fatty acids shuttles
electrons to special molecular carriers, which are either pyri-
dine nucleotides or flavins within the mitochondria. The re-
duced forms of these carrier proteins, in turn, donate their
high-potential electrons to molecular oxygen by means of an
electron transport chain located in the inner membrane of the
double-enveloped mitochondria. The transmembrane proton
gradient generated as a by-product of this electron exchange

and associated liberation of a large amount of free energy drives
the synthesis of adenosine triphosphate (ATP) from adenosine
diphosphate (ADP) and inorganic phosphate (Pi). Of the four
protein complexes that form the electron transport chain, com-
plex IV, also known as cytochrome c oxidase, is responsible for
the transfer of four electrons, along with four hydrogen ions,
to reduce molecular oxygen to two molecules of water. Cy-
tochrome c oxidase has an extremely complex structure and
contains 13 subunits, two heme groups (cytochrome a and cy-
tochrome a3), and multiple metal ion cofactors (three atoms of
copper, one of magnesium, and one of zinc).

Although the transfer of four electrons and four protons
reduces oxygen to water, the transfer of one or two electrons
produces superoxide anion (●O 2

–) and peroxide (O 2
2–), respec-

tively. This occurs in about 1% to 2% of all cases (35). Super-
oxide anions need an additional electron to make them more
stable, so they steal an electron from the nearest source such as
mitochondrial DNA, the mitochondrial membrane (lipid per-
oxidation), protein, reductants such as vitamins C or E, or
nonenzymatic antioxidants such as glutathione or thioredoxin.
If too much mitochondrial damage occurs, the cell undergoes
apoptosis, or programmed cell death (Fig. 134.6). The majority
of superoxide anions produced is converted to hydrogen per-
oxide in the mitochondrial matrix or cytosol by one of three
versions of superoxide dismutase. Hydrogen peroxide (H 2O 2)
is a more stable compound; however, it also can cause cellular
damage as a result of its further reduction to hydroxyl radicals
(●OH) by a series of iron-catalyzed reactions (36).

Oxygen-free radicals are produced in pulmonary smooth
muscle cells, endothelial cells, alveolar cells, and leukocytes
residing in the lungs. They are produced by both enzymatic
and nonenzymatic (auto-oxidation) reactions. Enzymes capa-
ble of forming superoxide radicals include xanthine oxidase,
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arachidonic acid peroxidases, nitric oxide synthase, nicoti-
namide adenine dinucleotide phosphate (NADPH) oxidase,
and nicotinamide adenine dinucleotide (NADH) oxidase
(37,38). All of these enzymes are essential to the biochemical
function of the cell. Phagocytic cells in the lung, such as neu-
trophils and alveolar macrophages, can form large quantities
of superoxide anions during “respiratory bursts” (39,40). The
most significant sources of free radicals in lung tissue are the
mitochondria and endoplasmic reticulum, the sites of many of
the aforementioned enzyme reactions.

The Ant ioxid ant s

To combat the excess accumulation of intracellular oxygen rad-
icals, a system of enzymatic and nonenzymatic antioxidants ex-
ists in the lungs to prevent their formation and to facilitate the
eradication of these reactive species (41,42). There are three
primary enzymatic antioxidant systems, although other com-
pounds serve as opportune scavengers. First is superoxide dis-
mutase (SOD), which is found both intra- and extracellularly
(42,43). It is present in the cytosol and the mitochondria on
the plasma membrane surface, and in the extracellular plasma
(44). The cytosolic form of SOD (CuZnSOD), which contains
zinc and copper, is associated with pulmonary and endothelial
vascular smooth muscle cells (45). The manganese-containing
mitochondrial form (MnSOD) is abundant in pulmonary arte-
rial smooth muscle and endothelium, and is felt to be the most

active defense during times of pulmonary oxidative stress, cat-
alyzing the dismutation of ●O 2

– to H 2O 2.
Catalase and the glutathione antioxidant systems are the

primary mechanisms for the reduction of hydrogen peroxide.
Catalase is a hemoprotein found in peroxisomes that catalyzes
the reduction of hydrogen peroxide to water. Its limited cellu-
lar distribution suggests that it has a specific role in managing
hydrogen peroxide excess during inflammatory responses. The
sulfur-containing antioxidant, glutathione, has a much broader
distribution than catalase, and has been measured in the cytosol
at millimolar concentrations (46). Exogenously administered
glutathione has little effect on intracellular levels. However,
N-acetylcysteine is a glutathione analogue capable of cross-
ing the plasma membrane and enhancing glutathione activity,
which may account for its purported beneficial effects in var-
ious forms of cellular injury. Glutathione peroxidase plays a
role in eliminating lipid peroxidases formed from free radical–
altered lipid membranes (46). Glutathione peroxidase enhances
the reduction of H 2O 2 by first oxidizing glutathione (in its re-
duced form, GSH) and donating the pair of electrons to hydro-
gen peroxide to form water. The oxidized glutathione disulfide
(GSSG) is subsequently reduced in a reaction that transfers the
protons from NADPH + H + (Fig. 134.7) (47). Glutathione re-
ductase activity is dependent on NADPH generated from the
hexose monophosphate shunt (48). The activity of the glu-
tathione peroxidase enzyme in humans is also dependent on
the trace element selenium. The absence of selenium in the diet
will markedly reduce the efficacy of the glutathione peroxidase
system.
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Other elements with antioxidant capacity include the lipid-
soluble vitamin E and the water-soluble vitamin C. Vitamin
E (a-tocopherol) is a plasma membrane constituent thought
to play a role in inhibiting oxidative cell membrane injury,
possibly by interfering with surfactant synthesis (49). Its de-
ficiency in critically ill patients may lead to a susceptibility
to pulmonary oxygen toxicity. Vitamin C, or ascorbic acid,
is found primarily in the extracellular space and, given its wa-
ter solubility, is best suited to protecting the respiratory airway
mucosa from pollutant oxidants. Other purported nonenzy-
matic antioxidants include uric acid, β -carotene, taurine, al-
bumin, and bilirubin. Newly discovered families of proteins,
the thioredoxins, are located in the inner mitochondrial mem-
brane of the airway epithelium. They may scavenge reactive
oxygen species in response to oxidative stress and activate
other intramitochondrial antioxidant systems such as MnSOD
(50).

Pulmonary Oxyg e n Toxicit y

It may appear paradoxical that oxygen could be a pulmonary
toxin at nearly any concentration (51). The lung is well-
prepared to cope with the insult when relatively low partial
pressures of oxygen (e.g., 160 mm Hg at standard temperature
and pressure (STP)) are breathed by virtue of the presence of
abundant antioxidants. However, when these defense mecha-
nisms are overwhelmed or depleted by prolonged exposure to
an elevated PO 2, a progressive and potentially lethal inflam-
matory reaction takes place in the lungs (52).

Reactive oxygen species are cytotoxic to nearly all cells that
constitute the respiratory system. This toxicity stems from two
primary mechanisms. The first major mechanism, already men-
tioned, is lipid peroxidation, and the second is DNA damage.

Polyunsaturated fatty acids are a major constituent of the
plasma membrane and mitochondrial membrane envelope.
Hydroxyl-free radicals derived from molecular oxygen destroy
these fatty acids by cleaving hydrogen atoms. Protonated hy-
droxyl radicals form the radical intermediates, peroxides and
peroxyradicals. Peroxides and peroxyradicals subsequently re-
move hydrogen atoms from other fatty acids, initiating a de-
structive chain reaction that renders the plasma membrane
porous (53,54).

Cellular DNA is at risk in the presence of reactive oxygen
species. Hydroxyl radicals also damage DNA by directly hy-
droxylating guanine (55). Additionally, oxidant stress depletes
nicotinamide nucleotides and disrupts the cellular cytoskele-
ton (56). Free radical attacks on DNA are known to produce
nearly 100 lesions that include oxidation of bases and sugars,
depurination, depyrimidation, and phosphodiester single- and
double-strand breaks (57). It is controversial whether DNA
strand breaks result directly from the attack of reactive oxygen
species on DNA or are a consequence of nucleases activated
during programmed cell death. Regardless, the reactive lipid
compounds formed during lipid peroxidation by hydroxyl-free
radicals are capable of cross-linking DNA proteins, compro-
mising structural integrity (58). Such reactions induce cell death
by a combination of apoptosis and cell necrosis, and interfere
with protein synthesis and cell replication (59–61). Superox-
ides may also modify gene transcription by the activation of
a potent regulator of gene transcription, the ubiquitous nu-
clear factor-κB (NF-κB) (62). It is unclear what impact this has

on any specific protein synthesis, although one study provided
some evidence of a negative feedback mechanism by inducing
the expression of superoxide dismutase (63).

An additional primary target of oxygen-free radicals is
pulmonary artery smooth muscle, resulting in vasoconstric-
tion. Pulmonary artery smooth muscle contractility is affected
through a variety of pathways, although most involve either
the release of calcium from the sarcoplasmic reticulum or its
sequestration via the enhanced activity of ATP-dependent Ca2+

uptake transporters. Superoxide anions also destroy nitric ox-
ide produced by endothelial cells, in effect eliminating one of
the most potent vasodilatory regulators in the lung (35).

A bimodal response to oxygen toxicity is seen in the lung.
Initially, there is a proliferative phase where pulmonary artery
endothelial cells replicate rapidly in response to the presence
of superoxide anions. Superoxide anion production and release
by these stimulated endothelial cells is far greater than that of
quiescent endothelium. Thus begins a vicious cycle of super-
oxide radical generation and increased levels of exposure of
surrounding lung parenchyma resulting in further DNA strand
breakage, depletion of ATP, and enhanced membrane lipid per-
oxidation (64). This produces the inhibitory phase of endothe-
lial proliferation. Other pulmonary cells such as bronchial and
type I alveolar epithelial cells are also early victims in oxidant
injury. Type I alveolar cells are replaced by hyperplasia of type
II alveolar epithelial cells, resulting in the typical thickening
of the alveolar epithelium seen in electron micrographs. Clara
cells, which are nonciliated epithelial cells distributed through-
out the airways and rich in cytochrome P450, are particularly
sensitive to oxidant stress (65).

The Clinical Manife st at ions of
Pulmonary Oxyg e n Toxicit y

It is common to treat hypoxemia with supplemental oxygen to
increase the inspired PO 2. However, the clinical consequences
of continuous exposure to high partial pressures of inspired O 2
(PiO 2) are directly related to the inflammatory reactions result-
ing from the cellular injury described above. While studies in
animal models have clearly shown the damage to alveolar ep-
ithelial and vascular endothelial cells, the results in humans
have been less conclusive. It is very likely that, in addition
to species differences, there are genetic, environmental, and
pathologic processes that modify the susceptibility to oxygen-
related lung damage in humans that have not yet been eluci-
dated.

Initial attempts to delineate the threshold for oxygen toxi-
city had their basis in military diving applications and during
attempts to develop cabin atmospheres for manned space flight
and undersea habitats in the 1960s and 1970s. In a series of ex-
periments in hyperbaric chambers during this period, healthy
divers were subjected to 28 to 30 days of breathing air under
increased ambient pressure, with a target PiO 2 0.51, 0.57, and
0.81 atmospheres (66). Of note, the air at sea level provides a
PiO 2 of 0.21 ATM. The results of many such studies suggested
that the threshold for signs and symptoms of pulmonary oxy-
gen toxicity occurred at approximately a PiO 2 of 0.60 (67,68);
thus arose the clinical dictum that an FiO2 of < 60% should be
the limit for prolonged oxygen therapy (69). However, it may
not be accurate to extrapolate such studies in healthy divers
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to sick patients with pre-existing parenchymal disease or the
systemic inflammatory response syndrome (SIRS).

Normal individuals breathing 100% O 2 experience symp-
toms of tracheobronchitis within 12 to 24 hours (69). This
initial phase of oxygen toxicity is marked by a decline in tra-
cheobronchial clearance of particulates, substernal chest dis-
comfort, tachypnea, and a nonproductive cough. Associated
systemic symptoms include malaise, nausea, headache, and
anorexia. While the decrease in particulate clearance may be-
gin as early as 6 hours after such exposures, by 24 hours the
vital capacity begins to decline significantly. Within 48 hours
of exposure to 100% oxygen, decrements in static lung compli-
ance and carbon monoxide–diffusing capacity are measurable.
In a study of patients with irreversible brain damage and venti-
lated with 100% FiO 2, the alveolar-arterial gradient increased
rapidly after 40 to 60 hours. Continued exposure of the lungs to
high partial pressures of oxygen ultimately contributed to the
development of the acute respiratory distress syndrome (ARDS)
accompanied by severe dyspnea and subsequent pulmonary fi-
brotic changes. Chest radiographic findings are nonspecific and
show increased interstitial markings or alveolar consolidation
similar to a number of other causes of diffuse alveolar damage.

Hyp e rcap nia

The wisdom of administering high partial pressures of oxygen
to patients with chronic hypercarbia continues to be a source of
debate among clinicians. The concern has been that the patient
with CO 2 retention (e.g., COPD) relies predominantly on a hy-
poxic ventilatory drive and that increasing PaO 2 by the admin-
istration of oxygen will result in depression of this stimulus and
a dangerous drop in minute ventilation with a rise in PaCO 2.
PaCO 2 has been observed to rise in a subset of these patients
suffering acute exacerbations of their COPD when treated with
100% O 2 (60). However, there have been several studies in both
stable COPD and those with acute exacerbations that demon-
strate only a transient decline in minute ventilation inadequate
to explain the accompanying rise in CO 2 (70–72). Another ex-
planation for a rise in PaCO 2 includes rightward displacement
of the CO2–hemoglobin dissociation curve in the presence of
increased oxygen saturation, and a consequent reduction in
carboxyhemoglobin formation and transport—the Haldane ef-
fect. More likely, there are relative increases in dead space ven-
tilation via alterations in hypoxic pulmonary vasoconstriction.
Hanson et al. modeled ventilation and perfusion in a computer
simulation of the lung, and demonstrated that it was possi-
ble to account for the change in PaCO 2 by oxygen-induced
relaxation of hypoxic pulmonary vasoconstriction (73). This
pulmonary vascular response to hypoxia is capable of redirect-
ing blood flow from alveoli that are poorly ventilated to those
with a higher PaO 2. Blunting this response by artificially in-
creasing the PaO 2 prevents appropriate matching between ven-
tilation and pulmonary perfusion, and permits a rise in CO 2.
A recent study examined a cohort of CO 2-retaining COPD pa-
tients recovering from an acute exacerbation after they had
been weaned from mechanical ventilation to a baseline FiO 2 of
0.3 to 0.4 (72). Patients were re-exposed to an FiO2 of 0.7 for
20 minutes, and no statistically significant changes in respira-
tory rate, tidal volume, dead space, or PaCO 2 were reported.
Robinson et al. compared two groups of patients with acute
COPD exacerbations, dividing them into CO 2-retaining and

nonretaining groups (74). They found only modest declines in
minute ventilation, with a rise in PaCO 2 averaging about 3
mm Hg in the CO2 retainer group upon exposure to 100%
O 2 face mask. The dispersion of alveolar ventilation/perfusion
ratios increased nearly equally in both groups upon oxygen
exposure, suggesting that hypoxic pulmonary vasoconstriction
was affected equally in both groups. From these experiments,
one must conclude that the mechanisms generating hypercap-
nia in individuals with COPD treated with supplemental oxy-
gen are varied and complex. Close monitoring of respiratory
parameters, including arterial oxygenation and carbon diox-
ide, is mandatory when oxygen therapy is employed to reverse
severe hypoxemia.

Ab sorp t ion At e le ct asis

An individual spontaneously breathing a high inspired con-
centration of oxygen results in replacement of nitrogen with
oxygen within the alveoli. This may cause absorption atelec-
tasis secondary to oxygen diffusing into the alveolar capillary
blood more rapidly than nitrogen can diffuse into the alveoli
and inhaled oxygen can replace the lost volume (75). This may
be more theoretical than practical, certainly in the short term
where nitrogen will continue to diffuse into the blood from all
tissues, and to some degree into the alveoli to re-establish an
equilibrium. Nonetheless, it is potentially a problem in those
regions of the lung experiencing low ventilation/perfusion ra-
tios and subjected to large compressive forces (e.g., lower lobes
from abdominal contents or weight of the heart in the supine in-
dividual). The rate of alveoli collapse may potentially be greater
in those circumstances where there are increased metabolic de-
mands and rates of oxygen uptake. Although the mechanism
has not been fully elucidated, decrements in vital capacity of up
to 20% have been recorded after exposure to 100% oxygen in
patients, although oxygen-induced tracheobronchitis was pre-
sumed (76).

SUMMARY
The management of airway, breathing, and oxygen therapy
in critically ill patients continues to be a challenging task. A
comprehensive understanding of the various oxygen delivery
modalities is of utmost importance in not only delivering the
highest quality of care to the critically ill patients, but also
avoiding major oxygen therapy–related consequences, includ-
ing increased morbidity and even mortality.
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CHAPTER 135 ■ INDICATIONS FOR AND
MANAGEMENT OF TRACHEOSTOMY
HAO CHIH HO r MIHAE YU

IMMEDIATE CONCERNS
Many critically ill patients require ventilator support for ex-
tended periods of time. Maintaining a safe and secure airway
for these patients can be challenging, and the choice between
continued translaryngeal intubation and tracheostomy is not
always easy. Initially, most patients will have an endotracheal
tube (ETT) in place. The main consideration for placement of
a tracheostomy is the anticipated duration of ventilator sup-
port, need for airway access (suctioning), and patient comfort.
Predicting the duration of ventilator support is difficult, and
the optimal timing of tracheostomy in critically ill patients
with acute respiratory failure is controversial. Tracheostomy
should be an elective procedure and should not be performed
on patients receiving high pressure ventilator support, except
on rare occasions when there are mechanical problems with the
ETT. With high-volume, low-pressure endotracheal tube cuffs,
there is no time interval when conversion to a tracheostomy is
mandatory because of potential damage to the trachea from
pressure necrosis. The decision to perform a tracheostomy
should not be based solely on the duration of endotracheal
intubation, especially in patients requiring high pressure venti-
lator support where the risk of transport to the operating room
or loss of airway pressure during percutaneous tracheostomy
may cause significant morbidity.

OVERVIEW
Tracheostomy is one of the most commonly performed surgi-
cal procedures in critically ill patients (1). The modern surgical
tracheostomy was first described in 1909 by Chevalier Jackson
(2). Ciaglia et al. (3) first described the technique of percuta-
neous dilational tracheostomy (PDT) in 1985. Bedside PDT is
now widely accepted in critical care units.

INDICATIONS AND TIMING
The primary indication for tracheostomy is the requirement for
prolonged ventilator support and/or failure to wean from me-
chanical ventilation for 2 to 3 weeks (4). In 1989, the ACCP
Consensus Conference on Artificial Airways in Patients Receiv-
ing Mechanical Ventilation recommended tracheostomy for pa-
tients whose anticipated need for artificial airway is greater
than 21 days (5). Other indications are severe head injury with
inability to protect the airway, high spinal cord injuries, la-

ryngeal trauma, upper airway obstruction, and management
of pulmonary secretions. The benefits of tracheostomy include
sparing the larynx from further direct injury from the transla-
ryngeal tube, improved comfort (6), ability to speak and eat,
improved oral care, and possibly earlier transfer from the in-
tensive care unit (ICU) (5). In patients with limited reserve,
tracheostomy reduces the work of breathing (shorter length of
tubing than the endotracheal tube) and may allow more flexi-
bility in weaning (7,8).

There continues to be debate over the actual impact of tra-
cheostomy on outcome. In two recent studies of patients re-
quiring prolonged mechanical ventilation, Combes et al. (9)
found that tracheostomy was associated with lower ICU and
in-hospital mortality rates, whereas Clec’h et al. (10) found no
reduction in mortality but increased post-ICU mortality if the
tracheostomy was left in place.

Another controversial topic is the optimal timing of convert-
ing a translaryngeal intubation to a tracheostomy because there
is no accurate way to predict the need for prolonged mechanical
ventilation in the first few days. A high acuity of illness (Acute
Physiology and Chronic Health Evaluation [APACHE] II
scores greater than 25) and the presence of shock at the time
of ICU admission are two of the best predictors (11–13). Pena
et al. (14) reviewed 56 cases of subglottic stenosis and found
that 86% had a history of tracheal intubation, with a mean
duration of 17 days. The ACCP Consensus Conference recom-
mends translaryngeal intubation for an anticipated need of the
artificial airway up to ten days and tracheotomy for an antici-
pated need of the artificial airway for greater than 21 days. The
ACCP Consensus Conference also recommends that the deci-
sion for tracheostomy be made as early as possible to minimize
the duration of translaryngeal intubation (5).

Several studies have provided additional support for early
tracheostomy. Rumbak et al. (15) randomized 128 medical pa-
tients to either early (within 48 hours) or late (14–16 days) per-
cutaneous tracheostomy and found significantly shorter ICU
stays, fewer days on the ventilator, and a lower mortality in
the early tracheostomy group. A prospective review of trauma
patients by Arabi et al. (16) also found that patients who
received early tracheostomy (by day 7 of mechanical venti-
lation) had shorter ICU stays and fewer days on the venti-
lator. In a meta-analysis, Griffiths et al. (17) reviewed five
clinical trails with a total of 406 patients that compared early
(within 7 days) versus late tracheostomy in critically ill adult
patients. Mortality and the risk of pneumonia were the same in
the two groups, but early tracheostomy significantly reduced
the duration of artificial ventilation and length of stay in the
ICU.
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PATIENT SELECTION
All patients requiring prolonged mechanical ventilation are
candidates for tracheostomy. The main contraindications of
tracheostomy are hemodynamic instability, uncorrected coag-
ulopathy, active infection over the tracheostomy site, and emer-
gency airway access. Other mitigating circumstances may in-
clude risk of infection to adjacent surgical wounds and central
line sites (neck and upper chest incisions), and a high fraction of
inspired oxygen (FiO 2) and/or positive end-expiratory pressure
(PEEP) requirement.

OPEN VERSUS PERCUTANEOUS
TRACHEOSTOMY

Surgical tracheostomy (ST) is usually performed in the oper-
ating room (OR). It can be performed in the ICU, but is not
optimal in that setting because of inadequate lighting, suction,
and cautery, as well as difficulty in maintaining a sterile field.
PDT is usually performed in the ICU, eliminating the need to
transport the patient to and from the operating room (OR), as
well as the cost of the OR and possibly the cost of anesthesia.
In a recent meta-analysis, Delaney et al. identified random-
ized clinical trials that compared PDT to ST. Seventeen studies
involving 1,212 patients were reviewed, and the authors con-
cluded that PDT reduced the incidence of wound infection and
may further reduce clinically relevant bleeding and mortality
when compared with ST performed in the OR (18). The choice
between ST and PDT depends on the operator experience and
individual patient issues.

Patient issues favoring surgical tracheostomy include:

1. Coagulation abnormalities—Larger blood vessels are more
easily controlled under direct vision during ST, but the
smaller wound opening and snug fit of the tracheostomy
placed by PDT may help tamponade clinically relevant
bleeding from small vessels at the wound edges.

2. High level of oxygenation support with a high FiO 2 and/or
high PEEP—During PDT, the endotracheal tube is with-
drawn until the tip is in the larynx. This often results in a
substantial gas leak and possibly hypoxia in these patients.
In ST, the endotracheal tube is only withdrawn when the
tracheostomy tube is ready to be inserted, minimizing the
gas leak and loss of PEEP.

3. Unstable cervical spine—Dilation and tracheostomy tube in-
sertion during PDT requires a significant exertion of force
that may result in excessive cervical spine motion which may
be avoided with ST.

4. Unusual neck anatomy such as masses, previous surgery,
or poor mobility—In these cases, it is safer to perform
ST because of the direct visualization of the neck struc-
tures.

TECHNIQ UES

Surg ical Trache ost omy

ST can be performed in either the OR or the ICU. The patient
usually has an endotracheal tube in place. A shoulder roll is

Thyroid Cartilage

Incision

Cricoid Cartilage

1st Tracheal Ring

2nd Tracheal Ring

3rd Tracheal Ring

FIGURE 135.1. Tracheal anatomy and placement of incision.

placed to elevate the shoulders and extend the head, which el-
evates the larynx and exposes more of the upper trachea. The
skin from the chin to below the clavicles is prepped. Sterile
drapes are used to create an opening from the top of the lar-
ynx to the suprasternal notch. The thyroid notch and cricoid
cartilage are identified by palpation (Fig. 135.1).

Local anesthetic with a vasoconstrictor, such as epinephrine,
is then injected into the skin and subcutaneous tissue overlying
the second tracheal ring. A 2-cm midline vertical or horizontal
incision is then made. The vertical incision extends from the
inferior edge of the cricoid cartilage toward the suprasternal
notch whereas the horizontal incision is made over the sec-
ond tracheal ring. Dissection is carried sharply through the
platysma muscle. Bleeding is controlled with cautery and/or
hemostats and ties. Careful blunt dissection is then used to
expose the thyroid isthmus, which is done by palpating the
anatomy and using a curved hemostat to gently spread the sub-
muscular tissues parallel to the long axis of the trachea. If the
thyroid isthmus overlies the second and third tracheal rings, it
may need to be partially or completely transected to expose the
trachea.

Once the trachea is dissected free of the overlying tissues,
the second ring is identified. An incision is made in the tra-
chea between the first and second ring and extended laterally
through the second ring (Fig. 135.1). This results in a tracheal
flap (Fig. 135.2) that can be sutured to the inferior edge of
the skin incision, creating a stoma. The endotracheal tube is
withdrawn, and the tracheostomy tube is inserted into the tra-
chea under direct vision. The creation of a stoma may facilitate
reinsertion of the dislodged tube in the first few days when
the fistula tract may not have stabilized. Another technique
is to make a criss-cross incision on the trachea and simply
insert the tracheostomy under direct vision after lifting the
edges with a tracheal hook. Suturing the tracheostomy tube
in place may help decrease the risk of accidental decannula-
tion.
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FIGURE 135.2. Tracheal flap created in open tracheostomy.

Pe rcut ane ous Dilat ional Trache ost omy

The most common technique for performing PDT is that of
Ciaglia. Originally, the technique used sequential dilators (3),
but it has since been simplified to using a single tapered dila-
tor. This dilator has a hydrophilic coating that is activated
by immersing it in sterile water or saline. This procedure can
be performed blindly, although many clinicians use fiberoptic
bronchoscopy to observe the placement, as well as to prevent
inadvertent injury to the posterior wall of the trachea and/or
misplacement of the tracheostomy (19,20).

The patient is positioned, and the neck is prepped and
draped as described for the surgical technique. The neck is
palpated to identify the thyroid notch and cricoid cartilage.
Local anesthetic with a vasoconstrictor is then injected into
the skin and subcutaneous tissue inferior to the cricoid carti-
lage, followed by a 1.5-cm incision made either horizontally
or downward from the inferior edge of the cricoid cartilage. A
curved hemostat is then used to dissect gently down to the ante-
rior trachea. A fingertip is used to palpate the cricoid cartilage
through the incision and to bluntly dissect any tissue overlying
the trachea. The endotracheal tube is withdrawn until the upper
tracheal rings are visualized with a bronchoscope. Additional
local anesthetic is then injected into the tracheal wall. The tra-
chea air column is located by directing the needle posterior and
caudally in the midline. Entry into the trachea is visualized with
the bronchoscope, and 1 mL of local anesthetic is injected into
the lumen of the trachea. Thereafter, the partially filled local
anesthetic syringe is attached to the sheathed introducer nee-
dle. Once again, the tracheal air column is found and verified
with the bronchoscope. The goal is to place the needle between
the first and second or the second and third tracheal rings (Fig.
135.1). Once free flow of air is obtained, the outer sheath is
advanced slightly, and the inner needle is removed. The J-wire
is then advanced through the sheath into the trachea, and the
sheath is removed. The 14 French introducing dilator is ad-
vanced over the guidewire and is used to dilate the access site.

Following the initial dilation, the large tapered dilator is used to
dilate the track. Finally, the tracheostomy tube with a guide (the
largest one that will fit inside the tracheostomy tube) is threaded
over the sheath and guidewire, and then into the trachea. The
dilation and tracheostomy tube insertion requires significant
force, and visualization of the process with the bronchoscope
is invaluable in minimizing the risk of an unidentified injury to
the posterior wall of the trachea. After placement of the tra-
cheostomy tube, the ETT is removed, and the bronchoscope is
inserted into the fresh tracheostomy to confirm placement and
remove blood and secretions. Fresh blood clots can cause acute
airway obstruction; the bronchoscope allows direct visualiza-
tion and removal of the clot.

COMPLICATIONS
The important complications of tracheostomy include infec-
tion, bleeding, inadvertent extubation, paratracheal placement,
esophageal perforation, subcutaneous emphysema, pneumo-
thorax, tracheal stenosis, tracheoinnominate fistula, tracheo-
esophageal fistula, tracheocutaneous fistula after decannula-
tion, cardiopulmonary arrest, and death. In a meta-analysis of
1,212 patients, the most common clinically relevant complica-
tions noted were wound infections (6.6% ) and bleeding (5.7% )
(18). Inadvertent postoperative decannulation with inability to
recannulate the trachea due to the absence of a formed tract
may occur. Immediate endotracheal intubation is mandatory
rather than attempting to push the tracheostomy tube back
into a semioccluded orifice.

A specific complication of surgical tracheostomy is the risk
of airway fire. This can occur when a spark from the electro-
cautery ignites the oxygen leaking from the opened trachea.
This can be prevented by meticulous hemostasis during the
pretracheal dissection, and avoiding the use of electrocautery
to make the trachea incision and after the trachea is opened.
Complications specific to PDT include extraluminal placement
of the tracheostomy tube. Perforation of the esophagus or the
pharynx has been described when a bronchoscope was not
used. Cannulation of the mediastinum may result in catastro-
phe since the patient cannot be oxygenated or ventilated with
acute asphyxiation. There is a learning curve using PDT, and it
has been reported that complications are higher in the earlier
cases of the operator (21). Using bronchoscopy to guide PDT
should prevent extraluminal placement, and suturing the tra-
cheostomy tube in place may decrease the risk of inadvertent
decannulation of a freshly placed tube (21).

Obesity is associated with higher rates of complications in
PDT, including posterior tracheal wall injury, malpositioning,
and accidental decannulation (21,22); however, this technique
may be safely used in experienced hands (23). The use of bron-
choscopy and an extra-long tracheostomy may help minimize
the incidence of these complications (21,24).

SUMMARY
Many tracheostomy procedures are performed in critically ill
patients in the ICU. A high severity of injury and shock on
admission are predictors of prolonged mechanical ventilation.
If these patients do not show evidence of improvement in the
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first few days, the option of tracheostomy should be considered
and discussed with the patient and/or medical decision makers.
The choice between ST and PDT depends on local operator
expertise and patient-specific issues. Bedside PDT is performed
as safely as ST in the OR and may be associated with more
efficient use of health care resources.

PEARLS
■ There may be brisk bleeding from the skin edges or anterior

jugular veins. Have sutures ready to ligate or oversew these
sites.

■ Make sure the bronchoscope and ET tube are withdrawn ad-
equately to avoid impaling them with the needle. Place the
end of the bronchoscope so that it remains in the ET tube,
but leave the tip of the ET tube just visible. Withdraw the
bronchoscope and ET tube as a unit until the upper tracheal
rings are visualized. When they are withdrawn adequately,
the light from the bronchoscope can be visualized through
the neck incision, and pressure on the anterior trachea with
a finger or hemostat at the anticipated tracheostomy site will
result in an indentation that can be seen with the broncho-
scope.

■ Although seemingly easy, finding the airway with the needle
is the most important and most difficult part of the proce-
dure. Stabilize the trachea with the nondominant hand, and
insert the needle perpendicular to the airway while carefully
aspirating for air.

■ Placing a finger on the tracheal opening between dilatation
and tracheostomy tube insertion will minimize the gas leak
and loss of PEEP.

■ The track may require dilation with the curved hemostat
to facilitate the insertion of the tracheostomy tube. A single-
cannula tracheostomy tube has a smaller outer diameter and
is easier to insert; the disadvantage is the lack of an inner
cannula that can be removed and cleaned.

■ For large necks, a longer tracheostomy tube—such as the
Shiley XLT—may be necessary. Make sure the appropriate
supplies are available before the procedure.

■ Insert the bronchoscope into the newly placed tracheostomy
tube to ensure placement and evacuate any blood from the
procedure.

■ Losing an airway can be life threatening. Any procedure
of the airway should include personnel who are skilled at
intubating and managing the airway emergently.

■ Get a chest radiograph to make sure there is no
pneumothorax and to document the tracheostomy tube
placement.
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CHAPTER 136 ■ ACUTE LUNG INJURY
AND ACUTE RESPIRATORY DISTRESS
SYNDROME
CARL W. PETERS r MIHAE YU r ROBERT N. SLADEN r ANDREA GABRIELLI r A. JOSEPH LAYON

IMMEDIATE CONCERNS

Major Prob le ms

The acute respiratory distress syndrome (ARDS) is character-
ized by nonhydrostatic pulmonary edema and hypoxemia asso-
ciated with a variety of etiologies that cause both direct and in-
direct insults to the lungs. The process develops acutely (usually
within 72 hours of the precipitating event), requires immediate
recognition, and often leads to death despite maximal medi-
cal support. The therapeutic goals in the setting of ARDS are
to provide appropriate resuscitation measures and to quickly
identify, address, and eliminate the precipitating event if possi-
ble. Adequate tissue perfusion and oxygenation must be main-
tained to support vital organs. Prevention of complications and
the prompt recognition of their presence are critical to prevent
late deaths (1).

St re ss Point s

1. ARDS is commonly seen with the systemic inflammatory re-
sponse syndrome (SIRS) and the multiple organ dysfunction
syndrome (MODS).

2. Risk factors for developing ARDS include SIRS, sepsis,
pulmonary contusion, aspiration, inhalation of toxic sub-
stances, near-drowning, long bone fractures, pancreatitis,
diffuse pneumonia, and multiple blood transfusions.

3. Most patients with ARDS demonstrate similar clinical and
pathologic features, irrespective of the cause of the acute
lung injury (ALI).

4. The lung’s response to injury can be divided into an exuda-
tive phase, a proliferative phase, and a fibrotic phase.

5. A variety of inflammatory mediators have been implicated
in the pathogenesis of ALI.

6. The neutrophil plays a central role in ALI.
7. The severe hypoxemia associated with this syndrome is

caused by intrapulmonary shunting that occurs with inter-
stitial edema, and alveolar flooding and collapse.

8. A reduction in functional residual capacity (FRC) and lung
compliance are the hallmarks of ARDS.

9. Radiographic changes seen in patients with ARDS are char-
acteristic but nonspecific, and rarely reveal the etiology of
the syndrome.

Esse nt ial Diag nost ic Te st s and Proce d ure s

1. History and physical examination
2. Chest radiograph
3. Arterial blood gas measurements
4. Further diagnostic tests based on the clinical circumstances

Init ial The rap y

1. Most patients require early endotracheal intubation and
positive pressure ventilation.

2. The goal of mechanical ventilation is to provide adequate
oxygenation and carbon dioxide elimination while keeping
complications, such as oxygen toxicity, ventilator-associated
lung injury, and hemodynamic compromise, to a minimum.

OVERVIEW
ARDS is a devastating injury to the lungs, characterized by
diffuse pulmonary inflammation, hypoxemia, and respiratory
distress. ARDS was described by Ashbaugh et al. in 1967 (2),
although the syndrome of acute pulmonary failure was recog-
nized by military physicians during World War I (3). Initially
described as acute respiratory failure, the constellation of the
signs and symptoms were first termed “adult” respiratory dis-
tress syndrome (4). In 1994, the American-European Consen-
sus Committee on ARDS changed the word “adult” back to
“acute” because development of ARDS was not restricted to
adults (5). The consensus meeting further defined diagnostic
criteria to include (a) acute onset; (b) bilateral radiographic
infiltrates; (c) pulmonary artery occlusion pressure (PAOP)
≤ 18 mm Hg, or no evidence of left atrial hypertension; and
(d) PaO 2/FiO 2 ratio of ≤ 300 mm Hg for ALI and ≤ 200 mm
Hg for ARDS.

This definition is far from perfect. Respiratory distress, char-
acterized by tachypnea, dyspnea, and acute respiratory alkalo-
sis not relieved by correcting hypoxemia, is common to many
pulmonary processes. Bilateral radiographic infiltrates may be
seen with cardiogenic edema, pneumonitis, and several other
entities. The PaO2/FiO 2 ratio may be influenced by therapy, es-
pecially positive end-expiratory pressure (PEEP) and the FiO 2
itself. It seems specious to separate “acute lung injury” from
ARDS when the two terms reflect only somewhat different
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TA BLE 1 3 6 . 1

SYNONYMS OF ARDS

Adult hyaline membrane disease
Adult respiratory insufficiency syndrome
Congestive atelectasis
DaNang lung
Hemorrhagic atelectasis
Hemorrhagic lung syndrome
Hypoxic hyperventilation
Postperfusion lung
Posttraumatic atelectasis
Posttraumatic pulmonary insufficiency
Progressive pulmonary consolidation
Progressive respiratory distress
Pump lung
Shock lung
Traumatic wet lung
Transplant lung
White lung
Wet lung

ARDS, acute respiratory distress syndrome.
From Taylor RW, Duncan CA. The adult respiratory distress
syndrome. Res Med. 1983;1:17.

severity of the same processes. Heart failure may be present
at a PAOP < 18 mm Hg and may coexist with ARDS, but heart
failure may not be present with a PAOP of 18 mm Hg or higher.
Nonetheless, although presently undergoing revision, this def-
inition has stood the test of time and forms the basis for all
investigation done on ARDS in the past decade.

A long list of synonyms of this syndrome exists in the liter-
ature, usually describing either the clinical situation or radio-
logic and pathologic changes (Table 136.1) (6). To better define
the range of lung injury, Murray et al. in 1988 described the
Lung Injury Score (LIS) based on chest radiographic findings,
degree of hypoxemia (using PaO 2/FiO 2 values), compliance of
the pulmonary system (if ventilated), and PEEP levels (7) (Ta-
ble 136.2). A patient was considered to have ARDS if the score
was > 2.5. Whether this scoring system contributes additional
descriptive value is debatable, since the mortality rate was im-
pacted more by the comorbidities, such as sepsis or cirrhosis
(8,9), than by the LIS value, and the LIS did not add accuracy
to the definitions of the consensus statement (10).

Multiple risk factors for ALI/ARDS have been identified,
with sepsis syndrome having the highest prevalence (30% –
50% ) (10–16). The pathogenesis for pulmonary and extrapul-
monary causes for ALI may be different (17); the Consensus
Committee categorized ARDS into direct versus indirect causes
(Tables 136.3A and 136.3B) (5). Secondary predisposing fac-
tors described in the literature are alcohol abuse, chronic lung
disease, and a low systemic pH (14).

While ARDS is usually considered a homogeneous entity,
it should be considered the final common pathway of a very
heterogeneous group of insults. Although the pulmonary in-
jury is widespread, it does not uniformly affect lung tissue; this
nonuniformity has important therapeutic consequences. There
are also two broad etiologies of ARDS (17): In pulmonary
ARDS (generally corresponding to “direct” disease), there is
primary lung injury (e.g., pneumonia) that involves the alve-
olar epithelium, and may be confined to single organ failure.

TA BLE 1 3 6 . 2

LUNG INJURY SCORE

Points

Chest roentgenogram score
0 No alveolar consolidation
1 Alveolar consolidation in one quadrant
2 Alveolar consolidation in two quadrants
3 Alveolar consolidation in three quadrants
4 Alveolar consolidation in four quadrants

Hypoxemia score
0 PaO 2/FiO 2 ≥ 300
1 PaO2/FiO 2 225–299
2 PaO2/FiO 2 175–224
3 PaO2/FiO 2 100–174
4 PaO2/FiO 2 < 100

Respiratory system compliance score (mL/cm H2O)
0 ≥ 80
1 60–79
2 40–59
3 20–39
4 ≤ 19

PEEP score (cm H2O)
0 ≤ 5
1 6–8
2 9–11
3 12–14
4 ≥ 15

Final value
0 No lung injury
1–2.5 Acute lung injury (ALI)
> 2.5 Severe lung injury (ARDS)

ARDS, acute respiratory distress syndrome.

TA BLE 1 3 6 . 3 A

MAJOR CATEGORIES OF ARDS RISK

DIRECT
■ Pneumonia
■ Aspiration
■ Pulmonary contusion
■ Fat emboli
■ Near-drowning
■ Inhalational injury
■ Reperfusion after lung transplant or pulmonary

embolectomy

INDIRECT
■ Sepsis
■ Severe trauma with shock
■ Multiple transfusions
■ Cardiopulmonary bypass
■ Drug overdose
■ Acute pancreatitis
■ Multiple transfusions

ARDS, acute respiratory distress syndrome.
From Bernard GR, Artigas A, Brigham KL, et al. The American-
European Consensus Conference on ARDS. Am J Respir Crit Care
Med. 1994;149:818.
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TA BLE 1 3 6 . 3 B

CONDITIONS ASSOCIATED WITH ARDS

SHOCK
Hemorrhagic Cardiogenic
Septic Anaphylactic

TRAUMA
Burns Nonthoracic trauma
Fat emboli (especially head trauma)
Lung contusion Near-drowning

INFECTION
Viral pneumonia Gram-negative sepsis
Bacterial pneumonia Tuberculosis
Fungal pneumonia

INHALATION OF TOXIC GASES
Oxygen Cadmium
Smoke Phosgene
NO2, NH 3, Cl2

ASPIRATION OF GASTRIC CONTENTS (ESPECIALLY
WITH A pH < 2.5)

DRUG INGESTION
Cocaine Fluorescein
Heroin Propoxyphene
Methadone Salicylates
Barbiturates Chlordiazepoxide
Ethchlorvynol Colchicine
Thiazides Dextran 40

METABOLIC
Uremia Diabetic ketoacidosis

MISCELLANEOUS
Pancreatitis Leukoagglutinin reaction
Postcardiopulmonary bypass Eclampsia
Postcardioversion Air or amniotic fluid emboli
Multiple transfusions Bowel infarction
DIC Carcinomatosis

ARDS, acute respiratory distress syndrome; NO 2, nitrogen dioxide;
NH3, ammonia; Cl2 , chlorine; DIC, disseminated intravascular
coagulation.
From Taylor RW, Duncan CA. The adult respiratory distress
syndrome. Res Med. 1983;1:17.

In ex trapulmonary ARDS (generally corresponding to “ indi-
rect” disease), the inflammatory effect of a remote insult—
usually sepsis—reaches the capillary endothelium via a SIRS
phenomenon, and lung failure becomes one more component
of MODS. Although there are important differences in patho-
physiology, the outcome between ARDS of pulmonary and ex-
trapulmonary origin does not appear to differ greatly. While
the vast majority of studies reviewed here consider ARDS
to be a single entity, questions remain as to whether this is
true.

The reported incidence of ARDS is variable. In 1972, the
National Heart and Lung Institute Task Force on Respiratory
Disease estimated the incidence to be 150,000 cases per year, or
71 patients per 100,000 people. Although the “ true” incidence
of ARDS as defined by the LIS may be lower—1.5 to 8 cases per

100,000 people—the incidence of ALI was found to be 89 cases
per 100,000, which approximates the previous value (15,18).
A more recent study reported the incidence of ALI to be 78.8
cases per 100,000 and for ARDS to be 58.7 cases per 100,000
(16).

OUTCOME
The cause of death in ARDS patients is more often associated
with MODS than deficient oxygenation. The overall mortality
rate has declined from 68% in the 1980s to 36% in 1993 (18),
and presently ranges widely from 30% to 58% (4,13,16,18–
24), depending on the specific patient group—based on age
and etiology of lung injury—being studied. ARDS patients who
leave the hospital seem to have no increased risk of subsequent
death when matched for comorbidities (25).

Families and intensive care unit (ICU) patients frequently
ask about the long-term outcomes and quality of life after
ARDS. As with all heterogeneous diseases, outcome varies.
Lung mechanics in ALI/ARDS survivors may return to nor-
mal in the year after hospital discharge, but pulmonary gas ex-
change abnormalities may persist (26). Spirometry is likely to
be normal at 6 months, but the Short Form General Health Sur-
vey (SF-36) score was low in one study (27). Mild to moderate
deterioration in health-related quality of life (QOL), as mea-
sured by the Sickness Impact Profile, has been reported (28).
Thus, ARDS appears to add a functional burden of reduced
QOL to survivors compared to non-ARDS patients who sur-
vived a major illness (29,30); nonetheless, as many as 78% of
patients return to work (27). Determining whether the quality
of life is “good” after a devastating illness is likely a personal
decision.

Patients with ARDS who die within the first several days do
so because of the underlying condition and respiratory failure.
Many of those who survive the original insult succumb to sepsis
or MODS. Of those who survive ARDS, most return to their
premorbid state of respiratory function by about 6 months after
extubation (28).

PATHOPHYSIOLOGY
The inciting process in ALI is the pathologic loss of integrity of
the alveolar–capillary membrane complex associated with exu-
berant inflammation, with increased endothelial and epithelial
permeability and leakage of proteinaceous edema and cellu-
lar components into the interstitial and alveolar spaces. This
occurs in response to some provocative stimulus, which may
arise from various disease processes or physical or chemical in-
sults, including primary pulmonary or extrapulmonary events
(Tables 136.3A and 136.3B). While the details of lung injury
may differ between primary and secondary causes (31), the dif-
ferences in overt clinical consequences are difficult to identify
when comparing patients from either general category.

The initial acute event that induces disruption of the alve-
olar epithelial or capillary endothelial cells in the exudative
phase of ARDS yields denuded alveolar basement membrane
and dysfunctional or destroyed surfactant and type 1 and 2
pneumocytes (Table 136.4). Demarginated “activated” neu-
trophils within the pulmonary circulation release inflamma-
tory mediators, degrading the integrity of capillary endothelial



2064 Sect ion XIII: Resp iratory Disorders

TA BLE 1 3 6 . 4

HISTOPATHOLOGIC CHANGES IN ARDS

Exudative phase Proliferative phase Fibrotic phase

Macroscopic ■ Heavy, rigid, dark ■ Heavy, gray ■ Cobblestoned
Microscopic ■ Hyaline membranes ■ Barrier disruption ■ Fibrosis

■ Edema ■ Edema ■ Macrophages
■ Neutrophils ■ Alveolar type II cell proliferation ■ Lymphocytes
■ Epithelial > endothelial damage ■ Myofibroblast infiltration ■ Matrix organization

■ Neutrophils ■ Deranged acinar architecture
■ Alveolar collapse ■ Patchy emphysematous change
■ Alveoli filled with cells and

organizing matrix
■ Epithelial apoptosis
■ Fibroproliferation

Vasculature ■ Local thrombus ■ Loss of capillaries ■ Myointimal thickening
■ Pulmonary hypertension ■ Tortuous vessels

cell junctions and allowing the influx of proteinaceous plasma
fluid, erythrocytes, and inflammatory cells into the interstitium
(32,33). Interstitial fluid volume eventually exceeds lymphatic
clearance capabilities, flooding the alveoli with hemorrhagic
plasma. Thickened interstitium is “stiffer” and worsens pul-
monary compliance, yielding a scenario of restrictive physiol-
ogy. Loss and dysfunction of surfactant (34) increases alveolar
surface tension, thus producing alveolar collapse. Ongoing in-
flammation initiates the coagulation cascade within the mi-
crocapillaries, with platelet deposition (35) obliterating the
capillary luminal cross-sectional area, disrupting blood flow,
and raising pulmonary artery pressure. Further recruitment of

activated neutrophils into the interstitium (32,33) augments
the inflammatory cycle of capillary permeability, interstitial
edema, and continuous alveolar macrophage activation (36)
(Fig. 136.1).

Accumulation of proinflammatory mediators such as tumor
necrosis factor-α (TNF-α), interleukin-1β (IL-1β ), and IL-8 in
the alveolar fluid of ARDS patients (37) portends the amplified
production of cytokine and toxic reactive oxygen and nitrogen
radical species (38,39) (Table 136.5). Activated complement
components accumulate with fibrin and immunoglobulins to
form alveolar hyaline membranes, further worsening compli-
ance. Fibroproliferation and accelerated collagen deposition

Dis eas e  Initiation

Acute  Res piratory Dis tres s  Syndrome

(e .g ., Seps is , Burns , Acute  Pancreatitis , Hemorrhage , Trauma)

Cytokines , Chemokines , Adhes ion Molecules , Lipid Mediators ,
Neuropeptides  (?), C5a (?)

Epithe lial and Endothe lial Cells Neutrophils Monocytes

Reactive  Oxygen and Nitrogen Spec ies

Leukocyte  Activation, Chemotaxis , Leukocyte  Adhes ion, Vas cular
Ins tability—Vas odilation and Capillary Leak

FIGURE 136.1. Pictorial detail of the pathogen-
esis of acute respiratory distress syndrome. (With
permission from Bhatia M, Moochhala S. Role of
inflammatory mediators in the pathophysiology
of acute respiratory distress syndrome. J Pathol.
2004;202[2]:145–156.)
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TA BLE 1 3 6 . 5

INFLAMMATORY MEDIATORS IN ARDS

Inflammatory
mediator Function

TNF-α Proinflammatory; neutrophil activation in ARDS
IL-1β Proinflammatory; neutrophil activation in ARDS
IL-6 Leukocyte growth/activation; proliferation of myeloid progenitor cells;

acute-phase response; pyrexia
IL-10 Anti-inflammatory; inhibits release of proinflammatory cytokines
TGF-β Resolution of tissue injury; proinflammatory
GM-CSF Host defense; hematologic growth factor
PAF Platelet activation; neutrophil activation and chemotaxis
ICAM-I Neutrophil adhesion
C5a Leukocyte chemoattractant; dual pro- and anti-inflammatory role
Substance P Proinflammatory
Chemokines Leukocyte activation and chemotaxis
VEGF Endothelial cytokine; plays a role in angiogenesis and vascular permeability
IGF-I Alveolar macrophage-derived growth factor; profibrotic
KGF Epithelial-specific growth factor; important for lung development repair
Reactive oxygen

and nitrogen
species

Regulation of vascular tone, antimicrobial action

may begin early in the inflammatory sequence and continue
into the proliferative phase (7–21 days) (40,41), with thicken-
ing of the alveolar walls already denuded of type 1 pneumocytes
(36,42).

While the original inciting event may resolve, judicious cor-
rection of persistent metabolic and infectious issues, and metic-
ulous attention to appropriate ventilatory techniques, must
continue in order to minimize iatrogenic contributions to self-
sustaining inflammation (see Ventilator Associated Lung Injury
below). Evolution into the fibrotic phase occurs, generally, af-
ter 3 to 4 weeks. Variable degrees of fibrosis and parenchy-
mal tissue loss (40) yield “diffuse alveolar damage,” the histo-
logic correlate of advanced ARDS, characterized by widespread
and severe damage to the alveolar–capillary unit (40). Micro-
and macrocystic areas abut dilated ectatic bronchi, with fi-
brotic noncompliant septa and collapsed alveoli—no longer
tethered open by healthy surrounding tissue—and interwoven
with thrombosed capillaries that provide no capacity for gas
exchange (i.e., dead space ventilation) (40). Hypoxemia from
tenaciously collapsed, fibrotic, shunt-producing alveoli accom-
panies the hypercarbia and respiratory acidosis of large dead
space fractions from non gas exchanging overdistended alve-
oli, dilated cystic areas, and thrombosed non–CO 2-excreting
pulmonary capillaries.

CLINICAL PRESENTATION

Physical Examinat ion

After the inciting event, several hours to a day may pass be-
fore clinically apparent respiratory failure ensues. Based on
work by Gomez (43), the clinical findings in ARDS may be
roughly grouped into four phases (Table 136.6). Tachypnea
and tachycardia usually develop during the first 12 to 24 hours.
The skin may appear moist and cyanotic. Intercostal and ac-

cessory respiratory muscles become actively involved in sup-
porting ventilation. A dramatic increase in work of breathing
can be appreciated at a glance from the bedside. High-pitched
end-expiratory crackles are heard throughout all lung fields.
Increasing agitation, lethargy, and obtundation may occur as
the syndrome progresses. Because these clinical findings may

TA BLE 1 3 6 . 6

PROGRESSION OF CLINICAL FINDINGS IN ARDS

PHASE 1: ACUTE INJURY
■ Normal physical examination and chest radiograph
■ Tachycardia, tachypnea, and respiratory alkalosis develop

PHASE 2: LATENT PERIOD
■ Lasts approximately 6–48 h after injury
■ Patient appears clinically stable
■ Hyperventilation and hypocapnia persist
■ Mild increase in work of breathing
■ Widening of the alveolar-arterial oxygen gradient
■ Minor abnormalities on physical examination and chest

radiograph

PHASE 3: ACUTE RESPIRATORY FAILURE
■ Marked tachypnea and dyspnea
■ Decreased lung compliance
■ Diffuse infiltrates on chest radiograph
■ High-pitched crackles heard throughout all lung fields

PHASE 4: SEVERE ABNORMALITIES
■ Severe hypoxemia unresponsive to therapy
■ Increased intrapulmonary shunting
■ Metabolic and respiratory acidosis

ARDS, acute respiratory distress syndrome.
From Taylor RW. The adult respiratory distress syndrome. In: Kirby
RR, Taylor RW, eds. Respiratory Failure. Chicago: Year Book Medical
Publishers; 1986:208.
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FIGURE 136.2. Diffuse interstitial and
panacinar infiltrates are seen in a 36-
year-old patient with acute respiratory
distress syndrome. Also notice one of
the complications of the respiratory
support—a right mainstem intubation.

become apparent long after hypoxemia develops, careful atten-
tion to blood gas analysis is warranted in patients at risk for
ARDS.

Lung Imag ing

The changes seen on the chest radiograph in ARDS are charac-
teristic but nonspecific, rarely revealing the etiology of the syn-
drome. Acutely, pulmonary edema is seen. Interstitial infiltrates
progress to a diffuse, fluffy, panacinar pattern (Fig. 136.2).

Although it may be difficult to differentiate from cardiogenic
pulmonary edema, there is generally an absence of pulmonary
vascular redistribution, pleural effusion, or cardiomegaly. The
panacinar infiltrates may consolidate and, with time, take on
a patchy or nodular pattern. If the patient improves, radio-
graphic results may revert to normal. If the disorder progresses,
a pattern of diffuse interstitial fibrosis may ensue (Fig. 136.3).

Therapeutic interventions may alter the radiographic find-
ings. Pulmonary infiltrates may increase with injudicious
fluid administration. Positive pressure ventilation and PEEP
may lead to hyperinflation, and subcutaneous, mediastinal,

FIGURE 136.3. A pattern of diffuse in-
terstitial fibrosis has developed in this
52-year-old patient with acute respira-
tory distress syndrome.



Chap t e r 136: Acute Lung Injury and Acute Resp iratory Distress Syndrome 2067

FIGURE 136.4. This 70-year-old pa-
tient with acute respiratory distress syn-
drome has a right tension pneumotho-
rax and right mainstem intubation.

retroperitoneal, and intraperitoneal emphysema, or pneumo-
thorax. Mainstem bronchus intubation may lead to ipsilateral
pneumothorax or contralateral lung collapse (Fig. 136.4).

Whereas a two-dimensional chest radiograph may suggest
diffuse homogeneous infiltrates, the chest computed tomog-
raphy (CT) scan usually demonstrates remarkably inhomoge-
neous lung involvement. Dependent regions of the lung ap-
pear to be much more involved than nondependent regions.
Although chest CT scanning is not always practical in the day-
to-day management of patients with ARDS, in investigational
trials, it has provided a vivid image of dramatically reduced
lung volumes. The chest CT also may be useful in demonstrat-
ing the presence and magnitude of pneumothoraces and pleural
effusions not well visualized on the standard chest radiograph.
It is also useful for the positioning of thoracostomy tubes in
patients with loculated pneumothoraces.

TREATMENT

Ge ne ral The rap e ut ic Me asure s

Nut rit ional Sup p ort
The gut serves a critical function beyond the absorption and
transport of nutrients. Enteral nutrition seems to have an ad-
vantage over parenteral nutrition in preventing gastrointestinal
atrophy, maintaining normal gut flora, and preserving immune
function in surgical patients (44). Chapters 64 and 65 detail
the importance of nutrition in the critically ill.

Fluid Manag e me nt
Fluid management in ARDS has been controversial. As the per-
meability of the alveolar–capillary membrane increases, pul-
monary edema develops at lower pulmonary capillary pres-
sures. The Starling equation predicts mathematically what is

seen clinically. When a strategy of fluid restriction and diuresis
is undertaken, extravascular lung water (EVLW) is decreased,
as is the duration of mechanical ventilation; mortality in ARDS
seems to be associated with net fluid gain. Adequate intravas-
cular volume must be maintained to avoid tissue hypoperfu-
sion, although we recommend that the minimal amount of
fluid be given, and that judicious attempts at diuresis be un-
dertaken in the hemodynamically stable patient (45). A large
study conducted by the National Heart, Lung, and Blood In-
stitute (NHLBI) Acute Respiratory Distress Syndrome Clinical
Trials Network (46) found no difference in 60-day mortality
when comparing liberal and conservative fluid management
strategies. Although the time allowed to enrollment was long
(48 hours) and may not have captured the initial resuscitation,
in light of the shorter ventilator and ICU days with conservative
fluid management and associated improvement in pulmonary
function when compared to liberal use of fluid, our routine
practice is a conservative fluid strategy.

Bronchod ilat ors
Multiple factors may lead to airflow obstruction in patients
with ARDS, including mucosal and interstitial edema, air-
way secretions, and atelectasis. Airway hyperreactivity also
contributes to increased airflow resistance in many patients
with ARDS, in both the acute and chronic phases. Aerosolized
β -agonists can decrease airway resistance, even in patients
without underlying chronic obstructive pulmonary disease or
asthma. By reducing airway resistance, the work of breathing
can be decreased. We recommend a therapeutic trial of inhaled
bronchodilators in patients with wheezing, in those with in-
creased resistance as measured directly, or in patients with high
peak airway pressures (47).

St e roid s
The use of corticosteroids in the treatment of the various phases
of ARDS is a basis of controversy and ongoing investigation.
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The cytokine-mediated inflammatory response to an inciting
event in ARDS intuitively suggests that suppression of that
response would be therapeutic, but studies are equivocal in
reporting benefit. Steroid use in different phases of ARDS
has been meticulously investigated, but the dynamic nature
of the inflammatory process has made the findings in individ-
ual studies difficult to extrapolate to varying illnesses at vary-
ing times. Furthermore, infectious risks of corticosteroid use
aside, their prolonged use risks profoundly detrimental neu-
romuscular effects, even further compounded when employed
with nondepolarizing neuromuscular blocking agents—often
utilized in ARDS patients to facilitate efficient mechanical ven-
tilation (48). Thus, routine use of corticosteroids is not ad-
vocated, especially in the acute phase of ARDS. During the
late phase, fibroproliferation often occurs in response to tis-
sue injury and is associated with persistent inflammation. In
this setting, fever and SIRS are present in the absence of infec-
tion. A small uncontrolled trial suggested that improvement in
“ late” ARDS patients—those mechanically ventilated for �15
days—with progressive fibroproliferation may be seen when
corticosteroid treatment begins during that period (49). Propo-
nents of this therapy recommend that a trial of corticosteroids
be instituted in such patients after infection has been excluded.
More recently, the NHLBI ARDS Clinical Trials Network (50)
conducted a randomized multicenter controlled trial of steroid
use in 180 patients with ARDS of at least 7 days’ duration.
While there was no difference overall in mortality at 60 and
180 days, steroids imparted a higher number of ventilator-free
days and earlier departure from the ICU in the first 28 days.
Those given methylprednisolone after day 13 of ARDS, how-
ever, had a higher mortality than controls. Meduri et al. (51)
recently found reductions in length of mechanical ventilation
and ICU stay and in mortality in early septic/ARDS patients re-
ceiving “ low-dose” methylprednisolone infusions. While there
have been several recent reviews and meta-analyses address-
ing corticosteroid use in ARDS (52–56), varying population
groups and treatment regimens and differing end points and
definitions of “success” in the studies make broadly inclusive
recommendations difficult to formulate. Even the impact of
steroids on mortality varies positively or negatively with differ-
ent groups of patients. In general, corticosteroids are not effec-
tive in ameliorating cytokine-induced inflammation in ARDS
in a clinically significant way, and routine use of corticosteroids
is, therefore, not advocated, especially in the acute phase. There
are, however, some subgroups of patients upon which cortico-
steroids may have a positive effect. One example may be the
late phase, during which fibroproliferation often occurs in re-
sponse to tissue injury. This response is damaging to the lung
and is associated with persistent cytokine-mediated inflamma-
tion (57). Lung injury is characterized by endothelial and ep-
ithelial damage, as well as augmented fibroblast proliferation,
which may be lessened by steroid treatment. Proponents of this
therapy recommend that a trial of corticosteroids be instituted
in patients with severe ARDS after infection has been excluded
(49).

Monit oring
Monitoring the patient with ARDS is similar to that per-
formed on other critically ill patients (Table 136.7). Chapters
16 through 22 detail descriptions of monitoring techniques
that are essential to reduce or prevent the occurrence of signif-
icant complications. Careful titration of therapy is best guided

TA BLE 1 3 6 . 7

MONITORING THE PATIENT WITH ARDSa

LEVEL I
Temperature, heart rate, respiratory rate, arterial blood

pressure, pulse oximetry, capnography
Weight
Intake and output
Caloric intake
Physical examination, with special emphasis on:

Skin (texture, turgor, perspiration, emphysema)
Respiratory (breathing pattern, lung examination)
Cardiovascular (heart examination, peripheral pulses)
Abdominal
Neurologic (mental status)

Continuous ECG monitoring
Chest radiography
Laboratory (CBC, electrolytes)
Arterial pressure monitoring/blood gases
Vital capacity
Negative inspiratory pressure
Dead space/tidal volume ratio (VD/VT)
Tracheal tube cuff pressures
Ventilator settings
Pressure–volume relationship

Lung and chest wall compliance and airways resistance

LEVEL II
Minimally invasive CO/CI with pulse waveform variability

evaluation of preload
Pulmonary artery catheter

Pulmonary artery pressures, PAOP
waveforms, CI, mixed venous blood gases, stroke
volume index, ventricular stroke work indices,
systemic and pulmonary vascular resistance, arterial and
mixed venous oxygen content, oxygen transport,
arteriovenous content difference, oxygen consumption,
oxygen extraction, venous admixture

ARDS, acute respiratory distress syndrome; ECG,
electrocardiographic; CBC, complete blood cell count; CO/CI, cardiac
output/cardiac index; PAOP, pulmonary artery occlusion pressure.
aVarious monitoring techniques have been divided into three arbitrary
levels. The levels are roughly ordered in terms of increasing
invasiveness and sophistication. The exact monitoring modalities
selected and the frequency with which measurements are made must
be individualized.
From Taylor RW. The adult respiratory distress syndrome. In: Kirby
RR, Taylor RW, eds. Respiratory Failure. Chicago: Year Book Medical
Publishers; 1986:208.

by monitoring clinical, laboratory, and cardiorespiratory vari-
ables. Our standard practice is to always use a minimum of
an arterial line, pulse oximetry, and capnography in patients
with ALI/ARDS. More invasive devices—central venous pres-
sure (CVP), pulmonary artery catheter—may be required based
on the clinical situation.

St and ard Manag e me nt

Progress has been made in the management of ARDS, as
suggested by the number of large studies and meta-analyses
published in the last decade. Over this time, data have been
gathered addressing modes of therapy and ancillary sup-
port techniques previously initiated and practiced empirically.
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Despite considerable progress, however, many questions still
await definitive resolution, as will become apparent in the
discussion that follows. Due to the complex metabolic and
pulmonary aberrations that characterize ARDS/ALI, treatment
strategies can be divided into those directed toward respiratory
support and all other therapeutic measures.

Re sp irat ory Sup p ort
Mechanical ventilatory support, most often via an endotra-
cheal tube, is fundamental to the management of ARDS, as
perturbations of gas exchange and respiratory mechanics as-
sociated with this syndrome exceed the limits of compensation
that most individuals are able to muster without mechanical as-
sistance; it is as fundamental and integral to the management
of the patient with ALI as is exogenous insulin to the diabetic
or antibiotics to the treatment of infections. The indications for
respiratory support are well defined (58), and include hemo-
dynamic instability, protection and maintenance of the airway,
inability to maintain PaO 2 above 55 mm Hg on an FiO 2 =
60% , need for positive airway pressure, and progressive ven-
tilatory insufficiency with rising respiratory rate and hypercar-
bia. The presence of several or all of these features in most
individuals with ALI mandates endotracheal intubation and
mechanical ventilation to optimize gas exchange and minimize
work of breathing. Noninvasive positive pressure ventilation
(NIPPV) has been employed in some instances for those with
less severe pulmonary impairment and preserved mental status
(59), although studies are few with fairly high rates of eventual
endotracheal intubation (60,61). Broad recommendations re-
garding the use of NIPPV in ARDS are difficult to make in the
absence of large prospective studies due to the heterogeneity of
patient populations, comorbidities, and diversity of the inciting
pathophysiology (61).

Lung CT studies have demonstrated the distribution of areas
of alveolar collapse and distention characteristic of ARDS to be
regional rather than diffuse. Alveolar collapse predominates in
dependent areas, producing venous admixture and hypoxemia,
while nondependent areas manifest airway destruction with hy-
perinflation, often to the point of exclusion of pulmonary capil-
lary blood flow (dead space) (62,63). These alveolar morpholo-
gies, however, are not strictly related to dependency within the
chest cavity, as is clearly visible in Figure 136.5. Areas of at-
electasis, producing shunt (solid arrows) and airway/alveolar
destruction, and areas of overdistention, producing dead space
(dashed arrows), may be randomly distributed and interspersed
with areas of spared pulmonary tissue, thereby generating pro-
found ventilation/perfusion mismatch.

The use of mechanical ventilation in ALI/ARDS has evolved
dramatically over the last 30 years. Techniques of mechani-
cal ventilation (MV) commonly employed through the decade
of the 1980s led to use of what would now be described by
most practitioners and investigators as “high” tidal volumes,
with FiO 2 supplemented well above ambient. Subsequently,
the observation was made (64,65) that ventilation of healthy
laboratory animals with high tidal volumes induced profound
clinical and histologic deterioration that was difficult to dis-
tinguish from those of ARDS. In 1990, Hickling et al. noted
improved mortality in ARDS patients with lower than “ tra-
ditional” tidal volumes (66). Subsequent investigations yield-
ing conflicting results mandated the ARMA (Acute Respira-
tory Distress Syndrome Network Low Tidal Volume) trial of
mechanical ventilation, with limited tidal volume and plateau

FIGURE 136.5. Computed tomography scan of the chest of a patient
with acute respiratory distress syndrome. Solid arrows show dense
parenchymal opacification resulting in shunt. The broken lines show
relatively “normal”-appearing lung but that can suffer from overdis-
tention, resulting in dead space. (With permission from Desai SR. Acute
respiratory distress syndrome: imaging of the injured lung. Clin Radiol.
2002;57[1]:8–17.)

pressures compared to the higher values in common use at the
time (67). The result was a reduction in mortality from 40%
to 31% with the experimental protocol parameters. While the
ARMA study has been criticized from a number of standpoints
(68), none is sufficiently compelling to negate the persuasive-
ness of its results. In our practice, low tidal volume ventilation
(Vt = 6–8 mL/kg ideal body weight) is considered standard,
maintaining a plateau pressure < 30 cm H 2O. Tidal volumes
exceeding these parameters have been implicated in generating
lung injury caused by mechanical ventilation itself. This phe-
nomenon, termed ventilator-associated lung injury (VALI), is a
by-product of the interaction of mechanical ventilation and the
cytokine proliferation that is a fundamental pathophysiologic
feature of ARDS (69,70). As described below, components of
VALI include (a) barotrauma, the appearance of air outside the
airways and alveoli, attributed to airway pressures that exceed
certain thresholds (71,72); (b) volutrauma, increased alveolar
and capillary permeability due to alveolar overdistention and
leading to pulmonary edema (73); and (c) atelectrauma, the
destructive repetitive opening and closing of stiff, collapsed,
surfactant-depleted, fibrotic alveoli with thickened interstitium
that are associated with cyclic positive pressure ventilation
(74). Excessive alveolar stretch is associated with inflamma-
tory cytokine proliferation, in particular during excursions into
ranges of tidal volume that induce VALI (74,75) (Fig. 136.6).
Of note, this cytokine proliferation can be limited by using a
lung-protective ventilation strategy (using a pressure–volume
curve to determine tidal volume and PEEP) (75).

The importance of limitation of tidal volume as a guide
to appropriate MV in the acutely injured lung may be more
easily understood when viewed within a conceptional frame-
work of patchy, unevenly distributed alveolar injury. When
such an injured lung receives a positive pressure breath, the
gas distribution is impacted by the variability of compliance
and resistance in the injured and healthy areas. Flow prefer-
entially enters unaffected (i.e., low resistance, relatively high
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FIGURE 136.6. The effect of ventilation
strategy on inflammatory mediator con-
centration. High tidal volume strategy re-
sulted in higher levels. C, control: Vt =
7 mL/kg, PEEP = 3 cm H 2O; MVHP,
moderate-volume, high PEEP: Vt = 15
mL/kg, PEEP = 10 cm H2O; HVZP,
high-volume, zero PEEP: Vt = 40 mL/kg;
MVZP, moderate-volume, zero PEEP:
Vt = 15 mL/kg. TNF-α , tumor necro-
sis factor-α; IL-1β , interleukin-1β ; IL-6,
= interleukin-6; MIP-2, macrophage in-
flammatory protein 2; IFNγ , interferon-
γ . (With permission from Tremblay L,
Valenza F, Ribeiro SP, et al. Injurious
ventilatory strategies increase cytokines
and c-fos m-RNA expression in an iso-
lated rat lung model. J Clin Invest.
1997;99[5]:944–952.)

compliance) pulmonary tissue, risking unintentional overdis-
tention and injury of these normal areas (76) despite inflation
with an “appropriate” tidal volume based on body weight.
This is often termed the baby lung phenomenon (77), since the
volume of unaffected lung parenchyma within the ARDS pa-
tient’s thorax more closely approximates that of a child than
an adult. Delivered tidal volumes, therefore, must more closely
approximate those appropriate for a smaller lung, usually on
the order of 6 to 8 mL/kg; exceeding these volumes risks ia-
trogenic perpetuation of lung injury, since a positive pressure
breath inflates a smaller volume of lung tissue than would be
predicted by ideal body weight.

The importance of PEEP and recruitment maneuvers in pro-
viding efficient ventilator management of ARDS patients war-
rants further discussion. While the traditional approach of oxy-
gen supplementation may improve the PaO 2 within the limits of
a marginal FRC, such supplementation should be looked upon
only as a temporizing measure. Prolonged high FiO 2 use risks
toxicity and absorption atelectasis, while leaving the underly-
ing cause of hypoxemia neither identified nor corrected. Re-
covery of FRC by reinflation of atelectatic areas using recruit-
ment maneuvers and PEEP will restore gas flow to previously
nonaerated areas of lung (78–82). These modalities of treat-
ment are commonly utilized in the modern strategy of ARDS
treatment (83,84). Areas of particularly tenacious atelectasis
will often require an inspiratory time (Ti) equal to several in-
spiratory time-constants (one “ time-constant” equals product
of compliance and resistance, both easily measurable by cur-
rent ventilators) to achieve inflation. Insufficient Ti may leave
such areas persistently collapsed, worsening shunt fraction and
compromising FRC and oxygenation. Despite the most heroic
efforts, a substantial percentage of ARDS patients harbor lung

tissue that is only variably “PEEP recruitable” (81). The benefit
of recruitment maneuvers and PEEP can be understood within
the context of the Law of LaPlace (actually the Young-LaPlace
equation), which states that the pressure difference across a
fluid interface is equal to the surface tension times the mean
curvature of the surface. In pulmonary physiology and ARDS,
this means that the pressure difference between alveolar gas and
alveolar epithelium contracts the alveolus inward unless coun-
teracted by surfactant. Furthermore, the relationship between
surface tension and alveolar radius is inverse. Thus, the smaller
the alveolar radius, the greater the force contracting it even fur-
ther inward (i.e., toward collapse). Since surfactant decreases
surface tension, the inward force within a collapsed alveolus is
greater than that within its surfactant-replete, healthy, “non-
collapsed” neighbor with lower surface tension, resulting in a
temporary high-pressure requirement to open a collapsed alve-
olus. The alveolus may then be maintained open, with PEEP
exceeding the alveolar closing pressure. Because low tidal vol-
ume (6 mL/kg) followed by PEEP in itself is generally ineffec-
tive in expanding collapsed alveoli, a “ recruitment maneuver,”
the temporary application of airway pressure far above any
possible alveolar retractive force, may be warranted to open
and stabilize collapsed alveoli (85–87), preventing exposure to
repetitive cyclic collapse and associated destructive shear forces
by maintaining an “open lung” (Fig. 136.7).

The benefit of PEEP was recently addressed and revealed,
surprisingly, that no difference was achieved in discharge or
survival between ICU patients receiving high- or low-PEEP
regimens (83). More recently, no significant improvement in
all-cause mortality rates was noted in two studies of ARDS pa-
tients managed with an “open-lung” approach, involving the
addition of modestly higher levels of PEEP and recruitment
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FIGURE 136.7. Atelectrauma and the interdependence of
lung units. (With permission from Moloney ED, Griffiths
MJ. Protective ventilation of patients with acute respiratory
distress syndrome. Br J Anaesth. 2004;92[2]:261–270.)

maneuvers compared to a regimen utilizing a tidal volume of
6 mL/kg and approximately 10 cm H 2O PEEP (84). Nonethe-
less, most clinicians feel that utilizing a level of PEEP above the
lower inflection point (LIP) on a pressure–volume curve (see
below) improves FRC and oxygenation by inflating recruitable
alveoli, and thus decreasing venous admixture.

The selection of tidal volume is intimately linked to the
pressure–volume curve. Optimal gas exchange with minimal
alveolar injury is achieved when the lung is positioned on the
vertical portion of the pressure–volume curve (Fig. 136.8). This
minimizes collapse in areas of high time-constants and overdis-
tention in normal areas. Once alveolar re-expansion is opti-
mized, which may take several hours of vigilance to titrate tidal
volume and mean airway pressure, optimal inflation is main-
tained with PEEP as ventilation is then conducted along the
expiratory limb of the curve, lowering mean pressures over-
all (Fig. 136.8). There is wide acceptance of the use of low
tidal volume/limited plateau pressure ventilation techniques,
directed toward gas exchange along the expiratory curve once
inflation has been achieved, with the goal of preserving the
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FIGURE 136.8. Pressure–volume curve of an idealized lung, showing
both the inspiratory and expiratory limbs as well as the upper and
lower inflection points.

integrity of pulmonary parenchyma not yet affected by inflam-
mation and to allow healing of diseased areas. Since compliance
varies between individual alveoli, a given inspiratory pressure
may hold some in overdistention while others are minimally
opened; the curve depicted in Figure 136.8 actually represents
an averaged compliance. A not uncommon observation when
monitoring gas exchange in ARDS is hypercarbia with mild
acidemia, often more uncomfortable for the clinician to observe
than the patient to experience. However, “permissive hypercap-
nia” is safe and acceptable (88) when not contraindicated by
underlying medical condition (e.g., elevated intracranial pres-
sure), though it often warrants protocol-delivered sedation.
This may be understood by visualizing a variety of pressure–
volume curves depicting compliance curves for variously dis-
tensible alveoli. The pressure to aerate sufficient numbers of
tenaciously collapsed alveoli may overdistend more compliant
areas such that the increased dead space precludes adequate
ventilation.

The mode of mechanical ventilation used in ALI/ARDS is
likely more dependent on the comfort level of the practitioner
than on “best evidence.” Pressure control ventilation (PCV) of-
fers the theoretical advantages of limiting peak airway pressure,
a component that may be associated with ventilator-induced
lung injury (70). PCV may decrease work of breathing, pos-
sibly due to the variable flow rate (89). PCV is a ventilatory
mode that is time initiated, pressure limited, and time cycled.
PCV delivers a square pressure wave that provides tight con-
trol of the inflation pressure equal to the applied pressure plus
PEEP. This mode also allows precise adjustment of inspira-
tory time at the expense of expiratory time—that is, increased
inspiratory to expiratory (I:E) ratio, or “ inverse ratio ventila-
tion” (IRV). Mean airway pressure is substantially increased
without an increase in peak airway pressure, promoting alveo-
lar recruitment while—again, theoretically—attenuating baro-
trauma and volutrauma. With PC-IRV, mean airway pressures
are typically increased from less than 10 to between 20 and 30
cm H 2O; inspiratory time—if the ventilator is set, for exam-
ple, at 10 breaths per minute—between 3 and 5 seconds; and
I:E ratio between 1:1 and 3:1. Indeed, IRV may be considered
an alternative (or adjunct) to PEEP in providing airway pres-
sure therapy during inspiration instead of expiration, and with
limited peak airway pressure.

To date, the hypothesis that PC-IRV results in a better out-
come than standard volume-limited ventilation has not been
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rigorously tested (90,91). Moreover, IRV may result in in-
adequate exhalation time, air trapping, and the generation
of intrinsic PEEP (“auto-PEEP”), leading to barotrauma and
CO 2 retention. Paradoxically, hypercarbia occurring during
PC-IRV may be improved by decreasing the ventilator rate
to allow additional time for CO 2 elimination. Nonetheless,
high-time-constant, low-compliance lung segments may ben-
efit from the ability to control the inspiratory time and the
prolonged, but controlled, plateau pressures that PCV allows
(92).

Airway pressure release ventilation (APRV), also known as
invasive bilevel ventilation, combines the advantages of im-
proved alveolar recruitment, lung protection, and spontaneous
ventilation. In this mode, a sustained 3- to 4-second high air-
way pressure—the upper PEEP level—of 20 to 30 cm H 2O is
intermittently released for about a second to the lower level of
PEEP (5–10 cm H 2O), while allowing spontaneous breathing
to occur throughout the cycle (93). This technique optimizes
alveolar recruitment by increasing mean airway pressure while
restricting the peak airway pressure to the upper PEEP level,
and can maintain oxygenation and ventilation at lower air-
way pressures than conventional ventilation (93). This mode
is useful in the transition from PC-IRV to ventilatory weaning
with IMV or pressure support, but it has not been subjected to
randomized outcome trials (94,95).

Advantageous aspects of both volume- and pressure-control
ventilation can be combined in advanced circuitry ventilators in
a mode termed pressure-regulated volume control (VC+ ). This
mode allows the practitioner to select the mechanical rate, tidal
volume, inspiratory time, pressure support level (if desired),
FiO2, PEEP level, and maximal values for peak inspiratory
pressure and tidal volume. When VC+ is selected, the venti-
lator adjusts the pressure to deliver the desired tidal volume,
changing the pressure by about 3 cm H 2O every third breath
or so. As compliance worsens, tidal volume is maintained up
to the maximal set peak inspiratory pressure, which will not be
exceeded. When compliance improves, the ventilator automati-
cally decreases the inspiratory pressure to keep the tidal volume
within the set range. A single tidal volume delivered above the
set maximal tidal volume generates a ventilator alarm. Thus,
the potential problems one might see with standard volume
ventilation (excessive peak pressure to deliver the target tidal
volume) or PC ventilation (improving compliance, producing
a dangerously high tidal volume) are obviated with this mode
of ventilation.

Prone Posit ioning
The typical pattern of distribution of inflammatory edema and
alveolar inflation in ARDS is noted in Figure 136.9A. A pro-
gressive decrease in transpulmonary pressure—the force dis-
tending the alveoli, defined as the difference between alveo-
lar pressure (PA) and pleural pressure (Ppl)—with dependency
manifests itself as airway collapse in the dependent portions
of the inflamed lung. When proceeding from ventral to dor-
sal areas in the supine position, transpulmonary pressure—the
outward traction force keeping the airways “ tethered” open—
no longer exceeds alveolar surface tension, and collapse occurs
in dependent areas. In the absence of adequate PEEP, inflation
of dependent alveoli, once achieved, cannot be maintained, and
inspiratory volume is preferentially directed into nondependent
areas of the lung (96). Preferential distribution of perfusion to
dependent areas with collapsed alveoli contributes to venti-

lation/perfusion mismatch and intrapulmonary shunt (97). A
logical step to realign distribution of inflated alveoli with pul-
monary perfusion is to turn the patient prone, alleviating many
factors contributing to airway collapse. These factors include
the position of cardiac mass that no longer impinges on the
retrocardiac lung parenchyma, patterns of diaphragm move-
ment, gravitational redistribution of perfusion, and chest wall
mechanics (Fig. 136.9B) (96).

Several large studies have documented improvements in
oxygenation without significant improvement in mortality.
Considerable skill and experience are needed to pronate and
support a critical patient bearing invasive monitoring and ther-
apeutic devices. The risks to potential pressure-bearing ventral
body structures—face, eyes, chest, and knees—and of acciden-
tal device removal must be weighed against the benefits (98–
100). Proning beds are available commercially, but may have
certain restrictions such as cervical spine clearance and weight
limits.

Hig h-fre q ue ncy Ve nt ilat ion
High-frequency ventilation (HFV) is a technique that mini-
mizes the risk of VALI and atelectrauma by avoiding both ex-
cessive inspiratory volumes and repetitive airway collapse pro-
duced by conventional cyclic ventilation in the noncompliant
ARDS lung, while maintaining higher mean airway pressures
(Fig. 136.10).

Subcategories of HFV include high-frequency positive pres-
sure ventilation, high-frequency oscillatory ventilation, and
high-frequency jet ventilation. Respiratory rates range from 50
to 2,400 breaths/minute, the latter rate produced in oscillatory
ventilation. Gas transport and exchange occur through sev-
eral mechanisms, some occurring simultaneously in a given pa-
tient. These include bulk convection, to a lesser degree than in
conventional ventilation; asymmetric velocity profiles, causing
a simultaneous, opposite directional flow of oxygen and car-
bon dioxide in different regions of the airways; Pendelluft, the
asynchronous filling and emptying of alveoli with nonhomoge-
neous time constants; Taylor dispersion, wherein shear forces
augment forward gas diffusion; and mixing due to cardiogenic
oscillations and molecular diffusion (101,102). Effective gas
exchange may take place despite the use of tidal volumes well
below dead space volume (103).

High-frequency oscillation (HFO) potentially provides lung
protection in ARDS by avoiding alveolar distention and col-
lapse (104). Oscillation is provided at rates of 180 to 900 cycles
per minute—or 3 to 15 Hz, where 1 Hz = 60 cycles per minute
or 1 cycle per second—with below dead space tidal volumes
(0.1–0.3 mL/kg), high gas flow, and an active expiratory phase.
High levels of PEEP are necessary to support the mean airway
pressure and maintain alveolar recruitment. In the HFO ven-
tilator, an adjustable power control determines the amplitude
of piston displacement and peak and trough pressure excur-
sions ( P) above and below the mean airway pressure. The
oscillation frequency (Hz) determines the time for piston dis-
placement, and thus a lower Hz will lead to larger bulk tidal
volumes. Oxygenation is determined by the FiO 2 and by mean
airway pressure, whereas ventilation and CO2 elimination are
determined by  P and oscillation frequency (Hz). Occasion-
ally, it may be necessary to create a small endotracheal tube
cuff leak to facilitate CO2 washout.

HFO provides a number of management challenges, includ-
ing the necessity for a firm bed surface, with increased risk of
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FIGURE 136.9. A: Consolidated lung in a patient with acute respiratory distress syndrome. Note the air
bronchograms and dependent consolidation. (With permission from Ware LB, Matthay MA. The acute
respiratory distress syndrome. N Engl J Med. 2000;342[18]:1334–1349.) B: Improvement in dependent
consolidation once proning has occurred. (With permission from Pelosi P, Brazzi L, Gattinoni L. Prone
position in acute respiratory distress syndrome. Eur Respir J. 2002;20[4]:1017–1028.)

pressure injury, and difficulty with humidification of inspired
gas. Nonetheless, HFO has established itself as a ventilatory
mode in pediatric ICUs and trauma units, where it facilitates
ventilation in the presence of abdominal compartment syn-
drome and constrained lung volume (105). Thus far, only one
large randomized trial has compared HFO with conventional
ventilation in adults. After 2 to 4 days of conventional ventila-
tion, 150 patients were randomized to HFO or PC-IRV (tidal
volume 6–10 mL/kg) (106). Patients who received HFO had
improved PaO 2/FiO 2 ratios at 24 hours, but there was no sta-
tistical difference in mortality—37% versus 52% (p = 0.1).

Clearly, there is a need for a large randomized trial where HFO
is instituted at an early stage of ARDS.

Ext racorp ore al Life Sup p ort
ARDS-related respiratory failure particularly refractory to the
most aggressive support measures may warrant the temporary
use of mechanical gas exchange devices for pulmonary sup-
port while native lung tissue recovers. The process, known
as ex tracorporeal life support (ECLS) or ECMO (extracor-
poreal membrane oxygenation), employs a membrane oxy-
genator, blood warmer, and pump systems in parallel with
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FIGURE 136.10. Depiction of airway
pressures—peak and mean—in high-
frequency oscillatory ventilation (HFOV)
as compared to pressure control ventila-
tion (PCV). (With permission from Chan
KP, Stewart TE, Mehta S. High-frequency
oscillatory ventilation for adult patients
with ARDS. Chest. 2007;131[6]:1907–
1916.)

components of the central circulation (Fig. 136.11), depending
on the intensity of support required. Blood is withdrawn from
the venous system—typically via the internal jugular vein—
anticoagulated, oxygenated, decarbonated, adjusted to appro-
priate temperature, and then returned to the patient. Blood
is returned via the femoral vein (venovenous ECLS) or the
right carotid or femoral artery (venoarterial ECLS), depending
on the physiologic system(s) requiring support (Fig. 136.11).
Either function can be supported alone or together. ECLS is
supportive only, bridging the patient’s vital cardiopulmonary
functions until definitive therapy is instituted. ECLS should not
be used as a salvage procedure once irreversible loss of organ

function is thought to have occurred (107). During the actual
functioning of the bypass circuit, ventilator settings are turned
to minimal, thereby avoiding the additional pulmonary insult
that VALI would impart.

Initial studies, such as the U.S. ECMO trial (1974–1977),
used ECMO with complete lung collapse; the unfortunate re-
sult was dismal survival (9% ). Over the next 10 years, Gatti-
noni et al. demonstrated the effectiveness of maintaining low
levels of lung ventilation (pressure limit 35 cmH 2O, rate 3–
5 breaths/minute) by utilizing low flow venovenous ECMO
for CO2 removal (108). In Gattinoni’s hands, this approach,
termed low-frequency positive pressure ventilation with

Oxygen source

Heparin

Bridge

Pump

Membrane
Oxygena tor

FIGURE 136.11. Depiction of extracorporeal membrane oxygenation. (With permission from Brown JK,
Haft JW, Bartlett RH, et al. Acute lung injury and acute respiratory distress syndrome: extracorporeal life
support and liquid ventilation for severe acute respiratory distress syndrome in adults. Semin Respir Crit
Care Med. 2006;27[4]:416–425.)
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ex tracorporeal CO 2 removal (LFPPV-ECCO 2R), was associ-
ated with a 49% survival in very severe ARDS patients (108).
In survivors, lung function improved within 48 hours. In a
subsequent randomized study carried out in the United States,
Morris et al. compared LFPPV-ECCO 2R with PC-IRV using
computerized protocols in 40 patients (109). There was no
statistical significance in 30-day survival—33% versus 42%
(p = 0.8)—but the study size was small.

At present, ECLS is well established in neonatology and
pediatrics (110,111), but use in the adult population is
less widespread. In the most experienced center, the Univer-
sity of Michigan at Ann Arbor (http//www.med.umich.edu/
ecmo/intro.htm), consideration is given to use of ECLS when
all maximally supportive measures yield an arterial-alveolar
DO 2 > 600 with hypercarbia and persistently reduced com-
pliance (107). Survival may exceed 50% , despite several po-
tential complications, including coagulopathy with bleeding,
stroke, pulmonary thromboembolism, ischemic bowel, sepsis,
and MODS. Considerable experience and expertise in this com-
plex, expensive, and resource-intensive procedure is required
to maximize outcome. Venovenous ECMO may be a life-saving
intervention in selected patients with primary ARDS, especially
ischemic-perfusion injury after double lung transplantation. A
salutary outcome is predicated on good cardiovascular func-
tion, the absence of MODS, and relatively rapid (< 72-hour)
improvement in lung function.

Inhale d Vasod ilat ors
Fundamental to the pathophysiology of ALI/ARDS is the phe-
nomenon of ventilation/perfusion mismatch–induced shunt-
related hypoxemia. The phenomenon of hypoxic pulmonary
vasoconstriction (HPV), which may be viewed evolutionar-
ily as a mechanism to “ isolate and exclude” the pathologic
hypoxic collapsed alveoli, carries a price of right heart pres-
sure elevation. The influence of HPV extends beyond the

collapsed areas; well-aerated alveoli may abut remotely con-
stricted vessels, increasing dead space ventilation and fur-
ther straining the right ventricle. When airway inflation and
stabilization via optimization of mechanical ventilation do
not suffice to alleviate collapse, vasodilators may be em-
ployed. Intravenous agents, such as sodium nitroprusside,
affect all vessels, frequently worsening hypoxemia by di-
lating and perfusing collapsed areas. Aerosolized vasoactive
medications, such as nitric oxide or prostaglandin-I, diffuse
from ventilated alveoli and result in relaxation of endothelial
smooth muscle within remotely constricted vascular beds, thus
improving ventilation/perfusion matching while vessels adja-
cent to collapsed alveoli remain unaffected. Selective vasodi-
lation in ventilated areas decreases shunt fraction and con-
tributes to alleviation of pulmonary hypertension (112,113)
(Fig. 136.12).

Nitric oxide (NO) was discovered to be an endogenous com-
pound with vasoactive properties in the late 1980s (114,115).
The mechanism of action is through the generation of cyclic
guanosine monophosphate (cGMP) (115). Its rapid absorption
and inactivation by hemoglobin restrict its effects to the pul-
monary circulation (116). While clinical trials have repeatedly
documented improvement in pulmonary artery pressures and
oxygenation with NO in ALI/ARDS, there is no evidence that
overall mortality is reduced (117,118). Haphazard use of NO
is inadvisable in that substantial potential toxicities exist, in-
cluding free radical formation, production of nitrogen diox-
ide (NO 2) (119), and generation of methemoglobin. The rate
of formation of NO 2 from oxygen and NO depends on the
concentration of oxygen and the square of the NO concen-
trations. The Occupational Safety and Health Administration
has set safety limits of 5 ppm for NO 2, as it can cause patho-
logic changes to the lungs at doses of 25 ppm. At extremely
high doses, pulmonary edema, hemorrhage, and death have
been seen in animal models. NO 2 levels should be monitored
as closely as possible to the endotracheal tube (120). In clinical
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FIGURE 136.12. Intravenous versus in-
haled vasodilator effects on pulmonary cir-
culation. A:Shows two idealized alveoli, one
occluded (left) and the other normal; both
have hypoxic pulmonary vasoconstriction
(HPV)-induced decreased pulmonary blood
flow. B: Shows the result of using an in-
travenous vasodilator: HPV is removed to
both the occluded and nonoccluded alveoli,
resulting in significant shunt. C: Shows the
result of utilization of inhaled nitric oxide
(NO): HPV is reversed in the area of the
ventilated alveolus, but not the obstructed
one. NTP, nitroprusside. (With permission
from Lunn RJ. Inhaled nitric oxide therapy.
Mayo Clin Proc. 1995;70[3]:247–255.)



2076 Sect ion XIII: Resp iratory Disorders

trials using NO at 5 to 40 ppm, NO 2 has not been a significant
problem.

Methemoglobinemia is another potential but rare com-
plication of NO administration. About 80% to 90% of in-
haled NO is absorbed within the bloodstream, where it reacts
with hemoglobin within the red blood cell to form nitrosyl-
hemoglobin and methemoglobin. The primary factor deter-
mining the development of methemoglobinemia is the dose of
NO, although the hemoglobin level, oxygen saturation, and
methemoglobin reductase also play a role. In the United States,
Native Americans more frequently have methemoglobin reduc-
tase deficiency—either partial or complete—and therefore are
more susceptible to methemoglobinemia. Closer monitoring of
such patients is warranted. In clinical trials using NO at 5 to
40 ppm, methemoglobinemia has not been a significant prob-
lem. Finally, the cost of inhaled NO is surprisingly steep (121),
warranting the closest scrutiny of its use in “marginal” situa-
tions.

Liq uid Ve nt ilat ion
Pulmonary gas transport using complex low-surface tension,
high vapor pressure fluorocarbon molecules in the liquid state
has been investigated for use in patients with severe ALI.
Respiratory gases are carried in solution, and either partial-
or full-liquid ventilation is conducted with a conventional or
“ liquid ventilator,” respectively. Perfluorocarbons possess anti-
inflammatory properties and, by virtue of their liquid state, lo-
calize particularly in dependent areas where airway collapse is
most prevalent and thus most in need of PEEP in the ARDS
lung (122). These features of perfluorocarbons tend to stabi-
lize collapsed dependent alveoli without the risks of high pres-
sures associated with conventional ventilation. Animals have
survived the imposition of liquid ventilation in experimental
circumstances (123). Studies on adult humans, however, have
not revealed a benefit to this form of treatment, with no overall
improvement in outcome (124,125) (Fig. 136.13).
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FIGURE 136.13. All-cause mortality for all patients enrolled into the
three studied groups over the first 28 days of the study. Treatment
groups: solid line—low-dose perfluorocarbon; dotted line—high-dose
perfluorocarbon; dashed line—conventional ventilation. (With permis-
sion from Kacmarek RM, Wiedemann HP, Lavin PT, et al. Partial liquid
ventilation in adult patients with acute respiratory distress syndrome.
Am J Respir Crit Care Med. 2006;173[8]:882–889.)

Surfact ant Re p lace me nt
Surfactant is a phospholipid, a protein material produced by
type II epithelial pneumocytes, secreted along the alveolar sur-
face and acting to decrease surface tension to prevent alveolar
collapse. Hydrophilic surfactant proteins A and D contribute to
the immune response (126), while hydrophobic types B and C
facilitate monolayer formation within the alveolus (127). Pul-
monary epithelial injury and surfactant dysfunction from direct
or indirect injury destabilize alveoli, leading to the collapse, ve-
nous admixture, hypoxemia, and a decreased lung compliance
characteristic of ARDS.

Surfactant replacement therapy in adults has been, thus far,
unsuccessful. After an encouraging phase I/II trial of recombi-
nant surfactant protein C–based surfactant supplement (128),
a phase III trial of the same material improved oxygenation
without lowering mortality or the number of ventilator days in
adult patients with ARDS (129). Further investigation of this
promising modality in adults is warranted based on its clear
success in neonatology.

COMPLICATIONS
Significant morbidity or mortality may occur during support-
ive therapy for ALI/ARDS. Most aspects of supportive care
transcend the specifics of ALI/ARDS, and the clinician should
be aware of these potential complications, many of which are
outlined by Pingleton (130) (Table 136.8). Attention to detail
decreases complications and may improve outcome in ARDS.
As suggested earlier, the ARDS patient is so exquisitely sensitive
to the smallest subtleties of mechanical ventilation that discus-
sion of the main potential sequela of suboptimal mechanical
ventilation, namely VALI, is provided in detail below.

Ve nt ilat or-associat e d Lung Injury

To date, the only mode of management with which outcome
in ARDS patients can predictably be improved is the optimal
use of mechanical ventilation, using low tidal volumes with
PEEP (131). As in all things medical, specific techniques of
ventilator management carry risks and benefits. While me-
chanical assistance with gas exchange may be life saving,
mechanical ventilation may contribute simultaneously to wors-
ening the overall inflammatory process and the eventual tri-
umph of MODS leading to death. In fact, the very process
of mechanical ventilatory support can, if conducted subopti-
mally, provoke edematous morphologic and microscopic pul-
monary changes indistinguishable from those associated with
commonly recognized ARDS-inducing processes (71). Again,
in ARDS, nonhomogeneous distribution of areas of consoli-
dated, noncompliant lung, featuring thickened interstitium and
fluid- and debris-filled alveoli residing adjacent to unaffected
areas, causes maldistribution of positive pressure ventilation,
exceeding injurious pressure and volume thresholds in healthy
areas, while not affecting inflamed tissues. The additional in-
flammatory insult induced by suboptimal mechanical ventila-
tion technique is termed ventilator-associated lung injury. The
ARMA study (67) revealed the importance of low-volume ven-
tilation in ARDS, with substantial improvement in several in-
dices using 6 mL/kg rather than 12 mL/kg tidal volumes. While
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TA BLE 1 3 6 . 8

COMPLICATIONS ASSOCIATED WITH ARDS

PULMONARY
Pulmonary emboli
Pulmonary barotrauma
Pulmonary fibrosis
Oxygen toxicity

GASTROINTESTINAL
Gastrointestinal hemorrhage
Ileus
Gastric distention
Pneumoperitoneum

RENAL
Renal failure
Fluid retention

CARDIOVASCULAR
Invasive catheters
Arrhythmia
Hypotension
Low cardiac output

INFECTION
Sepsis
Nosocomial pneumonia

HEMATOLOGIC
Anemia
Thrombocytopenia
DIC

OTHER
Hepatic
Endocrine
Neurologic
Psychiatric
Malnutrition

COMPLICATIONS ATTRIBUTABLE TO INTUBATION
AND EXTUBATION
Prolonged attempt at intubation
Intubation of a mainstem bronchus
Premature extubation
Self-extubation

COMPLICATIONS ASSOCIATED WITH
ENDOTRACHEAL/TRACHEOSTOMY TUBES
Tube malfunction
Nasal necrosis
Paranasal sinus infection
Tracheal stenosis
Tracheomalacia
Polyps
Erosion
Fistulae
Airway obstruction
Hoarseness

COMPLICATIONS ATTRIBUTABLE TO OPERATION OF
THE VENTILATOR
Machine failure
Alarm failure
Alarms silenced
Inadequate nebulization or humidification

COMPLICATIONS OCCURRING DURING POSITIVE
AIRWAY PRESSURE THERAPY
Alveolar hypoventilation
Alveolar hyperventilation
Massive gastric distention
Barotrauma
Atelectasis
Pneumonia
Hypotension

ARDS, acute respiratory distress syndrome; DIC, disseminated intravascular coagulation.
From Taylor RW. The adult respiratory distress syndrome. In: Kirby RR, Taylor RW, eds. Respiratory Failure. Chicago: Year
Book Medical Publishers; 1986:208.

criticized, the findings document the importance of avoiding
several putative mechanisms of pathologic effect:

1. Excess alveolar hyperinflation with associated increased per-
meability and cytokine release

2. Escape of alveolar air outside the confines of alveoli
3. Destructive sheer-stress influence of repetitive inflation/

collapse of unstable alveoli

Each of these phenomena contributes to pulmonary dys-
function and perpetuation of the inflammatory response in
the ARDS patient, and thus each has been classified. Baro-
trauma refers to the presence of air outside the alveoli when
receiving positive pressure ventilation. Air leaks track along
the perivascular sheath to the mediastinum and pleural cav-
ities, or along fascial planes to extrathoracic areas (132). It
seems intuitive that such occurrences are related to pressures
exceeding the limits of tissue structural integrity, but the is-
sue is clearly more complicated, since musicians are repeatedly

able to generate 150 cm H 2O airway pressure with no seque-
lae (133). It is speculated that barotrauma represents regional
overinflation in areas of diseased lung, such areas thereby be-
ing particularly at risk for structural failure and air leak (133).
Volutrauma occurs when excessive inspiratory volumes induce
microvascular edema (134); the offending agent appears to be
excessive volume, rather than the excessive pressure required to
supply that volume (71). Resultant mechanical stretch triggers
changes in the alveolar–capillary barrier (73) and in prolifer-
ation of inflammatory cytokines (75), resulting in interstitial
and alveolar proteinaceous edema, decreased compliance, and
hyaline membrane formation. Compromised surfactant pro-
duction and function leads to increased surface tension, pro-
voking alveolar collapse with increased venous admixture and
subjecting alveolar epithelium to the tissue-destructive shear
stresses of recruitment/derecruitment in the process known as
atelectrauma. While the use of PEEP to maintain diseased distal
alveoli splinted “open” has not definitively been demonstrated
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to improve outcome (75, and earlier discussion, above), im-
provements in oxygenation and pulmonary compliance with
PEEP mandate its routine use in ARDS. Of note is the complex
relationship between mechanical ventilation and patchy mal-
distribution throughout the lung in areas of varying ratios of
ventilation and perfusion, with atelectatic areas abutting hyper-
inflated bullous and cystic areas. While collapsed noncompliant
airways require high initial opening pressures consistent with
the Law of Laplace (within the context of pulmonary physi-
ology, the following formula is appropriate: P = 2t/R, where
P = pressure, t = tension, and R = radius), such high pres-
sure is transmitted throughout the lung, overdistending more
compliant airways both through direct influence and by an un-
equally distributed traction force upon the adjacent airways,
as depicted in Figure 136.7. Implicit in such heterogeneous
patterns of gas distribution is the initiation of the destructive
sequelae associated with inflation of each subregion of lung, as
delineated above.

Furthermore, over the last few years, there has been recog-
nition of the inflammatory cytokine release, as well as alve-
olar and interstitial neutrophil infiltration associated with
ventilator-related pulmonary disruption, leading to MODS
(69,135). While it is indisputable that “excessive” tidal vol-
ume ventilation augments systemic cytokine levels (75), the
specific causal relationship with worse outcome has yet to be
validated. The ALVEOLI study (83), which examined the vari-
ation of short-term indices—28-day mortality and number of
ventilator-free days—with modulation of PEEP, was discontin-
ued early based on lack of improvement in outcome with high
PEEP levels. Thus, the optimal inspiratory pressure, or level of
PEEP for a given ARDS patient’s pressure–volume curve, can
be exceedingly difficult to identify despite the potentially se-
vere consequences of failure to do so. While dependent areas of
tenaciously collapsed, high time-constant alveoli may require
the equivalent of repeated and prolonged high-pressure recruit-
ment maneuvers to achieve inflation and avoid atelectrauma, si-
multaneous transmission of such pressure to compliant alveoli
incurs the risk of inducing volutrauma and inciting inflamma-
tion. Clearly, in those with advanced lung injury, the “optimal”
inspiratory pressure, in reality, reflects a statistical bell curve of
widely variable individual alveolar compliances. The clinician
must vary inspiratory time, plateau pressure, PEEP, and tidal
volume to inflate stiff alveoli while not persistently overdis-
tending the normal ones. Such important actions are required
because of the dynamic and changing compliance profiles of
the inflamed lung.
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CHAPTER 137 ■ EXTRACORPOREAL
CIRCULATION FOR RESPIRATORY OR
CARDIAC FAILURE
ROBERT H. BARTLETT r JONATHAN HAFT

You probably turned to this chapter because you are caring for
a patient with acute heart or lung failure, and the patient is
failing despite your best treatment. The risk of death for your
patient is over 80% any way you measure it. The patient might
be a woman with streptococcal pneumonia, a child who cannot
come off cardiopulmonary bypass after a cardiac operation, a
man with chest trauma, acute respiratory distress syndrome
(ARDS), or massive pulmonary embolism, or an emergency
room (ER) patient undergoing cardiopulmonary resuscitation
(CPR). Your only option to improve survival is extracorporeal
life support (ECLS) with mechanical artificial organs.

ECLS is the use of an artificial heart (pump) and lung (mem-
brane oxygenator) to replace organ function for days or weeks,
to allow time for diagnosis, treatment, and organ recovery or
replacement. The indications for ECLS are acute, severe heart
or lung failure, not improving on conventional management.
In a patient with an 80% to 100% risk of dying, the healthy
survival results with ECLS range from 40% in cardiac arrest
with CPR to 95% in neonatal meconium aspiration. ECLS is
routine treatment in every major neonatal ICU and pediatric
cardiac surgery program. Why is ECLS not used routinely in
every adult ICU and emergency room? The reasons are com-
plexity, expense, the need for special equipment and experi-
enced personnel, and education. Improvements in the technol-
ogy for ECLS will solve some of these limitations. Intensivists in
neonatology and pediatrics understand the principles of ECLS,
so most of this discussion is devoted to adult patients.

BACKGROUND
The heart/lung machine was developed by John Gibbon, be-
ginning in 1939 and culminating in the first successful heart
operation using a heart–lung machine in 1954 (1). Dr. Gib-
bon’s motivation was to develop a technique to treat massive
pulmonary embolism, but what resulted instead was the entire
field of intracardiac surgery. The artificial heart was simply a
blood pump, and the artificial lung was direct exposure of the
flowing blood to oxygen gas. For cardiac surgery all the venous
return is diverted into the machine and pumped into the sys-
temic circulation, leaving the heart empty long enough to repair
intracardiac defects or operate on the coronary circulation. The
opportunity to operate directly on the heart was miraculous,
but the heart–lung machine itself caused damage to the fluid
and solid elements of the blood, causing fatal complications if
it was used for more than 4 hours. The major cause of blood
damage was the direct exposure of blood to gas (2,3). Interpos-

ing a gas exchange membrane of plastic (4) or cellulose (5) be-
tween the flowing blood and the gas solved most of the blood-
damage problems, but experimental devices required very large
surface areas and were impractical for any clinical use (4–6).
This changed when thin sheets of dimethyl polysiloxane poly-
mer (commonly called silicone rubber) became available in the
1960s. Using silicone rubber membrane, artificial lungs with
potential clinical application were designed and studied (7–10).
By eliminating the gas interface it was possible to use a modi-
fied heart–lung machine for days at a time, and the physiology
and pathophysiology of prolonged extracorporeal circulation
was worked out in the laboratory (11–13).

The first successful use of prolonged life support with a
heart–lung machine was conducted by J. Donald Hill et al.
in 1971 (14). The patient was a young man suffering from
ARDS, a newly recognized entity in those days and initially
called “adult respiratory distress syndrome.” The entire disci-
pline we now call critical care was evolving at the same time.
After Hill’s case, several other successful cases were reported
in children and adults with severe pulmonary and cardiac fail-
ure (15). At the same time there seemed to be an epidemic
of ARDS, and it looked like extracorporeal support would be
the answer. A multicenter clinical trial of prolonged extracor-
poreal circulation for adults with ARDS was commissioned
by the National Institutes of Health in 1975. This was the
first prospective randomized trial of a life-support technique
in acute fatal illness in which the end point was death. There
were many problems with the design and execution of that clin-
ical trial, but from it we learned that the mortality for all pa-
tients with ARDS was 66% , and the mortality for severe ARDS
was 90% , with or without ECLS. We learned that extracorpo-
real support attempted by inexperienced teams, in venoarterial
mode for 1 week without protecting the lung from ventilator
injury, did not improve the ultimate survival in severe ARDS.
We learned (the hard way) the mistakes to avoid when con-
ducting a prospective trial in acute fatal illness. And finally,
we developed a name for the technology: extracorporeal mem-
brane oxygenation (ECMO). The results of that study were
published in 1979 (16). Laboratory and clinical research on
ECLS in adults essentially stopped for a decade. However, the
results in neonatal respiratory failure were very encouraging.

We reported the first successful case of ECLS for respiratory
failure in a newborn infant in 1976 (17). Our laboratory had
been studying membrane oxygenator development and pro-
longed extracorporeal circulation in animals for 10 years. We
and others had used extracorporeal support for postoperative
cardiopulmonary failure in children with the first successful
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pediatric cardiac case in 1972 (18). White et al. (19) and Dor-
son et al. (20) had initiated clinical trials in neonatal respiratory
failure without success. We treated 40 newborn patients over
the next 5 years with 50% survival (21). Neonatologists and
surgeons from other institutions joined us to learn the technol-
ogy. By 1986 eighteen neonatal centers had successful ECMO
teams (22).

We conducted the first prospective randomized trial of
ECMO in neonatal respiratory failure, using an adaptive de-
sign to correct some of the mistakes we had made in the earlier
adult trial (23). Another prospective randomized trial was car-
ried out by O’Rourke et al. at the Boston Children’s Hospital
(24). ECMO became standard treatment for severe neonatal
respiratory failure by 1986, and standard treatment for severe
cardiac failure in children by 1990.

Kolobow (25) showed that high ventilator inspiratory pres-
sure (lung stretch) and high FiO 2 caused severe lung injury. Gat-
tinoni et al. (26) and Kolobow (25) separated respiration from
oxygenation by removing CO2 by extracorporeal circulation
(making ventilation unnecessary) and oxygenating by insuffla-
tion. Using extracorporeal CO2 removal, they prevented stretch
injury, and reported 56% survival in severe ARDS. These obser-
vations led to renewed interest in ECLS for adult respiratory
failure. By the 1990s several groups reported similar results
(27–29). The value of avoiding lung stretch injury has been
verified in many studies (30–32), decreasing the incidence of
iatrogenic lung injury (and decreasing the need for ECLS). Even
with these and other improvements, the mortality for ARDS in
otherwise healthy patients was still 30% (32).

The use of ECMO allows study of patients who would oth-
erwise have died. This unveiled many aspects of respiratory
pathophysiology and treatment, which in turn resulted in better
understanding and the implementation of other simpler tech-
niques. As the technology developed it was standardized, dis-
seminated, studied, and improved in an organized fashion by
the actual and potential users. This group of investigators and
clinicians was formally organized as the Extracorporeal Life
Support Organization (ELSO) in 1989. For the last 20 years
that group has developed guidelines and practices, published
the standard textbook in the field (33), and maintained a reg-
istry of ECLS cases.

ECLS TECHNIQ UE AND
PHYSIOLOGY

Extracorporeal life support is simply the use of a modified
heart/lung machine to provide gas exchange (and systemic per-
fusion if necessary) to prolong the life of a patient when native
heart and lung function is not adequate to sustain life. The tech-
nique, indications, methods, and results are described in detail
in the book ECMO :Extracorporeal Cardiopulmonary Support
in Critical Care published by the Extracorporeal Life Support
Organization (www.elso.med.umich.edu) (33). The heart–lung
machine used for cardiac surgery is modified, both in devices
and technology, to be used for days or weeks in the inten-
sive care unit, but the purpose is the same: to keep the body
alive during heart or lung failure. The technique is invasive and
complex. A large (23–30 French catheter) is inserted into the
inferior vena cava or right atrium; venous blood is drained,
passed through an artificial lung, and pumped back into the
patient, either into the aorta (venoarterial [VA] bypass) or into

the right atrium (venovenous [VV] bypass). VA bypass puts the
artificial lung in parallel with the native lungs and substitutes
for both heart and lung function. In VV bypass, the artificial
lung is in series with the native lungs and the patient is reliant on
his own hemodynamics for pulmonary and systemic perfusion.
ECLS allows decreasing the ventilator to nondamaging “rest”
settings (typically FiO 2 0.3, pressure 20/10, rate 4), decreasing
vasoactive drugs, and optimizing other aspects of treatment.

Because the surfaces of the extracorporeal devices are plas-
tic, it is necessary to anticoagulate the blood with a contin-
uous infusion of heparin, titrated to a low but constant level
of anticoagulation. This level of anticoagulation is measured
by whole blood activated clotting time (ACT). The normal
is 120 seconds, and during ECLS, ACT is maintained at ap-
proximately 180 seconds. Although this level of heparinization
prevents thrombosis in the extracorporeal circuit, circulating
platelets still adhere to the plastic surfaces, become activated
which attracts more platelets, grow into platelet aggregates,
and eventually break off and recirculate as effete platelets,
which are removed by the reticuloendothelial system in the
liver and spleen. Because heparinization and thrombocytope-
nia are necessary components of ECLS, the major risk of the
procedure is bleeding. As currently practiced, significant bleed-
ing is rarely a serious problem, but this requires the continuous
bedside attendance of a specialist whose primary job is to mea-
sure the ACT and platelet count at very frequent intervals and
titrate heparin dose and platelet infusions accordingly. Prop-
erly managed, ECLS can be used for weeks without hemolysis,
device failure, clotting, or bleeding, but it is invasive and expen-
sive. The technology not only must be learned and practiced
by the intensive care unit team, but also must be endorsed by
the entire hospital. Management of the patient during ECLS
includes management of perfusion and gas exchange as above,
but also attention to fluid balance, oxygen consumption and
delivery, nutrition, position, and the monitoring and sustaining
of function of other organs.

In respiratory failure, VV access is preferred. Gas exchange
across the native lungs is usually minimal during the first sev-
eral days of ECLS; therefore, the patient is totally dependent
on the extracorporeal system. As native lung function returns,
systemic blood oxygenation and CO 2 clearance improve, im-
proved gas exchange can be measured at the airway, and the
extracorporeal blood flow rate is gradually decreased, allowing
the native lungs to assume a larger percentage of gas exchange.
When the native lungs have improved, the patient is tried off
ECLS at nondamaging ventilator settings. When this trial is
successful, the cannulas are removed and recovery continues.
Patients who are successfully weaned off ECLS have a 90%
likelihood of complete recovery.

In cardiac failure, VA access is required (usually via the
femoral vessels). Inotropes and pressors are weaned off, and
systemic perfusion is maintained by extracorporeal flow. Lung
function usually returns to normal in a day or two, and the
patient can be awakened and extubated. When the patient is
stable, and the function of other organs can be determined (es-
pecially the brain), a decision can be made regarding bridge
to recovery or bridge to ventricular assist device (VAD) and
transplantation. When ECLS is used for cardiac support, the
pulmonary and left ventricular blood flow is decreased in
proportion to the extracorporeal flow. This can lead to two
problems. First, if the heart stops altogether, the left atrium
and the left ventricle will gradually distend with bronchial
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venous blood, leading to high left atrial pressure and pul-
monary edema. This condition is diagnosed by the lack of pul-
satility in the systemic arterial system. If left ventricular (LV)
function is inadequate to maintain emptying of the left heart,
the left side of the heart must be drained into the venous line,
either by direct catheterization of the left atrium or by creation
of an atrial septal defect. The second problem with VA bypass
in the totally failing heart is thrombosis in the left atrium or
left ventricle. This will occur even in the presence of systemic
heparinization. Thrombosis is diagnosed by echocardiography.
If a patient has left atrial or left ventricle thrombus, it is im-
portant to avoid spontaneous left ventricular function. Usually
such patients are candidates for VAD or cardiac replacement,
and the clot is removed before embolism could occur.

CLINICAL RESULTS
The most recent data from the ELSO registry are shown in
Table 137.1. Participation in the Extracorporeal Life Support
Organization is voluntary, but almost all cases treated with
ECLS in established centers are included in the registry. There
are currently over 30,000 patients who have been managed
with ECLS. Although there are extensive data on gas exchange,
perfusion, coagulation, and so on, the only important statistic
is hospital discharge survival because the technique is a life-
support technique and it is applied only to patients who are not
expected to survive otherwise with a high (80% –100% ) risk of
dying with continuing conventional treatment. The mortality
risk is measured differently in different age groups.

Ne onat al Re sp irat ory Failure

The largest group of patients treated with ECLS is newborn
infants with respiratory failure. There are only a few causes
of severe respiratory failure in newborn infants. Survival after

ECLS for meconium aspiration, infant respiratory distress syn-
drome (IRDS), primary pulmonary hypertension of the new-
born (PPHN), and neonatal sepsis is 80% to 95% , and 60% for
congenital diaphragmatic hernia. The reason for these excellent
results is that the causes of respiratory failure in neonates do
not destroy lung tissue. The primary pathophysiology is pul-
monary hypertension with right-to-left shunting through the
ductus arterious (persistent fetal circulation). During ECLS the
pulmonary vasculature relaxes, the ductus closes, and lung re-
covery occurs promptly. The problem in congenital diaphrag-
matic hernia is that the hernia compresses the lungs and causes
bilateral lung hypoplasia in utero in addition to pulmonary va-
sospasm. The hypoplastic lungs may be too small to support
the infant.

The early neonatal ECMO patients are now adults with
children of their own, and there is abundant information on
long-term follow-up. About 10% of surviving patients have
some neurologic disability; the most common is some degree
of hearing loss. This is lower than the incidence of complica-
tions in critically ill infants not treated with ECLS, indicating
that these are the complications of profound illness in the new-
born. The use of ECLS in neonatal respiratory failure decreased
after the initiation of nitric oxide inhalation to treat pulmonary
hypertension. Approximately 1,000 per year are entered into
the ELSO registry.

Pe d iat ric Re sp irat ory Failure

Severe respiratory failure in older children is relatively rare,
compared to the incidence in newborn infants and adults.
The most common cause is viral or bacterial pneumonia. Sta-
tus asthmaticus is another life-threatening problem in chil-
dren. ECLS is used when a patient is not responding to other
methods of management. The survival rate is approximately
75% , varying to some extent with the primary condition. The
effectiveness of ECLS in pediatric respiratory failure was

TA BLE 1 3 7 . 1

OVERALL PATIENT OUTCOMES WITH ECLS FOR CARDIAC AND
RESPIRATORY FAILURE

Total Surv ECLS Surv to DC

Neonatal
Respiratory 20,993 17,889 85% 16,005 76%
Cardiac 2,898 1,684 58% 1,095 38%
ECPR 274 176 64% 109 40%

Pediatric
Respiratory 3,390 2,173 64% 1,895 56%
Cardiac 3,658 2,199 60% 1,624 44%
ECPR 523 263 50% 200 38%

Adult
Respiratory 1,255 740 59% 646 51%
Cardiac 671 300 45% 216 32%
ECPR 189 80 42% 59 31%

33,851 25,504 75% 21,849 65%

ELSO registry data, December 2006. The data for 2006 are incomplete. ELSO, Extracorporeal Life Support
Organization; Surv, survival; ECLS, extracorporeal life support; DC, discharge; ECPR, extracorporeal
cardiopulmonary resuscitation.
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demonstrated in a contemporary matched pairs study by Green
et al. (34). Most children with respiratory failure can be man-
aged successfully with venovenous access. In children who do
not survive, the most common cause of death is progressive
lung destruction from the primary infection, or brain damage
from the period of hypoxia and ischemia that preceded ECLS.
These children are all essentially normal in follow-up. Once
the lung recovers, pulmonary function and exercise tolerance
return to normal.

Ad ult Re sp irat o ry Failure

The cause of ARDS is a primary lung event in about half the
cases (viral or bacterial pneumonia, aspiration, pulmonary vas-
culitis, etc.), and secondary to extrapulmonary causes in the
others (shock, trauma, pancreatitis, sepsis). The overall mor-
tality for ARDS is approximately 30% even with excellent
management. ECLS is indicated for those patients who have
a high mortality risk within the first week after intubation.
These patients are relatively easy to identify. They have an
alveolar-arterial (A-a) gradient for oxygen greater than 600 on
day 2, 3, or 4 following initial intubation. The mortality risk
for those patients is approximately 80% , and the recovery rate
with ECLS in those patients is approximately 70% (35–38).
Patients on the ventilator more than 5 days pre-ECLS have less
chance of recovery; hence the overall survival rate for ECLS
treatment of ARDS is approximately 55% . The University of
Michigan has reported the largest experience with ECLS for
ARDS. In that series, the overall survival rate was 52% and
rose to 65% in 2002 (35). The series is large enough to char-
acterize the patient population and identify the likelihood of
recovery based on age and days on mechanical ventilation.

As technology for adult respiratory failure has evolved,
ECLS is now practiced using primarily venovenous access, with
high blood flow adequate to sustain oxygenation as well as
CO 2 removal, lung rest, diuresis, and prone positioning. This
approach leads to the 50% to 60% survival discussed above,
but a new prospective randomized trial is clearly indicated, and
is currently being conducted in the United Kingdom (UK), fol-
lowing the study design of the UK neonatal ECMO trial (39).
This brilliant study design solves many of the logistic and eth-
ical problems of prospective randomized trials of life support
in which death is the end point. Patients who meet entry crite-
ria in participating intensive care units throughout the country
are randomized to continuing conventional care in that center
or referral to an ECMO center. In the adult trial, there is one
ECMO center in Leicester, England (40). With this approach,
the best available care in the entire country will be compared
to a specific algorithm in a specific center. The results of this
study will be available in the fall of 2007, and preliminary re-
sults may be viewed at the Web site. (40) If ECLS is not used for
adults in your intensive care unit, the answer to the question
posed in the introduction is clear. Do the best you can with
what you have, but do not try to set up an ECLS system on the
spur of the moment.

Another important application for ECLS in children and
adults is status asthmaticus. There are patients with acute
asthmatic attacks unresponsive to bronchodilators, intubation,
ventilation, sedation, heliox, general anesthesia, and the other
extreme measures used to treat status asthmaticus. These pa-
tients have overexpansion, air trapping, normal oxygenation,

and profound CO 2 retention. Pneumothorax often occurs and
is usually a fatal complication. Approximately 4,000 people die
of acute asthma in the United States every year. This condition
is ideally treated with ECLS. Simple VV cannulation and rela-
tively low blood flow is all that is required to achieve normal
CO 2 clearance and return to normal blood gases. Once this
occurs, bronchospasm invariably clears within a day or two
(41). Because the risk of pneumothorax and death is significant,
and because the risk of ECLS is low, ECLS should be consi-
dered in any patient who has a severe asthma attack with PCO 2
> 80 despite mechanical ventilation and other optimal treat-
ment. When ECLS is used for status asthmaticus, the gas flow
to the membrane lung is slowly increased over hours to avoid
potential complications of sudden changes in PCO 2 and pH.

Card iac Failure in Child re n

Venoarterial ECLS is currently the only mechanical support
system available for children in the United States. Most of the
children treated with ECLS have cardiac failure following a
cardiac operation, usually for congenital heart disease. These
patients cannot be weaned from cardiopulmonary bypass in the
operating room, or are weaned but remain in profound cardiac
failure despite full inotropic support following operation. Pa-
tients who cannot be weaned from cardiopulmonary bypass
are attached to the ECLS machine using the same cannulas
used for cardiopulmonary bypass (CPB), typically in the right
atrium and aorta. If the patient has been weaned off bypass and
the chest is closed, vascular access is gained by cannulation of
the right internal jugular vein and right common carotid artery,
as in newborn respiratory failure. This same vascular access is
used for children with myocarditis or myocardiopathy. Because
ECLSis commonly used directly after cardiopulmonary bypass,
bleeding is a more common occurrence in cardiac patients than
in respiratory patients. This is best managed by maintaining
the chest open with a sterile plastic sheet over the open wound
and blood drainage tubes placed in the chest. In this way the
amount of bleeding can be observed directly, and it is easy to
reexplore the chest, which is often required every 8 to 12 hours
for the first day on ECLS. Bleeding is managed by maintaining
the heparinization at very low levels (1.25 times the upper limit
of normal ACT), maintaining platelet count over 100,000, and
adding aprotinin to enhance platelet function and Amicar to
minimize fibrinolysis. A combination of Amicar, aprotinin, and
low-level heparinization can lead to thrombus formation in the
extracorporeal circuit. In these cases it is important to keep a
primed extracorporeal circuit available so that the circuit can
be changed if clotting occurs. Aprotinin has been removed from
the market due to a higher incidence of renal failure, and fur-
ther studies are being done.

Generalized fluid overload is a common problem associ-
ated with cardiac failure in children. Diuresis is begun immedi-
ately with ECLS. If satisfactory negative fluid balance cannot
be achieved with continuous infusion of diuretics, continuous
hemofiltration is instituted. Survival with ECLS in pediatric
cardiac failure is 40% to 50% (42).

Card iac Failure in Ad ult s

The experience with ECLS for cardiac failure in adults is shown
in Table 139.1. The most common indication for ECLS for
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cardiac support in adults is acute myocardial failure following
myocardial infarction or heart failure following cardiac oper-
ation. Vascular access is usually achieved by cannulation of
the right atrium via the right internal jugular or femoral vein
with arterial return retrograde via the femoral artery. Intra-
aortic balloon pumping is possible in adults and will support
approximately 40% of the cardiac output. Most of the patients
treated with ECLS have failed balloon pumping, as well as full
inotropic support. If a balloon pump is in place through one of
the femoral arteries, it is best left in place because of the risk
of bleeding once the pump has been removed. The opposite
femoral artery is used for arterial access.

Adult patients in acute cardiac failure are candidates for
left ventricular assist device (LVAD) placement as a bridge to
recovery or a bridge to transplantation. However, in the acute
failure situation it is best to institute ECLS first, to stabilize the
circulation and gas exchange, and to determine if other organs
are functioning, specifically the brain. If severe brain injury
has occurred during the period of acute cardiac failure, ECLS
is discontinued, avoiding the futile thoracotomy and expense
of LVAD placement. The survival for ECLS in adult cardiac
failure is 40% to 50% (43–45).

EXTRACORPOREAL LIFE SUPPORT
FOR CARDIOPULMONARY

RESUSCITATION
ECLS can be used in association with resuscitation to support
cardiac and pulmonary function in cardiac arrest or profound
shock. In this application the ECLS circuit must be primed
and available within minutes. Therefore, the extracorporeal
life support for cardiopulmonary resuscitation (ECPR) cases
are done primarily in established ECLS centers, which have
both the equipment and the team to institute ECLS on a mo-
ment’s notice. The limiting factor in establishing ECLS in these
cases is vascular access. It is difficult to get rapid arterial and
venous access in a patient in full cardiac arrest. Most successful
ECPR cases have been in patients who arrested, then briefly re-
suscitated, with simple vascular access gained following initial
resuscitation. Then ECLS cannulas can be placed over a wire
through smaller catheters if and when the patient arrests again
or proceeds to cardiogenic shock or intractable arrhythmias. In
our institution we consider ECPR for patients who have been in
cardiac arrest for less than 5 minutes. A few patients who have
been arrested with full and well-documented resuscitation for
over an hour have been treated successfully, but if the arrest has
been prolonged and if profound metabolic acidosis exists, then
establishing extracorporeal support is often futile. The overall
results for successful, healthy survival after ECPR is approx-
imately 40% , much better than the 5% successful results of
external message only (46,47).

OTHER APPLICATIONS OF ECLS
The ability to totally control perfusion and gas exchange with
an extracorporeal system offers unique opportunities in other
aspects of acute medical care. Profound hypothermia can be
treated by extracorporeal support. This is particularly im-
portant because patients who are hypothermic may develop

ventricular fibrillation during external warming. Hypothermia
associated with exsanguinating hemorrhage in the operating
room can be treated successfully with ECLS. Perfusion is main-
tained during the period of bleeding, and hypothermia can be
maintained to protect organ function. After bleeding is con-
trolled, blood is returned to the patient associated with warm-
ing to avoid the coagulopathy caused by low temperature. Hy-
perthermic perfusion can be established, either for total body
warming or for regional warming, as an adjunct to cancer
chemotherapy.

Septic shock was once considered a contraindication to
ECLS. However, sepsis often clears during ECLS, and this has
become a standard indication in our institution. It is common
for patients in septic shock to regain normal vascular tone and
to come off all vasopressors within a day or two of instituting
ECLS (48). This is partly related to establishing healthy per-
fusion and gas exchange, and partly related to adsorption of
inflammatory mediators by the plastic in the circuit.

ECLS has also been used to support perfusion in potential
organ donors, particularly in situations in which death prior
to organ donation occurs because of cardiac arrest following
elective withdrawal of ventilator support (49).

SUMMARY
Extracorporeal life support sustains cardiac and pulmonary
function by mechanical means for patients with profound car-
diac or respiratory failure. The technology includes extracor-
poreal vascular access, perfusion devices, and management of
anticoagulation. ECLS does not treat cardiac or pulmonary
failure, but offers hours or days of time to establish a diagno-
sis and allow time for organ recovery or replacement. Overall
success is measured in survival because ECLS is used only in
patients at a high risk of dying from acute heart or lung failure.
Healthy survival ranges from 95% in some cases of newborn
respiratory failure to 40% when ECLS is used as adjunct to
cardiac resuscitation.
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DEFINITIONS AND DESCRIPTIONS
Several definitions and multiple terminology have appeared
during the past half-century regarding the description of vic-
tims who suffer a fatal or near-fatal event from being sub-
merged in water and other liquids. Some of the descriptors
have had modifications placed on them and, furthermore,
their meaning was somewhat lost when translated into some
languages other than English. Because drowning is a global
problem, at the World Congress on Drowning in Amsterdam,
The Netherlands, on June 26 through 28, 2002, a group was
convened from multiple countries to develop a definition of
“drowning” that would be applicable in multiple languages
worldwide (1). Although unanimity may not have been present
on every term discussed, there clearly was a consensus to sim-
plify the terminology for international application. What fol-
lows is the consensus of that group with comment and, in some
cases, slight modification representing the bias of the authors
of this chapter.

THE DROWNING PROCESS
Drowning is the process resulting from primary respiratory im-
pairment from submersion or immersion in a liquid medium.
Implicit in this definition is that a liquid-to-air interface must
be present at the entrance to the victim’s airway, thus preclud-
ing the possibility of the victim to breathe air. Although it is
possible to suffer a drowning episode in multiple types of liq-
uid, this chapter will be confined to the most common use of
the terminology, namely, drowning in water.

The drowning process is a continuum that begins when the
victim’s airway is initially below the surface of the water. At
this time, the victim first will voluntarily hold his or her breath.
Some victims will swallow significant quantities of water dur-
ing this time. This period of voluntary breath holding, which
has been found in human volunteers to last an average of 87
seconds at rest and shorter with exercise (2), is followed by an
involuntary period of laryngospasm secondary to water in the
oropharynx or at the level of the larynx acting as a foreign body
(3). During this period of breath-holding and laryngospasm,
the patient cannot breathe; therefore, oxygen is depleted and
carbon dioxide is not eliminated. This results in the patient
becoming hypercarbic, hypoxic, and acidotic (4).

As the levels of carbon dioxide increase in the blood and lev-
els of oxygen decrease, respiratory efforts become very active
but no exchange of air occurs because of the obstruction at the
larynx. Victims who subsequently recover and recall this pe-
riod frequently describe it as being quite terrifying and painful
as they struggle to create intense negative intrapleural pressure

breathing against a closed glottis (5). As the patient’s arterial
oxygen tension drops further, laryngospasm abates, and the pa-
tient then actively breathes water. Further evidence of the mag-
nitude of negative pressure created during laryngospasm is the
fact that the lungs of drowning victims frequently demonstrate
significant hyperinflation at autopsy (6).

The amount of liquid a drowning victim breathes varies con-
siderably between victims (4). Studies comparing the biochemi-
cal changes occurring in humans after a drowning episode with
those in experimental animals suggest that, while the volume
of liquid actually inhaled varies considerably from one victim
to another, only 15% of persons who die in the water aspi-
rate in excess of 22 mL/kg of water (7), and the percentage
is considerably less in those who survive (4). Changes occur in
the lung, body fluids, and electrolyte concentrations, which are
dependent on both the composition and volume of the liquid
aspirated (8–10).

RESUSCITATION
A victim can be rescued at any time during the drowning pro-
cess and given the appropriate resuscitation measures, in which
case the process is interrupted. The victim may recover with the
initial resuscitation efforts or after subsequent therapy aimed
at eliminating hypoxia, hypercarbia, and acidosis and restoring
normal organ function. If the patient is not removed from the
water, then circulatory arrest will occur, and, in the absence of
effective resuscitative efforts, multiple organ dysfunction and
death will result, primarily from tissue hypoxia.

Although the tolerance to hypoxia of various tissues is dif-
ferent, it should be noted that the brain is the organ most at
risk for permanent detrimental changes from relative brief pe-
riods of hypoxia. Frequently, the question is asked, How long
can a person be submerged and still be rescued and resuscitated
back to a normal life? While, obviously, there are no controlled
human studies—nor should there be on this subject—the lim-
iting time factor is likely the duration that cerebral hypoxia
can be tolerated before irreversible changes occur. Irreversible
damage to brain tissue is reported to begin approximately 3
minutes after the PaO 2 falls below 30 mm Hg under normo-
thermic conditions in otherwise normal people (11). Such data
suggest that if the victim is rescued and effective resuscitation
efforts are applied within 3 minutes of the cessation of respira-
tion (i.e., submersion in water), the vast majority of such vic-
tims should be able to be resuscitated and suffer no permanent
brain damage. Further, because the period of voluntary breath
holding and laryngospasm is thought to last for approximately
11/2 to 2 minutes (2,12), persons who are retrieved within that
time frame will likely not suffer lung damage secondary to the
aspiration of liquid. Once the 3-minute time frame has been
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exceeded, although some normal survivors are reported, it be-
comes less likely that normal survival will result from resuscita-
tion efforts. This time frame may be prolonged if hypothermia
occurs rapidly because it decreases the cerebral requirement for
oxygen.

Trained divers have been shown to be able to voluntarily
hold their breath for much longer periods of time, approach-
ing 4 to 5 minutes without complication (13). Persons who
become hypothermic due to immersion or submersion in ex-
tremely cold water will rapidly develop hypothermia, which
protects the brain by decreasing its oxygen requirement, and
prolongs survival (14). In the latter case, seemingly miraculous
recoveries of patients who have been submerged for over 20
minutes have been reported (15). It should be noted, however,
that hypothermia is a two-edged sword; although it can protect
the brain from oxygen deprivation, it also can cause death in the
water secondary to its effect on the conduction system of the
heart, resulting in circulatory arrest either by asystole or ven-
tricular fibrillation (16).

The drowning process can be altered by the initiating event,
such as if the victim suffers trauma, develops syncope or un-
consciousness, has a circulatory arrest either by asystole or
ventricular fibrillation as the precipitating event, hyperventi-
lates prior to breath-holding under water, or has a convulsive
disorder that leads him or her to become incapacitated, thereby
becoming submerged, or if the victim’s judgment and/or mo-
tor function is impaired by significant parenteral levels of de-
pressant drugs, including alcohol. For example, in the victim
who suffers a concussion from a blow to the head, subsequent
recollection of the events is unlikely. If trauma results in a cer-
vical fracture, disastrous damage to the spinal cord may oc-
cur acutely and, thus, motor function may be lost below that
level. If the victim has a circulatory arrest either by asystole or
ventricular fibrillation as a precipitating event, respiration will
cease, and it is highly unlikely that significant amounts of wa-
ter will be breathed into the lung given that active respiration
is necessary for this to occur (17). If the victim hyperventilates
prior to breath holding under water, it has been shown that the
breath-holding breaking point can be extended until the level of
hypoxia is so severe that consciousness is lost, and thus the vic-
tim actively breathes in water (2,12). The effect of drug usage is
variable, depending on the level of depression and the patient’s
response. There is considerable variation in tolerance to depres-
sant drugs and alcohol and their effects on performance and
orientation. To better understand what to expect in each vic-
tim, the initiating event should be reported in every case if it is
known.

When a person experiences a drowning episode, the result
can be death or survival. Furthermore, the victim can survive
without residual damage, or with residual damage to vary-
ing degrees (e.g., from minor neurologic difficulty to one that
has no normal function other than continuation of an effective
heart beat with or without spontaneous respiration).

CLASSIFICATIONS
The terms drown and near-drown have been used for decades
in an attempt to separate these outcomes (18). At the World
Congress on Drowning, however, it became apparent that their
meaning was not felt to be clear when translated into some lan-
guages (1). Furthermore, a victim could have no signs of spon-

taneous physiologic function and, therefore, be “drowned” ;
however, once resuscitative efforts were applied, they would
respond positively and survive to varying degrees and, thus,
the term applied to them would have to be changed to “near-
drown” (19). In addition, there is another group who do not
die acutely, but die later of complications from their drowning
episode. In this case, the question is, Were they “near-drowned”
or were they “drowned”?

The definition of “drowned” we believe to be fairly clear—
namely, death secondary to undergoing the drowning episode.
“Near-drowned” presents a significantly greater problem of
understanding. We believe that the term “drowned” should be
retained for both those who die acutely in the water and those
who die later of consequences directly resulting from the sub-
mersion episode. However, we agree with the consensus of the
World Congress members that “near-drowned” may lead to un-
necessary confusion and, therefore, should be replaced by ter-
minology such as “ the victim survived the drowning episode”
and then describe the ultimate condition of the victim.

Other terms that have appeared in the literature over the
past few decades that we believe are confusing and should be
abandoned are as follows:

Dry versus wet drowning: Because all drowning occurs in
liquid, by definition, they are all wet. This terminology has
been used by some to categorize drowning victims into those
who aspirate liquid into the lungs and those who do not.
Frequently, it is not possible to determine at the scene of the
accident whether the victim actually did aspirate water. This
is particularly true when the quantity of water aspirated is
small. Further, if evidence of fluid aspiration is not detected
in the victim who dies or is discovered dead in the water,
the diagnosis may be suspect (20). In these cases, one should
look for other explanations such as acute mechanical stand-
still of the heart, from asystole or ventricular fibrillation, or,
for that matter, whether the victim actually was alive when
he or she first became submerged.

Active versus passive versus silent drowning: This termi-
nology has been used by some to separate those victims
who are observed to be struggling at the surface of the wa-
ter from those who are first discovered when they are ac-
tually submerged and motionless. It has been shown with
underwater cameras that even victims who were not seen
to be in difficulty on the surface of the water by observers
may have had unrecognized active motion while submerged.
We believe, therefore, that these terms should be aban-
doned in favor of the terms “witnessed,” when the episode
is witnessed from the onset of submersion/immersion to
the time of rescue, or “unwitnessed,” when a body is
found in the water without anybody seeing how it got
there.

Secondary drowning: This terminology has been used by
some to describe a situation when a precipitating event from
another origin (e.g., syncope) causes a victim to be below
the surface of the water, and then he or she drowns. On
the other hand, some use this terminology to describe a vic-
tim who appears to be recovering from a drowning episode
in the hospital and then develops adult respiratory distress
syndrome. Not only is this terminology confusing but also,
in the latter instance, a patient does not experience a sec-
ond submersion or drowning episode, and therefore, this
terminology should be abandoned.
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PATHOPHYSIOLOGY
There have been extensive studies both in animals (7–
9,14,18,21–34) and in humans (4,6,20,35–40) over the past
century in an attempt to quantitate the changes that occur as
a result of a drowning episode. What has consistently been
shown over and over again is that, acutely, drowning pro-
duces asphyxia (i.e., hypoxia, hypercarbia, and acidosis). The
hypercarbia is due to absent or ineffective ventilation, and is
readily correctable when aggressive mechanical ventilation is
instituted. The hypoxia that occurs initially is not as readily
correctable and may be persistent for long periods of time (8–
10). This hypoxia is first due to apnea, and then primarily to
intrapulmonary shunting from alveoli that are perfused but
not being ventilated, or not being ventilated adequately (32).
The acidosis is mixed, and the respiratory component rapidly
disappears with effective ventilation. The patient is, however,
frequently left with significant metabolic acidosis due to anaer-
obic metabolism during the period of time that profound tissue
hypoxia secondary to absent or ineffective respiration and car-
diac output was present. The hallmark of this high anion gap
metabolic acidosis is an increased level of serum lactic acid.

Pulmonary

While intrapulmonary shunting occurs after both fresh water
and sea water aspiration, the etiology is different (33). In the
case of fresh water, the aspirated water alters the surface tension
properties of pulmonary surfactant. Thus, the alveoli become
unstable and do not maintain their normal shape or patency,
resulting in an increase in both absolute and relative intrapul-
monary shunt (32,33). Sea water does not change the surface
tension properties of pulmonary surfactant but, because it is
hypertonic, it pulls fluid from the circulation into the alve-
oli, thus producing obstruction to gas exchange at the alveolar
level. Bronchoconstriction also has been reported after aspira-
tion of even small quantities of water (28).

Fresh water, being hypotonic, is absorbed very rapidly into
the circulation and, because of the transient hypervolemia that
occurs and the change in the surface tension properties of pul-
monary surfactant, pulmonary edema results. The pulmonary
edema is most commonly described as frothy or foamy and
blood-tinged. This coloring is secondary to the presence of free
plasma hemoglobin from the rupture of some red blood cells
due to the absorption of hypotonic fluid into the circulation in
the face of hypoxia (41). Pulmonary edema also occurs when
sea water is aspirated, secondary to a semipermeable mem-
brane effect because the sea water is hypertonic compared to
plasma. Even though the etiology of the hypoxia is different be-
tween fresh water and sea water aspiration, the result of both
is to increase intrapulmonary shunt, which requires aggressive
therapy (32,42,43).

Extensive studies of serum electrolyte concentrations after
drowning have shown that only 15% of victims who die in
the water aspirate more than 22 mL/kg of water. In patients
who survive, the percentage is much less and, thus, significant
changes in serum electrolyte concentrations that require treat-
ment are rarely observed (7), with the only exception being,
perhaps, victims of drowning in the Dead Sea (44).

The treatment of the respiratory lesion requires providing
mechanical ventilatory support in a fashion that will restore an

adequate functional residual capacity and keep the alveoli open
during all phases of the respiratory cycle, thus decreasing the
intrapulmonary shunt. Obviously, if foreign material such as
sand, silt, or plant life is aspirated into the lung, it may produce
obstruction, and it should be removed via bronchoscopy.

Card iovascular

The cardiovascular changes that occur during a drowning
episode can best be ascribed to inadequate oxygenation. Al-
though fatal arrhythmia such as ventricular fibrillation is rarely
documented in human drowning victims, ventricular fibrilla-
tion can occur with profound hypoxia, especially if very signifi-
cant changes in serum potassium and serum sodium result from
the movement of fluid and rupture of red blood cells. Although
a wide variety of cardiac arrhythmias have been reported (45),
particularly in animal models, rarely do they require specific
therapy other than improving oxygenation and correcting se-
vere metabolic acidosis. More common problems are profound
hypoxia and the leak of fluid into the lung as pulmonary edema,
resulting in a relative hypovolemia in the patient. It has been
shown by multiple investigators that to treat this hypovolemia,
it may be necessary to infuse significant amounts of intravenous
fluid to maintain an adequate effective circulating blood vol-
ume, even in the face of pulmonary edema (26,43). Without
such therapy, even though the arterial oxygen tension might
have improved with mechanical ventilatory support, the deliv-
ery of oxygen to the tissues remains compromised and incom-
patible with supplying adequate tissue oxygenation (43). Use of
vasopressors and other pharmacologic agents may be indicated
as a temporary crutch, so to speak, in these patients; however,
they are not a substitute for providing adequate oxygenation
and adequate intravascular fluid volume. If the latter are estab-
lished, it is highly unlikely that pharmacologic support of the
heart will be necessary.

Re nal

Detrimental changes in renal function are rarely seen in per-
sons recovering from near-drowning. However, when present,
they likely are the result of inadequate perfusion and oxygena-
tion rather than anything specifically related to the drowning
episode per se. Some have emphasized the need for the kid-
neys to clear free plasma hemoglobin after fresh water drown-
ing; however, significant levels of free plasma hemoglobin have
rarely been reported in such patients. This is likely due to the
fact that for red blood cells to rupture and release enough
hemoglobin into the plasma during a drowning episode to re-
quire specific therapy for its clearance, it requires transfer of
substantial volumes of free water into the circulation in the face
of hypoxia (41). As stated above, this rarely occurs.

INITIAL RESCUE AND
RESUSCITATION

To ensure survival after a drowning episode, it is impera-
tive that one never lose sight of the fact that time is of the
essence. The longer a person is without the ability to breathe
air, the more profound are the hypoxia and permanent damage
to vital tissues. Thus, those who are entrusted with guarding
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swimming facilities must never lose sight of the fact that con-
tinual vigilance is required to recognize a victim in distress, and
that the victim must be removed from the water and resusci-
tative measures begun in a timely fashion. Frequently, bodies
are discovered motionless in a pool, without anyone in atten-
dance being able to pinpoint the length of time that the vic-
tim was submerged. In many cases, lifeguards report that they
thought the victim was “fooling around” and, therefore, they
did not effect a timely rescue. Also, lifeguards may be assigned
other duties such as pool maintenance and tending to conces-
sion stands, thus precluding them from timely recognition of a
victim in trouble and prompt rescue.

Frequently, bathers are permitted to deliberately hyperven-
tilate on the side of the pool before becoming submerged to see
“how long they can hold their breath” or “how far they can
swim under water.” These practices are to be condemned. If
an individual is not noted to be making purposeful movements
for more than 10 seconds, rescue attempts should be initiated
(46). The individual responsible for safety at the pool should
always be in proper attire and in position to effect such a res-
cue and complete it within 20 seconds of the recognition of the
problem.

While removing the victim from the water, care should be
taken to avoid complicating neck injuries when they are sus-
pected. Routine stabilization of the neck is unnecessary unless
the circumstances leading to the drowning episode suggest that
trauma was likely (47). These circumstances include a history
of diving, use of a water slide, signs of injury, or evidence of
alcohol intoxication. If neck injury is suspected, gentle immo-
bilization of the head should be accomplished, securing it in a
neutral position. However, if the neck appears to be obviously
deformed and the patient has pain with neck movement, the
neck should be immobilized in the existing position.

If the victim is apneic, the airway should rapidly be cleared
of foreign material, a patent airway secured, and mouth-to-
mouth resuscitation started immediately. It is preferable to be-
gin artificial ventilation in the water if it can be accomplished
without jeopardizing the safety of the rescuer. It should be re-
membered that not all victims are in a state of cardiac arrest
when the rescue attempt begins. They may be in a state of vaso-
constriction or have a significant bradycardia, in which case, if
effective ventilation is started, the myocardium will be reoxy-
genated, and increased cardiac activity will result in improved
tissue perfusion.

Upon removing the victim from the water, he or she should
rapidly be assessed for the presence of both spontaneous respi-
ration and cardiac activity. In the absence of these, the air-
way should be inspected rapidly to ensure that there is no
mechanical obstruction, and artificial respiration and cardiac
compression should be instituted without delay. Chest com-
pression alone—without artificial respiration—is an alternate
resuscitation method that has been proposed for victims of dys-
rhythmic cardiac arrest. It must be emphasized that these rec-
ommendations do not apply to the drowning victim because the
pathophysiologic lesion in the lungs requires active attempts at
reinflation and stabilization of the alveoli. Therefore, cardiac
arrest following drowning is more likely due to asphyxia, and
thus, immediate provision of ventilation is recommended (47).

If equipment is available at the site for administering supple-
mental oxygen, it should be delivered in the highest concentra-
tion possible under the existing conditions. Electrical activity of
the heart should quickly be evaluated and an automatic defib-

rillator applied if indicated. A pulse oximeter will frequently be
of assistance in determining the effectiveness of oxygenation.
However, many pulse oximeters do not work well if the victim
is cold and vasoconstricted or if there is excessive movement.

Although the airway should rapidly be inspected for the
presence of obstructing material, the abdominal thrust maneu-
ver, which had been advocated by some in the past, has been
thoroughly debated and found not to be of value in treating a
drowning victim unless solid material is actually blocking the
conducting airway (47,48). If the victim is apneic and a pulse
is absent, chest compression should be initiated promptly (47).
Chest compression alone can be effective in relieving airway
obstruction.

PATIENT TRANSPORT AND
EMERGENCY MEDICAL SERVICES

Neither equipment nor properly trained personnel are usually
available at the site to provide advanced cardiac life support,
including endotracheal intubation, intravenous access, drug
therapy, and electrical defibrillation. However, these measures
should be instituted when indicated and when the proper equip-
ment and properly trained personnel are available. It is crucial
that someone other than the individual rescuing and resusci-
tating the patient contact emergency medical services (EMS) as
rapidly as possible so that they can respond in a timely fashion
and perform advanced cardiac life support treatment on the
victim.

Whenever a drowning victim has to be transported to a
location or facility such as a hospital emergency room, it is im-
portant that a call be made promptly to inform the emergency
room personnel of the exact circumstances, type of treatment
instituted, and condition of the patient en route so that they
will be prepared to accept the patient and render appropriate
therapy immediately upon arrival.

When moving a critically ill drowning victim, it is imper-
ative to remember the fragility of such patients because they
can decompensate in a matter of a few seconds or minutes if
appropriate therapy is withdrawn. Examples of such situations
are movement (a) from the scene to the EMS vehicle, (b) from
the EMS vehicle to the hospital emergency department, or (c)
from the hospital emergency department to other hospital lo-
cations for testing, such as radiology, or for treatment, such as
the intensive care unit (ICU). Thus, every attempt should be
made to continue essential therapy at all times.

Tre at me nt in t he Eme rg e ncy De p art me nt

In the emergency department, a thorough evaluation of the
patient should be performed, keeping in mind that the most se-
rious problems that require immediate therapy are pulmonary
insufficiency and cardiovascular instability, which result in in-
adequate delivery of oxygen to vital tissues. If the victim is
responding fully, does not require respiratory or cardiovas-
cular support, and has a normal oxyhemoglobin saturation
while breathing room air, it is unlikely that the victim has as-
pirated a significant amount of water, and observation may be
all that is necessary. At the other extreme is the patient who
is still unconscious and requires extensive pulmonary and car-
diovascular support in an attempt to normalize vital signs and
produce adequate cardiac output and tissue oxygenation. Thus,
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a cookbook-type treatment that would apply to every victim
cannot be prescribed. However, the treating physician should
keep in mind that increased intrapulmonary shunt and poorly
matched ventilation-to-perfusion ratios are the rule rather than
the exception for the victim who has aspirated a significant
quantity of water.

Therapy must be aimed at improving ventilation-to-per-
fusion ratios and restoring adequate residual lung volume to
optimally oxygenate the blood. A relative hypovolemia fre-
quently is present due to fluid shifts between the lung and the
circulation. These can be accentuated by the increase in mean
intrathoracic pressure that occurs with mechanical ventilatory
support. Thus, evaluation of effective circulating blood volume
and replenishment of intravascular fluid volume to physiologic
levels is important as a primary concern.

While currently some controversy exists regarding when to
treat metabolic acidosis in persons who have suffered a cardiac
arrest, we believe that the adverse effect of acidosis on the pul-
monary vasculature and cardiac function is sufficient so that
metabolic acidosis producing a pH of less than 7.20 should be
treated with intravenous sodium bicarbonate. If the patient is a
victim of sea water drowning and has aspirated sufficient water
to produce hypernatremia, we might be better advised to use an
agent such as tris (hydroxymethyl) aminomethane (Tris) buffer;
2-amino-2-hydroxyl-1.3-propandiol (THAM) to avoid com-
pounding the hypernatremia. However, once again, it should
be noted that the quantity of water aspirated is seldom suffi-
cient to produce such significant changes in serum electrolyte
concentrations, except perhaps when the drowning occurs in
water of extreme hypersalinity such as the Dead Sea (44).

Changes in serum electrolyte concentrations and hemo-
globin and hematocrit of sufficient magnitude to justify spe-
cific therapy are rare, as are alterations in renal function other
than those that might be expected in the hypovolemic, hypoxic,
or markedly acidotic patient.

The patient’s level of consciousness on admission to the
emergency room has been shown to markedly influence out-
come (49,50). The most important consideration here is to
provide adequate oxygenation and perfusion and to avoid pro-
ducing increased intracranial pressure if possible. Treatments
aimed specifically at preservation of cerebral function have not
been shown to be particularly beneficial to date (50,51).

If the patient requires diagnostic testing in a distant loca-
tion such as the radiology department, it is imperative that
adequate personnel and equipment accompany the patient to
ensure that optimum therapy is not interrupted at any time
during transport or when performing the procedure. Likewise,
transportation to the intensive care unit should be done with a
“full team approach.” Should optimum therapy be interrupted
during any of these time periods, adverse consequences should
be anticipated.

Drowning episodes in cold water may produce significant
hypothermia. There are several methods of rewarming that
have been recommended including, but not necessarily lim-
ited to, heating blankets, warmed intravenous fluids, warmed
humidification of breathing circuits, gastric lavage, and car-
diopulmonary bypass. The method used should be tailored to
the resources available and the condition of the patient. It must
be remembered, however, that rewarming peripheral tissues be-
fore the patient’s circulation is capable of supplying adequate
amounts of oxygenated blood can compound the situation and
increase the degree of metabolic acidosis.

IN-HOSPITAL THERAPY:
POSTRESUSCITATION CARE

Expert intensive care is vital to survival once optimal prehos-
pital and emergency department management have been per-
formed. Hemodynamic instability after cardiac arrest, respi-
ratory insufficiency, and severe neurologic impairment are all
criteria for admission to the intensive care unit. The admin-
istrative structure of the hospital’s critical care service dictates
the setting to which the patient is admitted. A recent attempt to
classify survivors of drowning based on the severity of symp-
toms on a scale of 1 to 6 recommends ICU admission for all pe-
diatric patients requiring high concentrations of oxygen, with
or without the need for invasive ventilation (52).

Re sp irat ory Sup p ort

Although the degree of intrapulmonary shunting after drown-
ing is variable from one patient to the next, if the patient is
breathing adequately to clear carbon dioxide, the single most
important method of treatment in reversing hypoxemia is the
application of continuous positive airway pressure (CPAP).
The amount of CPAP applied must be individualized because
the degree of atelectasis, the amount of pulmonary edema,
and the magnitude of the intrapulmonary shunt varies between
patients. In great measure, this will depend on the type and
quantity of the water aspirated. Although the mechanism for
producing the intrapulmonary shunt is different between fresh
water and sea water (33), Lee found no statistically significant
difference between the PaO 2/FiO 2 ratio in patients after the
two types of aspiration (53).

The pathophysiologic mechanism involved in fresh water
drowning is lowering of the sodium concentration in the alve-
olus, thus changing the surface tension characteristics of pul-
monary surfactant (33,54). The alteration in the surface tension
properties of pulmonary surfactant increases alveolar surface
tension upon compression of the surfactant layer and results
in alveolar volume loss. Also, pulmonary capillaries become
more permeable, resulting in an increase in interstitial lung
water that eventually compresses alveoli and promotes volume
loss and causes pulmonary edema. Based on the severity of
the acute respiratory derangement, this “abnormal surfactant
state” has been termed acute lung injury (ALI) or acute respi-
ratory distress syndrome (ARDS) (55).

ALI and ARDS represent a final common pathway that ac-
companies a number of physiologic insults that may occur af-
ter drowning, including respiratory obstruction, aspiration of
water or gastric contents, and global hypoxemia from cardio-
vascular insufficiency or cardiac arrest. Unfortunately, ALI and
ARDS often can be clinically and radiologically confused with
acute pulmonary edema from left ventricular dysfunction or
fluid overload of different etiologies.

Both CPAP and positive end-expiratory pressure (PEEP)
have the capability to restore lung volume and improve oxy-
genation in many patients with decreased lung volume, espe-
cially functional residual capacity. However, there are some
differences in their function. By definition, CPAP means that
airway pressure remains positive during all phases of the res-
piratory cycle. With PEEP, during the inspiratory phase of a
spontaneous breath, circuit pressures drop to zero or become
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negative as a result of a vigorous inspiratory effort by the pa-
tient. Because PEEP with spontaneous ventilation increases the
work of breathing, it may increase pressure gradients between
the pulmonary vasculature and the alveoli, thereby leading to
more pulmonary edema. Also, it does not forcibly inflate alve-
oli with abnormal surfactant after fresh water drowning (32).
Thus, CPAP is more beneficial than PEEP for spontaneously
breathing drowning victims (42,56).

Both CPAP and PEEP increase expiratory pressure; thus, air
is trapped within the lungs during the expiratory phase of res-
piration. This results in an increase in residual lung volume in
many patients with ARDS. As alveolar units re-expand, intra-
pulmonary shunt decreases, and improvement is seen in oxy-
genation and compliance. The increase in compliance decreases
the work of breathing (57). The degree of lung volume restora-
tion roughly correlates with the improvement in oxygenation.
As lung volume increases toward normal, gas exchange con-
tinues to improve. It has been shown, however, that while the
above beneficial effect is found with CPAP in many victims of
both fresh and sea water drowning (56,58), unless mechanical
breaths are added, PEEP does not improve the ventilation-to-
perfusion ratio after fresh water drowning (32,42,56). Also,
in some fresh water drowning victims, CPAP alone does not
produce an adequate response, and hence, mechanical breaths
should be added (42).

When ARDS develops and oxygen desaturation occurs, an
FiO 2 of 1.0 is recommended to attempt to restore adequate
oxygenation. Increased work of breathing, severe hypoxemia,
and hypercarbia are all indications for instituting mechanical
ventilation. Ordinarily, CPAP is titrated to achieve an oxygen
saturation greater than 95% , with the lowest possible inspired
oxygen (FiO 2) levels down to an FiO 2 of 0.5 or less. We rou-
tinely increase CPAP at the bedside in increments of 3 to 5 cm
H 2O in an attempt to achieve an oxygen saturation of 95% ,
and subsequently, the FiO 2 is gradually decreased to reach a
PaO2/FiO 2 of greater than 300 mm Hg. Increased dead-space
ventilation and decreased preload are the two most important
adverse effects that can limit the use of CPAP. Once adequate
PaO2/FiO 2 has been achieved, CPAP can slowly be weaned
based on improvement of patient lung compliance and general
clinical conditions.

Me chanical Ve nt ilat ion

CPAP therapy alone is not sufficient in the case of the patient
who is apneic, hypoventilating, or hypercarbic or shows little
to no improvement in ventilation-to-perfusion matching while
breathing spontaneously. In these patients, mechanical venti-
latory breaths must also be provided. In general, mechanical
ventilation in patients with ALI or ARDS can be applied ei-
ther noninvasively or invasively (i.e., face mask vs. endotra-
cheal tube, respectively). Noninvasive ventilation is reserved
for milder cases of ARDS or pulmonary edema when the pa-
tient is awake, cooperative, triggering spontaneous ventilation,
and has his or her swallowing and protective laryngeal reflexes
intact. Although successful experience with noninvasive posi-
tive pressure ventilation (NPPV) for patients with respiratory
failure other than from chronic obstructive pulmonary disease
(COPD) is growing (59), potential complications include gas-
tric distention, nasal congestion, regurgitation and aspiration
of stomach contents, nasal bridge ulceration, and eye irrita-

tion (60). Several modes of mechanical ventilation and adjunct
therapies are available; while not specifically used in drowning,
their use has proven valuable in the ventilatory support of any
patient with ALI or ARDS. A list of the most commonly used
forms in drowning victims follows.

Cont ro lle d Me chanical Ve nt ilat ion
Controlled mechanical ventilation (CMV) provides total ven-
tilation, and it does not permit spontaneous breathing. It usu-
ally is indicated only in patients who are apneic, deeply co-
matose, deeply sedated, or paralyzed. All breaths delivered with
CMV are positive pressure breaths; therefore, mean intratho-
racic pressure is increased with potential deleterious hemody-
namic effects. Most notable of these is the impedance of venous
return, thus effectively causing a relative hypovolemia and de-
creased cardiac output (43).

Int e rmit t e nt Mand at ory Ve nt ilat ion
Intermittent mandatory ventilation (IMV) combines mechani-
cal ventilatory breaths with spontaneous breathing, and is bet-
ter tolerated than CMV by most patients (61). Allowing some
spontaneous breathing reduces mean intrathoracic pressure,
which increases venous return and maintains better cardiac
output. It also may reduce the incidence of barotrauma. The
numbers of mechanical breaths used are those necessary to
supplement the patient’s own spontaneous ability to maintain
adequate minute ventilation. As the patient is recovering, the
ventilator rate is gradually reduced by one to two breaths per
minute down to a minimum of two breaths per minute. IMV re-
mains the mainstay of our ventilator support. It may be coupled
with other modes such as pressure support ventilation (PSV).

Pre ssure Sup p ort Ve nt ilat ion
The primary benefit of this ventilatory mode is to reduce the
inspiratory work of breathing. The patient maintains control
of the inspiratory-to-expiratory ratio, inspiratory time, and fre-
quency during the spontaneous efforts. The mechanical breath
delivered during PSV usually discontinues once flow decreases
to 25% of peak inspiratory flow. Adjustable pressure support
parameters include the time necessary to reach maximal flow
or rate of rise of PSV. A shorter pressure rise time is generally
used to reduce work of breathing in patients with the highest
inspiratory flow demand.

PSV has the capability to reduce or eliminate both imposed
(apparatus and airway resistance) and physiologic (lung and
chest wall static compliance) work of breathing. Therefore, by
choosing the appropriate level of PSV, the clinician may reduce
or eliminate the extra imposed work of breathing and keep the
physiologic work of breathing within tolerable limits.

In spite of a careful, stepwise approach to mechanical venti-
lation in ALI and ARDS, iatrogenic complications are frequent.
Several potentially protective measures have been evaluated to
reduce the incidence of barotrauma from increased peak air-
way pressure in patients with severely reduced total lung com-
pliance; however, strong evidence in favor of their use is still
lacking.

Nit ric Oxid e
Inhaled nitric oxide (NO) appears to act selectively on the
pulmonary vascular bed and only in those areas associated
with adequate ventilation, locally reversing hypoxic pulmonary
vasoconstriction and increasing oxygenation. However, out-
come in terms of mortality or number of days alive and off
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mechanical ventilation between patients treated with NO and
those not treated has not changed when the effect of NO is
studied in a prospective randomized fashion (62). Neverthe-
less, reducing the level of mechanical ventilatory support or
FiO 2 needed to achieve adequate oxygenation is a potential
benefit that could reduce barotrauma and the side effects of
treatment.

Prone Posit ioning
Rotation of patients from supine to prone may cause rapid im-
provement in oxygenation that may last for up to 12 hours
(63). With this maneuver, there is a relatively high risk of inad-
vertent extubation and removal of invasive monitors; nonethe-
less, oxygenation improves mainly because the nondependent
dorsal portion of the lung has a higher air-to-tissue ratio (64).
Obviously, the risks and benefits need to be considered before
using this technique in any specific patient.

Bronchod ilat or The rap y
Small airway closure has been shown to occur even with aspi-
ration of relatively small amounts of water (25). Thus, bron-
chodilator therapy should be considered in patients when bron-
chospasm is thought to be present.

Cort icost e roid s
The rationale for use of corticosteroids in ARDS seems to be
limited to the fibroproliferative phase to reduce the incidence of
pulmonary fibrosis (65). However, its efficacy for use in drown-
ing victims has not been shown either in large retrospective
clinical studies (4) or in prospective animal studies (66). Cor-
ticosteroids can interfere with normal pulmonary healing and
increase the rate of sepsis. Corticosteroids have been associ-
ated with higher mortality in one study, probably due to the
immunosuppressant effect in patients with sepsis (67). In an-
other, their use has shown, after aspiration of gastric contents,
to increase pulmonary granuloma formation (68,69).

Surfact ant
ARDS from drowning involves both quantitative (sea water)
and qualitative (fresh water) alterations in lung surfactant
(33,70). Although the use of exogenous surfactant has been
shown to lower mortality in neonates with respiratory distress
syndrome (71), this effect in adults has been disappointing, and
its prohibitive cost makes its use infrequent (72).

Prop hylact ic Ant ib io t ics
The use of broad-spectrum antibiotics may enhance the emer-
gence of resistant organisms. An exception represents survival
from drowning in heavily contaminated water such as stag-
nant ponds or public spas, where Pseudomonas species are
endemic. Our initial choice in this situation is usually a fourth-
generation cephalosporin with broad Gram-negative coverage.
In other patients, antibiotics are not recommended unless the
patient develops evidence of infection, in which case cultures
and sensitivities will guide the choice of antibiotics to be given.

Card iovascular Sup p ort

By the time a drowning victim reaches the intensive care unit,
cardiac arrhythmias are rarely a problem. If witnessed in the
emergency department or the ICU, the most common cause of

arrhythmias is severe hypoxia, and providing adequate ventila-
tion and oxygenation will usually restore a normal rhythm. If
not, drug therapy or, in the case of severe ventricular arrhyth-
mias, electrical intervention is appropriate.

Hypotension may require initial pharmacologic support,
but it should be remembered that the hypotension seen in
drowning victims is predominantly due to fluid shifts result-
ing in hypovolemia (26,43). This hypovolemia may be accen-
tuated when mechanical ventilatory techniques that increase
mean intrathoracic pressure are used (43).

Experimental studies have shown that, whereas mechani-
cal ventilation and CPAP will decrease intrapulmonary shunt
and increase PaO 2, because of the detrimental effect on car-
diac output, tissue perfusion is compromised. In one study,
attempting to increase oxygen delivery by use of vasopressors
and inotropes was not productive, but fluid administration to
increase blood volume resulted in an increased cardiac output
and oxygen delivery (43).

Precise fluid replacement is dependent on an accurate as-
sessment of effective circulating blood volume. To this end,
monitoring the patient with a pulmonary artery catheter or
transesophageal echocardiography is extremely helpful.

Ce nt ral Ne rvous Syst e m Sup p ort

The two most important factors influencing morbidity and
mortality in victims surviving drowning are severe respiratory
insufficiency and permanent neurologic impairment secondary
to cerebral hypoxia. Despite improvement in emergency and
intensive pulmonary and cardiovascular care, neurologic out-
come in drowning patients is directly related to the initial du-
ration of hypoxia from the onset of submersion until effective
cardiopulmonary resuscitation (CPR) is provided. The Glas-
gow coma scale (GCS) score mirrors this relationship during
the first few hours after submersion.

The most common cerebral lesion results from cytotoxic in-
jury due to global central nervous system (CNS) hypoxemia.
Cerebral edema, which usually is not clinically evident or is
mild on presentation, reaches its peak by day 2 to 3 after the
submersion event. It is understood that successful intensive care
management of these patients reflects the ability to control
the intracranial pressure (ICP) and limit secondary brain in-
jury from inadequate cerebral perfusion and hypoxia through
standard protocols. Therefore, monitoring of the intracranial
pressure is often recommended in patients with a GCS score
compatible with severe central nervous system injury (8 and
below), in conjunction with what is described in detail in the
neurosurgical guidelines for traumatic brain injury (73). Un-
fortunately, monitoring of ICP has not been shown to increase
normal survival after drowning.

Seizure prophylaxis is immediately initiated in patients with
CNS compromise, and ventilatory rate is titrated to achieve a
PaCO 2 of 35 to 40 mm Hg. Although a chronic lower level of
PaCO 2 has been often used in the past to decrease intracra-
nial pressure, it is no longer recommended except for only
a short period of time and only in patients with an acute
increase of ICP refractory to pharmacotherapy or ventricu-
lostomy drainage while a definitive imaging diagnosis is in pro-
cess. In fact, chronic hyperventilation, while decreasing the ICP,
can be accompanied by a reduction in cerebral blood flow (74),
which can result in worsening cerebral ischemia (75). There
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are no data to support the use of barbiturates or steroids to
lower refractory ICP (51). Despite adequate control of the in-
tracranial pressure and maintenance of the cerebral perfusion
pressure with aggressive brain resuscitation modalities, the ma-
jority of patients who were severely comatose upon arrival to
the ICU died or left the ICU in a persistent vegetative state,
because the damage from the initial event was so severe that it
was irreversible (49,50).

Cont ro l of Blood Glucose Le ve ls

Aggressive blood glucose control (less than 110 mg/dL) with
insulin infusion has been associated with a reduced mortality,
from 8% to 4.3% , when compared with intermittent doses of
subcutaneous regular insulin in a heterogeneous large group of
critically ill patients that were prospectively randomized (76).
While this study included a variety of patients admitted to the
intensive care unit with hypoxic or hypercapnic respiratory
failure, the reduction in mortality from multiple organ fail-
ure suggests a possible benefit in patients surviving episodes of
drowning who require prolonged ICU hospitalization. Interest-
ingly, critical illness polyneuropathy was reduced 44% in the
insulin infusion group. It is our practice to control the blood
sugar level with an insulin infusion in any critically ill patient
with a level above normal. A glucose-based crystalloid infusion
is used when blood sugar is below 200 mg/dL to limit the risk
of hypoglycemia. Blood glucose level is usually checked every 1
or 2 hours. Recent data (77), however, suggest that there may
not be a positive difference if the glucose level is controlled
at 110 mg/dL as compared to 150 mg/dL. Rather, the more
intensive glucose control may lead to more episodes of hypo-
glycemia. While not advocating out-of-control glucose values,
we are actively re-evaluating the appropriate level of control
to values between 130 and 150 mg/dL.

Re nal Sup p ort

Albuminuria, hemoglobinuria, oliguria, and anuria, while rare,
have all been described in drowning victims secondary to acute
tubular necrosis from hypoxemia, rhabdomyolysis, or both.
Hypothermia leads to reduced blood flow to the skin and mus-
cle, preserving core temperature and central organ perfusion.
The acute pathophysiology of acute rhabdomyolysis is proba-
bly secondary to tissue hypoxia from acute vessel constriction
due to the competitive need for heat conservation. Skeletal my-
olysis and increased circulating myoglobin will result. Acute
renal failure may be aggravated by acute tubular necrosis sec-
ondary to hemodynamic instability.

Acute tubular necrosis and rhabdomyolysis require early
and vigorous treatment directed at correcting hypovolemia,
improving oxygenation, and enhancing heme protein elimina-
tion. Volume replacement therapy aims to restore normal blood
flow and enhance renal oxygen supply. The medullary ascend-
ing limb of Henle loop is most vulnerable to hypoxic injury.
Invasive monitoring may be necessary to provide adequate in-
travascular volume. A central venous pressure or pulmonary
wedge pressure around 15 mm Hg is a reasonable hemody-
namic goal if ventricular function is normal. Higher pressures
may be necessary in patients with a significant increase in

mean intrathoracic pressure. Right ventricular ejection frac-
tion, a pulmonary artery catheter, or transthoracic or trans-
esophageal echocardiography can be used if the interpretation
of preload by invasive monitoring is difficult, as often is the
case in patients requiring major ventilator support. The win-
dow of opportunity for restoration of intravascular volume and
volume expansion is likely within 6 hours or less of the acute
event.

If rhabdomyolysis is present, enhancing the elimination of
heme protein helps to limit tubular damage. Systemic alka-
linization of the urine with sodium bicarbonate increases the
solubility and, therefore, the elimination of heme protein (78).
A urine pH between 7 and 8 produces a myoglobin solubil-
ity of around 80% and is a reasonable goal. However, in a
patient with low urine output, massive doses of sodium bi-
carbonate may be associated with volume overload secondary
to an acute increase in intravascular osmolarity (79). In these
cases, when the hemodynamic goal is mild hypervolemia, the
weak diuretic acetazolamide may be a valid alternative. Ac-
etazolamide increases the excretion of bicarbonate in urine as
a result of the inhibition of the carbonic anhydrase enzyme;
for regulatory reasons, the drug will no longer be available
in the United States within the next year. However, diuretics,
particularly in patients on significant ventilatory support, may
adversely affect venous filling and cardiac output. Three other
therapeutic agents have been used successfully to preserve re-
nal function in patients with acute rhabdomyolysis: dopamine,
loop diuretics, and mannitol. All three drugs enhance recovery
of renal function by optimizing the relationship between renal
oxygen supply and demand after a hypoxic insult (80).

Manipulating the renal output by means of significantly al-
tering the effective circulating blood volume in drowning vic-
tims frequently has a detrimental effect on pulmonary and car-
diovascular function. Therefore, a fine-tuned balancing act is
frequently required to not adversely affect one organ system
while treating another.

Ot he r Conce rns

Severe metabolic acidosis from low systemic oxygen delivery
and resulting anaerobic metabolism should be corrected. We
recommend correction of the base deficit with bicarbonate or
acetate solutions to maintain a pH no lower than 7.20. Me-
chanical ventilation is adjusted frequently with the help of
arterial blood gas determinations to maintain a PaCO 2 be-
tween 35 and 40 mm Hg. Lactic acid levels are checked fre-
quently for a few hours after resuscitation. In fact, while base
deficit and single absolute levels of lactic acidosis do not nec-
essarily correlate with the development of multiple organ fail-
ure and survival, the rate of lactic acid clearance does (81).
Because significant electrolyte abnormalities requiring specific
therapy rarely are observed in the drowning victim, normal
saline is given as replacement fluid in drowning victims. Iso-
tonic solution also provides less chance of aggravating cerebral
edema.

SUMMARY
An awareness of the hidden dangers of recreational activities
in and around water, and close supervision of infants, children,
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and adolescents are the secrets to preventing a significant num-
ber of drowning incidents. Swimming pools should be enclosed
by security fences to prevent small children from entering the
water inadvertently or unsupervised. By identifying age-related
drowning risks, communities can reduce drowning rates. Effec-
tive CPR and water safety skills should be encouraged in the
community, particularly for parents with small children who
own home pools. Furthermore, children who can swim should
never do so alone or without adult supervision. Everyone par-
ticipating in water sports should wear an approved personal
flotation device. Adolescents need to be taught to swim and in-
formed about the dangers of alcohol and other drug consump-
tion during water sport activities. Between 13 and 19 years of
age, risk-taking behavior increases significantly in boys; there-
fore, extra counseling is warranted. Alcohol should never be
consumed, regardless of age, while swimming or engaging in
water sports. Swimming with a partner is particularly impor-
tant for individuals with medical conditions that may abruptly
alter their level of consciousness, such as seizure disorders, car-
diac disease, and several metabolic diseases. Emergency gear for
rescuing and resuscitating drowning victims should be readily
available at the poolside. The specific gear required may vary
with the size, access, and ownership of the facility.

The community expects the government to enforce safety
rules, promote health education through medical and nonmed-
ical personnel, and punish individuals who transgress basic
safety rules and regulations. Despite recent advances in car-
diopulmonary resuscitation and more sophisticated intensive
care medicine, drowning victims with poor Glasgow coma scale
scores have a high likelihood of living in a vegetative state as
a result of the initial injury. When this occurs, making life or
death decisions regarding withdrawal of life support by rela-
tives and health professionals represents a significant stressful
event. At the time of this writing, prevention is still the most
fundamental way to limit neurologic disasters from drowning.
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CHAPTER 139 ■ ASPIRATION
HOLGER H. HASSELBRING r MICHAEL SYDOW

IMMEDIATE CONCERNS

Major Prob le ms

Aspiration is a potentially critical event, occurring in patients
often suffering from reduced consciousness with decreased pro-
tective airway reflexes. Signs and symptoms of aspiration de-
pend on the quantity and the nature of the aspirate. Owing
to a large number of aspiration events involving gastric con-
tents, a high awareness is essential in those situations in which
patients are at higher risk for this problem (i.e., ileus, trauma,
pregnancy, etc.). The pulmonary pathophysiologic changes ob-
served depend on the type of aspiration. In general, particulate
obstructive aspiration results in significant hypoxemia, which
rapidly progresses to cardiovascular collapse if the obstruction

is unrelieved. As in any anoxic-ischemic event, the resultant
sequelae depend on the degree and duration of the hypox-
emia. Particulate nonobstructive and the various forms of liq-
uid aspiration result in a broad spectrum of pathophysiologic
changes. The initial major problem may only be bronchospasm.
However, aspiration of particulate irritant, such as gastric acid,
leads to an additional problem consisting of chemically induced
pulmonary tissue injury with an associated inflammatory re-
sponse. Thus, an initially mild hypoxemia and tachypnea may
commonly progress to the acute respiratory distress syndrome
(ARDS) and respiratory failure. On the other hand, microaspi-
ration of oropharyngeal secretions in endotracheally intubated
patients does not damage the lung directly, but is the major
cause of ventilator-associated pneumonia (VAP).

This chapter deals only with pulmonary aspiration of sub-
stances other than water. Water aspiration (i.e., near-drowning)
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is discussed in Chapter 138. Furthermore, inhalational injury
by noxious gases is discussed elsewhere.

St re ss Point s
1. Inhalation of any amount of fluid with a pH less than 2.5 is

likely to damage lung tissue extensively by chemical inflam-
mation.

2. Blood in the lungs may occur as a consequence of hemateme-
sis, intrapulmonary hemorrhage, and surgical procedures in-
volving the upper airway, pharynx, or maxillofacial areas.
Immediately after aspiration of blood, patients will have an
increased pulse and respiratory rate, and may become cyan-
otic if the amount of inhaled blood is sufficient to cause sig-
nificant intrapulmonary shunting. Otherwise, blood is rela-
tively harmless.

3. Ingestion of hydrocarbons such as kerosene, furniture pol-
ish, lighter fluid, gasoline, and other petroleum solvents ac-
count for 18% of accidental poisonings in children. Pul-
monary toxicity occurs only if the hydrocarbon is aspirated
either during ingestion or after it is regurgitated (1).

Esse nt ial Diag nost ic Te st s and Proce d ure s
1. Success in diagnosing pulmonary aspiration depends on

maintaining a high index of suspicion for its occurrence in
at-risk patients. In 63% of cases, regurgitation is witnessed;
37% of patients have either silent or unwitnessed aspira-
tions.

2. When clinical findings suggest pulmonary aspiration, fur-
ther evaluation is essential. Arterial blood gas and pH anal-
ysis affords the most useful initial laboratory test.

3. Approximately 88% to 94% of people who aspirate gas-
tric contents eventually demonstrate pulmonary infiltrates
on chest radiograph (2). Thus, a normal finding on chest
radiograph does not completely exclude the possibility of
aspiration.

4. Because the initial physical findings and blood gas volumes
may be identical in acid and nonacid aspiration, determi-
nation of the pH of any remaining gastric or pharyngeal
fluid can be helpful. If the fluid is highly acidic, anticipate a
worsening course.

Init ial The rap y
1. Initial management depends on whether aspiration is immi-

nent, occurring, or completed. When regurgitation occurs
in an obtunded patient, the airway must be cleared, and the
patient’s head must be tilted down and to the side.

2. Suction equipment must be available and ready to use in
areas where this problem is likely to occur (e.g., the oper-
ating, delivery, and emergency rooms; postanesthesia care
unit; and intensive care unit [ICU]).

3. Oxygen should be administered immediately to all patients
suspected of pulmonary aspiration.

4. The airway should be secured by intubating the trachea,
and then one must attempt to clean the airway immediately
by suctioning any particulate aspirate. Suctioning has no
beneficial effect with acid aspiration because the injury is
immediate.

5. No benefit is derived from alkaline tracheal lavage. In fact,
the practice is detrimental.

6. Removal of large particulate matter usually requires rigid
bronchoscopy. Fiberoptic techniques permit only the re-
moval of small particles.

HISTORICAL BACKGROUND
Beginning with Aristotle’s observation of the association be-
tween meconium staining of the amniotic fluid and a sleepy
fetal state (3), aspiration pneumonia was recognized as a clin-
ical problem as early as 400 BC when Hippocrates realized
“Dangers of Aspiration” (4). More than 2,000 years later, in
1848, Simpson reported the first anesthetic death under chlo-
roform caused by pulmonary aspiration and asphyxia (5). In
1946, Mendelson presented 66 cases of aspiration occurring
among 44,016 obstetric patients undergoing general anesthe-
sia for vaginal deliveries (6). His description was so complete
that aspiration in this setting is commonly termed the “Mendel-
son syndrome.” Subsequently, his laboratory investigations led
him to the conclusion that two entirely separate clinical en-
tities existed. One followed the aspiration of solid food and
resulted in a clinical picture of laryngeal or bronchial obstruc-
tion, whereas the other resulted from direct acid injury to the
lung and caused the “asthma-like” syndrome (7). Teabeaut, in
1952, showed that a liquid aspirate with a pH below 2.5 would
produce pneumonitis in rabbits (8). The concept of a critical
pH and a certain aspirate volume was introduced in 1974 by
Roberts and Shirley from data obtained in rhesus monkeys (9).
The results were calculated for humans in order to identify
patients at risk of pulmonary aspiration. Subsequent animal
studies demonstrated that larger volumes of acidic aspirates
produced higher morbidity and mortality (10). The critical pH
of 2.5 and critical volume of 0.4 mL/kg body weight (or ap-
proximately 25 mL in an adult) have since been challenged as
inducing aspiration pneumonitis.

RISK FACTORS
In a healthy and conscious subject, effective protective laryn-
geal and cough reflexes prevent pulmonary aspiration. Since the
reflex status depends on the level of consciousness, it is obvious
that aspiration is predisposed by any reduction of conscious-
ness, which, therefore, is the major risk factor for aspiration
(11). Common causes of reduced consciousness include differ-
ent kinds of neurologic pathology such as head injury, stroke,
and cerebral hemorrhage, as well as infectious causes such as
meningitis or sepsis, or metabolic sources such as diabetes or
thyroid crisis, and so forth. Drug and alcohol overdose and the
use of sedative medication increase the risk of pulmonary aspi-
ration; interestingly, even during normal sleep, aspiration is not
uncommon (12). Another group of patients with an increased
risk of aspiration are those with laryngeal incompetence caused
by neurologic disturbances such as multiple sclerosis or mus-
cular dystrophy, or by surgery of the hypopharynx and larynx
itself. The protecting closure reflex of the larynx against aspi-
ration is also impaired with age (13).

General anesthesia not only reduces the level of conscious-
ness, but also suppresses airway reflexes. Therefore, general
anesthesia is a risk factor for aspiration, particularly in emer-
gency cases. Certain patient conditions increase the risk of as-
piration in the perioperative setting. Best known is pregnancy,
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TA BLE 1 3 9 . 1

RISK FACTORS FOR PULMONARY ASPIRATION

Increased gastric content Tendency for regurgitation Laryngeal incompetence Other reasons

Small bowel obstruction Depressed consciousness Sedated patient Failed intubation
Delayed gastric emptying Drug overdose Cerebral infarct/hemorrhage Difficult airway
Overdistended stomach Metabolic coma Head injury/trauma Night-time surgery
Lack of fasting CNS infections Neuromuscular disorders ASA III classification or higher
Obstetric patient/parturition Seizures Traumatic or surgical pharynx, vocal

cord, or hypopharynx disorders
Artificial airways:

Tracheostomy or
endotracheal tube

Emergencies Hypothermia Advanced age
Outpatients Sepsis
Nasogastric overfeeding Anatomic esophageal disorders
Hiatal hernia Gastroesophageal reflux
Obesity (?)

CNS, central nervous system; ASA, American Society of Anesthesiologists.

with its associated increased abdominal pressure and delayed
gastric emptying. Another condition is morbid obesity (14),
with issues of increased gastric volume and increased abdom-
inal pressure, at least in the supine position. However, more
recent studies have questioned the assumption that obesity is
a risk factor for pulmonary aspiration during anesthesia (15).
An absolute high-risk situation is small bowel obstruction with
high gastric pressure. In this condition, the stomach sometimes
contains far more than 1 liter of bile and jejunal secretions,
and the distended bowel causes abdominal hypertension. Other
conditions predisposing to pulmonary aspiration include disor-
ders resulting in (a) reduced lower esophageal sphincter tone,
such as gastroesophageal reflux disease; (b) increased lower
esophageal sphincter tone (achalasia); (c) increased pyloric
tone, such as pyloric stenosis; and (d) diseases with delayed
gastric emptying (e.g., diabetes). Each situation, leading to in-
creased gastric pressures, may amplify the incidence of regurgi-
tation and vomiting and, consequently, the risk of pulmonary
aspiration.

In the perioperative period, aspiration occurs most often
during the induction of anesthesia, when the patient is already
unconscious and the endotracheal tube is not yet in place. Some
measures can even increase the aspiration risk. For example,
mask ventilation with high pressures can further insufflate the
already full stomach with air and, thus, increase the intragas-
tric pressure. The fast-acting muscle relaxant, succinylcholine,
can cause abdominal muscle contractions and consequently in-
creases the abdominal, and thus gastric, pressure if the patient
has not been properly precurarized. A nasogastric tube in place
at the time of induction of anesthesia reduces the patency of
the esophageal sphincter and promotes gastroesophageal re-
flux. The body position of the patient influences the intra-
abdominal pressure and, thus, affects the risk of regurgitation
and aspiration as well. The flat, supine position is probably the
worst position, whereas the semirecumbent position decreases
abdominal pressure.

It seems obvious that the risk of aspiration is also increased
at the end of anesthesia when the endotracheal tube has been re-
moved but recovery of consciousness is not completed. Patients
at special risk include those having undergone laryngeal or

hypopharyngeal surgery, resulting in laryngeal incompetence.
These patients need close observation postoperatively.

Critically ill patients with ventilatory insufficiency or failure
are at particular risk of pulmonary aspiration. Muscle weak-
ness, tachypnea, immobility, and impaired consciousness de-
press the normal airway-clearing mechanisms. Even in patients
whose airway is protected by a cuffed endotracheal tube, as-
piration is common. Although a properly inflated tube cuff
can prevent macroaspiration, microaspiration of pooled sub-
glottic secretions occurs because the cuff configuration does
not provide complete sealing of the trachea; this may be ob-
viated to a great extent by an endotracheal tube with a sub-
glottic suction port incorporated into the tube. Other factors
increasing the risk of aspiration in endotracheally intubated
patients include reintubation, tracheostomy, frequent ventila-
tor circuit changes, low intracuff pressure, and patient trans-
port from the ICU (16). Further risk factors pertaining to the
gastrointestinal tract include enteral nutrition, supine posi-
tioning, and stress ulcer prophylaxis with gastric pH-altering
agents (17).

A nasogastric feeding tube not only promotes gastro-
esophageal reflux, but also eventually leads to oropharyngeal
swallowing defects. An endotracheal tube causes vocal cord
dysfunction and impairs the sensorimotor function of the phar-
ynx and the larynx temporarily. After long-term intubation,
swallowing defects are frequent, with a considerable risk of
aspiration after extubation (18). A synopsis of the various risk
factors is shown in Table 139.1.

INCIDENCE, MORBIDITY,
AND MORTALITY

Asp irat ion in t he Pe riop e rat ive Pe riod

Although general anesthesia is principally a risk factor for pul-
monary aspiration, carefully developed strategies during the
past decades have reduced the risk of aspiration during elective
surgery. Several large studies were concerned primarily with
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the incidence of aspiration and its associated mortality during
general anesthesia (19). In a retrospective study of 215,488
general anesthetics for elective and emergency surgery, Warner
et al. (20) found an incidence of pulmonary aspiration of
1 in 3,216 (0.03% ) and a mortality rate of 1 in 71,829 pa-
tients (0.0014% ); the incidence of aspiration was found to be
four times higher in patients undergoing emergency surgery.
There was no serious morbidity from pulmonary aspiration
in the immediate perioperative period in nearly 120,000 elec-
tive procedures and general anesthetics in American Society
of Anesthesiologists (ASA) physical status I and II patients.
The incidence of pulmonary aspiration and severity of pul-
monary outcomes were highly associated with the presence of
comorbidity (ASA physical status III and higher) and proce-
dures performed emergently. Finally, Warner et al. concluded
that patients with clinically apparent aspiration who do not
develop symptoms within 2 hours of aspiration or com-
pletion of the procedure are unlikely to have respiratory
sequelae.

Olsson et al. in 1986 (19) studied 185,385 patients un-
dergoing general anesthesia and found an aspiration rate of
1 in 2,131 (0.05% ). Forty-seven percent of the patients with
reported aspiration developed aspiration pneumonitis, with a
mortality rate of 1 in 45,454 (0.002% ) (16). In 1996, Mellin-
Olsen et al. studied 85,594 anesthetics prospectively. They re-
ported 25 cases of aspiration, presenting an overall incidence of
1 in 3,424. All occurred in patients receiving general anesthe-
sia, with an incidence of 1 in 2,106. Of the 25 aspiration cases,
13 occurred during elective procedures with an incidence of 1
in 3,303, and 12 in emergency procedures with an incidence of
1 in 809. There were no aspirative events in patients receiving
regional anesthesia nor in those patients who were under IV
sedation and analgesia but breathing spontaneously (21). In a
report on the epidemiology and impact of aspiration pneumo-
nia in patients undergoing surgery in Maryland between 1999
and 2000 (22), the prevalence of aspiration pneumonia was
approximately 1% of hospitalized surgical patients, remark-
ably higher than in the other studies. However, in a letter to
the editors (23), it was noted that the authors of the Maryland
study did not distinguish between aspiration pneumonitis and
aspiration pneumonia. The fact that all patients with postop-
erative nosocomial pneumonia were included in the aspiration
group most likely explains the higher incidence of aspiration
in this study.

Aspiration pneumonitis associated with pediatric anesthesia
occurred in up to 1 in 1,162 (0.09% ) children in Olsson’s study
(19). In a prospective study in 1999, Warner et al. reported
an aspiration incidence of 3.8 per 10,000 (1:2,632; 0.04% )
anesthetics in children (20). In a prospective survey carried out
in France of 40,240 general anesthetics in children, only four
aspirations were reported (0.01% ). No morbidity or mortality
was reported (24).

Asp irat ion in Ob st e t rics

Even though anesthesia-related maternal mortality rates have
improved, anesthesia still remains prominent among the lead-
ing causes of maternal mortality; it is the seventh leading
cause of maternal mortality in the United States (25). Gen-
eral anesthesia in the obstetric patient is more likely to be
associated with maternal mortality than is regional anesthe-

sia. Airway management tends to be more difficult in preg-
nant patients compared to the general population. Moreover,
general anesthesia is indicated in emergency delivery surgery,
with minimal time left for adequate preoperative evaluation
and preparation for anesthesia. Several anatomic and physio-
logic alterations during pregnancy cause a difficult airway. Mu-
cosal edema is common in expectant mothers due to hormonal
effects and relative fluid overload, particularly in eclampsia
(26).

The Closed Claims Analysis of the ASA revealed that res-
piratory events accounted for the single largest class of injury
(27). According to the study by Chadwick et al., difficult tra-
cheal intubation and esophageal intubation comprised 23%
of harmful events associated with obstetric general anesthesia
(28). Complications leading to anesthesia-related deaths due
to airway management problems included aspiration of gastric
contents, problems during intubation, esophageal intubation,
and inadequate ventilation.

The pregnant woman is at special risk for aspiration of gas-
tric contents for a variety of reasons, including mechanical,
hormonal, and iatrogenic factors (26). The gravid uterus in-
creases intra-abdominal and intragastric pressure, which may
increase even more during delivery. The distortion of the esoph-
agogastric junction and the stomach through the gravid uterus
promotes esophageal reflux, and gastric emptying time is pro-
longed (29). Hormonal factors specific to pregnancy include
higher levels of gastrin, which increases gastric acidity and vol-
ume, and progesterone, which can decrease gastroesophageal
sphincter tone. Iatrogenic factors include the administration
of sedatives and narcotics during labor, which further pro-
longs gastric emptying and also may depress protective air-
way reflexes. Moreover, the lithotomy position and manual
abdominal compression for delivery additionally increase in-
tragastric pressure. The incidence of aspiration in obstetric pa-
tients for cesarean section under general anesthesia was 1 in
1,431 (0.07% ) in an Italian study (30). A Scandinavian re-
port noted aspiration in 4 of 3,600 cesarean sections (0.11% )
and in 4 of 36,800 parturients (0.01% ), with no fatalities
(31).

”Sile nt Asp irat ion” d uring Ane st he sia

During the induction of anesthesia, when protective reflexes are
diminished, the risk of aspiration is greatest. However, even af-
ter having successfully completed induction of anesthesia, pul-
monary aspiration is not uncommon. Owing to the fact that
this kind of aspiration is usually not detected by the anesthe-
siologist, it is called “silent” aspiration (32). Despite the tube
being correctly placed in the trachea, with an appropriately
inflated cuff to “seal” the airways, aspiration may still occur.
Nevertheless, during short-term endotracheal intubation, the
incidence of silent aspiration is relatively low. In older studies,
an incidence of 8% to 25% during anesthesia was reported
(33). In 1970, Blitt et al. detected “silent” aspiration in less
than 1% of 900 studied anesthetized patients (34). These clin-
icians attributed the low incidence of aspiration to their use of
cuffed endotracheal tubes and the exclusive use of fast-acting
intravenous induction in contrast to the induction with inhala-
tion anesthetics, which was still popular in those times. More-
over, they reported that only 1 out of the 900 patients (0.1% )
may have developed pulmonary complications as a possible



2100 Sect ion XIII: Resp iratory Disorders

consequence of silent aspiration. However, even in this pa-
tient, the pulmonary complication may have been from other
reasons (34). It is remarkable that there is no further, more
recent study about silent aspiration during anesthesia. This
fact and the very low incidence of serious consequences of
aspiration underline that silent aspiration during short-term
endotracheal intubation, as during anesthesia, is only of minor
concern.

Asp irat ion in t he Early
Post op e rat ive Pe riod

There are no specific data about the incidence of aspiration
in surgical patients in the early postoperative period or its se-
quel, aspiration pneumonia. Postoperative nausea and vom-
iting (PONV) is a frequent phenomenon after anesthesia and
surgery (35) and has been well reviewed in large prospective
multicenter studies. However, none of these studies revealed
pulmonary aspiration associated with PONV as a significant
problem. Nevertheless, as impaired consciousness is a major
risk factor for pulmonary aspiration in all patients who are
not fully recovered, the need for close observation is evident in
the early postoperative period.

Pulmonary Asp irat ion in Crit ical Care

Pulmonary aspiration during induction of anesthesia or in an
emergency case is generally witnessed, and the consequences
of aspiration, such as bronchospasm and hypoxemia, develop
early. In contrast, aspiration is usually silent in critical care
patients and frequently chronic without early and clear signs
of the event. Thus, estimating the incidence of aspiration in
critical care patients is difficult. Markers like glucose, pepsin,
radioisotope-labeled feeds, or dye in tracheobronchial secre-
tions have been used to detect aspiration in these patients (36–
38). With these methods, pulmonary aspiration was detected in
up to 89% in mechanically ventilated, tube-fed patients (38).
Other studies, reported in patients with tracheostomies, noted
a positive aspiration rate between 33% (40) and 50% (39). The
methods mentioned above identified minimal amounts of aspi-
rated material, even if no clinical symptoms could be detected.
In fact, 87% and 77% of the events, respectively, were classi-
fied as “silent aspiration” (39,40). Even in healthy subjects, tra-
cheal aspiration during sleep is not uncommon (12). However,
in healthy subjects, immune competence together with efficient
airway-clearing mechanisms (coughing, mucociliary transport,
etc.) and the low pathogenicity of the normal oropharyngeal
flora prevent the development of airway infection. On the other
hand, if the physiologic defense and clearing mechanisms are
impaired—as in the critically ill and particularly in sedated, en-
dotracheally intubated patients—pneumonia may follow, even
if the amount of the aspirated substance is small and the num-
ber of bacteria low. Furthermore, recurrent aspiration of bac-
terially contaminated oropharyngeal secretions is frequent in
these patients and increases the likelihood of respiratory tract
infection. This explains the correlation between the duration
of critical illness—and especially the time of intubation—with
occurrence of respiratory tract infections. In a large Euro-
pean multicenter study, the incidence of pneumonia in endo-
tracheally intubated patients was 15.8% at day 7 and 23.4%

at day 14 (41). In critically ill patients, the immunocompro-
mised state and previous antibiotic therapy lead to a shift of
the oropharyngeal flora from physiologically less virulent bac-
teria to a pathogenic population consisting mostly of Staphy-
lococcus aureus, Gram-negative enteric bacilli, Pseudomonas
aeruginosa, and Candida species (42). Since aspiration pneu-
monia is one of the most common and relevant results of the
aspiration of oropharyngeal secretions or gastric contents in
critically ill patients, its occurrence can be used as a surrogate
indicator of aspiration. However, the incidence of aspiration
pneumonia is often submerged within the incidence of VAP.
VAP incidence, as it is defined, refers only to endotracheally
intubated, mechanically ventilated patients, and does not in-
clude the aspiration pneumonia of nonintubated patients, such
as those having suffered a stroke or with swallowing defects
of other origins. Thus, there is uncertainty as to the exact in-
cidence of aspiration pneumonia. Even the incidence of VAP
varies between 9% and 70% , depending upon the case mix of
patients, the setting of the studies, and the criteria used for the
diagnosis of pneumonia (43).

Pulmonary Asp irat ion in
Me d ical Eme rg e ncie s

Medical emergency situations are often accompanied by re-
duced consciousness and impaired protective reflexes. Thus,
tracheobronchial aspiration is common in these cases. Al-
though the exact incidence is uncertain, the overall risk of as-
piration during emergency intubations is in the range of 20%
(44). However, this number varies depending on the patient’s
condition—mainly the level of consciousness—and the situa-
tion during which airway management or airway protection
measures are performed. Pulmonary aspiration during endo-
tracheal intubation in emergency surgery, even though per-
formed in the operating suite, takes place in 1 of 895 (0.1% )
cases, which is about four times more frequent than in elec-
tive surgery (20). The risk of aspiration increases with the de-
gree of unconsciousness, as measured by the Glasgow coma
scale (45). In prehospital emergency care, aspiration prior to
airway management occurs in about one third of severely head-
injured patients—those with a Glasgow coma scale score be-
tween 3 and 8 (46,47). Although no specific data have been
described in the patient with central nervous system (CNS) in-
jury, some authors estimated the incidence of gastric aspiration
to be up to 30-fold more likely in emergency—as compared
to scheduled—cases (48). Another study revealed aspiration
of gastric contents in 50% of the patients who needed to be
intubated because of respiratory insufficiency in the prehospi-
tal setting, as opposed to 22% in those patients who required
subsequent tracheal intubation in the emergency department
(49). Even though different methods have been used to investi-
gate the incidence of pulmonary aspiration in emergency care,
it seems relatively clear that aspiration in emergencies occurs
less frequently in a well-prepared setting such as the operating
suite, with doctors highly skilled in airway management, as
compared to the difficult situations seen in prehospital emer-
gency care. Furthermore, it can be presumed that endotracheal
intubation in an emergency situation per se might increase
the risk of aspiration: if reflexes are not deeply suppressed,
laryngoscopy stimulates the gag reflex caused by contact of the
instrument with the pharyngeal wall and can induce vomiting.
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Gastric contents will then be aspirated because of disturbed
protective reflexes and discoordinated cough reflexes. In many
trauma patients, the stomach is acutely dilated (50), which fur-
ther promotes vomiting, regurgitation, and, finally, aspiration.
Cardiopulmonary resuscitation also poses a high risk for aspi-
ration. In an autopsy series of unsuccessfully resuscitated pa-
tients, nearly half of them had full stomachs, and the overall
incidence of pulmonary aspiration was 29% (51). This under-
lines the high incidence of pulmonary aspiration in emergency
patients.

PATHOPHYSIOLOGY OF
PULMONARY ASPIRATION

Definit ion

Aspiration is defined as the misdirection of oropharyngeal or
gastric contents into the larynx and lower respiratory tract
(52). Aspiration of gastric contents results from either active
vomiting or passive regurgitation, both associated with impair-
ment or depression of protective laryngeal and cough reflexes.
Aspiration can be composed of materials from the follow-
ing groups, depending on the nature of the aspirated material
(53):

1. Noxious fluids—acid, bile, jejunal secretions, and other
chemical substances

2. Solid particles—food, teeth, and other foreign bodies
3. Miscellaneous fluids—blood, water, alcohol, meconium,

milk, pus, etc.
4. Microbiologically contaminated secretions

Table 139.2 lists substances that are known to be aspirated.

TA BLE 1 3 9 . 2

SUBSTANCES KNOWN TO BE ASPIRATED

GASTROINTESTINAL FLUIDS
Gastric acid
Bile
Jejunal secretions
Fluid enteral nutrition formula

SOLID PARTICLES
Food of any kind
Nuts (peanuts)
Teeth
Sand/small stones

MISCELLANEOUS FLUIDS
Blood
Alcohol
Hydrocarbons
Polyethylene glycol
Meconium
Milk

MICROBIOLOGICALLY CONTAMINATED SUBSTANCES
Oropharyngeal secretions
Pus

Asp irat ion Pne umonit is ve rsus
Asp irat ion Pne umonia

To better understand the problem of aspiration, it is important
to distinguish between aspiration pneumonitis and aspiration
pneumonia. Aspiration pneumonitis is caused by chemically
injurious agents (e.g., acid). Such agents destroy the lung tis-
sue directly, as by chemical burn. It most commonly occurs in
patients with a decreased level of consciousness who aspirate
gastric contents. By way of contrast, aspiration pneumonia oc-
curs in a different group of patients, mainly elderly with dys-
phagia or gastric dysmotility, or in critically ill patients who are
usually endotracheally intubated and mechanically ventilated.
These patients often aspirate only small amounts of bacterially
contaminated secretions. Furthermore, in this kind of aspira-
tion, lung damage develops collaterally to aspiration, when
bacterial invasion leads to pneumonia. Although the distinc-
tion is somewhat arbitrary, there clearly are different popu-
lation groups at risk for the two potential aspiration-induced
lung disorders. It is important to examine these two conditions
separately to better define the prognosis and treatment of at-
risk populations (54).

The outcome after pulmonary aspiration is dependent on
the toxicity or virulence of the aspirate, the volume of the as-
pirate, and the effectiveness of the defense mechanisms of the
organism. For example, small amounts of aspirated autolo-
gous blood will cause no harm to lung tissue. In contrast, a
relatively small volume of gastric acid with low pH produces
harmful damage to the alveolar tissue (i.e., pneumonitis). Al-
though saliva is a neutral liquid and is aspirated only in small
amounts, its bacterial contamination may cause serious pneu-
monia because of the impaired clearing mechanisms and de-
creased immune defense in critically ill patients.

Asp irat ion of Gast ric Cont e nt s and
Asp irat ion Pne umonit is

The major source of aspirated material is the stomach and up-
per gastrointestinal tract. The content is variable, consisting of
gastric acid, food particles, or a mixture of both. In case of
small bowel obstruction, the stomach may also contain jejunal
secretions and bile. The aspect of solid food will be discussed
in a later section.

Gastric acid is very deleterious to lung tissues. Most authors
agree that a pH less than 2.5 and a volume of gastric aspirate
greater than 0.4 mL/kg body weight—approximately 25 to
50 mL in adults—are required for the development of aspi-
ration pneumonitis (6,8,10). Experimental studies have indi-
cated that the instillation of low pH hydrochloric acid solutions
results in a dose-related and pH-dependent acute lung injury
(ALI). The severity of the injury is directly related to three vari-
ables: (a) the acidity of the instilled fluid, (b) the volume of
the instilled fluid, and (c) the tonicity of the fluid (55). Hypo-
tonic fluids cause a more severe lung injury than isotonic fluids;
gastric contents have approximately one-third the osmolality
of plasma. Most clinical and experimental studies demonstrate
that there is an initial lung injury whose clinical presentation is
airway constriction, arterial hypoxemia, and the development
of pulmonary edema. In some experimental models, there is
progression of the acid-induced lung injury, with the most se-
rious injury seen at approximately 6 to 8 hours after the acid
administration (56).
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Small bowel obstruction often leads to massive (greater than
1 liter) reflux of bile and jejunal secretions into the stomach.
This produces an increased gastric pressure with a high risk of
regurgitation. Bile has an inflammatory potential comparable
to acid (57). Owing to the direct chemical destruction of the
lung tissue by aspiration of either gastric acid or bile, this kind
of lung damage is termed aspiration pneumonitis.

Asp irat ion of Solid Part icle s
Aspirate containing large particles accounted for 7.5% of aspi-
ration in Mendelson’s series (6). While two of his five patients
who aspirated solid material died of suffocation, most periop-
erative gastric aspirates do not contain large particles.

Solid particles obstruct the airways depending on their size.
The bigger they are, the larger is the obstructed lung area be-
hind the foreign body, and the higher the degree of the intra-
pulmonary right-to-left shunt, resulting in hypoxemia or even
suffocation. In the zone around the foreign body, local inflam-
mation will occur with infiltration of mononuclear cells and
granulomatous reaction of the lung tissue. If the solid particle
is not removed, permanent atelectasis and lung consolidation
will develop downstream from the obstruction. Conversely, air
trapping and emphysema may develop behind the obstruction
(58). Depending on the bacterial content of the aspirate or of
the airways behind the obstruction, local pneumonia or even a
lung abscess may develop.

Teeth are sometimes accidentally aspirated in craniofacial
trauma, and may be detected only by a routine chest radio-
graph postoperatively or during examination in the emergency
room. Foreign body aspiration is a serious problem in children,
with the ability to cause critical respiratory insufficiency (59).
More than 17,000 children under the age of 14 were admit-
ted to emergency departments in the United States in 2001,
resulting in 160 deaths (60). More than 50% foreign body as-
pirations occur in children aged between 1 and 3 years, less
than 10% in children younger than 1 year of age (61), and
only occasionally in adults, usually secondary to impaired con-
sciousness. A Medline search revealed that nearly anything that
would fit into a pediatric trachea has been detected there. As-
piration of foreign bodies can occur very dramatically, with
a full-blown picture of acute choking, or more subclinically
with recurrent coughing or wheezing episodes mimicking res-
piratory infection or asthma (62). Nuts, especially peanuts,
are occasionally aspirated by children and cause a special
problem. These often break into small pieces when attempt-
ing to remove them bronchoscopically. Generally, removal of
the aspirated foreign body by bronchoscopy is the therapy of
choice.

Asp irat ion of Misce llane ous Fluid s
Blood. During craniofacial trauma and, to a lesser extent, dur-
ing ear–nose–throat surgery and maxillofacial surgery, the as-
piration of blood is common. Blood is harmless in terms of
its inflammatory property to tissue or mucosal structures. De-
pending on the volume aspirated, it will cause a certain degree
of intrapulmonary right-to-left shunt and hypoxemia. About
400 mL of blood in the alveolar space may be sufficient to cause
significant hypoxemia (63). Only a large amount of blood can
obstruct the airways sufficiently to cause life-threatening hy-
poxemia and death through suffocation. Smaller volumes nor-
mally can easily be treated with the application of continuous
positive airway pressure or positive end-expiratory pressure

(PEEP) ventilation (64). Most often, the blood is reabsorbed
without further harmful consequences, with the only hazard
of aspirated blood being airway obstruction.

Alcohol. The pH of alcohol is similar to that of saliva—pH 6
to 7—and its destructive properties on lung tissue have been
considered minimal. In an animal study, however, aspirated
ethanol has been shown to produce marked pulmonary inflam-
mation and bronchiolitis obliterans (65). How this might be
adjudicated in the context of a human aspiration of alcohol is
unclear, and only one study concerning ethanol aspiration in
the literature underlines the fact that aspiration of ethanol is a
rare event.

Hydrocarbons. Materials such as gasoline, kerosene, gasoil,
furniture polish, and other light oil products are sometimes
ingested—mainly accidentally—by children. If vomited or re-
gurgitated, hydrocarbons can be aspirated, resulting in a rapid
onset of hypoxemia caused by intrapulmonary shunt (66). The
intrapulmonary shunt after aspiration of hydrocarbons results
from pulmonary edema and mucosal bleeding (67).

Polyethylene Glycol. This material is generally used to clean
the bowel prior to endoscopic examinations. Since it is given
in relatively large quantities, pulmonary aspiration may oc-
cur in at-risk patients, such as children and the elderly (68).
Polyethylene glycol induces mucosal inflammation, interstitial
edema, and, consequently, hypoxemia.

Oropharyngeal Secretions. Oral secretions per se are innocu-
ous to airway mucosa. If aspirated, oropharyngeal secre-
tions are usually small in volume and will not cause signif-
icant obstruction of the airways. However, the oropharynx
is heavily contaminated with a variety of microbes, which
may cause a problem if aspirated. In healthy individuals,
the normal oropharyngeal flora consists mostly of anaerobes
and, to a small degree, aerobic bacteria (Staphylococcus and
Haemophilus species, among others) (69), which only have a
minor infectious potential in the immunocompetent subject.
In the presence of an immunocompromised state, the normal
flora may be overgrown by pathogens such as Gram-negative
rods, S. aureus, and yeasts. Aspirated oropharyngeal secretions
contaminated with these pathogenic microbes are usually the
source of aspiration pneumonia. However, the development of
pneumonia depends on the pathogen’s virulence and the quan-
tity aspirated, as well as the patient’s defense mechanisms such
as mucociliary clearance and cellular and humoral immuno-
competence. Repeated aspiration of even small amounts of se-
cretions from above the cuff of the endotracheal tube, as often
takes place in mechanically ventilated patients, increases the
likelihood of VAP.

Meconium. The aspiration of meconium (pH 5.5–7) in new-
born infants can cause mechanical obstruction, depending on
the amount and consistency of the material; it also induces
a chemical pneumonitis (70). Meconium aspiration occurs in
slightly less than 1% of the newborn infants (71). Of the in-
fants who develop a meconium aspiration syndrome, more
than 4% die, accounting for 2% of all perinatal deaths (72). In
laboring women with thick meconium staining of the amniotic
fluid, amnioinfusion did not reduce the risk of moderate to se-
vere meconium aspiration syndrome, perinatal death, or other
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maternal or neonatal disorders (73). Routine oropharyngeal
and nasopharyngeal suctioning during delivery of term new-
borns through meconium-stained amniotic fluid is a frequent
therapy, but it has recently been suggested that this does not
prevent the meconium aspiration syndrome (74).

Milk. Milk may be aspirated either directly after ingestion or
subsequent to regurgitation or vomiting. The effects of pul-
monary aspiration of milk have been studied in animals (75).
Vomited milk is usually acidic due to gastric acid admixture.
However, instillation of human breast milk into rabbit lung at
a pH of 7 and 1.8 results in comparable tissue damage and
pneumonitis, whereas instilled 5% dextrose solution at a pH
of 1.8 did not cause significant lung injury. It appears, based on
this study, that human breast milk may be harmful to the lung.
Nevertheless, this interpretation from animal experimentation
must been taken with caution, as no data exist on the effect of
aspirated human breast milk on human lung tissue.

Pus. Aspiration of pus is a very rare event, occurring during
surgery for lung abscess or rupture of a peritonsillar abscess.
The consequence may be transmission of the infection to other
regions of the respiratory tract.

DIAGNOSIS OF ASPIRATION
AND ITS SEQ UELAE

Patients who have aspirated gastric material may present with
dramatic clinical signs and symptoms. The clinical features
may include an abrupt onset of wheezing, coughing, dyspnea,
and tachycardia. Patients may exhibit low-grade fever, bron-
chospasm, or cyanosis, with pink, frothy sputum. A severely
decreased PaO 2 and hypoxemia also occur. If not witnessed,
the diagnosis of acid pneumonitis is usually presumptive based
upon the clinical picture. After an aspiration, the chest radio-
graph often shows localized or diffuse patchy alveolar infil-
trates or, in severe cases, opacification of large lung fields; these
changes are usually noted within 2 hours. Aspiration most of-
ten is localized in the right lower lobe, as this is the straightest
path from the trachea, or in the most dependent lung area—
frequently the right upper lobe in supine patients (76).

As a consequence of the aspiration-induced alveolar cap-
illary membrane damage, capillary leak occurs with loss of
intravascular fluid into the interstitial tissue of the lung,
resulting in increased extravascular lung water, systemic hemo-
concentration, hypotension, tachycardia, and, possibly, hypo-
volemic shock aggravating the hypoxemia. Pulmonary hyper-
tension may occur secondary to bronchospasm, loss of alveolar
function, and left ventricular dysfunction (77). In patients with
neurologic injuries, pulmonary aspiration can contribute to
secondary CNS injury through hypoxia, hypotension, and pul-
monary hypertension, with decreased cerebral venous return
causing an acute increase of intracranial pressure (48).

Interestingly, many patients do not have clinical progression
to lung injury, only a cough or a wheeze. Some patients have
silent aspiration, which may manifest only as arterial desat-
uration with subsequent radiologic evidence of aspiration or
pneumonia (20). Subclinical aspiration can be detected only
through additional measures. Several markers have been used
to ascertain subclinical aspiration with various success. Such

markers include glucose, radioisotope-labeled feeds, or dye
(37,78,79). Recently, the presence of pepsin as a sensitive and
specific marker of gastric contents has been suggested as a use-
ful marker of occult aspiration (80,81).

If a patient is considered as having suffered clinically rele-
vant aspiration, measuring the pH in the larynx may be used
to confirm the diagnosis (82). We usually measure the pH with
simple litmus paper, which is adequately sensitive, as gastric
contents require a pH of less than 2.5 to produce chemical
pneumonitis. Bronchoscopy supplies only limited additional
information. If aspiration of solid particles is suspected or wit-
nessed, bronchoscopy can confirm the type and size of the
particle. However, for the removal of particles, rigid bron-
choscopy may be necessary. In case of gastric acid aspiration,
bronchoscopy is only able to show the amount of inflamed mu-
cosa. It is useless to attempt to remove acid from the bronchi
via bronchoscopic lavage and suctioning.

The diagnostic criteria of aspiration pneumonia (not to be
confused with aspiration pneumonitis) are not different from
the usual criteria of pneumonia, consisting of the typical clini-
cal findings such as new pulmonary infiltrates, fever, deteriora-
tion of pulmonary function, and laboratory infectious findings
such as leucocytosis and identification of the causative agent
(83,84).

THERAPY FOR ASPIRATION
Witnessing the aspiration of gastric secretions into the pharynx
should immediately prompt lateral head positioning, assuming
integrity of the cervical spine, suctioning, and consideration
of endotracheal intubation. The success of treatment may de-
pend on immediate and vigorous measures to relieve airway
obstruction. Tracheal suctioning may stimulate cough, bring-
ing up some aspirated material, and thus help confirm a sus-
pected diagnosis. Immediate bronchoscopy is performed only
when solid particles, which may obstruct airways, are thought
to have been aspirated. Removal of larger material requires
rigid bronchoscopy. Bronchoscopic suctioning will not, how-
ever, protect the lungs from chemical injury, which essentially
occurs immediately. Bronchial lavage may be deleterious, as it
may result in surfactant washout and spread noxious aspirated
material to uninvolved lung areas. Attempted neutralization of
the acid aspirate is of no help, as the acid is rapidly neutralized
physiologically.

The major therapeutic approach is to maintain pulmonary
function, thus ensuring adequate gas exchange and minimizing
further damage to the lungs. In an awake, alert, and coopera-
tive patient, continuous positive airway pressure (CPAP) may
be administered by mask, but more often, mechanical ventila-
tion with PEEP in a lung-protective manner must be applied.
Recent work also indicates that mechanical ventilation of acid-
injured rat lungs with low tidal volumes of 6 mL/kg reduces
the severity of lung injury compared to mechanical ventila-
tion with higher tidal volumes of 12 mL/kg (85). These studies
confirm the results of the ARDS Network trial in which low
tidal volume ventilation decreased mortality in patients with
ALI (86). Aerosolized β 2 agonists may reduce the severity of
lung endothelial injury and augment active ion transport mech-
anisms, which are responsible for the removal of edema from
distal alveoli and airways of the lung (87). Owing to the delete-
rious increase of pulmonary vascular resistance caused by acid
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injury, the use of selectively acting vasodilators, such as inhaled
nitric oxide (iNO), sildenafil, and prostacyclin, may be helpful
in improving lung function and cardiac performance.

Meconium aspiration syndrome (MAS) remains a relevant
cause for respiratory distress syndrome in premature infants,
and is characterized by severe impairment of pulmonary gas ex-
change, surfactant inactivation, and pronounced inflammatory
changes. Surfactant replacement therapy has been established
for years as one of the most important therapeutic interventions
in the management of premature infants with ARDS (88,89).
Owing to the fact that aspiration and ARDS include the loss
of pulmonary surfactant function, there is considerable inter-
est in surfactant replacement therapy in adult patients. An in-
ternational, multicenter, industry-sponsored study showed no
improvement in either oxygenation or mortality when replace-
ment surfactant was used in these patients (90). The study had
enrolled 498 patients when it was discontinued, after interim
analysis revealed a 41% mortality rate in both groups. Clinical
experience has shown exogenous surfactant inconsistent as a
therapeutic modality for adult patients with ARDS. However,
current data do suggest that patients with primary ARDS (e.g.,
pneumonia, aspiration) may benefit more from surfactant re-
placement therapy than patients with secondary ARDS (e.g.,
sepsis, trauma); there has been no large, randomized, clinical
trial conclusively showing that exogenous surfactant improves
outcome in ARDS (91). The value of surfactant replacement in
near-drowning is discussed elsewhere.

Steroids in aspiration syndromes have been shown to be
clinically ineffective and, indeed, impede recovery in animal
models (92), and likely in humans as well (93–95).

Ant ib io t ic The rap y

Asp irat ion Pne umonit is
Although common practice, the prophylactic use of antibiotics
in patients with suspected or witnessed aspiration is not recom-
mended (96). Prophylactic antibiotics may increase late mor-
tality by promoting the growth of resistant bacteria (97). How-
ever, empiric antibiotic therapy is appropriate for patients who
aspirate gastric contents consisting of small bowel secretions or
in other conditions associated with high bacterial colonization
of the aspirate. Specific antibiotic therapy should be initiated in
the setting of a secondary bacterial infection and should also be
considered for patients with aspiration pneumonitis that fails
to recover within 48 hours after aspiration (23).

Asp irat ion Pne umonia
The antibiotic therapy of aspiration pneumonia depends on
the expected causative agent. However, distinctions are made
between early- and late-onset pneumonia, which have different
epidemiology and pathogenesis, and thus each type requires
different strategies for therapy and prevention.

Early-onset Pneumonia. Early-onset pneumonia occurs typi-
cally in trauma patients and acute illness a few days after
admission (98). The mechanism is mostly aspiration of oropha-
ryngeal secretions before or during endotracheal intubation.
Thus, the causative microbial organisms of early-onset pneu-
monia are usually identical with those potentially pathogen
microbes, which can frequently be found in the oropharyn-

geal flora of healthy subjects, such as methicillin-susceptible
S. aureus, Haemophilus influenzae, or Streptococcus pneumo-
niae. Since these organisms are also responsible for community-
acquired pneumonias, the antibiotic treatment of early-onset
pneumonia is not different from that of community-acquired
pneumonia.

Late-onset Pneumonia. As late-onset pneumonia occurs more
than 4 to 7 days after admission (99), the spectrum of the
causative organisms is usually nosocomial, often consisting
of Pseudomonas aeruginosa, among others. The principles
of antibiotic therapy of late-onset pneumonia are the same
as those of nosocomial pneumonia. Both issues—therapy of
community-acquired and nosocomial pneumonia—are dis-
cussed separately in Chapter 111.

PREVENTION OF ASPIRATION
AND ITS SEQ UELAE

Pre ve nt ion of Asp irat ion in t he
Pe riop e rat ive Pe riod

The ritualistic preoperative fasting over the past decades has
been questioned, given that fasting can cause dehydration, di-
minishes the energy reservoir, and increases patient anxiety.
Moreover, the amount of gastric secretions may be increased
through hunger and emotional stimuli (100–103).

Many studies have attempted to identify patients at risk
before induction of general anesthesia with various fasting du-
rations in various settings. It is generally agreed upon that clear
fluid given up to 2 hours before elective surgery does not ad-
versely affect gastric contents in healthy patients (100,104).
This knowledge is one of the keystones of the “fast-track
surgery” approach (105). One study found gastric volume and
pH unchanged in children who had received 6 or 10 mL/kg
apple juice 2.5 hours before anesthesia; in addition, they were
less thirsty and less irritable than the control children who re-
ceived no juice (107). However, the preoperative fast should
not be lessened for anything other than clear liquids, as as-
piration of particulate material (106) or human breast milk
are grave, regardless of acidity (75), nor should fasting be
abated in obstetric patients or patients awaiting emergency pro-
cedures. The current ASA guidelines for preoperative fasting
(108) list fasting times for clear liquids, human breast milk, in-
fant formula, nonhuman milk, and a light meal. Depending on
the substance ingested, a preoperative fasting time between 2
and 6 hours is considered safe. However, the recommended
fasting periods apply to healthy patients awaiting elective
surgery; exceptions have been defined for other circumstances
(Table 139.3).

Pre op e rat ive Ad minist rat ion of Ant acid s

The large retrospective review of 215,488 general anesthet-
ics found no difference between patients who received or did
not receive prophylaxis for acid aspiration. This leads to the
author’s question, “Should these medications have been used
routinely?” (20). The potential value of the preoperative ad-
ministration of antacids is based on the unproven presumption
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TA BLE 1 3 9 . 3

PRACTICE GUIDELINES FOR PREOPERATIVE
FASTINGa

Ingested material Minimum fasting periodb (h)

Clear liquidsc 2
Breast milk 4
Infant formula 6
Nonhuman milkd 6
Light meale 6

aThese recommendations apply to healthy patients who are
undergoing elective procedures. They are not intended for women in
labor. Following the Guidelines does not guarantee complete gastric
emptying.
bThe fasting periods noted above apply to all ages.
cExamples of clear liquids include water, fruit juices without pulp,
carbonated beverages, clear tea, and black coffee.
d Since nonhuman milk is similar to solids in gastric emptying time, the
amount ingested must be considered when determining an appropriate
fasting period.
eA light meal typically consists of toast and clear liquids. Meals that
include fried or fatty foods or meat may prolong gastric emptying
time. Both the amount and type of foods ingested must be considered
when determining an appropriate fasting period.
From American Society of Anesthesiologists Task Force on
Preoperative Fasting. Practice guidelines for preoperative fasting and
the use of pharmacologic agents to reduce the risk of pulmonary
aspiration: application to healthy patients undergoing elective
procedures: a report by the American Society of Anesthesiologists Task
Force on Preoperative Fasting. Anesthesiology. 1999;90:896–890.

that drug-induced increases in gastric pH will decrease the like-
lihood of severe acid pneumonitis (20). Despite the known abil-
ity of antacids to increase gastric fluid pH, it has not been docu-
mented that prophylactic administration to a high-risk patient
population (e.g., parturients) decreases mortality (109,110).
Furthermore, antacids and other drugs, such as H 2 antagonists
or proton pump inhibitors, have no impact on the incidence
of regurgitation and aspiration. The duration of antacid action
highly depends on gastric emptying time, which can be short-
ened by prokinetic drugs like metoclopramide. However, this
effect is blocked by atropine or opioids. Opioids slow gastric
motility and thus prolong the pH-elevating effects of antacids.
The administration of antacids (e.g., to the parturient who has
also received opioids) may result in greatly increased gastric
fluid volume at the time general anesthesia is induced. With
this in mind, it seems more prudent to administer nonparticu-
late (clear) antacids, such as 15 to 30 mL sodium citrate as a
single dose, approximately 30 minutes before the anticipated
induction of general anesthesia (111–113).

The pH of a 0.3 molar sodium citrate solution is 8.4, which
reliably increases gastric fluid pH in pregnant and nonpreg-
nant patients. If time permits, aspiration prophylaxis should
be considered in all patients with a so-called “full stomach.”
However, in emergency cases, neutralization of gastric secre-
tion with sodium citrate shortly before intubation is often not
possible if an adequate level of consciousness or a gag re-
flex is missing (48). Because of the slow onset of action, the
use of H2 antagonists or proton pump inhibitors does not
provide adequate suppression of acid production, nor does
metoclopramide enhance gastric emptying in these emergency
cases.

Based on the arguments mentioned above, the ASA Task
Force on Preoperative Fasting (108) does not recommend the
routine administration of antacids, gastric acid secretion block-
ers, antiemetics, or anticholinergics in patients who have no
apparent increased risk for aspiration. Only nonparticulate
antacids should be used when indicated for selected patients to
decrease gastric acidity during the perioperative period (e.g.,
prior to cesarean section).

Rap id Se q ue nce Ind uct ion

Protection against acid aspiration in patients at risk relies
mainly upon rapid sequence induction (RSI). Injection of in-
travenous agents and the simultaneous application of effec-
tive cricoid pressure are followed immediately by tracheal in-
tubation. The Sellick maneuver should be used when regional
anesthesia is not feasible in patients thought to be at high risk
for aspiration. The cricoid pressure is used to produce a col-
lapse of the esophageal lumen and should be maintained until
the endotracheal tube is visualized passing through the vocal
cords, the cuff has been inflated, appropriate breath sounds
are confirmed, mist is noted to be present in the endotracheal
tube, and end-tidal CO 2 presence is verified (29). Most anes-
thesiologists prefer an elevated head-up position during RSI.
The rationale for this maneuver is that an intragastric pres-
sure higher than 20 cm H 2O is required to overcome the lower
esophageal sphincter. The head-up position exceeding this dis-
tance impedes passive regurgitation, as in the case of muscle
paralysis. In contrast, the head-down, Trendelenburg position
would enable the regurgitated gastric contents to drain out of
the oropharynx passively or be suctioned actively with a suc-
tion system. However, since endotracheal intubation usually is
easier with the patient in an elevated, semirecumbent position,
we would recommend it rather than the head-down position.

Despite taking all precautions, aspiration may still occur re-
gardless of the patient’s position or the applied cricoid pressure.
Moreover, the ability to maintain adequate cricoid pressure for
the necessary length of time and the accuracy in the delivery of
cricoid pressure are uncertain. The application of cricoid pres-
sure is a nonevidence-based, but clinically widespread, method
in aspiration prophylaxis. Although there is little scientific ev-
idence to support the widely held belief that the application of
cricoid pressure reduces the incidence of aspiration during RSI
(114), we recommend its use because of the minimal detrimen-
tal effects of application.

Because of the drawbacks to general anesthesia, many anes-
thesiologists prefer regional anesthesia for cesarean section.
The use of these techniques for cesarean delivery has greatly
increased due to the far lower incidence of aspiration. Accord-
ingly, the incidence of maternal pulmonary aspiration has de-
creased greatly in the past decades—from 43 per 100,000 live
births to 1.7 per 100,000 live births (115). The absolute num-
ber of deaths due to regional anesthesia has been decreased by
80% , down to 1.9 per 1,000,000 regional anesthetics. How-
ever, when general anesthesia is thought necessary for any rea-
son, RSI and insertion of a cuffed endotracheal tube are oblig-
atory.

When general anesthesia is indicated in patients at risk for
pulmonary aspiration, airway management is one of the most
important issues. Failed intubation occurs in the general surgi-
cal population at a rate of 1 in 2,330 (0.04% ) (116), and is
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approximately eightfold higher in the obstetric population
(117). Most airway catastrophes occur when airway difficulty
is not recognized before the induction of anesthesia, and the
anesthesiologist is not prepared to manage the difficult air-
way. Thus, meticulous preanesthetic examination is necessary
to identify the patient at risk for airway difficulty as well as for
aspiration; additionally, every airway should be considered a
difficult airway, and backup plans should be in place if needed.
The difficult airway is discussed elsewhere (Chapter 38).

Pre ve nt ion of Asp irat ion in Crit ical Care

Several studies have demonstrated that regurgitation and as-
piration is increased in tube-fed, critically ill patients lying in
the supine position, as compared to the semirecumbent posi-
tion (118–120). A fourfold higher VAP incidence was found in
the supine position (34% ) as compared to the semirecumbent
group (8% ) (120); there was also a significant association with
gastric feeding and the occurrence of VAP. However, the risks of
enteral feeding have to be balanced against its benefits. Thus,
it seems prudent to avoid large gastric volumes rather than
abandon gastric feeding per se in critically ill patients (17).

Theoretically, a cuff sealing the endotracheal tube against
the tracheal wall will prevent aspiration of even the smallest
amounts of oropharyngeal secretions, so-called microaspira-
tion. Low-volume, high-pressure cuffs increase the risk of tra-
cheal mucosal damage and, thus, are not appropriate for long-
term endotracheal intubation. Instead, endotracheal tubes with
high-volume, low-pressure cuffs are preferred if long-term in-
tubation is expected. However, an endotracheal tube with a
high-volume, low-pressure cuff does not prevent microaspira-
tion from the subglottic area (121). Leakage of subglottic secre-
tions occurs down longitudinal channels caused by folds within
the inflated cuff wall. The reason for these folds is that the cuff
must be larger than the cross-section of the trachea so it can ad-
just to the tracheal wall. Over the past several years, attempts
have been made to improve the fit of the cuff in the tracheal wall
by changing the shape and material of the cuff (122). Although
some laboratory studies have demonstrated decreased leakage
using improved cuff configurations, the problem of VAP is still
not clinically solved with this approach.

Since pooled, bacterially contaminated secretions above the
cuff are the reservoir for microaspiration, drainage of these
secretions should reduce the incidence of aspiration and, con-
sequently, the risk for VAP. However, conventional oropharyn-
geal suctioning techniques are usually not able to access this
subglottic area, which is below the vocal cords and above the
cuff of the tube. The removal of secretions from the subglottic
region requires a specially designed endotracheal tube with a
separate dorsal suctioning lumen, which opens into the subglot-
tic region just above the cuff (123). This extra dorsal lumen is
connected to an evacuation system, and the subglottic region is
either drained intermittently or continuously with a gentle neg-
ative pressure—about 30 mm Hg suction. In four randomized
controlled trials, which included more than 800 patients, the
use of subglottic suction tubes was compared to conventional
endotracheal tubes in critically ill patients (124–127). Only two
of the four trials revealed a significant reduction of VAP in the
subglottic suction group. There was no decrease in either mor-
tality, length of stay, or duration of mechanical ventilation by
the method tested (128). Moreover, in a recent animal study, it

was shown that continuous subglottic suctioning may even be
deleterious to the tracheal mucosa, while only marginally low-
ering the bacterial colonization of the lung (129). A recently
published study revealed that the use of continuous subglottic
suctioning did not modify the level of oropharyngeal and tra-
cheal colonization in long-term ventilated critically ill patients.
Two of five patients who had received subglottic suctioning de-
veloped laryngeal edema immediately after extubation, and re-
quired reintubation (130). A recent meta-analysis (131) studied
the effects of subglottic drainage by evaluating the four studies
mentioned above (124–127) and a fifth study (132). Subglot-
tic suctioning in patients expected to require more than 72
hours of mechanical ventilation resulted in a significant reduc-
tion of the incidence of early-onset pneumonia (that occurring
5–7 days after endotracheal intubation). Furthermore, the du-
ration of mechanical ventilation was shortened by 2 days, and
the length of stay in the ICU was shortened by 3 days in these
patients. These results suggest that subglottic suctioning may
play a role in patients expected to be ventilated for prolonged
periods, and only by reducing the incidence of early-onset pneu-
monia. However, the method (i.e., the specially designed tube)
is expensive and may damage the tracheal mucosa. This risk
must be weighed against the expected reduction of the inci-
dence of VAP.

Pre ve nt ion of Asp irat ion Pne umonia

Pneumonia depends on lung contamination with pathogenic
micro-organisms as well as their virulence (i.e., their ability to
overcome the host defense and cause an infection). Thus, an-
other approach to avoid aspiration pneumonia is to prevent
the consequences of microaspiration in endotracheally intu-
bated patients rather than the microaspiration itself. The aspi-
ration of small amounts of oropharyngeal secretions would
be harmless for the lung if the sputum was sterile or only
contaminated with nonpathogenic microbes. However, sev-
eral factors—mainly the immunosuppression caused by se-
vere illness, as well as antibiotic therapy itself, etc.—disturb
the physiologic microbial balance, causing a shift in the mi-
crobiology of the oropharynx. Within a few days, the low-
pathogenic and physiologic oropharyngeal microflora changes
into a high-pathogenic abnormal flora, consisting mainly of
Gram-negative bacilli (133). Therefore, the oropharynx of crit-
ically ill patients, and particularly the pooled secretions in
the subglottic region, is heavily contaminated with potentially
pathogenic microorganisms. Aspiration of oropharyngeal se-
cretions contaminated with these pathogenic microbes is usu-
ally the source of aspiration pneumonia (134–136). Therefore,
any approach to reduce the bacterial burden of the aspirated
oropharyngeal secretions, as well as the virulence of the abnor-
mal microbial flora, might reduce the morbidity of microaspi-
ration and decrease VAP. Topically administered antibiotics at
the contamination site (i.e., the oropharynx and the airway)
eradicate the micro-organisms, or at least reduce their number
and, thus, impede the development of aspiration pneumonia.
However, there is a considerable controversy about such pro-
phylactic administration of antimicrobial agents given that it
enhances the risk of developing resistant bacterial strains. Dur-
ing the last decades, two approaches have been used in me-
chanically ventilated, critical care patients. One method is the
nebulization of antibiotics into the airways via the endotracheal
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tube to reduce the colonization of bacteria in the bronchial tract
(137–139). The other approach is the decontamination of the
sources of the pathogenic microbes (i.e., decontamination of
the oropharynx as well as the gastrointestinal tract). Usually
nonabsorbable antibiotics are used in both methods to allow
the application of supra-high local antibiotic concentrations at
the target site (i.e., the airways or the oropharynx and gastroin-
testinal tract) without unwanted systemic toxic side effects. The
use of supra-high local antibiotic concentrations may prevent
or, at least, impede the development of antibiotic resistance.

Most often, aminoglycosides have been used for nebuliza-
tion. Besides their use in the critically ill, there is substantial
experience in patients suffering from mucoviscidosis and cys-
tic fibrosis with the application of nebulized aminoglycosides.

Although some data on the use of nebulized antibiotics in
mechanically ventilated patients are promising, a final conclu-
sion cannot be made because the studies vary in their method-
ology and are inadequately powered. Moreover, application of
nebulized antibiotics is only effective in preventing pneumonia,
and seems not to benefit patients with active pneumonia, partic-
ularly when compared to the use of potent systemic antibiotics
(140). Mortality was not decreased by the use of nebulized
antibiotics in mechanically ventilated patients. Three recently
published reviews extensively discuss this topic (137–139).

Another approach to reduce the bacterial colonization of the
respiratory tract is the decontamination of the patient’s internal
bacterial sources (i.e., the gut, the stomach, and the orophar-
ynx). However, while total decontamination of the oropharyn-
geal cavity and the gastrointestinal tract is not possible, selec-
tive decontamination of the oropharynx and the digestive tract
(SDD) has been shown to reduce aspiration pneumonia in criti-
cally ill patients (141). The concept of SDD is the elimination of
the main pathogenic bacilli (especially Gram-negative bacteria
and S. aureus) as well as yeasts by oral and enteral application
of a combination of nonabsorbable antibiotics and antimy-
cotics (142). These microbes are very often involved in major
infections in critically ill patients, whereas they play virtually no
role in the physiologic intestinal ecosystem. SDD, as a means of
infection prophylaxis, should suppress/eliminate as many po-
tentially pathogenic micro-organisms as possible, leaving the
relatively harmless and even protective anaerobic microflora
unchanged (143). SDD has been studied in various critically
ill patient populations, and several meta-analyses have been
published (141,144,145). To date, randomized controlled tri-
als have only demonstrated a significant decrease of VAP and
mortality in trauma and liver transplant patients (146–148).
SSD requires meticulous microbial surveillance to monitor the
effects of the applied agents (i.e., the successful selective de-
contamination), as well as the possible emergence of antibiotic
resistance. Owing to the risk–benefit controversy, the use of
SDD is not commonplace in the United States, and it is rou-
tinely used only in selected centers in Europe (149).

PEARLS
1. The major risk factor for aspiration is a reduced level of

consciousness. General anesthesia is a risk factor, particu-
larly in emergency cases. Furthermore, any situation that
leads to increased gastric pressure or increased gastric con-
tent may amplify the incidence of regurgitation and vom-
iting and, consequently, the risk of pulmonary aspiration.

2. Critically ill patients with ventilatory insufficiency are at
particular risk of pulmonary aspiration. Even in patients
whose airway is protected by a cuffed endotracheal tube,
microaspiration is common, because the cuff configuration
does not provide a complete sealing of the trachea.

3. In general anesthetics, the overall incidence of pulmonary
aspiration is approximately 1 in 3,000. The pregnant pa-
tient is at higher risk for aspiration of gastric contents
(about 1 in 900 to 1 in 1,400) for a variety of reasons,
including mechanical, hormonal, and iatrogenic factors.

4. Silent aspiration during short-term endotracheal intuba-
tion, such as during anesthesia, is only of minor concern.

5. Silent aspiration in long-term intubated and mechanically
ventilated patients is common and has been detected in up
to 90% of patients. Since aspiration is the main cause of
pneumonia in critically ill patients, this issue is of major
concern.

6. In emergency medicine, aspiration is a common event due
to a reduced consciousness and the impaired protective re-
flexes of emergency patients. The less prepared, prehospital
setting further increases the risk of aspiration.

7. It is important to distinguish between aspiration pneu-
monitis and aspiration pneumonia. Aspiration pneumoni-
tis is caused by chemically injurious agents (e.g., acid). Such
agents destroy the lung tissue directly (e.g., by chemical
burn). In contrast, aspiration pneumonia occurs as a result
of microaspiration of bacterially contaminated, subglottic
secretions in critically ill patients who are usually endotra-
cheally intubated and mechanically ventilated.

8. The pulmonary consequence of aspiration depends on the
nature of the aspirated substance:
a) Acid-related aspiration causes pneumonitis, a chemical

injury to the lung parenchyma.
b) Aspiration of solid particles leads to acute airway ob-

struction or reflex airway closure with arterial hypox-
emia, depending on the size of the particles and the ob-
structed lung area downstream of the obstruction.

c) Aspiration of blood is harmless in most circumstances.
d) Microaspiration of subglottic secretions is the major

cause of ventilator-associated pneumonia. The harm
of microaspiration depends on the virulence and the
amount of bacteria contaminating the oropharyngeal
secretions.

9. Bronchoscopy, most effective rigid, should only be used
to remove solid particles from the airway. Bronchoscopy
does not improve the course and outcome of patients who
aspirated only liquid acid gastric contents.

10. Bronchial lavage after aspiration of gastric acid is rather
deleterious, because it may spread the aspirate to previ-
ously unaffected lung areas and can wash out surfactant.

11. Steroids in the treatment of aspiration pneumonitis have
been shown to be clinically ineffective. The administration
of corticosteroids is controversial and most likely does not
yield benefit or improvement of long-term outcome after
aspiration. Application of β 2 sympathomimetics improves
bronchospastic symptoms and may improve the removal
of airway edema.

12. The cornerstones of the treatment of the harmful conse-
quences of pulmonary aspiration are symptomatic mea-
sures, such as oxygen application, mechanical ventila-
tion with PEEP, and antibiotic therapy only in case of
pneumonia.
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13. Prevention of macroaspiration during general anesthesia
include the following principles:
a) Identification of the patient at risk
b) Skilled and well-prepared personnel (staff anesthesiolo-

gist and specialized nurse)
c) Relief of gastric pressure in case of increased contents

(i.e., ileus)
d) Maintaining lower esophageal sphincter competence

(i.e., removal of the nasogastric tube before induction
of anesthesia)

e) In the obstetric patient, alkalization of gastric acid prior
to induction

f) Rapid sequence induction including application of
cricoid pressure
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CHAPTER 140 ■ SEVERE ASTHMA
EXACERBATION
PARASKEVI A. KATSAOUNOU r THEODOROS VASSILAKOPOULOS

DEFINITION AND
CHARACTERISTICS OF SEVERE

ASTHMA—DIFFERENT
PHENOTYPES

It is imperative to use a recognized common definition of severe
asthma and to distinguish other terms and definitions that are
usually included in this definition or used as synonyms. This
is because of the complexity of asthma as a disease, which is
mostly a collection of different phenotypes, rather than a single,

specific disease with a unifying pathogenic mechanism (1). Var-
ious clinical definitions have been proposed through national
and international guidelines, working groups, and workshops,
which incorporate symptoms, lung function, exacerbations,
and, in many cases, specific use of high-dose corticosteroids
(2–5). In the original European Network description, patients
with severe asthma were defined as those who were difficult to
control after evaluation and treatment by an asthma specialist
for a year or more (4,6).

The NAEPP (National Asthma Educational and Preven-
tion Program) (3) and GINA (Global Initiative for Asthma)
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TA BLE 1 4 0 . 1

TERMS AND DEFINITIONS IN SEVERE ASTHMA

Severe persistent asthma (2) Continual symptoms, frequent nocturnal symptoms, limited activity, frequent
exacerbations, FEV1 or PEV< 60% predicted, PEF variability > 30% .

Severe/refractory Asthma (5)
Definition requires that at least one

major criterion and two minor
criteria are met, other disorders have
been excluded, exacerbating factors
have been treated, and patient is
generally compliant.

MAJOR:
1. Treatment requires continuous or nearly continuous (≥ 50% of year) oral corticosteroids.
2. Treatment requires high-dose (> 880 µ g/d fluticasone or equivalent) inhaled

corticosteroids.
MINOR:
1. Asthma symptoms needing short-acting β -agonist use on a daily or near-daily basis.
2. Need for additional daily treatment with a controller medication (e.g., long-acting
β -agonist, theophylline, or leukotriene antagonist).

3. Persistent airway obstruction (FEV1< 80% predicted, diurnal peak expira-
tory flow variability > 20% ).

4. One or more urgent care visits for asthma per year.
5. Three or more oral steroid bursts per year.
6. Prompt clinical deterioration with ≤ 25% reduction in oral or intravenous corticosteroid

dose.
7. Near-fatal asthma event in the past.

Severe asthma (4) Diagnosis requires at least three of the following:
1. Seen by a consultant in asthma > 2 yr.
2. Has persistent symptoms and decreased quality of life.
3. Has received maximal asthma therapy (high-dose inhaled corticosteroids [ICS]) with

documented adherence.
4. History of respiratory failure/intubation.
5. Has repeated low FEV1 < 70% predicted.

Status asthmaticus: Severe airway obstruction and asthmatic symptoms persist despite the administration of
standard acute asthma therapy.

Difficult-to-treat asthma: Failure to achieve asthma control when maximally recommended doses of inhaled therapy
are prescribed for at least 6–12 months.

Steroid-resistant Asthmaa Failure of FEV1 or PEF to improve > 15% after 14-d course of at least 40 mg/d of prednisone.

Steroid-dependent Asthmaa Asthma that can be controlled only with oral corticosteroids, but in contrast to
corticosteroid-resistance there is a response to this agent, although only when high
doses are given.

Irreversible asthma Persistent airflow obstruction despite maximum controller therapy; presumably related to
airway and parenchymal structural alterations.

Near-fatal asthmab Attack associated with respiratory failure, intubation, and/or hemodynamic and metabolic
compromise; usually requiring intensive care unit admission.

Fixed airway obstruction Persistent airflow obstruction despite maximal controller therapy; presumably related to
airway and parenchymal structural alterations.

Brittle asthmaa Unstable, unpredictable asthmatics with wide variability in PEF; type I—persistent PEF
variability (> 40% ) despite controller therapy; type II—prone to sudden, dramatic falls in
PEF.

Asthma related to specific triggers or
circumstances

Premenstrual asthma: Worsening of asthma 7 days premenstrually.
Aspirin-induced asthma.

FEV1, forced expiratory volume in 1 second; PEV, peak expiratory velocity; PEF, peak expiratory flow; ICS, inhaled corticosteroids.
aBarnes PJ. Difficult asthma. Eur Respir J. 1998.
bRomagnoli M, Caramori G, Braccioni F, et al. Near-fatal asthma phenotype in the ENFUMOSA Cohort. Clin Exp Allergy. 2007;37:552–557.

(3) guidelines both assess disease severity on the basis of
nocturnal symptoms, use of short-acting bronchodilators,
frequency of exacerbations that affect daily activities, and
baseline pulmonary function measurements before treatment
(Table 140.1). Subjective elements (patient symptoms) and ob-
jective data (pulmonary function tests) are weighted equally

in these classification schemes, yet respiratory symptoms have
been shown to correlate poorly with objective measures of
airway obstruction, such as forced expiratory volume in 1
second (FEV1) (7–9). Multiple studies have shown that both
patients and physicians inaccurately estimate disease severity,
leading to undertreatment of patients (9–11). A recent analysis
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evaluating concordance between the NAEPP and GINA guide-
line classification found poor agreement among these methods
of disease classification (11).

Perhaps the most comprehensive attempt at a definition
was undertaken by an American Thoracic Society workshop,
the proceedings of which were published in 2000 (5), on re-
fractory asthma. In considering a term to describe this sub-
group of asthmatic patients with troublesome disease, the
workshop participants agreed on the term refractory asthma.
They proposed to reserve the term, severe asthma, for those
patients who have refractory asthma and remain difficult to
control despite extensive re-evaluation of diagnosis, manage-
ment, and observation by an asthma specialist for at least
6 months. Refractory asthma is not meant to describe only
patients with “fatal” or “near-fatal” asthma, but it is meant to
encompass the asthma subgroups previously described as “se-
vere asthma,” “steroid-dependent and/or resistant asthma,”
“difficult-to-control asthma,” “poorly controlled asthma,”
“brittle asthma,” or “ irreversible asthma.” Clinically, patients
with refractory asthma may present with a variety of separate
and/or overlapping conditions, including:

■ Widely varying peak flows (brittle asthma)
■ Severe but chronic airflow limitation
■ Rapidly progressive loss of lung function
■ Mucus production ranging from absent to copious
■ Varying responses to corticosteroids

Whether these groups form distinct clinical, physiologic,
and pathologic groups is unclear. The American Thoracic So-
ciety Workshop definition required one of two major crite-
ria (Table 140.1), and two of seven additional minor criteria.
The minor criteria included aspects of lung function, exacerba-
tions, disease stability, and the use of one or more additional
controller medications. However, this definition has not yet
been subjected to prospective evaluation. The incorporation
of health care use would strengthen the definition by identify-
ing patients with the greatest morbidity (12). Interestingly, al-
though severe or refractory asthma afflicts a small percentage—
likely 10% —of the asthma population, it remains a frustrating
disease for both patients and clinicians, proportionally reflect-
ing > 40% of total cost. Indeed, recent studies showed physi-
cian assessment of severity to be positively associated with
emergency department visits and inpatient hospitalizations,
and a previous hospital admission for asthma is reported to in-
crease the risk of asthma mortality by tenfold (13). These stud-
ies suggest that measures of health care utilization are an impor-
tant addition to the traditional measures of disease severity in
asthma. The incorporation of these measures into the American
Thoracic Society workshop definition should improve our abil-
ity to identify the subgroup of patients with severe asthma who
are responsible for the morbidity and mortality associated with
severe disease. The combination of two methods of severity
assessment (NAEPP with physician assessment) in the Epidemi-
ology and Natural History of Asthma: Outcomes and Treat-
ment Regimens (TENOR), a study of nearly 5,000 “difficult-to-
treat” patients with asthma cohort identified the patients with
severe asthma who had the highest health care utilization (14).

A proportion of patients with severe asthma have a disease
that is eminently treatable, but that remains misdiagnosed, un-
derdiagnosed, or undertreated. Asthma severity can also result
from poor adherence to treatment, most frequently because of
fears related to side effects of inhaled corticosteroids or diffi-

culties using inhaler devices (15). Patients should be evaluated
for these factors prior to making the diagnosis of refractory
disease. A trial of oral corticosteroids and careful supervision
by a specialty clinic is usually sufficient to establish suboptimal
treatment and correct this problem. Therefore, in conjunction
with the previous criteria, patients must have had adherence
and exacerbating factors fully addressed. This definition has
recently been incorporated into a National Heart, Lung, and
Blood Institute–sponsored network to study severe asthma.
Although these definitions are a start, it is likely that objec-
tive investigations of populations with severe asthma, such as
those undertaken by the National Heart, Lung, and Blood In-
stitute, the European Network for Understanding Mechanisms
of Severe Asthma (ENFUMOSA), and the follow-up to ENFU-
MOSA, BioAir, or pharmaceutical-sponsored studies such as
TENOR, will markedly improve our ability to identify, study,
and treat patients with severe asthma (6,7). Of note, severe
asthma can be easily confused with poorly controlled asthma.
Although distinctions are still being drawn, poorly controlled
asthma may be a more transient state of the disease, in which
the levels of symptoms can be improved when standard ap-
proaches to therapy are appropriately used. On the contrary,
severe asthma represents disease that is not responsive to stan-
dard therapy, thus remaining poorly controlled despite vigor-
ous attempts at management.

To clarify precisely which conditions are supposed to be
aspects of severe/difficult-to-treat asthma, the terms and def-
initions are described (Table 140.1). Severe asthma is not a
homogenous entity but a complex heterogeneous, multifaceted
condition that can be subdivided into different subtypes (16–
18). The value of phenotyping is to guide current therapy, in-
crease understanding of the pathophysiology and natural his-
tory of the disease, and link specific phenotypes to genotypes
in order to develop targeted treatments; the phenotyping can
be done from very different perspectives. Numerous attempts
at classifying potential phenotypes of severe asthma have been
proposed, as shown in Table 140.2. Although these pheno-
types may overlap, there is reasonable supporting evidence for
the presence of at least six—and likely more—severe asthma
phenotypes as defined by clinical parameters (natural history,
clinical presentation, atopy, airflow obstruction), type of in-
flammation, and treatment-related parameters (13,17–23).

From a clinical point of view, three categories of severely
asthmatic patients seem to be of particular importance:

■ Those with frequent severe asthma exacerbations
■ Those with fixed airway obstruction
■ Those with oral steroid dependency

Together, these three categories encompass most of the patients
referred with difficult-to-control asthma.

PATHOPHYSIOLOGY

Re sp irat ory Me chanics

The main pathophysiologic mechanism of acute severe asthma
is pulmonary hyperinflation (24) caused by a combination of
factors (Fig. 140.1). The driving force for expiratory flow is re-
duced because of an abnormally low pulmonary elastic recoil,
the etiology of which is uncertain (25,26). Persistent activation
of the inspiratory muscles during expiration causes outward
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PHENOTYPES OF ASTHMA

Parameter Description
Natural history ■ Early-onset (childhood-onset)

■ Late-onset (adult-onset)

Type of airway
inflammation

■ Predominantly eosinophilic
■ Predominantly neutrophilic
■ Pauci-inflammatory phenotype

Response to treatment ■ Steroid-dependent
■ Steroid-resistant
■ Steroid-sensitive

Severity ■ Mild
■ Moderate
■ Severe
■ Near-fatal asthma
■ Fatal asthma

Pattern of
bronchoconstriction

■ Brittle
■ Stable
■ Fixed obstruction

Presence or absence of
atopy

■ Atopic
■ Nonatopic

Major trigger factor ■ Gastric asthma
■ Aspirin-sensitive asthma
■ Hormonal asthma

recoil of the chest wall, further reducing the driving force
for expiration (27). At the same time, resistance to airflow is
greatly augmented because of severely reduced airway caliber
and, perhaps, also narrowing of the glottic aperture during ex-
piration (28). Expiration is prolonged, so that the following
inspiration starts before static equilibrium is reached. Conse-
quently the end-expiratory alveolar pressure remains positive,
a phenomenon known as auto-PEEP (positive end-expiratory
pressure) or intrinsic PEEP (PEEPi) or static PEEPi (PEEPi, st)
(29,30).

It should be noticed that the lung is extremely inhomogene-
ous during acute severe asthma. The distribution of bronchial
obstruction is uneven because of both anatomic reasons—

FIGURE 140.1. Mechanisms responsible for dynamic hyperinflation
in asthma.

FIGURE 140.2. Effect of varying amounts of airway obstruction on
end-expiratory alveolar volumes and pressures. (From Oddo M, Feihl
F, Schaller MD, et al. Heliox improves pulsus paradoxus and peak
expiratory flow in nonintubated patients with severe asthma. Intensive
Care Med. 2006;32:501–510, with permission).

variable amounts of secretions, edema, bronchospasm—and
variable external compression exerted on the distal airways by
intrathoracic positive pressure during expiration (31). Thus, il-
lustratively, four parallel compartments can be recognized (Fig.
140.2): compartment A represents the portion of the lung with
neither bronchial obstruction nor hyperinflation; compartment
B is the part of the lung where the airways are entirely ob-
structed during the whole respiratory cycle (mucous plugging);
in compartment C, obstruction appears only during expira-
tion, inducing alveolar hyperinflation and high PEEPi; and in
compartment D, partial obstruction of the airways is present
throughout the respiratory cycle, causing a lesser extent of alve-
olar hyperinflation and PEEPi than in compartment C.

Hyperinflation has several detrimental consequences (32,
33). First, the load the inspiratory muscles faces is increased
for a variety of reasons. As already noted, expiration ends
before the respiratory system reaches elastic equilibrium at
functional residual capacity (FRC), and thus a positive elas-
tic recoil pressure (PEEPi) remains. During the next inspira-
tion, the inspiratory muscles have to develop an equal amount
of pressure before the airway pressure becomes negative (sub-
atmospheric), with subsequent initiation of airflow. Second,
because of hyperinflation, tidal breathing occurs at a steeper
portion of the pressure-volume curve of the lung, further in-
creasing the load. Third, as FRC increases, tidal breathing may
take place at that portion of the chest wall static pressure-
volume curve where positive recoil pressure exists; that is, the
chest wall tends to move inward. This is in contrast to the ex-
panding tendency of the chest wall when tidal breathing begins
from normal FRC.

Furthermore, with severe hyperinflation, the marked flat-
tening of the diaphragm causes its costal and crural fibers to
be arranged in series and perpendicularly to the chest wall.
Contraction of these perpendicularly oriented fibers results in
paradoxical inward movement of the lower rib cage. This dis-
tortion of the chest wall during inspiration elevates the elastic
load. In summary, hyperinflation imposes a threshold load to
initiate breathing and greatly augments the elastic load once
breathing has started. Of course, acute severe asthma also in-
creases the resistive load to breathe due to the obstruction of
the airways caused by bronchoconstriction, copious secretions,
and mucus plugging.
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FIGURE 140.3. A: Actions of the diaphragm: When the diaphragm contracts, a caudally oriented force
is being applied on the central tendon and the dome of the diaphragm descends (DI). Furthermore, the
costal diaphragmatic fibers apply a cranially oriented force to the upper margins of the lower six ribs that
has the effect of lifting and rotating them outward (insertional force, arrow 1). The zone of apposition
makes the lower rib cage part of the abdomen and the changes in pressure in the pleural recess between the
apposed diaphragm and the rib cage are almost equal to the changes in abdominal pressure. Pressure in
this pleural recess rises rather than falls during inspiration because of diaphragmatic descent, and the rise
in abdominal pressure is transmitted through the apposed diaphragm to expand the lower rib cage (arrow
2). All these effects result in expansion of the lower rib cage. On the upper rib cage, isolated contraction
of the diaphragm causes a decrease in the anteroposterior diameter and this expiratory action is primarily
due to the fall in pleural pressure (arrow 3). B: Deleterious effects of hyperinflation on the diaphragm.

At the same time that the load is severely increased, hy-
perinflation compromises the force-generating capacity of the
diaphragm for a variety of reasons (Fig. 140.3) (32,33). First,
the respiratory muscles, like other skeletal muscles, obey the
length-tension relationship (Fig. 140.4). At any given level of
activation, changes in muscle fiber length alter tension develop-
ment. This is because the force-tension developed by a muscle
depends on the interaction between actin and myosin fibrils,
that is, the number of myosin heads attaching and thus pulling
the actin fibrils closer within each sarcomere. The optimal fiber
length (Lo) at which tension is maximal is the length at which
all myosin heads attach and pull the actin fibrils. Below this
length (as with hyperinflation, which shortens the diaphragm)
actin-myosin interaction becomes suboptimal and tension de-
velopment declines (Fig. 140.4). Second, as lung volume in-
creases, the zone of apposition of the diaphragm decreases in
size, and a larger fraction of the rib cage becomes exposed
to pleural pressure (Fig. 140.3). Hence, the diaphragm’s inspi-
ratory action on the rib cage diminishes. When lung volume
approaches total lung capacity, the zone of apposition all but
disappears (Fig. 140.3), and the diaphragmatic muscle fibers
become oriented horizontally internally. The insertional force
of the diaphragm is then expiratory, rather than inspiratory,
in direction. Third, the resulting flattening of the diaphragm
increases its radius of curvature (Rdi) and thus diminishes its
pressure-generating capacity (Pdi) for the same tension devel-
opment (Tdi). This is because when a muscle contracts it gen-
erates tension, not pressure. Because of the geometry of the
diaphragm, tension (Tdi) is transformed into pressure (Pdi),
obeying the Laplace law, Pdi = 2 Tdi/Rdi, where Rdi is the
radius of curvature of the diaphragm (Fig. 140.3B).

The imbalance between the load faced by the respiratory
muscles and their capacity to develop force (32) results in dys-
pnea (32–35) and predisposes the respiratory muscle to the de-
velopment of fatigue (32,33), which is a terminal event, likely

FIGURE 140.4. Isometric force at different sarcomere lengths. A:
Force generated. B: Arrangements of actin-myosin filaments at dif-
ferent sarcomere lengths. The optimal length is where all myosin heads
belonging to each myosin fibril come into contact (and thus exert at-
tracting force) with actin filaments. At lengths < 2.0 µ m, actin filaments
begin to overlap, and at still shorter lengths, the myosin filaments come
into contact. At lengths > 2 µ m, increasing numbers of myosin heads do
not come into contact with actin filaments. Values are for frog muscle.
Mammalian actin (thin) filaments are slightly longer so the correspond-
ing sarcomere lengths are 1, 4.0 µ m; 2, 2.5 µ m; 3, 2.4 µ m; and 4, 1.6
µ m. (Redrawn from Gordon AM, Huxley AF, Julian FJ. The variation
in isometric tension with sarcomere length in vertebrate muscle fibres.
J Physiol. 1966;184:170–192.)
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to be present in an asthmatic crisis, necessitating intubation
and mechanical ventilation.

Gas Exchang e

Widespread occlusion of the airways leads to development of
extensive areas of alveolar units in which ventilation (V) is
severely reduced but perfusion (Q) is maintained; that is, areas
with very low V̇/Q̇ ratios, frequently lower than 0.1. Intrapul-
monary shunt appears to be rare in the majority of patients
because of the collateral ventilation and the effectiveness of
the hypoxic pulmonary vasoconstriction (36,37). Hypoxemia
is therefore common in every asthmatic crisis of some sever-
ity; mild hypoxia is easily corrected with the administration of
relatively low concentrations of supplemental oxygen. More
severe hypoxemia and the need for higher concentrations of
supplemental oxygen may relate to some contribution of shunt
physiology.

Dead space increases substantially in most severe cases due
to alveolar overdistention, that is, areas with very high V̇/ Q̇
ratios (38). This is accompanied by increased CO 2 production
from the increased work performed by the respiratory muscles.
The respiratory muscles are unable to further increase minute
ventilation, and thus hypercapnia ensues. However, even if
minute ventilation were increased, it might not correct hyper-
capnia because it would lead to a vicious circle of worsening
hyperinflation with more alveolar overdistention and thus in-
creased dead space (38). It should be noted, nevertheless, that
in milder attacks, reflex hyperventilation may lead to hypocap-
nia; however, as the severity of asthma attack increases, PCO 2
builds up first toward normal levels, and then, as respiratory
failure impends, to supranormal values.

Card iovascular Syst e m Effe ct s

Acute severe asthma may also compromise hemodynamics.
During expiration, because of the presence of dynamic hyper-
inflation, increased intrathoracic pressure impedes venous re-
turn. During the ensuing inspiration, forceful inspiratory mus-
cle contraction renders intrathoracic pressure negative again,
rapidly increasing venous return. Rapid filling of the right ven-
tricle during inspiration shifts the interventricular septum to-
ward the left ventricle, and leads to its incomplete filling during
diastole, and thus to left ventricular diastolic dysfunction. The
large negative intrathoracic pressure generated during inspi-
ration increases left ventricular afterload and impairs systolic
emptying (32).

Pulmonary artery pressure may also be increased by lung
hyperinflation, thereby resulting in increased right ventricular
afterload (32). These events in acute severe asthma may ac-
centuate the normal inspiratory reduction in left ventricular
stroke volume and systolic pressure, leading to the appearance
of pulsus paradoxus, defined as a reduction of > 10 mm Hg
of the arterial systolic pressure during inspiration (39,40) (Fig.
140.5). A variation > 12 mm Hg in systolic blood pressure be-
tween inspiration and expiration represents a sign of severity in
asthmatic crisis. In advanced stages, when ventilatory muscle
fatigue ensues, pulsus paradoxus (41) will decrease or disap-
pear as force generation declines. Such status is a harbinger of
impeding respiratory arrest.

FIGURE 140.5. Arterial pressure of an asthmatic patient when breath-
ing air (A) and heliox (B). Pulsus paradoxus was lower when the pa-
tient was breathing heliox. E, expiration; I, inspiration. (From Man-
thous CA, Hall JB, Caputo MA, et al. Am J Respir Crit Care Med.
1995;151:310–314, with permission.)

Clinicop at holog ic Pat t e rns of
Ast hmat ic At t acks

The time course of the asthmatic crisis, as well as the sever-
ity of airway obstruction, may vary broadly. Massive expo-
sure to common allergens, sensitivity to nonsteroidal anti-
inflammatory agents, and sensitivity to food allergens and
sulphates are considered the main triggers in sudden asthma
exacerbations. Patients at high risk of asthma-related death
are described in Table 140.3.

TA BLE 1 4 0 . 3

PATIENTS AT HIGH RISK OF ASTHMA-RELATED
DEATH

■ Patients with a history of near-fatal asthma requiring
intubation and mechanical ventilation.

■ Patients who have had a hospitalization or emergency care
visit for asthma in the past year.

■ Patients who are currently using or have recently stopped
using oral glucocorticosteroids.

■ Patients who are not currently using inhaled
glucocorticosteroids.

■ Patients who are overdependent on rapid-acting inhaled
β 2-agonists, especially those who use more than one
canister of salbutamol (or equivalent) monthly.

■ Patients with a history of psychiatric disease or psychosocial
problems, including the use of sedatives.

■ Patients with a history of noncompliance with an asthma
medication plan.

Global Initiative for Asthma. Global strategy for asthma management
and prevention. Bethesda, MD: National Institutes of Health,
National Heart, Lung, and Blood Institute; 2006.
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Without prompt and appropriate treatment, status asth-
maticus may result in ventilatory failure and death. Lung mor-
phology in fatal asthma is mainly characterized by:

■ Overinflation
■ Atelectasis
■ Bronchospasm
■ Luminal narrowing

The microscopic pathology shows:

■ Inflammation of bronchioles
■ Patchy necrosis of the epithelium
■ Increase of basement membrane collagen
■ Submucosal glandular hyperplasia
■ Hypertrophy and hyperplasia of bronchial smooth muscle
■ Mucus plugging of bronchi, casts

Two different patterns of fatal asthma have been described
(Table 140.4). The great majority of deaths from asthma (80% –
85% ) occur in patients with severe and poorly controlled
disease who gradually deteriorate over days or weeks. Slow-
onset asthma exacerbations are mainly related to faults in
management—inadequate treatment, noncompliance to ther-
apy, inappropriate control, coexisting psychological factors—
that should be investigated and corrected in every patient in ad-
vance. An inappropriate response to dyspnea may be an impor-
tant factor. This is the so-called slow onset–late arrival or type
I scenario of asthma death (42,43). Repeated peak expiratory
flow (PEF) measurements, when available, may document sub-
acute worsening of expiratory flow over several days before the
appearance of severe symptoms. This pattern of asthma death
is generally considered preventable. A variation of this pattern
is a history of unstable disease, which is partially responsive to
treatment, on which a major attack is superimposed. In both
situations, hypercapnic respiratory failure and mixed acidosis
ensues and the patient succumbs to asphyxia or, if mechani-
cal ventilation is applied, to complications such as barotrauma
and ventilator-associated pneumonia.

Pathologic examination in such cases shows extensive plug-
ging of the airways by dense and tenacious mucus mixed
with inflammatory and epithelial cells (“endobronchial mu-
cus suffocation”), epithelial denudation, mucosal edema, and
an intense eosinophilic infiltration of the submucosa. In a
small proportion of patients, lung function may deteriorate

TA BLE 1 4 0 . 4

DIFFERENT PATTERNS OF FATAL ASTHMA

Scenario of asthma death
Variable Type 1 Type 2

Time course Subacute worsening
(days). Slow
onset–late arrival

Acute deterioration
(hours). Sudden
asphyxic asthma

Frequency ≈ 80% –85% ≈ 15% –20%
Airways Extensive mucus

plugging
More or less empty

bronchi
Inflammation Eosinophils Neutrophils
Response to

treatment
Slow Faster

Prevention Possible (?)

severely in < 1 hour, leading to sudden and unexpected death
from asthma, termed sudden asphyx ic asthma, without obvi-
ous antecedent long-term deterioration of asthma control, the
so-called sudden-onset asthma exacerbation, or type II, sce-
nario of asthma death. Affected individuals rapidly develop se-
vere hypercapnic respiratory failure with combined metabolic
and respiratory acidosis, and succumb to asphyxia. If treated
medically and/or with mechanical ventilation, however, they
present a faster rate of improvement than patients with slow-
onset asthmatic crisis. Pathologic examination in such cases
shows “empty” airways (no mucus plugs) in some patients,
and in almost all patients, there is a greater proportion of neu-
trophils than eosinophils infiltrating the submucosa. It is un-
clear whether the presence of neutrophils is an epiphenomenon
or it directly contributes to the fatal attacks. A significant
volume of research is currently dedicated to unraveling the
characteristics of airway remodeling in patients with severe
asthma (44), showing that smooth muscle alteration is the key
structural alteration that distinguishes severe from moderate
asthma. Phenotypic change in airway smooth muscle might
contribute to the difficulty in obtaining adequate control in
some patients with severe asthma. Sudden asphyxic asthma
death is associated with inflammatory infiltrates both of prox-
imal and distal lung tissues (45), with the outer wall of small
membranous bronchioles being the main site of inflammatory
changes (46).

Diag nosis

There are four parameters that should be investigated before
the diagnosis of severe asthma is made for the first time, which
are the following:

1. Incorrect diagnosis. The diagnosis of severe asthma is based
on a solid confirmation of asthma. In case of doubt, alter-
native diagnoses (23,47) should be excluded (Tables 140.5
and 140.6).

2. Continuing exposure to sensitizing agents (Tables 140.5 and
140.6). Numerous factors such as ongoing (low-dose) aller-
gen exposure at home or at work (48) can aggravate the
inflammatory process in the airways and contribute to lack
of control of the disease. Once the relationship with the
sensitizing agent has been established, the patient must be
encouraged to take avoidance measures. Smoking is another
important factor that may contribute to the lack of adequate
response, and therefore it is imperative that smoking cessa-
tion be encouraged.

3. Unrecognized aggravating comorbidities (Tables 140.5 and
140.6), such as chronic rhinosinusitis, recurrent respiratory
tract infections (23,47,49–51), gastroesophageal reflux, ob-
structive sleep apnea, psychiatric problems, and obesity,
should be treated.

4. Noncompliance with therapy.

If these four factors are excluded and the diagnosis remains
consistent with severe asthma, an evaluation with a trial of
systemic corticosteroid therapy, preferably intravenously or in-
tramuscularly to circumvent the possibility of noncompliance,
may be useful to assess the best attainable lung function, and
to create the optimal condition for inhaled antiinflammatory
treatment to penetrate deep into the airways.
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ALGORITHM OF POSSIBLE STRATEGIES AND RECOMMENDATIONS FOR MANAGING PATIENTS WITH
DIFFICULT-TO-CONTROL ASTHMA DESPITE MAXIMUM COMBINATION TREATMENT

 

 

 
Patients with uncontrolled asthma symptoms with: 

1. Persisting refractory symptoms and poor lung function (reduced FEV1) despite high dose ICS + LABA 
2. Frequent use of oral steroids 
3. Regular use of health care resources (doctors’ consultations, emergency services, hospital admissions) 

 
 
 
1. Review inhalation technique 
2. Written self-management plan 
3. Reassessment at next visit  

  
POOR 

COMPLIANCE  

 

 
 
 
 

DIAGNOSTIC CONFIRMATION/VERIFICATION FOR 
DISEASES THAT MIMIC 

ASTHMA 
CONDITIONS 

ASSOCIATED WITH 
ASTHMA 

UNUSUAL ASTHMA 
TRIGGER 

•  Bronchiectasis 
•  Constrictive bronchiolitis 
•  COPD 
•  CHF 
•  Dysfunctional breathlessness 
•  Vocal cord dysfunction 
•  Upper airway obstruction 
•  ABPA 
•  Chung-Strauss syndrome 
•  Eosinophilic pneumonia 
•  Thyrotoxicosis             

•  Occupational exposure 
•  Domestic irritants 
•  Respiratory infections 
•  Drugs (aspirin, NSAIDs, 
   ACE inhibitors, beta-blockers) 
•  Food (e.g., sulphite sensitivity) 
•  Smoking 
•  Inflamed upper airways 
•  Acid reflux 
•  Stress 

 

 
 

 
 
 

NEGATIVE 
RESPONSE 

 
1. Management of the condition 
2. Reassess at next visit 

 
1. Management of the condition 
2. Reassess at next visit

1. Avoid triggers 
2. Reassess at next visit 

 
 
 

YES

NO

YES 

NO 

1. Titrate down oral steroids (administer the lowest amount of oral steroid to control/stabilize symptoms). 
2. Consider adding a steroid-sparing drug (e.g., azathioprine, methotrexate). 
3. Add treatment for steroid-induced adverse effects (e.g., osteoporosis). 
4. If uncontrolled, consider alternative therapeutic options (e.g., omalizumab, etanercept, high dose IVIG). 
5. Frequent periodic re-evaluations. 

•  Chronic rhinosinusitis 
•  Gastroesophageal reflux 
•  Anxiety, panic-fear, depression 
•  Dysfunctional breathlessness 
•  Vocal cord dysfunction 
•  Obesity 
•  Obstructive sleep apnea  

SHORT 
COURSE ORAL 

STEROIDS 

FEV1, forced expiratory volume in 1 second; ICS, inhaled corticosteroids; LABA, long-acting β -agonists; COPD, chronic obstructive pulmonary disease;
CHF, congestive heart failure; ABPA, allergic bronchopulmonary aspergillosis; NSAIDs, nonsteroidal anti-inflammatory drugs; ACE,
angiotensin-converting enzyme.
Adapted from Holgate ST, Polosa R. The mechanisms, diagnosis, and management of severe asthma in adults. Lancet. 2006;368(9537):780–793.
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HISTORY AND PHYSICAL EXAMINATION OF
PATIENTS WITH DIFFICULT-TO-CONTROL ASTHMA

Medical history
History of asthma development
■ Age of asthma onset
■ Atopic syndrome and family history of asthma
■ Management of disease and response to treatment
■ Smoking history

Severity of disease
■ Severe asthma exacerbations and hospitalization in past

year
■ Any admissions to asthma centers
■ Any number of ICU admissions

Exogenous aggravating factors
■ Exposure to allergens, occupational agents, chemicals
■ Use of aspirin, NSAIDs, beta-blockers, ACE inhibitors,

estrogens
■ Influence of foods or food additives (nitrite, sulphate)

Endogenous aggravating factors
■ Rhinosinusitis or previous surgery for nasal polyps
■ Gastroesophageal reflux
■ History of psychiatric disease
■ Obstructive sleep apnea

Influence of menstruation
Miscellaneous
Adherence with medications
Adverse effects of treatment
Psychosocial circumstances
Physical examination (specific points of attention)
■ Body mass index
■ Evidence of comorbidities (e.g., nasal polyps)
■ Evidence of alternative diagnoses (e.g., cardiac failure)
■ Evidence of adverse effects of treatment

ICU, intensive care unit; NSAID, nonsteroidal anti-inflammatory
drugs; ACE, angiotensin-converting enzyme.
Bel EH. Severe asthma. Breathe. December 2006;3(2):129–139.

CLINICAL PRESENTATION
Analysis of arterial blood gases is important in the management
of patients with acute severe asthma and useful for decisions
regarding hospital admission or tracheal intubation, but it is
not predictive of outcome. In the early stages of acute severe
asthma, analysis of arterial blood gases usually reveals mild
hypoxemia, hypocapnia, and respiratory alkalosis. If the de-
terioration in the patient’s clinical status lasts for a few days,
there may be some compensatory renal bicarbonate loss (Table
140.7).

As the severity of airflow obstruction increases, PaCO 2 first
normalizes (Table 140.8) and subsequently increases because of
patient exhaustion, inadequate alveolar ventilation, and/or an
increase in physiologic dead space. Hypercapnia is not usually
observed for FEV1 values higher than 25% of predicted normal;
in general there is no correlation between airflow rates and gas
exchange markers. Furthermore, paradoxical deterioration of
gas exchange while flow rates improve after the administration
of β -adrenergic agonists is not uncommon.

Respiratory acidosis is always present in hypercapnic pa-
tients who rapidly deteriorate, and in severe, advanced-stage
disease, metabolic (lactic) acidosis may coexist. The pathogen-
esis of lactic acidosis in the acutely severe asthmatic patient
remains to be fully elucidated. There are several mechanisms
that are probably involved: the use of high-dose, parenteral
β -adrenergic agonists; the increased work of breathing result-
ing in anaerobic metabolism of the ventilatory muscles and
overproduction of lactic acid; the eventually coexisting tissue
hypoxia; and the decreased lactate clearance by the liver be-
cause of hypoperfusion. A normal PaCO 2 in a distressed asth-
matic patient should alert the physician to respiratory fatigue
and the danger of respiratory arrest. This classification sys-
tem is best applied after initial aggressive treatment of asth-
matic patients and may be inappropriate if applied before initial
therapy.

LABORATORY AND
RADIOGRAPHIC DATA

Severe asthma may show right ventricular strain on electrocar-
diogram that resolves with clinical improvement. Table 140.9
presents further details.

THERAPEUTIC APPROACHES:
MANAGEMENT OF ACUTE

SEVERE ASTHMA
Most of the following management is recommended from
GINA guidelines 2006 (2) and British Thoracic Society guide-
lines (52). The group of asthmatic patients that generally suc-
cumbs to fatal asthma are usually those with difficult-to-treat
asthma, although, theoretically, all asthmatics may experience
a severe exacerbation. Early diagnosis and treatment of asthma
exacerbations should be the best strategy for management.

Early home management of asthma exacerbations is of
paramount importance, as it avoids treatment delay and pre-
vents clinical deterioration. The effectiveness of care depends
on the abilities of the patients and/or their families, and on
the availability of emergency care equipment—peak flow me-
ter, appropriate medications, nebulizer, and, eventually, sup-
plemental oxygen. Important elements for the prevention of
exacerbations and for early asthma treatment include:

1. A written action plan for home self-management of asthma
exacerbations, especially for those patients with severe
asthma or a history of previous severe asthma attacks.

2. Patient should be instructed to recognize early signs of
asthma worsening.

3. Clear instructions for appropriate intensification of therapy
in case of deterioration.

4. Prompt communication between patient and clinician about
any serious deterioration of asthma control.

Severe exacerbations are potentially life-threatening. Pa-
tients, their families, and their physicians, however, frequently
underestimate the severity of asthma. Patients at high risk
of asthma-related death require special attention, particu-
larly intensive education, monitoring, and care, and should be
encouraged to seek urgent care early in the course of their
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CLINICAL AND FUNCTIONAL ASSESSMENT OF SEVERE ASTHMA EXACERBATIONSa

Variable Severe exacerbation Imminent respiratory arrest

SYMPTOMS
Dyspnea At rest

Hunched forward
Speech Single words, not sentences or phrases
Alertness Usually agitated Drowsy or confused

SIGNS
Respiratory rate Often > 30 breaths/min
Heart rate > 120 beats/min Bradycardia
Pulsus paradoxus Often present > 25 mm Hg Absence suggests respiratory muscle fatigue
Use of accessory muscles and

suprasternal reactions
Usually evident Abdominal paradox (paradoxical

thoracoabdominal movement)
Wheeze Usually loud Absence of wheeze “Silent chest”

FUNCTIONAL ASSESSMENT
PEF (after initial bronchodilator, %

predicted or % personal best)
< 60% of predicted or personal best (< 100

L/min adults)
Or
Response lasts < 2 hours

PaO 2 < 60 mm Hg
Possible cyanosis

PaCO2 > 42 mm Hg
Possible respiratory failure

SpO 2 < 90%

PEF, peak expiratory flow.
aThe presence of several parameters, but not necessarily all, indicates the general classification of the exacerbation.
Adapted from Global Initiative for Asthma. Global strategy for asthma management and prevention. Bethesda, MD: National Institutes of Health,
National Heart, Lung, and Blood Institute; 2006.

exacerbation, meaning they should seek their physician
promptly or—depending on the organization of local health
services—proceed to the nearest clinic or hospital that pro-
vides emergency access for patients with acute asthma. These
patients include those:

■ With a history of near-fatal asthma requiring intubation and
mechanical ventilation

■ Who have had a hospitalization or emergency care visit for
asthma in the last year

■ Who are currently using or have recently stopped using oral
glucocorticosteroids

■ Who are not currently using inhaled glucocorticosteroids

■ Who are overdependent on rapid-acting inhaled β 2-agonists,
especially those who use more than one canister of salbuta-
mol (or equivalent) monthly

■ With a history of psychiatric disease or psychosocial prob-
lems, including the use of sedatives

■ With a history of noncompliance with an asthma medication
plan

The aims of treatment are to relieve airflow obstruction
and hypoxemia as quickly as possible, and to plan the preven-
tion of future relapses. Response to treatment may take time,
and patients should be closely monitored using clinical as well
as objective measurements. The increased treatment should

TA BLE 1 4 0 . 8

STAGING SEVERE ASTHMA CRISIS BY ARTERIAL BLOOD GASES

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

PaCO Normal ↓ PaCO 2 ↓ PaCO 2 Normal ↑ PaCO 2 (respiratory
failure)

PaO2 Normal Normal PaO 2
(hyperventilation has led
to normalization of
PaO 2).

↓ PaO 2 (hyperventilation is
now unable to
compensate totally for a
widened P(A – a)O 2.

↓↓↓ PaO 2 (inspiratory
fatigue is now
prominent).

↓↓↓PaO 2. These
findings indicate an
impending
respiratory arrest.
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LABORATORY INVESTIGATIONS AND DIAGNOSTIC
TESTS FOR PATIENTS WITH DIFFICULT-TO-CONTROL
ASTHMA

Diagnostic tests
■ Peripheral blood
■ Erythrocyte sedimentation rate
■ Full blood count (eosinophils)
■ Total serum IgE
■ Specific IgE to common and less common allergens
■ Free-T4, thyroid-stimulating hormone

Lung function
■ Spirometry (pre- and postbronchodilator)
■ Lung volumes
■ Arterial blood gases
■ Histamine challenge test

Radiology
■ Chest radiography
■ Sinus CT scan

Additional tests for comorbidities and alternative diagnoses
■ Nasal endoscopy
■ 24-hour esophageal pH monitoring or trial with proton

pump inhibitors
■ Polysomnography
■ Bronchoscopy
■ High-resolution CT scan of the thorax
■ D-dimer
■ ANCA
■ IgG against Aspergillus fumigatus

Ig, immunoglobulin; CT, computed tomography; ANCA,
antineutrophilic cytoplasmic antibody.
Bel EH. Severe asthma. Breathe. December 2006;3(2):129–139.

continue until measurements of lung function (PEF or FEV1)
return to their previous best (ideally) or plateau, at which time a
decision to admit or discharge can be made based on these val-
ues. Patients who can be safely discharged will have responded
within the first 2 hours, at which time decisions regarding pa-
tient disposition can be made.

Schematically, a management plan of acute severe asthma
in adults is shown in Table 140.10. In the emergency depart-
ment, a brief history regarding time of onset, cause of exac-
erbation, severity of symptoms (especially in comparison to
previous attacks), prior hospitalizations and/or emergency de-
partment visits for asthma, prior intubation or intensive care
unit (ICU) admission, and complicating illness may be useful
for treatment decisions. The primary therapies, the intensity of
pharmacologic treatment and the patient’s surveillance should
correspond to the severity of the exacerbation. These, for acute
severe asthma, include the therapies discussed in the following
sections.

Oxyg e n

High-flow oxygen should be given to all patients with acute
severe asthma as these individuals are hypoxemic. This may be
corrected urgently using high concentrations of inspired oxy-
gen by either nasal cannulae or mask. Unlike patients with
chronic obstructive pulmonary disease, there is little danger of

precipitating hypercapnia with high-flow oxygen. Hypercapnia
indicates the development of near-fatal asthma and the need
for emergency specialist/anesthetic intervention. An SpO 2 of at
least 92% must be achieved and an SpO2 > 95% is desired in
pregnant women, children, and in patients with coexistent car-
diac disease. Oxygen therapy should be titrated against pulse
oximetry to maintain satisfactory oxygen saturation.

β 2 -Ag onist Bronchod ilat ors

Inhaled β 2-agonists are the cornerstone of asthma treatment.
Continuous or repetitive nebulization of rapid-acting β 2-
agonists is the safest and most effective means of reversing
airflow obstruction, and should be administered as early as
possible. In most cases of acute asthma, inhaled β 2-agonists
given in high doses act quickly to relieve bronchospasm and
have few side effects. There is no evidence for any difference in
efficacy between salbutamol and terbutaline. In acute asthma
without life-threatening features, β 2-agonists can be adminis-
tered by repeated activations of a metered-dose inhaler via an
appropriate large-volume spacer, or by wet nebulization. In
view of the theoretical risk of oxygen desaturation while using
air-driven compressors to nebulize β 2-agonist bronchodilators,
oxygen-driven nebulizers are preferred.

Continuous nebulization of β 2-agonists is at least as effica-
cious as bolus nebulization in relieving acute asthma. Studies
of intermittent versus continuous nebulized, short-acting β 2-
agonists in acute asthma provide conflicting results. In a sys-
tematic review of six studies, there were no significant differ-
ences in bronchodilator effect or hospital admissions between
the two treatments. In patients who require hospitalization,
one study found that intermittent on-demand therapy led to
a significantly shorter hospital stay, fewer nebulizations, and
fewer palpitations when compared with intermittent therapy
given every 4 hours. A reasonable approach to inhaled therapy
in exacerbations, therefore, would be the initial use of contin-
uous therapy, followed by intermittent on-demand therapy for
hospitalized patients.

In severe asthma, with PEF < 50% of personal best or FEV1
< 50% predicted, and asthma that is poorly responsive to an
initial bolus dose of β 2-agonist, continuous nebulization should
be considered. Continuous nebulization of β 2-agonists may
also be more effective in children. Larger doses and more
frequent dosing intervals for inhaled β 2-agonist therapy are
needed in acute severe asthma because of decreased deposition
at site of action, itself resultant from low tidal volumes and nar-
rowed airways, alteration in dose-response curve, and altered
duration of activity. Repeated doses of β 2-agonists should be
given at 15- to 30-minute intervals, or continuous nebulization
of salbutamol at 5 to 10 mg/hr used if there is an inadequate
response to initial treatment. Higher bolus doses (e.g., 10 mg
of salbutamol) are unlikely to be more effective.

Continuous or repetitive nebulization of salbutamol is pre-
ferred because of its potency, 4- to 6-hour duration of action,
and β 2-selectivity. The usual dose is 2.5 mg of salbutamol
(0.5 mL) in 2.5 mL of normal saline for each nebulization
(Table 140.11). Nebulized β 2-agonists should be continued un-
til a significant clinical response is achieved or serious side ef-
fects, such as severe tachycardia or dysrhythmias, appear. Prior
ineffective use of β 2-agonists does not preclude their use and
does not limit their efficacy.



Chap t e r 140: Severe Asthma Exacerbat ion 2121

TA BLE 1 4 0 . 1 0

MANAGEMENT OF ACUTE SEVERE ASTHMA IN ADULTS IN THE EMERGENCY DEPARTMENT

INITIAL ASSESSMENT  
Brief history  (Exclude diagnoses other than asthma, time of onset, cause of  exacerbation, severity of symptoms [especially 
in comparison to previous attacks], prior hospitalizations and/or emergency department visits for asthma, prior intubation 
or intensive care admission, complicating illness). 
•  Focused physical examination (auscultation, use of accessory muscles, heart rate, respiratory rate, color, alertness, vital signs). 
•  Objective testing (PEF or FEV1, SpO2, arterial  blood gases if patient in ex tremis).      

75%>PEF> 33% predicted or personal best 
Features of severe asthma: 

•  PEF <50%     •  Respiration ≥25/min   •  Pulse ≥110/min   •  Cannot complete sentence in one breath  

IMPROVE AIRFLOW by 5 mg salbutamol by oxygen driven nebulizer 

Repeat 5 mg salbutamol via oxygen-driven nebulizer PLUS 40–50 mg
of prednisolone per os

Clinically 
stable 
and 

PEF>75% 

Clinically stable 
and 

PEF<75% 

75%>PEF>50% 
Without any life-threatening features

Life-threatening features 
OR PEF<50%

TIME  

0 min 

5 min  

15-30 
min 

60 min 

Patient 
recovering 

and 
PEF>75% 

No signs of severe asthma 
and PEF<75% 

OBSERVE: 
•  SpO 2 
•  Respiratory rate 
•  Heart rate 

Patient stable 
and 

PEF>50% 

Signs of 
severe 

asthma 
OR 

PEF<50%

Signs of severe asthma OR 
PEF<50% 

IMMEDIATE MANAGEMENT

•  High concentration oxygen 
   (VM>60%  if possible) 
•  5 mg salbutamol plus 0.5 mg 
   ipratropium via oxygen driven 
   nebulizer 
•  Decrease airway inflammation 
   by 40–50 mg prednisolone per 
   os or 100 mg hydrocortisone IV 
•  Consider continuous salbutamol 
   nebulizer 5–10 mg/h. 
•  Consider improving airflow 
   by 2g MgSO 4 IV over 20 min. 
•  Consider IV theophylline. 
•  Correct fluid/electrolytes 
   (especially K+ disturbances) 
•  Ancillary studies (CXR, 
   laboratory tests)

120 min Possible discharge home with: 
•  Consider adding a 
   combination inhaler. 
•  If  initial PEF<50%  40–50 
   mg prednisolone per os over 
   5 days. 
•  Check patient education 
   (take medicine correctly, 
   review action plan, close 
   long-lasting medical 
   follow-up). 
•  PEF>60%  of predicted or 
   personal best. 

HOSPITALIZE   PATIENT 
Patient should be accompanied by a nurse or doctor at all times 

PEF <30%   or 
any of life-threatening features 

(PaO2 <92% , PaCO 2 normal or >40 mm Hg, 
PO2 <60 mm Hg, low pH, severe drowsiness, confusion, coma, exhaustion, 

bradycardia, dysrhythmia,  silent chest, cyanosis, poor respiratory effort, 
risk factors for near-fatal asthma)

IMPROVEMENT 

•  Give/repeat 5 mg 
   salbutamol plus 0.5 mg 
   ipratropium via 
   oxygen-driven nebulizer. 
•  Decrease airway 
   inflammation by 40–50 mg 
   prednisolone per os or 100 
   mg hydrocortisone IV 
•  Consider continuous 
   salbutamol nebulizer 5–10 
   mg/h. 
•  Consider improving 
   airflow by 1,2–2gr MgSO 4 
    IV over 20 min. 
•  Consider IV theophylline 
•  Correct fluid/ electrolytes 
   (especially K+ disturbances) 
•  Ancillary studies (CXR, 
   laboratory test

ADMISSION TO INTENSIVE CARE 
Possible intubation and mechanical ventilation

PEF, peak expiratory flow; FEV1, forced expiratory volume in 1 second IV, intravenously; CXR, chest x-ray; VM, ventimask.



2122 Sect ion XIII: Resp iratory Disorders

TA BLE 1 4 0 . 1 1

PHARMACOLOGIC TREATMENT IN THE EMERGENCY DEPARTMENT

Agent Dose

Salbutamol 2.5 mg (0.5 mL) in 2.5 mL normal saline by nebulization continuously,
or every 15–20 min until a significant clinical response is achieved or
serious side effects appear.

Epinephrine 0.3–0.4 mL of a 1:1,000 solution SC every 20 min for three doses.
Terbutaline Preferable to epinephrine in pregnancy.
β -Agonists IV IV administration should be considered in patients who have not

responded to inhaled or SC, in whom respiratory arrest is imminent.
Corticosteroids Methylprednisolone 60–125 mg IV or prednisone 40 mg per os.
Anticholinergics Ipratropium bromide 0.5 mg by nebulization every 1–4 hours,

combined with salbutamol.
Methylxanthines Theophylline 5 mg/kg IV over 30 min—loading dose in patients not

already taking theophylline, followed by 0.4 mg/kg/h IV maintenance
dose. Serum levels should be checked within 6 h.

Magnesium sulfate Usually given as a single 2-g infusion IV over 20 min, only following
consultation with senior medical staff. Nebulized salbutamol
administered in isotonic magnesium sulfate provides greater benefit
than if it is delivered in normal saline.

SC, subcutaneously; IV, intravenously.

Inhaled therapy with β 2-agonists appears to be equal to, or
even better than, intravenous (IV) infusion in treating airway
obstruction in adults with severe asthma (meta-analysis has
excluded subcutaneous trials). Intravenous β 2-agonists should
be reserved for those patients in whom inhaled therapy cannot
be used reliably.

Although most rapid-acting β 2-agonists have a short du-
ration of effect, the long-acting bronchodilator, formoterol,
which has both a rapid onset of action and a long dura-
tion of effect, has been shown to be equally effective without
increasing side effects, although it is considerably more ex-
pensive. The importance of this feature of formoterol is that
it provides support and reassurance regarding the use of a
combination of formoterol and budesonide early in asthma
exacerbations.

Two types of nebulizer systems are available for inhalation
therapy: the face mask and the hand-held nebulizer with a
mouthpiece. The mouthpiece is preferred because it delivers
more drug, but it requires more patient cooperation because
a good seal must be maintained around the mouthpiece. In
the severely ill asthmatic patient, the face mask system may be
necessary.

When β 2-selective agents are delivered parenterally or
orally, they lose much of their β 2-selectivity, so terbutaline loses
its β -selectivity and offers no advantages over epinephrine.
When subcutaneous terbutaline is compared with subcuta-
neous epinephrine, equal cardiac side effects are seen. Terbu-
taline administered subcutaneously should be used only in
pregnancy because it appears safer. Oral β 2-selective agents
should not be used as primary treatment for patients with acute
asthma because the therapeutic-to-toxicity ratio is less than
that with inhaled agents. Subcutaneous β -agonist therapy—
epinephrine or terbutaline—also has a disadvantageous
therapeutic-to-toxicity ratio when compared with inhaled
β 2-selective agonists.

Subcutaneous epinephrine or terbutaline might, however, be
useful in several situations and should be considered:

■ In children in whom inhaled agents are often difficult to ad-
minister. In addition, the pediatric population has a reduced
susceptibility to β 1 toxicity, making subcutaneous adminis-
tration a useful route of drug delivery.

■ In seriously ill asthmatic patients with impending respira-
tory arrest in whom rapid delivery of β -agonists to the air-
way is desirable. The combination of inhaled and subcuta-
neously administered β -agonists in this circumstance could
enhance bronchodilation by delivering the drug both by the
airway and by the circulation. However, no clear data sup-
port this concept. There is also a concern, although again not
documented, that subcutaneous adrenergic therapy is indi-
cated in patients with severe bronchospasm because inhaled
agents may not be adequately delivered to the peripheral sites
of action. The fact that many patients with severe asthma
present in extreme distress with a PEF rate < 60 L/min and
respond very briskly to continuous nebulized β -agonist ther-
apy seems to refute this contention. If patients do not re-
spond to initial inhaled therapy, particularly if the attack
has lasted several days and mucus plugging is a possibility,
subcutaneous therapy could be attempted.

■ In patients unable to cooperate secondary to depression of
mental status, apnea, coma.

Subcutaneously, 0.3 to 0.4 mL of a solution of 1:1,000
(1 mg/mL) epinephrine can be administered every 20 minutes
for three doses (Table 140.11). Terbutaline can be administered
subcutaneously (0.25 mg) or as IV infusion starting at 0.05 to
0.10 mg/kg/min (Table 140.11). Subcutaneous administration
of epinephrine or terbutaline should not be avoided or delayed
as it is well tolerated even in patients older than 40 to 50 years
of age with no history of cardiovascular disease, such as angina
or recent myocardial infarction. Intravenous administration of
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the β -agonists, epinephrine or salbutamol, is also an option in
extreme situations and should be considered in the treatment
of patients who have not responded to inhaled or subcutaneous
treatment and in whom respiratory arrest is imminent. Finally,
it is critical to remember that drug dosing should be individu-
alized according to severity and patient response.

St e ro id s

Systemic corticosteroids in adequate doses should be adminis-
tered in all cases of acute asthma, especially if:

■ The initial rapid-acting inhaled β 2-agonist therapy fails to
achieve lasting improvement

■ The exacerbation develops even though the patient was al-
ready taking oral glucocorticosteroids

■ Previous exacerbations required oral glucocorticosteroids

Systemic corticosteroids are used to accelerate the resolution of
the exacerbation. They reduce the risk of relapses, rehospital-
ization, requirement for β 2-agonist therapy, all-cause mortality
in elderly asthmatics, and more generally reduce mortality from
asthma. The earlier they are given in the acute attack, the better
the outcome.

Minimal or no side effects occur with a single large dose of
IV steroid. Some enhancement of β -agonist effect may be seen
as early as 1 hour; however, 4 to 6 hours are required for anti-
inflammatory activity. The benefit derived by the asthmatic is
probably from a combination of enhancement of β 2-receptor
responsiveness, interruption of arachidonic acid inflammatory
pathways, decrease in capillary basement membrane perme-
ability, decreased leukocyte attachment, modulation of calcium
migration intracellularly, reduction in airway mucus produc-
tion, and suppression of immunoglobulin E receptor binding.
Oral glucocorticosteroids are usually as effective—provided
tablets can be swallowed and retained—as those administered
intravenously and are preferred because this route of deliv-
ery is less invasive and less expensive. The optimal dose and
dosing frequency of systemic corticosteroids in severe hospi-
talized asthmatics are not clearly established. One common
approach is the IV administration of 60 to 125 mg of methyl-
prednisolone every 6 hours during the initial 24 to 48 hours
of treatment (Table 140.11), followed by 60 to 80 mg daily
in improving patients, with gradual tapering during the next
2 weeks.

In addition to well-known side effects of corticosteroid
administration—hyperglycemia, hypertension, hypokalemia,
psychosis, susceptibility to infections—myopathy should be
considered in the intubated and mechanically ventilated pa-
tient (see later discussion). The intensification of a patient’s
corticosteroid therapy should begin as early as possible, at the
first sign of loss of asthma control. Because benefits from corti-
costeroid treatment are not usually seen before 6 to 12 hours,
early administration is necessary. Daily doses of systemic glu-
cocorticosteroids equivalent to 60 to 80 mg of methylpred-
nisolone as a single dose, or 40 to 50 mg of prednisolone daily,
or parenteral hydrocortisone 400 mg daily, often delivered in
a dosage of 100 mg IV 4 times daily, are as effective as higher
doses. In fact, 40 mg of methylprednisolone or 200 mg of hy-
drocortisone is probably adequate in most cases. For conve-
nience, steroid tablets may be given as 2 × 25 mg tablets daily
rather than 8 to 12 × 5 mg tablets. Prednisolone 40 to 50 mg

daily should be continued for at least 5 days or until recov-
ery. A 7-day course in adults has been found to be as effective
as a 14-day course. There is no benefit in tapering the dose
of oral glucocorticosteroids, either in the short term or over
several weeks. So, apart from patients on maintenance steroid
treatment or rare instances in which steroids are required for 3
or more weeks, steroid tablets can be stopped abruptly follow-
ing recovery from the acute exacerbation provided the patient
receives inhaled steroids.

There is no firm evidence to suggest that inhaled steroids
can substitute for steroid tablets in treating patients with acute
severe or life-threatening asthma despite some promising re-
sults. Inhaled steroids should be started as soon as possible, or
continued, at the beginning of the chronic asthma management
plan, as they can be as effective as oral steroids at preventing
relapses. Patients discharged from the emergency department
with prednisone and inhaled budesonide have a lower rate of
relapse than those receiving prednisone alone. A high dose of
inhaled glucocorticosteroid, for example, 2.4 mg of budesonide
daily in four divided doses, achieves a relapse rate similar to
40 mg of oral prednisone daily.

Ant icholine rg ics

Although ipratropium produces less bronchodilatation at peak
effect than a β -agonist and is associated with a less predictable
clinical response, literature in general supports the use of ipra-
tropium as adjunctive therapy in patients with acute severe
asthma. Ipratropium bromide appears to reliably augment the
bronchodilating effect of β -agonists in acute asthma and is par-
ticularly useful in the presence of β -blockade. Combining neb-
ulized ipratropium bromide with a nebulized β 2-agonist has
been shown to produce significantly greater bronchodilation
than a β 2-agonist alone, leading to a faster recovery, a shorter
duration of admission, lower hospitalization rates, greater im-
provement in PEF and FEV1, and should be administered before
methylxanthines are considered. Recommended dose is 0.25 to
0.5 mg by nebulizer. This can be combined with an albuterol
dose. Contrary to what occurs in patients with chronic stable
disease, ipratropium may produce a clinically significant re-
sponse within minutes of administration. A paradoxical bron-
choconstrictive response to ipratropium, although much rarer
than initially reported, may occur and is due to the preserva-
tive in the solution. Anticholinergic treatment is not necessary
and may not be beneficial in milder exacerbations of asthma or
after stabilization. Without any doubt, nebulized ipratropium
bromide in a dose of 0.5 mg every 4 to 6 hours should be
added to β 2-agonist treatment for patients with acute severe or
life-threatening asthma or those with a poor initial response to
β 2-agonist therapy.

The hand-held mouthpiece nebulizer system should be used
if anticholinergic medication is being administered. Contam-
ination of the ocular area with precipitation of narrow-angle
glaucoma may occur in susceptible individuals if a face mask
is used for delivery of an anticholinergic agent.

Mag ne sium

Intravenous magnesium sulfate, usually given as a single 1.2-
to 2-g infusion over 20 minutes, can help reduce hospital
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admission rates in certain patients. A single dose of IV magne-
sium sulphate should be considered for patients with:

■ Acute severe asthma, with FEV1 25% to 30% predicted at
presentation

■ Adults and children who fail to respond to initial treatment
■ Life-threatening or near-fatal asthma

Magnesium’s potential to reverse bronchoconstriction is mul-
tifactorial and is based on characteristics of inhibition of the
calcium channel and decreased acetylcholine release.

Considerable controversy exists as to the potential benefit
of magnesium sulfate as adjunctive therapy in acute asthma. A
single dose of IV magnesium sulphate is safe and sometimes ef-
fective in acute severe asthma, although the responsive patients
cannot be predicted. The safety and efficacy of repeated doses
have not been assessed in patients with asthma. Repeated doses
could give rise to hypermagnesemia with muscle weakness and
respiratory failure. More studies are needed to determine the
optimal frequency and dose of IV magnesium sulphate ther-
apy.

Me t hylxant hine s

In the emergency department, methylxanthines are of debated
efficacy and not generally recommended (Tables 140.10 and
140.11). Theophylline, when compared with a placebo, is
clearly an effective bronchodilator in the patient with acute
bronchospasm, but in view of the effectiveness and rela-
tive safety of rapid-acting β 2-agonists, has a minimal role in
the management of acute asthma. The question, however, is
whether theophylline plus adequate dosing of an inhaled β -
agonist produces greater bronchodilation than adequate dos-
ing of β -agonist alone in the patient with acute asthma. The
majority of studies have demonstrated no significant additional
improvement in physiologic or outcome variables when theo-
phylline is added to full doses of inhaled β -agonist therapy.
In addition, theophylline toxicity is a concern. Its use is as-
sociated with severe and potentially fatal side effects, partic-
ularly in those on long-term therapy with sustained-release
theophylline. However, in one study of children with near-
fatal asthma, IV theophylline provided additional benefit to
patients also receiving an aggressive regimen of inhaled and IV
β 2-agonists, inhaled ipratropium bromide, and IV systemic glu-
cocorticosteroids. Additionally, extrapolating data from short-
term studies showing no additional benefit of theophylline may
be problematic because other studies have noted evidence for
the use of theophylline as adjunctive therapy, demonstrating
improvement in ventilatory function at 1 and 24 hours, im-
provement in FEV1 during the first 3 hours and at 48 hours,
and improvement in FEV1 at 4 hours. Therefore, there are no
data to definitively support or reject the use of theophylline in
this setting.

Theophylline has been demonstrated in vitro and in vivo to
have nonbronchodilator effects of potential clinical benefit. It
increases diaphragmatic endurance and is a respiratory muscle
inotrope and a nonspecific respiratory stimulant. It is doubtful,
however, that any of these effects exert a significant clinical
impact. The anti-inflammatory effects of theophylline are noted
in concentrations of < 10 µ g/mL.

All patients evaluated for acute bronchospasm who have
been receiving a theophylline preparation should have a theo-

phylline level determined, the results of which are useful in
later dosing decisions. The theophylline levels correlate, how-
ever, only roughly with toxicity. Patient symptoms are unreli-
able in predicting theophylline level. The longer acting the oral
theophylline compound, the more likely it is to be associated
with a higher initial level. If aminophylline is to be used, a de-
creased loading dose (2 mg/kg) is recommended in the severely
bronchospastic asthmatic patient who admits to poor or par-
tial compliance in taking medications. A therapeutic range of
serum theophylline at 8 to 12 µ g/mL minimizes risk for toxic-
ity.

Conclusively, some individual patients with near-fatal or
life-threatening asthma, as well as patients admitted to the
ICU with a poor response to initial therapy, may gain addi-
tional benefit from IV aminophylline, with a 5 mg/kg loading
dose administered over 20 minutes unless on maintenance oral
therapy, followed by an infusion of 0.5 to 0.7 mg/kg/h, added
to full-dose inhaled β -agonist; higher doses may be used in
children. A 1 mg/kg IV aminophylline dose increases the serum
level roughly by 2 µ g/mL, with considerable scatter. A 5-mg/kg
dose is, therefore, estimated to give a level of approximately
10 µ g/mL. This relationship of loading dose to incremental
increase in blood level can also be used for additional dosing
considerations after the theophylline level is known. The rate
of metabolism is highly variable and may be affected by many
factors. Factors that decrease aminophylline clearance and ne-
cessitate lowering of infusion rates include use of cimetidine,
erythromycin, upper respiratory tract infections, pneumonia,
and so forth. If IV aminophylline is given to patients receiv-
ing oral aminophylline or theophylline, blood levels should be
checked on admission. Levels should be checked daily for all
patients receiving aminophylline infusions.

Le ukot rie ne Mod ifie rs

There are little data to suggest a role for leukotriene modifiers in
acute asthma and, therefore, these agents are not recommended
in the management of acute asthma.

Ant ib io t ics

Routine administration of antibiotics is not indicated and
should be reserved for those with evidence of infection such
as pneumonia or sinusitis. When an infection precipitates an
exacerbation of asthma, it is likely to be viral in nature.

He lium–Oxyg e n The rap y

A blended mixture of helium and oxygen (heliox) is available in
mixtures of 60:40, 70:30, and 80:20. Heliox is less dense than
air and can be delivered through a tight-fitting nonrebreath-
ing mask or, in the intubated patient, through the ventilatory
circuit. This less dense gas mixture results in decreased airway
resistance. Studies have shown the ability of heliox to decrease
pulsus paradoxus and improve both inspiratory and expiratory
flows. Heliox may have potential benefit in delaying need for
intubation while bronchodilators exert their effect, as well as
decreasing peak airway pressures in the mechanically ventilated
patient. In the latter case, its potential to decrease auto-PEEP
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may be particularly useful. A mixture of 60:40 of heliox can
be used as initial therapy with careful monitoring of oxygena-
tion. Recalibration of gas blenders and flowmeters is required
to obtain accurate measures of oxygen concentration and tidal
volumes when this mixture is used in the mechanically venti-
lated patient.

It must be remembered that, despite reported anecdotal suc-
cess, no controlled trials have demonstrated an alteration of
outcome variables and, therefore, the use of heliox in adults
with acute asthma cannot be recommended as standard ther-
apy on the basis of present evidence. The mixture might be
considered for patients who do not respond to standard ther-
apy.

Int rave nous Fluid s

There are no controlled trials, or even observational or cohort
studies, of differing fluid regimens in acute asthma. Some pa-
tients with acute asthma require rehydration and correction
of electrolyte imbalance. Hypokalemia can be caused or ex-
acerbated by β 2-agonist and/or steroid treatment and must be
corrected. Aggressive hydration is not recommended for adults
or older children but may be indicated for infants and young
children. Chest physical therapy and mucolytics are not rec-
ommended.

Se d at ive s

Sedation should be strictly avoided during exacerbations of
asthma because of the respiratory depressant effect of anx-
iolytic and hypnotic drugs. An association between the use
of these drugs and avoidable asthma deaths has been demon-
strated.

REFERRAL TO THE
INTENSIVE CARE UNIT

All patients transferred to the ICU should be accompanied by
a physician suitably equipped and skilled to perform endo-
tracheal intubation, if necessary. Indications for admission to
intensive care facilities or a high-dependency unit include pa-
tients requiring ventilatory support and those with severe acute
or life-threatening asthma who are failing to respond to ther-
apy, as evidenced by:

■ Deteriorating PEF
■ Persisting or worsening hypoxia
■ Hypercapnia
■ Worsening acidosis
■ Exhaustion, feeble respiration
■ Drowsiness, confusion
■ Coma or respiratory arrest

Ad mission De cisions

Crit e ria for Discharg e from t he Eme rg e ncy
De p art me nt ve rsus Hosp it alizat ion

Criteria for determining whether a patient should be discharged
from the emergency department or admitted to the hospital

have been succinctly reviewed and stratified based on consen-
sus. Patients with a pretreatment FEV1 or PEF < 25% of pre-
dicted/personal best, or those with a posttreatment FEV1 or
PEF < 40% of predicted/personal best, require hospitalization.

Patients with posttreatment FEV1 or PEF of 40% to 60% of
predicted/personal best may be discharged, provided that ad-
equate follow-up is available in the community and that com-
pliance is assured. Patients with posttreatment FEV1 or PEF
> 60% of predicted/personal best can be discharged with sig-
nificantly less immediate concern. For patients discharged from
the emergency department:

■ At a minimum, a 7-day course of oral glucocorticosteroids
for adults and a shorter course (3–5 days) for children should
be prescribed, along with continuation of bronchodilator
therapy.

■ The bronchodilator can be used on an as-needed basis, based
on both symptomatic and objective improvement, until the
patient returns to his or her pre-exacerbation use of rapid-
acting inhaled β 2-agonists.

■ Ipratropium bromide is unlikely to provide additional bene-
fit beyond the acute phase and may be quickly discontinued.

■ The patient’s inhaler technique and use of peak flow meter
to monitor therapy at home should be reviewed. Patients
discharged from the emergency department with a peak flow
meter and action plan have a better response than patients
discharged without these resources.

■ The factors that precipitated the exacerbation should be
identified and strategies for their future avoidance imple-
mented.

■ The patient’s response to the exacerbation should be evalu-
ated. The action plan should be reviewed and written guid-
ance provided.

Ind icat ions for Int ub at ion

Careful and repeat assessment of patients with severe exacer-
bations is mandatory. Not all patients admitted to the ICU need
invasive mechanical ventilation. The exact time to intubate is
based mainly on clinical judgment (53–55):

■ Patients presenting with apnea or coma should be intubated
immediately.

■ Progressive exhaustion, patient fatigue, and worsening hy-
percapnia despite maximal therapy, together with altered
level of consciousness, are indications for intubation.

■ Maintaining adequate oxygenation (and oxygen transport)
with supplemental oxygen is seldom a problem even in very
severe asthma and is a relatively uncommon reason for in-
tubation.

■ If the patient is cooperative, hypercapnia and fatigue do not
necessarily mandate intubation because noninvasive venti-
lation may be an option (see later discussion).

Int ub at ion
Intubation may be performed by either the nasal or the oral
route, the latter allowing for the insertion of a larger tube
that facilitates suctioning, which is important for removing
tenacious mucus plugs mobilized during recovery, and offers
less resistance to flow. A larger endotracheal tube reduces
flow-resistive pressure during inspiration, but this is not im-
portant during controlled mechanical ventilation. Given the
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DRUGS USED FOR INTUBATION IN ACUTE SEVERE ASTHMA

Agents Dose Advantages Side effects Contraindications

Midazolam 1 mg (intravenous) slowly,
every 2–3 min until the
patient allows positioning
and airways inspection

Amnesia
Muscle relaxation

Hypotension
Respiratory depression

—

Ketamine 1–2 mg/kg (intravenous) at a
rate of 0.5 mg/kg/min

No respiratory
depression

No hypotension
Short-term

bronchodilation

Increased laryngeal reflexes
Increased laryngeal

secretions
Sympathomimetic effects

(hypertension,
tachycardia)

Increased intracranial
pressure

Delirium
Hallucinations (prevented

by midazolam
coadministration)

Atherosclerosis
Hypertension
Increased intracranial

pressure

Propofol 60–80 mg/min initial
intravenous infusion up to
2.0 mg/kg

Rapid onset and
resolution of sedation

Bronchodilation

Hypotension
Respiratory depression

Hemodynamic
instability

extraordinary high resistance of the patient’s airways, the ef-
fect of the larger-bore tube on expiratory flow is also trivial
(38). Intubation should be performed by the most skilled op-
erator available to avoid repeated airway manipulation, which
may induce laryngospasm and bronchoconstriction. Satisfac-
tory local anesthesia of the oropharynx, nasopharynx, and lar-
ynx is essential. Table 140.12 summarizes drugs used to fa-
cilitate intubation of patients with severe asthma (38,56). It
should be stressed that many of these drugs reduce vascular
tone and may cause profound hypotension if combined with
decreased venous return because of hyperinflation. This may
require rapid infusion of IV fluids and manual ventilation via
a bag/valve/mask device at a slow rate or even temporary ap-
nea to decrease hyperinflation. Lack of response suggests the
presence of tension pneumothorax (38).

Me chanical Ve nt ilat ion

Noninvasive Posit ive Pre ssure Ve nt ilat ion
Noninvasive positive pressure ventilation (NIPPV) can be con-
sidered in asthmatic patients at risk for endotracheal intuba-
tion from progressive exhaustion (57). However, there is only
one prospective randomized controlled trial in normocapnic
asthmatic patients showing that a short trial of NIPPV in the
emergency department decreases hospitalization rate, respira-
tory frequency, and improves spirometric indices of pulmonary
function (58). Other observational studies, without a rigorous
prospective randomized control design, suggest that even in
hypercapnic (59) asthmatic patients, a trial of NIPPV may be
beneficial. However, the NIPPV trial should not unnecessar-
ily delay endotracheal intubation (60). Absolute contraindica-
tions for the use of NIPPV in asthma are emergency intubation
for cardiorespiratory resuscitation, hemodynamic and electro-
cardiographic instability, life-threatening hypoxemia, and an

altered state of consciousness. The presence of severe hyper-
capnia on hospital admission should alert the clinician to the
high risk of endotracheal intubation despite not being, per se,
a contraindication to NIPPV. Interestingly, among severe asth-
matics admitted to the ICU, patients successfully treated with
NIPPV had less hypercapnia (mean PaCO 2 53 ± 13 mm Hg;
mean pH 7.28 ± 0.008) than those who eventually underwent
endotracheal intubation (mean PaCO2 89 ± 29 mm Hg; mean
pH 7.05 ± 0.21) (54).

When used, NIPPV should be started with low levels of in-
spiratory pressure support (5–10 cm H2O) and PEEP (3–5 cm
H 2O). Pressure support should be progressively increased by
2 cm H 2O every 15 minutes, the goal being to reduce respi-
ratory rate below 25 breaths per minute, while keeping peak
inspiratory pressure below 25 cm H 2O. Future prospective ran-
domized controlled trials are required to definitely establish the
role of NIPPV in acute severe asthma (55).

Invasive Me chanical Ve nt ilat ion
The goal of mechanical ventilation is to buy time until phar-
macotherapy can reverse the underlying pathophysiologic fea-
tures of airway inflammation, mucus plugging, and bron-
choconstriction. The main strategy of ventilatory support is to
minimize hyperinflation and avoid excessive airway pressure
development (overdistention) (38,61). Thus, controlled hy-
poventilation or permissive hypercapnia is often required (62,
63).

Controlled ventilation is often used because of the need
for deep sedation—with or without muscle paralysis—to
avoid patient–ventilator asynchrony and to achieve controlled
hypoventilation (38,61). Volume-controlled ventilation is usu-
ally preferable to pressure control, as the latter carries the risk
of delivering variable tidal volume with sometimes unaccept-
ably low alveolar ventilation in conditions of fluctuating high
airway resistance and hyperinflation (38,61).
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FIGURE 140.6. Effect of respiratory rate and tidal volume variations
on airway pressures and lung volumes during mechanical ventilation
of acute severe asthma. FRC, functional residual capacity; Ppeak, peak
inspiratory pressure; Pplat, end-inspiratory plateau pressure; RR, respi-
ratory rate; VT, tidal volume; TE, expiratory time; VE, minute ventila-
tion. All conditions are for a square inspiratory flow of 100 L/min.
(From Tuxen D, Lane S. The effects of ventilatory pattern on hy-
perinflation, airway pressures, and circulation in mechanical ventila-
tion of patients with severe air-flow obstruction. Am Rev Respir Dis.
1987;136:872–879, with permission.)

The most important parameter to achieve the goal of reduc-
ing end-expiratory lung volume (i.e., hyperinflation) is a reduc-
tion in the administered minute ventilation (i.e., < 10 L/min)
(Figs. 140.6 and 140.7) (64). For a given level of minute venti-
lation, the end-expiratory lung volume will be similar regard-
less of the combination of tidal volume and respiratory rate.
However, for any level of minute ventilation and with con-

stant (square wave) inspiratory flow rate, end-inspiratory lung
distention is minimized by a combination of low tidal volume
(VT) and high respiratory rate (Fig. 140.6). This is because in
the inhomogeneous asthmatic lung, most of the tidal volume
delivered by positive pressure ventilation goes to the parts of
lung parenchyma with almost normal mechanical character-
istics (compartment A, Fig. 140.2). Because such “mechani-
cally normal” areas represent only a small fraction of the total
asthmatic lung, they become overdistended. Thus, the lower
tidal volume would cause less end-inspiratory lung overdisten-
tion.

When keeping minute ventilation, tidal volume, and respi-
ratory rate constant, increasing inspiratory flow allows inspi-
ratory time (TI) to be reduced and thus expiratory time (TE)
to be increased. When minute ventilation is high (> 10 L/min),
increasing inspiratory flow and thus reducing TI allows a de-
crease in lung hyperinflation (Fig. 140.7). It should be stressed,
however, that prolonging TE is not very effective in decreasing
dynamic hyperinflation when minute ventilation is < 10 L/min
(65). This is because flow progressively decreases during ex-
piration, so prolonging expiration will allow additional time
for expiration at a point at which expiratory flows are low,
and thus the additional volume that could be exhaled (the in-
tegral of flow over time) is modest; this decrease in dynamic
hyperinflation is even less when respiratory rate is low. Thus, at
any given minute ventilation, inspiratory flow should be 60 to
80 L/min (Table 140.13), as further prolonging TE by greater
inspiratory flow will not significantly reduce hyperinflation.

The optimal inspiratory flow waveform with volume-
controlled ventilation is not entirely clear. For a given tidal
volume, TI will be shorter and thus TE longer when constant
flow (square wave) rather than decelerating flow is used. How-
ever, the effect of this on reducing hyperinflation is clinically
insignificant (see previous discussion). At identical levels of VT,
TI, and Pplat , a square wave results in a higher peak inspiratory
pressure (Ppeak) than does a decelerating wave. This consid-
eration has limited clinical relevance because Ppeak is highly
dependent on inspiratory flow-resistive properties; therefore,
Ppeak does not reflect alveolar distention pressure in most of
the lung (59) (i.e., increased airway resistance combined with

FIGURE 140.7. Effect of inspiratory flow variations on airway
pressures and lung volumes during mechanical ventilation in
acute severe asthma. FRC, functional residual capacity; Ppeak,
peak inspiratory pressure; Pplat, end-inspiratory plateau pres-
sure; RR, respiratory rate; VT, tidal volume; TE, expiratory
time; VE, minute ventilation. (From Tuxen D, Lane S. The ef-
fects of ventilatory pattern on hyperinflation, airway pressures,
and circulation in mechanical ventilation of patients with severe
air-flow obstruction. Am Rev Respir Dis. 1987;136:872–879,
with permission.)
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INITIAL VENTILATORY SETTINGS IN STATUS
ASTHMATICUS

Setting Recommendation

Mode
Minute ventilation
Respiratory rate
PEEP

Expiratory time
Inspiratory flow
Fio 2
Pplat

Volume control ventilation
< 10 L/min
10–15 breaths/min
Titration trial (increments of 2 cm

H 2O)
> 4 sec
60–80 L/min
Maintain SpO 2 > 90%
< 30 cm H 2O

PEEP, positive end-expiratory pressure; Fio 2 , fraction of inspired
oxygen; Pplat, end-inspiratory plateau pressure; SaO 2, oxygen
saturation.

high inspiratory flow rate may result in Ppeak above 50 cm
H 2O but without increased risk of barotraumas). Neverthe-
less, a lower Ppeak may mean less overdistention of alveoli
distal to the least obstructed airways, as these are the most ex-
posed to high pressure in the central airways. Another reason
to minimize Ppeak, and thus to prefer the decelerating over
the square waveform, is that delivery of the full VT is less eas-
ily interrupted by opening of the pop-off safety valve of the
ventilator, securing a steadier minute ventilation (58).

Monit oring of Hyp e rinflat ion and Ove rd ist e nt ion
Dynamic hyperinflation can be monitored in two different
ways:

1. By measuring the volume passively exhaled from end-
inspiration to the static functional residual capacity in the
course of a prolonged (38) apnea and subtracting the de-
livered tidal volume (VEI) (64). Although this is the most
accurate way of measuring dynamic hyperinflation and esti-
mating the attendant risks of hypotension and barotrauma
(57,66), the need for complete muscle relaxation, with its
potential complications (see later discussion), and practical
aspects of the measurement reduce its clinical applicabil-
ity (61). Furthermore, it cannot measure the volume of air
trapped behind closed airways (compartment and C).

2. By measuring the average pressure developed in the air-
ways at the end of expiration (PEEPi) after occluding the
airways and allowing sufficient time for equilibration (the
end-expiratory occlusion technique) (29,67). This pressure
represents the average recoil pressure of the respiratory sys-
tem at the end of expiration, and is an indirect measure
of the end expiratory lung volume and thus of hyperinfla-
tion. However, it should be kept in mind that, in acute asth-
matic crisis, the measurement of PEEPi sometimes yields
unexpectedly low values, presumably reflecting airway clo-
sure (67). This is because the pressure developed behind
noncommunicating airways (which might be quite high be-
cause of regional hyperinflation) does not contribute to the
static PEEPi measurement by the end-expiratory occlusion
technique (Fig. 140.8). Thus, the average airway pressure
at the end of expiration might underestimate the pressure
that corresponds to the end-expiratory lung volume (Fig.

FIGURE 140.8. Hypothetical model suggesting a mechanism whereby
measured auto-PEEP (positive end-expiratory pressure) by the end-
expiratory occlusion technique may underestimate the severity of hy-
perinflation because of widespread airway closure at end-expiration.
Measured auto-PEEP reflects only the end-expiratory alveolar pressure
in lung units that are in communication with the proximal airway at
end expiration. (From Leatherman JW, Ravenscraft SA. Low measured
auto-positive end-expiratory pressure during mechanical ventilation of
patients with severe asthma: hidden auto-positive end-expiratory pres-
sure. Critical Care Med. 1996;24:541–546, with permission.)

140.8). Absence of respiratory muscle activity is required
for a valid measurement because expiratory efforts can ar-
tifactually increase the measured end-expiratory occlusion
pressure (68). In such cases, insertion of a gastric balloon
is required to measure the increase in the gastric pressure
during expiratory efforts and subtract it from the measured
end-expiratory occlusion pressure to obtain the actual static,
intrinsic positive expiratory pressure (PEEP,st) (Fig. 140.9)
(69).

Comb ine d Est imat ion of Hyp e rinflat ion
and Ove rd ist e nt ion

This can be achieved by measuring the average pressure devel-
oped in the airways at the end of inspiration after occluding
the airways (end-inspiratory occlusion) and allowing sufficient
time for equilibration (plateau pressure, Pplat). This Pplat rep-
resents the recoil pressure of the respiratory system at end in-
spiration and, compared with the PEEPi,st value, is usually
less prone to underestimation artifacts due to airway closure,
as the delivered tidal volume may open airways that collapse
during expiration. Furthermore, Pplat is increased both by in-
creases in the end-expiratory lung volume (hyperinflation) and
by overdistention (large tidal volume for the lung compliance).
Thus, Pplat is the recommended variable for monitoring lung
hyperinflation and overdistention during mechanical ventila-
tion in asthmatic patients (65,70). An end-inspiratory pause
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FIGURE 140.9. Correction of PEEPi,st measurement for expiratory
muscle contraction with the use of a gastric balloon. Recordings of
esophageal (Pes), airway (Paw), gastric (Pga), “suppressed” gastric
pressure (sPga), and online “corrected” airway pressure (cPaw) in a
representative actively expiring patient during airway occlusion. sPga
is the Pga tracing suppressed to zero at its lowest value at the end-
inspiratory level (vertical line) where expiratory muscle activity is nil,
that is, at this level it was given the value of zero irrespective of its true
value relative to atmospheric pressure. cPaw is obtained by subtracting
sPga from Paw. Note a consistent end-expiratory plateau in cPaw de-
spite marked variability in Pga swings. From this plateau PEEPi,st sub
was measured. (From Zakynthinos SG, Vassilakopoulos T, Zakynthi-
nos E, et al. Correcting static intrinsic positive end-expiratory pressure
for expiratory muscle contraction. Validation of a new method. Am J
Respir Crit Care Med. 1999;160:785–790, with permission.)

of several seconds is required for an accurate measurement of
Pplat because of the prolonged equilibration time of the ex-
tremely heterogeneous asthmatic lung (56,61). Pplat should
not exceed 30 cm H 2O (67). Ppeak, in contrast to Pplat, is not
useful for assessing lung hyperinflation in asthmatic patients
because it depends strongly on airway resistance and inspira-
tory flow (Fig. 140.4).

The Role of Ext rinsic PEEP
Controlled Mechanical Ventilation. The addition of PEEP dur-
ing controlled mechanical ventilation in asthma patients results
in a variable and unpredictable response (68–70). In some pa-
tients, extrinsic PEEP (PEEPe) causes overinflation (71,72); in
others, FRC and PEEPi (72,73) are decreased; and in still others
no response to PEEP is observed until PEEPe exceeds baseline

PEEPi (72). This might be due to the great heterogeneity of the
asthmatic lung with various combinations of the previously
described compartments in each patient.

■ If the predominant site of increased resistance to airflow
is located in the central, noncollapsible airways, and the
transmural pressure of peripheral, collapsible bronchi and
bronchioles remains positive throughout expiration, passive
exhalation is not flow-limited (74), and the applied PEEPe
extends all the way up to the alveoli, increasing end-
expiratory lung volume (61,75).

■ If the prevailing pathophysiology is flow limitation of pe-
ripheral, collapsible bronchi and bronchioles, the addition
of PEEP will not affect end-expiratory lung volume until
PEEPe exceeds baseline PEEPi. This is explained by the clas-
sic waterfall theory of flow limitation, which suggests that
expiratory flow is determined by pressure gradients up to
the choke point (point of flow limitation) and that condi-
tions downstream from the choke point have no influence
on expiratory flow (76–78). By analogy, the level of the lake
downstream from a waterfall is said to have no influence on
the water flow falling into it (provided that the lake level
does not exceed the waterfall’s edge). The water flow would
be determined basically by the difference in level between
the headspring and the edge of the waterfall. Because PEEPe
represents the level of the downstream lake in such an anal-
ogy, it follows that PEEPe application either should have no
influence on expiratory flow or should only impair it when
PEEPi is approached (69).

■ If the prevailing pathophysiology is sticky airway closure
during exhalation, leaving trapped behind some highly pres-
surized air, application of PEEPe—associated with tran-
siently high end-inspiratory pressures—might reopen such
a disconnected lung unit and then, because of airway hys-
teresis, this PEEPe might be enough to prevent expiratory
airway re-collapse in the next breaths, promoting appropri-
ate progressive deflation of overinflated lung (a recruiting
effect analogous to that described in acute respiratory dis-
tress syndrome) (72,79).

Thus, a PEEPe trial—a stepwise application of PEEP in incre-
ments of 2 cm H 2O every 5 minutes—with measurement of
the plateau pressure at each step might be a useful bedside ap-
proach. If Pplat decreases, application of PEEPe is deflating the
lung and is beneficial (72); if Pplat increases, PEEPe should be
withdrawn.

Assisted Mechanical Ventilation. At the resolution phase,
when inspiratory muscle activity resumes and the patient trig-
gers the ventilator, low levels of PEEPe may be useful because
PEEPe may decrease muscle effort required to trigger the ven-
tilator by providing part of the threshold pressure that PEEPi
represents, which the inspiratory muscles have to overcome
before airway pressure becomes negative and the ventilator
is triggered (80). Keeping in mind that the existence of the
waterfall effect is not guaranteed, and also that flow-limited
and flow-unlimited pathways may coexist in these conditions,
a prudent trial of PEEPe to a level lower than PEEPi is
worth pursuing, with titration for patient comfort under close
monitoring of airway and blood pressures (75). Frequent
reassessment is essential because the adequate level of PEEPe
is subject to change as lung mechanics and ventilatory require-
ments evolve.
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Pe rmissive Hyp e rcap nia
The ventilatory strategy described is accompanied by variable
levels of hypercapnia with values averaging between 60 and
70 mm Hg, but sometimes exceeding 100 mm Hg (38). At
times hypercapnia is unavoidable rather than permissive (see
“Pathophysiology: Gas Exchange”).

The physiologic and untoward effects of hypercapnia are
related to acute reduction of intracellular pH (due to high CO 2
diffusibility; the interested reader should consult excellent de-
tailed reviews (63). However, effective compensatory mecha-
nisms return intracellular pH to nearly normal within 1 to
3 hours, which explains why even extreme degrees of normoxic
hypercapnia are well tolerated. Except in patients with raised
intracranial pressure or severe myocardial depression, the res-
piratory acidosis induced by permissive hypercapnia does not
need to be treated (38,62). In ventilated asthmatic patients,
CO 2 production should be reduced by the use of sedation, anal-
gesia, and antipyretics to reduce hypercapnia (61). If these mea-
sures are insufficient, muscle relaxants may be considered (61).
In acute asthma, hypercapnia usually improves within the first
12 hours of mechanical ventilation (probably as a result of the
time-dependent effect of corticosteroids).

Hypercapnia depresses myocardial contractility, relaxes sys-
temic arterioles, and increases the tone in venous capacitance
vessels. In the absence of β -blockade, reflex sympathetic stim-
ulation offsets the depressed contractility (63). The integrated
hemodynamic response to acute hypercapnia in patients with
normal cardiac function is an increase in cardiac output ac-
companied by decreased systemic vascular resistance (63). In
patients with underlying left ventricular dysfunction, adverse
hemodynamic effects may ensue, including severe hypotension
and dysrhythmias, so cautious use of permissive hypercapnia
is suggested in this situation (38).

Hypercapnia reversibly increases cerebral blood flow and
intracranial pressure (63), which may prove disastrous in pa-
tients with intracranial pathology (59,62). A clinical challenge
is presented by patients who have experienced profound cere-
bral anoxia secondary to respiratory arrest before intubation,
in which clinicians face the therapeutic dilemma of brain pro-
tection versus controlled hypoventilation for addressing the
asthmatic crisis. Although not supported by strong clinical
data, blood alkalinization may be considered in this context. A
slow infusion of sodium bicarbonate should be used, as rapid
bicarbonate administration in the context of suppressed venti-
latory drive may transiently raise the PaCO 2, thus worsening
intracellular and cerebrospinal acidosis. Other buffers such as
tris-hydroxymethyl aminomethane (tromethamine, Tham) or
Carbicarb (a mixture of sodium carbonate and bicarbonate)
do not have these disadvantages, but clinical experience with
these agents is quite limited (81).

Se d at ion
Hypercapnia stimulates the respiratory center, increasing the
drive to the respiratory muscles (63). Thus, controlled hy-
poventilation requires deep sedation to suppress respiratory
muscle activity. Benzodiazepines can be safely used (66,82), as
can propofol with its rapid onset of action and—with short-
term use—lack of accumulation and bronchodilating action
(83,84); there is a risk of hypotension with propofol, par-
ticularly in hypovolemic patients (85). Ketamine has anes-
thetic, sedative, analgesic, and bronchodilating effects (86). In
anesthetic (87) or subanesthetic (88) doses, ketamine reduced

bronchospasm and was associated with favorable outcome in
refractory cases of asthma. However, ketamine increases tra-
cheobronchial secretions and intracranial pressure (86). Thus,
ketamine should not be used in established or suspected anoxic
encephalopathy. The addition of opioids to either benzodi-
azepines or propofol may help suppress the ventilatory drive,
at times allowing paralysis to be avoided. The natural opioid
morphine can cause allergic reactions and, because of histamine
release, bronchoconstriction (89); it should thus be avoided.
The synthetic opioids, fentanyl or remifentanil, should be used
instead. Remifentanil potently suppresses the ventilatory drive
(90) and has a rapid onset and offset of action.

Despite the use of deep sedation, patient–ventilator asyn-
chrony can be a problem that requires muscle paralysis, par-
ticularly in the presence of acute hypercapnia. Neuromuscular
blocking agents (NMBAs) should be given as intermittent IV
boluses rather than as a continuous infusion (91) to reduce the
dose and duration of administration (92). Repeat boluses of
NMBA should only be administered when patient–ventilator
asynchrony reappears that cannot be suppressed by increasing
the dose of opioid. With this strategy of NMBA neuromuscu-
lar monitoring with “ train of four,” nerve stimulation becomes
less obligatory.

Ad minist rat ion of Bronchod ilat ors
β 2-Agonists are preferably given as repeated inhaled doses
rather than as continuous IV infusion because of faster onset
of action and lesser incidence of adverse side effects with the
former mode of administration (93,94). Aerosolized salbuta-
mol (albuterol in North America) can be delivered via metered-
dose inhalers or nebulizers. Metered-dose inhalers—if possible,
with the use of a spacer device—are preferred to nebulizers be-
cause of less cost and inconvenience of use, lower risk of bacte-
rial contamination, better reproducibility of dosing, and faster
maximal bronchodilatation (95,96).

Humid ificat ion
Heated wire humidifiers are preferable to heat and moisture
exchangers. The latter add to expiratory airway resistance and
increase dead space—being inserted between the endotracheal
tube and the Y-piece of ventilator tubing—and therefore con-
tribute to hypercapnia (61).

We aning
Once dynamic hyperinflation has abated sufficiently, as as-
sessed by a substantial resolution of wheezing on chest aus-
cultation and decrease of Pplat and PEEPi, weaning should be
initiated using standard procedures (97). Suppression of respi-
ratory muscle activity with controlled hypoventilation should
be maintained as short as possible to prevent ventilator-induced
diaphragmatic dysfunction (98). Weaning is normally rapidly
achieved in patients with acute severe asthma (99). Weaning
difficulty in the absence of persistent severe airway obstruc-
tion must raise the suspicion of myopathy induced by previous
administration of NMBAs and corticosteroids (see later discus-
sion).

COMPLICATIONS AND MORTALITY
Controlled hypoventilation for acute severe asthma has signif-
icantly reduced complications and mortality compared with
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conventional mechanical ventilation aimed at normalizing
blood gases (66,82,83,99,100). The mortality of patients me-
chanically ventilated for acute severe asthma has been < 10%
in all studies after 1990 except two (100,101). A frequently
reported cause of death is cerebral anoxia secondary to pre-
hospital cardiac arrest (38,61).

Hyp ot e nsion

The most frequent complication of mechanical ventilation in
asthmatic patients is hemodynamic instability manifested as hy-
potension (38,61,66,101), usually occurring at the initiation
of ventilation (see previous discussion), which can occasion-
ally be life-threatening (101). This mechanism is easily verified
by temporarily disconnecting the patient from the ventilator
(1 minute, under close monitoring of SpO 2) and documenting
an immediate increase in blood pressure. Ventilation should
be resumed with lower tidal volume and respiratory rate, and
adequate volume expansion should rapidly follow. When hy-
potension is unresponsive to ventilator disconnection, tension
pneumothorax must be suspected (38,61).

Pne umot horax

Barotrauma is the second most frequently reported compli-
cation. Controlled hypoventilation does not confer complete
protection against pneumothorax, but decreases its incidence
from 30% to < 10% (66). Although usually not reported
as a direct cause of mortality when rapidly diagnosed and
adequately treated, barotrauma can still be life-threatening
(100).

Myop at hy

Diffuse paresis of voluntary muscles (frequently termed acute
quadriplegic myopathy) has been observed on cessation of
NMBA administration in asthmatic patients, lasting from a few
hours to months, sometimes involving the respiratory muscles
and thus delaying ventilator weaning (102–106). A deleterious
interaction of combined treatment with NMBAs and cortico-
steroids has been implicated in the pathogenesis of this com-
plication (107). The duration of muscle relaxation (100) and
the cumulative dose of NMBAs increase the risk (108). Elec-
tromyography typically shows acute myopathy confirmed by
usually mildly elevated levels of creatine-phosphokinase and
thick filament necrosis on muscle biopsy, which is often seen
on light microscopy but found more definitely on electron mi-
croscopy (106–108). There is no specific treatment. The best
approach is to avoid NMBAs and steroids, or to use these med-
ications as sparingly as possible.

CLINICAL PEARLS
1. Lessons learned from asthmatic deaths include:
■ Most deaths can be avoided, because severe asthma cri-

sis requiring hospitalization usually progresses over > 6
hours.

■ Factors that lead to death are nonreferral to a specialist
and inadequate steroid dosage and monitoring of dis-
ease.

■ Patients with severe asthma and psychiatric disease
or psychosocial problems may experience near-fatal
asthma.

■ Patients with a history of near-fatal asthma or unstable
asthma should be treated only by specialists who should
closely follow these patients for at least 1 year after ad-
mission.

2. Early identification and treatment of asthma is essential.
3. Severe asthma is usually resistant to treatment.
4. After establishing the diagnosis of severe asthma, all exac-

erbating factors should be identified and treated.
5. Aggressive use of inhaled bronchodilator therapy plus sys-

temic anti-inflammatory therapy (although not immedi-
ately effective) are fundamental elements of therapy.

6. The primary cause of respiratory demise in the patient with
severe asthma is acute respiratory acidosis and ventilatory
insufficiency. Acute respiratory acidosis may lead to de-
pressed level of consciousness and loss of airway protec-
tion.

7. Patients with status asthmaticus may be unresponsive to
initial therapeutic intervention and may require prolonged
and aggressive therapy.

8. Patients failing drug therapy should be considered early for
intubation and mechanical ventilation.

9. Avoidance of hyperinflation and overdistention at the ex-
pense of minute ventilation—permissive hypercapnia—are
the cornerstones of ventilatory management.

10. After patients recover and return to the general medical
ward, the treating team should address the prevention and
treatment of subsequent asthma attacks.
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CHAPTER 141 ■ ACUTE RESPIRATORY
FAILURE IN CHRONIC OBSTRUCTIVE
PULMONARY DISEASE
MARCELO AMATO

Chronic obstructive pulmonary diseases (COPDs) are a group
of disorders characterized by airflow limitation that is not fully
reversible (1). There are several diseases under this designation
(Table 141.1), the most common of which are chronic bron-
chitis and emphysema. These two disorders represent the ex-
tremes of the COPD spectrum and usually coexist in COPD
patients. Bronchitis is predominantly a disease of the airways
and presents as a chronic productive cough for at least 3 months
during 2 consecutive years, while emphysema is a disease of the
parenchyma and consists of permanent airspace enlargement
associated with rupture of the alveolar septa.

The common final pathway leading to COPD is an in-
creased inflammatory response to inhaled particles or gases,

of which the most common is cigarette smoke. This inflamma-
tory process involves the airways and the lung parenchyma,
leading to mucosal gland hypertrophy and disruption of alveo-
lar septa with loss of elastic recoil. These alterations ultimately
lead to the obstructive ventilatory defect that defines COPD
(2,3). Some patients develop pulmonary hyperinflation caused
by the loss of elastic recoil and increased airway resistance.
During exacerbations, there might be a secondary dynamic pul-
monary hyperinflation (2,4) caused by the increased ventilatory
requirement and shortened expiratory time (5). The capacity of
the respiratory muscles to generate inspiratory pressure is lim-
ited by their shortened operating length and impaired geomet-
ric arrangement (6). Long-term steroid use and/or malnutrition
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TA BLE 1 4 1 . 1

DISEASES ASSOCIATED WITH CHRONIC
OBSTRUCTIVE PULMONARY DISEASE

Chronic bronchitis Tuberculosis
Emphysema α1-Trypsin deficiency
Bronchiolitis
Bronchiectasis

also contribute to strength impairment in many patients with
severe chronic disease (7).

Only about 15% of all smokers will develop the full-blown
syndrome with overt clinical symptoms, although a much
higher proportion will develop some degree of airway obstruc-
tion. Rarely, the disease results from an inborn imbalance be-
tween the proteases and antiproteases present in the lung, as
occurs in the autosomal recessive α1-antitrypsin deficiency (8).

CLINICAL FINDINGS
The clinical manifestations of COPD appear late in the course
of the disease. There is initially a slow decline in lung function
that goes unnoticed over the years (9). Cough is the first find-
ing, usually after the patient has been a smoker for many years.
After about 20 years of smoking, some patients begin to notice
shortness of breath on exertion, reflecting the progressive air-
flow limitation that is characteristic of the disease. The dyspnea
worsens slowly over time, although sometimes patients deny
the deterioration of lung function because they slowly adapt
their level of activity to their exercise capacity. The decrease
in lung function might become steeper during exacerbations,
with a slow recovery to baseline levels after resolution of the
decompensation.

Sp irome t ry

Spirometry is the most important functional test for the diag-
nosis and the classification of severity of the disease. It consists
of a forced exhalation after a deep inspiration while the patient
is connected to a pneumotachograph. The ratio of the forced
expiratory volume in the first second of the exhalation (FEV1)
to the forced vital capacity is diagnostic of an obstructive ven-
tilatory defect if < 0.7 (1). The FEV1 is a useful marker of the
disease severity (Table 141.2) and is well suited as a longitudi-
nal monitor of lung function (9).

Lung Volume

Lung volumes can be measured using whole-body plethysmog-
raphy or gas dilution (helium or nitrogen washout) techniques.
In emphysema, both total lung capacity and residual volume
may be increased because of loss of lung elastic recoil. The car-
bon monoxide diffusing capacity may be diminished with the
progression of the disease, reflecting the loss of the functional
parenchyma.

TA BLE 1 4 1 . 2

CLASSIFICATION OF SEVERITY ACCORDING TO
GOLD

Stage Characteristics

0: At risk Normal spirometry
Chronic symptoms (cough, sputum

production)

I: Mild COPD FEV1/FVC < 70%
FEV1 = 80% predicted
With or without chronic symptoms (cough,

sputum production)

II: Moderate
COPD

FEV1/FVC < 70%
50% = FEV1 < 80% predicted
With or without chronic symptoms (cough,

sputum production)

III: Severe COPD FEV1/FVC < 70%
30% = FEV1 < 50% predicted
With or without chronic symptoms (cough,

sputum production)

IV: Very severe
COPD

FEV1/FVC < 70%
FEV1 < 30% predicted or FEV1 < 50%

predicted plus chronic respiratory failure

GOLD, Global Initiative for Chronic Obstructive Lung Disease;
COPD, chronic obstructive pulmonary disease; FEV1, forced
expiratory volume in the first second of the exhalation; FVC, forced
vital capacity. From Rabe KF, Hurd S, Anzueto A, et al. Global
Strategy for the Diagnosis, Management, and Prevention of Chronic
Obstructive Pulmonary Disease: Gold Executive Summary. Am J
Respir Crit Care Med. 2007;176:532–555.

Che st Rad iog rap hic Find ing s

Chest radiographic alterations usually occur late in the course
of the disease, and there is no alteration pathognomonic of
COPD. The radiograph is usually normal in mild disease;
changes reflecting airway disease and hyperinflation may ap-
pear with progression of COPD. Sometimes it is possible to see
enlarged bronchial walls reflected as an increase in bronchovas-
cular markings. Emphysema is manifested by an increased lu-
cency of the lungs. In smokers, these changes are more promi-
nent in the upper lobes, while in α1-antitrypsin deficiency, they
are more likely in basal zones. With hyperinflation, the chest
becomes vertically elongated with low, flattened diaphragms.
The heart shadow is also vertical and narrow. The retroster-
nal airspace is increased on the lateral view, and the sternal-
diaphragmatic angle exceeds 90 degrees. Radiographic com-
puterized tomography is more sensitive and specific for the
presence of emphysema, but it is rarely required. It is most use-
ful in the preoperative evaluation for lung volume reduction
surgery.

EXACERBATION
COPD exacerbation can be defined as an increase in dys-
pnea, cough, or sputum production that requires therapy
(10). The two most commonly identified precipitating factors
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are infection—viral, such as Rhinovirus spp. or influenza, and
bacterial, such as Haemophilus influenzae, Streptococcus pneu-
moniae, Moraxella catarrhalis, Enterobacteriaceae spp., or
Pseudomonas spp.—as well as environmental exposure to air
pollutants. However, in about one third of cases, no underly-
ing cause is identified. Infectious agents can also be recovered
from some patients with stable COPD, indicating that in some
instances, their presence in decompensated COPD represents
an epiphenomenon. On the other hand, Sethi et al. (11) have
recently recognized that the acquisition of a new strain of a
bacterial species colonized with a pathogenic bacteria might
lead to an exacerbation in stable COPD patients. All exacerba-
tions should be evaluated carefully for their potential to lead
to or worsen respiratory failure that requires hospitalization.
In the following section, we discuss the hospital treatment of
COPD exacerbations.

Tre at me nt of Exace rb at ions

The goals of the treatment of COPD exacerbations are to elimi-
nate or control the cause of the exacerbation, provide optimum
bronchodilator therapy, assure adequate oxygenation, and cor-
rect respiratory acidemia, all the while avoiding tracheal intu-
bation when possible. Most patients with mild exacerbations
can be treated at home, but those with a more severe presenta-
tion require hospitalization.

Admission criteria according to the American Thoracic So-
ciety/European Respiratory Society guidelines (12) include:

■ High-risk comorbidities including pneumonia, cardiac ar-
rhythmia, congestive heart failure, diabetes mellitus, renal
failure, or liver failure

■ Inadequate response of symptoms to outpatient manage-
ment

■ Marked increase in dyspnea
■ Inability to eat or sleep because of symptoms
■ Worsening hypoxemia
■ Worsening hypercapnia
■ Changes in mental status
■ Inability to care for oneself (i.e., lack of home support)
■ Uncertain diagnosis

Pharmacolog ic
The mainstay of pharmacologic treatment is the use of bron-
chodilators, corticosteroids, and antibiotics which are dis-
cussed below.

Bronchodilators.

1. β 2-Agonists: The bronchodilators most commonly used are
the inhaled short-acting β 2-agonists because of their rapid
onset of action. They can be administered via a nebulizer or
through metered dose inhalers (MDIs). Typically, two puffs
of albuterol or salbutamol are given every 4 hours, or an
equivalent dose via nebulizer. During mechanical ventila-
tion, the use of a spacer interposed in the circuit between
the tube and the Y-piece is recommended. An unresolved
issue relates to dosage when MDIs are used with intubated
patients. Fernandez et al. (13) used two puffs, Gay et al. (14)
used three puffs, and Fuller et al. (15) used four puffs in their
studies. Because the MDI dose deposited in the lungs of in-
tubated patients is, at best, half of the dose deposited in the

lungs of ambulatory patients, it seems reasonable to at least
double the number of MDI puffs in intubated patients (i.e.,
at least four puffs). In some patients, this dose will be inad-
equate, and a greater number of puffs (e.g., 10 to 20) can be
safely and effectively used. Long-acting β 2-agonists can also
be considered. Subcutaneous or intravenous administration
should not be used unless there is contraindication for the
inhaled route because of their increased systemic effects.

2. Anticholinergics: Ipratropium bromide can be used in asso-
ciation with the β 2-agonists as needed. It is available both
via nebulization (500 µ g) or MDI (two puffs every 2 to
4 hours). There are no clinical studies that have evaluated
the use of the long-acting anticholinergic tiotropium bro-
mide during COPD exacerbations.

3. Methylxanthines: Methylxanthines are currently not indi-
cated in the treatment of exacerbations of COPD.

Corticosteroids. Steroids are usually recommended for exacer-
bations of COPD. If feasible, prednisone can be given orally at
a dose of 30 to 40 mg/day for 10 to 14 days. If the oral route
is not an option, hydrocortisone or methylprednisolone can be
substituted in equivalent doses. Some investigators advocate
the use of much higher doses (methylprednisolone, 125 mg in-
travenously 4 times daily) (16), but as no studies have been de-
signed to find the optimal dose, we favor the lower dose. More
recent studies (17,18) have proposed the use of inhaled steroids
for the treatment of acute exacerbations. The combination of
salmeterol, 50 µ g, and fluticasone, 500 µ g, given twice daily,
has been compared with placebo and resulted in a reduction in
mortality of 3 years (p = 0.052), fewer exacerbations, and im-
proved health status and lung function. Nebulized budesonide,
1,500 µ g 4 times daily, was compared with prednisolone 40 mg
and demonstrated equal efficacy and potentially fewer side ef-
fects, especially less hyperglycemia.

Antibiotics. Antibiotics decrease mortality during exacerba-
tions. These agents are indicated when there is increased pro-
duction or change in the color of the sputum. For mild ex-
acerbations, amoxicillin, sulfamethoxazole-trimethoprim, or
doxycycline for 7 to 10 days is usually adequate. Patients re-
quiring hospitalizations should receive penicillin/penicillinase
(e.g., amoxicillin/clavulanate), a respiratory quinolone (lev-
ofloxacin, gatifloxacin, moxifloxacin), or a third-generation
cephalosporin together with a macrolide (e.g., ceftriaxone
plus clarithromycin). In addition to their antimicrobial activ-
ity, macrolides possess anti-inflammatory and mucoregulatory
properties that may confer beneficial effects to patients with
COPD (19).

Re sp irat ory Sup p ort
The goal of respiratory support in patients with exacerba-
tions of COPD is to correct hypoxemia/acidemia and reduce
the respiratory work, thus avoiding respiratory muscle fatigue
(20,21). In the acute setting, oxygen therapy alone is able to re-
vert hypoxemia, but not acidemia and respiratory distress. For
this reason, invasive or noninvasive mechanical ventilation are
frequently needed (2,20).

Oxygen Therapy. To improve the hypoxemia commonly
present in exacerbations of COPD, controlled oxygen therapy
is the cornerstone of hospital treatment (2). Long-term oxy-
gen therapy is established as the standard of care for selected
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patients with advanced chronic stable hypoxemia due to COPD
(22,23). However, in the acute setting, some patients have
an impaired response to hypercapnia when treated with sup-
plementary oxygen, leading to worsening of CO 2 retention
(24,25). The precise mechanism of this impairment is not well
understood, but ventilation/perfusion (26–29) and respiratory
drive (30,31) disturbances have been implicated. Some evi-
dence suggests that the relief of hypoxic vasoconstriction due
to the higher oxygen content in poorly ventilated areas may
be the culprit of the acute CO 2 retention. The increased perfu-
sion of such poorly ventilated, previously hypoxic areas might
suddenly increase the shunt effect, transferring a great part
of the venous CO 2 content directly to the arterial compart-
ment.

There is no individual risk factor that identifies patients with
COPD who will evolve to hypercapnia after oxygen exposure
(2,24,25); therefore, the National Heart, Lung, Blood Insti-
tute/World Health Organization Global Initiative for Chronic
Obstructive Lung Disease (GOLD) Workshop summary has
recommended controlled oxygen therapy for the exacerba-
tions, where adequate levels of oxygenation—Pao 2 ≥ 60 mm
Hg or Sao 2 ≥ 90% —are easy to achieve in uncomplicated ex-
acerbations. Notwithstanding, CO 2 retention can occur insidi-
ously with little change in symptoms; hence, measuring arterial
blood gases 30 minutes after oxygen therapy, as recommended,
is started. Venturi masks are more accurate sources of oxygen
than are nasal prongs, but are more likely to be removed by
the patient (2). Controlled oxygen therapy must be started at
a low inspiratory oxygen fraction—0.24 to 0.28—and titrated
upward to reach a Pao 2 ≥ 60 mm Hg or Sao 2 ≥ 90% without
significant retention of CO 2. A clinically significant increase in
Paco 2 has been arbitrarily defined as a raise in CO2 of 6.5 mm
Hg, especially if clinical mental deterioration occurs (24).

One must always remember that most of these patients have
some degree of chronic vascular disease associated with their
smoking history, and cardiovascular complications may be fre-
quent during prolonged hypoxic episodes; for example, acute
coronary syndromes, atrial fibrillation, cerebral ischemia, and
pulmonary congestion. Therefore, the quick reversal of severe
hypoxemia is frequently a priority.

Noninvasive Mechanical Ventilation. Patients with COPD are
prone to acute hypercapnic respiratory failure, often resulting
in emergency admission to the hospital. Between 20% and 30%
of patients admitted with hypercapnic respiratory failure sec-
ondary to acute exacerbation of COPD will die in the hospital
(32–35). Traditionally, patients who do not respond to con-
ventional treatment are given invasive mechanical ventilation
despite its well-known risks. Tracheal intubation and assisted
ventilation have been associated with high morbidity and mor-
tality rates, in addition to the difficulties during the weaning
process from the ventilator (36,37). Many clinical complica-
tions seem to arise from the intubation procedure itself, or
during the course of mechanical ventilation. The most com-
mon complications have been nosocomial infections, aspira-
tion, pulmonary embolism, muscle atrophy, polyneuropathies,
electrolyte imbalance, and gastrointestinal bleeding, as well as
prolonging the stay in the intensive care unit (38,39).

In view of such difficulties, noninvasive positive pressure
ventilation is an alternative treatment for patients admitted
to the hospital with hypercapnic respiratory failure secondary
to acute exacerbation of COPD. With this ventilatory modal-

ity, the patient receives air, or a mixture of air and oxygen,
from a flow generator or a special ventilator through a fa-
cial/nasal mask, thus avoiding the need for tracheal intuba-
tion (32–34,40–42). Many studies have shown that noninva-
sive positive pressure ventilation increases pH, reduces Paco 2,
reduces the severity of breathlessness in the first 4 hours of
treatment, and decreases the length of hospital stay (32–34).
More importantly, mortality and the intubation rate are con-
sistently reduced by this intervention (32–34). Some studies
suggest that the use of proper noninvasive ventilation can re-
duce the chances of an eventual endotracheal intubation to less
than half (0.42, 95% confidence interval of 0.31 to 0.59) when
compared with the conventional treatment with oxygen mask.
This alternative has been also associated to a reduced mortality
rate (0.41, 95% confidence interval [CI] of 0.26 to 0.64). In
clinical-physiological terms, the expected elevation of pH after
one hour of treatment should be around 0.03 (95% CI 0.02 to
0.04) and the expected reduction in Paco 2 in the same interval
around –3.0 mm Hg (95% CI –5.1 to –0.2) (43).

Unfortunately, noninvasive ventilation is not appropriate
for all patients (2). Failure rates between 9% and 50% have
been reported (44,45). One important signal that this pro-
cedure is not working for a patient is the progression—even
slight—of hypercapnia or acidosis 30 to 60 minutes after the
procedure, and deterioration of the mental status.

The classic indications for noninvasive mechanical venti-
lation in exacerbated COPD patients are (1) respiratory dis-
tress with respiratory rate above 30 to 35 breaths per minute;
(2) respiratory acidosis with a pH < 7.35, and with normal
or high standard base excess; and (3) a Pao 2 below 45 mm
Hg. These measurements are made after the patient has been
breathing room air for at least 10 minutes (32,33,46). Noninva-
sive mechanical ventilation is contraindicated for patients with
profound bradypnea, defined as a respiratory rate below 12
breaths per minute, severe hypercapnic encephalopathy with
Glasgow Coma Scale score below 10, cardiac and/or respi-
ratory arrest, and hemodynamic instability (32,33,46). Some
authors, however, have successfully applied noninvasive me-
chanical ventilation in comatose COPD patients with a Glas-
gow Coma Scale score below 8, with other causes of coma
being ruled out (47). This latter use of noninvasive mechanical
ventilation is not widely accepted (46).

Adjustments of noninvasive ventilation. Among the studies on
noninvasive mechanical ventilation and COPD exacerbation,
some used an exclusive inspiratory pressure support (33) or
inspiratory volume support (32); most used an associated pos-
itive end-expiratory pressure (PEEP) in consonance with the
rationale that the use of PEEP/continuous positive airway pres-
sure (CPAP) further reduces the inspiratory work in patients
with COPD exacerbation, especially the extra load generated
by high levels of intrinsic PEEP (48–50).

There are many approaches to set the noninvasive ventila-
tion. An easy way is to set the expiratory pressure at 5 cm H 2O,
the inspiratory pressure at 10 cm H2O—resulting in a “delta
P” of 5 cm H2O—and to increase the delta P in increments of
5 cm H 2O, up to 20 to 25 cm H 2O or the maximum toler-
ated, over 1 hour (42). An alternative approach is to adjust the
inspiratory pressure in order to obtain a tidal volume of 6 to
8 mL/kg and a respiratory rate of 25 to 30 breaths per minute,
setting the end-expiratory pressure to 5 cm H 2O to offset the
inspiratory threshold induced by intrinsic PEEP.
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If inspiratory comfort is not achieved, especially when
wasted inspiratory efforts are visible without a prompt re-
sponse from the ventilator, meaning that the patient effort is
not enough to easily trigger the assisted breath, trials of 2 cm
H 2O elevations in the PEEP/CPAP levels must be performed in
order to further reduce the extra load imposed by the intrinsic
PEEP. During these trials of augmentation of external PEEP, the
minimum inspiratory pressure should be provided that main-
tains a stable tidal volume (51). Oxygen should be offered to
keep oxygen saturation above 85% to 90% (2,42,51).

Theoretically, pure CPAP support in these patients might
be of some help, offsetting part of the inspiratory threshold
load imposed on COPD patients. The appeal of such a strat-
egy is the possibility of using low-cost CPAP systems. This ap-
proach, however, has not been tested systematically and should
be reserved for very special conditions under close supervision.
Whenever possible, some level of inspiratory support should
always be added to a CPAP strategy.

Taking all the studies into account, there is evidence to sup-
port the use of noninvasive mechanical ventilation in these pa-
tients, with documented success rates of 80% to 85% (52).
Nevertheless, it is important that those patients who will fail the
noninvasive ventilation trial be recognized early. Confalonieri
et al. (53) evaluated the risk of failure of noninvasive ventila-
tion in 1,033 consecutive patients with exacerbation of COPD
admitted to experienced hospital units. The identified risk fac-
tors were Glasgow Coma Scale score < 11, Acute Physiology
and Chronic Health Evaluation (APACHE) II score ≥ 29, respi-
ratory rate ≥ 30 breaths per minute, and arterial pH on admis-
sion of < 7.25. The presence of all these risk factors resulted
in a predicted risk of failure > 70% . An arterial pH < 7.25 af-
ter 2 hours of ventilation greatly increased the risk of failure
to > 90% . All these numbers and thresholds should be taken
as relative reference points, because the success of noninva-
sive mechanical ventilation depends on a learning curve of the
whole staff. The less experienced the staff, the more conser-
vative we should be with these limits, not waiting for further
deterioration of the patient before deciding on invasive ventila-
tion.

After hospital admission, the correct timing for starting non-
invasive ventilatory support is either immediately or at any
time the patient shows worsening of the respiratory distress,
a fall in Pao 2, or an increase in Paco 2 (42,51). Noninvasive
ventilatory support can be applied in any area of the hospital
where close monitoring of the patient by trained personnel is
available, such as intensive care units, emergency departments,
high-dependency units, and respiratory wards. The duration
of the noninvasive ventilation and the number of possible in-
terruptions for oral and facial cleaning varies according to the
patient need. Ventilatory periods lasting at least 40 minutes are
warranted (33), and some patients will require uninterrupted
use (42,51).

The choice for an appropriate mask is an important aspect
of noninvasive mechanical ventilation. In general, patients ben-
efit from a facial mask that covers the mouth and the nose; this
is more efficient than the nasal type to deliver effective inspi-
ratory pressures. Leaks directed at the eyes, sores in the nasal
area, and a dry mouth are frequent causes of extreme discom-
fort to patients. The total face mask may be better tolerated by
some patients, but not all, and greatly reduces the skin sores.
However, one has to be aware that the anatomic dead space
may increase a bit with this mask, which also imposes some

challenges to the mechanical ventilator in terms of synchrony
and PEEP maintenance.

The helmet interface is not yet appropriate to use in COPD
patients; it warrants further technical improvements. Although
efficient in maintaining the end-expiratory pressure, this device
usually results in poor inspiratory support because of the high
compliance of the whole system.

Invasive Mechanical Ventilation. Invasive mechanical ventila-
tion can be either the initial choice in patients with COPD ex-
acerbation or the strategy to be applied after failure of a trial of
noninvasive ventilation (2). Mechanical ventilation can reduce
or eliminate the work of breathing and improve gas exchange,
while allowing the respiratory function to return to baseline
through the treatment of the precipitating causes of the acute
decompensation (4).

Assuming that all appropriate measures to improve airflow
obstruction have already been taken (see previous discussion),
minimization of dynamic hyperinflation is a key objective of the
ventilatory support of these COPD patients. At the bedside,
dynamic hyperinflation is typically detected by the presence
of nonzero end-expiratory flow at the flow-time curve, or by
effectively measuring the end-expiratory pressure (auto-PEEP)
after an expiratory pause. Precise quantification of the auto-
PEEP, however, is problematic in patients with spontaneous
breathing efforts (54).

In some patients, especially in those with predominant em-
physema, the airway obstruction in the expiratory phase is dis-
proportionally higher than in the inspiration. In these patients,
the measured auto-PEEP is higher than expected when consid-
ering the calculated inspiratory airway resistance. This situa-
tion can be anticipated by looking at the flow-volume curve
available on most ventilators. The slope of this curve is pro-
portional to the time constant of the respiratory system, and
the differences between inspiratory and expiratory airway re-
sistances can thus be determined (Fig. 141.1) (55).

FIGURE 141.1. Example of a flow-volume curve of a patient mechan-
ically ventilated with severe and equivalent inspiratory and expiratory
flow limitation. The dashed lines represent the slope of the curves and
are proportional to the inspiratory and expiratory time constants.
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To reduce the hyperinflation, several concepts that have
emerged from the recently published literature should be em-
ployed (4,56). The most effective strategy is controlled hy-
poventilation (57), which decreases dynamic hyperinflation
through the reduction of the minute volume. Hypoventilation,
with a fixed inspiratory time, decreases the expiratory flow re-
quirement and consequently reduces air trapping and plateau
pressures (57–59). An appropriate clinical goal at present is to
keep the plateau pressures ≤ 30 cm H 2O, a strategy associated
with lower rates (4% ) of barotrauma (60,61). Adequate se-
dation and analgesia help by lowering the production of CO 2
and allowing further reduction of the minute volume (4). At
the bedside, the general rules to minimize hyperinflation are
(1) keep the minute volume ≤ 8 L/min, and (2) keep the expi-
ratory time ≥ 4 seconds; low respiratory rates should be used,
for example, 8 to 12 breaths per minute, with 5 to 8 mL/kg
of tidal volume. Once these goals have been achieved, there is
probably little gain from further adjusting the ventilator. For
example, Leatherman et al. (62) showed that halving minute
ventilation from 7.4 to 3.7 L/min, and more than doubling ex-
piratory time from 4.5 to 9.5 seconds had no significant effect
on auto-PEEP and plateau pressure (56). Although controlled
hypoventilation is the most effective measure to decrease hy-
perinflation, this ventilatory strategy frequently worsens CO 2
retention. The hypercapnia and acidosis are generally well tol-
erated and considered acceptable by most clinicians (4,56,57),
provided that such levels of hypoventilation are essential to
keep plateau pressures below 30 cm H 2O.

Metabolic acidosis may also accompany the respiratory aci-
dosis seen in COPD exacerbations, resulting in amplification of
the acidemia (63). The underlying mechanism of such acidosis
is not clear (63), but its buffering may accentuate coexistent
pulmonary injury in hypoxemic patients (64). The treatment
of metabolic acidosis in these hypercapnic patients should be
directed to the etiology of the process, and not to the metabolic
acidosis per se.

There is no optimal ventilation modality to support exac-
erbated COPD patients (56). The peak airway pressure may
reach high values in the volume-controlled mode (62), but this
is of limited clinical relevance because most of this pressure is
dissipated in the large airways and, consequently, it does not
reflect the alveolar pressure (60). One limitation of the volume-
controlled mode is the impossibility of continuously monitor-
ing the plateau pressure, as the use of an inspiratory pause every
breath may worsen dynamic hyperinflation. On the other hand,
in the pressure-controlled mode, conditions of fluctuating air-
way resistance and auto-PEEP entail the risk of variable tidal
volume, with sometimes unacceptably low alveolar ventilation.
Furthermore, with this latter mode, severe respiratory alkalosis
may develop if airway obstruction subsides rapidly (56).

Although there is no clear advantage of one over the other,
volume-controlled ventilation is currently the preferred mode
by most investigators (56,57,59,60,62). When using volume-
controlled ventilation, the flow waveform should also be ad-
justed. The square waveform usually results in higher peak
pressures, frequently triggering the high pressure alarm, which
should not be of much concern, as previously discussed (60,65).
On the other hand, the decelerating-flow waveform usually
minimizes peak pressure, allowing full delivery of the tidal vol-
ume, with less interruption by opening of the pop-off safety
valve (56). By forcing a slower flow at the end of inspiration,
this flow waveform could result in two theoretical benefits:

(1) less overdistention of alveoli distal to the least obstructed
airways, and (2) slightly better CO 2 exchange. Whenever pos-
sible, and provided that peak pressures are effectively reduced
(this must be tested), this flow pattern thus should be pre-
ferred. During controlled mechanical ventilation with volume-
controlled ventilation, the inspiratory pause should be used
with extreme caution, and mainly for monitoring purposes to
check whether hyperinflation is improving.

When initiating mechanical ventilation in the pressure-
controlled mode, one must keep in mind that the inspiratory
time should be set in proportion to the inspiratory time con-
stant in order to deliver the desired tidal volume with the lowest
possible plateau pressure (66). Thus, patients with increased
airways resistance will need a longer inspiratory time. For a
fixed respiratory rate, the increase in inspiratory time always
occurs at the expense of a shortening of the expiratory time,
which might aggravate pulmonary hyperinflation. Therefore,
the ideal inspiratory time would optimize delivery of tidal vol-
ume without increasing air trapping. That will occur if, when
looking at the flow-volume curve, both end-inspiratory and
end-expiratory flows are equal or close to zero (4,56,60).

After choosing the best respiratory rate and inspiratory and
expiratory times, the physician has to decide on how much
PEEP to apply. During controlled mechanical ventilation, PEEP
can be detrimental to paralyzed patients with severe airflow
obstruction, raising the functional pulmonary capacity (67).
Based on this information, some authors have advocated the
use of zero PEEP or no more than 5 cm H 2O (56,67). However,
some patients show a paradoxical response to an increase in
PEEP with relief of the air trapping (Fig. 141.2) (68). There are
two ways to identify these patients:

1. Using volume-control mode, with an inspiratory pause of
1 to 2 seconds, tidal volume of 5 to 8 mL/kg, and a res-
piratory rate of 10 breaths per minute (with the lowest in-
spiratory:expiratory ratio possible, e.g. < 1:4), increase the
external PEEP in steps of 2 cm H2O every 10 to 20 respira-
tory cycles, starting from ZEEP (baseline). The best PEEP is
the highest level associated with a plateau pressure equal to
or less than the baseline.

2. In pressure-control mode, start with ZEEP, driving pressure,
and inspiratory time to achieve a tidal volume of 5 to 8 mL/g.
Raise the external PEEP in steps of 2 cm H 2O every 10 to 20
respiratory cycles, keeping the plateau pressure constant. If
there is an increase in tidal volume during the upward PEEP
titration, it means there was recruitment of the airway. PEEP
should be kept at the highest level before the tidal volume
begins to fall (4).

As soon as possible, the ventilation mode should be switched
from controlled to assisted ventilation in order to decrease mus-
cle atrophy. There are no objective indicators of the best mo-
ment to start assisted ventilation; therefore, at least daily trials
of assisted ventilation should be made, with close monitoring
of patient comfort and plateau pressure (4,56). Adding exter-
nal PEEP during assisted ventilation can reduce the inspiratory
work by means of eliminating the offset of inspiratory pres-
sure threshold induced by auto-PEEP (4). Appendini et al. (69)
demonstrated that 41% of the inspiratory muscle effort was
expended to overcome auto-PEEP in patients with COPD dur-
ing spontaneous breathing. Adding external PEEP at an aver-
age of 80% of the measured auto-PEEP is well tolerated, with
no increase of total PEEP or plateau pressure (70), improving
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FIGURE 141.2. Three of the possible responses observed in plateau pressure (Ppl at ), total intrinsic
positive end-expiratory pressure (PEEPi), and functional residual capacity (F.R.C.) with the application of
external-PEEP (represented as percentage of PEEPi measured at zero external-PEEP). The FRC measured
at zero external-PEEP was considered as the reference. A, Paradoxical response (patient 4), observed with
a tidal volume (VT) of 6 mL/kg and respiratory rate (RR) of 9 breaths/min; B, biphasic response (patient
7), observed with VT of 9 mL/kg and RR of 6 breaths/min; C, classic overinflation response (patient
5), observed with a VT of 9 mL/kg and RR of 9 breaths/min. (From Caramez MP, Borges JB, Tucci MR,
et al. Paradoxical responses to positive end-expiratory pressure in patients with airway obstruction during
controlled ventilation. Crit Care Med. 2005;33:1519–1528, with permission.)

synchrony between patient and ventilator (48–50). Frequent
reassessments are essential because the adequate level of exter-
nal PEEP is subject to change as lung mechanics and ventilatory
requirements change.

Humidification should be achieved with a heated humidi-
fier, not with heat and moisture exchangers. The latter devices
are undesirable for three reasons: (1) they increase expiratory
airway resistance, which would hardly be of any help to re-
duce hyperinflation (71); (2) when inserted between the tra-
cheal tube and the Y-piece of ventilator tubing, they increase
dead space and therefore contribute unnecessarily to hypercap-
nia (72,73); and (3) the efficacy of any inhalational medication
will be blunted by the heat and moisture exchanger (56).

Weaning from the ventilator should be initiated as soon
as possible in order to avoid mechanical ventilator-associated
complications (74). According to recent published experiences
of two specialized weaning units, 19% of patients with COPD
exacerbation remained partially dependent on the ventilator
(75,76). The classic rapid shallow breathing criterion—< 80
breaths per minute per liter—was met by 56% of COPD pa-
tients who failed the weaning trial (77). General patient con-
dition and subjective dyspnea seemed to be more effective pre-
dictors of success of extubation than quantifiable indexes (78).

Using spontaneous breathing trials or progressive reduction in
pressure support is equally effective to wean the patient from
the ventilator (79). Automatic algorithms for pressure sup-
port reduction are available today, which resulted in a faster
weaning process when compared with the physician-driven ap-
proach (80,81).

If the spontaneous breathing trial is chosen, it can be ap-
plied for at least 30 minutes, up to 2 hours once a day (36).
After tracheal decannulation, the use of intermittent or contin-
uous support with noninvasive mechanical ventilation for at
least 24 hours is strongly recommended, using settings sim-
ilar to those used during conventional ventilation weaning.
The last technique is associated with higher rates of extuba-
tion success, lower length of stay in the intensive care unit
and/or hospital, and a lower mortality at 60 days (82,83).
Nava et al. (84) have described a strategy in which patients
are ventilated and sedated for 6 to 8 hours after intubation; an
assisted mode is subsequently started using pressure support.
After 48 hours of conventional mechanical ventilation, if the
patient is not hypersecretory or hemodynamically unstable, he
or she is extubated and supported with noninvasive mechan-
ical ventilation using the same ventilatory settings as before
tracheal decannulation. This approach is associated with less
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ventilator-associated pneumonia, a shorter length of stay in the
intensive care unit, and a lower mortality rate.

SEDATION AND
NEUROMUSCULAR BLOCKADE

Benzodiazepines, often given with narcotics, are widely ac-
cepted (4,56,60). Benzodiazepines, especially when associated
with opiates, are effective in facilitating the controlled hy-
poventilation in hypercapnic patients without the need of high
doses (85). Propofol may also be used because of its bron-
chodilating action (56), but generally requires high infusion
rates (85). When patient-ventilator asynchrony cannot be sup-
pressed by increasing the opioid dose, neuromuscular block-
ing agents should be given as intermittent intravenous boluses
rather than as a continuous infusion in order to reduce the dose
and duration of administration (4,56,60). Muscle resting is not
currently recommended (86); however, muscle unloading for a
short time—about 12 hours—has been advocated for muscular
recuperation after the fatigue of acute stress (56).

SUMMARY
Respiratory failure in COPD is an exceptionally difficult dis-
order to manage. Nonetheless, with appropriate and timely di-
agnostic and therapeutic interventions, including noninvasive
ventilation in the proper clinical setting, our hope is that the
mortality rate can be decreased from its approximate 20% to
30% .
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CHAPTER 142 ■ PULMONARY EMBOLISM
KENNETH E. WOOD r AARON JOFFE

Despite significant advances in prophylaxis, diagnostic ap-
proaches, and therapeutic modalities for pulmonary embolism
(PE), this disease process still remains an underrecognized and
lethal entity. Contemporary estimates suggest that PE affects
more than 600,000 patients per year in the United States and
reportedly causes or contributes to 50,000 to 200,000 deaths.
The incidence of PE causing, contributing to, or accompanying
death in hospitalized patients has remained relatively constant
at 15% for the past 40 years. Disconcertingly, the antemortem
diagnosis of fatal PE has remained fixed at approximately 30%
over the same time period. Large contemporary observational
studies of PE have reported unexpectedly high mortality rates.
In the Management Strategies and Determinants of Outcome in
Acute Major PE (MAPPET) series, the overall 3-month mortal-
ity in patients with PE was 17% with an in-hospital mortality
of 31% when PE was associated with hemodynamic instability.
PE-attributable mortality was 45% and 91% in the respective
groups (1). In the International Cooperative Pulmonary Em-
bolism Registry (ICOPER), the 90-day mortality was 14.5% in
hemodynamically stable PE patients and 51.9% in those with
hemodynamic instability. PE-attributable mortality was 34%
and 62.5% in the respective groups (2).

In fatal cases of PE, it has long been appreciated that two
thirds of PE deaths will occur within 1 hour of presentation
and that anatomically massive PE will account for only one
half of the deaths as the remainder can be attributed to smaller
submassive or recurrent emboli. There are several important
implications of these observations. First, an evidenced-based
approach is nearly impossible to define for hemodynamically
unstable PE. Second, it is reasonable to propose that outcome
from PE is related to the size of the embolism and the underly-
ing cardiopulmonary function. There is a dynamic interaction
between the patient’s underlying cardiopulmonary status and
the embolism size; similar hemodynamic and clinical outcomes
will manifest from an anatomically massive PE in a patient with
normal cardiopulmonary function and an anatomically sub-
massive embolism in a patient with impaired cardiopulmonary
function. Third, an implicit understanding of the physiology
of PE will allow for the application of physiologic risk strati-
fication that can be used for diagnostic evaluation and thera-
peutics. Figure 142.1 represents a proposed risk stratification
model defined by the relationship between mortality and sever-
ity characterized by the integration of cardiopulmonary status
and embolism size. The combination of embolism size and un-
derlying cardiopulmonary status that produces cardiac arrest is
associated with a predicted mortality of 70% ; this implies that
30% of arrested PE patients will survive and warrants con-
tinued use of chest compressions to mechanically fracture the
embolism and consideration toward thrombolysis or embolec-
tomy even without a definitive diagnosis when PE is highly
suspected. At the opposite extreme, the combination of em-

bolism size and cardiopulmonary status that fails to produce
right ventricular (RV) dilatation is associated with a 0% to
1% mortality provided therapeutic anticoagulation is achieved.
The combination of embolism size and cardiopulmonary status
that produces hemodynamic instability or shock is associated
with a 30% mortality rate. Consequently, the presence of shock
has traditionally defined the threshold for thrombolysis. As de-
picted in Figure 142.1, there is likely a broad spectrum of PE
patients that are hemodynamically stable with RV dysfunction
ranging from those with a minimal embolic burden and a low
predicted mortality to patients with incipient shock and a pre-
dicted mortality just under 30% . The use of thrombolytics in
this heterogeneous group is controversial as the constitutive
characteristics of the mortality inflection point remain elusive.
Syncope represents an intermediary position between shock
and cardiac arrest as failure to recover consciousness results in
cardiac arrest, and patients who regain consciousness have a
high incidence of hemodynamic instability. The outcomes and
mortality associated with emboli in transit and PE patients with
a patent foramen ovale (PFO) have not been well reported and
likely have severity as depicted in Figure 142.1.

The spectrum of PE most likely to confront the intensivist
is predominantly confined to two situations; first, the patient
presenting with undifferentiated shock or respiratory failure,
and second, an established hospital or ICU patient who de-
velops PE after admission. In either situation, the diagnostics
and therapeutics are challenging. Differentiating PE from other
life-threatening cardiopulmonary disorders can be exceedingly
difficult; logistic constraints can jeopardize definitive diagnos-
tic testing, and hemorrhagic risks in the critically ill can sig-
nificantly alter the therapeutic approach and compromise the
ability to anticoagulate or institute thrombolytic therapy. This
chapter will review a structured physiologic approach to di-
agnostic, resuscitative, and management strategies as well as
discuss prophylaxis and ICU-specific PE issues.

PREVENTION OF VENOUS
THROMBOEMBOLISM

Princip le s of Prop hylaxis

Prophylaxis is defined as any measure “designed to preserve
health and prevent the spread of disease.” Insofar as venous
thromboembolic disease (VTE) (3) is prevalent among acutely
ill hospitalized patients and unprevented VTE may lead to ad-
verse consequences, the use of pharmacologic, mechanical, or
vena caval interruption as a means for reducing the occurrence
of VTE certainly qualifies as a measure intended to preserve
health. In fact, based on strength of evidence, the Agency for
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Healthcare Research and Quality (AHRQ) has identified “ap-
propriate use of prophylaxis to prevent venous thromboem-
bolism in patients at risk” as the number one opportunity for
improvement of patient safety, supporting more widespread
implementation (1). The choice of primary prophylaxis is based
on the patient’s risk of bleeding and thrombosis and is presented
in Table 142.1.

Risk Fact ors

The Virchow triad of stasis, vessel trauma, and hypercoagula-
bility remain fundamental risk factors for VTE. Furthermore,
risk factors can be considered clinical (i.e., multiple trauma

TA BLE 1 4 2 . 1

VENOUS THROMBOEMBOLISM PROPHYLAXIS OF
CRITICAL CARE PATIENT

Bleeding Thrombosis Prophylaxis
risk risk recommendation

Low Moderate LDH 5000 units sq bid
Low High LMWH

■ Dalteparin
■ Enoxaparin

High Moderate GCS or IPC → LMWH when
bleeding risk subsides

High High GCS or IPC → LMWH when
bleeding risk subsides

LDH, low dose heparin; LMWH, low molecular-weight heparin; GCS,
graded compression stockings; IPC, intermittent pneumatic
compression devices.
Adapted from Geerts CHEST 2003;124(6)S:357S–363S.

or major abdominal surgery, acute myocardial infarction or
stroke, need for mechanical ventilation) or patient-related
(prior history of VTE, malignancy, inherited coagulopathy).

With respect to lower extremity deep venous thrombosis
(DVT), observational studies of medical-surgical ICU patients
have identified mechanical ventilation, treatment with neuro-
muscular blockers, and presence of a central venous catheter
(CVC) as risk factors for DVT (4). Central venous catheteri-
zation, in particular, has been reported to confer an increased
relative risk (RR) of 1.04 for each day the catheter was in place
(5). Among 261 medical-surgical ICU patients, multivariate re-
gression analysis defined exposure to platelet transfusions and
the use of vasopressors to be independent risk factors for ICU-
acquired DVT (6).

The two most powerful patient-related risk factors are a
prior history of VTE and malignancy. Malignancy is perhaps
the most common acquired hypercoagulable state encountered
in the ICU and likely will become more prevalent as the general
population continues to age. Additionally, end-stage renal dis-
ease has been identified as an independent risk factor for ICU-
acquired DVT (6). Activated protein C resistance from factor
V Leyden (FVL) is the most common hereditary defect predis-
position for DVT. In order of descending prevalence among
the general population, prothrombin gene mutation 20210A,
antithrombin, protein C and S deficiency, elevations in homo-
cysteine, and coagulation factors VIII, IX, and XI may predis-
pose the patient to developing DVT (4). Although uncommon,
heparin-induced thrombocytopenia (HIT), an acquired platelet
disorder, results in increased risk of both venous and arterial
thrombosis (7).

Cancer and the presence of a CVC are the two most pow-
erful risk factors for upper extremity DVT (UEDVT). In the
report of Mustafa et al., a CVC at the site of the upper extrem-
ity DVT was present in 60% of patients and 46% were diag-
nosed with cancer. Underscoring the possible additive nature
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of these two risk factors, 76% of the patients with cancer also
had an indwelling CVC (8). In a review of cancer patients
who had an indwelling CVC, the reported prevalence of upper
extremity DVT, either symptomatic or asymptomatic, ranged
from 6.7 to 48% (9). In a prospective registry of 592 patients
with upper extremity DVT, the presence of an indwelling CVC
was the strongest independent predictor of occurrence (odds
ratio, 7.3) (10). It is important to note that nearly 30% of pa-
tients will develop an UEDVT with no apparent cause. In these
patients, inherited thrombophilia, particularly FVL, prothrom-
bin G20210A mutation, and anticoagulant protein deficiencies
may be causative. Evaluated prospectively for a median follow-
up of 5.1 years, recurrence of primary UEDVT was reported
to be 4.4% in those with inherited thrombophilia compared to
1.6% in those without (11).

Pre vale nce / Incid e nce

DVT in the setting of critical illness is underappreciated. Sys-
tematic screening has shown 10% of medical-surgical ICU pa-
tients to have an existing proximal lower extremity DVT on
admission to the ICU. When no form of prophylaxis is used,
the incidence of DVT during the ICU stay is variable but high.

Patients undergoing major general surgery have an event
rate of 25% without DVT prophylaxis; 9% of patients will
have clinically detectable DVT, and 7% will have proximal
DVT. In a study of trauma patients who did not receive pro-
phylaxis, 58% of patients developed a DVT, one third of which
were proximal. Similarly, in patients undergoing elective hip
surgery and not receiving prophylaxis, the incidence of DVT is
50% , with 23% being clinically detectable and 20% proximal
(12). The pooled incidence of detectable DVT in neurosurgical
patients is 22% , and the incidence in acute spinal cord injury
patients is as high as 90% when prophylaxis is not used (4). The
incidence of DVT in critically ill medical patients is reported to
be 1% to 15% depending on which screening technique was
used. No studies specific to the critically ill have been performed
regarding upper extremity DVT, and no prospective studies us-
ing systematic screening techniques are available to assess the
prevalence or incidence. Nonetheless, there has been an in-
crease over the last several decades attributed to the greater
use of transvenous pacemakers and central venous catheters.
Symptomatic PE is reported to occur in 7–9% of these patients
(13,14), and studies using systematic ventilation/perfusion
scanning in those previously diagnosed with upper extremity
DVT have reported high-probability scans in 13% (15).

Pharmacolog ic Prop hylaxis

A paucity of data is available regarding anticoagulant pro-
phylaxis in the critical care setting. To date, two published
randomized trials of thromboprophylaxis versus placebo in
medical-surgical ICU patients are available. In a prospective,
double-blind, randomized control trial (RCT) of unfraction-
ated heparin (UFH), 5,000 U administered subcutaneously
(SQ) twice daily versus placebo, the rate of objectively con-
firmed DVT was reduced from 29% to 13% (16). In patients
requiring mechanical ventilation ≥ 48 hours for exacerbations
of chronic obstructive pulmonary disease (COPD), treatment
with the low-molecular-weight heparin (LMWH) nadroparin
once daily versus placebo decreased DVT rates from 29% to

16% (17). Another prospective trial, published in abstract form
only, also demonstrated the efficacy of UFH versus placebo as
thromboprophylaxis, reducing the DVT rates from 31% to
11% (18).

Despite limited generalizability to the critical care setting,
thromboprophylaxis trials of acutely ill hospitalized medical
patients and high-risk surgical patients are relevant. A compar-
ison of enoxaparin, 40 mg or 20 mg, with placebo administered
once daily for 6 to 14 days (MEDENOX) resulted in fewer
DVTs in those receiving the 40-mg dose (19). In a random-
ized, placebo-controlled trial of dalteparin for the prevention
of VTE (PREVENT), dalteparin, 5,000 IU once daily, halved
the rate of VTE with a low risk of bleeding (20). Questions have
been raised, however, as to whether or not SQ administration
of LMWH has sufficient bioavailability to achieve therapeutic
plasma levels (≥ 0.3 IU/mL) in the critically ill. In a prospective,
controlled, open-labeled study of enoxaparin, 40 mg once daily,
critically ill patients with normal renal function demonstrated
significantly lower anti-Xa levels when compared with medi-
cal patients in the normal ward (21). This difference does not
appear to be associated with vasopressor administration. On
the contrary, body weight does seem to have a negative cor-
relation with anti-Xa levels. More recently, a pilot study did
not find clinically relevant differences in anti-Xa activity after
subcutaneous administration of 2,500 IU dalteparin for venous
thromboembolism prophylaxis between ICU patients with and
without subcutaneous edema but again demonstrated critically
ill patients to have lower anti-Xa activity levels than healthy
volunteers (22). These findings call into question whether once-
daily dosing is appropriate for the critically ill.

Last, fondaparinux, a synthetic factor Xa inibitor in doses
of 2.5 mg SQ daily, has been reported to decrease VTE
rates by half versus placebo in older acutely ill medical pa-
tients (ARTEMIS) (23); to be more effective than enoxaparin,
30 mg twice daily, for VTE prophylaxis after elective ma-
jor knee surgery (24); and equivalent to dalteparin, 5,000 IU
daily, for the prevention of VTE in high-risk abdominal surgery
(PEGASUS) (25). Of note, patients requiring mechanical ven-
tilation and those with severe sepsis and septic shock were ex-
cluded from these trials and most were not in the ICU. Never-
theless, the notion that these drugs are superior to placebo in
the prevention of VTE is indeed supported.

Me chanical Prop hylaxis

Graded compression stockings (GCS), intermittent pneumatic
compression devices (IPC), and venous foot pumps (VFP) are
attractive insofar as they are without bleeding risk. To date,
no RCTs are available to guide their use in medical-surgical
ICU patients. In an unblended study of 422 trauma patients,
more DVT occurred in patients in whom IPC devices were used
than with LMWH (2.7% vs. 0.5% ) (26). Only a trend toward
significance was found among 2,551 consecutive patients un-
dergoing cardiac surgery treated with either UFH, 5,000 U SQ
twice daily, or a combined prophylactic regimen of IPC and
UFH; the incidence of objectively confirmed PE decreased from
4% to 1.5% (27). Use of IPC did not appear to have any addi-
tional benefit when used with either UFH or LMWH in a ran-
domized pilot trial for VTE prophylaxis in patients undergoing
craniotomy (28). IPC was less effective in preventing PE when
used in addition to UFH versus LMWH alone in a prospective,
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randomized, multicenter trial involving acute spinal cord
injury patients (29). Additionally, poor fitting GCS may lead to
undue constriction and stasis of the limb on which it is applied,
increasing risk of subsequent clot. As a preventative measure,
most garments are manufactured with a more highly elasticized
portion at the upper end as an aid to keeping the hosiery in po-
sition. It is important to realize that mechanical prophylaxis in
isolation has not been shown to reduce the risk of death or PE.
Mechanical VTE prophylaxis alone is not likely to be effective
in the ICU and unless bleeding is of great concern, these devices
should be deferred in favor of pharmacologic prophylaxis.

IVC Filt e rs

The idea of interrupting the inferior vena cava (IVC) to pre-
vent transit of lower extremity thromboses to the pulmonary
circulation is attributed to Trousseau in 1868 (30). Today, IVC
interruption is most often carried out by percutaneous inser-
tion of a filter or “umbrella” via the femoral or jugular vein. As
a result of technical refinements and ever-increasing expertise
in performing the procedure, this one-time surgical technique
is performed nearly 50,000 times a year (31). Categorical indi-
cations for IVC filter (IVCF) placement include contraindica-
tions to anticoagulation (absolute or relative), complications of
previously instituted anticoagulation (failure, bleeding, throm-
bocytopenia, drug reactions), as a prophylactic adjunct to an-
ticoagulation in patients thought to be unable to withstand
another embolic event, failure of a previous IVCF, or in asso-
ciation with another procedure (thrombectomy, embolectomy,
or thrombolysis). Unfortunately, methodologically sound liter-
ature in support of specific indications for filter placement is
lacking. This paucity of evidence is highlighted by a systematic
MEDLINE search for vena cava filters from 1975–2000, which
produced 568 references (32). Only one RCT was identified,
and only 15 prospective studies included ≥ 100 patients. The
remainder were retrospective or case reports (65% ) or reported
on miscellaneous topics (8.1% ). This is supported by a more
recent Cochrane review (33). Consequently, recommendations
for filter placement are largely a matter of opinion.

Decousus et al. (34) reported the first and only RCT of
IVCFs for the prevention of PE in patients with documented
proximal LEDVT. Patients were followed for 2 years in the ini-
tial report, and results of a longer-term follow-up in the same
patients were reported after 8 years (35). In the initial report,
400 patients were randomized to receive a filter or no filter in
addition to anticoagulation with UFH or LMWH. At 12 days,
fewer patients suffered symptomatic or asymptomatic PE in
the filter group while bleeding and mortality were unaffected.
At 2 years, the number of patients suffering symptomatic PE
was no longer significantly different (as a result of more symp-
tomatic PE between years 1 and 2 in the filter group), and the
recurrence of DVT was significantly higher in the filter group.
Placement of an IVCF had no effect on survival. At 8-year
follow-up, patients with filters still had higher DVT rates, but
symptomatic PE was lower than in patients without a filter.
Mortality was still unaffected. These reports suggest that DVT
patients with or without PE may derive limited benefit from
an IVCF in addition to anticoagulation alone. Placement of
a filter in PE patients who have failed anticoagulation are at
higher risk for a decrease in IVC patency or frank occlusion
over time when compared to those with other indications for

filter placement (36). However, no differences in edema for-
mation, occurrence of varicose veins, trophic disorders, ulcer
formation, or postthrombotic syndrome have been shown be-
tween those with and without a filter (35). Percutaneous filter
placement in the superior vena cava may also be considered
for prevention of symptomatic PE due to acute upper extrem-
ity DVT in patients in whom therapeutic anticoagulation has
failed or is contraindicated. Limited observational data support
its safety and efficacy in this setting (37,38).

IVCF use has not been systematically studied in critical care
outside the setting of major trauma, where the deployment of
retrievable IVCFs (R-IVCF) has been favored. Allen et al. (39)
reported that retrievable filters are safe and effective in the pre-
vention of PE in high-risk trauma patients with contraindi-
cations to anticoagulation. Interpretation of their findings is
hampered by several factors: lack of anticoagulated patients as
a comparator, small numbers (53 devices placed in 2,426 pa-
tients), and a low overall incidence of thromboembolic events
(2.1% with DVT, 0.2% with nonfatal PE, no fatal PE). Oth-
ers have cautioned that liberal application of these filters in the
trauma population does not alter rates of VTE and may lead to
a greater incidence of filter and retrieval-related complications
(40). Furthermore, two recent studies reported that only about
one in five of these devices is, in fact, retrieved, suggesting that
they have simply become permanent filters (40,41). A small
study of morbidly obese patients undergoing R-IVCF place-
ment prior to gastric bypass surgery reported a 95% success
rate when filter retrieval was attempted. Still, 21% developed
VTE postoperatively (42).

In sum, no RCT of IVCF for the prevention of PE, generaliz-
able to the critically ill, has yet been published. Currently, their
use can only be recommended for those in whom anticoagula-
tion is contraindicated or failed altogether. Consideration may
be given to using a R-IVCF in the highest-risk surgical patients
with contraindications to anticoagulation, with the emphasis
on retrieval and commencement of anticoagulation as soon as
is feasible.

Diag nosis of DVT

Validated prediction rules have been published and are useful in
patients able to communicate their symptoms. However, many
ICU patients will be incapable of effectively communicating any
symptoms due to altered mental status, requirement for me-
chanical ventilation and/or infusions of sedatives, analgesics,
or neuromuscular blocking drugs. Physical exam is equally un-
helpful. The gold standard for DVT is lower limb venography
(43). Adequately performed, it is able to detect all clinically im-
portant forms of DVT, including calf thrombosis, thrombosis
of the pelvis, and the inferior vena cava. Due to the technical
nature of the test, risk of radiocontrast-induced nephrotoxic-
ity, and need to transport the patient from the ICU, it is rarely
performed outside research settings. Consequently, compres-
sion ultrasound (CUS) is the most commonly reported method
of detecting DVT in the ICU setting (44). For symptomatic
patients, the reported pooled sensitivity for CUS in exclud-
ing a proximal DVT is 97% , but only 62% in asymptomatic
patients. Furthermore, CUS lacks sensitivity in the detection
of distal DVT, yielding pooled sensitivities of 73% and 53%
for symptomatic and asymptomatic patients, respectively (45).
Negative serial CUS over a 7- to 10-day period may effectively
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rule out clinically important DVT, but thus far has only been
validated in symptomatic outpatients (43). An alternative to
both venography and CUS is computed tomography venogra-
phy (CTV) of the lower extremities and the pelvic veins as a
continuation of CT angiography of the pulmonary arteries. In
the setting of diagnostic workup for PE, CTV has a reported
sensitivity and specificity of 70% and 96% , respectively, for
all DVT, comparable to CUS in one study (46) and was su-
perior to CUS for detection of iliofemoral DVT in a second
report, yielding 100% sensitivity and specificity (47). Most re-
cently, the PIOPED investigators reported that CTV and CUS
are diagnostically equivalent, reporting a 95.5% concordance
between CTV and CUS for diagnosis or exclusion of LEDVT
(48). Thus the choice of imaging technique can be made on the
basis of safety, expense, and time constraints. Limitations of
the test are the same as for those previously mentioned for CT
angiography of the pulmonary arteries.

In the case of upper extremity DVT, the first-line diagnostic
test is color duplex ultrasound with a three-step protocol in-
volving compression, color, and color Doppler with reported
sensitivity and specificity ranging from 78% to 100% and 82%
to 100% , respectively (9). In the event of vessel incompressibil-
ity but the presence of isolated flow abnormalities in combi-
nation with persistent clinical likelihood, contrast venography
should be considered. Magnetic resonance venography (MRV)
has been studied but with disappointing results. Reported sen-
sitivities are 50% and 71% for MRV with and without gadolin-
ium enhancement, respectively (47).

Tre at me nt of DVT

The mainstay of therapy for all forms of VTE is anticoagula-
tion. The reader is referred to the section for treatment of PE for

further details. For larger clot burden involving the iliofemoral
system, some suggest administration to thrombolytics. Indeed,
a Cochrane review concluded that thrombolysis reduces post-
thrombotic syndrome and maintains venous patency after DVT
when compared to traditional anticoagulation (49). However,
the optimum drug, dose, and route of administration have yet
to be determined. Endovascular catheter-directed thrombolysis
is another promising treatment for acute iliofemoral thrombo-
sis. A more definitive report of any benefits over other therapies
will await completion of a recently initiated multicenter RCT
for DVT (50).

PULMONARY EMBOLISM
Contemporary risk stratification for the diagnosis, resuscita-
tion, and treatment of PE is predicated on an implicit under-
standing of the pathophysiology of PE. The vicious patho-
physiologic sequence of events related to the impaction of
the embolic material on the pulmonary outflow is depicted in
Figure 142.2. The combination of mechanical obstruction and
neurohumoral factors combined with the patients underlying
cardiopulmonary status results in an increase in pulmonary
vascular impedance and the induction of pressure load on the
right ventricle. Although the impact of the mechanical obstruc-
tion is well appreciated, the effect of neurohumoral influence
is significantly underappreciated. The release of factors from
platelets in the imbedded clot, which include serotonin, adeno-
sine diphosphate (ADP), and thrombin, all precipitate vaso-
constriction in the pulmonary artery system (51). The devel-
opment of a pressure load will precipitate right ventricular
decompensation, which decreases right ventricular output.
Because the heart is two hydraulic pumps linked in series,
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diminished output of the right ventricle will result in dimin-
ished left ventricular preload. The consequence of diminished
left ventricular preload is a decrease in cardiac output and a
resultant loss of mean arterial pressure. The perfusion pressure
gradient for the right ventricular subendocardium is the dif-
ference between the mean arterial pressure and the right ven-
tricular end-diastolic pressure. PE precipitates an increase in
right ventricular end-diastolic pressure through the induction
of a right ventricular pressure load and the development of
right ventricular decompensation. This increases right ventric-
ular myocardial oxygen demands because of the diminished
gradient between the mean arterial pressure and the right ven-
tricular subendocardium. This induces further right ventricu-
lar decompensation and resultant right ventricular ischemia.
The right ventricle compensates through the use of the Star-
ling mechanism and increases right ventricular volume. This
results in a left septal shift of the intraventricular septum and
further jeopardizing of left ventricular filling. Pericardial re-
straint, further limits of left ventricular filling, and further
impairments of left ventricular distensibility additionally de-
crease left ventricular preload. This pathophysiologic sequence
results in a vicious cycle of ventricular decompensation that
manifests as hemodynamic instability and shock. It is impor-
tant to recognize that PE is a spectrum of presentations and
that the most extreme form of PE will result in gross hemo-
dynamic instability and cardiac arrest. Figure 142.3 illustrates
a diagrammatic overview of the sequence of events that occur
in PE.

The care of the critically ill patient often proceeds along two
parallel pathways; physiologic resuscitation and generation of
a differential diagnosis that eventually leads to a definitive di-
agnosis and treatment. Consequently, the use of a universally
applicable model of the circulatory system is of substantial util-
ity in characterizing the physiologic elements for resuscitation
and assisting in the differential diagnosis generation. Figure
142.4 represents a three-compartmental model of the circu-
latory system that is characterized by two hydraulic pumps
linked in series. Each hydraulic pump has its own capacitance
(volume reservoir) and impedance (resistive element) system.
Insofar as the pumps are aligned in series, the output of one
pump can never exceed the output of the other. Consequently,
hydraulic pumps may be conceptualized as a single hydraulic
unit. Using this model, the circulatory system can be viewed as
a venous capacitance reservoir that provides volume to a hy-
draulic pump that generates flow into an impedance bed. Any
hemodynamic abnormality, such as hypovolemia, ventricular
failure, sepsis, or major PE, may be characterized by defining
one or more of the variables in this hydraulic pump. The sur-
rogates for venous capacitance pressure, hydraulic pump func-
tion, and impedance are right arterial pressure (RAP), cardiac
output (CO), and systemic venous resistance (SVR), respec-
tively. Oftentimes invasive monitoring or echocardiographic
assessment is not immediately available on patient presentation
in the intensive care unit. Consequently, it is frequently neces-
sary to assess the model elements from physical exam; the ve-
nous capacitance reservoir may be estimated from examination
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Three-compartment Circulatory Shock Model
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the right internal jugular vein, and the pulse character and
temperature of extremities maybe relied on to approximate
the arterial impedance. Characteristically, a reciprocal relation-
ship between flow and impedance is present in most disease
states. Warm flushed extremities with a very wide pulse pres-
sure indicate low vascular impedance and a correspondingly
high flow state, whereas cool constricted extremities with a
thready narrow pulse pressure suggest a state of high vascular
impedance resulting from the compensatory increase in cate-
cholamines to maintain perfusion pressure gradients. Recog-
nizing that flow and impedance are almost uniformly recip-
rocal, one can exploit this relationship to assist with the dif-
ferential diagnosis of shock patients. Therefore, the initial as-
sessment of impedance (resistance) allows for the inferential
derivation of flow. Cool clamped hypoperfused extremities re-
flect a catecholamines surge and low flow state. Given the hy-
draulic pump alignment in series, the presence of an elevated
jugular venous pressure against the background of clinical and
radiographically clear lungs isolates the hemodynamic lesion
to the right ventricle. The differential diagnosis of increased
impedance, increased capacitance pressure, and decreased flow
against the background of clear lungs is illustrated in Figure
142.3 and includes PE, right ventricular infarct, and pericar-
dial tamponade. Impaired gas exchange in conjunction with the
preceding is strongly suggestive of PE. Given the potential like-
lihood of anticoagulation and thrombolytic therapy in this pa-
tient population, invasive monitoring should be selectively used
when the circulatory model variables cannot be well character-
ized from physical exam. A characterization of model variables
for various shock states are depicted in Figure 142.4.

The gas exchange abnormalities in PE are exceedingly com-
plex and a function of the size and character of the embolic ma-
terial, the magnitude of the occlusion against the background

of the patients underlying cardiopulmonary status, and the
interval time since the embolic event (52). The multiple causes
of hypoxia have been attributed to an increase in alveolar dead
space, ventilation perfusion abnormalities, right-to-left shunt-
ing, and in the case of cardiogenic shock, a low mixed venous
O 2. Although seemingly counterintuitive, the multiple inert gas
technique suggests that a low V/Q relationship develops and
precipitates hypoxia in PE consequent to the redistribution
of blood flow away from the embolized area, resulting in
excessive perfusion in the unembolized lung regions and subse-
quent reperfusion through the atelectatic area of the previous
clot.

It is especially instructive to exam the clinical manifestation
of PE patients without underlying cardiac pulmonary disease
because it permits the assessment of the effects of the embolic
event and specific compensatory responses. In this particular
population, the clinical and physiologic implications of PE are
directly correlated to the size of embolism (53–55). In these
studies, there is significant correlation observed between the
magnitude of the angiographic obstruction and the mean pul-
monary artery pressure (mPAP) RAP, PaO 2, and pulse. It has
been suggested that a pulmonary vascular resistance (PVR) of
greater than 500 dyne.s.cm− 5 is correlative with a degree of
obstruction exceeding 50% (56). It is interesting to note that
depression in oxygen saturation is common and may occur
with as little as 13% angiographic obstruction and commonly
is the only clinical manifestation when the obstruction is less
than 25% (55). When the extent of pulmonary vascular ob-
struction is 25% to 30% , pulmonary hypertension begins to
develop (normal mPAP, 20 mmHg). It is important to recognize
that this represents an increase in excess to similarly described
nonembolic experimental obstruction, which further illustrates
the relative contribution of the neurohumoral mechanism to
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pulmonary vascular impedance. Patients without underlying
cardiopulmonary disease are unable to generate a mean pul-
monary artery pressure in excess of 40 mm Hg, which is re-
ported to be the maximal pressure that a healthy ventricle can
generate. In patients without an underlying cardiopulmonary
disease, either a large single embolus or the cumulative incre-
mental effects of multiple recurrent emboli generating obstruc-
tions over 50% are needed to precipitate right ventricular fail-
ure. Consequently, mean pulmonary artery pressure in excess
of 40 mm Hg represents either significant underlying cardiopul-
monary disease or the effects of multiple embolic events that
have occurred over a prolonged time period enabling the de-
velopment of the right ventricular hypertrophy. It is important
to recognize that the relationship between pulmonary vascular
resistance and the extent of anatomic obstruction is hyperbolic
and not linear. Direct increases in pulmonary vascular resis-
tance occur when anatomic obstruction exceeds 60% (57). In
the population with no underlying cardiopulmonary disease,
an increase in right arterial pressure and setting of PE is almost
uniformly indicative of severe pulmonary vascular obstruction.
The right arterial pressure is characteristically related to the
mean pulmonary artery pressure but is generally not elevated
until the mean pulmonary artery pressure exceeds 30 mm Hg
and anatomic obstruction exceeds 35% to 40% . Right arterial
pressure can be elevated without a decrease in cardiac out-
put in patients with PE. However, a decrease in cardiac output
without an increase in right arterial pressure should suggest an
alternative non–PE-related diagnosis.

In contrast to patients without an underlying cardiopul-
monary disease, patients with previous cardiopulmonary dis-
ease characteristically will manifest a significantly greater de-
gree of cardiovascular impairment with less anatomic vascular
obstruction (58). This is perhaps best exemplified in the Eu-
ropean Pulmonary Embolism Trial where 90% of the patients
who presented in shock had prior cardiopulmonary disease and
56% of those with prior cardiopulmonary disease presented in
shock compared to only 2% of patients without cardiopul-
monary disease (59). In this population of patients with prior
cardiac disease, the level of mean pulmonary artery pressure is
disproportionately elevated compared to that of anatomic ob-
struction, which strongly suggests that underlying cardiopul-
monary hemodynamics dominates the presentation process.
With a mean angiographic obstruction of only 23% , significant
elevations in mean pulmonary artery pressure were reported in
a population with previous cardiopulmonary disease, and the
increment in the mean pulmonary artery pressure was directly
related to the pulmonary capillary wedge pressure (PCWP)
(58). This level of anatomic obstruction would be below the
threshold to elicit an increase in mean pulmonary artery pres-
sure in patients without cardiopulmonary disease. In patients
with prior cardiopulmonary disease, the right arterial pressure
was reported to be an unreliable indicator of the magnitude of
the embolic event and limited its usefulness in the assessment
of extensive vascular obstruction and life-threatening disease.
Therefore, it appears that there is no consistent relationship be-
tween the extent of embolic obstruction and right ventricular
impairment in patients with previous cardiopulmonary disease.
Hemodynamic and right ventricular function can be mislead-
ing as measurements of the effect of the embolic event, which
clearly underscores that the assessment of the severity is pred-
icated on the pre-embolic status of the patient as illustrated in
Figure 142.1.

Re ad ily Availab le Diag nost ic St ud ie s

The development of a differential diagnosis in the case of the
undifferentiated shock patient or existing patients in the critical
care unit is usually predicated on elements derived from the his-
tory, physical findings, and readily available diagnostic studies
to include a chest x-ray (CXR) study, arterial blood gas (ABG),
and electrocardiogram (ECG). It is important to recognize the
physiologic footprint that PE makes on these readily available
studies to ensure that PE is hierarchically incorporated into the
differential diagnosis of the unstable patient. Generating this
differential diagnosis is often difficult in the critical care envi-
ronment given the inability to obtain a current history from
the patient, multiple comorbidities masking physical findings,
and coexistent disease that already compromises existing lab-
oratory variables. Although multiple risk factors are additive,
admission to an intensive care unit by itself denotes a signifi-
cant risk factor for venous thromboembolism. In patients pre-
senting to the intensive care unit with undifferentiated shock
or respiratory failure, it is imperative to review each specific
case for risk factors that may contribute to the development of
PE. The previously defined hydraulic model of the circulation
allows for a physiologic characterization of the differential di-
agnosis. The constellation of right arterial pressure elevation
with cool clamped extremities indicative of low flow against
the background of relatively clear lungs and CXR isolates the
hydraulic lesion to the right ventricle with a very limited dif-
ferential diagnosis as illustrated in Figure 142.3. Occasion-
ally, invasive hemodynamic measurements will be available,
which should reflect an increase in the right arterial pressure,
a low cardiac output state in the shock population, associated
with a low pulmonary capillary wedge pressure and a high
SVR.

Ele ct rocard iog ram

Since the sentinel description in 1935 by McGinn and White
(60) of the S1Q 3T3 pattern in a limited number of patients
with PE-induced cor pulmonale, a plethora of ECG manifes-
tation have been reported. However, several important points
from large series regarding the ECG findings for PE may be
helpful: First, a normal ECG is distinctly unusual and it is
reported in only in a minority of patients in the UPET Trial
without cardiopulmonary disease (14% ) (61) and was simi-
larly appreciated in only 30% of patients in the PIOPED Trial
(62). Rhythm disturbances are uncommon, and the incidence
of atrial fibrillation and flutter as a presenting component of PE
is exceedingly small as are first-, second-, or third-degree heart
blocks. The most common ECG findings are related to abnor-
malities in the ST-T wave segment. In UPET (61) and PIOPED
(62), these changes occurred in 42% and 49% of patients, re-
spectively. Recently, it has been shown that the anterior T-wave
inversion pattern is the most common abnormality in PE, oc-
curring in 68% of patients. It was the ECG sign that was most
correlative with the severity of the underlying embolic event
as 90% of the patients with anterior T-wave inversion had a
Miller Score exceeding 50% (mean 60% ), and 81% of those
had a mean pulmonary artery pressure elevation exceeding
30 mm Hg (54). The early appearance of the T-wave inver-
sion was reported to be an even stronger marker of the severity
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of the event and similarly correlative with the efficacy of throm-
bolytic therapy given the T-wave normalization that occurred
in patients who had successful thrombolytic therapy (63).

Che st Rad iog rap h

Although the chest radiograph cannot be effectively used to
include and exclude PE, it is helpful in contributing to the
diagnostic assessment by excluding other diseases that may
mimic PE and defining abnormalities that necessitate further
evaluation, and it may provide a crude assessment of severity
(64). Similar to the ECG, a normal chest radiograph in pa-
tients with angiographic-proven PE is unusual and occurred in
only 16% and 34% of patients in the PIOPED (62) and UPET
(61), respectively, who did not have cardiopulmonary disease.
In PIOPED, there appeared to be an association between sever-
ity of the thromboembolic event and the radiographic findings
defined by the relationships between pulmonary artery pres-
sure (PAP), oxygen saturation, and CXR findings when nor-
mal chest x-ray views were compared to those with parenchy-
mal and vascular abnormalities (64). Vascular abnormalities
including relative oligemia in the area of embolic event were
correlative with the severity of PE. Other findings on CXR sug-
gestive of PE include abrupt cutoff of the pulmonary artery, rel-
ative or focal oligemia, and distention of the proximal portion
of the pulmonary artery.

Art e rial Blood Gas

It is important to recognize that hypoxia in PE is not uniform
as PaO 2 readings greater than 80 mm Hg were seen in approx-
imately 12% of UPET patients and 19% of PIOPED patients
(65,66). It is similarly important to recognize that a normal
PaO2 does not exclude PE and occurred in approximately 14%
of patients in the PIOPED Trial (62,67). In patients without un-
derlying cardiopulmonary disease, it is likely that these small
changes in oxygen saturation reflect low levels of severity in PE.
In contrast to the almost linear relationship between PE sever-
ity and arterial oxygen saturation levels in patients without
cardiopulmonary disease, there appears to be no correlation
between the arterial oxygen saturation or PaO 2 and magnitude
of the embolic event in patients with cardiopulmonary disease.
Given that many patients in intensive care units have significant
gas impairment and are maintained on mechanical ventilation,
it is the change in the oxygen saturation or the requirement
of escalating levels of inspired oxygen that should prompt the
consideration toward evaluation for PE. In intensive care units
that are capable of measuring dead space (Vd/Vt) or end-tidal
CO 2, these should similarly be used given the physiologic im-
print of increased dead space with PE.

DIAGNOSTIC THERAPEUTIC
APPROACH

Risk St rat ificat ion

The contemporary approach to physiologic risk stratification
is depicted in Figure 142.1. The combination underlying car-

diopulmonary status and embolic size that precipitates cardiac
arrest is surprisingly associated with a mortality of only 70% in
reported series. This underscores the necessity of aggressively
pursuing patients with suspected underlying PE presenting with
cardiac arrest because approximately 30% of those patients
with PE and cardiac arrest will survive. At the other extreme, it
is equally underappreciated that the predicted mortality of pa-
tients with hemodynamically stable PE and normal right ventri-
cle is very low when treated with appropriate anticoagulation.
The combination of embolic size and cardiopulmonary status
that precipitates decompensation resulting in shock is associ-
ated with a 30% mortality. Although not well reported, syn-
cope and emboli in transit have predicted mortalities just below
that of a shock patient. Echocardiography is frequently used to
risk-stratify patients with PE who are hemodynamically stable.
However, it is important to recognize that the vast overwhelm-
ing majority of patients with right ventricular dysfunction and
hemodynamic stability will do well with anticoagulation alone.
As is evident in Figure 142.1, there is a spectrum of presenta-
tions related to hemodynamically stable patients with PE that
may include patients with incipient shock and those with in-
significant dilatation of the right heart. It is important to rec-
ognize that an anatomic obstruction of approximately 30% is
necessary to provoke elevations in pulmonary artery pressure.
Similarly literature related to echocardiography reveals that an
obstruction of 30% is needed to precipitate right ventricular
dilatation.

The presence of hemodynamic deterioration or shock in a
patient with PE represents the failure of both compensatory
mechanisms to maintain forward flow and is associated with
significant increases in mortality. Consequently, the presence of
shock has traditionally been used as a discriminator to define
the likelihood of survivorship from PE. The presence of shock
in patients with PE is associated with a threefold to sevenfold
increase in mortality (68,69). It is underappreciated that the
vast majority of patients with anatomically massive PE do not
present in shock. Case series have reported a majority of pa-
tients without underlying cardiopulmonary disease and asso-
ciated anatomically massive PE present with a normal cardiac
output (70). Similarly, it is important to recognize that hemo-
dynamically stable patients who are not in shock, who have
experienced submassive or massive PE, have similar mortal-
ity rates (68,69). An anatomically massive PE, unless accom-
panied by physiologic decompensation resulting in shock and
hemodynamic instability, does not appear to be associated with
increased mortality.

Figure 142.5 represents a diagnostic/therapeutic algorithm
based on the presence or absent of shock. In all patients present-
ing with PE, therapeutic anticoagulation should be undertaken
on presentation provided there are no contradictions to anti-
coagulation. The therapeutic effect of heparin is related to the
ability to prevent further clot propagation and the prevention
of recurrent of PE. Insofar as the risk of recurrent thromboem-
bolic event is highest in the period immediately after PE, and
because recurrent thromboembolic events are the most com-
mon cause of death in hemodynamic stable patients, it is piv-
otal to adequately and appropriately achieve a therapeutic level
of anticoagulation as soon as feasible. Given the risks of bleed-
ing associated with critical illness, unfractionated intravenous
heparin is recommended because of the short half-life and the
ability to reverse the therapeutic effect of heparin with pro-
tamine. Low-molecular-weight heparin, although appealing in
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the outpatient treatment of DVT and stable PE patients cannot
be readily reversed.

In patients without evidence of hemodynamic stability, spi-
ral CT scanning has supplanted ventilation perfusion scanning
as a diagnostic modality of choice in PE. In patients with ele-
vated creatinine or inability to tolerate a CT scan, Ventilation/
perfusion (V/Q) scanning represents a reasonable alternative
given the overwhelming experience using this technique. Pretest
probability characterizations are pivotal in the diagnosis of PE
whether CT scanning or ventilation/perfusion scanning is used.
Pretest probability can be characterized by the use of scoring
systems or based on clinical judgment. The combination of a
high pretest probability with a high-probability V/Q scan con-
firms the diagnosis of PE. Similarly, a low-probability V/Q scan
in conjunction with a low clinical pretest probability effectively
excludes PE. Any other combination of pretest probability and
scan probability requires further testing to include and exclude
PE. Similarly, it is imperative to characterize a pretest proba-
bility for PE using CT scanning as a diagnostic modality. In
patients with a high pretest probability and a negative spiral
CT scan, further diagnostic studies should be undertaken. Al-
though spiral CT scanning has been used to either exclude or
confirm PE, there is an evolving literature that suggests spiral
CT scanning can be used to define the severity of PE. Recent
reports have been able to characterize the extent of pulmonary
artery obstruction (71,72). Similar to the Miller and Walsh
scores, which defined the extent of anatomic obstruction, there
has been variability in reports of outcome related to the extent
of obstruction. Measurements that are available from the CT
scan include the calculation of the RV/LV axis ratio, the diam-

eter of the right ventricular chamber, assessment of pulmonary
artery diameter, and reflux of contrast material into the inferior
vena cava (73). Although there are no prospective studies that
have been conducted to assess the utility of spiral CT scanning
as a predictor for severity stratification, it has been reported
that the probability of death is significantly correlative with
the RV/LV ratio. It appears that spiral CT scanning is evolving
as the modality of choice for the diagnosis of PE and will be
used to define severity stratification (73).

Further risk stratification of hemodynamically stable pa-
tients with PE may be undertaken using brain natriuretic pep-
tide (BNP) and troponin levels. In patients with hemodynamic
stability and confirmed PE that presents with a normal BNP
and troponin levels, the predicted outcomes are excellent, and
many of these patients may be treated as outpatient in the
future. The presence of elevation in BNP and troponin de-
fine a high-risk population of patients with hemodynamic sta-
bility and warrant admission and close observation. The ap-
proach to this population will be discussed subsequently in this
chapter.

In contrast to the patient presenting without hemodynamic
instability, patients with suspected PE and hemodynamic in-
stability are at high risk for rapid deterioration and sudden
death. This demands an expeditions approach to the diagnosis,
resuscitation, and therapy of this population. Echocardiogra-
phy is an ideal first assessment of the hemodynamically unsta-
ble patient because it is becoming readily available, an integral
part of critical care medicine, repeatable, and useful in recog-
nition and differentiation of PE along with assessing the sever-
ity of the embolic event and the patient’s response to therapy
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(74–76). Characteristic findings suggestive of PE include right-
sided thrombi, right ventricular dilatation, hypokinesis, tricus-
pid regurgitation, and paradoxical shifting of the ventricular
septum. Similarly, the echocardiographic findings of acute my-
ocardial infarction, tamponade, aortic dissection, or valvular
disease may be equally useful in confirming the diagnosis and
excluding PE. In patients without underlying cardiopulmonary
disease, the magnitude of the abnormalities seen on echocar-
diogram correlate with the degree of pulmonary artery outflow
obstruction (77). Similar to the original data related to angio-
graphic measurement of pressure generation with PE, it appears
that an obstruction of 30% is necessary to produce right ven-
tricular dilatation. Degrees of obstruction less than 30% will
not characteristically present with right ventricular dilatation.
Consequently, right ventricular dilatation has been used for
severity stratification as the outcome of patients who do not
have right ventricular dysfunction is excellent with therapeutic
anticoagulation. It is crucial to recognize that the presence of
right ventricular function is not specific for PE. Patients with
previous cardiopulmonary disease may have evidence of right
ventricular dysfunction at baseline. In this setting, right ven-
tricular function might be a representative of a spectrum of
diseases that range from RV infarct with cardiomyopathy to
cor pulmonale and antecedent pulmonary hypertension. Sev-
eral echocardiographic findings have been reported to be useful
in differentiating PE from non-PE events. Patients with baseline
cor pulmonale or recurrent PE characteristically have evidence
of hypertrophy in the right ventricle with a thickness measuring
greater than 5 mm (76,78) and a minimal septal shift, whereas
acute right ventricular failure secondary to PE should not be
associated with right ventricular hypertrophy nor accompa-
nied by a septal shift (77,79). In patients with pre-existing car-
diopulmonary disease, it is imperative to establish the diagnosis
of PE, which may be undertaken with diagnostic studies previ-
ously discussed in a nonshock patient. Spiral CT scanning has
supplanted V/Q scans in the critically ill population. In patients
with evidence of PE that is confirmed on the diagnostic stud-
ies, candidacy for either medical thrombectomy with throm-
bolytic therapy or surgical embolectomy should be undertaken.
It is crucial to recognize that the absence of right ventricular
pressure overload in the unstable patient in whom PE is be-
ing considered effectively excludes PE as a culprit cause of the
hemodynamic instability. Occasionally, and in the appropriate
clinical context, patients without underlying cardiopulmonary
disease in extremis and with anticipated arrest with evidence
of right ventricular dilatation and high pretest probability for
PE may be considered as candidates for medical embolectomy
with thrombolytic therapy or surgical embolectomy, given the
time necessary to perform confirmatory studies, which may
jeopardize effective treatment.

Re suscit at ion and St ab ilizat ion

Throughout the diagnostic evaluation, patients with suspected
PE often require aggressive resuscitation and attempts at stabi-
lization. In these patients, marginal hemodynamic stability is
often maintained by intense catecholamine release. Frequently,
escalating oxygen requirements necessitate intubation and me-
chanical ventilation. Intubation may precipitate cardiovascular
collapse in patients with major PE for several reasons: seda-
tive hypnotics that are used for intubation can mitigate the

catecholamine surge on which the patient is dependent and sim-
ilarly produce vasodilatation, which impairs the perfusion pres-
sure gradient to the right ventricular subendocardium, provok-
ing further ischemia and cardiac decompensation. Excessive
lung ventilation on initial intubation may create air trapping
and diminish venous return. Initiation of mechanical ventila-
tion can increase the pulmonary vascular resistance and further
jeopardize right ventricular function. Consequently, intubation
should be carefully undertaken, weighing the risk and benefits
of a conscience awake technique with topical or local anesthe-
sia in conjunction with a rapid-sequence approach using neuro-
muscular blockade and/or fiberoptic intubation. Etomidate is
an ideal sedative hypnotic insofar as it preserves hemodynamic
status.

Conventionally, volume expansion with 1 to 2 L of crys-
talloid solution is initial treatment for hypotension in pa-
tients with undifferentiated shock. However, in patients with
PE-related shock, increases in right ventricular pressure and
volume generate significant increases in systolic wall stress,
provoking myocardial ischemia. Excessive fluid resuscitation
further dilates the right ventricle and produces increased wall
stress, resulting in further right ventricular decompensation. In
patients with anatomically massive PE and low cardiac output
who were normotensive and required vasopressors on presen-
tation, Mercat et al. (80) reported increases in cardiac out-
put with a 500-mL fluid challenge. The authors reported that
the increase in cardiac output was consistently proportional
to the baseline right ventricular and diastolic volume index.
Therefore, fluid may be used judicially in normotensive patients
without evidence of significant right ventricular dysfunction. In
patients with echocardiographic evidence of severe right ven-
tricular dysfunction, fluid resuscitation may provoke increased
wall stress, ischemia, and right ventricular dysfunction. When
measured right ventricular pressure are high or there is evi-
dence of severe right ventricular dysfunction, early considera-
tion should be given to vasopressor therapy.

Although there are no controlled human trials related to
vasoactive support in PE, extrapolation from animal models
suggests that norepinephrine improves right ventricular dys-
function through vasoconstriction that augments mean arte-
rial pressure and enhances perfusion pressure gradients to the
right ventricular subendocardium. In addition, norepinephrine
possesses modest inotropic properties that have been shown to
provide complementary enhancement of right ventricular func-
tion (81,82). Given the previously described vasoconstrictive
effects of the neurohumoral response to PE, it may be reason-
able to consider the use of inhaled nitric oxide to decrease pul-
monary vascular afterload in patients with evidence of severe
right ventricular dysfunction who are pressor dependent. Small
reports have suggested that inhaled prostacyclin and nitric ox-
ide will increase cardiac output, decrease pulmonary artery
pressures, and improve gas exchange in cases of shock-related
PE (83,84).

The presence of shock or hemodynamic decompensation in
patients with proven PE is an indication for either medical em-
bolectomy with thrombolytic therapy or surgical embolectomy.
Although the use of thrombolytic therapy is controversial in pa-
tients who are hemodynamically stable, it is acknowledged as
the therapeutic choice in hemodynamically unstable patients
in whom there is no contraindication to thrombolytic therapy.
The PIOPED investigators considered thrombolytic therapy the
standard of care for patients with “shock or major disability”
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TA BLE 1 4 2 . 2

RATE AND EXTENT OF PERFUSION SCAN RESOLUTION IN UROKINASE
PULMONARY EMBOLISM TRIAL (UPET)

Heparin (82) Urokinase (78)

25.4% 26.2%

Absolute Absolute
resolution % Resolution resolution % Resolution

24 hours 2.7% 8.1% 6.2% 22.1%
Day 2 4.9% 17% 8.0% 25.8%
Day 5 9.3% 35.5% 11.3% 40.6%
Day 14 14.7% 58.2% 14.9% 52.0%
1 year 77.2% 78.8%
No CPD → 90%

resolution
91% of patients 88% of patients

CPD → 90%
resolution

72% of patients 77% of patients

CPD, cardiopulmonary disease.
From Urokinase pulmonary embolism trial. Phase 1 results: a cooperative study. JAMA.
1970;214:2163–2172; and Urokinase pulmonary embolism trial. Circulation. 1973;47(Suppl):1–108.

and considered it unethical to treat patients with hemodynamic
stability with heparin alone in the research trial (85). Several
points regarding the use of thrombolytic therapy in PE patients
should be emphasized. First, in virtually all studies, there is
greater rapidity in the rate of resolution when comparing hep-
arin to thrombolytic therapy in terms of the percent resolution
detected by perfusion scanning and angiography. Second, no
reported clinical trial has defined any difference in the degree
of embolic resolution after day 7. This is perhaps best illus-
trated in the original UPET Trial conducted in 1970 (68). In
this landmark publication related to the use of thrombolytic
therapy and PE, the baseline angiographic defect in the hep-
arin group was 25% and 26% in the urokinase group. Within
the first 24 hours, the percent of angiographic resolution in the
heparin group was 8.1% and 22.1% in the urokinase-treated

group. However, by day 5, the extent of the degree of angio-
graphic resolution in the heparin and urokinase groups was
equivalent at 36% and 40% , respectively. By 1 year, the extent
of angiographic resolution was 77% in the heparin group and
78% in the urokinase group (Table 142.2). A comparison of
clinical trials conducted comparing lytic therapy to heparin re-
veals similar findings as there is no reported difference in any
physiologic or imaging modality after day 5 when comparing
the two therapeutic options (Table 142.3). However appealing
the rapidity of resolution may be, only one small trial (86) has
demonstrated a mortality benefit. This small trial consisted of
only eight patients with benefit confined only to those who re-
ceived thrombolytic therapy. It is important to note that the pa-
tients randomized to heparin had previously been treated with
heparin and experienced recurrent PE and were subsequently

TA BLE 1 4 2 . 3

RANDOMIZED TRIALS—LYSIS VERSUS HEPARIN

Early

Study Angio Scan Hemodyn Echo Late

UPET 1970 ↑ 24 h ↑ 24 h ↑ 24 h — Scan, day 5; pulmonary HTN
Tibbutt 1974 ↑ 72 h — ↑ 72 h — Limited
Arnesen 1978 ↑ 72 h — — — —
Ly 1978 ↑ 72 h — — — —
Marini 1988 → 7 day → 24 h → 7 day — No difference, 1 yr
PIOPED 1990 → 2 h → 24, 48 h ↑ PVR 1.5 day — No difference
Giuntini 1984 — ↑ 24 h — — Scan, day 3
Levine 1990 — ↑ 24 h — — Scan, day 7
PAIMS 1992 ↑ 2 h → 7 day ↑ 2 h PAP/CI — Scan/angio, day 7
Goldhaber 1993 — ↑ 24 h — ↑ 3, 24 h —

HTN, hypertension; PVR, pulmonary vascular resistance; PAP/CI, pulmonary artery pressure/cardiac index.
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randomized to the heparin treatment. Third, there does not
appear to be any difference related to the effectiveness of
thrombolytic agents provided that they are given in equiva-
lent doses over a similar time frame (70,87). This is best ex-
emplified in trials that compared rT-PA given over 2 hours and
urokinase given in the same time interval (70). Fourth, bleeding
complications from thrombolytic therapy remain a substantial
concern with major hemorrhage report occurring in approxi-
mately 12% of patients and fatal hemorrhage occurring in 1%
to 2% of patients (88). Intracranial hemorrhage rates have been
reported from 1.2% to 2.1% (89) and is fatal in at least half
of the cases (90). Last, there does not appear to be a difference
between intrapulmonary thrombolytic therapy and peripheral
IV thrombolytic therapy (91).

Assessing the efficacy of thrombolytic therapy can be dif-
ficult in the first several hours. Echocardiographic studies un-
dertaken prior to the use of thrombolytic therapy have sug-
gested that there are two types of morphologic characteristics
of PE that may assist in defining the efficacy of therapy.
Thrombi that are long, mobile, and hypoechoic/heterogeneous
seem to be more susceptible to thrombolytic therapy. In con-
trast, echocardiographically defined emboli that are immobile
and hyperechoic/homogeneous seem less susceptible to throm-
bolytic therapy. In a small case report series of patients who
received thrombolytic therapy and had the previous character-
izations made by echocardiography, long mobile hypoechoic
emboli had higher cardiac outputs, lower central venous pres-
sures, and diminished peripheral vascular resistance compared
to the group with echocardiographically defined immobile em-
bolism after the use of thrombolytic therapy. It is important
to note that the mortality in the group that underwent suc-
cessful embolectomy was 0% compared to a 30% mortality in
the group that failed to respond to thrombolytic therapy (92).
Monitoring the efficacy of thrombolytic therapy can similarly
be challenging as continuous echocardiography and imaging
studies are not available. Monitoring of end-tidal CO 2 has been
proposed to monitor the efficacy of thrombolytic therapy. End-
tidal CO 2 was found to significantly increase in patients who
survived with thrombolytic therapy compared to those with no
appreciable change in end-tidal CO 2 measurements in patients
who did not survive. This would suggest that continuous mon-
itoring of end-tidal CO 2 enables assessment of the efficacy of
thrombolytic therapy and may be used as a barometer to define
the need of subsequent thrombolytic or embolectomy in cases
of failed thrombolytic therapy (93). Unsuccessful thrombolysis
is reported to occur in approximately 8% of patients undergo-
ing therapy. This may be defined as persistent clinical instabil-
ity or significant residual echocardiographic dysfunction. In the
limited literature that compares repeat thrombolysis to surgical
thromboembolectomy, there appears to be significant survival
benefit in undertaking surgical embolectomy. The mortality in
patients undergoing surgical embolectomy after failed throm-
bolytic therapy was reported to be 7% compared to 38% of pa-
tients who underwent repeat thrombolysis. Recurrent PE was
significantly higher in patients who underwent repeat throm-
bolysis and was the cause of death in a significant number of
patients. It should be noted that patients who underwent surgi-
cal thromboembolectomy also had the placement of vena cava
filters (94).

Thrombolytic therapy in hemodynamically stable patients
remains a continuing and controversial topic. Multiple reviews
and meta-analyses are available to assist with the use of throm-

bolytic therapy (95–97) (Cochrane Collaboration 2006, issue
3). The long-term outcome of patients with thrombolytic ther-
apy is not well described but it appears that most patients un-
dergo an uneventful course, the mortality is approximately 8% ,
and major bleeding is reported to occur in 9.6% with recurrent
PE reported in 7.6% . The mean vascular obstruction dimin-
ished from 64% to 29% within 48 hours, and right ventricular
function was reversible within 48 hours in 80% of the patients,
while lung scan improved 45% within 6 to 8 days of therapy.
This contemporary review of thrombolytic therapy similarly re-
ported that predictive indicators of a poor hospital course in pa-
tients receiving thrombolytic therapy were an initial pulmonary
vascular obstruction greater than 70% and hemodynamic in-
stability at presentation associated with persistence of paradox-
ical septal motion on echocardiography. Long-term mortality
was related to older age, persistence of vascular obstruction
more than 30% after thrombolytic therapy, and cancer (98).

Surgical embolectomy is indicated for patients presenting in
shock or cardiopulmonary instability and an inability to tol-
erate thrombolytic therapy. Ideally, these emboli are large and
located centrally and consideration of embolectomy is under-
taken prior to cardiac arrest. This requires preoperative local-
ization via CT documentation and ideally echocardiographic
of right heart function (99). In the era of modern surgical em-
bolectomy, outstanding results have been reported by multiple
investigators. In a study that undertook surgical embolectomy
with most patients having a contraindication to thrombolytic
therapy and significant right ventricular dysfunction, there was
a 6% operative mortality and only 12% late deaths from dis-
ease other than PE (100). The overall improvement in operative
mortality related to surgical thromboembolectomy most likely
relates to preop selection of patients who had not experienced
cardiac arrest and the use of cardiopulmonary bypass (99).

The approach to hemodynamically stable patients with PE
and right ventricular dysfunction remains a controversial and
contentious topic. Recently, the use of BNP, which is indica-
tive of right ventricular stress, and troponin levels, which are
indicative of myocardial ischemia, have been used in the strat-
ification of this population. These biomarkers have been re-
ported to allow for severity characterization of patients with
PE. In instances where there is an absence of an elevation in
BNP or troponin levels, the predicted outcome is excellent and
these patients do not warrant intensive care evaluation. In con-
trast, elevations in BNP and troponin levels are associated with
a higher mortality and are evolving as discriminators for the
use of thrombolytic therapy in patients with PE.

In summary, PE remains a common and lethal problem that
usually confronts the intensivist in the form of undifferenti-
ated respiratory failure and shock. Diagnosis is difficult and
challenging in the intensive care unit because of the patient
complexity and coexistent illnesses. The use of spiral CT scans
and echocardiography is evolving to define severity stratifica-
tion in the ICU population and facilitate the timely diagnosis
of PE. It is imperative to incorporate PE into the differential
diagnosis of patients with undifferentiated shock, and the use
of a structure model for shock diagnosis and therapy is help-
ful to ensure that PE is expeditiously diagnosed and optimal
treatment is undertaken. Thrombolytic therapy is recognized
as the treatment of choice for hemodynamically unstable pa-
tients, and the optimal approach to the hemodynamically sta-
ble patient with right ventricular dysfunction remains to be
defined.
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CHAPTER 143 ■ OTHER EMBOLIC
SYNDROMES (AIR, FAT, AMNIOTIC FLUID)
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Pulmonary embolism usually results from the mobilization of
blood clots from lower extremity or pelvis thromboses. How-
ever, embolization of other materials, including air, fat, and
amniotic fluid, can also obstruct the pulmonary vessels. While
these emboli are uncommon, they are generally associated
with clear risk factors or precipitating events. In this chapter,
the pathophysiology, clinical course, and treatment of these
“other” embolic phenomena are discussed.

GAS EMBOLISM
Gas embolism is defined as the entrance of gas into the vascu-
lar compartment. Air and other gases—such as carbon dioxide
and nitrogen—may result in gas emboli. The gas may reach any
organ, but the most significant damage is to the organs with
high oxygen consumption rates, such as brain and heart. Gas
embolism can be venous or arterial and, most frequently, it is
an iatrogenic problem that may be fatal (1). Hence, preven-
tion of gas embolism is an important patient safety issue that
necessitates physician awareness.

Given that, most often, gas embolism is an iatrogenic prob-
lem (Table 143.1), the highest-risk surgical procedures for ve-
nous air embolism (VAE) are sitting neurosurgical operations,
posterior fossa and neck surgery, laparoscopic procedures, to-
tal hip arthroplasty, cesarean section, and central venous line
procedures—both placement and removal. In addition to these
factors, there are numerous case studies reporting emboli dur-
ing different procedures.

During a neurosurgical procedure in the sitting position,
air usually enters through the noncollapsing veins, including
the dural venous sinuses and emissary veins (2). While the
true incidence of VAE is unknown—because most cases are
asymptomatic and the sensitivity of detection methods differs
significantly—the incidence is reported to be between 7% and
50% using Doppler detection methodology (3,4). However,
one study that used the transesophageal detection method re-
ported an incidence of 76% (5).

Pat hop hysio log y

The severity of gas embolism is related to the volume of gas
entering the circulation as well as the rate of gas accumulation.
In a neurologic surgery case performed in the sitting position,
the volume and rate of air entry are determined by the position
of the patient, venous pressure, and height of the vein above
the heart. The fatal gas volume in humans is unknown, but in
a canine model, it is 7.5 mL/kg (6); the estimated fatal volume

for humans is between 200 and 300 mL (7). A patient’s under-
lying cardiac disease may impact the volume of air necessary
for lethality. For example, with underlying impaired cardiac
contractility, the volume of air needed to cause cardiac arrest
is less than in adults with normal cardiac function (7).

Entry of air into the pulmonary venous system acutely in-
creases pulmonary artery pressure, degrades gas exchange, and
provokes cardiac dysrhythmias (8,9). Mean arterial pressure
(MAP) decreases rapidly, perhaps secondary to an immediate
decrease in cardiac output or due to a reflex mechanism result-
ing in the release of vasoactive substances (8,9). A “paradox-
ical” gas embolism can occur in the presence of a right-to-left
shunt, such as in a patient with a patent foramen ovale. The
term paradox ical is used, as the right-sided pressures need be
higher than those on the left side for passage of the gas from
the right to the left heart. Right-sided heart pressures may be
increased with the application of positive end-expiratory pres-
sure (PEEP), the Valsalva maneuver, and/or a VAE, creating a
right-to-left shunt (10).

The lung acts like a filter to prevent gas bubbles from moving
through the circulation, but this system can be overwhelmed
by a significant load of gas bubbles (11). In animals, it has been
noted that at loads of less than 0.15 mL/kg, the lung can totally
handle oxygen and nitrogen bubbles, but above this level, gas
emboli can transverse the pulmonary bed (11). During mechan-
ical ventilation, depending on the degree of embolization, pul-
monary gas embolism impairs pulmonary gas exchange. How
far a steady-state phase in gas exchange can be reached during
continuous venous gas infusion depends on whether the cir-
culation can adapt; circulation—as well as gas exchange—can
become deficient with significant embolization (12). The hy-
poxemia and hypercapnia that may be seen with gas embolism
are primarily related to significant ventilation-to-perfusion in-
equality (12).

Arterial gas embolism (AGE) is caused by entry of gas into
the arterial system. AGE can be caused by venous gas em-
bolism entering the arterial circulation via a right-to-left shunt
or directly via the pulmonary capillary bed by overloading of
the pulmonary filtering capacity. In compressed air diving, the
cause of AGE is pulmonary overpressurization by failing to
exhale or due to regional gas trapping during ascent, leading
to alveolar rupture and entry of gas into pulmonary capil-
laries. Iatrogenic causes include accidental air injection dur-
ing cardiopulmonary bypass or angiography. AGE can also be
caused by pulmonary barotrauma during mechanical ventila-
tion (13,14) and, although rare, may be a complication of tho-
racic trauma and lung surgery (15,16). Gas distribution to the
organs is dependent upon their blood flow; gas entering the
coronary circulation may result in a typical infarct, while gas
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TA BLE 1 4 3 . 1

ETIOLOGY OF GAS EMBOLISM

Decompression injury
Vascular entrance of gas Central line placement and removal

Arterial catheterization
Invasive radiologic procedures
Intra-aortic balloon rupture
IV fluid administration
Rapid IV infusion systems

Gastrointestinal procedures Gastrointestinal endoscopy
Laparoscopic surgery
Endoscopic retrograde cholangiopancreatography

Neurosurgical procedures Sitting-position craniotomies
Posterior fossa surgery
Cervical laminectomy
Spinal fusion
Deep brain stimulator placement
Lumbar puncture
Epidural catheter placement

Neck procedures Radical neck dissection
Thyroidectomy
Nd:YAG laser surgery

Ophthalmologic procedures Eye surgery

Cardiac procedures Extracorporeal bypass
Coronary angiography

Obstetric and gynecologic
procedures

Cesarean section
Intravaginal, intrauterine gas insufflation during pregnancy

Orthopedic procedures Hip surgery
Spinal surgery
Gas insufflation during arthroscopic surgery

Urologic procedures Transurethral prostatectomy
Radical prostatectomy

Thoracic procedures Lung biopsy
Lung trauma
Thoracoscopy
Chest tube placement

passing into the cerebral circulation may cause an ischemic
stroke.

Diag nosis

The most important diagnostic tool is the patient history. If
the patient has undergone a high-risk procedure, a high index
of suspicion for gas embolism is required. Symptoms have a
wide range, depending on the severity of gas embolism and
presence of cerebral embolus. The most common symptoms
and signs are acute dyspnea and hemodynamic instability.
There are numerous nonspecific symptoms and signs includ-
ing nausea, vomiting, respiratory distress, tachypnea, wheez-
ing, chest tightness, pallor, sweating, tachycardia, bradycardia,
hypotension, and sudden cardiac arrest (17–23). Neurologic
symptoms may include acute dizziness, unconsciousness, pares-
thesias, paraparesis, paraplegia, and/or seizures (17–22). The
so-called “mill-wheel murmur” can be auscultated in the pre-
cordial area, and is secondary to the presence of air in the
cardiac chambers (23). Hemodynamic changes may be the ini-

tial signs of gas embolism. Hypotension and an acute increase
in pulmonary artery pressure can be observed at early peri-
ods of gas embolism (8,9). Central venous pressure may in-
crease, along with a right ventricular pressure increase due to
elevated pulmonary artery pressure or air in the right ven-
tricle. The differential diagnosis is very important, as the
signs and symptoms of gas embolism are fairly nonspecific
(Table 143.2).

Monitoring of end-tidal CO 2 (PetCO 2) is routinely used in
the operating room and is increasingly available for intubated
patients in the intensive care unit (ICU). There are case reports
of—and animal studies have shown—a sudden and severe drop
in PetCO2 values in cases of gas embolism (19,24). A rapid
progressive fall in PetCO 2 can be a sign of gas embolism in
spite of a normal blood pressure. Thus, capnography should
be used in both the operating room and ICU whenever air em-
bolism is a risk (25); in our ICUs, the use of capnography is
standard. However, a sudden or progressive drop in PetCO 2 is
not necessarily a specific sign of gas embolism, even if it indi-
cates the potential presence of an important complication, such
as pulmonary thromboembolism, pneumothorax, or airway
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TA BLE 1 4 3 . 2

DIFFERENTIAL DIAGNOSIS OF GAS EMBOLISM

Pulmonary embolism Thromboembolism
Fat embolism

Respiratory failure Pulmonary edema
Acute bronchospasm
Pneumothorax

Stroke
Cardiac events Myocardial infarction

Pericardial tamponade
Arrhythmias with hemodynamic

compromise

Shock Cardiogenic
Septic
Hypovolemic

Hypoglycemia

obstruction. In the nonintubated patient, PetCO 2 monitoring
is neither easy nor routine.

Pulse oximetry is a standard of care for procedures per-
formed in the operating room as well as for ICU patients. A
sudden drop in arterial oxygen saturation is a very common
finding of gas embolism and typically indicates a severe distur-
bance of pulmonary function (21,26). Simple chest radiogra-
phy can also show air in the vascular compartments and heart
(1). Electrocardiographic (ECG) changes may be observed re-
lated to myocardial ischemia. Often, the first change noted is
peaking of the P wave; S-T segment depression can follow peak-
ing of P wave, depending on the severity of gas embolism (27).
Hemoconcentration, possibly related to a shift of intravascular
fluid to extravascular space, may be observed in patients with
gas embolism (28,29).

A precordial Doppler is a sensitive indicator that can be used
to detect gas embolism (27). It is placed on the left paraster-
nal border (second or third intercostal space) during a high-
risk procedure and appears to be very accurate in diagnos-
ing gas embolism. Transesophageal echocardiography (TEE)
is perhaps the most sensitive method for detecting gas em-
bolism (30,31) and is considered the gold standard, but it is
costly and more invasive than precordial Doppler monitoring.
TEE is increasingly used for routine intraoperative monitor-
ing for detection of VAE during high-risk surgeries such as
sitting craniotomies (31). A patent foramen ovale (PFO) can
be detected with TEE, which may allow the identification of
patients at high risk for paradoxical gas embolism (32). More-
over, TEE can be used as a clinical guide to patient positioning.
Esophageal Doppler has been shown to be a sensitive indicator
of air embolism; the optimal position for VAE detection has
been determined to be at the level of the superior vena cava
above its junction with the right atrium (33).

Pre ve nt ion and Tre at me nt

Gas embolism in the ICU is mostly iatrogenic and is preventable
in most cases. The effect of patient positioning after suspected
VAE is a controversial issue. It was claimed that dogs subjected
to air emboli were more tolerant of air infusion, as indicated
by measurement of the hemodynamic variables, while lying on

their left sides (34). Investigators speculated that the left lateral
recumbent (LLR) position placed the right ventricular outflow
tract in a position inferior to the right ventricular cavity, al-
lowing the air bolus to migrate superiorly and removing the
obstruction to blood flow (34). The Trendelenburg position is
also claimed to prevent the gas embolism from occluding the
outflow tract by placing the right ventricular cavity in a more
superior position (35). However, recent studies that compared
different positions in canine models of VAE showed no bene-
fit of LLR and LLR head-down over supine positions (36,37).
Moreover, it was claimed that placing patients with suspected
VAE in the supine position might afford physicians a better op-
portunity to administer supportive therapy, including ventila-
tory support and oxygen, to establish access for catecholamine
delivery and perform cardiopulmonary resuscitation (23). Fur-
thermore, the Trendelenburg position may not decrease the
incidence of cerebral microembolism compared to the supine
position (38).

Positioning of the patients during central venous line place-
ment and removal is also a matter of debate for the same rea-
sons discussed above. While we recommend following local
hospital policy, our practice is to place patients who will have a
subclavian or internal jugular venous line inserted in the head-
down position. The only situation in which this may not be
appropriate is if the patient has elevated intracranial pressure
or severely compromised pulmonary function. This policy is
also utilized for the removal of central lines. Of course, the
placement or removal of femoral venous lines would indicate
that the patient be placed in reverse Trendelenburg. Placement
or removal of central venous lines (CVLs) should essentially
never be done while the patient is in a sitting position.

Patients should be observed when in Trendelenburg po-
sition for signs of respiratory distress and anxiety. Sponta-
neously breathing patients may have a higher risk of VAE com-
pared to mechanically ventilated patients because of negative
intrathoracic pressures during inspiration. If cooperative, the
patient may be asked to perform a Valsalva maneuver (i.e.,
breath holding during expiration and humming), which can
increase venous pressure (39). Air embolism after catheter re-
moval through the residual tract has also been reported many
times in the literature (40,41); thus, proper maintenance of the
entrance site should be performed. VAE via a disconnected line
or fractured catheter hub may also occur, and maximum atten-
tion should be paid to prevent this possibility.

Carbon dioxide (CO 2) embolism can occur during laparo-
scopic surgery. Most commonly, CO 2 embolism occurs when
a pneumoperitoneum is created through a tear in a vessel in
the abdominal wall or peritoneum (42). If CO 2 embolism is
suspected, insufflation of the gas should be discontinued.

The application of PEEP is not helpful in preventing air
embolism during sitting-position craniotomies; furthermore, it
may be harmful (2). Low central venous pressure may increase
the negative pressure gradient between the atrium and wound
site and, thus, the risk for VAE. Increasing central venous pres-
sure to upper normal limits can decrease the risk for VAE (2).

Aggressive resuscitation and cardiopulmonary resuscitation
(CPR) should be started immediately following the collapse of
the patient. Aggressive volume resuscitation is recommended
to increase right atrial pressure, which can prevent further air
entry into the venous circulation (23). High-concentration oxy-
gen (100% ) maximizes oxygenation of the patient and can
also decrease the volume of the embolus via elimination of the
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nitrogen component of the embolus. Aspiration of air from the
right atrium with an existing central venous catheter may re-
move up to 60% of air (43,44); however, our experience with
this technique has not been uniformly positive. Catheter type
and position are very important for the successful removal of
air; multiorifice catheters are superior to single-lumen catheters
(45).

Tre at me nt for Art e rial Gas Emb olism

Mechanical ventilation in intubated patients can decrease the
time it takes to eliminate air from cerebral arteries if performed
at a FiO 2 of 1.0 (46); hyperventilation is currently not recom-
mended in mechanically ventilated patients (47). Seizures after
cerebral embolism may not respond to benzodiazepines (48),
although barbiturates can suppress seizure activity in these pa-
tients (49). Hypotension should be avoided, as this can increase
bubble entrapment and decrease cerebral blood flow (50). A
short period of hypertension can facilitate bubble redistribu-
tion through the arterioles to the capillaries and veins (48).

Hyp e rb aric Oxyg e n The rap y

Hyperbaric oxygen (HBO) therapy is recommended for cere-
bral air embolism, and is the gold standard for AGE (51). Pa-
tients breathe 100% oxygen above atmospheric pressures with
HBO therapy, and the pressure in the chamber decreases the
volume of air bubbles and creates significant hyperoxia. With
HBO, alveolar PO 2 can reach 2,000 mm Hg. The hyperoxia
creates a diffusion gradient for oxygen and nitrogen in the air
bubble (52), and the majority of oxygen is dissolved in plasma.
These high levels of oxygen that are carried to the tissues can
help to reduce cerebral ischemia. HBO can prevent further
brain edema development by reducing vascular permeability
(53).

The optimal time to start HBO therapy is unclear. Imme-
diate HBO treatment has the best response (52), although de-
layed therapy—more than 6 hours after injury—may still have
benefits (54). The decision for HBO therapy for delayed cases
should be based on the clinical status of the patient and the risk
of transportation.

FAT EMBOLISM
Fat embolism in a patient with severe crush injury was first de-
scribed by Zenker in 1862 (55) and, despite the passage of time,
there is still no single definition for fat embolism syndrome
(FES). Fat embolus is a pathophysiologic condition, and FES is
a clinical condition that occurs with fat embolus. The classic
presentation of FES is petechial rash, respiratory distress, and
confusion, with an onset of 24 to 48 hours following pelvic or
long bone fracture. However, the clinically most crucial part
of fat embolism syndrome is respiratory insufficiency. Respi-
ratory insufficiency alone can easily be confused with other
concomitant problems such as lung contusion, aspiration, and
pulmonary edema. Mental status changes may be secondary
to cerebral contusion, drugs, and systemic inflammatory re-
sponse syndrome (SIRS), in addition to FES. If petechial rash is
delayed or absent, diagnosis may be very difficult. FES resulted

TA BLE 1 4 3 . 3

CLINICAL FEATURES OF FAT EMBOLISM

Major Petechial rash
Respiratory symptoms and bilateral infiltrates

on chest radiograph
Altered mental status

Minor Tachycardia
Fever
Retinal fat or petechia
Anuria, oliguria, fat globules in urine
Sudden drop in hemoglobin level
Sudden thrombocytopenia
High erythrocyte sedimentation rate
Fat globules in sputum

in a 10% to 20% mortality rate in the 1960s and, although it
has declined since then, mortality still remains high (56).

While FES has been reported to occur most commonly with
long bone fractures, it is also associated with bone marrow
transplantation, sickle cell disease, pancreatitis, liposuction,
soft tissue injuries, extracorporeal circulation, burns, decom-
pression sickness, high altitude, osteomyelitis, fatty liver, and
epilepsy (57). Diagnostic criteria for FES proposed by Gurd
are widely used, although not universally accepted (58). The
clinical features of FES are divided into major and minor fea-
tures (Table 143.3). The diagnosis of fat embolism syndrome
requires the presence of one major and four minor criteria ac-
cording to Gurd’s study (58). A fat embolism index score has
been defined by Schonfeld et al. for predetermined and desig-
nated clinical signs and symptoms (59) (Table 143.4). A score
of 5 or more is diagnostic of FES, and negative if less than 5.

Ep id e miolog y

It is difficult to estimate the true incidence of fat embolism,
as there is no universal definition, and many cases with fat
embolus may not develop FES. The true incidence of FES is
probably higher than the reported rates—19% in patients with
major trauma (60). The occurrence of fat embolism in autopsy
reports in trauma patients ranges between 52% and 96% (61–
63), whereas only 1% to 5% of patients develop FES (64). The
incidence of FES related to femoral shaft fractures has been

TA BLE 1 4 3 . 4

FAT EMBOLISM INDEX SCORE

Symptom or Sign Points

Petechiae 5
Diffuse alveolar infiltrates 4
Hypoxemia (PaO 2 < 70 mm Hg) 3
Confusion 1
Fever ≥ 38.5◦C 1
Tachycardia ≥ 120 beats/min 1
Tachypnea ≥ 30 breaths/min 1

A positive fat embolism syndrome score is ≥ 5 points.



Chap t e r 143: Other Embolic Syndromes (Air, Fat, Amniotic Fluid) 2163

reported as 0.9% to 13.2% , depending on the type of fracture
and time of stabilization (65–68), although the most recent
data suggest an even lower incidence of FES—0.9% to 11%
among trauma patients with long bone fractures (66,70). FES
seldom occurs with fractures of the upper limb (69).

Patients undergoing nailing of a lower extremity were found
to have embolic showers in 41% of cases, but only 16% were
defined as severe (66). Fat emboli were noted by TEE in 94%
of pathologic femur fractures (59% severe, defined as fat em-
bolism syndrome with respiratory distress), 62% of femur frac-
tures (6% severe), and 94% of tibial fractures (none severe)
(71). Paradoxical embolus may occur in patients with a PFO
and increases the mortality risk (72); hypoxemia can be seen
in 35% to 74% of these patients (73,74). An alveolar-arterial
gradient above 20 mm Hg is observed in nearly all patients
with uncomplicated long bone and pelvic fractures (75).

The incidence of full-blown FES decreased from 22% to
1.4% after implementation of internal fixation in patients with
long bone fractures (75). Timing of fracture fixation has an
important impact on the incidence of FES, with early surgery
resulting in lesser risk—by as much as fivefold—of FES. While
current recommendations suggest that some fractures require
earlier skeletal stabilization (75–78), the effect of the fixation
method on the incidence of FES has not been extensively stud-
ied, and initial reports have shown no difference between plat-
ing versus nailing (79). The incidence of FES increases with
the number of fractures (78) and, in military situations, in
those with femoral shaft fractures from high-velocity missile
wounds of the thigh; it is absent in those with low-velocity
missile wounds without fracture (80).

Pat hop hysio log y

The two explanations of the pathophysiologic mechanisms of
FES are the mechanical and the biochemical theories; in fact,
these are likely intimately related.

When bones fracture, or their medullary channel is manipu-
lated or pressurized, fat cells are disrupted and enter the venous
circulation. Large fat globules and spongiosa bone fragments
can obstruct the pulmonary capillaries. Smaller fat globules
bypass the pulmonary circulation and enter the systemic cir-
culation. Major systemic emboli can occur with migration of
fat globules through the pulmonary capillary circuit (81,82).
As previously mentioned, in the presence of an intracardiac
defect—such as a PFO, seen in 20% to 30% of the popula-
tion (83,84)—there can be direct access of fat particles to the
systemic circulation.

Bone marrow fragments have been seen in autopsy spec-
imens of lung tissue from trauma patients (85) and in lung
biopsies from similar trauma populations (86). The highest
number of obstructed capillaries is seen after 24 hours of the
initial injury, and vascular congestion and pulmonary edema
follow the obstruction of capillaries (87,88). The amount of
fat is an important indicator for the emergence of a full-blown
FES because, as the number of fractures increases, the risk for
FES does so as well. Mechanical obstruction of the pulmonary
artery with fat may be an important reason for immediate death
after trauma (82), and obstruction of the cerebral capillaries
may be the cause of the altered mental status observed in FES.
Petechial hemorrhages may be secondary to the presence of fat
emboli in the subcutaneous capillaries.

Manipulation of the bone medulla during surgery increases
intramedullary pressure, which normally ranges between 30
and 50 mm Hg. In animal models, if intramedullary pressure
increases to 300 to 400 mm Hg, even when the bone is intact,
vena cava blood shows large fat emboli (89); this effect is also
observed in patients undergoing long bone surgery (90). Ac-
cording to the biochemical theory, increased levels of free fatty
acids (FFAs) after bone fracture or manipulation have a direct
toxic effect on pneumocytes. These FFAs can either be freely
moving in the circulation or accumulate in pulmonary capil-
laries. Capillary leakage, clot formation, and platelet adhesion
resulting from the toxic effects of FFAs lead to organ damage. It
is thought that lipase released from pneumocytes breaks down
bone marrow fat to glycerol and free fatty acids, the latter in
toxic concentrations. FFA damage to the pulmonary endothe-
lium results in capillary damage and nonhydrostatic pulmonary
edema (64,91,92).

The role of polymorphonuclear neutrophils (PMNLs) in
FES is not clear. Intravenous injection of fat may result in accu-
mulation of PMNLs in the pulmonary capillaries (87). Lung tis-
sue damage, as well as neutrophil and platelet activation, leads
to the release of vasoactive substances such as histamine, sero-
tonin, and bradykinin. The result is inflammation and edema,
with resultant respiratory distress and multiorgan system fail-
ure (93). Orthopedic surgery has a greater influence on the co-
agulation system than does general surgery. Manipulation of
bone, with resultant fat embolism, is the reason for the hyper-
coagulable state seen after orthopedic surgery. This includes
increased platelet aggregation (94) and tissue factor release,
both of which stimulate the coagulation system (94) and re-
sult in capillary clot formation in the pulmonary circulation;
activation of monocytes induces pericellular fibrin deposition,
which further increases the hypercoagulable state (95,96).

NO, phospholipase (PL)-A2, O 2-free radicals, and proin-
flammatory cytokines such as tumor necrosis factor (TNF)-α ,
interleukin (IL)-1β , and IL-10 play a role in the pathogenesis
of FES-induced acute respiratory distress syndrome (ARDS).
Alveolar macrophages are probably the major source of in-
ducible NO synthase, producing NO in the lung (97).

Neurologic signs of FES likely occur via several mecha-
nisms, including cerebral blood vessel occlusion by fat emboli,
disruption of the blood–brain barrier due to toxic FFAs, and
obstruction due to alteration in the solubility of fat in blood
(98,99).

Clinical Pre se nt at ion and Diag nosis

Unfortunately, there is no universal definition for FES. The di-
agnosis of FES requires a high index of suspicion in the proper
setting, and is a diagnosis of exclusion. The severity of symp-
toms and signs depends on the size of the fat embolus. The clas-
sical triad for fat embolism includes respiratory insufficiency,
altered mental status, and upper extremity and thoracic pe-
techiae; unfortunately, all three are seldom seen together. The
most commonly used criteria for FES were defined by Gurd
(58). According to these criteria, there are major and minor
signs and symptoms. At least one major and four minor cri-
teria are required for the diagnosis of FES (Table 143.3) (58).
Clinical signs do not usually appear within 12 hours after the
injury, and the major signs appear within 24 hours in 65% and
within 48 hours in 85% of patients (56).
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The most common signs and symptoms of FES are hypoxia,
fever, tachycardia, anemia, and altered mental status (66). Early
fever, > 38.5◦C, is a common sign and may be seen at presen-
tation to the emergency department (56). In trauma patients
with fractures, early fever should provoke a suspicion of fat em-
bolism. Petechiae are very important findings, but only present
in one third of patients (66); microscopic examination of pe-
techiae reveal fat droplets obstructing capillaries (56).

Respiratory involvement is the most common feature, with
tachypnea, dyspnea, and bilateral diffuse infiltrates evident on
chest radiograph (61). Cyanosis can be observed if hypoxia is
significant, but anemia along with FES can prevent the occur-
rence of cyanosis even with significant hypoxia. The PaCO 2
initially decreases secondary to hyperventilation; however, if
pulmonary deterioration continues, it may rise. Chest radiog-
raphy shows diffuse bilateral pulmonary infiltrates; 70% of the
patients demonstrate chest radiographic changes no later than
48 hours—and usually within 24 hours—after injury (100).

The early clinical signs of FES are actually the signs of SIRS.
The clinical presentation of FES is also very similar to ARDS
with multiple organ failure. Thus, in the presence of multiple
injuries, the clinicopathologic features of FES and acute lung
injury (ALI)/ARDS overlap to such an extent that absolute dis-
tinction is usually not possible (101).

With FES, cardiac output can decrease, and ventilation–
perfusion mismatch will occur (102). Hemodynamic compro-
mise secondary to fat embolism can be severe enough to cause
cardiac arrest (103). Pulmonary artery pressure increases af-
ter femoral and tibial pressurization, and fat globules can be
seen in the lungs, kidneys, and brain parenchyma (89). Blood
drawn from the right atrium or pulmonary artery may show
fat globules; however, fat droplets in plasma can be observed
in more than half of trauma patients without FES (104,105).
A retinal exam may reveal exudates, hemorrhages, and, rarely,
fat globules (58).

High-resolution chest computed tomography (CT) scan
findings of FES include ground glass opacities, which may be
associated with thickened interlobular septa. A patchy distribu-
tion resulting in a “geographic” appearance, which represents
the existence of normal and abnormal lung areas with sharp
borders and nodular patterns, can also be observed. Resolution
of the abnormalities occurs within 2 weeks (105).

Cerebral manifestations can occur with a wide range of
symptoms ranging from confusion, drowsiness, and lethargy to
convulsions and coma (106–109). Pulmonary contusion along
with long bone fractures may increase the risk for cerebral fat
embolism (110).

Typically in FES, a cerebral CT scan reveals no abnormal-
ities, even in patients with neurologic symptoms (111). Cere-
bral magnetic resonance imaging (MRI) may demonstrate hy-
pointense lesions, disruption of the blood–brain barrier, and
multiple diffuse foci of hyperintensity in the white matter of the
subcortical, periventricular, and centrum semiovale regions, as
well as changes related to vasogenic edema, petechial hemor-
rhages, or hemorrhagic infarcts involving gray and white mat-
ter ranging in size from a few millimeters to several centimeters
(112,113). Transcranial Doppler study in trauma patients with
long bone fractures can detect cerebral fat embolism (114).

Identification of fat droplets within cells recovered with
bronchoalveolar lavage is another diagnostic tool that may be
used. However, such findings are also frequently observed in
trauma patients without FES (115,116).

Tre at me nt

As there is no specific treatment for FES, therapy is mostly
supportive. The general goals for hypoxic respiratory failure
should be instituted for presumed FES. Methylprednisolone
given prophylactically may reduce the incidence of FES and can
reduce the degree of hypoxemia associated with long bone frac-
tures of the lower extremity (117,118). High-dose prophylactic
steroids with aspirin can result in significant normalization of
blood gases, coagulation proteins, and platelet numbers; how-
ever, prophylactic steroids did not improve mortality in any of
the studies. Fluid loading, which dilutes the amount of free fatty
acids, or increased glucose intake, which decreases free fatty
acid mobilization, has not been found to be helpful (117,119).
FESmay lead to cerebral edema and increased intracranial pres-
sure (ICP) and, if there are signs of cerebral edema, intracra-
nial pressure monitoring is recommended (120). Sedation and
analgesia should be appropriately titrated to allow for frequent
neurologic examinations of the patient. Ethanol with its an-
tilipolytic effect has also been studied, but did not show any
benefit in the prevention of fat embolism (121).

Early fixation of long bone fractures can be helpful to pre-
vent the occurrence of FES. However, it should be kept in mind
that, in addition to fat embolization from the initial trauma,
long bone fixation may result in additional embolizations and
FES (122). Delayed stabilization of the fracture in the patient
with multiple injuries increases the incidence of pulmonary
complications (ARDS, fat embolism, and pneumonia), as well
as the hospital and ICU stay. The cost of hospital care also signi-
ficantly increases for patients who had delayed treatment of the
fractures compared with those who were stabilized early (123,
124). Early femur fracture fixation in patients with chest and
head trauma is associated with an improved outcome (125).

Increased intramedullary pressure increases the risk of fat
embolism. Reaming before nailing the femur was considered as
a possible way to prevent this effect, although the reaming pro-
cedure itself increases intramedullary pressure. Reaming before
femoral nail insertion did not decrease fat embolism compared
to the unreamed technique (126).

AMNIOTIC FLUID EMBOLISM
Ricardo Meyer first described the entry of amniotic fluid into
the maternal circulation in 1926 (127). However, amniotic
fluid embolism (AFE) was not recognized as a syndrome until
Steiner and Luschbaugh’s study in 1941. They reported a sud-
den death of a woman during labor with fetal mucin, amor-
phous eosinophilic material, and squamous cells in pulmonary
vessels (128).

Amniotic fluid embolism is an uncommon and catastrophic
syndrome that occurs during pregnancy or shortly after de-
livery. Although the pathophysiology was thought to involve
the embolization of amniotic fluid, investigations showed that
the syndrome results from biochemical mediators released
after the embolization occurs (129). It has been suggested that
the syndrome be renamed as the “anaphylactoid syndrome of
pregnancy” because of similarities among the characteristics of
AFE, septic shock, and anaphylactic shock (130).

Amniotic fluid embolism is an important cause of mater-
nal death in developed countries, with a high morbidity and
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mortality rate. The associated mortality and morbidity has
dramatically decreased to approximately 16% in recent years
(131). The decline in mortality may be due to improved recog-
nition of the disorder, so that even mild cases are included in
the analysis, as well as to improvements in resuscitation.

Ep id e miolog y

While the true incidence is not known because of inaccuracies
in reporting maternal deaths, lack of data from mild cases, and
the fact that AFE is difficult to identify and remains a diagnosis
of exclusion, AFE is thought to account for up to 10% of all
maternal deaths in the United States (130,132). The UK AFE
registry investigated maternal and fetal morbidity and mortal-
ity rates between 1997 and 2004. In this registry, the data of 44
women with AFE were studied. The maternal death rate was
29.5% (13 patients) (133). The incidence of pulmonary emboli
(PE) cases associated with pregnancy and/or delivery was 0.8%
of the total PE cases in Japan. Among them, AFE was found
in 73.3% (33 of 45) of the PE cases with vaginal delivery and
in 21.2% (7 of 33) of PE cases with cesarean delivery (134).
AFE was identified in 19 patients between 1971 and 1988 in
Swedish studies (135,136). AFE occurred during labor in 70%
of the women, after vaginal delivery in 11% , and during ce-
sarean section in 19% . Kramer et al. (137) conducted an epi-
demiologic study evaluating the relationship between AFE and
the medical induction of labor for the Maternal Health Study
Group of the Canadian Perinatal Surveillance System between
1991 and 2002. In this study, the total rate of AFE was 14.8
per 100,000 multiple deliveries and 6.0 per 100,000 singleton
deliveries. The mortality rate was 0.8 per 100,000 singleton de-
liveries, but none was fatal in multiple deliveries (137). Gilbert
and Danielsen (138) investigated 1,094,248 deliveries during
a 2-year period. Fifty-three singleton pregnancies had the di-
agnosis of AFE, for a population frequency of 1 per 20,646
pregnancies. Burrows and Khoo (139) published a series of ten
cases of AFE with a maternal mortality rate of 22% ; neonatal
survival rate was 95% and routine discharge was reported as
72% in this study (139).

Pat hop hysio log y

The pathophysiology of AFE remains unclear. Uterine contrac-
tions during normal labor force amniotic fluid into the mater-
nal venous circulation through small tears in the lower uterine
segment or high endocervical canal (139). In order for AFE to
occur, there must be a pressure gradient favoring the entry of
amniotic fluid from the uterus into the maternal circulation, as
well as ruptured membranes. Small tears in the lower uterine
segment and endocervix are common during labor and deliv-
ery, and are now thought to be the most likely entry site (140).
Two separate life-threatening processes seem to occur either
simultaneously or in sequence: cardiorespiratory collapse and
coagulopathy.

Card iore sp irat ory Collap se
The conventional explanation states that particulate matter
such as fetal squamous cells, lanugo, and meconium contained
in the amniotic fluid produce pulmonary vascular obstruc-
tion, leading to pulmonary hypertension, right- and left-sided

heart failure, hypotension, and death. However, current evi-
dence suggests that a mechanical origin is less likely than an
immunologic reaction. In this model, pulmonary vasospasm
causes physiologic pulmonary artery obstruction as a reaction
to abnormal substances such as leukotrienes and metabolites of
arachidonic acid in the amniotic fluid (141). Arachidonic acid
metabolites have been implicated in the inflammatory response,
and may in part be responsible for AFE. The presence of these
metabolites in AFE suggests a possible humoral mechanism.

Humoral pathways invoking a proinflammatory response
with release of cytokines and arachidonic acid metabolites in
AFE, anaphylaxis, and shock may be responsible for the similar
clinical presentation. This complex inflammatory cascade with
mediator release will lead to a systemic inflammatory response
and the development of multiple organ system failure (142).

Mild to moderate elevations in pulmonary artery pressures
are only transiently noted in AFE (143). In an attempt to rec-
oncile clinical and experimental findings, a biphasic model is
proposed to explain the hemodynamic abnormalities that occur
with amniotic fluid emboli (144). Acute pulmonary hyperten-
sion and vasospasm may be the initial hemodynamic response.
The resulting right heart failure and accompanying hypoxia
could account for the cases of sudden death or severe neu-
rologic impairment. The limited hemodynamic data obtained
by invasive pulmonary artery monitoring or echocardiography
during the hyperacute phase of AFE demonstrated left ventric-
ular failure as the dominant finding (144). Myocardial dysfunc-
tion may be the result of a sudden increase in maternal plasma
endothelin levels that occurs with the introduction of amni-
otic fluid, which contains a high concentration of endothelin
(145).

Disse minat e d Int ravascular Coag ulat ion
Disseminated intravascular coagulation (DIC), commonly ob-
served as a late sequela, may be attributed to antithrombin- or
thromboplastin-type effects of amniotic fluid or even comple-
ment activators. Amniotic fluid has highly potent, total throm-
boplastinlike activity; this procoagulant activity increases with
the duration of gestation. Additionally, amniotic fluid has rela-
tively strong antifibrinolytic activity, which causes nonspecific
inhibition of the fibrinolytic system; this activity of amniotic
fluid also increases during gestation. The fibrinolytic inhibition
activity may predispose a patient to DIC and diffuse thrombo-
sis by inhibiting or dampening the usual secondary fibrinolytic
response seen in DIC patients. The secondary fibrinolytic re-
sponse that usually occurs in DIC is responsible for hemorrhage
due to plasmin digestion of numerous clotting factors; however,
this secondary fibrinolytic response also serves to help keep the
circulation free of thrombi (146).

Clinical Pre se nt at ion

The symptoms of AFE commonly occur during labor (80% )
and delivery, or in the immediate postpartum period. AFE can
also develop 4 to 48 hours postpartum or after cesarean deliv-
ery, amniocentesis, or removal of the placenta, or with first- and
second-trimester abortions (147–150). The risk factors associ-
ated for AFE are older age, multiparity, marked exaggeration
of uterine contraction following rupture of the uterine mem-
branes, or markedly exaggerated uterine contraction due to the
use of oxytocin or other uterine stimulatory agents, prolonged
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TA BLE 1 4 3 . 5

RISK FACTORS OF AMNIOTIC FLUID EMBOLISM

Older age
Multiparity
Physiologic intense uterine contractions
Medical induction of labor
Instrumental vaginal delivery
Prolonged gestation
Cesarean section
Uterine rupture
Polyhydramnios
High cervical tear
Premature placental separation
Intrauterine fetal death
Large fetal size
Meconium staining of the amniotic fluid
Placental abruption
Eclampsia
Fetal distress
Trauma to abdomen
Surgical intervention
Saline amnioinfusion

gestation, instrumented vaginal delivery, eclampsia, polyhy-
dramnios, fetal distress, large fetal size, meconium staining of
the amniotic fluid, cesarean section, uterine rupture, high cer-
vical laceration, premature separation of the placenta, and in-
trauterine fetal death (137,140,146). Blunt abdominal trauma,
surgical intervention, cervical suture removal, and saline am-
nioinfusion are other rare causes of AFE (151–155) (Table
143.5).

The classic clinical presentation of AFE is the sudden on-
set of dyspnea, respiratory failure, and hypotension, followed
by cardiovascular collapse and DIC (128). Cardiorespiratory
collapse is almost invariably present. However, the presenting
symptom in 51% of patients was respiratory distress, hypoten-
sion in 27% , coagulopathy in 12% , and seizures in 10% ; fetal
bradycardia (17% ) and hypotension (13% ) are also common
presenting features (145).

Typically, the patient is in active labor with intact amnion
and develops sudden respiratory failure and circulatory col-
lapse, followed by a systemic thrombohemorrhagic disorder
(146). However, in some women, postpartum consumptive co-
agulopathy appears to be the sole presenting sign. Abrupt fetal
bradycardia followed by coagulopathy can occur (156). The
exact progression of maternal signs and symptoms in the initial
phase of AFE is difficult to identify because of the rarity of the
condition and lack of monitoring during the event (138). Acute
hypoxia immediately followed by an initial increase in blood
pressure, with subsequent hypotension, which is suggestive of
left atrial and ventricular failure, can be observed in AFE (157).

Cardiogenic pulmonary edema due to left ventricular failure
can occur (158). Seizures occur in 10% to 20% of patients. Pro-
found hypoxia and right-sided heart failure follow pulmonary
arterial spasm and may account for the 50% mortality rate
within the first hour (159). DIC is a common finding—seen
in up to 83% —in most of the women with AFE, and half of
these patients develop coagulopathy within 4 hours of initial
presentation (130). Typically, the presenting manifestation of
DIC is profound hemorrhage, prompting an extensive search
for anatomic causes of bleeding. The onset of DIC is variable,

and may be seen in either the early phase or later phases of the
syndrome (160). There are three identified phases of AFE in
humans:

■ Phase 1: Pulmonary—Respiratory distress and cyanosis
■ Phase 2: Hemodynamic—Pulmonary edema and hemor-

rhagic shock
■ Phase 3: Neurologic—Confusion and coma

These manifestations can occur in combination, separately,
and in different magnitudes. If patients survive the initial car-
diorespiratory insult, 40% to 50% progress into phase 2, which
is characterized by coagulopathy, hemorrhage, and shock. In
phase 2, left-sided heart failure is evident and is the most re-
ported sign in humans. Increased pulmonary capillary wedge
pressure and central venous pressure are characteristics of pul-
monary edema. In phase 3, acute symptoms disappear, and
injury to the brain, lung, and renal systems is noted. Phase 3
may last weeks, and patients may die as a result of severe brain
and lung injury; infection and multiple organ system failure
may also cause death (159).

Diag nosis

AFE is largely a diagnosis of exclusion. The differential di-
agnosis includes air or thrombotic pulmonary emboli, septic
shock, acute myocardial infarction, cardiomyopathy, anaphy-
laxis, aspiration, placental abruption, eclampsia, uterine rup-
ture, transfusion reaction, and local anesthetic toxicity (161).
The diagnosis of amniotic fluid embolism should be consid-
ered when a pregnant woman with one or more risk factors
suddenly develops respiratory distress, bleeding, or shock. Sev-
eral methods have been suggested for diagnosing amniotic fluid
embolism, but none of these diagnostic tests is reliable (162).

The initial presenting signs are often seen on the ECG and
the pulse oximeter. The former may show tachycardia with a
right-heart strain pattern and ST-T–wave changes; pulse oxime-
try may reveal a sudden drop in oxygen saturation (163). The
clinical diagnosis is made most frequently in 65% to 70% of
cases during labor and much less frequently in 11% of cases in
the postpartum period (160).

Initial laboratory data should include an arterial blood gas
analysis to determine the adequacy of ventilation and degree
of hypoxemia (160). Diagnostic markers for amniotic fluid em-
bolism based on peripheral blood samples have also been intro-
duced. These include sialyl Tn (STN), a mucin-associated di-
saccharide antigen carried by apomucins, zinc coproporphyrin,
and complement factor consumption (164,165). Significantly
higher serum STN levels were found in patients with clinically
apparent AFE (166). It has been demonstrated that the mon-
oclonal antibody THK-2, an antibody directed to STN, may
be a specific pathologic marker for amniotic fluid embolism
(166,167). Fetal megakaryocytes and syncytiotrophoblastic
cells can be found in maternal pulmonary circulation by mono-
clonal antibodies (CD-61—GPIIIa, β -hCG, and factor VIII-vW
hPL antibodies) and may be diagnostic (168). Laboratory tests
to evaluate the development of DIC are the anti–thrombin III
level, fibrinopeptide A level, D-dimer level, prothrombin frag-
ment 1.2 (PF 1.2), thrombin precursor protein, and platelet
count. More global tests, including the prothrombin time (PT),
partial thromboplastin time (PTT), and fibrinogen level, are
helpful (146).
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When correlated with clinical signs and symptoms, other
diagnostic tools may be employed to support the presumptive
diagnosis of AFE. Echocardiography may show severe pul-
monary hypertension and right ventricular dilatation, with a
displaced intraventricular septum pressing on the left ventricle
(169). TEE may show right ventricular failure with leftward
deviation of the interventricular septum and severe tricuspid
regurgitation (170). Chest radiography is a helpful diagnostic
tool, but it is limited by a lack of specificity. In mothers with
AFE, 24% to 93% of chest radiographs show a pulmonary
edema pattern (171); however, multiple patchy, nodular infil-
trates and small pleural effusion may also be seen (169).

Histologic examination demonstrates foreign material in
the pulmonary capillaries, arterioles, and arteries (172). Spe-
cial stains such as TKH-2, a monoclonal antibody to fetal gly-
coprotein sialyl Tn antigen, have been applied to pathologic
specimens (172).

Tre at me nt

Treatment is supportive. Despite the decline in mortality, no
new therapies have emerged. Aggressive resuscitation may be
indicated depending on the clinical presentation. Management
strategies include improving oxygenation, support of circu-
lation, and correcting coagulopathy. Arterial and pulmonary
artery catheters should be placed to help guide the therapy
when hemodynamic deterioration is severe (173). If the fetus is
sufficiently mature and is undelivered at the time of maternal
cardiac arrest, cesarean section should be instituted as soon as
possible (145). Maternal oxygenation up to an arterial oxygen
tension of more than 60 mm Hg should be achieved by admin-
istering oxygen via a face mask to all nonintubated patients.
Tracheal intubation and mechanical ventilation should be in-
stituted in patients with refractory hypoxemia or seizures, or in
the comatose individual (174). Vasoactive drug therapy must
be tailored to the clinical situation. Dopamine is suggested to
enhance cardiac output and support blood pressure, although
in severe shock, epinephrine or norepinephrine may be required
(175).

In less than 4 hours, half of the patients who survive develop
DIC, with massive hemorrhage (128). Therefore, blood prod-
ucts should be prepared ahead of time, and replacement with
typed-and-crossed packed red blood cells, or with O-negative
blood, is essential (176). Treatment of DIC requires the trans-
fusion of packed red blood cells and blood products. Large-
bore IV access is essential because massive transfusion may
be required (177). Platelets, cryoprecipitate, and fresh frozen
plasma should be administered as guided by laboratory assess-
ment of the thromboelastogram (TEG) or international nor-
malized ratio (INR)/PT/PTT, fibrinogen, and fibrin and fibrin
degradation products. Plasma exchange, cardiopulmonary by-
pass, aprotinin, and recombinant activated factor VII (rVIIa)
in the management of the associated coagulopathy are used to
treat AFE (178–180). The successful use of uterine arterial em-
bolization to control massive bleeding in two cases of AFE has
been described (181). During cardiopulmonary resuscitation
and chest compressions, and before delivery, the uterus should
be displaced to the left to avoid compressing of the aorta and
inferior cava which would compromise maternal venous re-
turn to the heart. The uterus can be displaced manually or by
placing a wedge under the patient’s right hip (160).

Prog nosis

AFE remains one of the most feared and lethal complications
of pregnancy. The prognosis and mortality of AFE have im-
proved significantly with early diagnosis and prompt and early
resuscitative measures. A parturient with a known history of
atopy or anaphylaxis is also at a high risk of AFE (182). In the
National Amniotic Fluid Embolism Registry, a known history
of drug allergy and atopy was found in 41% of the 46 patients
with AFE (130). The mainstay of a successful outcome remains
the identification of high-risk patients. In some cases, death is
inevitable despite early and appropriate management. Neona-
tal survival is reported as 70% . Although there are many new
developments with respect to our knowledge of the diseases,
AFE continues to be a catastrophic illness.

SUMMARY
The entry of gas into the arterial or venous system has se-
vere clinical consequences, including death. Gas embolism is
mostly an iatrogenic problem, which can be prevented most
of the time. Inadvertent entry of air is the major cause of gas
embolism, although medical gases such as carbon dioxide, ni-
trogen, and helium can be responsible. Optimal patient posi-
tioning during procedures is the mainstay of the prevention
strategies for gas embolism. Hospital-wide protocols for cen-
tral line placement and removal are of the utmost importance.
Aggressive volume resuscitation, administration of 100% oxy-
gen, suctioning of gas from the right side of the heart, and
avoiding further entry of gas into the circulation are essen-
tial for treating and preventing venous gas embolism. Further
measures include transfer of the patient to the critical care
unit, vasopressor treatment, and mechanical ventilatory sup-
port. Hyperbaric oxygen administration after initial stabiliza-
tion of the patient with cerebral arterial gas embolism should
be performed, if available.

Fat embolism syndrome frequently occurs in trauma pa-
tients. Making the diagnosis is rather difficult, and criteria
have remained unchanged for the last three decades. Fat em-
bolism becomes clinically apparent with classic signs of respi-
ratory failure, petechial rash, and fever. Treatment is mainly
supportive. Early fracture fixation and modern critical care
should help minimize the impact of fat embolism. The cor-
nerstone of treatment is preventing hypovolemia and hy-
poxia, followed by operative stabilization of fractures. Further
studies are required to improve our ability to diagnose and
treat FES.

AFE is a catastrophic complication, which can lead to death.
The etiology and pathophysiology of AFE remain unclear de-
spite many new research developments. A high index of suspi-
cion is required for diagnosis, which remains one of exclusion.
Right heart failure that progresses to left heart dysfunction,
rapidly developing pulmonary edema, neurologic symptoms,
and hematologic abnormalities are the main clinical features
of AFE; aggressive supportive treatment should be performed.
DIC is a very frequent complication of AFE. Blood and blood
products should be prepared in advance for potential major
hemorrhages. Tracheal intubation and mechanical ventilation
should be instituted in patients with refractory hypoxemia or
seizures.
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CHAPTER 144 ■ PLEURAL DISEASE IN THE
INTENSIVE CARE UNIT
MICHAEL A. JANTZ r VEENA B. ANTONY

Pleural disease itself is an unusual cause for admission to
the intensive care unit (ICU). Conditions potentially requir-
ing ICU admission include a large pleural effusion causing
acute respiratory failure, hemothorax producing respiratory
or hemodynamic compromise, secondary spontaneous pneu-
mothorax with respiratory failure, empyema with sepsis, and
re-expansion pulmonary edema. Pleural complications of dis-
ease processes and procedures performed in the ICU are com-
mon, however, and the changes in respiratory physiology are
additive to that of the underlying lung disease. The develop-
ment of a pneumothorax in a critically ill patient, particularly
in mechanically ventilated patients, may be a life-threatening
event. Pleural effusions may be overshadowed by the illness
requiring ICU admission in the critically ill patient. Pleural ef-
fusions and pneumothoraces may not be detected on chest ra-
diographs because the radiologic appearance may differ in the
supine patient.

PLEURAL EFFUSIONS IN THE
INTENSIVE CARE UNIT

Rad iolog ic Evaluat ion

In the normal pleural space, air and fluid tend to distribute fol-
lowing gravitational influences, with air initially accumulating
between the superior portion of the lung and the apex of the
thorax, while fluid accumulates between the inferior margin
of the lung and the diaphragm. Pleural air and fluid collec-
tions shift location when radiographs are obtained in positions
other than the erect position. Because radiographs in critically
ill patients are taken in the supine or semierect position, the
radiographic appearance of air and fluid in the pleural space
may thus change.

In normal humans in the supine position, the radiolucency
of the lung base is equal to or greater than that of the lung apex
due to the anteroposterior diameter of the lung being greatest
at the lung base. In addition, in the supine patient, breast and
pectoral tissues will tend to move laterally away from the lung
base. A pleural effusion should be suspected when increased
homogeneous density is present over the lower lung fields as
compared with the upper lung fields. Patient rotation, an off-
center x-ray beam, prior lobectomy, or a pleural or chest wall
mass may produce a unilateral homogenous density that sim-
ulates the appearance of a pleural effusion (1). Cardiomegaly,
a prominent epicardial fat pad, and lobar collapse or consol-
idation may obscure the detection of a pleural effusion on a
supine radiograph.

Approximately 175 to 525 mL of pleural fluid will produce
blunting of the costophrenic angle on an erect chest radiograph
(2). This quantity of pleural fluid can usually be detected on a
supine radiograph as an increased density over the lower lung
zone. Blunting of the costophrenic angle (meniscus sign), sil-
houetting of the hemidiaphragm, and apical capping may be
seen with larger effusions (3). An apparent elevation of the
hemidiaphragm may be secondary to a subpulmonic collection
of pleural fluid. A diffuse increase in the radiodensity of the
hemithorax, or “veiling,” may be seen with very large effu-
sions in the supine radiograph. Thus, the major radiographic
finding of a pleural effusion in the supine patient is an increased
homogeneous density over the lower lung field that does not
obliterate normal bronchovascular markings, does not demon-
strate air bronchograms, and does not produce hilar or medi-
astinal displacement until the effusion is massive. If a pleural
effusion is suspected in the supine patient, obtaining an erect
or lateral decubitus radiograph may be helpful.

Because the critically ill patient often has underlying
parenchymal lung disease, the diagnosis of pleural effusion can
be problematic. Ultrasonography (US) or computed tomogra-
phy (CT) scanning may be required to confirm or exclude the
presence of a pleural effusion. US provides good characteriza-
tion of pleural disease and has an advantage of being able to
be performed at the bedside in critically ill patients who are
not stable for transport to the radiology department for CT.
Disadvantages include impedance of the ultrasound wave by
air in the lung or pleural space, a restricted field of view, infe-
rior evaluation of the lung parenchyma compared to CT, and
operator dependence (1). In one study of 74 ICU patients eval-
uated by both chest radiograph and US, the latter detected a
pleural effusion that was not appreciated on chest radiograph
in 10 additional patients (29% of patients determined to have
a pleural effusion) (4). In another study, US was helpful in
making a diagnosis in 27 of 41 (66% ) patients and influenced
treatment planning in 17 of 41 critically ill patients (41% ) (5).
US-guided thoracentesis at the bedside was successful in 24 of
25 patients in that same study. Other studies have noted the
usefulness of US to safely guide bedside thoracentesis in me-
chanically ventilated patients (6–8). The presence of complex
septated, complex nonseptated, and homogeneously echogenic
patterns within pleural fluid collections are typically indicative
of an exudative pleural effusion (9). Homogeneously echogenic
effusions suggest hemorrhagic effusions or empyemas whereas
USevidence of fibrin septae suggests a parapneumonic effusion,
empyema, hemothorax, or malignant effusion (9).

CT may also be helpful in assessing pleural processes in
the critically ill patient, and has the advantages of better lung
parenchymal imaging, evaluation of the mediastinum, and
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ability to distinguish pleural from parenchymal abnormali-
ties (1). On CT, free-flowing pleural fluid produces a sickle-
shaped opacity in the most dependent part of the thorax (10).
Loculated pleural fluid collections are seen as lenticular or
rounded opacities in a fixed position with a relatively homo-
geneous water density (10). CT may be particularly helpful in
the diagnosis and management of loculated pleural effusions
(11). The most reliable sign of empyema, the split pleura sign,
is usually identified during the organizing phase. Following ad-
ministration of intravenous contrast, the parietal and visceral
pleura will be thickened and enhanced and will be noted to
be separated, and the extrapleural fat between the empyema
and the chest wall may be increased in size (12,13). In one
study, this sign was present in only 68% of patients, however
(12). CT may be helpful in assessing inadequately drained fluid
collections in patients with persistent fevers or sepsis due to
malpositioned chest tubes (14).

Diag nost ic Thorace nt e sis

Pleural effusions are common in the ICU. In one prospective
study of 100 consecutive patients admitted to a medical ICU,
pleural effusions were found on chest radiographs and/or by
US in 62% of patients (4). Patients with a pleural effusion
provide the opportunity to diagnose, at least presumptively, the
underlying process responsible for the accumulation of pleural
fluid. Although disease of any organ system can cause a pleural
effusion in critically ill patients, the diagnoses listed in Table
144.1 represent most causes in the ICU.

When a pleural effusion is suspected on physical exam and
confirmed radiologically, a diagnostic thoracentesis should be
considered to establish the cause of the effusion. Observation
alone may be reasonable in situations in which the clinical di-
agnosis is reasonably secure and a small amount of pleural fluid
is present, such as in atelectasis or uncomplicated heart failure

TA BLE 1 4 4 . 1

CAUSES OF PLEURAL EFFUSIONS IN ICU PATIENTS

Abdominal surgery
Acute respiratory distress syndrome (ARDS)
Atelectasis
Chylothorax
Congestive heart failure
Coronary artery bypass surgery
Empyema
Esophageal rupture
Esophageal sclerotherapy
Hemothorax
Hepatic hydrothorax
Hypoalbuminemia
Iatrogenic

Central venous catheter placement
Nasogastric tube placement
Vascular erosion by central venous catheter

Intra-abdominal abscess
Malignancy
Pancreatitis/Pancreatic pseudocyst
Pneumonia
Postcardiac injury syndrome
Pulmonary embolism
Uremia

(15). Thoracentesis should be performed, however, if the pa-
tient’s clinical condition changes. When the distance from the
pleural fluid line to the inside of the chest wall is less than 1 cm
on lateral decubitus radiograph, the risk of thoracentesis prob-
ably outweighs the value of pleural fluid analysis. If the underly-
ing disease causing the pleural effusion becomes clinically prob-
lematic, the effusion will often increase in size and allow for
safe thoracentesis. When sampling of a small-volume pleural
effusion is indicated, thoracentesis should be performed with
US guidance.

The indications for diagnostic thoracentesis are not differ-
ent in the ICU patient, and receiving mechanical ventilation
is not a contraindication. Establishing the diagnosis quickly
in critically ill patients may be more important than in the
noncritically ill. The reported incidence of pneumothorax in
nonventilated patients ranges from 4% to 30% (16–20). Var-
ious risk factors for developing a pneumothorax after thora-
centesis have been reported, although operator inexperience,
baseline lung disease, and use of positive pressure mechani-
cal ventilation appear to be the most established risk factors.
Several earlier studies have demonstrated that the incidence of
pneumothorax after blind thoracentesis in mechanically venti-
lated patients, 5% to 10% , is similar to that of nonventilated
patients, and it is thus safe to perform blind thoracentesis in
mechanically ventilated patients (21–23). If the patient on me-
chanical ventilation does develop a pneumothorax, however,
a significant risk of progression to a life-threatening tension
pneumothorax exists. As such, some authors have advocated
the routine use of ultrasound guidance for all thoracentesis pro-
cedures in mechanically ventilated patients given the observed
pneumothorax rates of 0% to 3% with ultrasound guidance in
nonventilated patients (20,24), as well as in patients receiving
mechanical ventilation (6–8). Strong consideration should be
given to using US guidance in patients with small or moderate
effusions, although large effusions may be sampled relatively
safely unless the operator is inexperienced. US or CT guidance
should be used to sample loculated pleural fluid collections.
There are no absolute contraindications to diagnostic thora-
centesis. The major relative contraindications are a bleeding
diathesis or anticoagulation. In one study of 207 patients with
mild to moderate coagulopathy, defined as a prothrombin time
(PT) or partial thromboplastin time (PTT) up to twice nor-
mal or a platelet count from 50,000 to 100,000 cells/µ L, no
increase in bleeding complications was noted (25). Thoracen-
tesis should not be performed through an area of active skin
infection.

The rap e ut ic Thorace nt e sis and
Physio log ic Effe ct s

The primary indication for therapeutic thoracentesis or chest
tube drainage of a pleural effusion is relief of dyspnea, although
pulmonary mechanics and oxygenation may be improved in
some patients (26). Contraindications to therapeutic thora-
centesis are similar to those of diagnostic thoracentesis. Com-
plications from therapeutic thoracentesis are similar to that
of diagnostic thoracentesis, with the additional complications
of hypoxemia, re-expansion pulmonary edema, and hypo-
volemia. An increased risk of pneumothorax compared to diag-
nostic thoracentesis has been noted with therapeutic thoracen-
tesis in some studies (18,20,27) although not others (19,28).
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We would recommend the use of a catheter-over-needle system
in performing therapeutic thoracentesis to reduce the risk of
developing a pneumothorax. In patients with pleural effusion
and ipsilateral shift suggesting endobronchial obstruction or a
trapped lung, the risk of re-expansion pulmonary edema may
be increased, and the patient may be less likely to experience a
beneficial effect. In addition, patients with initial negative pleu-
ral pressures and those with more precipitous falls in pleural
pressures with fluid removal also likely have trapped lung or
endobronchial obstruction and are less likely to benefit from
therapeutic thoracentesis (29).

Pleural effusions compress the lung, causing atelectasis, ven-
tilation/perfusion mismatch, and shunt physiology with resul-
tant hypoxemia (30). Pleural fluid tends to enlarge the vol-
ume of the hemithorax more than it compresses lung volume.
Studies in humans have shown that total lung capacity follow-
ing thoracentesis increases by only approximately one third
of the thoracentesis fluid volume, and forced vital capacity
increases by approximately one half of the increase in total
lung capacity (31). Studies evaluating gas exchange in non-
ventilated patients have been mixed. One study found a de-
crease in PaO 2 (32), one study found no change in PaO 2 (33),
and one study showed a mild increase in PaO 2 (34). More re-
cent studies have also shown variable results, with one study
reporting a small increase in PaO2 and decrease in alveolar-
arterial O2 gradient (35), although another noted no change in
PaO2, alveolar-arterial O 2 gradient or shunt, while the amount
of blood flow to low ventilation/perfusion units increased
slightly (30).

Despite these mixed results, some patients requiring me-
chanical ventilation may benefit from pleural fluid drainage.
Talmor et al. (26) reported that 19 patients with acute respira-
tory failure and pleural effusions who had a poor response to
positive end-expiratory pressure (PEEP)—defined as the inabil-
ity to wean FiO2 to 0.5 with PEEP up to 20 cm H 2O—benefited
from chest tube drainage of the pleural effusions. The PaO 2 in-
creased from 125 to 199 mm Hg, and the PaO 2/FiO 2 ratio
increased from 151 to 254. Fourteen patients had a unilateral
effusion, and five patients had bilateral effusions necessitating
bilateral chest tube placement. More recently, Doelken et al.
(36) studied the effects of thoracentesis on respiratory mechan-
ics and gas exchange in eight mechanically ventilated patients.
Following removal of 800 to 1,950 mL (mean 1,495 mL), no
significant change in PaO 2 or dead space ventilation was ob-
served. No significant changes were noted for peak and plateau
pressures, dynamic and effective static compliance, respiratory
system resistance, and intrinsic PEEP. Mean work performed
by the ventilator did significantly decrease, however. Further
studies are required to confirm these results, although in pa-
tients who are difficult to wean from mechanical ventilation,
we would consider a trial of therapeutic thoracentesis.

Ab d ominal Surg e ry

Approximately one half of patients undergoing abdominal
surgery will develop small unilateral or bilateral pleural effu-
sions 24 to 48 hours following surgery (37,38). The incidence
of pleural effusions is higher in procedures involving the up-
per abdomen, in patients having ascitic fluid at time of surgery,
and in patients who have postoperative atelectasis (29). Larger
left-sided effusions are common following splenectomy. The

effusion after abdominal surgery is usually exudative� with a
normal glucose level, pH > 7.40, and less than 10,000 nucleated
cells/µ L (37). Small effusions generally do not require diagnos-
tic thoracentesis and resolve spontaneously without becom-
ing clinical significant. Thoracentesis is indicated to exclude
empyema if the effusion is relatively large or loculated or if the
possibility of a subdiaphragmatic abscess related to the surgery
exists.

Acut e Re sp irat ory Dist re ss Synd rome

The presence of pleural effusions in acute respiratory distress
syndrome (ARDS) has not been well appreciated or studied.
In a retrospective study of 25 patients with ARDS, 36% were
found to have pleural effusions (39). All patients had exten-
sive alveolar infiltrates in addition to pleural effusions. Pleural
effusions have been observed in animal models of ARDS us-
ing α-naphthylthiourea, oleic acid, and ethchlorvynol (40,41).
In the oleic acid model, 35% of the excess lung water col-
lected in the pleural spaces (40). Effusions are likely under-
diagnosed in ARDS because the patient has bilateral alveolar
infiltrates and the radiograph is taken in the supine position.
In experimental models of ARDS, the effusions are serous to
serosanguineous with a predominance of polymorphonuclear
leukocytes (PMNs) (41). These effusions resolve as the ARDS
resolves and require no specific therapy.

At e le ct asis

Atelectasis is a common cause of small pleural effusions in
the ICU due to patients being immobile (4). Atelectasis and
small effusions are commonly observed following cardiotho-
racic or abdominal surgery. Other potential causes include en-
dobronchial obstruction from tumor, foreign body, or mucus
plugging as well as extrinsic airway compression from malig-
nancy. With lung collapse, local areas of increased negative
pressure are created by the separation of the lung and chest
wall. The decrease in pleural pressure favors the movement of
fluid into the pleural space, presumably from the surface of the
parietal pleura (15).

Pleural effusions from atelectasis are serous transudates
with a few mononuclear cells, a glucose concentration equal
to serum, and a pH of 7.45 to 7.55. The pleural effusions dis-
sipate over several days when the atelectasis resolves.

Chylo t horax

A chylothorax is defined as the accumulation of chyle in the
pleural space. The predominant mechanisms of chylothorax
formation include disruption of the thoracic duct, extravasa-
tion from pleural lymphatics, and transdiaphragmatic efflux
from chylous ascites (42). The most common cause of chy-
lothorax is lymphoma, accounting for 37% of chylothoraces in

�Effusions are termed exudative—or not—by lactate dehydrogenase
(LDH) and protein criteria. Only LDH and protein values are used
in the Light criteria although cholesterol level is used by some. pH,
glucose, and cell counts are not part of the classification of transudate
versus exudate.
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a series of 191 patients (43). The second most frequent cause is
surgical trauma, which represented 25% of cases in the same se-
ries of 191 patients (43). The incidence of chylothorax follow-
ing thoracic surgery has been reported to be 0.36% to 0.42%
(44,45) and 1.9% following lower neck surgery (46). A higher
proportion of chylothoraces are noted following esophagec-
tomy (44,45). Virtually all intrathoracic surgical procedures,
including lobectomy, pneumonectomy, and coronary artery by-
pass grafting, have been reported to cause chylothorax (43).
Nonsurgical trauma, including blunt and penetrating injuries
to the neck, thorax, and upper abdomen as well as obstruction
of the superior vena cava or thrombosis of the left subclavian
vein from indwelling central venous catheters, may produce
chylothoraces in ICU patients (47).

The patient may be asymptomatic if the effusion is small and
unilateral, or may be dyspneic with a large unilateral effusion
or bilateral effusions. The pleural fluid is usually milky but can
be serous, serosanguineous, or bloody. The fluid may not have
a milky appearance if the patient is malnourished or not eating
(48). The pleural fluid typically has less than 7,000 nucleated
cells/µ L which are greater than 80% lymphocytes. The pH is
alkaline (7.40–7.80), and the triglyceride levels exceed plasma
levels (15). A pleural fluid triglyceride concentration greater
than 110 mg/dL makes the diagnosis of chylothorax highly
likely, whereas a concentration less than 50 mg/dL makes the
diagnosis highly unlikely. With triglyceride concentrations of
50 to 110 mg/dL, lipoprotein electrophoresis is indicated to
demonstrate the presence of chylomicrons, which confirms the
diagnosis of chylothorax (48).

Up to 2 to 3 L of chyle may drain daily, causing loss of
fluid, electrolytes, protein, fat, fat-soluble vitamins, and lym-
phocytes. Severe nutritional depletion and immunodeficiency
may result if these losses are not addressed. In addition to chest
tube drainage, initial conservative management consists of in-
travenous hydration and a nonfat, high-protein, high-calorie
diet with medium-chain triglycerides, which are absorbed di-
rectly into the portal system, or discontinuing all oral feeding
and initiating total parenteral nutrition. If the chylothorax fails
to resolve with conservative measures after 7 to 14 days, then
surgery with thoracic duct ligation may be considered (44,45),
although pleuroperitoneal shunting has also been used.

Cong e st ive He art Failure

Congestive heart failure (CHF) is the most common cause of
all transudative pleural effusions and in one study was the
most common cause of pleural effusions in a medical ICU (4).
Pleural effusions due to CHF are associated with increases in
pulmonary venous pressure. In a study of 37 patients admit-
ted for CHF, the mean pulmonary capillary wedge pressure
(PCWP) was higher in patients with pleural effusions than in
those without—24.1 versus 17.2 mm Hg, respectively (49).
Isolated increases in right heart pressures were not associated
with pleural effusions. Patients with chronic obstructive pul-
monary disease (COPD) and cor pulmonale, in the absence of
left ventricular dysfunction, thus rarely have pleural effusions,
and other causes for pleural effusions should be sought in these
patients.

Most patients with pleural effusion secondary to CHF have
the usual signs and symptoms. The chest radiograph classi-
cally demonstrates cardiomegaly and bilateral small to moder-
ate pleural effusions of similar size, with right-sided effusions

often being slightly greater than the left. Radiographic evidence
of pulmonary edema is usually present, with the severity of pul-
monary edema correlating with the presence of effusions. In
patients who have been hospitalized, records will usually show
intake greater than output for several days, weight gain, an in-
creasing alveolar-arterial O 2 gradient, and decreasing compli-
ance in those patients requiring mechanical ventilation. Some
patients without a history of CHF may not be suspected of hav-
ing CHF until intravenous hydration produces pleural effusions
and subsequent echocardiograms demonstrate left ventricular
dysfunction (4).

Pleural effusions from CHF are transudates and have less
than 1,000 nucleated cells/µ L, which are mainly mesothelial
cells and lymphocytes. Acute diuresis may increase the protein
concentration of the pleural fluid and thus change the classifica-
tion of the fluid from transudative to exudative in 8% to 38%
of patients (50). In the afebrile patient with clinical CHF and
cardiomegaly with bilateral effusions of relatively equal size on
chest radiograph, the diagnosis is reasonably secure and obser-
vation is appropriate. In patients who are febrile, have pleuritic
chest pain, or are noted on chest radiograph to have effusions
of disparate size, unilateral effusions, a larger effusion on the
left than the right, or absence of cardiomegaly, thoracentesis
should be considered to evaluate for other causes of the effu-
sion(s).

Treatment consists of decreasing preload and improving car-
diac output with diuretics, inotropes, and afterload-reducing
agents. With appropriate management, the pleural effusions
will resolve over days to weeks.

Coronary Art e ry Byp ass Surg e ry

A small left pleural effusion is virtually always present follow-
ing coronary artery bypass surgery. The effusion is associated
with left lower lobe atelectasis and elevation of the left hemidi-
aphragm on chest radiograph. A few patients may have moder-
ate to large pleural effusions, which may be bloody (51). These
effusions tend to be associated with internal mammary artery
grafting, which causes exudation from the bed where the inter-
nal mammary artery is harvested.

The pleural fluid is an exudate, may or may not be hemor-
rhagic, and has a low nucleated cell count, with glucose level
similar to serum and a pH greater than 7.40. Rarely, a locu-
lated hemothorax may develop with a trapped lung, resulting
in clinically significant restriction (52). If a large effusion that
qualifies as a hemothorax is present, the fluid should be drained
by chest tube thoracostomy. It is unclear if a large hemorrhagic
effusion with a pleural fluid/blood hematocrit less than 50%
needs to be drained to avoid later necessity for decortication.
Treatment with anti-inflammatory agents and possibly chem-
ical pleurodesis may be required for patients with recurrent
nonbloody effusions (51).

Esop hag e al Rup t ure

Spontaneous esophageal rupture—Boerhaave syndrome—is a
potentially life-threatening event and requires immediate di-
agnosis and therapy. Esophageal rupture or perforation may
rarely occur with blunt thoracic trauma or as a complication
of endoscopy and nasogastric/orogastric tube placement. The
history in spontaneous esophageal rupture is usually severe
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retching or vomiting; however, activities that generate a Val-
salva maneuver can cause esophageal rupture, and in some pa-
tients the perforation may be silent (53). The findings on chest
radiograph may vary depending on the time between perfo-
ration and obtaining of the chest radiograph, the site of per-
foration, and integrity of the mediastinal pleura. Mediastinal
emphysema is present in less than half of patients and may
take 1 to 2 hours to be observed, whereas mediastinal widen-
ing may take several hours. Pneumothorax, indicating rupture
of the mediastinal pleura, is present in 75% of patients; 70%
of pneumothoraces are on the left, 20% are on the right, and
10% are bilateral (54). Pleural effusion, with or without asso-
ciated pneumothorax, occurs in 75% of patients. A presump-
tive diagnosis should be confirmed radiographically with an
esophagram as soon as possible. Because rapid passage of the
contrast in the upright patient may not demonstrate a small
perforation, the study should be done with the patient in the
appropriate lateral decubitus position.

Pleural fluid findings depend on the degree of perforation
and the timing of thoracentesis. Early thoracentesis without
mediastinal perforation shows a sterile serous exudate with a
predominance of PMNs and a pH greater than 7.30. Amylase
of salivary origin appears in the fluid in high concentration fol-
lowing disruption of the mediastinal pleura. With the seeding of
the pleural space by anaerobic bacteria, the pH falls rapidly and
progressively to approach 6.00. The presence of food particles
and squamous epithelial cells in the pleural fluid also suggests
esophageal rupture (55). Management is usually operative in-
tervention in conjunction with pleural space drainage and an-
tibiotics. Nonoperative therapy with antibiotics and chest tube
drainage alone may be considered in a nontoxic patient with
small perforations due to instrumentation.

Esop hag e al Scle ro t he rap y

Pleural effusions are found in approximately 50% of patients
48 to 72 hours following esophageal sclerotherapy (56). Effu-
sions may be unilateral or bilateral, with no predilection for
side. The effusions tend to be small serous exudates with vari-
able nucleated (38,000–90,000 cells/µ L) and red cell counts
(126,000 to 160,000 cells/µ L) and glucose concentrations simi-
lar to serum. The mechanism for development of these effusions
is likely extravasation of the sclerosant beyond the esophageal
mucosa, resulting in mediastinal and mediastinal pleural in-
flammation. An effusion that is not associated with fever, chest
pain, or signs of perforation is not important clinically, and
will usually resolve over several days to weeks without specific
therapy. A diagnostic thoracentesis should be performed and
an esophagram considered in patients with symptomatic effu-
sions for 24 to 48 hours to exclude empyema and esophageal
perforation.

He mot horax

Hemothorax needs to be differentiated from a hemorrhagic
pleural effusion, as the latter can be the result of only a few
drops of blood in serous pleural fluid. The arbitrary definition
of a hemothorax is a pleural fluid to blood hematocrit ratio
greater than 50% . Most hemothoraces result from blunt or
penetrating thoracic trauma (57). Hemothorax can also result
from invasive procedures, pulmonary infarction, malignancy,

and ruptured aortic aneurysms. Anticoagulation therapy or
coagulopathy may rarely cause a spontaneous hemothorax.
Hemothorax should be suspected in any patient with blunt
or penetrating chest trauma with a pleural effusion on chest
radiograph. Chest tube thoracostomy with a 28 to 32 French
chest tube should be performed in these patients and pleural
fluid hematocrit measured. In the patient with suspected iatro-
genic or spontaneous hemothorax, thoracentesis should be per-
formed, and if positive, a chest tube should be inserted. Chest
tube drainage allows the monitoring of the rate of bleeding,
may potentially tamponade the bleeding, and will evacuate the
pleural space, thus decreasing the risk of developing empyema
or a subsequent fibrothorax (57,58). Indications for surgical
exploration vary between clinicians, but general guidelines are
hemodynamic instability despite adequate resuscitation, initial
drainage greater than 1,500 mL, continued bleeding of greater
than 200 mL/hour for 3 consecutive hours, continued bleeding
of greater than 1,500 mL/day, and radiographic evidence of
significant retained clot (greater than one third of the pleural
space).

He p at ic Hyd rot horax

Pleural effusions are present in approximately 6% of patients
with cirrhosis and clinically apparent ascites (59,60). The effu-
sions result from movement of ascitic fluid through congenital
or acquired diaphragmatic defects. Rarely, a hepatic hydrotho-
rax may be found in a patient without clinical ascites but with
ascites demonstrated only by US, implying the presence of a
large diaphragmatic defect. With a small pleural effusion, the
patient may be asymptomatic, whereas with large to massive ef-
fusions, the patient may have varying degrees of dyspnea. The
chest radiograph usually demonstrates a normal cardiac sil-
houette and a right-sided pleural effusion in 70% of patients,
which can vary from small to massive. Effusions are less com-
monly isolated to the left pleural space (15% ) or are bilateral
(15% ). The pleural fluid is a serous transudate with a low nu-
cleated cell count and a predominance of mononuclear cells,
pH greater than 7.40, a glucose level similar to serum, and an
amylase less than serum amylase (15). The diagnosis is substan-
tiated by demonstrating that the pleural fluid and ascitic fluid
have similar chemistries. If the diagnosis is still in question, in-
jection of a radionuclide into the ascitic fluid with subsequent
detection on chest imaging supports the diagnosis (61).

Treatment of hepatic hydrothorax is directed at resolution
of the ascites with sodium restriction, diuretics, and paracen-
tesis. It is not uncommon for the effusion to persist until all of
the ascitic fluid is mobilized. If the patient is acutely dyspneic
or hypoxemic, therapeutic thoracentesis may be done as a tem-
porizing measure. Chest tube drainage should be avoided, as it
can cause infection of the fluid, and the prolonged drainage can
lead to volume depletion, protein and lymphocyte depletion,
and may precipitate renal failure. Chemical pleurodesis is usu-
ally unsuccessful due to rapid movement of ascitic fluid into the
pleural space. Transjugular intrahepatic portal systemic shunt
(TIPS) has been used to treat symptomatic hepatic hydrotho-
rax refractory to medical management (59,60), as has video-
assisted thoracoscopic surgery to patch the diaphragmatic de-
fect followed by pleural abrasion or talc poudrage (62).

Hepatic hydrothorax may occasionally be complicated by
spontaneous bacterial empyema (SBE) (63). The formation of
SBE is a result of either bacterial translocation from infected
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ascitic fluid or bacteremia and seeding of a hepatic hydrotho-
rax. The criteria for diagnosing SBE are similar to that for diag-
nosing spontaneous bacterial peritonitis and include a positive
Gram stain, positive pleural fluid culture, or total neutrophil
count greater than 500 cells/µ L. Treatment of SBE is conserva-
tive with antibiotic therapy alone, unless frank pus is present,
in which case chest tube thoracostomy should be considered.

Hyp oalb umine mia

Many patients admitted to the medical ICU have chronic ill-
nesses and associated hypoalbuminemia. Pleural effusions may
be observed when the serum albumin is less than 1.8 g/dL. In
one study evaluating the association of pleural effusions with
hypoalbuminemia, 3 of 21 (14% ) patients with serum albumin
less than 2.0 g/dL had pleural effusions (64). Since the normal
pleural space has an effective lymphatic drainage system, pleu-
ral fluid tends to be the last site of collection of extravascular
fluid in patients with low oncotic pressure. It is, therefore, un-
usual to find a pleural effusion solely due to hypoalbuminemia
in the absence of anasarca. The chest radiograph usually shows
small to moderate bilateral effusions with a normal heart size.
The pleural fluid is a serous transudate with less than 1,000 nu-
cleated cells/µ L, predominantly mesothelial cells and lympho-
cytes. The pH ranges from 7.45 to 7.55, and the glucose level
is similar to serum. Diagnosis is presumptive if other causes of
transudative effusions are sufficiently excluded. The effusions
resolve when the hypoalbuminemia is corrected.

Iat rog e nic

Insertion of a central venous catheter or extravascular mi-
gration of a central venous catheter can cause a pneumotho-
rax, hemothorax, chylothorax, or transudative pleural effusion
(65,66). Extravascular migration of a catheter, occurring in ap-
proximately 0.4% to 1.0% of insertions, is more common with
insertion into the left subclavian and internal jugular veins due
to the horizontal orientation of the left brachiocephalic vein
in relation to the superior vena cava (58). The postprocedure
chest radiograph should always be assessed for proper catheter
placement, with catheter positioning parallel to the long axis
of the superior vena cava and tip positioning at the right tra-
cheobronchial angle indicating proper placement (67).

In the conscious patient, acute infusion of intravenous fluid
into the mediastinum usually results in chest pain and dysp-
nea. Depending on the volume and rate of infusion of fluid into
the mediastinum, tachypnea, respiratory distress, and cardiac
tamponade may occur. The chest radiograph demonstrates the
catheter tip in an abnormal position, a widened mediastinum,
and unilateral or bilateral effusions. The effusion can have char-
acteristics similar to the infusate (milky if lipid is being given),
and may be hemorrhagic and neutrophil predominant due to
trauma and inflammation. If a glucose-containing solution is
being infused, the pleural fluid to serum glucose ratio is greater
than 1.0 (66). The central venous catheter should be removed
immediately. Observation is sufficient if the effusion is small. If
the effusion is large or causes respiratory distress, thoracentesis
or tube thoracostomy should be performed. If a hemothorax is
discovered, a chest tube should be placed.

Pancre at it is

Pleural effusions are commonly associated with pancreatitis
due to the close proximity of the pancreas to the diaphragm.
Pleural effusions have been noted in 3% to 20% of patients
with pancreatitis (68). The chest radiograph usually demon-
strates a small to moderate left-sided effusion (60% ), although
effusions may be isolated to the right side (30% ) or occur bilat-
erally (10% ) (69). The patient usually presents with abdominal
symptoms of pancreatitis. The diagnosis is confirmed by an el-
evated pleural fluid amylase concentration that is greater than
serum, although a normal pleural fluid amylase may be found
early in the course of acute pancreatitis. The pleural fluid is an
exudate with 10,000 to 50,000 nucleated cells/µ L, predomi-
nantly PMNs. The pleural fluid pH is usually 7.30 to 7.35, and
the glucose level is similar to serum (15).

No specific treatment is necessary for pleural effusions as-
sociated with acute pancreatitis. The effusion resolves as the
pancreatic inflammation subsides. If the pleural effusion does
not resolve in 2 to 3 weeks, pancreatic abscess or pseudocyst
should be suspected. Recent studies suggest that the presence
of pleural effusions in acute pancreatitis is correlated with in-
creased morbidity and mortality (68,70).

Parap ne umonic Effusions and Emp ye ma

Patients with severe community-acquired pneumonia admit-
ted to the ICU and patients who develop nosocomial pneu-
monia often develop parapneumonic effusions, with progres-
sion to empyema being less common. An empyema is defined
as the presence of pus in the pleural space, although many
clinicians extend the definition to include pleural fluid that
has a positive Gram stain for bacteria or a positive bacterial
culture. Complicated parapneumonic effusions are defined as
pleural effusions that will not respond to antibiotic therapy
alone and require drainage for resolution, whereas uncompli-
cated parapneumonic effusions do not require drainage and re-
spond to antibiotic therapy alone for the underlying pneumonia
(71–74).

The usual presentation is similar to the non-ICU patient
with fever, dyspnea, chest pain, purulent sputum, leukocytosis,
and a new alveolar infiltrate on chest radiograph. In the elderly,
debilitated, or immunosuppressed patient, however, many of
these findings may be absent. Although pleural space infec-
tions most commonly occur in association with pneumonia,
it should also be recognized that pleural space infections may
result from thoracic surgery, chest tube placement, penetrat-
ing chest trauma, esophageal perforation, mediastinitis, subdi-
aphragmatic abscesses, spontaneous bacterial peritonitis, and
bacteremic seeding of a pre-existing effusion (71).

The pleural fluid protein concentration, nucleated cell
count, or percentage of PMNs is not helpful in differenti-
ating a complicated from an uncomplicated effusion. When
the effusion is free-flowing, as demonstrated by lateral de-
cubitus views or US, and thoracentesis shows a nonpuru-
lent PMN-predominant exudate with a glucose level greater
than 60 mg/dL, lactate dehydrogenase (LDH) less than 1,000
IU/L, and pH greater than 7.20, the patient has a high like-
lihood of pleural fluid resolution with antibiotics alone over
7 to 14 days (uncomplicated effusion). If pus is aspirated on
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thoracentesis, the diagnosis of empyema is established and im-
mediate drainage is needed. Most clinicians would also ad-
vocate drainage of the effusion if the Gram stain or bacterial
culture is positive, regardless of the fluid chemistries. If the pH
is less than 7.20 in the absence of a positive Gram stain or cul-
ture, or if glucose is less than 40 mg/dL and LDH is greater than
1,000 IU/L, particularly with a loculated effusion, most clini-
cians would advocate drainage (complicated effusion) (72–75).

In nonloculated complicated parapneumonic effusions and
empyemas, drainage can be accomplished by standard chest
tube thoracostomy or image-guided percutaneous catheters.
Controversy exists concerning the optimal treatment of mul-
tiloculated parapneumonic pleural effusions, and it is beyond
the scope of this chapter to discuss each approach in detail.
Single chest tubes or multiple blindly placed chest tubes are
unlikely to be successful. Potential strategies include image-
guided catheters with intrapleural fibrinolytic agents or video-
assisted thoracic surgery (VATS) as initial therapy (72–80). If
these measures fail, then empyemectomy and decortication will
be required. In the absence of Gram stain or cultures to di-
rect antibiotic therapy, broad-spectrum antibiotics should be
used initially. Empyemas are often mixed infections, including
anaerobes, and a regimen that includes coverage for anaerobes
should be chosen. Aminoglycosides may have poor clinical ac-
tivity in empyemas and probably should not be used (81).

Post card iac Injury Synd rome

Postcardiac injury syndrome (PCIS) is characterized by the on-
set of fever, pleuropericarditis, and parenchymal infiltrates typi-
cally 3 weeks (2 to 86 days) following injury to the myocardium
or pericardium (82,83). PCIS has been reported following my-
ocardial infarction, cardiac surgery, blunt chest trauma, and
pacemaker implantation. The incidence following myocardial
infarction has been estimated at up to 4% and up to 30% fol-
lowing cardiac surgery. Based on available data, it appears that
PCIS results from an autoimmune reaction following myocar-
dial or pericardial injury (84).

Pleuritic chest pain is reported by virtually all patients,
whereas one half of patients will be noted to have dyspnea,
fever, pericardial rub, and rales. Half of the patients have a
leukocytosis, and almost all have an elevated erythrocyte sed-
imentation rate. The chest radiograph is abnormal in most
patients, with the most common abnormality being left-sided
and bilateral pleural effusions (83). Pulmonary infiltrates are
present in 75% of patients and are most commonly seen in the
left lower lobe (82). The pleural fluid is a serosanguineous or
bloody exudate with pH greater than 7.30 and glucose level
greater than 60 mg/dL. Nucleated cells range from 500 to
39,000 cells/µ L, with a predominance of PMNs early in the
course (15). The finding of pericardial fluid on echocardiogram
suggests PCIS. The diagnosis is made clinically after pulmonary
embolism and parapneumonic effusion have been excluded. An
antimyocardial antibody titer in pleural fluid greater than in
serum further supports the diagnosis (85).

PCIS is usually self-limited and may not require treatment if
symptoms are minor. PCIS usually responds to aspirin or non-
steroidal anti-inflammatory agents, although some patients
may require corticosteroids for resolution. Following treat-
ment, the pleural effusion resolves within 1 to 3 weeks. It is
important to not misdiagnose PCIS as a pulmonary embolism,

as anticoagulation therapy may lead to pericardial hemorrhage
and tamponade.

Pulmonary Emb olism

Pleural effusions occur in up to 50% of patients with pul-
monary embolism (86). The pathogenesis of pleural effusions
in pulmonary embolism includes ischemia and inflammatory
mediator-induced increased pleural capillary permeability, im-
balance in microvascular and pleural space hydrostatic pres-
sures, pleuropulmonary hemorrhage, and atelectasis. With pul-
monary infarction, necrosis and hemorrhage into the lung and
pleural space may result. More than 80% of patients with pul-
monary infarction will have bloody pleural effusions, while up
to 40% of patients without radiographic evidence of infarction
will also have hemorrhagic fluid (86). Ipsilateral pleuritic chest
pain occurs in most patients with pleural effusions complicat-
ing pulmonary embolism. A coexistent pulmonary infiltrate is
noted on chest radiograph in approximately half of patients
with pulmonary embolism and pleural effusion.

Pleural fluid analysis is variable and may demonstrate either
an exudate or a transudate (15,87). A bloody pleural effusion
in the absence of chest trauma, recent cardiac injury, asbestos
exposure, or malignancy should increase the suspicion of pul-
monary embolism (88). The pleural fluid is hemorrhagic in two
thirds of patients, although the number of red blood cells ex-
ceeds 100,000 cells/µ L in less than 20% (15). The nucleated
cell count ranges from less than 100 (presumably atelectatic
transudates) to 50,000 cells/µ L (pulmonary infarction). When
thoracentesis is performed near the time of acute symptoms,
PMNs are predominant; with later thoracentesis, lymphocytes
represent the majority of cells, and eosinophils may be present
as well. The effusion from pulmonary embolism is usually ap-
parent (92% ) on the initial chest radiograph and reaches a
maximum volume during the first 72 hours. In patients who
demonstrate progression of effusions after 72 hours of ther-
apy, recurrent embolism, hemothorax secondary to anticoagu-
lation, an infected infarction, or an alternative diagnosis should
be considered. The effusions usually resolve in 1 week in the
absence of an infiltrate on chest radiograph. When an infiltrate
is present, presumably representing a pulmonary infarction, the
resolution time is longer, typically 2 to 3 weeks (86).

The association of a pleural effusion with pulmonary em-
bolism does not alter therapy. The presence of a bloody ef-
fusion is not a contraindication to full-dose anticoagulation,
since hemothorax is a rare complication of heparin therapy for
pulmonary embolism (89,90). An enlarging pleural effusion
on therapy necessitates thoracentesis to exclude hemothorax,
empyema, or another cause. The development of a hemotho-
rax during therapy requires discontinuation of anticoagulation,
chest tube thoracostomy, and placement of a vena cava filter.

Ure mia

Uremic pleural effusions have been reported in 3% to 5% of pa-
tients undergoing chronic dialysis (91). In one study evaluating
the cause of pleural effusions in 100 patients requiring long-
term hemodialysis, uremic pleurisy accounted for 16% of cases
(92). Patients may manifest fever, cough, chest pain, and pleu-
ral friction rubs. The chest radiograph usually shows a moder-
ate unilateral effusion, although massive and bilateral pleural
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effusions have been reported (93–95). The pleural effusion is a
serosanguineous or bloody exudate, with less than 1,500 nu-
cleated cells/µ L, predominantly lymphocytes. The creatinine
concentration is high, although the pleural fluid to serum cre-
atinine ratio is less than 1.0, unlike in urinothorax (15). The
effusions generally resolve with continued dialysis over several
weeks but may recur. Uremic pleuritis may cause pleural fi-
brosis and restriction, requiring decortication in some patients
(96,97).

PNEUMOTHORAX IN THE
INTENSIVE CARE UNIT

Pneumothorax, defined as accumulation of air in the pleu-
ral space, represents one form of extra-alveolar air. Other
forms of extra-alveolar air include pulmonary interstitial
emphysema, pneumomediastinum, pneumopericardium, pneu-
moperitoneum, pneumoretroperitoneum, and systemic air em-
bolism. Three pathologic processes may give rise to extra-
alveolar air: (1) generation by gas-forming micro-organisms
during an infectious process, (2) direct introduction follow-
ing trauma to cutaneous or mucosal barriers, and (3) alveolar
rupture due to pressure gradients between alveoli and the sur-
rounding interstitial space (barotrauma) (98).

The mechanisms of spontaneous generation of extra-
alveolar air were first delineated by Macklin and Macklin (99).
In situations in which intra-alveolar pressure is increased, a
gradient is produced between the alveolus and the adjacent
vascular sheath, causing the alveoli to rupture at their bases.
Following rupture, air is introduced in the perivascular adven-
titia, resulting in interstitial emphysema. The air then dissects
proximally to the lung hilum and mediastinum due to a lower
mean pressure in the mediastinum compared to that of the
lung parenchyma. Once in the mediastinum, the accumulated
air may decompress along paths of least resistance into the sub-
cutaneous tissues or, less commonly, into the pericardium, peri-
toneum, and retroperitoneum. If mediastinal pressure increases
abruptly or if decompression via these routes is not sufficient,
the mediastinal parietal may rupture, resulting in pneumotho-
rax. Alternatively, air from ruptured alveoli may dissect to the
periphery of the lung and rupture via subpleural blebs through
the visceral pleura into the pleural space (100).

Pneumothoraces are classified as spontaneous, which oc-
cur without preceding trauma or other obvious causes, and
traumatic, which occur as a result of direct or indirect trauma
to the chest. Spontaneous pneumothoraces can be subdivided
into primary spontaneous, which occur in otherwise healthy
patients without clinical lung disease, and secondary sponta-
neous, which occur in patients with underlying lung disease.
Traumatic pneumothoraces can be subdivided into the cate-
gories of iatrogenic and related to blunt or penetrating chest
trauma. In addition, pneumothoraces can be classified as sim-
ple or complicated, with complicated pneumothoraces consist-
ing of tension pneumothorax, hemopneumothorax, pyopneu-
mothorax, and open pneumothorax in which the integrity of
the chest wall is disrupted. The potential causes of pneumo-
thoraces in critically ill patients are listed in Table 144.2. We
will focus mainly on iatrogenic pneumothoraces and pneu-
mothoraces resulting from barotrauma, as these are the most
common causes of pneumothoraces in ICU patients.

TA BLE 1 4 4 . 2

CAUSES OF PNEUMOTHORACES IN ICU PATIENTS

SECONDARY SPONTANEOUS
Airway diseases

Chronic obstructive pulmonary disease (COPD)
Status asthmaticus
Cystic fibrosis

Parenchymal lung diseases
Idiopathic pulmonary fibrosis
Sarcoidosis (stage IV)
Langerhans cell histiocytosis (histiocytosis-X)
Malignancy

Pulmonary infections
Pneumocystis jiroveci
Necrotizing bacterial pneumonia
Tuberculosis
Fungal pneumonia

BAROTRAUMA/VOLUTRAUMA
Mechanical ventilation

Acute respiratory disease syndrome (ARDS)
Status asthmaticus
COPD

Inhalational drug usage
Decompression injury

TRAUMA
Blunt chest trauma
Penetrating chest trauma
Tracheobronchial injuries
Rib fractures
Esophageal rupture

IATROGENIC
Endotracheal intubation
Tracheostomy
Central venous catheter placement
Thoracentesis
Nasogastric tube placement
Bronchoscopy with bronchoalveolar lavage (BAL) or biopsies
Postoperative
Bag/valve/mask ventilation
Cardiopulmonary resuscitation

Rad io log ic Evaluat ion

The radiographic signs of pneumothorax in the supine patient
frequently differ from the classic visceral pleural line seen on
erect views. In a review of 88 critically ill patients with 112
pneumothoraces, only 22% of pneumothoraces were in the
classic apicolateral location (101). In this same study, 30%
of pneumothoraces were not detected initially, and of these,
half progressed to a tension pneumothorax. The anteromedial
position is the most common location for pneumothoraces in
the supine patient since this area is the least dependent pleural
recess (102). With anteromedial collections of air above the
level of the pulmonary hilum, the lucency sharply outlines ad-
jacent vascular structures such as the ascending aorta, superior
vena cava, and azygous vein. Below the hilum, the lateral car-
diac borders are sharply outlined and paralleled by zones of
radiolucency. Increased lucency in the region of the anterior
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cardiophrenic sulcus may also result from air below the hilar
level (102).

In addition to the anteromedial and apicolateral locations,
pneumothoraces in supine patients can also occur in the sub-
pulmonic and posteromedial locations (101). A subpulmonic
pneumothorax may be recognized as a basilar hyperlucency,
most commonly in the left hemithorax (103,104). A pleural
line defining the base of the lung may be apparent in some
cases, allowing for diagnosis of pneumothorax. Other features
that may help in the recognition of a subpulmonic pneumotho-
rax include lucency extending deep into the costophrenic sulcus
(deep sulcus sign), depression of the hemidiaphragm, and visu-
alization of an unusually distinct cardiac apex (105,106).

An erect or decubitus radiograph should be obtained if pos-
sible to confirm or refute the presence of a pneumothorax. In
problematic cases, CT or US can be diagnostic. Several stud-
ies have demonstrated the presence of pneumothoraces on CT
that were not apparent or not appreciated on conventional
radiographs (14,107). Occasionally, a pneumothorax may be
confused with a large bulla in patients with COPD and other
pulmonary diseases that generate cystic changes. In these in-
stances, a CT may be helpful in making the correct diagnosis
(100). If the patient is too unstable to obtain a CT, bedside US
can be used to evaluate for the presence of a pneumothorax
by determining the presence or absence of “ lung sliding.” In
patients without pneumothorax, the lung–chest wall interface,
which represents a to-and-fro movement synchronized with
respiration, can be identified. In one study, the disappearance
of lung sliding was 95% sensitive for detecting pneumothorax,
although false positives did occur (108).

Primary and Se cond ary Sp ont ane ous
Pne umot horax

Patients with pneumothorax have a decrease in vital capacity
and an increase in the alveolar-arterial oxygen gradient, with
hypoxemia being present in some patients. The hypoxemia
is thought to be secondary to development of both anatomic
shunts and areas of low ventilation/perfusion in the atelectatic
lung. Patients with primary spontaneous pneumothorax rarely
require admission to the ICU, as the contralateral lung can
maintain the necessary alveolar ventilation and hypoxemia
can be managed with supplemental oxygen. Patients with sec-
ondary spontaneous pneumothoraces may need ICU admission
because the gas exchange abnormality caused by the pneu-
mothorax is superimposed on pre-existing gas exchange ab-
normalities and, thus, severe hypoxemia can occur. Patients
with secondary spontaneous pneumothoraces are more likely
to develop hypercapnic respiratory failure than are patients
with primary spontaneous pneumothorax (109,110).

Iat rog e nic Pne umot horax

Insertion of central venous catheters (CVC) is the most com-
mon cause of iatrogenic pneumothoraces in the ICU. In
two studies of mechanical complications of central venous
catheters, 1.1% of 534 patients and 1.0% of 713 patients suf-
fered a pneumothorax (111,112). Cannulation of the subcla-
vian vein is associated with a higher risk of pneumothorax
than cannulation of the internal jugular vein (113,114). Most

pneumothoraces occur at the time of the procedure from direct
lung puncture, but delayed pneumothoraces have been noted.
Bilateral pneumothoraces have been reported to occur from
unilateral cannulation attempts (115). A postprocedure chest
radiograph should be obtained following placement of a cen-
tral venous catheter, regardless of the site cannulated, to assess
for pneumothorax and proper catheter tip position.

Cardiopulmonary resuscitation has been reported as a cause
of iatrogenic pneumothorax. Pneumothorax in this setting
may arise either from barotrauma as a consequence of bag-
ventilation or from rib fractures sustained during the resusci-
tation. Hillman and Albin (116) described three patients who
developed subcutaneous emphysema and pneumothoraces, one
of whom had bilateral pneumothoraces following cardiopul-
monary resuscitation with bag-ventilation. Shulman et al. (117)
reported two patients in whom barotrauma was observed fol-
lowing resuscitation. One of the patients was ventilated with
an Ambu-bag whereas the other was ventilated with a positive
pressure demand valve. Other cases of pneumothorax related
to cardiopulmonary resuscitation or malfunctioning valves in
self-inflating bags have been reported (118,119).

Based on these observations, a chest radiograph should be
obtained on all patients after a successful resuscitation to evalu-
ate for pneumothorax. During cardiopulmonary resuscitation,
if the patient is difficult to ventilate, subcutaneous emphysema
is noted, or pulseless electrical activity (electromechanical dis-
sociation) is present, the diagnosis of pneumothorax, particu-
larly tension pneumothorax, should be suspected. In a study an-
alyzing postmortem chest radiographs, only 40 of 77 patients
had been clinically diagnosed as having a pneumothorax. In
this study, procedures most frequently associated with pneu-
mothorax were mechanical ventilation and cardiopulmonary
resuscitation. Rib fractures were noted in 23 of the 77 cases
(120).

Pneumothoraces may rarely occur following endotracheal
intubation, usually due to rupture of the posterior membra-
nous portion of the trachea (121). In a prospective study of
translaryngeal intubation in 297 critically ill patients in a teach-
ing hospital, pneumothorax occurred in 1% of patients (122).
Pneumothoraces may also result from tracheostomy, either
from open procedures or bedside percutaneous dilatational tra-
cheostomy (123). The incidence of pneumothorax after tra-
cheostomy in adults has been reported to be between 0% and
4% (124).

Bronchoscopy in critically ill patients may also cause pneu-
mothoraces. The risk is higher when transbronchial biopsies
are obtained, although the degree of increased risk compared
to nonventilated patients and the influence of high airway
pressures and positive end-expiratory pressure (PEEP) is un-
known. It should be recognized that performing bronchoalve-
olar lavage (BAL) alone may produce a pneumothorax (125–
127).

Pne umot horax Associat e d wit h
Me chanical Ve nt ilat ion

Pneumothorax is a frequent, potentially lethal complication
of mechanical ventilation. The pathogenesis of pneumotho-
rax associated with mechanical ventilation—barotrauma—is
related to the decompression of extra-alveolar air contained
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in the mediastinum through the mediastinal pleura or rupture
of subpleural blebs through the visceral pleura, as previously
described. Conditions associated with an increased risk of
pneumothorax while patients undergo mechanical ventilation
include ARDS, COPD, asthma, fibrotic lung diseases, aspira-
tion pneumonia, necrotizing pneumonia, and right mainstem
bronchus intubation (100).

More recently conducted studies in mechanically ventilated
patients with acute lung injury or ARDS have reported pneu-
mothorax occurrence rates between 7% and 42% (128–133).
The relationship of barotrauma and pneumothoraces to ven-
tilatory pressures in patients with ARDS continues to be de-
bated given earlier studies that suggested a causal relationship.
Gammon et al. (128) observed that of 139 patients requiring
mechanical ventilation for various diagnoses, the group with
pneumothoraces had higher peak inspiratory pressure (PIP) (55
vs. 44 cm H 2O) and levels of PEEP (7.7 vs. 3.3 cm H 2O). When
patients with ARDS and those with other diagnoses were an-
alyzed separately, however, no differences in airway pressures
were found between patients with and without pneumotho-
races. In a subsequent study by Gammon et al. (129) of 168
patients, trends toward higher airway pressures were observed;
however, multivariate analysis revealed that only the presence
of ARDS was independently correlated with the development
of a pneumothorax. Weg et al. (131), in their study of 725 pa-
tients with ARDS, observed no differences in PIP, mean airway
pressure, levels of PEEP, or delivered tidal volumes between
patients who had a pneumothorax and/or air leak and those
who did not. In the study by Amato et al. (132), however, the
pneumothorax rate in conventionally ventilated patients with
a tidal volume of 12 mL/kg and average plateau pressure of
38 cm H 2O was 42% compared to patients ventilated with a
lung protective strategy with a tidal volume of 6 mL/kg and
average plateau pressure of 24 cm H 2O.

The patient requiring mechanical ventilation usually be-
comes symptomatic after developing a pneumothorax because
of the underlying lung parenchymal disease, and this compli-
cation should be suspected whenever a sudden clinical deteri-
oration occurs. If conscious, the patient becomes dyspneic and
tachypneic and may become dyssynchronous with the ventila-
tor; worsening oxygenation is often seen. Peak inspiratory pres-
sures may increase with a coexisting decrease in lung compli-
ance. A significant percentage of patients will develop a tension
pneumothorax. A heightened suspicion for development of a
pneumothorax should be maintained in patients who exhibit
other forms of barotrauma, such as subcutaneous emphysema,
pneumomediastinum, and subpleural air cysts.

Te nsion Pne umot horax

A tension pneumothorax occurs when intrapleural pressure ex-
ceeds atmospheric pressure throughout expiration, and often
inspiration as well. This develops when a break in the visceral
or parietal pleura produces a one-way valve that is open dur-
ing inspiration, allowing air to enter the pleural space, but is
closed during expiration, preventing the egress of air collecting
in the pleural space (92). Tension pneumothoraces most com-
monly develop as a complication of mechanical ventilation—
barotrauma or volutrauma—or as a result of blunt and pene-
trating thoracic trauma, although tension pneumothoraces can
occur in 1% to 4% of patients with spontaneous pneumotho-

races (134,135). Attempts at CVC placement in patients receiv-
ing positive pressure ventilation may also cause tension pneu-
mothoraces, with delayed presentations having been reported
(136). It is important to consider the presence of a tension
pneumothorax in the differential diagnosis of a patient with
pulseless electrical activity (electromechanical dissociation) un-
dergoing cardiopulmonary resuscitation (CPR).

Tension pneumothorax usually presents as an acute car-
diopulmonary emergency beginning with respiratory distress
and, if unrecognized and untreated, progresses to cardiovas-
cular collapse and death. Conscious patients with tension
pneumothorax appear acutely ill with dyspnea, tachypnea,
tachycardia, diaphoresis, and cyanosis. Patients with tension
pneumothorax often exhibit decreased ipsilateral breath
sounds, hyperresonance to percussion, distended neck veins,
tracheal deviation to the contralateral side, and hypoten-
sion. Caveats to the aforementioned findings are that severe
parenchymal disease or airway obstruction, coupled with the
noise generated by ventilator cycling, may cause difficulty in
appreciating differences between the hemithoraces, and disten-
sion of the neck veins may not be present in patients who are
volume depleted. The absence of physical exam findings does
not completely exclude the diagnosis of a tension pneumotho-
rax. In the unconscious or critically ill patient, worsening oxy-
genation may be one of the earliest signs. Increases in airway
peak and plateau pressures and decreases in compliance are of-
ten observed in mechanically ventilated patients. During hand
bagging of the patient, increased pressure requirements to de-
liver breaths and difficulty in delivering adequate tidal volume
may be noted. Increases in pulmonary artery diastolic pres-
sures may be seen in patients who have a Swan-Ganz catheter
in place (137).

On the chest radiograph in a patient with tension pneumo-
thorax, in addition to the pneumothorax, there is often shift of
the trachea and mediastinum to the contralateral side, ipsilat-
eral diaphragmatic depression, and increased distance between
contiguous ribs compared to the unaffected side. It should be
emphasized, however, that tension pneumothorax is a clinical
diagnosis, and these radiographic findings may be observed in
patients without physiologic evidence of a tension pneumo-
thorax. It should also be noted that patients may have car-
diopulmonary compromise due to a tension pneumothorax
without observing tracheal or mediastinal shift on chest ra-
diograph (138,139).

In one study of 16 ARDS patients with tension pneumo-
thorax, only 5 patients had subtle mediastinal shift (138). Of
these 16 patients, 11 had flattening of the diaphragm and 8
had depression of the diaphragm. Diaphragmatic abnormal-
ities may therefore be a more sensitive indicator of tension
pneumothorax in patients with ARDS. In 15 of the 16 patients,
the location of a loculated tension pneumothorax was subpul-
monic or paracardiac. Potential explanations for these obser-
vations include the presence of adhesions between the parietal
and visceral pleura, as documented in patients with ARDS,
which prevent lung collapse and spread of air throughout the
pleural space. In addition, the noncompliance of lungs in pa-
tients with ARDS may prevent collapse of the ipsilateral lung
and compression of the contralateral lung, allowing a small
volume of air to significantly increase intrapleural pressure
(138,139).

It is important to note that patients with ARDS can develop
tension pneumothoraces despite the presence of a chest tube on
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the ipsilateral side being placed for a previous pneumothorax
(138–141). In the 16 patients reported by Gobien et al. (138)
and the 3 patients reported by Ross et al. (139), all patients
had a functional ipsilateral chest tube and had localized pneu-
mothoraces. In a study by Heffner et al. (140), 14 patients had
recurrent pneumothoraces despite ipsilateral chest tubes, with
9 of the 14 having tension pneumothoraces. In the latter study,
12 of the 14 chest tubes had horizontal as opposed to vertical
placement on chest radiograph. The chest tubes in all 9 patients
with tension pneumothoraces had horizontal placement. Seven
of the 14 patients had subsequent CT scans, with the finding
that all 7 chest tubes were placed within interlobar fissures.
Thus, chest tubes placed into interlobar or posterior locations
may not drain anterior gas loculations, the most common loca-
tion of pneumothoraces in ARDS patients (101,142), allowing
for development of localized tension pneumothoraces. In the
patient reported by McConaghy and Kennedy (141), the chest
tube was intraparenchymal.

Manag e me nt of Pne umot horace s
and Te nsion Pne umot horace s

Most critically ill patients in the ICU will have poor cardiopul-
monary reserves and may be unable to tolerate a pneumotho-
rax, even in the absence of tension physiology. In nonventilated
patients who are hemodynamically stable and have adequate
oxygenation and ventilation, simple pneumothoraces that oc-
cur as a result of a procedure and are small may reasonably
be managed with close observation and monitoring with serial
radiographs. Patients with secondary pneumothoraces who re-
quire ICU care will usually require chest tube placement be-
cause of their poor pulmonary reserve. Patients who are not
receiving positive pressure ventilation, but are hemodynami-
cally unstable, should be treated with chest tube thoracostomy,
since the additive effects of development of hypoxia or early
tension physiology could quickly precipitate cardiopulmonary
arrest.

In general, chest tube thoracostomy should be performed in
mechanically ventilated patients with a pneumothorax of any
size given the significant risk of progression to a tension pneu-
mothorax. Attempts to decrease plateau airway pressures, tidal
volumes, and PEEP should be considered if possible after de-
velopment of a pneumothorax in patients receiving mechanical
ventilation. Controlled hypoventilation with the use of neuro-
muscular blockers or deep sedation may be required in some
patients to achieve these goals. For patients with ARDS and
recurrent pneumothoraces, the chest tube attempts should be
made to place anteriorly where the loculation is most likely to
occur. In those patients with recurrent pneumothoraces who
are stable for transport to the radiology department, we ad-
vocate the use of CT-guided percutaneous drainage, as blind
placement of chest tubes into loculi may be difficult (143,144).
When extra-alveolar gas is observed in the absence of a pneu-
mothorax, similar attempts to decrease plateau pressure, tidal
volume, and PEEP should be considered. No evidence exists
that placement of “prophylactic” chest tubes will prevent these
patients from suffering a subsequent pneumothorax. These pa-
tients should be closely monitored for development of a tension
pneumothorax, and equipment to perform an emergent bedside
tube thoracostomy should be available.

The development of a tension pneumothorax represents a
medical emergency, and the deteriorating patient should be
treated based on clinical presentation without waiting for ra-
diographic confirmation. In one series of 74 patients with ten-
sion pneumothorax, a diagnosis was made clinically in 45
patients (61% ), and these patients had an attributable mor-
tality of 7% . In the remaining 29 patients, diagnosis was de-
layed between 30 minutes and 8 hours; 31% of these patients
died of pneumothorax (145). If a chest tube is not immediately
available, a large-bore needle or intravenous catheter should
be inserted into the pleural space through the second inter-
costal space at the midclavicular line. Escape of air from the
needle confirms the diagnosis. After decompression, the needle
or catheter should be left in place and in communication with
the atmosphere until definitive chest tube thoracostomy is per-
formed. As previously mentioned, a high index of suspicion for
tension pneumothorax should be maintained for patients who
are in cardiac arrest and exhibit pulseless electrical activity.

BRONCHOPLEURAL FISTULA
IN THE INTENSIVE CARE UNIT

A bronchopleural fistula (BPF) represents a communication be-
tween the bronchial tree and the pleural space. Bronchopleural
fistulae (BPFs) most commonly result from surgical procedures
including pneumonectomy, segmentectomy, and wedge resec-
tions of the lung, with an incidence of 1.6% to 6.8% (146).
The mortality in patients with BPFs following surgical resec-
tion is reported to be between 23% and 71% , usually due
to infectious complications (146–148). BPFs may also result
from blunt or penetrating chest trauma, pulmonary infarction,
and as a complication of pulmonary and pleural infections
such as tuberculosis, necrotizing pneumonia, lung abscess, or
empyema (149,150). Last, BPFs may result as a complication
of mechanical ventilation for acute respiratory failure, partic-
ularly in patients with ARDS, and, as such, represent a form
of barotrauma/volutrauma (149,151). For this discussion, we
will focus primarily on BPFs in the setting of patients requiring
mechanical ventilation.

BPF in the ventilated patient is defined as an air leak that
persists for more than 24 hours following placement of a chest
tube. BPFs in patients receiving mechanical ventilation may
present acutely with the development of a pneumothorax, with
or without tension, or with sudden expectoration of poten-
tially infected material from the pleural space, with flooding of
the ipsilateral and contralateral airways leading to respiratory
compromise.

Several potential adverse effects of a BPF in the mechan-
ically ventilated patient have been noted. Depending on the
size of the fistula, flow resistance through the fistula versus the
airways and lung parenchyma, and pressure gradient between
the airways and pleural space, air may be redirected from nor-
mal intrapulmonary routes to the BPF (152). This can cause
loss of effective tidal volume, which may lead to difficulty in
oxygenating and ventilating the patient and subsequent devel-
opment of life-threatening hypoxemia and respiratory acidosis
(151). If incomplete lung expansion due to the BPF is present,
ventilation/perfusion mismatching and shunt may occur. There
may be difficulty in maintaining PEEP with further decrements
in oxygenation (153,154). If a high level of chest tube suction is
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used, the negative pressure may be transmitted to the proximal
airways, causing inappropriate ventilator cycling (153,155).
Last, BPFs may cause pleural space infection or contamination
of the airways.

The amount of air flow through a BPF is typically esti-
mated by subtracting the expired tidal volume from the inspired
tidal volume as measured by the ventilator. This method, how-
ever, becomes increasingly inaccurate as the size of the leak
decreases, particularly when the size of the leak is less than
200 mL/breath (156). More accurate, albeit cumbersome,
methods have been developed to quantify the amount of flow
through a BPF (157–160). Air flows through BPFs have been
reported up to 22 L/min (157). It has been recognized that the
air escaping from a BPF does not flow passively from the air-
ways into the pleural space, but instead participates to some
degree in physiologic gas exchange. In two studies evaluating
CO 2 excretion by BPF in 15 patients, the percent of minute ven-
tilation lost through the BPF ranged from 4% to 53% , with 3%
to 44% of CO 2 excretion occurring via the BPF (161,162).

The development of a BPF has been regarded as a serious
and life-threatening complication of mechanical ventilation. In
one of the largest series reported—1,700 consecutive patients
receiving mechanical ventilation—Pierson et al. (163) observed
that 39 (2.3% ) patients developed a BPF. In that study, over-
all mortality in patients with BPF was 67% . Mortality was
higher in patients who developed a BPF late in their illness
(94% ) than when it occurred within 24 hours of admission
(45% ). Patients with air leaks greater than 500 mL/breath had
a mortality of 100% compared with a mortality of 57% in
patients with air leaks less than 500 mL/breath. Mortality was
also higher in patients with ARDS than in patients without—
81% versus 50% —and in patients with pleural space infections
compared to those without said infection—87% versus 54% .
A more recent ARDS study by Weg et al. (131), however, sug-
gested that mortality was not different between patients with
or without air leaks, 46% versus 39% , respectively. In that
study, however, the duration of mechanical ventilation was
4.3 ± 1.3 days, which may not be typical for many patients
with BPF, and the subset of patients with BPF was not analyzed
separately. It may be that the presence of a BPF is a marker for
severity of lung injury and by itself does not directly contribute
to mortality.

Manag e me nt of Bronchop le ural Fist ulae

Numerous interventions, listed in Table 144.3, have been pro-
posed in the management of BPFs. Many of these are based on
the concept of decreasing the pressure gradient between the air-
ways and the pleural space, with decreased air flow through the
fistula allowing for earlier closure. Although the various manip-
ulations theoretically make sense, they have not been evaluated
in controlled trials. The suggested changes in ventilator settings
may actually worsen oxygenation and ventilation in some pa-
tients with ARDS. We will discuss those interventions for which
some data are available in the following sections. In the ab-
sence of difficulty oxygenating or ventilating the patient, it is
unknown if active measures to close the BPF affects outcome.
Definitive therapy for BPFs includes surgical procedures such
as bronchial stump closure with thoracoplasty, myoplasty, or
omentoplasty, or completion pneumonectomy (146,148). Un-
fortunately, most critically ill patients will not be sufficiently

TA BLE 1 4 4 . 3

POTENTIAL OPTIONS FOR MANAGEMENT OF
BRONCHOPLEURAL FISTULA IN MECHANICALLY
VENTILATED PATIENTS

CHEST TUBE DRAINAGE
Adequate size chest tube
Drainage system with adequate ability to handle air leak
Additional chest tube placement if lung not fully expanded

REDUCE AIRWAY PRESSURES
Reduce delivered tidal volume
Use synchronized intermittent mandatory ventilation (SIMV)

instead of assist-control mode
Decrease level of positive end-expiratory pressure (PEEP)
Decrease inspiratory time (I:E ratio)
Avoid inspiratory pause
Minimize auto-PEEP

ALTERNATIVE MODES OF MECHANICAL
VENTILATION

High-frequency jet ventilation
High-frequency oscillatory ventilation
Independent lung ventilation

CHEST TUBE MANIPULATION
Decrease chest tube suction
Apply PEEP to chest tube
Inspiratory chest tube occlusion

DIRECT CLOSURE/OCCLUSION OF
BRONCHOPLEURAL FISTULA (BPF)

Surgical closure or resection
Endobronchial occlusion of BPF

Cyanoacrylate-based tissue adhesives
Fibrin sealants
One-way endobronchial valves
Stent placement

Pleurodesis
Blood patch
Talc
Doxycycline

stable to undergo these procedures and must be managed med-
ically. Adequate pleural space drainage, antibiotic therapy for
pleural space infections, and support of nutritional status is
vital in these patients.

Adequate chest tube drainage and full expansion of the lung
should be assessed in patients with BPF. An appropriately sized
chest tube should be placed, recognizing that air flow through
a chest tube is inversely proportional to the length and radius
to the fifth power of the tube. It has been suggested that a tube
with an internal diameter of 6 mm (18 Fr) is the smallest ac-
ceptable size because it will allow a maximum possible flow
rate of 15 L/minute at –10 cm H 2O (164). Our preference is to
use at least a 28 Fr chest tube in these patients. Placement of
additional chest tubes or CT-guided percutaneous catheters—if
the pleural space is complicated—should be considered if the
lung is not fully expanded. As with the chest tube, resistance to
flow of air through a chest tube drainage system may need to
be considered. In an animal model of BPF, when the size of air
leak reached 4 to 5 L/minute, the Thora-Klex and Sentinel Seal
systems become clinically impractical. The Pleur-Evac system
can handle flow rates up to 34 L/minute, although its use with



Chap t e r 144: Pleural Disease in the Intensive Care Unit 2183

rates greater than 28 L/min is impractical due to intense bub-
bling in the control chamber. The Emerson pump, which can
be set to deliver chest tube suction greater than –20 cm H 2O, is
capable of handling air flows up to 35 L/min and is the system
of choice for BPFs with extremely high flow rates (164).

Manipulation of the level of chest tube suction may affect
BPF air flow, and some authors have suggested using the least
amount of suction that maintains lung inflation (151,152).
An animal model demonstrated that increasingly negative in-
trapleural pressures increased air flow in large BPFs but had
no effect on small BPFs (165). Roth et al. (160) reported that
increasing chest tube suction from 0 to 22.5 cm H 2O increased
BPF flow in a patient from 24.6 to 26.7 L/minute. In a study of
six patients by Powner et al. (158), increasing chest tube suction
from 0 to 25 cm H2O increased BPF flow in two patients, had
no effect in two patients, and decreased flow in two patients. To
decrease air loss through the BPF and applied PEEP, some in-
vestigators have applied PEEP to the chest tube (154,166,167),
while others have devised systems to synchronously occlude the
chest tube during inspiration (168,169). A lack of success using
these methods has been noted by other investigators, however
(163). These techniques may pose a risk of increasing the size of
the pneumothorax or causing a tension pneumothorax; thus,
the patient should be closely monitored.

The goals of mechanical ventilation in patients with a BPF
are to maintain adequate oxygenation and ventilation while
reducing fistula flow. In general, strategies for conventional
mechanical ventilation that limit airway pressure and tidal vol-
umes may reduce the amount of air flow escaping through the
BPF and allow the fistulous site to heal. As such, it has been
recommended to use the lowest possible tidal volume, fewest
mechanical breaths per minute, lowest level of PEEP, and short-
est inspiratory time.

Alternative methods of mechanical ventilation have been
used in a few patients. High-frequency jet ventilation (HFJV)
and high-frequency oscillatory ventilation (HFOV) have been
used based on the principle that lower airway pressures may be
generated in these modes of ventilation and should, therefore,
decrease BPF air flow. In one animal model of BPF, an increase
in fistula flow was seen with increasing mean airway pressures,
and effects on flow were similar whether mean airway pres-
sure was changed by manipulating peak inspiratory pressure,
PEEP, or inspiratory:expiratory (I:E) ratios (165). In another
animal model, a nonsignificant trend toward increasing BPF
flow with increasing peak inspiratory pressures, and a signifi-
cant increase in BPF flow with increasing PEEP was observed
(170).

Several studies comparing HFJV and HFOV with conven-
tional ventilation using animal models have shown less BPF
air flow during HFJV and HFOV (171–174), although one
study using HFJV demonstrated no difference (175). In studies
reporting blood gases, improved oxygenation was seen dur-
ing HFJV and HFOV compared with conventional ventilation
(172–174). Increasing levels of PEEP were also noted to in-
crease BPF flow in two studies (171,175). It is problematic to
extrapolate these studies to patients in the ICU because the an-
imal models were cannulated in more proximal bronchi and
the lung parenchyma was relatively normal.

HFJV has been used successfully in BPF patients failing con-
ventional therapy (176–180). The two case series comparing
the use of HFJV with conventional ventilation have reported
disappointing results. In one study, HFJV was of clinical value

in only two of the seven patients (159). In that study, no change
in the air leak was observed in three patients; one had an un-
acceptable decline in oxygenation, and one patient disliked the
sensation of HFJV and refused further therapy. In the other
series of seven patients, no significant decrease in BPF flow
was seen, while three patients had an increase in the air leak
despite a decrease in peak airway pressures (181). Oxygena-
tion deteriorated in six of the seven patients when switched
to HFJV.

Other modes of mechanical ventilation have also been used
in patients with BPF. Case reports have reported independent
lung ventilation to be of benefit (182–184). Case reports of
combining independent lung ventilation with high-frequency,
low tidal volume ventilation of the affected lung (185) and
HFJV of the affected lung have been published (186,187). Dif-
ferential lung ventilation using a single ventilator and a variable
resistance valve attached to one lumen of a bifurcated endotra-
cheal tube has also been described (188,189). Discussion of
the techniques of independent lung ventilation and its atten-
dant difficulties is beyond the scope of this chapter, and the
reader is referred to other reviews (190,191).

Because many critically ill patients are unable to tolerate a
major thoracic procedure, bronchoscopic techniques may pro-
vide viable alternatives for closure of BPFs. Endobronchial oc-
clusion of BPFs has been reported with cyanoacrylate-based
tissue adhesives (Histoacryl, Bucrylate), fibrin sealants (Tis-
seal, Hemaseal, thrombin plus fibrinogen or cryoprecipitate),
absorbable gelatin sponge (Gelfoam), vascular occlusion coils,
doxycycline and blood, Nd:YAG laser, silver nitrate, and lead
shot (192–194). The agent initially seals the leak by acting
as a plug and subsequently induces an inflammatory process
with fibrosis and mucosal proliferation, permanently sealing
the area. Of these techniques, the uses of cyanoacrylate tissue
adhesives and fibrin sealants have been most widely reported.
Airway stents may be used to cover and seal the fistula in se-
lected patients depending on the location of the fistula. BPFs
due to breakdown of a stump after lobectomy or pneumonec-
tomy, or bronchial dehiscence after lung transplantation or
bronchoplastic procedures are the most amenable to successful
closure with airway stenting. More recently, the successful clo-
sure of BPFs using bronchoscopic placement of endobronchial
valves designed for emphysema has been described (195–197).

Pleurodesis with various agents has also been tried to ef-
fect closure of BPFs. Autologous “blood patch” pleurodesis
has been described to be effective in some patients (198–200).
Pleurodesis with fibrin glue has also been reported (201,202).
However, none of these patients was undergoing mechanical
ventilation at the time of pleurodesis.

COMPLICATIONS OF
THORACENTESIS AND CHEST

TUBE THORACOSTOMY

Thorace nt e sis

The most common complication of diagnostic or therapeu-
tic thoracentesis is pneumothorax. The rate of pneumotho-
rax with blind thoracentesis in nonventilated patients has been
reported to be between 4% and 30% in prospective studies
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(16–20). As previously noted, the 5% to 10% rate of pneu-
mothorax in mechanically ventilated patients undergoing blind
thoracentesis is similar to that of nonventilated patients (21–
23). Pneumothorax may be more common following therapeu-
tic thoracentesis than diagnostic thoracentesis, although this
was not confirmed in other studies. The incidence of pneu-
mothorax following thoracentesis appears to be less with ul-
trasound guidance in both nonventilated and mechanically ven-
tilated patients (6–8,20,24). Hemothorax has been reported in
0.8% and 1.2% of patients (17,203). Other infrequent com-
plications with an incidence less than 1% include laceration of
intercostal vessels, liver and splenic puncture, intra-abdominal
hemorrhage, catheter shearing with retained catheter in the
pleural space, and systemic air embolism (17,18,203).

Che st Tub e Thoracost omy

The complication rate for chest tube placement, excluding re-
current pneumothorax, is low, ranging from 1% to 3% when
placed for acute trauma (204–206). Reported complications in
these studies were empyema (1% –3% ), lung parenchyma per-
foration (0.2% –0.6% ), diaphragmatic perforation (0.4% ), and
subcutaneous placement (0.6% ). In an analysis of 126 chest
tube placements by pulmonologists at a teaching hospital, the
complication rate was 11% , although 10 of the 14 reported
complications were related to clotting, kinking, or dislodgment
of the chest tube (207). Pulmonary laceration was reported in
one patient (0.8% ), and subcutaneous placement was noted in
one patient (0.8% ).

In addition to empyema, chest tube malposition is the most
common complication of chest tube thoracostomy. In a study
of 77 chest tubes placed emergently in 51 trauma patients, sub-
sequent assessment by CT scanning revealed malpositioning in
20 of the 77 (26% ) chest tubes (208). Two chest tubes were
subcutaneous, five were intraparenchymal, and nine were in-
trafissural. Insufficient information was available to determine
intraparenchymal versus intrafissural tube placement in four
patients. Sixteen of the 20 (80% ) chest tube malpositions were
associated with persistent pneumothoraces and hemothoraces,
including 2 under tension. Of the five intraparenchymal chest
tubes documented at CT, only one could be diagnosed by chest
radiograph, and only four of the nine intrafissural chest tubes
were noted on chest radiograph. Delayed pulmonary perfora-
tion by a chest tube has been reported (209), and autopsies have
noted perforations that were not clinically suspected (210).

In addition to perforation of the lung, perforation of di-
aphragm and intra-abdominal organs (spleen, liver, stomach,
and colon) has been reported (205,211). These complications
are more likely with the use of a trocar. We and others (211)
believe that the trocar should never be used. Exploration of the
pleural space with a finger should be done prior to tube inser-
tion to confirm placement into the pleural space and to assess
for the presence of pleural adhesions and adhesion of the lung
to the chest wall, which increases the risk of pulmonary per-
foration. Other complications include perforation of the right
ventricle and right atrium (212,213), cardiogenic shock due to
chest tube compression of the right ventricle (214), mediastinal
perforation and contralateral hemothorax and pneumothorax
(215,216), bleeding from intercostal artery injury (217), and
infection at the chest tube site.

Re -e xp ansion Pulmonary Ed e ma

Re-expansion pulmonary edema (RPE) represents one of the
most potentially life-threatening complications of therapeutic
thoracentesis and chest tube thoracostomy for pleural effusion
and pneumothorax. RPE has also been reported following re-
expansion of atelectasis from endobronchial obstruction and
right mainstem bronchus intubation (218–220). Patients de-
veloping significant hypoxemia from RPE will often require
admission to the ICU. The precise incidence of RPE is un-
known. In two series of 400 and 375 cases of spontaneous
pneumothorax, no cases of RPE were noted (221,222). Mat-
suura et al. (223), however, reported that 14% of 146 patients
treated for spontaneous pneumothorax developed RPE. In a
series of 320 patients with spontaneous pneumothorax, Rozen-
man et al. (224) observed a 0.9% incidence of RPE, which is
likely to best represent the clinical occurrence of RPE. To our
knowledge, no studies have been done evaluating the incidence
or clinical course of RPE in ICU patients undergoing thoracen-
tesis or chest tube placement. In the study by Matsuura et al.
(223), 8 of the 21 patients with RPE were reported as having
tension pneumothoraces.

Clinical signs and symptoms include cough, chest tightness
or chest pain, dyspnea, tachypnea, tachycardia, and ipsilat-
eral crackles. Patients may produce pink frothy sputum or
have frank hemoptysis. The onset of symptoms is immediate
or within 1 hour of thoracentesis or chest tube placement in
two thirds of patients but may be delayed up to 24 hours (225).
Infiltrates are almost always ipsilateral to the side of the pneu-
mothorax or effusion, although contralateral infiltrates alone
and bilateral infiltrates have been reported (226). Focal infil-
trates corresponding to areas of atelectasis produced by the
effusion or pneumothorax have also been reported. RPE has
been reported to occur primarily in chronically collapsed lungs.
In a review of reported cases by Mahfood et al. (225), however,
8 of 47 (17% ) patients and 9 of the 21 (43% ) patients in the
series of Matsuura et al. (223) had pneumothoraces for less
than 24 hours.

Although hypoxemic respiratory failure is a well-recognized
complication of RPE, it may not be appreciated that RPE may
cause hypotension and cardiovascular collapse. Several case
reports have noted severe hypotension with RPE despite ade-
quate oxygenation in some patients (227–230). In patients in
whom a Swan-Ganz catheter was placed, a low cardiac out-
put, a low or normal PCWP, and normal systemic vascular re-
sistance were uniformly observed (227–230). Hemoconcentra-
tion was noted in some patients, suggesting that third-spacing
of fluids into the lung accounted for part of the hypotension
(230). Many of these patients remained hypotensive despite
administration of large amounts of intravenous fluids and va-
sopressor agents, however, and mortality was 40% (four of ten
patients).

Treatment of RPE is mainly supportive, with mechanical
ventilation and PEEP being the mainstay of therapy. Diuret-
ics and corticosteroids have been used by some clinicians, al-
though evidence that they are of benefit is lacking. In patients
with hypotension, administration of intravenous fluids and va-
sopressor agents may be necessary. The development of RPE
carries a substantial mortality. In a review of 53 reported cases
of RPE, Mahfood et al. (225) noted an observed mortality
of 20% .
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CHAPTER 145 ■ MASSIVE HEMOPTYSIS
MICHAEL A. JANTZ r VEENA B. ANTONY

Hemoptysis is defined as the expectoration of blood that orig-
inates from the lower respiratory tract. Pseudohemoptysis is
the expectoration of blood from a source other than the lower
respiratory tract such as the nares, oropharynx, larynx, or the
gastrointestinal tract. Massive hemoptysis is defined as expec-
toration of blood exceeding 200 to 1,000 mL over a 24-hour
period, with expectoration of greater than 600 mL in 24 hours
being the most commonly used definition (1).

In practice, the rapidity of bleeding and ability to maintain
a patent airway are critical factors; life-threatening hemopty-
sis can alternatively be defined as the amount of bleeding that
compromises ventilation (2). Only 3% to 5% of patients with
hemoptysis have a massive bleed, with the mortality rate rang-
ing from 20% to as high as 80% in some case series (3–6). Most
patients who die from massive hemoptysis do so from asphyx-
iation secondary to airway occlusion by clot and blood—not
from exsanguination. Prognostic factors associated with an in-
creased risk of death from massive hemoptysis include bleeding
in excess of 1,000 mL/24 hours, hemoptysis due to neoplasms,
radiographic evidence of aspiration, and hemodynamic insta-
bility (3,7,8).

ETIOLOGY OF MASSIVE
HEMOPTYSIS

The causes of massive hemoptysis are listed in Table 145.1. Vir-
tually all causes of hemoptysis may result in massive hemopty-
sis. Infections associated with bronchiectasis, tuberculosis, lung
abscess, and necrotizing pneumonia are commonly responsible
for the massive bleeding. Other common causes include bron-
chogenic carcinoma, mycetoma, invasive fungal diseases, chest

trauma, cystic fibrosis, pulmonary infarction, and coagulopa-
thy. Although massive hemoptysis is usually due to bleeding
from the bronchial circulation, alveolar hemorrhage due to
conditions such as Wegener granulomatosis and Goodpasture
syndrome may occasionally cause massive hemoptysis (Table
145.2).

ANATOMIC SOURCES
OF HEMPOTYSIS

The sources of lower respiratory tract bleeding include the
pulmonary and bronchial circulations. The pulmonary circu-
lation is a low-pressure circuit when normal pulmonary artery
pressures are present. The pulmonary arteries supply blood
to the pulmonary parenchyma. The bronchial circulation con-
sists of the bronchial arteries, which originate from the aorta
and have systemic arterial pressures, and the bronchial veins,
which drain into the systemic veins to the right side of the heart.
The bronchial and pulmonary circulations are normally inter-
connected by a bronchopulmonary anastomosis near the junc-
tion of the terminal and respiratory bronchioles. The bronchial
arteries are the main source of blood to the airways, large
branches of the pulmonary vessels, and supporting structures
of the lung. The bronchial arteries feeding the proximal air-
ways, such as the trachea and mainstem bronchi, drain into
bronchial veins, which empty into the right side of the heart.
Bronchial arteries serving the intrapulmonary airways and lung
parenchyma drain through the bronchopulmonary anastomo-
sis into the pulmonary veins, which empty into the left side of
the heart. Angiographic studies of patients with active hemop-
tysis have demonstrated that the bronchial artery circulation
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TA BLE 1 4 5 . 1

POTENTIAL CAUSES OF MASSIVE HEMOPTYSIS

NEOPLASM
Bronchogenic cancer
Metastasis (parenchymal or endobronchial)

Carcinoid
Leukemia

INFECTIOUS
Lung abscess
Bronchiectasis
Tuberculosis
Necrotizing pneumonia
Fungal pneumonia
Septic pulmonary emboli
Mycetoma (aspergilloma)

PULMONARY
Bronchiectasis
Cystic fibrosis
Sarcoidosis (fibrocavitary)
Diffuse alveolar hemorrhage
Airway foreign body

CARDIAC/VASCULAR
Mitral stenosis
Pulmonary embolism/infarction
Arteriovenous malformation
Bronchoarterial fistula
Ruptured aortic aneurysm

CONGESTIVE HEART FAILURE
Pulmonary arteriovenous fistula

IATROGENIC/TRAUMATIC
Blunt or penetrating chest trauma
Tracheal/bronchial tear or rupture
Tracheoinnominate artery fistula
Bronchoscopy
Pulmonary artery rupture from pulmonary artery catheter
Endotracheal tube suctioning trauma

HEMATOLOGIC
Coagulopathy
Disseminated intravascular coagulation
Thrombocytopenia

DRUGS/TOXINS
Anticoagulants
Antiplatelet agents
Thrombolytic agents
Crack cocaine

is responsible for bleeding in approximately 90% of cases (9).
Bronchial arteries arise directly or indirectly from the thoracic
aorta at the level of the third through the eighth thoracic ver-
tebrae, originating most commonly at the level of the fifth and
sixth vertebrae.

The bronchopulmonary anastomosis may increase in size
due to chronic inflammatory conditions such as bronchiecta-
sis, cystic fibrosis, and tuberculosis (10). New collateral vessels
from bronchial arteries or other intrathoracic systemic arteries
may also develop in chronic inflammatory conditions.

TA BLE 1 4 5 . 2

CAUSES OF ALVEOLAR HEMORRHAGE

Goodpasture syndrome
Vasculitis/collagen vascular disease

Wegener granulomatosis
Microscopic polyangiitis
System lupus erythematosus
Mixed connective tissue disorder
Systemic sclerosis (scleroderma)
Rheumatoid arthritis
Henoch-Schonlein purpura
Mixed cryoglobulinemia
Behçet syndrome

Diffuse alveolar damage
Antiphospholipid syndrome
Idiopathic pulmonary hemosiderosis
Hematopoietic stem cell/bone marrow transplantation
Coagulopathy
Mitral stenosis
Lymphangioleiomyomastosis
Drugs/ toxins

Isocyanates
Trimellitic anhydride
D-penicillamine
Nitrofurantoin
All-trans retinoic acid
Crack cocaine

INITIAL EVALUATION
A detailed history and physical examination should be per-
formed. Patients with a history of tuberculosis may have bleed-
ing from rupture of a pulmonary artery aneurysm in the cavity
lumen, known as a Rasmussen aneurysm, or by breakdown of
bronchopulmonary anastomoses within the wall of old cavities
(11). Bronchogenic carcinoma should be suspected in smokers
older than 40 years of age. Repeated episodes of hemoptysis
over months to years suggest bronchiectasis or a carcinoid tu-
mor. Chronic sputum production predating the hemoptysis im-
plies a diagnosis of chronic bronchitis, bronchiectasis, or cystic
fibrosis. Pulmonary embolism should be suspected in patients
with a history of deep venous thrombosis or risk factors for
pulmonary thromboembolism. A febrile illness with sputum
production, night sweats, and weight loss suggests a lung ab-
scess or tuberculosis. Excessive anticoagulation, thrombolytic
therapy, and coagulopathy may also cause hemoptysis (12,13).
In children with hemoptysis, the most likely diagnoses are car-
cinoid tumors, vascular anomalies, and aspiration of foreign
bodies (14,15). Alveolar hemorrhage should be suspected in
patients with dyspnea, hypoxemia, and diffuse pulmonary in-
filtrates. The triad of upper airway disease, lower airway dis-
ease, and renal disease suggests Wegener granulomatosis (16).
Goodpasture syndrome should be suspected in young men with
alveolar hemorrhage and microscopic or macroscopic hema-
turia (17). Patients with a history of systemic lupus erythe-
matosus may develop alveolar hemorrhage at any time during
the course of their disease, and alveolar hemorrhage may be
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the initial manifestation (18). Alveolar hemorrhage should be
considered in patients with diffuse pulmonary infiltrates who
have recently undergone hematopoietic stem cell or bone mar-
row transplantation (19). Although an uncommon cause of
hemoptysis, a tracheoinnominate artery fistula is an important
consideration in patients with tracheostomy (20,21). The peak
incidence is between the first and second week, although hem-
orrhage can occur as early as 48 hours and as late as 18 months
after the procedure. A sentinel self-limited bleed is observed in
35% to 50% of patients. Trauma from suctioning, particu-
larly in the setting of abnormal coagulation, may also cause
hemoptysis in patients with a tracheostomy tube or in those
who are intubated with an endotracheal tube. The possibility
of traumatic rupture of a pulmonary artery should be con-
sidered in patients with a pulmonary artery catheter in place
(22,23).

Physical Examinat ion

The physical examination may provide clues to the diagnosis
of massive hemoptysis. A saddle nose deformity and/or septal
perforation suggest Wegener granulomatosis. Stridor or uni-
lateral wheezing indicates a possible laryngeal tumor, tracheo-
bronchial tumor, or airway foreign body. Pulmonary embolism
should be considered in patients with tachypnea, a pleural fric-
tion rub, and lower extremity phlebitis. Diffuse rales on exam-
ination raise the possibility of diffuse alveolar hemorrhage, dif-
fuse parenchymal lung disease, or cardiac disease as the cause
of the hemoptysis. The presence of telangiectasias of the skin
or mucous membranes suggests hereditary hemorrhagic telang-
iectasia or a connective tissue disease as the cause. Ecchymoses
or petechiae suggest a hematologic abnormality or coagulopa-
thy. Clubbing of the fingers may be a sign of a lung carcinoma,
bronchiectasis, and cystic fibrosis. The finding of pulsation of
the tracheostomy tube is of concern for the development of a
tracheoinnominate fistula.

Lab orat ory St ud ie s

Laboratory studies, including a complete blood count (CBC),
coagulation studies, urinalysis, and chest radiograph, should
be obtained in all patients. The CBC may suggest an infec-
tious process or hematologic disorder as the cause of hemop-
tysis and indicates the need for blood transfusion. Coagulation
studies may provide evidence for a hematologic disorder as the
cause for the hemoptysis, or may identify a coagulopathy that
is causing or contributing to the bleeding from another disease.
Hematuria may be noted on urinalysis, which suggests the di-
agnosis of Goodpasture syndrome, Wegener granulomatosis,
or another systemic vasculitis.

Che st Rad iog rap h

The chest radiograph is an important study to identify the cause
and side of bleeding. The chest radiograph may demonstrate
abnormalities such as lung masses, cavitary lesions, atelecta-
sis, focal infiltrates, and diffuse infiltrate. Single or multiple
pulmonary cavities suggest neoplasm, tuberculosis, fungal dis-
ease, lung abscess, septic pulmonary emboli, parasitic infection,

or Wegener granulomatosis as the cause for hemoptysis. The
presence of a mass within a cavitary lesion indicates a possible
mycetoma (aspergilloma). The appearance of a new air–fluid
level in a cavity or infiltrate around a cavity is suggestive of
the site of bleeding. A solitary pulmonary nodule that has ves-
sels going toward the nodule may be an arteriovenous malfor-
mation. Diffuse pulmonary infiltrates suggest diffuse alveolar
hemorrhage (Table 145.2), bleeding from coagulopathy, lung
contusions from blunt chest trauma, hemorrhage with multiple
areas of aspiration, or pulmonary edema with a cardiac cause
for hemoptysis. Chest radiographs may be normal or nonlo-
calizing in 20% to 45% of patients (24,25).

Comp ut e d Tomog rap hy

The role of computed tomography (CT) in the management
of massive hemoptysis is somewhat controversial. CT may
demonstrate abnormalities that are not visible on the chest ra-
diograph. It is helpful in the diagnosis of bronchiectasis (26),
although abnormalities from bronchiectasis can usually be ap-
preciated on the chest radiograph. CT with contrast may detect
pulmonary emboli, thoracic aneurysms, or arteriovenous mal-
formations. CT scans may also demonstrate cavitation with a
surrounding infiltrate, the halo sign, which suggests a necro-
tizing infection such as aspergillosis or mucormycosis (27,28).
Some studies have noted that CT scanning before broncho-
scopy may increase the yield of bronchoscopy (29). In one ret-
rospective study of 80 patients with large or massive hemopty-
sis, chest CT was superior to chest radiograph or bronchoscopy
in determining the cause of bleeding and was similar to bron-
choscopy in successfully localizing the site of bleeding (30).
Some authors have argued that transport of the potentially un-
stable patient with massive hemoptysis may not be judicious,
however. The patient should be adequately stabilized prior to
obtaining a chest CT.

Ang iog rap hy

Angiography can determine the site of bleeding in 90% to 95%
of cases. However, in one case series, the routine use of di-
agnostic angiography provided a diagnosis not identified on
bronchoscopy in only 4% of patients (31). Angiography can
be helpful in detecting a pseudoaneurysm that has formed af-
ter healing of a pulmonary artery tear from pulmonary artery
catheterization (32). As previously noted, the bronchial arter-
ies and other collateral systemic arteries account for the source
of bleeding in most cases of massive hemoptysis. Pulmonary
angiography is usually performed only when there is suspi-
cion for pulmonary aneurysms, arteriovenous malformations,
and pulmonary embolism. Technetium-labeled red blood cell
or colloid studies rarely provided any information that is not
obtained by bronchoscopy and chest CT. The use and timing
of bronchoscopy will be discussed in a subsequent section.

Ot he r St ud ie s

Depending on the suspected causes of massive hemoptysis, ad-
ditional studies may be indicated. For potential infections, spu-
tum and bronchoscopic specimens should be sent for bacterial
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cultures, fungal stains and cultures, viral cultures, acid-fast
bacilli stains, and mycobacterial cultures. Bronchoalveolar
lavage (BAL) specimens may also be sent for cytology, with
special stains to evaluate for fungi, Pneumocystis, viruses, pro-
tozoa, and parasites. Bronchoscopic specimens should be ob-
tained if a neoplasm if suspected. Echocardiography may be
performed if a cardiac cause is possible. If diffuse alveolar hem-
orrhage syndromes are suspected, laboratory testing, including
antiglomerular basement membrane antibody, antineutrophilic
cytoplasmic antibody, antinuclear antibody, rheumatoid fac-
tor, complement levels, cryoglobulins, rheumatoid factor, and
antiphospholipid antibodies, should be performed depending
on the causes that are being considered. Transbronchial lung
biopsy, open lung biopsy, or kidney biopsy may be indicated in
some cases of alveolar hemorrhage to establish a diagnosis.

MANAGEMENT OF MASSIVE
HEMOPTYSIS

Airway Pro t e ct ion and St ab ilizat ion

Once the diagnosis of massive hemoptysis is established, the
initial priorities are to protect the airway and stabilize the pa-
tient. In general, the patient with massive hemoptysis should be
monitored in the ICU setting, even if intubation and mechani-
cal ventilation are not required. Large-bore IV access should be
established and supplemental oxygen provided. Blood should
be drawn for a CBC, arterial blood gas analysis, coagulation
studies, electrolytes, renal function tests, and liver function
tests. The patient should be type and cross-matched for blood,
and 4 to 6 units of packed red blood cells should always be
available. Correction of thrombocytopenia and coagulopathy,
if present, with appropriate blood products should be consid-
ered. Attempts to lateralize the site of bleeding should be made
in anticipation of steps to prevent aspiration into the nonbleed-
ing lung. The patient may be positioned in a lateral decubitus
position with the bleeding lung down.

Airway patency must be ensured in patients with massive
hemoptysis, as deaths from this process are predominantly due
to asphyxiation. Most patients with ongoing massive hemop-
tysis will require intubation and mechanical ventilation, al-
though select patients who are not hypoxemic and are able
to keep the airway clear on their own may not require intu-
bation. Although intubation generally preserves oxygenation
and facilitates blood removal from the lower respiratory tract,
the endotracheal tube (ET) can become obstructed by blood
clots, leading to the inability to oxygenate and ventilate the
patient. The largest possible ET should be inserted to allow the
use of bronchoscopes with a 2.8 to 3.0 mm working channel
for more effective suctioning and to allow for better ventilation
with the bronchoscope in the airway for prolonged periods of
time. In severe cases, the mainstem bronchus of the nonbleed-
ing lung can be selectively intubated under bronchoscopic guid-
ance to preserve oxygenation and ventilation from the normal
lung.

Some authors have recommended the use of a double-lumen
ET to isolate the normal lung and permit selective intubation.
Although double-lumen endotracheal tubes have been used
successfully in the airway management of massive hemopty-
sis, there are several potential pitfalls. First, placement of a

double-lumen ET is difficult for less-experienced operators,
particularly with a large amount of blood in the larynx and
oropharynx. Second, the individual lumens of the ET are sig-
nificantly smaller than a standard ET and are at significant risk
of being occluded by blood and blood clots. Last, positioning
of the double-lumen ET and subsequent bronchoscopic suc-
tioning of the distal airways requires a small pediatric bron-
choscope with working channels of 1.2 to 1.4 mm. Adequate
suctioning of large amounts of blood and blood clots through
such bronchoscopes is extremely problematic. In one series of
62 patients with massive hemoptysis, death occurred in 4 of 7
patients managed with a double-lumen ET due to loss of tube
positioning and aspiration (33). In general, we do not recom-
mend the use of double-lumen ETs for airway management
in massive hemoptysis. As an alternative to selective mainstem
bronchial intubation or intubation with a double-lumen ET, an
ET that incorporates a bronchial blocker, such as the Univent
tube, may be used.

Localizat ion of Source and
Cause of He mop t ysis

Once the patient is stabilized and airway patency is achieved,
the source of bleeding should be localized as precisely as pos-
sible, and the cause of bleeding should be determined. Identi-
fication of the cause and location of the bleeding potentially
allows for more specific therapy. Methods of localization in-
clude patient history, physical examination, chest radiograph,
chest CT, bronchoscopy, and angiography. In one study of 105
patients with hemoptysis, patients themselves were able to lo-
calize the side of bleeding in 10% of cases but with an accuracy
of 70% when able to do so (34). Localization by a physical
examination performed by a physician was possible in 43%
of patients. Chest radiographs were able to localize bleeding
in 60% of cases. Bronchoscopy was accurate in localizing the
source of bleeding in 86% of patients. In another study, 9 of
24 patients were able to accurately localize the side of their
bleeding (35). Chest radiographs should be routinely obtained
to help localize the source of bleeding and determine the cause.
As discussed earlier, chest CT may provide additional informa-
tion beyond the chest radiograph, and may be more accurate
in localizing the bleeding and determining the cause, although
concerns about transporting a potentially unstable patient out
of the ICU exist (36,37). Bronchoscopy and angiography re-
main the modalities for localizing the source of hemoptysis
and offer potential therapeutic intervention.

Early—rather than delayed—bronchoscopy should be per-
formed to increase the likelihood of localizing the source of
bleeding. Bronchoscopy performed within 48 hours of bleed-
ing onset successfully localized bleeding in 34% to 91% of
patients, depending on the case series, as compared to suc-
cessful localization in 11% to 52% of patients if delayed bron-
choscopy was performed (38). Bronchoscopy performed within
12 to 24 hours may provide an even higher yield. Bedside flexi-
ble bronchoscopy should not be performed to establish a diag-
nosis of a tracheoarterial fistula such as a tracheoinnominate
fistula (39,40). Bronchoscopy may be performed in the patient
with a tracheostomy tube and hemoptysis to exclude bleeding
from suction trauma, tracheitis, granulation tissue, and lower
respiratory tract disorders. If no other causes for hemoptysis
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can be found, or if the observation that anterior and downward
pressure on the cannula at the level of the stomal site or over-
inflation of the tracheostomy tube slows down the bleeding, a
surgical consultation should be obtained. The tracheostomy
balloon should not be deflated, and the tracheostomy tube
should not be removed without protecting the airway below
the tracheostomy tube. The patient should be brought to the
operating room for further examination with preparations for
surgical repair in place.

Bronchoscop ic The rap ie s t o
Cont ro l He mop t ysis

Endobronchial tamponade via flexible bronchoscopy can pre-
vent aspiration of blood into the contralateral lung and pre-
serve gas exchange in patients with massive hemoptysis. En-
dobronchial tamponade can be achieved with a 4 French
Fogarty balloon-tipped catheter. The catheter may be passed
directly through the working channel of the bronchoscope, or
the catheter can be grasped with biopsy forceps placed though
the working channel of the bronchoscope prior to introduction
into the airway of the bronchoscope and catheter. The catheter
is held in place adjacent to the bronchoscope by the biopsy for-
ceps, and both are then inserted as a unit into the airway. Care
must be taken not to perforate the catheter or balloon by the
forceps. The catheter tip is inserted into the bleeding segmental
orifice, and the balloon is inflated. If passed through the suc-
tion channel, the proximal end of the catheter is clamped with
a hemostat, the hub cut off, and a straight pin inserted into the
catheter channel proximal to the hemostat to maintain inflation
of the balloon catheter. The clamp is removed, and the bron-
choscope is carefully withdrawn from the bronchus with the
Fogarty catheter remaining in position, thus providing endo-
bronchial hemostasis (41–43). The catheter can safely remain
in position until hemostasis is ensured by surgical resection of
the bleeding segment or bronchial artery embolization. Right
heart balloon catheters have been used in a similar fashion (44).
A modified technique for placement of a balloon catheter has
been described using a guidewire for insertion. A 0.035-inch
soft-tipped guidewire is inserted through the working channel
of the bronchoscope into the bleeding segment. The broncho-
scope is withdrawn, leaving the guidewire in place. A balloon
catheter is then inserted over the guidewire and placed under
direct visualization after reintroduction of the bronchoscope
(45). The use of endobronchial blockers developed for unilat-
eral lung ventilation during surgery may hold promise for man-
agement of massive hemoptysis in tamponading bleeding and
preventing contralateral aspiration of blood (46). The Arndt
endobronchial blocker is placed through a standard ET and
directly positioned with a pediatric bronchoscope. Suctioning
and injection of medications can be performed through the lu-
men of the catheter after placement. The Cohen tip-deflecting
endobronchial blocker is also placed through a standard ET
and directed into place with a self-contained steering mech-
anism under bronchoscopic visualization. At this time, there
is limited published experience with these blockers in the set-
ting of massive hemoptysis, although the author has success-
fully used them for this application. The prolonged use of en-
dobronchial blockers may cause mucosal ischemic injury and
postobstructive pneumonia.

Additional bronchoscopic techniques may be useful as tem-
porizing measures in patients with massive hemoptysis. Bron-
choscopically administered topical therapies, such as iced ster-
ile saline lavage or topical 1:10,000 or 1:20,000 epinephrine
solution, may be helpful (47). Direct application of a solution of
thrombin or a fibrinogen-thrombin combination solution has
been used (48). The use of bronchoscopy-guided topical hemo-
static tamponade therapy using oxidized regenerated cellulose
mesh has recently been described (49). Although anecdotal, the
author has had success with topical application of a sodium bi-
carbonate solution.

For patients who have hemoptysis due to endobronchial
lesions, particularly endobronchial tumors, hemostasis may be
achieved with the use of neodymium-yttrium-aluminum-garnet
(Nd:YAG) laser phototherapy, electrocautery, or cryotherapy
via the bronchoscope.

Ang iog rap hy and Emb olizat ion

Angiography can identify the bleeding site in more than 90%
of cases. As noted, the bronchial arteries are the most frequent
source of bleeding in massive hemoptysis. In some cases, sys-
temic vessels other than the bronchial arteries can be the source
of bleeding (50). The pulmonary arteries may be the source for
massive hemoptysis in 8% to 10% of cases (9). Visualization of
extravasated dye from a vessel is relatively uncommon. Signs
that suggest a particular vessel is the source of bleeding include
vessel tortuosity, increased vessel diameter, and aneurysmal di-
latation.

Bronchial artery embolization is considered the most ef-
fective nonsurgical modality for treatment of massive hemop-
tysis. The immediate success rates from bronchial artery em-
bolization range from 51% to 100% (3,51–65). Embolization
has been performed with Gelfoam, polyurethane particles,
polyvinyl alcohol particles, and vascular coils. Sclerosing
agents may cause subsequent lung necrosis and should be
avoided. Recurrence of bleeding, although usually nonmassive,
has been noted in 16% to 46% of patients (51,52). Repeat
embolization may be required in some patients (57,60,62,66).
Complications include chest pain, fever, vessel perforation and
intimal tears, and embolization of material to mesenteric and
extremity arteries. The most serious complication is emboliza-
tion of the anterior spinal artery, which may arise from the
bronchial artery, with subsequent spinal artery infarction and
paraparesis. The risk of this occurrence is less than 1% .

Rup t ure of t he Pulmonary Art e ry

The pulmonary artery may potentially be ruptured from right
heart catheterization. This complication should be suspected
in patients who develop hemoptysis with a pulmonary artery
catheter in place. Balloon tamponade and contralateral selec-
tive intubation should be performed (67). The catheter should
be withdrawn 5 cm with the balloon deflated, and the balloon
is then inflated with 2 mL of airway and allowed to float back
into the ruptured vessel to occlude it. Patients who stop bleed-
ing should undergo angiographic evaluation to localize the
tear and identify the formation of a pseudoaneurysm (32,68).
If a pseudoaneurysm is identified, embolization of the affected
vessel should be considered to prevent subsequent hemorrhage.
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Surg e ry

Emergency surgery for control of massive hemoptysis is per-
formed less often due to the advent of bronchial artery em-
bolization. Mortality rates for surgical management of massive
hemoptysis range from 1% to 50% (3,69–74). Surgical resec-
tion of the source of bleeding offers definitive treatment as long
as the lesion can be completely resected and the patient is able
to tolerate resectional surgery. It is often difficult to accurately
determine if these patients will be able to tolerate surgery, as
they are often too ill to undergo pulmonary function tests, or
are intubated and thus unable to perform pulmonary function
tests. Surgical resection may be considered in patients when
bronchial artery embolization is unavailable, if bleeding con-
tinues despite embolization, or if the cause of the hemoptysis
is unlikely to be controlled with embolization.

Diffuse Alve olar He morrhag e

Patients with diffuse alveolar hemorrhage syndromes are not
candidates for bronchial artery embolization or surgery. Treat-
ment for these groups of patients is pharmacologic. Cortico-
steroids are typically used and are effective for a wide range
of the alveolar hemorrhage syndromes (75). Doses of 1 to
2 mg/kg per day of methylprednisolone have been most com-
monly used. For life-threatening alveolar hemorrhage, initial
doses of 500 to 1,000 mg per day of methylprednisolone have
been recommended. For Goodpasture disease, Wegener granu-
lomatosis, and other vasculitides, adjunctive cytotoxic therapy
or plasmapheresis may be considered.
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SECTION XIV ■ NEUROLOGIC DISEASE AND
DYSFUNCTION

CHAPTER 146 ■ ELEVATED INTRACRANIAL
PRESSURE
GARETH ADAMS r SHANKAR P. GOPINATH r CLAUDIA S. ROBERTSON

DEFINITION OF INTRACRANIAL
PRESSURE

Intracranial pressure (ICP) is the pressure of the compartment
inside the skull. Since the brain is almost completely incom-
pressible, expansion of the volume in any component within
the skull causes an increase in the pressure of the cranial com-
partment. Increased intracranial pressure can lead to decreased
blood flow, resulting in decreased oxygen delivery to the brain
and neuronal dysfunction due to global ischemia as well as her-
niation of the brain with compression of vital structures and
death. The principles of increased intracranial pressure are de-
fined by the Monro-Kellie doctrine.

CAUSES OF INCREASED
INTRACRANIAL PRESSURE

Intracranial hypertension complicates many neurologic disor-
ders. Head trauma can result in diffuse brain edema, increased
blood flow, and mass lesions such as subdural, epidural, or in-
traparenchymal hemorrhage. Brain edema following head in-
jury is primarily cellular edema, although vasogenic edema can
occur transiently (1). A ruptured aneurysm can cause subarach-
noid hemorrhage resulting in vasospasm and hydrocephalus.
Ischemic or hemorrhagic strokes can result in a mass lesion and
cellular edema. Obstructive or communicating hydrocephalus
from multiple causes can result in increased cerebrospinal fluid
volume. Fulminant hepatic failure can cause significant cerebral
edema. Brain tumors or infection can occupy volume within the
intracranial space. In this chapter the focus will be on increased
ICP from head injury.

PHYSIOLOGY OF THE
INTRACRANIAL SPACE

Monro-Ke llie Doct rine

The major components contained within the intracranial space
are the brain, blood, and cerebrospinal fluid (CSF). A mass le-
sion such as a hematoma or a tumor can also contribute to
the volume of the intracranial space. As defined by the Monro-
Kellie doctrine, all these components are contained within a
fixed volume confined by the skull. The brain itself is not com-

pressible. Thus an increase in the volume of one of the compo-
nents contained within the intracranial space can occur only at
the expense of the other components. As the volume of edema
in the brain or an expanding mass lesion increases, initially
the CSF volume decreases, then the blood volume decreases.
Continued expansion of intracranial volume after these com-
pensatory mechanisms are exhausted causes a rapid increase in
ICP and herniation of the brain.

The intracranial compartment is partially divided into two
compartments by the tentorium cerebelli. This shelf of dura di-
vides the skull into the supratentorial compartment, containing
the cerebral hemispheres, and the infratentorial compartment,
containing the brainstem and cerebellum. Increased ICP in the
supratentorial compartment can cause uncal herniation, with
the temporal lobe herniating through the incisura of the tento-
rium and compressing the midbrain. Continued increase in the
ICP in the superior fossa or increased ICP in the posterior fossa
can cause tonsillar herniation with the tonsils of the cerebellum
herniating through the foramen magnum with compression of
the medulla.

Clinical Pearl. The volume of the intracranial space is fixed
by the skull. An increase in volume of any component within
the skull causes an increase in the intracranial pressure. Initial
increases in volume can be compensated for by displacement
of CSF. Once this compensatory reserve is expended, pressure
increases quickly.

CIRCULATION OF
CEREBROSPINAL FLUID

The CSF contained within the ventricles of the brain provides
a buffer to changes in other volumes within the intracranial
space. The choroid plexus, which is located within the lateral
and fourth ventricles, secretes CSF. CSF drains from the lat-
eral ventricles through the two foramina of Monro into the
third ventricle. From the third ventricle it drains via the cere-
bral aqueduct into the fourth ventricle. From the fourth ven-
tricle it drains into the subarachnoid space through the two
lateral foramina of Luschka and the median foramen of Ma-
gendie and into the central canal of the spinal cord. In the
subarachnoid space the CSF is resorbed at the arachnoid villi.
The normal total CSF volume in an adult is 150 mL. In a day,
450 mL of CSF is secreted; thus the CSF volume is recirculated
three times each day. Increased secretion or decreased absorp-
tion can cause communicating hydrocephalus. Blockage of the
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circulation of CSF can cause obstructive hydrocephalus. Ab-
sorption of CSF is pressure dependent, whereas secretion is
not.

BLOOD SUPPLY OF THE BRAIN
The primary arteries supplying blood to the brain are the paired
internal carotid and vertebral arteries. Branches of the internal
carotid arteries supply the frontal, parietal, and temporal lobes
and the basal ganglia. The vertebral arteries merge to form the
basilar artery. Branches from the vertebral arteries and the basi-
lar arteries are the primary blood source for the brainstem, cere-
bellum, and occipital lobes. Some redundancy in blood supply
is provided by the communicating arteries forming the circle
of Willis. The two internal carotid arteries are connected by
the anterior communicating artery. The posterior communicat-
ing arteries connect the internal carotid arteries to the basilar
artery. There is significant anatomic variation in the circle of
Willis. Venous drainage of blood is through the deep and cor-
tical veins to the sinuses and then out of the intracranial vault
through the internal jugular veins.

ICP PRESSURE–VOLUME CURVE
The intracranial pressure as a function of increasing volume
in the intracranial space is a nonlinear function (Fig. 146.1).
Early increases in volume of a mass lesion result in displace-
ment of CSF from the cranial compartment into the spinal
compartment and cause little increase in ICP. Once the max-
imal amount of CSF has been displaced from the intracranial
compartment, the ICP increases rapidly. As ICP increases, cere-
bral perfusion pressure decreases and blood flow to the brain
decreases.

CEREBRAL PERFUSION PRESSURE
Cerebral perfusion pressure (CPP) is defined as the mean arte-
rial pressure (MAP) minus the ICP and is the driving pressure
for cerebral blood flow (CBF). Pressure autoregulation is the
intrinsic ability of the cerebral vasculature to maintain flow
constant over a wide range of CPP values. Normally, the brain
is able to autoregulate and to maintain an adequate CBF at CPP

values ranging from 50 to 140 mm Hg. However, dynamic pres-
sure autoregulation is commonly dysfunctional in the injured
brain (2). When pressure autoregulation is impaired, the lower
limit of autoregulation can be shifted upward from 50 to 60 to
90 mm Hg. When pressure autoregulation is entirely absent,
perfusion passively follows CPP. This loss of normal autoreg-
ulation requires careful maintenance of a sufficient MAP and
adequate control of ICP to avoid hypoperfusion of the brain.
Extremely elevated MAP should also be avoided as it can cause
increased ICP.

Clinical Pearl. Cerebral perfusion pressure (CPP) is defined
as mean arterial pressure (MAP) minus intracranial pressure
(ICP). CPP can be increased by lowering ICP or by raising
MAP.

BRAIN METABOLISM
Given its relatively small size, the brain consumes a significant
fraction of the resources of the body. Fifteen percent of blood
flow goes to the brain, providing it with oxygen and glucose.
Normal CBF is 50 to 55 mL per 100 g per minute. Each 100 g
of brain tissue requires at least 20 mL of blood flow per minute
to function normally. Between 20 mL per minute and 8 mL per
minute of blood flow, the brain tissue can survive for at least
a period of time but does not function normally, and below
8 mL per minute the brain tissue dies. The brain consumes
20% of the oxygen used by the body, using 3.5 mL of oxygen
per 100 g per minute. The brain is also dependent on delivery
of glucose in the blood as the brain has almost no intrinsic
energy stores.

These CBF thresholds were determined in normal brain, but
seem to hold true for brain-injured patients, and a low CBF,
particularly in the early postinjury period, is highly predictive
of a poor outcome. Traumatic brain injury patients with CBF
of less than 18 mL/100 g per minute had a significantly worse
outcome compared to patients with higher CBF (3). Within
12 hours of injury, every 10 mL/100 g per miute increase in
CBF was associated with a threefold increase in the probability
of surviving the injury (4).

Brain oxygenation as a measure of oxygen delivery can
be monitored with global and local techniques. A snapshot
of regional oxygenation can be acquired noninvasively us-
ing positron emission tomography (PET). Similarly, cerebral

FIGURE 146.1. The left graph illustrates the
nonlinear nature of the relationship between
the volume of intracranial contents and in-
tracranial pressure. The right graph shows the
actual intracranial pressure (ICP) and jugular
venous oxygen saturation (SjO2) tracings in
a patient who developed a delayed intracra-
nial hematoma. Initially the rise in ICP was
minimal as the brain was able to compensate
for the increasing volume from the hematoma.
Later when these compensatory mechanisms
were exhausted, there was a very rapid in-
crease in ICP associated with compromise of
cerebral blood flow and a decrease in SjO 2.



Chap t e r 146: Elevated Intracranial Pressure 2197

perfusion can be assessed with xenon computed tomography
(CT) or perfusion CT imaging. Invasive techniques can be used
to continuously monitor brain oxygenation. Combined moni-
toring of arterial oxygen saturation and the oxygen saturation
in the internal jugular vein allows the calculation of the arterio-
jugular oxygen content difference (AJDO 2), which is dependent
on the amount of oxygen consumed by the brain (CMRO 2) and
on CBF by the formula CMRO2/CBF. An increased AJDO 2 in-
dicates a deficiency of flow relative to the metabolic needs of the
brain. Brain oxygenation can also be monitored continuously
in a local region of the brain by inserting an invasive probe
to measure the brain tissue oxygen tension (PbO 2). Continu-
ous global monitoring provides an overall assessment of brain
oxygenation but can miss local changes (5). Continuous local
monitoring with an invasive probe provides information on a
specific portion of the brain but is dependent on probe location
and may not reflect overall brain perfusion (6).

Clinical Pearl. Maintenance of oxygenation of brain tissue is
of paramount importance in the injured brain. Cerebral blood
flow (CBF) must be maintained at levels high enough to deliver
sufficient oxygen. Below a CBF of 20 mL/100 g of brain per
minute, the brain does not function normally. Below a CBF of
8 mL/100 g of brain per minute, the neurons die.

COMMONLY MONITORED
PARAMETERS IN PATIENTS

WITH ELEVATED ICP

Int racranial Pre ssure

Elevated ICP can be both measured and treated. Normal ICP
in the adult is less than 10 mm Hg. An ICP value of 20 to
30 mm Hg is mild intracranial hypertension, and values above
40 mm Hg are severe, life-threatening intracranial hyperten-
sion. The goal of treatment should be to maintain ICP below
20 to 25 mm Hg. Studies of traumatic brain injury patients have
demonstrated that patients with elevated ICP have a worse out-
come than those with ICP below 20 (7–10).

The gold standard for monitoring ICP is a ventriculostomy
catheter inserted through a burr hole into one of the lat-
eral ventricles. The ventriculostomy catheter is connected to
a drainage system and can be used to monitor the ICP through
a fluid-coupled external pressure transducer. This system pro-
vides the most accurate measurement of ICP and is stable
over time (11). A ventriculostomy catheter will also allow
drainage of CSF for control of ICP. Problems associated with
ventriculostomy catheters include blockage of the catheter, dis-
placement of the catheter from the ventricle, and infection.
Antibiotic-impregnated ventriculostomy catheters reduce the
risk of infection from 9.4% to 1.3% (12).

Other invasive monitors for ICP include intraparenchymal,
subdural, and epidural monitors. These probes use either a
strain gauge or a fiberoptic probe. These probes require zeroing
prior to insertion and are subject to drift over time. Of these
probes, intraparenchymal probes are the most accurate with
the least amount of drift. The advantage of these probes is that
they do not have to be inserted into the ventricle, which may
be difficult to locate if it is collapsed or if there is significant
midline shift.

Clinical Pearl. A ventriculostomy catheter placed into one of
the lateral ventricles is the gold standard for ICP monitoring.
ICP should be maintained at less than 20 to 25 mm Hg.

Ce re b ral Pe rfusion Pre ssure

Cerebral perfusion pressure (CPP) is defined as the mean arte-
rial pressure (MAP) minus the ICP. It can be measured using a
combination of an ICP monitor and either an arterial line or
a noninvasive blood pressure monitor. CPP is a second major
parameter that can be both monitored and treated in the pa-
tient with elevated intracranial pressure. CPP can be supported
by maintaining MAP with intravenous fluids and vasopressors
and by lowering ICP. CPP should be maintained at a level that
will allow adequate perfusion of the brain. For most patients,
a CPP of at least 60 mm Hg is adequate (13).

Brain Oxyg e nat ion

Brain tissue oxygenation can be measured either using PET
imaging techniques to obtain a single time point sample of oxy-
genation across the entire brain or by using probes to continu-
ously monitor brain tissue pO 2 (PbO 2) and/or jugular venous
oxygen saturation (SjO 2). PET imaging is not widely available
for ICU patients, but has provided important insights into the
pathophysiology of brain injury. PbO 2 and SjO 2 monitoring
can be used in any ICU setting.

Brain Tissue Oxyg e n Te nsion
Insertion of a PbO 2 probe allows continuous monitoring of
oxygenation in a local region of the brain. The location of the
probe is critical and determines the nature of the pO 2 informa-
tion that will be obtained (Fig. 146.2). If the probe is inserted
near a focal lesion, oxygenation can be monitored in the tis-
sue at greatest risk should the injury expand. Insertion of the
probe in uninjured brain allows monitoring of a local area that
should be representative of the overall less-injured oxygenation
status of the brain. This pO2 value provides information that
is similar to SjO2 monitoring (6). Both monitoring strategies
have been successfully used.

Normal values and critical threshold values for PbO 2 are
somewhat less accepted. In anesthetized subjects, PbO2 in nor-
mal brain ranges from 20 to 40 mm Hg. Recent studies com-
paring PbO 2 values to PET measurements of oxygen extraction
fraction (OEF) found that the PbO 2 value associated with an
OEF of 40% (the mean value for OEF in normal subjects)
was 14 mm Hg (14). Values of PbO2 that indicate tissue hy-
poxia/ischemia are probably considerably less than 14 mm Hg.
Serial measurements of both SjO2 and PbO 2 suggest that a
PbO 2 of 8.5 mm Hg indicates a similar level of oxygenation as
a SjO2 of 50% (15).

Prospective studies have demonstrated that PbO 2 less than
15 mm Hg is associated with poor outcome (16). Some stud-
ies have suggested that a treatment protocol aimed at keeping
brain pO 2 higher than 25 mm Hg may reduce mortality when
compared to patients treated similarly with no brain pO2 probe
(17).

Jug ular Ve nous Oxyg e n Sat urat ion
Oxygen saturation in the jugular bulb can be measured by in-
serting a catheter into the internal jugular vein and advancing
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FIGURE 146.2. Location of the brain tissue oxygen tension (PbO 2) catheter relative to the injured brain
determines the nature of the pO2 information that will be obtained. On the left is a patient where the
PbO2 catheter was placed in relatively normal brain opposite a temporal contusion. The PbO 2 reflected
the global oxygenation of the brain measured with jugular venous oxygen saturation (SjO2). On the
right is a patient where the PbO2 catheter was placed near a contusion. As this contusion evolved, the
PbO2 decreased even though the global measures (SjO 2 and cerebral perfusion pressure [CPP]) remained
unchanged. MAP, mean arterial pressure.

it to the skull base. This allows measurement of the oxygen
saturation of the blood exiting the brain, which provides in-
formation on the adequacy of cerebral blood flow and oxygen
delivery to the brain (5). Episodes of jugular venous oxygen de-
saturation are associated with worse neurologic outcome (18).
Increased SjO 2 may indicate decreased oxygen uptake in the
brain (19). The major limitation of SjO 2 monitoring is that it
cannot detect local ischemia within the brain.

Normal values for SjO 2 are better established than for PbO 2.
Gibbs et al. (20) studied 50 normal young males and observed
that their SjO 2 ranged from 55% to 71% (mean of 61.8% ).
Some studies suggest that normal SjO 2 values may be as low
as 45% (21). Normal SjO2 is lower than normal mixed venous
oxygen saturation, indicating that the brain normally extracts
oxygen more completely from arterial blood than do many
other organs.

Clinical Pearl. Brain oxygenation can be measured globally at a
single time point using PET imaging. Global brain oxygenation
can be monitored continuously using a catheter inserted into
the internal jugular vein to measure the oxygen saturation of
venous blood from the brain. Local brain oxygen tension can

be measured continuously by inserting a pO 2 probe directly
into the brain parenchyma.

WHAT IS THE MOST IMPORTANT
PHYSIOLOGIC END POINT (ICP,

CPP, OR BRAIN OXYGENATION)?
As it has become possible to measure additional brain-specific
physiologic parameters in the ICU, different management
strategies have evolved that place special emphasis on param-
eters other than ICP. For example, some have advocated that
ICP is not important as long as CPP is maintained. This phi-
losophy led to the use of CPP-directed therapy where induced
hypertension was used to drive CPP to high levels even though
ICP was also increased by the therapy (22). However, all of
these physiologic parameters are related to outcome, and there
is no clear evidence that one parameter is more important than
the others. Table 146.1 presents normal values and treatment
thresholds for these parameters.

The best circumstance occurs when ICP, CPP, and brain oxy-
genation are all maintained in normal ranges, and this should
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TA BLE 1 4 6 . 1

NORMAL VALUES AND TREATMENT THRESHOLDS
FOR PHYSIOLOGIC PARAMETERS

Normal Treatment threshold

ICP 0–10 mm Hg 20–25 mm Hg
CPP 50 mm Hg 60 mm Hg
SjO 2 55% –71% 50%
PbO2 20–40 mm Hg 8–10 mm Hg

ICP, intracranial pressure; CPP, cerebral perfusion pressure; SjO 2 ,
jugular venous oxygen saturation; PbO 2, brain tissue oxygen tension.

probably be the goal of management. When this is not pos-
sible, it is important to understand the limitations of each of
the monitors when making therapeutic decisions. Additionally,
clinical studies are needed to demonstrate what management
strategies may best improve neurologic outcome.

IMMEDIATE CONCERNS
FOR TREATMENT

Id e nt ificat ion of Pat ie nt s
wit h Incre ase d ICP

A patient with mildly increased ICP can present with com-
plaints of headache and blurred vision. Further increases in
ICP are associated with decreased level of consciousness and
symptoms of herniation. Herniation of the temporal lobe over
the edge of the tentorium can compress cranial nerve III causing
ipsilateral pupillary dilation and decreased reaction to light. Di-
rect compression of the brainstem can cause contralateral pos-
turing or hemiparesis, although if the brainstem is displaced
and compressed against the opposite side of the tentorium,
there may be ipsilateral symptoms, called Kernohan notch phe-
nomenon. Further symptoms of herniation are hypertension,
bradycardia, and widening pulse pressure, which make up the
Cushing triad. Respiratory abnormalities may be present, in-
cluding Cheyne-Stokes respiration, hypoventilation, and cen-
tral neurogenic hyperventilation. Any patient in whom elevated
ICP is suspected should undergo noncontrast CT scan of the
brain to evaluate for mass lesions, hydrocephalus, subarach-
noid hemorrhage, or other treatable causes.

Clinical Pearl. Symptoms concerning for elevated ICP include
decreased level of consciousness, a fixed and dilated pupil,
decorticate or decerebrate posturing, or hemiparesis.

Init ial St ab ilizat ion and Manag e me nt
of Pat ie nt s wit h Ele vat e d ICP

The initial steps in managing any patient with elevated ICP
(Fig. 146.3) are defined by the ABCs of trauma resuscitation.
Episodes of hypoxemia (arterial pO 2 < 60 mm Hg) or hypoten-
sion (systolic blood pressure < 90 mm Hg) have been associated
with significantly worse outcome in patients with traumatic
brain injury (10,23–26).

FIGURE 146.3. Algorithm for initial management of patient with el-
evated intracranial pressure. ICU, intensive care unit; OR, operating
room; SBP, systolic blood pressure.

Airway protection is essential (27). All patients with a Glas-
gow coma score (GCS) of 8 or less should be intubated to
protect the airway. Patients with GCS above 8 may also need
intubation if they cannot adequately protect their airway (28).
Supplemental oxygen and mechanical ventilation may be nec-
essary to avoid hypoxemia.

Ideally, airway protection should start in the field. How-
ever, some studies have suggested that intubation of brain-
injured patients in the field results in higher mortality rates
(29). Paramedics must be adequately trained in the technique of
rapid-sequence intubation, excessive hyperventilation should
be avoided following intubation, and this procedure should
not significantly delay transport of the patient (30).

Blood pressure should be supported with fluid resuscitation
and vasopressors as necessary. Hypotension should not be at-
tributed to the brain injury unless all other possible causes have
been excluded. Patients with elevated ICP should be cared for in
a dedicated neurologic intensive care unit with a neurosurgeon
included in the care team (31,32).

Immediate aggressive management of elevated ICP should
be initiated in patients who demonstrate signs and symptoms of
herniation. Mild hyperventilation, to a paCO 2 of 30 to 35 mm
Hg, can reduce intracranial pressure by constricting cerebral
blood vessels. Once fluid resuscitation has been completed, os-
motic therapy with either mannitol or hypertonic saline should
be initiated. The standard dose for mannitol is an intravenous
bolus of 1 g/kg. In patients with a subdural hematoma and
signs of herniation, early preoperative administration of high-
dose mannitol (1.4 g/kg) significantly improved outcome in one
study (33). Mannitol should only be given once fluid resuscita-
tion has been completed as it does result in an osmotic diuresis
and can cause hypotension in the incompletely resuscitated pa-
tient. An alternative osmotic agent is hypertonic saline, which
may have an advantage in the hypotensive patient since it does
not induce diuresis. Resuscitation with hypertonic saline has
been demonstrated to result in less hypotension when com-
pared with mannitol but has not clearly been shown to result
in an improved outcome.

If a surgical lesion is identified, the patient should be im-
mediately taken to the operating room for evacuation of the
lesion. Invasive monitoring devices can be inserted either at
the bedside or in the operating room if surgery is required.
At a minimum, an ICP monitor, preferably a ventriculostomy
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FIGURE 146.4. Algorithm for treatment of ele-
vated intracranial pressure (ICP). CT, computed to-
mography; CSF, cerebrospinal fluid.

drain, should be inserted. Other monitoring devices that can
be used if available include a brain PbO 2 monitor and a SjO 2
catheter. An arterial line and a Foley catheter should also be
placed. A central venous catheter may be needed, especially if
hypotension is present or large doses of mannitol are needed.

Clinical Pearl. Initial management of the patient with elevated
ICP should focus on the ABCs of the Advanced Trauma Life
Support (ATLS) system. When signs of herniation are present,
mannitol or hypertonic saline should be given. Early adminis-
tration of high-dose mannitol (1.4 g/kg) may improve outcome
for patients with subdural hematoma and signs of herniation.
Surgical mass lesions should be identified and promptly evac-
uated.

TREATMENT OF ELEVATED
INTRACRANIAL PRESSURE—

PRINCIPLES OF CNS
RESUSCITATION

Principles of management of intracranial hypertension (Fig.
146.4) include general measures that are used in all patients to
minimize factors that exacerbate ICP, first-line therapies that
are applied to patients who subsequently have elevated ICP,
and additional treatments that can be used if elevated ICP is
refractory to these first-line measures.

Ge ne ral Me asure s

Prevention or treatment of factors that may aggravate or pre-
cipitate intracranial hypertension is the cornerstone of cen-
tral nervous system (CNS) resuscitation. Specific factors that
may aggravate intracranial hypertension include obstruction
of venous return (head position, agitation), respiratory prob-
lems (airway obstruction, hypoxia, hypercapnia), fever, se-

vere hypertension, hyponatremia, anemia, and seizures. Rou-
tine critical care management of the patient at risk for
intracranial hypertension should include measures to pre-
vent these factors. Also important are general strategies for
maintaining normal brain oxygenation and cerebral perfusion
pressure.

Minimize Ob st ruct ion t o Ve nous Re t urn
Elevation of the head of the bed and keeping the head in a neu-
tral position to minimize compression of venous return from
the brain has been standard neurosurgery practice for manage-
ment of ICP. Elevation of the head to 30 degrees results in a
reduction in ICP without a reduction in either CPP or CBF in
most patients (34,35). If head elevation is used, it is important
to remember that both the ICP and blood pressure transduc-
ers should be zeroed at the same level, i.e., at the level of the
foramen of Monro (36).

In multiple-trauma patients, where abdominal injury may
also be present, an increased intra-abdominal pressure may
also impede venous return from the brain, decrease blood pres-
sure (BP), and increase ICP. Abdominal decompression can im-
prove control of ICP when abdominal compartment syndrome
is present (37).

Pre ve nt Fe ve r
Fever is common during the recovery from a head injury. In
experimental studies, postinjury fever worsens the outcome
from fluid percussion injury (38). Fever is a potent cerebral
vasodilator and can raise ICP. In addition, fever can raise cere-
bral metabolic requirements. Efficient external cooling systems
as well as intravascular cooling devices are available and can
maintain normal body temperature. When fever occurs, infec-
tious causes should be investigated with appropriate cultures
and treated with antibiotics.

Pre ve nt Se izure s
Seizures occur in approximately 15% of patients with head in-
jury (39). The risk of seizures is related to the severity of injury.
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In a study of 4,541 patients with head injury, the standardized
incidence ratio for developing seizures was 1.5 after mild in-
juries but with no increase over the expected number after 5
years, 2.9 after moderate injuries, and 17.0 after severe injuries
(40).

Since patients are often sedated and pharmacologically par-
alyzed to treat intracranial hypertension, clinical monitoring
is often not helpful. Continuous electroencephalogram (EEG)
monitoring may be useful for this high-risk group of patients
(41).

The use of anticonvulsants to prevent seizures is contro-
versial. Although seizures can dramatically increase cerebral
metabolic rate, there is not a clear relationship between the
occurrence of early seizures and a worse neurologic outcome
(42). Young et al. (43) found no difference in the incidence of
seizures with prophylactically administered phenytoin. Temkin
et al. (44) recently reported results from a double-blind study
in which 404 severely head-injured patients randomly received
phenytoin or placebo for 1 year. Phenytoin reduced the inci-
dence of seizures during the first week but not thereafter.

Maint ain Brain Oxyg e nat ion
Oxygen delivery to the brain is dependent on oxygen content of
the blood and cerebral blood flow. Oxygen content of the blood
can be increased by ensuring an adequate hemoglobin concen-
tration and by increasing arterial pO 2. The optimal hemoglobin
concentration for tissue oxygenation is approximately 10 g/dL
(45). A lower hemoglobin concentration reduces the oxygen-
carrying capacity of the blood more than it improves vis-
cosity. A higher hemoglobin concentration increases viscos-
ity and reduces CBF even though it increases oxygen-carrying
capacity.

Increasing arterial pO2 after hemoglobin is nearly 100%
saturated increases arterial oxygen content only by a small
amount, i.e., by the amount of oxygen dissolved in the blood.
However, if tissues are ischemic, even small increases in oxy-
gen content can be important. In addition, studies using PET
imaging have suggested that there may be impaired diffusion of
oxygen in injured brain tissue (46). Other studies demonstrate
mitochondrial dysfunction in injured brain (47). Hyperoxia
may improve tissue oxygenation under these conditions. Men-
zel et al. (48) have observed an increase in PbO 2 and a decrease
in extracellular lactate concentration in the brain, measured by
microdialysis, when patients with very low baseline PbO 2 were
placed on 100% oxygen. The reduction in lactate accumula-
tion with this therapy suggests that the increase in PbO2 altered
ischemic cerebral metabolism favorably.

Maint ain Ce re b ral Pe rfusion Pre ssure

Initial volume resuscitation should be aimed at achieving eu-
volemia. Once an ICP monitor is in place, further blood pres-
sure management should be aimed at maintaining a CPP of at
least 60 mm Hg (13). Boluses of intravenous fluid can be used
as initial treatment of low CPP. All intravenous fluids given
should be isotonic to avoid worsening cerebral edema. If fluid
resuscitation is not sufficient to maintain CPP, treatment with
pressors should be initiated. Some studies have suggested that
treatment with norepinephrine results in a more predictable
blood pressure response than treatment with dopamine (49).

Treating to a CPP higher than 60 mm Hg has not been shown
to improve outcome but does increase the risk of ARDS (50).

First -line The rap ie s of
Int racranial Hyp e rt e nsion

When ICP becomes elevated despite measures to remove ex-
acerbating factors, the first-line therapies include sedation and
neuromuscular blockade, osmotic therapy, CSF drainage, and
mild hyperventilation.

Se d at ion and Paralysis
Sedative/analgesic drugs blunt the effect that the routine nurs-
ing care of patients has on intracranial pressure. Routine
paralysis of all patients with severe head injury increases the
risk of pulmonary complications and prolongs the ICU stay
(51). However, ICP raised by agitation, posturing, or coughing
should be prevented by narcotics and nondepolarizing muscle
relaxants that do not alter cerebrovascular resistance. A reason-
able regimen is morphine and lorazepam for analgesia/sedation
and cisatracurium or vecuronium as a muscle relaxant, with the
dose titrated by twitch response to stimulation (52). Although
the neurologic examination cannot be closely monitored while
the patient is paralyzed, muscle relaxants can be withheld once
a day, usually before morning rounds, to obtain a brief neuro-
logic examination.

Osmot ic The rap y t o Re d uce Int racranial Pre ssure
One of the mainstays of treatment of elevated ICP is osmotic
therapy with either mannitol or hypertonic saline. This treat-
ment can be initiated prior to insertion of an ICP monitor if
signs and symptoms of herniation are present. The initial dose
of mannitol is 1g/kg. Once an ICP monitor has been inserted,
further bolus doses can be given to maintain ICP < 20 to 25
mm Hg. Bolus dosing of 0.25 mg to 0.5 mg per kg every 2
to 6 hours can be given if the serum osmolality is less than
320. Dosing to a serum osmolality of greater than 320 has not
been demonstrated to improve outcome and increases the risk
of acute renal failure.

Mannitol is thought to reduce ICP through two mechanisms
(53). The first mechanism of action is an immediate expansion
of the intravascular volume, resulting in reduced hematocrit
and reduced blood viscosity that causes decreased ICP and in-
creased cerebral blood flow and oxygen delivery. The second
mechanism of action involves the establishment of osmotic gra-
dients between the plasma and the cells, resulting in decreased
cellular volume. Long-term treatment with mannitol can result
in build-up of mannitol within the cells. This effect is more
marked with continuous infusion of mannitol.

Although mannitol has been more widely studied, some
studies have suggested that hypertonic saline is more effective
at lowering intracranial pressure. These studies have been small
and have not demonstrated a statistically significant difference
in outcome. The usual dose form is boluses of 7.5% hyper-
tonic saline (54). Other agents that are under investigation
include hypertonic saline hetastarch, with studies comparing
bolus doses of 7.2% hypertonic saline hetastarch 200/0.5 with
15% mannitol showing some improved reduction in ICP with
the hypertonic saline hetastarch but no significant difference
in outcome (55). Another study comparing 7.5% hypertonic
saline/6% dextran solution to bolus dosing of 20% mannitol
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showed improved reduction of ICP but no difference in out-
come (56). Further large randomized controlled studies are
necessary to define the role of hypertonic saline in the treat-
ment of increased ICP.

Clinical Pearl. Osmotic therapy is one of the mainstays of treat-
ment for elevated ICP. Mannitol can be dosed with an initial
bolus of 1 g/kg. Further bolus doses of 0.25 to 0.5 g/kg can be
given as necessary. Hypertonic saline is another agent that can
be used.

Drainag e of Ce re b rosp inal Fluid
Placement of a ventriculostomy catheter allows drainage of
CSF during episodes of increased ICP. Drainage of 3 to 5 mL
of CSF can reduce ICP. CSF drainage is a mainstay of therapy
for hydrocephalus but may be useful in more diffuse processes
where the ventricles are effaced by brain swelling. If CSF is to
be drained continuously, the drainage system should not be set
lower than 10 cm above the level of foramen of Monro, which
is approximated by the external auditory canal.

Hyp e rve nt ilat ion
Hyperventilation, to a paCO 2 of 30 to 35 mm Hg, can re-
duce intracranial pressure by constricting cerebral blood ves-
sels and reducing cerebral blood volume. The effect of changes
in paCO 2 on cerebral vessels is mediated by the change in pH
induced in the extracellular fluid (57). The effects of hyperven-
tilation on ICP are immediate, but the duration of the effect is
brief because the pH of the brain, at least in normal individuals,
soon equilibrates to the lower pCO 2 level.

Long-term hyperventilation (to paCO 2 of 25–30 mm Hg)
has been demonstrated to result in worse outcomes after trau-
matic brain injury, possibly secondary to reduction in CBF (58).
The authors of this study recommended using hyperventilation
only in patients with intracranial hypertension rather than as
a routine in all head-injured patients.

In patients who have been chronically hyperventilated,
abruptly returning the pCO 2 to normal can result in a dra-
matic increase in ICP. In experimental studies, this phenomenon
occurs after 24 hours of hyperventilation and is associated
with vasodilation of cerebral vessels as the CSF pH equili-
brates at the new lower pCO 2 level (59). Hyperventilation
should be withdrawn over several days to avoid this increase in
ICP.

Ad d it ional Tre at me nt s for Re fract ory
Int racranial Hyp e rt e nsion

All of the treatments outlined below have been shown in clin-
ical studies to significantly reduce ICP, even when the ICP is
refractory to initial treatments. However, none of these treat-
ments have been demonstrated to improve neurologic outcome.
There are also no data to suggest which of these treatments is
most effective or has the least morbidity. For these reasons,
such additional therapies are usually applied selectively to pa-
tients who are judged to have some potential for neurologic
recovery if their ICP can be controlled.

When refractory intracranial hypertension occurs, it is
also important to consider whether a delayed intracranial
hematoma may have developed. A follow-up CT scan may be

indicated before advancing to these additional treatments of
elevated ICP. Any surgical intracranial hematoma should be
evacuated.

Pe nt ob arb it al Coma
If CSF drainage and mannitol fail to control elevated ICP, other
techniques need to be considered. One intervention that can
lower ICP is administration of pentobarbital to achieve burst
suppression on EEG. However, routine use of barbiturates in
unselected patients has not been consistently effective in re-
ducing morbidity or mortality after severe head injury (60,61).
A randomized multicenter trial demonstrated that instituting
barbiturate coma in patients with refractory intracranial hy-
pertension resulted in a twofold greater chance of controlling
the ICP (62).

A simple dosing scheme from the randomized clinical trial is
a loading dose of 10 mg/kg intravenously (IV) over 30 minutes
followed by 5 mg/kg per hour for three doses followed by a
maintenance dose of 1 mg/kg per hour (62). The maintenance
dose rate should be titrated to achieve a level of 3.5 to 5.0 mg%
(35–50 ug/mL). If available, continuous EEG may be used to
monitor for burst suppression to ensure maximal therapeutic
effect. Significant hypotension may develop during administra-
tion of the loading dose (61). Consideration should be given
to placement of a Swan-Ganz catheter for continuous cardiac
monitoring during loading. The initial loading dose should be
given by slow intravenous push with close monitoring of the
blood pressure. Hypotension during induction of barbiturate
coma usually responds to fluid bolus. Higher doses of pentobar-
bital can cause myocardial depression and require inotropic or
even vasopressor support. Laboratory studies suggest that for
the treatment of hypotension associated with barbiturate coma,
volume resuscitation may be better than dopamine (63). In
these studies, dopamine infusion increased cerebral metabolic
requirements and partially offset the beneficial effects of bar-
biturates on metabolism.

The goal of treatment is to reduce ICP to < 20 to 25 mm
Hg. After ICP has been controlled for 24 to 48 hours, pen-
tobarbital can be weaned and stopped. If ICP increases dur-
ing reduction of pentobarbital, stop titration and increase the
dose until ICP is controlled. Pentobarbital is thought to work
through multiple mechanisms, including alterations in vascular
tone, decreased cerebral metabolism, and decreased free radical
production (64,65).

Pentobarbital coma is associated with significant morbidity.
Hypotension is a common complication (61) and may require
concomitant administration of vasopressors, which should be
available when loading. Pentobarbital coma increases the risk
of pneumonia, pressure ulcers, and paralytic ileus.

Several studies have tried to predict which patient would
be most likely to respond to pentobarbital coma. Characteris-
tics that may indicate a favorable ICP response to barbiturates
include younger age, diffuse rather than focal brain injury, a
relatively high level of brain electrical activity, and a high cere-
bral metabolic rate prior to treatment (66,67). Preservation of
CO 2 reactivity predicted a good ICP response to barbiturates
in one study (68).

Clinical Pearl. Routine use of barbiturate coma does not
improve neurologic outcome. If CSF drainage and osmotic
therapy are not sufficient to control elevated ICP, barbiturate
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coma has been shown to double the chances of controlling ICP.
Hypotension is the most common complication of barbiturate
coma.

De comp re ssive Cranie ct omy
Initially described by Kocher in 1901, craniectomy for control
of elevated intracranial pressure has a long history. Studies in
the 1970s initially showed improved outcome (69) resulting
in increased usage of the procedure, but follow-up studies did
not demonstrate the same improved outcome (70) and craniec-
tomy became less popular. More recent studies have demon-
strated benefit (71) and craniectomy is being used more often
for control of elevated ICP. Craniectomy can be considered
in patients with elevated intracranial pressure uncontrolled by
CSF drainage and osmotic therapy. If the injury primarily in-
volves a single hemisphere of the brain, a hemicraniectomy
can provide adequate decompression. A large bone flap should
be removed with particular focus on decompressing the ante-
rior temporal lobe and visualization of the floor of the middle
fossa. Diffuse injury involving both hemispheres may necessi-
tate bifrontal craniectomy, with removal of a large bone flap
and decompression of both temporal lobes and both frontal
lobes.

Craniectomy has been demonstrated to result in a signifi-
cant decrease in ICP and in retrospective review has been sug-
gested to improve outcome (72), although further prospective
trials are needed. Two randomized clinical trials of decompres-
sive craniectomy, Rescue ICP (73) and DECRAN, for trau-
matic brain injury are currently underway. Craniectomy can
also be useful in treatment of elevated ICP secondary to malig-
nant middle cerebral artery stroke, with significant reduction
in mortality and improved outcome if performed prior to the
development of symptoms of herniation (74–76).

Hyp ot he rmia
Hypothermia has several potentially neuroprotective effects,
including reducing cerebral metabolism and decreasing ICP. Al-
though a randomized, controlled trial in humans did not show
a significant improvement in neurologic outcome, ICP was bet-
ter controlled during hypothermia (77). Routine induction of
hypothermia is not indicated at present, but hypothermia may
be an effective adjunctive treatment for increased ICP refrac-
tory to other medical management.

St e ro id s
Multiple randomized, controlled studies have demonstrated no
benefit in treating patients with traumatic brain injury with
steroids (78). The recently completed Corticosteroid Random-
ization After Significant Head injury (CRASH) trial observed
an increased risk of death in patients receiving methylpred-
nisolone for 48 hours after injury (79). As a result, steroids
are not recommended for treatment of head injury. Steroids
are also not recommended for treatment of the cellular edema
accompanying stroke.

Steroids, however, can be useful in treating vasogenic edema
associated with brain tumors or selected infections such as neu-
rocysticercosis (80). Dosing schemes are relatively arbitrary
with a typical dosing scheme for a patient with significant
symptomatic vasogenic edema from a tumor being dexametha-
sone, 4 mg IV every 6 hours.

Comp le t ion of Tre at me nt

Treatment should be titrated off once ICP has been controlled
below 20 mm Hg for 24 to 48 hours. ICP monitors can be
removed if ICP is stable below 20 mm Hg for 48 hours off any
intervention. It is important to remember that patients may
develop delayed increase in ICP secondary to blossoming of
contusions, evolution of a stroke, or development of new mass
lesions.

OUTCOME WITH INTRACRANIAL
HYPERTENSION

Patients with traumatic brain injury can be classified based
on initial GCS. Patients with mild head injury, with a GCS of
13 to 15, have a minimal chance (3% ) of deteriorating into a
coma and developing elevated ICP. Patients with moderate head
injury, with a GCSfrom 9 to 12, have a moderate chance (10% –
20% ) of deteriorating into a coma and developing elevated
ICP. Patients with a GCS of 8 or less, defined as a severe head
injury, have the highest chance of developing elevated ICP and
also have the worst outcome. Patients classified as having a
severe head injury are more likely to develop increased ICP if
they have an abnormal head CT or if they meet two of the three
criteria of age older than 40 years, unilateral or bilateral motor
posturing, or SBP < 90 mm Hg (81).

No study clearly demonstrates that monitoring and treating
ICP improves neurologic outcome, but there are strong associ-
ations between intracranial hypertension and a poor outcome,
and the development of refractory intracranial hypertension
has a very high mortality rate (7–10,60). In the randomized
trial of pentobarbital coma for refractory intracranial hyper-
tension, control of the elevated ICP determined the outcome,
with 92% of patients where ICP was controlled surviving, and
83% of patients where ICP was not controlled dying (62).

Historically, institution of treatment protocols aimed at
controlling elevated intracranial pressure has significantly im-
proved outcome in traumatic brain injury. Jennett et al. (82)
in 1977 reported a mortality rate of 50% in comatose patients
(GCS < 8) in a cohort treated without ICP monitoring. Becker
et al. (83) reported significantly lower mortality of 30% in a
similar patient cohort using ICP monitoring. Mortality rates at
30 days for patients with severe brain injury have been slowly
declining with mortality of patients in the Traumatic Coma
Data Bank reduced from 39% in 1984 to 27% in 1996 (84).

The availability of multiple monitoring modalities has pro-
vided more information on which patients have poor outcomes
and has provided treatment goals. Treatment strategies are now
aimed at maintaining ICP less than 20–25 mm Hg, maintain-
ing CPP greater than 60 mm Hg, and maintaining brain tissue
oxygenation at greater than 10 mm Hg. Even with these ad-
vances in treatment, traumatic brain injury is still associated
with significant morbidity and mortality in both the short and
long term.

SUMMARY
Elevated intracranial pressure can be caused by multiple
injuries, including stroke, subarachnoid hemorrhage, mass
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lesion, hydrocephalus, and traumatic brain injury. Initial
management is focused on maintaining oxygenation and perfu-
sion using the ABCs of resuscitation. If signs of herniation are
present, an initial bolus of mannitol should be given. Surgical
mass lesions should be identified and evacuated. A ventricu-
lostomy catheter should be inserted to allow monitoring of
ICP. Treatment should be initiated with the goal of maintain-
ing ICP below 20 to 25 mm Hg. Cerebral perfusion pressure
should be maintained at 60 mm Hg. Initial treatments of ele-
vated ICP include sedation and paralysis, drainage of CSF, mild
hyperventilation, and bolus administration of osmotic agents
such as mannitol. If ICP is not controlled with these measures,
additional treatments including pentobarbital coma, hypother-
mia, or decompressive craniectomy can be considered. Other
parameters that can be monitored and treated include jugular
venous oxygen saturation and brain tissue oxygenation. Ther-
apy should be continued until ICP is controlled at less than
20 mm Hg for 24 to 48 hours. Mortality rates for severe head
injury have shown a steady decrease but are still 27% .
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CHAPTER 147 ■ ALTERED CONSCIOUSNESS
AND COMA IN THE INTENSIVE CARE UNIT
EELCO F. M. WIJDICKS

Impaired consciousness is a very common neurologic problem
in the Intensive Care Unit (ICU). Neurologists are commonly
consulted for “altered mental status,” often after sedation has
been discontinued, after cardiopulmonary resuscitation and
failure to awaken, and in patients with multisystem trauma
to address the extent of traumatic brain injury and assist in
management. With the emergence of transplantation intensive
care units, neurologic complications have surfaced with many
involving altered awareness.

The assessment of impaired consciousness or coma is a com-
plex undertaking. Obviously, there are multiple factors in play,
but simply denoting the cause of impaired consciousness as
multifactorial would be counterproductive and, most likely,

inaccurate. Some patterns, however, are apparent. First, pro-
longed accumulation of sedative agents in patients with im-
paired renal or hepatic function is common, and allowance of
time for these agents to metabolize would lead to improve-
ment. Second, hypoxic/ischemic injury to the brain is proba-
bly more likely than commonly appreciated. The circumstances
for episodic hypoxemia and shock are commonly present, and
therefore, the brain is at risk. Third, the clinical spectrum of the
neurologic aspect of critical illness has become better defined.
In many circumstances, with a plethora of potential causes of
coma, it is possible to localize the lesion and diagnose the cause
of coma. The more frequent use of MRI technology has in-
creased, providing not only important diagnostic findings, but
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also prognostic pointers. This chapter provides the essentials
of neurologic examination and places it into the context of the
different ICUs.

ANATOMY OF COMA
In general, structural lesions interrupt the ascending reticular
activating system. This system consists of the reticular forma-
tion, a network of neurons that signals the thalamus and cortex.
The thalamus, with its complex circuitry connecting the cor-
tex and basal forebrain, participates in arousal. Without this
neuronal network, the person cannot be aroused. The thala-
mus, through the interlaminar nuclei, maintains arousal and
relays sensory, motor, and critical cortical circuits. As a gen-
eral principle, altered consciousness is caused by lesions that
are dorsally located in the pons and thalamus, or are bihemi-
spheric (1,2). Bilateral lesions of the thalamus, bilateral white
matter lesions, or bilateral cortical lesions are necessary to im-
pair consciousness. Alternatively, a mass in one hemisphere
could produce bilateral injury when brain shift occurs or when
the ventricular system become obstructed, resulting in an acute
hydrocephalus.

The mechanism of acute physiologic derangement of the
brain in acute metabolic abnormalities is not as well under-
stood, and not uncommonly, a structural lesion is at play. Ex-
amples are patients with rapid sodium correction that causes
osmotic demyelination, central pontine myelinolysis, or exten-
sive white matter disease. Cerebral edema may also occur in
patients with acute ketoacidosis or in those with fulminant
hepatic failure. In these circumstances, it would appear that
the laboratory derangement is the cause of coma, but, in fact,
a structural abnormality is present.

DEFINITIONS
The major categories of altered level of consciousness can be
arbitrarily defined to facilitate interphysician communication.
Many patients in the ICU are in an acute confusional state.
This is a condition in which there is impairment of attention,
inability to retain memory, and incoherent conversation. The
patient is not following any commands, including simply track-
ing a finger. When hallucinations occur and are accompanied by
signs of autonomic hyperactivity that may include tachycardia,
hypertension, and sweating, the term delirium is used. Some
patients may be combative, noisy, and have a markedly abnor-
mal sleep pattern (3–6). Hallucinations can be vivid and often
visual, particularly in cyclosporin toxicity. A delirium tremens
should be recognized and is probably more common than ap-
preciated. The warning signs are increased pulse to more than
120 beats per minute, systolic blood pressure more than 160
mm Hg, respiratory rate of more than 30 breaths per minute,
fever, new-onset seizures, and a need for incremental doses of
lorazepam or other benzodiazepines to control confusion.

Patients who are comatose are unresponsive, have their eyes
closed, and do not respond to painful stimuli. In this condition,
painful stimuli should not produce a localizing response to the
pain stimulus, nor eye opening, grimacing, nor—in the absence
of an endotracheal tube—speech. Additionally, the patient is
unable to fixate on an object. Patients who remain in a co-
matose state for a prolonged period will eventually open their
eyes, start to fixate on persons around the bedside, and then, in

a gradual fashion, show improvement by following commands
and uttering a few words.

Patients with pathologic motor responses, such as extensor
(decerebrate posturing) or flexor (decorticate posturing) mo-
tor responses, who remain comatose may open their eyes, but
then typically start to develop sleep-and-wake cycles. There
will be periods during which the patient has the eyes open
without fixation and periods in which the eyes are closed and
the patient is in a deep sleep. These patients do not recognize
any external stimuli, and there is no meaningful expression
and no visual tracking, but brainstem function, including res-
piration, is preserved. These patients are termed as being in
a persistent vegetative state. If a vegetative state persists for
a sufficient amount of time—a year after traumatic brain in-
jury and 3 months after anoxic ischemic injury, the adjective
permanent has been used, indicating the virtual impossibility
of recovery and awakening (7). Anoxic-ischemic encephalopa-
thy after cardiopulmonary resuscitation or asphyxia spares the
brainstem but damages the cortex, and is a common cause
of the vegetative state. After a traumatic brain injury, there
is often some improvement in the level of consciousness; for
these patients, the term minimally conscious state has been
used. Some communication is possible, but the disability is
profound.

When all brain function is lost, the patient fulfills the clin-
ical criteria for brain death (8). Irreversible loss of all brain
and brainstem function occurs in patients with catastrophic
neurologic injury, often with a sudden increase in intracranial
pressure due to a traumatic injury or cerebral hemorrhage. Us-
ing certain criteria, the clinical diagnosis of brain death can be
made, allowing for the legal declaration of the patient’s death.

Physicians should recognize these different comatose states
but should also be aware of the states that mimic coma, the
most common of which is known as locked-in syndrome (9).
In this state, patients have normal consciousness but com-
plete body paralysis, except for vertical eye movements. These
patients cannot move their limbs, grimace, or swallow but
are able to look up and down and blink. The lesion is typi-
cally in the base of the pons—often an embolus to the basi-
lar artery—but due to sparing of the ascending reticular for-
mation, consciousness is not impaired, and patients are fully
alert.

CLINICAL EXAMINATION
The neurologic examination consists of two parts. The first is
to evaluate the patient in a broad manner using coma scales.
The Glasgow coma scale has been in use for many years and
continues to be a useful means of conducting such an exami-
nation; however, in the ICU, with a high proportion of patients
who are ventilated, the scale becomes largely useless. This has
been recognized, and a new scale—the FOUR score—has been
devised and validated both in emergency departments, medical
and surgical ICUs (10–12).

FOUR Score

The FOUR (Full Outline of UnResponsiveness) score, not sur-
prisingly, has four components, each of which has 4 as the
maximal grade. The FOUR score is shown in Figure 147.1.
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FIGURE 147.1. The FOUR score components are eye response, motor
response, brainstem reflexes, and respiration. The eye responses are E0
for eyelids that remain closed with pain; E1 for eyelids closed but open
to pain; E2 for eyelids closed but open to loud voice; E3 for eyelids open
but not tracking; E4 for eyelids open or open to tracking or blinking
to commands. The motor responses are M0 for no response to pain or
a generalized myoclonic status epilepticus; M1 for extension response
to pain; M2 for flexion response to pain; M3 for localizing to pain;
M4 for thumbs up, fist, or peace sign. The brainstem reflexes are B0
for absent pupil, corneal, or cough reflex; B1 for pupil and corneal
reflexes absent; B2 for pupil or corneal reflexes absent; B3 for one
pupil wide and fixed; B4 for pupil and corneal reflexes present. And
finally, respiration responses are R0 for breathes at a ventilator rate or
apnea; R1 for breathes above ventilator rate; R2 for not intubated and
irregular breathing; R3 for not intubated and Cheyne-Stokes breathing
pattern; and R4 for not intubated, regular breathing pattern.

This score is simple to use and has significant advantages. It
is able to recognize signs that suggest increased intracranial
pressure and uncal herniation. It also recognizes respiratory
patterns that not only indicate a need for ventilatory support
but are also indicative of a declining level of consciousness
and abnormal respiratory pattern. A recent validation study
also found that the score is predictive of in-hospital death (10).

This score can be used to communicate between nurses, staff
and residents, and indicates the depth of coma.

Ne uro log ical Examinat ion

The next step in the neurologic examination is the examination
of the brainstem reflexes (11,12). The pupillary responses are
typically present; very few patients in the ICU have an abnor-
mality in pupil diameter. Bilateral myosis is often seen because
most patients are treated with opioids. A unilateral myosis rep-
resents a Horner syndrome when ptosis is present. In the ICU,
it commonly reflects damage to the sympathetic pathway af-
ter placement of an internal jugular vein catheter. Extensive
thoracic surgery or brachial plexopathies are also causes for
unilateral myosis; (it is surprisingly common that the consult
is for a “dilated eye” on the opposite side). Bilateral mydriasis
with good light responses is due to delirium or anxiety. A fixed,
dilated pupil indicates a third cranial nerve involvement. This
could be due to direct compression from herniated brain tis-
sue, but more likely is due to shift of the brainstem in which the
third nerve is tethered. This is an important clinical sign that
indicates brainstem distortion and immediately indicates the
presence of a new structural mass. However, a major pitfall in
the ICU is that unilateral pupillary dilatation can be seen with
aerosolized anticholinergics and may cause alarm. The mist
condenses on eyelids and then touches the cornea, causing a
dilated pupil.

Gaze deviation is an important clinical sign, although it has
very little localizing value, and can be seen in acute hepatic or
renal failure without a structural brain lesion. Downward gaze
indicates a lesion in the thalamus or dorsal midbrain and is fre-
quently seen after hypoxic/ischemic injury. Traditionally, gaze
preference indicates a lesion in one hemisphere, which, most of
the time, is a lesion of the frontal lobe. The eyes turn toward
the abnormality because one eye field is unopposed. Skew de-
viation, in which the eyes at rest are not lined up correctly, is a
classic sign of a midbrain or pons lesion.

Spontaneous eye movement abnormalities have been noted.
Common eye movements are the following:

■ Ping pong: Horizontal conjunctive deviation of the eyes al-
ternating every few seconds

■ Convergence nystagmus: Ocular divergence in slow motion
followed by rapid convergent jerk

■ O cular bobbing: Rapid downward conjugate movement
with slow return to baseline

■ O cular dipping: Slow downward conjunctive movements
with rapid return

These spontaneous eye movement abnormalities are indicative
of a bihemispheric lesion and are rarely observed in toxic en-
cephalopathie.

The motor tone is then investigated, and the patient is ob-
served for the presence of rigidity or flaccidity. Marked flaccid-
ity often indicates the presence of poisoning or drug intoxica-
tion. In patients who have been in the ICU for many months, a
critical illness polyneuropathy should be considered. Twitch-
ing of the face and mouth may indicate seizures but, more
often, will represent myoclonus status epilepticus. Myoclonus
status epilepticus, with repetitive twitching in face, arm, and
legs, is an important clinical sign. It has been seen in drug
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intoxications but also after cardiopulmonary resuscitation, and
is a poor prognostic indication.

LOCALIZATION PRINCIPLES
It is important to make several decisions after certain neuro-
logic findings have presented themselves. First, is the lesion
structural or metabolic? Second, is the lesion in the cerebral
hemispheres or brainstem? To achieve this objective, it is impor-
tant to have a systematic diagnostic approach to coma in criti-
cal illness. The major categories of coma are as follows: hemi-
spheric lesions with brain shift; diffuse bihemispheric structural
lesion; diencephalon lesion involving both thalami; cerebellar
lesion with brainstem compression or ischemia; primary brain-
stem lesion in the mesencephalon or pons; or a diffuse phys-
iologic brain dysfunction from acute metabolic derangement,
drugs, or intoxication; and, much less likely, a psychogenic un-
responsiveness. Table 147.1 shows the common causes of these
major categories of coma; a systematic diagnostic approach is
shown in Table 147.2.

TA BLE 1 4 7 . 2

DIAGNOSTIC APPROACH TO COMA IN CRITICAL
ILLNESS

■ Chart sedative drugs and doses
■ Assess function of the liver and kidneys, body

temperature, serum albumin concentration, and acid-base
balance

■ Reconstruct plausible drug interactions
■ Consider antagonists for benzodiazepines (flumazenil,

1 mg), narcotics (naloxone, 0.1 to 0.4 mg), and
nondepolarizing muscle relaxants (neostigmine,
0.035–0.070 mg/kg, with atropine, 1 mg)

■ Localize examination findings to one main category
(Table 147.1)

■ Obtain computed tomography scan of the brain
■ Consider magnetic resonance imaging (T2-weighted, fluid

attenuation, inversion recovery)
■ Obtain electroencephalogram and somatosensory

potentials (optional)
■ Obtain spinal fluid for cell count, glucose, Gram stain,

and cultures (optional)

TA BLE 1 4 7 . 1

CLASSIFICATION AND MAJOR CAUSES OF COMA

STRUCTURAL BRAIN INJURY ACUTE METABOLIC-ENDOCRINE
Hemisphere DERANGEMENT
Unilateral (with displacement) Hypoglycemia

Intraparenchymal hematoma Hyperglycemia (nonketotic hyperosmolar)
Middle cerebral artery occlusion Hyponatremia
Hemorrhagic contusion Hypernatremia
Cerebral abscess Addison disease
Brain tumor Hypercalcemia

Bilateral Acute hypothyroidism
Penetrating traumatic brain injury Acute panhypopituitarism
Multiple traumatic brain contusions Acute uremia
Anoxic-ischemic encephalopathy Hyperbilirubinemia
Multiple cerebral infarcts Hypercapnia
Bilateral thalamic infarcts
Lymphoma DIFFUSE PHYSIOLOGIC BRAIN
Meningitis/encephalitis DYSFUNCTION
Gliomatosis Generalized tonic-clonic seizures
Acute disseminated encephalomyelitis Poisoning, illicit drug use
Cerebral edema Hypothermia
Multiple brain metastases Gas inhalation
Acute hydrocephalus Basilar migraine
Acute leukoencephalopathy Idiopathic recurrent stupor

Brainstem
Pontine hemorrhage PSYCHOGENIC UNRESPONSIVENESS
Basilar artery occlusion Acute (lethal) catatonia, malignant
Central pontine myelinolysis neuroleptic syndrome
Brainstem hemorrhagic contusion Hysterical coma

Cerebellum (with displacement of Malingering
brainstem)
Cerebellar infarct
Cerebellar hematoma
Cerebellar abscess
Cerebellar glioma

From Wijdicks EFM. Catastrophic N eurologic Disorders in the Emergency Department. 2nd ed. Oxford
University Press; 2004, with permission.
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FREQUENT ABNORMALITIES ON NEUROIMAGING STUDIES IN COMA

FINDINGS SUGGESTED DISORDERS

Computed Tomography
Mass lesion (brain shift, herniation) Hematoma, hemorrhagic contusion, MCA

territory infarct
Hemorrhage in basal cisterns Aneurysmal SAH
Intraventricular hemorrhage Arteriovenous malformation
Multiple hemorrhagic infarcts Cerebral venous thrombosis
Multiple cerebral infarcts Endocarditis, coagulopathy, CNS vasculitis
Diffuse cerebral edema Cardiac arrest, fulminant meningitis, acute

hepatic necrosis, encephalitis
Acute hydrocephalus Aqueduct obstruction, colloid cyst, pineal

region tumor
Pontine or cerebellum hemorrhage Hypertension, arteriovenous malformation
Shear lesions in the white matter Head injury

Magnetic Resonance Imaging
Bilateral caudate and putaminal lesions Carbon monoxide poisoning, methanol
Hyperdense signal along sagittal,

straight, and transverse sinuses
Cerebral venous thrombosis

Lesions in corpus callosum, white matter Severe head injury
Diffuse confluent hyperintense lesions in

white matter, basal ganglia
Acute disseminated encephalomyelitis

immunosuppressive agent, or
chemotherapeutic agent toxicity, metabolic
leukodystrophies

Pontine trident-shaped lesion Central pontine myelinolysis
Thalamus, occipital, pontine lesions Acute basilar artery occlusion
Temporal, frontal lobe hyperintensities Herpes simplex encephalitis

MCA, middle cerebral artery; SAH, subarachnoid hemorrhage; CNS, central nervous system.
From Wijdicks EFM. N eurologic Complications in Critical Illness. Contemporary Neurology Series 2nd ed.
Oxford University Press; 2002.

After the cause of the coma state has been localized on ex-
amination, computed tomography (CT), magnetic resonance
imaging (MRI) scan, cerebrospinal fluid testing, or electrodi-
agnostic tests may be helpful. An MRI scan is able to document
certain abnormalities and can be very helpful in determining
not only the cause but also the immediate action to undertake.
The MRI scan has become extremely important in the diag-
nosis of coma, but it requires anesthesia support in many pa-
tients and, therefore, is cumbersome in certain circumstances.
A summary of the abnormalities seen on neuroimaging stud-
ies of comatose patients is shown in Table 147.3. This can be
used as a reference of the most common causes of coma seen
in the ICU. The electroencephalograph (EEG) has lost much of
its value, largely because MRI scans are able to clearly show
the lesion. EEGs can be performed to detect nonconvulsive sta-
tus epilepticus (NCSE), a rare condition in which the patient
has subtle eye blinking or eye movements or gaze preference
that is associated with epileptic discharges. The EEG can detect
these abnormalities, and the patient can sometimes be success-
fully treated. Most often, the EEG is the reflection of significant
brain injury, and aggressive treatment has not led to a marked
improvement in outcome (13). The major EEG abnormalities
include delta or theta activity, in which there is marked slow-
ing of the activity that is typically seen in sedation, meningitis,
encephalitis, or other diffuse injuries. Triphasic waves are typi-
cally associated with hepatic or renal failure. Burst suppression

patterns are seen most likely after anoxic ischemic injury. EEG-
defined patterns, such as alpha, theta, or spindle coma, have
little prognostic value.

Laboratory tests are typically available on a daily basis in
a critically ill patient, and therefore, these parameters should
be known. Nevertheless, several essential laboratory studies
are needed to exclude acute metabolic derangements in coma
and certainly should be obtained if acute new changes have
occurred in neurologic examination (Table 147.4).

FAILURE TO AWAKEN
AFTER SURGERY

A common problem is patients who fail to awaken after a gen-
eral surgical or vascular surgical procedure. In the vast major-
ity of patients, anoxic/ischemic injury or multiple infarcts are
detected. Failure to awaken after surgery may also be due to
multiple emboli to the brain. The risk of embolization is most
significant in patients with severe atherosclerotic disease of the
ascending aorta and thus is applicable to patients with major
cardiovascular surgeries (14). However, not uncommonly, pa-
tients do not awaken because of the accumulation of narcotic
and sedative agents. Many of these patients have underlying
liver dysfunction that further increases accumulation of these
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LABORATORY TESTS IN THE EVALUATION OF COMA

Hematocrit, white blood cell count
Electrolytes (Na, KCl, CO 2, Ca, PO 4)
Glucose
Urea, creatinine
Aspartate transaminase (AST) and γ -glutamyltransferase

(GGT)
Osmolality
Arterial blood gases (pH, PCO2, PO 2, HCO 3, HbCO)

(optional)
Platelets, smear, fibrinogen degeneration products, activated

partial thromboplastin time, prothrombin time (optional)
Plasma thyrotropin (optional)
Blood and cerebrospinal fluid cultures (optional)
Toxic screen in blood and urine (optional)
Cerebrospinal fluid (protein, cells, glucose, India ink stain,

and cryptococcal antigen, viral titers) (optional)

PO2 /PCO 2, partial pressure of O 2/CO 2; HbCO, carbon monoxide
hemoglobin.
From: Wijdicks EFM. N eurologic Complications in Critical Illness.
Contemporary Neurology Series 64. 2nd ed. Oxford University Press;
2002.

drugs. Finally, acute postoperative hyponatremia, due to ad-
ministration of a large volume of hypertonic fluid to patients,
may be a cause of failure to awaken.

FAILURE TO AWAKEN AFTER
TRANSPLANTATION

Changes in consciousness have been recognized in patients
having undergone major organ transplantation (15). This is
most commonly seen with cardiac or liver transplantation.
Although in the vast majority of patients, a delirium that may
evolve to coma develops due to the toxicity of immunosup-
pressive agents, other reasons for loss of consciousness are hy-
poxic ischemic encephalopathy, central pontine myelinolysis,
air embolization, acute uremia, acute graft failure, or multi-
ple intracranial abscesses from aspergillosis. Immunosuppres-
sive agents such as cyclosporin and tacrolimus can produce
a marked neurotoxicity in which patients evolve from ram-
bling speech and visual hallucinations into a stuporous stage
that is associated with marked MRI abnormalities. The MRI
scan often shows diffuse lesions in the white matter that are
fully reversible with discontinuation of the medication. Both
tacrolimus and cyclosporin are known offenders in this con-
text; a new drug, sirolimus, has been found to be much less
frequently associated with neurotoxicity (15).

Central nervous system infections are often serious and may
be caused by opportunistic infections. Cytomegalovirus is the
most common viral infection after organ transplantation but
rarely results in cytomegalovirus encephalitis. In most of these
patients, there is slow onset of abnormalities. Serious compli-
cations result from infection with Cryptococcus neoformans
or Aspergillus fumigatus that leave not only multiple brain ab-
scesses but also multiple intracranial hemorrhages. The out-
come from these infections is very poor.

Sudden loss of consciousness may indicate a new onset of
seizures in transplant recipients; the incidence in liver trans-
plantation is recognized to be about 20% . An acute metabolic
derangement—such as hypernatremia or hyperglycemia—may
be implicated, but in a large proportion of patients, an intracra-
nial hemorrhage or bacterial abscess is the causative factor.
Seizures in cardiac transplantation occur in 10% to 15% of
transplanted patients and most of the time are associated with
an ischemic stroke.

FAILURE TO AWAKEN IN
MULTISYSTEM TRAUMA

Trauma units commonly admit patients with not only multiple
fractures but also with traumatic brain injury (TBI). The initial
attention paid to the patient with TBI may be less in patients
with severe shock due to blood loss and, since many of these pa-
tients require urgent exploration, they are taken to the operat-
ing room with an inadequate evaluation of their brain function.
Multitrauma patients are at high risk of TBI, so close observa-
tion is important. In fact, these patients may need intracranial
pressure monitoring, particularly if they do not localize to pain
or open their eyes to pain, or have brainstem reflex abnormal-
ities. Many traumatic parenchymal lesions are localized in the
frontal and temporal lobes, and there is a significant risk of
secondary deterioration from swelling. In the most severe cir-
cumstances, diffuse axonal injury is present, in which the in-
jury itself causes swelling with multiple so-called shear lesions
in the brain. These are typically in the frontal cortex, white
matter, basal ganglia, thalamus, and internal capsule. Rarely,
failure to awaken after trauma is due to the fat embolization
syndrome; these patients often have axillary or subconjunctival
petechiae, are markedly hypoxemic, and frequently have pul-
monary edema. These patients have large bone fractures and
often present 12 to 75 hours after the initial traumatic injury.

MANAGEMENT OF COMA
Initial management is determined by the presence or absence
of increased intracranial pressure (ICP). Patients with a supra-
tentorial mass lesion or diffuse edema are best treated with
placement of an ICP monitor, followed by the brief (hours) use
of hyperventilation, with a target of a PaCO 2 of 30 mm Hg
(Table 147.5). Mannitol is a more effective method. Mannitol
is typically administered at a dose of 1 gm/kg using a 20%
solution, with the goal of increasing plasma osmolality to 310
mOsmols/L. Mannitol decreases brain volume by extracting
water from brain tissue, which is generated through an osmotic
gradient. It is an important initial intervention and can bridge
the patient to neurosurgical evacuation. Hypertonic saline (7.5
or 23.4% ) may be more effective (30 cc bolus) but requires in-
fusion through a central line. Surgical evacuation of the mass is
indicated before further brainstem compression occurs and all
brainstem function is lost. The use of corticosteroids is highly
questionable and may have a role only in patients who have
edema surrounding a metastatic lesion or primary brain tu-
mor. It has no role in closed-head injury, cerebral infarction,
or cerebral abscess. Patients presenting in coma from an infec-
tious disease such as acute bacterial meningitis need immediate
IV infusion with antibiotics. The empiric treatment is discussed
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MANAGEMENT OF ACUTE SUPRATENTORIAL MASS
WITH BRAIN SHIFT

STABILIZING MEASURES
Protect airway: Intubate
Correct hypoxemia with O 2 nasal cannulae, 3–4 L/min, or

face mask
Elevate head to 30 degrees
Treat extreme agitation with lorazepam, 2 mg

intravenously, or propofol, 0.3 mg/kg/h
Correct coagulopathy with fresh frozen plasma, vitamin K

(if applicable), consider factor VIIa

SPECIFIC MEDICAL MEASURES
Hyperventilation: Increase respiratory rate to 20 breaths/

min, aim for a PaCO2 of 25–30 mm Hg
Mannitol 20% , 1 g/kg; if no effect, 2 g/kg; aim for a plasma

osmolality of 310 mOsm/L
Dexamethasone, 100 mg intravenously (in tumors only)

SPECIFIC SURGICAL MEASURES
Evacuation of hematoma
Placement of drain in abscess
Decompressive craniotomy in brain swelling of one

hemisphere

PaCO 2 , arterial partial pressure of CO 2.

elsewhere but includes cefotaxime (2 g intravenously (IV) every
6 hours), vancomycin (2 g IV every 12 hours), and corticos-
teroids. If herpes simplex encephalitis is considered, acyclovir
(10 mg/kg IV every 8 hours) is administered. In practice, in
most patients with an infectious cause but no clear etiologic
factors, both antibacterial and antiviral treatments are initi-
ated until the spinal fluid examination reveals the true cause of
infection.

The neurosurgeon’s role in the treatment of comatose pa-
tients includes removal of the mass and placement of a ven-
triculostomy, particularly in patients with a subtentorial mass
or brainstem lesion. A craniotomy to remove a bone flap can be
performed to allow for swelling. This is an option in patients
with massive middle cerebral artery infarction or those with a
swollen traumatic contusion. In patients with a brain abscess
in the setting of organ transplantation, a drain can be placed
in the abscess. The management of patients in coma from a
subtentorial lesion is noted in Table 147.6.

PROGNOSIS
Prognosis may be determined before hospital admission. Time
without circulation and poor airway control may all play
an important role in outcome; in TBI, outcome is related to
prehospital hypoxemia. Many guidelines have been proposed
to determine the futility of care (16–20). Certain neurologic
conditions may be associated with no hope for good recov-
ery. These include patients with myoclonus status epilepticus
and brain swelling after cardiac arrest; patients with multi-
ple territorial infarcts and brain swelling after cardiac surgery;
occlusion of the basilar artery and coma; multiple intracra-
nial hemorrhages associated with tissue plasminogen activator

TA BLE 1 4 7 . 6

MANAGEMENT OF ACUTE SUBTENTORIAL MASS OR
BRAIN STEM LESION

STABILIZING MEASURES
Intubation and mechanical ventilation
Correct hypoxemia with 3 L of O 2/min
Flat body position (in acute basilar artery occlusion)

SPECIFIC MEDICAL MEASURES
Intra-arterial tpa (in basilar artery occlusion)
Mannitol 20% , 1 g/kg (in acute cerebellar mass)
Hyperventilation to PaCO 2 of 25–50 mm Hg (in acute

cerebellar mass)

SPECIFIC SURGICAL MEASURES
Ventriculostomy
Suboccipital craniotomy

PaCO 2, arterial partial pressure of CO 2.

(tPA); pontine hemorrhages with hypertension and extension
to the midbrain and thalamus; multiple hemorrhagic contusion
and associated extradural hematomas; patients with gunshot
wounds; and intraventricular extension. In any of these cir-
cumstances, outcome is poor and the level of care should be
discussed with family members. Major reasons for consulta-
tion in the ICU are prognostication in a comatose patient after
cardiopulmonary resuscitation. Recent guidelines have been
proposed by the American Academy of Neurology (17). An
evidence-based evaluation has determined that myoclonus sta-
tus epilepticus, the absence of corneal and pupillary reflexes,
and absent N20 potentials on somatosensory evoked poten-
tials (SSEP) are important indicators of poor outcome (Fig.
147.2). MRI and CT scan are useful diagnostic tests but have
not been investigated thoroughly to be used as prognosticating
tools. Outcome in TBI is very difficult to assess with certainty
in young individuals, who can make a substantial improvement
despite neuroimaging indicators of severe brain damage.

BRAIN DEATH
Loss of all brain function is not frequently noted but may oc-
cur after traumatic brain injury, severe anoxic/ischemic injury,
and cardiac resuscitation. Patients with catastrophic intracra-
nial hemorrhages and massive hemispheric infarcts, cerebral
edema, and fulminant hepatic failure are other major exam-
ples (8). Brain death is equivalent to death, where the time of
its determination is the time of death. Definition of brain death
implies documentation of loss of consciousness, no motor re-
sponse to painful stimuli, no brainstem reflexes, and apnea. A
structural lesion on CT scan is commonly found.

The diagnosis of brain death is made in the following steps:

1. First, the cause has to be identified, and coma has to be
irreversible.

2. Major confounding factors have to be excluded, and there
should be no reversible medical illness.

3. The core temperature should be at least 32◦C, and no con-
founding pharmaceutical agents should have been adminis-
tered or lingering on.
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FIGURE 147.2. Algorithm for deter-
mination of prognosis of coma after
cardiopulmonary resuscitation. FPR,
false positive ratio; NSE, neuron-
specific enolase; SSEP, somatosensory
evoked potentials. �These laboratory
tests may not be available on a timely
basis.

4. On examination, there is no motor response to pain applied
to the face and limbs. Any movement that is seen must be
attributable only to a spinal cord response.

5. There should be absent pupil response, absent cold caloric
oculovestibular response, absent corneal reflex, absent
cough to bronchial suctioning, and

6. Apnea with a PaCO 2 of 60 mm Hg—or a 20 mm Hg increase
from pretest baseline. The apnea test is done under con-
trolled circumstances using the oxygen diffusion method.

If a patient fulfills all these criteria, brain death can be di-
agnosed. It is useful to have two examinations 6 hours apart,
although the American Academy of Neurology considers this
optional. In younger children, electrophysiologic tests are re-
quired.

WITHDRAWAL OF CARE
In the discussion of withdrawal of care, it is important to have
a neurologist involved to explain to the family members the
findings and how they play a role in their assessment. Pallia-
tive care includes use of lorazepam and phosphenytoin to pre-
vent seizures but also involves the use of propofol to reduce
myoclonus status epilepticus, which can be a dreadful sight to
family members. Neurologic complications in critically ill pa-
tients are often major setbacks, certainly when the patient has
lapsed into coma. Failure to awaken after 1 week in a struc-
tural coma is often associated with a high mortality rate due

to withdrawal of support, either instigated by directives of the
patient or by family members.
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CHAPTER 148 ■ SEIZURES AND STATUS
EPILEPTICUS
GEORGES A. GHACIBEH

Status epilepticus (SE) is defined as continuous or rapidly re-
peating seizures, and should be viewed as a life-threatening
medical and neurologic emergency requiring prompt therapeu-
tic intervention. The frequency of SE in the United States is
estimated at 152,000 cases per year, with roughly 55,000 re-
lated deaths annually. SE can be the presenting sign of epilepsy
in up to 30% of patients. Therefore, it is essential for all health
care providers to be able to identify and treat patients with SE
adequately.

DEFINITIONS AND
CLASSIFICATIONS

Ep ile p t ic Se izure

According to the International League Against Epilepsy (ILAE),
an epileptic seizure is defined as a transient occurrence of signs
and/or symptoms due to abnormally excessive or synchronous
neuronal activity in the brain (1). There are two components in
this definition: The first component is the occurrence of clinical
signs and symptoms, which are usually neurologic, and the sec-
ond component is the presence of abnormal neuronal activity.
Therefore, classification schemes of seizures can follow either
of these two components. Seizures can be classified based on
either their semiology or the pattern of neuronal activity. Neu-
ronal activity is measured as neurophysiologic electrical signals
seen as tracings on an electroencephalogram (EEG).

Seizures are divided into two types, depending on whether
the abnormal neuronal activity starts in a specific region of the
brain or diffusely in the entire brain. A seizure is called focal
(previously called partial) when the electrical activity starts in
a specific region of the brain. This can be a well-defined focus,
a large brain region, or even an entire hemisphere. A seizure is
called generalized when the electrical activity starts diffusely,
involving the entire brain at onset. It is important to note that
a seizure that starts focally can spread to involve the entire
brain. In this case, the seizure is called secondarily generalized.

Classification based on semiology is more complicated due to
the wide variety of clinical features. Although the division of
seizures into focal and generalized does not take into account
the clinical semiology, specific clinical features occur in each
seizure type.

There are six distinct types of generalized seizures: Tonic-
clonic (grand mal), tonic, clonic, atonic, myoclonic, and ab-
sence (petit mal). The clinical features of focal epilepsy are
more varied, depending on the primary function of the brain
region where the abnormal electrical activity occurs. For ex-
ample, if the seizure focus is in the motor cortex, repeated
contractions are expected to occur. The older classification di-
vided focal seizures into three types, depending on the degree
of impairment in consciousness. Seizures are considered sim-
ple partial if consciousness is not impaired; complex partial if
consciousness is impaired; and secondarily generalized when
a secondary generalized tonic-clonic seizure occurs after a fo-
cal onset. The distinction between simple partial and complex
partial is sometimes difficult, especially when language remains
intact. For this reason, the new classification proposed by the
ILAE removed simple partial and complex partial from the fo-
cal seizure subtype. However, this classification remains widely
used and can be clinically useful.

Ep ile p sy

According to the ILAE, epilepsy is a disorder of the brain char-
acterized by an enduring predisposition to generate epileptic
seizures and by the neurobiologic, cognitive, psychological, and
social consequences of this condition. The definition of epilepsy
requires the occurrence of at least one epileptic seizure (1).
Several epileptic syndromes have been proposed by the ILAE
based on genetic, etiologic, and clinical features. However, for
practical reasons, epileptic disorders can be best classified and
understood depending on the type of seizures that occur. Fo-
cal epilepsy (previously called partial epilepsy) is a disorder
characterized by the occurrence of focal seizures, and gener-
alized epilepsy is a disorder characterized by the occurrence
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of generalized seizures. The terms primary and secondary are
frequently used to distinguish between idiopathic syndromes
(primary) and syndromes with a known cause (secondary). Pri-
mary generalized epilepsy (PGE) refers to a set of epilepsy syn-
dromes with different combinations of generalized seizures that
have, in general, a good prognosis. Symptomatic (or secondary)
generalized epilepsy refers to a set of heterogeneous disorders
characterized by severe intractable epilepsy and several seizure
types, and are associated with significant mental retardation
and poor prognosis. Lennox-Gastaut syndrome is a common
type of secondary, generalized epilepsy.

St at us Ep ile p t icus

Status epilepticus is defined as recurrent epileptic seizure ac-
tivity lacking full recovery of neurologic function between
seizures, or continuous clinical and/or electrical seizure activ-
ity that lasts 30 minutes or longer, whether or not conscious-
ness is impaired (2). This original definition has been changed
several times over the years, and the duration of continuous
seizure activity that is accepted as SE has gradually decreased
due to several factors. Research with animals shows that repet-
itive seizures become self-sustaining and resistant to medical
treatment within 15 to 30 minutes (3,4). In addition, irre-
versible neuronal injury and death are likely to occur with
prolonged seizure activity (5). Furthermore, it is extremely im-
portant to emphasize early aggressive treatment. Therefore, an
operational definition was introduced by several experts, sug-
gesting that 5 minutes of continuous seizure activity should
be enough to define SE (6,7). This new definition has become
widely accepted; however, the choice of 5 minutes is empirical
and is dictated by the need to treat early and not wait until
seizure activity becomes refractory to treatment and/or neu-
ronal injury has occurred. The problem is that not all patients
who have continuous seizures for 5 minutes are in established
SE. In one study (8), more than 40% of the seizures lasting
from 10 to 29 minutes stopped spontaneously without treat-
ment, and overall mortality was 2.6% versus 19% for status
epilepticus lasting over 30 minutes. For this reason, the term,
impending status epilepticus (9), was recently introduced to
describe those patients who have continuous seizure activity
for at least 5 minutes but less than 30 minutes. The 5-minute
cut-off is in agreement with the operational definition of sta-
tus, and is based in part on the fact that the great majority of
secondarily generalized tonic-clonic seizures terminate spon-
taneously after approximately 1 minute (10). However, this
definition also takes into account the fact that there is a sig-
nificant difference in terms of natural progression, response to
treatment, and mortality between seizures lasting more than
30 minutes and those lasting less than 30 minutes (8,11,12).
The term, established status epilepticus, was therefore used to
describe seizures lasting more than 30 minutes (9). While this
definition can be useful both in clinical practice and in clini-
cal trials, it is important to remember that the transition from
impending to established SE is a continuum.

Classification of status epilepticus follows the same scheme
as the classification of seizures and, theoretically, any seizure
can become SE if it does not terminate spontaneously. Accord-
ing to the ILAE, SE is divided into generalized and focal, de-
pending on the mode of onset of the abnormal neuronal ac-
tivity. However, it is important to note that a focal seizure can

evolve either into focal or into generalized SE, depending on
whether there is progression into secondary generalization.

The most commonly used classification scheme divides SE
into convulsive, nonconvulsive, and subtle, depending on the
presence or absence of motor manifestations. Nonconvulsive
status epilepticus (NCSE) manifests most commonly with im-
pairment of consciousness of varying degrees, ranging from
mild confusion to deep coma. The concept of subtle status
epilepticus was introduced (13) to emphasize the point that
prolonged convulsive SE changes in character with time, and
the motor manifestations become less evident. Patients usu-
ally remain unconscious and have subtle motor manifesta-
tions, such as nystagmus, eyelid twitching, and finger twitching.
However, the prognostic and therapeutic implications remain
very similar to the convulsive state. Although this classifica-
tion is somewhat simplistic and does not take into account the
complexities of clinical and electrographic manifestations of
various types of SE, it is very practical and useful in the clinical
setting. In general, uncontrolled convulsive status is considered
a life-threatening condition with a high morbidity rate, requir-
ing prompt and aggressive treatment.

EPIDEMIOLOGY
The incidence of status epilepticus ranges from 10 to 41 per
100,000 individuals per year in various studies (14–17). All
studies showed a significantly higher incidence in the elderly,
especially after 60 years of age, raising a concern that the over-
all incidence may rise as the population ages. In addition, only
40% to 50% of patients presenting with first-time SE have a
previous diagnosis of epilepsy (15,16). NCSE represents about
30% to 40% of all cases of SE, with an estimated incidence of
5 to 9 per 100,000 individuals per year. However, the true inci-
dence of NCSE may be underestimated. In fact, various studies
reported an incidence of NCSE in patients in the intensive care
unit (ICU) with altered mental status ranging from 8% to 37%
(18–22). Even when all patients with clinical evidence or his-
tory of seizures were excluded, the incidence of NCSE was 8%
(18); in patients with intracerebral hemorrhage, the incidence
rises to 28% (21). Diagnosis requires clinical suspicion and
long-term EEG monitoring, which is not routinely performed
on critically ill patients in many institutions.

Mortality from SE, estimated in most studies at 10% to
20% , rises significantly with age (23), reaching 38% in elderly
people (14). One of the primary predictors of poor outcome is
prolonged seizure. When seizure activity lasts more than 1 hour,
mortality reaches 32% compared to 2.7% with shorter seizures
(23,24). Mortality from NCSE seems to be higher, averaging
50% (25).

ETIOLOGY
In about 30% of cases, status epilepticus occurs in patients
with chronic epilepsy and is due to withdrawal, or low blood
concentrations, of antiepileptic drugs (9,23,26). Hence, in the
majority of cases, SE occurs in patients with no history of
epilepsy and may be due to a variety of causes, most commonly
intracranial pathology, such as ischemic stroke, intracerebral
and subarachnoid hemorrhage, central nervous system (CNS)
infections, head trauma, and brain tumors. Other etiologies
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include cardiac arrest and hypoxic/anoxic brain injury, alcohol
withdrawal, metabolic disturbances, and toxic causes. In some
patients, no cause can be identified (9,26).

Both acute and chronic intracranial pathology can cause
seizures. Seizures and SE may actually be the presenting signs
of several neurologic conditions. This is true for intracranial
hemorrhage, including subarachnoid and intracerebral hemor-
rhage, acute embolic stroke, and brain tumors. Approximately
50% of patients with brain tumors experience seizures (27,28),
and a seizure is the presenting sign of a tumor in 23% of cases
(29). Seizures can also be the presenting sign of an acute stroke
(30) and frequently occur in the first 2 weeks after a stroke. It
is estimated that seizures occur in up to 6% of patients with
ischemic stroke, up to 18% of patients with intracerebral hem-
orrhage, and up to 26% of patients with subarachnoid hemor-
rhage (30,31). Up to 2.8% of patients with stroke go into SE
either at presentation or within 2 weeks of their stroke (32).
The risk of chronic epilepsy is 17 times higher after an ischemic
stroke than the general population (33), and the risk of having
a seizure or developing chronic epilepsy after any type of stroke
is 11.5% (34). In subarachnoid hemorrhage, generalized tonic-
clonic seizures have been reported in up to 26% of patients at
the time of onset or shortly after onset (31,35), and nonconvul-
sive status epilepticus occurred in 8% of patients who survived
the first 48 hours and had an unexplained decline in their level
of consciousness (36).

Metabolic disturbances that may cause seizures include hy-
ponatremia, hypoglycemia, hypocalcemia, hypomagnesemia,
uremia, hepatic encephalopathy, and hyperosmolar states
(26). However, it is important to note that metabolic en-
cephalopathies can frequently cause EEG abnormalities that
can be difficult to distinguish from subtle seizure activity, such
as high-amplitude slowing and triphasic waves. Therefore, ex-
tra care should be taken to avoid both over- and underdiag-
nosing patients as having SE when they have a clear metabolic
dysfunction. Response to treatment may be critical in these
situations.

Several drugs can cause seizures at toxic levels, including
some analgesics such as meperidine, propoxyphene, and tra-
madol; some psychiatric medications such as bupropion, tri-
cyclic antidepressants, lithium, olanzapine, selective serotonin
reuptake inhibitors (SSRIs), venlafaxine, and clozapine; in ad-
dition to other drugs such as theophylline, isoniazid, lido-
caine, phenothiazines, and some antibiotics such as imipenem/
cilastatin, penicillins, and ciprofloxacin. Furthermore, several
commonly abused drugs can cause seizures, most notably
cocaine, amphetamines, phencyclidine, and γ -hydroxybutyric
acid (37,38).

PATHOPHYSIOLOGY AND
MECHANISMS

The great majority of seizures stop spontaneously in less than 2
minutes (39). This is most likely due to inhibitory mechanisms
that attempt to deter any excessive, abnormal neuronal activity.
This inhibition is evident on the EEG as postictal slowing and
attenuation. It is believed that status epilepticus occurs when
inhibitory mechanisms fail, resulting in a self-sustaining and
prolonged seizure activity; the exact cause of this failure is not
well understood. A large number of elegant experiments done

on animal models of SE tried to shed some light on the underly-
ing mechanisms causing SE. Review of these studies is beyond
the scope of this chapter; however, two points are worth dis-
cussing, since they have important implications on treatment
strategy.

Self-sustaining status can be easily triggered in animal mod-
els using electrical stimulation (40). However, this can be
blocked by many drugs that increase inhibition or reduce ex-
citation only if administered early, prior to the development of
a self-sustained seizure (41). In contrast, once a self-sustaining
state is established, it becomes more difficult to stop the seizure
(42), and much higher dosages of inhibitory drugs are required,
leading to significant toxicity, including cardiovascular depres-
sion (43). Another important feature of self-sustaining status
is the progressive development of resistance to antiepileptic
drugs. The anticonvulsant potency of benzodiazepines can de-
crease by 20 times within 30 minutes of self-sustaining sta-
tus epilepticus (44). The same phenomenon was observed with
other anticonvulsants, such as phenytoin; however, the decline
in potency was slower (12).

Pathophysiologically, SE produces a number of changes,
which can be divided into neurologic and systemic. Primary
neurologic complications occur in both convulsive and non-
convulsive status, and are time dependent and probably pre-
ventable with early termination of the seizure. In animal models
of SE, neuronal injury occurs even in the absence of convulsive
activity (45,46), and cell death is thought to result from ex-
cessive neuronal firing through excitotoxic mechanisms (47).
It is impossible to replicate these experiments in human beings;
however, there is widespread belief—supported by some anec-
dotal evidence—that neuronal injury and death occur after pro-
longed seizures. For example, brain damage and decreased hip-
pocampal neuronal density are often seen in patients who die
from status epilepticus (48,49). Furthermore, cerebral edema
and chronic brain atrophy seen on neuroimaging studies have
been reported after status epilepticus (50–53).

Systemic complications of prolonged seizures are seen pri-
marily in convulsive SE, and are due to autonomic hyperac-
tivity and excessive muscle activity. Therefore, systemic com-
plications can potentially be prevented, or minimized, with
early termination of seizure activity or induction of muscle
paralysis and artificial ventilation (46). Pathophysiologic man-
ifestations include increased systemic blood pressure, tachy-
cardia, and cardiac arrhythmias; increased pulmonary blood
pressure; increase in cerebral blood flow; elevation of body
temperature; increased peripheral white cell count; transient
pleocytosis in the spinal fluid; and a marked metabolic aci-
dosis (4,45,54). Epinephrine levels are elevated and reach the
arrhythmogenic range; these may play a role in sudden death
(54). With prolonged status—defined as lasting 30 minutes or
more, systemic blood pressure and cerebral blood flow can
drop significantly (45). Additionally, blood glucose is initially
elevated in response to excessive adrenergic stimulation. How-
ever, after 30 minutes of SE, hypoglycemia may occur (45).
Both hypoglycemia and decreased cerebral blood flow con-
tribute to further neuronal injury (55). Excessive muscle con-
traction often causes severe metabolic acidosis, breakdown of
muscle tissue, and hyperkalemia (4,45,46). Arterial pH has
been reported to fall below 7.0 (56) and contribute, along
with hyperkalemia, to cardiac arrhythmias. Rhabdomyolysis
and myoglobinuria can also occur and may lead to acute renal
failure (57).
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EVALUATION

Clinical Pre se nt at ion

Obtaining a focused history and examination may be very help-
ful for diagnosis and management (Table 148.1). Convulsive
and nonconvulsive SE have very different clinical presenta-
tions. Convulsive SE frequently occurs outside the hospital,
and management may start in the ambulance before patients
arrive to the emergency room. The diagnosis is usually evi-
dent, unless there is a strong clinical suspicion of psychogenic
nonepileptic seizure (PNES). Convulsive SE usually starts as
a focal seizure with secondary generalization. Rarely, primary
generalized seizures evolve into SE. The generalized convulsion
either becomes continuous, or stops and recurs before the pa-
tient regains full consciousness. In either case, the tonic-clonic
activity changes in character with time and often patients go
into a continuous clonic phase where clonic activity persists and
gradually slows down and becomes more subtle. With time, the
only persistent motor activity may consist of small-amplitude
twitching of the face, hands, or feet or nystagmoid jerking of
the eyes (13,58). Sometimes the motor activity subsides com-
pletely, and patients remain stuporous or comatose. In this case,
patients evolve from convulsive to nonconvulsive SE (20).

By the time patients arrive to the emergency room, they may
already be in established SE. If there is strong clinical suspicion
of PNES, an EEG is essential to confirm the diagnosis. The av-
erage duration of a PNES is approximately 5 minutes (59), and
therefore, it is unlikely that a PNES could mimic convulsive sta-
tus. However, patients with PNES may have repeated seizures
and remain unresponsive between them, creating a diagnostic
challenge. Although rare, one should always keep in mind the
possibility of PNES in a patient presenting with SE. However,
treatment should not be delayed, unless the diagnosis of PNES
is certain.

Nonconvulsive SE has a different clinical presentation. It
may occur either outside the hospital or, frequently, in the hos-
pital, in patients already admitted for other reasons such as
stroke, intracranial hemorrhage, brain tumors, or metabolic
disturbances. As mentioned earlier, NCSE may also occur in
partially treated convulsive SE, when the convulsive activity is
controlled (20). In either case, the common clinical presenta-
tion is that of decline in mental status that cannot be completely
explained by other causes. Frequently, the underlying etiology
may account in part for the impairment in consciousness; how-
ever, patients frequently have an unexplained decline of mental
status after a period of clinical improvement. Therefore, clinical

suspicion should be strong, and evaluation for NCSE should
be undertaken in any patient with unexplained impairment in
mental status.

Ele ct roe nce p halog ram

The EEG is the only diagnostic tool that can confirm or refute
the diagnosis of SE. In convulsive status, an EEG may not be
necessary initially, unless PNES needs to be excluded. How-
ever, if convulsive activity stops and patients do not recover
their baseline level of consciousness, evaluation with an EEG
is important to exclude the continuous presence of seizure ac-
tivity. In NCSE, the EEG is essential. However, a single routine
EEG of 20 minutes’ duration may not be adequate and may
only capture seizure activity in 20% of cases. A longer EEG
recording of at least 1 hour increases the sensitivity to 50% .
More prolonged EEG monitoring is recommended if shorter-
duration EEGs are nondiagnostic. Long-term EEG monitoring
of 24 to 48 hours can increase the diagnostic accuracy to over
90% (22). Several EEG patterns have been described during
status epilepticus, reflecting probably different stages of brain
activity (13). In addition, several patterns have been described
in NCSE. Discussion of these different EEG patterns is beyond
the scope of this chapter; however, an important issue needs
to be emphasized. Some EEG patterns can be difficult to dis-
tinguish from epileptiform activity, such as diffuse triphasic
waves in metabolic encephalopathies (Fig. 148.1) and breach
rhythms after a craniotomy (Fig. 148.2). These patterns can be
very deceiving and can often be misinterpreted as epileptiform.
Therefore, it is very important for the EEG to be interpreted
by an experienced electroencephalographer. Response to intra-
venous benzodiazepines has been suggested as a means to dis-
tinguish these rhythms from true epileptiform activity. Relying
on changes in EEG activity alone in these cases can be danger-
ous, since intravenous benzodiazepines usually cause diffuse
slowing of the EEG signal and may attenuate patterns of ac-
tivity that are not necessarily epileptiform. On the other hand,
if a clear clinical response is observed after the administration
of intravenous benzodiazepines (i.e., improved level of con-
sciousness), the diagnosis of seizure is therefore more evident,
since patients with metabolic dysfunction are likely to become
more drowsy if given sedatives. Newer techniques of quanti-
tative EEG analysis, such as compressed spectral arrays, are
now offered by many manufacturers and can be helpful in on-
line monitoring. Experienced ICU nursing staff can be trained
to recognize certain patterns that may indicate the occurrence
of a nonconvulsive seizure. Review of the raw EEG data by

TA BLE 1 4 8 . 1

HISTORY AND PHYSICAL EXAMINATION

Comment

History of epilepsy Current antiepileptic drugs, missed doses, compliance
List of current medications Toxic ingestion of medications or other agents
History of psychiatric illness Suicidal ideations or attempts
Trauma Evidence of scalp laceration and bruises
Focal neurologic signs May be difficult to assess; look for obvious signs
Signs of medical illness Hepatic or renal disease, infection
Signs of substance abuse Alcohol withdrawal, cocaine intoxication
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FIGURE 148.1. Generalized status versus generalized slowing with triphasic waves. A: Electroencephalo-
gram (EEG) of a patient in hepatic encephalopathy showing diffuse background slowing and prominent
triphasic waves. (Continued )

the electroencephalographer can then confirm the presence of
seizure activity.

Ne uro imag ing

Neuroimaging studies are always recommended to assess for
the presence of intracranial pathology. Even in patients with
known pathologies, such as tumors or stroke, repeat imaging
is recommended to exclude progression or complications of
the underlying disease. For example, a stable tumor can be-
come necrotic or hemorrhagic, or a stable acute or subacute
infarct can turn hemorrhagic. Unenhanced computed tomogra-
phy (CT) of the brain is adequate in the acute setting; however,
magnetic resonance imaging (MRI) is much more sensitive and
may detect lesions not seen on CT.

Lab orat ory Evaluat ion

Full laboratory evaluation is always recommended (Table
148.2), including blood cell count, renal function, liver func-

tion, electrolytes, calcium, magnesium, and antiepileptic drug
levels. Toxicology should be performed when there is a clinical
suspicion of intoxication or substance abuse. This is especially
important in patients with a psychiatric illness at risk of sui-
cide and in children who may have access to adult medications.
Lumbar puncture is indicated if there is any consideration of an
infectious etiology. Also, a lumbar puncture should be consid-
ered when subarachnoid hemorrhage, not seen on CT scan, is
suspected. However, in the presence of any sign of intracranial
hypertension, lumbar puncture should be avoided, since it may
increase the risk of transtentorial herniation. It is important to
note that patients with convulsive SE often exhibit clinical fea-
tures suggestive of meningitis, such as elevated temperatures,
increased peripheral white blood cell counts, and pleocytosis
in the cerebrospinal fluid (54). These abnormalities have been
reported in up to 18% of patients with convulsive status, with-
out any evidence of infection (54), and are thought to result
from breakdown of the blood–brain barrier. Usually, the total
white blood cell count in the cerebrospinal fluid (CSF) remains
under 100 and glucose level remains normal. Treatment with
antimicrobials should be initiated if there is clinical suspicion
for a CNS infection.
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FIGURE 148.1. (Continued ) B: EEG of a patient in generalized nonconvulsive status epilepticus. The
two patterns can be difficult to distinguish and occasionally the pattern shown in A may be seen in long-
standing status. The history and laboratory evaluation are sometimes helpful in distinguishing between
the two patterns.

TREATMENT

Se izure s and Ep ile p sy

Treatment with antiepileptic drugs (AEDs) is not recommended
after a single unprovoked seizure (60); however, after a sec-
ond unprovoked seizure, the likelihood of recurrent seizures
is high, and treatment is recommended (60). Treatment with
AEDs is successful and prevents the occurrence of seizures in
about 70% of patients (61). Patients who continue to have
breakthrough seizures despite adequate treatment with AEDs
are believed to have medically refractory epilepsy. Other treat-
ment options are then considered, including vagus nerve stim-
ulation and epilepsy surgery (62). In addition, newer exper-
imental approaches are currently under investigation. There
are several antiepileptic drugs available. The choice of AED
depends on several factors, including the type of epilepsy, side
effect profile, comorbid conditions, drug interactions, previ-
ous treatment, cost, approved Food and Drug Administration
(FDA) indications, and guidelines published by national and
international societies (63–66). In the acute setting, treatment
with intravenous benzodiazepine is indicated only if the seizure
lasts more than 5 minutes, fulfilling the definition of impending
status epilepticus.

Convulsive St at us Ep ile p t icus

Tre at me nt Princip le s
Status epilepticus is a medical emergency and should be dealt
with as such. Therapies are aimed at early termination of
seizure activity, identification and correction of the cause, pre-
vention of seizure recurrence, and treatment of pathophysio-
logic complications. There is ample evidence that delayed treat-
ment leads to poor outcome (23,67). In addition, there is a
time-dependent loss of efficacy of anticonvulsant medications
(12,44). Therefore, early initiation of aggressive treatment is
essential in the management of SE. It is highly recommended
that every emergency department and intensive care unit have
a well-defined and clear treatment protocol. This helps avoid
many of the pitfalls leading to delayed and insufficient treat-
ment of status (68).

Pre hosp it al Manag e me nt
In many cases, patients with convulsive SE are brought into
the emergency room by ambulance, making prehospital treat-
ment possible. Initiation of treatment in the ambulance is highly
recommended, when possible, given the importance of early
intervention. Both rectal diazepam (69,70) and intravenous
diazepam and lorazepam (71) can be safely and effectively
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FIGURE 148.2. Focal status versus focal slowing and breach rhythm. A: Electroencephalogram (EEG)
of a patient with a history of left temporal benign tumor, surgically resected several years ago. The high-
amplitude slowing seen focally from the left temporal and frontal regions represents a breach rhythm,
believed to result from the loss of resistance to electrical flow after a craniotomy. B: EEG of a patient
having a left temporal lobe seizure. Note the presence of well-organized rhythmic activity compared to A,
where the rhythmic slowing is more random and intermittent.
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LABORATORY EVALUATION

Complete blood count
Electrolytes, calcium, and magnesium
Liver function studies
Renal function studies
Toxicology
Serum antiepileptic drug levels
Brain imaging as soon as possible
Lumbar puncture if strong suspicion of meningitis

used. In one randomized, double-blind, prospective study (71),
seizures terminated before arrival to the emergency room in
59% of patients who received intravenous lorazepam, 43% of
those who received intravenous diazepam, and 21% of those
who received placebo. The safety profile was also good, with
more patients having respiratory or circulatory complications
in the placebo group than the treatment groups. Treatment
in the ambulance with intravenous benzodiazepines should
only be initiated if the paramedical team transporting the
patient has the training and equipment to perform endotra-
cheal intubation and artificial ventilation, in case of respiratory
depression.

Me d ical Manag e me nt
Medical management should focus on the prevention and re-
versal of medical complications (Table 148.3). As in any other
medical emergency, basic life support should always be the ini-
tial step in management, including maintenance of airways and
blood pressure. Vital signs should be continuously monitored,
including pulse oximetry. Oxygen at an FiO 2 of 1.0 should be
given by nasal cannula or nonrebreather mask. Endotracheal
intubation should be considered if there is evidence of respi-
ratory failure, including hypoxemia and respiratory acidosis.
Pharmacologic paralysis for intubation should be avoided if
possible, since it can result in the false impression that the
seizure has stopped. If the use of a paralytic agent is necessary,
continuous EEG monitoring should be performed. Large-bore
intravenous access should be established for the administration
of intravenous medications. Hyperthermia is believed to con-
tribute to neuronal damage and should be corrected (72,73).
Systolic blood pressure should be maintained above 120 mm
Hg if possible, but definitely not lower than 90 mm Hg, to en-
sure adequate cerebral blood flow (9). Correction of acidosis
with intravenous bicarbonate remains controversial. Many ex-
perts recommend treatment if the patient becomes hypotensive
and arterial pH falls below 7 (9). Results of laboratory abnor-

TA BLE 1 4 8 . 3

INITIAL MANAGEMENT OF STATUS EPILEPTICUS

1. ABC Airways, vital signs, pulse oximetry,
and cardiac rhythm

2. Blood glucose Intravenous infusion of thiamine
100 mg and 50 mL of glucose 50%

3. Antiepileptic drugs See Table 148.4
4. Evaluation History and examination (Table 148.1)

and laboratory (Table 148.2)

malities should guide further medical treatment, including elec-
trolyte abnormalities, blood sugar levels, and AED levels. Mild
hyperglycemia is frequently seen and usually does not require
intervention (74). If hypoglycemia is present, or if the blood
sugar level is not available, patients should receive 100 mg
thiamine and 50 mL 50% glucose solution intravenously (75).
If a metabolic abnormality is present, such as hyponatremia or
hypoglycemia, the most effective treatment of status is correc-
tion of the underlying problem.

Pharmacolog ic Tre at me nt
Treatment with anticonvulsant medications should be started
after 5 minutes of continuous seizure activity. Early initiation of
treatment can potentially lead to a better response and prevent
SE from becoming refractory. In fact, when treatment is started
within 30 minutes of onset, up to 80% of patients achieve
control compared to only 40% achieving control when treat-
ment is started after 2 hours of onset (26,76). The choice of
initial treatment largely depends on the institution, with differ-
ent protocols being used by various institutions and specialists
(68,77). This is due primarily to the lack of sufficient class I
evidence. Three controlled clinical trials on the treatment of
SE have been published. One study compared diazepam to lo-
razepam and found no significant difference (78). The second
compared four treatment protocols: phenytoin alone, pheny-
toin with diazepam, lorazepam alone, and phenobarbital alone.
The highest percentage of responders was in the lorazepam
arm; however, the only significant difference was between lo-
razepam alone and phenytoin alone (11). The third study com-
pared prehospital treatment with diazepam, lorazepam, and
placebo, and found that both lorazepam and diazepam were
efficacious (71).

Regardless of the choice of initial therapy, the rapid se-
quential use of several agents is strongly recommended until
seizure activity is terminated (Table 148.4). The caveat of this
approach is that the use of agents with long elimination half-
life may lead to cumulative adverse effects, with high risk of
inducing respiratory and cardiovascular depression. However,
it is important to keep in mind that both respiratory and car-
diovascular depression are usually easily treatable in the emer-
gency room or intensive care unit settings, while prolonged SE
may lead to irreversible neuronal injury. This formula should
be kept in mind when making important therapeutic decisions.
In the Veterans Affairs Cooperative Study (11), 60% of pa-
tients, on average, responded to the first drug; an additional
7.3% responded to the second drug; and only 2% responded
to the third drug. Although these numbers seem discouraging,
the number of drugs currently available has significantly in-
creased, providing more options for treatment and potentially
a better response rate. However, more clinical trials are needed
to study the efficacy of newer agents.

The ideal initial drug would be easy to administer, have an
immediate and long-lasting seizure-suppressing action, and be
free of serious adverse effects on cardiorespiratory function and
level of consciousness. Unfortunately, the ideal drug does not
exist. Benzodiazepines and barbiturates depress consciousness
and respiratory drive and may lower blood pressure; phenytoin
can cause hypotension and cardiac arrhythmias, which limits
the rate of intravenous infusion.

Benzodiazepines are the most commonly used first-line
agents due to their potency and fast-acting effect. Pharmaco-
logically, they enhance inhibitory γ -aminobutyric acid (GABA)
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SUGGESTED PROTOCOL FOR ANTIEPILEPTIC DRUG TREATMENT

Step Medication Dosage Route Maximum rate Comment

1 Lorazepam 0.1 mg/kg IV bolus 2 mg/min May repeat once if seizure activity continues after 5 min
If seizure activity stops, additional medications may not

be required
2 Phenytoin

Fosphenytoin
20 mg/kg
20 mg/kg PE

IV bolus
IV bolus

50 mg/min
150 mg/min

May give additional 5–10 mg/kg if seizure continues
Consider valproate in patients with epilepsy on

valproate, especially with subtherapeutic level

3 Phenobarbital
Valproate

20 mg/kg
25 mg/kg

IV bolus
IV bolus

50 mg/min
200 mg/min

Skip this stage and go straight to general anesthesia if
status started more than 60 min ago

May give additional 5–10 mg/kg if seizure continues
4 Pentobarbital

Initial bolus 5–10 mg/kg IV bolus 50 mg/min Repeat 5 mg/kg every 5–10 min until seizures stop
Maintenance 1 mg/kg/h IV infusion Titrate up to 10 mg/kg/h, until desired EEG pattern

attaineda

Midazolam
Initial bolus 0.2 mg/kg IV bolus — Repeat 0.2–0.4 mg/kg every 5 min until seizures stop,

maximum 2 mg/kg
Maintenance 0.1 mg/kg/h IV infusion Titrate up to 2 mg/kg/h until desired EEG pattern

attaineda

Propofol
Initial bolus 1 mg/kg IV bolus — Repeat 1–2 mg/kg every 5 min until seizures stop,

maximum 10 mg/kg
Maintenance 1 mg/kg/h IV infusion Titrate up to 1 mg/kg/h = 16 microgram/kg/min, until

desired EEG pattern attaineda

5 Ketamine
Inhalation

anesthetic

aUsually burst-suppression pattern.
PE, phenytoin equivalent; EEG, electroencephalogram.

transmission. The three most commonly used agents are lo-
razepam, diazepam, and midazolam. Direct comparison be-
tween lorazepam and diazepam revealed no significant dif-
ference (78). Diazepam is more lipid soluble, and may cross
the blood–brain barrier and reach higher concentrations in the
cerebrospinal fluid more rapidly than lorazepam. However, this
increased lipid solubility may be disadvantageous, and leads
to a higher rate of redistribution in peripheral adipose tissue.
Therefore, despite having a longer elimination half-life of 48
hours, the effective duration of action of diazepam is actually
shorter—15 to 30 minutes—than that of lorazepam, which has
a duration of action of 12 to 24 hours. This may lead to in-
creased incidence of seizure recurrence after initial termination
of SE when diazepam is used alone. The rapid onset of action
and prolonged duration of seizure-suppressing effect has made
lorazepam the preferred first-line agent by many neurologists.
Midazolam has never been used in a double-blind study. Like
diazepam and lorazepam, midazolam has a rapid onset of ac-
tion, but its extremely short elimination half-life makes it more
appropriately used as a continuous intravenous infusion in re-
fractory SE.

The routine concomitant or sequential use of a second agent
is advocated by many experts. It is recommended to use an
agent with a different mechanism of action, such as phenytoin
or fosphenytoin. However, as shown by the Veterans Affairs

Cooperative Study (11), lorazepam alone may be sufficient in
many cases, especially when SE is caused by a known and re-
versible process, such as low serum concentration of antiepilep-
tic drugs or acute metabolic disturbances. Some experts argue
that the early use of phenytoin or fosphenytoin is important
to prevent seizure recurrence. This is based on the experimen-
tal evidence that benzodiazepines are subject to rapid time-
dependent loss of potency as opposed to phenytoin, which loses
its potency at a much slower rate (12,44). This claim, however,
remains to be proven in controlled clinical trials.

The recommended dose of intravenous phenytoin is 20
mg/kg. The common practice of administering a standard load-
ing dose of 1,000 mg of phenytoin is inadequate for most
patients, and some patients require as much as 30 mg/kg to
stop seizure activity (79). Phenytoin should be administered
at a maximum infusion rate of 50 mg/minute. A faster ad-
ministration rate may result in cardiovascular complications,
including hypotension, bradycardia, and ectopic beats. These
effects are more common in elderly patients and patients with
pre-existing cardiac disease. Cardiovascular complications are
not due to phenytoin itself, but to the propylene glycol dilu-
ent (80). For this reason, fosphenytoin, a water-soluble pro-
drug of phenytoin, was introduced and has gained broad
popularity. Fosphenytoin is rapidly converted to phenytoin,
and is dosed in phenytoin equivalents. Because of its water
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solubility, fosphenytoin can be administered at a much faster
infusion rate than phenytoin—up to 150 mg/minute. Theo-
retically, the risk of cardiovascular adverse effects should be
lower with fosphenytoin; however, this was never proven in
clinical trials. In fact, in one study, the rate of complications
was similar for intravenous phenytoin and fosphenytoin (81)
as long as the recommended maximum rate of administration
is followed, although infusion site reactions (phlebitis and soft
tissue damage) were less common with fosphenytoin. The main
advantage of fosphenytoin in the treatment of SE seems to be
related to the rapidity of infusion. The question of whether
fosphenytoin reaches its peak concentration in the brain faster
than phenytoin is not known. Fosphenytoin has to be converted
to phenytoin by liver enzymes, a process that may delay its
true bioavailability. One study found that when phenytoin or
fosphenytoin are administered at the maximum recommended
infusion rate, the therapeutic serum concentration of pheny-
toin for either drug is attained within 10 minutes (82). Thus,
fosphenytoin and phenytoin may very well have an equivalent
onset of action; however, this will need to be studied in con-
trolled clinical trials.

Phenobarbital is another effective treatment for SE; how-
ever, because of its powerful depressant effect on respiratory
drive, level of consciousness, and blood pressure, it should be
used only after benzodiazepines and phenytoin fail. The usual
recommended loading dose is 20 mg/kg at an infusion rate of
50 mg/minute.

Intravenous valproic acid is another viable option for the
acute treatment of SE, and may offer a significant advantage
over phenobarbital, with a much safer side effect profile (83).
Although the recommended infusion rate is 20 mg/minute,
much faster infusion rates up to 555 mg/minute have been
safely used (84). Several anecdotal reports and uncontrolled
trials were initially published, suggesting a potential useful-
ness for valproate in the treatment of SE (85–87). A single
double-blind controlled trial was published comparing pheny-
toin to valproic acid in acute convulsive SE (88), and found a
higher rate of seizure termination with valproic acid as a first-
line agent (66% vs. 43% for phenytoin). After failure of the
first agent, valproic acid was also superior to phenytoin when
used as a second agent. The current evidence and clinical ex-
perience are insufficient to recommend valproate as first-line
treatment for SE; however, it may be safely and effectively used
as a third- or fourth-line treatment when other agents are un-
successful and before resorting to general anesthesia (89). The
question of whether intravenous valproic acid should replace
phenytoin as a second-line agent remains unanswered.

Topiramate has been reported to be useful in some patients
with refractory SE (90,91), including children (92). It is admin-
istered as suspension via a nasogastric tube, with a good rate
of seizure termination and an excellent safety profile. Although
intravenous formulations are most likely more effective, topi-
ramate may be a safe alternative to more aggressive treatments.
Controlled clinical trials are needed to establish its efficacy and
safety in this setting.

Intravenous levetiracetam was recently introduced and
seems to have a good safety profile (93). There are no pub-
lished studies about its use in SE, and therefore, no recom-
mendations can be made. Levetiracetam has, overall, very
good pharmacokinetic properties and a good safety profile,
and may offer another option for the treatment of SE in the
future.

Re fract ory St at us Ep ile p t icus

Status epilepticus is considered refractory if it does not re-
spond to two or three first-line treatments (94). In practice,
if seizure activity continues after the administration of a ben-
zodiazepine, phenytoin, or phenobarbital, status is considered
refractory and more aggressive treatment should be pursued.
In the Veterans Affairs Cooperative Study (11), failure of the
first two agents was seen in 38% of patients presenting with
convulsive SE and 82% of patients presenting with subtle SE.
Patients with refractory SE are at higher risk of developing
complications (95), including respiratory failure, fever, pneu-
monia, hypotension, sepsis, and requiring blood transfusion. In
addition, the clinical outcome is worse than nonrefractory SE,
with a mortality of 23% compared to 14% in nonrefractory
cases (95).

In a survey conducted among neurologists (77), there was
strong agreement for the use of benzodiazepines and pheny-
toin or fosphenytoin as first- and second-line therapies for
SE. However, there was less consistency for the choice of
third- and fourth-line therapy. Treatment options include in-
travenous phenobarbital or valproate, or continuous infusion
of pentobarbital, propofol, or midazolam. It is important to
note that once the choice of continuous infusion of antiseizure
medications—often termed “general anesthesia,” although this
is a bit of a misnomer—is made, patients are committed to un-
dergo endotracheal intubation and artificial ventilation for a
period of time. While it is extremely important to terminate
seizure activity as rapidly as possible, intubation and ventila-
tion are not, of course, complication free, which should be kept
in mind when making such a decision. Although there is no
consensus agreement on the treatment approach, I and others
recommend trying at least one third-line agent before resort-
ing to general anesthesia, especially given the safety profiles of
intravenous valproate and levetiracetam.

Continuous intravenous infusion of pentobarbital, propo-
fol, and midazolam at anesthetic doses is the treatment of
choice for refractory SE. A published meta-analysis provides
useful information on the relative advantages and disadvan-
tages of each drug (94). Overall, pentobarbital appears to be
more effective in stopping seizures and preventing seizure re-
currence. However, pentobarbital is associated with more se-
vere hemodynamic instability and hypotension, often requiring
the use of vasopressors and, even in young individuals, man-
dating the placement of invasive monitoring devices to manage
the significant negative inotropic state-induced inadequate oxy-
gen delivery. Of importance, there is no difference in mortality
among the three treatments. Propofol and midazolam have be-
come the preferred agents for refractory SE mainly because
of their rapid onset of action and short half-life, with rapid
clearance. However, a review of a number of articles reporting
data about the use of propofol in refractory SE raised several
concerns about the safety of propofol in this setting (96). In
contrast, more recent emerging evidence suggests propofol to
be superior and safer than pentobarbital (97), even in children
(98).

Once continuous infusion of an anesthetic agent is initiated,
a multidisciplinary approach, including an experienced neurol-
ogist and a critical care team, is crucial to ensure adequate treat-
ment. Continuous EEG monitoring is strongly recommended,
and can provide online information about the presence of
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seizure activity and the success of treatment. This is especially
true if convulsive activity stops, since often patients continue to
have NCSE after the cessation of motor activity. Once seizure
activity is completely suppressed and the desired level of anes-
thesia is attained—most often a 90% burst-suppression pattern
on EEG—the infusion is maintained for 12 to 24 hours and is
then gradually withdrawn. It is extremely important to make
sure that patients are on adequate standing dosages and have
adequate serum levels of other AEDs prior to withdrawal of
the coma-inducing agent(s). If seizure activity recurs, therapy
should be resumed for progressively longer periods, and the
depth of anesthesia may be increased. In this situation, some ex-
perts advocate—and in this I agree—attaining electrocerebral
silence in severely refractory cases. If infusion of one agent is
not successful in stopping seizure activity despite high dosages,
and significant side effects, then a second agent should be tried,
either alone or in combination. Prolonged treatment with mi-
dazolam may lead to tachyphylaxis, leading to the need of very
high dosages.

Other treatment options for refractory status epilepticus in-
clude inhalation anesthetic agents and ketamine. Both isoflu-
rane and desflurane have been reported to rapidly suppress all
electrographic seizure activity in patients who failed treatment
with propofol, midazolam, and pentobarbital (99). However,
the risk of complications is high and these agents should only
be used as a last resort. Ketamine is another agent that has
been advocated as a potential treatment option for patients
with refractory SE (100). Ketamine offers the advantage of be-
ing neuroprotective and can increase blood pressure due to its
sympathomimetic properties (67). The clinical experience with
ketamine is very limited, and the potential for serious compli-
cations is unknown (101). Therefore, its use should be limited
to severely refractory cases.

Nonconvulsive St at us Ep ile p t icus
There are two types of NCSE: absence and complex partial. The
two subtypes can only be distinguished based upon the EEG
pattern. Absence status is relatively rare and does not result in
permanent neuronal injury. It usually occurs in patients with
known primary generalized epilepsy due to low serum levels
of AEDs. Most cases of absence status respond to intravenous
benzodiazepines, with rapid return to baseline of the mental
status. More recently, the use of intravenous valproate has been
proposed, since valproate is in general an effective treatment
for absence epilepsy.

Complex partial status is both more common and more dif-
ficult to diagnose and treat. It often occurs in patients without a
history of epilepsy. NCSE either occurs de novo or can be a late
manifestation of untreated or partially treated convulsive SE.
NCSE occurs frequently in patients who are critically ill due to
metabolic disturbances or neurologic disease, most frequently
acute brain injury due to stroke, trauma, tumor, infection, or
intracranial hemorrhage.

Initial therapy of NCSE should be identical to that of con-
vulsive SE: intravenous benzodiazepines, followed by pheny-
toin or fosphenytoin, intravenous valproate or levetiracetam,
or even oral topiramate. There is little question that seizures
should be stopped as quickly as possible. The controversial is-
sue remains whether more aggressive treatment is necessary or
not (102). It is unclear if NCSE leads to brain damage. Some
studies reported that in the absence of acute brain injury, the

majority of patients with NCSE return to their baseline after
cessation of seizure activity (103); other studies reported the
presence of permanent neurologic impairment after prolonged
NCSE (104); and still other studies were inconclusive (21).

In the absence of class I evidence and consensus guidelines,
it is difficult to make definite recommendations. If NCSE is a
late manifestation of convulsive SE, then it should be treated
as refractory SE, and aggressive management is recommended.
NCSE that results from metabolic dysfunction will most likely
subside once the metabolic disturbance is corrected, and there-
fore aggressive treatment may not be necessary. The difficult
question involves patients with acute brain injury, such as in-
tracranial hemorrhage, trauma, brain surgery, or stroke, who
have impaired consciousness and continuous or intermittent
seizure activity on EEG, without any evidence of motor ac-
tivity. These patients have a poor prognosis regardless of the
treatment, with a high mortality rate and high risk of perma-
nent neurologic impairment. The exact contribution of seizure
activity to permanent neuronal injury is not known. The con-
troversy arises from the fact that the aggressive coma-inducing
treatment of SE is associated with high morbidity and mortal-
ity (94). A large number of these patients die from ICU com-
plications, especially infections (43,105). It is not yet known
whether aggressive treatment will shorten or lengthen the stay
in the ICU and the duration of intubation. Even more im-
portantly, it is not yet known whether aggressive treatment
will have any impact on prognosis. Our approach is to treat
with multiple nonsedating AEDs, such as phenytoin, levetirac-
etam, and valproate at high dosages, and only resort to coma-
inducing agents if seizure activity persists or progresses de-
spite more conservative management. A team approach in these
cases is necessary, and decisions should be made on a case-by-
case basis, taking into consideration several factors, such as the
underlying etiology, age, and comorbidities.

PROGNOSIS
Status epilepticus is associated with significant morbidity and
mortality. Several factors influence outcome, including etiol-
ogy, age, and the duration of seizure activity (23,56). The over-
all mortality rate among adults is approximately 20% but rises
significantly with age (23), reaching 38% in those older than 60
(14). Longer duration of SE usually leads to worse outcome,
especially in the presence of severe physiologic disturbances.
Mortality for seizures lasting more than 1 hour is 32% , com-
pared to 2.7% when seizures are less than 1 hour long (23,24).
Among survivors, the risk of developing chronic epilepsy and
subsequent episodes of status is very high (76).

Patients with refractory SE tend to have a worse outcome
(67). This is likely due to a combination of factors, including
a more serious etiology and longer duration of seizure activity,
which usually leads to increased duration of stay in the ICU,
and subsequently, an increased rate of complications (95,106).
Furthermore, patients with refractory SE are at significantly
higher risk of developing chronic epilepsy than those with non-
refractory SE (106).

Patients with acute neurologic disease, such as infection,
stroke, intracranial hemorrhage, or trauma, and patients with
concomitant systemic illnesses tend to have worse outcomes
(107); patients with anoxic brain injury have a very poor
outcome (108). However, in these patients, the etiology and
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comorbid conditions are most likely the major determinants
of outcome, with SE playing an additional complicating role.
In contrast, patients with a history of chronic epilepsy who
develop SE because of AED withdrawal, or patients with no
history of epilepsy who develop SE because of alcohol with-
drawal, tend to have a good outcome, often with return to
their baseline level of functioning (106).

Mortality from NCSE seems to be higher overall, averaging
50% (25). Several factors can influence prognosis, including
etiology and the level of consciousness at presentation. Patients
presenting with minimal obtundation have a better outcome
than those presenting with deep stupor or coma (107). Again,
it is impossible to sort out which is the major determinant of
prognosis—the severity of the status itself or the severity of the
underlying condition.

PEARLS
■ Status epilepticus is defined as continuous or rapidly repeat-

ing seizures.
■ Any seizure type can turn into status epilepticus.
■ Every institution should have a well-defined treatment pro-

tocol to avoid delays and inadequate treatment.
■ In the majority of cases, status epilepticus develops in pa-

tients without any history of seizures or epilepsy.
■ In patients with a history of epilepsy, the most common cause

is low serum concentration of antiepileptic drugs.
■ Intracranial pathology and metabolic disturbances can cause

status epilepticus.
■ When possible, correction of the underlying etiology is the

most effective treatment.
■ Status epilepticus is a medical emergency requiring aggres-

sive and immediate therapeutic intervention.
■ Mortality and morbidity increase significantly if seizure ac-

tivity persists longer than 60 minutes.
■ Delayed treatment may cause the status to become refractory

to therapy.
■ Rapid sequential use of several anticonvulsive medications

is strongly recommended.
■ In refractory cases, general anesthesia is the recommended

therapy.
■ Nonconvulsive status epilepticus is frequently underdiag-

nosed in comatose patients, especially those with acute neu-
rologic injury.

■ Continuous EEG monitoring is strongly recommended in
most cases.
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CHAPTER 149 ■ NEUROMUSCULAR
DISORDERS
EDWARD VALENSTEIN r MATTHEW MUSULIN

Neuromuscular disorders are commonly encountered in the
critical care setting. Patients with known neuromuscular dis-
orders, such as Guillain-Barré syndrome or myasthenia gravis,
are admitted when weakness compromises the patient’s abil-
ity to protect his or her airway or threatens ventilatory fail-
ure. Patients admitted with ventilatory failure of unknown
cause may be diagnosed with a neuromuscular disorder such
as amyotrophic lateral sclerosis or myasthenia gravis. Rarely,
treatment may unmask a pre-existing neuromuscular disorder,
as when drugs with neuromuscular blocking properties are
given to patients with myasthenia gravis. Finally, patients with
nonneuromuscular critical illnesses frequently develop neuro-
muscular weakness as a result of their illness or its treatment
(1).

Intensive care physicians need to be familiar with the prin-
ciples underlying diagnosis and management of patients with
neuromuscular disease. Because electrophysiologic testing is of-
ten necessary to diagnose neuromuscular disorders in the in-
tensive care setting, they should also have a basic appreciation
of the techniques and indications for these studies. They should
be familiar with the common neuromuscular disorders that re-
quire intensive care; Guillain-Barré syndrome and myasthenia
gravis are considered in some detail because they are prevalent
and treatable, and because, with proper treatment, they often
carry a favorable prognosis. Finally, the intensive care physician
will be responsible for recognizing and managing neuromuscu-
lar disorders that result from critical illness, which are now the
neuromuscular disorders most commonly encountered in the
intensive care setting (2).

GENERAL CONSIDERATIONS
IN THE DIAGNOSIS OF

NEUROMUSCULAR DISORDERS
As with central nervous system (CNS) disorders, the first step in
the diagnosis of neuromuscular disorders is localization. Neu-
romuscular disorders comprise disorders of the anterior horn
cell, the peripheral nervous system (PNS), the neuromuscular
junction, and muscle (Fig. 149.1). Disorders of the PNS are fur-
ther subdivided into disorders of roots, plexus, and peripheral
nerve; and disorders of peripheral nerve are further subdivided
into focal neuropathies, multifocal neuropathies, and polyneu-
ropathies. Polyneuropathies, in turn, can be either length de-
pendent or non–length dependent. Each of these nine major
localizations has a characteristic pattern of symptoms and
physical findings (Table 149.1). Localization is not just an aca-
demic exercise; each localization allows the physician to nar-

row the range considerably of likely diagnoses (Fig. 149.1).
For example, if deficits are restricted to the distribution of
a single nerve, the diagnosis is probably nerve entrapment,
compression, or trauma. Multiple individual peripheral nerve
involvement, in the absence of multiple trauma, should sug-
gest an autoimmune neuropathy, often a vasculitis. Length-
dependent polyneuropathy affects the longest nerves first, and
consequently presents with deficits in the feet and legs be-
fore affecting the hands. Proximal strength is preserved until
late. The differential diagnosis is wide, but comprises princi-
pally metabolic, toxic, or inherited neuropathies. Non–length-
dependent localization is suggested when proximal weakness
is greater than would be expected with a length-dependent
polyneuropathy. Non–length-dependent polyneuropathies are
overwhelmingly caused by autoimmune processes, including
Guillain-Barré syndrome, but critical illness polyneuropathy
may also be considered non–length dependent.

Recognition that a patient’s problem is related to a disor-
der of nerve, neuromuscular junction, or muscle is relatively
straightforward in patients who can give a history of their ill-
ness, and who can be adequately examined. If the problem is
exclusively neuromuscular, features suggestive of central ner-
vous system localization should be absent. These include men-
tal status changes, hemibody weakness, or numbness suggestive
of hemispheric or lateralized brainstem lesions; truncal motor
or sensory level suggestive of spinal cord localization; increased
muscle tone; hyperactive tendon reflexes; and pathologic re-
flexes such as the Babinski response. Features consistent with
localization to the peripheral nervous system include weakness,
atrophy, decreased or absent tendon reflexes, and sensory loss.
Most acquired myopathies present with symmetric proximal
weakness, and sensory loss is not a feature of either myopathy
or disorders of neuromuscular transmission. Fatigable ptosis,
weakness of extraocular movement, dysphagia, dysarthria, and
neck, respiratory, and proximal limb weakness should suggest
myasthenia gravis, the most common nonpharmacologic dis-
order of neuromuscular transmission.

Rarely, the presentation of a neuromuscular disorder may
be so restricted as to first suggest a nonneurologic problem.
Acute pandysautonomia presents with autonomic failure that
can mimic cardiovascular, gastrointestinal, or urinary disorders
(3). Diabetic truncal neuropathy can present with abdominal
pain that often leads to extensive evaluation for nonneurolog-
ical abdominal disorders, including exploratory surgery (4).
Respiratory failure can be the presenting feature of a num-
ber of neuromuscular diseases, including amyotrophic lateral
sclerosis (ALS) (5,6), myasthenia gravis (7), and myopathies
such as adult-onset acid maltase deficiency (8). These patients
may be admitted for respiratory support before the cause is
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myopathy [CIM]) 
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Multifocal neuropathy Vasculitis,  
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Autoimmune 
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NEUROMUSCULAR DISORDERS 

FIGURE 149.1. Localization of neuromuscular disorders, with the most important exemplars for each
of the nine localizations. ALS, amyotrophic lateral sclerosis; CIDP, chronic inflammatory demyelinating
polyneuropathy.

understood; it is left to the intensive care physician to suspect
the correct diagnosis.

Diagnosing neuromuscular disorders that develop in crit-
ically ill patients can be challenging, since the patients are
often unable to provide a history or to cooperate with the
examination. Neuromuscular problems are usually first sus-
pected when patients recovering from critical illness cannot
be weaned from the respirator or are not moving their limbs;
both central and neuromuscular causes of weakness need to be
considered. Central causes of weakness may be suggested by
the history and physical examination. Hemiparesis should al-
ways suggest a central localization; however, bilateral weak-
ness can also result from central causes. A history of se-

vere hypotension suggests the possibility of bilateral water-
shed infarction (9); rapid correction of hyponatremia predis-
poses to central pontine myelinolysis (CPM), an osmotic de-
myelination syndrome that presents with bulbar weakness and
quadriparesis (10); patients after cardiac surgery may have
multiple cerebral emboli; and patients with aortic dissection
may suffer spinal cord infarction. Brain imaging may help
establish a diagnosis in stroke or CPM; in other conditions,
such as hypoxia or even acute spinal cord ischemia, imag-
ing may be normal or nondiagnostic. If the cause of appar-
ent weakness remains in question, electrodiagnostic testing is
of value in suggesting or helping to exclude a neuromuscular
localization.
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TA BLE 1 4 9 . 1

SALIENT FEATURES OF NEUROMUSCULAR DISORDERS

Localization Pain Sensory loss Tendon reflexes Distribution of weakness

Muscle Variable (myalgia) No Normal or ↓ Symmetric, proximal
Neuromuscular junction

Myasthenia gravis No No Normal EOM, bulbar, respiratory,
proximal

Lambert-Eaton No No ↓ Bulbar, proximal

Nerve
Anterior horn cell No No ↓ , (↑ in ALS) Diffuse (begins focally);

spares EOMs, bladder
Root Yes Variable Focally ↓ Root
Plexus Yes Variable Focally ↓ Plexus
Mononeuropathy Variable Usual Often normal Single nerve
Multiple mononeuropathy Variable Usual Often normal 2 or more single nerves
Length-dependent

polyneuropathy
Variable Usual Ankle jerks ↓ Distal (feet → legs → hands)

Non–length-dependent
polyneuropathy

Variable Variable Often areflexic Proximal as well as distal

ALS, amyotrophic lateral sclerosis; EOM, extraocular muscle. The most important salient features are indicated in bold typeface.

Ele ct rod iag nost ic St ud ie s

Although it requires the expertise of a physician trained in both
the clinical and electrophysiologic diagnosis of neuromuscular
disorders to decide what studies are appropriate and to inter-
pret the results, it is important for the treating physician to
appreciate how these studies can assist in diagnosis and man-
agement. Electrodiagnostic studies can help to answer the fol-
lowing questions:

1. Is there a neuromuscular disorder causing weakness?
2. Is this a disorder of nerve, neuromuscular junction, or mus-

cle?
3. If there is a disorder of nerve, is the pathology primarily

demyelinating or axonal?
4. What is the distribution of the deficits?

Nerve conduction studies, late wave analysis, needle elec-
tromyography (EMG), and repetitive stimulation are the stan-
dard procedures available to assist in the diagnosis of neu-
romuscular disorders, and can be performed using portable
equipment in the intensive care setting. Table 149.2 summa-
rizes the typical electrodiagnostic findings in disorders of nerve,
neuromuscular junction, and muscle.

Mot or Ne rve Cond uct ion St ud ie s
Figure 149.2A illustrates the typical motor nerve conduction
procedure and normal response from stimulation of the tib-
ial nerve. The nerve is stimulated at two or more sites, and
the response is recorded with surface electrodes over a muscle
innervated by that nerve. The muscle response is called a com-
pound muscle action potential (CMAP), because it is the sum
of all muscle fiber action potentials activated by nerve stimu-
lation. The stimulus at each site is gradually increased until no
further increase in CMAP amplitude is seen. This indicates that
all of the motor neurons capable of generating an action poten-
tial have been activated. The latency to the onset of the CMAP

reflects the speed of conduction in the fastest nerve fibers. Mo-
tor nerve conduction velocity is calculated by measuring the
distance between the sites of stimulation, and dividing that dis-
tance by the proximal minus the distal latency, which is the time
it takes for the stimulus to traverse that nerve segment. By itself,
motor nerve conduction can be diagnostic of focal or general-
ized demyelinating neuropathy (Fig. 149.2C,D). Interpreting a
low-amplitude response (Fig. 149.2B) requires additional stud-
ies, since low CMAP amplitude can reflect not only loss of nerve
axons or conduction block, but also defective neuromuscular
transmission or loss of muscle fibers.

Se nsory Ne rve Cond uct ion St ud ie s
In orthodromic sensory nerve conduction studies, the skin is
stimulated and a response is recorded over the nerve. An-
tidromic studies are more commonly performed by stimulating
the nerve and recording over the skin. The result in either case
is a sensory nerve action potential (SNAP), with a latency that
reflects conduction in the fastest nerve fibers, and an ampli-
tude that is proportional to the number of functioning nerve
fibers. The normal SNAP amplitude is small and measured in
microvolts. Abnormal SNAPs are indicative of pathology dis-
tal to dorsal root ganglion—either plexopathy or neuropathy.
SNAPs are normal in radiculopathy if the pathology spares the
dorsal root ganglia in CNS disorders as well as in disorders
of neuromuscular transmission and muscle. In a patient with
weakness and abnormal motor nerve conduction studies, small
or absent SNAPs suggest sensorimotor neuropathy or plexop-
athy.

F-wave St ud ie s
Action potentials in motor neurons are normally generated
at the axon hillock and travel distally to nerve terminals in
muscle; but when the nerve is stimulated in the course of nerve
conduction studies, action potentials travel both orthodromi-
cally (distally) and antidromically (proximally) from the point
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TA BLE 1 4 9 . 2

ELECTRODIAGNOSTIC FEATURES IN NONFOCAL NEUROMUSCULAR DISORDERS

Anterior Axonal Demyelinating Neuromuscular
horn cell neuropathy neuropathy junction disorder Myopathy

MOTOR NERVE CONDUCTION STUDIES
CMAP amplitude to

distal stimulation
Small Small Larger than to

proximal
stimulation

Normal (MG) or
small (MG,
LEMS)

Normal or small

CMAP amplitude
to prox imal
stimulation

Same as to distal
stimulation

Same as to distal
stimulation

Smaller than to
distal stimulation

Same as to distal
stimulation

Same as to distal
stimulation

Conduction velocity Over 70% LLN Over 70% LLN Can be < 70% LLN Normal Normal

F-WAVE STUDIES
F-wave latency Normal or

increased
latency

Normal or
increased
latency

Absent or increased
latency

Normal Normal

SENSORY NERVE CONDUCTION STUDIES
Sensory nerve

action potentials
Normal Can be reduced or

absent (normal
in pure motor
forms)

Often reduced or
absent (normal in
pure motor
forms)

Normal Normal

NEEDLE EMG
Spontaneous

activity
Increased Increased Normal Normal Normal or increased

MUP morphology Normal or large Normal or large Normal or large Variable MUP
morphology

Small amplitude,
polyphasic

Recruitment Decreased Decreased Decreased Normal or
“ increased”

Full recruitment
produces little
force

REPETITIVE STIMULATION
2–3 Hz stimulation Usually normal Usually normal Usually normal > 10% decrement

in MG, LEMS
Usually normal

20–50 Hz
stimulation

Normal Normal Normal > 50% increment
in LEMS

Normal

CMAP, compound muscle action potential (the potential recorded in motor nerve conduction studies); EMG, electromyography; MG, myasthenia
gravis; LLN, lower limits of normal; LEMS, Lambert-Eaton myasthenic syndrome; MUP, motor unit potential.
The most salient features for each localization are indicated in bold typeface.

of stimulation. The antidromic action potential depolarizes the
axon hillock and, in a minority of neurons, this depolarization
generates another action potential that travels orthodromically
down the nerve. This produces a small, late, muscle action po-
tential, called the F wave, which can be recorded from most
muscles. Increased F-wave latency, when combined with nor-
mal distal motor nerve conduction, indicates disease in the
proximal portions of the nerve. Abnormal or absent F waves
are the earliest electrophysiologic manifestation of Guillain-
Barré syndrome (11,12).

Ne e d le Ele ct romyog rap hy
Needle EMG entails inserting a recording needle electrode into
a muscle and observing (a) insertional activity consisting of ac-
tion potentials generated by mechanical deformation of mus-
cle fibers as the needle is inserted; (b) resting activity, which

in normal muscles is only seen when the needle is near an end
plate; and (c) voluntary activity, which consists of motor unit
action potentials (MUPs). The motor unit consists of a motor
neuron and all the muscle fibers innervated by it. The MUP
is the sum of action potentials of all the muscle fibers in the
vicinity of the recording needle electrode that are activated
by a single motor neuron. Insertional and resting activity do
not require patient cooperation, and can be observed in co-
matose or uncooperative patients. One to three weeks after
denervation associated with axon damage, denervated muscle
membranes become hypersensitive and discharge both sponta-
neously and in response to needle insertion, causing increased
insertional activity and the appearance of positive sharp waves
and fibrillations, which are spontaneous or needle movement–
induced discharges of single muscle fibers. Similar abnormal
spontaneous activity can be seen in disorders of muscle,
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FIGURE 149.2. Typical motor nerve conduction findings. The sweep speed is 5 ms/div in all traces, but
the gain is 5 mV/div in A and C, 1 mV/div in B, and 500 µ V/div in D. A: Tibial motor nerve conduction
in a normal subject. The drawing shows the two sites of stimulation over the posterior tibial nerve at the
ankle and knee, and the sites of surface electrodes recording the response of the medial plantar muscle
group. The two waveforms are the responses to stimulation at the ankle and knee. Conduction velocity is
calculated as the distance between proximal and distal sites of stimulation divided by the time it takes for
the stimulus to travel between the sites of stimulation (PL minus DL). B: Tibial motor nerve conduction in
a patient with axonal sensorimotor neuropathy. CMAP amplitudes are less than 2 mV, with normal being
greater than 4 mV. The amplitudes are similar with proximal (knee) and distal (ankle) stimulation. The
conduction velocity is slightly slow, but is greater than 80% of the lower limits of normal. C: Peroneal
motor nerve conduction study in focal nerve compression. CMAP amplitude drops sharply with nerve
stimulation above the site of compression, at the fibular head. This conduction block is caused by focal
nerve demyelination. Because there is no damage to axons, the nerve responds normally to stimulation
distal to the area of demyelination. Conduction velocity is slow across the fibular head. D: Acquired diffuse
demyelinating polyradiculoneuropathy. Multifocal demyelination affects some neurons more than others,
resulting in prolonged and irregular CMAPs. Conduction velocities less than 70% of the lower limits of
normal are also diagnostic of demyelination. DL, distal latency; PL, proximal latency; CMAP, compound
muscle action potential.

particularly in the inflammatory myopathies, perhaps as a re-
sult of functional denervation caused by muscle fiber damage.
If the patient is cooperative or happens to activate the mus-
cle during the needle EMG study, additional information can
be obtained by observing MUP activity. MUP morphology is
of diagnostic value: high-amplitude, long-duration motor unit
potentials indicate denervation with reinnervation, and low-
amplitude, polyphasic motor unit potentials suggest primary
disease of muscle or neuromuscular junction. Observation of
motor unit recruitment with increasing effort can be diagnostic
of denervation in the absence of any other abnormality. With
denervation, MUP firing frequency increases with increasing ef-
fort, but insufficient numbers of different MUPs are recruited.
Conversely, rapid recruitment of small polyphasic MUPs sug-
gests myopathy or a disorder of neuromuscular transmission.

Increased variability of the shape of a single MUP suggests a
disorder of neuromuscular transmission.

Re p e t it ive St imulat ion
Disorders of neuromuscular transmission may be postsynap-
tic, as is the case in myasthenia gravis or most pharmacologic
neuromuscular blocking agents, or presynaptic, as in Lambert-
Eaton myasthenic syndrome and with exposure to botulinum
toxin. Repetitive supramaximal stimulation of a motor nerve
at a constant rate for five to ten stimuli is a simple way to as-
sess for deficits of neuromuscular transmission. The resultant
CMAP amplitudes should be constant. Progressive decrements
in amplitude across the first four to five responses with 3-Hz
stimulation is seen in both postsynaptic and presynaptic disor-
ders of neuromuscular transmission (Fig. 149.3). Progressive
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FIGURE 149.3. Repetitive stimulation at 3 Hz of the median nerve,
recording from the thenar muscles. Each response is displayed 1 ms to
the right of the prior response to show a train of six responses. The
progressive decrease in compound muscle action potential amplitude
between the first and fourth responses indicates a partial defect in neu-
romuscular transmission. With normal neuromuscular transmission,
each response would have the same amplitude.

increments in response at rates of stimulation above 20 Hz
suggest a presynaptic neuromuscular block, as in Lambert-
Eaton myasthenic syndrome, or botulism. An alternative—and
more tolerable—means to look for this incremental response
is to stimulate the nerve supramaximally just before and just
after 10 to 60 seconds of sustained voluntary contraction of the
muscle being tested. An increase in amplitude after exercise—
postexercise facilitation—is seen in pre- and postsynaptic
disorders; however, increases greater than 100% are seen only
in presynaptic disorders (13). Repetitive stimulation is impor-
tant in documenting residual neuromuscular blockade as a
cause of weakness in ICU patients.

Electrodiagnostic studies are valuable extensions of the neu-
rologic assessment, and need to be planned and interpreted in
the context of the history and neurologic examination. For ex-
ample, in some contexts, absent sensory nerve responses pro-
vide evidence that weakness is related to an acute disorder of
nerve, but in other circumstances may reflect prior sensory
neuropathy, focal entrapment, or technical difficulties when
recording very small potentials in an electrically noisy envi-
ronment. Well-trained technicians can perform routine nerve
conduction and repetitive stimulation studies; however, needle
EMG must be performed by a knowledgeable physician, and
study planning and interpretation must be the responsibility
of physicians expert in both clinical neurophysiology and the
clinical assessment of neuromuscular disorders.

GENERAL PRINCIPLES FOR THE
INTENSIVE CARE OF PATIENTS

WITH NEUROMUSCULAR
DISORDERS

Indications for intensive care of patients with neuromuscular
disorders include airway protection, ventilatory failure, and au-
tonomic instability. Principles of evaluation and care are cov-
ered elsewhere in this book; however, it is worth pointing out
here that many of the signs typically associated with respira-
tory failure in patients with obstructive pulmonary disorders,
such as increased airway noises and increased respiratory ex-
cursion, may not be seen in patients with neuromuscular causes
of respiratory failure. Instead, air hunger, tachypnea, shallow
breaths, and staccato speech are characteristic. An inability
to lay supine and paradoxical respirations are manifestations
of diaphragmatic weakness. Confusion and somnolence with
rising PaCO 2 may lessen respiratory distress and make recog-

nition of respiratory insufficiency more difficult. Bedside tests
of respiratory function that indicate a need for respiratory sup-
port include the inability to count to 20 on one breath, a forced
vital capacity of less than 15 mL/kg, a negative inspiratory force
of less than 25 cm H 2O, and a positive expiratory force of less
than 40 cm H 2O (14–17). Patients with facial weakness may
have difficulty performing bedside tests, necessitating greater
reliance on blood gas monitoring. Intubation may be required
earlier in patients with dysphagia in order to protect the airway.

Autonomic dysfunction and pain can be features of the
Guillain-Barré syndrome and are discussed under that topic be-
low. Patients who are immobile from weakness or other causes
may suffer compressive neuropathies. The peroneal nerve at
the head of the fibula and the ulnar nerve at the elbow are
especially vulnerable. Constant attention to positioning is re-
quired to prevent pressure palsies. Pneumatic compression de-
vices should not cover the proximal fibula.

Neuromuscular disorders do not affect mentation, and it
is important to maintain communication to inquire about dis-
comfort and pain, involve patients in care and decision making,
and support them through what can be a terrifying experience.
Bowes, a physician who recovered from ventilator-dependent
Guillain-Barré syndrome, gives a personal account of her expe-
rience that is instructive for caregivers (18). Additional aspects
of the intensive care of neuromuscular disorders are discussed
below with reference to specific disorders.

Ne uromuscular Disord e rs Re q uiring
Int e nsive Care

Table 149.3 lists some of the neuromuscular conditions that
can cause respiratory failure. In many of these conditions,
weakness develops gradually, and management does not
require intensive care, except when intercurrent illness, such as
aspiration pneumonia, causes decompensation. ALS inevitably
leads to respiratory failure, but alternative arrangements for
care usually preclude intensive care admission. In a minority of
patients with ALS, however, respiratory insufficiency is the pre-
senting symptom, and leads to intensive care admission before
the diagnosis is made. The diagnosis is suggested by finding fas-
ciculations, atrophy, weakness, and hyperactive reflexes in the
absence of sensory loss, extraocular muscle weakness, or auto-
nomic dysfunction, and by excluding alternative causes, such
as spinal cord compression or neuropathy. Electrophysiologic
studies can be helpful. Nerve conduction studies document nor-
mal sensory nerve action potentials, and needle EMG reveals
denervation in muscle of three or more extremities, or two ex-
tremities and bulbar muscles. Needle EMG can also document
diaphragm denervation. Early in the course, clinical and elec-
trophysiologic findings may not suffice for definitive diagnosis.

Respiratory weakness is seen in some muscle disorders, and
is a terminal event in Duchenne muscular dystrophy. Respira-
tory weakness can be the presenting feature of adult-onset acid
maltase deficiency, a glycogen storage disease (19), and it is
a feature of some of the congenital myopathies and muscular
dystrophies. Respiratory weakness can occur in inflammatory
myopathies in the context of severe proximal limb weakness,
and polymyositis associated with Jo-1 antibodies can be asso-
ciated with interstitial pulmonary disease (20).

The two neuromuscular disorders that most commonly lead
to admission for intensive care are Guillain-Barré syndrome
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TA BLE 1 4 9 . 3

NEUROMUSCULAR CAUSES OF RESPIRATORY
FAILURE

DISORDERS OF NERVE
Amyotrophic lateral sclerosis (ALS)
Guillain-Barré syndrome
Toxic neuropathies
Critical illness polyneuropathy
Phrenic neuropathy (brachial plexus neuropathy, radiation

trauma, postthoracotomy)

DISORDERS OF NEUROMUSCULAR JUNCTION
Myasthenia gravis
Acetylcholine receptor antibody associated
Muscle-specific kinase (MuSK) antibody associated
Lambert-Eaton myasthenic syndrome
Botulism
Pharmacologic neuromuscular blockade

DISORDERS OF MUSCLE
Polymyositis/dermatomyositis
Muscular dystrophies (dystrophinopathies, limb girdle types

2A and 2I, myotonic muscular dystrophy, myofibrillar
myopathies)

Congenital myopathies (nemaline rod, centronuclear)
Glycogen storage disorders (acid maltase deficiency,

debrancher enzyme deficiency)
Other inherited myopathies (mitochondrial myopathies, distal

muscular dystrophy with respiratory weakness)
Metabolic myopathies

and myasthenia gravis. They are both autoimmune disorders
and can cause rapidly progressive weakness; they are both
treatable and, with appropriate management, most affected pa-
tients recover.

Guillain-Barré Synd rome
History. In 1859, Landry (21) described ascending paraly-
sis progressing to respiratory paralysis and death. Guillain,
Barré, and Strohl described the classic features of progressive
weakness, sensory symptoms without signs, and loss of ten-
don reflexes, but their patients recovered. They also described
increased cerebrospinal fluid protein without cells (albu-
minocytologic dissociation), a finding that helped to distinguish
this disorder from poliomyelitis (22). An association with prior
infection was established (23,24), and the concept that the dis-
ease was of autoimmune pathogenesis was supported by the
development of an animal model—experimental allergic neu-
ritis, in which inflammation and demyelination of peripheral
nerves followed exposure to components of peripheral nerves
(25).

Definition and Subtypes. Guillain-Barré syndrome is an au-
toimmune disorder of peripheral nerves with progression over
less than 4 weeks, which is manifested by weakness, reduced
or absent tendon reflexes, and variable sensory and autonomic
dysfunction (26). Subtypes have been distinguished based on
the presence or absence of motor, sensory, and/or autonomic
involvement, and on whether the predominant damage is to
myelin sheaths or axons. Acute inflammatory demyelinating
polyradiculoneuropathy (AIDP) is by far the most common
subtype, accounting for more than 85% of cases in the United

States (27). Patients have weakness and reflex loss, with vary-
ing degrees of sensory and autonomic involvement, and there is
electrophysiologic and pathologic evidence of peripheral nerve
demyelination. Patients who have no sensory loss and electro-
diagnostic studies suggesting axonal rather than demyelinat-
ing pathology have acute motor axonal neuropathy (AMAN).
This variety of Guillain-Barré syndrome was first described
in Asia, where it occurs epidemically following gastroenteri-
tis caused by Campylobacter jejuni (28). Acute motor sensory
axonal neuropathy (AMSAN) is diagnosed when there is both
motor and sensory involvement and nerve conduction studies
are consistent with early axonal dysfunction (29). The axonal
forms of Guillain-Barré comprise less than 5% of cases in Eu-
rope and North America, but up to 47% of cases in China,
Japan, and Central and South America (30). Acute pandysau-
tonomia (31,32) and some forms of acute sensory neuropathy
(33) are sometimes considered to be subtypes of Guillain-Barré
syndrome even though weakness is not a feature, since they run
a similar time course, and are presumed to be autoimmune.
The Miller-Fisher variant of Guillain-Barré syndrome features
ophthalmoplegia, ataxia, and areflexia (34). The Miller-Fisher
variant may overlap with other forms of Guillain-Barré syn-
drome (30,35).

Epidemiology and Pathogenesis of Guillain-Barré Syndrome.
The incidence of Guillain-Barré is less than 1 in 100,000 in chil-
dren, averages 1 to 2 per 100,000 in adults, and increases to 4
in 100,000 in adults over 75 years of age (36,37). In about two
thirds of patients, the disease follows an infection, most often a
flulike syndrome or gastroenteritis, by 1 to 8 weeks (38). When
serologic studies are performed, evidence of infection with C.
jejuni, cytomegalovirus, Epstein-Barr virus, Haemophilus in-
fluenzae, and Mycoplasma pneumoniae are found to account
for the majority of cases (39,40); 5% follow surgery (24). Al-
though 3% of cases are attributed to vaccination (38), only
rabies vaccine is associated with a definite increase in the inci-
dence of Guillain-Barré (41); influenza vaccination causes little,
if any, increase (41,42).

The pathology of AIDP consists of a multifocal inflamma-
tion of peripheral nerves, in which macrophages destroy the
myelin sheath (43–46). This response is mediated by activated
T cells (47). Direct binding of antibodies to Schwann cell mem-
branes with subsequent complement-mediated destruction and
secondary macrophage invasion may also play a role (48).
Similar pathologic findings characterize experimental allergic
neuritis (EAN), which is considered to be a good experimen-
tal model for Guillain-Barré syndrome (49). EAN can be ini-
tiated by injections of several myelin components, including
myelin proteins P0 and P2, myelin basic protein, peripheral
myelin protein-22 (PMP-22), and myelin-associated glycopro-
tein (MAG) (47). No specific myelin antibodies have been iden-
tified in the pathogenesis of AIDP.

The pathology of AMAN differs from that of AIDP in
that macrophages target the axonal membrane in ventral (mo-
tor) roots and nerves at nodes of Ranvier, resulting in axonal
rather than myelin damage (50,51). The pathology in AMSAN
is similar to that of AMAN, except that the disorder affects
both motor and sensory roots and nerves (29). Recent evi-
dence suggests that AMAN may result from molecular mimicry.
The capsule of the strains of C. jejuni implicated in patients
with Guillain-Barré syndrome contains a lipopolysaccharide
with a structure similar to the GM 1 ganglioside present in
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peripheral nerves. Antibodies to these strains of C. jejuni
cross-react with peripheral nerve GM 1 ganglioside, resulting
in axonal dysfunction in experimental animals (52). Similarly,
many patients with the Miller-Fisher variant have GQ1b and
GT1a antibodies (53) that cross-react with Campylobacter
lipopolysaccharides (54,55). Anti-GD1b antibodies have been
associated with acute and chronic sensory neuropathies (30).
Although there is evidence that molecular mimicry is a plausi-
ble explanation for some patients with Guillain-Barré polyneu-
ropathy, the relationships are complex. Patients may have
antibodies to several gangliosides, antibodies to a particular
ganglioside can be associated with several different types of
neuropathy, and infections with a specific organism may be
followed by more than one kind of neuropathy (30).

Clinical Presentation and Diagnosis. AIDP, the most com-
mon form of Guillain-Barré, presents with weakness and de-
creased or absent tendon reflexes. It is a non–length-dependent
polyneuropathy, with proximal as well as distal weakness that
usually begins in the legs and ascends, but can affect other
regions first. Bilateral facial weakness occurs in half of the
patients. Since symptoms can progress to oropharyngeal and
respiratory weakness in 33% of patients, all patients require
careful monitoring, as discussed below. Eye movements are
usually spared, the exception being the Miller-Fisher variant.
Sensory symptoms occur in 80% of patients. Sensory signs are
less frequent and often mild, but, when prominent, can con-
tribute significantly to disability (56). Pain and temperature
sensation mediated by small unmyelinated neurons may be af-
fected less than position and vibratory sensation, mediated by
large myelinated fibers. Fifty percent have pain, either back
and muscle pain that can be aggravated by movement, or neu-
ropathic pain, such as burning paresthesias, sometimes with
allodynia (pathologic sensitivity to touch). Tendon reflexes are
lost early in the course of the disease; indeed, the diagnosis
should be questioned if reflexes are retained. Autonomic dys-
function is present in 66% of patients, and can manifest with
tachyarrhythmias or bradyarrhythmias, spontaneous or ortho-
static hypotension, paroxysmal hypertension, abnormalities of
sweating, urinary retention, or ileus (57). Guillain-Barré syn-
drome is a subacute process: 50% of patients stop progressing
in less than 2 weeks, 80% by 3 weeks, and more than 90% by
4 weeks (58).

The much less common axonal variants of Guillain-Barré
are distinguished from AIDP by electrophysiologic studies.
Nerve conduction studies should show low-amplitude mo-
tor CMAPs without marked conduction slowing, conduction
block, or dispersion in both AMAN and AMSAN. AMAN is
distinguished from AMSAN by preservation of sensory nerve
action potential amplitudes (59).

The differential diagnosis of patients presenting with sub-
acute weakness includes disorders of the CNS, PNS, neuro-
muscular junction, and muscle. Although Babinski responses,
brisk reflexes, and sensory level will usually distinguish spinal
cord from peripheral nerve diseases, there is overlap because
reflexes may be depressed acutely in CNS disorders; bladder
dysfunction, while suggestive of CNS lesions, can be seen in
Guillain-Barré; and CNS demyelination may occasionally ac-
company Guillain-Barré syndrome (60). Conversely, Guillain-
Barré syndrome should be in the differential of patients with
the locked-in syndrome when tendon reflexes are depressed.
Toxic, drug-induced, and metabolic neuropathies may occa-

sionally present over a similar time course as Guillain-Barré
syndrome. In patients without sensory disturbances, disorders
of neuromuscular junction and muscle should be considered.
Muscle disorders that can present with severe subacute or acute
weakness include the periodic paralyses, hypokalemic myopa-
thy, drug-induced myopathies, and inflammatory myopathies.

Evaluation should include appropriate imaging to exclude
CNS disorders, routine laboratory studies, and lumbar punc-
ture. The cerebrospinal fluid (CSF) is normal during the first
days of illness, after which there is a transient elevation of pro-
tein with minimal or no pleocytosis. A significant pleocytosis
should raise the question of infection such as Lyme disease
or West Nile virus (61); when the clinical picture is otherwise
classic for Guillain-Barré, CSF pleocytosis should suggest hu-
man immunodeficiency virus (HIV) infection in which immune
dysregulation increases the incidence of autoimmune disorders
(62). Blood should be sent for basic metabolic profile, B12, por-
phyrins, tests for Lyme disease and HIV, and heavy metal levels.
Electrodiagnostic studies must be interpreted in the context of
the clinical findings. Early in Guillain-Barré, nerve conduction
and F-wave studies may be normal if recorded from a limb
without severe weakness. Delayed or absent F waves, some-
times replaced by axon reflex waves, are the earliest abnor-
malities (63). When recorded from a paralyzed muscle, normal
motor nerve conduction studies with normal F waves indicate
that the weakness does not result from a peripheral cause, and
should direct attention toward an alternative diagnosis with
localization to the central nervous system.

Management of Guillain-Barré Syndrome. Patients with
Guillain-Barré syndrome should be admitted and carefully
monitored for respiratory function, swallowing ability, and au-
tonomic function. Specific treatment can hasten recovery and
reduce hospital costs, and is recommended for all patients
whose weakness threatens loss of ambulation (64). Plasma
exchange was the first treatment demonstrated to be effec-
tive in Guillain-Barré syndrome. Treated patients demonstrated
greater improvement at 4 weeks than untreated controls, and
treatment reduced the proportion of patients requiring me-
chanical ventilation at 4 weeks from 27% to 14% (28,65–67).
Every-other-day treatment to a total of five plasma volumes is
usually employed. Complications include pneumothorax and
sepsis related to central venous access, hypocalcemia, coagu-
lopathy, and hypotension. Intravenous immunoglobulin treat-
ment (IVIG) was shown to be equally effective as plasma ex-
change in controlled trials (68), and has become the preferred
treatment because of greater ease of administration and lesser
risk of serious complications. The usual dose is 0.4 g/kg/day
infused slowly for 5 days to a total dose of 2 g/kg. Complica-
tions include hypersensitivity in patients with immunoglobulin
A (IgA) deficiency, acute renal failure, congestive failure, hyper-
coagulable state, and aseptic meningitis. Treatment is indicated
in all but the mildest cases, and is best instituted early in the
course of the disease. Treatment after 4 weeks is unlikely to be
of benefit. High-dose corticosteroids are of no proven benefit,
and in several trials treated patients had more disability than
controls (69).

Patients with rapidly progressive weakness should be trans-
ferred to the ICU. Respiratory failure is often preceded by pro-
gression of weakness to involve the upper extremities, shoul-
ders, neck, and face, but may occur before this weakness is
evident. Tachypnea, paradoxical respirations, hypophonia,
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staccato speech, and a marked increase in respiratory dysfunc-
tion when supine are clinical indications of respiratory failure
(14). Confusion from carbon dioxide retention is a late mani-
festation. Respiratory function should be monitored with bed-
side spirometry, and heart rate and blood pressure should be
closely monitored. Indications for intubation are reviewed un-
der General Principles, above.

Autonomic instability is common and usually not life threat-
ening, unless it is manifested by asystole or ventricular fibril-
lation. Hypertension should be treated cautiously, as patients
may be unusually sensitive to antihypertensive medications.
Paroxysmal hypertension may sometimes be a manifestation of
pain, in which case adequately treating the pain can be curative.
Neuropathic pain can be treated with antiepileptic medications
such as gabapentin (70), antidepressants such as amitriptyline,
or analgesics.

The prognosis for recovery is good in all types of Guillain-
Barré syndrome, but is poorest for patients with severe AM-
SAN. Poor recovery is correlated with age, severity of deficits
at the nadir of the disease, more rapid progression of deficits
(30), and, in some studies, evidence of axonal damage on elec-
trophysiologic studies (71); however, even the most severely
afflicted patients may recover fully. About half of patients with
otherwise good recovery are left with mild sensory disturbances
(72–74).

Myast he nia Gravis
History. The first description of myasthenia gravis is vari-
ously credited to Wilks in 1867 or to Erb in 1879, although
Sir Thomas Willis provided a description of the symptoms
more than 200 years earlier (75). Freidreich Jolly, who first
described the decremental response to repetitive stimulation,
called this disorder myasthenia gravis pseudoparalytica (76).
Mary Walker, a physician working at St. Alfege’s Hospital in
Greenwich, was the first to use acetylcholinesterase inhibitors
to treat myasthenic patients (77). The dramatic, albeit tem-
porary, reversal of weakness by physostigmine was called the
“Miracle of St. Alfege’s Hospital.” The transient weakness
manifested by infants born to myasthenic mothers, and the
association of myasthenia with thymic tumors and with thy-
roiditis, led to the theory that myasthenia was an autoimmune
disease (78). This was confirmed in the early 1970s with the
demonstration that animals injected with concentrated acetyl-
choline receptor produced antibodies that caused weakness
(79), as well as with the discovery of antibodies to acetylcholine
receptors in the sera of myasthenic patients (80). Immunother-
apy and improved critical care have lessened overall mortality
from 20% to 30% in the 1950s (81) to nearly zero (82).

Epidemiology. Myasthenia gravis has a current prevalence of
about 20 per 100,000 population. There are about 60,000 pa-
tients with myasthenia in the United States (83). Myasthenia
gravis occurs throughout life with bimodal peaks in the second
and third decade in women and in the fifth and six decades
in men (84). As the population ages, the average age of on-
set has increased and men are now more often affected than
women (83). Myasthenic crisis occurs in about 20% of patients
with myasthenia; almost 33% of these patients can experience
a second crisis (85,86).

Pathophysiology. The neuromuscular junction is composed of
a presynaptic motor neuron membrane, the synaptic cleft, and

the postsynaptic muscle membrane. In the normal neuromus-
cular junction, the arrival of an action potential at the nerve
terminal leads to the influx of calcium through voltage-gated
calcium channels, which triggers release of acetylcholine into
the synaptic cleft (87). Acetylcholine diffuses across the synap-
tic cleft to bind with acetylcholine receptors on the postsynaptic
muscle membrane. This binding generates end-plate potentials
that depolarize the muscle membrane. When the depolariza-
tion exceeds threshold, a muscle action potential is generated,
which leads to a cascade of events that results in muscle con-
traction (88). Neuromuscular transmission fails if the end-plate
potential fails to reach the threshold for muscle action poten-
tial generation. In Lambert-Eaton myasthenic syndrome, the
end-plate potential is small because antibodies to voltage-gated
calcium channels on the presynaptic membrane interfere with
acetylcholine release. In myasthenia gravis, the end-plate po-
tential is small because antibodies to the acetylcholine receptor
or related sites on the postsynaptic membrane decrease the de-
polarization caused by normal amounts of acetylcholine.

The acetylcholine receptor is composed of four subunits
(89). Antibodies to the acetylcholine receptor can be found
in 80% to 90% of patients with generalized myasthenia (90).
These antibodies can cause neuromuscular transmission fail-
ure by binding to the acetylcholine receptor and altering func-
tion, by increasing the rate of degradation of the receptors, and
by complement-mediated destruction of the postsynaptic mem-
brane (91). About 30% of patients with generalized myasthe-
nia who are seronegative for acetylcholine receptor antibodies
have antibodies to muscle-specific kinase (MuSK) (92). Patients
with MuSK antibodies demonstrate more severe disease than
patients with antibodies against the acetylcholine receptor (93).

The thymus gland has been implicated in the pathogenesis
of myasthenia gravis. Thymic abnormalities are seen in 75% of
patients with myasthenia gravis. Of these, 75% have lymphoid
follicular hyperplasia and 15% have thymomas (94). Acetyl-
choline receptors are found on myoid cells of the thymus (95).
The majority of myasthenic thymuses contain B cells that can
produce antibodies to the acetylcholine receptor (96). Anti-
striated muscle antibodies in patients with myasthenia gravis
correlate highly with thymoma (97).

Patients with myasthenia gravis often have other autoim-
mune disorders, including thyroiditis, scleroderma, Sjögren
syndrome, rheumatoid arthritis, pernicious anemia, polymyo-
sitis, and lupus erythematosus (98).

Clinical Presentation. Patients with myasthenia gravis present
with fluctuating weakness that improves with rest. The most
common complaints are ocular—namely, ptosis and diplopia
related to weakness of the levator palpebrae and the extraoc-
ular muscles, respectively. Ptosis is the presenting symptom in
50% to 90% of patients, and 90% to 95% of patients complain
of diplopia during the disease. Weakness can remain purely
ocular in up to 15% of cases, but the majority of patients
with myasthenia gravis develop generalized symptoms (76).
Dysarthria and dysphagia are common complaints. Neck ex-
tensors and flexors are often more involved than other muscles
in generalized disease (76). Patients may have to support their
chin with their hand to prevent head drop because of neck
extensor weakness or to keep their jaw shut because of weak-
ness of the temporalis and masseter muscles. Proximal limb
weakness is usually present when the disease is not purely ocu-
lar. It is sometimes asymmetric, is occasionally very focal, and
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TA BLE 1 4 9 . 4

MYASTHENIC WEAKNESS

DRUGS THAT COMMONLY WORSEN MYASTHENIC
WEAKNESS
Neuromuscular blocking agents
Aminoglycoside antibiotics (gentamicin, neomycin,

tobramycin, kanamycin, and others)
Telithromycin (Ketek) (100)
Procainamide, quinidine, quinine
Penicillaminea

α-Interferona

Magnesium salts

DRUGS THAT MAY WORSEN MYASTHENIC WEAKNESS
(SELECTIVE LIST)
Macrolide antibiotics (erythromycin, azithromycin, and others)
Other antibiotics: Nitrofurantoin, fluoroquinolones
β -Blockers
Calcium channel blockers
Anticonvulsants (Dilantin, gabapentin, carbamazepine, and

others)
Narcotic analgesics
Estrogen therapy
Timolol, betaxolol hydrochloride (ophthalmic solutions)
Phenothiazines
Chloroquine
Iodinated contrast agents

aMay cause autoimmune myasthenia gravis.
From Pascuzzi RM. Medications and myasthenia gravis (A reference
for health care professionals). Myasthenia Gravis Foundation of
America. 2007. http://www.myasthenia.org/hp edmaterials.cfm.
Accessed June 12, 2007.

can affect distal muscles. In less than 10% of cases, myasthe-
nia presents with proximal weakness without bulbar or ocular
weakness.

Myasthenic crisis is diagnosed when weakness progresses to
cause dysphagia with loss of airway protection or hypoventila-
tion. Myasthenic crisis can be precipitated by infection, sur-
gical procedures, pregnancy, treatment with corticosteroids,
sepsis, cholinergic crisis, and the rapid withdrawal of immune-
suppressing medications (86). Pulmonary system infection, in-
cluding aspiration pneumonia, is the most common identi-
fiable precipitating factor (86). Many medications can also
worsen myasthenic symptoms (Table 149.4) (99), often be-
cause they impair neuromuscular transmission. Aminoglyco-
side antibiotics, quinidine, and procainamide are particularly
likely to cause weakness, and should be avoided in patients
with myasthenia. Limited experience with telithromycin sug-
gests that it should also be avoided (100). Penicillamine and α-
interferon may cause autoimmune myasthenia. Evidence that
other medications exacerbate myasthenia gravis is less convinc-
ing, but in patients with increasing weakness, all medications
must be scrutinized against the long list of potentially offending
agents (99).

Myasthenic crisis can involve muscles of inspiration, includ-
ing the diaphragm and the external intercostals, along with ac-
cessory muscles of inspiration, including the scalene and stern-
ocleidomastoid muscles. Respiratory strength can be measured
by vital capacity and negative inspiratory force (101). As res-
piratory weakness leads to ventilatory failure, tidal volumes
decline. Patients in myasthenic crisis have an intact respira-

tory drive, and therefore respond to the decrease in tidal vol-
ume with an increase in respiratory rate (102). Oropharyngeal
muscle weakness may result in obstruction with upper airway
collapse. Secretions can be difficult to control and can also
obstruct the airway and lead to aspiration. In the 1950s and
1960s, mortality from myasthenic crisis was as high as 70% to
80% (103,104). In more recent reports, mortality is closer to
4% (85,86), related to improvements in intensive care as well
as effective immunomodulatory treatment.

Diagnosis. The history and examination often strongly sug-
gest the diagnosis. A history of fluctuating ptosis, diplopia,
fatigable dysarthria, dysphagia, and neck weakness are highly
suggestive. Sometimes the presentation may be misleading,
as when ocular myasthenia presents with isolated eye muscle
weakness or with a pattern of eye movements that mimics in-
ternuclear ophthalmoplegia from brainstem lesions, or when
patients have proximal limb weakness without eye or bulbar
weakness, suggesting a primary disorder of muscle. Conversely,
patients with purely ocular findings should be worked up for
other causes of ophthalmoplegia, including thyroid eye disease
and retrobulbar or cavernous sinus lesions. ALS may present
with bulbar symptoms, but patients with ALS do not have pto-
sis or eye movement weakness, and often have pseudobulbar
dysarthria, characterized by slow labored speech and poorly
modulated emotional expression, with laughing or crying that
is disproportionate to the situation.

Many tests are available to confirm the diagnosis of myas-
thenia. Definitive diagnosis is important, as most patients will
require years of immunomodulatory therapy. Pharmacologic
testing with edrophonium (Tensilon), a rapid-acting, short-
duration acetylcholinesterase, can result in transient increase
in strength. Caution should be used in using edrophonium
because anticholinergic side effects, such as bradycardia and
bronchospasm, can develop. A test dose of 2 mg of edropho-
nium, given intravenously, should be administered, followed
by increments of 2 mg, for a total dose of 10 mg. Atropine
should be available to counteract muscarinic side effects (105).
Definite improvement in strength, as demonstrated by improve-
ment in ptosis, dysarthria, or resistance against the examiner’s
testing, is supportive of the diagnosis. The test is, therefore,
most helpful in patients with clear weakness that can be eval-
uated in an objective manner (105). In patients with cardiac
disease, especially those on β -blockers or drugs that cause atri-
oventricular block, edrophonium should be avoided, as it can
cause asystole (106). Fortunately, there are many alternative
tests to confirm the diagnosis of myasthenia.

Serum acetylcholine receptor antibodies are found in 80%
to 90% of patients with generalized myasthenia gravis, and
have very high diagnostic specificity. Increased titers are also
found in patients with thymoma without myasthenia, and
rarely in other diseases, including systemic lupus, ALS, liver
disease, and inflammatory neuropathies, and in patients with
Lambert-Eaton myasthenic syndrome (107). Antibodies to stri-
ated muscle are present in about 30% of patients with myas-
thenic gravis, and are highly associated with thymoma (108).
About 30% of patients with myasthenia gravis who lack an-
tibodies to acetylcholine receptor have antibodies to MuSK.
Other antibodies directed against muscle antigens can be found
in patients with myasthenia gravis (109).

Repetitive nerve stimulation can be performed to rule out
a decrement in the amplitude or area of the fourth or fifth
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potential compared to the first potential (Fig. 149.3). A train
of five to ten stimuli is delivered at a rate of 2 to 3 Hz. If
the decrement is more than 10% , it is considered abnormal.
The yield can be increased by testing clinically weak muscles
and with repeat testing after exercise of the specific muscle.
Because typically myasthenia affects proximal more than distal
muscles, the test is more likely to be abnormal when testing
proximal or facial muscles than when testing hand muscles
(110). Single-fiber EMG is abnormal in nearly all patients with
generalized myasthenia (111), but it is not widely available
because it is time consuming, is technically demanding, and
requires expensive needle electrodes.

Patients diagnosed with myasthenia should have additional
testing for associated conditions. Computed tomography (CT)
or magnetic resonance imaging (MRI) of the chest is required
to evaluate for thymoma (82). Tests of thyroid function are
important, because about 10% of myasthenics have associated
autoimmune thyroid disease, and because proximal weakness
and restriction of extraocular movements can be caused by thy-
roid disease. Antinuclear antibody (ANA) and rheumatoid fac-
tor may detect much less commonly associated autoimmune
disorders. Tuberculin test and fasting glucose should be ob-
tained prior to treatment with steroids.

Management. The majority of myasthenic patients respond
well to treatment and never require intensive care. Although
anticholinesterase medications can produce dramatic improve-
ment in strength, they do not address the underlying autoim-
mune pathogenesis of the disease, and tend to become ineffec-
tive as the disease progresses. They may be sufficient, however,
for patients with mild, nonprogressive disease, and they can
be helpful as adjunctive treatment in patients on immunomod-
ulatory treatment. Pyridostigmine, which does not cross the
blood–brain barrier, is the most commonly used oral agent.
Sustained-release pyridostigmine is appropriate for use at bed-
time to mitigate weakness during the night and in the morning;
however, multiple daytime doses of sustained-release prepara-
tions should be avoided, as accumulation may lead to cholin-
ergic weakness.

Oral prednisone is the most commonly used agent to induce
remission in myasthenic patients, and is effective in 80% to
90% of patients. High-dose prednisone—60 to 100 mg/day—
may cause transient worsening of myasthenia, and should not
be initiated unless patients can be closely observed. Lower
doses appear safer, but are not entirely free from this com-
plication. Most patients experience gradual improvement in
strength beginning 2 or 3 weeks after initiation of therapy. Once
a good response has been achieved, the dose can be tapered
over several months to low-dose alternate-day treatment. Doses
less than 40 mg every other day are generally well tolerated.
Doses of 40 mg or above every other day are associated with
many long-term side effects, including diabetes, hypertension,
cataracts, avascular necrosis, and increased susceptibility to
infection. Azathioprine may reduce steroid dependence. Treat-
ment with IVIG can produce rapid improvement in strength,
and may be useful to provide short-term improvement while
waiting for steroids to become effective.

Myasthenic weakness can progress very rapidly; therefore,
patients with worsening myasthenic symptoms should be hos-
pitalized for definitive management. Patients with progressive
bulbar weakness who have difficulty controlling secretions, an
ineffective cough, or vital capacities less than 20 to 25 mL/kg

should be admitted to the ICU (112,113). When the vital ca-
pacity reaches 15 mL/kg, endotracheal intubation should be
strongly considered. Elective intubation can help patients avoid
abrupt respiratory failure and mucous plugging (114). Inter-
mittent mandatory ventilation with pressure support is used to
reduce alveolar collapse or atelectasis. Positive end-expiratory
pressure can reduce complications related to atelectasis (115).
If mechanical ventilation is required for more than 2 weeks,
tracheostomy should be considered. The most common com-
plications of myasthenic crisis are fever, pneumonia, and at-
electasis (86). Aggressive respiratory treatment with suction-
ing, bronchodilator treatments, sighs, chest physiotherapy, and
intermittent positive pressure can reduce the complications of
mechanical ventilation and shorten the period that patients are
in the intensive care unit (116). Weaning trials should be at-
tempted with patients who show clear improvement of respi-
ratory muscle strength, with the goal to eliminate mandatory
ventilation and then reduce the amount of pressure support.
Cholinesterase inhibitors are generally discontinued after in-
tubation because of increased secretions and the potential for
depolarization blockade. After a definite response to treatment,
cholinesterase inhibitors can be restarted at a low dose.

Plasma exchange has been shown to be effective for the
treatment of myasthenic crisis and to prepare patients for
surgery (117). Many different protocols are used, but a se-
ries of five to six exchanges of 2 to 4 liters every other day is
most commonly employed. Improvement can usually be seen
in 3 to 4 days and can last for several weeks, but is not sus-
tained without the addition of an immune suppressant agent.
Side effects of plasma exchange, which can be life threatening,
include hypotension, bradycardia, congestive heart failure, ve-
nous thrombosis, infection, and dramatic shifts in electrolytes,
including calcium. Controlled randomized trials have demon-
strated that IVIG is as effective as plasma exchange in patients
with myasthenic crises (118). This trial used 1.2 and 2.0 g/kg
of IVIG over 2 to 5 days. Patients who fail to respond to IVIG
may subsequently respond to plasma exchange (119). Intra-
venous steroids have been used in high doses in myasthenic
crisis in patients who do not respond to IVIG or plasma ex-
change (120), but this may be complicated by transient wors-
ening of myasthenic weakness that may precipitate the need for,
or prolong, mechanical ventilation. Other immune-suppressant
medications can be useful as steroid-sparing drugs and as sole
therapy for myasthenia, but they take weeks or months to pro-
duce improvement, and therefore are not appropriate choices
to treat myasthenic crisis.

Thymectomy is indicated in patients with thymoma, and
is also accepted therapy for myasthenia gravis without thy-
moma, particularly in younger patients without thymic invo-
lution. However, the absence of class I evidence and the short-
comings of existing case-control or cohort trials have led to a
call for prospective randomized controlled clinical trials (121).

Perioperative Care. Myasthenic crisis is common in patients
undergoing surgical procedures. The main risk factors for
postoperative complications include severe bulbar weakness,
chronic myasthenia, respiratory illness, and decreased vital ca-
pacity preoperatively (122). Whenever possible, preoperative
treatment to improve strength should be undertaken. Plasma
exchange or IVIG can be performed preoperatively in patients
with bulbar weakness or generalized myasthenia. A response is
often seen within 3 to 6 days, although preoperative IVIG has
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shown a variable time to maximal response (123). Preoperative
pulmonary function testing can be performed to assess respira-
tory function. Drugs that are known to exacerbate myasthenia
(Table 149.4) should be avoided whenever possible.

Crit ical Illne ss Polyne urop at hy and Myop at hy
History. Although earlier references are cited (see Lindsay
et al. [124,125]), recognition that critically ill patients fre-
quently develop new neuromuscular dysfunction was not
widespread until the last decade of the 20th century. In 1984,
Bolton et al. (126) described five patients who failed to wean
from the ventilator after treatment of sepsis, and were found
to have neuromuscular weakness related to an axonal sen-
sorimotor polyneuropathy. They called this critical illness
polyneuropathy (CIP). In 1992, Sagredo et al. (127) attributed
prolonged paralysis, seen in patients in whom vecuronium
had been weaned, to persistent plasma levels of vecuronium
metabolites in those patients with impaired renal function. Hi-
rano et al. (128) described severe weakness in two critically
ill asthmatic patients treated with steroids and nondepolar-
izing blocking agents. Muscle biopsy demonstrated depletion
of thick myosin filaments. They called this acute quadriplegic
myopathy. Other terms for the same or similar illness have in-
cluded hydrocortisone myopathy, necrotizing myopathy, thick
filament myopathy, postparalysis syndrome, and acute myopa-
thy of intensive care; we will refer to it by the most common
designation: critical illness myopathy (CIM). The term critical
illness neuromyopathy (CINM) is used to refer to patients in
whom both neuropathy and myopathy coexist, or when it is un-
certain which condition is causing the patient’s weakness. The
term CINM could also be applied to patients with persistent
neuromuscular blockade; however, electrophysiologic studies
should exclude this as a contributing factor in most patients.

Epidemiology. The incidence of critical illness neuromyopa-
thy is estimated to be as high as 70% of mechanically ven-
tilated ICU patients with sepsis and multiorgan failure. Witt
et al. (129) found, in a prospective study, that 70% of 43 ICU
patients with sepsis and failure of more than two organs de-
veloped electrophysiologic evidence of peripheral neuropathy,
and half of these patients had clinically evident neuropathy
with difficulty being weaned from the ventilator. De Jonghe
et al. (130) found that 25.3% of ICU patients intubated for
7 or more days developed neuromuscular weakness. All had
sensorimotor axonopathy, and all who were biopsied also had
myopathy. Bednarik et al. (131) prospectively studied 61 ICU
patients with evidence of multiorgan failure; 27% had clinical
and 54% electrophysiologic evidence for critical illness neu-
romyopathy. Bercker et al. (132) found that 60% of 50 consec-
utive patients with acute respiratory distress syndrome studied
retrospectively developed critical illness neuromyopathy.

Pathophysiology

Critical Illness Polyneuropathy. Sepsis and multiorgan failure
are the major risk factors for CIP (131,133,134); other risk fac-
tors include duration of mechanical ventilation, hyperglycemia,
hyperosmolality, and decreased serum albumin (129). The pe-
ripheral nervous system is one of the organ systems damaged
in systemic inflammatory response syndrome (SIRS). Decreased
capillary flow and increased capillary permeability related to
sepsis-related cytokine release, and other factors such as a gen-

erally high catabolic rate, result in a reduced supply of nu-
trients, decreased clearance of toxic factors (including med-
ications), and tissue edema. Pathologically, there is axonal
degeneration without inflammation, and there is an increase
in adhesion molecule expression in nerve (133).

Critical Illness Myopathy. Risk factors for CIM overlap with
those for CIP; however, there is more emphasis on primary
pulmonary disease (asthma and acute respiratory distress syn-
drome [ARDS]) and on the use of neuromuscular blocking
agents and corticosteroids (130,135). Apoptotic activity may
be increased. High corticosteroid levels may increase expres-
sion of ubiquitin, leading to increased proteolytic activity
(136). Denervation from coexisting CIP may also make the
muscle more susceptible. Muscle biopsy shows loss of thick
(myosin) filaments; there may also be fiber-type atrophy and/or
necrosis (128,137). Whether the different pathologies represent
a spectrum of severity or different entities remains unsettled.

Most patients on ventilators are given neuromuscular block-
ing agents. Normally, the effects of these agents wear off within
hours of discontinuation; however, it is not unusual for residual
blockade to last 1 to 2 days (127). Early reports of more pro-
longed weakness after neuromuscular blockade did not con-
sider the effects of CIP and CIM. In a recent review, Mur-
ray et al. (135) concluded that nondepolarizing neuromuscular
blocking agents may potentiate muscle weakness by a number
of mechanisms, including up-regulation of acetylcholine recep-
tors with fetal-type receptors that are less responsive to acetyl-
choline, presynaptic inhibition of exocytosis of acetylcholine,
and potentiation of muscle damage by corticosteroids and by
sepsis-induced ischemia.

Clinical Presentation. CIP is preceded by sepsis and failure of
more than one organ. Sepsis leads to SIRS, which is manifested
by two or more of the following (138):
■ Elevated (greater than 38◦C) or reduced (less than 36◦C)

temperature
■ Tachycardia (greater than 90 beats/minute)
■ Tachypnea (greater than 20 breaths/minute)
■ PaCO 2 less than 32 mm Hg
■ High (greater than 12,000) or low (less than 4,000 cells/µ L)

white blood cell count
Most patients have a septic encephalopathy manifested by

confusion and reduced responsiveness, and most require ven-
tilatory assistance. With antibiotic treatment, sepsis and septic
encephalopathy improve, and patients awaken, tracking the ex-
aminer with the eyes and demonstrating comprehension with
eye movements or weak limb movements; in patients who can-
not cooperate for the examination, weakness is manifested by
decreased or absent spontaneous limb movement and difficulty
weaning from the ventilator. The diagnosis of CIP is further
supported if reflexes are absent and if a sensory loss can be
demonstrated; however, not all patients with CIP have absent
reflexes or sensory loss on examination, and, in many patients,
an accurate sensory examination cannot be done. Electrodiag-
nostic studies are, therefore, key to diagnosis.

CIM may have similar antecedents, but is more likely in the
setting of ventilatory failure from asthma (128,137) or ARDS
(132). The use of neuromuscular blocking agents (139) and
corticosteroids (130) appears to predispose to CIM, although
CIM has been reported without either one (140). Clinically,
the presentation is similar to that of CIP. Sensation is normal if
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neuropathy does not coexist, but often confusion and poor
communication make it difficult to assess sensation. Here
again, electrophysiologic testing is key to diagnosis.

Diagnosis. Critical illness neuromyopathy should be suspected
in any critically ill patient whose medical condition is improv-
ing but who appears to have trouble moving or cannot be
weaned from the ventilator. A diagnostic algorithm is presented
in Figure 149.4. The diagnosis is likely in patients with risk fac-
tors, particularly sepsis, SIRS, multiorgan failure, prolonged
artificial ventilation, hyperglycemia, and exposure to neuro-
muscular blocking agents or corticosteroids (141). Alternative
causes for weakness in the ICU must be considered and, if possi-
ble, excluded. These include medications that cause myopathy,
neuromuscular blockade, or neuropathy; electrolyte disorders
such as hypokalemia or hypophosphatemia; undiagnosed neu-
romuscular disorders such as myasthenia gravis, Guillain-Barré
syndrome, or ALS; and a variety of central nervous system dis-
orders, including ischemic myelopathy, anterior horn cell loss
from hypoxia (142), central pontine myelinolysis that most of-
ten follows rapid correction of hyponatremia (143), and hemi-
spheric stroke from hypotension, emboli, or hemorrhage (144).
West Nile encephalitis (WNE) should be considered in patients
who present with fever and encephalopathy, and in those who
develop neuromuscular weakness, since WNE can affect ante-
rior horn cells and, less often, peripheral nerves (145). Depend-
ing on clinical suspicions, imaging of the brain and spinal cord
may be appropriate. If clinical findings suggest neuromuscular
weakness rather than a CNS disorder, it may be more efficient
to confirm with electrodiagnostic studies than to pursue studies
for CNS disorders.

Laboratory studies should include a basic metabolic pro-
file to assess blood sugar and electrolytes. Elevation of creatine
kinase (CK) may suggest myopathy, and very high CK sug-
gests rhabdomyolysis. Normal CK does not exclude critical
illness myopathy, and mild elevations in CK can be seen with
acute denervation. Tests for myasthenia (see above) are indi-
cated when there is a clinical suspicion. Spinal fluid findings
are not often reported in CIP. Lumbar puncture is indicated
principally if there is clinical suspicion of infection.

Electrodiagnostic testing is helpful to confirm a neuromus-
cular disorder and to distinguish among disorders of nerve,
neuromuscular junction, and muscle (for a more detailed syn-
opsis, see Dhand [146]). Repetitive nerve stimulation at 2 to 3
Hz will show a decremental response (Fig. 149.3) in patients
with disorders of neuromuscular transmission. If the patient
has been given neuromuscular blocking agents, repeat testing
in 1 to 2 days should demonstrate resolution of neuromuscu-
lar blockade. Other causes of neuromuscular blockade should
be considered if decremental responses persist. Motor nerve
conduction studies will show a decreased amplitude CMAP in
patients with CIP within several days of the onset of weak-
ness (to allow for Wallerian degeneration). In patients with
CIM, the CMAP is also of low amplitude, but may also be
prolonged (147). Sensory nerve action potentials are often re-
duced or absent in CIP, and should be normal in CIM, unless
there is coexistent CIP. It should be kept in mind that pre-
existing neuropathy may account for some of the deficits found
on electrophysiologic testing, as, for example, in patients with
diabetic neuropathy. Guillain-Barré polyneuropathy can fol-
low surgery or trauma, and could therefore occur in settings
similar to the critical illness neuromyopathies. Electrophysi-

ologic findings diagnostic of demyelinating neuropathy—not
found in CIP or CIM—would suggest this possibility, leading
to a trial of IVIG or plasma exchange. In theory, an axonal
form of Guillain-Barré would be electrophysiologically indis-
tinguishable from CIP. This highly unlikely occurrence should
be considered in patients who lack the usual risk factors for CIP.
Needle EMG studies may show abnormal spontaneous activity
in patients with neuropathy, but only after 2 to 3 weeks of de-
nervation. Voluntary activity may be difficult to study in poorly
cooperative patients; however, when the patient can make a full
effort, there will be reduced recruitment in neuropathy and
small polyphasic motor unit potentials in myopathy, helping
to differentiate CIP from CIM.

Additional electrodiagnostic studies that may be useful in
diagnosis include phrenic nerve stimulation, diaphragmatic
EMG, and direct muscle stimulation. While these studies do
not require specialized equipment, many electromyographers
do not have sufficient experience with them to be confident
in their performance or interpretation. Phrenic nerve stimula-
tion in the neck with surface recording over the diaphragm
shows a normal response in patients with pulmonary causes
of respiratory failure, but a low amplitude or absent response
in patients with neuromuscular respiratory weakness. Needle
EMG of the diaphragm can be done in patients without severe
chronic obstructive pulmonary disease (COPD), ileus, or coag-
ulopathy, and may diagnose denervation or myopathy affecting
the diaphragm (148). CIP and CIM may be distinguished by
comparing the muscle response to direct muscle stimulation
with the response to nerve stimulation. If the response to mus-
cle stimulation is larger than to nerve stimulation, CIP is likely;
when both are small, CIM is likely (149,150).

In patients suspected of having CINM, nerve and muscle
biopsy may document axonal neuropathy or myopathy with
loss of myosin filaments; however, they will only change man-
agement if they demonstrate an alternative diagnosis that may
be amenable to treatment, such as a demyelinating or vasculitic
neuropathy, or an inflammatory myopathy. In patients whose
neuromuscular deficits are clearly related to the usual risk fac-
tors for CINM, treatable conditions are not sufficiently likely
to warrant biopsy (151).

Management. Of the factors that may contribute to the de-
velopment of CINM, many—like the response to sepsis and
the incidence of multiorgan failure—are related to the sever-
ity of the presenting critical illness, and are not easily modifi-
able. It remains to be demonstrated whether the reduced use
of corticosteroids or neuromuscular blocking agents will re-
sult in a decreased incidence of CIM. It makes sense, however,
to eliminate continued exposure to either type of agent when-
ever possible. It also makes sense to avoid medications that can
be neurotoxic, or those that can interfere with neuromuscular
transmission. Intensive insulin therapy in critically ill patients
has been demonstrated to reduce the risk of CIP by 49% over
standard therapy (152). The safety and efficacy of intensive in-
sulin therapy remains controversial, however (153,154), and
is currently the subject of several prospective controlled multi-
center studies.

Patients with neuropathy will be more prone to pressure
palsies, and thus, great care must be taken in positioning and
support to avoid this complication. Physical therapy should be
directed toward avoiding contractures until the patient is able
to participate in strengthening exercises.
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FIGURE 149.4. Algorithm for diagnostic evaluation and management of weakness developing in the
intensive care setting. CIDP, chronic inflammatory demyelinating polyneuropathy; CIM, critical illness
myopathy; CINM, critical illness neuromyopathy; CIP, critical illness polyneuropathy; CK, creatine ki-
nase; CNS, central nervous system; GBS, Guillain-Barré syndrome; LEMS, Lambert-Eaton myasthenic
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Prognosis. There is no comprehensive study on prognosis in
CINM. Mortality is high early in the course, and is related to
the underlying critical illness (155). Patients with CINM who
survive the acute illness and who begin to recover strength are
likely to continue to recover over the weeks to months that
follow; it is sufficient to monitor improvement with clinical
assessment of strength. Patients with CINM who fail to show
clinical improvement in strength can be evaluated with repeat
electrophysiologic testing. Patients with electrophysiologic ev-
idence of severe axonal loss, with small or absent responses
to nerve stimulation and abundant positive waves and fibrilla-
tions on needle EMG, will recover slowly if at all, and are likely
to have residual deficits—sometimes severe (129,155–157). Al-
though the task of regenerating severely damaged axons may be
more daunting than regenerating muscle, it is not clear whether
the prognosis for recovery from CIM is better than from CIP
(158,159).

SUMMARY
Neuromuscular diseases may necessitate admission for inten-
sive care to provide airway protection and respiratory support.
Disorders such as Guillain-Barré syndrome and myasthenia
gravis can lead to precipitous weakness, and require careful
monitoring so that assistance can be given before hypoxemia
occurs. Management must also address autonomic dysfunc-
tion, sensory loss, pain, and psychological distress. Neuromus-
cular disorders of autoimmune pathogenesis often respond to
specific treatment, and a favorable outcome can be expected
for the majority of such patients. The critical illness neuromy-
opathies have become the most common cause of weakness
that develop in the intensive care setting, requiring critical care
physicians to be familiar with their presentation, diagnosis,
and management. Although no specific treatment is available
for CINM, most patients improve with supportive care. A mi-
nority, however, are left with irreversible weakness. Attempts
to address the factors that predispose to CINM may eventually
reduce the burden of this recently discovered group of neuro-
muscular disorders.
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Barré syndrome. Semin N eurol. 2004;21:399.

15. Borel CO, Guy J. Ventilatory management in critical neurologic illness. In:
Jordan KG ed. N eurologic Clinics. Philadelphia: WB Saunders; 1995:627.

16. Ropper AJ, Wijdicks EFM, Truax BT. General care. In: Ropper AH, Wi-
jdicks EFM, Truax BT, eds. Guillain-Barré Syndrome. Philadelphia: FA
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CHAPTER 150 ■ BEHAVIORAL DISTURBANCES
IN THE INTENSIVE CARE UNIT
RAMONA O. HOPKINS r JAMES C. JACKSON

Advances in critical care have led to improved survival rates
among those admitted to intensive care units (ICUs). In the
United States approximately 55,000 patients are treated in
ICUs each day (1). At least 40% of adult ICU patients require
mechanical ventilation (2). Patients who require long-term me-
chanical ventilation (> 3 days) represent 4% to 10% of criti-
cal care admissions and consume 30% to 50% of critical care
resources (3). Critical illness often results in multiple system
organ dysfunction, including neurologic dysfunction, and is
associated with poor neurologic outcomes (4). Investigations
of the effects of critical illness on neurologic dysfunction have
been relatively neglected compared to other organ systems. The
incidence of neurologic dysfunction or injury has been underes-
timated, underreported, and only recently studied in critically
ill patients. The only study that assessed neurologic organ dys-
function in critically ill patients found that a higher severity of
the initial neurologic dysfunction (e.g., lower Glasgow coma
score) was associated with higher 30-day mortality. No change
or worsening of the severity of the Glasgow coma score from
the first to third ICU day was also associated with higher 30-day
mortality (5). Neurologic injury following critical illness in-
volves both the central and peripheral nervous systems and
contributes to mortality and morbidity (6). Neurologic mor-
bidities include polyneuropathy, encephalopathy, delirium, and
cognitive impairments.

Medical and surgical management of critical illnesses can,
and frequently does, result in de novo behavioral disturbances,
including delirium and cognitive impairments. This chapter
will focus on behavioral disturbances associated with critical
illness, with an emphasis on delirium and chronic cognitive
impairments.

DELIRIUM: AN ACUTE
BEHAVIORAL DISTURBANCE

Delirium is a neurobehavioral syndrome characterized by acute
confusion, inattention, disorganized thinking, and a fluctuat-
ing course of mental status changes (7,8). Although delirium
is often thought of as a unitary construct, such a concept is
simplistic and potentially misleading. The motoric subtypes of
delirium are hypoactive, hyperactive, and mixed (8). Hypoac-
tive or “quiet” delirium is characterized by reduced mental
and physical activity and inattention (8). In contrast, hyper-
actively delirious patients are agitated, combative, and at risk
for self-extubation, reintubation, pulling out central lines, and
falls. Delirium is a dynamic condition and often fluctuates be-
tween the hypoactive or hyperactive delirium (9). In ICU pop-
ulations, a mixed clinical picture is common (10). Given the

multiple possible presentations, it is not uncommon for clin-
icians to miss the diagnosis of delirium (11). A large survey
found delirium to be underdiagnosed by 80% of physicians
(12). Standardized ICU examinations using the reliable, sensi-
tive, and specific CAM (Confusion Assessment Method)-ICU
(13) allows for accurate detection and analysis of delirium.

As others have observed (14), delirium may be the most
common psychiatric condition experienced by hospitalized el-
derly, affecting between 15% and 20% of hospitalized medical
patients (15,16), 25% to 65% of surgical patients (17), and
as many as 80% of patients in ICU settings (13,18). Although
once considered benign (19), recent evidence has linked delir-
ium with various adverse outcomes, including prolonged hos-
pitalization (20–22), poor surgical recovery (23), and increased
morbidity and mortality (24). Delirium is also associated with
adverse cognitive outcomes in critically ill patients (25) (see
section on the association between delirium and cognitive out-
comes below). Although delirium may be a sign of emerging
cognitive impairment, it is clearly not the case that the cognitive
decline experienced by many patients with delirium is solely or
primarily related to pre-existing cognitive impairment. For ex-
ample, Jackson et al. (25) excluded patients with probable early
dementia and found nearly one third of the ICU patients (all
with delirium) with cognitive impairments at 6 months. Thus,
delirium is not simply a marker of pre-existing subclinical or
early dementia.

CHRONIC COGNITIVE
IMPAIRMENTS

Critical illness and its medical and surgical management can
and frequently do result in de novo cognitive impairments.
Cognitive processes or functions are defined as ways of experi-
encing and thinking about the world and include intelligence,
attention, learning, memory, language, visual spatial abilities,
and executive function (e.g., reasoning, decision making, plan-
ning, problem solving, working memory, sequencing, and ex-
ecutive control). Research is limited regarding cognitive out-
comes in survivors of critical illness; however, these patients are
at risk to develop long-term or chronic cognitive impairments
(25–29). In ICU survivors, approximately one third or more
will develop chronic cognitive impairment (25). Although it is
difficult to make comparisons across studies due to different
definitions of cognitive sequelae, neuropsychological tests ad-
ministered, time to follow-up, patient population, study design
(prospective vs. retrospective), or inclusion of a control group,
current data suggest that cognitive impairments are common
in survivors of critical illness.
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NATURE OF COGNITIVE
IMPAIRMENTS

Currently, there are 10 cohorts totaling approximately 455
patients that have assessed long-term cognitive impairments
following critical illness (30–40). The populations of the pa-
tient cohorts include five studies in acute respiratory distress
syndrome (ARDS) patients (30,34,35,38,41,42)—one study of
acute lung injury (40), one study in patients with respiratory
failure (42), one study in medical ICU patients (39), and two
studies in general ICU patients (32,36). The time to cognitive
assessment is variable, with most of the cognitive follow-up oc-
curring during the first year post hospital discharge (43). The
evidence suggests that 25% to 78% of ICU survivors experi-
ence cognitive impairments (30,31,33–40,42). Among specific
populations, such as patients with ARDS, the prevalence of
cognitive impairments is as high as 78% at hospital discharge,
46% at 1 year (30), and 25% at 6 years (40). A prospective
study found cognitive impairments in 70% of ARDS patients
at hospital discharge, 45% at 1 year, and 47% at 2 years (42),
with almost half of the patient scores falling below the sixth
percentile of the normal distribution of cognitive function. The
cognitive impairments occur in various cognitive domains (Ta-
ble 150.1). The cognitive impairments in critically ill patients
are similar to those reported in other populations such as car-
bon monoxide poisoning (44) and following elective coronary
artery bypass graft surgery (45).

In the general population of critically ill patients, Jackson
et al. (25) found that 33% had chronic cognitive impairments

TA BLE 1 5 0 . 1

COGNITIVE IMPAIRMENTS OBSERVED FOLLOWING
CRITICAL ILLNESS

COGNITIVE SPECIFIC COGNITIVE
DOMAINS IMPAIRMENTS

Attention Divided attention
Focused attention
Sustained attention

Memory Explicit or declarative
Recall (verbal and nonverbal)
Recognition (verbal and nonverbal)
Short-term memory

Intelligence Verbal intelligence
Performance intelligence
Full-scale (general) intelligence

Language Verbal fluency

Visual spatial Apraxia
Visuoconstruction

Executive function Decision making
Executive control
Impulsivity
Perseveration
Planning
Problem solving
Shifting sets
Working memory

Mental processing speed Slow mental processing speed

Motor Grip strength

(defined using a very conservative definition of impairment of 2
test scores 2 standard deviations below the mean or 3 test scores
1.5 standard deviations below the mean). The cognitive deficits
were mild to moderate in severity. Although 34 patients com-
pleted a 6-month cognitive follow-up, 128 patients, all without
pre-existing cognitive impairment assessed using the Informant
Questionnaire of Cognitive Decline in the Elderly (IQCODE),
were administered an initial Mini Mental State Exam (MMSE)
at ICU discharge. Of the critically ill survivors who did not
complete cognitive follow-up, mean MMSE scores were below
the impairment cutoff of 24 and were significantly lower than
those of the patients who completed follow-up. This finding
suggests that cognitive impairments may be more common than
reported in current outcome studies, as the patients with the
lowest MMSE scores were lost to follow-up (25). Similar find-
ings of cognitive impairments come from a prospective cohort
of 32 critically ill medical patients who underwent long-term
mechanical ventilation (5 or more days). Of the patients with
long-term mechanical ventilation, 91% at hospital discharge
and 41% at 6 months had cognitive impairments (33).

Cognitive impairments in ICU survivors occur in various
cognitive domains, although information regarding the nature
and severity of the impairments is incomplete. Studies con-
ducted to date have inconsistently assessed cognitive domains,
with some investigations focusing on a wide range of cogni-
tive functioning and others focusing on a narrower range of
capacities. The neuropsychological test batteries used to assess
cognitive function in critically ill survivors have generally been
fairly brief (they were designed to accommodate the fatigue
that is common in ICU survivors) rather than comprehensive
neuropsychological test batteries designed to investigate a com-
plete range of cognitive abilities. The cognitive domains im-
paired in survivors of critical illness may depend on the nature
of the insults experienced and their treatment, the presence of
pre-existing neurologic abnormalities, and individual vulnera-
bilities such as older age or comorbid disorders that might ren-
der specific domains more vulnerable to critical illness–induced
brain injury. For example, hypoxia is associated with impaired
memory and hippocampal damage (46).

In general, memory is the most frequently observed deficit,
followed by impaired executive function and attention (43).
For example, a memory questionnaire administered to a
prospective cohort of 87 ARDS survivors found 20% of pa-
tients rated their memory as poor 18 months after ICU dis-
charge (38). One study predominately assessed executive func-
tion in general ICU survivors at 3 and 9 months and found that
35% of the patients had impaired executive function (36). Sim-
ilar findings were found in mechanically ventilated, nondeliri-
ous patients who had impaired memory and problem-solving
abilities (i.e., executive dysfunction) during ICU treatment, dur-
ing hospital treatment, and at 2-month follow-up (32). While
in the ICU, 100% of the patients had impaired executive func-
tion and 67% had impaired memory. At 2-month follow-up,
50% had impaired executive function and 31% had impaired
memory (32).

In addition to impairments in specific cognitive domains,
Hopkins et al. (42) compared ARDS patients’ premorbid es-
timated intelligence quotient (IQ) to their measured IQ. The
ARDS patients had a significantly lower measured IQ com-
pared to their premorbid estimated IQ at hospital discharge.
However, the measured IQ returned to the premorbid level at
1 year follow-up, with no additional improvement in IQ at
2 years. The finding that general intellectual function recovered
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over time, however, does not necessarily suggest a comparable
recovery in all cognitive domains, as data from the traumatic
and anoxic brain injury literature suggest that some cognitive
abilities are more likely to improve than others.

DURATION OF THE COGNITIVE
IMPAIRMENTS

Many critically ill patients have significant chronic cognitive
impairments that persist for long periods of time. Cognitive
impairments have been reported at 2 months (32), 6 months
(33,39), 9 months (36), 1 year (30,34,38), 2 years (42), and
up to 6 years (35,40). Cognitive post hospital discharge im-
pairments appear to improve during the first 6 to 12 months
post hospital discharge. For example, 70% of ARDS survivors
had cognitive impairments at hospital discharge, whereas only
45% had cognitive impairments at 1 year, with no additional
improvement at 2 years (42). A retrospective cohort study (N =
46) found 25% of ARDS survivors had cognitive impairments
6 years following ICU treatment; only 21 patients returned to
full-time employment, and all patients with cognitive impair-
ments were disabled (40). A second study in ARDS survivors
found impaired memory, attention, concentration, executive
dysfunction, and motor impairments from 6 months to more
than 6 years post hospital discharge (35). The above studies
suggest that the cognitive impairments in survivors of critical
illness are long lasting and likely permanent. The persistent ef-
fects of critical illness on cognitive function may be particularly
striking in geriatric patients with pre-existing mild cognitive
impairment or dementia, as critical illness–related neurologic
insults may serve to heighten their cognitive decline and lead to
what could be characterized as “ICU-accelerated dementia or
cognitive decline.” Such a pattern (e.g., medical illness acceler-
ating the trajectory of dementia or cognitive decline) has been
observed in other populations but has not been investigated in
critically ill cohorts (47,48).

INDICATORS OF COGNITIVE
IMPAIRMENTS

A consistent finding across investigations is the lack of asso-
ciation between some indicators of illness severity and the de-
velopment of cognitive impairments. Cognitive impairments in
survivors of critical illness have not been associated with ICU
length of stay, Acute Physiology and Chronic Health Evalua-
tion II (APACHE II) scores, tidal volume, or number of days
receiving sedative, narcotic, or paralytic medications (39,42).
The above finding suggests that the cognitive impairments ex-
perienced by ICU survivors cannot be explained simply in terms
of the degree of acute illness severity, as one might intuitively
conclude. Alternatively, Jones et al. (32) found that impaired
executive function measured during ICU treatment was as-
sociated with ICU and hospital length of stay, and impaired
memory measured during ICU and hospital treatment was as-
sociated with admission APACHE II scores; however, these
relationships were not present by 2-month follow-up. One lim-
itation of the current data are the small sample sizes, which can
result in insufficient power to detect real differences when they
may actually exist. Thus, new studies with larger samples may

find relationships between cognitive impairments or indicators
of illness severity.

Similar to indicators of illness severity, age has not been as-
sociated with cognitive impairments (30,39,40), although most
of the patients in the 10 cohorts studied to date were young or
middle-aged adults (mean age, 54 years). Several studies used
demographically corrected scores that account for the possi-
ble effects of age, gender, and education (30,34,42,49), and
other studies used multivariable analysis to adjust for age (39).
Elderly patients (age > 65 years) were included in all studies
(30,31,33–40,42); however, only one study included a predom-
inately older population (36). Data from the existing studies in-
dicate that age is not associated with cognitive outcomes, likely
due to a restricted range. Additional studies in larger and older
ICU cohorts are needed to confirm this finding. Although crit-
ical illness may affect cognitive functioning regardless of age,
patients of an advanced age may be more vulnerable to the
development of cognitive impairment due to pre-existing age-
related vulnerabilities.

DELIRIUM AND ITS RELATION TO
ADVERSE COGNITIVE OUTCOMES

Studies of the association between delirium and adverse cogni-
tive outcomes have generally been carried out in non-ICU pop-
ulations, although data from these investigations likely apply to
intensive care unit cohorts. One important difference between
delirium and cognitive impairments is that delirium fluctuates,
whereas cognitive impairments do not. Table 150.2 shows a
comparison of characteristics of delirium, dementia, and cog-
nitive impairments. A total of nine studies have explored the
relationship between new-onset delirium and subsequent de-
velopment of cognitive decline. Four of these investigations
found a greater cognitive decline at follow-up among hospital-
ized patients who experienced delirium compared to matched
controls. Geriatric patients with hip fractures who developed
delirium (excluding those with a diagnosis of dementia) were
almost twice as likely to have cognitive impairment 2 years
post surgery (21). In hospitalized, community-dwelling geri-
atric patients, patients with delirium had slightly lower Mini
Mental Status Examination (MMSE) scores at 6-month follow-
up and experienced further cognitive decline over the next 18
months (50). In hospitalized geriatric medical patients follow-
ing treatment in the emergency department (excluding patients
with pre-existing dementia), MMSE scores were nearly 5 points
lower in patients with delirium compared to patients without
delirium at 1 year after adjusting for premorbid function, co-
morbid diseases, and illness severity (51). Finally, geriatric nurs-
ing home and assisted-living residents who developed delirium
during medical hospitalization had a significant decline in cog-
nitive function, including lower MMSE scores (52).

Four studies found a higher incidence of dementia in hos-
pitalized elderly patients with a history of delirium at follow-
up evaluations. Of nondemented community-dwelling patients
older than 65 years who were hospitalized due to acute delir-
ium, 14 were diagnosed with dementia immediately follow-
ing delirium, and 14 additional patients developed dementia
at 2-year follow-up (53). Rahkonen et al. (54) studied patients
85 years or older, excluding those with dementia, and found
that patients with an episode of delirium during hospitalization
were significantly more likely to be diagnosed with dementia
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TA BLE 1 5 0 . 2

COMPARISONS BETWEEN COMPONENTS OF DELIRIUM, DEMENTIA, AND COGNITIVE IMPAIRMENTS

Delirium Dementia Cognitive Impairments

Mental status Marked fluctuation Chronically impaired—appears
stable but deteriorates over time

Normal

Cognitive function Sudden onset
Acute cognitive impairment

characterized by
disorientation and
confusion

Insidious onset
Chronic cognitive impairment
Often memory is the first observed

cognitive impairment
Progressive loss of cognitive

functions (impaired judgment,
executive function, etc.)

Progressive decline over time
Interferes with daily functioning

and work
May include changes in

personality, mood, and behavior

Sudden onset
Chronic cognitive impairment
May affect one or multiple cognitive

domains, with memory, executive
function, and information
processing most commonly affected

Initially there may be some recovery or
improvement of cognitive function

Stable over time
May interfere with daily functioning

and work

Duration Temporary Permanent Permanent

at 3-year follow-up compared to patients without delirium.
Over a 3-year period, 60% of geriatric medical patients with
delirium at hospital admission (after evaluating for dementia
at baseline) developed dementia compared to only 18.5% of
the patients without delirium. The incidence of dementia was
18.1% per year for patients with delirium compared to 5.6%
per year for patients without delirium (55). Koponen et al.
(56) in 1989 reported MMSE scores at 1-year follow-up in
70 patients diagnosed with delirium during psychiatric hos-
pitalization which revealed that one third evidenced cognitive
deterioration (56).

Only one study assessed delirium and cognitive outcomes in
critically ill patients. This study found that one in three patients
with delirium had cognitive impairments at 6-month follow-up
(25). The patients were not primarily geriatric (mean age of
53 years) as were the patients in the other studies cited above
(25). The above findings suggest that the presence of delirium
may be critical in predicting adverse long-term cognitive out-
come.

BRAIN IMAGING FINDINGS IN
ASSOCIATION WITH DELIRIUM

AND COGNITIVE IMPAIRMENTS
Neuroimaging data are lacking in critically ill patients with
delirium or those who develop long-term cognitive impair-
ments. However, various central nervous system insults, such
as stroke and traumatic brain injury, can cause delirium and
cognitive impairments, suggesting that widely distributed cen-
tral nervous system abnormalities can occur (57). A study using
brain computed tomography (CT) scans found significant ven-
tricular enlargement and generalized atrophy in elderly deliri-
ous patients admitted to a psychiatric ward compared to con-
trols (58). Greater brain atrophy correlated with lower MMSE
scores in these patients. Focal lesions (infarcts and hemorrhage)
have also been observed in the right frontal and parietal re-
gions in the delirious patients (58). Delirium induced by elec-

troconvulsive therapy is associated with basal ganglia lesions
and subcortical white matter hyperintensities (59). A study in
critically ill patients who underwent CT brain imaging for a
diminished level of consciousness, confusion, altered mental
status, or prolonged delirium showed that 61% had abnor-
malities on brain imaging, including generalized brain atrophy,
ventricular enlargement, white matter lesions/hyperintensities,
and cortical and subcortical lesions (60). Similarly, significant
brain atrophy was found in critically ill ARDS patients. The
ARDS patients underwent brain CT imaging during ICU treat-
ment and had significant brain atrophy, ventricular enlarge-
ment, and a large ventricle-to-brain ratio compared to age- and
sex-matched normal control subjects (61). In addition to gen-
eralized brain atrophy, radiologic reports identified structural
lesions in the central pons and left parietal lobe, subcortical
white matter hyperintensities in the right frontal lobe, and hip-
pocampal atrophy (61). These findings parallel those reported
by Koponen et al. in patients with delirium. Although the
data are limited, future studies using brain imaging may help
advance our understanding of the neurologic effects of delir-
ium and cognitive impairments following critical illness and its
treatment.

IMPACT OF COGNITIVE
IMPAIRMENTS

The relationship between cognitive impairments and quality of
life following critical illness has only recently been studied. Two
studies found that cognitive impairments were not related to a
decreased quality of life in ARDS patients (34) and in medical
critically ill patients (36). In contrast, other studies indicate that
ARDS patients with cognitive impairments had a worse qual-
ity of life compared to patients without cognitive impairments
(31,40). Cognitive impairments have been linked to a worse
quality of life following stroke (62,63), multiple trauma re-
sulting in ICU treatment (64), traumatic brain injury (65), and
carbon monoxide poisoning (66,67). Cognitive impairments
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can lead to the inability to return to work, poor work produc-
tivity, and decreased life satisfaction following ALI (acute lung
injury)/ARDS (40).

The impact of critical illness on patients and their families
is substantial and frequently includes significant financial bur-
dens. The Study to Understand Prognoses and Preferences for
Outcomes and Risks of Treatment examined 2,661 patients
hospitalized with a serious illness regarding the impact of re-
turning home. Twenty percent of patients reported that a fam-
ily member had to quit work, 29% lost the major source of
family income, and 31% lost most of the family savings (68).
The financial implications of a growing population of survivors
of critical illness with cognitive and emotional sequelae are
enormous. For example, cognitive decline in a previously high-
functioning older person predicts institutionalization (69,70)
and carries an eightfold risk of hospitalization (71). The an-
nual per-patient societal cost burden is estimated to be approx-
imately $15,000 for mild cognitive impairment and $35,000
for more severe impairments (72). Over half of critically ill sur-
vivors require caregiver support 1 year after treatment, result-
ing in an additional $18 billion (U.S. dollars) annual financial
burden (73).

LACK OF RECOGNITION OF
COGNITIVE IMPAIRMENTS

Studies suggest that in non-ICU clinical settings, many physi-
cians fail to recognize (or assess) cognitive impairment in 35%
to 90% of patients (74). Cognitive impairments are rarely eval-
uated in critically ill patients (25) and may be overlooked in
one of every two cases (75). For example, in 42% of ARDS sur-
vivors who underwent rehabilitation therapy, most were not
evaluated for cognitive impairments, and only 12% of the pa-
tients were identified as having cognitive impairments by the
clinical rehabilitation team (42). Thus, cognitive impairments
appear to be underrecognized by both ICU and rehabilitation
providers. This may be partly because the manifestations of
cognitive impairments are often subtle, and patients may expe-
rience impairment in select cognitive domains even if they are
alert, oriented, and appear generally cognitively intact. Educa-
tion of clinical care providers regarding clinical manifestations
of cognitive impairments in patients prior to ICU discharge
may help increase the identification rates (76). Increased iden-
tification of cognitive impairment may benefit patients by rais-
ing physician awareness, potentially leading to increased re-
ferrals to rehabilitation specialists, neuropsychologists, speech
and language therapists, and other health care providers who
can provide interventions such as cognitive remediation. There
is a paucity of data regarding interventions for cognitive impair-
ments or the potential benefit of such interventions in critically
ill patients.

The consequences of cognitive impairments are far-reaching
and may contribute to decreased ability to perform activities of
daily living and the inability to return to work. Two years after
hospital discharge, 34% of ARDS survivors had returned to
full-time work or were full-time students, 34% were receiving
disability payments started after hospital discharge for ARDS,
and 32% (20 of 62) were not working or were retired (42). An
investigation that focused on 1-year outcomes found 51% of
ARDS survivors had not returned to work; most of these in-

dividuals reported physically as opposed to cognitively related
reasons for failure to return to work (27).

POTENTIAL MECHANISMS OF
DELIRIUM AND LONG-TERM
COGNITIVE IMPAIRMENTS

Many physiologic and pharmacologic perturbations affect the
central nervous system in critically ill patients. Although the
precise mechanisms that contribute to delirium and cognitive
impairment or both are unknown, various theories have been
proposed. The theories include the following:

■ The potentially adverse effects of medical illness on cogni-
tion (77,78)

■ Pathologic processes underlying delirium and cognitive im-
pairments (79,80)

■ The impact of psychoactive medications, including sedatives
and analgesics (81,82)

Delirium and cognitive impairments rarely have one causal
mechanism, and they are thought to be multifactorial (83); as
such, the pathogeneses are likely due to interactions between
patient vulnerability and precipitating factors or insults (84),
including critical illness and its treatment. Studies have not fo-
cused on putative mechanisms, and a number of studies address
and, in some cases, offer opinions regarding potential mecha-
nisms. The investigation of the mechanisms of delirium and
long-term cognitive impairments remains a promising area of
neuroscientific study.

Psychoact ive Me d icat ions

The role of certain medications such as sedatives, narcotics,
and paralytics in the development of delirium are well known
(85). Many medications used for sedation or pain control—
including those used in the ICU setting—are known to cause or
worsen delirium, although findings from some studies are neg-
ative or equivocal (86). An association exists between the high
delirium prevalence rates in surgical and critically ill popula-
tions and the use of sedatives and narcotics (87–89). Although
data on the impact of anesthetics and sedatives on long-term
cognitive functioning are conflicting, reports suggest they may
have neurotoxic effects, particularly for high-risk groups such
as the very old (> 75 years) and/or those with a recent history
of cognitive impairment (90,91).

In some individuals, the effects of medications on cogni-
tion may be mediated by genetic factors. For example, the
apolipoprotein E4 (APOE4) allele is one probable genetic fac-
tor that may affect individual sensitivity to drug effects. The
APOE4 allele is a significant risk factor for the development of
certain forms of Alzheimer disease (92), hippocampal atrophy
(93), worse recovery of neurologic function following trau-
matic brain injury (94), cognitive decline following cardiopul-
monary bypass surgery (95), and delirium (96). Although more
research is needed, it appears that certain anticholinergic agents
may have particularly adverse effects on cognition when ad-
ministered to patients possessing the APOE4 allele. In partic-
ular, lorazepam—commonly used in ICU settings—increases
susceptibility to impaired verbal learning and related cognitive
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deficits in patients with the APOE4 allele compared to patients
without this polymorphism (97).

DELIRIUM AS A MECHANISM
OF COGNITIVE IMPAIRMENTS

The findings of cognitive decline among hospitalized patients,
particularly the older patients, are consistent with the litera-
ture showing that medical illnesses in general and cumulative
illnesses in particular may signal the beginning of cognitive
deterioration (77,98). For the so-called frail elderly (99) who
are in an unstable state of vulnerability due to factors such
as diminished physical status and compromised nutrition and
immune system functioning, even minor insults can have a pro-
found impact and lead to cognitive impairment and functional
disability (100). Delirium may be such an insult.

Some researchers have speculated that delirium is a marker
of subclinical dementia or cognitive impairment, which might
not otherwise develop for years or decades. Data suggest
that common pathogenic mechanisms might underlie both
Alzheimer disease and delirium (79) although, from a clinical
standpoint, there are similarities and differences. For example,
inflammatory processes contribute to the development of delir-
ium and are present in the brains of patients with Alzheimer
disease (101). Other studies have suggested that elevated cy-
tokines (interleukin-1) may play a central role in the pathogen-
esis of delirium (102) and cognitive impairments (103,104).
Another possible connection between delirium and Alzheimer
disease is diminishing neuroplasticity acting as an effect modi-
fier, leading to greater neurodegeneration and cognitive deficits
(105,106). Evidence suggests that the greater the neuronal loss
or dysfunction, the higher the risk of cognitive impairments
(49,61,106,107). Delirium may directly result in structural
neural damage to vital brain regions, particularly subcortical
regions (e.g., brainstem and thalamus) (108), limbic structures
(e.g., hippocampus), and prefrontal and right parietal cortex
(83). These brain regions are involved in attention, memory,
and executive function, cognitive domains in which survivors
of critical illness frequently experience impairments (25,42).

COGNITIVE REHABILITATION
Cognitive rehabilitation has been used widely with patients
following traumatic brain injury, stroke, and other neurologic
insults (109). Evidence suggests that cognitive rehabilitation
can be highly effective, which may be mediated by factors such
as the cause of the brain injury and the cognitive domain (i.e.,
memory, executive functioning, etc.) of focus (110). For exam-
ple, patients with hypoxic brain injuries may be less responsive
to cognitive rehabilitation than those with traumatic brain in-
jury or stroke (111). Questions exist regarding the applicability
of the cognitive rehabilitation literature to critically ill popu-
lations, as ICU-related cognitive impairment is rarely due to
a brain injury, as classically defined. However, there is no in-
herent reason to imagine that the potential benefits of cognitive
rehabilitation would not apply to those experiencing neuropsy-
chological dysfunction following critical illness and ICU treat-
ment. Although previous and ongoing studies have focused on
the identification of modifiable risk factors as a way of re-
ducing cognitive impairment after critical illness, future trials

should focus not only on modifiable risk factors, but also on
development and implementation of cognitive rehabilitation
interventions. Along with this venue, physicians should con-
sider referring patients for specialized cognitive rehabilitation
when possible, particularly cases in which patients are referred
to physical rehabilitation facilities where such treatments are
widely available.

EMOTIONAL DISORDERS
Psychiatric morbidity following critical illness is common and
includes depression, anxiety, and posttraumatic stress disor-
der (PTSD). The prevalence and severity of depression, anxi-
ety, and PTSD in survivors of critical illness are heterogenous
(26,40,112,113). It is unclear whether emotional disorders are
a psychological reaction to extraordinary emotional and phys-
iologic stress, sequelae of brain injury sustained due to critical
illness and its treatment, or all of the above. The combination
of medications, physiological changes, pain, altered sensory in-
puts, and an unfamiliar environment may contribute to emo-
tional changes (113–115). Recent evidence suggests that mood
disorders secondary to medical illness constitute discrete enti-
ties in which the symptoms are similar to primary mood disor-
ders, but there is a male predominance and earlier onset (116).

Post t raumat ic St re ss Disord e r (PTSD)

Estimates of PTSD prevalence in critically ill cohorts are as
high as 63% (117) and generally exceed those of other high-
risk populations. Although alarming, caution should be used
when interpreting these findings due to some methodologic
shortcomings of investigations of PTSD in critically ill pop-
ulations, such as overreliance on screening tools (as opposed
to diagnostic tools), questionable interpretation of available
data, the lack of evaluation of non-ICU-related causes of PTSD,
low follow-up rates, and other limitations. With these caveats,
PTSD clearly occurs and persists in a subset of ICU survivors.

Among critically ill subjects, general medical ICU cohorts
have been shown to have both the lowest and highest rates
of PTSD compared to more specialized populations. In stud-
ies of general medical ICU patients, reported prevalence rates
of PTSD range from 9.7% (118) to 63% (117), with rates of
PTSD in specialized populations ranging from 18.5% (119) to
43% (120). Risk factors for the development of PTSD and re-
lated symptoms have not been systematically studied; however,
several probable risk factors have been identified. One risk fac-
tor of interest is delusional memories, with two investigations
reporting associations between delusional memories and de-
velopment of PTSD in survivors of critical illness (112,121).
Other risk factors include younger age, the existence of a prior
mental health history (122), anxiety (123), and female gender
(124).

Although the clinical impact of PTSD on the quality of
life and overall functioning of ICU survivors has not been ex-
plored, the real-world impact of PTSD has been extensively
studied in wide-ranging clinical samples. Although a survey
of this literature is beyond the scope of this chapter, the ef-
fects of PTSD can be far-reaching and profound. Individuals
with PTSD have lower rates of employment (125), decreased
quality of life (126), increased rates of depression (127), and
increased use of health care services (128). For these and other
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reasons, the identification and early treatment of ICU survivors
with PTSD should be a priority.

De p re ssion and Anxie t y

Depression is common among medically ill cohorts due both
to the specific physical effects of certain illnesses and/or the ef-
fects of illness on quality of life, independence, employment,
and other factors (129–131). Depression occurs in 25% (42)
to over 50% of ARDS survivors (26). For example, 43% of
ALI patients and 50% of ARDS survivors had symptoms of
depression following ICU treatment (26). The Toronto ARDS
outcomes group found that 58% of ARDS survivors had de-
pressive symptoms 2 years after ICU discharge (38). In the most
comprehensive study conducted to date, Weinert (131) admin-
istered 105 interviews using a comprehensive diagnostic tool
(Structured Clinical Interview for DSM-IV Disorders) 2 months
after hospital discharge in survivors of acute respiratory fail-
ure. Weinert reported prevalence and incident rates of major
depressive disorder (MDD) of 15% and 11% , respectively. He
further noted that another 16% of patients met criteria for a
diagnosis of adjustment disorder with depressed mood. The
investigators found antidepressant use was widespread (37% ),
while observing that the safety and efficacy of antidepressants
is unknown in critically ill patients (131).

Although the evidence up to the present suggests that de-
pression is indeed a concern in ICU survivors, much remains
unknown. In particular, the rates of pre-existing depressive
symptoms or clinical depression in critically ill populations
are unknown but may be high due to the many medical co-
morbidities experienced by a high percentage of these patients.
Key questions remain about the nature of depressive symptoms
following critical illness. Although the study by Weinert et al.
used a diagnostic interview, most studies have merely used brief
self-report instruments. Such instruments often fail to distin-
guish between cognitive and somatic symptoms. Thus, it may
be the case that some of the depressive complaints expressed by
ICU survivors (i.e., fatigue, sleeping difficulties) may actually
be manifestations of physical illness.

Although data are accumulating regarding depression fol-
lowing critical illness, less is known regarding anxiety, with the
exception of PTSD. Anxiety occurs in 4% to 41% of ARDS sur-
vivors (120,132). Anxiety has been reported in 24% of ARDS
survivors at 1 and 2 years (34,42). Possible factors that may
be associated with development of depression and anxiety fol-
lowing critical illness include a current smoking status or prior
alcohol abuse. In ARDS survivors, smokers had higher depres-
sion scores at 1 year but not at 2 years compared to nonsmok-
ers. There was no difference in anxiety for smokers at 1 year,
but at 2 years, smokers reported significantly more anxiety
than nonsmokers. The ARDS patients with a history of alco-
hol abuse had higher depression and anxiety scores at 1 and
2 years compared to nonabusers. Thus, smoking and alcohol
abuse may be related to symptoms of depression and anxiety
in ARDS survivors (133).

SIGNIFICANCE OF COGNITIVE
AND BEHAVIORAL SEQ UELAE

The significance of cognitive and behavioral sequelae in the
intensive care unit is becoming increasingly clear. Cognitive

and behavioral sequelae have a negative impact on the pa-
tients’ quality of life, return to work, emotional state, and fi-
nancial impact. Although the treatment and management of
serious medical conditions is of obvious importance, it is not
the only goal. Intensive care unit clinicians should be aware of
the impact of critical illness on emotional and neuropsycho-
logical functioning and be prepared to respond in a sensitive
and informed fashion to the problems that patients present.
In particular, they may consider building formal relationships
with specialists from other disciplines, such as psychology and
psychiatry, and possibly including them as members of ICU
treatment teams. Intensive care unit clinicians may wish to de-
velop unit-wide programs and protocols that involve the rou-
tine assessment and monitoring of common conditions such as
delirium as well as mental status and mood. Furthermore, they
should inquire about cognitive and emotional functioning at
follow-up (76).

Intensive care unit researchers should follow the lead of
their counterparts in other medical disciplines such as car-
diac surgery, oncology, and infectious disease, and make the
investigation of cognitive and emotional outcomes in critical
care survivors a priority. Fruitful areas of emphasis may in-
clude determining the causes and modifiable risk factors for
conditions such as ICU-related depression and cognitive im-
pairment. Other explorations might focus on whether critical
illness accelerates and/or alters the trajectory of pre-existing
cognitive impairment and whether cognitive rehabilitation
might enhance long-term cognitive outcomes. The nature of
the impact of cognitive and emotional difficulties on daily func-
tioning in survivors of critical illness is an extremely important
topic, yet it has rarely been explored (134).

Although technologic and medical advances have saved the
lives of thousands of critically ill patients who would have died
a decade or two ago, the cognitive and emotional problems en-
countered by ICU survivors are real and long lasting. Through
careful attention to such problems and through the develop-
ment of clinical interventions and research programs, it may be
possible to alleviate a measure of the suffering associated with
critical illness. During patient follow-up, on a more personal
level, clinicians should be careful to express the same degree of
concern about patients’ cognitive and emotional complaints as
their medical complaints.

SUMMARY
Physicians and other health care providers need to be mind-
ful of adverse behavioral outcomes in critically ill patients.
Current data suggest that the delirium, cognitive impairments,
and emotional morbidity are common following critical illness.
Cognitive and emotional morbidity may persist years after ICU
discharge. Cognitive impairments are ubiquitous at hospital
discharge and appear to improve during the first 12 months,
but a significant percent of patients still have chronic cognitive
impairments years after ICU treatment. The adverse behav-
ioral impairments can have a significant impact on the quality
of life and the ability to return to work, in addition to substan-
tial economic consequences. Research is needed to determine
strategies for the early identification of patients with cognitive
impairments and emotional sequelae, mechanisms of neural in-
jury, and treatments to prevent or decrease the frequency and
severity of cognitive and emotional sequelae. Such research will
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likely yield valuable insights into identification, natural history,
prognosis, potential mechanisms, and treatment of behavioral
impairments in survivors of critical illness.
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CHAPTER 151 ■ ICU DISCHARGE CRITERIA
AND REHABILITATION POTENTIAL FOR SEVERE
BRAIN INJURY PATIENTS
RITA FORMISANO r MARIA MATTEIS r UMBERTO BIVONA r MARIA PAOLO CIURLI r R. ZAFONTE

DEFINITION OF ALTERED MENTAL
STATUS AFTER SEVERE

TRAUMATIC BRAIN INJURY
Severe brain injury is defined as a condition with coma, scored
by the Glasgow coma scale (GCS) (1) as equal to or less than 8
for at least 6 hours (2). Severe brain injury has also been defined
as a coma condition with a GCS equal to or less than 8, either
initially or after deterioration, within 48 hours of injury (3).
In the acute phase, the severity of coma is universally scored
by means of the GCS, which differentiates mild, moderate, and
severe brain injury, respectively, with scores of 13 to 15, 9 to
12 and ≤ 8 for severe brain injury. Although this scale is the
most commonly used in the intensive care unit (ICU), other
severity indexes such as the Innsbruck coma scale (ICS) have
demonstrated a higher predictive power for mortality because
of the inclusion of brainstem reflexes as a predictive value (4).
For a detailed description of the most commonly used coma
scales, see Frowein and Firsching (5) and Dolce and Sazbon (6).

Coma

The definition of coma includes the clinical triad of “closed
eyes, not obeying simple commands, no comprehensible ver-

bal utterances” (7). Coma has also been defined as a complete
failure of the arousal system, with no spontaneous eye opening
in patients who are unable to be awakened by application of
vigorous sensory stimulation (8).

Although the assessment of impaired consciousness has
been greatly facilitated by the development of the GCS, the
presence of an artificial airway and ocular swelling often pre-
vents assessment of the verbal score and complicates evaluation
of eye opening; for these reasons, the grading of severely injured
patients is largely, if not entirely, dependent on the motor score
(9).

Coma can be associated with respiratory insufficiency,
dysautonomic syndrome, and immunologic depression, espe-
cially during severe and prolonged disturbances of conscious-
ness (6,10,11). Furthermore, specific clinical features can be
observed during the rehabilitation phase, such as muscular
hypertonia, dysautonomic symptoms, psychomotor agitation,
and tracheopharyngeal dysfunction (12,13).

Recurrent respiratory failure is not uncommon. Although
appropriate ICU discharge guidelines should include liberation
from mechanical ventilation for at least 48 hours (14), 25%
of the patients will require re-establishment of some form of
assisted ventilation (15,16).

Severe brain injury patients often need a central venous ac-
cess, an enteral feeding tube, or a percutaneous endoscopic gas-
trostomy (PEG). Comatose patients in the rehabilitation phase



Chap t e r 151: ICU Discharge Crite ria and Rehabilitat ion Potential for Severe Brain Injury Patients 2255

generally do not have a neurologic bladder, although only data
of the acute phase are available (17,18). Therefore, the Foley
catheter, a common cause of infection, should be removed as
soon as possible and substituted with a condom catheter as
needed.

Prolonged immobilization in the ICU may cause pres-
sure skin decubitus, muscle contractures, ankylosis, and para-
articular ossification (19–22), together with muscular atrophy
and critical illness polyneuropathy (CIP) (23,24); the latter
complication is commonly associated with sepsis. Immediate
motor rehabilitation should be applied by means of adequate
positioning, which should contrast pathologic postures and
promote passive range of motion and basal stimulation.

Sensorial deprivation related to a long stay in ICU may also
reduce a patient’s interaction with the environment in the early
phases of coma recovery, especially in the presence of behav-
ioral disturbances, such as psychomotor agitation or inertia,
aggravated by the limited contact of the patient with the fam-
ily. A friendly environment can significantly improve a patient’s
interactions. For example, a music-based therapeutic approach
(25) has been associated with improved neurophysiologic pa-
rameters (26).

The term prolonged coma (PC) may be an indicator of very
severe brain injury for those patients with unconsciousness du-
ration of at least 15 days (27,28). Arousal and vigilance (eyes
opening) is generally noted after 3 to 4 weeks from coma on-
set, either with recovery of awareness (awakening) or without
recovery of consciousness (vegetative state) (29,30).

Ve g e t at ive St at e

The vegetative state (VS) is a condition that follows coma, when
the patient recovers the vigilance or alertness (eyes opening) but
not the awareness, i.e., the ability to obey simple commands.
The patient, in fact, is unable to interact with the surroundings,
in spite of the eyes opening and the recovery of the sleep/wake
cycle. The terms “persistent” or “permanent” are no longer
used to avoid inaccurate prognostic adjectives (31). In fact,
consciousness recovery after 1 year has been reported in up
to 10% of the cases in traumatic VS and 5% of the cases in
nontraumatic VS (32). Similarly, misdiagnosis of VS has been
frequently described (33), as secondary to sedative drugs or
subclinical seizures, with 6.3% of them displaying a noncon-
vulsive status epilepticus (34).

The locked-in syndrome (LIS) is defined as a condition ap-
parently similar to VS, because of the presence of quadriplegia,
mutism, and paralysis of the mouth, lips, and tongue, but it is
distinguished from VS since the patients are fully aware of self
and their surroundings and are able to communicate by means
of vertical gaze and upper eyelid movements (8). This condi-
tion is generally caused by a complete deafferentation at the
level of the ventral pons with normal electroencephalographic
(EEG) activity.

VS patients may occasionally evolve to a locked-in syn-
drome during recovery of consciousness, especially in the pres-
ence of brainstem lesions or diffuse axonal injury with a func-
tional disconnection syndrome.

As synonymous of VS, the term apallic syndrome (AS)
has been recently reproposed (35) in the European guidelines
for quality management of severe brain injury patients (36).
In these guidelines, the clinical picture of the patient with

VS/apallic syndrome is described as more complex and com-
prehensive of mutism, severe dysautonomic syndrome inclusive
of hyperdynamic state (37), extrapyramidal symptoms such as
akinesia, rigidity, parkinsonian posture, hypomimia, not ex-
tinguishable glabellar reflex, hypersalivation (sialorrhea), and
facial seborrhea (38). Parkinsonian symptoms during recovery
from prolonged posttraumatic coma or VS after severe trau-
matic brain injury (TBI) are very common, although they are
rarely reported in the literature (39–41). These parkinsonian
features generally improved after levodopa treatment together
with different degrees of consciousness recovery, especially if
used early in the first remission phases (42). We recently found a
significant correlation between the motor slowness of some se-
vere TBI patients and specific motor-evoked potentials (Bereits-
Schaft potentials) (43). These parkinsonian motor deficits fre-
quently show neuroradiologic features of diffuse axonal injury
(43–46). Similarly, cerebellar signs can be very common in sur-
vivors of prolonged posttraumatic coma or VS because of the
anatomic or functional involvement of the brainstem and the
afferent/efferent pathways to and from the cerebellum (47).

Minimally Conscious St at e

The term minimally conscious state (MCS) (48), previously
called “minimally responsive state” (49), has been recently in-
troduced to identify those patients who are occasionally able
to obey simple commands (50,51). This clinical state may fol-
low either coma or VS as a transitional or permanent condition
between VS and severe disability (52–54).

MCS patients demonstrate discernible behavioral evidence
of consciousness but remain unable to reproduce this behav-
ior consistently (50,51,55,56). Nevertheless, the distinction be-
tween VS and MCS is not always so clear, because of possible
oscillations of the disturbance of consciousness due to different
coexisting neurologic (34) and neurosurgical (57) conditions
(34) or drug side effects (58,59).

Psychomotor agitation, aggressiveness, and sexual disinhi-
bition (Klüver-Bucy syndrome) are frequent behaviors in severe
brain injury patients who are not able to reliably follow simple
commands, and their early occurrence is a positive predictor
of consciousness recovery (59,60). Few published cases sug-
gest that clinical examination may not be sufficient to frame
the patient’s unconsciousness state.

As for the differential diagnosis between VS, MCS, and LIS,
Owen et al. (61) recently described the case of a young woman
who sustained a severe head injury in a traffic accident with
clinical evolution to VS. Though the VS persisted (48), an in-
vestigation by means of magnetic resonance imaging (MRI)
scans 5 months after the accident showed a retained ability to
process language and maintain complex visual imagery as in
healthy subjects (61,62). Since it has also been reported that
occasional LIS patients are not able to communicate by eye-
lid movements because of an extended palsy to ocular motility
(63), in such cases a clinical differentiation between VS and
LIS becomes and should be supported at least by an EEG, an
examination not reported in this last case (62).

In the postacute phase of the patient with VS and MCS, the
disability rating scale (DRS) (64), the Rancho Los Amigos scale,
also defined as levels of cognitive functioning (LCF) (65) (Ap-
pendix), the Coma Recovery Scale (CRS) (49), and the Wessex
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Head Injury Matrix (66) are among the scales able to monitor
minimal behavioral changes during consciousness recovery.

For a more extensive description of the coma and disability
scales for the evaluation of severe brain injury patients, see
Gill-Thwaites and Munday (67), Formisano et al. (68), Dolce
and Sazbon (6), and Koren et al. (69).

EPIDEMIOLOGY
Intensive care units (ICUs) often admit patients suffering from
coma not only of traumatic cause, but also of different causes
such as hypoxemic or dysrhythmic cardiac arrest, ischemic or
hemorrhagic stroke, central nervous system (CNS) infections
and intoxications, and organic brain diseases. Epidemiologic
data on coma incidence and prevalence are very poor because of
the various causes of coma and the different evolution toward
recovery.

Severe traumatic brain injury (TBI), mainly secondary to
road accidents, represents the first cause of disability in the
young population between 15 and 35 years of age, which is the
more productive age range, with longer life expectancy (70–
72). Data collected in Europe (Italy) report that TBI affects
300 new cases every 100,000 subjects per year, with a total of
1,500,000 new cases every year (73–75). One percent to 2% of
the patients persist in coma for longer than 1 month. Data ex-
trapolated from the United Kingdom (76) estimate a prevalence
of disability secondary to traumatic coma of 35,000 individu-
als every year. In the United States, the number of individuals
who sustain severe TBI with prolonged loss of consciousness
each year is estimated to be between 56 and 170 per one mil-
lion population (PMP) (55,76,77). In the United States, of the
nearly 400,000 individuals with a head injury who are admit-
ted to a hospital each year, at least 98,000 will be significantly
disabled (78,79).

The incidence of VS continuing for at least 6 months after
the accident rises at a rate between 5 and 25 PMP, whereas the
prevalence of VS in adults is reported to be between 40 and
168 PMP; the incidence and the prevalence of MCS have yet
to be established (52).

Official national statistics are not available for these condi-
tions, since neither VS nor MCS is a formal diagnosis under
DSM -IV-TR (80) or ICD-10 (81). Conversely, VS has been in-
cluded and coded in the International Classification of Func-
tioning (ICF) (82). More recent data from an Italian study
group (83) calculated an incidence for VS at 6 months after
brain injury, ranging from 0.5 to 4/100,000 inhabitants, with
a mean survival rate from 6 months to 15 years.

Ne urolog ic Asp e ct s of
Post comat ose TBI Pat ie nt s

Early Clinical Pre d ict ive Fe at ure s
The prognostic role of age in the recovery process has been
widely reported in the literature (84–89). In fact, a coma dura-
tion of 15 days or longer never leads to a complete functional
recovery in subjects older than 50 years (59,90).

As for the premorbid personality, alcohol and drug abuse,
together with previous psychiatric disorders, have been re-
ported as a possible risk factor for TBI (85). In our experience,

survivors of severe TBI sometimes improve in their previous de-
pressive syndrome or get over drug addiction/substance abuse
and dependence, likely because of the affective mood flattening
due to an electroshocklike effect of the TBI, which frequently
involves the frontal lobes.

Among the most important admission prognostic factors,
hypoxia—either hypotensive or ischemic—significantly wors-
ens the final outcome (46,91–93). Several authors have, in fact,
reported a 20% increase in mortality or evolution to VSin those
patients who were hypoxic in the acute phase (94,95) and of
30% in those with shock at the time of admission (96). We have
observed that most of the patients who developed VS lasting
longer than 1 year had sustained a further secondary hypoxic
damage. In fact, it has been reported that 90% of adults who
sustained severe brain injury can show evidence of brain hy-
poxic ischemia at autopsy (97). GCS and duration of coma are
universally considered clinical predictive indicators of the final
outcome (2,53).

As soon as the patient becomes responsive, in the early
phases after coma recovery, agitation and restlessness are fre-
quent and typical of delirium complaints, which generally are a
specific characteristic of posttraumatic amnesia (PTA) and co-
incides with level 4 of the LCF scale (confused-agitated). PTA
is defined as the period of time after coma recovery when the
patient is not able to memorize everyday events of the last 24
hours (98). This period may last from twice to four times the
coma duration (72) and is universally considered one of the
most significant predictive factors for the final outcome of se-
vere brain injury patients (9,99). Added behavioral features
of PTA may include aggression, akathisia, disinhibition, and
emotional lability (100).

The presence of brainstem reflexes in the acute phase have
also been reported as important clinical prognostic factors
(2,9,101). The 1-year mortality after severe TBI is reported
to be 86% with absent pupillary response and 90% when
both pupillary reaction and oculocephalic response are absent.
When both responses are absent for more than 24 hours, the
death rate is 100% (102). Eye movements are a useful diag-
nostic discriminant (103–105), and the absence of the normal
oculocephalic reflex is widely considered a sign of very poor
prognosis (105,106).

In the acute and postacute phase, possible endocrinologic
disorders should be investigated since hypopituitarism may
need specific hormone replacement therapy (107,108). Vig-
ilance disorders, hydroelectrolytic alterations, immunologic
deficits, dysautonomic vegetative symptoms, and cognitive and
behavioral disturbances may be secondary to selective or total
dysfunction of the hypothalamic-pituitary axis (109–119).

Other predictors of poor long-term functional prognosis in-
clude decortication and decerebration postures (6,35) and veg-
etative dysautonomia (6,11,37). The result is difficulty in the
passive range of motion, with muscle contractures and anky-
losis at the level of the major joints frequently complicated
by periarticular ossification (PAO) and tendon retractions or
shortenings (19–22,120).

In VS patients, the appearance of primitive oral automa-
tisms, such as chewing, sucking, and yawning, may be neg-
ative predictive features for consciousness recovery (6). Con-
versely, psychomotor agitation and bulimia during recovery
from coma and VS may be considered good prognostic indica-
tors for the final outcome (59), as is the presence of the Klüver-
Bucy syndrome, a transitory behavioral disinhibition, increased
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primitive oral automatisms, and hypersexuality (60,121,122).
Motor recovery, when present, generally starts from the distal
to proximal limb, likely because of the relative sparing of the
cerebral cortex, where the hand and foot are largely controlled.

Asymmetric motor recovery can also represent undiagnosed
spinal cord injury, or CIP, or it may be linked to hydrocephalus
(57), especially if associated to epileptic seizures, and cogni-
tive and behavioral disturbances poorly responsive to pharma-
cologic and rehabilitative treatment. Finally myoclonic jerks
may be secondary to cortical or brainstem lesions or cerebral
hypoxic damage with unfavorable prognosis for long-lasting
disability (6).

Inst rume nt al Prog nost ic Inve st ig at ions

Electrophysiologic techniques (EEG and evoked potentials
[EP]) carry out an important role in the management of severe
brain injury patients and should be integrated with neuroimag-
ing techniques (computed tomography [CT] and MRI).

Ele ct roe nce p halog ram
Electroencephalogram (EEG) reactivity seems to be a very sig-
nificant parameter, being minimally influenced by mild sedation
(123,124). The presence of alpha-coma, theta-coma, triphasic
waves, and spontaneous not reagent burst suppression are con-
sidered signs of an unfavorable outcome both in terms of sur-
vival and in quality of life (125). A possible predictive index for
posttraumatic coma and VS prognosis that has raised interest
in the past few years is the pattern of sleep organization. EEG
patterns similar to those of sleep have been considered good
prognostic markers (126–130).

Somat ose nsory Evoke d Pot e nt ials
The International Federation of Clinical Neurophysiology
(IFCN) (131) published guidelines on the interpretation of so-
matosensory evoked potentials (SEP) believed to be highly re-
liable from the prognostic standpoint (132).

Acoust ic Evoke d Pot e nt ials
Absent or abnormal brainstem acoustic evoked potentials
(BAEPs) are universally poor predictors; in fact, 98% of these
patients die or will remain in VS (132). Conversely, a delayed
P300 component, which is a cognitive response, was observed
in all patients with LIS, all MCS patients, and in three of five
patients in a VS (133), whereas the presence of N400 event-
related evoked potentials were able to differentiate VS, near
VS, and patients not in VS (134).

In general, BAEPs have a better predictive value in terms
of predicting survival, whereas SEPs are able to better predict
quality of outcome. Outcome can become extremely accurate
(98% ) when EP and EEG are combined (124).

Comp ut e d Tomog rap hy
The Marshall classification (135) is widely used in the acute
phase of a comatose patient as a discriminant of cerebral
edema, focal or diffuse damage, and severity of diffuse axonal
injury (DAI). Whereas hemorrhagic axonal injury can be seen
on computed tomography (CT) as multiple foci of high atten-
uation, nonhemorrhagic injury can be missed. In fact, CT is
abnormal in less than half of all patients with DAI (136).

Mag ne t ic Re sonance Imag ing
Magnetic resonance imaging (MRI) can predict recovery
from posttraumatic VS when brainstem damage is present
(137,138). Proton MRI spectroscopy can detect the amount of
creatine, choline, myoinositol, and N-acetylaspartate (NAA) in
a selected tissue volume (139). NAA can be assumed to be a
marker of neuronal loss. Several investigators have found that
a lower NAA-to-creatine ratio correlates with poorer outcome
after TBI (140–148). More recent studies correlated spectro-
scopic MRI with histologic changes, severity of TBI, and VS
prediction (149–155). Functional MRI (fMRI) is currently be-
ing explored as a method to predict the recovery of conscious-
ness in those VS patients who will evolve toward MCS (61,62).

Sing le Phot on Emission Comp ut e d Tomog rap hy
Since MRI detects lesions missed by single photon emission
computed tomography (SPECT) and vice versa, a combination
of MRI and SPECT may enhance or correct a prognostic pre-
diction (156,157). Experience in this field is accumulating as
the technology becomes more widely available.

Posit ron Emission Tomog rap hy
The reduction of cerebral metabolism by positron emission to-
mography (PET) can be useful to diagnose the extent of DAI
(158). Recent PET studies in VSpatients indicated altered activ-
ity in a critical frontoparietal cortical network, the restoration
of which can be linked to a recovery of consciousness (159).

REHABILITATION PROTOCOL
IN THE ACUTE PHASE

The ICU hospital course of severe brain injury patients may last
from a few days to several weeks, but rehabilitation should start
as soon as possible. Besides the evolution of the primary injury,
infections are the most common impediment to early rehabilita-
tion. The comatose patient frequently shows a high proneness
to infections, secondary to central immunodepression (10) or
peripheral facilitating factors such as the presence of a central
venous catheter, tracheostomy tube, bladder catheter, pressure
decubitus, and resistant nosocomial infections (160).

The utility of a passive range of motion in the acute phase
is confirmed by experimental studies in animals, where it was
demonstrated that a satisfying articular and muscle tendinous
range of motion may be maintained in subjects after prolonged
immobility, only if every joint is mobilized daily and for 2
hours (161). Similarly, prevention of muscle contractures or
ankylosis can be prevented by dynamic positioning splinting
(120,162,163).

State-of-the-art prevention of bed rest contractures include
the following:

a. Early mobilization of the limbs to avoid joint contractures
and para-articular ossification, osteoporosis, and nonuse
muscular atrophy

b. Venous thrombosis prophylaxis at the lower limbs by means
of elastic compression and specific pharmacotherapy (sub-
cutaneous low-dose heparin)

c. Early recovery of the sitting position to counteract extensor
muscle spasms and limit the tonic labyrinthic reflex (163)
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The stabilization of the medical conditions and vital func-
tions represents a fundamental requisite for the patient’s trans-
fer potential from the ICU to the intensive rehabilitation unit.

Besides the obvious requirement for hemodynamic stabil-
ity, a diagnostic/therapeutic protocol for severe brain injury
patients scheduled for transfer to a rehabilitation unit should
include the following:

■ Cerebral CT or MRI to rule out late neurosurgical compli-
cations such as chronic hematoma, hygroma, and hydro-
cephalus (57,164)

■ Tracheobronchoscopy to rule out tracheal stenosis or
esophagotracheal fistula, even in the absence of obvious res-
piratory stridor (165–168)

■ Properly functioning enteral tube feeding, or a percutaneous
endoscopic gastrostomy (PEG), when tube feeding has to be
continued for > 1 month

■ Complete fever workup in case of recurrent and persistent
hyperpyrexia

■ Endocrinologic investigation of possible hypopituitarism
(107,108)

■ Echo Doppler of the lower limbs to rule out silent venous
thrombosis secondary to the prolonged bed rest (169–171)

■ Electromyography and electroneurography of the upper and
lower limbs in case of early muscular atrophy to rule out crit-
ical illness polyneuropathy (CIP) (24,172) or compressive
neuropathies, secondary to articular ankylosis, pathologic
postures, and inadequate positioning

Post acut e Re hab ilit at ion

The first rehabilitation goal after discharge from the ICU is the
gradual recovery of the sitting position, with monitoring of the
cardiovascular parameters, prevention of arterial orthostatic
hypotension, and facilitation of exercises to improve head and
trunk control in assisted sitting and passive standing positions.

An early phoniatric evaluation investigates respiratory air
space by means of fibro-laryngoscopy, whereas a speech ther-
apist examines daily oromotor abilities and dysphagia (173),
including an evaluation of deglutition initiative, cough reflex
elicitation, and risk of pulmonary aspiration. The first oral
meal of adequate consistency has to be assisted by a phoniatric
therapist, who has a specific expertise in swallowing training,
compensatory posturing of the head during deglutition, and
suctioning techniques. Winstein (174) reported that approxi-
mately 25% of the head-injured adults admitted to a rehabilita-
tion facility demonstrated swallowing or oral motor problems
on admission. Ninety-four percent of this group ultimately be-
came successful oral feeders within 3 months, associated with
a concomitant improvement of cognitive functions, primitive
oral motor reflexes, and neurogenic dysphagia.

Respiratory training includes thorax clapping, bronchial se-
cretions suctioning, cough elicitation, and forced expiratory
exercises. Gradual downsizing of the tracheostomy tube size
to closure should be monitored by pulse oximetry. Complica-
tions and setbacks are frequent in this phase, often requiring
transferring of the patient to a higher acuity ward for events
such as:

■ Recurrent acute respiratory failure
■ Recurrent infections or severe hyperthermia
■ Progressive tracheal stenosis or tracheoesophageal fistula

■ Plastic surgery of sacral and pressure calcaneal ulcers
■ Stabilization of limb fractures or early excision of periartic-

ular ossification
■ Hydrocephalus or malfunctioning ventriculoperitoneal/

atrial shunting (57)
■ Worsening of chronic posttraumatic hematomas or hygro-

mas requiring emergency craniotomy or early cranioplasty,
since the latter may determine some clinical improvement
(175–178)

Ne urop sycholog ical Ap p roach t o Se ve re
Brain Injury Pat ie nt s and t he ir Family

Care g ive r
At the beginning of the rehabilitation process, the patient’s fam-
ily (caregiver) often complains of the lack of information while
their relative is in the acute phase. A professional intervention
by a psychologist is often necessary to reconcile the family with
the intensive care experience, which includes close and honest
communication and reassurance (179–182). Emotional sup-
port and practical advice and educational brochures are highly
valued by family members during the first year after injury
(179,183–185).

Pat ie nt Asse ssme nt
The levels of cognitive functioning scale (LCF) (65) (Appendix
1) assesses behavioral and cognitive patient functioning—from
onset of coma to recovery of consciousness and cognition.

In addition to qualitative measurement methods, quantita-
tive measures are also available and have been widely used. A
short list is indicated below:

■ Coma Recovery Scale (CRS) (49) and CRS-Revised (CRS-R)
(186);

■ Coma/Near Coma Scale (CNC) (187);
■ Sensory Stimulation Assessment Measure (SSAM) (188);
■ Western Neuro Sensory Stimulation Profile (WNSSP) (189);
■ Wessex Head Injury Matrix (WHIM) (66).

Other custom-made scales, such as the one proposed by
Whyte (190), are founded on an individualized protocol that
is able to assess specific behaviors for each patient. In the early
stage of coma recovery, these tools define intentionality, fre-
quency, and consistency of the behavioral reactions of the pa-
tient. In the first phase of coma recovery, the patient’s perfor-
mance is erratic and may depend on the general clinical condi-
tion, the arousal state, and the external conditions. Creating a
quiet environment that avoids distractions and performing very
short and frequent yet comprehensive evaluations are funda-
mental.

Ne urop sycholog ical Sup p ort
Specific neuropsychological interventions may promote recov-
ery, particularly in patients in MCS. For example, in our ex-
perience, music therapy may improve collaboration, reducing
behavioral disorders and improving initiative and calm (191).
However, the standards of care have not been established to
guide rehabilitative treatment in patients with disorders of con-
sciousness (DOC), and the effect of rehabilitative treatment
in restoring consciousness, cognition, or functional capacity is
still highly debated (51,192,193).
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In conclusion, clinical experience in postacute rehabilita-
tion suggests the importance of a global approach to the TBI
patient and the need to involve the family in the rehabilita-
tion treatment. Adequate exchange with the family by means
of psychosocial interviews may, in fact, allow a better un-
derstanding of the patient’s premorbid personality and social
network.

PHARMACOTHERAPY
An adequate pharmacologic treatment during coma and its re-
mission phases may accelerate the recovery process and im-
prove symptoms and emerging syndromes (68). Although ag-
itated severe brain injury patients often need sedation in the
ICU, traditional neuroleptics should be avoided in the acute
phase because of severe side effects such as vigilance reduc-
tion, extrapyramidal effects, epileptogenesis, and impairment
of neural plasticity (194). Agitation may be controlled with
fewer side effects by antiepileptic drugs such as carbamazepine
and valproic acid (195,196). Similarly, the beta-blocker pro-
pranolol at low dosage is the only drug that demonstrated
a significant efficacy in agitated patients according to the
Cochrane Review (197). Propranolol should also be used for
the control of vegetative dysautonomic symptoms, especially
tachycardia and tachypnea, arterial hypertension, and severe
sweating, all signs of sympathetic nervous system hyperactiv-
ity and hyperfunction of basal metabolism up to 180% (198,
199).

Tricyclic antidepressant agents such as amitriptyline, even
if epileptogenic, have been used for agitation (194,200); they
may also be useful in the presence of spastic laughing and
crying, chronic pain, depressive mood, or food refusal in the
awakening phase, as well as activating agents (201). Ben-
zodiazepines such as diazepam may be used when severe
spasticity compromises spontaneous motility. Unfortunately,
benzodiazepines and other commonly used drugs in these
patients—such as clonidine, phenobarbital, cortisone, and
haloperidol—have all shown adverse effects when used in the
ICU (194). Recently, the minor tranquilizer zolpidem has been
reported as facilitating consciousness recovery in chronic VS
and MVS patients (202). Zolpidem is a GABA-A–enhancing
agent acting on omega receptors and is generally used for
insomnia. Some antiepileptic drugs, such as oxcarbazepine,
gabapentin, clonazepam, and more recently, pregabalin, may
be used for the treatment of epilepsy, myoclonic jerks, tremor,
hyperpathia or dysesthesia, agitation, and dystonia (oral tris-
mus). Restlessness and agitation may also be treated by atyp-
ical neuroleptics, such as clozapine, risperidone, olanzapine,
quetiapine, and in some cases buspirone (68,203). One agent,
quetiapine, has the advantage of causing less iatrogenic parkin-
sonism and to be less epileptogenic than the other neuroleptics
(204,205) in patients already at risk for secondary epilepsy and
posttraumatic parkinsonism (39,40,41,43,206,207). Unfortu-
nately, all antiepileptics and atypical neuroleptics may worsen
vigilance and delay consciousness recovery.

Antidepressant drugs such as tricyclics and serotoninergic
(SSRI), mixed serotoninergic, and noradrenergic agents have
been occasionally used and found effective for motor, neu-
ropsychological, and psychological recovery of TBI patients
(208–210). Drugs such as baclofen, tizanidine, and diazepam
are often used as muscle relaxant agents or antispasticity drugs.

Among them, disodium dantrolene has the advantage of hav-
ing a less sedative effect. Another more recent alternative is
the botulinum toxin, used as a local infiltration for patients
with segmental spasticity (211,212), whereas the continuous
intrathecal infusion of baclofen (ITB) (baclofen pump) is used
for diffuse spasticity, contractures, pain, and dysautonomic
syndrome (213,214)—sometimes with responsivity improve-
ment after ITB (215). The most common side effects of ITB,
even if rarely reported, include hypotonia, asthenia, nystag-
mus, dizziness, drowsiness, disorientation, nausea, vomiting,
urine retention, constipation, and more rarely, cardiorespira-
tory depression, seizures, and paralytic ileus (216–218). The
latter complication should be suspected especially in cases of
brainstem injury, because baclofen acts directly over vegetative
nuclei but can be easily minimized by reducing the total daily
dose of the drug (210,212).

Despite the widespread use of antiepileptic drugs for pre-
vention of posttraumatic epilepsy (PTE) (219–221), controlled
studies and international guidelines demonstrated the lack of
efficacy and recommend against their prophylactic use (222–
225). Interestingly, the use of prophylactic antiepileptic therapy
seems to increase the risk of late PTE during the discontinua-
tion of treatment (226). Myoclonic jerks may be successfully
treated by piracetam, clonazepam, and more recently, by leve-
tiracetam (227–229).

A survey of 127 neurosurgical clinics showed that penetrat-
ing injuries, intracranial hemorrhages, rise in ICP, and elec-
troencephalographic (EEG) abnormalities were the most fre-
quent reasons why antiepileptic prophylaxis was initiated in the
neurologic ICU (230–232). Since traditional antiepileptic drugs
may further compromise the vigilance state, carbamazepine or
valproic acid should be used only when restlessness or agita-
tion are present during the ICU hospital course or in the case
of late PTE.

As for the treatment of early PTE, phenytoin is one of the
drugs of choice in the ICU. The first-choice drugs among the
traditional antiepileptics for late PTE are carbamazepine and
valproic acid, whereas among the new antiepileptic drugs lam-
otrigine, topiramate, oxcarbazepine, and especially levetirac-
etam seem to have less detrimental effects on cognitive function
(233,234).

Restlessness is frequently associated with chronic pain in
severe brain injury patients, and it may be secondary to the cen-
tral hyperpathia (thalamic syndrome) or peripheral dysesthe-
sias (critical illness polyneuropathy [CIP]). The new antiepilep-
tic drugs such as lamotrigine, topiramate, gabapentin, and
pregabalin may also be useful for the treatment of chronic pain
and for increasing tolerance to passive range of motion.

The use of inotropic agents may be useful for counteract-
ing somnolence and the iatrogenic soporous state induced by
antiepileptic agents. In particular, piracetam, a cyclic deriva-
tive of gamma-aminobutyric acid (GABA), has been used for
its inhibitory action on the excitatory amino acids (235,236).

Among the drugs with activating action, L-dopa showed
electroencephalographic and behavioral effects of awakening,
counteracting the hypnogenic effect of 5-hydroxytryptophan
(42,237–240). Newman et al. (241), as well, reported an im-
provement in cognitive functions including logical association
after L-dopa and carbidopa. Amantadine and dopaminergic
drugs may improve both parkinsonian features and conscious-
ness recovery (242–245). Similarly, Weinberg et al. (246) ob-
tained good results in the recovery of cognitive functions in
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patients with sequelae of TBI after dopaminergic drugs were
given. Other authors reported an interesting positive effect of
L-dopa and bromocriptine in the motor and cognitive recovery
of postcomatose patients (247–249).

Amantadine, which exerts a dopaminergic effect and an in-
hibitory action on excitatory amino acids, demonstrated a sig-
nificant efficacy in the improvement of attention, psychomo-
tor speed, mobility, vocalization, motivation, and agitation in
severe TBI patients (245,250–254). Finally, methylphenidate
has demonstrated some effects on attention deficits after TBI,
with associated improvement on restlessness and agitation
(255).

In summary, the sequential pharmacotherapeutic protocol
of severe brain injury patients should include the treatment of
vegetative dysautonomia by means of beta-blockers (199). The
reduction of muscle tone and the improvement of the passive
range of motion ultimately prevent joint ankylosis and ten-
don shortening (120,256). Preventive therapy for PAO includes
etidronate and nonsteroid antiphlogistic agents, especially in-
domethacin given at the dosage of 75 mg daily together with
gastric protection (257–261).

Psychomotor agitation significantly impairs the potential
for neurorehabilitation, especially when associated with pain
and antagonistic behavior. The drugs of choice for controlling
agitation are propranolol (197), carbamazepine, and valproic
acid, as well as new antiepileptic drugs such as oxcarbazepine
and lamotrigine. When antiepileptics are not effective against
agitation and restlessness, amantadine (251) and amitripty-
line (200) may be useful. Quetiapine can be introduced during
propofol discontinuation in the ICU or when aggressiveness
and delirium persist for longer periods of time (205). L-Dopa
and dopaminergic drugs may enhance consciousness and verbal
communication recovery, improving cognitive functions and
parkinsonian symptoms (39,42,262).

APPENDIX

Ap p e nd ix 1

Levels of Cognitive Functioning
(Personal communication: Chris Hagen, Ph.D.; Denise

Malkmus, MA; Patricia A. Durham, MS; Rancho Los Amigos
Hospital). (www.calpoly.edu/�lklooste/levels.htm).

1. No response
Patient appears to be in a deep sleep and completely unre-
sponsive to any stimuli.

2. Generalized response
Patient reacts inconsistently and nonpurposefully to stimuli.
Responses are limited in nature and are often the same re-
gardless of the stimulus presented. Responses may be physi-
ologic, gross body movements, and vocalization. Responses
are likely to be delayed. The earliest response is to deep pain.

3. Localized response
Patient reacts specifically but inconsistently to stimuli. Re-
sponses are directly related to the type of stimulus presented,
as in turning the head toward a sound or focusing on an
object presented. The patient may withdraw an extremity
and vocalize when exposed to a painful stimulus. He or she
may follow simple commands in an inconsistent, delayed

manner, such as closing the eyes, squeezing, or extending an
extremity. Once external stimuli are removed, the patient
may lie quietly. He or she may also show a vague awareness
of self and body by responding to discomfort by pulling at
nasogastric tube or catheter, or resisting restraints. The pa-
tient may show a bias toward responding to some persons,
especially family and friends, but not to others.

4. Confused-agitated
Patient is in a heightened state of activity with severe impair-
ment to process information. Behavior is frequently bizarre
and nonpurposeful relative to the immediate environment.
He or she does not discriminate among persons or ob-
jects and is unable to cooperate directly with treatment ef-
forts. Verbalization is frequently incoherent or inappropri-
ate to the environment. Confabulation and hostility may be
present. Being unaware of present events, the patient lacks
short-term recall and may be reacting to past events. He or
she is unable to perform self-care activities without maxi-
mum assistance. If not motor-disabled, the patient may per-
form automatic motor activities such as sitting, reaching,
and ambulating as part of the agitated state but not neces-
sarily as a purposeful act or on request.

5. Confused-inappropriate
Patient appears alert and is able to respond to simple com-
mands fairly consistently. However, with increased complex-
ity of commands or lack of any external structure, responses
are nonpurposeful, random, or at best, fragmented toward
any desired goal. With structure, the patient may be able
to converse on a social-automatic level for short periods
of time. Verbalization is often inappropriate; confabulation
may be triggered by present events. The patient can usually
perform self-care activities with assistance and may accom-
plish feeding with supervision. If the patient is physically
mobile, he or she may wander off, either randomly or with
vague intention of “going home.”

6. Confused-appropriate
Patient shows goal-directed behavior, but is dependent on
external input for direction. He or she follows simple di-
rections consistently and shows carryover for learned tasks,
e.g., self-care. Responses may be incorrect due to memory
problems but are appropriate to the situation. Selective at-
tention to tasks may be impaired, especially with difficult
tasks and in unstructured settings, but patient is now func-
tional for common daily activities.

7. Automatic-appropriate
Patient appears oriented and acts appropriately within hos-
pital and home settings, and goes through a daily routine au-
tomatically but robotlike, with minimal to absent confusion,
and has shallow recall for what he or she has been doing.
Patient is independent in self-care activities and supervised
in home and community skills for safety. With structure,
the patient is able to initiate tasks or social and recreation
activities in which he or she now has interest. The patient’s
judgment remains impaired.

8. Purposeful-appropriate
Patient is alert and oriented, able to recall and integrate
past and recent events, and is aware of and responsive to
his or her culture. Within the patient’s physical capabilities,
he or she is independent in home and community skills.
The patient’s social, emotional, and intellectual capacities
may continue to be at a decreased level from baseline but
functional within society.
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SUMMARY
In the intensive care unit (ICU), the hospital course of severe
brain injury patients may last from a few days to several weeks.
The reasons for a more prolonged length of stay include the
persistent need of vital functions support and the recurrence of
infections or hyperpyrexia of central or peripheral cause (10).
Timing of when best to transfer the patient from the ICU to
rehabilitation facilities often represents the most delicate phase
of the history of the comatose patient.

Many complications may be avoided by adequate nursing
care and early rehabilitation approach in the ICU (161–163).
Adequate nursing care including correct hygiene and early pas-
sive range of motion of severe brain injury patients may reduce
the occurrence and severity of the early and late complications
and facilitate the transfer from the ICU to rehabilitation.

Finally, a focused pharmacologic approach should focus on
the possible adverse effects in selected cases and only by ex-
perienced clinicians. Since severe brain injury carries a great
deal of social disability and cost for the society, randomized
multicenter controlled studies on clinical and pharmacologic
intervention efficacy should be encouraged.
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SECTION XV ■ GASTROINTESTINAL DISEASE
AND DYSFUNCTION

CHAPTER 152 ■ UPPER GASTROINTESTINAL
BLEEDING
GÖKHAN M. MUTLU r ECE A. MUTLU

Acute gastrointestinal (GI) bleeding is a common indication for
admission to the intensive care unit (ICU) in the United States,
with over 300,000 admissions per year (1). Most (75% ) of
these arise from the upper GI tract. Despite advances in critical
care medicine, the mortality associated with upper GI bleeding
has not changed and remains about 10% , likely due to aging of
the population and increasing comorbidities (2,3). In this chap-
ter, we will summarize the causes of upper GI bleeding, review
the principles of a diagnostic approach, and outline the thera-
peutic modalities available for management of these patients.
Last, we will provide an overview of stress-related mucosal
damage.

EPIDEMIOLOGY
The annual incidence of hospital admission for upper GI bleed-
ing in the United States is approximately 100 per 100,000 (1,4).
The incidence is twice more common in males than females and
increases with age. Patients rarely die from blood loss; rather,
death is due to decompensation of other underlying conditions.
Mortality for patients younger than 60 years in the absence of
malignancy or organ failure is less than 1% .

Peptic ulcer disease is the most common cause of upper GI
bleeding, accounting for half of cases (5) (Table 152.1). There
are four major risk factors for peptic ulcers, including non-
steroidal anti-inflammatory drugs (NSAIDs), Heliobacter py-
lori infection, stress, and gastric acid (6,7). Among ulcers, those
in the duodenum are more common than those found in the
stomach (gastric ulcers) (Fig. 152.1). Recent data showed a de-
cline in the proportion of cases caused by peptic ulcer disease—
down to 21% —with nonspecific mucosal abnormalities being
the most common cause (42% ) (8).

Mallory-Weiss tears account for 5% to 15% of cases, while
the proportion of patients bleeding from varices varies widely,
depending on the population, from about 5% to 30% . Hemor-
rhagic or erosive gastropathy (usually from NSAIDs or alcohol)
and erosive esophagitis often cause mild upper GI bleeding,
but major hemorrhage should not occur from erosions (Fig.
152.2). As the prevalence of H. pylori has decreased in de-
veloped countries and the use of NSAIDs has increased, the
incidence of bleeding ulcers has decreased, and the proportion
of bleeding ulcers due to NSAID—rather than H. pylori—has
increased.

Esophagogastric varices are also a common cause of upper
GI bleeding and usually develop as a consequence of systemic or
segmental portal hypertension (Fig. 152.3). The development

of massive bleeding from gastroesophageal varices is indicative
of advanced liver disease, and liver transplantation is the only
treatment that improves the long-term prognosis in these pa-
tients. Isolated gastric varices can occur due to segmental portal
hypertension secondary to obstruction of the splenic vein or as
a consequence of obliteration of esophageal varices with en-
doscopic intervention. Active variceal bleeding occurs in about
50% of patients with decompensated cirrhosis, accounting for
about one third of all cirrhosis-related deaths. The outcome
of an episode of active variceal hemorrhage depends on the
control of active bleeding and the avoidance of complications
associated with bleeding and its treatment. Establishing the
correct diagnosis is also important.

CLINICAL PRESENTATION
Upper GI bleeding commonly presents with hematemesis
and/or melena. The clinical presentation provides clues point-
ing to the presence of upper GI bleeding. Hematemesis or
coffee-ground emesis indicates an upper GI source of bleed-
ing, which is above the ligament of Treitz, at the junction of
the duodenum and jejunum. Melena suggests a minimum blood
loss of 200 mL. The presence of melena is indicative of blood
being present in the digestive tract for at least 12 to 14 hours.
Although the more proximal the bleeding site in the upper GI
tract, the more likely the patient will have melena, a significant
percentage of patients with ascending colon sources of bleed-
ing may also present with melena. Hematochezia is usually a
presentation of lower GI bleeding, but an upper GI source that
bleeds rapidly may also present with hematochezia (9). Patients
with upper GI bleeding who have hematochezia usually have
hemodynamic instability and rapidly dropping hemoglobin.
Vomiting, retching, or coughing preceding hematemesis—
especially in an alcoholic patient—should increase suspicion
for a Mallory-Weiss tear. In addition to symptoms, a detailed
history should include use of aspirin or other NSAID intake, al-
cohol consumption, presence of liver disease or variceal bleed-
ing, history of peptic ulcer disease, weight loss, dysphagia, re-
flux, aortic aneurysm, or abdominal aortic vascular graft.

DIAGNOSTIC EVALUATION

Gast ric Lavag e

Nasogastric lavage is important for confirmation of the diag-
nosis and may be predictive of a high-risk lesion if bright red
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TA BLE 1 5 2 . 1

ETIOLOGY OF UPPER GASTROINTESTINAL
BLEEDING

MUCOSAL (EROSIVE OR ULCERATIVE)
1. Peptic ulcer disease

a. Idiopathic
b. Aspirin- or NSAID-induced
c. Infectious (Heliobacter pylori, Cytomegalovirus, Herpes

simplex virus)
2. Stress-related mucosal disease
3. Zollinger-Ellison
4. Esophagitis

a. Peptic
b. Infectious (Candida albicans, H. simplex virus,

Cytomegalovirus)
c. Medication-related (aspirin, NSAIDs, alendronate)

VASCULAR
1. Dieulafoy lesion
2. Idiopathic angiomas
3. Osler-Weber-Rendu syndrome
4. Watermelon stomach
5. Radiation-induced telangiectasia
6. Blue rubber bleb nevus syndrome

PORTAL HYPERTENSION
1. Esophageal varices
2. Gastric varices
3. Portal hypertensive gastropathy

TUMORS
1. Benign (leiomyoma, polyp, lipoma)
2. Malignant

TRAUMATIC
1. Mallory-Weiss tear
2. Nasogastric tube (usually while in the intensive care unit)
3. Foreign body ingestion

OTHER
1. Hemobilia
2. Hemosuccus pancreaticus

blood is present in the lavage (10). A nasogastric tube may
also decrease the risk of aspiration in patients with active he-
matemesis. A nonbloody nasogastric aspirate may be seen in
up to 16% of patients with upper GI bleeding, usually if bleed-
ing has ceased or if from a duodenal source, particularly if the
pylorus is closed (11). Even the presence of bile in the aspirate
is often (50% ) misleading and does not necessarily rule out a
postpyloric source of bleeding (11). Testing stool or emesis for
blood during an acute episode of bleeding is not usually helpful
(12). Testing of gastric contents can frequently be misleading
because of nasogastric tube-related trauma. In addition, the
low pH of gastric contents may interfere with the guaiac test’s
design for occult blood testing in stool, giving false results.

Laboratory evaluation may provide clues to the location
of GI bleeding (upper versus lower). An elevated blood urea
nitrogen (BUN)-to-creatinine ratio usually indicates an upper
GI source as well as major blood loss (13). Patients without
renal disease who have a BUN greater than 25 mg/dL have lost
a minimum of 1 L of blood. Persistent azotemia (for more than

24 hours) is an indication of hypovolemia because volume loss
contributes quantitatively more than the digestion of blood in
raising BUN, and is the sole determinant of azotemia 24 hours
after cessation of bleeding (14).

Amount of Blood Loss

Determination of estimated blood loss is the single, most im-
portant aspect of care in patients with upper GI bleeding. This
estimation helps with the aggressiveness of volume resuscita-
tion and triage to an appropriate level of care (i.e., transfer
to ICU). Most complications associated with blood loss re-
sult from the adverse effects of hypovolemia and hemorrhagic
shock on organs, and are compounded by the presence of pre-
existing atherosclerosis or previous organ damage. Estimation
of blood loss is often incorrect and requires an accurate assess-
ment of vital signs, central venous pressure, hemoglobin and
hematocrit, and a degree of clinical experience. Most of the
indicators of clinically significant blood loss are derived from
clinical data, which are summarized in Table 152.2.

Severe hemorrhage is usually defined as greater than 1,000
mL of blood loss. Initial hematocrit may be misleading due
to loss of whole blood, which results in equal loss of plasma
and erythrocytes. Redistribution of plasma from the extracel-
lular to intravascular space, within 24 to 48 hours of the initial
hemorrhage, results in dilution of red cell mass and a fall in
hematocrit. The hematocrit fall may occur even more rapidly
with volume replacement with crystalloid or nonheme colloid.

Physiologic changes in the cardiovascular system in
response to blood loss are helpful in determining the sever-
ity of GI bleeding. Acute responses to blood loss represent a
spectrum of changes, including resting tachycardia, orthostasis,
peripheral vasoconstriction (cold, clammy skin), and acute end-
organ dysfunction (mental status changes, oliguria). Chronic
blood loss is usually associated with stable hemodynamic
responses, retention of hypotonic fluid, and an absence of
impaired organ function due to compensatory changes in the
cardiovascular system. Many factors may impair or unmask
normal responses to blood loss, including drugs, pre-existing
dehydration, oxygen desaturation from pulmonary disease, the
state of the cardiovascular system (particularly atherosclerotic
cerebrovascular disease), abnormal concentration of plasma
proteins, and miscellaneous conditions such as spinal cord
disease, neuropathy, renal dysfunction, shock, and congestive
heart failure.

Diag nost ic Workup

Upper GI endoscopy is the diagnostic modality of choice for
further evaluation of upper GI bleeding (5,15). Endoscopy
helps in localization and identification of the bleeding lesion
in the upper GI tract, and can be therapeutic in establishing
hemostasis and preventing recurrent bleeding. Upper GI stud-
ies with radiocontrast material such as barium are contraindi-
cated in the setting of acute upper GI bleeding due to interfer-
ence with subsequent endoscopic intervention, angiography,
and surgery (5).

Other diagnostic tests for workup of upper GI bleeding
include angiography and tagged red blood cell scan (16).
Angiographic diagnosis of the source of upper GI bleeding
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FIGURE 152.1. Peptic ulcer disease. Endoscopic view of a gastric ulcer with a visible vessel (arrow ) before
(A) and after (B) endoscopic intervention with gold probe cautery.

is made by extravasation of contrast material. The bleeding
must be brisk, with a rate of about 0.5 to 1 mL/minute. An-
giography can be helpful in establishing the diagnosis in 75%
of patients; about 85% of bleeding originates from a branch
of the left gastric artery (17). Nuclear medicine studies using
99mT c-pertechnetate-labeled red blood cell scan may also aid
in localization of the bleeding site and has the ability to detect
bleeding at lower rates (less than 0.5 mL/minute) than contrast
angiography.

Endoscopy is the diagnostic method of choice for esoph-
agogastric varices. In cases where endoscopy is nondiagnos-
tic and gastric variceal bleeding is suspected, studies such as
endoscopic ultrasound, portal venography, or computed to-
mography (CT) angiography can be used. Cirrhotic patients
with upper GI bleeding should be administered a prophylac-
tic antibiotic—usually a fluoroquinolone—preferably prior to
endoscopy (18,19).

FIGURE 152.2. Severe esophagitis. Endoscopic view of severe
esophagitis.

PREDICTORS OF OUTCOME
AND RISK STRATIFICATION

Three clinical parameters that are independent predictors of
death and rebleeding are (i) hemodynamic instability, (ii) older
age, and (iii) presence of comorbidities (Table 152.3). In ad-
dition to clinical features, endoscopic assessment provides fur-
ther prognostic information and may guide subsequent man-
agement decisions.

Upper endoscopy should be performed as soon as possible
in patients who present with hemodynamic instability because
endoscopic intervention in patients with major bleeding may
reveal high-risk findings, such as varices, ulcers with active
bleeding, or visible vessel. On the contrary, early endoscopy
increases costs without a change in outcomes in patients with
low-risk clinical and endoscopic features. Thus, patients with

FIGURE 152.3. Esophageal varices. Endoscopic view of a large
esophageal varix at the gastroesophageal junction. (Courtesy of
Dr. Martin Cohen)
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TA BLE 1 5 2 . 2

CLINICAL AND LABORATORY DETERMINANTS OF
SIGNIFICANT BLOOD LOSS

CLINICAL
1. Resting tachycardia (> 100 beats/min or 20 beat increase

from baseline if baseline heart rate > 100 beats/min)
2. Orthostasis:

a. Pulse increase greater than 20 beat/min
b. Systolic BP decrease more than 20 mm Hg
c. Diastolic BP decrease more than 10 mm Hg

3. Hematochezia
4. Failure to clear bright red blood from gastric lavage

LABORATORY
1. High transfusion requirement (more than 1 unit every 8 h)
2. Lactic acidosis
3. Azotemia

BP, blood pressure.

clean-base ulcers, nonbleeding Mallory-Weiss tears, and ero-
sive or hemorrhagic gastropathy who have no hemodynamic
or hemoglobin instability and no other medical problems can
be considered for discharge to home.

Risk stratification may be useful in that it may allow the
identification of low-risk patients who can be managed safely
without the need for hospitalization. Risk stratification of pa-
tients with upper GI bleeding can be done using clinical and
laboratory data, and endoscopic findings (20). Endoscopic risk
stratification depends on findings that predict the risk of re-
bleeding (20) (Table 152.4). Although several scoring systems
based on these findings have been proposed, they have not been
validated in large studies and, thus, are not routinely used in
most centers (21–26).

MANAGEMENT
The initial evaluation of a patient with upper GI bleeding in-
cludes the assessment of hemodynamic stability and need for
aggressive resuscitation, if necessary (27). Management of up-
per GI bleeding can be complex, requiring that additional com-
plications associated with blood loss be considered, particu-
larly if the latter is severe and associated with hemodynamic

TA BLE 1 5 2 . 3

CLINICAL INDICATORS OF SIGNIFICANT UPPER
GI BLEEDING

PATIENT CHARACTERISTICS
Older age (greater than 60 y)
Severe comorbidities (i.e., cardiopulmonary disease)
Onset of hemorrhage after hospitalization

RELATED TO AMOUNT OF BLEEDING
Hematemesis of bright red blood
Hematochezia
Gastric lavage with bright red blood
Hemorrhagic shock
High transfusion requirement

TA BLE 1 5 2 . 4

ENDOSCOPIC FINDINGS THAT PREDICT RECURRENT
UPPER GI BLEEDING

RISK OF
ENDOSCOPIC STIGMATA PREVALENCE BLEEDING
OF BLEEDING (%) (%)

Clean ulcer base 35 3–5
Flat spot 10 7–10
Oozing without visible vessel 10 10–20
Adherent clot 10 25–30
Nonbleeding visible vessel 25 50
Active arterial bleeding 10 90

(Adapted from Reference 20)

instability. Table 152.5 summarizes the general principles of
management.

He mod ynamic Re suscit at ion

The initial management of upper GI bleeding should be directed
at restoring blood/volume loss to maintain hemodynamic sta-
bility. Hemodynamic stabilization with adequate volume and
blood resuscitation prior to endoscopic evaluation also helps
to minimize treatment-associated complications (28). Intra-
venous access with two large-bore (14- to 16-gauge) catheters
should be maintained at all times. In cases where peripheral

TA BLE 1 5 2 . 5

PRINCIPLES OF TREATMENT FOR UPPER
GASTROINTESTINAL BLEEDING

GENERAL
1. Close monitoring in the ICU if bleeding is significant
2. Place a large nasogastric tube
3. Large bore IV access

a. At least two 14- or 16-gauge peripheral IVs
b. Or a 12 Fr double lumen catheter or a 9 Fr introducer

4. Volume resuscitation with crystalloids to maintain
hemodynamic stability

5. Transfuse PRBCs to maintain hemoglobin
a. Greater than 7 g/dL in healthy, young individuals
b. Greater than 10 g/dL in elderly with comorbidities

such as ischemic heart disease
6. Correct coagulopathy
7. Consult gastroenterology and surgery if bleeding severe

SPECIFIC (BASED ON THE CAUSE/LESION)
1. Acid suppression
2. Splanchnic vasoconstrictors for variceal bleeding

a. Octreotide
b. Vasopressin analogues

3. Antibiotics (fluoroquinolones) for variceal bleeding
4. Upper GI endoscopy
5. Angiography (as indicated)
6. Surgery

ICU, intensive care unit; IV, intravenous; Fr, French; PRBCs, packed
red blood cells; GI, gastrointestinal.
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intravenous (IV) catheters cannot be placed, a large-bore cen-
tral line (9 to 12 French) should be inserted; triple-lumen
catheters have one 16- and two 18-gauge ports and are long
and should therefore be avoided due to unacceptably high re-
sistance to flow. Hypovolemia and hypotension from GI blood
loss should be treated promptly with fluid resuscitation using
crystalloid and packed red blood cells (PRBCs).

All patients with hemodynamic instability or a hematocrit
drop of more than 6% , a transfusion requirement greater than
two units of PRBCs, or significant active bleeding as evidenced
by continued hematemesis with bright red blood from gastric
lavage or hematochezia should be admitted to ICU for close ob-
servation and resuscitation. High-risk patients, including the
elderly or those with severe comorbidities such as ischemic
heart disease or congestive heart failure, should be transfused
to maintain their hemoglobin greater than 10 g/dL. On the
contrary, unnecessary transfusion should be avoided in young,
healthy individuals in whom maintenance of hemoglobin above
7 g/dL may be sufficient.

In hemorrhagic shock, close monitoring of end-organ per-
fusion (coronary, central nervous system, and renal) and pre-
venting ischemic organ injury improves survival. In addition
to a baseline electrocardiogram (ECG) and telemetry monitor-
ing, urine output should be monitored continuously. In patients
with massive hemorrhage or variceal bleeding, monitoring of
preload via a central venous or pulmonary artery catheter may
be useful; less invasive monitoring, including those devices us-
ing pulse-wave form variability (LidCO, PICCO, Flow Track)
to evaluate preload, may also be useful in these situations.

Coagulopathy should be corrected as needed to maintain
platelet count greater than 50,000 cells/µ L and prothrombin
time within 2 seconds of the upper level of normal. After re-
placement of factors and platelets, recombinant activated fac-
tor VII can rapidly correct severe coagulopathy in hepatic fail-
ure (29). Elective intubation should be considered in patients
with ongoing hematemesis or altered mental status to facili-
tate endoscopy and decrease the risk of aspiration. Gastroen-
terology and, in cases of severe bleeding, surgery consultations
should be requested (30).

Pharmacolog ic Tre at me nt

Gast ric Acid Sup p re ssion
Acid-suppressive therapy with proton pump inhibitors (PPI) is
an essential adjunct to therapeutic endoscopy for management
of patients with peptic ulcer disease–related upper GI bleeding
(31). Acid suppression is beneficial, especially after endoscopic
intervention (31,32). Other acid-suppressing agents, including
H 2-receptor antagonists (H 2RA), have not been shown to re-
duce the rate of rebleeding or transfusion requirement in pep-
tic ulcer disease (31,33–35). High-dose proton pump inhibitor
infusion following a bolus injection significantly reduces the
rate of rebleeding compared to standard therapy in patients
with bleeding from peptic ulcer disease (31,36). It is unknown
whether oral PPI will provide benefits similar to intravenous
PPI. The superiority of PPI over H 2RAs has been attributed
to better maintenance of gastric pH above 6.0, which may
lead to clot stabilization by prevention of fibrinolysis, and thus
rebleeding (37). Current recommended doses of IV PPI ther-
apy are lansoprazole, 90- to 120-mg bolus followed by 6 to 9
mg/hour infusion, and pantoprazole, 80 mg bolus followed by

8 mg/hour infusion. The infusion is usually continued for 48
to 72 hours and, if there is no further bleeding, switched to a
twice daily dose.

Ot he r The rap ie s
Splanchnic vasoconstrictors are important adjunct therapies to
variceal hemorrhage. The current agent of choice in the United
States is the somatostatin analogue, octreotide. Somatostatin
and its analogues inhibit the release of vasodilator hormones
such as glucagon, thereby indirectly causing splanchnic vaso-
constriction and decreased portal inflow. For octreotide, the
recommended dose is a 50-µ g IV bolus followed by an infu-
sion of 50 µ g/hour for 5 days. Additionally, a longer-acting
analogue of vasopressin, terlipressin, may also be used. Its effi-
cacy is similar to octreotide and endoscopic sclerotherapy (38).
Octreotide may also be considered as an adjunct therapy in the
management of nonvariceal bleeding (39).

Cirrhotic patients with upper GI bleeding should be admin-
istered a prophylactic antibiotic—usually a fluoroquinolone—
preferably prior to endoscopy (18,19). If a vasopressor is
needed temporarily for the maintenance of blood pressure,
medications that have β 2-adrenergic activity, such as dopamine
or albuterol, should be avoided due to potential risk of splanch-
nic vasodilation.

End oscop ic Tre at me nt

Identification and hemostasis of the source of upper GI bleeding
is critical in the patient’s outcome. In cases for which hemody-
namic stability can be established quickly with volume resusci-
tation, endoscopy can be performed within 24 hours. Emergent
endoscopy with therapeutic intervention is needed in patients
who remain hemodynamically unstable and continue to bleed
(27,40,41).

Several endoscopic therapeutic techniques have been de-
veloped to achieve hemostasis in nonvariceal upper GI
bleeding, including thermal contact devices, bipolar electro-
coagulation, heater probe, and injection therapy (epinephrine,
alcohol, sclerosing agents such as polidocanol) (Fig. 152.4).
The two most commonly used techniques in the United States
are injection therapy with epinephrine (1:10,000) and contact
thermal devices, which stop bleeding by producing vasocon-
striction of bleeding vessels and coagulation, with subsequent
destruction of bleeding vessels, respectively (42). Combination
therapy with injection and thermal coagulation are superior
to monotherapy in patients with major endoscopic stigmata
such as active bleeding or adherent clot (43,44). Visible ves-
sels should be treated with thermal coagulation, whereas en-
doscopic intervention is not required for low-risk lesions such
as a clean-base ulcer or a flat spot.

Upper GI endoscopy is associated with potential compli-
cations, including aspiration, adverse reactions to conscious
sedation, viscus perforation, and increased hemorrhage during
therapeutic intervention. In patients with recent ischemic car-
diac events, the risks of endoscopy may outweigh its benefits,
and it should therefore be used judiciously (45). Contraindica-
tions to endoscopy include suspected GI perforation, unstable
angina, severe coagulopathy, and severe agitation. Complica-
tions of endoscopic therapy include mucosal ulceration, motil-
ity abnormalities, stricture formation, esophageal perforation,
and mediastinitis, as well as portal hypertensive gastropathy
due to shunting of blood to the gastric mucosa.
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A B

FIGURE 152.4. Endoscopic management of upper gastrointestinal bleeding. Bleeding Dieulafoy lesion
before (A) and after (B) endoscopic intervention (clipping). (Courtesy of Dr. Sri Komanduri)

Nonvarice al Ble e d ing
Early therapeutic endoscopic intervention has an important
role in achieving hemostasis, reducing rebleeding rates, and im-
proving morbidity and mortality in peptic ulcer–related upper
GI bleeding (27,40,46). One third of patients with active bleed-
ing or a nonbleeding visible vessel require urgent surgery; fur-
ther bleeding is possible if treated conservatively. These patients
clearly benefit from endoscopic intervention with reduction in
further bleeding, hospital stay, mortality, and costs; newer in-
formation suggests that higher-risk patients also benefit from
PPI therapy (31). Patients with recurrent bleeding after endo-
scopic therapy were shown, in a randomized controlled trial, to
have benefited from repeat endoscopic therapy. Most patients
avoided surgery, and the rate of complication was significantly
lower than in the group who underwent surgery (31).

Treatment of adherent clots is controversial. Two small en-
doscopic trials, which were terminated prematurely, showed
better results with endoscopic therapy than conservative ther-
apy (44,47). The control groups had a rebleeding rate of about
35% , whereas patients who were treated endoscopically had
rebleeding rates of 0% (44) to 4.8% (47). Double-blind trials
of PPI therapy without endoscopic therapy showed extremely
low rates of recurrent bleeding (48,49). A recent meta-analysis
showed marked heterogeneity among the trials, indicating that
aggregating the trials for a summary statistic may not be ap-
propriate. Nonetheless, the summary statistics did not show
any significant benefit of endoscopic therapy. Vigorous irriga-
tion to remove the clot may be recommended. If the clot is
adherent, perhaps endoscopic therapy is not needed, but the
use of a bolus plus a high-dose constant infusion of PPI may be
used. Patients with underlying comorbidities may benefit from
endoscopic intervention even if the clot is adherent.

A Mallory-Weiss tear is a self-limited disease and there-
fore does not usually require therapeutic intervention. Bleeding
from these tears, which are usually on the gastric side of the gas-
troesophageal junction, stops spontaneously in 80% to 90% of
patients, and recurs only in up to 5% of patients. Endoscopic
intervention is effective in actively bleeding Mallory-Weiss tears
but is not necessary if active bleeding is not present. Angio-

graphic therapy with intra-arterial infusion of vasopressin or
embolization may be useful. Rarely, surgery may be required
to repair the tear. Massive bleeding can be seen if the Mallory-
Weiss tear occurs in a patient with portal hypertension (50).

Varice al Ble e d ing
Compared to nonvariceal causes of upper GI bleeding, which
stop spontaneously in 90% of cases, variceal bleeding subsides
spontaneously in only 50% of patients. The mortality is very
high, ranging between 70% and 80% in patients with contin-
ued variceal bleeding or rebleeding; each episode of bleeding is
associated with a 30% risk of mortality (51). Variceal hemor-
rhage can predispose patients to hepatic encephalopathy, hepa-
torenal syndrome, and systemic infection, all of which increase
the mortality in these patients. The risk of rebleeding remains
high, ranging between 60% and 70% , unless endoscopic in-
tervention is instituted to obliterate the varices. The greatest
risk of rebleeding is within the first 48 to 72 hours, although it
can occur as late as 6 weeks. Table 152.6 summarizes the risk
factors for rebleeding from esophageal varices.

TA BLE 1 5 2 . 6

RISK FACTORS FOR EARLY (LESS THAN 6 WEEKS)
RECURRENT VARICEAL BLEEDING

CLINICAL
Age greater than 60 years
Severity of initial bleed
Severity of chronic liver disease
Presence of ascites
Renal failure

ENDOSCOPIC
Active bleeding during endoscopy
Clot on varices
Red color signs (i.e., cherry red spot)
Increasing size of varices
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Esophageal variceal bleeding is usually amenable to endo-
scopic therapy, which is done to cease blood flow through the
venous collateral system in the distal esophageal mucosa and
cardia. Cessation of blood flow and obliteration of varices is
achieved by either sclerotherapy (induction of thrombosis) or
band ligation (direct occlusion). Endoscopic band ligation is the
procedure of choice based on the results from a meta-analysis
that showed superiority of band ligation over sclerotherapy in
initial hemostasis, rate of recurrent bleeding, complications,
and mortality (52). Sclerotherapy may be indicated in cases
where visualization is poor, but is usually followed by band
ligation.

Unlike esophageal varices, endoscopic management of gas-
tric varices is less effective due to deeper localization of varices
in the submucosa. Injection of cyanoacrylate tissue glue and
thrombin are promising therapies in the endoscopic man-
agement of gastric varices (53,54). These patients may usu-
ally require nonendoscopic therapies such as balloon tampon-
ade (Sengstaken-Blakemore tube), transjugular portosystemic
shunt (TIPS), and surgery. The TIPS procedure is done as sal-
vage therapy to artificially create a portosystemic shunt to de-
compress the portal venous system and, consequently, variceal
vasculature. It is recommended in patients with variceal bleed-
ing refractory to pharmacologic and endoscopic therapy, re-
gardless of the severity of cirrhosis.

Ang iog rap hic Tre at me nt

In a few patients with nonvariceal upper GI bleeding, an-
giographic localization may be necessary, with the option of
hemostasis using a vasoconstrictor (i.e., intra-arterial vaso-
pressin) or embolization (i.e., gelatin sponge). Embolization
carries the risk of bowel ischemia, infarction, and necrosis,
which is seen less in the duodenum than in the stomach due
to the dual circulation from celiac and superior mesenteric
arteries.

Surg e ry

Surgical indications for the management of nonvariceal hem-
orrhage are life-threatening hemorrhage refractory to pharma-
cologic and endoscopic intervention, failure of medical therapy
to resolve or prevent the recurrence of peptic ulcer disease, and
related complications such as bleeding. The surgical procedure
depends on the location of the ulcer and the clinical status of
the patient. Mortality from surgical intervention for peptic ul-
cer disease can be as high as 30% .

The TIPS procedure has decreased the need for surgical
shunt, which is indicated for patients with variceal hemor-
rhage and preserved hepatic synthetic function (55). Distal
esophageal transaction, with or without devascularization, is
another surgical option in patients with massive, refractory
variceal hemorrhage, but is associated with high mortality.

STRESS-RELATED
MUCOSAL DAMAGE

Upper GI bleeding, in addition to being a cause for admission
to the ICU, can also develop as a complication of critical ill-

ness while the patient is being treated in the ICU. Stress-related
mucosa damage (SRMD), also known as stress ulcers, occurs
as a consequence of critical illness and is the most common
cause of GI bleeding in the ICU (56). The critical care environ-
ment is characterized by invasive monitoring and vasoactive
and other drugs that affect mesenteric perfusion and oxygen de-
livery. Additionally, positive pressure ventilation, particularly
positive end-expiratory pressure, and conditions such as left
heart failure and sepsis can have profound effects on GI epithe-
lial function (56). Impaired splanchnic perfusion plays a pivotal
role in the pathogenesis of SRMD (Fig. 152.5). The splanchnic
vasculature lacks vasomotor autoregulation, leading to persis-
tent vasoconstriction that continues even after resolution of
hemodynamic instability. Gastric acid and pepsin also play a
role in the pathogenesis.

Acute respiratory failure requiring mechanical ventilation
for longer than 48 hours and coagulopathy are the two
strongest independent risk factors for clinically significant GI
bleeding due to SRMD (57,58). Mechanically ventilated pa-
tients almost invariably develop SRMD and subepithelial hem-
orrhage within 24 hours of admission to the ICU (59,60).
SRMD occurs within a few hours of critical illness and can
present as lesions ranging from subepithelial petechiae to su-
perficial erosions that can progress into true ulcers (56). These
lesions are usually multiple and occur predominantly in the
fundus of the stomach, typically sparing the antrum (60).

Most SRMD lesions are asymptomatic and clinically in-
significant, although some patients may develop clinically ev-
ident bleeding, presenting with hematemesis, coffee-ground
emesis, melena, and hematochezia. Clinically evident bleeding
due to SRMD occurs in up to 25% of critically ill patients
who do not receive prophylactic therapy, with approximately
20% —corresponding to about 5% of all patients—having clin-
ically significant bleeding, that is, associated with hemody-
namic changes or necessitating transfusion (57,60,61). Clin-
ically significant, SRMD-related bleeding is associated with an
increased length of ICU stay and morbidity and mortality (62).

Tre at me nt

The treatment of stress ulcer bleeding is supportive. Efforts
should be focused on reversing the precipitating factors. Acid
suppression with H 2RA or PPIs is routinely used as adjunct
therapy, given that luminal acidity is an essential factor in the
pathogenesis of SRMD (63). Bleeding from SRMD is usually
not amenable to endoscopic intervention because the lesions
are diffuse. In cases of severe bleeding, endoscopy may be in-
dicated and successful if hemorrhage is from one or several
lesions. Since the gastric mucosa has a rich collateral blood sup-
ply, angiographic treatment—including embolization or intra-
arterial vasopressin—may be considered for bleeding refrac-
tory to endoscopic therapy.

Prop hylaxis

The incidence of stress ulcer bleeding has been decreasing as a
result of more aggressive fluid resuscitation and prophylactic
therapy (64). Most deaths in patients with stress ulcer bleeding
are not due to GI hemorrhage. Therefore, the contribution of
stress ulcer bleeding to overall ICU mortality does not appear to
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FIGURE 152.5. Mechanisms important in the pathogenesis of stress-related mucosa damage. Splanchnic
hypoperfusion leading to diminished mucosal blood flow and other changes in gastrointestinal epithelial
function plays a pivotal role in development of stress ulceration. (Adapted from Mutlu GM, Mutlu EA,
Factor P. GI complications in patients receiving mechanical ventilation. Chest. 2001;119[4]:1222–1241,
with permission.)

be significant in unselected ICU populations, and, as such, rou-
tine prophylaxis in all patients is not warranted. Identification
of patients at risk for stress ulcer bleeding is more important
than the particular medication used and can reduce unneces-
sary medication use and cost. Table 152.7 summarizes the risk
factors for bleeding from stress ulcers.

Although gastric acid production is not increased in the
most critically ill patients, except those with increased intracra-

TA BLE 1 5 2 . 7

RISK FACTORS FOR STRESS ULCER BLEEDING

1. Respiratory failure requiring mechanical ventilation for
more than 48 h

2. Coagulopathy
a. Thrombocytopenia (less than 50,000 cells/µ L)
b. INR (greater than 1.5)
c. PTT (greater than 2 times the upper limit of normal)

3. O THER RISK FACTO RS
Severe sepsis syndrome
Shock
Liver failure
Renal failure
Major trauma
Extensive burns
Intracranial hypertension

nial pressure or severe burns, it is essential in the pathogenesis
of SRMD, and thus, therapies targeting gastric acid have been
the mainstay of prophylaxis. Medications that suppress gas-
tric acid, such as H 2RAs and PPIs, prevent SRMD by raising
the gastric fluid pH, ideally above 4.0. Continuous infusion of
H 2RAs may provide more effective acid suppression compared
to intermittent dosing, but the relevance of this practice remains
unclear (65). Gastric pH-altering agents, as well as sucralfate,
decrease the incidence of clinically significant bleeding by ap-
proximately 50% —the absolute rate decreases from about 4%
to about 1.7% to 2% —and are effective in preventing clinically
evident and significant stress ulcer bleeding (66,67). However,
a more recent study showed the superiority of H 2RAs over
sucralfate in the prevention of SRMD-related bleeding (58).

Theoretically, PPIs may provide better prophylaxis due to
more consistent pH control; however, their superiority over
H2RAs in stress ulcer prophylaxis has not been proven (68,69).
In critically ill patients, IV PPI has been shown to achieve and
maintain gastric pH greater than or equal to 4 within a few
hours of initiation, with a progressive increase within the first
48 hours (70). The continuous administration of IV H 2RA was
not able to maintain pH control by day 2 despite achieving a
gastric pH greater than or equal to 4 initially. However, there
have been no large trials specifically investigating the role of IV
PPI in SRMD prophylaxis or whether more consistent increases
in pH translate into better outcomes. Both H2RAs and PPIs,
despite a lack of strong clinical data, are the first-line drugs for
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stress ulcer prophylaxis, with the route of administration—oral
versus IV—determined based on the availability of the GI tract.

The major concern about using pH-altering medications is
their association with gastric colonization with the Enterobac-
teriaceae due to an increased gastric pH and subsequent retro-
grade gastro-oropharyngeal contamination resulting in an in-
creased risk of ventilator-associated pneumonia (71–73). Based
on available data, the risk of pneumonia attributable to pH-
altering drugs can be minimized via the implementation of pre-
ventive measures such as maintenance of the semirecumbent
position, avoidance of high gastric residuals, and the admin-
istration of tube feeds into the small bowel whenever possible
(74,75).

Enteral feeding also decreases the risk of clinically evident
GI bleeding (62,76,77). The beneficial effects of enteral feeding
are probably multifactorial, including dilutional alkalinization
of gastric fluid and mucosal cytoprotection through the restora-
tion of gastric epithelial energy stores (62,78). However, due to
limited data, the use of enteral nutrition as the sole “ therapy”
for stress ulcer prophylaxis should be discouraged. Initiation
and discontinuation of pharmacologic prophylaxis should be
independent of enteral nutrition.

PEARLS
■ Peptic ulcer disease is the most common cause of upper GI

bleeding.
■ Most (greater than 90% ) nonvariceal upper GI bleeding sub-

sides spontaneously.
■ Hemodynamic resuscitation is critical for management of

upper GI bleeding.
■ Three clinical characteristics that are independent predictors

of death and rebleeding of upper GI bleeding are hemody-
namic instability, older age, and the presence of comorbidi-
ties.

■ Endoscopy is the diagnostic modality of choice for further
evaluation of upper GI bleeding.

■ Early therapeutic endoscopic intervention plays an impor-
tant role in achieving hemostasis, reducing the rebleeding
rate, and improving morbidity and mortality in peptic ulcer–
related upper GI bleeding.

■ A high-dose infusion of proton pump inhibitor following
a bolus injection significantly reduces the rate of rebleeding
compared to standard therapy in patients with bleeding from
peptic ulcer disease.

■ Variceal bleeding subsides spontaneously in only 50% of
patients.

■ Mortality is very high—between 70% and 80% —in patients
with continued variceal bleeding or rebleeding.

■ The greatest risk of rebleeding is within the first 48 to 72
hours, although it can occur as late as 6 weeks.

■ Splanchnic hypoperfusion plays a pivotal role in the patho-
genesis of stress-related mucosal damage.

■ Stress-related mucosal damage may occur in most critically
ill patients within 24 hours of admission to the intensive care
unit.

■ Mechanical ventilation and coagulopathy are the most im-
portant risk factors for stress ulcer bleeding.

■ Use of prophylaxis against stress-related mucosal damage
should be restricted to critically ill patients with risk factors.

■ The treatment of stress ulcer bleeding is supportive.

Re fe re nce s

1. Zimmerman HM, Curfman K. Acute gastrointestinal bleeding. AACN Clin
Issues. 1997;8(3):449–458.

2. Pitcher JL. Therapeutic endoscopy and bleeding ulcers: historical overview.
Gastrointest Endosc. 1990;36(5 Suppl):S2–S7.

3. Farrell JJ, Friedman LS. Gastrointestinal bleeding in older people. Gastroen-
terol Clin N orth Am. 2000;29(1):1–36, v.

4. Longstreth GF. Epidemiology of hospitalization for acute upper gas-
trointestinal hemorrhage: a population-based study. Am J Gastroenterol.
1995;90(2):206–210.

5. Jutabha R, Jensen DM. Management of upper gastrointestinal bleeding in the
patient with chronic liver disease. Med Clin N orth Am. 1996;80(5):1035–
1068.

6. Hunt RH, Malfertheiner P, Yeomans ND, et al. Critical issues in the patho-
physiology and management of peptic ulcer disease. Eur J Gastroenterol
Hepatol. 1995;7(7):685–699.

7. Hallas J, Lauritsen J, Villadsen HD, Gram LF. Nonsteroidal anti-inflam-
matory drugs and upper gastrointestinal bleeding, identifying high-risk
groups by excess risk estimates. Scand J Gastroenterol. 1995;30(5):438–
444.

8. Boonpongmanee S, Fleischer DE, Pezzullo JC, et al. The frequency of peptic
ulcer as a cause of upper-GI bleeding is exaggerated. Gastrointest Endosc.
2004;59(7):788–794.

9. Jensen DM, Machicado GA. Diagnosis and treatment of severe hema-
tochezia. The role of urgent colonoscopy after purge. Gastroenterology.
1988;95(6):1569–1574.

10. Aljebreen AM, Fallone CA, Barkun AN. Nasogastric aspirate predicts high-
risk endoscopic lesions in patients with acute upper-GI bleeding. Gastrointest
Endosc. 2004;59(2):172–178.

11. Cuellar RE, Gavaler JS, Alexander JA, et al. Gastrointestinal tract hemor-
rhage. The value of a nasogastric aspirate. Arch Intern Med. 1990;150(7):
1381–1384.

12. Schaffner J. Acute gastrointestinal bleeding. Med Clin N orth Am. 1986;70
(5):1055–1066.

13. Felber S, Rosenthal P, Henton D. The BUN/creatinine ratio in localizing
gastrointestinal bleeding in pediatric patients. J Pediatr Gastroenterol N utr.
1988;7(5):685–687.

14. Stellato T, Rhodes RS, McDougal WS. Azotemia in upper gastrointestinal
hemorrhage. A review. Am J Gastroenterol. 1980;73(6):486–489.

15. Adang RP, Vismans JF, Talmon JL, et al. Appropriateness of indications
for diagnostic upper gastrointestinal endoscopy: association with relevant
endoscopic disease. Gastrointest Endosc. 1995;42(5):390–397.

16. Barth KH. Radiological intervention in upper and lower gastrointestinal
bleeding. Baillieres Clin Gastroenterol. 1995;9(1):53–69.

17. Irving JD, Northfield TC. Emergency arteriography in acute gastrointestinal
bleeding. Br Med J. 1976;1(6015):929–931.

18. Soriano G, Guarner C, Tomas A, et al. Norfloxacin prevents bacterial infec-
tion in cirrhotics with gastrointestinal hemorrhage. Gastroenterology. 1992;
103(4):1267–1272.

19. Hou MC, Lin HC, Liu TT, et al. Antibiotic prophylaxis after endoscopic
therapy prevents rebleeding in acute variceal hemorrhage: a randomized trial.
Hepatology. 2004;39(3):746–753.

20. Katschinski B, Logan R, Davies J, et al. Prognostic factors in upper gastroin-
testinal bleeding. Dig Dis Sci. 1994;39(4):706–712.

21. Rockall TA, Logan RF, Devlin HB, et al. Risk assessment after acute upper
gastrointestinal haemorrhage. Gut. 1996;38(3):316–321.

22. Rockall TA, Logan RF, Devlin HB, et al. Selection of patients for early dis-
charge or outpatient care after acute upper gastrointestinal haemorrhage.
National Audit of Acute Upper Gastrointestinal Haemorrhage. Lancet.
1996;347(9009):1138–1140.

23. Kollef MH, O’Brien JD, Zuckerman GR, et al. BLEED: a classification tool
to predict outcomes in patients with acute upper and lower gastrointestinal
hemorrhage. Crit Care Med. 1997;25(7):1125–1132.

24. Corley DA, Stefan AM, Wolf M, et al. Early indicators of prognosis in upper
gastrointestinal hemorrhage. Am J Gastroenterol. 1998;93(3):336–340.

25. Church NI, Dallal HJ, Masson J, et al. Validity of the Rockall scoring system
after endoscopic therapy for bleeding peptic ulcer: a prospective cohort study.
Gastrointest Endosc. 2006;63(4):606–612.

26. Bjorkman DJ, Zaman A, Fennerty MB, et al. Urgent vs. elective endoscopy
for acute non-variceal upper-GI bleeding: an effectiveness study. Gastrointest
Endosc. 2004;60(1):1–8.

27. Barkun A, Bardou M, Marshall JK. Consensus recommendations for man-
aging patients with nonvariceal upper gastrointestinal bleeding. Ann Intern
Med. 2003;139(10):843–857.

28. Baradarian R, Ramdhaney S, Chapalamadugu R, et al. Early intensive resus-
citation of patients with upper gastrointestinal bleeding decreases mortality.
Am J Gastroenterol. 2004;99(4):619–622.

29. Ejlersen E, Melsen T, Ingerslev J, et al. Recombinant activated factor VII
(rFVIIa) acutely normalizes prothrombin time in patients with cirrhosis
during bleeding from oesophageal varices. Scand J Gastroenterol. 2001;
36(10):1081–1085.

30. Kolkman JJ, Meuwissen SG. A review on treatment of bleeding peptic ulcer: a



2276 Sect ion XV: Gastrointest inal Disease and Dysfunction

collaborative task of gastroenterologist and surgeon. Scand J Gastroenterol.
1996;218(Suppl):16–25.

31. Lau JY, Sung JJ, Lee KK, et al. Effect of intravenous omeprazole on recurrent
bleeding after endoscopic treatment of bleeding peptic ulcers. N Engl J Med.
2000;343(5):310–316.

32. Jensen DM, Cheng S, Kovacs TO, et al. A controlled study of ranitidine for
the prevention of recurrent hemorrhage from duodenal ulcer. N Engl J Med.
1994;330(6):382–386.

33. Gisbert JP, Gonzalez L, Calvet X, et al. Proton pump inhibitors versus H 2 -
antagonists: a meta-analysis of their efficacy in treating bleeding peptic ulcer.
Aliment Pharmacol Ther. 2001;15(7):917–926.

34. Kaviani MJ, Hashemi MR, Kazemifar AR, et al. Effect of oral omeprazole in
reducing re-bleeding in bleeding peptic ulcers: a prospective, double-blind,
randomized, clinical trial. Aliment Pharmacol Ther. 2003;17(2):211–216.

35. Collins R, Langman M. Treatment with histamine H2 antagonists in acute
upper gastrointestinal hemorrhage. Implications of randomized trials. N
Engl J Med. 1985;313(11):660–666.

36. Lin HJ, Lo WC, Lee FY, et al. A prospective randomized comparative trial
showing that omeprazole prevents rebleeding in patients with bleeding peptic
ulcer after successful endoscopic therapy. Arch Intern Med. 1998;158(1):54–
58.

37. Green FW, Kaplan MM, Curtis LE, et al. Effect of acid and pepsin on blood
coagulation and platelet aggregation. A possible contributor prolonged gas-
troduodenal mucosal hemorrhage. Gastroenterology. 1978;74(1):38–43.

38. Escorsell A, Ruiz del Arbol L, Planas R, et al. Multicenter randomized con-
trolled trial of terlipressin versus sclerotherapy in the treatment of acute
variceal bleeding: the TEST study. Hepatology. 2000;32(3):471–476.

39. Imperiale TF, Birgisson S. Somatostatin or octreotide compared with H 2
antagonists and placebo in the management of acute nonvariceal upper gas-
trointestinal hemorrhage: a meta-analysis. Ann Intern Med. 1997;127(12):
1062–1071.

40. Rollhauser C, Fleischer DE. Ulcers and nonvariceal bleeding. Endoscopy.
1999;31(1):17–25.

41. ASGE Standards of Practice Committee. An annotated algorithmic approach
to upper gastrointestinal bleeding. Gastrointest Endosc. 2001;53:853– 858.

42. ASGE Technology Status Evaluation Report: Endoscopic hemostatic devices.
Gastrointest Endosc. 2001;54:833–840.

43. Chung SS, Lau JY, Sung JJ, et al. Randomised comparison between
adrenaline injection alone and adrenaline injection plus heat probe treat-
ment for actively bleeding ulcers. BMJ. 1997;314(7090):1307–1311.

44. Jensen DM, Kovacs TO, Jutabha R, et al. Randomized trial of medical or
endoscopic therapy to prevent recurrent ulcer hemorrhage in patients with
adherent clots. Gastroenterology. 2002;123(2):407–413.

45. Cappell MS, Iacovone FM Jr. Safety and efficacy of esophagogastroduo-
denoscopy after myocardial infarction. Am J Med. 1999;106(1):29–35.

46. Laine L, Peterson WL. Bleeding peptic ulcer. N Engl J Med. 1994;331(11):
717–727.

47. Bleau BL, Gostout CJ, Sherman KE, et al. Recurrent bleeding from peptic ul-
cer associated with adherent clot: a randomized study comparing endoscopic
treatment with medical therapy. Gastrointest Endosc. 2002;56(1):1–6.

48. Sung JJ, Chan FK, Lau JY, et al. The effect of endoscopic therapy in pa-
tients receiving omeprazole for bleeding ulcers with nonbleeding visible ves-
sels or adherent clots: a randomized comparison. Ann Intern Med. 2003;
139(4):237–243.

49. Khuroo MS, Yattoo GN, Javid G, et al. A comparison of omeprazole and
placebo for bleeding peptic ulcer. N Engl J Med. 1997;336(15):1054–1058.

50. Schuman BM, Threadgill ST. The influence of liver disease and portal hy-
pertension on bleeding in Mallory-Weiss syndrome. J Clin Gastroenterol.
1994;18(1):10–12.

51. Smith JL, Graham DY. Variceal hemorrhage: a critical evaluation of survival
analysis. Gastroenterology. 1982;82(5 Pt 1):968–973.

52. Laine L, Cook D. Endoscopic ligation compared with sclerotherapy for treat-
ment of esophageal variceal bleeding. A meta-analysis. Ann Intern Med.
1995;123(4):280–287.

53. Lo GH, Lai KH, Cheng JS, et al. A prospective, randomized trial of butyl
cyanoacrylate injection versus band ligation in the management of bleeding
gastric varices. Hepatology. 2001;33(5):1060–1064.

54. Yang WL, Tripathi D, Therapondos G, et al. Endoscopic use of human throm-
bin in bleeding gastric varices. Am J Gastroenterol. 2002;97(6):1381–1385.

55. Henderson JM, Nagle A, Curtas S, et al. Surgical shunts and TIPS for variceal
decompression in the 1990s. Surgery. 200;128(4):540–547.

56. Mutlu GM, Mutlu EA, Factor P. GI complications in patients receiving me-
chanical ventilation. Chest. 2001;119(4):1222–1241.

57. Schuster DP, Rowley H, Feinstein S, et al. Prospective evaluation of the risk
of upper gastrointestinal bleeding after admission to a medical intensive care
unit. Am J Med. 1984;76(4):623–630.

58. Cook D, Guyatt G, Marshall J, et al. A comparison of sucralfate and raniti-
dine for the prevention of upper gastrointestinal bleeding in patients requir-
ing mechanical ventilation. Canadian Critical Care Trials Group. N Engl J
Med. 1998;338(12):791–797.

59. Lucas CE, Sugawa C, Riddle J, et al. Natural history and surgical dilemma
of “stress” gastric bleeding. Arch Surg. 1971;102(4):266–273.

60. Peura DA, Johnson LF. Cimetidine for prevention and treatment of gastro-
duodenal mucosal lesions in patients in an intensive care unit. Ann Intern
Med. 1985;103(2):173–177.

61. Gurman G, Samri M, Sarov B, et al. The rate of gastrointestinal bleeding in
a general ICU population: a retrospective study. Intensive Care Med. 1990;
16(1):4449.

62. Cook D, Heyland D, Griffith L, et al. Risk factors for clinically important
upper gastrointestinal bleeding in patients requiring mechanical ventilation.
Canadian Critical Care Trials Group. Crit Care Med. 1999;27(12):2812–
2817.

63. Skillman JJ, Gould SA, Chung RS, et al. The gastric mucosal barrier: clinical
and experimental studies in critically ill and normal man, and in the rabbit.
Ann Surg. 1970;172(4):564–584.

64. Haglund U. Stress ulcers. Scand J Gastroenterol Suppl. 1990;175:27–33.
65. Baghaie AA, Mojtahedzadeh M, Levine RL, et al. Comparison of the effect of

intermittent administration and continuous infusion of famotidine on gastric
pH in critically ill patients: results of a prospective, randomized, crossover
study. Crit Care Med. 1995;23(4):687–691.

66. Cook DJ, Witt LG, Cook RJ, et al. Stress ulcer prophylaxis in the critically
ill: a meta-analysis. Am J Med. 1991;91(5):519–527.

67. Cook DJ, Reeve BK, Guyatt GH, et al. Stress ulcer prophylaxis in critically
ill patients. Resolving discordant meta-analyses. JAMA. 1996;275(4):308–
314.

68. Levy MJ, Seelig CB, Robinson NJ, et al. Comparison of omeprazole and
ranitidine for stress ulcer prophylaxis. Dig Dis Sci. 1997;42(6):1255–
1259.

69. Kantorova I, Svoboda P, Scheer P, et al. Stress ulcer prophylaxis in crit-
ically ill patients: a randomized controlled trial. Hepatogastroenterology.
2004;51(57):757–761.

70. Morris JA, Karlstadt R, Blatcher D, et al. Intermittent intravenous pantopra-
zole rapidly achieves and maintains gastric pH ≥ 4 compared with contin-
uous infusion H 2 -receptor antagonist in intensive care unit. Crit Care Med
31st Annual congress of the Society of Critical Care Medicine (SSCM) 26-30
January, 2002, San Diego, CA. 30:Abstract 143.

71. Heyland D, Mandell LA. Gastric colonization by Gram-negative bacilli and
nosocomial pneumonia in the intensive care unit patient. Evidence for cau-
sation. Chest. 1992;101(1):187–193.

72. du Moulin GC, Paterson DG, Hedley-Whyte J, et al. 1982. Aspiration of
gastric bacteria in antacid-treated patients: a frequent cause of postoperative
colonisation of the airway. Lancet. 1982;1(8266):242–245.

73. Craven DE, Steger KA, Barat LM, et al. Nosocomial pneumonia: epidemi-
ology and infection control. Intensive Care Med. 1992;18(Suppl 1):S3–S9.

74. Kollef MH. Ventilator-associated pneumonia. A multivariate analysis.
JAMA. 1993;270(16):1965–1970.

75. Drakulovic MB, Torres A, Bauer TT, et al. 1999. Supine body position as a
risk factor for nosocomial pneumonia in mechanically ventilated patients: a
randomised trial. Lancet. 1999;354(9193):1851–1858.

76. Pingleton SK, Hadzima SK. Enteral alimentation and gastrointestinal bleed-
ing in mechanically ventilated patients. Crit Care Med. 1983;11(1):13–16.

77. Raff T, Germann G, Hartmann B. The value of early enteral nutrition in the
prophylaxis of stress ulceration in the severely burned patient. Burns. 1997;
23(4):313–318.

78. Ruiz-Santana S, Ortiz E, Gonzalez B, et al. Stress-induced gastroduodenal
lesions and total parenteral nutrition in critically ill patients: frequency, com-
plications, and the value of prophylactic treatment. A prospective, random-
ized study. Crit Care Med. 1991;19(7):887–891.



CHAPTER 153 ■ APPROACH TO LOWER
GASTROINTESTINAL BLEEDING
HSIU-PO WANG

IMMEDIATE CONCERNS
Lower gastrointestinal (LGI) bleeding (LGIB) may be the pri-
mary cause of admission to the intensive care unit (ICU) or
occurs during the course of ICU care for disorders other than
LGIB. The initial approach to patients with LGIB, whether
occult or acutely overt, is resuscitation to maintain organ
perfusion. ICU physicians must maintain adequacy of air-
way and circulation, including ensuring an open airway and
adequate intravenous access. Thereafter, the severity of bleed-
ing should be graded to determine whether urgent diagnos-
tic and interventional procedures need be initiated imme-
diately. The consequences of LGIB should be prevented or
treated, just as would an acute myocardial infarction (AMI)
induced by anemia or unstable hemodynamic status. A sum-
mary approach to ICU patients is noted in Table 153.1 and
Figure 153.1.

Evaluat ion
1. Is there true gastrointestinal (GI) bleeding (for suspicious

cases with anemia in the ICU)?
2. Is the bleeding from the lower or upper GI tract?
3. Are there any adverse consequences caused by the LGIB?
4. What are the effective diagnostic and interventional tools to

use for the workup of patients with LGIB?

Esse nt ial Diag nost ic Te st s and Proce d ure s

1. History taking, including previous operative interventions
and medications

2. Physical examination, including digital examination
3. Stool guaiac for anemic patients with suspicious GI blood

loss
4. Complete blood count
5. Endoscopic procedures: sigmoidoscopy, colonoscopy, en-

teroscopy, and capsule endoscopy
6. Barium study
7. Bedside ultrasound (US)
8. Radiologic procedures: angiography
9. Nuclear scintigraphy: technetium-labeled red blood cell

scan
10. Other examinations for affected organs due to unsta-

ble hemodynamics, such as electrocardiogram (ECG) for
AMI

Tre at me nt

1. Ensure stable hemodynamic status, using fluids and trans-
fusion of blood components.

2. Endoscopic therapies include local injection, electrocoagu-
lation, hemoclipping, argon plasma coagulation, and elastic
banding according to the nature of the bleeding.

3. Radiologic interventions include angiography with intra-
arterial vasopressin infusion, embolization, and glue.

4. The adverse events caused by treatment modalities, such
as perforation caused by endoscopic thermocoagulation or
bowel infarction due to angiographic embolization, should
be monitored and managed.

5. Surgical consultation is warranted for severe LGIB in which
the patient cannot be resuscitated, or if all available thera-
peutic modalities fail.

OVERVIEW
Gastrointestinal diseases are often encountered in the ICU
setting, either as the major cause of admission to the ICU
or as a comorbid complication of another primary disease
process. The consequences of LGIB in the ICU—anemia and
hypovolemia—may delay the weaning or extubation of pa-
tients, which can prolong the ICU course. LGIB is defined as
a bleeding source distal to the ligament of Treitz, thus involv-
ing the small bowel and colon, and accounts for an estimated
20% to 24% of all major GI bleeding (1,2). It has been es-
timated that the annual incidence of LGIB is approximately
0.03% in the adult population (3). Longstreth estimated the an-
nual incidence of hospitalization for LGIB to be 20 to 30 cases
per 100,000 persons (4). LGIB is more common in men than
women, and the incidence increases with age, with a greater
than 200-fold increase from the third to ninth decades of life
(2). The true incidence of LGIB during ICU hospitalization
is not precisely clear; the incidence for ICU patients with ac-
quired hemorrhage (not primarily due to LGIB) was reported
as 0.94% (5).

LGIB is clinically distinct from upper gastrointestinal (UGI)
bleeding (UGIB) in epidemiology, management, and outcome.
LGIB is approximately 20% to 33% as common as UGIB
(2,6,7). LGIB generally has a lower mortality rate than does
UGIB (8), but mortality is markedly higher in patients who
begin bleeding after admission: 2.4% versus 23% (4). Most
deaths are not the direct result of uncontrolled bleeding, but
rather exacerbation of an underlying disorder or development
of a nosocomial complication. Lin et al. (5) noted a 53%
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TA BLE 1 5 3 . 1

SUMMARY OF AN APPROACH TO ICU PATIENTS
WITH LOWER GASTROINTESTINAL BLEEDING

1. Immediately assess and stabilize the patient’s hemodynamic
status

The ABCs of resuscitation
2. Determine presence of lower gastrointestinal bleeding

By history, physical examination, and sometimes
nasogastric aspiration

3. Arrange appropriate diagnostic and therapeutic
interventions to stop any active bleeding

4. Treat any underlying lesions, and monitor and manage the
comorbid illness

ICU, intensive care unit.

mortality in 55 patients, but this outcome was attributable to
LGIBin only two patients. In another study, Lin et al. noted that
patients with LGIB and comorbid illness had a higher mortal-
ity rate than those without: 29.5% versus 4.3% (9). No matter
whether reported in the general population or in an ICU-based
study, LGIB remains a difficult diagnostic and treatment prob-
lem for several reasons:

1. Bleeding can originate from any part of the lower GI tract.
2. Blood loss is often intermittent in nature, and it is difficult

to identify the source in the absence of active bleeding, es-
pecially angiographically.

3. The colon preparation before urgent colonoscopy is, obvi-
ously, needed but often incomplete (10).

4. Recurrent bleeding due to angiodysplasia (7) or diverticula
(8,11) may be seen with LGIB.

5. Unlike UGIB, there are no evidence-based and effective phar-
macologic therapies for LGIB.

Among the many causes of LGIB (Table 153.2), diverticular
bleeding, angiodysplasia, colitis, and neoplasm have been re-
ported to be the most frequent (4,12). While the data from most
reports are mixed with both non-ICU and ICU patients, the
spectrum of LGIB from ICU patients should be different from
others. Data from a study limited to medical ICU patients have
shown ischemic colitis and acute hemorrhagic rectal ulcers to
be the most frequent causes of LGIB, followed by colitis and di-
verticular bleeding (5). Our unpublished data—from surgical,
trauma, and medical ICUs—showed acute hemorrhagic rectal
ulcers followed by ischemic colitis to be the most frequently
encountered causes (Table 153.3).

Patient age is a very important factor in the differential
diagnosis of GI bleeding. Patients younger than 40 years are
more likely to suffer from small bowel tumors, such as lym-
phomas, carcinoid tumors, and adenocarcinomas; anatomic
anomalies such as Meckel diverticulum and Dieulafoy lesions;
genetic problems such as polyps from a hereditary polyposis
syndrome; or Crohn disease and ulcerative colitis, which are
common in Western countries and, recently, increasing in Asia.
Patients older than 40 years are more prone to bleeding from
vascular lesions and neoplasm (12). Lewis et al., while evalu-
ating small bowel bleeding, noted that in patients between 30
and 50 years, tumors were the most common abnormalities; in
patients younger than 25 years, Meckel diverticulum was the

Suspicious lower GI bleeding 

Occult bleeding 

See Figure 
153.2

Keep fluid resuscitation

- Routine ECG for aged Pt/CAD 

- Check Hb, PT/PTT; correct if abnormal 

- Discontinue harmful medications 

ABCs
- Secure airway 

- O2 supply 

- Two 16-gauge or larger IVcatheters, 

 then CVP line

- Fluid and blood component 

- BP, ECG, and O2 monitor 

See Figure 
153.4

Vital signs stable 
with occult bleeding

No

Vital signs stable? 

Overt/acute hematochezia

FIGURE 153.1. General approach to lower gastrointestinal bleeding.
GI, gastrointestinal; CVP, central venous pressure; BP, blood pressure;
ECG, electrocardiogram; Pt, patient; CAD, coronary artery disease;
Hb, hemoglobin; PT, prothrombin time; PTT, partial thromboplastin
time.

most common source of small bowel bleeding, whereas vascu-
lar ectasias predominated in the elderly (13).

Pre se nt at ion

Specific groups may have specific causes of LGIB. In the im-
munosuppressed patient, such as those with human immuno-
deficiency virus (HIV) infection and renal or pancreatic trans-
plant patients, LGIB is often caused by cytomegalovirus (CMV)
ulcers. Renal failure is a well-known risk factor for angiodys-
plasia (14); this is also prone to occur in patients with aortic
valvular stenosis (15). Radiation colitis should be considered
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TA BLE 1 5 3 . 2

CAUSES OF LOWER GASTROINTESTINAL BLEEDING

COLONIC SOURCES
■ Vascular ectasia
■ Diverticulosis
■ Ischemic colitis
■ Acute hemorrhagic rectal ulcer syndrome
■ Neoplasia
■ Postpolypectomy
■ Inflammatory bowel disease
■ Infectious colitis and ulcer
■ NSAID-induced colopathy
■ Radiation colitis
■ Hemorrhoids
■ Dieulafoy lesions
■ Colon varices
■ Aortoenteric fistula

SMALL BOWEL SOURCES
■ Vascular ectasia
■ Focal active bleeding small bowel tumor:

– Lymphoma
– Adenocarcinoma
– GIST
– Other tumors

■ NSAID-induced enteropathy
■ Crohn disease
■ Meckel diverticulum
■ Vasculitis: SLE, Behçet disease, Schönlein-Henoch purpura
■ Infection related ulcer: CMV, and so forth
■ Small bowel varices
■ Aortoenteric fistula

NSAID, nonsteroidal anti-inflammatory drugs; GIST, gastrointestinal
stromal tumor; SLE, systemic lupus erythematosus; CMV,
cytomegalovirus.

TA BLE 1 5 3 . 3

CAUSES OF LOWER GASTROINTESTINAL BLEEDING
IN SURGICAL, TRAUMA, AND MEDICAL ICUS

Causes %

Acute hemorrhagic rectal ulcer
syndrome (AHRUS)

26.7

Ischemic colitis 17.1
Colitis other than ischemia 8.6
Vascular ectasia (angiodysplasia) 6.7
Diverticular bleeding 5.7
Malignancy 5.7
Colonic polyp 3.8
Solitary ulcer 3.8
Hemorrhoid 2.9
Dieulafoy lesions 1.9
Radiation colitis 1
Small bowel bleeding 6.7
Undetermined 9.4

ICU, intensive care unit.
From Wang HP. Unpublished data.

in patients with LGIB and a history of radiation therapy for
cervical or prostate malignancy. Although some lesions (i.e.,
diverticula) are common in the left colon, most bleeding sites
are noted in the right colon. In approximately 76% of patients,
a definitive site of bleeding will be diagnosed (16). Bleeding
in most patients with LGIB will stop spontaneously, although
continued or recurrent bleeding during an acute episode oc-
curs in 10% to 40% of patients (17–19). Finally, 2% to 15%
of patients with presumed LGIB will have UGIB (20); the cause
of overt GI bleeding remains undetermined in 4% to 15% of
cases, even after upper GI endoscopy and colonoscopy (21).

LGIB may present in multiple ways, including occult fecal
blood; iron deficiency anemia; melena; intermittent scant hema-
tochezia; or acute, massive, and overt bleeding (22). Patients
with chronic LGIB may only present with anemia, whereas
those with acute LGIB may complain of passing bright red
blood per rectum, dark blood with clots, or, less commonly,
melena. Patients with brown or infrequent stools are unlikely
to have brisk bleeding, and those with frequent passage of red
or maroon stool may have aggressive ongoing bleeding (23).
Pallor, fatigue, chest pain, palpitations, dyspnea, tachypnea,
tachycardia, posture-related dizziness, and syncope are sugges-
tive of hemodynamic compromise and demand aggressive care.
The severity of LGIB may be underestimated due to compen-
satory mechanisms that delay the onset of hypotension. Care-
ful history taking and physical examination are essential to the
care of LGIB patients.

Modern management of LGIB encompasses emergency
medicine, intensive care medicine, gastroenterology, interven-
tional radiology, and surgery. The approach to LGIB patients
is initially aimed at immediate assessment and stabilization of
the hemodynamic status, followed by identifying the source of
bleeding, stopping any active bleeding, treating any underly-
ing lesions, monitoring and managing comorbid illness, and
preventing recurrent bleeding.

The first phase of management adheres to the ABCs of re-
suscitation, governed by the same priorities that apply to all
acutely ill patients. Of course, resuscitation and diagnosis must
proceed simultaneously. To identify the source of bleeding, en-
doscopy, mesenteric arteriography, and radionuclide scintigra-
phy are the major tools, in addition to history taking and phys-
ical examination. Endoscopy, the gold-standard procedure for
LGIB, includes:

■ Sigmoidoscopy
■ Colonoscopy
■ Capsule endoscopy
■ Push enteroscopy
■ Double-balloon enteroscopy

Endoscopic local hemostasis can be performed at the same
time the diagnosis is made. Mesenteric arteriography and ra-
dionuclide scintigraphy may be used in difficult LGIB cases,
with the former providing the ability for embolization or deliv-
ering pharmacotherapy. Advances in endoscopic and radiologic
hemostasis techniques appear to decrease the rates of rebleed-
ing and surgical intervention (24,25). Transabdominal ultra-
sound (US) has become popular as a first-line diagnostic tool in
a GI emergency. Details of these procedures are noted below.
The limited pharmacologic treatments available for LGIB—
estrogen and octreotide for angiodysplasia, and topical forma-
lin for intractable bleeding from radiation colitis—are strongly
supported (26,27). Even with the advances in localization
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studies, approximately 10% of patients still require surgical
intervention without having their bleeding source identified
(28).

ANATOMIC CONSIDERATIONS OF
LOWER GASTROINTESTINAL

BLEEDING
LGIB is anatomically defined as bleeding located from the liga-
ment of Treitz to the anus, and may include the jejunum, ileum,
ileocecal valve, colon (ascending, transverse, descending, sig-
moid, rectum), and anus. Given the length of lower GI tract
(the small bowel averages 6.7 meters), as well as the special
anatomic problem for the small bowel, such as its free intraperi-
toneal location, multiple overlying loops, and active contractil-
ity, there are several management issues for LGIB; these include
choice of tests for fecal occult blood, the necessity of nasogas-
tric (NG) tube placement, and the application of endoscopy,
radiologic procedures, and US.

Fe cal Occult Blood

This is the most common form of GI bleeding. In the ICU, pa-
tients suspected of having GI blood loss, secondary to findings
of persistent anemia, will have a fecal occult blood study as the
first investigative step. While there are numerous types of fecal
occult blood tests, the test used determines the location in the
GI tract where blood is likely to be detected (29).

Guaiac-b ase d Te st s
Guaiac-based tests, the classic fecal occult blood study, utilizes
hemoglobin’s pseudoperoxidase activity. Guaiac turns blue af-
ter oxidation by oxidants or peroxidases in the presence of an
oxygen donor such as hydrogen peroxide. Because hemoglobin
is degraded in the GI tract, guaiac-based tests are more sensi-
tive for detecting bleeding in the lower than upper GI tract
(21). However, the characteristics of specific guaiac-based tests
from different companies vary. Whether a guaiac-based test will
be positive or not is related to the quantity of blood present
in the stool, which is related to the size and location of the
bleeding lesion (30,31). Because bleeding colonic lesions are
more likely to lead to undegraded blood and heme in the stool,
guaiac-based tests are best at detecting these distal lesions (29).
Various factors influence guaiac test results; for example, fe-
cal rehydration affects the reactivity of guaiac-based tests, and
may raise sensitivity but reduce specificity (32). Additionally,
foods that contain peroxidases or animal hemoglobin can cause
false-positive guaiac test results. False-negative guaiac-based
tests may be seen with hemoglobin degradation, sample stor-
age, and vitamin C ingestion (21). Orally administered iron,
even in large amounts, does not cause a positive guaiac re-
action (33). Bismuth-containing antacids and antidiarrheals
cause dark stool, which should not be confused with a positive
guaiac reaction. Guaiac-based tests are rapid bedside studies.

Immunoche mical Fe cal Occult Blood Te st s
Immunochemical fecal occult blood tests detect human globin
epitopes, and are highly sensitive for the detection of stool
blood (34). These tests do not detect UGI blood because globin

molecules are degraded by UGI tract enzymes. Theoretically,
these tests have a higher specificity for the detection of colonic
lesions than guaiac-based tests. However, they are limited by
technical problems and the need for more intensive laboratory
processing. A false negative may occur from hemoglobin degra-
dation and sample storage.

He me -p orp hyrin Te st
The heme-porphyrin test provides a highly accurate determi-
nation of total stool hemoglobin based on a spectrofluoromet-
ric method that measures porphyrin derived from heme. The
heme-porphyrin test is the most sensitive method of detecting
occult blood loss of either the upper or lower GI tract. The
results of the heme-porphyrin test are neither affected by in-
traluminal degradation of hemoglobin nor by the interference
of peroxidase-producing substances. False positives result from
animal hemoglobin and red meats, which contain myoglobin,
a heme-containing protein; false negatives are a consequence of
sample storage. In summary, guaiac-based tests and immuno-
chemical fecal occult blood tests focus on LGIB, especially from
the colon. The heme-porphyrin tests cannot discriminate be-
tween bleeding from the upper and lower GI tract.

In the cardiac ICU, warfarin or low-dose aspirin is used
frequently. Neither of these alone appears to cause positive
guaiac-based, fecal occult blood tests (35). A positive fecal oc-
cult blood test in this setting should raise the possibility of
a GI tract abnormality, and requires appropriate evaluation.
Jaffin et al., prospectively evaluating the GI tract in anticoag-
ulated patients with positive guaiac-based fecal occult blood
tests, showed that 20% of these results were associated with
malignancy (36).

Nasog ast ric Tub e Place me nt

The necessity of NG tube placement and gastric lavage for acute
LGIB to exclude a UGI source has not been studied prospec-
tively. Theoretically, blood originating from the LGI tract will
not retropulse across the ligament of Treitz to the duodenum
or stomach, and there should be no blood content in the na-
sogastric aspirate. Nonetheless, approximately 2% to 15% of
patients presenting with acute severe hematochezia have an
upper GI source of bleeding identified on upper GI endoscopy
(20). Therefore, some favor the routine use of the NG tube to
exclude the possibility of a UGI bleed, although this is contro-
versial and, overall, nasogastric aspiration localizes bleeding
accurately only in 66% of attempts (37). In the American Soci-
ety for Gastrointestinal Endoscopy (ASGE) guideline, NG tube
placement to rule out a UGI source of bleeding may be consid-
ered if a source is not identified on colonoscopy, particularly
if there is a history of UGI symptoms or anemia (38). Patients
with hemodynamic compromise and hematochezia should have
an NG tube placed (39). The absence of blood in NG aspirate is
not sufficient to exclude UGI bleeding—16% of patients with
bleeding secondary to a duodenal ulcer have a negative NG
tube lavage. The presence of bile without blood is considered
as the most reassuring result of a negative NG aspirate, and
indicates the absence of active UGIB (40).

In spite of the length of the LGI tract, there are anatomically
fixed portions, such as the ascending and descending colon and
rectum, which makes a US survey of part of the LGI tract pos-
sible. The proximal jejunum and terminal ileum can be traced
from the fixed duodenum and cecum, respectively (41). US may
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be considered as a screening tool for LGIB, or applied when
the bleeding source cannot be identified by other modalities.

The small bowel is a problematic area to evaluate be-
cause of the limitations of standard upper GI endoscopy and
colonoscopy. The length of the small intestine and its loosely
supported and looped structure on the mesentery make con-
ventional endoscopic techniques difficult and, frequently, in-
adequate. Push enteroscopy can reach only the proximal je-
junum. Even with the maximal depth of insertion, approx-
imately 160 cm beyond the ligament of Treitz, most of the
small intestine still remains unexamined. The distal ileum, the
small intestine closest to the colon, can be surveyed occasion-
ally with traditional colonoscopy retrograde examination via
the ileocecal valve. Initially introduced by Yamamoto in 2001,
double-balloon enteroscopy (DBE) has been implemented as a
method of deeper intubation of the small bowel (42). By com-
bining oral intubation and anal intubation, a complete study
of the small bowel can be achieved.

Blood supply to the LGI tract is separated into the superior
mesentery artery (SMA) and inferior mesentery artery (IMA)
territories. The SMA territory includes the jejunum, ileum, as-
cending colon, and transverse colon, while the IMA territory
covers the descending colon, sigmoid colon, and rectum. The
territory of the mesentery vessels is very important for inter-
ventional angiography or second-look endoscopy if the first
endoscopic survey fails.

APPROACH TO LOWER
GASTROINTESTINAL BLEEDING

Re suscit at ion

Approximately 85% of GI bleeding episodes stop sponta-
neously, whereas the remainder require aggressive resuscita-
tion, diagnostic modalities, and often intense medical and/or
surgical management. The first management step for a patient
presenting with overt LGIB is the ABCs of resuscitation. Re-
suscitation is imperative to restore euvolemia and prevent com-
plications of blood loss in the cardiac, pulmonary, renal, or
neurologic systems. This takes place in parallel with the initial
evaluation of the patient; resuscitation must not be withheld
or delayed for diagnostic procedures. The patient’s respira-
tory and heart rates, and blood pressure, including orthostatic
measurements, should be assessed. Attention to the airway is
important when the LGIB is caused by an obstructive lesion,
which may lead to vomiting with the consequent high risk of
aspiration. Postural hemodynamic changes, chest pain, palpita-
tions, syncope, pallor, dyspnea, and tachycardia suggest hemo-
dynamic compromise (43); the severity of bleeding is easy to un-
derestimate due to compensatory mechanisms. An orthostatic
decrease in systolic blood pressure greater than 10 mm Hg or
an increase in heart rate greater than 10 beats/minute indicates
an acute loss of at least 15% of blood volume (44). With hemo-
dynamic compromise, two 16-gauge or larger intravenous (IV)
catheters should be secured immediately; central venous ac-
cess can be established in unstable patients. Packed red blood
cells should be utilized in hemodynamically unstable patients,
with the goal of maintaining a hematocrit of approximately
30% in the elderly and in those with heart disease or who are
otherwise compromised physiologically, and 20% to 25% in

younger patients (45). The initial hematocrit may not be the
true value, requiring up to 72 hours for equilibration with the
intravascular space (46). The presence of coagulopathy (inter-
national normalized ratio [INR] greater than 1.5) or thrombo-
cytopenia (less than 50,000 cells/µ L) should be corrected with
fresh frozen plasma or platelet transfusions, respectively. Oxy-
gen should be administered to keep the SpO 2 between 93% and
95% at a minimum, and vital signs and urine output should
be closely monitored. In the elderly or those with a history of
cardiac disease, an ECG and cardiac enzyme analysis should be
considered. Approaches for LGIB with hemodynamic instabil-
ity and hemodynamically stable LGIB are noted, respectively,
in Figures 153.2 and 153.3.

De t e rminat ion of Ble e d ing Sit e :
Noninst rume nt al

Hist ory
Careful history taking is helpful for determining the level of
bleeding from the GI tract and to work out a differential diag-
nosis of the LGIB. Included should be the duration, frequency,
and color of the stool; related symptoms of the GI tract such
as constipation, fever, or location of pain; medical or surgical
history; and history of medications. Except for asymptomatic
patients with only anemia due to GI bleeding, the color of
the stool is always queried. The patient presenting with acute
LGIB may complain of passing bright red blood per rectum,
dark blood with clots, or, less commonly, melena. The stool
appearance, largely dependent on blood transit time, may be
suggestive of the location of bleeding. Blood that has been in the
GI tract for < 5 hours is usually red, whereas blood present for
> 20 hours is usually melenic. Upper GI, small bowel bleeding,
or slow oozing from the right colon usually produces melena,
whereas patients with hematochezia typically have left colonic
or rectal lesions (47). If the blood coats the surface of stool, the
left colon—especially the rectum and anus—is more likely to
be the bleeding source. Blood dripping into the toilet may occur
with hemorrhoidal bleeding. If the stool is mixed with blood,
the source may be in the right colon. Of course, massive UGIB
can occasionally masquerade as lower GI bleeding in 10% to
15% of patients presenting with severe hematochezia (20). This
may happen when massive bleeding originates from esophageal
or gastric varices; insertion of an NG tube may be helpful in
this situation if the patient does not have hematemesis.

The duration and frequency of bleeding may help in deter-
mining the severity of the problem. Related GI tract symptoms
may lead to the diagnosis of LGIB. Severe constipation should
prompt an investigation for colon cancer or a stercoral ulcer;
diarrhea may indicate enterocolitis; and fever or local pain may
indicate an inflammation-related bleeding source, such as in-
fectious colitis or inflammatory bowel disease. The medical or
surgical history may provide clues to the causes of LGIB. A
previous history of colonic polyps, diverticulosis, or colonic tu-
mor should be considered as a possible source of LGIB during
the initial evaluation. Renal failure is a well-known risk fac-
tor for angiodysplasia or arteriovenous malformation (AVM)
(48), as is aortic stenosis (15). Note should be made of patients
with renal impairment or who are being dialyzed, as these pa-
tients may have platelet abnormalities, resulting in a tendency
to bleed if a lesion is present. Ischemic bowel may be present
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FIGURE 153.2. Approach for lower gastrointestinal
bleeding with hemodynamic instability. UGIB, upper
gastrointestinal bleeding; Tx, treatment; RBC, red
blood cell; PE, push-type enteroscopy; DBE, double-
balloon enteroscopy; CT, computed tomography;
US, ultrasound; SBFT, small bowel follow-through.

when severe abdominal pain and bloody stool occur in patients
with severe atherosclerotic vascular disease, atrial fibrillation,
or hypotension. Radiation therapy for prostate or pelvic can-
cer induces inflammatory changes of the rectum, and can pro-
duce radiation proctitis, presenting months or even years after
the radiation exposure. A history of recent colonoscopy with
polypectomy indicates postpolypectomy bleeding as the likely
source. In patients who have undergone aortoiliac reconstruc-
tive surgery, the frequency of significant postoperative colonic
ischemia ranges between 1% and 7% (49–51).

Medication history is also important. Medications that can
damage the GI mucosa or exacerbate bleeding include non-
steroidal anti-inflammatory drugs (NSAIDs), alendronate,
potassium chloride, and anticoagulants. Patients admitted with
GI bleeding were more likely to be taking selective serotonin
reuptake inhibitors (SSRIs) than controls; this association ex-
ists for LGIB as well as UGIB (52). Concurrent anticoagulation

or use of NSAIDs may be important cofactors in potentiating
bleeding (53). The use of aspirin or NSAIDs is strongly asso-
ciated with both LGIB—chiefly from diverticula—and UGIB
(54,55). NSAID enteropathy has been increasingly reported,
and can be a potential cause of LGIB (56,57). A family history
of colon cancer increases the likelihood of a colorectal neo-
plasm, and generally calls for a complete colonic examination
in patients with hematochezia (58,59).

Physical Examinat ion
A thorough physical examination is essential to assess loss
of blood volume, a possible bleeding source, and comorbid
conditions (especially for ICU patients). The comorbid con-
ditions may affect the suitability for interventions, such as
urgent colonoscopy. The physical examination should also in-
clude complete vital signs and heart, lung, and abdominal as-
sessment, as well as an examination of the conjunctiva and
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FIGURE 153.3. Approach for hemodynami-
cally stable lower gastrointestinal bleeding. PE,
push-type enteroscopy; DBE, double-balloon en-
teroscopy; Tx, treatment; SBFT, small bowel
follow-through.

skin. Pale conjunctiva indicate anemia. Cutaneous manifesta-
tions may suggest disorders causing GI bleeding; those caused
by celiac sprue may indicate dermatitis herpetiformis. The poly-
posis syndromes (Peutz-Jeghers syndrome, Gardner syndrome,
and Cronkite-Canada syndrome) often have cutaneous abnor-
malities, such as lip pigmentation in Peutz-Jeghers syndrome.
Orthostatic vital signs are an important complement to stan-
dard monitoring in a patient with severe bleeding but without
overt hemodynamic instability. Abdominal tenderness on ex-
amination may indicate an inflammatory process, such as is-
chemic colitis or inflammatory bowel disease (60). The rectal
examination serves to identify anorectal lesions and confirm
the stool color described by the patient. In addition, approxi-
mately 40% of rectal carcinomas are palpable during a digital
rectal examination (61). Regardless of the presenting features
and findings on physical examination, most patients with LGIB
still warrant a full examination of the colon.

Lab orat ory Examinat ion
Initial laboratory studies should include a complete blood
count, serum urea nitrogen, creatinine, coagulation profile
(prothrombin time, INR, and partial thromboplastin time),

liver tests, blood type and cross-match, and electrolytes. As
discussed above, positive fecal occult tests (guaiac-based tests
and immunochemical fecal occult blood tests) may favor LGIB.
The blood urea nitrogen–to–creatinine ratio has been used as a
noninvasive test to help distinguish UGIB from colonic sources
of bleeding (62–64). In the study of Chalasani et al., a ratio
of 33 or higher had a sensitivity of 96% for UGIB, although
overlap was observed with LGIB, especially in patients with
UGIB without hematemesis (62).

De t e rminat ion of t he Ble e d ing Sit e :
Diag nost ic Ap p roach

End oscop ic Ap p roach: Ge ne ral
Safety of Endoscopic Procedures for Critically Ill Patients.
Colonoscopy remains the procedure of choice for evaluating
patients with acute LGIB, and enteroscopy is considered for
proximal small bowel bleeding. However, for ICU patients with
acquired bleeding and hemodynamic instability, questions re-
main due to the possibility of severe comorbid illness, including
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respiratory distress, aortic aneurysm, life-threatening dysrhyth-
mias, AMI, history of GI tract perforation or operation, se-
vere lower GI obstruction, and bleeding tendency, to list only a
few conditions. Colonoscopy complication rates in LGIB of the
general population or patients admitted to the ICU primarily
for hemorrhage are low, and the bowel preparation itself ap-
pears to be safe (65–67). Zuckerman and Prakash reviewed 13
studies and found an overall complication rate of 1.3% (68).
A study of 55 ICU patients with acquired LGIB demonstrated
an acceptable diagnostic rate of 67% (37 of 55 cases) with-
out procedure-related complications, suggesting that bedside
colonoscopy after preparation is safe for the critically ill (5).

Preparation before Endoscopic Procedures. In patients with
massive active bleeding, colonoscopy is often frustrating and
nonproductive, and sometimes dangerous. However, some clin-
icians still consider it the first diagnostic maneuver, even in
the patient with severe ongoing bleeding (20,69). Tradition-
ally, colonoscopy for LGIB was delayed because of the need for
bowel preparation and the fear of increased procedural com-
plications. Indeed, urgent colonoscopy in an unprepared colon
can be challenging, or even dangerous. Good bowel prepara-
tion is important for an adequate and sensitive colonoscopy.
Studies of urgent colonoscopies performed in an unprepared
colon to evaluate for LGIB revealed completion rates as low
as 35% (70,71). Jensen et al. studied patients with severe di-
verticular hemorrhage, noting that completion rates may reach
up to 100% if aggressive bowel preparation is performed be-
fore urgent colonoscopy (24). Because of variable comorbid
conditions, such as decreased bowel motility, obstruction, and
electrolyte disturbance, colon preparation in ICU patients may
not be as thorough as in the general population. There are lim-
ited studies of the effectiveness of colon preparation for LGIB
in ICU patients. Lin et al. (5) noted that for patients with LGIB
occurring after admission to ICU, the reach rate of the cecum
with a colonoscope was 58% after enemas or an oral polyethy-
lene glycol solution were administered.

In spite of providing a relatively feces-free colon, old meth-
ods for colon preparation with clear liquids, laxatives, and en-
emas or peroral gut lavage 48 to 72 hours before colonoscopy
are time consuming, uncomfortable, and inconvenient for pa-
tients. For those in the ICU or with active LGIB, these methods
are clearly not useful. Peroral gut lavage with saline or bal-
anced electrolyte solutions have been proposed and were found
to provide rapid, effective cleansing of the colon; however, the
method is not tolerated in 11% of patients due to the high fluid
volume—7 to 12 L—and might cause fluid and electrolyte dis-
turbances (72). Recently, development of osmotically balanced
solutions may provide minimal water absorption or secretion
into the bowel lumen. Generally speaking, there are isoosmotic
preparations, hyperosmotic preparations, and stimulant laxa-
tives for colon cleansing. Polyethylene glycol electrolyte lavage
solution (PEG-ELS) is an isotonic, nonabsorbable electrolyte
solution that clears the bowel by washing out ingested fluid
without significant fluid and electrolyte shifts. Rapid purge is
best accomplished with polyethylene glycol-based solutions.
They can be administered by a nasogastric tube or by drink-
ing 1 L every 30 to 45 minutes, to a median dose of 5.5 L
(range 4–14 L); 3 to 4 hours are required to cleanse the colon
(73). Two liters of PEG-ELS plus bisacodyl or magnesium cit-
rate have also been suggested for colon preparation (74). The
studies comparing a standard 4-L PEG-ELS with 2 PEG-ELS

with either a magnesium citrate or bisacodyl preparation have
shown equal efficacy for colon cleansing (75–77). With PEG-
ELS, 5% to 15% of patients have difficulty drinking the large
amounts of fluid, or they develop symptoms such as nausea,
vomiting, abdominal fullness, and cramps, leading to incom-
plete colon preparation (78,79). Hyperosmotic preparations,
including monobasic and dibasic sodium phosphate (NaP) and
magnesium citrate, draw plasma water into the bowel lumen
to promote evacuation. In addition to hyperosmotic action,
magnesium citrate also stimulates fluid secretion and intestinal
motility through the action of cholecystokinin. Fleet Phospho-
Soda (C. B. Fleet Co., Lynchburg, VA) is a poorly absorbed salt
that produces intestinal fluid retention due to the osmotic load,
and causes fluid evacuation from the bowel. Patients often pre-
fer NaP to PEG-ELS because there is much less fluid to drink.
Liquid and tablet forms of NaP are currently available. Stimu-
lant laxatives include bisacodyl and senna extract. The former
is a poorly absorbed diphenylmethane that stimulates colonic
peristalsis, and the latter contains anthracene derivatives that
may be metabolized by colonic bacteria into substances that
enhance colonic motility.

The timing of colon preparation still varies among institu-
tions. Early methods required preparation 48 to 72 hours be-
fore the procedure; of course, this is not ideal for ICU patients
who need urgent interventions. Some institutions administer
the solution on the day of the examination, even though the
manufacturer recommends taking the medication the day be-
fore the procedure (74). For the critically ill patient with LGIB,
there are no data on the “proper timing” of colon preparation.
Further, preparation may be incomplete due to poor motility
or ileus. Chiu et al. have suggested that PEG-ELS on the day of
procedure may be adequate (74).

The safety of colon preparation is important for critically
ill patients with comorbid illness; of particular concern are
fluid overload and electrolyte disturbances. PEG-ELS causes
no significant change in weight, vital signs, serum electrolytes,
or complete blood count (80–82). It is a relatively safe colon
preparation solution for patients with electrolyte imbalance,
advanced liver disease, poorly compensated congestive heart
failure, or renal failure, although in the study of Granberry
et al., exacerbation of congestive heart failure after PEG-ELS
administration was noted (83). NaP, a hyperosmotic prepara-
tion, may cause alterations in serum electrolytes and extracel-
lular fluid status (84,85). Asymptomatic hyperphosphatemia is
seen in up to 40% of patients, but clinically significant hyper-
phosphatemia is rare and usually limited to patients with renal
failure (86–88). Twenty percent of patients had abnormally
low serum potassium levels after bowel preparation with NaP
(84). It is suggested that NaP is contraindicated in patients
with renal failure, acute myocardial infarction or unstable
angina, congestive heart failure, ileus, intestinal malabsorption,
and significant ascites. Gremse et al. reported that the degree
of asymptomatic hyperphosphatemia in children was greater
than in adults, and recommended avoiding NaP in children
with renal failure, congestive heart failure, ileus, and ascites
(88).

Colonoscop y for Crit ically Ill Pat ie nt s

Three primary diagnostic tools for LGIB are colonoscopy,
radionuclide scintigraphy, and mesenteric arteriography.
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Advances in endoscopic technology have brought colonoscopy
to the forefront of the management of LGIB. Colonoscopy as
the first choice for occult or stable LGIB is not in dispute. How-
ever, for brisk LGIB or LGIB with hemodynamic compromise,
whether the attending physicians consider colonoscopy as the
first diagnostic maneuver for brisk LGIB or LGIB with hemo-
dynamic compromise is controversial. Colonoscopy in patients
with severe hematochezia is impractical because of inadequate
visualization caused by brisk blood loss (2,68). Some are re-
luctant to perform colonoscopy in hemodynamically unstable
patients with ongoing bleeding, suggesting that these patients
are best served by urgent angiography, perhaps in conjunc-
tion with surgical consultation (73,89). However, there is a
reason to favor colonoscopy for acute LGIB. In addition to
affording a rapid diagnosis, colonoscopy may indicate spe-
cific therapy (when [and if] the bleeders are found [24,90–92],
although the rate for intervention in an ICU study was low
[5]). Rapid endoscopic identification of a bleeding source, re-
gardless of whether therapy is administered, may contribute
to the clinical management of recurrent bleeding, if it oc-
curs. Finally, compared with angiography, urgent colonoscopy
has a higher diagnostic yield and a lower complication rate.
In a retrospective study of 107 patients with severe LGIB,
colonoscopy was diagnostic in 90% of patients and angiog-
raphy in 48% ; the former was therapeutic in 12% versus 22%
for the latter (19). In another study, the diagnostic yield of
colonoscopy was 82% versus 12% for angiography (20). In-
terestingly, most patients undergoing radiographic evaluation
for LGIB—regardless of findings and interventions—will sub-
sequently require a colonoscopy to establish the cause of bleed-
ing. In addition to diagnosis, occasional therapy, and manage-
ment planning, earlier colonoscopy does contribute to a shorter
length of hospital stay (93). Hemodynamic instability, higher
comorbidity, performance of a tagged red blood cell nuclear
scan, and surgery for hemostasis were significantly associated
with a decreased likelihood of discharge (93).

While most episodes of LGIB will stop spontaneously, 10%
to 15% of patients undergoing urgent colonoscopy received en-
doscopic therapy. The lesions most amenable to colonoscopic
treatment of LGIB, in most studies, are usually angiodysplasia
or diverticulosis. Once it is identified as the source of bleeding,
angiodysplasia is usually coagulated by methods including the
following (5,24,94,95):

■ Injection therapy (epinephrine, saline, or ethanol)
■ Heater probe
■ Monopolar and multipolar electrocoagulation
■ Argon plasma coagulation
■ Hemoclips
■ Band ligation

In a study of ICU patients with nonprimary LGIB, spon-
taneous cessation occurred in 53% of patients; 29% achieved
hemostasis with endoscopy, but had a higher rate (19% ) of re-
current bleeding (5). Other studies, not limited to ICU patients,
have reported rebleeding rates of 13% to 53% , and many pa-
tients may require more than one treatment (94,95).

Timing of Colonoscop y
The use of colonoscopy is controversial for critically ill pa-
tients with LGIB. Some believe that colonoscopy is best uti-
lized in patients whose bleeding has stopped or slowed down
(73,89), and others agree with early colonoscopy for LGIB.

Evidence suggests that earlier intervention leads to more di-
agnostic and therapeutic opportunities (24,96). It has fur-
ther been noted that early colonoscopy reduces the length
of hospital stay, and therefore should decrease treatment
costs (97,98). Urgent colonoscopy after bowel preparation
with endoscopic treatment of patients with active diverticu-
lar bleeding or stigmata of bleeding has been shown to be
highly effective in decreasing the need for surgical intervention
(24,73).

In conclusion, prompt intervention may decrease the need
for surgical exploration, as well as the rate of recurrent bleed-
ing and length of hospital stay. Who needs urgent colonoscopy?
Early identification of high-risk patients would allow the more
selective delivery of urgent therapeutic interventions to those
who will benefit. Clinical high-risk predictors in the first hour
of evaluation in patients with severe LGIB have been pro-
posed, and included an initial hematocrit of no more than
35% , the presence of abnormal vital signs 1 hour after ini-
tial medical evaluation, and gross blood on initial rectal ex-
amination (99). How early should the urgent colonoscopy be
performed? The definition of urgent colonoscopy varies widely
in the literature—from within 8 hours to 24 hours of presenta-
tion (5,20,24,100–104). Most definitions consider the proce-
dure within 12 to 24 hours; more recently, the literature defines
urgent colonoscopy as within 12 hours (20,24).

Sig moid oscop y or Colonoscop y?
In studies of the general population with LGIB, diverticular
and angiodysplastic bleeding are the most frequent events. Al-
though anatomically prone to be located in the left colon,
bleeding most often occurs in the right colon; thus, most endo-
scopists prefer a total colonoscopy. Flexible sigmoidoscopy can
be performed in the initial evaluation of patients with LGIB,
but the diagnostic yield of flexible sigmoidoscopy in LGIB is
low, ranging from 9% to 58% (10). Regardless of presentation,
flexible sigmoidoscopy may miss serious proximal pathology
(105). However, in the study of ICU patients with acquired
bleeding, 78% of responsible lesions were in the left colon (5).
If the critical situation precludes use of total colonoscopy, sig-
moidoscopy as the first maneuver may be acceptable for this
patient group. Nonetheless, unless a definite and compatible
bleeding source is identified with flexible sigmoidoscopy, the
study of LGIB should proceed to a full colonoscopy in most
patients.

In 2005, the ASGE offered the following guidelines regard-
ing LGIB (38):

1. Colonoscopy is effective in the diagnosis and treatment of
LGIB (prospective controls).

2. Colonoscopy is recommended in the early evaluation of se-
vere acute LGIB (prospective controls).

3. Thermal contact modalities, including heat probe, and bipo-
lar/multipolar coagulation and/or epinephrine injection can
be used in the treatment of bleeding diverticula, vascular ec-
tasia, or postpolypectomy bleeding (prospective controls).

Ent e roscop y and Cap sule End oscop y
for Crit ically Ill Pat ie nt s

The small bowel has traditionally been a problematic area to
evaluate because of the long length, looping, free intraperi-
toneal location, active contractility, and limits of standard en-
doscopy. It is estimated that 10% to 25% of LGIB originates
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in the small bowel and can pose a diagnostic dilemma for clini-
cians (106–108). Small bowel sources account for 0.9% to 7%
of cases presenting with blood per rectum (19,20,109), and
comprises approximately 5% of obscure GI bleeding (110). Up-
per endoscopy and colonoscopy appear to have limited roles in
the investigation of small bowel bleeding, and are only useful
when the bleeding source is the duodenum or the most dis-
tal segment of the small intestine (terminal ileum), respectively
(53). Some clinicians have utilized peroral intubation with a
standard colonoscope, reaching a point 20 to 60 cm distal to
the ligament of Treitz; this may increase the diagnostic yield
of GI bleeding of obscure origin by 17% to 46% —not an in-
significant proportion (13,111–113). Small bowel enteroscopy
is currently the best endoscopic investigative modality. Indeed,
it has become the cornerstone of management in patients with
obscure GI bleeding. Current tools for ruling out small bowel
diseases include push-type enteroscopy (PE), double-balloon
enteroscopy (DBE), intraoperative enteroscopy, and capsule en-
doscopy.

Small bowel evaluation may be performed with PE, which
allows endoscopic evaluation of the proximal 60 cm of the
jejunum or 150 cm distal to the pylorus. PE is probably the
most commonly performed small bowel procedure today, and
is often pursued when upper GI endoscopy and colonoscopy
have failed to find the source for blood loss. PE may be per-
formed using an enteroscope or pediatric colonoscope. The
obvious limitation of push enteroscopy is the inability to reach
lesions distal to the middle jejunum. PE can only examine a
relatively short portion of the small bowel, even under fluo-
roscopy, and the true depth of insertion is unreliable. Some
experts consider it complementary to capsule endoscopy, and
believe that it should be performed only if capsule endoscopy or
other modalities are positive for a proximal small bowel lesion.
The use of an overtube to prevent looping of the instrument
in the stomach increases the insertion depth by 10 to 25 cm
(114). Prototype, variable stiffness enteroscopes are emerging
in an attempt to achieve maximal insertion depth without the
use of an overtube (115,116). Although PE cannot investigate
the entire small bowel, an important benefit of PE is the abil-
ity to provide diagnostic and therapeutic capabilities with one
procedure if the bleeder can be found.

The diagnostic yield of PE is between 38% and 65% of pa-
tients in whom upper and lower endoscopy are negative (117).
Multivariate analysis in a retrospective, two-center study by
Lepère et al. showed that melena and chronic renal failure in-
crease the diagnostic yield of PE in patients with unexplained
GI bleeding (123). The positive findings noted with PE for pa-
tients with renal failure were most often in the distal duodenum
or jejunum, including ulcers (17% ) and AVMs (41% ). Others
have shown similar results in that most small bowel lesions
diagnosed by PE are vascular in nature (angiodysplasia/AVM)
(119–121), followed by ulcerations and malignancies (122). A
delay between the bleeding and PE (less than or more than
4 days) and a history of recurrent intestinal bleedings before
PE were not associated with positive findings; thus, rapid per-
formance of PE may not be necessary, except in patients with
continuous active bleeding (123). Another benefit of PE is that
it provides a “second look” for lesions that may have been
missed on original endoscopy. Interestingly, 25% to 40% of
lesions found on PE are within reach of a standard upper en-
doscopy (124,125). Complications of PE are infrequent, occur-
ring in less than 1% of cases. Most complications, including

bleeding and perforation, are related to the use of an overtube
(126,127). The data of effectiveness and safety of PE for ICU
patients are limited.

Even when PE reaches a maximal depth of insertion of 160
cm below the ligament of Treitz, there is still over 250 cm
of small intestine remaining unexamined. It is possible to close
this gap with a newly developed DBE system (128). The newest
modality for imaging the small bowel was introduced in 2001,
when Yamamoto et al. reported their results using a double-
balloon method in four patients (129). The DBE represents
the first successful provision of both diagnostic and therapeu-
tic intervention to the entire small bowel. The goal is to reach
the ileocecal valve, but this often is not possible. The total
inspection of the small bowel is usually attainable with the
peroral approach and retrograde approach per rectum. On av-
erage, approximately 250 cm is achieved via the oral route and
130 cm via the anal route, with a mean examination time of
75 min (130). If total enteroscopy is necessary, it can be
achieved in 60% to 86% of cases, depending on the experi-
ence of the endoscopist (131,132). Yamamoto et al. performed
50% of the studies in an antegrade fashion, with the remain-
der being retrograde. The bleeding source was found in 76% ,
and hemostasis using electrocautery was performed success-
fully in 18% (131). Multicenter experience with DBE in the
United States showed that the mean procedure time was 115
minutes, and the yield of DBE for a GI bleed ranged between
52% and 75% (130,133). Oral DBE requires no specific prepa-
ration other than a 6- to 8-hour fast before the procedure. If
a retrograde (anal) approach is undertaken, standard colonic
preparation is necessary. Conscious sedation or general anes-
thesia may be utilized. Endoscopic hemostasis using injection
therapy, argon plasma coagulation, electrocautery, and hemo-
clipping may be used as is done in routine upper GI endoscopy
and colonoscopy. Complications of DBE are noted in 1.1% to
8.5% (131,133), and include aspiration pneumonia, abdom-
inal pain, perforation, and acute pancreatitis (130,131,133–
135). The effectiveness and safety of DBE for critically ill pa-
tients are unknown.

Before the advent of capsule endoscopy and DBE, intraop-
erative endoscopy was the only way to detect and treat lesions
beyond the reach of push enteroscopy. Now the role of di-
agnostic intraoperative enteroscopy is likely to decrease with
introduction of the less invasive capsule endoscopy and DBE;
however, it still plays a role in specific clinical situations. In-
traoperative endoscopy is performed in conjunction with a sur-
geon in the operating room, and with the patient under general
anesthesia. Intubation may be achieved transorally, transanally,
or through an operative enterotomy, depending on the clinical
circumstance and physicians’ preference.

During laparotomy combined with intraoperative en-
teroscopy, the endoscopist carefully inspects the intestinal lu-
men with a push enteroscope, while the surgeon slowly guides
the bowel over the endoscope using the air-trapping technique
and examines the external wall with palpation and transil-
lumination (136). Lesions can be treated endoscopically or
marked with a tattoo for surgical resection. The terminal ileum
is reached in more than 90% of patients (137). The yield in de-
tecting bleeding lesions reaches 70% to 100% (53,138), mak-
ing intraoperative endoscopy the most sensitive method of di-
agnosing small bowel disorders. However, the high sensitivity
comes at the cost of extreme invasiveness, making it a proce-
dure of last resort. The complication rate is estimated at about
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3% , including mucosal tears and bleeding of the mesentery due
to traction (133).

Capsule endoscopy is a safe and promising diagnostic tool
for GI bleeding of unknown origin, focusing especially on the
small bowel; it may obviate the need for angiography in some
difficult patients. The idea of wireless imaging of the small in-
testine was conceived simultaneously by Paul Swain, a British
gastroenterologist, and Gavriel Iddan, an Israeli scientist. They
merged research efforts in 1998 and soon developed a pill-sized
camera with sufficient battery life to image the entire small
intestine (139). Capsule endoscopy was introduced into clini-
cal practice in 2001 and made it possible for the first time to
visualize intraluminal conditions throughout the entire small
bowel. The first commercially available video capsule (Given)
is composed of three main subsystems: an ingestible capsule
endoscope, a data recorder, and a workstation. The PillCam
SB capsule measures 11 × 26 mm in size, and weighs less than
4 g, with a miniaturized image-capturing system, battery, light
source, and transmitter. After an overnight fast, the patient
swallows the capsule, which travels through the GI tract by
means of the actions of normal peristalsis. The capsule device
captures two images per second and has a battery life of ap-
proximately 6 to 8 hours. Captured images are transmitted by a
digital radio-frequency communication channel to an external
data recorder unit.

Studies comparing capsule endoscopy with other diagnos-
tic procedures, including enteroclysis, PE, computed tomogra-
phy (CT) scan, and intraoperative enteroscopy, showed that
capsule endoscopy was clearly superior in the diagnosis of oc-
cult/obscure/overt small bowel bleeding (127,140–149). Cap-
sule endoscopy has proven superior to enteroclysis (144–147)
and PE (140,142,143). In a series of 60 patients comparing
the wireless capsule to PE, Saurin et al. showed that the use of
the capsule raised the diagnostic yield from 38% to 69% (143).
However, one study did not show the superiority of capsule en-
doscopy over PE. Van Gossum et al. noted that, with obscure GI
bleeding, no significant difference in diagnostic yield was found
between push and wireless-capsule endoscopy (150). Capsule
endoscopy, compared to CT scanning, is reported to be superior
in detecting small bowel lesions (144,146,147). In a study of
42 patients with obscure GI bleeding, capsule endoscopy sensi-
tivity and intraoperative enteroscopy was not significantly dif-
ferent. Furthermore, no additional diagnoses were made with
intraoperative enteroscopy (149).

The overall diagnostic yield rate of capsule endoscopy
in patients with GI bleeding ranges from 45% to 66%
(141,144,151,152,153). The timing of capsule endoscopy has
been addressed in two studies and appears related to diagnos-
tic yield. When administered to patients with ongoing overt
bleeding, the diagnostic yield is higher—87% to 92% —than in
those with previous overt bleeding or iron deficiency anemia—
46% to 56% (151,154). Hartmann et al. noted that capsule
endoscopy identified lesions in 100% of patients with ongoing
overt bleeding, 67% of patients with previous overt bleeding,
and 67% of patients with obscure/occult bleeding (148). To
increase the diagnostic yield of capsule endoscopy, prokinetic
agents (155), oral bowel preparation (oral sodium phosphate
and polyethylene glycol), simethicone, and erythromycin have
been recommended. Prokinetic agents prompt the passage of
the capsule and prevent the exhaustion of batteries before study
completion. Bowel preparation with oral sodium phosphate
has been suggested to offer better visualization than overnight

fasting alone, and is associated with fewer disturbances by in-
traluminal turbid fluid (156). However, there are concerns that
increasing bowel motility may result in missing a lesion. Fire-
man et al. showed that erythromycin markedly reduced gastric
emptying time and had a negative effect on the small bowel
images. Preparation of elderly subjects with PEG or sodium
phosphate also had a negative effect on small bowel transit
time (157). PEG increased the visibility in the proximal small
bowel in one study, but had no effect in a second investiga-
tion (158,159). Presently, bowel preparation is preferred by
most practitioners. Erythromycin leads to faster gastric emp-
tying at the expense of small bowel transit time and poorer vi-
sualization (160). Bowel preparation with simethicone, which
can decrease intraluminal gas bubbles, resulted in significantly
better visibility (161). Simethicone may be added to the routine
preparation for capsule endoscopy to improve visualization of
the small bowel mucosa. A delay in bowel transit time may
result in an incomplete study due to capsule battery drainage.

Despite the higher diagnostic yield, capsule endoscopy limi-
tations are evident: biopsy specimens cannot be obtained, ther-
apeutic intervention cannot be performed, and localization of
some lesions is imprecise (162). Capsule endoscopy, however,
is regarded as a low-risk procedure that is well tolerated (163).
The primary risk with capsule endoscopy is capsule entrap-
ment within the GI tract; this occurs in 0.75% to 5% of cases.
Most entrapment occurs in the small intestine, although case
studies report impaction at the cricopharyngeus, tracheal as-
piration, and retention in diverticula (10). Risk factors for en-
trapment include NSAID-induced strictures, prior abdominal
radiation, Crohn enteritis, prior major abdominal surgery, and
known diverticula. A trapped capsule may be retrieved endo-
scopically or surgically. In cases where the colon is not visu-
alized on capsule endoscopy and the patient does not see the
capsule pass, an abdominal radiograph should be obtained to
document passage. Absolute contraindications to its use in-
clude GI obstruction and pseudo-obstruction—meaning ileus.
Relative contraindications include a history of GI motility dis-
orders, such as gastroparesis; history of intestinal strictures or
fistulae; pregnancy; history of multiple small bowel diverticula;
history of Zenker diverticulum; history of abdominal surgeries
or radiation; and an active swallowing disorder or dyspha-
gia. Although there is concern about the use of capsule en-
doscopy in patients with pacemakers, new evidence suggests
that capsule endoscopy may be safely utilized in these patients
(164).

Capsule endoscopy has been reported to change patient
management in up to 75% of cases (142), although the stud-
ies focused solely on small bowel lesions. Colonic bleeding
is difficult to evaluate via capsule endoscopy because of re-
tained stool, limited battery life, and poor visual field due to
the colon’s large diameter. A recently developed PillCam Colon
capsule endoscopy appears promising for colonic evaluation
(165), although in comparison to conventional colonoscopy,
false-positive findings were recorded in 33% cases (166).

The use of capsule endoscopy in critically ill patients has
been limited. These patients often cannot ingest the capsule
by themselves, especially if endotracheally intubated; an en-
doscopic technique of capsule placement has been described
for such patients (167). In addition to swallowing problems,
bowel transit time may be delayed due to sepsis, electrolyte
imbalance, medication use, and anatomic changes due to surg-
eries. Abnormal bowel transit time affects the diagnostic yield
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of capsule endoscopy. The utilization of capsule endoscopy for
small bowel or obscure bleeding must be made on a case-by-
case basis.

None nd oscop ic Ap p roach

Nucle ar Me d icine
As mentioned previously, for LGIB, endoscopy, nuclear
medicine, and mesentery angiography are three main diag-
nostic modalities. The two techniques of radionuclide scan-
ning commonly use either 99mT c-labeled red blood cells or
99mtechnetium sulfur colloid. A 99mT c-labeled red blood cell
scan is the preferred technique, with images that can be detected
for up to 12 to 24 hours after injection. If the rate of bleeding is
insufficient to give an immediate positive test, or if the bleeding
is intermittent, the labeled red blood cells can sometimes ac-
cumulate to detect the site of bleeding—when rescanned—up
to 24 hours after injection. This technique can detect bleeding
at a rate as low as 0.1 to 0.5 mL/minute, and is thought to
be a sensitive diagnostic tool for LGIB (168). 99mTechnetium
sulfur colloid is rapidly cleared by the reticuloendothelial sys-
tem after injection, with a half-life of only 2 to 3 minutes.
Therefore, if there is no active bleeding when administered, the
99mtechnetium sulfur colloid is quickly cleared, with a resultant
nondiagnostic test.

Timing the Use of Radionuclide Scanning. Radionuclide scan-
ning, often performed repeatedly during a hospital course, may
be used as the screening test, followed by angiography, small
bowel enteroscopy, or surgery to definitively localize and treat
the bleeding lesion. Because of its high sensitivity—it has the
ability to detect bleeding as low as 0.1 to 0.5 mL/minute—
radionuclide scanning has been utilized as a guide for surgical
resection, and as a screening test prior to angiography when
colonoscopy fails to find the LGI bleeder. As a guide for surgical
resection, localization of the bleeding site is essential. The lit-
erature suggests that the localization accuracy of radionuclide
scanning is quite variable, ranging from 24% to 94% (169–
171). Contrarily, a review by Hunter and Pezim suggested that
a localization rate with the red blood cell scan was estimated
to be 25% to 75% (172). In the same study, nearly half of pa-
tients studied (42% ) underwent an incorrect surgical procedure
based on red blood cell scan results (172); other studies have
noted that radionuclide scanning did not alter surgical man-
agement in any manner (173–175). Thus, most clinicians use
radionuclide scanning as a guide for further diagnostic stud-
ies, such as enteroscopy/colonoscopy, rather than for surgical
intervention (176).

Reportedly requiring 10-fold less hemorrhage to achieve a
positive study than angiography, the sensitivity of a radionu-
clide scan for active bleeding has been noted to be greater than
90% , and is superior to that of angiography (177–179). Pen-
noyer et al. showed that radionuclide scans increased the yield
of angiography from 22% to 53% (180). Other studies have
had contrary results (180–182), and radionuclide scanning may
potentially delay therapeutic interventions (183). Therefore,
although there is no strong evidence supporting radionuclide
scanning prior to mesentery angiography, it may demonstrate
low-flow bleeders, leading to better management.

Another role for radionuclide scanning is in the evalua-
tion for Meckel diverticulum, especially in young patients pre-
senting with LGIB (184). The Meckel scan uses a technetium
pertechnetate tracer, which has affinity to accumulate in the
gastric mucosa. It is quite useful in the pediatric population,
with sensitivity as high as 81% to 90% (185,186). Due to in-
sufficient gastric mucosa in the diverticulum, the sensitivity of
the Meckel scan is much lower in the adult population, esti-
mated to be approximately 62% (187,188). Several techniques
that are reported to increase the diagnostic yield of the Meckel
scan, administered before the study, include pentagastrin, his-
tamine blockers, and saline lavage of the stomach and bladder
(189–192).

Ang iog rap hy
Angiography, first employed in the diagnosis of GI bleed-
ing more than 40 years ago, provides imaging of the entire
mesenteric system, localizes the sites of hemorrhage, and af-
fords the opportunity for transcatheter interventions. It now
holds an established place in dealing with difficult GI bleed-
ing, both for diagnosis and treatment. Mesenteric angiogra-
phy is more invasive than technetium-labeled red blood cell
scanning, and requires a bleeding rate of at least 0.5 to 1.0
mL/minute to detect bleeding (193). Unfortunately, bleeding is
frequently intermittent and may occur at a much lower rate,
resulting in the inability to detect the causative lesion (194).
Angiography is usually undertaken when patients have clini-
cal indicators of severe bleeding (e.g., tachycardia and/or syn-
cope). Although colonoscopy is the diagnostic modality of first
choice for LGIB, many endoscopists are reluctant to perform
colonoscopy in hemodynamically unstable patients with on-
going bleeding; these patients usually undergo radiographic
studies. In addition, the bleeding of colonic lesions, such as
vascular abnormalities, can be too massive for colonoscopic
visualization, thus precluding the procedure. In some centers,
a radionuclide scan is requested before mesenteric angiogra-
phy, because a negative radionuclide scan is unlikely to have
a positive angiogram. Angiography has been reported to be
especially useful in patients presenting with postoperative GI
hemorrhage (195).

Angiography will localize the site of bleeding in 40% to
86% of patients with LGIB (118,183,196,197). Even if a bleed-
ing site is identified on angiography, localizing the site intra-
operatively can be difficult; angiography has a specificity of
100% but a sensitivity of only 30% to 47% (198). Diverticula
and angiodysplasia are the most common findings when an-
giography is positive, with 50% to 80% of the bowel bleeding
sites being supplied by the superior mesenteric artery (199).
Diverticular hemorrhage is most likely to produce extravasa-
tion on angiography (200). Following the injection of contrast
media, bleeding and nonbleeding angiodysplastic lesions are
characteristically seen as ectatic slowly emptying veins, vascu-
lar tufts, or small veins, with early filling in the arterial phase
(201). Angiography is more sensitive than colonoscopy for de-
tecting angiodysplasia (202), and when angiography identifies
a bleeding site, treatment with embolization therapy or directed
infusion of vasopressin may be performed. The overall rate of
complication for mesenteric angiography is similar to most se-
lective angiography, and is acceptable at less than 5% (203).
Complications include hematoma or bleeding at the catheter
site; access site thrombosis; contrast reactions; injury to the
target vessels, including dissection and distal embolization; and
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renal failure (204). The injured vessels usually involve the SMA,
IMA, and celiac artery.

In addition to its diagnostic role, angiography offers thera-
peutic possibilities via pharmacologic vasoconstriction or selec-
tive embolization (transcatheter arterial embolization [TAE]),
and therefore may reduce the need for surgical resection. Once
the bleeder is confirmed with contrast injection, emboliza-
tion of the vessel is performed, usually with one of three em-
bolic agents: microcoils, polyvinyl alcohol sponge particles, or
gelatin sponge particles, alone or in combination (205). Phar-
macologic vasoconstriction is achieved with intra-arterial va-
sopressin infusion.

TAE may be a more definitive means of controlling bleed-
ing, but is associated with a risk of intestinal infarction. Selec-
tive embolization initially controls bleeding in up to 100% of
patients, but rebleeding rates have been reported to be 15%
to 40% (206,207). The major complication rate was 10% to
20% and included dysrhythmias, pulmonary edema, hyperten-
sion, and ischemia (206,207). The bowel infarction or colonic
necrosis rate from embolization ranged from 10% to 20%
(208–210). Superselective TAE may decrease the incidence of
ischemia and rebleeding (209,211,212). A literature review
of 144 cases by Kuo et al. showed a minor complication rate
of 9% and 0% for major complications (205).

In the past, embolization has been reserved for treatment
of UGIB, whereas LGIB has been controlled with vasopressin
infusion. The reason is based on reports in the older literature
in which infarction frequently occurred after LGI emboliza-
tion. With advances in superselective embolization techniques,
clinically significant bowel ischemia has become an uncommon
complication (213,214). Although the efficacies of vasopressin
and embolization are reasonably comparable, embolization al-
lows more rapid completion of therapy and a decreased likeli-
hood of systemic complications. Embolization should be con-
sidered a primary option for LGIB, although vasopressin is still
preferable for diffuse lesions and cases in which superselective
catheterization is not technically possible.

Pharmacologic vasoconstriction for LGIB involves an intra-
arterial infusion of vasopressin, started at a rate of 0.2 units/
minute. If the bleeding continues, the rate of infusion can be
increased up to maximal dose of 0.4 units/minute. A repeat
angiogram can be performed after 20 to 30 minutes to as-
sess whether the bleeding is continuing or slowing down. If
the bleeding seems to stop, infusion continues at the same rate
for 12 hours, and subsequently, the dose of vasopressin is de-
creased by 50% provided that no bleeding recurs. After 12
hours of only saline infusion, the catheters are removed (169).
Success rates for hemostasis are variable, with some reports as
low as 36% and others as high as 100% (183,196,215,216).
Bleeding recurrence is high, and may occur in up to 50% of pa-
tients after cessation of the infusion (183). Vasopressin should
not be used in patients with significant coronary artery disease
or peripheral vascular disease; mesenteric thrombosis, intesti-
nal infarction, and death have been reported with its use (196).
During the vasopressin infusion, patients need to be in an ICU
setting where they can be monitored for myocardial, bowel,
and peripheral ischemia; hypertension; dysrhythmias; and hy-
ponatremia. Nitroglycerin reverses the vasopressin-induced
coronary vasoconstriction without affecting the therapeutic
vasoconstriction of the mesenteric artery (217). If standard
angiography is negative, provocative angiography has been
suggested with anticoagulants, vasodilators, and thrombolyt-

ics; of course, their use may cause bleeding (122) and is not
routine. The use of provocative angiography should be reserved
for selected patients at competent centers with well-trained ra-
diologists.

For critically ill patients, ensuring the adequacy of intravas-
cular volume is very important before mesentery angiography.
Dehydration may exacerbate the nephrotoxicity of the contrast
medium.

Comp ut e d Tomog rap hy Scan and Mag ne t ic
Re sonance Imag ing

CT scans are not usually considered diagnostic tools for LGIB,
except in the context of bleeding bowel tumors. Several recent
reports suggest that helical CT scans may be useful (218–220)
in that this mode of scanning has the potential to detect hemor-
rhage rates of 0.5 mL/minute or less (221,222)—between 72%
and 79% (218,219). In the evaluation of colonic vascular le-
sions, helical CT has a sensitivity of 70% and specificity of
100% compared to colonoscopy and conventional angiogra-
phy (223).

Helical CT angiogram is a modified form of angiography. A
rapid-acquisition CT scan is performed 30 seconds after con-
trast is injected into the abdominal aorta. The images are taken
in 10-mm slices, 5 mm apart. A positive result is seen as ex-
travasation of contrast medium into the intestinal lumen. Heli-
cal CT angiography reports a 70% sensitivity in the diagnosis
of colonic angiodysplasia through the demonstration of vessel
accumulation in the colon wall, early filling vein, and enlarged
supplying artery (223). Currently, there is no role for the use of
magnetic resonance imaging (MRI) in the evaluation of LGIB.

Ult rasound
Ultrasonography is a convenient, noninvasive, nonradiation-
emitting, and easily available diagnostic tool in the emergency
department and ICU. Data regarding the use of US for LGIB
have been limited. Yamaguchi et al. noted that the colonic
bleeding site was localized by US in 59 of the 90 (66% ) patients
compared with 81% by colonoscopy. When the bleeding site
was in the rectum, the US detection rate was only 30% (10 of
33 patients), but the US detection rate was 82% to 100% when
the bleeding site was elsewhere. These clinicians concluded that
rectal and diverticular bleeding were difficult to diagnose by
US, but for the other diseases, diagnosis by US was possible in
91% to 100% of cases (224). In our experience, angiodysplasia
cannot be detected by US, while diverticulitis—but not diver-
ticular bleeding—can. Other causes of bleeding, especially due
to tumors, enteropathy, and colitis, can also be detected by US.
In contrast to Yamaguchi’s study (224), we think rectal lesions
may be visualized via US through a urinary bladder window.
We have proposed the “ultrasonographic bisection approxima-
tion method” to localize and detect GI obstructive lesions. The
accuracy of US in predicting obstructive levels in the gastric
outlet and duodenum, the jejunum and ileum, and the colon
were 100% , 74% , and 98% , respectively (225).

Ot he r Mod alit ie s
Small bowel follow-through (SBFT) and enteroclysis are used
to detect small lesions, while barium enema is the image study
for the colon. All of these are less sensitive for superficial lesions
such as angiodysplasia, a common bleeder of LGIB. SBFT is of
little use in evaluating obscure GI bleeding, with a diagnostic
yield that may be as low as 0% (226). For patients with a high
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index of suspicion for the presence of small bowel diseases,
such as small bowel tumor or Crohn disease, the diagnostic
yield will be higher; SBFT detected 83% of small bowel tumors.
In patients with suspected Crohn disease, SBFT may have a
sensitivity of over 90% (227,228).

Enteroclysis is a modified form of SBFT in which a 10 French
catheter is inserted into the distal duodenum or proximal je-
junum under fluoroscopy, followed by the infusion under high
pressure of a double-contrast solution with barium and air, wa-
ter, or methylcellulose. This rapid rate of infusion allows bet-
ter distention and visualization of the small bowel. Studies re-
vealed that enteroclysis seems superior to SBFT for evaluation
of the small bowel (229–231). Small bowel tumors seem to be
the most common diagnosis made by enteroclysis, followed by
Meckel diverticulum and Crohn disease of the terminal ileum
(232,233). Angiodysplasia is not detected by enteroclysis. With
the advent of capsule endoscopy, the use of SBFT or enteroclysis
for GI bleeding has declined.

Barium enema cannot detect superficial lesions or confirm
a definitive bleeding source of the colon. Furthermore, it may
complicate subsequent colonoscopy or angiography, and is less
useful for critically ill patients with LGIB.

TREATMENT OF LOWER
GASTROINTESTINAL BLEEDING

Pharmacolog ic The rap y

Unlike pharmacologic therapies for UGIB, there are no medi-
cations with a strong evidence base for LGIB. The medications
for the different causes of LGIB include estrogen/progesterone
compounds, octreotide, aminocaproic acid (an antifibri-
nolytic), and tranexamic acid (an antifibrinolytic, marketed as
Cyklokapron in the United States and as Transamin in Asia).
Hormonal therapy with estrogen/progesterone compounds,
previously used to treat bleeding associated with hereditary
hemorrhagic telangiectasia, has been tried in patients with GI
bleeding from angiodysplasia. For diffuse ectasias or angiodys-
plasia refractory to conservative and endoscopic therapy, estro-
gen/progesterone compound use is controversial, and has been
noted to be ineffective in recent studies (234–237). Although
the true mechanism is unknown, estrogen/progesterone com-
pounds are thought to improve coagulation, alter microvascu-
lar circulation, and improve endothelial integrity. Adverse ef-
fects include breast tenderness and vaginal bleeding in women,
gynecomastia and loss of libido in men, fluid retention, and
stroke (238).

Octreotide has been used in patients with bleeding from dif-
fuse vascular ectasia (238–240). At a dose of 0.05 to 1 mg/day
subcutaneously, it was reported to be effective and without ad-
verse effects (238,239). Nardone et al. noted that octreotide
may lead to decreased transfusion requirements (239), but un-
fortunately, carefully controlled trials are not available. Other
agents, including aminocaproic acid and tranexamic acid, may
be helpful, but studies with controlled data are not forthcom-
ing.

Steroids, 5-aminosalicylic acid compounds, and sucralfate
(per mouth or per rectum) have been used to treat radiation
proctitis, but there are little data supporting their effectiveness
(241–244).

Ulcerative colitis (UC) and Crohn disease can cause se-
vere LGIB (245). A recent review of acute major GI hemor-
rhage in inflammatory bowel disease suggests that bleeding is
much more common in Crohn disease than UC (245). Bleed-
ing from inflammatory diseases is usually self-limited and re-
sponds to medical therapy. An endoscopically treatable lesion
is uncommon. Steroid and 5-aminosalicylic acid compounds
are frequently used for active lesions. Infliximab, known as a
“chimeric monoclonal antibody,” reduces the amount of active
tumor necrosis factor-a (TNF-a) in the body. It has been used
successfully to avoid emergency surgery in Crohn patients with
severe bleeding (246,247).

End oscop ic Proce d ure s

Endoscopic therapy has been the major modality for LGIB, in-
cluding the small bowel and colon, as long as the endoscopes
reach the lesions. Endoscopic therapy for LGIB includes in-
jection therapy (epinephrine, saline, or ethanol), heater probe,
monopolar and multipolar electrocoagulation, argon plasma
coagulation (APC), hemoclips, and band ligation (Table 153.4).
An alternative treatment for hemorrhagic radiation-induced
proctitis, by topical application of formalin, was first described
by Rubinstein et al. in 1986 (248). Topical application of for-
malin for hemorrhagic radiation-induced proctitis can be per-
formed with or without endoscopy in the operating room. It
is simple, effective, inexpensive, and without major systemic

TA BLE 1 5 3 . 4

ENDOSCOPIC PROCEDURES FOR BLEEDING

LGIB lesions Endoscopic procedures

Ulcer Injection therapy
Heater probe
Electrocoagulation
Hemoclips
Band ligationa

APCb

Angiodysplasia APC
Heater probe
Electrocoagulation

Diverticulum Hemoclips
APC
Injection therapy
Heater probe
Electrocoagulation

Radiation proctitis APC
Topical formalin

Postpolypectomy bleeding Hemoclips
Band ligation
APC
Injection therapy
Heater probe

LGIB, lower gastrointestinal bleeding.
aEspecially for Dieulafoy lesions.
bAPC, argon plasma coagulation. Not recommended for ulcers with
big exposed vessels.
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COMPARISON BETWEEN TAE AND INTRA-ARTERIAL
VASOPRESSIN INFUSION FOR LGIB

TAE Vasopressin infusion

Completion of Tx Quick Slow
Definite Tx Yes No
Diffuse lesions Discouraged Favored
Complications Bowel infarct Myocardial ischemia,

bowel ischemia,
peripheral ischemia,
hypertension,
arrhythmias,
hyponatremia

TAE, transcatheter arterial embolization; LGIB, lower gastrointestinal
bleeding; Tx, therapy. − , depend; + , Yes; × , No.

side effects. Monitoring and management of the adverse events
caused by endoscopic treatment are essential, such as perfora-
tion caused by endoscopic thermocoagulation and abdominal
distention caused by argon gas after APC.

Rad io log ic Int e rve nt ions
(Se e Also Ang iog rap hy)

In addition to its diagnostic role, angiography offers thera-
peutic possibilities via pharmacologic vasoconstriction with
vasopressin or selective embolization (TAE) with microcoils,
polyvinyl alcohols sponge particles, or gelatin sponge particles,
alone or in combination. Comparison between embolization
and intra-arterial vasopressin infusion is listed in Table 153.5.
Recently, superselective intra-arterial embolization with tissue
glue, N -butyl-2-cyanoacrylate, has been applied in UGIB(249);
further study is needed in LGIB.

Surg e ry

Despite the advances of interventional modalities, an emer-
gency surgical procedure for LGIB is ultimately required in
10% to 25% of patients (250), and is indicated for uncon-
trolled, massive, or recurrent bleeding. An emergency proce-
dure is suggested for patients who require more than 6 units of
blood within 24 hours, or a total of 10 units (73). Among the
causes of LGIB, the most challenging are vascular ectasias and
angiodysplasia. These lesions are usually multiple, and localize
in different segments of bowel, making management difficult.

Surgery should be considered in patients in whom a bleed-
ing source has clearly been identified. Blind segmental resec-
tion is contraindicated, as it is associated with a rebleeding
rate of 42% and excessive rates of morbidity and mortality as
high as 83% and 57% , respectively (251). If the bleeder can-
not be clearly identified, intraoperative enteroscopy may be a
management option. Recurrent bleeding from colon divertic-
ula occurs in 20% to 40% of patients and is generally consid-
ered an indication for surgery (11). The operative mortality of
diverticula bleeding is 10% , even with accurate localization,
and up to 57% with blind subtotal colectomy (108,251,252).

Most cases of colonic ischemia resolve with conservative treat-
ment. However, 15% to 20% of patients who develop infarc-
tion will require surgical intervention, with a substantial risk of
death (253). Until recently, surgery was the only effective man-
agement for Dieulafoy lesions in up to 5% of patients (254).
Surgery is usually not recommended on the basis of nuclear red
blood cell scans alone because of variable accuracy of nuclear
red blood cell scans.

ASSESSMENT OF SEVERITY IN
LOWER GASTROINTESTINAL

BLEEDING
Acute LGIB ceases spontaneously in 80% to 85% of patients
(68), but the overall mortality rate may be as high as 12%
(255). A reliable predictive or scoring system can accurately
and quickly forecast the severity of an episode of acute LGIB,
risk of recurrent bleeding, need for therapeutic intervention,
and related mortality. Moreover, a scoring system is potentially
of great benefit to the clinician at the point that initial triage is
performed to ensure appropriate levels of care. Unfortunately,
in contrast to acute UGIB, there are few scoring systems de-
veloped and validated to predict the outcome of patients with
acute LGIB.

The BLEED classification system was proposed for evalu-
ation of acute UGIB and LGIB by Kollef et al. (256) utiliz-
ing five items, including ongoing bleeding, systolic blood pres-
sure < 100 mm Hg, prothrombin time greater than 1.2 times
control, altered mental status, and unstable comorbid disease.
The BLEED classification system triages patients with acute
LGIB into those at high and low risk of adverse in-hospital
outcome—defined as recurrent hemorrhage, need for surgery
for control of hemorrhage, and death. A second study by the
same group found that it could predict outcome in patients
hospitalized with acute LGIB when the BLEED classification
system was applied at the point of initial evaluation in the
emergency department (257). In a retrospective chart review
of 252 consecutive, hospitalized patients, Strate et al. analyzed
24 clinical, nonendoscopic variables that were available within
4 hours of medical evaluation (60). They identified seven inde-
pendent clinical risk factors for severe, acute LGIB: tachycar-
dia, low systolic blood pressure, syncope, nontender abdomi-
nal examination, bleeding per rectum within the first 4 hours
of medical assessment, use of aspirin, and more than two active
comorbid conditions. The investigators speculated that such
clinical data may be used to risk-stratify patients with acute
LGIBwho may benefit from urgent intervention. Based on these
factors, patients were stratified into three risk groups: (a) those
with more than three risk factors—an 84% risk of severe bleed-
ing; (b) those with one to three risk factors—a 43% risk; and (c)
those with no risk factors—a 9% risk. Das et al. developed and
validated artificial neural networks (ANNs), computer-based
decision support systems, for the prediction of recurrent bleed-
ing, need for intervention, and death with LGIB (258). ANNs
performed well in predicting death (97% ), recurrent bleeding
(93% ), and the need for intervention (94% ). Velayos et al.
prospectively studied patients admitted with LGIB, and identi-
fied three predictors of severity and adverse outcome in the first
hour of evaluation: initial hematocrit less than 35% , presence
of abnormal vital signs 1 hour after initial medical evaluation,
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RISK FACTORS USED IN DIFFERENT SCORING SYSTEMS FOR SEVERITY OF LGIB

Scoring system Risk factors

The BLEED classification system (performed
at point of initial evaluation in the
emergency department)

■ Ongoing bleeding
■ Systolic blood pressure less than

100 mm Hg
■ Prothrombin time greater than

1.2 times control
■ Altered mental status
■ Unstable comorbid disease

Scoring system of Strate et al. (performed
within 4 h of initial evaluation)

■ Tachycardia
■ Low systolic blood pressure
■ Syncope
■ Nontender abdominal examination
■ Bleeding per rectum within the first 4 h

of medical assessment
■ Use of aspirin
■ More than two active comorbid

conditions
Scoring system of Velayos et al. (performed

within the first hour of initial evaluation)
■ Initial hematocrit less than 35%
■ Presence of abnormal vital signs 1 h after

initial medical evaluation
■ Gross blood on initial rectal examination

LGIB, lower gastrointestinal bleeding.

and gross blood on initial rectal examination. These predic-
tive tools may help guide the initial triage and approach to the
patient with LGIB (259). The scoring system elements are sum-
marized in Table 153.6; however, an ideal risk scoring system
does not yet exist.

Which factors are most predictive of adverse patient out-
come? The presence of comorbidity, evidence of acute hemo-
dynamic instability, and presence of high-risk endoscopic stig-
mata of recent hemorrhage are considered most predictive of
an adverse outcome. The initial hemoglobin level may be an
inaccurate marker of the severity of GI bleeding. Which risk
stratification system is better—endoscopic or nonendoscopic?
It has been suggested that endoscopic triage in acute LGIB may
not be as efficacious as with acute UGIB (255).

OBSCURE LOWER
GASTROINTESTINAL BLEEDING

Upper GI endoscopy and colonoscopy are the usual initial eval-
uation tools for GI bleeding; they will be negative in the pa-
tient with a source in the small intestine. If, despite the initial
evaluation, no source is found and bleeding continues, the pa-
tient meets the definition of obscure GI bleeding, defined as
ongoing or recurrent intestinal bleeding without a cause found
at original endoscopic studies. Approximately 5% of patients
have recurrent bleeding of unclear etiology, and need extensive
and repetitive testing (260,261). Furthermore, even after ex-
tensive localization studies, approximately 10% of patients re-
quire surgical intervention without having identified the bleed-
ing source (262). A missed diagnosis may occur secondary to
bleeding that has stopped during endoscopic examination; very
slow or intermittent bleeding leading to negative endoscopic

and nuclear scans; significant anemia and volume contraction
causing lesions to appear less obvious; and lesions in the small
bowel that are not detected by routine examinations (263).
When repeated endoscopy of the upper or lower GI tract is
negative, investigation should rapidly focus on the small intes-
tine. However, before surveying the small bowel, one needs to
ensure that a repeat upper GI endoscopy has been performed,
as 25% to 64% of patients with a negative upper GI endoscopy
and colonoscopy are found to have UGI tract lesions at the time
of repeat UGI endoscopy (264–267). Interestingly, the source
of obscure GI bleeding may be identified in up to 58% of cases
within a month from the last bleeding episode, even if previous
investigations did not allow identification (268).

Clinically, the age of the patient is very important in the
differential diagnosis of GI bleeding. Patients younger than 40
are more likely to suffer from small bowel tumors, anatomic
anomalies, genetic problems, or Crohn disease/ulcerative col-
itis. Patients older than 40 are more prone to bleeding from
vascular lesions and neoplasm (12). A special group of pa-
tients may have the specific causes of LGIB. In populations
with immunosuppression, such as patients with HIV infection,
renal transplant, or pancreatic transplant, LGIB often is caused
by CMV ulcers. Renal failure and aortic valvular stenosis are
well-known risk factors for angiodysplasia (14,15). Radiation
colitis should be considered in patients with a history of ra-
diation therapy for cervical or prostate cancer. Aortoenteric
fistulae may be considered in patients with obscure GI bleed-
ing and prior aortic aneurysm repair. The approach to the
evaluation of the obscure bleeder is listed in Table 153.7 and
Figure 153.4.

Bleeding from the small intestine that occurs between the
ligament of Treitz and the ileocecal valve represents a chal-
lenging problem because of the relative inaccessibility of tra-
ditional endoscopy to the long, looping small intestine. Small



Chap t e r 153: Approach to Lower Gastrointestinal Bleeding 2293

TA BLE 1 5 3 . 7

APPROACH TO THE EVALUATION OF OBSCURE
BLEEDING

Elderly patients
Renal disease
Aortic valvular stenosis
Connective tissue disease
von Willebrand disease

Higher risk for vascular
lesions

Surgical patients Higher risk for anastomotic
bleeding or aortoenteric
fistulae

NSAID drug use Increased risk of small
bowel ulcerations.

Immune-compromised patients Cytomegalovirus ulcers

History of radiation to pelvis Radiation colitis

NSAID, nonsteroidal anti-inflammatory drug.

bowel bleeding comprises approximately 5% of obscure GI
bleeding (110). The utilization of resources was reported to be
significantly higher in this group of LGI bleeders, with a higher
number of diagnostic procedures and blood transfusions,
longer hospitalization, and a higher cost of hospitalization
when compared with patients with upper or distal lower
GI bleeding (269). Small bowel examination can be divided
into radiographic, endoscopic, and surgical modalities (Table
153.8). Radiographic techniques include barium studies, such
as SBFT and enteroclysis; radionuclide scanning, such as tagged
red blood cell scans and Meckel scan; cross-sectional imag-
ing, such as CT and MRI; and mesenteric angiography. Endo-
scopic examinations include push enteroscopy, double-balloon
enteroscopy, and capsule endoscopy. Surgical procedures in-

clude exploratory laparotomy, with and without assistance of
intraoperative enteroscopy. The details of each diagnostic tool
have been given above. Among these modalities, available data
suggest that SBFT has little use in the evaluation of obscure GI
bleeding unless a tumor or Crohn disease is suspected (270).

LOWER GASTROINTESTINAL
BLEEDING AND ACUTE

MYOCARDIAL INFARCTION
GI bleeding may occur after myocardial infarction (MI) due to
both medications and interventions, or it can induce an MI sec-
ondary to hemodynamic instability and anemia. For the critical
care practitioner, management of coexisting GI bleeding and
coronary arterial events includes how to predict and detect an
MI that occurs after GI bleeding, how to prevent and manage
GI bleeding associated with interventions related to the acute
MI, and the necessity/safety/timing of endoscopic procedures.

The prevalence of acute MI in patients with GI bleeding
ranges from 1% to 14% (271–274). Conversely, acute MI seen
with significant upper or lower GI bleeding occurs in 30% to
49% of patients admitted to the ICU, with an overall mortality
rate of 5% to 10% (271,272). Significant GI bleeding delete-
riously affects myocardial function, as massive blood loss may
cause hypovolemia, hypoperfusion, and decreased oxygenation
delivery to the myocardium, eventually leading to an acute MI.
Elderly and patients with a history of coronary artery disease
(CAD) are candidates for acute MI after a significant GI bleed.
On occasion, the overt symptoms of GI bleeding may mask
the typical symptoms of an evolving MI. Therefore, cardiac
enzymes, including troponin-I, and an electrocardiogram are
routinely suggested in high-risk patients with GI bleeding, even
when the patient has no chest pain, to avoid a delay in diagnosis

Suspicious occult lower GI bleeding 
with stable hemodynamics

Correct anemia

(+)

Tx of 
individual lesions

(-)

US 
Helical CT 

SBFT/enteroclysis
(+)

Tx of 
individual lesions

* PE for proximal jejunal lesions 
* DBE for inconclusive studies 
   or deep small bowel lesions

Repeat studies 
according to the findings

(+)

Observation 
and conservative Tx

(-)

(-)

(+)

Capsule endoscopy/RBC scan

(-)

Colonoscopy

* Intervention with IA vasopressin or embolization 

FIGURE 153.4. Approach for occult lower gas-
trointestinal bleeding. GI, gastrointestinal; RBC, red
blood cell; Tx, treatment; PE, push-type enteroscopy;
DBE, double-balloon enteroscopy; CT, computed to-
mography; SBFT, small bowel follow-through; US,
ultrasound.
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IMAGING STUDIES FOR SMALL BOWEL BLEEDING

Studies Tx

Radiographic techniques Barium studies Small bowel follow-through
Enteroclysis

N

Nuclear studies Tagged red blood cell scans
Meckel scan

N

Cross-sectional imaging CT
MRI

N

Angiography Y

Endoscopic techniques Push enteroscopy Y
Double-balloon enteroscopy
Capsule endoscopy N

Surgical procedures Exploratory laparotomy with and without endoscopic Y
assistance

Tx, treatment; Y, yes; N, no; CT, computed tomography; MRI, magnetic resonance imaging.

of myocardial ischemia or acute MI (273). Although GI bleed-
ing occurring after an acute MI carries significant mortality
(275), an acute MI after a GI bleed does not seem to alter the
risk of in-hospital mortality (271,272).

GI bleeding occurs after an acute MI, owing to the use of
antiplatelet agents, anticoagulants, and thrombolytic agents. In
a recent meta-analysis of 6,300 patients receiving low-dose as-
pirin (less than 325 mg/day) for secondary prevention of coro-
nary artery disease, it was found that the aspirin group was 2.5
times more likely to have GI bleeding than the placebo group
(276). Another antiplatelet agent, clopidogrel, was noted to
have a significant association with GI bleeding when used in
patients with a history of GI bleeding (277); however, clopido-
grel incited fewer cases of GI bleeding compared with aspirin in
the Clopidogrel versus Aspirin in Patients at Risk of Ischemic
Events trial (278). In the study of 3,130 patients by Abbas
et al., GI bleeding was more likely to occur in patients over
70 years old (276). In spite of many studies that evaluated for
GI bleeding after acute MI, most lesions were in the upper GI
tract; data on LGIB after acute MI are limited. When sigmoi-
doscopy is performed within 30 days of an MI, ischemic colitis
is the most frequent diagnosis of LGIB (279).

Whether LGIB occurs before or after the acute MI, se-
lecting an endoscopic procedure is a dilemma. Although en-
doscopy has been applied widely in managing GI disorders in
the general population, the risks versus benefits of endoscopy
must be carefully considered in patients with a recent MI
because of the potential for cardiopulmonary complications,
including myocardial ischemia, hypotension, cardiac arrhyth-
mias, and hypoxia. Underlying heart disease, lower blood pres-
sure on arrival in the emergency department, lower hemoglobin
level on arrival, and persistent shock before endoscopic exami-
nation are all associated with higher risk of MI after emergency
endoscopy (280). Establishment of stable hemodynamics and
oxygen delivery before emergency endoscopy may reduce the
risk of procedure-related MI, especially in patients with known
heart disease. Sigmoidoscopy, colonoscopy, enteroscopy, and
capsule endoscopy may be arranged for LGIB. The safety of
enteroscopy and capsule endoscopy for small bowel bleeding
complicated by an MI is unknown, although, theoretically, cap-

sule endoscopy should be safer than the enteroscopy, because
it is less invasive. Cappell has suggested that sigmoidoscopy
is relatively safe and often beneficial after MI, even in moder-
ately ill patients, but should be undertaken with pulse oximetry
and continuous electrocardiography (279). In the same study,
the complication rate of sigmoidoscopy was lower than that
of UGI endoscopy (7.5% ) after an MI, probably because sig-
moidoscopy is less invasive, is less painful, and does not affect
the airway. Cappell also suggested that sigmoidoscopy should
be deferred in unstable patients, such as those in shock, for
several weeks after myocardial infarction unless an emergent
indication for the procedure exists. Urgent sigmoidoscopy may
be indicated in the patient with LGIB related to anticoagulant
or thrombolytic therapy (281,282), or LGIB related to colonic
ischemia from systemic hypotension due to MI, myocardial
hypoperfusion, and infarction related to massive LGIB, which
may be treated endoscopically (272,273).

Colonoscopy in patients with a recent MI is associated with
a higher rate of minor, transient cardiovascular complications
compared with control patients, but is relatively infrequently
associated with major complications (283). Colonoscopy may
be beneficial after an MI despite a higher risk in certain cir-
cumstances. It is also suggested that recent improvements in
cardiac interventions, conscious sedation, patient monitoring,
and endoscopic instrumentation may render colonoscopy even
safer after MI.

INDIVIDUAL CAUSES OF LOWER
GASTROINTESTINAL BLEEDING

Ang iod ysp lasia

Angiodysplasia composed of ectatic, dilated submucosal veins
is the most common vascular anomaly of the GI tract. It in-
cludes vascular ectasias, AVMs, or angiomas. Angiodysplasia
is thought to be due to degeneration of the submucosal venules,
and thus is seen predominately in the elderly (284). It has been
reported as a common cause of acute major LGIB and slow
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intermittent blood loss (285,286). The percentage of acute
LGIB that has been attributed to angiodysplasia varies from
3% to 40% , depending on the study (287,288). Angiodyspla-
sia is also the most common cause of small bowel bleeding,
accounting for 70% to 80% of episodes (289). Angiodysplasia
may be a clinically challenging problem, as it frequently has
multiple lesions that may be difficult to identify, and bleeding
associated with angiodysplasia is more likely to be intermit-
tent than diverticular bleeding. Furthermore, angiodysplasia
is the most common cause of recurrent LGIB of the elderly,
with recurrent bleeding rates reported between 10% and 30%
(285,286,290). The lesions of angiodysplasia are predomi-
nantly located in the right colon (cecum and ascending colon,
54% ), followed by the sigmoid colon (18% ) and rectum (14% )
(291), whereas angiodysplasia can be found throughout the
small intestine. Overt bleeding from angiodysplasia is typically
brisk, painless, and intermittent. Modalities for diagnosing an-
giodysplasia as a cause of LGIBinclude colonoscopy, mesentery
angiography, enteroscopy, capsule endoscopy, and, sometimes,
helical CT angiography. The sensitivity of colonoscopy for de-
tecting angiodysplasia exceeds 80% (202). At colonoscopy, an-
giodysplastic lesions have a characteristic appearance: red, flat,
ectatic blood vessels radiating from a central feeding vessel.
A pale halo may typically be seen around the lesion. Use of
narcotic medications for sedation and analgesia have been re-
ported to decrease the sensitivity of colonoscopy for detect-
ing angiodysplasia because of a transient decrease in mucosal
blood flow. Additionally, colonoscopy can provide a therapeu-
tic function; this mode of therapy is safe and effective for an-
giodysplasia. Argon plasma coagulation is increasingly pop-
ular for the treatment of bleeding colonic angiodysplastic le-
sions and angiodysplasia located in the small bowel (292,293).
Other methods include heater probe, bipolar coagulation, and
injection therapy. If no other cause of bleeding is identified
in a patient with recurrent or persistent GI bleeding requiring
transfusions, the presence of angiodysplasia is an indication
for treatment. Angiography is the other diagnostic modality
for angiodysplasia. After injection of contrast, angiodysplasia
is seen as ectatic slowly emptying veins, vascular tufts, or small
veins with early filling. When angiography identifies a bleeding
angiodysplasia, treatment with embolization therapy or infu-
sion of vasopressin may be performed. Helical CT angiography
had 70% sensitivity in the diagnosis of colonic angiodysplasia
by the demonstration of vessel accumulation in the colon wall,
early filling vein, and enlarged supplying artery (259). Pharma-
cologic therapy for diffuse angiodysplasia includes hormonal
therapy with estrogen/progesterone and octreotide analogues.
Octreotide has been tried in patients with bleeding caused by
diffuse angiodysplasia, at a dose of 0.05 to 1 mg/day subcuta-
neously, and was reported to be effective and without adverse
effects (239). However, so far, no randomized, double-blinded
studies have demonstrated the effectiveness of these agents.
Adverse effects seen with hormonal therapy include vaginal
bleeding, fluid retention, and stroke (294). Surgery should be
considered in patients with a bleeding source clearly identified
and in whom conservative therapies have failed.

Colonic Dive rt icular Ble e d ing

Colonic diverticular bleeding results from rupture of the intra-
mural branches (vasa recta) of the marginal artery at the dome

of a diverticulum or at the antimesenteric margin (295,296).
Diverticula are the second most common source, if not the
most common, of acute LGIB in some studies, and have been
reported to comprise 20% to 55% of all cases of LGIB. Al-
though greater than 75% of diverticula are found in the left
colon, the right colon is the source of diverticular bleeding
in 50% to 90% of patients. Most of the diverticula are not
symptomatic, whereas approximately 20% develop divertic-
ulitis and 3% to 5% develop acute severe bloody stool (11).
Clinical presentation in LGIB generally is acute, painless hema-
tochezia (295–297). Diverticulosis is rare in patients under 40
years of age. Age and NSAIDs have been shown to be associ-
ated with diverticular bleeding (298,299). At least 75% of di-
verticular bleeding will stop spontaneously, but up to 25% will
require emergent intervention (300). Recurrent bleeding from
diverticula occurs in 14% to 38% of patients (4,11,169,297).
Colonoscopy and angiography are used to diagnose diverticu-
lar bleeding. Endoscopic therapy utilized includes epinephrine
injection, bipolar coagulation, band ligation, and placement of
hemoclips; the latter has been more popular in recent years. Di-
verticular hemorrhage is most likely to produce extravasation
on angiography (200). Vasopressin infusion and embolization
have also been used to stop bleeding. The traditional man-
agement of diverticular bleeding has largely been supportive.
Nonsurgical therapy may be performed with angiography or
colonoscopy. Surgical intervention is required when hemody-
namic instability persists despite aggressive resuscitation. Sur-
gical intervention may be necessary in 18% to 25% of cases.
In the elderly patient with comorbid conditions, diverticular
bleeding results in morbidity and mortality rates of 10% to
20% (301,302).

Ische mic Colit is

Ischemic colitis, resulting from a sudden, often temporary, re-
duction in mesenteric blood flow, is increasingly recognized as
a cause of acute LGIB. Ischemic colitis accounts for approxi-
mately 1% to 19% of LGIB (303), and may be transient and
reversible. Data from a study limited to medical ICU patients
has shown that ischemic colitis, not angiodysplasia or divertic-
ula, is one of the most frequent causes of LGIB (5). Ischemic
colitis is usually caused by “ low-flow states” and occlusion
of small, rather than large, vessels. Mesenteric hemodynamics
may be compromised by changes in the systemic circulation or
by anatomic or functional changes in the mesenteric vascula-
ture. In patients who have undergone aortoiliac reconstructive
surgery, the frequency of postoperative colonic ischemia is 1%
to 7% (304–306). The typical segments affected by nonocclu-
sive colonic ischemia are the “‘watershed” areas of the colon:
the splenic flexure and the rectosigmoid junction. Clinically, is-
chemic colitis most frequently involves the splenic flexure, the
descending colon, and the sigmoid colon. Ischemic colitis with
segmental distribution has an abrupt transition between dam-
aged and normal mucosa at colonoscopy. Clinically, ischemic
colitis presents with the sudden onset of mild, left lower quad-
rant, crampy abdominal pain with infrequent hemodynamic al-
terations. The pain may be accompanied or followed by bright
red blood per rectum or bloody diarrhea. Conditions that com-
promise colonic blood flow can lead to ischemia, and include
cardiovascular insults; aortic bypass surgery; aneurysmal rup-
ture; vasculitis; inherited or acquired hypercoagulable states,
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such as pregnancy and oral contraceptives; intense exercise
(304); and medications or drugs that reduce colonic motility or
blood flow, such as catecholamines. Among them, intense exer-
cise results in blood being shunted from the viscera to the work-
ing muscles, resulting in decreased splanchnic blood flow by as
much as 80% (305). Colonoscopy or flexible sigmoidoscopy
have replaced barium enema as the choice for colonic ischemia.
Edema, hemorrhage, and ulceration with a sharp demarcation
between normal and abnormal mucosa can be shown at en-
doscopy. Histologically, submucosal hemorrhages, intravascu-
lar thrombus, and hyalinization of the lamina propria are seen,
in addition to inflammatory cell infiltrates. In contrast to acute
mesenteric ischemia, angiography is not necessary for ischemic
colitis. Most cases of colonic ischemia resolve with conservative
treatment. The 15% to 20% of patients who develop gangrene
will require surgical intervention (306). A minority of patients
will develop chronic ischemic colitis or stricture. Treatment is
supportive with bowel rest, intravenous fluids, optimization of
hemodynamic status, and correction of the precipitating con-
ditions (307). When surgery is necessary, it is often because of
transmural infarction with necrosis rather than bleeding.

Nonst e ro id al Ant i-inflammat ory
Drug –ind uce d Ent e rop at hy

and Colonop at hy

NSAID enteropathy and colonopathy are lesions related to the
use of NSAIDs. NSAIDs have been demonstrated to exacerbate
inflammatory bowel disease, cause colitis that resembles in-
flammatory bowel disease, and complicate diverticular diseases
by increasing the risk of perforation and severe hematochezia
(308,309). The terminal ileum and cecum are particularly sus-
ceptible to NSAID-induced injury. This is because the pills may
be static for a longer period of time in the terminal ileum and
cecum than in other segments of the bowel. History of use of
NSAIDs and endoscopy (colonoscopy and enteroscopy) are es-
sential for diagnosing NSAID enteropathy and colonopathy.
The diaphragm-like stricture is pathognomonic of NSAID in-
jury as a result of a scarring reaction secondary to ulceration.
They are most frequently found in the midsection of the small
intestine, but have also been reported to occur in the termi-
nal ileum and colon (310–313). Treatment of NSAID-induced
mucosal injury is discontinuation of the NSAIDs. Performance
of a repeat colonoscopy has been suggested 6 to 8 weeks af-
ter cessation of the NSAID in order to check for resolution of
the ulcers or colitis. Surgical intervention is rarely required for
NSAID-induced bleeding or perforation (310).

Rad iat ion Colit is

Radiation therapy to the colon may induce inflammatory
changes and can produce radiation colitis. A history of prior
radiation therapy for prostate or pelvic cancer may indicate ra-
diation proctitis, no matter how distant from radiation expo-
sure. Argon plasma coagulation is the most effective treatment
(314–316). Complications of argon plasma coagulation were
reported, such as severe bleeding, extensive necrosis of the rec-
tum, or perforation, which occurred in 10% of patients. Treat-
ment of hemorrhagic, radiation-induced proctitis by topical

application of formalin can be simple, effective, and inexpen-
sive. No major systemic side effects have been described. Other
treatments of radiation colitis include steroids, hyperbaric oxy-
gen, 5-aminosalicylic acid compounds, and sucralfate, but little
data support their effectiveness.

Die ulafoy Le sions

Dieulafoy lesions are unpredictable and life threatening, be-
cause bleeding is often massive and recurrent (317,318). Dieu-
lafoy lesions should always be included in the differential diag-
nosis of GI bleeding, especially when a definitive source is not
found on routine investigation (i.e., in the presence of obscure
GI bleeding). In the colon, solid bowel content can contribute to
mucosal stercoral ulceration over an abnormally dilated sub-
mucosal arteriole and subsequent rupture and bleeding. En-
doscopic diagnosis and treatment of enteric Dieulafoy lesions
beyond the duodenal bulb are difficult. In colonic Dieulafoy le-
sions, massive bleeding makes endoscopic diagnosis and treat-
ment more problematic; angiography can be quite useful in
localizing the source of bleeding in these situations. Once the
Dieulafoy lesions are found by endoscopy, they can be treated
with heater probe, electrocoagulation, sclerotherapy, band lig-
ation, or hemoclips; failure of endoscopic treatment is not un-
common. Angiography can also be therapeutic, providing ac-
cess for such treatments as embolization or tissue glue. Surgery
is now reserved for lesions that cannot be controlled by endo-
scopic or angiographic techniques, estimated at up to 5% of
patients.

Post p olyp e ct omy Ble e d ing

Postpolypectomy bleeding is the cause of 2% to 5% of acute
LGIB. A history of recent colonoscopy with polypectomy leads
to the diagnosis of postpolypectomy bleeding as the most likely
source. Most of this bleeding stops spontaneously. Persistent
bleeding can be treated with various endoscopic techniques,
including injection of epinephrine followed by thermal therapy,
band ligation of the remaining polyp stalk, and hemoclips (39).
Endoscopic therapy was successful in treating over 95% of
patients in a retrospective case review study (319).

Ulce rat ive Colit is and Crohn Dise ase

Bleeding due to ulcerative colitis and Crohn disease is usually
self-limited and responds to medical therapy, but can some-
times cause severe LGIB (245). An endoscopically treatable
lesion is uncommon, and surgical intervention may be neces-
sary, especially in patients with recurrent bleeding. Bleeding is
much more common in Crohn disease than in ulcerative colitis
(245). Infliximab has been used successfully to avoid emergency
surgery in Crohn patients with severe bleeding (246,247).

Le ss Common Cause s of Lowe r
Gast ro int e st inal Ble e d ing

There are less common causes of LGIB. Neoplastic lesions are
the cause of acute LGIB in 2% to 26% of cases (2); if limited
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to ICU patients, the incidence may be even lower. Severe con-
stipation should prompt an investigation for a stercoral ulcer.
Hemorrhoids are common and account for 2% to 9% of cases
of acute severe hematochezia (3,4). Conservative management
with sitz baths, avoidance of straining, and dietary modifica-
tion are usually effective. However, surgical hemorrhoidectomy
and rubber band ligation are options for refractory cases. Coli-
tis, including pseudomembranous colitis, can be caused by dif-
ferent diseases, each a potential cause of LGIB. Numerous in-
fectious agents can penetrate and injure the colonic mucosa and
cause acute LGIB. The major role of endoscopy is to visualize
the mucosa and obtain biopsies to guide the use of antimicro-
bial agents. There are no reports of endoscopic therapy for
bleeding due to colitis, although sometimes an actively bleed-
ing ulcer or a visible vessel may warrant an attempt endoscopic
therapy.

Acut e He morrhag ic Re ct al Ulce r or Acut e
He morrhag ic Re ct al Ulce r Synd rome

Acute hemorrhagic rectal ulcer (AHRU) or acute hemorrhagic
rectal ulcer syndrome (AHRUS) has attracted the attention of
ICU practitioners. AHRUS has been reported as one of the
most frequent causes of LGIB in the ICU (5). AHRUS was first
introduced in 1981, and was recognized as a syndrome later;
so far, there are reports only from Japan and Taiwan (320–
323). AHRUS accounts for 2.8% of the patients with massive
LGIB (321). AHRUS characteristically occurs suddenly, with
painless, massive, fresh rectal bleeding in elderly, bedridden
patients with severe comorbid illness (321,322). It is prone to
occur in patients with diabetes mellitus who are using anticoag-
ulant or antiplatelet agents (323). Lesions of AHRUS locate at
the lower rectum. Endoscopically, they were characteristically
solitary or multiple rectal ulcers with round, circumferential,
geographic, or Dieulafoy-like lesions located within a mean
distance of 4.7 ± 1.5 cm from the dentate line. Histopatho-
logically, the lesions appear as necrosis, with denudation of the
covering epithelium, hemorrhage, and multiple thrombi in the
vessels of the mucosa and underlying stroma (320). Lesions of
AHRUS are considered to be similar to stress-related mucosal
injury. Therapies for AHRUS include injection therapy, heater
probe, hemoclips, and per anal suturing (322,323). As a hemo-
static strategy, hemoclipping alone showed a favorable result,
with a hemostatic success rate as high as 76.9% (323). There
is no established pharmacologic treatment. Risk factors associ-
ated with recurrent bleeding were severity of comorbid disease
and abnormal coagulation status. The prognosis of AHRUS de-
pends on the state of the underlying diseases and achievement
of hemostasis (322).

PEARLS
■ The consequences of LGIB in the ICU, anemia and hypo-

volemia, may prevent weaning and extubation, thus pro-
longing ICU length of stay.

■ Data indicating the true incidence of LGIB during ICU hos-
pitalization are lacking.

■ Patients who develop LGIB while hospitalized for another
disease process have a higher risk of death than those ad-
mitted with LGIB.

■ LGIB patients with comorbid illness have higher mortality
than those without.

■ Two to 15% of patients with presumed LGIB will have
UGIB.

■ Studies limited to ICU patients show that ischemic colitis
and acute hemorrhagic rectal ulcers are the most frequent
causes of LGIB, followed by colitis and diverticula.

■ Pallor, fatigue, chest pain, palpitations, dyspnea, tachypnea,
tachycardia, posture-related dizziness, and syncope are sug-
gestive of hemodynamic compromise, and demand aggres-
sive care.

■ For detecting occult blood loss from the lower GI tract,
guaiac-based tests and immunochemical fecal occult blood
tests are optimal choices. Heme-porphyrin tests cannot dis-
criminate between UGIB and LGIB.

■ NG tube placement to rule out a UGI source of bleeding
should be considered in patients with hemodynamic com-
promise and hematochezia, or if a source is not identified on
colonoscopy.

■ The absence of blood in NG aspirate is not sufficient to
refute UGI bleeding, but the presence of bile without blood
indicates the absence of an active UGIB.

■ The past medical history may help to elucidate a specific
bleeding source. Key points include antecedent constipation
or diarrhea, the presence of diverticulosis, radiation therapy,
recent polypectomy, and vascular disease/systemic hypoten-
sion/atrial fibrillation/aortoiliac reconstructive surgery.

■ A rectal exam is essential in LGIB, serving to identify anorec-
tal lesions and confirm the stool color described by the pa-
tient.

■ Evaluation of the small bowel is indicated for those patients
in whom UGI endoscopy and colonoscopy are negative.

■ Current endoscopic tools for small bowel diseases in-
clude PE, DBE, intraoperative enteroscopy, and capsule en-
doscopy.

■ The diagnostic yield of PE is between 38% to 65% in pa-
tients with negative upper and lower endoscopy.

■ The diagnostic yield of DBE is between 52% and 76% .
■ Intraoperative endoscopy provides the highest diagnostic

and therapeutic yield (70% –100% ) in patients with chronic
or acute recurrent LGIB.

■ The use of capsule endoscopy for small bowel or obscure
bleeding must be made on a case-by-case basis.

■ The timing of capsule endoscopy appears related to the di-
agnostic yield. A high yield may be possible in ongoing overt
bleeding.

■ Evidence suggests that capsule endoscopy may be safely used
in patients with pacemakers.

■ Radionuclide scanning or angiography may be appro-
priate in patients with massive bleeding that precludes
colonoscopy or in whom a bleeding source is not identified
on colonoscopy.

■ Radionuclide scanning detects active bleeding at rates of 0.1
to 0.5 mL/minute, and is more sensitive than angiography,
but less specific than a positive endoscopic or angiographic
study.

■ Radionuclide scanning is normally not used as a defini-
tive study before surgical therapy, but rather as a tool to
guide further diagnostic studies or therapeutic interven-
tions.

■ Angiography may be a useful diagnostic and therapeutic tool
in patients with active bleeding.
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■ Angiography may be used in patients with massive LGIB and
unstable hemodynamic status, or after a failed endoscopy or
a positive radionuclide scan.

■ Angiography offers therapeutic options via pharmacologic
vasoconstriction with vasopressin or selective embolization
(TAE) with microcoils, polyvinyl alcohol sponge particles,
or gelatin sponge particles, alone or in combination.

■ Intra-arterial vasopressin infusion is preferred in diffuse or
multiple lesions.

■ During the vasopressin infusion, patients need to be in an
ICU setting.

■ For critically ill patients, maintenance of adequate intravas-
cular volume is very important to prevent contrast nephro-
toxicity.

■ In general, the presence of comorbidity, acute hemody-
namic instability, and high-risk endoscopic stigmata of re-
cent bleeding are considered most predictive of an adverse
outcome.

Re fe re nce s

1. Gostout CJ. Acute lower GI bleeding. In: Brandt LJ, ed. Current Medicine.
Clinical Practice of Gastroenterology. Philadelphia: Churchill Livingstone;
1998:651–662.

2. Peura DA, Lanza FL, Gostout CJ, et al. The American College of Gas-
troenterology Bleeding Registry: preliminary findings. Am J Gastroenterol.
1997;92:924–928.

3. Bramley PN, Masson JW, McKnight G, et al. The role of an open-access
bleeding unit in the management of colonic haemorrhage: a 2-year prospec-
tive study. Scand J Gastroenterol. 1996;31:764–769.

4. Longstreth GF. Epidemiology and outcome of patients hospitalized with
acute lower gastrointestinal hemorrhage: a population-based study. Am J
Gastroenterol. 1997;92:419–424.

5. Lin CC, Lee YC, Lee H, et al. Bedside colonoscopy for critically ill pa-
tients with acute lower gastrointestinal bleeding. Intensive Care Med.
2005;31:743–746.

6. Velayos FS, Williamson A, Sousa KH, et al. Early predictors of severe lower
gastrointestinal bleeding and adverse outcomes: a prospective study. Clin
Gastroenterol Hepatol. 2004;2:485–490.

7. Santos JCM, Apilli F, Guimaraes AS, et al. Angiodysplasia of the colon:
endoscopic diagnosis and treatment. Br J Surg. 1988;75:256–258.

8. Farrell JJ, Friedman LS. Gastrointestinal bleeding in the elderly. Gastroen-
terol Clin N orth Am. 2001;30:377–407.

9. Lin CC, Wang HP, Wu MS, et al. The etiology and clinical characteristics of
acute lower gastrointestinal bleeding in patients hospitalized for comorbid
illnesses. Hepato-Gastroenterology. 2006;52:391–394.

10. Strate LL. Lower GI bleeding: epidemiology and diagnosis. Gastroenterol
Clin N orth Am. 2005;34:643–664.

11. McGuire HH. Bleeding colonic diverticula. A reappraisal of natural history
and management. Ann Surg. 1994;220:653–656.

12. Mujica VR, Barkin JS. Occult gastrointestinal bleeding: general overview
and approach. Gastrointest Endosc Clin N Am 1996;6:833–845.

13. Lewis BS, Kornbluth A, Waye JD. Small bowel tumours: yield of en-
teroscopy. Gut. 1991;32:763–765.

14. Marcuard S, Weinstock J. Gastrointestinal angiodysplasia in renal failure.
J Clin Gastroenterol. 1988;10:482–484.

15. Imperiale T, Ransohoff D. Aortic stenosis, idiopathic gastrointestinal bleed-
ing and angiodysplasia: is there an association? A methodologic critique of
the literature. Gastroenterology. 1988;95:1670–1676.

16. Rossini FP, Ferrari A, Spandre M, et al. Emergency colonoscopy. World J
Surg. 1989;13:190–192.

17. Angtuaco TL, Reddy SK, Drapkin S, et al. The utility of urgent colonoscopy
in the evaluation of acute lower gastrointestinal tract bleeding: a 2-
year experience from a single center. Am J Gastroenterol. 2001;96:1782–
1785.

18. McGuire HH. Bleeding colonic diverticula. A reappraisal of natural history
and management. Ann Surg. 1994;220:653–656.

19. Richter JM, Christensen MR, Kaplan LM, et al. Effectiveness of current
technology in the diagnosis and management of lower gastrointestinal hem-
orrhage. Gastrointest Endosc. 1995;41:93–98.

20. Jensen DM, Machicado GA. Diagnosis and treatment of severe hema-
tochezia. The role of urgent colonoscopy after purge. Gastroenterology.
1988;95:1569–1574.

21. Rockey DC. Occult gastrointestinal bleeding. N Engl J Med. 1999;341:38–
46.

22. Proctor DD. Critical issues in digestive diseases. Clin Chest Med. 2003;24:
623–632.

23. Green BT, Rockey DC. Acute gastrointestinal bleeding. Semin Gastrointest
Dis. 2003;14:44–65.

24. Jensen DM, Machicado GA, Jutabha R, et al. Urgent colonoscopy for the
diagnosis and treatment of severe diverticular hemorrhage. N Engl J Med.
2000;342:78–82.

25. Patel TH, Cordts PR, Abcarian P, et al. Will transcatheter embolotherapy
replace surgery in the treatment of gastrointestinal bleeding? Curr Surg.
2001;58:323–327.

26. Seow-Choen F, Goh H, Eu K, et al. A simple and effective treatment
for hemorrhagic radiation proctitis using formalin. Dis Colon Rectum.
1993;36:135–138.

27. Mathai V, Seow-Choen F. Endoluminal formalin therapy for haemorrhagic
radiation proctitis. Br J Surg. 1995;82:190.

28. Klas JV, Madoff RD. Surgical options in lower gastrointestinal bleeding.
Semin Colon Rectal Surg. 1997;8:172–177.

29. Rockey DC. Occult gastrointestinal bleeding. Gastroenterol Clin N orth
Am. 2005;34:699–718.

30. Dybdahl JH, Daae LN, Larsen S, et al. Occult faecal blood loss determined
by a 51Cr method and chemical tests in patients referred for colonoscopy.
Scand J Gastroenterol. 1984;19:245–254.

31. Herzog P, Holtermuller KH, Preiss J, et al. Fecal blood loss in patients with
colonic polyps: a comparison of measurements with 51chromium-labeled
erythrocytes and with the haemoccult test. Gastroenterology. 1982;83:957–
962.

32. Mandel JS, Bond JH, Church TR, et al. Reducing mortality from colorectal
cancer by screening for fecal occult blood. Minnesota Colon Cancer Control
Study. N Engl J Med. 1993;328:1365–1371.

33. Laine LA, Bentley E, Chandrasoma P. Effect of oral iron therapy on the
upper gastrointestinal tract. A prospective evaluation. Dig Dis Sci. 1988;
33:172–177.

34. Saito H. Screening for colorectal cancer by immunochemical fecal occult
blood testing. Jpn J Cancer Res. 1996;87:1011–1024.

35. Greenberg PD, Cello JP, Rockey DC. Asymptomatic chronic gastrointesti-
nal blood loss in patients taking aspirin or warfarin for cardiovascular
disease. Am J Med. 1996;100:598–604.

36. Jaffin BW, Bliss CM, LaMont JT. Significance of occult gastrointestinal
bleeding during anticoagulation therapy. Am J Med. 1987;83:269–272.

37. Witting MD, Magder L, Heins AE, et al. Usefulness and validity of diag-
nostic nasogastric aspiration in patients without hematemesis. Ann Emerg
Med. 2004;43:525–532.

38. ASGE Guideline: the role of endoscopy in the patient with lower-GI bleeding
Gastrointest Endosc. 2005;62(5):656–660.

39. Green BT, Rockey DC. Lower gastrointestinal bleeding—management.
Gastroenterol Clin N orth Am. 2005;34:665–678.

40. Cuellar RE, Gavaler JS, Alexander JA, et al. Gastrointestinal tract hem-
orrhage: the value of a nasogastric aspirate. Arch Intern Med. 1990;150:
1381–1384.

41. Lin CK, Chiu HM, Lien WC, et al. Ultrasonographic bisection ap-
proximation method for gastrointestinal obstruction in ER. Hepato-
Gastroenterology. 2006;53:547–551.

42. Yamamoto H, Sekine Y, Sato Y, et al. Total enteroscopy with a nonsurgical
steerable double-balloon method. Gastrointest Endosc. 2001;53:216–220.

43. Rockey DC. Gastrointestinal bleeding. In: Feldman M, Friedman LS,
Sleisenger MH, eds. Sleisenger and Fordra’s Gastrointestinal and Liver Dis-
ease. 7th ed. Philadelphia: Saunders; 2002:211–248.

44. Committee on Trauma. American College of Surgeons. Advanced Trauma
Life Support. 5th ed. Chicago: American College of Surgeons; 1993:84.

45. Proctor DD. Critical issues in digestive diseases Clin Chest Med. 2003;
24:623–632.

46. Ebert RA, Stead EA, Gibson JG. Response of normal subjects to acute blood
loss. Arch Intern Med. 1940;68:578–580.

47. Hilsman JH. The color of blood-containing feces following the instillation
of citrated blood at various levels of the small intestine. Gastroenterology.
1950;15:131–134.

48. Marcuard S, Weinstock J. Gastrointestinal angiodysplasia in renal failure.
J Clin Gastroenterol. 1988;10:482–484.

49. Ernst CB, Hagihara PF, Daughtery ME, et al. Ischemic colitis incidence
following abdominal aortic reconstruction: a prospective study. Surgery.
1976;80:417–421.

50. Hagihara PF, Ernst CB, Griffen WO Jr. Incidence of ischemic colitis follow-
ing abdominal aortic reconstruction. Surg Gynecol O bstet. 1979;149:571–
573.

51. Brewster DC, Franklin DP, Cambria RP, et al. Intestinal ischemia compli-
cating abdominal aortic surgery. Surgery. 1991;109:447–454.

52. Wessinger S, Kaplan M, Choi L, et al. Increased use of selective serotonin re-
uptake inhibitors in patients admitted with gastrointestinal haemorrhage: a
multicentre retrospective analysis. Aliment Pharmacol Ther. 2006;23:937–
944.

53. Zuckerman GR, Prakash C, Askin MP, et al. Technical review: the evalua-
tion and management of occult and obscure GI bleeding. Gastroenterology.
2000;118:201–221.

54. Aldoori WH, Giovannucci EL, Rimm EB, et al. Use of acetaminophen
and nonsteroidal anti-inflammatory drugs: a prospective study and the risk



Chap t e r 153: Approach to Lower Gastrointestinal Bleeding 2299

of symptomatic diverticular disease in men. Arch Fam Med. 1998;7:255–
260.

55. Laine L, Connors LG, Reicin A, et al. Serious lower gastrointestinal
clinical events with nonselective NSAID or coxib use. Gastroenterology.
2003;124:288–292.

56. Kwo PY, Tremaine WJ. Nonsteroidal anti-inflammatory drug-induced en-
teropathy: case discussion and review of the literature. Mayo Clin Proc.
1995;70:55–61.

57. Lang J, Price AB, Levi AJ, et al. Diaphragm disease: pathology of disease
of the small intestine induced by non-steroidal anti-inflammatory drugs. J
Clin Pathol. 1988;41:516–526.

58. Bjarnason I, Hayllar J, MacPherson AJ, et al. Side effects of nonsteroidal
antiinflammatory drugs on the small and large intestine in humans. Gas-
troenterology. 1993;104:1832–1847.

59. Foutch PG. Diverticular bleeding: are nonsteroidal anti-inflammatory drugs
risk factors for hemorrhage and can colonoscopy predict outcome for pa-
tients? Am J Gastroenterol. 1995;90:1779–1784.

60. Strate LL, Orav EJ, Syngal S. Early predictors of severity in acute lower
intestinal tract bleeding. Arch Intern Med. 2003;163:838–843.

61. Steer ML, Silen W. Diagnostic procedures in gastrointestinal hemorrhage.
N Engl J Med. 1983;309:646–650.

62. Chalasani N, Clark WS, Wilcox CM. Blood urea nitrogen to creatinine con-
centration in gastrointestinal bleeding: a reappraisal. Am J Gastroenterol.
1997;92:1796–1799.

63. Richards RJ, Donica MB, Grayer D. Can the blood urea nitrogen/creatinine
ratio distinguish upper from lower gastrointestinal bleeding? J Clin Gas-
troenterol. 1990;12:500–504.

64. Snook JA, Holdstock GE, Bamforth J. Value of a simple biochemical ratio
in distinguishing upper and lower sites of gastrointestinal haemorrhage.
Lancet. 1986;1:1064–1065.

65. Cook DJ, Guyatt GH, Salena BJ, et al. Endoscopic therapy for acute nonva-
riceal upper gastrointestinal hemorrhage: a meta-analysis. Gastroenterol-
ogy. 2000;102:139–148.

66. Van Dam J, Brugge WR. Endoscopy of upper gastrointestinal tract. N Engl
J Med. 1999;341:1738–1748.

67. Lewis JD, Shin EJ, Metz DC. Characterization of gastrointestinal bleeding
in severely ill hospitalized patients. Crit Care Med. 2000;28:46–50.

68. Zuckerman GR, Prakash C. Acute lower intestinal bleeding: part I: clinical
presentation and diagnosis. Gastrointest Endosc. 1998;48:606–617.

69. Wright HK. Massive colonic hemorrhage. Surg Clin N orth Am. 1980;60:
1297–1304.

70. Tada M, Shimizu S, Kawai K. Emergency colonoscopy for the diagnosis of
lower intestinal bleeding. Gastroenterol Jpn. 1991;26(Suppl 3):121–124.

71. Vellacott KD. Early endoscopy for acute lower gastrointestinal haemor-
rhage. Ann R Coll Surg Engl. 1986;68:243–244.

72. Tooson JD, Gates LK. Bowel preparation before colonoscopy choosing the
best lavage regimen. Postgrad Med. 1996;100:203–214.

73. Elta GH. Urgent colonoscopy for acute lower-GI bleeding. Gastrointest
Endosc. 2004;59:402–408.

74. Chiu HM, Lin JT, Wang HP, et al. The impact of colon preparation
timing on colonoscopic detection of colorectal neoplasms—a prospec-
tive endoscopist-blinded randomized trial. Am J Gastroenterol. 2006;101:
2719–2725.

75. Sharma VK, Chockalingham SK, Ugheoke EA, et al. Prospective, random-
ized, controlled comparison of the use of polyethylene glycol electrolyte
lavage solution in four-liter versus two-liter volumes and pretreatment with
either magnesium citrate or bisacodyl for colonoscopy preparation. Gas-
trointest Endosc. 1998;47:167–171.

76. Sharma VK, Steinberg EN, Vasudeva R, et al. Randomized, controlled
study of pretreatment with magnesium citrate on the quality of colonoscopy
preparation with polyethylene glycol electrolyte lavage solution. Gastroin-
test Endosc. 1997;46:541–543.

77. Adams WJ, Meagher AP, Lubowski DZ, et al. Bisacodyl reduces the volume
of polyethylene glycol solution required for bowel preparation. Dis Colon
Rectum. 1994;37:229–234.

78. Marshall JB, Pineda JJ, Barthel JS, et al. Prospective, randomized trial
comparing sodium phosphate solution with polyethylene glycol-electrolyte
lavage for colonoscopy preparation. Gastrointest Endosc. 1993;39:631–
634.

79. Golub RW, Kerner BA, Wise WE, et al. Colonic bowel preparations—
which one? A blinded, prospective, randomized trial. Dis Colon Rectum.
1995;58:594–597.

80. Ernstoff JJ, Howard DA, Marshall JB, et al. A randomized blinded clini-
cal trial of a rapid colonic lavage solution (Golytely) compared with stan-
dard preparation for colonoscopy and barium enema. Gastroenterology.
1983;84:1512–1516.

81. DiPalma JA, Brady CE, Pierson WP. Colon cleansing: acceptance by older
patients. Am J Gastroenterol. 1986;81:652–655.

82. Fordtran JS, Santa Ana CA, Cleveland MvB. A low-sodium solution for
gastrointestinal lavage. Gastroenterology. 1990;98:11–16.

83. Granberry MC, White LM, Gardner SF. Exacerbation of congestive heart
failure after administration of polyethylene glycol-electrolyte lavage solu-
tion. Ann Pharmacother. 1995;29:1232–1234.

84. Clarkston WK, Tsen TN, Dies DF, et al. Oral sodium phosphate versus
sulfate-free polyethylene glycol electrolyte lavage solution in outpatient

preparation for colonoscopy: a prospective comparison. Gastrointest En-
dosc. 1996;43:42–48.

85. Kolts BE, Lyles WE, Achem SR, et al. A comparison of the effectiveness
and patient tolerance of oral sodium phosphate, castor oil, and standard
electrolyte lavage for colonoscopy or sigmoidoscopy preparation. Am J
Gastroenterol. 1993;88:1218–1223.

86. Afridi SA, Barthel JS, King PD, et al. Prospective, randomized trial com-
paring a sodium phosphate-biscodyl regimen with conventional PEG-ES
lavage for outpatient colonoscopy preparation. Gastrointest Endosc. 1995;
41:485–489.

87. Lieberman DA, Ghormley J, Flora K. Effect of oral sodium phosphate colon
preparation on serum electrolytes in patients with normal serum creatinine.
Gastrointest Endosc. 1996;43:467–469.

88. Gremse DA, Sacks AI, Raines S. Comparison of oral sodium phosphate to
polyethylene glycol-based solution for bowel preparation for colonoscopy
in children. J Pediatr Gastroenterol N utr. 1996;23:586–590.

89. Strate LL, Syngal S. Predictors of utilization of early colonoscopy vs.
radiography for severe lower intestinal bleeding Gastrointest Endosc.
2005;61:46–52.

90. Ohyama T, Sakurai Y, Ito M, et al. Analysis of urgent colonoscopy for
lower gastrointestinal tract bleeding. Digestion. 2000;61:189–192.

91. Strate LL, Syngal S. Timing of colonoscopy: impact on length of hospital
stay in patients with acute lower intestinal bleeding. Am J Gastroenterol.
2003;98:317–322.

92. Garcia Sanchez M, Gonzalez Galilea A, Lopez Vallejos P, et al. Role of early
endoscopy in severe acute lower gastrointestinal bleeding. Gastroenterol
Hepatol. 2001;24:327–332.

93. Schmulewitz N, Fisher DA, Rockey DC. Early colonoscopy for acute lower
GI bleeding predicts shorter hospital stay: a retrospective study of experi-
ence in a single center. Gastrointest Endosc. 2003;58:841–846.

94. Kovacs TO, Jensen DM. Recent advances in the endoscopic diagnosis and
therapy of upper gastrointestinal, small intestinal, and colonic bleeding.
Med Clin N orth Am. 2002;86:1319–1356.

95. Vernava AM, Moore BA, Longo WE, et al. Lower gastrointestinal bleeding.
Dis Colon Rectum. 1997;40:846–858.

96. Colacchio TA, Forde KA, Patsos TJ, et al. Impact of modern diagnostic
methods on the management of active rectal bleeding. Ten-year experience.
Am J Surg. 1982;143:607–610.

97. Jiranek GC, Kozarek RA. A cost-effective approach to the patient with
peptic ulcer bleeding. Surg Clin N orth Am. 1996;76:83–103.

98. Lee JG, Turnipseed S, Romano PS, et al. Endoscopy-based triage signifi-
cantly reduces hospitalization rates and costs of treating upper GI bleed-
ing: a randomized controlled trial. Gastrointest Endosc. 1999;50:755–
761.

99. Velayos FS, Williamson A, Sousa KH, et al. Early predictors of severe lower
gastrointestinal bleeding and adverse outcomes: a prospective study. Clin
Gastroenterol Hepatol. 2004;2(6):485–490.

100. Farrell JJ, Friedman LS. Review article: the management of lower gastroin-
testinal bleeding. Aliment Pharmacol Ther. 2005;21:1281–1298.

101. Chaudhry V, Hyser MJ, Gracias VH, et al. Colonoscopy: the initial test for
acute lower gastrointestinal bleeding. Am Surg. 1998;64:723–728.

102. Kok KY, Kum CK, Goh PM. Colonoscopic evaluation of severe hema-
tochezia in an Oriental population. Endoscopy. 1998;30:675–680.

103. Angtuaco TL, Reddy SK, Drapkin S, et al. The utility of urgent colonoscopy
in the evaluation of acute lower gastrointestinal tract bleeding: a 2-year
experience from a single center. Am J Gastroenterol. 2001;96(6):1782–
1785.

104. Green BT, Rockey DC, Portwood G, et al. Urgent colonoscopy for evalu-
ation and management of acute lower gastrointestinal hemorrhage: a ran-
domized controlled trial. Am J Gastroenterol. 2005;100:2395–2402.

105. Fine KD, Nelson AC, Ellington RT, et al. Comparison of the color of fecal
blood with the anatomical location of gastrointestinal bleeding lesions: po-
tential misdiagnosis using only flexible sigmoidoscopy for bright red blood
per rectum. Am J Gastroenterol. 1999;94:3202–3210.

106. Farrands PA, Taylor I. Management of acute lower gastrointestinal hemor-
rhage in a surgical unit over a four year period. J R Soc Med. 1987;80:79–
82.

107. Leitman IM, Paul DE, Shires GT. Evaluation and management of massive
lower gastrointestinal hemorrhage. Ann Surg. 1989;209:175–180.

108. Wagner HE, Stain SC, Gilg M, et al. Systematic assessment of massive
bleeding of the lower part of the gastrointestinal tract. Surg Gynecol O bstet.
1992;175:445–449.

109. Zuckerman GR, Prakash C. Acute lower intestinal bleeding. Part I: clinical
presentation and diagnosis. Gastrointest Endosc. 1998;48:606–616.

110. Lewis BS. Small intestinal bleeding. Gastrointest Endosc Clin N Am. 1994;
23:67–69.

111. Foutch PG, Sanowski RA, Kelly S. Enteroscopy: a method for detection of
small bowel tumors. Am J Gastroenterol. 1985;80:887–890.

112. Goff JS. Peroral colonoscopy: technique, depth, and yield of lesions. Gas-
trointest Endosc Clin N Am. 1996;6:753–758.

113. Pennazio M, Arrigoni A, Risio M, et al. Clinical evaluation of push en-
teroscopy. Endoscopy. 1995;27:164–170.

114. TaylorAC, Chen RY, Desmond PV. Use of an overtube for enteroscopy: does
it increase depth of insertion? A prospective study of enteroscopy with and
without an overtube. Endoscopy. 2001;33:227–230.



2300 Sect ion XV: Gastrointest inal Disease and Dysfunction

115. Harewood GC, Gostout CJ, Farrell MA, et al. Prospective controlled assess-
ment of variable stiffness enteroscopy. Gastrointest Endosc. 2003;58:267–
271.

116. Keizman D, Brill S, Umansky M, et al. Diagnostic yield of routine push
enteroscopy with a graded-stiffness enteroscope without overtube. Gas-
trointest Endosc. 2003;57:877–881.

117. Wilmer A, Rutgeerts P. Push enteroscopy: technique, depth, and yield of
insertion. Gastrointest Endosc Clin N Am. 1996;6:759–776.

118. Koval G, Benner KG, Rosch J, et al. Aggressive angiographic diagnosis in
acute lower gastrointestinal hemorrhage. Dig Dis Sci. 1987;32:248–253.

119. Chak A, Koehler MK, Sundaram SN, et al. Diagnostic and therapeutic
impact of push enteroscopy: analysis of factors associated with positive
findings. Gastrointest Endosc. 1998;47:18–22.

120. Schmit A, Gay F, Adler M, et al. Diagnostic efficacy of push-enteroscopy
and long-term follow-up of patients with small bowel angiodysplasias. Dig
Dis Sci. 1996;41:2348–2352.

121. Hayat M, Axon AT, O’Mahony S. Diagnostic yield and effect on clini-
cal outcomes of push enteroscopy in suspected small-bowel bleeding. En-
doscopy. 2000;32:369–372.

122. Lin S, Rockey DC. Obscure gastrointestinal bleeding. Gastroenterol Clin
N orth Am. 2005;34:679–698.

123. Lepère C, Cuillerier E, Van Gossum A, et al. Predictive factors of posi-
tive findings in patients explored by push enteroscopy for unexplained GI
bleeding. Gastrointest Endosc. 2005;61:709–714.

124. Berner JS, Mauer K, Lewis BS. Push and sonde enteroscopy for the diagno-
sis of obscure gastrointestinal bleeding. Am J Gastroenterol. 1994;89(12):
2139–2142.

125. Perry SD, Welfare MR, Cobden I, et al. Push enteroscopy in a UK district
general hospital: experience of 51 cases over 2 years. Eur J Gastroenterol
Hepatol. 2002;14:305–309.

126. Landi B, Tkoub M, Gaudric M, et al. Diagnostic yield of push-type en-
teroscopy in relation to indication. Gut. 1998;42:421–425.

127. Ell C, Remke S, May A, et al. The first prospective controlled trial compar-
ing wireless capsule endoscopy with push enteroscopy in chronic gastroin-
testinal bleeding. Endoscopy. 2002;34(9):685–689.

128. May A, Nachbar L, Wardak A, et al. Double-balloon enteroscopy: pre-
liminary experience in patients with obscure gastrointestinal bleeding or
chronic abdominal pain. Endoscopy. 2003;35:985–991.

129. Yamamoto H, Sekine Y, Sato Y, et al. Total enteroscopy with a nonsurgical
steerable double balloon method. Gastrointest Endosc. 2001;53(2):216–
220.

130. May A, Ell C. Push-and-pull enteroscopy using the double-balloon
technique/double-balloon enteroscopy. Dig Liver Dis. 2006;38:932–938.

131. Yamamoto H, Kita H, Sunada K, et al. Clinical outcomes of double-balloon
endoscopy for the diagnosis and treatment of small-intestinal diseases. Clin
Gastroenterol Hepatol. 2004;2:1010–1016.

132. May A, Nachbar L, Schneider M, et al. Double-balloon enteroscopy (push-
and-pull enteroscopy) of the small bowel: feasibility, diagnostic and ther-
apeutic yield in patients with suspected small bowel disease. Gastrointest
Endosc. 2005;62:62–70.

133. Carey EJ, Fleischer DE. Investigation of the small bowel in gastrointestinal
bleeding—enteroscopy and capsule endoscopy. Gastroenterol Clin N orth
Am. 2005;34:719–734.

134. Heine GDN, Hadithi M, Groenen MJM, et al. Double-balloon enteroscopy:
indications, diagnostic yield, and complications in a series of 275 patients
with suspected small bowel disease. Endoscopy. 2006;38:42–48.

135. Groenen MJM, Moreels TGG, Orlent H, et al. Acute pancreatitis after
double-balloon enteroscopy: an old pathogenetic theory revisited as a result
of using a new endoscopic tool. Endoscopy. 2006;38:82–85.

136. Delmotte JS, Gay GJ, Houcke PH, et al. Intraoperative endoscopy. Gas-
trointest Endosc Clin N Am. 1999;9:61–69.

137. Zaman A, Sheppard B, Katon RM. Total peroral intraoperative enteroscopy
for obscure GI bleeding using a dedicated push enteroscope: diagnostic yield
and patient outcome. Gastrointest Endosc. 1999;50:506–510.

138. Swain P, Fritscher-Ravens A. Role of video endoscopy in managing small
bowel disease. Gut. 2004;53:1866–1875.

139. Iddan GJ, Swain CP. History and development of capsule endoscopy. Gas-
trointest Endosc Clin N Am. 2004;14:1–9.

140. Hartmann D, Schilling D, Bolz G, et al. Capsule endoscopy versus push en-
teroscopy in patients with occult gastrointestinal bleeding. Z Gastroenterol.
2003;41:377–382.

141. Lewis BS, Swain P. Capsule endoscopy in the evaluation of patients with
suspected small bowel intestinal bleeding: results of a pilot study. Gastroin-
test Endosc. 2002;56:349–353.

142. Mylonaki M, Fritscher-Ravens A, Swain P. Wireless capsule endoscopy:
a comparison with push enteroscopy in patients with gastroscopy and
colonoscopy negative gastrointestinal bleeding. Gut. 2003;52:1122–1126.

143. Saurin JC, Delvaux M, Gaudin JL, et al. Diagnostic value of endoscopic
capsule in patients with obscure digestive bleeding: blinded comparison
with video push-enteroscopy. Endoscopy. 2003;35:576–584.

144. Costamagna G, Shah SK, Riccioni ME, et al. A prospective trial comparing
small bowel radiographs and video capsule endoscopy for suspected small
bowel disease. Gastroenterology. 2002;123:999–1005.

145. Liangpunsakul S, Chadalawada V, Rex DK, et al. Wireless capsule
endoscopy detects small bowel ulcers in patients with normal results

from state of the art enteroclysis. Am J Gastroenterol. 2003;98:1295–
1298.

146. Eliakim R, Fischer D, Suissa A, et al. Wireless capsule video endoscopy
is a superior diagnostic tool in comparison to barium followthrough and
computerized tomography in patients with suspected Crohn’s disease. Eur
J Gastroenterol Hepatol. 2003;15:363–367.

147. Hara AK, Leighton JA, Sharma VK, et al. Small bowel: preliminary com-
parison of capsule endoscopy with barium study and CT. Radiology.
2004;230:260–265.

148. Hartmann D, Schilling D, Bolz G, et al. A prospective two-center study
comparing wireless capsule endoscopy with intraoperative enteroscopy in
patients with obscure GI bleeding. Gastrointest Endosc. 2005;61:826–
832.

149. Bolz G, Schmitt H, Hartmann D, et al. Prospective controlled trial compar-
ing wireless capsule endoscopy with intraoperative enteroscopy in patients
with chronic gastrointestinal bleeding: ongoing multicenter study. Presented
at the 3rd International Conference on Capsule Endoscopy, Miami, FL,
March 1, 2004.

150. Van Gossum A, Hittelet A, Schmit A, et al. A prospective comparative study
of push and wireless-capsule enteroscopy in patients with obscure digestive
bleeding. Acta Gastroenterol Belg. 2003;66:199–205.

151. Pennazio M, Santucci R, Rondonotti E, et al. Outcome of patients with
obscure gastrointestinal bleeding after capsule endoscopy: report of 100
consecutive patients. Gastroenterology. 2004;126:643–653.

152. Triester SL, Leighton JA, Fleischer DE, et al. Yield of capsule endoscopy
compared to other modalities in patients with obscure GI bleeding: a meta-
analysis. Am J Gastroenterol. 2004;99:A941.

153. Enns R, Go K, Chang H, et al. Capsule endoscopy: a single centre experience
with the first 226 capsules. Can J Gastroenterol. 2004;18(9):555–558.

154. Carey EJ, Leighton JA, Heigh RI, et al. Single center outcomes of 260
consecutive patients undergoing capsule endoscopy for obscure GI bleeding.
Gastroenterology. 2004;126(4):A96.

155. Rosch T. DDW Report 2004 New Orleans: capsule endoscopy. Endoscopy.
2004;36(9):763–769.

156. Niv Y, Niv G, Wiser K, Demarco DC. Capsule endoscopy—comparison
of two strategies of bowel preparation. Aliment Pharmacol Ther. 2005;
22(10):957–962.

157. Fireman Z, Paz D, Kopelman Y. Capsule endoscopy: improving transit time
and image view. World J Gastroenterol. 2005;11(37):5863–5866.

158. Chong A, Miller A, Taylor A, et al. Randomised controlled trial of
polyethyelene glycol administration prior to capsule endoscopy [Abstract].
Gastrointest Endosc. 2004;59(5):AB179.

159. Soussan EB, Antonietti M, Lecleire S, et al. Influence of bowel preparation
for capsule endoscopy: quality of examination and transit time [Abstract].
Gastrointest Endosc. 2004;59(5):AB178.

160. Coumaros D, Claudel L, Levy P, et al. Diagnostic value of capsule en-
doscopy (CE) in obscure digestive bleeding (ODB) and effect of ery-
thromycin injection [Abstract]. Gastrointest Endosc. 2004;59(5):AB177.

161. Albert J, Gobel CM, Lesske J, et al. Simethicone for small bowel prepara-
tion for capsule endoscopy: a systematic, single-blinded, controlled study.
Gastrointest Endosc. 2004a;59:487–491.

162. Adler DG, Knipschield M, Gostout C. A prospective comparison of capsule
endoscopy and push enteroscopy in patients with GI bleeding of obscure
origin Gastrointest Endosc. 2004;59:492–498.

163. Scapa E, Jacob H, Lewkowicz S, et al. Initial experience of wireless-capsule
endoscopy for evaluating occult gastrointestinal bleeding and suspected
small bowel pathology. Am J Gastroenterol. 2002;97:2776–2779.

164. Leighton JA, Sharma VK, Srivathsan K, et al. Safety of capsule endoscopy
in patients with pacemakers. Gastrointest Endosc. 2004;59:567–569.

165. Schoof N, Deviere J, Van Gossum A. PillCam colon capsule endoscopy
compared with colonoscopy for colorectal tumor diagnosis: a prospective
pilot study. Endoscopy. 2006;38(10):971–977.

166. Eliakim R, Fireman Z, Gralnek IM, et al. Evaluation of the PillCam Colon
capsule in the detection of colonic pathology: results of the first multicenter,
prospective, comparative study. Endoscopy. 2006;38(10):963–970.

167. Carey EJ, Heigh RI, Fleischer DE. Endoscopic capsule endoscope delivery
for patients with dysphagia, anatomical abnormalities, or gastroparesis.
Gastrointest Endosc. 2004;59(3):423–426.

168. McKusick KA, Froelich J, Callahan RJ, et al. 99mT c red blood cells for
detection of gastrointestinal bleeding: experience with 80 patients. AJR
Am J Roentgenol. 1981;137:1113–1118.

169. Bounds BC, Friedman LS. Lower gastrointestinal bleeding. Gastroenterol
Clin N orth Am. 2003;32:1107–1125.

170. Nicholson ML, Neoptolemos JP, Sharp JF, et al. Localization of lower
gastrointestinal bleeding using in vivo technetium-99m-labeled red blood
cell scintigraphy. Br J Surg. 1989;76:358–361.

171. Suzman MS, Talmor M, Jennis R, et al. Accurate localization and surgical
management of active lower gastrointestinal hemorrhage with technetium-
labeled erythrocyte scintigraphy. Ann Surg. 1996;224:29–36.

172. Hunter JM, Pezim MR. Limited value of technetium 99m-labeled red cell
scintigraphy in localization of lower gastrointestinal bleeding. Am J Surg.
1990;59:504–506.

173. Levy R, Barto W, Gani J. Retrospective study of the utility of nuclear
scintigraphic-labelled red cell scanning for lower gastrointestinal bleeding.
AN Z J Surg. 2003;73:205–209.



Chap t e r 153: Approach to Lower Gastrointestinal Bleeding 2301

174. Rantis PC Jr, Harford FJ, Wagner RH, et al. Technetium-labelled red blood
cell scintigraphy: is it useful in acute lower gastrointestinal bleeding? Int J
Colorectal Dis. 1995;10:210–215.

175. Garofalo TE, Abdu RA. Accuracy and efficacy of nuclear scintigraphy for
the detection of gastrointestinal bleeding. Arch Surg. 1997;132:196–199.

176. Nusbaum M, Baum S. Radiographic demonstration of unknown sites of
gastrointestinal bleeding. Surg Forum. 1963;14:374–375.

177. Szasz IJ, Morrison RT, Lyster DM. Technetium-99m-labelled red blood
cell scanning to diagnose occult gastrointestinal bleeding. Can J Surg.
1985;28:512–514.

178. Voeller GR, Bunch G, Britt LG. Use of technetium-labeled red blood cell
scintigraphy in the detection and management of gastrointestinal hemor-
rhage. Surgery. 1991;110:799–804.

179. Smith R, Copely DJ, Bolen FH. 99mT c RBC Scintigraphy: correlation
of gastrointestinal bleeding rates with scintigraphic findings. AJR Am J
Roentgenol. 1987;148:869–874.

180. Pennoyer WP, Vignati PV, Cohen JL. Mesenteric angiography for lower
gastrointestinal hemorrhage: are there predictors for a positive study? Dis
Colon Rectum. 1997;40:1014–1018.

181. Hyman N, Waye JD. Endoscopic four quadrant tattoo for the identification
of colonic lesions at surgery. Gastrointest Endosc. 1991;37:56–58.

182. Bentley DE, Richardson JD. The role of tagged red blood cell imaging in the
localization of gastrointestinal bleeding. Arch Surg. 1991;126:821–824.

183. Browder W, Cerise EJ, Litwin MS. Impact of emergency angiography in
massive lower gastrointestinal bleeding. Ann Surg. 1986;204:530–536.

184. Zuccaro G Jr. Management of the adult patient with acute lower gastroin-
testinal bleeding. American College of Gastroenterology. Practice Parame-
ters Committee. Am J Gastroenterol. 1998;93:1202–1208.

185. Kong MS, Chen CY, Tzen KY, et al. Technetium-99m pertechnetate scan for
ectopic gastric mucosa in children with gastrointestinal bleeding. J Formos
Med Assoc. 1993;92:717–720.

186. Sfakianakis GN, Conway JJ. Detection of ectopic gastric mucosa in
Meckel’s diverticulum and in other aberrations by scintigraphy: II. Indica-
tions and methods—a 10-year experience. J N ucl Med. 1981;22:732–738.

187. Schwartz MJ, Lewis JH. Meckel’s diverticulum: pitfalls in scintigraphic
detection in the adult. Am J Gastroenterol. 1984;79:611–618.

188. Lin S, Suhocki PV, Ludwig KA, et al. Gastrointestinal bleeding in adult pa-
tients with Meckel’s diverticulum: the role of technetium 99m pertechnetate
scan. South Med J. 2002;95:1338–1341.

189. Heyman S. Meckel’s diverticulum: possible detection by combining penta-
gastrin with histamine H2 receptor blocker. J N ucl Med. 1994;35:1656–
1658.

190. Treves S, Grand RJ, Eraklis AJ. Pentagastrin stimulation of technetium-99m
uptake by ectopic gastric mucosa in a Meckel’s diverticulum. Radiology.
1978;128:711–712.

191. Diamond RH, Rothstein RD, Alavi A. The role of cimetidine-enhanced
technetium-99m-pertechnetate imaging for visualizing Meckel’s diverticu-
lum. J N ucl Med. 1991;32:1422–1424.

192. Singh PR, Russell CD, Dubovsky EV, et al. Technique of scanning for
Meckel’s diverticulum. Clin N ucl Med. 1978;3:188–192.

193. Nusbaum M, Baum S, Blakemore WS. Clinical experience with the diagno-
sis and management of gastrointestinal haemorrhage by selective mesenteric
catheterization. Ann Surg. 1969;170:506–514.

194. Zuckerman DA, Bocchini TP, Birnbaum EH. Massive hemorrhage in the
lower gastrointestinal tract in adults: diagnostic imaging and intervention.
AJR Am J Roentgenol. 1993;161:703–711.

195. Ng BL, Thompson JN, Adam A, et al. Selective visceral angiography in
obscure postoperative gastrointestinal bleeding. Ann R Coll Surg Engl.
1987;69:237–240.

196. Leitman IM, Paull DE, Shires GT III. Evaluation and management of mas-
sive lower gastrointestinal hemorrhage. Ann Surg. 1989;209:175–180.

197. Britt LG, Warren L, Moore OF III. Selective management of lower gastroin-
testinal bleeding. Am Surg. 1983;49:121–125.

198. Fiorito JJ, Brandt LJ, Kozicky O, et al. The diagnostic yield of superior
mesenteric angiography: correlation with the pattern of gastrointestinal
bleeding. Am J Gastroenterol. 1989;84:878–881.

199. Reinus JF, Brandt LJ. Vascular ectasias and diverticulosis: common causes
of lower intestinal bleeding. Gastroenterol Clin N orth Am. 1994;23:1–20.

200. Casarella WJ, Galloway SJ, Taxin RN, et al. Lower gastrointestinal tract
hemorrhage: new concepts based on arteriography. AJR Am J Roentgenol.
1974;121:357–368.

201. Baum S, Athanasoulis CA, Waltman AC, et al. Angiodysplasia of the
right colon: a cause of gastrointestinal bleeding. AJR Am J Roentgenol.
1977;129:789–794.

202. Richter JM, Hedberg SE, Athanasoulis CA, et al. Angiodysplasia. Clinical
presentation and colonoscopic diagnosis. Dig Dis Sci. 1984;29:481–485.

203. Miller M Jr, Smith TP. Angiographic diagnosis and endovascular manage-
ment of nonvariceal gastrointestinal hemorrhage. Gastroenterol Clin N orth
Am. 2005;34:735–752.

204. Cohn SM, Moller BA, Zieg PM, et al. Angiography for preoperative evalu-
ation in patients with lower gastrointestinal bleeding: are the benefits worth
the risks? Arch Surg. 1998;133:50–5.

205. Kuo WT, Lee DE, Saad WE, et al. Superselective microcoil embolization for
the treatment of lower gastrointestinal hemorrhage. J Vasc Interv Radiol.
2003;14:1503–1509.

206. Ledermann HP, Schoch E, Jost R, et al. Super selective coil embolization in
acute gastrointestinal hemorrhage: personal experience in 10 patients and
review of the literature. J Vasc Interv Radiol. 1998;9:753–760.

207. Peck DJ, McLoughlin RF, Hughson MN, et al. Percutaneous embolother-
apy of lower gastrointestinal hemorrhage. J Vasc Interv Radiol. 1998;9:
747–751.

208. Rosenkrantz H, Bookestein JJ, Bosen RJ, et al. Postembolic colonic infarc-
tion. Radiology. 1982;142:47–51.

209. Guy GE, Shetty PC, Sharma RP, et al. Acute lower gastrointestinal hem-
orrhage: treatment by superselective embolization with polyvinyl alcohol
particles. AJR Am J Roentgenol. 1992;159:521–526.

210. Funaki B. Endovascular intervention for the treatment of acute arterial
gastrointestinal bleeding. Gastroenterol Clin N orth Am. 2002;31:701–713.

211. Gordon R, Ahl K, Kerlan R, et al. Selective arterial embolization for the
control of lower gastrointestinal bleeding. Am J Surg. 1997;174:24–28.

212. Luchtefeld MA, Senagore AJ, Szomstein M, et al. Evaluation of transarte-
rial embolization for lower gastrointestinal bleeding. Dis Colon Rectum.
2000;43:532–534.

213. Patel TH, Cordts PR, Abcarian P, et al. Will transcatheter embolotherapy
replace surgery in the treatment of gastrointestinal bleeding? Curr Surg.
2001;58:323–327.

214. Darcy M. Treatment of lower gastrointestinal bleeding: vasopressin infu-
sion versus embolization J Vasc Interv Radiol. 2003;14:535–543.

215. Baum S, Rosch J, Dotter CT, et al. Selective mesenteric arterial infusions
in the management of massive diverticular hemorrhage. N Engl J Med.
1973;288:1269–1272.

216. Clark RA, Colley DP, Eggers FM. Acute arterial gastrointestinal hemor-
rhage: efficacy of transcatheter control. AJR Am J Roentgenol. 1981;136:
1185–1189.

217. Bush HL Jr, Nabseth DC. Intravenous nitroglycerin to improve coronary
blood flow and left ventricular performance during vasopressin therapy.
Surg Forum. 1979;30:226–228.

218. Ettorre GC, Francioso G, Garribba AP, et al. Helical CT angiography in
gastrointestinal bleeding of obscure origin. AJR Am J Roentgenol. 1997;
168:727–731.

219. Ernst O, Bulois P, Saint-Drenant S, et al. Helical CT in acute lower gas-
trointestinal bleeding. Eur Radiol. 2003;13:114–117.

220. Yamaguchi T, Yoshikawa K. Enhanced CT for initial localization of active
lower gastrointestinal bleeding. Abdom Imaging. 2003;28:634–636.

221. Kuhle WG, Sheiman RG. Detection of active colonic hemorrhage with use
of helical CT: findings in a swine model. Radiology. 2003;228:743–752.

222. Summers RM. Science to practice: detection of active colonic hemorrhage
with use of helical CT: findings in a swine model. Radiology. 2003;228:599–
600.

223. Junquera F, Quiroga S, Saperas E, et al. Accuracy of helical computed to-
mographic angiography for the diagnosis of colonic angiodysplasia. Gas-
troenterology. 2000;119:293–299.

224. Yamaguchi T, Manabe N, Hata J, et al. The usefulness of transabdominal
ultrasound for the diagnosis of lower gastrointestinal bleeding. Aliment
Pharmacol Ther. 2006;23:1267–1272.

225. Lin CK, Chiu HM, Lien WC, et al. Ultrasonographic bisection ap-
proximation method for gastrointestinal obstruction in ER. Hepato-
Gastroenterology. 2006;53:547–551.

226. Fried AM, Poulos A, Hatfield DR. The effectiveness of the incidental small-
bowel series. Radiology. 1981;140:4–6.

227. Kusumoto H, Takahashi I, Yoshida M, et al. Primary malignant tumors of
the small intestine: analysis of 40 Japanese patients. J Surg O ncol. 1992;
50:139–143.

228. Ott DJ, Chen YM, Gerlfand DW, et al. Detailed per-oral small bowel ex-
amination vs. enteroclysis. Part I: expenditures and radiation exposure.
Radiology. 1985;155:29–31.

229. Maglinte DD, Chernish SM, Kelvin FM, et al. Crohn disease of the small
intestine: accuracy and relevance of enteroclysis. Radiology. 1992;184:541–
545.

230. Chernish SM, Maglinte DD, O’Connor K. Evaluation of the small intestine
by enteroclysis for Crohn’s disease. Am J Gastroenterol. 1992;87:696–701.

231. Vallance R. An evaluation of the small bowel enema based on an analysis
of 350 consecutive examinations. Clin Radiol. 1980;31:227–232.

232. Moch A, Herlinger H, Kochman ML, et al. Enteroclysis in the evaluation of
obscure gastrointestinal bleeding. AJR Am J Roentgenol. 1994;163:1381–
1384.

233. Rex DK, Lappas JC, Maglinte DDT, et al. Enteroclysis in the evaluation of
suspected small intestinal bleeding. Gastroenterology. 1989;97:58–60.

234. Barkin JS, Ross BS. Medical therapy for chronic gastrointestinal bleeding
of obscure origin. Am J Gastroenterol. 1998;93:1250–1254.

235. van Cutsem E, Rutgeerts P, Vantrappen G. Treatment of bleeding gas-
trointestinal vascular malformations with oestrogen-progesterone. Lancet.
1990;335:953–955.

236. Lewis BS, Salomon P, Rivera-MacMurray S, et al. Does hormonal therapy
have any benefit for bleeding angiodysplasia? J Clin Gastroenterol. 1992;
15:99–103.

237. Barkin JS, Ross BS. Medical therapy for chronic gastrointestinal bleeding
of obscure origin. Am J Gastroenterol. 1998;93:1250–1254.

238. Szilagyi A, Ghali MP. Pharmacological therapy of vascular malformations
of the gastrointestinal tract. Can J Gastroenterol. 2006;20(3):171–178.



2302 Sect ion XV: Gastrointest inal Disease and Dysfunction

239. Nardone G, Rocco A, Balzano T, et al. The efficacy of octreotide therapy in
chronic bleeding due to vascular abnormalities of the gastrointestinal tract.
Aliment Pharmacol Ther. 1999;13:1429–1436.

240. Szilagyi A, Ghali MP. Pharmacological therapy of vascular malformations
of the gastrointestinal tract. Can J Gastroenterol. 2006;20(3):171–178.

241. Kochhar R, Sharma SC, Gupta BB, et al. Rectal sucralfate in radiation
proctitis. Lancet. 1988;2:400.

242. Sasai T, Hiraishi H, Suzuki Y, et al. Treatment of chronic post-radiation
proctitis with oral administration of sucralfate. Am J Gastroenterol. 1998;
93:1593–1595.

243. Stockdale AD, Biswas A. Long-term control of radiation proctitis following
treatment with sucralfate enemas. Br J Surg. 1997;84:379.

244. Denton AS, Andreyev HJ, Forbes A, et al. Systematic review for nonsurgical
interventions for the management of late radiation proctitis. Br J Cancer.
2002;87:134–143.

245. Pardi DS, Loftus EV, Tremaine WJ, et al. Acute major gastrointestinal hem-
orrhage in inflammatory bowel disease. Gastrointest Endosc. 1999;49:153–
157.

246. Tsujikawa T, Nezu R, Andoh A, et al. Infliximab as a possible treatment for
the hemorrhagic type of Crohn’s disease. J Gastroenterol. 2004;39(3):284–
287.

247. Papi C, Gili L, Tarquini M, et al. Infliximab for severe recurrent Crohn’s
disease presenting with massive gastrointestinal hemorrhage. J Clin Gas-
troenterol. 2003;36(3):238–241.

248. Rubinstein E, Ibsen T, Rasmussen RB, et al. Formalin treatment of
radiation-induced hemorrhagic proctitis. Am J Gastroenterol. 1986;81:44–
45.

249. Lee CW, Liu, MD KL, Wang HP, et al. Transcatheter arterial embolization
with N-butyl-2-cyanoacrylate in acute upper gastrointestinal bleeding. J
Vasc Interv Radiol. 2007;18:209–216.

250. Jensen DM, Machicado GA. Colonoscopy for diagnosis and treatment of
severe lower gastrointestinal bleeding. Routine outcomes and cost analysis.
Gastrointest Endosc Clin N Am. 1997;7:477–498.

251. Parkes BM, Obeid FN, Sorensen VJ, et al. The management of massive
lower gastrointestinal bleeding. Am Surg. 1993;59:676–678.

252. Bokhari M, Vernava AM, Ure T, et al. Diverticular hemorrhage in the
elderly—is it well tolerated? Dis Colon Rectum. 1996;39:191–195.

253. Scharff JR, Longo WE, Vartanian SM, et al. Ischemic colitis: spectrum of
disease and outcome. Surgery. 2003;134:624–629.

254. Reilly HF, Al-Kawas FH. Dieulafoy’s lesion. Diagnosis and management.
Dig Dis Sci. 1991;36:1702–1707.

255. Das A, Wong RC. Prediction of outcome of acute GI hemorrhage: a review
of risk scores and predictive models. Gastrointest Endosc. 2004;60:85–93.

256. Kollef MH, Canfield DA, Zuckerman GR. Triage considerations for pa-
tients with acute gastrointestinal hemorrhage admitted to a medical inten-
sive care unit. Crit Care Med. 1995;23:1048–1054.

257. Kollef MH, O’Brien JD, Zuckerman GR, et al. BLEED: a classification tool
to predict outcomes in patients with acute upper and lower gastrointestinal
hemorrhage. Crit Care Med. 1997;25:1125–1132.

258. Das A, Ben-Menachem T, Cooper GS, et al. Prediction of outcome in
acute lower-gastrointestinal haemorrhage based on an artificial neural
network: internal and external validation of a predictive model. Lancet.
2003;362:1261–1266.

259. Velayos FS, Williamson A, Sousa KH, et al. Early predictors of severe lower
gastrointestinal bleeding and adverse outcomes: a prospective study. Clin
Gastroenterol Hepatol. 2004;2:485–490.

260. Spiller RC, Parkins RA. Recurrent gastrointestinal bleeding of obscure ori-
gin: report of 17 cases and a guide to logical management. Br J Surg.
1983;70:489–493.

261. Thompson JN, Salem RR, Hemingway AP, et al. Specialist investigation of
obscure gastrointestinal bleeding. Gut. 1987;28:47–51.

262. Klas JV, Madoff RD. Surgical options in lower gastrointestinal bleeding.
Semin Colon Rectal Surg. 1997;8:172–177.

263. Leighton JA, Goldstein J, Hirota W, et al. Obscure gastrointestinal bleeding.
Gastrointest Endosc. 2003;58:650–655.

264. Chak A, Cooper GS, Canto MI, et al. Enteroscopy for the initial evaluation
of iron deficiency. Gastrointest Endosc. 1998;47:144–148.

265. Landi B, Tkoub M, Gaudric M, et al. Diagnostic yield of push-type en-
teroscopy in relation to indication. Gut. 1998;42:421–425.

266. Zaman A, Katon RM. Puch enteroscopy for obscure gastrointestinal bleed-
ing yields a high incidence of proximal lesions within reach of a standard
endoscope. Gastrointest Endosc. 1998;47:372–376.

267. Descamps C, Schmit A, Van Gossum A. “Missed” upper gastrointestinal
tract lesions may explain “occult” bleeding. Endoscopy. 1999;31:452–455.

268. Sturniolo GC, Leo VD, Vettorato MG, et al. Small bowel exploration by
wireless capsule endoscopy: results from 314 procedures. Am J Med. 2006;
119:341–347.

269. Prakash C, Zuckerman GR. Acute small bowel bleeding: a distinct entity
with significantly different economic implications compared with GI bleed-
ing from other locations. Gastrointest Endosc. 2003;58:330–335.

270. Fried AM, Poulos A, Hatfield DR. The effectiveness of the incidental small-
bowel series. Radiology. 1981;140:45–46.

271. Emenike E, Srivastava S, Amoateng-Adjepong Y, et al. Myocardial in-
farction complicating gastrointestinal hemorrhage. Mayo Clin Proc. 1999;
74:235–241.

272. Bhatti N, Amoateng-Adjepong Y, Qamar A, et al. Myocardial infarction
in critically ill patients presenting with gastrointestinal hemorrhage: retro-
spective analysis of risks and outcomes. Chest. 1998;114:1137–1142.

273. Bellotto F, Fagiuoli S, Pavei A, et al. Anemia and ischemia: myocardial
injury in patients with gastrointestinal bleeding. Am J Med. 2005;118:548–
551.

274. Cappell MS. A study of the syndrome of simultaneous acute upper gas-
trointestinal bleeding and myocardial infarction in 36 patients. Am J Gas-
troenterol. 1995;90:1444–1449.

275. Cappell MS. Gastrointestinal bleeding associated with myocardial infarc-
tion. Gastroenterol Clin N orth Am. 2000;29:423–444.

276. Abbas AE, Brodie B, Dixon S, et al. Incidence and prognostic impact of
gastrointestinal bleeding after percutaneous coronary intervention for acute
myocardial infarction Am J Cardiol. 2005;96:173–176.

277. Ng FH, Wong SY, Chang CM, et al. High incidence of clopidogrel-
associated gastrointestinal bleeding in patients with previous peptic ulcer
disease. Aliment Pharmacol Ther. 2003;18:443–449.

278. The Clopidogrel in Unstable Angina to Prevent Recurrent Events Trial In-
vestigators. Effects of clopidogrel in addition to aspirin in patients with
acute coronary syndromes without ST-segment elevation. N Engl J Med.
2001;345:494–502.

279. Cappell MS. Risks versus benefits of flexible sigmoidoscopy after myocar-
dial infarction: an analysis of 78 patients at three medical centers. Am J
Med. 2004;116:707–710.

280. Lee CT, Huang SP, Cheng TY, et al. Factors associated with myocardial
infarction after emergency endoscopy for upper gastrointestinal bleeding
in high risk patients: a prospective observational study. Am J Emerg Med.
2007;25(1):49–52.

281. van Es RF, Jonker JJ, Verheught FW, et al. Aspirin and coumadin after
acute coronary syndromes (the ASPECT-2 Study): a randomized controlled
trial. Lancet. 2002;360:109–113.

282. Choudari CP, Rajgopal C, Palmer KR. Acute gastrointestinal haemorrhage
in anticoagulated patients: diagnoses and response to endoscopic treatment.
Gut. 1994;35:464–466.

283. Cappell MS. Safety and efficacy of colonoscopy after myocardial infarction:
an analysis of 100 study patients and 100 control patients at two tertiary
cardiac referral hospitals. Gastrointest Endosc. 2004;60:901–909.

284. Boley SJ, Sammartano R, Adams A, et al. On the nature and etiology of vas-
cular ectasias of the colon. Degenerative lesions of aging. Gastroenterology.
1977;72:650–660.

285. Boley SJ, DiBase A, Brandt LJ. Lower intestinal bleeding in the elderly. Am
J Surg. 1979;137:57–64.

286. Welch CE, Athanasoulis CA, Galdibini JJ. Hemorrhage from the large
bowel with special reference to angiodysplasia and diverticular disease.
World J Surg. 1978;2:73–83.

287. Boley SJ, Sammartano R, Brandt LJ, et al. Vascular ectasias of the colon.
Surg Gynecol O bstet. 1979;149:353–359.

288. Rogers RH. Endoscopic diagnosis and therapy of mucosal vascular abnor-
malities of the gastrointestinal tract occurring in elderly patients and asso-
ciated with cardiac, vascular and pulmonary disease. Gastrointest Endosc.
1980;26:134–138.

289. Lewis B, Waye JD. Bleeding from the small intestine. In: Suguwa C, Schu-
man BM, Lucas CE, eds. Gastrointestinal Bleeding. New York: Lgaku-
Shoin; 1992:178–188.

290. Santos JCM, Apilli F, Guimaraes AS, et al. Angiodysplasia of the colon:
endoscopic diagnosis and treatment. Br J Surg. 1988;75:256–258.

291. Hochter W, Weingart J, Kuhner W, et al. Angiodysplasia in the colon and
rectum: endoscopic morphology, localisation and frequency. Endoscopy.
1985;17:182–185.

292. Wahab PJ, Mulder CJ, den Hartog G, et al. Argon plasma coagulation
in flexible gastrointestinal endoscopy: pilot experiences. Endoscopy. 1997;
29:176–181.

293. Johanns W, Luis W, Janssen J, et al. Argon plasma coagulation (APC) in
gastroenterology: experimental and clinical experiences. Eur J Gastroen-
terol Hepatol. 1997;9:581–587.

294. Szilagyi A, Ghali MP. Pharmacological therapy of vascular malformations
of the gastrointestinal tract. Can J Gastroenterol. 2006;20(3):171–178.

295. Meyers MA, Alonso DR, Gray GF, et al. Pathogenesis of bleeding colonic
diverticulosis. Gastroenterology. 1976;71:577–583.

296. Meyers MA, Alonso DR, Baer JW. Pathogenesis of massively bleeding
colonic diverticulosis: new observations. AJR Am J Roentgenol. 1976;127:
901–908.

297. Gostout CJ, Wang KK, Ahlquist DA, et al. Acute gastrointestinal bleed-
ing: experience ofa specialized management team. J Clin Gastroenterol.
1992;14:260–267.

298. Aldoori WH, Giovannucci EL, Rimm EB, et al. Use of acetaminophen
and nonsteroidal anti-inflammatory drugs: a prospective study and the
risk of symptomatic diverticular disease in men. Arch Fam Med. 1998;7:
255–260.

299. Laine L, Connors LG, Reicin A, et al. Serious lower gastrointestinal
clinical events with nonselective NSAID or coxib use. Gastroenterology.
2003;124:288–292.

300. McGuire HH, Haynes BW. Massive hemorrhage for diverticulosis of the
colon: guidelines for therapy based on bleeding patterns observed in fifty
cases. Ann Surg. 1972;175:847–855.



Chap t e r 154: Liver Failure : Acute and Chronic 2303

301. Browder W, Cerise EJ, Litwin MS. Impact of emergency angiography in
massive lower gastrointestinal bleeding. Ann Surg. 1986;204:530–536.

302. Uden P, Jiborn H, Jonsson K. Influence of selective mesenteric arteriogra-
phy on the outcome of emergency surgery for massive, lower gastrointesti-
nal hemorrhage: a 15-year experience. Dis Colon Rectum. 1986;29:561–
566.

303. Newman JR, Cooper MA. Lower gastrointestinal bleeding and ischemic
colitis. Can J Gastroenterol. 2002;16:597–600.

304. Heer M, Repond F, Hany A, et al. Acute ischaemic colitis in a female long-
distance runner. Gut. 1987;28:986–989.

305. Qumar M, Read A. Effects of mesenteric blood flow in man. Gut. 1987;
28:583–587.

306. Scharff JR, Longo WE, Vartanian SM, et al. Ischemic colitis: spectrum of
disease and outcome. Surgery. 2003;134:624–629.

307. Green BT, Tendler DA. Ischemic colitis: a clinical review. South Med J.
2005;98:217–222.

308. Bjarnason I, Hayllar J, MacPherson AJ, et al. Side effects of nonsteroidal
anti-inflammatory drugs on the small and large intestine in humans. Gas-
troenterology. 1993;104:1832–1847.

309. Foutch PG. Diverticular bleeding: are nonsteroidal anti-inflammatory drugs
risk factors for hemorrhage and can colonoscopy predict outcome for pa-
tients? Am J Gastroenterol. 1995;90:1779–1784.

310. Kaufman HL, Fischer AH, Carroll M, et al. Colonic ulceration associated
with nonsteroidal anti-inflammatory drugs: report of three cases. Dis Colon
Rectum. 1996;39:705–710.

311. Lang J, Price AB, Levi AJ, et al. Diaphragm disease: pathology of disease
of the small intestine induced by non-steroidal anti-inflammatory drugs. J
Clin Pathol. 1988;41:516–526.

312. Huber T, Ruchti C, Halter F. Nonsteroidal antiinflammatory drug-induced
colonic strictures: a case report. Gastroenterology. 1991;100:1119–
1122.

313. Matsuhashi N, Yamada A, Hiraishi M, et al. Multiple strictures of the small
intestine after long-term nonsteroidal anti-inflammatory drug therapy. Am
J Gastroenterol. 1992;87:1183–1186.

314. Lee J. Radiation proctitis—a niche for the argon plasma coagulator. Gas-
trointest Endosc. 2002;56:779–781.

315. Denton AS, Andreyev HJ, Forbes A, et al. Systematic review for nonsurgical
interventions for the management of late radiation proctitis. Br J Cancer.
2002;87:134–143.

316. Taieb S, Rolachon A, Cenni JC, et al. Effective use of argon plasma coag-
ulation in the treatment of severe radiation proctitis. Dis Colon Rectum.
2001;44:1766–1771.

317. Franko E, Chardavoyne R, Wise L. Massive rectal bleeding from a Dieu-
lafoy’s type ulcer of the rectum: a review of this unusual disease. Am J
Gastroenterol. 1991;86:1545–1547.

318. Abdulian JD, Santoro MJ, Chen YK, et al. Dieulafoy-like lesion of the
rectum presenting with exsanguinating hemorrhage: successful endoscopic
sclerotherapy. Am J Gastroenterol. 1993;88:1939–1941.

319. Parra-Blanco A, Kaminaga N, Kojima T, et al. Hemoclipping for post-
polypectomy andpostbiopsy colonic bleeding. Gastrointest Endosc. 2000;
51:37–41.

320. Tseng CA, Chen LT, Tsai KB, et al. Acute hemorrhagic rectal ulcer syn-
drome: a new clinical entity? Report of 19 cases and review of the literature.
Dis Colon Rectum. 2004;47(6):895–903.

321. Takeuchi K, Tsuzuki Y, Ando T, et al. Clinical characteristics of acute
hemorrhagic rectal ulcer. J Clin Gastroenterol. 2001;33(3):226–228.

322. Hung HY, Changchien CR, You JF, et al. Massive hematochezia from acute
hemorrhagic rectal ulcer in patients with severe comorbid illness: rapid
control of bleeding by per anal suturing of bleeder using anoretractor. Dis
Colon Rectum. 2006;49(2):238–243.

323. Oku T, Maeda M, Ihara H, et al. Clinical and endoscopic features of acute
hemorrhagic rectal ulcer. J Gastroenterol. 2006;41(10):962–970.

CHAPTER 154 ■ LIVER FAILURE: ACUTE
AND CHRONIC
R. TODD STRAVITZ r ANDREAS H. KRAMER

ACUTE LIVER FAILURE

Definit ions and Imme d iat e Conce rns

Acute liver failure (ALF) may be defined as the development
of hepatic encephalopathy (HE) and coagulopathy in a patient
with no history of previous liver disease, with the onset HE
within 26 weeks of jaundice (1). It should be stressed that ALF
is not a disease, but rather a clinical syndrome triggered by nu-
merous etiologic agents; consequently, ALF is extremely het-
erogeneous, and its management has not been well defined.

Ove rvie w

There are three possible outcomes after ALF: spontaneous sur-
vival without orthotopic liver transplantation (OLT), OLT, or
death. In the U.S. Acute Liver Failure Study cohort consist-
ing of more than 1,000 enrollees with ALF between 1998 and
2006, one third of patients died, one quarter underwent OLT,
and the remainder (42% ) recovered spontaneously (W. M. Lee,
personal communication) (2). The dismal overall survival of

patients with ALF, 25% in the 1970s, has improved to approx-
imately 65% with the advent of OLT as a rescue treatment and
improvements in intensive care management (3).

Et io log y, Pre vale nce , and Init ial Te st ing

In the U.S. ALF Study Group (SG) Cohort, acetaminophen
(APAP) accounts for approximately 45% of cases (3), half
of those due to ingestion of a single large dose with suici-
dal intent, and the other half as “ therapeutic misadventures”
(4,5). Patients in the latter group frequently ingest large doses
of APAP in combination with narcotic preparations, and in-
gestions tend to be multiple over time (5). The second most
common cause of ALF remains indeterminate even after ex-
tensive serologic and historical evaluation (15% of cases), fol-
lowed by idiosyncratic drug reactions (13% ) and acute hep-
atitis B (7% ), with autoimmune hepatitis, acute hepatitis A,
hepatic vein thrombosis (Budd-Chiari syndrome), hypotension
(“shock liver” ), fulminant Wilson disease, malignant infiltra-
tion of the liver, and pregnancy-associated ALF (acute fatty
liver and HELLP [hemolysis, elevated liver enzymes, and low
platelets] syndrome) constituting fewer than 5% of cases each.
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TA BLE 1 5 4 . 1

CAUSE, PREVALENCE, AND EVALUATION OF ACUTE LIVER FAILURE

Prevalencea

Cause (%) Evaluation

APAP 45 History; APAP level
HBV 7 anti-HBc (IgM and total), HBsAg, anti-HBs, HBV DNA,

anti-HDV
AIH 5 ANA, ASMA, anti-LKM, immunoglobulins
HAV 4 anti-HAV (IgM and total)
Shock liver 4 Echocardiogram, brain natriuretic peptide
Wilson disease 3 Serum ceruloplasmin and copper; urine copper; slitlamp

eye exam
BCS 2 Doppler ultrasound of liver
Malignancy 1 Contrast-enhanced CT; MRI (preferred)
AFLP/HELLP 1 Pregnancy test
HSV 0.5 Anti-HSV 1/2, HSV DNA
Other 4 Anti-HCV/HCV RNA, anti-CMV/CMV DNA,

anti-EBV/EBV DNA, toxicology screen
Indeterminate 14 All of above negative
Idiosyncratic drug 13 History; all of above negative

APAP, acetaminophen; HBV, hepatitis B virus; HDV, hepatitis D virus; AIH, autoimmune hepatitis; ANA,
anti-nuclear antibody; ASMA, anti-smooth muscle antibody; anti-LKM, anti-liver kidney microsomal
antibody; HAV, hepatitis A virus; BCS, Budd-Chiari syndrome; CT, computed tomography; MRI, magnetic
resonance imaging; AFLP/HELLP, acute fatty liver of pregnancy/hemolysis-elevated liver enzymes–low
platelet syndrome; HSV, herpes simplex virus; HCV, hepatitis C virus; CMV, cytomegalovirus; EBV,
Epstein-Barr virus.
N = approximately 1,000 at the time of publication. (W.M. Lee, personal communication.)
Suggested evaluation of patients with idiosyncratic drug hepatotoxicity and indeterminate ALF should
include all of the tests listed, since these are diagnoses of exclusion.
aPrevalence of causes are estimates based on the U.S. Acute Liver Failure Study Group Cohort. (personal
communication).

It remains doubtful that acute hepatitis C virus infection causes
ALF, but chronic hepatitis C may increase a patient’s suscepti-
bility to ALF after a different acute insult (6). The initial lab-
oratory and procedural evaluation of patients with ALF to de-
termine cause is indicated in Table 154.1 (7).

Asse ssme nt of Prog nosis

Out come s of ALF
Two general rules improve the prediction of outcome in pa-
tients with ALF. First, the cause of ALF is the single, most
important prognostic factor. In patients with APAP overdose,
spontaneous recovery is the rule (63% in the ALFSG cohort).
Patients with acute hepatitis A, shock liver, and pregnancy-
related ALF—assuming prompt delivery of the fetus—also have
relatively high rates of spontaneous survival (more than 50% ).
Patients with ALF from all other causes have very poor rates
of recovery without OLT, approximately 25% for those with
indeterminate cause, acute hepatitis B, and idiosyncratic drug
reactions (2). Second, the shorter the interval between jaun-
dice and the development of HE, the higher the likelihood of
spontaneous survival; conversely, the longer this interval, the
more likely is death without OLT (8). Patients with APAP over-
dose and acute hepatitis A usually have hyperacute progression
(jaundice-HE interval within 7 days) and have a relatively good
prognosis, whereas most idiosyncratic drug reactions have a
more subacute presentation (jaundice-HE interval of more than
28 days) and dismal prognosis without OLT.

Prog nost icat ion Sche me s
To anticipate the need for OLT, prognostic schemes have been
developed to predict death without OLT in patients with ALF.
The most time-honored scheme, the King’s College Criteria
(9), retrospectively analyzed outcomes in patients with ALF
according to cause and subsequently validated the model in a
test population. For patients with APAP-induced ALF, predic-
tors of death included acidosis on admission (arterial pH less
than 7.30), or azotemia, severe coagulopathy, and high-grade
HE (grade 3 or 4). In patients with ALF due to other causes,
severe coagulopathy or any three of the criteria listed in Table
154.2 also predicted death. Although the original series using
these criteria reported a predictive accuracy for death without
OLT of more than 85% , subsequent analyses have suggested
that they are less accurate (10). Consequently, other prognostic
parameters continue to be applied to individual patients with
ALF during the weighty decision of whether to proceed with
OLT.

Comp licat ions and Tre at me nt

Ge ne ral Manag e me nt
ALF commonly causes multiorgan dysfunction, such that man-
agement requires close collaboration between intensivists, hep-
atologists, transplant surgeons, and other specialists (11). Im-
provements in critical care practice have resulted in improved
mortality over past decades, even in patients who do not
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TA BLE 1 5 4 . 2

SCHEMES FOR PREDICTING POOR PROGNOSIS AND THE NEED FOR ORTHOTOPIC LIVER TRANSPLANTATION
IN PATIENTS WITH ACUTE LIVER FAILURE (ALF)

Scheme Cause of ALF Criteria for liver transplantation Reference

King’s College criteria APAP Arterial pH < 7.30
or
all of the following:
1. PT > 100 s
2. Creatinine > 3.4 mg/dL
3. Grade 3/4 encephalopathy

O’Grady et al., 1989 (9)

Non-APAP PT > 100 s (INR > 6.5)
or
any 3 of the following:
1. NANB/drug/halothane etiology,
2. Jaundice to encephalopathy > 7 d
3. Age < 10 or > 40 y
4. PT > 50 s
5. Bilirubin > 17.4 mg/dL

Factor V Viral Age < 30 y: factor V < 20%
or
Any age: Factor V < 30% and grade

3/4 encephalopathy

Bernuau et al., 1986; 1991 (202,203)

Factor VIII/V ratio APAP Factor VIII/V ratio > 30 Pereira et al., 1992 (204)
Liver biopsy Mixed Hepatocyte necrosis > 70% Donaldson et al., 1993 (205)
Arterial phosphate APAP > 1.2 mmol/L Schmidt and Dalhoff, 2002 (206)
Arterial lactate APAP > 3.5 mmol/L Bernal et al., 2002 (207)
Arterial ammonia Mixed > 150–200 µ mol/L Clemmesen et al., 1999 (24)
APACHE II/III score APAP > 15 Bernal et al., 1998; Mitchell et al., 1998 (208,209)
MELD score Non-APAP > 30 Rossaro et al., 2005 (210)

Abbreviations per legend of Table 154.1, as well as: PT, prothrombin time; INR, international normalized ratio; NANB, non-A, non-B viral hepatitis;
APACHE, Acute Physiology and Chronic Health Evaluation; MELD, model for end-stage liver disease.
Modified from Sanyal AJ, Stravitz RT. Acute liver failure. In: Boyer TD, Wright T, Manns MP, eds. Hepatology—A Textbook of L iver Disease. 5th ed.
Philadelphia, PA: Elsevier; 2006:383–415; and Stravitz RT, Kramer AH, Davern T, et al., and the Adult Acute Liver Failure Study Group. Management
of acute liver failure: recommendations of the Acute Liver Failure Study Group. Crit Care Med. 2007;35:2498–2508.

undergo OLT (12,13). Since the progression of complications
can be rapid, patients should be transferred to a liver transplant
center; in general, higher-volume centers have superior out-
come. Sedation should initially be minimized to avoid confus-
ing the effects of drugs with deteriorating mental status. Wors-
ening hepatic encephalopathy (HE) is a clear indication for
admission to the ICU; the likelihood of spontaneous survival
decreases with a worsening coma grade at admission (9,14).

Cause -Sp e cific Manag e me nt
Acetaminophen. The administration of N -acetylcysteine
(NAC) has become widely applied to patients with ALF due to
APAP on the basis of both laboratory and clinical data (15,16);
however, randomized, placebo-controlled studies document-
ing the efficacy of NAC in APAP overdose have never been
performed. Several rules of administration require emphasis.
First, although nomograms describing the probability of
hepatotoxicity after a single APAP ingestion have been used
widely to determine whether NAC should be administered, the
time of ingestion frequently cannot be determined accurately,
and ingestions are multiple. Therefore, NAC should be
administered “whenever there is doubt concerning the timing,
dose ingested, or plasma concentration, since the use of the
antidote is much less hazardous than the consequences of

withholding it” (17). Second, intravenous NAC should be
administered when a patient has higher than grade 1 HE, or in
patients who do not tolerate oral dosing (16). Finally, since the
administration of NAC, even late after ingestion, appears to
confer survival benefit, dosing should continue until evidence
of severe liver injury resolves (international normalized ratio
[INR] less than 1.5 and resolution of HE), rather than by
completion of a set number of doses of the drug (18).

Other Cause-Specific Treatments. Specific medications that
should be considered in patients with ALF due to other causes
are outlined in Table 154.3. It should be emphasized that ran-
domized, controlled studies to support these therapies do not
exist, and most of these recommendations are made only on
the basis of case reports, expert opinion, and a high therapeu-
tic threshold.

Manag e me nt of Sp e cific
Comp licat ions of ALF

Ne urolog ic Comp licat ions
Pathophysiology. By definition, patients with ALF develop
varying degrees of HE (Table 154.4). Worsening mental status
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TA BLE 1 5 4 . 3

CAUSE-SPECIFIC THERAPY OF PATIENTS WITH ACUTE LIVER FAILURE

Cause Therapy References

APAP NAC Oral: 140 mg/kg load, then
70 mg/kg every 4 hrs

Smilkstein et al., 1988 (15)

NAC IV: 150 mg/kg load, then
12.5 mg/kg/h × 4 hrs, then
6.25 mg/kg/hr

Buckley et al., 1999 (212), Smilkstein
et al., 1991 (16)

Amanita Penicillin G: 1 g/kg/d IV & NAC
(as in APAP overdose)

Broussard et al., 2001 (213)

HSV Acyclovir: 30 mg/kg/d IV Peters et al., 2000 (214)
AIH Methylprednisolone 60 mg/d IV Kessler et al., 2004 (215)
HBV Lamivudine 100 to 150 mg/d PO Tillmann et al., 2006 (216)
Wilson disease ? Plasmapheresis, D-penicillamine Rodriguez et al., 2003 (217)
AFLP/HELLP Delivery of fetus Castro et al., 1999 (218)

APAP, acetaminophen; NAC, N -acetylcysteine; Amanita refers to mushroom intoxication; HSV, herpes
simplex virus; AIH, autoimmune hepatitis; HBV, hepatitis B virus; AFLP/HELLP, acute fatty liver of
pregnancy/hemolysis-elevated liver enzymes–low platelet syndrome.

may be a consequence of progression to cerebral edema, which
is present in 38% to 81% of cases of grade 3 or 4 encephalopa-
thy and becomes increasingly likely as the level of conscious-
ness declines (19,20). The pathophysiology of cerebral edema
in ALF has been studied extensively and is unique compared
with other causes of raised intracranial pressure (ICP) (Fig.
154.1). Although both cytotoxic (intracellular) and vasogenic
(extracellular) edema coexist; the former predominates, coin-
ciding with the observation that most swelling localizes to gray
matter astrocytes. Although there may be increased permeabil-
ity to water and various other molecules, there is no widespread
breakdown of the blood–brain barrier (21–23).

Elevated serum ammonia, produced primarily by gut micro-
organisms and inadequately cleared by the liver, has long been
recognized to contribute to the development of cerebral edema
in ALF. Patients who develop cerebral herniation have substan-
tially higher serum ammonia levels—usually more than 200
µ mol/L—and greater cerebral ammonia uptake. Conversely,
herniation rarely occurs when serum ammonia levels remain
below 150 µ mol/L (24). Ammonia readily crosses the blood–
brain barrier and is taken up by astrocytes, where it combines
with glutamate to form glutamine, which in turn contributes
to an osmotic gradient that draws water into the intracellular
space (25). Although the brain usually compensates for such an

TA BLE 1 5 4 . 4

HEPATIC ENCEPHALOPATHY GRADES AND RELATIONSHIP TO CEREBRAL
EDEMA AND PROGNOSIS IN ACUTE LIVER FAILURE

Spontaneous recovery without
Stage Mental status Cerebral edema liver transplantation

I Euphoria, mild confusion,
dysarthria, abnormal sleep

Rare 52% overall
87% APAP

rhythm 35% drug reaction
II Accentuation of stage I,

lethargy, moderate
confusion, incontinence

18% indeterminate cause
38% other cause

III Stupor, severe confusion,
incoherent speech

40% –80% 33% overall
50% APAP

IV Coma or near coma 12% drug reaction
16% indeterminate cause
27% other cause

APAP, acetaminophen.
Data modified from Trey C, Davidson C. The management of fulminant hepatic failure. Prog Liver Dis.
1970;3:282–298; Gazzard BG, Portmann B, Murray-Lyon IM, et al. Causes of death in fulminant hepatic
failure and relationship to quantitative histological assessment of parenchymal damage. Q J Med.
1975;44(176):615–626; and Ostapowicz G, Fontana RJ, Schiodt FV, et al. Results of a prospective study of
acute liver failure at 17 tertiary care centers in the United States. Ann Intern Med. 2002;137(12):947–954.
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Acute Liver Failure 

↑Ammonia 

Astrocytes
 
↑ Glutamine 
Mitochondrial dysfunction 
Oxidative stress; ↑ HO-1 
? Ischemia, ↑ lactate 

Extracellular space, neurons 
 
↑ Glutamate → 

↑ neuronal Ca2+, abnormal 
depolarization, seizures,↑NO  

↑ Aquaporin expression, BBB permeability 

Inflammation / 
SIRS 

↑CBF 

Cytotoxic Edema ↑  ICP 
↓  CPP 

Vasogenic Edema FIGURE 154.1. Pathogenesis of cerebral
edema and intracranial hypertension in acute
liver failure. BBB, blood–brain barrier; Ca2+ ,
calcium; CBF, cerebral blood flow; CPP,
cerebral perfusion pressure; HO-1, heme-
oxidase-1; ICP, intracranial pressure; NO,
nitric oxide; SIRS, systemic inflammatory re-
sponse syndrome.

osmotic challenge by extruding organic osmolytes—for exam-
ple, myoinositol—the rapidity of its development in ALF often
does not allow time for compensation to occur, as it would with
chronic liver failure (26). Ammonia also interferes with cere-
bral energy metabolism, leading to the accumulation of lactate
(27). Inhibition of glutamate uptake by astrocytes and the re-
sulting high extracellular levels leads to excessive activation of
N-methyl-D-aspartate (NMDA) receptors (28), which in turn
stimulates neuronal calcium influx, abnormal membrane de-
polarization, promotion of seizures, and increased nitric oxide
(NO) production (29).

Despite the relative lack of vasogenic edema, and the ob-
servation that the blood–brain barrier remains grossly intact,
increased cerebral blood flow (CBF) remains an important fac-
tor in the formation of cerebral edema. Although the cerebral
metabolic rate is low in patients with ALF, CBF rises with the
accumulation of ammonia and is frequently excessive relative
to energy expenditure (30–32). Early in the course of disease,
CBF may be appropriately low to match the reduced cere-
bral metabolic rate, but with progression of hepatic failure,
hyperemia ensues (33). Systemic inflammation often coincides
with increases in CBF and ICP, suggesting that it may have a
pathogenic role (34,35). Abnormal CBF in patients with ALF
also results from impairment in cerebrovascular autoregula-
tion. Rather than remaining constant in the face of varying lev-
els of cerebral perfusion pressure (CPP = mean arterial pressure
[MAP] − ICP), CBF tends to vary directly with blood pressure
(36,37). Thus, although excessive CBF contributes to worsen-
ing cerebral edema (38), patients are also especially vulnerable
to ischemia if hypotension occurs. Furthermore, despite global
increases in CBF, there may be important regional variations,
such that blood flow is excessive in some areas and insuffi-
cient in others (39). Thus, it is important that CPP be carefully
controlled, and extremes avoided.

Management of HE, Cerebral Edema, and Seizures. Consid-
ering the central importance of ammonia in the pathogenesis
of hepatic encephalopathy and cerebral edema, clinicians of-
ten use therapies aimed at lowering serum ammonia levels in
patients with ALF. The most commonly used agents in chronic
liver disease, nonabsorbable disaccharides (e.g., lactulose) and

oral antibiotics (neomycin, rifaximin, or metronidazole), have
not been adequately studied in patients with ALF but appear
to have little effect on outcome (40). Nevertheless, if lactu-
lose is administered, the dose should be adjusted to achieve no
more than three to four bowel movements per day, and care
must be taken to avoid excessive abdominal distention, volume
depletion, and hypernatremia. Even though oral neomycin is
minimally absorbed from the gastrointestinal tract, it has been
reported to cause acute renal failure and is therefore not rec-
ommended (41).

A computed tomography (CT) scan of the head should be
considered early in the course of ALF to exclude other causes
of altered mental status, especially intracerebral hemorrhage.
Although a head CT may also detect cerebral edema, a nor-
mal scan does not rule out clinically important intracranial
hypertension (Fig. 154.2) (42,43). Since ICP cannot accurately
be determined noninvasively and carries important prognostic
implications for spontaneous survival and neurologic recov-
ery after OLT, many experts advocate ICP monitor placement
in OLT candidates with stage III or IV HE (7,44). Although
there is a perception that ICP monitoring significantly improves
the outcome of patients with ALF, no prospective, randomized
studies exist to support the practice, and retrospective studies
in fact refute this perception (45). The invariable presence of
coagulopathy in patients with ALF increases the bleeding risk
of ICP monitor placement, and earlier studies reported bleeding
complications in up to 20% (45). However, the clinical signif-
icance of many of these bleeding complications was probably
negligible (44,45), and more recent series have found lower
bleeding rates with the use of recombinant factor VIIa (rFVIIa)
shortly before insertion of the device (46). The burr hole for
an ICP monitor is usually placed over the frontal lobe of the
nondominant cerebral hemisphere, and ventriculostomies are
generally not recommended because of a higher risk of bleed-
ing and infection. Although placement of ICP monitors into the
epidural space may minimize the risk of hemorrhage (45,47),
the accuracy of this practice, compared with other methods of
ICP monitoring, has not been well studied.

The specific management of cerebral edema in patients
with ALF resembles that of other causes of intracranial hy-
pertension, with the important caveat that hyperemia plays an
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FIGURE 154.2. Head computed tomography (CT) scans of a 32-year-old man with acute liver failure who
died of progressive cerebral edema. At admission (left), the CT scan was normal; 48 hours later (right),
there was diffuse loss of gray-white differentiation, effacement of sulci, and obliteration of the basal
cisterns, consistent with severe diffuse edema and transtentorial herniation with brainstem compression.

important additional pathogenic role in the former (Fig. 154.3).
Patients should be cared for in a calm, quiet environment,
with limited stimulation. Chest physiotherapy and suctioning
should be temporarily minimized. The head of the bed should
be elevated to at least 30◦ , as this reduces ICP and decreases
the risk of hospital-acquired pneumonia (48–50). The dura-
tion of time that a patient is placed supine or in Trendelen-
burg position for procedures should be minimized, especially if
ICP is not monitored. Endotracheal intubation and mechanical
ventilation must be implemented in a timely fashion to avoid
the potentially injurious effects of hypoxemia and hypercap-
nia, while also reducing aspiration risk and facilitating man-
agement of intracranial hypertension. Laryngoscopy and intu-
bation may cause transient elevations in ICP and fluctuations
in blood pressure. Appropriate measures should be taken to
minimize these physiologic derangements, including the appro-
priate use of sedation and neuromuscular blockade. Although
controversial, intravenous lidocaine may further attenuate the
rise in ICP from laryngoscopy (51,52).

Adequate analgesia and sedation must be administered to
manage intracranial hypertension in ALF. In general, shorter-
acting agents are preferred, such that patients can be more
quickly awakened and re-examined. Increased levels of en-
dogenous benzodiazepinelike molecules and GABA-ergic neu-
rotransmission have been implicated in the pathogenesis of HE
(53). Therefore, sedatives with GABA-ergic properties may ex-
acerbate HE; propofol is preferred over benzodiazepines by
some authors (54). However, if used over several days, the
dose of propofol should be limited to less than 5 mg/kg per
hour to decrease the risk of the potentially fatal propofol in-
fusion syndrome, and appropriate adjustments to the patient’s
caloric intake should be made (55).

Hyperventilation causes cerebral vasoconstriction and a re-
duction in cerebral blood volume, effects that can be used ther-

apeutically to reduce ICP. Patients with hepatic encephalopathy
often spontaneously hyperventilate, with resultant respiratory
alkalosis (56). If the PaCO 2 suddenly normalizes because of se-
dation or respiratory exhaustion, rebound vasodilatation may
occur, with consequent elevated ICP (57). Thus, initial venti-
lator settings should probably be set to match the previous,
spontaneous minute ventilation of the patient, and either arte-
rial blood gases or end-tidal CO 2 should be closely monitored.
The major concern with using hyperventilation as a means to
lower ICP is that vasoconstriction may be severe enough to
cause cerebral ischemia. In fact, this effect has been demon-
strated even with moderate hyperventilation in patients with
traumatic brain injury, a condition where CBF is usually re-
duced (58,59). In the setting of cerebral hyperemia, one might
expect that hyperventilation would be particularly effective in
controlling ICP; indeed, one study found that hyperventilation
improved CBF autoregulation in ALF (60).

Jugular venous oximetry may be useful to guide therapy,
with a high jugular venous oxygen saturation (or low arteri-
ojugulovenous oxygen difference [AVjDO 2]) used as evidence
that hyperventilation is safe (61). While this method provides a
more objective approach to gauging the effects of hyperventila-
tion, jugular venous oximetry has proven relatively insensitive
to the detection of even relatively large areas of cerebral is-
chemia (60,62). Since heterogeneity of CBF may sensitize some
regions of the brain to ischemia in ALF (39) and another con-
trolled trial found no clinical benefit (63), the routine use of
hyperventilation in the management of ALF patients with HE
cannot be advocated. However, spontaneous hyperventilation
of patients with ALF should not be discouraged.

Osmotic agents, including mannitol and hypertonic saline
(HTS), lower ICP most effectively in the setting of global (rather
than unilateral) cerebral edema with an intact blood–brain bar-
rier (64,65), which characterizes ALF. In small human and
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Minimize stimulation, quiet environment 
Head of bed elevation to (at least) 30° if not hypotensive 
Early consideration of endotracheal intubation 
Avoid increases in PCO2 compared with baseline, especially post-ETT 
Correct hyponatremia, if necessary with HTS (raise Na+ <0.5 mmol/L/h) 
Maintain normal serum glucose 
Keep temperature <37.5°C 

CT to rule out hemorrhage/infarct 
Consider EEG to rule out nonconvulsive seizures 
Place ICP monitor  
If INR >1.5, consider pretreatment with rFVIIa

Goals: ICP <20 to 25 mm Hg, CPP >60 mm Hg (but avoid >80)  

Rescue interventions: 
 
(1) Mild hypothermia (<35°C) 
(2) Hyperventilation: 
 - Perform with surrogate for CBF/perfusion (TCD, SjO2, PbtO2) 
 - If SjO2 used, keep >60%; if PbtO2, keep >15–20 mm Hg 
(3) Deeper sedation with goal of burst suppression  

- EEG to guide dosing 
(4) Indomethacin?  

(1) Mannitol 0.25–0.5 g/kg every 3–4 h—ensure osmolar gap normalizes 
(<15–20) between doses  
 
(2) If (1) ineffective or contraindicated, use hypertonic saline to maintain

Na+ 145–155 mmol/L: 
- May use boluses (every 3 h) or infusion 

 - Caution when therapy is weaned to avoid rebound ↑ ICP  

 serum

FIGURE 154.3. Algorithm for management of cerebral edema and
raised intracranial pressure in acute liver failure (ALF) (see text for
details). CBF, cerebral blood flow; CPP, cerebral perfusion pressure;
CT, computed tomography; EEG, electroencephalogram; ETT, endo-
tracheal tube; rFVIIa, recombinant factor 7 activated; HTS, hypertonic
saline; ICP, intracranial pressure; INR, international normalized ratio;
PbtO 2, brain tissue oxygen tension; SjO 2, jugular venous saturation;
TCD, transcranial Doppler.

animal studies, mannitol effectively lowered ICP and appeared
to improve survival (66,67). A general indication for the ad-
ministration of mannitol includes persistently (> 10 minutes)
elevated ICP (more than 20 mm Hg) after ensuring proper cal-
ibration of the ICP monitor. The optimal dose of mannitol
remains untested, but smaller boluses (e.g., 0.25–0.5 g/kg ev-
ery 4 to 6 hours) appear to be as effective as larger ones (68).
Apart from potentially causing hypovolemia, the accumulation
of mannitol may be nephrotoxic, an important consideration
given that many patients with ALF have abnormal renal func-
tion. It is often stated that the serum osmolality should be kept
below 320 mOsm/L, but this threshold is arbitrary, is frequently
exceeded without adverse effect in other neurocritical care pa-
tients, and does not predict an increased risk of renal failure.
Since most hospital laboratories do not assay mannitol con-
centrations, a useful surrogate is the osmolar gap, which more
reliably predicts the risk of renal failure and should be allowed
to normalize (e.g, less than 15–20) between doses (69).

HTS is increasingly being used in various settings as an alter-
native to mannitol to treat cerebral edema (64,70). Theoretical
advantages over mannitol include the following: (a) the blood–
brain barrier is less permeable to HTS (making it a more effec-
tive osmotic agent); (b) it is a volume expander rather than a
diuretic; and (c) there is no proven nephrotoxicity. HTS can be
administered as boluses of 3% to 30% saline every 3 to 4 hours,
or as a continuous infusion. In one randomized, controlled trial
of patients with ALF and high-grade encephalopathy, a HTS in-
fusion (30% saline, 5–20 mL/hour) to maintain serum sodium
levels of 145 to 155 mmol/L effectively acted as prophylaxis
against intracranial hypertension (71). However, great caution
must be taken when HTS is weaned or discontinued to ensure
that the serum sodium falls very slowly to avoid precipitating
rebound cerebral edema. Apart from the potentially beneficial
effects of inducing mild hypernatremia, it is perhaps more im-
portant to avoid hyponatremia. Approximately two thirds of
patients with ALF present with serum sodium levels less than
135 mmol/L and one third have levels less than 130 mmol/L.
The presence of hyponatremia may contribute to the develop-
ment of cerebral edema early in the course of ALF (72) and is
an independent predictor of worse outcome (73,74). Hypona-
tremia should therefore be corrected, but serum sodium levels
should not be raised more quickly than 0.3 to 0.5 mmol/L/hour
to minimize the risk of osmotic demyelination. HTS can cause
local tissue damage and phlebitis, and therefore—whenever
possible—should be administered through a central venous
catheter.

High-dose barbiturates (pentobarbital [3–5 mg/kg IV load-
ing bolus followed by 1–3 mg/kg per hour IV infusion], or
thiopental [5–10 mg/kg loading bolus followed by 3–5 mg/kg
per hour]) can be used as rescue therapy when other interven-
tions have been maximized but the ICP remains more than
20 mm Hg (75). Electroencephalography (EEG) should be
performed to guide dosing, with the goal being to achieve a
burst-suppression pattern. Although effective at reducing ICP,
barbiturates have numerous deleterious effects, including hy-
potension, electrolyte disturbances, and immunosuppression.
It is also unclear that there is any additional benefit to using bar-
biturates when an EEG already demonstrates burst suppression
with the use of other sedatives (e.g., propofol). Indomethacin
(25 mg IV bolus) constricts intracerebral blood vessels and has
also been reported to be effective at lowering ICP. Considering
the potential of untoward gastric mucosal and renal side ef-
fects, however, the use of indomethacin requires further study
(76). Corticosteroids are of no value in treating intracranial
hypertension in ALF and should not be used for this purpose
(66).

Fever increases ICP (77) and is an independent predictor
of worse outcome in brain-injured patients (78), such that eu-
thermia should be maintained. Conversely, the induction of
mild hypothermia is a promising intervention in ALF, since
it interferes with several steps in the pathogenesis of cerebral
edema. Specifically, hypothermia attenuates the osmotic gradi-
ent created by increased astrocytic glutamine (79), normalizes
extracellular glutamate and lactate (80), decreases CBF (81),
restores autoregulation (82), and reduces ICP (83). Tempera-
tures of 32◦C to 33◦C have been used to control intracranial
hypertension in patients with ALF refractory to standard care
(84). Several novel methods of maintaining hypothermia, both
surface-based and intravascular, are available to achieve consis-
tent temperature control (85,86). Important potential adverse
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effects of hypothermia in the setting of ALF include interference
with coagulation and an increased risk of infection.

Current models of hepatic encephalopathy suggest that
early in the course, cerebral edema is largely due to ammonia-
induced cytotoxic edema, whereas subsequent increases in ICP
are associated with increased CBF and hyperemia (33). In the
former case, osmotic therapy may be most appropriate and ef-
fective, whereas in the latter situation, various measures to re-
duce CBF, including hyperventilation, deeper sedation, greater
head-of-bed elevation, or hypothermia may be preferred. Thus,
knowledge of CBF potentially helps predict deterioration and
guide therapy. Determining CBF has long been largely a re-
search tool, but an increasing number of bedside monitors have
been developed, although it is important for clinicians to be fa-
miliar with their limitations. Transcranial Doppler (TCD) flow
velocities are easiest to measure over the middle cerebral artery
(MCA) and are dependent on CBF, vessel caliber, and the angle
of insonation (operator technique) (87). Jugular venous oxime-
try is relatively simple to perform, with normal saturation levels
(SjO 2) having a relatively broad range from as low as 55% to as
high as 75% (AVjDO 2 = 5–6 mL/100 mL). Assuming that cere-
bral oxygen consumption remains constant, one would expect
SjO 2 to vary with CBF, with levels more than 75% suggestive
of hyperemia, and less than 55% , ischemia (88). However, as
discussed earlier, there is a wide range of “normal” values, and
this is a global measure that cannot exclude regional ischemia.
If parenchymal ICP monitors are used, there is little additional
risk in placing a brain PO 2 (PbtO 2) monitor or microdialysis
catheter, although experience with these modalities specifically
in the setting of ALF is limited (76).

Nonconvulsive seizures are a potential cause of worsening
cerebral edema and secondary brain injury. A small study us-
ing 2-channel—rather than the usual 16 to 20 channels—EEG
suggested that nonconvulsive seizures are relatively common
with ALF, although the criteria used for electrographic seizures
were not described (89). Given the frequency of nonconvul-
sive seizures and status epilepticus among comatose patients in
general, routinely obtaining an EEG in patients with hepatic
encephalopathy, particularly when there is a clinical change
in neurologic status, may be useful (90). However, there is
currently insufficient evidence to justify the routine use of
prophylactic phenytoin (89,91). Furthermore, sedation with
propofol or benzodiazepines is likely to provide more effective
antiseizure prophylaxis than phenytoin.

Card iop ulmonary Comp licat ions
Patients with ALF frequently develop systemic inflammatory
response syndrome (SIRS), regardless of whether or not their
course is complicated by infection (35). Hypotension is typical
of patients with ALF and can be ascribed to low systemic vas-
cular resistance, the use of sedatives, mechanical ventilation,
and relative adrenal insufficiency (92,93). Even though over-
all energy expenditure is increased (94), peripheral oxygen ex-
traction may be impaired (95). Lactic acidosis is an important
prognostic marker in ALF, but the mechanism is not primarily
dysoxia, but rather impaired hepatic clearance and increased
splanchnic production (96).

Dopamine and norepinephrine are currently the preferred
vasopressors for vasodilatory shock (97). Most patients with
severe ALF will require an arterial catheter, and various tools
are available to optimize volume status and cardiac output (98).
The goal MAP should be individualized to optimize organ per-

fusion, rather than choosing an arbitrary number, but is gen-
erally kept above 60 to 65 mm Hg. CPP should be maintained
above 50 to 60 mm Hg, since CBF autoregulation fails below
these levels in most individuals; if an ICP monitor is not placed,
clinicians should err on the side of a slightly higher blood pres-
sure. In patients with relative adrenal insufficiency, treatment
with low-dose corticosteroids (e.g., hydrocortisone 50–100 mg
IV every 6–8 hours, or 8–10 mg/hour as a continuous IV in-
fusion) reduces vasopressor requirements, although the impact
on outcome is uncertain (93).

As many as 37% of patients with ALF develop acute lung
injury (ALI) or acute respiratory distress syndrome (ARDS)
(99). Although liver failure may have a direct effect, the cause
may also include neurogenic pulmonary edema, aspiration
pneumonitis, nosocomial pneumonia, or extrapulmonary in-
fection. With established ALI or ARDS, tidal volumes should
be limited to 6 mL/kg of predicted body weight, although in-
creases in PaCO 2 cannot be tolerated in the setting of cerebral
edema and intracranial hypertension (100). Given the high risk
of developing ARDS, it may be advisable to limit tidal vol-
umes even in the absence of established ALI/ARDS (101). Pos-
itive end-expiratory pressure settings should be sufficient to
achieve adequate oxygenation, while concomitantly ensuring
that ICP, blood pressure, and cardiac output are not compro-
mised.

Re nal Failure
Acute renal failure complicates up to 50% of cases of ALF, and
is even more frequent when the cause of ALF is acetaminophen
intoxication (102,103). Hypovolemia, hypotension, and the
use of nephrotoxins—including aminoglycosides, nonsteroidal
anti-inflammatory drugs, and intravenous contrast—should be
minimized. Patients with ALF can develop hepatorenal syn-
drome (HRS) as a consequence of intense renal vasoconstric-
tion (104) (see Chronic Liver Failure, below). The decision
to initiate renal replacement therapy (RRT) must consider
the magnitude of renal dysfunction, metabolic derangements,
and volume overload. Continuous renal replacement therapy
(CRRT) is preferred over intermittent hemodialysis (IHD) by
many clinicians, largely because of more stable volume man-
agement and greater time-averaged dialysis dose (105). Even
transient hypotension is poorly tolerated in patients with cere-
bral edema; not only does the CPP decrease, but cerebral va-
sodilatation may increase, with further increases in CBF and
ICP (106). Excessively rapid correction of metabolic acidosis
with bicarbonate-based dialysate may transiently increase cere-
brospinal fluid CO 2, reduce central nervous system (CNS) pH,
and promote more cerebral vasodilatation (107). Good results
have been achieved with CRRT in patients with ALF (108).
However, when performed using carefully designed protocols,
hemodynamic stability can also be achieved with IHD (109).
Regardless of the mode of RRT, an adequate hemofiltration or
dialysis dose should be used (110), while blood pressure—and
preferably ICP—are carefully monitored and maintained. With
CRRT, regional, rather than systemic, anticoagulation is most
often used to improve filter longevity, most often with citrate.
Since citrate accumulates with poor hepatic function, ionized
calcium levels must be regularly monitored (111).

Infe ct ions
ALF is associated with reticuloendothelial dysfunction and im-
paired immunity, with reduced complement levels, abnormal
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opsonization, and ineffective phagocytosis (112,113). ALF pa-
tients are, therefore, at high risk of nosocomial infections with
both bacterial and fungal pathogens, which occur in almost
40% of these patients (114). Early diagnosis can be difficult
since patients often have subtle manifestations of infection but
is vital because of the high associated morbidity and mortal-
ity (34,115). Daily surveillance cultures (urine, blood, sputum)
and chest radiography should be considered, as they may im-
prove early diagnosis of infection and guide selection of antimi-
crobial agents (115). Although prophylactic antibiotics (en-
teral and parenteral) decrease the risk of infection in ALF, they
have not been shown to improve survival and may promote
infection with resistant pathogens (116). Nevertheless, many
clinicians prefer to use them, especially in patients listed for
transplantation. Empiric broad-spectrum antibiotics (including
vancomycin and an antifungal agent, as indicated) should be
administered to any patient with ALF who develops significant
isolates on surveillance cultures (114), unexplained progression
of HE (34), or signs of SIRS (35), as these frequently predict
sepsis in patients with ALF.

Coag ulop at hy
Despite a deficiency of clotting factors, low fibrinogen, throm-
bocytopenia, and platelet dysfunction, clinically important
spontaneous bleeding is relatively infrequent in patients with
ALF, being seen in less than 10% of patients. Therefore, the
routine use of blood products to correct these abnormalities
is not justified since they are unnecessary, ineffective, and in-
terfere with the prognostic utility of the INR. Correction of
coagulopathy should be performed in the setting of significant
hemorrhage, or in anticipation of invasive procedures (117).
Vitamin K deficiency has been reported to contribute to the
coagulopathy of ALF (118) and should be repleted parenter-
ally (10 mg subcutaneously [SC] or slow [over 30 minutes]
IV). rFVIIa (40 µ g/kg) may be considered in patients with life-
threatening bleeding and prior to placement of an ICP mon-
itor or performance of a liver biopsy (46,119). If fibrinogen
levels are low (less than 100 mg/dL), cryoprecipitate should
be given prior to rFVIIa. The risk of thrombosis with rFVIIa
is increasingly being documented (120), even among patients
with ALF (121). Coagulopathy and mechanical ventilation are
well-established indications for gastrointestinal (GI) stress ul-
cer prophylaxis, which has been shown to decrease the risk of
GI bleeding in ALF patients (122,123). Mechanical methods of
deep venous thrombosis prophylaxis are recommended in place
of low-dose unfractionated heparin or low-molecular-weight
heparin.

Me t ab olic De rang e me nt s
ALF is a catabolic state, with increased energy requirements
and negative nitrogen balance, which may in turn contribute to
immunosuppression (94). Higher-than-usual caloric intake is
therefore recommended, with 35 to 40 kcal/kg per day and 0.8
to 1 g/kg per day of protein, preferably provided via the enteral
route. Reduced hepatic glycogen stores and impaired gluco-
neogenesis are responsible for the frequent development of hy-
poglycemia, which often requires treatment with intravenous
dextrose (94). Conversely, hyperglycemia may contribute to
increases in ICP and other complications (124,125). Thus,
blood glucose values must be closely monitored and main-
tained within the normal range with intravenous short-acting
insulin.

Live r Transp lant at ion for ALF

OLT remains the treatment of last resort for ALF. The deci-
sion to list a patient with ALF for OLT requires careful clinical
and psychosocial assessment and should be started immedi-
ately on recognition of poor prognosis as discussed above. In
addition to usual clinical evaluation, patients with ALF due to
APAP overdose often present with histories of suicidal ideation
or substance abuse (5), which may preclude their consider-
ation as viable OLT candidates. Since OLT candidates with
ALF are generally younger and healthier than their counter-
parts with chronic liver disease, the pretransplant evaluation
can usually be abbreviated to include echocardiography, du-
plex ultrasonography of the liver, and routine pretransplant
laboratories (e.g., total anti-CMV, HIV antibody).

Criteria for listing a patient with ALF for OLT change and
current criteria may be found at UNOS.ORG in Policy 3.6.
Presently, patients with ALF are given priority to receive a ca-
daveric organ over all patients with chronic liver disease (sta-
tus 1). Candidates must have a life expectancy without OLT of
less than 7 days, have onset of hepatic encephalopathy within
8 weeks of the first symptoms of liver disease, and no history
of pre-existing liver disease. In addition, patients must be in
the ICU and must fulfill one of the following three criteria: (i)
be ventilator dependent; (ii) require dialysis or CRRT; or (iii)
have an INR more than 2.0. Patients with acute decompensated
Wilson disease may also be listed as status 1 in consideration
with their extremely poor prognosis for spontaneous survival.
Before transporting a patient with ALF to the operating room
for OLT, a detailed rereview of the patient’s neurologic status
must be made so that OLT is not performed when likelihood of
neurologic recovery is poor. Specifically, it has been observed
that severe, sustained intracranial hypertension predicts brain-
stem herniation during OLT or poor neurologic recovery after
OLT, and patients with ICP greater than 40 mm Hg or CPP less
than 40 mm Hg for more than 2 hours appear to be particularly
vulnerable to these disastrous outcomes (126).

Early (3-month) mortality after OLT for ALF is higher than
for patients transplanted for all causes of chronic liver disease—
about 20% versus 10% , respectively (127), reflecting the acu-
ity and severity of disease at the time of transplant. Thereafter,
however, 5- and 10-year survival after OLT for ALF approxi-
mates 70% and 65% , respectively (127).

CHRONIC LIVER FAILURE

Definit ions and Imme d iat e Conce rns

Almost all patients with chronic liver failure have underlying
cirrhosis, the fibroinflammatory alteration of hepatic architec-
ture that results from numerous chronic insults to the liver.
Immediate concerns regarding every patient with chronic liver
failure on presentation to the ICU include assessment for pos-
sible infection and upper gastrointestinal bleeding, which pre-
cipitate most admissions (128).

Ove rvie w

Patients with chronic liver disease develop liver failure (decom-
pensation) as a result of portal hypertension and hepatocellular
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insufficiency. Complications of portal hypertension include
hemodynamic alterations, functional renal failure, ascites, and
gastrointestinal bleeding, most commonly from variceal hem-
orrhage. Complications of hepatocellular insufficiency include
coagulopathy and hepatic encephalopathy, although it should
be appreciated that the latter occurs also as a result of portosys-
temic shunting. An important trend in recent management of
patients admitted to the hospital for decompensated cirrhosis
has been an increasing use of ICUs (from 18% –28% of hospi-
talizations in one major center over 10 years) (128).

Et io log y

According to the Scientific Registry of Transplant Recipients,
the most common cause of end-stage liver disease in the United
States is chronic hepatitis C, with or without a contribution
from alcohol abuse (about 40% of cases) (129). Patients with
alcoholic cirrhosis and indeterminate (cryptogenic) causes,
many of whom have nonalcoholic steatohepatitis (NASH),
occupy second and third most frequent causes, respectively.
Other less common causes include chronic hepatitis B, immune-
mediated liver diseases (autoimmune hepatitis, primary biliary
cirrhosis, primary sclerosing cholangitis), and hereditary liver
diseases (hemochromatosis, alpha-1-antitrypsin deficiency).

Asse ssme nt of Prog nosis in Cirrho t ic
Pat ie nt s Ad mit t e d t o t he ICU

The assessment of prognosis in cirrhotic patients admitted to
the ICU is essential to identify patients in whom aggressive
treatment is likely futile. Several prognostic schemes have been
assessed (Table 154.5), and those using general organ system
assessments, such as the Sequential Organ Failure Assessment
(SOFA) score, appear to be more accurate than liver-specific
schemes (130–132). Indeed, the number of organ systems (car-
diovascular, respiratory, hepatic, renal, coagulation, and neu-

rologic) failing 24 hours after ICU admission strongly predicts
in-hospital mortality, from 33% in patients with failure of one
organ to 97% in those with failure of three or more organs
(131,132). It should be emphasized that, in the absence of OLT
as a therapeutic option, cirrhotic patients admitted to the ICU
have a very poor long-term prognosis, with 69% 1-year mortal-
ity and median survival of only 1 month (133). In such patients,
a high APACHE III score, vasopressor use, mechanical ventila-
tion, and jaundice predict in-hospital mortality (133,134).

Manag e me nt of Comp licat ions of
Chronic Live r Failure in t he ICU

Evaluat ion of Ab d ominal Pain
The development of abdominal pain in a patient with end-
stage liver disease often denotes a life-threatening complication
of cirrhosis or portal hypertension. Certain causes of abdom-
inal pain have increased prevalence in patients with cirrhosis
and deserve particular emphasis because of high morbidity and
mortality, as well as often subtle presentation (Table 154.6). A
diagnostic paracentesis should be performed immediately in
any patient with ascites and abdominal pain to diagnose spon-
taneous bacterial peritonitis (SBP), and look for evidence of
gastrointestinal tract perforation into ascites. The latter may
be distinguished from SBP by its higher total protein and LDH
concentration, the isolation of more than one organism (in-
cluding anaerobes and Candida), lower glucose, and trend to-
ward higher white blood cell (WBC) and polymorphonuclear
(PMN) leucocyte counts (135). Hemoperitoneum from spon-
taneous rupture of a mesenteric varix (136) or hepatocellular
carcinoma (137) may also be rapidly detected by diagnostic
paracentesis, in which case the patient should be referred for
emergent interventional angiography.

The diagnosis and treatment of intra-abdominal catastro-
phes in patients with cirrhosis remains challenging. Specifically,
complicated gallstone and peptic ulcer disease may present

TA BLE 1 5 4 . 5

CALCULATION OF THE SEQUENTIAL ORGAN FAILURE ASSESSMENT (SOFA) SCORE TO PREDICT IN-HOSPITAL
MORTALITY IN PATIENTS WITH CIRRHOSIS ADMITTED TO THE ICU

Organ system (criterion) 0 Points 1 Point 2 Points 3 Points 4 Points

Respiratory (PaO 2/FiO 2) > 400 301–400 201–300 101–200
(ventilated)

≤ 100
(ventilated)

Hemostatic (platelets
[× 103/mm3])

> 150 101–150 51–100 21–50 ≤ 20

Hepatic (bilirubin [mg/dL]) < 1.2 1.2–1.9 2.0–5.9 6.0–11.9 > 12.0
Cardiovasculara(hypotension) MAP ≥ 0

mm Hg
MAP < 70 mm

Hg
Dopamine ≤ 5 or

dobutaminea
Dopamine > 5 or

epi/norepi ≤ 0.1
Dopamine > 15 or

epi/norepi > 0.1
Neurologic (Glasgow coma

score)
15 13–14 10–12 6–9 < 6

Renal (creatinine [mg/dL]) < 1.2 1.2–1.9 2.0–3.4 3.5–4.9 > 5.0

PaO 2/FiO 2 , arterial oxygen tension/fractional inspired oxygen; MAP, mean arterial pressure; epi, epinephrine; norepi, norepinephrine.
A SOFA score with a cutoff of 8 points had a sensitivity of 95% , specificity of 88% , overall correctness of 91% , PPV of 87% , and NPV of 96% for
predicting in-hospital mortality.
aAdrenergic agents in µ g/kg/min.
Modified from Wehler M, Kokoska J, Reulbach U, et al. Short-term prognosis in critically ill patients with cirrhosis assessed by prognostic scoring
systems. Hepatology. 2004;34(2):255–261.
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TA BLE 1 5 4 . 6

DIFFERENTIAL DIAGNOSIS OF ABDOMINAL PAIN IN PATIENTS WITH CIRRHOSIS

Cause of abdominal pain Etiologic associations Clinical presentation References

Spontaneous bacterial
peritonitis

Low protein ascites Fever, rebound tenderness, HE,
azotemia

Runyon, 2004 (150)

Incarcerated hernia
(umbilical, inguinal)

Ascites, recanalization of
the umbilical vein

Localized pain, bowel
obstruction

Carbonell et al., 2005 (219)

Cholelithiasis and
complications

Pigmented gallstones Localized pain, jaundice, fever,
pancreatitis

Silva and Wong, 2005 (138);
Perkins et al., 2004 (220)

Peptic ulcer and
complications

Decompensated cirrhosis,
Helicobacter infection

UGI bleeding, perforated
viscous

Calvet et al., 1998 (221);
Lehnert and Herfarth,
1993 (139); Mosnier et al.,
1992 (222)

Hepatocellular carcinoma Spontaneous rupture Hemoperitoneum (rare) Castells et al., 2001 (137)
Portal/mesenteric venous

thrombosis
Hepatocellular carcinoma Bowel ischemia, GI bleeding,

ileus
Amitrano et al., 2004 (140)

Rupture of mesenteric varix Recent large-volume
paracentesis

Hemoperitoneum Akriviadis, 1997 (223);
Arnold et al., 1997 (136)

HE, hepatic encephalopathy; UGI, upper gastrointestinal; GI, gastrointestinal.
In addition to the usual causes of abdominal pain and acute abdomen in the general ICU population, all of the above have been described with higher
prevalence in patients with cirrhosis. Appropriate screening tests for the above include diagnostic paracentesis, duplex ultrasonography,
contrast-enhanced abdominal computerized tomography (CT), and/or upper endoscopy.

less acutely in patients with cirrhosis, delaying diagnosis; in
those requiring surgical intervention, morbidity and mortal-
ity remain very high (138,139). Acute portal vein thrombosis,
which may complicate cirrhosis and often denotes development
of hepatocellular carcinoma (HCC), should be suspected in pa-
tients with abdominal pain, GI bleeding, and ileus (140), and
should prompt screening with Doppler ultrasound. However,
if the thrombus propagates acutely into the superior mesenteric
vein, bowel ischemia and infarction, and death, usually ensue.

Card iovascular Comp licat ions
The resting hemodynamic state in decompensated cirrhosis
consists of systemic hypotension due to systemic and splanch-
nic arterial dilation (141,142). Consequently, patients with
decompensated cirrhosis have marked arterial underfilling of
systemic vascular beds in the renal arterial and hypothalamic
circulations, resulting in the elaboration of compensatory neu-
rohumoral hormones such as renin, vasopressin, and nore-
pinephrine. The primary pathogenic mechanism underlying
this hyperdynamic state includes release of vasodilatory me-
diators such as endothelins and nitric oxide by the portal en-
dothelium.

In addition, patients with decompensated cirrhosis have im-
paired cardiac contractility in response to stress, in particular,
infection or GI bleeding (143). Such myocardial failure was for-
merly ascribed to the myocardial toxicity of ethanol or iron in
patients with cirrhosis due to alcohol abuse or hemochromato-
sis, respectively. Recently, cirrhotic cardiomyopathy, depressed
myocardial contractility as a complication of cirrhosis per se,
has been proposed to explain the hemodynamic collapse in cir-
rhotics who experience a complication of their disease (143).
Diagnostic criteria include blunted inotropic and chronotropic
responses to stress, diastolic dysfunction, and prolonged QT
interval on electrocardiogram (ECG). A pathogenic role of cir-
rhotic cardiomyopathy has also been documented in patients

with the hepatorenal syndrome (144), particularly in the set-
ting of infection (145), and in the circulatory dysfunction after
large volume paracentesis without adequate plasma expansion
(143,146). The treatment of heart failure in the setting of de-
compensated cirrhosis remains poorly defined; due to the un-
derlying hemodynamic abnormalities, afterload reduction with
angiotensin-converting enzyme inhibitors may precipitate pro-
found hypotension and renal failure, and cardiac glycosides
and β -adrenergic agonists have been shown to be relatively
ineffective (143).

Ascit e s and Re nal Comp licat ions
Acute renal failure (ARF) in patients with decompensated cir-
rhosis is an independent predictor of death in the ICU (147) and
frequently denotes the onset of infection (148). The differential
diagnosis of acute renal failure in a decompensated cirrhotic
includes prerenal azotemia, hepatorenal syndrome (HRS), and
acute tubular necrosis (ATN). Analysis of urine sediment and
sodium differentiate the above possibilities: the former two di-
agnoses present with normal urine sediment and low (less than
10 mEq/L) urine sodium, and the latter with renal tubular cell
debris and high urine sodium. The distinction of these causes of
renal failure remains paramount, since in its late stages, HRS
portends a very poor prognosis and is generally irreversible
without OLT, in contrast to prerenal azotemia and ATN. In
practical terms, the diagnosis of HRS is often made after the
exclusion of septic shock, intrinsic renal disease, obstructive
uropathy, and most important, prerenal azotemia, the latter
after a 1.5-L IV fluid (normal saline with or without colloid)
challenge (Table 154.7) (104).

HRS and cirrhotic ascites have the same basic pathogen-
esis (Fig. 154.4). As outlined above, renal arterial constric-
tion occurs in normal compensation for systemic hypoten-
sion. Poor renal perfusion results in sodium retention, plasma
volume expansion, and, in the presence of hepatic sinusoidal
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TA BLE 1 5 4 . 7

DIAGNOSTIC CRITERIA OF HEPATORENAL
SYNDROME (HRS)

Major criteria
Low GFR (creatinine > 2.5 mg/dL; CrCl < 20 mL/min)
Absence of shock, infection, nephrotoxins
Absence of improvement after 1.5 L fluid challenge
Absence of intrinsic renal disease
Proteinuria < 500 mg/d
Normal renal ultrasound
Minor criteria
Oliguria (< 500 mL/d)
Urine sodium < 10 mEq/L
Serum sodium < 130 mEq/L

GFR, glomerular filtration rate; CrCl, creatinine clearance
Adapted from Arroyo V, Gines P, Gerbes AL, et al. Definition and
diagnostic criteria of refractory ascites and hepatorenal syndrome in
cirrhosis. International Ascites Club. Hepatology. 1996;23(1):
164–176.

hypertension, the transudation of lymph across the Glisson
capsule as low-protein ascites (149). HRS can be considered
an exaggeration of this renal vasoconstriction, often in the set-
ting of cardiac hypocontractility (144).

The treatment of ascites in the ICU should include judi-
cious administration of diuretics in subjects without marked
azotemia (creatinine > 2 g/dL), electrolyte abnormalities, or hy-
potension. A combination of furosemide and spironolactone
has been shown to better effect a diuresis than either agent
alone; a ratio of 40 mg of the former to 100 mg of the latter
administered by mouth has been shown empirically to preserve
potassium balance in most patients with cirrhosis (150), and
the administration of IV albumin (12.5 g/day) may improve the
efficacy of diuretics (151). Large-volume paracentesis should
be performed if ascites interferes with ventilation of the pa-
tient or if diuretics result in azotemia or electrolyte abnormal-
ities. IV colloid administration (albumin 6–8 g for each liter
of ascites removed) should accompany paracentesis of greater
than or equal to 5 L to prevent postparacentesis circulatory
dysfunction (152). The insertion of a transjugular intrahepatic

TA BLE 1 5 4 . 8

RELATIVE CONTRAINDICATIONS AND ADVERSE
OUTCOMES ASSOCIATED WITH PLACEMENT OF TIPS
FOR SALVAGE THERAPY OF ACUTE VARICEAL
HEMORRHAGE, REFRACTORY ASCITES, OR
REFRACTORY HEPATIC HYDROTHORAX

Relative Contraindications
Severe liver failure (MELD ≥ 20; PT > 20 s; creatinine > 2.0

mg/dL; bilirubin > 3.0 mg/dL)
Active systemic infection (risk of TIPS infection

[“endo-TIPSitis” ])
Recurrent/severe hepatic encephalopathy
Current hemodynamic instability
Congestive heart failure
Chronic renal failure
Pulmonary hypertension
Adverse Outcomes
Does not improve long-term patient survival for any indication
TIPS-induced hemolytic anemia
Worsening or precipitation of hepatic encephalopathy
TIPS stenosis (> 50% at 1 y; lower with covered stents)
Failure of TIPS to prevent recurrence of indication for

placement (for rescue in variceal bleeding about 5% ,
refractory ascites 15% –60% , hepatic hydrothorax
30% –40% )

TIPS, transjugular intrahepatic portosystemic shunt; MELD, model
for end-stage liver disease; PT, prothrombin time.
The above relative contraindications and adverse outcomes need to be
taken in the context of the risk of immediate death as they assume less
importance in the setting of rescue therapy for acute variceal bleeding.
Data adapted from Laberge JM. Transjugular intrahepatic
portosystemic shunt-role in treating intractable variceal bleeding,
ascites, and hepatic hydrothorax. Clin Liver Dis. 2006;10(3):
583–598; Sanyal AJ. The use and misuse of transjugular intrahepatic
portasystemic shunts. Curr Gastroenterol Rep. 2000;2(1): 61–71; and
Sanyal AJ. Pros and cons of TIPS for refractory ascites. J Hepatol.
2005;43(6):924–925.

portosystemic shunt (TIPS) may be considered in patients who
have failed medical therapy (104). In an ICU setting, however,
patients are often too ill to consider TIPS for this indication
(153), and it is important for intensivists to recognize when
TIPS placement is inappropriate (Table 154.8).
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FIGURE 154.4. Pathogenesis of ascites, hepatorenal syndrome,
and hyponatremia in patients with decomposed cirrhosis. Vasoac-
tive substances are shown in italics. ADH, antidiuretic hormone/
vasopressin; HRS, hepatorenal syndrome; NO, nitric oxide.
(Adapted from Sandhu BS, Sanyal AJ. Management of ascites in
cirrhosis. Clin Liver Dis. 2005;9[4]:715–732, viii.)



Chap t e r 154: Liver Failure : Acute and Chronic 2315

 

Sys temic 
vasodila tion

Renal
a rte ria l

underfilling

Angiotens in

Renal
vasocons triction HRS

avoid
NSAIDs

[a lbumin 
(in SBP)] 

[octreotide]

Vas odilatory
renal

pros taglandins

RAA
sys tem

Sympathe tic
tone

Norepinephrine  

NO 
[liver transplanta tion]

[midodrine ] 
[Terlipress in]

Cirrhos is

FIGURE 154.5. Pathogenesis and treatment of hepatore-
nal syndrome (HRS). Interventions are indicated in brack-
eted italics. HRS, hepatorenal syndrome; NO, nitric oxide;
NSAIDs, nonsteroidal anti-inflammatory drugs; RAA, renin–
angiotensin–aldosterone axis; SBP, spontaneous bacterial peri-
tonitis.

The optimal treatment of HRS remains undefined (154).
Figure 154.5 outlines potential treatments, not mutually ex-
clusive, related to the pathogenetic mechanism of HRS. The
ultimate treatment of the hemodynamic abnormalities of cir-
rhosis is OLT, which can completely reverse HRS if performed
relatively soon after its onset (155). Vasoconstrictor therapy
holds promise for reversing HRS by reversing the state of sys-
temic vasodilation. The oral α-adrenergic agonist midodrine
(5–10 mg orally thrice daily) was found to be effective in one
widely cited but preliminary study, when used in combination
with octreotide (100 µ g subcutaneously twice daily), which in-
creases systemic blood volume and thus renal blood flow by
counteracting splanchnic vasodilation (156). Terlipressin, an
intravenously administered vasopressin analogue with fewer is-
chemic complications, also reverses systemic vasodilation and
has been found to effectively reverse HRS in Europe, but is not
yet available in the United States (154). The administration of
intravenous colloid, specifically albumin, serves to improve re-
nal vascular perfusion (154–156). Finally, patients with decom-
pensated cirrhosis should not receive even small therapeutic
doses of NSAIDs (e.g., for fever), since these agents exacerbate
renal vasoconstriction by inhibiting production of endogenous
vasodilatory renal prostaglandins.

Electrolyte abnormalities frequently accompany ARF in cir-
rhosis and complicate the treatment of ascites. Hyponatremia
and hypomagnesemia result from furosemide administration,
and hyponatremia and hyperkalemia from spironolactone ad-
ministration. Hyponatremia also results from hemodilution in
the setting of high vasopressin release from the neurohypoph-
ysis and portends a poor prognosis (157).

Infe ct ious Comp licat ions
Bacterial infections represent the most common cause of ad-
mission of cirrhotic patients to the ICU and remain one of the
two primary causes of death (158). Risk factors for bacterial
infections in hospitalized patients with cirrhosis include ICU
admission and GI bleeding (159). Patients with cirrhosis are
relatively immunocompromised as a result of portal hyperten-
sion and immune dysfunction. Portal hypertension results in
the formation of a low-protein ascites, which is susceptible to
infection because of its low complement concentration and,
thus, low opsonic activity (160). In addition, gut congestion
from portal hypertension increases the likelihood of bacterial

translocation into blood, which seeds the ascites secondarily,
so-called spontaneous bacterial peritonitis (SBP) (150).

Most studies of bacterial infections in patients with cirrho-
sis were performed in the 1980s, during which community-
acquired, Gram-negative infections (urinary tract infections
and SBP) predominated. More recent studies, however, have
documented an evolution of the epidemiology of infection in
patients with cirrhosis. SBP remains the most common bac-
terial infection in patients admitted to the ICU, but a shift to-
ward Gram-positive infections has occurred. In one major hep-
atic diseases ICU, 77% of isolates were Gram-positive, which
was ascribed to the widespread use of prophylactic fluoro-
quinolones in cirrhotic patients with low-protein ascites (161),
and to the frequent use of invasive procedures, including IV
catheter insertion and variceal band ligation (128). Therefore,
any patient admitted to an ICU with clinical suspicion of sep-
sis should be empirically given IV antibacterial agents to cover
Gram-positive as well as Gram-negative organisms until cul-
tures and sensitivities allow narrowing of the regimen; empiric
vancomycin should be considered in patients who have been in-
strumented. The choice of coverage for Gram-negative bacilli
should be a third-generation cephalosporin (e.g., cefotaxime
[2 g IV every 8 hours] or ceftriaxone [1 g IV every 24 hours])
(162); aminoglycosides should be avoided except in serious
infections with a multiply-resistant organism because of the
susceptibility of cirrhotic patients to aminoglycoside nephro-
toxicity (163).

Diagnostic paracentesis should be performed on all cirrhotic
patients admitted to the ICU with ascites and renal failure, HE,
or any evidence of infection. Localizing symptoms and signs of
peritonitis—abdominal pain, fever, rebound tenderness—may
be absent in up to 30% of patients with this process. Blood and
ascites should be immediately inoculated into culture bottles at
the bedside, which has been shown to increase culture yields
(164). However, even with bedside inoculation of a large vol-
ume of ascetic fluid (20 mL), culture yields may be as low as
40% (128). Therefore, the diagnosis of SBP should rely solely
on a PMN leukocyte count of greater than or equal to 250
cells/µ L, and culture-negative neutrocytic ascites—that is, with
more than 250 PMNs/µ L—should be considered the equivalent
of SBP (165). Patients with ascetic fluid PMN count of equal
to or more than 250 cells/µ L should receive a third-generation
cephalosporin (as above) and IV albumin (1.5 g/kg at diagnosis
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and 1.0 g/kg 48 hours after diagnosis), which has been shown
both to decrease the incidence of HRS after SBP and to improve
mortality (166). A similar diagnostic and therapeutic algorithm
should be followed for spontaneous bacterial empyema, the in-
fectious equivalent of SBP in patients with hepatic hydrothorax
(see below) (167).

The incidence of fungal infections also increases in cirrhotic
patients admitted to the ICU. Although not classically as im-
munosuppressed as after cancer chemotherapy, patients with
Child’s C cirrhosis have been reported to spontaneously de-
velop invasive aspergillosis in the ICU (168). Candida species
also rarely infect cirrhotic ascites, with disastrous outcome.

The mortality of cirrhotic patients admitted to the ICU with
infection remains high, with death usually from hepatic fail-
ure, HRS, or refractory septic shock (128,169). As with pa-
tients with ALF, relative adrenal insufficiency commonly ac-
companies decompensated cirrhosis and sepsis, and refractory
shock in such patients may respond to stress doses of corti-
costeroids (see Cardiovascular Complications, in ALF section
above) (170).

Gast ro int e st inal Ble e d ing
Acute upper gastrointestinal (UGI) bleeding, presenting as he-
matemesis and/or melena, remains one of the three most com-
mon indications for admission of patients with cirrhosis to the
ICU (171). Esophageal varices account for most UGI bleeds
in patients with cirrhosis, with gastric varices accounting for
approximately 5% to 10% , and nonvariceal UGI pathology
(gastric or duodenal mucosal lesions) noted in up to 30%
(172). Other uncommon causes of UGI bleeding associated
with cirrhosis include portal hypertensive gastropathy and gas-
tric antral vascular ectasia, which more often present with oc-
cult GI bleeding and anemia (173). Therefore, upper endoscopy
must be performed in all patients admitted to the ICU with
acute UGI bleeding to identify its source as well as administer
therapy.

Patients with cirrhosis who present with acute UGI bleed-
ing should be considered for ICU admission to deliver intensive
nursing care and to manage the bleed as well as its complica-
tions. Despite the trend toward improved survival after variceal

Bleeding

Stops  spontaneous ly Doesn’t s top

<1 wk from
index bleed

1–6 wk from 
index bleed 

50%

(40%–50%)(50%–60%)

Exsanguina tion
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FIGURE 154.6. Natural history of acute esophageal variceal hemor-
rhage in patients with cirrhosis. (Adapted from de Franchis R, Prim-
ignani M. Natural history of portal hypertension in patients with cir-
rhosis. Clin Liver Dis. 2001;5[3]:645–663.)

hemorrhage in the last two decades (174), each episode still car-
ries a mortality risk of 10% to 20% , and the risk of rebleeding
remains highest during the first few days after the index event
(Fig. 154.6). General resuscitative measures on admission to
the ICU should include correction of hypotension, repletion
of blood (not to exceed a hemoglobin of approximately 8–9
g/dL), and consideration of endotracheal intubation before en-
doscopy (Table 154.9). A recent retrospective study has shown
that endotracheal intubation prior to endoscopy may decrease
the risk of fatal massive aspiration of blood, but does not de-
crease the risk of aspiration pneumonia (175). Factors that
should contribute to the decision of whether to intubate a cir-
rhotic patient with an UGI bleed should include the rate of
bleeding, hemodynamic instability, and degree of hepatic en-
cephalopathy. Suppression of gastric acid secretion with proton
pump inhibitors has been shown to decrease the number, size,

TA BLE 1 5 4 . 9

SPECIFIC MANAGEMENT OF ACUTE VARICEAL HEMORRHAGE AND ITS
COMPLICATIONS

Therapeutic maneuver Dose/route/ indication References

Transfusion of RBC To hemoglobin of 8–9 g/dL Bosch et al., 2003 (226)
Octreotide 100 µ g IV bolus, then 50 µ g/h

for 5 d
Corley et al., 2001 (178)

Endoscopy EVL preferred over EVS De Franchis and Primignani,
1999 (180)

Proton pump
inhibitors

Pantoprazole 40 mg IV or PO/d
for 9 d

Shaheen et al., 2005 (176)

Antibiotic prophylaxis Norfloxacin 400 mg/d for 7 d, or
ceftriaxone 1 g/d for 7 d

Bernard et al., 1999 (184);
Fernandez et al., 2006 (185)

TIPS After two failed therapeutic
endoscopies

Mihas and Sanyal, 2004 (181)

RBC, red blood cells; EVL, esophageal variceal ligation; EVS, endoscopic variceal sclerotherapy; TIPS,
transjugular intrahepatic porto-sytemic shunt.
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and complications from post–band ligation esophageal ulcers
(176).

In the last 20 years, three major improvements in the man-
agement of acute variceal hemorrhage have increased survival
of patients with cirrhosis: the early administration of vasoac-
tive agents to decrease portal pressure, the widespread use of
variceal band ligation, and antibiotic prophylaxis at the time
of acute bleed (Table 154.9). Vasopressin, formerly used for
lowering portal pressure for this indication, has fallen from fa-
vor due to vasospastic adverse effects; although the vasopressin
analogue terlipressin has a better safety profile and appears to
improve control of acute variceal bleeding (177), it has not
yet been approved for use in the United States. The somato-
statin analogue octreotide (100 µ g IV bolus followed by 50
µ g/hour as an IV infusion; Table 154.9) also has a favorable
safety profile, and meta-analysis has demonstrated improved
rates of sustained bleeding control after acute hemorrhage from
esophageal varices (178). Octreotide should be administered as
early as possible in a cirrhotic patient with acute UGI bleeding,
preferably during transport to the hospital.

Endoscopic therapy after stabilization of the patient remains
the definitive treatment for bleeding esophageal varices and
controls active bleeding in more than 75% of cases when com-
bined with vasoactive therapy (179). Endoscopic band liga-
tion and sclerotherapy yield similar rates of control of active
bleeding, but band ligation results in fewer local complications
(esophageal ulcers, recurrent bleeding) and is therefore pre-
ferred (180). Recurrent bleeding should prompt a second at-
tempt at endoscopic treatment in most cases (181). In patients
with recurrence after a second endoscopic treatment, or in any
recurrence with hemodynamic instability, emergent insertion
of a TIPS should be considered (181). In such dire situations,
the relative contraindications for TIPS placement, outlined in
Table 154.7, become less important. Patients with acute hem-
orrhage from fundic gastric varices present a particular ther-
apeutic challenge because the bleeding is more profuse and
interventions have been less successful in controlling the acute
bleed (172). Vasoactive therapy should be administered as for
bleeding from esophageal varices, and sclerotherapy may be at-
tempted. Cyanoacrylate glue injection has been shown to con-
trol acute bleeding from varices in the gastric fundus or cardia
but is not widely available in the United States (182); in the ab-
sence of endoscopic and vasoactive control of gastric variceal
bleeding, insertion of a large tamponade balloon (Linton tube)
can temporize control before insertion of a TIPS (172).

In previous periods, bacterial infection complicated acute
variceal bleeding in 40% of patients (174) and contributed
to renal failure and recurrent early bleeding (183). Antibiotic
prophylaxis after variceal hemorrhage has been shown to de-
crease the incidence of infection as well as variceal rebleeding,
resulting in improved survival (183,184). Although oral or IV
fluoroquinolones (norfloxacin 400 mg orally/day or ofloxacin
200 mg IV twice daily) have been more thoroughly studied for
this purpose, a recent randomized trial has suggested superior
efficacy of cephalosporins (for example, ceftriaxone, 1 g IV
daily) because of the widespread development of resistance to
the former (185); however, local resistance patterns should be
considered.

Pulmonary Comp licat ions
Respiratory failure accounts for up to 40% of admissions of
cirrhotic patients to the ICU (132). The differential diagnosis

TA BLE 1 5 4 . 1 0

DIFFERENTIAL DIAGNOSIS OF RESPIRATORY
DISTRESS AND HYPOXEMIA IN PATIENTS
WITH CIRRHOSIS

Complications of cirrhosis
Massive ascites
Hepatic hydrothorax
Muscle wasting
Aspiration pneumonia

Pulmonary vascular disorders due to portal hypertension
Hepatopulmonary syndrome
Portopulmonary hypertension

Liver diseases with cardiopulmonary manifestations
Alpha-1-antitrypsin deficiency (basilar emphysema)
Sarcoidosis (restrictive lung disease, cardiomyopathy)
Hemochromatosis (cardiomyopathy)
Ethanol (cardiomyopathy)

Adapted from Arguedas MR, Fallon MB. Hepatopulmonary
syndrome. Clin Liver Dis. 2005;9(4):733–746.

of respiratory distress in patients with cirrhosis may be cat-
egorized into complications of cirrhosis, pulmonary vascular
diseases resulting from portal hypertension, and primary liver
diseases with cardiopulmonary manifestations (Table 154.10)
(186). Complications of cirrhosis include massive ascites, and
hepatic hydrothorax (HH), the accumulation of extracellular
fluid with similar protein characteristics as ascites (low-protein,
high-albumin gradient as compared to serum) within the pleu-
ral space (167). HH usually occurs in the right pleural space
(85% ) and may occur in the absence of obvious ascites as a re-
sult of negative intrathoracic pressure during inspiration. The
treatment of HH includes diuretic administration as for as-
cites, and therapeutic thoracentesis. Placement of a TIPS in
patients with refractory HH may be considered but is not uni-
versally effective, and relapsefree 1-year survival is only 35%
(187,188). Chest tube placement and pleurodesis are relatively
contraindicated in refractory HH as they often contaminate the
pleural space, precluding OLT. An infectious complication of
HH, spontaneous bacterial empyema, should be diagnosed and
managed similarly to SBP, but has a high mortality (167).

Two relatively uncommon, insidiously presenting pulmo-
nary vascular complications may cause respiratory failure in
patients with cirrhosis. The hepatopulmonary syndrome (HPS)
may be defined as a widened alveolar-arterial oxygen due to in-
trapulmonary vasodilation in a patient with liver disease. The
pathogenesis of HPS remains obscure but likely results from the
release of vasoactive mediators from the liver, which increase
intrapulmonary nitric oxide production (Fig. 154.7) (186). In
a patient with cirrhosis and resting hypoxemia (PaO 2 less than
70 mm Hg while breathing an FiO2 of 0.21), the diagnosis
is confirmed by a contrast echocardiogram, in which agitated
saline administered intravenously delivers microbubbles into
the left ventricle at least three heartbeats after their appear-
ance in the right ventricle (186). Supplemental oxygen usually
bridges patients with HPS to OLT, which improves or reverses
the process in 85% of patients (189). Patients with HPS have
increased transplant waiting list mortality when compared to
patients with normal gas exchange; consequently, patients with
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FIGURE 154.7. Pathophysiology and diagnostic algorithm
of hepatopulmonary syndrome. ABG, arterial blood gas;
A-V, arteriovenous; CT, computed tomography; CXR, chest
x-ray film; echo, echocardiogram; NO, nitric oxide; PFT, pul-
monary function testing.

HPS and PaO 2 less than 60 mm Hg on room air are allowed
increased priority for OLT under the current organ allocation
system in the United States (190). Perioperative mortality after
OLT in patients with HPS varies according to the degree of
shunting and hypoxemia (190,191).

In contrast to HPS, portopulmonary hypertension (PPH)
is the development of increased pulmonary vascular resis-
tance due to vasoconstriction and subsequent vascular re-
modeling in a patient with portal hypertension (Fig. 154.8)
(192). Screening with transthoracic echocardiography reveals
evidence of pulmonary hypertension (right ventricular systolic
pressure greater than 50 mm Hg), but the diagnosis must be
confirmed with right heart catheterization showing elevated
mean pulmonary artery pressure (PAP more than 25 mm Hg),
as well as high pulmonary vascular resistance (greater than
240 dynes/second per cm− 5) and normal pulmonary capillary
wedge pressure (192,193). The treatment of PPH—indicated
when mean PAP is more than 35 mm Hg—has not been well
defined (192); prostacyclin analogues (epoprostenol titrated
via pulmonary artery [PA] catheter; inhaled iloprost [5 µ g six
times daily]), phosphodiesterase inhibitors (sildenafil, 20 mg

PO thrice daily), or combination therapy appear to be effec-
tive in small case series (192). Unfortunately, the prognosis of
patients with PPH is sufficiently poor after OLT that many pa-
tients with a mean PAP more than 35 mm Hg are not offered
transplant.

Ne urolog ic Comp licat ions
Changes in mental status frequently accompany admission of
patients with cirrhosis to the ICU and should not automat-
ically suggest the presence of hepatic encephalopathy (HE)
(Table 154.11). Usually, HE presents as a global decline in
cognition and intellect, but focal neurologic deficits and signs
of cerebral edema—decerebrate posturing and seizures—have
also been described rarely (194). After screening for toxic and
metabolic derangements, a severely obtunded patient should
undergo non–contrast-enhanced head CT to rule out intracra-
nial bleeding. HE may then be diagnosed on clinical grounds
after ruling out the above; high serum ammonia levels may help
confirm, but are not necessary to make, the diagnosis. Most im-
portant, the presentation of a patient with advanced-grade HE
to the ICU should prompt a search for precipitating factors,
particularly infection and UGI bleeding (Table 154.12). The
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TA BLE 1 5 4 . 1 1

DIFFERENTIAL DIAGNOSIS OF ALTERED MENTAL
STATUS IN PATIENTS WITH CIRRHOSIS

Hepatic encephalopathy
Electrolyte abnormalities

hyponatremia
hypokalemia
hypomagnesemia

Hypoglycemia
Uremia
Intracranial bleeding

subdural hematoma
subarachnoid hemorrhage

Alcohol and/or drugs
intoxication
withdrawal

administration of broad-spectrum antibiotics (e.g., ceftriax-
one) should be considered until cultures have returned negative,
and fluid and electrolyte abnormalities should be corrected. If
sedation is required for procedures, benzodiazepines should be
used with caution, since they exacerbate even subclinical HE
(195).

The specific treatment of HE poses special challenges in the
ICU. The standard therapy, oral lactulose, must be adminis-
tered via nasogastric tube in an intubated patient, cannot be
given if there is an ileus, and its overzealous administration
risks aspiration pneumonia, gaseous distention of the bowel,
toxic megacolon, and electrolyte imbalance. Rectal lactulose
offers an alternative route of administration, but its efficacy
over tap water or saline enemas is unknown. The “nonab-
sorbable” antibiotic neomycin should be avoided, as the ab-
sorption of even small quantities from the gut risks renal injury.
Rifaximin, a rifampin derivative that also decreases gut flora
production of neurotoxins, appears to be as effective as lactu-
lose, and has a good safety profile (196). The benzodiazepine
receptor antagonist flumazenil (1 mg IV) improves HE, but the

TA BLE 1 5 4 . 1 2

PRECIPITATING EVENTS AND MECHANISMS OF
HEPATIC ENCEPHALOPATHY IN PATIENTS
WITH CIRRHOSIS

Event Mechanism

Excessive protein ingestion
Constipation
GI bleed

↑ Gut ammonia production

Portosystemic shunting
Fever, infection

↓ Neurotoxin clearance
(ammonia, endogenous BZD)

Dehydration, azotemia
Hypokalemia

↓ Renal excretion of ammonium

Sedatives (BZD) ↑ Inhibitory neurotransmission
(GABA)

GI, gastrointestinal; BZD, benzodiazepines; GABA, gamma
aminobutyric acid.

benefit wanes within 2 hours (197). Extracorporeal albumin
dialysis also improves HE in refractory cases and may be con-
sidered as a bridge to OLT (198).

Live r Transp lant at ion for Pat ie nt s wit h
Chronic Live r Failure in t he ICU

ICUs have been increasingly used to care for patients with de-
compensated cirrhosis partly due to expansion of the indica-
tions for OLT. Therefore, intensivists must have a working un-
derstanding of the indications and contraindications for listing
cirrhotic patients for OLT (Table 154.13). To decrease wait-
ing list mortality, the United States has adopted a “sickest-
first” policy for OLT prioritization since 1997, initially us-
ing the Child-Turcotte-Pugh (CTP) score, which is based on
serum bilirubin, prothrombin time, albumin, HE, and ascites.
In 2002, a new allocation system, the model of end-stage liver
disease (MELD) score, was adopted by all OLT centers in the
United States, based on studies that predicted a 3-month mor-
tality in patients being considered for TIPS (199). The MELD
may be calculated from serum bilirubin, creatinine, and INR,
most easily on-line at UNOS.ORG. Subsequent studies have
demonstrated the superiority of the MELD over the CTP sys-
tem in predicting waiting list mortality (200). A minimal MELD
score of 15 points for activating patients on the liver transplant
waiting list has been adopted by most programs based on the
observation that a MELD of 15 points predicts a 90-day mor-
tality of about 10% without transplant, the same short-term
mortality associated with transplant (201). Many patients in
the ICU reach very high MELD scores (e.g., 35–40) with the
onset of renal failure and are often removed from the OLT
waiting list after developing infection and/or multiorgan sys-
tem failure.

TA BLE 1 5 4 . 1 3

INDICATIONS AND CONTRAINDICATIONS FOR
LISTING PATIENTS WITH DECOMPENSATED
CIRRHOSIS FOR ORTHOTOPIC LIVER
TRANSPLANTATION (OLT)

Indications Contraindications

MELD ≥ 15 Active infection outside
the liver

CTP score > 7 Advanced
cardiopulmonary disease

Hepatopulmonary syndrome
(PO 2 < 60 mm Hg)

Recent or metastatic
malignancy

HCC (tumor stage 2) Uncontrolled HIV
infection/AIDS

Hyponatremia (< 130 mEq/L) Cholangiocarcinoma
Ascites refractory to medical

therapya
Active substance abuse

Hepatic hydrothorax
Hepatorenal syndrome

Psychosocial issues that
would jeopardize
posttransplant
compliance

MELD, model for end-stage liver disease; CTP, Child-Turcotte-Pugh;
HCC, hepatocellular carcinoma; HIV, human immunodeficiency virus;
AIDS, acquired immunodeficiency syndrome.
aRefractory ascites may be functionally defined as an inadequate
response to, or adverse effects (hyponatremia, hyperkalemia,
azotemia) from, maximal medical therapy (104).
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SUMMARY
In the United States, patients with chronic liver failure consti-
tute an increasing proportion of ICU admissions, principally
due to the maturation of the hepatitis C epidemic, which is
not expected to peak until 2018. The trend may accelerate as a
new wave of patients with cirrhosis due to nonalcoholic steato-
hepatitis decompensates, since obesity and the metabolic syn-
drome affect approximately one third of the U.S. population.
Therefore, intensivists can expect to manage more patients with
chronic liver failure to bridge them to OLT, which remains the
only effective long-term therapy. In contrast to chronic liver
failure, ALF patients constitute a small and numerically stable
minority of patients admitted to the ICU. For intensivists, the
importance of a thorough understanding of the management
of ALF lies in its very high morbidity and mortality, which can
be improved by vigilant intensive care as a bridge to OLT.

St re ss Point s: Acut e Live r Failure

1. ALF is a clinical syndrome with a high mortality that affects
almost every organ system.

2. The three most common causes of death in patients with
ALF are cerebral edema/intracranial hypertension/brain-
stem herniation, infection, and multiorgan system failure.

3. OLT is a highly effective treatment for ALF but must be ju-
diciously applied, as many patients recover spontaneously,
organs are scarce, and long-term complications of OLT re-
main considerable (4). Therefore, prediction of death with-
out OLT is of paramount importance.

St re ss Point s: Chronic Live r Dise ase

1. Patients with chronic liver disease are admitted to the ICU
most commonly as the result of infection and/or upper GI
bleeding, which results in hepatic decompensation.

2. Iatrogenic injury to a patient with decompensated chronic
liver disease admitted to the ICU represents a major source
of preventable morbidity and mortality. Sources of signifi-
cant iatrogenic injury include nephrotoxic medications (e.g.,
aminoglycosides, NSAIDs) and unnecessary invasive pro-
cedures, particularly insertion of central venous and in-
dwelling urinary catheters.

3. The prognosis of patients with cirrhosis admitted to the ICU
is poor, with in-hospital mortality paralleling the degree of
multiorgan system failure. Long-term prognosis of cirrhotic
patients admitted to the ICU is also poor without OLT.
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CHAPTER 155 ■ PANCREATIC DISEASE
FELICIA A. IVASCU r GEORGE D. GARCIA r DANNY SLEEMAN

OVERVIEW
Acute pancreatitis has an annual incidence of 5 to 40 per
100,000 (1,2) with an overall mortality of 1.5 per 100,000
(1). The clinical course of acute pancreatitis is often self-limited
and results in little, if any, structural alteration of the gland and
requires no intervention. Approximately one third of patients,
however, develop pancreatic necrosis, which has an associated
mortality rate that can be as high as 30% (1,3). All compli-
cations of this disease are potentially lethal and may require
aggressive intervention to control or abort the process, and
support the patient until the condition is resolved. Because of
this, acute pancreatitis can be among the most difficult of clin-
ical entities to treat. Very few, if any, other conditions present
with such a myriad of origins, diagnostic difficulties, clinical
manifestations, risk of multisystem involvement, and indeter-
minate prognosis for such a prolonged period. Severe acute
pancreatitis often demands an extended stay in the intensive
care unit and hours on hours of multidisciplinary care. Nu-
merous causative factors of acute pancreatitis have been rec-
ognized. The most important risk factors for pancreatitis in
adults are gallstones and excessive alcohol use, although clin-
ically detectable pancreatitis never develops in most persons
with these risk factors. The incidence of gallstone pancreati-
tis is increased among white women older than the age of
60 years (4,5) and is highest in patients with gallstones < 5 mm
in diameter (5,6). Other causes include metabolic derangements
such as hypertriglyceridemia, duct obstruction (for example,
related to tumor or pancreas divisum), medications (i.e., aza-
thioprine, thiazides, and estrogens), and trauma. About 20% of
cases remain idiopathic, although this classification is expected
to become less common as factors of genetic predisposition and
environmental susceptibility are elucidated (7).

Trypsin is the key enzyme in the activation of pancreatic zy-
mogens. Underlying the pathophysiology of acute pancreatitis
is the inappropriate conversion of trypsinogen to trypsin and a
lack of prompt elimination of active trypsin inside the pancreas
(7). Activation of other pancreatic enzymes causes injury to the

gland and results in an inflammatory process that seems to be
out of proportion to the response of other organs to a similar
insult, possibly due to disturbances in the microcirculation of
the pancreas and the exquisite sensitivity of the pancreas to is-
chemia (8). In addition to further significant tissue damage as
a direct result, the inflammatory process may extend beyond
the pancreas and result in the systemic inflammatory response
syndrome, multiorgan failure, and ultimately, death.

DIAGNOSIS OF THE
DISEASE PROCESS

At times, diagnosing acute pancreatitis may be as difficult as
predicting the course or defining the treatment. Even with
history, physical examination, laboratory values, radiographic
studies, and special procedures, a conclusive diagnosis of acute
pancreatitis and its complications is often elusive. The best ap-
proach may be to elucidate the history of a similar attack or
hospitalization and identify associated etiologic factors, most
commonly alcohol abuse or biliary tract disease.

The recurrence rate of acute pancreatitis has been reported
to be as high as 33% (9) and can be even higher in the alco-
holic population (10). Disease isolated to the head or tail of
the pancreas may result in pain localized to the right or left up-
per quadrant with diaphragmatic irritation and referred pain
to the subcapsular areas. The classic presentation of epigas-
tric pain that radiates through to the back may be present in
only 50% of patients presenting with acute pancreatitis. After
the patient develops peritoneal signs, pancreatitis can mimic
all other acute abdominal crises, especially those necessitating
emergent surgery.

Lab orat ory Te st ing

Of the biochemical diagnostic criteria, the most commonly used
is the serum amylase level (11). Serum amylase levels that are
more than three times the upper limit of normal are almost
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always caused by acute pancreatitis given the appropriate clin-
ical presentation (12). Although the serum amylase concentra-
tion begins to rise shortly after onset of the disease, it may re-
turn to normal levels in 2 to 4 days. However, a normal serum
amylase level does not exclude the disease. In one series, up
to 19% of patients with an attack of acute pancreatitis had
a normal serum amylase level and an abnormal computerized
tomography scan (13). Acute pancreatitis with normal serum
amylase levels is often characterized by a high prevalence of
patients with an alcoholic etiology and a longer duration of
symptoms before admission (14). Other factors that may con-
tribute to the absence of elevated serum amylase levels include
return to normal levels prior to presentation or the inability
of an inflamed or chronically diseased pancreas to produce a
significant quantity of amylase. Pancreatitis secondary to bil-
iary tract disease will often present with some of the highest
serum amylase levels. In addition, an elevated alanine amino-
transferase level in a patient without alcoholism who has pan-
creatitis is the single best predictor of biliary pancreatitis with
a level more than three times the upper limit of normal having
a positive predictive value of 95% for gallstone pancreatitis
(15). The clinician must remain aware that an elevated serum
amylase is not necessarily diagnostic of acute pancreatitis. The
differential diagnosis of hyperamylasemia includes perforated
or penetrating gastric ulcer, ruptured ectopic pregnancy, and in-
testinal obstruction or infarction. Measuring urinary amylase,
amylase-to-creatinine ratios (16), and amylase isoenzymes (17)
have shown little clinical advantage, with the exception of rul-
ing out macroamylasemias.

An elevated concentration of serum lipase, however, is quite
sensitive for diagnosis of acute pancreatitis secondary to alco-
hol abuse (18). Lipase levels tend to remain elevated longer
than amylase concentrations. Therefore, an elevated lipase level
can be useful information for patients who present later in the
course of disease and who may have a normal amylase con-
centration. Serum lipase levels, although thought to be more
specific for pancreatic destruction, have little, if any, role in
predicting severity of disease.

Although elevated serum amylase and lipase levels are most
widely used for the diagnosis of acute pancreatitis, as stated,
they have little, if any, value in predicting the severity of dis-
ease. In an attempt at early prediction of severity of pancreatitis,
the four most reliable serum markers are polymorphonuclear
(PMN) elastase, albumin, C-reactive protein, and pancreatic
amylase (14). An acute phase reactant, C-reactive protein, is
most widely used. While elevated levels of C-reactive protein
have been associated with pancreatic necrosis (19,20), a 24-
to 48-hour latency for C-reactive protein to reach optimal pre-
dictability is well recognized (21–24), perhaps limiting its use
as an early predictor of disease severity. Measuring levels of
trypsinogen activation peptide (25) and trypsinogen-2 (26) are
more specific for acute pancreatitis but are not widely avail-
able. Of the many cytokines that have been evaluated in an
attempt to predict severity, interleukin (IL)-6 appears to hold
the most promise, although further studies are needed (27) re-
garding its potential use as a clinically relevant predictor of
disease severity.

Except for differentiation of other bacterial sources of peri-
tonitis or diagnosis of complications of pancreatitis that would
necessitate surgery, diagnostic peritoneal lavage has had little
or no role in our institution in making the definitive diagnosis
or assessing the prognosis of a given episode of pancreatitis.

Rad io log ic and Diag nost ic St ud ie s

Numerous radiologic findings are suggestive of, but not specific
for, pancreatitis. These include dilatation of the first portion of
the duodenum (duodenal ileus), dilatation of the first loop of
the jejunum (jejunal ileus or sentinel loop), dilatation of the
transverse colon or colon cutoff sign (secondary to a trans-
verse colonic ileus), and elevated hemidiaphragm and pleural
effusion, especially on the left side (secondary to diaphragmatic
irritation and sympathetic pleural effusions).

Transabdominal pancreatic ultrasonography is not sensitive
in the diagnosis of acute pancreatitis, often because of gas in
the bowel. Ultrasonography frequently provides an incomplete
view of the pancreas and the peripancreatic area, especially in
patients who are obese with severe disease and excessive bowel
gas secondary to ileus. In addition, if imaging of the tail of the
pancreas in necessary, an incomplete view may occur because
of poor sonic window. It can, however, be helpful in detec-
tion of early complications of pancreatitis and identification
of associated biliary tract disease (28). Transabdominal ultra-
sound is more sensitive than either computerized tomography
or magnetic resonance imaging for identifying cholelithiasis
and sludge and for detecting dilatation of the biliary ducts, but
is insensitive for the detection of distal biliary duct stones (4,5).
Endoscopic ultrasonography may be the most accurate test for
diagnosing or ruling out biliary causes of acute pancreatitis and
may guide the use of endoscopic retrograde cholangiopancre-
atography (ERCP) (29).

Persistent biliary obstruction worsens the outcome and in-
creases the severity of acute pancreatitis and predisposes the pa-
tient to progression to bacterial cholangitis. ERCP is used with
endoscopic sphincterotomy to extract impacted gallstones and
to drain infected bile in severe acute pancreatitis (30–33). Al-
though ERCP has recognized risk, including bleeding and either
causing or exacerbating pancreatitis, complications are uncom-
mon when performed by experienced endoscopists. Three ran-
domized trials involving a total of 511 patients with gallstone
pancreatitis compared conservative management with ERCP
and endoscopic sphincterotomy within 24 to 72 hours after
admission. The studies showed a significantly lower risk of
pancreatitis-associated complications in the ERCP group (31).
Based on this evidence, it is recommended that patients with
severe acute gallstone pancreatitis undergo early ERCP and,
if indicated, endoscopic sphincterotomy (30). ERCP can also
demonstrate ductal disruptions in traumatic pancreatitis and
may also allow identification of pancreas divisum, thought to
be a rare cause of acute pancreatitis.

In patients with abdominal pain of unclear cause, comput-
erized tomography can confirm the diagnosis of acute pan-
creatitis and either rule out or confirm other causes of ab-
dominal pain. When the use of intravenous radiocontrast
material is contraindicated, the diagnosis of acute pancreati-
tis can be inferred from homogenous glandular enlargement
and the presence of peripancreatic fluid collections (34). In the
absence of contraindication, computerized tomography with
radiocontrast is preferred, as contrast-enhanced computed to-
mography (CT) remains the gold standard in the diagnosis of
pancreatic necrosis (35). Determination of the extent of pan-
creatic necrosis correlates with prognosis as mortality increases
markedly in patients with necrosis involving more than 30%
of the gland (36–39). Radiocontrast allows the identification
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of pancreatic necrosis, which appears as focal or diffuse zones
of nonenhanced parenchyma. Areas of necrosis may not be
present, however, for 48 to 72 hours after presentation. In
the clinically stable patient with a contraindication to intra-
venous contrast, magnetic resonance imaging (MRI) is an alter-
native method to diagnose and evaluate the extent of pancreatic
necrosis. MRI may also identify early duct disruption that is not
visible on CT scan (40). Although contrast-enhanced CT allows
the identification of pancreatic necrosis, there are no imaging
techniques that allow precise and reliable identification of in-
fected pancreatic necrosis. The appearance of air in the pan-
creatic parenchyma, caused by gas-producing bacteria, is not
common in patients with infected pancreatic necrosis; however,
when present it usually indicates infection. Fine-needle aspira-
tion, under CT or ultrasound guidance, with Gram staining
and culture of the aspirate is the gold standard for the diagno-
sis of infected pancreatic necrosis (41–44). Most series report
sensitivity for the prediction of infected necrosis that ranges
from 90% to 100% and specificity between 96% and 100%
(41,45,46).

Although angiography does not have a role among the usual
diagnostic techniques for pancreatitis, it has become useful
for localizing hemorrhagic complications of the disease and
extremely useful for nonoperative or preoperative control of
bleeding vessels.

CLASSIFICATION
The Marseilles classification recognized four types of pancre-
atitis: (i) acute pancreatitis, (ii) recurrent acute pancreatitis,
(iii) relapsing chronic pancreatitis, and (iv) chronic pancreatitis
(47). This classification system has been useful to characterize
the pathology of the gland and clinical episodes. The result of
a 1992 International Symposium, the classification by Bradley
(48) identified seven clinical entities: (i) acute pancreatitis,
(ii) severe acute pancreatitis, (iii) mild acute pancreatitis, (iv)
acute fluid collection, (v) pancreatic necrosis, (vi) pseudocysts,
and (vii) pancreatic abscess.

The most relevant classification to the intensivist determines
the degree of severity and progress of an individual episode of
pancreatitis. Ranson et al. (49,50) established 11 clinical cri-
teria, 5 of which were assessed on admission and 6 within
48 hours. They are well correlated with morbidity, number of
days’ stay in the ICU, and eventual mortality. The admission
criteria are as follows: age older than 55 years, blood glucose
level greater than 200 mg/dL, leukocyte count greater than
16,000/mm3, serum lactate dehydrogenase (LDH) level greater
than 350 IU/L, and serum glutamic-oxaloacetic transaminase
(SGOT) greater than 250 Sigma Frankel units. The criteria to
be determined within 48 hours are as follows: serum calcium
level less than 8 mg/dL, PaO 2 less than 60 mm Hg, base deficit
greater than 4 mEq/L, increase in blood urea nitrogen (BUN)
of more than 5 mg/dL, decrease in hematocrit of more than 10
percentage points and more than 6 L fluid sequestration. The
presence of fewer than 3 of these 11 criteria within 48 hours
of admission usually correlates with a more benign form and
course of disease, with an eventual mortality rate of 3% . The
presence of three or more of these parameters on admission
or within 48 hours usually implies a more severe form of pan-
creatitis and is associated with high risk of death and major
complication.

The list of 11 numeric parameters proposed by Ranson
et al. has suffered little discussion. With a single exception,
the patients’ age, these time-honored criteria are the result of
the statistical analysis of 43 parameters. These parameters were
gathered retrospectively from three overlapping series totaling
450 patients with acute pancreatitis (49,51,52). Of these 450
patients, however, only 94 (21% ) had acute pancreatitis defini-
tively confirmed by surgery or postmortem exam. Furthermore,
the 13 parameters retained in the essentially statistical study of
1977 (51) were available in only 113 (38% ) of the 300 patients
studied, possibly representing a selection bias. Nevertheless,
the Ranson scale has been used since the 1980s in virtually all
studies relating to acute pancreatitis.

TREATMENT OF ACUTE
PANCREATITIS

An overall approach to the therapy for acute pancreatitis
should include placing the pancreas “at rest,” supporting the
patient’s nutritional and metabolic needs, correcting the acute
causes of morality (i.e., cardiovascular collapse, respiratory in-
sufficiency, and renal failure), detecting those complications of
disease that require surgical intervention, and preventing and
treating delayed causes of mortality (i.e., septic complications).

Gland Sup p re ssion

Suppression of the secretory function of the pancreas has been
attempted by elimination of oral fluids (53,54), suppression of
acid secretion with various H 2 blockers (55,56) and antacids,
and use of anticholinergics (47,57) and proteolytic enzyme in-
hibitors (58). Calcitonin (59) and somatostatin (60), which
are potent inhibitors of pancreatic enzyme secretion, have also
been subjected to clinical trials. Although there may be a good
physiologic rationale, controlled randomized studies have not
shown significant improvement.

Historically, it was felt that early feeding may increase the
severity of the disease and re-exacerbate the inflammatory pro-
cess. It was felt that most patients admitted to the ICU had
pancreatitis of sufficient severity and associated ileus to pro-
hibit enteral intake. Gut rest, with or without parenteral nu-
trition, had become regarded as the standard of care. How-
ever, it is now known that acute pancreatitis results in a hy-
permetabolic, hyperdynamic systemic inflammatory response
syndrome that results in a catabolic state (61). Recent evidence
suggests that enteral nutrition is not only feasible but may be
desirable in such patients. The most severe complication of
acute pancreatitis is pancreatic infection. The finding that the
micro-organisms causing pancreatic infection are common en-
teric pathogens implies that bacterial translocation from the
intestinal tract to the pancreas may have a role in the patho-
genesis of infected pancreatic necrosis (62–68). Lack of enteral
feeding results in atrophy of the gastrointestinal mucosa, bacte-
rial overgrowth, increased gut permeability, and translocation
of bacteria or bacterial products into the circulation. Total par-
enteral nutrition may, therefore, promote bacterial transloca-
tion in patients with pancreatitis.

Animal studies have shown that the site in the gastrointesti-
nal tract to which feedings are delivered determines to what
extent the pancreas is stimulated. Jejunal feedings have been
shown to result in negligible increases in enzyme, bicarbonate,
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and volume output from the pancreas (69,70). This observation
has been confirmed in humans (71). It has been suggested that
enteral feeding stimulates lysosomal movement to the cell sur-
face, minimizing the intracellular release of pancreatic enzymes
and may, in fact, be therapeutic in acute pancreatitis (61). In
addition, enteral nutrition reduces production of proinflamma-
tory mediators that may also have therapeutic potential in such
patients.

Several studies have now shown jejunal feeding to be not
only less expensive than total parenteral nutrition but associ-
ated with fewer septic complications, possible modulation of
the acute phase response (72–78), and shorter length of stay
(61). Few studies, however, have addressed the potential prob-
lems associated with placement of nasojejunal tubes and the
resulting delay in initiation of feeding. From studies of enteral
feeding in burn patients, it seems that initiating enteral feed-
ing within 48 hours of admission helps to maintain gut func-
tion, allowing improved tolerance and fewer problems with
ileus and gastric stasis compared with feeding delayed by 4 or
5 days (79,80). In a small case series without controls, Eatock
et al. (81) found that nasogastric feeding was well tolerated
and did not appear to exacerbate pancreatitis. To confirm this,
in the largest study to date of enteral feeding in patients with
objectively graded acute pancreatitis, Eatock et al. compared
the nasogastric route with the use of the nasojejunal route (82).
He found that there was no evidence of exacerbation of dis-
ease with the nasogastric route, supporting the use of enteral
feeding and challenging the commonly held belief that enteral
feedings must be delivered distal to the ligament of Treitz.

Hypocalcemia in acute pancreatitis has many possible
causes, including hypoalbuminemia (83) with decreased pro-
tein binding, formation of calcium soaps in the presence of fat
necrosis (84), stimulation of calcitonin secretion (85) by in-
creased serum glucagons (86), and decreased parathormone
secretion by various mechanisms (87), but rarely is there a
clinically significant decrease in ionized calcium. If deficits are
found, however, calcium and magnesium are easily replaced.

Card iovascular Collap se , Re nal Failure ,
and Re sp irat ory Insufficie ncy

One of the most important determinants of poor outcome in
severe acute pancreatitis is the early development and persis-
tence of organ dysfunction. Although various scoring systems,
biomarkers, and radiologic findings can help identify patients
at risk of organ dysfunction, these do not substitute for frequent
clinical assessment and monitoring. Several clinical findings
including thirst, poor urine output, progressive tachycardia,
tachypnea, hypoxemia, agitation, confusion, a rising hemat-
ocrit level, and a lack of improvement within the first 48 hours
are warning signs of impending severe disease (12). The corner-
stone of management in early pancreatitis is fluid resuscitation
and close monitoring for early manifestations of organ dys-
function. In addition to the frequent assessment of vital signs,
the intravascular volume status should be monitored by means
of physical exam and urinary output. Early identification of
hypoxemia via either pulse oximetry or arterial blood gas mea-
surement is also paramount.

Hypovolemia is easy to explain as a result of the chemical
peritonitis that develops in these patients; the associated in-
creased capillary permeability, relative lymphatic obstruction,
and partial splanchnic venous obstruction can account for se-

questration of up to 40% of the patient’s circulatory plasma
volume in just a few hours. Renal insufficiency may be a result
of this massive fluid loss. If it is present, the association of renal
failure in acute pancreatitis markedly increases the mortality in
these patients (88).

Whether or not there is a myocardial depressant factor as-
sociated with severe pancreatitis (89), inotropic agents may be
required to improve cardiac function if cardiac output remains
low despite adequate filling pressures.

The respiratory insufficiency associated with severe pan-
creatitis is much more complex and is probably a combina-
tion of a decrease in functional residual capacity and shunting,
which may be related to elevated paralyzed hemidiaphragms,
basilar atelectasis, pleural effusion, empyema, pneumonia, mi-
cropulmonary emboli, or alveolar collapse secondary to the
decrease in pulmonary surfactant, which is degraded by circu-
lating pancreatic enzymes. Respiratory assistance with positive
end-expiratory pressure (PEEP) is required until the process
resolves and the patient can maintain adequate minute venti-
lation and oxygenation.

Patients with severe acute pancreatitis who meet conven-
tional criteria should be admitted to the intensive care unit, as
well as those patients who are at high risk of rapid deterioration
such as the elderly (90), patients requiring ongoing volume re-
suscitation, those with renal failure, respiratory compromise,
and evidence of substantial pancreatic necrosis (greater than
30% ) (30). In addition, it has been recognized that morbidly
obese patients are at increased risk for developing the severe
form of acute pancreatitis. When compared to normal-weight
patients, patients with a body mass index (BMI) of greater than
or equal to 25 kg/m2 and less than 30 kg/m2 (overweight) or
greater than 30 kg/m2 (obese), the number and type of com-
plications increased as the body mass index increased (91) in a
study of 250 patients with biliary pancreatitis.

It is not known if the outcome of severe acute pancreatitis
is affected by the model of critical care delivery, as there are
currently no studies examining this relationship. However, a
review of 26 observational studies showed that a heterogenous
group of critically ill patients, when cared for by an intensivist
or using an intensivist consultant in a closed ICU, had a shorter
length of stay and a lower mortality rate than similar patients
cared for in units without such staffing patterns (92). It is not
clear whether admission of all patients with severe acute pan-
creatitis to the ICU will result in better outcomes, as this has not
been studied. The remaining challenge is the development of a
more accurate predictor of organ failure so that patients who
truly need intensive care can be admitted to the ICU without
delay.

The rap e ut ic Pe rit one al Lavag e

Short-term (48–96 hour) therapeutic peritoneal lavage has
clearly been demonstrated by Ranson and Spencer (52) to im-
prove the early clinical condition of patients with acute pancre-
atitis. In their randomized, prospective studies, the mortality
rate during the first 10 days decreased from 45% in control
subjects to 0% in patients treated with peritoneal lavage. Car-
diovascular instability and respiratory insufficiency improved
and did not result in early mortality. The overall survival rate,
however, was not significantly improved; the cause of death
only shifted from cardiovascular and respiratory insufficiency
to late infection of devitalized pancreatic and peripancreatic
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tissue. When compared to short-term lavage, long-term (7-day)
peritoneal lavage in severe acute pancreatitis showed a reduc-
tion in both the incidence of pancreatic sepsis and its associated
mortality rate (93). This therapy, however, is a major under-
taking as it involves hourly lavage for at least 7 days with an
antibiotic-containing isotonic balanced electrolyte solution.

More recently a meta-analysis of peritoneal lavage for acute
pancreatitis was undertaken (94). This study identified eight
randomized, prospective clinical trials evaluating the use of
continuous lavage in patients with pancreatitis. The duration
of lavage ranged from 1 to 12 days. In contrast to the stud-
ies referred to above and several uncontrolled prospective and
retrospective reviews that almost universally supported its use
based on comparisons with historical controls (95–103), the
results of this study indicate that continuous peritoneal lavage
with crystalloid solutions in patients with acute pancreatitis
has not been associated with any significant improvement in
morbidity or mortality. Despite the inherent limitations, the
meta-analysis supported the findings of the individual studies,
as none of these found a significant difference in either mor-
bidity or mortality between treatment or control groups.

There are several reasons to explain why continuous lavage
may not be of benefit in patients with acute pancreatitis. The
presence of large volumes of fluid within the peritoneal cav-
ity may degrade the peritoneal defense mechanisms due to the
inability to localize the source of contamination through local
fibrinous adhesions between omentum, loops of bowel, and
the abdominal wall. The lavage may, in addition, enhance the
absorption of inflammatory mediators into the systemic circu-
lation via diaphragmatic stomata (104). The lavage may also
potentially remove important local inflammatory mediators
and thereby impair peritoneal defense mechanisms (105,106).
Last, the peritoneal mesothelial cells are usually lost in associa-
tion with peritonitis, and their regeneration may be important
in the resolution of the inflammation (94). Lavage, with either
crystalloid or peritoneal dialysis solutions, has been found to
inhibit the rate of mesothelial healing (107).

To improve the efficacy of lavage in pancreatitis, studies
have focused on the benefit of adding protease inhibitors to
the lavage solution, and in experimental work on animal mod-
els of pancreatitis this has been found to improve prognosis
(108). Based on the apparent success of this technique, there
have been two randomized clinical trials of patients with acute
fulminant pancreatitis (109,110). Patients were randomized to
receive either lavage containing aprotinin (a protease inhibitor)
or standard lavage solution. There was no significant difference
in morbidity or mortality in either trial. Aprotinin is currently
not available until further safety studies are done.

Despite several early, initially enthusiastic reports, the use
of continuous lavage in patients with acute pancreatitis is not
supported by the currently available evidence.

Ant ib io t ics

Bacterial infection plays an important role in the course and
the management of acute pancreatitis. In the mild, self-limited
form of the disease, mortality rates are less than 1% and septic
complications are rare. The past decade has seen a considerable
increase in our understanding and management of necrotizing
pancreatitis. The natural course of severe acute pancreatitis
progresses in two phases (111). The first 14 days are charac-

terized by the systemic inflammatory response syndrome as a
result of the release of multiple inflammatory mediators. The
second phase, beginning roughly 2 weeks after the onset of
disease, is dominated by sepsis-related complications resulting
from infection of pancreatic necrosis (112,113). In the natural
course of the disease, infection of pancreatic necrosis occurs in
up to 70% of patients and has become the most important risk
factor for death from necrotizing pancreatitis (114–116). Sev-
eral factors have been associated with the infection rate of pan-
creatic necrosis. It has been demonstrated that the frequency of
infected necrosis correlates with the duration of disease. In pa-
tients with necrotizing pancreatitis, the proportion of patients
with proven infected necrosis at the time of surgery increased
from 22% to 24% after the first week to 36% to 55% after the
second week and up to 72% after the third week (112,114).
The extent of pancreatic necrosis may also be a risk factor for
infection. Beger et al. (112) reported the highest infection rates
in patients with more than 50% necrosis of the pancreas. This
finding is supported by the data of other investigators (117).
It appears, therefore, that the presence of a significant amount
of necrosis (over 50% on CT scan) may be predictive of severe
disease and help identify those patients at risk of developing
septic complications.

Among patients with sterile necrotizing pancreatitis, mor-
tality rates of 10% to 15% are reported (118), whereas infected
pancreatic necrosis carries with it a mortality rate of up to 50%
(62,112,119). Supporting the concept that infection is the ma-
jor determinant of outcome, it has been demonstrated that in
patients with sterile necrosis, the extent of necrosis correlated
with the frequency of organ failure, whereas infected necrosis
was associated with organ failure regardless of the extent of
necrosis (120).

Interest has focused on the prophylactic use of antibi-
otics to prevent infectious complications and reduce the as-
sociated morbidity and mortality. Initial uncontrolled stud-
ies using prophylactic antibiotics in acute pancreatitis failed
to demonstrate any effect on morbidity or mortality (121–
123). However, ampicillin, the most commonly used drug in
those trials, failed to reach its effective minimum inhibitory
concentration (MIC) in normal or necrotic pancreatic tissue
(124,125). Further animal and human studies have shown
that third-generation cephalosporins, piperacillin, mezlocillin,
4-quinolone, metronidazole, and imipenem can achieve their
MIC in pancreatic tissue, whereas, the aminopenicillins, first-
generation cephalosporins, and aminoglycosides cannot (126).
The choice of antibiotic agent is critical as the agent must
have a spectrum of activity against the most commonly en-
countered organisms found in infected necrosis and must pen-
etrate the pancreas adequately. Buchler et al. (127,128) and
Bassi et al. (129) have identified imipenem as the antibiotic
agent of first choice because it reached higher pancreatic tissue
levels and provided higher bactericidal activity against most
of the bacteria present in pancreatic infection compared with
other types of antibiotics. In a comparison between meropenem
and imipenem, there were no significant differences in septic
complications, indication for surgery, or mortality (130), indi-
cating that meropenem is equally effective. The combination
of quinolones and metronidazole is not an effective antibi-
otic prophylaxis (131). Maravi-Poma et al., in a prospective,
randomized, multicenter trial (132), compared two imipenem
regimens for the prevention of septic complications in pa-
tients with severe acute necrotizing pancreatitis. Patients were



Chap t e r 155: Pancreatic Disease 2329

randomized to receive antibiotic prophylaxis either for 14 days
or at least 14 days and as long as major systemic complications
of the disease persisted. They found that compared to a 14-day
course, longer antibiotic administration in patients with acute
necrotizing pancreatitis is not associated with a reduction in
the incidence of septic complications of the disease. However,
prolonged imipenem administration in patients with persist-
ing systemic complications tends to reduce mortality in acute
necrotizing pancreatitis compared to a 14-day regimen.

The issue of prophylactic antibiotics was revisited in a mul-
ticenter trial (133) of 74 patients with acute necrotizing pan-
creatitis diagnosed by computerized tomography. Patients were
randomized to intravenous imipenem or no antibiotic prophy-
laxis. Pancreatic infection was diagnosed either by CT-guided
aspiration or culture obtained at laparotomy. Among those re-
ceiving prophylactic antibiotics, there was a numeric reduction
in local pancreatic infection and in mortality. In addition, there
were significantly fewer episodes of sepsis among the prophy-
lactic antibiotic group. In a study randomizing 60 patients with
acute necrotizing pancreatitis to either prophylactic cefuroxime
or no antibiotic prophylaxis, there was no reduction in local
pancreatic infection or sepsis (134). However, there was a sig-
nificant reduction in mortality in the prophylactic group.

More recently, a prospective single-center trial by Buchler
et al. (111) evaluated the role of nonsurgical management,
which included the use of early antibiotics, of necrotizing pan-
creatitis. This study confirmed that the conservative treatment
of sterile necrosis using early antibiotics (imipenem–cilastatin)
is safe and effective. Of 56 patients with sterile necrosis man-
aged without surgery, only 1 died of acute respiratory distress
syndrome not responsive to treatment. This trial also demon-
strated an infection rate of 34% in necrotizing pancreatitis
treated with early antibiotics, which is lower than prevalence
data of up to 70% observed in patients who were not treated
with prophylactic antibiotics (112,135,136). Nordback et al.
(137) conducted a randomized study to compare the use of
early versus delayed imipenem–cilastatin in the treatment of
necrotizing pancreatitis. Ninety patients with acute necrotiz-
ing pancreatitis were randomized within 48 hours to either
early imipenem–cilastatin or control. The primary end point
was indication for necrosectomy due to infection. In the con-
trol group, imipenem–cilastatin was started when the operative
indication was fulfilled. Early imipenem–cilastatin therapy sig-
nificantly reduced the need for surgery and the overall number
of major organ complications in acute necrotizing pancreati-
tis. Furthermore, the mortality rate was reduced by half. Like-
wise, a meta-analysis of prophylactic antibiotic administration
in acute necrotizing pancreatitis (138) revealed a significant im-
provement in sepsis and mortality in patients with acute necro-
tizing pancreatitis receiving antibiotic prophylaxis and a trend
toward a reduction in local pancreatic infection.

The bacterial spectrum of infection in acute necrotizing pan-
creatitis has been described as primarily Gram negative and,
in part, anaerobic with the predominant pathogens includ-
ing Escherichia coli, Pseudomonas species, Enterobacter, Bac-
teroides, and Proteus (139). Bacterial translocation from the
gut has been demonstrated to be the main cause of infection
in necrotizing pancreatitis (140–143). In addition to the safety
and efficacy of early antibiotic treatment in necrotizing pancre-
atitis, a second major finding of Buchler et al. (111) was that
early antibiotic treatment of necrotizing pancreatitis changes
the spectrum of bacteria in those patients who develop infec-

tion. After the administration of antibiotics with primary effi-
cacy against Gram-negative and anaerobic bacteria, more than
half of patients who developed pancreatic infection were found
to have Gram-positive infection.

Similarly, Howard and Temple (144) compared operative
cultures from 61 consecutive patients with pancreatic necrosis
treated during routine prophylactic antibiotic use to 34 con-
secutive patients with necrosis prior to the use of prophylactic
antibiotics. They demonstrated a dramatic shift in bacteriology
between the two time periods with 56% of isolates being Gram-
negative organisms in the control group to only 26% in the
antibiotic treatment group. Enterobacter, Pseudomonas, and
Proteus made up 38% of the isolates in the control group, but
Klebsiella was the predominant Gram-negative isolate in the
control group. Enterococcus was found in similar percentages
in both groups. But in the antibiotic group, other Gram-positive
cocci, including S. epidermidis, S. aureus, and Corynebac-
terium species, made up 31% of all bacterial isolates. It is likely
that these infections do not originate in the gut, but rather,
are nosocomial infections acquired via venous catheters, uri-
nary catheters, or endotracheal tubes. The argument that these
infections are hospital acquired is supported by the fact that
these infections tend to occur much later (typically after 20
days) whereas infections with Gram-negative organisms are
seen much sooner, usually within 2 weeks of admission (111).

In addition to a shift from predominantly Gram-negative
to Gram-positive organisms, the question arises as to whether
antibiotic prophylaxis predisposes patients to fungal infection.
De Waele et al. (145) reviewed data from an 8-year period for
46 patients with severe acute pancreatitis and infected pancre-
atic necrosis to determine the incidence of fungal infection and
to identify risk factors for the development of fungal infection.
They found an overall incidence for Candida infection of 37%
and, excluding patients who received early antifungal prophy-
laxis, the incidence of Candida infection was as high as 50% ,
the highest figure ever described (145). Despite the fact that
the total duration of antibiotic prophylaxis was very long and
multiple types of antibiotics were administered to individual
patients, both described as risk factors for the development of
Candida infection (146), they failed to identify any risk factor
for fungal infection among their patients.

Buchler et al. (111) found an incidence of fungal infec-
tion of 29% among patients receiving early antibiotic treat-
ment for necrotizing pancreatitis. However, up to 25% of
patients with necrotizing pancreatitis who do not receive an-
tibiotics also develop fungal infection (147,148). Four of the
randomized trials on antibiotic prophylaxis included the in-
cidence of fungal superinfection (133,134,149,150). The inci-
dence of fungal infection was below seven percent in three tri-
als (133,134,150), whereas it exceeded 20% in one small study
(149). These trials were recently meta-analyzed (131). The fun-
gal infection rate was not different between patients receiving
prophylactic antibiotics (4.9% ) and those in the control group
(6.7% ). The conclusion of this meta-analysis was that antibi-
otic prophylaxis does not result in increased incidence of fungal
infections.

SURGICAL MANAGEMENT
Most episodes of acute pancreatitis are mild and self-limiting,
resolving spontaneously within 3 to 5 days. The mortality rate
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in these patients is less than 1% , and these patients do not rou-
tinely require intensive care or surgical management. However,
there are several absolute indications for operative intervention
in patients with severe acute pancreatitis, including prevention
of recurrence and treatment of complications. As the conser-
vative management of infected pancreatic necrosis associated
with multiple organ failure has a mortality rate of up to 100%
(151), proven infected pancreatic necrosis, as well as septic
complications directly resulting from pancreatic infection, are
indications for surgical intervention (132).

Tre at me nt of Biliary Pancre at it is

Biliary pancreatitis is most often associated with the passage of
a small common bile duct stone. Typically, the highest serum
amylase levels may be present initially, but they return to nor-
mal, as do the patient’s clinical signs and symptoms. Occasion-
ally, a stone may become impacted at the ampulla of Vater. In
this case, rapid progressive deterioration of the patient’s clin-
ical course may soon follow. For patients with severe acute
gallstone pancreatitis, urgent biliary drainage and clearance
of the common bile duct must be considered. There is gen-
eral agreement that open cholecystectomy with supraduodenal
bile duct exploration and insertion of a T tube is an unac-
ceptable emergency procedure in patients with severe gallstone
pancreatitis, as both higher morbidity and mortality rates have
been shown following early surgery (132). There is general con-
sensus that patients with signs and symptoms consistent with
cholangitis and patients with severe acute gallstone pancreati-
tis and obstructive jaundice should undergo urgent endoscopic
retrograde cholangiopancreatography (ERCP), and, if choledo-
cholithiasis is confirmed, endoscopic sphincterotomy should be
performed (30).

In patients with severe acute pancreatitis due to suspected
or proven cholelithiasis but without obstructive jaundice, the
role of ERCP and endoscopic sphincterotomy is less well de-
fined. Three trials have examined the role of emergency ERCP
and endoscopic sphincterotomy (defined as within 24 hours
of admission or 72 hours of onset of symptoms) as compared
to conservative management (152) or planned interval ERCP
(152,153) in patients with biliary pancreatitis. In all three tri-
als, endoscopic sphincterotomy and stone extraction were per-
formed only if common bile duct stones were identified on
ERCP.

Neoptolemos et al. (153) demonstrated significantly lower
morbidity rates following emergency ERCP. There was an
equal distribution of patients with cholangitis in both treat-
ment groups, and the complication rate was significantly lower
after emergency ERCP, even after exclusion of these patients.
Patients with biliary obstruction were excluded in the Fölsch
et al. (152) trial, and median bilirubin levels were equal in
both groups in the Fan et al. (154) trial. These two trials failed
to demonstrate significant effects on morbidity and mortality
rates.

Both Neoptolemos et al. (153) and Fan et al. (154) evalu-
ated the outcome for severe disease separately. Neither found
a significant difference in complication and mortality rates in
patients with mild biliary pancreatitis. In contrast, both tri-
als demonstrated a significantly lower complication rate in pa-
tients with severe acute pancreatitis, but the difference in mor-
tality rates did not reach statistical significance. Fan et al. (154)

also found a decrease in the incidence of biliary sepsis in pa-
tients with severe biliary pancreatitis. A recent meta-analysis
(30) of the trials of Fan et al. (154), Neoptolemos et al. (153)
and Fölsch et al. (152) found that emergency ERCP and endo-
scopic sphincterotomy significantly reduced the overall com-
plication rate without a significant effect on the mortality rate.
Subgroup analyses of patients with mild biliary pancreatitis re-
vealed no differences in overall complications or mortality. In
contrast, ERCP significantly reduced both the overall compli-
cation and mortality rates in patients with severe biliary pan-
creatitis. In a meta-analysis of four randomized trials (48,152–
154) by Sharma and Howden (155), they found a significantly
lower morbidity and mortality rate following early ERCP
when compared with interval ERCP. However, in this meta-
analysis, patients with severe pancreatitis were not examined
separately.

ERCP and endoscopic sphincterotomy have no influence
on the outcome of mild biliary pancreatitis. Based on lower
morbidity and reduced mortality rates, emergency ERCP and
endoscopic sphincterotomy should be strongly considered in
patients with severe biliary pancreatitis as well as in patients
with standard indications for ERCP and endoscopic sphinc-
terotomy such as obstructive jaundice and cholangitis.

Recurrence of acute pancreatitis in patients with cholelithi-
asis has been reported in 29% to 63% of cases if the patient
is discharged from the hospital without additional treatment.
The rationale for cholecystectomy and clearance of the com-
mon bile duct in these patients is to prevent recurrent biliary
pancreatitis. The timing of cholecystectomy, however, depends
on the clinical circumstances. In mild gallstone pancreatitis,
cholecystectomy should be performed as soon as the patient
has recovered from the attack and, preferably, during the same
hospital stay. In severe gallstone pancreatitis, cholecystectomy
should be performed once the inflammatory process has sub-
sided and with sufficient clinical recovery to make the pro-
cedure technically easier and safer for the patient. Although
the optimal timing for cholecystectomy is still under debate, if
endoscopic sphincterotomy was performed, cholecystectomy
should be performed within 6 weeks (156). Cholecystectomy
can be performed safely after an episode of gallstone pancreati-
tis via the laparoscopic approach with a reported conversion
to open rate of 0 to 16% (157–159).

Vascular Comp licat ions

Vascular complications of pancreatitis may be divided into sys-
temic and local. The systemic vascular effects of acute pancre-
atitis are probably related to the release of pancreatic proteases,
such as trypsin, which locally and distally may activate comple-
ment C5a and precipitate the coagulation cascade (160). This
causes microscopic and physiologic changes in granulocytes
that induce a cell-to-cell interaction and clumping. The clumps
may then embolize and set the stage for further fibrin deposition
and thrombosis. This phenomenon explains the leukoembolic
damage of the posterior fundus of the eye in the syndrome
of sudden blindness associated with sever trauma and pancre-
atitis (Purtscher retinopathy) (161). Other systemic effects of
C5a may be granulocyte aggregation and leukoembolization
of other vital tissues, such as the lung, kidney, and splanchnic
and systemic vascular beds, which may explain some of the
respiratory distress syndromes, renal insufficiency, splanchnic
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venous thrombosis, and incidence of pulmonary emboli in these
patients (160).

There are both arterial and venous local vascular effects and
complications of pancreatitis. Bleeding from pancreatic pseu-
docysts and ruptured pseudoaneurysms is the most often fatal
complication of pancreatitis, carrying a mortality rate of 25%
to 40% (162–164). Bleeding may present as melena from ero-
sion into the proximal gastrointestinal tract or as hypovolemia
and abdominal pain if there is rupture into the peritoneal cav-
ity. Diagnosis is usually made late in the patient’s clinical course
or only at postmortem examination. Most patients with gas-
trointestinal tract bleeding secondary to acute or chronic pan-
creatitis are alcoholics, and the cause of the bleeding is usually
missed because of more common causes of serious bleeding
in this patient population (i.e., peptic ulcer disease, gastritis,
varices, Mallory-Weiss tears). The development of aneurysms
is probably related to the severe inflammation and enzymatic
autodigestion of the pancreatic and peripancreatic arteries with
eventual formation of a pseudoaneurysm. With growth and ex-
pansion, the pseudoaneurysms may rupture into pseudocysts,
adjacent viscera, the peritoneal cavity, or the pancreatic duct.

The most common vessel involved in splanchnic pseudo-
aneurysms related to pancreatitis is the splenic artery, followed
by the gastroduodenal and the inferior pancreaticoduodenal,
but such involvement may occur with any of the adjacent
splanchnic vessels (165). Patients with chronic pancreatitis may
have as high as a 10% incidence of pseudoaneurysms demon-
strated on angiographic studies, but bleeding from these rarely
occurs unless they are associated with pseudocysts (166). The
treatment of ruptured pseudoaneurysms requires that the di-
agnosis be recognized; therefore, the clinician must know of
it, must have a high index of suspicion, and must have a well-
defined diagnostic and therapeutic plan, including emergency
upper endoscopy, selective visceral angiography, ultrasonogra-
phy, and CT scanning. Control can be rendered by either selec-
tive arterial infusion of vasopressin (166) or angioembolization
with Gelfoam (167), detachable intravascular balloons (168),
Gianturco coils (169), or polymerizing adhesives (169). Sur-
gical control is indicated only for immediate life-threatening
bleeding or failure of interventional control of bleeding.

Hemoductal pancreatitis or hemosuccus pancreatitis is the
complication of pseudoaneurysm rupture into the pancreatic
duct and usually encompasses the triad of gastrointestinal
bleeding, pancreatitis with epigastric pain, and partial common
bile duct obstruction (170). The diagnosis can be confirmed by
selective visceral angiography or ERCP. The treatment of this
rare complication requires ligation of the pseudoaneurysm and
possible pancreatic resection.

Venous complications of acute pancreatitis, although not as
dramatic, may be just as lethal as their arterial counterparts.
Venous thrombosis of the portal vein is a potential complica-
tion of acute or chronic pancreatitis. The patient’s course is
complicated by acute decompensation, hypotension with se-
questration in the vascular bed, acidosis, hepatic enzyme el-
evation, alteration in clotting studies, and venous infarction
of the bowel. Patients who survive this insult all develop por-
tal hypertension, and some present months to years later with
bleeding esophageal varices. Selective splenic venous thrombo-
sis occurs more frequently, and patients usually present with
an increased spleen size, unexplained blood loss, pain in the
left upper quadrant and subscapular area, and possibly, hy-
potension and cardiovascular collapse because the subscapular

hematoma ruptured into the free peritoneal cavity. The treat-
ment is splenectomy with preoperative vascular control by an-
giographic techniques and balloons.

During drainage procedures for pancreatic pseudocysts in
the presence of associated splenic venous thrombosis, the trans-
gastric approach should be avoided to decrease postoperative
bleeding from the rich submucosal plexus of high-pressure
veins. In the absence of bleeding gastric varices, one may elect
to leave the spleen in situ even with splenic vein thrombosis,
because not all patients develop bleeding from gastric varices.

Pancre at ic Pse ud ocyst

Peripancreatic fluid collections can occur as a result of acute
pancreatitis, chronic pancreatitis, surgery (either pancreatic or
other abdominal surgery), trauma, or neoplasia. With the ex-
ception of a cystic neoplasm, peripancreatic fluid collections
form either as a result of a disruption in the pancreatic duc-
tal system with subsequent fluid leakage or the maturation of
peripancreatic necrosis. The terminology for acute pancreatitis
and its complications has historically been confusing and of-
ten conflicting. The result is a difficulty interpreting literature
dealing with treatment of pancreatic pseudocyst as often the
term “pseudocyst” was applied when perhaps “acute fluid col-
lection” would have been more appropriate, or vice versa. In
response to this confusion, and in an attempt to dispel it, an
International Symposium on Acute Pancreatitis was convened
in 1992. The result is a standardized classification system (49)
of acute pancreatitis and its complications.

According to these published definitions, an acute fluid col-
lection is located in or near the pancreas, occurs early in the
course of acute pancreatitis, and always lacks a wall of gran-
ulation or fibrous tissue (49). Acute fluid collections are com-
mon in patients with severe acute pancreatitis, occurring in up
to 50% of cases (171,172). However, more than half of these
lesions regress spontaneously (171,172). Rarely on the demon-
strable on physical exam and are usually found with imaging
techniques. The precise composition of these collections is not
known. The critical clinical distinction between an acute fluid
collection and a pseudocyst (or pancreatic abscess) is the lack
of a defined wall.

Pseudocyst formation is a frequent complication of pancre-
atitis with a reported incidence of 10% to 20% in acute pancre-
atitis and 20% to 40% in chronic pancreatitis (173). Formation
of an acute pseudocyst requires four or more weeks from the
onset of acute pancreatitis. In contrast, chronic pseudocysts
have a well-defined wall but arise in patients with chronic pan-
creatitis without a preceding episode of acute pancreatitis. It is
defined as a collection of pancreatic juice that arises as a con-
sequence of acute or chronic pancreatitis or pancreatic trauma
that is enclosed by a nonepithelialized wall composed of either
fibrous or granulation tissue. Pseudocysts in patients with acute
pancreatitis are usually diagnosed with imaging studies, either
CT scan or ultrasound, although they are occasionally palpa-
ble. The contents are usually rich in pancreatic enzymes and
are most often sterile. Bacteria may be present in pseudocysts
but often are of no clinical significance since they represent
contamination and not clinical infection. When pus is present,
the lesion is more correctly termed a pancreatic abscess. The
distinction between pancreatic abscess and infected necrosis is
critical for two reasons: the mortality risk for infected necrosis
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is double that for pancreatic abscess (174), and specific therapy
for each condition may be markedly different.

The traditional management of pancreatic pseudocyst has
been based for decades on a sentinel report by Bradley et al.
(175), who studied 93 patients using ultrasound. They found
spontaneous resolution of the pseudocyst in 24 of 54 patients
studied, but all resolution took place before 6 weeks and was
almost exclusively seen in collections less than 6 cm in size.
They also found the incidence of complications increased after
6 weeks of follow-up. Thus, standard therapy became treat-
ment if the pseudocyst persisted beyond 6 weeks and/or was
larger than 6 cm. With improved imaging techniques, the crite-
ria for intervention eventually were modified to include imag-
ing confirming cyst wall “maturity.” Operative intervention
was the mainstay, and the procedure performed was internal
drainage via a cyst-enteric anastomosis, primarily cystgastros-
tomy or cystojejunostomy, depending on the location of the
pseudocyst. The morbidity rate ranges from 7% to 37% , and
mortality rates vary from 0 to 6% (176,177). The recurrence
rate with the operative technique is approximately 10% (178).
However, the traditional method of surgical drainage has been
challenged by the introduction of less invasive techniques.

Percutaneous drainage was first introduced in the 1970s.
Unfortunately, simple aspiration of the cyst has been asso-
ciated with a recurrence rate of more than 70% and can,
therefore, not be regarded as a definitive treatment (179,180).
Continuous catheter drainage has shown better short-term re-
sults, with an 84% success rate and an average 7% recurrence
rate (179,181,182). However, the prolonged presence of an
indwelling catheter for several weeks and frequent fistula for-
mation remain disadvantages of this technique.

Endoscopic drainage has been increasingly used during the
last 10 years, either via a transpapillary route or through the
gastrointestinal wall. The short-term results appear to be en-
couraging. Analyses of collective data indicate that resolution
of cysts can be achieved in nearly 90% of patients, with mor-
bidity rates of 9% to 25% and mortality rates of 0 to 1%
(176,183). Data regarding long-term results to this point, how-
ever, remain scarce.

The question, then, arises as to which method to use. Nealon
and Walser (184) have shown that the anatomy of the main
pancreatic duct can be used to guide the choice of modality
for treating pancreatic pseudocyst. In patients scheduled for
either elective operation or percutaneous drainage of the pseu-
docyst, they performed endoscopic retrograde cholangiopan-
creatography 1 day prior to the procedure. They categorized
the main pancreatic duct as either normal, normal with stric-
ture, or normal with complete cutoff at some portion of the
duct (184). A “normal” duct was meant to represent a duct
without evidence of chronic pancreatitis. Patients were segre-
gated for analysis into either normal, stricture with communi-
cation to the pseudocyst, stricture without communication, or
complete cutoff. They found that pancreatic ductal anatomy
correlated well with outcomes in patients treated with percuta-
neous drainage. Among failures of percutaneous drainage, all
patients either had complete cutoff of the pancreatic duct or
stricture with communication to the cyst. In either case, per-
cutaneous catheter drainage would have a poor likelihood of
success as no amount of long-term drainage could be expected
to re-establish normal ductal drainage.

Likewise, determination of ductal anatomy has been used
to determine the best route of endoscopic drainage. In a review

(173) of 92 consecutive patients who underwent endoscopic
drainage of pancreatic pseudocyst, the method was based on
visualization of the pancreatic duct. If a connection between
the pseudocyst and the pancreatic duct was confirmed, the
transpapillary route was preferred and a single stent with mul-
tiple side holes was placed in the pancreatic duct, with the distal
end of the stent positioned just proximal to the cyst. In all other
cases, the transgastric or transduodenal route was chosen, de-
pending on the position of the cyst and its relationship to the
gut lumen. The technical success rate of the drainage proce-
dure was 97% , and the mortality rate was 1% (173). Overall,
endoscopic drainage was successful in treating the pseudocyst
in 71% of patients (173).

It appears, then, that either percutaneous or endoscopic
drainage techniques are comparable to the outcome of surgi-
cal drainage techniques in the appropriately selected patients.
At our institution, patients are routinely treated with either
percutaneous or endoscopic drainage, depending on the duc-
tal anatomy, and surgical drainage is reserved for failure or
complication of these methods.

Biliary Ob st ruct ion Due t o
Pancre at ic Inflammat ion

Biliary obstruction may be found in as many as 25% of cases
presenting with acute pancreatitis (185), and this obstruction,
caused by pancreatic swelling, can be confused with a stone
lodged at the ampulla. The intrapancreatic portion of the com-
mon bile duct becomes involved in the inflammatory process,
but this usually resolves over the course of the disease (186).
If the biliary obstruction does not resolve, a workup including
ultrasonography, ERCP, or transhepatic cholangiography may
be necessary to define the problem and the anatomy so that an
appropriate decompressive procedure can be performed. If the
patient develops cholangitis and becomes septic from infected
bile in the obstructed duct, transhepatic cholangiography and
drainage may be life-saving to provide decompression without
subjecting the patient in septic shock to an emergency opera-
tion.

Pancre at ic Ne crosis, Infe ct e d
Pancre at ic Ne crosis, and Ab sce ss

Little is known of what triggers the release of activated pan-
creatic enzymes that autodigest the gland and surrounding
retroperitoneal tissue and convert acute interstitial or edema-
tous pancreatitis to pancreatic necrosis. If venous thrombosis
and erosion to the small peripancreatic vessels occur, the com-
bination is hemorrhagic necrotizing pancreatitis. Enteric bac-
terial contamination results in combined abscess and infected
necrosis, which carries the highest mortality rate. The timing
of this sequence of presentations in important. It is rare to see
septic complications within the first week of presentation but
not unusual after the second week, and they are almost univer-
sally present if the patient’s course requires therapy for more
than 3 weeks. Clinical signs of abdominal pain, fever, leukocy-
tosis, associated severe systemic manifestations of hypotension,
cardiovascular collapse, pulmonary insufficiency, renal failure,
and mental status changes all strongly suggest the onset of this
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complication. The problem is rarely that of making the diagno-
sis of sepsis, but rather, of differentiating pancreatic necrosis
and abscess formation from other sources of systemic sepsis
such as pneumonia, urinary tract infection, and intravascular
catheter-related infection.

Sequential contrast-enhanced computerized tomography is
the best tool available for diagnosing and following this dis-
ease process. The study is diagnostic of abscess formation if air
is seen in the phlegmon. Percutaneous fine-needle aspiration
of the intrapancreatic or peripancreatic fluid collections can be
used to confirm bacterial contamination in the absence of air. If
necrosis is demonstrated on CT scan, aspirates are sterile, and
the patient is not toxic, a conservative approach may be at-
tempted. At present there is general agreement that surgery for
severe pancreatitis should be deferred as long as the patient con-
tinues to respond favorably to conservative management. Early
operation directed toward debridement of devitalized tissue to
prevent septic complications has only led to increased mor-
bidity and incidence of sepsis. Optimal surgical timing should
occur, at the minimum, 2 to 3 weeks after the onset of pancreati-
tis to allow a sequestrum to form. The rationale for delaying
surgical therapy is to permit proper demarcation of pancre-
atic and peripancreatic necrosis to occur, limiting the extent of
surgery that is needed to facilitate debridement. This approach
decreases the risk of bleeding and minimizes the surgery-related
loss of vital tissue that predisposes to endocrine and exocrine
pancreatic insufficiency.

In most studies published over the last decade, indication for
surgery was defined by necrosis formation on CT scan and pos-
itive fine-needle aspiration. In the unstable patient, CT-guided
percutaneous aspiration and drainage of pancreatic abscesses
used as a temporizing measure before surgery may improve the
patient’s overall condition. Surgical techniques are still neces-
sary for debridement and drainage if percutaneous drainage
does not improve the septic course. The goal of surgery in pa-
tients with necrotizing pancreatitis is to remove all areas of
necrotic tissue including necrotic pancreatic tissue and any in-
fected necrotic tissue. In so doing, the risk of further complica-
tions may be minimized by reducing the progress of spreading
necrosis and/or infection and the release of proinflammatory
mediators. Resective procedures, such as partial or total pan-
createctomy that also remove vital pancreatic tissue and healthy
organs, are associated with high mortality rates.

The surgical techniques for the treatment of pancreatic
necrosis are varied, and the ideal method is still debated. Gen-
erally agreed-on principles of surgical management include
an organ-preserving approach that involves debridement or
necrosectomy, minimization of intraoperative hemorrhage, and
maximization of postoperative removal of retroperitoneal de-
bris and exudate (132). Traditionally, three techniques have
been used with comparable results; these include the follow-
ing: (1) open necrosectomy with closed continuous lavage of
the retroperitoneum, (ii) open necrosectomy that may or may
not be staged with planned relaparotomies followed by delayed
primary closure and drainage or with multiple drainage and
relaparotomy as required, and (iii) open necrosectomy, often
with marsupialization, with open packing and planned rela-
parotomies. It is reported that these approaches are associated
with a postoperative mortality of less than 15% , but there has
never been a trial that has prospectively compared these tech-
niques (132). However, with the improvement in intensive care
and success of conservative management, open surgery for in-

fected pancreatic necrosis is becoming less frequent, and many
young surgeons have likely never performed these procedures.

Minimal-access surgical approaches have been described in
an attempt at reducing the mortality and substantial morbid-
ity of open surgery for infected necrotizing pancreatitis (187).
These approaches have used either an endoscopic or a video-
scopic retroperitoneal approach for draining infected fluid. Be-
cause in most cases, the sequestrum is limited to the lesser sac,
minimal-access retroperitoneal techniques have significant lim-
itations for primary debridement. The use of a transperitoneal
approach similar to that used for open debridement of necrotic
pancreatic and peripancreatic necrosis has been largely anec-
dotal.

Recently, however, Parekh (187) reported the largest series
of laparoscopic debridement for pancreatic necrosis. A hand-
assisted laparoscopic (HAL) technique was used for the de-
bridement of necrotizing pancreatitis. Hand-assisted laparo-
scopic surgery is useful for complex abdominal procedures
since the benefits of traditional laparoscopic surgery are re-
tained. In this series, 19 patients underwent laparoscopic evac-
uation of pancreatic necrosis, and in 18 patients, the pro-
cedure was completed. Four patients required reoperations,
two using HALs and two open. There were no postopera-
tive complications related to the HAL procedure itself, such as
major wound infections, intestinal fistulae, or postoperative
hemorrhage. Postoperative computed tomography confirmed
adequacy of debridement. Although currently largely limited
to a few specialized centers, HALs may provide a new option
for the surgical treatment of selected patients with severe necro-
tizing pancreatitis.

We have become increasingly aggressive in our use of percu-
taneous debridement of infected pancreatic tissue. Early reports
on the use of percutaneous drainage of infected pancreatic tis-
sue were not encouraging. Lee et al. (188) reported a 33% mor-
tality and a failure rate of over 50% with drainage alone. Kam
et al. (189) reported three cases where catheter drainage was
found to be inadequate and inappropriate. Szentkereszty et al.
(190) reported a success rate of only 25% in 12 patients. The
poor success rate likely reflects the inability to drain infected
tissue and debris with relatively small drains. Van Sonnenberg
et al. (191) reported a success rate of 86% when dealing with
an abscess and not infected tissue.

In contrast to drainage alone where no debridement is un-
dertaken, we use active debridement and removal of infected
tissue at multiple settings. Shonnard et al. (192) reported the
use of Nitrol snares for active debridement and removal of pan-
creatic tissue. Gouzi et al. (193), using lavage techniques, re-
ported a 15% mortality rate and a success rate of 70% . Freeny
et al. (194) reported a series of 34 patients. Their success rate
was 47% with debridement alone and a mortality rate of 12% .
Our group (195) reported an initial experience with 20 pa-
tients. We had a 0% mortality and a success rate of 100% .
We have recently reviewed our experience, which includes 34
patients divided into two groups: critically ill patients who are
intubated in the intensive care unit and stable patients who are
on the surgical floor.

The overall mortality was 2.9% , and the success rate was
63% . The success rate was markedly different between the two
groups. The critically ill group had a 100% failure rate, and the
stable group had a success rate of 83% . Our conclusion was
that debridement and lavage is an ineffective form of therapy
in the critically ill patient. These results were comparable to
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those of Freeny et al. (194), who also found that the critically
ill patients responded poorly. The technique of debridement
varies; however, they generally include the placement of one to
five catheters into the pancreatic and peripancreatic areas and
the paracolic gutters. These catheters are gradually increased in
size up to 16 French. An aggressive irrigation is then performed,
and active removal of infected pancreatic tissue is undertaken
two to three times per week. The catheters are removed once
the drainage becomes minimal and the cavity becomes small.
This approach is a slow process and requires an intensive time-
consuming approach. This may be one of the reasons of its
failure in the critically ill patient. However, when successful,
this approach may avoid a major operative debridement.
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CHAPTER 156 ■ INFLAMMATORY BOWEL
DISEASE AND TOXIC MEGACOLON
NIMISHA K. PAREKH r STEPHEN B. HANAUER

FULMINANT COLITIS
Ulcerative colitis is characterized by a diffuse, continuous in-
flammatory process usually limited to the superficial mucosa
of the colon. Crohn disease entails a more focal, transmural
inflammation that can affect the colon either alone or accom-
panied by small bowel involvement. Both have the potential
for severe, fulminating or toxic colitis (1). Since the original
classification was published by Truelove and Witts in 1955, se-
vere, acute, ulcerative colitis has been defined by the presence of
six or more bloody bowel movements per day associated with
temperature greater than 37.8◦C, heart rate greater than 90
beats/minute, hemoglobin less than 10.5 g/dL, and/or an ery-
throcyte sedimentation rate (ESR) greater than 30 mm/hour
(2). It has long been recognized that these criteria are indica-
tions for hospitalization and intravenous corticosteroid ther-
apy (3,4).

However, it is apparent that the spectrum of ulcerative col-
itis extends beyond the severity to necessitate hospitalization
to fulminant colitis and tox ic megacolon, implying progression
of mucosal inflammation into deeper layers of the colon wall
(5), which is a medical emergency requiring more intense and
combined medical and surgical management (6). In addition
to the symptomatic criteria set forth by Truelove and Witts,
patients with fulminant colitis or toxic megacolon have evi-
dence of transmural inflammation, including more profound
tachycardia (heart rate greater than 120 beats/minute), fever
(greater than 38◦C), hypoactive bowel sounds, hypoalbumine-
mia, and metabolic alkalosis, accompanied by radiologic and
endoscopic evidence of transmural disease and circular muscle
paralysis, which precipitates dilatation (7) (Table 156.1). Ap-
proximately 15% of patients with ulcerative colitis will have a
severe flare-up that will require hospitalization (3,8). Between
6.3% and 9% will have severe colitis as their initial presen-
tation (8). Mortality from severe colitis is less than 2% , with
a colectomy rate of about 30% (2,3). The risks of surgery or
colectomy with fulminant colitis or toxic megacolon have not
been independently assessed, but their prognosis is, most cer-
tainly, worse than patients presenting with criteria for severe
colitis alone (7).

Clinical Fe at ure s

In contrast to patients with severe colitis, those with fulminant
colitis are characterized by having more than ten bowel move-
ments per day, rectal urgency, continuous bleeding, abdominal
pain and distention, fevers, weight loss, and dehydration (5).

On physical examination, patients present with fever, tachycar-
dia, abdominal tenderness and mild distention, tympany, and
decreased bowel sounds (9). Laboratory abnormalities include
leukocytosis, anemia (hemoconcentration must be taken into
account), hypoalbuminemia, hypokalemia, hyponatremia, and
elevated sedimentation rate and C-reactive protein (CRP). The
degree of metabolic alkalosis correlates with the severity of
colitis (7).

A plain abdominal radiograph can determine the extent
of ulcerative colitis by the absence of fecal material distal to
the margin of disease and the presence of air outlining nor-
mal haustrations proximal to the disease margin (10,11). Ra-
diologic features of fulminant colitis include wall thickening,
with islands of edematous mucosa surrounded by deep ulcera-
tions (9,12,13). The presence of colonic dilatation greater than
5.5 cm is predictive of the presence of—or evolution to—toxic
megacolon (9).

A limited proctoscopic examination or flexible sigmoid-
oscopy with minimal air insufflation may be performed safely
to evaluate the mucosa for pseudomembranes or ischemia (11).
Examination generally shows extensive ulceration with friable,
bleeding mucosa. In rare instances, however, such as with rectal
enema therapy or in the setting of Crohn disease, the rectum
may be normal. In patients whose initial presentation of in-
flammatory bowel disease is severe colitis, biopsies should be
performed to evaluate for Crohn disease and to rule out acute
self-limited colitis. In those with an exacerbation of known di-
agnosis, biopsies can help to exclude Clostridium difficile or cy-
tomegalovirus (14). More extensive endoscopic examinations
(15) are generally contraindicated due to the risk of perfora-
tion or inducing toxic megacolon. However, they have been per-
formed safely in some experienced centers (7). If performed, the
presence of severe colitis (deep penetrating ulcers) in conjunc-
tion with clinical features of severe disease is a poor prognostic
sign (9,13,15,16). Similarly, the presence of extensive and deep
ulcerations is a poor prognostic marker in Crohn disease (12).
Stool analysis for ova and parasites, C. difficile, Escherichia coli
O157:H7, Campylobacter, Salmonella, and Shigella should be
performed as part of the diagnostic workup (7,17).

Manag e me nt

Few medical emergencies require as close cooperation between
medical and surgical personnel as does fulminant colitis. A
team approach with early management and continuous assess-
ment by both groups is vital not only to determine whether
surgery is indicated, but also to support critically ill patients
preoperatively and postoperatively. Early recognition and
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TA BLE 1 5 6 . 1

DETERMINATION OF SEVERITY OF BOWEL DISEASE: CLINICAL/LABORATORY
FINDINGS

DISEASE SEVERITY

Severe disease Fulminant disease

Stools (number/d) More than 6 More than 10
Blood in stool Frequent Continuous
Temperature (Celsius) Greater than 37.5◦ Greater than 37.5◦
Pulse Greater than 90 bpm Greater than 90 bpm
Hemoglobin Less than 75% of normal Transfusion required
Erythrocyte sedimentation rate More than 30 More than 30
Radiographic features Colon wall edema Dilated colon

Thumbprinting
Clinical examination Abdominal tenderness Abdominal distention and

tenderness

institution of therapy by an experienced team can alter the
outcome of this life-threatening illness (3,4,7,17).

Me d ical Tre at me nt

Resuscitative measures, including vigorous fluid, electrolyte,
and blood replacement to maintain the serum hematocrit at
approximately 30% , are paramount. The goal of fluid replace-
ment should be to restore previous losses and continue re-
plenishing those that are ongoing from diarrhea, fever, and
third spacing of fluids (7). Despite the fact that bowel rest
is an ineffective primary therapy for severe colitis, oral in-
take of fluids should be discontinued in fulminant colitis or
once colonic dilatation is recognized (18). Parenteral nutri-
tional support in attempts to correct malnutrition and elec-
trolyte and acid-base balance—including repletion of phos-
phate, calcium, and magnesium—should be initiated. Although
severe hypokalemia may not be present, total body potassium
depletion is common and may be exacerbated by glucocorti-
coids such that resuscitative measures should include adequate
potassium replacement (7).

Aminosalicylates, a mainstay of maintenance therapy and
the treatment of mild to moderate disease, have no role in the
treatment of fulminant colitis (3,4,7,17). Their limited activity
on superficial inflammation is insufficient to abort or control
the transmural disease, and potential adverse effects (e.g., nau-
sea, vomiting, or worsening colitis) may confuse the clinical
picture. These drugs should be withheld until the patient has
recovered and resumed a normal diet.

Corticosteroids have long been used in the management of
ulcerative colitis as well as in Crohn colitis (3,7,17). There is no
general agreement regarding which corticosteroid preparation
or dose should be given. Usual doses employed for severe fulmi-
nant colitis range from 40 to 80 mg of methylprednisolone (in
Europe, often 1 mg/kg) or 400 mg of hydrocortisone provided
in divided doses or continuous infusion (3,4,7,17,19). Pred-
nisone, 25 mg intravenously every 6 hours, and prednisolone
sodium phosphate have been used successfully. In the United
States, hydrocortisone, 100 mg every 6 hours, and methylpred-
nisolone, 6 to 15 mg every 6 hours, are both available for intra-
venous administration. There is no advantage to doses greater
than 60 mg of methylprednisolone daily (19,20). A continuous
infusion of corticosteroids may be beneficial to maintain steady

plasma levels; however, a recent trial did not identify a differ-
ence between twice-daily intravenous dosing versus continu-
ous infusions (21). The use of adrenocorticotropic hormone
(ACTH) has not been shown to be superior to corticosteroids
and, although it may be preferred in patients not previously
exposed to corticosteroids, at a dose of 100 to 150 U per day
(22), its use has become an anachronism.

The response to corticosteroids in the setting of severe
fulminant colitis has remained constant for the past several
decades (19), with approximately 75% of patients responding
(11,19,23) and less than half failing to achieve remission (17).
Mechanisms of steroid resistance have not been fully elucidated
(24). The most critical assessment in the setting of fulminant
colitis is the response to therapy within the first 5 days (11).
The presence of hypoalbuminemia, high CRP, short duration
of illness, and prior corticosteroid use are predictors of medical
failure (25, 26). In addition, ex-smokers have a worse prognosis
(27). Short-term prognosis to corticosteroids in severe disease
can be predicted as early as 24 hours. Persistence of more than
nine stools per day, an albumin less than 3 g/dL, or a pulse rate
greater than 90 beats/minute was predictive of greater than
60% risk of colectomy (9). Patients with greater than eight
stools per day and a CRP greater than 4.5 mg/dL by day 3 had
an 85% likelihood of requiring colectomy (11) or cyclosporine
therapy. Continuation of intravenous corticosteroids beyond 7
to 10 days does not provide any additional benefits (19,28) and
may increase morbidity and surgical risks (29).

Patients who improve, as evidenced by restitution of formed
bowel movements with the absence of bleeding and ability to
pass flatus without using the toilet, are then transitioned to
oral prednisone at the same daily dose used to achieve the
clinical remission. They may be discharged from the hospital
when tolerating a low-residue diet with formed stools with-
out blood or rectal urgency; premature discharge is doomed to
failure and readmission. Aminosalicylates are added as a main-
tenance therapy once patients are tolerating oral steroids and
a full diet. The long-term prognosis after hospitalizations for
severe colitis requiring corticosteroid therapy is not as promis-
ing as once considered (30–32). The impact of the addition of
immunomodulators or biologics has not been assessed in this
population.

Cyclosporin A, administered as a continuous IV infusion,
either alone (33) or in combination with corticosteroids, has
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been effective in treating severe ulcerative colitis (28). Although
initial studies employed a 4 mg/kg dose as a continuous infu-
sion (28), subsequent trials have confirmed similar results and
less toxicity with doses of 2 mg/kg (34). Immediate response
rates up to 85% to 92% have been reported (35) and, similar to
the experience with the “ intensive intravenous corticosteroid”
regime, failure to improve—as defined by having eight or more
stools per day or persistence of CRP elevation after 3 days
of cyclosporine—is predictive of the need for colectomy (11).
Careful daily monitoring for serious side effects of nephrotox-
icity, infection, and seizures must be carried out when using
cyclosporine (36).

Once patients have responded to intravenous cyclosporine
with achievement of a clinical remission—again, defined as
formed bowel movements without bleeding or rectal urgency—
they are transitioned to oral cyclosporine by doubling the in-
travenous dose for twice-daily oral administration (e.g., if the
intravenous dose is 100 mg/24 hours, the oral dose would be
100 mg twice daily) (36). Patients receiving a combination of
corticosteroids and cyclosporine should receive Pneumocystis
prophylaxis with sulfamethoxazole-trimethoprim three times
weekly (37). Forty to fifty percent of patients treated with intra-
venous cyclosporine experience long-term remission (37–40).
Improved outcomes are reported for patients who have been
transitioned to oral cyclosporine with the addition of 6-MP or
azathioprine (37,41).

Most recently, infliximab, a chimeric anti tumor necrosis
factor (TNF) monoclonal antibody, has been shown to be ef-
fective as outpatient therapy for patients with moderate to se-
vere ulcerative colitis (42). The role of infliximab in fulminant
ulcerative colitis has been debated; the controversy is likely
related to the severity of the disease (43–45). The largest clin-
ical trial enrolled outpatients with moderate to severe disease.
Subsequent, smaller trials in hospitalized patients have demon-
strated conflicting results (46–49). It appears that infliximab
will be more effective for patients in the moderate to severe
spectrum (47–49), whereas the results with fulminant disease
are less convincing (43,47,48). In choosing between infliximab
and cyclosporine therapy, the former has been more effective
and easily administered (less therapeutic monitoring), whereas
the results with cyclosporine have been more consistent in the
sicker group of patients (7,17,44).

Surg ical Manag e me nt
Persistence of medical therapy in the setting of fulminant colitis
must be balanced against the potential for a surgical “cure” of
the disease. Indications for surgery in fulminant colitis include
clinical deterioration or failure to respond to medical therapy
(3,4,7,17). Although the medical management of fulminant col-
itis is similar to that for toxic megacolon, the absence of acute
colonic dilatation may permit delay of surgical intervention.
However, the timing of surgical intervention in these less urgent
cases requires experienced clinical judgment. Early interven-
tion to reduce mortality must be balanced against the potential
for intensive medical management to control the inflammatory
process and complications, thereby potentially preventing the
psychosocial and medical stigmata of colectomy. Generally, in
the absence of colonic dilatation, medical management may
be continued for 5 to 7 days in a further attempt to reverse
transmural inflammation, as long as the patient is stable and
improving. Patients with fulminant colitis who do not begin
to respond to the intensive intravenous steroid regimen, as de-

scribed above, should be referred to a center experienced in
cyclosporin therapy or undergo colectomy.

The type of operation performed for treatment of fulminant
colitis depends on the clinical status of the patient and experi-
ence of the surgeon (7,17,50–52). A one-stage procedure that
cures ulcerative colitis without the need for a second operation
is appropriate for older patients or those not desiring restora-
tive ileal pouch–anal anastomosis. Most surgeons prefer a lim-
ited abdominal colectomy with ileostomy, leaving the rectosig-
moid as a mucous fistula or the rectum alone, using a Hartmann
procedure (53). This approach has the advantages of limiting
the lengthy pelvic dissection in acutely ill patients while allow-
ing for the option of a subsequent restorative, sphincter-saving
procedure (ileoanal anastomosis) (54). In patients with indeter-
minate colitis or Crohn disease, preservation of the rectum may
provide the opportunity for an eventual ileorectal or ileoanal
anastomosis to preserve anal continence after temporary diver-
sion and pathologic review of the colectomy specimen (1,55).

TOXIC MEGACOLON
Toxic megacolon refers to acute nonobstructive dilatation of
the colon, generally as a complication of ulcerative colitis, but it
may occur with any severe inflammatory colitis (56). This con-
dition has been described with idiopathic and infectious colitis,
including ulcerative colitis, Crohn disease (57), amebic coli-
tis (58), pseudomembranous colitis (59), and other infections
(Shigella, Salmonella, Chagas disease, and cytomegalovirus
[CMV]) (14,60). Toxic megacolon has been reported to com-
plicate 1% to 13% of all ulcerative colitis cases (61,62) and
2% to 3% of Crohn colitis cases (62). Although mortality in
early series was as high as 25% , reaching 50% if colonic per-
foration occurred, early recognition and management of toxic
megacolon has substantially lowered mortality to below 15%
(62) generally and, in experienced centers, usually below 2%
(63). Factors associated with increased mortality include age
older than 40 years, the presence of colonic perforation, and
delay of surgery (62). Colonic perforation, whether free or lo-
calized, is the greatest risk factor leading to increased morbidity
or death.

Pre d isp osing Fact ors

The severity of disease activity is the most important predictor
of toxic megacolon, which is more common in extensive colitis
than in proctitis or proctosigmoiditis (64). However, limited
right- or left-sided segmental colitis (61,62) has been associated
with toxic megacolon (64,65).

Toxic megacolon typically occurs early in the course of ul-
cerative colitis, usually within the first 5 years of disease; 25%
to 40% of cases present with the initial attack (62,64–66). The
onset of toxic megacolon has been temporally linked to diag-
nostic examinations such as barium enemas or colonoscopy,
suggesting that manipulation of the inflamed bowel or vigor-
ous laxative preparation may exacerbate the process, possibly
through electrolyte imbalance (62,64).

Certain drug therapies have been implicated in the de-
velopment of toxic megacolon. Diphenoxylate atropine sul-
fate (Lomotil), loperamide, and other inhibitors of colonic
motility such as opiates and narcotics may contribute to the
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development of toxic megacolon by inhibiting colon muscle
function in severe transmural disease. Electrolyte and pH dis-
turbances are risk factors for toxic megacolon (7). Severe potas-
sium depletion, secondary to significant diarrhea or corticos-
teroid therapy, or both, is known to inhibit colonic motility.
Despite early speculations regarding the role of corticosteroids
in inducing toxic megacolon (67,68), most no longer accept
the implication that corticosteroids or adrenocorticotropic hor-
mone are precipitating factors (7,17,66,69,70). Concern re-
mains, however, that corticosteroids may suppress signs of per-
foration, thereby delaying surgical therapy.

CMV infection may contribute to fulminant colitis or toxic
megacolon (71–74). There are no controlled trials regard-
ing the utility of treating CMV and, often, in the absence
of systemic manifestations of CMV (e.g., fever, hepatitis), no
treatment is necessary (7,17), although there are reports of
successful intervention targeting CMV if identified in colon
biopsies.

Clinical Fe at ure s

Toxic megacolon usually occurs in the background of chronic
inflammatory bowel disease (66,68,75). Jalan et al. described
the most accepted clinical criteria based on signs, symptoms,
and diagnostic abnormalities for toxic megacolon (56,62) (Ta-
ble 156.2). The presentation typically evolves with progressive
diarrhea, bloody stools, cramping abdominal pain, and abdom-
inal distention. Impaired consciousness and lethargy may be
present and are ominous signs (62). Occasionally, in chroni-
cally treated patients, a paradoxical decrease in stool frequency
with passage of only bloody discharge or bloody membranes
may be an ominous sign. Thereafter, clinical signs of toxemia,
including pyrexia (temperature greater than 38.5◦C) and tachy-
cardia, develop as abdominal pain and distention become pro-
gressive and bowel sounds diminish or cease. On physical ex-
amination, peritoneal irritation, including rebound tenderness
and abdominal guarding, represent transmural inflammation
with serosal involvement, even in the absence of free perfora-
tion. Conversely, peritoneal signs may be minimal or absent
in elderly patients or those receiving high-dose or prolonged
corticosteroid therapy. In such patients, loss of hepatic dull-

TA BLE 1 5 6 . 2

JALAN’S CRITERIA FOR DIAGNOSIS OF TOXIC
MEGACOLON

1. Radiographic evidence of colonic dilatation
2. At least three of the following:

a. Temperature greater than 38.5◦C
b. Heart rate greater than 120 bpm
c. White blood cell count greater than 10.5 (× 103/µ L)
d. Anemia

3. At least one of the following:
a. Dehydration
b. Mental status changes
c. Electrolyte disturbances
d. Hypotension

Jalan KN, et al. An experience of ulcerative colitis. I. Toxic dilation in
55 cases. Gastroenterology. 1969;57(1):68–82.

ness may be the first clinical indication of colonic perforation.
Mental status changes, including confusion, agitation, and ap-
athy, are occasionally noted (66). Leukocytosis, defined as total
white blood cell count greater than 10,500 cells/µ L, with a left
shift, anemia, hypokalemia, and hypoalbuminemia are com-
mon laboratory findings (56).

Diag nosis

Plain films of the abdomen are usually sufficient radiographic
studies, revealing loss of haustration with segmental or to-
tal colonic dilatation (76) (Table 156.2). Clinical studies have
demonstrated a strong correlation between colonic dilatation
and deep ulceration involving the muscle layers (13). The mag-
nitude of dilatation may not be severe, averaging 8 to 9 cm
(normal is less than 5–6 cm), although colonic diameter may
reach 15 cm before rupture. Maximal dilatation can occur in
any part of the colon. Accompanying mucosal thumbprinting
or pneumatosis cystoides coli reflects severe transmural disease.
Free peritoneal air should serve as an immediate indication for
surgery (62,66). Infrequently, retroperitoneal tracking of air
from a colonic perforation may produce subcutaneous emphy-
sema and pneumomediastinum without pneumoperitoneum
(77). In patients with severe colitis, small bowel ileus may her-
ald toxic megacolon (78,79) and is a bad prognostic sign for
medical success (63). Discrepancies may exist between physical
and radiographic findings. Abdominal distention by physical
examination can be minimal despite massive colonic dilatation.
Conversely, physical findings may dominate the presentation,
and peritoneal signs in the absence of free air or dilatation
should not be ignored.

Manag e me nt

Just as in fulminant colitis, a coordinated team approach be-
tween medical and surgical services to management and mon-
itoring is necessary in patients with toxic megacolon.

Me d ical Tre at me nt
The initial treatment is supportive and similar to treatment out-
lined for fulminant colitis. Aggressive resuscitation with fluids,
electrolytes, and blood is necessary. Patients with nausea and
vomiting or significant abdominal pain should be on complete
bowel rest. Anticholinergic and narcotic agents should be dis-
continued immediately. In the presence of small bowel ileus, a
nasogastric tube is usually placed, and despite a lack of clear
evidence for the placement of long intestinal tubes, they are
advocated by some (80). Patient repositioning from front to
back or prone knee–elbow position may redistribute colonic
air and assist in decompression (81,82). Rarely, patients with
dilatation in the absence of toxic signs or symptoms may benefit
from rectal tube decompression.

Broad-spectrum antibiotics, with adequate Gram-negative
and anaerobic coverage, are considered standard therapy and
should be administered without delay once transmural inflam-
mation or toxic megacolon is suspected (56). Antibiotics should
be continued until the patient stabilizes over several days to
a week or through the initial postoperative period. Whether
antibiotics help avert progression of toxic megacolon is not
known.



Chap t e r 156: Inflammatory Bowel Disease and Toxic Megacolon 2341

Generally, most patients with inflammatory bowel disease
(IBD) will have been receiving corticosteroids before toxic
megacolon developed, in which case they should be contin-
ued. There is no evidence that corticosteroids precipitate or
worsen outcome in toxic megacolon. Similar to therapy for
fulminant colitis, augmented doses of corticosteroids should
be administered in view of the additional stress of the toxic
state. There is concern that corticosteroids could mask signs of
perforation or peritonitis, so close monitoring is necessary. In
cases of toxic megacolon caused by infectious etiologies, cor-
ticosteroids should not be used. Just as in fulminant colitis,
there is no consensus regarding the corticosteroid preparation
for treatment in toxic megacolon.

Surg ical Manag e me nt
After 12 to 24 hours of intensive medical management, if no
improvement or deterioration occurs, surgical intervention is
required for toxic megacolon. Some physicians actually view
early surgical management of toxic megacolon as the conser-
vative approach, noting that delay of operative therapy may
promote higher mortality.

Evidence of colonic perforation is an unequivocal indication
for emergent surgery. If physical signs of perforation are absent,
12- to 24-hour radiographic surveillance is necessary. Perfora-
tion is associated with severe complications, including peritoni-
tis, extreme fluid and electrolyte imbalance, and hemodynamic
instability. Early recognition of perforation should lessen mor-
bidity or mortality. Other indications for emergent surgery pre-
cluding protracted medical management include signs of septic
shock, multiorgan dysfunction (7), and imminent transverse
colon rupture (diameter greater than 12 cm) (56). Hypoalbu-
minemia, persistently elevated C-reactive protein or erythro-
cyte sedimentation rate, small bowel ileus, and deep colonic
ulcers are poor prognostic factors for successful medical ther-
apy (11,63,83,84).

The surgical management of toxic megacolon must be indi-
vidualized for each patient. The type of operation is dependent
on the clinical condition of the patient and the experience of
the surgeon (51,52,85). The types of surgery are outlined in
the fulminant colitis section. Rarely, “blow-hole” colotomies
may be useful in highly selected individuals with poor operative
prognoses (86).

COMPLICATING SCENARIOS IN
INFLAMMATORY BOWEL DISEASE

Thromb osis

Inflammatory bowel disease is associated with an increased risk
of arterial and venous thromboembolism (87). The prevalence
of thromboembolism in IBD patients is as low as 1% to 8%
(88) and as high as 39% in a postmortem study (87). The mech-
anism is unclear, but systemic inflammation is considered a po-
tent prothrombotic stimulus. In addition, coagulation factor
abnormalities—factor V Leiden, decreased antithrombin III,
protein C and S, increased levels of factors V and VIII, fibrino-
gen, and plasminogen activator inhibitor—contribute to the
hypercoagulable state (89–91). Another risk factor is recent ab-
dominal surgery. In a case series of 83 patients who underwent
total colectomy for inflammatory bowel disease, 4.8% devel-

oped mesenteric vein thrombosis (92). Deep vein thrombosis
and pulmonary embolism are the most common presentation
of thrombosis in IBD (87). Portal vein thrombosis in IBD has
50% mortality and occurs in 9% of patients with deep vein
thrombus (93). Approximately 10% of thromboembolisms in
IBD manifest as cerebral vascular accidents (94).

The treatment of deep vein thrombosis in IBD patients is
similar to non-IBD patients. Options include unfractionated
heparin, low-molecular-weight heparins, and warfarin for ve-
nous thrombosis (95). Those with contraindications to anti-
coagulation will require an inferior vena cava filter to prevent
pulmonary embolus. Thrombolytics can be used for large pul-
monary emboli. Arterial thrombosis treatment in IBD includes
surgical thrombectomy or fibrinolysis (96,97).

Manag ing Pre g nant Wome n wit h
Inflammat ory Bowe l Dise ase

The treatment of fulminant colitis and toxic megacolon in the
pregnant woman is similar to the nonpregnant patient. Con-
tinued severe illness poses a greater risk to the fetus than the
medical or surgical intervention (98). Diagnostic modalities of
ultrasound and magnetic resonance imaging (MRI) are safe and
can be used for detection of abscess or colonic wall thicken-
ing and dilation. Low-dose radiographs (less than 5 rads) have
minimal risk to fetus (99).

Flexible sigmoidoscopy is a valuable tool to assess the sever-
ity of disease and anatomic extent of disease. It is consid-
ered a safe procedure to perform when indicated (100). Full
colonoscopy is rarely indicated. Polyethylene glycol solution
has not been studied in pregnancy; thus, fetal outcomes are
unknown. Generally, oral bowel preparations are not recom-
mended and, if a full colonoscopy is necessary, tap water en-
emas are recommended (101). The indications for surgery—
medically refractory severe colitis, obstruction, perforation,
and intractable bleeding—are the same as in the nonpregnant
IBD patient. Surgery for an acute indication in the setting of
pregnancy carries a high risk of fetal loss (102), but case reports
of deliveries of healthy infants following colectomy for fulmi-
nant colitis are reported (103,104). There is no evidence that
therapeutic abortion improves the outcome of fulminant coli-
tis, so it is not indicated. A team approach with early manage-
ment and continuous assessment by the obstetrician, surgeon,
and gastroenterologist is vital for the patient.

Gast ro int e st inal Ble e d ing

Massive gastrointestinal bleeding is an unusual complication
in inflammatory bowel disease, occurring in 0.9% to 6% of
patients (105,106). The general management is the same as
in non-IBD patients. Resuscitation is the first step, followed
by diagnostic evaluation—usually with endoscopy—to localize
the site of bleeding. In one case series, colonoscopy identified
the source of bleeding in 60% of IBD patients, and angiogra-
phy was used in cases where colonoscopy was not diagnostic
(107). Conservative therapy has been advocated, but surgery
is indicated when bleeding is not stabilized by transfusions or
if recurrent massive bleeding is present. Principles of manage-
ment of gastrointestinal bleeding are discussed elsewhere in this
text.



2342 Sect ion XV: Gastrointest inal Disease and Dysfunction

PEARLS
Manag e me nt of Fulminant Colit is

and Toxic Me g acolon
■ Team approach including medical and surgical personnel
■ Intravenous fluid resuscitation
■ Supplemental parenteral nutrition
■ Bowel rest in the presence of vomiting, abdominal pain, or

colonic dilatation
■ Evaluate for enteric pathogens, C. difficile, and CMV
■ Abdominal girth measurement
■ Decompression

 Nasogastric tube (ileus)
 Repositioning maneuvers (colonic dilatation)

■ Medical treatments
■ Specific treatments for infections
■ Intravenous corticosteroids for inflammatory bowel disease
■ Cyclosporin or infliximab in selected patients not responding

to intravenous corticosteroids after 3 to 7 days
■ Broad-spectrum antibiotics if toxic
■ Blood transfusions to maintain hematocrit at about 30%
■ Radiology

 Daily to frequent abdominal radiographs
 Computed tomographic scan as needed for management

■ Surgical indications
 Failed medical therapy
 Progressive dilatation or toxicity
 Shock or multiorgan dysfunction
 Persistent hemorrhage
 Evidence of perforation
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CHAPTER 157 ■ ESOPHAGEAL DISORDERS
JACK A. DI PALMA r CODY B. BARNETT

IMMEDIATE CONCERNS
Various esophageal disorders may require intensive care or may
develop in the critically ill. This chapter briefly reviews some
of these disorders with attention to those that require emer-
gency evaluation and treatment. As a rule, esophageal disor-
ders become emergent when the airway is compromised either
by the initial insult or by a high risk of aspiration. Protection of
the airway is of major importance. Disorders of the esophagus
that require emergency evaluation and treatment include ob-
struction, foreign bodies, corrosive injury, perforation, trauma,
esophagitis in the immunocompromised host, medication in-
jury, and bleeding. Esophageal bleeding is reviewed in another
chapter; however, the other disorders may have subtle presen-
tations, and the patient, at first glance, may not appear very
ill.

St re ss Point s

1. Protection of the airway from aspiration
2. Consideration of aspiration and secondary pulmonary insult

occurring before presentation
3. Elimination of ongoing damage (as in the case of corrosives)
4. Avoidance of long-term complications by careful initial

management

ESOPHAGEAL OBSTRUCTION

Pe arls

■ It is not unusual for patients to present with sudden onset
of the inability to swallow food, liquids, or saliva.

■ Most are not critically ill, but life-threatening complications
may develop.

■ Occasionally, they may be orthostatic or dehydrated or may
have aspirated gastrointestinal (GI) contents.

■ The goal of management is to relieve the obstruction and to
prevent potential complications such as aspiration, bleeding,
or esophageal perforation.

■ Most authors recommend immediate esophagoscopy to con-
firm the suspicion of obstruction and the use of endoscopic
techniques to remove the impacted bolus or foreign body.

■ Several nonendoscopic removal techniques and pharmaco-
logic interventions are used as alternative approaches, par-
ticularly when endoscopy is not available or is considered
risky.

■ After obstruction is relieved, subsequent management is di-
rected at evaluation of underlying esophageal pathology.

Pre se nt at ion

Most patients with food impaction and esophageal obstruc-
tion present with acute onset of dysphagia and complete in-
ability to swallow food or liquids, even their own saliva. It is
not unusual for these persons to delay presentation for 24 to
96 hours and have resultant dehydration or orthostasis. Pul-
monary aspiration of esophageal contents may occur before
they seek treatment. Some may have experienced minor, tran-
sient episodes in the past and expected this prolonged event to
resolve similarly. Typically, symptoms are temporarily related
to swallowing a poorly chewed food bolus, usually meat. The
descriptive names “steakhouse syndrome” or “backyard bar-
becue syndrome,” therefore, have been applied (1). Many pa-
tients admit concurrent alcohol use or inebriation. Steakhouse
syndrome is more common in older persons who may be eden-
tulous or have poorly fitting dentures. Chest pain, odynopha-
gia, hypersalivation, retching, and vomiting are associated
complaints.

Physical examination should determine the consequences of
fluid or electrolyte depletion or pulmonary aspiration.

Diag nost ic Ap p roach

Immediate esophagoscopy is the current approach recom-
mended for diagnostic evaluation and treatment. It may be nec-
essary to lavage the obstructed esophagus before the procedure,
particularly if long delays occurred before the patient appeared
for care. Esophagoscopy with flexible fiberoptic instruments is
safe and rapid in the hands of experienced endoscopists. Most
patients tolerate endoscopy well. It is probably the most accept-
able approach to food impaction, allowing rapid confirmation
of the esophageal obstruction, treatment, and, in most cases,
evaluation for underlying esophageal pathology. Barium con-
trast radiographs can also be used to confirm obstruction and
define the nature or location of the impaction. Figure 157.1
shows an esophagram with esophageal obstruction and im-
pacted food bolus in the distal esophagus seen as a large fill-
ing defect. Contrast studies are neither necessary nor desirable
because the presence of barium in the esophagus complicates
removal of the bolus by compromising endoscopic visualiza-
tion (2). Meglumine diatrizoate (Gastrografin) is avoided be-
cause it is hypertonic and results in severe pneumonitis if aspi-
rated. If contrast radiographs are performed, an attempt should
be made to carefully aspirate residual loose food, fluids, and
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FIGURE 157.1. Barium esophagram shows food bolus impaction ob-
structing the distal esophagus.

barium before endoscopy. In cases where perforation is a con-
cern, water-soluble contrast media may be used.

Manag e me nt

Therapeutic options are endoscopic bolus retrieval, pharmaco-
logic interventions to relieve obstruction, and nonendoscopic
retrieval techniques. We prefer endoscopic management.

Endoscopy allows relief of bolus impaction to be attempted
under direct visual guidance. The bolus can be retrieved and
extracted using endoscopy forceps, graspers, or polyp retrieval
devices. The bolus can also be desiccated by visually guided
catheter lavage or broken up with enzyme-containing lavage
solutions. The bezoar should not, however, be forced into the
stomach until the nature of any underlying esophageal lesion
is known.

Several alternatives to the endoscopic approach can be tried
when a competent endoscopist is not available or when the
planned endoscopic procedure and necessary sedation pose
an unacceptable risk to the patient. The traditional approach
has been to confirm impaction and obstruction with a bar-
ium sulfate contrast radiograph. Occasionally, the weight of
the barium column above the impaction may relieve the ob-
struction. If the impaction is persistent, hormonal relaxation
using 1 mg glucagon or 0.4 mg atropine intravenously given

slowly may be tried (3). Sublingual nitroglycerin and oral hy-
dralazine have been used as smooth muscle relaxants. The
calcium channel blocker nifedipine has been suggested for
esophageal spasm and obstruction. Nifedipine in doses of
20 mg given orally or buccally dramatically decreases distal
esophageal and lower sphincter pressures in normal volun-
teers. In patients with achalasia, sphincter pressures after 20 mg
nifedipine may be reduced more than 60% . These reductions
are similar to those seen in patients who undergo surgical car-
diomyotomy. We have had varying success using nifedipine for
the food-obstructed esophagus. Doses of 20 mg of nifedipine
are necessary because in the distal esophagus the pharmaco-
logic effect of the commonly used 10-mg dose is minimal. Cau-
tion is advised when nifedipine doses of 20 mg or more are
used, because blood pressure may be reduced and should be
monitored carefully. Experience with other calcium blockers is
limited.

Enzymatic therapy using papain or meat tenderizers has
long been used in attempts to dissolve the food bolus (4).
Such approaches are time consuming and specifically not ad-
vised in patients who have had obstruction for more than
24 hours. Patients with prolonged obstruction have some ele-
ment of esophageal ischemia, and dissolution enzymes pose a
risk in this situation.

Nonendoscopic procedures for food bolus removal have
involved tubes for suction or retrieval with radiographically
guided graspers or balloons to pull out the bolus. We have re-
moved a food bolus using a 34F large-bore tube modified by
cutting off the distal 8 to 9 cm with the side holes and making
sure that the cut end is smooth (5). The patient’s hypophar-
ynx is anesthetized with lidocaine spray or gargle. We then
put the patient in a left lateral decubitus position and pass the
tube through the mouth to the level of the bolus. The proce-
dure is guided by fluoroscopy, if available. Suction is applied
using the 120-mL lavage syringe supplied in the tube kit. The
food bolus is partially aspirated into the end of the large-bore
tube and carefully extracted. Special caution is advised because
the bolus could potentially be dropped while passing through
the hypopharynx, posing a risk of tracheal aspiration and ob-
struction. This suction technique should be attempted only by
personnel experienced in gastrointestinal tube placement and
airway management.

Sp e cial Consid e rat ions for Sub se q ue nt
Manag e me nt and “St e akhouse Sp asm”

Most authors have approached steakhouse syndrome and
esophageal obstruction as disorders in which a food bolus im-
pacts in or above a pre-existing esophageal lesion. Reported
lesions include neoplastic, peptic, or caustic strictures, webs,
distal rings, and vascular anomalies. Food impaction is also a
common presentation of eosinophilic esophagitis (6). However,
we reported data on several patients with food impaction and
complete obstruction for 72 to 96 hours who had no under-
lying anatomic lesions (7). Subsequent endoscopy and barium
radiographs were normal, but esophageal motility disorders
were defined by esophageal manometry. A careful review of
previous literature revealed that most reported cases of steak-
house syndrome had no anatomic explanation for obstruction,
and we call this variant “steakhouse spasm” to emphasize the
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spastic nature of the obstruction. Before endoscopic bolus re-
trieval is attempted in these patients, we recommend correcting
the fluid and electrolyte imbalance and using 20 mg buccal or
sublingual nifedipine.

FOREIGN BODIES

Cap sule

Foreign bodies other than meat bolus are a common cause of
esophageal injury. Endoscopic removal is the preferred man-
agement. Special attention should be made to protect the air-
way.

Pre se nt at ion

It has been reported that over 1,500 people die yearly because
of foreign body ingestions (2,8). In this condition, the flexible
fiberoptic endoscope has had a significant impact on manage-
ment. Commonly ingested items include coins, batteries, sharp
and pointed objects, and cocaine packets. As previously dis-
cussed, food impaction is probably the most common upper
GI foreign body that requires medical management. Over 75%
of foreign body obstructions occurs in pediatric patients (8).
Children more often ingest coins and toys, whereas adults have
problems with meat and bones. Prisoners and psychiatric pa-
tients have been known to ingest multiple and unusual objects
(2).

Manag e me nt

Most objects pass spontaneously, but approximately 10% to
20% need to be removed endoscopically, and about 1% may
require surgery (8).

The preferred management for most foreign body obstruc-
tions of the upper GI tract is removal with a flexible endoscope.
As a rule, pushing agents into the stomach is not recommended.
An overtube or some other protective device is recommended
to protect the upper GI mucosa from damage or perforation
from sharp or pointed foreign bodies, particularly razor blades
(9). Although less than 1% of foreign bodies may perforate the
gut, all sharp and pointed objects should be removed before
they pass the stomach in an attempt to avoid distal intesti-
nal perforation. Batteries, particularly the small button bat-
tery type, may cause caustic mucosal injury. In the esophagus,
esophagoaortic fistula has been reported. Batteries that reach
the stomach do not pose as serious a risk of mucosal damage
because of the acid milieu. Batteries in the stomach may be
followed radiographically with endoscopic removal if symp-
toms develop or if the battery remains in the stomach for more
than 36 to 48 hours. After the object is beyond the reach of
the upper endoscope, it usually passes without difficulty. If it
fails to progress or if the patient becomes symptomatic, surgi-
cal intervention may be necessary. In recent years, drugs (most
commonly cocaine) have been swallowed in packet form for
transport or other reasons for concealment. Endoscopy is not
recommended in these conditions because of the risk of packet
rupture. Surgery is the safest way to remove these agents.

Foreign bodies lodged in the hypopharynx or proximal
esophagus may require rigid esophagoscopy. Most other ob-
jects are amenable to removal with a flexible endoscope. It must
be emphasized that the airway should be protected because of
the risk of dropping and aspirating the object as it passes the
hypopharynx. When there is any doubt or risk, tracheal intu-
bation or rigid esophagoscopy with general anesthesia can be
used.

CORROSIVE INJURY

Pe arls

■ When presented with a patient who has ingested a caus-
tic substance, immediate attention is focused on the over-
all condition, presence of systemic complications, status of
oropharynx and airway, nature of the offending agent, and
extent of injury (10,11).

■ If the victim is seen within 1 hour of ingestion, neutralization
of alkali with water or dilute vinegar, and neutralization of
acids with milk or antacids can be tried.

■ Emetics are contraindicated. If 1 hour has lapsed from in-
gestion of the substance, the patient should be kept NPO
(nothing by mouth) and vigorously hydrated intravenously.

■ The oropharynx should be examined carefully and radio-
graphs of the chest and abdomen obtained.

■ The extent and severity of damage should be assessed early
using fiberoptic endoscopy.

■ The value of antibiotics or steroid therapy is controversial,
but antibiotics should be used for suspected aspiration or
perforation and steroids for laryngeal edema.

■ After initial stabilization, the goals of management are to
observe the patient for complications such as infection or
perforation and to prevent late sequelae of stricture forma-
tion.

Pre se nt at ion

The clinical presentation of a patient with corrosive injury is
dependent on the type (alkali or acid) and nature (solid or liq-
uid) of the caustic substance (12). Liquid alkali is swallowed
rapidly, causing less oropharyngeal injury but extensive dam-
age to the esophagus and stomach. Solid alkali causes severe
burns to the oropharynx and induces severe pain and expec-
toration such that little corrosive is actually swallowed. Acid
ingestion injury is more localized to the gastric antrum, but sys-
temic acidosis and toxicity have been reported. Thus, mouth
pain, hoarseness, dysphagia, odynophagia, or abdominal pain
can occur as determined by the agent ingested and location of
the injury. Stridor, aphonia, dyspnea, and hoarseness suggest
laryngeal edema. Substernal, abdominal, or back pain raises
concern for mediastinitis or peritonitis.

Physical examination of the lips, mouth, and pharynx can
reveal a spectrum of injuries from mild erythema to erosions,
ulcers, and obvious severe burns. Some authors have graded the
injury by the presence and severity of oropharyngeal findings
at the time of admission. It is often possible to estimate the
degree of esophageal injury from the state of the oropharynx
and type of agent ingested, but esophageal damage has been
seen in patients without oropharyngeal burns.
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Diag nost ic Ap p roach

After the history and physical examination have been obtained,
with particular attention devoted to the oropharyngeal and air-
way status, laboratory evaluation is directed at determining
complications of the ingestion such as renal or hepatic insuffi-
ciency or anemia. Chest and abdominal radiographs should be
performed to look for evidence of aspiration, visceral perfora-
tion, or mediastinal air. After the patient has been stabilized,
the extent and severity of disease can be evaluated by fiberoptic
endoscopy. Caustic injuries are graded similarly to skin burns
(grades 1, 2, and 3 [worst]). When endoscopy was initially in-
troduced as a diagnostic procedure for evaluating caustic inges-
tions, concern was raised about the risk of perforation. Authors
opposed using early endoscopy or recommended not passing
the endoscope beyond the first burned area. Recent work sug-
gests that endoscopy can be safely performed early in the course
and provides information about severity and extent of dam-
age that may influence management (11,13) When possible,
a complete endoscopic examination evaluating the esophagus,
stomach, and duodenum should be accomplished. Recent data
suggest that endoscopic ultrasound may help predict risk of
subsequent stricture formation (14).

Radiographic examination can be helpful, particularly
when endoscopy is not available or is dangerous because of sus-
pected perforation. In these situations, water-soluble contrast
agents should be used.

Comp licat ions

Chemical injury to the gastrointestinal tract and resultant com-
plications depend on the nature of the agent, the quantity and
concentration of the agent, and the contact time duration. Liq-
uid alkali such as Liquid Plumber was a 20% sodium hydrox-
ide solution when introduced in the late 1960s and was sub-
sequently reduced to a 5% solution after being implicated in
20% of reported caustic ingestions. Liquid alkalis have a high
specific gravity and pass rapidly through the esophagus to the
stomach. In dogs, violent regurgitation of gastric contents and
pyloric and cricopharyngeal spasm cause a seesaw action that
prolongs contact time. Solid alkali is usually in crystal form and
causes severe pain that limits further ingestion. Crystals adhere
to mucous membranes of mouth, pharynx, and upper esoph-
agus, causing predominantly proximal burns. Alkali produces
injury by liquefaction necrosis. This type of injury enhances al-
kali penetration and prevents surface neutralization that results
in full-thickness burns.

Concentrated acids produce a coagulative necrosis that
forms eschar, which, with the coagulum, limits penetration to
deeper muscular coats. Surface sloughing and perforation are
therefore common problems. Late complications relate to loca-
tion and extent of injury. Gastric injury may result in pyloric ob-
struction, antral stenosis, or hourglass deformity. Esophageal
stricture may be proximal or distal, and despite careful man-
agement, develops in 10% to 20% of patients with caustic in-
gestion. In these patients, esophageal cancer has an estimated
incidence of 2% to 4% , with a 1,000-fold increase over nor-
mal persons more than 20 years after the caustic burn. Acid
ingestion, particularly glacial acetic acid, has been associated
with higher frequency of complications and mortality rate than
alkali ingestion (14).

In attempts to avoid cicatricial esophageal stenosis, several
interventions have been tried with controversial results. Tra-
ditional approaches have used antibiotics, steroids, and early
“prophylactic” dilations, but these cannot be supported by
any well-controlled studies. Corticosteroids, in particular, have
been shown not to be of benefit in treating children who have
ingested caustic substances (15). Total parenteral nutrition,
agents that impair collagen synthesis, penicillamine, and intra-
luminal splinting with large-bore Silastic tubes or nasogastric
tubes have also been used, but the role of these techniques in
stricture prevention remains unclear. Prophylactic stenting for
severe caustic injury is not recommended, but self-expanding
plastic stents may have some benefit in selected cases (16).

Manag e me nt

Initial efforts are directed toward stabilizing the patient and
replacing fluids and blood as appropriate (17). The need for
careful assessment of the airway cannot be overemphasized.
Translaryngeal intubation or tracheostomy may be necessary.
Evidence of esophageal perforation requires early surgical in-
tervention. The corrosive should be neutralized only when the
patient is seen within 1 hour of ingestion. Milk or antacids are
used for acid ingestions and water or vinegar for alkali inges-
tions. Nasogastric intubation should be avoided unless the tube
is placed under direct vision.

Early endoscopy is used when feasible. Complete examina-
tion of the esophagus, stomach, and duodenum should be at-
tempted. If no significant injury is found, the patient can be dis-
charged. In patients with significant injury, hospitalization and
careful management are necessary. The use of steroids or an-
tibiotics is not routinely advocated. Broad-spectrum antibiotic
coverage is used for signs of aspiration, infection, or suspected
perforation, or it may be used when deep ulcers are present
and perforation seems imminent. Laryngeal edema is treated
with short courses of high-dose steroids. Early bougienage us-
ing mercury-weighted rubber (Maloney) or polyvinyl dilators
can be used in an attempt to prevent strictures and is usually
started 2 to 3 weeks after the ingestion. Patients are kept NPO
until they can swallow their saliva. Then clear liquids are al-
lowed, advancing the diet thereafter as tolerated. Parenteral
nutrition should be started early after stabilization.

It must be remembered that corrosive injuries are often se-
vere, causing full-thickness mucosal destruction and perfora-
tion. The patients must be carefully observed for the need of
surgical intervention as it is often the best option in severe cases
(18,19).

ESOPHAGEAL PERFORATION

Pe arls

■ Esophageal perforation is a catastrophic event that is uni-
formly fatal if left untreated.

■ Despite improved understanding, potent antibiotics, and ad-
vances in surgical technique, the mortality remains at 15%
to 20% .

■ Identified poor prognostic factors are delayed treatment, se-
vere underlying esophageal disease, the need for major ex-
tirpative procedures, and thoracic location of perforation.
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■ Early recognition and prompt diagnosis are essential because
treatment delays greater than 12 hours are associated with
increased mortality.

■ Plain radiographs are valuable and suggestive of perforation
in 90% of cases.

■ Contrast radiographs using barium sulfate or water-soluble
contrast agents provide pertinent information about the site
and extent of perforation.

■ Management includes broad-spectrum antibiotics, NPO sta-
tus, intravenous hydration, nasogastric suction, and par-
enteral nutrition.

■ Definitive treatment is usually surgical, but there is a place
for conservative, nonoperative management of small, con-
tained, instrumental injuries or pharyngeal perforations.

Pre se nt at ion

Esophageal perforations may be iatrogenic or noniatrogenic.
Iatrogenic causes occur as complications of instrumentation
such as esophagoscopy, attempts at endotracheal intubation or
obturator airway placement, or esophageal tubes or stents. Di-
latation procedures and surgical misadventures or leaks also
lead to perforation of the esophagus. Noniatrogenic causes
are usually barogenic ruptures. The most well-known “spon-
taneous” rupture occurred in the gluttonous Dutch admiral
Baron Van Wassanaer. The admiral gorged himself and in-
duced forceful vomiting for relief. His autopsy by Hermann
Boerhaave was published in 1724 and described the pathologic
findings of barogenic esophageal rupture. Resultant signs and
symptoms are similar for Boerhaave syndrome and iatrogenic
perforations. Pain is a near-universal experience, and 30% of
patients develop acute pain. Fever and leukocytosis are also
common.

Other presentations are influenced by the site of perforation.
Patients with abdominal esophageal segment tears have had
retroperitoneal air and vague epigastric pain. Patients with tho-
racic perforations often complain of abdominal and back pain.
Cervical perforations are associated with subcutaneous emphy-
sema and chest pain. Symptoms that occur during or shortly af-
ter an esophageal procedure should raise concern for iatrogenic
perforations. Other clinical findings in patients with esophageal
tears include pleural effusion, pneumothorax, dysphagia, cervi-
cal crepitus, hematemesis, and shock. However, asymptomatic
perforations have been demonstrated radiographically, which
emphasizes the importance of an accurate history and a high
index of suspicion.

Diag nost ic Ap p roach

The diagnosis of esophageal perforation may be fairly obvious,
particularly in the iatrogenic group. Plain chest radiographs
may suggest perforation in over 90% of patients (Fig. 157.2)
(20). Findings include mediastinal air, pneumothorax, pleu-
ral effusion, infiltrate, or subcutaneous emphysema. Hyperex-
tended neck films can reveal widened spaces, air, or esophageal
displacement. Fears of barium mediastinitis have traditionally
led to the use of water-soluble contrast media (21). Recent
reports indicate that iodinated water-soluble contrast radio-
graphs may be normal in 20% to 25% of thoracic and 50%
of cervical perforations (20). Therefore, negative or equivo-

FIGURE 157.2. Chest radiograph in Boerhaave syndrome. Note left
pleural effusion, esophageal deviation, and presence of mediastinal and
subcutaneous air (arrows).

cal findings on water-soluble studies should be immediately
re-examined with barium sulfate contrast radiographs. Other
authors believe that barium does not potentiate mediastinal
inflammation. Because it is more palatable than water-soluble
agents and less dangerous if aspirated into the bronchial tree,
many use dilute barium in the initial examination to take ad-
vantage of its better coating and definition. Regardless of the
agent used, it is important to examine the entire esophagus in
multiple positions.

Manag e me nt

Early diagnosis of esophageal perforation is essential for suc-
cessful management. Intravenous access should be obtained
and intravenous hydration initiated. The patient is placed
NPO, and high-dose, broad-spectrum antibiotic therapy is
started. Nasogastric suction and parenteral nutrition are used.
Some authors recommend treating small instrumental tears
or pharyngeal perforations nonoperatively, but most large in-
strument tears, trauma, or spontaneous perforations require
surgery (22). Prompt neck exploration is advised for large cer-
vical perforations. Absolute indications for operative interven-
tion are sepsis, shock, respiratory failure, pneumothorax, pneu-
moperitoneum, and mediastinal emphysema. Most thoracic
surgeons advise exploration with primary repair and drainage
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as the procedure of choice (23). Spontaneous esophageal per-
foration requires early surgical exploration with drainage and
irrigation of mediastinum and pleural cavity. Most cervical per-
forations can be treated nonoperatively with therapy. Perfora-
tions often require surgical intervention (24).

Sp e cial Consid e rat ions

The development of small-bore fiberoptic endoscopy tech-
niques has dramatically decreased the incidence of iatrogenic
instrumental perforation from esophagoscopy (22). Previously
used rigid esophagoscopy had a perforation rate of 0.2% to
1.9% . Perforation during esophagoscopy performed with mod-
ern flexible fiberscopes is approximately 0.01% . However,
current palliative therapy for esophageal and gastric cardia
neoplasms may have perforation rates above 10% . Aggressive
therapeutic endoscopy techniques use laser photocoagulation
and bipolar electrocoagulation, dilatation, or intubation with
prosthetic stents. One report of 34 perforations occurring after
palliative intubation notes favorable experience with nonsur-
gical management, particularly for pharyngeal tears, and ad-
vocates conservative management (25).

Before World War II, traumatic external injury to the esoph-
agus was uncommonly reported (26). In an approach similar
to that for spontaneous or instrumental perforations to the
esophagus, early detection and prompt surgical exploration is
emphasized. It must be remembered that with esophageal in-
jury, both esophagoscopy and the radiographic esophagram
can give false-negative results (26). Both studies have been rec-
ommended as a preoperative evaluation for ideal management
in a patient in stable condition.

MEDICATION INJURY

Pe arls
■ In the critical care unit, we cannot ignore esophageal injury

from prescribed medications.

Pre se nt at ion

Accidental or suicidal injury with caustic agents has been pre-
viously discussed, but typical therapeutic doses of commonly
used medications can cause significant esophageal injury. Pa-
tients predisposed to injury are those who are supine and
who do not receive concurrent ingestion of adequate amounts
of fluids. Such patients are frequent residents of the critical
care unit. The American College of Gastroenterology (ACG)
Committee on Food and Drug Administration (FDA)-related
matters published a review of 127 cases of drug-induced eso-
phagitis in 1987 (27). Eighty-nine percent of the cases were re-
lated to quinidine, potassium chloride, emepronium bromide,
and tetracycline and its derivatives. The remaining 11% were
caused by 14 other medications. Serious sequelae, including
death, were linked to esophageal injury from medications, par-
ticularly those that may be potassium induced.

In the ACG report, the most common presenting symptoms
of medication injury were retrosternal pain, odynophagia, and
dysphagia. Retrosternal pain was seen in 61% , odynophagia

TA BLE 1 5 7 . 1

DRUGS IMPLICATED IN DRUG-INDUCED
ESOPHAGEAL MUCOSAL INJURY

Commonly reported Miscellaneous drugs

Emepronium bromide
Doxycycline
Tetracycline
Minocycline
Potassium chloride
Quinidine

Aspirin
Nonsteroidal anti-inflammatory

drugs
Cromolyn
Theophylline
Phenobarbital
Ascorbic acid
Alprenolol
Naftidrofuryl
Ferrous sulfate
Clindamycin
Bisphosphonates
Lincomycin

in 50% , and dysphagia in 40% . Hematemesis and low-grade
fever occurred, and complete aphagia with the inability to swal-
low oral secretions was not uncommon. Medication injury
should be suspected in critically ill patients with unexplained
esophageal symptoms. The diagnosis can be offered and made
by clinical history alone, but radiographic or endoscopic diag-
nostic studies can add additional information concerning the
nature of the injury.

Drugs implicated in medication esophageal injury are out-
lined in Table 157.1. Emepronium bromide is a quaternary am-
monium anticholinergic agent with a peripheral effect similar
to that of atropine. It is used predominantly in Great Britain for
women with urinary frequency and urgency in an attempt to re-
duce muscular tone of the urinary bladder. Tetracycline, doxy-
cycline, and minocycline are also frequent offenders. Sustained-
release potassium chloride preparations were involved in 18
of the 127 cases of drug-induced esophagitis reported by the
ACG. Potassium chloride solution and nonenteric preparations
of potassium chloride are also reported to cause esophageal in-
jury. A common area for esophageal stricture from these agents
is at the level of the compression of the esophagus by the aortic
arch or left antrum. In the group of patients reported, six deaths
were related to potassium esophageal injury. Two patients de-
veloped fistulas from the esophagus to the aorta or left antrum.
One patient had perforation to the mediastinum and died from
sepsis. Another patient died from a bleeding esophageal ulcer.
Quinidine is also a commonly reported agent of esophageal mu-
cosal injury. In some of the reported cases, the patients were
also taking medications that may have contributed to the in-
jury, and some patients had underlying esophageal obstruction
disease.

Manag e me nt

Most cases of medication esophageal injury resolve without
sequelae when the medication is discontinued (28). Liquid
preparations may be substituted when it is not possible to dis-
continue the offending medication. Antacids, H2 receptor an-
tagonists, proton pump inhibitors, and cytoprotective agents
can be given, although it is not clear if specific therapy is
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required or even effective. Severe odynophagia may be treated
with a topical anesthetic agent. Esophageal stricture may be
treated with bougienage.

In the critical care unit, prevention of esophageal injury is
the best approach to the problem. If possible, patients should
have the head of the bed elevated during oral medication ad-
ministration with sufficient quantities of water given afterward.
Certain medicines should be used with caution in patients with
cardiomegaly or in those who are elderly or have known or
suspected underlying esophageal obstruction. Oral potassium
should be avoided in critically ill patients.
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CHAPTER 158 ■ GASTROINTESTINAL
MOTILITY DISORDERS
NICHOLAS VERNE r JOHN G. LIEB, II

Motility is fundamental to the function of the gastrointesti-
nal (GI) system such that alterations may lead to many gas-
trointestinal disorders, such as gastroesophageal reflux dis-
ease (GERD), irritable bowel syndrome, chronic constipation/
diarrhea, and adynamic ileus. Although only the rare patient
will be admitted to the intensive care unit (ICU) solely on the
basis of a GI motility disorder, motility is a significant con-
tributor to several ICU admission diagnoses such as aspiration
pneumonia, Ogilvie syndrome, sigmoid volvulus, and so forth.
In addition, disorders of gastrointestinal motility may compli-
cate a patient’s ICU course as in oropharyngeal dysfunction,
gastroparesis, and enteral nutrition failures, a topic that is cov-
ered elsewhere. In this chapter, the major motility disorders

that affect ICU management will be discussed starting at the
esophagus and ending in the hindgut.

ESOPHAGUS

For several reasons, the esophagus is the ideal introductory
topic to a chapter on GI motility. First, the esophagus is vul-
nerable to various insults in the ICU. Second, many of the prin-
ciples of esophageal motility and dysmotility are fundamental
to an understanding of other GI organs. Third, these principles
are the best studied of any GI organ because of easy access to
the esophagus.
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The principal role of the esophagus is propulsion of sus-
tenance towards the stomach, i.e., motility. The body of the
esophagus, essentially a propulsive tube, accomplishes this role.
A second role of the esophagus is to prevent unwanted material
from entering the airway. In this role, two other suborgans of
the esophagus, the upper esophageal sphincter (UES) and the
lower esophageal sphincter (LES), are integral. Although the
process of propulsion from oropharynx to stomach, i.e., pri-
mary peristalsis, appears simple, it requires a remarkably co-
ordinated series of actions; for example, striated and smooth
muscle must coordinate. Also, nitric oxide and acetylcholine—
seemingly antagonistic neurotransmitters—must act synergis-
tically. That the esophagus can accomplish these roles with-
out the aid of, and even against, gravity, is all the more
remarkable.

A brief review of normal esophageal physiology will assist
in later discussions of esophageal motility disorders in the ICU.
As in the rest of the GI tract, esophageal motility depends on
intact function of the muscular layers of the esophageal wall
and an intact local and central nervous system. The thickest
and strongest contractile element of the esophagus is the mus-
cular wall. In the proximal esophagus, including the UES, this
muscle wall is striated, whereas in the distal two thirds of the
esophagus, the muscle wall consists of two smooth muscle lay-
ers: longitudinal and circular. These smooth muscle layers are
mostly under the control of the vagus nerve and the enteric
nervous system, a “second brain,” whose neural tissue weighs
almost as much as the brain. This second brain consists of a
neural plexus throughout the gut wall that regulates wall move-
ment through the activation of local reflexes. These reflexes
and the vagus coordinate the formation of a peristaltic wave,
which consists of a contractile wave and a relaxation “bub-
ble.” For example, the power of the contractile wave depends
on acetylcholine-mediated, lumen-occluding contraction of the
circular smooth muscle proximal to the bolus of food. This
contractile wave propels food down the esophagus, achieving
pressures as high as 53 mm Hg in the upper, 35 mm Hg in
the middle, and 69 mm Hg in the lower third of the esoph-
agus. Equally as important, nitric oxide (NO) and vasoactive
intestinal peptide (VIP) relax smooth muscle caudad to the bo-
lus, creating a zone of lower pressure, that is a “bubble” of
relaxation. This relaxation bubble also travels the length of
the esophagus just ahead of the contractile wave and helps
propagate the contractile wave toward the stomach. Together,
the contractile wave and relaxation bubble form the peristaltic
wave. To further propagate the peristaltic wave, the longitudi-
nal smooth muscle layer contracts to shorten the length of the
esophagus (1–5). The peristaltic wave of contraction and relax-
ation propels the food bolus and eventually reaches a point just
above the LES (6). This is termed primary peristalsis, whereas
secondary peristalsis occurs when a pressure stimulus is ap-
plied to the esophagus, such as from residual food left from
an unsuccessful primary peristalsis or from refluxed gastric
contents (7).

The LES is defined by esophageal manometry as a 2- to 4-cm
zone of high resting pressure at the gastroesophageal junction
(GEJ). This high resting pressure is formed by an extrinsic com-
ponent of the surrounding crural diaphragm and an intrinsic
smooth muscle component. Motilin and intra-abdominal pres-
sure also cause LES contraction, which is abolished by atropine
(8).

Relaxation of the LES is crucial to the pathophysiology
of many motility disorders in the ICU and occurs under sev-

eral circumstances. The first is a result of primary peristalsis
from esophageal distention just proximal to the LES. With pri-
mary peristalsis and relaxation of the LES, a bolus is propelled
into the stomach within 8 to 10 seconds (9). A second type
of relaxation is transient LES relaxation, the primary motility
disorder in GERD. This occurs in eructation and vomiting, and
is activated through partly local and brainstem mechanisms. It
may be elicited by pharyngeal stimulation, proximal gastric
distention, and introduction of fat into the duodenum. Several
common pharmacologic agents affect the function of the LES
(Table 158.1).

With this background, we can now initiate a discussion of
some of the most common esophageal motility disorders en-
countered in the ICU.

Orop haryng e al Mot ilit y Disord e rs

Any disorder of the upper esophagus inevitably involves the
entire oropharyngeal system, including the oropharynx, thy-
roid cartilage, upper esophageal sphincter (UES), and more
remnants of the “gill arches” such as the larynx, hyoid bone,
and several cranial nerves (V, VII, IX, X, XII). The muscle of
the oropharynx is exclusively striated and therefore requires
nicotinic-acetylcholine and myelinated innervation as opposed
to the muscarinic cholinergic smooth muscle of the distal two
thirds of the esophagus. The advantage of striated muscle is its
speed. However, measuring disorders of this speed necessitates
testing inaccessible to most ICU patients: solid-state manome-
try in the UES and upper esophagus, or a cinemetric esopha-
gram with higher-speed fluoroscopic imaging—for example, a
“rehab swallow”—than that used for a routine barium swal-
low. Another disadvantage of striated muscle is that the upper
esophagus is subject to the same damage as other striated mus-
cle in the body. For example, rhabdomyolysis, polymyositis,
hyperthyroidism, and myopathic drugs such as amiodarone,
alcohol, vincristine, steroids, and statins can all disrupt the
normal functioning of the oropharyngeal system.

The extensive neurologic innervation and coordination is a
second Achilles heel of this system and explains why so many
disorders of this system are neurologic in origin. For example,
one third of stroke, Parkinson, and Alzheimer patients have
oropharyngeal dysphagia (10–13). Oropharyngeal dysfunction
affects the outcome of acute stroke, probably through increas-
ing the risk of aspiration pneumonia (14). The risk of aspiration
is best assessed by video barium swallow; clinical assessments
are less sensitive (15,16).

Typical symptoms and signs include choking and gagging
during meals; repeated (often unsuccessful) attempts at swal-
lowing, nasal regurgitation of food and drink, and immedi-
ate regurgitation of the swallowed bolus—or in the case of
a Zenker diverticulum, regurgitation of old undigested food.
Other bulbar signs and symptoms such as vertigo, hiccup, tin-
nitus, ataxia, diplopia, horizontal ophthalmoplegia, and drop
attacks may indicate brainstem and cranial nerve dysfunc-
tion such as from vertebrobasilar insufficiency, stroke, the
Miller-Fisher variant of Guillain-Barré syndrome, or parane-
oplastic cerebellar degeneration. Muscle fatigability and nasal
voice would point to myasthenia gravis. Generalized weak-
ness would point to a rhabdomyolysis, myositis, a steroid or
drug-induced myopathy, or a motor neuron degenerative pro-
cess such as amyotrophic lateral sclerosis (ALS). Symptoms of
dry mouth should point to anticholinergic side effects of ICU
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TA BLE 1 5 8 . 1

AGENTS THAT AFFECT THE LOWER ESOPHAGEAL SPHINCTER (LES)

Elevated LES pressure Decreased LES pressure

Drugs α-agonists
β -antagonists (especially β2)
Cholinergics (bethanecol)
Suxamethonium (142)
Metoclopramide
Domperidone
Cisapride
Vecuronium (142) (not pancuro-
nium)

α-antagonists
β -agonists
Anticholinergics
Calcium channel blockers
Theophylline
Diazepam
Meperidine
Morphine
Barbiturates
Nitrates
Dopamine
ETOH
Caffeine

Endogenous modifiers Gastrin
Motilin
Substance P
Prostaglandin F2-α

Cholecystokinin
Secretin
Glucagon
Progesterone
VIP

Food Protein Fat
Chocolate
Peppermint

ETOH, ethanol; VIP, vasoactive intestinal peptide.
Modified from van der Hoeven CW, Attia A, Deen L, et al. The influence of anaesthetic drugs on the lower
oesophageal sphincter in propofol/nitrous oxide anaesthetized dogs. Pressure profilometry in an animal
model. Acta Anaesthesiol Scand. 1995;39(6):822–826, with permission.

drugs or the sicca syndrome of rheumatoid arthritis or Sjögren
syndrome (17).

Some other disorders that may impair oropharyngeal func-
tion, and hence render the patient vulnerable to aspiration,
include radiation-induced neuronal and myopathic damage,
postcricoid webs, and cervical osteophytes. Some of the most
common devices in the ICU, e.g., nasogastric or nasoduodenal
tubes, can further disturb oropharyngeal and upper esophageal
motility, and lead to aspiration (18).

The treatment of oropharyngeal disorders is guided by three
principles: (a) a multidisciplinary approach is vital, (b) treat-
ment must be tailored to the cause of the disorder, and (c) treat-
ment is chronic and progress can be slow. In particular, involve-
ment of the speech and swallow therapists is essential. They
teach swallowing exercises, dietary modifications, and tech-
niques tailored to the disorder to help the patient improve
swallowing function. Also, rheumatologists can assist in the
treatment of connective tissue disease with anti-inflammatory
therapies. Additionally, neurologists can assist in the diag-
nosis and medical management of myasthenia gravis with
acetylcholinesterase inhibitors and Parkinson disease with
prodopaminergic drugs. They can also rule out immediate con-
cerns such as vertebrobasilar stroke and drug effects. Finally,
radiologists and gastroenterologists can assist with ruling out
other diagnoses and offer means of long-term feeding access.

Diffuse Esop hag e al Sp asm

In contrast to disorders of the oropharynx, which are often
multisystem in origin and treatment, the first disorder of the

intrinsic esophagus is mostly a primary esophageal disorder.
In the ICU, diffuse esophageal spasm may manifest as chest
pain with workup negative for acute myocardial infarction,
pulmonary embolus, or aortic dissection. The hallmark of dif-
fuse esophageal spasm (DES) is uncoordinated esophageal con-
traction, often unprovoked by swallowing. In DES, peristal-
sis is haphazard, with multiple—sometimes spontaneous—and
nearly simultaneous high-amplitude contractions.

Nitric oxide sequestration and donation have been shown
to induce and inhibit, respectively, the contractions seen in
DES (19,20), pointing to disorganized, nitric oxide–dependent
esophageal body relaxation in this disorder. This disordered
contraction is either primary or may be secondary to GERD,
as evidenced by the disproportionate prevalence of GERD in
patients with DES. In addition, some patients are hyperrespon-
sive to the contractile effects of cholinergic stimuli during edro-
phonium testing (21).

Clinical Pre se nt at ion
Chest pain is the cardinal feature of DES. This can be difficult
to distinguish from angina pectoris, especially since the major-
ity of patients are older than age 50 years. Pain may be pro-
voked by swallowing, emotional distress, cholinergic stimuli,
or rarely, exercise, and lasts seconds to minutes, and sometimes
hours. Some patients may also present with dysphagia.

Diag nosis
Spasm may be present on barium radiographs showing multi-
ple, unprovoked nonlumen-occluding contractions that may
propel the barium both caudad and cephalad. However,
manometry is considered the gold standard for diagnosis.
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Although much debate surrounds the definition of DES, most
authorities believe a few of the following manometric criteria—
especially numbers 1, 2, and 3—would rule in the diagnosis:

1. Nonpropulsive contractions on at least 10% of test swal-
lows

2. High-amplitude contractions greater than 30 mm Hg
3. Triple-peaked contractions
4. Hypertensive LES

Tre at me nt
Because many patients have DES secondary to GERD, most
physicians advocate that the first treatment should be an em-
piric course of antireflux therapy. Trials using twice-daily pro-
ton pump inhibitors (PPIs) for patients with chest pain may
demonstrate close to 90% efficacy with comparable diagnostic
accuracy to ambulatory pH monitoring. Antispasmodics such
as sublingual nitroglycerine (22), nifedipine, and anticholiner-
gics may be used but are inconsistent at relieving pain (23,24),
probably because they also relax the LES and perpetuate reflux.
Therefore, anticholinergics should be used only for PPI failure.
Some patients respond to attempts at decreasing visceral pain
sensation with antidepressants such as trazodone, 100 to 150
mg, or low-dose tricyclic antidepressants (25).

Nut cracke r Esop hag us

A variant of esophageal spasm that presents with chest pain, al-
most always during swallowing, and high-amplitude but coor-
dinated contractions is called nutcracker esophagus. Manomet-
rically, nutcracker esophagus is defined as greater than 80% of

contractions effective and peristaltic, with an amplitude greater
than 180 mm Hg. In theory, this pressure may be enough to
decrease blood supply to the esophagus, and may be the cause
of pain in this disorder. However mucosal integrity is almost
universally intact due to the redundant blood supply to the
esophagus (26). Treatment focuses on GERD and is similar to
that of diffuse spasm.

Achalasia

Classic or idiopathic achalasia, as its Greek root for “ lack of
relaxation” implies, is defined by two key abnormalities: poor
relaxation of the LES, and aperistalsis of the esophageal body
(27,28). It is a rare disorder, occurring in 1 in 10,000 (29)—
common enough for most gastroenterologists to have seen a
few cases, but uncommon enough to make its diagnosis and
treatment challenging. For example, years may pass between
the development of symptoms and the diagnosis of achalasia.
Therefore, it is not uncommon of for achalasia to be diagnosed
in the ICU in a patient with an unexplained wide mediastinum
(Fig. 158.1) or aspiration.

The cause of idiopathic achalasia is unknown, but several
hypotheses have been suggested, including viral (30), neurode-
generative (31), genetic (32), autoimmune (33), or, more likely,
a combination of the above. Regardless, the end pathophysi-
ologic event is destruction of nitric oxide and VIP neurons in
the myenteric plexus, preventing effective LES relaxation and
causing esophageal body aperistalsis.

The symptoms of achalasia include dysphagia to solids and
liquids (like most motility disorders as opposed to structural
disorders), weight loss, and regurgitation of phlegm (especially

FIGURE 158.1. A wide mediastinum can result from achalasia. (Courtesy of Department of Radiology,
Detroit Receiving Hospital, Detroit, Michigan.)
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in the morning) and undigested food, often several days old.
Some patients may present with pneumonia or food impaction
(described later). A few case reports in the literature have de-
scribed acute postprandial airway obstruction in patients with
classic achalasia (34) combined with “upper achalasia,” i.e.,
inability of the upper esophageal sphincter to relax. In those
cases, swallowed air cannot be released and the resultant di-
latation of the esophagus compresses the airway. Emergent na-
sogastric tube (NGT) decompression of the esophagus is the
immediate treatment of choice (35). For chronic therapy of up-
per achalasia, a cricopharyngeal myotomy or Botox to the UES
by otolaryngology may be effective.

Some diagnostic features of classical achalasia include the
bird’s beak—a long and narrow LES on barium swallow—and
characteristic manometric findings. Other possible presenting
features include a retrocardiac mass or mediastinal air fluid
level on plain chest radiographs and an epiphrenic esophageal
diverticulum, which can be perforated by Dobbhoff or NGT
placement.

Secondary causes of achalasia should be ruled out, including
gastroesophageal, lung, or breast cancer; lymphoma; amyloi-
dosis; sarcoidosis; paraneoplastic syndromes; and Chagas dis-
ease caused by a trypanosome protozoan prevalent in South
America and resulting in megaesophagus and megacolon (see
below) due to inflammation in the myenteric plexus.

Treatment aims to relax the LES, including endoscopic
Botox injection or balloon dilation (36), and Heller myotomy.
Botox works by poisoning acetylcholine (ACh)-containing neu-
rons, thus restoring a balance in the LES between ACh and
nitric oxide—between contraction and relaxation. Various
medications have been tried, such as oral nitrates (37) and silde-
nafil (38), as well as calcium channel blockers, especially the
dihydropyridine calcium channel blockers; the nondihydropy-
ridines, such as diltiazem and verapamil, may be somewhat less
effective (39). Unfortunately, tachyphylaxis limits the clinical
utility of these oral antispasmodics in the treatment of achala-
sia.

Hyp ot onic Lowe r Esop hag e al Sp hinct e r

A hypotonic LES, defined by a manometric pressure less than
10 mm Hg, may also be suggested radiographically by a pat-
ulous (i.e., wide open, or gaping) gastroesophageal junction
(GEJ). Many studies over decades have typically associated
these findings with GERD, often with a sliding hiatal hernia.

For the ICU, the hypotonic LES may assume great impor-
tance during cardiopulmonary arrest. In animal models, the
LES pressure drops from a baseline of 20 cm H 2O to 5 cm H 2O
(3.8 mm Hg) (40).�In simulations of cardiac arrest during ven-
tilation with bag-valve-mask device, this low pressure leads to
stomach ventilation (41), diaphragm elevation, reduced respi-
ratory system compliance (42), aspiration, and poor outcomes
(43). Several investigators have shown acute drops in LES pres-
sure during cardiopulmonary arrest (44).

Several techniques may limit the impact of hypotonic LES
during arrest. We propose that first responders minimize peak
airway pressure to less than 5 cm H 2O, lower tidal volumes to
300 to 500 mL with a higher FiO 2 (45), and decrease peak inspi-
ratory flow (46). Pressure can be applied over the cricoid to seal

�1 mm Hg = 1.33 cm H 2O.

off the esophagus (47). Arguably, several of these techniques
could be extrapolated to patients on noninvasive ventilation.

Imp aire d Esop hag e al Mot ilit y

Weak esophageal body motility has more recently been termed
ineffective esophageal motility (IEM). Manometrically, IEM
has more than two swallows out of ten associated with
esophageal body contraction amplitudes less than 30 mm Hg,
which is the minimum required to propel a barium bolus. Some
patients with IEM may complain of dysphagia secondary to
slow transit through the esophagus. Much controversy sur-
rounds whether GERD and acid exposure are the cause, or
the result, of IEM. Patients may develop secondary overgrowth
with Candida, or may develop one of the most common causes
of GI bleeding in the ICU: esophagitis. Dobbhoff and NG tubes,
which lower LES pressure, can be especially dangerous in these
patients, facilitating acid-induced esophageal damage. If ICU
clinicians require gastroduodenal access, ruling out epiphrenic
diverticula is advised before nasogastric or nasoduodenal tube
placement in IEM, as in the case of achalasia.

Conditions that predispose to IEM, other than GERD, in-
clude many of the connective tissue diseases such as scle-
roderma, CREST, hypothyroidism, mixed connective tissue
disease, rheumatoid arthritis, Raynaud’s phenomenon, sys-
temic lupus erythematosus, chronic intestinal pseudoobstruc-
tion, amyloidosis, diabetes mellitus, and multiple sclero-
sis. Scleroderma, CREST (calcinosis, Raynaud phenomenon,
esophageal motility disorders, sclerodactyly, and telangiecta-
sia), and mixed connective tissue disease often have additional
factors that predispose to GERD and esophageal damage in-
cluding decreased LES pressure, gastroparesis, and colonic in-
ertia. Mechanisms are controversial but likely include spasm
and vasculitis of the vasa nervorum (capillaries around nerve
bodies), periaxonal collagen deposition, and even antimyen-
teric plexus antibodies. All of these mechanisms may eventu-
ally progress to atrophy and fibrosis of smooth muscle in the
esophagus. Fundoplication may improve esophageal motility
in some patients with IEM but can be risky in connective tis-
sue disease patients due to the high incidence of postoperative
dysphagia (48). Therefore, the principal management is twice-
daily proton pump inhibitors and antireflux measures, such as
avoiding drugs that relax the LES, and elevation of the head of
the bed.

Some investigators have tried promotility drugs effective
elsewhere in the GI tract such as metoclopramide and, more re-
cently, tegaserod in the management of IEM. Unfortunately, no
one has shown a clear-cut clinical benefit from these agents as of
yet (49). However, anecdotal experience at our institution sug-
gests that erythromycin, tegaserod, and an older procholinergic
prokinetic, formerly used in surgical patients with postopera-
tive gastroparesis and bladder stasis, bethanecol, may be useful.
In diabetic or connective disease patients, treatment other than
twice-a-day proton pump inhibitor and avoidance of Dobbhoff
and NG tubes is aimed at the systemic disease.

Food Imp act ion in t he Esop hag us

Abnormal motility may contribute to an important esopha-
geal emergency: food impaction. The three typical areas of
impaction, in order of increasing frequency, include the upper
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esophageal sphincter, the level of the aortic arch, and the dis-
tal esophagus. Predisposition varies depending on the location.
In the upper esophagus, neurologic disease or Zenker divertic-
ula can be factors, whereas in the middle esophagus, extrinsic
compression by aortic aneurysm and malignant lymph nodes
predominate. In the most common location, the distal esoph-
agus, many disorders may predispose to impaction, such as
Schatzki ring, achalasia, spasm, and cancer. In some series, ap-
proximately 50% of patients with food impaction have under-
lying motility disturbance such as eosinophilic esophagitis (50).
Patients may present with choking or foreign body sensation,
neck pain, and sudden onset of the inability to swallow food
or saliva. Inability to speak, or hoarseness, may imply suprala-
ryngeal impaction or compression of the larynx by a distended
esophagus, and may necessitate an otolaryngologic consult to
rule out impaction that could endanger the airway before an
endoscopy is performed. Most patients with food impaction
are not critically ill, but occasionally they may be dehydrated
or may have aspirated. Immediate management aims to relieve
the obstruction and prevent potential complications such as
aspiration, bleeding, or esophageal perforation. Most authors
recommend immediate endoscopic removal of the impacted bo-
lus or foreign body to prevent edema and fibrosis, and to restore
patency of the lumen.

STOMACH AND SMALL INTESTINE
Motility disorders of the stomach and small bowel are common
in the ICU. To understand these disorders, we must review
normal physiology.

The physiology of the stomach and small bowel is intimately
linked. Specifically, the stomach functions as three suborgans:
(a) a body/fundus for storage, (b) an antrum for grinding, and
(c) a pacemaker for the entire GI tract, usually along the greater
curve. This pacemaker governs the migrating motor complex
(MMC), an essential GI motility pattern that links stomach

and small bowel. Disorders in any of the suborgans can have
profound symptomatology, such as distention and intolerance
to tube feeds, increased aspiration risk, decreased absorption
of drugs, increased risk for stress ulceration, and so forth.

The suborgans of the stomach monitor food content and
regulate the speed of gastric emptying. For example, the sec-
ond suborgan, the antrum, is the area primarily responsible for
grinding of solid food particles in the fed state. This grinding
better prepares the food for absorption in the small intestine
(51). However, the drawback of this grinding is a delay of gas-
tric emptying of solids, which is significantly slower than that
of liquids. Furthermore, under normal circumstances, only par-
ticles less than 1 mm pass the pylorus, so that particles larger
than that may have delayed emptying. For example, on aver-
age, the stomach clears 1-cm pieces of calf liver after 5 hours,
whereas most 2- to 3-mm pieces are emptied within 2 hours,
and homogenized liver empties within 30 minutes (52). How-
ever, erythromycin, a propulsive agent, can stimulate the pas-
sage of particles larger than 1 mm through the pylorus.

The third suborgan of the stomach, the pacemaker for
the MMC, plays a crucial role in the emptying of solids.
This pacemaker is located in 80% of patients on the greater
curve of the stomach and the remainder in the duodenum
(53). Several times daily in the normal fasting state, massive
motor waves, dubbed the activity front of the MMC (Fig.
158.2), stimulate emptying of large particles through the py-
lorus and into the small intestine. Disruption of the pace-
maker of the MMC may in part explain the high rate of
GI symptoms after partial gastrectomy/bariatric surgery. For
example, without a pacemaker and MMC to clear particles
greater than 1 mm, bezoars may form; in theory, bezoars may
predispose to aspiration.

In addition, these activity fronts of phase III of the MMC
are essential in the function and coordination of the stomach
and entire small bowel. The activity front of phase III is the
“gastrointestinal housekeeper” and propagates all the way to
the ileum. In addition to assisting gastric emptying of large
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particles, these waves clear bacteria from the proximal small
bowel to prevent the syndrome of bacterial overgrowth. These
waves also clear the entire GI tract of shed epithelial cells. In-
terestingly, caloric intake of as little as 200 kcal inhibits these
important waves. This is the principle why an astute public
speaker will eat a candy bar to prevent stomach “growling” on
the lecture circuit. Theoretically in the ICU, patients receiving
continuous enteral feedings may have less frequent or dimin-
ished activity fronts of the MMC. This lack of a GI housekeeper
could predispose to tube-feed diarrhea, bloating, abdominal
pain, bacterial overgrowth and translocation, poor stomach
emptying, and aspiration.

The best studied method of measuring the activity fronts
of the MMC is by antroduodenal (small bowel) manometry.
Manometry requires insertion of a pressure-sensitive catheter
in a cooperative patient, under fluoroscopy, into the proximal
small bowel. Three leads are antral and three are duodenal. In
only extraordinary cases, manometry can be accomplished in
the ICU. However, in outpatients, the antroduodenal manom-
etry catheter monitors fed and fasting states and responses
to various prokinetic agents. Generally, low-dose octreotide—
50 µ g at bedtime—is the best stimulant of MMC activity
fronts in ambulatory patients. However, in gastroparetics,
our anecdotal experience with small bowel manometry favors
azithromycin liquid, 400 mg each morning (which has virtu-
ally no risk of prolonging QT), or erythromycin liquid, 200 mg
every 6 hours, 30 min before meals if the Q-T c is less than 440
msec. The risk of sudden death with erythromycin is highly
controversial (see below, Gastroparesis).

The first-mentioned suborgan of the stomach, the fundus,
accounts for differences between liquid and solid emptying.
Relaxation and enlargement of the fundus are crucial to the di-
gestion of large liquid meals or solid meals that contain liquid.
The vagus nerve mediates this relaxation of the fundus (54).
Diabetics may have a vagal neuropathy and, together with sur-
gical vagotomy patients, often lack this ability of the stomach
to accommodate, leading to rapid liquid emptying, postpran-
dial pain, and diarrhea. The effect of metoclopramide in the
symptom relief of gastroparesis may be due to procholinergic
stimulation of fundic relaxation and compliance.

The nutritional content of gastric contents also regulates
how the stomach processes food. For example, isotonic mate-
rials empty quickest, whereas hypertonic ones empty slowest,
with hypotonic materials emptying at intermediate speed. Pro-
teins and carbohydrates empty equally well and much better
than fats, which stimulate cholecystokinin, thought to perturb
gastric emptying in such disorders as chronic pancreatitis (55).
Delays in the gastric clearance of fat may have profound im-
portance: common diabetic drinks and enteral formulations
are usually low in carbohydrates, but their high fat content in
theory may decrease gastric emptying. High-glucose concen-
trations, at a threshold of 8% , may also empty slower than
1% glucose solutions, which empty quickly, at about the same
rate as 0.9% NaCl (56).

The stomach and small bowel are also in close communi-
cation via the gastroileal reflex. When high-nutrient contents
reach the ileum, normal patients have a feedback reflex that
delays release of stomach contents into the duodenum and de-
creases gastric emptying. In animals, this can be induced by
instillation of fat into the ileum. The gastroileal reflex, in the-
ory, may partly explain the paradox of the typical ICU patient:
intolerant of tube feeds, with simultaneous diarrhea—due to

poor absorption and high nutrient contents reaching the bac-
teria of the large bowel—and bloating/distention due to gas-
troparesis.

In the following text, we will investigate disorders of gastric
and small intestinal motility.

Gast rop are sis

Definitions of gastroparesis vary but, in general, the hallmark
of gastroparesis is a delay in the emptying of solids. Patients
complain of nausea (93% ), abdominal pain (90% ), early sati-
ety (86% ), and vomiting (68% ) (57). Another common com-
plaint is bloating, either perceived or frankly visible; patients
may describe changing belt or pant size after meals.

Gastroparesis may contribute to aspiration pneumonia by
two mechanisms. The first is by increasing gastroesophageal
reflux. For example, up to 15% of ambulatory patients with
refractory GERD have gastroparesis (58), leading one to specu-
late that gastroparesis may predispose to aspiration pneumonia
in the ICU (59). In addition to promoting more frequent reflux
in the ICU, gastroparesis stimulates colonization of the stom-
ach with Gram-negative enteric and nosocomial flora, putting
patients in the ICU with gastroparesis at increased risk for
Gram-negative pneumonia (60).

The diagnosis of gastroparesis can be problematic. Bar-
ium studies lack caloric content and are liquid based. There-
fore, they are a poor reflection of gastric or, for that mat-
ter, small bowel motility. Evidence suggests noncaloric liquids
empty based only on the pressure they apply to the luminal
wall (61). However, gastric scintigraphy with a technitium-99
labeled egg sandwich more accurately measures gastric emp-
tying, especially of solids. Unfortunately, nearly every large
medical center in this country seems to have its own proto-
col, controls, and standards for this test. In addition, a sin-
gle patient’s gastric emptying can vary from day to day due
to nicotine intake or to recent narcotic or prokinetic inges-
tion. Male and female populations have different standards
for gastric emptying, but generally a half-time of emptying
of greater than 90 minutes implies gastroparesis. More speci-
ficity can be gained by extending the amount of time the pa-
tient remains in the scanner. For example, the gastric residual
at 2 hours is the most common measurement in community
hospitals, and although sensitivity may be 100% , specificity
is only 20% . The 4-hour measurement is more accurate with
100% sensitivity and 70% specificity (62). However, even the
2-hour measurement is impractical for the ICU setting, and
gold standards to compare against scintigraphy are lacking. In
addition, clinicians often encounter the quandary of a patient
with borderline emptying at 100 minutes. One way to handle
such a case is to recollect that, in our hands, most patients
with symptomatic gastroparesis have emptying half-times
greater than 120 minutes. However, many patients with nor-
mal half-times clinically benefit from prokinetics. Therefore,
in borderline cases, we move to antroduodenal manometry or
treat empirically.

Causes for gastroparesis are similar to almost all motil-
ity disorders and are quite diverse, including metabolic dis-
orders: diabetes, hypothyroidism, uremia; drug-induced emp-
tying disorders: narcotics; infiltrative processes: amyloid,
scleroderma; and backflow-related disorders such as por-
tal hypertension, right-sided congestive heart failure (CHF),
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or hypoalbuminemia; nonetheless, many remain idiopathic. Di-
abetics presenting with gastroparesis often have evidence of
neuropathy. Indeed, a vagal neuropathy is believed to be the
fundamental problem in diabetic gastroparesis. Due to the ris-
ing incidence of type 2 diabetes, the number of gastroparesis
patients with type 2 diabetes now equals that with type 1 dia-
betes. Idiopathic patients are more often female of childbearing
age. The hormone progesterone may be responsible for hyper-
emesis gravidarum and idiopathic gastroparesis.

A hallmark of gastroparesis treatment is medical manage-
ment. Erythromycin, a motilin agonist, is one of the strongest
pharmacologic stimulants of gastric emptying (63,64). Unfor-
tunately, it is short acting, limited by tachyphylaxis, and must
be given in intravenous (IV) form immediately before eating, or
in PO (oral) form about 30 minutes before each meal. Given
the fast-paced environment in today’s intensive care units, it
may be impractical to dose this medicine at the exact time it
is needed. Because gastric emptying to solids is slower than
that of liquids, we prefer the suspension over the tablet form,
100 to 200 mg three times daily and before meals. However,
IV administration may be more effective, and we have some
experience with outpatients who require a PICC (peripherally
inserted central catheter) line with chronic four-times-daily IV
erythromycin. Another use of erythromycin in the ICU was
found in one study to increase the tolerance of enteral nutri-
tion in critically ill patients (66).

Much controversy surrounds the dangers of QT c prolon-
gation in patients taking erythromycin. One methodologically
problematic study found several deaths due to dysrhythmias
in patients taking chronic erythromycin (67). Although these
risks may be overstated, to be cautious, we recommend avoid-
ing P450 inhibitors and other medications that also prolong
the QT c while on erythromycin, such as several of the antide-
pressants and antidysrhythmics, including common ICU drugs
such as fluconazole, quinidine, amiodarone, procainamide, and
haloperidol. Fortunately, another option is azithromycin which
does not prolong the QT interval (65). During antroduode-
nal manometry, we see pronounced antral contractions from
azithromycin at a dose of 400 mg liquid orally 30 min before
breakfast (unpublished data). However, like all macrolides,
azithromycin can cause significant diarrhea. This side effect can
be useful in the patient with adynamic ileus, chronic colonic in-
ertia, or constipation-predominant irritable bowel syndrome,
but can be problematic in ICU patients with antibiotic or tube-
feed–associated diarrhea. Another drawback of the macrolides
is some patients will develop abdominal pain and nausea. Part
of this phenomenon can be explained by experiments show-
ing that overdrive pacing the stomach faster than its baseline
contraction rate of three waves per minute can sometimes de-
lay gastric emptying (68). Therefore, it is not unreasonable to
start low, at 100 mg liquid orally three times daily 30 minutes
before meals.

Another agent in the treatment of gastroparesis is meto-
clopramide, a mixed dopamine antagonist and procholinergic.
This drug has fallen out of favor in recent years for several
reasons. First, 20% of patients develop Parkinsonism early or
sometimes very late into treatment. Usually, this is reversible.
However, 3% of patients taking metoclopramide will develop
irreversible tardive dyskinesia (69). In addition, many patients
experience restlessness and agitation. Metoclopramide is not as
potent a stimulant of gastric emptying as the macrolides, and
stimulates colon and esophageal motility very poorly. The typ-

ical dose is 5 to 10 mg three times daily, 30 min before meals
IV or PO.

Because of the difficulties with macrolides and metoclo-
pramide, gastroenterologists have sought other agents. One of
those was cisapride, which is a very strong stimulant of all
enteric motility. Unfortunately, several deaths due to torsades
de pointes occurred, and it is no longer available for use (70).
However, on a compassionate basis, it is still available from the
manufacturer.

Zelnorm (tegaserod) is often used off-label to supplement
other therapies for gastroparesis, but in rare patients can be
used as monotherapy (71). It is a partial 5HT4 agonist. We
typically crush 6 mg mixed with 2 to 3 ounces of liquid or
applesauce three times daily 30 minutes before eating. Side ef-
fects are relatively rare but include diarrhea and headaches.
As the side effects indicate, it is useful for chronic constipation
and FDA approved for women with constipation-predominant
irritable bowel syndrome and men and women with chronic
constipation. However, it has not been well tested in patients
with creatinine (Cr) clearance less than 40 mL/minute. Unfor-
tunately, in February 2007, the FDA took tegaserod off the
market due to a very low absolute risk of cardiac events.

Bethanecol is an older drug, formerly used in postsurgical
ileus and bladder stasis, but may be useful in the gastroparetic
patient who is intolerant of macrolides (72). As bethanecol is
a procholinergic agent, one must monitor for potentially life-
threatening reactions such as reactive airways disease, brady-
cardia, prostate obstruction, and diarrhea. The typical dose for
gastroparesis is 25 mg orally four times daily.

Serum glucose is a strong inhibitor of gastric emptying
(73,74); therefore, tight control of glucose is fundamental to
treating gastroparesis. We aim for a glucose less than 200
mg/dL, even postprandially, especially in patients admitted
for nausea and vomiting of gastroparesis. In addition, hy-
perglycemia attenuates the effects of prokinetics (75). Hyper-
glycemia also reduces the frequency of MMCs and affects small
bowel motility (76). Therefore, tight glucose control may ben-
efit other motility disturbances, especially postoperative ileus.

In ambulatory gastroparesis patients, the choice of narcotic
may help patients considerably for not only gastroparesis, but
all the slow motility disorders. For example, we prefer Ultram
and propoxyphene, which have fewer effects on motility than
traditional mu-agonists such as morphine, fentanyl, and Di-
laudid (77). A promising treatment in gastroparesis—and in
all motility, for that matter—is a mu-opiate antagonist that
does not cross the blood–brain barrier. A recent study showed
benefit in postoperative ileus patients receiving an investiga-
tional opiate antagonist agent (78). However, although other
investigators have successfully used agents similar to this in
dog models of gastroparesis, results in humans have been dis-
appointing (79–81).

In addition to changing opiates, discontinuing other anti-
motility agents such as calcium channel blockers, anticholiner-
gics, and alpha-2 antagonists such as clonidine is important in
the management of gastroparesis (82).

Dump ing Synd rome

Dumping syndrome is a constellation of postprandial symp-
toms in patients who have undergone surgical vagotomy and
gastric drainage procedures such as pyloroplasty, antrectomy,
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or gastric resections (83,84). Inadvertent damage to the vagal
nerve as in esophageal surgery or from neuropathy can also
cause dumping syndrome. Therefore, ICU clinicians may en-
counter this disorder. In the dumping syndrome, abnormally
rapid emptying of gastric contents leads to early delivery of os-
motically rich food into the small intestine, resulting in volume
shifts and the excessive release of vasoactive peptides and in-
sulin. Symptoms include adrenergic discharge with symptoms
such as tachycardia, diaphoresis, agitation or confusion, diar-
rhea, abdominal cramps, and even hypotension. Measurable
hypoglycemia was once thought to be common in dumping
syndrome, but further studies have not concurred; perhaps the
autonomic nervous system provides sufficient counterregula-
tion to insulin surge in most patients to prevent frank hypo-
glycemia. A key historical point in the diagnosis of dumping
syndrome is that patients are free of these symptoms under
fasting conditions. The symptoms are classified as early dump-
ing, within the first 30 to 60 minutes after meal ingestion, and
less commonly, late dumping, within 90 to 240 minutes after
meals. Liquids and foods rich in carbohydrates are generally
not well tolerated, and patients may lose weight due to fear of
eating meals (84).

Dietary adjustments are fundamental to the management of
the dumping syndrome (85). Patients should divide their caloric
intake over at least six meals per day and minimize intake of
fluids with solids. Meals rich in carbohydrates, such as Boost
or Ensure, commonly induce dumping symptoms. Therefore,
dumping patients should eat meals high in protein and fat and
low in carbohydrates. Because lactose is absorbed in the je-
junum, many patients experience milk intolerance after gastro-
jejunostomy and respond to restriction of lactose-containing
products. The addition of agents like pectin or guar gum that
increase the meal viscosity may help patients with dumping
symptoms, although these supplements are not universally well
tolerated. Dietary fiber may be effective in dumping syndrome
(86,87). Acarbose, which delays carbohydrate absorption, may
prevent late dumping (88,89). However, diarrhea due to fer-
mentation of unabsorbed carbohydrates limits long-term use.

Me chanical Ve nt ilat ion/ Pre ssors and
St omach and Small Int e st ine Mot ilit y

Two very common ICU treatments, mechanical ventilation and
pressors, cause profound motility disturbances of the stomach
and small bowel. Two observational studies measured antro-
duodenal manometry in mechanically ventilated ICU patients,
most on opiate sedation and dopamine. These studies found
marked disruptions in the normal fed state and increased phase
III activity fronts—which should be off to facilitate mixing
and absorption in the fed state—leading to poor tolerance
of enteral feeding (90,91). Low-dose dopamine causes a simi-
lar effect in healthy volunteers (92) and, in a recent random-
ized controlled trial, in hemodynamically stable ICU patients
(93). Perhaps this effect causes the diarrhea and malabsorption
so often seen in critically ill patients on initiation of enteral
nutrition. In the latter trial, despite the exclusion of opiate
use, the dopamine group also had significantly fewer fasting
antral contractions. Thus, dopamine may delay gastric emp-
tying independent of opiate use in the ICU. However, the as-
tute reader may recognize a possible confounder in this study:

Most of the patients received IV propofol, which has a high
fat content and can delay gastric emptying. However, a sec-
ond study of critically ill patients also found delayed absorp-
tion of acetaminophen, a marker of gastric emptying (94). In
the acetaminophen study, significantly higher volumes of gas-
tric contents were aspirated while on dopamine. Dopamine
may also prevent the normal fundic relaxation that is essential
to prevent aspiration during ingestion of large volumes (95).
Perhaps metoclopramide, a dopamine antagonist, which pri-
marily stimulates fundic relaxation and accommodation, could
reverse this effect of dopamine (see gastroparesis section for pit-
falls of metoclopramide use). Vasopressin may also delay gas-
tric emptying (96). Overall, mechanical ventilation and pressor
use may decrease antral motility and reduce fundic relaxation,
perhaps accounting for the bloating and high gastric tube out-
puts sometimes seen in enterally fed ICU patients.

Int e st inal Ile us (Acut e Int e st inal
Pse ud o-ob st ruct ion)

Although many ICU patients have the aberrant, fed-state stimu-
lation of MMCs demonstrated above, a more common scenario
is inhibition of small intestinal motility in the ICU, leading to
the condition of the small intestinal ileus, or paralytic ileus,
an acute delay in caudad passage of intestinal contents in the
absence of obstruction.

Patients with ileus present with distention, poorly localized
abdominal pain, nausea, vomiting, obstipation, and decreased
bowel sounds. Differentiating ileus from mechanical obstruc-
tion can be challenging, and an obstruction series abdominal
film can be suggestive. However, passage of computed tomog-
raphy (CT) contrast into the colon within 4 hours virtually
excludes mechanical obstruction (97).

Recent surgery or bowel manipulation can decrease bowel
motility, leading to ileus. Normally, small intestinal motility
returns within 24 hours after surgery, whereas gastric motility
returns after 48 hours and that of the colon after 3 to 5 days.
Various surgical factors are thought to account for differences
in length of postoperative ileus, such as vagotomy, degree of
intestinal manipulation, and presence of enterotomy, but these
have not been proven (98,99). Several investigators have shown
that activity of the left colon is key to recovery from postoper-
ative ileus (100,101).

Causes of ileus are often multifactorial. Laparotomy de-
creases the amplitude of MMCs; activation of the sympathetic
nervous system is likely a major factor. Similarly, inflamma-
tion plays an important role and may account for decreases
in postoperative ileus in laparoscopic, as compared to open,
surgeries (102). Epidural anesthesia may decrease the incidence
of ileus compared to conventional narcotic analgesia (103).
Sepsis, mesenteric ischemia, myocardial infarction, lower lobe
pneumonia, lower rib fractures, chronic mesenteric ischemia,
phenothiazines, calcium channel blockers (especially the nondi-
hydropyridines), hypokalemia, hypomagnesemia and hyper-
magnesemia, hyponatremia, hypercalcemia—please note that
because many ICU patients are hypoalbuminemic, an ionized
calcium value is crucial here—and thyroid disorders have all
been associated with intestinal ileus (104). Hypoalbuminemia
may lead to bowel edema, which may account for part of the
decreased motility seen in portal hypertension (105).
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Most patients can be managed conservatively by identify-
ing and treating/removing contributors to ileus. In patients with
marked distention, pain, or respiratory compromise, NG suc-
tioning should be initiated. In our practice, we recommend
physical therapy and turning or sitting patients upright every
shift. Some have advocated serial rectal exams, a brief trial of
a rectal tube, or gentle tap water or 1 to 2 Fleet enemas (al-
though, because these contain sodium phosphate, they should
not be used in hypernatremic, hyperphosphatemic patients)
to stimulate motility. Oral and stimulant laxatives should be
avoided, especially lactulose, which releases hydrogen gas that
can add to the problem, especially if mechanical obstruction
has not definitively been ruled out. Unfortunately, prokinetic
agents have so far been disappointing in the treatment of in-
testinal ileus. Metoclopramide is more potent in the foregut
than hindgut. Erythromycin, a more potent foregut agent, is
also active in the hindgut, but has not been shown to be ef-
fective in postoperative patients (106). The latter agent and
tegaserod may have roles in the medical patient with ileus.
Many agents are being tested in this exciting area of motility
research.

Chronic Int e st inal Pse ud o-ob st ruct ion

Although it would be quite rare to diagnose chronic intesti-
nal pseudo-obstruction in the ICU, for completeness, we will
review the presentation, pathophysiology, causes, and treat-
ments of this family of disorders. These rare motility disorders
are characterized by symptoms and signs of chronic nonme-
chanical intestinal obstruction. Many of these disorders can
affect the GI tract in several areas, causing megacolon, megae-
sophagus, megaduodenum, and so forth. The presence of small
bowel diverticula should prompt a search for one of these dis-
orders. Patients can present with steatorrhea from small bowel
overgrowth, alternating constipation and diarrhea depending
on recent antibiotic use, feculent vomiting and halitosis, gas-
troparesis, pseudoachalasia, or even GI hemorrhage.

Generally these disorders are characterized as either myo-
pathic or neuropathic, and can be congenital or acquired.

The visceral myopathies involve degeneration and fibrosis
of the muscularis propria, which can involve the smooth muscle
of the bowel (enlarged esophagus, megaduodenum, redundant
colon); iris (mydriasis); face (ptosis, ophthalmoplegia); bladder
(megacystitis); and uterus (uterine inertia). They can present at
any age, genetically or sporadically (107). Histology may show
absence of actin, degenerating myofibrils, and mitochondrial
abnormalities (108). Systemic disorders can cause visceral my-
opathy such as scleroderma and amyloidosis. Barium enema
may show lack of haustrations, unlike the neuropathic disor-
ders reviewed below. Antroduodenal manometery may show
low-amplitude or absent MMCs (109).

In contrast, the visceral neuropathies are degenerative dis-
orders of the myenteric plexus but can also be familial or
sporadic. Histologically, these disorders display degeneration
and/or inflammation of axons, dendrites, and absence of silver
staining, occasionally with viral inclusions of cytomegalovirus
(CMV) (110) or Epstein-Barr virus (EBV) (111). Other sys-
temic contributors to visceral neuropathy include myxedema,
Parkinson, narcotic bowel syndrome, late-stage Chagas dis-
ease, tumor or stroke of the medulla, acute encephalitis, and
paraneoplastic neuronal degeneration, often from occult small

cell carcinoma. This association is important to recognize be-
cause the time from diagnosis of extraintestinal primary small
cell tumor to death is less than 1 year (112). In contrast to
the myopathic disorders, the neuropathic disorders show un-
coordinated bursts of activity, and abnormal propagation and
configuration of MMCs (113). As in the myopathic disorders,
suction biopsy can sometimes be diagnostic, but often a full
thickness biopsy is required (113).

Treatment of visceral myopathy and neuropathy can be
medical with erythromycin (115) or low-dose octreotide, 50
µ g at bedtime, especially in scleroderma (114,115), nutritional
with addition of B12 and fat-soluble vitamins with or without
TPN, or surgical with resection of involved segments (116).

LARGE INTESTINE

Diarrhe a

Diarrhea is a common ICU problem. Although a comprehen-
sive approach to acute and chronic diarrhea is too expansive
for this chapter, several important ICU diagnoses need to be
ruled out, including Clostridium difficile toxemia, medication-
induced diarrhea, acute mesenteric ischemia, pseudodiarrhea,
and malabsorption.

The diagnosis of C. difficile infection is covered in depth
elsewhere in this text, but is important to mention because of
several common pitfalls. First, C. difficile can rarely be toxin
negative, even when the standard three samples are sent for
analysis, with colonoscopy serving as the gold standard (117).
Therefore, if clinical suspicion for C. difficile colitis or en-
teritis is high, antibiotic therapy and isolation should be ini-
tiated before toxin results come back, and should be contin-
ued until at least three samples are toxin negative—potentially
longer if GI consultation recommends. Second, care must be
taken in interpreting a single positive toxin, especially in the
patient at risk for antibiotic-associated non–C. difficile di-
arrhea. For example, 20% of patients have a false-positive
C. difficile toxin. These patients actually have medication-
related, antibiotic-associated diarrhea or simple colonization,
without signs of serious illness such as fever, abdominal pain,
leukocytosis, and acute hypoalbuminemia (118). Removing the
offending agent, often a macrolide, is the definitive manage-
ment of antibiotic-associated diarrhea and is also important
in C. difficile diarrhea. Recall that the diarrhea of C. difficile
is often hemoccult positive. For patients who must remain on
antibiotics, much controversy surrounds the use of probiotic
agents such as lactobacillus and Saccharomyces boulardii in
the prevention and treatment of antibiotic-associated diarrhea.
These agents are generally safe but are not FDA-regulated, and
there have been several case reports of S. cerevisiae fungemia
and lactobacillus bacteremia in immunocompromised patients
due to handling of central catheters after placing the medica-
tion in feeding tubes (119).

Other bacterial infectious enteritides are quite rare in the
patient who develops diarrhea. However, in the ICU patient
with diarrhea admitted from the emergency department (ED)
for other reasons, it is reasonable to test for the most common
causes of acute infectious bacterial enteritis, such as Campy-
lobacter, salmonella, shigella, and Escherichia coli 0157:H7.
Recall that these patients can appear toxic, and any of these
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enteroinvasive bacteria can present with hemolytic-uremic
syndrome or toxic megacolon. Campylobacter jejuni, as its
name implies, can present with jejunal thickening on CT re-
sembling mesenteric ischemia. Recall that a classic finding of
salmonellosis is fever without tachycardia, one of the rare in-
fections other than mycoplasma that give that presentation.

The diarrhea of acute mesenteric ischemia is important to
recognize. It is often heme positive and can appear maroon or
melenic. Sloughing of mucosa may be seen and, in addition to
sudden distention, may portend infarction. In the patient with
pain out of proportion to physical exam early in the course,
many signs are absent, and a high clinical suspicion must be
maintained. A rancid odor may be appreciated but can be sti-
fled by a rectal tube with balloon, only to be noticed when the
bag is changed. Patients may not appear toxic until late in the
course when bowel infarction, peritonitis, and lactic acidosis
occur. In our experience, patients at highest risk are vascular
surgery patients, those undergoing cardiopulmonary bypass,
patients with embolic risk whose anticoagulants are held for
bleeding, and severely hypotensive patients. Digoxin can de-
crease mesenteric flow in patients on multiple pressors (120).

Another common cause of diarrhea in ICU patients is
iatrogenic diarrhea, which is important to recognize. Oral
magnesium, selective serotonin reuptake inhibitors (SS-
RIs), proton pump inhibitors (PPIs), H 2 blockers, caffeine/
theophylline, antibiotics, nonsteroidal anti-inflammatory
agents (NSAIDS), colchicine, gastroparesis therapies, ur-
sodeoxycholic acid (URSO), senna/colace orders from the
patient’s time on the general ward, and Kayexalate are
common offenders. Some common surgical procedures that
cause diarrhea are cholecystectomy, partial pancreatectomy,
long bowel resections, partial ileal resections, and ileoanal
anastomoses. Diarrhea post cholecystectomy and after ileal
resections less than 100 cm in length can be treated with
cholestyramine, a bile salt binder three times daily (121). This
drug can bind and interfere with the absorption of most other
medications, so it must be given at least 1 to 2 hours after other
drugs. The rare patient with a less than 100-cm ileal resection
can develop bile salt depletion and malabsorption if given
cholestyramine, although this is common in ileal resections
greater than 100 cm. Pancreatic exocrine insufficiency is com-
mon after a Whipple procedure because many patients have
some degree of chronic pancreatitis prior to the operation.
Enteric-coated pancreatic enzyme supplementation, such as
with Creon or Ultrase-20, two tabs with meals, is curative.

Another cause of iatrogenic diarrhea is small bowel bacte-
rial overgrowth. In this case, anaerobic bacteria from the colon
reflux into the small bowel and prevent absorption of bile salts
and nutrients. This is the mechanism behind the diarrhea after
ileocecal valve resection. Occasionally, PPIs can cause over-
growth by suppressing the protective effect of stomach acid.
Because these bacteria produce folate, blood levels of this B
vitamin are often elevated. The D-xylose breath test is the
most convenient and sensitive substitute for endoscopic as-
piration and culture of duodenal contents (122). However,
both tests are inconvenient in ICU patients, and empirical ther-
apy with tetracycline, amoxicillin/clavulanate, trimethoprim/
sulfamethoxazole with metronidazole, or quinolones for
1 week is often effective.

Initiation of tube feeds—total enteral nutrition or TEN—
can cause diarrhea in the ICU. Patients with low oncotic pres-
sures, with hypotension and/or pressor requirements, and el-

evated lactic acid are most susceptible. If a patient is at less
than average risk for pulmonary aspiration, these feeds can be
diluted 50% to improve gastric emptying. In addition, high-
glucose containing products such as Ensure or Boost can be
exchanged for higher fat content such as Glucerna and vice
versa. In the hypoalbuminemic patient, TEN may have to be
withheld while total parental nutrition (TPN) temporarily re-
stores oncotic pressure. In the patient with new diarrhea after
percutaneous endoscopic gastric tube (PEG) placement, one
must be vigilant to rule out inadvertent placement through the
colon. If this tube is inserted through the transverse colon, in
critically ill patients on broad-spectrum antibiotics, the pres-
ence of unaltered tube feeds in the stool may be the only sign.
The diagnosis of a colonic perforation during PEG requires a
CT scan with PEG-instilled contrast, as a kidney, ureters, and
bladder (KUB) will show some free air even in normal post-
PEG patients. In the patient with new tube feeds and diarrhea,
the ICU clinician may need to rule out jejunal ischemia, as
there have been several case reports (123). If, in fact, tube feed
diarrhea is idiopathic, a possible treatment is adding soluble
partly hydrolyzed guar as a source of fiber. In one random-
ized controlled trial in mechanically ventilated and septic pa-
tients, guar significantly reduced—from 32% to 9% —the per-
centage of tube feed–induced diarrhea (124). The only enteral
formula with fiber is Jevity, but even this may not be suffi-
cient. Elemental or semielemental formulas such as Peptimen
may be easier to absorb, especially in ICU patients, but are
expensive.

Pseudodiarrhea is important to rule out. Spinal cord pa-
tients, diabetic patients, patients with neuropathies/strokes/
anticonvulsant therapy, patients with prior episiotomy or
prostate surgery, and sedated patients may have baseline low
anal sphincter pressure. They may be unable to sense the urge
to defecate. If the stool is looser because of tube feeds or antibi-
otic therapy, the critical care team may start an exhaustive and
expensive search for all the causes of diarrhea when a simple
rectal exam may be suggestive (125). Treatment is outpatient
biofeedback and pelvic floor muscle strengthening.

Hirschsp rung Dise ase

A prototypic, but rare, disorder of constipation is congenital
aganglionosis of the colon, also known as congenital mega-
colon. Although it would be rare to diagnose a patient in
the ICU, save for the pediatric ICU (PICU), the physiology
of Hirschsprung disease is worthy of a brief discussion and
illustrates several broadly applicable motility principles.

Hirschsprung disease results from failure of the neural crest
cells to migrate into and from the myenteric plexus in a con-
tiguous region of the left colon. Patients present with severe
constipation without palpable stool in the rectal vault, with-
out fecal soiling, but with a narrowed, diseased colon segment
and a more proximally dilated, but normal, colonic segment.

Patients suspected of having Hirschsprung disease should
undergo anorectal manometry in the gastrointestinal labora-
tory, an impossibility in most ICU patients. Lack of compen-
satory rectal relaxation to distention of the rectal balloon is sug-
gestive. These patients should undergo colonic suction biopsy,
which can sometimes reach the muscularis propria and rule
out visceral neuropathy, myopathy, and amyloidosis. However,
lack of myenteric plexus neurons on endoscopic suction biopsy
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does not entirely prove Hirschsprung disease, and often a la-
paroscopic full thickness biopsy is required (126).

The lack of nitric oxide–containing neurons, which prevent
rectal relaxation, may be the principal mechanism of disease.
Chagas disease can even result in a Hirschsprunglike presenta-
tion in adults even in the United States (127). Some have found
that 70% of adults with acute megacolon may have some his-
tologic features of congenital neurologic disease (128).

Co lonic Ine rt ia

Probably the most common cause of refractory constipation in
adults is colonic inertia due to generalized decreased colonic
motility. A subset of patients may present with obstipation,
evidence of colonic dilation, and even respiratory compro-
mise from diaphragmatic impingement. In patients without
a prior radiograph, it may be difficult to rule out acute pro-
cesses such as megacolon. Patients may have a long history of
chronic stimulant laxative use. However, much controversy ex-
ists over whether this is in fact the cause or the result of colonic
inertia.

Less controversial causes include opiates, dehydration/
diuretics, calcium channel blockers, clonidine, hypothyroid-
ism, electrolyte imbalance (see ileus section), and immobility.
For diagnosis, ambulatory patients can swallow a capsule filled
with radio-opaque beads (also known as Sitz markers) and be
followed with daily radiographs of the abdomen (KUBs) (129).
Markers that are evenly distributed throughout the colon—
more than 5 out of 20 at 4 days—are diagnostic of colonic in-
ertia, whereas those that “pile up” can indicate obstruction or
pelvic floor dyssynergia.

Ruling out C. difficile in the patient presenting with con-
stipation, bloating, and colonic distention, sometimes with
hemoglobin-positive rectal exams as well, is essential. In im-
munocompromised patients, CMV can present similarly. Al-
though colonic amebiasis would be a rare cause of this pre-
sentation (130), the southeastern United States has a higher
prevalence than the rest of the nation, especially among in-
dividuals at high risk such as travelers to endemic areas and
homosexual men. Other causes of infectious colitis can rarely
cause toxic megacolon but are in the differential diagnosis.

Treatment is aimed at removing offending agents and gently
stimulating bowel movements with tap water or Fleets enemas
(see section on ileus). Most acute presentations can be treated
with manual disimpaction. Rarely would a patient benefit from
emergency colonoscopy, unless manual disimpaction and ene-
mas have failed, and colonic dilation proximal to the impaction
exceeds 10 cm in the cecum. Prokinetics and oral or stimulant
laxatives should not be used until the impaction has been re-
moved. After relief, patients should be maintained on a chronic,
safe bowel regimen to prevent impaction, such as once-daily
Miralax, or, in patients with normal renal function, with milk
of magnesia or magnesium citrate, 1 to 2 teaspoons daily.

Og ilvie Synd rome

One of the most important motility associated diseases is
acute colonic pseudo-obstruction. When this condition coin-
cides with recent orthopedic, trauma, gynecologic, or other
surgery, it is classically known as Ogilvie syndrome. This is im-

FIGURE 158.3. Ogilvie syndrome. This 95-year-old veteran presented
with distention, obstipation, and self-elicited tympany. Note extremely
dilated loops of colon. Note hip hardware, a common comorbidity.
(Courtesy of Veterans Administration Hospital, Gainesville, Florida.)

portant to distinguish from simple small bowel ileus or from
acute colonic obstruction from stool impaction, and so forth,
which require different management.

Typical Ogilvie patients present on initiation of diet sev-
eral days after surgery with acute or subacute colonic dila-
tion, distention, often with lack of gas passage, sometimes with
nausea, vomiting, or respiratory compromise due to diaphrag-
matic compression. Generally, not much stool and no transition
point is seen (Fig. 158.3). Massive dilation can occur and may
lead to perforation, especially when cecal diameter approaches
11 to 12 cm. The cecum is most susceptible to baro-induced
ischemia and perforation, as it is the thinnest walled area of the
colon. Laplace’s law states that transmural pressure is highest
across the thinnest portion of a wall. Once pressure inside the
cecum exceeds that of the superior mesenteric vein, ischemia
can occur (131). Predisposing factors to Ogilvie syndrome in-
clude colonic inertia, age, immobility, electrolyte imbalance, or
neurologic conditions, such as strokes or parkinsonism with
dysautonomia.

If the colon is dangerously dilated, the patient should un-
dergo nasogastric tube suctioning, conversion to nothing-by-
mouth status, perhaps with total parenteral nutrition, and gen-
tle stimulation with serial rectal exams and enemas. In some
patients, a carefully placed rectal tube can release some of the
gas buildup if the dilation extends to the rectum. As in the case
of fecal impaction, lactulose, which produces more gas, and
other oral laxatives should be avoided. The gold standard in
management for many years was an emergency water-soluble
contrast enema in the radiology suite. The hyperosmolarity
of the enema often induces evacuation and at the same time
rules out obstruction. The waning of expertise in this tech-
nique, as well as the widespread and emergency availability
of colonoscopy, has resulted in a shift in this paradigm. Care-
ful colonoscopy without oral bowel lavage and with minimal
insufflation can decompress a severely dilated colon, but is as-
sociated with a 1% or higher risk of perforation in this setting.
Placement of a decompression tube has a debatable effect on
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recurrence (132). Therefore, since 1999, some proponents have
advocated pharmacologic management with erythromycin
(133), cisapride (134)—a mixed procholinergic and 5HT4 ag-
onist no longer available in the United States, and neostigmine,
a potent acetylcholinesterase blocker that has many of the side
effects, albeit much more temporary, of acute nerve gas poi-
soning. Therefore, patients receiving neostigmine in our insti-
tution must be at the intermediate care unit (IMC) or higher
level of care, with atropine instantly available. We do not
use neostigmine in actively wheezing patients, those on oxy-
gen for chronic obstructive pulmonary disease (COPD), pa-
tients with coronary artery disease, or those at higher-than-
average risk of bradycardia and asystole, such as those on
several atrioventricular (AV) nodal-blocking agents such as
amiodarone or a calcium channel blocker with a beta-blocker.
We typically notify cardiology or the critical care team of im-
pending neostigmine use and ask patients to sign a consent
form. The standard dose is 2.5 mg IV slow infusion over 1 to
3 minutes. An effect is generally seen within 2 to 20 minutes.
The response can be dramatic, with massive evacuation of stool
and gas and instant relief. The dose may be repeated 2 to 3 times
very carefully. A prospective trial showed a 91% response rate
compared to 0% with placebo (135). Nevertheless, many pa-
tients may have improved on more aggressive nonneostigmine
medical therapy (136).

In the presence of peritonitis, leukocytosis, fever, or a ce-
cal diameter of greater than 12 cm, surgery may be necessary,
which, if ischemia is present, usually includes right hemicolec-
tomy, ileostomy, and mucous fistula formation.

Sig moid Volvulus

Similar principals can be applied to the management of sig-
moid volvulus, the “medical” volvulus; many patients are el-
derly with a history of chronic constipation and other comor-
bid diseases (137). In one series, up to 13% were in chronic
institutions. Most present with distension and obstipation, but
about 30% report pain. Significant tenderness on exam may
portend ischemia and peritonitis. Radiographically, a sigmoid
volvulus may appear as a markedly dilated, ahaustral, sigmoid
colon, with paucity of gas in the rectum. The dilated sigmoid
loop may extend into the right upper quadrant, assuming a C or
bent inner tube shape (Fig. 158.4). In nontoxic patients without
signs of peritonitis, emergent sigmoidoscopy is the procedure
of choice, using minimal air insufflation, and is successful 60%
of the time (139). Once the transition point is passed, a visi-
ble untwisting can be seen, associated with massive passage of
stool and gas. Our practice is to do a colonoscopy, or at least
reach the transverse colon whenever possible, to look for an
underlying stricturing lesion. However, because of poor prepa-
ration, emergency sigmoidoscopy cannot rule out small areas
of ischemic mucosa and may delay definitive surgery in some
patients. Careful placement of a rectal tube may decrease re-
currence, which is quite high, on the order of 50% . Therefore,
after emergent sigmoidoscopy, our practice is to continue to
cleanse the bowel with enemas and, if tolerated, with gentle
oral lavage to permit more accurate exam of the colon at the
time of recurrence. Overall mortality of sigmoid volvulus is 8%
(140), mostly due to the 20% of patients with ischemia who
have a mortality rate of 80% in an older study (138), but a
more recently reported rate is 25% (137).

FIGURE 158.4. Sigmoid volvulus. KUB showing a dilated loop of sig-
moid displaced to the periumbilical region with the appearance of a C
or bent inner tube. Note fecal material in descending colon. KUB, kid-
ney, ureters, and bladder. (Courtesy of Veterans Administration Hos-
pital, Gainesville, Florida.)

SUMMARY
The ICU is home to many motility disorders. Some universal
principles of diagnosis include ruling out emergencies such as
impending colonic perforation, intestinal ischemia, food im-
paction, and so forth. In managing these disorders, some basic
principles apply: (a) in the “slow disorders” such as gastropare-
sis, ileus, constipation, Ogilvie’s etc., correct electrolytes, rule
out occult thyroid disease, keep glucose less than 150 mg/dL,
minimize tubes and drains—especially in the upper GI tract,
and remove offending agents (Table 158.2) such as calcium
channel blockers, central alpha 2 antagonists, and pure mu-
opiates; (b) in the “fast disorders,” such as diarrhea, avoid
magnesium-containing medications, SSRIs, PPIs, and unneces-
sary antibiotics. In patients that fail TEN, consider motility
as a cause. Consider guar for diarrhea and changing fat and
sugar content for distention. Rule out hypoalbuminemia and
lactic acidosis. In colonic distention, distinguish among fecal
impaction (perhaps from chronic inertia) versus Ogilvie versus
sigmoid volvulus. Basic management is the same: (i) use clin-
ical assessment to rule out impending infarction; (ii) rule out
cecal diameter greater than 10 cm; (iii) apply gentle enemas
and rectal tube if the patient is nontoxic; (iv) consider pro-
motility agents only in Ogilvie (the only case in which neostig-
mine is used) or decompressed volvulus or disimpacted colonic
inertia.
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TA BLE 1 5 8 . 2

FACTORS AFFECTING MOTILITY

Decelerate Accelerate

Luminal Contents Fat
High level of simple sugars
Hyperosmolar
Hypo-osmolar
Solids

Normal saline
Fat (in colon)
High level of simple sugar (in colon)
Hyperosmolar (in colon)
Liquids

Drugs Opiates
Calcium channel blockers
Alpha-2 blockers
Anticholinergics
High-dose octreotide

(50–200 µ g SQ tida)

Opiate antagonists
Procholinergics
Motility drugs (see text)
Low-dose octreotide (small bowel

only, 50 µ g SQ at hour of sleep)

Metabolic Factors Hypothyroidism
Hypercalcemia
Hypokalemia
Hypomagnesemia
Hyponatremia
Hyperglycemia (greater than

150 mg/dL)
Acidosis
Uremia
Hypoalbuminemia

Hyperthyroidism
Hypoalbuminemia (if receiving

enteral feeds) (colon and small
bowel)

aUnless malabsorption is induced via inhibition of bile salt release into lumen.

PEARLS

Mot ilit y Disord e rs of t he Esop hag us

■ Oropharyngeal disorders predispose to aspiration and may
be due to stroke, medications, and neurodegenerative or stri-
ated muscle disorders. Obtain rehab barium swallow and
speech pathology consults early.

■ Do not insert a Dobbhoff or NGT into a patient with a distal
esophageal hypomotility disorder until epiphrenic divertic-
ula have been ruled out by barium swallow.

■ A wide mediastinum may be GI in origin.
■ The mucosa of the esophagus is almost never affected by

ischemia.
■ Be aware of the disorders and drugs that affect LES pressure,

as these may contribute to aspiration.
■ NGT and Dobbhoff tubes lower LES and predispose to as-

piration and esophagitis.
■ During cardiac arrest, remember the importance of the LES

and maneuvers to decrease gastric ventilation.
■ Patients with connective tissue disease, especially those with

esophageal dysmotility, are more vulnerable than the aver-
age patient to esophageal damage and aspiration.

■ A food impaction must be removed immediately by endo-
scopy. Many are due to motility disturbances.

Mot ilit y Disord e rs of t he St omach

■ Remember the stomach is the origin of the MMC in 80% of
patients.

■ Gastroparesis can predispose to aspiration of nosocomial
Gram-negative bacteria and TEN intolerance.

■ Secondary causes of gastroparesis, as in most motility disor-
ders, include hyperglycemia, hypothyroidism, hypokalemia,
hypercalcemia, uremia, high progesterone states, portal hy-
pertension, connective tissue disease, right-sided CHF, and
hypoalbuminemia.

■ Treat by keeping blood glucose level less than 150 mg/dL,
correcting electrolytes, avoiding precipitants such as opiates,
calcium channel blockers, and clonidine.

■ If possible, use propoxyphene and/or tramadol for pain con-
trol in gastroparetics and other patients with slow motility
disorders.

■ Erythromycin is the mainstay: start low at 100 mg liquid
30 minutes before meals or IV 10 minutes before meals,
titrating to 200 four times daily if QT c is acceptable. Watch
for P450 inhibitors and long QT c interactions.

■ Some patients may benefit from azithromycin, which does
not prolong the QT c, instead of erythromycin.

■ Any drug that stimulates gastric emptying can cause diar-
rhea.

■ Gastroparesis is worsened by high salt, sugar, fat, and fiber
content. Thus, in outpatients, where aspiration is not a risk,
tube feeds can be diluted 50% with water.

■ In contrast, patients with dumping benefit from low-
carbohydrate, high-fat, high-fiber diets.

Mot ilit y Disord e rs of t he Small Bowe l

■ Recognize why some patients on pressors fail enteral nutri-
tion.
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■ In the management of ileus:
 Correct electrolytes.
 Increase patient mobility.
 Use gentle enemas but not oral-stimulant laxatives or lac-

tulose.
 Avoid calcium channel blockers, clonidine, anticholiner-

gics, and opiates.
 Consider oral opiate antagonists, prokinetics, and epidu-

ral anesthesia in patients at high risk for postop ileus.
■ Rule out small cell carcinoma in susceptible patients with

new and unexplained constipation, gastroparesis, small or
large bowel dysmotility.

Mot ilit y Disord e rs of t he Larg e Int e st ine

■ Common causes of diarrhea include magnesium salts, SSRIs,
PPIs, antibiotics, TEN.

■ In TEN diarrhea, consider changing or diluting formula if
aspiration is not likely. Also rule out jejunal ischemia and
misplaced PEG, and consider adding guar-based fiber.

■ Be able to distinguish false-positive C. difficile toxin in
antibiotic-associated diarrhea from patients with C. difficile
disease and false-negative toxin.

■ Distinguish Ogilvie syndrome from sigmoid volvulus and
from fecal impaction with megacolon.

■ The initial approach to nontoxic Ogilvie and sigmoid volvu-
lus patients is rectal tube placement, gentle enemas, correc-
tion of electrolytes, serial KUBs, and removal of antimotility
agents such as narcotics, anticholinergics, and calcium chan-
nel blockers.

■ Ogilvie patients can also be started on erythromycin if QT c
interval is acceptable.

■ If the patient fails to improve or if cecal diameter rises to
about 10 cm or enough to cause respiratory insufficiency,
urgent sigmoid or colonoscopy is required.

■ Toxic patients should go the operating room (OR) or un-
dergo cecostomy in the case of Ogilvie. Gastrografin enema
in the radiology suite and IV neostigmine are other options,
the cecostomy, only if the patient is not wheezing, brady-
cardic, and does not have coronary artery disease, or is in
an IMC or higher level of care with atropine and resuscita-
tion equipment for asystole easily available.
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CHAPTER 159 ■ MESENTERIC ISCHEMIA
THOMAS S. HUBER

Mesenteric ischemia is a generic term that implies inadequate
blood flow to the intestines. It is relevant from a clinical
standpoint as two separate disease processes: acute mesen-
teric ischemia (AMI) and chronic mesenteric ischemia (CMI).
Although the underlying process is similar (i.e., inadequate in-
testinal blood flow), the clinical presentation, diagnostic con-
cerns, and treatment algorithms are different. CMI is almost
exclusively related to visceral artery occlusive disease from
atherosclerosis and is relevant to intensive care physicians
primarily because of the multiple organ dysfunction that oc-
curs after revascularization. AMI results from a broad spec-
trum of underlying conditions including arterial emboli, in
situ thrombosis in the setting of visceral arterial occlusive dis-
ease, mesenteric venous thrombosis, nonocclusive mesenteric
ischemia (NOMI), and acute aortic dissections. AMI is rele-
vant to intensivists not only because of the early postoperative

concerns, but also because it can occur in critically ill patients
with other active problems (e.g., post coronary artery bypass,
acute pancreatitis). A thorough understanding of both clinical
entities is essential for all intensive care physicians. The under-
lying pathophysiology and treatment of CMI will be discussed
first to provide a foundation for addressing AMI. Although not
traditionally considered AMI, isolated colon ischemia will also
be discussed for completeness.

CHRONIC MESENTERIC ISCHEMIA

Pat hop hysio log y

The underlying pathophysiology of CMI is the inability to
achieve postprandial hyperemic intestinal blood flow. Intestinal
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FIGURE 159.1. A diagram of the collateral pathways for the mesenteric vessels is shown. The celiac axis
and superior mesenteric arteries communicate through the superior and inferior pancreaticoduodenal
arteries, respectively. The superior and inferior mesenteric arteries communicate through the meandering
artery and the marginal artery of Drummond with the meandering artery serving as the dominant collateral.
The inferior mesenteric artery communicates with the internal iliac artery through the hemorrhoidal
vessels. (From Zelenock GB. Visceral occlusive disease. In Greenfield LJ, ed. Surgery: Scientific Principles
and Practice. Philadelphia, PA: Lippincott Williams & Wilkins; 2001:1691, with permission.)

blood flow in the normal fasting state is fairly modest but in-
creases markedly postprandially with the magnitude contin-
gent on the size and composition of the meal. Most of the
hyperemic changes occur in the pancreas and small bowel and
peak within 30 to 60 minutes after eating (1,2). In the presence
of significant arterial occlusive disease, this postprandial hyper-
emia is not possible and patients develop ischemic pain similar
to angina pectoris appropriately termed mesenteric angina.

The normal visceral circulation is fairly redundant and has
a rich collateral network (Fig. 159.1). The celiac axis commu-
nicates with the superior mesenteric artery through the supe-
rior and inferior pancreaticoduodenal arteries. The superior
mesenteric artery communicates with the inferior mesenteric
artery via the meandering mesenteric artery that runs within
the proximal mesentery. This collateral has multiple eponyms,
but should be differentiated from the less significant collat-

eral known, the marginal artery of Drummond, located in the
distal mesentery. Last, the inferior mesenteric artery communi-
cates with the internal iliac artery via the superior and middle
hemorrhoidal arteries. The symptoms of mesenteric ischemia
usually do not occur unless two of the three visceral vessels
(i.e., celiac axis, superior mesenteric artery, inferior mesenteric
artery) are significantly diseased because of this rich collateral
network. However, symptoms may occur with isolated disease
in the superior mesenteric artery in the absence of adequate
collaterals (3).

The overwhelming majority of visceral artery stenoses are
due to atherosclerosis. Various other causes have been reported
including neurofibromatosis, fibromuscular disease, rheuma-
toid disorders, aortic dissection, radiation, Buerger disease,
and certain drugs, although these are collectively less common.
Symptomatic visceral artery occlusive disease (i.e., CMI) is
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relatively rare despite the prevalence of visceral artery stenoses.
Indeed, a hemodynamically significant visceral artery stenosis
(> 50% diameter reduction) has been reported in up to 27% of
patients with peripheral arterial occlusive disease undergoing
arteriography (4) and in up to 5 to 10% of unselected patients
at autopsy (5). The atherosclerotic process usually involves just
the origin of the visceral vessels. Patients with occlusive disease
in the celiac axis and superior mesenteric artery frequently have
renal artery lesions (and vice versa). The risk factors for vis-
ceral artery atherosclerosis are the same as those for the other
vascular beds.

Clinical Pre se nt at ion and Diag nosis

The appearance and presentation of patients with CMI is fairly
characteristic. Most patients are cachectic, elderly women with
strong smoking histories. Indeed, CMI is one of the few car-
diovascular problems more common in women with a reported
ratio of approximately 3:1 (6). The mean age ( ± SD) of patients
undergoing repair in a recent national series was 66 ± 11 al-
though the disease process is not exclusive to the elderly and
is frequently found in patients in their fourth and fifth decades
of life (6).

Abdominal pain is usually the presenting symptom. It ini-
tially occurs postprandially but may progress to a persistent
nature in the latter stages of the disease process. Unfortunately,
the pain has no specific characteristics. As a result of the pain,
patients develop a fear of food and avoid eating. The net re-
sult is a predictable weight loss with a mean of 20 to 30 lb in
several recent clinical series (7–9). It should be noted that the
cause of the weight loss is poor nutrition rather than an ab-
normality of intestinal absorption. Patients may develop nau-
sea/vomiting, constipation, or diarrhea. Indeed, AMI is a fairly
strong cathartic, and motility symptoms rather than pain may
be the predominate symptom. Patients with CMI frequently
have evidence of systemic vascular disease although there are
no characteristic physical findings.

The diagnosis of CMI requires the appropriate clinical his-
tory and the presence of significant visceral artery occlusive
disease. The diagnostic approach is a stepwise one with con-
sideration of the more common problems first. Although the
appearance and clinical presentation of patients with CMI is
fairly characteristic, the differential diagnosis of patients with
abdominal pain and weight loss is extensive and includes gas-
trointestinal malignancy first and foremost. Indeed, CMI is usu-
ally not even considered by most primary care providers, and
this is reflected by the fact that the mean duration from presen-
tation to diagnosis exceeds a calendar year and 2.8 diagnos-
tic tests (10). The initial diagnostic workup for patients with
abdominal pain and weight loss should include esophagogas-
troduodenoscopy, colonoscopy, abdominal ultrasound, and an
abdominal/pelvic computed tomography (CT) scan. Notably,
gastric ulcers are relatively common in patients with CMI and
likely result from ischemia (11). A surprising number of pa-
tients are subjected to cholecystectomy as part of their workup
before the definitive diagnosis of CMI is made.

Mesenteric duplex scan is an excellent screening tool for
visceral artery stenosis with reported sensitivity and specificity
rates of approximately 80% (12). However, it is technically
challenging, operator dependent, and not available in all cen-
ters. Various criteria have been proposed to grade the severity of

stenoses based on the systolic/diastolic velocities or frequency
shifts (12,13). The various criteria are probably equivalent as
far as their accuracy in grading the degree of stenosis. How-
ever, it is imperative that they be validated at each institution
by comparison with the institutional gold standard (i.e., CT
arteriogram, contrast arteriogram). Various provocative tests
have been proposed to unmask clinically significant visceral
artery stenoses, although their utility is unclear and they have
not achieved widespread use (14,15).

CT arteriography has largely replaced catheter-based con-
trast arteriography as the diagnostic study of choice for patients
with CMI (Fig. 159.2) and is usually sufficient to plan open sur-
gical revascularization (16–18). CT arteriography is safe, non-
invasive, and almost universally available. It is very good for
identifying occlusive disease in the superior mesenteric artery
and celiac axis. Furthermore, it is useful for identifying the
presence of collateral vessels between the visceral vessels (i.e.,
celiac axis, superior mesenteric, inferior mesenteric) and/or the
internal iliac arteries that suggest hemodynamically significant
stenoses. Additionally, it is very good for evaluating other intra-
abdominal processes.

Catheter-based contrast arteriography is very useful for
evaluating the visceral circulation and has traditionally been
used as the definitive diagnostic test for CMI (Fig. 159.3A).
The major advantage of contrast arteriography over CT arte-
riography is that therapeutic interventions can be performed
at the time of the diagnostic procedure. However, it is an in-
vasive procedure with a small but finite complication rate. A
lateral arteriogram is mandatory as part of the examination
to accurately assess the origins of the celiac axis and supe-
rior mesenteric artery due to their anterior/posterior orien-
tation. The significant findings on arteriogram include ostial
stenoses of the celiac axis and superior mesenteric artery, the
presence of visceral collaterals, and the presence of central aor-
tic atherosclerotic disease. A small percentage of patients with
CMI may have visceral artery aneurysms, presumably from in-
creased flow through the collateral vessels.

Magnetic resonance (MR) arteriography has been used as
a diagnostic study for patients with CMI and offers many of
the advantages of CT arteriography (19,20). However, it is not
as universally available as CT arteriography. Furthermore, it
is not practical and may be contraindicated for many patients
including those in the intensive care unit. Last, MR arteriogra-
phy tends to overestimate the degree of stenosis in the visceral
vessels.

Tre at me nt St rat e g ie s

All patients with CMI require treatment. The natural history
of the untreated disease process is death either from inanition
or bowel infarction. The theoretical treatment options include
medical management with total parenteral nutrition or revascu-
larization by either endovascular or open surgical techniques.
The role of long-term parenteral nutrition is very limited given
its complexity, expense, and complications, particularly those
associated with the infusion catheters. Additionally, patients
with CMI may not be able to metabolize the parenteral nu-
trition. Endovascular treatment (angioplasty with or without
stenting) has emerged as the initial revascularization option for
most patients with CMI but should be viewed as an alternative
to the open surgical approach (21–27). Endovascular treatment
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A B

FIGURE 159.2. Two CT arteriograms are shown in a patient with chronic mesenteric ischemia (CMI)
and an occluded celiac axis and superior mesenteric artery. A: The origin of the superior mesenteric artery
is shown with the arrow . There is no contrast within the lumen of the vessel at this cross section. B: The
superior mesenteric artery is shown with the arrow in this cross section that is 10 mm caudal to the first
image. The artery is patent at this level as reflected by the contrast within the lumen.

has consistently been shown to have a lower mortality rate, a
lower complication rate, and shorter hospital length of stay
when compared to open surgical revascularization. However,
the patency rates for the endovascular approach are lower. No-
tably, this has not been associated with a decrease in survival,
and vessel thrombosis and/or recurrent stenosis has not neces-
sarily resulted in AMI. The endovascular approach can serve
as an excellent bridge to open surgical revascularization for de-
bilitated patients who are poor initial candidates for a major
surgical procedure. The recent development of lower-profile
(i.e., smaller-diameter) angioplasty balloon/stent systems has

further extended the applications of the endovascular approach
(25), and reasonable short-term results have been reported for
patients with even occluded (versus stenotic) vessels (23).

End ovascular Re vascularizat ion
The preoperative evaluation prior to endovascular treatment is
essentially the same for all catheter-based contrast arteriogra-
phy. Patients with a contrast allergy should be treated with an
appropriate steroid preparation. Patients with elevated serum
creatinine levels (serum creatinine 1.5–2.0 mg/dL) should

A B

FIGURE 159.3. A lateral aortogram of a patient
with chronic mesenteric ischemia (CMI) is shown.
A: There is a moderate stenosis in the proximal
superior mesenteric artery as shown with the ar-
row . B: No residual stenosis is seen in the superior
mesenteric artery after placement of an intralumi-
nal stent.
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receive gentle hydration and acetylcysteine, although admit-
tedly their benefits are somewhat unsubstantiated.

Percutaneous access can be obtained through either the
femoral or brachial arteries although the latter is favored for
therapeutic procedures given the vector forces associated with
the catheters/sheaths. A flush aortogram is performed in both
the anteroposterior and lateral projections. Since most lesions
in the superior mesenteric artery and celiac axis are orificial
and located in the proximal 2 cm, selective catheterization is
not usually necessary unless a distal lesion is suspected or the
extent of the lesion cannot be determined. A > 50% diameter
reduction of the superior mesenteric artery is usually consid-
ered clinically significant regardless of whether or not the celiac
axis is involved. In contrast, the diagnosis of CMI should be
questioned in the presence of an isolated celiac axis stenosis.
Symptomatic stenoses can be treated at the time of the diag-
nostic arteriogram (Fig. 159.3B). The orificial stenoses in the
mesenteric vessels are refractory to angioplasty alone, and pri-
mary stenting is recommended. Balloon angioplasty with se-
lective stenting is reserved for midsegment lesions. Balloon-
expandable stents (vs. self-expanding stents) are preferred for
the orificial stenoses due to their superior radial forces and
controlled deployment mechanism.

The postoperative care after mesenteric angioplasty/stenting
is comparable to that for other peripheral endovascular proce-
dures. Patients are admitted to the general care hospital ward
for overnight observation and started on clopidogrel. Most
patients notice a marked improvement of their postprandial
symptoms shortly after the procedure. A fasting mesenteric
duplex ultrasound scan is obtained on the morning after the
procedure to serve as a baseline. Elevated velocities are oc-
casionally noted in the duplex scan despite a technically sat-
isfactory arteriographic result and complete resolution of the
preoperative symptoms. The explanation for these abnormal
duplex findings is unclear although we have elected to follow
the patient’s clinical course in this setting and only repeat the
arteriogram and/or intervention if there is a significant change.
A repeat duplex examination is performed at 1 month and as-
pirin (325 mg/day) is substituted for the clopidogrel at that
time. The subsequent follow-up with serial duplex examina-
tion is comparable to that outlined for open revascularization.

Op e n Surg ical Re vascularizat ion
The preoperative workup for patients undergoing open mesen-
teric revascularization is comparable to that for other major
vascular surgical procedures and includes optimization of all
organ systems. Multiple algorithms have been developed to
reduce the cardiac risk for vascular surgical patients under-
going noncardiac procedures (28) although their utility is un-
clear given the results of several recent publications (29,30).
Regardless of the specific preoperative cardiac evaluation, all
patients should likely be on aspirin, a beta-blocker (if not con-
traindicated), and a cholesterol-lowering agent (preferably a
statin/HMG Co-A reductase inhibitor) (31). A CT or contrast
arteriogram is mandatory to both confirm the diagnosis and
plan the operative procedure. There is no clear-cut role for
extended preoperative parenteral alimentation to replete the
nutritional stores, and, indeed, it may actually be detrimental.

Various open surgical procedures have been reported al-
though the antegrade aortoceliac/superior mesenteric artery
bypass (159.4) and the retrograde aortosuperior mesenteric

FIGURE 159.4. The completed antegrade bypass from the supraceliac
aorta to both the celiac axis and the superior mesenteric artery is
shown. (From Huber TS, Lee WA. Revascularization for chronic
mesenteric ischemia. In: Zelenock GB, Huber TS, Messina LM, et al.,
eds. Mastery of Vascular and Endovascular Surgery. Philadelphia, PA:
Lippincott Williams & Wilkins; 2006:301, with permission.)

artery bypass (Fig. 159.5) are the most common. Unfortu-
nately, the relative infrequency of the problem has prevented
the requisite randomized controlled trials. The advantages of
the antegrade aortoceliac/superior mesenteric bypass are that
both visceral vessels are revascularized and that the supraceliac
aorta (the origin of the bypass) is usually free of atherosclerotic
occlusive disease. The major disadvantage is the complexity of
the procedure. In contrast, retrograde aortosuperior mesen-
teric artery bypass is relatively straightforward, although only
a single vessel is revascularized and the graft is prone to kinking
given its obligatory retrograde course that traverses both cau-
dal to cephalad and posterior to anterior. The optimal choice
for a specific patient is contingent on his or her comorbidities
with the retrograde bypass generally reserved for patients who
will not tolerate the more complex antegrade procedure.

The immediate postoperative care for patients undergoing
revascularization for CMI is frequently complicated by the de-
velopment of multiple organ dysfunction and is distinctly dif-
ferent from that associated with most other abdominal vas-
cular surgical procedures such as aortobifemoral bypass for
aortoiliac occlusive disease. This propensity to develop mul-
tiple organ dysfunction likely accounts for the prolonged in-
tensive care and total hospital length of stays and is one of
the leading causes of death in the postoperative period (32).
The responsible mechanism for this multiple organ dysfunc-
tion is likely the visceral ischemia and reperfusion phenomenon
inherent to the revascularization. This process has been re-
ported to induce a complex response involving several in-
terrelated inflammatory mediators that have the potential to
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FIGURE 159.5. The completed retrograde bypass from the termi-
nal aorta/proximal right common iliac artery to the superior mesen-
teric artery bypass is shown. (From Huber TS, Lee WA. Revascu-
larization for chronic mesenteric ischemia. In Zelenock GB, Huber
TS, Messina LM, et al., eds. Mastery of Vascular and Endovascular
Surgery. Philadelphia, PA: Lippincott Williams & Wilkins; 2006:301,
with permission.)

cause both local and distant organ injury (33). In a detailed
study, Harward et al. (32) characterized the individual or-
gan system dysfunction after revascularization for both AMI
and CMI. They reported that the serum hepatic transami-
nases (i.e., serum glutamic-oxaloacetic transaminase [SGOT],
serum glutamic-pyruvic transaminase [SGPT]) increased 90- to
100-fold immediately postoperatively and did not normalize
for 7 to 10 days, the platelet counts fell below 40,000 per
microliter within 12 to 24 hours and remained abnormal for
the first 3 to 6 days, and the prothrombin (PT) and partial
thromboplastin (PTT) times became elevated and stayed ele-
vated also for 3 to 6 days. Perhaps most notably, they reported
that the overwhelming majority of patients developed a sig-
nificant pulmonary injury characterized by an elevated mean
shunt fraction and a radiographic picture of the acute respira-
tory distress syndrome that manifested between 1 to 3 days and
persisted for 5 to 8 days. Jimenez et al. (7) documented a 64%
incidence of multiple organ dysfunction and a 53% incidence
of prolonged mechanical ventilation after antegrade revascu-
larization for CMI and further corroborated the findings by
Harward et al. (32).

The optimal management strategy for patients in the early
postoperative period after mesenteric revascularization is to
simply support the individual organ systems until the dys-
function resolves. Admittedly, not all patients develop organ
dysfunction, but the incidence is quite high and somewhat un-
predictable. The optimal ventilator management remains un-
resolved. We have usually extubated patients in the early post-
operative period when they satisfy the various weaning criteria

and have been reluctant to maintain them on mechanical venti-
lation in anticipation that they may develop a lung injury. How-
ever, it is not infrequent that they need to be reintubated and
started back on mechanical ventilation. The thrombocytope-
nia and coagulopathy are usually managed expectantly with
platelet and/or plasma transfusions reserved for severely de-
pressed platelet counts and/or any clinical evidence of bleeding.
Notably, the report by Harward et al. (32) suggested that the in-
herent coagulopathy after mesenteric revascularization was not
responsive to vitamin K. Patients should be maintained on total
parenteral nutrition throughout the postoperative period un-
til their bowel function returns. This is particularly important
given the fact that most patients are severely compromised from
a nutritional standpoint. Unfortunately, patients may have a
prolonged ileus after revascularization and parenteral nutrition
is required for some time. The bypass should be interrogated
prior to discharge to confirm the technical adequacy of the re-
construction. Essentially the same imaging studies used to make
the diagnosis are options. Our preference is mesenteric duplex
although examination in the early postoperative period is fre-
quently compromised by the persistent ileus and the presence
of bowel gas. Patients with acute changes in their clinical status
should also undergo visceral imaging to confirm that their by-
pass is patent. It can be difficult to differentiate multiple organ
dysfunction that is a sequelae of the ischemia and reperfusion
injury from AMI secondary to graft thrombosis. Serum lactate
levels may be helpful in this setting.

All patients who undergo revascularization for CMI require
long-term follow-up. Patients are usually seen frequently in the
early postoperative period until all their active issues resolve
and then every 6 months thereafter with a mesenteric duplex
to confirm graft patency and to identify any graft or anasto-
motic related problems. Objective assessment of graft patency
is critical and significantly better than the return of symptoms
that has been used as a surrogate marker (34). All abnormalities
on duplex imaging merit further investigation with additional
imaging and/or intervention.

Diarrhea is a common complaint after revascularization for
CMI and can persist for several months. It is more common
in patients with preoperative diarrhea and can be so severe
that it necessitates total parenteral nutrition. Notably, Jimenez
et al. (7) reported that 33% of the patients in their series expe-
rienced significant postoperative diarrhea and that it persisted
greater than 6 months in 24% . Furthermore, Kihara et al. (35)
reported that patients had almost two stools/day (1.9 ± 0.4)
after revascularization for CMI. The cause of the diarrhea is
unclear but may be related to intestinal atrophy, bacterial over-
growth, or disruption of the mesenteric neuroplexus.

Out come

The outcome after mesenteric revascularization for CMI is
quite good. The perioperative mortality rate after open surgi-
cal revascularization is < 15% (6–8,10,34–39) whereas that for
the endovascular treatment is < 5% (9,21–24,26,27,40–49).
The corresponding complication rates are approximately 30%
and 15% for the open and endovascular treatments, respec-
tively. The initial technical success rate for the endovascular
treatment is approximately 90% . The objectively documented
5-year patency rates after open revascularization are approx-
imately 75% ; patency rates after endovascular treatment are
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not as well described, but likely fall short of those reported
for the open treatment. The 5-year survival after either treat-
ment is approximately 75% , and most patients return to their
presymptoms weight.

PEARLS
■ The underlying pathophysiology of CMI is the inability to

achieve postprandial hyperemic intestinal blood flow.
■ The symptoms of mesenteric ischemia usually do not oc-

cur unless two of the three visceral vessels are significantly
diseased because of the rich collateral network.

■ Patients presenting with abdominal pain and weight loss
should initially undergo an evaluation to rule out a gastroin-
testinal malignancy.

■ CT arteriography has largely replaced catheter-based con-
trast arteriography as the diagnostic study of choice for pa-
tients with CMI.

■ Endovascular treatment has emerged as the initial revascu-
larization option for most patients with CMI, but should be
viewed as an alternative to open surgical revascularization.

■ The immediate postoperative care for patients undergoing
revascularization for CMI is frequently complicated by the
development of multiple organ dysfunction.

■ The optimal management strategy for patients in the early
postoperative period after mesenteric revascularization is to
support the individual organ systems until the dysfunction
resolves.

ACUTE MESENTERIC ISCHEMIA
Acute mesenteric ischemia (AMI) is the end point for several
distinct disease processes. Mesenteric emboli and in situ throm-
bosis are the most common among these and account for ap-
proximately 50% and 25% of the cases, respectively (50,51).
Nonocclusive mesenteric ischemia (NOMI, 20% ), mesenteric
venous thrombosis (5% ), and aortic dissections account for
the balance (50,51). The underlying pathophysiology of AMI
is that the impaired intestinal perfusion leads to mucosal com-
promise. This results in the release of the intracellular contents
and the influx of substances (including bacteria) from the lumen
of the bowel. This can lead to the activation of the systemic in-
flammatory response, resulting in both local and distant organ
dysfunction (e.g., lung injury). If the impaired perfusion per-
sists, bowel infarction with perforation and peritonitis ensues.
The immediate clinical concerns for patients with AMI are to
reverse the underlying clinical condition and prevent bowel in-
farction. The clinical presentation, diagnostic approach, and
treatment for the various causes of AMI are similar, but there
are distinct differences that mandate individual consideration.
AMI from an embolus will be discussed in depth given the fact
that it is the most common cause, and the respective differ-
ences will be highlighted for the other causes. Fortunately, the
underlying cause can usually be determined from the history
and clinical setting. Not surprisingly, the morbidity and mor-
tality associated with AMI are significant. The optimal therapy
requires prompt diagnosis and definitive treatment although
this is often difficult given the susceptible patient population
and common clinical scenarios. Indeed, AMI may be either the
cause or the effect of the patient’s critical illness.

Emb olus

Pat hop hysiolog y
The emboli responsible for AMI usually lodge in the superior
mesenteric artery and originate from the heart. The intracardiac
thrombus is related to either atrial fibrillation, an acute myocar-
dial infarction, or a ventricular aneurysm. Patients frequently
have prior embolic events from the same source although they
are not necessarily limited to the superior mesenteric artery
(e.g., common femoral artery bifurcation presenting with acute
lower extremity ischemia). Notably, the material that consti-
tutes these macroemboli is actually quite large as might be
predicted from the size of the arteries involved. This is in con-
tradistinction to the micron-sized atheroembolic particles that
commonly cause blue toes after invasive arteriographic proce-
dures (i.e., artery–artery emboli). The extent of bowel ischemia
and/or infarction after an embolus to the superior mesenteric
artery is contingent on the extent of the collateral circulation,
the pattern of the arterial occlusion, and the duration of the
ischemia. In this setting, the bowel progresses from ischemia to
infarction in a time-dependent fashion although it may remain
viable for 6–12 hours. Acute embolic occlusion of the superior
mesenteric usually results in ischemia/infarction of the bowel
from the proximal jejunum to the transverse colon. The duode-
num and descending colon are usually spared because they are
supplied by branches of the celiac axis and inferior mesenteric
artery, respectively.

Clinical Pre se nt at ion and Diag nosis
The diagnosis of AMI from an embolus (or other causes of
AMI) may be difficult. The differential list of diagnoses includes
all the more common causes of acute abdominal pain. The
diagnosis is confounded by the fact that the patients are often
critically ill, and thus, their history/physical examination may
not be reliable. Diagnosis requires a high index of suspicion
and an aggressive approach since delays in diagnosis adversely
affect outcome. This requires an appreciation of the types of
patients and clinical scenarios in which AMI occurs including
post myocardial infarction, end-stage renal disease (52), and
post coronary artery bypass grafting (53–55).

Patients with AMI from an embolus usually present with
diffuse abdominal pain. The classic description of the pain sec-
ondary to AMI is pain out of proportion to the physical findings
although this scenario is not always present. Unfortunately, the
pain is neither specific nor localized to a particular abdominal
quadrant. Peritoneal signs can be present, but they usually oc-
cur late in the process and suggest bowel perforation. Patients
often experience nausea/vomiting and/or diarrhea, but again
these are fairly nonspecific complaints. Notably, AMI is a po-
tent cathartic. Similar to the physical examination, the routine
chemistry and hematologic laboratory studies are usually non-
specific and insensitive. Patients frequently have mild abnor-
malities of their laboratory values including an elevated white
blood count, a decreased platelet count, an elevated hemat-
ocrit, and a mildly elevated amylase level. The hemodynamic
status of the patients at the time of presentation ranges from
normovolemia to profound hypovolemic shock with acidosis
and is contingent on the status of the bowel and the duration
of symptoms.

Various diagnostic studies are available to help make the
diagnosis of AMI secondary to an embolus. Plain abdominal
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radiographs have been used traditionally for patients with
acute abdominal pain and can be helpful to demonstrate free
air from an intestinal perforation or identify other causes of
abdominal pain. However, patients with AMI frequently have
either normal plain radiographs or demonstrate nonspecific
findings (e.g., ileus). CT arteriography with 1- to 2-mm cuts
has emerged as the diagnostic study of choice for patients with
AMI secondary to an embolus (56–58). Notably, the study
is performed using only intravenous contrast since both oral
and rectal contrast potentially interfere with the arteriogram
itself. Both stenoses and occlusions in the visceral vessels are
well demonstrated on CT arteriography. In patients with AMI
secondary to an embolus, a meniscus sign can often be seen
in the mid/distal superior mesenteric artery. The images ob-
tained using the CT arteriogram protocol are also excellent for
the nonvascular structures. The significant nonvascular find-
ings of AMI include bowel wall thickening, bowel wall gas,
bowel/solid organ infarction, and hepatic/portal venous gas. In-
deed, Paran et al. (57) reported that most patients with portal/
mesenteric venous gas had mesenteric ischemia and that the as-
sociated mortality rate was 86% . Mesenteric duplex, although
an excellent screening test for CMI, is not usually helpful in
patients with AMI because abdominal distention/gas precludes
the accurate interrogation of the visceral vessels.

Standard contrast arteriography can be used as an alterna-
tive to CT arteriography, and indeed, has been the traditional
imaging study for the visceral vessels in the setting of AMI from
an embolus or in situ thrombosis. Similar to studies in patients
with CMI, it can potentially serve as both a diagnostic test and
therapeutic modality since an intervention can be performed
at the same time. The major disadvantages are the obligatory
time required to obtain the procedure and the small, but finite,
complications associated with the contrast agent and vessel
cannulation. Given the new treatment algorithms with vascu-
lar surgeons assuming the traditional roles of the interventional
radiologists, it is conceivable that the diagnostic contrast arte-
riogram could be performed in an operating room with a fixed
imaging unit. The definitive operative procedure could be per-
formed at the same setting if the arteriogram confirmed the
diagnosis.

Laparoscopy offers an additional diagnostic modality for
patients with AMI (59,60). It can be used to assess the via-
bility of the bowel and confirm the diagnosis. Furthermore,
it can be performed in the intensive care unit with sedation
and, therefore, is feasible for unstable patients with a sus-
pected intra-abdominal process. Notably, the authors of the
evidence-based guidelines from the European Association for
Endoscopic Surgery concluded that laparoscopy had an unclear
or limited role in the setting of AMI (61). However, they did
state that it may be indicated if the routine diagnostic studies
are inconclusive. Laparotomy remains the definitive diagnos-
tic test for patients with AMI. However, the diagnostic studies
outlined above are usually sufficient.

Tre at me nt St rat e g ie s
Patients should be taken emergently to the operating room for
definitive treatment once the diagnosis of AMI from an embo-
lus is made. An extensive preoperative evaluation is unneces-
sary and potentially harmful in light of the narrow window for
salvaging the bowel. There is essentially no role for medical
management alone in this setting. Patients should be systemi-
cally anticoagulated with heparin to prevent further clot devel-

opment and started on broad-spectrum antibiotics against en-
teric organisms. Importantly, patients with AMI are frequently
hypovolemic and should be volume resuscitated prior to the
induction of anesthesia. This can be performed fairly expedi-
tiously and should not delay transfer to the operating room.

Both midline and transverse abdominal incisions provide
adequate exposure to the visceral vessels, and the choice is
contingent on surgeon preference. The diagnosis of AMI from
an embolus is usually confirmed by the distribution of the
ischemic/infarcted bowel that extends from the proximal je-
junum to the transverse colon. However, the diagnosis should
be further substantiated by interrogating the visceral vessels
with continuous wave Doppler. The embolus may be ex-
tracted from the superior mesenteric artery using a Fogarty
thromboembolectomy catheter. Although there are several ap-
proaches to the superior mesenteric artery, the easiest approach
is to incise the base of the transverse mesocolon after retract-
ing the transverse colon itself cephalad. The arteriotomy in the
superior mesenteric artery may be performed either longitu-
dinally or horizontally. Although the longitudinal arteriotomy
needs to be closed with a vein patch to prevent narrowing its
lumen, it is the preferred approach because it affords greater
flexibility in case a bypass procedure is necessary.

The management of the bowel for patients with AMI merits
further comment. All of the bowel that is obviously dead should
be resected, and intestinal anastomoses should be avoided in
favor of proximal and distal stomas. This mandates a sec-
ond procedure to restore bowel continuity, but it allows the
bowel (i.e., mucosa of the stoma) to be examined at the bed-
side during the postoperative period. Furthermore, it avoids
using ischemic or borderline ischemic tissues for the anastomo-
sis. Bowel that is ischemic though not frankly necrotic should
be revascularized and then re-examined before any final de-
cision about resection. A conservative approach is justified in
this setting because many of the borderline areas will remain
viable after revascularization. Admittedly, the differentiation
between viable and nonviable bowel is difficult. Various com-
plicated modalities have been described to help differentiate
viable from nonviable bowel in this setting although they have
not been universally adopted. Simple adjuncts include visual
inspection for peristalsis, use of continuous wave Doppler to
detect arterial signals within the mesentery, and intravenous flu-
orescein in combination with a Wood lamp. Notably, approxi-
mately 100 to 150 cm of small bowel is necessary for nutritional
absorption.

A decision to perform a second-look operation to reassess
the viability of the bowel should be made at the time of the ini-
tial procedure. This is routinely performed 24 to 48 hours after
the first procedure, a time usually sufficient for the marginal
bowel to declare itself. A recent retrospective review has ques-
tioned the role of the second-look operation and reported that
survival was actually greater in those patients in whom it was
not performed (62). Admittedly, there was a tremendous se-
lection bias in this review and the authors conceded that the
experience of the surgeon is likely the key factor regarding the
decision to perform a second look. A “damage control” opera-
tion may be justified in a small subset of unstable patients with
AMI as suggested by Freeman and Graham (63). This includes
emergent laparotomy, resection of obviously dead bowel, and
creation of proximal/distal stomas, leaving the abdomen open
and deferring the definitive vascular/gastrointestinal procedure
until later.
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Despite its definitive role for patients with CMI, there is
likely little role for endovascular therapies in patients with AMI
secondary to an embolus. The obligatory time for endovascu-
lar treatment, including chemical lysis, is too long given the
threatened bowel and the potential to progress from ischemic
bowel to infarcted bowel. Furthermore, it does not allow direct
assessment of the bowel, and the chemical lysis may cause in-
testinal bleeding from mucosal sloughing. A recent systematic
review of the literature examining the role of thrombolysis for
acute superior mesenteric artery occlusion found insufficient
evidence to support the practice despite a few case reports (64–
70).

The postoperative course after embolectomy for AMI is sim-
ilar to that after revascularization for CMI although the inci-
dence of postoperative complications and multiple organ dys-
function are greater. As noted above, revascularization may
cause an ischemia/reperfusion injury that affects both local
and distant organ systems. Accordingly, patients are at risk
for developing an abdominal compartment syndrome. Blad-
der pressures can be measured, and the abdomen closure can
be dissembled as necessary. Patients should be continued on
broad-spectrum antibiotics throughout the early postoperative
period. Furthermore, they need to be anticoagulated long term
due to the potential for recurrent emboli.

Out come
The mortality rate for patients with AMI is approximately
70% , and this rate has changed very little over the past several
decades (51,68,71,72). Unfortunately, most of the case series
tend to encompass all of the causes rather than a specific one
(e.g., embolus). A recent systematic review by Schoots et al.
(68) reported that the mortality rates for AMI from mesenteric
venous thrombosis were better than those for arterial prob-
lems and that the mortality rates for mesenteric emboli were
better than those for in situ thromboses. The aggregate mor-
tality rates in their study by cause are listed: mesenteric venous
thrombosis, 32% ; embolus, 54% ; NOMI, 74% ; in situ throm-
bosis, 77% . Several predictable factors have been associated
with mortality in the various case series including patient age,
time to definitive surgery, shock, acidosis, leukocytosis, cardiac
status, and coagulopathy (71,73,74). Most deaths in a recent
report were due to multiple organ failure (75).

In Sit u Thromb osis

Patients with visceral artery occlusive disease may also present
with AMI secondary to in situ thrombosis. The presentation
is superimposed on the symptoms of CMI in more than 50%
of the patients (76) and can usually be differentiated from the
other causes of AMI by the history and clinical setting. How-
ever, it is important to emphasize that patients may present
with AMI as the initial symptom of their visceral occlusive dis-
ease. The clinical presentation, diagnostic approach, and im-
mediate postoperative care of patients with AMI secondary to
in situ thrombosis is similar to that outlined above for emboli
although the operative approach is somewhat different.

Patients with AMI secondary to in situ thrombosis require
a mesenteric bypass. Although antegrade aortoceliac/superior
mesenteric artery bypass is probably the optimal bypass for
CMI, retrograde bypass from the infrarenal aorta or common
iliac artery is likely the optimal procedure for AMI (Fig. 159.5).

The objectives and treatment are somewhat different in the
acute setting (i.e., AMI vs. CMI). The main objective is to re-
store blood flow to the ischemic vascular bed as safely and
expeditiously as possible. This usually requires only bypass to
the superior mesenteric artery. Patients with isolated celiac axis
stenosis rarely develop AMI because the collateral blood flow
to the foregut is so good and the liver may be sustained on
portal blood flow alone. Prosthetic conduits are relatively con-
traindicated in the setting of bowel infarction and/or perfora-
tion due to the potential for postoperative graft infection. Au-
togenous conduits with either saphenous or superficial femoral
vein are suitable although the latter may be more durable.

The role of endovascular treatment for patients with AMI
secondary to in situ thrombosis is likely limited for the rea-
sons noted above for AMI secondary to an embolus. Wyers
et al. (77) have reported a small case series using novel hy-
brid open/endovascular approach in which a stent is placed
retrograde through the superior mesenteric artery at the time
of laparotomy. This approach allows assessment of the bowel
and is potentially less morbid than the more traditional open
revascularization.

Occasionally patients will undergo bowel resection for in-
farction by a nonvascular surgeon, and the diagnosis of mesen-
teric ischemia will be missed both preoperatively and intraoper-
atively. It is important to emphasize that infarction of the bowel
is not a spontaneous event, but rather an end-stage complica-
tion of another disease process; it is imperative that the cause
of all bowel infarctions be established in an attempt to pre-
vent recurrences. An appropriate imaging study (i.e., CT arte-
riogram, contrast arteriogram) should be obtained in the early
postoperative period, and the necessary treatment including
anticoagulation and revascularization implemented in a timely
fashion.

Nonocclusive Me se nt e ric Ische mia

Pat hop hysiolog y
Nonocclusive mesenteric ischemia (NOMI) represents an ab-
normal or paradoxical mesenteric vasoconstriction character-
ized by the loss of autoregulation. Shock or circulatory stress
normally causes mesenteric vasoconstriction in an attempt to
maintain cerebral and/or cardiac perfusion. The mesenteric
vasoconstriction ordinarily resolves when the underlying cir-
culatory disorders are corrected; persistent vasoconstriction re-
sults in NOMI. There are multiple potential causes for NOMI
including cardiogenic shock, sepsis, burn injury, trauma, pan-
creatitis, digitals, vasopressors, and renal failure (78–83). In-
deed, almost any underlying condition that can precipitate
shock or circulatory stress may precipitate NOMI.

Clinical Pre se nt at ion and Diag nosis
Similar to the other causes of AMI, the diagnosis of NOMI re-
quires a high index of suspicion and the proper clinical setting.
Patients may develop abdominal pain, although the physical
examination is frequently unreliable due to the other active
medical issues and altered sensorium. Laboratory abnormali-
ties are common including acidosis, leukocytosis, elevated lac-
tate levels, and hyperamylasemia, but these are all relatively
nonspecific markers of the underlying shock state. Contrast
arteriography has traditionally been the diagnostic study of
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choice and is also potentially therapeutic. The significant find-
ings on arteriogram for patients with NOMI include segmen-
tal stenosis/narrowing of the superior mesenteric artery in a
string-of-beads appearance. Furthermore, there is narrowing
of the branches of the superior mesenteric artery at their ori-
gins, spasm of the mesenteric arcades, and impaired filling of
the intramural branches. The contrast arteriogram can also
be helpful to rule out the other potential causes of AMI. The
published experience with CT arteriography in the setting of
NOMI is limited, although it likely affords the same advantages
as contrast arteriography with fewer risks.

Tre at me nt St rat e g ie s
The initial treatment of patients with NOMI is nonoperative
and directed at correcting the underlying condition that pre-
cipitated the circulatory stress. Specifically, patients should be
resuscitated in an attempt to improve their cardiac output and
systemic perfusion. All vasoactive drugs should be stopped (if
possible), and patients should be started on broad-spectrum
antibiotics directed against enteric organisms. Furthermore,
patients should be systemically anticoagulated unless con-
traindicated. Despite these efforts, the characteristic mesen-
teric vasoconstriction may persist. Continuous intra-arterial
papaverine, administered through an infusion catheter placed
into the superior mesenteric artery, may reverse the vasocon-
striction (84,85). A 45-mg test dose of papaverine (i.e., short-
acting calcium channel blocker) should be given over 15 min-
utes, and a continuous infusion of 30 to 60 mg/hour should be
started if no adverse reactions are encountered. Serial mesen-
teric arteriograms should be performed to monitor the response
to the papaverine with the first performed 1 hour after initi-
ating therapy. The intra-arterial infusion may be continued up
to 24 hours. It should be noted that the infusion will reverse
the mesenteric vasoconstriction only if the underlying hemody-
namic instability is corrected. Operative treatment of NOMI
should be reserved only for the clinical scenario when bowel
infarction is suspected.

Me se nt e ric Ve nous Thromb osis

Pat hop hysio log y
Mesenteric venous thrombosis may also result in AMI and is
considered in this section for completeness. However, the asso-
ciated degree of bowel ischemia is usually less than with arterial
occlusion from either an embolus or in situ thrombosis. The
pathophysiology is similar to venous thrombosis in other vas-
cular beds and may be explained in terms of the Virchow clas-
sic triad of stasis, intimal injury, and hypercoagulable states.
Mesenteric venous thrombosis results in edema in the bowel
and mesentery with significant third-space fluid losses. This
may result in bloody ascites and, indeed, a bloody tap at the
time of paracentesis may be diagnostic. Progression to bowel
infarction is contingent on the magnitude of the clot load and
its distribution. Clot localized to the portal or superior mesen-
teric vein does not usually lead to bowel infarction because of
the collateral channels whereas clot in the peripheral mesenteric
veins is more likely to do so. The natural history of untreated
mesenteric venous thrombosis is poor and almost universally
progresses from bowel infarction to perforation and death.

Mesenteric venous thrombosis may result from abnormali-
ties in any of the components of the Virchow triad (i.e., stasis,
intimal injury, hypercoagulable state). Stasis may result from
congestive heart failure or portal hypertension whereas intimal
injury may result from general anesthesia or any number of
intra-abdominal infectious processes. A hypercoagulable state
is perhaps the strongest of the contributory factors and has
been identified in up to 90% of patients with mesenteric ve-
nous thrombosis (86).

Clinical Pre se nt at ion and Diag nosis
Patients with mesenteric venous thrombosis usually present
with vague, mild abdominal pain. The pain is usually insidi-
ous in onset and frequently present for some time before the
patients seek medical attention. Furthermore, the pain is not
usually localized to any specific quadrant. Physical examina-
tion is notable only for mild, diffuse abdominal pain. Peritoneal
signs suggest bowel infarction, but are found only later in the
disease process. An abdominal CT scan is the diagnostic study
of choice (87,88). The significant findings include bowel edema
and thrombus within the mesenteric veins with inflammation of
the vessel wall (Fig. 159.6). Plain abdominal radiographs may
suggest abdominal wall edema and are helpful to rule out other
causes of the abdominal pain. Standard catheter-based contrast
arteriography may be helpful but is inferior to CT. The arte-
riographic findings that suggest mesenteric venous thrombosis
include arterial spasm with a prolonged arterial phase, opaci-
fication of the bowel wall, extravasations of the contrast into
the bowel lumen, and visualization of the venous thrombus.

Tre at me nt St rat e g ie s
The primary treatment of patients with mesenteric venous
thrombosis is anticoagulation. Patients should be aggressively
anticoagulated with heparin when the diagnosis is made and

 

FIGURE 159.6. A CT scan of a patient with mesenteric venous throm-
bosis is shown. Note the thrombus in the superior mesenteric vein at
its confluence with the splenic vein as shown with the arrow .
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should be maintained on long-term oral anticoagulation. Sim-
ilar to patients with massive iliofemoral deep venous throm-
bosis, it may be difficult to achieve effective anticoagulation
initially using the standard dosing schedules for heparin (i.e.,
80 units/kg bolus, 18 units/kg per hour drip), presumably sec-
ondary to the clot burden. Larger doses of heparin may be re-
quired, and the adequacy of heparinization (e.g., partial throm-
boplastin time) may need to be monitored more frequently.
Although the required dosage of heparin may be unsettling,
the potential clot propagation and its associated complications
likely exceed any increased risk from bleeding. A hypercoagula-
ble workup for the standard hematologic abnormalities should
be performed prior to initiation of anticoagulation. However,
long-term anticoagulation should be continued even in the ab-
sence of an identifiable hypercoagulable state since it is likely
that many of these patients have some type of hypercoagula-
ble disorder even though it may not be characterized on initial
screening. Additionally, patients frequently require fluid resus-
citation at the time of diagnosis due to the significant third-
space losses from the bowel edema.

Exploratory laparotomy should be reserved for cases in
which bowel infarction is suspected. The intraoperative find-
ings include edematous/rubbery bowel, bloody ascites, and
thrombus within the mesentery. A wide resection of the bowel
should be performed in the presence of infarction. Primary en-
teric anastomosis is probably safe if the margins of resection
are free of thrombus within the mesentery. Proximal and distal
stomas are advisable if the viability of the bowel at the margins
of resection is questionable. Patients are at risk for additional
or ongoing thrombosis with the most common site being the
margins of the resection and/or the anastomosis. Mechanical
thrombectomy is not advocated at the time of laparotomy be-
cause of the extensive clot burden.

Endovascular treatment including chemical lysis likely has
a limited role for patients with mesenteric venous thrombosis
despite several case reports (89–91). Similar to the concerns
with mechanical thrombectomy, the clot burden is very signif-
icant and usually extends from the small peripheral collaterals
in the mesentery to the portal and mesenteric veins.

Out come
As noted above, the mortality rate (approximately 30% ) for
mesenteric venous thrombosis is significantly less than for the
arterial causes of AMI (68). Death has been associated with
portal vein thrombosis, systemic venous thromboembolism,
and obesity. The increased mortality rate associated with ve-
nous thromboembolism underscores the importance of early,
adequate anticoagulation.

Aort ic Disse ct ion

Patients with acute aortic dissection can present with visceral
malperfusion and AMI. The management of acute aortic dis-
sections is beyond the scope of this chapter, but the topic is
included to emphasize the importance of evaluating the sta-
tus of the visceral vessels in all patients presenting with acute
dissections. The presence of visceral malperfusion significantly
increases the mortality rate (92,93). Various endovascular ap-
proaches have been used to treat the visceral malperfusion in
this setting (94,95). Endovascular revascularization is proba-

bly superior to the open approach provided the patients are
candidates from an anatomic and technical standpoint.

Pro t ocols and Alg orit hms

See Fig. 159.7.

PEARLS
■ The impaired intestinal perfusion associated with AMI leads

to mucosal compromise that can lead to the activation of
the systemic inflammatory and bowel infarction with perfo-
ration.

■ The immediate clinical concerns for patients with AMI are to
reverse the underlying clinical condition and prevent bowel
infarction.

■ The cause of AMI (i.e., embolus, in situ thrombosis, NOMI,
mesenteric venous thrombosis, dissection) can usually be de-
termined from the history and clinical setting.

■ The emboli responsible for AMI usually lodge in the superior
mesenteric artery and originate from the heart as a result
of atrial fibrillation, an acute myocardial infarction, or a
ventricular aneurysm.

■ In patients with in situ thrombosis, the presentation of AMI
is superimposed on the symptoms of CMI in more than 50%
of the patients.

■ NOMI represents an abnormal or paradoxical mesenteric
vasoconstriction characterized by the loss of autoregulation.

■ Mesenteric venous thrombosis is associated with a high in-
cidence of hypercoagulable states and merits long-term anti-
coagulation even in the absence of an identifiable condition.

■ CT arteriography with 1- to 2-mm cuts has emerged as the
diagnostic study of choice for patients with AMI.

■ Patients with AMI from an embolus or in situ thrombosis
require emergent operative treatment.

■ Operative treatment for patients with NOMI and mesen-
teric venous thrombosis is reserved for cases in which bowel
infarction is suspected.

COLON ISCHEMIA
Isolated colon ischemia can occur after both open and endovas-
cular aneurysm repair. Furthermore, it can develop as a compli-
cation of hemodynamic shock, similar to NOMI. Ischemic col-
itis has been reported to occur in approximately 2% to 13% of
open aneurysm repairs (96). The reported incidence depends on
the diagnostic algorithm and modality (routine sigmoidoscopy
vs. selective sigmoidoscopy) and is dramatically increased af-
ter ruptured aneurysm repair. Indeed, the incidence of colonic
ischemia after ruptured aneurysm repair in patients undergo-
ing routine colonoscopy is approximately 25 to 40% (96,97).
The sigmoid colon is affected most frequently, although all the
sections of the colon may be involved. The ischemia may result
from inadequate resuscitation, disruption of collaterals, and/or
failure to revascularize a hemodynamically significant inferior
mesenteric artery. Interestingly, routine reimplantation of the
inferior mesenteric artery at the time of aortic reconstruction
does not prevent colon ischemia (98). The ischemic colitis asso-
ciated with endovascular aneurysm repair is more commonly
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Clinical Presentation 
Acute abdominal pain 

Differential Diagnosis/Clinical Setting 
Arrhythmia/myocardial infarction – embolus 

CMI – in situ thrombosis 
Shock/vasopressors – NOMI 

Prolonged/vague symptoms – mesenteric venous thrombosis 
Aortic dissection – visceral malperfusion 

Diagnostic Study 
CT arteriogram 

(Contrast arteriogram)

Embolus NOMIIn Situ Thrombosis DissectionVenous 
Thrombosis 

Treatment 
Emergent open revascularization

Bowel resection for infarction 

Treatment 
Medical management 

(NOMI – consider intra-
arterial vasodilator; 

venous thrombosis – 
long-term 

anticoagulation) 

Treatment 
Emergent endovascular 

revascularization

Treatment 
Laparotomy for bowel infarction

FIGURE 159.7. A flow diagram for the evaluation
of patients with acute mesenteric ischemia (AMI) is
shown. Although patients frequently present with
abdominal pain, their sensorium may be altered.
The diagnosis should be considered in the critical
care setting when patients decompensate acutely.
The differential diagnosis should be framed within
the appropriate clinical setting. A computed to-
mography (CT) arteriogram is the diagnostic test
of choice although a contrast arteriogram can be
used. The CT findings are fairly characteristic for
each of the diagnoses. Emergent, open revascular-
ization is required in the setting of an embolus and
in situ thrombosis; the bowel should be resected
as necessary for ischemia/infarction. Preoperative
evaluation should include broad-spectrum antibi-
otics, anticoagulation, and resuscitation. Medical
management alone is usually adequate for patients
with nonocclusive mesenteric ischemia (NOMI)
and mesenteric venous thrombosis. Intra-arterial
vasodilation may be required for persistent vaso-
constriction in patients with NOMI. Lifetime an-
ticoagulation is required for mesenteric venous
thrombosis. Emergent endovascular revasculariza-
tion is required for patients with acute aortic dis-
sections and visceral malperfusion. Exploratory la-
parotomy and bowel resection should be reserved
in patients with NOMI, mesenteric venous throm-
bosis, and aortic dissections for presumed bowel
infarction. CMI, chronic mesenteric ischemia.

related to atheroembolism than acute internal iliac artery occlu-
sion as might be suspected. The prognosis for ischemic colitis
after endovascular aneurysm repair is worse than that for open
repair (99).

Patients with ischemic colitis usually present with bloody
diarrhea in contrast to patients with AMI who usually present
with abdominal pain. In the most common scenario, patients
develop bloody diarrhea on the first or second postoperative
day after aortic reconstruction. However, the diagnosis should
be considered after aortic reconstruction in the absence of
bloody diarrhea in patients with thrombocytopenia, multiple-
organ dysfunction, increasing abdominal pain/peritonitis, and
generalized failure to thrive. The diagnosis may be confirmed
by endoscopy. Although sigmoidoscopy is used most fre-
quently, a complete colonoscopy is likely optimal due to the
potential involvement of the other colon segments.

Treatment depends on the endoscopic findings and clinical
setting. The endoscopic findings range from mucosal ischemia
to transmural necrosis. Unfortunately, it is often difficult to
differentiate diffuse mucosal ischemia from transmural necro-
sis. Patients with mucosal ischemia alone should be treated
with bowel rest, broad-spectrum antibiotics, total parenteral
nutrition, and serial endoscopic examinations. Many of these

lesions resolve spontaneously without long-term sequelae al-
though colonic strictures may develop in a small subset of pa-
tients. Patients with transmural colonic necrosis should un-
dergo laparotomy with resection of the involved segment, a
proximal diverting colostomy, and a distal Hartmann pouch.

The reported mortality rate in patients with transmural
colon necrosis after aortic reconstruction is approximately
85% (96). Maintaining antegrade flow through the internal il-
iac vessels, routinely implanting the inferior mesenteric artery,
and preserving the colonic collateral circulation may reduce or
prevent this adverse outcome.
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CHAPTER 160 ■ ACUTE RENAL FAILURE
SEAN M. BAGSHAW r RINALDO BELLOMO

Acute renal failure (ARF) remains a major diagnostic and ther-
apeutic challenge for the critical care physician. The term,
acute renal failure, describes a syndrome characterized by a
rapid—that is, hours to days—decrease in the kidney’s ability
to eliminate waste products. Such loss of function is clinically
manifested by the accumulation of end products of nitrogen
metabolism such as urea and creatinine. Other typical clinical
manifestations include decreased urine output (although this is
not always present), accumulation of nonvolatile acids, and an
increased concentration of potassium and phosphate.

DEFINITION AND CLASSIFICATION
OF ACUTE RENAL FAILURE

Depending on the criteria used to define its presence, ARF has
been reported in 5% to 25% of critically ill patients (1–5).
Recently, a consensus definition and classification for ARF has
been developed and validated in hospitalized and critically ill
patients (6–8). This definition, which goes by the acronym of
RIFLE, divides renal dysfunction into the categories of risk,
injury, and failure (Fig. 160.1) and is likely to be the dominant
approach to defining ARF in the intensive care unit (ICU) for
the next 5 to 10 years. Using this classification, the incidence
of at least some degree of renal dysfunction has been reported
as high as 67% in a recent study of more than 5,000 critically
ill patients (8). The development of renal dysfunction with a
maximum RIFLE category failure has been reported in up to
28% of critically ill patients and is associated with an increased
risk of in-hospital death by severalfold (7,8).

ASSESSMENT OF RENAL
FUNCTION

Renal function is complex, involving acid-base balance, water
balance, tonicity control, regulation of calcium and phosphate,
erythropoiesis, disposal of some cytokines, lactate removal,
and so forth. In the clinical context, however, monitoring of
renal function is reduced to the indirect assessment of glomeru-
lar filtration rate (GFR) by the measurement of serum creati-
nine and urea. These waste products are insensitive markers
of GFR and are heavily modified by numerous factors such as
age, gender, muscle mass, nutritional status, the use of steroids,
the presence of gastrointestinal blood, or muscle injury. Fur-
thermore, they generally start becoming abnormal only when
GFR is reduced by more than 50% , they fail to reflect dynamic
changes in GFR, and can be grossly modified by aggressive fluid

resuscitation. The use of creatinine clearance via a 2- or 4-hour
urine collection or of calculated clearance by means of formu-
lae might increase the accuracy of GFR estimation but rarely
changes clinical management. The use of more sophisticated
radionuclide-based tests is cumbersome in the ICU and useful
only for research purposes.

Urine output is another commonly measured parameter of
renal function and is often more sensitive to changes in re-
nal hemodynamics than biochemical markers of solute clear-
ance. However, urine output alone is of limited value; pa-
tients are capable of developing severe ARF—as detected
by a markedly elevated serum creatinine—while maintaining
normal urine output—so-called nonoliguric ARF. Since non-
oliguric ARF has a lower mortality rate than oliguric ARF,
urine output is frequently used to differentiate ARF (9). Classi-
cally, oliguria has been defined approximately as urine output
less than 5 mL/kg/day or 0.5 mL/kg/hour. The recent RIFLE
classification has incorporated oliguria as an important mea-
sure for categories of severity of ARF (Fig. 160.1).

EPIDEMIOLOGY
A degree of acute renal injury—manifested by either albumin-
uria or loss of small tubular proteins; inability to excrete a
water, sodium, or amino acid load; or any combination of the
above—can be demonstrated in most ICU patients. The syn-
drome of ARF, however, occurs in 5% to 8% of all hospitalized
patients (9,10). The incidence is even greater in ICU patients,
occurring in 5% to 25% , depending on the operative definition
and specific population being studied (1–5). Recent trends have
suggested that the incidence and mortality of ARF may be in-
creasing, in particular in critically ill patients despite advances
in our understanding of the pathophysiology and treatment.
This may be attributable to a major shift from single-organ
ARF to the multiorgan dysfunction syndrome now typically
seen in ICU patients (3).

Several risk factors for ARF in ICU patients have been iden-
tified (1,4) including

■ Older age
■ Male gender
■ Pre-existing comorbid illness
■ Diagnosis of sepsis
■ Major surgery
■ Specifically cardiac surgery
■ Cardiogenic shock
■ Hypovolemia
■ Exposure to nephrotoxic drugs.
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FIGURE 160.1. RIFLE (Risk, Injury, Failure, Loss, End-stage) classifi-
cation scheme for acute renal failure. The classification system includes
separate criteria for creatinine and urine output. The criteria that lead
to the worst possible classification should be used. Note that RIFLE-F
(F = failure) is present even if the increase in serum creatinine con-
centration (SCreat) is less than threefold so long as the new SCreat is
greater than 4.0 mg/dL (350 µ mol/L) in the setting of an acute increase
of at least 0.5 mg/dL (44 µ mol/L). The designation RIFLE-FC should
be used in this case to denote acute-on-chronic disease. Similarly when
RIFLE-F classification is reached by urine output criteria only, a des-
ignation of RIFLE-FO should be used to denote oliguria. The shape of
the figure denotes the fact that more patients (high sensitivity) will be
included in the mild category, including some without actually having
renal failure (less specificity). In contrast, at the bottom, the criteria
are strict and therefore specific, but some patients with renal dysfunc-
tion might be missed. GFR, glomerular filtration rate; ARF, acute renal
failure; UO, urine output.

In addition, multiorgan dysfunction—specifically con-
comitant acute circulatory, pulmonary, and hepatic organ
dysfunction—is commonly associated with ARF (2,11,12).

APPROACH TO CLINICAL
CLASSIFICATION

The most practical and useful approach to the etiologic diag-
nosis of ARF is to divide its causes according to the proba-
ble source of renal injury: prerenal, renal (parenchymal), and
postrenal.

Pre re nal Re nal Failure

This form of ARF is by far the most common in the ICU. The
term indicates that the kidney malfunctions predominantly be-
cause of systemic factors that decrease GFR. For example, GFR
may be decreased if renal blood flow (RBF) is diminished by de-
creased cardiac output, hypotension, or raised intra-abdominal
pressure. Such elevated intra-abdominal pressure is suspected
on clinical grounds and confirmed by measuring bladder pres-
sure with a urinary catheter. A pressure of greater than 25 to
30 mm Hg above the pubis should prompt consideration of
decompression. If the systemic cause of renal failure is rapidly
removed or corrected, renal function improves and relatively
rapidly returns to near normal levels. However, if intervention
is delayed or unsuccessful, renal injury becomes established,
and several days or weeks are then necessary for recovery. Sev-
eral tests—measurement of urinary sodium, fractional excre-
tion of sodium, and other derived indices—have been promoted
to help clinicians identify the development of such established
ARF. Unfortunately, their accuracy and significance are ques-
tionable (13,14) (Fig. 160.2). The clinical value of these tests in
ICU patients who receive vasopressors, massive fluid resuscita-
tion, and loop diuretics is low. Furthermore, it is important to
bear in mind that prerenal ARF and established ARF are part of
a continuum and that their separation has limited clinical impli-
cations. The principles of management are essentially the same:
treatment of the cause while promptly resuscitating the patient
by using invasive hemodynamic monitoring to guide therapy.

Pare nchymal Re nal Failure

Parenchymal renal failure is a term used to define a syndrome
where the principal source of damage is within the kidney and
where typical structural changes can be seen on microscopy.
Numerous disorders that affect the glomerulus or the tubule
may be responsible (Table 160.1). Among these, nephrotoxins
are particularly important, especially in hospitalized patients
(10). The most common nephrotoxic drugs affecting ICU pa-
tients are listed in Table 160.2. Many cases of drug-induced
ARF rapidly improve on removal of the offending agent. Ac-
cordingly, a careful history of drug administration is mandatory
in all patients with ARF.

More than a third of patients who develop ARF in ICU have
chronic renal dysfunction due to factors such as age-related

1.8
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0
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p <0.01
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FIGURE 160.2. Histogram showing the effect of experi-
mental sepsis in sheep on the fractional excretion of sodium
(FeNa). FeNa decreased in sepsis as would be expected dur-
ing decreased perfusion. In fact, all experimental animals
had a twofold to threefold increase in renal blood flow,
providing proof of the concept that FeNa cannot be used
to infer renal hypoperfusion.
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TA BLE 1 6 0 . 1

CAUSES OF PARENCHYMAL ARF

Glomerulonephritis
Vasculitis
Renovascular
Interstitial nephritis
Nephrotoxins
Tubular deposition/obstruction
Renal allograft rejection
Trauma

changes, long-standing hypertension, diabetes mellitus, or
atheromatous disease of the renal vessels. Such chronic renal
disease may be manifest by an elevated serum creatinine. How-
ever, this is not always the case. Often, what may seem to the
clinician to be a relatively trivial insult that does not fully ex-
plain the onset of ARF in a normal patient is sufficient to un-
mask a lack of renal functional reserve in a patient with chronic
renal disease.

Post -re nal Failure

Obstruction to urine outflow is the most common cause of
functional renal impairment in the community (15) but is un-
common in the ICU. The pathogenesis of obstructive ARF in-
volves several humoral responses as well as mechanical factors.
Typical causes of obstructive ARF include bladder neck ob-
struction from an enlarged prostate, ureteric obstruction from
pelvic tumors or retroperitoneal fibrosis, papillary necrosis, or
large calculi. The clinical presentation of obstruction may be
acute or acute on chronic in patients with long-standing renal
calculi. It may not always be associated with oliguria. If ob-
struction is suspected, ultrasonography can be easily performed
at the bedside. However, not all cases of acute obstruction have
an abnormal ultrasound, and in many cases, obstruction occurs
in conjunction with other renal insults such as staghorn calculi
and severe sepsis of renal origin. Assessment of the role of each
factor and overall management should be conducted in con-
junction with a urologist. Finally, the sudden and unexpected
development of anuria in an ICU patient should always suggest
obstruction of the urinary catheter as the cause. Appropriate

TA BLE 1 6 0 . 2

DRUGS THAT MAY CAUSE ACUTE RENAL FAILURE IN
THE INTENSIVE CARE UNIT

Radiocontrast media
Aminoglycosides
Amphotericin
Nonsteroidal anti-inflammatory drugs
β -Lactam antibiotics (interstitial nephropathy)
Sulphonamides
Acyclovir
Methotrexate
Cisplatin
Cyclosporin A
FK-506 (tacrolimus)
Sirolimus

flushing or changing of the catheter should be implemented in
this setting.

PATHOGENESIS OF SPECIFIC
SYNDROMES

He p at ore nal Synd rome

Hepatorenal syndrome is a form of ARF that typically occurs in
the setting of advanced cirrhosis; however, it can occur with se-
vere liver dysfunction due to alcoholic hepatitis or other forms
of acute hepatic failure (16).

The pathogenesis of hepatorenal syndrome (HRS) is in-
completely understood; however, several potential mechanisms
may contribute to HRS, including: (a) activation of the renin-
angiotensin system in response to systemic hypotension; (b)
activation of the sympathetic nervous system in response to sys-
temic hypotension and increased intrahepatic sinusoidal pres-
sure; (c) increased release of arginine vasopressin due to sys-
temic hypotension; and (d) reduced hepatic clearance of vari-
ous vascular mediators such as endothelin, prostaglandins, and
endotoxin (16,17).

Although HRS can occur spontaneously in patients with
advanced cirrhosis, it is important to recognize that other
precipitants are much more common. These include sepsis—
specifically, spontaneous bacterial peritonitis (SBP)—raised
intra-abdominal pressure due to tense ascites, gastrointesti-
nal bleeding, and hypovolemia due to paracentesis, diuretics
and/or lactulose administration, or any combination of these
factors. Likewise, other contributing factors for ARF should
be routinely ruled out, including cardiomyopathy due to alco-
holism, nutritional deficiencies, viral infection, and exposure
to nephrotoxins.

Typically, HRS develops in patients with advanced cirrhosis
and evidence of portal hypertension with ascites in the absence
of other apparent causes of ARF. It generally presents as oligo-
anuria, with progressive increases in serum creatinine and/or
urea, along with a bland urinary sediment. These patients de-
velop profound sodium and water retention, with evidence
of hyponatremia, a urine osmolality higher than that of
plasma, and a very low urinary sodium concentration (less than
10 mmol/L).

Management of the patient with HRS can be challenging.
However, it should include the systematic identification and
prompt treatment of potential reversible precipitants. The at-
tenuation of hypovolemia by albumin administration in pa-
tients with SBP has been shown to decrease the incidence of
ARF in a randomized controlled trial (18). These causes must
be investigated and promptly treated. Recent studies suggest
that vasopressin derivatives (terlipressin) may improve GFR in
this condition (19,20).

Placement of a transjugular intrahepatic, portosystemic
stent-shunt (TIPS) has been associated with modest improve-
ments in kidney function in those with HRS, as well as im-
provement in outcome, and represent a palliative measure for
those who are not candidates for—or are awaiting—transplant
(21,22). In general, the ideal solution for reversal of ARF in
these patients is to improve hepatic function with therapy for
the underlying primary liver disease and/or referral for success-
ful liver transplantation.
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ARF wit h Rhab d omyolysis

The incidence of rhabdomyolysis-induced ARF is estimated at
1% in hospitalized patients, but, in critically ill patients, may
account for close to 5% to 7% of cases of ARF, depending
on the setting (10,23). Its pathogenesis involves the interplay
of prerenal, renal, and postrenal factors, including concurrent
hypovolemia, ischemia, direct tubular toxicity mediated by the
heme pigment in myoglobin, and intratubular obstruction (24).
The causes of muscle injury that can result in rhabdomyo-
lysis include major trauma; drug overdose such as occurs with
narcotics, cocaine, or other stimulants; vascular embolism; pro-
longed seizures; malignant hyperthermia; neuroleptic malig-
nant syndrome; various infections such as pyomyositis, necro-
tizing fasciitis, influenza, HIV; severe exertion; alcoholism; and
a result of various agents that can interact to induce major mus-
cle injury, such as the combination of macrolide antibiotics or
cyclosporin and statins.

The clinical manifestations of rhabdomyolysis include an el-
evated serum creatine kinase, evidence of pigmented granular
casts, and red-to-brown coloring of the urine. Patients can also
have various electrolyte disorders as a result of muscle break-
down including hyperphosphatemia, hyperkalemia, hypocal-
cemia, and hyperuricemia.

The principles of prevention of ARF include (a) identifica-
tion and elimination of potential causative agents and/or cor-
rection of underlying compartment syndromes; (b) prompt and
aggressive fluid resuscitation and maintenance of polyuria—
that is, greater than or equal to 1.5 to 2 mL/kg ideal or adjusted
body weight/hour, usually more than about 300 mL/hour to
restore vascular volume and potentially flush obstructing cel-
lular casts; and (3) urine alkalinization to a goal of pH more
than 6.5 to reduce renal toxicity by myoglobin-induced lipid
peroxidation and improve the solubility of myoglobin (24).
Experimental studies have suggested that mannitol may act
as a scavenger of free radicals and reduce cellular toxicity;
however, the role of forced diuresis with mannitol remains
controversial.

ARF Due t o Ne p hrot oxins

Several mechanisms have been reported to play a role in the
development of renal injury after exposure to nephrotoxins.
Particular drugs can often invoke various pathophysiologic ef-
fects on the kidney that, collectively, contribute to ARF. Al-
terations in intrarenal hemodynamics are an important initial
consequence of many nephrotoxins. These changes to regional
renal blood flow may occur through the increased activity of lo-
cal vasoconstrictors such as angiotensin II, endothelin, adeno-
sine; at the same time, there is diminished activity of important
vasodilators such as nitric oxide and prostaglandins. This im-
balance can lead to renal vasoconstriction and ischemia, par-
ticularly to susceptible regions such as the outer medulla, for
example, in response to radiocontrast media, or can induce
humorally mediated vasoconstriction of afferent arterioles, for
example, as a result of exposure to NSAIDs and cyclosporine
(25). The end result of a reduction in regional blood flow is
a critical reduction in oxygen delivery, thus predisposing to
tubular hypoxia (25). In addition, nephrotoxins can directly

contribute to impaired tubular metabolism and oxygen usage.
They lead to generation of oxygen-free radical species including
superoxide anions, hydrogen peroxide, hydroxyl radicals, re-
duction in intrinsic antioxidant enzyme activity, accumulation
of intracellular calcium, mitogen-activated protein kinases, and
phospholipase A2, for example, after exposure to aminoglyco-
sides (26–28).

These responses to nephrotoxins can induce tubular cell
vacuolization, interstitial inflammation, altered cell membrane
properties, and disruption of normal tubular adhesion to base-
ment membranes. Failure of these mechanisms contributes to
tubular cell apoptosis and necrosis, as well as tubular slough-
ing into the luminal space, cast formation, and obstruction
(26). Raised intraluminal pressures due to obstruction, al-
tered cellular permeability, and interstitial inflammation can
contribute to backup diffusion of fluid and secondary edema
formation.

Radiocontrast media and aminoglycosides are leading
agents contributing to nephrotoxin-induced ARF (29,30). Ra-
diocontrast media–induced toxicity is believed to occur from
the interplay of alterations in renal hemodynamics due to vaso-
constriction, increased intravascular viscosity and erythrocyte
aggregation, direct tubular epithelial cell toxicity, and con-
comitant atheroembolic microshowers in the renovasculature.
Aminoglycosides are taken up via organic anion transport sys-
tems in the proximal tubules where they accumulate and gen-
erate oxygen-free radical species and increased intracellular
calcium, which lead to tubular apoptosis, necrosis, and nono-
liguric ARF.

Rad iocont rast Ne p hrop at hy
Radiocontrast nephropathy is the leading cause of iatrogenic
ARF in hospitalized patients, and results in prolonged hospi-
talization, higher mortality rates, excessive health care costs,
and potentially long-term kidney impairment (10). Radiocon-
trast nephropathy presents with an acute rise in serum creati-
nine within 24 to 48 hours following injection of radiocontrast
media. The serum creatinine level generally peaks within 3 to
5 days and returns towards baseline within 7 to 10 days; how-
ever, in some patients, kidney function may not return to base-
line, and a persistent reduction in function may occur. Radio-
contrast nephropathy is often associated with pre-existing risk
factors, in particular, pre-existing chronic kidney disease—that
is, a GFR less than 60 mL/minute/1.73 m2—a diagnosis of di-
abetes mellitus, and use of large quantities of radiocontrast
media.

There are few evidence-based prophylactic or therapeu-
tic interventions shown to reduce the occurrence of radio-
contrast nephropathy, and no therapy has proven effective
once it is established (31). Strategies for prevention include
early identification of patients at risk and consideration either
to delay the investigation or to use an alternative modality
until kidney function can be optimized. Likewise, every ef-
fort should be made to correct volume depletion and discon-
tinue potential nephrotoxins. There is no evidence to support
the routine use of diuretics, mannitol, or dopamine. Recent
studies have shown that periprocedure hydration and use of
nonionic iso-osmolar (for example, iodixanol) radiocontrast
media can reduce the risk (32–35). Several randomized tri-
als and meta-analyses have suggested a potential benefit with
use of N-acetylcysteine (36,37). As these preventive measures
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FIGURE 160.3. Histogram showing the effect on
renal blood flow of experimental sepsis in sheep.
Renal blood flow increased threefold while creati-
nine increased from 80–400 µ mol/L, providing ev-
idence that acute renal failure in sepsis can occur
during renal hyperemia.

have minimal risk, their use should be considered whenever a
patient is scheduled for the administration of intravenous
radiocontrast media. Their effectiveness in already fluid-
resuscitated ICU patients, however, remains unknown.

Se p t ic ARF

Sepsis is a leading predisposing factor to ARF in critically ill
patients (4). Epidemiologic studies estimate between 45% to
70% of all ARF encountered in the ICU is associated with
sepsis (1,4,23). The distinction between septic and nonseptic
ARF may have particular clinical relevance, considering recent
evidence to suggest that septic ARF may be characterized by a
unique pathophysiology (38–40).

The classic teaching is that sepsis brings about hypotension,
leading to a reduction in critical organ blood flow, including to
the kidney, causing ischemic injury and ARF. Furthermore, sep-
sis would lead to activation of the sympathetic nervous system,
stimulating release of potent vasoconstrictors that induce renal
vasoconstriction and aggravate kidney ischemia, thus worsen-
ing ARF. However, recent data raise serious questions about
this ischemic-induced paradigm of septic ARF (38,39). A re-
cent experimental study in a large mammalian model of hyper-
dynamic sepsis found that RBF was markedly increased above
baseline despite significant reductions in kidney excretory func-
tion (40) (Fig. 160.3). These findings are supported by small
clinical studies of resuscitated patients with septic ARF who
also show increases in RBF (41–43). The implications are that
in hyperdynamic sepsis, ARF is hyperemic rather than ischemic,
with global RBF considerably increased. Moreover, experimen-
tal studies have shown that regional cortical and medullary
RBF is preserved in sepsis and can be further augmented by
infusion of norepinephrine (44) (Fig. 160.4). This concept of
hyperemic ARF in sepsis is consistent with the relative paucity
of renal histopathologic evidence of tubular necrosis in patients
with septic ARF (45).

Thus, evolving evidence suggests that the pathogenesis
of septic ARF predominantly involves toxic and immune-
mediated mechanisms. Sepsis is known to release a vast ar-
ray of proinflammatory and anti-inflammatory mediators such
as cytokines, arachidonic acid metabolites, and thrombogenic
agents, all of which may participate in the development of ARF
(46). Similarly, experimental studies have found evidence of
renal tubular cell apoptosis in response to inflammatory me-

diators in endotoxemia (47,48). Renal tubular apoptosis may
prove to be an important mechanism of septic ARF in critically
ill patients (45,49,50). No studies exist to tell us which of the
above mechanisms are most important and when they might
be active in the course of an episode of septic ARF. However,
interventions with antiapoptotic properties such as intensive
insulin therapy, human recombinant activated protein C, or
selective caspase inhibitors may aid in attenuating renal injury
and promote recovery of function (46). To date, however, no
human randomized controlled trials have assessed the impact
of these interventions on kidney function, and their value is
unknown.

ARF in Associat ion wit h Major Surg e ry

Acute renal failure is a common complication following ma-
jor surgery (4). The incidence is variable and dependent on
the prevalence of pre-existing comorbid illnesses, preoperative
kidney function, and the type and urgency of surgery being per-
formed. Numerous intraoperative events can act to negatively
affect kidney function, including the following:

■ Hemodynamic instability (e.g., intravenous or inhaled ana-
esthetic agents)
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FIGURE 160.4. Histogram showing the effect of norepinephrine on
mean arterial blood pressure (MAP) compared to high-dose dopamine
in a randomized controlled trial in humans. MAP is more reliably re-
stored using norepinephrine when given alone as an alternative to high-
dose dopamine or after high-dose dopamine has failed. BSL, baseline.
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■ Hypovolemia due to blood loss or third spacing
■ Details of the operative field (e.g., aortic cross-clamping in

major vascular surgery)
■ Increases in intra-abdominal pressure (e.g., laparoscopic in-

sufflation of CO 2)
■ Concomitant sepsis
■ Use of nephrotoxin drugs

Any of these factors, alone or in combination, may con-
tribute to a critical reduction in RBF and ischemia, impaired
oxygen delivery, and toxin- or inflammatory-mediated injury.
Postoperative ARF is believed to be, in part, mediated by proin-
flammatory mechanisms such as increased endothelial cell ad-
hesion, tubular cell infiltration, generation of reactive oxy-
gen species, proinflammatory cytokines, and reperfusion injury
(51,52). Cardiac surgery with cardiopulmonary bypass (CPB)
commonly induces early postoperative renal injury. The mecha-
nisms whereby CPB causes injury are incompletely understood,
although there is a suggestion that CPB is proinflammatory, ac-
tivating components of the nonspecific immune system. In turn,
this leads to oxidative stress with the generation of oxygen-free
radical species and serum lipid peroxidation products (53). In
addition, CPB has been shown to deplete serum antioxidative
capacity for a prolonged duration after surgery. Such oxidant
stress has been shown to directly induce renal injury in exper-
imental studies (54).

ARF in Associat ion wit h
Me chanical Ve nt ilat ion

Most critically ill patients require mechanical ventilation (MV),
either for disease-specific indications such as acute respiratory
distress syndrome (ARDS) or simply for routine postopera-
tive care. The application of positive pressure MV, particularly
with positive end-expiratory pressure (PEEP), can have impor-
tant physiologic effects on kidney function. Experimental and
clinical studies have clearly established an association between
MV and PEEP and alterations in kidney function. This can
occur through several mechanisms including (a) alterations in
cardiovascular function, (b) alterations in neurohormonal ac-
tivation, (c) abnormalities in gas exchange, and (d) alterations
in systemic inflammatory mediators (55,56).

The positive pressure applied during MV acts to increase in-
trathoracic, intrapleural, and intra-abdominal pressures, both
during inspiration and for the duration of the respiratory cy-
cle. This increase in intrathoracic pressure, monitored clini-
cally by changes in mean airway pressure, can act to reduce
intrathoracic blood volume, decrease transmural pressure, re-
duce right ventricular preload, increase right ventricular after-
load, exert alterations to pulmonary vascular resistance and
volume, and contribute to changes in left ventricular filling
and geometry. The result of these effects may be a decrease in
cardiac output and renal perfusion. Similarly, raised intratho-
racic pressure, by altering transmural pressures and reducing
cardiac output, can act to unload intrathoracic baroreceptors.
This initiates a cascade of compensatory neurohormonal events
characterized by increased systemic and renal sympathetic ner-
vous activity, increased activation of the renin–angiotensin–
aldosterone system, increased secretion of vasopressin, and a
reduction in release of atrial natriuretic peptide. These cul-
minate in altered renal perfusion and kidney excretory func-

tion. Renal function may not be, per se, impaired with MV,
but rather, may appropriately respond to stimuli by reducing
osmolar, sodium, and water clearance. In addition, acute hy-
poxemia and/or hypercapnia, both commonly encountered in
patients with ARDS, can act to alter systemic hemodynamics
and increase systemic inflammation, both of which may ex-
ert negative effects on renal perfusion and function. Particular
strategies of MV, specifically in ARDS, are now recognized to
contribute to or provoke ventilator-induced lung injury (VILI).
Evidence now suggests that the pathophysiology of VILI is mul-
tifactorial and results from the combined effects of volutrauma
(excessive tidal or end-expiratory volumes), barotrauma (ex-
cessive end-inspiratory peak and plateau pressures), atelectatic
trauma (cyclical opening and closing of alveolar units), and
biotrauma (local release of inflammatory mediators from in-
jured lung) (57). Such injurious MV can initiate a cascade of
events that increase systemic inflammation and adversely affect
kidney function (58).

THE CLINICAL PICTURE
The most common clinical picture seen in the ICU is that of
a patient who has sustained or is experiencing a major sys-
temic insult such as trauma, sepsis, myocardial infarction, se-
vere hemorrhage, cardiogenic shock, or major surgery. When
the patient arrives in the ICU, resuscitation is typically well
underway, or surgery may have just been completed. Despite
such efforts, the patient is already anuric or profoundly olig-
uric, and the serum creatinine is rising, and a metabolic acidosis
is developing; serum potassium and phosphate levels may be
rapidly rising as well. In these critically ill patients with ARF,
multiple organ dysfunction—with the need for mechanical ven-
tilation and vasoactive drugs—is common. Fluid resuscitation
is typically undertaken in the ICU with the guidance of invasive
hemodynamic monitoring. Vasoactive drugs are often used to
restore mean arterial pressure (MAP) to acceptable levels, typi-
cally greater than 65 to 70 mm Hg (Fig. 160.4). The patient
may improve over time, and urine output may return with or
without the assistance of diuretic agents (Fig. 160.5). If urine
output does not return, however, renal replacement therapy
(RRT) needs to be considered. If the cause of ARF has been re-
moved, and the patient has become physiologically stable, slow
recovery occurs within 4 to 5 days to as long as 3 or 4 weeks.
In some cases, urine output can be above normal for several
days. If the cause of ARF has not been adequately remedied,
the patient remains gravely ill, the kidneys do not recover, and
death from multiorgan failure may occur.

PREVENTING ARF
The fundamental principle of ARF prevention is to treat its
cause. If prerenal factors contribute, these must be identified
and hemodynamic resuscitation quickly instituted.

Fluid Re suscit at ion

Intravascular volume must be maintained or rapidly restored;
this is often best done using invasive hemodynamic moni-
toring, such as with an arterial cannula and central venous
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FIGURE 160.5. Diagram showing the effect of norepinephrine on
urine output compared to high-dose dopamine in patients in septic
shock. Urine output is more effectively restored with norepinephrine
infusion when given alone as an alternative to high-dose dopamine or
after high-dose dopamine has failed. BSL, baseline.

catheter, pulmonary artery catheter, or pulse contour cardiac
output catheter. Oxygenation must be maintained. An ade-
quate hemoglobin concentration, usually at least more than
about 7.0 g/dL, must be maintained or immediately restored.
Once intravascular volume has been restored, some patients
remain with a MAP less than 70 mm Hg. In these patients,
autoregulation of RBF may be lost, and restoration of MAP
to near normal levels may increase GFR (59–61). Such ele-
vations in MAP, however, require the addition of vasopressor
drugs (59–61). In patients with pre-existing hypertension or
renovascular disease, a MAP of 75 to 80 mm Hg may still be
inadequate. Experimental evidence suggests that vasopressor
support in hypotensive sepsis increases renal blood flow (Fig.
160.6) and renal medullary blood flow (Fig. 160.7). The re-
nal protective role of additional fluid therapy in a patient with
a normal or increased cardiac output and blood pressure is
questionable. Despite these resuscitation measures, renal fail-
ure may still develop if cardiac output is inadequate. This may
require various interventions, from the use of inotropic drugs
to the application of ventricular assist devices.

Fluid The rap y

Fluid therapy is the cornerstone in resuscitation of the critically
ill patient, and is the primary strategy for preservation of kidney
function in the setting of increases in serum creatinine and/or
urea, and oliguria. However, evolving evidence has suggested
there may be negative consequences to overly aggressive fluid
therapy for both renal and nonrenal organ function.

A large multicenter study found no significant difference in
the incidence of ARF when comparing fluid resuscitation with
crystalloid to albumin in critically ill patients (62). However,
some synthetic colloid therapies, such as with the use of hy-
droxyethyl starches, have been associated with higher rates of
ARF in critically ill patients after resuscitation for severe sepsis
(63). Although the exact mechanism(s) remain uncertain, the
hydroxyethyl starches may influence intrarenal hemodynamics
or glomerular filtration through alterations in vascular oncotic
pressure.

In critically ill patients, once apparent optimization of
hemodynamics and intravascular volume status has been
achieved, there is little evidence to support continued aggres-
sive fluid resuscitation to improve kidney function (64). Rather,
there is evidence from recent studies to suggest that such contin-
ued fluid administration and a positive cumulative balance can
contribute to notable deteriorations in nonrenal organ func-
tion, in particular that of the lung (65,66). The ARDS Clinical
Trials Network has completed the largest randomized trial as-
sessing fluid therapy in patients with lung injury (67). This
trial compared restrictive and liberal strategies for fluid man-
agement in 1,000 critically ill patients, mostly in those with
pneumonia or sepsis with evidence of acute lung injury. At
72 hours, those receiving a restrictive fluid strategy had a near
neutral fluid balance, whereas those in the liberal strategy were
positive with more than 5 L. Although the study failed to show
a difference in mortality between the strategies, a restrictive
strategy improved lung function, increased ventilator-free days,
and reduced ICU length of stay. Moreover, those in the restric-
tive group had a trend toward a reduced need for RRT.
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FIGURE 160.7. Diagram showing the changes in
medullary renal blood flow during experimental sep-
tic shock in sheep induced by E. coli administration.
The addition of norepinephrine increased medullary
blood flow.

Re nal Prot e ct ive Drug s

Following hemodynamic resuscitation and removal of nephro-
toxins, it is unclear whether the use of additional pharmaco-
logic measures is of further benefit to the kidneys.

Re nal Dose or Low-Dose Dop amine
Evidence of the efficacy or safety of the administration of
dopamine in critically ill patients is lacking. However, this agent
is a tubular diuretic and occasionally increases urine output.
This may be incorrectly interpreted as an increase in GFR. Fur-
thermore, a recent large phase III trial in critically ill patients
showed low-dose dopamine to be as effective as placebo in the
prevention of renal dysfunction (68) (Fig. 160.8).

Mannit o l
A biologic rationale exists for the use of mannitol, as is the
case for dopamine. However, no controlled human data exist
to support its clinical use. The effect of mannitol as a renal
protective agent remains questionable.

Loop Diure t ics
These agents may protect the loop of Henle from ischemia by
decreasing its transport-related workload. Animal data are en-
couraging, as are ex vivo experiments. There are no double-
blind randomized controlled studies of suitable size to prove
that these agents reduce the incidence of renal failure. However,
some studies support the view that loop diuretics may decrease
the need for RRT in patients developing ARF (69). They ap-
pear to achieve this by inducing polyuria, which allows for
easier control of volume overload, acidosis, and hyperkalemia,

the three major triggers for RRT in the ICU. Because avoiding
dialysis simplifies treatment and reduces the cost of care, loop
diuretics are occasionally used in patients with renal dysfunc-
tion, especially in the form of continuous infusion.

Ot he r Ag e nt s
Other agents such as theophylline, urodilatin, and anaritide,
a synthetic atrial natriuretic factor, have also been proposed.
Studies so far, however, have been either experimental or under-
powered, or have shown no beneficial effect. In a randomized
double-blind, placebo-controlled trial, fenoldopam was shown
to attenuate the deterioration in serum creatinine typically seen
in septic patients (70). Studies of fenoldopam in other situa-
tions, however, have failed to show similar benefit (71). Thus,
its role in ARF remains uncertain. Similarly, in a single-center
study, recombinant human atrial natriuretic factor (rhANF) has
been shown to attenuate renal injury in higher-risk patients un-
dergoing cardiac surgery (72), but a large multicenter study of
ARF failed to show a benefit (73). Many more investigations
are urgently needed in this field.

DIAGNOSTIC INVESTIGATIONS
An etiologic diagnosis of ARF must always be established (Fig.
160.9). Although such diagnosis may be obvious on clinical
grounds, in many patients it is best to consider all possibilities
and exclude common treatable causes by simple investigations.
One such investigation includes microscopic examination of
the urinary sediment. Urinalysis is a simple and noninvasive
test that yields important diagnostic information and patterns
suggestive of specific syndromes. The finding of dysmorphic red
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FIGURE 160.8. Diagram showing the comparative effects of
placebo and renal-dose dopamine on peak serum creatinine and
change in serum creatinine in critically ill patients from a large
double-blinded randomized controlled trial. Renal-dose dopa-
mine had no effect on serum creatinine.
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FIGURE 160.9. Diagnostic and treatment approach to an intensive care unit patient presenting with acute
renal failure.

blood cells (RBC) or RBC casts is virtually diagnostic of active
glomerulonephritis or vasculitis. Heavy proteinuria suggests
some form of glomerular disease. White blood cell casts can
suggest either interstitial nephropathy or infection. Similarly, a
normal urinalysis can provide important information and can
suggest that ARF is due to a prerenal or obstructive cause.
Finally, examination of urine will provide evidence of whether
a urinary tract infection is present.

Several additional investigations may be necessary to es-
tablish the diagnosis. Evidence of marked anemia in the ab-
sence of blood loss may suggest acute hemolysis, thrombotic
microangiopathy, or paraproteinemia related to malignancy.
In microangiopathic hemolytic anemia, a peripheral blood
smear will typically show evidence of hemolysis with the pres-
ence of schistocytes; the additional measurement of lactic de-
hydrogenase, haptoglobin, unconjugated bilirubin, and free
hemoglobin are needed. If paraproteinemia due to multiple
myeloma or lymphoma is suspected, serum and urine protein
electrophoresis and serum calcium should be measured. A his-

tory of recent cancer diagnosis or chemotherapy should prompt
the measurement of uric acid for tumor lysis syndrome.

In patients with a possible mechanism for muscle injury, cre-
atine kinase and free myoglobin for possible rhabdomyolysis
should be determined. If an elevated anion gap metabolic aci-
dosis is present with suggestion of a toxic ingestion, ethylene
glycol, methanol, and salicylates should be measured.

Systemic eosinophilia may be a clue suggesting systemic vas-
culitis, allergic interstitial nephritis, or atheroembolic disease.
The measurement of specific antibodies—antiglomerular base-
ment membrane (GBM), antineutrophil cytoplasmic antibodies
(ANCA), antinuclear antibodies (ANA), anti-DNA, anti-
smooth muscle, and so forth—or cryoglobulins are extremely
useful screening tests to support the diagnosis of vasculitis or
certain types of collagen vascular diseases or glomerulonephri-
tis.

Imaging by renal ultrasonography is a rapid noninvasive
investigation principally designed to rule out evidence of ob-
struction, stones, cysts, masses, or overt renovascular disease.
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A chest radiograph may be important both to assess for pul-
monary complications of ARF and if a diagnosis of systemic
vasculitis is considered. In the occasional patient, a percuta-
neous renal biopsy becomes necessary to confirm the diagno-
sis, determine the severity of renal injury, guide therapy, and
estimate the potential for renal recovery (74). A renal biopsy is
indicated when a thorough noninvasive investigation has failed
to yield the diagnosis, when prerenal and postrenal causes have
been excluded, and prior to the administration of aggressive
immunosuppressive therapy. A renal biopsy can be performed
under ultrasound guidance with local anesthetic in critically ill
patients undergoing mechanical ventilation without additional
risks when compared to standard conditions.

MANAGEMENT OF ESTABLISHED
ACUTE RENAL FAILURE

The principles of management of established ARF should al-
ways include the following:

■ Confirmation of probable cause
■ Elimination of potential contributors
■ Institution of disease-specific therapy if applicable
■ Prevention and management of ARF complications with

maintenance of physiologic homeostasis while recovery
takes place

Complications such as encephalopathy, pericarditis, myopa-
thy, neuropathy, electrolyte disturbances, or other major elec-
trolyte, fluid, or metabolic derangements should never occur
in a modern ICU. They can be prevented by several measures,
which vary in complexity from fluid restriction to the initiation
of extracorporeal RRT.

Nutritional support must be started early and must contain
adequate calories, around 30 to 35 Kcal/kg/day, as a mixture
of carbohydrates and lipids. Sufficient protein of at least 1 to
2 g/kg/day must be administered. There is no evidence that spe-
cific renal nutritional solutions are useful. Vitamins and trace
elements should be administered at least according to their rec-
ommended daily allowance. The role of newer immunonutri-
tional solution remains controversial. The enteral route is pre-
ferred to the use of parenteral nutrition.

Hyperkalemia—a serum potassium level of greater than
6 mmol/L—must be promptly treated either with insulin and
dextrose administration, the infusion of bicarbonate if acido-
sis is present, the administration of nebulized salbutamol, or
all of the above combined. If the “ true” serum potassium is
more than 7 mmol/L, or if electrocardiographic signs of hyper-
kalemia appear, calcium gluconate—10 mL of 10% solution
administered IV—should also be used. The above measures are
temporizing actions while RRT is being arranged. The presence
of hyperkalemia is a major indication for the immediate insti-
tution of RRT.

Metabolic acidosis, almost always present, rarely requires
treatment per se. Anemia requires correction to maintain a
hemoglobin greater than about 7.0 g/dL; more aggressive trans-
fusion may be needed based on individual patient assessment
(75). Drug therapy must be adjusted to take into account the
effect of the decreased clearances associated with loss of renal
function. Stress ulcer prophylaxis is advisable and should be
based on H 2-receptor antagonists or proton pump inhibitors

TA BLE 1 6 0 . 3

INTERVENTIONS THAT MAY POTENTIALLY
INFLUENCE RENAL RECOVERY RENAL
REPLACEMENT THERAPY (RRT)

Biocompatible membrane
Higher-dose prescription
Modality Continuous Renal Replacement Therapy (CRRT)
Early initiation of RRT
Nutritional support
Intensive insulin therapy
Erythropoietin
Loop diuretics

in selected cases. Assiduous attention should be paid to the
prevention of infection.

Fluid overload can be prevented by the use of loop diuretics
in polyuric patients. However, if the patient is oliguric, the only
way to avoid fluid overload is to institute RRT at an early stage.
Marked azotemia, defined as a urea more than 40 mmol/L
(BUN [blood urea nitrogen] of 112 mg/dL) or a creatinine
level more than 400 micromoles (4.5 mg/dL), is undesirable
and should probably be treated with RRT, unless recovery is
imminent or already under way and a return toward normal
values is expected within 24 to 48 hours. It is recognized, how-
ever, that no randomized trials exist to define the ideal time for
intervention with artificial renal support.

Re cove ry and It s Manag e me nt

Recovery of renal function after an episode of ARF is increas-
ingly being acknowledged as a significant clinical measure of
morbidity. Failure to recover function can have both individ-
ual patient and broader health care implications. Persistent
chronic renal impairment, or the need for long-term RRT,
can negatively influence the health status and quality of life
of patients and contribute to considerable annual health care
expenditures. Recovery to independence from RRT occurs in
an estimated 68% to 85% of critically ill patients by hospital
discharge and generally peaks by 90 days (1,4). Studies have
shown that older patients and those with pre-existing comor-
bid illnesses, such as chronic kidney disease or advanced car-
diovascular disease, are less likely to recover function, whereas
those with septic ARF may be more likely to recover function.
Several other potentially modifiable factors have been linked
with improved rates of recovery, including early and aggres-
sive initiation of RRT when indicated, use of continuous rather
than intermittent RRT, early and adequate nutritional support,
and intensive insulin therapy (Table 160.3). Whether adjuvant
erythropoietin and routine use of loop diuretics can influence
renal prognosis and promote early recovery remain contro-
versial.

PROGNOSIS
Acute renal failure can independently influence both short-
and long-term prognosis. In hospitalized patients, mortal-
ity is estimated at 20% among all those developing ARF;
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however, this rate is greatly influenced by the severity of re-
nal injury. The prognosis is worse for critically ill patients
and those in whom RRT becomes necessary. The in-hospital
mortality for critically ill patients with ARF is estimated at
50% to 60% , yet, depending on the case mix, can range be-
tween 40% to 80% (1,3,4,76,77). It is frequently stated that
patients die with renal failure rather than of renal failure. How-
ever, growing evidence suggests that better uremic control and
more intensive artificial renal support may improve survival
(78,79). Such evidence supports a careful and proactive ap-
proach to the treatment of critically ill patients with ARF,
which is based on the prevention of uncontrolled uremia and
the maintenance of low urea levels throughout the patient’s
illness.

In those who survive an episode of ARF associated with
critical illness, the long-term health status, including health-
related quality of life (HRQoL), functional status, and hospital
discharge location, are also now considered important indica-
tors of morbidity. These patients frequently describe limitations
in daily activities, defficulties with mobility, and high levels of
sleep disturbance, fatigue, anxiety, and depression. However,
HRQoL is generally good and perceived as acceptable, despite
evidence that their quality of life is considerably lower than
that of the general population (80).

FUTURE DEVELOPMENTS
The discipline of nephrology concerned with ARF and RRT
in critically ill patients has undergone remarkable progress
in recent years; however, mortality rates for ARF remain un-
acceptably high. A consensus definition has now been devel-
oped and published that will guide research and, it is hoped,
translate into improved patient outcome (6). Such research
is needed to explore the relationship between survival and
subsequent morbidity—specifically, recovery of kidney func-
tion, health-related quality of life, and the economic conse-
quences of decisions made during care of critically ill patients
with ARF.

Some recent advances have been made, particularly in the
prevention of ARF associated with radiocontrast nephropa-
thy with use of N-acetylcysteine. Although studies with
fenoldopam are provocative, in general, no specific drugs have
been found to help. Apoptosis has recently been shown as
an important mechanism of renal tubular injury in ARF (47–
49,86). There is therapeutic potential for molecular targets,
such as selective inhibitors of pro-apoptotic proteins (e.g., cap-
sase inhibitors), involved in ARF that may attenuate injury or
promote recovery; however, at present, no evidence in humans
has emerged.

PEARLS
■ Restoring mean arterial pressure (MAP) within the autoreg-

ulatory range for blood flow to the kidney—65 to 110 mm
Hg—is important in maintaining the glomerular filtration
rate. Once the patient has been adequately fluid resuscitated,
with a CVP at least greater than 8 mm Hg, and the cardiac
output is known to be adequate or high, MAP should be cor-
rected within autoregulation with the use of norepinephrine.

■ Low-dose dopamine has been extensively studied, meta-
analyzed, and assessed for the treatment of acute renal fail-

ure. Although it probably increases urine output through its
tubular diuretic effect, it does not maintain or improve the
glomerular filtration rate.

■ Once a patient has been fluid resuscitated as described above,
if the cardiac output is adequate or high, and the mean arte-
rial pressure is adequate or normal, there is no renal benefit
to be gained by giving more intravenous fluids. Such flu-
ids often precipitate pulmonary congestion and have no sus-
tained beneficial effect on glomerular filtration. They should
not be given.
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CHAPTER 161 ■ RENAL REPLACEMENT
THERAPIES IN THE CRITICALLY ILL PATIENT
CLAUDIO RONCO r ZACCARIA RICCI

Despite recent advances in acute renal failure (ARF) definition,
diagnosis, and treatment many aspects remain subject to con-
troversy and lack of consensus. Renal replacement therapies
(RRT) are an important part of this ongoing debate, and al-
though modern technology has made a vast pool of different
strategies of extracorporeal renal support easily available, it is
still not clear which one is superior to the other in terms of effi-
cacy and outcome. Moreover, evidence-based medicine has not
yet defined the best time to prescribe RRT and when and how
patients should be weaned from this therapy. This chapter will
review most of these aspects and will provide some theoretical
and practical bases for RRT prescription with the goal of help-
ing intensive care unit (ICU) clinicians understand critical care
nephrology.

ACUTE RENAL FAILURE AND THE
CRITICALLY ILL PATIENT

A recent multinational, multicenter prospective epidemiologic
survey of ARF was conducted in ICU patients who either were
treated with RRT or fulfilled at least one of the predefined
criteria for ARF (1). Predefined ARF criteria were oliguria, de-
fined as urine output less than 200 mL in 12 hours, and/or
marked azotemia, defined as a blood urea nitrogen level higher
than 30 mmol/L. The data were collected at 54 hospitals in
23 countries. Of 29,269 critically ill patients admitted during
the 16 month study period, 1,738 (5.9% ) had ARF during
their ICU stay, including 1,260 (4.3% ) who were treated with
RRT. Overall hospital mortality was 60.3% . The most com-
mon contributing factor to ARF was septic shock (47.5% ).
Approximately 30% of patients had preadmission renal dys-
function; 86.2% survivors were independent from dialysis at
hospital discharge. Independent risk factors for hospital mor-
tality included the use of vasopressors, mechanical ventilation,
septic shock, cardiogenic shock, and hepatorenal syndrome.

Crude mortality assessment shows that the overall hospi-
tal outcome of ARF has remained high today, and it has not
changed in the last 30 years; nevertheless, such analysis is
profoundly misleading. Patients with ARF 30 years ago were
mostly treated outside the ICU, did not require or receive me-
chanical ventilation or vasopressor drugs, were 20 to 30 years
younger in age, and their outcome was typically assessed ret-
rospectively and in academic centers. Despite such profound
differences that indicate a much greater illness severity for pa-
tients treated in 2005, the mortality of ARF has not increased,
and perhaps has slightly decreased. The duration of treatment
has clearly decreased in terms of need for dialysis, as well as
the patient’s stay in the ICU and hospital, and the techniques of

artificial renal support have also changed markedly (2). It is a
matter of fact, however, that 50% to 60% crude mortality asso-
ciated with ARF will remain unchanged in the next decade. In
fact, as therapeutic capability improves and the system contin-
ues to accept a mortality of 50% as reasonable for these very
sick patients, the health care system will progressively admit
and treat sicker and sicker patients with ARF.

In modern health care systems, hence, ARF and the re-
quirement for acute RRT have become an established real-
ity. It has been estimated that the incidence of ARF requiring
extracorporeal support is 11.0 per 100,000 population/year.
The annual mortality rate is 7.3 per 100,000 residents, with
the highest rates in males older than 65 years. Renal recov-
ery occurs in 78% (68/87) of survivors at 1 year, meaning
that, although a great number of patients with severe ARF will
proceed to die, most survivors will become independent from
RRT within a year (3). The number of acute dialytic treat-
ments has grown up to the development of a new specialized
branch of nephrology in the last 10 years: however, it is im-
portant to emphasize that a critically ill patient with ARF is
not a patient with isolated renal dysfunction. ARF requires a
multidisciplinary approach with intensivists and nephrologists
sharing their respective knowledge. Fluid balance, vasopressor
dosage, mechanical ventilation support, and arterial blood gas
exchange—including PaO 2/FIO 2 (partial pressure of oxygen/
inspired fraction of oxygen) ratio—need to be associated to
RRT prescription, dialysis dose, ultrafiltration requirement,
and anticoagulation strategy. Younger ICU clinicians need an
in-depth understanding in their routine practice of all theoret-
ical and technical aspects of critical care nephrology.

HISTORICAL NOTES
From the initial description of continuous arteriovenous
hemofiltration (CAVH) in 1977 by Peter Kramer et al. (4), RRT
has progressively evolved in the ICU from a last-chance therapy
for ARF to a standardized, widely used, fully independent form
of artificial kidney support. Hardware and software technology
supporting the application of RRT has greatly improved. The
trend of this evolution and the potential of RRT have grown
to a point in which multiple organ support therapy (MOST)
is envisaged as a possible therapeutic approach in the critical
care setting.

CAVH was the first example of artificial renal support ap-
plied to critically ill patients (Fig. 161.1A); this mode was ca-
pable of overcoming the traditional hemodialysis side effects,
making possible the treatment of critically ill patients who
previously could not be treated because of severe instability.
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A B

FIGURE 161.1. A: Continuous arteriovenous hemofiltration: artery and vein are cannulated; blood flow
depends on pressure gradient; ultrafiltration is spontaneous and is mostly a function of ultrafiltrate column
from the patient level to the effluent bag. B: Early example of pump systems applied to renal replacement
therapy: the “Christmas tree–like effect” .

Hypotension due to rapid fluid removal, arrhythmias caused
by rapid electrolytes and intravascular volume shifts, and cere-
bral edema in head-injured patients were just some of the typ-
ical complications occurring during traditional dialysis ther-
apies. The clinical picture was further worsened by the fast
reduction of plasma osmolality induced by hemodialysis.
CAVH provided slow, continuous fluid removal while main-
taining steady solute concentrations and preventing peaks of
toxic substances. At the same time, the advent of CAVH co-
incided with the establishment of fully staffed, independent
intensive care units. In some of these units, renal replacement
therapy could even be performed in the absence of a nephrol-
ogy or a dialysis team. CAVH, however, had serious limitations.
It required arterial access routinely associated with technical
problems and high morbidity. Solute clearance was limited by
the low rates of ultrafiltration and the pure convective nature
of the treatment. Ultrafiltration limitation was imposed by the
relatively low blood flow in the circuit, driven by a spontaneous
arteriovenous pressure gradient and low transmembrane pres-
sure (TMP) gradient. The first was dependent on the mean
arterial pressure of the patient and the intrinsic resistance of
the circuit; the second was determined by the hydrostatic pres-
sure drop inside the filter and the negative suction provided by
the ultrafiltrate column from the patient level to the ground.
This meant that the most hemodynamically unstable patients

achieved the lowest clearances and presented early clotting of
the circuit. Technical improvements of CAVH (suction in the
ultrafiltrate side, predilution, supplementation of countercur-
rent dialysate flow) allowed it to exceed 20 mL/minute of clear-
ance, hardly sufficient to meet the needs of severely catabolic
patients. To overcome such technical limitations, new filters
were designed with an increased cross-sectional area and inner
hollow fiber diameter, reduced unit length, and lower resistance
to blood flow; by these measures, the phenomenon of filtration
pressure equilibrium and easy clotting due to poorly optimized
ultrafiltration profile was diminished, if not avoided. Another
option explored in those days was the use of highly biocom-
patible membranes mounted on parallel plate devices. These
filters presented lower intrinsic resistance (ensuring higher ex-
tracorporeal blood flows at a given arteriovenous pressure gra-
dient), and they were equipped with a second port in the filtrate
compartment so that countercurrent dialysate flow could be
programmed in the newly conceived continuous arteriovenous
hemodiafiltration (CAVHD) mode.

The evolution of technology and the progress experienced
in the ICU made it possible to activate renal replacement ther-
apy programs in several institutions, even in the absence of
a chronic dialysis facility or a trained nephrologic team. Ini-
tial limitations and drawbacks of CAVH stimulated nurses
and physicians to explore new avenues for better outcome of
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the therapy. The logical evolution was to apply a peristaltic
pump to the extracorporeal circuit. It must be reminded that
the use of a blood pump in the ICU was considered in those
days as a proprietary technology of the dialysis team (nurses
and nephrology consultants) and a technology that required a
specific expertise. Eventually, the knowledge of pumped sys-
tems began to be disseminated in the critical care world, mak-
ing venovenous hemofiltration a reality. The need of hard-
ware evolution in CAVH was not limited to blood pumps,
but it was also extended to fluid delivery systems and ultra-
filtration control mechanisms such that it allowed delivery of
dialysate or replacement solutions with an acceptable degree of
accuracy.

The first step toward continuous venovenous renal replace-
ment therapies was the advent of double lumen catheters that
made possible the puncture of a single vein, thus decreasing the
high rate of complications due to the need of arterial cannula-
tion. The driving force was no longer produced by the patient’s
mean arterial pressure, but resulted from the mechanical action
of the roller pumps. Blood flows could finally be programmed
and delivered with adequate precision. Nevertheless, the new
configuration of the extracorporeal circuit brought with it the
requirement for new accessories and new safety features that
were mostly borrowed from the chronic hemodialysis technol-
ogy. The continuous venovenous therapy setup required nega-
tive pressure measurement and alarm in the arterial line before
the pump, as well as positive pressure measurement and alarm
in the venous return line. In this line, a bubble trap had to be in-
serted to prevent air embolism (this was not necessary in CAVH
where the circuit operated at positive pressure along the entire
length of the system). The higher blood flows induced higher
filtration rates and the possibility to exploit higher clearances
because of increased dialysate flow rates. For this reason, roller
pumps were also applied to the dialysate or fluid replacement
delivery section of the circuit, and external scales had to be
frequently used to provide sufficiently accurate fluid balance
during treatment.

The benefits induced by the new adaptive technology were
soon counterbalanced by the gross inaccuracy of the systems
and the limited integration between the extracorporeal circuit
and the fluid balance devices. Furthermore, the fact that these
combined devices were mostly derived from the chronic dial-
ysis world conflicted with the possibility of their adequate us-
age in continuous and prolonged treatment. Finally, the need
of obtaining additional information or performing additional
functions led physicians and nurses to include in the system
several other devices often poorly integrated, with the final re-
sult of a cumbersome Christmas tree–like effect (Fig. 161.1B).
Safety and performance were definitely not optimized. Blood
pumps were often inaccurate, circuit tubing was damaged over
time, uncontrolled filtration fractions resulted because of pres-
sure and flow fluctuations, intrafilter hematocrit and platelet
count consequently increased beyond safe values, and filter
clotting typically occurred. Accurate ultrafiltration control is
mandatory in modern RRT. Early machines did not have scales
or pumps, and when volumetric pumps started to be used to
drive dialysate and ultrafiltrate in and out from the filters, in-
accuracies close to 10% were observed, an unacceptable error
during 24-hour-long therapies. Furthermore, when the mem-
brane was clogged and approaching failure, the ultrafiltrate
volumetric pump was increasing its inaccuracy because of the
wide fluctuation in the membrane ultrafiltration coefficient. It

soon became evident that an ideal extracorporeal circuit should
have incorporated continuous pressure measurements of the
inlet and outlet lumen of the catheter, inlet and outlet of the
filter, and ultrafiltrate and dialysate ports. When this informa-
tion was integrated with adequate alarms, it resulted of crucial
importance, and allowed the ICU staff to maintain filter effi-
ciency and circuit patency, detect potential sources of clotting,
and ensure patient safety.

INDICATIONS FOR INITIATION
AND CESSATION OF RENAL

REPLACEMENT THERAPY

Ge ne ral Ind icat ions

Uremic complications of ARF such as pulmonary edema, severe
fluid overload, hyperkalemia-induced arrhythmias, and uncon-
trolled metabolic acidosis have long been described. Nonethe-
less, there are no predefined established indications on when
to start RRT. Medical management attempts to prevent renal
dysfunction include the use of diuretics, bicarbonate, fluid re-
striction, and nutritional restriction to control hyperkalemia.
When these attempts fail, treatment is escalated to RRT. In re-
cent times, a more aggressive blood purification approach has
been advocated, with the maintenance of homeostasis and pre-
vention of complications being a priority for the critically ill
patient (5). Now that multiple RRT options are easily avail-
able in the ICU and little morbidity is described in association
with the administration of extracorporeal renal support, early
blood purification is desirable, and a prevention-based algo-
rithm for initiation of RRT can be used (Table 161.1). Unfor-
tunately, once RRT has started, there is no scientifically estab-
lished biochemical or clinical marker that should be targeted
by the therapy. A routine clinical practice is to maintain urea
concentration below 30 mg/dL, creatinine below 2.5 mg/dL,
and electrolytes within normal values.

Techniques and timing of weaning patients from RRT are
poorly described in the literature. Again, following practical
clinical concepts, it is recommended that when the patient has

TA BLE 1 6 1 . 1

INDICATIONS FOR STARTING RRT

The presence of one indication suggests, two indications
strongly suggest, three indications mandate initiation of
RRT.

■ Anuria/oliguria (diuresis ≤ 200 mL in 12 h)
■ Severe metabolic acidosis (pH < 7.10)
■ Hyperazotemia (BUN ≥ 80 mg/100 mL) or creatinine

> 4 mg/dL
■ Hyperkalemia (K+ ≥ 6.5 mEq/L)
■ Clinical signs of uremic toxicity
■ Severe dysnatremia (Na+ ≤ 115 or ≥ 160 mEq/L)
■ Hyperthermia (temperature > 40◦C without response to

medical therapy)
■ Anasarca or severe fluid overload
■ Multiple organ failure with renal dysfunction and/or

systemic inflammatory reaction syndrome, sepsis or septic
shock with renal dysfunction
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reached hemodynamic stability, and/or the need for vasopres-
sors has been reduced and/or the severity of illness has de-
creased, intensity of the blood purification can be decreased.
If the patient was on a continuous schedule, he or she can be
switched to an intermittent or semicontinuous modality. This
process can be accelerated when urine output and fluid balance
become adequate. Current research focuses on the possibility
of classifying ARF according to multilevel classification (see be-
low) and applying it to administer renal supportive therapies,
depending on the level of the disease.

Cont rove rsie s

A clear ARF consensus definition is needed that would allow
clinicians to better classify epidemiology, randomizing patients
in controlled trials, testing therapies in similar groups of pa-
tients, developing animal models, and validating diagnostic
tests. To make consensus-based recommendations and delin-
eate key questions for future studies, the Acute Dialysis Qual-
ity Initiative (ADQI) work group in 2004 identified the need
for a definition/classification system for ARF as a topic related
to the field of ARF and ranked this need first for importance
and clinical impact (6). The work group considered that the
definition of ARF necessarily required the following features:

■ Ease of use and clinical applicability across different centers
■ High sensitivity and specificity for different populations and

research questions

Increased crea tinine  × 1.5 or 
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FIGURE 161.2. The RIFLE classification separates criteria for serum
creatinine and urine output (UO). The criteria that lead to the worst
possible classification should be used. RIFLE-F is present even if the
increase in serum creatinine is below threefold, as long as the new
serum creatinine is 4.0 mg/dL (350 mmol/L) or above in the setting
of an acute increase of at least 0.5 mg/dL (44 mmol/L). The shape
of the figure denotes the fact that more patients (high sensitivity) will
be included in the mild category, including some not actually having
renal failure (less specificity). In contrast, at the bottom, the criteria
are strict and therefore specific, but some patients will be missed. ARF,
acute renal failure; GFR, glomerular filtration rate. (From Bellomo R,
Ronco C, Kellum JA, et al., and the ADQI workgroup. Acute renal
failure—definition, outcome measures, animal models, fluid therapy
and information technology needs: the Second International Consensus
Conference of the Acute Dialysis Quality Initiative [ADQI] Group. Crit
Care. 2004;8:R204–R212, with permission.)

■ Consideration of creatinine changes from baseline
■ A classification for acute or chronic renal disease

Such a classification would include and separate mild and
severe as well as early or late cases, and would allow the detec-
tion of patients in whom renal function is mildly affected (high
sensitivity for the detection of kidney malfunction but limited
specificity for its presence) and patients in whom renal function
is markedly affected (high specificity for true renal dysfunction
but limited sensitivity in picking up early and more subtle loss
of function). Accordingly, a multilevel classification system was
proposed for a wide range of conditions such as Renal dysfunc-
tion, Injury to the kidney, Failure or Loss of kidney function,
and End-stage kidney disease; these criteria are identified by
the acronym RIFLE (Fig. 161.2).

When such classification achieves sufficient clinical valida-
tion (7), it will be reasonable to couple each level of ARF sever-
ity to a specific management plan (medical or artificial) and/or
to identify a RRT modality/prescription for that level of renal
dysfunction. In our experience, a RIFLE-F level (Fig. 161.2) of
ARF severity could be a reasonable trigger to start RRT apart
from any previously attempted medical therapy.

CONTINUOUS, INTERMITTENT,
DIFFUSIVE, CONVECTIVE: AN

ONGOING MATTER

RRT Mod alit ie s: De scrip t ion
and Nome nclat ure

Renal replacement consists of the purification of blood by
semipermeable membranes. A wide range of molecules, from
water to urea to low-, middle-, and high-molecular-weight so-
lutes, is transported across such membranes by the mechanism
of ultrafiltration (water), convection, and diffusion (solutes)
(Fig. 161.3).

During diffusion, the movement of solutes depends on their
tendency to reach the same concentration on each side of the
membrane; the practical result is the passage of solutes from
the compartment with the highest concentration to the com-
partment with the lowest concentration. Other components of
the semipermeable membrane deeply affect diffusion: thickness
and surface, temperature, and diffusion coefficient. Dialysis is
a modality of RRT and is predominantly based on the principle
of diffusion: a dialytic solution flows through the filter coun-
tercurrent to blood flow to maintain the highest solute gradient
from inlet to outlet port.

During convection, the movement of solute across a
semipermeable membrane takes place in conjunction with sig-
nificant amounts of ultrafiltration (water transfer across the
membrane). In other words, as the solvent (plasma water) is
pushed across the membrane in response to the transmembrane
pressure (TMP) by ultrafiltration (UF), solutes are carried with
it, as long as the porosity of the membrane allows the molecules
to be sieved from blood. The process of UF is governed by the
UF rate (Qf), the membrane UF coefficient (Km), and the TMP
gradient generated by the pressures on both sides of the mem-
brane, according to the following formula:

Qf = Km × TMP
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FIGURE 161.3. Diffusion and convection are schematically repre-
sented. During diffusion, solutes flux (Jx) is a function of solutes
concentration gradient (dc) between the two sides of the semiperme-
able membrane, temperature (T), diffusivity coefficient (D), membrane
thickness (dx), and surface area (A) according to the following equa-
tion:

Jx = DTA(dc/dx) (1)

Convective flux of solutes (Jf) requires instead a pressure gradient be-
tween the two sides of the membrane (transmembrane pressure, TMP)
that moves a fluid (plasma water) with its crystalloid content (a pro-
cess called ultrafiltration, whose entity is also dependent on the mem-
brane permeability coefficient (Kf). Colloids and cells will not cross the
semipermeable membrane, depending on the pores’ size.

Jf = Kf × TMP (2)

TMP = Pb − Pd − π , where Pb is blood hydrostatic pressure, Pd is
hydrostatic pressure on the ultrafiltrate side of the membrane, and π
is blood oncotic pressure).

The hydrostatic pressure in the blood compartment is de-
pendent on blood flow (Qb). The greater the Qb, the greater
the TMP. In modern RRT machines, UF control throughout
the filter is obtained by applying a pump that generates suction
to the UF side of the membrane. Modern systems are optimally
designed to maintain a constant Qf; it is worth noting that,
when the filter is fresh, the initial effect of UF pumps is to re-
tard UF production, generating a positive pressure on the UF
side. Thus, TMP is initially dependent only on Qb. As the mem-
brane fibers foul, a negative pressure is necessary to achieve a
constant Qf. In this case, a progressive increase of TMP can
be observed up to a maximal level in which clotting is likely,
membrane rupture may occur, and, above all, solute clearance

may be significantly compromised. In fact, if it is true that the
size of molecules cleared during convection exceeds that dur-
ing diffusion, because they are physically dragged to the UF
side, it is also true that this feature is seriously limited by the
protein layer that progressively closes filter pores during con-
vective treatments (8). A peculiar membrane capacity, defined
as adsorption, has been shown to have a major role in higher-
molecular-weight toxins (9); however, it should be considered
that membrane adsorptive capacity is generally saturated in the
first hours from the beginning of the treatment. This observa-
tion reflects the minimal impact of the adsorption component
on solute clearance, and suggests relying only on the relatively
minor effects of mass separation processes such as diffusion
and convection (10).

As UF proceeds and plasma water and solutes are filtered
from blood, hydrostatic pressure within the filter is lost and on-
cotic pressure is gained because blood concentrates and hema-
tocrit increases. The fraction of plasma water that is removed
from blood during UF is called filtration fraction; it should be
kept in the range of 20% to 25% to prevent excessive hemo-
concentration within the filtering membrane and to avoid the
critical point at which oncotic pressure is equal to TMP and a
condition of filtration/pressure equilibrium is reached. Finally,
replacing plasma water with a substitution solution completes
the hemofiltration (HF) process and returns purified blood to
the patient. The replacement fluid can be administered after the
filter, with a process called postdilution HF. O therwise, the so-
lution can be infused before the filter to obtain predilution HF,
whereas predilution plus postdilution replacement is obtained
on mixed infusion of substitution fluids both before and after
filtering the membrane. Although postdilution allows a urea
clearance equivalent to therapy delivery (i.e., 2,000 mL/hour—
see below), predilution, in spite of theoretical reduced solute
clearances, prolongs the circuit life span, reducing the hemo-
concentration and protein caking effects occurring within filter
fibers. Conventional hemofiltration is performed with a highly
permeable membrane with a surface area of about 1 m2, steam
sterilized, with a cutoff point of 30 kd (Fig. 161.4).

The Conce p t of RRT Dose

The conventional view of RRT dose is that it is a measure
of the quantity of blood purification achieved by means of
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FIGURE 161.4. Membranes are classified based on their permeability or filtration coefficient (Kf –
mL/h/mm Hg) and their sieving coefficient. A high flux (synthetic membrane) will have a higher per-
meability to water, with optimal use during hemofiltration or hemodiafiltration (prevalently convective
treatments) and bigger pore size to let higher–molecular-weight molecules cross the membrane.
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extracorporeal techniques. As this broad concept is too difficult
to measure and quantify, the operative view of RRT dose is that
it is a measure of the quantity of a representative marker solute
that is removed from a patient. This marker solute is consid-
ered to be reasonably representative of similar solutes, which
require removal for blood purification to be considered ade-
quate. This premise has several major flaws; the marker solute
cannot and does not represent all the solutes that accumulate
in renal failure. Its kinetics and volume of distribution are also
different from those of such solutes. Finally, its removal during
RRT is not representative of the removal of other solutes. This
is true both for end-stage renal failure and acute renal failure.
However, a significant body of data in the end-stage renal fail-
ure literature (11–16) suggests that, despite all of the above
major limitations, a single solute marker assessment of dialysis
dose appears to have a clinically meaningful relationship with
patient outcome, and therefore clinical utility. Nevertheless, the
HEMO (hemodialysis) Study Group, examining the effect of in-
termittent hemodialysis (IHD) doses, enforced the concept that
“ less dialysis is worse,” but failed to confirm the intuition that
“more dialysis is better” (16). Thus, if this premise seems useful
in end-stage renal failure, it is accepted to be potentially useful
in ARF for operative purposes. Hence, the amount (measure)
of delivered dose of RRT can be described by various terms:
efficiency, intensity, frequency, and clinical efficacy. Each will
be discussed below.

The efficiency of RRT is represented by the concept of clear-
ance (K), i.e., the volume of blood cleared of a given solute
over a given time. K does not reflect the overall solute removal
rate (mass transfer) but, rather, its value normalized by the
serum concentration. Even when K remains stable over time,
the removal rate will vary if the blood levels of the reference
molecule change. K depends on solute molecular size and trans-
port modality (diffusion or convection), as well as circuit oper-
ational characteristics (blood flow rate [Qb], dialysate flow rate
[Qd], ultrafiltration rate [Qf], and hemodialyzer type and size).
K can be normally used to compare the treatment dose during
each dialysis session, but it cannot be used as an absolute dose
measure to compare treatments with different time schedules.
For example, K is typically higher in intermittent hemodialy-
sis (IHD) than continuous renal replacement therapy (CRRT)
and sustained low-efficiency daily dialysis (SLEDD). This is not
surprising, since K represents only the instantaneous efficiency
of the system. However, mass removal may be greater during
SLEDD or CRRT. For this reason, the information about the
time span during which K is delivered is fundamental to de-
scribe the effective dose of dialysis.

The intensity of RRT can be defined by the product of clear-
ance times time (Kt). Kt is more useful than K in comparing
various RRTs. A further step in assessing dose must include
frequency of the Kt application over a particular period (e.g.,
a week). This additional dimension is given by the product
of intensity times frequency (Kt × treatment days/week = Kt
days/week). Kt days/week is superior to Kt since it offers infor-
mation beyond a single treatment; patients with ARF typically
require more than one treatment. This concept of Kt days/week
offers the possibility to compare disparate treatment sched-
ules (intermittent, alternate day, daily, continuous). However,
it does not take into account the size of the pool of solute that
needs to be cleared. This requires the dimension of efficacy.

The efficacy of RRT represents the effective solute removal
outcome resulting from the administration of a given treat-

ment to a given patient. It can be described by a fractional
clearance of a given solute (Kt/V), where V is the volume of
distribution of the marker molecule in the body. Kt/V is an es-
tablished marker of adequacy of dialysis for small solutes cor-
relating with medium-term (several years) survival in chronic
hemodialysis patients (16). Urea is typically used as a marker
molecule in end-stage kidney disease to guide treatment dose,
and a Kt/VUREA of at least 1.2 is currently recommended. As
an example, we can consider the case of a 70-kg patient who
is treated 20 hours per day with a postfilter hemofiltration
of 2.8 L/hour at a zero balance. The patient’s KUREA will be
47 mL/min (2.8 L/hour = 2,800 mL/60 minutes) because we
know that during postfilter hemofiltration, ultrafiltered plas-
matic water will drag all urea across the membrane, making
its clearance identical to UF flow. The treatment time (t) will
be 1,200 minutes (60 minutes for 20 hours). The urea volume
of distribution will be approximately 42,000 mL (60% of 70
kg, 42 L = 42,000 mL)—that is, roughly equal to total body
water. Simplifying our patient’s Kt/VUREA, we will have 47 ×
1,200/42,000 = 1.34.

However, Kt/VUREA application to patients with ARF has
not been rigorously validated. In fact, although the application
of Kt/V to the assessment of dose in ARF is theoretically intrigu-
ing, many concerns have been raised because problems intrinsic
to ARF can hinder the accuracy and meaning of such dose mea-
surement. These include the lack of a metabolic steady state,
uncertainty about the volume of distribution of urea (VUREA), a
high protein catabolic rate (PCR), labile fluid volumes, and pos-
sible residual renal function, which changes dynamically dur-
ing the course of treatment. Furthermore, delivery of the pre-
scribed dose in ARF can be limited by technical problems such
as access recirculation, poor blood flows with temporary ve-
nous catheters, membrane clotting, and machine malfunction.
In addition, clinical issues such as hypotension and vasopres-
sor requirements can be responsible for solute disequilibrium
within tissues and organs.

These aspects are particularly evident during IHD, less so
during SLEDD, and even less during CRRT. This difference is
due to the fact that, after some days of CRRT, the patient’s
urea levels approach a real steady state. Access recirculation is
also an issue of lesser impact during low efficiency continuous
techniques. Finally, because the therapy is applied continuously,
the effect of compartmentalization of solutes is minimized and,
from a theoretical point of view, single pool kinetics can be ap-
plied (spKt/V) with a reasonable chance of approximating true
solute behavior. In order to study the use of spKt/VUREA as a
feasible methodology for the measurement of CRRT dose and
to standardize disparate prescriptions, a software called “Ad-
equacy Calculator for ARF” was recently tested (17). This is a
Microsoft Excel-based program (18) that calculates urea clear-
ance and estimates fractional clearance and Kt/VUREA for all
RRT modalities. In a prospective study on continuous thera-
pies, the value of clearance predicted by the calculator corre-
lated significantly to the value obtained from direct blood and
dialysate determinations during the first 24 treatment hours, ir-
respective of the continuous renal replacement modality used.

Other dose measurement methods have been used in pa-
tients with end-stage renal failure but have not been sufficiently
investigated in the setting of ARF. The time-averaged blood
urea concentration (TACUREA) is the area under the sawtooth
curve produced by intermittent dialysis sessions. TACUREA is
a function of dialysis dose and urea generation rate (G) from
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protein intake. As such, it is not a good indicator of RRT dose,
per se. Emerging evidence from patients with end-stage renal
failure suggests the importance of using equivalent renal clear-
ance (EKRc). If G and TACUREA are known, EKRc can be cal-
culated by the ratio of total urea removal (equal to G at steady
state) and TACUREA. A modification of this equation was de-
scribed by Gotch as standardized Kt/V (stdKt/V), and it is cal-
culated as the ratio of G and mean weekly urea pretreatment
concentrations (MPC) normalized for VUREA (19–21). These
formulas allow comparisons among the dose measurements of
disparate therapies and different frequencies of RRT. However,
G, MPC, and TACUREA calculations are less immediate than K,
t and VUREA, which seem easier to achieve without formal mod-
eling. Furthermore, G is likely to be extremely variable from
day to day in ARF patients. Finally, in patients who might re-
ceive only three or four sessions of IHD, the concept of MPC,
which requires a parametric distribution of values, is simply
statistically incorrect. VUREA is also dynamic and not as easily
estimated using anthropometric calculations.

To evaluate VUREA in patients with ARF, Himmelfarb et al.
(22) undertook a systematic study in a cohort of 28 patients
with ARF. They found that determination of VUREA by different
approaches to anthropometric measurements (Watson, 42.5 ±
7.0 L; Hume-Weyer, 43.6 ± 7.1 L; Chertow, 46.8 ± 8.1 L)
yielded significantly lower values compared to VUREA deter-
mined by physiologic formulae and by bioimpedance (51.1 ±
11.6 L and 51.1 ± 13.3 L, respectively). Finally and more
importantly, all measures of VUREA by blood-based kinetics
exceeded measurements by any method (7% to 50% differ-
ence). These investigators inevitably concluded that estimates
of VUREA cannot be reliably used in patients with ARF.

These observations highlight the gross inadequacies of ap-
plying end-stage renal failure paradigms to patients with ARF.
They also indicate that, unlike in the field of chronic hemodial-
ysis, only major changes in the application of dose (e.g., chang-
ing from twice-a-day to daily dialysis) can be reasonably be-
lieved to truly deliver a different dose in the setting of ARF.
More subtle adjustments, such as prescribing a calculated Kt/V
of 1 versus 1.2, can easily be criticized as being within the calcu-
lation error for each prescription and not necessarily represent-
ing a reliable change in dose delivery. The major shortcoming of
the traditional solute marker–based approach to dialysis dose
in ARF lies well beyond any methodologic critique of single-
solute kinetics-based prescriptions. In patients with ARF, most
of whom are in intensive care, a restrictive (solute-based only)
concept of dialysis dose seems grossly inappropriate. In these
patients, the therapeutic needs that can be, or need to be, af-
fected by the dose of renal replacement therapy are more than
the simple control of small solutes as represented by urea. They
include control of acid-base value, tonicity, potassium, mag-
nesium, calcium, phosphate, intravascular volume, extravas-
cular volume, temperature, and the avoidance of unwanted
side effects associated with the delivery of solute control. In
the critically ill patient, it is much more important (e.g., in
the setting of coagulopathic bleeding after cardiac surgery) for
10 units of fresh frozen plasma, 10 units of cryoprecipitate,
and 10 units of platelets to be administered rapidly without
inducing fluid overload (because 1 to 1.5 L of ultrafiltrate
are removed in 1 hour) than for Kt/V to be of any particu-
lar value. A dose of RRT is aimed toward prophylactic vol-
ume control. In a patient with right ventricular failure, ARF,
and ARDS who is receiving lung-protective ventilation with

permissive hypercapnia and with acidemia, inducing a further
life-threatening deterioration in pulmonary vascular resistance,
the dose component of RRT that matters immediately is acid-
base control and normalization of pH 24 hours/day. The Kt/V
(or any other solute-centric concept of dose) is almost just a
by-product of such dose delivery. In a young man with trauma,
rhabdomyolysis, and a rapidly rising serum potassium already
at 7 mmol/L, the dialysis dose is selected to control hyper-
kalemia. In a patient with fulminant liver failure, ARF, sepsis,
and cerebral edema awaiting urgent liver transplantation, and
whose cerebral edema is worsening because of fever, the RRT
dose is centered on lowering the temperature without any tonic-
ity shifts that might increase intracranial pressure. Finally, in
a patient with pulmonary edema after an ischemic ventricular
septal defect requiring emergency surgery, along with ARF, is-
chemic hepatitis, and the need for inotropic and intra-aortic
balloon counterpulsation support, the RRT dose mostly con-
cerns removing fluid gently and safely so that the extravascular
volume falls while the intravascular volume remains optimal.
Solute removal is simply a by-product of fluid control. These
aspects of dose must explicitly be considered when discussing
the dose of RRT in ARF, for it is likely that patients die more
often from incorrect dose delivery of this type than incorrect
dose delivery of the Kt/V type. Although each aspect of this
broader understanding of dose is difficult to measure, clini-
cally relevant assessment of dose in critically ill patients with
ARF should include all dimensions of such a dose, and not one
dimension picked because of a similarity with end-stage renal
failure. There is no evidence in the acute field that such so-
lute control data are more relevant to clinical outcomes than
volume control, acid-base control, or tonicity control.

RRT Pre scrip t ion

The ore t ical Asp e ct s
Despite all the uncertainty surrounding its meaning and the
gross shortcomings related to its accuracy in patients with ARF,
the idea that there might be an optimal dose of solute removal
continues to have a powerful hold in the literature. This is likely
due to evidence from ESRD, where a minimum Kt/V of 1.2
three times weekly is indicated as standard (16). However, the
benefits of greater Kt/V accrue over years of therapy. In ARF,
any difference in dose would apply for days to weeks. The view
that it would still be sufficient to alter clinical outcomes remains
somewhat optimistic.

Nonetheless, the hypothesis that higher doses of dialysis
may be beneficial in critically ill patients with ARF must be
considered by analogy and investigated. Several reports in the
literature deal with this issue. Furthermore, the concept of a
predefined dose is a powerful tool to guide clinicians to a cor-
rect prescription and to at least avoid undertreatment.

Brause et al. (23), using continuous venovenous hemofiltra-
tion (CVVH), found that higher Kt/V values (0.8 vs. 0.53) cor-
related with improved uremic control and acid-base balance;
this would be expected. No clinically important outcome was
affected. Investigators from the Cleveland clinic (24) retrospec-
tively evaluated 844 patients with ARF requiring CRRT or IHD
over a 7-year period. They found that, when patients were strat-
ified for disease severity, the dialysis dose did not affect outcome
in patients with very high or very low scores but did correlate
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with survival in patients with intermediate degrees of illness.
A mean Kt/V greater than 1.0 or TACUREA less than 45 mg/dL
was associated with increased survival. This study was retro-
spective with a clear post hoc selection bias. Therefore, the
validity of these observations remains highly questionable.

Daily IHD compared to alternate-day dialysis also seemed
to be associated with improved outcome in a recent trial (25).
Daily hemodialysis resulted in significantly improved survival
(72% vs. 54% , p = 0.01), better control of uremia, fewer hy-
potensive episodes, and more rapid resolution of ARF. How-
ever, several limitations affected this study: sicker, hemodynam-
ically unstable patients were excluded and underwent CRRT
instead. Furthermore, according to reported mean TACUREA,
it appears that patients receiving conventional IHD were un-
derdialyzed. In addition, this study was a single-center study
with all the inherent limitations in regard to external validity.
Furthermore, twice-daily dialysis was associated with signif-
icant differences in fluid removal and dialysis-associated hy-
potension, suggesting that other aspects of dose beyond solute
control (inadequate and episodic volume control) may have
explained the findings. These observations suggest that further
studies should be undertaken to assess the most effective dose
of IHD on outcome.

In a randomized controlled trial of CRRT dose, contin-
uous venovenous postdilution hemofiltration (CVVH) at 35
mL/kg/hour or 45 mL/kg/hour was associated with improved
survival when compared to 20 mL/kg/hour in 425 critically
ill patients with ARF (26). Applying Kt/V dose assessment
methodology to CVVH, at a dose of 35 mL/kg/hour in a 70-kg
patient treated for 24 hours, a treatment day would be equiv-
alent to a Kt/V of 1.4 applied daily. Despite the uncertainty
regarding the calculation of VUREA, CVVH at 35 mL/kg/hour
would still provide an effective daily delivery of 1.2, even in the
presence of an underestimation of VUREA by 20% . Many tech-
nical and/or clinical problems, however, can make it difficult
in routine practice to apply such strict protocol by pure post-
dilution hemofiltration. These problems include filter clotting;
high filtration fraction in the presence of access dysfunction
and fluctuations in blood flow; and circuit downtime during
surgery, radiologic procedures, and filter changes. Equally im-
portant are the observations that this study was conducted over
6 years in a single center, uremic control was not reported, the
incidence of sepsis was low compared to that of the typical
populations reported to develop ARF in the world, and that its
final outcome was not the accepted 28-day or 90-day mortality
typically used in ICU trials. Thus, the external validity of this
study remains untested.

Another prospective randomized trial conducted by
Bouman et al. (27) assigned patients to three groups: (i) early
high-volume hemofiltration (72 to 96 L per 24 hours); (ii) early
low-volume hemofiltration (24 to 36 L per 24 hours); and
(iii) late low-volume hemofiltration (24 to 36 L per 24 hours).
These investigators found no difference in terms of renal recov-
ery or 28-day mortality. Unfortunately, prescribed doses were
not standardized by weight, making the potential variability
in RRT dose large. Furthermore, the number of patients was
small, making the study insufficiently powered, and, again, the
incidence of sepsis was low compared to that of the typical
populations reported to develop ARF in the world.

All of these studies, however, must be seen in the light of an
absolute lack of any previous attempt to adjust ARF treatment
dose to specific target levels. During the third International

Course on Critical Care Nephrology held in Vicenza, Italy, a
survey on various aspects of ARF was conducted, including
treatment prescription, among about 550 participants (equally
distributed between nephrologists and intensivists) from about
500 centers (28). More than one third of responders declared
not prescribing any specific RRT dose for ARF patients, and
75% of responders did not monitor the RRT-delivered dose.
In fact, although a clear understanding of the adequate dose of
RRT has not yet been achieved, it is also true that, as is true for
antibiotic blood levels during severe infections, adequate pre-
scription should be followed by adequate administration. The
differences between delivered and prescribed dose in patients
with ARF undergoing IHD were analyzed by Evanson et al.
(29). The authors found that high patient weight, male gender,
and low blood flow were limiting factors affecting RRT ad-
ministration, and that about 70% of dialysis delivered a Kt/V
of less than 1.2. A retrospective study by Venkataraman et al.
(30) also showed that, similarly, patients received only 67%
of prescribed CRRT therapy. Furthermore, the use of the Ade-
quacy Calculator allowed us (17) to strictly monitor treatments
during the study period, and an average 10.7% (p < 0.05) re-
duction of therapy delivery was found when compared to the
prescribed dose. This delivery reduction was sometimes due
to Calculator overestimation and, more often, to an operative
treatment time that was shorter than prescribed (during bag
substitution, alarms troubleshooting, and filter change, CRRT
is not administered). Of note in the CVVH dose trial (26),
only patients who achieved more than 85% of the prescribed
dose were included. To obtain this goal, compensation for in-
terruptions in treatment due to ICU procedures was made by
increasing effluent flow rates in the subsequent hours. These ob-
servations underline that RRT prescriptions for ARF patients
in the ICU should be monitored closely if one wishes to ensure
adequate delivery of the prescribed dose.

Pract ical Asp e ct s
During RRT, clearance depends on circuit blood flow (Qb),
hemofiltration (Qf), or dialysis (Qd) flow, solute molecular
weights, and hemodialyzer type and size. Qb, as a variable
in delivering RRT dose, is mainly dependent on vascular ac-
cess and the operational characteristics of machines used in
the clinical setting. Qf is strictly linked to Qb during convec-
tive techniques by filtration fraction. Filtration fraction does
not limit Qd, but when the Qd/Qb ratio exceeds 0.3, it can
be estimated that dialysate will not be completely saturated
by blood-diffusing solutes. The search for specific toxins to be
cleared, furthermore, has not been successful despite years of
research, and urea and creatinine are generally used as refer-
ence solutes to measure renal replacement clearance for renal
failure. Although available evidence does not allow the direct
correlation of the degree of uremia with outcome in chronic
renal disease, in the absence of a specific solute, clearances of
urea and creatinine blood levels are used to guide treatment
dose. During UF, the driving pressure jams solutes, such as
urea and creatinine, against the membrane and into the pores,
depending on the membrane-sieving coefficient (SC) for that
molecule. SC expresses a dimensionless value, and is estimated
by the ratio of the concentration of the solutes in the filtrate
divided by that in the plasma water or blood. A SC of 1.0, as is
the case for urea and creatinine, demonstrates complete perme-
ability, and a value of 0 reflects complete rejection. Molecular
size over approximately 12 kd and filter porosity are the major
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TA BLE 1 6 1 . 2

GUIDELINES FOR RRT PRESCRIPTION

Clinical variables Operational variables Setting

Fluid balance Net ultrafiltration A continuous management of negative balance (100–300 mL/h) is
preferred in hemodynamically unstable patients. A complete
monitoring (CVC, S-G, arterial line, ECG, pulse oximeter) is
recommended.

Adequacy and dose Clearance/modality 2,000–3,000 mL/h K (or 35 mL/kg/h) for CRRT; consider first
CVVHDF. If IHD is selected, a prescription of every day for 4 h
is recommended. Prescribe a Kt/V > 1.2.

Acid-base balance Solution buffer Bicarbonate buffered solutions are preferable to lactate buffered
solutions in case of lactic acidosis and/or hepatic failure.

Electrolyte Dialysate/replacement Consider solutions without K+ in case of severe hyperkalemia.
Accurately manage MgPO4.

Timing Schedule Early and intense RRT is suggested.
Protocol Staff/machine Well-trained staff should routinely use RRT monitors according

to predefined institutional protocols.

CVC, central venous catheter; S-G, Swan-Ganz catheter; ECG, electrocardiogram; CRRT, continuous renal replacement therapy; CVVHDF, continuous
venovenous hemodiafiltration; IHD, intermittent hemodialysis.

determinants of SC. The K during convection is measured by
the product of Qf times SC. Thus, different from diffusion,
there is a linear relationship between K and Qf, SC being the
changing variable for different solutes. During diffusion, the
linear relationship is lost when Qd exceeds about one third of
Qb. As a rough estimate, we can consider that during con-
tinuous low-efficiency treatments, the RRT dose is a direct
expression of ultrafitrative (Qf) and dialysis (Qd), indepen-
dent of which solute must be removed from blood. During
continuous treatment, it has now been suggested to deliver at
least a urea clearance of 2 L/hour, with the clinical evidence

that 35 mL/kg/hour may be the best prescription (i.e., about
2.8 L/hour in a 70-kg patient). Other authors suggest a pre-
scription based on patient requirements, in turn based on the
urea generation rate and catabolic state of the single patient.
It has been shown, however, that during continuous therapy,
a clearance less than 2 L/hour will almost definitely be insuf-
ficient in an adult critically ill patient. For more exact esti-
mations, simple computations have been shown to adequately
estimate clearance (17,31). Tables 161.2 and 161.3 provide
details that could be followed each time a RRT prescription is
indicated.

TA BLE 1 6 1 . 3

EXAMPLE OF A POSSIBLE PRESCRIPTION FOR CONTINUOUS TREATMENT IN A 70-kg PATIENT (VUREA: 42 L)
DURING AN IDEAL SESSION OF 24 HOURS (t: 1,440 MINUTES) (NET ULTRAFILTRATION [PATIENT FLUID LOSS]
IS CONSIDERED ZERO IN KCALC FOR SIMPLICITY)

Estimated urea Value of Q to Value of Q to
clearance (KCALC) Notes obtain 35 mL/kg/h obtain a Kt/V of 1

CVVH postdilution KCALC = Qrep Always keep filtration
fraction < 20% (Qb
must be 5 times Qrep)

Qrep: 41 mL/min or
2,450 mL/h

Qrep: 29 mL/min or
1,750 mL/h

CVVH predilution KCALC = Quf/
[1 + (Qrep/Qb)]

Filtration fraction
computation changes
(keep < 20% )

For a Qb of 200 mL/min,
Qrep: 53 mL/min or
3,200 mL/h

For a Qb of 200 mL/min,
Qrep: 35 mL/min or
2,100 mL/h

CVVHD KCALC = Qdo Keep Qb at least thrice
Qdo

Qdo: 41 mL/min or
2,450 mL/h

Qdo: 29 mL/min or
1,750 mL/h

CVVHDF postdilution
(50% convective
and diffusive K)

KCALC = Qrep + Qdo Consider notes of both
CVVH and CVVHD

Qrep: 20 mL/min
+ Qdo: 21 mL/min

Qrep: 14 mL/min
replacement solution
+ Qdo: 15 mL/min

CVVH, continuous venovenous hemofiltration; Qrep, replacement solution flow rate; Qb, blood flow rate; Quf, ultrafiltration flow rate (Quf = Qrep +
Qnet); CVVHD, continuous venovenous hemodialysis; Qdo, dialysate solution flow rate; CVVHDF, continuous venovenous hemodiafiltration; Qnet,
patient’s net fluid loss.
Urea volume of distribution V (L): patient’s body weight (Kg) × 0.6.
Estimated fractional clearance (Kt/VCALC): KCALC (mL/min) × prescribed treatment time (min)/V (mL).
A quantity of 35 mL/kg/h roughly corresponds to a Kt/V of 1.4. A Kt/V of 1 corresponds to approximately 25 mL/kg/h.
Filtration fraction calculation (postdilution): Qrep/Qb × 100. Filtration fraction calculation (predilution): Qrep/Qb + Qrep × 100.
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From Cont inuous t o Int e rmit t e nt :
One Tre at me nt Fit s All?

Clearance-based dose quantification methods may not be ad-
equate to compare effectiveness. For example, peritoneal dial-
ysis (PD), traditionally providing less urea clearance per week
than IHD, has comparable patient outcomes. Furthermore,
when EKRc is used to compare intermittent and continuous
therapies, it does not appear to be equivalent in terms of out-
come: typically, PD patients have better outcomes with less
EKRc than IHD patients (32). When the critical parameter
is metabolic control, an acceptable mean blood urea nitrogen
level of 60 mg/dL—easily obtainable in a 100-kg patient with
a 2 L/hour CVVH in a computer-based simulation—has been
shown to be very difficult to reach, even by intensive IHD reg-
imens (31). In addition to the benefits specifically pertaining
to the kinetics of solute removal, increased RRT frequency re-
sults in decreased ultrafiltration requirements per treatment.
The avoidance of volume swings related to rapid ultrafiltra-
tion rates may also represent another dimension of dose where
comparability is difficult.

Despite the development of new membranes, sophisticated
dialysis machinery, tailored dialysate composition, and con-
tinuous dialysis therapies, a relationship with the frequency
of RRT (continuous versus intermittent) delivery has not been
fully established. Most recently, the Surviving Sepsis Campaign
guidelines for management of severe sepsis and septic shock
(33) concluded that, based on present scientific evidence, con-
tinuous RRT should be considered equivalent to IHD for the
treatment of ARF. In a large comparative trial randomizing 166
critically ill patients with ARF to either CRRT or IHD, Mehta
et al. (34) found that the CRRT population, despite random-
ization, had significantly greater severity of illness scores. This
could, in part, explain why, despite better control of azotemia
and a greater likelihood of achieving the desired fluid balance,
CRRT had increased mortality. Another more recent smaller
trial at the Cleveland Clinic (35) failed to find a difference in
outcome between one therapy and another. In recent years, a
meta-analysis on this issue has been unable to solve the debate
of continuous versus intermittent treatment. A meta-analysis of
13 studies conducted by Kellum et al. (36) concluded that, after
the stratification of 1,400 patients according to disease sever-
ity, when similar patients were compared, CRRT was associ-
ated with a significant decrease in the risk of death. However,
when the same data were analyzed the same year by Tonelli
et al. (37), no difference in outcome could be detected. Thus, it
remains uncertain whether the choice of RRT modality (inter-
mittent or continuous) actually matters to patient outcome. A
recent randomized controlled trial comparing IHD and contin-
uous venovenous hemodiafiltration concluded that, provided
strict guidelines to improve tolerance and metabolic control
are used, almost all patients with ARF as part of their multi-
organ dysfunction syndrome can be treated with intermittent
hemodialysis (38).

Given the lack of clear outcome data, the community of
nephrologist intensivists might then consider compromise so-
lutions. One such solution could be represented by hybrid
techniques, which have been given various names such as sus-
tained low-efficiency daily dialysis (SLEDD), prolonged daily
intermittent RRT (PDIRRT), extended daily dialysis (EDD), or
simply extended dialysis (39–43), depending on variations in
schedule and type of solute removal (convective or diffusive).

Theoretically speaking, the purpose of such therapy would be
the optimization of the advantages offered by either CRRT or
IHD, including efficient solute removal with minimum solute
disequilibrium, reduced ultrafiltration rate with hemodynamic
stability, optimized delivery to a prescribed ratio, low antico-
agulant need, diminished cost of therapy delivery, efficiency of
resource use, and improved patient mobility. Initial case series
have shown the feasibility and high clearances potentially asso-
ciated with such approaches. A single short-term, single-center
trial comparing hybrid therapies to CRRT has shown satisfy-
ing results in terms of dose delivery and hemodynamic stabil-
ity. New technology that can be used in the ICU by nurses to
deliver SLEDD with convective components offers further op-
tions from a therapeutic, logistic, and cost-effectiveness point
of view.

TECHNICAL NOTES

RRT Mod alit ie s: De scrip t ion
and Nome nclat ure

Apart from what evidence-based medicine dictates, continu-
ous therapies are used in 80% of ICUs worldwide, whereas
intermittent hemodialysis (17% ) and peritoneal dialysis (3% )
have less common use (1). In the 1980s, a passionate debate be-
tween simple CAVH and complex early CVVH lasted for about
10 years, stimulating the industries to produce increasingly ef-
fective machines and monitoring systems. Accurate ultrafiltra-
tion control is now obtained by integrated roller volumetric
pumps (blood, replacement dialysate, and effluent) and scales.
These monitors display pressure measurements of all crucial
segments of the circuit (catheter inlet and outlet, filter inlet and
outlet, UF and dialysate ports). This information, integrated
with adequate alarm systems, has allowed the ICU staff to in-
crease filter efficiency and lengthen circuit patency, with the
ability to detect potential sources of clotting, thereby improv-
ing patient safety. A complete monitoring of fluid balance is
also provided by continuous recording of the history of the last
24 hours of treatment. When an alarm occurs, a “smart” mes-
sage on the screen suggests the most appropriate intervention
required. A complete range of ICU RRT therapeutic modalities
includes slow continuous ultrafiltration (SCUF), continuous
venovenous hemofiltration (CVVH), continuous venovenous
hemodialysis (CVVHD), continuous venovenous hemodiafil-
tration (CVVHDF), and therapeutic plasma exchange (TPE)
described below in detail (Fig. 161.5).

Int e rmit t e nt He mod ialysis
Intermittent hemodialysis (IHD) is a prevalently diffusive treat-
ment in which blood and dialysate are circulated in countercur-
rent mode, and generally, a low permeability, cellulose-based
membrane is used. Dialysate must be pyrogen-free but not nec-
essarily sterile, since dialysate-blood contact does not occur.
The ultrafiltration rate is equal to the scheduled weight loss.
This treatment can typically be performed 4 hours three times
a week or daily. Our group prefers to start with Qb of 150 to
300 mL/minute; Qd, 300 to 500 mL/minute.
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FIGURE 161.5. Schematic representation of the most com-
mon continuous renal replacement therapy (RRT) setups. A
black triangle represents blood flow direction; a gray trian-
gle indicates dialysate/replacement solutions flows. CVVH,
continuous venovenous hemofiltration; CVVHD, continu-
ous venovenous hemodialysis; CVVHDF, continuous ven-
ovenous hemodiafiltration; Di, dialysate in; Do, dialysate
out; Qb, blood flow; Qd, dialysate solution flow; Qf, replace-
ment solution flow; Quf, ultrafiltration flow; Rpost, replace-
ment solution postfilter; Rpre, replacement solution prefilter;
Uf, ultrafiltration; V-V SCUF, venovenous slow continuous
ultrafiltration.

Pe rit one al Dialysis
Peritoneal dialysis (PD) is a predominantly diffusive treatment
in which blood circulating along the capillaries of the peritoneal
membrane is exposed to dialysate. Access is obtained by the
insertion of a peritoneal catheter, which allows the abdominal
instillation of dialysate. Solute and water movement is achieved
by means of variable concentration and tonicity gradients gen-
erated by the dialysate. This treatment can be performed con-
tinuously or intermittently.

Slow Cont inuous Ult rafilt rat ion
Slow continuous ultrafiltration (SCUF) is a technique by which
blood is driven through a highly permeable filter via an ex-
tracorporeal circuit in venovenous mode. The ultrafiltrate pro-
duced during membrane transit is not replaced and corresponds
to weight loss. It is used only for fluid control in overloaded
patients (i.e., congestive heart failure patients who do not re-
spond to diuretic therapy). Our group prefers to start with Qb
of 100 to 250 mL/minute; Quf, 5 to 15 mL/minute.

Cont inuous Ve nove nous He mofilt rat ion
Continuous venovenous hemofiltration (CVVH) is a technique
by which blood is driven through a highly permeable filter via
an extracorporeal circuit in venovenous mode. The ultrafiltrate
produced during membrane transit is replaced, in part or com-
pletely, to achieve blood purification and volume control. If
replacement fluid is delivered after the filter, the technique is
defined as postdilution hemofiltration. If it is delivered before
the filter, the technique is defined as predilution hemofiltration.
The replacement fluid can also be delivered both prefilter and
postfilter. Clearance for all solutes is convective and equals the
ultrafiltration rate. Our group prefers to start with Qb of 100
to 250 mL/minute; Quf, 15 to 60 mL/minute.

Cont inuous Ve nove nous He mod ialysis
Continuous venovenous hemodialysis (CVVHD) is a technique
by which blood is driven through a low-permeability dialyzer
via an extracorporeal circuit in venovenous mode, and a coun-
tercurrent flow of dialysate is delivered in the dialysate com-

partment. The ultrafiltrate produced during membrane transit
corresponds to the patient’s weight loss. Solute clearance is
mainly diffusive, and efficiency is limited to small solutes only.
Our group prefers to start with Qb of 100 to 250 mL/minute;
Qd, 15 to 60 mL/minute.

Cont inuous Ve nove nous He mod iafilt rat ion
Continuous venovenous hemodiafiltration (CVVHDF) is a
technique by which blood is driven through a highly per-
meable dialyzer via an extracorporeal circuit in venovenous
mode, and a countercurrent flow of dialysate is delivered in
the dialysate compartment. The ultrafiltrate produced during
membrane transit is in excess of the patient’s desired weight
loss. A replacement solution is needed to maintain fluid bal-
ance. Solute clearance is both convective and diffusive. Our
group prefers to start with Qb of 100 to 250 mL/minute; Qd,
15 to 60 mL/minute; Qf, 15 to 60 mL/minute.

He mop e rfusion
By hemoperfusion (HP), blood is circulated on a bed of coated
charcoal powder to remove solutes by adsorption. The tech-
nique is specifically indicated in cases of poisoning or intoxica-
tion with agents that can be effectively removed by charcoal.
This treatment may cause platelet and protein depletion.

Plasmap he re sis
Plasmapheresis (PP) is a treatment that uses specific plasmafil-
ters. Molecular-weight cutoff of the membrane is much higher
than that of hemofilters (100,000 to 1,000,000 kd); plasma as
a whole is filtered and blood is reconstituted by the infusion
of plasma products such as frozen plasma or albumin. This
technique is performed to remove proteins or protein-bound
solutes.

Hig h-flux Dialysis
High-flux dialysis (HFD) is a treatment that uses highly per-
meable membranes in conjunction with an ultrafiltration con-
trol system. Due to the characteristics of the membrane, ul-
trafiltration occurs in the proximal part of the filter that is
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counterbalanced by positive pressure applied to the dialysate
compartment. This causes, in the distal part of the filter, a phe-
nomenon called backfiltration, which is the convective passage
of the dialysate into the blood. Diffusion and convection are
combined, but due to the use of a pyrogenfree dialysate, re-
placement is avoided.

Hig h-volume He mofilt rat ion
High-volume hemofiltration (HVHF) is a treatment that uses
highly permeable membranes and hemofiltration with a high
volume setting. Our suggested settings are Qb > 200 mL/minute
and Qf > 45 mL/kg/hour (44).

Hig h-p e rme ab ilit y He mofilt rat ion
High-permeability hemofiltration (HPHF) is a treatment that
uses high-cutoff (60 kd) permeable membranes and hemofiltra-
tion. High treatment flows are not necessary, but strict control
of bigger molecules, like albumin, is recommended (45).

Ant icoag ulat ion

The need for anticoagulation of the CRRT circuit arises from
the fact that the contact between blood and the tubing of the
circuit and the membrane of the filter induces activation of the
coagulation cascade. This extracorporeal activation inevitably
results in filter or circuit clotting. It is evident that the anti-
coagulation strategy will change depending on the prescribed
RRT schedule, being a priority feature of continuous treat-
ments where blood–artificial surface interaction is maximized.
The aims of anticoagulation are as follows: maintenance of
extracorporeal circuit and dialyzer patency; reduction of off-
treatment time (downtime) that could have a clinical impact
on the overall RRT clearance; reduction of treatment cost by
the use of as little material as possible; and achievement of the
above aims with minimal risk for the patient. This last concept
should perhaps be the first to rule anticoagulation manage-
ment: under no circumstances should the patient be put at risk
of bleeding to prolong circuit life.

Circuit Se t up Op t imizat ion and No Ant icoag ulat ion
Several technical features of the RRT circuit are likely to af-
fect the success of any anticoagulant approach. Vascular access
must be of adequate size; tubing kinking should be avoided;
blood flow rate should exceed 100 mL/minute; pump flow fluc-
tuations must be prevented (in modern machines this event is
mainly due to increased circuit resistances rather than flow rate
inaccuracies); and venous bubble trap, where air/blood contact
occurs, must be accurately monitored. Another component of
circuit setup has to be addressed: the plasma filtration fraction
should be kept as far as possible below 20% , and when possi-
ble or considered correct, predilutional hemofiltration should
be selected. There is evidence that, when setup is perfectly op-
timized, anticoagulants are only a relatively minor component
of circuit patency; in fact, whenever the patient’s clinical fea-
tures present risk factors for bleeding (prolonged clotting times,
thrombocytopenia), RRT can be safely performed without the
use of any anticoagulant (46).

Unfract ionat e d He p arin
Unfractionated heparin (UFH) is a commonly available an-
ticoagulant. It is easy to use, and an antidote is available

(protamine). Heparin doses generally range from 5 to 10 IU/
kg/hour. In patients with very limited circuit duration, it can
also be used in combination with protamine (regional hep-
arinization), with a 1:1 ratio (150 IU of UFH per mg of pro-
tamine) and a strictly monitored activated prothrombin time
(aPTT). The problem with UFH is its relatively unpredictable
bioavailability, the necessity for antithrombin III (ATIII) level
optimization, and the occurrence of heparin-induced thrombo-
cytopenia (HIT).

Low-mole cular-we ig ht He p arins
Some centers have gained experience with low-molecular-
weight heparins (LMWH)s, a relatively new kind of antico-
agulant. Prospective studies have not yet shown these to be su-
perior to prolong circuit life. These molecules appear to have a
better bioavailability than UFH and a lower incidence of HIT
with a 10% increased cost.

Prost acyclin
Prostacyclin (PGI2) is a potentially useful drug for RRT antico-
agulation, being the most potent inhibitor of platelet aggrega-
tion with the shortest half-life. PGI2 is infused at a dose of 4 to
8 ng/kg/hour, with or without the adjunct of a low dose of UFH.
Hypotension may be induced by higher doses of PGI2. Some
studies have demonstrated PGI2 efficacy, but its high cost and
harmful side effects might limit the use of this agent to patients
with short circuit duration (47).

Cit rat e
Citrate provides a form of regional anticoagulation that de-
pends on the ability of citrate to chelate calcium. The chela-
tion of calcium prevents clot formation. Briefly, a calcium-
free sodium citrate containing replacement solution and/or
dialysate solution is prepared and administered at the appro-
priate rate to achieve the desired activated PTT (aPTT) (60 to
90 seconds). Calcium chloride is then administered to replace
chelated/dialyzed calcium and maintain normocalcemia. This
approach is effective in maintaining excellent filter patency and
compares favorably with heparin. It also avoids the risk for
HIT and does not lead to systemic anticoagulation. The rel-
ative drawbacks of this anticoagulation management strategy
include the risk for hypocalcemia and metabolic alkalosis, and
the use of cumbersome replacement/dialysate fluid preparation
(48,49).

Ot he r St rat e g ie s
Alternatives to the techniques presented above are listed in Ta-
ble 161.4 for completeness.

Vascular Acce ss

The fundamental role played by vascular access must be em-
phasized. In fact, circuit failure is more often due to inade-
quate vascular access than insufficient anticoagulation. Thus,
the optimal dialysis catheter can save the patient from inappro-
priate increases of the anticoagulation dose. Venovenous RRT
relies on the use of a temporary double-lumen catheter. Such
catheters are inserted in a central vein and available in differ-
ent brands, shapes, and sizes (Fig. 161.6). The site of insertion
of double-lumen catheters implies several considerations (clin-
ician expertise, body habitus of the patient, the presence of
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TA BLE 1 6 1 . 4

ANTICOAGULATION STRATEGIES

Drug PRO CON

No anticoagulation High risk of bleeding in patients Relatively shorter circuit life span
Unfractionated heparin Routine HIT
Low-molecular-weight heparin Routine (alternative to UH) HIT
Prostacyclin Very short circuit life span Hypotension
Citrate Routine/very short circuit life span Hypocalcemia
Danaparoid HIT Insufficient data available
Argatroban HIT Insufficient data available
Irudine HIT Insufficient data available
Nafamostat mesilate HIT Insufficient data available
Heparin-coated circuits Routine Insufficient data available

HIT, heparin-induced thrombocytopenia; UH, unfractionated heparin.

other intravenous catheters). The femoral vein is generally the
first choice of vascular access; internal jugular or subclavian
accesses are often associated with inadequate performance, and
the inguinal puncture is safer and easier to perform in coagulo-
pathic critically ill patients. A valid alternative may be achieved
by cannulation of the right jugular internal vein with the tip of
the catheter reaching the right atrium; circuit blood flow rates

with this approach can reach 300 mL/minute. Catheter sizes for
adult patients range from 12 to 14 French and length from 16
to 25 cm; the bigger and shorter the catheter, the higher the per-
formance. Nonetheless, when the femoral vein is selected, a 20-
cm-long catheter has its tip positioned close to the inferior vena
cava, allowing optimal flows within the circuit. When an inade-
quate blood flow or a catheter malfunction is suspected, venous

FIGURE 161.6. Representation of some double-lumen catheter shapes and details of blood intake and
outflow on their tips
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and arterial lumens should be flushed with saline, with the goal
of testing resistance to injection and aspiration. Limb clotting
of the line versus kinking due to the patient’s position must
be distinguished. In the first case, a switching of arterial and
venous limb can be attempted. This maneuver increases circuit
recirculation, but clinical consequences are negligible. In the
second case, a heparin or urokinase lock can be tried for a few
hours. Another approach is a catheter (guidewire) exchange.

Pe rsp e ct ive for t he Fut ure

The ideal RRT machine for the future should self-set the right
RRT technique, modality, and prescription after the clinician
has provided all the information for the specific patient. Moni-
tors and materials of the future will further increase ease of use,
safety measures, and the accuracy of each component of the
integrated system, reducing the labor involved. The minimal
safety standards should allow operators to manually control
circuit pressure, de-aerate the chamber and/or bubble sensor
and integrated ultrafiltration, with the possibility of consult-
ing/saving the history of treatment settings, events, and pres-
sure trends. However, when described features and alarms are
manipulated by human operators, the opportunity for errors
will always be present. Physicians and nurses involved in the
prescription and delivery of RRT should have precise protocols
and defined procedure checkpoints to prevent major clinical
problems. Unfortunately, there is no solution to the unwise use
of a perfect system (50).

THE ROLE OF RENAL
REPLACEMENT THERAPIES

IN DIFFERENT SETTINGS

Se p sis and Mult ip le Org an
Dysfunct ion Synd rome

Great interest has arisen in the last 10 years concerning extra-
corporeal blood purification therapies (EBPT) as adjuvants in
the complex therapy of sepsis and multiple organ dysfunction
syndrome (MODS). RRT was the first and still is the most used
and effective type of EBPT. Evidence is growing about its abil-
ity to maintain homeostatic balance in critically ill patients—
specifically, septic patients with MODS. Clinical trials have
been recently designed to modify or improve these therapies.
Beyond correcting specific uremic toxins, RRT seems to re-
store other physiologic homeostatic mechanisms (renal dose
of CRRT); at overdoses, it may play a role in blood purifi-
cation from water-soluble cytokines produced during systemic
inflammatory and septic states (sepsis dose). This concept leads
to speculation that higher-volume hemofiltration may be bene-
ficial in septic patients beyond the removal of classic markers,
and if an UF rate of 1,400 to 2,400 mL/hour for a 70-kg man
(equivalent to 20 to 35 mL/kg/hour) can be considered as a
traditional dose, then increasing effluent production to more
than 45 mL/kg/hour can be considered as high-volume CVVH.
Based on this speculation, a further increase in UF has been
suggested, and high-volume hemofiltration (HVHF) protocols
have been developed by several authors. Unlike with purely
continuous therapies, one of the main challenges of HVHF is

the technical limit of currently available machines (UF ranges
from 4 L/hour to 9 or 10 L/hour), so that sessions are often
intermittent or interrupted by traditional CVVH after 2 to 8
hours. Animal models of severe sepsis (51–53) clearly demon-
strated a beneficial effect of HVHF on hemodynamics, pro-
portional to the intensity of ultrafiltration. These experiments
have triggered great interest in HVHF as a potential “ ideal
model of therapy to be started when endotoxemia is present
or suspected, or even before it occurs” (53). In the experimen-
tal setting, the UF rate is increased up to a level equivalent to
12 L/hour in a 70-kg human being. Journois et al. (54) con-
ducted a randomized controlled study of zero-balanced HVHF
in 20 children (UF rate equivalent to 7 to 9 L/hour in a 70-kg
adult) undergoing cardiac surgery and demonstrated a signif-
icant reduction in postoperative blood loss, time to extuba-
tion, and improvements in alveolar-arterial oxygen gradient.
The first reports of application of HVHF to the treatment of
septic shock in humans with MODS have appeared recently.
Lonnemann (55) demonstrated a beneficial effect on macro-
phage function with restoration of the ability to produce tumor
necrosis factor-α (TNF-α) in response to endotoxin exposure,
showing the potential of EBPT for immunomodulation at a
cellular and humoral level in sepsis. Oudemans-van Straaten et
al. (56) conducted a prospective cohort analysis in 306 patients
who received HVHF at a mean UF rate of 4 L/hour. They found
an improvement in cardiac index (CI), blood pressure (BP), and
stroke volume (SV) in hypodynamic patients, and increase in
systemic venous resistance (SVR) with a decrease in dopamine
dose in those who were hyperdynamic. Honore et al. (57)
evaluated the effects of short-term, high-volume hemofiltra-
tion (STHVH). Sessions lasted 4 hours with 9 L/hour hemofil-
tration flow and were followed by conventional CVVH in 20
patients affected by intractable cardiocirculatory failure result-
ing from severe septic shock. Eleven patients (“ responders”)
attained all therapeutic end points (increase in CI; increase in
mixed venous saturation; increase in arterial pH; reduction in
epinephrine dose). The rate of survival to 28 days in this group
was markedly higher (9 of 11) than among nonresponders (0 of
9). Cole et al. (58) measured hemodynamics, serum cytokines,
and complement concentration in 11 patients with septic shock
and MODS. Patients were randomly assigned to HVHF (8 h at
6 L/hour) or to standard CVVH. The decrease in vasopressor
requirement was significantly higher in the HVHF group. Cole
et al. also noted that in the HVHF group, the concentration
of the measured soluble mediators in the ultrafiltrate was neg-
ligible, indicating a greater role in filter adsorption of studied
mediators.

All of these data support the hypothesis that HVHF tech-
niques are safe and feasible but, above all, show that adequate
blood purification can restore and maintain cardiac and cir-
culatory function as well as metabolic and gas exchange pa-
rameters. However, large randomized trials are still lacking,
and these types of therapies are still far from becoming routine
(59).

A more complex evolution of EBPT, combining the need for
high sieving coefficients of larger molecules and continuous
therapy, led to a technique called coupled plasma filtration ad-
sorption (CPFA) (60,61). This technique separates plasma from
blood using a plasma filter; the plasma is then passed through
a synthetic resin cartridge and returned to the blood. A second
blood filter is used to remove excess fluid and low-molecular-
weight toxins. The resin was chosen based on its adsorption
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capacity for important inflammatory mediators, low levels of
extractable toxins, and good pressure flow performance. In a
randomized clinical trial, the adsorbent removed almost 100%
of TNF-α and interleukin-β (IL-β ), allowing a significant reduc-
tion of vasopressor dosage when compared to CVVH alone.

Cong e st ive He art Failure

Fluid overload may occur in patients with congestive heart fail-
ure. Under normal conditions, this is treated with inotropic
support and diuretics. However, when diuretics fail, fluid re-
moval becomes uncontrolled, and other therapeutic options
must be undertaken. Extracorporeal ultrafiltration is a possible
solution to restore the status of fluid balance close to normal.
Several new technologies have made ultrafiltration available
today in all centers and are easy to institute. Acute isolated
schedules of ultrafiltration may, however, be too aggressive
and could result in severe hemodynamic instability. For this
reason, continuous extracorporeal techniques have been ap-
plied in such patients, and the therapy is generally carried out
with success. Excellent hemodynamic stability, a good cardio-
vascular response, and, often, diuresis restoration are the most
common effects encountered using continuous forms of extra-
corporeal fluid removal.

One specific comment must be made concerning the differ-
ence between CVVH and all other techniques, including dial-
ysis and the use of diuretics. In all pharmacologic and dialytic
techniques, the removal of sodium and water cannot be dis-
sociated, and the mechanisms are strictly correlated. In partic-
ular, the diuretic effect is based on a remarkable natriuresis,
while ultrafiltration during dialysis may result in hypotonia or
hypertonia, depending on the interference with diffusion and
removal of other molecules such as urea and other electrolytes.
In such circumstances, water removal is linked to other solutes
in proportions that are dependent on the technique used. In
SCUF, the mechanism of ultrafiltration produces a fluid that
is substantially similar to plasma water except for a minimal
interference due to Donnan effects. In such a technique, ul-
trafiltration is basically iso-osmotic and isonatremic, and wa-
ter and sodium removal cannot be dissociated, with sodium
elimination linked to the sodium plasma water concentration.
In CVVH and hemofiltration in general, the ultrafiltrate com-
position is definitely similar to plasma water, but the sodium
balance can be significantly affected by the sodium concen-
tration in the replacement solution. Sodium removal can be
dissociated from water removal in CVVH, thus obtaining a
real manipulation of the sodium pool in the body. This effect
cannot be achieved with any other technique. The advantage
is that not only plasma concentrations can be normalized but
also the electrolyte content in the extracellular—and possibly
intracellular—volume (62).

Cont rast -ind uce d Ne p hrop at hy

Radiocontrast-induced nephropathy (RCIN) causes acute kid-
ney injury and increases mortality. Several studies have exam-
ined the capacity of various forms of extracorporeal blood
purification therapies for the prevention of RCIN, with con-
flicting results. A recent systematic review of published trials
to determine whether periprocedural extracorporeal blood pu-

rification prevents RCIN revealed that the incidence of RCIN,
defined as an increase in serum creatinine concentration (> 0.5
mg/dL [> 44 mmol/L]), was 35.2% in the standard medical
therapy group and 27.8% in the extracorporeal blood purifica-
tion group. Extracorporeal blood purification did not decrease
the incidence of RCIN significantly as compared with standard
medical therapy (risk ratio, 0.97; 95% confidence interval,
0.44–2.14); however, the patients’ heterogeneity was high.
Limiting analysis to only randomized trials did not eliminate
heterogeneity, but limiting analysis to only hemodialysis trials
did. Periprocedural hemodialysis did not decrease the incidence
of RCIN (63).

RRT for Child re n

There are some important differences in the RRT indications,
methods, and prescription between children and adult patients;
nevertheless, the technique is essentially the same. The main in-
dication is the correction of water overload; different from the
adult setting, where solute control may play a key role, it has
been shown that restoring adequate water content in small chil-
dren is the main independent variable for outcome prediction
(64,65). This concept is much more important in critically ill,
smaller children, in whom a relatively larger amount of fluid
must be administered to deliver an adequate amount of drug
infusion, parenteral/enteral nutrition, blood derivates, and so
on. Corrections of acid-base imbalance and electrolyte disor-
ders are also strong indications for RRT prescription in chil-
dren. Catheter size ranges from 6.5 French (10 cm long) for
patients weighing less than 10 kg to 8 French (15 cm long)
for patients weighing 11 to 15 kg. Blood priming may be in-
dicated if more than 8 mL/kg of patient’s blood volume are
necessary to fill a RRT circuit. Full anticoagulation must al-
ways be maintained to avoid excessive blood loss in case of
circuit clotting. Predilution hemofiltration is generally the pre-
ferred modality and is delivered in a continuous fashion. Fluid
balance requires strict monitoring and highest accuracy due to
the risk of excessive patient dehydration. Prescription of RRT
clearance should be titrated based on the patient body surface
area, an approach that will usually lead to relatively higher
doses for small children with respect to adult patients when
considered per kilogram (66). Critically ill children weighing
below 10 kg and neonates with ARF are often treated with peri-
toneal dialysis (PD); this discussion goes beyond the scope of
this chapter. An important exception to this general approach
is the case of children with ARF during an extracorporeal mem-
brane oxygenation treatment (ECMO). In this case, the RRT
circuit is placed in parallel to the ECMO circuit, and it is pos-
sible to let a significant blood flow run into the filter even in
the smallest patients.

SUMMARY
The mechanisms involved in RRT are founded on the
principle of water and solute transport according to two
fundamental mechanisms: diffusion and convection. These
mechanisms can be applied to clinical practice as different
techniques (intermittent, extended, or continuous RRT) and
modalities (hemofiltration, hemodialysis, hemodiafiltration,
plasmafiltration, hemoperfusion, coupled plasmafiltration and
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adsorption). A precise understanding of technical and clini-
cal implications of such therapies seems important in deriv-
ing a correct RRT prescription since, so far, no consensus ex-
ists about which modality should be administered to critically
ill patients with ARF. Different RRT prescriptions, modali-
ties, and schedules can be administered to critically ill patients
with acute kidney injury. Clinical effects on critically ill pa-
tients depend on the selected RRT strategy and on the sever-
ity/complexity of the patient’s clinical picture. Modern versatile
machines and flexible operative prescriptions allow the opera-
tors to range from highly intermittent high-efficiency therapies
to slow continuous hemofiltration, depending on the patient’s
hemodynamic stability, fluid balance needs, acid-base balance,
and electrolyte derangements. A specific dose of RRT has not
been adopted in clinical practice; a standard dose prescription
and strict control of the delivered dose should be monitored
if one wishes to ensure the adequate delivery of a prescribed
dose. The best evidence to date supports a renal replacement
therapy dose of at least 35 mL/kg/hour—spKt/V of 1.4—for
CVVH, CVVHDF, or daily IHD.
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SECTION XVII ■ ENDOCRINE DISEASE
AND DYSFUNCTION

CHAPTER 162 ■ ENDOCRINOPATHY
IN THE ICU
ADRIEN BOUGLE r DJILLALI ANNANE

During critical illness, the stressors are multiple and include
emotional and physical stress such as trauma or infection, and
various therapeutic or diagnostic interventions such as surgery,
arterial or venous catheterization, laryngeal intubation and me-
chanical ventilation, and drugs. It is also paramount to recog-
nize that stress is sustained at a certain level of intensity for
several days with additive and unpredictable surges. Thus, the
host has to adapt to counteract prolonged stress while main-
taining ability to adjust to unpredictable surges of stress. The
integrity and flexibility of host response to these stressors is
essential to survive critical illness.

The development of molecular biology has provided sci-
entists with tools to demonstrate the close interaction be-
tween the neuroendocrine and immune system. It is now recog-
nized that the “stress system” has two main components: the
corticotropin-releasing hormone/vasopressin neurons of the
hypothalamus and the locus ceruleus noradrenaline/autonomic
neurons of the brainstem (1). In this chapter, we will sum-
marize recent knowledge on how immune molecules such as
interleukin or nitric oxide signal the brain to generate both
neurologic and hormonal responses aimed at downgrading the
immune system when the inflammatory response is no longer
needed. Abbreviations used in this chapter are presented in
Table 162.1.

PHYSIOLOGY OF THE
ENDOCRINE RESPONSE

Two pathways are used by the organism for interorgan com-
munication. First the central nervous system and its periph-
eral arms allow rapid communication between different tissues.
The endocrine system is made of several organs or tissues dis-
tributed throughout the body. All endocrine tissues are directly
linked to the pituitary and the hypothalamus. The anatomic
organization of the endocrine system highlights its pivotal role
in the interorgan communication. After Claude Bernard dis-
covered that glucose is delivered from the liver to the blood,
Bayliss and Starling in 1904 identified for the first time that
chemical substances can be secreted by one organ (e.g., se-
cretin from the intestinal mucosa) and carried by the blood-
stream to act on specific distant tissues. They introduced the
term hormone to characterize such chemical substances. In the
vertebrates, the endocrine organs include anterior and poste-
rior pituitary, ovary and testis, adrenal cortex and medulla,
thyroids and parathyroids, islets of Langerhans in the pan-
creas, and various parts of the intestinal mucosa (Fig. 162.1).

The pineal and thymus can also be considered endocrine or-
gans. In addition, many other organs have some endocrine
properties. For example, the kidney secretes rennin and an-
giotensin, and the heart secretes natriuretic factors. The main
known hormones are listed in Table 162.2 including the organ
from which they are secreted, their carrier in the bloodstream
(if any), their target tissues, and main actions. Hormones are di-
vided into steroids (cholesterol-derived proteins), peptides, and
amines.

Ge ne ral Org anizat ion of t he
End ocrine Syst e m

The pituitary gland (hypophysis) can be considered a pivotal
endocrine organ. It is connected to the central nervous sys-
tem by the pituitary stalk and is divided into two parts: the
anterior pituitary (adenohypophysis) as it originates from the
Rathke pouch, and the posterior pituitary (neurohypophysis),
which is developed from the brain (Fig. 162.2). The anterior
pituitary is made up of the pars distalis which is richly vas-
cular and has three cell types (chromophobe and two types
of chromophil cells), the pars intermedia which is the least
vascular part and contains only a few cells, and the pars tu-
beralis. The anterior pituitary produces seven hormones: go-
nadotropic hormones (follicle-stimulating hormones (FSH),
luteinizing hormone (LH) and luteotropic hormone (LTH)),
thyrotropic (thyroid-stimulating) hormone (TSH), adrenocor-
ticotropic hormone (ACTH), growth hormone (GH), and pro-
lactin (PRL). The posterior pituitary has three parts: the me-
dian eminence, infundibular stem, and infundibular process or
neural lobe. Its tissues consist of unmyelinated fibers, fusiform
cells, neurons, and mast cells. The posterior pituitary pro-
duces mainly vasopressin, also called the antidiuretic hormone
(ADH). It is obvious from this brief description that the an-
terior pituitary exerts control of most endocrine organs, and
insufficiency of the anterior pituitary results in atrophy of ovary
or testis, adrenal cortex, and thyroid.

The thyroid and adrenal cortex have no specific target or-
gan, and the hormones they secrete act broadly to contribute
to homeostasis. The gonads also produce hormones that act
on tissues in general and on specific target organs (urogenital
apparatus). The adrenal medulla secretes adrenalin and nora-
drenalin, which are released during stressed states enhancing
the sympathetic system in a “fight or flight” response. It is
possible that the release of these hormones depends on direct
sympathetic activation rather than on ACTH stimulation.

2411
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TA BLE 1 6 2 . 1

ABBREVIATIONS

ACTH adrenocorticotropic hormone
ADH antidiuretic hormone
AVP arginine vasopressin
CO carbon monoxide
CRH corticotropin-releasing hormone
FSH follicle-stimulating hormone
FSHRF FSH-releasing factor
GABA gamma-aminobutyric acid
GH growth hormone
GHRF GH-releasing factor
GHRH GH-releasing hormone
GHRP GH-releasing peptide
GLUT glucose transporter isoform 4
GNRH gonadotropin-releasing hormone
HMGB high mobility group box
IGF insulinlike growth factor
IL interleukin
iNOS inducible nitric oxide synthase
IRR insulin receptor-related receptor
LH luteinizing hormone
LHRH LH-releasing hormone
LTH luteotrophic hormone
MIF macrophage migration inhibitory factor
NO nitric oxide
NTIS non-thyroidal illness syndrome
PRL prolactin
T3 tri-iodothyronine
T4 serum thyroxine
Th1 helper T cell 1
Th2 helper T cell 2
TNF tumor necrosis factor
TRH thyrotropin-releasing hormone
TSH thyroid-stimulating hormone

Physio log ic Cont ro l of t he
End ocrine Syst e m

There is probably no uniform mechanism for the regulation
of hormone activity. For example, there is no evidence that
parathormone is released from the parathyroid glands on in-
nervating nerve stimulation or action of a specific trophic hor-
mone. This is in contrast to the thyroid, adrenals, and gonads.
We will focus on the main hormones involved in response
to stress, i.e., steroids, catecholamines, and vasopressin (Fig.
162.3). One has to consider two main mechanisms of regula-
tion of the endocrine activity: feedback loops, and interaction
with the central nervous system. Experiments in which periph-
eral glands are disconnected from the pituitary showed full
cessation of gonad function whereas the thyroid and adrenal
cortex continue to secrete hormones at a lower level depicting
their intrinsic activity. Similarly, the anterior pituitary has an
intrinsic activity specific to thyroid and adrenal cortex func-
tion.

The feedback mechanisms allow circulating hormones from
the target organs as well as from the anterior pituitary to down-
or up-regulate the release of hypothalamic molecules. The feed-
back loop also involves the central nervous structures such as
the hippocampus, which contains the highest concentration of
glucocorticoid receptors in the central nervous system. This

self-balancing system stabilizes the endocrine activity under
resting conditions but is insufficient in case of enhanced en-
docrine activity. In the latter case, the neurologic control is the
key regulator of the endocrine activity, and the hypothalamus
plays a key role in the regulation of these hormones. First, it
is directly connected to the posterior pituitary and the adrenal
medulla. Second, it influences the anterior pituitary by releas-
ing in synchronous pulses (approximately hourly) stimulatory
or inhibitory hormones in the hypophyseal portal vessels of the
pituitary stalk. This hypothalamic influence is demonstrated by
dramatic falls in hormone activity when the pituitary gland is
disconnected from the hypothalamus.

The hypothalamus is organized into three regions includ-
ing the lateral, medial, and periventricular hypothalamus with
each having distinct morphologic and functional features. The
paraventricular nuclei is organized into three cellular divi-
sions: a medial group that produces corticotropin-releasing
hormone (CRH) that is released into the hypophyseal por-
tal system; an intermediate group that secretes vasopressin in
association with the supraoptic nuclei that is stored in the
posterior pituitary gland; and a lateral group that produces
CRH and innervates noradrenergic neurons in the brainstem.
Hypothalamic-derived peptides that stimulate the pituitary
gland include corticotropin-releasing hormone (CRH), LH-
releasing hormone (LHRH), FSH-releasing factor (FSHRF),
GH-releasing factor (GHRF), prolactin (PRL)-stimulating fac-
tor, and thyrotropin-releasing hormone (TRH). Other peptides
are inhibiting factors such as GH-inhibiting hormone (somato-
statin) and PRL-inhibiting hormone (2). Vasopressin, natri-
uretic peptides, and catecholamines also influence the pituitary
function by direct action on the gland. The effect of CRH on
ACTH release by the pituitary is permissive, and vasopressin
acts in synergy with CRH. There are tight interconnections be-
tween projections of CRH-synthesizing neurons from the par-
vocellular nuclei to the brainstem, and reciprocally noradrener-
gic projections originating from the locus coeruleus and ending
in the parvocellular reticular nuclei. Thereby, noradrenaline,
CRH, and vasopressin can stimulate each other. Through
collateral fibers, ultrashort negative feedback loops allow per-
manent adaptation of the synergy between the two systems.
Finally, CRH, vasopressin, and noradrenaline are on the stimu-
latory control of the serotoninergic, cholinergic, and histamin-
ergic systems, and are inhibited by the gamma-aminobutyric
acid, benzodiazepine, and opioids.

POTENTIAL MECHANISMS
OF REGULATION OF THE

ENDOCRINE ACTIVITY DURING
CRITICAL ILLNESS

The St re ssors

Critical illness is a condition involving multiple stressors of
both emotional and physical types. Critically ill patients are
unexpectedly faced with a life-threatening situation and a hos-
tile environment (the intensive care unit). Physical stressors can
be classified into disease related (e.g., infection, burns, trauma)
and interventions related (e.g., surgery, invasive diagnostic
or therapeutic procedures, drugs). The unpredictable nature,
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FIGURE 162.1. The endocrine organs are distributed throughout the body. There is an electrochemical
connection from the hypothalamus to all organs, controlling body metabolism, growth and development,
and reproduction. (Continued)

duration, and intensity of the stressors renders the host re-
sponse more problematic.

Me chanisms of Ne uroe nd ocrine
Act ivat ion in Acut e Inflammat ion

Sig nals Se nt t o t he Hyp ot halamic-Pit uit ary Axis
Acute inflammatory response to insults such as lipopolysaccha-
ride (LPS) include the release of a number of mediators such as

tumor necrosis factor alpha (TNF-α), interleukin (IL)-1, IL-6,
IL-8, nitric oxide (NO), and the late mediators, macrophage
migration-inhibiting factors (MIF), and high mobility group
box (HMGB)-1 (3) (Fig. 162.4). These mediators reach the
hypophyseal portal capillaries in the median eminence via
the anterior hypophyseal arteries. Cytokines can diffuse into
the pituitary as these areas are free of blood–brain barrier
(4) and be carried to the hypothalamus and the brain ar-
eas lacking a blood–brain barrier (organum vasculosum lam-
ina terminalis, subfornical organ, subcommissural organ, area
postrema, pineal gland, and probably the plexus choroids), as
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FIGURE 162.1. (Continued)

well as through specific transport systems (5). In addition to
the bloodborne cytokines, glial cells can produce a number
of cytokines, such as IL-1, IL-2, and IL-6 (6). Similarly, LPS
challenge induces IL-6 expression in the anterior pituitary in
animals (7). In humans, sepsis induces hypothalamic expres-
sion of TNF and IL-1β within the parvocellular and supraop-
tic nuclei (8). Intraperitoneal injection of LPS induces IL-1β
followed by inducible NO synthase (iNOS) mRNA within 2
hours, peaking in 4 to 6 hours and then returning to basal
values by 24 hours (9). The induction of IL-1β and iNOS oc-
cur in the meninges, areas lacking a blood–brain barrier, and
also in the parvocellular nuclei and the arcuate nucleus, which
contain the hypothalamic-releasing and -inhibiting hormones.
Because the latter nuclei are inside the blood–brain barrier,
active transport of cytokines is required (5). Alternately, the
neurons from the parvocellular and arcuate nuclei may have
projections to the median eminence and may express LPS re-
ceptors on their surface (9). LPS can also be carried by the
cerebrospinal fluid to the third ventricle where it crosses the
ependyma or acts on projections from parvocellular neurons.
Thus, it is likely that delayed overexpression of NO through

iNOS activation prolongs the synthesis of hypothalamic hor-
mones induced by LPS (9). Similar overexpression of iNOS has
been detected in walls of vessels neighboring the parvocellular
nuclei in patients who died from septic shock (10). Evidence for
brain expression of anti-inflammatory mediators, particularly
IL-10, IL-13, and IL-1 receptor antagonists in the pituitary and
pineal gland, suggest that they antagonize the stimulatory ef-
fects of the proinflammatory mediators on the neurohormones
(11). In addition, cytokines, via activation of GABAergic neu-
rons, block NO-induced LHRH but not FSH release, inhibit
GHRH release, and stimulate somatostatin and prolactin re-
lease (9). The regulatory action of NO is mediated by the com-
bined activation of guanylate cyclase, cyclo-oxygenase, and
lipoxygenase (12). Cytokines can also directly act on the an-
terior pituitary, particularly to stimulate ACTH synthesis and
release (13).

A second pathway of activation of the hypothalamic-
pituitary axis is the neural route. Various afferent neurons
of the peripheral system sense the threat at the inflammatory
sites and stimulate the noradrenergic system and the hypotha-
lamus (1). Stimulation of vagal afferent fibers by LPS results in

(text continues on page 2418)
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Supraoptic nucleus

Paraventricula r nucleus

Dorsomedia l nucleus

Pos te rior nucleus

Dorsomedia l nucleus

Ventromedia l nucleus

Mammilla ry nucleus

Pos te rior pituita ry
Anterior pituita ry

Porta l vesse ls

Optic chiasma

Hypotha lamus

Infundibulum
(pituita ry s ta lk)

FIGURE 162.2. The hypothalamus lies directly above the pituitary gland. The hypothalamic neurohy-
pophysial tract defines the neuronal system terminating in the posterior pituitary and is best known for
its secretion of vasopressin and oxytocin into the peripheral circulation. The pars distalis of the anterior
pituitary is supplied by venous blood delivered through the long portal veins that descend along the ventral
surface of the pituitary stalk and interconnect capillary beds in the pars distalis with specialized capillary
beds of the portal capillary system in the base of the hypothalamus called the median eminence. Venous
drainage from the anterior pituitary to the systemic circulation is through adenohypophyseal veins.

activation of the locus coeruleus where neurons have projec-
tions that synapse on cholinergic interneurons in the parvo-
cellular nucleus (14). It has been shown that CRH is released
on acetylcholine stimulation of muscarinic receptors (15), and
that this effect is prevented by nonspecific NO antagonists (14).
Nitric oxide diffuses in the parvocellular cells and induces the
generation of both cyclo-oxygenase and lipoxygenase, which
in turn stimulate CRH synthesis (12).

More recently, the role of endogenous gas in the modula-
tion of the hypothalamic pituitary response to stress has been
suggested. The effects of carbon monoxide (CO) are inconsis-
tent with data showing that incubation of hypothalamic cells
with a CO-enriched milieu resulted in huge release of CRH
(16), but another study reported inhibitory effects (17). Car-
bon monoxide generation was shown to prevent the release of
vasopressin from hypothalamic explants (18). Hydrogen sul-
fide is another endogenous gaseous neuromodulator that was
shown both in vitro and in vivo to inhibit CRH and vasopressin
release (19).

Fact ors Influe ncing Cyt okine -Ind uce d Act ivat ion
of t he Hyp ot halamic-Pit uit ary Axis

All cytokines do not exert the same effect on CRH release.
IL-1 was the first cytokine that was shown to activate the hy-
pothalamus to release CRH (20). IL-1 injection is associated
with a strong and sustained activation of the hypothalamic-
pituitary axis, whereas IL-6 and TNF induce weak and tran-
sient hypothalamic responses, and IL-2 and interferon alpha
have no effect (21). The route of cytokine administration also
influences their stimulatory effects on the hypothalamus. IL-
1 given intravenously increased ACTH and corticosterone in
plasma within 15 minutes and the effect lasted 1 hour (22),
whereas when given intraperitoneally, ACTH and corticos-
terone increased within 30 minutes and peaked after 2 hours
(20). Cyclo-oxygenase inhibitors prevented hypothalamic re-
sponse to intravenous IL-1 challenge but prevented only the
early response to intraperitoneal IL-1 challenge, suggesting a
biphasic response to IL-1 (20,23). Cyclo-oxygenase inhibitors
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STRESS

Hippocampus
Hypothalamus

Pituita ry
gland

Adrena l gland

Glucocorticoids
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Norep inephrine
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FIGURE 162.3. Integrative approach of the endocrine
system. AVP, arginine vasopressin; CRH, corticotropin-
releasing hormone; GABA, gamma-aminobutyric acid.

also attenuated hypothalamic response to TNF but not to IL-6
(21). The noradrenergic system, mainly substance P, neuropep-
tides Y, or galanin, modulate the hypothalamic response to IL-1
whereas the serotoninergic system has no effect (24).

PATTERNS OF ENDOCRINE
ACTIVITY DURING
CRITICAL ILLNESS

Infection, LPS challenge, major surgery, trauma, or burns elicit
very similar patterns of pituitary hormone secretion. Plasma
ACTH and prolactin increase within a few minutes following
the insult and are associated with a rapid inhibition of LH and
TSH but not FSH. Growth hormone secretion is also stimulated
in humans but inhibited in rats (13).

Hyp ot halamic-Pit uit ary-Ad re nal Axis

Acute stress is associated with an immediate increase in the
amplitude of hypothalamic hormones, mainly CRH and vaso-
pressin, resulting in increases in amplitude and frequency of
ACTH and cortisol pulses and the loss of the circadian rhythm
(1). To achieve this enhanced and accelerated release of hor-
mones, the host recruits additional secretagogues of CRH, va-
sopressin, and ACTH, mainly magnocellular vasopressin and
angiotensin II. In addition, catecholamines, neuropeptides Y,
and to a lesser extent CRH released from the adrenal medulla,
as well as direct autonomic neural input to the adrenal cor-
tex, stimulate glucocorticoid secretion. The common feature
is characterized by high circulating levels of ACTH and corti-
sol, which remain in plateau as long as the stressful condition
is maintained. However, in critical illness, circulating levels of
cortisol reflect not only cortisol release, but also cortisol clear-
ance from plasma (25). In critically ill patients, cortisol levels
may vary from less than 5 µ g/dL to more than 100 µ g/dL and
do not reflect the hypothalamic-pituitary-adrenal (HPA) axis
function (26).

Vasop re ssin (ADH)

Circulating vasopressin levels are regulated through various
stimuli including changes in blood volume or blood pressure,
plasma osmolality (27), cytokines, and other neuromediators
(as discussed above). Acute illness may be associated with in-
appropriately high circulating levels of vasopressin resulting in
water retention and hyponatremia (28). In sepsis, vasopressin
levels in plasma seem to follow a biphasic response with ini-
tially high concentrations, probably related to the release from
posterior pituitary stores on strong baroreflex activation, fol-
lowed by a decline in 72 hours with relative vasopressin insuf-
ficiency occurring in about one third of cases (29). The delayed
decrease in vasopressin levels in plasma is not related to altered
hormone clearance from plasma (29) and may result from NO
overexpression in the parvocellular nuclei (10).

The Hyp ot halamic-Pit uit ary Thyroid Axis

Low T3-T4 syndrome has been described for more than
20 years in fasting conditions and in a wide variety of diseases
(e.g., sepsis, surgery, myocardial infarction, transplantation,
heart, renal and hepatic failure, cancers, malnutrition, inflam-
matory diseases) and is also called euthyroid sick syndrome
or nonthyroidal illness syndrome (NTIS) (30). In the early
phase following an acute stress, there is a decrease in serum tri-
iodothyronine (T3) level, an increase in rT3 level. Then serum
thyroxine (T4) levels decrease within 24 to 48 hours, and TSH
levels remain within normal range without a circadian rhythm
(31). Underlying mechanisms include the following: (i) a de-
crease in conversion of T4 and T3 in extrathyroid tissues due
to inhibition of the hepatic 5 -monodeiodination; (ii) the lack
of substrates due to the presence of transport protein inhibitors
preventing T4 fixation on the protein; (iii) a dysfunction of the
thyrotrophic negative feedback on the hypothalamic-pituitary
axis; (iv) cytokines (IL-1, IL-6, TNF-α , IFN-γ ) inhibiting the
thyrotrophic centers and/or affecting the expression of thyroid
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NEURAL ACTIVATIONHUMORAL ACTIVATION

TNF
IL-1, 6, 8
MIF
HMGB-1

ANTERIOR PITUITARY
ARTERIES

PORTAL SYSTEM

HYPOTHALAMUS

PITUITARY
IL-6

LOCUS COERULEUS
TNF
IL-1B

catecholamines

Vagal a ffe rent fibers

CO

H2S

GLIAL CELLS
IL-1, 2, 6

FIGURE 162.4. Signals to the hypothalamus–pituitary axis. There are two different pathways of acti-
vation of the hypothalamus–pituitary axis. The humoral pathway acts by (a) cytokines produced in the
blood and carried to the hypothalamus and the areas of the brain lacking a blood-brain barrier, (b) cy-
tokines produced by glial cells, and (c) cytokines produced in the pituitary gland and the hypothalamus.
The second pathway is the neural route. It acts by activation of various afferent neurons of the peripheral
system such as vagal fibers. Finally, endogenous gas such as hydrogen sulfide (H 2S) or carbon monoxide
(CO) may play a role. Refer to Table 162.1 for definitions of abbreviations.

hormone nuclear receptors (32); (v) the presence of other in-
hibitory substances such as dopamine. Prolonged critical illness
is associated with centrally induced hypothyroidism as sug-
gested by restoration of T3 and T4 pulses by exogenous TRH
infusion (33). In addition, as compared with patients who died
from acute illness, postmortem examination of patients who
died from chronic critical illness showed diminished thyroid
gland weight and follicular size (34), low expression of TRH
mRNA in the hypothalamic paraventricular nuclei, and low
concentrations of tissue T3 (35,36).

Growt h Hormone

The acute phase of critical illness is characterized by high
growth hormone levels with attenuated oscillatory activity as-
sociated with low levels of insulinlike growth factor (IGF)-1
(37). Serum concentrations of GH effectors IGF-1 are low dur-
ing this phase (38). This pattern is interpreted as a state of re-

sistance to GH that is mainly related to decreased expression of
GH receptors (39). This GH resistance seems to be beneficial:
the direct lipolysis and anti-insulin effects may be enhanced,
liberating metabolic substrates such as free fatty acids and
glucose to vital organs, while costly metabolism mediated by
IGF-1 is postponed. When critical illness–related stress is sus-
tained, the pattern of GH secretion shows less pulsatile frac-
tion and elevated nonpulsatile fraction (40). It correlates with
the low circulating levels of peripheral effectors such as IGF-1.
However, contrary to the acute phase of critical illness, this
reduced secretion of IGF-1 does not reflect resistance to GH,
but rather, suggests a hypothalamic origin as confirmed by the
restoration of the pulsatile GH secretion pattern by infusion of
GH secretagogues (41).

Ad re nal Me d ulla Hormone s

It is well known that under resting conditions very small
amounts of adrenaline and noradrenaline are released from
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Refractory septic shock (sys temic blood pressure  <90 mm Hg for >1 hour of adequa te
fluid and ca techolamine  resuscita tion) 

Cortisol measurement

Basa l cortisol concentra tion <10 µg/dL Basa l cortisol concentra tion >10 µg/dL

Cortisol response  ≤9 µg/dLCortisol response  >9 µg/dL

Adrenocorticotropin 250 µg
Adrena l fa ilure

Replacement therapy

No trea tment Replacement therapy

Replacement therapy: 200–300 mg hydrocortisone  per day
for 5–11 days

FIGURE 162.5. Decision tree for the di-
agnosis and treatment of adrenal insuffi-
ciency.

the adrenal medulla (i.e., less than 50 ng/kg per minute in the
dog). Therefore, removing the adrenal medulla allows an an-
imal to survive indefinitely (42). However, exposure to stres-
sors like fright, pain, anesthesia, exercise, cold, or endotoxin
cause within seconds an increase in circulating adrenaline and
noradrenaline concentrations by 2 to 3 logs, an effect that was
prevented by removal of the adrenal medulla. The release of the
catecholamines in the circulation account for the tachycardia,
pupillary dilation, pilar erection, and spitting observed in the
stressed animals (43). Following his experiments in the early
twentieth century, Cannon introduced the concept of “fight or
flight” and established its relationship with catecholamines re-
lease. Catecholamine synthesis results from an enzymatic cas-
cade starting from the hydroxylation of the amino acid ty-
rosine leading to the production of dihydroxyphenylalanine
(dopa). Dopa is decarboxylated to form dopamine. Dopamine
is then hydroxylated in the side chain to form noradrenaline. Fi-
nally, noradrenaline is N -methylated by phenylethanolamine-
N -methyltransferase to form adrenaline. Adrenaline is stored
in the adrenal medulla in vesicles. Noradrenaline is present
in the subcellular granules of the sympathetic nervous end-
ings. Catecholamines have a very short half-life (10–20 seconds
for adrenaline) and are metabolized through captation, enzy-
matic inactivation (methylation in liver or kidney; oxidative
deamination by monoamine oxydase), or renal excretion. The
regulation of catecholamine secretion involves hormonal and
nervous factors, and negative feedback through calcium chan-
nels. The hormonal regulation depends on cortisol, which is
necessary for the enzymatic degradation of catecholamine syn-
thesis. This interaction relies on nerve transmission, paracrine
effect, and the local vascular system. The neurogenic regu-
lation involves the cholinergic preganglionic parasympathetic
nervous system through the splanchnic nerves. Like cortisol,
catecholamine levels in plasma can remain elevated as long
as the stress is maintained, even up to a few months af-
ter recovery. Nonetheless, obtaining circulating plasma lev-
els of adrenaline and noradrenaline is useless to assess the

appropriateness of the catecholamine response to critical
illness.

Insulin

Insulin is involved in glucose metabolism through (i)) mobi-
lization of the store of glucose transport molecules in target
cells such as muscle and fat tissue, (ii) activation of hepatic
glucokinase gene transcription, and (iii) activation of glycogen
synthetase and inhibition of glycogen phosphorylase. Other
actions of insulin include growth stimulation, cellular differ-
entiation, intracellular traffic, increased lipogenesis, glycoge-
nesis, and protein synthesis. These effects result from insulin
fixation to a ubiquitous membrane receptor belonging to the
tyrosine kinase family, the insulinlike growth factor receptor
(IGF-1) and insulin receptor–related receptor (IRR). Insulin
levels in plasma are rapidly increased following an acute stress
as a result of both increased secretion and tissue resistance.
Insulin suppresses and antagonizes the effects of TNF (44),
macrophage migration inhibitory factor (MIF), and superox-
ide anions (45), and decreases the synthesis of the acute phase
reactants (46). Moreover, insulin modulates leptin and other
adipokine release from fat cells (47).

CLINICAL CONSEQ UENCES OF
ENDOCRINE ACTIVITY DURING

CRITICAL ILLNESS
The main objective of the neuroendocrine response to criti-
cal illness is fight or flight. The immediate activation for the
endocrine system, mainly the sympathoadrenal hormones, re-
sults in alertness, insomnia, hyperactivity, pupillary dilation,
pilar erection, sweating, salivary secretion, tachycardia, rise
in blood pressure with vasodilation of skeletal muscle and
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TA BLE 1 6 2 . 3

CLINICAL CONSEQUENCES OF ENDOCRINE ACTIVITY DURING CRITICAL ILLNESS

Appropriate response to stress Inappropriate response to stress

Behavioral changes Alertness, hyperactivity
Insomnia, depression

Psychomotor retardation
Hypersomnia
Impaired cognitive abilities
Anorexia and body weight loss

Cardiovascular changes Tachycardia
Rise in blood pressure
Dilation of skeletal blood vessels and

coronary arteries
Skin vasoconstriction

Vasodilatory shock
Multiple organ dysfunction

Metabolic changes Mobilization of glucose from liver
Hyperglycemia
Mobilization of red blood cells
Shortening coagulation time

Generation of free radicals and peroxynitrites
Mitochondrial dysfunction
Acquisition of superinfection
Damage to central and peripheral nervous system
Catabolism of muscle protein

Immune changes Leukocytes accumulating into the
inflammatory focus

Activation of immune and immune
accessory cells

Generation of cytokines, neuropeptides,
and lipid mediators of inflammation

Change the Th1/Th2 balance toward excess Th2 cells
Release of proinflammatory mediators
Apoptosis of T lymphocytes, eosinophils, epithelial cells
Immune suppression

coronary arteries, bronchiolar dilation, skin vasoconstriction,
mobilization of glucose from liver with hyperglycemia, in-
creased oxygen capacity of the blood via spleen constriction
and mobilization of red blood cells, and shortening of coagula-
tion time. However, in the intensive care unit where flight is not
possible, fighting is the only option, and the appropriateness of
the neuroendocrine activity to the intensity and duration of the
stress determines host survival and recovery (Table 162.3). The
clinical consequences of the stress system activation include be-
havioral changes and cardiovascular, metabolic, and immune
adaptations.

Be havioral Chang e s

In animals, infections are associated with anorexia and
body weight loss, hypersomnia, psychomotor retardation, fa-
tigue, and impaired cognitive abilities (48). Similar behavioral
changes are consistently reported in humans after cytokine or
LPS challenge (49). The so-called depression due to a gen-
eral medical condition is likely mediated through release of
peripheral and brain cytokines. When glucocorticoids and cat-
echolamine responses are insufficient, critically ill patients will
develop brain dysfunction that can result to coma.

Card iovascular Chang e s

The cardiovascular adaptation is mainly driven by the sym-
pathoadrenal hormones even though thyroid hormones and
vasopressin contribute to cardiac adaptation, blood volume,
and vasomotor tone regulation. Corticosteroids exert impor-
tant actions of the various elements of the cardiovascular

system including the capillaries, the arterioles, and the my-
ocardium. Numerous studies in various animal models, in
healthy volunteers challenged with LPS, and in patients consis-
tently showed that corticosteroids enhanced vessel responsive-
ness to various vasoactive agents, particularly catecholamines
(50). The underlying mechanisms are not fully understood and
may involve direct mobilization of intracellular calcium, en-
zymatic metabolism of adrenaline, increased binding affinity
of adrenaline for its receptor, or facilitation of the intracellu-
lar signalization that follows the coupling of adrenaline to its
receptor. Corticosteroids also have catecholamine-independent
effects on the heart and the vessels, and by retaining salt and
water contribute to maintain an appropriate blood volume.
This results in the fight or flight response: tachycardia, high
blood pressure, oliguria, skin vasoconstriction, and cardiac
output being redistributed toward the brain, the heart, the liver,
and skeletal muscles.

However, whenever the hypothalamic-pituitary adrenal axis
or the noradrenergic responses are inappropriate, critically ill
patients will develop cardiovascular dysfunction. It has been
shown that septic shock patients with adrenal insufficiency, as
defined by an increase in cortisol of 9 µ g/dL or less to ACTH
challenge, have more pronounced hypotension than those with
presumed normal function and are more likely to develop re-
fractory shock (51). Adrenal failure also resulted in a more
prolonged cardiovascular dysfunction and death in the septic
patients (52). Although more common in septic shock, adrenal
insufficiency can develop in other critical illnesses (26), partic-
ularly in chronically ventilated patients where an association
with weaning failure has been observed (53). Adrenal insuf-
ficiency is at best diagnosed in critically ill patients by either
low baseline cortisol levels (of 10 µ g/dL or less) or cortisol in-
crement after 250 µ g of corticotropin (ACTH) of 9 µ g/dL or
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less (26). Failure of the noradrenergic system will also result in
cardiovascular dysfunction during critical illness. Both animal
and human studies have shown that LPS challenge or sepsis is
associated with decrease in the noradrenergic activity that pre-
cedes cardiovascular dysfunction (54–56). The decrease of the
pulsatile activity of the HPA axis and the noradrenergic sys-
tem result in regularity within the circulatory and respiratory
function enabling the subject to adjust to stressful conditions,
losing the interorgan communications resulting in multiple or-
gan dysfunction and death (57). Finally, inappropriately low
vasopressin levels contribute to the vasodilatory shock associ-
ated with many critical illnesses (58).

Me t ab olic Chang e s

The net result from the activation of the endocrine system is
hyperglycemia. The rise in blood glucose follows the activation
of the so-called counterregulatory hormones (glucocorticoids,
adrenaline, and glucagon) and results in mobilization of glu-
cose mainly from the liver. Subsequently, tissues that are insulin
dependent cannot uptake glucose which is then available for
insulin-independent tissues like the brain or inflammatory cells
(47). The main reason for critical illness–associated insulin re-
sistance is impairment in glucose transporter isoform (GLUT)-4
metabolism (59). Proinflammatory cytokines such as TNF re-
sult in the generation of intracellular ceramides that block the
transcription of the gene coding for GLUT-4, preventing the
translocation of GLUT-4 to the cell’s membrane and entry of
glucose into the cells (60). Hyperglycemia has been shown to in-
crease mortality in critical illness (61,62). The mechanisms un-
derlying glucose toxicity for the cells is still unknown and may
include an overloading of the insulin-independent cells such as
neurons. Subsequent to low ATP levels in the cells, the excess
of intracellular glucose cannot enter the Krebs cycle and re-
sult in the generation of free radicals and peroxynitrites, which
in turn block complex IV of the mitochondria. By destroying
the mitochondria of insulin-independent cells, hyperglycemia
may facilitate acquisition of superinfection, damage the cen-
tral and peripheral nervous system and the liver, and eventually
cause multiple organ dysfunction (62). Excess in the catabolic
hormones (cortisol, adrenaline, and glucagon) will also elicit
an imbalance between muscle protein breakdown rate and the
rate of muscle protein synthesis, resulting in a net catabolism
of muscle protein (63), which may contribute to critical illness–
induced muscle weakness and affect long-term prognosis (64).

Immune Chang e s

The changes in the immune function are mainly related to
the sympathoadrenal hormones even though insulin and va-
sopressin can also influence immunity. Glucocorticoids sup-
press most, if not all, T-cell–derived cytokines and change the
T-helper (Th)1/Th2 balance toward excess Th2 cells (50). Glu-
cocorticoids up-regulate lymphocyte-derived IL-10 but do not
effect IL-10 synthesis. They also inhibit the synthesis of many
other inflammatory mediators such as cyclo-oxygenase and in-
ducible NOS and down-regulate cell surfaces markers such
as endotoxin receptor and adhesion molecules. Finally, they
enhance the occurrence of apoptosis of thymocytes, mature
T lymphocytes, eosinophils, epithelial cells, and precursors of

dermal/interstitial dendritic cells, but delay apoptosis of neu-
trophils (50). Catecholamines also drive a Th2 shift in both
antigen-presenting cells and Th1 cells. In LPS-stimulated hu-
man blood cultures, noradrenaline and adrenaline inhibit IL-12
synthesis and enhance IL-10 release, an effect that is me-
diated via beta-adrenergic receptors (65). These effects of
beta-adrenergic stimulation on the Th1/Th2 balance are also
observed in vivo. However, through alpha-adrenergic stimu-
lation, catecholamines increase TNF and IL-1 synthesis from
LPS-stimulated peritoneal macrophages or lung mononuclear
cells (1). Thus, while the stress hormones glucocorticoids and
catecholamines induce systemically a shift of the Th1/Th2 bal-
ance in favor of Th2 cells, catecholamines also promote locally
at the level of inflamed tissues the synthesis of proinflamma-
tory mediators. In addition, at the inflammatory sites, tight
cross talk between cytokines and the cortisone/cortisol shuttle,
with TNF and IL-1 converting cortisone to cortisol and IL-4
and IL-13 inactivating cortisol into cortisone, helps balance the
proinflammatory and anti-inflammatory responses (66).

When critical illness is associated with an impaired HPA
axis, the Th1/Th2 shift favors the release of proinflamma-
tory mediators in the circulation and in body tissues, allowing
cytokine-induced cell deaths either through ischemic or apop-
totic mechanisms. In acute lung injury, sepsis, or trauma, or in
patients with an adrenal insufficiency, there are large amounts
of circulating proinflammatory cytokines that contribute to the
development of multiple organ dysfunction and death (67,68).
By contrast, too high circulating cortisol levels, such as after
a bolus of a high dose of methylprednisolone, may eventually
induce systemic immune suppression and favor superinfection
and death (69).

MANIPULATION OF ENDOCRINE
ACTIVITY DURING
CRITICAL ILLNESS

The use of exogenous hormones in critical illness has become
a standard of care (Table 162.4). It was shown a long time
ago that hypotension can be corrected by administration of
catecholamines. Even though there are no randomized con-
trolled trials of adrenaline, noradrenaline, or dopamine versus
a placebo or no treatment, these drugs are routinely adminis-
tered in critically ill patients with cardiovascular dysfunction
(70). A recent multicenter randomized trial has shown that
adrenaline and noradrenaline are equally effective in restor-
ing cardiovascular homeostasis during septic shock (71). Sev-
eral trials have also demonstrated that administration of vaso-
pressin can improve cardiovascular function in vasodilatory
shock (58,72,73). Vasopressin administration increases sys-
temic vascular resistance and mean arterial pressure and im-
proves cardiac performance and renal function. Although it is
clear that exogenous administration of catecholamines or va-
sopressin can restore hemodynamic stability in critical illness,
whether manipulating these hormones helps survival remains
uncertain.

The effects of corticosteroid administration have been stud-
ied, particularly in patients with severe infections. There is
enough evidence in the literature supporting the benefit of
corticosteroids on hemodynamic and systemic inflammation
(74). In a meta-analysis of all randomized controlled trials of
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TA BLE 1 6 2 . 4

MANIPULATION OF ENDOCRINE ACTIVITY DURING
CRITICAL ILLNESS

Endocrine
intervention Main effects

Vasopressin Increases systemic vascular resistance
and mean arterial pressure

Improves cardiac performance
Improves renal function

Corticosteroids Improves systemic hemodynamics
and hastens shock recovery

Improves organ dysfunction and
mortality

Insulin Improves morbidity and mortality in
both surgical and medical patients

Thyroid hormones Improves hemodynamics
No evidence of survival benefit

Growth hormone High doses associated with increased
morbidity and mortality

Coadministration of
GHRP-2, TRH,
and GNRH

Beneficial metabolic effects?

Refer to Table 162.1 for abbreviations.

hydrocortisone for septic shock, it was demonstrated that hy-
drocortisone at a dose of 200 to 300 mg per day for 5 to 11
days improved systemic hemodynamic instability and hastened
shock recovery. The benefit of treatment on systemic inflamma-
tion during sepsis was characterized by prompt and important
reduction in circulating proinflammatory mediators, in expres-
sion of adhesion molecules, in endothelial activation, and in
cell capacity to produce late inflammatory mediators such as
MIF (75,76). It is well recognized that a short course of high-
dose glucocorticoids should be avoided (74). In contrast, com-
bined administration of low doses of glucocorticoid and min-
eralocorticoid improved survival in septic shock patients with
demonstrable failure of the HPA axis (77) although there are
conflicting results.

In another prospective randomized trial (Corticus trial),
there was no difference in the 28-day mortality between steroid
recipients and the placebo group (78). The use of cortico-
steroids in patients with septic shock has been controversial for
several decades and continues to be controversial despite these
two large well-performed studies (77,78). The two studies eval-
uated different patient populations and came to opposite con-
clusions. Similarities between the two studies included steroids’
beneficial effects on time to shock reversal, and no evidence for
increased risk of neuromuscular weakness and hyperglycemia.
Differences between the two studies include the following for
Annane et al. (77) and Sprung et al. (78), respectively: entry
window (8 vs. 72 hours; systolic blood pressure [SBP] < 90 mm
Hg [> 1 hour vs. < 1 hour]); additional treatment (fludrocorti-
sone vs. no fludrocortisone); treatment duration (7 vs. 11 days);
weaning (none vs. present); SAPS II scores (Simplified Acute
Physiology Score) (59 vs. 49); nonresponders to corticotropin
(77% vs. 47% ); differences in steroid effects according to the
response to corticotropin (yes vs. no); increased risk of superin-

fection (no vs. yes), and the study occurred after practice guide-
lines recommended steroids (no vs. yes). The updated Surviv-
ing Sepsis campaign has given the following recommendation:
“We suggest intravenous hydrocortisone be given only to adult
septic shock patients after blood pressure is identified to be
poorly responsive to fluid resuscitation and vasopressor ther-
apy” (79). Additional recommendations are as follows: fludro-
cortisone is optional when hydrocortisone is used, and steroid
therapy should not be guided by the corticotropin test results
(79). In fact, another international task force came up with
similar recommendations: “Hydrocortisone should be consid-
ered in the management strategy of patients with septic shock,
particularly those patients who have responded poorly to fluid
resuscitation and vasopressor agents” (80). The benefit of hy-
drocortisone in refractory shock can also be seen in neonates
(81). Finally, in critically ill patients who failed to wean from
the ventilator because of adrenal insufficiency, hydrocortisone
replacement significantly improved outcome (53).

Recently, intensive treatment with insulin targeting a blood
glucose of 4.4 to 6 mmol/L was shown to significantly improve
morbidity and mortality in both surgical (82) and medical (83)
patients. The benefit is mainly observed in the chronic phase
of critical illness (after 72 hours) and may be related to pro-
tection of cells from glucose toxicity rather than from direct
anti-inflammatory effects of insulin. However, this manipula-
tion of glucose metabolism is extremely difficult and limited
by the risk of hypoglycemia. A recent multicenter study did
not find any benefit for a tight glucose control with intensive
insulin therapy in patients with severe sepsis (84), but the prob-
lem may have been in the method of glucose measurement since
capillary samples may not read similar levels as whole blood
samples, particularly in critically ill patients. One may also sug-
gest that the very early increase in blood glucose mainly relates
to stress hormones and should not be counteracted whereas
later hyperglycemia relates more to cytokine-induced insulin
resistance and should be treated. In other words, the lack of
benefit observed in the VISEP study may result from a too-early
intervention (84).

Other attempts to manipulate the endocrine system during
critical illness have been less successful. Many studies have tried
to replace thyroid hormones in various critical illnesses includ-
ing in patients with cardiac disease, sepsis, acute respiratory
distress syndrome, or with burn and trauma patients. Although
hormone replacement was associated with some hemodynamic
improvement, there was evidence for side effects–related in-
creased risk of death (85). Similarly, the attempt to treat crit-
ically ill patients with growth hormone was associated with
increased mortality (86), although there is speculation that ele-
vation of blood sugars may have contributed to increased mor-
tality. Nonetheless, it was suggested that combined activation
of the GH and thyroid axis with treatment with GH-releasing
peptide, TRH, and GNRH elicited beneficial metabolic effect
in chronic critically ill patients (87).

SUMMARY
The neuroendocrine response to critical illness is the determi-
nant of host survival and recovery. The sympathoadrenal hor-
mones are the key actors in maintaining homeostasis, and they
are very tightly controlled by the brain. When the neuroen-
docrine response to an acute event such as trauma, infection,
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burns, and surgery is appropriate both in time and in intensity,
then critical illness does not develop and recovery is easy. Oth-
erwise, if the neuroendocrine response is insufficient for the
intensity or duration of the stressful episode-related inflamma-
tion, then multiple organ failure syndrome develops. By con-
trast, if the host response is too excessive when compared to the
intensity or duration of the inflammatory process, then persis-
tent changes in behavior and mood, in metabolic state, and in
immune function cause increased susceptibility to superinfec-
tion, risk for chronic muscle fatigue, and posttraumatic stress
disorders. Whether the neuroendocrine system can be manip-
ulated to be adjusted to the inflammatory process remains a
controversial issue.

PEARLS
Physiology of the endocrine system:
Interorgan communication depends on:

■ The noradrenergic and vagal systems
■ Hormones

The pituitary is made of:

■ Anterior pituitary, which produces:
1. Gonadotrophic hormones (follicle-stimulating hor-

mones, luteinizing hormone, and luteotrophic hormone)
2. Thyrotrophic hormone
3. Adrenocorticotropic hormone
4. Growth hormone
5. Prolactin

■ Posterior pituitary, which produces mainly vasopressin

Physiologic control of the endocrine activity:

■ Feedback loops modulate hormone synthesis and release un-
der resting conditions

■ Hypothalamus regulates the endocrine activity in stress con-
ditions

Signalization to the hypothalamic-pituitary ax is involves five
mechanisms:

■ Bloodborne cytokines diffuse into the hypothalamic pitu-
itary axis through areas lacking blood–brain barriers, mainly
circumventricular organs

■ Bloodborne cytokines are actively transported across the
blood–brain barrier via specific carriers

■ Cells inside the blood–brain barrier can produce cytokines
■ Activated afferent vagal fibers activate the locus ceruleus

with subsequent cholinergic-mediated release of CRH
■ Gaseous neuromediators such as carbon monoxide and hy-

droxide sulphide modulate vasopressin and CRH release

Patterns of endocrine activity during critical illness:

■ Loss of pulsatile release of hypothalamic hormones
■ Increased and sustained ACTH and cortisol levels in plasma
■ Increased and sustained circulating catecholamine levels
■ Biphasic response in vasopressin with initial high circulating

levels and subsequent progressive decline
■ Inhibition of TRH release, normal TSH levels with low T3

and T4 concentrations in plasma
■ High GH levels and low IGF-1 levels in plasma
■ High insulin levels and high blood glucose levels

Endocrine system failure contributes to cardiovascular dys-
function and exaggerated immune response in critical illness:

■ Abnormal cortisol response is associated with loss in pres-
sure sensitivity to catecholamines

■ Loss in noradrenergic-mediated cardiovascular variability
precedes shock in sepsis and contributes to multiple organ
dysfunction

■ Low vasopressin levels aggravate the impaired noradrener-
gic system–related vasodilatory shock

■ Impaired cortisol and autonomic nervous system induce a
shift of the Th1/Th2 balance in favor of Th1 response

Excessive endocrine response to critical illness results in organ
dysfunction and immune suppression:

■ Excess in counterregulatory hormones induces glucose over-
load in insulin-independent cells

■ Subsequently, via generation of peroxynitrites, mitochon-
drial function is stopped, predisposing to cell death and or-
gan dysfunction, mainly long-term sequels such as neuro-
logic impairment

■ Excess activation of cortisol and autonomic nervous system
induces a systemic shift of the Th1/Th2 balance toward ex-
cessive Th2 response resulting in immune suppression and
predisposing to superinfection
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CHAPTER 163 ■ DISORDERED GLUCOSE
METABOLISM
JACK D. SHANNON r KEVIN W. HATTON r ELAMIN M. ELAMIN

PEARLS
■ Diabetic ketoacidosis (DKA) and hyperosmolar hyper-

glycemic nonketotic syndrome (HHS) result from dysregu-
lation of normal glucose homeostasis caused by one of many
precipitating conditions in patients with diabetes mellitus.

■ DKA (minimal intrinsic insulin secretion) is associated with
hyperglycemia and ketone body formation, whereas HHS
(intact intrinsic insulin secretion) is associated with hyper-
glycemia without ketone body formation.

■ Both DKA and HHS may present with various and vague
complaints and progress to severe shock with cardiovascular
collapse, severe metabolic acidosis, and death.

■ The treatment of DKA and HHS involves intravascular fluid
resuscitation and insulin replacement with additional elec-
trolyte supplementation.

■ Patients, during treatment of DKA and HHS, should be
closely monitored for evidence of hypoglycemia, hyper-
glycemia, electrolyte disturbances, worsening lactic acido-
sis, intravascular volume overload, cerebral edema, acute
respiratory distress syndrome (ARDS), severe coagulopathy,
rhabdomyolysis, and thromboembolism.

■ Recent evidence has suggested that intensified glycemic con-
trol of intensive care unit (ICU) patients by using intravenous
insulin infusions results in improved outcomes, including de-
creased mortality rate. While these observations led to dra-
matic changes in the management of diabetic patients in the
ICU, the optimal range of glycemic control for patients with-
out systemic disorders of glucose metabolism and the clinical
implication of the increased risk of iatrogenic hypoglycemia
are currently under investigation.

Disordered glucose metabolism is a significant medical problem
in patients in the outpatient, emergency room, ward, and inten-
sive care settings. Diabetes mellitus (DM), the most important
group of medical conditions resulting from disordered glucose
metabolism, results in significant short-term and chronic mor-
bidity, and is increasing in prevalence around the globe. In the
United States alone, nearly 6% of the population (18.2 million
people) is estimated to have this disease (1). Additionally, a sig-
nificant number of these patients may not be diagnosed, which
can further negatively impact their health. Despite increasing
public awareness over the last few years, the prevalence of di-
abetes continues to increase (2).

Due to a combination of the sheer volume of patients with
DM and the associated chronic health conditions, the disease
is important for physicians, nurses, health care administrators,
insurers, and public health advocates. More than 3.8 million
hospitalizations per year are associated with diabetes, which is

an increase of more than 70% over the last 20 years (3). Of
note, the average length of stay is 6.5 days for these hospital-
izations (3). Undeniably, these facts alone place an enormous
economic and workforce burden on the entire health care sys-
tem.

In addition to the many associated chronic health condi-
tions developed by patients with DM, there are several acute
and life-threatening conditions that also develop in these pa-
tients. Hyperglycemic emergencies, such as DKA and HHS, are
important causes of morbidity and mortality in patients with
DM who are admitted to the intensive care unit. Additionally,
new research indicates that the prevention of hyperglycemia—
with or without the diagnosis of diabetes—may be a key com-
ponent of appropriate intensive care support of patients with
numerous medical and surgical conditions.

DIABETIC KETOACIDOSIS
Since the discovery of insulin by Frederick Banting in 1921,
outcomes for patients with diabetic ketoacidosis have steadily
improved. Nevertheless, DKA remains a serious and poten-
tially fatal complication of DM. Overall mortality from DKA
is less than 5% ; however, mortality increases substantially with
extremes of age, the presence of coma, or the development of
hypotension (4).

Hospital and ICU admissions for DKA and related condi-
tions are increasing, and cause a significant burden on current
health care delivery systems (5). With an annual incidence of
4.6 to 8 episodes per 1,000 patients with diabetes, DKA is
the initial presentation of DM in up to 30% of patients over-
all, with approximately 40% of children and 17% of adults
presenting in DKA without prior diagnosis of DM (4,5). While
most patients presenting with DKA have type 1 DM, those with
type 2 DM can also develop DKA during times of significant
physiologic stress.

Pat hop hysio log y

DKA results from a serious dysregulation of normal glu-
cose homeostasis, leading to hyperglycemia and ketone body
formation. Excess glucose and ketones launch a host of subse-
quent systemic sequelae. A deficiency, either relative or abso-
lute, in insulin production, combined with an excess produc-
tion of certain insulin counterregulatory hormones—glucagon,
catecholamines, cortisol, and growth hormone, is responsi-
ble for these changes in serum glucose control. Most pa-
tients with type 1 DM who develop DKA have an absolute or
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near-absolute insulin deficiency, whereas most patients with
type 2 DM have either normal or elevated insulin levels
(6,7). Because of the aberrant hormonal milieu, protein,
lipid, and carbohydrate metabolism are all disrupted, and
culminate in the production of proinflammatory cytokines,
such as interleukin-6, interleukin-1β , interleukin-8, and tu-
mor necrosis factor-α ; free fatty acids; and plasminogen activa-
tor inhibitor-1, resulting in significant morbidity and mortality
(8).

Normal glucose metabolism is typically tightly regulated to
maintain a serum glucose concentration between 70 and 115
mg/dL (about 3.9–6.4 mm/L) by carefully balancing glucose
production in the liver and glucose utilization in peripheral
tissues (9). Insulin, a 51-amino-acid peptide, is mainly respon-
sible for this tight glucose control by stimulating hepatic glu-
cose uptake and storage (glycogen synthesis), and suppressing
hepatic gluconeogenesis and glycogenolysis. Insulin also affects
peripheral muscle tissue by promoting peripheral glucose up-
take, promoting glycogen synthesis, and inhibiting peripheral
glycogenolysis.

In DKA, either relative or absolute insulin deficiency com-
bined with increased counterregulatory hormones (CRHs) pro-
motes metabolic pathways opposite to insulin in both hepatic
and peripheral tissues (10–13). These changes are typically the
result of a precipitating event in patients with severely imbal-
anced DM (Table 163.1). Infection accounts for 30% to 50% of
precipitating causes of DKA, with urinary tract and pulmonary
infections making up the vast majority (14). Myocardial infarc-
tion, cerebrovascular accident, pulmonary embolism, pancre-
atitis, trauma, alcohol abuse, and drugs that affect carbohy-
drate metabolism can also precipitate DKA (15).

The end result of these changes is a substantial increase
in serum glucose—through increased hepatic gluconeogenesis,
glycogenolysis, and lipolysis—with inappropriately decreased
peripheral insulin uptake (Fig. 163.1). DKA is also associated
with ketosis, an additional product of worsening glucose home-
ostatic decompensation, which occurs as a result of increased
lipolysis from increased action of hormone-sensitive lipase,
an enzyme that causes increased triglyceride breakdown and
free fatty acid release into the systemic circulation. Hormone-
sensitive lipase is highly up-regulated during periods of in-
sulin deficiency and elevations in CRH. Hepatic oxidation of
free fatty acids induced by hormone-sensitive lipase produces
ketone bodies, mainly β -hydroxybutyrate (β -OHB) and ace-
toacetic acid, strong acids that present a large hydrogen ion
load to the body. The normal buffering systems are rapidly
overwhelmed by the ongoing hydrogen load, and an anion gap
acidosis develops.

Hyperglycemia and ketonemia produce a hypertonic in-
travascular environment, resulting in an intracellular water
shift into the intravascular and interstitial compartments. The
ensuing cellular dehydration is accompanied by electrolyte
shifts as well. When the renal glucose reabsorption rate is ex-
ceeded, an osmotic diuresis of water and electrolytes occurs.
Sodium, potassium, magnesium, calcium, chloride, and phos-
phate are all lost during this osmotic diuresis. Commonly, water
and electrolyte deficits are compounded by poor oral intake and
protracted vomiting. The effects of hypovolemia are responsi-
ble for the clinical picture as the depletion of the intravascular
space produces the life-threatening signs and symptoms. The
body’s response is a further increase in CRH, and the cycle is
perpetuated.

TA BLE 1 6 3 . 1

PRECIPITATING FACTORS IN DIABETIC
KETOACIDOSIS AND HYPEROSMOLAR
HYPERGLYCEMIC NONKETOTIC SYNDROME

INFECTION
■ Urinary tract infection
■ Pneumonia
■ Dental infection
■ Cellulitis

COEXISTING CONDITIONS
■ Acute myocardial infarction
■ Cerebral vascular accident
■ Pancreatitis
■ Pulmonary embolism
■ Hyperthermia
■ Hypothermia
■ Renal failure/dialysis
■ Severe thermal injury
■ Thyrotoxicosis
■ Cushing syndrome
■ Mesenteric thrombosis

MEDICATIONS
■ Calcium-channel blockers
■ β -Blockers
■ Chlorpromazine
■ Cimetidine
■ Diazoxide
■ Diuretics
■ Ethacrynic acid
■ Phenytoin
■ Steroids
■ Total parenteral nutrition

SUBSTANCE ABUSE
■ Alcohol
■ Cocaine

UNDIAGNOSED DIABETES MELLITUS

Pre se nt at ion and Diag nosis

The presentation and diagnosis of DKA is typically straightfor-
ward and relies on a thorough patient history, focused physi-
cal examination, and appropriate laboratory analysis. Patients
typically report a history of poor glucose control and symptoms
associated with hyperglycemia, such as polyuria, polydipsia,
weight loss, and lethargy that may progress over the course
of days to weeks. Nausea, vomiting, and abdominal pain are
also common presenting complaints and frequently signify the
progression from symptomatic hyperglycemia to overt DKA.
Physical examination may reveal evidence of dehydration—
for example, tachycardia, hypotension, prolonged capillary re-
fill time, poor skin turgor, dry mucous membranes, and weight
loss. Additionally, Kussmaul respirations (very deep, gasping
breaths taken in response to severe metabolic acidosis), an ace-
tone or fruity breath odor, depressed mental status, and even
focal neurologic deficits or coma may also be seen.

Laboratory analysis is usually confirmatory of DKA in
these patients (Table 163.2). A complete blood count, blood
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Pathogenes is  of DKA and HHS
Stress, Infection, and/or Insufficient Insulin Intake

Absolute  insulin
deficiency

Glucose
utiliza tion

Proteolys is
Prote in synthes is

Gluconcogenic
subs tra tes

Triacylglycerol

Lipolys is

FFA to liver

Ketogenes is

Alka li rese rve

Rela tive  insulin
deficiency

Glucagon
Catecholamines
Cortisol
Growth hormone

Absent or
minimal
ke togenes is

Glycogenolys is

Hyperos molarity

HHS

DKA

Ketoac idos is

Hyperlipidemia

+ +

Hyperglycemia

Gluconcogenes is

Glucosuria  (osmotic diures is )

Loss  of wate r and e lectrolytes

Dehydra tion

Impaired rena l function

Decreased

fluid intake

FIGURE 163.1. Pathogenesis of diabetic ketoacidosis
(DKA) and hyperosmolar hyperglycemic nonketotic syn-
drome (HHS). FFA, free fatty acid. (Copyright © 2001,
American Diabetes Association, from Diabetes Care
2001;24:131–153. Reprinted with permission from the
American Diabetes Association.)

glucose, serum electrolytes, serum osmolality, blood urea
nitrogen, serum creatinine, arterial or venous blood gas, serum
ketones, and urinalysis should be ordered in patients with
suspected DKA. Caution should be exercised when using the
serum sodium levels in patients with DKA, as the reported
laboratory value can be artificially low, normal, or elevated,
depending on the spurious effects of glucose and triglycerides
in these patients and the relative loss of water compared to
sodium. In the presence of hyperglycemia, serum sodium mea-
surement can be corrected by adding 1.6 mg/dL to the measured

serum sodium for each 100 mg/dL increase of glucose above
normal (16). Appropriate cultures should be requested if infec-
tious triggers of DKA are suspected. Other tests, such as serum
lactate, β -human chorionic gonadotropin (β -HCG), electrocar-
diography, chest radiography, and computed tomography may
be indicated, depending on the clinical scenario.

A plasma anion gap–associated metabolic acidosis is typi-
cally seen in laboratory analysis of patients with DKA, as ke-
tosis and ketone body accumulation are responsible for an in-
crease in the anion gap. However, in up to 11% of patients, a

TA BLE 1 6 3 . 2

DIAGNOSTIC CRITERIA FOR DIABETIC KETOACIDOSIS (DKA) AND
HYPEROSMOLAR HYPERGLYCEMIC NONKETOTIC SYNDROME (HHS)

Parameter Normal range DKA HHS

Plasma glucose (mmol/L) < 6.7 > 13.9 > 33
Arterial pH 7.35–7.45 < 7.30 > 7.30
Serum bicarbonate (mmol/L) 22–28 < 15 > 15
Anion gap > 10 > 12 < 12
Serum osmolality (mOsm/kg) Variable Variable > 320
Serum ketones Negative Moderate to high None
Urine ketones Negative Moderate to high None

Adapted from Kitabchi AE, Umpierrez GE, Murphy MB, et al. Management of hyperglycemic crises in
patients with diabetes. Diabetes Care. 2001;24:131–153; and Chiasson JL, Aris-Jilwan N, Belanger R, et al.
Diagnosis and treatment of diabetic ketoacidosis and the hyperglycemic hyperosmolar state. CMAJ.
2003;168:859–866.
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nongap hyperchloremic metabolic acidosis may occur instead
(17). Typically, the normal anion gap is between 7 and 9 mEq/L
and reflects unmeasured ions in the serum. In patients with
DKA, an elevated anion gap occurs because of the high ketone
concentration. Other causes of anion gap–associated metabolic
acidosis, which must be excluded during DKA evaluation, in-
clude alcoholic ketoacidosis, starvation ketoacidosis, and lactic
acidosis, as well as methanol, ethylene glycol, paraldehyde, and
salicylate ingestion.

In patients with possible DKA, these other causes of anion
gap–associated metabolic acidosis should be excluded through
further history and laboratory analysis. For example, alcoholic
ketoacidosis may present with profound metabolic acidosis,
but typically has a characteristic history, an elevated blood al-
cohol content, and only mildly elevated serum glucose con-
centrations. Likewise, starvation ketosis is accompanied by a
significant history and only mild acidosis.

Ketonemia and ketonuria can both be assessed semiquanti-
tatively with the nitroprusside reaction test. This test estimates
the relative levels of acetoacetate and acetone in the blood,
but does not detect the presence of β -OHB, potentially under-
estimating the degree of ketosis. Because the ratio of β -OHB
to acetoacetate may increase from 1:1 to as much as 5:1 dur-
ing the development of DKA, β -OHB may represent the pre-

dominant ketone during illness (18). Of note, β -OHB moni-
toring may significantly improve the diagnostic specificity in
DKA patients with euglycemia or only mild hyperglycemia—
as with prolonged vomiting, starvation, pregnancy, hepatic in-
sufficiency, or following insulin administration—where blood
glucose levels can be misleading (19).

Manag e me nt

Management of DKA includes the phases of initial resuscita-
tion, correction of hyperglycemia and resolution of ketosis, and
treatment of any precipitating causes (Figs. 163.2 and 163.3).
Following these phases, it is essential to also provide chronic
therapy to prevent repeated episodes and secondary sequelae
of diabetes mellitus.

As with all resuscitations, evaluation and treatment of air-
way and breathing dysfunction should be done first. DKA can
cause loss of protective airway reflexes, hypoxia, and hyper-
ventilation. In patients with a severely depressed mental sta-
tus, appropriate care should be taken to protect the airway so
that pulmonary aspiration of gastric contents does not occur.
If the patient’s Glasgow coma scale is 8 or less, or in situa-
tions that require sedation and transport away from the acute

Management of Adult Patients  with DKA*

Comple te  initia l eva lua tion*. S ta rt IV fluids : 1.0 L or 0.9% NaCl per hour initia lly (15–20 mL/kg/h)

IV Fluids Insulin

Dete rmine  hydra tion s ta tus

Hypovolemic
shock

Mild
hypotens ion

Cardiogenic
shock

Adminis te r 0.9% NaCl
(1.0 L/h and/or plasma
expander)

Hemodynamic
monitoring

Eva luate  corrected se rum Na +

Serum Na
high

Serum Na
normal

Serum Na
low

0.45% NaCl (4–14
mL/kg/h) depending
on hydra tion s ta te

0.9% NaCl (4–14
mL/kg/h) depending
on hydra tion s ta te

When serum glucose  reaches  250 mg/dL

Change to 5% dextrose  with 0.45% NaCl a t
150-250 mL/h with adequa te  insulin (0.05–0.1
U/kg/h IV infus ion or 5–10 U SC every 2 h) to
keep the serum glucose  between 150 and 200
mg/dL until metabolic concept is  achieved

IV Fluids SC/M Route

Insulin: Regula r
0.15 U/kg as  IV
bolus

Insulin: Regula r
0.4 U/kg 1/2 IV
bolus. 1/2 IM or SC

0.1 U/kg/h IV
insulin infus ion

0.1 U/kg/h Regular
insulin SC or IM

If se rum glucose  does  not fa ll by 50–70
mg/dL in firs t hour

Double  insulin
infus ion hourly
until glucose  fa lls
by 50–70 mg/dL

Give  hourly IV
insulin bolus  (10 U)
until glucose  fa lls
by 50–70 mg/dL

Check Chem 7 every 2–4 h until s table . Look for
precipita ting causes. Afte r resolution of DKA, follow
blood glucose  (SD) every 4 h and give  s liding sca le
regula r insulin SC in 5-unit increments  for every 50
mg/dL increase  in DG above 150 mg/dL for up to 20
units  for DG of ≥300 mg/dL

Potass ium

If serum K+ is  <3.3 mEq/L,*
hold insulin and give  40 mEq
K+ per h (2/3 KCL and 1/3
KPO4) until K ≥3.3 mEq/L

If serum K+ ≥5.5 mEq/L,*
do not give  K+ but check
K+ every 2 h

If serum K+ ≥3.3 but <5.5
mEq/L, give  20–30 mEq K+ 
in each lite r of IV fluid (2/3
as  KCL and 1/3 as  KPO4)
to keep se rum K+ a t 4–5
mEq/L

Repea t HCO3
adminis tra tion every 2 h
until pH >7.0.
Monitor se rum K

Dilute
NaHCO3
(100 mmol)
in 200 mL
H2O. Infuse
a t 200 mL/h

Dilute
NaHCO3
(50 mmol)
in 200 mL
H2O.
Infuse  a t
200 mL/h

No
HCO3

pH <6.9

Assess  need for bicarbona te

pH 6.9–7.0 pH >7.0

FIGURE 163.2. Management of adult patients with diabetic ketoacidosis (DKA). DG,; SD, . (Copyright
© 2001, American Diabetes Association, from Diabetes Care 2001;24:131–153. Reprinted with permis-
sion from the American Diabetes Association.)
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Management o f Pediatric  Patients  (<20 years ) with DKA or HHS

Complete  initia l eva lua tion. S ta rt IV fluids : 10–20 mL/kg. 0.9 NaCl in the  initia l hour.

IV Fluids

Determine  hydra tion s ta tus IV route IM if no IV
access

K+ <2.5 
mEq/L

pH ≥7.0pH <7.0K+ >5.5 
mEq/L

K+ <3.5–5.5 
mEq/L

K+ <2.5–3.5 
mEq/L

Hypovolemic
shock

Adminis te r
0.9% NaCI (20 
mL/kg/h) and/or
plasma
expander until
shock resolved

Replace  fluid
deficit evenly
over 48 h

When se rum
glucose  reaches
250 mg/dL

Change  to 5% dextrose  with 0.45%– 
0.75% NaCI a t a  ra te  to comple te  
rehydra tion in 48 h and to mainta in 
glucose  between 150 and 250 mg/dL 
(10% dextrose  with e lectrolytes  may 
be  required)

Check glucose  and e lectrolytes  every 2–4 h until
s table . Look for precipita ting causes. Afte r
resolution of DKA, initia te  SC insulin (1 U/kg/d 
given as  2/3 in the  a .m. (1/3 short-acting, 2/3
inte rmedia te  acting), 1/3 in p.m. [1/2 short-acting,
1/2 inte rmedia te  acting]

Decrease  to 0.05 
U/kg/h until SC
insulin replacement
initia ted

Continue
until
acidos is
clea rs
(pH >7.3, 
HCO3 >15)

Adminis te r
10 mEq/L 
of KCL in
IV over 1 h

Do not give  
IV K+. 
Monitor K+ 
hourly until 
K+ <5.5 
mEq/L

Repea t pH 
afte r initia l 
hydra tion 
bolus

Adminis te r K+ 30–40 
mEq/L in IV solution
to mainta in serum K+ 

a t 3.5–5 mEq/L

pH <7.0 
a fte r initia l 
1 h of 
hydra tion?

No HCO3 
indica ted

Adminis ter NaHCO3 
(2 mEq/kg) added to 
0.45% NaCI over 1 h

No

Yes

Adminis ter
K+ 40–60 
mEq/L in IV
solution until
K+ >3.5Adminis te r

0.9% NaCI 
(10mL/kg/h)
for initia l hour

Mild
hypotens ion

If insulin
infus ion:
Regular
insulin
0.1 U/kg/h

Regula r
insulin
0.1 u/kg
IV bolus
followed
by 0.1 
U/kg/h SC 
or IM

Insulin Potass ium Assess need for bicarbonate

FIGURE 163.3. Management of pediatric patients with diabetic ketoacidosis (DKA) or hyperosmolar
hyperglycemic nonketotic syndrome (HHS). (Copyright © 2001, American Diabetes Association, from
Diabetes Care 2001;24:131–153. Reprinted with permission from the American Diabetes Association.)

care environment for further evaluation, tracheal intubation
may be necessary to ensure adequate airway protection and
ventilation. Because these patients have a high incidence of
gastroparesis, the placement of a decompressive gastric tube
may also be warranted in the presence of an altered level of
consciousness, and elevation of the head of bed to between 30
and 40 degrees may serve to prevent passive regurgitation. Me-
chanical ventilation, if utilized, should be set to maintain res-
piratory compensation of the accompanying severe metabolic
acidosis initially and adjusted appropriately as the acidosis
corrects.

Following airway and respiratory care, initial therapy
should be directed at restoring adequate blood volume and or-
gan perfusion with intravascular volume resuscitation. In addi-
tion to correcting the hemodynamic insults associated with se-
vere hypovolemia, appropriate volume administration can also
decrease CRH levels and plasma glucose concentration (20,21).
The goal during this phase is to replace the fluid deficit over
the first 24 hours, half of which should be replaced in the first
6 to 8 hours. Estimation of fluid deficit can be based on body
weight or general guidelines and response characteristics. Typ-
ically 1 to 2 liters of isotonic saline in the first 1 to 2 hours is
sufficient for initial resuscitation; however, in more severe cases
the resuscitation may require larger volumes, and some prefer
to add colloids. The following clinical estimations of volume
deficit using orthostatic blood pressure and heart rate may also
be used to guide initial fluid replacement, although these cri-

teria may be less reliable in patients with neuropathy and/or
impaired cardiovascular reflexes (14):

■ An increase in pulse without change in blood pressure with
orthostatic position change indicates approximately a 10%
decrease in extracellular volume (i.e., 2 liters).

■ A decrease in blood pressure (> 15/10 mm Hg) with position
change indicates approximately a 15% to 20% decrease in
extracellular volume (i.e., 3–4 liters).

■ Supine hypotension indicates a decrease of > 20% in extra-
cellular fluid volume (i.e., > 4 liters).

After the initial resuscitation phase, both the rate of infusion
and type of intravenous fluid must be adjusted. Current recom-
mendations are to decrease the infusion rate to 250 mL/hour
or to 4 to 14 mL/kg/hour, depending on the patient’s hydra-
tion status and goal replacement volume. Depending on the
patient’s corrected serum sodium, isotonic saline is continued
or changed to hypotonic saline. If the patient’s corrected serum
sodium is low, 0.9% saline solution should be continued as
the replacement fluid; however, if the patient’s corrected serum
sodium is normal or elevated, the fluid should be changed to
0.45% saline solution in order to continue free water deficit re-
placement. Additionally, once plasma glucose levels reach 250
mg/dL, either 5% or 10% dextrose solution should be added to
the replacement fluids to maintain serum glucose levels between
150 and 200 mg/dL, allow the insulin infusion to continue un-
til ketosis is reversed, and prevent the too rapid correction of
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serum glucose levels. The addition of potassium to the fluids,
once adequate renal function is assured, can help prevent hy-
pokalemia during DKA treatment.

Concomitant with aggressive fluid resuscitation, insulin
therapy to decrease glucose production and increase glucose
utilization with subsequent improvements in ketosis, acidosis,
and hyperglycemia should be instituted. Most experts recom-
mend low-dose insulin infusion over intermittent intravenous
or subcutaneous administration, as the former is more physio-
logic, is more therapeutically reliable, and decreases the risk of
hypoglycemia and hypokalemia (22–26). Continuous insulin
infusion is the preferred route of insulin in all but the mildest
cases of DKA. Additionally, in patients with significant hemo-
dynamic compromise or severe hypokalemia (i.e., with a serum
potassium level less than 3.3 mEq/L), insulin should be tem-
porarily withheld as resuscitation occurs, because the reduc-
tion in plasma glucose levels and acidosis can cause significant
intracellular fluid and potassium shifts that may worsen car-
diovascular function to the point of collapse (14,27).

For continuous insulin infusion, many experts recommend
an initial bolus of regular insulin of 0.1 to 0.15 U/kg followed
by an infusion at 0.05 to 0.1 U/kg/hour, with a goal of decreas-
ing plasma glucose levels by no more than 50 to 75 mg/dL/hour.
If the plasma glucose level does not respond appropriately in
the first few hours, and if the intravascular volume status is ade-
quate, the infusion rate may be doubled every hour until a con-
stant decline in plasma glucose level is achieved. As previously
mentioned, once the plasma glucose concentration reaches 250
mg/dL, the insulin infusion rate should be decreased by 50% ,
and dextrose should be added to the replacement fluid. Con-
tinuous adjustment of the insulin infusion rate and dextrose
concentration is required to maintain appropriate plasma glu-
cose concentration.

In addition to serum glucose and bicarbonate levels, the
American Diabetic Association recommends evaluation of β -
OHB levels as the preferred method of monitoring DKA, which
may become the preferred method for rapid diagnosis. Typi-
cally, β -OHB concentrations are less than 1 mmol/L; however,
in patients with DKA, plasma β -OHB concentration can be el-
evated to concentrations in excess of 4 to 12 mmol/L (mean 7
mmol/L). Adequate DKA treatment should prompt a decrease
in β -OHBconcentration by approximately 1 mmol/L/hour, and
should return to baseline (< 1 mmol/L) (18,29–33). As has been
documented, serum bicarbonate levels are slower to correct,
and β -OHB is a more appropriate measure of therapy. It is
also noted that as appropriate treatment progresses, β -OHB is
oxidized to acetoacetate, which may worsen the results of the
nitroprusside reaction test and lead to incorrect conclusions.
For these reasons, it is now recommended to directly mea-
sure β -OHB for diagnosis and treatment monitoring in DKA
(14,28).

Despite massive potassium losses (3–5 mEq/kg) in patients
presenting with DKA, the serum potassium concentration may
be normal due to intravascular volume contraction and intra-
cellular electrolyte shifts, and should not be used as an indicator
of potassium homeostasis in the early phases of treatment. As
insulin is provided and acidosis is corrected, potassium may
quickly shift back into the intracellular compartment. Addi-
tionally, initial resuscitation with normal saline may lower the
serum potassium concentration. Severe hypokalemia may po-
tentially cause life-threatening cardiac dysrhythmias and res-
piratory muscle weakness (13,34,35). Potassium replacement

should begin once the serum potassium concentration falls be-
low 5.5 mEq/L, assuming adequate urine output, using the fol-
lowing guidelines:

■ If the serum potassium is 4 to 5 mEq/L, 20 to 30 mEq of
potassium should be added to each liter of IV fluid.

■ If the serum potassium is 3 to 4 mEq/L, 30 to 40 mEq of
potassium should be added to each liter of IV fluid.

■ If the serum potassium is less than 3 mEq/L, 40 to 60 mEq
of potassium should be added to each liter of IV fluid.

In addition to potassium, other electrolytes such as magne-
sium, phosphate, and calcium are also depleted in patients with
DKA. Inadequate serum concentrations of these electrolytes
may cause respiratory depression, cardiac dysfunction, and al-
teration of tissue oxygenation that can be avoided by aggres-
sive monitoring and appropriate replacement. Measurement
of these electrolytes should be done at presentation to identify
significant abnormalities in order to facilitate appropriate cor-
rection early as clinically indicated. They should be repeated
as necessary, depending on the clinical scenario. While several
studies have failed to show an outcome benefit to phosphate re-
placement, some experts continue to recommend replacement
of phosphate by using potassium phosphate as a portion of the
total potassium replacement (14,36). Of note, hypocalcemia
may become problematic in the face of overaggressive phos-
phate replacement.

Adequate treatment of DKA—intravascular volume reple-
tion with reversal of hyperglycemia and ketosis—is generally
associated with improvements in both physiologic and labora-
tory parameters. Criteria for resolution of DKA include plasma
glucose < 200 mg/dL, serum bicarbonate concentration ≥ 18
mEq/L, venous pH > 7.3, anion gap < 12 mEq/L, and, recently,
β -OHB < 1 mmol/L (19). After resolution of the DKA episode,
when the patient is able to tolerate enteral nutrition, a multi-
dose subcutaneous insulin regimen that includes a combination
of short- and intermediate- or long-acting insulin should be
instituted. To allow for sufficient insulin plasma levels, intra-
venous insulin should be continued for 1 to 2 hours following
the first dose of subcutaneous insulin. Patients with previously
diagnosed diabetes may restart their previous insulin schedule
with additional adjustment and coverage as needed.

These treatments should ideally be provided in an environ-
ment that has adequate nursing care and monitoring capabil-
ities, as well as rapid turnaround of laboratory tests. Invasive
monitoring should be provided as necessary; patients with mild
to moderate DKA may require only noninvasive blood pres-
sure monitoring, continuous electrocardiography, pulse oxime-
try, and a urinary catheter, whereas patients with the most se-
vere disease states and comorbidities may, in addition, require
arterial and central venous catheterization. Additionally, pa-
tients with oliguria or hypotension refractory to initial rehy-
dration, mental obtundation, sepsis, respiratory insufficiency,
pregnancy, or significant comorbidities or precipitating events,
such as myocardial infarction or decompensated congestive
heart failure, should be managed in a critical care environment
(14,34).

Comp licat ions

Common complications encountered during DKA treatment
include hypoglycemia and hyperglycemia, various electrolyte
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TA BLE 1 6 3 . 3

COMPLICATIONS OF DIABETIC KETOACIDOSIS AND
HYPEROSMOLAR HYPERGLYCEMIC NONKETOTIC
SYNDROME TREATMENT

■ Hyperglycemia
■ Hypoglycemia
■ Electrolyte disturbances (hypokalemia, hyperkalemia)
■ Hyperchloremic metabolic acidosis
■ Cerebral edema
■ Intravascular volume overload
■ Hypoxemia
■ Noncardiogenic pulmonary edema
■ Acute respiratory distress syndrome
■ Rhabdomyolysis
■ Thromboembolism
■ Pancreatitis

disturbances, lactic acidosis, intravascular volume overload,
cerebral edema, acute respiratory distress syndrome, co-
agulopathy, rhabdomyolysis, and thromboembolism (Table
163.3).

Hypoglycemia and hyperglycemia are common complica-
tions of DKA treatment. Because intensive intravenous insulin
therapy intentionally decreases blood glucose levels, reverses
ketone body formation, and improves insulin sensitivity, it also
places the patient at significant risk for hypoglycemia and its
associated serious complications, including significant cogni-
tive dysfunction, coma, and death. The incidence of serious
hypoglycemic episodes associated with DKA treatment can be
substantially decreased with the institution of low-dose insulin
protocols, the addition of dextrose-containing solutions to in-
travenous fluid management when the blood glucose concen-
tration reaches 250 to 300 mg/dL, and the institution of fre-
quent blood glucose monitoring with frequent insulin infusion
rate titration (4,34). Additionally, hyperglycemia—with the po-
tential for DKA to recur—can be seen following the resolution
of DKA, due in large part to abrupt termination of the intra-
venous insulin infusion without adequate overlap of nonintra-
venous therapies, including subcutaneous insulin.

Hypokalemia may be regularly encountered in the treat-
ment phase of DKA due to intracellular translocation of potas-
sium during insulin treatment with inadequate replacement.
This electrolyte abnormality may be responsible for associated
dysrhythmias, skeletal muscle weakness, and ileus. Treatment
of the acidemic state with bicarbonate and inadequate potas-
sium replacement predisposes patients to hypokalemia.

Cerebral edema is a rare, but devastating, complication of
DKA therapy. It occurs more commonly in pediatric popula-
tions, and may be seen in up to 1% of the patients treated for
DKA (4). The exact reason for the development of cerebral
edema during DKA treatment remains unproven; however, it
is felt to be related to an overly rapid correction of the hy-
perosmolar state. For this reason, current recommendations
state that the change in serum osmolality resultant from ther-
apy should not exceed 3 mOsm/kg/hour, and, in patients with
concomitant cardiac and renal compromise, serum osmolality
should be monitored frequently (22,37–40); we check serum
osmolality every 4 to 6 hours, depending on the severity of the
episode of DKA and underlying disease.

With worsening cerebral edema, intracranial pressure may
significantly increase—occasionally to the point of brainstem

herniation with associated respiratory arrest and cardiovascu-
lar derangements. For this reason, careful monitoring should
be done during DKA treatment for signs of cerebral edema
and brainstem herniation such as the acute onset of headache,
changes in the level of consciousness, the development of pa-
pilledema, or the onset of seizures. Additionally, sodium and
water deficits are slowly corrected, and rapid decreases in blood
glucose levels are avoided. Treatment of this condition is largely
supportive, and may be improved with the use of mannitol as
an osmotic diuretic to decrease the amount of cerebral edema.

Acute respiratory distress syndrome is also a rare but po-
tentially fatal complication that may occur at any time during
the process of DKA. The disorder may be linked to the un-
derlying cause of DKA as a source of infection, or the treat-
ment phase with associated fluid resuscitation, fluid shifts, and
changing osmotic gradients. Pulmonary aspiration of gastric
secretions may also be responsible for the respiratory involve-
ment. Patients with hypoxemia, widened alveolar-to-arterial
oxygen gradients, or other pre-existing cardiorespiratory con-
ditions warrant close monitoring and possibly more judicious
fluid resuscitation (14,41).

HYPEROSMOLAR HYPERGLYCEMIC
NONKETOTIC SYNDROME

HHS is a medical emergency that develops in response to one
of many precipitating conditions (Table 163.1) in patients with
type 2 DM. Among adults in the United States, the incidence
of HHS is approximately 17.5 cases per 100,000 persons per
year, and results in significant morbidity and mortality (42).
The mortality rate from HHS is related directly to patient age,
considering that mortality is, for example, less than 10% in
patients younger than 75 years of age compared to 35% in
patients older than 84 years of age (43,44).

In approximately 20% of patients presenting with HHS, this
diagnosis is their initial presentation with type 2 diabetes (42).
Additionally, the diagnosis is usually made after significant de-
lay, and is made more complex because HHS can coexist with
DKA in approximately 30% of patients (44).

Pat hop hysio log y

The basic pathophysiologic abnormality in HHS is a relative in-
sulin deficiency caused by both an increase in peripheral insulin
resistance and an increase in blood levels of counterregulatory
hormones (Fig. 163.1) (44–46). These hormones—glucagon,
cortisol, and growth hormone—and various catecholamines
increase hepatic and renal glucose production, and further
worsen peripheral tissue glucose utilization (44,45). Together,
these defects cause an insidious but dramatic rise in serum glu-
cose concentration, typically over days to weeks (45).

With increasing serum glucose concentration, an osmotic
gradient develops between the intravascular and extravascular
compartment (47). Because water moves from the extravas-
cular compartment down this osmotic gradient, both intra-
cellular dehydration and a transiently increased intravascular
volume with relative serum hyponatremia can occur. As the
serum glucose concentration continues to rise, osmotic diure-
sis causes profound decreases in intravascular volume, cou-
pled with losses of vital electrolytes such as sodium, potassium,
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phosphate, and magnesium (43). This large intravascular vol-
ume loss can result in life-threatening end-organ hypoperfusion
and nonketotic metabolic acidosis.

Compared to DKA, ketones are minimally produced in pa-
tients with HHS likely due to the ability of the pancreas to
secrete insulin. The amount of insulin, while not sufficient to
prevent hyperglycemia in these patients, does prevent fatty acid
lipolysis and the formation of ketone bodies and development
of ketoacidosis.

Pre se nt at ion and Diag nosis

Because patients with HHS typically fail to develop ketoaci-
dosis, the time from onset to diagnosis and treatment can be
significantly longer than in patients with DKA (45). The clinical
diagnosis of these patients, therefore, requires a high clini-
cal suspicion to promptly recognize the signs and symptoms
of HHS and institute appropriate diagnostic and treatment
modalities.

Patients with suspected HHS may initially exhibit nausea/
vomiting, visual disturbances, muscle weakness, and leg
cramps (48). Left untreated, these patients eventually de-
velop confusion, lethargy, hemiparesis, seizures, and coma
(49). Physical examination may reveal both signs of profound

dehydration—such as decreased skin turgor and dry mucous
membranes—as well as abdominal distension from gastropare-
sis (50).

Initial laboratory evaluation in patients with suspected HHS
should include serum glucose, ketones, electrolytes, and crea-
tinine concentration; serum measured and calculated osmolal-
ity; urinalysis; and appropriate empiric bacterial and fungal
cultures (Table 163.2) (45). Because these patients can have
significantly elevated serum glucose concentrations—as high
as or higher than 1,000 mg/dL, the serum osmolality can be
quite high and seems to correlate with neurologic symptoms
(51).

Manag e me nt

The treatment goals for HHS include aggressive intravascu-
lar fluid replacement, insulin administration to correct hy-
perglycemia, appropriate electrolyte replacement, and, if in-
dicated, respiratory system support (Fig. 163.4). Ultimately,
effective patient education and long-term patient support are
also important.

HHS treatment is typically undertaken in two phases. The
first is the acute—emergency—phase and consists of rapid
restoration of circulatory volume and electrolyte deficits with

Management of Adult Patients  with HHS

Comple te  initia l eva lua tion. S ta rt IV fluids : 1.0 L of 0.9% NaCI per hour initia lly.

IV Fluids

Dete rmine  hydra tion s ta tus

Hypovolemic
shock

Adminis te r 0.9% NaCI 
(1.0 L/h) and/or plasma 
expanders

Hemodynamic 
monitoring

Mild
hypotens ion

Cardiogenic 
shock

Insulin Potass ium

Regula r, 0.15 U/kg as  IV bolus If serum K+ is  <3.3 mEq/L, hold 
insulin and give  40 mEq K+ (2/3 as  
KCI and 1/3 KPO4) until K+ ≥3.3 
mEq/L

If se rum K+ ≥3.3 but <5.5 
mEq/L, give  20–30 mEq K+ in 
each lite r of IV fluid (2/3 as  
KCL and 1/3 as  KPO4) to keep 
serum K+ a t 4–5 mEq/L

If se rum K+ ≥5.0 mEq/L, do 
not give  K+, but check 
potass ium every 2 h

0.1 U/Kg/h IV insulin infus ion

Check serum glucose  hourly; if se rum
glucose  does  not fa ll by a t leas t 50 mg/dL 
in firs t hour, then double  insulin dose  
hourly until glucose  fa lls  a t a  s teady 
hourly ra te  of 50–70 mg/dL

0.45% NaCI (4–14 mL/kg/h) 
depending on s ta te  of hydra tion

0.9% NaCI (4–14 mL/kg/h) 
depending on s ta te  of hydra tion

Check Chem 7 
every 2–4 h until 
s table. Look for 
precipita ting causes

Eva luate  corrected serum Na+

Serum Na 
High

Serum Na 
Normal

Serum Na 
low

Change  to 5% dextrose  with 0.45% NaCI and 
decrease  insulin to 0.05–0.1 U/kg/h to mainta in 
se rum glucose  be tween 250–300 mg/dL until 
plasma osmola lity is  ≥315 mOsm/kg and 
pa tient is  menta lly a le rt

Afte r resolution of HMS, follow blood glucose  
(DG) every 4 h and give  s liding sca le  regular 
insulin SC in 5-unit increments  for every 50 
mg/dL increase  in DG above 150 mg/dL for up 
to 20 units  for DG ≥300 mg/dL

When serum glucose  reaches  300 mg/dL

FIGURE 163.4. Management of adult patients with hyperosmolar hyperglycemic nonketotic syn-
drome (HHS). DG,; HMS,. (Copyright © 2001, American Diabetes Association, from Diabetes Care
2001;24:131–153. Reprinted with permission from the American Diabetes Association.)
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concomitant insulin administration to correct serum hyper-
glycemia and hyperosmolality. Additionally, treatment of the
triggering disorder should be started. This phase ends with
near-correction of hyperglycemia and metabolic acidosis. The
second phase is a transitional phase centered on changing in-
sulin replacement to appropriate chronic diabetes therapy (i.e.,
subcutaneous or oral hypoglycemic regimen), as well as patient
education and support.

In patients with HHS, the total body water deficit can be as
high as 100 to 200 mL/kg in adults; thus, fluid replacement is
the mainstay therapy for intravascular collapse and poor organ
perfusion, and can lower glucose concentration independent of
insulin administration. Initially, 0.9% saline solution should be
infused at 15 to 20 mL/kg total body weight per hour to re-
store extracellular fluid volume deficit. Normal saline infusion
should continue until blood pressure and end-organ perfusion
have been normalized. The intravenous solution should then be
changed to 0.45% saline solution at a reduced rate to restore
the intracellular fluid deficit. The overall fluid resuscitation goal
should be replacement of one half of the estimated fluid deficit
over the first 8 hours, and the other half of the estimated fluid
deficit over the next 16 hours. Care should be taken to en-
sure that the serum osmolality does not decrease more than
3 mOsm/kg/hour to reduce the risk of acute cerebral edema.

The cornerstone of therapy for HHS is intravenous insulin
given to restore normal peripheral glucose uptake, suppress
lipolysis, and decrease hepatic gluconeogenesis. Complications
of insulin therapy include hypoglycemia, hypokalemia (insulin
infusion should not begin with serum potassium less than
3.5 mEq/dL), and hypophosphatemia. Insulin should be ini-
tially given as an intravenous bolus of 0.15 units/kg, followed
by a continuous infusion of 0.1 unit/kg/hour with a goal glucose
decrease of 50 to 75 mg/dL/hour. While the patient is receiving
intravenous insulin, the glucose should be monitored every 1 to
2 hours via either capillary or serum samples. Once the serum
glucose decreases to 250 mg/dL, dextrose should be added to
the intravenous fluid administration, and the insulin infusion
should be decreased to 0.05 to 0.1 unit/kg/hour.

Electrolyte replacement is also an important component to
the management of HHS. Hypokalemia can develop during
HHS treatment because insulin administration causes an in-
tracellular shift of potassium ions from the extracellular com-
partment. Additionally, the ongoing osmotic diuresis can cause
a dramatic depletion of total body potassium stores; this loss
can exceed 400 mEq in severe HHS. For this reason, electro-
cardiographic monitoring should be utilized during this phase
of therapy, and aggressive potassium replacement—with up
to 40 mEq/hour—may be necessary. Hypophosphatemia may
also develop secondary to the ongoing osmotic diuresis. Re-
placement of phosphate during HHS treatment seems prudent;
however, several prospective randomized studies have failed
to show a definitive benefit to phosphate replacement in the
absence of decreased cardiac or respiratory function and ane-
mia (36,52). If phosphate replacement is necessary, potassium
phosphate may be an ideal replacement infusion to correct both
hypokalemia and hypophosphatemia.

Comp licat ions

In addition to the electrolyte abnormalities discussed above,
complications from HHS include pancreatitis, rhabdomyol-

ysis, thromboembolism, hyperchloremic metabolic acidosis,
cerebral edema, acute gastric dilatation, and ARDS (Table
163.3). Patients with HHS are at increased risk for throm-
boembolism, and thus, subcutaneous heparin administration
may be warranted to prevent thromboembolic complications
(43,53). Complications of HHS treatment include intravascu-
lar volume overload and acute cerebral edema from overag-
gressive intravenous fluid administration. Intravascular volume
overload is seen as hypoxemic respiratory failure—often with
pulmonary edema—and lower extremity pitting edema. Acute
cerebral edema is manifested by headache, lethargy, and de-
pressed levels of consciousness that can rapidly progress to
brainstem herniation. Treatment of this potentially devastat-
ing complication consists of administering an osmotic diuretic
such as mannitol and supportive care.

SUMMARY
Future directions in DKA and HHS therapy involve further
refinements in protocols and therapies aimed to improve the
hyperglycemia, acidosis, and electrolyte imbalances while min-
imizing risks such as volume overload, ARDS, and cerebral
edema. Additionally, ongoing efforts to provide patients and
caregivers with the tools for early identification and the need
for aggressive treatment of these hyperglycemic emergencies
may ultimately have the largest impact on long-term morbidity
and mortality.

GLYCEMIC CONTROL AND
INSULIN THERAPY IN THE

INTENSIVE CARE UNIT
Over the last decade, multiple published studies (Table 163.4)
(54–58) suggested that intensified glycemic control of ICU pa-
tients by using intravenous insulin infusion results in improved
outcomes, including decreased mortality rate. While these ob-
servations led to dramatic changes in the management of ICU
blood glucose control in both Europe and North America, con-
cerns have been raised about the optimal range of glycemic
control for ICU patients and the clinical implication of the in-
creased risk of iatrogenic hypoglycemia (59,60).

The recommendation that glucose levels be maintained no
higher than 4.4 to 6.1 mmol/L (1 mmol/L of glucose = 18
mg/dL) has its origins in a key study conducted in Leuven, Bel-
gium, by Van den Berghe et al. and published in 2001 (54).
In this large randomized, single-center trial of predominantly
cardiac surgery ICU patients, there was a reduction in ICU
mortality with intensive intravenous insulin protocol targeting
blood glucose to 4.4 to 6.1 mmol/L (for all patients, a 43% rel-
ative and 3.4% absolute mortality reduction; for those with > 5
days in the ICU, a 48% relative and 9.6% absolute mortality
reduction). In addition, the study demonstrated a reduction in
organ dysfunction and ICU length of stay (LOS) in the subset
with ICU LOS > 5 days from a median of 15 to 12 days.

Although there were significant differences in design, blood
sugar target, and patient population among all studies listed in
Table 163.4, the results were, for the most part, fairly sim-
ilar. Intensive therapy with intravenous insulin produced a
consistent decrease in mortality rate in a variety of patient
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TA BLE 1 6 3 . 4

RELATION BETWEEN INTENSIVE INSULIN THERAPY AND OUTCOME IN CRITICALLY ILL PATIENTS

Study DIGAMI Leuven I Portland Stamford Leuven II

Patient population Acute MI
(N = 620)

Surgical
(N = 1,548)

CABG
(N = 3,554)

Medical ICU
(N = 1,600)

Medical ICU
(N = 767)

Diabetes 100% 13% 100% 17% 15%
Decrease in mortality rate 30% 34% 53% 29% 18%
Reason for reduced mortality rate N/K Sepsis HF, VT, VF N/K Multiple
Hypoglycemia (% ) (glucose level,

mmol/L)a
17 (< 3.0) 5.2 (< 2.2) 0.8 (< 3.3) 1.3 (< 3.3) 25 (< 2.2)

Mean glucose (mmol/L):
Intensive treatment 9.2 5.7 9.8 7.3 5.8
Conventional treatment 12.0 8.5 11.8 8.4 8.6

CABG, coronary artery bypass graft; HF, heart failure; ICU, intensive care unit; MI, myocardial infarction; VF, ventricular fibrillation; VT, ventricular
tachycardia; N/K, unknown.
a1 glucose mmol/L = 18 mg/dL.

populations. However, several important differences should be
noted. In some cases, all the participants had diabetes, whereas
in others, most participants were nondiabetic. In addition,
there were remarkable differences in the range of blood glu-
cose levels achieved. For instance, the glucose levels of the con-
trol group of the Leuven studies were similar to—and in some
cases, lower than—the levels in the intensive treatment groups
of the other studies. However, the differences in blood glucose
levels between the control and intensive treatment groups were
similar in all five studies. Furthermore, there was a compara-
ble improvement in mortality rate in the critically ill patients
targeted to reach a serum glucose goal of 6.1 mmol/L and 7.3
to 9.8 mmol/L.

Another important observation is that the two studies that
achieved by far the lowest glucose levels in the intensively
treated patients were also the only two studies in which par-
enteral nutrition (PN) was often associated with hyperglycemia
and hypertriglyceridemia (62). Furthermore, there is consid-
erable evidence that PN can be responsible for other adverse
outcomes in critically ill patients. In a meta-analysis of 27 stud-
ies comparing PN with enteral nutrition and involving > 1,800
patients, Braunschweig et al. found a > 50% higher incidence
of infection in participants receiving PN, but no difference in
mortality rate (62). The implications of these findings in inter-
preting the Leuven I study are obvious. Patients in the Leuven
I study received PN, a treatment known to increase infection
rates, and when glucose level was lowered with insulin infusion
to an average of 5.7 mmol/L, an improvement in mortality rate,
based mostly on a reduction in infection rate, was observed.
Hence, the administration of intravenous insulin in this study
merely reduced infectious complications to a level that would
have been observed if PN had not been otherwise given.

Furthermore, one of the mechanisms that may explain an
increased rate of infection in diabetic individuals and hospital-
ized patients with hyperglycemia is impaired immune function
secondary to a defect in the adherence properties of polymor-
phonuclear leukocytes (63,64). An analysis of data from the
363 patients who remained in intensive care for > 7 days in the
Leuven I study revealed a strong relationship between serum
triglyceride (TG) and ICU mortality rate by univariate analysis
(an approximate 400% increase in mortality rate in patients

with TAG > 3.4 mmol/L compared with individuals with TAG
< 1.1 mmol/L). Accordingly, an alternative explanation for the
benefits of insulin infusion is that they were not a direct conse-
quence of lowering glucose, but rather due to effects of insulin
on lipid control, especially in patients who received PN (65).

Most recently, two additional multicenter randomized con-
trol trials (RCTs) of intensive insulin therapy—one focused on
patients with severe sepsis (VISEP) and the second on medical
and surgical ICU patients—failed to demonstrate improvement
in mortality, though they are not yet fully published (66,67).
Nevertheless, both were stopped earlier than planned because
of high rates of hypoglycemia and adverse events in the inten-
sive insulin groups. This finding is particularly important for
ICU patients who are commonly sedated and mechanically ven-
tilated since aggressive lowering of serum glucose levels may

TA BLE 1 6 3 . 5

THE SURVIVING SEPSIS CAMPAIGN 2008 CONSENSUS
RECOMMENDATION ON GLUCOSE CONTROL
DURING SEVERE SEPSIS

1. Following initial stabilization, intensive care unit patients
with severe sepsis and hyperglycemia to receive
intravenous insulin therapy to reduce blood glucose
levels (grade 1B)

2. Validated protocol to be used for insulin dose
adjustments and targeting glucose levels to the
< 150 mg/dL range (grade 2C)

3. All patients receiving intravenous insulin to receive a
glucose calorie source in addition to monitoring blood
glucose values every 1–2 h until glucose values and
insulin infusion rates are stable, then every 4 h thereafter
(grade 1C)

4. Caution taken if using point-of-care testing for capillary
blood glucose as it may overestimate arterial blood or
plasma glucose values (grade 1B)

Adapted from Dellinger P, Levy MM, Jean M, et al. Surviving Sepsis
Campaign: international guidelines for management of severe sepsis
and septic shock: 2008. Crit Care Med. 2008;36(1):296–327.
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carry the risk of hypoglycemia, which is potentially more dif-
ficult to detect (59).

To address the above concerns, a large RCT in 20 ICUs in
Australia and New Zealand is currently under way to com-
pare target serum glucose levels of 4.5 to 6.0 mmol/L (80–110
mg/dL) versus 8 to 10 mmol/L (140–180 mg/dL) (68). This trial
will provide information about the effect of normoglycemia in a
heterogeneous group of critically ill patients. In addition, it will
recruit > 6,000 patients and most likely will produce ≥ 500,000
glucose measurements that subsequently can be used to reveal
some of the many unknown dimensions of glycemic control
and its consequences in ICU patients.

In the meantime, several recommendations for glycemic
control in the ICU have been suggested in the most current Sur-
viving Sepsis Campaign (Table 163.5) (69). These recommen-
dations are intended to provide some direction for the clinician
caring for ICU patients with severe sepsis while awaiting results
from the ongoing studies on potential differences in outcomes
with different glucose targets and various insulin protocols.

Until the full results of the ongoing studies become avail-
able, intensive insulin therapy to all ICU patients remains un-
supported, and should be viewed with a healthy degree of sci-
entific skepticism.

SUMMARY
The weight of available data indicates that intensified insulin
treatment of the critically ill is associated with impressive re-
ductions in mortality rate. Therefore, the value of intensive
insulin treatment should not be in doubt. However, the ques-
tion remains if the available data justify a glycemic target of
6.1 mmol/L. As pointed out above, the reduction in mortal-
ity reported in Leuven I can be secondary to lipid, rather than
glucose, control. Since these are mere associations, additional
research will be required in which lipid levels are maneuvered
more directly in order to assess whether nonglucose effects of
insulin are, in fact, responsible for the apparent benefits of in-
sulin. In addition, since the use of PN in the Leuven I study may
impose additional constraints on its subjects, intensive insulin
treatment in this study may merely have counteracted the ad-
verse effects of PN. Finally, considering that the Leuven I study
was not designed to compare different glycemic targets with
intensive insulin treatment, judgments concerning whether a
goal of 6.1 mmol/L will produce better outcomes than a higher
goal must await the results of ongoing studies.

Furthermore, since hypoglycemia is likely to be more fre-
quent and more severe with lower glucose targets, it seems
prudent to adjust the dose of intravenous insulin to target glu-
cose levels ≥ 5.0 and < 8.3 mmol/L.
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CHAPTER 164 ■ THE ADRENAL GLAND
IN CRITICAL ILLNESS
MARK S. COOPER

IMMEDIATE CONCERNS

Major Prob le ms

The most important adrenal problem affecting the intensivist
is impaired production of adrenal steroids. Individuals with
impaired capacity to produce adrenal steroids can become crit-
ically ill with illnesses that are otherwise trivial and are unlikely
to improve in the absence of steroid replacement. Critically ill
patients may also develop adrenal insufficiency in the course of
an intensive care unit (ICU) admission secondary to the effects
of the underlying disease, or its treatment, on either the pitu-
itary or adrenal gland. Furthermore, it has been suggested that
conditions such as septic shock and acute respiratory distress
syndrome (ARDS) might frequently be associated with a rela-
tive deficiency of adrenal steroids and, thus, patients with these
conditions might benefit from steroid treatment, even in the ab-
sence of pre-existing adrenal disease. Other adrenal problems
present rarely in the critical care setting; however, unrecognized
pheochromocytoma can present as either severe hypertension
or circulatory collapse on removal of the tumor.

St re ss Point s

1. The most important hormones synthesized by the adrenal
gland are cortisol (the main glucocorticoid) and aldosterone
(the main mineralocorticoid). Cortisol production is reg-
ulated by adrenocorticotropin hormone (ACTH) secretion
whereas aldosterone secretion is primarily regulated by the
renin–angiotensin system.

2. Corticosteroid insufficiency (hypoadrenalism) is the most
important clinical problem involving the adrenal gland in
the ICU setting. It can occur as a result of diseases that
directly affect the adrenal gland (primary adrenal insuffi-
ciency) or those that impair ACTH production from the
pituitary (secondary adrenal insufficiency). Corticosteroid
insufficiency can be difficult to recognize since its clinical
features are similar to those of other severe illnesses, and
some features are masked by ICU interventions. Unrecog-
nized, corticosteroid insufficiency is associated with a high
mortality. The clinical findings associated with adrenal in-
sufficiency are shown in Table 164.1.

3. The diagnosis of adrenal insufficiency is difficult in criti-
cally ill patients due to the insensitivity of clinical features
and the dramatic and variable changes that occur normally
in the hypothalamic-pituitary-adrenal (HPA) axis during se-
vere illness. The interpretation of biochemical tests is diffi-

cult and will depend on the clinical context. Where there
is uncertainty, empiric glucocorticoid replacement is indi-
cated.

4. When the possibility of adrenal insufficiency during criti-
cal illness has been raised, definitive testing to determine
whether it is present, persistent, and its nature—e.g., pi-
tuitary versus adrenal—will be needed, but only when the
patient’s condition has improved so as to safely allow the
studies.

Esse nt ial Diag nost ic Te st s and Proce d ure s

1. The symptoms, physical signs, and laboratory findings tradi-
tionally associated with hypoadrenalism are not sufficiently
sensitive to be reliable in making the diagnosis of adrenal
insufficiency. Rather, these may suggest the need for bio-
chemical testing.

2. The diagnosis will usually be made on either a random serum
cortisol level, the level of cortisol achieved after a short
ACTH test, or (in the specific situation of septic shock) a
poor increment in cortisol across a short ACTH test (Figs.
164.1 and 164.2).

Init ial The rap y

For critically ill individuals with known or suspected structural
defects in the HPA axis, treatment should be with 100 mg hy-
drocortisone every 6 hours. With improvement, this dose can
be progressively reduced to replacement doses (typically 20 mg
hydrocortisone a.m. and 10 mg p.m.). Patients with adrenal
disease will also require fludrocortisone when the daily hy-
drocortisone dose drops below 50 mg per day. In septic shock,
the recommended replacement dose for patients with suspected
relative adrenal insufficiency is 50 mg hydrocortisone every
8 hours.

PHYSIOLOGY OF THE
ADRENAL GLAND

The adrenal gland is composed of a cortex and a medulla.
The adrenal cortex is the site of synthesis of adrenal cortico-
steroids, whereas the medulla synthesizes catecholamines (pri-
marily adrenaline). The cortex is structurally and functionally
divided into layers (zones) that secrete mineralocorticoids, glu-
cocorticoids, and adrenal androgens. Adrenal hormones are
synthesized rapidly from cholesterol with very little hormone
being stored within the gland.
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TA BLE 1 6 4 . 1

CLINICAL FINDINGS IN ADRENAL INSUFFICIENCY

Symptoms
Weakness/fatigue
Anorexia
Nausea, vomiting, abdominal pain
Salt cravinga

Postural dizziness
Myalgias/arthralgias

Signs
Weight loss
Hyperpigmentationa

Hypotension
Vitiligoa

Clinical findings
Hyponatremia
Hyperkalemiaa

Hypoglycemia
Uremia
Anemia
Eosinophilia
Vasopressor insensitivity
Systemic inflammatory response in absence of infection

aFeatures usually present in primary adrenal insufficiency but not
secondary adrenal insufficiency.

Ad re nal Hormone s

The main hormones synthesized by the adrenal cortex are al-
dosterone (the main mineralocorticoid), cortisol (the main glu-
cocorticoid), and dehydroepiandrosterone (the main adrenal

Random/bas al cortis o l leve l 

Diag nos tic  algo rithm in ICU patients  
without s eptic  s hock 

 (only if fe atures  s ugge s ting  AI) 

Cons ide r phys io lo gical 
s tero id replace ment 

Corticos tero id 
ins uffic iency like ly 

<15 µg/dL 15–25 µg/dL >25 µg/dL 

>25 µg/dL <25 µg/dL 

Stero id therapy 
unlike ly to  be  

he lpful 

Corticos teroid ins uffic iency 
unlikely 

Peak res po ns e  to  ACTH 
tes t 

FIGURE 164.1. The combination of basal values and peak responses
to ACTH tests is intended to avoid missing corticosteroid insufficiency
of either central or adrenal origin.

Random/bas al cortis o l leve l 

Diagnos tic  algorithm in s eptic  s hock 

Cons ider 
phys iological s teroid 

replacement 

Corticos teroid 
ins uffic iency like ly 

<15 µg/dL 15–34 µg/dL >34 µg/dL 

>9 µg/dL <9 µg/dL 

Stero id therapy 
unlike ly to  be  

he lpful 

Corticos teroid 
ins uffic iency unlike ly 

Increment in res pons e  
to  ACTH tes t

FIGURE 164.2. An adequate basal response is required to rule out
central causes of corticosteroid insufficiency whereas an adequate in-
crement has been reported to be needed to exclude relative adrenal
insufficiency. The use of an incremental response outside of the setting
of septic shock is not recommended. (Adapted from Cooper MS, Stew-
art, PM. Corticosteroid insufficiency in acutely ill patients. N Engl J
Med. 2003;348:727–734.)

androgen). In conjunction with cortisol, aldosterone regulates
salt and water balance. The main action of aldosterone is to in-
crease sodium resorption within the distal nephron; it also reg-
ulates sodium excretion from the skin (in sweat), the pancreas,
and the colon. Cortisol action affects almost all tissues in the
body. These actions are important in maintaining homeostasis
under resting conditions and also during stress. Many of these
actions are evident only in states of glucocorticoid deficiency
or excess. Cortisol levels in the circulation have a pronounced
diurnal rhythm, being high in the morning and very low in
the late evening. Cortisol in the circulation is heavily bound
to serum proteins—corticosteroid-binding globulin (CBG) and
albumin—such that only a small fraction is available in a tissue
in free form (1). Adrenal androgens are the most abundantly
produced adrenal steroids, but their clinical significance is mi-
nor compared to the other adrenal steroids, and they are not
routinely substituted in patients with adrenal insufficiency.

Adrenaline is the main catecholamine secreted from the
adrenal medulla. Although this hormone may modify some
aspects of the stress response, the relative normality of indi-
viduals who have had both adrenal medullas removed suggests
that this action is of limited importance in most situations. The
focus of this chapter will therefore be on the adrenal cortex.

Re g ulat ion of Ad re nal Hormone Synt he sis
Glucocorticoids and mineralocorticoids are regulated differ-
ently. Cortisol is synthesized in response to ACTH, which is
released from the anterior pituitary. ACTH release is controlled
by hypothalamic corticotrophin-releasing hormone (CRH) se-
cretion. Central activation of the HPA axis occurs with all
physiologic stressors and also entrains the diurnal rhythm of
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cortisol secretion. ACTH has an important trophic action on
the adrenal cortex, and continued ACTH secretion is essen-
tial to maintain the structural integrity of the cortex and the
capacity to generate cortisol. Impairment of ACTH secretion
leads to a prolonged reduction in the capacity of the adrenal
to respond to exogenous ACTH. This is most evident in pitu-
itary disease but is also seen commonly in patients who take
supraphysiologic doses of therapeutic glucocorticoids on a pro-
longed basis since these drugs inhibit ACTH secretion through
negative feedback.

During severe illness, factors such as hypotension, pain,
anxiety, and endotoxin substantially increase ACTH and cor-
tisol secretion. The level of CBG also decreases rapidly due to
a combination of reduced synthesis and increased breakdown
(1). These combined effects lead to increased cortisol levels and
a higher proportion of bioactive cortisol to protein-bound cor-
tisol. These factors increase cortisol levels within target tissues.

Although the synthesis of the early precursors for aldos-
terone synthesis are under control of ACTH, the rate-limiting
step is regulated by angiotensin II. The activity of the renin–
angiotensin system is thus the most important factor in reg-
ulating aldosterone synthesis. This explains why aldosterone
secretion is still maintained in patients with pituitary disease
and consequent ACTH deficiency (2). Although aldosterone se-
cretion does increase during the early phase of critical illness, its
importance is probably minor because cortisol, when present
at high levels, has a substantial mineralocorticoid effect.

Glucocort ico id Act ion

The range of actions of glucocorticoids is vast. These actions
are sometimes apparent only when glucocorticoid levels are
very low or high. Most of the side effects of therapeutic gluco-
corticoids result from an exaggeration of the physiologic effects
that are normally protective during short-term stress.

Me t ab olic Effe ct s
Glucocorticoids strongly influence most of the metabolic path-
ways involved in energy homeostasis. Glucocorticoids induce
enzymes responsible for hepatic gluconeogenesis and antago-
nize the anabolic actions of insulin on glycogen deposition.
Glucocorticoids also increase the production of fuels for glu-
coneogenesis by stimulating muscle amino acid generation and
adipose tissue fatty acid synthesis. These combined effects en-
sure that glucose is readily available as a fuel, an effect likely
to be of importance for immune cells and in damaged tissues.
When prolonged, however, these effects result in adverse out-
comes. Increased gluconeogenesis increases the risk of glucose
intolerance and frank diabetes mellitus. Continued breakdown
of protein leads to myopathy, skin thinning, easy bruising, and
poor wound healing. Increased peripheral lipolysis leads to loss
of fat on limbs but accumulation of central fat.

Card iovascular Effe ct s
Glucocorticoids have important effects on salt and water bal-
ance, which are likely to be an important part of the stress
response protecting against hemorrhage or sepsis. Glucocor-
ticoids contribute to renal sodium reabsorption, even though
the dominant regulatory pathway is via aldosterone, and also
have a major impact on the capacity to excrete water through
the kidney. A deficiency of glucocorticoids can induce a state

of excessive water retention and hyponatremia that is clin-
ically indistinguishable from the syndrome of inappropriate
antidiuretic hormone secretion (SIADH). The reason for the
high prevalence of hypotension and circulatory collapse dur-
ing adrenal insufficiency is the permissive effect glucocorticoids
have on the vascular action of catecholamines. In the absence of
glucocorticoids, the vasculature can become insensitive to the
pressor effects of catecholamines; this feature is an important
clue to the presence of corticosteroid insufficiency.

Immunolog ic Effe ct s
Glucocorticoids have a broad spectrum of effects on inflamma-
tion and the immune system, including an impact on the de-
velopment, migration, and survival of leukocytes, and a reduc-
tion of the synthesis of proinflammatory cytokines by immune
cells and blockade of tissue production of eicosanoids such
as prostaglandins and leukotrienes. While excessive glucocor-
ticoid action can lead to immunosuppression, glucocorticoid
deficiency states are also associated with impaired resistance to
microbial infection.

Ot he r Effe ct s
In addition to those effects noted above, glucocorticoids also
have a wide range of other clinical actions. For example, a
common problem seen with the administration of glucocorti-
coids is a disturbance of bone metabolism leading to osteo-
porosis and fractures. The hormone may also induce a range
of neuropsychiatric symptoms ranging from sleep disturbance
to frank psychosis.

CORTICOSTEROID INSUFFICIENCY
Corticosteroid insufficiency can occur with diseases or in-
terventions that involve the adrenal gland directly (primary
adrenal insufficiency), or secondary to reduced stimulation by
ACTH of an otherwise normal adrenal gland due to hypotha-
lamic or pituitary disease (secondary adrenal insufficiency).
Glucocorticoid replacement is similar in the two conditions,
but important clinical features may differ; biochemical testing
will provide different results depending on setting, and the pat-
tern of deficiency of other hormones will be different. In septic
shock, it has been suggested that a relative deficiency of cor-
ticosteroids either at the tissue level or within the circulation
might occur, and that low-dose corticosteroid treatment may
improve outcome; this remains, however, an area of great de-
bate (1,3,4).

Cause s of Cort icost e ro id Insufficie ncy

In outpatient endocrine practice, the differential diagnosis of
hypoadrenalism is wide, with the most common causes of pri-
mary hypoadrenalism in the United States being autoimmune
adrenalitis and that of secondary hypoadrenalism being partial
or complete hypopituitarism. On the other hand, worldwide,
the most common cause of permanent hypoadrenalism is tu-
berculous adrenalitis. By contrast, in the general population,
adrenal insufficiency is most frequently encountered in patients
who have developed hypoadrenalism secondary to recent oral
glucocorticoid usage.
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During critical illness, reversible adrenal insufficiency may
develop secondary to many factors, including the use of anes-
thetic agents and antibiotics, central nervous system (CNS)
disease, and adrenal insults that may comprise hemorrhage,
infection, and hypoperfusion (Table 164.1) (3,5,6). Increased
proinflammatory cytokine production during sepsis can also
induce systemic glucocorticoid resistance such that normal
adrenal responses may be insufficient to control systemic in-
flammation. The term, relative adrenal insufficiency, has been
used to describe this situation (4,6). Adrenal insufficiency can
profoundly influence the chances of survival from critical ill-
ness, as demonstrated by the increased mortality associated
with prolonged etomidate administration when this agent was
used as an ICU sedative. The effect was due to the drug’s po-
tent action to inhibit the enzyme systems needed to synthesize
cortisol, especially 11-β -hydroxylase (7,8).

An underappreciated problem is secondary hypoadrenalism
due to recent exogenous glucocorticoid therapy. Such therapy
suppresses the HPA axis, with consequent adrenal atrophy that
may last for months after cessation of glucocorticoid treatment.
Adrenal atrophy and subsequent deficiency depends on both
the dose and duration of treatment but should be anticipated
in any subject taking (or having recently stopped) more than
30 mg hydrocortisone per day (7.5 mg prednisolone, 0.75 mg
dexamethasone) for greater than 3 weeks. In such subjects,
hypoadrenalism may be precipitated by failure to give adequate
glucocorticoid replacement for intercurrent stress.

Clinical Pre se nt at ion

Adrenal insufficiency may present with either the classical
symptoms of this syndrome, symptoms related to other hor-
mone deficiencies, or symptoms relating to the underlying cause
of adrenal insufficiency. It may also present with few specific
features. The clinical presentation of adrenal insufficiency also
differs greatly between the endocrine outpatient setting and the
intensive care unit, as might be expected. In an outpatient set-
ting, clinical features depend on rate of onset and severity of
adrenal deficiency. The onset may be insidious, with presenting
symptoms such as weakness, weight loss, nausea, abdominal
pain, arthralgia, and postural syncope, and the diagnosis be-
ing made only with the development of an acute crisis during
an intercurrent illness. Acute adrenal insufficiency (addisonian
crisis) is a medical emergency manifesting as hypotension and
circulatory failure. Anorexia, nausea, vomiting, diarrhea, and
abdominal pain may occur, and fever and hypoglycemia may be
present. Skin pigmentation usually differentiates primary from
secondary hypoadrenalism, reflecting the persistently high cir-
culating ACTH concentrations in the former condition. In au-
toimmune Addison disease, there may be associated vitiligo.
In secondary adrenal insufficiency due to hypopituitarism, the
presentation may relate to symptom complexes due to defi-
ciency of hormones other than ACTH, notably leuteinizing hor-
mone (LH)/follicle-stimulating hormone (FSH)—presenting
with infertility, oligomenorrhea/amenorrhea, and/or poor
libido—and thyroid-stimulating hormone (TSH)—presenting
with weight gain and cold intolerance. Rarely, presentation
may be more acute in patients with pituitary apoplexy.

In critically ill patients, these features may be masked, and
the only signs may be hemodynamic instability despite ade-
quate fluid resuscitation, usually with a hyperdynamic circula-

tion and decreased systemic vascular resistance, or ongoing ev-
idence of inflammation without an obvious source or response
to empiric treatment.

Bioche mical Diag nosis

The biochemical diagnosis of hypoadrenalism can be straight-
forward in an outpatient setting but is often much more
difficult in the critical care unit. In established primary hy-
poadrenalism, hyponatremia is present in 90% of cases and
hyperkalemia in 65% . Hyperkalemia occurs due to aldosterone
deficiency, and is therefore usually absent in secondary hy-
poadrenalism. Hyponatremia may be depletional in addiso-
nian crisis, but elevated vasopressin levels can cause dilutional
hyponatremia in secondary adrenal insufficiency. Usually, free
thyroxine concentrations are low or normal, but TSH values
are frequently elevated. This is a direct effect of glucocorticoid
deficiency and reverses with glucocorticoid replacement. Thy-
roxine levels may also be low in secondary hypoadrenalism.
Thyroid hormone administration without glucocorticoids in
these situations can precipitate adrenal insufficiency and should
be avoided. Eosinophilia may be seen and can occasionally alert
the astute clinician to the diagnosis (9).

Clinical suspicion of hypoadrenalism should be confirmed
biochemically and, in the outpatient setting, there is a gen-
eral consensus on the appropriate way to diagnose adrenal in-
sufficiency; in the critical care unit setting, this is a bit more
of a problem. Although a low 0900 hour—or even random—
cortisol level may be highly suggestive of hypoadrenalism, the
marked diurnal variation in serum cortisol levels and response
of the serum cortisol level to stress generally require that stim-
ulation tests be used. The gold standard stimulation test is the
insulin tolerance test (ITT), which assesses the integrity of the
whole HPA axis (10,11). However, it cannot be performed in
patients with ischemic heart disease, epilepsy, or severe cor-
tisol deficiency (an 0900 hour cortisol less than 7 µ g/dL).
In normal subjects, peak plasma cortisol exceeds 18 µ g/dL.
However, the cortisol response to hypoglycemia can be reliably
predicted by the ACTH stimulation test—a safer, quicker, and
less expensive study. The ACTH stimulation test involves in-
tramuscular or intravenous administration of 250 µ g tetracos-
actin (Synacthen, Cosyntropin; 1-24 ACTH) (12). In critically
ill patients, the intravenous (IV) route is preferred due to the
reduced reliability of intramuscular (IM) absorption. In outpa-
tient endocrine practice, plasma cortisol levels are measured at
0 and 30 minutes post-ACTH infusion, and a normal response
is defined by peak plasma cortisol greater than 20 µ g/dL.
In critically ill patients, an additional sample 60 minutes af-
ter baseline is often used, with the peak value defined as the
higher of the 30- and 60-minute values. The use of the 60-
minute sample is not standard practice when basing decisions
on peak levels but is reasonable when an increment is being
used, e.g., septic shock (as described below). The peak value is
unaffected by the time of day, but the basal value varies with
the diurnal rhythm, so the incremental response in this set-
ting should not be used as a measure of adrenal function. The
test can still be performed in patients who have recently com-
menced corticosteroid replacement therapy with dexametha-
sone, as it does not cross-react in the cortisol assay. In primary
adrenal insufficiency, ACTH levels are disproportionately ele-
vated relative to plasma cortisol. Since the cortisol response is
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dependent on endogenous ACTH trophic drive to the adrenal
cortex, impaired pituitary ACTH secretion will result in an
impaired cortisol response. The ACTH test should, therefore,
not be used after a recent pituitary insult (surgery, apoplexy),
as it may take 2 to 3 weeks for the adrenal cortex to readjust to
the reduced level of ACTH secretion (13). A low-dose (1 µ g)
ACTH stimulation test has been proposed, with the suggestion
that it may be more sensitive than the 250-µ g test; at this time,
it is not widely used (14).

In patients found to have abnormal responses to the 250-µ g
study, further tests will usually be required to determine the
cause, for example, studies for adrenal autoantibodies, ab-
dominal imaging for primary adrenal failure, and/or pituitary
MRI and other anterior pituitary function tests for secondary
adrenal failure.

In a critically ill patient, the testing regimen is more com-
plex and more difficult, thus making it—at this juncture—
perhaps technically impossible to robustly diagnose adrenal
insufficiency. This is largely due to the dramatic and variable
changes at all levels of the HPA axis, the difficulty of performing
dynamic tests in critically ill patients, and the complex patho-
genesis and heterogeneity of clinical causes (6). Consequently,
no test has proven reliable in the diagnosis of adrenal insuffi-
ciency (1,6). Since cortisol levels are normally elevated during
critical illness, random cortisol levels below 20 µ g/dL might
be considered suggestive of adrenal insufficiency. Cortisol re-
sponses during stress, however, are usually much higher than
those seen during the short ACTH test, and thus higher cutoff
levels have been proposed (15). The use of the short ACTH
is controversial in critical illness but remains the test that is
most useful to intensivists. In patients with suspected primary
adrenal insufficiency, the peak value obtained during an ACTH
test should be at least 20 µ g/dL, but in patients with hypoten-
sion or sepsis, it would be reasonable to expect values to ex-
ceed 25 µ g/dL. This test, however, has clear limitations when
hypoadrenalism occurs secondary to recent hypothalamic or
pituitary insults, and thus should not be relied on in patients
with possible recent-onset secondary adrenal insufficiency.

A general scheme for investigating adrenal insufficiency in
critical illness, combining basal and stimulated tests, is given
in Figure 164.1. Specifically, in vasopressor-dependent septic

shock, the incremental response post-ACTH administration—
in contrast to that in noncritically ill patients—may have prog-
nostic implications, with a limited increment (less than 9 µ g/dL)
being associated with increased mortality (16). Furthermore,
there is some evidence that glucocorticoid supplementation im-
proves mortality in this setting (17). A scheme for investigating
adrenal insufficiency in septic shock is given in Figure 164.2.
It is currently unclear which critically ill patients should be in-
vestigated for adrenal insufficiency, but there should always be
a clear indication to undergo testing. It seems reasonable to as-
sess HPA-axis function using the acute ACTH test in critically
ill patients with severe inflammation, those previously treated
with glucocorticoids, and those with clinical or biochemical
features suggestive of adrenal insufficiency. In these complex
cases, testing may be required on more than one occasion in
any individual. Clinical improvement with hydrocortisone re-
placement is good evidence for adrenal insufficiency when the
diagnosis is uncertain.

Manag e me nt

In addition to measurement of plasma electrolytes and blood
glucose, samples for ACTH and cortisol should be taken before
initiating corticosteroid therapy. If the patient is not critically
ill, an ACTH stimulation test can be performed. In critically ill
patients, intravenous hydrocortisone should be given in a dose
of 100 mg every 6 hours either as a bolus dose or a continu-
ous infusion. This additional corticosteroid is given to try to
mimic the normal production of adrenal steroid during severe
illness. Hydrocortisone is the pharmaceutical name for corti-
sol (the difference in name when measured by assay or when
given as a drug is purely historical). Hydrocortisone is used
in preference to other glucocorticoids, e.g., prednisone, pred-
nisolone, methylprednisolone, or dexamethasone, because it
is a physiologic replacement and because in previous trials of
septic shock, use of the other glucocorticoids did not improve
survival. In the patient suffering from shock, intravenous 0.9%
saline solution should be given initially; adding 5% dextrose
to this solution may be required if hypoglycemia is present.
Subsequent saline and dextrose therapy will depend on clinical

TA BLE 1 6 4 . 2

RELATIVE POTENCY OF GLUCOCORTICOIDS AND APPROXIMATE DOSE
EQUIVALENTS WHEN USED FOR GLUCOCORTICOID REPLACEMENT

Relative glucocorticoid potencya Replacement dose (mg)

Hydrocortisoneb 1 30d

Cortisoneb,c 0.8 37.5
Prednisolone 4.5 5–7.5
Prednisonec 4.5 5–7.5
Methylprednisolone 5 4
Dexamethasone 35 0.75

aRelative glucocorticoid potency varies with the parameter studied so is only approximate and refers
predominantly to glucocorticoid replacement in Addison.
bPhysiologic glucocorticoids that are preferred for replacement purposes.
cThese steroids are inactive prodrugs so are used only via the oral route.
d This is the standard initial replacement dose in patients with possible adrenal insufficiency but can often be
reduced to 15–20 mg when needed long term.
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and biochemical monitoring. Clinical improvement, especially
in blood pressure, should be evident within 6 hours if the di-
agnosis is correct. It is important to recognize and treat any
precipitating condition, such as infection.

After 24 hours, the hydrocortisone dose can be reduced,
usually to 50 mg every 6 hours and subsequently, if possible, to
oral hydrocortisone, 40 mg in the morning and 20 mg at 1800
hours. This can then be rapidly reduced to standard replace-
ment doses of 20 mg on wakening and 10 mg at 1800 hours.
Although synthetic glucocorticoids have been used in adrenal
replacement—their relative potencies and dose equivalents are
given in Table 164.2—they have no advantage over hydrocor-
tisone and are more frequently associated with adverse effects
with long-term use. Mineralocorticoid replacement is not re-
quired during high-dose hydrocortisone therapy, but patients
with adrenal disease will also require fludrocortisone when
daily hydrocortisone dose drops below 50 mg per day.

In septic shock, the recommended replacement is 50 mg
of hydrocortisone every 8 hours. This lower dose reflects the
following facts: (a) most people treated with replacement glu-
cocorticoids have only relative adrenal insufficiency; (b) the
clearance of hydrocortisone appears to be reduced in septic
shock compared to other conditions; and (c) this is the dose
that has been most widely studied in clinical trials (17–19).
This dose does lead to supraphysiologic levels of hydrocorti-
sone in the circulation, but it is unclear whether this is im-
portant either in terms of leading to adverse effects or in ac-
counting for any benefit through overcoming tissue resistance
to corticosteroids. In the largest trial that examined glucocor-
ticoid replacement in septic shock, fludrocortisone was given
orally for 1 week in addition to glucocorticoids (17). On the
basis of the mineralocorticoid activity of hydrocortisone and
experience in patients with Addison disease, it is unlikely that
fludrocortisone accounts for any of the benefits of low-dose
corticosteroid supplementation, and thus would not normally
be needed in the acute setting. When relative adrenal insuffi-
ciency has been diagnosed during a critical illness, this relative
deficiency is most often transient. Nonetheless, low doses of
corticosteroids should continue until definite testing has been
carried out after resolution of illness.

ADRENAL HORMONE EXCESS
(CUSHING SYNDROME)

States of endogenous corticosteroid excess are rare. Cushing
disease is due to an ACTH-secreting pituitary adenoma and
has an incidence of approximately 1 per million of population.
Endogenous Cushing syndrome is otherwise from a cortisol-
secreting adrenal adenoma or ectopic ACTH secretion, often
from a benign or malignant pulmonary tumor. The diagnosis
of Cushing disease/syndrome and the determination of the site
of the lesion are difficult to make, involving dynamic suppres-
sion tests, imaging, and venous sampling (20). It is unlikely
that states of endogenous cortisol excess will present initially
to critical care physicians, so their management is outside the
scope of this chapter.

Much more common is iatrogenic Cushing syndrome
caused by therapeutic glucocorticoids. Patients with this dis-
order are likely to have the classic features of Cushing

syndrome—namely, central obesity, myopathy, skin fragility,
glucose intolerance, osteoporosis, and hypertension—but the
main clinical issue in this situation is to ensure that a physio-
logic replacement dose of steroid is maintained during intercur-
rent stress. In any patient on long-term oral steroid doses above
5 to 7.5 mg prednisolone or its equivalent, intravenous steroid
replacement should be administered if the patient is unable to
continue the oral dose, since it is likely that he or she will have
a variable degree of adrenal atrophy secondary to prolonged
ACTH suppression.

OTHER ADRENAL DISEASES

Hyp e rald ost e ronism

Other adrenal diseases are uncommon or do not present sig-
nificant problems in the critical care setting. Primary hyperal-
dosteronism was previously thought to be uncommon, but is
increasingly recognized as a major cause of hypertension. This
form of mineralocorticoid-mediated hypertension is associated
with hypokalemia and a raised aldosterone-to-renin ratio (21).
The use of this ratio has increased the number of diagnoses
of primary hyperaldosteronism, mainly due to an increased
incidence of bilateral adrenal hyperplasia. Treatment is with
surgery or with long-term spironolactone.

Phe ochromocyt oma

Pheochromocytoma is an adrenal medullary tumor that se-
cretes excessive amounts of catecholamines (22). This tumor
is rare and sporadic, but is a common feature of some inher-
ited endocrine syndromes such as multiple endocrine neoplasia
type 2, von Hippel-Lindau, and neurofibromatosis. The symp-
toms of pheochromocytoma are vague and include palpita-
tions, sweating, headaches, and overwhelming anxiety in asso-
ciation with sustained or paroxysmal hypertension. Although
hypertensive crisis is a risk, especially during handling of the
tumor or with administration of beta-blockers, sustained cat-
echolamine release leads to vasoconstriction and contraction
of the intravascular volume. Removal of the tumor can lead to
a dramatic reduction in blood pressure due to vasodilatation.
These effects may be prevented by preoperative treatment, ini-
tially with increasing doses of an alpha-blocker such as phe-
noxybenzamine and followed, if needed, by a beta-blocker. If
postural hypotension develops, volume replacement with IV
normal saline is indicated.

ADRENAL FUNCTION TESTS
The following section describes important common biochemi-
cal tests for evaluating patients with adrenal disease.

Se rum Cort iso l

Procedure. Serum is collected for a standard radioimmunoas-
say or ELISA (enzyme-linked immunosorbent assay). It is im-
portant to note the time of collection, because cortisol levels
vary throughout the day.
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Normal Values
Unstressed patient: 0800 value usually 5 to 25 µ g/dL.
During critical

illness:
Random value less than 7 µ g/dL

strongly suggests adrenal
insufficiency (AI).

Value less than 15 µ g/dL in possible
secondary AI suggests deficiency.

Value greater than 34 µ g/dL
associated with a poor prognosis
but AI unlikely.

Comments. Serum cortisol levels normally vary in a circadian
pattern, with peak levels in the early morning and nadirs late
at night. During critical illness, this diurnal rhythm is lost and
cortisol levels increase broadly with the degree of stress. Basal
cortisol levels alone are not very useful in the evaluation of
adrenal disease, but are the only useful test in recent-onset sec-
ondary AI. Refinements on serum cortisol measurement include
estimation of serum-free cortisol, taking into account CBG and
albumin levels (23), but these assays are not widely available
or tested thoroughly in critical care settings.

Short ACTH St imulat ion Te st

Procedure. Serum samples are obtained just before and 30
(and/or 60) minutes after an IV injection of 250 µ g of tetra-
cosactin (Synacthen, Cosyntropin, 1-24 ACTH).

Interpretation
Unstressed patient: Peak cortisol value less than

20 µ g/dL suggests AI
During critical

illness:
Peak cortisol less than 20 µ g/dL

suggests AI (patients without
sepsis or hypotension)

Peak cortisol less than 25 µ g/dL
suggests AI (patients with sepsis
or hypotension)

Cortisol increment less than
9 µ g/dL indicates relative AI (of
use only in vasopressor-
dependent septic shock)

Comments. The diagnosis of AI in the ICU usually depends
on the short ACTH stimulation test, but its interpretation is
difficult and depends on clinical context. Peak cortisol values of
either 20 or 25 µ g/dL have been proposed and should be used
depending on the severity of the illness. In septic shock, the
use of the increment has been proposed for diagnosing relative
adrenal insufficiency and may identify patients likely to benefit
from glucocorticoid replacement; however, it should not be
used outside this setting without evidence. The test does not
differentiate between primary and secondary hypoadrenalism,
and is unreliable in recent-onset secondary AI.

Insulin Tole rance Te st

Procedure. An intravenous cannula is inserted, and 0.1 to
0.15 U/kg regular insulin given IV, with measurement of
plasma cortisol at 0, 30, 45, 60, 90, and 120 minutes.

Adequate hypoglycemia—blood glucose less than 40 mg/dL
(2.2 mmol/L) with signs of neuroglycopenia, e.g., sweating and
tachycardia—is essential.

Interpretation
Peak cortisol greater than 18 µ g/dL rules out deficiency.

ACTH levels can indicate whether deficiency is due
to primary or secondary AI.

Comments. Contraindicated in patients with epilepsy, isch-
emic heart disease, and in patients with serum cortisol
levels less than 7 µ g/dL. Unsuitable for use in the critical care
setting.
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CHAPTER 165 ■ PHEOCHROMOCYTOMA
DANIEL T. RUAN r QUAN-YANG DUH

IMMEDIATE CONCERNS

Major Prob le ms

Pheochromocytoma is a rare catecholamine-secreting tumor
with a wide spectrum of presentations ranging from minimal
symptoms (1) to sudden death (2). Although early diagnosis
can lead to a curative treatment course (3), outcomes are of-
ten fatal when the condition is unrecognized (4). Pheochro-
mocytoma should be included in the differential diagnosis for
patients with poorly controlled hypertension, heart failure,
and cerebrovascular events. Furthermore, critical care physi-
cians should be familiar with pheochromocytoma crisis, as it
is a medical emergency requiring the highest level of specialty
care.

St re ss Point s
1. The diagnosis of pheochromocytoma should be considered

in any patient who presents with severe hypertension or the
classic symptoms of episodic headache, palpitations, and
diaphoresis.

2. Fractionated plasma metanephrines or 24-hour urine
metanephrines are the initial laboratory studies to rule out
pheochromocytoma.

3. α-Blockade with phenoxybenzamine should be started as
soon as the biochemical diagnosis of pheochromocytoma is
established.

4. After adequate α-blockade is established, β -blockers can be
used as an adjuvant means of controlling tachycardia.

5. Pheochromocytoma crisis is a medical emergency requiring
immediate α-blockade and invasive hemodynamic monitor-
ing; additional pharmacologic agents, such as β -blockers,
calcium channel blockers, and intravenous nitrates, are of-
ten needed to control heart rate and blood pressure.

6. The only curative therapy for pheochromocytoma is surgi-
cal resection; however, this should be attempted only on an
elective basis after several weeks of adrenergic blockade.

PATHOPHYSIOLOGY
Although approximately 90% of pheochromocytomas are his-
tologically benign, the morbidity of pheochromocytoma is pri-
marily related to the cardiovascular impact of unregulated
systemic catecholamine excess. Pheochromocytomas originate
from chromaffin cells, and by definition, are located in the
adrenal medulla. Although extra-adrenal pheochromocytomas

are often termed paragangliomas, these terms will be consid-
ered synonymous for the purposes of this chapter.

Intermittent and unregulated catecholamine release is the
hallmark pathophysiologic feature of pheochromocytoma.
There are three sequential products synthesized in the adrenal
medulla from the precursor L-tyrosine—dopamine, nore-
pinephrine, and epinephrine. The rate-limiting step in cate-
cholamine synthesis is the production of the precursor peptide
L-DOPA, a process catalyzed by the enzyme tyrosine hydrox-
ylase. By decarboxylation, L-DOPA is converted to dopamine,
which is then converted to norepinephrine by β -hydroxylase.
Ultimately, norepinephrine is converted to epinephrine by
phenylethanolamine-N-methyltransferase.

Although norepinephrine is the predominant catecholamine
secreted by most pheochromocytomas, there are reports of rare
tumors that secrete dopamine (5), adrenocorticotropic hor-
mone (6), vasoactive intestinal peptide (7), and calcitonin gene-
related peptide (8). The highly varied presentation of pheochro-
mocytoma may, in part, be explained by the variety of secretory
products that have been reported. Vasoactive intestinal peptide
can cause abdominal discomfort and a secretory diarrhea. Cal-
citonin, a gene-related peptidelike vasoactive intestinal peptide,
is a potent vasodilator that can cause hypotension.

Because phenylethanolamine-N-methyltransferase is found
only in the adrenal medulla and the organ of Zuckerkandl,
epinephrine-secreting tumors are typically located in these two
locations. Although some evidence suggests that patients in
pheochromocytoma crisis have tumors that secrete primarily
epinephrine, this has not been substantiated (9).

The diagnostic laboratory tests rely primarily on the detec-
tion of the metabolic products of the catecholamines. Mono-
amine oxidase catalyzes the conversion of catecholamines
into vanillylmandelic acid and homovanillic acid. Further-
more, carboxyl-O-methyl transferase converts norepinephrine
to normetanephrine and epinephrine into metanephrine.

EPIDEMIOLOGY OF
PHEOCHROMOCYTOMA

Pheochromocytoma is a rare tumor with an incidence ranging
from 0.1% (10) to 0.25% (11) in large autopsy studies. The
prevalence in hypertensive patients is in the range of 0.1% to
1% . Pheochromocytoma can occur sporadically or in associa-
tion with several familial syndromes. Although approximately
84% of cases are estimated to be sporadic (12), up to 24% of
nonsyndromic pheochromocytoma patients have specific germ
line mutations, including RET (MEN-2), VHL (von Hippel-
Lindau), and succinate dehydrogenase subunit D (SDHD) and
B (SDHB) (13).

2448
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Approximately 40% of MEN 2 patients develop pheochro-
mocytoma. While bilateral and multicentric tumors are more
common in these patients, extra-adrenal and malignant le-
sions are uncommon. Because of the relatively high incidence
of pheochromocytoma, patients known to have the RET pro-
tooncogene mutation should be routinely screened for eleva-
tion in serum or urine metanephrines.

VHL disease is inherited in an autosomal dominant fashion
and is characterized by retinal hemangiomatosis, pancreatic
tumors, cerebellar hemangioblastoma, kidney lesions, and epi-
didymal cystadenoma. Pheochromocytoma can be found in up
to 20% of people with VHL disease. As in MEN 2, bilateral
disease is more common than in sporadic cases.

SDHB and SDHD are susceptibility genes for pheochromo-
cytoma associated with extra-adrenal lesions (14). Whereas
SDHD mutation carriers are more likely to have multifocal
extra-adrenal pheochromocytomas, SDHB mutation carriers
are more likely to develop malignancy and may be associated
with kidney and thyroid cancer.

Other rare familial disorders that are associated with
pheochromocytoma include von Recklinghausen disease (15)
and Carney syndrome (16).

CLINICAL PRESENTATION

Sig ns and Symp t oms

The symptoms of pheochromocytoma are highly variable (17),
which has earned this tumor the nickname “the great mimic”
(18). The classic symptoms include episodic headache, palpita-
tions, diaphoresis, and visual blurring. Other complaints may
include tremors, anxiety, dizziness, nausea, diarrhea, abdomi-
nal discomfort, Raynaud phenomenon, and weight loss (19).
In addition, observers often note intermittent pallor and weight
loss in those affected.

Although some pheochromocytomas are discovered inci-
dentally on radiographic scans performed for other reasons
(20), on specific questioning, many of these patients report
symptoms referable to the hyperadrenergic state. Up to 23%
of all “ incidentalomas” are discovered during abdominal imag-
ing in trauma patients, further underscoring the significance of
this tumor in the critical care setting (21). Moreover, among
patients with a known history of another malignancy, up
to a fourth of radiologically discovered adrenal tumors are
pheochromocytomas and not metastatic disease (22).

Hypertension is the most common feature of pheochromo-
cytoma and occurs in up to 90% of patients. Patients may be
normotensive between episodes of catecholamine excess, and
postural tachycardia and hypotension is another commonly
seen feature of pheochromocytoma. Anecdotal reports indi-
cate that peripheral vasoconstriction can be severe to a point
that blood pressure cannot be measured with a traditional cuff
and sphygmomanometer. Conversely, some patients can be nor-
motensive for many years (23) and only suffer a hypertensive
crisis after being stressed (24). Less commonly, some present
with diastolic hypertension and postural hypotension, in the
absence of antihypertensive therapy. Notably, some ophthal-
mologists have diagnosed pheochromocytoma by identifying
severe retinopathy on routine eye examination.

ESSENTIAL DIAGNOSTIC TESTS

Bioche mical Id e nt ificat ion

The biochemical diagnosis of pheochromocytoma is depen-
dent on the detection of elevated levels of catecholamines or
their metabolites. Because functional pheochromocytomas re-
lease catecholamines heterogeneously and intermittently (25),
spot checks of norepinephrine, epinephrine, or dopamine are
often within a normal range and cannot reliably exclude the
diagnosis of pheochromocytoma.

Conversely, free metanephrines are continuously ele-
vated in patients with functional pheochromocytomas. Total
metanephrine measurement is less sensitive than determining
the fractionated amount of normetanephrine, metanephrine,
and methoxytyramine, which are the metabolites of nore-
pinephrine, epinephrine, and dopamine, respectively.

Fractionated plasma metanephrine measurement is also
more sensitive than 24-hour urinary total metanephrines and
catecholamines, but is less specific (26). In the critically ill
patient with clinical characteristics that are highly suspicious
for pheochromocytoma, measurement of fractionated plasma
metanephrines is the most appropriate test. Conversely, when
low-risk patients are screened, 24-hour urinary studies will
yield the lowest proportion of false-positive results.

Furthermore, certain medications and radiographic contrast
agents can interfere with the laboratory results and should be
withheld before the draw. Clinicians should be aware of these
medications, as they can affect the secretion or metabolism
of catecholamines. The list of medications that can affect the
biochemical testing for pheochromocytoma is long and in-
cludes the following: acetaminophen, beta-blockers, vasodila-
tors, alpha-blockers, stimulants, antipsychotics, antidepres-
sants, and calcium channel blockers.

In the elective setting when the diagnosis is equivocal, these
medications should be withheld prior to biochemical testing.
Provocative tests with agents such as histamine, glucagon, and
naloxone are no longer recommended, as they can be danger-
ous and are ineffective in patients with normal urinary studies
(27).

Tumor Localizat ion

Although biochemical diagnosis is essential to diagnose and
start treatment for the critically ill patient with pheochromo-
cytoma, tumor localization will not change the therapeutic
plan for patients in the intensive care unit. The identification
of extra-adrenal pheochromocytoma may not be predictive of
malignancy or prognosis (28). However, localization studies
are important for surgical planning (29) and can confirm the
diagnosis.

Ultrasound is particularly useful in critically ill patients, as
it can be done at the bedside without exposing them to nephro-
toxic contrast agents or ionizing radiation. Although ultra-
sound can be performed quickly and can accurately rule out
a large adrenal lesion, it can also be highly user dependent.

Magnetic resonance imaging is another effective way to
identify pheochromocytoma lesions and can delineate the
anatomy important for surgical planning. Pheochromocytomas
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have a characteristic high-intensity signal on T2-weighted MR
images. The drawbacks of MR imaging are the high cost and
the lack of available scanners at some institutions.

CT scanning is available at more centers than MRI or nu-
clear medicine studies. Although most pheochromocytomas oc-
cur in the adrenal glands, patients should be scanned from the
chest to the pelvis to evaluate for extra-adrenal lesions. Draw-
backs to consider include (a) the possibility of exacerbating a
pheochromocytoma crisis from contrast injection; (b) the ex-
posure to ionizing radiation, which may be important in some
obstetric or pediatric patients; and (c) the obscuring artifacts
that can occur from implanted devices and surgical clips.

Meta-[131]iodobenzylguanidine (MIBG) is concentrated
within adrenergic vesicles, which allow sensitive scintigraphic
imaging of the whole body. It is particularly useful in patients at
risk for multiple or extra-adrenal tumors, such as in young chil-
dren, and in patients with a family history or familial syndrome
associated with pheochromocytoma. Although MIBG scanning
can localize extra-adrenal lesions, multicentric lesions, and ma-
lignant tumors with good specificity, it is less sensitive than CT
or MRI.

Workup of Incid e nt al Le sions

Subclinical or mild cases of pheochromocytoma are sometimes
discovered when incidental lesions are found on CT scans or
MR images obtained for other reasons. Although many clin-
icians continue to perform fine-needle aspiration biopsy and
selective venous sampling for patients with adrenal tumors,
these interventional studies may precipitate a pheochromocy-
toma crisis and are relatively contraindicated. The finding of
an adrenal “ incidentaloma” should prompt the biochemical
workup described above, as well as the measurement of plasma
aldosterone, renin activity, and 24-hour urine cortisol. These
studies will rule out aldosteronoma and Cushing syndrome.
All functioning adrenal lesions, including pheochromocytoma,
should be resected electively.

MANAGEMENT

Tre at me nt of None me rg e nt
Phe ochromocyt oma

Although pheochromocytoma is uncommon, it is a potential
cause of cardiovascular emergencies such as heart failure (30),
myocardial infarction (31), and stroke (32). When pheochro-
mocytoma is the cause of these events, appropriate therapy to
control the hyperadrenergic state can often reverse or mini-
mize disability. Most patients with pheochromocytoma who
succumb to myocardial infarction or cerebrovascular catastro-
phe have undiagnosed tumors (33).

Although surgical intervention remains the only curative
therapy for pheochromocytoma, the tumor should be re-
sected only after appropriate preoperative steps are under-
taken. Preoperative preparation for elective resection includes
α-blockade to control hypertension, prevent cardiac arrhyth-
mias, and allow adequate volume resuscitation before re-
section. Effective preoperative preparation and α-blockade
reduces operative mortality (34). Even in the normotensive pa-

tient, complete α-blockade will prevent hemodynamic instabil-
ity caused by operative stress and tumor manipulation during
elective resection.

Phenoxybenzamine is an ideal α-blocker for preoperative
patients because it has a relatively long half-life. The starting
dose is 10 mg every 12 hours and should be titrated upward, as
tolerated. The highest tolerable level of blockade is preferable,
and dose escalation can be halted when the patient has postural
hypotension. Most patients complain of nasal congestion dur-
ing adequate α-blockade, but this need not prompt adjustment
in dosage.
β -Blockers are sometimes needed to control heart rate be-

fore the resection. They should be given only after adequate
α-blockade, to avoid severe hypertension from unopposed α-
stimulation. Metyrosine, an inhibitor of tyrosine hydroxylase,
reduces catecholamine production and can be added to the pre-
operative regimen (35). Narcotics should generally be avoided,
as they may stimulate histamine release, which may in turn trig-
ger a crisis.

Although surgical resection is the only curative intervention
for patients with pheochromocytoma, appropriate preopera-
tive measures help to avoid unfavorable events, such as intraop-
erative hemodynamic instability. α-Blockade must be attained
before elective resection of pheochromocytoma. β -Blockade is
used selectively in patients with persistent tachycardia, but only
after adequate α-blockade.

Manag ing t he Post op e rat ive Pat ie nt

Perioperative complications are either related to inadequate
adrenergic blockade, lack of appropriate intravascular volume
expansion, or to a technical problem. Surgical complications
include bleeding, infection, and damage to nearby structures,
such as the spleen or renal vessels.

Most pheochromocytomas smaller than 6 cm can be
resected using the laparoscopic technique. Larger tumors
may require laparotomy or thoracoabdominal access for safe
resection.

Despite preoperative α-blockade, many patients have either
arrhythmias or some form of hemodynamic instability during
adrenalectomy. Some compensatory hypotension often results
after tumor extirpation. Typically, this drop in blood pressure
is minimized when blood volume is restored appropriately and
when α-blockade is adequate preoperatively. Sometimes, intra-
venous boluses of crystalloid and colloid, or catecholamines,
are required to maintain blood pressure after resection.

Although many patients with pheochromocytoma are hy-
perglycemic before resection, because of chronic catecholamine
excess, they may be profoundly hypoglycemic in the early post-
operative period. Intravenous glucose and frequent blood sugar
checks are required in many of these patients.

Essential hypertension may persist after resection. Disease
may recur from the contralateral adrenal gland or metastases
years after surgery. Reoperative resection is the treatment of
choice when complete extirpation is feasible. Furthermore, pal-
liative debulking is often desirable in patients with disease that
cannot be completely resected, as it can improve symptoms
and the effectiveness of medical therapy. An uncommon sur-
gical complication of adrenalectomy is renovascular hyperten-
sion, a result of injury to, or thrombosis of, the renal artery or
vein.
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Tre at me nt of Phe ochromocyt oma Crisis

Pheochromocytoma crisis is an uncommon event that re-
quires prompt diagnosis and emergent medical intervention.
The clinical presentation of pheochromocytoma crisis includes
(i) multisystem organ failure; (ii) fever, often exceeding 40◦C;
(iii) encephalopathy; and (iv) hemodynamic instability (36).
A common error is the misdiagnosis of sepsis in patients
whose condition continues to decline despite empiric antibiotic
therapy.

Episodes of pheochromocytoma crisis are typically pre-
cipitated by traumatic stress, which is often iatrogenic. Fur-
thermore, crises usually develop in undiagnosed or untreated
patients without α-blockade. Patients in pheochromocytoma
crisis should be transferred urgently to an intensive care unit,
or to the highest level of care available.

Phentolamine, an intravenous α-blocker, should be given
in 2-mg boluses. Larger doses can result in hypotension. Phe-
noxybenzamine and prazosin can also be used but can be more
difficult to titrate.
β -Blockade, without α-blockade, can precipitate hemody-

namic instability, as unopposed α-stimulation can cause periph-
eral vasoconstriction (37). However, after initial α-blockade is
started, β -blockade can effectively control heart rate and blood
pressure. Labetalol, which has both α- and β -blocker effects,
can be given intravenously during crisis situations.

Other useful medications include nitrates, such as sodium
nitroprusside and nitroglycerine. These agents result in prompt
venodilation, which can decrease cardiac preload and cause an
immediate decline in blood pressure. Side effects from sodium
nitroprusside include cyanide accumulation after long-term
use. Ultimately, these agents should be used as adjuvant thera-
pies after α-adrenergic blockade is achieved.

Ideally, real-time arterial pressure should be monitored with
the placement of a radial artery arterial line. Measurement of
urinary output with a bladder catheter is simple, quick, and use-
ful. Central venous monitoring is not an essential component
in the initial care of patients in pheochromocytoma crisis, and
central venous catheter placement should not delay pharmaco-
logic treatment. However, many pharmacologic agents require
central venous delivery, and central venous catheters are useful
for monitoring volume status.

Emergent adrenalectomy should be avoided in patients
with pheochromocytoma crisis. After the patient is stabilized
and α-blockade instituted, planning should begin for elective
adrenalectomy with curative intent. This can be performed dur-
ing the same admission after preoperative planning, including
the completion of localization studies and at least 2 weeks of
α-blockade.

Pre g nancy and Phe ochromocyt oma

The stress of pregnancy and labor can prompt pheochromo-
cytoma crisis and elicit symptoms in patients with unrecog-
nized pheochromocytoma (38). On rare occasions, symptoms
are minimal during gestation and manifest only after delivery
(39). Obstetric outcomes are exceptionally poor when maternal
pheochromocytoma is unrecognized; fetal and maternal mor-
tality rates exceed 50% in such cases (40). However, others
have reported favorable results when the diagnosis is estab-

lished and the mother is adequately treated antenatally (41). Al-
though the presenting symptoms and the biochemical workup
are no different in obstetric patients, maternal hypertension
is often erroneously attributed to pre-eclampsia or eclampsia.
Because of the grave consequences related to this missed diag-
nosis, pheochromocytoma should be considered in any hyper-
tensive gravid woman.

The localization of pheochromocytoma lesions in pregnant
women should avoid fetal exposure to ionizing radiation. Ul-
trasound and MRI are safe, but CT and MIBG scanning result
in some fetal exposure to radiation.

Both α- and β -blockade can be given safely in the obstet-
ric patient. The timing of surgical resection should be carefully
planned. Emergent adrenalectomy is not required and should
be delayed until delivery, which should be accomplished by
cesarean section, or thereafter. If the diagnosis is made early
in the gestational period and medical therapy is poorly toler-
ated, the second trimester is the ideal time period for elective
laparoscopic resection. Surgery in the first trimester is associ-
ated with fetal loss, and resection in the third trimester can be
technically challenging because of the larger uterus, and can
cause premature labor.

SUMMARY
The diagnosis of pheochromocytoma should be considered in
any patient with the classic symptoms of headache and di-
aphoresis with severe hypertension. Furthermore, pheochro-
mocytoma should be included in the differential diagnosis in
any patient with an unexplained cardiovascular event, includ-
ing congestive heart failure, myocardial infarction, or stroke.
The cornerstone of diagnosis is biochemical evaluation by ei-
ther plasma-fractionated metanephrines or 24-hour collection
of urine metanephrines. Pheochromocytoma crisis is a medical
emergency that is often misdiagnosed as severe sepsis. Clinical
outcomes are uniformly fatal when pheochromocytoma crisis
is undiagnosed. The initial therapy includes α-blockade titrated
to orthostatic hypotension. Both ß-blockade and intravenous
nitrates are useful adjuvant therapies to control tachycardia
and hypertension, respectively. Ultimately, curative outcomes
depend on complete surgical resection, which is most safely
performed after a 2-week period of α-blockade and subsequent
resuscitation.
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CHAPTER 166 ■ THYROID DISEASE
IN THE INTENSIVE CARE UNIT
JENNIFER A. SIPOS r WILLIAM G. CANCE

The purpose of this chapter is to discuss thyroid disease as it
may present in an intensive care unit (ICU). Interpretation of
thyroid function tests in a critically ill patient requires knowl-
edge of the perturbations of hormone synthesis that may occur
with illness and certain medications. This text will also discuss
the diagnosis and treatment of thyroid emergencies: myxedema
coma, thyroid storm, postthyroidectomy hypocalcemia, and
airway obstruction by goiter.

THYROID FUNCTION TESTS
There are a myriad of tests that may be ordered to evaluate
thyroid function, so finding the right test or set of tests can con-

found many physicians. Further compounding the complexity
is interpreting these values once they are obtained. The purpose
of this section is to provide an overview of the most commonly
ordered labs. A later section will delineate how to interpret
these values in the critically ill patient.

Se rum Thyro id -st imulat ing
Hormone / Fre e Thyroxine

Measurement of serum thyroid-stimulating hormone (TSH)
and free thyroxine (FT4) is sufficient to diagnose most thyroid
disorders. It is recommended to use the now widely available
ultrasensitive TSH (1). The normal reference range for this test
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TA BLE 1 6 6 . 1

INTERPRETATION OF THYROID FUNCTION TESTS

TSH Free T4 Total T3 T3U rT3

Hypothyroidism
Primary High Low Normal Low Low/normal
Secondary Low/normal Low Normal Low Low/normal

Hyperthyroidism Low High/normal High High Low/normal

Sick euthyroid Low/normal Low/normal Low High High

TSH, thyroid-stimulating hormone; T4 , thyroxine; T3 , triiodothyronine; T3U, T3 resin uptake; rT3 , reverse
T3 .

is an extensively debated issue among endocrinologists. Cur-
rently, the most widely accepted range of 0.45 to 4.12 mIU/L
is based on values from the NHANES III (National Health
and Nutrition Examination Survey) database (2). Fueling the
controversy, however, was a study revealing that exclusion of
patients with thyroid dysfunction and those taking medications
known to affect thyroid tests yields an upper limit of normal at
2.5 mIU/L (3). The issue will require further investigation with
larger studies. In this chapter, the normal range will be based
on the NHANES data: 0.45 to 4.12 mIU/L.

Tot al T4 Me asure me nt

Total T4 (TT4) measurement includes both bound and free thy-
roxine. Therefore, conditions or medications that affect serum
levels of thyroid-binding globulin will also affect the total T4
value; use of FT4 can eliminate this shortcoming. However, if
FT4 is not available, this level can be estimated by looking at
the FT4 index, FTI. This number is calculated by multiplying
the total T4 by the T3 resin uptake, (T3RU) (see below for ex-
planation). Many laboratories use this value when reporting a
FT4.

Se rum Tri-iod ot hyronine (T3)

Similar to thyroxine, serum tri-iodothyronine (T3) may be mea-
sured in the free and bound fractions, although it is generally
recommended that the total T3 be used, as only a minute frac-
tion of T3 is free (4). T3 levels should be measured in patients
suspected of having hyperthyroidism, as some patients may
have excess secretion of only T3 early in the course of thyrotox-
icosis. As a result, patients may have a suppressed TSH, normal
free T4, and an elevated total T3 (T3 toxicosis). Measurement
of this hormone is not helpful, however, in hypothyroidism,
as the elevated TSH stimulates preferential formation of T3,
typically maintaining these levels in the normal range (5,6).

T3 Re sin Up t ake

T3 resin uptake is an indirect, inverse test to estimate the num-
ber of unoccupied serum protein-binding sites. Radiolabeled
T3 is added to the patient’s serum and distributed between un-

occupied T4-binding sites on thyroid-binding globulin (TBG)
in the serum and an adsorbent that has been added to the
solution. 125I-T3 binding to the adsorbent is increased if the
number of unoccupied binding sites is decreased. This may
be due to either low TBG levels such as in nephrotic syndrome
or chronic liver disease, or increased thyroid hormone levels
as in hyperthyroidism (7). In contrast, the T3RU is low if the
number of unoccupied binding sites is increased. Low thyroid
hormone concentrations (hypothyroidism or high TBG con-
centrations) estrogen therapy, or pregnancy may lead to a low
T3RU (8).

Re ve rse T3

Reverse T3 differs from T3 in that the iodine is missing from the
inner ring instead of the outer ring of T4. It is largely bound to
proteins in the serum. Its half-life in the serum is quite short (9),
and furthermore, the biologic function of rT3 is not completely
understood in humans. The clinical utility of measuring these
levels is chiefly in the setting of sick euthyroidism and will be
discussed in greater detail in the section dealing with interpre-
tation of thyroid function in critically ill patients. Table 166.1
details the interpretation of thyroid function tests.

DRUGS AND THYROID FUNCTION
There are a number of drugs commonly used in the ICU that
will interfere with thyroid homeostasis. Although many of
these actions are viewed as detrimental, some effects may also
be used for a therapeutic benefit, particularly in thyrotoxico-
sis. The vast majority of the effects of pharmacologic agents
on thyroid hormone homeostasis may be divided into four dif-
ferent categories. First, they may alter the synthesis or secre-
tion of thyroid hormones. Second, they may alter hormone
concentration by changing serum levels of binding proteins
or by competing for their binding sites. Third, the pharma-
cologic agents may modify the cellular uptake and metabolism
of thyroid hormones. Fourth, drugs may interfere with thy-
roid hormone action at the tissue level. Typically these ef-
fects on thyroid hormone metabolism are transient, but they
may complicate the interpretation of the thyroid function tests
(10). The more commonly used compounds interfering with
thyroid function and their mechanisms of action are listed in
Table 166.2.
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TA BLE 1 6 6 . 2

COMMONLY USED DRUGS THAT AFFECT THYROID FUNCTION

Drug Mode of action Thyroid function abnormality

Amiodarone Inhibits cellular hormone uptake
Alters hormone secretion
Alters intracellular metabolism

Hyperthyroidism
Hypothyroidism (10)

Lithium Reduced hormone secretion (acute)
Autoantibody immune response

(chronic)

Hypothyroidism (acute)
Hyperthyroidism (chronic) (10)

Dopamine Reduced hormone secretion Reduced TSH, T4 (11)

Cholestyramine
Ferrous sulfate
Charcoal
Sucralfate

Reduced absorption from gut Elevated TSH, reduced T4 (12)

Propranolol Altered hormone synthesis Reduced T4-to-T3 conversion (13)

Phenobarbital Alters intracellular metabolism Reduced total T4 (13)

Sodium ipodate
Iopanoic acid

Reduced hormone secretion
Altered hormone synthesis

Reduced T4-to-T3 conversion (14)

Glucocorticoids Reduced TSH secretion
Altered hormone synthesis

Reduced total T4
Reduced T4-to-T3 conversion (15)

Heparin Inhibits T4 binding to TBG Transient increase in fT4 (13)

Lasix Inhibits T4 binding to TBG Reduced total T3, total T4 (16)

Salicylates Inhibits T4 binding to TBG Reduced total T3, total T4 (13)
Increased free T3, free T4

Carbamazepine Alters intracellular metabolism Reduced total T4 (17)

Radiographic
contrast agents

Alters hormone secretion Increased free T4
Decreased free T3 (10)

Cytok ines Autoantibody immune response Transient hypothyroidism or
hyperthyroidism (18)

Thyrot oxicosis

Clinical Pre se nt at ion
In the ICU, patients with thyrotoxicosis may have an atypical
presentation, with tachyarrhythmias or central nervous sys-
tem disturbance as the primary sign. It is important for the
intensivist to consider thyroid dysfunction in the differential
diagnosis of such patients, since treatment with beta-blockers
and antithyroid medications can rapidly improve the clinical
course (19). The diagnosis may need to be a clinical one, as
results of laboratory testing can take days. Table 166.3 lists
the symptoms and signs that may be seen in a patient with
thyrotoxicosis.

Card iovascular Manife st at ions
Sinus tachycardia and atrial fibrillation are the most commonly
seen cardiovascular disorders in hyperthyroidism. Since atrial
fibrillation may be the only indication of thyrotoxicosis, it is
important to screen such patients with a TSH and FT4. Conges-
tive heart failure typically occurs only in patients with under-
lying heart disease, but may also manifest as a result of chronic
tachycardia-induced cardiomyopathy (20). Physical examina-
tion findings in a thyrotoxic patient include widened pulse pres-
sure, hyperdynamic precordium, tachycardia, and systolic ejec-

tion murmur. The pathogenesis of cardiovascular diseases from
exposure to excessive thyroid hormone is not entirely under-
stood. Thyroid hormone has both indirect and direct effects
on vascular smooth muscle tone and increases cardiac output.
Thyroxine also regulates expression of myocardial genes in-
volved in the handling of calcium (21).

The typical electrocardiographic changes seen in thyrotoxi-
cosis are sinus tachycardia and atrial fibrillation (20). Patients
may also present with complete heart block, and cases have
been reported that showed reversal with treatment of the un-
derlying thyroid disorder (22–25).

TA BLE 1 6 6 . 3

SIGNS AND SYMPTOMS OF THYROTOXICOSIS

Symptoms Signs

Anxiety Goiter
Hyperdefecation Lid lag/lid retraction
Sweating/heat intolerance Proximal muscle weakness
Palpitations Tremor
Weight loss Tachycardia/arrhythmias
Weakness Hyperreflexia
Increased appetite Thyroid bruit
Scant/absent menses Dermopathy
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Pulmonary Manife st at ions
Dyspnea on exertion is a common presenting symptom of pa-
tients with hyperthyroidism. Respiratory muscle strength is sig-
nificantly reduced in thyrotoxicosis and improves with reduc-
tion of thyroid hormone levels (26). Several studies have also
shown that thyrotoxicosis is a risk factor for the development
of pulmonary hypertension (27–29). Pulmonary emboli may
be seen in patients with atrial fibrillation who are not on anti-
coagulation therapy (30). Furthermore, pulmonary edema has
been described in uncontrolled thyrotoxic patients (31–34).

Lab orat ory Find ing s
The laboratory findings in hyperthyroidism are the combina-
tion of a low TSH and a high FT4 (35) (Table 166.1). If the FT4
is normal and TSH suppressed in a patient suspected of hav-
ing thyrotoxicosis, it is important to check a T3 level, as this
may be elevated in early Graves disease or in T3-secreting toxic
adenomas. In the event that the patient presents with an ele-
vated T4 or T3 and a detectable or “normal” TSH, the clinician
should consider the effects of nonthyroidal illness (see below)
or drugs (Table 166.2) on thyroid function testing. Rarely, the
patient may have a TSH-secreting pituitary tumor or thyroid
hormone resistance (35). Consultation with an endocrinologist
may be warranted if the patient has unusual thyroid function
tests that cannot be readily corroborated with the entire clinical
picture.

Et io log y
The two most common causes of thyrotoxicosis in the outpa-
tient setting are Graves disease and toxic multinodular goiter.
Elderly patients tend to have a solitary or multiple nodules that
become autonomously functioning and lead to hypersecretion
of thyroid hormone. The goiter may not always be palpable
if the offending nodule is small or if the patient has a subster-
nal goiter. Tracheal deviation on chest radiograph may be the
only finding to alert the physician of the underlying disease
process. By way of contrast, young women are more likely
to present with the classic stigmata of Graves disease: thyroid
bruit, ophthalmopathy, and diffuse goiter. In the ICU, however,
it is important to consider other causes of hyperthyroidism.
Factitious thyrotoxicosis is rare but should be considered in a
patient with a history of taking herbal supplements or over-
the-counter weight loss medications (36). Surreptitious use of
thyroid hormone may be diagnosed by measurement of serum
thyroglobulin levels. If low, this would indicate that the patient
is self-medicating (37). Typically, the thyroglobulin levels are
high in patients with true thyroid disorders. Iodinated contrast
media as used with computed tomography or cardiac catheter-
ization may also cause hyperthyroidism because these agents
contain free iodine (38). Generally, patients with normal thy-
roid function are not at risk of this complication. However,
patients with a history of Graves disease, multinodular goiter,
or even subclinical hyperthyroidism may develop frank thy-
rotoxicosis several days after the administration of contrast
media (see below for further discussion of contrast media and
thyroid function) (38,39).

Tre at me nt
The treatment of thyrotoxicosis is based on the underlying
pathophysiology. Patients with Graves disease, toxic multi-
nodular goiter, or toxic adenoma should be started on a thion-

amide, such as methimazole (MMI) or propylthiouracil (PTU).
The dosage of antithyroid medication should be tailored to
the degree of thyrotoxicosis; hence, consultation with an en-
docrinologist is advisable. Patients with peripheral manifes-
tations of hyperthyroidism may also benefit from the addi-
tion of a β -adrenergic antagonist drug. This agent will assist
with the symptoms of agitation, tremor, palpitations, and di-
arrhea. Propranolol is the drug most commonly used in the
United States. Patients who have overdosed on thyroid hor-
mone or are taking a supplement with thyroid hormone extract
should be counseled regarding the complications of taking thy-
roid hormone supplements in excess, and the offending agent
should be discontinued. If the patient requires treatment, β -
adrenergic antagonists and bile acid sequestrants—for exam-
ple, cholestyramine—may be used.

Thyroid St orm

Thyroid storm is a rare but life-threatening syndrome of ex-
aggerated clinical manifestations of thyrotoxicosis. There are
no universally accepted criteria for its diagnosis, and conse-
quently, the incidence is unknown. Laboratory testing is unre-
liable in distinguishing patients with thyrotoxicosis and thyroid
storm; thus the diagnosis of thyroid storm is primarily a clinical
one. It is a medical emergency typically caused by exacerbation
of hyperthyroidism following a precipitating event or illness;
Table 166.4 lists the precipitants of thyroid storm. The clin-
ical picture is one of decompensation of one or more organ
systems (40). There are four main features noted in thyroid
storm: tachycardia, fever, central nervous system disturbances,
and gastrointestinal symptoms. The CNS symptoms vary from
marked hyperirritability and anxiety, to confusion and coma.
Mortality rates range from 20% to 100% , so prompt, multi-
faceted therapy is essential (41).

Manag e me nt
The treatment of thyroid storm takes a four-pronged approach
(Table 166.5). First, an antithyroid drug must be given to
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PRECIPITANTS OF THYROID STORM

Infection
Parturition
Nonthyroid surgery
Radioactive iodine therapy
Postthyroidectomy
Vigorous palpation of the thyroid
Iodine therapy/radiographic contrast agents
Diabetic ketoacidosis
Hypoglycemia
Withdrawal of antithyroid drug therapy
Myocardial infarction
Cerebrovascular accident
Pulmonary embolus
Trauma
Medications

Thyroxine
Haldol (42)
Pseudoephedrine (43)
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SUMMARY OF TREATMENT FOR THYROID STORM

Medication Dose and route of administration Action

Propranolol 0.5–1 mg IV over 10 min, then 1–3 mg IV as needed
80–120 mg PO q6h

β -Adrenergic blockade and inhibition
of T4-to-T3 conversion

Thionamides
PTU 200–400 mg PO/NG/PR q4h Inhibit hormone synthesis and block

conversion of T4 to T3
Methimazole 20 mg PO/NG q4h Inhibits hormone synthesis

Iodinea

SSKI 5 drops POo/NG q6h Blocks release of thyroid hormone
Lugol solution 10 drops PO/NG q8h

Iodinated contrast agentsa

Sodium ipodate or iopanoic acid 0.5 g PO/NG q12h Blocks release of thyroid hormone
and conversion of T4 to T3

Glucocorticoids
Hydrocortisone 200 mg IV load, then 100 mg IV q8h Stress-dose steroids and blocks

conversion of T4 to T3
Dexamethasone 2 mg PO/NG/IV q6h

Lithium 300 mg PO/NG q6h titrate to lithium level of 1 mEq/L Inhibits hormone synthesis
Cholestyramine 4 g PO/NG q6h Lowers serum T3 and T4

IV, intravenously; PO, orally; PTU, propylthiouracil; NG, nasogastrically; SSKI, saturated solution of potassium iodide.
aEither iodine or iodinated contrast agents should be used, but not both. Administration of iodine should be preceded by PTU by 2–3 hours to avoid
enhancement of thyroid hormone synthesis.

reduce thyroid hormone production and peripheral conversion
of T4 to T3. Second, supportive care must be administered
against the systemic disturbances of fever, hypovolemia, and
cardiovascular compromise. Third, the peripheral actions of
thyroid hormone should be blocked. Finally, any precipitating
factors should be addressed.

A thionamide is given to block synthesis of T3 and T4. PTU
is the favored agent because it also inhibits peripheral conver-
sion of T4 to T3. By reducing T3 concentrations in the serum,
it is postulated that the manifestations of thyrotoxicosis are
more rapidly improved with PTU than with MMI (41). Nei-
ther of these drugs is available parenterally, so administration is
typically by mouth or nasogastric (NG) tube. In patients with
altered mental status, or in whom an NG cannot be placed,
rectal administration of PTU has been reported to be used suc-
cessfully in a few patients (44,45). It is conventional to use high
doses of antithyroid drugs, such as 200 to 400 mg PTU every
4 hours or 20 mg MMI every 4 hours.

Thionamides do not inhibit the release of preformed T3 and
T4 from the thyroid. Inorganic iodide, however, can accom-
plish this goal. It may be administered orally as Lugol solution
(ten drops every 8 hours) or as saturated solution of potassium
iodide (SSKI, five drops every 6 hours). Oral radiographic con-
trast agents, sodium ipodate or iopanoic acid, may be substi-
tuted for iodine. These drugs block the release of preformed
thyroid hormone from the gland and inhibit the extrathyroidal
conversion of T4 to T3 (14). It is critical to administer thion-
amide therapy about an hour before the iodide or contrast
agent is given, because the sudden influx of iodide into the
thyroid can lead to increased thyroid hormone production and
thereby prolong the thyrotoxicosis (46). However, when the io-
dide or contrast agent is given after the antithyroid drug, serum
T3 and T4 levels are substantially reduced in 2 to 3 days and
may reach the normal range in 5 to 7 days (41,47).

If the patient has an allergy to iodide or cannot tolerate
thionamides, lithium may be substituted to inhibit T3 and T4
synthesis (48). It may be given initially at a dose of 300 mg every
6 hours and titrated to maintain serum lithium concentrations
around 1 mEq/L.

Supportive care should also be provided. Fever is prefer-
entially treated with acetaminophen. Salicylates should not be
used as they competitively inhibit T3 and T4 binding to serum
proteins and thus increase serum free T3 and T4 levels (49). The
patient’s fluid losses should be appropriately replaced, bearing
in mind the insensible losses from high fever and, if present,
diarrhea. Hypercalcemia, if present, will usually be reversed
by adequate hydration. High-dose glucocorticoids have been
given historically for empiric treatment of relative adrenal in-
sufficiency. Such treatment also has the added benefit of inhi-
bition of peripheral conversion of T4 to T3. In patients with
Graves disease, glucocorticoids also directly inhibit secretion
of thyroid hormone. A loading dose of hydrocortisone 200
mg may be given initially followed by 100 mg every 8 hours;
this therapy can be tapered rapidly after 2 to 3 days. Dexa-
methasone or methylprednisolone at equivalent doses may be
substituted for hydrocortisone if preferred.

Therapy directed against the peripheral actions of thyroid
hormone should be administered as well. β -Adrenergic antago-
nist drugs can provide rapid amelioration of many of the symp-
toms of thyroid storm and should be dispensed immediately.
Propranolol is the most commonly used agent, and may be
given intravenously or orally depending on the clinical setting.
If the oral route is used, the patient may be given between 80
and 120 mg every 6 hours. It is important to consider that in
the thyrotoxic state, drug clearance is increased and higher-
than-usual doses are necessary to achieve the desired effect.
If rapid beta-blockade is necessary to reduce heart rate, or if
the patient’s mental status precludes oral drugs, intravenous
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(IV) administration is preferred. The initial dose should be 0.5
to 1 mg given over 10 minutes while continuously monitoring
the patient’s cardiac rhythm, and subsequently, 1 to 3 mg may
be given over 10 minutes every several hours as needed. Pro-
pranolol attenuates the effects of catecholamines and weakly
inhibits the peripheral conversion of T4 to T3. This inhibition
occurs over a period of a week, however, and thus does not
solely account for the beneficial effects of propranolol in the
thyrotoxic patient.

In extreme cases, it may be beneficial to use a method to
remove T3 and T4 from the patient’s serum. The simplest ap-
proach is to administer oral cholestyramine. This drug binds
the hormones in the GI tract, interrupting the enterohepatic cir-
culation (50). Plasmapheresis has also been used successfully
to lower T3 and T4 levels (51,52), although other studies were
unable to confirm the beneficial effects (53).

Finally, it is important to search for and treat underlying
illnesses that may have precipitated the thyroid storm. This
process can be difficult in obtunded patients, but a systematic
approach is usually successful in uncovering the cause.

Patients treated with the above regimen usually recover in
12 to 24 hours if the syndrome is recognized and treated in
a timely fashion. As the patient’s condition stabilizes, it is im-
portant to wean the glucocorticoids, switch to oral rehydra-
tion, and taper the beta-blocking drugs. Long-term treatment
of hyperthyroidism is required if the patient has Graves disease
or toxic multinodular goiter. In patients with Graves disease,
it may be preferable to treat with thionamides, as there is a
chance of remission of the autoimmune condition. However,
if a patient’s disease is severe enough to lead to thyroid storm,
others advocate total thyroidectomy. Radioiodine ablation is
not an option for several months because the inorganic iodide
used in treatment of the thyroid storm saturates the gland and
precludes further uptake of iodide.

Drug -ind uce d Alt e rat ions
in Thyroid Funct ion

Amiod arone
Amiodarone is a lipophilic drug that contains 75 mg iodine
per 200-mg tablet. The drug has a half-life of several months,

and, during that time, it releases approximately 9 mg of inor-
ganic iodine per day. In euthyroid patients, chronic adminis-
tration of the drug results in increased serum TT4, FT4, and
rT3 levels; lower T3 concentrations; and normal TSH (54).
The reason for these changes is the drug’s strong inhibition
of 5 -deiodinase, the enzyme responsible for conversion of T4
to T3 and rT3 to T2. Most patients remain euthyroid while
on amiodarone despite the hormonal derangements that may
be seen; on the other hand, about 14% to 18% of patients
develop either hypothyroidism or hyperthyroidism while on
amiodarone (55). Hypothyroidism is more commonly encoun-
tered in iodine-replete areas, such as the United States (56).
Treatment is aimed at normalization of the TSH with levothy-
roxine replacement while the amiodarone therapy is continued.
On discontinuation of the amiodarone, most patients return to
euthyroidism, although it may take several months because of
the prolonged half-life of the drug.

In iodine-deficient regions, it is more common to see hyper-
thyroidism as a result of amiodarone therapy (56). There are
two mechanisms (Table 166.6) of amiodarone-induced thyro-
toxicosis (AIT). Distinction of these two disorders is relevant
because their treatment differs. Type I AIT occurs in glands
with an underlying abnormality. Areas of autonomy, such as
a toxic nodule or autoimmune disease in the thyroid, produce
increased levels of hormone in response to the excess iodine
released from the amiodarone (55). Type II AIT develops as
a result of a direct cytotoxic effect of amiodarone on the thy-
rocyte (57). Treatment of type I AIT is difficult because most
patients do not respond to thionamides, as these drugs have
decreased efficacy in states of iodine excess (58). Use of potas-
sium perchlorate (KClO 4) blocks further iodine entry into the
thyrocyte and may enhance the efficacy of thionamides (54).
It is important to note that both thionamides and KClO 4 may
cause agranulocytosis, so serial monitoring of blood counts is
advisable. If possible, it is also important to discontinue the
amiodarone. The treatment of type II AIT is primarily with
glucocorticoids and by discontinuation of the amiodarone, al-
though in some cases, it is reasonable to continue the antiar-
rhythmic medication (59). In patients in whom chronic therapy
with amiodarone is essential, thyroidectomy is a potential op-
tion for treatment of AIT (54). Radioiodine ablation is not an
option given the low iodine uptake as a result of the iodine
excess from the amiodarone.
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FEATURES OF AMIODARONE-INDUCED THYROTOXICOSIS

Iodine-induced thyrotoxicosis Destructive thyrotoxicosis
(Type I) (Type II)

Underlying thyroid abnormality Yes No
Goiter Diffuse or multinodular usually present Occasionally small, firm goiter
RAIU Low/normal/high Low
Serum IL-6 concentrations Slightly elevated Markedly elevated
Pathogenic mechanism Excessive thyroid hormone synthesis Excessive hormone release (destructive

thyroiditis)
Treatment Thionamides and KClO 4 Glucocorticoids
Subsequent hypothyroidism Unlikely Possible
Color flow Doppler sonography Normal or increased blood flow Decreased blood flow

RAIU, radioactive iodine uptake; IL-6, interleukin-6; KClO 4, potassium perchlorate.
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CONTRAST MEDIA AND
THYROID FUNCTION

Another potential source of excess iodine is radiographic con-
trast media. As noted in the section about the management of
thyroid storm, the oral cholecystographic agents, iopanoic acid
and sodium ipodate, may be used short-term in thyrotoxic pa-
tients for their side effect of decreasing peripheral conversion
of T4 to T3 and blocking hormone secretion from the thyroid.
Used over a longer period of time, however, such agents will
only exacerbate the underlying hyperthyroidism (14). Many
other agents are available that have variable effects on the thy-
roid gland. Typically, patients with no underlying thyroid dis-
ease will not be affected by the use of these agents (60), but
patients with Graves disease, multinodular goiter, or the el-
derly are at risk to develop thyrotoxicosis after their use (38).
The lipid-soluble agents used for myelography, bronchography,
and uterosalpingography are cleared slowly and release inor-
ganic iodine for months to years. Newer water-soluble prepa-
rations used in arteriography and computed tomography are
cleared from the plasma more quickly, but the iodine they re-
lease during these procedures can still affect thyroid function.
The degree of thyroid dysfunction can range from mild tran-
sient subclinical hyperthyroidism to thyroid storm (61–65).
Most patients experience only transient thyrotoxicosis, and the
syndrome resolves when the excess iodine is cleared. If treat-
ment is required, thionamides and β -adrenergic blockade may
be used until the thyrotoxicosis resolves (65).

THYROTOXIC PERIODIC PARALYSIS
Thyrotoxic periodic paralysis (TPP) is a complication of hyper-
thyroidism characterized by localized or generalized attacks of
weakness or flaccid paralysis and hypokalemia (66). Although
it has been reported in Western countries and in women, it is
more common in Asian men, where the incidence is 1.9% in
thyrotoxic patients (67). The clinical presentation is identical
to familial hypokalemic periodic paralysis, but the pathophys-
iology is distinct. Although the mechanism of the syndrome is
not clearly defined, hypokalemia alone is not enough to elicit
the paralysis. Hypokalemia sufficient to create the paralysis in
a hyperthyroid patient has no effect on the same patient when
euthyroid (68). This finding points to the importance of thy-
roid hormone excess in the pathophysiology of this process. It
is most commonly associated with Graves disease but may be
seen with any form of thyrotoxicosis (69).

Clinical Pre se nt at ion

The clinical presentation is one of flaccid weakness that is sym-
metrical; lower extremities are generally affected more than
the upper extremities. Breathing may be impaired if the patient
has a more generalized weakness. The onset of the attacks is
usually sudden and may be preceded by cramping. Ingestion
of alcohol or carbohydrates and strenuous physical exercise
commonly precipitate the episodes of weakness. Patients have
decreased or absent deep-tendon reflexes. The symptoms may
last from a few hours to several days (68).

Tre at me nt

Treatment is aimed at correction of the hyperthyroidism. If
hypokalemia is present, replacement should be given. Some
patients are given a potassium-sparing diuretic in addition to
the potassium supplementation until euthyroidism is achieved.
β -Adrenergic antagonists also decrease the frequency of attacks
in these patients (67).

Pre op e rat ive Manag e me nt

Adequate preparation for surgery in thyrotoxic patients is crit-
ical to the successful outcome of the procedure. Surgery in a
hyperthyroid patient can precipitate thyroid storm, with high
morbidity and mortality if preoperative care is inadequate.
The type of treatment will depend on the amount of time be-
fore the surgery. Elective procedures should be postponed until
the T3 and T4 levels are normalized with thionamides and β -
adrenergic blockade. This can usually be achieved within ap-
proximately 2 weeks. It is important to note that a suppressed
TSH may not normalize for months, and this value should not
be used as the criteria to assess the thyroid status. Urgent or
emergent procedures may be safely done after initiation of PTU
and a β -adrenergic antagonist. Iodide, as either SSKI, Lugol so-
lution, or an oral radiographic contrast agent—sodium ipodate
or iopanoic acid—should also be administered to block release
of thyroid hormone and decrease peripheral conversion of T4
to T3 (70). Finally, a glucocorticoid, such as hydrocortisone or
dexamethasone, should also be used if the patient is suspected
of having concomitant adrenal insufficiency, or additional inhi-
bition of extrathyroidal conversion of T4 to T3 is needed (71).
Considerable lowering of T3 and T4 levels can be achieved
within 1 to 3 days and normalization within 3 to 5 days, if the
above regimen is used (71,72).

HYPOTHYROIDISM
Hypothyroidism is a common clinical problem, affecting ap-
proximately 4.6% of the population in the United States (73).
It is important to recognize the clinical features and potential
complications of a patient with hypothyroidism. Nonthyroidal
illness, surgery, or diagnostic testing can lead to metabolic de-
compensation in patients with undiagnosed or untreated hy-
pothyroidism. Additionally, it is important to note that un-
treated hypothyroidism may slow the metabolism of certain
drugs, thereby increasing the risk of problematic side effects.
Hypothyroidism is most often caused by autoimmune thy-
roiditis, also known as Hashimoto thyroiditis. Other common
causes of hypothyroidism are noted in Table 166.7.

The clinical manifestations of hypothyroidism are manifold.
Most of the symptoms are nonspecific, which can lead to a
delay in the diagnosis. In elderly patients, the diagnosis may
be missed because the patient may be asymptomatic or the
signs attributed to aging (74). Patients in the ICU may present
with severe central nervous system (CNS) disturbances, car-
diovascular derangements, hyponatremia, or respiratory fail-
ure. Table 166.8 notes the signs and symptoms of hypothyro-
idism.
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CAUSES OF HYPOTHYROIDISM

Autoimmune, Hashimoto thyroiditis

Postthyroidectomy

Postradiation
131I treatment
External beam radiation

Iodine deficiency

Drugs
Lithium
Iodine-containing drugs (amiodarone, radiocontrast agents)

Secondary hypothyroidism
Pituitary tumor, irradiation, empty sella syndrome,

infiltrative disorders
Hypothalamic disease

Transient disorders
Silent, subacute thyroiditis

Card iovascular Manife st at ions

The symptoms of cardiovascular dysfunction are much less
pronounced in patients with hypothyroidism compared to their
thyrotoxic counterparts. These cardiovascular changes may
manifest themselves in the hypothyroid patient who is undergo-
ing the stress of anesthesia and surgery. Cardiovascular hemo-
dynamics are affected by hypothyroidism in several ways. In
particular, patients have decreased cardiac output, mediated
by reduced contractility and heart rate (75). This reduction in
cardiac output contributes to the dyspnea on exertion seen in
many hypothyroid patients. These patients also have increased
systemic vascular resistance, predisposing them to hyperten-
sion (76). Diastolic filling and compliance are reduced, leading
to diastolic dysfunction (77). Patients may have an elevation of
diastolic pressure out of proportion to systolic pressure, leading
to a reduction in pulse pressure (78).

The presence of decreased cardiac output, diastolic hyper-
tension, and increased systemic vascular resistance suggests
that hypothyroidism can cause congestive heart failure. It is
rare, however, for hypothyroidism to be the sole causative agent
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CLINICAL MANIFESTATIONS OF HYPOTHYROIDISM

Symptoms Signs

Fatigue and weakness
Cold intolerance
Weight gain
Constipation
Dyspnea on exertion
Depression
Menorrhagia
Myalgia
Dry skin and hair

Delayed relaxation of tendon
reflexes

Bradycardia
Hypoventilation
Diastolic hypertension
Reduced pulse pressure
Pericardial and pleural effusions
Generalized and periorbital edema
Macroglossia
Loss of eyebrows

in the development of heart failure (79). Typically, patients
have underlying cardiac disease that is exacerbated by hypothy-
roidism. Pericardial effusion associated with hypothyroidism
may also compromise cardiac function (80). Angina may also
worsen in patients with hypothyroidism. Patients without pre-
existing cardiac dysfunction typically do not manifest symp-
toms and signs of congestive heart failure or coronary artery
syndrome unless the hypothyroidism is profound (81).

Pulmonary Manife st at ions

Dyspnea on exertion is a common presenting complaint in pa-
tients with hypothyroidism, in part due to the impaired cardiac
function and reduced pulmonary function. Respiratory muscle
weakness also appears to play a role in this dyspnea (82–84).
There is a reduction in central pulmonary drive in response to
hypoxia and hypercapnia, leading to hypoventilation (34,85).
Upper airway obstruction may occur as a result of goiter (see
below: Acute Airway Obstruction) (86). Sleep apnea may oc-
cur as a result of macroglossia (87). Patients may thus require
continuous positive airway pressure in addition to replacement
of the thyroid hormone. Finally, a restrictive pattern of disease
may be seen in the presence of a pulmonary effusion (34).

Gast ro int e st inal Manife st at ions

Peristalsis is slowed in patients with hypothyroidism. Most
patients have normal bowel motility, but a small proportion
with hypothyroidism requires laxative use. Patients may report
vague abdominal pain and distention. Rarely, severe cases may
present with ileus (88–90). Severely hypothyroid patients may
also have malabsorption. The mechanism of this abnormal ab-
sorption is not clearly defined; theories include myxedematous
infiltration of the mucosa, associated autoimmunity (91), and
decreased intestinal motility (92).

Me t ab olic Manife st at ions

Hypothyroidism may lead to decreased free water clearance
and subsequent hyponatremia. The magnitude of sodium de-
rangement is directly related to the severity of hypothyroidism;
most patients with hyponatremia have myxedema coma (93).
The mechanism of the development of hyponatremia in these
patients is unclear (94–96). Hyperlipidemia is a more com-
monly seen metabolic derangement than hyponatremia. Lipid
clearance is decreased in patients with hypothyroidism, result-
ing in elevated levels of free fatty acids, low-density lipoprotein
(LDL), and total cholesterol (97). Treatment of the hypothy-
roidism results in improvement of the lipid panel (98,99).

Tre at me nt

Thyroid hormone is preferentially replaced with T4. Levothy-
roxine is then converted to T3 intracellularly, and thus, it is
unnecessary to administer T3 in most situations. In adults, the
starting dose of T4 is typically 1.7 µ g/kg/day (based on ideal
body weight). Elderly patients or those with coronary disease
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should be started at lower doses and titrated based on TSH
levels every 6 weeks.

Comp licat ions

Myxe d e ma Coma
Myxedema coma is a rare but life-threatening complication
of hypothyroidism. It may occur after severe long-standing
hypothyroidism or after an acute precipitating event such as
surgery or infection. It is more likely to occur in elderly women
during the winter months (100). Any of the usual causes of
hypothyroidism (Table 166.6) may induce myxedema coma.
Prompt recognition and treatment are essential, even before
laboratory results are available. Mortality rates are improving
due to early diagnosis and treatment, but mortality remains
at 30% to 40% . Patients with cardiac complications and the
elderly are at greatest risk (101,102).

Clinical Presentation. Most patients with myxedema coma
have had symptoms of hypothyroidism for many months.
There is a gradual onset of lethargy, progressing to stupor,
which is precipitated by cold exposure, infection, or medica-
tions. Other precipitating events are stroke, congestive heart
failure, trauma, or gastrointestinal bleeding. The patient is typ-
ically an obese elderly woman with yellow discoloration of the
skin. The principal features of myxedema are hypothermia,
bradycardia, and decreased mental status or coma (40). Pa-
tients also characteristically have a decreased respiratory rate
as a result of reduced hypoxic ventilatory drive (103). The
resultant carbon dioxide retention can exacerbate the altered
mental status. Similar to the patient with profound hypothy-
roidism, the respiratory muscle weakness and pleural effusions,
if present, can make ventilating these patients difficult (83,103).

Hypothermia is present in nearly all patients with
myxedema coma (100). Temperature may be quite low (less
than 80◦F, [20◦C]); values below 90◦F [32◦C] predict a poorer
prognosis (102). The hypothermia may go unrecognized if
the proper thermometer is not used; many thermometers may
not be able to measure below 93◦F [34◦C]. The diagnosis of
myxedema coma should be considered in any unconscious pa-
tient with infection who does not have a fever. Warming should
be gradual, using ordinary hospital blankets. Electric heating
blankets should not be used, as they may cause peripheral va-
sodilation and subsequent hypotension.

The cardiovascular abnormalities seen in myxedema coma
are similar to those associated with severe hypothyroidism.
Patients can present with bradycardia, reduced cardiac out-
put, and decreased cardiac contractility, which may lead to
hypotension. Signs of congestive heart failure may be found.
In patients with diminished heart sounds, low-voltage ECG, or
cardiomegaly on chest radiograph, an investigation for pericar-
dial effusion should be performed (104).

This profound level of hypothyroidism may lead to impaired
free water excretion. As a result, over half of patients can have
hyponatremia (100,105). Severely reduced sodium levels can
also exacerbate the altered mental status. The impaired free
water clearance may be manifested by generalized nonpitting
edema and periorbital swelling. Patients should be managed by
free water restriction; the condition will improve with thyroid
hormone replacement.

Additional clinical features of myxedema include ileus or
megacolon as a result of decreased intestinal motility (90).
Bladder atony may occur so patients should be monitored for
residual volumes postvoiding. Hypoglycemia is a common fea-
ture that is the result of the hypothyroidism or concomitant
adrenal insufficiency.

Diagnosis. The diagnosis of myxedema coma is initially made
based on historical and clinical clues. It is important to in-
vestigate other causes of altered mental status, such as cere-
brovascular accident and infection. Serum should be obtained
for measurement of TSH, free T4, and cortisol. If the clin-
ical picture is consistent with myxedema coma, treatment
should be initiated before laboratory confirmation of the
diagnosis.

Treatment. Because of the high mortality rate of this endocrine
emergency, patients with myxedema coma should be treated ag-
gressively (106). Patients should be presumed to have adrenal
insufficiency and treated with stress-dose steroids (hydrocorti-
sone, 100 mg IV every 8 hours) until laboratory data exclude
the diagnosis. The administration of levothyroxine prior to glu-
cocorticoids in such patients can provoke an adrenal crisis.

The optimal replacement strategy for levothyroxine is un-
known because of the rarity of the condition. Clinical judg-
ment must be used to weigh the risk of rapid administration
of thyroid hormone—with the possibility of precipitation of
myocardial infarction—against the risk of not replacing the
thyroid hormone fast enough in light of the high mortality of
undertreated myxedema coma. Whether to administer T3 or
T4 alone or in combination and the dose of these agents is a
subject of much debate among endocrinologists. It is preferable
to administer thyroid hormone intravenously in patients with
myxedema because of the possibility of impaired gastrointesti-
nal absorption. One regimen is to begin 200 to 300 µ g of T4
intravenously (4 µ g/kg ideal body weight), followed by 100 µ g
24 hours later. The patient can then be maintained on 50 µ g IV
or orally (PO) daily. T3 is also given at an initial dose of 10 µ g
and can be given every 8 to 12 hours until the patient can take
oral medications (100).

Supportive care should be directed to the coexisting medi-
cal conditions. Hyponatremia can usually be managed with free
water restriction, but 3% saline may be given in extreme cir-
cumstances. Hypotension will usually improve with initiation
of levothyroxine. Refractory hypotension should be treated
with vasopressor agents until the thyroid hormone has had
time to act. Patients may require mechanical ventilation be-
cause of respiratory muscle weakness, depressed mental status,
or decreased hypoxic ventilatory drive. Warming should be ac-
complished as noted above. Finally, it is important to address
the underlying medical illness that precipitated the myxedema
coma.

Pre op e rat ive Manag e me nt
of Hyp ot hyroid ism

Patients with mild to moderate hypothyroidism may proceed
to surgery, as no convincing evidence exists to show that there
is an adverse effect on outcomes (107–110); if the procedure
is elective, it is optimal to begin replacement with thyroid
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hormone and delay the surgery until the patient is euthyroid.
The exception to this rule is a patient with coronary artery
disease awaiting bypass or stenting. Such patients should have
their coronary vasculature addressed first, and then have their
thyroid hormone replaced postoperatively. Evidence suggests
that replacement of thyroid hormone before restoring coro-
nary blood flow could tax an already ischemic myocardium
(111). A patient with severe hypothyroidism—for example,
very low levels of thyroid hormone, or myxedema coma, or
clinical symptoms of chronic thyroid hormone deficiency such
as altered mentation, pericardial effusion, or heart failure—
who requires urgent surgery should be given a loading dose of
intravenous T4 and possibly T3. In addition, stress-dose glu-
cocorticoids should be given if adrenal or pituitary function is
uncertain, as replacement of thyroxine in a patient with adrenal
insufficiency can precipitate adrenal crisis. The patient may be
given an initial dose of T4 at 200 to 300 µ g IV, followed by
50 µ g daily. Depending on the patient’s age and cardiac risk
factors, T3 may be given simultaneously at 10 µ g every 8 to
12 hours (112).

THYROID FUNCTION IN
NONTHYROIDAL ILLNESS

Aberrations in thyroid function during illness occur along a
continuum, with wider deviations from the mean as the patient
becomes more severely ill. Several names have been ascribed
to the condition, including euthyroid sick syndrome, low T3
syndrome, low T4 syndrome, and nonthyroidal illness. Con-
siderable debate exists as to whether this syndrome represents
a pathologic process marked by hypothyroidism or an adap-
tive response to systemic illness that allows the body to lower
its tissue energy requirements. In light of this controversy, it is
understandable that no consensus exists on whether or how to
treat this entity.

Interpretation of thyroid function tests in critically ill pa-
tients is complex. For this reason, thyroid function should
not be measured in this setting unless a thyroid disorder is
strongly suspected. When it is deemed appropriate to evaluate
the hypothalamic-pituitary-thyroid axis, the clinician should
check a TSH, total T4, free T4, and total T3.

The most commonly seen change in thyroid hormone func-
tion tests in hospitalized patients is a low serum T3 concen-
tration (113). Most T3 in the serum is produced by deiodi-
nation of T4 to T3 in the peripheral tissues. The levels of the
enzyme responsible for this conversion, 5 -monodeiodinase, are
decreased with even mild illness (114). As described in the
above section about drugs and thyroid function, many com-
monly used medications in the ICU may also decrease the pe-
ripheral conversion of T4 to T3, further lowering the circulating
T3 levels. Glucocorticoids and β -adrenergic antagonists are the
most common offending agents. In addition, free fatty acids
inhibit the deiodinase activity (115). Cytokines have also been
shown to have a role in the development of the sick euthyroid
syndrome by their role in decreasing the conversion of T4 to
T3 (116).

Concomitant with the decline in T3 levels is a rise in rT3
(reverse T3) in nonthyroidal illness. Fasting may produce this
clinical picture within 24 to 36 hours and is reversed as quickly
with refeeding (117). This pattern of low T3/high rT3 is found in

many patients with various acute and chronic illnesses, whether
due to infection, surgery, cancer, cardiovascular diseases, pul-
monary processes, burns, or trauma. The metabolic rate of for-
mation of rT3 is unchanged in the setting of illness. The increase
in this value is, instead, a reflection of the attenuated rates of
clearance of rT3 (118). The complicating factor with routinely
measuring the rT3 levels in patients suspected of having non-
thyroidal illness is that it may take up to a week to process the
test in the laboratory.

Thyroxine (T4) levels may also be reduced in up to 20%
of hospitalized patients and 50% of critically ill patients
(119). These low T4 levels are correlated with a higher mor-
tality rate (120). The reduction in T4 can, in part, be at-
tributed to decreased concentrations of one of the three thyroid
hormone-binding proteins: thyroxine-binding globulin (TBG),
transthyretin, and albumin. Agents that inhibit the T4-binding
protein interaction have also been identified as responsible for
the lowering of T4 levels in the serum of critically ill patients.
Some data point to high levels of free fatty acids as a causative
agent in this process (121).

Serum TSH levels are typically normal in most patients with
nonthyroidal illness, although during the recovery phase of the
illness, thyrotropin concentrations may rise (122). In more crit-
ically ill patients, the TSH may simultaneously fall with the
decline in T4 levels. Such findings have led some to suggest that
some patients may have an acquired transient central hypothy-
roidism during the nonthyroidal illness. Thyroid hormone re-
placement, however, has not been shown to improve outcomes
in critically ill patients (123). Medications may also alter TSH
levels (Table 166.2). Dopamine infusions are frequently asso-
ciated with a reduction in serum thyrotropin concentration.

When measuring TSH levels in the ICU, it is important to
use a high-sensitivity assay with a lower detection limit of at
least 0.01 mU/L. The vast majority of hospitalized patients
with low, but detectable, TSH by this assay have sick euthyroid
syndrome. In contrast, patients with undetectable thyrotropin
are more likely to be hyperthyroid. Finally, those patients with
high TSH (up to 20 mU/L) are likely recovering from a non-
thyroidal illness and should be reassessed 6 weeks after the
hospitalization.

Acut e Airway Ob st ruct ion and Goit e r

Acute airway obstruction is a life-threatening complication of
an enlarged thyroid gland. Typically, development of a goiter
is a gradual process, but rapid growth of the gland may occur
in certain circumstances. Fortunately quite rare, but impor-
tant to consider, is anaplastic thyroid cancer. Patients with this
disease may present with considerable growth of the thyroid
within a few weeks (124). Thyroid lymphoma can also show a
rapid growth pattern but will quickly respond to appropriate
chemotherapy and/or radiation therapy. Riedel thyroiditis, also
rare, with a prevalence of 0.06% to 0.3% , may present with a
rapidly enlarging, hard neck mass that must be differentiated
from thyroid cancer or lymphoma. The fibrous tissue may in-
vade soft tissue and muscle and lead to tracheal compression
(125). The more common scenario is a patient who presents
with a nodule that rapidly increases in size over several min-
utes to hours. In these cases, the patient has underlying nodular
disease that has encroached on a nearby blood vessel and bled
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into a cystic compartment of the nodule. Typically, patients
have regression of such a nodule over the ensuing weeks.

The clinical presentation of a compressive goiter is varied.
Patients may present with complaints of a pressure sensation
in the neck, particularly with movement of the head. Difficulty
swallowing and vocal cord paralysis also may be encountered.
The Pemberton sign, facial flushing and jugular venous dis-
tention on raising the arms over the head, is an indication of
obstruction of venous outflow from the head (126). Many pa-
tients with a goiter have a mild degree of airway obstruction
when screened with pulmonary function tests. Additionally,
although chest radiographs accurately indicate retrosternal ex-
tension of goiters, they cannot predict airway obstruction as
reliably as flow-volume loops (86). It is critical to recognize
that a patient presenting with new-onset wheezing or stridor
may have a substernal goiter (127).

The management of acute airway compromise is primarily
surgical (128). If airway collapse is imminent, it is critical to
protect the airway with intubation (129). The type of surgery
necessary depends on the size of the goiter and whether there
is an associated malignancy. Radioiodine treatment can take
months to years to shrink the goiter (130).

Post t hyro id e ct omy Hyp ocalce mia

Hyp op arat hyro id ism
The most common cause of hypoparathyroidism is surgery on
the neck, with resultant removal of, or injury to, the parathy-
roid glands. This is typically seen after cancer surgery, total
thyroidectomy, or parathyroidectomy. It is most often a tran-
sient condition with symptoms occurring 1 to 2 days postop-
eratively. Symptoms may vary from subtle perioral numbness
and tingling to profound fatigue to tetany. Table 166.9 lists the
symptoms and signs that may be seen in patients with hypocal-
cemia. Risk of hypocalcemia is dependent on the extent of
surgery, localization and preservation of the parathyroids, and
skill of the surgeon. Incidence rates of postoperative, transient
hypocalcemia range from 1.6% up to greater than 50% , but
most of these patients will regain parathyroid function over the
ensuing months. The risk of permanent hypoparathyroidism is
variable, between zero and 10% (131). During nonparathy-
roid neck surgery, it is critical for the surgeon to recognize a
compromised parathyroid gland and autotransplant the gland
into the adjacent neck muscle to ensure the gland will regain
function.

TA BLE 1 6 6 . 9

SYMPTOMS AND SIGNS OF ACUTE HYPOCALCEMIA

Symptoms Signs

Perioral numbness and
tingling

Tingling paresthesias in distal
extremities

Muscle cramps
Hyperreflexia
Carpopedal spasm
Seizures

Chvostek sign
Trousseau sign
Hypotension
Bradycardia
Prolonged QT interval
Arrhythmias

Treatment. Treatment is aimed at normalization of the serum
calcium. Many surgeons begin thrice-daily prophylactic oral
calcium supplementation the night of the surgery (132). If the
patient develops progressive symptoms, tetany, or seizures, the
use of IV calcium gluconate is warranted. In life-threatening
situations, 10 mL of calcium gluconate may be administered
intravenously over a 5- to 10-minute period and repeated as
necessary. In less acute situations, a continuous calcium infu-
sion may be used by mixing ten ampules of calcium gluconate in
500 mL of 5% dextrose in water. The infusion rate may vary
between 0.3 mg/kg/hour to 2 mg/kg/hour, depending on the
clinical setting. The goal of therapy is to reverse hypocalcemic
symptoms and restore calcium levels to the low-normal range.
Chronic management of permanent hypoparathyroidism is be-
yond the scope of this chapter.

Hung ry Bone Synd rome

Hungry bone syndrome, HBS, is a well recognized compli-
cation of surgical correction of severe hyperparathyroidism.
Patients with very high levels of parathyroid hormone (PTH)
may develop significant hypocalcemia after surgical removal
of the offending parathyroid adenoma(s). The mechanism of
this metabolic derangement is rapid skeletal mineralization.
Less commonly seen is HBS after thyroidectomy for thyrotox-
icosis. Patients with hyperthyroidism may develop secondary
osteoporosis and resultant hypercalcemia from the increased
bone resorption. After surgical removal of the thyroid gland,
patients have a reversal of the thyrotoxic osteodystrophy and,
instead, have a net flux of calcium and phosphorous deposition
into bone. In extreme thyrotoxicosis, the patient may develop
hypocalcemia. This condition typically resolves within a few
days to weeks with treatment of the hypocalcemia (133).
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SECTION XVIII ■ SKIN AND MUSCLE DISEASE
AND DYSFUNCTION

CHAPTER 167 ■ CRITICAL CARE OF
AUTOIMMUNE AND CONNECTIVE TISSUE
DISORDERS: RHEUMATOLOGIC DISEASES
IN THE INTENSIVE CARE UNIT
HARAKH V. DEDHIA r RONALD A. MUDRY

Emergencies resulting from autoimmune processes or connec-
tive tissue diseases (CTDs) are relatively uncommon in critical
care medicine; nonetheless, they can be life threatening. The
term autoimmune describes a number of disorders whose basic
underlying pathophysiology is a derangement of the immune
system’s ability to recognize “self.” Virtually any organ sys-
tem may be subject to an inflammatory assault by one’s own
immune system (1–8). Such disease processes may range from
relatively mild and indolent to fulminant and life threatening.
The following are scenarios that may be encountered by the
critical care provider:

1. A patient may be admitted to the intensive care unit (ICU)
because of CTD complications or the complications of drug
therapy. Sometimes a patient may present with an acute cri-
sis without a past history of CTDs.

2. Clinical manifestations can affect every major organ.
3. Clinical presentations vary and may include stridor, acute or

progressive respiratory failure, life-threatening hemoptysis,
acute renal failure, paralysis, cerebritis, mesenteric ischemia,
or unstable spine. Septic shock due to an infected joint may
occur.

4. Placing an arterial line or obtaining a reliable pulse oximetric
signal in a patient with systemic sclerosis or severe vasculitis
may be a problem.

5. Some of the drugs used to treat these diseases may cause
acute or chronic respiratory failure as well as mimic infec-
tion.

Even though the exact causes and pathophysiology of many
CTDs remain unclear, our understanding of the immunologic
alteration and its manipulation by drugs has improved sig-
nificantly in the last decade. New immune modulators have
arguably altered the clinical manifestations of rheumatologic
disease, but have caused new complications as well (9–18).

RHEUMATOID ARTHRITIS
Rheumatoid arthritis (RA), a systemic debilitating autoimmune
disease affecting up to 1% of the population, is characterized
by chronic synovial and periarticular inflammation that leads
to the erosion of joints and bones. In addition, there are signif-
icant extra-articular systemic manifestations (1–9). It is likely

that the interaction of genetic and environmental factors with
endogenous antigenic stimuli is the key to the development of
the disease. Cytokines important in the perpetuation of the in-
flammation and tissue damage include tumor necrosis factor-α
(TNF-α) and interleukins-1, -2, -13, -15, -17, and -18. The dis-
ease may involve many other mediators and cytokines in com-
plex interactions (9–21). Proteolytic enzymes have the ability
to degrade components of the extracellular matrix and dam-
age joints. The clinical features of RA are divided into artic-
ular and nonarticular manifestations. The American Rheuma-
tology Association has established criteria for diagnosis of RA
that include morning stiffness, arthritis of hand joints, sym-
metric arthritis, rheumatoid nodules, positive serum rheuma-
toid factor (RF), and radiologic changes. Generalized fatigue,
weakness, and involvement of other organs are common in pa-
tients with positive RF. Extra-articular manifestations of RA
are common, but variable; they appear to be immune medi-
ated and can shorten survival. The systemic manifestations of
RA and their management present a unique challenge to the
intensivist.

Pulmonary Manife st at ions
of Rhe umat oid Art hrit is

The noncardiac thoracic manifestations of RA are protean and
complex, and can lead to significant morbidity and mortality
(9,22–35). The exact incidence of lung disease is unknown be-
cause the pathology may be due to RA, may be a complication
of drug therapy, or may be associated with comorbidities. Even
though RA is more common in women, rheumatoid lung dis-
ease occurs more frequently in those men with long-standing
RA, positive rheumatoid factor, and subcutaneous nodules. A
classification of RA affecting the respiratory system and its rel-
ative frequency is shown in Tables 167.1 and 167.2.

Airway Dise ase in Rhe umat o id Art hrit is
Upper Airway Problems and Obstruction. The clinical presen-
tation of upper airway obstruction is variable. Symptoms of
odynophagia, hoarseness of voice, throat soreness, and cough
occur early. Mild obstruction may progress to exertional dys-
pnea and stridor. Erythema, vocal cord edema, or stridor may
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TA BLE 1 6 7 . 1

PULMONARY MANIFESTATIONS OF RHEUMATOID
ARTHRITIS

1. Airway disease
2. Interstitial lung disease
3. Rheumatoid nodules
4. Pleural disease
5. Vasculitis
6. Drug-induced lung disease
7. Infections
8. Chest wall; limitations of thoracic cage
9. Respiratory failure from spinal cord injury

10. Sleep apnea

occur secondary to local infection or previous intubation. It
is essential to suspect and diagnose these conditions early to
avoid an emergent situation. Diagnosis of subtle upper airway
obstruction can be made by direct laryngoscopy or flow volume
loops during forced inspiration, which will show variable ex-
trathoracic obstruction. Ankylosis of the cricoarytenoid (CA)
joint can lead to upper airway obstruction (25–30). Evaluation
of the upper airway should include cervical spine examination,
as instability may also be present. The laryngeal problems may
be from CA joint inflammation, arthritis, or ankylosis, or from
vasculitis affecting the vagus or recurrent laryngeal nerve, all
of which may cause upper airway obstruction (8,21,25–30). In
patients with RA, Brazeau-Lamontagne et al. showed various
laryngeal problems and abnormalities in 75% of patients by di-
rect fiberoptic laryngoscopy and in 72% with high-resolution
computed tomography (HR-CT) of the neck and chest (25).
Tracheal deviation due to severe cervical spine disease or laryn-
geal abnormality can make direct laryngoscopic endotracheal

intubation difficult or impossible in some patients. It is advis-
able to use a small-caliber tube when intubating patients with
laryngeal disease. The inhalation of a helium–oxygen mixture
(e.g., 75% He and 25% O 2) may help in dyspneic patients. In
others, emergent tracheostomy may be necessary to establish
an airway.

Small Airway Obstruction. Abnormalities in the lower airways
in RA can occur due to obstructive disease or bronchial hyper-
responsiveness. Treatment of hyperresponsiveness with β ag-
onists, inhaled steroids, and anticholinergics is similar to the
management of asthma or chronic obstructive pulmonary dis-
ease (COPD).

Bronchiolit is Ob lit e rans wit h Org anizing
Pne umonia, Ob lit e rat ive Bronchio lit is,

and Bronchie ct asis
An association between bronchiectasis and rheumatoid arthri-
tis has been noted, but the incidence is relatively low, varying
from 0% to 10% , and remains clinically insignificant in the ma-
jority of the cases. Some patients with acute infection or decom-
pensation may require treatment. It is similar to that used for
other forms of bronchiectasis, including antibiotics and bron-
chodilators. It presents no unusual challenges to an intensivist.
Patients with obliterative bronchiolitis (OB) or bronchiolitis
obliterans with organizing pneumonia (BOOP) may present
with progressive dyspnea, cough, and fever or weight loss.
These airway abnormalities in patients with RA or systemic
lupus erythematosus (SLE) are similar to those seen in con-
ventional BO or BOOP. Spirometry may show an obstructive,
restrictive, or mixed pattern. In patients with BO, the chest ra-
diograph is often normal, but HR-CT will show a mosaic pat-
tern. BO is confirmed by lung biopsy. Both BO and BOOP can

TA BLE 1 6 7 . 2

FREQUENCY OF PULMONARY COMPLICATIONS IN RHEUMATOLOGIC DISEASE

Clinical
manifestation RA SLE SSc PM-DM AS SjS MCTD

ILD 3+ 2+ 4+ 3+ 1+ 3+ 2+
DAH 1+ 2+ 1+ 1+ 0 0 1+
BOOP 2+ 1+ 1+ 3+ 0 1+ 1+
OB 2+ 0 0 0 0 1+ 0
Lung nodules 2+ 0 0 0 0 1+ 0
Plural effusion 3+ 2+ 1+ 0 0 1+ 2+
Aspiration Pn. 0 0 3+ 3+ 0 2+ 2+
Vasculitis 2+ 2+ 0 1+ 0 0 1+
Pulm. HTN 1+ 2+ 4+ 1+ 0 0 2+
Respiratory

muscle
involvement

1+ 2+ 0 2+ 0 0 1+

Explanations for the keys: 1+ some, 4+ maximal.
RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; SSc, systemic sclerosis; PM-DM,
polymyositis–dermatomyositis; AS, ankylosing spondylitis; SjS, Sjögren syndrome; MCTD, mixed
connective tissue disease; ILD, interstitial lung disease; DAH, diffuse alveolar hemorrhage; BOOP,
bronchiolitis obliterans with organizing pneumonia; OB, obliterative bronchiolitis; Aspiration Pn.,
aspiration pneumonia; Pulm. HTN, pulmonary hypertension.
Modified from Tanoue L. Pulmonary manifestations of collagen vascular disease. In: Fishman AP, Elias JA,
Fishman JA, et al., eds. Fishman’s Manual of Pulmonary Disease and Disorders. 3rd ed. New York:
McGraw Hill; 2002.
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TA BLE 1 6 7 . 3

CLINICAL FEATURES OF OB AND BOOP

OB BOOP

Onset Slow; progressive dyspnea and
cough

Relatively rapid; cough and
progressive dyspnea

Chest exam Generalized ↓ air entry and
breath sounds, ± inspiratory
squeak

Bibasilar crackles, clubbing, cor
pulmonale in advanced cases

Chest radiographs
Chest HR-CT

Normal or hyperinflation
Adjacent area of ↓ and ↑

attenuation

Alveolar infiltrates, patchy and
peripheral, sometimes diffuse

PFT Air flow obstruction and
normal or ↓ lung diffusion

Occasionally restrictive defect

Restrictive impairment and ↓
lung diffusion

Treatment and
prognosis

Corticosteroids but response
poor; progressive respiratory
failure

Good response to steroids and
immunosuppressive drugs

OB, obliterans bronchiolitis; BOOP, bronchiolitis obliterans organizing pneumonia; HR-CT, high-resolution
computed tomograph; PFT, pulmonary function test.

be treated with high-dose steroids or other immunosuppressive
drugs (Table 167.3).

Int e rst it ial Lung Dise ase
Some degree of interstitial lung disease (ILD) occurs in the ma-
jority of patients with RA, but the limitations imposed by the
musculoskeletal and joint disease often limit activities and the
exercise capacity of these patients, and may not allow the pul-
monary symptoms to manifest until the ILD has significantly
advanced. At this point, symptoms of dyspnea may occur with
minimal activities or at rest. The clinical presentation and his-
tologic and radiologic manifestations are similar to other idio-
pathic interstitial lung diseases or idiopathic pulmonary fibrosis
(IPF). Histopathologic specimens may show a pattern of usual
interstitial pneumonia (UIP), desquamative interstitial pneu-
monia (DIP), nonspecific interstitial pneumonia (NSIP), orga-
nizing pneumonia (OP), or lymphocytic interstitial pneumonia
(LIP). The clinical course of ILD in RA is slower than that of
IPF; however, cor pulmonale and respiratory failure may occur
(8,19–21). Chest radiography shows bilateral basilar parenchy-
mal infiltrates and ground glass appearance. Honeycombing is
seen in advanced disease (Fig. 167.1). Pulmonary function tests
show restrictive impairment with low lung diffusion. Treatment
with corticosteroids and other immunosuppressive therapy is
similar to that of IPF. Once the ILD is established, it is associ-
ated with a poor prognosis and 5-year survival around 50% .

Rhe umat o id Lung Nod ule s
Rheumatoid nodules occur in many patients, most frequently
in the subcutaneous tissues, but can develop in other tissues
including the lung. Pulmonary rheumatoid nodules (PRNs) are
seen occasionally and are associated with rheumatoid nod-
ules elsewhere in the body. Rheumatoid pulmonary nodules
are generally located in subpleural areas or along interlobu-
lar septa. The histology of a PRN is similar to that of nodules
seen in nonpulmonary sites. Generally, the nodules cause no
major symptoms, and are simply followed by periodic chest
radiographs. Sometimes, nodules cavitate or rupture, and can

cause hemoptysis, pneumothorax, pleural effusion, infection,
or pyopneumothorax. In a patient with a high risk for can-
cer, biopsy may be necessary. Caplan syndrome is a form of
rheumatoid pulmonary nodules occurring with pneumoconio-
sis related to mining dust (Fig. 167.2). The pathology is compa-
rable to other rheumatic nodules in addition to pigmented cells
seen due to pneumoconiosis. The nodules may rapidly break
down or necrose, and can cause airflow obstruction. Nodules
may complicate progressive massive fibrosis. Otherwise, the
prognosis is good, and treatment is primarily symptomatic.

Ple ural Dise ase
Pleural effusions occur frequently in patients with RA and
may precede joint disease. They are more common in men,
especially those with long-standing RA. Patients may present

FIGURE 167.1. Chest radiograph showing severe interstitial lung dis-
ease and honeycomb appearance in a patient with rheumatoid arthritis.
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Arrow indicates 
cavitary lung nodule 

FIGURE 167.2. Chest radiograph of a patient with Caplan syndrome.

with cough, dyspnea, fever, or pleuritic chest pain. The pleu-
ral fluid is exudative, with a low pH, low glucose, and white
cell count less than 5,000 cells/µ L, with a lymphocytic pre-
dominance. The level of rheumatoid factor in pleural fluid
parallels that in the serum. Symptoms may mimic pulmonary
embolism. Empyema can occur, particularly in patients on cor-
ticosteroids. Noninfectious pleurisy can be treated with non-
steroidal anti-inflammatory drugs (NSAIDs), and occasionally
with fluid drainage. In recurrent and symptomatic effusions,
pleural sclerosis may be required.

Drug -ind uce d Lung Dise ase and Infe ct ions
The lungs are commonly affected by drugs used for treat-
ment of RA. The immunosuppressive therapy can predispose
patients to systemic complications including infection (Table
167.4). Treatment with disease-modifying antirheumatic drugs
(DMARDs) is associated with a high incidence of sepsis. If the
current drug therapy is causing lung toxicity, withdrawal of
the agent is necessary. The complications include pneumonitis,
bronchospasm, ILD–pulmonary fibrosis, infection, noncardiac
pulmonary edema, pulmonary hemorrhage, drug-induced lu-
pus, and obliterative bronchiolitis. Methotrexate-induced lung
disease is very common, with a clinical presentation that is not
specific. Pulmonary toxicity may be associated with a mortal-
ity rate up to 20% ; pneumonitis may be, potentially, a fatal
complication as well. The presentation often consists of dys-
pnea and cough, occurring over weeks to months. Rales are
heard on auscultation, and diffuse pulmonary infiltrates are
seen on chest radiographs or CT. Appropriate cultures, includ-
ing bronchoalveolar lavage (BAL), are essential. Occasionally,
lung biopsy may be necessary. The diagnosis must be made af-
ter exclusion of other causes of pulmonary diseases. Another

TA BLE 1 6 7 . 4

PULMONARY COMPLICATIONS OF DRUGS USED TO
TREAT RHEUMATOLOGIC DISEASES

1. Noncardiogenic pulmonary edema (ARDS)
Aspirin
NSAIDs
Opiates, sedatives, and hypnotic agents
Colchicine

2. Bronchospasm
Aspirin
NSAIDs
Sulfasalazine
β -Adrenoreceptor antagonist (some)

3. Alveolar hemorrhage
d-Penicillamine

4. Interstitial lung disease
Gold
Methotrexate
Penicillamine
Azathioprine
Cyclophosphamide

5. Hypersensitivity lung disease
Gold
Methotrexate
NSAIDs
Penicillamine
β -Lactam and sulfa antibiotics

6. Bronchiolitis obliterans
Gold
Penicillamine
Sulfasalazine

ARDS, acute respiratory distress syndrome; NSAIDs, nonsteroidal
anti-inflammatory drugs.

possible complication of antirheumatic drug therapy is non-
cardiogenic pulmonary edema (NCPE). This may be seen in
patients taking high-dose aspirin, NSAIDs, methotrexate, and
cyclophosphamide, or in the setting of colchicine overdose.
NCPE must be included in the differential diagnosis of any pa-
tient presenting with respiratory failure and a history of taking
these drugs.

Acut e Re sp irat ory Failure in Rhe umat o id Art hrit is
Acute respiratory failure can occur in RA patients from a vari-
ety of causes. Common causes include pneumonia, pulmonary
edema, pulmonary embolism, sepsis, progression of the RA
lung disease, or cervical spine disease. Unusual cases of car-
diopulmonary arrest have been reported. Proposed causes have
included acute laryngeal stridor, CA arthritis with or without
ankylosis, vocal cord immobility, spinal cord compression, cer-
vicomedullary compression causing respiratory muscle weak-
ness and paralysis, and instability of the atlantoaxial joint (26–
36). Sleep apnea due to RA has been reported as well (36).

Ne urolog ic Comp licat ions and Ce rvical
Sp ine Involve me nt in Rhe umat oid Art hrit is

The involvement of cervical spine joints in RA, and clinical
presentation thereof, is highly variable but clinically important
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to the intensivist (37–39). Instability of the cervical spine is the
most critical problem. Risk factors include older age at onset
of RA, active synovitis, and progressive erosive peripheral joint
disease. Clinical symptoms include neck pain, stiffness, radic-
ular pain, and hyperreflexia. Among the findings that require
immediate evaluation and intervention are:

■ Loss of sphincter control
■ Respiratory impairment
■ “Drop attacks”
■ Dysphagia
■ Dysarthria
■ Vertigo
■ Convulsions
■ Hemiplegia
■ Nystagmus
■ Alteration in the levels of consciousness
■ Sensation of the head falling forward upon flexion of the

cervical spine

Clinical examination may reveal abnormal findings. Pain,
discomfort, or resistance to passive cervical spine movement;
loss of occipitocervical lordosis; or abnormal protrusion of the
axial arch felt in the posterior pharyngeal wall each might sug-
gest atlantoaxial subluxation. Abnormal gait, muscle weakness
or atrophy, increased deep tendon reflexes, and abnormal plan-
tar response may be seen. These may be severe enough for ur-
gent surgery to stabilize the cervical spine and reduce the threat
of cervical spinal cord compression.

Routine preoperative cervical spine radiography for all RA
patients undergoing surgery has been suggested since sublux-
ation may be asymptomatic. Neck positioning required for
intubation can be fatal in patients with unrecognized C1-C2
disease (37–40). Involvement of the bursa around the odon-
toid process can cause erosion and weakness of the ligaments,
which can lead to subluxation of the atlantoaxial joint. It is
important to remember that subluxation occurs with the flex-
ion of the cervical spine and, hence, should be minimized or
avoided altogether. Cases of sudden death have been reported
due to the compression of the upper cervical cord and medulla
(41–45). Preliminary radiologic evaluation consists of plain
radiograph—anteroposterior (AP) and lateral—with a neck
flexion view of the cervical spine. A separation between the
odontoid peg and the C1 arch or between C1 and C2 (ante-
rior subluxation) may be seen. Neck CT can show spinal cord
compression. Magnetic resonance imaging (MRI) allows better
visualization of the cord and bone and, thus, is more helpful in
assessing cord compression in the cervical spine (40). Therapy
for cervical spine instability may be as simple as cervical collars
to maintain the spine stable, while in others, halo traction may
be necessary. Patients with subluxation and signs of spinal cord
compression have a poor prognosis without surgery (41–43).
Spinal manipulation should be avoided.

Airway Manag e me nt and Ane st he sia
Imp licat ions in Rhe umat oid Art hrit is

Airway management in a patient with upper airway, cervical
spine, or laryngeal disease is both a concern and a challenge for
the anesthesiologist and intensivist (21,44–47). Airway prob-
lems may result from various causes, as discussed earlier. La-
ryngeal involvement is more common than previously thought

(22,26,29,35). Drugs used to treat RA also affect anesthesia
and postoperative care. Neck positioning required for intuba-
tion may potentially be fatal due to unrecognized disease at
cervical spine levels 1 and 2 (C1-C2). Tracheal intubation us-
ing a direct laryngoscopic technique may be very difficult or
potentially dangerous in some of these patients. During transla-
ryngeal intubation of the trachea, it is important to stabilize the
cervical spine and avoid flexion or hyperextension of the neck.
In difficult cases, it is better to use topical anesthesia in the up-
per airway and intubate the patient with a flexible fiberoptic
bronchoscope (FOB) or laryngoscope (23,35,44–46); such pa-
tients may be gently sedated, but are allowed to breathe sponta-
neously. Adequate clinical neurologic observation for possible
spinal cord compression, weakness, or paralysis of the extrem-
ities must be done during the procedure. This usually consists
of asking the patient for development of new or sudden tin-
gling or numbness in the hands or feet while manipulating
the airway or neck. Perceived or observed muscle weakness
or paralysis of a limb is equally important, as this may im-
ply spinal cord compression. This intubation technique has a
favorable influence on the safety of the airway management
of patients with RA. Blind nasotracheal intubation technique
can be done as well, but may cause laryngeal edema and con-
tribute to postextubation airway problems. It is advisable to
avoid this technique, if possible, in a patient with the laryngeal
disease.

Card iovascular Manife st at ions
of Rhe umat oid Art hrit is

The prevalence of cardiovascular involvement in RA may
be as high as 35% (3,48–55) and contributes to a high
mortality. Clinically significant manifestations are not com-
mon, but autopsy series and echocardiographic studies have
shown a high prevalence of pericardial disease with or without
effusion. The occurrence of pericardial disease is more com-
mon during a flare-up of RA. Occasionally, symptomatic peri-
carditis may lead to chronic disease, requiring surgical inter-
vention. Inflammatory nodules can occur in the myocardium
and on the valves, causing valvular dysfunction, embolic phe-
nomena, and conduction changes. The mitral valve is affected
most often, followed by the aortic, tricuspid, and pulmonary
valves.

Additionally, the risk for coronary artery disease is high. Is-
chemic heart disease may be unmasked by the use of NSAIDs
or cyclo-oxygenase (COX)-2 inhibitors. Some newer biologic
DMARDs can increase mortality if used in patients with sig-
nificant congestive heart failure. The initial treatment for peri-
carditis includes the use of NSAIDs; prednisone (1 mg/kg) may
be necessary in some patients. High-dose corticosteroids may
be of benefit in myocarditis.

Vascular Dise ase and Vasculit is

Rheumatoid inflammation may induce a vasculitis, which com-
monly involves the skin, and is generally without the features of
a coexistent systemic vasculitis. Inflammation may damage the
exocrine glands, resulting in secondary Sjögren syndrome (xe-
rostomia and keratoconjunctivitis sicca). These manifestations
suggest a systemic defect in immune homeostasis. Patients with
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active extra-articular disease and high rheumatoid factor titer
can develop vasculitis, which can manifest as muscle pain or
weakness, infarcts of the nail beds, and gangrene of the finger-
tips due to distal arteritis, cutaneous ulcerations, sensory neu-
ropathy, or mononeuritis multiplex. Arteritis of visceral vessels
may manifest as abdominal pain; the lung, heart, and spleen
may also be involved.

Muscle Involve me nt

Muscle weakness in a patient with RA is common and multifac-
torial, and may be due to synovitis and joint disease, deformed
joints, myositis, or polymyositis, and occasionally it may be
due to drug-induced myopathy. Corticosteroids, HMG-CoA
inhibitors, and antimalarial drugs can cause muscle weakness
or myopathy.

Ost e op orosis, Ost e op e nia,
and Skin Involve me nt

Osteoporosis and osteopenia of the hip or lumbar spine are
common in patients with RA, usually resulting in stress frac-
tures of long bones and vertebral compression deformities. Skin
changes include atrophy and ecchymosis due to steroid use, and
ulceration due to chronic stasis, arterial insufficiency, or neu-
trophilic dermatoses.

Re nal Involve me nt

Glomerulonephritis or vasculitis may occasionally occur in pa-
tients with RA. However, many of the drugs used to treat
RA, especially NSAIDs, gold, cyclosporine, and penicillamine,
may also damage the kidneys; secondary amyloidosis may also
occur.

He mat olog ic Involve me nt

Many patients with active disease have anemia of chronic dis-
ease, a normocytic hypochromic pattern with hemoglobin hov-
ering around 10 g/dL. The degree of anemia correlates with
disease activity and the erythrocyte sedimentation rate (ESR).

Felty syndrome is a clinical condition characterized by an
enlarged spleen, anemia, and thrombocytopenia. These pa-
tients may come to the ICU post splenectomy. Pseudo-Felty
syndrome, or “ large granular lymphocyte (LGL) syndrome,”
is characterized by splenomegaly, circulating LGLs, and neu-
tropenia; these patients are prone to repeated infections. Lym-
phoproliferative disease can occur in patients with RA and,
in some, may be due to therapeutic interventions—especially
methotrexate and the newer biologic DMARDs.

Ce nt ral Ne rvous Syst e m Involve me nt

The central nervous system (CNS) is usually not affected in RA,
although vasculitis of peripheral nerves can cause mononeuritis
multiplex.

TA BLE 1 6 7 . 5

CURRENT THERAPY OF RHEUMATOID ARTHRITIS:
TRADITIONAL DISEASE-MODIFYING
ANTIRHEUMATIC DRUGS

Methotrexate
Hydroxychloroquine
Leflunomide
Cyclosporin
Azathioprine
Oral/parenteral gold
d-Penicillamine
Minocycline

Tre at me nt of Rhe umat o id Art hrit is

The therapy of RA has evolved significantly in the past few
years. The proper management of RA requires the identifica-
tion of the stage, activity, and severity of disease (6–18). Early
aggressive therapy (Table 167.5) is given to minimize the severe
disability commonly seen in patients with advanced RA, but a
goal of complete remission is elusive. A clear, optimal drug
treatment algorithm is lacking. In general, the drugs can be di-
vided into three classes: (a) NSAIDs, (b) glucocorticoids, and
(c) DMARDs, both traditional and biologic. In general, physi-
cians use the above-mentioned drug classes sequentially. Tradi-
tional treatment is started with NSAIDs for symptomatic relief
of stiffness and pain. The traditional DMARDs are started if
there is no clinical response to this first-line therapy. Corti-
costeroids are used for flare-ups, although, like the DMARDs,
their side effect profile is significant (Table 167.6).

Aggressive biologic therapy targets specific components of
the immune response such as inhibition of TNF by monoclonal
antibodies, inhibition of interleukin-1, inhibition of T-cell ac-
tivation, and B-cell depletion (Table 167.7). Specific guidelines
have been developed for TNF inhibitors. TNF inhibitors are
given when a satisfactory response is not seen by conventional
DMARDs in a patient with active RA; it is followed by other bi-
ologic DMARDs, anticytokine treatment, and sometimes com-
bination therapy (8–18). The newer biologic DMARDs are very
expensive and associated with serious risks of infection, can-
cer, and death (16–18). The long-term efficacy of the biologic
DMARDs is unknown. TNF inhibitors should be avoided in a
patient with significant heart failure, as it may increase mortal-
ity. Besides local infusion side effects, development of serious
infections occur in 3% to 6% of cases; these agents should
be stopped in the presence of an active infection. Reactivation
of tuberculosis is a major concern; hence, patients should be
screened for tuberculosis before initiating therapy. Other drugs
have shown benefits in patients who have not responded to con-
ventional DMARDs and TNF inhibitors. For example, ritux-
imab was recently approved for use in RA. It is an anti-CD20
monoclonal antibody that depletes B lymphocytes (17). The
risk of serious infection, including tuberculosis, remains high
with the use of this drug. Interestingly, patients with chronic
obstructive lung disease have more adverse pulmonary effects.
Serious side effects, including fever, chills, urticaria, bron-
chospasm, bronchopneumonia, hypotension, Staphylococcus
aureus sepsis, angioedema, and even death, have been reported
with use of this drug.
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TA BLE 1 6 7 . 6

COMPLICATIONS OF RHEUMATIC DRUGS COMMONLY SEEN IN THE
INTENSIVE CARE UNIT

Drug GI tract Hematology, dermatology, others

NSAIDs Upper GI bleeding
Peptic ulcer disease

Anemia

Azathioprine Enterocolitis, cholestasis,
jaundice, hepatic vein
thrombosis, transaminase
elevations

Low WBC count

Methotrexate Enterocolitis, elevation of ALT
and AST

Low platelet and WBC count

Cyclophosphamide Hemorrhagic cystitis
Corticosteroids Peptic ulcer disease,

osteoporosis, acute
psychosis

Fatty liver, DM, pancreatitis

Allopurinol Hepatitis Steven-Johnson syndrome
Colchicine Diarrhea/dehydration,

gastritis hepatic injury
Hypersensitivity vasculitis,

interstitial nephritis
Sulfasalazine Hepatitis, pancreatitis Aplastic anemia, Stevens-Johnson

syndrome, agranulocytosis,
hemolysis, methemoglobinemia

Gold Enterocolitis, intrahepatic
cholestasis

Exfoliative dermatitis

Penicillamine Hemolysis Arrhythmia, cardiomyopathy,
pemphigus, seizures

GI, gastrointestinal; NSAIDs, nonsteroidal anti-inflammatory drugs; WBC, white blood cell; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; DM, diabetes mellitus.

Diag nosis, Tre at me nt , and Monit oring of Lung
Dise ase in Rhe umat o id Art hrit is

The treatment of lung disease in RA is empiric, based upon
the underlying problem. Usually, the pulmonary manifestations
of RA respond well to corticosteroids; other immunosuppres-
sive drugs are often added when pulmonary disease progresses
and/or steroid side effects appear. It is important to differen-

tiate between the pulmonary effects of the underlying connec-
tive tissue disease and complications due to treatment, such as
opportunistic infections, and toxic and idiosyncratic drug re-
actions. Unrelated primary pulmonary disease such as COPD
may also be present.

If histologic investigation is needed to establish or exclude
a diagnosis of lung involvement, open lung biopsy is the gold

TA BLE 1 6 7 . 7

CURRENT THERAPY OF RHEUMATOID ARTHRITIS: BIOLOGIC DISEASE-MODIFYING ANTIRHEUMATIC DRUGS

Drug Dose/route Class Other considerations

Methotrexate 7.5–25 mg/wk Dihydrofolate reductase Generic, drug of choice
oral/SC/IM

Leflunomide (Arava) 10–20 mg qd oral Pyrimidine synthesis inhibitor Very long half-life, enterohepatic
recirculation

Etarercept (Enbrel) 50 mg/wk SC TNF receptor blockade No live vaccine, careful in CHF
Adalimumab (Humira) 40 mg q2wk SC Anti-TNF monoclonal antibody No live vaccines, careful in CHF
Infliximab (Remicade) 3 mg/kg q4–8wk IV TNF monoclonal antibody No live vaccines, careful in CHF
Anakinra (Kineret) 100 mg qd SC IL-1 receptor antagonist No live vaccines
Rituximab (Rituxan) 1,000 mg IV q2–4wk; single,

short course
Anti-CD20 monoclonal

antibody, B-cell depletion
Given with methotrexate
Avoid in pregnancy, death

reported
Abatacept (Orencia) 500–1,000 mg/wt based

dose, variable interval
T-lymphocyte modulator No live vaccines

Test for TB, limited to refractory
disease

SC, subcutaneous; IM, intramuscular; TNF, tumor necrosis factor; CHF, congestive heart failure; IL, interleukin.
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standard (8,20). As the natural history is variable, clear guide-
lines for monitoring lung disease do not exist. Obtaining base-
line pulmonary function tests (PFTs), including spirometry,
lung diffusion, and lung volumes, is important, and follow-
up tests can be tailored based on the patient’s symptoms. Once
abnormalities are detected, or a patient is on treatment, ap-
propriate follow-up with PFTs and chest CT can be done.
High-resolution chest CT appears more sensitive than PFTs for
detecting small airway disease (22).

Pre op e rat ive Evaluat ion of Rhe umat oid
Art hrit is Pat ie nt s

Surgery should be undertaken after an overall assessment of
general health, status of the arthritis, and preparedness for re-
habilitation. Attention must be given to organs that may be
affected by RA. Sites requiring specific review include the cer-
vical spine, lungs, airway, bone, and bone marrow. The patient
with RA may require supplementary corticosteroids and an ad-
justment of the dose of their antirheumatic medications.

Int e nsive Care Unit and Post op e rat ive
Care and Out come s

Patients with RA may be admitted to the ICU due to non–RA-
related medical or surgical diseases requiring ICU care (53–
57). Medical complications from the drug treatment of RA can
occur, including severe sepsis and shock, gastrointestinal (GI)
bleeding, airway compromise due to sedative and narcotic use,
respiratory failure from lung disease, or spinal cord compres-
sion and neurologic impairment. Careful administration of the
drugs and close monitoring are essential. Respiratory failure
due to restrictive or obstructive lung disease also makes these
patients susceptible to pulmonary complications. Close neuro-
logic monitoring of these patients is important.

The studies evaluating ICU admission and outcome of pa-
tients with RA are limited and retrospective in nature (53–57).
All appear to show a high mortality. Such analyses are good
for predicting outcome in a research setting, but are difficult to
use in predicting outcome of an individual patient. Short-term
mortality correlates with a higher simplified acute physiologic
score (SAPS), poor health status, prior corticosteroid therapy,
and infection. Acute infection, the main reason for ICU admis-
sion, is a negative predictor for survival.

Invasive Monit oring Cat he t e r Place me nt
Placing a radial arterial catheter may be difficult in advanced
cases of RA due to flexion joint deformities at the wrist. In ad-
dition, arteries may be small and calcified. Patients may have
severe peripheral arterial disease, vasculitis, or carpal tunnel
syndrome, and may be at risk of increased complications of the
radial artery arterial line placed (12,13). It is better to avoid
inserting a peripheral arterial catheter in a patient with Ray-
naud phenomenon. If a patient needs continuous blood pres-
sure (BP) monitoring, one should preferably insert a femoral
arterial line. Central line placement in the neck may be a
problem due to fusion or flexion deformities of the cervical
spine.

Use of Immunosup p re ssive Drug s in t he
Pe riop e rat ive Pe riod

The use of immunosuppressive drug therapy in the periopera-
tive period remains controversial (52). A survey of 200 physi-
cians was conducted regarding the use of methotrexate in the
preoperative period in RA patients undergoing surgery. Many
physicians were concerned about the increased risk of postop-
erative complications from its use; newer biologic DMARDs
should be avoided in the perioperative period.

Mixe d Conne ct ive Tissue Dise ase s

Mixed rheumatologic conditions have features of polymyosi-
tis, dermatomyositis, SLE, and scleroderma. A high incidence
of pulmonary complications is seen with these variants, in-
cluding pulmonary hypertension, pleural effusions, aspiration,
respiratory muscle dysfunction, and varying degrees of ILD.

ANKYLOSING SPONDYLITIS
Ankylosing spondylitis (AS) primarily affects young adults,
with an average onset of age between 20 and 30 years. It is
associated with chronic backache, fatigue, malaise, impaired
sleep due to back or joint pain, and, occasionally, fever. AS is
considered primarily a spinal disease, but the hip joints, eyes,
lungs, and heart may also be involved (49,58–67). The diagno-
sis of AS is a clinical one; however, finding sacroiliitis on imag-
ing can be supportive. Neurologic symptoms, such as paresis
and variable impairment, can occur with spinal cord or spinal
nerve compression. Some may develop vertebral fractures with
trivial trauma. The most common site of compression of the
spinal cord is at the C5-C6 level. Sometimes, clinically signifi-
cant spontaneous subluxation of the atlantoaxial joint can oc-
cur. Ramos-Remus et al., in a study of 103 patients, observed
anterior or posterior atlantoaxial subluxation in 21% and 2% ,
respectively, of individuals with AS (60). After 2 years, progres-
sion of anterior subluxation was observed in about 50% . This
problem is managed similar to that seen in RA. A higher inci-
dence of compression fractures of the thoracic lumbar spine is
also noted due to premature osteoporosis. The “cauda equina
syndrome” can occur due to advanced lumbosacral ankylosis.

Pulmonary involvement consists of restrictive disease.
Cough with dyspnea due to chest wall fixation and stiffness
can occur, but diaphragmatic function is usually preserved (58);
lung diffusion is impaired (63). The incidence of ILD is very
low in AS but may appear as a late complication of chronic AS.
ILD has a predilection for upper lobes and causes fibrocystic
changes which may mimic pulmonary tuberculosis; there is no
specific therapy. The potential for infection and life-threatening
hemoptysis due to Aspergillus species remains high.

Asymptomatic cardiovascular disease secondary to AS is
common (49). An echocardiographic study showed cardiac ab-
normalities in 29% , including aortic regurgitation, pericardial
effusion, mitral valve prolapse, and electrocardiogram (ECG)
changes. Transesophageal echocardiography has shown valvu-
lar abnormalities in up to 80% , mostly of no clinical signifi-
cance. Aortic regurgitation can occur, and is managed like any
other incidence of aortic regurgitation.

Renal disease associated with AS includes problems due
to analgesic use or abuse, IgA nephropathy, and secondary
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amyloidosis. End-stage renal disease may result, and the prog-
nosis is poor.

Asymptomatic ileal and colonic mucosal ulcerations have
been detected by endoscopic examination. In one study, en-
doscopic lesions were found in 44% of patients with spondy-
loarthropathy versus only 6% of patients with other inflam-
matory arthritides (65). Treatment is with DMARDs (66,67).
Uveitis, cataracts, glaucoma, intraocular pressure, and macular
edema may also occur.

SYSTEMIC SCLEROSIS:
SCLERODERMA

Systemic sclerosis (SSc) is a systemic inflammatory disease that
leads to extensive fibrotic changes affecting the musculoskele-
tal, kidney, lung, and circulatory systems, as well as the GI tract
(68–76). SSc is divided into diffuse (DcSSc) and limited cuta-
neous systemic sclerosis (LcSSc). Patients with DcSSc are char-
acterized by skin sclerosis of the chest, abdomen, or upper arms
and shoulders, and are more likely to have, or develop, internal
organ damage due to ischemic injury or fibrosis than are those
with LcSSc. LcSSc is generally associated with the CREST syn-
drome, and consists of calcinosis cutis, Raynaud phenomenon,
esophageal dysmotility, sclerodactyly, and telangiectasia.

Raynaud phenomenon (RP) is due to an episodic, reversible
arterial vasospasm in the digits, characterized by sequential
color changes of pallor (“white”), acrocyanosis (“blue”), and
reperfusion hyperemia (“ red”). It is precipitated by changes
in temperature or stress. Some patients with SSc can develop
progressive structural changes in the small blood vessels, with
permanently impaired flow, digital ulceration, or infarction. RP
is also seen in other connective tissue diseases. Vascular injury
and subsequent chronic damage underlies other serious com-
plications of systemic sclerosis, including pulmonary arterial
hypertension, scleroderma renal crisis, and gastric antral vas-
cular ectasia, and contributes to the pathogenesis of cardiac
and gastrointestinal complications.

The lungs are involved in the majority of the patients, with
a variety of abnormalities being present (Table 167.2). The ma-
jority of the patients will develop progressive dyspnea, cough,
and respiratory failure. Even in an asymptomatic patient with
a normal chest radiograph, a chest CT may demonstrate ILD.
The ILD in SSc is common and progressive, and eventually
leads to end-stage fibrosis and honeycombing. The course of
the disease is slower than idiopathic UIP; otherwise, the clinical
presentation and treatment are similar to that of other causes
of ILD. The results of therapy are variable. The risk of lung
cancer is increased as well.

Pulmonary vascular disease occurs in approximately 10%
of patients with SSc. It resembles idiopathic pulmonary hyper-
tension, and is often complicated by cor pulmonale, dyspnea
with exertion, and low exercise tolerance; it is progressive and
often fatal within 5 years. However, with recent new drugs,
the course of the disease may be altered favorably for some
patients.

The majority of patients with SSc will have some de-
gree of gastrointestinal involvement—esophageal hypomotil-
ity, gastroesophageal reflux, chronic esophagitis, stricture
formation—all of which may result in aspiration pneumonia.
Pseudo-obstruction, malabsorption, and fecal incontinence can

occur. Vascular ectasia in the stomach is not uncommon and
may cause chronic GI bleeding and anemia.

Kidney disease is very common in SSc and may be asymp-
tomatic (71–73). Autopsy data suggest that 60% to 80% of
patients with DcSSc have pathologic evidence of kidney dam-
age. Acute onset of renal failure with moderate or malignant
hypertension may be noted. Microangiopathic hemolytic ane-
mia, pulmonary edema, headache, blurred vision, hypertensive
encephalopathy, or seizures may occur. Treatment with calcium
channel blockers, such as nifedipine, diltiazem, or amlodipine,
may show benefit in RP, and angiotensin-converting enzyme
inhibitors may be helpful in improving local blood flow. Silde-
nafil and other phosphodiesterase V inhibitors and bosentan,
an inhibitor of the potent vasoconstrictor endothelin-1, are be-
ing used for improvement of the peripheral and pulmonary
circulation.

SJÖGREN SYNDROME
Sjögren syndrome (SjS)—a disease with a predilection for
women—consists of a triad of polyarthritis, keratoconjunctivi-
tis, and xerostomia. The secondary form can be associated with
any of the connective tissue diseases, most commonly with RA
(77–79). Patients with SjS developed inspissated airway secre-
tions, cough, hoarseness of voice, recurrent aspiration pneu-
monia, and, eventually, bronchiectasis (77). The risk of ILD
remains high in the secondary form of SjS. Lymphoprolifera-
tion can occur, resulting in lymphocytic ILD or lymphomatous
transformation. Pseudolymphoma may be difficult to differen-
tiate from malignant lymphoma, and may appear as one or mul-
tiple masses on chest images. The lymphocytes infiltrate into
the alveoli and interstitium, causing restrictive impairment on
PFTs. The disease responds well to immunosuppressive treat-
ment. The development of enlarged thoracic lymph nodes or
pleural effusion suggests lymphoma (77,79).

POLYMYOSITIS–
DERMATOMYOSITIS

In this process, difficulties with swallowing and with airway
protection are significant problems, and aspiration is a com-
mon occurrence. Patients usually have significant skin and
muscle involvement prior to developing aspiration (80–82).
Maximal airway pressures during inspiration and exhalation
are usually decreased; respiratory failure due to muscle weak-
ness can occur. The serial analysis of airway pressure mea-
surement can be used to assess response to medical therapy.
Occasionally, patients may need mechanical ventilatory sup-
port during an acute crisis or in the presence of respiratory
failure precipitated by recurrent aspiration.

SYSTEMIC LUPUS
ERYTHEMATOSUS

Ge ne ral Consid e rat ions and Ep id e miolog y

SLE is characterized in the laboratory by the presence of an-
tibodies directed against nuclear antigens. Clinically, it is a
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multisystem disorder that may be organ or life threatening,
and patients may have a variety of presentations. Over 90% of
patients with SLE have positive antinuclear antibodies (with a
titer greater than 1:80). While this test is sensitive for the diag-
nosis, it is nonspecific; antibodies to double-stranded DNA and
nucleosomes are more specific for SLE. The American Rheuma-
tologic Association (ARA) has published diagnostic criteria
(83). The diagnosis of SLE is made when four or more of the
criteria are present, either simultaneously or serially, as shown
in Table 167.8. The etiology of SLE is likely multifactorial—
genetic, hormonal, environmental, and immunologic factors all
have a role. SLE affects adult women approximately ten times

more frequently than men, with a predilection for females in
their 20s or 30s. The course of SLE may be indolent or explo-
sive. Important clinical manifestations are discussed below.

Lup us Ne p hrit is

Lupus nephritis occurs due to formation of immune deposits
in the glomerulus. It remains the most feared complication and
carries the highest risk of death or morbidity. Significant renal
disease affects approximately 30% of patients with SLE. Pro-
teinuria (greater than 0.5 g/24 hours) and/or red blood cell casts

TA BLE 1 6 7 . 8

AMERICAN RHEUMATOLOGIC ASSOCIATION CRITERIA FOR THE DIAGNOSIS
OF SYSTEMIC LUPUS ERYTHEMATOSUS

Criterion Definition

Malar rash Fixed erythema over the malar eminences, tending to spare the
nasolabial folds

Discoid rash Erythematous raised scaly patches with follicular plugging;
atrophic scarring may occur in older lesions

Photosensitivity Skin rash as a result of unusual reaction to sunlight
Oral ulcers Oral or nasopharyngeal ulceration, usually painless
Arthritis Nonerosive arthritis involving two or more joints, characterized by

tenderness, swelling, or effusion
Serositis a) Pleuritis with history of pain, rub heard by physician, or effusion

OR
b) Pericarditis as evident on electrocardiogram, or the presence of a

rub or pericardial effusion
Renal disorder a) Persistent proteinuria greater than 0.5 g/d or greater than 3+

qualitatively
OR
b) Cellular casts (red cell, hemoglobin, granular, tubular, or mixed)

Neurologic disorder Seizures or psychosis—in the absence of offending drugs or
metabolic derangements

Hematologic disorders a) Hemolytic anemia with reticulocytosis
OR
b) Leukopenia—less than 4,000 cells/µ L on two or more occasions
OR
c) Lymphopenia—less than 1,500 cells/µ L on two or more

occasions
OR
d) Thrombocytopenia—less than 150,000 cells/µ L in the absence

of offending drugs
Immunologic disorders a) Positive antiphospholipid antibody

OR
b) Anti-DNA antibody in abnormal titer
OR
c) Anti-Sm antibody
OR
d) False-positive serologic test for syphilis known to be positive for

at least 6 mo and confirmed by a negative Treponema pallidum
immobilization or fluorescent treponemal antibody absorption
test

Antinuclear antibody
(ANA)

An abnormal titer of ANA by immunofluorescence or an
equivalent assay at any point in time and in the absence of drugs
known to be associated with “drug-induced lupus” syndrome

Adapted from Tan EM, Cohen AS, Fries JF, et al. The 1982 revised criteria for the classification of systemic
lupus erythematosus (SLE). Arthritis Rheum. 1982;25:1271–1277.
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TA BLE 1 6 7 . 9

CLASSIFICATION OF GLOMERULONEPHRITIS IN SYSTEMIC LUPUS
ERYTHEMATOSUS

Class I Minimal mesangial lupus nephritis: Normal on light microscopy; mesangial
immune deposits on immunofluorescence

Class II Mesangial proliferative lupus nephritis: Mesangial hypercellularity or matrix
expansion, with mesangial immune deposits on immunofluorescence

Class III Focal lupus nephritis: Glomerulonephritis involving less than 50% of
glomeruli, typically with subendothelial immune deposits

Class IV Diffuse lupus nephritis: Glomerulonephritis involving greater than 50% of
glomeruli, typically with subendothelial immune deposits; can be
segmental or global

Class V Membranous lupus nephritis: Global or segmental subendothelial immune
deposits

Class VI Advanced sclerotic lupus nephritis: greater than 90% of glomeruli globally
sclerosed without residual activity

Modified from Weening JJ, D’Agati VD, Schwartz MM, et al. The classification of glomerulonephritis in
systemic lupus erythematosus revisited. J Am Soc N ephrol. 2004;15(2):241–250.

suggest renal involvement. Table 167.9 displays the revised
classification of lupus glomerulonephritis. Even though most
patients with SLE are asymptomatic, renal involvement on
biopsy exceeds 90% with most having class II to IV glomeru-
lonephritis. Aggressive immunosuppressive therapy is always
indicated for class IV, class V, and severe class III glomeru-
lonephritis to avoid progression to renal failure.

Most induction regimens involve the use of high-dose pulse
steroids (methylprednisolone 0.5–1 g daily for 3 days) in com-
bination with cyclophosphamide. The latter may take 10 to 14
days to work. Monthly IV cyclophosphamide boluses may be
less toxic than, and as effective as, daily oral drug (84–86). In
addition to the well-known side effects of corticosteroids, cy-
clophosphamide use may result in significant morbidity, includ-
ing hemorrhagic cystitis, life-threatening infections, increased
risk of malignancy, and gonadal toxicity, in premenopausal
women. More recently, induction regimens using mycopheno-
late mofetil have shown encouraging results (87–91).

Pulmonary Manife st at ions of Syst e mic
Lup us Eryt he mat osus

The lung parenchyma, pleura, vasculature, and/or diaphragm
may be affected in SLE. Infection, including opportunistic or-
ganisms and tuberculosis, should be considered (92).

Ple urit is and Effusion
Pleural effusions in SLE are generally small to moderate, re-
current, often bilateral, and characterized by an elevated pleu-
ral fluid lactate dehydrogenase (LDH), a slightly low pleural
fluid glucose, and low protein. An elevated pleural fluid antin-
uclear antibody (ANA) suggests the diagnosis; however, this
test adds little to the finding of an elevated serum ANA, and
is not necessary (93). The presence of a pleural rub or radio-
graphic evidence of a pleural effusion helps to make the diagno-
sis of lupus pleurisy. Treatment includes drainage if the patient
is dyspneic. Effusions often respond to therapy with NSAIDs.
In nonresponders, moderate- to high-dose corticosteroids are

usually effective; immunosuppressive agents are rarely needed.
Fibrothorax, or trapped lung, is a rare complication that may
require decortication (94).

Acut e and Chronic Pne umonit is
Acute lupus pneumonitis, an uncommon manifestation of SLE,
presents as fever, cough, dyspnea, hypoxemia, pleurisy, basi-
lar rales, and occasionally hemoptysis and pleural effusion
(95,96). Chest radiographs show diffuse acinar infiltrates, es-
pecially in the lower lung zones. Lung biopsy reveals acute
alveolar wall injury, edema, hemorrhage, hyaline membrane
formation, and immunoglobulin and complement deposition
(97). The HR-CT scan shows ground-glass opacification and/or
fibrosis. BAL may show either a lymphocytosis or granulocyto-
sis. An open or video-assisted thoracoscopic lung biopsy may
be necessary to establish the diagnosis. Distinguishing between
lupus pneumonitis and alveolar hemorrhage may be difficult,
but the treatment is the same.

In patients with long-standing SLE, chronic pneumonitis
with fibrosis can occur, often preceded by an episode of acute
pneumonitis. Patients may have an insidious onset of dysp-
nea, chronic dry cough, and recurrent pleuritic chest pain.
PFTs show a restrictive impairment with a reduced diffus-
ing capacity of the lung for carbon monoxide (DLCO) and
high alveolar-arterial (A-a) gradient. The clinical and patho-
logic features resemble that of IPF. The differential diagnosis
includes bilateral pneumonia, congestive heart failure, acute
respiratory distress syndrome (ARDS), occupational lung dis-
ease, malignancy, eosinophilic pneumonia, and other intersti-
tial lung diseases. Diagnostic tools that may be helpful include
BAL, HR-CT, and occasionally, open lung biopsy. The treat-
ment regimen generally tried—prednisone 1 mg/kg/day and
cyclophosphamide—is similar to that used in treating fibros-
ing alveolitis (96–98).

Vanishing Lung Synd rome
This peculiar syndrome is seen in some patients with SLE; it is
characterized by a progressive decrease in lung volume with-
out evidence of interstitial fibrosis or significant pleural disease.
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Symptoms include progressive dyspnea and episodes of pleu-
ritic chest pain (99–101). It should be suspected in patients with
dyspnea, a clear chest radiograph, and elevated diaphragms.
The pathogenesis of this disorder has been debated. One possi-
ble mechanism is poor function and elevation of the diaphragm
secondary to myositis or myopathy (102,103). However, other
reports have documented restrictive lung volumes with nor-
mal diaphragmatic strength (100,104). Theophylline, corti-
costeroids, and/or immunosuppressive therapy may improve
symptoms and lung function (99,105,106). Nocturnal and/or
intermittent noninvasive bilevel ventilation may prove to be
useful.

Diffuse Alve olar He morrhag e in
Syst e mic Lup us Eryt he mat osus

Diffuse alveolar hemorrhage (DAH), with or without hemopt-
ysis, is a rare but serious manifestation of SLE. The etiology is
unknown (107,108). Patients typically present acutely ill with
dyspnea, cough, and sometimes hemoptysis. Bleeding may be
severe enough to produce anemia. Chest radiograph and CT
frequently show bilateral alveolar infiltrates that may mimic
pulmonary edema or infection (Figs. 167.3 and 167.4). BAL
fluid may be increasingly bloody on consecutive BAL speci-
mens; hemosiderin-laden macrophages may also be present.
T2-weighted MRI images may also be useful in establishing
the diagnosis (109). An elevated DLCO is strongly suggestive of
pulmonary hemorrhage but is nonspecific. Definitive diagnosis
can be established only by open lung biopsy (108–111). Diffuse
alveolar hemorrhage in SLE is associated with a very high mor-
tality, even with treatment. However, improved outcomes may
be seen with the use of high-dose corticosteroids (e.g., methyl-
prednisolone 500–2,000 mg/day), cyclophosphamide, mechan-
ical ventilation, and antibiotics (111). Plasmapheresis has been
used with success (112).

Pulmonary Hyp e rt e nsion in Syst e mic
Lup us Eryt he mat osus

Mild to moderate pulmonary hypertension is frequently seen in
SLE. Patients may present with dyspnea, chest pain, syncope,

FIGURE167.3. Chest radiograph showing pulmonary edema–like pic-
ture in a case of systemic lupus erythematosus with pulmonary alveolar
hemorrhage.

FIGURE 167.4. Chest computed tomography showing pulmonary
edema–like picture in a case of systemic lupus erythematosus with pul-
monary alveolar hemorrhage.

fatigue, edema, palpitations, or increased abdominal girth.
Physical findings include jugular venous distention (JVD), a
right ventricular heave, fixed splitting of S2, a right ventricu-
lar S3, hepatomegaly, ascites, peripheral edema, and murmurs
of tricuspid regurgitation or pulmonic insufficiency. Mild hy-
poxemia, enlarged pulmonary arteries with clear lung fields
on chest radiograph, reduced DLCO, and ECG evidence of
right ventricular hypertrophy may be seen. The histopathol-
ogy shows plexiform angiomatous lesions, thickening of the
media layer of the pulmonary arteries, and immunoglobulin
and complement deposition in the walls, and, rarely, vasculitis
(113–115). The diagnosis is made by echocardiography and
right heart catheterization, during which vasodilator testing
may be performed. Ventilation/perfusion scanning to rule out
chronic thromboemboli should be done since patients with
SLE may have antiphospholipid antibodies, putting them at
risk for thrombosis. Treatment of pulmonary hypertension
in patients with SLE is similar to that of patients with idio-
pathic pulmonary hypertension. Patients may benefit from the
use of oxygen, anticoagulants, vasodilators (prostacyclin, cal-
cium channel blockers), bosentan, sildenafil, and intermittent
IV cyclophosphamide (116,117). The treatment of pulmonary
hypertension is discussed in detail elsewhere. Further inves-
tigation is needed to clarify the role of cytotoxic agents in
SLE-related pulmonary hypertension. In general, pulmonary
hypertension associated with SLE is resistant to treatment and
has a poor prognosis (117).

Acut e Re ve rsib le Hyp oxe mia
Acute unexplained hypoxemia is a recognized phenomenon in
SLE (118). Chest radiographs are negative, and pulmonary em-
boli are not identified. Plasma C3a levels have been noted to be
markedly elevated, suggesting the role of pulmonary leukoag-
gregation and complement activation in this disorder. Further
supporting this theory of leuko-occlusive vasculopathy is the
noted up-regulation of adhesion molecules, E-selectin, VCAM-
1, and ICAM-1. Treatment includes corticosteroids alone or in
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combination with aspirin. Gas exchange has been shown to
improve within 3 days (118–120).

Pulmonary Emb olism in Syst e mic
Lup us Eryt he mat osus

Patients with SLE and antiphospholipid antibodies can suf-
fer from a variety of thromboembolic events, including deep
venous thrombosis, acute pulmonary embolism and/or infarc-
tion, and chronic thromboemboli causing pulmonary hyper-
tension. Most patients are treated with anticoagulation. Im-
munosuppressive regimens are generally ineffective.

Bronchiolit is Ob lit e rans wit h
Org anizing Pne umonia

BOOP is seen in SLE and RA, among other disorders, and
is discussed above (Table 167.3). Therapy with prednisone is
usually effective; however, the addition of cyclophosphamide
may be necessary in some cases (121).

Cat ast rop hic Ant ip hosp holip id
Ant ib od y Synd rome

Antiphospholipid antibody syndrome (APS) is characterized by
recurrent arterial and/or venous thrombosis or pregnancy loss,
in association with antibodies directed against plasma proteins
that are bound to anionic phospholipids. Antibodies that may
be detected include anticardiolipin antibodies, lupus anticoagu-
lants, and anti-B2 glycoprotein-I antibodies. APSis often associ-
ated with SLE or other autoimmune disease, but may also occur
alone. A patient with APS may present with widespread throm-
botic disease and end-organ damage, referred to as “catas-
trophic” APS. Diagnostic criteria include involvement of three
or more organ systems, abrupt onset, and confirmation by
histopathology of small vessel occlusion in at least one organ or
tissue, and the presence of antiphospholipid antibodies. With-
out treatment, the prognosis is poor. The recommended man-
agement includes the treatment of any precipitating factor (i.e.,
infection), anticoagulation with heparin followed by long-term

TA BLE 1 6 7 . 1 0

CLASSIFICATION OF VASCULITIS

Vasculitis Sites of involvement/description

Large vessel vasculitis
Takayasu arteritis Aorta and its primary branches
Giant cell or temporal arteritis May be generalized but primarily involves the

cranial branches of vessels originating from the
aortic arch

Medium-sized vessel vasculitis
Polyarteritis nodosa Systemic necrotizing vasculitis typically affecting

small and medium-sized muscular arteries
Kawasaki disease Large, medium, and small arteries, particularly the

coronaries
Isolated central nervous system

vasculitis
Medium and small arteries of the central nervous

system

Small vessel vasculitis
Churg-Strauss arteritis Most often lungs and skin, but may be generalized
Wegener granulomatosis Systemic vasculitis of the medium and small

arteries, as well as arterioles and venules
Most often involves upper and lower respiratory

tract and kidneys
Associated with positive ANCA, hemoptysis, and

cavitary lung lesions
Microscopic polyarteritis Capillaries, venules, or arterioles
Henoch-Schönlein purpura Systemic vasculitis characterized by deposition of

IgA-containing immune complexes
Essential cryoglobulinemic

vasculitis
Immune complex deposition in the walls of

capillaries, venules, and arterioles most often
secondary to hepatitis C infection

Hypersensitivity vasculitis A leukocytoclastic vasculitis most prominent in
postcapillary venules; usually secondary to drugs

Vasculitis secondary to
connective tissue disorder

Involves small muscular arteries, arterioles, and
venules

May occur in RA, SLE, relapsing polychondritis,
and Behçet disease among others.

Vasculitis secondary to viral
infection

Vasculitis of medium and/or small vessel
Associated with hepatitis B and C, HIV, CMV,

EBV, and Parvo B19 virus.

ANCA, antineutrophil cytoplasmic antibodies; RA, rheumatoid arthritis; SLE, systemic lupus
erythematosus; HIV, human immunodeficiency virus; CMV, cytomegalovirus; EBV, Epstein-Barr virus.
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warfarin, and high-dose corticosteroids (methylprednisolone
1 g daily for 3 days) followed by prednisone 1 to 2 mg/kg/day
and cyclophosphamide. Plasma exchange and/or intravenous
immunoglobulin (IVIG) (400 mg/kg/day for 5 days) are used if
there are features of microangiopathy (122–126).

Card iac Manife st at ions in Syst e mic
Lup us Eryt he mat osus

Pe ricard ial Dise ase
Cardiac disease is common in patients with SLE. Pericardial,
myocardial, valvular, coronary, and conduction system in-
volvement may occur (127–134). Pericardial involvement, the
most common cardiac manifestation, may be asymptomatic or
present with positional substernal chest pain and an audible
rub on auscultation. On histopathologic specimens, the peri-
cardium may reveal foci of inflammatory lesions with immune
complexes. Large effusions, tamponade, and constrictive peri-
carditis are rare (129). Pericardiocentesis may be indicated in
patients in whom there is a suspicion of infection. This is espe-
cially true for those who are febrile, are immunocompromised,
or have persistent symptoms or effusion despite treatment. Peri-
cardiocentesis may be necessary to rule out purulent, tuber-
culous, or malignant pericarditis, or if tamponade is present.
Symptomatic patients generally respond to an NSAID such as
indomethacin.

Valvular Dise ase
Structural valvular disease is common in SLE; the mitral valve
is involved most frequently (129). In addition, Libman-Sacks
(verrucous) endocarditis is fairly common in patients with
SLE. Verrucae consist of accumulations of immune complexes,
mononuclear cells, hematoxylin bodies, and fibrin and platelet
thrombi. If the lesions are extensive, the healing process may
lead to valve deformity and regurgitation.

Myocard it is
Myocarditis is often asymptomatic, but global hypokinesis may
result (131). Conduction defects can occur from active or past
myocarditis. Myocardial biopsy may be necessary to distin-
guish myocarditis from other causes of cardiomyopathy. Im-
provement in systolic function has been noted with the use of
high-dose corticosteroids, azathioprine, cyclophosphamide, or
IVIG (130–132).

Coronary Art e ry Dise ase
It is becoming increasingly apparent that SLE may predispose
to premature coronary artery disease (CAD). Chronic use of
glucocorticoids, which can cause or exacerbate hyperlipidemia,
diabetes, and obesity, may be one contributing factor in the
development of CAD. Furthermore, the autoimmune vascular
injury present in SLE may also predispose to atherosclerotic
plaque formation by a number of mechanisms (134).

Ne uro log ic Manife st at ions of Syst e mic
Lup us Eryt he mat osus

Neurologic and/or psychiatric symptoms occur in 10% to 80%
of SLE patients either before or after their diagnosis (135–

137). Neuropsychiatric manifestations seen in SLE (from most
to least prevalent) include cognitive dysfunction, headache,
mood disorder, cerebrovascular disease, seizures, polyneuropa-
thy, anxiety, and psychosis.

THE VASCULITIDES
Vasculitis is defined by the presence of leukocytes in the vessel
wall with reactive damage to mural structures. The various vas-
culitides, in general, vary by the size and location of affected
vessels (Table 167.10). Illness may be severe and life threat-
ening, warranting the need for prompt recognition and treat-
ment. Unfortunately, the diagnosis of vasculitis is often delayed
because the clinical manifestations can be mimicked by a num-
ber of other disorders. Radiologic manifestations are variable
as well, from normal to lung nodule, pulmonary hemorrhage,
or mediastinal lymphadenopathy. Figure 167.5 shows a lung
nodule with cavitation in a case of Wegner granulomatosis.
Therapy depends on the nature and severity of the vasculitis.
A mild cutaneous hypersensitivity vasculitis due to a drug re-
action may resolve spontaneously by discontinuing the offend-
ing drug. However, the systemic vasculitic involvement usu-
ally requires glucocorticoid treatment. Corticosteroids alone
are usually sufficient to induce remission in giant cell arteritis.
However, rapidly progressive diseases, such as Wegener granu-
lomatosis and polyarteritis nodosa, are likely to require steroids
plus cytotoxic therapy, usually cyclophosphamide.

PEARLS
■ An adequate history and physical examination is essential in

the accurate diagnosis of suspected rheumatic disease. Ap-
propriate serologic testing can be requested. Early consul-
tation of a rheumatologist can be very helpful rather than
ordering a wide variety of serologic tests.

Arrow indicates 
cavitary lung 
nodule 

FIGURE 167.5. Lung nodule with cavitation in Wegner granulomato-
sis.
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■ The morbidity and mortality of a person with a rheumato-
logic emergency remains high. Prompt recognition and treat-
ment are essential for a better outcome.

■ Extra care and proper stabilization must be done in patients
with cervical spine problems. Use fiberoptic instrument for
endotracheal intubation in a patient with a compromised
airway.

■ The presence of mononeuritis multiplex, pulmonary-renal
involvement, and palpable purpura is strongly suggestive of
an underlying vasculitic process.

■ The prompt evaluation and therapy of vasculitis is critical
for better outcome.

■ Aspiration and respiratory failure is frequent in Sjögren syn-
drome and polymyositis.

■ Placement of an arterial catheter should be avoided in pa-
tients with Raynaud phenomenon.

■ SLE, the disease itself, as well as available treatments, pre-
dispose to infection.

■ Many clinical manifestations of SLE may mimic infectious
etiologies. To avoid potentially disastrous outcomes, infec-
tion must be excluded before starting immunosuppressive
therapy for a presumed “lupus flare.”
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CHAPTER 168 ■ DERMATOLOGIC
CONDITIONS
MARIONA BADIA r JOSE JAVIER TRUJILLANO

IMMEDIATE CONCERNS
This chapter will consider the skin-related problems that may
be found in intensive care units (ICUs). Within the area of inten-
sive care medicine, dermatologic problems are often forgotten
in the course of daily clinical practice (1). The characteristics
of patients in the ICU—for example, the sedated patient—can
cause dermatologic problems to go unnoticed, as the patient
may be reliant on ICU staff to make note of the integumentary
issue for them. Nevertheless, the emergence of skin problems af-
fecting ICU patients can reach up to 10% of those admitted (2).

The definition of dermatologic disorders (DD) refers to
problems found in the skin, which, due to their magnitude,
need for treatment, or the fact that they may be indicators of
potentially serious diseases, need a medical diagnosis. With the
collaboration of ICU staff, a simple visual inspection of the
patient’s skin, in some cases, may help to make an effective
early diagnosis. A definitive diagnosis may then be made by
an intensivist and, in many cases, finalized by a dermatology
consultant (Table 168.1). Due to the potential severity of its
consequences, it is essential that this pathology be handled by
a critical care specialist (3).

The most expansive organ in the human body, the skin,
comprises various strata:

1. Epidermis, squamous epithelium : Stratified in continual re-
generation; acts as a protective wall to the exterior

2. Dermis: Can be found below the forma stratum, supplying it
with circulation, sensation, and communication with other
systems

3. Hypodermis: Subcutaneous fatty tissue, which acts as a
padding with the underlying layer (4)

Dermatologic disorders that produce alterations in the normal
structure of the skin can become severe due to the loss or de-
terioration in the cutaneous functions. The definition of DDs
that will be used in this chapter is not that used in conven-
tional studies of dermatology but follows a perspective based
in intensive care medicine (Table 168.2).

LIFE-THREATENING
DERMATOLOGIC DISORDERS

Some dermatologic diseases produce a loss of cutaneous func-
tions due to an alteration in the stratum corneum, which pro-
tects us from physical, chemical, and microbiologic assault and
also helps to maintain corporal temperature and homeostasis
(5). The destruction of the stratum corneum, which provides
the skin’s barrier function, produces a significant loss in flu-
ids, causes disorders in thermoregulation, and favors infection.
The term, acute sk in failure, was born out of the need to define
those dermatologic diseases that, owing to their severity and
involvement of cutaneous tissue, can lead to multiple systemic
complications which may be life threatening (6). Some of these
dermatologic diseases, by nature of their own severity, may also
be life-threatening for the patient and require treatment in the
intensive care unit.

Skin failure has various causes—apart from the most com-
mon pathologies such as thermal injury, which are discussed
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TA BLE 1 6 8 . 1

THE USUAL LEXICON USED TO “READ” SKIN CONDITIONS

GENERAL SKIN AFFLICTIONS
Exanthem Skin eruption
Rash A widespread eruption of lesions
Erythema Blanchable redness of the skin by dilation of

superficial blood vessels and capillaries
Purpura Nonblanching violaceous or purple discoloration of

the skin due to extravasation of blood into the
tissue. May be palpable or nonpalpable

Nikolsky sign A detachment of the skin when tangential pressure is
applied with a finger or other object

BASIC SKIN LESIONS
Macule A circumscribed change in skin color without

elevation or depression
Papule A well-circumscribed, elevated, solid lesion less than

1 cm in diameter
Plaque A well-circumscribed, elevated, superficial, solid lesion

greater than 1 cm in size
Wheal An edematous papule or plaque caused by swelling in

the dermis
Nodule A palpable solid lesion greater than 0.5 cm and less

than 2 cm present in the epidermis, dermis, or
subcutaneous tissue

Vesicle A circumscribed elevated lesion that contains free
fluid, less than 0.5 cm in size

Pustule A circumscribed elevated lesion that contains purulent
material, less than 0.5 cm in size

Bulla A circumscribed elevated lesion that contains free
fluid, greater than 0.5 cm in size

Petechia Small nonblanching purpuric macules, less than 0.5
cm in size due to extravasated blood in the skin

Ecchymosis Nonblanching purpuric macules greater than 0.5 cm
in size due to extravasated blood in the skin

SYMPTOMATOLOGY
Pruritus and Pain Common symptoms of skin disorder, but in the

critically ill patient, it may not be possible to
evaluate the symptoms due to use of sedation or the
comatose state

elsewhere—and include cutaneous disorders (i.e., immuno-
bullous disorders, pustular psoriasis, erythroderma, etc.), drug
reactions, and infectious disorders, which can produce systemic
complications (7) (Table 168.3).

Sp e cific Skin Dise ase s

Pe mp hig us
Pemphigus is a disease that produces severe blistering of the
skin and mucous membranes. Pemphigus vulgaris is the most
common form of this group of disorders. It is characterized by
the loss of intracellular adhesion (acantholysis) of the keratino-
cytes induced by the IgG immunoglobulins that act against the
desmoglein 1 and 3 (Dsg1 and 3) markers that are responsible
for the intercellular adhesion of the desmosomes (8).

Pemphigus is related to various factors that can condition
an immunologic reaction against epidermal desmosomes. The
disorder has been associated with drugs such as penicillamine
and captopril, viruses—especially herpes virus (9), pregnancy,

and malignancies such as lymphoma and other lymphoprolif-
erative disorders (10). Pemphigus may also be related to other
autoimmune diseases, such as rheumatoid arthritis, myasthenia
gravis, and pernicious anemia (11).

Clinical Presentation. In most patients, the lesions start in the
oral mucous membranes, which represent the first indication of
the disease. The blisters found in the oral mucous membranes

TA BLE 1 6 8 . 2

CLASSIFICATION OF DERMATOLOGIC DISORDERS IN
INTENSIVE CARE MEDICINE

Life-threatening dermatologic disorders
Dermatologic disorders that are manifestations of a

systemic disease
Dermatologic disorders developed during ICU stay
Dermatologic disorders in specific situations
Prior dermatologic disorders
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LIFE-THREATENING DERMATOLOGIC DISORDERS

SPECIFIC SKIN DISEASES
Pemphigus vulgaris
Bullous pemphigoid
Acute generalized pustular psoriasis
Erythroderma

SEVERE DRUG ERUPTIONS
Toxic epidermal necrolysis (TEN)
Stevens-Johnson Syndrome (SJS)

INFECTIOUS DERMATOLOGIC DISORDERS
Staphylococcal scalded skin syndrome (SSSS)

are very fragile, easily bursting and leaving very painful de-
nuded areas. Later, flaccid bullae develop over large areas of
the patient, especially the trunk, scalp, and flexor surfaces (Fig.
168.1). The epidermal fragility shows itself with the Nikolsky
sign, consisting of detachment of the skin when tangential pres-
sure is applied with a finger or the eraser of a pencil. Despite
the intensity of the clinical picture, pruritus is not a part of the
presentation.

Diagnosis. The diagnosis of pemphigus is based on three cri-
teria: clinical signs, histologic examination, and immunologic
studies. When treating a patient with erosions and mucocuta-
neous blisters, one should consider pemphigus. The routine
histopathologic examination reveals a suprabasilar blister,
acantholysis, and a mild superficial dermal inflammatory in-
filtration (Fig. 168.2). Direct immunofluorescence, using the
perilesional skin as a substrate, reveals IgG and C3 deposi-
tion in the intercellular spaces of the keratinocytes. Indirect
immunofluorescence confirms the existence of antibodies cir-
culating in more than 90% of the patients with active illness,
and the enzyme-linked immunosorbent assay (ELISA) detects
antibodies against the Dsg 1 and 3 (12).

Management. Several therapies are available; however, they
have rarely been evaluated in randomized studies. Pemphigus
is a fairly uncommon disease, and its severity and response to

FIGURE 168.1. Severe life-threatening pemphigus vulgaris. Extensive
erosions caused acute skin failure.

FIGURE 168.2. Histopathology of pemphigus vulgaris. Intraepider-
mic blister containing acantholytic cells. 1. Stratum corneum. 2. Gran-
ular and spinous layers. 3. Suprabasilar blister. 4. Basal layer. 5. Dermis.
Hematoxylin-eosin stain.

treatment vary from patient to patient. However, without treat-
ment, it is a progressive disease with an almost 100% mortality,
although, currently, the prognosis has been greatly improved
by steroid therapy (13).

The treatment of pemphigus is adjusted according to pro-
gression of the lesions. Oral lesions will respond partially
to topical or intralesional treatment with corticosteroids or
other immunosuppressants (14). The standard treatment for
pemphigus vulgaris includes the administration of oral pred-
nisone at a dose of 70 to 90 mg daily; the dose is increased
until control is achieved. The use of steroids with other
immunosuppressants—for example, azathioprine—allows the
steroid dosage to be reduced (15). For those patients with more
than 50% of the total body surface area involved, it is appro-
priate to use pulse steroids, for example, 1 g of methylpred-
nisolone daily for 5 days. Another therapeutic option is the
use of plasmapheresis, which acts by removing the pathogenic
antibodies. However, due to the risk of infection, the admin-
istration of intravenous immunoglobin, at a dose of 2 g/kg
for 3 to 5 days, which decreases the concentrations of circu-
lating pathogenic antibodies, is the treatment of choice (16).
Alternative adjuvant treatments used with steroids, apart from
azathioprine, are cyclophosphamide, mycophenolate mofetil,
methotrexate, gold, and dapsone. Rituximab, an anti-CD20
antibody, is in the experimental phase but has shown promis-
ing results (17,18).

Patients with pemphigus may require admission to the ICU
based on the extensiveness of their lesions; the disorder it-
self will have usually been diagnosed by a dermatologist. Or-
gan failure is another reason that these patients are placed in
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the ICU. The mortality of this disease is related to infectious
complications of the dermatologic disorder itself and of the
immune-suppressing treatment (10).

Bullous Pe mp hig oid
Bullous pemphigoid is an autoimmune, subepidermal blistering
disease that generally affects the elderly but can also affect
young people and children. The natural evolution of the disease
runs its course with exacerbations and relapses, but it halts,
even without treatment, in most patients after 5 years (19).

Clinical Presentation. The typical lesions of bullous pem-
phigoid are tense blisters that can appear on normal or inflamed
skin. The lesions may be generalized, but most commonly are
seen on the lower abdomen, inner thighs, groin, axillae, and
flexor aspects of arms and legs. The mucous membrane, par-
ticularly the oral mucous membrane, is affected in one third of
cases. The bullae are normally full of clear liquid and do not
scar. Unlike pemphigus vulgaris, the lesions are pruritic and, af-
ter their rupture, are not painful. The Nikolsky sign is negative
(20).

Diagnosis. The clinical characteristics of the lesions, along
with the histopathologic and immunologic findings, are diag-
nostic. Histologic study of the lesion shows a subepidermal
blister with fibrinoid material and inflammatory cell infiltra-
tion in its interior, with a predominance of eosinophils. Direct
immunofluorescence (IF) will show deposits of IgG and C3 in
the dermoepidermal junction, and indirect IF shows autoanti-
bodies circulating against proteins of the basal membrane.

Management. Corticosteroids are the mainstay of therapy for
bullous pemphigoid, although the prognosis is good even
without treatment. Localized bullous pemphigoid usually re-
sponds to topical corticoid treatment. Other treatments that
are used with steroids are azathioprine, dapsone, tetracycline,
or plasmapheresis, although these adjunctive therapies are of
doubtful value (21). As noted with pemphigus, these patients
are admitted to the ICU after they have been diagnosed; ICU
admission is mandated based on the extent of the lesions and
the presence of organ failure.

Acut e Ge ne ralize d Pust ular Psoriasis
Acute generalized pustular psoriasis (Von Zumbusch type)
is an acute variant of the psoriasis that is characterized by
widespread erythema and pustules. Precipitating factors have
been detailed and include infection, pregnancy, hypocalcemia,
lithium, and the withdrawal of steroids (22).

Clinical Presentation. The disorder is characterized by a high
fever, followed by the sudden appearance of sterile pustules 2
to 3 mm in diameter. These are initially noted in pre-existing
psoriatic plaques but rapidly generalize to the trunk and ex-
tremities, including palms and soles, and are associated with
generalized erythema.

At a systemic level, the disorder manifests itself with hypo-
volemia and renal and/or hepatic failure. It presents a high risk
of infection and sepsis, with Staphylococcus species a common
causative agent (23).

Diagnosis. The diagnosis is clinical, based on previous history
of psoriasis with the appearance of marked erythema and pin-
point pustules.

Management. Oral retinoids seem to be the most effective
treatment for clearing the lesions in the shortest time. To avoid
recurrences, the treatment should be continued over a period of
3 or 4 months. Methotrexate and cyclosporine have also been
shown to be effective in the treatment of this disorder. Topi-
cal triamcinolone ointment plus wet dressings reduces scaling,
tenderness, pruritus, and discomfort, and helps to re-establish
the barrier function of the skin (24).

Eryt hrod e rma
Erythroderma is defined as a cutaneous inflammation affecting
more than 90% of the body surface area, with a loss of nor-
mal integumentary function. It is the clinical manifestation of
diverse dermatologic or systemic diseases (Table 168.4). The
most frequent causes are psoriasis, spongiotic dermatitis, drug
reaction, and cutaneous T-cell lymphoma, although, on occa-
sion, it is not possible to identify the underlying disease, and
the disorder is classified as idiopathic erythroderma (25).

TA BLE 1 6 8 . 4

PRINCIPAL CAUSES OF ERYTHRODERMA

DERMATOSES
■ Psoriasis
■ Atopic dermatitis
■ Spongiotic dermatitis
■ Pemphigus
■ Pityriasis subra pilaris
■ Bullous pemphigoid

SYSTEMIC DISEASES
■ Dermatomyositis
■ Lupus erythematosus
■ Sarcoidosis
■ Graft versus host disease
■ HIV

MALIGNANCY
■ Lymphomas
■ Leukemias
■ Prostate
■ Lung
■ Thyroid

DRUGS
■ Allopurinol
■ Amiodarone
■ Aztreonam
■ Cefoxitin
■ Chlorpromazine
■ Antimalarials
■ Aspirin
■ Lithium

Modified from Balasubramaniam P, Berth-Jones J. Erythroderma:
90% skin failure. Hosp Med. 2004;65:100; and Rothe MJ, Bernstein
ML, Grant-Kels JM. Life-threatening erythroderma: diagnosing and
treating the “red man.” Clin Dermatol. 2005;23:206, with permission.
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Clinical Presentation. Erythroderma usually affects middle-
aged men. When erythroderma is related to drugs, the disorder
appears suddenly, with rapid and progressive inflammation.
When caused by a dermatologic disease, progression of the
erythroderma is slower, presenting as a generalized erythema
in which scaling and desquamation are very variable; pruri-
tus may be noted. If the itching is intense, one should suspect
lymphoma as the underlying disease.

Systematically, there is an increase in capillary permeability
with a rise in cardiac output, resulting in a distributive shock-
like state. There is also an alteration in the fluid and electrolyte
balance due to the cutaneous loss of fluids, electrolytes, and
proteins.

Diagnosis. Laboratory findings are not particularly helpful in
making the diagnosis of erythroderma. Clinical signs, together
with a cutaneous biopsy, are what actually yield the data for
the diagnosis. Interestingly, in one third of cases, an etiologic
diagnosis is not made. A peripheral blood analysis is necessary
to look for potential malignant hematologic problems.

Management. The main objective is the control of systemic
problems derived from the loss of cutaneous function. Parallel
to this, it is necessary to investigate the disease responsible for
erythroderma in order to establish a specific treatment regimen.
The fundamental pillar of this treatment is the restoration of
fluid and electrolyte balance to obtain hemodynamic stability.
With regard to the skin, potent topical agents are not recom-
mended due to the risk of systemic effects.

A warm, humid environment improves patient comfort and
prevents hypothermia. Apart from localized measures, systemic
treatment should be established according to the suspected un-
derlying disease. In the case where the underlying disease is not
known, we evaluate the use of corticosteroids and cyclosporine
(26).

Se ve re Drug Erup t ions

Toxic Ep id e rmal Ne cro lysis
Toxic epidermal necrolysis (TEN), described by Lyell, is a der-
matologic disease caused by an idiosyncratic reaction to drugs
(27). It most often starts with a nonspecific febrile picture, fol-
lowed by mucocutaneous lesions, and later develops epidermal
detachment, which affects more than 30% of the body’s surface
area (28); the mortality rate ranges between 30% and 50% .
Sulfonamides are the drugs most frequently associated with
TEN, followed by cephalosporins, quinolones, imidazoles, and
anticonvulsants such as phenytoin. The list of drugs implicated
continues to increase, including groups as diverse as antibi-
otics, analgesics, nonsteroidal anti-inflammatory agents, and
sedatives (29).

Clinical Presentation. Following the febrile presentation, an
eruption spreads symmetrically over the face and down the
trunk, eventually covering the entire body. The lesions start as
erythematous macules, followed by flaccid blisters that are eas-
ily ruptured, producing necrosis and weeping from the epider-
mis; the Nikolsky sign is positive. The eroded surface usually
composes between 30% and 80% of the cutaneous surface.
In most cases, there is mucous membrane involvement with

painful erosions. On occasion, an extensive epithelial detach-
ment occurs in the trachea, bronchi, and also in the gastroin-
testinal tract, resulting in respiratory failure and accompanying
gastrointestinal symptoms.

Diagnosis. TEN lesions are characterized by a massive apop-
tosis of the epidermis that induces epidermal necrosis with
the development of subepidermal blisters, with an underlying
sparse mononuclear cell infiltration. The immunohistochem-
istry shows tumor necrosis factor-α deposits in the epidermis,
with a predominance of T lymphocytes (30).

Management. After making the diagnosis, the first therapeu-
tic response is the rapid withdrawal of potentially culpable
medications from the patient, along with general supportive
therapy; the latter therapy usually requires a burn or inten-
sive care unit. Treatment is supportive, as there is no specific
therapy available. Although corticosteroids have been used ex-
tensively, they have not demonstrated obvious beneficial ef-
fects and, in some series, result in an increase in mortality.
Thus, these agents are not recommended in TEN. Notwith-
standing this lack of positive effect of steroids, severe TEN
may be treated with cyclosporine at a dose of 3 to 5 mg/kg/day;
this regimen has resulted in promising results. Other therapies,
such as zinc, plasmapheresis, and immunoglobulins, although
promising, require more study (31,32).

St e ve ns-Johnson Synd rome
Stevens-Johnson syndrome (SJS) is a mucocutaneous disease
caused by a drug-induced reaction, sharing etiologic, histo-
logic, and therapeutic characteristics with TEN (33). Clas-
sically, SJS was considered a severe variant of erythema
multiforme. Today, however, these are considered to be two dif-
ferent entities. Erythema multiforme is postinfectious in origin
(seen especially after herpes and mycoplasma), and the lesions
are, morphologically, target lesions with symmetric and mainly
acral distribution and, histologically, have a more mononuclear
infiltrate and a lesser degree of epidermal necrosis—different
than SJS. Additionally, to further point out the differences, the
mortality is low—5% to 15% —compared to the 30% to 50%
seen with SJS (34).

The clinical presentation of SJS is the same as that of TEN
but usually involves less than 10% of the total body surface
area. The mucous membranes are involved, and a dissemi-
nated cutaneous eruption with discrete, dark-red maculae—
sometimes with a necrotic center—followed by epidermal
necrosis, are seen. This might be considered a TEN variant,
but with a lesser cutaneous detachment and lower (5% –15% )
mortality. Treatment involves withdrawal of causal drugs, sup-
portive measures, and the avoidance of steroids (35).

Infe ct ious De rmat o log ic Disord e rs

St ap hylococcal Scald e d Skin Synd rome
Staphylococcal scalded skin syndrome (SSSS) is a severe blister-
ing disease caused by exfoliative exotoxin produced by Staphy-
lococcus aureus. The exotoxin provokes subcorneal separation
of the cornea stratum through interaction with desmoglein 1,
essential for maintaining the integrity of the epidermis (36).
This disorder predominantly affects children younger than
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FIGURE 168.3. Widespread blistering and erosions over the limbs
with staphylococcal scalded syndrome. (Courtesy of J.M. Casanova,
M.D.: http://www.dermatoweb.net.)

5 years of age, although older children and adults may also
suffer intoxication, especially when there are predisposing fac-
tors such as renal failure, immunosuppression, malignancy, or
alcohol abuse. In such cases, the mortality rate may exceed
60% . Bullous impetigo (see section below, Cutaneous Infec-
tion) is a localized form of cutaneous staphylococci infection
that normally appears during the first years of life, although
occasionally it may be seen later, especially when associated
with immunosuppression. For example, bullous impetigo may
commonly be the first manifestation of HIV infection.

Clinical Presentation. SSSS is produced in the context of
staphylococcal septicemia. The primary infection is usually not
found cutaneously, but in the nasopharyngeal mucous mem-
brane, in the urinary tract, or at the conjunctival level. Flaccid
bullae form predominantly in the folds of the skin and around
natural orifices. The blisters grow and break easily, leaving a
wet erythematous base that gives the appearance of scalded
skin (Fig. 168.3). At resolution, there is no scarring, and very
rarely are the mucous membranes involved. The Nikolsky sign
is positive in this disorder.

Diagnosis. The diagnosis is initially based on the clinical pic-
ture, with the presence of erythroderma, desquamation, and
bullae. Microbiologic study, with the isolation of an exotoxin
producing S. aureus, confirms the diagnosis. Histologic study
reveals a subcorneal separation in the granular layer due to in-
traepidermal acantholysis. As with the isolation of S. aureus,
the histologic study—showing no epidermal necrosis—permits
the exclusion of TEN, as these two entities can be indistinguish-
able clinically (37).

Management. The resolution of the cutaneous lesions is swift
after the initiation of an adequate antibacterial regimen, of-
ten with a beta-lactamase–resistant penicillin. As the cutaneous
desquamation is superficial, there usually is no serious loss of
fluids or electrolytes through the skin.

Summary

As we have seen, dermatologic disorders that are life threat-
ening can be divided into two large groups. The first consists

of autoimmune diseases that are usually diagnosed before the
patient is admitted to the ICU; the prognosis can be modi-
fied if immunosuppressive agents are administered as treat-
ment. The second group is made up of disorders that may
start during the patient’s stay in the ICU from toxic or in-
fectious causes. Differentiating these disorders in critically ill
patients receiving multiple medications often presents a diag-
nostic challenge. Among these disorders, those that carry the
highest mortality are the vesiculobullous disorders, followed by
TEN (38).

SYSTEMIC DISEASES PRESENTING
AS DERMATOLOGIC-LIKE

DISORDERS
Some dermatologic alterations are not signs of a life-
threatening cutaneous disorder. However, they are expressions
of potentially serious systemic diseases. Sometimes these lesions
are subtle and may pass unnoticed by the patient and/or his or
her physician; however, their recognition may be the key to
obtaining early diagnosis and treatment (Table 168.5).

Pe rip he ral Vascular Disord e r–Re lat e d
Syst e mic Infe ct ion

In some infectious systemic diseases, an alteration to the blood
vessels is produced, secondary to direct vascular damage or, on
occasion, due to a hypersensitivity reaction whereby immune-
complex deposits give rise to characteristic cutaneous lesions.

Ne cro t ic Purp uric Rash
Necrotic purpuric rash is typical in acute systemic infection
by N eisseria meningitidis. Generally, early recognition of these
lesions helps in the diagnosis of this severe systemic disease.
Petechiae and ecchymoses are the most common lesions, usu-
ally localized on the trunk and the extremities (Fig. 168.4) al-
though, on occasion, they may affect mucous membranes. Ini-
tially, the lesions are small, irregular, and slightly raised, but in
some patients the lesions quickly become confluent, giving rise
to large ecchymotic areas—a bad prognostic sign.
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DERMATOLOGIC DISORDERS THAT ARE
MANIFESTATIONS OF A SYSTEMIC DISEASE

PERIPHERAL VASCULAR DISORDER–RELATED
SYSTEMIC INFECTION

■ Necrotic purpuric rash
■ Ecthyma gangrenosum
■ Septic microemboli

CONNECTIVE TISSUE DISORDERS
■ Scleroderma
■ Systemic lupus erythematosus
■ Dermatomyositis

CUTANEOUS VASCULITIS
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FIGURE 168.4. Necrotic purpuric rash in meningococcal septicemia.

In the most serious cases, these ecchymotic areas become
necrotic, requiring amputation if the patient survives (39). His-
tologic study of the lesions reveals endothelial, damage, with
areas of thrombosis and hemorrhage in the vascular wall, and
containing nuclear “dust” and neutrophils in, and around, the
vessels. The Gram stain and culture of the skin lesion biopsy
may show meningococci.

When diagnosing a patient with fever and hemorrhagic
eruption, especially in the presence of meningeal signs,
meningococcemia should be suspected. Early diagnosis is cru-
cial for establishing a cause and administering life-saving treat-
ment for an illness with high mortality that affects mainly
young people (37).

Ect hyma Gang re nosum
Ecthyma gangrenosum (EG) is an infectious vascular occlu-
sive disease normally associated with Pseudomonas aeruginosa
bacteremia, although, on rare occasions, it has been described
with other bacterial infections such as Chromobacterium vio-
laceum (40). Normally, EG is seen in immunologically compro-
mised patients, such as those with diabetes mellitus, neutrope-
nia, hematologic malignancies, organ transplantation, AIDS,
or other severe chronic diseases in immunocompetent patients
(41). The lesions of ecthyma gangrenosum are characterized
by cutaneous macules or papules, with central vesicle, that
progress into hemorrhagic bullae. These break, leaving ulcera-
tions with a black necrotic center, surrounded by narrow, pink
to violaceous halos. Perhaps most important, these lesions ap-
pear on the extremities and buttocks.

Histologic studies show invasion of the adventitial and me-
dial layers of the small vessel walls by Gram-negative bacilli,
resulting in a necrotizing and hemorrhagic vasculitis. Cultures
of blood and of the vesicular contents will show Pseudomonas
aeruginosa (42). Early treatment with intravenously adminis-
tered antipseudomonal antibiotics is essential.

Se p t ic Microe mb oli
Septic microemboli result in the eponymic Janeway lesions and
Osler nodules, often associated with bacterial endocarditis.
Janeway lesions are painless, irregular, and hemorrhagic mac-
ules that are found on the palms and soles (Fig. 168.5). His-
tologically, they show dermal neutrophilic microabscesses and
vessel thrombosis without vasculitis. Gram stain of the tissue
is usually positive for organisms (43).

FIGURE 168.5. Multiple Janeway lesions on the fingers. (Courtesy of
J.M. Casanova, M.D.: http://www.dermatoweb.net.)

Osler nodes are small, painful erythematous nodules—
normally found in the pads of fingers or toes—that resolve
without ulceration. Histologic evaluation shows endothelial
swelling, inflammation, and thrombosis, with obliteration of
the superficial arteriolar lumina. On occasion, a positive cul-
ture may be obtained from biopsy of the node (44).

Conne ct ive Tissue Disord e rs

Connective tissue diseases—such as scleroderma, lupus erythe-
matosus, and dermatomyositis—are autoimmune disorders of
unknown origin, which can affect various organs and show
characteristic skin damage that can assist in making the diag-
nosis. It is the severity of the systemic manifestations of these
disorders that is of prime significance for prognosis. These
three diseases sometimes require admission to ICU, either be-
cause of their impact on vital organs or due to the secondary
infectious complications related to the immunosuppressive
treatment.

Scleroderma, a disorder characterized by widespread dis-
ruption of the microcirculation with intense fibrosis of the
blood vessels, manifests with integumentary lesions with sym-
metrical fibrosis that usually affects the distal extremities and
is often limited to the fingers and face, although a widespread
form may affect the distal and proximal extremities and, often,
the trunk and face (45).

Systemic lupus erythematosus (SLE) affects the skin, kid-
neys, lungs, central nervous system, and joints. The most fre-
quent manifestations are arthralgia and/or arthritis in the mus-
cles and bones, most commonly in the interphalangeal and
metacarpophalangeal joints and in the knees, with interarticu-
lar bleeding or edema of the periarticular tissue. In the skin, a
characteristic “butterfly” blush (erythema over the malar em-
inences of the face and bridge of the nose) is seen. When es-
pecially severe, acute cutaneous lupus erythematous produces
vesiculobullous skin lesions (46).

Dermatomyositis is an inflammatory, degenerative myopa-
thy of striated muscle with concomitant characteristic cuta-
neous manifestations. Noted on the integument is a heliotropic
rash, which may or may not be accompanied by periorbital
edema and violet Gottron papules on the extensor surfaces of
the joints; these are pathognomonic of the disease (47).
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Cut ane ous Vasculit is

Vasculitis includes a varied group of diseases with different
degrees of systemic manifestations, and common characteristic
of inflammation and necrosis of the blood vessels.

The skin and subcutaneous tissues are frequently affected
and often show the initial manifestation of vasculitis. Although
the impact of the systemic vasculitis on the integument does not
result in great risk, per se, its importance lies in the fact that
it is suggestive of the type of vasculitis with which the patient
is presenting and, because of the characteristics of damage and
the skin’s accessibility to diagnostic study, may assist in the
generation of an appropriate differential diagnoses list.

Cutaneous manifestations of vasculitis include urticaria,
purpura, papules, ulcer, livido reticularis, nodules, and digi-
tal gangrene. The skin injuries are not specific but provide a
guide to the size of the blood vessel affected. Vasculitis affect-
ing small vessels is noted as palpable purpura, above all on the
lower extremities. This usually develops in crops of lesions, ini-
tially with reddish macules, turning into erythematous papules
that develop into plaques. On the other hand, nodules are typ-
ical lesions of vasculitis affecting the larger blood vessels. They
are usually hot, inflamed, red, and surrounded by a halo of
livido reticularis (48). The classification most often used for
vasculitis combines clinical and histologic data, the size of the
affected vessel with distinguishing vasculitis of large, medium,
and small blood vessels.

The variability in presentation, added to the general low
index of suspicion in these cases, makes the diagnosis of vas-
culitis extremely difficult, and skin lesions may be crucial in
the diagnostic evaluation (49). The systemic vasculitis present-
ing as skin lesions that most often require ICU admission are
polyarteritis nodosa, microscopic polyangiitis, Wegener gran-
ulomatosis, and Churg-Strauss syndrome, and are discussed in
another chapter. Leukocytoclastic angiitis is the most common
cutaneous vasculitis, affecting small vessels and characterized
by palpable purpura in the lower extremities (Fig. 168.6). The
disease is generally restricted to the skin, and the prognosis
tends to be good.

FIGURE 168.6. Palpable purpura affecting the lower legs in leuko-
cytoclastic angiitis. (Courtesy of J.M. Casanova, M.D.: http://www.
dermatoweb.net.)

DEPARTMENT OF DERMATOLOGIC
DISORDERS DURING ICU STAY

Intensive care units are characterized by the use of invasive
monitoring techniques and therapeutic procedures that, some-
times, represent an assault on the anatomic barrier of the pa-
tient. The critically ill patient’s skin is also affected by a series
of local factors such as immobility, humidity, and maceration,
as well as more general factors such as diabetes mellitus and
the use of corticosteroids that may compound dermatologic
problems. The skin is in continuous contact with pathogens,
and the alteration of its protective function and characteristics
allows bacterial, viral, and fungal agents to more easily pene-
trate this barrier. On the other hand, ICU patients often receive
many drugs that may result in cutaneous drug reactions.

The most common dermatologic problems in the ICU as a
result of polypharmacy and a patient’s prolonged length of stay
are noted in Table 171.6. Although these dermatopathies do
not usually increase patient mortality, they may require specific
treatment.

Cut ane ous Infe ct ion

Bact e rial Infe ct ion
Superficial bacterial infections are usually produced by Staphy-
lococci aureus and Streptococci pyogenes. The most frequent
form of infection is impetigo (Fig. 168.7). This is an infection of
the superficial layers of the epidermis that exists in two clinical
varieties, bullous impetigo—caused exclusively by Staphylo-
coccus aureus, a producer of an exotoxin—and impetigo con-
tagiosa.

Impetigo contagiosa is the most common form, and is
caused by either or both streptococci and staphylococci. It is
characterized by discrete thin-walled vesicles that rapidly be-
come pustular and then rupture. The exudates dry to form
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DERMATOLOGIC DISORDERS DEVELOPED DURING
ICU STAY

CUTANEOUS INFECTION
Bacterial infection
Bullous impetigo
Impetigo contagiosa
Viral infection
Herpes simplex virus type 1 (HSV-1) and 2

Perioral/genital herpes
Eczema herpeticum

Varicella-zoster virus 3 (VZV)
Chickenpox (varicella)
Shingles (zoster)

Fungal infection (Candida species)

REACTIONS TO INTENSIVE THERAPY
Morbilliform reactions
Urticaria and angioedema
Contact dermatitis
Skin necrosis induced by drugs
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FIGURE 168.7. Subcorneal bullae followed by an exudative erosive
lesion in impetigo.

loosely stratified golden yellow crusts, which usually appear on
exposed areas of the body such as the face, nose, and extrem-
ities; they also appear in areas that have suffered trauma, ero-
sion, or burn (50). In ICU patients, these lesions usually appear
on areas of skin damaged by pressure, wounds, or trauma. For
bacteriologic diagnosis, a culture of the lesion is required, as the
exanthem resultant from S. aureus and group A streptococci
are clinically indistinguishable. Although the therapeutic op-
tions include diverse oral and topical antimicrobials, as well as
disinfectants, one should note that topical antibiotic treatment
with mupirocin or fusidic acid is at least as effective—and per-
haps more so—as oral antibiotics, without the side effects of the
latter (51). With a localized skin infection, the procedure is to
wash the area, remove the scabs, and then apply the topical an-
tibiotic ointment. When the skin infection is extensive or there
is systemic involvement, we use systemic antimicrobials, such
as a beta-lactamase–resistant penicillin, amoxicillin/clavulanic
acid, vancomycin, or linezolid.

Viral Infe ct ion
The herpes virus family, of which there are eight human
serotypes, may produce significant skin lesions. In critically
ill patients, viral skin lesions are almost always due to herpes
virus types 1 and 2, and the varicella-zoster virus 3 (52).

Herpes Simplex Virus Types 1 (HSV-1) and 2 (HSV-2). Skin
eruptions caused by HSV-1/2 are common dermatoses usually
localized around the lips (HSV-1) or on the genitalia (HSV-
2). Most often, the initial infection goes unnoticed; after the
first infection, the virus moves through the peripheral sensory
nerves and becomes latent in the posterior root ganglion.

HSV-1 is the most common of these virus types, affecting
the perioral area and lips, although occasionally it can affect
other areas of the body. After an initial, usually subclinical,
infection in infancy, the organism may be reactivated. This
presents as painful skin lesions around the lips, accompanied
by a burning sensation and the formation of small vesicles
grouped in bunches on an erythematous base. These vesicles
become umbilicated and rupture quickly, forming a scab that
heals after 7 to 10 days, without a scar. The reactivation of

the labial herpes is aided by diverse factors such as hormonal
alterations, febrile processes, or stressful situations frequent
in the intensive care environment. The association of perio-
ral herpes with bacterial infection is typical, especially that
caused by Streptococcus pneumoniae. This demonstrates the
phenomenon of the virus reactivation behaving as an indicator
of underlying Gram-positive bacterial infection (53,54). Re-
activation is also a frequent complication associated with im-
munosuppression (55), organ transplantation (56), dermatoses
(57), and burn patients (58). Although the diagnosis is funda-
mentally clinical, the Tzanck test can show the presence of
multinucleated giant cells, and direct immunofluorescence and
polymerase chain reaction (PCR) techniques confirm the diag-
nosis. Topical treatment, begun as soon as possible after diag-
nosis, with 5% acyclovir or 1% peniclovir applied 5 times a
day, is effective in reducing the duration and severity of symp-
toms. In extensive viral infections, systemic treatment is with
acyclovir or famciclovir (59).

A serious variant of a skin infection by HSV is eczema her-
peticum or Kaposi varicelliform eruption (60). This emerges in
patients with previous dermopathy, generally atopic dermati-
tis, and is characterized by vesicular lesions in areas of der-
matitis that grow into large erosive areas covered in honey-like
crusts. This is accompanied by signs of systemic implications,
and requires systemic treatment with acyclovir (10 mg/kg every
8 hours).

Varicella-zoster Virus 3. Varicella-zoster virus (VZV) 3 causes
chickenpox (varicella) and shingles (zoster). Varicella is the
most common form of the initial presentation of VZV. This is a
contagious disease, generally benign and typically seen during
infancy. It is rare among adults, but when present, is associ-
ated with severe complications such as varicella pneumonia,
the most common complication occurring in 15% to 50% of
cases with 10% to 35% mortality (61,62). The skin rash is
quite characteristic: each spot starts as a 2- to 4-mm-diameter
red papule, developing an irregular outline (rose petal) as a
small vesicle appears. The vesicle quickly develops into a pus-
tule, which becomes umbilicated and results in a pruritic scab
in less than a day. One will observe multiple lesions in different
evolutionary periods with this disorder (Fig. 168.8), as opposed
to the lesions of smallpox, which develop in uniform “crops.”

Varicella pneumonia normally emerges within 1 to 6 days of
the skin rash. Patients who smoke tobacco, have a severe VZV
rash, are pregnant, and/or are immune compromised or with a
chronic obstructive pulmonary disease all have a higher risk of
developing varicella pneumonia (63). The typical skin lesions,
with respiratory symptoms and radiologic findings of intersti-
tial pneumonitis (Fig. 168.9), are suggestive of the diagnosis.
Optimal treatment is intravenous acyclovir at a dose of 10
mg/kg every 8 hours. Use of corticosteroids has demonstrated
a significant improvement in oxygenation and shortening of
the duration of mechanical ventilation in preliminary studies
(64).

Herpes zoster is an acute radiculitis accompanied by a vesic-
ular eruption grouped over an erythematous base localized in
the corresponding dermatome on the affected ganglion (65). It
is produced by a reactivation of the VZV that is latent in the
ganglions of the nerve roots (66). The thoracic and trigeminal
nerves are the most frequently affected dermatomes. Initially,
a prodrome of hyperesthesia, dysesthesias, itching, or pruritus
throughout the affected dermatome presents; later, the typical
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FIGURE 168.8. Adult with varicella. The rash is in different stages of
evolution, with some vesicles, macules, and papules.

lesions appear with a maculopapular rash that evolves into
vesicles grouped in bunches, distributed along the affected der-
matome. The most common chronic complication of this acute
radiculitis is postherpetic neuralgia, which can be debilitating.

Immunosuppressed patients may present with disseminated
herpes zoster that starts by affecting contiguous dermatomes
and later extends to larger areas of involvement. The treatment
is focused on control of the infection and the pain of the acute
phase, and the presentation of postherpetic neuralgia. Famci-
clovir, valganciclovir, and acyclovir are effective treatments for
herpes zoster (67); in the most severe cases, intravenous agents
are used. The use of corticosteroids to help with pain is of
doubtful utility; gabapentin and the tricyclic antidepressants
are recommended for postherpetic neuralgia (68).

FIGURE 168.9. Chest radiograph showing bilateral interstitial infil-
trates of a patient presenting with severe varicella pneumonia.

FIGURE 168.10. Genitocrural intertriginous infection by Candida
with satellite lesions.

Fung al Infe ct ion (Cand id a sp e cie s)
Cutaneous candidiasis is a superficial infection that emerges in
damp and macerated areas of skin, usually in the folds of the
axillae and the submammary area (69). Cutaneous candidiasis
is a frequent problem in long-stay critically ill patients who
have most often received broad-spectrum antibiotic therapy
and have very limited mobility. The infection is characterized
by intense shiny erythema with scarce whitish exudates and
satellite papules and pustules (Fig. 168.10). Patients may have
pruritus, burning, and pain in the affected areas.

Diverse factors assist in the candidal infection’s initiation
and progression. On the one hand, maintaining hygiene is im-
portant but, on the other hand, drying the skin of critically ill
patients with limited movement—in some cases, with the added
complication of obesity which involves deeper and more nu-
merous skin folds—aids the infection (70). Other factors, such
as diabetes mellitus, thermal injuries, and immunosuppression
also predispose patients to candidal infections. On the local
pulmonary level, use of inhaled corticoids helps the emergence
of mucosal candidiasis (71).

The diagnosis can be supported by potassium hydrox-
ide (KOH) exam of skin scrapings. Treatment includes hy-
giene, the avoidance of abrasion, and topical treatment with
potassium permanganate, followed by topical clotrimazole or
nystatin. Neutropenia and immunosuppression are risk factors
in disseminated candidiasis, which may be seen as papules and
pustules that extend over the entire body surface area. In these
cases, systemic antifungal treatment—such as amphotericin
B, fluconazole, voriconazole, or caspofungin—is advisable
(72).

Re act ions t o The rap y in t he ICU

ICU patients require multiple drug therapies, many of which
are capable of inducing adverse reactions (73,74). Cutaneous
involvement is the adverse reaction most frequently attributed
to drugs (Table 168.7). Because the drugs have an antigenic po-
tential determined by their physicochemical properties, there
may be one of a number of immune reactions: Type I hyper-
sensitivity reaction is defined as a fast-developing immuno-
logic reaction that occurs in individuals having been previ-
ously sensitized by an antigen–antibody interaction. Urticaria
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DRUGS MOST COMMONLY ASSOCIATED WITH
ACUTE ADVERSE DRUG REACTIONS

PENICILLIN AND OTHER BETA-LACTAMS
■ Natural and semisynthetic penicillins
■ Cephalosporins
■ Monobactams
■ Carbapenems

NONSTEROIDAL ANTI-INFLAMMATORY
■ Salicylates
■ Indolacetics (indomethacin)
■ Aylacetic (diclofenac)
■ Propionic acid (ibuprofen)
■ Pyrazolones (metamizole)
■ Oxicams (piroxicam)

ANTIBIOTICS NON–BETA-LACTAMS
■ Tetracyclines
■ Sulfonamides
■ Levofloxacin
■ Azithromycin
■ Erythromycin

ANTICONVULSANTS
■ Phenytoin
■ Carbamazepine
■ Pentobarbital
■ Lamotrigine

ANTIHYPERTENSIVES
■ Angiotensin-converting enzyme inhibitors (ACEI)
■ Angiotensin II receptor antagonist (ARA II)
■ Thiazides
■ Diltiazem

OTHER
■ Contrast agents
■ Antiviral (acyclovir)
■ Antifungals (amphotericin B)
■ Steroids

and angioedema are the chemical expressions for these types of
hypersensitivity reactions, with a morbilliform rash that is of
unclear cause. Contact dermatitis is produced by a type IV hy-
persensitivity reaction through lymphocytes in skin that has
been previously sensitized. In some cases, contact dermatitis is
due to the direct irritative action of the external agent. How-
ever, secondary cutaneous necrosis to drugs is not an immuno-
logic problem, but is attributed to direct toxicity of the exposed
agent.

TEN and Stevens-Johnson syndrome also appear as a reac-
tion to drugs, but, due to their seriousness and specific char-
acteristics, these diseases are considered in their own right and
are dealt with in a previous section.

Morb illifo rm Re act ions
A morbilliform rash is the most common form of secondary
rash caused by drugs, representing 40% of all drug reactions.
With a rather unclear cause, it is characterized by erythema-
tous macules and papules, generally symmetrically distributed,

FIGURE 168.11. Maculopapular drug eruption. (Courtesy of J.M.
Casanova, M.D.: http://www.dermatoweb.net.)

which can become confluent (Fig. 168.11). The rash usually
begins on the trunk and in pressure-prone areas, subsequently
extending to the extremities, and may include the mucous mem-
branes, palms, and soles, although it does not usually affect
the face. The morbilliform reaction usually appears about a
week after starting the causative medication, and may last 1 to
2 weeks. The drugs most often associated with this rash are
penicillin and its derivatives, sulfonamides, anticonvulsants,
and allopurinol, although further exposure to the drug does
not always cause a reappearance of the damage.

Urt icaria and Ang ioe d e ma
Urticaria is a skin lesion characterized by the emergence of
wheals, defined as a confined elevation of the skin, erythema-
tous or pale in the center, surrounded by an erythematous halo
of variable size. In approximately half of all cases, urticaria is
accompanied by angioedema that consists of edema of the deep
dermis, the subcutaneous tissue, and the mucous membranes,
including the respiratory and intestinal tract.

Multiple drugs are implicated in the emergence of urticaria/
angioedema such as penicillin and other beta lactams, as well
as nonsteroidal anti-inflammatory drugs that produce a type I
urticarial eruption mediated by IgE. Codeine, morphine, other
narcotics, and the iodine contrast agents can induce urticaria
by nonimmunological degranulation of the mastocytes, inde-
pendent of the IgE (75). Drug-induced urticaria produces a sud-
den benign and transitory eruption that normally disappears in
less than 24 hours, and is characterized by the emergence of
multiple erythematous papules and edema in any part of the
body’s surface, although it normally does not affect mucous
membranes. It is normally pruritic, affecting mostly the scalp,
palms, and soles. The lesions of angioedema have a variable
coloration, from off-white to erythematous, are normally not
painful, and usually last less than 24 hours. They are localized
in areas where the dermis is thinnest, such as the face, and respi-
ratory, gastrointestinal, and genitourinary mucous membranes.
When it affects the oropharynx, it can produce acute compro-
mise of the respiratory tract, creating a life-threatening situa-
tion that may require an urgent tracheostomy (76). Normally,
angioedema accompanies the urticaria, although it may appear
isolated as in cases of angioedema secondary to angiotensin-
converting enzyme inhibitors or angioedema secondary to a
deficit of C1 inhibitor (77,78).
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Histologically, there are no differences between urticaria
and angioedema. Edema of the dermis, vascular dilatation,
and inflammatory perivascular infiltrate appear in both. The
fundamental diagnosis is made clinically, and the treatment
is based on the detection and withdrawal of the drugs that
may be responsible, paying special attention to drugs ad-
ministered within approximately the past 7 days. Treatment
includes antihistamines (chlorpheniramine, 0.1 mg/kg), corti-
costeroids (methylprednisolone, 1 to 2 mg/kg), and, in case of
respiratory tract compromise, epinephrine.

Angioedema due to C1 inhibitor deficiency, whether hered-
itary or acquired, is characterized by recurring episodes of pe-
ripheral angioedema associated with abdominal pain with vari-
able clinical expression (79). The diagnosis is made through the
evaluation of C4, which is decreased—the first indicator of the
disease. Confirmation is noted by observing low levels of C1
inhibitor or a reduction of its functional activity. It is necessary
to note that episodes of hereditary angioedema do not respond
to normal treatment with epinephrine, antihistamines, and cor-
ticosteroids. The optimum treatment is the administration of
concentrated C1 inhibitor (80).

Cont act De rmat it is
Contact dermatitis is an eczematous disease attributed to an
inflammatory reaction of the skin to external agents, irritants,
or allergens. Irritative contact dermatitis is due to the direct ac-
tion of a substance that provokes an inflammatory skin reaction
without the intervention of an immunologic mechanism. Most
cases of irritative dermatitis in the ICU are associated with hy-
gienic body soap, iodine-based antiseptics, chlorhexidine (81),
and the autoadhesive electrodes of continuous electrocardio-
graphic monitoring (Fig. 168.12). Allergic contact dermatitis
(ACD) is a delayed hypersensitivity reaction that is produced
in skin previously sensitized to an allergen. There is a diverse
range of topical drugs used commonly in the ICU that are capa-
ble of producing ACD—for example, transdermal nitroglycerin
patches. It has also been related to antibiotics such as penicillin
and sulfonamides, antihistamines, and corticosteroids (82).

FIGURE 168.12. Irritant contact dermatitis associated with povidone-
iodine.

Differentiation should be made between contact dermati-
tis and other eczematous disorders such as atopic dermatitis.
Both are mediated by inflammatory mechanisms that provoke
infiltrative inflammatory deposits in the dermis and epidermis,
clinically expressed as erythema, with or without edema and
vesicles (83). Typically, patients with contact dermatitis have
an eczematous reaction with papules or vesicles over erythema-
tous plaques and localized edema in areas exposed to the exoge-
nous substance; intense pruritus is the most frequent symptom.
Recent immunohistochemical studies show similar findings in
both types of dermatitis, with similar morphologic character-
istics, which is why distinguishing between the two can be dif-
ficult. Patch testing for ACD and a careful clinical history usu-
ally is the key to the diagnosis and allows it to be distinguished
from other eczematous disorders (84). The treatment includes,
first, withdrawal of the agent responsible, and symptomatic
treatment with topical antihistamines and corticosteroids
(85).

Skin Ne crosis Ind uce d b y Drug s
Oral anticoagulants and intravenous vasopressor drugs can
produce skin necrosis through alteration of blood circulation.
Skin necrosis secondary to oral anticoagulants usually appears
early, and is produced in areas rich in adipose tissue, such as the
breast, buttocks, and thighs (86). It is characterized by pain and
paresthesias, followed by erythema and purpuric lesions that
quickly progress to extensive ecchymotic areas that are well cir-
cumscribed and blue-black in color with erythematous halos.
The lesions can evolve into painful ulcers covered by necrotic
eschar. Generally, skin necrosis is associated with congenital
or acquired deficiency of protein C and/or S (87,88). The de-
ficiency of these proteins generates a state of initial transitory
hypercoagulability that provokes local thrombosis of the veins
of the dermis and the subcutaneous cell tissue.

Skin necrosis can also appear as a complication of the infu-
sion of vasopressor drugs, requiring, in some cases, amputation
of the affected extremity. Classically, it is related to the use of
high doses of dopamine and norepinephrine, but other associ-
ated factors—apart from the vasoconstriction provoked by the
drug—have been considered to provoke tı́ssue necrosı́s. The
existence of disseminated intravascular coagulation and hypo-
volemia are risk factors for the development of gangrene related
to vasopressors (89–91). Vasopressin, useful in the treatment of
catecholamine-resistant vasodilatory shock, may also provoke
cutaneous ischemia, due to its vasoconstrictor action on the
arteriolar level. This is particularly true in patients with pre-
existing peripheral arteriopathy and in the presence of septic
shock (92). The ischemic skin lesions are normally localized in
the distal area of the extremities and the trunk; interestingly,
approximately 20% of patients may develop lingual ischemia.
When the administration of vasopressin is by a peripheral vein,
it may provoke local cutaneous ischemia if it infiltrates into the
subcutaneous tissue. To avoid the potential for ischemic lesions,
administration of vasopressin should be by central venous
catheter, and careful monitoring of the extremities to detect
ischemic changes should be carried out (93). The application
of topical nitroglycerin, in addition to decreasing the dose of the
vasopressor, may improve the symptoms and signs of ischemia
(94).
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DERMATOLOGIC DISORDERS
IN SPECIFIC SITUATIONS

Graft Ve rsus Host Dise ase

The allogenic transplant of hematopoietic stem cells is a proce-
dure used to treat various malignant diseases, above all those
of hematologic origin. Graft versus host disease (GVHD) is the
most important complication in stem cell transplantation and
occurs because of the introduction of immunologically com-
peting cells into an immunodepressed host. It is the main cause
of morbidity and death in transplant patients. GVHD is termed
chronic or acute, depending on the time of appearance—before
or after 100 days from the stem cell transplant (95).

Acute GVHD usually occurs between days 10 and 40 fol-
lowing the transplant. Its main manifestations are in the skin,
liver, and gastrointestinal tract, secondary to damage to the ep-
ithelial cells of these areas. The integumentary effect is the most
frequent dysfunction. This involvement begins with pain or
itching, followed by a maculopapular rash resembling measles.
The initial involved areas are the cheeks, neck, ears, palms, and
soles and, later, the upper back. The early injuries can be follicu-
locentric blanching erythematous macules or papules, which
are suggestive of GVHD, accompanied by very painful mouth
ulcers. If not serious, the injuries can resolve spontaneously or
after increasing the immune suppressant treatment. The most
severe cases progress to generalized erythroderma, which, in
some cases, develops into desquamative bullae similar to TEN
with a positive Nikolsky sign. Apart from integumentary in-
volvement, GVHD is accompanied by an effect on the liver,
with abdominal pain and a pattern of cholestasis with asso-
ciated elevated bilirubin and alkaline phosphate. In the gas-
trointestinal tract, GVHD is characterized by abdominal pain,
secretory diarrhea, and, sometimes, intestinal bleeding.

Chronic GVHD often appears in patients who have previ-
ously suffered the acute form of GVHD. Other risk factors are
advanced age of the donor, high level of histo-incompatibility,
and previous total body irradiation. Chronic GVHD is charac-
terized by its effect on the skin, oral mucous membranes, eyes,
and salivary glands. The respiratory and gastrointestinal tract
and the liver may also be affected. The skin lesions are charac-
terized by an early lichenoid phase and a late sclerodermiform
phase. Cutaneous biopsy confirms the diagnosis.

Treatment must be directed toward preventing GVHD by
depleting lymphocytes in the graft donor and using immuno-
suppressants such as cyclosporin combined with methotrexate
and corticosteroids (96). If, in spite of this treatment, the pa-
tient develops GVHD, an augmented dose of systemic steroids,
cyclosporine, and azathioprine may be attempted to gain con-
trol. If it persists, photochemotherapy with psoralen and UV-A
irradiation has been shown to be beneficial (97). Thalidomide
and extracorporeal photopheresis have also been shown to be
effective (98).

Acq uire d Immunod eficie ncy Synd rome

Infection with the human immunodeficiency virus (HIV) and
the acquired immunodeficiency syndrome are related to many

FIGURE 168.13. Cutaneous Kaposi sarcoma associated with acquired
immunodeficiency syndrome. (Courtesy of J.M. Casanova, M.D.:
http://www.dermatoweb.net.)

integumentary and mucous membrane manifestations. This
damage is due to disrupted immunologic function, and may
often be the first sign of the disease or a mark of its progress.

The severity and extent of the skin disorders related to HIV
depends on the degree of immunodeficiency. During the asymp-
tomatic phase of the infection, the immunologic response,
although disrupted, maintains a dynamic balance against the
activity of the virus, and is also capable of defending itself
against opportunistic intruders. In this state, the main cuta-
neous manifestations are seborrheic dermatitis, psoriasis, xe-
roderma, and pruritic papular rashes. As the infection advances
and the immunologic response diminishes, these skin diseases
tend to become more chronic and severe, and opportunist in-
fections appear, along with other more unusual disorders such
as oral hairy leukoplakia, chronic herpes simplex, cryptococ-
cosis, Kaposi sarcoma, etc. (Fig. 168.13).

The variety of integumentary disorders during the course
of the infection is a consequence of the progressive immuno-
deficiency and of the underlying disease (99). The adoption
of combined antiretroviral therapy in the treatment of HIV
infection has changed the course of the disease, reducing the
levels of viral proliferation and allowing a partial reconstitu-
tion of immunity. With combined antiretroviral treatment, the
frequency of opportunist infections has significantly decreased
and greater control of other dermatologic processes, such as
psoriasis and seborrheic dermatitis, has been achieved (100).

PRIOR DERMATOLOGIC
DISORDERS

Skin disorders are frequent in the general population. Patients
with chronic skin disorders may require admission to the ICU
for a life-threatening disease that has nothing to do with the
skin, but we must also take the latter into account, along with
other comorbidities, such as atrial fibrillation, diabetes melli-
tus, hypertension, and so forth, as some skin disorders may
require specific care.

The diagnosis of a previous dermatologic disorder is opti-
mally made with the clinical history, although sometimes, due
to the severity of illness or sedation, the patient cannot assist
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with the history, and the definitive diagnosis can be verified
with a dermatologist consultant.

Some chronic skin diseases, including psoriasis and diseases
of the connective tissue, because of their development in out-
breaks, can become acute during admission to the ICU and
require specific treatment. Other common processes, such as
lichen planus and atopic eczema, may require symptomatic
treatment. Some chronic processes need prolonged treatment
with antibiotics, corticosteroids, and/or immunosuppressive
agents. These previous and ongoing treatments may require an
alteration of our standard ICU guidelines or protocols. There
are some processes, however, such as diabetic dermopathy, skin
tumors, altered pigmentation, etc., that do not require specific
care.
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CHAPTER 169 ■ PREVENTION OF PRESSURE
INJURIES IN THE INTENSIVE CARE UNIT
MATTHEW JAMES PETERSON r KATHLEEN E. FITZGERALD r LAWRENCE J. CARUSO

Pressure ulcers are painful, debilitating, and severely compro-
mise an individual’s health by increasing morbidity in terms
of increased length of stay, risk of infection, and the need for
additional surgical procedures. Also known as pressure sores,
decubitus ulcers, and bedsores, pressure ulcers are a common
problem in hospitals and nursing homes alike. They increase
the nursing workload by 50% (1), and, in patients with clin-
ically relevant pressure ulcers, the length of hospital stay in-
creases by an average of 11 days (2). Generally, pressure ulcers
are thought to be preventable, making this an important patient
safety and risk management issue. It is a concern for patients,
but also for hospitals and caregivers alike, as the incidence of
pressure ulcers is used as an indicator of quality of care (3).
Unfortunately, there are few objective data regarding methods

of prevention, and current recommendations are based largely
on expert opinion (4,5).

THE PRESSURE ULCER PROBLEM:
INCIDENCE AND COSTS

The prevalence of pressure ulcers can range anywhere from 0%
to over 33% , depending on the sector—from general or univer-
sity hospitals to home care to nursing homes (3,6–14). Among
ICU patients, prevalence has been reported to be roughly 14%
(15). At our institution, Shands Hospital at the University of
Florida, most hospital-acquired pressure ulcers documented
in 2005 through September 2006 occurred in intensive care
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unit (ICU) patients (16). Not only are pressure ulcers a serious
health threat to the patient, but they are extremely costly to
the patient and the hospital or caregiver as well. It has been
estimated that $11 billion� is spent on pressure ulcer treatment
each year in the United States alone (13), with similar costs
seen around the globe (8,9,11,17,18). The cost to manage one
full-thickness ulcer can be as much as $70,000 (13).

In addition to the costs, pressure ulcers are considered pre-
ventable and have become a liability for hospitals and care-
givers (6,17). The incidence of pressure ulcers is an indicator
of quality of care as outlined by programs conforming to U.S.
national Medicare and Medicaid requirements (3,6). Lawsuits
have been filed against hospitals and caregivers by patients who
have developed pressure ulcers. The verdicts in many of these
lawsuits have been in favor of the afflicted plaintiffs under the
claim of malpractice or negligence (7,11). In the 15-year span
from 1983 to 1997, award settlements in the United States
ranged from $2,200 to $65 million, with an average award of
$250,000 (6,7).

ETIOLOGY AND RISK FACTORS
OF PRESSURE ULCERS

By definition from the National Pressure Ulcer Advisory Panel
(NPUAP) (19), a pressure ulcer is localized injury to the skin
and/or underlying tissue usually over a bony prominence, as a
result of pressure, or pressure in combination with shear and/or
friction. Several contributing or confounding factors are also
associated with pressure ulcers; the significance of these factors
is yet to be elucidated.

High pressures can lead to ischemia of the affected tissue
(20), resulting in a lack of oxygen transport and nutrients to
the tissue. Oxygen delivery is compromised when the pressure
applied over an area is greater than the capillary-closing pres-
sure. Normal capillary pressures in the body range from about
10 to 30 mm Hg (21). Lower capillary-closing pressure values
have been observed in unhealthy patients (22). When inter-
face pressures, the pressure between the patient’s body and his
or her supporting surface—exceed these limits, reduced blood
flow, accumulation of metabolites via lymphatic occlusion, and
impairment of tissue reperfusion may occur, all of which can
damage tissue (23–25).

It should be acknowledged that the measurement of inter-
face pressures is not the direct measurement of the internal
pressures experienced by the various internal tissues and vessels
of the body (26). However, interface pressure mapping is the
best method to noninvasively measure pressures exerted on the
skin. Although not internal, these pressure measurements give
the clinician investigator a good idea of the pressures exerted
on the tissue just below the surface of the skin. Qualitatively,
it should be recognized that increasing or decreasing interface
pressures will consequently raise or lower the resulting internal
pressures felt by the various internal tissues.

Not only is the magnitude of the pressure a factor, but its
duration as well (20,27). The longer pressure is applied to one
area, the more likely pressure ulcers will develop. One of the
first studies demonstrating that pressure and time affects pres-
sure ulcer formation was that of Kosiak in 1961 (28). This phe-

�Figures are in U.S. dollars.

nomenon was further studied by Reswick and Rogers in 1976.
By measuring skin–cushion interface pressures on human vol-
unteers and patients, they demonstrated an inverse relationship
between pressure and time (28,29); the greater the pressure,
the less time needed for pressure ulcer formation. Additional
contributing factors for pressure ulcer formation are shear and
frictional forces. Rubbing that occurs between a patient and his
or her mattress sheets is a frictional force that can lead to addi-
tional undesired effects on underlying tissues. Shearing forces
occur when the patient’s skin sticks to the support surface and
results in underlying tissue movement. This motion confers ad-
ditional stresses on the underlying tissue, making it more sus-
ceptible to damage. In a porcine study carried out by Dinsdale
in 1974, the presence of friction significantly increased the for-
mation of pressure ulcers; the studies of Goldstein and Sanders
in 1998 confirmed that skin breakdown occurred more rapidly
as shear was increased (30).

Consequently, individuals who are at risk for pressure ulcers
are those who have an altered state of consciousness and/or are
physically unable to reposition themselves. Groups of patients
immediately and obviously at risk are those with spinal cord
injuries, paralysis, and significant thermal injuries (31), as well
as those mechanically ventilated, and, in some instances, the
weak or elderly. Patients with high pain thresholds or on pain
medication may also be at risk, as they may not feel the need
to periodically reposition themselves. More detailed pressure
ulcer assessments are presented below.

PRESSURE ULCER LOCATIONS
OF OCCURRENCE AND STAGES

OF DEVELOPMENT
As we note, pressure sores are caused by unrelieved pressure
(25,27). Pressure ulcers are most commonly found over and
around bony prominences, locations where interface pressures
are the greatest (20,27). Most pressure sores are found in
the gluteal and sacral regions (30,32,33), notably around the
sacrum, coccyx, and ischial tuberosities. The next most preva-
lent locations of pressure ulcers are found in the lower extrem-
ity, primarily the back of the heel, with the remaining found
elsewhere on the body such as on the back, upper extremities,
or the head (32,33).

According to the NPUAP, there are now six stages of pres-
sure ulcer classification—an alteration from the traditionally
four—ranging from suspected injury and initial redness to full-
thickness tissue loss and necrosis. Despite the numbered stages
of severity, the development and the healing of pressure ulcers
do not necessarily pass consecutively from one stage to the
next. All six stages are defined as follows (19):

Suspected deep tissue injury:
Purple or maroon localized area of discolored in-
tact skin or blood-filled blister due to damage of
underlying soft tissue from pressure and/or shear.
The area may be preceded by tissue that is painful,
firm, mushy, boggy, and either warmer or cooler
as compared to adjacent tissue.

Stage I: Intact skin with nonblanchable redness of a local-
ized area usually over a bony prominence. Darkly
pigmented skin may not have visible blanching; its
color may differ from the surrounding area.
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Stage II: Partial-thickness loss of dermis presenting as a
shallow open ulcer with a red pink wound bed,
without slough. May also present as an intact or
open/ruptured serum-filled blister.

Stage III: Full-thickness tissue loss. Subcutaneous fat may
be visible but bone, tendon, or muscle are not ex-
posed. Slough may be present but does not obscure
the depth of tissue loss. May include undermining
and tunneling.

Stage IV: Full-thickness tissue loss with exposed bone, ten-
don, or muscle. Slough or eschar may be present
on some parts of the wound bed. Often includes
undermining and tunneling.

Unstageable: Full-thickness tissue loss in which the base of the
ulcer is covered by slough (yellow, tan, gray, green,
or brown) and/or eschar (tan, brown, or black) in
the wound bed.

PREVENTION OF PRESSURE
ULCERS

As noted above, there are many contributing factors that tend
to make a patient more susceptible to pressure ulcers. By not-
ing these factors, several assessment tools, besides age, have
been developed to try to prioritize those patients at higher
risk. The Braden and Norton scales are widely used scales for
pressure ulcer prevention (6,34). The Braden scale assesses six
parameters: activity, dietary intake, mobility, sensory percep-
tion, friction, and skin moisture; the Norton scale assesses five
parameters: activity, physical condition, mobility, mental sta-
tus, and incontinence (6). These tools can be good predictors
of at-risk patients, but have not been proved to be any more
effective than clinical judgment (18) and are by no means fail-
safe.

Once at-risk patients have been identified, there are sev-
eral options to help provide the best possible care for these
individuals. A wide variety of devices and methods are used
to prevent pressure ulcers—from pressure-reducing and alter-
nating air pressure mattresses to turning practices—which are
described below (22).

De vice s

Starting with the air support systems, various devices include
mattresses, beds, and overlays. Alternating pressure air sys-
tems are the most common, and consist of a dynamic pressure-
relieving system that alternates inflation among a variable num-
ber of cells of a mattress or overlay. Some systems are also
sensitive to the patient’s weight and adjust accordingly. Other
pressure-reducing or support systems besides air include fiber,
foam, gel, and water. The fiber support systems are overlays
made from silicon hollow-core fiber that look like a duvet (i.e.,
a down comforter) and are divided into diagonal segments.
The foam support systems are either overlays or mattresses
that are made of multiple layers of foam with various densities
that allow the patient to sink into the foam to distribute his
or her weight. The gel systems are overlays that contain thick
polymer gels or mattresses that consist of a gel that flows from
cell to cell. Last, the water support systems consist of beds
and overlays that use the buoyant effect of water to reduce
pressures.

Me t hod s

An alternative to pressure-relieving or -reducing devices is
manual turning or repositioning of patients. Turning patients
regularly every 2 hours to relieve interface pressures is one
of the most common and reasonably effective pressure ul-
cer prevention methods and is considered a standard of care
(10,20,34–37). However, in a study that implemented a turn-
team with the goal of lowering pressure ulcer incidence rates,
there was no statistically significant reduction in incidence de-
spite a statistically significant decrease in average length of stay
in the intensive care unit (3). Recent turning studies have at-
tempted to determine the effectiveness of turning frequency.
One demonstrated that turning every 4 hours on a viscoelastic
foam mattress was better than turning every 2 or 3 hours on
a standard mattress (36). Another study showed that unequal
time intervals, 2-hour lateral and 4-hour supine versus 4-hour
turning, showed fewer—although not a statistically significant
difference—pressure ulcers in the more frequently turned group
(37). Despite the research efforts, it is still unclear what turn-
ing protocols are safest for the patient and yet time- and cost-
effective for caregivers.

RESEARCH
Preliminary research has addressed the interface pressures in
healthy volunteers. The interface pressure between volunteers
and an ICU bed was studied as the head of bed (HOB) was
incrementally elevated from 0 to 75 degrees. Additionally, the
interface pressure was studied as the volunteers were laterally
turned every 2 hours; this standard of care was thought to
prevent ulcer formation.

Effe ct s of Ele vat ing t he He ad of Be d

ICU patients are at particular risk for both pressure ulcers and
ventilator-associated pneumonia (VAP) due to multiple predis-
posing factors. Current guidelines for mechanically ventilated
patients recommend that they be kept in a semirecumbent po-
sition, with the HOB elevated 30 to 45 degrees to prevent as-
piration and VAP (38). Although there is good evidence that
the semirecumbent position has pulmonary benefits, its effect
on pressure ulcer risk has not been defined.

Our group has assessed the effects of elevating the HOB
on interface pressures over the buttocks and sacrum. Nine
healthy volunteers were dressed in hospital scrubs and posi-
tioned supine on a modern ICU bed (Total Care, Hill-Rom,
San Antonio, TX). A 48 by 48 array of half-inch sensors (2,304
total sensors) constituting a 2 foot by 2 foot square pad was
positioned under the sacrum. A calibrated interface-pressure
profile was acquired for each subject in the supine position,
followed by progressive elevation of the head of the bed to 10,
20, 30, 45, 60, and 75 degrees, using the Xsensor (Calgary,
Canada) interface pressure system (39).

Figure 169.1 presents the averaged subject data as the area
over which an interface pressure greater than 30 mm Hg was
obtained. Figure 169.2 presents the averaged subject peak-
pressure data. A Wilcoxon rank sum test showed significant dif-
ferences between the supine and the elevated HOB positions of
greater than or equal to 45 degrees for both the peak interface



2498 Sect ion XVIII: Skin and Muscle Disease and Dysfunction

*p <0.05 compared to supine.
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FIGURE 169.1. Affected supine area
over 30 mm Hg. *p < 0.05 compared to
supine.

pressure and the affected area with a pressure greater than
30 mm Hg (p < 0.05, two-tailed test). Figure 169.3 presents,
visually, how the interface pressure and the affected area over
30 mm Hg increase over the sacral region when the HOB is
elevated. It was found that raising the HOB to 45 degrees or
higher to prevent pulmonary complications increases the inter-
face pressure and the affected area between the skin and sup-
port surface, and may therefore increase the risk of pressure
ulcers attributed to a skin–ICU bed interface pressure greater
than 30 mm Hg.

Effe ct s of Sid e Turning

Frequent turning of the patient from side to side is used rou-
tinely to decrease the risk of pressure ulcers by unloading pres-

sure from at-risk areas. Minimizing the skin–support surface
interface pressure below 30 mm Hg is thought to be beneficial,
but the effectiveness of this technique is yet unclear.

Our group studied nine healthy volunteers dressed in hos-
pital scrubs and positioned supine on a modern ICU bed (Total
Care, Hill-Rom). A 48 by 48 sensor array constituting a 2 foot
by 2 foot square pad was positioned under the sacrum. The
subjects were positioned supine (S), turned left (L), and turned
right (R) by an experienced ICU nurse. A calibrated interface-
pressure profile was acquired at each position using the Xsensor
interface pressure system.

Figure 169.4 shows a typical L, S, and R pressure pro-
file. The legend denotes the interface pressure in mm Hg.
All subjects exhibited some areas of skin that manifested
an interface pressure greater than or equal to 30 mm Hg
at each positions (average area per subject: 84.1 cm2; range

*p <0.05 compared to supine.

P
re

ss
ur

e 
(m

m
 H

g)

FIGURE 169.2. Average of peak pres-
sures. *p < 0.05 compared to supine.
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FIGURE 169.3. Interface pressure profiles
(from top left): Supine, head of bed (HOB) 45
degrees, HOB 60 degrees, HOB 75 degrees.
Shading denotes the area where the skin–bed in-
terface pressure exceeds 30 mm Hg.

19.4 cm2–229.0 cm2); hence, the pressure was never relieved
as intended (Fig. 169.5). Thus, it appears that standard turning
by experienced ICU nurses does not unload all areas of high
skin–bed interface pressure. These areas are at risk for skin
breakdown, which may help explain why pressure ulcers still
occur despite using the standard preventive measure of turning
every 2 hours.

These data, although preliminary, suggest that side-to-side
turning does not completely unload the at-risk skin. In the small
sample of nine volunteers, there were some areas always at risk,
regardless of the position, suggesting that the turning process
is not enough to unload high pressures. We have called this at-
risk area, the triple jeopardy area, because the skin is at risk in
all three positions: supine, left, and right. Additionally double
jeopardy areas are areas that are at risk in any two of the three
positions. More data need to be collected on volunteers and/or
patients to verify this conclusion. Also, in addition to analyz-
ing the double and triple jeopardy areas, other parameters re-
quire investigation for the turned positions, including, but not
limited to (a) maximum pressures, (b) average pressures, (c)
pressure gradient, and (d) interface pressures in relation to the
type and degree of turn. Area analysis should include (a) skin

area at risk, (b) how at-risk skin area changes with turning, and
(c) how sensitive the at-risk skin areas are to various pressure
thresholds. Time duration analysis needs to be investigated as
to how time is a factor in pressures and/or areas.

Sup p ort Ap p arat us

It should be noted that when nurses turn their patients, the
patients must be supported to keep them correctly positioned.
The equipment used at our institution (Shands Hospital at the
University of Florida) is either foam pillows or wedges. De-
pending on the nurse’s preference or material availability, pa-
tients are supported with these devices. Data need to be col-
lected on patients and/or volunteers to analyze whether or not
there is a difference between these devices in regard to patient
safety. The parameters noted above, additionally, need to be
analyzed comparing pillows to wedges in regard to turning.
Moreover, the physical placement of the pillow/wedge in rela-
tion to the patient’s anatomy could prove to be important, as
well as the nurse’s individual technique. Pillow/wedge place-
ment and nurse variability (using different nurses) is, thus,

FIGURE 169.4. Interface pressure pro-
files (from left to right): Left turned,
supine, right turned. Shading denotes
the area where the skin–bed interface
pressure exceeds 30 mm Hg.
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FIGURE 169.5. Interface pressure pro-
files (from left to right): Left turned,
supine, right turned. W hite denotes the
area where the skin–bed interface pressure
exceeded 30 mm Hg throughout all turn-
ing positions.

another aspect requiring study, as well as nursing experience
and length of shift.

Et io log y of Pre ssure Ulce rs

Work by Quintavalle et al. (12) continues to investigate
the cause of pressure ulcers. These investigators used high-
frequency ultrasound (HFUS) to image the skin of at-risk
patients (Braden score 18 or less) in comparison to those
of healthy volunteers. They obtained 1,139 readable images
from 119 long-term residents. Their results showed that 630
(55.3% ) of these images were abnormal, with 541 (47.5% ) im-
ages showing evidence of deep subdermal edema and 89 (7.8% )
images with superficial edema just below the epidermis. Due
to apparent different causes for deep versus superficial pres-
sure ulcers, a healthy volunteer was subjected to two forms of
preulceration, and was imaged prior to and at various intervals
during the intervention. One area was rubbed with a gauze pad
for 7 minutes, and another area was subjected to lying on a hard
object for 1 hour. The friction (gauze) demonstrated superficial
edema with none in the deep tissue. The pressure demonstrated
pockets of deep edema with no superficial edema. Of the im-
ages demonstrating deep edema, they were further divided into
three subgroups that suggest three phases of pressure ulcer de-
velopment, as can be seen in Figure 169.6. Their results also
suggest that many pressure ulcers are in the process of for-
mation before erythema is observed—the standard of care for
skin assessment—as 79.3% of images showed tissue changes
without any clinical signs of erythema.

To summarize, in patients at risk for skin breakdown, com-
mon wisdom is to reduce tissue pressures below the capillary-

closing pressure of 32 mm Hg. Turning every 2 hours is not
enough, and the use of passive turning devices can assist but
clearly are only an adjunct. The bed is the actual issue, and no
real program dedicated to the prevention of skin breakdown
and pressure ulcers can progress without addressing this rather
expensive subject in detail. The specificities of the present day
intensive care bed must address a number of attributes, not
limited to the effective use of the low-air-loss pressure systems
that are now quite common. The ICU beds must also adjust to
the proper positions necessary for patients who are immobi-
lized due to orthopedic injuries. Pulmonary support alone for
the intubated patient mandates a HOB position of 30 to 45 de-
grees to prevent ventilator-acquired pneumonia and aspiration
while maintaining a suitable sacral pressure at the mattress line
and enhanced pulmonary perfusion.

To summarize, friction and shearing forces contribute to the
formation of pressure ulcers. Shearing is caused when gravity
pulls tissue in one direction while friction keeps the skin station-
ary or going in the opposite direction. HOB elevation causes
and enhances shearing forces.

SPECIAL CARE CONSIDERATIONS

Traumat ic Brain Injury Pat ie nt s

Patients with traumatic brain injuries (TBI) generally need a
more upright position for several days, with little or only a
gentle variation in the lateral position; they also require mini-
mal stimulation due to management of potentially elevated in-
tracranial pressure. This 30-degree head-up position subjects

FIGURE 169.6. High-resolution ultrasound images demonstrating the three phases of pressure ulcer
development. (From Quintavalle PR, Lyder CH, Mertz PJ, et al. Use of high-resolution, high-frequency
diagnostic ultrasound to investigate the pathogenesis of pressure ulcer development. Adv Sk in Wound
Care. 2006;19:498–505, with permission.)
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these patients in particular to excess shearing and friction injury
due to the persistent position and of the body during reposi-
tioning. The placement of these patients on appropriate beds,
starting as soon after admission as possible, is critical for the
prevention of pressure ulcers. Pressure damage to the areas
around Aspen collars and tracheotomy sites are also influenced
by the combination of rotation, friction, and moisture due to
poor control of drainage or fluid resuscitation.

Ob e se Pat ie nt s

The increasing weight and girth of the general ICU population
has added to the problems with pressure ulcers, and is an addi-
tional consideration for ICU bed manufacturers and an added
burden for both medical and nursing management of the ICU
patient. The average ICU bed needs to support a patient who
weighs from 200 kg to—not infrequently—more than 300 kg.
The use of fluid bolus and massive replacements may cause the
patient’s dry weight to double. The tension on the skin not only
adds to the weight and girth issue, but causes damage to the skin
surface integrity which increases the tendency for skin tears and
damage due to shearing forces and friction. A mattress sur-
face covering that eases or facilitates patient movement during
repositioning and that minimizes shearing and tearing forces on
patient skin is clearly of decisive importance. The bed’s ability
to rotate laterally contributes to enhanced skin care, dermal
perfusion, and increased pulmonary perfusion. Ease in attain-
ing Trendelenburg and reverse Trendelenburg positions during
procedures is obvious. Equally important to the management
of the critically ill patient is the ability to transport (for exam-
ple, to radiology) in the same bed and minimization of the need
to transfer the patient more than is necessary, thereby decreas-
ing the exposure to friction and shear. All of these beds need to
have some degree of mobility, and, as our population increases
in size, it seems reasonable to mechanize the bed’s traveling
mode for staff safety, speed, and convenience.

OTHER FACTORS AND
INDICATORS

Pressure ulcers may, indeed, be a sign of inadequate nursing
care, but they may also be an indicator of critical illness, sig-
nificant comorbidities, and the intensive battle waged for the
acutely ill patients that we see in our intensive care units today.

Some pressure ulcers are inevitable even with the very best
of care, particularly in patients in whom immobilization is nec-
essary or inevitable, and where sepsis, vasogenic shock, vasoac-
tive drugs, and a myriad of other agents—while necessary for
life-saving—are a detriment to skin perfusion and general skin
integrity. Ischemic changes to skin surfaces that are weight-
bearing are the primary cause of pressure ulcers. The ischemia
caused by drugs used to treat shock due to sepsis and other life-
threatening disease states is compounded by other relatively
controllable events. Keeping the skin protected from contact
with wet agents that irritate, due to either the acidic or ba-
sic nature of the liquid, is essential, and all patients should be
checked for wetness every 2 hours, at a minimum. The use of
effective barrier creams and ointments cannot be overstressed.
The control of urine and bowel contamination is a must, and
adequate appliances are available for the management of these

problems, although it does require expert care to keep this
seemingly simple requirement under control.

Friction and shear can also add to the damage of pressure
over a bony prominence and, coupled with wetness, provide an
environment that, if left unmanaged, can lead to devastating
injury. Wetness does not directly cause pressure ulcers, but it
does soften or macerate skin, which makes it more susceptible
to damage from friction and shearing. The control of mois-
ture is imperative and cannot be underestimated. Whether the
moisture is caused by incontinence, wound drainage, or just a
diaphoretic patient, it must be contained and managed.

When bed selection for the intensive care patient is com-
pleted, all patients should be assessed for risk factor identifiers
using one of the generally accepted scales. The Braden scale
used in our facility evaluates the following:

■ The patient’s nutritional status
■ The ability of the patient to sense skin damage
■ The ability of the patient to change position (mobility)
■ The degree to which the patient is subjected to shearing

forces and friction
■ The degree of exposure to wetness or moisture

Once assessed, beginning on admission, each patient should
be reassessed daily. As risk factors are identified, a plan of care
is established and followed. It is imperative that a surveillance
system be formulated to identify areas of weakness and areas
for improvement be designed for any program to be success-
ful. The surveillance system helps all staff members focus on
the important issues and ensures that a steady decrease in the
occurrence rate of pressure ulcers is seen within the unit. An
aggressive, proactive approach is needed to address pressure
ulcers in the acute care setting and should include a multidis-
ciplinary team composed of nutritional, nursing, medical, and
management personnel to develop programs, protocols, proce-
dures, and practices that will continue to support and influence
the best outcomes.
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SECTION XIX ■ HEMATOLOGIC AND ONCOLOGIC
DISEASE AND DYSFUNCTION

CHAPTER 170 ■ COAGULATION DISORDERS
IN THE INTENSIVE CARE UNIT
ROBERT I. PARKER

This chapter focuses on various pathophysiologic conditions
associated with abnormal hemostasis or abnormal laboratory
measurements of hemostasis. However, to understand how to
approach a patient with a bleeding problem, one must first
have a basic understanding of the processes involved in reg-
ulating blood coagulation. Consequently, we will start with a
brief overview of our current understanding of coagulation,
including a brief discussion of the interactions of coagulation
and inflammation.

The coagulopathic conditions frequently encountered in the
intensive care unit (ICU) can be arbitrarily divided into three
categories: (i) those associated with serious bleeding or a high
probability of bleeding, (ii) thrombotic syndromes or condi-
tions associated with a higher probability of thrombosis, and
(iii) systemic diseases associated with acquired selective coagu-
lation factor deficiencies. In addition, there are a few conditions
associated with abnormal coagulation screening tests that rep-
resent laboratory phenomena not associated with an increased
bleeding risk. A topical listing of these conditions is included
for review in Table 170.1. The order in which these categories
are listed suggests their relative importance to the critical care
practitioner. This chapter will end by noting future directions
in research and care of the critically ill patient with hemo-
static abnormalities. Although space limitation will not allow
for a comprehensive discussion of all aspects of pathophysi-
ology, clinical presentation, and management of hemorrhagic
and thrombotic disorders encountered in the ICU, I hope to
provide a framework that will allow the reader to garner a ba-
sic understanding of the issues and direct him or her toward
additional sources of information.

OVERVIEW OF COAGULATION
For years, medical students have been taught that the process
of blood clotting is divided into the intrinsic, extrinsic, and
common pathways (Fig. 170.1), and students have come away
with the thought that clotting occurs as the result of an orderly
sequential process. Although this arbitrary segmentation of the
clotting process may allow for a basic level of understanding,
it obscures the fact that once initiated, clot production and
clot destruction (fibrinolysis) occur simultaneously, and also
minimizes the role that platelets and the endothelium play in
the overall process. This section of the chapter will try to clarify
some of the newer thoughts on coagulation.

Whereas previously it was thought that the intrinsic path-
way, beginning with the activation of factor XII (fXII) to acti-

vated factor XII (fXIIa) in contact with some biologic or foreign
surface, was physiologically most important in the initiation of
clot formation, we now know that the activation of fX to fXa
through the action of the fVIIa/tissue factor (TF) complex is
paramount in this regard (1,2). It is also evident that the various
elements of the clotting cascade frequently act in concert; hence,
the use of the term, tenase, to describe the action of fVIIa/TF
complex along with the fIXa/fVIIIa complex on the activation
of factor X to Xa, and the use of the term, prothrombinase, to
describe the factor Xa/Va complex, which cleaves prothrombin
(factor II) to form thrombin (factor IIa). In addition, we now
know that there is cross talk between the two arms of the clot-
ting cascade, with fVIIa being able to enhance the activation of
fIX (to fIXa) and fXI (to fXIa), further pointing out the central
role that fVIIa and TF play in vivo (Fig. 170.2). Furthermore,
there are various positive feedback loops principally involving
thrombin that enhance the upstream activation of the clotting
process.

Tissue factor for the activation of coagulation is present
not only in the subendothelial matrix, but is also found circu-
lating freely in plasma as soluble tissue factor and contained
on cellular elements such as monocytes. However, clotting
does not occur in free-flowing blood but rather on surfaces.
Platelets, endothelial cells, the subendothelial matrix, and bio-
logic polymers—for example, catheters, grafts, stents, and so
on—can provide these surfaces for clot formation, and all play
a critical role in clot formation.

Platelets not only initiate clot formation through the for-
mation of a platelet plug, but, more significantly, they bring
specialized proteins that regulate the clotting response—for ex-
ample, fVIII, inhibitors of fibrinolysis, and so on—to the area of
bleeding, and provide a surface for the co-localization of clot-
ting factors for efficient clot formation (Fig. 170.3). Platelets do
not ordinarily adhere to the vascular endothelium, but when
the endothelium is mechanically disrupted (e.g., cut) or acti-
vated by inflammation, platelets will bind to the endothelial cell
or subendothelial matrix via a von Willebrand factor (vWf)-
dependent mechanism. Once adherent, the platelets become
activated and secrete various molecules that further enhance
platelet adherence and aggregation, vascular contraction, clot
formation, and wound healing (3).

The endothelium is a specialized organ that plays a cen-
tral role in the regulation of clot formation (i.e., hemosta-
sis) by presenting a nonthrombogenic surface to flowing
blood and by enhancing clot formation when the endothelium
is disrupted by trauma or injured by infection or inflamma-
tion (4,5) (Fig. 170.4). The normal endothelium produces

2503



2504 Sect ion XIX: Hematolog ic and Oncologic Disease and Dysfunction

TA BLE 1 7 0 . 1

OVERVIEW OF COAGULATION DISORDERS SEEN IN
THE ICU

CONDITIONS ASSOCIATED WITH SERIOUS BLEEDING
OR A HIGH PROBABILITY OF BLEEDING
Disseminated intravascular coagulation (DIC)
Liver disease/hepatic insufficiency
Vitamin K deficiency/depletion
Massive transfusion syndrome
Anticoagulant overdose (heparin, warfarin)
Thrombocytopenia (drug-induced, immunologic)
Acquired platelet defects (drug-induced, uremia)

THROMBOTIC CLINICAL SYNDROMES
Thrombotic thrombocytopenia purpura/hemolytic uremic

syndrome
Deep venous thrombosis
Pulmonary embolism
Coronary thrombosis/acute myocardial infarction

LABORATORY ABNORMALITIES NOT ASSOCIATED
WITH CLINICAL BLEEDING
Lupus anticoagulant
Reactive hyperfibrinogenemia

OTHER SELECTED CLINICAL SYNDROMES
Hemophilia (A and B)
Specific factor deficiencies associated with specific diseases
Amyloidosis, factor X; Gaucher, factor IX; nephrotic

syndrome, factor IX, antithrombin III
Cyanotic congenital heart disease (polycythemia, qualitative

platelet defect)
Depressed clotting factor levels (newborns)

inhibitors of blood coagulation and platelet activation, and
modulates vascular tone and permeability. Endothelial cells
also synthesize and secrete the components of the subendothe-
lial extracellular matrix, including adhesive glycoproteins, col-
lagen, fibronectin, and vWf. When the endothelium is dis-
rupted, bleeding occurs. However, when injured, the endothe-
lium often becomes a prothrombotic rather than an antithrom-
botic organ, and unwanted clot formation may occur.

INTERACTION OF COAGULATION
AND INFLAMMATION

There are multiple points of intersection between the biochem-
ical events of inflammation and those of coagulation (6). Al-
though a full discussion of these points is beyond the scope of
this chapter, the cross talk between inflammation and coagu-
lation likely takes place at the level of the endothelium, and is
bidirectional wherein activation of either pathway affects the
functioning of the other (6) (Fig. 170.5). While many different
inflammatory cytokines have been identified as promoters of a
procoagulant milieu, the interconnection of tissue factor (TF)
and tissue necrosis factor-α (TNF-α) may potentially be the
most important of these. During sepsis, tissue factor expression
is up-regulated in activated monocytes and endothelial cells as
a response to endotoxin, with the consequence being both the
secretion of proinflammatory cytokines, such as interleukin-
6 (IL-6) and TNF-α , from activated mononuclear cells, and
the activation of coagulation. This results in increased throm-
bin production, which plays a central role in coagulation and
inflammation through the induction of procoagulant, antico-
agulant, inflammatory, and mitogenic responses (7). Thrombin
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Damaged Surface
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Kallikre in

TraumaXIIaXII

IXaIX

XaX X

VIIIaCa 2+
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Va

VIIa VII

Tis s ue  Factor Trauma

Final Common Pathway

Thrombin (IIa)Prothrombin (II)
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FIGURE 170.1. Coagulation is initiated either
through the intrinsic pathway by activation of
factor XII by the generation of high-molecular-
weight kininogen and kallikrein, or through acti-
vation of the extrinsic pathway by tissue factor.
Roman numerals indicate zymogen clotting fac-
tors; “a” indicates activated forms of the clotting
factors.
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FIGURE 170.2. Modified clotting cascade
indicating cross talk between the intrin-
sic and extrinsic pathways by the action
of VIIa/tissue factor (TF) enhancing the
conversion of factor XI to activated fac-
tor XI (XIa) (dotted lines). Ca2+ , calcium;
HK, high-molecular-weight kininogen; PK,
prekallikrein; PL, phospholipids.

results in the activation, aggregation, and lysis of leukocytes
and platelets, and activation of endothelial cells, with resul-
tant increase in proinflammatory cytokines IL-6 and TNF-α
expression. The net result of thrombin generation is to produce
a proinflammatory and procoagulant state, leading to the for-
mation of fibrin and microvascular thrombosis. However, these
proinflammatory effects of thrombin are counterbalanced by
the anti-inflammatory effects of activated protein C (Fig. 170.4)
(7).

A second important point of connection of coagulation and
inflammation is through the protein C system (8–10). Although
the anticoagulant effects of activated protein C (aPC) and its

cofactor, protein S, are well known, only recently have the anti-
inflammatory roles of these proteins been appreciated. In ex-
perimental models, aPC has been shown to increase the secre-
tion of anti-inflammatory cytokines, reduce leukocyte migra-
tion and adhesion, and protect endothelial cells from injury.
Additionally, the balance between the anticoagulant and anti-
inflammatory roles of aPC may be mediated by the relative
distribution of free and complement factor C4b bound protein
S (9,10). In vitro, aPC inhibits TNF-α elaboration from mono-
cytes and blocks leukocyte adhesion to selectins, as well as
having an influence on apoptosis (7). The protein C pathway
is engaged when thrombin binds to thrombomodulin on the

Vesse l injury

Pla te le t adhering to
endothe lia l ce ll layer surface

Pla te le t aggrega tion
formation

Pla te le t plug with
fibrin clot formation

Hemostas is

FIGURE 170.3. The role of platelets in mediating primary hemostasis at sites of vascular injury. Platelets
are initially activated and express specific adhesion receptors on their surface, followed by adhesion to
activated endothelial cells and exposed subendothelial components (e.g., collagen, von Willebrand factor).
Subsequent platelet aggregation occurs with the development of a primary platelet plug. Coagulation
occurs on the developing platelet plug with the creation of a fibrin clot.
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FIGURE 170.4. The interaction of the protein C system with the endothelium: thrombin bound to throm-
bomodulin (TM) modifies protein C bound to the endothelial protein C receptor (EPCR) on the cell surface
to generate activated protein C (APC). APC acts as a natural anticoagulant by inactivating activated factors
V (fVa) and VIII (fVIIa), modulates inflammation by down-regulating the synthesis of proinflammatory cy-
tokines, leukocyte adherence, and apoptosis and enhances fibrinolysis by inhibiting thrombin-activatable
fibrinolysis inhibitor (TAFI) and plasminogen activator inhibitor type-1 (PAI-1). sTM, soluble thrombo-
modulin; sEPCR, soluble endothelial protein C receptor; PS, protein S; C4bbp, C4b binding protein; PAI-1,
plasminogen activator inhibitor type 1.

surface of the endothelial cell. Binding of PC to the endothelial
cell protein C receptor (EPCR) augments protein C activation
by the thrombin–TM complex more than tenfold in vivo. EPCR
is shed from the endothelium through the action of inflamma-
tory mediators and thrombin, thereby down-regulating aPC
generation in sepsis and inflammation.

The third important link between inflammation and coag-
ulation occurs at the level of fibrinolysis and also involves the
protein C system. Activated PC is capable of neutralizing the
fibrinolysis inhibitors, plasminogen activator inhibitor type-1
(PAI-1) and thrombin activatable fibrinolysis inhibitor (TAFI).

Consequently, depressed levels of aPC not only promote clot
formation by reducing the inactivation of the procoagulant
molecule-activated factors V and VIII (fVa, fVIIIa), leading to
increased generation of thrombin and fibrin clots, but also by
limiting the fibrinolytic response needed to degrade clots. TAFI
(also known as carboxypeptidase R) has also been shown to
inactivate inflammatory peptides, such as complement factors
C3a and C5a, which can play a role in the contact activa-
tion of coagulation. In addition, polymorphisms of the pro-
moter region of the PAI-1 gene that lead to differences in PAI-
1 production have been demonstrated to affect the prognosis
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FIGURE 170.5. Inflammation enhances coagulation through the induction of proinflammatory cytokines,
which induce tissue factor (TF) formation, which in turn decreases activated protein C (APC) formation,
leading to enhanced thrombin and fibrin generation. In addition, the decrease in APC allows for greater
inhibition of fibrinolysis through the action of plasminogen activator inhibitor type-1 (PAI-1). ICAM,
intercellular adhesion molecule; IL, interleukin; LPS, lipopolysaccharride; TNF, tissue necrosis factor.



Chap t e r 170: Coagulation Disorders in the Intensive Care Unit 2507

in meningococcal sepsis and multiple trauma, highlighting the
important role of this regulatory system (11). This finding
illustrates the significance of developing our knowledge of
how common polymorphisms of genes that encode important
molecules affect our response to infection and injury. A recent
report, which demonstrated increased mortality and organ dys-
function and increased inflammation in patients who exhibited
a specific polymorphism (1641AA) of the protein C gene (12),
further reinforced the importance of the interactions between
coagulation and inflammation and the central role of protein
C, as well as the significant role that gene polymorphisms play
in host responses and clinical outcomes.

AN APPROACH TO THE PATIENT
WITH AN ACTUAL OR SUSPECTED

COAGULATION DISORDER

Clinical Hist o ry

Diagnostic assessment begins at the bedside. The medical his-
tory, both past and present, may lend some insight into the
risk for significant bleeding (13,14). A prior history of pro-
longed or excessive bleeding, or of recurrent thrombosis, is a
significant finding and should be ruled out. Specific questions
regarding bleeding should investigate the occurrence of any of
the following:

■ Spontaneous, easy, or disproportionately severe bruising
■ Intramuscular hematoma formation (either spontaneous or

related to trauma)
■ Spontaneous or trauma-induced hemarthrosis
■ Spontaneous mucous membrane bleeding
■ Prior problems with bleeding related to surgery (including

dental extractions, tonsillectomy, and circumcision)
■ The need for transfusions in the past
■ Menstrual history
■ Current medications

There are innumerable aspirin-containing medications
available to the consumer, all of which can potentially inter-
fere with platelet-mediated primary hemostasis. Many other
drugs used in the ICU are also associated with bleeding ab-
normalities and are discussed below. In situations involving
trauma (either surgical or accidental), it is imperative to deter-
mine the severity of injury relative to the magnitude of bleeding
that followed. A prior history of significant thrombosis, such as
deep venous thrombosis, pulmonary embolus, or stroke, also
suggests the possibility that a hypercoagulable condition may
be present. Given that thrombotic events are generally uncom-
mon in younger adults, the occurrence of thrombotic events,
particularly early cardiovascular events such as myocardial in-
farction, in young adult relatives should cause the clinician to
consider the presence of a congenital thrombophilic abnormal-
ity in the patient. These include deficiencies of antithrombin-
III, protein C or protein S, the presence of the factor V Leiden
R506Q mutation, the prothrombin G20210A (or the newly
described A19911G) (15,16) polymorphism/mutation, and the
C677T mutation/polymorphism of the MTHFR (methylenete-
trahydrofolate reductase) gene. In addition, vasculitis associ-
ated with an autoimmune disorder such as systemic lupus ery-
thematosus (SLE) must always be considered in the evaluation

of an individual with an unexplained pathologic clot. In all
cases, the family history is essential in trying to separate con-
genital from acquired disorders.

In a general sense, one can segregate defects into those in-
volving primary or secondary hemostasis according to the na-
ture of the bleeding. Patients with primary hemostatic defects
tend to manifest platelet or capillary type bleeding—oozing
from cuts or incisions, mucous membrane bleeding, or exces-
sive bruising. In women, this may manifest as menorrhagia.
This type of bleeding is seen in patients with quantitative or
qualitative platelet defects or von Willebrand disease. In con-
trast, patients with dysfunction of secondary hemostasis tend
to display large vessel bleeding, characterized by hemarthroses,
intramuscular hematomas, and the like. This type of bleeding
is most often associated with specific coagulation factor defi-
ciencies or inhibitors.

Physical Examinat ion

Development of generalized bleeding in critically ill ICU pa-
tients presents a special problem. Such bleeding is often associ-
ated with severe underlying multiple organ system dysfunction
and, thus, correction of the coagulopathy usually requires im-
provement in the patient’s overall clinical status. Supportive
evidence or physical findings of other concurrent organ system
dysfunction, such as oliguria or anuria, respiratory failure, or
hypotension, often are readily apparent. With the exception of
massive transfusion syndrome (see below), generalized bleed-
ing in critically ill patients is often caused by sepsis-related
disseminated intravascular coagulation (DIC) (17,18). How-
ever, the clinician must also consider the coagulopathy of severe
liver dysfunction, undiagnosed hemophilia, or, in the elderly or
debilitated, vitamin K deficiency in the differential diagnosis
(17–19).

The physical examination of the patient with a bleeding
disorder should answer several basic questions. Is the process
localized or diffuse? Is it related to an anatomic or surgical le-
sion? Is there mucosal bleeding? And finally, when appropriate,
are there signs of either arterial or venous thrombosis? These
answers may give clues to the cause of the problem as being a
primary versus secondary hemostatic dysfunction, or anatomic
bleeding versus generalized coagulopathy.

During the course of the examination, particular attention
should be paid to the presence of several specific physical find-
ings that may be helpful in determining the cause of a sus-
pected hemostatic abnormality. For example, the presence of
an enlarged spleen coupled with thrombocytopenia suggests
that splenic sequestration may be a contributor to the observed
thrombocytopenia. Furthermore, evidence of liver disease, such
as portal hypertension and ascites, points to decreased factor
synthesis as a possible cause of a prolonged PT or aPTT. When
lymphadenopathy, splenomegaly, or other findings suggestive
of disseminated malignancy are detected, acute or chronic
DIC should be suspected as the cause of prolonged coagu-
lation times, hypofibrinogenemia, and/or thrombocytopenia.
Purpura that are palpable suggest capillary leak from vasculitis,
whereas purpura associated with thrombocytopenia or quali-
tative platelet defects are generally not elevated and cannot be
distinguished by touch. Finally, venous and arterial telangiec-
tasia may be seen in von Willebrand disease and liver disease,
respectively. When selective pressure is centrally applied to an
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arterial telangiectasia, the whole lesion fades, whereas a venous
telangiectasia requires confluent pressure across the entire le-
sion, as with a glass slide, for blanching to occur.

Diag nost ic Lab orat ory Evaluat ion

This section focuses on selecting appropriate tests to enable
the clinician to sort out information from the history, physical
examination, or previously obtained—and often confusing—
laboratory data. Before we proceed, however, the importance
of correct specimen collection for hemostatic evaluation must
be emphasized. In the ICU, it is common for laboratory samples
to be drawn through an indwelling arterial or central venous
cannula, often because peripheral access is no longer available.
Heparin-containing solution is, therefore, commonly present,
either in the cannula flush medium to transduce a waveform
or as a component of the intravenous infusion. Depending on
the concentration of heparin in the infusing fluid and the vol-
ume of blood withdrawn, several tests can be influenced. Fib-
rin degradation products (FDPs) can be falsely elevated, and
fibrinogen can be falsely low. Likewise, the prothrombin time
(PT), activated partial thromboplastin time (aPTT), and throm-
bin time (TT) can be spuriously prolonged. A minimum of 20
mL of blood in adolescents and adults, and 10 mL of blood in
younger children, should therefore be withdrawn through the
cannula and either discarded or used for other purposes be-
fore obtaining a specimen for laboratory hemostasis analysis
(20). This practice should minimize any influence of heparin
on the results. In some clinical situations, it may not be rea-

sonable to withdraw this volume of blood, and a peripheral
venipuncture may be necessary. Because the aPTT is sensitive
to the presence of small amounts of heparin, the presence of an
unexpected prolonged aPTT obtained through a heparinized
catheter should raise the suspicion of sample contamination.
In this setting, the TT will also be prolonged, but will nor-
malize if the contaminating heparin is neutralized (e.g., with
toluidine blue or Hepasorb).

The presence of most suspected bleeding disorders can be
confirmed using routinely available tests. These include evalu-
ation of the peripheral blood smear, including an estimate of
the platelet count and platelet and red blood cell morphologic
features; measurement of the PT, aPTT, and the TT; and, finally,
assays for fibrinogen or the presence of fibrin degradation prod-
ucts or the d-dimer fragment of polymerized fibrin. This latter
test is more specific for the fibrinolytic fragment produced when
polymerized fibrin monomer, produced through the action of
thrombin on fibrinogen, is cleaved by the proteolytic enzyme,
plasmin. In contrast to the older assays for fibrin degradation
or fibrin split products (FDPs and FSPs), which will be positive
even if fibrin is not produced—for example, the fragments are
the result of proteolytic degradation of native fibrinogen—the
d-dimer assay is positive only if fibrinogen has been cleaved to
fibrin by the action of thrombin. Discretion should be used in
determining which of these tests are most appropriate for as-
sessment; they need not be ordered as a blanket panel on all pa-
tients with known or suspected bleeding disorders. Table 170.2
summarizes several major categories of hemorrhagic disorders
and the tests that are characteristically abnormal in each. In
most instances, measurement of the platelet count, fibrinogen
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HEMORRHAGIC SYNDROMES AND ASSOCIATED LABORATORY FINDINGS

Clinical syndrome Screening tests Supportive tests

DIC Prolonged PT, aPTT, TT; decreased fibrinogen,
platelets; microangiopathy

(+ ) FDPs, d-dimer; decreased factors V,
VIII, and II (late)

Massive transfusion Prolonged PT, aPTT; decreased fibrinogen,
platelets

± Prolonged TT

All factors decreased; (–) FDPs, d-dimer
(unless DIC develops); (+ ) transfusion
history

Anticoagulant overdose
Heparin Prolonged aPTT, TT; ± prolonged PT Toluidine blue/protamine corrects TT;

reptilase time normal
Warfarin (same as vitamin K

deficiency)
Prolonged PT; ± prolonged aPTT (severe);

normal TT, fibrinogen, platelets
Vitamin K–dependent factors decreased;

factors V, VIII normal
Liver disease

Early Prolonged PT Decreased factor VII
Late Prolonged PT, aPTT; decreased fibrinogen

(terminal liver failure); normal platelet count
(if splenomegaly absent)

Decreased factors II, V, VII, IX, and X;
decreased plasminogen; ± FDPs unless
DIC develops

Primary fibrinolysis Prolonged PT, aPTT, TT; decreased fibrinogen
± platelets decreased

(+ ) FDPs, (–) d-dimer; short euglobulin
clot lysis time

TTP Thrombocytopenia, microangiopathy with mild
anemia; PT, aPTT, fibrinogen generally WNL/
mildly abnormal

ADAMTS13 deficiency/inhibitor,
unusually large vWf multimers between
episodes; mild increase in FDPs or
d-dimer

HUS Microangiopathic hemolytic anemia, ±
thrombocytopenia; PT, aPTT generally WNL

Renal insufficiency; FDPs and d-dimer
generally (− )

DIC, disseminated intravascular coagulation; PT, prothrombin time; aPTT, activated partial thromboplastin time; TT, thrombin time; FDPs, fibrin
degradation products; TTP, thrombotic thrombocytopenic purpura; WNL, within normal limits; vWf, von Willebrand factor; HUS, hemolytic uremic
syndrome.
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level, PT, aPTT, and TT should provide sufficient information
for determining the correct diagnosis, or at least making an
educated guess. By using these five screening tests and assess-
ing other more specific tests only when an absolute diagnosis
is necessary, inappropriate use of laboratory resources may be
avoided.

Evaluat ion of Thromb osis

Patients who present with a thrombotic event will generally
not display abnormalities of usual clotting studies—that is,
their PT, aPTT, TT, and fibrinogen will usually be within nor-
mal ranges. Whereas hyperfibrinogenemia and persistent ele-
vations of fVIII have been associated with an increased risk
of thrombosis, both may be elevated by acute inflammation,
and consequently, the finding of elevations of these clotting
factors is generally not helpful in the evaluation of a throm-
botic event in an acutely ill individual. Several inherited or
acquired abnormalities that place an individual at increased
risk for thrombosis have been identified, and determination of
these factors should be undertaken when a thrombotic event
is suspected or documented. Prior to the initiation of antico-
agulation, plasma levels of protein C (antigen and activity),
protein-S (antigen and activity), total and free, and antithrom-
bin III (antigen and activity) should be obtained. In addition,
PCR analysis for mutations in the factor V (factor V Lei-
den; [Arg]R506Q[Gln]), prothrombin ([Gly]G20210A[Ala],
and [Ala]A19911G[Gly]) and methylenetetrahydrofolate re-
ductase (MTHFR; [Cys]C677T[Thr]) genes should be per-
formed. In addition, a baseline serum homocysteine may be ob-
tained given that the thrombosis risk of the MTHFR mutation
may be related to elevations of homocysteine caused by alter-
ations in the metabolism of folic acid rather than the mutation
per se. Acquired thrombotic risk factors include the presence
of lupus anticoagulants, antiphospholipid, and anticardiolipin
antibodies, which may be associated with underlying autoim-
mune disorders or with acute inflammation. In adult popula-
tions, approximately 40% of patients with thrombosis will not
display one of the known thrombophilic risk factors. The inten-
sivist must look for confounding clinical conditions such as se-
vere dehydration with marked hemoconcentration—in the case
of central venous sinus thrombosis, indwelling catheters, vas-
cular compression—e.g., cervical ribs, type II heparin-induced
thrombocytopenia (see below), and so forth, in their evaluation
of a patient with thrombosis.

CONDITIONS ASSOCIATED WITH
SERIOUS BLEEDING OR A HIGH

PROBABILITY OF BLEEDING

Disse minat e d Int ravascular Coag ulat ion

Pat hog e ne sis
Because it often occurs in conjunction with more serious, life-
threatening disorders, DIC is one of the most serious hemo-
static abnormalities seen in the ICU. The clinical syndrome
itself results from the activation of blood coagulation, which
then leads to excessive thrombin generation. The final result
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UNDERLYING DISEASES ASSOCIATED WITH
DISSEMINATED INTRAVASCULAR COAGULATION

■ Sepsis
■ Liver disease
■ Shock
■ Penetrating brain injury
■ Necrotizing pneumonitis
■ Tissue necrosis/crush injury
■ Intravascular hemolysis
■ Acute promyelocytic

leukemia
■ Thermal injury
■ Freshwater drowning
■ Fat embolism syndrome

■ Retained placenta
■ Hypertonic saline

abortion
■ Amniotic fluid embolus
■ Retention of a dead fetus
■ Eclampsia
■ Localized endothelial

injury (aortic aneurysm,
giant hemangiomata,
angiography)

■ Disseminated
malignancy (prostate,
pancreatic)

of this process is the widespread formation of fibrin thrombi
in the microcirculation, with resultant consumption of certain
clotting factors and platelets. Ultimately, this consumption gen-
erally results in the development of significant bleeding due to
the rate of consumption outpacing the rate at which the clotting
factors and platelets are produced (21). Table 170.3 reviews
several specific conditions associated with the development of
DIC. In general, the conditions associated with DIC are the
same for either adult or pediatric populations. These include a
wide variety of disorders that share as their common feature
the ability to initiate coagulation to varying degrees. The mech-
anisms involved can generally be considered in two categories:
those intrinsic processes that enzymatically activate procoagu-
lant proteins, and those that cause the release of tissue factor,
which then triggers coagulation. These are complex events that
can lead to significant bleeding and often complicate the man-
agement of an already critically ill patient.

Fibrinolysis invariably accompanies thrombin formation in
DIC (21). Thrombin generation or release of tissue plasmino-
gen activator usually initiates this process. Plasmin is generated,
which in turn digests fibrinogen and fibrin clots as they form.
Plasmin also inactivates several activated coagulation factors
and impairs platelet aggregation. DIC represents an imbalance
between the activity of thrombin, which leads to microvascular
thrombi with coagulation factor and platelet consumption, and
plasmin, which degrades these fibrin-based clots as they form.
Therefore, thrombin-induced coagulation factor consumption,
thrombocytopenia, and plasmin generation all contribute to
the presence of bleeding.

In addition to bleeding complications, the presence of fibrin
thrombi in the microcirculation also can lead to ischemic tissue
injury. Pathologic data indicate that renal failure, acrocyanosis,
multifocal pulmonary emboli, and transient cerebral ischemia
may be related clinically to the presence of such thrombi. The
fibrinopeptides A and B, resulting from enzymatic cleavage
of fibrinogen, lead to pulmonary and systemic vasoconstric-
tion, which can potentiate an existing ischemic injury. In a
given patient with DIC, either bleeding or thrombotic tenden-
cies may predominate; in most patients, bleeding is usually the
predominant problem. In up to 10% of patients with DIC,
however, the presentation is exclusively thrombotic—for ex-
ample, pulmonary emboli with pulmonary hypertension, renal
insufficiency, altered mental status, acrocyanosis—without
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hemorrhage. Whether the presentation of DIC is thrombotic,
hemorrhagic, or compensated (that is, laboratory results con-
sistent with DIC without overt bleeding), microthrombosis
probably contributes to the development and progression of
multiorgan failure.

Clinical Pre se nt at ion and Diag nosis
The suspicion that DIC is present usually stems from one of
two situations: unexplained generalized oozing or bleeding,
or unexplained abnormal laboratory parameters of hemosta-
sis. This usually occurs in the context of a suggestive clini-
cal scenario or associated disease (Table 170.3). Although in-
fection and multiple trauma are the most common underly-
ing conditions associated with the development of DIC, cer-
tain other organ system dysfunctions predispose to DIC, in-
cluding hepatic insufficiency and splenectomy (17,18). Both
of these conditions are associated with impaired reticuloen-
dothelial system function and consequent impaired clearance
of activated coagulation proteins and fibrin/fibrin degradation
fragments, which may inhibit fibrin polymerization and clot
formation.

The clinical severity of DIC frequently has been assessed
by the severity of bleeding and coagulation abnormalities. Re-
cently, scoring tools using a panel of laboratory tests along with
severity of illness scores to assess the likelihood and severity of
DIC have been proposed in an attempt to determine the prog-
nosis and direct initial therapy at the time of diagnosis. A list
is found in Table 170.4. The use of these scoring systems for
the early diagnosis and treatment of DIC does appear to have
prognostic value, particularly in patients with sepsis (22–24).
The systems suggested by Leclerc et al. (25) and Taylor et al.
(26) are two of the more commonly used scoring systems and
may serve as a template for the diagnosis of DIC; a qualita-
tive score (3 out of tests positive) (Leclerc) or a quantitative
score (Taylor) are strongly suggestive of a diagnosis of DIC.
The combination of a prolonged PT, hypofibrinogenemia, and
thrombocytopenia in the appropriate clinical setting is suffi-
cient to suspect the diagnosis of DIC in most instances. Severe
hepatic insufficiency, with splenomegaly and splenic sequestra-
tion of platelets, also can yield a similar laboratory profile and
must be ruled out.

In addition to liver disease, several other conditions have
presentations similar to DIC and must be considered in the
differential diagnosis:
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LABORATORY TESTS FOR THE DIAGNOSIS OF DIC

Test Discriminator value

Platelet count < 80–100,000 cells/µ L or a decrease of
> 50% from baseline

Fibrinogen < 100 mg/dL or a decrease of > 50% from
baseline

PT > 3 sec prolongation above ULN
FDPs > 80 mg/dL
d-Dimer Moderate increase

PT, prothrombin time; FDPs, fibrin degradation products; ULN, upper
limit of normal.

■ Massive transfusion
■ Primary fibrinolysis
■ Thrombotic thrombocytopenic purpura/hemolytic uremic

syndrome
■ Heparin therapy
■ Dysfibrinogenemia

With the exception of massive transfusion syndrome, these dis-
orders generally have only two of the three characteristic labo-
ratory findings of DIC; a comparison of the laboratory findings
in these disorders is noted in Table 170.2. To confirm a diagno-
sis of suspected DIC, confirmatory tests indicating an increased
fibrinogen turnover, such as elevated FDPs or d-dimer assay,
may be necessary. The d-dimer assay for the D-D fragment of
polymerized fibrin has been shown to be both highly sensitive
and specific for proteolytic degradation of polymerized fibrin
(fibrin clot that has been produced in the presence of thrombin).
Consequently, this test is being used with increasing frequency
in patients with suspected DIC. However, remembering that
thrombin is produced whenever coagulation is activated in the
presence of bleeding, the clinician must interpret a modest el-
evation of d-dimer in a postoperative or trauma patient with
some degree of caution. The presence of a marked elevation of
d-dimer in a nonbleeding patient essentially excludes primary
fibrinogenolysis as the sole cause of measurable FDPs in the
serum. The TT is a less sensitive test for DIC, but may be use-
ful in cases of suspected heparin overdose because it will correct
in the test tube with the addition of protamine sulfate or tolu-
idine blue. Similarly, the euglobulin clot lysis time may not be
sensitive to fibrinolysis associated with DIC but is significantly
shortened in most cases of primary fibrinolysis. Other tests of
purported value, such as soluble fibrin monomer or thrombin–
antithrombin complex formation, either have problems with
sensitivity or are impractical for widespread use outside of re-
search settings.

Thromb ot ic Thromb ocyt op e nic Purp ura
(TTP) and He molyt ic

Ure mic Synd rome (HUS)

Specific mention of thrombotic thrombocytopenic purpura
(TTP) and hemolytic uremic syndrome (HUS) should be made.
Although neither generally produces a coagulopathic state,
both are characterized by marked microangiopathy and mi-
crovascular thrombosis. Presently, these two diseases are felt to
represent different ends of the spectrum of end organ dysfunc-
tion possible in microangiopathic states. HUS is more com-
monly seen in children, and is characterized by a prodrome
of fever and diffuse, often bloody, diarrhea. Endemic cases of
HUS are generally caused by verotoxin expressing enteropathic
strains of E. coli (O157:H7) or Shiga toxin expressing strains
of Shigella. Sporadic cases are generally not associated with
diarrhea, and may represent variant TTP or familial defects
in complement factor H. Therapy, including renal replacement
measures, is supportive. Neither plasma infusion nor plasma
exchange appears to be beneficial in the treatment of HUS. TTP
is characterized by the pentad of microangiopathic hemolytic
anemia (MAHA), thrombocytopenia, neurologic symptoms,
fever, and renal dysfunction. Whereas only 40% of patients
will display the full pentad, up to 75% will manifest a triad of
MAHA, neurologic symptoms, and thrombocytopenia. This
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disorder is felt to be due to the absence or inhibition of a vWf
cleaving protease (ADAMTS13), resulting in the circulation of
unusually large vWf multimers, which can induce or enhance
the pathologic adhesion of platelets to the endothelium. The
therapy of choice for TTP is plasma exchange by apheresis.
Platelet transfusions are generally not recommended except in
the case of major bleeding.

Manag e me nt
The primary treatment for DIC is correction of the underlying
problem that led to its development. Specific therapy for DIC
should not be undertaken unless (a) the patient has significant
bleeding or organ dysfunction secondary to DIC, (b) significant
thrombosis has occurred, or (c) if treatment of the underly-
ing disorder—for example, acute promyelocytic leukemia—is
likely to increase the severity of DIC.

Supportive therapy for DIC includes the use of several com-
ponent blood products (27). Packed red blood cells are given
according to accepted guidelines in the face of active bleeding.
Fresh whole blood—that is, less than 24 to 48 hours old—
also may be given to replete both volume and oxygen-carrying
capacity, with the additional potential benefit of providing co-
agulation proteins, including fibrinogen, and platelets. Cryo-
precipitate contains a much higher concentration of fibrinogen
than does whole blood or fresh frozen plasma (FFP), and there-
fore is more likely to provide the quantity of fibrinogen needed
to replete fibrinogen consumed during DIC. In this regard, FFP
is of limited value for the treatment of significant hypofibrino-
genemia because of the inordinate volumes required to produce
any meaningful increase in plasma fibrinogen concentration.
FFP infusions, however, may effectively replete other coagula-
tion factors consumed with DIC such as protein C, although
the increase in these proteins may be quite small unless large
volumes of FFP are infused. The use of cryoprecipitate or FFP
in the treatment of DIC has, in the past, been open to debate
because of concern that these products merely provide further
substrate for ongoing DIC and thus increase the amount of
fibrin thrombi formed. However, clinical (autopsy) studies have
failed to confirm this concern.

The goal of blood component therapy is not to produce
normal numbers but rather to produce clinical stability. If the
serum fibrinogen level is less than 75 to 50 mg/dL, repletion
with cryoprecipitate to raise plasma levels to 100 mg/dL or
higher is the goal. A reasonable starting dose is one bag of
cryoprecipitate for every 10 kg body weight every 8 to 12
hours. As cryoprecipitate is not a standardized component (i.e.,
its content varies from bag to bag), one should recheck the
fibrinogen level after an infusion to document the increase in
fibrinogen level. The amount and timing of the next infusion is
then adjusted according to the results. Platelet transfusions also
may be used when thrombocytopenia is thought to contribute
to ongoing bleeding. Many of the fibrin/fibrinogen fragments
produced in DIC have the potential to impair platelet function
by inhibiting fibrinogen binding to platelets. This may be clin-
ically significant at the concentration of FDPs achieved with
DIC. Platelet transfusions in patients with DIC should be con-
sidered to maintain platelet counts up to 40,000 to 80,000
cells/µ L, depending on the clinical specifics of the patient.

Pharmacologic therapy for DIC has two primary aims: to
“ turn off” ongoing coagulation so that repletion of coagula-
tion factors may begin, and to impede thrombus formation and
ensuing ischemic injury. Two new recombinant blood products

have been recently developed that have some usefulness in the
treatment of DIC. The first is recombinant-activated protein
C. This product has been shown to result in a 6% reduction
in sepsis mortality in adults and possibly a reduction in the
incidence of DIC (28). However, in older adults, its use was as-
sociated with an increase in intracranial bleeding. The second
new agent for the treatment of severe bleeding, including DIC,
is recombinant-activated factor VII (rhfVIIa). Although there
are limited controlled trials of its use and none in the pediatric
age range, with the exception of those patients with acquired in-
hibitors to fVIII, it has been proven to be a potent agent for the
control of bleeding from several medical and surgical causes,
including DIC and other consumptive coagulopathies (29–31).
This agent has also been shown to correct the hemostatic de-
fect caused by the antiplatelet agents aspirin and clopidogrel
(32). There have been reports that use of rhfVIIa may result
in an increase in thrombosis and thromboembolic events, al-
though the incidence appears to be small and the severity of
most events mild (33). In addition to activated protein C, other
anticoagulant molecules such as heparin and antithrombin III
and thrombolytic agents continue to be studied as therapy for
DIC and sepsis (34,35).

Live r Dise ase and He p at ic Insufficie ncy

Ab normal He most asis in Live r Dise ase
Liver disease is a common cause of abnormal hemostasis in ICU
patients, with abnormal coagulation studies or overt bleeding
occurring in approximately 15% of patients with either clinical
or laboratory evidence of hepatic dysfunction. It is a common
cause of a prolonged PT or aPTT, often without any clinical
sequelae. The hemostatic defect associated with liver disease
is multifactorial, with multiple aspects of hemostasis affected
(36,37).

In liver disease, the synthesis of several plasma coagulation
proteins is impaired. These include factors II, V, VII, IX, and
X. Fibrinogen synthesis by the liver usually can be maintained
at levels that prevent bleeding until terminal liver failure su-
pervenes. However, the function of fibrinogen synthesized by a
diseased liver may not be normal, owing to an increased sialic
acid content in its structure, which may result in a diminished
ability to form clots (i.e., a dysfibrinogen). Factor XIII activity
also is often decreased in the setting of hepatocellular disease.
However, the clinical significance of this decrease in factor XIII
is uncertain because levels as low as 3% provide normal fibrin
clot stabilization. Although it is apparently synthesized by the
liver, factor VIII (i.e., factor VIII coagulant protein [VIII:C],
antihemophilic factor A [AHF]) synthesis seems to be indepen-
dent of the state of hepatic function. Indeed, factor VIII levels
may be increased in some types of liver disease. Plasma protein
C and antithrombin III levels are low in many conditions of
hepatic insufficiency, with variable effects.

In addition to these defects in plasma coagulation protein
synthesis, many patients with liver disease, particularly cirrho-
sis, have increased fibrinolytic activity. The mechanism for this
heightened fibrinolytic state is not clear, but may be related to
the increased amounts of plasminogen activator often noted
in these patients. It may be difficult to discern whether fibri-
nolysis occurs solely because of underlying severe liver disease
or as a result of concurrent DIC, as patients with cirrhosis are
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at increased risk for the development of DIC. In liver disease,
levels of FDPs can be increased by both increased fibrinoly-
sis and by decreased hepatic clearance. Finally, clinically sig-
nificant fibrinolysis is a frequent occurrence in patients who
undergo portacaval shunt procedures. The clinical distinction
between primary DIC and a secondary hemostatic defect re-
sulting from liver disease can be virtually impossible to make
if active bleeding is present.

Thrombocytopenia may be present to a variable degree in
patients with hepatic dysfunction. This is usually ascribed to
splenic sequestration. It is rarely profound and generally does
not produce clinically significant bleeding as a solitary defect.
In vitro platelet aggregation may also be affected, however. In-
creased plasma concentrations of FDPs are a possible cause of
these qualitative platelet abnormalities. The thrombocytopenia
of liver disease in conjunction with other coagulation or hemo-
static defects secondary to liver disease may result in bleeding
that is difficult to manage clinically, particularly if all aspects
of the problem are not addressed.

Patients with hepatocellular disease may also exhibit de-
creased synthesis of the vitamin K–dependent anticoagulant
proteins, protein C and protein S, as well as antithrombin-III
(37). Decreased levels of these natural anticoagulants may in-
crease the risk of thrombosis. Neither the PT, aPTT, nor TT
will be affected by the levels of any of these naturally occur-
ring anticoagulants.

Pre se nt at ion
The hemostatic defect in liver disease is multifactorial, and
each patient should be approached accordingly. The most com-
mon scenario is a patient with liver disease and a prolonged
PT without overt bleeding in whom the potential for bleed-
ing is a concern. In patients with liver disease and impaired
synthetic capabilities, particularly those who are critically ill,
factor VII activity levels are usually the first to decrease due
to its short half-life—4 to 6 hours—and increased turnover.
This results in a prolonged PT, and can be noted even when
usual markers of hepatocellular injury or hepatic insufficiency
remain relatively normal (36,37). A prolonged thrombin time
in the setting of liver disease may indicate the presence of
dysfibrinogenemia as a result of altered hepatic fibrinogen
synthesis, or may indicate an acquired defect in fibrin poly-
merization (e.g., increased FDPs). As the severity of liver dis-
ease increases, the aPTT also may be affected, reflecting more
severely impaired synthetic function. In this setting, plasma
concentrations of the vitamin K–dependent coagulation pro-
teins decrease, as does factor V, which is not vitamin K depen-
dent. Although fibrinogen synthesis occurs in the liver, plasma
levels of fibrinogen are generally maintained until the disease
approaches end-stage. When fibrinogen levels are severely de-
pressed, liver failure has typically reached the terminal phase.
In contrast to the hypofibrinogenemia noted with consumptive
coagulopathies, the synthetic hypofibrinogenemia of liver dis-
ease is not accompanied by a marked increase in either FDPs or
d-dimers.

In more severe forms of liver disease, fibrinolysis may com-
plicate clinical management. Differentiating between concomi-
tant DIC and fibrinolysis attributable to liver disease alone
may be difficult. The d-dimer assay result should be negative in
the patient with liver disease and elevated FDPs, but no active
bleeding. Further clinical distinction usually is not possible.

Manag e me nt
If the patient is not actively bleeding, with certain provisos,
no specific therapy is required. In patients with a prolonged
PT who are in a postoperative state or are scheduled for an
invasive procedure, correction of the PT may be attempted.
FFP provides the most immediate source of specific coagula-
tion factors (i.e., factor VII), and usually corrects an isolated
mild PT prolongation. Cryoprecipitate is required only if fib-
rinogen levels are less than 50 to 100 mg/dL, or if there is
documentation of a significant dysfibrinogenemia. Vitamin K
deficiency also is relatively common in this patient population,
and replacement may be needed. In contrast to patients with
dietary vitamin K deficiency and normal liver function, cor-
rection of the PT in vitamin K–responsive critically ill patients
typically requires longer than 12 to 24 hours. Patients with sig-
nificant hepatic impairment may manifest a partial response or
may not respond at all. The immediate use of FFP is therefore
appropriate when rapid correction is necessary. Recombinant
human-activated factor VII (rhfIIa) infusions have been shown
to control the bleeding in severe liver disease, although this
does not necessarily result in reduced mortality (38,39).

When the synthetic capability of the liver becomes more
profoundly impaired, and the aPTT is also prolonged, greater
volumes of FFP or more specific therapy may be needed. The
use of factor IX concentrates (prothrombin complex concen-
trates) or rhfVIIa has been advocated, particularly if bleed-
ing is present; however, their use remains controversial. Those
products produced from plasma pooled from multiple donors
carry a significant risk of both hepatitis B and C. In addition,
they may provoke DIC and actually worsen hemostasis. The
use of prothrombin complex concentrates or rhfVIIa should
be reserved for patients with poorly controlled bleeding that is
unresponsive to other more established therapeutic modalities
such as infusion of FFP. Guidelines for the use of rhfVIIa are
under development.

A comprehensive therapeutic approach is needed in the pa-
tient with active bleeding as a result of liver disease. Initially,
FFP, 10 to 15 mL/kg body weight, may be given every 6 to
8 hours until bleeding slows significantly, and should then be
continued at maintenance levels as dictated by clinical status
and coagulation studies. Recombinant human-activated fac-
tor VII or prothrombin complex concentrates may be used in
those patients unresponsive to FFP infusions (39). Cryopre-
cipitate should be infused for fibrinogen levels less than 50 to
100 mg/dL. Platelet transfusions also may be required if the
platelet count is less than 40,000 to 80,000 cells/µ L, depend-
ing on the clinical situation. Vitamin K should be empirically
administered on the presumption that part of the synthetic de-
fect may result from a lack of this cofactor. However, one must
anticipate a poor response to vitamin K in the presence of severe
liver disease. Transfusions of packed cells are given as deemed
appropriate by the clinician.

Vit amin K Deficie ncy

The most common cause of a prolonged PT in the ICU is vi-
tamin K deficiency. Vitamin K is necessary for the gamma-
carboxylation of factors II, VII, IX, and X, without which these
factors cannot bind calcium and are not efficiently converted
into their activated forms. Factor VII has the shortest half-life
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of these coagulation proteins; accordingly, the PT is the most
sensitive early indicator of vitamin K deficiency.

Vitamin K deficiency is relatively common in critically ill pa-
tients for several reasons, including the use of broad-spectrum
antibiotics, poor nutrition preceding or subsequent to ICU ad-
mission, and the use of parenteral nutrition without vitamin
K supplementation. Many of the second- and third-generation
cephalosporins (e.g., ceftriaxone, cefpodoxime, cefepime, cef-
tazidime) may directly interfere with vitamin K absorption
from the gut lumen. The metabolites of some of these antibi-
otics may even act as competitive inhibitors of vitamin K (i.e.,
cefamandole). In addition, these and other antibiotics may kill
or inhibit the growth of gut bacteria, and thus limit the amounts
of vitamin K that they normally produce and excrete into the
gut lumen. Although malnutrition also may contribute to the
development of vitamin K deficiency, this usually requires 1
to 2 weeks to develop in the complete absence of vitamin K
intake. However, the use of parenteral alimentation without
vitamin K supplementation, coupled with antibiotic use, may
result in rapid vitamin K depletion; prolongation of the PT
can occur within only 2 to 3 days. Finally, fat malabsorption
states, including cystic fibrosis, may be associated with vitamin
K deficiency. Vitamin K is fat soluble and is not absorbed well
in some biliary tract and intrinsic small bowel disease. In the
ICU, vitamin K deficiency usually results from the interaction
of several of these factors, and is rarely limited to one of the
conditions mentioned. It is the responsibility of the clinician to
maintain an awareness of the potential for vitamin K deficiency
and to treat accordingly.

The differential diagnosis of an isolated prolongation of the
PT, with or without bleeding, includes both vitamin K defi-
ciency and liver disease. The clinical presentation of these pa-
tients is often quite similar. In fact, the distinction sometimes
can be made only on the basis of the response (or lack thereof)
to empirical vitamin K therapy. Warfarin administration (ei-
ther overt or covert) also should be excluded as a cause of
a prolonged PT. Newer, long-acting vitamin K antagonist ro-
denticides (so-called super-warfarin), when ingested, produce
a profound, prolonged, vitamin K–resistant reduction in vita-
min K–dependent clotting factors and may produce an isolated
prolongation of the PT initially. Treatment of poisoning with
these agents requires the aggressive prolonged use of vitamin K
and, in the bleeding patient, infusions of FFP or rhfVIIa. Con-
firmation of warfarin exposure as the cause of a prolonged PT
is possible by toxicologic methods to detect the drug and/or its
metabolites, or one can identify the presence of noncarboxy-
lated forms of vitamin K–dependent clotting factors in plasma
(proteins induced by vitamin K antagonist; PIVKAs). In addi-
tion, the presence of a specific inhibitor or congenital deficiency
of factor VII will also result in an isolated prolongation of the
PT. Acquired inhibitors of factor VII are rare, and homozy-
gous deficiency of factor VII has not been described. Individuals
heterozygous for factor VII deficiency and those with certain
polymorphisms of the promoter region of the factor VII gene
tend to have factor VII levels in the 25% to 35% range, and
do not appear to be at significant increased risk for bleeding.
Lupus-like anticoagulants, resulting from inflammation, may
also result in an isolated prolongation of the PT; these are gen-
erally of no clinical significance and are not associated with an
increased risk of bleeding.

The laboratory findings of an isolated vitamin K deficiency,
in addition to a prolonged PT, include a normal fibrinogen

level, platelet count, and factor V level. Factor V is not a vi-
tamin K–dependent protein, and should therefore be normal
except in cases of DIC (consumption) or severe liver disease
(decreased production). Prolongation of the aPTT from vita-
min K deficiency, warfarin therapy, or from liver disease is a
relatively late event, and occurs initially as a result of factor IX
depletion.

Manag e me nt
The management of vitamin K deficiency consists primarily of
its repletion, usually by intravenous or subcutaneous routes in
critically ill patients. Therapy should not await the develop-
ment of bleeding or oozing, but should be administered when
the PT abnormality is detected and vitamin K deficiency is
thought to be responsible. As with other drugs administered
subcutaneously (e.g., insulin), adequate blood pressure and
subcutaneous perfusion are needed to ensure reliable absorp-
tion from the soft tissues. The possibility of anaphylactoid re-
actions with the intravenous use of vitamin K is of concern.
This risk is markedly reduced when the drug is given as a pig-
gyback infusion over 30 to 45 minutes in a small volume of
fluid rather than as a bolus or slow-push dose (40); this is the
preferred method of drug administration in hemodynamically
unstable patients. However, incidences of anaphylaxis are still
reported with this mode of infusion (41,42). The usual dose of
vitamin K in adults is 10 to 15 mg intravenously or subcuta-
neously, 1 to 5 mg in young children, and up to 10 mg in larger
children. In an otherwise healthy person, the PT should correct
within 12 to 24 hours after this dose. Serial dosing of critically
ill patients is often used, however, and the PT may require up
to 72 hours to normalize. If the PT does not correct within
72 hours after three daily doses of vitamin K, intrinsic liver
disease should be suspected. Further administration of vitamin
K is of no additional benefit in this setting.

When the patient is actively bleeding, it is not sufficient to
only provide vitamin K. A more immediate restoration of coag-
ulation is required. FFP has traditionally been used in this set-
ting. To restore hemostasis to an acceptable level, 30% to 50%
of normal factor activity, 10 to 20 mL/kg body weight of FFP
is typically required. A similar approach is used in patients pre-
viously given warfarin. Recombinant human-activated factor
VII (rhfVIIa) has been used with success to reverse the bleed-
ing noted in vitamin K deficiency and in warfarin overdose
(39,43).

Massive Transfusion Synd rome

Transfusion of large quantities of blood can result in a multifac-
torial hemostatic defect. The genesis of this problem is related
to the washout of plasma coagulation proteins and platelets,
and it may be exacerbated by the development of DIC with con-
sequent factor consumption, hypothermia, acidosis, or rarely,
by citrate toxicity or hypocalcemia. These variables often act
in combination to cause a coagulopathic state (44).

A washout syndrome can result from the transfusion of large
amounts of stored blood products devoid of clotting factors
and platelets. This develops exclusively in patients who receive
large volumes of packed red blood cells (RBCs) (e.g., trauma
victims, patients with massive gastrointestinal hemorrhage or
hepatectomy, or those undergoing cardiopulmonary bypass)
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without also receiving FFP and platelets. Factors V and VII
have short shelf half-lives and are often deficient in blood that
has been banked longer than 48 hours. In addition, a qualita-
tive platelet defect can be demonstrated in whole blood within
hours of its storage, especially if an acid–citrate–dextrose so-
lution is used. Consequently, transfusion of large quantities of
stored whole blood may produce limited improvement of the
bleeding resulting from decreased clotting factors and platelets.
The development of a washout coagulopathy is directly depen-
dent on the volume of blood transfused relative to the blood
volume of the patient. As a general rule, residual plasma clot-
ting activity after one blood volume exchange falls to 18% to
37% of normal, whereas after a two–blood volume exchange,
residual activity is only 3% to 14% ; and after a three–blood
volume exchange, less than 5% of normal clotting function
remains.

As previously discussed, DIC may develop in many clini-
cal settings, including some associated with major hemorrhage
or massive transfusion. In the presence of hypotension associ-
ated with hypovolemia or hemorrhagic shock, DIC is a com-
mon sequela. Major trauma itself, especially with the release
of tissue factors into the plasma, also can result in the develop-
ment of DIC. Exsanguinating hemorrhage sometimes requires
blood replacement faster than a type-and-crossmatch of each
unit can be performed, and unmatched blood is given as a life-
saving measure. Donor–recipient incompatibility—even when
the mismatch is only of the minor blood group systems—can
lead to DIC. Human error resulting in major incompatibil-
ity can produce severe hemolysis and be lethal. Finally, mi-
croaggregates of blood cells that form within stored blood
products also can cause DIC. The advent of smaller pore,
more effective filtering systems for blood product administra-
tion, however, has essentially eliminated this as a source of
problems.

The patient who is bleeding as a consequence of massive
transfusion or washout presents with diffuse oozing and bleed-
ing from all surgical wounds and puncture sites. Laboratory
abnormalities include prolonged PT, aPTT, and TT. Fibrino-
gen levels and platelet counts are typically decreased; FDPs are
not usually increased unless concurrent DIC is present (Table
170.2). The likelihood that the clinico-laboratory picture is a
direct result of the massive transfusion can be estimated from
the amount of bleeding that has occurred and the blood vol-
ume administered relative to the patient’s blood volume (i.e.,
the number of blood volume exchanges that have been given).
The more stored blood (e.g., packed RBCs) transfused relative
to the patient’s blood volume, the greater the chance of the
development of coagulopathy due to massive transfusion.

Manag e me nt
The therapeutic approach to patients who develop a coagu-
lopathy from massive transfusion is supportive. Platelets and
FFP are given to replete the components of coagulation that are
typically lacking (45). Platelet administration may help stem
bleeding from anatomic wounds. Severe bleeding associated
with thrombocytopenia alone is uncommon unless counts fall
below 20,000 to 30,000 cells/µ L of blood. Because of the com-
plex nature of bleeding seen with massive transfusion, patients
may benefit from platelet transfusion at counts even as high as
80,000 to 100,000 cells/µ L. FFP is preferred over cryoprecipi-
tate because it has a more complete coagulation protein compo-

sition. However, cryoprecipitate may be specifically given when
fibrinogen depletion is thought to be a major contributor to the
observed bleeding.

The prospective identification of those at risk of developing
a coagulopathy from massive transfusion is critical. When the
magnitude of the insult and the anticipated need for blood are
large, both platelets and FFP should be given before a coag-
ulopathy develops. In most patients (e.g., weight greater than
or equal to 30 to 40 kg or body surface area [BSA] greater
than or equal to 1.0 m2), four units of platelets (or 1

2 unit of
apheresis-collected platelets) and one unit of FFP should be
given for each five units of whole blood or packed cells trans-
fused. This should prevent washout and its attendant bleeding.
If the patient continues to bleed despite what should be ade-
quate therapy for massive transfusion syndrome, other causes
should be considered. Specifically, anatomic bleeding and the
possibility of DIC should be investigated. Therapy in this set-
ting may include rhfVIIa infusion (31).

Ant icoag ulant Ove rd ose

Anticoagulant therapy is not unusual in the ICU, and the pos-
sibility of errors in administration exists. Methods of prophy-
lactic anticoagulant use, systemic anticoagulation, and throm-
bolytic therapy are sometimes poorly standardized and can lead
to overdose.

He p arin
Heparin is a repeating polymer of two disaccharide gly-
cosaminoglycans, and is commercially prepared from either
porcine intestinal mucosa or bovine lung. Heparin is currently
found in two forms: unfractionated heparin (UH) and low-
molecular-weight heparin (LMWH). It is important to under-
stand the differences between these two forms of the drug, as
they have different mechanisms of action and associated pre-
cautions. Unfractionated heparin has an immediate effect on
coagulation that is mediated primarily through its interaction
with antithrombin III. The resulting heparin–antithrombin III
complex possesses a much greater affinity for thrombin than
does AT-III alone and inactivates thrombin, thereby damping-
down clot formation. In addition, heparin also has a direct ef-
fect of inhibiting activated factor X (fXa). This anticoagulant
effect of UH is relatively minor. Consequently, achieving a ther-
apeutic aPTT with UH is very difficult in the face of low levels
of AT-III. The degree of anticoagulation produced by heparin
is monitored by the prolongation of the aPTT.

In contrast, LMWH, produced by controlled enzymatic
cleavage of heparin polymers, produces anticoagulation almost
exclusively through inhibition of F.Xa. This produces a more
stable degree of anticoagulation and, due to its longer half-life
(approximately 3 to 5 hours) and biologic activity (approxi-
mately 24 hours), allows for intermittent bolus therapy every
12 or 24 hours while still maintaining a steady-state effect.
However, LMWH does not produce consistent prolongation
of the aPTT, and requires assay of anti-Xa activity for moni-
toring, if monitoring is desired.

Heparin is metabolized in the liver by the “heparinase” en-
zyme in a dose-dependent fashion, with excess heparin then
being excreted through the kidneys. As the rate of heparin ad-
ministration is increased, the half-life of the drug is prolonged
due to the increase in the percentage of the drug being excreted
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by the kidney. For example, when a 10-unit/kg bolus of heparin
is infused intravenously, the average half-life of the drug is
1 hour. If the bolus is increased to 400 or 800 units/kg, how-
ever, the half-life is prolonged to 2.5 and 5 hours, respectively.
The nonlinear response results in greater drug effects on coag-
ulation with smaller dosage increments. When one “reboluses”
or increases a heparin infusion rate in response to insufficient
anticoagulation (i.e., inadequate prolongation of the aPTT), a
point will be reached when further small increments in the hep-
arin infusion rate may result in a substantially greater prolon-
gation of the aPTT. The risk of pathologic bleeding associated
with heparin increases when the prolongation of the aPTT is
beyond the therapeutic window, generally considered to be 1.5
to 2.5 times the patient’s baseline aPTT and corresponding to
a plasma heparin concentration of 0.2 to 0.4 units/mL. As a
corollary, the administration of heparin as a continuous infu-
sion rather than in an intermittent bolus dose regimen is less
likely to be associated with pathologic bleeding.

Management. Serious bleeding associated with heparin over-
dose can be rapidly reversed by protamine sulfate. Protamine
binds ionically with heparin to form a complex that lacks any
anticoagulant activity. As a general rule, 1 mg of protamine
neutralizes approximately 100 units of heparin (specifically,
90 USP units of bovine heparin or 115 USP units of porcine
heparin). The dose of protamine needed is calculated from the
number of units of active heparin remaining in the patient’s sys-
tem. This, in turn, is estimated from the original heparin dose
and the typical half-life for that infusion rate. The aPTT is used
to gauge the residual effects of heparin. Protamine itself poten-
tially has anticoagulant effects, and precautions are necessary
during its administration. The drug should be given by slow in-
travenous push over 8 to 10 minutes. A single dose should not
exceed 1mg/kg, with a 50-mg maximum dose. This dose may
be repeated, but no more than 2 mg/kg, to a 100-mg maximum
dose, should be given as a cumulative dose without rechecking
coagulation parameters. The dose of protamine should always
be monitored by coagulation studies. Significant side effects are
most commonly seen in situations of overly rapid drug adminis-
tration, and include hypotension and anaphylactoid-like reac-
tions. LMWH is not consistently neutralized by protamine, so
invasive procedures should not be performed within 24 hours
of administration. Bleeding following LMWH therapy has been
treated effectively with rhfVIIa.

Warfarin
Warfarin and vitamin K are structurally similar in their respec-
tive 4-hydroxycoumarin nucleus and naphthoquinone ring.
The mechanism of action of warfarin is through competi-
tive binding at the vitamin K receptor site, where postribo-
somal modification, through γ -carboxylation of the vitamin
K–dependent coagulation proteins—factors II, VII, IX, and X–
occurs. This postsynthetic modification is necessary to produce
a calcium-binding site on the molecule, which, when occupied,
allows for the efficient activation of the zymogen clotting factor
into its enzymatically active form. When warfarin is present in
sufficient plasma concentrations, there is depletion of the active
forms of vitamin K–dependent factors.

The PT, or more precisely the international normalized ra-
tio (INR) calculated from the PT, is an accurate indicator of
the effects of warfarin when its use has continued beyond 2 or
3 days. Factor VII has a half-life of only 4 to 6 hours, and the ac-

tive form is rapidly depleted after one or two doses of warfarin.
The remainder of the vitamin K–dependent factors may take
up to a week to become depleted. The PT becomes prolonged
and INR elevated with factor VII depletion alone, but does not
reflect an overall state of anticoagulation until an equilibrium
period of several days has passed. Over this time, the other vi-
tamin K–dependent factors are depleted, and PT prolongation
(INR elevation) can then be used to assess the anticoagulant
effects of warfarin. In severe cases of warfarin overdose, the
aPTT also becomes prolonged as a result of depletion of the
active forms of factors II, IX, and X.

Several drugs and pathophysiologic conditions are associ-
ated with potentiation of warfarin’s effects on coagulation.
Table 170.5 lists many of the drugs known to prolong the
effects of warfarin. These drugs have various mechanisms,
which generally include either inhibition of function or com-
petitive binding of the enzymes responsible for active warfarin
metabolism. Aspirin does not seem to have any direct effect on
warfarin metabolism, but can so profoundly influence quali-
tative platelet function that it must be considered as a poten-
tiator of warfarin’s anticoagulant effects. The same is true for
clofibrate. Ingestion of large quantities of aspirin may also im-
pair prothrombin (factor II) synthesis, further increasing the
effects of warfarin administration. As warfarin is metabolized
by the liver, conditions of acute and chronic hepatic dysfunc-
tion can alter warfarin metabolism and vitamin K–mediated
γ -carboxylation of the vitamin K–dependent coagulation pro-
teins. Broad-spectrum antibiotics also may limit vitamin K
availability through their alteration of the gut flora, in addition
to any direct effect on vitamin K metabolism. All of these fac-
tors may ultimately influence a patient’s response to warfarin.

A clinical syndrome referred to as warfarin (Coumadin)
necrosis has been noted during the initial stages of anticoagu-
lation with a vitamin K antagonist. It is characterized clinically
by the development of skin and subcutaneous necrosis, partic-
ularly in areas of subcutaneous fat, and pathologically by the
thrombosis of small blood vessels in the fat and subcutaneous

TA BLE 1 7 0 . 5

DRUGS THAT POTENTIATE THE ANTICOAGULANT
EFFECTS OF WARFARIN

ANTIBIOTICS
Broad-spectrum antibiotics (especially cephalosporins)
Griseofulvin (oral)
Metronidazole
Sulfinpyrazone
Trimethoprim-sulfamethoxazole

ANTI-INFLAMMATORY DRUGS
Steroids (anabolic, in particular)
Acetylated salicylates
Phenylbutazone (oxyphenbutazone)
Sulfonamides

OTHER DRUGS
Cimetidine
Clofibrate
Disulfiram
Phenytoin
Thyroxine (both D- and L-isomers)
Tolbutamide
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tissues. This syndrome is caused by the rapid depletion of the vi-
tamin K–dependent anticoagulant protein C prior to achieving
depletion of procoagulant proteins and occurs predominantly
in individuals heterozygous for protein C deficiency. Whereas
anticoagulation generally requires a decrease in procoagulant
protein levels to approximately 20% to 25% , a prothrombotic
milieu is created with protein C levels of 40% or less. Con-
sequently, individuals who are heterozygous for protein C de-
ficiency and have baseline protein C levels of 50% to 60%
of normal may develop a prothrombotic environment during
the first few days of warfarin therapy. The risk of developing
warfarin necrosis appears to be greater when an initial dose of
warfarin greater than 10 to 15 mg is administered. The devel-
opment of this syndrome generally can be avoided if heparin
and warfarin therapy are overlapped until “coumadinization”
is complete and if large loading doses of warfarin are avoided.

Management. When overanticoagulation with warfarin
presents with bleeding, immediate reversal is usually mandated
(43). The treatment of choice is FFP, which provides prompt
restoration of the deficient vitamin K–dependent coagulation

proteins, along with restoration of hemostatic function. Ten to
15 mL/kg of FFP are usually sufficient to produce significant
correction of the PT, although repeat infusions of FFP may
be needed to effect continued correction of the PT due to
the short half-life of factor VII (45). Vitamin K also may be
administered, particularly in situations that are less acute (see
above section Vitamin K Deficiency), although this will make it
more difficult to “re-coumadinize” the patient afterwards. For
severe bleeding or bleeding not controlled by FFP infusions,
rhfVIIa has been used successfully.

Plat e le t Disord e rs

Platelets are necessary for efficient clot formation. They not
only produce a physical barrier at the site of vascular injury,
the so-called platelet plug, they also serve to focus the clotting
process at the point of bleeding by delivering vasoconstrictors,
clotting factors, and a surface on which clot development oc-
curs to the bleeding site (Fig. 170.3). Quantitative and qualita-
tive platelet disorders are a common cause of clinical bleeding

TA BLE 1 7 0 . 6

PLATELET DISORDERS SEEN IN THE ICU

Quantitative Qualitative

INCREASED DESTRUCTION
Immune

Idiopathic thrombocytopenic purpura
Systemic lupus erythematosus
Acquired immunodeficiency syndrome
Drugs (gold salts, heparin, sulfonamides,

quinidine, quinine)
Sepsis

Nonimmune
Thrombotic thrombocytopenic purpura/

hemolytic uremic syndrome
Mechanical destruction (e.g.,

cardiopulmonary bypass,
hyperthermia)

Consumption (i.e., DIC)

DECREASED PRODUCTION
Marrow suppression

Chemotherapy
Viral illness (e.g., cytomegalovirus,

Epstein-Barr virus, herpes simplex,
parvovirus)

Drugs (thiazides, ethanol, cimetidine)
Marrow replacement

Tumor
Myelofibrosis

Other conditions
Splenic sequestration
Dilution (see massive transfusion

syndrome)

DRUGS
Anti-inflammatory agents

Aspirin (irreversible)
Nonsteroidal anti-inflammatory agents
Corticosteroids

Antibiotics
Penicillins (e.g., ampicillin,

carbenicillin, ticarcillin, penicillin-G)
Cephalosporins (e.g., cephalothin)
Nitrofurantoin
Chloroquine, hydroxychloroquine

Phosphodiesterase inhibitors
Dipyridamole
Methylxanthines (e.g., theophylline)

Other drugs
Antihistamines
Alpha-blockers (e.g., phentolamine)
Beta-blockers (e.g., propranolol)
Dextran
Ethanol
Furosemide
Heparin
Local anesthetics (e.g., lidocaine)
Phenothiazines
Tricyclic antidepressants
Nitrates (e.g., sodium nitroprusside,

nitroglycerin)

METABOLIC CAUSES
Uremia
Stored whole blood
Disseminated intravascular coagulation

(i.e., FDP-mediated inhibition)
Hypothyroidism

DIC, disseminated intravascular coagulation; FDP, fibrin degradation product.



Chap t e r 170: Coagulation Disorders in the Intensive Care Unit 2517

in the ICU. Table 170.6 presents an overview of platelet disor-
ders based on this classification scheme.

Q uant it at ive Plat e le t Disord e rs
A decrease in the number of circulating platelets reflects the
presence of increased peripheral destruction/sequestration, de-
creased marrow production, or a combination of these factors.
Examples of increased peripheral destruction include immune-
mediated processes (both autoimmune and drug-induced),
abnormal consumption (as in DIC), and mechanical destruc-
tion (e.g., cardiopulmonary bypass, hyperthermia). Autoim-
mune processes such as idiopathic thrombocytopenic purpura
(ITP), SLE, or acquired immunodeficiency syndrome (AIDS)
can result in increased peripheral destruction and increased
splenic sequestration of platelets. Autoimmune destruction also
may occur in conjunction with lymphocytic leukemia or lym-
phoma. The prototypic example of immune thrombocytope-
nia is ITP, in which immunoglobin—generally IgG—directed
against specific platelet antigens is thought to be responsi-
ble for platelet destruction. Acute ITP is usually self-limited,
with life-threatening bleeding occurring only rarely. In con-
trast, chronic ITP generally requires some sort of immunosup-
pressive therapy. Steroids, at a dose of 2 to 4 mg/kg/day of
prednisone or its equivalent, may be given. High doses of in-
travenous gamma globulin at 1 to 2 g/kg and given over 2
to 5 days, and infusions of anti-RhD antigen antibody (Win-
Rho) at 25 to 60 µ g/kg, are equally efficacious in producing at
least transient elevations in platelet counts. Agents such as vin-
cristine/vinblastine, cyclophosphamide, and, most recently, rit-
uximab (Rituxin; anti-CD20 monoclonal antibody) also have
been used as immunosuppressants, with variable success, al-
though responses are generally not immediate. Splenectomy
may be required to avert serious bleeding complications in pa-
tients who do not respond to medical management, although
this approach is chosen much less often in children than in
adults. In ITP, the degree of bleeding attributed to the throm-
bocytopenia is generally less than that noted when throm-
bocytopenia results from decreased production. In general,
severe bleeding is not noted until the platelet count is less
than 10,000 cells/µ L, although levels below 40,000 to 50,000
cells/µ L may increase the risk of bleeding with an invasive
procedure.

Drug-induced, immune-mediated platelet destruction is a
cause of thrombocytopenia frequently considered in the throm-
bocytopenic ICU patient. Fortunately, when present, it is usu-
ally reversible; withdrawal of the offending drug prevents fur-
ther immune-mediated platelet destruction. The exact mecha-
nism of platelet destruction seems to be related to the binding
of a drug to the platelet membrane, with subsequent binding
to the platelet, platelet–drug complex, or both, of a specific an-
tibody. The resulting platelet–drug–antibody complexes then
are cleared by the reticuloendothelial system (e.g., the spleen),
and thrombocytopenia develops. Drugs used in the ICU that
are most commonly associated with this clinical picture in-
clude quinidine, quinine, heparin, gold salts, various penicillin
and cephalosporin antibiotics, and the sulfonamides. The anti-
convulsant valproic acid (Depakote, Depakene) frequently pro-
duces a dose-dependent thrombocytopenia that, at least in part,
is immunologic in nature.

Various drugs are associated with a nonimmune mechanism
of thrombocytopenia by bone marrow suppression. Most can-
cer chemotherapeutic agents produce thrombocytopenia as a

consequence of marrow suppression. The thiazide diuretics,
cimetidine, ethanol, and several of the cephalosporin and peni-
cillin antibiotics may suppress platelet production. Generalized
infection, such as bacterial sepsis, and many viral illnesses are
also associated with bone marrow suppression and thrombocy-
topenia, even if there is an element of immune platelet destruc-
tion. Disorders such as Gaucher disease may produce a mild to
moderate thrombocytopenia as a result of marrow replacement
by nonhematopoietic cells.

Consumption of platelets also can cause thrombocytope-
nia. Mechanical destruction invariably occurs during the use of
cardiopulmonary bypass machines, and it is not uncommon to
note a 50% drop in platelet count postbypass when compared
to preoperative platelet levels. Platelet counts may continue to
decrease for 48 to 72 hours after bypass before recovering to-
ward preoperative levels. Platelets may also be destroyed by
the high body temperatures seen in severe hyperthermic syn-
dromes, and are consumed during microvascular coagulation
in DIC. In many of these circumstances, the thrombocytopenia
may be the sole or a contributing cause of significant bleeding.

He p arin-ind uce d Thromb ocyt op e nia
The special problems associated with heparin merit emphasis.
Heparin use is ubiquitous in the ICU, and the thrombocytope-
nia seen with its use may develop in one of two ways. Acute
nonidiosyncratic heparin-induced thrombocytopenia is seen in
approximately 10% to 15% of patients receiving heparin. The
degree of thrombocytopenia is generally mild and usually re-
mits despite continued use of the drug (type I HIT, or heparin-
associated thrombocytopenia). The thrombocytopenia that de-
velops has no clinical significance, and heparin need not be
stopped in these patients.

Idiosyncratic heparin-induced thrombocytopenia is of much
greater clinical consequence. Although it is a less frequent oc-
currence, typically being seen in fewer than 5% of patients
receiving heparin, it has a much greater potential for clini-
cal morbidity. Arterial thrombosis is the most significant risk
of this form of heparin-induced thrombocytopenia (type II
HIT) and may be life threatening, causing myocardial infarc-
tion, stroke, pulmonary embolism, or renal infarction. The
mechanism of thrombosis is thought to be a consequence
of the deposition of platelet aggregates in the microcircu-
lation (46). Thrombocytopenia, like other immune-mediated
drug reactions, seems to involve the formation of platelet
aggregates mediated by the binding of specific antibody, di-
rected against a heparin-platelet factor 4 complex, to platelets
in the presence of heparin. This process requires minuscule
amounts of heparin. Clinical bleeding is an infrequent problem
in these patients in spite of the often marked thrombocytopenia
observed.

From a practical perspective, the diagnosis of heparin-
induced thrombocytopenia is usually one of exclusion. Diag-
nostic markers do exist (e.g., heparin-dependent platelet an-
tibodies, aggregation or serotonin release), but these tests are
best considered confirmatory and not exclusionary. An ELISA
(enzyme-linked immunosorbent assay) for heparin-dependent
platelet antibodies is the most common test obtained to in-
vestigate a possible diagnosis of HIT, but because of a rel-
atively high false-positive rate, it is generally recommended
that a more specific heparin-induced platelet injury assay, such
as a serotonin release assay, be performed for confirmation.
The diagnosis may be difficult to confirm because coexisting



2518 Sect ion XIX: Hematolog ic and Oncologic Disease and Dysfunction

clinical illnesses with the potential to cause thrombocytope-
nia also may be present. Although heparin-induced throm-
bocytopenia is more likely to be associated with the use of
bovine lung heparin, it can occur after exposure to porcine hep-
arin or, much less commonly, to low-molecular-weight heparin.
When type II HIT is suspected or confirmed, all exposure to
heparin—including heparin flushes, heparin in total parenteral
nutrition (TPN), and heparin-coated catheters—must be re-
moved, and anticoagulation with an alternate agent must be
initiated because of the risk of delayed thrombosis, which can
occur up to 30 days after removal of heparin exposure (46).
Patients with type II HIT should receive continued anticoagu-
lation with direct thrombin inhibitors (argatroban, lepirudin)
or with the heparinoid, Danaparoid. The direct thrombin in-
hibitors are preferred, as they carry no risk of cross-reacting
with the heparin-dependent antibodies already present (47).
Argatroban is cleared by the liver and lepirudin by the kidney.
Consequently, the choice and dose of drug may be affected by
the presence of hepatic or renal insufficiency. Warfarin alone
is not adequate therapy for suspected type II HIT because of
the risk of thrombosis from depression of protein C levels be-
fore the other factors are inhibited. However, warfarin can be
used in conjunction with a direct thrombin inhibitor, and sub-
sequently continued as a single agent once therapeutic suppres-
sion of vitamin K–dependent clotting factors has been achieved.
Platelet transfusions are contraindicated in type II HIT due to
the risk of inducing vascular thrombosis (46).

Q ualit at ive Plat e le t Disord e rs
Many of the drugs frequently used in the ICU have the potential
to impair platelet function. Frequently, the sicker the patient,
the greater the likelihood that he or she will be exposed to
one of these drugs. These patients often have other underlying
pathophysiologic conditions that, in and of themselves, can
predispose to bleeding. Table 170.6 provides an abbreviated
list of the drugs that can affect at least in vitro platelet function.

Unnecessary drugs should always be viewed with a jaun-
diced eye and discontinued. These agents, as well as neces-
sary drugs are, of course, suspect in patients with evidence
or a strong suspicion of qualitative platelet dysfunction. In
most cases, terminating the offending drugs usually results in
a restoration of normal platelet functional activity. Aspirin is
the notable exception, as it irreversibly inhibits platelet cyclo-
oxygenase, resulting in a defect that lasts for the duration of
the platelet life span—about 8 to 9 days. The effect is pro-
found: a single 325-mg aspirin tablet results in a qualitative
platelet defect that remains in 50% of the circulating platelets
5 days after its ingestion. Ideally, one would like to avoid all
aspirin ingestion for at least 7 days prior to an elective invasive
procedure.

Nonsteroidal anti-inflammatory agents (NSAIDs), such as
ibuprofen or naproxen sodium, similarly inhibit platelet cyclo-
oxygenase. However, their effects are reversible, and normal
platelet function is usually restored within 24 hours of the last
dose. Under most circumstances, the degree of platelet inhi-
bition produced by NSAIDs is not clinically significant, and
patients can receive these drugs for analgesia and fever con-
trol. It is reasonable, however, to minimize the use of NSAIDs
in the bleeding, severely thrombocytopenic patient. Other an-
tiplatelet agents, such as clopidogrel (Plavix) or dipyridamole
(Persantine), can produce platelet inhibition that remains evi-
dent for several days after discontinuing the drug. The β -lactam

antibiotics can sterically hinder the binding of the platelet ag-
gregation agonist adenosine diphosphate (ADP) to its specific
platelet receptor, thus resulting in impaired platelet aggregation
under circumstances of normal physiologic stimulation. This,
too, is reversed on removal of the drug. Fortunately, only a
few patients exposed to these antibiotics will exhibit clinically
significant platelet inhibition.

In the ICU, one must also always consider the possibil-
ity that a patient with bleeding suggestive of a platelet de-
fect may have an inherited disorder of platelet function. Al-
though rare, these disorders are encountered from time to time
and include Glanzmann thrombasthenia (abnormal platelet
GP IIb/IIIa), Bernard-Soulier syndrome (abnormal GP Ib/IX),
Wiskott-Aldrich syndrome, platelet storage pool deficiency (ab-
normal platelet dense bodies), and the Gray platelet disorder
(abnormal platelet-granules).

Management. Because many of the adverse drug-related plate-
let effects are reversible, unnecessary medications should al-
ways be discontinued promptly when platelet function seems
impaired. In fact, as a general rule, it is never acceptable to leave
a nonessential agent on the patient’s medication list simply be-
cause it is benign; any drug in this category must be discontin-
ued.

The more controversial issue is deciding whether platelet
transfusions are warranted in a particular patient. The rela-
tionship of thrombocytopenia to clinical bleeding is relative;
that is, it is difficult to identify a specific arbitrary platelet count
(threshold) below which bleeding is likely to occur. Several con-
ditions, such as massive transfusion syndrome and DIC, may
respond to empirical platelet transfusion at counts as high as
80,000 or even 100,000 platelets/µ L, although bleeding in the
presence of a platelet count of 80,000 cells/µ L (or greater) is
unlikely to be a result of the thrombocytopenia. With other
causes, such as thrombocytopenia seen with cancer chemother-
apy and bone marrow aplasia, therapy may not be required un-
til counts fall below 10,000 to 20,000 cells/µ L. As previously
stated, rhfVIIa has also been used to reverse the hemostatic
defect caused by aspirin or clopidogrel (32).

The morbidity and mortality related to bleeding increase
measurably in patients undergoing induction chemotherapy for
acute leukemia when the platelet count falls below 10,000 to
20,000 cells/µ L. The empirical administration of platelets to
these patients significantly limits both morbidity and mortal-
ity. This finding, however, has been generalized to virtually all
patients with platelet counts in this range; the appropriateness
of this approach is unclear. A major concern that should tem-
per the empirical use of platelet transfusion is the development
of alloimmunization to transfused platelets, potentially negat-
ing any future benefit from platelet transfusion in a time of
need. Patients with acute leukemia typically have self-limited
marrow aplasia resulting from chemotherapy. Therefore, the
need for platelet transfusion is also limited, and the chances
for the development of antiplatelet antibodies are greatly de-
creased. Patients with aplastic anemia, however, have an ongo-
ing need for platelet transfusion, so their risk of alloimmuniza-
tion is high. Autoimmune disorders associated with increased
peripheral platelet destruction, disorders of splenic sequestra-
tion, and drug-related thrombocytopenia are unlikely to benefit
from platelet transfusion. An exception is related to a planned
invasive procedure associated with an increased risk of bleed-
ing. In this situation, empirical platelet transfusion immediately
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before the procedure may be reasonable. As previously noted,
platelet transfusions in the presence of type II HIT are con-
traindicated.

Ure mia
Uremia is commonly seen in the ICU and is associated with
an increased risk of bleeding (48,49). Uremia has been shown
to cause a reversible impairment of platelet function, although
the “ toxin” responsible for this defect is not well defined. Some
studies have demonstrated an impairment of platelet–vessel
wall interactions and suggest defects in von Willebrand fac-
tor. The degree of platelet impairment appears to be related to
the severity of uremia for a given patient. In addition, throm-
botic events are also increased in patients with uremia. These,
too, appear to be multifactorial in cause but, in part, reflect
the increased renal loss of antithrombin III and protein S in
nephrotic-range proteinuria (50).

Several therapeutic approaches may modulate the qualita-
tive platelet defect associated with uremia. The primary ther-
apy in this setting is dialysis. Cryoprecipitate, 1-deamino-8-
D-arginine vasopressin (DDAVP; 0.3 µ g/kg maximum dose
21 mg), and conjugated estrogens (10 mg/day in adults) have
been given to patients with severe uremia and an acquired de-
fect in primary hemostasis with good results. The benefit de-
rived by treatment with cryoprecipitate or DDAVP appears to
be related to the consequent increase in the plasma concentra-
tion of the large multimeric forms of von Willebrand factor,
thus greatly improving platelet adhesion. The duration of ac-
tion of these agents, however, is limited, reaching their zenith
between 2 and 6 hours. Additional doses of DDAVP during the
same 24-hour period may result in a diminished response to
the drug (tachyphylaxis) with little or no further benefit. Pa-
tients who exhibit tachyphylaxis to DDAVP may require 48 to
72 hours before again responding to this agent. The mechanism
of action of the conjugated estrogens is not known. In contrast
to the first two therapies described, the effect of estrogen is
more protracted and does not diminish with repeat dosing,
although a benefit is not noted for 3 to 5 days after starting
therapy.

THROMBOTIC SYNDROMES
Thrombotic events may often be the cause of admission to an
ICU, particularly if one includes acute coronary syndromes
in this category. The noncardiac thrombotic syndromes fre-
quently encountered in the ICU include the following:

1. Deep venous thrombosis (DVT) (specifically in association
with a central venous catheter)

2. Heparin-induced thrombocytopenia
3. Pulmonary embolism syndrome
4. Thrombotic thrombocytopenic purpura/hemolytic uremic

syndrome
5. Thrombotic DIC
6. Stroke
7. Central nervous system (CNS) venous sinus thrombosis

(most commonly seen in infants and the elderly in associa-
tion with marked dehydration)

Many of these conditions, particularly venous thromboem-
bolic events, often develop while the patient is in the ICU and
may be preventable. The intensivist should assess risk of DVT

and risks of thromboprophylaxis in all patients and institute
appropriate therapy on a case-by-case basis based on the as-
sessed risk of thrombosis. In general, postoperative patients
and those who will be immobilized for long periods of time are
considered at risk, and should be candidates for some sort of
thromboprophylaxis (51). Approximately 10% of ICU patients
will develop DVT while in the ICU in spite of receiving a form
of thromboprophylaxis, and up to 15% of these patients will
experience a symptomatic pulmonary embolus (52,53). How-
ever, not all patients are at the same risk, and not all respond
to prophylactic measures equally. Consequently, recognition of
patient risk factors and initiation of effective prophylaxis mea-
sures is critical for the care of these patients.

Manag e me nt

The initial management approach for a patient with a doc-
umented (or highly suspected) thrombotic event is generally
anticoagulation with either UH or LMWH. The efficacy of ei-
ther appears to be equivalent, although some studies suggest
that the incidence of severe bleeding is less with LMWH (54).
The use of LMWH may produce a more stable level of antico-
agulation, which may result in fewer laboratory tests and dose
adjustments. The choice of which agent to use is at the discre-
tion of the intensivist. However, if repeated invasive procedures
are anticipated, UH may be the preferred agent, owing to its
shorter half-life. Most patients may be started on UH with a
bolus dose of 50 units/kg, followed by a continuous infusion
of 10 units/kg/hour; these doses may be reduced for the elderly
or frail patient. Once initiated, anticoagulation is adjusted to
keep the aPTT roughly 1.5 to 2.5 times baseline values (cor-
responding to a plasma heparin concentration of 0.2 to 0.4
units/mL). Dosing of LMWH is weight related. The dose of
warfarin is titrated to maintain an INR of the PT between
1.5 and 4.0, depending on the intensity of anticoagulation
desired.

SELECTED DISORDERS

Syst e mic Dise ase s Associat e d
wit h Fact or Deficie ncie s

Amyloidosis, Gaucher disease, and the nephrotic syndrome are
occasionally seen in the ICU. Each may have one or more asso-
ciated factor deficiencies that may complicate patient manage-
ment and result in bleeding. Patients with either amyloidosis
or Gaucher disease may develop factor IX deficiency. Factor
X deficiency also has been associated with amyloidosis. These
deficiencies generally result from the absorption of the specific
clotting factor onto the abnormal proteins present with each
disorder. In the nephrotic syndrome, factor IX deficiency also
may develop. Although it was originally thought that protein-
uria was responsible for the development of factor IX defi-
ciency, this may not be the case. The deficiency typically remits
with corticosteroid therapy. Finally, antithrombin III deficiency
can be seen along with the nephrotic syndrome and may lead
to thrombosis. The loss of antithrombin III does appear to be
related to proteinuria.
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Lab orat ory Disord e rs Not Associat e d
wit h Ble e d ing

Lup us Ant icoag ulant s
The lupus anticoagulant has received much attention as a po-
tential cause of bleeding by virtue of its name and its associ-
ated laboratory abnormalities. As an isolated hemostatic de-
fect, thrombosis is the more likely problem (25% incidence
rate), with bleeding in one series occurring in only 1 of 219
patients with the lupus anticoagulant (55,56).

The PT and aPTT assays depend on the interaction of var-
ious coagulation factors with either a lipoprotein or phospho-
lipid to activate coagulation efficiently. The lupus anticoagulant
is an antiphospholipid antibody directed against these phos-
pholipids or lipoproteins, and produces prolongation of the
PT, aPTT, or the measured recalcification time of platelet-rich
plasma. Prolongation of the aPTT occurs more commonly than
prolongation of the PT, although an isolated prolongation of
the PT can be seen. Twenty-five percent of patients with active
SLE and the lupus anticoagulant also have associated thrombo-
cytopenia or hypoprothrombinemia, and are therefore at risk
for bleeding in contrast to those patients with the lupus an-
ticoagulant alone who are not at increased risk for bleeding.
Although the lupus anticoagulant was originally described in
patients with SLE, it is not limited to this class of diseases.
Indeed, lupus anticoagulants or anticardiolipin antibodies, or
both, have been demonstrated in large percentages of patients
with human immunodeficiency virus infection, hemophilia A,
or both. Lupus anticoagulants also are observed in disorders
accompanied by chronic and acute inflammation.

Thrombotic events in patients who exhibit a lupus antico-
agulant may occur independent of the underlying disorder and
can be directly related to the lupus anticoagulant itself. The
likelihood of thrombosis associated with a lupus anticoagu-
lant appears to be greatest when the lupus anticoagulant has
specificity for β 2-glycoprotein I or phosphatidylserine. Some
forms of the disorder, such as that associated with pregnancy,
do respond to anti-inflammatory drugs such as aspirin or pred-
nisone. Thrombosis, when it occurs, is equally likely to be ve-
nous or arterial. Venous thrombosis is more common in the
extremities whereas arterial thrombosis is more common in
the central nervous system. Placental infarcts are frequently
seen in placental specimens in those patients with repeated
fetal wastage. Stroke, myocardial infarction, and pulmonary
embolization are also well described in patients with the lupus
anticoagulant.

Re act ive Hyp e rfib rinog e ne mia
Hyperfibrinogenemia is defined as a plasma fibrinogen con-
centration greater than 800 mg/dL. In the clinical laboratory,
fibrinogen is measured using a functional assay in which time to
fibrin clot formation is the end point. Plasma from the patient is
allowed to clot in the presence of excess thrombin. The time to
clotting in this setting is proportional to the amount of fibrino-
gen present in the sample. When excessive amounts of fibrino-
gen are present, clotting is incomplete, and fibrin fragments
are formed that inhibit further fibrin clot formation. Other
hematologic parameters, such as the aPTT, PT, and the TT, are
consequently prolonged, suggesting a potential, although arti-
factual, risk for bleeding despite a high fibrinogen level. This

can be evaluated by diluting the plasma to a normal fibrinogen
concentration using saline or defibrinated plasma. These same
clotting studies will now be normal. Bleeding is not seen unless
the fibrinogen also is a dysfibrinogen, although even in these
patients, bleeding remains an uncommon problem. In patients
with dysfibrinogenemia, clotting studies fail to correct when
either saline or defibrinated plasma dilutions are undertaken,
thus distinguishing them from patients with reactive hyperfib-
rinogenemia.

FUTURE DIRECTIONS
Currently, much attention is being given to better understand-
ing the interplay of coagulation and inflammation, and how
the inflammatory state sets off a chain reaction resulting in
microvascular thrombosis and multiorgan dysfunction/failure.
Improving our grasp of these interactions requires that we in-
crease our knowledge of the normal function of the endothe-
lium, and how this function is disrupted in sepsis and severe
acute illness. Other areas that need further research are the
specific host factors that regulate the balance between too little
and too much thrombosis, including how the numerous genetic
polymorphisms of important regulatory protein genes affect
the overall regulation of hemostasis. As our ability improves
in treating the initial acute event that brings a patient to the
ICU, we will gain a better understanding of all the processes
and mechanisms that increase the risk of end-organ failure,
which will allow us to treat them proactively. Newer, and old,
drugs are being tested in the setting of sepsis to prevent DIC
and microvascular thrombosis and, if successful, they may re-
sult in improved survival with decreased morbidity. Some of
these strategies will involve ways to better regulate the coag-
ulation process, but we also need to develop means by which
to protect the endothelium. While waiting for these scientific
and therapeutic advances, we, as clinicians, must also work to
recognize disease processes earlier (e.g., DIC) so we can deter-
mine how to best use those treatments already available to us
(e.g., activated protein C, thrombolytics, anticoagulants, and
so on) more precisely, cost effectively, and safely.

Re fe re nce s

1. Horne M. Overview of hemostasis and thrombosis; current status of an-
tithrombotic therapies. Thromb Res. 2005;117:15.

2. Eilertsen KE, Osterud B. Tissue factor: (patho)physiology and cellular biol-
ogy. Blood Coagul Fibrinolysis. 2004;15:521.

3. Hayward CP, Rao AK, Cattaneo M. Congenital platelet disorders: overview
of their mechanisms, diagnostic evaluation and treatment. Haemophilia.
2006;12(Suppl 3):128.

4. Aird WC. The role of the endothelium in severe sepsis and the multiple
organ dysfunction syndrome. Blood 2003;23:23.

5. Levi M, ten Cate H, van der Poll T. Endothelium: interface between coagu-
lation and inflammation. Crit Care Med. 2002;30(Suppl):S220.

6. Dempfle CE. Coagulopathy and sepsis. Thromb Haemost. 2004; 91:213.
7. Esmon CT. Crosstalk between inflammation and thrombosis. Maturitas.

2004;47:305.
8. Liaw PCY. Endogenous protein C activation in patients with severe sepsis.

Crit Care Med. 2004;32(Suppl):S214.
9. Joyce DE, Nelson DR, Grinnell BW. Leukocyte and endothelial cell in-

teractions in sepsis: relevance of the protein C pathway. Crit Care Med.
2004;32(Suppl):S280.

10. Rigby AC, Grant MA. Protein S: a conduit between anticoagulation and
inflammation. Crit Care Med. 2004;32(Suppl):S336.

11. Hermans PW, Hazelzet JA. Plasminogen activator inhibitor type 1 gene
polymorphism and sepsis. Clin Infect Dis. 2005;41(Suppl 7):S453.



Chap t e r 170: Coagulation Disorders in the Intensive Care Unit 2521

12. Walley KR, Russell JA. Protein C – 1641 AA is associated with decreased
survival and more organ dysfunction in severe sepsis. Crit Care Med. 2007;
35:12.

13. Lillicrap D, Nair SC, Srivastava A, et al. Laboratory issues in bleeding
disorders. Hemophilia. 2006;12(Suppl 3):68.

14. Khair K, Liesner R. Bruising and bleeding in infants and children—a practical
approach. Br J Haematol. 2006;133:221.

15. Martinelli I, Battaglioli T, Tosatto A, et al. Prothrombin A19911G poly-
morphism and the risk of venous thromboembolism. J Thromb Haemost.
2007;4:2582.

16. Chinthammitr Y, Vos HL, Rosendaal FR, et al. The association of pro-
thrombin A19911G polymorphism with plasma prothrombin activity and
venous thrombosis. Results of the MEGA study, a large population-based
case-control study. J Thromb Haemost. 2007;4:2587.

17. Oren H, Cingoz I, Duman M, et al. Disseminated intravascular coagulation
in pediatric patients: clinical and laboratory features and prognostic factors
influencing survival. Pediatr Hematol O ncol. 2005;22:679.

18. Chuansumrit A, Hotrakitya S, Sirinavin S, et al. Disseminated intravascu-
lar coagulation findings in 100 patients. J Med Assoc Thai. 1999;82(Suppl
1):S63.

19. Girolami A, Luzzatto G, Varvarikis C, et al. Main clinical manifestations
of a bleeding diathesis: an often disregarded aspect of medical and surgical
history taking. Hemophilia. 2005;11:193.

20. Barton JC, Poon MC. Coagulation testing of the Hickman catheter blood in
patients with acute leukemia. Arch Intern Med. 1986;146:2165.

21. Bick RL, Arun B, Frenkel EP. Disseminated intravascular coagulation. Clin-
ical and pathophysiological mechanisms and manifestations. Haemostasis.
1999;29:111.

22. Voves C, Wuillemin WA, Zeerleder S. International Society on Thrombo-
sis and Haemostasis score for overt disseminated intravascular coagulation
predicts organ dysfunction and fatality in sepsis patients. Blood Coagul Fib-
rinolysis. 2006;17:445.

23. Cauchie P, Cauchie Ch, Boudjeltia KZ, et al. Diagnosis and prognosis of
overt disseminated intravascular coagulation in a general hospital—meaning
of the ISTH score system, fibrin monomers, and lipoprotein-C–reactive pro-
tein complex formation. Am J Hematol. 2006;81:414.

24. Gando S, Iba T, Eguchi Y, et al. A multicenter, prospective validation of
disseminated intravascular coagulation diagnostic criteria for critically ill
patients: comparing current criteria. Crit Care Med. 2006;34:625.

25. Leclerc F, Hazelzet J, Jude B, et al. Protein C and S deficiency in severe
infectious purpura of children: a collaborative study of 40 cases. Intensive
Care Med. 1992;18:202.

26. Taylor FB Jr, Toh CH, Hoots WK, et al.; Scientific Subcommittee on Dis-
seminated Intravascular Coagulation (DIC) of the International Society on
Thrombosis and Haemostasis (ISTH). Towards definition, clinical and lab-
oratory criteria, and a scoring system for disseminated intravascular coagu-
lation. Thromb Haemost. 2001;86:1327.

27. Erber WN. Plasma and plasma products in the treatment of massive hem-
orrhage. Best Pract Res Clin Haematol. 2005;19:97.

28. Bernard GR, Vincent JL, Laterre PF, et al. Efficacy and safety of recombinant
human activated protein C for severe sepsis. N Engl J Med. 2001;344:699.

29. Sallah S, Husain A, Nguyen NP. Recombinant activated factor VII in patients
with cancer and hemorrhagic disseminated intravascular coagulation. Blood
Coagul Fibrinolysis. 2004;15:577.

30. Scarpelini S, Rizoli S. Recombinant factor VIIa and the surgical patient.
Curr O pin Crit Care. 2006;12:351.

31. Boffard KD, Riou B, Warren B, et al. Recombinant factor VIIa as adjunctive
therapy for bleeding control in severely injured trauma patients: two par-
allel randomized, placebo-controlled, double blind clinical trials. J Trauma.
2005;59:8.

32. Altman R, Scazziota A, De Lourdes Herrera M, et al. Recombinant factor
VIIa reverses the inhibitory effect of aspirin or aspirin plus clopidogrel on in
vivo thrombin generation. J Thromb Haemost. 2006;4:2022.

33. O’Connell KA, Ward JJ, Wise RP, et al. Thromboembolic adverse events

after use of recombinant human coagulation factor VIIa. JAMA. 2006;
295:293.

34. Davis-Jackson R, Correa H, Horswell R, et al. Antithrombin III (AT) and re-
combinant tissue plasminogen activator (R-TPA) used singly and in combina-
tion versus supportive care as treatment of endotoxin-induced disseminated
intravascular coagulation (DIC) in the neonatal pig. Thromb J. 2006;4:7.

35. Jaimes F, de la Rosa G, Arango C, et al. A randomized clinical trial of
unfractionated heparin for treatment of sepsis (the HETRASE study): design
and rationale. Trials. 2006;7:19.

36. Al Ghumias AK, Gader A, Faleh FZ. Hemostatic abnormalities in liver dis-
ease: could some haemostatic tests be useful as liver function tests?: Blood
Coagul Fibrinolysis. 2005;16:329.

37. Lisman T, Caldwell SH, Leebeck FWG, et al. Hemostasis in chronic liver
disease. J Thromb Haemost. 2006;4:2059.

38. Ganguly S, Spengel K, Tilzer LL, et al. Recombinant factor VIIa: unregulated
continuous use in patients with bleeding and coagulopathy does not alter
mortality and outcome. Clin Lab Haematol. 2006;28:309.

39. Ramsey G. Treating coagulopathy in liver disease with plasma transfusions
or recombinant factor VIIa: an evidence based review. Best Pract Res Clin
Haematol. 2005;19:113.

40. American College of Chest Physicians. Sixth ACCP consensus conference on
antithrombotic therapy. Chest. 2001;119:225.

41. Fiore LD, Scola MA, Cantillon CE, et al. Anaphylactoid reactions to vitamin
K. J Thromb Thrombolysis. 2001;11:175.

42. Riegert-Johnson DL, Volocheck GW. The incidence of anaphylaxis following
intravenous phytonadione (vitamin K1): a 5-year retrospective review. Ann
Allergy Asthma Immunol. 2002;89:400.

43. Dentali F, Ageno W, Crowther M. Treatment of coumarin-associated coag-
ulopathy: a systemic review and proposed treatment algorithms. J Thromb
Haemost. 2006;4:1853.

44. Hardy JF, de Moerloose P, Samama CM; members of the Groupe d’Interet
en Hemostase Perioperatoire. Massive transfusion and coagulopathy: patho-
physiology and implications for clinical management. Can J Anaesth.
2006;53(6 Suppl):S40.

45. Hellerstern P, Muntean W, Schramm W, et al. Practical guidelines for the
clinical use of plasma. Thromb Res. 2002;107(Suppl 1):S53.

46. Warkentin TE, Kelton JG. A 14-year study of heparin-induced thrombocy-
topenia. Am J Med. 1996;101:502.

47. Dager WE, White RH. Pharmacotherapy of heparin-induced thrombocy-
topenia. Expert O pin Pharmacother. 2003;4:919.

48. Sohal AS, Ganji AS, Crowther MA, et al. Uremic bleeding: pathophysiology
and clinical risk factors. Thromb Res. 2006;118:417.

49. Boccardo P, Remuzzi G, Galbusera M. Platelet dysfunction in renal failure.
Semin Thromb Hemost. 2004;30:579.

50. Molino D, DeLucia D, Gaspare de Santo N. Coagulation disorders in uremia.
Semin N ephrol. 2006;26:46.

51. Geerts WH, Pineo GF, Heit JA, et al. Prevention of venous thromboem-
bolism: the Seventh ACCP Conference on Antithrombotic and Thrombolytic
Therapy. Chest. 2004;126(3 Suppl):338S.

52. Cook D, Crowther M, Meade M, et al. Deep venous thrombosis in medical-
surgical critically ill patients: prevalence, incidence, and risk factors. Crit
Care Med. 2005;33:1565.

53. Khouli H, Shapiro J, Pham VP, et al. Efficacy of deep venous thrombo-
sis prophylaxis in the medical intensive care unit. J Intensive Care Med.
2006;21:352.

54. Kearon C, Ginsberg JS, Julian JA, et al. Comparison of fixed-dose weight-
adjusted unfractionated heparin and low-molecular-weight heparin for acute
treatment of venous thromboembolism. JAMA. 2006;296:935.

55. Galli M, Norbis F, Ruggeri L, et al. Lupus anticoagulants and thrombosis:
clinical association of different coagulation and immunologic tests. Thromb
Haemost. 2000;84:1012.

56. Bick RL, Ancypa D. The antiphospholipid and thrombosis (APL-T)
syndromes: clinical and laboratory correlates. Clin Lab Med. 1995;15:
63.





CHAPTER 171 ■ TRANSFUSION THERAPY:
WHEN TO USE IT AND HOW TO MINIMIZE IT
SAMIR M. FAKHRY r HANI SEOUDI

The ability to administer blood products is a critically impor-
tant therapeutic modality in the care of patients with acute and
chronic problems. When carried out with a thorough, up-to-
date understanding of indications, risks, and benefits, blood
transfusion is exceedingly safe and effective. Physicians en-
counter a large spectrum of medical and surgical conditions
requiring transfusion therapy, including acute blood loss, catas-
trophic illness in the critical care setting, diseases associated
with chronic anemia, and a variety of congenital and acquired
bleeding disorders. The modern-day care of the critically ill re-
quires a thorough knowledge of the pathophysiology of blood
loss and anemia, as well as an understanding of normal hemo-
static mechanisms and the sometimes complex disorders of co-
agulation encountered in these populations.

In this chapter, the basic concepts of acute blood loss are dis-
cussed, and the indications for and use of blood components,
potential risks of blood products, and alternatives to blood
transfusion are reviewed. Because blood products are a limited
resource with potential serious adverse side effects, knowledge
of appropriate indications, potential risks, and available alter-
natives should allow clinicians to exercise judgment in using
this important resource. Based on the accumulating evidence,
special emphasis will be placed on minimizing transfusion in
the critical care setting.

HISTORY OF BLOOD
TRANSFUSION

The ability to transfuse blood safely and successfully is a rel-
atively recent medical advance. Early historical references to
the use of bloodletting and phlebotomy were common, and
were applied to many diseases and disorders. It is possible that
salutary effects were realized in some situations, such as con-
gestive heart failure, but the vast majority of these applications
were based on medical ignorance and likely resulted in harm
to unsuspecting patients.

In February 1666 in Oxford, England, Richard Lower
demonstrated what is thought to be the first known success-
ful transfusion on an animal. The technical details were pub-
lished in the Philosophical Transactions of the Royal Society
within a year of the experiment. Another Englishman, Francis
Potter, may have preceded him with transfusions to animals,
and possibly to humans, some years prior (1,2). Jean-Baptiste
Denis is credited with the first transfusion to a human in 1667
performed in France. Denis gave 3 pints of sheep blood to a
patient without ill effects. A subsequent attempt to give blood
to the same man “to mollify his fiery nature” led to the pa-
tient’s death shortly after the transfusion. A lawsuit resulted,

and Denis went to trial but was ultimately exonerated. The
Paris medical faculty then forbade blood transfusion, which
led to bans on transfusion throughout Europe that lasted un-
til modern times. An 1825 medical journal credited Dr. Philip
Syng Physick of Philadelphia with blood transfusion to a pa-
tient, possibly the first record of successful transfusion of hu-
man blood (3). In 1828 in England, Blundell administered a
small amount of human blood to a patient with postpartum
hemorrhage, apparently small aliquots from himself, the hus-
band, and another man (4). The patient reportedly felt better,
but it is likely that the small-volume transfusion had little im-
pact on her outcome. In fact, the patient was fortunate not to
have suffered a serious transfusion reaction.

The routine, safe administration of blood products required
several important scientific advances. The discovery of the A,
B, and O blood types by Karl Landsteiner in 1900 and the AB
blood type by Alfred Decastello and Adriano Sturli in 1902 be-
gan the era of modern blood transfusion. The first blood bank
was established in 1932 in a Leningrad hospital. The first blood
bank in the United States was established by Bernard Fantus
in 1937 at Cook County Hospital in Chicago. By the 1940s,
techniques of cross-matching, anticoagulation, and storage of
blood, and the establishment of blood banks made routine
blood transfusion a reality. The introduction of plastic stor-
age containers in 1950 and the introduction of refrigerated
centrifugation instruments in 1953 made component therapy
possible (5).

BLOOD PRODUCT COLLECTION
AND ADMINISTRATION

Approximately 14 million units of red blood cells (RBCs)
(packed RBCs and whole blood), 9,875,000 units of platelets,
and 4 million units of plasma are transfused annually in the
United States (6,7). This represents an 11.8% increase since
1999 and a 56% increase since 1980 (8). The use of other
components, especially platelets, has also increased. Because
only about 5% of eligible donors ever donate blood, future in-
creases may exacerbate shortages, especially as the U.S. popu-
lation ages. Transfusion rates in the United States for 2001 have
been estimated at 48.75 units of red cell transfusion per 1,000
population as compared to 44.93 units of red cell transfusion
per 1,000 population in England, 28 units of red cell transfu-
sion per 1,000 population in Australia, and in 54.8 units of red
cell transfusion per 1,000 population in Denmark (9).

As anemia in critical care illness is common, 25% to 37%
of patients receive at least one blood transfusion during their
intensive care unit (ICU) stay (10–12). In one study (10), 85%
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of patients with an ICU length of stay greater than 1 week re-
ceived at least one blood transfusion. Notably, blood transfu-
sion was not associated with acute blood loss in over two thirds
of these cases. Phlebotomy and decreased production of blood
cells have been implicated as significant contributors to anemia
in the ICU. Since many studies have estimated daily blood loss
from phlebotomy to be at least 40 mL/day (10,11,13), crit-
ical care practitioners should carefully consider the need for
frequent blood draws in the ICU.

Colle ct ion and Pre p arat ion
of Blood Prod uct s

Modern-day blood banks have adopted component therapy
to optimize management of the blood supply. Blood is col-
lected from donors and is then separated into its individual
components—packed RBCs, plasma, platelets, and proteins—
to maximize the benefits of each donated unit while minimiz-
ing the risk to recipients of blood products. Blood is collected
from donors into plastic bags containing a citrate solution that
binds calcium, thus preventing coagulation. These solutions in-
clude citrate phosphate dextrose (CPD), citrate phosphate dou-
ble dextrose (CP2D), and citrate phosphate dextrose adenine
(CPDA-1). Additional solutions are now available that extend
the shelf life of packed RBCs, and contain dextrose, adenine,
sodium chloride, and either phosphate (AS-3) or mannitol (AS-
1 and AS-5). After collection, each unit is gently centrifuged to
pack the RBCs, leaving approximately 70% of the platelets
suspended in plasma; the platelet-rich plasma is removed and
centrifuged again to sediment the platelets. All but a small
amount of the resulting supernatant plasma is removed and
rapidly frozen. The platelets are then resuspended, yielding a
platelet concentrate. When the frozen plasma is stored at less
than 18◦C, it is referred to as fresh frozen plasma. If the frozen
plasma is allowed to thaw at 4◦C, the precipitate that remains
can be collected to yield cryoprecipitate. Albumin and other
proteins can then be extracted from the remaining plasma.

Another option for the collection of blood leukocytes,
platelets, or plasma is through automated cell separators
(apheresis). Blood is withdrawn from a donor and separated by
centrifuge, and the desired component is removed. The remain-
ing blood is returned to the donor. Using this technique, many
units of leukocytes or platelets can be quickly removed, allow-
ing blood banks to offer products such as single-donor platelet
packs. The administration of a single-donor unit of platelets is
advantageous since it exposes the recipient to only one person’s
antigens, whereas an equivalent dose of pooled platelet trans-
fusion (“six pack” or “ ten pack”) exposes the patient to six or
ten sets of antigens, respectively, making subsequent platelet
transfusion less effective since antibodies are formed against
the wide array of foreign antigens. In addition, bacterial con-
tamination is less likely with single-donor apheresis platelets.

St orag e Le sion

Storage and refrigeration create progressive changes in packed
RBCs, known as the storage lesion (14). These changes include
an increase in the concentration of potassium, phosphate, and
ammonia; decrease in pH; altered affinity of hemoglobin for
oxygen; changes in RBC deformability; hemolysis; develop-

ment of microaggregates; release of vasoactive substances; and
denaturation of proteins. In addition, the life span of RBCs
becomes shorter the longer cells are stored. This is associated
with a decrease in both intracellular 2,3-diphosphoglycerate
(2,3-DPG) and adenosine triphosphate (ATP). The transfusion
of large volumes of cold blood contributes to the development
of hypothermia, one of the most clinically significant effects of
storage on subsequent transfusion. With the exception of hy-
pothermia, it is important to realize that many of these changes
may be reversed shortly after transfusion, and may, in some
cases, cause metabolic effects that are different from those pre-
dicted based on the above ex vivo observations. It is therefore
critical not to empirically treat the theoretically anticipated ef-
fects of blood transfusions using “cookbook” approaches (such
as giving one ampule of bicarbonate and one ampule of calcium
with every “x” units of blood). Some of these treatments may,
in fact, be harmful for the patient in hemorrhagic shock.

Ad minist rat ion of Blood Prod uct s

Transfusion based on sound physiologic principles and an un-
derstanding of relative risks and benefits should give maximal
benefit to the patient, with efficient use of a valuable and finite
resource. Utilizing data from recent studies, it is increasingly
possible to base transfusion practice on scientific grounds. The
most prominent example is the progressive abandonment of
the “10/30” transfusion “ trigger” for red cell transfusion in
favor of lower transfusion triggers and, even more appropri-
ately, transfusion practice based on patient physiology (10,15).
The 10/30 transfusion trigger for red cell transfusion likely re-
sulted from a recommendation in a 1942 publication that it
was “wise” to maintain hemoglobin levels “between 8 and 10
grams per cubic centimeter” for patients who were poor sur-
gical risks by giving a preoperative transfusion (16). No data
were available to support this recommendation, but it stood
relatively unchallenged for about 50 years. An expanding body
of literature now suggests that arbitrary transfusion for a set
transfusion trigger (e.g., the “10/30 rule”) is ill-advised, and
that purported cardiac risks with anemia are overemphasized
(17). The following transfusion guidelines are presented based
on the best evidence currently available. Given the active ongo-
ing investigations in this area, it is likely that frequent updates
will be forthcoming.

Whole Blood
There have been few widely accepted indications for whole
blood in modern transfusion practice. Storage of whole blood
precludes the extraction of components and, from a systems
perspective, is highly inefficient. As such, whole blood is not
available from most blood banks in the United States. In the-
ory, the goals of oxygen delivery and volume expansion can be
achieved with packed RBCs and crystalloid solutions. Recent
experience with the use of whole blood by the U.S. military (18)
has rejuvenated the cause of whole blood. This accumulating
experience, especially with fresh whole blood having poten-
tially beneficial effects on coagulopathy and hypothermia, may
result in some modification of civilian practices in the future.

Re d Blood Ce lls
Packed RBCs are the most commonly utilized blood product,
providing oxygen-carrying capacity in cases of acute or chronic
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blood loss. The longest storage life currently allowed by the
U.S. Food and Drug Administration (FDA) is 42 days. Longer
storage times result in fewer than 75% of the RBCs remain-
ing viable in circulation 24 hours after transfusion. Platelets
degenerate at refrigerator temperatures, so refrigerated packed
RBCs contain essentially no functioning platelets. The levels of
factors V and VIII decrease significantly at 1◦C to 6◦C, while
levels of other factors remain essentially unchanged. There are
insignificant amounts of plasma in a unit of AS red cells.

Packed RBCs provide oxygen-carrying capacity and main-
tain oxygen delivery provided that intravascular volume and
cardiac function are adequate. The decision to transfuse, and
the amount of packed RBCs transfused, depend on the clini-
cal situation. As noted previously, the use of a hematocrit of
30% (or a hemoglobin of 10 g/dL) as a transfusion trigger
is no longer acceptable. One or more units of blood may be
transfused with no predetermined number of units applicable.
Each unit of packed RBCs typically raises the hematocrit 2%
to 3% in a 70-kg adult, although this varies depending on the
donor, the recipient’s fluid status, the method of storage, and
its duration.

With blood loss, oxygen delivery is maintained through a
series of complex interactions and compensatory mechanisms.
This includes increased cardiac output, increased extraction ra-
tio, rightward shift of the oxyhemoglobin curve, and expansion
of volume. Many anemic patients tolerate hemoglobin levels of
7 to 8 g/dL or less, as has been demonstrated in chronic renal
failure and Jehovah’s Witnesses (17). In general, cardiac output
does not increase significantly until hemoglobin falls below ap-
proximately 7 g/dL. Young healthy patients tolerate acute ane-
mia to hemoglobin levels of 7 g/dL or less through increases
in cardiac output, provided they have a normal intravascular
volume and high arterial oxygen saturation.

In a multicenter, randomized controlled study of transfusion
in 838 patients in the critical care setting, a liberal transfu-
sion strategy (transfusion for hemoglobin < 10 g/dL) was com-
pared with a restrictive strategy (transfusion for hemoglobin
< 7 g/dL). The restrictive strategy was found to be at least as
effective as the liberal strategy, with the possible exception of
patients with acute myocardial infarction and unstable angina
(19). Suggested guidelines for RBC transfusion are listed in Ta-
ble 171.1.

Le ukocyt e -re d uce d Re d Blood Ce lls
The transfusion of RBCs has been associated with immuno-
suppression. This effect is thought to be related to exposure
to leukocytes. Therefore, the use of leukocyte-reduced compo-
nents has been proposed as a means of minimizing immuno-
suppression; the majority of red cells and platelet transfusions
in the United States are currently leukocyte reduced. The ef-
ficacy of these preparations remains controversial, however,

TA BLE 1 7 1 . 1

GUIDELINES FOR TRANSFUSION OF PACKED RED
BLOOD CELLS

■ Ongoing bleeding with hemodynamic instability
unresponsive (or incompletely responsive) to infusion of
2,000 to 3,000 mL crystalloid

■ Hemoglobin < 7 g/dL

TA BLE 1 7 1 . 2

INDICATIONS FOR TRANSFUSION OF LEUKOCYTE-
REDUCED BLOOD COMPONENTS

■ To decrease the incidence of subsequent refractoriness to
platelet transfusion caused by human leukocyte antigen
(HLA) alloimmunization in patients requiring long-term
platelet support

■ To provide blood components with reduced risk for
cytomegalovirus transmission

■ To prevent future febrile nonhemolytic transfusion
reactions (FNHTRs) in patients who have had a
documented FNHTR

■ To decrease the incidence of HLA alloimmunization in
nonhepatic solid-organ transplant candidates.

Data from Ratko TA, Cummings JP, Oberman HA, et al. Evidence-
based recommendations for the use of WBC-reduced cellular blood
components. Transfusion. 2001;41:1310–1319.

and compelling data are lacking. Recent recommendations for
transfusion of leukocyte-reduced blood components are listed
in Table 171.2 (20).

Plat e le t s
Platelet transfusions are indicated for patients who are at a sig-
nificant risk of bleeding because of quantitative or qualitative
platelet deficits. A unit of platelets can be prepared from indi-
vidual (or “ random”) donors or by apheresis, whereby a donor
provides the equivalent of 6 to 10 single “random” donor units.
In selected cases, human leukocyte antigen (HLA)-matched
platelets can be obtained by apheresis from HLA-matched
donors. The efficacy of platelet transfusion may be assessed
both by clinical parameters (improved hemostasis) and by fol-
lowing the platelet counts at 1 hour and 24 hours as an estimate
of platelet survival. The platelet count at 1 hour post transfu-
sion of a unit of platelets should increase by 5,000 to 10,000
platelets/µ L. Less pronounced responses should be expected
with repeated transfusion and the development of alloimmu-
nization, or in the presence of fever, sepsis, or splenomegaly. If
alloimmunization is thought to be the cause of a poor response,
platelets from an HLA-matched donor may be needed.

The prophylactic transfusion of platelets in the absence of
microvascular bleeding, a low platelet count in a patient under-
going a surgical procedure, or a platelet count that has fallen
below 10,000 platelets/µ L, in most medical patients, should
be considered inappropriate. Disease state–specific triggers for
platelet transfusion have been proposed and are listed in Table
171.3 (21). It is crucial to recognize that hypothermia depresses
platelet function, and platelet transfusion is generally ineffec-
tive with depressed temperatures. Restoration of a normal tem-
perature returns platelet function to normal and ameliorates
microvascular bleeding.

Plasma
Plasma is used as a source of clotting factors in patients with
coagulopathy and documented factor deficiency. This may oc-
cur with liver dysfunction, congenital absence of factors, and
transfusion of factor-deficient blood products, or after the use
of warfarin. A unit of plasma contains near-normal levels of all
factors, including about 400 mg of fibrinogen, and generally
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TA BLE 1 7 1 . 3

INDICATIONS FOR TRANSFUSION OF PLATELETS

■ Disseminated intravascular coagulation: 20,000–50,000
platelets/µ L

■ Major surgery in leukemia: 50,000 platelets/µ L
■ Thrombocytopenia with massive transfusion: 50,000

platelets/µ L
■ Invasive procedures in cirrhosis: 50,000 platelets/µ L
■ Cardiopulmonary bypass: 50,000–60,000 platelets/µ L
■ Liver biopsy: 50,000–100,000 platelets/µ L
■ Neurosurgical procedures: 100,000 platelets/µ L

Data from Rebulla P. Platelet transfusion trigger in difficult patients.
Transfus Clin Biol. 2002;9:249–254.

increases factor levels by about 3% . Adequate clotting can usu-
ally be achieved with factor levels greater than 30% , although
higher levels are advisable in patients undergoing operative or
invasive procedures. The prothrombin time (PT) and the acti-
vated partial thromboplastin time (aPTT) can be used to assess
patients for plasma transfusion and to follow the efficacy of
administered plasma. Recent experience suggests that the use
of thromboelastography may provide advantages over the PT
as a guide for the treatment of coagulopathy (22,23). Plasma
can be frozen and stored for up to 1 year.

Plasma should not be given routinely or prophylactically
by “cookbook” formula after RBC transfusion—for example,
2 units of plasma for every 5 units of packed RBCs—or “pro-
phylactically” after cardiac bypass or other procedures. Plasma
should not be used as a volume expander since crystalloids are
cheaper, safer, and at least as effective. Broadly accepted guide-
lines for transfusion of plasma are listed in Table 171.4 (24).

Cryop re cip it at e
Indications for the use of cryoprecipitate include factor defi-
ciency (hemophilia A), von Willebrand disease, and hypofib-
rinogenemia (Table 171.5). Some patients with uremic bleeding
may also benefit from cryoprecipitate transfusion. Cryoprecip-
itate is usually administered as a transfusion of 10 single units.
Each 5- to 15-mL unit contains over 80 units of factor VIII and
about 200 mg of fibrinogen. These relatively high concentra-

TA BLE 1 7 1 . 4

INDICATIONS FOR TRANSFUSION OF PLASMA

■ International normalized ratio (INR) > 1.5 with an
anticipated invasive procedure or surgery

■ Massive hemorrhage (over one blood volume) with an INR
> 1.5

■ Treatment of thrombotic thrombocytopenia purpura
■ Inherited coagulopathies where a specific factor

concentrate is not available
■ Emergent reversal of anticoagulant therapy

Data from Toy P, Popovsky MA, Abraham E, et al., and the National
Heart, Lung and Blood Institute Working Group on TRALI.
Transfusion-related acute lung injury: definition and review. Crit Care
Med. 2005;33:721–726.

TA BLE 1 7 1 . 5

INDICATIONS FOR TRANSFUSION OF
CRYOPRECIPITATE

■ Hemophilia A
■ von Willebrand disease
■ Hypofibrinogemia
■ Uremic bleeding
■ As substitute for plasma if lower volume is desired

tions allow the use of a smaller volume of cryoprecipitate than
would be required if plasma were administered.

Risks of Blood Transfusion

Even though a blood transfusion is a potentially life-saving
intervention, significant risks are still involved in the adminis-
tration of these products. Risks range from minor febrile trans-
fusion reactions to the transmission of viral infection to a po-
tentially fatal transfusion of incompatible blood (Table 171.6).
Blood banks in the United States generally conduct over ten
individual tests or checks on donated units of blood in addi-
tion to the screening interview. Most (nine) are for infectious
diseases. Screening of donors and the introduction of increas-
ingly effective tests for hepatitis and human immunodeficiency

TA BLE 1 7 1 . 6

RISKS OF BLOOD TRANSFUSION

■ Transfusion-related acute lung injury
■ Bacterial contamination of blood products
■ Administrative error leading to transfusion of ABO-

incompatible blood
■ Viral infection transmission

 Hepatitis B
 Hepatitis C
 Human immunodeficiency virus 1 and 2
 Human T-cell leukemia virus 1 and 2
 Epstein-Barr virus
 Cytomegalovirus
 Parvovirus B19
 Human herpesvirus 8
 Transfusion-transmitted virus
 Mad cow disease (bovine spongiform encephalopathy)
 West Nile virus

■ Bacterial/protozoal infection transmission
 Syphilis
 Malaria
 Babesia microti
 Trypanosoma cruzi
 Yersinia enterocolitica
 Serratia marcescens
 Staphylococcus aureus
 Staphylococcus epidermidis
 Klebsiella pneumoniae
 Trypanosoma cruzi

■ Transfusion reactions
 Acute
 Delayed

■ Immunosuppression
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FIGURE 171.1. Estimates of the current risk per unit of blood trans-
fusion. The vertical bars represent log risk estimates (1–10, 1–100,
etc.). The dashed edges to lighter shaded horizontal bars signify that
the upper and lower estimates of risk are uncertain. CJD, Creutzfeldt-
Jacob disease; HIV, human immunodeficiency virus; HCV, hepatitis C
virus; HBV, hepatitis B virus; TRALI, transfusion-related acute lung
injury; TA-GVHD, transfusion-associated graft versus host disease.
(From Dzik WH. Emily Cooley Lecture 2002: transfusion safety in
the hospital. Transfusion. 2003;43:1190–1199.)

virus (HIV) have dramatically reduced the risks of transmission
of these infections. The public has historically been most con-
cerned about the transmission of HIV; however, recent data
reveal that the leading causes of fatalities after blood trans-
fusion continue to be administrative error, leading to transfu-
sion of ABO-incompatible blood, bacterial contamination, and

transfusion-related acute lung injury (TRALI). Overall, infec-
tious risks of blood transfusion are far outweighed by non-
infectious risks (Fig. 171.1). According to the FDA, TRALI
was the leading cause of transfusion-related mortality in 2003
(24). An average of 11.7 deaths from bacterial sepsis per year
in the United States was reported to the FDA from 2001 to
2003. This decreased to 7.5 deaths per year in 2004 and 2005,
due at least in part to the mandating of bacterial screening of
platelets, which began in 2004 (24,25). Transfusion of blood to
the wrong person continues to be a serious threat to patients.
In a review of a 10-year experience in New York State, Linden
et al. estimated the risk of an ABO-incompatible transfusion at
1 in 38,000 units of red cells, with the risk of a fatal reaction at
1 in 1.8 million transfusions (26). A rate of ABO-incompatible
transfusion of 1 in 12,000 units of red cells transfused has been
reported from the hemovigilance program in Quebec, Canada
(27).

Given the risks and benefits of blood transfusion, obtaining
informed consent for transfusion of blood components is cru-
cial in nonemergent situations. A summary of the rates of the
more common, or more concerning, risks is provided in Table
171.7. These data may be useful for discussions with patients
and their families, and may be incorporated into informational
brochures addressing the risks and benefits of blood products
(Fig. 171.2).

Transfusion Re act ions
The classification of the American Association of Blood Banks
for transfusion reactions is shown in Table 171.8. Hemolytic
transfusion reactions can be categorized broadly into acute
(< 24 hours) and delayed (> 24 hours) reactions. Hemolytic

TA BLE 1 7 1 . 7

INFORMATION FOR PATIENTS: COMMONLY ASKED QUESTIONS ABOUT BLOOD TRANSFUSION

Complication Risk from blood product transfusion Comments

Febrile nonhemolytic transfusion
reactions

Occurs in 0.5% –38% of all
transfusions

Usually mild fever only
More common with platelet transfusions

Severe acute hemolytic reaction Fatal in 1 of 600,000 transfusions Stop transfusion immediately and initiate
supportive measures

Delayed hemolytic reaction 1 in 260,000 transfusions Suspect when unexplained fever, fall in
hematocrit, or jaundice occur

Bacterial contamination 1 in 15,000 platelet transfusions Among leading causes of transfusion-
related fatalities

Cytomegalovirus Of concern in low-birth-weight
infants and immunocompromised
patients (e.g., transplant)

Between 50% and 85% of adults in the United
States are carriers

Hepatitis B virus < 1 in 137,000 25% of carriers have active hepatitis and may
progress to cirrhosis

Hepatitis C virus < 1 in 1 million Most infected persons asymptomatic, but 80%
become chronic

Human immunodeficiency virus < 1 in 1.9 million Potentially fatal
Human T-cell leukemia virus 1 and 2 Very small Rarely found in U.S. blood donors
West Nile virus Very small when donors are

properly screened
80% of those infected remain asymptomatic,

20% develop mild symptoms, and 1 in
150–200 infected people develop severe disease
that may be fatal

Transfusion-related lung injury 1 in 5,000 units (estimated) 5% –10% fatal

Source: American Association of Blood Banks. www.aabb.org/content/About Blood/Facts About Blood and Blood Banking/fabloodtrans.htm. Accessed.



BAS IC INFORMATION... RIS KS  OF BLOOD P RODUCT 
TRANS FUS ION...

BENEFITS  OF BLOOD P RODUCT 
TRANS FUS ION...

YOUR PHYSICIAN FEELS THAT YOU MAY
NEED A TRANSFUSION OF A BLOOD
PRODUCT...

Please realize you will be given blood or blood
products only if necessary. This brochure has
been offered to help you understand the benefits,
risks of, and alternatives to a blood transfusion
and is not inclusive of all information. Your
physician is the best source for additional
information related to blood transfusions.

Any treatment in medicine involves weighing
the benefits and risks for each particular paitent.
In your case, your physician has recommended
that you receive a blood product. However, you
need to understand the potential complications
of transfusions, and also the consequences of
NOT receiving that blood product.

Blood products could include:
• Red blood cells (known as “blood”) 
• Platelets 
• Fresh frozen plasma (known as “plasma”) 
• Cryoprecipate (a specific part of plasma)

March 2004 estimates from the American
Association of Blood Banks show that the
risk of getting:
• HIV is <1 in 1.9 million transfused units 
• Hepatitis C is <1 in million transfused 
   units 
• Hepatitis B is <1 in 137,000 transfused 
   units

Bacterial contamination of a unit of blood
may occasionally occur and result in life-
threatening infections.
Transfusion errors, although rare, are also 
a potential risk of blood transfusion.

Transfusion reactions, which are
unpredictable, may occur. Their symptoms
vary.
• Some reactions may present as fever and chills.
• Some reactions are mild immunologic reactions 
   that manifest 10–14 days after red cell 
   transfusion and may shorten the life of the 
   transfused red cells.
• Allergic reactions may be caused by plasma
   proteins and typically cause itching and hives.
   Some reactions may be serious. 
• Serious reactions are extremely rare but may
   include life-threatening disorders such as
   shortness of breath or hemolysis (destruction of
   the transfused red cells). This can in turn cause
   jaundice or kidney problems.

• Anemia: A deficiency in the oxygen-carrying
   material of the blood, also known as low blood count
   or low blood level. 
• Symptoms that might improve after blood
   transfusion include weakness, shortness of breath,
   chest pain, or light headedness. 
• Conditions that may be prevented with appropriate
   use of blood include strokes, heart attacks, kidney
   failure, and other serious problems, including death.
• Platelets, plasma, or cryoprecipitate may be
   prescribed for the prevention or treatment of
   bleeding problems.

Other risks include, but are not limited to:

Blood products are prepared from
carefully screened, healthy, human
volunteers.

All blood products have a minimal risk of
transmitting an infectious disease.

Blood may be transfused to treat anemia or acute
blood loss.

All blood products are tested for transfusion-
transmitted diseases according to federal
regulations. Yes, some risks remain present, as no
screen can be 100% effective. Viruses are not
commonly transmitted but may cause a serious
disease.

Source: www.aabb.org/All About Blood      3/25/04

FIGURE 171.2. Example of patient and family information booklet for blood transfusion. (Courtesy of
Inova Fairfax Hospital, Falls Church, VA.)
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TRANSFUSION REACTIONS: AMERICAN ASSOCIATION OF BLOOD BANKS CLASSIFICATION

Type Clinical features Comments

Immunologic
Hemolytic Chills, fever, hypotension, renal failure, back

pain, hemoglobinuria
Caused by red blood cell mismatch

Fever and/or chills, nonhemolytic Temperature elevation > 1◦C, chills and/or
rigors, headache, vomiting

Urticarial Pruritus, urticaria, flushing
Anaphylactic Hypotension, urticaria, bronchospasm,

respiratory distress, wheezing, local edema,
anxiety

Varies from isolated urticaria to fatal
anaphylaxis

Transfusion-associated acute lung injury Hypoxemia, respiratory failure, hypotension,
fever

Leading cause of transfusion-associated
mortality

Nonimmunologic
Hypotension (associated with

angiotensin-converting enzyme
inhibition)

Flushing, hypotension

Circulatory overload Dyspnea, orthopnea, cough, tachycardia,
hypertension, headache

Nonimmune hemolysis Hemoglobinuria Caused by physical destruction of blood
(heating, freezing, etc.)

Air embolus Sudden dyspnea, cyanosis, chest pain, cough,
hypotension, cardiac arrhythmia

Hypocalcemia Paresthesia, tetany, arrhythmia
Hypothermia Cardiac arrhythmia
Transfusion-associated sepsis Bacterial contamination of transfused blood Consider in patients with fever > 40◦C

and/or cardiovascular collapse
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reactions occur when destruction of transfused RBCs occurs
because of preformed antibodies, and is mediated by com-
plement. The reaction varies from mild to severe, depending
on the degree of complement activation and cytokine release
(28). Severe acute hemolytic reactions are usually due to the
transfusion of ABO-incompatible blood. Fatalities occur in 1
in 600,000 units, secondary to severe hemolytic transfusion
reactions (29). Red cell destruction results in the release of
peptides, which leads to hypotension, poor renal blood flow,
an activated coagulation cascade, and, in more severe cases,
disseminated intravascular coagulation (DIC). Clinical features
include pain and redness along the vein used for infusion, chest
pain, a feeling of doom, hypotension, oozing from wounds and
intravenous sites, chills, fever, oliguria, and hemoglobinuria. In
patients who are heavily sedated or unconscious, hypotension,
hemoglobinuria, and diffuse oozing suggest the diagnosis of
a severe, acute, hemolytic transfusion reaction. The diagnosis
may be especially difficult in the patient under general anesthe-
sia, and a high index of suspicion is needed in order to make a
prompt diagnosis in such patients.

When a hemolytic or anaphylactic transfusion reaction is
suspected, the infusion should be stopped immediately and the
unit checked against the recipient’s identification band to de-
termine whether the wrong unit has been administered to the
patient. The unit, including all intravenous solutions and tub-
ing, should be sent promptly to the blood bank for examina-
tion. Blood should be drawn from a remote site and tested
for free hemoglobin. The urine should also be tested for free
hemoglobin. A direct antiglobulin test is indicated. Aggressive
fluid resuscitation should be initiated, and urine output should
be maintained at high levels. The early development of hy-
potension and DIC is associated with increased mortality.

Delayed hemolytic reactions tend to present 5 to 10 days
after transfusion (28), with approximately 1 in 260,000 pa-
tients developing a significant hemolytic reaction (30). The de-
gree of hemolysis may be significant in the patient whose total
RBC mass has been replaced by massive transfusion. A trans-
fused patient who develops an unexplained fall in hematocrit,
fever, or jaundice should be evaluated for the possibility of a
hemolytic reaction. The workup is similar to that for acute
hemolytic reactions, and the need for clinical intervention is
less likely.

Allergic nonhemolytic reactions are generally believed to be
caused by recipient antibodies to infusing donor plasma pro-
teins. The manifestations vary from a slight rash or urticaria
to hemodynamic instability, with bronchospasm and anaphy-
laxis. Allergic reactions may be prevented by premedication
with antihistamines (e.g., diphenhydramine). Recipient anti-
bodies against antigens on donor leukocytes or platelets will
produce febrile nonhemolytic reactions. Fevers and chills char-
acterize these reactions shortly after the transfusion has started;
thus, an acute hemolytic reaction and bacterial contamination
of the unit should be ruled out. Treatment consists of antipyret-
ics and transfusion of leukocyte-depleted blood components
when pharmacotherapy fails.

Hypocalcemia rarely occurs in patients receiving 1 unit of
blood at a time. The “prophylactic” use of calcium follow-
ing blood transfusion is not evidence based. Patients receiving
large volumes of citrated blood, especially if their liver func-
tion is compromised and/or they are hypothermic (e.g., liver
transplant patients during their anhepatic phase in the operat-
ing room) are at greatest risk of hypocalcemia. In such unusual

situations, treatment with calcium gluconate (not calcium chlo-
ride) may be needed, and ionized calcium determinations can
help guide therapy.

Circulatory overload is a documented risk of blood trans-
fusion, and thus, appropriate precautions should be taken in
patients with borderline cardiac and/or renal function and the
elderly. Particular care should be exercised in patients who re-
quire large volumes of plasma to rapidly correct coagulopa-
thy associated with the use of warfarin. This should not be
interpreted to mean that every patient who receives a blood
transfusion should also be given a diuretic.

Transfusion-re lat e d Acut e Lung Injury
The acute onset of pulmonary edema associated with transfu-
sion and leading to death was first described in 1951 by Barnard
(31). The term, TRALI, was introduced by Popovsky in 1983
(32). It is currently the leading cause of death after transfusion,
with an estimated rate of 1 in 5,000 units transfused, although
higher rates have been reported (33). Transfusion-related acute
lung injury is likely underappreciated and underdiagnosed
due to other more commonly recognized conditions (such as
acute lung injury [ALI] and the acute respiratory distress syn-
drome [ARDS]) being often associated with blood transfu-
sion, making the diagnosis of TRALI more difficult. The mor-
tality rate associated with TRALI is in the range of 5% to
10% (34). These data suggest that all patients receiving blood
products should be appropriately monitored, including pulse
oximetry.

Transfusion-related acute lung injury occurs with the trans-
fusion of all blood components, but especially platelets and
plasma. The clinical syndrome is characterized by the acute
onset of dyspnea, hypotension, hypoxemia, fever, and noncar-
diogenic pulmonary edema. The symptoms appear within 6
hours of transfusion, most often within 30 minutes. Since it
is similar to many other conditions encountered in the crit-
ical care setting, the diagnosis of TRALI is made by exclu-
sion. Like other etiologies of acute lung injury, TRALI causes
an increase in pulmonary microvascular permeability with in-
creased protein levels in the edema fluid. Two theories of the in-
creased pulmonary microvascular permeability have been pro-
posed in patients who develop TRALI. The first hypothesis
suggests that leukocyte antibodies from the donor unit acti-
vate recipient leukocytes in the pulmonary circulation, leading
to increased microvascular permeability and noncardiogenic
pulmonary edema. Blood donations from multiparous women
have been implicated as a contributing factor for TRALI, possi-
bly because of increased leukocyte antibody levels. The second
hypothesis assumes an initial predisposing event that primes the
patient’s neutrophils and sequesters them in the lung. Biologi-
cally active lipids and cytokines in the donor unit then further
prime and activate the recipient’s neutrophils, with resultant
microvascular permeability and noncardiogenic pulmonary
edema.

The treatment of TRALI is supportive and consists of ap-
propriate hemodynamic and ventilatory support. Once TRALI
is suspected, the transfusion should be terminated immediately
and the blood bank notified. The donor unit can be tested for
anti-HLA and/or antigranulocyte antibodies.

Transmission of Infe ct ion
Numerous viral and bacterial diseases may be transmitted by
blood transfusion (Table 171.6). Since March 1999, pooled
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nucleic acid amplification testing (NAT) has been used to test
for HIV and hepatitis C virus (HCV), which involves pooling
of 16 to 24 individual blood samples and polymerase chain
reaction or other amplification techniques to test for HIV and
HCV nucleic sequences. Bacterial and protozoal diseases in-
clude syphilis, malaria, and infection with Babesia microti, Try-
panosoma cruzi, Yersinia enterocolitica, Serratia marcescens,
Staphylococcus aureus, Staphylococcus epidermidis, or Kleb-
siella pneumoniae; Trypanosoma cruzi causes Chagas disease,
but transmission of this infection is very rare in the United
States.

Bact e rial Cont aminat ion
Bacterial contamination of blood is the most frequent cause of
transfusion-transmitted infectious disease (35). After hemolytic
reactions and TRALI, bacterial contamination is the most fre-
quently reported cause of transfusion-related fatalities to the
FDA (36). The agents most often implicated in packed RBC
bacteremia were Serratia and Yersinia. For platelets, S. aureus,
Escherichia coli, Enterobacter, and Serratia species were more
frequently identified. Fever, chills, hypotension, tachycardia,
and shock after transfusion should raise the suspicion of bac-
terial contamination, and blood cultures of the patient and
unit should be obtained. Platelets, which are stored at 20◦C
to 24◦C, are a good growth medium for bacteria. Platelets
are now screened for bacterial contamination in the United
States.

He p at it is
Transmission of the infectious agents for hepatitis is among
the most serious risks of blood transfusion. Past estimates of
posttransfusion hepatitis were approximately 10% . Current
data suggest that the infectious risk of hepatitis is < 0.01%
per unit transfused (30). All blood is screened for the hepatitis
B virus (HBV), with tests for HBSAg and anti-HBC. In addi-
tion, blood is screened for HCV with anti-HCV testing. The
risk of transfusion-associated HBV infection is approximately
1 in 30,000 to 1 in 250,000 per unit. With the development of
pooled NAT tests for HCV, the window period has decreased,
and the risk of HCV transmission is now as low as 1 in 1
million (37). No new case of transfusion-associated HCV has
been detected by the Centers for Disease Control and Preven-
tion Sentinel Counties Viral Hepatitis Surveillance System since
1994 in the United States.

Approximately half of the blood recipients who contract
HBV infection develop symptoms; a much smaller percentage
requires hospitalization. Approximately half of patients who
contract posttransfusion HCV infection develop a chronic form
of the disease. Many of those patients eventually develop sig-
nificant liver dysfunction, including cirrhosis.

Human Immunod eficie ncy Virus
The risk of HIV transmission from blood transfusion has de-
creased dramatically since the early 1980s despite an increas-
ing incidence of HIV infection in the general population. The
window period from initial infection to the development of an-
tibody to the virus poses a problem with the ability to detect
all seropositive donors. With pooled NAT, the window period
for detection of HIV has been reduced by 30% to 50% , and
the risk of HIV transmission is estimated to be as low as 1 in
2 million units (37).

Human T-ce ll Le uke mia Virus
In addition to the transmission of cytomegalovirus (CMV),
hepatitis infection, and HIV, blood transfusion carries the risk
of transmission of human T-cell leukemia virus (HTLV) 1 and 2
infection. Transmission of the virus, especially to immunocom-
promised patients, may cause illnesses such as T-cell leukemia,
spastic paraparesis, and myelopathy, and has prompted routine
screening of donors in the United States since 1989. The risk
of HTLV 1 and 2 transmission is estimated to be 1 in 641,000
units.

He rp e sviruse s
CMV infection is endemic, so routine screening is not per-
formed in the United States. About 20% of blood donors are
infected with CMV by 20 years of age, and approximately
70% are infected by 70 years of age. The infection is carried in
white blood cells (WBCs). Most patients who encounter prob-
lems with CMV are immunocompromised, especially trans-
plant recipients on immunosuppressive drugs. Such patients re-
quire transfusion with CMV-reduced-risk—leukocyte-reduced
or seronegative—blood products to avoid the transmission of
this viral infection. Human herpesvirus 8 causes Kaposi sar-
coma and lymphoma in patients with acquired immunodefi-
ciency syndrome (AIDS) and other immunosuppressed states.

Graft Ve rsus Host Re act ion
Blood transfusion exposes the recipient to many cells and pro-
teins from the donor. When immunologically competent lym-
phocytes are introduced into an immunocompromised patient,
a graft versus host reaction can occur (28). The functional
donor lymphocytes attack recipient tissues, notably the bone
marrow, causing aplasia. Patients present with fever, rash, nau-
sea, vomiting, diarrhea, liver function test abnormalities, and
depressed cell counts. This complication is fatal in as many as
90% of the cases. The prevalence of this complication in the
United States is not known but is thought to be rare. Rare cases
have also been reported from familial directed donations and
with HLA-matched platelets. γ -Irradiation of blood products
eliminates this risk.

Immunomod ulat ion
Allogeneic blood transfusion may alter the immune response
in individuals and susceptibility to infection, tumor recurrence,
and reactivation of latent viruses. It has been known since 1974
that the transfusion of packed RBCs depresses the immune re-
sponse in patients undergoing renal transplantation; however,
it is unclear to what extent these immunosuppressive effects
exist in other recipients. Contradictory evidence exists con-
cerning increased infections in patients given allogeneic blood
transfusions. Similar controversy also exists regarding the ex-
act relationship of blood transfusions to increased recurrence
of tumor and poor prognosis. Early studies on colorectal can-
cer showed decreased survival and increased tumor recurrence
in patients who were heavily transfused. Since then, studies
on many tumors have been performed that have not yielded
a decisive answer. The possibility exists that blood transfu-
sion may represent a covariable, because very ill patients and
those undergoing more difficult procedures for more extensive
disease are more likely to receive blood transfusion. In light
of the immunomodulating effects of allogeneic blood transfu-
sion, leukocyte-depleted transfusions have been suggested as an
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alternative. In view of the data on immunosuppression from
blood transfusion, it would seem reasonable to adopt a pol-
icy of blood conservation in the perioperative period in the
absence of clear indications and acute symptoms. Leukocyte
reduction of blood products is thought to decrease the risk of
immunomodulation (38).

De cision Making in Blood Transfusion

Blood Transfusion in He morrhag ic Shock
During World War I, it was believed that toxins caused vascu-
lar collapse in injured patients (39). Experiments in the 1930s
by Dallas B. Phemister and Alfred Blalock showed that fluid
was lost from the circulation into damaged tissues: the con-
cept of fluid loss into a “ third space.” During World War II,
plasma was the resuscitation solution of choice, as blood was
rarely available. British forces in the North African campaign
did utilize blood for casualties and noted improved outcome.
Although solutions containing electrolytes were used for chil-
dren with diarrhea, and advances in research had increased the
understanding of metabolic and endocrine changes seen with
injury, the use of plasma solutions prevailed until the Korean
conflict. Subsequent experimental work indicated that extracel-
lular fluids shifted into the intracellular space after significant
hemorrhage with shock (40). Providing volume resuscitation
in excess of shed blood became standard practice to maintain
adequate circulation and to refill the “ third space.”

During World War II, acute tubular necrosis (ATN) was a
common consequence of hypovolemic shock. As fluid resusci-
tation became more prevalent during the Korean and Vietnam
conflicts, the incidence of ATN decreased. Yet, while posthy-
povolemic shock ATN became less common with better fluid
resuscitation, the acute—initially termed the adult, to differen-
tiate it from the neonatal syndrome—respiratory distress syn-
drome became increasingly common. The lung injury in ARDS
was shown to be a function of the shock state rather than the
resuscitation solution used.

The goal of resuscitation from shock is prompt restoration
of adequate tissue and end-organ perfusion and oxygen trans-
port. The American College of Surgeons Committee on Trauma
developed a classification of hemorrhagic shock that permits
useful guidelines for resuscitation (Table 171.9). Crystalloid is

infused at a 3:1 ratio for every unit of RBCs administered, and
therapy is monitored primarily by hemodynamic response. Be-
cause crystalloid solutions are universally available, and some
delay is required to prepare blood products, crystalloid is the
proper initial resuscitation fluid. Resuscitation proceeds with
the use of blood products, depending on the patient’s response.
Although controversy existed in the past regarding the choice
of a colloid solution (e.g., albumin, plasma) or a crystalloid
solution (e.g., lactated Ringer [LR] solution or saline), recent
evidence has confirmed that colloid solutions offer no advan-
tages over crystalloids for fluid resuscitation in critically ill pa-
tients (41). Crystalloid solutions should be considered the so-
lutions of choice because they are less expensive, need not be
cross-matched, do not transmit disease, and probably result in
less fluid accumulation in the lung. No experimental data in-
dicate that using colloid rather than crystalloid solutions can
prevent pulmonary edema. An updated review of randomized
controlled trials of albumin resuscitation yielded no sugges-
tion of a reduction in mortality when the colloid was used in
hypovolemia or in critically ill patients with burns and hypoal-
buminemia (42).

Several crystalloid solutions are available for resuscitation,
but isotonic solutions should be used to avoid free water over-
load. While lactated Ringer solution is recommended as initial
therapy, metabolic alkalosis is common after successful resus-
citation with this solution and blood products because the lac-
tate in LR solution and the citrate in banked blood are both
converted to bicarbonate in the liver. LR solution contains cal-
cium and, if it is mixed with a blood product, the blood may,
in theory, clot in the bag. Normal (0.9% ) saline solution is
an acceptable alternative to LR solution, but large volumes
can produce a hyperchloremic metabolic acidosis, which may
complicate the use of base deficit in resuscitation. Since normal
saline is compatible with all blood products, its use is some-
times preferred if transfusion is a possibility.

The decision to transfuse blood is highly dependent on the
acuity of blood loss. Patients with acute, massive hemorrhage,
such as those with trauma or gastrointestinal bleeding, show
signs of hemodynamic instability early in their presentation.
The clinical picture depends on the amount of blood loss (Ta-
ble 171.9). For example, acute loss of 40% of the total blood
volume (about 2,000 mL in a 70-kg patient) is associated with
severe tachycardia, hypotension, depressed mental status, and

TA BLE 1 7 1 . 9

CLASSES OF HEMORRHAGIC SHOCK

Class of hemorrhage Blood volume loss Characteristics Treatment

I 15% (750 mL) Vital signs essentially normal No resuscitation generally needed
II 15% –30%

(750–1,500 mL)
Tachycardia, decreased pulse

pressure, anxiety, pallor,
diaphoresis, acidosis

Crystalloid resuscitation needed. Blood
transfusion given if no response to fluids (or
if response is transient)

III 30% –40%
(1,500–2,000 mL)

Hypotension, tachycardia,
decreased mental status,
oliguria

Blood transfusion generally needed, with
crystalloids in 3:1 ratio

IV > 40% (> 2,000 mL) Severe tachycardia and
hypotension, lethargy

Massive resuscitation with fluids and blood
products needed

Adapted from the American College of Surgeons, Advanced Trauma Life Support.
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oliguria. On the other hand, blood loss of up to 15% of the
blood volume (750 mL) may not have any obvious physiologic
effects.

It is important to remember that the diagnosis of hemor-
rhagic shock and the decision to administer blood transfusion
should not be based solely on hypotension, tachycardia, or
anemia. Hypotension does not generally occur until more than
30% of the blood volume has been lost. This is particularly the
case in children who, due to very effective compensatory mech-
anisms, maintain their blood pressure despite severe blood loss.
Conversely, elderly patients on β -blocking agents may not man-
ifest significant tachycardia. Hemoglobin levels obtained early
in the course of hemorrhagic shock do not reflect the severity
of blood loss, as there has not been enough time for fluid shifts
to occur. Therefore, blood transfusion should be based on a
comprehensive assessment of the patient, including vital signs
and estimation of the amount of blood loss, as well as clinical
and laboratory evaluation of end-organ perfusion.

Acute, massive hemorrhage is managed initially with ag-
gressive volume replacement using crystalloid solutions. Af-
ter administering 2,000 to 3,000 mL of crystalloid solution,
blood transfusion should be initiated in patients who continue
to manifest unstable vital signs. This should occur concomi-
tantly with expeditious surgical control of the bleeding sites.
Cross-matched blood should be given as soon as it is available.
If needed, type O negative blood can be given to women of
childbearing age, and type O positive blood can be given to
men of all ages and women older than 50 years of age until
cross-matched blood is available. Correction of coagulopathy
and hypothermia is paramount. A “damage control” surgical
approach, aimed at rapid control of bleeding while delaying less
urgent procedures, should be utilized. This helps reduce trans-
fusion requirements and allows the patient to recover more
quickly from shock.

Blood Transfusion in t he Normovole mic Pat ie nt
Anemic patients with a normal blood volume, such as patients
who have recovered from hemorrhagic shock and those with
subacute or chronic anemia, are generally hemodynamically
intact. Concerns regarding the diminished oxygen-carrying ca-
pacity of the blood may persist in some of these patients, es-
pecially those in the critical care setting. For many years, the
standard of care dictated that a hematocrit level of at least 30%
should be maintained; the rationale included faster recovery
and prevention of myocardial ischemia, especially in patients
with coronary artery disease. Recent data indicate that lower
hematocrit levels are well tolerated, even in patients at risk for
myocardial ischemia (10,43–47). Combined with the current
understanding of blood transfusion risks, this has resulted in
lowering the trigger level for transfusion.

There are now many reports demonstrating that blood
transfusion is an independent risk factor for worse outcome, in-
cluding increased mortality, especially in trauma patients (48–
53). In a landmark study, Hébert et al. demonstrated that main-
taining the hemoglobin at or above 10 g/dL (liberal strategy)
in euvolemic critically ill patients—as compared to maintain-
ing the hemoglobin at 7 g/dL, the conservative strategy—was
not associated with any improvement in overall mortality (19).
In fact, mortality was significantly lower with the conservative
strategy (hemoglobin at 7 g/dL) among patients who were less
acutely ill and in those who were younger than 55 years of
age. Patients with active myocardial ischemia, defined as un-

stable angina and acute myocardial infarction, were excluded
from the study. In the latter group of patients, maintaining the
hemoglobin at or above 10 g/dL remains the standard of care,
although there are conflicting data on that subject.

In a study of Medicare discharge records, elderly patients
with acute myocardial infarction had a lower mortality if their
hematocrit was 30% or higher (54). Another study suggested
that a higher hematocrit upon admission to the ICU after coro-
nary artery bypass grafting was associated with a higher rate of
myocardial infarction (55). Despite the large body of evidence
against empiric blood transfusion in normovolemic patients,
physicians continue to transfuse patients with hematocrit lev-
els between 21% and 30% (56). Finally, there have also been
reports advocating a hematocrit level of 30% in septic patients
(57), although these reports do not establish blood transfusion
to a hematocrit of 30% as an independent factor contributing
to improved outcome. The general trend, overall, appears to be
that of an increasingly restrictive strategy of blood transfusion
(11,12,58).

MINIMIZING TRANSFUSIONS IN
THE INTENSIVE CARE UNIT

Imme d iat e Conce rns

Given the known risks and the costs associated with blood
transfusions, a comprehensive strategy of blood conservation
should be followed. The need to correct anemia should be as-
sessed, sources of ongoing blood loss should be controlled, and
measures to enhance erythropoiesis should be entertained.

Minimizing Unne ce ssary Blood Loss

A significant amount of blood can be lost with repeated phle-
botomy in the ICU. This is particularly significant in children.
Routine serial “blood draws” should be avoided. A policy
of obtaining laboratory results only when clinically indicated
should be followed. Microsampling techniques, including bed-
side point-of-care testing, limit the amount of blood lost with
each blood draw. Since the estimated daily blood loss from
phlebotomy is at least 40 mL/day (10,11,13), critical care prac-
titioners should carefully consider the need for frequent phle-
botomy in the ICU.

Op t imizat ion of Re d Ce ll Prod uct ion

Iron
Iron is essential for properly functioning hemoglobin, as it is
the site of attachment of the oxygen molecule. Other oxygen-
carrying proteins, such as myoglobin and cytochrome a-a3,
also depend on iron. Many enzymes in the Kreb cycle contain
iron in their functional groups. In the critically ill patient, iron
deficiency anemia may be multifactorial, for example, poor gas-
trointestinal absorption, nutrient antagonism, and concomi-
tant copper and vitamin A deficiencies (59).

Patients with the systemic inflammatory response syndrome
(SIRS) have circulating cytokines that impair the release of iron
stored in the reticuloendothelial system. This creates a situation
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where total body iron levels are normal but iron is not avail-
able for incorporation into red cell precursors (functional iron
deficiency anemia).

Despite the central role that iron plays in oxygen delivery,
it is still not known whether iron supplementation in critically
ill anemic patients is beneficial (60). Perceived iron deficiency
could be functional, rather than an absolute reduction in total
body iron (61,62). In addition, iron supplementation has been
implicated with an increased risk and severity of infection since
free iron acts as a chelator of free radicals (63). There is cur-
rently no clear indication to administer supplemental iron to
critically ill patients who are anemic.

Eryt hrop oie t in
Erythropoietin is a circulating glycoprotein secreted primarily
by the kidneys in response to hypoxia. Its principal action is to
stimulate the production and release of RBCs from the bone
marrow (64). This hormone is now commercially available us-
ing recombinant DNA technology, and has been approved for
use in anemic patients with end-stage renal disease. Its indica-
tions were extended to include anemic patients with chronic
renal insufficiency, cancer, and AIDS. The indications for ery-
thropoietin therapy are still being expanded. Patients under-
going elective surgical procedures that are typically associated
with severe blood loss may benefit from preoperative erythro-
poietin therapy combined with autologous blood transfusion
(65).

The potential therapeutic value of erythropoietin in anemia
of critical illness is an area of intense research. Erythropoiesis
in critically ill patients can be suppressed for a variety of rea-
sons, including renal and hepatic failure. Circulating cytokines
in SIRS suppress erythropoiesis both by blunting the response
to and inhibiting the production of erythropoietin (66–72).
Gabriel et al. noted that erythropoietin formation in patients
with multiple organ dysfunction was inadequate to stimulate
reticulocytosis in what was described as a relative erythropoi-
etin deficit (73). In their study, high doses of recombinant hu-
man erythropoietin therapy did stimulate the erythropoietic
system, as evidenced by a higher rate of reticulocytosis. There
was, however, no increase in hematocrit or reduction in packed
RBC transfusion during the 3 weeks of the study.

Studies have focused on the potential of human recombinant
erythropoietin therapy to reduce transfusion requirements and
improve outcome in critically ill patients (74). Corwin et al.,
in two randomized controlled trials (75,76), demonstrated a
reduction of up to 19% in packed RBC units transfused and
a greater increase in hematocrit in the group treated with ery-
thropoietin; there were no differences in morbidity or mortality
between the two groups. Georgopoulos et al. showed similar
results, with the additional finding that the effects of erythro-
poietin therapy are dose dependent (77).

More recent studies have shown less favorable results. An-
other study by Corwin et al. noted that the use of erythropoietin
alfa did not reduce the incidence of red cell transfusion among
critically ill patients, and treatment with this agent was associ-
ated with an increase in the incidence of thrombotic events (78).
A second study concluded that the use of a target hemoglobin
level of 13.5 g/dL in chronic kidney disease was associated with
increased risk and no improvement in quality of life (79). Sev-
eral reports have also demonstrated adverse outcomes in cancer
patients (80).

Adverse effects potentially attributable to erythropoietin
therapy include hypertension, thrombotic complications, car-
diovascular events, tumor progression in cancer patients, and
increased risk of death. In November 2006, the FDA issued
an alert to provide new safety information for erythropoiesis-
stimulating agents (ESAs) (81). The alert was based on analyses
of studies on cancer and orthopedic surgery patients who were
found to have a higher chance of serious and life-threatening
effects and/or death with the use of ESAs. The FDA recom-
mends using the lowest dose possible to achieve a hemoglobin
level that avoids the need for transfusion, and withholding the
dose of the ESA if the hemoglobin level exceeds 12 g/dL or rises
by 1 g/dL in any 2-week period.

Aut o t ransfusion

Blood lost during surgical procedures can be retrieved, spun,
washed, and filtered. The recovered RBCs are then reinfused
back into the patient. Similarly, blood from drains such as tho-
racostomy tubes can be retrieved, collected in containers with
citrate solutions to prevent clotting, and reinfused. Relative
contraindications include contamination of blood with bacte-
ria, malignant cells, or amniotic or ascitic fluids. Other strate-
gies of blood conservation include preoperative autologous do-
nation and acute normovolemic hemodilution (30).

He mog lob in-b ase d Oxyg e n Carrie rs

The search for a solution that can transport oxygen from the
lungs to the tissues started in the early part of the 20th century
and continues to the present day (82–84). These solutions are
loosely termed “blood substitutes,” although they should be
more appropriately described as “oxygen carriers,” since this
is the only blood function for which they substitute. A variety
of substances have been studied, including perfluorocarbons
and porphyrins. Research on the latter two categories of oxy-
gen carriers has been largely abandoned due to problems with
manufacturing, ease of use, and adverse effects (85–87).

Current investigation is now focused on the hemoglobin-
based oxygen carriers (HBOCs). Hemoglobin can be obtained
from three sources: human blood from discarded units of
packed RBCs, animal blood, and recombinant DNA technol-
ogy.

St ruct ure and Funct ion of Normal
Human He mog lob in

Hemoglobin (Hb) is a large molecule made up of four polypep-
tide chains (two α- and two β -chains), with a molecular weight
of 64,450. Each chain is conjugated with a heme moiety,
an iron-containing porphyrin derivative to which oxygen at-
taches, forming oxyhemoglobin. When fully saturated, each
Hb molecule has four oxygen molecules attached. Iron has to
be in the ferrous state (Fe2+ ) in order for oxygen to attach.
When blood is exposed to various drugs and other oxidizing
agents, ferrous iron is converted to ferric iron (Fe3+ ), form-
ing methemoglobin (met-Hb), which cannot bind oxygen. An
enzyme within red cells, met-Hb reductase, converts met-Hb
back to Hb.

The affinity of Hb for oxygen increases exponentially as
more oxygen molecules attach, and hence the sigmoid nature
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of the oxygen–Hb dissociation curve. Factors that decrease the
affinity of Hb to oxygen (i.e., making off-loading of oxygen
easier) include acidosis and 2,3-DPG.

Charact e rist ics of Ce ll-fre e He mog lob in
Dissociation. When free in the plasma, the Hb tetramer dis-
sociates into two αβ -dimers, which are filtered through renal
glomeruli and can then precipitate in the renal tubules, causing
obstruction. This adverse effect is further compounded by the
decreased renal blood flow that results from the vasoconstric-
tive effect of Hb (88,89). Technologies were developed to pro-
duce large stable Hb polymers by cross-linking Hb molecules;
the most commonly used cross-linking reagent is glutaralde-
hyde. This process results in the formation of polymers of
varying sizes that do not filter through the glomeruli. An-
other strategy used to stabilize Hb was intramolecular cross-
linking, whereby the cross-link was between α-chains of the
same molecule so that neither polymerization nor subunit dis-
sociation occurred; this product was abandoned due to intense
vasoconstrictive features.

Viscosity. The lower viscosity of Hb solutions, compared to
blood, was initially thought to be advantageous, as it provided
less systemic vascular resistance. However, deeper insight into
the physiology of the vascular endothelium revealed that the
reduced shear stresses on the blood vessel wall were associated
with decreased secretion of relaxing factors such as prostacy-
clin and endothelin, with a net vasoconstrictive effect. The re-
sulting decrease in blood flow antagonizes the oxygen delivery
function of Hb (90,91).

Vasoactivity. Most HBOCs have a systemic pressor effect
(92,93), and some have the same effect on the pulmonary cir-
culation as well (94). In addition to the above mechanisms of
vasoconstriction, two other mechanisms are described: bind-
ing of nitric oxide and stimulation of catecholamine release;
these effects have been associated with decreased cardiac out-
put (95).

Affinity for Oxygen. Once released from the red cell, Hb loses
its 2,3-DPG, and its affinity for oxygen increases. This causes
a leftward shift of the oxygen–Hb dissociation curve, thus im-
pairing the off-loading of oxygen. Strategies to decrease the
affinity of Hb for oxygen include pyridoxalation and the use
of bovine Hb. It is not clear whether decreasing the affinity of
Hb for oxygen is beneficial. For example, higher levels of oxy-
gen at the tissue level may trigger an autoregulatory response
by the blood vessel wall, whereby there is decreased secretion
of relaxing factors, resulting in vasoconstriction and decreased
flow (96).

Oxidation. Deprived of the met-Hb reductase in red cells, free
Hb is at higher risk of being oxidized into met-Hb. How-
ever, other antioxidants such as glutathione are available in
the plasma to serve this function. Levels of met-Hb in patients
receiving HBOCs do not appear to be physiologically signifi-
cant (97).

Effects on the Inflammatory Response. HBOCs, unlike stored
blood, lack the ability to stimulate neutrophils and incite an
inflammatory response with its attendant systemic manifesta-
tions of multiple organ dysfunction (98).

Clinical Trials of He mog lob in-b ase d
Oxyg e n Carrie rs

The most widely studied HBOC in clinical practice is a human
polymerized hemoglobin product (PolyHeme, Northfield Lab-
oratories, Evanston, IL). The first randomized trial in acute
trauma and emergency surgery was published in 1998 (99),
showing that PolyHeme maintained total hemoglobin in lieu
of red cells despite the marked fall in RBC hemoglobin, and re-
duced the use of blood transfusion. The study concluded that
PolyHeme appears to be a clinically useful blood substitute. A
phase III trial involving 720 patients from 32 level I trauma
centers was recently completed. The trial randomized trauma
patients with evidence of hemorrhagic shock at the scene to ei-
ther normal saline or PolyHeme. Treatment was started in the
field and continued for up to 12 hours after injury. The primary
end point was survival at 30 days. Preliminary results showed
no statistically significant difference in survival between pa-
tients receiving PolyHeme without blood for up to 12 hours
following injury and those receiving the standard of care, in-
cluding early blood replacement. PolyHeme may, therefore, be
useful when blood is needed but not available (100).

REFUSAL OF BLOOD
TRANSFUSION

Critically ill patients with transfusion preferences present a
challenging management problem. For example, Jehovah’s
Witnesses’ refusal of blood and blood products is part of
their religious beliefs (Genesis 9:3-4, Leviticus 17:10-11) (101).
Honoring these beliefs requires modification of medical man-
agement strategies, and presents a unique opportunity to ques-
tion transfusion guidelines and thresholds. The care of these
patients requires early identification of transfusion preferences.
All patients admitted to the critical care setting should have
treatment preferences (including blood transfusion) discussed
with them or their legal representative as soon as possible. Al-
though transfusion may need to be administered in some emer-
gent situations without the opportunity to obtain informed
consent, in most circumstances the critical care practitioner
should be able to discuss the risks, benefits, and potential
complications of transfusion of various blood products with
the patient or representative. Moreover, individual patients
may have preferences—religious or otherwise—regarding some
blood products but not others, so it is important to establish
these preferences for each blood product available. Discussion
with patients and family members should include a detailed
explanation of each blood product, as the origin and technical
aspects of these products may affect their acceptance. In the
case of the Jehovah’s Witness, or other groups with religious
preferences, assistance from a church representative or other
religious leaders may be extremely helpful to the family and
the physician.

Although survival at lower levels of hemoglobin (> 3 g/dL)
have been reported, mortality rates exceed 50% when levels
fall below 3 g/dL (102). A recent experience with an injured
patient who was a Jehovah’s Witness demonstrated that sur-
vival without neurologic impairment was possible even at ex-
tremely low hemoglobin and hematocrit levels (2.7 g/dL and
7.8% , respectively) (103). The implementation of blood con-
servation strategies, hormonal stimulation, and the use of red
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TA BLE 1 7 1 . 1 0

MANAGEMENT STRATEGIES FOR JEHOVAH’S
WITNESSES WITH SEVERE ANEMIA

■ Blood conservation
 No routine blood draws
 Consequential blood tests only
 Use of capillary tubes for arterial blood gas analysis
 Pediatric-size tubes for other tests
 Decisive surgical interventions in cases of bleeding
 Intraoperative and peri-procedure blood conservation
■ Hemostasis
■ Autologous transfusion (cell salvage device)
■ Normovolemic hemodilution

■ Maximization of oxygen delivery
 Maintain high oxygen saturation
 Minimize oxygen demand
■ Sedation
■ Mechanical ventilation
■ Neuromuscular blockade
■ Allow permissive hypercapnia/metabolic acidosis

■ Hormonal stimulation
 High-dose recombinant erythropoietin
 Iron supplementation

■ Red cell substitutes (as they become available)

cell substitutes as they become available are options in the man-
agement of these patients. The use of high-dose erythropoietin
(40,000 units subcutaneously every other day) and supplemen-
tal iron provide accelerated erythropoiesis under extreme cir-
cumstances. Table 171.10 lists potential strategies that may be
useful in the management of the Jehovah’s Witness and oth-
ers who request that blood transfusion not be administered. A
number of these strategies should be considered for all patients
in the critical care setting to minimize the need for transfusion.
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CHAPTER 172 ■ ANTITHROMBOTIC
AND THROMBOLYTIC THERAPY
GOHAR H. DAR r STEVEN R. INSLER

The occurrence of venous and arterial thromboembolism has
had a large impact on medical care and is a major cause
of both morbidity and mortality. Arterial thromboembolism,
commonly implicated in myocardial infarctions, stroke, and
limb ischemia, is responsible for more deaths each year than
the next seven leading causes of death combined (1,2). Ve-
nous thrombosis may lead to pulmonary embolism, right heart
dysfunction, venous insufficiency, and the postthrombotic syn-
drome (3). The incidence of patients in the intensive care unit
developing venous thromboembolism ranges from 5% to 33%
(4–6). There are an estimated 2 million cases of venous throm-
boembolism each year in the United States alone, with an
annual estimated mortality of about 60,000 from pulmonary
embolism (7–9). The ability to rapidly diagnose and initiate
effective therapy is paramount. This chapter will briefly re-
view the formation of arterial and venous thrombi, regulation
of the coagulation cascade, and current antithrombotic and
thrombolytic therapies.

THROMBOGENESIS AND
COAGULATION

Thrombosis can occur anywhere in the vascular system, in ei-
ther the venous or arterial beds. Typically, deep venous throm-
boemboli are associated with many different clinical situa-
tions, and the stimulus for developing thrombi depends on
the underlying clinical condition. A patient may have an un-
derlying primary hypercoagulable predisposition to developing
venous thrombosis secondary to decreased antithrombotic or
increased prothrombotic proteins (thrombophilias) (10), in-
creasing the relative risk of thrombosis up to tenfold. Deep
venous thrombosis will form under conditions of low flow and
are predominantly composed of fibrin and red blood cells. They
usually originate in the muscular calf veins or in the valve cusps
of the deep calf veins (1). Altered or low blood flow is com-
monly seen posttrauma, postoperatively, and in the critically ill
patient. The risk factors for deep venous thrombosis are listed
in Table 172.1.

In vivo, coagulation in the veins is initiated by a complex
of tissue factor (TF, a type I transmembrane protein) and the
serine protease factor VIIa. Low levels of factor VIIa circulate in
plasma so that the system will respond efficiently if vessel injury
occurs and tissue factor is exposed. The factor VIIa/tissue factor
(TF) complex activates factors IX and X. Activated factor X
cleaves small amounts of prothrombin to generate thrombin.
The low concentrations of thrombin generated are sufficient to
activate factors V and VIII, essential steps for the propagation
of the coagulation cascade (11–13) (Fig. 172.1).

Arterial thrombi typically form under conditions of high
flow (shear) conditions, and are made up primarily of platelet
aggregates held together by fibrin strands. Most arterial
thrombi are superimposed on ruptured atherosclerotic plaques.
Plaque rupture exposes thrombogenic material in the lipid-rich
core of the blood (14). When plaques rupture, subendothelial
collagen and von Willebrand factor is exposed. Collagen and
von Willebrand factor provide a substrate for platelet adhe-
sion (15,16). Collagen binds to platelets’ glycoprotein Ia/IIa
receptor complex; von Willebrand factor binds to glycopro-
tein Ib/IX/V receptor complex; and other exposed extracellular
matrix, such as fibronectin and laminin bind to glycoprotein
VI. These actions cause the up-regulation of platelet glycopro-
tein IIb/IIIa receptor complex, which in turn results in platelet
aggregation. Glycoprotein IIb/IIIa accelerates platelet adhesion
to the subendothelium by binding to fibrinogen and von Wille-
brand factor (17,18). Additionally, plaque rupture causes TF
release, which accelerates the extrinsic coagulation cascade
(Fig. 172.2).

Once coagulation is initiated in either veins or arteries, and
TF has activated factor VII, converting it to factor VIIa, the fac-
tor VIIa/TF complex activates factors IXa and Xa, respectively.
Factor IXa binds to factor VIIIa on the membrane surfaces to
form intrinsic tenase, which activates factor X. By feedback
activation of factor VII, factor Xa initiates and amplifies coag-
ulation (19,20).

Factor Xa propagates coagulation by binding with factor
Va, and in turn activates prothrombin to thrombin and, ulti-
mately, to fibrin clot formation. If the thrombus is of sufficient
size to disrupt blood flow, shear increases and promotes addi-
tional platelet and fibrin deposition.

Re g ulat ion of t he Coag ulat ion Cascad e

Three inhibitory systems are involved in the regulation of the
coagulation cascade. The pathway of TF inhibition interferes
with the initiation of coagulation. The protein C pathway regu-
lates thrombin generation and inhibits the propagation of coag-
ulation. Antithrombin blocks the generation of thrombin and,
subsequently, thrombin activity. Additionally, the fibrinolytic
system promotes fibrin degradation.

Tissue Fact or Pat hway Inhib it or
The factor VIIa/TF complex is inhibited by the TF pathway in-
hibitor, most of which is bound to endothelium, in two steps.
First, the TF pathway inhibitor binds and then inactivates fac-
tor Xa. This complex in turn inactivates factor VIIa, which is
bound to TF (21).
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TA BLE 1 7 2 . 1

POTENTIAL MECHANISMS BY WHICH VARIOUS CLINICAL CONDITIONS MAY FACILITATE DEEP VENOUS
THROMBOSIS (DVT)

Increased baseline propensity for thrombosis Acute insult

Hypercoagulability Genetic Increased Coagulants
Increased coagulants Blood-borne tissue factor

Prothrombin mutation G20210A Malignancy (Trousseau syndrome)
Decreased anticoagulants Congestive heart failure (?)

AT deficiency Systemic infection (?)
Protein C deficiency Exogenous administration of clotting factors
Protein S deficiency rVIIa
Factor V Leiden rVIII

Acquired Acute loss of anticoagulants
Malignancy Nephrotic syndrome (loss of AT)
Hyperhomocysteinemia Initial warfarin therapy without heparin
HRT/OCT (?)
Pregnancy (hormone-related)
Nephrotic syndrome (loss of AT)
Antiphospholipid syndrome
Increased levels of clotting factors

Direct Vessel Injury Direct vessel injury most often represents an acute insult
Examples of low-grade, chronic vessel injury that

increase the baseline propensity for thrombosis may
include:

Intravascular catheters
Trauma
Surgery

Endothelial injury secondary to chemotherapy
Hyperhomocysteinemia
Vasculitus
Antiphospholipid syndrome

Blood Stasis More commonly functioning as an acute insult
Precipitating thrombosis, rather than increasing the
baseline propensity for thrombosis:

Hospitalization/bedridden
Pregnancy (stasis)
Limb paralysis (e.g., stroke, plaster casts)

Age Right heart failure
Obesity Long-haul flights
Pregnancy (gradual immobility/stasis) Vein compression (e.g., enlarged lymph node)
Sedentarism

AT, antithrombin; HRT/OCT,.
Risk factors or clinical conditions that increase the risk of DVT can be classified as either increasing the baseline propensity for thrombosis or
precipitating the thrombotic event acutely. Thrombosis may occur by one of three major mechanisms: inducing hypercoagulability, directly injuring the
vessel wall, or causing blood stasis (low flow).
From Lopez JA, Kearon,. Lee AY. Deep venous thrombosis. Hematology. 2004;1:442, with permission.

Prot e in C Pat hway
The protein C pathway is initiated when thrombin binds to
thrombomodulin, which is found on endothelium. Once bound
to thrombomodulin, thrombin undergoes a conformational
change at its active site, which converts it from a procoagulant
enzyme to a potent activator of protein C. Activated protein
C, a vitamin K–dependent protein, acts as an anticoagulant by
proteolytically degrading and inactivating factors Va and VIIIa,
thus blocking thrombin generation (22).

Ant it hromb in
Antithrombin inhibits thrombin, factor Xa, and other activated
clotting factors, but in the absence of heparin, these reactions
occur slowly. Heparin addition will increase the rate of inhi-
bition of these reactions by 1,000-fold (23). Small amounts of
the proteoglycan heparin sulfate located on the luminal sur-

face may maintain intact endothelium in a nonthrombogenic
state (24).

Fib rino lyt ic De g rad at ion of Fib rin
This system is designed to remove intravascular fibrin and re-
store normal blood circulation. Fibrinolysis is initiated by plas-
minogen activators that convert plasminogen to plasmin, a
trypsinlike protease. Plasmin degrades fibrin into soluble fibrin
degradation products (25).

D-Dimers. D-dimers are a specific fibrin degradation product
formed only by plasmin degradation of fibrin and not by plas-
min degradation of intact fibrinogen (Fig. 172.3). Thus, its
presence indicates that fibrin has been formed. D-dimer has
been validated as a diagnostic tool to help in the exclusion
of venous thrombosis and pulmonary embolism and is widely
used in the emergency room setting for this purpose (26–28).
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FIGURE 172.1. Model for venous
thrombosis. Coagulation in veins is
initiated by the tissue factor VIIa com-
plex, which then activates factors IX
and X. Factor II, prothrombin; factor
IIa, thrombin; PSGL-1, p-selectin gly-
coprotein ligand-1; TF, tissue factor.

Elevated d-dimer levels have been reported as a marker of risk
for both multiple organ failure and death in critically ill patients
(29).

ANTIPLATELET AGENTS
Platelets are known to play a key role in the inflammatory and
thrombotic cascade and are integral in the pathogenesis of arte-
rial thrombosis, particularly in regions of high fluid shear stress
including the coronary, cerebrovascular, and peripheral circu-
lations. Platelet aggregation leading to a disruption of blood
flow can have devastating outcomes, often causing permanent
disability or death. The understanding of normal platelet func-
tion has led to the rational basis for development of antiplatelet
agents.

Asp irin

Aspirin is the most widely used antiplatelet drug in the world.
Although it has been used as an antipyretic agent since the

mid-1800s, its antiplatelet effect was recognized only about 50
years ago. Activated platelets cleave phospholipids to gener-
ate arachidonic acid, which is converted to thromboxane-A2
through a series of reactions mediated by cyclo-oxygenase-1
(COX-1) and thromboxane-A2 synthase. There are three iso-
forms of cyclo-oxygenase enzyme, COX-1 being the major type
and COX-3 being a variant of COX-1. COX-2 is the inducible
form present in the cells at the site of inflammation.

Aspirin, acetylsalicylic acid, is an irreversible inhibitor of
COX-1 and COX-3 at low concentrations. It has a rapid on-
set of action, approximately 30 minutes, and exerts its effect
by acetylating the serine 529 site of platelet COX-1 enzyme
(30). As the anucleate platelets are unable to synthesize new
enzyme, a single daily dose of aspirin is sufficient to inhibit
platelet function for the platelet life span. Restoration of nor-
mal aggregation on cessation of aspirin therapy results from
young, newly released, nonacetylated platelets replacing the
aspirin-treated ones. The dose of aspirin required to inhibit
platelet function is relatively low compared with that required
for an anti-inflammatory effect. The antithrombotic effect of
aspirin saturates at doses of approximately 100 mg (31).
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FIGURE 172.2. Arterial thrombi be-
gin with a dysfunctional endothelium,
resulting in monocyte infiltration and
subsequent macrophage differentia-
tion, foam cell lipid accumulation, and
smooth muscle cell proliferation. Nor-
mally, there is a balance between blood
fibrinolysis and coagulation. When
plaques rupture, the balance between
fibrinolysis and coagulation is shifted
(greater thrombosis), and an occlu-
sive thrombus may form. CAM, cellu-
lar adhesion molecule; SMC, smooth
muscle cell; vW factor, von Willebrand
factor.

The efficacy of aspirin in acute coronary syndrome has been
established in numerous clinical trials. For example, the Inter-
national Study of Infarct Survival (ISIS)-2 demonstrated that
for acute myocardial infarction (MI), aspirin alone reduced
mortality to a similar extent as did streptokinase alone, with
an additive benefit when using both agents (32). A recent meta-
analysis by the Antiplatelet Trialists’ Collaboration found that
aspirin reduced the risk of MI, stroke, or death from 13.3% to
8.0% in patients with unstable angina (33). The meta-analysis
also found that the greatest risk reduction occurred with a dose
of 75 mg to 150 mg per day; higher doses such as 325 mg per
day did not appear to confer any added benefit. Aspirin therapy
has, thus, become the standard for the secondary prevention of
cardiovascular events in high-risk patients. The role of aspirin
alone versus other antithrombotic agents in atrial fibrillation
has been addressed in many studies, the results suggesting that
the risk reduction of ischemic strokes associated with oral vi-
tamin K–inhibiting anticoagulant therapy is greater than that
provided by aspirin (34,35).

Asp irin Re sist ance
The efficacy of aspirin in the inhibition of platelet function
differs between patients. Cardiovascular events occur prefer-
entially in patients with low responses to aspirin therapy (36).
This low response is referred to as aspirin resistance. The preva-

lence is reported to vary between 5% and 60% , depending on
the laboratory studies used (37). Gum et al. (38), in a prospec-
tive study, followed 325 patients with stable coronary artery
disease for 2 years, finding aspirin resistance in 5.5% of patients
using optical platelet aggregability, and in 9.5% by using the
Platelet Function Analyzer 100 (PFA-100). Aspirin-resistant
patients were noted to have a 24% risk of death, MI, or stroke,
as compared with a 10% risk for patients who were aspirin
sensitive.

There are two aspects of resistance: biochemical and clini-
cal. Biochemical resistance refers to the inability of aspirin to
initiate platelet inhibition, whereas clinical resistance indicates
an increased risk of cardiovascular events in patients receiving
treatment with aspirin (39). Platelet receptor polymorphism is
thought to be responsible for aspirin resistance (40).

The risk of hemorrhage, especially from the gastrointestinal
tract, is a major concern when doses higher than 325 mg/day
are used. The local effect of aspirin on the gastric mucosa is
more prevalent with the higher doses, but patients with vascu-
lar malformations or mucosal lesions may bleed at lower doses,
too. There is also a risk of cerebral hemorrhage in patients with
prior stroke or with uncontrolled hypertension. In the event of
hemorrhage, aspirin should be discontinued, and bleeding time
should be measured and, if needed, treated with fresh platelet
transfusion. For elective surgical procedures, aspirin should
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FIGURE 172.3. Fibrin clot formation and degradation. This figure shows the simplified conversion of
fibrinogen into fibrin monomers called fibrinopeptides A and B. These monomers either polymerize to form
fibrin clot or degrade into fibrinogen degradation products (without d-dimer formation). Fibrinolysis of
a fibrin clot leads to formation of fibrin degradation products and d-dimers. Positive d-dimer assays are
indicative of fibrin clot formation, followed by degradation by plasmin.

be stopped 5 days before surgery (41). Aspirin is not recom-
mended for venous thromboembolic prophylaxis (42); other
forms of standard venous thromboembolism prophylaxis—for
example, subcutaneous heparin and pneumatic compression
devices—are preferred.

Clop id og re l

Clopidogrel, a member of the thienopyridine family, is a po-
tent platelet inhibitor, working by irreversibly binding to low-
affinity adenosine diphosphate (ADP) receptors. It is rapidly
absorbed and metabolized by the hepatic cytochrome P-
450 enzyme system to an active metabolite that selectively
and irreversibly inhibits ADP-induced platelet aggregation.
This metabolite also impairs the activation of glycoprotein
(GP) IIb/IIIa complex and prevents fibrinogen binding to the
platelets. Platelets exposed to this drug are affected for the re-
mainder of their life span. Dose-dependent platelet inhibition

can be seen within 2 hours after a single oral dose. For maxi-
mum effect, patients may be given a loading dose of 300 to 600
mg, followed by 75 mg per day. With repeated doses of 75 mg
per day, maximum platelet inhibition can be achieved within 3
to 7 days (43).

When steady state is achieved, platelet aggregation is in-
hibited by 40% to 60% (44). Prolongation of bleeding time
is independent of age, renal impairment, or gender. Platelet
aggregation and bleeding time generally return to baseline
about 5 days after discontinuation of clopidogrel. The CA-
PRIE trial was among the first to establish that clopidogrel is
more effective than aspirin in reducing atherosclerotic events—
including peripheral vascular disease, myocardial infarction,
and stroke—by 8.7% (45). The efficacy and safety of clopido-
grel has been evaluated in acute coronary syndrome patients
in the CURE trial, showing a 20% relative risk reduction in
composite triple end points: nonfatal myocardial infarction,
death, or stroke (46). Clopidogrel, like ticlopidine, prolongs
the bleeding time. While there was an incidence of neutropenia
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reported at 0.1% in the CAPRIE trial, there have been rare
case reports of clopidogrel-associated thrombotic thrombocy-
topenic purpura. The incidence of gastrointestinal bleeding is
less when compared to aspirin, but the incidence of bleeding
is higher among patients taking clopidogrel, requiring urgent
surgical procedures (47). However, the clopidogrel effect can
be reversed by transfusion of fresh platelets.

Ticlop id ine

Ticlopidine, an older thienopyridine compound, inhibits
platelet aggregation irreversibly and interferes with ADP-
induced binding of fibrinogen to platelet receptors. It has fallen
out of favor because of two major side effects: neutropenia and
thrombotic-thrombocytopenic purpura. Rare case reports of
severe bone marrow toxicity limit ticlopidine use to patients
who are intolerant or unresponsive to aspirin.

Cilost azol

Cilostazol is a newer platelet aggregation inhibitor with va-
sodilatory activity. It causes platelet inhibition by inhibiting
phosphodiesterase (PDE) type III activity. It has a greater va-
sodilatory effect on femoral arteries than on vertebral, carotid,
or superior mesenteric arteries (48). It is approved by the U.S.
Food and Drug Administration (FDA) for reduction of symp-
toms related to intermittent claudication in severe peripheral
vascular disease.

Glycop ro t e in IIb / IIIa Ant ag onist s

Ab ciximab
This, the most successful GPIIb/IIIa antagonist, is a human-
murine Fab chimeric monoclonal antibody fragment to the
GPIIb/IIIa binding site. It is a large protein with a rapid and pro-
longed response, causing the bleeding time to remain elevated
for 12 hours after injection. Abciximab is used in combination
with aspirin and heparin in patients with unresponsive unsta-
ble angina or undergoing percutaneous coronary intervention.
It has been demonstrated to deliver a 60% relative risk re-
duction in triple end points: myocardial infarction, emergent
revascularization, or cardiovascular deaths (49,50). The major
complications of this agent include intracranial bleeding or a
decrease in hemoglobin of more than 15% , reported as fre-
quently as 10.5% (51). There is a high incidence of thrombo-
cytopenia, which can be spurious (4% ) due to platelet clump-
ing, but true and severe thrombocytopenia may also develop,
resulting in profound bleeding (52). In the event of profuse
bleeding, platelet transfusions are required to normalize the
platelet count. Desmopressin has been shown to normalize the
bleeding time (53).

Ep t ifib at id e
This is a disintegrin, derived from the southeastern pygmy rat-
tlesnake. It is rapidly bound and rapidly reversed, with a nor-
malization of the bleeding time within 1 to 4 hours. This drug
has been shown to be more effective in milder forms of acute
coronary syndromes (54).

Tirofib an
This is a small nonpeptide compound derived from tyrosine,
which interacts with the arginine-glycine-aspartic acid fibrino-
gen receptor. Tirofiban has been used in unstable angina with
mixed results (55).

Dip yrid amole
Dipyridamole is a phosphodiesterase inhibitor, reversibly in-
hibiting platelet aggregation. As it increases c-AMP and c-GMP
levels, through its inhibition of phosphodiesterases, it potenti-
ates the effect of nitric oxide. It has been used adjunctively
with aspirin to reduce stroke events in patients younger than
70 years of age (56).

ANTITHROMBOTIC THERAPY

Unfract ionat e d He p arin

Unfractionated heparin (UH) is a naturally occurring acidic gly-
cosaminoglycan whose anticoagulant effect originates from its
pentasaccharide sequence. This sequence binds to antithrom-
bin, causing a conformational change at the arginine reac-
tive site that potentiates the effect of antithrombin, causing
it to have an enhanced effect on inhibition of the coagula-
tion enzymes, in particular thrombin (factor IIa) and factor
Xa. Heparin also acts to inhibit activation of factors V and
VIII by thrombin (Fig. 172.4) (57,58). The increase in inhi-
bition of these enzymes in the presence of UH may be up to
2,000 times faster than in its absence. The molecular weight
of UH is 3,000 to 35,000 daltons on average, with a mean
molecular weight of 15,000 d, composed of approximately 45
monosaccharide chains. Due to the variable size and structure
of heparin, only about one third of any given dose of hep-
arin will demonstrate therapeutic anticoagulant activity. The
different-sized molecules are cleared at different rates by the
kidney, with the larger ones being cleared more rapidly. Thus,
the combination of these factors leads to great variability in the
anticoagulant effects on individuals, necessitating the need for
monitoring with activated partial thromboplastin time (aPTT).
Heparin is obtained from either bovine lung or porcine intes-
tine and is available as a sodium or calcium salt.

The unit of heparin is measured in animals in a biologic
assay, with the unit measurement being variable by as much
as 50% on a weight basis. Therefore, UH is prescribed for pa-
tients on a unit basis per kilogram, not weight of medication
(59). UH clearance involves a combination of rapid, saturable,
and slower first-order mechanisms. The saturable phase of hep-
arin clearance is via binding to receptors on endothelial cells
and macrophages, where it becomes depolymerized, whereas
the slower-phase first-order saturable mechanism is renal.
At therapeutic doses, heparin is cleared predominantly through
the rapid, saturable dose-dependent mechanism, and the an-
ticoagulant effects are nonlinear, with both the intensity and
duration of effect rising in disproportion to increasing dose.

Use s of Unfract ionat e d He p arin
Heparin is indicated for prophylaxis of venous thromboem-
bolism. It is used in the treatment of deep venous thrombosis
(DVT) and pulmonary embolus, as well as for early treatment
of patients suffering from acute coronary syndromes.
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FIGURE 172.4. The coagulation cascade. The
extrinsic pathway of coagulation is initiated by
the factor VIIa/tissue factor complex, whereas the
intrinsic pathway is initiated when factor XII con-
tacts a foreign surface. Both pathways lead to
factor IX and X activation. Activated factor IXa
propagates coagulation by activating factor X in a
reaction using activated factor VIIIa as a cofactor.
Activated factor Xa combining with activated fac-
tor Va acts as a cofactor and converts prothrom-
bin (factor II) to thrombin (factor IIa). Thrombin
then converts fibrinogen to fibrin.

Prevention of Thromboembolism. Given the high rate of ve-
nous thromboembolism formation in critically ill patients, and
the fact that clinical signs of DVT are unreliable, preventing the
problem is an important strategy (60). Unfractionated heparin
at a fixed low dose of 5,000 units, subcutaneously every 8 to
12 hours, results in a 60% to 70% relative risk reduction for
DVT and fatal pulmonary embolus (42,61). In high-risk surgi-
cal and acutely ill medical patients, the use of low-molecular-
weight heparin (LMWH) is becoming the standard for preven-
tion of thrombosis (62,63).

In the patient who is unable to tolerate any type of anticoag-
ulation, the use of compression stockings is useful as a mechan-
ical means for preventing DVT by intermittently squeezing the
patient’s calves, which leads to increased blood flow through
the venous system. Intermittent pneumatic compression may
also stimulate fibrinolysis by stimulating the vascular endothe-
lium (64).

Venous thromboembolism and pulmonary embolus. Therapy
for treating proximal or symptomatic distal venous throm-
boembolism and pulmonary embolus is aimed at preventing
extension of the clot with further embolization and recurrence;
anticoagulation has long been an effective strategy for treat-
ment of both conditions (65). Multiple studies have demon-
strated the efficacy of heparin in reducing mortality in patients
with venous thromboembolism (66,67), as well as the high
mortality in patients with pulmonary embolus who did not
receive anticoagulant therapy (68). More recent clinical stud-
ies further demonstrated the benefit of treating deep venous
thrombosis with continuous intravenous heparin and, in some
cases, preferably LMWH (69–71). Additionally, data show the
effectiveness of using subcutaneous heparin as the initial treat-
ment for deep venous thrombosis, as long as adequate doses
are used and the activated partial thromboplastin time is pro-
longed into the therapeutic range (72–74). Recently, Kearon
et al. (75) demonstrated that administration of a fixed dose,

weight-adjusted, unfractionated heparin was as effective and
safe as the administration of low-molecular-weight heparins in
patients with acute deep venous thrombosis and may also be
suitable for treatment in the outpatient setting.

Perhaps the most efficient and safe method for initiating
intravenous heparin therapy is using weight-adjusted nomo-
grams. In the first days of treatment, there is a weak associa-
tion between a supratherapeutic aPTT and bleeding, which is
in marked contrast to the significant relationship between sub-
therapeutic aPTT and recurrence of venous thromboembolism.
The important consideration is to maintain a therapeutic range
when heparin anticoagulation therapy is initiated, which is best
achieved with frequent monitoring of plasma aPTT. Subthera-
peutic dosing within the first 24 hours of a documented DVT
resulted in a significantly greater frequency of venous throm-
boembolus recurrence when compared to those patients who
reached a supratherapeutic threshold within 24 hours (76).

The weight-based method was developed by Raschke et al.
(77) who found that a weight-based titration of unfractionated
heparin resulted in a significant decrease in the time required
to reach therapeutic levels as compared to a standard dosing
scheme of heparin. These clinicians found that 97% of patients
dosed using the weight-based nomogram achieve therapeutic
levels within 24 hours of initiation as opposed to 77% in the
standard dosing group (Tables 172.2 and 172.3).

Typically, the Raschke method of anticoagulation in the
acute phase of venous thromboembolism is initiated with an in-
travenous loading dose of 80 units/kg, followed by 18 units/kg
per hour. Subsequent doses should be adjusted using a stan-
dard nomogram to rapidly reach and maintain an aPTT that
corresponds to therapeutic heparin levels of 1.5 to 2.5 times
the baseline (77–82). Alternatively, therapeutic heparin antico-
agulation is determined by achieving a plasma anti–factor Xa
level of 0.35 to 0.7 units/mL (83,84). This therapeutic range is
recommended based on animal studies (85), prospective studies
and analysis of patients with established deep vein thrombosis
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TA BLE 1 7 2 . 2

WEIGHT-BASED HEPARIN DOSING NOMOGRAM

Dose change,
aPTT, sb U/kg/h Additional action Next aPTT, h

< 35 (< 1.2 × mean normal) + 4 Rebolus with 80 IU/kg 6
35–45 (1.2–1.5 × mean normal) + 2 Rebolus with 40 IU/kg 6
46–70a (1.5–2.3 × mean normal) 0 0 6c

71–90 (2.3–3.0 × mean normal) − 2 0 6
> 90 (> × mean normal) − 3 Stop infusion 1 h 6

aPTT, activated prothrombin time.
Initial dosing: Loading 80 IU/kg; maintenance infusion: 18 IU/kg/h (aPTT in 6 h)
aTherapeutic range in seconds should correspond to a plasma heparin level of 0.2–0.4 IU/mL by protamine
sulfate or 0.3–0.6 IU/mL by amidolytic assay. When aPTT is checked at 6 hours or longer, steady-state
kinetics can be assumed.
bHeparin, 25,000 IU in 250 mL D5W. Infuse at rate dictated by body weight.
cDuring the first 24 h, repeat aPTT every 6 h. Thereafter, monitor aPTT once every morning unless it is
outside the therapeutic range.
From Hyers TM, Agnelli G, Hull RD, et al. Antithrombotic therapy for venous thromboembolic disease.
Chest. 2001;119(Suppl):179S, with permission.

(84), and studies on the prevention of mural thrombus for-
mation following myocardial infarction (86) and prevention
of recurrent ischemia following coronary thrombolysis (87).
Heparin anticoagulation should be continued for up to 5 days
so that adequate anticoagulation is achieved. During this time,
the aPTT should be monitored every 6 hours until the thera-
peutic range is achieved, and once daily thereafter. Preferably
on day 1, the patient may be transitioned to long-term war-
farin (5 mg), a vitamin K–antagonist agent that may be ad-
ministered orally if the patient can tolerate enteral intake. The
anticoagulation effect of warfarin is monitored by the interna-
tional normalized ratio (INR) to achieve a therapeutic range

of two to three times the normal level for a first thrombotic
episode. Warfarin is considered to be at therapeutic level if the
INR of 2 to 3 is maintained for 2 consecutive days. If the pa-
tient is unstable and unable to tolerate oral anticoagulation,
intravenous heparin may need to be continued. It is important
to keep in mind that warfarin interacts with many commonly
used drugs in the intensive care unit, and its metabolism may
be affected by hepatic and renal impairment. This may lead
to erratic variation in the anticoagulant effect of warfarin and
exposes the patient to increased risks of bleeding and throm-
botic complications (7). The minimum recommended duration
of warfarin therapy is 3 months (88,89), but further studies
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GUIDELINES FOR ANTICOAGULATION USING UNFRACTIONATED HEPARIN

Indication Guidelines

VTE suspected ■ Obtain baseline aPTT, PT, CBC
■ Check for contraindication to heparin therapy
■ Order imaging study, consider giving heparin 5,000 IU IV

VTE confirmed ■ Rebolus with heparin 80 IU/kg IV and start maintenance infusion at
18 U/kg (see Table 172.2)

■ Check aPTT at 6 h to keep aPTT in a range that corresponds to a
therapeutic blood heparin level (see text and Table 172.2)

■ Check a platelet count between days 3 to 5
■ Start warfarin therapy on day 1 at 5 mg and adjust subsequent daily

dose according to INR
■ Stop heparin therapy after at least 4–5 of combined therapy when

INR is > 2.0
■ Anticoagulate with warfarin for at least 3 mo at an INR of 2.5;

range: 2.0–3.0 (see Table 172.6)

aPTT, activated prothrombin time; PT, prothrombin time; CBC, complete blood count; IV, intravenously;
INR, international normalized ratio.
For subcutaneous treatment with unfractionated heparin, give 250 IU/kg subcutaneously every 12 h to
obtain a therapeutic aPTT at 6–8 h.
From Hyers TM, Agnelli G, Hull RD, et al. Antithrombotic therapy for venous thromboembolic disease.
Chest. 2001;119(Suppl):180S, with permission.
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have demonstrated that longer treatment is beneficial (90–92).
In accordance with the American College of Chest Physicians
Conference on Antithrombotic and Thrombolytic Therapy, it
is now recommended that warfarin therapy be continued for
at least 6 to 12 months after an acute thromboembolic episode
arising from an idiopathic DVT. For those with recurrent events
or who have permanent or long-term risk factors, the panel rec-
ommends indefinite therapy (89).

Acute Coronary Syndromes. The ACC/AHA updated guide-
lines (1999) for the management of patients with acute myocar-
dial infarction (93) evaluated multiple trials comparing the use
of LMWH with unfractionated heparin in non–ST elevation
acute coronary syndrome (94–96). The studies cited demon-
strate, as a whole, a clear benefit of LMWH over unfraction-
ated heparin when it came to a lower event rate and relative
risk reduction. These guidelines recommend using LMWH, as
opposed to unfractionated heparin, due to its greater inhibition
of factor Xa, the ability to administer the drug subcutaneously,
and its high bioavailability. Other benefits of the drug are cited
as well, such as the potential to prevent thrombin generation
and inhibit thrombin, the lack of need to monitor coagulation,
and the lower incidence of heparin-associated thrombocytope-
nia.

Monit oring UH
The most widely used test for evaluating the adequacy of hep-
arin anticoagulation is the activated partial thromboplastin
time (aPTT), a global coagulation test that is not always a re-
liable indicator of plasma heparin levels and/or the antithrom-
botic activity of heparin. The aPTT can be impacted by various
acute phase reactant plasma proteins, including factor VIII.
Additionally, the aPTT can be influenced by the coagulation
timer and reagents used to perform the test (97). If a hospital
is unable to measure plasma heparin levels directly, it is recom-
mended that each laboratory standardize the therapeutic range
of the aPTT to correspond to plasma levels of 0.3 to 0.7 IU/mL
anti–factor Xa activity by an amidolytic assay.

Comp licat ions of Ant icoag ulat ion The rap y

He p arin Re sist ance
Some patients will require greater-than-average doses of hep-
arin to achieve a therapeutic response. Patients are consid-
ered heparin resistant if their daily requirement of heparin ex-
ceeds 35,000 units per 24 hours; unfortunately, multiple studies
demonstrate that at least 25% of patients with venous throm-
boemboli are heparin resistant. Heparin resistance may be as-
sociated with antithrombin deficiency, increased heparin clear-
ance, increases in heparin-binding proteins, and increases in
factor VIII, fibrinogen, and platelet factor 4. Aprotinin and
nitroglycerin have been reported to cause drug-induced resis-
tance, but the association with nitroglycerin remains controver-
sial (98). Factor VIII and fibrinogen are elevated in response to
acute illness or pregnancy. Elevation of factor VIII alters the
response of the aPTT to heparin without decreasing the an-
tithrombotic effect, as the anticoagulant effect is measured by
the plasma aPTT and the antithrombotic effect is measured by
anti–factor Xa activity become dissociated.

For those patients considered heparin resistant, the dose
of heparin should be adjusted to maintain the anti–factor Xa
heparin levels between 0.35 and 0.7 mIU/mL. In a random-
ized, controlled study by Levine and Hirsch (99), evaluating
131 patients with venous thromboembolism and manifesting
heparin resistance, monitoring the aPTT was compared to anti–
factor Xa activity; with no difference in clinical outcomes, it
was found that the patient group monitored with anti–factor
Xa heparin levels required significantly less heparin with no
differences in bleeding.

He morrhag ic Comp licat ions
The incidence of major hemorrhagic complications—defined
as intracranial or retroperitoneal hemorrhage, hemorrhage re-
quiring a transfusion, or hemorrhage directly related to death—
from therapeutic anticoagulation is less than 5% (100). The
risk increases with age, total dose of heparin per 24 hours, pre-
morbid condition of the patient, concomitant use of aspirin,
GPIIb/IIIa antagonists, or thrombolytic therapy. Intravenous
(IV) heparin infusion appears to produce less marked bleeding
complications than when the agent is administered subcuta-
neously; this may be due to a lower total dose of heparin via
the IV, as compared to the subcutaneous, route (101).

The anticoagulant effect of UH can be neutralized rapidly
by intravenous protamine. Protamine is a cationic protein de-
rived from fish sperm that strongly binds to the anionic heparin
compound in a ratio of approximately 100 units of UH/mg of
protamine; for example, 50 mg of protamine would be required
to neutralize 5,000 units of IV heparin. When heparin has been
infused, only the heparin given over the prior 2 hours should
be included in the calculation. If the heparin infusion was dis-
continued for more than 30 minutes but less than 2 hours, use
one half of the calculated protamine dose. If the infusion was
discontinued for greater than 2 hours, use one quarter of the
calculated protamine dose; one should avoid giving 50 mg of
protamine at one time, and, if given by infusion, it should not
exceed 5 mg per minute to reduce the incidence of adverse re-
actions. Heparin neutralization can be confirmed by a fall in
the aPTT.

The risks of severe adverse reactions to protamine, such as
hypotension and bradycardia, are reduced with a slow adminis-
tration of the drug over > 3 minutes. Some clinicians will begin
the protamine infusion following a 3- to 5-mg test dose admin-
istered over 1 minute (102). Allergic reactions including ana-
phylaxis are associated with a previous exposure to protamine-
containing insulin—for example NPH-insulin (103)—fish hy-
persensitivity (104), and vasectomy. Patients at risk for devel-
oping antiprotamine antibodies can be pretreated with corti-
costeroid and antihistamine medications.

He p arin-associat e d (Ind uce d ) Thromb ocyt op e nia
Heparin-associated thrombocytopenia (HIT) is an antibody-
mediated adverse reaction to the administration of heparin
and/or low-molecular-weight heparins (LMWH) and may lead
to both arterial and venous thrombosis. The diagnosis is made
both on clinical and serologic findings. HIT antibody forma-
tion, accompanied by an otherwise unexplained fall in platelet
count by more than 50% from baseline and/or skin lesions at
injection sites are the manifestations of HIT.

The incidence of HIT is less than 1% when heparin is given
for less than 7 days; thereafter, when given to patients with an
extended need for anticoagulation (such as intensive care unit
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patients), the incidence may rise to as much as 10% to 20% for
the mild form (type 1) of HIT and to more than 5% for type 2,
the more severe manifestation. The risk of developing HIT is
increased by the use of heparin flush, prophylactic treatments,
and increasing doses of heparin. HIT may occur more rapidly
if the patient has had a recent exposure, within 100 days, to
heparin, but it can also develop after more than 9 to 30 days
following cessation of therapy, at which point it often goes
undetected. A precipitous fall in platelet count from baseline
platelet count is usually seen with the type 1 syndrome, and
50% to 75% of these patients may go on to develop the more
ominous type 2 syndrome, which manifests with either the de-
velopment of arterial, or more commonly, venous thrombotic
complications.

Patients who develop HIT generate large amounts of throm-
bin. In vivo, platelet activation results from binding of the
heparin PF4-IgG immune complexes to platelet factor IIa re-
ceptors. These increased levels of thrombin are demonstrated
by elevated levels of thrombin–antithrombin complexes, which
serve as an in vivo marker of thrombin generation, much higher
than what is seen in control patients with deep venous throm-
bosis (105). The diagnosis can be confirmed with platelet func-
tion testing or the identification in the blood of the antibody

to heparin-platelet factor 4 complex using an enzyme-linked
immunoabsorbent assay (ELISA) (106) (Fig. 172.5).

Once the determination of HIT is made, it is not ade-
quate simply to stop anticoagulation therapy with heparin or
LMWH. Multiple studies document that patients continue to
be at risk of thrombosis if no anticoagulation is given (107).
Currently, alternative antithrombotic agents are being used and
have been approved in many countries for the treatment of HIT.
Three of the agents are direct thrombin inhibitors: argatroban,
hirudin (lepirudin), and bivalirudin, and the other agent is a
heparinoid, danaparoid (Table 172.4).

Argatroban is a small (MW 526) synthetic molecule de-
rived from L-arginine that reversibly binds to thrombin. It is
approved for prophylaxis and treatment of patients with HIT
in both the United States and Canada. It reportedly has been
associated with a lower thrombotic event rate in one prospec-
tive study. The half-life is less than 1 hour, and the drug is ex-
creted normally, even in those with moderate renal failure. In
the event of hepatic dysfunction, the dose of argatroban must
be reduced. The anticoagulant effect is monitored by the aPTT.

Lepirudin is a recombinant polypeptide originally derived
from the medicinal leech. It inhibits thrombin directly and is
approved only for treatment of HIT. The anticoagulant effect

FIGURE 172.5. The immune-mediated platelet activa-
tion involves the binding of heparin–platelet factor 4–
IgG complex to the platelets and brings about confor-
mational changes, exposing GP11b/111a to fibrinogen.
This complex leads to further platelet activation, cross-
linking them into platelet aggregates. Thrombin plays
a major role in the conversion of fibrinogen to fibrin,
forming tight platelet aggregates. PF 4, platelet factor
4; IgG, immunoglobulin G; GP11b/111a, glycoprotein
11b/111a.
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ALTERNATIVES TO HEPARIN FOR THE TREATMENT OF HEPARIN-INDUCED THROMBOCYTOPENIA

Agent (direct
thrombin inhibitors) Clearance Therapeutic dose Therapeutic dose Adverse effects

Lepirudin (Refludan,
Berlex)a

Renal IV, 0.4 mg/kg of body
weight (up to 110
kg); IV bolusb

followed by 0.15
mg/kg/h (up to 110
kg) (maximal initial
infusion,
16.5 mg/h)

Measure aPTT 2 h after
therapy started and after
each dose adjustment;
therapeutic range, 1.5–2.5
times the baseline value
(optimal aPTT, < 65 s);
check baseline PT before
switching therapy to
warfarind

Bleeding with therapeutic
dose in 17.6% of
patients; antilepirudin
antibodies develop in
30% of patients

Argatroban (Novastan,
GlaxoSmithKline)a

Hepatic 2 µ g/kg/min continuous
infusion (maximal
infusion, 10 µ g/kg/
min)

Measure aPTT 2 h after
therapy started and after
each dose adjustment;
therapeutic range, 1.5 to
2.5 times the beseline value
(optimal aPPT; < 65 s);
check baseline PT before
switching therepy to
warfarind

Bleeding with therapeutic
dose in 17.6% of
patients; antilepirudin
antibodies develop in
30% of patients

Bivalirudin (Angiormax,
The Medicines
Company) f

Enzymatic
(80% ) and
renal (20% )

2 µ g/kg/min continuous
infusion (maximal
infusion, 10 µ g/kg/
min)

Measure aPTT 2 h after
therapy started and after
each dose adjustment
therapeutic range, 1.5 to
2.5 times the baseline value
(optimal aPTT, < 65 s):
check baseline PT before
switching therapy to
warfarind

Bleeding with therapeutic
dose in 17.6% of
patients; antilepirudin
antibodies develop in
30% of patients

Anti–factor Xa therapy
Danaparoid (Orgaran,
Diosynth)g

Renal IV, 2,250 U bolus
followed by 400 U/h
for 4 h, then 150–200
U/h

Nor required, but if needed,
maintain anti-factor Xa
Ievel, 0.5–0.8 U/mL

Bleeding with therapeutic
dose in 8.1% of patients;
cross-reactivity with
PF4–heparin antibodies
develop in 3.2% of
patients

aPTT, activated partial thromboplastin time; PT, prothrombin time.
Except where indicated, the guidelines for dosing and monitoring are from the manufacturers of the drugs. Guidelines for therapeutic dosing are for
intravenous (IV) infusion, except for bivalirudin, which is used in patients undergoing percutaneous coronary intervention (PCI). The guidelines of the
American College of Chest Physicians recommend overlap use of direct thrombin inhibitor therapy and warfarin therapy for more than 5 days, whereas
the Hemostasis and Thrombosis Task Force of the British Committee for Standards in Haemotology recommend overlap use of direct thrombin
inhibitor therapy and warfarin therapy until the international normalized ratio (INR) is at a therapeutic level for at least 48 h.
aThese drugs have been approved in the United States for the treatment of heparin-induced thrombocytopenia.
bBolus therapy is not advised in older patients or patients with renal insufficiency.
cThis value is the maximal aPTT recommended by Lubenow et al.
d Therapeutic lepirudin may prolong the baseline PT slightly, but it generally does not interfere with conversion from lepirudin to warfarin therapy. If the
PT is prolonged by more than a few seconds, further evaluation should be undertaken before initiating warfarin.
eCombined anticoagulant therapy with argatroban and warfarin produces an INR response that is significantly greater than that obtained with warfarin
alone. To change therapy from argatroban to warfarin for outpatient anticoagulant therapy, the INR should be monitored daily, and when the INR is
greater than 4, the argatroban infusion should be withheld and the INR rechecked to determine whether it is therapeutic. An alternative strategy would
be to use a chromogenic factor X assay to monitor warfarin therapy while the patient is also receiving argatroban.
f This drug has been approved in the United States for the treatment of patients undergoing percutaneous coronary intervention (PCI) who have
heparin-induced thrombocytopenia or a history of heparin-induced thrombocytopenia.
gThis drug is not available in the United States.
From Arepally GM, Ortel TL. Heparin-induced thrombocytopenia. N Engl J Med. 2006;355:814, with permission.

of lepirudin is monitored by the aPTT. It is renally excreted,
and the risk for accumulation and bleeding is high in patients
with renal failure; the half-life of lepirudin is 1.3 hours. An-
tibodies to lepirudin develop in approximately 30 percent of
patients following their first exposure; this number may rise
to 70 percent following repeat exposure. Serious anaphylactic

reactions have occurred following initial and subsequent ex-
posures to lepirudin, resulting in shock and death. Therefore,
patients should not be treated with this agent more than one
time. It has also been reported that a high percentage of patients
who develop antihirudin antibodies may experience an increase
in anticoagulant effect due to the delayed renal elimination
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of the lepirudin–antihirudin complexes, which still have activ-
ity. Thus, continued close monitoring of the aPTT is needed
during the course of therapy, even when the initial anticoagu-
lant effects appear stable, to avoid the risk of bleeding.

Danaparoid is a mixture of heparan sulfate, dermatan sul-
fate, and chondroitin sulfate; the drug reduces thrombin gener-
ation in vivo by the inhibition of factor Xa. Although no longer
available in the United States, it is used for the treatment of
HIT elsewhere. It is important to consider that cross-reactivity
between heparin and danaparoid may occur in up to 30% of
cases. In this case, a direct thrombin inhibitor should be used
for treatment.

A third direct thrombin inhibitor, bivalirudin, is not ap-
proved for the treatment of HIT but has been successfully
used and reported off-label for this use (107). An early tran-
sition from intravenous heparin or LMWH anticoagulation
to warfarin (or an equivalent anticoagulant) has been stan-
dard therapy for most patients with acute venous and arte-
rial thromboembolism. This approach may also help prevent
HIT by limiting a patient’s total dose-time exposure to these
medications. One complication to be considered is that early
transition has been associated with further thrombotic com-
plications of venous limb gangrene and warfarin-induced skin
necrosis (108,109). Warfarin and other equivalent vitamin K
antagonists counter thrombin generation by slowly decreas-
ing the plasma levels of the vitamin K factors (II, VII, IX, X)
while concurrently decreasing the natural anticoagulant factors
C and S. During the transition to oral vitamin K antagonist
therapy in patients with HIT, thrombin is still being generated
(warfarin having failed to control this). Due to their shorter
half-lives, factors VII and protein C are reduced faster than the
prothrombotic factors II, IX, and X. This results in a suprather-
apeutic INR secondary to factor VII depletion and a transient
hypercoagulable state due to the decrease in protein C with-
out a concurrent decrease in the prothrombotic levels of fac-
tors II and X. Throughout this process, there is still increased
thrombin generation due to the HIT, and venous limb gangrene
and/or warfarin-induced skin necrosis may develop as a result
(107) (Table 172.5).

In these patients, it has been recommended to use the direct
thrombin inhibitors available—argatroban, lepirudin, and bi-
valirudin or danaparoid—once HIT has been established and
discontinue the use of heparin or LMWH. Anticoagulation
needs to be ensured, and with use of these alternatives, there
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HALF-LIVES OF THE VITAMIN K–DEPENDENT
PROCOAGULANT AND NATURAL ANTICOAGULANT
FACTORS

Factor Half-life, h

VII 5–6
IX 24
X 30–50
II 96
Protein C 8–10
Protein S 42–60

From Bartholomew J. Transition to oral anticoagulants in patient with
heparin-induced thrombocytopenia. Chest. 2005;127:31s, with
permission.
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GUIDELINES FOR TRANSITION TO ORAL
ANTICOAGULANT IN A PATIENT WITH
HEPARIN-ASSOCIATED/INDUCED
THROMBOCYTOPENIA (HIT)

Step Description

1 Stop heparin or LMWH therapy
2 Ensure adequate levels of anticoagulation with a DTI

or alternative anticoagulant
3 Avoid interruptions during treatment with a DTI or

alternative anticoagulant
4 Wait until the platelet count has “cooled” or is near

normal before beginning therapy with an oral
anticoagulant

5 Initiate modest doses of an oral anticoagulant
(2.5–5 mg warfarin)

6 Avoid overshooting the target INRa

7 Avoid using warfarin (or equivalent) as monotherapy

LMWH, low-molecular-weight heparin; DTI, direct thrombin
inhibitor; INR, international normalized ratio.
aRecognize that cotherapy with a direct thrombin inhibitor prolongs
the INR for a longer time than warfarin therapy alone.
From Bartholomew J. Transition to oral anticoagulants in patient with
heparin-induced thrombocytopenia. Chest. 2005;127:32s, with
permission.

should be no interruption in anticoagulation therapy. Oral ther-
apy with warfarin or an equivalent vitamin K–antagonist agent
should be avoided until the patient’s platelet count has recov-
ered to near normal levels (greater than 150,000 platelets/µ L).
Thereafter, one may begin administering warfarin at modest
doses (2.5–5.0 mg orally [PO]), titrating to and maintaining
the target INR; warfarin should not be used as the initial treat-
ment for HIT (107,110) (Table 172.6).

Low-mole cular-we ig ht He p arin

Low-molecular-weight heparin (LMWH) is prepared from un-
fractionated heparin by controlled depolymerization of the par-
ent drug into short segments. The molecular weight of LMWH
ranges from 1,000 to 10,000, and about 20% of the LMWH
chains contain pentasaccharide sequences that are needed for
antithrombin binding.

Me chanism of Act ion
Unlike heparin, which binds to antithrombin and forms com-
plexes with thrombin and factor Xa to produce anticoagulant
effect, the LMWH chains are too short to bridge thrombin
to antithrombin. Rather, it binds to antithrombin and brings
about conformational changes that lead to inhibition of fac-
tor Xa. The ratio of inhibition of thrombin to factor Xa varies
from 1:2 to 1:4 for different preparations of LMWH (111).

LMWH is being increasingly used for the treatment of ve-
nous thromboembolic disease in non-ICU patients. It can be
administered as a subcutaneous injection once or twice daily
and intravenously when a rapid anticoagulant effect is needed.
It is as safe and effective as intravenous and subcutaneous un-
fractionated heparin (70).
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ADVANTAGES OF LOW-MOLECULAR-WEIGHT HEPARIN OVER
UNFRACTIONATED HEPARIN

Advantage Consequence

Better bioavailability and longer half-life Can be given subcutaneously once or twice after
subcutaneous injection daily for both prophylaxis
and treatment

Dose-independent clearance Simplified dosing
Predictable anticoagulant response Coagulation monitoring is unnecessary in most

patients
Lower risk of heparin-induced

thrombocytopenia
Safer than heparin for short- or long-term

administration
Lower risk of osteoporosis Safer than heparin for extended administration

From Weitz JI. Anticoagulants and fibrinolytic drugs. In: Hoffman. Hematology: Basic Principles and
Practice. 4th ed. Orlando, FL: Churchill Livingstone; 2005:2254, with permission.

The shorter chains of LMWH bind less avidly to endothe-
lial cells, macrophages, and heparin-binding proteins and have
better bioavailability (112). They tend to accumulate in vivo,
leading to longer half-life, and have more predictable renal
clearance and a greater ability to inactivate factor Xa compared
to inactivation of thrombin and, consequently, have a negligible
effect on the aPTT. The clearance of LMWH is dose indepen-
dent and is accomplished almost exclusively by the kidneys;
hence the drug can accumulate in renal insufficiency. LMWH
has proved to be cost effective because of the reduced need for
monitoring, and there are several advantages of LMWH over
the UH (Table 172.7).

The disadvantages of LMWH, which may be more perti-
nent to the ICU, include the absence of an established dose for
obese patients and impaired clearance in patients with renal
failure. These can be overcome by monitoring anti–factor-Xa
levels and adjusting the subsequent doses. Based on the anti–
factor-Xa levels, LMWH has a plasma half-life of 4 hours.
The therapeutic anti–factor Xa levels with LMWH range from
0.5 to 1.2 units/mL when measured 3 to 4 hours after drug

administration. There is no rapid and complete antagonist to
the anticoagulant effect of LMWH, which may complicate and
hinder ICU and surgical procedures (7) (Table 172.8).

Dosing
The most commonly prescribed LMWHs are enoxaparin, dal-
teparin, and newer agents like tinzaparin.

Enoxaparin is primarily metabolized in the liver by desul-
fation and/or depolymerization to lower-molecular-weight
species with much reduced biologic potency. Renal clearance
of active fragments represents about 10% of the administered
dose, and total renal excretion of active and nonactive frag-
ments represents about 40% of the dose.

Prophylaxis of DVT following Abdominal Surgery in Pa-
tients at Risk for Thromboembolic Complications. Abdomi-
nal surgery patients at risk include those who are older than
40 years of age, obese, undergoing surgery under general anes-
thesia lasting longer than 30 minutes, or who have additional
risk factors such as malignancy or a history of deep vein
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DOSAGE REGIMENS FOR PATIENTS WITH SEVERE RENAL IMPAIRMENT

Indication Dosage regimen

Prophylaxis in abdominal surgery 30 mg administered SC once daily
Prophylaxis in hip or knee replacement surgery 30 mg administered SC once daily
Prophylaxis in medical patients during acute illness 30 mg administered SC once daily
Prophylaxis of ischemic complications of unstable

angina and non–Q wave myocardial infarction when
concurrently administered with aspirin

1 mg/kg administered SC once daily

In-patient treatment of acute deep vein thrombosis with
or without pulmonary embolism when administered
in conjunction with warfarin sodium

1 mg/kg administered SC once daily

Out-patient treatment of acute deep vein thrombosis
without pulmonary embolism when administered in
conjunction with warfarin sodium

1 mg/kg administered SC once daily

SC, subcutaneously.
From Hematological agents: anticoagulants: low molecular weight heparin. MD consult Core Service. St.
Louis, MO: Elsevier; . (http://home.mdconsult.com/das/Pharm/view. Accessed)
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thrombosis (DVT) or pulmonary embolism (PE) (113). The
recommended dose of enoxaparin for this indication is 40 mg
subcutaneously (SC) daily, beginning 2 hours preoperatively.

Treatment of DVT with or without PE. In patients with acute
DVT with PE or patients with acute DVT without PE, but who
are not candidates for outpatient treatment, the recommended
dose of enoxaparin is 1 mg/kg every 12 hours administered SC
(113).

Unstable Angina and Non–Q Wave Myocardial Infarction. In
patients with unstable angina or non–Q wave myocardial in-
farction, the recommended dose of enoxaparin is 1 mg/kg ad-
ministered SC every 12 hours in conjunction with oral aspirin
therapy (100–325 mg daily) (113). Based on the currently avail-
able data on the efficacy and safety of LMWHs in the treat-
ment of non–ST segment myocardial infarction and unstable
angina, enoxaparin is the only LMWH to have consistently
demonstrated both short- and long-term improvements in ma-
jor ischemic outcomes compared with UH (95,96,114).

Hip or Knee Replacement Surgery. In patients undergoing hip
or knee replacement surgery, the recommended dose of enoxa-
parin is 30 mg every 12 hours, administered by SC injection.
Provided that hemostasis has been established, the initial dose
should be given 12 to 24 hours after surgery. For hip replace-
ment surgery, a dose of 40 mg once a day SC, given initially 12
(± 3) hours prior to surgery, may be considered. Following the
initial phase of thromboprophylaxis in hip replacement surgery
patients, continued prophylaxis with enoxaparin 40 mg once a
day administered by SC injection for 3 weeks is recommended.
The usual duration of administration is 7 to 10 days.

Restricted Mobility. In medical patients at risk for thromboem-
bolic complications due to severely restricted mobility during
acute illness, the recommended dose of enoxaparin is 40 mg
once a day administered by SC injection (113).

Mechanical Prosthetic Heart Valves. The use of enoxaparin
has not been adequately studied for thromboprophylaxis or
for long-term use in patients with mechanical prosthetic heart
valves. Isolated cases of prosthetic heart valve thrombosis
have been reported in patients with mechanical prosthetic
heart valves who have received enoxaparin for thrombopro-
phylaxis. Some of these patients were pregnant women in
whom thrombosis led to maternal and fetal deaths. Insuffi-
cient data, issues related to the underlying disease state, and
the possibility of inadequate anticoagulation complicates eval-
uation of these cases. Pregnant women with mechanical pros-
thetic heart valves may be at higher risk for thromboembolism
(113).

Dalteparin. Like enoxaparin, dalteparin consists of small hep-
arin molecules ranging from 2,000 to 9,000 daltons. It is ad-
ministered subcutaneously and has better availability and a
longer half-life than UFH. It has a similar mechanism of action
as enoxaparin, selectively inhibiting factor Xa. The inhibitory
activity is 2.7:1 compared to 1:1 for UH. The inhibition of
factor Xa prevents the formation of fibrin clots. The elimina-
tion of the drug occurs via the renal route and is dose inde-
pendent, with a plasma half-life of 3 to 5 hours. Dalteparin
does not significantly affect the platelet activity, prothrombin

time (PT), or aPTT and has been shown to be superior to
warfarin in preventing DVT following total hip replacement
surgery (115). The FRISC trial (Low-Molecular Weight Hep-
arin [Fragmin] during Instability in Coronary Artery Disease)
showed that dalteparin decreased the risk of death or acute my-
ocardial infarction (AMI) by 36% as compared to aspirin alone
(116).

In the FRIC trial (Fragmin in Unstable Coronary Artery Dis-
ease), dalteparin was found to be as effective as intravenous
heparin in preventing death or AMI in the acute phase fol-
lowing unstable angina or non–Q wave myocardial infarction
(114).

Tinzaparin. This is a relatively new drug with a similar mecha-
nism of action and pharmacokinetic profile as enoxaparin and
dalteparin. It was approved for treatment of symptomatic DVT
in 2000.

Comp licat ions
Bleeding. The major complication of the LMWHs is bleeding
and is as frequent as with UH. It is, of course, more com-
mon in patients receiving antiplatelet or antifibrinolytic ther-
apy in addition to LMWH. Recent surgery, coagulopathy, or
trauma also increases the risk of bleeding (117). Protamine sul-
fate can be used as an antidote, although it incompletely neu-
tralizes the anticoagulant activity by binding only to the longer
chains of LMWH. The longer chains are responsible for the
antithrombin activity, but the short chains, which inhibit fac-
tor Xa activity, will not bind to protamine sulfate, resulting in
the latter’s ability to only partially reverse the effect of LMWH
(118).

Thrombocytopenia. LMWH binds less avidly to platelets,
causes less release of PF4, and has a reduced affinity for PF4. It
is less likely to trigger the formation of antibodies. Therefore,
the incidence of HIT is lower as compared to UH. Unfortu-
nately, antibodies already formed in established HIT cases can
exhibit cross-reactivity with LMWH and lead to thrombosis
and other complications of this disorder (119,120), and for
this reason LMWHs should not be used as a substitute for
heparin in HIT patients.

Warfarin (Coumad in)

This is the most frequently prescribed oral anticoagulant, the
fourth most prescribed cardiovascular agent, and overall, one
of the most commonly prescribed drugs in the United States.
Warfarin is well absorbed in the gut and transported in plasma
bound to albumin.

Warfarin is an antagonist of vitamin K and is required for
the posttranslational modification of clotting factors II, VII, IX,
and X, as well as the naturally occurring endogenous anticoag-
ulant proteins C and S. These factors are rendered biologically
inactive without the carboxylation of selected glutamic acid
residues, a process requiring reduced vitamin K as a cofactor.
Antagonism of vitamin K, or a deficiency of this vitamin, re-
duces the rate at which these factors are produced, thereby
creating a state of anticoagulation. Therapeutic doses of war-
farin reduce the production of functional vitamin K–dependent
clotting factors by 30% to 50% . A concomitant reduction in
the carboxylation of secreted clotting factors yields a 10% to
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40% decrease in the biologic activity of the clotting factors. As
a result, the coagulation system becomes functionally deficient
(121).

The prothrombin time (PT) is the primary assay used in
monitoring warfarin therapy. Changes in the PT noted in the
first few days of warfarin therapy are primarily due to the re-
duction in factors VII and IX, with the shortest half-lives, 6 and
24 hours respectively. Commercially available tissue thrombo-
plastins differ in their sensitivity to the warfarin effect; hence,
PTs performed with different thromboplastins are not always
directly comparable, and for this reason, the international nor-
malized ratio (INR) has been adopted using thromboplastins
with international sensitivity index values near 1.0 (122).

Warfarin is used in patients with lower extremity DVT to
prevent extension and to reduce the risk of pulmonary em-
bolism. Patients with pulmonary embolism are treated with
warfarin to prevent further thromboemboli. Warfarin is used
in patients with atrial fibrillation and artificial heart valves to
reduce the risk of embolic strokes. It is also helpful in prevent-
ing blood clot formation in certain orthopedic surgeries such as
knee or hip replacements and in preventing thrombotic stenosis
of coronary artery stents (Table 172.9).

The most common complication of warfarin therapy is
bleeding, occurring in 6% to 39% of patients annually
(123,124); the incidence of bleeding is related to the inten-
sity of anticoagulation. As the need for intense anticoagulation

has evolved and been reduced over the last 20 years, the inci-
dence of bleeding has decreased significantly. Moderate bleed-
ing (manifested by elevated INR) can be treated by adjusting
down the warfarin dose. If severe bleeding is encountered, this
can be adequately treated with fresh frozen plasma.

Alt e rnat ive The rap ie s

Thromb in Inhib it ors
Heparin, and subsequently LMWH, in addition to warfarin
have been used effectively for the treatment of both venous and
arterial thromboemboli, but these drugs have drawbacks. The
biophysical limitations of heparin include the inability of the
heparin/antithrombin complex to inhibit Factor Xa within the
prothrombinase complex and thrombin bound to fibrin, clot-
ting enzymes that are important triggers of thrombin growth
(125). Direct thrombin inhibitors have properties that give
them potential advantages over indirect thrombin inhibitors
such as the heparins, including LMWH. This section will con-
centrate on these drugs.

Thrombin, a trypsinlike serine protease, is the enzyme that
converts fibrinogen to fibrin; it may be inhibited either directly
or indirectly. Indirect thrombin inhibitors act by catalyzing the
reaction of antithrombin and/or heparin cofactor II. Thrombin
has great substrate specificity secondary to its surface binding

TA BLE 1 7 2 . 9

THERAPEUTIC GOALS AND DURATION OF WARFARIN ANTICOAGULATION

Indication INR Duration

Prophylaxis of venous thrombosis for high-risk surgery 2–3 Clinical judgment
Treatment of venous thrombosis

First episode 2–3 3–6 moa

High risk of recurrent thrombosis 2–3 Lifelong
Thrombosis associated with antiphospholipid antibody 3–4 Lifelong

Treatment of pulmonary embolism
First episode 2–3 3–6 mo
High risk of recurrent embolism 2–3 Lifelong

Prevention of systemic embolism
Tissue heart valves 2–3 3 mo
Acute myocardial infarction (to prevent systemic embolism)b 2–3 Clinical judgment
Valvular heart disease (after thrombotic event or dilated left) 2–3 Lifelong

Atrial fibrillation
Chronic or intermittent 2–3 Lifelong

Cardioversion 2–3 3 weeks before and 4 weeks after atrial fibrillation
if normal sinus rhythm is maintained

Prosthetic heart valves
Aortic position

Mechanical 2.5–3.5c Lifelong
Bioprosthetic 2–3 Clinical judgment (3 mo optional)

Mitral position
Mechanical 2.5–3.5c Lifelong
Bioprosthetic 2–3 3 mo

INR, international normalized ratio.
aAll recommendations are subject to modification by individual characteristics. First event with reversible or time limited risk factors (surgery, trauma,
immobilization, estrogen use). Hyers TM, Agnelli G, Hull RD, et al. Antithrombotic therapy for venous thromboembolic disease. Chest. 2001;
119(Suppl):176s–193s.
bIf oral anticoagulant therapy is elected to prevent recurrent myocardial infarction, an INR of 2.5–3.5 is recommended.
cDepending on the type of prosthetic valve and valve position (mitral), some patients may benefit from INR in upper therapeutic range.
From Horton JD, Bushwick BM, et al. Warfarin therapy: evolving strategies in anticoagulation. Am Fam Physician. 1999;59(4):636, with permission.
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sites (e.g., exosite 1). Direct thrombin inhibitors directly bind
thrombin (at the exosite 1 site or the other active site of throm-
bin) thereby blocking this procoagulant from reacting further.
Direct thrombin inhibitors may be more advantageous over in-
direct thrombin inhibitors, such as heparin, because they do not
bind plasma proteins and produce a more predictable response.
Direct thrombin inhibitors do not bind PF4, and their antico-
agulant activity is unaffected by the large quantities of PF4 re-
leased in the surrounding region of platelet-rich thrombi. Ad-
ditionally, direct thrombin inhibitors inactivate fibrin-bound
thrombin as well as fluid-phase thrombin (126).

Three parenteral direct thrombin inhibitors have been ap-
proved for limited use in the United States and Canada. Hirudin
and argatroban are approved for treatment of patients diag-
nosed with heparin-associated thrombocytopenia. Bivalirudin
has been approved as an alternative therapy for heparin-
sensitive patients undergoing percutaneous coronary interven-
tions.

Hirudin. This agent is a 65 amino acid polypeptide originally
isolated from the salivary glands of the medicinal leech; it is
now available in recombinant DNA technology (126). The re-
combinant form exhibits a, perhaps, tenfold reduced affinity
for thrombin as compared to the native form of the drug (127).
Hirudin directly inhibits thrombin in a bivalent manner in that
the globular amino-terminal domain interacts with the active
site of thrombin. The anionic carboxy-terminal tail binds to
exosite 1 on thrombin, the substrate recognition site (126).
The hirudin/thrombin complex is essentially irreversible. This
may create a problem if significant bleeding should occur, as
there is no specific antidote. Recombinant hirudins—for exam-
ple, desirudin and lepirudin—have a leucine substituted for an
isoleucine at the N-terminal end of the molecule. Lepirudin (Re-
fludan) has been approved in North America for the treatment
of heparin-induced thrombocytopenia subtypes 1 and 2 (128).

The plasma half-life of hirudin is approximately 60 min-
utes following intravenous injection and 120 minutes following
subcutaneous administration (129). It is cleared via the kidneys
and should be used with caution, if at all, in patients with re-
nal insufficiency. The anticoagulant activity can be measured
using the aPTT. Dose adjustment must be made to maintain
the aPTT within a therapeutic range ratio of 1.5 to 2.0 ap-
proximately 4 hours after drug initiation. The correlation be-
tween plasma hirudin levels and the aPTT is nonlinear, and
therefore the ecarin clotting time is the more preferable means
of monitoring anticoagulation. Dose adjustments need to be
made in those with renal impairment. Rarely, in the hirudin-
treated patient, there may develop nonneutralizing hirudin an-
tibodies that prolong its anticoagulant effect because of delayed
hirudin–antibody complex clearance (125).

Hirudin has been successfully used, and is licensed for,
the treatment of arterial or venous thrombosis complicating
heparin-induced thrombocytopenia. It has also been used in pa-
tients with HIT undergoing cardiopulmonary bypass. Hirudin
has been shown to be superior to heparin or LMWHs for
thromboprophylaxis in patients undergoing elective hip arthro-
plasty, and it does not increase the risk of bleeding in this
high-risk setting. Hirudin has been used extensively in patients
with acute coronary syndromes and for venous thrombopro-
phylaxis. However, because of its narrow therapeutic index and
high risk of bleeding, it must be used with extreme caution and
is not currently approved for this use (125).

Bivalirudin. This is a 20 amino acid synthetic polypeptide ana-
logue of hirudin. The amino terminal D-Phe-Pro-Arg-Pro se-
quence, which binds to the active site of thrombin, is connected
via four Gly residues to a carboxyl-terminal dodecapeptide that
interacts with exosite 1 on thrombin (130,131). Bivalirudin dif-
fers from hirudin in that, once bound to thrombin, the Arg-Pro
bond on the amino terminal extension of bivalirudin is cleaved,
converting bivalirudin into a lower-affinity thrombin inhibitor,
therefore producing only transient inhibition of the active site
of thrombin and thereby allowing recovery of thrombin ac-
tivity (132). The shorter half-life of bivalirudin, 25 minutes
after intravenous injection, and the fact that only about 20%
is renally excreted (133), may make bivalirudin a safer alterna-
tive to hirudin. In patients with a high risk of developing HIT,
bivalirudin is typically administered as a weight-adjusted (1
mg/kg) bolus dose given prior to percutaneous coronary inter-
ventions and followed by a 4-hour infusion (0.2–0.5 mg/kg per
hour); the dose is adjusted according to renal function. Robson
et al. demonstrated that the plasma clearance of bivalirudin in
patients with moderate or severe renal impairment is reduced
by approximately 20% as compared to that in patients with
normal or mild renal function, and suggests that bivalirudin
infusion should be reduced by 20% in patients with moderate
to severe renal impairment (134). The anticoagulant effect is
monitored by the activated clotting time, and an additional bo-
lus dose is given if the activated clotting time is less than 350
seconds.

Argatroban. This is a synthetic L-arginine derivative competi-
tive inhibitor of thrombin. Argatroban binds noncovalently to
the active site of thrombin to form a reversible complex (135).
The plasma half-life of this agent is 45 minutes. It is monitored
using the aPTT, and the dose is adjusted to maintain a thera-
peutic aPTT ratio of 1.5 to 3.0. It is metabolized in the liver
and needs to be used with caution in patients with hepatic dys-
function (136). Argatroban is considered the drug of choice for
patients with severe renal impairment. Therapy with this agent
can prolong plasma INR more than the other direct thrombin
inhibitors and may complicate overlap therapy with Vitamin
K antagonists. Argatroban has been approved for use in pa-
tients with documented heparin-associated thrombocytopenia
and for anticoagulation in heparin-induced thrombocytope-
nia patients undergoing percutaneous coronary intervention
(128).

Melagatran/Ximelagatran. Melagatran is a dipeptide mimetic
of the region of fibrinopeptide A that interacts with the active
site of thrombin. This drug has poor oral bioavailability and
must be given via the subcutaneous route. Ximelagatran is an
uncharged lipophilic prodrug exhibiting about 20% bioavail-
ability after oral administration. Once absorbed, ximelagatran
is rapidly transformed to melagatran, which has a half-life of
approximately 4 to 5 hours. The primary route of excretion
for melagatran is the kidneys, where approximately 80% is
eliminated. Dose adjustments may be needed in the elderly and
in those patients with renal impairment. There appears to be
no adverse food or drug interaction to influence the absorp-
tion of ximelagatran, and it therefore produces a predictable
anticoagulant effect. The need for routine monitoring of this
drug is usually unnecessary. Ximelagatran is under evaluation
for thromboprophylaxis in orthopedic patients (137) and for
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treatment of venous thromboembolism and atrial fibrillation
(138).

Fact or Xa Inhib it o rs
Factor Xa is the rate-limiting step in the generation of throm-
bin. It is situated at the beginning of the common coagula-
tion pathway, where both the intrinsic and extrinsic pathways
converge. Drugs that block factor Xa are considered as either
indirect or direct inhibitors. Indirect factor Xa inhibitors act
by binding to and activating antithrombin, which then inhibits
free factor Xa. Direct factor Xa inhibitors actually bind to and
inhibit factor Xa without requiring antithrombin to be present.

Indirect Factor Xa Inhibitors. Fondaparinux and idraparinux
are two relatively new parenteral indirect factor Xa inhibitors.
They are synthetic analogues of the antithrombin-binding pen-
tasaccharide sequence found in heparin and LMWH. However,
these drugs are modified to increase their affinity for antithrom-
bin as compared to both heparin and LMWH. The chain length
of these molecules is too short to bridge thrombin to antithrom-
bin; therefore, these agents act by catalyzing factor Xa inhibi-
tion by antithrombin. Their properties are quite different from
those of LMWH (Table 172.10).

There are potential benefits of fondaparinux over LMWH.
It is synthetically produced, has a longer half-life, and does not
bind to plasma proteins other than antithrombin. Additionally,
it does not bind to PF4 to form the heparin/PF4 complexes
that serve as the antigenic target for the antibodies that cause
heparin-induced thrombocytopenia, and may be safer to use in
these patients (139,140). Fondaparinux has been extensively
studied and has been found to be effective as an antithrom-
botic agent for the prevention and treatment of both venous
and arterial disorders. It is currently approved as thrombopro-
phylaxis following orthopedic procedures, as initial treatment
for venous thromboembolism, and is being investigated as an
antithrombotic agent in cardiac disease.

Idraparinux is a chemically modified analogue of fonda-
parinux that binds to antithrombin with such a high affinity
that its half-life approximates that of antithrombin (141). This

drug requires subcutaneous dosing only once a week. It is under
evaluation for treatment of venous thromboembolism, as well
as the long-term prevention of stroke in patients with chronic
atrial fibrillation. Idraparinux may be useful in patients who
cannot tolerate vitamin K–antagonist medications such as war-
farin. One possible drawback to the use of this drug is its long
half-life and lack of an antidote if bleeding occurs, although
in one study, healthy volunteers had the anticoagulant effect
reversed by recombinant factor VIIa (142).

Direct Factor Xa Inhibitors. Several synthetic direct factor
Xa inhibitors are undergoing clinical trials. These drugs in-
hibit both free and activated platelet-bound factor Xa trapped
within a thrombus as part of the prothrombinase complex.
This property may offer an advantage over LMWH and the in-
direct factor Xa inhibitor agents. These drugs appear to inhibit
thrombus formation while allowing time for sufficient throm-
bin to be generated to activate platelets. These agents may be
associated with a lower incidence of major bleeding.

Thromb olyt ic The rap y
The fibrinolytic system of the body aids in dissolution of in-
travascular clots via the action of plasmin, which digests fibrin.
Plasminogen, the inactive precursor, is converted to plasmin by
the cleavage of a single peptide bond. Plasmin is a nonspecific
protease, which acts by digesting fibrin clots as well as other
proteins. Thrombolytic agents act as plasminogen-activating
agents, catalyzing the conversion of endogenous plasminogen
to plasmin. These agents will dissolve both fibrin deposits and
pathologic thrombi at sites of vascular injury and, thus, may
be associated with significant hemorrhage. When thrombolytic
therapy is initiated, massive fibrinolysis may occur and po-
tentially overwhelm the body’s inhibitory controls. The use of
thrombolytic therapy in the treatment of DVT and pulmonary
embolus remains highly individual specific. The early use of
thrombolytic therapy in the setting of DVT may decrease sub-
sequent pain, swelling, and loss of venous valves, and has re-
portedly reduced the incidence of postphlebitic syndrome.

TA BLE 1 7 2 . 1 0

PROPERTIES OF LOW-MOLECULAR-WEIGHT HEPARIN, FONDAPARINUX, AND IDRAPARINUX

Property LMWH Fondaparinux Idraparinux

Source Porcine mucosal heparin Chemical synthesis Chemical synthesis
Moecular weight (daltons) Mean 5,000 1,728 1,727
SC bioavailability �90% 100% 100%
Target(s) Multiple: FXa > FIIa > FXa only FXa only

FIXa, FXIa, FXIIa
Binding to proteins other than target Yes No No
Anti-Xa:anti-lla 2–5:1 Anti-Xa only Anti-Xa only
TFPI release from endothelium Yes No No
Clearance Renal primarily Renal Renal
Half life (SC route) 3–4 h 17–21 h 80–130 h
Effects of protamine Partial neutralization No effect No effect
Potential for HIT Low Very low Very low

LMWH, low-molecular-weight heparin; SC, subcutaneous; FXa, factor Xa; FIIa, factor IIa; FIXa, factor IXa; FXIa, factor XIa; FXIIa, factor XIIa; TFPI,
tissue factor pathway inhibitor; HIT, heparin-induced thrombocytopenia.
From Weitz JI, Middledorp S, Geerts W, et al. Thrombophilia and new anticoagulant drugs. Hematology. 2004;1:429, with permission.
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In the treatment of pulmonary embolus, thrombolytic ther-
apy followed by heparin administration has been shown to
be more efficacious in thromboembolus dissolution as com-
pared to heparin alone in the acute (first 24 hours) setting
(143,144). These agents lead to a more rapid resolution of
lung scan abnormalities and hemodynamic improvements, but
the benefit over the longer term is questionable. Recent guide-
lines do not recommend thrombolysis for the treatment of deep
vein thrombosis unless limb ischemia and limb loss is imminent
(145).

Although beyond the scope of this review, thrombolytic
therapy has become a standard treatment for patients pre-
senting with acute ST-segment elevation myocardial infarction
and new-onset left bundle branch block. Various clinical tri-
als have demonstrated the importance and benefit of early
and full reperfusion in improving clinical outcomes follow-
ing an acute myocardial infarction (146–149). Thrombolytic
therapy is also indicated in the treatment of ischemic stroke
(150), cerebral vein and sinus thrombosis (151), thrombosed
mechanical valves, and thrombosed arteriovenous shunts and
catheters. These agents have evolved from the non–fibrin-
selective first-generation agents to the more fibrin-selective
third-generation agents. As there are still limitations with the
currently available agents, work continues to achieve an ideal
drug.

First-generation thrombolytic agents are not fibrin specific
and convert circulating plasminogen to plasmin. There is con-
stant equilibrium between circulating plasminogen and plas-
minogen that is in the thrombus. There is eventual depletion of
plasminogen, therefore reducing clot lysis. Additionally, they
are associated with increased risk of allergic reaction and have
comparatively short half-lives.

Streptok inase is a single-chain polypeptide, with a molec-
ular weight of 47 to 50.2 Kd, produced by group C β -
hemolytic streptococci (152). It works by binding with
circulating plasminogen to form an activator complex that con-
verts plasminogen to plasmin by proteolytic cleavage, form-
ing a streptokinase–plasmin complex (153). This 1:1 complex
has increased catalytic activity compared with plasmin. The
streptokinase–plasmin complex–mediated degradation of fib-
rin leads to stimulation of locally bound streptokinase–plasmin
and streptokinase–plasminogen complexes, which results in an
acceleration in plasminogen activation and clot dissolution. In
addition, streptokinase can increase levels of activated pro-
tein C, enhancing clot lysis. The half-life of the streptokinase–
plasminogen complex is approximately 23 minutes, with a
lytic effect ranging from 82 to 184 minutes. There are no
metabolites of streptokinase, and it is eliminated by the liver
(154,155).

Adverse reactions include allergic reactions—rarely anaphy-
laxis and bleeding, which is, of course, common to all throm-
bolytics. Hypotension not related to bleeding or anaphylaxis
may also be seen during streptokinase infusion in 1% to 10%
of patients. When hypotension occurs, decreasing the infusion
and close monitoring are recommended. For pulmonary em-
bolus, the FDA recommends that streptokinase be given as a
1 million IU dose infusion over 24 hours. For acute myocar-
dial infarction, the adult dose is 1.5 million IU in 50 mL 5%
dextrose in water given intravenously over 5 minutes.

Urokinase is a two-chain serine protease containing 41
amino acid residues. It is isolated from human urine and fetal
kidney cell cultures as a single-chain precursor, with a molec-

ular weight of 54 kD. In plasma, the single-chain precursor is
converted to the active two-chain urokinase plasminogen ac-
tivator through limited hydrolysis by plasmin and kallikrein.
The two-chain active form increases the efficacy of plasmin ac-
tivation, which enhances further conversion of the single-chain
precursor to the two-chain urokinase plasminogen activator
form. Urokinase has a 15- to 20-minute half-life and is metab-
olized in the liver (156,157). Because it has a shorter half-life
than streptokinase, urokinase produces a less sustained fibri-
nolysis. It has the same potential disadvantages of significant
bleeding as do all thrombolytics. Human-derived urokinase is
no longer available in North America and has been replaced
by a recombinant product.

For pulmonary embolus, the FDA-approved regimen of
urokinase is the administration of a 4,400 IU/kg body weight
loading dose, followed by an infusion of 4,400 IU/kg for 12
to 24 hours. Urokinase for acute myocardial infarction is less
well studied than other agents, but the most commonly used
regimen is 2 million U given as an intravenous load, followed
by 1 million U over the next 60 minutes.

Second-generation thrombolytics are fibrin selective and
were developed with the intention to limit or avoid systemic
thrombolysis. The present agents may cause a mild to moderate
depletion in levels of circulation fibrinogen and plasminogen.

Tissue-type plasminogen activator (alteplase), a glycopro-
tein of 527 amino acids, was the first recombinant tissue-type
plasminogen activator (rtPA) and is identical to the native form
of the drug. Native tissue plasminogen activator (tPA) is nat-
urally synthesized and made available by vascular endothe-
lial cells. It is the enzyme that is responsible for most of the
body’s natural physiologic responses to clear and reduce ex-
cessive thrombus propagation. Tissue plasminogen activator
binds fibrin with a greater affinity than streptokinase, con-
verting plasminogen to plasmin once bound to a fibrin clot
surface—hence the term “clot selective.” Fibrin provides the
platform for which tPA and fibrin may interact to enhance the
catalytic efficiency of the plasminogen activation of tPA. Al-
teplase (rtPA) is rapidly cleared from plasma, primarily by the
liver, having an initial half-life of less than 5 minutes. Hep-
arin is usually administered with alteplase due to the very
short half-life of this agent and to avoid reocclusion. This drug
is not antigenic and is almost never associated with allergic
reactions.

Alteplase is the lytic agent most commonly used for the
acute treatment of myocardial ischemia (157), pulmonary em-
bolism, and acute ischemic stroke. There are two different
forms of tissue-type plasminogen activator based on the num-
ber of chains: the two-chain alteplase (recombinant) and the
recombinant one-chain form.

For acute myocardial infarction, this drug may be given
as an accelerated infusion (over 1.5 hours) or a long infusion
(greater than 3 hours). It must be given in a 1 mg/mL concentra-
tion and be reconstituted with sterile water. The accelerated in-
fusion of rtPA is 15 mg intravenously, followed by 0.75 mg/kg,
up to 50 mg, intravenously over 60 minutes with a maximum
total dose of 100 mg. This is the most common regimen used
for acute myocardial infarction. Alternatively, the greater than
3-hour infusion begins as a 10-mg intravenous loading dose
over 2 minutes, followed by a 50-mg infusion over the first
hour, and by a 20-mg/kg infusion over the next 2 hours.

Alteplase is the only drug that has been studied and ap-
proved by the FDA for use in acute ischemic stroke with a
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well-established time of symptom onset of less than 3 hours.
Once diagnosed, and within the defined time period, it is
recommended that two peripheral intravenous lines—one for
rtPA infusion and one for complications that may occur from
therapy—be initiated. The recommended dose of alteplase for
acute ischemic stroke is 0.9 mg/kg, to a maximum of 90 mg,
infused over 60 minutes; 10% of the total dose is to be admin-
istered as an initial intravenous bolus over 1 minute (158).

The FDA-approved regimen for thrombolysis of pulmonary
embolism is 100 mg of rtPA given as a continuous infusion over
2 hours: an initial 15-mg intravenous loading dose is followed
by 85 mg over 2 hours. Heparin has been shown to improve the
clinical course in hemodynamically stable patients with acute
submassive pulmonary embolus when receiving rtPA. Given the
short half-life of the drug, if the patient can tolerate it, it would
seem beneficial to administer alteplase with heparin (159).

Third-generation thrombolytics are based on modifications
of the tPA structure. These modifications may give the agents
longer half-lives, increased resistance to plasma protease in-
hibitors, and/or cause more selective binding to fibrin.

Reteplase (rtPA) is a synthetic, nonglycosylated deletion-
mutant form of tPA containing 355 of the 527 amino acids of
native tPA; the drug is produced in Escherichia coli via recom-
binant technology. Reteplase binds fibrin five times less avidly
than native tissue plasminogen activator, thus allowing the drug
to diffuse through the clot rather than just binding to the sur-
face as is the mechanism of tissue plasminogen activator. In high
concentrations, reteplase does not compete with plasminogen
for fibrin binding sites, but rather it allows plasminogen at the
clot to be converted into plasmin. These reasons may explain
why reteplase results in faster clot resolution in contrast to al-
teplase.

Reteplase is more rapidly cleared from plasma and has a
somewhat extended half-life—11 to 19 minutes—than does al-

teplase. Reteplase undergoes primarily renal and some hepatic
clearance; the agent is not antigenic and is rarely associated
with allergic reactions. It must not be given with heparin due
to physical incompatibility (160).

In the setting of acute myocardial infarction, the FDA has
approved the adult dose of reteplase to be two intravenous
loads of 10 U each. Each loading dose is to be given over
2 minutes, with the second loading dose given 30 minutes fol-
lowing the first (160). Although approved by the FDA only
for use in the setting of acute myocardial infarction, reteplase
has achieved wide off-label use for acute deep vein thrombosis
and pulmonary embolism. The dosing schedule is the same
as that approved for treatment of acute myocardial infarc-
tion.

Tenecteplase was approved as a fibrinolytic agent by the
FDA in 2000. It is a genetically engineered mutation of tPA
with a similar mechanism of action to alteplase. It is produced
by recombinant technology using Chinese hamster ovary cells
as a 527 amino acid glycoprotein, with several modifications
in the amino acid sequence. As a result, tenecteplase has a de-
creased plasma clearance, a 15- to 19-minute half-life, a re-
duced sensitivity to plasminogen activator inhibitor (148), and
greater fibrin specificity, which may lead to a reduction in hem-
orrhagic complications (160). Tenecteplase is administered as
a 30- to 50-mg intravenous bolus over 5 seconds; the dose is
calculated based on the patient’s weight as follows: 0.5 mg/kg
(149). The drug is currently under investigation for use in is-
chemic stroke.

Thrombolytic agents differ in their ability to cause clot lysis,
as well as fibrin selectivity, and their ability to activate throm-
bosis and platelet aggregation. The clinical effectiveness of the
same agent can be altered by dose, route of administration, and
concomitant use of adjunctive agents. All thrombolytic agents
are administered via the intravenous route in dosing regimens

TA BLE 1 7 2 . 1 1

CHARACTERISTICS OF U.S. FOOD AND DRUG ADMINISTRATION–APPROVED THROMBOLYTIC AGENTS

Streptokinase Amistreplace Alteplase Reteplase Tenecteplase

Molecular weight
(daltons)

47,000 131,000 70,000 39,000 70,000

Half-life (min) 23 100 < 5 13–16 20–24
Dose/time 1.5 MU × 30–60 min 30 mg × 5 min 100 mg × 90 min 10 + 10 U × 30 min 0.5 mg/kg × 5–10 s
Bolus administration No Yes No Yes Yes
Metabolism Hepatic Hepatic Hepatic — —
Allergic reactions 1–4% < 0.2% No < 1%
Hypotension Yes Yes No No No
Early heparina ?Yes ?Yes Yes Yes Yes
Fibrin selective No No Yes Yes Yes
Systemic fibrinogen Marked Marked Mild Moderate —
Fibrinogen breakdown 4+ 1–2+ Unknown 4–15
Plasminogen binding Indirect Indirect Direct Direct Direct
TIMI 3 flow (% ) 32 43 54 60 66
≈ 90-min patency (% ) 50 65 75 80 75
Intracerebral

hemorrhage (% )
0.5 0.6 0.8 0.9

Mortality rates (% ) 7.3 10.5 7.2 7.5

TIMI 3,
aThe need for concomitant heparin has been formally tested with only streptokinase and alteplase.
From Khan IJ, Gowda RM. Clinical perspectives and therapeutics of thrombolysis. Int J Cardiol. 2003;91:117, with permission.
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designed to achieve greater than 90% activation of the fibri-
nolytic system (161) (Table 172.11).

CLINICAL PEARLS
■ Thrombosis may occur anywhere in the vascular system,

either from primary hypercoagulable conditions (throm-
bophilias), acute vascular insult, or a combination of the
two factors.

■ The coagulation system depends on normal vascular en-
dothelium to maintain antithrombotic activity and pro-
mote laminar fluid blood flow. When vascular injury
occurs, it can immediately respond through thrombin
generation and fibrin production at the site of vascular
damage.

■ Venous thrombi typically form under conditions of low flow
and are mainly composed of fibrin and red blood cells. Ar-
terial thrombi typically form under conditions of high flow
and are predominantly composed of platelet aggregates held
together by fibrin strands.

■ The coagulation cascade is regulated by the tissue factor
pathway inhibitor, the protein C pathway, and the fibri-
nolytic degradation of fibrin.

■ Unfractionated heparin has been used in multiple clinical
scenarios including prevention of venous thromboembolism,
treatment of deep venous thrombosis and pulmonary em-
bolism, and acute coronary syndromes. Until recently, it has
been the most widely used antithrombotic agent, although
it has several disadvantages.

■ The most efficient and safe method for initiating intravenous
heparin therapy is using weight-adjusted nomograms.

■ A single dose of aspirin is sufficient to inhibit platelet func-
tion for the life span of the platelets (31).

■ Clopidogrel is more effective than aspirin in reducing
atherosclerotic events, including myocardial infarction,
stroke, and peripheral vascular disease (45).

■ The incidence of bleeding is higher among patients taking an-
tiplatelet agents, requiring urgent surgical procedures (47).

■ In the event of bleeding, the antiplatelet agent must be
stopped, and platelet transfusion will be required to nor-
malize platelet function.

■ LMWH inhibits predominantly factor Xa to produce its an-
ticoagulant effect. It can be administered as a subcutaneous
injection once or twice a day.

■ LMWH has proved to be cost effective as compared to un-
fractionated heparin because of reduced need for monitor-
ing.

■ LMWH tends to accumulate in patients with renal failure.
■ There is no rapid and complete antagonist to the antico-

agulant effects of LMWH, which may complicate ICU and
surgical procedures (7).

■ Direct thrombin inhibitors directly bind thrombin, thereby
blocking its procoagulant effect. This class of drugs may be
advantageous over indirect thrombin inhibitors such as hep-
arin because they do not bind plasma proteins and produce
a more predictable response.

■ Drugs that block factor Xa are considered either indirect
or direct inhibitors. Indirect agents act by binding to and
activating antithrombin, which inhibits free factor Xa. Di-
rect factor Xa inhibitors bind to and inhibit free factor and
inactivate factor Xa bound to platelets.

■ Thrombolytic agents act as plasminogen-activating agents,
catalyzing the conversion of endogenous plasminogen to
plasmin. These agents will dissolve both fibrin deposits and
pathologic thrombi at sites of vascular injury and thus may
be associated with significant hemorrhage.
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CHAPTER 173 ■ HEMATOLOGIC
CONDITIONS IN THE ICU
JAN S. MOREB

HEMATOPOIESIS

Ce llular Comp one nt s

Hematopoiesis is a polyclonal process that is responsible for
the production and maintenance of blood and immune cells,
thereby producing billions of new blood cells each day. Large
numbers of blood and immune cells can be traced to a pool
of hematopoietic stem cells (HSCs) from which these clones
have originated. In the early 1960s, Till and McCulloch be-
gan analyzing the bone marrow to find out which compo-
nents were responsible for regenerating blood. They defined
what have remained the two hallmarks of an HSC: it can re-
new itself, and it can produce cells that give rise to all the
different types of blood cells (1). Now it is also known that
these cells can mobilize out of the bone marrow into circu-
lating blood and can undergo programmed cell death, called
apoptosis—a process by which cells that are detrimental or un-
needed self-destruct, all for the purpose of maintaining home-
ostasis. The most primitive stem cell in the bone marrow is
responsible for the production of all lymphoid (T, B, and nat-
ural killer lymphocytes), myeloid (granulocytes, monocytes),
erythroid, and megakaryocytic (platelets) cell lineages, while
maintaining sufficient numbers of pluripotent stem cells to sus-
tain hematopoiesis throughout adult life. These cells can be
found in a small population of cells characterized by the sur-
face expression of CD34 molecule and by lack of markers of
differentiation.

The production of differentiated blood cells is the real work
of HSCs and progenitor cells. Progenitor or precursor cells are
partly differentiated cells that divide and give rise to differ-
entiated “specialized” cells. Such cells are usually regarded as
“committed” to differentiating along a particular cellular de-
velopment pathway. The HSC population supports a tremen-
dous production of blood cells over an animal’s life span, e.g.,
adult humans produce their body weight of red cells, white
cells, and platelets every 7 years, whereas the mouse produces
60% of its body weight over a 2-year life span. Using DNA la-
beling data, investigators in the field have tried to characterize
the HSC kinetics in the mouse. Based on such data, MacKey
(2) was able to calculate that in the course of producing a ma-
ture, circulating blood cell, the original single hematopoietic
stem cell will undergo between 17 and 19.5 divisions, provid-
ing a net output between approximately 170,000 and 720,000
blood cells.

A wide array of environmental factors, both humoral and
cellular, regulate the quantity and behavior of these stem cells,
including cytokines and chemokines, extracellular matrix com-

ponents, as well as hematopoietic and nonhematopoietic cells
such as natural killer (NK) cells, T cells, macrophages, fibro-
blasts, osteoblasts, adipocytes, and perhaps even neurons. In
addition to this wide array of microenvironmental factors, sev-
eral intrinsic genetic events are critical to hematopoiesis and are
currently the subject of intense research (3). This complex inter-
play determines whether HSCs, progenitors, and mature blood
cells remain quiescent, proliferate, differentiate, self-renew, or
undergo apoptosis (4–6). Under normal conditions, most HSCs
and many progenitors are quiescent in the G0 phase of the cell
cycle; however, many of the more mature progenitors are pro-
liferating and producing mature offspring (7). In the absence
of any stresses, this is balanced by the rate of apoptosis in pro-
genitors and mature cells (5).

In the event of stress, such as bleeding or infection, sev-
eral processes occur. Stored pools of cells in the marrow or
adherent to the endothelium are quickly released into the cir-
culation to localize to the site of injury (8); additionally, fewer
progenitors and mature cells undergo apoptosis (9,10). Fur-
thermore, quiescent progenitors and HSCs are stimulated by
various growth factors to proliferate and differentiate into ma-
ture white cells, red blood cells, and platelets. Finally, when
the bleeding, infection, or other underlying stress ceases, the
kinetics of hematopoiesis return to baseline levels. This pro-
cess repeats itself innumerable times during the life span of
an individual, and is seen in an exaggerated form following
chemotherapy or bone marrow transplantation.

Humoral Me d iat ors

Production of a specific type of differentiated blood cell from
a stem cell is thought to occur randomly. Cytokines pro-
mote proliferation and survival of certain types of cells but
do not affect which cell type is produced from a stem cell.
As the progenitors differentiate, the phenotype-specific recep-
tors evolve so that only certain cytokines can affect these
new and more mature cells, while others maintain stem cell
self-renewal and expansion (11). Cytokines are made and se-
creted mainly by helper T lymphocytes and macrophages, but
also by other stroma cells such as fibroblasts and endothelial
cells. A few of these cytokines have been synthesized and are
FDA-approved for clinical use. These include erythropoi-
etin (epoetin alfa, or long-acting darbepoetin alfa) for
erythrocyte production, granulocyte colony-stimulating fac-
tor (G-CSF, filgrastim or long-acting pegfilgrastim), and
granulocyte–macrophage colony-stimulating factor (GM-CSF,
sargramostim) for neutrophil production, as well as stem cell
harvest for transplantation and interleukin-11 (oprelvekin) for
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stimulation of megakaryocytes and production of platelets. The
clinical development of other cytokines was complicated by ei-
ther too many serious side effects (stem cell factor, ancestim) or
the induction of neutralizing antibodies that cross-react with
the endogenous molecule (thrombopoietin).

The term, cytokine, is a general one; other appropriate and
more specific terms include: lymphokine, for cytokines made
by lymphocytes; monokine, for cytokines made by monocytes;
chemokine, for cytokines with chemotactic activities; and in-
terleuk in, for cytokines made by one leukocyte and acting on
other leukocytes. Cytokines act on their target cells by bind-
ing specific membrane receptors through which they mediate
their effect on inflammation, immunity, and hematopoiesis.
Responses to cytokines include increasing or decreasing ex-
pression of membrane proteins—including cytokine receptors,
proliferation, and secretion of effector molecules. Only a few
cytokines are in clinical use today, mainly interferon-α and
interferon-γ .

Cytokines are very important in critical care medicine, espe-
cially those proinflammatory cytokines released by monocytes/
macrophages in response to infectious and noninfectious in-
flammation. The release of these cytokines results in whole
body inflammation such as that seen in the systemic inflamma-
tory response syndrome (SIRS). These patients also undergo
an anti-inflammatory phase, which includes the release of cy-
tokines with opposing—anti-inflammatory—biologic effects or
naturally occurring cytokine antagonists, such as interleukin-
1 receptor antagonist and tumor necrosis factor-α soluble re-
ceptors p55 and p75 (12,13). Clinical studies to intervene in
the inflammatory response using these and other anticytokine
therapy have been more than a little disappointing (14). On the
other hand, many studies have shown that plasma concentra-
tions of certain cytokines correlate with severity and outcome
of sepsis (15,16).

DECREASED BLOOD COUNTS

Ane mias

Anemia (hemoglobin concentration less than 12 g/dL) is
present in 95% of patients to the intensive care unit, with about
one third of those having upon admission concentration of less
than 10 g/dL. In the assessment, particular attention should be
paid to the time of onset, patient’s ethnic origin, concurrent
illness, procedures patient has undergone, drugs patient is re-
ceiving, and history of transfusions. One practical approach is
to classify anemia into two major categories: anemia resulting
from underproduction versus anemia due to increased destruc-
tion of red blood cells (RBC) (Table 173.1). These considera-
tions will affect the type of laboratory tests and the need for
transfusions.

Every effort should be exerted to obtain diagnostic tests
prior to any transfusions. These should include a complete
blood count, including hematocrit, hemoglobin, mean corpus-
cular volume (MCV) and hemoglobin (MCH), a reticulocyte
count, and a stained blood smear. In addition, serum biliru-
bin and lactic acid dehydrogenase are useful to determine the
presence of hemolysis. If immune hemolysis is suspected, di-
rect Coombs test should be ordered (indirect Coombs test is
done routinely with any cross-match request sent to the blood

TA BLE 1 7 3 . 1

ANEMIA CLASSIFICATION

ANEMIAS SECONDARY TO MARROW
UNDERPRODUCTION

■ Decreased erythropoietin production
Renal disease
Endocrine deficiency
Starvation

■ Inadequate response to erythropoietin
Iron deficiency
B12 deficiency
Folic acid deficiency
Anemia of chronic disease
Marrow infiltration
Sideroblastic anemia
Myelodysplastic syndrome

■ Marrow failure
Congenital dyserythropoietic anemia
Aplastic anemia
Pure red cell aplasia
Toxic marrow damage

ANEMIAS SECONDARY TO INCREASED DESTRUCTION
■ Acquired

Immune-mediated hemolytic anemia
Paroxysmal nocturnal hemoglobinuria
Hemolytic anemia due to red cell fragmentation (TTP, DIC)
Hemolytic anemia due to chemical or physical agents
Infections
Acquired hemoglobinopathies (methemoglobinemia)

■ Hereditary
Congenital hemoglobinopathies (sickle cell disease)
Enzyme deficiency (G6PD, pyruvate kinase)
Red cell membrane defects (spherocytosis, elliptocytosis)

TTP, thrombotic thrombocytopenic purpura; DIC, disseminated
intravascular coagulation.

bank); or if hemoglobinopathy is suspected, hemoglobin elec-
trophoresis should be obtained before transfusion.

The physician in the ICU may be faced with the immedi-
ate decision of whether the patient requires transfusion with
packed red blood cells (PRBC). For years, many physicians
firmly believed that hemoglobin of 10 g/dL or hematocrit of
30% was desirable in anemic patients, especially those under-
going surgical procedures and/or with critical illness (17). This
approach of using fixed transfusion triggers has been recog-
nized as the main reason for high transfusion rates in ICU pa-
tients and is finally being replaced by a more physiologic ap-
proach in which the patient’s intravascular volume and tissue
oxygen needs are considered. A restrictive transfusion policy, in
which hemoglobin concentration is maintained between 7 and
9 g/dL, has proved to be effective and yields decreased death
rates in comparison to the liberal strategy (17–19). Indeed, in
young traumatized patients, the hemoglobin is sometimes al-
lowed to drift to as low as 5 g/dL, as long as there are no
signs of oxygen delivery deficit such as elevated lactate lev-
els, an unacceptable heart rate, or other symptoms. These pa-
tients are most often started on recombinant erythropoietin and
have iron stores repleted, if necessary, to keep from undergoing
transfusion.
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Patients with acute myocardial infarction or unstable angina
(17), and some cancer patients, may benefit from a higher
hemoglobin level. Patients with a hemoglobin greater than or
equal to 10 g/dL are unlikely to benefit from blood transfusion.

Ane mia in Crit ical Illne ss
Anemia of hemoglobin less than or equal to about 8.5 g/dL is
the most frequent type of anemia encountered in the ICU. As a
result, more than 50% of these patients receive RBC transfu-
sions during their ICU stay, as do more than 85% of patients
with an ICU length of stay longer than 7 days. This trend was
confirmed by two more recent studies: the CRIT study in the
United States (20) and the ABC trial in Europe (21). Both stud-
ies also showed that the number of RBC transfusions a patient
received was independently associated with longer ICU stay
and increase in mortality. These and other similar epidemio-
logic studies have revealed some similarities. First, the vast ma-
jority of critically ill patients have anemia on admission to the
ICU. Second, the most common indication for RBC transfusion
in the ICU was treatment of the anemia. Third, the transfusion
trigger in all these studies was hemoglobin of about 8.5 g/dL.
Finally, RBC transfusions were increased in patients with pro-
longed ICU length of stay and increased age.

Possible mechanisms involved in anemia of acute critically
ill patients include a blunted erythropoietin (EPO) response
to anemia, with blood concentrations being inappropriately
low in these patients; suppression of erythropoiesis by proin-
flammatory cytokines; possible blood loss from frequent phle-
botomies; and blood loss from gastrointestinal bleeding as
a result of gastric tubes, stress-induced mucosal ulcerations,
acute renal failure, and frequent coagulation problems in ICU
patients. This anemia shares characteristics with anemia of
chronic inflammation such as high ferritin concentrations and
low-to-normal transferrin saturation with functional iron de-
ficiency (19).

Until recently, we understood little about the pathogene-
sis of anemia of chronic inflammation. It now appears that the
inflammatory cytokine interleukin-6 (IL-6) induces the produc-

tion of hepcidin, an iron-regulatory hormone that may be re-
sponsible for the hypoferremia and suppressed erythropoiesis
(22). This discovery should lead to studies focused on the role
of hepcidin in the anemia of the critically ill patient and better
understanding of its pathogenesis.

The approach to treatment of this type of anemia should in-
clude measures to reduce blood loss, a restrictive blood trans-
fusion policy, and possibly the use of recombinant human EPO
(rh-EPO). Multiple studies have shown that the subcutaneous
administration of rh-EPO at 40,000 units weekly, starting be-
tween days 3 and 7 of the ICU stay, resulted in a significant
reduction in RBC transfusions and a higher hemoglobin level
(23,24). Since iron is locked up in the phagocytic system and
hardly available, the administration of intravenous iron, to-
gether with rh-EPO, may result in an enhanced rh-EPO ef-
fect. As only about 10% of oral iron is bioavailable, this route
may not be appropriate in ICU patients. Additionally, because
there have been anaphylactoid reactions reported with iron
dextran, iron gluconate is the preferred formulation. Iron glu-
conate is administered at a dose of 125 mg diluted in 100
mL saline over 1 hour infusion or undiluted at a rate of 12.5
mg/minute daily for eight sessions, to a total cumulative dose of
1,000 mg.

Aut oimmune He molyt ic Ane mia
When a patient is critically ill from autoimmune hemolytic ane-
mia (AIHA), the presenting signs and symptoms are those of
normovolemic anemia, unless massive hemolysis is associated
with hypotension, significant hemoglobinuria, and acute renal
failure. Variable levels of jaundice may also be present in the
nonmassive AIHA. Initial laboratory data may show an ele-
vated reticulocyte index (greater than 2) identifying the mech-
anism of the anemia as hemolytic, an elevated indirect biliru-
binemia and lactate dehydrogenase (LDH); the blood smear
shows increased numbers of diffusely basophilic red cells, re-
flecting the increased reticulocytes, and variable numbers of
microspherocytes and fragmented cells, indicative of the hemol-
ysis (Fig. 173.1). In some instances, the urine may be discolored

A B

FIGURE 173.1. Microspherocytes (thin arrows) and schistocytes (fragmented cells, thick arrows) (A),
spherocytes with increased reticulocytes (the large cells) (B) are usually seen in the peripheral blood smear
of a patient with hemolytic anemia.
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red, brown, or black if there has been sufficient intravascular
hemolysis to produce hemoglobinuria. A positive result on di-
rect antiglobulin (Coombs) test, indicating that immunoglobu-
lin or complement is on the surface of the circulating red cells,
identifies the immune etiology of the hemolysis. In the absence
of recent transfusion, the diagnosis of AIHA is confirmed. This
information may first become available when the blood bank
attempts to cross-match the patient’s blood for transfusion.

It is important to determine, by history and appropriate
laboratory studies, whether the hemolysis could be related
to a drug the patient is taking and whether it is caused by
warm-reacting (usually IgG) or cold-reacting (usually IgM)
antibodies. The mechanisms whereby drugs produce immune
hemolysis are not absolutely clear, but evidence suggests an
alteration of red cell surface antigens by the drug and pro-
duction of antibodies that lead to hemolysis (25). In some
instances, the drug must be present for hemolysis to occur
(e.g., quinidine, penicillin); in others, hemolysis occurs even
in the absence of the drug (e.g., methyldopa). Underlying dis-
eases that may be associated with AIHA include infections,
such as infectious mononucleosis and pneumonia caused by
Mycoplasma pneumonia; collagen vascular diseases, especially
systemic lupus erythematosus; and lymphoproliferative disor-
ders such as chronic lymphocytic leukemia (26). In some in-
stances, the AIHA may be the presenting manifestation of the
underlying disease. In other instances, the AIHA may be asso-
ciated with idiopathic thrombocytopenic purpura (ITP) as part
of Evans syndrome.

The mainstay of treatment of AIHA caused by warm-
reacting antibodies is the administration of corticosteroids,
usually given in dosages equivalent to 60 to 80 mg/day
of prednisone. In patients who do not respond to steroids,
splenectomy, high-dose intravenous gamma globulin, ritux-
imab chimeric anti-CD20 antibody, alemtuzumab humanized
anti-CD52 antibody, or treatment with other immunosuppres-
sive drugs may be useful.

Steroids are usually ineffective in AIHA caused by cold-
reactive antibodies (cold agglutinin disease), but responses have
been observed using larger doses. Patients with cold agglutinins
may have symptoms related to impaired blood flow in acral
parts where the blood temperature is low enough to permit ag-
glutination of red blood cells by antibodies. Warming usually
prevents or alleviates such symptoms; however, in a small per-
centage of cases, plasmapheresis to reduce the concentration of
the offending IgM antibodies may be required. In drug-induced
immune hemolysis, discontinuing the drug is usually the only
treatment needed.

In the patient with AIHA with a critical degree of ane-
mia, transfusion must be considered (27,28). It may be im-
possible to find compatible red blood cells by the usual cross-
matching procedures, and transfused cells may be subject to
rapid antibody-mediated destruction. On the other hand, the
patient must not be allowed to die because of undue caution
regarding the transfusion of incompatible red cells. The key
to optimal care in this critical situation is close communication
between the intensivist and the blood bank physician. When an
AIHA patient is transfused, the patient must be observed closely
for signs of accelerated hemolysis, such as visible hemoglobin
in the plasma or urine.

Certain special considerations pertain to transfusion of
patients with cold-reacting antibodies. Administered blood
should be warmed to body temperature. Transfusion of plasma,

which contains complement, should be avoided because hemol-
ysis is complement mediated and may be limited by depletion
of complement in vivo.

In massive hemolysis, therapeutic efforts should be directed
at maintenance of blood pressure, renal blood flow, and urinary
output. Intravenous fluids and diuretics such as furosemide
should be used to maintain a urine flow of 100 mL/hour.

He molyt ic Ane mia from G6PD Deficie ncy
Red blood cell glucose-6-phosphate dehydrogenase (G6PD) de-
ficiency is inherited as an X-linked recessive disorder, affecting
various population groups around the world. In the United
States, African Americans are the group most often affected,
with a gene frequency of about 11% . They have the G6PD
A–variant of the enzyme and a mild to moderate deficiency.
A recent study by the U.S. Army found that 2.5% of males
and 1.6% of females were deficient. The highest rates of G6PD
deficiency were in African American males (12.2% ) and fe-
males (4.1% ), along with Asian males (4.3% ) (29). The red cell
G6PD levels in affected men are 8% to 20% of normal. Clini-
cally significant hemolysis occurs when red cells are subjected
to an oxidative metabolic challenge, as may occur with expo-
sure to certain drugs or with certain illnesses. Among drugs
producing hemolysis are some sulfonamides, nitrofurantoins,
and antimalarials such as primaquine. Illnesses most likely to
trigger hemolysis are acute infections. Infectious hepatitis, in
particular, has been associated with severe hemolytic episodes
in G6PD-deficient patients.

Hemolysis in the G6PD-deficient patient may be sudden
and massive, usually becoming apparent 1 to 3 days after
the inciting stress, such as administration of an oxidant drug.
Hemoglobinemia and hemoglobinuria may occur. The blood
smear shows polychromatophilia within a few days, reflect-
ing the developing reticulocytosis. Early in the course of the
hemolytic episode, Heinz bodies may be identified in red cells
by special staining methods. These precipitates of oxidatively
denatured hemoglobin provide a useful diagnostic clue and
should be sought if G6PD deficiency is suspected as a cause
of acute hemolysis. However, the absence of Heinz bodies does
not exclude this diagnosis. The red cell enzyme deficiency may
be readily detected by laboratory assay when the patient is in
a stable state but may be more difficult to demonstrate during
a hemolytic episode. This is because the enzyme deficiency is
greatest in the oldest red cells. These cells are the first destroyed
in a hemolytic episode, and, as they are replaced by newly pro-
duced young cells, the overall red cell enzyme level may rise to
the normal range. This replacement of susceptible erythrocytes
by more resistant cells also tends to ameliorate the hemolysis
with time.

If the diagnosis is suspected, any potentially offending drugs
should be stopped. Otherwise, supportive care is usually all that
is necessary. Although the deficiency is an X-linked trait, female
heterozygotes may have hemolytic episodes.

He molyt ic Ane mia from Re d Ce ll Injury
in t he Circulat ion

Fragmentation and destruction of red cells in the circulation
may result from increased shear stresses caused by turbulent
blood flow. The two major categories of disease in which
this kind of hemolysis occurs are malfunctioning intravas-
cular prosthetic devices—for example, heart valves, vascular
grafts, and shunts—and disorders affecting blood vessels that
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result in microangiopathic hemolytic disease, such as dissemi-
nated intravascular coagulation or thrombotic microangiopa-
thy (TMA).

TMA encompasses the spectrum of thrombotic thrombocy-
topenic purpura (TTP) and hemolytic uremic syndrome. These
forms of hemolytic disease are rarely of sufficient severity to
require critical care. However, they can be seen in critically ill
patients admitted to the ICU, and have been associated with
various initiating factors such as severe infections, drug in-
take, malignancies, connective tissue diseases, and pregnancy
(30). Because hemolysis is intravascular, hemoglobinemia and
hemoglobinuria may be present. Characteristically, the blood
smear shows red cell fragmentation producing micropoikilo-
cytes (schistocytes, similar to that shown in Fig. 173.1). Typi-
cally, the TMA patients will also have thrombocytopenia, fever,
and possibly neurologic and renal involvement.

Specific treatment is directed at the underlying disorder. Sup-
portive measures may be required for the effects of hemolysis
itself and to minimize any adverse renal consequences of hy-
potension and hemoglobinuria. These may include blood trans-
fusion and hydration to ensure good urine flow. Occasionally,
a badly malfunctioning prosthesis, such as an artificial heart
valve, may require replacement, but this is more often necessary
to correct a life-threatening hemodynamic abnormality than to
alleviate severe hemolysis. The treatment of TMA with plasma
administration, either infusion or plasmapheresis, is the only

effective therapy that has dramatically improved the prognosis
of these patients.

Sickle Ce ll Ane mia
Sickle cell hemoglobin (hemoglobin S) is the result of a sin-
gle nucleotide mutation in the sixth codon of the β globin
gene (β s). Heterozygous inheritance of hemoglobin S does not
usually cause disease or symptoms but is detectable as sickle
cell trait (31). Homozygous inheritance or compound heterozy-
gous inheritance with another β globin gene results in disease.
The discussion here is directed primarily toward homozygous
sickle cell disease which includes those genotypes associated
with chronic hemolytic anemia and vaso-occlusive pain: ho-
mozygous sickle cell disease (hemoglobin SS), hemoglobin SC
disease (hemoglobin SC), sickle-β 0 thalassemia (hemoglobin
Sβ 0), and sickle-β + thalassemia (hemoglobin Sβ + ), and other
less common hemoglobin mutants. The clinical manifestations
are related to the degree of intracellular polymerization of de-
oxyhemoglobin S (Table 173.2), and it is different among the
various genotypes.

The clinical symptoms of sickle cell disease (SCD) affect
multiple organs and may vary widely among patients. Chief
among the clinical features are episodes of severe pain—
namely, crises—in the chest, back, abdomen, or extremities.
The acute chest syndrome, a frequent—and sometimes fatal—
complication, affects more than 40% of all patients with SCD

TA BLE 1 7 3 . 2

CLINICAL AND HEMATOLOGIC FINDINGS IN THE COMMON VARIANTS OF SICKLE CELL DISEASE AFTER THE
AGE OF 5 YEARS

Hemoglobin electrophoresis Hematologic values

Disease Clinical S F A2 A Hb Retic MCV RBC
group severity (%) (%) (%) (%) g/dL (%) (fl) morphology

SS Usually
marked

> 90 < 10 < 3.5 0 6–11 5–20 > 80 Sickle cells-NRBC,
normochromia, anisocytosis,
poikilocytosis, target cells,
Howell-Jolly bodies

Sβ ◦ Thal Marked to
moderate

> 80 < 20 > 3.5 0 6–10 5–20 < 80 Sickle cells, NRBC,
hypochromia, microcytosis,
anisocytosis, poikilocytosis,
target cells

Sβ + Thal Mild to
moderate

> 60 < 20 > 3.5 10–30 9–12 5–10 < 75 No sickle cells, hypochromia,
microcytosis, anisocytosis,
poikilocytosis, target cells

SC Mild to
moderate

50 < 5 a 0 10–15 5–10 75–95 “Fat” sickle cells, anisocytosis,
poikilocytosis, target cells

S HPFH Asymptomatic < 70 > 30 < 2.5 0 12–14 1–2 < 80 No sickle cells, anisocytosis,
poikilocytosis, rare target
cells

MCV, mean corpuscular volume; NRBC, nucleated red blood cells.
a 50 percent Hb C.
Hematologic values are approximate. There is tremendous variability between disease groups and between individual patients of the same group,
particularly regarding clinical severity.
For findings in younger children, see Brown AK, Sleeper LA, Miller ST, et al. Reference values and hematological changes from birth to five years in
patients with sickle cell disease. Arch Pediatr Adolesc. 1994;48:796–804.
Adapted from NIH Publication No. 96-2117.
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and can lead to acute and chronic respiratory insufficiency,
including pulmonary hypertension. Its cardinal features are
fever, pleuritic chest pain, referred abdominal pain, cough,
lung infiltrates, and hypoxia. Other complications of SCD
include recurrent strokes in young adults; parvovirus B19-
induced aplastic crisis; hyperbilirubinemia from cholestatic
syndrome or cholecystitis; liver disease; splenic infarctions;
autosplenectomy with increased risk of fulminant septicemia
caused by encapsulated organisms such as Streptococcus pneu-
moniae and Haemophilus influenzae; hematuria; priapism;
bone infarctions with the risk of avascular necrosis; osteomyeli-
tis and other musculoskeletal manifestations; leg ulcers; and
spontaneous abortions (32). Despite the fact that some of
these complications are fatal, many patients with SCD survive
into their fifth and sixth decades in industrialized countries
(33).

The goals of the SCD treatment are either to relieve symp-
toms of the complications or to prevent complications by using
some of the new treatments targeting disease mechanisms. The
treatment of the painful crisis is supportive. Dehydration, aci-
dosis, infection, and hypoxemia all promote red cell sickling
and should be prevented or corrected. Adequate relief of pain
in the hospitalized patient usually requires parenteral admin-
istration of opioid analgesics at frequent fixed intervals. Suffi-
cient analgesics should be used to relieve pain without worrying
about addiction or side effects of opiates; patients can be given
oral analgesics to take at home. Oxygen is often administered
in sickle cell crisis, although its benefits are uncertain. Antibi-
otics that cover major pulmonary pathogens should be admin-
istered in patients with acute chest syndrome. Because there is
no clear evidence that transfusion therapy shortens a simple
painful crisis, and because the crisis is unpredictable and self-
limited, transfusion is not a treatment for the uncomplicated
painful crisis.

Transfusions are not needed for the usual anemia or episodes
of pain. Urgent transfusions are needed when there is a severe
sudden drop in hemoglobin, especially in children in whom
splenic sequestration or aplastic crises present in this manner,
and in severe acute chest syndrome with hypoxia. Chronic
red cell transfusions have been shown to prevent strokes in
patients with SCD, although the optimal duration of trans-
fusion is unknown. However, the risks of transfusions must
be weighed against the benefits. These risks include alloimmu-
nization, infections, and iron overload. For patients undergo-
ing general anesthesia, preoperative transfusion to a hematocrit
above 30% reduced postoperative complications. Leukocyte-
depleted red cells that are phenotypically matched for the anti-
gens most frequently associated with immune response are pre-
ferred for transfusion. Exchange transfusion is the most rapid
method to reduce the hemoglobin S concentration to less than
30% in urgent situations that arise from complications of SCD,
such as stroke and severe acute chest syndrome, and in patients
with striking cholestatic syndrome and signs of liver failure.

Preventive treatments should include early vaccinations
against S. pneumoniae and H. influenzae; prophylactic peni-
cillin in children until the age of 5 years; folic acid (1 mg daily)
to all patients to prevent megaloblastic erythropoiesis; and hy-
droxyurea treatment to prevent complications. In a double-
blind, placebo-controlled trial, hydroxyurea was shown to
reduce the pain episodes, acute chest syndrome, blood transfu-
sions, and hospitalizations (34). The improvements noted with
hydroxyurea treatment correlate to increases in hemoglobin F

levels and a decrease in granulocytes, monocytes, and retic-
ulocytes (35). Hydroxyurea treatment should be reserved for
patients with SCD who have severe complications. Other ex-
perimental treatments aimed at interrupting the disease mech-
anisms are in progress (36).

Sp e cific Clinical Prob le ms

1. If abdominal symptoms are present, the possibilities of
cholecystitis and complications of cholelithiasis must be
considered.

2. Rarely, bone marrow infarction may be extensive and may
produce the syndrome of fat embolism. This syndrome is
manifested by severe bone pain, fever, neurologic abnormal-
ities, and respiratory distress. It may be fatal, and treatment
by exchange transfusion can be life-saving. Fat embolism
may be a cause of some cases of acute chest syndrome.

3. Hematuria occurs as a complication of the sickle cell dis-
eases, including sickle cell trait, and may be severe. It is
thought usually to result from sickling and vaso-occlusion
in the renal medulla, but other causes unrelated to sickle
disease must be excluded. Supportive treatment with hydra-
tion and, perhaps, urinary alkalinization is often sufficient
for this self-limited complication.

4. Priapism, a frequent and painful complication of sickle cell
disease, arises from the vaso-occlusion that produces con-
gestion and sickling in the corpora cavernosa. It may re-
solve spontaneously, and initial conservative treatment with
analgesics, hydration, and alkalinization is appropriate. Ex-
change transfusion and various surgical procedures have
also been successful in terminating priapism.

Ap last ic Crisis in He molyt ic Ane mia
Sudden intensification of anemia in hemolytic disease resulting
from a precipitous reduction in the rate of red cell produc-
tion is known as aplastic crisis. It may occur in the course of
any hemolytic disease but has been most commonly reported
in congenital hemolytic disorders such as hereditary sphero-
cytosis and sickle cell anemia. It is most common in children
but also occurs in adults. Patients characteristically have fever,
anorexia, nausea, and vomiting; abdominal pain and headache
are common. Their anemia is usually severe and may be life-
threatening; mild leukopenia and thrombocytopenia are often
present. The aplastic nature of the anemia is demonstrated by
an extremely low reticulocyte count and marked reduction in
erythroid precursors in the bone marrow. The episode is self-
limited, and recovery usually begins by 2 weeks. In the recov-
ery phase, there is a return of vigorous erythropoiesis and often
an outpouring of nucleated red cells and reticulocytes into the
blood, frequently accompanied by leukocytosis and immature
white blood cells. There is convincing evidence that parvovirus
B19 is the cause of most aplastic crises (37).

Prompt recognition of this syndrome is important because
of the suddenness and severity of the anemia. A low reticulo-
cyte count in a patient with hemolytic disease is usually the
main clue to the diagnosis. Treatment is via transfusion with
red blood cells. The volume given should be sufficient to al-
leviate signs or symptoms of inadequate tissue oxygenation;
that amount need not be exceeded, as episodes are self-limited,
and the patient’s hematocrit will return rapidly to its baseline
level.
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LEUKOPENIAS
The term, leukopenia, refers to a total white blood cell (WBC)
count of less than 4,000 cells/µ L, whereas granulocytope-
nia or neutropenia refers to a circulating granulocyte count
below 1,500 cells/µ L. WBC and granulocyte levels are lower
in some ethnic groups, e.g., Africans, African Americans, and
Yemenite Jews, without any clinical significance. The clinical
importance of granulocytopenia relates to the associated in-
creased risk of bacterial infection. If the absolute neutrophil
count is less than or equal to 500 cells/µ L, bacterial infection
becomes the rule. Agranulocytosis implies severe neutropenia
or a complete absence of granulocytes. Three patient groups
are discussed as most pertinent to critical care situations: (a)
Patients with neutropenia from primary bone marrow diseases
or cytotoxic treatment; (b) patients in whom neutropenia exists
alone or in combination with other cytopenias as an aplastic
process; and (c) patients with neutropenia or agranulocytosis
caused by immunologic mechanisms.

Primary Bone Marrow Dise ase s and
Cyt ot oxic Tre at me nt

This is the largest and most frequent entity that causes neu-
tropenia. Bone marrow diseases such as leukemias, myelodys-
plastic syndrome, and marrow fibrosis frequently present with
neutropenia. Chemotherapy-induced neutropenia is a com-
mon complication of the treatment of cancer. The risk of life-
threatening infections increases with the increased severity of
neutropenia and its duration, increasing patient age, and the
coexistence of other severe illnesses. Many of these patients,
whether inpatient or outpatient, end up in the ICU due to
a rapid onset of septic shock. In current practice, the occur-
rence of neutropenic fever is an indication for hospitalization
and prompt institution of intravenous wide-spectrum antibi-
otics. Before starting antibiotics, cultures of blood,� sputum,
and urine should be obtained in all patients, and other sites
should be cultured as indicated in individual patients. All pa-
tients should have chest radiographs taken as well. The com-
mon effects of bacterial infections—purulent sputum in pneu-
monia, pyuria in urinary tract infection, or abscess formation—
are usually absent because of lack of granulocytes.

Many antibiotic regimens have been tested, and guidelines
for a rational approach to therapy have been formulated (38).
The choice of an antibiotic regimen should take into account
any findings in the individual patient that suggest a specific
site of infection and any knowledge of patterns of infection
in a given institution. If cultures are positive, the antibiotic
treatment should be adjusted accordingly. If cultures are neg-
ative, as is frequently the case, empirical therapy should be
continued if the patient remains neutropenic and until counts
recover. If, on the other hand, fever continues and the pa-
tient’s general condition deteriorates with persistent neutrope-
nia, it is appropriate in selected patients to prescribe empirical
treatment with an antifungal agent, such as amphotericin B,

�When blood cultures are drawn, there should never be any less than
two full sets—four bottles—drawn. This routine is needed to prevent
the possibility of a contaminated specimen being overtreated, or worse,
undertreated.

because of the frequency of fungal infections in patients with
prolonged neutropenia. Patients should be screened by ob-
taining a CT scan of sinuses, chest, abdomen, and pelvis for
possible foci of invasive fungal infections. The galactomannan
antigen test for aspergillus should be done routinely on blood
and sputum (usually bronchoalveolar lavage) of immunosup-
pressed patients with neutropenia. If patients have central ve-
nous catheter, fungal and bacterial blood cultures should be ob-
tained, and removal of catheters should be considered if blood
cultures are positive for fungal infection or certain bacterial
infections that are difficult to eradicate.

Various regimens of prophylactic antibiotics have been in-
vestigated for their efficacy in preventing infection in the neu-
tropenic patient. The results have been too variable to justify
blanket recommendations (39,40). The routine therapeutic use
of colony-stimulating factors (such as G-CSF and GM-CSF)
in febrile neutropenia to stimulate the proliferation and mat-
uration of neutrophil progenitor cells was not recommended
by the American Society of Clinical Oncology (ASCO). How-
ever, these factors should be considered in such patients at high
risk for infection-related complications or who have prognostic
factors that are predictive of poor clinical outcomes. High-risk
features include expected prolonged (greater than 10 days) and
profound (less than 0.1 × 103 cells/µ L) neutropenia, age older
than 65 years, uncontrolled primary disease, pneumonia, hy-
potension, multiorgan dysfunction, invasive fungal infection,
or being hospitalized at the time of the development of the
fever (41). On the other hand, colony-stimulating factors are
recommended for primary and secondary prophylaxis used to
prevent chemotherapy-induced neutropenia (41).

ICU physicians should be aware of respiratory status deteri-
oration or acute respiratory distress syndrome (ARDS) during
neutropenia recovery with or without the use of G-CSF (42,43).
This could be related to the release of inflammatory cytokines
by resident alveolar neutrophils and macrophages. Mortality
can be as high as 62% in these patients, and therefore, immedi-
ate evaluation by bronchoscopy to rule out infection and early
use of high-dose steroids could be critical for their survival.

Bone Marrow Ap lasia

Neutropenia is part of the pancytopenia commonly present in
aplastic anemia. Some cases of aplastic anemia seem to have
an autoimmune basis; in others, a drug or chemical exposure
may be suspected as a cause (44,45). No tests are available to
prove an association in individual cases. Benzene and its deriva-
tives are potentially toxic to the bone marrow, and many other
chemicals, such as dichlorodiphenyltrichloroethane (DDT) and
other insecticides, are suspect. Toluene exposure in glue snif-
fers may be associated with aplastic anemia. Many medi-
cations have been linked with aplastic anemia, which oc-
curs as an idiosyncratic reaction in a small percentage of
patients exposed to a given drug. Drugs for which an eti-
ologic role seems likely include chloramphenicol, phenylbu-
tazone, indomethacin, diphenylhydantoin, sulfonamides, and
gold preparations. In at least half the cases of aplastic anemia,
no cause is found or suspected.

The principles of treating infectious complications result-
ing from neutropenia in aplastic states are the same as those
outlined earlier for neutropenia in malignant diseases. The
treatment of aplastic anemia includes allogeneic bone marrow
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transplantation in suitable patients, immunosuppressive ther-
apy including antithymocyte globulin, and other supportive
care measures such as antibiotic prophylaxis and colony-
stimulating factors.

Immune and Drug -re lat e d
Granulocyt op e nia

Neutropenia in adults often occurs as an isolated finding or
in association with autoimmune disease such as rheumatoid
arthritis, systemic lupus erythematosus, and other similar con-
ditions. The evaluation should include the following: periph-
eral blood smear to seek out large granular lymphocytes (LGL);
measurement of antinuclear antibodies, rheumatoid factor, and
other autoantibodies; and possibly a bone marrow examina-
tion. Patients with chronic neutropenia, either idiopathic or
autoimmune, usually do not require treatment. Patients with
an absolute neutrophil count less than 500 cells/µ L are prone
to develop recurrent fevers and infections. In addition to an-
tibiotics, G-CSF administration may improve the neutrophil
count during the infection. Patients with LGL syndrome may
not respond well to G-CSF, and may require immunosuppres-
sive therapy, such as methotrexate or cyclosporine, alone or
with G-CSF. Chronic neutropenia in association with rheuma-
toid arthritis, or Felty syndrome, is usually seen in severe cases
with elevated rheumatoid factor. These patients who have re-
current fevers and infection require treatment similar to pa-
tients with LGL syndrome. Splenectomy should be considered
in refractory cases.

Drug-induced agranulocytosis is a serious medical problem
and occurs in 1% to 3% of patients treated with certain medica-
tions. The characteristic clinical syndrome includes high fever,
chills, and severe sore throat (agranulocytic angina) caused
by bacterial infection. Oral and pharyngeal ulcers, necrotiz-
ing tonsillitis, pharyngeal abscesses, and bacteremia may oc-
cur. The blood will demonstrate a virtual absence of granulo-
cytes. The bone marrow may show absence of all granulocyte
precursors or only the mature cells. The picture may super-
ficially resemble acute leukemia, or a state of maturation ar-
rest; the disease mechanism is often unclear. In some cases, it
is an antibody against the drug acting as a hapten in associ-
ation with endogenous antigen on neutrophil surface. Other
drugs may impair production of neutrophils by direct toxic
mechanism.

Serial blood counts are now recommended for patients on
some drugs such as phenothiazines, clozapine, sulfasalazine,
and antithyroid drugs because of the relatively high frequency
of drug-induced neutropenia. Otherwise, management should
include prompt withdrawal of all potentially offending drugs
and the use of broad-spectrum antibiotics. Bone marrow ex-
amination is not usually indicated. The time to recovery may
be proportional to the severity but is usually within about a
week after withdrawal of the offending drug.

THROMBOCYTOPENIAS
Thrombocytopenia is a common laboratory abnormality in
ICU patients that has been associated with adverse outcomes.
The incidence of thrombocytopenia—defined as a platelet
count of less than 150 × 103 cells/µ L—has been reported to

TA BLE 1 7 3 . 3

POTENTIAL CAUSES OF THROMBOCYTOPENIA

Sepsis, infections
Disseminated intravascular coagulation
Perioperative and postresuscitation hemodilution
Immune thrombocytopenias
Drug-induced thrombocytopenias
Liver disease/hypersplenism
Massive transfusion
Primary marrow disorder
Antiphospholipid antibody syndrome/lupus anticoagulant
Intravascular devices

be 23% to 41.3% , with mortality rates up to 54% (46). The
incidence of more severe thrombocytopenia—less than 50 ×
103 cells/µ L—is lower, about 10% to 17% , but is associated
with greater mortality (46). The relationship between the time
course of platelet counts and mortality in 1,449 critically ill pa-
tients was examined in a prospective multicenter observational
study in 40 ICUs from Europe, the United States, and Australia
(47). There was a documented increase in mortality in patients
who had thrombocytopenia on day 4 of admission to the ICU
and even higher mortality in those patients with documented
thrombocytopenia by day 14.

Systematic evaluation of thrombocytopenia is essential to
the identification of and management of the causes (46). There
are numerous potential causes of thrombocytopenia in the ICU
(Table 173.3). While sepsis is the most common cause, account-
ing for more than 48% of thrombocytopenia cases in the ICU,
more than 25% of ICU patients have more than one cause (48).
Drug-induced thrombocytopenia presents a diagnostic chal-
lenge inasmuch as many medications can cause thrombocy-
topenia, and critically ill patients often receive multiple drugs.
One such drug is heparin, the most common cause of drug-
induced thrombocytopenia due to immune mechanisms (46).

The first step in the diagnosis of true thrombocytopenia
is to consider the mechanism (49). Is the thrombocytopenia
caused by increased destruction, decreased production, or se-
questration of platelets? As noted earlier, the presence of large
platelets on the blood smear or by mean platelet volume (MPV)
suggests active thrombopoiesis, though this finding may be
equivocal. Therefore, examination of the bone marrow for the
presence of megakaryocytes is often necessary to distinguish
between increased destruction (presence of megakaryocytes)
and decreased production (absence of megakaryocytes). The
presence of splenomegaly raises the possibility of sequestration.
Other laboratory tests are not necessary to evaluate the throm-
bocytopenia itself. The bleeding time is not useful in assess-
ing thrombocytopenia. There is also the possibility of platelet
clumping induced by the commonly used anticoagulant EDTA;
platelet cold agglutinins; partial clotting of the blood sample;
and platelet satellitosis, a disorder in which platelets cluster
around white blood cells. When pseudothrombocytopenia is
suspected, examining the peripheral blood smear and close
communication with the laboratory is necessary.

Treatment of thrombocytopenia depends on the cause and
is discussed below under the specific entities. First, some gen-
eral principles of platelet transfusion are outlined (50). When
thrombocytopenia is caused by destruction or sequestration of
the patient’s own platelets, transfused platelets are subject to
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the same fate. Thus, platelet transfusions most often are of little
benefit, and are reserved for treatment of severe bleeding. When
thrombocytopenia is caused by decreased platelet production,
as in hematologic malignancies or during recovery from stem
cell transplantation, serious hemorrhage can be prevented by
regular transfusion of platelets. It is generally acceptable to use
prophylactic transfusion to keep the platelet count greater than
10,000 to 20,000 cells/µ L. Transfusion of one random donor
platelet unit per 10 kg of recipient weight, or single-donor unit
from apheresis, is usually used to achieve that goal, which
can be confirmed by a repeat platelet count within an hour
posttransfusion. The effectiveness of platelet transfusions is di-
minished in febrile, infected patients who may require larger
and more frequent transfusions. Actively bleeding patients re-
quire more frequent transfusion and a higher target of platelet
count, usually above 50,000 cells/µ L. Chronically transfused
patients may become refractory to platelet transfusions from
random donors because of alloimmunization. Single-donor
platelets limit exposure to foreign antigens and may de-
lay immunization. Platelets obtained from family members
by platelet apheresis may be considered in patients who are
at risk for bleeding and refractory to random-donor platelets.

Thromb ocyt op e nia wit h Infe ct ion

Mild and transient thrombocytopenia occurs with many sys-
temic infections. The mechanism for this may be a combination
of suppressed bone marrow production, increased destruction,
and increased splenic sequestration. In bacteremia, platelets
may be consumed because of disseminated intravascular coag-
ulopathy, whereas in viral infection, platelet production may be
suppressed. Thrombocytopenia is commonly associated with
human immunodeficiency virus (HIV) infection, mainly due
to decreased production, although sometimes an autoimmune
mechanism is also involved. Thrombotic thrombocytopenic
purpura (TTP) or thrombotic microangiopathy (TMA) may be
associated with HIV as well as other infections such as strep-
tococcal and Escherichia coli (51–53). Treating the underlying
infection in most of these cases is usually adequate to correct
the thrombocytopenia.

Drug -ind uce d Thromb ocyt op e nia

Drug-induced thrombocytopenia presents a diagnostic chal-
lenge because many medications can cause thrombocytope-
nia, and patients in ICU are often on multiple medications
(54). The most commonly reported drugs with probable or
definite relation to thrombocytopenia were quinidine, quinine,
rifampin, and trimethoprim-sulfamethoxazole. Many other
drugs can cause thrombocytopenia, including heparin, which
is discussed in detail below, intravenous antibiotics, anticon-
vulsants, diuretics, and the platelet GP IIb-IIIa antagonists
used in acute coronary syndrome. The underlying mechanism
of drug-induced thrombocytopenia is usually immune, and at
least three different types of antibodies appear to play a role:
hapten-dependent antibodies, drug-induced platelet-reactive
autoantibodies, and drug-dependent antibodies. Targets for
drug-dependent antibodies are glycoproteins (GP) on the cell
membrane of platelets, such as GP Ib/IX and GPIIb/IIIa. The
diagnosis of drug-induced thrombocytopenia is usually sup-

ported by recovery to a normal platelet count within 5 to
7 days.

Treatment of drug-induced thrombocytopenia may require
only withdrawal of the offending drug. Prednisone may be
given if the diagnosis of idiopathic autoimmune thrombocy-
topenia (ITP) cannot be ruled out. Patients with severe throm-
bocytopenia caused by GP IIb-IIIa antagonists may require
platelet transfusions because they are typically also receiving
heparin and aspirin for their acute coronary syndrome. Al-
though platelet serology tests are available, the results may not
be available in a time frame that allows such information to be
used in the decision-making process for drug-induced immune
thrombocytopenia.

He p arin-ind uce d Thromb ocyt op e nia
Heparin-induced thrombocytopenia (HIT) is an anticoagulant-
induced prothrombotic disorder caused by platelet activation
of heparin-dependent antibodies of the immunoglobulin G
class (46). The diagnosis of HIT should be considered when
the platelet count falls to less than 150 × 103 cells/µ L, or more
than 50% decrease of the platelet count from baseline, between
days 5 and 14 from start of heparin therapy (55). A high in-
dex of suspicion on the physician’s part is key in making the
diagnosis. The thrombocytopenia is usually moderate and re-
solves within a few days of discontinuing heparin. HIT without
thrombosis is called isolated HIT , whereas HIT thrombotic
syndrome (HITTS) denotes HIT complicated with thrombosis.
The mortality rate associated with HIT ranges between 10%
and 20% (46).

HIT is an immune-mediated hypersensitivity reaction to
platelet factor 4 (PF4)/heparin complex. PF4 is a heparin-
binding protein found naturally in platelet α granules, which
undergoes conformational changes once bound to heparin.
Anti-PF4/heparin antibodies are produced by many patients
taking heparin, but only a few will develop thrombocytopenia
(46). Anti-PF4/heparin antibodies are transient and usually be-
come undetectable within a median of 50 to 85 days. If heparin
is readministered to a patient with high levels of HIT antibod-
ies, abrupt thrombocytopenia can occur. However, this likely
will be more than 100 days after the last exposure to heparin
(46). It is important to note that seroconversion can be found by
ELISA (enzyme-linked immunosorbent assay) in up to 15% of
patients on heparin; however, this does not constitute a diagno-
sis of HIT. In general, surgical patients, individuals exposed to
higher doses of heparin for a longer time, and patients receiving
unfractionated heparin (UFH), as opposed to low-molecular-
weight heparin (LMWH), are more likely to develop HIT.

The frequency of HIT in ICU patients was examined in
two major studies (56,57). The results suggested that only a
small minority of ICU patients with thrombocytopenia receiv-
ing UFH have HIT, and that the PF4/heparin-reactive antibod-
ies are more likely to be detected by ELISA assay than serotonin
release assay (SRA), suggesting a possible overdiagnosis—due
to a high false-positive rate by ELISA—of HIT. The Complica-
tions After Thrombocytopenia Caused by Heparin (CATCH)
registry is a recent attempt to achieve better understanding
of the prevalence, consequences, and temporal relationship of
HIT and thrombocytopenia among patients treated with an-
ticoagulants. The thrombotic sequelae of HIT carry signifi-
cant morbidity and may even be lethal. Some of the morbid
events include deep venous thrombosis (DVT), pulmonary em-
bolism, skin necrosis, limb ischemia, thrombotic stroke, and
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myocardial infarction (46). Venous thrombosis is the most
common manifestation, with lower limb DVT predominating.

All strategies should be used to prevent HIT in ICU patients.
Heparin locks for central venous catheters and hemodialysis
catheters are commonly used in the ICU setting and may need
to be reconsidered. Hemodialysis without heparin has been
shown to be safe and effective. However, once the diagnosis of
HIT is recognized, heparin should promptly be substituted with
a direct thrombin inhibitor, such as argatroban or lepirudin, or
the heparinoid danaparoid (not available in the United States)
to reduce the risk of life-threatening thromboembolic events.
Because warfarin can temporarily reduce the synthesis of pro-
tein C and S, causing a hypercoagulable state, it should never
be used alone in the initial treatment of HIT, and its use should
be postponed until substantial platelet recovery has occurred.
Consultation with a hematologist in these situations should
be considered in all critically ill patients. The argatroban dose
is 2 µ g/kg per minute in continuous infusion and dilution of
1 mg/mL. Dose adjustment is needed for hepatic impairment
(use 25% of the dose), with the aim of a 1.5 to 3 times prolon-
gation of activated prothrombin time (aPTT) in comparison to
baseline. On the other hand, lepirudin treatment consists of a
bolus 0.4 mg/kg (maximum of 44 mg), given over 10 to 15 sec-
onds and followed by continuous infusion at 0.15 mg/kg per
hour, with the goal of a 1.5 to 3 times prolongation of aPTT
over baseline. The dose should be modified if creatinine is > 1.5
mg/dL or clearance is < 60 mL/minute. If given with Coumadin,
discontinue lepirudin when an international normalized ratio
(INR) of 2.0 is obtained.

In summary, the approach to patients with suspected or con-
firmed HIT includes the following:

1. Discontinuation of all heparin
2. Administration of alternative nonheparin anticoagulation,

such as argatroban or lepirudin
3. Testing for anti-PF4/heparin antibodies, followed, if posi-

tive, by a serotonin release assay
4. Avoiding prophylactic platelet transfusions
5. Allowing platelet recovery before starting warfarin
6. Assessing for lower extremity DVT.

Patients with previous HIT who are antibody-negative and
require cardiac surgery should receive UFH in preference to
other anticoagulants, which are less validated for this purpose.
Preoperative and postoperative anticoagulation should be han-
dled with an anticoagulant other than UFH or LMWH. Pa-
tients with recent or active HIT should have surgery delayed
until antibody is negative, if possible; otherwise, an alternative
anticoagulant should be used (58).

Id iop at hic Thromb ocyt op e nic Purp ura

Idiopathic thrombocytopenic purpura (ITP), also known as im-
mune thrombocytopenic purpura, is a common cause of throm-
bocytopenia in both adults and children. Although it is usually
in the differential diagnosis of thrombocytopenia, the diagnosis
of ITP can usually be made only after exclusion of other causes
of thrombocytopenia. When the history, physical examination,
and blood count with peripheral smear are consistent with ITP
and do not suggest other causes of thrombocytopenia, few di-
agnostic tests are necessary. Bone marrow examination may be
important to rule out other primary marrow diseases such as

myelodysplastic syndrome or lymphoproliferative disorders. In
ITP, the marrow will show an increased number of megakary-
ocytes with immature forms and normal erythroid and myeloid
lineages. A test for HIV is important in patients with risk factors
for infection with this agent. Tests for platelet antibodies are
not helpful because of lack of limited specificity and sensitivity.
Thrombocytopenic purpura also may occur as one of the au-
toimmune complications of collagen vascular diseases such as
systemic lupus erythematosus, or lymphoproliferative diseases
such as chronic lymphocytic leukemia, and may even be the
presenting manifestation of these disorders. ITP is categorized
as acute, chronic, and refractory.

Many forms of treatment have demonstrated effectiveness
in ITP. Because of the numerous therapeutic options, individ-
ualization of therapy is possible. Platelet transfusions are used
only in the case of severe, life-threatening hemorrhage. Initial
therapy is usually with corticosteroids in a dosage equivalent
to 1 mg/kg per day of prednisone. If the platelet count does not
rise substantially within 2 to 3 weeks, splenectomy is usually
the next step. Splenectomy produces prolonged remissions in
two thirds of cases, with additional partial remission in 15%
of patients. Splenectomy also may be necessary in patients who
have responded to steroids but cannot be weaned from the drug
without the recurrence of thrombocytopenia. The 10% to 20%
of patients who fail to respond to splenectomy may benefit from
treatment with vincristine or immunosuppressive agents such
as cyclophosphamide. The anabolic steroid, danazol, when
given for periods of several months, also has been effective in
some cases of ITP. Large doses of intravenous gamma globu-
lin also may increase the platelet count in ITP, perhaps through
blockage of reticuloendothelial sites of platelet destruction. The
high cost of this therapy and the short duration of responses—
usually 2 to 3 weeks—limit its use to certain specific circum-
stances such as active bleeding or prior to surgery. Anti-D
therapy is effective only in Rh(D)+ patients and is not effec-
tive in splenectomized patients. Rituximab, a chimeric anti-
CD20 monoclonal antibody, has been shown to be effective in
chronic ITP (59). The overall goal in treating chronic/refractory
ITP is to maintain a safe platelet count, defined as greater
than about 10,000 to 20,000 cells/µ L, and minimal ther-
apy to minimize the morbidity and mortality associated with
treatment.

When ITP occurs during pregnancy, there is an additional
concern that the IgG autoantibody may cross the placenta and
produce thrombocytopenia in the fetus and newborn. The low-
est platelet count is usually seen several days after birth. The
current practice is to use standard obstetric management of
pregnancy and delivery. ITP should be differentiated from ges-
tational thrombocytopenia that occurs in about 5% of normal
women with uncomplicated pregnancies. The most important
clue to differentiating the two is a history of previous throm-
bocytopenia when the woman was not pregnant. Also, more
severe thrombocytopenia occurring before the third trimester
is more likely to be ITP.

Thromb ot ic Thromb ocyt op e nic Purp ura

Thrombotic thrombocytopenic purpura (TTP) and its closely
related disorders—hemolytic-uremic syndrome (HUS), throm-
botic microangiopathy (TMA), and peripartum HELLP
(hemolysis, elevated liver enzymes, and low platelets)
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syndrome—may be catastrophic and rapidly fatal. This dis-
ease entity was discussed in the first section of this chapter
in regard to microangiopathic hemolytic anemia. TTP was de-
fined by a pentad of abnormalities: thrombocytopenia from in-
creased platelet destruction; microangiopathic hemolytic ane-
mia caused by mechanical damage to red cells as a result of
the vascular lesions; neurologic abnormalities; renal abnormal-
ities; and fever. With the advent of curative plasma exchange in
the 1970s, the urgency to establish a diagnosis and start treat-
ment has resulted in using limited diagnostic criteria. Now only
thrombocytopenia and microangiopathic hemolytic anemia are
sufficient to begin plasmapheresis.

The clinical presentation is variable, but the thrombocy-
topenia and hemolytic anemia are often severe. A wide variety
of fluctuating neurologic abnormalities may be present, includ-
ing seizures, altered consciousness, delirium, and paresis. Renal
abnormalities may include uremia, hematuria, and proteinuria.
The reasons for fever are unclear.

The typical presentation for young children is to have a pro-
drome of bloody diarrhea caused by the Shiga toxin-producing
enterohemorrhagic strain of E. coli. The laboratory findings in
TTP are basically those related to the above features: thrombo-
cytopenia, hemolytic anemia with red cell fragmentation, and
renal dysfunction. Elevation of serum lactic acid dehydroge-
nase from intravascular hemolysis, and perhaps also damage
to other tissues, is an index of activity of the disease. Coagula-
tion tests are usually normal.

The basic pathogenic mechanism behind these syndromes
is most likely related to the vascular endothelial cells. A role
for ultralarge von Willebrand factor (vWF) multimers has been
identified and is linked to endothelial damage and the occur-
rence of disseminated platelet thrombi. Recently, a specific met-
alloprotease (ADAMTS13) that rapidly cleaves these multimers
has been identified (60,61). Deficiency of this metalloprotease
activity appears to be associated with many, but not all, TTP
cases (62).

Plasma exchange has dramatically changed TTP-HUS prog-
nosis and outcome. Plasma infusion is less effective in adults,
but it could be adequate in congenital TTP caused by
ADAMTS13 deficiency. The duration of plasma exchange is
unpredictable. Long durations, up to several months, may
be required in patients with repeated relapses. The efficacy
of additional treatments such as prednisone, platelet aggrega-
tion inhibitors, and splenectomy is unknown (see http://moon.
ouhsc.edu/jgeorge).

Alcoholism-associat e d Thromb ocyt op e nia

Platelet counts less than 100,000 cells/µ L are present in over
one fourth of critically ill alcoholic patients (63). There are
many possible causes for thrombocytopenia in such patients,
including hypersplenism and folic acid deficiency. However, it
is important to recognize that reversible severe thrombocytope-
nia may occur as a direct effect of alcohol ingestion in some
patients. Studies of the mechanism have demonstrated elements
of both decreased effective platelet production and shortened
platelet survival. Abnormalities of platelet function have been
noted as well. Recovery begins 2 to 3 days after cessation of
alcohol ingestion, and maximum platelet counts are reached in
1 to 3 weeks. There is often an overshoot to abnormally high
platelet counts, which then return to baseline levels. Therapy

consists of having the patient discontinue alcohol ingestion and
providing appropriate supportive measures.

Thromb ocyt op e nia Associat e d wit h
Bone Marrow Disord e rs

Severe thrombocytopenia from impaired platelet production
is a frequent concomitant of bone marrow disorders, such as
aplastic anemia, leukemia, or other malignancies metastatic to
the bone marrow, as well as cytotoxic chemotherapy of such
disorders. Treatment is directed at the underlying disease.

INCREASED BLOOD COUNTS

Eryt hrocyt osis

Erythrocytosis, defined as an abnormally increased red cell
mass, may require critical care due to complications of blood
hyperviscosity or because of hemorrhagic or thromboembolic
complications that threaten some of these patients. The initial
clue to the presence of erythrocytosis is usually a high value
for hematocrit or hemoglobin concentration. Such values may
be present without true erythrocytosis—that is to say, in the
presence of a normal red cell mass—if the plasma volume is
contracted. This circumstance is usually apparent, although it
is often advisable to quantify the red cell mass (RCM) by direct
measurement using radioisotopic red cell labels. The RCM is
usually increased when the hematocrit is above 60% in a man
or 57% in a woman.

True erythrocytosis results from one of two general mecha-
nisms:

1. Polycythemia vera (PV) is a clonal abnormality of bone mar-
row stem cells resulting in autonomous overproduction of
red cells and often of granulocytes and platelets.

2. Secondary erythrocytosis results from excess erythropoietin
production in response to hypoxemia, abnormalities of oxy-
gen release from hemoglobin, or autonomous hormone pro-
duction (e.g., by renal or other tumors).

When the RCM is expanded and the hematocrit increased,
blood viscosity is increased, and diminished blood flow, sta-
sis, thrombosis, and tissue hypoxia may ensue. On the other
hand, hemorrhagic tendency is also increased, particularly in
PV, where elevated platelet counts and abnormalities of platelet
function may also be present.

Polycyt he mia Ve ra
Criteria for the diagnosis of PV have been modified multiple
times since the first criteria were published by Modan and
Lilienfeld (64) in 1965; modified diagnostic criteria are shown
in Table 173.4 (65). The detection by PCR of Janus kinase 2
(JAK2) tyrosine kinase in up to 97% of patients with PV in-
creases the sensitivity and specificity of early diagnosis. The
JAK2 V617F point mutation makes hematopoietic progeni-
tors hypersensitive to the different growth factors, resulting
in proliferation of all lineages (66). Risks in uncontrolled PV
are primarily hyperviscosity and thromboembolic or hemor-
rhagic events. Patients at highest risk are those whose disease
has shown particularly active cell proliferation requiring exten-
sive therapy, those with a prior history of complications, and
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TA BLE 1 7 3 . 4

PROPOSED MODIFIED CRITERIA FOR THE
DIAGNOSIS OF POLYCYTHEMIA VERA (PV)

A1 Raised red cell mass
Greater than 25% above mean normal predicted value, or a

hematocrit value greater than 60% in males or 56% in
females

A2 Absence of causes of secondary erythrocytosis
A3 Palpable splenomegaly
A4 Clonality marker, i.e., acquired abnormal marrow

karyotype
B1 Thrombocytosis

Platelet count greater than 400 × 103 cells/µ L
B2 Neutrophil leukocytosis

Neutrophil count greater than 10 × 103 cells/µ L, or greater
than 12.5 × 103 cells/µ L in smokers

B3 Splenomegaly demonstrated on isotope or ultrasound
scanning

B4 Characteristic BFU-E growth or reduced serum
erythropoietin

A1 + A2 + A3 or A4 establishes PV
A1 + A2 + two of B establishes PV

BFU-E, erythroid burst-forming units.
Adapted from Pearson TC, Messinezy M, Westwood N, et al. A
Polycythemia Vera updated: diagnosis, pathobiology, and treatment.
Hematology Am Soc Hematol Educ Program . 2000;51.

the elderly. The level of the hematocrit or platelet count is not
a reliable predictor. Symptoms resulting from decreased cere-
bral flow, such as headache, dizziness, and changes in vision
are the most common manifestations of hyperviscosity. Hem-
orrhage or thrombosis can affect almost any body part. Peptic
ulcer disease with bleeding is common. Thromboses may be
arterial or venous. Fatigue, plethora, pruritus particularly with
hot bath, excessive sweating, paresthesias (erythromelalgia),
fullness in the left upper abdomen (splenomegaly), and short-
ness of breath are also some manifestations of PV. Surgery
poses an enormous risk in the patient with uncontrolled PV
because of a high incidence of thrombotic or hemorrhagic
complications.

Patients with uncontrolled PV may present as medical emer-
gencies requiring ICU care and urgent therapy. The mainstay of
such therapy is phlebotomy to reduce hematocrit to less than
45% . This may be done as rapidly as 1 unit of blood every
other day in young adults. Electrolyte solutions or plasma ex-
panders should be administered with phlebotomy, as necessary,
to avoid circulatory instability from sudden changes in blood
volume. Elderly patients may tolerate phlebotomy less well, so
that removal of volumes of 200 to 300 mL at less frequent in-
tervals may be necessary. Because of the clinical observations of
increased thrombosis with aggressive phlebotomy, the simulta-
neous use of cytotoxic chemotherapy is recommended as part
of the initial therapy of patients older than 60 years of age, as
well as in younger patients with thrombotic risk factors or a
history of thrombosis. Hydroxyurea is often used for this pur-
pose in an initial dose of 15 to 30 mg/kg per day. Long-term
treatment with hydroxyurea may be linked with increased risk
of transformation to acute leukemia. Emergency plateletphere-
sis may also be considered in such emergencies to lower an
elevated platelet count.

Other treatment options include low-dose aspirin (81 mg/
day), interferon-α , and anagrelide; these may be used to-
gether with phlebotomy as needed. In general, patients with
PV should avoid practices and habits that augment hypercoag-
ulability such as smoking, use of oral contraceptives, or hor-
mone replacement therapy. Aggressive antithrombotic prophy-
laxis should be given postoperatively in addition to maintaining
normal hematocrit and platelet counts.

Se cond ary Eryt hrocyt osis or Polycyt he mia
The diagnosis of secondary erythrocytosis is made in a patient
with an increased RCM in whom the criteria for PV are not met.
These patients could either have physiologically appropriate
increased RCM (for example, secondary to tissue hypoxemia)
or inappropriately increased RCM (for example, secondary to
increased erythropoietin production). Additional studies are
needed to differentiate the diverse causes of polycythemia. In-
dications for phlebotomy in secondary erythrocytosis are less
clear than in PV. The best current advice is to individualize
therapy so as to maximize the patient’s exercise tolerance and
overall sense of well-being.

Thromb ocyt osis

With the availability of a platelet count as part of a routine
blood count, an elevated platelet count, or thrombocytosis,
has become an important clinical problem in hospitalized pa-
tients. Unlike thrombocytopenia, the literature dealing with
thrombocytosis in ICU patients is very scant. Furthermore, un-
like thrombocytopenia, the presence of thrombocytosis pre-
dicts a favorable outcome in ICU patients, whereas a blunted
rise in platelet count may be associated with worse outcome.
Thrombocytosis in hospitalized patients is classified according
to its origin into primary (or clonal) and secondary (or reactive)
forms. Primary thrombocytosis refers to a persistent elevation
of platelet count due to clonal thrombopoiesis, as it occurs
in myeloproliferative disorders including essential thrombo-
cythemia (ET), PV, myelodysplastic syndrome, chronic myel-
ogenous leukemia, and myelofibrosis. Secondary thrombocyto-
sis is due to various conditions, some of them short-lived, such
as acute bleeding, infection, trauma or other tissue injury, and
surgery; other causes, such as malignancy, post splenectomy,
chronic infection, iron deficiency, or chronic inflammatory dis-
ease may persist for a longer time. Multiple studies have been
conducted on adult and pediatric hospitalized patients (67–71)
with an elevated platelet count (more than 500 × 103 cells/µ L),
and the main conclusions suggest that whereas most patients
have secondary thrombocytosis, a higher platelet count and
increased thromboembolic complications are significantly as-
sociated with primary thrombocytosis. In one study, even when
using greater than or equal to 1,000 × 103 cells/µ L as the ba-
sis for defining extreme thrombocytosis, 82% of 231 patients
analyzed were found to have an elevated platelet count due to
reactive (secondary) thrombocytosis (72). In this study, the risk
of bleeding and/or thrombosis was 56% in primary thrombo-
cytosis, but only 4% in the secondary type. Unless additional
risk factors are present, secondary thrombocytosis is not asso-
ciated with an increased risk of thromboembolic events.

The treatment for primary thrombocytosis, such as ET,
is based on risks for thrombosis or bleeding in the pres-
ence of vasomotor symptoms. Patients at increased risk—age
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older than 60 years, history of thromboembolism, a platelet
count greater than 1,500,000 cells/µ L—should receive platelet-
lowering agents such as hydroxyurea, anagrelide, or interferon-
α (IFN-α). Low-dose aspirin can be used for the relief of va-
somotor symptoms, but if there is no relief, platelet-lowering
agents should be added. Hydroxyurea is the recommended
drug in patients 60 years of age or older, whereas IFN-α is
the cytoreductive agent of choice for childbearing women. The
aim should be to lower the platelet count to less than 400,000
cells/µ L. Arterial or venous thrombosis should be treated with
heparin and, possibly, thrombolysis in some arterial events;
plateletpheresis may be indicated in both types of events. Low-
dose aspirin may be useful in arterial thrombosis. In hemor-
rhage, it is appropriate to stop antiplatelet agents and transfuse
platelets if the bleeding is persistent. Some patients with uncon-
trolled thrombocytosis (greater than 1,500,000 cells/µ L)˙were
found to have an acquired defect of von Willebrand factor,
which contributes to the risk of bleeding. Thus, DDAVP, cryo-
precipitate, or factor VIII concentrate may be indicated to treat
hemorrhage in these patients.

Le ukocyt osis

As in thrombocytosis, leukocytosis can be due to primary bone
marrow disorders or secondary disorders in response to acute
infection or inflammation. Secondary leukocytosis is physi-
ologic and transient, resolving after treating the underlying
cause. Leukemoid reaction refers to a persistent leukocytosis
of more than 50,000 cells/µ L, with shift to the left. The ma-
jor causes for such a reaction include severe infections, severe
hemorrhage, acute hemolysis, hypersensitivity, and malignan-
cies (paraneoplastic syndrome).

hyperleukocytosis syndrome. This occurs in leukemic states
when the white blood cell count is high. Signs and symptoms
are most commonly related to the central nervous system, eyes,
and lungs. They include stupor, altered mentation, dizziness, vi-
sual blurring, retinal abnormalities, dyspnea, tachypnea, and
hypoxia. Intracranial and pulmonary infarction or hemorrhage
and sudden death may occur. Priapism and peripheral vas-
cular insufficiency have also been linked with the syndrome.
Although the pathogenesis is incompletely understood, autop-
sies have shown white cell aggregates, microthrombi, and mi-
crovascular invasion (leukostatic tumors) (73). The syndrome
occurs more commonly in acute (AML) and chronic myeloge-
nous leukemia (CML) than in acute lymphoblastic leukemia,
and occurs rarely, if ever, in chronic lymphocytic leukemia.
The level of the white blood cell count at which the syndrome
appears is variable, depending perhaps on the maturity and
size of the white blood cells present and the degree of coex-
isting anemia. A white count exceeding 100,000 cells/µ L in
acute myelogenous leukemia or the accelerated phase of CML
is usually an alarming sign and an indication for prompt treat-
ment. If there are signs or symptoms attributable to the hy-
perleukocytosis syndrome, then leukopheresis is indicated to
rapidly and safely decrease the white count. At the same time,
chemotherapy should be initiated, and treatment with allopuri-
nol and intravenous hydration with urine alkalinization should
be started in anticipation of the hyperuricemia. Hydroxyurea
(6 g by mouth) is frequently used initially to produce rapid
leukemic cell kill.

OTHER HEMATOLOGIC
DISORDERS

Plasma Ce ll Dyscrasias

The presenting symptoms for these malignant disorders may
include severe infection, spinal cord compression, or hypervis-
cosity syndrome that can lead to admission to the ICU. To-
tal serum protein will be abnormally high on routine chem-
istry blood test. Subsequent evaluation will reveal monoclonal
gammopathy of IgM in Waldenstrom macroglobulinemia or
IgG/IgA in multiple myeloma. Hyperviscosity syndrome is rare
and less frequent when IgG or IgA, respectively, are the abnor-
mal proteins. The most common manifestations of the hyper-
viscosity syndrome are neurologic and include headache, vi-
sual disturbances, hearing loss, vertigo, altered consciousness
(ranging from stupor to coma), paresis, seizures, and periph-
eral neuropathy. A bleeding tendency may exist because of the
associated thrombocytopenia or interference by the abnormal
protein with the function of platelets or plasma coagulation
factors. The most rapidly effective form of therapy for hyper-
viscosity from serum protein abnormalities is plasmapheresis.
At the same time, hydration and specific therapy for the under-
lying disease should be started.

STEM CELL TRANSPLANTATION
Patients after stem cell transplantation (SCT)—mainly
allogeneic—constitute a large proportion of those with hema-
tologic disorders who are admitted to the ICU. These patients
are usually admitted with respiratory distress requiring me-
chanical ventilation, multiorgan failure, or septic shock, and
have the highest mortality among cancer patients admitted to
the ICU (74). Because of the generally poor outcome, especially
for patients requiring mechanical ventilation, the utility of such
support has been questioned (75,76). It is generally accepted
that patients admitted to the ICU during the engraftment pe-
riod should be fully supported because of better outcome (77).
These patients may have the engraftment syndrome, which can
result in cytokine-induced capillary leak syndrome with multi-
organ failure or alveolar hemorrhage; early high-dose steroids
can dramatically reverse the downhill course. These patients
should also undergo bronchoscopy to rule out infection while
receiving the steroid therapy. Early intervention and transfer
to ICU in septic shock will result in improved outcome. Af-
ter autologous SCT, patients usually have better survival in the
ICU than after allogeneic SCT, even those requiring mechanical
ventilation.

Admission to the surgical ICU is less frequent for patients af-
ter SCT, but some of the most frequent reasons include intesti-
nal perforation and intracranial bleeding. This topic is dealt
with in more detail elsewhere in this text.

SUMMARY
Benign and malignant hematologic disorders are frequently
encountered in patients admitted to the intensive care units.
Some of these disorders develop while patients are in the
ICU for other reasons, such as anemia, HIT, TTP, and other
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drug-induced cytopenias. Other disorders are the primary rea-
son for admission to the ICU and include neutropenic fever
and septic shock, respiratory distress, serious life-threatening
bleeding, and other disease-specific and chemotherapy-related
complications. Familiarity with these problems and the early
involvement of the hematology service in the evaluation and
treatment of these specific entities are essential for better out-
come and improved survival.
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CHAPTER 174 ■ ONCOLOGIC EMERGENCIES
S. ANJANI D. MATTAI r JEFFREY S. GROEGER

Cancer is the second leading cause of death in the United States,
surpassed only by heart disease. Approximately one million
new cases of squamous and basal skin cancers and 1,445,000
new cases of all other cancers (excluding carcinoma in situ, with
the exception of in situ bladder carcinoma) are likely to be di-
agnosed this year. When adjusted for normal life expectancy, a
5-year relative survival rate of 66% has been calculated for all
cancers diagnosed between the period of 1996 and 2002, com-
pared to 51% between 1975 and 1977 (1). New chemother-
apeutic regimens, stereotactic radiosurgery (2), hematopoietic
stem cell transplantation, including cord transplantation (3),
and the expansion of biologic therapy with monoclonal an-
tibodies (4) offer hope but may lead to complications rarely
seen in the nononcologic patient. It is beyond the scope of this
chapter to discuss all aspects of cancer that warrant admission
to an intensive care unit, and such topics as infection in the
immunocompromised host, shock, coagulation abnormalities,
and multisystem organ failure are discussed elsewhere in this
book. Herein, we focus on clinical conditions that arise either
as a direct result of a neoplasm or antineoplastic therapies.

HYPERCALCEMIA
Hypercalcemia is the most common of the paraneoplastic
syndromes, developing in 10% to 30% of all patients with
malignancy at some time during their disease course (5–7).
Breast cancer, lung cancer, and multiple myeloma represent
the most common malignancies associated with hypercalcemia

(5). The presence of hypercalcemia in a patient with cancer
portends an extremely poor prognosis, particularly when ele-
vated parathyroid hormone-related protein (PTHrP) levels are
detected (8,9); approximately 50% of cancer patients with hy-
percalcemia will die within 30 days (10).

Pat hop hysio log y

Hypercalcemia of malignancy results from increased bone re-
sorption and subsequent release of calcium from bone into the
extracellular fluid (11). Classification is based on the mecha-
nism by which the elevated calcium is generated, of which there
are four recognized types:

1. Humoral hypercalcemia of malignancy (HHM)
2. Local osteolytic hypercalcemia
3. Tumor production of the active form of vitamin D
4. Ectopic parathyroid hormone (PTH) secretion (5)

Humoral Hyp e rcalce mia of Malig nancy (HHM)
This is the most common cause of cancer-induced hypercal-
cemia, seen in 80% of cases (7,12). The mechanism is medi-
ated by parathyroid hormone-related protein (PTHrP), which
is secreted into the systemic circulation by malignant tumors
(12)—most frequently squamous cell carcinoma, renal cell car-
cinoma, ovarian and endometrial carcinomas, human T-cell
lymphoma/leukemia virus (HTLV)-associated lymphomas, and
breast carcinoma (5). Normally, PTHrP is expressed in many
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nonneoplastic adult and fetal tissues where it is involved in
cell growth and differentiation but is not systemically secreted
in significantly detectable levels. Because of its structural ho-
mology with parathyroid hormone at the amino terminal end,
humoral PTHrP binds to PTH receptors in bone and kidney,
causing an increase in bone resorption and distal tubular cal-
cium resorption (5,13).

Local Ost e olyt ic Hyp e rcalce mia
Seen in about 20% of cases of malignant hypercalcemia, this
form occurs when tumor cells present in bone metastases in-
duce osteoclastic bone resorption by secreting cytokines—for
example, tumor necrosis factor, interleukin-1, interleukin-6,
macrophage inflammatory protein, and lymphotoxin—which,
in turn, stimulate local macrophages within the tumor to differ-
entiate into osteoclasts. Local osteolytic hypercalcemia occurs
frequently in breast cancer, non–small cell lung cancer, and
multiple myeloma (9).

Tumor Prod uct ion of t he Act ive Form
of 1,25-d e hyd roxyvit amin D

Occurring in less than 1% of cases, this entity is seen in some
lymphomas. The hypercalcemia is mediated by enhancement
of both osteoclastic bone resorption and intestinal resorption
of calcium.

Ect op ic Parat hyro id Hormone (PTH) Se cre t ion
The final mechanism of hypercalcemia of malignancy is ectopic
PTH secretion, which has been adequately described in only
eight patients (5).

Diffe re nt ial Diag nosis

Malignancies and primary hyperparathyroidism account for
approximately 90% of all cases of hypercalcemia and may co-
exist in the critically ill cancer patient (14). Among hospitalized
patients, neoplastic disease is the most common cause, account-
ing for more than 65% of cases (15,16). Renal failure, thyro-
toxicosis, granulomatous diseases such as sarcoid and tuber-
culosis, adrenal insufficiency, immobilization, vitamin A or D
intoxication, milk alkali syndrome, familial hypocalciuric
hypercalcemia, and medications such as thiazide diuretics,
lithium, estrogens, and tamoxifen are also included in the dif-
ferential diagnosis of hypercalcemia (16,17).

Clinical Pre se nt at ion

There are multiple symptoms of hypercalcemia (Table 174.1),
which are nonspecific and often attributed to coexisting chronic
or terminal illness (9). In general, the symptoms correlate
with the absolute concentration and the rapidity in rise of the
serum calcium (18). Neurologic, gastrointestinal, renal, car-
diac, and bone-related manifestations may be present. Neuro-
logic symptoms may be mild at lower serum calcium levels or
when the hypercalcemia has developed slowly. Mild drowsi-
ness or fatigue may progress to weakness, lethargy, stupor,
and eventually coma in hypercalcemic crisis or in acutely rising
hypercalcemia (11). Psychotic behavior, visual and speech ab-
normalities, hypotonia, and occasionally localizing signs on
neurologic exam, often thought to be secondary to metastatic

TA BLE 1 7 4 . 1

CLINICAL MANIFESTATIONS IN HYPERCALCEMIA

NEUROLOGIC
Drowsiness, weakness, lethargy
Stupor, coma
Psychosis
Visual and speech impairment
Focal neurologic deficits

GASTROINTESTINAL
Anorexia
Nausea, vomiting
Constipation
Abdominal pain
Peptic ulcer disease
Pancreatitis

RENAL
Nephrogenic diabetes insipidus
Acute renal failure

CARDIAC
PR interval prolongation
QRS complex widening
QT interval shortening
T wave changes
Bradyarrhythmias
Bundle branch block
AV nodal block
Cardiac arrest

BONE
Pain
Pathologic fractures

Data from Stewart AF. Hypercalcemia associated with cancer. N Engl
J Med. 2005;352:373; Halfdanarson TR, Hogan WJ, Moynihan TJ.
Oncological emergencies: diagnosis and treatment. Mayo Clin Proc.
2006;81(6):835; Hypercalcemia. CancerMail from the N ational
Cancer Institute. http://cancerweb.ncl.ac.uk. Accessed December 11,
2006; Germano T. The parathyroid gland and calcium-related
emergencies. Top Emerg Med. 2001;23(4):51; Bushinsky DA, Monk
RD. Calcium. Lancet. 1998;352:306; Cogan MG, Covey GM, Arieff
AL, et al. Central nervous system manifestations of
hyperparathyroidism. Am J Med. 1978;65:963; 2005 American Heart
Association Guidelines for Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care. Circulation. 2005;112(24
Suppl):IV1–121; and Berensen JR. Treatment of hypercalcemeia with
bisphosphonates. Semin O ncol. 2002:29(6 Suppl 21):12.

disease, may be exhibited, and may resolve with therapy that
lowers serum calcium (16,19). In older patients, neurologic
dysfunction may be more pronounced even at lower concen-
trations of serum calcium (5).

Gastrointestinal symptoms are related to smooth muscle
hypotonicity and include anorexia, nausea, vomiting, consti-
pation, and abdominal pain (11). Infrequently, hypercalcemia
may present as peptic ulcer disease (18) and pancreatitis (20).

Renal manifestations result from the impairment of re-
nal water-concentrating ability because antidiuretic hormone
(ADH) secretion is inhibited by hypercalcemia. Subsequent de-
hydration decreases the glomerular filtration rate and reduces
renal excretion of excess serum calcium. To expand the extra-
cellular volume, compensatory proximal tubular resorption of
sodium and calcium occurs, leading to a paradoxical increase in
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serum calcium (21). Frank renal failure may ensue, particularly
in the patient with multiple myeloma (11). In contradistinction
to primary hyperparathyroidism, hypercalcemia of malignancy
is rarely associated with nephrolithiasis and nephrocalcinosis,
because hypercalciuria must be chronic for these renal mani-
festations to occur (11,14).

Cardiovascular symptoms of hypercalcemia are marked by
increased myocardial contractility and irritability (11). Elec-
trocardiographic changes include a PR-interval prolongation,
QRS-complex widening, QT-interval shortening, and T-wave
changes (16). At increasing serum calcium levels, patients may
experience bradyarrhythmias and bundle branch block, with
progression to AV nodal block and cardiac arrest at serum con-
centrations of 18 mg/dL (11).

Finally, the bone symptoms of hypercalcemia, which include
pathologic fractures and pain, can be attributed to osteolytic
metastases or humorally mediated bone resorption (11).

Diag nosis

Calcium is present in the extracellular fluid (ECF) in three frac-
tions: (i) 50% is the ionized free fraction, (ii) 40% is protein
bound (primarily to albumin) and is not renally filtered, and
(iii) 10% is complexed to anions (18). Hypercalcemia is di-
agnosed by measuring the ionized calcium level, as this is the
biologically active level that correlates with the signs and symp-
toms of hypercalcemia. Except in the presence of hypoalbu-
minemia, the ionized calcium level can be inferred from the
total plasma calcium. In cancer patients, hypoalbuminemia is
common, and the total plasma calcium must be corrected to
reflect the calcium level that would have been measured as if
the albumin were in the normal range. In general, for each
1 g/dL decrease in serum albumin, there is a 0.8 mg/dL decrease
in serum calcium. This method of calculation is inaccurate in
the presence of calcium-binding immunoglobulins, as seen in
multiple myeloma. This circumstance warrants measurement
of the ionized calcium level because the total serum calcium
level may significantly overestimate the ionized fraction (11).
Although ionized calcium concentrations increase with acidosis
and decrease with alkalosis, these changes are relatively small
and do not lead to clinically significant events (22).

Once the diagnosis of hypercalcemia is confirmed by obtain-
ing corrected calcium levels, measurement of the intact PTH
level—suppressed in hypercalcemia of malignancy and elevated
in primary hyperparathyroidism—is often necessary to differ-
entiate among the mechanisms of hypercalcemia. PTH lowers
serum phosphate and increases serum chloride concentrations
(14). A low serum chloride (less than 100 mEq/L) suggests hy-
percalcemia of malignancy, whereas elevation of serum chlo-
ride is caused by hyperchloremic acidosis resulting from PTH-
induced renal bicarbonate loss seen in hyperparathyroidism
(9). Ectopic hyperparathyroidism is an extremely rare cause
of malignant hypercalcemia, and elevations in PTH levels are
more likely to indicate concomitant primary hyperparathy-
roidism in cancer patients with hypercalcemia (21). In con-
trast to PTH level measurement, determination of the serum
PTHrP concentration is not routine. However, it may be useful
in identifying the mechanism of hypercalcemia. For example,
PTHrP levels are low in patients with primary hyperparathy-
roidism but high in patients with either HHM alone or con-
comitant primary hyperparathyroidism and malignant hyper-

calcemia (12,23). PTHrP has also been used in evaluating the
response to bisphosphonate therapy; patients with PTHrP lev-
els above 12 pmol/L were reported to be less responsive to
pamidronate and more likely to develop recurrent hypercal-
cemia within 14 days (24).

Tre at me nt

The only effective long-term means of reversing malignancy-
associated hypercalcemia is reduction in tumor burden (Table
174.2); antihypercalcemic therapy is a temporizing measure
that does not affect survival (5). The aggressiveness of the ther-
apeutic approach depends on the potential for palliation and
cure. When all antitumor strategies have failed, or in patients
who do not wish to pursue further treatment of their cancer, an
ethical, humane, and appropriate approach may involve with-
holding antihypercalcemic treatment (5,9). Stewart (5) has clas-
sified hypercalcemia based on serum calcium levels into mild
hypercalcemia (10.5–11.9 mg/dL), moderate hypercalcemia
(12.0–13.9 mg/dL), and severe hypercalcemia (14.0 mg/dL or
greater) as a guide to therapeutic interventions. In addition to
the magnitude of hypercalcemia, the severity of symptoms and
the cause of hypercalcemia are other important factors in for-
mulating an appropriate treatment strategy. In general, severe
hypercalcemia requires emergent, aggressive treatment in the
presence or absence of symptoms, whereas interventions in
mild to moderate hypercalcemia are contingent on the severity
of the symptoms. Prior to initiating therapy, the clinician should
assess the patient for correctable factors that may contribute to
hypercalcemia. Exogenous sources of calcium such as calcium-
containing intravenous fluids, parenteral nutrition, and oral
calcium supplements should be removed. In addition, thiazide
diuretics, vitamins A and D, calcitriol, lithium, and estrogens
or antiestrogens used as therapy for breast carcinoma should
be discontinued (11). Immobilization is a well-established
cause of hypercalcemia, and weight-bearing ambulation is
recommended whenever possible (25). Finally, in the presence
of hypophosphatemia, hypercalcemia becomes more difficult
to treat. Hypophosphatemia is frequently observed in cancer
patients for multiple reasons including poor nutrition, saline
diuresis, PTHrP effects, use of antacids and loop diuretics,
and hypercalcemia itself. Oral or nasogastric phosphate
supplementation should be administered to keep the calcium-
phosphate product between 30 and 40. Intravenous phospho-
rous replacement may precipitate hypocalcemia, seizures, and
acute renal failure, and is reserved for patients in whom oral
or nasogastric administration cannot be performed (5).

Fluid s and Diure t ics
The initial intervention in the treatment of hypercalcemia is
the administration of isotonic saline at a rate of 200 to 500
mL/hour based on the degree of hypovolemia and renal and car-
diovascular dysfunction (5). Once the fluid deficit is replaced,
the infusion rate should be decreased to 100 to 200 mL/hour
in patients without cardiac or renal impairment (20). The pa-
tient must be carefully monitored to prevent fluid overload.
Saline hydration reduces serum calcium level by increasing the
glomerular filtration rate and increasing calcium delivery to the
proximal tubule where urinary calcium excretion is augmented
by the calciuric effects of saline (5).
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TA BLE 1 7 4 . 2

TREATMENT OF HYPERCALCEMIA OF MALIGNANCY

DEFINITIVE TREATMENT
Antitumor therapy to reduce tumor burden

INITIAL TREATMENT
Removal of exogenous calcium sources:

Intravenous fluids parenteral nutrition, oral calcium supplements, thiazide diuretics,
vitamins A and D, calcitriol, lithium, estrogens, antiestrogens

Weight-bearing ambulation
Phosphate repletion
Fluids and diuresis

Saline hydration
Loop diuretics Judicious use in euvolemic or hypervolemic patients; now less

favorable because of hypokalemia, hypomagnesemia, volume
depletion

PHARMACOLOGIC TREATMENT
Bisphosphonate therapy

Principal agents in hypercalcemic treatment
Zoledronate 15-min infusion
Pamidronate 2-h infusion

Bisphosphonate adverse effects: Acute and chronic renal failure,
fever arthralgias, ocular inflammation, electrolyte imbalance,
osteonecrosis of the jaw

O ther Agents
Calcitonin Useful in congestive heart failure or renal failure
Glucocorticoids Used in lymphomas with elevated levels of 1, 25-vitamin D
Mithramycin Use limited by adverse effects: Thrombocytopenia, anemia,

leukopenia, renal failure
Gallium nitrate Use limited by 5-day continuous infusion, nephrotoxicity

DIALYSIS
For patients with renal failure or congestive heart failure

Data from Stewart AF. Hypercalcemia associated with cancer. N Engl J Med. 2005;352:373; Halfdanarson
TR, Hogan WJ, Moynihan TJ. Oncological emergencies: diagnosis and treatment. Mayo Clin Proc.
2006;81(6):835; Hypercalcemia. CancerMail from the N ational Cancer Institute.
http://cancerweb.ncl.ac.uk. Accessed December 11, 2006; Germano T. The parathyroid gland and
calcium-related emergencies. Topics in Emerg Med. 2001;23(4):51; Bushinsky DA, Monk RD. Calcium.
Lancet 1998;352:306; Cheng C, Chou C, Lin S. An unrecognized cause of recurrent hypercalcemia:
immobilization. South Med J. 2006;99(4):371; Body JJ. Hypercalcemia of malignancy. Semin N ephrol.
2004;24:48; Berenson JR, Lipton A. Bisphosphonates in the treatment of malignant bone disease. Annu Rev
Med. 1999;50:237; and Tanveyanon T, Stiff PJ. Management of the adverse effects associated with
intravenous bisphosphonates. Ann O ncol. 2006;(17):897.

Loop diuretics inhibit calcium reabsorption at the loop
of Henle, and, hence, also increase calciuresis. These agents
should be used judiciously and only after euvolemia is achieved
in hypovolemic patients or in patients who present with vol-
ume overload (5,9,16). Because of ensuing complications such
as hypokalemia, hypomagnesemia, and volume depletion, and
because of the availability of bisphosphonates, loop diuretics
are used less favorably in clinical practice (26).

Bisp hosp honat e The rap y
Bisphosphonates inhibit osteoclastic bone resorption and are
the principal agents used in the management of hypercalcemia
of malignancy (27). When compared to saline and diuretics
alone, and other antiresorptive agents including calcitonin, bis-
phosphonates are superior in treating hypercalcemia of malig-
nancy (5). Because only 1% to 2% of oral bisphosphonates
are absorbed, these drugs are administered intravenously (7).
Pamidronate, and zoledronate are the most commonly used bis-
phosphonates, and are the two agents that have been approved

by the Food and Drug Administration (FDA) for the treat-
ment of hypercalcemia of malignancy. Clodronate and iban-
dronate are available in Europe and other countries. Patients
respond to bisphosphonate therapy within 2 to 4 days, with
a nadir in serum calcium occurring within 4 to 7 days; nor-
mocalcemia may persist for 2 to 4 weeks (5,18). Compared
to pamidronate, zoledronate is 850 times more potent and
is more efficacious, although this increased efficacy is of un-
clear clinical significance (9,28). In a pooled analysis of two
randomized controlled trials comparing a single 4-mg dose of
zoledronic acid to a 90-mg dose of pamidronate, serum calcium
concentrations normalized within 10 days in 88% versus 70%
of patients, respectively, and the duration of response was 32
days versus 18 days, respectively, within the two groups (28).
Although pamidronate may be the less expensive of the two
agents, zoledronate can be administered over a shorter interval
of 15 minutes, making it advantageous in the outpatient setting;
pamidronate requires a 2-hour infusion. Both zoledronate and
pamidronate have been associated with acute and chronic renal
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failure, with more adverse events reported with zoledronate.
Dose reduction of zoledronate is recommended in patients with
a creatinine clearance between 30 and 60 mL/minute; however,
the American Society of Clinical Oncology does not recom-
mend changing the dose or infusion rate of pamidronate in
patients with a serum creatinine of less than 3 mg/dL (5,29).
Other complications of bisphosphonates include acute systemic
inflammatory reactions such as fever and arthralgias, as well as
ocular inflammation, electrolyte imbalance, and osteonecrosis
of the jaw (29).

Ot he r Ag e nt s
Calcitonin is a well-tolerated synthetic polypeptide analogue of
salmon calcitonin, which reduces serum calcium levels by in-
hibiting bone resorption. When administered subcutaneously
or intramuscularly, it produces a rapid but transient decrease
in serum calcium levels within 12 to 24 hours (5,9). This agent
is useful in patients with congestive heart failure or renal fail-
ure where saline, diuresis, and bisphosphonates may be con-
traindicated. Tachyphylaxis may occur with continued use (7).
Glucocorticoids are effective in decreasing serum calcium in hy-
percalcemia of malignancy associated with some lymphomas,
particularly Hodgkin lymphoma. Elevated levels of 1,25-
vitamin D are present in Hodgkin’s lymphoma (7); glucocorti-
coids, in addition to increasing renal calcium excretion, block
vitamin D–mediated calcium absorption in the gastrointestinal
tract (11). These agents have limited utility in the acute setting
because a reduction in serum calcium may not be observed
for 1 to 2 weeks (11). Mithramycin, an inhibitor of osteoclast
RNA synthesis and formerly a first-line hypocalcemic agent,
has serious adverse effects including thrombocytopenia, ane-
mia, leukopenia, and renal failure (5). Gallium nitrate has the
disadvantage of requiring continuous infusion over 5 days and
has potential nephrotoxicity. Finally, dialysis may be used to
treat patients with hypercalcemia complicated by renal failure
or congestive heart failure (5,18).

ACUTE TUMOR LYSIS SYNDROME

Definit ion

Acute tumor lysis syndrome (ATLS) occurs as a consequence
of the rapid and massive destruction of tumor cells resulting in
the release of intracellular metabolites into the circulation in
quantities sufficient to exceed renal excretory capacity (30,31).
The four biochemical disturbances generated by this process
that characterize the syndrome are life threatening (32):

1. Hyperkalemia
2. Hyperphosphatemia
3. Hypocalcemia
4. Hyperuricemia

These metabolic abnormalities have widespread adverse ef-
fects on the cardiac, musculoskeletal, nervous, and renal sys-
tems.

Acute tumor lysis syndrome is most frequently observed
after the administration of cytotoxic chemotherapy in pa-
tients with high-grade hematologic malignancies—classically,
Burkitt’s lymphoma and acute lymphocytic leukemia (ALL)
(7,33,34). The incidence of clinically significant ATLS in non-
Hodgkin’s lymphoma and ALL has been reported as 6%
(35) and 5.2% (7), respectively. Metabolic derangements in

these patients may develop within a few hours to a few days
after initiating chemotherapy (7,36). Other malignancies in
which ATLS has been described include chronic leukemia,
low-grade lymphoma, and, rarely, multiple solid tumors
such as metastatic breast carcinoma, lung carcinoma, semi-
noma, thymoma, medulloblastoma, ovarian carcinoma, rhab-
domyosarcoma, melanoma, vulvar carcinoma, and Merkel cell
carcinoma (31). The syndrome can also occur after radia-
tion therapy, immunotherapy (rituximab and interferon), and
endocrine therapy (corticosteroids and tamoxifen) (7,31,33).
Spontaneous tumor lysis syndrome (STLS) is a rare entity that
develops primarily in Burkitt’s lymphoma and leukemia in the
absence of any treatment. The increased purine metabolism
from high tumor cell turnover rates in these malignancies
leads to hyperuricemia and consequent uric acid nephropathy
(37,38). Prompt recognition of STLS is essential because it is
associated with poor outcomes and high mortality rates (38).
Predisposing factors for developing ATLS include large tumor
burdens (33), bulky lymphadenopathy (7), extensive bone mar-
row involvement (33), rapid tumor cell proliferation, leuko-
cytosis (more than 50 × 103 cells/µ L) (31), elevated lactate
dehydrogenase (LDH) (more than 1,500 IU) (33), and high tu-
mor chemosensitivity (7,32). Pretreatment hyperuricemia, re-
nal dysfunction, and hypovolemia, as well as treatment with
nephrotoxic agents, also confer an increased risk of ATLS (31).

Pat hop hysio log y

Rapid dissolution of cells with aggressive cytotoxic therapy
results in an increase in plasma uric acid, potassium, and
phosphorus levels. The hyperphosphatemia, in turn, precipi-
tates secondary hypocalcemia. Hyperkalemia occurs 6 to 72
hours after the administration of chemotherapy (36). Associ-
ated manifestations include lethargy, nausea, vomiting, diar-
rhea, muscle weakness, paresthesias, and electrocardiographic
abnormalities such as peaked T waves, PR-interval prolon-
gation, and QRS-complex widening. Ventricular arrhythmias
may lead to sudden death (7,31).

Hyperphosphatemia is seen 24 to 48 hours following
chemotherapy (36). Malignant cells may contain up to four
times more phosphorous than nonneoplastic cells, and, as
plasma phosphorous increases with cell lysis, the normal re-
nal mechanism that excretes excess phosphate and prevents
distal tubular reabsorption becomes overwhelmed, leading to
hyperphosphatemia (39). Signs and symptoms of acute hyper-
phosphatemia are manifestations of secondary hypocalcemia,
and range from no symptoms to anorexia, vomiting, con-
fusion, neuromuscular irritability, tetany, carpopedal spasm,
seizures, dysrhythmias, and cardiac arrest (7,31). Secondary
hypocalcemia occurs in association with hyperphosphatemia
because when the calcium phosphate product exceeds 60, cal-
cium phosphate precipitates into tissues, including the renal in-
terstitium and tubules, resulting in nephrocalcinosis (32). How-
ever, hypocalcemia may persist even after correction of hyper-
phosphatemia when an inappropriately low plasma calcitriol
level is present (40). Hypocalcemia itself causes a rise in serum
parathyroid hormone, which, in turn, increases phosphate re-
sorption in the proximal tubule, leading to nephrocalcinosis
and acute renal failure (7).

Hyperuricemia occurs 48 to 72 hours after chemother-
apy (36). Patients may exhibit nonspecific symptoms such as
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nausea, vomiting, anorexia, and lethargy. Acute renal failure
with associated oliguria, edema, hypertension, and altered sen-
sorium will be seen in untreated patients (33). Uric acid is
generated from purine metabolism in the liver. Adenosine and
guanosine nucleotides are degraded to hypoxanthine and xan-
thine, respectively, and xanthine oxidase converts these prod-
ucts to uric acid (7). Rapidly proliferating neoplastic cells have
high turnover rates with accelerated purine catabolism from
DNA and RNA degradation (41), and these cells contain large
amounts of purine nucleotides; consequently, with cytotoxic
therapy, there is a rapid rise in plasma uric acid (33). Uric acid
is excreted by the kidneys through the processes of glomeru-
lar filtration, partial proximal tubular reabsorption, and distal
tubular secretion (32). The clearance of uric acid is indepen-
dently proportional to intravascular volume status (31) and
the urinary flow rate (32), and may be significantly reduced in
the presence of dehydration or tubular obstruction from acute
nephrocalcinosis or uric acid nephropathy. Uric acid nephropa-
thy develops when uric acid crystals deposit in the renal tubules
and collecting ducts because of acidic conditions. The urinary
pKa of uric acid is 5.4, and the luminal pH of the distal tubules
and collecting ducts is 5.0, resulting in the poor solubility of
uric acid in acidic urine (7). This poor solubility, coupled with
the marked hyperuricosuria present in ATLS, leads to uric acid
precipitation, intraluminal obstruction, oliguria, and acute re-
nal failure (7,42). Acute renal failure (ARF) in ATLS may also
be mediated by renal calculi from phosphate and uric acid pre-
cipitation (31), as well as from ischemic acute tubular necrosis
caused by renal hypoperfusion (33). Drug toxicity, sepsis, and
tumor-associated obstructive uropathy or renal parenchymal
infiltration may exacerbate ATLS-induced ARF (39).

Classificat ion

Although no widely accepted definition of ATLS currently ex-
ists, Hande and Garrow (35) first classified ATLS into labora-
tory TLS and clinical TLS. Cairo and Bishop (39) have modified
and further developed this classification system into the Cairo-
Bishop definition, which uses laboratory and clinical data in
conjunction with a grading scale to assess the severity of ATLS.
Laboratory TLS (LTLS) is defined as two or more of the follow-
ing metabolic abnormalities occurring 3 days before or 7 days
after chemotherapy: uric acid 8 mg/dL or greater, potassium
6 mg/dL or greater, phosphorous 6.5 mg/dL or greater, or a
25% increase in baseline levels of these metabolites, and cal-
cium 7 mg/dL or less, or a 25% decrease from baseline level.
Clinical tumor lysis syndrome is defined as LTLS in addition
to one or more of the following findings: increased serum cre-
atinine (1.5 times the upper limit of normal), cardiac arrhyth-
mia/sudden death, or seizure. The grading of ATLS from 0
through 5 is determined by the presence or absence of LTLS,
the degree of serum creatinine elevation, and the presence and
severity of the cardiac arrhythmia and seizure (39).

Pre ve nt ion and Tre at me nt

Early recognition of patients at high risk for ATLSis an essential
component of the management strategy so that appropriate
prophylactic interventions can be instituted.

Fluid s and Alkalinizat ion
Except in patients at risk for congestive heart failure, aggres-
sive intravenous hydration with isotonic or hypotonic saline
(42) is the single most important intervention for both pre-
vention and treatment of ATLS. Cytotoxic therapy should be
delayed whenever possible to administer appropriate hydration
(7,42). Intravenous hydration should commence 2 days before
and for 2 to 3 days after chemotherapy (31,33) at a rate of
3,000 mL/m2 per day (7,9,39), or two to four times the daily
fluid maintenance requirement to achieve a urine output of 100
mL/m2/hr or greater (31,39). Aggressive administration of in-
travenous fluid increases the intravascular volume, renal blood
flow, glomerular filtration rate, and urinary flow rate, result-
ing in correction of electrolyte derangements by dilution of the
extracellular fluid and prevention of phosphate and uric acid
precipitation by increasing urinary excretion of these metabo-
lites (31,33,39). Volume expansion alone may be insufficient to
maintain adequate urine output, necessitating the administra-
tion of diuretics. Once euvolemia is achieved, and no signs of
acute obstructive uropathy are present, a dose of furosemide—
0.5 to 1 mg/kg or 2 to 4 mg/kg for severe oliguria or anuria—
may induce or improve urine output (35). The effectiveness of
furosemide is diminished in the setting of uric acid precipita-
tion in the renal tubules; in this circumstance, mannitol, at a
dose of 0.5 mg/kg, may be administered.

Alkalinization of the urine to a pH 7.0 or greater remains
controversial (7,9,39). This practice is based on the biochem-
ical properties of uric acid, that is, uric acid is 13 times more
soluble at pH 7.0 than at pH 5.0 (32), maximal solubility of
uric acid is attained at pH 7.5, and urine alkalinization (pH
6.5 or greater) enhances renal excretion of uric acid (39). What
limits this approach is that calcium phosphate precipitation in-
creases with systemic alkalinization, exacerbating nephrocalci-
nosis (7,31). Additionally, hypoxanthine and xanthine solubil-
ity are substantially reduced, leading to xanthine nephropathy
with concurrent allopurinol therapy (9,31,39).

Manag e me nt of Hyp e rurice mia
Allopurinol reduces the risk of ATLS when administered 2 to
3 days prior to chemotherapy by inhibiting the production
of uric acid (9). Allopurinol is both a synthetic structural
analogue of the purine base, hypoxanthine, and a competitive
inhibitor of xanthine oxidase (33), and, therefore, in the
presence of allopurinol, xanthine oxidase cannot catalyze the
conversion of hypoxanthine to xanthine and xanthine to uric
acid (31). Allopurinol is administered orally at 300 to 800
mg daily (10 mg/kg per day or up to 400 mg/m2 per day) in
one to three divided doses, and should be titrated to uric acid
level. Intravenous allopurinol was approved by the FDA in
1999 and can be administered in doses of 200 to 400 mg/m2

per day (maximum 600 mg/day) in patients unable to tolerate
oral medications, although the cost per day ranges between
$400 and $1,000 (7,43). Dose adjustment of allopurinol is
required for reduced creatinine clearance (7,43). There are
several limitations with allopurinol therapy:

1. A reduction in serum uric acid level is not seen before 48
to 72 hours after initiating allopurinol because the drug in-
hibits the synthesis of uric acid but does not affect the pre-
treatment uric acid concentration (7).
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2. Inhibition of xanthine oxidase by allopurinol leads to in-
creased plasma levels of xanthine and hypoxanthine, which
may precipitate in the renal tubules (33).

3. Three percent of patients develop hypersensitivity reactions,
including Stevens-Johnson syndrome.

4. Allopurinol intevracts with many drugs, including chemother-
apeutic agents such as cyclosporine and azathioprine (42).

Another agent that lowers uric acid concentration is urate
oxidase. Urate oxidase converts uric acid to allantoin, which is
five to ten times more soluble in urine than uric acid. Present in
many mammalian species, urate oxidase is not expressed in hu-
man beings as a result of a nonsense mutation in the coding re-
gion during hominoid evolution (44). A nonrecombinant form
of urate oxidase was first obtained from Aspergillus flavus and
has been used in France (1975) and Italy (1984) for treatment
of hyperuricemia. Subsequently, a recombinant urate oxidase,
rasburicase, was developed because of the 4.5% of hypersen-
sitivity reactions that occurred with the nonrecombinant form
(7,31,33,42). Rasburicase was FDA approved in 2002 for use
in pediatric patients at risk for ATLS (44). An injectable dose of
0.15 to 0.20 mg/kg normalizes uric acid levels within 4 hours of
administration in children and adults (7,42). This dose may be
repeated daily for a total of 5 days, and chemotherapy should
be initiated 4 to 24 hours after the first dose. In addition to
being more effective than allopurinol in reducing pretreatment
and posttreatment uric acid levels, rasburicase does not gener-
ate increased xanthine and hypoxanthine levels, thereby min-
imizing the risk of uric acid nephropathy that may be seen
with allopurinol use (7,31,42). Of note, rasburicase is con-
traindicated in patients with glucose-6-phosphate dehydroge-
nase (G6PD) deficiency. Bronchospasm and anaphylaxis may
rarely occur with rasburicase therapy (45). There is insufficient
evidence that rasburicase reduces the incidence of dialysis in
ATLS, and because a 5-day course of therapy is approximately
2,000 to 3,000 times more expensive than a 5-day course of
oral allopurinol (7,43), cost-effectiveness must be considered
in formulating a treatment plan.

Corre ct ion of Ele ct ro lyt e Ab normalit ie s
Because of the potential for life-threatening arrhythmias,
prompt recognition of electrolyte derangements is imperative.
Laboratory monitoring should be performed every 4 to 6 hours
in the first 24 hours of chemotherapy in patients at high risk for
ATLS, and then every 6 to 8 hours thereafter (42). A baseline
electrocardiogram (ECG) should be obtained to assess for car-
diac effects related to electrolyte abnormalities. Hyperkalemia
is treated with calcium gluconate to stabilize the cardiac mem-
brane and with intravenous insulin/dextrose and inhaled beta2
agonists to facilitate intracellular shift of potassium. Although
sodium bicarbonate may also shift potassium intracellularly
by improving the metabolic acidosis, its use may result in inap-
propriate volume expansion. Potassium binding resins such as
sodium polystyrene sulfate increase potassium elimination in
the gastrointestinal (GI) tract and have a delayed hypokalemic
effect. Diuretics can be administered to reduce serum potas-
sium in patients without renal failure. When acute renal fail-
ure occurs, dialysis may be required to emergently reduce
serum potassium. Asymptomatic hypocalcemia should be left
untreated to preclude calcium phosphate precipitation; how-
ever, symptomatic hypocalcemia is managed with intravenous
calcium gluconate. Treatment of hyperphosphatemia with oral

phosphate binders such as aluminum hydroxide or aluminum
carbonate will usually concurrently correct the hypocalcemia
(7,31).

Dialysis
Dialysis is indicated in patients with marked elevations in
serum uric acid, phosphate, and potassium that do not respond
to aggressive treatment, and in patients with ARF with volume
overload, severe uremia, or acidosis (31,33,39). Hemodialysis
is used in ATLS because it is superior to peritoneal dialysis in
the clearance of both uric acid and phosphorous (31,39).

OBSTRUCTIVE SYNDROMES

Sup e rior Ve na Cava Synd rome

Definit ion
Superior vena cava syndrome (SVCS) describes the set of signs
and symptoms associated with obstruction of the superior vena
cava, which may be caused by extrinsic compression, vascular
invasion, or intraluminal thrombosis of the vein (46–48). The
SVC is a thin-walled, compliant, low-pressure middle mediasti-
nal vessel, rendering it easily vulnerable to disease processes in
the adjacent right lung, the paratracheal and perihilar lymph
nodes, the mainstem bronchi, the esophagus, and the thoracic
spinal cord (48,49).

First described by William Hunter (50) in 1757 in a patient
with an aortic aneurysm secondary to syphilis, SVCS was—
prior to the widespread use of antibiotics—primarily a com-
plication of infectious diseases, as seen in syphilitic aortitis,
histoplasmosis-induced fibrosing mediastinitis, and tubercu-
lous mediastinitis (51,52). Currently, malignancy is the most
common cause of SVCS. The percentage of cases attributable
to cancer varies widely in the literature from 78% (48,53) to
as high as 90% to 97% (54–57). A more recent retrospective
study, reviewing the outcome of 78 patients over 5 years, re-
ported malignancy as the cause of SVCS in 60% of the patients,
with an increasing proportion of benign causes related to the
presence of intravascular devices, e.g., central venous catheters
and pacemaker wires (71% ) (58). Other benign causes of SVCS
include fibrosing mediastinitis from prior irradiation or histo-
plasmosis, aortic dissection, and complications of surgery, such
as aortic dissection repair (54,58). Bronchogenic carcinoma
accounts for 85% to 90% of the malignancies in which SVCS
presents (54,57). Overall, SVCS develops in 2% to 10% of lung
malignancies (47,52,56,59,60), and the risk of SVCS is higher
in small cell lung cancer, with an incidence of 6.6% to 12% (59)
because it involves the central mediastinal structures. In addi-
tion, because of the anatomic location of the SVC, right-sided
lung cancers cause SVCS four times as often as left-sided lung
cancers (56). Other neoplasms include malignant lymphomas;
although Hodgkin’s lymphoma more often involves the me-
diastinum, it rarely causes SVCS (48,54). Primary germ cell
cancers, thymoma, mesothelioma (60), and metastatic disease
(primarily breast carcinoma) constitute a small proportion of
SVCS cases (54,58,60).

Clinical Pre se nt at ion
SVCS may be the initial presentation of bronchogenic carci-
noma and lymphoma, or may arise in patients with previously
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documented malignancy (53,58). The severity of signs and
symptoms depends on the extent, location, and rapidity of
onset of the SVC occlusion (55). In general, obstruction within
or below the azygos vein results in more dramatic symptoms.
Normally, azygos venous capacity increases from 11% to 35%
to augment drainage of the head and neck (47), but impedance
of flow from obstruction precludes this auxiliary function
(47,54,60). With slowly developing SVCS, collateral vessels in
the chest wall and upper extremities are recruited as a diversion
for the existing SVC engorgement; hence, SVCS in this popu-
lation is of insidious onset, as in fibrosing mediastinitis (55).
The most commonly reported symptom in SVCS is dyspnea
followed by head and facial swelling (48,58). Other cardiopul-
monary symptoms include cough, orthopnea, and chest pain.
Associated signs are neck and arm vein distention, plethora or
cyanosis of the head and neck (48), venous collateralization in
the arms and upper chest wall (54), and chronic pleural effu-
sions (54,55). More extensive airway or vascular obstruction
is predicted when positional maneuvers such as lying supine or
leaning forward exacerbate respiratory or cardiac symptoms;
for example, respiratory insufficiency in the supine position
worsens as the weight of the mediastinal structures impinges
on the tracheobronchial tree. In the substantially compromised
patient with SVCS, cardiopulmonary arrest may ensue simply
with the administration of sedatives and general anesthesia
(54). Other head and neck signs and symptoms range from
conjunctival and periorbital edema, nasal congestion, dyspha-
gia, and hoarseness due to laryngeal nerve compression (61) to
proptosis, glossal edema, stridor secondary to laryngeal edema,
and tracheal obstruction (54,55). Patients with central nervous
system (CNS) manifestations may exhibit mild headaches,
dizziness, and lethargy with progression to syncope (in rapidly
developing or complete SVC obstruction) seizures, or coma
(from cerebral edema and increased intracranial pressure)
(47,54). Bleeding complications such as epistaxis, hemoptysis
(54), and gastrointestinal hemorrhage from esophageal varices
(in long-standing SVC) (55) may occur.

Diag nost ic Inve st ig at ions
Imaging. Once the clinical diagnosis of SVC syndrome is sus-
pected, confirmation can be obtained using both radiologic
and nuclide techniques. Chest radiography reveals widening
of the superior mediastinum in approximately 60% of patients
(53,54,56) and pleural effusions, most frequently right-sided,
in up to 25% of patients (48,54). A normal chest radiograph
does not exclude the diagnosis. Contrast-enhanced helical com-
puted tomography (CT) accurately delineates the site, extent,
and cause of the occlusion (56,60), as well as any associated
thrombus and collateral vessel development (60). The radio-
logic diagnosis of SVCS is made by demonstrating both de-
creased or absent venous opacification below the level of ob-
struction and prominent collateral vessel opacification (56).
MRI is an alternative imaging method in patients with io-
dinated contrast allergy or without adequate venous access
for contrast administration, but offers no distinct advantage
over CT (48,54,62). Venography is most useful when plan-
ning bypass or stenting procedures (48,60). Although venog-
raphy is superior to CT in identifying the site and extent of
obstruction and in mapping the collateral circulation, it does
not elucidate the underlying cause of the SVCS (62), unless
SVC thrombosis alone is the causative factor (52,56,60). Ra-
dionuclide 99mtechnetium venography is a less invasive alter-
native to standard venography but lacks the image resolu-

tion of the latter (48). Although not a well-established di-
agnostic modality in clinical practice, helical CT phlebogra-
phy, which involves simultaneous bilateral antecubital vein
injection with intravenous contrast, produces both detailed
CT images of the mediastinum and a CT venogram that cor-
relates well with digital venography. Flow artifact (inhomog-
eneous contrast opacification) created by physiologic mixing of
contrast-opacified and nonopacified blood may mimic intralu-
minal filling defects in patent vessels and remains the major
limitation of this technique (62).

Histiologic Diagnosis. Sputum cytology, thoracentesis, percu-
taneous needle biopsy, bronchoscopy, mediastinoscopy, or tho-
racotomy are all methods used to obtain pathologic speci-
mens. The diagnostic yields are as follows: bronchoscopy, 50%
to 70% ; transthoracic needle aspiration biopsy, 75% ; medi-
astinoscopy or mediastinotomy, greater than 90% (63). His-
torically, the treatment practice was to administer emergent
radiotherapy for SVCS without establishing a histiologic di-
agnosis. This strategy was predicated on the following beliefs:
SVCSwas a life-threatening emergency necessitating immediate
intervention; invasive diagnostic procedures were associated
with a high risk of morbidity, including bleeding and anes-
thetic complications; and unresectable lung malignancy was
the most probable cause of the SVCS (46,56,59). Presently, it
is well established that in the absence of tracheal obstruction
or severe laryngeal or cerebral edema, SVCS itself results in
no life-threatening complications (59,60,64–66); that invasive
investigative procedures such as percutaneous needle biopsy,
bronchoscopy, mediastinoscopy, and thoracotomy can be per-
formed safely and with minimal bleeding risk; and that for-
going a pathologic diagnosis is unjustified, except in severe
airway obstruction or cerebral edema (56,58,67,68), because
identification of the underlying condition guides appropriate
treatment of the SVCS in both benign and malignant disease.

Tre at me nt
The primary goals of treatment are symptom relief and erad-
ication or palliation of the underlying malignancy. Initial
symptomatic management involves bed rest, head elevation to
reduce venous pressure, and supplemental oxygen administra-
tion. Diuretics and sodium restriction may decrease edema, but
reports are anecdotal. Use of glucocorticoids to minimize in-
flammatory responses to tumor or radiotherapy (XRT) is con-
troversial (48,56), but steroids are a mainstay of treatment in
non-Hodgkin lymphoma (NHL) (54,56).

Endovascular Stenting. If these conservative measures are in-
effectual in controlling symptoms, a percutaneously placed en-
dovascular stent can be inserted with or without balloon an-
gioplasty (56). In recent studies, relief of symptoms occurred
immediately after stent placement in 80% to 95% of patients
with few complications (69,70). A systematic review of the lit-
erature found that morbidity increased with stent insertion if
thrombolytics were administered. One group advocates stent
insertion as a first-line therapy for symptom relief because, after
placement, symptoms were rapidly alleviated in 18/18 patients,
enabling all to begin XRT the following day (71). In a study
involving 52 patients with non–small cell lung cancer (NSCLC)
and SVCS, immediate symptom relief permitted patients to re-
ceive the appropriate hydration required with full doses of
platinum therapy (69). Recurrence of SVCS occurs in 10%
to 30% of patients after primary therapy with chemotherapy
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and/or radiation, and, in these cases, stent placement may be
used for palliation (56,72).

Thrombolysis. With the increased use of intravascular devices,
thrombus now accounts for a larger proportion of the benign
causes of SVCS (58). When SVC syndrome is attributable to
thrombosis of a central venous catheter, and catheter preser-
vation is desired, thrombolytic therapy given within 5 days of
symptom onset is associated with an 88% success rate versus
25% after 5 days (56,72).

Radiotherapy and Chemotherapy. The treatment modality se-
lected should be individualized to the type of malignancy, stage,
and performance status of each patient (52,60). Primary man-
agement of solid tumors and NSCLC involves XRT. NSCLC
associated with SVCS carries a poor prognosis, with 1-year sur-
vival in one series 17% (48,73), and a review of 1,635 patients
showed a median survival of 5 months (74). The treatment
of choice in NSCLC is XRT and possible stent insertion (48).
Within 72 hours of XRT, patients have relief of symptoms, and
within 2 weeks, 70% to 90% of patients are symptom free (56).
In a large systematic review, 60% of the NSCLC patients had
relief of SVCS after chemotherapy and/or radiotherapy, and
SVCS recurred in 19% (60).

Chemotherapy prolongs survival and improves quality of
life in patients with small cell lung cancer (SCLC), and addition
of thoracic irradiation may reduce the recurrence risk of SVCS.
In the aforementioned systematic review, SVCS was relieved
in 77% of patients receiving chemotherapy and/or radiation,
with relapse in 17% of patients (60). Lymphoma and germ cell
tumors are usually treated with chemotherapy based on the
histiologic type, grade, and stage of the disease. In Hodgkin’s
lymphoma, chemotherapy followed by XRT to areas of bulky
disease may be indicated (56). In non-Hodgkin’s lymphoma,
XRT alone may be used in early-stage disease, and chemother-
apy is the treatment for higher-stage tumors. Whether to ir-
radiate areas of bulky disease in NHL after chemotherapeutic
remission is less clear; however, with residual tumor or pro-
gression of disease after chemotherapy, radiotherapy is admin-
istered (56).

Surgery. Surgical bypass of the obstruction with vein grafts or
prosthetic grafts may be appropriate in patients with benign
causes of SVCS. In patients with malignancy, surgical interven-
tion, when no further treatment options are possible, at best, is
a palliative measure with poor long-term survival (56,55).

ACUTE AIRWAY OBSTRUCTION

Orop haryng e al and Trache al Ob st ruct ion

Sudden upper airway obstruction (UAO) of the larynx, phar-
ynx, or extrathoracic trachea is uncommon with cancers of
the head and neck. Tumors of the larynx, pharynx, base of
tongue, and thyroid are primarily slow growing and, as they
progressively enlarge, obvious signs and symptoms of airway
compromise are usually evident prior to the development of
acute obstruction (75); tracheal masses, which take years to be
discovered, first become symptomatic when the airway lumen
is narrowed by 75% (76). Mechanisms of UAO include direct
tracheal invasion as well as extrinsic tracheal compression (77).

In the head and neck, direct tracheal invasion is seen with
locally advanced oropharyngeal tumors, laryngeal neoplasms
associated with bulky or supraglottic lesions, and rarely, thy-
roid cancer and primary tracheal tumors (75). In thyroid can-
cer, tracheal invasion develops in 1% to 6.5% of patients, and
UAO is the most common cause of death in this group (78).
Bilateral thyroid cancer may cause glottic obstruction from bi-
lateral laryngeal nerve paralysis and resultant bilateral vocal
cord paralysis (75). Direct tumor extension into the trachea
from adjacent structures by malignancies of the lung, esopha-
gus, and mediastinum occurs more frequently than metastatic
disease spread (79).

Tracheal impingement in lung cancer occurs when there is
tracheal ingrowth of the primary tumor originating in a main-
stem bronchus or from enlarging paratracheal or subcarinal
lymph nodes. Bilateral vocal cord paralysis with recurrent la-
ryngeal nerve paralysis may also be associated with lung ma-
lignancies (75,80). Extrathoracic malignancies may metastasize
to mediastinal and endobronchial lymph nodes, causing airway
obstruction. Renal cell carcinoma, sarcomas, breast cancer, and
colon cancer are most commonly involved (81). Melanoma
may arise as a primary tracheal tumor but more often is a
metastatic lesion (79).

Tracheal compression, which is usually attributable to be-
nign disease, is a secondary mechanism of UAO in neoplastic
disease and is often the initial presentation of mediastinal tu-
mors and extensive lymphoma (82).

Clinical Pre se nt at ion
Patients may present with dysphagia, hoarseness, intractable
cough, hemoptysis, dyspnea, or stridor (54,75). Important
goals during physical examination are to determine whether
impending airway obstruction is present and to localize the
site of the lesion. Once stridor is apparent, the airway caliber
has profoundly narrowed to approximately 6 mm, and with-
out intervention, complete UAO is imminent. Inspiratory stri-
dor implies an extrathoracic lesion at the level of the glottis
or above, whereas expiratory stridor suggests an intrathoracic
lesion. Biphasic stridor may be indicative of a subglottic or
tracheal mass. Voice alteration, such as muffling and hoarse-
ness, accompanies subglottic lesions and unilateral vocal cord
paralysis, respectively (47).

Diag nost ic Inve st ig at ions
A chest radiograph may identify an obstructive neck mass and
consequent tracheal deviation. Flexible oropharyngeal or na-
sopharyngeal endoscopy can be performed to assess the air-
way. Once the airway is stabilized, high-resolution CT of the
head and neck provides comprehensive evaluation of the sites
of narrowing and the size and extent of the tumor in relation
to adjacent structures. Spirometry demonstrates a plateau in
the inspiratory limb of the flow-volume loop if there is a fixed
obstructive lesion in the extrathoracic trachea (83).

Tre at me nt
Initial management includes head elevation and administration
of cool humidified oxygen. Case reports have demonstrated
that inhalation of a helium–oxygen mixture, consequent to its
lower density compared to oxygen supplementation alone, re-
duces the work of breathing (54,84,85). Airway obstruction in
patients with bulky oropharyngeal, laryngeal, or thyroid car-
cinomas will require emergent or elective tracheostomy. En-
dotracheal intubation is not recommended for patients with
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bulky, friable, laryngeal, and/or pharyngeal disease, as it may
exacerbate existing airway edema and hemorrhage (75). For
intraluminal tracheal lesions, bronchoscopy with interventions
such as laser therapy (86,87), brachytherapy, photodynamic
therapy, or stenting may be performed to rapidly alleviate
symptoms (87). Stents are also useful in palliating symptomatic
extrinsic compression (54,88). Endotracheal intubation or
stenting may be used to maintain the airway when there is
extrinsic compression from lymphoma (88) or other highly
radiosensitive or chemosensitive tumors with anticipation of
rapid reduction of tumor mass. Surgical resection is indicated
for primary airway tumors (54,89) and for lung cancers with-
out mediastinal lymph node involvement. In lung and thyroid
cancers that directly invade the trachea, surgery may be cura-
tive (79); metastatic disease to the trachea requires palliative
treatment.

Int rat horacic Ob st ruct ion

Intrathoracic airway obstruction may be present with intrin-
sic primary endobronchial tumors such as bronchogenic carci-
noma and carcinoid, with metastatic tumors or their associated
lymphadenopathy (lung, renal, breast, thyroid, and colon can-
cers, and sarcoma or melanoma), or with bulky disease caus-
ing airway compression. Symptoms often progress slowly over
time, and patients may complain of dyspnea, wheezing, or chest
discomfort, leading to the misdiagnosis of asthma or bronchitis
prior to the development of fulminant airway obstruction (90).
Postobstructive pneumonia may be a finding on initial pre-
sentation. With impending obstruction, patients may exhibit
hypertension, tachycardia, tachypnea, and significant pulsus
paradoxus. Poor air movement, use of accessory muscles, and
mental status changes are indicators of severe obstruction. Pro-
gressive symptoms may result in negative pressure pulmonary
edema and anoxic brain injury (83). Chest examination may
reveal a prolonged expiratory time and wheezing. Respiratory
symptoms are unilateral with lesions below the carina (90),
and the chest radiograph reveals asymmetric lung fields, par-
ticularly on end-expiration. Stable patients should have a flow-
volume loop performed. An intrathoracic, mobile tracheal le-
sion above the carina will demonstrate airway compression
during the expiratory phase, producing flattening of the ex-
piratory limb of the flow-volume loop, whereas a plateau in
both inspiratory and expiratory limbs will be observed with
fixed obstructive lesions (83). Chest CT defines tumor extent
and location, but rigid bronchoscopy is usually necessary to
evaluate the airway in impending obstruction. When airway
obstruction is severe, flexible bronchoscopy is hazardous be-
cause this technique does not permit ventilatory support, and,
additionally, the bronchoscope may obstruct the already nar-
rowed airway lumen (90).

Treatment proceeds with the general measures of oxygen
or helium/oxygen supplementation and, possibly, steroids. If
endotracheal intubation is required, the clinician must recog-
nize the potential for hemodynamic compromise associated
with asymmetric obstruction and significant increases in airway
pressure distal to the obstruction (83). Bronchoscopy with var-
ious interventions, including debridement, dilation, endotra-
cheal stent placement, laser ablation, photodynamic therapy,
and placement of brachytherapy catheters may relieve symp-
toms (90). External beam radiotherapy may also play a role.
In lung cancer, tracheal and carinal resection is indicated in

patients without mediastinal lymph node involvement for a
potential cure (54).

NEUROLOGIC SYNDROMES

Sp inal Cord Comp re ssion

Et io log y and Pat hop hysio log y
Malignant spinal cord compression (MSCC) is a profoundly
debilitating, but usually nonfatal, manifestation of metastatic
cancer, occurring in 5% to 10% of cancer patients (91–93).
The term, MSCC, refers to epidural, intramedullary, and lep-
tomeningeal disease; however, the focus of this section is on
epidural spinal cord compression (ESCC) because the literature
primarily discusses this population (93). Although any malig-
nancy capable of metastatic spread may give rise to MSCC,
prostate, breast, and lung cancers are most commonly involved,
with each accounting for 15% to 20% of cases (91,94) or,
in combination, 60% of cases (93,95). The cumulative inci-
dence of MSCC is specific to tumor type, with the highest rates
occurring in multiple myeloma (8% ), prostate cancer (7% ),
and nasopharyngeal cancer (6.5% ) (95). Other tumors include
non-Hodgkin’s lymphoma and renal cell carcinoma, with each
representing 5% to 10% of cases (96), and gastrointestinal
cancers, sarcoma, melanoma, thyroid cancer (92,93), and un-
known primary carcinoma (95,96). Enlarging meningiomas,
nerve sheath tumors, and leptomeningeal metastases may also
compress the spinal cord. Nonmalignant causes of MSCC in the
cancer patient are epidural abscesses in the presence of immune
compromise and hematoma with bleeding diatheses (97).

MSCC has a proclivity for the thoracic spine (92,96,98–
100) and is estimated to occur in this location in approximately
60% to 66% of cases (97,99). Twenty percent of cases involve
the lumbar spine (92,97), and MSCC: in the cervical spine is
uncommon in 7% to 10% of cases (99,100). Prostate and col-
orectal carcinomas favor the lumbosacral spine (97). MSCC is
the initial manifestation of malignancy in 20% of patients. One
series found that carcinomas of the lung and unknown primary,
multiple myeloma, and non-Hodgkin’s lymphoma accounted
for 78% of patients with MSCC presenting with malignancy
compared to 26% in patients with previously established ma-
lignancy (100).

The mechanisms by which MSCC occurs include vertebral
body invasion by tumor with possible vertebral collapse caus-
ing encroachment on the anterior spinal cord (85% ); direct ex-
tension into the intervertebral space by paraspinal lymphoma,
sarcoma, or lung cancer, seen in 10% to 15% of cases (9,92);
and epidural or intramedullary space invasion, seen in less
than 5% of cases (92). The mechanism of injury to the spinal
cord is mediated by white matter vasogenic edema and axonal
swelling that result from cord compression. Venous hyperten-
sion, decreased spinal cord blood flow, and cord infarction en-
sue, resulting in ischemic hypoxic neuronal injury. Vascular
endothelial growth factor (VEGF) is generated in association
with spinal cord hypoxia, and it is thought that dexamethasone
may down-regulate VEGF expression, resulting in the benefi-
cial actions of steroids in MSCC (96).

Clinical Pre se nt at ion
Pain, which may be characterized as localized, radicular, or re-
ferred, is the primary presenting symptom in MSCC, occurring
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in 83% to 95% (96,98,101) of patients for a median of 8 weeks
prior to diagnosis (96,98). Focal bony pain is typically local-
ized, dull or aching, and constant. Direct tenderness of the in-
volved vertebral body may be evident with periosteal destruc-
tion (102). With time, radicular pain occurs in the dermatome
of the affected nerve root and is severe, deep, and lancinating.
Radicular symptoms occur most often in the lumbosacral spine
and may be unilateral or bilateral, the latter more frequent with
thoracic spine involvement (97,103). Referred pain does not ra-
diate, but appears in a region distal to the area of pathology;
for example, sacroiliac pain may result from L1 compression
(103). The pain of MSCC is typified by worsening with recum-
bency secondary to distention of the epidural venous plexus
(96,97). Coughing, sneezing, or Valsalva maneuvers will also
exacerbate the pain (103). Straight-leg raising identifies a lum-
bosacral radiculopathy, and neck flexion reproduces symptoms
of thoracic radiculopathy (97,101,103).

Motor weakness is present in 60% to 85% of patients on
diagnosis of MSCC. Although only one third of patients com-
plain of lower extremity weakness on initial presentation (97),
two thirds are not ambulatory at the time of diagnosis (96,97).
Motor deficits at the level of the conus medullaris or above gen-
erally have a symmetric distribution. Paresis is usually seen in
the extensors of the upper extremities or the flexors of the lower
extremities, depending on the location of the lesion in the spine.
Upper motor neuron signs such as spasticity, hyperreflexia, and
Babinski responses, may be present. Cervical lesions may lead
to quadriplegia and respiratory collapse (102).

Sensory deficits, reported as varying degrees of paresthesias,
are less common than motor deficits but can be found in 40%
to 90% of patients. The level of hypesthesia on examination
occurs one to five levels below the actual anatomic level of cord
compression (96). The sensation of an electric shock radiating
through the spine and extremities with neck flexion, termed the
Lhermitte’s sign is seen infrequently with cervical or thoracic
neoplasms. Perineal paresthesias may occur with cauda equina
lesions. Gait ataxia may follow sensory loss impairment, but in
the absence of sensory findings, impairment of the spinocere-
bellar tract should be considered.

Bowel and bladder dysfunction reflects autonomic dysfunc-
tion and is a late manifestation of MSCC (103). Patients re-
port urinary hesitancy and frequency, and both incontinence
of urine, from poor sphincter tone or overflow of urine, and
urinary retention may ensue. At the time of diagnosis, 50% of
patients are incontinent or catheter-dependent (101). Patients
may also exhibit erectile dysfunction and impotence. Constipa-
tion and incontinence of stool with diminished sphincter tone
may be present (103). Narcotics are widely used in cancer pa-
tients and are capable of precipitating urinary retention and
constipation; however, spinal lesions must be excluded in these
patients before narcotic use is implicated.

Diag nost ic Inve st ig at ion
The imaging study of choice in evaluating MSCC is magnetic
resonance imaging (MRI) because it is a noninvasive test that
provides high resolution of the soft tissues, including bony
metastases and intramedullary pathology. One study found
that MRI had a sensitivity, specificity, and overall accuracy
of 93% , 97% , and 95% , respectively, in detecting MSCC in
patients with known malignancies, excluding primary CNS tu-
mors (104). It is fundamental to recognize that when the entire
spine is imaged beyond the area of clinically determined cord
compression, multiple epidural metastases (MEMs) are found

in 30% of patients. Because the presence of MEMs may alter
treatment strategy, several studies have purported using whole-
spine MRI in all patients undergoing imaging (94,104,105).
With the relative paucity of cervical spine metastases, if the
clinical presentation does not suggest cervical disease, it may
be acceptable to image the thoracolumbar spine alone (106).
Myelography with or without CT myelogram is a more inva-
sive tool than MRI and is used in imaging MSCC when MRI is
contraindicated. CT alone does not adequately define the soft
tissues and spinal cord, and plain radiographs and radionu-
clide testing have low sensitivity and specificity for demon-
strating MSCC. Plain films detect vertebral metastases at the
site of known cord compression only 80% of the time (9,97),
and many metastases are missed because the ability to visualize
these lesions requires that 30% to 40% of the bone be eroded
(107). Bone scintigraphy is the most cost-effective and sensitive
technique in imaging vertebral metastases.

Tre at me nt
The goals of therapy are pain control and preservation of neu-
rologic function to improve quality of life. Narcotic and corti-
costeroids administration, XRT, and surgery may all be used.

Corticosteroids. In a randomized trial that established the ef-
ficacy of corticosteroids in cord compression, patients were
assigned to XRT with or without dexamethasone. At the con-
clusion of the study, 81% of those receiving corticosteroids and
XRT versus 63% of those receiving XRT alone remained am-
bulatory. At 6 months, the percentages were 59% and 33%
in the two groups, respectively (108). There are less well es-
tablished data regarding the use of high-dose dexamethasone
regimens because, although higher doses (100-mg versus 10-
mg boluses) may have greater clinical efficacy in improving
posttreatment ambulation, they are associated with a higher
proportion of adverse effects. Typical regimens include a 10-
mg bolus, followed by 16 mg divided four times daily, tapered
over 2 weeks. High-dose regimens (100-mg bolus, then 96 mg
divided four times daily, tapered over 2 weeks) (93) may be
reserved for patients with paresis or paraplegia. In ambulatory
patients who are asymptomatic and undergoing XRT, cortico-
steroids may be withheld (93,94,109).

Surgery and Radiation. A recent randomized trial demon-
strated that direct decompressive surgery followed by radio-
therapy is superior to radiotherapy alone for patients with
MSCC. Patients were assigned to either surgery followed by
XRT or to XRT alone. The study was stopped early because
the primary end point had been satisfied, and a therapeutic ad-
vantage of surgery plus XRT was observed: 84% of the surgery
group versus 57% of the XRT group were ambulatory after
therapy. Additionally, those in the surgery group were ambu-
latory for 122 days compared to 13 days in the XRT group
after treatment. Furthermore, of the patients unable to ambu-
late on entering the study, 62% of those receiving surgery and
radiation versus 19% receiving XRT alone regained the abil-
ity to ambulate (110). Therefore, radiotherapy alone should
be used for patients who are not surgical candidates. Radio-
therapy may also be useful in preserving neurologic function
in subclinical MSCC (94). Most tumors causing MSCC are not
chemosensitive.
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Prog nosis
The median survival in MSCC patients receiving XRT is 3
to 6 months (96). Patients who initially present with paral-
ysis or become paralyzed after treatment have a shorter life
expectancy than those who are ambulatory (94). Multiple
studies have shown that the ambulatory function on diagnosis
of MSCC is the most important predictor of outcome of am-
bulatory function after irradiation. This finding underscores
the need for education of both the clinician and the patient to
enable prompt recognition of MSCC. In one study, delay in
diagnosis was attributed to the patient’s failure to identify
symptoms and diagnostic delays by the generalist and hospi-
tal practitioner, leading to deterioration in motor or bladder
function (111).

CARDIAC TAMPONADE
Primary neoplasms of the myocardium and pericardium are
uncommon, but metastatic disease to the pericardial space is
frequently seen (112). Primary pericardial tumors, of which
mesothelioma represents the largest proportion, are 40 times
less common than metastatic disease. Secondary malignancies
include, most frequently, lung, breast, and ovarian carcino-
mas, and melanoma, lymphoma, and leukemia (113). Malig-
nancy is a primary cause of pericardial effusion in the United
States (114), and pericardial tamponade resulting from malig-
nant pericardial effusion (MPCE) represents at least 50% of
reported cases of pericardial fluid collection requiring inter-
vention (115,116). Autopsy series have reported, with varying
estimates, that MPCE is seen in 2% to 22% of cancer patients
(47,114,115,117), and that these effusions are clinically qui-
escent, remaining unrecognized (47). In some patients, MPCE
may be the initial presentation of cancer, but in any patient, it
signifies a dismal prognosis, with most patients dying within 1
year (118). Pericardial effusions in some cancer patients may be
attributable to comorbid conditions rather than to malignant
disease, and other causes must be considered, such as radiation-
induced pericarditis, infection, uremia, myocardial infarction,
congestive heart failure, and pneumonia (113).

Pat hop hysio log y

The pericardium is a fibroserous sac, composed of two layers
that surround the heart. The outer layer is the fibrous peri-
cardium, which attaches to the diaphragm and securely anchors
the heart within the thoracic cavity. The serous pericardium is
a single layer of mesothelial cells and its underlying connective
tissue, which lines the fibrous pericardium. During embryonic
development, the heart invaginates the walls of the serous peri-
cardium, creating a potential space between an inner serous
layer that is adherent to the heart (visceral pericardium) and
an outer serous layer that lines the fibrous pericardium (pari-
etal pericardium). The pericardial space is formed between the
two serous layers, and it normally contains 15 to 50 mL of fluid
for lubrication. The fluid is drained from the right pleural space
into the right lymphatic duct, and from the parietal pericardium
into the thoracic duct (119,120). Any interruption in this flow
will result in accumulation of fluid and pericardial effusion. The
mechanisms by which malignant disease generates MPCEs in-
clude direct invasion of the pericardium or myocardium, and

disruption of lymphatic flow from lymph node metastases or
from prior radiotherapy to the chest or mediastinum (115,117).
The tumors that invade the pericardium directly or hematoge-
nously are most often lung cancer, followed by lymphoma and
breast cancer (47,115).

With either of the aforementioned mechanisms, pericardial
fluid accumulates and inhibits passive diastolic filling of the
normally low-pressure right heart structures, producing jugu-
lar and abdominal venous hypertension (115). As the pericar-
dial effusion expands, the heart is further compressed, lead-
ing to reduced diastolic compliance, decreased diastolic filling,
and, ultimately, decreased stroke volume, cardiac output, and
blood pressure. Right atrial and right ventricular collapse en-
sues, resulting in frank tamponade, which, untreated, will lead
to shock (121). Pericardial reserve volume is approximately 10
to 20 mL, and is defined as the volume that will just distend the
pericardium. As the pericardial effusion enlarges, capacity for
stretch is exceeded. Therefore, when fluid accumulates rapidly,
the pericardium cannot stretch rapidly enough to accommo-
date the added volume, and the heart becomes compressed
(120). Under these circumstances, acute tamponade may occur
with as little as 50 mL of fluid (121). When effusions develop
chronically, the pericardium is able to compensate by stretch-
ing slowly over time—the phenomenon of stretch relaxation
(120–122). In cancer patients, the MPCE develops slowly, and
as much as 2 L of pericardial fluid may be present before critical
symptoms occur (121).

Clinical Pre se nt at ion

Patients may be asymptomatic with small pericardial effusions
(9,113) and, in general, symptoms correlate with the compres-
sive effect of the effusion on surrounding structures, including
the lung, trachea, and esophagus. Symptoms include dyspnea,
cough, chest pain, hoarseness, hiccups, and dysphagia (120).
The most commonly reported physical sign is distension of the
jugular veins. The classic finding of the Beck’s triad of hypoten-
sion, increased jugular venous pressure, and quiet heart sounds
may be present in addition to the Kussmaul’s sign, which is
paradoxical jugular venous distention and increased jugular ve-
nous pressure on inspiration. Sinus tachycardia, hepatomegaly,
and peripheral edema may all be apparent. On cardiac exam-
ination, dullness beyond the apical impulse and rales can be
detected, and in patients with inflammatory effusions, a peri-
cardial rub is often heard. A narrow pulse pressure is frequently
noted, and pulsus paradoxus, a decrease in systolic blood pres-
sure greater than 10 mm Hg, is observed in 77% of patients
with acute tamponade; patients may report a feeling of un-
easiness (121). When low-output shock results from failure of
compensatory mechanisms to maintain cardiac output, the pa-
tient exhibits cold, clammy skin, cyanosis, oliguria, and altered
mental status (122).

Diag nost ic Inve st ig at ions

Chest radiograph reveals a water bottle–shaped heart with
widening of the cardiac silhouette and, occasionally, pericar-
dial calcifications (121). Pleural effusions will be present in
one third of cases (115). The electrocardiogram may demon-
strate a low-voltage QRS or nonspecific ST-T wave changes (9).
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Electrical alternans in the P wave and QRS complex is a rare
finding, noted in 0% to 10% of patients (120), in which every
other QRS complex has a lower voltage and/or reversed po-
larity (121). The echocardiogram precisely localizes the peri-
cardial fluid, discerns the quality of the effusion (homoge-
neous versus heterogeneous), determines whether loculations
or bulky tumor are present, assesses right and left ventricular
function, and ascertains whether right atrial and right ventric-
ular diastolic collapse are present. On echocardiography, the
heart may be seen to swing in a pendular fashion within the
pericardial fluid. Right heart catheterization is the definitive
standard for further defining the pericardial effusion. Classi-
cally, there will be equalization of diastolic pressures across all
cardiac chambers (115).

Tre at me nt

Treatment strategy should be individualized to each patient
based on age, comorbid conditions, malignancy type, and over-
all prognosis (114). Cardiac tamponade is a class I indica-
tion, as designated by the European Society of Cardiology Task
Force, for performing pericardiocentesis, and the initial emer-
gent intervention in malignant cardiac tamponade is to drain
the effusion, usually in conjunction with echocardiographic
guidance (113). Fluid should be sent for chemical analysis,
microbiology, and cytology; the effusion is removed success-
fully in 97% of patients (123). The guidelines recommend that
in the absence of tamponade, systemic chemotherapy be ad-
ministered as baseline treatment (113), thereby precluding re-
currences in 67% of cases (123). Systemic chemotherapy is
effective in controlling malignant effusions when the tumors
are chemosensitive, as in lymphoma, leukemia, and breast can-
cer. Notably, XRT is highly effective (93% ) in controlling ma-
lignant pericardial effusions in patients with lymphoma and
leukemia, although radiation myocarditis or pericarditis is, in
itself, a complication of radiotherapy (123). Pericardiocentesis
should be performed in MPCE, especially when these are large,
for symptomatic relief and to establish a cause. Because fluid
reaccumulates within 48 hours of the initial pericardiocentesis
(124), intrapericardial sclerosing or cytostatic agents, selected
according to tumor type, should be administered to prevent
recurrence. The mechanism of action of sclerosing agents is to
effect symphysis of the visceral and parietal pericardia (113). A
surgical approach to MPCE management is subxiphoid peri-
cardiotomy to create a pericardial window. An advantage of
this technique is that it is performed using local anesthesia and
has a low recurrence rate. Additionally, tissue can be obtained
for pathologic review. However, there is a small risk of myocar-
dial laceration, pneumothorax, and mortality with this proce-
dure. One study showed a 12% recurrence at 1 year and a 4%
reoperation rate for subxiphoid pericardiotomy (114). Pleu-
ropericardiotomy and pericardiectomy, which require general
anesthesia, have higher morbidity and mortality rates, and are
rarely used in MPCE management (113). Percutaneous balloon
pericardiotomy may become the procedure of choice in the fu-
ture. Requiring only local anesthesia, it facilitates passage of
pericardial fluid into the left pleural or peritoneal spaces, which
have greater resorptive capacity. The major side effect is asymp-
tomatic pleural effusion in most patients (47,125). Percuta-
neous balloon pericardiotomy appears to be a safe and effective
technique in patients with large MPCEs and recurrent tampon-

ade (90% to 97% ) (125,126). Reaccumulation rates with this
method are 0% to 6% . Reaccumulation rates for other thera-
pies that are administered after initial pericardiocentesis is per-
formed are radiotherapy, 33% ; systemic chemotherapy, 30% ;
sclerotherapy with tetracycline, 15% to 30% ; and mechani-
cal therapies, including indwelling pericardial catheter place-
ment, balloon pericardiotomy, and thoracotomy with pericar-
diostomy, 0% to 15% (47).

Even if there is no reaccumulation of fluid, cardiac func-
tion may remain impaired in the presence of epicardial infil-
tration by tumor. Diastolic dysfunction occurs because of the
constrictive effect of a diseased epicardium surrounding the
heart. Effusive-constrictive pericarditis results in a combina-
tion of tamponade and cardiac restriction. This entity must be
considered in the differential diagnosis when a patient develops
hemodynamic collapse a few days after pericardiocentesis. Peri-
cardiectomy may be useful in alleviating the constrictive com-
ponent; irrespective of this procedure, mortality is extremely
high (47,127,128).

Prog nosis

Survival after the development of a malignant pericardial ef-
fusion is extremely poor (124,128). The pericardial lesions ei-
ther contribute to or directly cause death in 86% of untreated
patients with symptomatic MPCE (128). In one series of 275
patients with MPCE, the median survival was 135 days, and
the chance of surviving the first year was 26% . The findings
of male gender, lung cancer, positive fluid cytology for malig-
nant cells, and the clinical presentation of cardiac tamponade
or hemodynamic collapse were independently associated with
poor survival (124). In another series, which concluded that a
poor prognosis was associated with positive fluid cytology, me-
dian survival was 7.3 weeks versus 29.7 weeks in the positive
cytology and negative cytology groups, respectively. MPCE and
abnormal cytology were found to be independent predictors of
death (129). Taken together, these prognostic factors can be
used to make practical and realistic treatment decisions.

GASTROINTESTINAL
EMERGENCIES

Ne ut rop e nic Ent e roco lit is

Neutropenic enterocolitis (NE) is also known as necrotizing
enteropathy, ileocecal syndrome, or typhlitis (130), from the
Greek derivation of the word “ typhlon,” or cecum (131).
Necrotizing enteropathy was first described in adult patients
with leukemia and lymphoma more than four decades ago
(132), and typhlitis was recognized as an equivalent entity in-
volving the cecum in children undergoing induction therapy for
acute leukemia in 1970 (133). The disorder is a life-threatening
inflammatory syndrome in the immunocompromised patient
that involves the terminal ileum, ascending colon, and cecum
(134). Because the disease affects both the small and large
bowel, the term, neutropenic enterocolitis, is most commonly
used (135). The cardinal features that define the syndrome are
fever, abdominal pain, and bowel wall thickening in a patient
with neutropenia (134,136), where neutropenia is defined as
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a neutrophil count of either less than 500 neutrophils/µ L, or
less than 1,000 neutrophils/µ L with an expected precipitous
decline to below 500 neutrophils/µ L (137,138). In its natural
history, the disease may progress to bowel ulceration, necrosis,
and perforation, and ultimately, sepsis and death (133).

Neutropenic enterocolitis (NE) occurs primarily in patients
following aggressive cytotoxic therapy for acute leukemia
(134,139) and other hematologic malignancies such as lym-
phoma (134,136), chronic leukemia (134), multiple myeloma
(134–136), and rarely in solid tumors, such as colon, breast,
testicular, lung (130,140), and pancreatic cancer (140). In
leukemia, administration of drugs toxic to the bowel mucosa,
such as cytosine arabinoside (141), which cause cellular atypia
to frank ulceration, increases the risk of NE (140). Other agents
include cytarabine, cisplatin, fluorouracil, vincristine, doxoru-
bicin, 5-fluorouracil, thioguanine, and mercaptopurine (141).
NE is rare in solid tumors, but there are case reports iden-
tifying the syndrome in breast cancer patients receiving tax-
anes (142–144). Interestingly, there are also case reports of
acute leukemia patients presenting with NE in the absence of
chemotherapy (136), indicating that drug toxicity is a predis-
posing factor rather than a prerequisite in the disease patho-
genesis (136). Other immunocompromised patients in whom
NE occurs include cases of aplastic anemia (134,136,139,145),
cyclic neutropenia (146,147), agranulocytosis (148), Felty syn-
drome, thalassemia minor, systemic lupus erythematosus (134),
and HIV disease (134,149). Patients receiving immunosuppres-
sive therapy for bone marrow (150) or renal transplantation
(151) are also at risk.

The incidence of NE in adults varies widely in the literature,
ranging from 0.8% to 26% . In a recent systematic review, the
pooled incidence rate for adults hospitalized for treatment of
hematologic malignancies and solid tumors and for aplastic
anemia was 5.3% . The incidence of NE in the acute leukemia
group receiving myelosuppressive therapy, with the exclusion
of transplant patients, was 5.6% . Extrapolating from these
findings, the authors concluded that neutropenia rather than
acute leukemia is the primary risk factor for NE (134). In an-
other study, 88 (6% ) of 1,450 consecutive patients treated for
leukemia had clinical manifestations of NE (152). Although
the incidence may be low, it is the high mortality rate asso-
ciated with NE that underscores its designation as an onco-
logic emergency. Initial studies reported mortality rates rang-
ing from 50% to 100% (153). The above systematic review
stated that several authors observed a rate of 50% or higher,
with other published figures ranging between 40% and 50%
(154).

Pat hog e ne sis

NE has a predilection for the terminal ileum, cecum, and
appendix (154). One factor that may explain this predis-
position is the overall decreased blood supply to the colon
(136). Also, inherent to the cecum is decreased vascularity
and increased distensibility compared to other colonic seg-
ments (140,142), and progressive distention in the cecum may
cause increasing intraluminal pressure and exacerbation of sub-
mucosal edema (140). The pathogenesis of NE is multifacto-
rial and remains unclear (130,136). Drug-induced cytotoxic
mucosal injury (130,131,140) initiates the process by limit-
ing cellular proliferation and generating glandular epithelial
atypia and necrosis (cytosine arabinoside), and by produc-

ing myenteric plexus degeneration (vincristine) (140). Subse-
quently, mucosal barrier integrity is breached because cells can-
not rapidly regenerate to repair the damaged surface (140).
Once mucosal damage develops, bacterial translocation occurs,
resulting in microbial infection and sepsis (130,140). Marked
neutropenia impairs host defense and promotes further micro-
bial invasion; bowel flora becomes altered (136). Blood cul-
tures are often positive for Clostridium septicum , C. difficile,
Escherichia coli, Pseudomonas, Klebsiella, Enterobacter, and
Staphylococcus (135,140). Candidiasis, primarily Candida al-
bicans, which colonizes mucosal surfaces, is the most com-
mon fungal infection in neutropenic patients and is associated
with a high morbidity and mortality (155). These microbial
infections lead to inflammation and edema. With sustained
profound neutropenia, bacterial invasion is unconstrained, re-
sulting in transmural necrosis, hemorrhage, ulceration, and
perforation (135,136,140,156). In addition to drug-induced
mucosal injury, infiltration of mucosa with leukemic and lym-
phoproliferative cells and mucosal ischemia from sepsis-related
hypotension may also participate in initiating and perpetuating
mucosal injury (140,154).

Symp t oms

The onset of NE is 7 to 10 days after treatment when neu-
tropenia is evident. The clinical presentation includes fever, oc-
curring in 90% of all hospitalized neutropenic patients at any
time (140), nausea and vomiting, abdominal pain, and watery
or bloody diarrhea. Physical examination may reveal stomatitis
with diffuse mucositis, abdominal tenderness, abdominal dis-
tention, and peritoneal signs suggestive of bowel perforation
(140,141,157). In 60% to 80% of patients, right lower quad-
rant (RLQ) tenderness is elicited. Palpation of a mass in the
RLQ usually indicates a thickened, dilated, fluid-filled cecum
(140).

Diffe re nt ial Diag nosis

Neutropenic enterocolitis must be included in the differen-
tial diagnosis whenever a neutropenic patient presents with
fever and abdominal pain, particularly RLQ pain. Other enti-
ties that may mimic NE are pseudomembranous colitis, acute
appendicitis, acute cholecystitis, acute pancreatitis (152), di-
verticulitis (158), ischemic colitis, Ogilvie’s syndrome (colonic
pseudo-obstruction) (159), chemotherapy-induced abdominal
pain (130), and ileus secondary to vincristine toxicity (152).
Gastrointestinal bleeding may occur in 35% of typhlitis cases,
and hemorrhage should suggest NE rather than appendicitis
(157).

Diag nost ic Inve st ig at ion

On laboratory analysis, in addition to neutropenia, thrombocy-
topenia may be seen. Blood cultures are positive in 50% to 82%
of cases for bowel organisms as described above (135). Stool
studies may be notable for absence of C. difficile toxin A be-
cause C. difficile is not the primary pathogen in NE (134,142).

Plain radiographs of the abdomen are usually normal or
nonspecific. Findings may include a decrease in right lower
quadrant gas with dilated small bowel loops and air fluid levels



Chap t e r 174: Oncologic Emergencies 2589

consistent with a distal bowel obstruction. Free intraperitoneal
air after perforation, pneumatosis coli, or localized or diffuse
“ thumb-printing” characteristic of mucosal edema may be ex-
hibited (130,140).

Sonography assists in confirming the diagnosis of NE and
in excluding other differential diagnoses by detecting bowel
wall thickening. Additionally, ultrasound is useful in following
the clinical course of the disease (136,152). Sonographic man-
ifestations of NE include a rounded mass with dense central
echoes and a wider hyperechoic periphery (130), pseudopoly-
poid changes of the cecal mucosa, and pericolic fluid collections
(140). One study of neutropenic enterocolitis demonstrated
that patients with sonographically detected bowel wall thick-
ness of greater than 10 mm had a significantly higher mortality
rate (60% ) than did those with bowel wall thickness less than
or equal to 10 mm (4.2% ) (152).

Computed tomography is a more accurate modality for as-
sessing cecal wall thickening and evaluating the extent of the
colitis (130,136). It also has utility in differentiating NE from
appendicitis, appendiceal abscess, or pseudomembranous col-
itis (159). CT findings include diffuse submucosal thickening
and edema of the terminal ileum and ascending colon, mu-
ral hemorrhage, pericolic fluid collections, abscess formation,
pneumatosis coli, and intraperitoneal free air (136). The false-
negative rates in identifying NE for CT, ultrasound, and plain
radiographs are 15% , 23% , and 48% , respectively (139).

Barium enema is unsafe because it may result in bowel per-
foration in the presence of severely damaged, necrotic bowel
(131,160). Endoscopic evaluation is generally avoided because
it involves a high risk of perforation in addition to hemorrhagic
and infectious complications, and it may precipitate fulminant
mural necrosis (130). Colonoscopy has been performed in a
paucity of patients and will reveal irregular nodular mucosa,
ulcerations, hemorrhagic friability, and a masslike lesion re-
sembling carcinoma (131).

Hist op at holog y

With the difficulty of obtaining biopsy specimens, a tissue di-
agnosis is not required to confirm NE. On gross examination,
striking bowel wall thickening is evident. Scattered serosal
ecchymoses give the bowel a dusky appearance. Microscopy
demonstrates pronounced transmural submucosal edema, vas-
culitis, stromal hemorrhage, and patchy or complete epithelial
necrosis, resulting in mucosal ulceration and pseudomembrane
formation. With further damage, transmural necrosis leads to
muscularis propria degeneration. Vascular injury effects intra-
mural and intraluminal hemorrhage, and fibrin thrombi may be
seen in the submucosal vessels. Polymicrobial infiltration with
bacteria and fungi is observed in 53% of postmortem cases
(154). Very few inflammatory cells are observed, and rarely,
leukemic or lymphoproliferative infiltrates invade the bowel
wall. Neutrophils are absent, and aneutrophilia in the setting
of marked cell injury is pathognomonic for NE (134,154).

Manag e me nt

Prospective trials or case control studies evaluating thera-
peutic interventions in NE are lacking (134). Management
strategy remains controversial regarding the decision to pro-
ceed with early surgical intervention versus a conservative ap-

proach (161). Conservative management of NE involves bowel
rest, intravenous fluid and blood product resuscitation, broad-
spectrum antibiotics, granulocyte colony-stimulating factor
(G-CSF), and frequently, parenteral nutrition (130,141). Use
of omeprazole and gastric decompression is not advocated by
some authors because these interventions facilitate bacterial
migration from the bowel into the respiratory tract, predis-
posing the patient to pneumonia (134). Medications that in-
hibit bowel motility, such as antidiarrheal and narcotic agents
should be avoided since they perpetuate ileus and promote bac-
terial overgrowth (141). Patients with chemotherapy-induced
NE may suffer from repeated episodes with future treatment;
therefore, further chemotherapy should be withheld until NE
has completely resolved. Bowel decontamination may be help-
ful before subsequent chemotherapy, although this is not well-
studied (131).

Selection of broad-spectrum antibiotics should incorporate
the Infectious Diseases Society of America (ISDA) 2002 rec-
ommendations for febrile neutropenia (137) as well as the
2003 ISDA guidelines for complicated intra-abdominal infec-
tions (162). Without prompt antibiotic therapy, neutropenic
patients with Gram-negative bacteremia have a mortality rate
approaching 40% (163). The antibiotic(s) of choice in NE must
demonstrate activity against both Gram-negative and anaero-
bic organisms. Options include the following: monotherapy
with a carbapenem or piperacillin–tazobactam; duotherapy
with another antipseudomonal β -lactam plus an aminoglyco-
side; or duotherapy with cefepime or ceftazidime plus metron-
idazole (134,141,162). Antifungal therapy with amphotericin
B therapy should be considered for empiric therapy in pro-
foundly neutropenic patients whose fevers persist beyond
5 days despite receiving appropriately dosed broad-spectrum
antibiotics (137).

Granulocyte colony-stimulating factor (G-CSF) increases
cell division in myeloid precursor cells, decreases bone mar-
row transit time, and modulates activity and function of de-
veloping and mature neutrophils (156). The current American
Society of Clinical Oncology (ASCO) guidelines recommend G-
CSF administration in febrile neutropenic patients with a high
risk for infection-associated complications and poor prognostic
factors, such as profound neutropenia (less than 100 cells/µ L),
sepsis, pneumonia, hypotension, invasive fungal infection, and
uncontrolled primary disease (164); NE undisputedly meets
these criteria. G-CSF administration in chemotherapy-related
febrile neutropenia reduces hospitalization time and time to
neutrophil recovery, and may have an impact on infection-
related mortality that warrants further study (165). Clinical
improvement in NE patients is usually seen after normalization
of the neutrophil count with discontinuation of chemotherapy.
It has been observed that symptoms commence as the white
blood cell count (WBC) declines after chemotherapy, and re-
covery begins after the nadir when the WBC is increasing (130).

There are no standard recommendations, but rather, gen-
eral guidelines in the literature regarding surgical interven-
tion in NE; however, most patients are unlikely to be surgical
candidates. Early reports recommended aggressive and early
surgical resection of involved bowel, anticipating that in the
natural history of NE, bowel perforation is inevitable (134).
Recent series demonstrate successful nonsurgical management
(134,161,166). More recent publications support surgery with
laparotomy alone for patients with perforation and ileus (134).
Some advocate that patients who fail to improve or de-
velop bowel perforation and peritonitis after 2 or 3 days of
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conservative therapy warrant consideration for surgery
(142,167). Several authors recommend surgery for severe com-
plications such as abscess, necrotic bowel, and obstruction
(136). In general, definitive indications for surgery include in-
traperitoneal free air/perforation, generalized peritonitis, and
persistent bleeding in spite of correction of coagulopathy
(130,140). Important considerations that must influence the
decision to surgically intervene are the patient’s prognosis and
comorbidities because postoperative morbidity and mortal-
ity is greater in individuals with coexistent diseases (140). If
surgery is warranted, the procedure of choice is colectomy with
ileostomy and mucous fistula; a primary anastomosis is used in
very few patients (168). Of note, the extent of mucosal necro-
sis may be underestimated by the appearance of the serosa. A
surgeon must ensure complete resection of edematous bowel,
even in the absence of necrosis and inflammation, to preclude
a fatal outcome (140).

TOXICITY OF CHEMOTHERAPY
Most antineoplastic agents exert their therapeutic actions by
targeting rapidly proliferating malignant cells. Because these
agents interrupt fundamental cellular processes such as DNA,
RNA, and protein synthesis, they are not completely specific
to malignant cells and will also act on normal tissues, caus-
ing multiple toxicities. Rapidly regenerating cells, such as the
hematopoietic lineage, gastrointestinal mucosa, spermatogo-
nia, and hair follicles may suffer transient toxicity compared
to cells that have limited regenerative capacity, including those
of the myocardium, and nerves (169–171). This section fo-
cuses on the major life-threatening toxicities that occur with
commonly used chemotherapeutic agents.

Pulmonary Toxicit ie s

Pulmonary toxicity, both acute and chronic, is seen increasingly
with numerous antineoplastic agents (172). Chemotherapy-
induced lung disease (CLD) describes lung injury with multi-
ple etiologic agents and varying pathophysiologic mechanisms.
These major mechanisms include direct lung toxicity, im-
munologic response, and increased capillary permeability. The
corresponding clinical presentations are interstitial pneumoni-
tis/fibrosis, hypersensitivity syndrome, and capillary leak syn-
drome, respectively, and each may eventuate in fulminant res-
piratory failure. Symptoms can appear immediately or months
after termination of therapy (173).

Ant it umor Ant ib io t ics
Bleomycin. Bleomycin is an antitumor antibiotic used in the
treatment of lymphoma, germ cell tumors, cervical carcinoma,
and head and neck squamous cell carcinoma. The absence of
bleomycin hydrolase in the skin and lungs prevents deactiva-
tion of the drug, accounting for its selective toxicity. Bleomycin
interstitial pneumonitis is the most ominous toxicity, associ-
ated with a 3% mortality rate (174) and occurring in 0% to
46% of patients receiving bleomycin-containing regimens, ei-
ther during treatment or up to 6 months after discontinuation
(175). Toxicity is mediated by the mechanism of direct lung
injury via generation of cytokines and free radicals, the se-
quelae of which are endothelial damage, inflammatory cell in-

filtration, fibroblast activation, and fibrosis (173,175). There
is conflicting evidence in the literature as to whether periop-
erative oxygen supplementation exceeding a concentration of
24% fractional inspired oxygen causes synergistic toxicity with
bleomycin through the production of free radicals (176,177).

Mitomycin C. This is an antibiotic used in treating solid tu-
mors, primarily breast and lung carcinomas. The mechanism
of injury is alkylation of endothelial cell DNA, precluding
cell division. This agent is associated with the development
of an interstitial pneumonitis/fibrosis (178,179), usually 3 to
12 months after therapy (179,180), with a 3% to 14% inci-
dence. Mortality is as high as 14% to 50% (178,179,181). Risk
factors include oxygen exposure, prior irradiation, and other
cytotoxic drug administration, such as bleomycin, cisplatin,
the vinca alkaloids, cyclophosphamide, and doxorubicin. Drug
withdrawal, steroids, and avoidance of supplemental oxygen
may be helpful (180).

Mitomycin–vinca alkaloid syndrome is a unique entity oc-
curring with a 6% incidence after the vinca alkaloid is admin-
istered to patients receiving combination therapy with mito-
mycin and vinblastine but not with the vinca alkaloid alone.
Severe hypoxemia ensues with development of interstitial in-
filtrates on chest radiograph. Most patients show acute im-
provement within 24 hours with oxygen, diuretics, and occa-
sionally, mechanical ventilation, although chronic lung damage
occurred in 60% of patients in one study (178).

Alkylat ing Ag e nt s
Carmustine (BCNU). This is a nitrosourea used in the man-
agement of central nervous system tumors and in induction
therapy for bone marrow transplantation (BMT). Its cytoxic-
ity is mediated by alkylation of guanine in DNA (172). Car-
mustine causes dose-dependent pulmonary fibrosis and carries
the highest incidence of fibrosis among the nitrosoureas. The
mortality rate ranges from 24% to as high as 90% in some
reports (180,181). In 1% and 30% of the patients receiving
high- and low-dose carmustine, respectively, early-onset fibro-
sis and alveolitis will occur. In up to 40% of the patients un-
dergoing induction for BMT, pulmonary fibrosis will develop
within 2 years. Late fibrosis can be observed up to 17 years af-
ter exposure. Concomitant radiotherapy, chronic obstructive
pulmonary disease (COPD), and pneumoconioses increase the
risk of carmustine toxicity. Sixty percent of patients will re-
spond dramatically to steroids (180).

Micro t ub ule -t arg e t ing Ag e nt s
Taxanes. Paclitaxel inhibits microtubule disassembly (182),
and has activity against solid tumors such as non–small cell
lung carcinoma, breast carcinoma, and ovarian carcinoma
(173); it is prepared in Cremophor, a castor oil-based solution
(173,182). A type I hypersensitivity reaction, characterized by
urticaria, bronchospasm, angioedema, and hypotension, oc-
curs within 2 to 10 minutes of infusion of paclitaxel (182,183)
with a 3% to 10% incidence (180), and is attributable to the
Cremophor vehicle rather than paclitaxel itself (173). Premed-
ication with steroids and H 1 and H 2 blockers can curtail this
reaction (182).

Ant ime t ab olit e s
Cytosine Arabinoside. Ara-C is a substituted nucleoside an-
timetabolite that disrupts DNA replication and is used in the
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therapy of leukemia and non-Hodgkin’s lymphoma. One of its
toxicities is the abrupt onset of endothelial inflammation and
capillary leak syndrome (173), causing noncardiogenic pul-
monary edema, acute dyspnea, and a diffuse interstitial and
alveolar pattern. Management is supportive and includes oxy-
gen, diuretics, and mechanical ventilation when needed (180).

Gemcitabine. This is a pyrimidine analogue, structurally simi-
lar to ara-C (183), that has activity against tumors of the pan-
creas, lung (NSCLC), breast, and ovaries. Recent large series
report an incidence of lung toxicity of less than 1% to 1.4%
(184). The proposed mechanism of injury involves pulmonary
endothelial cell damage resulting in capillary leak syndrome
(173,183). The symptoms of gemcitabine pulmonary toxicity
range from mild dyspnea to a fatal acute respiratory distress
syndrome. Increasing age, pulmonary neoplasm, and prior ra-
diotherapy may be contributing risk factors (173,185). Patients
respond rapidly to corticosteroids (173), but fatalities do occur
(173,181,183,185,186).

Diffe re nt iat ion Ag e nt s
All-trans-Retinoic Acid. ATRA is a differentiation agent used
for the treatment of acute promyelocytic leukemia (APL). It
is associated with retinoic acid syndrome, developing in 20%
to 50% of APL patients receiving ATRA (187) a median of
7 days (range 0–35 days) after induction therapy (188). The
clinical presentation includes fluid retention, weight gain, fever,
and musculoskeletal pain, with progression to respiratory dis-
tress, pulmonary infiltrates, pleural (187) and pericardial ef-
fusions (180), renal insufficiency, skin infiltrates, hypotension,
and death (187). Corticosteroids are highly effective when the
syndrome commences but have limited utility once pulmonary
symptoms are apparent. The putative mechanism of the pul-
monary toxicity of ATRA is a capillary leak syndrome (180).

Monoclonal Ant ib od ie s
Trastuzumab. This is a humanized monoclonal antibody that
targets the epidermal growth factor type 2 (HER2) receptor
(189). In approximately 25% of breast cancers, the HER2 re-
ceptor is overexpressed (183) and is associated with a poor
prognosis (190), a finding that provides the rationale for use
of trastuzumab in HER2 receptor–positive metastatic breast
cancer. A retrospective analysis of 25,000 patients identified
bronchospasm as the only manifestation of pulmonary toxic-
ity. Nine cases (0.04% ) attributable to trastuzumab infusion
were fatal; most serious reactions commenced within 2 hours
of infusion, and most fatalities were observed in patients with
poor performance status and severe underlying pulmonary dis-
ease (191).

Bevacizumab. This is a recombinant humanized monoclonal
antibody directed against vascular endothelial growth factor
(VEGF) that inhibits binding of VEGF to its receptors, hence
impairing angiogenesis. The drug is approved for first-line
treatment of advanced colorectal cancer in combination ther-
apy (183). In a phase II randomized trial of 99 patients with ad-
vanced or recurrent NSCLC, the incidence of hemoptysis in pa-
tients with NSCLC was demonstrably higher in patients treated
with bevacizumab, carboplatin, and paclitaxel (20% ) than in
those treated with carboplatin and paclitaxel alone (6% ). Four
patients in the bevacizumab group had severe hemoptysis,
which occurred with an incidence of 9.1% and was associ-

ated with squamous cell pathology, tumor necrosis and cavi-
tation, and centrally located tumors in close proximity to ma-
jor blood vessels (192). A recent study excluded patients with
pre-existing hemoptysis and squamous cell pathology based
on the premise that squamous carcinomas, as a consequence of
their location and ability to cavitate, are more prone to bleed-
ing. With these exclusions, a 1.9% incidence of life-threatening
hemorrhage with bevacizumab was observed (193).

Alemtuzumab. This is a monoclonal antibody to the lympho-
cyte and monocyte cell surface antigen CD52 and is used as a
salvage therapy for chronic lymphocytic leukemia (194). In a
series of 16 patients with B-cell chronic lymphocytic leukemia
(B-CLL), the associated pulmonary toxicity in one patient was
severe bronchospasm that responded to corticosteroids (195).

Card iac Toxicit ie s

Ant it umor Ant ib io t ics
Anthracyclines. These are red-pigmented antibiotics (rhodo-
mycins), which include doxorubicin, daunorubicin, idarubicin,
and epirubicin (196). They are active against a broad spec-
trum of tumors, such as breast and esophageal carcinomas,
Hodgkin’s and non-Hodgkin’s lymphomas, osteosarcomas,
Kaposi’s sarcoma, and soft-tissue sarcomas. Three mechanisms
that lead to oxidative stress (197) contribute to the cardiac
toxicity of these agents: mitochondrial dysfunction and con-
sequent adenosine triphosphate depletion; free radical lipid
peroxidation by iron–doxorubicin complexes; and glutathione
peroxidase depletion (196). Histopathology demonstrates
myofibril dropout, vacuolization of myocardial cells, and
necrosis (196,197). Acute cardiotoxicities include nonspe-
cific ST-T wave changes (198), supraventricular tachycardia
(SVT), ventricular arrhythmias, myopericarditis, cardiomy-
opathy, and sudden death. The cardiomyopathy is dose depen-
dent, and is classified as subacute and late. Subacute cardiomy-
opathy presents within 8 months of therapy, with a peak onset
of 3 months, whereas late cardiomyopathy is observed after
5 or more years. A continual decline in left ventricular func-
tion results in congestive heart failure (CHF) (196); liposomal
doxorubicin may play a role in reducing cardiotoxicity (199).
Dexrazoxane, an iron chelator with cardioprotective prop-
erties, has been demonstrated to substantially reduce toxi-
city (197,200). Toxic effects may be compounded by other
therapies, including trastuzumab, cyclophosphamide, dactino-
mycin, mithramycin, mitomycin, etoposide, melphalan vin-
cristine, bleomycin, dacarbazine (196), and taxanes (201,202).

Mitoxantrone. This agent has structural similarity to the an-
thracyclines, and is used in managing metastatic breast can-
cer, acute myeloid leukemia, and non-Hodgkin’s lymphoma
(202). The mechanism of cardiac injury, like that of the an-
thracyclines, may involve iron chelation complexes (203); ar-
rhythmias and dose-dependent heart failure are toxicities. The
incidence of a moderate to severe decrease in left ventricu-
lar ejection fraction (LVEF) and of CHF is 13% and 2.6% ,
respectively, with a cumulative dose of less than or equal to
140 mg/m2. Doses below 110 mg/m2 decrease the incidence of
heart failure, whereas incidence increases with doses greater
than 160 mg/m2 (196).
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Mitomycin C. In addition to its lung toxicity, mitomycin is car-
diotoxic, resulting in an increased incidence of cardiac failure
with cumulative doses exceeding 30 mg/m2 (196,204). Additive
cardiotoxicity occurs when mitomycin is used in conjunction
with anthracyclines (204); superoxide free radicals may medi-
ate this toxicity (198).

Alkylat ing Ag e nt s
Cyclophosphamide. This agent is a nitrogen mustard alky-
lating agent effective in treating leukemia, lymphoma, mul-
tiple myeloma, mycosis fungoides, neuroblastoma, and ovar-
ian cancer. Acute cardiotoxicity may develop with doses of
120 mg/kg to 170 mg/kg given over 1 to 7 days in prepara-
tion for bone marrow transplantation. Electrocardiogram may
reveal decreased QRS amplitude, nonspecific T-wave abnor-
malities, poor R-wave progression, supraventricular and ven-
tricular tachyarrhythmias, and second-degree atrioventricular
block (203). Acute fulminant CHF may occur in up to 28% of
patients treated with high-dose cyclophosphamide (196), but
CHF is usually short lived and reversible (203). The drug is me-
tabolized to its active form in the liver by the cytochrome P-450,
and more rapid metabolism amplifies the risk of CHF (205).
Another cyclophosphamide-related cardiotoxicity is hemor-
rhagic myocarditis, putatively mediated by endothelial capil-
lary injury, which results in pericardial effusion, tamponade,
and death; most effusions are treatable with corticosteroids and
analgesics. When the purine analogue pentostatin (198) is used
in bone marrow conditioning regimens in combination with
cyclophosphamide, there is an increased incidence of fatal car-
diac toxicity (196) that includes myocardial infarction, CHF,
and arrhythmias (198). There may be an additive effect of cy-
clophosphamide and anthracycline-induced cardiomyopathy,
but the data are conflicting (196).

Iphosphamide. This is an alkylating agent, with similar prop-
erties to cyclophosphamide, used to treat lymphoma, leukemia,
and testicular and bladder tumors. Arrhythmias and tran-
sient, reversible, dose-dependent CHF—as with cyclophos-
phamide—may be seen (203,206).

Cisplatin. This agent cross-links interstrand DNA. It is used
in treating cancers of the testes, bladder, ovaries, and other tu-
mors. Bradycardia, supraventricular tachycardia (196), acute
ischemia (207), myocardial infarction, and ischemic cardiomy-
opathy may be observed (196). Acute chest pain and palpita-
tions may be associated with cisplatin infusion. Late complica-
tions can occur 10 to 20 years after therapy. Hypomagnesemia
and hypokalemia generated by cisplatin-induced tubular de-
fects (196) may exacerbate arrhythmias (198).

Micro t ub ule -t arg e t ing Ag e nt s
Vinca Alkaloids. Vinca alkaloids include vincristine and vin-
blastine, which are used for management of hematologic ma-
lignancies and solid tumors, and vinorelbine, a semisynthetic
derivative used in NSCLC therapy. These agents exert their tox-
icity by inhibiting microtubule assembly, and all possess vaso-
constrictive properties. Hypertension, vasospastic myocardial
ischemia, and myocardial infarction may be seen (198). Vi-
norelbine toxicity is more common in women than men (208).

Taxanes. (See also Pulmonary Toxicities, above.) Hyperten-
sion (196) and cardiac arrhythmias, most commonly tran-

sient asymptomatic bradycardia (182), are observed with
paclitaxel. In a large series, the incidence of more significant
bradyarrhythmias—Mobitz type I and II heart block and com-
plete heart block—was 0.1% (209). Rarely, atrial and ventricu-
lar tachycardias, myocardial ischemia, and myocardial infarc-
tion occur, often in patients with underlying cardiac disease
or electrolyte derangements (196). Docetaxel may lead to the
potentiation of anthracycline cardiomyopathy (202).

Ant ime t ab olit e s
5-Fluoruracil and Capecitabine. 5-Fluoruracil (5-FU) is a syn-
thetic pyrimidine antimetabolite used in regimens for managing
multiple solid tumors including gastrointestinal, breast, ovar-
ian, and head and neck malignancies. Myocardial ischemia,
possibly triggered by coronary vasospasm, is a well-known
cardiac toxicity that occurs with increased frequency in com-
bination with cisplatin. In one study, silent ischemic ECG
changes were identified during 24 hours of observation in up
to 68% of patients receiving a continuous 5-FU infusion (210).
Other cardiac manifestations include chest pain, angina, atrial
and ventricular arrhythmias, myocardial infarction, persistent
ventricular dysfunction, sudden death, and cardiogenic shock
(196,203) requiring inotropic support (196). Pre-existing car-
diac morbidity significantly increases the risk of cardiotoxic-
ity compared to no prior cardiac disease (15.1% vs. 1.5% )
(203). Given the potential for severe cardiotoxicity, infusions
should be terminated when chest pain occurs. The oral equiv-
alent of infused 5-FU is capecitabine, which exhibits a similar
cardiotoxicity profile to 5-FU (211).

Top oisome rase Inhib it ors
Etoposide. This agent is a topoisomerase II inhibitor used pri-
marily for treatment of refractory testicular tumors and small
cell lung carcinoma. Hypotension is the most common side
effect (198). Myocardial infarction (198,212) and vasospastic
angina (196) may also occur. Prior chemotherapy or mediasti-
nal irradiation may increase the risk of myocardial infarction
after etoposide therapy (196).

Bio log ic Re sp onse Mod ifie rs
Interferons. These are glycoprotein biologic response mod-
ifiers classified according to their respective derivations:
interferon-alfa (leukocytes), interferon-beta (fibroblasts), and
interferon-gamma (lymphocytes) (196). They are used to treat
various tumors including renal cell carcinoma, metastatic
melanoma, multiple myeloma, Kaposi sarcoma, and some
leukemias and lymphomas. Cardiovascular toxicities include
hypertension or hypotension (198), ischemia in patients with
coronary artery disease, myocardial infarction, arrhythmias
(20% incidence) (213), sudden death, and cardiomyopathy
characterized by resolution with termination of the infusion
(214).

Interleukin-2 (IL-2). This is a glycoprotein biologic response
modifier derived from helper T-lymphocytes, and is approved
for the treatment of metastatic renal cell cancer. Most patients
develop capillary leak syndrome and hypotension associated
with decreased peripheral vascular resistance necessitating va-
sopressors (196). In a study of 423 treatment courses with IL-2,
65% required pressor support for hypotension (215). In pa-
tients with coronary artery disease, direct myocardial toxicity
precipitates ischemia, myocardial infarction, arrhythmias, and
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death. IL-2 may also predispose patients to ventricular and
supraventricular arrhythmias, which are seen in 14% to 21%
of patients (196).

Diffe re nt iat ion Ag e nt s
All-trans-Retinoic Acid. (See also Pulmonary Toxicities.) Peri-
cardial effusions, cardiac tamponade, myocardial ischemia
(196), fatal infarction, and thrombosis (198), in addition to
pulmonary toxicity, may occur with the retinoic acid syndrome
as described above (196).

Arsenic Trioxide. Arsenic trioxide is a differentiation agent ef-
fective in treating relapsed acute promyelocytic leukemia. Like
all-trans-retinoic acid, it may also cause the retinoic acid syn-
drome. Prolongation of the QT interval is another complication
seen in up to 63% of patients, leading to torsades de pointes
(196) and sudden death. The degree of QT prolongation is
higher in the presence of hypokalemia (216); therefore, careful
monitoring of electrolytes and maintaining levels in the high
normal range is prudent.

Monoclonal Ant ib od ie s
Trastuzumab. (See also Pulmonary Toxicities.) There is an in-
creased risk of cardiotoxicity associated with trastuzumab,
which is highest in patients receiving concurrent anthracy-
cline plus cyclophosphamide (27% ) compared to concomitant
trastuzumab and paclitaxel (13% ) or trastuzumab alone (3% –
7% ) (217). The mechanism of cardiac toxicity of trastuzumab
is not well understood, but cardiac erbB2 is essential for my-
ocyte function, and trastuzumab targets both HER2 and erbB2
receptors (203,218). Early following initial treatment, there
may be an asymptomatic decline in LVEF with late progression
to dilated cardiomyopathy (203). Risk factors for cardiovascu-
lar toxicity include older age, cumulative doxorubicin dosage
400 mg/m2 or greater, (217), and concurrent anthracycline and
trastuzumab administration, rather than temporally separated
dosing (218).

Rituximab. The CD20 antigen, present on normal and malig-
nant B cells, is the target of the chimeric murine/human mon-
oclonal antibody rituximab, which is used to treat leukemias
and lymphomas, as well as benign diseases. Cardiac toxicity
involves arrhythmias and angina in less than 1% of infusions
(196). Most adverse effects with rituximab are infusion related,
usually occurring within 2 hours of the first infusion (219).
Acute infusion-related deaths have been reported in 0.04% to
0.07% of cases. The clinical presentation in these patients in-
cludes hypoxia, pulmonary infiltrates, adult respiratory distress
syndrome, myocardial infarction, ventricular fibrillation, and
cardiogenic shock (196). Hypersensitivity reactions, including
hypotension, angioedema, hypoxia, or bronchospasm, may oc-
cur in up to 10% of cases. Management is supportive, using in-
travenous fluids, antihistamines, acetaminophen, bronchodila-
tors, and vasopressors (198).

Cetuximab. This agent is a human/mouse chimeric mono-
clonal antibody designed to target the human epidermal growth
factor receptor. It is used alone or in combination therapy with
irinotecan to treat metastatic colorectal cancer. Life-threatening
infusion reactions occur in 3% of patients with bronchospasm,
urticaria, and hypotension (220). Interstitial pneumonitis with
noncardiogenic pulmonary edema is a rare toxicity (198).

Bevacizumab. (See also Pulmonary Toxicities.) This agent is
associated with CHF, hypertension, and arterial thromboem-
bolism. With bevacizumab monotherapy, 2% of patients devel-
oped moderate to life-threatening (grades 2 to 4) left ventricular
dysfunction (221). CHF developed in 14% of patients concur-
rently receiving anthracyclines, and in 4% of patients who had
previously received anthracyclines or left chest wall irradiation
(196,198). Clinical trials have also documented hypertension
in 5% of patients, with reports of hypertensive crisis, hyperten-
sive encephalopathy, and subarachnoid hemorrhage (198). The
FDA has issued a warning to health care providers announcing
that bevacizumab has demonstrated an increased risk of ar-
terial thromboembolic events, which include cerebrovascular
accident, transient ischemic attack, myocardial infarction, and
angina (222). In addition, the risk of fatal arterial thrombotic
events is doubled to 5% in patients receiving intravenous 5-FU
and bevacizumab (222,223).

He mat o log ic Toxicit ie s

Thalid omid e
Thalidomide is a sedative-hypnotic agent with anti-inflam-
matory properties, used in multiple myeloma patients to treat
advanced and chemotherapy-refractory disease (224,225). Its
mechanism of action is unclear, but immune modulation, an-
tiangiogenesis, and tumor necrosis factor-alpha may play a
role (226). There is an increased risk of venous thromboem-
bolism (VTE) associated with thalidomide, occurring at a mean
of 2 months of therapy (227). Lower extremity deep venous
thrombosis (DVT) is the most frequent thrombotic complica-
tion occurring with thalidomide treatment, and approximately
50% of these patients will develop PE. The mechanism of
thalidomide-induced DVT is not well defined. Thalidomide
may exert a direct effect on endothelial cells that have been
injured by other chemotherapy agents such as doxorubicin
(226). In one study, VTE rates with thalidomide monother-
apy, thalidomide–dexamethasone, thalidomide–doxorubicin,
and thalidomide–dexamethasone–doxorubicin were less than
5% , 9% , 12% , and 22% , respectively (228). These findings
suggest a role for VTE prophylaxis, and further investigation
is warranted.

Hormone s
Estramustine. Estramustine phosphate has hormonal proper-
ties because it contains nor-nitrogen mustard linked to 17 beta-
estradiol. It is used in the treatment of prostate cancer. In up
to 10% of patients receiving estramustine, venous thrombo-
sis, pulmonary emboli, and myocardial and cerebrovascular
ischemia may occur (196).

Tamoxifen and Aromatase Inhibitors. Tamoxifen and the aro-
matase inhibitors—anastrozole, letrozole, and exemestane—
are used as adjuvant therapy for early-stage estrogen receptor–
positive breast carcinoma (229). It is well known that there is
an increased risk of VTE with tamoxifen. The following data
clearly quantifies the risk: the incidence of VTE in the general
population is 0.12% per year and 0.09% per year in women.
In women with early-stage breast cancer and no adjuvant treat-
ment, compared to those receiving tamoxifen, the incidence in-
creases to 0.4% over 5 years and 1.4% to 1.7% over 5 years,
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respectively. This incidence escalates to 10.8% over 5 years in
the same population of women who receive concurrent tamox-
ifen and chemotherapy. Aromatase inhibitors (AI) are gener-
ally associated with a lower risk of VTE than tamoxifen. In the
ATAC trial (Arimidex, Tamoxifen, Alone, or in Combination)
at 5 years, the incidence of VTE with anastrazole was 1.6%
versus 2.4% with tamoxifen (230).

Gast ro int e st inal Toxicit ie s

Be vacizumab
This agent is associated with both bowel perforation and gas-
trointestinal hemorrhage. In a randomized controlled trial in
patients with metastatic colon cancer, subjects received ei-
ther irinotecan, fluorouracil, and leucovorin (IFL) plus beva-
cizumab, or IFL alone. Gastrointestinal perforation was ob-
served in six patients (1.5% ) treated with IFL plus bevacizumab
with one fatality compared to no patients in the control group
(231). A more recent phase II trial adding bevacizumab to bolus
5-FU and leucovorin reported bowel perforation in 2% of cases
(223). In a phase II trial of bevacizumab in combination with
fluorouracil and leucovorin in advanced refractory colorectal
cancer, severe to life-threatening gastrointestinal hemorrhage
(grades 3 and 4) was seen in 3.8% of patients (232).

Ge nit ourinary Toxicit ie s

Cyclop hosp hamid e and Ifosfamid e
Cyclophosphamide and ifosfamide induce an early (within 72
hours of administration) hemorrhagic cystitis via their metabo-
lite, acrolein, that causes denudation of the bladder mucosa and
bleeding (233,234). In the past, early hemorrhagic cystitis was
observed in over 40% of bone marrow transplants, but that
rate has dramatically declined to 5% with aggressive hydra-
tion regimens and administration of the thiol mesna. Mesna
is a type of thiol that inactivates acrolein in the bladder after
itself being converted to the active form in the kidney. It must
be administered prior to cyclophosphamide infusion and con-
tinued after the infusion is terminated consequent to its shorter
half-life. In cases of hemorrhagic cystitis that have progressed
to intractable or profuse bleeding, bladder irrigation and cys-
toscopy with clot extraction and fulguration may be necessary
to achieve hemostasis (234). Cystectomy, vascular ligation, or
hyperbaric therapy (233) may be required in recalcitrant cases.
Late occurring hemorrhagic cystitis commences 72 hours after
administration of preparatory regimens in bone marrow trans-
plantation, with risk factors including viral infections, busulfan
use, pelvic irradiation, older age at transplantation, allogenic
transplantation, and graft versus host disease (235).

Mit omycin C
Mitomycin C has been discussed with reference to its pul-
monary and cardiac toxicities. Another life-threatening mani-
festation associated with mitomycin is the thrombotic throm-
bocytopenic purpura-hemolytic uremic syndrome (TTP-HUS).
This entity is a distinct multiorgan disorder distinguished
by thrombocytopenia, microangiopathic hemolytic anemia
(MAHA), and tissue ischemia precipitated by platelet agglu-
tination in the arterial microvasculature (236). The classic

pentad—fever thrombocytopenia, MAHA, renal failure, and
neurologic dysfunction—is no longer required to make the di-
agnosis. Instead, the new definition encompasses a broad spec-
trum of conditions in which unexplained thrombocytopenia
and MAHA are present (237). Of the chemotherapeutic agents
associated with TTP-HUS, mitomycin is the most common,
but bleomycin, cisplatin, and gemcitabine are also causes of
the syndrome (236). The pathogenic mechanism of mitomycin
C–induced TTP-HUS may involve chemotherapy-induced en-
dothelial cell injury (238,239) and circulating immune com-
plexes against tumor-related antigens (239). In some cancer
patients, it may be difficult to attribute TTP-HUS to mito-
mycin, because malignancy-induced TTP-HUS is clinically in-
distinguishable from mitomycin-induced disease. TTP-HUS is
typically seen 4 to 8 weeks following the final dose of mit-
omycin. Patients usually present with dyspnea from noncar-
diogenic pulmonary edema, which may progress to adult res-
piratory distress syndrome, and may mimic mitomycin lung
toxicity. Renal failure is generally present, whereas neurologic
symptoms are infrequent (237). Unfortunately, patients with
mitomycin-induced TTP-HUS do not respond to plasmaphere-
sis. Immunoadsorption of plasma over a staphylococcal pro-
tein A column to remove immune complexes may be effective in
these patients (240). The prognosis of mitomycin-induced TTP-
HUS is poor, with most patients succumbing to pulmonary or
renal failure or to their underlying malignancy within 4 months
(237).
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CHAPTER 175 ■ MASS CASUALTY INCIDENTS:
ORGANIZATIONAL AND
TRIAGE-MANAGEMENT ISSUES THAT IMPACT
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Mass casualty incidents (MCIs) are characterized by such high
numbers (hundreds to tens of thousands), severity, and diversity
of injuries and illnesses that they can overwhelm the ability of
local medical resources to deliver comprehensive and definitive
medical care to all victims (1). Recent experience with large-
scale natural disasters, bombings, threats of weapons of mass
destruction, and pandemics suggest that modern-day mass ca-
sualty events would compromise the ability of all local, re-
gional, or national health systems to deliver services consistent
with established standards of care while rapidly overwhelming
both the medical and public health systems. Yet no one recent
event revealed the dangers and opportunities posed by poten-
tial MCIs more than the severe acute respiratory syndrome
(SARS) pandemic that spread from rural China to 40 coun-
tries in 10 days (2,3). SARS exposed severe international po-
litical and legal impediments that not only prevented an effec-
tive and efficient local-to-international response but also con-
tributed to the transmission of the disease. Only when emer-
gency actions by the World Health Assembly gave the World
Health Organization (WHO) unprecedented authority to over-
come national sovereignty restrictions in favor of international
protection was the pandemic controlled (4,5). Clearly, what
happens locally, as a potential global threat, has immediate in-
ternational implications. Over a prolonged period of time, local
capability and capacity to optimize services, such as those of
critical care, requires unprecedented collaboration, communi-
cation, and cooperation of state, national, and international
resources (2).

Victims in the developed world are not prepared for the sud-
den challenges posed by an MCI that limits resources. Nowhere
is this more evident than in countries that enjoy everyday criti-
cal care that provides highly advanced and technologically de-
pendent medical, surgical, monitoring, and care to victims in
a critical or unstable condition. Arguably, critical care is the
most expensive high technology and resource-intensive area of
medical care, and the pressure to respond in like-minded fash-
ion to any MCI with unlimited resources is immense (6). MCIs,
in particular, the 1995 Tokyo Subway sarin attack, the 2001
anthrax letter attacks, and the 2003 SARS outbreaks, have
transformed the requirements for health care facilities (HCFs),
and in the process, made the critical community more aware of
how devastating the potential expectations and risks of their

roles and responsibilities are. The greatest challenge for HCFs,
already overwhelmed on a daily basis with high acuity, declin-
ing bed capacity, and health care worker (HCW) shortages,
will be the sudden presentation of large numbers of severely
critical victims (7). HCFs are expected to increase their capac-
ity (staffing, equipment, and prioritization of care) by 110%
to 120% to cope with a major MCI (8). Depending on the
cause of the MCI, the patient mix may range from primar-
ily “walking wounded” or those with minimal illnesses (i.e.,
influenza pandemic), to the vast majority of those requiring
hospital admission for critical care (i.e., inhalational plague,
anthrax, mutational avian influenza).

Organization science research challenges communities to
continuously maintain effective, high-quality, and competent
working conditions despite disasters that “fluctuate widely and
are extremely hazardous and unpredictable” (9). New organi-
zational systems that achieve flexibility and a degree of reliabil-
ity under turbulent conditions have in common: standardiza-
tion, specialization, formalization, and hierarchical authority.
One community level system is the National Incident Man-
agement System (NIMS) and its Incident Command System
(ICS), designed and used by many public safety professions.
The NIMS has shown consistent capacity of reliability in con-
ventional disaster conditions along with the ability to structure
and restructure on a moment-to-moment basis to respond to
unforeseen complications provoked by large, complex, and dy-
namic emergencies and disasters (9).

This chapter will focus first on the description of established
disaster management schemes under the NIMS that address
the integration of multidisciplinary local, national, regional,
and international assets required for effective management of
MCIs; schemes that also have responsibility to address issues of
critical care decision making and communications. Knowledge
of these schemes will allow the critical care community to be
a more effective player at the emergency response table (7). At
no time in the care of a population will critical care be more
responsive to and its success dependent on other agencies and
organizations than during an MCI. Second, this chapter will
address critical care decision making, including the inevitable
triage management of limited resources, which under the rubric
of surge capacity requirements, should ensure the greatest good
for the greatest number (2,10).
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THE ORGANIZATION FOR MASS
CASUALTY MANAGEMENT

The coordinated response to large-scale disasters by local com-
munities, nation-states, regions, and international organiza-
tions such as the WHO is no longer an ad hoc process derived
from local disaster plans. Emergencies are typically divided into
three phases (pre-event, event, and postevent) with particular
activities occurring during each phase (11). The medical and
public health planning requirements that support critical care
will first occur at a local level and within health care facili-
ties responsible for those services (7). As the planning process
evolves and the MCI escalates, it is necessary to integrate both
planning and operational activities at county, state, national,
and even international levels. At regional and national levels,
governmental jurisdictions have adopted NIMS for achieving
unified interagency and intra-agency management during op-
erations for any large-scale and MCI disaster. The NIMS goal
is to ensure that there is a comprehensive national framework
to support efficient and effective incident management regard-
less of size, nature, or complexity of the incident. The NIMS
framework provides for a seamless interface and standardiza-
tion of emergency organizational structures, emergency plan
training, emergency response equipment, communication, and
other technologies (Fig. 175.1) (12,13). However, health care

and public health must still work to standardize their terminol-
ogy for resources (people, equipment, etc.).

Within this NIMS scheme is the Incident Command System
(ICS), the Unified Command System (UCS), and the Emergency
O perations Center (EOC) concept that facilitates the policy
and operational processes at the local level. To ensure that on-
going services remain a viable and credible option when prac-
tice and resources are constrained, critical care services must
understand the larger system in which they will need to work.
Health care workers will be required to make uncomfortable
but real decisions that are often population based and are not
part of their daily routine. Understanding the system in which
management of an MCI occurs is a first step in that process
(12–16).

Incid e nt Command Syst e m

Traditionally, disaster management has involved integration
of local fire, police, and emergency medical services. How-
ever, modern responses to MCIs involve services from many
different agencies and organizations including public health.
The more complex the disaster, the more agencies will partici-
pate. By definition, MCIs require unprecedented coordination,
collaboration, and cooperation of disparate organizations and
jurisdictions to ensure operational success. In the 1970s, the
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FIGURE 175.1. National Incident Management System: Policy level and operations level.
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Incident Command System (ICS) was created to provide a com-
mon organizational structure and language to coordinate and
simplify communication and establish clear lines of authority
with a seamless command structure. For more than 30 years,
disaster management resources in North America, the United
Kingdom, and parts of New Zealand and Australia have con-
tinued to use the ICS as the accepted standard for all disaster
response (12,13,16,17).

The ICS is organizationally flexible to meet the needs of dis-
asters of any kind and size, yet is based on consistent and com-
mon features seen in all disasters. The ICS structure is based
on common functional requirements, not titles (Fig. 175.1).
All participants must adhere to the structure of the ICS to inte-
grate successfully into the disaster management response. The
basic organizational structure of ICS has five major functional
management activities (11,12,15):

1. The Incident Commander maintains overall responsibility
for disaster response and the Incident Action Plan (IAP),
which defines the response activities and resource use for a
specific period of time

2. The O perations Section is responsible for the following:r Directing and coordinating all operationsr Ensuring the safety of Operations Section personnelr Assisting the Incident Commander in developing response
goals and objectivesr Implementing the Incident Action Planr Requesting (or releasing) resources through the Incident
Commanderr Updating the Incident Commander on status of the situ-
ation and resources

3. The Planning Section is responsible for the following:r Collection, evaluation, dissemination, and use of infor-
mation about the development of the incident and status
of resourcesr Creation of the Incident Action Plan, which develops ac-
tion plans and collects/evaluates information

4. The Logistics Section is responsible for the following:r Provision of facilities, services, and materials for the
incident, including essential personnel to meet incident
needsr Long-term or extended operations (i.e., the Medical Unit
in the Logistics Section provides care for the incident re-
sponders, not civilian victims)

5. The Finance and Administration Section is responsible for
monitoring costs

Under the ICS, only those management sections and posi-
tions that are needed are activated, but the responsibilities for
each function falls to the Incident Commander if the section
is not activated. Any ICS sections or positions may be opened,
closed, expanded, or contracted depending on need. To ensure
universality and transparency, the common position titles re-
main no matter how large or small the ICS structure (15,16).
Briggs (14) emphasizes that the structural basis for ICS conti-
nuity is found in familiar basic and public health terminology.
The functional basis of the ICS is analogous to the ABC (air-
way, breathing, circulation) approach to trauma care. Like the
changing severity of presentation of individual trauma cases,
the ICS structure based on functional elements allows expres-
sions of the differences seen in multiple MCIs while ensuring
that the ABCs of disaster response are universally heeded.

Medical concerns related to conventional MCIs are as fol-
lows:

■ Search and rescue
■ Triage and initial stabilization
■ Definitive medical care
■ Evacuation

Public health consequences of MCIs involve the following:

■ Water
■ Food
■ Shelter
■ Sanitation
■ Security and safety
■ Transportation
■ Communication
■ Disease surveillance
■ Endemic and epidemic diseases

Unifie d Command Syst e m

The ICS structure is modular and generic (12–17). For dis-
asters of a minor nature, all functional elements may not be
used. However, when a new service enters the ICS (which is
common as the MCI escalates, intensifies, and becomes more
complex), a Unified Command System (UCS) is formed (Fig.
175.1). The Unified Command guarantees a single command
structure when there is overlap of jurisdictional (e.g., county,
state, national) or functional responsibilities (agencies with dif-
ferent or competing legal, geographic, and functional respon-
sibilities that need to work together). In the case of a hospital
scenario, Unified Command would dictate that many different
hospital departments may work in cooperation. All responding
agencies/departments will work together to develop a common
goal for responding to the MCI. This is referred to as the In-
cident Action Plan (IAP), which determines the allocation of
scarce resources and assistance under a common goal. This is
illustrated in a pandemic when coordination among local, na-
tional, regional, and international organizations is critical to
managing rapidly constrained resources while preventing sec-
ondary infections by impeding transmission of disease across
geographic boundaries.

Eme rg e ncy Op e rat ions Ce nt e rs

Mignone and Davidson define the Emergency Operations Cen-
ter (EOC) as a “ location from which personnel representing
various organizations, both public and private, come together
during an emergency or disaster event to: (1) coordinate re-
sponse and recovery actions; (2) conduct strategic decision-
making; and (3) manage resource allocation” (18). The EOC
is the location where the Emergency Control Group (ECG)
meets (Fig. 175.1). The ECG is responsible for various ac-
tions, in general the management of “big picture” decisions
of community-wide resources and response (15–17). Whereas
the Incident Commander runs the incident, the EOC/ECG is
responsible for organizational continuity and maintaining this
at all times. Examples of EOC activities:

■ Requesting mutual aid resources
■ Locating requested resources and directing them to the ICS

staging area



2602 Sect ion XX: Specialized Management Issues: Disaste r Management

■ Managing a wide-scale evacuation
■ Establishing shelters and coordinating social services
■ Coordinating messages with the ICS Information Officer
■ Transmitting information over the Emergency Alert System

(EAS)
■ Resolving policy issues

In any large urban area, many EOCs may exist in every or-
ganization, agency, and hospital and are generally institution
specific (19). In public health emergencies, such as pandemics
where the incident is ubiquitous rather than geographically
defined, the lead agency EOC may, in effect, be that of the
jurisdictional Department of Health that expands as needed
with ethicists, legal consultants, and specialists in infectious
disease, critical care, and other areas. Still, a major challenge
facing health care providers used to individual-based care lies
in their capacity and capability to make an operational shift to
population-based triage management including the necessity
for a health-inclusive EOC (2,10).

Hosp it al Eme rg e ncy Incid e nt
Command Syst e m

For many hospitals in the United States, the Hospital Emer-
gency Incident Command System (HEICS) has become the
adaptation of ICS to hospital emergency functions (20,21).
The HEICS uses a similar ICS management structure that in-
corporates defined responsibilities, clear reporting channels,
and common nomenclature. The HEICS identifies positions de-
signed to facilitate expanding or contracting requirements as
needs dictate, such as the demand for multidisciplinary medical
specialists to support existing critical care assets. Both the ICS
and the HEICS have been modified based on emerging needs
such as adding expert advice in chemical, biological, radiologic,
and nuclear (CBRN) emergencies, critical care, more robust
mental health consultation, mass fatality and expectant triage
category experts, and leadership to coordinate the massive re-
quirements for information technology services and systems
(21). Representatives from other hospital HEICS may be called
on to serve as ICS consultants to provide expertise, especially
on the coordinated and collaborative sharing of scarce re-
sources (19).

THE INCIDENT COMMAND
SYSTEM AND CRITICAL CARE

MANAGEMENT
The ICS methodology addresses the inherent inabilities of dis-
aster managers to adjust (expand or contract) their agencies,
organizations, or services to shifting situational demands, non-
standard terminology, and communications procedures among
responding agencies (11,13). To have a voice in MCI decision
making and resource allocation, the responding critical care
community must have a clear understanding of the ICS. This
includes ability to optimize available critical care resources and
ensure that requested requirements are both realistic and well
understood; and in framing the request one must appropriately
use supporting legal, logistic, administrative, and operational
resources supplied under ICS policies and structure.

Mass casualty incident decision making must ensure justice
and equity while maintaining the greatest good for the greatest
number. These triage-management decisions require a strong
and coordinated public health workforce and leadership to en-
sure a smooth integration of multidisciplinary assets. No one
agency, organization, or authority possesses the total expertise
and resources to address and manage all population-based re-
quirements (2,10). The ICS addresses the problems of adjusting
through action planning protocols and guidelines that include
requirements for critical care resource allocation and surge ca-
pacity. The ICS structure provides the coordinated opportunity
for policy discussion and decision making to occur that guaran-
tee that such expanded services are operationally available to
the EOC. Specific Job Action Sheets, which should be written
before any disasters, large or small, describe the specific duties
of each team member from the ICS to the EOC, and indicate
steps to be taken throughout the stages of the MCI (15).

In an illness-dominated mass casualty incident, such as a
pandemic, the central jurisdictional EOC becomes the opera-
tions center providing a decision-making hub (2,10,22,23) for
the following:

■ Broad evidence-based situational awareness of the MCI
■ Local linkages for regional resources
■ Ongoing development and maintenance of strategic alliances

with local to international agencies and organizations
■ Facilitation and integration of resources
■ Communication and health information system content and

management
■ Just-in-time training of volunteers to meet surge capacity

requirements
■ Development of communitywide triage protocols and the

analysis of triage outcomes of resources and strategic deci-
sion making under surge capacity requirements.

This strategic triage decision-making function within the
EOC is critical in establishing lines of authority to eliminate
competition for resources among providers and health facil-
ities (10). To optimize outcomes, the EOC or its equivalent
at regional, national, and international levels must possess a
timely and accurate evidence-based situational awareness ca-
pacity to coordinate daily, if not hourly, triage-management
decisions which are immediately passed on to hospitals, ambu-
latory health care facilities, and other public and private agen-
cies and organizations with health care responsibilities (2). Sit-
uational awareness includes data regarding present system de-
mands and resource availability as well as forecasted demands
and resources availability. Daily outcome data analyses seed the
situational awareness information and allow the EOC to main-
tain an overall status of the MCI’s impact on the population
base and redirect resources where needed. Analysis of outcome
data and subsequent revision of triage protocols based on this
information is necessary to prevent either over- or under-triage,
both of which decrease overall survival (2,10,24).

CRITICAL CARE TRIAGE
MANAGEMENT

In normal circumstances and on a daily basis, critical care is
offered only to those whose condition is potentially reversible
and who have a good chance of surviving with intensive care
support (25–27). Since the critically ill are close to dying, the
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outcome of this intervention is difficult, if not impossible, to
predict. Many patients still die in the critical care unit. A
prime requisite for admission is that the underlying condition is
reversible. Therefore, treatment is merely meant to support the
patient, during which time treatments or the natural history
of the acute affliction will lead to resolution. Rubinson and
Toole suggest that a major challenge of MCIs is “ to determine
when, and on what basis, traditional standards of critical care
are modified to accommodate emergency conditions, and when
modified standards to focus on key interventions” (28). This
model of care is referred to as mass critical care (29). In an
MCI, mass critical care is implemented when usual surge re-
sponse code orange/disaster protocols such as canceling elective
surgery, discharging or transferring patients as possible, and
opening up alternative care areas will be insufficient to meet
the demands placed on the health care system. Coordination of
affected hospitals to facilitate implementation of similar mea-
sures in triage management is required (2,28). Furthermore,
Farmer and Carlton suggest that shortfalls in critical care that
will impact services are as follows (30):

■ Insufficient coordination between hospitals and civil/
government response agencies (e.g., the NIMS/ICS)

■ Insufficient on-site critical care capability
■ A lack of portability of acute care processes (e.g., patient

transport)
■ Education and training shortfalls
■ The inability of hospitals to align disaster requirements with

other competing priorities

TRIAGE
International law precedence requires an equitable, fair, and
transparent triage process that provides the best opportunity
to survive for as many victims as possible (2,10,31–34). All pa-
tients will be cared for, every human life must be valued, and
every human being deserves respect, caring, and compassion
(34). However, triage does not guarantee survival, only the best
opportunity to survive within the constraints of the available
resources (10). In an MCI, especially where there is a scarcity
of resources, assistance shifts to population-based care. Deci-
sion criteria requires that those selected to receive the limited
resources must have a likelihood of medical success, yet the
selection must not impede the conservation of scarce resources
for those equally in need (35). In an MCI, both individual care
and population requirements impact each and every triage de-
cision.

Conve nt ional Mass Casualt y
Incid e nt Triag e

The vast majority of MCIs have been dominated by patients
with traumatic injuries, most of whom are not critically injured.
These MCIs do not generate large numbers of casualties with
respiratory failure, septic shock, or coma, and those that do
usually receive rescue, transportation, stabilization, and defini-
tive critical care using existing local or regional capabilities
(36–39). The National Disaster Medical System (NDMS) des-
ignates the simple triage and rapid treatment (START) as the
uniform method for initial field triage in conventional MCIs
and disasters (40). START evaluates respiratory, circulatory,

and neurologic function and provides four care categories (non-
salvageable or dead, major injury, minor injury, and walking
wounded). Field emergency care is restricted to the ABCs (air-
way, breathing, and circulation procedures) (40). A second-
phase triage process termed secondary assessment of victim end
point (SAVE) further assesses injuries on the basis of trauma
survival statistics to direct limited resources, triage tags, and
tracking to victims expected to derive the most benefit from
treatment (41). Both methodologies remain the basis for point-
of-contact (i.e., prehospital or the emergency department) ini-
tial evaluation for all-hazards disaster planning documents,
and in basic and advanced disaster life-support training aimed
primarily at managing traumatic MCIs (2,40).

Restrictive resource limitations and a worsening case defi-
nition in a conventional MCI, or an explosive or nuclear event,
may require further EOC triage decisions based on inclusion
and exclusion criteria and minimal qualifications for survival
(MQS) (2,10,42–44).

■ Inclusion criteria are the expected management standards
that health care providers are trained to meet based on a
resource-complete environment. Examples of inclusion cri-
teria are the universally accepted standards for the use of
resources for resuscitation and management that are tradi-
tionally found in courses for advanced cardiac, trauma, and
pediatric life support.

■ Exclusion criteria conversely refer to situations where ex-
pected resources are limited or lacking and care must pro-
ceed without all standards of care and equipment being met.

■ Minimum qualifications for survival represent a ceiling on
the amount of resource expenditures that will be allocated to
any one case definition, ensuring that a maximum benefit of
available resources is realized to ensure a population-based
best opportunity for survival. Examples are the EOC de-
termining that resource limitations would dictate that high
resource maintenance cardiac or respiratory arrest interven-
tions might be limited, as would restrictions on transfusions
for traumatic injuries, or in the implementation of criteria
protocols for ventilator use in those with unlikelihood of sur-
vival. Each MQS diagnosis is subject to change on arrival of
surge capacity resources.

The operational level EOC must balance available resources
against the best opportunity to survive. The impact of this
triage-management practice and decisions may not be fully
known until the end of the MCI when outcome analyses are
performed.

Bioe ve nt Triag e Manag e me nt

Bioevents include both naturally occurring and the deliberate
release of a biologic agent in a population resulting in a mass ill-
ness incident (epidemic or pandemic). Whereas these bioevents
have similarities with other MCIs, there are also major differ-
ences, especially in the approach to triage management of surge
capacity resources (2). Bioevents are characterized by mas-
sive numbers of individuals seeking health care (2). Unique to
the planning of bioevents is that only 40% to 50% of health
care providers are expected to respond or be available, in con-
trast to conventional MCIs where health care facilities are of-
ten inundated with health care volunteers (45). A population-
based approach requires a shift from the individual care role of
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clinicians to a population-based decision-making approach of
patients. This does not minimize the importance of clinical
tasks, but rather adds the dimension of new public health and
surge capacity interventions that improve access and availabil-
ity of limited health resources for the entire population. Indi-
viduals within a population experiencing a bioevent share the
following (2,46):

■ Most have either the same condition or are susceptible to it.
■ All have shared health care needs.
■ Everyone in the population requires some intervention,

which ranges from education to critical care.
■ Large-scale bioevents may require a sustained operational

response lasting 12 to 24 months.
■ Especially with long-term bioevents, operational continuity

of the health care system to manage medical issues other than
those related to the involved biologic agent must remain a
focus.

Severity, as indicated by rising case fatality rates, occurs
dramatically as disease transmission increases and resources
become limited. What at first appears to be a static, well-
controlled local event can quickly become a regional, national,
or international disaster of paralytic proportions (2,10,47).

The central jurisdictional EOC will determine surge capac-
ity requirements for five population categories: those suscepti-
ble but not exposed (Susceptible category), those exposed but
not yet infectious (Exposed category), the infectious (Infectious
category), those removed by death or recovery (Removed cate-
gory), and those protected by vaccination or prophylactic med-
ication (Vaccinated category), termed the SEIRV methodology
(2,48,49). The unique requirements and demands of each triage
category may mandate that professionals with specific category
expertise be assigned to the medical component of the ICS or
centralized EOC (21). In turn, the EOC

■ Determines surge capacity requirements for each SEIRV cat-
egory

■ Determines triage criteria, including minimal qualifications
for survival (MQS) and exclusion criteria

■ Enforces compliance measures
■ Ensures data collection, analysis, and measures of effective-

ness using this information as the basis of daily reports and
determination of effectiveness of triage-management

Conventional triage methodologies, such as START and
SAVE, risk impeding control of transmission by not recognizing
those most in need of care in a bioevent MCI. The START and
SAVE triage methodologies are based on severity of presenta-
tion and have limited application in bioevents in which point-
of-contact decisions must be based on exposure, duration, or
infectiousness (2,10). Decisions at every level are influenced by
bioagent lethality, dose-dependent onset and duration, illness
severity profiles, time to death or recovery, and surge capacity
requirements and resources (2).

Within the community, the initial point of contact (POC) for
potential victims comes through established hotlines and 911
calls. A simple series of questions can determine whether the
caller is probably exposed or infectious, versus probably not ex-
posed or infectious. A series of questions concerning transport
capacity and self-assisted care would follow, pointing the caller
to one of three options: ambulatory clinic, designated influenza
hospital, or home (self or assisted) care. A similar hotline ap-
proach was successfully used by Toronto during SARS and has

become the first level of triage in future outbreaks (2). Current
CDC guidelines recommend phone triage with pre-established
criteria for emergency transport and plans for coordination
with other transport organizations for delivery of large num-
bers of victims at the height of the pandemic, the transport
of multiple patients on a single run, and use of vehicles other
than those designed for medical transport (e.g., buses) (50). The
EOC may consider systemwide exclusion criteria that would
limit emergency medical services (EMS) transport to only non-
infectious cases. EMS providers in Hong Kong experienced a
higher attack rate for SARS, a risk dependent on the use of per-
sonal protective equipment, type of transfer, and decision to in-
tubate (51). Such population-based triage decisions underscore
the importance for a central EOC management authority.

CRITICAL CARE MANAGEMENT
In contrast to the availability of trauma capacity to implement
interventions in conventional MCIs, resource implementation
for bioevents vary considerably from jurisdiction to jurisdic-
tion. This is especially evident in critical care. The develop-
ing situational awareness process within the EOC will identify
gaps, limitations, and the surge capacity requirements gained
from disaster managers, health care facilities, volunteer agen-
cies and organizations, and others with specific roles and re-
sponsibilities for each triage category. Because it is possible that
fewer health care providers than expected will report to work
in a major bioevent, the EOC must provide means to include
provisions for just-in-time training, personal and family sup-
port, immunization or prophylactic antibiotics and antivirals,
and bioagent-specific protective equipment to these workers
and potential volunteers (2,45,52).

A full list of items that would compromise the triage-
management process in a bioevent MCI is beyond the scope
of this chapter; however, a partial list of resources commonly
triaged includes
■ Antivirals/antibiotics
■ Vaccines
■ Mechanical ventilators and ancillary equipment
■ Pulse oximeters
■ Medical oxygen
■ Protective masks and equipment
■ Nursing staff
■ Laboratory support
■ Acute care/ICU beds
■ Housekeeping staff
■ Morgue services
■ Trained volunteers

Crit ical Care Be d s

Guidelines suggest that 20% of general hospital beds are avail-
able within 24 hours during conventional disasters, and a
severalfold increase can be realized if acute care patients are
admitted preferentially (39). Theoretically, if personnel and
equipment are available, most of a general hospital can be
modified for a semblance of critical care delivery. The lessons
of SARS have resulted in decisions to purchase countrywide
ventilator resources in anticipation of a more aggressive and
lethal influenza pandemic.
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Pe rsonne l

Workforce shortages are already prevalent on a daily basis
where staffing is a critical triage issue for most hospitals, and
12% of ICUs have been forced to close beds due to nursing
shortages (39). Critical shortages also exist in trained respira-
tory care specialists, pharmacists, and physicians. This will be
the major barrier to the provision of critical care should an
MCI occur. A two-tiered staffing model using care teams calls
for non–critical care trained personnel to work collaboratively
with specialized health care professionals (23). This model is
also supported by the Society of Critical Care Medicine Hos-
pital Disaster management course, which trains in core critical
care knowledge and skills to non–critical care personnel. For
example, teams of dentists, a profession comfortable with the
airway and who, in the past, have been trained by the mil-
itary to be anesthetists during all-out war, can be trained in
intubation and manual ventilation while being supervised by a
respiratory therapist who assumes the role of team respiratory
supervisor.

The goal of all triage management in a large-scale bioevent
is to prevent secondary infections (2,10). The risk of secondary
infections may be higher in the critical care setting in part due
to the number of interventions (e.g., endotracheal intubation,
suctioning, manual ventilation) causing aerosolization of infec-
tious material (53,54). Studies support the efficacy of correct
personal protective equipment (PPE). Unfortunately, compli-
ance among health care providers is as low as 56% to 67% .

Me chanical Ve nt ilat ion

Since the SARS epidemic of 2002–2003, and the threat of an
influenza pandemic, specific attention has been focused on how
to plan for and implement a large-scale bioevent approach that
does require triage management of large numbers of survivable
and nonsurvivable respiratory failure cases where evacuation
is not an option (39). The demand for positive pressure venti-
lation will likely far exceed conventional ICU capabilities, and
without careful predisaster planning, hundreds or thousands of
victims may have to forgo potentially life-saving critical care.
Whereas most of these MCIs would occur in chemical inhala-
tion disasters, radiation exposures, and tsunamis causing aspi-
ration pneumonia and septic shock, it is bioevent public health
emergencies that many believe have the greatest likelihood of
causing mass respiratory failure.

Thousands of ventilators will be required for a mass illness
response event such as an influenza pandemic. However, studies
suggest that full-feature ventilators currently available for use
range in number from 53,000 to 105,000. The Strategic Na-
tional Stockpile (SNS) maintains 4,100 ventilators for deploy-
ment to disaster areas; however, the U.S. Department of Health
and Human Services in 2006 revealed intentions to purchase
an additional 6,000. A full listing of alternate positive pressure
ventilation (PPV) equipment for mass casualty care designed
for short-term PPV in non-ICU locations is found elsewhere.
(See recommended readings below.)

The stockpiling of full-feature ventilators by hospitals, hos-
pital systems, or states is cost prohibitive. Rubinson et al. (29)
suggest that stockpiling of sophisticated portable ventilators,
which provide only a basic mode of ventilation, should be easy

and safe to use for both adult and pediatric patients, especially
if large numbers of patients are monitored by single respiratory
providers or small teams that may include health care providers
with EOC-directed just-in-time training. Because pulse oxime-
try devices may also be in short supply, this training would
also include frequent checking of vital signs with attention to
respiratory rate and use of accessory muscles (39).

Hick and O’Laughlin (55) provide a sample concept of op-
erations for the development of triage criteria for restriction
of mechanical ventilation in epidemic situations. Christian et
al. (56) and Melnychuk and Kenny (57) provide an expanded
critical care pandemic triage protocol for assessment of admis-
sion to critical care units during an influenza pandemic. This
triage protocol uses the Sequential Organ Failure Assessment
score (SOFA), and specifically addresses the importance of a
centrally placed province or state EOC-level triage committee
to implement critical inclusion, exclusion, and MQS criteria.
Also stressed is the central jurisdictional EOC’s “absolute com-
mand and control over critical care resources in order to ensure
accountability” (56). The EOC must support the critical care
triage issues by authoritatively implementing the protocols in
all hospitals when appropriate, and then monitoring its effec-
tiveness though maintaining and analyzing outcome indicators.
Both studies emphasize ethical principles and potential pitfalls
of their approaches (55,56). Triage for critical care begins in the
prehospital setting and extends to the emergency department.
Given the complex ity of triage for critical care, this coordi-
nated triage process should be performed under the guidance
of a trained critical care triage officer. These triage decisions
are only as accurate as the knowledge concerning what is op-
erationally current and the resources available in each triage
category. Ultimately, each triage level decision will have a di-
rect effect on clinical decisions at the critical care level (2).

Me d ical Oxyg e n

Triage management will be limited by the availability of
medical-grade oxygen, which is not supplied through the
Strategic National Stockpile (39). Bulk liquid is the main source
of oxygen for hospitals and remains the best option for support-
ing mass mechanical ventilation. The large majority of nonven-
tilated patients will be maintained outside the hospital setting
with oxygen supplies using reservoir cannulas or pulsed-dose
technology.

Infe ct ion Cont ro l

Infection control is a key component of any MCI involving an
infectious bioagent. As mentioned earlier, SARS revealed that
health care workers and patients in the critical care environ-
ment are particularly vulnerable to nosocomial transmission
of infectious agents, due to invasive procedures such as in-
tubation, suctioning, and central line insertion (53,54,58,59).
This highlights the need for infection control to be incorpo-
rated into all disaster planning (60). The basic approach to
infection control in critical care units should consider adminis-
trative controls, environmental engineering, protective equip-
ment, and quality control (53). The primary goal is to prevent
transmission to health care workers and other patients. Co-
horting of patients who are likely or unlikely to be infectious
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is an important first step in containing the spread of illness
and is facilitated through use of the SEIRV protocol discussed
above. During a biologic disaster involving an infectious agent,
separate ICUs should be developed to deal with infectious and
noninfectious patients. For example a hospital with a single
medical-surgical ICU and a coronary care unit (CCU) could
designate its medical-surgical ICU as the infectious ICU, and
then use its postanesthetic care unit (PACU) to manage nonin-
fectious surgical patients and the CCU for all noninfectious
medical patients requiring critical care. Although cohorting
should not be relied on as a foolproof method of infection
control, it does significantly decrease the exposure of highly
susceptible critically ill patients to potential infection. When
planning alternative critical care locations during a surge, in-
fection control issues must also be considered. One option in-
cludes the use of portable HEPA (high-efficiency particulate air)
filters to create negative pressure units (61). As discussed earlier,
some procedures in the ICU require higher levels of personal
protection given they have the potential to generate aerosols,
thus increasing the risk of airborne transmission even for in-
fectious agents that would otherwise typically be transmitted
only via droplets. Additional precautions and possibly the use
of special procedure rooms should be considered for high-risk
procedures. A full discussion of infection control practices in
critical care is beyond the scope of this chapter, and interested
readers should refer to comprehensive articles discussing the
transmission of respiratory pathogens (62,63).

A common theme that has been revisited throughout this
chapter is the need for real-time data to guide decision making
and responses. This is also true for infection control as was
demonstrated during SARS. In Toronto, we learned that dur-
ing a biologic disaster, even more important than the initiation
of the response was the transition from response to recovery.
Simply put, how to detect and respond to an outbreak was
well understood, but how to end an outbreak was not. The
failure to detect an ongoing chain of SARS transmission in a
hospital led to a second large wave of infections and deaths
after infection control precautions were discontinued. Appro-
priate surveillance data could have detected and prevented this
second wave of illness (64,65).

SUMMARY
Mass critical care requires modification to standards of critical
care interventions, personnel staffing, equipment, and triage
management to provide an acceptable level of care. At a min-
imum, hospitals must plan to deliver to critically ill patients a
basic mode of the following:

■ Mechanical ventilation
■ Hemodynamic support
■ Antibiotic or other disease-specific countermeasure therapy

(i.e., thrombolysis in myocardial infarctions)
■ A small set of prophylactic interventions that are recognized

to reduce the serious adverse consequences of critical illness

Clearly, the management of an MCI is best undertaken by
strengthening local capacity. All intensivists should take the
Society for Critical Care Medicine Fundamentals of Disaster
Management course or a similar program. Critical care profes-
sionals must raise public awareness, advocate for better educa-
tion and training, and take the lead in planning and preparing

to care for large numbers of critically ill patients that far ex-
ceed available ICU beds. This must include issues of health care
rationing and the decision process on who will receive mechan-
ical ventilation and other life-saving treatments. As a first step,
one needs to understand the organizational system that drives
the policy and operational components of triage management.
Only then will the critical care community be able to optimize
resource allocation, establish legitimate triage protocols and
criteria, and ensure a process that provides the greatest good
for the greatest number.
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CHAPTER 176 ■ BIOTERRORISM
EDGAR JIMENEZ r F. ELIZABETH POALILLO

IMMEDIATE CONCERNS
Hospitals and, in particular, emergency departments (ED)
should maintain a high level of suspicion for syndromes that
may represent potential terrorist activities. Routine surveil-
lance can range from the training of personnel in the recog-
nition of specific conditions to participation in electronic
networks that may detect deviations from the routine and sea-
sonal presentations among several area hospitals. The ED is
the key component in protecting the hospital from contami-
nation. Areas for isolation and decontamination of early sus-
picious cases should be set up and readily available in or-
der to prevent dissemination throughout the facility and the
community.

Depending on the type of agent released, the affected popu-
lation may present acutely, with a large number of simultane-
ous cases, or insidiously over a period of days to weeks. This
latter presentation is far more dangerous, as it may not trigger
hospital defense systems, resulting in a severe compromise of
the facility. All hospitals in the United States, as a condition
for accreditation from the Joint Commission on the Accred-
itation of Health Care Organizations (JCAHO), should have
a response plan with clearly identified triggers of when it will
be implemented. All plans must be tested and adjusted in ad-
vance with routinely scheduled drills (1). The plan should have
enough flexibility so the intensity of the response is appropriate
for the magnitude of the event. Still, there are key components
that need to be addressed in any plan:
■ Implementation of the Hospital Incident Command System

(2) (Fig. 176.1)
■ Notification and coordination with public and other author-

ities (Fig. 176.2)
■ Delineation of perimeters and facility access
■ Deployment of decontamination equipment, first receivers,

and personal protective equipment (PPE)
■ Distribution of surge teams, equipment, and medications
■ Establishment of patient flows to designated surge areas,

including discharge and transfer of patients

Critical care resources—equipment, designated areas, and
personnel—are a crucial part of the response, as a large num-
ber of these patients will require a high level of support, in
particular; airway management, mechanical ventilation, and
hemodynamic interventions (3).

HISTORICAL PERSPECTIVE
The lessons learned throughout ancient—and recent—history
involving chemical, biologic, and radiologic events have chal-

lenged medical professionals to develop interventions aimed at
minimizing the impact of such incidents. Knowledge, coupled
with detailed preparation plans, is requisite for the successful
resolution of such a crisis. Current recommendations empha-
size the requirement of not only planning, but also the value
of practicing the institution’s response to a biologic incident
through simulations and drills. Additionally, the development
of all plans and their drills need be coordinated with exter-
nal entities that would interface with the hospital if an event
occurred.

In many instances, one aspect of planning is the approach
to triage. The concept of triage requires a careful examina-
tion in light of a major biologic event or pandemic, and a re-
view of existing resources. Furthermore, “surging” patient vol-
umes in conjunction with potentially less appropriately trained
personnel may require a planned degradation of standard of
care.

Some relevant episodes of humankind’s history include epi-
demics and pandemics that affected Athens (in 430 BC, likely
smallpox) and the Roman Empire (such as malaria around 300
BC and smallpox, first described by Galen in 165 AD) (4), the
“Black Death” epidemics of the Middle Ages (5), the influenza
epidemics of the 20th century and, more recently, the severe
acute respiratory syndrome (SARS) outbreak (6).

Centuries of warfare have resulted in the development of
weapons with the aim of causing mass casualties within the
enemy lines, known currently as weapons of mass destruction
(WMD). The practice of catapulting corpses and dead animals
is described as a tactic of the Roman Empire when they be-
sieged cities. In 1346, the Tatar forces were catapulting plague-
ridden corpses in what is now the Ukraine (7). Boiling oil was
used as a deterrent to offensive troop actions on fixed forti-
fications throughout the Middle Ages. These actions can be
considered early biologic and chemical attempts at warfare. In
1941, after a decade of experimentation with several agents,
cholera was used in Changteh during the invasion of China by
Japan. During the Iran–Iraq war of the 1980s, the world wit-
nessed the utilization of more sophisticated chemical weapons
that had been developed throughout the “Cold War” years
(8).

More recently, terrorist activity has been associated with
conventional bombings and destruction of societal infrastruc-
ture. Some of the most well-known terrorist activities have
been the bombings of the World Trade Center in 1993; the
Murrah Federal Building, Oklahoma City, in 1996; the U.S.
Embassies in Lebanon, Saudi Arabia, Kenya, and Tanzania;
the events of September 11, 2001, which targeted the World
Trade Center and the Pentagon; the railway stations in Madrid,
which were bombed on March 11, 2004; the mass transit
bombings in London in 2005; and the repetitive bombings
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and suicide bombings in Sri Lanka, Israel, Saudi Arabia,
Lebanon, Pakistan, and Iraq (9,10).

Other recent terrorist activities also include biochemical at-
tacks, such as the tainting of salad bars at The Dalles, Oregon,
in 1984 with Salmonella typhimurium by the Rajneeshee cult
(11); the release of anthrax in Tokyo in 1993 by the Aum Shun-
rikyo; and the distribution of anthrax in the U.S. mail in 2001,

which affected postal workers, the news media, and politicians
and their staff. Aum Shunrikyo also claimed responsibility for
the release of sarin gas in the subway system in Tokyo in 1995
(12).

At the present time, there are significant concerns that
bombing activities may evolve into improvised radiologic dis-
persal devices (RDDs)—a conventional bomb contaminated
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with radioactive waste material, also known as a “dirty
bomb” (13)—as well as the release of biologic or chemical
agents.

Accidental releases of chemical agents have been an unfor-
tunate result of industrialization and are ever-present threats
of which governments and the population at large must be
aware. One of the most devastating events of this nature was
the accidental release of methylisocyanate gas in Bhopal, India,

in 1984 (14), resulting in the deaths of more than 3,000 peo-
ple with over 500,000 injured. Similarly, the quest for energy
through nuclear reactors resulted in the radiologic accidents
of Chernobyl in the Ukraine in 1986, and Three Mile Island,
Pennsylvania, in 1979. Although these events occurred in sta-
tionary structures and threatened surrounding communities,
one must keep in mind that this type of risk may be transported
over the railway or highway systems through any area in the
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form of hazardous chemicals, waste materials, and munitions,
or due to lack of proper disposal, as in the case of Goiania,
Brazil, in 1987 (15).

Nature itself has caused a fair share of mass casualty inci-
dents. Geotectonic events have demonstrated the potential for
chaos and destruction as the result of earthquakes, tsunamis,
volcanoes, landslides, and avalanches, to name but a few of the
hazards nature can throw our way. Atmospheric phenomena
have impacted vast populations in a repetitive fashion, most
recently major catastrophes such as tropical storm Allison in
2002, and hurricanes Katrina and Rita in 2005. Relevant to
these events, but on a smaller scale, we routinely see devasta-
tion caused by tornadoes, drought, wildfires, and winter storms
(16,17).

Taking into consideration all of these historical aspects, sci-
entific forecasting, and the possibility of terrorist targeting, all
communities, whether large or small, should complete a “haz-
ard vulnerability analysis” (HVA) that can assist in the planning
and identification of resources aimed at the mitigation of the
event’s impact (1,18).

INITIATIVES IN THE UNITED STATES
The transformation of the “ambulance” system into an emer-
gency medical system in the United States in the late 1970s
brought about the development of an infrastructure that served
as the backbone to respond to mass casualty incidents. The
early focus on the prehospital setting has helped in the devel-
opment of the Incident Command System (ICS) and the Na-
tional Incident Management System (NIMS) (19) as a way to
organize a single or multi-institutional response. These efforts
have been paired with the development of the National Dis-
aster Life Support (NDLS) (20) program, which has a variety
of courses targeted to field providers and hospital personnel.
The details of these programs require theoretical and practi-
cal training, but are, unfortunately, beyond the scope of this
chapter.

An adaptation of the ICS evolved into the Hospital Emer-
gency Incident Command System (HEICS), more recently re-
named and organized as the Hospital Incident Command Sys-
tem (HICS) (21) as a means to assist hospitals in improving
their emergency management planning, response, and recov-
ery capabilities for unplanned and planned events. However,
the required surge capacity response of the intensive care unit
(ICU) has been a priority concern at the Society of Critical Care
Medicine (SCCM), and has led to the development of the Fun-
damentals of Disaster Management (FDM) course (22). This
course includes didactic and hands-on development of skills to
utilize equipment provided by the Strategic National Stockpile
(SNS), and targets intensivists and hospital staff.

DECONTAMINATION AND
FIRST RECEIVERS

Education of proper decontamination techniques for various
agents must be included in any plan for a hospital to respond to
a multiple casualty incident (MCI). Improper technique, or lack
of deployment, may lead to exposure of the ED personnel and
the facility in general, as was experienced in 1995 in Tokyo with
the release of sarin in the subway system (12,23). Thus, it is

imperative to ensure that correct decontamination procedures
are completed prior to allowing ED personnel access to exposed
persons. Any suspicion or doubt regarding this aspect of care
should result in repeating the decontamination process prior to
entering the facility.

The decontamination process begins with the designation
and enforcement of perimeters around the hospital to ensure
that patients flow through a predetermined corridor. Some pa-
tients may arrive to the hospital by their own means, without
any in situ decontamination performed by first responders, and
others may arrive with incomplete decontamination. In most
instances, any patient should go through a thorough, super-
vised, and complete decontamination prior to accessing the
inside of the facility.

Hosp it al Pe rime t e rs

Traditionally a hospital perimeter is divided into three areas,
or zones:
1. Hot zone: This zone represents everything outside the fa-

cility’s perimeter. The hot zone is where patients have not
been through decontamination or triage, and where creden-
tials for access have not been verified by security or screening
personnel.

2. Warm zone: This is the transition zone, where decontami-
nation and triage happens. This is also where security per-
sonnel verify credentials and health screening clearance for
access, depending on the nature of the event.

3. Cold zone: This is the “ inside” of the hospital. Patients will
access this zone only after decontamination is completed
and verified. Health care providers are granted access after
credentials and health status are corroborated.

Typ e s of De cont aminat ion

Primary De cont aminat ion
This occurs when the individual’s clothes are removed, in con-
junction with showers with a low-pressure, large-volume wa-
ter delivery system, such as the Trident (24) (Fig. 176.3). In
colder climates, it is important to ensure warm water delivery

FIGURE 176.3. Low-pressure high-volume expanded triple system de-
ployed with fire hydrant connection. (Courtesy of Orlando Regional
Medical Center.)
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systems, as well as consideration of indoor or pool decontami-
nation techniques (25) (Fig. 176.4), in order to minimize expo-
sure and improve compliance. Privacy is another major consid-
eration that will help improve compliance by the establishment
of corridors and barriers installed to protect patients’ dignity
after clothing has been removed for decontamination.

Se cond ary De cont aminat ion
This is performed by either health care workers following spe-
cific guidelines for nonambulatory patients or by the ambula-
tory patients themselves following clearly written and pictori-
ally explicit instructions made available in the most common
regional languages to accomplish self-decontamination. This
latter group would then only require minor supervision from
health care workers to ensure proper compliance.

Although many solutions have been proposed for use during
this stage of decontamination, it is now recommended that

plain water, in conjunction with scrubbing, be used. This can
usually be implemented very quickly in order to expedite the
removal of the agent and decrease any possible absorption. In
some instances, the application of mild soapy solutions can be
used for oily residues; however, the decontamination process
should not be delayed to add soap (26).

Some hospitals have incorporated permanent decontamina-
tion areas, such as showers and rooms, within their architec-
tural façade design at the emergency department entry; others
rely on the quick deployment of tents (Fig. 176.5) or temporary
decontamination corridors with low-pressure, high-volume ex-
panded shower triple system (Fig. 176.3), or via water hoses
from fire engines (Fig. 176.6).

The contaminated water is ideally pumped from the con-
tainment pools to bladders and cisterns that will require special
disposal. The Environmental Protection Agency and the Oc-
cupational Safety and Health Administration (OSHA) have



2614 Sect ion XX: Specialized Management Issues: Disaste r Management

FIGURE 176.5. Inflatable decontamination tent. (Courtesy of Or-
lando Regional Medical Center.)

recommendations for managing these waste materials. How-
ever, even though all efforts should be made to protect the
environment from potential long-term contamination, patient
assessment and management should proceed without delay.

Che mical De cont aminat ion
Proper chemical decontamination begins with the identification
of the potential agent. This can be accomplished by evaluation
of the clinical presentation, or by using definitive colorimet-
ric chemical identification kits similar to the military type M-
8/M-9 paper, or through electrochemical sensors, radiologic de-
tectors, surface acoustic wave technology, infrared mass spec-
troscopy, and/or ion mobility spectroscopy units.

Rad io log ic De cont aminat ion
The presence of radioactive material requires very specific
equipment to ensure proper decontamination. Multiparticu-
late detectors (e.g., the Geiger-Mueller counter) can be used
for initial detection, as well as to ensure adequate decontami-
nation. Extreme care should be used to prevent contamination
of these devices. The scanning should be performed close to
but without any skin contact, with a plastic disposable cover.
Other devices are limited and can detect only a limited num-
ber of particle types. Except for cases of internal or absorbed
radioactive contaminants, external decontamination is carried
out with plain water and scrubbing, and should be repeated
until the skin shows no evidence of emissions.

Pro t e ct ive Eq uip me nt
for De cont aminat ion

First receivers include hospital employees working at a site re-
mote from where the “release” occurred. They should use the
appropriate PPE based upon the stage of the decontamination
process on which they are working. The primary first receivers
have the highest risk and, thus, require a higher level of protec-
tion. The delineation of their training and level of protection
is beyond the scope of this chapter, but is described in detail in

(tex t continues on page 2622)
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FIGURE 176.6. Emergency decontamination corridor system with fire engines and ladders. (From U.S.
Army Soldier and Biological Chemical Command (SBCCOM). Guidelines for mass casualty decontam-
ination. 2000:10. http://www.chem-bio.com/resource/2000/cwirp guidelines mass.pdf. Accessed October
27, 2008.)
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TA BLE 1 7 6 . 1

PLANNING ASSUMPTIONS AND RECOMMENDATIONS FOR MASS CRITICAL CARE

Planning assumptions regarding the current critical care medicine response capacity for bioterrorism
1. Future bioterrorist attacks may be covert and could result in hundreds, thousands, or more critically ill victims.
2. Critical care will play a key role in decreasing morbidity and mortality rates after a bioterrorist attack.
3. Mass critical care could not be provided without substantial planning and new approaches to providing critical care.
4. A hospital would have limited ability to divert or transfer patients to other hospitals in the aftermath of a bioterrorist attack.
5. Currently deployable medical teams of the federal government would have a limited role in increasing a hospital’s immediate

ability to provide critical care to large numbers of victims of a bioterrorist attack.
6. Hospitals may need to depend on nonfederal sources or reserves of medications and equipment necessary to provide critical

care for the first 48 hrs following discovery of a bioterrorist attack.

Recommendations for hospital planning and response for emergency mass critical care
Modifying usual standards of care

1. Hospitals should develop a set of emergency mass critical care practices that could be implemented in the event critical care
capacity of that hospital is exceeded.

Decisions regarding which critical care interventions should be provided: Essential elements of critical care
2. To ensure the availability of essential critical care interventions, the Working Group recommends that hospitals give priority

to interventions that fulfill the following criteria: a) interventions that have been shown or are deemed by critical care
experts’ best professional judgment to improve survival, and without which death is likely; b) interventions that do not
require extraordinarily expensive equipment; and c) interventions that can be implemented without comsuming extensive
staff or hospital resources.

3. Hospitals should plan to be able to deliver the following during emergency mass critical care: basic modes of mechanical
ventilation, hemodynamic support, antibiotic or other disease-specific countermeasure therapy, and a small set of
prophylactic interventions that are recognized to reduce the serious adverse consequences of critical illness.

4. Hospitals should plan to be able to administer intravenous fluids resuscitation and vasopressor to large numbers of
hemodynamically unstable victims and should stockpile sufficient equipment to do this without relying on external
resources for at least the first 48 hrs of the hospital medical response.

5. Hospitals should plan to provide at least two widely accepted prophylactic interventions that are used every day in critical
care: maintaining the head of a mechanically ventilated patient’s bed at 45 degrees to prevent ventilator-associated
pneumonia and thromboembolism prophylaxis.

Decisions regarding who receives critical care services
6. If there are limited hospital resources and many critically ill patients in need, triage decisions regarding the provision of

critical care should be guided by the principle of seeking to help the greatest number of people survive the crisis. This would
include patients already receiving ICU care who are not casualties of an attack.

W ho should provide emergency mass critical care
7. In the event that critical care needs in a hospital cannot be met by intensivists and critical care nurses, usual ICU staffing

should be modified to include nonintensivist clinicians and noncritical care nurses, using a two-tiered staffing model.
8. When there are inadequate numbers of intensivists, hospitals should plan for nonintensivists to manage approximately six

critically ill patients and to have intensivists coordinate the efforts of up to four nonintensivists.
9. If a hospital has insufficient numbers of critical care nurses to appropriately manage patients, noncritical care nurses should

be assigned primary responsibility for patient assessment, nursing care documentation, administration of medications, and
bedside care (e.g., head of bed at 45 degrees, moving patient to prevent pressure ulcers), and critical care nurses should
advise noncritical care nurses on critical care issues such as vasopressor and sedation administration.

10. If possible, a noncritical care nurse should be assigned to no more than two critically ill patients, and up to three noncritical
care nurses would work in collaboration with one critical care nurse.

11. Bioterrorism training for noncritical care practitioners should include basic principles of critical care management.
Infection control for emergency mass critical care

12. Hospitals should develop pre-event plans to augment usual or modified-airborne infection isolation capacity for critically ill
victims of a bioattack with a contagious pathogen.

13. Hospitals should stockpile enough PPE to care for mass casualties of a bioterrorist attack for up to 48 hrs. Also, all hospital
clinical staff should receive initial and periodic training on principles of health care delivery using PPE.

W here emergency mass critical care should be located
14. When traditional critical care capacity is full, additional critically ill patients should receive care in non-ICU hospital rooms

that are concentrated on specific hospital wards or floors.
15. Hospitals should plan to be able to measure oxygen saturation, temperature, blood pressure, and urine output for the

victims of bioattacks in emergency mass critical care conditions.
Learning during emergency mass critical care

16. Hospitals should have information technology capabilities for analyzing clinical data for patients receiving emergency mass
critical care and for quickly sharing new observations with a broader clinical community.

Medications for emergency mass critical care
17. Hospitals should develop a list of drugs to stockpile for up to a 48-hr response to a mass casualty event using selection

criteria that include likelihood the drug would be required for care of most patients, proven or generally accepted efficacy
by most practitioners, cost, ease of administration, ability to rotate into the hospital’s formulary prior to expiration, and
resources required for medication storage.

ICU, intensive care unit; PPE, personal protective equipment.
From Rubinson L, Nuzzo J, Talmor D, et al. Augmentation of hospital critical care capacity after bioterrorist attacks or epidemics: recommendations of
the Working Group on Emergency Mass Critical Care. Crit Care Med. 2005;33(Suppl.):E2393.
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TA BLE 1 7 6 . 2

GUIDELINES FOR IDENTIFICATION OF A BIOTERRORISM EVENT

■ Unusual temporal or geographic clustering of illness
■ Unusual age distribution of common disease (e.g., an illness that appears to be chickenpox in adults but is really

smallpox)
■ Large epidemic, with greater caseloads than expected, especially in a discrete population
■ More severe disease than expected
■ Unusual route of exposure
■ A disease that is outside its normal transmission season, or is impossible to transmit naturally in the absence of its

normal vector
■ Multiple simultaneous epidemics of different diseases
■ A disease outbreak with health consequences to humans and animals
■ Unusual strains or variants of organisms or antimicrobial resistance patterns

A. SENTINEL CLUES FOR A CATEGORY A BIOLOGIC AGENT
Pneumonia or influenzalike syndromes
■ Chest pain, dry cough, possible nausea, and abdominal pain, followed by sepsis, shock, widened mediastinum,

hemorrhagic pleural effusions, and respiratory failure
Gram-positive bacillus may be isolated.
Consider inhalation anthrax .

■ Pneumonia associated with mucopurulent sputum, chest pain, and hemoptysis, particularly in an otherwise
normal host
Gram-negative bacillus isolated
Consider pneumonic plague.

■ Bronchopneumonia associated with pleuritis and hilar lymphadenopathy, particularly in an otherwise normal host
Gram-negative coccobacillus isolated
Consider tularemia.

Cutaneous ulcer or ulceroglandular syndromes
■ Painless ulcer covered by a black eschar, surrounded by extensive nonpitting edema that is out of proportion to

the size of the ulcer. Fever and regional lymphadenopathy may be present.
Consider cutaneous anthrax .

Fever and rash syndromes
■ An abrupt, influenzalike illness with fever, dizziness, myalgias, headache, nausea, abdominal pain, diarrhea, and

prostration. Evidence of “ leaky capillary syndrome” with edema or signs of bleeding ranging from conjunctival
hemorrhage, mild hypotension, flushing, petechiae, and ecchymoses to shock and generalized mucous membrane
hemorrhage and evidence of pulmonary, hematopoietic, renal, and neurologic dysfunction
Consider viral hemorrhagic fevers.

■ Febrile illness with myalgias, followed in 2 to 3 days by a generalized macular or papular-vesicular-pustular
eruption, with greatest concentration of lesions on the face and distal extremities, including the palms. On any
one part of the body (face, arms, chest), all lesions are at the same stage of development (all papules, vesicles,
pustules, or scabs).
Consider smallpox .

Paralytic syndromes
■ Paralytic illness characterized by symmetric, descending flaccid paralysis of motor and autonomic nerves, usually

beginning with the cranial nerves
Consider botulism.

B. REPORTING PROTOCOLS IF BIOTERRORISM IS SUSPECTED AS RESPONSIBLE FOR AN ILLNESS
■ Establish isolation and personnel protection level.
■ Contact local public health department immediately.
■ Do not wait for confirmation.
■ Record data and order tests.
■ Alert clinical laboratory.
■ Arrange for consultations.
■ Follow hospital protocol.
■ Notify hospital epidemiologist/infection control specialist.
■ Discuss findings with all involved parties.

From The American College of Physicians Guide to Bioterrorism Identification. http://www.acponline.org/bioterro/bio pocketguide.pdf. Accessed
October 27, 2008.
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2622 Sect ion XX: Specialized Management Issues: Disaste r Management

TA BLE 1 7 6 . 5

TREATING AGENTS

1. Ciprofloxacin
Adults 400 mg IV Q 12 h
Pregnancy 400 mg IV Q 12 h

2. Doxycycline
Adults 100 mg IV Q 12 h
Pregnancy 100 mg IV Q 12 h

3. Ciprofloxacin
Adults 500 mg PO BID
Pregnancy 500 mg PO BID

4. Doxycycline
Adults 100 mg PO BID
Pregnancy 100 mg PO BID

5. Streptomycin
Adults 1 gm IM Q 12 h

6. Gentamicin
Adults 5 mg/kg IM or IV Q 24 h
Pregnancy 5 mg/kg IM or IV Q 24 h

7. Chloramphenicol
Adults 25 mg/kg IV Q 6 h

8. VIG
Adults 0.6 mL/kg IM

9. VIGIV
Adults 100 mg/kg IV at rate:

1 mL/kg/h for 30 min, then
2 mL/kg/h for 30 min, then
3 mL/kg/h for 30 min

10. Cidofovir
Adults 5 mg/kg IV over 1 h

11. Ribavirin
Adults 30 mg/kg IV loading dose

16 mg/kg IV Q 4 h for 4 days, then
8 mg/kg IV Q 4 h for 6 days

12. Ribavirin
Adults 500 mg PO Q 6 h for 7 days

N ote: These are starting doses for adults only; for length of therapy,
pediatric therapies and further indications, consult with health
authorities or infectious disease specialists

the OSHA publication, Best Practices for Hospital-based First
Receivers (27).

Levels of PPE include class A, B, and C ensembles. Level A
ensembles include the highest level of respiratory protection—a
self-contained breathing apparatus that is worn inside vapor-
protective chemical clothing. Level B ensembles involve heavy-
splash chemical protective clothing with the use of self-
contained breathing apparatus (some PPE in this level may be
encapsulated but should not be confused with the garment rat-
ing of vapor protective). Level C ensembles involve light-splash
chemical clothing in conjunction with either a filter cartridge
face mask or powered air-purifying respirator (PAPR) in which
the appropriate filter that provides respiratory protection must
be used for the specific product involved within a qualified at-
mosphere containing an appropriate level of oxygen. Due to
the dynamics involved, level C ensembles are usually suitable
for hospital first receivers (based upon the specifics of the sub-
stances involved), and consist of:

■ A chemical resistant suit
■ Two layers of gloves
■ Chemical-resistant boots
■ A breathing device

In most cases, more complex systems requiring compressed
air are not warranted at the hospital, and are usually reserved
for first responders at the area of the primary event. Efforts to-
ward establishing a relationship with the local hazardous ma-
terials team will provide the following benefits: recognition of
jurisdictional capabilities, improved communication between
on-scene first responders and the emergency department first
receivers, and established trust for accuracy of relayed chemi-
cal hazard information and/or personnel protective equipment
selection criteria.

The donning of this equipment represents a significant
added physical and emotional stressor for first receivers. In
order to minimize potential complications, a set of minimal
physical conditions are required prior to its utilization. Pe-
riodic checks and a “buddy system” are recommended (27).
First receivers should have scheduled training sessions in order
to don and doff their gear properly. They should also follow
clear guidelines for adequate rotations, rehydration, and moni-
toring. First receivers have an average effective time of about 20
minutes, which can be significantly shortened due to weather
conditions. Cooling vests with packaged dry ice or water-
recirculation suits have been used in warm climates and may
triple the effective time, but close monitoring is still required.

Once decontaminated, the patient may require placement in
isolation areas with or without negative environmental pres-
sure. All personnel in the cold zone that come in contact with
patients exposed to a potential biologic agent should wear, at
minimum, gear consisting of a liquid-proof disposable gown
(Tyvek or similar material), gloves, goggles, and surgical mask.
Depending on the agent, higher levels of respiratory protection
may be required.

ROLE AND EXPECTATIONS
OF THE INTENSIVIST

Intensivists play a key role in preparing the hospital for these
types of events. The SCCM has already developed the FDM
to provide this type of education to ICU practitioners. Within
their individual facilities, the intensivist should partner with ED
personnel, hospital administrators, pharmacists, engineers, lo-
cal first responders, area hazardous materials teams, and com-
munity services leaders in order to develop a plan that includes
triggers, communications, personnel distribution, equipment
and medication stocks, surge areas and facilities, and ongoing
education and drills.

PLANNING AND
AUGMENTING RESPONSES

As this textbook goes to press, in the United States, most
medical facilities are functioning at full or near-full capacity
during routine operations (3). This is further complicated by
ongoing health care worker staff deficits; therefore, staffing
and personnel should be a major focus in the planning of a
“surge” response during a multiple casualty incident (MCI). In
order to increase the capacity to respond, a group of 34 North
American experts led by Rubinson published their recommen-
dations in 2005 (3); these are summarized in Table 176.1.

(tex t continues on page 2626)
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TA BLE 1 7 6 . 7

PERSONAL PROTECTIVE EQUIPMENT (PPE): DONNING AND DOFFING AND ENHANCED AIRBORNE
PRECAUTIONS WITH POWERED AIR-PURIFYING RESPIRATOR (PAPR)a

PRIOR TO ENTERING THE ROOM
(For leaving the room, proceed to step VI.)
Step I
The following articles must be put on in the ANTE room. If there is no ANTE room, they should be donned prior to entering the intensive care
unit (ICU).
1. Properly fitted N-95 mask (minimum)
2. Impervious isolation gown
3. Gloves (place two strips of tape onto the glove and the gown, one anterior and one posterior)
Step II
Routine care PPE (second layer)
The following articles are to be worn in addition to PPE in step I, prior to entering the patient’s room for routine patient care.
WARNING: If you anticipate aerosolization of secretions (e.g., endotracheal intubation, cardiac arrest, tracheostomy, bronchoscopy,
endotracheal tube exchange, and so forth), skip this section and proceed to steps III, IV, and V prior to entering the room.
1. Disposable goggles (place a strip of tape onto goggles and forehead)
2. Second impervious isolation gown (see pix 2 on PAPR sheet)
3. Second set of gloves (place two strips of tape onto the glove and the gown, one anterior and one posterior; see pix 3A,B on PAPR sheet)
4. Hair net or hat (optional)

YOU MAY NOW ENTER THE ROOM FOR ROUTINE CARE
Step III
Testing the HEPA filter and electric pump battery efficiency
1. Attach breathing tube (black) to the air pump/filter/battery (PAPR) assembly box (gray) with a twist-and-lock motion.
2. Turn the power switch ON.
3. Check air flow by inserting floater cone inside the free end of the black tube. Floater device should remain suspended, with the lower

indicator line not touching the tube’s end. This indicates proper functioning of the unit.
If cone does not float, DO NOT USE THIS UNIT AND SEND FOR SERVICING.

4. Turn the power switch OFF and set unit aside.
Step IV
Donning the hood (REQUIRES ASSISTANCE)
1. Secure long hair.
2. Put on a hair cover (optional).
3. Peel off protective layer from face shield.
4. Attach breathing tube to the top of the hood; a snap should be heard.
5. Place the pump/filter/battery assembly (gray) (PAPR) box around waist and adjust belt. Leave the box in the back.
6. Turn the power switch ON.
7. Ensure the breathing tube is free from twists, kinks, or damage.
8. With assistance, put hood on, face first. Ensure that the elasticized edge of the face seal is under the chin and along the cheeks. Ensure the

N-95 mask remains securely in place (4).
9. Center inner headband around forehead and verify that straps on top of the hood are in contact with the top of the head.
Step V
PAPR PPE (second layer)
1. Lift the outer shroud of the hood.
2. Put on a second impervious isolation gown, ensuring that it covers the inner shroud ONLY (5).
3. Allow the outer shroud to cover the top portion of the isolation gown.
4. Apply second pair of gloves (place two strips of tape onto the glove and the gown, one anterior and one posterior).
You may now enter the room to perform procedures where aerosolization of secretions are anticipated.

PRIOR TO LEAVING THE ROOM
Step VI
Removal of routine care PPE
1. Grasp front of second isolation gown (top layer) with both hands, and pull forward to remove from shoulders.
2. Remove second isolation gown with taped gloves as one unit, as you roll inside out, prior to discarding.
3. Remove disposable goggles, grasping above the ear. DO NOT touch the frame area around the eyes. Discard goggles.
Step VII
Removal of PAPR PPE (REQUIRES ASSISTANCE)
1. Second person detaches breathing tube from the assembly unit and turns OFF unit.
2. From the outside, grasp the hood at the top of the head and under chin simultaneously, and remove hood.
3. Dispose of hood respirator and breathing tube.
4. Second person unties second isolation gown (top layer).
5. Grasp front of second isolation gown with both hands, and pull forward to remove from shoulders.
6. Remove second isolation gown with taped gloves as one unit, as you roll inside out, prior to discarding.
7. Remove air pump/filter/battery assembly box and place inside double plastic bags while in the room.
8. Exit the room, maintaining the first PPE layer (N-95 mask, hair net, goggles, and gown); bring the double-bagged air pump/filter/battery

assembly box for processing.

aThe following guidelines are intended to illustrate a suggested donning and doffing sequence for Enhanced Airborne precautions, using the 3M BE-10
Series PAPR. They are not intended to substitute the recommendations of the Infection Control or Critical Care Groups of your institution. Please refer
to the manufacturer’s instructions for further details of assembly, handling, and cleaning.
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Classificat ion and Init ial Tre at me nt
for Biot e rrorism Ag e nt s

The bioterrorism agents are classified as category A, B, or C
based on their availability, potential for dissemination and in-
fectivity, and their ability to cause events of large magnitude;
category A agents are the most severe. Table 176.2 summarizes
early warnings of a bioterrorism event, signs and symptoms
of syndromes caused by biologic agents, and initial steps to
take if an illness is suspected to be related to a bioterrorism
activity. Tables 176.3 and 176.4 enumerate the clinical pre-
sentations, diagnostic tests, and available treatments for cate-
gory A and categories B and C, respectively; Table 176.5 de-
tails dosing of drugs for treatment of potential bioterrorism
agents.

Classificat ion and Init ial
Tre at me nt for Che mical Ag e nt s

The chemical agents are divided in five different groups:

1. Nerve agents: Anticholinesterase activity
2. Asphyxiants or blood agents: Cyanide based
3. Choking or pulmonary-damaging agents: Direct airway cy-

totoxicity
4. Blistering or vesicant agents: Direct skin cytotoxicity; may

also affect airway
5. Incapacitating agents: For riot control

The details on agents, symptoms, detection, and basic treat-
ment are listed in Table 176.6.

PERSONAL PROTECTIVE
EQ UIPMENT IN THE

INTENSIVE CARE UNIT
As was evidenced during the SARS epidemic in 2003, in spite of
following the recommendations for using personal protective

A B

FIGURE 176.7. A: Face shield powered air-purifying respirator (PAPR). B: Medical personnel with full
hood PAPR in an isolation room simulation. (Courtesy of Orlando Regional Medical Center.)

equipment in the ICU, several health care workers contracted
the illness when they were present during an endotracheal in-
tubation of a patient. Based on the experience from Toronto,
Canada, and the work of Zamora et al. (28), it appears that the
current recommendations (29) for use of PPE may be flawed,
particularly in the case of probable aerosolization of secretions.
The SCCM and the World Federation of Societies of Intensive
and Critical Care Medicine have adopted new recommenda-
tions for PPE that are included in the SCCM course of FDM
(22); these are described in the following paragraphs.

If possible, the area designated in the ICU should be turned
into a negative pressure environment. Patient rooms should
function as negative pressure areas as well, either by design or
by installing portable negative pressure units.

The entire ICU is considered a “warm” zone, where all
staff—including medical, nursing, respiratory therapy, secre-
tarial, and housekeeping—wear a basic layer of PPE that in-
cludes:
■ Scrubs
■ Gown
■ Gloves, with longitudinal taping
■ N-95-type mask
■ Nonabsorbent material shoes

The donning and doffing of PPE should follow a checklist
to ensure that the steps are followed in the recommended se-
quence, and none is skipped or missed.

If a patient’s room needs to be accessed for routine care (e.g.,
monitoring, titration of IV treatments, positional changes, ad-
justment of ventilator settings, or blood sampling) that would
not result in the generation and dispersion of aerosols, a second
layer of PPE is recommended that includes:
■ Eye protection (taped goggles)
■ Hair-covering device (hair net or hat)
■ A second gown
■ A second layer of gloves, with longitudinal taping

If the patient’s room needs be accessed for airway manip-
ulation, where there is a high risk for aerosolization of secre-
tions (e.g., the use of bag-valve-mask, endotracheal intubation,
open circuit suctioning, bronchoscopy, or disconnection from
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ventilator), a higher level of PPE should be used, including a
PAPR, as well as the second layer noted above (Table 176.7).
The PAPR used indoors in the ED or ICU should be of a light
material, and should not be confused with the PAPR used in
decontamination lines at the entrance of the hospital.

This “ indoor” PAPR offers high-level protection for bio-
logic agents only, and is available as a face shield (higher chance
of neck contamination with aerosols) or as a full hood (prefer-
able) (Fig. 176.7A,B).

The doffing (removal) of the PPE is probably—and
remarkably—the most important phase, as the likelihood of
contamination increases significantly if procedures are not
properly followed. Again, a checklist is recommended (Ta-
ble 176.7). All materials should be disposed, and the PAPR
unit placed in a double-bag system in order to be taken
to the processing area. In a biologic event, all mechani-
cal ventilators should have a HEPA filter on the exhalation
circuit.

TA BLE 1 7 6 . 8

VENTILATOR AND INTENSIVE CARE TRIAGE TOOL

INCLUSION CRITERIA
The patient must meet one of criteria A or B
A. Requirement for invasive ventilatory support:

■ Refractory hypoxemia (SpO 2 < 90% on nonrebreather mask/FiO 2 > 0.85)
■ Respiratory acidosis with pH < 7.2
■ Clinical evidence of impending respiratory failure
■ Inability to protect or maintain airway

B. Hypotension:
Hypotension (systolic blood pressure [SBP] < 90 or relative hypotension) with clinical evidence of shock (altered level of
consciousness, decreased urine output, or other end-organ failure) refractory to volume resuscitation requiring vasopressor/
inotrope support that cannot be managed on the ward.

EXCLUSION CRITERIA
The patient is excluded from admission/transfer to critical care if ANY of the following (�) are present:
�Severe trauma (defined by each center based on their experience with the Injury Severity Score [ISS], Trauma and Injury Severity
Scoring system [TRISS] or similar)
�Severe burns

A patient with any two of the following:
i. Age > 60 years old

ii. Total body surface area (TBSA) > 40%
iii. Inhalation injury

�Cardiac arrest:
Unwitnessed cardiac arrest
Witnessed cardiac arrest not responsive to electrical therapy (defibrillation, cardioversion, or pacing)
Recurrent cardiac arrest

�Severe cognitive impairment
�Advanced untreatable neuromuscular disease
�Metastatic malignancy
�Advanced and irreversible immunocompromise
�Severe and irreversible neurologic event/condition
�End-stage organ failure meeting following criteria

�Cardiac:
i. New York Heart Association (NYHA) class III or IV heart failure

�Lung:
i. Chronic obstructive pulmonary disease (COPD) with force expiratory volume in 1 second (FEV1) < 25% predicted, baseline

PaO2 < 55 mm Hg, or secondary pulmonary hypertension
ii. Cystic fibrosis with postbronchodilator FEV1 < 30% or baseline PaO 2 < 55 mm Hg

iii. Pulmonary fibrosis with vital capacity (VC) or total lung capacity TLC < 60% predicted, baseline PaO 2 < 55 mm Hg, or
secondary pulmonary hypertension

iv. Primary pulmonary hypertension with NYHA class III to IV heart failure, or right atrial pressure > 10 mm Hg, or mean
pulmonary arterial pressure of > 50 mm Hg

Liver
i. Child Pugh score ≥ 7

�Age > 85 years old
�Requirement for transfusion of > 6 units packed red blood cells within 24-h period
�Elective palliative surgery

Adapted from Christian M, Hawryluck L, Wax R, et al. Development of a triage protocol for critical care during an influenza pandemic. CMAJ.
2006;175(11); 1377.
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TA BLE 1 7 6 . 9

THE SOFA SCALE

Value

Variable 0 1 2 3 4

PaO2/FiO 2, mm Hg > 400 ≤ 400 ≤ 300 ≤ 200 ≤ 100
Platelets (× 1,000/µ L) > 150 ≤ 150 ≤ 100 ≤ 50 ≤ 20
Bilirubin, mg/dL < 1.2 1.2–1.9 2.0–5.9 6.0–11.9 > 12

(µ mol/L) (< 20) (20–32) (33–100) (101–203) (> 203)
Hypotension None MAP < 70 mm Hg Dop ≤ 5a Dop > 5a Dop > 15a

Epi ≤ 0.1a Epi > 0.1a

Norepi ≤ 0.1a Norepi > 0.1a

Glasgow coma score 15 13–14 10–12 6–9 < 6
Creatinine, mg/dL < 1.2 1.2–1.9 2.0–3.4 3.5–4.9 > 5

(µ mol/L) (< 106) (106–168) (269–300) (301–433) (> 434)

aµ g/kg/min.
Dop, dopamine; Epi, epinephrine; Norepi, norepinephrine.

VENTILATOR TRIAGE
Another area that deserves attention is the distribution of me-
chanical ventilators when demand exceeds availability. It is im-
perative that well-defined, objective criteria be used for their
assignment (Table 176.8). In a major MCI, where the number
of patients far exceeds the available resources, it is imperative
to utilize a protocol with easy-to-follow tools, with clear def-
initions based on objective criteria. Christian et al. (30) have
published a protocol that uses the Sequential Organ Failure
Assessment (SOFA) as the base for the initial classification of
patients, with follow-up at 48 and 120 hours. Once the patient
has passed the inclusion and exclusion criteria, the SOFA-based
(Table 176.9) initial (Table 176.10) evaluation is performed.
There are repeat evaluations at 48 (Table 176.11) and 120
hours (Table 176.12).

TA BLE 1 7 6 . 1 0

INITIAL ASSESSMENT

Critical care triage tool (initial assessment)

Color Criteria Priority/action

Blue Exclusion Criteria
or
SOFA > 11

Medical Management
± Palliate

D/C from CC
Red SOFA ≤ 7

or
Single Organ Failure

Highest

Yellow SOFA 8-11 Intermediate
Green No significant organ

failure
Defer or D/C
Reassess as needed

D/C–Discharge
CC–Critical Care
Adapted from reference 30.

SUMMARY
Health care institutions across the globe should recognize
that they must be prepared to provide services for potentially
massive numbers of casualties. While sociopolitical events—
terrorist activities—are presently foremost in our thoughts, in-
creasing industrialization, environmental hazards, and global-
ization pose equal threats to society. Emerging communicable
diseases are perhaps the most insidious threats to anticipate,
but if the response is inadequate, these may result in the col-
lapse not only of health care institutions, but of governmental
infrastructure as well.

TA BLE 1 7 6 . 1 1

48-HOUR ASSESSMENT

Critical care triage tool (48-hour assessment)

Color Criteria Priority/action

Blue Exclusion Criteria
or
SOFA > 11
or
SOFA 8-11 no  

Palliate and D/C from
CC

Red SOFA < 11
and
decreasing

Highest

Yellow SOFA < 8 no  Intermediate
Green No longer ventilator

dependent
D/C from CC

D/C–Discharge
CC–Critical Care
 –change
Adapted from reference 30.
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TA BLE 1 7 6 . 1 2

120-HOUR ASSESSMENT

Critical care triage tool (120-hour assessment)

Color Criteria Priority/action

Blue Exclusion Criteria
or
SOFA > 11
or
SOFA < 8 no  

Palliate and
D/C from CC

Red SOFA < 11
and
Decreasing progressively

Highest

Yellow SOFA < 8 minimal decrease
(< 3 points in past 72 h)

Intermediate

Green No longer ventilator
dependent

D/C from CC

D/C–Discharge
CC–Critical Care
 -change
Adapted from reference 30.

An effective response to an event of significant magnitude
requires planning, which includes coordination with local and
federal authorities, communication, education, and practice. It
is our hope that this chapter serves as a basic tool to elucidate
some of the larger concepts in preparing a response to these
disasters; it will not replace an in-depth planning and training
program.
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CHAPTER 177 ■ EMERGENT PANDEMIC
INFECTIONS AND CRITICAL CARE
LENNOX K. ARCHIBALD

The prevalence or incidence rate of infection, or the presence of
an infectious agent that is usually present in a community, de-
fined population, or institution is the baseline or expected level
of that infection. If this level is approximately constant at a low
incidence or prevalence rate over a defined time period, then
the infection or agent is regarded as endemic. Infections that
occur irregularly over a period of time are deemed sporadic.
If the infection is persistent at high incidence or prevalence
rates, then it is regarded as hyperendemic. A level of infection
in a defined population in excess of the expected or baseline
level over a given time period is regarded as an epidemic or
outbreak ; the period of time over which this excess occurs is
known as the epidemic period. An epidemic of communicable
infection that becomes very widespread, affects a whole region
or continent, or spreads over several countries and affects many
people is termed a pandemic. A disease or illness is not a pan-
demic merely because it is widespread or kills a large number
of people; it must also be infectious.

Three key factors set the conditions for a pandemic:

1. The emergence of a new strain of micro-organism
2. The ability of that strain to infect humans and cause serious

illness; i.e., the capacity of the organism to cause disease in
an infected host (its pathogenicity) and the severity of the
disease produced (its virulence)

3. The ability of the micro-organism to spread easily among
humans

Infectious disease pandemics proceed until the number of
susceptible hosts in the population at risk falls below the num-
ber at which the probability of contact, transmission, and in-
fection becomes too low for the process to continue. In the
modern era of rapid air travel to any geographic area on the
globe, variations in population demographics, and changing
or unpredictable human behavior, the interactions of the fac-
tors that determine whether a pandemic will occur are complex
and have to be analyzed using sophisticated statistical model-
ing techniques. These same factors and their interactions, how-
ever, have made statistical models less successful in predicting
onset, size, and duration of epidemics, especially those that oc-
cur in complex environments like intensive care units (ICU) in
tertiary care hospitals. Within the ICU, factors that decrease
transmission of communicable infection—such as the distance
between individuals (i.e., reducing the likelihood of contact
through isolation), adherence to infection control guidelines,
immunization, herd immunity, increasing levels of natural im-
munity following infection, depression of agent reservoirs, and
viability by control programs or seasonal climatic change—
are offset by the ICU environment, in which there are patients

with a relatively high severity of illness, increased use of medi-
cal devices, fluctuating nurse-to-patient ratios, varying degrees
of immunization or vaccination, and exposure to health care
personnel who move freely among other patients and health
care personnel within the institution.

The relevance and importance of pandemic preparedness in
critical care medicine is underscored by the reality that, while
there has been a general decrease in the total number of beds
in United States hospitals during the 1990s, the number of ICU
beds has increased during the same period (1). This increase in
the numbers of ICU beds suggests that hospitals in the United
States are now admitting a larger number of critically ill pa-
tients to these units, where there are relatively high rates of
medical device and antimicrobial use. Furthermore, crowding
is likely to become a factor when there is a high patient census,
along with a parallel increase in numbers of health care person-
nel required to staff these units. As hospitals become more and
more specialized, the possibility of multiple hospital outbreaks
becomes a greater concern. This occurs most commonly by
interhospital spread or movement of patients from long-term
care facilities to hospitals. In the case of a pandemic event,
emergency rooms of tertiary care hospitals become the natural
aggregating and triage centers for symptomatic patients. How-
ever, the ability of emergency rooms to triage or handle large
numbers of symptomatic patients is limited by the ever-present
risk of person-to-person transmission in the waiting room, the
limited space to evaluate people, and insufficient personnel to
handle a high patient load.

At some juncture, individuals with a relatively high severity
of illness resulting from the pandemic will require some form
of critical care management that warrants ICU admission, pro-
vided sufficient beds and ancillary equipment such as ventila-
tors are available. In the wake of a pandemic, those tertiary
care hospitals with large numbers of ICU beds will, by default,
have to provide critical care management for greater numbers
of patients. The implications of this scenario are serious and
complex, and include the following:

■ The increased human and material resources that would be
required to manage very sick patients during a pandemic

■ The difficulties in triaging patients with vague or mild symp-
toms, who do not meet the case definition for the infection
yet who might be potentially infectious

■ The limited availability of designated areas for cohorting
patients who need to be isolated

■ The logistics of implementing and maintaining infection
control practices and procedures in the ICU during a pan-
demic and consequently, the inevitable transmission of the
pandemic agent among patients and health care workers,
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notwithstanding the institution of infection control practices
and procedures

■ The risk of further transmission of the micro-organism by
ICU personnel who also work or are “floated” in other areas
of the hospital

This chapter addresses five true or potentially emergent pan-
demic infections:

1. The severe acute respiratory syndrome (SARS)—A true pan-
demic caused by a previously unrecognized corona virus

2. Avian influenza—Not yet a true pandemic but one that infec-
tious diseases experts believe is imminent and long overdue

3. Dengue fever and dengue hemorrhagic fever—A mosquito-
borne infection that has spread insidiously across the globe
and is now considered a pandemic by many experts

4. Tuberculosis—A pandemic caused by Mycobacterium tuber-
culosis and largely attributable to the nearly three-decade-
long human immunodeficiency virus (HIV) pandemic

5. Infections caused by Staphylococcus aureus resistant to me-
thicillin group penicillins (MRSA)—Perhaps the only bacte-
rial micro-organism that has reached pandemic proportions
in health care settings around the world

Patients who acquire any of these five infections not infre-
quently require management in ICUs. The SARS pandemic of
2002 emerged suddenly and unexpectedly, and affected health
care workers but was successfully controlled through the appli-
cation of basic infection control principles and guidelines that
had already been established, validated, and ratified. The ex-
pected emergence of the impending avian influenza pandemic
has underscored the importance of preparedness for an event
that is oftentimes decried as “crying wolf” by some, while at
the same time characterized as “a matter of when, rather than
if” by others. The fact remains that, should an influenza pan-
demic occur, substantial numbers of infected patients would al-
most certainly require critical care management, underscoring
the need for preparedness from diagnostic, management, con-
trol, and preventive perspectives. The third viral pandemic—
dengue fever—is a zoonotic infection caused by an arbovirus
that is endemic in countries across the globe and whose oc-
currence is still on the increase. Aiding this transmission is the
unpredictable pattern of global warming affecting the breeding
sites of mosquitoes, flooding resulting from hurricanes, increas-
ing urbanization, ease of travel across the globe, and dynamic
movements of immigrants from endemic to nonendemic re-
gions. Although public health preparedness will be alluded to,
the focus of this chapter will be on the epidemiology, clinical
features, and manifestation of these infections. In addition, the
chapter reflects some of the issues pertinent to preparedness,
interventions, and obstacles that must be addressed by critical
care personnel in tertiary care centers for the diagnosis, man-
agement, control, and prevention of these infections.

SEVERE ACUTE RESPIRATORY
SYNDROME (SARS)

In November 2002, the Centers for Disease Control and Pre-
vention (CDC) and the World Health Organization (WHO)
reported an investigation of a multicountry outbreak of un-
explained pneumonia referred to as SARS—officially, the first
pandemic of the 21st century (2–4). SARS began as an out-

break of atypical pneumonia among patients in the Guangdong
province of China. A Chinese physician, who had taken care
of patients with SARS, subsequently traveled to Hong Kong
and transmitted the infection to guests at the Metropole Hotel.
These guests, in turn, unwittingly became the index cases for
SARS outbreaks in Canada, Hong Kong, Singapore, Vietnam,
and Taiwan (5–9). Subsequently, the condition was reported
in more than 8,400 people globally and resulted in over 800
deaths (5,7,10). The case-fatality rate was estimated at 13%
for patients younger than 60 years of age and 43% for those
older than 60 years of age (11).

SARSis caused by a novel strain of coronavirus (SARS-CoV)
that was first identified in Canada in early March 2003 (12).
The origin of SARS-CoV is unclear; however, because genetic
changes occur frequently in these viruses, it is thought that the
outbreak might have been facilitated by cross-species transmis-
sion of the virus from animals to humans (13). Sequence anal-
yses of the genome suggest that SARS-CoV is a new virus that
is distinct from all other known human coronaviruses (14,15).
Indeed, the plausibility of cross-species transmission of a re-
combinant animal virus was substantiated by the observation
and documentation of the close proximity of humans to ani-
mals in the Guangdong province in southern China, where the
first outbreak occurred and SARS is believed to have emerged
(2,9). During the latter part of 2003 and early 2004, sporadic
outbreaks of SARS were documented and investigated in the
region of China where the first outbreaks had originated (16).
Subsequent studies have since confirmed that the SARS-CoV
strains in these later outbreaks were different from those iso-
lated during 2002–2003 (17). In a recent review, Wang et al.
(18) concluded that these findings support the existence of in-
dependent species-crossing of SARS-CoV, and that SARS epi-
demics could likely recur in the future at different times and
regions, depending on the distribution of reservoirs and trans-
mitting hosts.

Before the SARS pandemic, coronaviruses already were
known to be ubiquitous, and were recognized as the under-
lying cause of illness in various animals, including pigs, cattle,
dogs, cats, and chickens. Indeed, coronaviruses had long been
found to be associated with upper respiratory infections and,
sometimes, pneumonia in humans (19). Although the natural
reservoir of SARS-CoV remains uncharacterized, the virus has
been isolated from all of the above animals as well as civet cats,
a delicacy in the Far East (20–22).

Mod e of Transmission

The primary mode of transmission of SARS-CoV is largely
through direct or indirect contact of mucous membranes (eyes,
nose, or mouth) with large infectious respiratory droplets (23–
25). This mode of transmission suggests that the major risk
factor for acquisition of infection by susceptible persons is in-
timate direct contact with one or more individuals who are
already infected or colonized. However, the unusually rapid
transmission of SARS-CoV suggests that airborne transmis-
sion through droplet nuclei (i.e., droplets less than 10 µ m in
diameter) might play a significant role in transmission. Droplet
nuclei, the mode of transmission of influenza, measles, and
tuberculosis, theoretically would enable SARS-CoV to reach
the lung alveoli in at-risk contacts (26). This may explain
why aerosol-producing procedures, such as bronchoscopy or
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nebulized medication in health care facilities, have been im-
plicated as independent risk factors in SARS-CoV transmis-
sion and outbreaks (27–29). Although SARS-CoV is shed in
large quantities in stool, and the fecal-oral route represents the
principal mode of transmission among many animals (18), re-
ports of foodborne or waterborne transmission among humans
have not been substantiated (30). Nonetheless, SARS-CoV sur-
vives for many days in feces, and when dried on environmental
surfaces, it is plausible that fomites could potentially play a
role in transmission of the virus (31). However, the exact role
of fomites in person-to-person transmission of SARS-CoV in
health care settings or the community remains uncharacter-
ized (30). To date, there have been no documented instances of
SARS-CoV isolation from asymptomatic persons.

The phenomenon of “superspreading events” plays an im-
portant role in the transmission of SARS-CoV in health care set-
tings (25,32–34). In the mechanism of superspreading events,
SARS-CoV is transmitted from one individual to several sec-
ondary cases (32,35–37). Risk factors found to be associated
with superspreading events include a high severity of illness
scores, greater age, and increased numbers of secondary con-
tacts (37). Superspreading has facilitated the transmission of
SARS-CoV within health care settings in Singapore (12,27) and
Toronto (12). The hospital in-patient environment provides an
efficient site for the transmission of SARS-CoV infection and
superspreading events (35–37).

Sig ns and Symp t oms

SARS is characterized by rapid onset of high fever, malaise,
myalgia, chills, rigors, and sore throat, followed by shortness
of breath, cough, and radiographic evidence of pneumonia
(12,38,39). The median incubation period range is generally
between 4 and 7 days (range: 2 to 10 days) (2). Some pa-
tients develop profuse watery diarrhea, although, as stated
above, the role of fecal-oral transmission remains uncharac-
terized (39). After 1 week of illness, patients with SARS fre-
quently develop respiratory failure, which often requires crit-
ical care management for respiratory support and mechanical
ventilation (30,39). Chest radiographs frequently show non-
specific patchy opacification but may be normal during the
early stages of the infection (40). Because of the nonspecific
clinical manifestations at presentation, a precise diagnosis of
SARS might not be possible, compounded by the difficulty in
differentiating SARS from other clinical syndromes (37). Thus,
all diagnoses of community-acquired pneumonia become sus-
pect during a SARS pandemic, and a history of exposure to
a patient with probable SARS or travel to SARS-affected ge-
ographic areas should heighten clinical suspicion and increase
the likelihood of the diagnosis (41). In patients with suspected
SARS or in patients who develop respiratory symptoms dur-
ing a putative or true SARS pandemic, the workup for known
causes of community-acquired pneumonia should certainly be
performed, and appropriate specimens should be sent to the
designated State Health Department or CDC for viral identifi-
cation and serologic analysis.

Lab orat ory Fe at ure s

Laboratory features include lymphopenia, thrombocytopenia,
and elevated levels of lactate dehydrogenase, aspartate amino-

transferase, and creatinine kinase (12). SARS-CoV can be de-
tected by the polymerase chain reaction (PCR) in respiratory
secretions and other body fluids; however, PCR is not sensi-
tive during the early stages of the illness. Specific SARS-CoV
antibodies are detectable but play little or no role in making a
diagnosis during the acute stages of the pneumonia, especially
during a pandemic. However, detection of antibodies provides
a retrospective diagnosis as part of clinical confirmation or
surveillance activities. The presence of underlying disease, ele-
vated initial C-reactive protein levels, and positive SARS-CoV
in nasopharyngeal aspirate samples are associated with an in-
creased risk of respiratory failure and mortality (41).

Pre ve nt ion and Cont ro l of SARS

In Canada, transmission of the SARS-CoV occurred predom-
inantly among health care workers within the health care set-
ting, presumably through close contact with symptomatic per-
sons (12,42). Health care workers made up a large proportion
of cases, accounting for 37% to 63% of suspected SARS cases
in highly affected countries (23,43–45). Thus, the fundamental
tenets of prevention and control should include the institution
and implementation of basic infection control practices and
procedures, early detection and prompt isolation of affected
patients, contact tracing, and quarantine of putative contacts
(34,46,47). Because SARS-CoV is generally not identified be-
fore recommended infection-control precautions for SARS are
implemented, and unrecognized cases are a significant source
of transmission, the primary strategy to reduce transmission
in health care settings is early recognition and isolation of pa-
tients who might have the syndrome, as well as the institution of
triage algorithms for practices in hospitals and ambulatory care
settings (47–51). In Vietnam and Canada, the pandemic was
brought under control through the institution of a constellation
of interventions that included (i) early detection and prompt
isolation of case-patients; (ii) implementation of traditional in-
fection control practices, such as scrupulous hand-washing and
environmental decontamination, and use of personal protective
equipment where deemed necessary; (iii) initiation of surveil-
lance activities for patients with SARS; and (iv) education and
training of patients, relatives, and caregivers (52,53).

Cont ro l of Transmission Me asure s
Transmission of SARS-CoV may occur on an aircraft when
infected persons fly during the symptomatic phase of illness
(54). Thus, in the event of a possible pandemic, airline trav-
elers need to be screened before leaving for and after arriving
from SARS-endemic regions. In a retrospective cohort study
of nurses who worked in ICUs in Toronto, practices such as
assisting during intubation, suctioning before intubation, and
manipulation of oxygen masks were found to be risk factors
for acquiring SARS (34). This study also found that consis-
tently wearing a mask, regardless of type (i.e., either surgical
or particulate respirator type N-95), was protective for nurses
and resulted in an 80% reduction in risk of infection (34). Of
note, the risk of SARS-CoV transmission and infection among
nurses who consistently wore N-95 masks was approximately
half that for the surgical mask; however, this difference was
not statistically significant (34). These data concur with the
findings of Seto et al. (25), who established that both surgical
masks and N-95 masks were protective against SARS among
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health care workers in Hong Kong, and with anecdotal re-
ports from Bach Mai hospital in Hanoi, Vietnam, where SARS
was controlled and contained largely through adherence to
basic infection control principles, use of surgical masks, and
quarantine of close contacts (unpublished personal commu-
nication, Infection Control Department, Bach Mai Hospital,
Hanoi, Vietnam). Finally, Loeb et al. (34) established unequiv-
ocally that use of personal protective equipment (i.e., use of
N-95 masks, gowns, gloves, and goggles) were important pre-
ventive measures when caring for SARS patients. Ultimately,
improvement in the outcomes of patients with SARS is depen-
dent on heightened levels of clinical suspicion, rapid case detec-
tion and isolation, strict attention to infection control practices
and procedures, use of masks when providing care for putative
SARS, and development and use of reliable diagnostic tests and
effective antiviral and immunomodulatory agents and vaccines
(41).

INFLUENZA
Influenza is an acute febrile illness caused by a group of respira-
tory viruses primarily infecting the columnar cells of the upper
respiratory tract. Humans are the major hosts of these viruses,
which are the most important cause of wintertime respiratory
morbidity throughout the world. Despite vaccines and antiviral
therapies, influenza epidemics still occur every year. The mag-
nitude of influenza outbreaks during the winter is dictated by
the interaction between agent and host, and the environment
in which this interaction occurs.

Agent factors include the degree of molecular change in the
virus compared with the previous year, and the pathogenicity
and virulence of the new winter strain. Host factors that de-
termine the size of the outbreak for a particular year include
the numbers of susceptible individuals and the proportion of
individuals who received that year’s influenza vaccine. Impor-
tant environmental factors that facilitate transmission include
crowding in health care institutions, day care centers, schools,
waiting rooms, barracks, and other places where people aggre-
gate.

Severe influenza pandemics have been recorded since the
days of Hippocrates, and, over the past 300 years, at least 10
pandemics have been recorded at irregular intervals. The pan-
demic of 1580 started in Asia and spread to Africa, Europe,
and the Americas. Within 6 weeks, all of Europe was affected,
resulting in high mortality rates. For example, 9,000 of 80,000
residents died in Rome during one 10-day period, and some
Spanish cities were described as “nearly depopulated by the
disease.” In the 1918–1919 Spanish influenza epidemic, an es-
timated 50 to 100 million persons (a disproportionate number
of them healthy young adults) died worldwide—over 500,000
in the United States alone (55). The 1957–1958 Asian and the
1968–1969 Hong Kong pandemics caused substantial morbid-
ity, although mortality estimates were lower compared with
1918: two million for the 1957 pandemic (70,000 excess U.S.
deaths) and one million (34,000 excess U.S. deaths) in 1968
(56). The occurrence of these three influenza pandemics during
the 20th century was not an aberration, but rather a manifes-
tation of the continuing emergence of virulent strains of a virus
that has adapted to efficient human transmission, and which
continues to undergo point mutations and genetic exchange or
reassortment (56).

Influenza viruses belong to the orthomyxovirus family.
These viruses are enveloped, pleomorphic, and contain neg-
ative, single-stranded RNA, which is organized into eight gene
segments that code for ten proteins. They are classified into
three major serotypes—influenza A, B, and C—based on dif-
ferences in a stable internal ribonucleoprotein antigen. Two sur-
face glycoproteins—hemagglutinin (HA) and neuraminidase
(NA)—constitute the major antigens and are therefore the
prime targets of the protective host immune response and vac-
cine prophylaxis. HA is so named because of its ability to ag-
glutinate red blood cells from chickens or guinea pigs in vitro
and facilitates viral attachment to the host respiratory epithe-
lial cells. Antibodies to HA are protective. The NA glycoprotein
is involved in viral entry into the host cell by helping release
virions from cells, and is important in the process of the viral
envelope fusion with the host cell membrane as a prerequisite
to viral entry into the human cell. Antibodies to NA appear to
modify disease severity by inhibiting the spread of virus in the
infected host and limiting the amount of virus released from
host cells.

Influe nza Typ e s

Influenza A is the most extensively studied of the three types;
influenza B is more antigenically stable and usually occurs in
more localized outbreaks; influenza C appears to be a relatively
minor cause of disease and differs considerably from A and B
types, possessing only seven RNA segments and no NA. The
structure and function of influenza viruses are directly associ-
ated with the pathogenesis of infection and disease, and with
diagnosis. Only influenza A and B cause epidemic infections
and disease in humans.

Among the 16 known HA subtypes (H1–H16) and nine
NA glycoprotein subtypes (N1–N9) of influenza A viruses,
three major subtypes of hemagglutinins (H1, H2, and H3) and
two subtypes of neuraminidases (N1 and N2) are known to
cause infection in humans (H1N1, H1N2, H3N2). The three
20th century pandemics were caused by strains of avian in-
fluenza A viruses classified as H1N1 for 1918, H2N2 for
1957, and H3N2 for the 1968 pandemic virus. The 1968
H3N2 strain had the same NA glycoprotein as the 1957 H2N2
strain. Influenza viruses are named on the basis of the follow-
ing nomenclature: type/geographic source/strain number/year
isolated (specific H and N subtypes). Thus, for the 2006/2007
influenza season, the vaccine included A/New Caledonia/20/
1999 (H1N1)-like, A/Wisconsin/67/2005 (H3N2)-like, and
B/Malaysia/2506/2004-like antigens (CDC, Atlanta, GA).
These viruses were used because they are representative of in-
fluenza viruses that were anticipated to circulate in the United
States during the 2006/2007 influenza season and have favor-
able growth properties in eggs (CDC, Atlanta, GA).

Influe nza A
A key feature of influenza A viruses is their ability to un-
dergo periodic antigenic change more commonly and to a much
greater degree than other respiratory viruses. These antigenic
changes occur through two completely different mechanisms:
antigenic drift and antigenic shift (57,58). In antigenic drift,
point mutations in the HA or NA genes cause minor antigenic
changes to the main surface glycoproteins, resulting in strain
variants. Antigenic drift within major subtypes can involve
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either the HA or NA antigen or the genes encoding nonstruc-
tural proteins, and can result from a single mutation on the
viral RNA. Antigenic drift is a continuous process that leads to
emergence of strain variants, most of which form evolutionary
dead ends. Eventually, however, a strain becomes predominant
worldwide—1 to 3 years on average. Immunity against one
strain might be limited, and antibodies formed to older viruses
gradually lose their ability to protect against newer strains. As
a result, people recurrently become susceptible to influenza,
and, thus, vaccine strains must be updated annually. Accord-
ing to the CDC, antigenic drift causes seasonal epidemics in
the United States, resulting each year in over 200,000 hospital-
izations and approximately 36,000 deaths; more than 90% of
these deaths occur in persons older than 65 years of age. Only
antigenic drifts in the hemagglutinins have been described for
influenza B viruses.

Antigenic shift is the emergence of a novel human influenza
virus subtype through genetic reassortment between human
and animal viruses or through direct animal- or poultry-to-
human transmission, resulting in a virus bearing new HA or
NA antigens. Basically, reassortment occurs when an avian or
animal virus and human-adapted virus “swap genes” in a coin-
fected cell of an animal or human, and a third virus results that
can be readily transmitted by and between humans. Antigenic
shift is relatively infrequent; however, because there is little or
no immunity to a novel virus, it remains the initiating event for
pandemics that occur if there is efficient and sustained virus
transmission among humans. Compared with regular seasonal
epidemics, the emergence of a novel influenza virus through
antigenic shift will result in more infections and more serious
illness among those infected, with the ever-present possibility of
global spread if the virus is sufficiently transmissible among hu-
mans. Antigenic shifts are associated with epidemics and pan-
demics of influenza A, whereas antigenic drifts are associated
with more localized outbreaks. Genetic analysis of the 1957
H2N2 and 1968 H3N2 pandemic virus strains indicate that
these strains emerged by genetic reassortment between avian
viruses and seasonal human viruses. The emergent virus strains
adapted genetic material from the human strains that enabled
growth in humans; however, the genes for the hemagglutinins
that induce a humoral response were acquired from the avian
viruses. Before 1997, there was no evidence or documentation
that influenza A (H5N1) subtype could cause infections and
severe disease in humans (59–61).

The mean incubation time from exposure to and infection
with the influenza A virus to the onset of symptoms is about 2
days. Symptoms characteristically begin with the abrupt onset
of fever (greater than 37.8◦C), chills, headache, myalgia, and
malaise, anorexia, sore throat, coughing, sneezing, and short-
ness of breath. Fever peaks within 24 hours of onset and lasts
1 to 5 days. Within 6 to 12 hours, the illness reaches maxi-
mum severity, and a dry nonproductive cough develops. Symp-
toms may range from afebrile respiratory illnesses, similar to
the common cold, to systemic involvement with relatively little
involvement of the respiratory system. In uncomplicated in-
fluenza, physical findings are generally few or nonspecific and
may improve over 2 to 5 days, followed by gradual improve-
ment, although the illness may last for 1 week or more. Some
patients develop persistent weakness or easy fatigability that
may last for several weeks. The clinical outcome is directly de-
pendent on the viral load, which peaks at about 48 hours after
exposure. The larger the infecting doses of virus, the more se-

vere the course of illness. Viral shedding begins 24 to 48 hours
before the onset of symptoms and continues for about a week
after the onset of the illness.

Complications Associated with Influenza A. Influenza can re-
sult in multiple significant complications, such as progressive
infection involving the tracheobronchial tree and lungs (e.g.,
acute viral or bacterial pneumonia) and extrapulmonary com-
plications. Patients with chronic medical conditions, such as
chronic obstructive pulmonary disease, chronic cardiovascular
disease, cirrhosis of the liver, chronic renal failure, diabetes
mellitus, or long-standing rheumatoid arthritis, immuno-
compromised patients, and the elderly are particularly suscep-
tible to these complications. When the respiratory tract is in-
volved, the respiratory epithelium becomes damaged within
24 hours of infection, rendering the patient susceptible to sec-
ondary bacterial pneumonia.

At-risk patients who are infected with the influenza virus
usually develop bacterial pneumonia 4 to 14 days after the on-
set of influenza symptoms. Bacterial pathogens that commonly
cause superinfection include Streptococcus pneumoniae, S. au-
reus, Haemophilus influenzae, or group A streptococcus. Bac-
terial superinfection can develop at any time in the acute or
convalescent phase of the infection, and is often characterized
by an abrupt worsening of the patient’s condition after ini-
tial stabilization. Although acute viral pneumonia is relatively
uncommon, patients with significant underlying cardiovascu-
lar disease appear to be most commonly affected. Mortality
rates among patients with bacterial pneumonia and acute vi-
ral pneumonia tend to be relatively high in the elderly. The
clinician must be alert because patients with viral pneumonia
usually present with the typical features of influenza but then
develop an exacerbation of respiratory symptoms, hemopty-
sis, and respiratory failure. Chest radiographs in patients with
viral pneumonia generally have a reticular interstitial pattern
rather than radiologic characteristics of consolidation; blood
gases reflect severe hypoxemia; and cultures of the blood and
respiratory tract are generally negative for bacterial growth.

Extrapulmonary complications include musculoskeletal ab-
normalities, such as myositis and rhabdomyolysis; neuro-
logic sequelae such as encephalopathy, encephalitis, transverse
myelitis, or Guillain-Barré syndrome; myocarditis; and, rarely,
Reye syndrome (62). The latter is almost never seen nowadays
with the decreased use of aspirin as an antipyretic and anal-
gesic in children. Mortality rates attributable to influenza in
patients with underlying chronic medical conditions are prob-
ably underestimated because many of these patients die ostensi-
bly through exacerbation of the underlying chronic respiratory
or cardiovascular condition which, in fact, rendered them sus-
ceptible to the influenza virus in the first place.

Avian Influenza A. Influenza A viruses naturally infect avian
and mammalian species, although wild aquatic birds are con-
sidered the prime reservoir. In these natural hosts, the viruses
show minimal evolution at the amino acid level over extended
periods, suggesting the influenza–bird association is ancient
(61). Through antigenic shift, influenza A viruses that are nat-
urally resident in wild waterfowl (e.g., aquatic ducks, geese,
and swans) acquire the potential for transmission to humans.
Viruses are shed in respiratory secretions and feces of birds, and
can survive at low temperatures and low humidity for days to
weeks. Reassortment possibilities include the emergence and
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spread of avian strains through permutations and combina-
tions of any of the 16 HA glycoprotein and 9 NA subtypes.

Avian influenza A viruses are classified in one of the follow-
ing two categories: low pathogenic or highly pathogenic forms.
The criteria for high pathogenicity among these viruses include
one or more of the following: (i) any avian influenza A virus
that is lethal for 4-week-old chickens; (ii) any H5 or H7 virus
that has a multibasic amino acid sequence at the HA cleavage
site; or (iii) any non-H5 or H7 that kills one to five of eight
inoculated chickens and grows in cell culture without trypsin
(63). Highly pathogenic avian influenza viruses are usually H5
or H7 subtypes, which are associated with high mortality in do-
mestic poultry but do not cause illness in wild birds. Although
low pathogenic avian influenza viruses do not usually cause
illness in wild birds, they may cause mild illness in domestic
poultry, can cause outbreaks worldwide, and can evolve into
highly pathogenic strains. During infections of domesticated
poultry, some influenza strains of the H5 or H7 subtypes mu-
tate to highly pathogenic and infectious strains.

Two factors increase the probability of the emergence of
H5N1 viruses with the potential to directly infect humans: (i)
the continued spread of the H5N1 strain in birds increases the
opportunities for direct human contact, which in turn facil-
itates the selection of strains that are able to efficiently rec-
ognize human receptors; and (ii) the more frequently humans
become infected with H5N1 strains, the higher the probabil-
ity that these strains would get the chance to interact with the
current seasonal influenza virus strains, leading to genetic reas-
sortment and swapping of genes in a coinfected cell that results
in H5N1 strains, or a third virus that is readily transmitted by
and between humans or has adapted for growth in humans.

The first indication that a highly pathogenic H5N1 avian
influenza virus can cause significant human disease occurred
in early 2004, when this strain was implicated as the cause of
viral pneumonia in a series of patients hospitalized with res-
piratory symptoms in Hanoi, Vietnam (64,65). Other recent
outbreaks of highly pathogenic avian influenza strains in poul-
try in Canada (H7N3) and the Netherlands (H7N7), and their
subsequent transmission to humans, have intensified concern
over the emergence of a novel strain of influenza with pandemic
potential (66–69). Overall, however, influenza A (H5N1) in
humans is still poorly understood. Moreover a lack of autopsy
data has limited the understanding of the pathogenesis and dis-
ease progression in humans infected with the H5N1 strain.

Published reports indicate that the clinical course of in-
fluenza A (H5N1) infection in humans is characterized by rapid
deterioration and high mortality rates. A recent case-control
study identified the presence in the household, and the han-
dling, of dead or sick poultry in an H5N1-affected area and lack
of access to an indoor water source as risk factors for H5N1 in-
fection (70). Although limited human-to-human transmission
has been documented (71), some studies suggest that exposure
alone to persons who might be a source of H5N1 infection
might not necessarily be a risk factor for this mode of trans-
mission (70,72). These data suggest two possible mechanisms
for transmission: inhalation or conjunctival deposition of large
infectious droplets that could travel short distances, or the pres-
ence or consumption of infected poultry in the home (73).

The incubation period for human avian influenza A (H5N1)
infection is 2 to 8 days but may be as long as 17 days (62).
More recently, a study of patients with influenza A (H5N1)
infection showed that disease progression is associated with

elevated viremic levels and development of intense inflamma-
tory responses—a finding that had already been established
for seasonal influenza A virus strains (74). Early symptoms
of influenza A (H5N1) include a high fever, diarrhea, vomit-
ing, abdominal pain, chest pain, and bleeding from the nose
and gums (62). Pneumonia that did not respond to antimicro-
bials is a common complication, suggesting that the process is
likely a viral pneumonia, usually without bacterial superinfec-
tion at the time of hospitalization (62). Data from Vietnam
suggest that multifocal consolidation involving at least two
lung zones was the most common radiographic abnormality
at the time of admission (62). In severe cases, respiratory fail-
ure occurs within 3 to 5 days after onset of symptoms, and
may progress to the acute respiratory distress syndrome within
a week from the time of onset of illness (75). Other documented
complications include the reactive hemophagocytic syndrome,
extensive hepatic central lobular necrosis, acute renal tubular
necrosis, rhabdomyolysis, pancytopenia, cardiac dilatation and
dysrhythmias, ventilator-associated pneumonia, pulmonary
hemorrhage, pneumothorax, and the systemic inflammatory re-
sponse syndrome without documented bacteremia (62,75–78).
The mortality rate among patients with influenza A (H5N1) in-
fection is high; since 2003, over 50% of persons who have been
treated for avian H5N1 infection have died, with the highest
death rates among persons younger than 15 years of age in
Thailand (62). The most common cause of death is progressive
respiratory failure.

Lab orat ory Diag nost ic Te st s

Common laboratory findings include leukopenia (especially
lymphopenia), thrombocytopenia, raised aminotransferase lev-
els, and elevated creatinine levels (62). Diagnosis of influenza
requires collection of appropriate clinical specimens. For ex-
ample, respiratory viruses grow in the epithelial lining of the
nasal mucosa. Thus, a nasal wash is the optimal specimen for
recovering respiratory viruses. Because the influenza virus is
enveloped, it is less stable and may become nonviable during
specimen collection and processing. Thus, the specimen, ide-
ally, should be transported immediately to the laboratory in a
sterile container; specimens that cannot be delivered immedi-
ately to the laboratory should be refrigerated until transported.
Dry nasal swabs, throat swabs, or calcium alginate swabs are
not appropriate for recovering respiratory viruses and should
be discouraged. Unlike human influenza A infection, avian in-
fluenza (H5N1) is more commonly detected in, and has higher
viral RNA levels in, pharyngeal versus nasal specimens (62).

Rapid enzyme immunoassay (EIA) testing of nasal washes
for influenza A and B are available and are useful in the outpa-
tient clinic or the emergency room. In these settings, physicians
may use the EIA test results to discharge patients or to initi-
ate prompt therapy and infection control measures. Recently, a
food and drug administration (FDA)-approved EIA that distin-
guishes influenza A and influenza B antigens became available.
The EIA test is approved for nasopharyngeal swabs, although
nasal washes afford the best sensitivity. Rapid antigen tests are
less sensitive in detecting influenza A (H5N1) infections com-
pared with real-time PCR assays (75).

Rapid inpatient diagnosis is achievable through use of flu-
orescent antibody to directly detect the influenza antigen. This
immunofluorescence testing of properly procured specimens
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for influenza A and B is usually performed with a respira-
tory viral battery that includes adenovirus; influenza A and B;
parainfluenza 1, 2, and 3; and respiratory syncytial virus. The
fluorescent antibody test has a relatively high sensitivity and
specificity, and turnaround time is approximately 2 hours. Flu-
orescent antibody-negative specimens should be cultured for
the above respiratory viruses; influenza cell cultures take be-
tween 5 and 7 days to grow. As with respiratory syncytial virus,
viral culture is the gold standard for laboratory diagnosis of in-
fluenza A.

Serologic testing requires testing of paired serum specimens,
the first taken during the acute phase and the second taken 2
to 4 weeks later. The diagnosis is made by demonstrating a
fourfold or greater increase in complement-fixing or hemag-
glutination inhibition antibody titers in the paired serum spec-
imens. However, serologic testing for influenza A and B has a
low sensitivity. For these reasons, serologic testing is not use-
ful for diagnosis in the acute phase of influenza; however, it
may be used for establishing a retrospective diagnosis and for
surveillance activities and epidemiologic studies.

The rap y

Medical management of influenza A infection comprises three
essential components: (i) symptomatic, supportive therapy—
rest, fluid replacement (oral or intravenous as deemed appro-
priate), and cautious use of analgesics, keeping in mind the
association between salicylate use and Reye syndrome in chil-
dren; (ii) initiation of antiviral therapy; and (iii) timely an-
ticipation of complications, such as bacterial superinfection.
Antimicrobial prophylaxis has not been shown to increase or
reduce the risks for developing bacterial superinfection. More-
over, there is always a putative risk that empiric antimicrobial
therapy could increase the emergence of antimicrobial resis-
tance among micro-organisms in the respiratory tract.

Antiviral therapy is available for influenza viruses. Adaman-
tine drugs, such as amantadine and rimantadine, are M2 pro-
tein blockers that are both active against influenza A. These
M2 protein blockers cause a loss in ion channel function and
inhibition of ribonucleoprotein release and of the uncoating
process. For human influenza A infection, 4 to 5 days of aman-
tadine or rimantadine therapy initiated within 24 to 48 hours of
symptoms can lead to reduction in fever, systemic complaints,
and viral shedding. Rimantadine is approved for persons aged
13 years and older. NA inhibitors, such as oseltamivir and
zanamivir, are also available as antiviral therapy and act by in-
hibiting the cleavage of the virus from sialic acid, which blocks
the release of new virus, thereby preventing the propagation
of infection. Oseltamivir is FDA-approved for patients ages
2 years and older, and therapy should be started within 24 to
48 hours of symptoms. NA inhibitors are active against both
influenza A and B.

Both adamantine and NA inhibitors are effective in pro-
phylaxis against seasonal influenza, do not promote resistance
among the pandemic strains, and have been shown to reduce
the duration of symptoms, severity of illness, and the number
of days confined to bed and of functional respiratory involve-
ment (79). The utility of antiviral therapy in noncomplicated
influenza infection remains a highly debatable issue. Moreover,
there is a paucity of data on the utility of these agents in patients
who have already developed complications, such as viral pneu-

monia or bacterial superinfection. Antiviral drugs can be used
early in a pandemic, and do not require specific production and
formulation (79). Patients with suspected influenza A (H5N1)
should promptly receive a NA inhibitor pending the results
of diagnostic laboratory testing (62); early treatment provides
the greatest clinical benefit (75). NA inhibitors are efficacious
in preventing febrile illness, although systemic infection can
still occur; they also provide a degree of protection against the
next wave of the pandemic virus (79). The roles played by cor-
ticosteroids and immunomodulators, such as interferon-alpha,
in the management of influenza A (H5N1) infection remain
uncharacterized.

Infe ct ion Cont ro l wit hin t he
He alt h Care Se t t ing

Transmission of influenza in health care settings is well docu-
mented and can occur between patients and health care person-
nel, or health care workers can transmit the virus to patients
or other health care workers (73,80,81). During a pandemic,
control and prevention of influenza A (H5N1) transmission
in the inpatient setting requires institution of current guide-
lines for the prevention of transmission in health care settings
(82): scrupulous attention to infection control practices and
procedures, including strict attention to hand-washing and hy-
gienic practices in conjunction with established guidelines for
the prevention of hospital-acquired pneumonia (51,62,82). As
recommended for the control of SARS, use of N-95 masks has
been shown to be effective in reducing person-to-person trans-
mission. However, surgical masks are acceptable if the N-95
varieties are not available.

The best prevention for influenza is to avoid the illness,
although this is largely unattainable and difficult during a pan-
demic. Annual influenza vaccination is recommended for all
high-risk patients (e.g., those with chronic lung or cardiac dis-
ease) and their close contacts, including medical personnel and
household members, and universal vaccination of all children
is recommended (83). It is widely appreciated that should an
avian influenza A pandemic occur, a vaccine against the pan-
demic strain will not be immediately available. Moreover, since
the major determinant of protection afforded by the influenza
vaccine recipient is the generation of HA antibodies that pro-
vide protection approximately 2 weeks after administration,
immediate benefit will not be rendered to vaccine recipients.
Chemoprophylaxis with oseltamivir once daily for 7 to 10 days
has been suggested for persons who might have had an unpro-
tected exposure to avian influenza H5N1 (62,84,85). Although
there is a paucity of published data regarding the utility of pre-
exposure prophylaxis, a recent review suggested that it might
warrant consideration if there is evidence that the influenza
A (H5N1) strain is being transmitted person-to-person with
increased efficiency or if there is a likelihood of a high-risk
exposure (62).

DENGUE FEVER
Dengue fever is the most common arbovirus disease in the
world, and although most cases have been reported in Asia,
the number of countries with endemic dengue activity has in-
creased dramatically in recent decades (86). The dengue fever
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FIGURE 177.1. World distribution of dengue viruses and their mosquito vector, Aedes aegypti, in
2005. (Courtesy: Centers for Disease Control and Prevention, Atlanta, GA.) (From http://www.cdc.gov/
NCIDOD/dvbid/dengue/map-distribution-2005.htm.)

virus is now endemic in over 100 tropical and subtropical
countries in Southeast Asia, Africa, the Western Pacific, Africa,
the Americas, the Caribbean, and the Eastern Mediterranean
(Fig. 177.1) (87). The annual occurrences of dengue fever and
its serious sequelae—dengue hemorrhagic fever—are estimated
at about 100 million and 250,000 cases, respectively, with an
estimated mortality rate of 25,000 per year (86–88). Because
many of the countries where the virus is endemic remain pop-
ular tourist areas, and international travelers can both acquire
and spread dengue virus infection, the public and clinical im-
plications of this infection remain pertinent to critical care spe-
cialists in developed countries (87).

The dengue fever virus is a small mosquito-borne virus that
belongs to the virus family Flaviviridae, genus Flavivirus, and
contains a single strand of nonsegmented, positive sense RNA
enclosed in a tight envelope. Disease is caused by four closely
related but antigenically distinct serotypes: DENV types 1 to
4 (89). Worldwide, the virus is transmitted person-to-person
primarily by the female Aedes aegypti mosquito (86–89); in
the continental United States, two major dengue vectors, Ae.
aegypti and Ae. albopictus mosquitoes, are widely distributed,
and are likely to play important roles in transmission of the
virus in North America during a dengue fever pandemic (90).
These are day-biting species well adapted to urban settings and
found inside and around houses, particularly in places where
clean stagnant water has collected in receptacles, such as tires,
domicile rainwater tanks, empty oil drums, discarded plastic
containers and soft drink cans, or plant pots. Humans are the
principal reservoir for the dengue virus and are able to sustain a

viremia for up to 10 days after acquiring the infection; there is
no known natural animal reservoir of infection. After it takes
a blood meal from an infected human, the mosquito vector
transmits the virus to new hosts during subsequent blood feeds.

Global warming has been associated with changes in the
environment in regions across the globe, which has led to in-
creased flooding in urban areas and facilitated the breeding of
mosquitoes (91,92). In addition, warmer and wetter weather
have extended the range of major mosquito vectors, especially
the species that transmit the dengue virus. However, there are
no firm data that unequivocally link global warming with the
current dengue pandemic. In truth, the increasing occurrence
of dengue virus infection is more likely a result of a complex
interplay of multiple factors that encompass climate changes
and natural disasters, urbanization, lack of or ineffective vec-
tor control programs, virus evolution, and increasing ease of
global air travel (87,93,94). Transmission of the dengue virus
infection in patient care settings and among laboratory person-
nel has been described, and is attributed largely to mucocuta-
neous contact with infected blood from travelers, needle stick
injury, or blood transfusion (95–98).

Sig ns and Symp t oms

The incubation period of dengue fever ranges from 3 to 14
days during which the virus multiplies in lymph nodes. Infec-
tion with any of the four serotypes can cause disease ranging
from mild infection (dengue fever) with complete recovery to
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severe disease (i.e., dengue hemorrhagic fever and dengue shock
syndrome) that may result in substantial morbidity and mor-
tality. “Typical” dengue fever has an abrupt onset and is char-
acterized by high fever; headache; retro-orbital pain worsened
by eye movement; pain in the joints, limbs, and muscles (break-
bone fever); and a rash that resembles a sunburn. Other symp-
toms may include abdominal pain and vomiting, sore throat,
altered taste sensation, and general depression; cough is partic-
ularly common in children. On examination, the face is usually
flushed, the eyes congested, and cervical lymph nodes enlarged.
The high fever may be sustained for about a week, but often
falls to normal after 2 to 4 days, returning after another 24
hours, giving rise to the so-called “saddle-back fever” curve.
During the second fever phase, the patient often develops a
characteristic maculopapular rash over the entire body except
the face, and the pulse tends to be disproportionately slow. Un-
complicated dengue fever is a mild form of the condition with
the characteristic clinical features of fever, joint ache, severe
headaches, weakness, and skin rashes. This form of dengue
fever is not fatal, rarely affects children, and usually lasts just
3 to 4 days.

Through a mechanism known as immune enhancement,
previous or sequential infection with the dengue virus increases
the risk for progression to dengue hemorrhagic fever and
dengue shock syndrome in subsequent infections, which are
also more likely on reinfection with a different serotype (99).
Hemorrhagic dengue was first described in the Philippines in
1953, and during the 1960s, large outbreaks occurred in South
East Asia. The immunologic response is an anamnestic reac-
tion, with IgG antibodies persisting from the previous infection.
Dengue hemorrhagic fever is characterized by high fever, alter-
ation in microvascular permeability leading to plasma leak-
age, hepatomegaly, and circulatory failure—the key feature of
dengue shock syndrome (100). The face is pale or mottled and
cyanosed, skin is clammy and cold, and pulse is thready. In ad-
dition, the palms and soles become red and edematous, and the
patient may develop petechiae and purpuric lesions. Bleeding
varies from these skin lesions to epistaxis, bleeding from the
gums or gastrointestinal tract, or hematuria. Unless urgently
treated, death ensues from profound shock, severe bleeding, or
both, within a few hours of presentation.

Plasma leakage is a result of damage to endothelial cells dur-
ing the course of dengue infection; this damage is attributable
to cytokine release rather than a cytopathic effect of the virus
itself on the endothelium (90,101). Progression to the dengue
hemorrhagic syndrome is not uniform among persons infected
with the dengue virus. Several factors determine whether or not
an infected person will develop the syndrome: (i) HLA gene
linkage or ethnicity have been shown to make a person suscep-
tible or resistant to the virus; for example, persons of African
ethnicity harbor a gene that proffers resistance, and dengue
hemorrhagic fever appears to occur rarely in European travel-
ers (90,102–104); (ii) vascular permeability is age related, with
very young children and the elderly most susceptible (105);
and (iii) differences in the intrinsic virulence of various virus
strains explain the ability of some strains over others to cause
progression of dengue fever to dengue hemorrhagic fever and
the dengue shock syndrome (90).

Vascular Pe rme ab ilit y
Vascular permeability is the key feature in dengue hemorrhagic
fever; however, as Halstead (90) pointed out, at its onset, vascu-

lar permeability exhibits only subtle changes, which can make
early diagnosis difficult. The sphygmomanometer cuff tourni-
quet test has been widely used to screen children for vascular
permeability, and though a positive test is an early correlate
of dengue hemorrhagic fever (90), the test itself has a sensi-
tivity of only 42% and a specificity of 94% (106). Thus, a
negative tourniquet test alone does not necessarily exclude an
ongoing dengue infection (90). A better screening test for in-
cipient dengue hemorrhagic fever and early evidence of vas-
cular permeability is detection of protein or heparin sulfate in
acute-phase urine (90,107). The diagnosis is made principally
on epidemiologic and clinical grounds but may be confirmed by
serologic testing. A large proportion of asymptomatic infection
is found in travelers to endemic regions (108,109). In addition,
Wichmann et al. (104) point out that substantial underdiagno-
sis persists largely because the condition and its clinical features
are not well known or familiar to medical practitioners in in-
dustrialized countries.

Tre at me nt

There are no specific therapies for dengue fever, dengue hemor-
rhagic fever, or dengue shock syndrome, which has to be differ-
entiated from the toxic shock syndrome. Treatment is directed
against the shock and hemorrhage rather than against the in-
fection. Clinical outcomes are largely dependent on careful his-
tory and physical examination, and a high index of suspicion
among physicians for the diagnosis, especially among travelers
who present with symptoms (87). Dengue fever, dengue hem-
orrhagic fever, and dengue shock syndrome cause substantial
morbidity; death rates can be as high as 30% if these complica-
tions are not managed properly (110,111). Although vaccines
for flaviviruses, such as yellow fever and Japanese encephalitis,
are available, a dengue vaccine is still under development, made
complicated by the need to incorporate all four virus serotypes
into a single preparation (110). Thus, until a safe and effective
tetravalent vaccine becomes available, prevention will be at-
tained only through vector control programs and avoidance of
mosquito bites through protective gear and insect repellent.

Summary

In summary, dengue fever and dengue hemorrhagic fever have
reached pandemic proportions in countries across the globe,
and dengue has become one of the most important tropical dis-
eases in the first decade of the 21st century (88). The resurgence
has been linked to population growth, urbanization, air travel,
and changes in the environment that have all favored exten-
sion of the ranges of the mosquito vector or its ability to thrive
(88). Unfortunately, lack of or inadequate existing surveillance
activities have resulted in reduced ascertainment of the early
stages of epidemic transmission, with gross underreporting of
cases until the epidemic is recognized as dengue (88,112). Trav-
elers returning from endemic regions are at particular risk of
acquiring dengue fever. Persons who travel repeatedly to coun-
tries with high dengue endemicity put themselves at risk of be-
coming reinfected with a different serotype of the dengue virus,
thereby predisposing themselves to dengue hemorrhagic fever.
In the characterization of fever in the tropics or among return-
ing travelers, clinicians need to have a high degree of suspicion
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and maintain dengue high on their list of differential diagnoses
following a thorough history and physical examination.

TUBERCULOSIS: FALLOUT OF THE
HUMAN IMMUNODEFICIENCY

VIRUS PANDEMIC
By definition, HIV infection reached pandemic proportions
years ago with over 40 million persons infected in Southeast
Asia, sub-Saharan Africa, and the Indian subcontinent, and
over 25 million deaths since the emergence of the retrovirus
in the late 1970s (113). In the United States alone, approxi-
mately one million persons are infected with HIV, and 40,000
new infections occur yearly (114). Since 1981, more than a
half million persons in the United States have died from HIV
infection (115). However, most HIV transmission and infec-
tion are inextricably linked with changes in human ecologic
and social behavior rather than the inevitability of eventual
infection associated with, for example, a large influenza pan-
demic. Moreover, because primary HIV infection is asymp-
tomatic in 10% to 50% of individuals, acute infection with
the HIV virus generally does not warrant critical care manage-
ment unless the patient presents with opportunistic or nonop-
portunistic infections as a direct result of immunosuppression,
or is admitted for investigation of undifferentiated febrile or
respiratory illnesses, neurologic syndromes, or gastrointestinal
symptoms. Certainly, there is already a vast amount of pub-
lished literature on the epidemiology of the HIV pandemic, the
management of HIV-infected patients, and the opportunistic
infections associated with the acquired immune deficiency syn-
drome (AIDS). Institution of highly active antiretroviral ther-
apy (HAART) regimens that target different proteins involved
in HIV pathogenesis has reduced rates of death and illness
in North America, Western Europe, and other industrialized
countries (115,116). Unfortunately, HAART is not routinely
available to HIV-infected persons in many of the poorer na-
tions where mortality rates still remain unacceptably high.

What the HIV pandemic has wrought in less-developed
countries is the emergence of a true pandemic of tuberculo-
sis. Before the HIV pandemic, M. tuberculosis infection and
disease was already endemic in many less developed countries,
although not at pandemic proportions. With the onset of the
HIV pandemic, there has been a dramatic parallel increase in
rates of tuberculosis among HIV-infected patients in less devel-
oped countries, especially sub-Saharan Africa, Southeast Asia,
and increasingly, the Indian subcontinent—greater than 80%
of all patients with tuberculosis live in sub-Saharan Africa and
Asia (117). It is now estimated that tuberculosis is prevalent
in one third of the world’s population, and from this reservoir,
there are over 9 million new cases of tuberculosis worldwide
each year, resulting in an annual death toll of approximately
2 million infected persons (114,117). Indeed, M. tuberculosis
has now been established as the first or second most common
cause of bloodstream infections in febrile adults who present
to emergency rooms in sentinel hospitals in Tanzania, Malawi,
Uganda, and Thailand (118–123).

Although comparative rates of M. tuberculosis infections
are relatively lower among HIV-infected patients in North
America and Western Europe, the WHO generally considers
M. tuberculosis infections a true pandemic that is unequivo-

cally linked with immunosuppression resulting from HIV infec-
tion. This problem, however, has certainly been compounded
by other factors associated with poverty, such as overcrowding,
malnutrition, lack of access to health care, and poor sanitation,
made particularly worse in refugee camps resulting from nat-
ural and man-made disasters and war (117). The fact remains
that going into the latter part of the first decade in the 21st
century, tuberculosis is still the leading cause of death among
HIV-infected patients worldwide. Moreover, one of the biggest
treatment dilemmas is how to manage tuberculosis and HIV
infection at the same time. For HIV-infected patients from de-
veloped countries, risk factors for tuberculosis include travel to
regions of the world with high endemic rates of M. tuberculosis
infection or contact with an individual with active tuberculo-
sis.

Major Issue s

The major issues regarding tuberculosis within the critical care
setting include (i) the ability of clinicians to recognize active
or disseminated tuberculosis; (ii) the need to have a high level
of suspicion for active tuberculosis when interpreting sputum
smear results and abnormal chest radiographs, especially for
at-risk patients or individuals who resided in HIV-endemic re-
gions; (iii) the importance of collecting appropriate sputum
specimens for screening smears and cultures, and rational in-
terpretation of results; (iv) the utility and interpretation of
tuberculin skin tests; (v) the timely institution of infection con-
trol measures for the prevention of transmission of the tubercle
bacillus from infected patients or health care personnel to other
individuals in the unit by isolating of patients with active dis-
ease or positive smears in properly designed rooms maintained
at negative pressure differentials; (vi) collection of appropriate
sputum specimens for follow-up smears and cultures per CDC
recommendations (124); (vii) involvement of infection control
and occupational health personnel in preventive decision mak-
ing for patients and staff who might have been exposed in-
advertently to persons with active tuberculosis (82,124); and
(viii) awareness by all health care personnel of the basic tenets
of guidelines published by CDC for the prevention of tubercu-
losis in health care settings (82,124).

Re sist ant St rains

Perhaps the most insidious occurrence resulting from the tu-
berculosis pandemic is the emergence of strains of M. tubercu-
losis resistant to standard antituberculous agents (Fig. 177.2).
During the 1990s, multidrug-resistant (MDR); tuberculosis—
defined as resistance to at least both isoniazid and rifampin—
emerged as a threat to therapy, control, and prevention of tuber-
culosis both in the United States and worldwide (Fig. 177.2)
(125–127). MDR-tuberculosis is almost certainly associated
with the ready availability and overprescribing of antituber-
culous agents. For example, MDR-M. tuberculosis was less
frequent in Malawi, where antituberculous agents were signif-
icantly less likely to be prescribed because of reduced avail-
ability compared with Thailand, where these agents were more
readily available (118). The treatment of MDR-tuberculosis
has clinical and public health implications—largely related to
the fact that therapy requires the use of alternative second-line
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FIGURE 177.2. 2006 Global distribution of multidrug-resistant tuberculosis (MDR-TB) among previ-
ously treated cases. (From Zignol M, Hosseini MS, Wright A, et al. Global incidence of multidrug-resistant
tuberculosis. J Infect Dis. 2006;194:479–85, with permission.)

drugs that are more expensive, toxic, and less effective than
first-line isoniazid- and rifampin-based regimens (128).

In 2000, a committee was created to address the accessi-
bility and availability of second-line drugs worldwide, while
ensuring their proper use to prevent increased drug resistance
(126,127). During this endeavor, the Committee ascertained
numerous reports of tuberculosis caused by extensively drug-
resistant (XDR) strains of M. tuberculosis (i.e., strains resistant
to practically all second-line agents) (127). To assess the fre-
quency and distribution of XDR-tuberculosis, CDC and WHO
carried out a survey of an international network of tubercu-
losis laboratories from 1993 through 2004 (127). Of 17,690
M. tuberculosis isolates characterized, 20% were MDR and
2% were found to be XDR. In addition, the study found that
4% of MDR tuberculosis cases in the United States were,
in fact, caused by XDR-M. tuberculosis (127). In October
2006, the WHO Global Task Force on XDR-tuberculosis met
in Geneva, Switzerland, to review available information on
the emergence of XDR-tuberculosis and to recommend mea-
sures to prevent and control this serious international public
health threat (129). The Task Force concluded that: (1) XDR-
tuberculosis stems from poor general tuberculosis control and
the consequent development of MDR-tuberculosis; (2) it is as-
sociated with high mortality rates; (3) HIV-infected patients
are particularly vulnerable; and (4) since many countries do
not have laboratory capacity to diagnose drug-resistant tuber-
culosis, information on its distribution and magnitude is in-

complete; treatment is difficult; and appropriate second-line
drugs are not universally available (129). The Task Force also
approved the following revised laboratory case definition for
XDR-tuberculosis: “XDR-tuberculosis is tuberculosis showing
resistance to at least rifampin and isoniazid, which is the defini-
tion of MDR-tuberculosis, in addition to any fluoroquinolone,
and to at least one of the three following injectable drugs used
in anti-tuberculosis treatment: capreomycin, kanamycin and
amikacin” (129).

CDC and WHO have deemed XDR-tuberculosis a serious
emerging public health threat, raising the specter of a pan-
demic of untreatable tuberculosis (127). Both agencies have
identified a need for more population-based surveillance data
to characterize the magnitude and trends of XDR-tuberculosis
worldwide, expansion of activities to detect drug-resistant tu-
berculosis accurately and rapidly, and a need for algorithms to
treat the infection effectively (127,129).

METHICILLIN-RESISTANT
STAPHYLOCOCCUS AUREUS

(MRSA)
S. aureus is an important cause of infections of the skin, soft
tissue, wounds, respiratory tract, urinary tract, central ner-
vous system, and the bloodstream, and can be rapidly fatal
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if not treated effectively. Soon after the introduction of antimi-
crobials, S. aureus resistance to penicillin became widespread,
quickly followed by resistance to semisynthetic penicillinase-
resistant antimicrobials, such as methicillin, oxacillin, and naf-
cillin (i.e., MRSA)—first detected in the United Kingdom in
1960 (130). By the 1980s, MRSA had spread throughout health
care institutions worldwide and in the United States, thereby
compromising the effectiveness of therapy for staphylococcal
infections and dramatically increasing the empiric use of van-
comycin, with its own attendant risks. In recent years, epi-
demics of hospital-acquired MRSA infections have highlighted
attributable risk factors both intrinsic to the patient (e.g., age,
underlying chronic heart or pulmonary disease, connective tis-
sue disorders, high severity of illness scores, diabetes melli-
tus, immunosuppression, dialysis) and extrinsic (invasive med-
ical devices and foreign bodies, surgical wounds, contact with
other patients or health care personnel who are carriers). The
clinical and diagnostic issues that must be addressed in ICUs,
as well as some of the tenets of infection control and hospi-
tal epidemiology that are necessary for prevention of MRSA
infection among unaffected patients, medical personnel, and
other ancillary health care personnel have been made more

complicated by the relatively recent emergence of community-
associated MRSA.

Data from CDC’s National Nosocomial Infections Surveil-
lance (NNIS) system have documented increasing secular
trends in MRSA infections in United States acute care hos-
pitals since its inception in the 1970s. The proportion of S.
aureus isolates in NNIS hospitals that were MRSA increased
from 35.9% in 1992 to approximately 50% in 1999; by 2003,
that figure had risen to 64.4% (131–133). Other data from the
European Antimicrobial Resistance Surveillance System show
similar increases (134,135).

MRSA is, at present, the most commonly identified
antimicrobial-resistant pathogen in many parts of the world,
including Europe, the Americas, North Africa, the Middle East,
and East Asia (136). Even in Scandinavian countries and the
Netherlands, MRSA rates have been increasing recently after
being low for many years (134,135); Grundmann et al. (136)
have pointed out that the increases in MRSA rates in these
regions should be taken seriously since it is possible that the
threshold for losing control might actually be low, albeit not
well defined. The extent of the MRSA pandemic is outlined
in Figure 177.3; currently, it is estimated that some 2 billion

No da ta  
<1% 
1–5% 
5–10% 
10–25% 
25–50% 
>50% 
 

FIGURE 177.3. Worldwide prevalence of methicillin-resistant Staphylococcus aureus (MRSA) displayed
by country. (From Grundmann H, Aires-de-Sousa M, Boyce J, et al. Emergence and resurgence of
methicillin-resistant Staphylococcus aureus as a public-health threat. Lancet. 2006;368:874–885, with
permission.)



Chap t e r 177: Emergent Pandemic Infections and Crit ical Care 2643

individuals are carrying S. aureus worldwide and between
2 million and 53 million people carry MRSA across the globe
(137,138). Other national data suggest that, despite more
awareness among health care professionals of the adverse im-
plications associated with MRSA colonization and infection,
and despite more attention being paid to implementation of
infection control guidelines, the prevalence rate of health care-
associated MRSA infections in United States acute care hospi-
tals is still on an upward trend (133).

Antimicrobial resistance among MRSA isolates is linked to a
large mobile genetic element known as the staphylococcal cas-
sette chromosome mec (SSCmec) gene that has been introduced
into methicillin-susceptible S. aureus strains (the origin of this
mec element remains unknown). The SCCmec element carries
a methicillin-resistance determinant—mecA—that encodes for
an additional penicillin-binding protein (PBP2A) with reduced
affinity for β -lactam antimicrobials, in addition to the regula-
tory genes (mec I and mecRI ) of mec A (136,139). Five types
of SCCmec (SCCmec I–V) have been described: most health
care-associated strains carry one of types I, II, or III, whereas
community-acquired MRSA tend to be predominantly type
IV and less commonly type V. Pulsed-field gel electrophoresis
(PFGE) characterization of 3,000 MRSA isolates from hospi-
tals in Southern and Eastern Europe, Latin America, and the
United States has identified five major MRSA clones (140).
These five pandemic clones were found to have evolved from
two distinct and completely different ancestral backgrounds:
one traced back to methicillin-susceptible S. aureus strains
circulating in Danish hospitals during the 1950s; the other
to MRSA strains recovered in Japan and the United States
(140).

Risk Fact ors for Infe ct ion/ Colonizat ion

Individuals colonized with MRSA in their anterior nares can
function as reservoirs for the organism over long periods (141).
Recognition of colonized individuals is important because such
persons may become infected; in the critical care setting, these
persons may be a source of infection or colonization to other
patients or health care personnel. Various epidemiologic studies
have shown that the risk factors for MRSA carriage are similar
to those for MRSA infection and include hospitalization (par-
ticularly in ICUs, surgery wards, other nursing units with doc-
umented high prevalence rates), invasive medical device use,
the elderly, open wounds, underlying debilitation, proximity
to other patients infected or colonized with MRSA, prior de-
tection of MRSA, diabetes mellitus, treatments by injection,
prior antimicrobial therapy, long inpatient stays, prior nursing
home stays, visits at home by a nurse, or long periods of an-
timicrobial therapy (142–145). Health care personnel caring
for MRSA-infected or MRSA-colonized patients with risk fac-
tors may themselves become colonized with MRSA and subse-
quently transmit the organism to noncolonized at-risk patients.
Recent work by Huang et al. (146,147) has established that ap-
proximately 29% of newly detected MRSA carriers develop in-
vasive disease within 18 months. There is now ample evidence
that MRSA does not simply replace methicillin-susceptible S.
aureus as a cause of health care-associated infection, but rather
adds to the burden of infections caused by S. aureus.

In 2006, population-based estimates of nasal carriage of S.
aureus, MRSA, and identification of risk factors for carriage

were carried out by two groups that independently analyzed
the 2001–2002 National Health and Nutrition Examination
Survey (NHANES) data for the noninstitutionalized U.S. pop-
ulation, including children and adults (137,148). The findings
of both groups were similar: (i) close to 90 million persons
(i.e., 32% of the U.S. population) were colonized with S. au-
reus; and (ii) the prevalence of MRSA among S. aureus isolates
was 2.6% , for an estimated population carriage of MRSA of
0.8% or 2.2 million persons (137,148). One of the studies also
found that S. aureus colonization prevalence was highest in
participants 6 to 11 years old whereas MRSA colonization was
associated with age 60 years of age or older, but not necessarily
with recent health care exposure (137).

Pre ve nt ion

Standard approaches to preventing MRSA transmission in-
clude implementing CDC guidelines that recommend isolation
of patients colonized or infected with MRSA in a private or
dedicated room, and use of gowns, gloves, and masks when
appropriate by all personnel entering the room (i.e., contact
isolation). Many hospitals actively screen all patients when they
are admitted to high-risk hospital areas (i.e., ICUs, transplant
units, or surgical wards) and implement appropriate contact
isolation for those identified as carriers. This approach, referred
to as active screening and isolation, minimizes the possibility of
transmitting MRSA between patients via the hands or clothes
of healthcare workers, and has been effective in some centers
(149,150). The major criticism of active screening and isolation
programs is that it takes an average of 3 days from the time a
nasal screening swab is obtained from a patient and is logged
in the microbiology laboratory specimen-receiving station to
the time the patient is confirmed as a MRSA carrier and gets
reported to those who need to know in the inpatient service.
Person-to-person MRSA transmission may occur during those
3 days. Therefore, decreasing the time it takes to identify a pa-
tient as a MRSA carrier will eliminate this delay, and may pro-
vide a rational strategy for reducing the transmission of MRSA
in the inpatient setting. Recently, there has been an increasing
body of literature regarding new methods for rapid identifica-
tion of MRSA from clinical specimens (151–153). However,
there are very few published data regarding the utility of rapid
MRSA identification in reducing MRSA transmission and in-
fection in the critical care setting (151,154).

Communit y-associat e d St rains

In 1993, new strains of MRSA were identified among people
in Western Australia who had not been in contact with the
health care system (155). Since then, there has been worldwide
recognition of the emergence of community-associated MRSA
strains. The incidence of community-associated MRSA is in-
creasing in various populations across the United States (156).
Previously healthy young adults are particularly affected, and
several outbreaks of community-associated MRSA have been
reported involving children, prison inmates, Alaskan Natives,
Native Americans, Pacific Islanders, intravenous drug abusers,
the homeless, children in day care, athletes who participate in
contact sports, and military personnel, although infections are
by no means restricted to these populations (157–165). Contact
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sports associated with outbreaks of community-associated
MRSA include football, soccer, rugby, basketball, volleyball,
wrestling, and cross-country running; skin breaks, a result of
inadvertent trauma, commonly facilitate transmission of the
pathogen among participants in these sports (160,164). Other
risk factors found to be associated with community-associated
MRSA infection in athletes include turf and grass burns sus-
tained during play, gridiron playing position, sharing of soap
bars and towels in the playing field and training areas, and
nasal carriage of MRSA (159,160). A single toxin, Panton-
Valentine leukocidin (PVL), has been linked by epidemiologic
studies to community-associated MRSA infection (166–168).
Recently, however, it was established that MRSA strains lack-
ing PVL are just as likely to be virulent and to cause severe in-
fection as PVL-positive strains, suggesting that PVL is not the
major virulence determinant of community-associated MRSA
(166).

Approximately 85% of community-associated MRSA infec-
tions involve the skin and subcutaneous tissues, with the most
common presentations being an abscess or folliculitis in oth-
erwise healthy individuals who do not have MRSA-associated
risk factors (157,165). A predominant clone of community-
associated MRSA, the USA 300 clone, appears to be the
predominant cause of community-onset S. aureus skin and soft-
tissue infection (169). Also, the presence of unique virulence
factors may be responsible for potentially lethal necrotizing
pneumonia and other invasive infections in both immunocom-
petent and immunosuppressed individuals (157,165,170–174).

Community-associated MRSA isolates are generally sus-
ceptible to multiple classes of antimicrobials other than β -
lactams, and infections can be treated with trimethoprim–
sulfamethoxazole, doxycycline, or clindamycin (170,175);
for severe infections, vancomycin, daptomycin, quinupristin/
dalfopristin, or linezolid can be used, though delay in initiat-
ing appropriate antimicrobial therapy for severe infections can
cause substantial morbidity or even be life threatening (175).

Surve illance Me asure s

The diversity of strain types involved in epidemiologically clear
outbreaks of MRSA suggests the spread of genetic information
among different strains with strong predispositions for caus-
ing infections in hospital patients. Alternatively, the associa-
tion could be due merely to the fact that resistance provides a
dramatic marker that increases the likelihood that an epidemic
will be recognized and investigated. If so, as infection control
personnel in hospitals initiate surveillance activities and de-
velop more sensitive means for recognizing outbreaks and clus-
ters of infections, and more effectively share surveillance data
with their counterparts in other local hospitals (e.g., through
areawide surveillance systems supported by local health de-
partments), interhospital transmission of infection will likely
be more readily recognized and controlled. The main obstacle
to endeavors that properly and comprehensively address the
clinical and public health challenges of MRSA infections both
in hospitals and the community remains the changing face of
health care in the United States. Adding to the complexity of the
issue are the uncharacterized confounding variables of long-
term care facilities, freestanding medical clinics and surgery
centers, and home care, where substantial amounts of patient
care are now provided or delivered.

Cont ro l and Pre ve nt ion

That endemic and epidemic health care–associated infections
are preventable has periodically been reaffirmed by the myriad
of single-center studies published over the past two decades
dealing with the unequivocal effect of hand-washing with
soap and water; proper care of urinary catheters, respira-
tors, intravascular catheters, and surgical wounds; numerous
evidence-based infection control guidelines published by the
CDC; and position papers issued by the Society of Healthcare
Epidemiology of America (SHEA), the Association of Practi-
tioners of Infection Control, and the Infectious Diseases Society
of America (82,176–178). However, according to CDC data,
although overall rates of health care–associated infections at
the main anatomic sites (i.e., bloodstream, respiratory tract,
wounds, urine) have been falling, infections caused by MRSA
have been increasing in hospitals across the United States. The
seriousness of the problem was underscored in a recent edi-
torial by Muto (179), who made the point that “ for as long
as CDC has measured the prevalence of hospital-acquired in-
fections caused by multidrug-resistant organisms, it has been
increasing.”

There is little doubt that we would not be where we are
today had more attention been paid to the published evidence-
based data regarding which interventions have been effective
in controlling the transmission of health care–associated,
antimicrobial-resistant pathogens. After decades of discussing
control of antimicrobial-resistant, health care–associated
pathogens in the medical literature, there is actually very little
evidence of success either in the control of the infections caused
by these pathogens or in halting the increasing incidence of re-
sistance among isolates. The myriad articles published have, in
effect, helped explain this failure because much of the published
data on health care–associated infections have been carried out
in hospitals that had implemented untried control programs
or had substantially ineffective programs. Moreover, despite
all the resources expanded in surveillance programs for health
care-associated infections in facilities across the country, there
remains substantial variation in surveillance practices from one
medical center to another, as well as the inconsistent use of ef-
fective control measures (e.g., surveillance cultures not being
performed as recommended) or failure of hospitals to use these
measures due to lack of commitment by health care companies
and administrators alike to initiate and enforce them. In addi-
tion, there appears to be moderate compliance with goals to
optimize antimicrobial use and to detect, report, and control
the spread of antimicrobial-resistant pathogens.

In the Netherlands and some Scandinavian countries, rates
of health care–associated MRSA infections have been main-
tained at less than 3% through programs that include screen-
ing of patients and exposed health care workers in aggressive
“search and destroy” MRSA prevention programs (180,181).
Recent American guidelines are advocating an approach simi-
lar to the search and destroy paradigm (176). The value of ob-
taining screening cultures in areas with high MRSA endemicity,
however, remains controversial (136).

Numerous reports presented at the SHEA annual meetings
for each of the years 2003–2005 have repeatedly shown control
of endemic or epidemic MRSA infections through implemen-
tation of the SHEA guidelines, with more emphasis on contact
precautions and less on standard precautions (25 such reports
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in the past two SHEA annual meetings). In fact, CDC has not
provided any evidence-based data that show standard precau-
tions and passive surveillance have begun to bring the spread
of MRSA under control (182).

The tenets of the SHEA guidelines are based on identifica-
tion and containment of spread through the following:

1. Active surveillance cultures to identify the reservoir for
spread

2. Routine hand hygiene
3. Barrier precautions for patients known or suspected to be

colonized or infected with MRSA
4. Implementation of an antimicrobial stewardship program
5. Decolonization or suppression of colonized patients (176)

There is increasing evidence that screening of high-risk pa-
tients combined with a comprehensive prevention program
consisting of contact precautions and scrupulous hand hygiene
can reduce transmission of MRSA (136,142,143, 183,184).
Grundmann et al. (136,142,185–189) recently pointed out
that virtually all published analyses comparing the costs of
screening patients on admission and using contact precautions
with colonized patients, with the cost savings made by pre-
venting health care–associated MRSA infections, have con-
cluded that the combination of surveillance cultures and barrier
precautions results in substantial cost savings for health care
facilities.

In summary, active surveillance cultures for MRSA in the
critical care setting and isolation of colonized persons is a
highly effective strategy for control of MRSA. Isolation purely
on the basis of history of previous detection, at least for MRSA,
appears to be of little benefit. Standard precautions and iso-
lation of the occasional patient recognized to be colonized
through routine clinical cultures are minimally effective. The
onus is now on health care professionals and health care ad-
ministrators to invest intelligently in prevention programs and
enhance existing surveillance activities in targeted areas, as well
as to avoid viewing death and morbidity attributable to MRSA
as inevitable. However, it must be equally understood and ap-
preciated by relatives, patients, lawyers, administrators, and
health care workers alike that the following types of patients
are particularly susceptible to or likely to acquire health care–
associated MRSA infections: those born very prematurely or
the elderly; those who are debilitated or have severe congenital
abnormalities; patients with diabetes mellitus, connective tis-
sue disorders, or end-stage respiratory, liver, renal, or cardiac
disease; and patients with numerous invasive medical devices
or who have undergone one or more major surgical procedures
or other invasive procedures.

The challenge that faces us now is controlling the transmis-
sion of strains of community-associated MRSA that become
endemic within the inpatient setting, especially in ICUs. New
MRSA clones have emerged in the community that combine an-
timicrobial resistance with easy transmissibility and virulence
(136,168). The worry is that these could take hold in hospitals
where patients are particularly vulnerable.

SUMMARY
We have highlighted five infections that either have emerged
into pandemics or, in the case of avian influenza, has a high
potential to do so. Patients with any of these five infections may

require management in an ICU. Knowledge of these infections
is important for ICU personnel if appropriate management,
as well as infection control and preventive measures, is to be
instituted in a timely manner. The common threads running
through these five pandemic infections include the need for
physicians to have high indices of clinical suspicion and, early
on, consider these diagnoses and the importance of infection
control, surveillance, and education for staff and patients alike.

SARS was controlled largely through early detection and
implementation of traditional infection control practices, envi-
ronmental decontamination, use of personal protective equip-
ment, surveillance activities, and education and training of pa-
tients, relatives, and caregivers. Avian influenza, where there
have been outbreaks, has largely been controlled through early
recognition, scrupulous attention to infection control practices
and procedures, institution of established guidelines for the pre-
vention of hospital-acquired pneumonia, and annual influenza
vaccination for all high-risk patients and their close contacts—
including medical personnel as well as household members.
Dengue must be considered in the characterization and workup
of fever among returning international travelers, and clinicians
in critical care need to have a high degree of suspicion for the
associated clinical syndromes. Preventing the transmission of
tuberculosis in the in-patient setting is made all the more im-
perative because of the limited therapeutic options available
once a patient has acquired infection caused by MDR and,
especially, XDR strains. Compounding the risk of tuberculo-
sis in the in-patient setting is the looming possibility of trans-
mission of untreatable XDR strains to previously healthy hu-
mans, including health care personnel. Control and prevention
of MRSA infections, too, have been made especially difficult
since the emergence of community-associated strains that have
insidiously crept into the in-patient setting, raising the possi-
bility of transmission of MRSA to healthy personnel with no
obvious risk factors. For further information, the reader may
wish to refer to the references to seek additional information
on the epidemiology, clinical and therapeutic issues, immunol-
ogy, and specific infection control guidelines for each of the five
infections.
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CHAPTER 178 ■ DISASTER RESPONSE
W. CRAIG FUGATE r DONALD R. SESSIONS

The response to major emergencies resulting from natural,
technologic, biologic, or societal causes begins with prepara-
tion. For the purpose of this discussion, the term, incidents,
will refer to unexpected occurrences, whereas events pertain
to planned or foreseen activities. N atural disasters or incidents
include exogenous events (hurricanes, floods, tornados) and
endogenous events (volcanoes, earthquakes). Biologic disas-
ter refers to events that present the potential to adversely af-
fect the health of living organisms via the spread of disease
by toxins or pathogenic organisms. Technologic disasters usu-
ally involve man-made infrastructures such as chemical plant
explosions, mining accidents, or train derailments resulting in
the spill and/or release of hazardous cargo. Societal disasters
generally refer to incidents involving crime or civil disorder,
terrorism, and/or war. They are often precipitated by a group,
community, culture, or region’s inability to meet the needs of its
citizens. Although disasters themselves may be accompanied by
outbreaks of civil unrest, societal disasters are usually a form
of protest against current sociopolitical issues.

The vulnerabilities of a given geographic area must be iden-
tified and contingency plans developed. This type of planning is
designed to address potential or forecasted consequences that
may occur associated with specific hazard(s). Awareness of the
potential for one type of hazard to become the catalyst for re-
lated emergencies that, collectively, may become a catastrophic
incident is paramount.

Within the United States, assessment of the potential for
natural disaster identifies the West Coast as having the highest
probability for catastrophic seismic disturbances, mudslides,
and wildfire. The entire Gulf and Eastern coastlines maintain
the potential for experiencing the effects of hurricanes, wildfire,
and tropical storms. Although not limited to this area by any
means, the Midwest hosts a geographic environment conducive
to the spawning of tornados associated with severe weather.
Obviously, northern areas of the United States have experi-
enced cold weather events such as blizzards and ice storms.
Phenomena such as these are, of course, seen in our sister coun-
tries. For example, over the past several years, there have been
severe flooding and mudslides in Switzerland, Germany, Aus-
tria, Moldova, Slovenia, Romania, and Bulgaria (2005) (1); ex-
treme temperatures with attributable deaths in France (2003)
as well as other parts of Europe (2); and the effects of the Indian
Ocean tsunami in December of 2004 (3).

Although the potential for technologic, environmental, so-
cietal, and biologic-related disasters may be assessed as pre-
senting a higher or lower probability for occurrence in specific
areas, there are no areas truly free from the risk of these haz-
ards.

Although in the United States it is recognized that all dis-
asters fall under the immediate command and control of the
local authority having jurisdiction in the area of the inci-

dent, a framework does exist for accessing additional resources
through regional mutual aid agreements, and through state and
federal assistance. The reality, however, is—and this is a critical
issue—that at times, requested resources may take 3 to 5 days
to initiate field operations in the disaster area and, depending
on the type and severity of the event, the requested resources
may have been affected by the same disaster. Thus, the need
to identify regional resources and develop and review contin-
gency plans, as well as being willing and able to anticipate
consequences associated with various disasters, is of utmost
importance to the disaster response planner/manager.

For the purpose of emergency response, a disaster is ba-
sically defined as an incident that either immediately over-
whelms, or is expected to exhaust, available community re-
sources. The goals of emergency management are to stop the
loss, meet the needs of the disaster survivors, support the re-
sponders, and aid in moving from a mode of emergency re-
sponse to that of recovery. To meet these goals, the basic plan-
ning components for managing a disaster are as follows:
■ Identify the type of incident.
■ Identify the areas of vulnerability.
■ Be aware of the forecasted occurrence rate.
■ Be ready for the anticipated consequences.

These will be discussed in detail below.

ISSUES TO CONSIDER WHEN
EVALUATING AND RESPONDING

TO A DISASTER

Disast e r Be havioral He alt h

In disaster situations, survivors experience emotions such as
feelings of being at risk of death, in fear or panic, helplessness,
despair, and depression associated with separation from loved
ones. Efforts to relocate these individuals to safety if possible;
calm their fears; rebuild their sense of safety, community, and
self-sufficiency, which aids in rekindling hope; provide for their
basic needs; and attempt to reunite them with family will aid
in beginning the emotional recovery process. Behavioral health
issues, including depression, fear, anxiety, and feelings of sepa-
ration, can occur for days, weeks, months, and in some cases,
years. Having a finger on the pulse of the community will al-
low the responders to gauge the requirement for specialized
mental health services to address the needs of the surviving
population.

In general terms, disasters often bring out the best and worst
in human nature. Episodes of civil disorder often occur as a re-
sult of some type of triggering issue, be it economic, political,
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or related to a volatile community. Although it may be pos-
sible, at times, to anticipate the potential for civil disorder in
the setting of contentious political or economic events, such
events may also be associated with any significant emergency
that disrupts the infrastructure of a community. Early efforts
to ensure restoration of the citizens’ basic needs will go far to
avoiding this consequence.

Jurisd ict ional Aut horit y

Most emergency management personnel recognize and em-
brace the philosophy that all disasters are local. With this in
mind, the need for communities and regional organizations to
work together to ensure an appropriate jurisdictional response
pending the arrival of state and/or federal resources should be
obvious. A solid relationship between, and with, local emer-
gency managers not only results in acquiring knowledge of the
community’s capabilities and established contingency plans,
but also presents stakeholders (fire departments, emergency
medical services, law enforcement, public health, educational
institutions, and so on) the opportunity to integrate into the lo-
cal emergency planning process. It is precisely the collaboration
and focusing of local and regional organizations on the “big
picture” of disaster management that underscores the need for
the proactive organization and early activation, of the emer-
gency operations center (EOC) to support the community and
emergency responders.

The efforts coordinated by an EOC to manage the over-
all disaster response will benefit from the preparatory work
accomplished through community contingency planning. Ar-
eas addressed through these plans should include, but not be
limited to, continuity of operation of critical facilities, mass
casualty care, provision of food and water, care for persons
with special needs, resource support, and utilities and energy
supply. Because of the potential for disruption in the normal
supply chain, personnel assigned logistic support responsibili-
ties should be involved in all contingency planning discussions
to ensure that supplies anticipated to be needed immediately
are identified in advance, and are either on hand or accessible
to support critical facilities.

Critical facilities are defined as those whose function and
operations are essential to the needs of the community. In-
cluded within this designation are hospitals, law enforcement,
fire stations, emergency medical services, public health depart-
ments, emergency management, communications, utilities, and
their supporting organizations. Within each critical facility or
support organization, efforts to establish and practice the Na-
tional Incident Management System (NIMS)-compatible com-
mand and control procedures are key to enabling a coordinated
local/ state/federal response.

Along with comprehensive emergency management plans,
there should be specific operational guidelines outlining the
steps required to rapidly return a critical facility to its oper-
ational capability following an adverse event related to the
impact of a disaster. These types of plans are referred to as
continuity of operations plans (COOP) (4). Within this plan,
information outlining an agency’s mission, essential functions,
delegations of authority, lines of succession, employee special-
ized skills, emergency contact information, and basic proce-
dural guidelines for re-establishing operational control of the
organization at a secondary location are addressed.

Along with emergency planning, response and recovery pro-
grams, and/or continuity of operations planning, efforts di-
rected to ensure the welfare of employees� required to remain
at a given facility in support of operations, must be addressed
(5). In addition, the identification of safe routes of travel for em-
ployees summoned to work during times of community emer-
gencies must be addressed; this becomes extremely critical dur-
ing concurrent communitywide evacuation directives. Finally,
managers of personnel required for incident response and/or
support should encourage their employees to complete family
planning checklists (6), ensuring their availability to respond
in times of need.

Through communication with local emergency manage-
ment personnel, exploration of the community’s resources, and
capabilities of the jurisdiction’s first-response personnel, con-
struction of appropriate contingency plans and procedures may
be performed in advance of a disaster and made available for
implementation when the need arises. For example, many large
metropolitan areas maintain first responders trained to han-
dle emergencies involving building collapse, trench collapse,
confined space rescue, elevated rescue, heavy vehicle and ma-
chinery extrication, and hazardous materials. In the absence
of these resources, specialty teams may need to be summoned
to respond and address incidents involving the need for these
types of services. Although many states in the United States pos-
sess resources with various levels of response capability, federal
urban search and rescue teams are available to support local
needs through a Governor’s declaration of a state of emergency
and subsequent request of federal resources.

Under the Federal Stafford Act (Robert T. Stafford Disaster
Relief and Emergency Management Assistant Act, Public Law
93-288, as amended), only the state governor may request fed-
eral assistance through the president. With this declaration,
channels are open to localities to receive the many types of spe-
cialty teams and resources available through state and federal
emergency management authorities. Several examples of spe-
cialty resources listed within the national response framework
(7) are found in Table 178.1.

An active, factual, and rational public education campaign
promoting citizen disaster preparedness is critical to ensuring
that citizens are best prepared to survive the adverse impact of
a disaster on the community.

Re source Typ ing

Common terminology relating to resource needs is essential to
ensuring that emergency managers receive the proper “ tool”
for the task at hand. A resource typing system (8) database has
been included within the framework of the National Incident
Management System (NIMS) for this specific purpose. Groups
representing specialists from emergency management, emer-
gency medical services (EMS), fire and hazardous materials,
law enforcement, health and medical services, public works,
search and rescue, and animal health at local, state, and federal
levels provide input for the construction of this list of accessible
resources.

�For example, what might the response be of (EMS) workers who were
expected to stay on the job during an epidemic outbreak of severe avian
influenza if welfare of their families were not considered?
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TA BLE 1 7 8 . 1

EXAMPLES OF SPECIALTY RESOURCES LISTED
WITHIN THE NATIONAL RESPONSE FRAMEWORK

Damage assessment teams
Urban search and rescue teams (USAR)
Disaster medical assistance teams (DMAT)
Disaster mortician assistance teams (DMAT)
Incident management teams (IMT)
Military and National Guard units
Nuclear incident response teams (NIRT)
Veterinarian medical assistant teams (VMATs)
National medical response teams (NMRTs)
Domestic emergency response teams (DERTs)
Scientific and technologic advisory and response teams

(START)
Domestic animal and wildlife emergency response teams and

mitigation assessment teams

Data from Department of Homeland Security. National response
framework, p. 41, with permission.
http://www.dhs.gov/xprepresp/committees/
editorial 0566.shtm. Accessed April 18, 2007.

Within each category, numeric classification (typing) levels
are assigned, indicating the general degree of capability that
a given resource possesses, with type I being the greatest, fol-
lowed by type II, type III, and so on. The specific capabilities
each asset type offers—the number of personnel, type of appa-
ratus, specific training levels, equipment, personal protective
equipment, etc.—are addressed within each category.

The need to use common terminology becomes apparent
when considering disaster response management on a global
level. For example, when fire agencies in the eastern part of the
United States have requested tanker support, they have, histor-
ically, received a truck capable of ferrying hundreds of gallons
of water to the scene. On the other hand, when the same re-
quest is made by an agency on the West Coast, the result may
be the deployment of an aircraft carrying thousands of gallons
of fire retardant. Similar concern has arisen in EMS, where
one area of the country requested a rescue unit and was pro-
vided an ambulance, whereas in a different geographic region
the same request resulted in the provision of a nontransport
unit equipped with extrication and basic medical equipment.
Within the public works services, without capability and re-
source typing, a piece of heavy equipment might be requested
and arrive being either too small or too large for the desired
task. The requirement to specifically identify and relay the pre-
cise needs of those overseeing the response is critical to the
cohesive overall management of the incident and deployment
of available resources.

THE INCIDENT MANAGEMENT
SYSTEM

In March, 2004, within the United States, Presidential Direc-
tive No. 5 (6) was promulgated that established the National
Incident Management System (NIMS) (10) as the model for
effectively commanding and controlling the response to signif-
icant emergencies or disasters. This model identifies organiza-

tional branches that an Incident Commander (IC) may employ
to coordinate emergency response.

The Incident Command System (ICS) has been likened to a
tool box containing the organizational tools that may be used
to manage any incident regardless of the level of complexity or
size. The IC maintains the responsibility of ensuring that all el-
ements are addressed to achieve an effective response. Through
the use of the ICS, an incident can be managed by a group of
individuals overseeing resources within a reasonable span of
control.

The NIMS may be used by any level of authority, be it the
on-scene commander; a municipal, county, or state emergency
manager; or federal agencies providing additional resources
and assistance. In fact, the organizational concepts are not lim-
ited to the management of emergencies.

Incid e nt Command St ruct ure

Incident management involves basic functions required to over-
see and coordinate the response to a major emergency event.
The command structure begins with the IC and his or her gen-
eral staff branches: operations, planning, finance, and logistics.
The roles of each position and the manner in which delegated
tasks may be organized are identified below.

Incid e nt Command e r
The IC is responsible for the overall coordination of resources
and strategy to address the emergency event. The IC may also
create command staff positions that could include the follow-
ing:

■ A liaison officer whose job is to aid in coordinating activities
with outside agencies

■ A safety officer who monitors and anticipates hazardous
conditions or unsafe situations, developing and recommend-
ing measures for ensuring responder safety

■ A public information officer who manages media respond-
ing to the event and, under direction from the IC, releases
information regarding the event

Op e rat ions Branch
The operations branch is responsible for coordinating the tac-
tics of the response elements so that the strategic initiatives are
supported. Operating under the operations branch, one may
find functional branches such as public works, health, fire, ur-
ban search and rescue, hazardous materials, and law enforce-
ment. There may also be multijurisdictional branches such as
local, state, or federal; or geographic branches such as Division
1/Division 2, or East/West.

Reporting to these branches of operations are the specific
groups assembled to carry out the strategic initiatives estab-
lished with the Incident Action Plan (IAP). Examples include,
but are certainly not limited to, suppression, search, triage,
treatment, surveillance, debris removal, perimeter control, and
so on.

Planning Branch
As one might presume, the planning branch is responsible for
developing the IAP, which uses incident-specific information
in support of the IC’s strategic initiatives. For example, the
IAP may add detail to the IC’s outline of goals and objectives
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COMMAND

OPERATIONS PLANNING LOGISTICS FINANCE/
ADMINISTRATION

INCIDENT COMMAND SYSTEM: COMMAND STAFF AND GENERAL STAFF

FIGURE 178.1. The basic incident command
system (ICS) model. (From NIMSOnline.com.
Basic ICS graphics, with permission. http://
www.nimsonline.com/download center/nims ics
graphics.htm. Published October 1, 2004. Accessed
April 18, 2007.

by analyzing damage assessment data, resource availability,
weather conditions, etc. Reporting to the planning branch are
functional groups, such as those listed below:

■ The resource unit, which ensures that all assigned personnel
and resources at an incident are categorized by capability
and that their status is tracked

■ The situation unit collects, processes, and organizes situation
information, prepares situation summaries, forecasts, and
develops projections of future events related to the incident

■ The demobilization unit develops the demobilization plan,
including specific instructions for all personnel and resources
released from the incident

■ The documentation unit maintains complete files of the in-
cident, including a record of all important decisions taken
to resolve the incident for legal, analytic, and historical pur-
poses

■ Technical specialists or subject matter experts may be re-
quired to provide technically specific information to aid mit-
igation efforts

The IAP is defined as a written† plan containing general ob-
jectives reflecting the overall strategy for management of the
incident. It may include identification of operational resources
and assignments, along with specific direction and key infor-
mation for the management of the incident for one or more
operational periods. Common examples of IAP components
include the following:

■ Incident name
■ Operational period and mitigation strategy
■ Identification of ICS organization
■ Resources on scene
■ Strike team or unit leaders and staff
■ Communications plan and assignments
■ Special instructions (weather, hazards, and so on)
■ Plan author and approving authority

Finance Branch
This branch is responsible for the facilitation of contractual
agreements and documentation of allocated resources to ensure
reimbursement for supplies and services required to execute the
IAP. Reporting to this group are functional groups such as the
following:

■ The compensation claims unit handles injury compensation
and claims

■ The procurement unit handles all financial matters per-
taining to vendor contracts, identifies sources for equip-

†The IAP may be oral in small incidents.

ment, and executes equipment rental agreements and supply
contracts

■ The cost unit maintains and provides cost analysis data for
the incident

■ The time unit is responsible for recording of personnel time
of all relevant agencies

Log ist ics Branch
As one might expect from the name given this branch, it is re-
sponsible for the acquisition of needed equipment and supplies
to support the IAP. This branch is essentially the backbone
of the response, as the strategic initiatives are greatly depen-
dent on having the necessary tools, supplies, equipment, and
resources to implement the IAP. Reporting to this group may
be functional groups such as the following:

■ The supply unit is responsible for ordering, receiving, stor-
ing, and processing all incident-related resources, personnel,
and supplies.

■ The ground support unit is responsible for maintaining pri-
mary tactical apparatus and vehicles, fuel supplies, provision
of transportation, usage documentation of all ground equip-
ment, and development of the incident traffic plan.

■ The facilities unit assembles, maintains and, ultimately, de-
mobilizes all facilities used to support incident operations.

■ The communications unit assembles and tests all communi-
cations equipment; operates the incident communications
center; distributes, repairs, and recovers communications
equipment assigned to incident personnel; and develops the
incident communications plan for effective use of deployed
communications equipment.

■ The medical unit is responsible for development of the in-
cident medical plan, identifying procedures for managing
medical emergencies, and planning for continuity of medi-
cal care, including vaccinations, vector control, occupational
health, prophylaxis, and mental health services for incident
personnel.

The strength of the ICS is its expandability. Any incident,
regardless of type, can be effectively managed by augment-
ing managerial and support positions as required. Although
many day-to-day operations are managed with one IC absorb-
ing all previously discussed roles, the ability to expand the man-
agement structure as an incident grows in size and/or com-
plexity, while using a uniform system, is key to a successful
outcome.

The basic ICS model identifying the IC and command staff
is presented in Figure 178.1 (8), with an expanded opera-
tions multijurisdictional ICS model identifying the potential for
build-out of managerial branches shown in Figure 178.2 (9).
Included within the ICS framework is the ability to establish a
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MULTIJURISDICTIONAL INCIDENT

BRANCH 
(County)

BRANCH 
(Tribal)

DEPUTY 
(If required)

BRANCH 
(City)

BRANCH 
(State )

BRANCH 
(Federal)

DEPUTY 
(If required)

OPERATIONS SECTION CHIEF

FIGURE 178.2. The expanded op-
erations branch multijurisdictional
incident command system (ICS)
model. (From NIMSOnline.com.
Expanded ICS graphics, with permission.
http://www.nimsonline.com/download
center/nims ics graphics.htm. Published
October 1, 2004. Accessed April 18,
2007.

unified command. The unified command structure allows for
shifting of responsibility to seamlessly take place as the modes
of managing the incident progress from crisis to consequence
response.

Establishing a unified command involves managerial repre-
sentatives from the various agencies, or “stakeholders,” having
significant involvement in the mitigation effort, being present
at the command post to provide direct input to the IC. In the
setting of a terrorist event, law enforcement officials may ini-
tially take the command position, as crisis management activ-
ities are paramount, with an eventual passing of command to
fire rescue, public works, and/or health department managers
for consequence management. Although there is only one IC in
charge of the overall response at any given time, as the exper-
tise needed to respond to a given phase of an event shifts, the
type of IC required will change; with the ICS, such a handoff
of responsibility is easily possible.

EMERGENCY MANAGEMENT
As previously mentioned, the main elements for managing an
emergency or disaster begin with an analysis of the hazards
that may affect a given area, the vulnerabilities that exist within
that area, the frequency of occurrence of specific hazards, and
the anticipated consequences of those hazards in the specific
area.

Hazard Consid e rat ions

In preparation for the coordination of emergency response ef-
forts relating to specific emergencies, the types of hazards that
may occur in an area must be considered. These may include
but are, of course, not limited to those listed in Table 178.2.

Any of these hazard types may affect a given area coincid-
ing with the local events taking place, such as ongoing special
ceremonies or celebrations, mass gatherings, major repairs or
renovations to critical infrastructure, and/or localized supply
shortages to note only a few possibilities. In other words, the
emergency/disaster does not occur out of context, and that con-
text consists of the actual conditions on the ground (at the site)
where the event occurs. If, for example, the area infrastruc-

ture has been degraded by years of neglect, this element would
alter the way the emergency/disaster plays out in the affected
area.

Although each incident is unique in its presentation and de-
velopment, there are common needs associated with all hazard
types, which include, but are not limited to, the need for warn-
ing systems, communications, sheltering, management of the
injured, provision of security, and debris removal.

Vulne rab ilit y Asse ssme nt

Vulnerability assessments should highlight a community’s
weaknesses in the context of specific hazards. Vulnerabilities
may include communications and technologic systems, the lack
of and need for hardening of critical facilities, flood- or storm
surge–prone areas, special needs populations, security issues,
operational policies and procedures, etc.

An assessment of a community’s vulnerabilities in the face
of a hazard—that is, an emergency/disaster—becomes the

TA BLE 1 7 8 . 2

HAZARDOUS INCIDENTS THAT MAY REQUIRE
EMERGENCY RESPONSE EFFORTS

Transportation incidents
Severe weather-related events
■ Flooding and storms
■ Hurricanes
■ Mudslides
■ Droughts

Earthquakes
Large urban fires (conflagrations) and wildfires
Communications systems disruptions
Power system disruptions
Civil disorders
Hazardous materials incidents
Maritime emergencies (oil spills and hazardous cargo)
Nuclear power plant emergency
Terrorism
Pandemic infections
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blueprint for predisaster mitigation efforts to reduce the po-
tential adverse consequences associated with a hazard affect-
ing an identified vulnerability. Assessment of vulnerabilities in-
volves not only the identification of the specific weakness, but
also must include one or more suggested solutions to lessen or
eliminate the risk. This is true in general and is of particular
importance for critical facilities, which must conduct vulnera-
bility assessments to determine their mitigation plan.

If the vulnerability, once recognized and addressed, has been
dealt with properly, the identified concern/forecasted adverse
consequence should be eliminated. Efforts such as these are
geared to ensuring continuity of operations throughout the haz-
ard’s impact.

Fre q ue ncy of Occurre nce

There are geographic regions in any country more suscepti-
ble to specific hazards during specific times than are other ar-
eas. Each hazard must be evaluated in the context of the ge-
ographic and historical probability of its occurrence and/or
reoccurrence.

Some basic assumptions apply to assessing the frequency of
occurrence:

■ Tropical systems with the potential to become hurricanes
form in the Atlantic waters and the Gulf of Mexico between
June 1 and November 30 of each year.

■ Seasonal weather events are the primary cause associated
with floods.

■ Seismic disturbances may occur at any moment, often with
little or no warning.

■ Each day, hundreds of thousands of gallons and/or pounds
of potentially hazardous materials are transported through
communities via road, sea, air, and railways.

When assessing the likelihood of occurrence of an incident,
many data sources exist in local, state, or federal emergency re-
sponse records or archived weather data, which will allow the
statistical quantification of the risk of any given area that may
experience a specific hazard. Comparisons may be drawn with
other geographic areas possessing similar characteristics—the
hypothesis being, if it happened there, why not here? In contin-
gency planning, the viewpoint is not that it has not happened
here, but rather, that it has not happened here yet. Notwith-
standing this apparent truism, planning efforts should be great-
est in preparation for incidents having the highest potential of
occurrence in a given area, with emphasis on the consequences
that are expected to occur.

Conse q ue nce s of t he Hazard

Associated with any hazard exposure is the potential for conse-
quences to an area or jurisdiction. Although these consequences
may be unique to a specific type of hazard, more often there
are common consequences seen in all disasters regardless of
the specific type. For example, a tornado touchdown, hurri-
cane landfall, ice storm, or other severe weather incidents may
all result in power outages, disruptions in communications sys-
tems, injuries, and debris removal, as well as the mandate to
provide citizens with shelter and immediate basic needs.

Disruptions to the telecommunications system may have a
dramatic adverse impact on coordination and control initia-
tives for critical facilities. Alternative communication measures
to allow for the provision of situation status reports and re-
laying resource needs requests must be established for critical
facilities. If there is significant damage to the critical infrastruc-
ture, it may be necessary to activate continuity of operations
plans.

Damage to dense residential areas may necessitate search
and rescue operations, as well as implementation of mass ca-
sualty plans in response to multiple trapped survivors within
collapsed structures or transportation corridors.

Seismic disturbances, which may occur at any moment, pro-
vide little or no time for warning and result in damage that
ranges from none to massive. In addition, there must be aware-
ness of the potential for aftershocks, which may cause further
damage to compromised or collapsed structures where rescue
operations may be underway or may affect locations used for
mass care and shelter. Geologic disturbances may also trigger
associated events such as a tsunami, the most recently seen in
Thailand in December of 2004. In deep bodies of water, waves
spawned by a precipitating event, such as an earthquake, may
travel at speeds over 600 miles per hour and rise to as high
as 50 to 100 feet when approaching the coastal shallows (13).
With advance warning, citizens can seek high ground and take
other protective actions.

Tropical storm systems are usually seasonal and divided into
three categories based on sustained wind speed.

■ Tropical depressions: Sustained winds up to 38 miles per
hour

■ Tropical storms: Sustained winds between 39 and 73 miles
per hour

■ Hurricanes: Sustained winds above 74 miles per hour

Winds associated with a major hurricane and/or tornadoes oc-
curring before, during, and immediately after the hurricane
threat has passed can destroy mobile homes, damage or de-
stroy buildings and trees, and disrupt electrical and gas utili-
ties. Similar consequences are also associated with earthquakes,
floods, and wildfire. Slower-moving storms generally produce
the greatest rainfall totals (14).

Contingency and emergency plans should take into account
areas vulnerable to flooding and identify evacuation routes for
citizens, as well as transportation corridors for the delivery of
additional supplies. Environmental concerns may be associated
with damaged infrastructure and/or contamination of potable
water supply. There may also be a need to establish decon-
tamination corridors at medical facilities not only for arriving
survivors, but for support personnel as well.

Maritime accidents have the potential to become wide-
spread disasters, as they may lead to hazardous materials spills
that can potentially destroy a bay’s ecosystem, fishing, tourism,
and area industry. A recent example of such an incident is
the 900 foot cargo ship Cosco Busan’s collision with one of
the Bay Bridge support towers in San Francisco Bay, Califor-
nia. The collision caused a breach in the ship’s hull, releas-
ing approximately 58,000 gallons of fuel into the Bay, fouling
40 miles of shoreline from Oakland to Bolinas.

Major fires and wildfires present the potential to threaten
life, adversely affect health, and destroy residential, commer-
cial, industrial, agricultural, and specific critical infrastruc-
ture. For populations within the general area of a wildfire or
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major building fire, smoke can easily affect those with respi-
ratory sensitivity who are not imminently threatened by the
advancing flames. These types of incidents may also result in
the release and/or spread of hazardous materials.

Hazardous materials may be released from their containers
due to fire, severe weather, or road, rail, or marine transporta-
tion accidents. A significant release of hazardous materials may
trigger mass evacuations, result in shelter-in-place directives, or
a combination of both strategies. Long-term evacuations may
involve providing citizens with shelter options and meeting ba-
sic needs.

Radiologic and nuclear jurisdictional consequences should
be identified. Current estimates indicate that, in the United
States, nearly 3 million people reside within 10 miles of an
operating nuclear power plant. Local, state, and federal agen-
cies maintain emergency response plans in the event of a nu-
clear plant emergency. These generally involve two emergency
planning zones, one covering a 10-mile radius from the plant
and the second expanded to a radius of 50 miles. Within the
10-mile radius, depending on the specific type of incident, indi-
viduals could be harmed through direct radiation exposure. By
way of comparison, outside this initial zone and extending to
a 50-mile radius, individuals could be subjected to radioactive
contamination of food, water, crops, and livestock (15).

The effects of any disaster can either be minimized or exac-
erbated by the presence or absence of available energy supply
within the impacted area. Energy is required for daily oper-
ations, such as the functioning of hospitals, police and fire
stations, preservation of perishable food items and medica-
tions, lighting and transportation signaling devices, domes-
tic fuel commerce, structural heating and cooling, lift sta-
tions to pump sewage, and water treatment and distribution
systems.

Another risk requiring consideration, brought about
through technologic enhancements in medical and nursing
care, is the increased use of residential-stationed medical
life support equipment—for example, a ventilator-dependent
quadriplegic patient with a home ventilator. The identification
of special needs populations within a community allows for
the development of contingency plans to address specific re-
quirements, be they special services, sheltering, provision of
specialized medical care, priority power restoration, or gen-
eral transportation. However, again we point out that only
with appropriate preincident planning and resource stockpil-
ing/designation will it be possible to properly care for these
individuals. Hurricane Katrina, in 2005, highlighted the con-
sequences of inadequate planning and resource availability in
the face of a severe weather event.

Power and telecommunications outages may also disrupt
all electronic forms of payments, such as debit and credit card
payments. Customers and employees remaining in, or evacuat-
ing from, affected areas may need unexpectedly large amounts
of cash to pay for critical goods or services or to comply with
evacuation orders.

Contingency plans, as previously noted, must include proce-
dures and arrangements for ensuring the operation of facilities
deemed critical to supporting the community. As an example,
in anticipation of hurricanes or other disasters with advance
warning, some financial institutions have included within their
contingency plans guidelines for ordering large shipments of
cash and enhanced security precautions prior to the expected
onset of the hazard.

If generators are to be relied on to provide emergency power,
procedures for a continued supply of fuel must be developed.
Plans identifying additional supplies that are accessible through
regional vendors and/or commercial trucking firms should in-
volve memorandums of understanding, which must include
backup procedures for ensuring the acquisition of critical sup-
plies during worst case scenarios.

In summary, for each jurisdiction, identifying common
consequences experienced by the community via an assessment
of various hazards will aid in the construction of an all-hazards
comprehensive emergency management plan. Every emergency
involves, to some degree, the need for public warning or infor-
mation systems, communications capability, sheltering provi-
sions, management capability for the injured, ensuring security,
and debris removal. Thus there is much that can be standard-
ized in the planning and preparation for these disparate occur-
rences. Emergency managers must focus on the primary rules
for dealing with disasters, which will enable them to minimize
losses and steer the incident from a response mode to the re-
covery mode. Efforts to pursue predisaster mitigation projects
to lessen, or eliminate, the consequences of an event or hazard
should be part of all strategic planning sessions and discussions.

RULES FOR MANAGING
DISASTER RESPONSE

The Incident Commander should use the concept of unified
command in which there is one plan and one team working
collectively—and using the same rules—in pursuit of the same
common set of goals.

The primary rules for dealing with a forecasted or real-time
disaster include the following:

■ Meet the needs of the disaster survivors.
Those responsible for managing any emergency will ben-
efit greatly from monitoring the needs of those for whom
they are attempting to provide direct services, as well as the
needs of their responders. The requirement to engage in an
ongoing needs analysis is paramount and must consider the
following:
 Basic medical and mental health support
 Provision of food and water
 Security presence

■ Meet the needs of the responders
If forward incident management teams—incident manage-
ment planning groups traveling ahead of specific resources—
have arrived and completed a preliminary damage assess-
ment, and identified areas to be searched and staging and
base of operations locations for responding resources, the
following additional immediate needs should be recognized:
 Security for staging, base of operations, and urban search

and rescue (USAR) missions
 Emergency fuel for equipment and apparatus
 Sanitation facilities

Many specialty resources—for example, USAR teams—
deploy into these areas with the capability to literally be self-
sufficient for a specified period of time. Identification of any
requested resource needs in advance will ease the burden on
the logistics branch and ensure the ability of that specific re-
source to perform commensurate with its capability.
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GOALS FOR MANAGING
DISASTER RESPONSE

The responsibility to manage any incident begins with defining
pre-established goals that will lead to the successful manage-
ment of the emergency, resolution of consequences, and miti-
gation of the incident itself. The following basic goals outline
the steps to surviving the first 72 hours of a disaster:

■ Establish communications with areas impacted.
Communication with the emergency operations center in
the impacted area should occur within 1 hour. This in-
cludes the ability to speak with those overseeing emergency
management in the impacted area, as well as being able
to reach them physically. There may be times when, be-
cause of the level of damage and/or destruction of infras-
tructure, one is limited to verbal communication with those
in the impacted area, and resources cannot get to those in
need.

■ Secure the area.
Security in the impacted area must be such that the general
safety of first responders and disaster workers can be rea-
sonably ensured within the first 12 hours of the event. One
of the most recent examples of situations that prevented
emergency crews from deploying to target areas was seen
associated with the response into some of the areas of New
Orleans immediately after Hurricane Katrina. The need for
establishing a secured presence also aids in calming surviving
populations.

■ Search the area.
Within our State of Florida, the goal to complete search and
rescue operations is set at 24 hours after crews are able to
enter the impacted area(s). We point out that this is not a
national or international goal—at least at this point—but
should be considered for inclusion in any guidelines.

In trauma management, the term, the golden hour, has been
used to identify the desired time frame for delivery of trauma
survivors to an appropriate medical facility for surgical in-
tervention. The activities involved in the management of the
trauma victim must all be accomplished within the golden hour
to allow the patient the best chance for survival. In disaster re-
sponse, the first 24 hours identifies the golden day. Within this
time frame, trapped and injured survivors must be accessed,
treated, and relocated to appropriate facilities. The reality is
that those surviving the first 24 hours without advanced life
support and/or rescue services will generally be able to help
meet their own needs in the following days.

For this reason, in forecasted hazards such as hurricanes,
USAR assets are usually pre-positioned in hardened locations
so they may advance to targeted areas as winds subside after the
hurricane landfall. This practice affords the ability to initiate
search and rescue operations within hours following the event.
The trauma victim has to survive the golden hour to make it
to intensive care. The comparison can be made that the disas-
ter victim has to make it past the golden day to transition to
recovery.

With more advanced technology, USAR crews are beginning
to integrate the use of the U.S. national grid system (USNG),
which establishes a nationally consistent map and spatial grid
reference system. The ability to provide accurate mapping
based on precise geopositioning allows for better deployment

of resources to achieve rapid primary search and rescue. This
system dramatically reduces the potential for duplicative efforts
in covering targeted areas.

■ Meet basic human needs.
Private sector retailers are often the best resource in meet-
ing most needs in the aftermath of disaster. Where retail-
ers are unable to open due to damage or lack of resources,
emergency managers will need to fill the gaps. Pre-positioned
cargo transport vehicles containing caches of bottled water,
ready-to-eat meals (MREs, or shelf-stable meals composed
of both standard and special diet menus), and shelter sup-
plies are extremely beneficial in maintaining a healthy men-
tal outlook and behavior in disaster survivors. Following the
restoration of primary communications, these supplies can
be moved into impacted areas, providing aid and comfort
to those in need. The basic human needs caches include the
following:
 Medical supplies
 Water
 Food (MREs)
 Shelter
 Emergency fuel
 Ice—a distant sixth unless the temperature is excessively

hot
■ Restore critical infrastructure.

The restoration of critical infrastructure is an intrinsic com-
ponent clearly affecting the survivability of those involved
in the incident. The benefits of moving quickly toward a re-
covery mode, regardless of the timeline for completion, will
go a long way to ensuring citizens do not abandon the area.
Once a community’s population, or a portion of it, retreats
and begins to rebuild their lives at alternate locations, they
often opt not to return. Through an effective presence of se-
curity and observed efforts to restore critical infrastructure,
chances of geographic abandonment by large portions of the
affected community may be averted. Key elements of critical
infrastructure include the following:
 Communications
 Roadways and primary access routes
 Utilities and fuel depots
 Sewer and water systems
 Support for critical facilities:
■ Assistance to local governmental organizations
■ Assistance in implementing their continuity of opera-

tions plans
Upon restoration of power and return to normal protocols
for the delivery and sales of commodities, citizens may begin
to assist in their own migration to the recovery mode. It is
imperative during this time that public safety messages are
released to the public outlining safety-related practices and
hazards. They may include issues such as carbon monox-
ide safety, generator use, emergency fuel storage, downed
power line safety, drinking water guidelines, and wildlife
advisories.

■ O pen schools and local business.
The return to normal activities for children and adults within
the impacted area rekindles faith that the event is in tran-
sition and efforts to restore their community are underway.
Additionally, keeping the schools open will ensure there are
no gaps in attaining the educational objectives, that is, fin-
ishing the academic year.
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Local businesses returning to normal operation is a mat-
ter of necessity both for the owners and the community.
The longer local businesses remain inoperable, the smaller
the chances for a prosperous return of the commercial in-
frastructure; without the re-establishment of businesses, the
community cannot begin to return to a self-sustaining mode.

■ Begin the recovery.
The goal of stabilization after the incident should occur
within the first 72 hours following impact. It must be ap-
parent to onlookers and survivors that the pendulum is be-
ginning to shift toward recovery.

Stabilization includes the completion of search and res-
cue activities, provision of basic health and mental health
services, and the transfer of patients requiring further treat-
ment to appropriate medical facilities—that is, functioning
hospitals, dialysis centers, nursing homes, and so forth. The
establishment of an adequate supply of potable water for
drinking, cooking, and basic sanitation needs, as well as
sufficient shelter and feeding capability for those affected,
should be accomplished. Arrangements for sustained emer-
gency fuel supplies and power generating equipment should
be in place to provide for the continued operation of critical
and/or targeted facilities complementing ongoing recovery
operations.

EMERGENCY SUPPORT
FUNCTIONS

Emergency managers within emergency operations centers
(EOC) use emergency support functions (ESF) to organize, co-
ordinate, and support the overall response effort (16). The ex-
pansion or customization of these ESFs to meet a community’s
organizational needs is appropriate.

The intent associated with the grouping of ESFs is to en-
hance efficiency and reduce redundancy or duplication of
efforts, allowing agencies to focus on their respective mission-
essential functions. For example, if throughout a given jurisdic-
tion, all vehicles of law enforcement, fire rescue, public works,
and disaster support staff and generators powering critical fa-
cilities required fuel, it is more efficient to place one call to meet
all needs rather than having each agency contract and compete
for separate deliveries within the impacted area.

Although not limited to the following, the list below iden-
tifies ESFs used in the National Response Framework.

ESF 1: Transp ort at ion

This ESF is responsible for the coordination of the following:

■ Federal and civil transportation support
■ Transportation safety
■ Restoration and recovery of transportation infrastructure
■ Movement restrictions
■ Damage and impact assessment

ESF 2: Communicat ions

This ESF is responsible for the following:

■ Coordination with telecommunications industry
■ Restoration and repair of telecommunications infrastructure

■ Protection, restoration, and sustainment of national cyber
and information technology resources

ESF 3: Pub lic Works and Eng ine e ring

This ESF is responsible for the following:

■ Infrastructure protection and emergency repair
■ Infrastructure restoration
■ Engineering services and construction management
■ Critical infrastructure liaison

ESF 4: Firefig ht ing

This ESF is responsible for coordination of the following:

■ Firefighting activities on federal lands
■ Resource support to urban and rural firefighting operations

ESF 5: Eme rg e ncy Manag e me nt

This ESF is responsible for the following:

■ Coordination of incident management efforts
■ Issuance of mission assignments
■ Resource and human capital
■ Incident action planning
■ Financial management

ESF 6: Mass Care , Housing ,
and Human Se rvice s

This ESF is responsible for coordinating the following:

■ Mass care
■ Disaster housing
■ Human services

ESF 7: Re source Sup p ort

This ESF is responsible for functions including, but not lim-
ited to, the provision of facility space, office equipment, and
supplies, and securing contracting services.

ESF 8: Pub lic He alt h and Me d ical Se rvice s

ESF 8 is responsible for coordinating the following:

■ Public health
■ Medical services
■ Mental health services
■ Mortuary services

ESF 9: Urb an Se arch and Re scue

This ESF’s responsibilities include searching for, locating, and
effecting the rescue of disaster survivors in urban, suburban,
and rural environments.
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ESF 10: Oil and Hazard ous
Mat e rials Re sp onse

The responsibilities of ESF 10 include coordination of the fol-
lowing:

■ Oil and hazardous materials (chemical, biologic, radiologic,
and so on) response

■ Environmental and short- and long-term clean-up

ESF 11: Ag ricult ure and Nat ural Re source s

Responsibilities for this ESF include the following:

■ Nutrition assistance
■ Animal and plant disease/pest response
■ Food safety and security
■ Natural and cultural resources and historic properties pro-

tection and restoration

ESF 12: Ene rg y

This ESF is responsible for coordinating the following:

■ Energy infrastructure assessment, repair, and restoration
■ Energy industry utilities coordination
■ Energy forecast

ESF 13: Pub lic Safe t y and Se curit y

The responsibilities of ESF 13 include the following:

■ Facility and resource security
■ Security planning and technical and resource assistance
■ Public safety and security support
■ Support to access, traffic, and crowd control

ESF 14: Long -Te rm Communit y
Re cove ry and Mit ig at ion

This ESF is responsible for the following:

■ Social and economic community impact assessment
■ Long-term community recovery assistance to states, local

government, and the private sector
■ Mitigation analysis and program implementation

ESF 15: Ext e rnal Affairs

The responsibilities of this ESF include the following:

■ Emergency public information and protective action guid-
ance

■ Media and community relations

■ Congressional and international affairs
■ Tribal and insular affairs

THE NATIONAL RESPONSE
FRAMEWORK

The goal of the National Response Framework (NRF) is gen-
eration of a template that all agencies, stakeholders, and re-
sponse partners may use to effectively communicate, manage,
and function in response to a catastrophic disaster.

The National Response Framework, as required by Presi-
dential Homeland Security Directive (PSD) No. 5, establishes
a uniform all-hazards approach to organizing the management
and federal response to major disasters. The NRF is indicated
for all incidents requiring a coordinated federal, state, local,
tribal, private, and nongovernmental entity response. The Na-
tional Incident Management System (NIMS) is the framework
on which all communication, command, and control will occur
to cohesively integrate requested federal resources by a given
state.

The use of the Incident Command System (specifically
NIMS) was established within PSD No. 5 and applies to all
federal, state, local, tribal, private, and nongovernmental pub-
lic service entities. Eligibility for the receipt of federal funding
is contingent on each state’s adoption of NIMS.

Training

Federal, state, local, tribal, private sector, and nongovernmen-
tal personnel with direct roles in emergency management or
response must complete Incident Command System (ICS) and
National Incident Management System (NIMS) training. In-
cluded within this targeted group are emergency services dis-
ciplines such as public health, hospitals, emergency medical
services, fire service, law enforcement, and emergency man-
agement. Additionally, public works, utilities, and support and
volunteer personnel all fall into this comprehensive response
group.

The identified training levels, segregated by roles and re-
sponsibilities, are outlined below‡. Specific training opportu-
nities may be accessed via the internet through the Federal
Emergency Management Agency (FEMA) Incident Command
System Resource Center or local emergency management.

‡Entry-level responders:
■ FEMA IS-700; NIMS, An Introduction
■ ICS-100; Introduction to the Incident Command System or equiva-

lent
First-line, single resource, field supervisors:
■ ICS-700; ICS-100; and ICS-200, Basic Incident Command System

or equivalent
Middle management: strike team leaders, division supervisors, EOC
staff, and so on:
■ ICS-700; ICS-800, National Response Framework; ICS-100; ICS-

200; and ICS-300
Command and general staff; area, emergency, and emergency opera-
tions center (EOC) managers:
■ ICS-700; ICS-800, National Response Framework; ICS-100; ICS-

200; ICS-300; and ICS-400
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SUMMARY
Recognizing that our primary goals are saving lives, provid-
ing aid, and stopping the loss associated with natural disas-
ters and/or catastrophic incidents, the unfortunate reality with
many response efforts is that, even with the best funded and
most competently led response, we are able to make an im-
pacted area merely tolerable. It is only in the months to years
following an event that recovery operations and efforts are di-
rected at and—with luck, hard work, and adequate resources—
able to restore the community to a predisaster status. If one
considers the quality of life survivors had before the disaster,
depending, of course, on the scale of the incident, it may be
several years until the recovery mode is truly completed. Psy-
chological trauma is often long-lasting not only for those sur-
viving the disaster, but for those involved in the response as
well. To date, there exist areas within South Florida that have
still not returned to August 1992 pre-Hurricane Andrew status.
As of mid-2007, no qualified dates have been released target-
ing the expected completion date for recovery efforts following
Hurricane Katrina’s landfall in late August of 2005.

Contingency planning, preparedness, and disaster mitiga-
tion efforts are critical elements that affect the overall man-
agement and response to disasters. Those placed in charge of
managing specialty services must plan activities to ensure, at a
minimum, that

■ Critical and key personnel are available to respond in sup-
port of the emergency through the creation of family emer-
gency plans and identified methods of emergency communi-
cation

■ Vulnerabilities that exist are identified and either mitigated
or have contingency plans associated with each issue to en-
sure continuity of operations

■ An adequate supply of expendable supplies exists within
the organization or is readily available through mutual aid
agreements or contractual services

■ A relationship exists with local emergency management
agencies for the timely provision of situation status reports
and for accessing additional supplies and/or resources

■ Basic needs are available for personnel, including food, rest
periods, security, housekeeping practices, and other protec-
tive measures, which enable response and support personnel
to focus on their respective responsibilities during crisis pe-
riods

■ Familiarization with basic principles of incident command,
the National Incident Management System (NIMS), and the
National Response Framework (NRP) is accomplished.

Failure to focus on the global picture of managing the over-
all response may end up narrowing one’s view to issues that
may appear significant but, in retrospect, were secondary to
the primary goals. This can be equated to avoiding focus on an

angulated arm fracture when managing the emergency care of
the multisystem trauma patient. Akin to the airway, breathing,
and circulation (ABCs) principles of basic life support, adher-
ing to the three basic rules for disaster response management
will keep the focus on the global picture:

Rule 1: Meet the needs of the disaster survivors.
Rule 2: Meet the needs of the responders.
Rule 3: See rule 1.
After any significant incident or disaster, the need for a thor-

ough critique, identifying practices and procedures that had
successful results, as well as those practices and procedures in
need of modification for improvement, are critical elements in
the path to preparation for the next response, then and the next
response is when, not if.
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APPENDIX A: PREFIXES AND CONVERSIONS

TA BLE A . 1

METRIC PREFIXES

Multiple Prefix Abbreviation

1012 tera- T
109 giga- G
106 mega- M
103 kilo- k
10 deca- da
10–1 deci- d
10–2 centi- c
10–3 milli- m
10–6 micro- µ
10–9 nano- n
10–12 pico- p
10–15 femto- f
10–16 atto- a

TA BLE A . 2

FAHRENHEIT AND CELSIUS TEMPERATURE
CONVERSIONS

Celsius scale ( ◦C): Degree of Celsius (or centigrade) equals
1/100th of the difference in temperature of melting ice and
boiling water at the atmospheric pressure of 760 mm Hg.

Fahrenheit scale ( ◦F): The interval between freezing and
boiling is divided into 180◦ .
◦C = (5/9◦F) – 32
◦F = (9/5◦C) + 32

◦C ◦F ◦C ◦F

45 113.0 32 89.6
44 111.2 31 87.8
43 109.4 30 86.0
42 107.6 29 84.2
41 105.8 28 82.4
40 104.0 27 80.6
39 102.2 26 78.8
38 100.4 25 77.0
37 98.6 24 75.2
36 96.8 23 73.4
35 95.0 22 71.6
34 93.2 21 69.8
33 91.4 20 68.0
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APPENDIX B: DUBOIS BODY SURFACE AREA NOMOGRAM

Body surface area = ([Height in cm]0.718) ([Weight in kg]0.427) (74.49)

FIGURE B.1. Nomogram for determina-
tion of body surface area in adults. A
straight edge is placed so that it con-
nects the patient’s height (left column)
with his or her weight (right column)
crossing the center column at the point
indicating the body surface area. (From
DuBois D, DuBois EF. A formula to es-
timate the approximate surface area if
height and weight be known. Arch Intern
Med. 1916;17:863, used by permission.)
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TA BLE C . 2

ELECTROLYTE COMPOSITION OF VARIOUS BODY FLUIDS

Fluid (mMoL/L) Na+ K+ Cl– HCO3
– Volume (L/d)

Saliva 30 20 35 15 1–1.5
Gastric fluid (pH < 4) 60 10 90 — 2.5
Gastric fluid (pH > 4) 100 10 100 — 2
Bile 145 5 110 40 1.5
Duodenum 140 5 80 50 —
Pancreas 140 5 75 90 0.7–1.0
Ileum 130 10 110 30 3.5
Cecum 80 20 50 20 —
Colon 60 30 40 20 —
Sweat 50 5 55 — 0–3
New ileostomy 130 20 110 30 0.5–2.0
Adapted ileostomy 50 5 30 25 0.4
Colostomy 50 10 40 20 0.3

OSMOLALITY
Calculated serum osmolality

= 2[Na+ ] +
[glucose]

18

+
[BUN]

2.8
+

[mannitol]
18

+
[EtOH]

4.6
+

[ethylene glycol]
6.2

+
[methanol]

3.2
[Normal 275–290 mmol/kg]

Osmolar gap =
Measured serum osmolality − Calculated serum osmolality

[0–5 mOsm/kg]

Sodium (Na+ )
Pseudohyponatremia with hyperglycemia

Each 100-mg/dL increase in serum glucose (above
100 mg/dL) decreases Na+ by 1.6 mmol/L

Free water deficit in hypernatremia

= (0.6) (body weight in kg)
 

[Na+ ]
140

− 1
 

Free water excess in hyponatremia

= (0.6) (body weight in kg)
 

1 −
[Na+ ]
140

 

POTASSIUM (K+ )
[K+ ] increases 0.6 mmol/L for each 0.1-unit decrease in pH
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APPENDIX D: ACID-BASE

TA BLE D . 1

ANTICIPATED CHANGES IN SIMPLE DISTURBANCES

Primary
disorder Primary Secondary Compensation Limit Net effect

Metabolic
acidosis

↓ [HCO 3] ↓ PaCO 2  PaCO 2 = 1.0–1.4 × δ [HCO 3] 10 mm Hg ↑ [H + ](↓ pH)

Metabolic
alkalosis

↑ [HCO 3] ↑ PaCO 2  PaCO 2 = 0.5–1.0 × δ [HCO 3] 55 mm Hg
No hypoxia

↓ [H + ](↑ pH)

Respiratory ↑ PaCO2 ↑ [HCO 3] Acute: 30 mmol/L ↑ [H + ](↓ pH)
acidosis  [H+ ] 0.75 δ PaCO 2 HCO 3

 [HCO 3] = 1 mmol/L ↑ /10 mm Hg ↑ PaCO 2
 [HCO 3] = 0.1 × δ PaCO 2

Chronic: 45 mmol/L
 [HCO 3] = 0.35 × PaCO 2
 [HCO 3] = mmol/L ↑ /10 mm Hg ↑ PaCO 2

HCO 3

Respiratory ↓ PaCO 2 ↓ [HCO 3] Acute: 18 mmol/L ↓ [H + ](↑ pH)
alkalosis  [HCO3] = 0.2 × δ PaCO 2

 [HCO 3] = 1 mmol/L ↓ /10 mm Hg ↓ PaCO 2
 [H + ] 0.75 δ PaCO 2

Chronic: 12–15 mmol/L
 [HCO 3] = 0.5 × δ PaCO 2
 [HCO 3] = 2–5 mmol/L ↓ /10 mm Hg ↓ PaCO 2

CAUSES OF SIMPLE ACID-BASE
DISTURBANCES

A. Metabolic acidosis
1. Increased anion gap (usually decreased chloride)

a. Acidosis
1. Alcoholic ketoacidosis
2. Diabetic ketoacidosis
3. Starvation ketoacidosis
4. Ethylene glycol ingestion
5. Paraldehyde
6. Methanol ingestion
7. Lactic acidosis
8. Uremic acidosis
9. Hyperosmolar nonketotic coma

b. Nonacidosis
1. Hypokalemia
2. Hypocalcemia
3. Hypomagnesemia
4. Hyperalbuminemia
5. Nitrate usage
6. Penicillin/carbenicillin
7. Pseudohypernatremia
8. Pseudohypochloremia
9. False decrease in serum HCO 3

–

2. Normal anion gap (usually increased chloride)
a. Acidosis

1. Carbonic anhydrase inhibitors
2. Ureterosigmoidostomy

3. Ileostomy
4. Diarrhea
5. Pancreatic fistula
6. Parenteral nutrition
7. Ingestion of NH 4Cl
8. Ingestion of HCl or other acid
9. Renal tubular acidosis

10. Dilutional acidosis
11. Following respiratory alkalosis
12. Cholestyramine
13. Normal saline infusions

b. Nonacidosis
1. Hyperkalemia
2. Hypocalcemia
3. Hypomagnesemia
4. Hypoalbuminemia
5. IgG
6. Lithium
7. Pseudohyponatremia
8. Pseudohyperchloremia
9. False increase in serum HCO 3

–
B. Metabolic alkalosis

1. Loss of H +

a. Gastrointestinal loss
1. Vomiting, nasogastric suction
2. Antacids
3. Chloride-depleting diarrhea

b. Renal loss
1. Diuretics
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2. Excess mineralocorticoid
3. Postchronic hypercapnia
4. Decreased chloride intake
5. High-dose penicillins
6. Hypercalcemia

c. Intracellular H + shift
1. Hypokalemia
2. Refeeding

2. HCO3
– retention

a. Massive transfusions
b. NaHCO 3 therapy
c. Milk-alkali syndrome

3. Volume contraction
a. Diuretics
b. Gastrointestinal losses in patients with

achlorhydria
c. Sweat losses in cystic fibrosis

C. Respiratory acidosis
1. Central nervous system (CNS) depression

2. Chronic obstructive lung disease
3. Severe asthma
4. Pneumothorax
5. Abdominal distention
6. Pulmonary edema
7. Mechanical underventilation
8. Idiopathic hypoventilation
9. Neuromuscular disease

D. Respiratory alkalosis
1. Salicylate toxicity
2. Hepatic failure
3. Psychogenic hyperventilation
4. Pulmonary edema
5. Asthma
6. Systemic inflammatory response syndrome
7. Restrictive lung disease
8. Primary CNS disease
9. Mechanical overventilation

10. Hypoxemia

APPENDIX E: FORMULAS

CEREBRAL/ NEUROLOGIC
FORMULAS

Intracranial pressure (ICP)
[< 20 cm H 2O, < 15 mm Hg]

Cerebral perfusion pressure (CPP) = MAP − ICP

[70–100 mm Hg]
Cerebral vascular resistance (CVR)

[1.5–2.1 mm Hg/100 g/min/mL]

Cerebral blood flow (CBF) = CPP/CVR

[75 mL/100 g gray matter/min]
[45 mL/100 g white matter/min]

Jugular bulb saturation (SjvO 2)
[55% –70% ]

Cerebral metabolic rate (CMRO 2) = (CBF) (CaO 2 − CjvO 2)

[3–3.5 mL/100 g/min]

Cerebral oxygen extraction =
CMO2

(CBF)(CaO 2)
=

CaO 2 − CjvO 2

CaO 2

HEMODYNAMIC FORMULAS

Pulse pressure = systolic BP − diastolic BP

Mean arterial pressure (MAP) =
SBP + 2(DBP)

3

[70–105 mm Hg]

Central venous pressure (CVP)
[0–8 mm Hg]

Mean pulmonary artery pressure (PA)
[10–20 mm Hg]

Pulmonary artery occlusion pressure (PAOP)
[4–12 mm Hg]

Cardiac output (CO) = Stroke volume (SV) × Heart rate (HR)

[4–8 L/min]

Cardiac index (CI) =
CO
BSA

[2.5–4.0 L/min/m2]

Pulmonary vascular resistance (PVR) =
(PA− PAOP)80

CO

[150–250 dyne/s/cm–5]

Pulmonary vascular resistance index (PVRI) =
(PA− PAOP)80

CI

[100–240 dyne/s/cm–5/m2]

Systemic vascular resistance (SVR) =
(MAP − CVP)80

CO

[800–1,200 dyne/s/cm–5]

Systemic vascular resistance index (SVRI) =
(MAP − CVP)80

CI

[1,300–2,900 dyne/s/cm–5/m2]

Stroke volume index (SVI) =
CI

HR

[40 ± 7 mL/beat/m2]
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Right ventricular stroke work index (RVSWI)

= SVI(PA − CVP)(0.0136)

[6–10 g ·meter/m2 per beat]

Left ventricular stroke work index (LVSWI)

= SVI(MAP − PAOP)(0.0136)

[43–56 g ·meter/m2 per beat]

Arterial O2 content (CaO 2) = O 2 combined with
hemoglobin + O 2 dissolved in the plasma

[1 g Hb binds 1.36 mL O2]

= (1.36)(Hb)(SaO 2) + 0.0031(PaO 2)

[20 mL O 2/dL]
Mixed venous O 2 saturation (SvO 2)

[75% ]

Mixed venous O2 content (CvO 2) = (1.36)(Hb)(SvO 2)

+ 0.0031(PvO 2)

[15 mL O 2/dL]

O2 delivery (ḊO 2) = CO × CaO 2 × 10

[600–1,000 mL O2/min]

Oxygen delivery indexed (DO 2I) = CI × CaO 2 × 10

[500–600 mL/min/m2]

O 2 consumption (V̇O 2) = CI(CaO 2 − CvO 2)

[110–150 mL/min/m2]

O 2 extraction ratio =
(CaO 2 − CvO 2)

CaO2

[25% ]

RESPIRATORY FORMULAS

Oxyg e nat ion

Fraction of inspired O 2 (FIO 2)
[0.21–1.0]

Respiratory quotient (R) = VCO 2 expired/ VO 2 inspired

[Normal: 0.8]
Barometric pressure (PB)

[760 mm Hg at sea level]
Partial pressure of H2O (PH 2O)

[47 mm Hg at 37◦C]

Partial pressure of inspired O 2 (PIO 2) = FIO 2 (PB− PH 2O)

[150 mm Hg at sea level]

Partial pressure of alveolar O 2 (PAO 2) (alveolar gas equation)

PAO 2 = FIO 2 (PB − PH 2O) −
PaCO 2

R
= (FIO2 × 713) − (PaCO 2/ 0.8) (at sea level)
= 150 − (PaCO 2/ 0.8)(at sea level on room air)

[Range: 100 mm Hg on room air; 673 mm Hg on 100% O 2]
Partial pressure of arterial O 2 (PaO 2)

[70–100 mm Hg]
Increased: hyperventilation, increased FIO 2, contaminated
sample
Decreased: hypoventilation, decreased FIO 2, V̇/ Q̇ mismatch,
intrapulmonary or anatomic R → L shunt, diffusion abnor-
malities

Alveolar–arterial O2 gradient (P(A − a)O 2) = PAO 2 − PaO 2

[3–16 mm Hg on room air; 25–65 mm Hg on 100% O 2]

Ve nt ilat ion

Partial pressure of arterial CO 2 (PaCO 2)
[46 mm Hg]

Partial pressure of alveolar (expired) CO 2 (PECO 2)
Dead-space ventilation (VD): Portion of VT that does not par-
ticipate in gas exchange

VD = anatomic dead space + physiologic dead space

[150 mL]

Engelhoff modification of the Bohr formula for dead space

VD
VT

=
PaCO 2 − PECO 2

PaCO 2

Minute ventilation (VE) = respiratory rate × VT

Pulmonary capillary blood O 2 content (CcO 2)

= 1.36 (Hb) (SaO2) (FIO 2)+ 0.003 (PBH 2O − PaCO 2) (FIO 2)

Shunt fraction (Q̇s/ Q̇ t) =
CcO2 − CaO 2

CcO 2 − CvO 2

Lung Volume s

Tidal volume (VT): Volume inspired/expired with each breath
[500 mL; 6–7 mL/kg lean body weight]

Inspiratory reserve volume (IRV): Maximal inspired volume
end-tidal inspiration

[25% of vital capacity (VC)]
Inspiratory capacity (IC): Maximal volume inspired from rest-
ing expiratory level

IC = IRV + VT

[1–2.4 L]
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Expiratory reserve volume (ERV): Maximal expired volume
from end-tidal inspiration

[25% of vital capacity (VC)]
Residual volume (RV): Volume remaining in lungs after maxi-
mal expiration

[1–2.4 L]
Functional residual capacity (FRC): Volume remaining in lungs
at end-tidal expiration

FRC = ERV + RV

[1.8–3.4 L]
Vital capacity (VC): Maximal volume expelled by forceful ef-
fort after maximal inspiration

VC = IRV + ERV + VT

[3–5 L; 50–60 mL/kg lean body weight in females; 70 mL/kg
lean body weight in males]

Total lung capacity (TLC): Volume in lungs at end of maximal
inspiration

TLC = VC + RV

[4–6 L]

LUNG MECHANICS

Plateau pressure (Pplat)
Peak inspiratory pressure (PIP)
Positive end-expiratory pressure (PEEP)

Compliance = change in volume/change in pressure

Static compliance (Cst) =
VT

Pplat − PEEP

[70–160 mL/cm H 2O (paralyzed/anesthetized and supine)]

Dynamic compliance (Cdyn) =
VT

PIP − PEEP

[50–80 mL/cm H 2O (paralyzed/anesthetized and supine)]

RENAL FORMULAS

Creatinine clearance (ClCreat ) =
(UCreat )(urine volume)

PCreat

Fractional excretion of sodium (FeNa+ )

=
urine [Na+ ]

plasma [Na+ ]
×

plasma [creatinine]
urine [creatinine]

× 100

Free water clearance

= urine vol−
urine osmolality

plasma osmolality
× urine vol

TA BLE E . 1

DAILY RENAL EXCRETION OF CATIONS AND ANIONS
IN NORMALS

Electrolyte Urinary excretion (mmol/d)

CATIONS
Na 127 ± 6
K 49 ± 2
Ca 4 ± 1
Mg 11 ± 1
NH 4 28 ± 2
Total 219 ± 3

ANIONS
Cl 135 ± 5
SO 4 34 ± 1
PO4 20 ± 1
Organic anions 29 ± 1
Total 221 ± 6

Na, sodium; K, potassium; Ca, calcium; Mg, magnesium; NH 4,
ammonia; Cl, chloride; SO4, sulfate; H 2 PO 4, phosphate.
From Goldstein MB, Bear R, Richardson RMA, et al. The urine anion
gap: a clinically useful index of ammonium excretion. Am J Med Sci.
1986;292:198, with permission.

TA BLE E . 2

USE OF URINE ELECTROLYTES

Primary
Diagnostic diagnostic
problem Urinary value possibilities

Volume depletion Na = 0–10 mmol/L Extrarenal
sodium loss

Na > 10 mmol/L Renal salt
wasting or
adrenal
insufficiency

Acute oliguria Na = 0–10 mmol/L Prerenal azotemia
Na > 30 mmol/L Acute tubular

necrosis

Hyponatremia Na = 0–10 mmol/L Severe volume
depletion,
edematous

Na > dietary intake Inappropriate
antidiuretic
hormone
secretion;
adrenal
insufficiency

Hypokalemia K = 0–10 mmol/L Extrarenal K loss
K > 10 mmol/L Renal K loss

Metabolic alkalosis Cl = 0–10 mmol/L Cl-responsive
alkalosis

Cl = dietary intake Cl-resistant
alkalosis

Na, sodium; K, potassium; Cl, chloride.
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TA BLE E . 3

INTERPRETATION OF URINE ELECTROLYTES

Electrolyte Normal response Patient response Potential pitfalls

Na+ Reflects diet and ECF volume; < 10 mmol
if ECF vol contracted

> 20 mmol in ECF vol contraction
suggests renal tubular damage

Diuretic use
No reabsorbed anions
Recent vomiting, drugs

Cl– Reflects diet and ECF volume; < 10 mmol
if ECF vol contracted

> 20 mmol with ECF vol
contraction suggests renal
damage

Diuretic
Diarrhea

K+ Reflects diet, plasma [K], aldosterone
action

If hypokalemia and urine [K]
> 20 mM or rate of K excretion
> 30 mmol/d then K excretion
too high

K-sparing diuretics
Low urine [Na]
Water diuresis

pH Depends on acid-base status
Useful for bicarbonaturia

Useful once low NH 4
+ excretion

confirmed to define cause of
low NH4

+

Unreliable for urine NH 4
+

Urinary tract infection

HCO 3
– Depends on diet and acid-base status;

> 10 mM indicates HCO 3
– load 0 in

acidemia

High urine HCO 3
– with chronic

metabolic alkalosis indicates
vomiting or HCO 3

– input
High urine HCO3 with acidemia

in pRTA

Urinary tract infection
Carbonic anhydrase inhibitors

(Na+ , K+ , Cl–) Depends on diet and acid-base status Na + K > Cl = low urine NH 4
+

Cl > Na + K = high urine
NH 4

+

Ketonuria
Drug anions
Alkaline urine

Na+ , sodium; Cl, chloride; K+ , potassium; HCO 3
–, carbonate; NH 4, ammonia; ECF, extracellular fluid; pRTA, partial renal tubular acidosis; vol,

volume.
From Halperin ML, Goldstein MB. Fluid, Electrolyte and Acid-Base Emergencies. Philadelphia: WB Saunders; 1988, with permission.

TOXICOLOGY FORMULAS

Serum methanol concentration [MeOH] in mg/dL
= 3.2(Osms − (2 × [Na+ ]) − ([BUN]/ 2.8) − ([glucose]/ 18)
− ([ETOH]/ 4.6) − 10)

Ethylene glycol concentration = 6.2(Osms − (2 × [Na+ ])
− ([BUN]/ 2.8) − ([glucose]/ 18) − ([EtOH]/ 4.6) − 10)

INFECTIOUS DISEASES FORMULAS
Antibiotic kinetics:

The volume of distribution (VD) of an antimicrobial is cal-
culated as:

VD =
A
Cp

where A = total amount of antibiotic in the body and Cp =
antibiotic plasma concentration.

Repetitive dosing of antibiotics depends on the principle of
minimal plasma concentrations (Cmin):

Cmin =
D

(VD)(2n − 1)
where D = dose and n = dosing interval expressed in half-lives.

The plasma concentration at steady state (Css) of an antimi-
crobial can be estimated utilizing the following formula:

Css =
Dose per half-life

(0.693)(VD)

Antibiotic adjustments:
Renal dysfunction in critically ill patients is common. In those
patients receiving aminoglycosides, dosage modification is re-
quired according to the aminoglycoside clearance:

Aminoglycoside clearance = (Ccr)(0.6) + 10

where Ccr = creatinine clearance in mL/minute.
In order to estimate the creatinine clearance, the Cockcrof

and Gault formula is utilized:

Ccr (mL/ min) =
(140 − age) × weight

Cr × 72

where Cr = serum creatinine in mg/dL. Another modification
to this formula is the Spyker and Guerrant method:

Ccr (mL/ min) =
(140 − age) × (1.03 − 0.053 × Cr)

Cr



2670 Appendices

APPENDIX F: PHARMACOLOGY

DRUG FORMULAS

Drug clearance = Vd × Kel

Drug half-life (T1/2 ) = 0.693/ Kel

TA BLE F . 1

DRUG DOSAGE ADJUSTMENTS IN RENAL FAILURE

GFR (mL/min) Removed ByDose
adjustment > 50 10–50 < 10 Hemodialysis Peritoneal dialysis

Aminoglycosides
Gentamicin D 60–90 30–70 20–30 Yes Yes

I 8–12 12 24
Tobramycin D 60–90 30–70 20–30 Yes Yes

I 8–12 12 24
Antifungals

Amphotericin B I 24 24 24–36 No No
Flucytosine I 6 12–24 24–48 Yes Yes

Antituberculous
Ethambutol I 24 24–36 48 Yes Yes
Isoniazid D 100 100 66–75 Yes Yes
Rifampin I None None None No No

Antivirals
Acyclovir I 8 24 48 Yes —
Amantadine I 12–24 48–72 168 No No

Cephalosporins
Cefamandole I 6 6–8 8 Yes —
Cefazolin I 6 12 24–48 Yes —
Cefotaxime I 6–8 8–12 12–24 Yes —
Cefoxitin I 8 8–12 24–48 Yes —
Cephalothin I 6 6 8–12 Yes Yes

Chloramphenicol D None None None Yes No
Clindamycin D None None None No No
Erythromycin D None None None No No
Metronidazole I 8 8–12 12–24 Yes No
Nitrofurantoin D 100 Avoid Avoid Yes —
Penicillins

Amoxicillin I 6 6–12 12–16 Yes No
Ampicillin I 6 6–12 12–16 Yes No
Carbenicillin I 8–12 12–24 24–48 Yes Yes
Dicloxacillin D None None None No —
Nafcillin D None None None No —
PCN G I 6–8 8–12 12–16 Yes No
Piperacillin I 4–6 6–8 8 Yes —
Ticarcillin I 8–12 12–24 24–28 Yes Yes

Sulfas/trimethoprim
Sulfamethoxazole I 12 18 24 Yes No
Trimethoprim I 12 18 24 Yes No

Tetracyclines
Doxycycline I 12 12–18 18–24 No No
Minocycline D None None None No No
Vancomycin I 24–72 72–240 240 No No

(continued )

Drug elimination constant (Kel) =
In ([peak]/ [trough])

tpeak − ttrough
Drug loading dose = Vd × [target peak]

Drug dosing interval
= (− 1/ Kel) × In ([desired trough]/ [desired peak])

+ infusion time (h)
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TA BLE F . 1

(CONTINUED)

GFR (mL/min) Removed byDose
adjustment > 50 10–50 < 10 Hemodialysis Peritoneal dialysis

Antihypertensives
Atenolol D None 50 25 Yes —
Captopril D None None 50 Yes —
Clonidine D None None 50–75 No —
Hydralazine D 8 8 12–24 No No
Methyldopa I 6 9–18 12–24 Yes Yes
Metoprolol D None None None Yes —
Minoxidil D None None None Yes
Nadolol D None 50 25 Yes —
Nitroprusside D None None None Yes —
Prazosin D None None None No No
Propranolol D None None None No —

Antiarrhythmics
Bretylium D None 25–50 Avoid ? —
Disopyramide I None 12–24 24–40 Yes —
Lidocaine D None None None No —
Procainamide I 4 6–12 8–24 Yes —
Quinidine I None None None Yes Yes

Calcium blockers
Diltiazem D None None None — —
Nifedipine D None None None — —
Verapamil D None None None No —
Digoxin D 100 25–75 10–25 No No

I 24 36 48
H 2 bockers

Cimetidine D 800/d 600/d 400/d No No
Ranitidine D None 150/d 150/d No —
Nizatidine D None 150/d 150 qod — —
Famotidine D None None 20/d or (40 qod) — —

GFR, glomerular filtration rate; PCN G, penicillin G; D, dosage reduction method of dosage adjustment; I, interval extension method of dosage
adjustment; qod, every other day; H 2 , histamine.
From Bennett WM, Aronoff GR, Golper TA, et al. Drug Prescribing in Renal Failure. Philadelphia: American College of Physicians; 1987, with
permission.

DRUGS COMMONLY USED IN THE
INTENSIVE CARE UNIT (IN
ALPHABETICAL ORDER),

EXCLUDING ANTIBIOTICS
Adenosine

a. Action: Slows atrioventricular (AV) nodal conduction; pro-
duces short-term (seconds) high-degree AV blockade

b. Indications: Antiarrhythmic; useful for diagnosing supra-
ventricular tachycardias and effective for terminating re-
entrant AV tachyarrhythmias

c. Loading dose: 6- or 12-mg intravenous (IV) bolus followed
with a rapid saline flush

d. Dose interval/infusion: Wait 1–2 min between doses; no con-
tinuous infusion

e. Comments: Give through central venous catheter; con-
traindicated in heart block; sick sinus syndrome (except if
pacemaker present), ventricular arrhythmias

Alfentanil

a. Action: Potent opiate receptor ligand; produces decreases
in heart rate; respiratory depressant; may produce skeletal
muscle rigidity

b. Indications: Opioid analgesia
c. Loading dose: 5–150 µ g/kg used, depending on additional

anesthetic agents used; lower dose required in the elderly
d. Dose interval/infusion: Maintenance of anesthesia usually

with 0.5–3.0 µ g/kg/min
e. Comments: 1/5 to 1/3 as potent as fentanyl; more rapid onset

of action with shorter duration than other opioids

Aminophylline

a. Action: Bronchodilator, improves diaphragm contractility;
positive inotrope and chronotrope; natriuretic and diuretic

b. Indications: Bronchoconstriction
c. Loading dose: 5–6 mg/kg lean body weight over 20 min

(if patient already taking aminophylline/theophylline then
check level, begin infusion, and then adjust dose based on
baseline value)
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d. Dose interval/infusion: 0.2–0.8 mg/kg/min (use increased
dosage with smokers; decreased dosage with the elderly, pa-
tients with heart or liver disease)

e. Comments: Produces increased irritability, agitation, tachy-
cardia, arrhythmias, nausea, and vomiting

Amrinone/milrinone

a. Action: Inhibit cellular phosphodiesterase, producing extra-
cellular to intracellular calcium shift; increased contractility
but with arterial and venous dilatation

b. Indications: Positive inotrope
c. Loading dose: Amrinone 0.75–3.0 mg/kg over 2–3 min; mil-

rinone 50 µ g/kg over 10 min
d. Dose interval/infusion: Amrinone 5–10 µ g/kg/min continu-

ous infusion; milrinone 0.375–0.75 µ g/kg/min
e. Comments: Synergistic with dobutamine (because of recep-

tor down-regulation in congestive heart failure); hepatic
metabolism; renal excretion; rapid onset of action; dose-
related thrombocytopenia with prolonged use of amrinone

Atracurium

a. Action: Nondepolarizing neuromuscular blocker; minimal
dose-dependent histamine (H 2) release; no vagal activity

b. Indications: Intermediate-acting neuromuscular blockade
c. Loading dose: 0.4–0.5 mg/kg intubating dose
d. Dose interval/infusion: 4–12 µ g/kg/min continuous infusion
e. Comments: Titrate to effect in intensive care unit (ICU) pa-

tients (monitor with train-of-four testing); onset within 3–5
min; 25–35 min duration; 40–60 min recovery; no dose ad-
justment in hepatorenal dysfunction

Bumetanide

a. Action: Acts at loop of Henle to prevent chloride and sodium
uptake; diuretic

b. Indications: Decreased urine output, mobilize edema fluid,
pulmonary edema, treat hypercalcemia

c. Loading dose: 0.5–1.0 mg over 1–2 min
d. Dose interval/infusion: Repeat dose every 2–3 h; up to 10

mg/d
e. Comments: Observe for secondary electrolyte disturbances

(hyponatremia, hypokalemia)

Calcium chloride/gluconate

a. Action: Required for wide variety of cellular functions
b. Indications: Ionized hypocalcemia; vasopressor; hypermag-

nesemia/hyperkalemia (stabilizes cell membrane); calcium
channel blocker overdose

c. Loading dose: 90 mg Ca IV bolus (chloride: 1 g = 272 mg
[13.6 mmol] Ca) (gluconate: 1 g = 90 mg [4.65 mmol] Ca)

d. Dose interval/infusion: 0.5–2.0 mg/h adjust to ionized cal-
cium value

e. Comments: Monitor for hypercalcemia, hypophospha-
temia, and decreased sensorium

Clonidine

a. Action: Central α2-receptor agonist
b. Indications: Hypertension; withdrawal syndromes (opiates,

nicotine); modulate sympathetic hyperactivity of closed
head injury

c. Loading dose: 0.1 mg transdermal weekly (may require 2–3
d for response); for hypertensive urgencies use 0.2–0.3 mg
orally every 20 min until target blood pressure is reached
(maximum 0.9 mg)

d. Dose interval/infusion: Usually twice daily when taken
orally, no intravenous formulation

e. Comments: Usual maximum dose 2.4 mg/d; rebound hyper-
tension with acute withdrawal

dDAVP

a. Action: Synthetic vasopressin; decreased excretion of free
water; increases factor VIII levels

b. Indications: Central (neurogenic) diabetes insipidus (DI);
bleeding in patients with decreased factor VIII levels

c. Loading dose: 2–4 µ g IV or subcutaneously (SQ) for DI; 0.3
µ g/kg IV over 15–30 min for bleeding

d. Dose interval/infusion: Twice daily
e. Comments: Dose for central DI by following urine output/

osmolarity and serum sodium/osmolarity

Diazepam

a. Action: Benzodiazepine
b. Indications: Sedation, anxiety, agitation; ethanol with-

drawal; seizures
c. Loading dose: 5 mg
d. Dose interval/infusion: Begin at 5 mg/h and titrate to effect
e. Comments: Central nervous system (CNS) depression

Diltiazem

a. Action: Calcium channel blockade; negative inotrope and
peripheral vasodilator; depresses sinoatrial (SA) and AV
node

b. Indications: Hypertension, angina; rate control in atrial fib-
rillation/flutter

c. Loading dose: 0.25 mg/kg IV over 2 min
d. Dose interval/infusion: 5–15 mg/h
e. Comments: Maximum dose 360 mg/d

Dobutamine

a. Action: Positive inotrope, peripheral vasodilator, increases
automaticity of SA node and enhances conduction through
AV node and ventricles

b. Indications: Low cardiac output states, especially with in-
creased systemic vascular resistance

c. Loading dose: 2.5–20.0 µ g/kg/min
d. Dose interval/infusion: Titrate to effect
e. Comments: No dopaminergic effects on renal vessels; tachy-

cardia may be a problem; contraindicated in idiopathic hy-
pertrophic subaortic stenosis; tolerance may develop

Dopamine

a. Action: Dose-dependent vasopressor acting at multiple re-
ceptor sites

b. Indications: Hypotension; increases renal blood flow and
subsequently urine output

c. Loading dose: None
d. Dose interval/infusion: Dopaminergic 0.5–2.0 µ g/kg/min; β

plus dopaminergic 2–10 µ g/kg/min; α , β , and dopaminergic
at > 10 µ g/kg/min

e. Comments: Tachycardia may be significant; necrosis at in-
jection site with extravasation (treat with phentolamine)

Epinephrine

a. Action: α- and β -receptor agonist; vasopressor, positive in-
otrope and chronotrope; bronchodilatation; increased gly-
cogenolysis
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b. Indications: Bronchoconstriction; allergic reactions; ad-
vanced cardiac life support; refractory hypotension

c. Loading dose: 1-mg bolus IV
d. Dose interval/infusion: 1–4 µ g/min titrated to effect
e. Comments: Increased myocardial oxygen consumption with

arrhythmias and ischemia; hypertension; hyperglycemia;
poor renal perfusion

Esmolol

a. Action: short-acting β -blockade (β 1 > β 2)
b. Indications: Supraventricular tachyarrhythmias; hyperten-

sion
c. Loading dose: 0.5–1.0 mg/kg over 1 min
d. Dose interval/infusion: 10–300 µ g/kg/min
e. Comments: Hypotension; bradycardia; bronchospasm; may

prolong neuromuscular blockade effects of succinylcholine;
contraindicated in bradycardia, heart block, cardiogenic
shock

Fentanyl

a. Action: Potent opiate receptor ligand; produces decreases in
heart rate, blood pressure, and cardiac index; respiratory
depressant; may produce skeletal muscle rigidity

b. Indications: Opioid analgesia
c. Loading dose: 1–3 µ g/kg, depending on additional anes-

thetic agents used
d. Dose interval/infusion: 0.01–0.3 µ g/kg/h
e. Comments: Approximately 100 times as potent as mor-

phine; no histamine release

Flumazenil

a. Action: Benzodiazepine antagonist; acts centrally at benzo-
diazepine receptors

b. Indications: Complete or partial reversal of sedative effects
of benzodiazepines; reversal effects occur within 1 min of
intravenous dose

c. Loading dose: 0.2 mg IV over 15–30 s
d. Dose interval/infusion: Can repeat 0.2 mg every 60 s up

to total dose of 1 mg; may use up to 3 mg in suspected
benzodiazepine overdose; no continuous infusion

e. Comments: Effective reversal of benzodiazepine effects lasts
20 min, so repeated dosing with flumazenil may be neces-
sary; liver metabolism

Furosemide

a. Action: Inhibits chloride and sodium reabsorption in ascend-
ing loop of Henle, producing a diuretic effect

b. Indications: Decreased urine output, acute oliguric renal fail-
ure, mobilize edema fluid, pulmonary edema, hypercalcemia

c. Loading dose: 10–200 mg, depending on the clinical situa-
tion

d. Dose interval/infusion: Begin at 5 mg/h and titrate to effect
e. Comments: Hepatic metabolism, renal excretion; up to 6

g/d has been given by continuous infusion; observe for elec-
trolyte disturbances (hyponatremia, hypomagnesemia, hy-
pokalemia)

Glucagon

a. Action: Increases glycogenolysis and gluconeogenesis pro-
ducing hyperglycemia; increases lipolysis; positive inotrope;
decreases gastrointestinal (GI) motility and secretions

b. Indications: Hypoglycemia; β -blocker and calcium channel
blocker overdoses; hypotension

c. Loading dose: 0.5–1.0 mg SQ/IV/intramuscularly (IM)
d. Dose interval/infusion: Repeat loading dose every 15 min;

1–20 mg/h as continuous infusion
e. Comments: Hyperglycemia; tachycardia; hypokalemia

Haloperidol

a. Action: Dopaminergic blockade acting as an antipsychotic
b. Indications: Agitation; acute psychosis
c. Loading dose: 0.5–5.0 mg IV/IM
d. Dose interval/infusion: Can be given hourly; 1–20 mg/h as

continuous infusion
e. Comments: Decrease dose in hepatic dysfunction; ob-

serve closely for dystonic reactions and sedative effects; α-
blockade

Heparin

a. Action: Anticoagulant acting through antithrombin III com-
plexes

b. Indications: Deep venous thrombosis (acute and prophy-
laxis); pulmonary embolism; acute myocardial infarction;
hemodialysis; catheter patency

c. Loading dose: Wide variety, depending on clinical situation
d. Dose interval/infusion: Adjusted to desired anticoagulant

effect, usually based on following serial activated partial
thromboplastin time (aPTT)

e. Comments: Side effects include hemorrhage, thrombocy-
topenia, fever

H 2 blockers (cimetidine, famotidine, ranitidine)

a. Action: H 2 receptor competitive antagonist decreasing gas-
tric acid secretion

b. Indications: Prophylaxis for stress ulcer GI bleeding, acute/
chronic peptic ulcer disease, acid hypersecretory diseases,
reflux disease

c. Loading dose for stress ulcer prophylaxis: Cimetidine 300
mg IV every 6 h; famotidine 20 mg IV every 12 h; ranitidine
50 mg IV every 8 h

d. Dose interval/infusion: Total daily dose divided into con-
tinuous infusion, may be placed in parenteral nutritional
formulas

e. Comments: Adjust dose based on creatinine clearance

Isoproterenol

a. Action: Nonspecific β -agonist; positive inotrope and chro-
notrope; bronchodilator

b. Indications: Bronchoconstriction; symptomatic bradycar-
dia; β -blocker overdose

c. Loading dose: 0.02–0.06 mg IV
d. Dose interval/infusion: 2–20 µ g/min
e. Comments: Tachycardia; arrhythmias (torsade de pointes);

myocardial ischemia; anxiety

Labetalol

a. Action: α1- and nonspecific β -blocker
b. Indications: Hypertension
c. Loading dose: 5–20 mg IV
d. Dose interval/infusion: Boluses can be repeated every 5 min;

continuous infusion of 1–2 mg/min titrated to effect
e. Comments: Observe for bronchospasm, bradycardia

Levosimendan

a. Action: Calcium sensitization for positive inotrope effect
and activation of adenosine triphosphate (ATP)-dependent
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potassium channels for vasodilation and cardioprotective
effect

b. Indication: Decompensated low-output heart failure (car-
diac index < 2.5 L/min/m2 or pulmonary capillary wedge
pressure [PCWP] > 16 mm Hg or left ventricular ejection
fraction [LVEF] < 0.4)

c. Dose infusion/interval: Infusion 0.05–0.2 µ g/kg/min for
24 h

d. Comments: Most common adverse reaction is headache and
hypotension (both 5% ); caution in renal, hepatic impair-
ment, severe hypotension, severe tachycardia, history of tor-
sades de pointes; correct hypovolemia

Lidocaine

a. Action: Antiarrhythmic and local anesthetic
b. Indications: Local anesthesia; ventricular arrhythmias; pro-

phylaxis in acute myocardial infarction
c. Loading dose: 1.0–1.5 mg/kg bolus IV (maximum load,

3 mg/kg)
d. Dose interval/infusion: Bolus repeated in 20 min; 1–4

mg/min continuous infusion
e. Comments: Observe for metabolic acidosis, altered mental

status (including seizures), and myocardial depression; hep-
atic metabolism; methemoglobinemia

Lorazepam

a. Action: Benzodiazepine
b. Indications: Agitation; seizures; supplemental sedation with

neuromuscular blockade
c. Loading dose: 2-mg bolus IV
d. Dose interval/infusion: Begin at 1 mg/h and titrate to effect
e. Comments: CNS depression

Magnesium

a. Action: Coenzyme; muscular contractility; nerve conduc-
tion; membrane stabilization; antiseizure; inhibits uterine
contractility

b. Indications: Hypomagnesemia; arrhythmias; pre-eclampsia
and eclampsia

c. Loading dose: 1–4 g over 15 min (infuse over 4 h for treat-
ment of asymptomatic hypomagnesemia)

d. Dose interval/infusion: Subsequent dosing based on desired
clinical effect and serum levels

e. Comments: Observe for hypotension and heart block; respi-
ratory and CNS depressant (primarily in patients with renal
dysfunction)

Metocurine

a. Action: Nondepolarizing neuromuscular blocker; moderate
H 2 release; some bradycardia

b. Indications: Long-acting neuromuscular blockade
c. Loading dose: 0.2–0.4 mg/kg for intubation
d. Dose interval/infusion: 5–10 mg/h
e. Comments: Titrate to effect in ICU patients (monitor with

train-of-four testing); onset within 1.5–10 min; 70–90 min
duration of action; 90–180 min recovery; partial renal ex-
cretion

Midazolam

a. Action: Short-acting benzodiazepine
b. Indications: Sedation, anxiety, agitation; ETOH with-

drawal; seizures

c. Loading dose: 1–4 mg
d. Dose interval/infusion: 1–20 mg/h titrated to effect
e. Comments: CNS depression; active metabolites; respiratory

depression when used in combination with narcotics; three
to four times the potency of diazepam

Mivacurium

a. Action: Nondepolarizing neuromuscular blocker; minimal
to moderate H 2 release; minimal tachycardia

b. Indications: Short-acting neuromuscular blockade
c. Loading dose: 0.1–0.25 mg/kg intubating dose
d. Dose interval/infusion: 5–15 µ g/kg/min continuous infu-

sion; onset in 2–4 min; 13–40 min duration of action; 6–14
min recovery

e. Comments: Titrate to effect in ICU patients (monitor with
train-of-four testing)

Morphine

a. Action: Opioid analgesia; venodilation
b. Indications: Analgesia, sedation; pulmonary edema
c. Loading dose: 1–5 mg IV
d. Dose interval/infusion: Rebolus every 2–3 h; 1–10 mg/h con-

tinuous infusion titrated to effect
e. Comments: CNS disturbances; hypotension (especially if in-

travascular volume depletion is present); respiratory depres-
sion; histamine release

Nicardipine

a. Action: Noncardiosuppressive calcium channel antagonist
b. Indications: Postoperative hypertension, prevention of va-

sospasm from subarachnoid hemorrhage; angina
c. Loading dose: 5 mg/h and increase by 2.5 mg/h every 15 min
d. Dose interval/infusion: 1–15 mg/h; 20–40 mg orally three

times daily
e. Comments: Hypotension; reflex tachycardia

Nifedipine

a. Action: Calcium channel blocker; minimal myocardial de-
pression with slowing of conduction; smooth muscle relax-
ation

b. Indications: Angina, hypertension
c. Loading dose: 10–20 mg orally or sublingually
d. Dose interval/infusion: Hourly as needed, no intravenous

preparation; maximum dose 180 mg/d
e. Comments: Hypotension and reflex tachycardia

Nimodipine

a. Action: Calcium channel antagonist; minimal cardiovascu-
lar effect

b. Indications: Prevention of vasospasm due to subarachnoid
hemorrhage

c. Loading dose: None, no IV formulation available
d. Dose interval/infusion: 60 mg orally or sublingually every

4 h for 21 d
e. Comments: Hypotension may occur

Nitroglycerin

a. Action: Smooth muscle relaxation through nitric oxide path-
way; pulmonary vasculature and venous vasodilator; de-
creased preload; improved coronary blood flow

b. Indications: Myocardial ischemia; hypertension; congestive
heart failure; esophageal spasm
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c. Loading dose: None necessary in intravenous dosing
d. Dose interval/infusion: 10–400 µ g/min titrated to effect
e. Comments: Liver metabolism; renal excretion; tolerance;

rare methemoglobinemia; increased cerebral blood flow
(CBF); hypotension

Nitroprusside

a. Action: Arterial and venous vasodilatation through ni-
tric oxide pathway; coronary vasodilatation; increased
CBF and volume with subsequent increased intracranial
pressure

b. Indications: Hypertension; acute left ventricular failure
c. Loading dose: Not indicated
d. Dose interval/infusion: 0.5–10 µ g/kg/min and titrate to ef-

fect
e. Comments: Coronary steal (angina) possible with coro-

nary vasodilatation; metabolic acidosis; follow thiocyanate
levels if toxicity suspected (toxicity: Amyl nitrate and
sodium nitrite converts hemoglobin to methemoglobin;
methemoglobin binds cyanide; sodium thiosulfate converts
cyanide to thiocyanate)

Norepinephrine

a. Action: α- and β 1-agonist; arterial and venous vasoconstric-
tion; minimal chronotropic effect

b. Indications: Hypotension
c. Loading dose: Not indicated
d. Dose interval/infusion: 2–40 µ g/min titrated to effect
e. Comments: Decreased renal perfusion; peripheral vasocon-

striction; arrhythmias; tissue necrosis with extravasation

Octreotide

a. Action: Mimics effects of somatostatin; increases GI motil-
ity while decreasing GI and pancreatic secretions; decreases
splanchnic blood flow

b. Indications: Gut neuroendocrine tumors, diarrhea, excess
GI/pancreatic secretions; variceal hemorrhage

c. Loading dose: 250-µ g bolus
d. Dose interval/infusion: 25–100 µ g three times daily or 50–

250 µ g/h infusion
e. Comments: Total dose, 50–1,500 µ g/d; both hypoglycemia

and hyperglycemia

Pancuronium

a. Action: Nondepolarizing neuromuscular blocker; no his-
tamine release, modest to marked vagal block with tachy-
cardia

b. Indications: Long-acting neuromuscular blockade
c. Loading dose: 0.1-mg/kg intubating dose
d. Dose interval/infusion: 1–2 µ g/kg/min continuous infusion
e. Comments: Titrate to effect in ICU patient (monitor with

train-of-four testing); onset within 2–4 min and duration of
action of 60–100 min; recovery within 120–180 min; pri-
marily renal excretion

Phentolamine

a. Action: α-blocker; vasodilatation
b. Indications: Hypertension; pheochromocytoma
c. Loading dose: 5 mg IV/IM to effect
d. Dose interval/infusion: No continuous infusion
e. Comments: Monitor for hypotension

Phenylephrine

a. Action: α-agonist; arterial and venous vasoconstriction; va-
sopressor with reflex decrease in heart rate

b. Indications: Hypotension
c. Loading dose: Not indicated
d. Dose interval/infusion: 10–40 µ g/min titrated to effect
e. Comments: Hypertension, bradycardia, myocardial is-

chemia, decreased renal perfusion

Procainamide

a. Action: Antiarrhythmic; vasodilatation
b. Indications: Supraventricular and ventricular arrhythmias;

recurrent atrial fibrillation/flutter
c. Loading dose: 50 mg/min to effect or total dose of 17 mg/kg
d. Dose interval/infusion: 2–6 mg/min continuous infusion
e. Comments: Observe for conduction disturbances (including

torsade) and myocardial depression

Propofol

a. Action: Alkylphenol
b. Indications: Short-acting sedative
c. Loading dose: 1.5–3 mg/kg
d. Dose interval/infusion: Titrate to effect; usual dose is 10–50

µ g/kg/min
e. Comments: No analgesic properties; very short duration

of action (2–3 min); reduce dosage in the elderly; monitor
triglyceride values

Propranolol

a. Action: Nonspecific β -blockade; decreased heart rate and
contractility; antiarrhythmic

b. Indications: Supraventricular tachyarrhythmias, angina, hy-
pertension, acute myocardial infarct

c. Loading dose: 0.5–1.0 mg bolus IV
d. Dose interval/infusion: Repeat bolus every 5 min to effect
e. Comments: Bradycardia, hypotension, bronchospasm

Protamine

a. Action: Heparin antagonist (complexes with heparin)
b. Indications: Reverse the effects of heparin
c. Loading dose: 1 mg/90 IU bovine heparin; 1 mg/115 IU

porcine heparin over 1–3 min
d. Dose interval/infusion: Titrate to aPTT
e. Comments: Maximum dose of 50 mg in any 10-min period;

observe for bleeding after large dosages; hypotension

Rocuronium

a. Action: Nondepolarizing neuromuscular blocker; minimal
H 2 release; minimal to moderate vagal blockade

b. Indications: Intermediate-acting neuromuscular blockade
c. Loading dose: 0.4–1.2 mg/kg intubating dose
d. Dose interval/infusion: 10–12 µ g/kg/min continuous infu-

sion
e. Comments: Titrate to effect in ICU patients (monitor with

train-of-four testing); 1–3 min onset of action; 22–67 min
duration of action; recovery in 10–20 min

Succinylcholine

a. Action: Depolarizing neuromuscular blocker; no H 2 release,
some vagal stimulation

b. Indications: Rapid onset of paralysis; short-acting neuro-
muscular blockade

c. Loading dose: 0.3–1.5 mg/kg
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d. Dose interval/infusion: Continuous infusion of 7.1–142 µ g/
kg/min

e. Comments: Onset in 0.5–5 min with duration of action of 2–
3 min and recovery within 10 min; hyperkalemia; prolonged
blockade in patients with atypical pseudocholinesterase; in-
creased intracranial pressure (ICP)

Sufentanil

a. Action: Potent opiate receptor ligand; produces decreases in
heart rate, blood pressure, and cardiac index; respiratory
depressant; may increase ICP in patients with compromised
intracranial compliance; may produce skeletal muscle rigid-
ity

b. Indications: Opioid analgesia
c. Loading dose: 1–30 µ g/kg, depending on other anesthetic

agents used
d. Dose interval/infusion: As needed, no infusion
e. Comments: Five to ten times as potent as fentanyl with a

shorter duration of action; muscle rigidity

Thiopental

a. Action: Barbiturate with hypnotic and anesthetic properties
b. Indications: General anesthesia, seizures, increased ICP
c. Loading dose: 3–5 mg/kg for induction of anesthesia; 75–

125 mg for treatment of seizures
d. Dose interval/infusion: Additional doses as clinically indi-

cated; no continuous infusion
e. Comments: Observe clinically and use blood levels as nec-

essary; respiratory depression

Thrombolytics (streptokinase, urokinase, tissue plasminogen
activator)

a. Action: Plasminogen activators; plasmin produced; plas-
min degrades fibrinogen and fibrin, dissolving pre-existing
thrombi

b. Indications: Pulmonary embolism, acute myocardial infarc-
tion, venous thrombosis, graft thrombosis, catheter occlu-
sion

c. Loading dose: Varies, depending on agent used and clinical
condition

d. Dose interval/infusion: Variable

e. Comments: Bleeding (about 5% of patients); absolute con-
traindications include active hemorrhage, recent (2 mo) neu-
rologic injury/surgery/tumor

Vasopressin

a. Action: Decreases hepatic blood flow and portal pressure;
increased clotting; decreased free water excretion; increases
gut motility

b. Indications: Central (neurogenic) DI; bleeding esophageal
varices, septic shock, and cardiopulmonary resuscitation

c. Loading dose: Central DI–aqueous vasopressin 5–10 IU
IM/SQ

d. Dose interval/infusion: Central DI—two to four times daily
dosing (follow polyuria and serum sodium); GI bleeding—
aqueous vasopressin 0.2–1.0 U/min IV

e. Comments: CNS disturbances, hypertension, angina, hypo-
natremia; metabolic acidosis

Vecuronium

a. Action: Nondepolarizing neuromuscular blocker; no H 2 re-
lease; no vagal activity or tachycardia

b. Indications: Intermediate-acting neuromuscular blockade
c. Loading dose: 0.08 mg/kg intubating dose
d. Dose interval/infusion: 1–2 µ g/kg/min continuous infusion
e. Comments: Titrate to effect in ICU patients (monitor with

train-of-four testing); onset within 2.5–4.5 min; 35–45 min
duration; recovery within 45–60 min; renal and hepatic ex-
cretion

Verapamil

a. Action: Antiarrhythmic; calcium channel blockade
b. Indications: Treatment of angina, hypertension, hyper-

trophic cardiomyopathy, and supraventricular tachyarrhy-
thmias (SVTs) (slows ventricular response in atrial fibrilla-
tion or flutter and may convert SVT to sinus rhythm)

c. Loading dose: 0.075–0.15 mg/kg (5–10 mg) IV over 2–3
min; may repeat bolus in 10 min

d. Dose interval/infusion: Continuous infusion of 5 mg/h
titrated to effect

e. Comments: May produce hypotension: Bradycardia and AV
block in patients treated with concomitant β -blockers
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APPENDIX G: DERMATOMES
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9% 9% FIGURE G.2. BURNS: To estimate the extent of burn, the rule of nines
for body surface area (BSA) is commonly used: Children: arms 9 percent
each; legs 9 percent each; head 13 percent; trunk 18 percent anterior,
18 percent posterior; genitalia 1 percent. Lund and Browder chart for
estimation of burn extent. (From Artz CP and Yarbrough DR III. Burns:
including cold, chemical, and electric injuries. In: Sabiston CC Jr, editor:
Tex tbook of Surgery: the biological basis of modern surgical practice,
Ed 11, WB Saunders: Philadelphia, 1977. (With permission)
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APPENDIX H: ORGAN INJURY SCALING, TRAUMA SCORING SYSTEMS

TRAUMA SCORING SYSTEMS

TA BLE H . 1

ABBREVIATED INJURY SCORE (AIS)

Score Injurya

1 Minor
2 Moderate
3 Serious
4 Severe
5 Critical
6 Unsurvivable

aInjuries are ranked on a scale of 1 to 6, with 1 being minor, 5 severe,
and 6 an unsurvivable injury. This represents the “ threat to life”
associated with an injury and is not meant to represent a
comprehensive measure of severity.
From Copes WS, Sacco WJ, Champion HR, et al. Progress in
characterizing anatomic injury. In Proceedings of the 33rd Annual
Meeting of the Association for the Advancement of Automotive
Medicine, Baltimore, with permission.

TA BLE H . 2

GLASGOW COMA SCORE (GCS)a

Scoreb Best eye response (E)
1 No eye opening
2 Eye opening to pain
3 Eye opening to verbal command
4 Eyes open spontaneously
Scoreb Best Verbal Response (V)
1 No verbal response
2 Incomprehensible sounds
3 Inappropriate words
4 Confused
5 Orientated
Scoreb Best Motor Response (M)
1 No motor response
2 Extension to pain
3 Flexion to pain
4 Withdrawal from pain
5 Localizing pain
6 Obeys commands

aNote that the phrase “GCS of 11” is essentially meaningless, and it is
important to break the figure down into its components, such as
E3V3M5 = GCS 11.
bA coma score of 13 or higher correlates with a mild brain injury,
9–12 is a moderate injury, and 8 or less a severe brain injury.
From Teasdale G, Jennett B. Assessment of coma and impaired
consciousness. Lancet. 1974;ii:81–83, with permission.

TA BLE H . 3

REVISED TRAUMA SCORE (RTS)a

Glasgow coma Systolic blood Respiratory Coded
score (GCS)b pressure (SBP) rate (RR) value

13–15 > 89 10–29 4
9–12 76–89 > 29 3
6–8 50–75 6–9 2
4–5 1–49 1–5 1
3 0 0 0

aThe coded form of the RTS is calculated as follows: RTS = 0.9368
GCS + 0.7326 SBP + 0.2908 RR. Values for the RTS are in the range
0 to 7.8408. The RTS is heavily weighted toward the GCS to
compensate for major head injury without multisystem injury or
major physiologic changes. A threshold of RTS < 4 has been proposed
to identify those patients who should be treated in a trauma center,
although this value may be somewhat low.
From Champion HR, Sacco JW, Copes WS. A revision of the trauma
score. J Trauma. 1989;29:623–629, with permission.

TA BLE H . 4

INJURY SEVERITY SCORE (ISS)a

Abbreviated Square
Injury injury top

Region description score (AISb) three

Head and
neck

Cerebral contusion 3 9

Face No injury 0
Chest Flail chest 4 16
Abdomen Minor contusion

of liver
2 25

Complex rupture
of spleen

5

Extremity Fractured femur 3
External No injury 0

Injury severity score: 50

aThe ISS takes values from 0 to 75. If an injury is assigned an AISb of
6 (unsurvivable injury), the ISS is automatically assigned to 75. The
ISS is virtually the only anatomic scoring system in use and correlates
linearly with mortality, morbidity, hospital stay, and other measures of
severity.
From Baker SP, O’Neill B, Haddon W, et al. The injury severity score:
a method for describing patients with multiple injuries and evaluating
emergency care. J Trauma. 1974;14:187–196.
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APPENDIX I: SEDATION SCORES

TA BLE I. 1

RAMSAY SCALE

Level Characteristicsa

1 Patient awake, anxious, agitated, or restless
2 Patient awake, cooperative, orientated, and tranquil
3 Patient drowsy, with response to commands
4 Patient asleep, brisk response to glabella tap or loud

auditory
5 Patient asleep, sluggish response to stimulus
6 Patient has no response to firm nailbed pressure or

other noxious stimuli

From Ramsay MAE, Savege TM, Simpson BRJ, et al. Controlled
sedation with alphaxolone/alphadolone. BMJ. 1974;ii:656–659, with
permission.

TA BLE I. 2

RICHMOND AGITATION-SEDATION SCALE (RASS)

Score Term Description

+ 4 Combative Overtly combative or violent; immediate danger to staff
+ 3 Very agitated Pulls on or removes tube(s) or catheter(s) or has aggressive

behavior toward staff
+ 2 Agitated Frequent nonpurposeful movement or patient–ventilator

dyssynchrony
+ 1 Restless Anxious or apprehensive but movements not aggressive or

vigorous
0 Alert and calm

–1 Drowsy Not fully alert, but has sustained (> 10 seconds) awakening,
with eye contact, to voice

–2 Light sedation Briefly (< 10 seconds) awakens with eye contact to voice
–3 Moderate sedation Any movement (but no eye contact) to voice
–4 Deep sedation No response to voice, but any movement to physical

stimulation
–5 Unarousable No response to voice or physical stimulation

From Sessler CN, Gosnell MS, Grap MJ, et al. The Richmond agitation-sedation scale: validity and
reliability in adult intensive care unit patients. Am J Respir Crit Care Med. 2002;166:1338–1344, with
permission.
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2682 Appendices

TA BLE J . 3

SEQUENTIAL ORGAN FAILURE ASSESSMENT (SOFA) SCORE

Score

Organ system Score 0 Score 1 Score 2 Score 3 Score 4

Respiration Lowest PaO2/FiO 2 (mm Hg) > 400 ≤ 400 ≤ 300 ≤ 200 ≤ 100
or (Kpa) > 53.33 40–53.33 26.67–40 13.33–26.67 and ≤ 13.33 and

Respiratory support (yes/no) yes yes
Coagulation Lowest platelet (103/mm3) > 150 ≤ 150 ≤ 100 ≤ 50 ≤ 20
Hepatic Highest bilirubin (mg/dL) < 1.2 1.2–1.9 2.0–5.9 6.0–11.9 ≥ 12

or (µ mol/L) < 20 20–32 33–101 102–204 > 204
Circulatory Lowest mean arterial

pressure (mmHg)
> 70 < 70

Highest dopamine dose
(µ g/kg/min)

≤ 5 > 5 > 15

Highest epinephrine dose
(µ g/kg/min)

≤ 0.1 > 0.1

Highest norepinephrine dose
(µ g/kg/min)

≤ 0.1 > 0.1

Dobutamine (yes/no) Any dosea

Neurologic (GCS, see Table H-2) 15 13–14 10–12 6–9 < 6
Renal Highest creatinine level (mg/dL) < 1.2 1.2–1.9 2.0–3.4 3.0–4.9 ≥ 5.0

or (µ mol/L) < 110 110–170 171–299 300–440 > 440
Total urine output (mL/24 h) < 500 < 200

GCS, Glasgow Coma Score.
SOFA total ( 6 items). The SOFA score assesses the function of 6 different organ systems: respiratory (partial arterial oxygen pressure (PaO 2)/fraction
of inspired oxygen [FiO2 ]), cardiovascular (blood pressure, vasoactive drugs), renal (creatine and diuresis), hepatic (bilirubin), neurological (Glasgow
Coma Score), and hematological (platelet count).
From Vincent JL, Moreno R, Takala J, et al. The SOFA (Sepsis-related Organ Failure Assessment) score to describe organ dysfunction/failure. On behalf
of the Working Group on sepsis-related problems of the European Society of Intensive Care Medicine. Intensive Care Med. 1996;22:707–710, with
permission.

TA BLE J . 4

MULTIPLE ORGAN DYSFUNCTION SCORE (MODS)

Points

Variables 0 1 2 3 4

PaO2/FiO 2 < 300 226–300 151–225 76–150 ≤ 75
Creatinine serum ≤ 100 101–200 201–350 351–500 ≥ 500
Bilirubin ≤ 20 21–60 61–120 121–240 > 240
Heart rate ≤ 10 10.1–15 15.1–20 20.1–30 > 30
Platelet count > 120 81–120 51–80 21–50 ≤ 20
Glasgow coma score 15 13–14 10–12 7–9 ≤ 6

From Marshall JC, Cook DJ, Christou NV, et al. Multiple organ dysfunction score: a reliable descriptor of a
complex clinical outcome. Crit Care Med. 1995;23:1638–1652, with permission.
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■ I N D E X

Page numbers followed by f and t denote figure and table, respectively.

AAA. See Abdominal aortic aneurysm
AAAs. See Ammonia-forming amino acids
AAST. See American Association for the Surgery of

Trauma
AAV. See Adeno-associated virus
Abacavir (Ziagen), 1743t, 1748t

hypersensitivity reactions with, 1742
Abacavir-lamivudine (Epzicom), 1744t
Abbreviated injury score (AIS), 2678t
Abciximab (ReoPro), 741, 1789–1791, 1790t

for cardiogenic shock, 844
for STEMI, 1801f

ABCs. See Airway, breathing, circulation
Abdomen

abscess of, 1677
acute, 1158–1167

in pregnancy, 1468–1477
open, 1165, 1172–1174

management options for, 1174t
pain in

with cirrhosis, 2312–2313
differential diagnosis for, 2313t

CT for, 1160–1161
imaging with, 1160
with MI, 1159
with pericarditis, 1159
syncope with, 1159
ultrasonography for, 1160

sepsis and, 734–735
surgery of

NIPPV and, 1953
pleural effusion and, 2173

trauma to, 1140–1156
geriatrics and, 1514–1515
ICU and, 1140–1143
resuscitation for, 1143–1144

vascular injuries to, 1151–1152
wounds to, 1152

Abdominal aorta, imaging of, 485f–486f
Abdominal aortic aneurysm (AAA), 895, 906, 908

mortality with, 1241
Abdominal compartment syndrome (ACS), 735,

1119–1121, 1123t, 1165, 1172–1175
complications with, 1121
grading system for, 1153t
nonsurgical management of, 1121t
postoperative management of, 1153–1155

Abdominal paracentesis, drainage procedures for,
461–462, 462f

Abdominal paradox, 210f
Abdominal pressure monitoring

complications with, 450–451, 451f
indications for, 450
techniques for, 450–451, 451f

Abelcet. See Amphotericin B
ABG. See Arterial blood gas
ABI. See Ankle-brachial index
Abiomed. See Impella
ABO blood types

discovery of, 2523
SCT and, 1413t
transfusion and, 2527

ABPA. See Allergic bronchopulmonary aspergillosis
Abscess. See also Brain; Lung; Specific abscess

of abdomen, 1677
drainage of

equipment for, 456, 456f
evaluation for, 455

image guidance for, 455–456
patient preparation for, 456
postplacement catheter care for, 458
solid organ, 458, 459f
special considerations for, 458–462, 459f–462f
techniques for, 456–457, 457f–458f

epidural, 1622–1624
intra-abdominal, 1163
liver, 1580
mesenteric, 457, 458f
parapharyngeal space, 1637–1638
perinephric, 1303–1304
perirectal, 807
peritonsillar, 1633
renal, 1303–1304
retropharyngeal space, 1637
septal, 1629

Abscess-fistula drainage, 458
Abstract, for medical literature, 107
Abuse, informed consent in, 52
AC. See Pulsation amplitude
A/C. See Assist/controlled ventilation
ACA. See Anterior cerebral artery
Acalculous cholecystitis, 807, 1162

bilirubin and, 1162
fever and, 1559

Accidental extubation, 546–547
Accountable health partnerships (AHP), 13
ACD. See Active compression-decompression
ACE. See Acute Care for Elders
ACE-I. See Angiotensin-converting enzyme

inhibitor
Acetaminophen (APAP), 1268, 2304t

ALF from, 2303, 2305
toxicity from, 989–991

Acetylcholine, toxicity with, 1000–1002
Acetylcholinesterase (AChE), 1000
Acetyl-CoA, 764
Achalasia, 2354–2355
AChE. See Acetylcholinesterase
Acid-base

disorders of, causes of, 2665–2666
physiology of

balance of, 631
compensation mechanisms in, 636, 637f, 638
concepts of, 631
disorders of

compensation for, 639t
in critically ill patient, 638f
determination of, 638–639, 638f
mixed, 647–648
respiratory, 645–647, 645t

homeostasis of, 632f
quantification of, newer models of, 635–638,

637f–638f
Stewart approach to, 635–636
volatile acidity in, 636

Acid-fast bacillus (AFB), 1611
Acidosis, 793. See also Ketoacidosis; Lactic

acidosis; Metabolic acidosis; Respiratory
acidosis

anion gap, 639–641, 639t
blood volume measurement in, 292
coagulation and, 747
mixed syndromes with, 647–648
pCO 2 and, 197
renal tubular, 641
respiratory muscle weakness and, 1995, 2001

resuscitation and, 908–914
SCD and, 2566

ACLS. See Advanced cardiac life support
Aconitine, toxicity with, 1009
Acquired immunodeficiency syndrome (AIDS), 757,

1162, 1719t
CAP and, 1653
diarrhea and, 1676
IPA and, 1702t
platelets and, 2517
respiratory muscle weakness and, 1995
skin disorders with, 2493

Acridine orange cytospin, 1643
Acromegaly, respiratory muscle weakness and,

1995
ACS. See Abdominal compartment syndrome;

Acute coronary syndrome
ACT. See Activated clotting time
ACTH. See Adrenocorticotropic hormone
Acticoat, 1321
Actin, 1817–1818, 1997f
Actinomycosis, 1637
Action potential (AP), 687–688, 687f, 689f
Activated clotting time (ACT), 746

ECLS and, 2082
Activated protein C, 1655
Activated prothrombin time (aPTT), 743, 745,

745f, 907, 1433, 2404, 2570
Active compression-decompression CPR (ACD),

704
Active failures, 113
Active fixation lead, with screw helix, 433f
Activity front, 2356
Acute abdomen, 1158–1167

in pregnancy, 1468–1477
Prerenal renal failure, 2382

Acute aortic syndrome, 1772–1773
predisposing factors to, 1772t

Acute Care for Elders (ACE), 1523
Acute chest syndrome, 2566
Acute cholecystitis, 1578–1579
Acute confusional state, 2206
Acute coronary occlusion, pressure-volume loop

with, 695f
Acute coronary syndrome (ACS), 1776–1779.

See also Non-ST-elevation acute coronary
syndrome

biochemical markers for, 1784t
BNP and, 1785
cardiogenic shock with, 1807
CHF with, 1807
drugs for, 1778–1779, 1786
echocardiography for, 262
geriatrics and, 1507–1508
HF with, 1811f
hypertension and, 1896
LMWH for, 2545
management algorithm for, 1777f
MI and, 1793f
mortality from, 1784f
pain management for, 1786
poor outcome risk indicators in, 1786t
predisposing factors to, 1772t
risk stratification for, 1776–1777

Acute decompensated heart failure (ADHF), 1826,
1833–1834

Acute Decompensated Heart Failure Registry
(ADHERE), 1828
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Acute Dialysis Quality Initiative (ADQI), 2396
Acute endotracheal tube obstruction, following

intubation, 543, 544f
Acute fatty liver of pregnancy (AFLP), 1446, 1466

ALF and, 2303
Acute gallstone pancreatitis, 733t
Acute generalized pustular psoriasis, 2484
Acute hemorrhagic rectal ulcer (AHRU), 2297
Acute hepatobiliary disease, 1162
Acute hydrocephalus, 1275
Acute Infarction Ramipril Efficacy (AIRE), 844
Acute inflammatory demyelinating

polyradiculoneuropathy (AIDP), 2233
Acute intestinal pseudo-obstruction, 2359–2360
Acute ischemic pathway, 1787f
Acute liver failure (ALF), 2303–2311

from acetaminophen, 2305
AFLP and, 2303
ALI and, 2310
analgesia for, 2308
antibiotics for, 2311
ARDS and, 2310
ARF and, 2310
BCS and, 2303
causes of, 2304t
cerebral edema and, 2306t
coagulation and, 2311
complications with, 2304–2311
CT for, 2307, 2308f
drugs for, 2307–2310
etiology of, 2303–2304
evaluation of, 2304t
HBV and, 2303
HCV and, 2304
hypoglycemia with, 2311
hypotension with, 2310
hypothermia and, 2310
infections with, 2310–2311
initial testing for, 2303–2304
liver transplantation for, 2311
metabolism and, 2311
NAC for, 2305
neurologic system and, 2305–2310
OLT for, 2305t, 2311
prevalence of, 2303–2304, 2304t
prognosis assessment for, 2304, 2305t
sepsis with, 2311
shock liver and, 2303
SIRS and, 2310
Wilson disease and, 2303

Acute lung injury (ALI), 791, 869, 1901,
2061–2078

ALF and, 2310
cognitive impairments and, 2249
drowning and, 2091
FES and, 1287
with fractures, 1281
with lung transplantation, 1984f
pathophysiology of, 2063–2065

Acute lung injury/acute respiratory distress
syndrome (ALI/ARDS), 1962

NO for, 2075–2076
PCV for, 1981, 2071
P-V in, 1986–1987
sepsis and, 2062
VCV for, 1978–1980

Acute lymphoblastic leukemia (ALL), 1423
acute tumor lysis syndrome and, 2579

Acute mesenteric ischemia (AMI), 731–732, 734f,
1165–1166, 2373–2377

antibiotics for, 1166
arteriography for, 2374
clinical presentation of, 2373–2374
diagnosis of, 2373–2374
evaluation algorithm for, 2378f
laparoscopy for, 2374
outcomes for, 2375
pathophysiology of, 2373
in situ thrombosis with, 2375
treatment for, 2374–2375

Acute mitral insufficiency, 839–840
Enterococcus spp. and, 839
IABP and, 1840

Acute motor axonal neuropathy (AMAN), 2233

Acute motor sensory axonal neuropathy
(AMSAN), 2233

Acute myocardial infarction. See Myocardial
infarction

Acute otitis externa (AOE), 1626
Acute otitis media (AOM), 1627–1628
Acute pancreatitis. See Pancreatitis
Acute papillary necrosis, 1303, 1306
Acute phase reaction, 818–819

proteins for, 819t
Acute Physiology and Chronic Health Evaluation

(APACHE), 468, 576–577, 796, 881,
1655, 1734, 2680t

cognitive impairments and, 2247
HF and, 1828

Acute prostatitis, 1304
Acute quadriplegic myopathy, 2131
Acute rejection, 1352
Acute renal failure (ARF), 721, 1074–1076,

2381–2391. See also Hepatorenal
syndrome

acute tumor lysis syndrome and, 2580
ALF and, 2310
arrhythmias with, 2395
ATN and, 806
autoregulation and, 724
AVMs and, 2281
bleeding and, 1134–1135
BUN and, 2390
in cardiovascular surgery patients, 1213
with cirrhosis, 2313
classification of, 1074t, 1075, 2381
definition of, 2381, 2396
diagnosis of, 2388–2389, 2389f
DKA and, 2430t
drug dosage in, 1670t–1671t
epidemiology of, 2381–2382
fluid resuscitation for, 2386–2387
HCV and, 1740
HHS and, 2430t
HIV and, 1739
hypercalcemia and, 2576
hyperkalemia and, 2390
in ICU, 2393

from drugs, 2383t
IHD for, 2402
liver surgery and, 1185
management of, 2390
metabolic acidosis and, 2390
from nephrotoxins, 2384
NIPPV for, 1953
nonanion gap metabolic acidosis from, 641
nutrition for, 976, 2390
outcome of, 725, 725f
pancreatitis and, 2327
pathophysiology of, 723–725
predictors of, 722t
in pregnancy, 1445–1446
preoperative evaluation of, 1075–1076
prevention of, 1076, 2386–2388
prognosis for, 2390–2391
pulmonary edema with, 2395
push enteroscopy for, 2286
RBF and, 724
with rhabdomyolysis, 2384
RRT for, 2393, 2402
with SCT, 1417
sepsis and, 869, 2385
septic shock and, 869, 2393
with surgery, 2385–2386
types of, 2382
urologic causes of, 1305–1306
ventilation and, 2386

Acute respiratory distress syndrome (ARDS), 791,
799, 801, 869, 2061–2078. See also Acute
lung injury/acute respiratory distress
syndrome

ALF and, 2310
anesthesia for, 1095
anxiety and, 2251
aspiration and, 2096
associated conditions with, 2063t
atelectasis and, 1909
BPF and, 2181

bronchodilators for, 2067
CIM and, 2238
clinical presentation of, 2065–2067
cognitive impairments and, 2246
complications with, 2077t
CPR and, 713
cytokines and, 2078
DCO and, 1283–1284
death from, 2063
DKA and, 2435
drowning and, 2091
extrapulmonary, 2063
FES and, 1287
fluids and, 2067
fractures and, 2164
heat stroke and, 1330
hemodynamic monitoring for, 2068, 2068t
HFO for, 2037t, 2072–2073
HFV for, 2072–2073
HHS and, 2437
histopathologic changes with, 2064t
ICAM-1 and, 2065t
IGF-1 and, 2065t
IL and, 2064, 2065t
inflammatory mediators of, 2065t
MODS and, 794, 2030, 2063
neutropenia and, 2567
NIPPV for, 1949, 2069
NIV for, 1951f
outcomes for, 2063
PAF and, 2065t
pathophysiology of, 2063–2065
PEEP for, 806, 1909
pleural effusion and, 2173
prone positioning for, 2072
pulmonary, 2062
QOL with, 2063
risk factors for, 2062t
ROS and, 2065t
sepsis and, 2063
steroids for, 2067–2068
synonyms for, 2062t
VT with, 1193
tension pneumothorax with, 2180–2181
TGF and, 2065t
TNF and, 2064, 2065t
treatment of, 2067–2076
VEGF and, 2065t
ventilation for, 1909, 2069–2072
VO2 and, 797
V̇/ Q̇ and, 232–233

Acute respiratory failure
in COPD, 2133–2140
with HIV, 1732
NIPPV for, 1947–1951
in RA, 2468
twitch pressure in, 1995f

Acute reversible hypoxemia, 2476–2477
Acute scrotum, 1292
Acute skin failure, 2481
Acute spinal cord injury (ASCI), 1253–1256

DVT with, 1255
pharmacology for, 1254
pneumonia and, 1254
prognosis for, 1255–1256
pulmonary embolism and, 1254
septicemia and, 1254

Acute subtentorial mass, management of, 2211t
Acute traumatic coagulopathy, 910
Acute tubular necrosis (ATN), 869, 1417, 2313

ARF and, 806
drowning and, 2094
with kidney transplantation, 1398
in pregnancy, 1445

Acute tumor lysis syndrome (ATLS), 2579–2581
ALL and, 2579
ARF and, 2580
chemotherapy for, 2583
classification of, 2580
dialysis for, 2581
electrolytes and, 2581
hyperphosphatemia with, 2579
NSCLC and, 2582
pathophysiology of, 2579–2580
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prevention of, 2580
radiation therapy for, 2583
thrombolytics for, 2583
treatment of, 2580–2581

Acyclovir, 1707t
ARF and, 2383t, 2670t

AD. See Autonomic dysreflexia
Adalimumab (Humira), 1723
Adam’s apple, 521f
ADAMTS13, 2571
Adaptive support ventilation (ASV), 1969
ADCC. See Antibody dependent cellular

cytotoxicity
Addison disease, 2445
Adefovir, 1708t
Adeno-associated virus (AAV), 780
Adenocarcinoma, 2278
Adenohypophysis, 2411
Adenoma, 2455
Adenosine, 1224t, 2671

for tachycardia, 1870
Adenosine diphosphate (ADP), 200, 692, 942,

2147
clopidogrel and, 2541
oxygen and, 2050

Adenosine monophosphate (AMP), 848, 942
myocardial contraction and, 1818

Adenosine triphosphate (ATP), 200, 687, 692,
692f, 942, 1826t

diaphragmatic fatigue and, 208
hemorrhagic shock and, 897
mitochondria and, 1740
MODS and, 797
oxygen and, 2050
septic shock and, 867

Adenoviruses, 779–780
Adequacy Calculator, 2400
ADH. See Alcohol dehydrogenase; Antidiuretic

hormone
ADHERE. See Acute Decompensated Heart Failure

Registry
Adhesiogenesis, barriers to, 1169
Adhesions, Hartman pouch and, 1169
Adjunctive therapy, for Pneumocystis pneumonia,

1736t
Adjustments of standards, 47
ADMA. See Asymmetric dimethylarginine
Admission, to critical care medicine, 77
Adnexal surgery, 1473
Adolescence, ICU during, 35–36
ADP. See Adenosine diphosphate
ADQI. See Acute Dialysis Quality Initiative
Adrenal cortex, 2411
Adrenal gland, 2441–2447. See also

Hypothalamic-pituitary-adrenal axis
physiology of, 2441–2443

Adrenal hormones, 2442–2443
regulation of, 2442–2443

Adrenal incidentaloma, 2450
Adrenal insufficiency, 925

clinical findings in, 2442t
corticosteroids for, 794
diagnosis of, 2441

algorithm for, 2421f
hypercalcemia and, 2576
pituitary and, 870–871
steroids for, 932

Adrenal medulla hormones, 2420–2421
Adrenalectomy, pheochromocytoma and, 2451
Adrenaline, 2411, 2442
β -adrenergic antagonists

for STEMI, 1800
thyroid and, 2461
toxicity with, 997–998

β -adrenergic blockers, for acute coronary
syndrome, 1786

β -adrenergic receptor antagonists, 1831–1832
Adrenocorticotropic hormone (ACTH), 789, 870,

1316, 2411, 2415t
cardiovascular system and, 2422
cortisol and, 2441
CRH and, 2412
cytokines and, 2414
for fulminant colitis, 2338

sepsis and, 871
septic shock and, 871, 883

ADRs. See Adverse drug reactions
Adsorption, 2397
Adult-onset acid maltase deficiency, 2227
Adults, incapacitated, substituted judgement for,

61–62
Advanced cardiac life support (ACLS), 1509

pregnancy and, 1461
Advanced care, planning of, 18–19, 19t
Advanced directives, failure of, 19t
Advanced life support (ALS), 705–710, 1105

electrical therapy for, 705–707
Advanced Trauma Life Support (ATLS), 1243,

1248
Adverse drug reactions (ADRs), 954–956, 2491t
Advice, signing out against, 49–50, 50t
AED. See Automated external defibrillator
AEDs. See Antiepileptic drugs
AF. See Atrial fibrillation
AFB. See Acid-fast bacillus
AFE. See Amniotic fluid embolism
Afferent input, for thermoregulation, 273–274
AFLP. See Acute fatty liver of pregnancy
AFS. See Allergic fungal sinusitis
Afterload, 1230

of LV, 1904, 1934
ventricular, 1208–1210

Agammaglobulinemia, 1719t
AGE. See Arterial gas embolism
Agency for Healthcare Research and Quality

(AHRQ), 123–124
Aggrastat. See Tirofiban
Aggregation tests, for platelets, 741
Aging. See also Geriatrics

sepsis and, 857
shivering threshold and, 277f

Agitation, 961–962
drugs for, 2260
ventilation and, 2004

α-agonists, 2353t
β2 -agonists

for asthma, 2120–2123, 2122t
for COPD, 2135

AHF. See Antihemophilic factor
AHP. See Accountable health partnerships
AHRG, 123–124
AHRU. See Acute hemorrhagic rectal ulcer
AICD. See Automatic implantable cardiac

defibrillator
AIDP. See Acute inflammatory demyelinating

polyradiculoneuropathy
AIDS. See Acquired immunodeficiency syndrome
AIH. See Autoimmune hepatitis
AIHA. See Autoimmune hemolytic anemia
Air bubbles, in infraclavicular technique, 418f
Air embolism

intracranial pressure after, 562f
in vein cannulation, 423

Air leaks, 1977, 1978f
Air medical transport (AMT)

benefits of, 152–153, 152t
of critically ill patients, 151–152
drawbacks of, 152–153, 152t
intrahospital, in Germany, 152t
top ten patient categories of, in US, 152t

Airborne infections, precautions for, 135–136
AIRE. See Acute Infarction Ramipril Efficacy
Air-entrainment masks, 2046–2047, 2047t
Air-oxygen blenders, 2048
Air space

bilateral, opacification, pulmonary edema with,
359f

in ICU, 355–356, 356f–359f
Airtraq laryngoscope, 536f
Airway, 700, 705

accessing, 527–534, 528f–530f, 532f–534f
asleep/sedated techniques for, 530
complications with, 541–548, 542t,

543f–544f, 545t
equipment for, 529f
patient preparation for, 528–529

algorithm for, 1083f
anesthesia and, 1082

cervical spine and, 1106
complications with, hypoxemia and, 542, 542t
difficult

ASA guidelines for, 538–540, 539f–540f
extubation of

decision plan for, 550, 550t–551t
in ICU, 548–549, 549t

facial trauma and, 1308
follow-up care of, 552
hemoptysis and, 2191
hemorrhagic shock and, 902–903
indirect visualization of, 535–536, 536f
injury to, 543
intracranial pressure and, 2199
intubation of, 520t
laryngeal mask, for difficult intubation, 530f
lung transplantation and, 1365
management of

accessing, equipment for, 524–527, 525f–527f
anatomical considerations for

in adult, 520–522, 521f
pediatric, 522

concerns with, 519
emergency, of critically ill patient, 541t
equipment for, 520f
hyperdynamic response to, 545
medications for, 522–524
principles of, 519–520

obesity and, 1495–1496
obstruction of, 2013–2014

with cancer, 2583–2584
central, 516
fixed, 2111t
heliox for, 2583
postextubation distress and, 2018–2020
pulmonary edema and, 2014f
RA and, 2465–2466
thyroid and, 2461–2462
tracheostomy for, 2583

RA and, 2469
risk assessment in, direct inspection for, 550
thoracic surgery and, 1198
trauma and, 1105–1106

Airway, breathing, circulation (ABCs)
facial trauma and, 1307
for LGIB, 2279
pregnancy and, 1469t

Airway exchange catheter
extubation, 550t–551t
strategies for, 551–552

Airway fire, 2059
Airway occlusion pressure, 2009
Airway pressure release ventilation (APRV), 1930,

1965–1966, 1966f, 2072
Airway resistance, 672, 1056

measurement of, 1921f, 1921t
AIS. See Abbreviated injury score
AIT. See Amiodarone-induced thyrotoxicosis
Alanine aminotransferase (ALT), 1446
Albumin, 822–823, 945, 974, 1179

for HRS, 2315
for pancreatitis diagnosis, 2325

Albumin pressure, 284, 284f
Albuminuria, 2094
Alcohol, 1719t

abuse of, 1015–1018
aspiration and, 2097, 2102
DKA and, 2430t
HHS and, 2430t
pancreatitis and, 1159
sepsis and, 791
thrombocytopenia and, 2571
toxicity with, 998–1000, 1015–1016, 1016t
withdrawal from, 1016–1018

fever and, 1558–1559
seizures and, 1017–1018
stages of, 1017t

Alcohol dehydrogenase (ADH), 998
Aldactone, 1832
Aldehyde dehydrogenase (ALDH), 998
ALDH. See Aldehyde dehydrogenase
Aldosterone, 723, 1316, 2416t, 2442

LV and, 1822
Aldosterone antagonists, 1806
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Aldosterone blockade, 844
Aldosterone receptor antagonists, 1832
Alemtuzumab (Campath-1H), 1400–1401, 1411,

1424, 1723t, 2591
for AIHA, 2564

Alendronate, 2282
ALF. See Acute liver failure
Alfentanil, 587, 2671
ALG. See Anti-lymphocyte globulin;

Antilymphocyte/thymocyte globulin
ALI. See Acute lung injury
ALI/ARDS. See Acute lung injury/acute respiratory

distress syndrome
Alkaline phosphatase, 1160
Alkalosis. See also Metabolic alkalosis; Respiratory

alkalosis
mixed syndromes in, 647–648
respiratory muscle weakness and, 2001

ALL. See Acute lymphoblastic leukemia
Allergens, 749
Allergic bronchopulmonary aspergillosis (ABPA),

1701t
Allergic fungal sinusitis (AFS), 1631
Allergy, immunology and, 749–760
AlloDerm, 1175
Alloimmunization, 913
Allopurinol, 945, 1068

complications with, 2471t
for hyperuricemia, 2580–2581

All-trans-retinoic acid (ATRA), 2591, 2593
Alprenolol, esophageal injury from, 2350t
ALS. See Advanced life support; Amyotrophic

lateral sclerosis
ALT. See Alanine aminotransferase
Alteplase. See Tissue plasminogen activator
Alveolar carbon dioxide tension (PACO 2 ), 224
Alveolar cellular morphology

macrophage, 669–670
type I epithelium, 669
type II epithelium, 669

Alveolar gas equation, 676
Alveolar hemorrhage, causes of, 2189t
Alveolar opacification, in ICU, 355–356, 356f
Alveolar ventilation (VA), 1085
Alveolar-arterial oxygen tension difference, 676
Alveolar-to-central mixed anesthetic partial

pressure gradient, 1085
Alveoli

numbers of, 667
walls of, 667, 669

Alzheimer disease, oropharyngeal dysphagia and,
2352

AMAN. See Acute motor axonal neuropathy
Amantadine, 1706, 1708t

ARF and, 2670t
for influenza, 2637
for TBI, 2260

AmBisome. See Amphotericin B
Ambulance, ground transport using, 150–151
American Association for the Surgery of Trauma

(AAST), 1144
solid organ injury grading scales of, 1145t

American College of Cardiology/American Heart
Association, classification of, for
temporary cardiac pacing, 430t

American Society of Anesthesiologists (ASA),
83

ICU classification by, 576–577, 577t–578t
mortality rates by, for status V category surgical

patient, 604f
practice guidelines for

for airway management, 538
difficult, 538–540, 539f–540f

for difficult extubation, 550
AMI. See Acute mesenteric ischemia
Amikacin, 2701t

for N ocardia spp., 1723
γ -Aminobutyric acid (GABA), 1016

benzodiazepines and, 2220–2221
Aminocaproic acid, 2290
Aminoglycosides, 1494, 1663, 2701t

ARF and, 2670t
ARF from, 2383t
for tularemia, 1756

Aminophylline, 1494, 2671–2672
for asthma, 2124

Aminosalicylates, 2338
Aminosteroidal compounds, 968, 969f
Amiodarone, 709, 1134, 1224t, 1508, 1747t,

1861t
for AF, 1207, 1867
thyroid function and, 2454t, 2457
thyrotoxicosis and, 2457

Amiodarone-induced thyrotoxicosis (AIT), 2457
Amistreplase, characteristics of, 2555t
Amitriptyline

for agitation, 2260
for brain injury, 2259

Ammonia, 2306–2307
cerebral edema from, 2310

Ammonia-forming amino acids (AAAs), 983
Amniocentesis, 1470
Amniotic fluid embolism (AFE), 1434–1435,

2164–2167
CPR for, 2167
DIC and, 2165
respiratory failure with, 2166
risk factors for, 2165t
seizures with, 2166

Amoebiasis, 1677
Amoxapine (Asendin), 232
Amoxicillin, 2135, 2683t

ARF and, 2670t
Amoxicillin/clavulanate, 2135, 2683t

for N ocardia spp., 1723
AMP. See Adenosine monophosphate
Amphetamines, 1024–1025
Amphotericin B (AmBisome, Astellas, Abelcet,

Elan), 1698t, 1703t, 1720, 2702t
ARF and, 2383t, 2670t

Ampicillin, 1691, 2683t
ARF and, 2670t
MIC of, 2328
for pancreatitis, 2328

Ampicillin/sulbactam, 2684t
Amplification, coagulation and, 743, 744f
Amplitude distortion, 157
Amplitude ratio, 156
Amprenavir, 1747t
Amputations, 1524–1525
Amrinone, 848, 1229t
Amrinone/milrinone, 2672
AMSAN. See Acute motor sensory axonal

neuropathy
AMT. See Air medical transport
AMV. See Assisted mechanical ventilation
Amylase, 1160
Amyloid angiopathy, 375
Amyloidosis, coagulation and, 2504t, 2519
Amyotrophic lateral sclerosis (ALS), 1994, 2227,

2233t
esophageal motility disorders and, 2352

ANA. See Antinuclear antibodies
Anagrelide, 2573
Anal fissures, HIV and, 1739
Analgesics, 325t, 411–412, 593t

for ALF, 2308
for cerebral edema, 2308
common, 593t
doses of, 589, 590t, 591f
for EEG, 325t
in ICU, 586–587, 586t
obesity and, 1499–1500
for pediatric cardiac surgical patient, 1225–1227
during vascular cannulation, 411–412

Analog-to-digital conversion, 158–159
Analysis bias, 111
Analysis of regional wall motion (RWMA), 262
Anaphylactic shock, 754, 933–939

aspirin for, 934
β -blockers and, 934
clinical manifestations of, 934–936, 935t
diagnosis of, 936, 936f
differential diagnosis for, 937t
etiology of, 934

agents for, 934t, 935t
hemorrhagic shock and, 895
incidence of, 934

management of, 937–938
NSAIDs for, 934
pathophysiology of, 936–937
penicillin for, 934
with transfusion, 2529

Anaritide, for renal protection, 2388
Anastrozole, 2593
ANCA. See Antineutrophil cytoplasmic antibodies
Anchoring, 82
Anemia, 727, 2562–2566. See also Autoimmune

hemolytic anemia; Sickle cell disease
aplastic, 2567–2568
ARDS and, 2077t
EPO and, 2563
of hemoglobin, 2563
IL and, 2563
with kidney transplantation, 1405
MAHA, 2510
RBCs and, 2562

injury to, 2564–2565
severe, HBO treatment of, 566

Anesthesia, 1082–1101. See also Inhalation agents;
Intravenous agents; Sedation

airway and, 522–523, 1082
anxiety complications from, 580–583

assessment of, 583–584
for ARDS, 1095
aspiration and, 2097–2098
for asthma, 601–602
B lymphocytes and, 1088
for burns, 601
cardiac output and, 1085, 1086
cardiac risk index for, 583t
CARE, 577–578, 579t–580t
CMRO 2 in, 319–320
critical care medicine and, 575
delirium and, 1098–1099
endoscopy and, 2286
glucose and, 1095
for head injury, 1095
hypoxemia with, 1095–1096
in ICU

bedside, 596–599
cardiac risk in, 577–578, 578t
need for, 575
new therapies for, 576
principles of, 578, 580

for imaging, 603–604
immunity and, 1087–1089
inhalational agents, in nonresponding patient,

598–599, 603
for interventional radiology, 603–604
for IVC filter, 603–604
for liver transplantation, 1376
local, before chest tube insertion, 442f
MAC, 596
metabolic disease and, 775
MH and, 1100–1101
in mini-surgery, 599–601
monitoring of, 83
neutrophils and, 1088
new therapies in, 576
NK and, 1088
obesity and, 1493
pain and, 580–583, 1096

assessment of, 583–584
for pancreas transplantation, 1387
in percutaneous endoscopic gastrostomy, 601
pharmacotherapy of, 575
practice guidelines for, 587–588, 588t
in pregnancy, 1474–1475
problems after, 1095–1101
procedures/monitoring list for, 599t
pulmonary edema with, 1096
RA and, 2469
rectal temperature changes in, 280f
residual neuromuscular blockade and,

1099–1100
risk assessment for, 576–578, 577t–578t

modification of, for operation type/system
functions, 581t–582t

shock and, 1095
silent aspiration and, 2099–2100
spinal, T c during, 281f
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stress response and, 1096–1098
T lymphocytes and, 1088
techniques for, monitoring devices for, 575
thermoregulation and, 277, 278f
tissue distribution of, 1085–1086
TIVA, 596
during tracheostomy, 600–601, 600t
for umbrella insertion, 603–604
for wound debridement, 601

Anesthetic converting device, 598f
Aneurysm, 1240–1241. See also Abdominal aortic

aneurysm; Aortic aneurysm
dissecting, 1241
infrarenal abdominal aortic, 1240–1241
juxtarenal aortic, 1241
of LV, 841, 849–850
pseudoaneurysms, 263
suprarenal aortic, 1241

Aneurysmal rupture, 2295
Angina pectoris, grading of, 1782t
Angiodysplasia, 2281

angiography and, 2288
colonoscopy and, 2285
endoscopy for, 2290t
LGIB from, 2294–2295

Angioedema, 2491–2492
Angiography

angiodysplasia and, 2288
dehydration and, 2289
diverticula and, 2288
for hemoptysis, 2190, 2192
IMA and, 2289
for LGIB, 2288–2289
for pancreatitis, 2326
SMA and, 2289
for TAI, 260t
for UGIB, 2268–2269, 2273

Angiormax. See Bivalirudin
Angiotensin II, 696, 723, 941

LV and, 1822
Angiotensin II receptor blocker (ARB), 842f

for HF, 1830–1831
malignant hypertension and, 1888
for MI, 1806

Angiotensin-converting enzyme inhibitor (ACE-I),
842f, 843–844

for AS, 1848
for CAD, 1237
for HF, 1823, 1828–1830
hyperkalemia from, 844
malignant hypertension and, 1888
for neurogenic shock, 932
for STEMI, 1802

α angle, 228–229
PETCO 2 and, 229

Anion gap, 2665
acidosis, 639–641, 639t

toxic ingestions associated with, 640
calculations for, 634
disorders related to, 634–635
non-, metabolic acidosis, 641–643, 641t
urinary, urine ammonium concentration on, 632,

633f
Anions, renal excretion of, 2668t
Ankle-brachial index (ABI), 1239
Ankylosing spondylitis (AS), 2472–2473
ANN. See Artificial neural network
Annelid worms, envenomation from, 1047
ANP. See Atrial natriuretic peptide
Antacids

for aspiration, 2104–2105
for esophageal injury, 2350
for pancreatitis, 2326

β -antagonists, 2353t
Antenatal testing, 1481–1485
Anterior cerebral artery (ACA), 375

herniation causing, 369
Anthracyclines, 2591
Anthrax, 1758–1761

as biological agent, 2617t
Antiarrhythmics, 1861t

ARF and, 2671t
for congenital heart surgery, 1224t
in pregnancy, 1460

Antibiofilm, catheter lock solution with, plus
antimicrobial agent, 404–405

Antibiotics, 1584–1586
for ALF, 2311
for AMI, 1166
for aspiration pneumonia, 2104
for aspiration pneumonitis, 2104
for asthma, 2124
for CAP, 1653–1655, 1654t
catheters dipped in, 401

antimicrobial coatings v., 403t
lumen, flushing/locking, with anticoagulant

solutions, 404
combination therapy with, 1546
for COPD, 2135
de-escalation for, 1536f, 1539
for diarrhea, 1679t
diarrhea from, 2361
for empyema, 1669–1670
for fungal infections, 1545t
for GNB, 1544t–1545t
for gram-positive organisms, 1544t
for hospital-acquired infections, 1535–1551
for infection prophylaxis, 1570–1571
kill spectrum of, 1653
management of, 1550f
modes of action of, 1539–1540
for NE, 2589
for neutropenia, 2567
for pancreatitis, 2328–2329
pharmacodynamics and, 1548–1549, 1585
pharmacokinetics and, 1548–1549,

1584–1585
protocols for, 1540–1543
resistance to, 1537
for sepsis, 875–878, 1161
for septic shock, 875–878

indications for, 876t
for severe sepsis, indications for, 876t
for TBI, 1251–1252
therapies, for VAP, 513
thrombocytopenia from, 2569
for toxic megacolon, 2340
toxicity with, 1547t–1548t
triple, 1304
for UTIs, 1688–1690, 1691t
for VAP, 1661–1663, 1662t
for viral infections, 1545t
warfarin and, 2515t

Antibody-dependent cellular cytotoxicity (ADCC),
752–753, 1400

Anti-CD52 antibody, for AIHA, 2564
Anticholinergics

for asthma, 2122, 2122t
for COPD, 2135

Anticoagulants, 1791
bleeding from, 2545
complications with, 2545–2548
half-lives of, 2548t
LGIB and, 2282, 2294
for mesenteric venous thrombosis, 2376–2377
for N-STEMI, 1790t
overdose of, 2514–2516

bleeding and, 2504t
laboratory findings on, 2508t

for RRT, 2404, 2405t
solutions of

with antibiotics, lumen, flushing/locking,
404

for decompression sickness, 564
for UA, 1790t

Anticonvulsants, thrombocytopenia from, 2569
Antidepressants

for brain injury, 2259
mental confusion from, 956
toxicity from, 993–994

Antidiabetic agents, toxicity with, 1007–1008
Anti-digoxin Fab therapy, 758
Antidiuretic hormone (ADH), 723, 1316, 2114f,

2411, 2416t
hemorrhagic shock and, 898
hypercalcemia and, 2576

Antidiuretic syndrome, differential diagnosis of,
293–294

Antidotes, for toxicity, 1014t
Antiepileptic drugs (AEDs), 2218, 2221t
Anti-factor Xa therapy (Danaparoid), 2547t, 2548

for RRT, 2405
Antifibrinolytic therapy, 914–915
Antifungals, 1585–1586, 1698t, 1720,

2702t–2705t
ARF and, 2670t
for Aspergillus spp., 1703t
for Candida spp., 1699t
for neutropenia, 2567
positive impact of, 1700t
toxicity with, 1548t

Antigen capture technology, 1706
Antigen clearance, 752–754
Antigen-presenting cells (APCs), 750, 789

cytokines from, 788
Antiglomerular basement membrane (GBM),

2389
Antihemophilic factor (AHF), 2511
Antihistamines, 938

mental confusion from, 956
Antihypertensives, ARF and, 2671t
Antiinterleukin-2α receptor antibodies, 1400
Antilymphocyte globulin (ALG), 1411
Antilymphocyte/thymocyte globulin (ALG), 1352
Antimetabolites, 2590–2591, 2592
Antimicrobial agents

with antibiofilm, for catheter lock solution,
404–405

application of, to hemodialysis catheter, 405
catheters dipped in

antibiotic coatings v., 403t
insertion of, 405
predicting clinical efficacy, 403t

catheters impregnated with, for vein cannulation,
422

comparison of, 401t
Antimicrobial catheter hub, 404
Antimicrobial catheter lock, 1644–1645
Antineutrophil cytoplasmic antibodies (ANCA),

2389
Antinuclear antibodies (ANA), 2389
Antioxidants, 986, 1068, 2051–2052
Antiphospholipid antibody syndrome (APS),

2477–2478
Antiplasmin, 746
Antiplatelets, 1787–1791, 2539–2542

LGIB and, 2294
for N-STEMI, 1790t
for STEMI, 1800–1801
for UA, 1790t

Antiretrovirals. See Highly active antiretroviral
therapy

Antiseptic agents, comparison of, 401t
Antithrombin, 2538
Antithrombin III (AT III), 859f, 864, 2404
Antithrombotics, 1801–1802, 2537–2556
Antithymocyte globulin (ATG), 757, 1411, 1723t
Antivenom, 1034–1035, 1040t

hypersensitivity reactions from, 1041–1042
Antivirals, 1548t, 1706, 1707t–1708t

action sites of, 1709f
ARF and, 2670t
for influenza, 2637

Anuria, 2094
Anxiety, 961, 2251

from anesthesia, 580–583
assessment of, 583–584

ARDS and, 2251
burn injury and, 1322
disease states and, 963t
drugs for, 963t
in ICU, 962t
smoking and, 2251
ventilation and, 2004

AOE. See Acute otitis externa
AOM. See Acute otitis media
Aorta

acute injury to, 360f
injury to, cross-sectional imaging of, 358, 360f
rupture of, 263

TEE for, 258–259
trauma to, TEE and, 256–257
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Aortic aneurysm
rupture of

cross-sectional imaging of, 357, 360f
CT of, 360f

TEE for, 258–259
Aortic coarctation, 1458
Aortic disruption, 1197–1198
Aortic dissection, 360f, 1772–1773, 1773t, 1851f,

2377
cross-sectional imaging of, 357–358, 360f
hypertension and, 1895
IABP and, 1840

Aortic graft, infection of, 1241
Aortic insufficiency, 1457

IABP and, 1840
Aortic regurgitation (AR), 1850–1851

AS with, 1857
β -blockers for, 1851
cardiac output and, 1851
IABP and, 1851
MR with, 1857
MS with, 1857
TEE for, 1851

Aortic stenosis (AS), 1457, 1774–1775, 1848–1850
with AR, 1857
CAD and, 1848
drugs for, 1848–1849
echocardiography for, 1850f, 1850t
fluids and, 1849
hemodynamic monitoring for, 1849–1850
LVH and, 1848
MR with, 1857
MS with, 1857

Aortic valvular stenosis, 2278
Aortography, for TAI, 260t
AP. See Action potential
APACHE. See Acute Physiology and Chronic

Health Evaluation
APAP. See Acetaminophen
APC. See Argon plasma coagulation
APCs. See Antigen-presenting cells
Aplastic anemia, 2567–2568
Aplastic crisis, 2566
Apnea. See also Obstructive sleep apnea syndrome

CPR and, 699–700
APOE4. See Apolipoprotein E4
Apolipoprotein E4 (APOE4), 2249
Apoptosis, 2561

MODS and, 804
Appendicitis, 1162

NE and, 2588
in pregnancy, 1471, 1472–1473

Aprotinin, 915, 1212
APRV. See Airway pressure release ventilation
APS. See Antiphospholipid antibody syndrome
Aptivus. See Tipranavir
aPTT. See Activated prothrombin time
Aquacel Ag hydrofiber, 1321
AR. See Aortic regurgitation
Ara-C. See Cytosine arabinoside
Arachidonic acid, 902
ARB. See Angiotensin II receptor blocker
Arboviruses, 1608
ARDS. See Acute respiratory distress syndrome
ARF. See Acute renal failure
Argatroban (Novastan), 2546, 2547t, 2552

for RRT, 2405
Arginine, 985
Arginine vasopressin (AVP), 696, 932
Argon plasma coagulation (APC), 2285,

2290
complications with, 2296

Aristotle, 855
βARK. See β -receptor kinase
Aromatase inhibitors, 2593
Arrhythmias, 1859–1874

with ARF, 2395
CDK and, 728
congenital heart surgery and, 1222
with CPB, 1207
from digitalis, 1872–1873
drug-induced, 1872–1873
geriatrics and, 1508–1509
from laryngoscopy, 544–545

PAC and, 187
pregnancy and, 1459–1460

Arsenic trioxide, 2593
Arterial blood gas (ABG), 183, 320, 320f, 1054

CPR and, 710
measurement of, 568–569
pregnancy and, 1430–1431
for pulmonary embolism, 2150, 2151

Arterial blood pressure, 1208
Arterial carbon dioxide tension (PaCO 2 ), 224

PETCO2 and, 235–236
Arterial circulation, in lung, 670
Arterial content of oxygen (CaO 2 ), 297, 320, 567
Arterial dissections, 1262
Arterial gas embolism (AGE), 2159

HBO for, 561, 2162
treatment for, 2162
ventilation for, 2162

Arterial gastrointestinal bleeding, acute, 486–487,
488f

Arterial hemoglobin oxygen saturation, in
noninvasive hemodynamic monitoring, by
pulse oximeter, 164

Arterial hypoxemia, 676
Arterial occlusive disease, 1241–1243
Arterial oxygen content of blood (CaO 2 ), 186–187

calculation for, 185t
Arterial oxygen tension (PaO2 )

PAC and, 171
PtcO2 and, 194

Arterial venous oxygen content difference, 299
Arterial-mixed venous oxygen content difference

(AVDO 2 ), 185t
Arteriography, for AMI, 2374
Arterio-jugular oxygen content difference (AJDO 2 ),

2197, 2308
Arterioles, 696
Arteriovenous malformations (AVMs), 1271, 2294

ARF and, 2281
push enteroscopy for, 2286

Arthritis. See also Rheumatoid arthritis
crystal-associated, 1559
pyogenic, 1677

Artificial neural network (ANN), 203–204, 205f
for LGIB, 2291

Artificial urinary sphincter (AUS), 1296
ARVC/D. See Dysrhythmogenic right ventricular

cardiomyopathy/dysplasia
AS. See Ankylosing spondylitis; Aortic stenosis
ASA. See American Society of Anesthesiologists
ASCI. See Acute spinal cord injury
Ascites

liver surgery and, 1187
pathogenesis of, 2114f
TIPS for, 2314

Ascorbic acid, esophageal injury from, 2350t
ASDs. See Atrial septal defects
Asendin. See Amoxapine
Aseptic meningitis, 1606
Asleep techniques

for accessing airways, 530
in difficult situations, 540–541

Aspartate aminotransferase (AST), 1446
Aspergilloma, 1701t
Aspergillus spp., 1700–1703

antifungals for, 1703t
clinical spectrum of, 1701t

Aspiration, 2096–2108. See also Diagnostic
peritoneal aspiration; Pulmonary
aspiration

alcohol and, 2102
antacids for, 2104–2105
ARDS and, 2063t, 2096
associated substances for, 2101t
CPAP for, 2103
definition of, 2101
diagnosis of, 2103
in drowning, 2089
esophageal obstruction and, 2346
ET and, 2098
gastric content, 713
hydrocarbons and, 2102
liquid, 2096
MAS, 2104

of meconium, 2102–2103
of milk, 2103
NO for, 2104
particulate nonobstructive, 2096
particulate obstructive, 2096
postextubation distress from, 2014
pregnancy and, 2099
prevention of, 2104–2107

fasting for, 2104, 2105t
of pus, 2103
regurgitation and, in intubation, 542–543
respiratory muscle weakness and, 2098
risk factors for, 2097–2098
silent, 2099–2100
steroids for, 2104
after surgery, 2098–2099
therapy for, 2103–2104
in trauma, with extensive bilateral parenchymal

opacification, 358f
VAP and, 2096

Aspiration pneumonia, 2099
antibiotics for, 2104
vs. aspiration pneumonitis, 2101–2103
on CT, 356f
lung abscess and, 1668
prevention of, 2106–2107

Aspiration pneumonitis
antibiotics for, 2104
vs. aspiration pneumonia, 2101–2103

ASPIRIN, 1059
Aspirin, 1790t, 2539–2541

for acute coronary syndrome, 1778, 1787–1788
for anaphylactic shock, 934
for CAD, 1237
esophageal injury from, 2350t
LGIB and, 2294
platelets and, 1134, 2518
RA and, 2468
resistance to, 2540–2541
for STEMI, 1800
for thrombocytosis, 2573

Aspirin-induced asthma, 2111t
Assay performance, for POCT, 390–391
Assessment of Treatment with Lisinopril and

Survival (ATLAS), 1829–1830
Assist/controlled ventilation (A/C), 1924

NIPPV and, 1943
Assisted mechanical ventilation (AMV), 1923,

1924f
PEEPe and, 2129

AST. See Aspartate aminotransferase
ASTAMI. See Autologous Stem Cell

Transplantation in Acute MI
Astellas. See Amphotericin B
Asthma, 1071. See also Severe asthma
β 2 -agonists for, 2120–2123
anaphylactic shock and, 937t
anesthesia for, 601–602
anxiety with, 963t
aspirin-induced, 2111t
attacks of, 2115–2116
brittle, 2111t, 2112
bronchodilators for, 2120–2123
cardiovascular system and, 2115
chest pain and, 1775
CIM and, 2238
corticosteroids for, 2112
death risk with, 2115t
diaphragm and, 2114
drugs for, 2122t
fatal, 2116, 2116t
gas exchange and, 2115
hyperinflation and, 2112, 2113f
ICU and, 2125–2131
intubation for, 2125–2126
irreversible, 2112
near-fatal, 2111t, 2112
NIPPV for, 1947, 2126
oxygen for, 2120
PCV for, 1981
phenotypes of, 2113t
premenstrual, 2111t
refractory, 21112, 2111t
severe persistent, 2111t
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steroid-dependent, 2111t, 2112
steroid-resistant, 2111t
sudden asphyctic, 2116
VCV for, 2126
V̇/ Q̇ and, 2115

Asthmaticus, status, flexible bronchoscopy
for, 516

Asymmetric dimethylarginine (ADMA), 727
Asymmetric velocity profiles, 2072
Asymptomatic hyponatremia, 616–617
ATA. See Atmospheres absolute
Atazanavir (Reyataz), 1745t
Atelectasis, 1200–1201

ARDS and, 1909
fever and, 1559
in flexible bronchoscopy, 510–511
obesity and, 1496, 1498–1499
oxygen therapy and, 2053
pleural effusion and, 2173

Atelectrauma, 2030, 2077
Atenolol, ARF and, 2671t
ATG. See Antithymocyte globulin
Atgam, 1399
Atheromatous aorta, 1840
AT III. See Antithrombin III
ATLAS. See Assessment of Treatment with

Lisinopril and Survival
ATLS. See Acute tumor lysis syndrome; Advanced

Trauma Life Support
Atmospheres absolute (ATA), 556, 559, 559f

in arterial blood gas measurements, 568–569
ATN. See Acute tubular necrosis
Atorvastatin, for AF, 1207
ATP. See Adenosine triphosphate
ATRA. See All-trans-retinoic acid
Atracurium, 968, 2672
Atria-caval junction, skin puncture distance from,

415t
Atrial fibrillation (AF), 1861–1862, 1865f

amiodarone for, 1207
atorvastatin for, 1207
β -blockers for, 1207
geriatrics and, 1508–1509
hyperthyroidism and, 2454
MR and, 1852
with MS, 1854
pregnancy and, 1459
serum potassium for, 1207
treatment for, 1867–1869
with Wolff-Parkinson-White syndrome, 1872

Atrial flutter, 1861, 1865f, 1871f
Atrial natriuretic peptide (ANP), 836f, 898, 2417t
Atrial pacing

characteristics of, 431–432, 432f–433f
choosing for, 429–431, 431t
placement of, 432f

Atrial septal defects (ASDs), 1457
MS and, 1853
PS and, 1856

Atrial systole, 682
Atrial tachycardia, 1861, 1864f
Atrioventricular node (AV), 685, 685f

conduction abnormalities with, 1859–1861
surgery on, conduction system and, 1222

Atripla. See Tenofovir-emtricitabine-efavirenz
Atrium, right, in site selection, 472–473
Atropine, 707, 708–709, 1100t
Auditory evoked potentials

brainstem, 328–331, 328f–332f, 328t
in chronic vegetative state, 331f–332f

Augmentation index, 1506
AUS. See Artificial urinary sphincter
Auscultation, 1767
Autoimmune hemolytic anemia (AIHA),

2563–2564
idiopathic thrombocytopenia purpura and, 2564
transfusion for, 2564
treatment for, 2564

Autoimmune hepatitis (AIH), 2304t
Autologous Stem Cell Transplantation in Acute MI

(ASTAMI), 851
Automated external defibrillator (AED), 706
Automatic implantable cardiac defibrillator

(AICD), 1509, 1834

AutoMode, 1967
Autonomic control, of cardiac electrical activity,

688–689
Autonomic dysreflexia (AD), 1255
Autonomic thermoregulation, 273f
Autonomic tone, 1901
Autonomy, in informed consent, 44
Auto-PEEP, 1985

COPD and, 2137
emphysema and, 2137
hyperinflation and, 2128f
triggering and, 1987–1988

Autoregulation, 722, 1889
ARF and, 724
in brain, 900f
of CBF, 1890f
cerebral, 652–653, 653f
cerebral pressure, 900f
pressure, 320–321

Autotransfusion, 2533
Autotriggering, 1926
AV. See Atrioventricular node
AV nodal re-entry tachycardia (AVNRT), 1861,

1862–1864, 1866f
AV reentrant tachycardia (AVRT), 1861,

1864–1869
AVDO 2 . See Arterial-mixed venous oxygen content

difference
AVMs. See Arteriovenous malformations
AVNRT. See AV nodal re-entry tachycardia
AVP. See Arginine vasopressin
AVRT. See AV reentrant tachycardia
Awake intubation, 529–530, 530f

in difficult situations, 540, 540f
Axillary artery, as cannulation site, 426
Azathioprine (Imuran), 1361t, 1402

complications with, 2471t
for RA, 2470t

Azithromycin, 1679t
for gastroparesis, 2358

Azoles, 1698t
Azotemia, 1302, 1417

CRRT for, 2402
AZT. See Zidovudine
Aztreonam, 2689t

B lymphocytes, 750–751, 789
anesthesia and, 1088
sepsis and, 791

Babinski response, 2227
Baby K, 63
Baby lung phenomenon, 2070
Bachmann bundle (BB), 685f
Background knowledge, 81, 82f
Backward upward rightward pressure (BURP),

526f
Backyard barbecue syndrome, 2345
Baclofen, for brain injury, 2259
Bacteremia

definition of, 855
with HIV, 1738

Bacteria, in HBO, 557–559
Bacterial infections, 140–142, 1597–1598

colony-forming, indifferent body sites, 399f
pericarditis from, 1876
of skin, 2488–2489

Bacterial meningitis, 1607–1608, 1610–1611
axial fluid-attenuated inversion recovery MR,

379f
causes of, 1608t
empiric therapy for, 1612t
mortality rates in, 1614t
protocol for, 1613f
treatment for, 1612–1615

Bacterial pneumonia (BP), HIV and, 1737–1738
Bacterial tracheitis, 1636
Bacterial translocation (BT), 736
Bacteroides spp., pancreatitis and, 2328
BAEPs. See Brainstem acoustic evoked potentials
Bag-valve devices (BVDs), 701
Bag-valve-mask, 519, 520f
BAL. See Bronchoalveolar lavage culture
Balloon angioplasty, 466f
Balloon tamponade, 2273

Balloon-tipped catheter, 432f
Band ligation, 2285, 2290

for hemorrhoids, 2297
Barbiturates, 966

adverse effects of, 2309
airway management with, 523
coma from, 1251
in ICU, 585
immune system and, 1094
for intracranial pressure, 2309
as intravenous agents, 1091
mental confusion from, 956

Bariatric surgery, 1165
Barium enema, 2290
Barometric pressure (PB), 2667
Baroreceptor reflex, 696
Barotrauma, 569, 1935, 2077

with severe asthma ventilation, 2131
Barry, Andrew James, 62
Bartling, 17–18
Base. See also Acid-base

excess, 634
Base deficit, 172

hemorrhagic shock and, 906–907
shock and, 829, 875

Basic life support (BLS), 700t
CPR and, 699–705
C:V during, 704

Basiliximab (Simulect), 1353, 1400t, 1723t
Basophilic leukemia, anaphylactic shock and,

937t
Bayesian paradigm, 97, 1059
Bayesian-Frequentist dialectic, 97–98
BB. See Bachmann bundle
BCAAs. See Branched-chain amino acids
B-cell defects, 1719t
B-cell lymphocytic leukemia (B-CLL), 2591
BCI. See Blunt cardiac injury
B-CLL. See B-cell lymphocytic leukemia
BCNU. See Carmustine
BCS. See Budd-Chiari syndrome
BDG. See Bidirectional Glenn shunt
Beer-Lambert Law, 217, 218
Behavioral disturbances

endocrine system and, 2422, 2422t
in ICU, 2245–2252

Behavioral health, in disasters, 2649–2650
Behavioral thermoregulation, 273f
Belchertown v. Saikewicz, 58–61, 60t, 67t
Belgium, euthanasia in, 25
Belladonna, toxicity with, 1008
Bell’s palsy, 1261, 1628
Beneficence, in informed consent, 44
Benzalkonium chloride, coated catheter, 400
Benzodiazepines, 964, 1226, 1322

airway management with, 523
for anxiety, 963t
for brain injury, 2259
for COPD, 2140
GABA and, 2220–2221
in ICU, 584–585
immune system and, 1094
as intravenous agents, 1093
mental confusion from, 956
for SE, 2220–2221
toxicity from, 993

Benzylisoquinolinium compounds, 968,
969f

Bernard, Claude, 409, 2411
Bernard-Soulier syndrome, 1130, 2518
Beta-Blocker Heart Attack trial, 843
Betamethasone, 1474
Beta-oxidation, 764
Bethanecol, 2353t

for gastroparesis, 2358
Bevacizumab, 2591, 2593, 2594

gastrointestinal bleeding and, 2594
Bias

analysis, 111
observation, 111
in research, 90t, 111
selection, 111
spectrum, 2006
test-referral, 2006
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Bicarbonate, 2395. See also Sodium bicarbonate
for compartment syndrome, 1287
NaHCO 3 , 793
shock and, 830

Bicuspid aortic valve, 258
Bidirectional Glenn shunt (BDG), 1234
Bilateral sequential lung transplantation (BLT),

1359
for AH, 1359
for CF, 1359

Bilateral watershed infarction, 2228
Bile duct

obstruction of, 466f
stent

failed placement of, 465f
post placement of, 466f
successful placement of, 466f

successful drainage of, 465f
surgery of, 1181

complications with, 1187
liver failure and, 1187

Bile, electrolytes in, 2664t
Bile leak, liver surgery and, 1185–1186
Bilevel positive airway pressure (BiPAP), 1737,

1972–1973
for extubation, 2020
NIPPV and, 1943

Biliary fistula, causing nonanion gap metabolic
acidosis, 641–642

Biliary T tube, 502f
Biliary tract

disease of, 1162–1163
pancreatitis and, 2325
in pregnancy, 1471

infections of, 157–158
liver transplantation and, 1380
obstruction of, pancreatitis and, 2332
surgery of, infection and, 1580–1581

Bilirubin, 1179
acalculous cholecystitis and, 1162
liver surgery and, 1183
sepsis and, 1160

Binary, 102t
Bioavailability, 951
Bioenergetic failure, 865–868
Bioevents, triage for, 2603–2604
Biofeedback, ventilation and, 2004
Biological agents, 2617t–2621t

treatment for, 2622t
Biophysical profile, 1483–1484, 1484t
Bioterrorism, 2609–2629

historical perspective on, 2609–2612
identification guidelines for, 2616t
United States and, 2612

Biotrauma, 2030
BiPAP. See Bilevel positive airway pressure
Birth, life expectancy at, 10t
Bispectral index values, clinical conditions expected

with, 327t
Bisphosphonates

esophageal injury from, 2350t
for hypercalcemia, 2578–2579

Bivalirudin (Angiormax), 2547t, 2548, 2552
Biventricular pacing, 1835
Black, J., 223
Bladder

cancer of, radical cystectomy for, 1293
injuries to, 1297–1298

Blades
curved, 531–532
laryngoscope, 526f
straight, 532

BLEED classification system, 2291
Bleeding. See also Coagulation; Hemorrhagic;

Specific hemorrhages
acute arterial gastrointestinal, 486–487, 488f
from anticoagulants, 2545
ARF and, 1134–1135
associated conditions for, 2504t
blood volume measurement in, 291
with cardiovascular surgery patient, 1211–1212
CPB and, 1137–1138
DIC and, 2509–2510
with facial trauma, 1308–1309

hepatobiliary disease and, 1136–1137
hypertensive-related, noncontrast axial CT of,

375f
hypothermia and, 1134
intracerebral, 652f, 662
intracranial, neuroimaging of, 371f, 372
with liver surgery, 1185
massive transfusion and, 1137
parenchymal, neuroimaging of, 374–375,

375f–376f
pelvic, 487–488, 490f–491f
pelvic trauma with, 488
after peripheral limb ischemia, 489–490
post-traumatic abdominal, 487–488, 490f–491f
with pregnancy, 1433–1434, 1463
spleen injury and, 1149
splenic embolization for, 488, 491f
subarachnoid, 661–662

neuroimaging of, 373–374, 373f–374f
from surgery, 1129–1138

causes of, 1132–1136
with urologic surgery, 1293
VADs and, 1846

Bleeding syndromes, laboratory findings on,
2508t

Bleeding time, 740–741
Bleomycin, 1411, 2590
α-blockers

for pheochromocytoma, 2450
for pheochromocytoma crisis, 2451

β -blockers, 791, 842, 843, 1508, 1861t
for AS, 1848
for acute coronary syndrome, 1778, 1786
for AF, 1207
for anaphylactic shock, 934, 938
for AR, 1851
for brain injury, 2259
for cardiac surgery, 1062–1064
DKA and, 2430t
HHS and, 2430t
for hypertension, 1893
for MI, 1806
for pheochromocytoma, 2450
for pheochromocytoma crisis, 2451

Blood buffers, 632t
Blood cultures, 1573–1574
Blood flow. See also Cerebral blood flow; Renal

blood flow
for cerebral circulation, regulation of, 652–653,

653f
in noninvasive cardiovascular monitoring,

169
organ, in HBO, 557
thresholds, for cerebral metabolism, 651f

Blood gases. See also Arterial blood gas
arterial, 320, 320f

measurement of, 568–569
in ICU POCT, 394–395
values of, in HBO, 556, 558t

Blood pressure (BP), 1208. See also Diastolic blood
pressure; Systolic blood pressure

CKD and, 727–728
generation of, 694–695
ICH and, 1270t

drugs for, 1272t
inhalation agents and, 1086
PAC and, 171
tPA and, 1269t

Blood products, 823
administration of, 2524–2526
collection and preparation of, 2524
for liver transplantation, 1376–1377
SCT and, 1412
storage lesion with, 2524

Blood substitutes, 1108
Blood types. See ABO blood types
Blood urea nitrogen (BUN), 712

ARF and, 2390
sepsis and, 873
UGIB and, 2268

Blood volume
cerebral, intracranial hemodynamics and,

654–655, 655f
changes in, 292

clinical assessment of, 285
in critical care, 283

applications of, 290–292
difficulties estimating, 284–285
distribution of, 696, 696t
disturbances in, 285, 286f
early detection of, 290
hemorrhagic shock and, 898
maintenance, physiology of, 283–284, 284f
measurement of, 287–289, 287f, 289f

in bleeding patient, 291
in common critical care situations, 292–294
effective calculations for, 287–288
follow-ups for, 292
interpretation of, 289–290
technical considerations for, 288
tracers for, 287

normal
per kilogram, ideal weight deviation v., 289f
predicting individualized, 288–289, 289f

plasma volume concentrations and, 286f
whole blood, combinations of, 286f

Bloodborne pathogens, 134–135
Blood–brain barrier, 976

cytokines and, 2413–2414
Bloodstream nosocomial infections

epidemiology of, 397–398
future work in, 404–405
importance of, 397
pathogenesis of, 398–400, 399f–400f
Staphylococcus aureus in, 399–400, 400f
from vascular catheter, prevention of, 400–404,

401t, 403t
Bloody vicious cycle, 1173f
BLS. See Basic life support
BLT. See Bilateral sequential lung transplantation
Blunt cardiac injury (BCI), 1116–1118

IABP for, 1118
Blunt trauma

to cervical spine, 1254, 1254t
to chest, algorithm for, 1196f
DPL for, 1149t
of genitourinary system, 1297–1299
of intestine, 1150f

BMI. See Body mass index
BMT. See Bone marrow transplant
BNP. See Brain natriuretic peptide
Body electric bioimpedance, 164
Body mass index (BMI), 1395, 1489

geriatrics and, 1511
Body piercing, 260
Body surface area (BSA), burn injury and,

2677t
Body surface area nomogram, 2662f
Boerhaave syndrome, 2174–2175, 2349

CXR of, 2349f
Bogotá bag, 1173
Bone marrow, 750

disorders of, thrombocytopenia and, 2571
Bone Marrow Transfer to Enhance ST-elevation

Infarct Regeneration (BOOST), 851
Bone marrow transplant (BMT), IPA and,

1702t
BOOP. See Bronchiolitis obliterans with organizing

pneumonia
BOOST. See Bone Marrow Transfer to Enhance

ST-elevation Infarct Regeneration
Bornholm disease, 1875
BOS. See Bronchiolitis obliterans
Botulism, 2233t

as biological agent, 2617t
Bougies, tracheal, 530f
Bowel obstruction, ventilation and, 1158
Bowels, necrotic, 363f
Boyle’s law, 153, 560
BP. See Bacterial pneumonia; Blood pressure
BPF. See Bronchopleural fistula
Bradyarrhythmias, temporary cardiac pacing for,

430t
Bradycardia, 1460

from laryngoscopy, 544
with myxedema coma, 2460
sinus, 1222, 1863f

Bradykinin, 1823



Index 2715

Brain. See also Traumatic brain injury
abscess in, 807, 1618–1622

associated pathogens for, 1542t
common presenting features in, 1620t
management of, 1621t
risk factors for, 1619t

autoregulation in, 900f
axial noncontrast CT of, 371f
blood supply of, 2196
death

brainstem evaluation for, 324t
confirmation of, 337
determination of, 322–323, 323f
EEG of, 330f–332f
intracranial pressure in, 336f
neurologic states resembling, 324t
noninvasive cardiovascular monitoring in,

168t
T c-99m diethylene triamine penta-acetate

study of, 371f
death, noninvasive cardiovascular monitoring in,

168t
defenses, against cerebral edema, 612
edema, neuroimaging of, 371–372, 372f
hemorrhagic shock and, 900
hypoxia in, 1251
imaging of

for cognitive impairments, 2248
for delirium, 2248

inflammation in, 379–383, 381f–382f
injury to

concerns with, 655–656
drugs for, 2259–2260
extubation and, 2017–2018
FOUR score for, 657f
hypoxic ischemic, cerebral metabolism in,

650–651, 650f, 650t
ICU discharge for, 2254–2261
management of, 656
rehabilitation for, 2257–2259
sedation in, desirable organ-specific effects in,

594f
specific therapeutic concerns for, 659–662
therapeutic considerations for, 656–659
treatment options for, 659–662

lesions in, 381f
metabolism of, 2196–2197
microdialysis, 338–339
oxygen and, intracranial pressure and, 2201
oxygen toxicity in, 559–560
oxygenation, 338–339
response, to hypo-osmolar stress, 613
temperature in, 319f

Brain death, 2206, 2211–2212
capnography and, 236
in pregnancy, 1476
transplantation and, 1343–1344

Brain natriuretic peptide (BNP), 246, 1068, 1230,
1768, 2417t

acute coronary syndrome and, 1785
HF and, 1785, 1823
pulmonary embolism and, 2152

Brain tissue oxygen tension (PbO 2 ), 2197, 2198f
normal values for, 2199t

Brain Trauma Foundation (BTF), 1247
Brainstem

auditory evoked potentials, 328–331, 328f–332f,
328t

reflexes, after brain injury, 657f
Brainstem acoustic evoked potentials (BAEPs),

2257
Branched-chain amino acids (BCAAs), 983
Breathing. See also Respiratory system

normal pattern of, 673
patterns of, 208–209, 1056

central nervous system and, 209
sleep and, 680–681
work of, 674

Bretylium, ARF and, 2671t
Bridge to recovery (BTR), 850
Brittle asthma, 2111t, 2112
Bromocriptine, 2260
Bronchial circulation, in lung, 670
Bronchial intubation, 233, 543

Bronchiectasis
COPD and, 2134t
RA and, 2466–2467

Bronchioles, 666–667
Bronchiolitis, COPD and, 2134t
Bronchiolitis obliterans (BOS), 1367–1369, 1368f,

1368t, 1369f
SLE and, 2477

Bronchiolitis obliterans with organizing pneumonia
(BOOP)

clinical features of, 2467t
RA and, 2466–2467

Bronchoalveolar lavage culture (BAL), 735f, 799,
1575, 2468

for Candida spp., 1699
for flexible bronchoscopy, 506
for HIV, 1735
quantitative cultures of, 506–507

Bronchodilators
for ARDS, 2067
for asthma, 2120–2123
for COPD, 2135
for drowning, 2093
for severe asthma, 2130

Bronchopleural fistula (BPF), 2181–2183
ARDS and, 2181
flexible bronchoscopy techniques for, 515
HFJV for, 2183
HFO for, 2183
management of, 2182–2183, 2182t
ventilation and, 2181

Bronchopneumonia, 1328
Bronchoscopy, 1953–1954. See also Fiberoptic

bronchoscopy; Flexible bronchoscopy
diagnostic, airway management in, 508,

509t
for hemoptysis, 2192
rigid, 534f

Bronchus intermedius, 345f
Brown spiders, 1043–1044
Browning, Estelle, 65
Bruccal probes, 220
Brucellosis, as biological agent, 2620t
BSA. See Body surface area
BT. See Bacterial translocation
BTF. See Brain Trauma Foundation
BTR. See Bridge to recovery
Bubonic plague, 1756–1757
Budd-Chiari syndrome (BCS), 1182, 2304t

ALF and, 2303
Budesonide, 2122, 2135
Bulb model, 538f
Bulk convection, 2072
Bulla, 2482t
Bullard intubating laryngoscope, 536f
Bullous pemphigoid, 2484
Bumetanide, 2672
BUN. See Blood urea nitrogen
Bundle of His, 685
Bundles, 85–87, 85t, 87t

preventive interventions, true value of,
405

quality components for, 86t
Burkitt’s lymphoma, 2579
Burn injury, 1313–1323, 1719t

analgesia/sedation for, 601
anxiety and, 1322
BSA and, 2677t
cardiovascular system and, 1314
central nervous system and, 1315
DKA and, 2430t
drugs for, 1316
endocrine system and, 1315–1316
fluid resuscitation and, 1317
GI tract and, 1315
hematopoietic system and, 1316
HHS and, 2430t
immune system and, 1316
infection with, 1319
liver and, 1315
musculoskeletal system and, 1316–1317
nutrition and, 1319–1320
pain management for, 1321–1322
perforation with, 1315

renal system and, 1315
respiratory muscle weakness and, 1995
respiratory system and, 1314–1315
VAP and, 1314
wound management for, 1320–1321

BURP. See Backward upward rightward pressure
Bursa of Fabricius, 750
Buspirone, 953t

for brain injury, 2259
Busulphan, toxicity of, 1412t
Butyrophenones, 966

in ICU, 585–586
BVDs. See Bag-valve devices

C fibers, 209
CA. See Cardiac arrest
CABG. See Coronary artery bypass grafting
CAD. See Coronary artery disease
CADISIL. See Cerebral autosomal dominant

arteriopathy with subcortical infarcts and
leukoencephalopathy

CAGE, 1822
Calcineurin inhibitors, 1401–1402
Calcinosis, Raynaud phenomenon, esophageal

motility disorders, sclerodactyly, and
telangiectasia (CREST), 2355, 2473

Calcitonin, 2326, 2579
Calcitriol, 2417t
Calcium, 689, 1819f. See also Hypercalcemia;

Hypocalcemia
for CA, 709–710
cardiomyocytes and, 686f
contraction–relaxation of heart and, 689–690
DKA and, 2434
hemorrhagic shock and, 898
HF and, 1821
myocardial contraction and, 1818
pancreatitis and, 1160

Calcium antagonists, 1802
Calcium channel blockers (CCBs), 842, 843, 1508,

1861t
for AS, 1848
for acute coronary syndrome, 1778–1779,

1786–1787
ARF and, 2671t
DKA and, 2430t
HHS and, 2430t
toxicity with, 997–998

Calcium chloride, 1229t
Calcium chloride/gluconate, 2672
Calcium gluconate, 1229t
Calcium release channel (CRC), 1821
Calcium sensitizers, 1068
Calculous cholecystitis, 807
Calibration, 160
CAM. See Confusion Assessment Method
cAMP. See Cyclic adenosine monophosphate
Campath-1H. See Alemtuzumab
Campbell diagram, 201, 202
Campylobacter spp., 2233–2234
Canada, health care in, 9–11, 10t
Canadian Critical Care Nutrition Guidelines, 497
Cancer

airway obstruction with, 2583–2584
DVT and, 2144–2145
emergencies with, 2575–2594
hypercalcemia of, 627
hypercalcemia with, 2575–2579

ADH and, 2576
clinical presentation of, 2576–2577, 2576t
diagnosis of, 2577
differential diagnosis for, 2576
fluids for, 2577–2578
PTH and, 2576, 2577
treatment for, 2577–2579, 2578t

hypophosphatemia and, 2577
intrathoracic obstruction with, 2584
NSCLC, 2582
pericarditis and, 1876
prostate, 1292
respiratory muscle weakness and, 1995
SCLC, 2583
sepsis and, 791

Candesartan, 1831
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Candesartan in Heart failure Assessment of
Reduction in Mortality and morbidity
(CHARM), 1831

Candida spp., 858, 1163, 1632
antifungals for, 1699t
BAL for, 1699
clinical syndromes of, 1696t
CRBSI and, 1646
in ICU, risk factors for, 1719t
infection from, 1695–1700
invasive, 1697, 1697t
lung transplantation and, 1366
pancreatitis and, 2328
prevention of, 1699–1700
skin and, 2490
UTIs from, 1692

Cangrelor, 1789
Cannon, Walter B., 813
Cannon waves, 176
Cannula kinking, 1845
CaO 2 . See Arterial content of oxygen; Arterial

oxygen content of blood
CAP. See Community-acquired pneumonia
Capecitabine, 2592
Capillary recruitment, 675
Capillary wedge pressure (CWP), 694
Caplan syndrome, 2468f
Capnography, 223–236

abnormalities with, 230–232
brain death and, 236
CA and, 234–235
clinical applications of, 232–235
history of, 223–224
in ICU, 235
mainstream, 226
measurement conventions for, 224–225
methodologies of, 225–228
nitrous oxide and, 228
sidestream, 225–226, 229f
sites for, 224
steady and unsteady states of, 224
for tracheal intubation, 537
volume-based, 226–228

Capnometry, 830
Capnostat, 228f
CAPRICORN, 843
Capsule endoscopy, 2279, 2287–2288

for LGIB, 2285–2286
Captopril, 844

ARF and, 2671t
with valsartan, 844

Carafate, 1156
Carbamazepine, 1747t

for agitation, 2260
for PTE, 2259
thyroid function and, 2454t

Carbapenems, 1663, 2687t–2688t
Carbenicillin, ARF and, 2670t
Carbidopa, 2259
Carbohydrate, in PN, 980–981
Carbon dioxide (CO 2 )

altered, consequences of, 679
arterial, 320, 320f
carriage, 678
CBF regulation by, oxygen and, 653–654, 654f
stores of, 678

Carbon dioxide embolism, 2161
Carbon dioxide production (VCO 2 ), 974
Carbon dioxide tensions, gastric transmucosal

oxygen and, 166
Carbon monoxide (CO)

CRH and, 2418
HBO therapy for, 565
poisoning from, 1004–1005

cognitive impairments and, 2248
pregnancy and, 1005

Carbon tetrachloride, HBO therapy for, 565
Carboplatin, toxicity of, 1412t
Carcinoid, anaphylactic shock and, 937t
Cardiac Anesthesia Risk Evaluation (CARE),

577–578, 579t–580t
Cardiac arrest (CA), 697

calcium for, 709–710
capnography and, 234–235

correctable problems with, 698t
hyperglycemia and, 713
hypothermia and, 713–714
from laryngoscopy, 545
magnesium for, 710
OOH and, 697, 698
pharmacologic therapy for, 707–710
SvO 2 monitoring in, 304–305
treatment algorithm for, 711f
in ventilatory care, 569

Cardiac contusion, 1116–1118, 1197
ECG for, 1197t
IABP and, 1840

Cardiac defibrillator shock therapy, withdrawal of,
21–22

Cardiac electrical activity
autonomic control of, 688–689
contraction cycle and, 691–693

Cardiac index (CI)
cardiogenic shock and, 835
of cardiovascular surgery patient, 1210
PAC and, 171, 173
in septic shock, 868f

Cardiac ischemia, 1774
chest pain and, 1783f

Cardiac output (CO), 181–182, 696, 930, 2148
anesthesia and, 1085, 1086
AR and, 1851
of cardiovascular surgery patient, 1210
concerns with, 296
formula for, 2666
monitoring of, by thoracic electric bioimpedance,

164
neurogenic shock and, 926f
PAC and, 171
pCO2 and, 197
sepsis and, 865–866
septic shock and, 865–866, 867
SvO2 and, 304t
in therapy, 297
transcutaneous oxygen and, 196

Cardiac pump, 703
Cardiac rhythm, 1086
Cardiac risk

in ICU patient, with anesthesia, 577–578,
578t

index, for cardiac complications, from
anesthesia, 583t

Cardiac stunning, from brain injury, 659
Cardiac tamponade, 176, 840–841, 1879–1882,

2586–2587
in cardiovascular surgery patient, 1212
chemotherapy for, 2587
echocardiography and, 237, 247–251
trauma patients and, 1107
treatment for, 1881–1882

Cardiac troponin, 1784t, 1785f
Cardiocirculatory events, in intrahospital transport,

146
Cardiogenic embolism, 1262
Cardiogenic oscillations, 228, 2072
Cardiogenic pulmonary edema (CPE), 1939, 1951

differential diagnosis of, 294
Cardiogenic shock, 814, 835–851, 893

with acute coronary syndrome, 1807
anaphylactic shock and, 937t
cardiomyopathy and, 836
CI and, 835
clinical manifestations of, 841
death from, 836f
drugs for, 835
echocardiography for, 1882t
etiology of, 836–841
hypotension and, 930
management algorithm for, 842f
mechanical defects and, 839–841
MI and, 836

contributing factors to, 837t
PAOP and, 835
pathophysiology of, 926–929
pulmonary edema with, 928–929, 1899
SAH and, 926–929
tachycardia and, 930
therapy for, 841–851

Cardiomyocytes, 682, 683f
calcium and, 686f

Cardiomyopathy
cardiogenic shock and, 836
sepsis and, 857

Cardiopulmonary bypass (CPB), 1203
arrhythmias with, 1207
bleeding and, 1137–1138
circuit schematic for, 1204f
first 8 hours after, 1205
IL and, 1204f
next 16 hours after, 1206–1207
second 24 hours after, 1207
third 24 hours after, 1207
vasoactive substances and, 1204t

Cardiopulmonary resuscitation (CPR), 697–715
ABG and, 710
for AFE, 2167
apnea and, 699–700
ARDS and, 713
BLS and, 699–705
central nervous system and, 713
ECLS for, 2085
ECMO and, 714
ETCO 2 and, 235, 710
family presence during, 714
for gas embolism, 2161
hemodynamic monitoring with, 710
hyperthermia and, 713
iatrogenic pneumothorax from, 2179
informed consent and, 715
monitoring with, 710
neurologic outcome with, 699
outcomes of, 698–699
postresuscitation care with, 710–714
in pregnancy, 1437, 1461, 1476
termination of, 714

Cardiovascular insults, 2295
Cardiovascular system, 682–696. See also Cardiac;

Coronary; Heart
ACTH and, 2422
ARDS and, 2077t
asthma and, 2115
burn injury and, 1314
cirrhosis and, 2313
cocaine and, 1019–1020
corticosteroids and, 2422
drowning and, 2089, 2093
endocrine system and, 2422–2423, 2422t
geriatrics and, 1506–1509
glucocorticoids and, 2443
HIV and, 1739–1740
HPA and, 2422–2423
hypertension and, 1892
hyperthyroidism and, 2459
hypothermia and, 1326
kidney transplantation and, 1405–1406
liver transplantation and, 1374
obesity and, 1489–1494
pancreatitis and, 2327
pregnancy and, 1431–1432, 1446–1461
propofol and, 1092
RA and, 2469
sepsis and, 869
septic shock and, 869
SLE and, 2478
surgery for, 1059–1068

ARF in, 1213
bleeding with, 1211–1212
cardiac output of, 1210
CI of, 1210
CNS and, 1213–1214
diuretics for, 1213
glucose in, 1214
heart rhythm of, 1208
HR of, 1208
IABP for, 1214
in ICU, 1203–1205, 1205t
postoperative management of, 1203–1217
preoperative assessment for, 1061
sedation in, 1214
serum lactate for, 1211
serum potassium for, 1205
tamponade in, 1212
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thrombocytopenia in, 1212
UOP for, 1205, 1211
ventilation with, 1212

thyrotoxicosis and, 2454
ventilation and, 1899–1901

weaning from, 2003–2004
Cardioverter defibrillator (ICD), 706
CARE. See Cardiac Anesthesia Risk Evaluation
Caregivers, 2258
Carmustine (BCNU), 1411, 2590
Carney syndrome, 2449
Carnitine, 769
Carnitine palmitoyltransferase (CPT), 764

deficiency of, 772
β -carotene, 986
Carotid endarterectomy, 1242–1243
Carotid stenosis, 1076
Carotid ultrasound, 1265
CARS. See Compensatory anti-inflammatory

response syndrome
Carter Administration, 13
Carvedilol, 1806

for HF, 1831–1832
Case control study, 103t, 104
Caspofungin, 1703t, 2705t
CASS. See Continuous aspiration of subglottic

secretions
CAT. See Computerized axial tomography
Cataracts, SCT and, 1423
CATCH. See Complications After

Thrombocytopenia Caused by Heparin
Catecholamines, 789, 941, 1228t, 1230,

2412
for anxiety, 963t
DKA and, 2429
ischemic colitis and, 2296
pheochromocytoma and, 2448

Categorical nominal, 102t
Categorical ordinal, 102t
Cathepsin G, 1822
Catheter. See also Specific catheters

airway exchange, 550t–551t, 551–552
alternative access routes for, 424
antibiotic dipped, 401

antimicrobial coatings v., 403t
antimicrobial agent dipped, predicting clinical

efficacy, 403t
antimicrobial agent impregnated, for vein

cannulation, 422
antimicrobial, hub, 404
antimicrobial impregnation of, 1645
balloon-tipped, 432f
benzalkonium chloride coated, 400
central venous, 399f, 470–471, 470f, 481,

481f
changes, schedules of, 424
chlorhexidine coated, with silver sulfadiazine,

402
colonization

approaches not reducing, 400
approaches reducing, 401

drainage, of pleural effusion, 367f
hepatic venous approach to, 468f
in hepatobiliary drainage, 467
infection and, 109, 1566–1577
knotted, 483
large-bore IV, 540f
larger-bore dialysis, 346f
lock solution, with antibiofilm, plus

antimicrobial agent, 404–405
lumen, flushing/locking, with

antibiotic-anticoagulant solutions, 404
minocycline coated, 402–403, 403t
in peripheral limb ischemia, 492f
peritoneal, insertion of, 443–444, 444f
PICC, 409
placement of

antimicrobial catheters, 405
central, 344–351, 344f–351f

pneumothorax from, 346f–351f
in SVC, 346f

for drainage, 457, 458f
post, 458

port, 472

RA and, 2472
-related infection, diagnosis of, 398, 398f
rifampin coated, 402–403, 403t
sepsis from, 1214–1215
site selection and, 472–473, 473f–476f
SPC in, 401, 1645
sterility of, 421f
Swan-Ganz, 153, 432f
temporary pacing

complications with, 437
trouble shooting for, 436–437, 436f–437f
uses of, 429–435, 430t–431t, 432f–435f,

434t
-transducer system, 161f
transvenous pacing, 431f
tunneled, 424, 472, 474f
urethral, 1688
UTIs from, 1683–1693
vascular

infections from, 398
prevention of, 400–404, 401t, 403t

Catheter-associated bacteremia, associated
pathogens for, 1542t

Catheter-related bloodstream infection (CRBSI),
117t, 1554–1555, 1582–1583,
1641–1646

Candida spp. and, 1646
clinical manifestations of, 1641–1642
definitions of, 1642t
diagnosis of, 1642–1643, 1642t
GNB and, 1646
management of, 1645–1646
MODS and, 807
pathogenesis of, 1641
prevention of, 1643–1645, 1644t
risk factors for, 1569
Staphylococcus aureus and, 1646

Cations, renal excretion of, 2668t
Catscratch diseases, 1636
Caustics

in esophagus, 2347–2348
toxicity with, 1005–1006

CAVH. See Continuous arteriovenous
hemofiltration

Cavopulmonary connections, 1234
CBF. See Cerebral blood flow
CBN. See Contraction band necrosis
CBRN. See Chemical, biological, radiologic, and

nuclear emergencies
CC. See Closing capacity
CCBs. See Calcium channel blockers
CCO. See Continuous cardiac output
CCS. See Central cord syndrome
CD. See Cluster of differentiation
CDAD. See Clostridium difficile acute diarrhea
CDI. See Central diabetes insipidus
Cecum, electrolytes in, 2664t
Cefamandole, ARF and, 2670t
Cefazolin, 1228, 2690t

ARF and, 2670t
Cefepime, 1720, 2693t
Cefotaxime, 2690t–2692t

ARF and, 2670t
Cefoxitin, ARF and, 2670t
Ceftazidime, 1720, 2692t–2693t
Ceftobiprole, 1551
Ceftriaxone, 1691t, 1692

for N ocardia spp., 1723
Cefuroxime, 2690t
Celiac artery, 2289
Cellulitis

associated pathogens for, 1542t
DKA and, 2430t
HHS and, 2430t

Celsius, Fahrenheit to, 2661t
Central airway obstruction, flexible bronchoscopy

for, 516
Central catheter placement, 344–351, 344f–351f

peripherally inserted, 471
in SVC, 346f

Central cord syndrome (CCS), 1256
Central diabetes insipidus (CDI), 619
Central limit theorem (CLT), 99–100, 100f–101f,

100t

Central nervous system (CNS)
breathing patterns and, 209
burn injury and, 1315
cardiovascular surgery patients and, 1213–1214
cocaine and, 1020
drowning and, 2093–2094
hypothermia and, 1326
infection of, 379, 1605–1624

CSF and, 1610t
transplantation and, 1727–1728, 1728t

neurogenic shock and, 926f
RA and, 2470
respiratory muscle weakness and, 1994
sepsis and, 868–869
septic shock and, 868–869
toxoplasmosis of, 1738–1739
vascular disease of, 1260–1275

Central pontine myelinolysis (CPM), 2228
Central venous access, 470–471
Central venous cannulation, 412
Central venous catheter (CVC), 1641

biofilm around, 399f
DVT and, 2144–2145
nontunneled, 471–472
for recovering foreign bodies, 481, 481f
uses of, 470–471, 470f

Central venous lines (CVLs), 422, 2161
Central venous oxygen delivery (SvO 2 )

CO effects on, 304t
concerns with, 296
continuous monitoring of, 301–302, 302f
derivation of, from Fick equation, 298, 298t
hemoglobin changes in, 304t
limited oxygen transport in, 305t
mixed v., 302f–303f
monitoring of, clinical uses of, 304–307, 306f
PaO2 effects on, 304t
ranges for, 296–297
during resuscitation, 310f
variables of, 299, 299f
VO2 effects on, 304t

Central venous pressure (CVP), 176, 693, 867, 880
formula for, 2666
liver surgery and, 1180
measurement of, 176f
neurogenic shock and, 926f, 929

Central venous pressure catheters, noninvasive
hemodynamic monitoring with, oximeters
and, 169

Cephalosporin, 1228, 1720, 2135, 2690t–2693t
ARF and, 2670t
as surgical prophylaxis, 1572t
thrombocytopenia from, 2517

Cephalothin, ARF and, 2670t
Cerebral autoregulation, 652–653, 653f
Cerebral autosomal dominant arteriopathy with

subcortical infarcts and
leukoencephalopathy (CADISIL),
772–773, 1264

Cerebral blood flow (CBF), 900f, 1086
autoregulation of, 1890f
cerebral edema and, 2307
cerebral perfusion pressure and, 2196
CMRO 2 , 319f
CPP v., 320f
direct measurement of, 335–336
factors regulating, 321
formula for, 2666
measuring techniques for, 335t
metabolism in, 318
normal values for, metabolism and, 650t
regulation of, by carbon dioxide, oxygen and,

653–654, 654f
Cerebral blood volume, intracranial hemodynamics

and, 654–655, 655f
Cerebral circulation

characteristics of, 662–663
regulation of

blood flow in, 652–653, 653f
measurement methods for, 652, 652f

specific treatment options for, 663
therapeutic considerations for, 663
treatment of, 663

Cerebral contusions, 1246
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Cerebral demyelination, risk factors for, 616
Cerebral edema, 655

ALF and, 2306t
from ammonia, 2310
analgesia for, 2308
brain defenses against, 612
CBF and, 2307
CT for, 2308f
with DKA, 2435
HHS and, 2437
HTS for, 2309
intracranial pressure and, 2307
management algorithm for, 2309f
pathogenesis of, 2307f
seizures and, 2310

Cerebral function
clinical examination of, 321–323, 322t, 323f
electrophysiologic techniques for, 323–333,

324t–325t, 327f–332f, 327t–328t, 333t
Cerebral ischemia

pathology of, 278–279, 279f
therapeutic window in, 279

Cerebral metabolic rate (CMRO2 ), 317–318, 2666
in anesthesia, 319–320
CBF v., 319f
in EEG, 325
in hypothermia, 319

Cerebral metabolism
blood flow thresholds for, 651f
flow-metabolism coupling in, 317–321,

318f–320f, 318t
hypoxic ischemic brain injury and, 650–651,

650f, 650t
Cerebral Performance Category (CPC), 699
Cerebral perfusion

clinical evaluation of, 334–335
monitoring of, 333–334, 333f

Cerebral perfusion pressure (CPP), 931, 1247, 1250
CBF and, 2196
CBF v., 320f
cerebral autoregulation between, with cerebral

blood flow, 653f
in cerebral vascular resistance, 320
in flow coupling, 318
formula for, 2666
intracranial pressure and, 2201
MAP and, 2196
monitoring of, 2197
normal values for, 2199t

Cerebral pressure autoregulation, 900f
Cerebral salt-wasting syndrome (CSW), 1079, 1274
Cerebral vascular resistance, CPP/CBF in, 320
Cerebral vasospasm, detection of, 337
Cerebritis, 380–381, 381f
Cerebrospinal fluid (CSF)

central nervous system infection and, 1610t
circulation of, 2195–2196
HIV and, 1739
intracranial pressure and, 2202
LPS and, 2414
meningitis and, 1610–1611, 1611t
SAH and, 1273
viral meningitis and, 1611

Cerebrovascular accident (CVA), 991
in pregnancy, 1445

Certificate of waiver (COW), 394
Cervical spine

airway and, 1106
blunt trauma to, 1254, 1254t
injury to, geriatrics and, 1514
RA and, 2468–2469
traction for, 345f

Cesarean, 1476t
perimortem, 1476

Cetuximab, 2593
CF. See Cystic fibrosis
CGA. See Comprehensive geriatric assessment
cGMP. See Cyclic guanosine monophosphate
cGMP-PK. See Cyclic guanosine monophosphate

protein kinase
Chagas disease, 2339
Chamber staff considerations, for ventilatory care,

569
Chamber stiffness, 255t

Charcoal, thyroid function and, 2454t
CHARM. See Candesartan in Heart failure

Assessment of Reduction in Mortality and
morbidity

Chemical agents, 2623t–2624t
Chemical, biological, radiologic, and nuclear

emergencies (CBRN), 2602
Chemotherapy, 1719t

for acute tumor lysis syndrome, 2583
for cardiac tamponade, 2587
neutropenia from, 2567
thrombocytopenia from, 1133
toxicity of, 2590–2594

Chemotherapy-induced lung disease (CLD), 2590
Cheney test, for tracheal intubation, 538
Chest

lower lobe intubation in, 344f
opacification of, 354f–355f
pleural effusion in, 344f
preoperative radiograph of, normal, 353f
white out of, 353–354, 354f

Chest pain, 1767–1775
asthma and, 1775
biomarkers for, 1768
cardiac ischemia and, 1783f
CKD and, 728
clinical evaluation of, 1767–1771
clinical features of, 1769t
COPD and, 1775
CT for, 1770–1771
diagnostic flow chart for, 1769f
differential diagnosis of, 1768t, 1772–1775
ECG for, 1768
echocardiography for, 1768
esophageal injury and, 1775
esophageal obstruction and, 2345
esophageal spasm and, 1775
NTG for, 1797f
pericarditis and, 1877
pneumothorax and, 1772
psychosomatic, 1775
pulmonary embolism and, 1771–1772
syndromes of, 1771
VZV and, 1775

Chest tube
complications with, 443
insertion of

clamps for, 442f
local anesthetic injection before, 442f
positions of, 443f

management of, 568
removal of, 442
thoracostomy, 2184

Chest wall, POB and, 201–202
Chest x-ray (CXR)

analysis of, 343
of Boerhaave syndrome, 2349f
central catheter placement in, 344–352,

344f–351f
of collapsed lung, 351f–353f, 352–353
of fluid overload pattern, 356, 356f–359f
with heart failure/fluid overload, 359f
for hemoptysis, 2190
parenchymal abnormalities on, in ICU,

351f–359f, 352–356
portable, 343
for pulmonary embolism, 2150, 2151
for tension pneumothorax, 2180
in upright position, 344f
of VAP, 356f

Cheyne-Stokes respiration, 804
CHF. See Congestive heart failure
Child cardiac failure, ECLS for, 2084
Children. See also Pediatric

critical care medicine for, 51–53
with DKA, management of, 2433f
ECMO for, 2407
with HHS, management of, 2433f
in ICU, 35–36

care ethics for, 51–52
PD for, 2407
RRT for, 2407
SvO 2 monitoring in, 307, 308f

Child-Turcotte-Pugh score (CTP), 186, 2319

Chloramphenicol, 2567, 2695t
ARF and, 2670t
for biological agents, 2622t
for tularemia, 1756

Chlorhexidine (CHX), 1566, 1644
catheters coated with, with silver sulfadiazine,

402
cutaneous antisepsis with, 401, 401t

Chloride
-insensitive metabolic alkalosis, 643t, 644
-sensitive metabolic alkalosis, 643–644, 643t

Chlorine, 2624t
Chloroacetophenone, 2624t
Chloropicrin, 2624t
Chlorpromazine, 953t

DKA and, 2430t
HHS and, 2430t

Cholangitis, 1579
Cholecystectomy, 2330

diarrhea with, 2361
Cholecystitis

acalculous, 807, 1162
bilirubin and, 1162
fever and, 1559

acute, 1578–1579
calculous, 807
HIDA scan for, 463f
SCD and, 2566

Cholecystostomy
approaching gallbladder in, 464, 464f
percutaneous

CT for, 463–464, 463f–464f
indications for, 463, 463f
sonographic image for, 464f

research on, 464–465
surgical, 462
tube, contrast injection through, 464f

Cholelithiasis
pancreatitis and, 1159
in pregnancy, 1471

Cholera, as biological agent, 2620t
Cholestyramine

thyroid function and, 2454t
for thyroid storm, 2456t

Cholinergics, 2353t
toxicity with, 1000–1002

Chondritis, 1629
Chord compliance, 1984
Chorda tendineae, 839
Chromobacterium violaceum, 2487
Chronic active hepatitis, 1137
Chronic bronchitis, COPD and, 2134t
Chronic hypoxia theory, 727
Chronic inflammatory demyelinating

polyneuropathy (CIDP), 2240f
Chronic kidney disease (CKD), 725–729

blood pressure and, 727–728
causes of, 1073t
chest pain and, 728
classification of, 726t
ICU mortality and, 726f
respiratory failure and, 728
stages of, 1073t

Chronic liver failure. See Cirrhosis
Chronic mesenteric ischemia (CMI), 2367–2373,

2370f
clinical presentation of, 2369
diagnosis of, 2369
outcomes for, 2372–2373
pathophysiology of, 2367–2369
treatment for, 2369–2372

Chronic myelogenous leukemia (CML), 804
leukocytosis and, 2573

Chronic necrotizing pulmonary aspergillosis
(CNPA), 1700, 1701t

Chronic obstructive pulmonary disease (COPD),
172, 232f, 1071–1072

acute respiratory failure in, 2133–2140
anaphylactic shock and, 937t
antibiotics for, 2135
anticholinergics for, 2135
associated diseases with, 2134t
auto-PEEP and, 2137
β2 -agonists for, 2135
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bronchodilators for, 2135
chest pain and, 1775
corticosteroids for, 2135
CPAP and, 2136–2137
FEV1 and, 2134
Glasgow coma score and, 2137
humidification for, 2139f
hyperinflation with, 2133, 2137–2138
hypoxemia with, 2135
in ICU, 1667
IMV for, 1925
ipratropium bromide for, 2135
lung transplantation and, 1357, 1359t
lung volume and, 2134
metabolic acidosis with, 2138
NIPPV for, 1946–1947, 1948t, 2011–2012
NIV for, 2136–2137
NMBAs for, 2140
obesity and, 1494
oxygen therapy for, 2135–2136
PCV for, 1981
PEEP and, 2136–2137, 2138–2139
POBN and, 214
Pseudomonas spp. and, 2135
RA and, 2471
Rhinovirus spp. and, 2135
sedation for, 2140
sepsis and, 791, 857
severity classification of, 2134t
SLT for, 1359
smoking and, 2133–2134
spirometry for, 2134
spontaneous breathing and, 2139–2140
Streptococcus spp. and, 2135
TMP-SMX for, 2135
twitch pressure with, 1994
VCV for, 2138
ventilation for, 1909, 1975f, 2135–2140

Chronic otitis externa (COE), 1626
Chronic otitis media with effusion (COME), 1628
Chronic portal hypertension, 467
Chronic suppurative otitis media (CSOM), 1628
Churg-Strauss syndrome, 2488
CHX. See Chlorhexidine
Chylothorax, 2173–2174
Chymase, 1822
CI. See Cardiac index
Cicutoxin, toxicity with, 1008–1009
Cidofovir, 1708t

for biological agents, 2622t
CIDP. See Chronic inflammatory demyelinating

polyneuropathy
Cilostazol, 2542
CIM. See Critical illness myopathy
Cimetidine, 1134, 1861t, 2673

ARF and, 2671t
DKA and, 2430t
HHS and, 2430t
thrombocytopenia from, 2517
warfarin and, 2515t

CINM. See Critical illness neuromyopathy
CIP. See Critical illness polyneuropathy
Ciprofloxacin, 1691t, 1692, 2698t

for biological agents, 2622t
for N ocardia spp., 1723
for tularemia, 1756

Circulating volume, effective 723
Circulatory arrest, 1216
Circulatory-renal limit (CRL), 1347, 1349
Cirrhosis, 1137, 1719t, 2311–2319

abdominal pain with, 2312–2313
differential diagnosis for, 2313t

ARF with, 2313
cardiovascular system and, 2313
esophageal varices with, 2316–2317, 2316f
fungal infections with, 2316
GNB and, 2315
gram-positive organisms and, 2315
HE and, 2318

precipitating mechanisms of, 2319t
impaired consciousness with, 2318–2319

differential diagnosis for, 2319t
infection with, 2315–2316
neurologic system and, 2318–2319

NSAIDs and, 2315
OLT for, 2319

indications/contraindications for, 2319t
prognosis assessment for, 2312
respiratory failure and, 2317–2318

differential diagnosis for, 2317t
respiratory system and, 2317–2318
sepsis and, 791, 857
SOFA for, 2312t
spontaneous bacterial peritonitis with, 2315
TIPS in, 468f
UGIB with, 2316–2317

Cisapride, 2353t
for gastroparesis, 2358

Cisatracurium, 968, 969f, 1226
Cisplatin, 2592

ARF from, 2383t
toxicity of, 1412t

Citrate, 2404
for RRT, 2405

CK. See Creatine kinase
CKD. See Chronic kidney disease
CK-MB. See Myocardial creatine kinase
Cl. See Clearance
Clarithromycin, 2696t
Classical pathway, 798
Clavicle, 414f, 417f
CLD. See Chemotherapy-induced lung disease
Clearance (Cl), 950, 2398

with RRT, 2400
Clenbuterol, 851
Clexane. See Enoxaparin
CLIA. See Clinical Laboratory Improvement

Amendments
Clindamycin, 2695t

ARF and, 2670t
esophageal injury from, 2350t

Clindamycin-primaquine, for Pneumocystis
pneumonia, 1736t

Clinical decision-making
biases in, 90t
bundles in, 85–87, 85t, 87t
clinical inertia in, 89–90
clinical pathways in, 85
communication in, 88
computerized decision support for, 87–88
in diagnosis, 82f
fatigue and, 90–91, 91f
fuzzy logic in, 87–88
knowledge for, 81, 82f
language barriers in, 88–89
litigation fears in, 89
locating pertinent information for, 90
personal biases in, 89
problem identification in, 81–82, 82f
resource limitation in, 89
standards/guidelines for, 83–84, 84t
steps in, 83f
stress and, 91
tools for, 82–83

Clinical experience, 82f
Clinical inertia, in clinical decision-making, 89–90
Clinical Laboratory Improvement Amendments

(CLIA), 392–393
Clinical pathways, 85

for CABG, 1215
Clinical Pulmonary Infection Score (CPIS), 1574
Clinical Randomization of an Anti-fibrinolytic

in Significant Hemorrhage (CRASH),
915

Clinical trial, 103t, 105–106
Clinton Administration, 13–14
Clodronate, 2578
Clofibrate, warfarin and, 2515t
Clonazepam, for brain injury, 2259
Clonidine, 2672

ARF and, 2671t
in ICU, 586

Clonidine/dexmedetomidine, 1861t
for brain injury, 2259

Clopidogrel (Plavix), 1131, 1788–1789, 1790t,
2541–2542

for acute coronary syndrome, 1778
ADP and, 2541

LGIB and, 2294
platelets and, 1134

Closed chest compression, 703–704
Closed intramedullary nail fixation, 1280–1281
Closed loop control, 1918

computers and, 1918–1919
Closed pipe analogy, 178, 179f
Closed suction drains, 1301
Closed system, 77
Closing capacity (CC), 1496, 1510
Clostridial infections, HBO treatment of, 565–566
Clostridium difficile, 140, 1575, 1584

colitis from, 734, 1556–1557
Clostridium difficile acute diarrhea (CDAD),

1678–1681
treatment for, 1681

Clotting, of PICC, 471
Clozapine (Clozaril), 232
Clozaril. See Clozapine
CLT. See Central limit theorem
Cluster of differentiation (CD), 751
CMAP. See Compound motor action potentials
CMI. See Chronic mesenteric ischemia
Cmin . See Minimal plasma concentrations
CML. See Chronic myelogenous leukemia
CMRO 2 . See Cerebral metabolic rate
CMV. See Controlled mechanical ventilation;

Cytomegalovirus
CN. See Cranial nerve
CNC. See Coma/Near Coma Scale
CNPA. See Chronic necrotizing pulmonary

aspergillosis
CNS. See Central nervous system;

Coagulase-negative staphylococci
CO. See Carbon monoxide; Cardiac output
CO 2 . See Carbon dioxide
Coagulase-negative staphylococci (CNS),

1645–1646
Coagulation, 739–748, 1130. See also

Anticoagulants; Disseminated
intravascular coagulation

acidosis and, 747
ALF and, 2311
amplification and, 743, 744f
amyloidosis and, 2519
APC, 2285, 2290

complications with, 2296
disorders of, in ICU, 2503–2520, 2504t
DVT and, 2519
electrocoagulation, 2285, 2290
endothelium and, 2503–2504
fXII and, 2504f
Gaucher disease and, 2519
geriatrics and, 1508–1509
hemorrhagic shock and, 893, 907–908
hypercoagulation, 2295
hypothermia and, 747, 1326
inflammation and, 2504–2507
initiation and, 743, 744f
liver failure and, 2511–2512
liver surgery and, 1183
LPS and, 800
massive transfusion and, 2513–2514
MODS and, 800
necrosis, 1005
nephrotic syndrome and, 2519
pH and, 747
platelets and, 2503
pregnancy and, 1463
propagation and, 743–744, 744f
resuscitation and, 908–914
sepsis and, 881
TBI and, 1136, 1250
TF and, 800
in trauma patients, 1136
uremia and, 2519
VADs and, 1845–1846
vitamin K and, 742

Coagulation cascade, 742–743, 863
regulation of, 2537–2539
shock and, 817–818

Cocaine, 1018–1022
cardiovascular system and, 1019–1020
central nervous system and, 1020
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Cocaine (Cont.)
clinical manifestations with, 1019t
DKA and, 2430t
HHS and, 2430t
hyperthermia and, 1020
respiratory system and, 1020
rhabdomyolysis and, 1020
toxicity with, 1019–1020

diagnosis of, 1020
treatment for, 1020–1022

withdrawal from, 1022
Coccidioidal meningitis, 1615
Cockroft-Gault formula, 1518
Code of Federal Regulations for the Protection of

Human Subjects, 51
COE. See Chronic otitis externa
Cognitive ability, informal assessment of, 48
Cognitive impairment, 2245–2250, 2248t

an, 2248
ALI and, 2249
APACHE and, 2247
ARDS and, 2246
brain imaging for, 2248
carbon monoxide poisoning and, 2248
critical illness and, 2246t
from delirium, 2250
duration of, 2247
indicators of, 2247
lack of recognition of, 2249
from lorazepam, 2249–2250
mechanisms of, 2249–2250
rehabilitation of, 2250
stroke and, 2248
VT and, 2247
TBI and, 2248
trauma and, 2248

Cohort study, 103t, 105
Colchicine

complications with, 2471t
diarrhea from, 2361
for pericarditis, 1878
RA and, 2468

Cold sensors, 274f
Colitis. See also Fulminant colitis; Ischemic colitis;

Radiation colitis; Ulcerative colitis
from Clostridium difficile, 734, 1556–1557
pseudomembranous, 2588

Collaborative care, 79–80
aims of, 71
communication in, 74–75
meanings associated with, 71
new team members in, 78
observing critically ill patients with, 78–79
power balancing in, 71

Collagen, 1821
Collapsed lung

chest radiographs of, 351f–353f, 352–353
after PAC placement, 352f–353f

Colloids, 822, 1108, 1208
for hemorrhagic shock, 905

Colon
electrolytes in, 2664t
gastrointestinal motility disorders of,

2360–2363, 2365
perforation of, 1405

HIV and, 1739
pseudo-obstruction of, 1164

Colonic diverticular bleeding, 2295
Colonic inertia, 2362
Colonization, 109
Colonopathy, from NSAIDs, 2296
Colonoscopy, 2279

angiodysplasia and, 2285
diverticulosis and, 2285
for ischemic colitis, 2296
for LGIB, 2284–2288
MI and, 2294

Colony-stimulating factors (CSFs), 817
Color M-mode Doppler, 245
Colostomy, electrolytes in, 2664t
Coma, 2206, 2254–2255. See also Glasgow coma

score
from barbiturates, 1251
causes of, 2208t

CIP and, 2255
classification of, 2208t
CT for, 2257
diagnosis of, 2208t
EEG for, 2257
hyperosmolar, 976
laboratory tests for, 2210t
management of, 2210–2211
MRI for, 2257
neuroimaging abnormalities with, 2209t
parkinsonism and, 2255
PEG for, 2254
pressure ulcers and, 2255
prognosis algorithm for, 2212f

Coma Recovery Scale (CRS), 2258
Coma/Near Coma Scale (CNC), 2258
Combined heart-lung transplantation (HLT), 1359

for pulmonary hypertension, with congenital
heart disease, 1359

Combitube, 524–525, 525f
Combivir. See Zidovudine-lamivudine
COME. See Chronic otitis media with effusion
Communication

of bad news, 39–40, 39t–40t, 40f
in clinical decision-making, 88
in critical care medicine

barriers to, 38–39, 39t
of end-of-life issues, 41–42, 41t–42t
of sudden catastrophic events, 41

in ICU
with child/adolescent, 35–36
with families, 34–35, 34t

about patient safety, 119
in physician training, barriers to, 39t
in United States, barriers to, 39t

Community-acquired infection, 1538t
Community-acquired pneumonia (CAP), 1651–1657

AIDS and, 1653
antibiotics for, 1653–1655, 1654t
corticosteroids for, 1655
diagnosis of, 1651–1652
HIV and, 1653
from influenza, 1704
microorganisms causing, 1653
prevention of, 1657
prognosis for, 1655–1657, 1656t
Streptococcus spp. and, 1651
TNF and, 1653
treatment for, 1653–1655

Compartment syndrome, 1286–1287. See also
Abdominal compartment syndrome

CK and, 1287
drugs for, 1287
extremity, 1118–1119

Compazine. See Prochlorperazine
Compensatory anti-inflammatory response

syndrome (CARS), 815, 816f, 861
Competence, 47–48, 47t
Complement activation theory, 727
Complement cascade, shock and, 815
Complement system, 756
Complex alerts, 129–130, 129f
Compliance, 1983–1984

measurement of, 1921f, 1921t
Complications After Thrombocytopenia Caused by

Heparin (CATCH), 2569
Compound motor action potentials (CMAP),

2003f, 2229
Comprehensive geriatric assessment (CGA), 1523
Comprehensive Unit-based Safety Program (CUSP)

details of, 118–119
evidence of, 119
implementation of, 119
introduction to, 116
steps in, 118t

Compressible volume, 1975
Compression, physical effects of, 560
Compression ultrasound (CUS), 2146
Compression-to-ventilation ratio (C:V), during

BLS, 704
Computed axial tomography (CAT)

angiography, of subarachnoid hemorrhage, 374f
noncontrast

of brain, 371f

of epidural hematoma, 372f
of hypertensive-related hemorrhage, 375f
in posttraumatic contusion, 376f
of subdural hematoma, 372f, 373

of transtentorial herniation, 370f
Computed tomography (CT), 1265

for abdominal pain, 1160–1161
for ALF, 2307, 2308f
of aortic aneurysm, 360f
of aspiration pneumonia, 356f
for cerebral edema, 2308f
for chest pain, 1770–1771
for coma, 2257
in drainage procedures, 455
for hemoptysis, 2190
for LGIB, 2289
for neuroradiologic imaging, 317
for pancreatitis, 731, 2325–2326
for percutaneous cholecystostomy, 463–464,

463f–464f
perfusion exam, 377f
for pericarditis, 1878f
for pheochromocytoma, 2450
of pleural effusion, after drainage, 367f
in pregnancy, 1471
of SAH, 928
of sepsis, in gallbladder, 365f

Computed tomography angiography (CTA), for
vascular mesenteric pathology imaging,
484

Computed tomography venography (CTV), 2147
Computerized axial tomography (CAT), 874, 1265
Computerized decision support, 87–88

preventing errors with, 130t
Computerized physician order entry (CPOE), 130

quality improvement in, 130
Computerized records, cost savings with, 132t
Computers

closed loop control and, 1918–1919
in ICU, 127
risks with, 131
ventilators and, 1916–1917, 1917t
workload and, 130

Concentration effect, 1084
Concentration-dependent thermoregulatory

inhibition, 278f
Conduction, 1325
Conduction system

AV surgery and, 1222
pacemakers and, 684–685
VSD and, 1222

Confusion Assessment Method (CAM), 2245
Congenital heart disease

coagulation and, 2504t
pregnancy and, 1457–1458
with pulmonary hypertension, HLT for, 1359
surgery for

antiarrhythmics for, 1224t
arrhythmia and, 1222

Congestive heart failure (CHF), 241, 247
with acute coronary syndrome, 1807
MI and, 849
myxedema coma and, 2460
PEG-ELS and, 2284
pleural effusion and, 2174
postextubation distress from, 2014
PWP and, 881
RRT for, 2407
surgery risks for, 1062t

Connective tissue diseases (CTDs), 1719t, 2465–2479
skin and, 2487

Consciousness. See also Cognitive; Impaired
consciousness

DOC, 2258
level of, 321–322, 322t

CONSENSUS, 1828
Consent. See Informed consent
CONSORT, 109–110
Constrictive pericarditis, 1882–1885
Contact dermatitis, 2492, 2492f
Contact factors, 741–742
Contact precautions, with infection control, 135
Contamination, 109
Continuity of operations plans (COOP), 2650
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Continuous arteriovenous hemofiltration (CAVH),
2393–2395, 2394f

Continuous aspiration of subglottic secretions
(CASS), 1566

Continuous cardiac output (CCO), 182
Continuous positive airway pressure (CPAP), 1523,

1913, 1928–1930, 1934, 1966, 1966f
for aspiration, 2103
COPD and, 2136–2137
drowning and, 2091–2092
ET and, 205
IMV with, 1925
intermittent, 1930
NIPPV and, 1942–1943
Pneumocystis pneumonia and, 1737

Continuous renal replacement therapy (CRRT),
978, 2310, 2398

for azotemia, 2402
dextrose in, 980
LMWHs for, 2404
schematic representation of, 2403f

Continuous venovenous hemodiafiltration
(CVVHDF), 2402, 2403

Continuous venovenous hemodialysis (CVVHD),
1375, 2402, 2403

Continuous venovenous postdilution hemofiltration
(CVVH), 2400

Contraceptives, ischemic colitis and, 2296
Contractibility, 1210
Contraction band necrosis (CBN), 927f, 1249
Contraction cycle, cardiac electrical activity and,

691–693
Contraction stress test, 1482, 1484f
Contraction-relaxation, of heart, 689–693

calcium and, 689–690
Contrast media. See Radiocontrast media
Contrast-enhanced spiral computed tomography,

for TAI, 260t
Control group, 105–106
Control variable, 1912–1913
Controlled mechanical ventilation (CMV),

1922–1923, 1924f, 1961–1966
for drowning, 2092
vs. HFO, 2033t
NIPPV and, 1943

Conus snails, 1046–1047
Convection, 1325, 2396, 2397f
Convergence nystagmus, 2207
Conversation, effective, guidelines for, 39t
COOP. See Continuity of operations plans
COPD. See Chronic obstructive pulmonary disease
Coral snake envenomation, 1028–1029
Core glycolipid, 858
Core temperature, 272–273, 273f

in distal esophagus, during surgery, 281f
in fructose infusion, 281f
thresholds for, 274f
tympanic membrane, 281f

Coronary arteries, 685f
Coronary artery bypass grafting (CABG),

1065–1068
clinical pathways for, 1215
pleural effusion and, 2174
risk factors with, 1066t
for STEMI, 1806
STEMI after, management algorithm for, 1778f

Coronary artery disease (CAD), 1059
AS and, 1848
ACE-I for, 1237
aspirin for, 1237
diabetes and, 1386
kidney transplantation and, 1405–1406
LGIB and, 2293
pregnancy and, 1459
RA and, 2469
sepsis and, 791
SLE and, 2478

Coronary blood supply, 686f
Coronary perfusion, 685–686
Coronary perfusion pressure (CPP), 185t, 187
Coronary sinus (CS), 684f
Coronary vascular turgor, 1824
Corporations, involvement of, in health care, 7–8,

16

Corpus Hippocraticum, 271
Corticosteroid, 1403, 1423–1424, 2424t

for adrenal insufficiency, 794
for AIHA, 2564
for anaphylactic shock, 938
for asthma, 2112, 2122t, 2123
for CAP, 1655
cardiovascular system and, 2422
CIM and, 2238
complications with, 2471t
for COPD, 2135
for decompression sickness, 564
for drowning, 2093
for extubation, 2019
for fetal lung maturity enhancement, 1474
for fulminant colitis, 2338
for IBD, 2341
immunosuppression and, 1721–1723
for inflammation, 2423–2424
mental confusion from, 956
for MSCC, 2585
for pericarditis, 1878
for Pneumocystis pneumonia, 1736–1737
side effects of, 2123
toxic megacolon and, 2340

Corticosteroid insufficiency, 2441, 2443–2446
biochemical diagnosis of, 2444–2445
causes of, 2443–2444
clinical presentation of, 2444
dexamethasone for, 2444
diagnostic algorithm for, 2442f
FSH and, 2444
hydrocortisone for, 2445
LH and, 2444
management of, 2445–2446
TSH and, 2444

Corticotropin-releasing hormone (CRH), 789,
2412

ACTH and, 2412
carbon monoxide and, 2418
noradrenalin and, 2412
vasopressin and, 2412

Cortisol, 1316, 2416t, 2442
ACTH and, 2441
cortisone to, 2423
DKA and, 2429
septic shock and, 870
serum, 2445–2446
TNF and, 2423

Cortisone, 2445t
for brain injury, 2259
to cortisol, 2423

Cost
effectiveness, of venous oximetry, 307–308
of health care, problems with, 5–6
of health insurance, 16f
in ICU, 578

Costochondritis, 1775
Cotton-wool spots, 1891
Cough, 1944

extubation and, 2016–2017
Coumadin. See Warfarin
Countercurrent, 941
Counterregulatory hormones (CRHs), 2430
County-administered medically indigent adult

program, 1–3
Coupled plasma filtration adsorption (CPFA),

2406
Courts, involvement, with end-of-life decisions,

54–55
COW. See Certificate of waiver
Cowart, Dax, 56–57
COX-2. See Cyclo-oxygenase
CPAP. See Continuous positive airway pressure
CPB. See Cardiopulmonary bypass
CPC. See Cerebral Performance Category
CPE. See Cardiogenic pulmonary edema
CPFA. See Coupled plasma filtration adsorption
CPIS. See Clinical Pulmonary Infection Score
CPK. See Creatine phosphokinase
CPM. See Central pontine myelinolysis
CPOE. See Computerized physician order entry
CPP. See Cerebral perfusion pressure; Coronary

perfusion pressure

CPR. See Cardiopulmonary resuscitation
CPT. See Carnitine palmitoyltransferase
Cranial nerve (CN), facial trauma and, 1309–1310
Cranial subdural empyema, 1622
CRASH. See Clinical Randomization of an

Anti-fibrinolytic in Significant
Hemorrhage

CRBSI. See Catheter-related bloodstream infection
CRC. See Calcium release channel
CrCl. See Creatinine clearance
C-reactive protein (CRP), 818

for pancreatitis diagnosis, 2325
Creatine kinase (CK), 842, 930. See also

Myocardial creatine kinase
CIP and, 2238
compartment syndrome and, 1287

Creatine phosphate (CP), 1826t
Creatine phosphokinase (CPK), 1016, 1459
Creatinine clearance (CrCl), 1348

formula for, 2668
HF and, 1817

Cremophor, 2590
CREST. See Calcinosis, Raynaud phenomenon,

esophageal motility disorders,
sclerodactyly, and telangiectasia

Creutzfeldt-Jakob disease, 915
CRH. See Corticotropin-releasing hormone
CRHs. See Counterregulatory hormones
Cricoid cartilage, 521f
Cricothyroidotomy

access site for, 447f
complications with, 446
indications for, 445
open, 445, 445f–446f
percutaneous, 445, 447f
techniques for, 445, 445f–446f

Crista supraventricularis, 684
Critical care beds, 2604
Critical care formulas, 984
Critical care management, ICS and, 2602
Critical care medicine

admission to, 77
anesthesiology and, 575
attending physician, 72–73
blood volume in, 283

applications of, 290–292
for children, 51–53
communication in

barriers to, 38–39, 39t
case study for, 42–43
of end-of-life issues, 41–42, 41t–42t
perspective in, 42
of sudden catastrophic events, 41

consultants outside of, 73–74
director of, 72
discharge from, 77
expertise in, 96
family communication in, 79
fellows of, 73
HBO chamber operation in, in field, 569
health care and, 8–9, 9t
health professionals in, 72–73
inference used in, 99f
interdependent working relationships in, 71–72,

72f
interventional radiology in, 455
IT in, 127–130, 128f–129f
judicial analysis of, 58–51
neuroimaging of, for diagnosis, 368–369
new team members in, 78
nurses of, 73
nutritionists for, 74
observing/monitoring, 78–79
occupational therapists in, 74
open/closed, 77
pharmacists for, 73–74
physicians in, 38
residents of, 73
respiratory therapists in, 74
social workers in, 74
time of day in, 77–78
transport between/from, 144
ward rounds in, 75, 75t

Critical care unit, health professionals in, 72–73
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Critical illness myopathy (CIM), 2238–2241
ARDS and, 2238
asthma and, 2238
corticosteroids and, 2238
diagnostic algorithm for, 2240f
NMBAs and, 2238

Critical illness neuromyopathy (CINM),
2238–2241

diagnostic algorithm for, 2240f
prognosis for, 2241

Critical illness polyneuropathy (CIP), 2238–2241
CK and, 2238
coma and, 2255
diagnostic algorithm for, 2240f
NMBAs and, 2238
sepsis and, 2238

Critical oxygen delivery, 943–944
Critically ill patients

acid-base disorder in, 638f
air medical transport of, 151–152, 152t
cross-sectional imaging in, 356–357
fluid/electrolyte disorders in, 609–610
intrahospital transport of, 150

approaches to, 153
Crixivan. See Indinavir
Crohn disease, 1168, 2278, 2296, 2337

infliximab for, 2290, 2296
LGIB from, 2290

Cromolyn, esophageal injury from, 2350t
Cross-sectional area (CSA), 241
Cross-sectional imaging

of aortic aneurysm rupture, 357, 360f
of aortic dissection, 357–358, 360f
of aortic injury, 358, 360f
in critically ill patient, 356–357
of severe pancreatitis, 358f
in trauma patients, 358–361, 361f

Cross-sectional study, 103–104, 103t
in critically ill patient, 356–357

Croup, 1635–1636
Crown of thorns, 1047
CRP. See C-reactive protein
CRRT. See Continuous renal replacement therapy
CRS. See Coma Recovery Scale
Cruzan v. Director, Missouri Department of

Health, 17–18, 55–56, 67t
Cryoprecipitate, transfusion of, 2526, 2526t
Cryptococcal meningitis, 1611, 1615
Crystal-associated arthritis, 1559
Crystalloids, 822, 1108, 1208

for hemorrhagic shock, 905
for pulmonary embolism, 2153

Crystalluria, 1749t
CS. See Coronary sinus
CSA. See Cross-sectional area
CsA. See Cyclosporine A
CSF. See Cerebrospinal fluid
CSFs. See Colony-stimulating factors
CSOM. See Chronic suppurative otitis media
Css. See Plasma concentration at steady state
CSW. See Cerebral salt-wasting syndrome
CT. See Computed tomography
CTDs. See Connective tissue diseases
CTLs. See Cytotoxic T cells
CTP. See Child-Turcotte-Pugh score;

Phosphocholine cytidylyltransferase
CTV. See Computed tomography venography
Cuff leak, in extubation, 549
Cuff-leak test, 2015–2016, 2016f
CURB, 1652
Curved blades, 531–532
CUS. See Compression ultrasound
Cushing syndrome, 804, 1878, 1888, 2445

DKA and, 2430t
HHS and, 2430t

CUSP. See Comprehensive Unit-based Safety
Program

Cutaneous antisepsis, with chlorhexidine, 401,
401t

Cutaneous heat flux, 276f
Cutaneous vasculitis, 2488
Cuthbertson, David P., 788
C:V. See Compression-to-ventilation ratio
CVA. See Cerebrovascular accident

CVC. See Central venous catheter
CVLs. See Central venous lines
CvO 2 . See Mixed venous oxygen content of blood
CVP. See Central venous pressure
CVVH. See Continuous venovenous postdilution

hemofiltration
CVVHD. See Continuous venovenous hemodialysis
CVVHDF. See Continuous venovenous

hemodiafiltration
CWP. See Capillary wedge pressure
CXR. See Chest x-ray
Cyanide

HBO therapy for, 565
poisoning from, 1002

NTP and, 1893
Cyanogen chloride, 2623t
Cycle variable, 1913, 1960
Cyclic adenosine monophosphate (cAMP), 869

myocardial contraction and, 1818
Cyclic guanosine monophosphate (cGMP), 863,

869, 1820
Cyclic guanosine monophosphate protein kinase

(cGMP-PK), 1820
Cyclic parenteral nutrition, 979–980
Cyclohexyl sarin, 2623t
Cyclo-oxygenase (COX-2)

inhibitors of, 2469
pathway, 902

Cyclopeptide, 1009
Cyclophosphamide, 2592

complications with, 2471t
genitourinary system and, 2594
RA and, 2468
toxicity of, 1412t

Cyclosporine A (CsA), 953t, 1361t, 1401, 1424
adverse effects of, 1402t
ARF from, 2383t
drug interactions with, 1401t
for fulminant colitis, 2338–2339
obesity and, 1494
for RA, 2470t

Cyklokapron. See Aminocaproic acid
CYP2D6, 776
CYP3A, 1518
Cystic fibrosis (CF)

associated pathogens for, 1541t
BLT for, 1359
lung transplantation and, 1357, 1359t

Cystitis, 1690
Cytarabine, toxicity of, 1412t
Cytokine release syndrome, 1353
Cytokines, 751, 2562. See also Specific cytokines

ACTH and, 2414
from APCs, 788
ARDS and, 2078
blood–brain barrier and, 2413–2414
fever and, 1553
HF and, 1823
HPA and, 2418–2419
for immunotherapy, 759t
MODS and, 801–802
RA and, 2465
sepsis and, 861–862, 863t
shock and, 815–816
T lymphocytes and, 2561
thyroid function and, 2454t

Cytomegalovirus (CMV), 1162, 1608, 2304t
diagnostic tests for, 1714t
heart transplantation and, 1354
in ICU, 1713
kidney transplantation and, 1403–1404, 1403t
LGIB and, 2278, 2292
NIPPV and, 1943
SCT and, 1412, 1420
toxic megacolon and, 2339
transfusion and, 2530
transplantation and, 1725, 1726
viral meningitis and, 1710

Cytopathic hypoxia, 797, 867
Cytosine arabinoside (Ara-C), 2590–2591
Cytotoxic edema, 371, 614, 655

axial fluid-attenuated inversion recovery MRI,
378f

Cytotoxic T cells (CTLs), 751

D. See D-dimer
Daclizumab (Zenapax), 1353, 1400t, 1723t
DAH. See Diffuse alveolar hemorrhage
DAI. See Diffuse axonal injury
Daily energy expenditure, 974t
Daily goals sheet, 76f, 120, 121t
Dalbavancin, 1551
Dalteparin (Fragmin), 1790t, 1801, 2550
Damage control orthopedics (DCO), 1283–1285

ARDS and, 1283–1284
principles of, 1283t

Damage control resuscitation (DCR), 910
Damage control surgery (DCS), 1152–1153,

1152t
Damage control urology, 1299
Damping, 155–157, 156f

critical, 157
Danaparoid. See Anti-factor Xa therapy
Dantrolene, for brain injury, 2259
DAP. See Diastolic arterial pressure
Daptomycin, 1549
Darbepoetin alfa, 2561
Darunavir (Prezista), 1745t, 1747t
Data element, 98
Daunorubicin, 2591
DBE. See Double-balloon enteroscopy
DBP. See Diastolic blood pressure
DC. See Total intensity
DCM. See Dilated cardiomyopathy
DCO. See Damage control orthopedics
DCS. See Damage control surgery
DcSSc. See Diffuse systemic sclerosis
DDAVP. See 1-desamino-8-D-argine vasopressin
DDD. See Dual-mode pacing/sensing pacemakers
D-dimer, 746, 1768, 2538–2539
DDT. See Dichlorodiphenyltrichloroethane
De Anima, 112
Dead space

formula for, 2667
in lung, 673
VT and, 1991
ventilation of, 233–234

Death, early, treatment delay from, 3
Decastello, Alfred, 2523
Decelerations, fetal monitoring and, 1481f
Decision-making capacity, 47, 47t
Decompression

physical effects of, 560
sickness

anticoagulants for, 564
corticosteroids for, 564
fluid therapy for, 564
HBO for, 561–562, 561f–562f
hospital treatment for, 562, 563f
lidocaine for, 564
NSAIDs for, 564
perfluorocarbons for, 564
prehospital treatment for, 562
treatment principles for, 564–565

Decompressive craniectomy, 2203
Decompressive surgery, 1271
Decontamination, in MCI, 2612–2614, 2622
Decubitus. See Pressure ulcers
Deep venous thrombosis (DVT), 819

with ASI, 1255
cancer and, 2144–2145
coagulation and, 2504t, 2519
CVC and, 2144–2145
diagnosis of, 2146–2147
enoxaparin for, 2549–2550
heparin for, 2542
HIT and, 2569
LMWH for, 2543
mechanisms for, 2538t
MI and, 1812
model for, 2539f
pregnancy and, 1432
risk factors for, 2144
TBI and, 1252
trauma patient and, 1156
treatment of, 2147
UFH for, 2145
ultrasonography for, 1770
urologic surgery and, 1293
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vena cava filters for, 475, 477f–478f
ventilation and, 2144

De-escalation, for antibiotics, 1536f, 1539
Defibrillation, 706

in ventilatory care, 569
Defibrillator/pacemaker unit, with electrode patch,

438f
Defibrination syndrome, 1135
Dehydration

angiography and, 2289
diarrhea and, 1677–1678, 1679t
SCD and, 2566

Dehydroepiandrosterone, 2442
1,25-dehydroxyvitamin D, 2576
Delavirdine (Rescriptor), 1744t, 1747t
Delayed graft function (DGF), 1398
Delayed-type hypersensitivity (DTH), 755
Deliberative model, 45
Delirium, 962, 2206, 2245, 2248t

adverse cognitive outcomes and, 2247–2248
anesthesia and, 1098–1099
brain imaging for, 2248
cognitive impairments from, 2250
geriatrics and, 1519–1521
mechanisms of, 2249–2250
of patient, 28t
ventilation and, 2004

Delirium tremens (DT), 1018, 2206
Delivery of oxygen index (DO 2 I), 185t, 187
Dementia, 2248t
Demyelination, 616, 2228
Dendritic cells, 789
Dengue fever

as pandemic infection, 2637–2640
symptoms of, 2638–2639
treatment of, 2639
world distribution of, 2638t

Denial, of diagnosis, 82
Denis, Jean-Baptiste, 2523
Dental infection

DKA and, 2430t
HHS and, 2430t

Deoxyribonucleic acid (DNA), 761, 859f
Dependent personality, in ICU, 32–33, 32t
Depolarization, of pacemaker cells, 687
Depression, 2251

ventilation and, 2004
Dermatology. See Skin
Dermatomyositis, 2233t

skin and, 2487
Dermis, 2481
DERTs. See Domestic emergency response teams
DES. See Diffuse esophageal spasm
1-desamino-8-D-argine vasopressin (DDAVP),

615–616, 615f, 746, 1130, 2519, 2672
withdrawal from, 617–618

Desaturated venous blood, abnormally, admixture
of, 677

Desmopressin. See 1-desamino-8-D-argine
vasopressin

Detsky cardiac risk index, 578t
Dexamethasone, 1474, 2445t

for corticosteroid insufficiency, 2444
for meningitis, 1605
for thyroid storm, 2456t
VEGF and, 2584–2586

Dexmedetomidine, 965, 1094, 1226
airway management with, 524
for anxiety, 963t

Dexrazoxane, 2591
Dextran, 823, 1166, 2663t
Dextrose, 769, 772

in CRRT, 980
DGF. See Delayed graft function
DHF. See Diastolic heart failure
DHPS. See Dihydropteroate synthase
Diabetes, 1719t

CAD and, 1386
CDI, 619
NODAT, 1406
respiratory muscle weakness and, 1995

Diabetes insipidus. See Central diabetes insipidus
Diabetes mellitus (DM), 1071

DKA and, 2430t

hemorrhagic shock and, 895
HHS and, 2430t
insulin-dependent, 1382
sepsis and, 791

Diabetic ketoacidosis (DKA), 639, 639t, 644,
2429–2435

ARDS and, 2435
calcium and, 2434
catecholamines and, 2429
cerebral edema with, 2435
children with, management of, 2433f
complications with, 2434–2435, 2435t
with concomitant metabolic alkalosis, 644
cortisol and, 2429
diagnosis of, 2430–2432, 2431t
electrolytes and, 2434
GH and, 2429
glucagon and, 2429
hyperglycemia with, 2430, 2435
hypoglycemia with, 2435
hypokalemia with, 2435
insulin for, 2434
intracranial pressure and, 2435
magnesium and, 2434
management of, 2432–2434, 2432f
pancreatitis and, 2430t
pathogenesis of, 2431f
pathophysiology of, 2429–2430
potassium and, 2434
precipitating factors in, 2430t
presentation of, 2430–2432
resuscitation for, 2432–2433

Diagnosis
clinical decision-making for, 82f
in critical care patient, neuroimaging of, 368–369
denial of, 82
pattern identification for, 81–82, 83f

Diagnostic peritoneal aspiration (DPA)
complications with, 444–445
indications for, 443
techniques for, 443–444, 444f

Diagnostic peritoneal lavage (DPL), 443–444, 444f,
735, 1124

for blunt trauma, 1149t
complications with, 444–445

Dialysis, 2396. See also Hemodialysis; Renal
replacement therapy

for acute tumor lysis syndrome, 2581
for pericarditis, 1878

Dialysis disequilibrium syndrome, 729
Diaphragm, 200–204, 201

actions of, 2114
asthma and, 2114f
endurance of, 201
fatigue of, 200

ATP and, 208
Pdi and, 2002f

force generation from, 200
VT and, 199

Diarrhea, 1675–1681, 2360–2361
AIDS and, 1676
antibiotics for, 1679t
causing nonanion gap metabolic acidosis,

641
with cholecystectomy, 2361
classification of, 1678t
dehydration and, 1677–1678, 1679t
Escherichia coli and, 1675
etiology of, 1676t
GVHD and, 1676
HIV and, 1676
hospital epidemics of, 1681
hospital-acquired, 1676
immunosuppression and, 1676
management of, 1677–1681
with SCT, 1415
TD, 1676
therapy for, 1680t
with TPN, 2361

Diastolic arterial pressure (DAP), 276f
Diastolic blood pressure (DBP), 188, 695

echocardiography and, 242–247
hypertension and, 1887
tachycardia and, 242–243

Diastolic heart failure (DHF), 239
LVEDP and, 257t
LVEDV and, 257t
morphologic and function changes in, 255t
ventricular remodeling in, 254f

Diazepam, 964, 2672
geriatrics and, 1518
phenytoin with, for SE, 2220

Diazoxide
DKA and, 2430t
HHS and, 2430t

DIC. See Disseminated intravascular coagulation
Dichlorodiphenyltrichloroethane (DDT), 2567
Dicloxacillin, ARF and, 2670t
Didanosine (Videx), 1743t, 1748t, 1749t
Diet-induced thermogenesis, 280, 281–282
Dieulafoy lesions, 2278, 2296
Differential time to positivity (DTP), 1643
Difficult Airway Alert, 552
Difficult-to-treat asthma, 2111t, 2112

diagnostic tests for, 2120t
history and physical examination with, 2118t
management algorithm for, 2117f

Diffuse alveolar hemorrhage (DAH), 2193, 2476
Diffuse axonal injury (DAI), 375, 1245, 1246, 2257
Diffuse esophageal spasm (DES), 2353–2354
Diffuse systemic sclerosis (DcSSc), 2473
Diffusing capacity, 1053
Diffusing capacity for carbon monoxide (DLCO),

1069f
Diffusion, 2396, 2397f
Diffusion hypoxia, 1086
Digital display, 159
Digital rectal examination (DRE), 1304
Digital subtraction angiography (DSA), for

mesenteric imaging, 484
Digital subtraction catheter angiography, 1265
Digitalis, 1166

for AS, 1848
arrhythmia from, 1872–1873
for cardiogenic shock, 835, 847

Digoxin, 758, 1224t, 1229t, 1508
ARF and, 2671t
dosing of, 997t
for HF, 1833
mental confusion from, 956
obesity and, 1494
toxicity from, 995–997

Dihydropteroate synthase (DHPS), 1737
Dihydropyridines, 1787
Dilated cardiomyopathy (DCM), 775

HF and, 1817
Dilated eye, 2207
Diltiazem, 843, 1747t, 1861t, 2672

for acute coronary syndrome, 1786
ARF and, 2671t

Dimethyl sulfoxide (DMSO), 1412
Diphenoxylate atropine sulfate (Lomotil), 2339
Diphenylhydantoin, 1861t, 2567
Diphosgene, 2624t
Diphtheria, 1636
Dipyridamole, 2542
Disaster, jurisdictional authority with, 2650
Disaster medical assistance teams (DMAT), 2651t
Disaster mortician assistance teams (DMAT), 2651t
Disaster response, 2649–2659
Discharge, from critical care medicine, 77
Disclosure, standards of, 46
Disease-modifying antirheumatic drugs

(DMARDs), 2468, 2469
for RA, 2470

Disopyramide, 1861t
ARF and, 2671t

Disorders of consciousness (DOC), 2258
Dissecting aneurysm, 1241
Disseminated intravascular coagulation (DIC), 747,

818, 1135–1136
AFE and, 2165
ARDS and, 2063t, 2077t
associated diseases with, 2509t
bleeding and, 2504t, 2509–2510
diagnostic tests for, 2510t
fibrinolysis and, 2509
laboratory findings on, 2508t



2724 Index

Disseminated intravascular coagulation (Cont.)
pancreatitis and, 1136
in pregnancy, 1445
sepsis and, 870
septic shock and, 870

Distal nephron, 723
Distributive justice, rationing ICU and, 22
Distributive shock, 815, 835, 893, 925

pathophysiology of, 925–926
Disulfiram, warfarin and, 2515t
Diuretics, 1444, 2395. See also Loop diuretics;

Thiazide diuretics
for AS, 1848
for cardiovascular surgery patients, 1213
for constrictive pericarditis, 1884
DKA and, 2430t
HHS and, 2430t
for hypercalcemia, 2577–2578
for pediatric cardiac surgical patients, 1227
resistance to, blood volume measurement in, 293

Divalent ions, disorders of, 623–629, 623t,
625t–627t

Diverticula
angiography and, 2288
endoscopy for, 2290t
LGIB from, 2295

Diverticular disease, drainage procedures in, 457,
458f

Diverticulitis, with peritonitis, 731
Diverticulosis, colonoscopy and, 2285
DKA. See Diabetic ketoacidosis
D-lactate, 822
DLCO. See Diffusing capacity for carbon monoxide
DLETT. See Double-lumen endotracheal tube
DM. See Diabetes mellitus
DMARDs. See Disease-modifying antirheumatic

drugs
DMAT. See Disaster medical assistance teams;

Disaster mortician assistance teams
DMSO. See Dimethyl sulfoxide
DNA. See Deoxyribonucleic acid
DNAR. See Do Not Attempt Resuscitation
Do Not Attempt Resuscitation (DNAR), 714
DO 2 . See Oxygen delivery
DO2 I. See Delivery of oxygen index
Dobutamine, 263, 879, 1210, 1228t, 2672

for cardiac tamponade, 1881
for cardiogenic shock, 835, 846–847, 847t
for shock, 826

DOC. See Disorders of consciousness
Domestic emergency response teams (DERTs),

2651t
Domestic violence, pregnancy and, 1477
Domperidone, 2353t
Do-Not-Intubate orders, 1952–1953
Dopamine, 794, 1210, 1228t, 2672

for ALF, 2310
for cardiac tamponade, 1881
for cardiogenic shock, 835, 845–846
MAP and, 2385f
vs. norepinephrine, 878–879
pheochromocytoma and, 2448
for renal protection, 2388
for sepsis, 879
for septic shock, 879
serum creatinine and, 2388f
for shock, 825–826
skin necrosis from, 2492
thyroid function and, 2454t

Dopexamine, 826
Doppler ultrasound, for acute mitral insufficiency,

840
Doppler velocimetry, 1484–1485, 1485f
Doripemem, 1551
Dorsalis pedis (DP), 1239

as cannulation site, 426
Double jeopardy area, 2499
Double labeling, F ratio and, 287–288
Double lumen catheters, 2395, 2405f
Double-balloon enteroscopy (DBE), 2279, 2283f,

2286
Double-lumen endotracheal tube (DLETT), 1192
Downward gaze, 2207
Doxorubicin, 2591

Doxycycline, 1756, 2135, 2697t
ARF and, 2670t
for biological agents, 2622t
esophageal injury from, 2350t
for plague, 1758

DP. See Dorsalis pedis
DPA. See Diagnostic peritoneal aspiration
DPL. See Diagnostic peritoneal aspiration;

Diagnostic peritoneal lavage
Drains, 1155–1156

placement of, suprapubic, 462
techniques for, 456–457, 457f–458f

for abdominal paracentesis, 461–462, 462f
hepatobiliary, 465–467, 465f–466f

Dramatic personality, in ICU, 32t, 33–34
DRE. See Digital rectal examination
Droplet precautions, with infection control, 135
Drotrecogin alfa, 827, 882
Drowning, 2087–2095

ALI and, 2091
ARDS and, 2091
aspiration in, 2089
bronchodilators for, 2093
cardiovascular system and, 2089, 2093
central nervous system and, 2093–2094
classification of, 2088
controlled mechanical ventilation for, 2092
corticosteroids for, 2093
CPAP and, 2091–2092
electrolytes and, 2089
glucose and, 2094
hypotension with, 2093
IMV for, 2092
metabolic acidosis and, 2094
NO for, 2092–2093
pathophysiology of, 2089
PEEP and, 2091–2092
prone positioning for, 2093
PSV for, 2092
renal system and, 2089, 2094
respiratory system and, 2089
respiratory therapy for, 2091–2092
resuscitation from, 2087–2088
surfactant for, 2093
transport and, 2090–2091
ventilation for, 2092–2093

Drug-induced fever, 1557–1558
Drugs. See also Pharmacology; Specific drugs or

drug class
for airway management, 522–524
causing hemoptysis, 511t
causing hyperkalemia, 621t
esophageal injury and, 2350–2351
excretion of, 957–958
interactions between, 956–958
for intubation, in status asthmaticus, 603
metabolic acidosis and, 642–643
metabolism of, 957
overdose of, aspiration and, 2097
sedative-hypnotic, for EEG, 325t
for translaryngeal intubation, 522t
withdrawal from, fever and, 1558–1559

DSA. See Digital subtraction angiography
DT. See Delirium tremens
DTH. See Delayed-type hypersensitivity
DTP. See Differential time to positivity
DTPA. See T c-99m diethylene triamine

penta-acetate
Dual-chamber pacing, choosing for, 429–431, 431t
Dual-controlled ventilation, 1967–1968
Dual-mode pacing/sensing pacemakers (DDD),

1208
Duchenne muscular dystrophy, 1953
Duke criteria, for IE, 261t
Dumping syndrome, 2358–2359
Duodenal hematomas, 1146, 1147f
Duodenum, electrolytes in, 2664t
DVT. See Deep venous thrombosis
Dying patient, 20–21
Dynamic compliance, 1984, 1985
Dynamic cytokine inflammatory response, 863f
Dynamic hyperinflation, 674
Dynamic pressure–volume curves, 1976
Dysarthria-clumsy hand syndrome, 1265

Dysentery, 1678
Dysphagia, with stroke, 1270
Dyspnea, 838
Dysrhythmias. See Arrhythmias
Dysrhythmogenic right ventricular

cardiomyopathy/dysplasia (ARVC/D), 774
Dyssynchrony, 1911

EAAs. See Essential amino acids
EACA. See Epsilon aminocaproic acid
EAEC. See Enteroaggregative Escherichia coli
Ear, pain, from HBO therapy, 569
Ear plethysmographic waveform, 220
Early decelerations, 1481, 1481f
Early enteral nutrition (EEN), 736
Early goal-directed therapy (EGDT), 794
Ebb flow phase, of response to injury, 972t
Ebb phase, of traumatic shock, 788
EBD. See Extrahepatic biliary disease
EBM. See Evidence-based medicine
Ebola virus, 1761–1762
EBPT. See Extracorporeal blood purification

therapies
EBV. See Epstein-Barr virus
Ecchymosis, 2482t
ECDs. See Expanded criteria donors
ECF. See Extracellular fluid
ECG. See Electrocardiogram
Echinocandins, 1698t
Echinodermata, envenomation from, 1047
ECHO, pericarditis from, 1875
Echocardiography, 237–264

for AS, 1850f, 1850t
for acute coronary syndrome, 262
for acute mitral insufficiency, 840
for cardiogenic shock, 1882t
for chest pain, 1768
competency with, 238t
contraindications for, 238
DBP and, 242–247
examination with, 238
for heavy metal poisoning, 251
hypovolemia and, 237
hypoxemia and, 237
in ICU, indications for, 239t
IE and, 237
indications for, 237–238
knowledge of, 238t
for liver failure, 251
for metabolic acidosis, 251
for MI, 261–263
PAC and, 240
for pericardial effusion, 1881
for pericarditis, 1877f
pulmonary embolism and, 237, 252–255
for sepsis, 251
for septic shock, 251
for shock, 251
systolic blood pressure and, 239–242
tamponade and, 237, 247–251
transesophageal/transtracheal cardiography and,

165
for vegetations, 260–261

Eclampsia, 1441–1446
hypertension and, 1896

ECLS. See Extracorporeal life support
ECM. See Extracellular matrix
ECMO. See Extracorporeal membrane oxygenation
Ecthyma gangrenosum (EG), 2487
Ectopic PTH, 2576
EDD. See Esophageal detector device; Extended

daily dialysis
Edema

brain, neuroimaging of, 371–372, 372f
cerebral, 612, 655
cytotoxic, 371, 614, 655

axial fluid-attenuated inversion recovery MRI,
378f

pulmonary, HBO therapy for, 570
vasogenic, 381f

Edematous pancreas, 361f
EDH. See Epidural hematomas
EDL. See End-diastolic segment length
EDM. See Esophageal Doppler monitoring
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EDP. See End-diastolic pressure
Edrophonium, 1100t
EDS. See Ehlers-Danlos syndrome
EDTA. See Ethylenediaminetetraacetic acid
EDV. See End-diastolic volume
EDVI. See End-diastolic volume index
EEG. See Electroencephalography
EEN. See Early enteral nutrition
EF. See Ejection fraction
Efalizumab (Raptiva), 1723t
Efavirenz (Sustiva), 1742, 1744t, 1747t, 1748t
Effective inspiratory impedance, 1993, 1993f
Effective limit setting, in ICU, 33t
Efferent responses, for thermoregulation, 274–277,

274f–278f
EFM. See Electronic fetal monitoring
EG. See Ecthyma gangrenosum
EGDT. See Early goal-directed therapy
EHAC. See European HEMS and Air Rescue

Committee
Ehlers-Danlos syndrome (EDS), 773
EI. See Esophageal intubation
EIA. See Enzyme immunoassay
Eicosanoids, 902
EIEC. See Enteroinvasive Escherichia coli
EIP. See End-inspiratory pause
Eisenmenger syndrome, 1359t
Ejection fraction (EF), 240

MR and, 1852
neurogenic shock and, 925

EKRc. See Equivalent renal clearance
ELAM-1. See Endothelial leukocyte adhesion

molecule-1
Elan. See Amphotericin B
Electrical cardioversion

ECG and, 707
for SVTs, 707
for VT, 707

Electrical cycle, of heart, 686
Electrical injury, 1318
Electrical therapy, for ALS, 705–707
Electrocardiogram (ECG)

for cardiac contusion, 1197t
for chest pain, 1768
electrical cardioversion and, 707
for pericarditis, 1877f
for pulmonary embolism, 2150–2151

Electrocoagulation, 2285, 2290
Electrode patch, on defibrillator/pacemaker unit,

438f
Electroencephalography (EEG)

for VS, 2257
of brain death, 330f–332f
CMRO 2 in, 325
for coma, 2257
diagnostic, in ICU, 326
drugs for, 325t
evoked potentials in, 327–328, 327f, 328t
in ICU, 326–327, 327t
processed, monitoring sedation in, 326–327,

327t
for SE, 2216–2217, 2217f
theoretical basis of, 324–326

Electrolyte free water, 610–611, 611f
clearance of, clinical application of, 611, 611f

Electrolytes
acute tumor lysis syndrome and, 2581
for asthma, 2125
body fluid composition of, 2664t
disorders with

in critically ill patient, 609–610
hypomagnesemia with, 628

DKA and, 2434
drowning and, 2089
fistulas and, 1170
HHS and, 2437
HRS and, 2315
intravenous, 2663t
liver transplantation and, 1377–1378
massive transfusion and, 913
for pediatric cardiac surgical patients, 1227
PN and, 981
respiratory muscle weakness and, 2001
RRT and, 2395

SAH and, 1078–1079
SCT and, 1412
in urine, 2668t, 2669t

Electronic charting, 127–128, 129f
Electronic contact thermometer, 272
Electronic fetal monitoring (EFM), 1436–1437,

1480
Electronic filtration, 158
Electrophysiologic techniques, for cerebral

function, 323–333, 324t–325t,
327f–332f, 327t–328t, 333t

Electroporation, 781
ELISA. See Enzyme-linked immunosorbent assay
ELITE. See Evaluation of Losartan in the Elderly
Emancipated minor exception, informed consent

in, 52
Embolectomy, 2155
Embolization, for hemoptysis, 2192
Embolus, of SMA, 1165f, 1166f
Emepronium bromide, 2350t
Emergency

airway management, of critically ill patient,
541t

informed consent in, 52
jet ventilation, 540f
management of, 2653–2655
room patients, noninvasive cardiovascular

monitoring of, 167f, 168t
Emergency Operations Center (EOC), 2601–2602,

2657
Emergency support functions (ESF), 2657–2658
Emergent cesarean, 1476t
Emergent intubation, 345f
Emotional disorders, 2250–2251
Emphysema

auto-PEEP and, 2137
COPD and, 2134t
in lung transplantation, 1984f

Empiric antibiotic therapy, 1585, 1720
Empyema, 382–383, 1198, 1199

antibiotics for, 1669–1670
associated pathogens for, 1541t
drainage of, 458–459, 460f
pleural effusion and, 1669–1670, 2176–2177

Emtricitabine (Emtriva), 1743t
Emtriva. See Emtricitabine
Enalapril, 1272t, 1832
Enalaprilat, for hypertension, 1892t
Enbrel. See Etanercept
Encephalitis, 1616–1618. See also Viral encephalitis

associated pathogens for, 1542t
causes of, 1617t
HSE, 1618

End-diastolic pressure (EDP), relaxation and, 1824
End-diastolic segment length (EDL), 692, 693f
End-diastolic volume (EDV), relaxation and, 1824
End-diastolic volume index (EDVI), 930
Endemic infection, 2631
End-expiratory pause, 1975f, 1976
End-inspiratory pause (EIP), 206f, 1919, 1920,

1975–1976, 1975f
Endobronchial biopsies, for flexible bronchoscopy,

507
Endobronchial tamponade, with flexible

bronchoscopy, 512
Endocarditis, associated pathogens for, 1542t
Endocrine system, 2413f

behavioral disturbances and, 2422, 2422t
burn injury and, 1315–1316
cardiovascular system and, 2422–2423, 2422t
ICU and, 2411–2425
immune system and, 2422t, 2423
inflammation and, 2413–2419
manipulation of, 2423–2424, 2424t
metabolism and, 2422t, 2423
organization of, 2411
physiologic control of, 2412
regulation of, 2412–2419

End-of-life care
barriers to, 20t
communication in, 41–42, 41t–42t
history of, 17–18
palliative care in, 24t
quality of, 20, 24t

race and, 21
refusal of, 18
surrogates in, 18
withdrawal of, 21

End-of-life decisions
court involvement in, 54–55
judicial analysis of, 57–61

Endoscopic retrograde cholangiopancreatography
(ERCP), 465, 1144–1145, 1161, 1171,
1186, 2330

for pancreatitis, 2325
Endoscopy

anesthesia and, 2286
for angiodysplasia, 2290t
capsule, 2279, 2287–2288

for LGIB, 2285–2286
for diverticula, 2290t
for esophageal caustic injury, 2348
for esophageal obstruction, 2346
esophageal perforation from, 2350
for LGIB, 2279, 2283–2284, 2290–2291, 2290t
of peptic ulcer disease, 2269f
for radiation proctitis, 2290t
for UGIB, 2268, 2271–2273, 2272f
urologic surgery and, 1294–1295

Endothelial adhesion molecules, 899
Endothelial leukocyte adhesion molecule-1

(ELAM-1), 817
Endothelial nitric oxide synthase (eNOS), 803f,

804, 817
Endothelial protein C receptor (EPCR), 2506,

2506f
Endothelin-1, 815, 1820
Endothelium

coagulation and, 2503–2504
hemorrhagic shock and, 899
MODS and, 803–804

Endotoxicosis, 782
Endotoxin, 860f
Endotracheal intubation, difficult, 509t
Endotracheal tube (ET), 208f, 343, 345f, 705

acute obstruction of, following intubation, 543,
544f

ARDS and, 2077t
aspiration and, 2098
CPAP and, 205
displacement of, 546
DLETT, 1192
exchange of, 550–551

strategies for, 551t
insertion of, depth of, 538
lighted stylet for, 534f
Magill forceps for, 532f
malleable stylet for, 528f
malposition of, 352f, 353, 354f, 1976
NIV and, 1945t
optical stylet for, 532f
pneumothorax and, 2179
POB and, 199, 201
removal of, 2013
for sepsis, 883
for shock, 794
for trauma patients, 1113
WOB and, 208f

Endovascular aortic repair (EVA), 1161
Endovascular basket, 482f
Endovascular forceps, 482f
End-stage kidney disease (ESKD), 1072–1073,

1395
End-stage liver disease (ESLD), 1373–1374
End-systolic pressure-volume relationship (ESPVR),

692, 836
End-tidal carbon dioxide (ETCO 2 ), 224, 705,

2160–2161
α angle and, 229
CPR and, 235, 710
VD /VT and, 232
PaCO2 and, 235–236
V̇/ Q̇ and, 232

Enfuvirtide (Fuzeon), 1746t
English, ICU assessment in, 40f
Engraftment, 1417
Engraftment syndrome, 2573
eNOS. See Endothelial nitric oxide synthase
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Enoxaparin (Clexane), 1790t, 1801
for DVT, 2549–2550
for hip replacement, 2550
for knee replacement, 2550
for prosthetic heart valves, 2550
for UA, 2550

Enoximone, 848
Ensnare device, 482f
Entamoeba histolytica, as biological agent, 2620t
Entecavir, 1708t
Enteral feeding, 981–983

duration of, 496
hospital resources for, 497
novel approaches to, 502
UGIB and, 2275

Enteroaggregative Escherichia coli (EAEC), 1675
Enterobacter spp., 2135

pancreatitis and, 2328
Enteroclysis, 2290
Enterococcus spp.

acute mitral insufficiency and, 839
vancomycin-resistant, 141

Enterocutaneous fistula
conservative management of, 1170, 1170f
surgical therapy for, 1170–1171

Enteroinvasive Escherichia coli (EIEC), 1675
Enteropathogenic Escherichia coli (EPEC),

1675
Enteropathy, from NSAIDs, 2296
Enteroscopy, for LGIB, 2285–2286
Enterotoxigenic Escherichia coli (ETEC), 1675
Envenomation, 1027–1047

from annelid worms, 1047
clinical characteristics of, 1033t
diagnosis of, 1032t
from Echinodermata, 1047
hospital treatment for, 1032–1036
from invertebrates, 1045–1046
from mollusca, 1046–1047
prehospital treatment for, 1032
from Scorpaenoidea, 1045
from scorpions, 1044
from sea snakes, 1045
from sea urchins, 1047
from snakes

components of, 1037t
hospital treatment for, 1040t
outside United States, 1036–1042
prehospital management for, 1039t
in United States, 1027–1036

from spiders, 1042–1044
from sponges, 1046
from stingrays, 1044–1045
surgery for, 1035, 1041
from toxic octopi, 1047

Environmental control, 134
Environmental temperature zone, 275f
Enzyme immunoassay (EIA), 1681–1682
Enzyme therapy, 957, 957t

for esophageal obstruction, 2346
Enzyme-linked immunosorbent assay (ELISA),

1402, 2445
EOC. See Emergency Operations Center
EPAP. See Expiratory positive airway pressure
EPCR. See Endothelial protein C receptor
EPEC. See Enteropathogenic Escherichia coli
EPHESUS. See Eplerenone Post-Acute Myocardial

Infarction Heart Failure Efficacy and
Survival Study

Epidermal growth factor, 789
Epidermis, 2481
Epididymitis, 807
Epididymo-orchitis, 1304
Epidural abscess, 1622–1624
Epidural hematoma (EDH), neuroimaging of,

372–373, 372f
Epidural hematomas (EDH), 1245

Glasgow coma score and, 1246
Epiglottitis, 1635

anaphylactic shock and, 937t
Epilepsy, 2213–2214

AEDs for, 2218, 2221t
stroke and, 1261

Epileptic seizure, 2213

Epinephrine, 696, 707–708, 741, 1210, 1278t,
2672–2673

for asthma, 2122, 2122t
pheochromocytoma and, 2448
racemic, 2019, 2020
for shock, 825

Epirubicin, 2591
Epithelial cells, 804
Epivir. See Lamivudine
Eplerenone, 844, 1806
Eplerenone Post-Acute Myocardial Infarction

Heart Failure Efficacy and Survival Study
(EPHESUS), 844

Epoetin alfa, 2561
Epsilon aminocaproic acid (EACA), 1138, 1212
Epstein-Barr virus (EBV), 1404, 1608, 1634–1635,

2304t
kidney transplantation and, 1408
pericarditis from, 1875
PTLDs and, 1726–1727
SCT and, 1421
transplantation and, 1725, 1726–1727
viral meningitis and, 1710

Eptifibatide (Integrilin), 1790t, 2542
Epzicom. See Abacavir-lamivudine
Equal pressure point, 674
Equivalent renal clearance (EKRc), 2399
ERCP. See Endoscopic retrograde

cholangiopancreatography
Ertapenem, 2687t
ERV. See Expiratory reserve volume
Erysipelas, 1597, 1597f
Erythema, 2482t
Erythrocyte sedimentation rate (ESR), 2470
Erythrocytosis, 2571

RCM and, 2572
Erythroderma, 2484

causes of, 2484t
Erythromycin, 2287

ARF and, 2670t
for gastroparesis, 2358
for intestinal ileus, 2360

Erythropoietin (EPO), 2533
anemia and, 2563

ESBL. See Extended spectrum β -lactamase
Escherichia coli, 1537

as biological agent, 2620t
diarrhea and, 1675

ESF. See Emergency support functions
ESKD. See End-stage kidney disease
ESLD. See End-stage liver disease
Esmolol, 1224t, 1272t, 2673

for acute coronary syndrome, 1786
for hypertension, 1892t, 1893

Esophageal detector device (EDD), 538f, 705
Esophageal Doppler monitoring (EDM), 1116
Esophageal intubation (EI), complications in,

542–543, 543f
Esophageal pressure (Pes), 1992f, 2003f
Esophageal reflux, from gastrostomy, 492
Esophageal temperature (Tes), 275f

during surgery, 281f
Esophageal varices, 2267, 2269f

with cirrhosis, 2316–2317, 2316f
TIPS for, 2317

Esophagitis, 2269f
Esophagotracheal double-lumen airway, 525f
Esophagus

caustic injury of
endoscopy for, 2348
TPN for, 2348

caustics in, 2347–2348
disorders of, 2345–2351
food impaction in, 2355–2356
foreign bodies in, 2347
gastrointestinal motility disorders of,

2351–2356, 2364
injury to

chest pain and, 1775
drugs and, 2350–2351, 2350t
suicide and, 2350–2351

motility disorders of
amyotrophic lateral sclerosis and, 2352
GBS and, 2352

Miller-Fisher variant and, 2352
myasthenia gravis and, 2352
Zenker diverticulum and, 2352

obstruction of, 2345–2347
aspiration and, 2346
chest pain with, 2345
diagnosis of, 2345–2346
endoscopy for, 2346
enzyme therapy for, 2346
management of, 2346–2347
presentation of, 2345

perforation of, 2059, 2348–2350
diagnosis of, 2349
from endoscopy, 2350
management of, 2349–2350
presentation of, 2349

rupture of, 2174–2175
sclerotherapy for, 2175
spasm of, chest pain and, 1775
surgery on, 1198

ESPVR. See End-systolic pressure-volume
relationship

ESR. See Erythrocyte sedimentation rate
Essential amino acids (EAAs), 984
Essential thrombocythemia (ET), 2572
Estimation, 99
Estramustine, 2593
Estrogen, 1465, 2417t

hypercalcemia and, 2576
for LGIB, 2279

Estrogen/progesterone, for LGIB, 2290
ESWL. See Extracorporeal shock wave lithotripsy
ET. See Endotracheal tube; Essential

thrombocythemia
Etanercept (Enbrel), 1723
ETB. See Ethambutol
ETCO 2 . See End-tidal carbon dioxide
ETEC. See Enterotoxigenic Escherichia coli
Ethacrynic acid

DKA and, 2430t
HHS and, 2430t

Ethambutol (ETB), 1615
ARF and, 2670t

Ethanol, thrombocytopenia from, 2517
Ethics

of children’s care, in ICU, 51–52
consultation, in ICU, 25
integrity, of medical profession, 60t
model, of patient-physician relationship, 45–46

Ethylene glycol, 998
Ethylenediaminetetraacetic acid (EDTA), 742,

1643, 1644
Etomidate, 1094

airway management with, 524
in ICU, 585

Etoposide, 2592
toxicity of, 1412t

European HEMS and Air Rescue Committee
(EHAC), 151

Euthanasia, voluntary, 22, 23t
in Belgium, 25

Euthermia, 1268
EVA. See Endovascular aortic repair
Evaluation of Losartan in the Elderly (ELITE),

1830–1831
Evans syndrome, 2564
Evaporation, 1325–1326
EVD. See Extraventricular drain
Evidence-based intervention, 116

model for, 117t
Evidence-based medicine (EBM)

criticism of, 96
value of, 96–97

EVLW. See Extravascular lung water
Evoked potentials

brainstem auditory, 328–331, 328f–332f, 328t
in EEGs, 327–328, 327f, 328t
in ICU, 328t

Exemestane, 2593
Exercise-induced hyponatremia, 617
Exhalation variable, 1912
Existential concerns, of patient/family, in ICU, 29
Exit-site infection, 1642
Expanded criteria donors (ECDs), 1396
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Experimental study (Clinical trial), 103t, 105–106
Expertise, 95
Expiratory flow limitation, 1976–1977
Expiratory positive airway pressure (EPAP), 2012
Expiratory reserve volume (ERV), 1191

formula for, 2668
obesity and, 1494

Expiratory sensitivity, 1982
Expiratory variable, 1913
Exposure, 987
Extended daily dialysis (EDD), 2402
Extended spectrum β -lactamase (ESBL), 858, 1538
External compliance organizations

pay for performance in, 126
performance, 124

External jugular vein, as alternate access route, 424
External noninvasive (transcutaneous) pacing,

438f, 439
External pacemaker unit, 432–434, 433f
Extracellular fluid (ECF), 2577

buffers, 632t
Extracellular matrix (ECM), 1821
Extracellular space, 283
Extracorporeal blood purification therapies

(EBPT), 2406
sieving coefficient and, 2406

Extracorporeal life support (ECLS), 2073–2075
ACT and, 2082
for child cardiac failure, 2084
for CPR, 2085
for HF, 2081–2085
hypothermia and, 2085
for neonate respiratory failure, 2083
outcomes from, 2083t
for pediatric respiratory failure, 2083–2084
physiology of, 2082–2083
for respiratory failure, 2081–2085
septic shock and, 2085
technique of, 2082–2083

Extracorporeal membrane oxygenation (ECMO),
22, 1218, 1231, 2073–2075, 2074f,
2081–2082

for children, 2407
CPR and, 714
indications for, 1231t

Extracorporeal shock wave lithotripsy (ESWL),
1295

Extrahepatic biliary disease (EBD), 732–733
TPN for, 733

Extrapulmonary ARDS, 2063
Extravascular lung water (EVLW), 2067
Extraventricular drain (EVD), 1576
Extremity compartment syndrome, 1118–1119
Extrinsic PEEP (PEEPe), 2129

AMV and, 2129
Extubation. See also Postextubation distress

accidental, 546–547
airway exchange catheter, 550t–551t
ARDS and, 2077t
brain injury and, 2017–2018
complications with, 548, 548t
cough and, 2016–2017
cuff leak in, 549
of difficult airway

ASA guidelines for, 550
clinical decision plan for, 550, 550t–551t
in ICU, 548–549, 549t

Glasgow coma score and, 2017–2018
laryngeal ultrasound and, 2016
in NPO status, 549
POB and, 213–214
POBN and, 213t
ventilation weaning and, 2013–2021

Eye
opening of, in Glasgow coma score, 322t
oxygen toxicity in, 560
protection of, 134
response, in brain injury, 657f

F ratio, double/single labeling and, 287–288
FAAN. See Food Allergy and Anaphylaxis

Network
Fab, 758
Fabry disease, 1264

Face shield, 134
Facial trauma, 1307–1313

airway and, 1308
bleeding with, 1308–1309
CN and, 1309–1310
epidemiology of, 1307–1308
fractures with, 1309–1312
nasotracheal tube for, 1308
wound management with, 1309

Factor V, 863
in stored blood, 912

Factor V Leyden (FVL), 2144
Factor VII (FVII), 818
Factor VIII, in stored blood, 912
Factor Xa inhibitors, 2553
Factor XI (FXI), 741–742, 818, 863–864
Factor XII (fXII), 2503

coagulation and, 2504f
Fahrenheit, to Celsius, 2661t
Failure to awaken

after surgery, 2209–2210
with TBI, 2210
after transplantation, 2210
with trauma, 2210

Famciclovir, 1707t
Family

communicating with
in critical care medicine, 79
in ICU, 34–35, 34t

existential concerns of, in ICU, 29
meeting, in ICU, 41t
wishes of, in end-of-life care, 24t

Famotidine, 2673
ARF and, 2671t

Fantus, Bernard, 2523
Faraday constant, 687
FAST. See Focused assessment with sonography for

trauma
Fast fibers, 200
Fast flush, 160–161, 161f
Fast flush square wave testing, 175f
Fasting, for aspiration prevention, 2104, 2105t
Fat embolism syndrome (FES), 1287–1288,

2162–2164
ALI and, 1287
ARDS and, 1287
clinical features of, 2162t
fractures and, 2163
index score for, 2162t
intracranial pressure and, 1288, 2164
MSOF with, 1288
PFO and, 2163
PMNLs and, 2163
respiratory failure with, 1288
SIRS and, 2164

Fat, in PN, 980–981
Fatal asthma, 2116, 2116t
Fatigue, clinical decision-making and, 90–91, 91f
Fatty acid oxidation

disorders of, 764
hypoglycemia and, 768

FBAE. See Fiberscopic bronchoscope-assisted
exchange

FDA. See Food and Drug Administration
FDM. See Fundamentals of Disaster Management
FDPs. See Fibrinogen degradation products
Fecal occult blood, 2280
Federal Emergency Management Agency (FEMA),

2658
Federal Stafford Act, 2650
Feeding tubes

algorithm for, 498f
bedside techniques for, 497
biliary T, 502f
choosing appropriate, 496
essential diagnostic tests for, 495
gastrointestinal tract functional status for, 497
jejunostomy, 498–499
motility agents for, 497
novel approaches with, 502
options for, 497–498
percutaneous, 498
in percutaneous gastrostomy, 500
in percutaneous jejunostomy, 500–501

placement of, 348f–351f, 351–352
in initial therapy, 495
major problems with, 495
nasoduodenal, 499–500
nasogastric, 499, 499f
site of, 496–497
stress points for, 495
techniques of, 496–497

procedures for, 495
surgical, 498
for surgical gastrostomy, 501
for surgical jejunostomy, 501–502, 501f–502f
weighted, in stomach, 348f–350f

Fellows, critical care, 73
Felty syndrome, 1719t, 2470

NE and, 2588
FEMA. See Federal Emergency Management

Agency
Femoral artery

anatomy of, 412f
as cannulation site, 426
location of, 413f

Femoral vein
cannulation, 412–413, 412f–413f
in site selection, 472, 475f

Fenoldopam, 1228t
for hypertension, 1892t, 1894

Fentanyl, 586t, 587, 963t, 1194, 1226, 2673
Ferrous sulfate

esophageal injury from, 2350t
thyroid function and, 2454t

Fertility, SCT and, 1423
FES. See Fat embolism syndrome
Fetal fibronectin (fFN), 1470
Fetal heart rate (FHR), 1472
Fetal monitoring, 1479–1488

decelerations and, 1481f
oxygen and, 1479–1480

Fetal pulse oximetry, 1485
Fetal scalp sampling, 1485
FEV1 . See Forced expiratory volume in 1 second
Fever, 279–280, 280f, 1553–1561

acalculous cholecystitis and, 1559
alcohol withdrawal and, 1558–1559
atelectasis and, 1559
causes of, 1573f
cytokines and, 1553
diagnostic algorithm for, 1560f
from drugs, 1557–1558, 1577

withdrawal from, 1558–1559
HIV and, 1740
hyperthermia and, 1329t
in ICU, 1554–1560

infection and, 1554–1557
IL and, 1553
intracranial pressure and, 2200, 2309
MH and, 1558
neutropenia and, 1718
NMS and, 1558
noninfectious causes of, 1557–1560, 1558t,

1577t
postoperative, 1576–1577
with SCT, 1415
serotonin syndrome and, 1558
skin temperature changes in, 280f
Streptococcus spp. and, 1553
with TBI, 1249
TNF and, 1553
transfusion and, 1559–1560
transplantation and, 1727, 1728t

FFAs. See Free fatty acids
fFN. See Fetal fibronectin
FFP. See Fresh frozen plasma
FHR. See Fetal heart rate
Fiberoptic bronchoscopy

with associated cart, at Shands Hospital, 533f
clinical uses of, in ICU, 535, 535t
success of, 535t

Fiberoptic catheter, 183f
Fiberoptic laryngoscope handle/blade, 526f
Fiberscopes, rigid, 535–536, 536f
Fiberscopic bronchoscope-assisted exchange

(FBAE), 551
Fibrinogen, 742
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Fibrinogen degradation products (FDPs), 746
Fibrinolysis, 746–747, 1135, 2538–2539

agents for, 1799t
contraindications for, 1799t
DIC and, 2509
vs. PCI, 1806f
for STEMI, 1799–1800

Fibroblast growth factors, 789
Fibronectin, 739
Fick, Adolf, 181
Fick equation, 181, 183, 298, 298t
Fight or flight response, 2411
Filtration fraction, 2397
FIO 2 . See Fraction of inspired O 2
FiO 2 . See Supplemental oxygen
FIS. See Fuzzy Logic Inference System
FISH. See Fluorescence in situ hybridization
Fistulas, 1169–1172, 1200. See also Bronchopleural

fistula; Enterocutaneous fistula; Pancreas
biliary, nonanion gap metabolic acidosis from,

641–642
electrolytes and, 1170
enterocutaneous, 1170–1171, 1170t
PN and, 1170
spontaneous closure of, 1170

Five million lives campaign, 87, 87t
Fixed airway obstruction, 2111t
FK-506. See Tacrolimus
Flail chest, 1195

trauma patients and, 1107
Flecainide, 1224t, 1861t

for AF, 1867
Flexible bronchoscopy

approaches to, 509–510
atelectasis in, 510–511
BAL for, 506

quantitative cultures of, 506–507
bronchoalveolar lavage for, 506

quantitative cultures of, 506–507
bronchopleural fistula techniques for,

515
for central airway obstruction, 516
complications with, 507–508, 508t
contraindications for, 507
for endobronchial biopsies, 507
endobronchial tamponade with, 512
for foreign body retrieval, 515
hemoptysis in, 511–512, 512t
increased risks with, 508t
for inhalation injury, 515–516
noninfectious pulmonary infiltrate diagnosis

with, 514
premedications for, 505–506
procedures for, 505
PSB for, 506

quantitative cultures of, 506–507
respiratory infections diagnosis with, 513–514
for status asthmaticus, 516
for transbronchial biopsies, 507
traumatic airway injury from, 514–515,

514t
types of, 505
VAP diagnosis with, 512–513
ventilation for, 505–506

Flexion teardrop fracture, 383, 384f
FloTrac, 189
Flow limitation, in lung, 673–674
Flow phase, of traumatic shock, 789
Flow-metabolism coupling

in central nervous system, 319f
in cerebral metabolism, 317–321, 318f–320f,

318t
CPP in, 318

Flow-volume loops, 1977f, 1978f, 2137f
Fluconazole, 1354, 1698t, 2704t
Flucytosine, ARF and, 2670t
Fludrocortisone, 883
Fluid resuscitation

for ARF, 2386–2387
burn injury and, 1317
for DKA, 2433–2434
for pulmonary embolism, 2153
for SRMD, 2273
for toxic megacolon, 2340

Fluids
AS and, 1849
for acute tumor lysis syndrome, 2580
ARDS and, 2067
for asthma, 2125
concentrations, intracellular space and, 609
disorders, in critically ill patient, 609–610
extracellular, buffers, 632t
for hypercalcemia, 2577–2578
intravenous, 2663t
liver transplantation and, 1377–1378
overload pattern, 356, 356f–359f
resuscitation, 609–610
therapy

approach to, 617–618
for decompression sickness, 564

Flumazenil, 2673
Fluorescence in situ hybridization (FISH), 762
Fluoroquinolones, 2698t–2699t

mental confusion from, 956
Fluoroscopy guided percutaneous inferior vena

cava filter placement, 452, 452f
5-Fluorouracil (5-FU), 2592
Flush syndrome, 937t
Flush systems, 158
Fluticasone, 1747t
Fluvastatin, 953t
fMRI. See Functional MRI
Focalism, 82
Focused assessment with sonography for trauma

(FAST), 257, 1117
for hemorrhagic shock, 894

Follicle-stimulating hormone (FSH), 2411, 2415t
corticosteroid insufficiency and, 2444
NO and, 2414

Follicle-stimulating hormone-releasing factor
(FSHRF), 2412

Fondaparinux, 1802, 2553
properties of, 2553t
for VTE, 2145

Food Allergy and Anaphylaxis Network (FAAN),
936

Food and Drug Administration (FDA), approved
filters of, 479

Food impaction, in esophagus, 2355–2356
Foodborne infections, as biological agent,

2620t
Force generation

from diaphragm, 200
of respiratory muscles, 210f

Forced expiratory volume in 1 second (FEV1 ),
1069f, 1190, 2049, 2120

COPD and, 2134
Forced vital capacity (FVC), 1191

pregnancy and, 1431f
Foregut, 1159
Foreign bodies

in esophagus, 2347
retrieval of, 480–483, 481f–482f

CVC for, 481, 481f
endovascular, 483
with flexible bronchoscopy, 515
initial techniques in, 481–483, 482f
knotted catheter in, 483
stuck wires in, 483

Formalin, 2296
Formoterol, 2122
Forssmann, Werner, 409
Fosamprenavir (Lexiva), 1745t
Foscarnet, 1707t
Fosinopril, 1830
Fosphenytoin, 2221–2222, 2221t
FOUR. See Full Outline of UnResponsiveness
Fournier gangrene, 1304, 1599–1604, 1602f
Fourteenth Amendment, 67
Fraction of inspired O2 (FIO 2 ), 2667
Fractures, 1280–1283

ALI with, 1281
ARDS and, 2164
with facial trauma, 1309, 1310–1312
FES and, 2163
flexion teardrop, 383, 384f
Jefferson, 383
lumbar, 385f

pneumonia and, 2164
SIRS with, 1281
of spine, 383
transverse process, 384f–385f, 385
of ZMC, 1311–1312

Fragmin. See Dalteparin
Frank psychosis, 2443
Frank-Starling curves, 181f, 182
FRC. See Functional residual capacity
Free fatty acids (FFAs), 1287
Free thyroxine, 2452–2453
Free wall rupture, 840–841
Frequency

bench testing of, for transducers, 156f
natural, 155
response, 157, 160

Frequentist paradigm, 97
Fresh frozen plasma (FFP), 911, 1194
Fructose

infusion, core temperatures in, 281f
in thermogenesis, 280

FSH. See Follicle-stimulating hormone
FSHRF. See Follicle-stimulating hormone-releasing

factor
5-FU. See 5-Fluorouracil
Full Outline of UnResponsiveness (FOUR),

2206–2207, 2207f
Fulminant colitis, 2337–2339

clinical features of, 2337
management of, 2337–2338
metabolic alkalosis and, 2337
resuscitation for, 2338
surgery for, 2339

Fulminant hepatic failure, 1375–1376, 1375t
HE in, 1376t

Functional dependence, 1071
Functional MRI (fMRI), 2257
Functional residual capacity (FRC), 1191, 1902f,

1913, 1976, 2049
geriatrics and, 1510
hyperinflation and, 2113
obesity and, 1496
PEEP and, 2139f
pregnancy and, 1429
twitch pressure and, 1996f

Fundamentals of Disaster Management (FDM),
2612

Fungal infections, 1598, 1694–1703. See also
Antifungals

antibiotics for, 1545t
with cirrhosis, 2316
pericarditis and, 1876
of skin, 2490
transplantation and, 1725

Fungal meningitis, 1609
Fungal sepsis, 794
Furosemide, 1213, 1227, 2673

mannitol with, 1334
PAOP and, 1813

Furunculosis, 1627
Futile care, 19–20

in Texas, 20
Fuzeon. See Enfuvirtide
Fuzzy Logic Inference System (FIS), 205f
FVC. See Forced vital capacity
FVII. See Factor VII
FVL. See Factor V Leyden
F-wave studies, 2229–2230
FXI. See Factor XI
fXII. See Factor XII

G6PD. See Glucose-6-phosphate dehydrogenase
GABA. See γ -Aminobutyric acid
Gabapentin, for brain injury, 2259
Galen, 813, 855
Gallbladder

approach to, in cholecystostomy, 464,
464f

CT of, of sepsis, 365f
decompression, 366f–367f, 368
distended, ultrasound of, 366f
percutaneous access to, 462
Staphylococcus aureus in, 365f

Gallium nitrate, for hypercalcemia, 2579



Index 2729

Gallstones, 1163
pancreatitis and, 733t, 2330
in pregnancy, 1473

GALT. See Gut-associated lymphoid tissue
Ganciclovir, 1707t
Gas embolism, 2159–2162

CPR for, 2161
diagnosis of, 2160–2161
differential diagnosis of, 2161t
etiology of, 2160t
gas exchange and, 2159
HBO for, 561–562, 561f–562f
MAP and, 2159
oxygen for, 2161
prevention of, 2161–2162
pulse oximetry for, 2161
TEE for, 2161
treatment of, 2161–2162
treatment principles for, 564–565

Gas exchange
asthma and, 2115
gas embolism and, 2159
with HFO, 2034f
HFV and, 2072
in lung, 676–677
in pulmonary embolism, 2149
ventilation weaning and, 2007–2008

Gases. See also Blood gases
nitrogen, in HBO, 560–561
physical removal of, 562
storage of, in lung, 677–681
trace, in HBO, 561
transport, in lung, 676–677

Gastric acid, peptic ulcer disease from, 2267
Gastric content aspiration, 713
Gastric fluid, electrolytes in, 2664t
Gastric lavage, 2267–2268
Gastric pressure (Pga), 2003f
Gastric tonometry, 195, 944

ventilation weaning and, 2009
Gastric transmucosal oxygen, carbon dioxide

tensions and, 166
Gastrin, 2353t
Gastroduodenal stress ulceration, 1315
Gastroesophageal junction (GEJ), 2352
Gastroesophageal reflux disease (GERD), 2351
Gastrografin. See Meglumine diatrizoate
Gastrointestinal bleeding, 2267–2275. See also

Lower gastrointestinal bleeding; Upper
gastrointestinal bleeding

arterial, 486–487, 488f
bevacizumab and, 2594
clinical presentation of, 2267
diagnosis of, 2267–2269
epidemiology of, 2267
etiology of, 2268t
hemorrhagic shock and, 895
IBD and, 2341
ventilation and, 1158

Gastrointestinal toxins, 1009
Gastrointestinal tract (GI)

ARDS and, 2077t
burn injury and, 1315
functional status of, for feeding tubes, 497
functions of, 941
HIV and, 1739
hypothyroidism and, 2459
infection of, in ICU, 1675–1681
injury to, postoperative management of,

1150–1151
kidney transplantation and, 1404–1405
motility disorders of, 2351–2365

of colon, 2360–2363, 2365
of esophagus, 2351–2356, 2364
factors affecting, 2364t
of small intestine, 2356–2360, 2364–2365
of stomach, 2356–2360, 2364
ventilation and, 2359

mucosa of, 730
opioids and, 1090
perforation of, 2594
physiology of, 730–736
sepsis and, 869
septic shock and, 869

Gastroparesis, 2357–2358
Gastrostomy

complications with, 492
for nutrition, 491
percutaneous, 500

complications with, 450
indications for, 449
techniques for, 449–450, 449f–450f

surgical, 501
tube, through stomach, 450f

Gatifloxacin, 1692, 2135
Gaucher disease, 763

coagulation and, 2519
GBM. See Antiglomerular basement membrane
GBS. See Guillain-Barré syndrome
GCS. See Glasgow coma score; Graded

compression stockings
G-CSF. See Granulocyte colony-stimulating factor
GDP. See Gross domestic product
GEJ. See Gastroesophageal junction
Gelatins, 823
Gemcitabine, 2591
Gender, in hyponatremic encephalopathy, 614
Gene therapy, 778–787

advantages of, 779t
disadvantages of, 779t
studies on, 785t–786t

General endotracheal anesthesia (GETA), 1237
Genetics

metabolism and, 763–764
MODS and, 804
rhabdomyolysis and, 772
sepsis and, 864–865, 865t
septic shock and, 864–865, 865t
stroke and, 772–774

Genital injuries, 1298
Genitourinary system

blunt trauma of, 1297–1299
cyclophosphamide and, 2594
ifosfamide and, 2594
mitomycin C and, 2594
penetrating wounds of, 1297–1299

Genomics, 761–776
Gentamicin, 1691t, 2701t

ARF and, 2670t
for biological agents, 2622t
for plague, 1758

GERD. See Gastroesophageal reflux disease
Geriatrics, 1505–1525

abdominal trauma and, 1514–1515
acute coronary syndrome and, 1507–1508
AF and, 1508–1509
BMI and, 1511
cardiovascular system and, 1506–1509
cervical spine injury and, 1514
coagulation and, 1508–1509
delirium and, 1519–1521
drug dosing in, 1516–1519
dysrhythmias and, 1508–1509
FRC and, 1510
HF and, 1508
insomnia and, 1522–1523
LGIB and, 2293
neurologic system and, 1519–1523
nutrition and, 1510–1512
orthopedics and, 1515
rehabilitation and, 1523–1525
REM and, 1522–1523
renal system and, 1512–1513
respiratory system and, 1509–1510
rib fractures and, 1514
sleep disorders and, 1522–1523
stroke and, 1521–1522
TBI and, 1514
trauma and, 1513–1515
VF and, 1509
V̇/ Q̇ and, 1510
VT and, 1509

GETA. See General endotracheal anesthesia
GFR. See Glomerular filtration rate
GH. See Growth hormone
GHB. See γ -Hydroxybutyrate
GHRF. See Growth hormone-releasing factor
GI. See Gastrointestinal tract

Giant ventral hernia, closure of, 1174–1175, 1174f,
1175f

Giardia spp., 756
as biological agent, 2620t

Gibbon, John, 2081
Gingivitis, 1632
GISSI. See Gruppo Italiano per lo Studio della

Sopravvivenza nell’Infarto Miocardio
Glanders, as biological agent, 2621t
Glanzmann thrombasthenia, 1130, 2518
Glasgow coma score (GCS), 583, 656, 1247t,

2254, 2678t
COPD and, 2137
EDH and, 1246
extubation and, 2017–2018
for ICH, 1272–1273
intracranial pressure and, 2199
for level of consciousness, 321–322, 322t
TBI and, 2256

Glioblastoma multiforme, MRI of, 318f
Global Utilization Strategies to Open Occluded

Coronary Arteries (GUSTO), 844
Glomerular balance, 723
Glomerular filtration rate (GFR), 721–722, 2381

inhalation agents and, 1087
Glomerulonephritis, in SLE, 2475, 2475t
Glottic opening, visualization of, 521f, 528f
Gloves, 134
Glucagon, 848, 870, 1179, 2415t, 2673

DKA and, 2429
Glucan synthesis inhibitors, 1698t
Glucocorticoids, 757, 789, 870, 1230, 1316

cardiovascular system and, 2443
dosing of, 2445t
for hypercalcemia, 2579
IL and, 2423
immune system and, 2443
metabolism and, 2443
relative potency of, 2445t
T lymphocytes and, 2423
thyroid and, 2461
for thyroid storm, 2456t

Glucose
anesthesia and, 1095
in cardiovascular surgery patients, 1214
drowning and, 2094
hypothermia and, 1327
ICU and, 2437–2439
measurements of, complex alerts for, 129f
metabolism of, 2429–2439
sepsis and, 2438t
surgery and, 1564–1565

Glucose insulin potassium, 844, 1802
Glucose measurements, complex alerts for, 129f
Glucose transporter isoform (GLUT-4), 2423
Glucose-6-phosphate dehydrogenase (G6PD),

2564
Glue sniffing, 2567
GLUT-4. See Glucose transporter isoform
Glutamine, 945, 985
Glutathione disulfide (GSSG), 2051
Glycemic control formula, 984–985
Glycogen storage disorders, 2233t
Glycolytic fibers, 200
Glycopeptides, 2694t
Glycoprotein (GP), 740

antagonists of, 2542
for cardiogenic shock, 844

Glycoprotein receptor antagonists, 1789–1791,
1790t

for STEMI, 1801
Glycopyrrolate, 1100t
GM-CSF. See Granulocyte-macrophage

colony-stimulating factor
GNB. See Gram-negative bacilli
Goal-directed therapy, in trauma patient,

1114–1116
Goiter, 2455, 2461–2462
Gold, 2567

complications with, 2471t
for RA, 2470t

Golgi apparatus, 682
Gonadotropic hormones, 2411
Goodpasture syndrome, 759



2730 Index

Gooseneck snare, 482f
Gore-Tex Surgical Membrane, 1169
Gowns, 134
GP. See Glycoprotein
GPC. See G-protein complex
G-protein complex (GPC), 1820
Graded compression stockings (GCS), 2145
Graft-versus-host disease (GVHD), 749, 1411

diarrhea and, 1676
grading of, 1420t
Haemophilus spp. and, 1729
in HSCT, 1728–1729
in SCT, 1419–1422
skin disorders with, 2493
Staphylococcus aureus and, 1729
Streptococcus spp. and, 1729
TMP-SMX for, 1729
transfusion and, 2530

Gram-negative bacilli (GNB), 142, 1614
antibiotics for, 1544t–1545t
cirrhosis and, 2315
CRBSI and, 1646
pancreatitis and, 2328
pneumonia from, 1537
sepsis from, 858

Gram-positive organisms, 861
antibiotics for, 1544t
cirrhosis and, 2315
pancreatitis and, 2328
SSI from, 1571

Granulocyte colony-stimulating factor (G-CSF),
1720, 2561

for NE, 2589
for neutropenia, 2567

Granulocyte-macrophage colony-stimulating factor
(GM-CSF), 2561

for neutropenia, 2567
Granulocytopenia, 1719t
Gratuitous encroachment, 61
Graves’s disease, 2455

radiocontrast media and, 2458
Gray platelet disorder, 2518
Gray-Turner sign, 1159
Griseofulvin, warfarin and, 2515t
Griswold v. Connecticut, 58
Gross domestic product (GDP), 5f

percent expended on world health, 10t
Gross hematuria, 1291
Growth factor binding protein-3 (IGFBP-3), 986
Growth factors, for immunotherapy, 759t
Growth hormone (GH), 2411, 2416t, 2420,

2424t
DKA and, 2429
sepsis and, 871
septic shock and, 871

Growth hormone-releasing factor (GHRF), 2412
Gruppo Italiano per lo Studio della Sopravvivenza

nell’Infarto Miocardio (GISSI), 844
GSSG. See Glutathione disulfide
GSWs. See Gunshot wounds
GTP. See Guanosine triphosphate
Guaiac-based tests, 2280
Guanosine triphosphate (GTP), 1820
Guidelines for the Management of Severe Head

Injury, 338
Guidewire

in chest tube insertion, 442f
exchange, of vascular catheter, 403–404
in gastrostomy, 450f
in tracheostomy, 448f

Guillain-Barré syndrome (GBS), 759, 1677,
2233–2235, 2233t

diagnostic algorithm for, 2240f
esophageal motility disorders and, 2352
HIV and, 2234
IVIG for, 2234
neurogenic shock and, 925
pneumothorax and, 2234
respiratory muscle weakness and, 1994
sepsis and, 2234

Gunshot wounds (GSWs), 1146
GUSTO. See Global Utilization Strategies to Open

Occluded Coronary Arteries
Gut barrier, 804

Gut-associated lymphoid tissue (GALT), 730, 736
GVHD. See Graft-versus-host disease
Gyromitrin, 1009

H band, 690
H 2 blockers, 1156, 1742, 1747t, 2673

ARF and, 2671t
diarrhea from, 2361
for esophageal injury, 2350
for pancreatitis, 2326

H 2 RAs, 2274
HA. See Hemagglutinin
HAART. See Highly active antiretroviral therapy
Haber-Weiss reaction, 817
HACEK group, 260
Haemophilus spp., 756, 1614

GVHD and, 1729
HAIs. See Health care–associated infections
Haji-Michael, Philip, 150
HAL. See Hand-assisted laparoscopy
Haldane, John Scott, 223
Half-life, 951
Hallucinations, 2206
Haloperidol, 2673

for anxiety, 963t
for brain injury, 2259

Hand-assisted laparoscopy (HAL), 2333
Handwashing, 134
Hantavirus pulmonary syndrome (HPS),

1709–1710
HAP. See Hospital-acquired pneumonia
Harris-Benedict equation, 972, 974
Hart-Kindwall monoplace treatment table, 563f
Hartman pouch, adhesions and, 1169
Hashimoto thyroiditis, 2458
HAT. See Hepatic artery thrombosis
HAV. See Hepatitis A virus
Hazards, 2653, 2653t
Hb. See Hemoglobin
HBO. See Hyperbaric oxygen
HBOCs. See Hemoglobin-based oxygen carriers
HBS. See Hungry bone syndrome
HBsAg. See Hepatitis B antigen
HBV. See Hepatitis B virus
HCAB. See Health care–associated bacteremia
HCAP. See Health care–associated pneumonia
HCC. See Hepatocellular carcinoma
HCG. See Human chorionic gonadotropin
HCM. See Hypertrophic cardiomyopathy
HCV. See Hepatitis C virus
HCW. See Health care workers
HDL. See High-density lipoprotein
HDV. See Hepatitis D virus
HE. See Hepatic encephalopathy
Head and neck, infections of, 1626–1638
Head injury. See also Traumatic brain injury

anesthesia for, 1095
aspiration and, 2097
HBO treatment of, 566
sedation in, 591

main agents for, 597t
trauma, 659–660

Head of bed (HOB) elevation, for pressure ulcers,
2497–2498

Health
expenditures, 5f
world, percent GDP expended on, 10t

Health care
access to, problems with, 4–5, 4f–5f
barriers to, 1, 2f, 2t
in Canada, 9–11, 10t
changes in, 9
corporate involvement in, 7–8, 16
cost of, problems with, 5–6
critical care medicine and, 8–9, 9t
estimated nonelderly people without, 2f
improvement of, guidelines for, 85–87, 85t
loss of, 4
noninsured by

consequences of, 2t
demographics of, 4f

policy, past failure of, 7
Task Force, 13
world, 9–11, 10t–11t

Health care workers (HCW), infection control in,
133–134

Health care–associated bacteremia (HCAB), 1539
Health care–associated infection, 1538t
Health care–associated pneumonia (HCAP), 1539,

1666–1667
associated pathogens for, 1541t

Health insurance, cost of, 16f
Health Insurance Portability and Accountability

Act (HIPAA), 1342
Health maintenance organizations (HMO), funding

for, 15f
Health professionals

collaboration of, 71, 79–80
in critical care unit, 72–73
interrelationships of, in critical care, 71–72, 72f

Health care–associated infections (HAIs), 1593
Heart

contraction–relaxation of, 689–693
calcium and, 689–690

electrical cycle of, 686
gross anatomy of, 682–684
hemorrhagic shock and, 900
lungs and, interaction between, 1899–1904
TEE of, 683f
transplantation of, 1231, 1339–1340,

1347–1355, 1835
cytomegalovirus and, 1354
HBV and, 1354
HCA and, 1354
pneumonia and, 1354
pregnancy and, 1460
survival with, 1341t
waiting list for, 1341t

Heart failure (HF), 1798. See also Congestive heart
failure; Diastolic heart failure; Systolic
heart failure

ACE-I and, 1823, 1828–1830
with acute coronary syndrome, 1811f
APACHE and, 1828
ARB for, 1830–1831
BNP and, 1785, 1823
calcium and, 1821
carvedilol for, 1831–1832
chest radiograph of, 359f
classification of, 1067t
CrCl and, 1817
cytokines and, 1823
DCM and, 1817
digoxin for, 1833
ECLS for, 2081–2085
evaluation and management of, 1817–1836
geriatrics and, 1508
hemodynamic markers of, 1347–1350
hemodynamic monitoring for, 1828
HIV and, 1817
hydralazine for, 1832
hypertension and, 1889
IL and, 1823
loading and, 1821–1822
management guidelines for, 1827f
metoprolol for, 1831
MI and, 1817
nitrates for, 1832
obesity and, 1491
PGs and, 1823
postextubation distress from, 2014
prognosis for, 1828–1833
risk factors for, 1817, 1826
with SCT, 1417
SvO 2 monitoring in, 305
TNF and, 1823
vasodilators for, 1832–1833

Heart Failure Survival Score (HFSS), 1349–1350,
1349t

Heart rate (HR)
before/after vasoconstriction, 276–277, 276f
of cardiovascular surgery patient, 1208
PAC and, 171

Heart rhythm, of cardiovascular surgery patient,
1208

Heart/lung machine, 2081
HeartMate, 850, 1843f, 1845f
Heat cramp, 1328
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Heat exhaustion, 1328
Heat loss, 276f
Heat stroke, 1328–1329, 1329t

ARDS and, 1330
lactic acidosis and, 1330
pulmonary edema and, 1330

Heat syncope, 1328
Heater probe, 2285
Heavy metal poisoning, echocardiography for, 251
HEICS. See Hospital Emergency Incident

Command System
Heineke-Mikulicz stricturoplasty, 1176
Helicobacter pylori, peptic ulcer disease from, 2267
Heliox, 1198

for airway obstruction, 2583
for asthma, 2124–2125
for extubation, 2019–2020

HELLP. See Hemolysis, elevated liver enzymes, and
low platelet counts

Helmet, 1940–1941, 1941f
Helmont, Jan Baptista van, 223
HELP. See Hospital Elder Life Program
Hemagglutinin (HA), 1704
Hematochezia, 2296

hemorrhoids and, 2297
Hematocrit, 695f

hemorrhagic shock and, 906
measurement of, 288

Hematoma
epidural, CT of, 372f
after radical nephrectomy, for renal cell

carcinoma, 362f
subdural, CT of, 372f, 373

Hematomata, after nontunneled CVC, 471
Hematopoietic growth factors, 1720
Hematopoietic stem cell transplantation (HSCT),

1728–1729
GVHD in, 1728–1729

Hematopoietic stem cells (HSCs), 2561
Hematopoietic system, burn injury and, 1316
Heme-porphyrin test, 2280
Hemiparesis, 2228
Hemobilia, 1147
Hemochromatosis, 1817
Hemoclips, 2285, 2290
Hemodialysis. See also Intermittent hemodialysis

CVVHD, 1375, 2402, 2403
in ICU, 1244
for salicylate toxicity, 992t

Hemodialysis catheter, antimicrobial application to,
405

Hemoductal pancreatitis, 2331
Hemodynamic monitoring, 171–189. See also

Noninvasive hemodynamic monitoring
for AS, 1849–1850
for ARDS, 2068, 2068t
artifacts in, 828t
with CPR, 710
for HF, 1828
for MI, 1813
for MODS, 794
NIV and, 1946, 1946t
normal values for, 174t
obesity and, 1496–1497
opioids and, 1089–1090
for pediatric cardiac surgical patient, 1220–1222
for sepsis, 880–881
for septic shock, 880–881
for shock, 827–829
ventilation and, 1934–1935

Hemodynamic resuscitation, for UGIB, 2270–2271
Hemodynamic variables, 695t
Hemodynamically unstable patients, intrahospital

transport of, 149
Hemodynamics

intracranial, 654–655, 655f
oxygen delivery in, in HBO, 557, 557t, 559f
of positive pressure ventilation, 671f
unstable patient in

intrahospital transport of, 149
postintubation, factors contributing to, 545t

Hemofiltration (HF), 2397
Hemoglobin (Hb)

anemia of, 2563

changes in, with SvO 2 , 304t
characteristics of, 2534
hemorrhagic shock and, 906
pulse oximetry and, 218
structure and function of, 2533–2534
SvO2 and, 183
transcutaneous oxygen and, 196

Hemoglobin-based oxygen carriers (HBOCs), 915,
1108, 2533

clinical trials of, 2534
Hemoglobinuria, 2094
Hemolysis, elevated liver enzymes, and low platelet

counts (HELLP), 1446, 1464–1465, 2303,
2570

Hemolytic-uremic syndrome (HUS), 1133, 1417,
1677, 2510–2511, 2570

coagulation and, 2504t
hypertension and, 1892
laboratory findings on, 2508t
SCT and, 1423

Hemoperfusion (HP), 2403
Hemophilia, 743, 2504t

hemorrhagic shock and, 893
Hemoptysis, 2188–2193

airway and, 2191
anatomic sources of, 2188–2189
angiography for, 2190, 2192
bronchoscopy for, 2192
cause localization of, 2191–2192
causes of, 2189t
CT for, 2190
CXR for, 2190
embolization for, 2192
etiology of, 2188
in flexible bronchoscopy, 511–512, 512t
management of, 2191–2193
potential causes of, 511t

Hemorrhage. See Bleeding
Hemorrhagic cystitis, 1415–1416
Hemorrhagic shock, 234, 234t, 893–916, 2271

ADH and, 898
airway and, 902–903
anaphylactic shock and, 895, 937t
ATP and, 897
base deficit and, 906–907
blood volume and, 898
brain and, 900
calcium and, 898
classification of, 895–896, 896t, 2531t
coagulation and, 893, 907–908
colloids for, 905
crystalloids for, 905
diagnosis of, 905–908
DM and, 895
DO2 and, 897
early recognition of, 893
endothelium and, 899
epidemiology of, 894–895
etiology of, 894–895, 895t
FAST for, 894
GI tract bleeding and, 895
Hb and, 906
heart and, 900
hematocrit and, 906
hemophilia and, 893
hypothermia and, 905
immunity and, 902
intestine and, 901
key steps in, 895t
lactate and, 906
laparotomy for, 909–910, 909t
liver and, 901
lungs and, 900–901
management of, 902–905
metabolism and, 899–900
Na+ -Ca+ exchanger and, 897–898
neurohormonal response to, 899f
neutrophils and, 899
pancreas and, 901
pathophysiology of, 896–900
prevention of, 914–915
rapid bleeding control of, 908
resuscitation for, 824, 903–904, 904t
spleen and, 901

SvO 2 monitoring in, 305
transfusion for, 907t, 2531–2532
in trauma patient, 1113–1114
vitamin K and, 893
vWF and, 893

Hemorrhagic stress-induced serum factor,
1088–1089

Hemorrhoids
band ligation for, 2297
hematochezia and, 2297
HIV and, 1739

Hemostasis, 1133
components for, 740t
hypothermia and, 1135
liver failure and, 2511–2512
platelets and, 2505f
sepsis and, 863–864

Hemostatic resuscitation, 910
Hemothorax, 1195–1196

pleural effusion and, 2175
Henderson-Hasselbalch equation

development of, 633
to guide ventilation, 634–635

HEPA. See High-efficiency particulate air
Heparin, 954, 2673. See also Low-molecular

weight-heparins; Unfractionated heparin
for DVT, 2542
laboratory findings on, 2508t
vs. lysis, 2154t
for mesenteric venous thrombosis, 2376–2377
overdose of, 2514–2515
for pulmonary embolism, 2151
thrombocytopenia from, 1134, 2569
thyroid function and, 2454t
trauma patients and, 1156

Heparin-induced hyperkalemia, 621–622
Heparin-induced thrombocytopenia (HIT), 956,

1212, 2404, 2517–2518, 2545–2548,
2569–2570

DVT and, 2569
heparin alternatives for, 2547t
MI and, 2570
pulmonary embolism and, 2569
skin necrosis and, 2569
stroke and, 2569
thrombin and, 2546
VTE and, 2144

Heparin-induced thrombocytopenia thrombotic
syndrome (HITTS), 2569

Hepatic artery thrombosis (HAT), 1379
Hepatic encephalopathy (HE), 2303. See also Acute

liver failure
cirrhosis and, 2318

precipitating mechanisms of, 2319t
in fulminant hepatic failure, 1376t
hyperventilation and, 2308

Hepatic formulas, 983
Hepatic hydrothorax (HH), 2175–2176, 2317
Hepatic venous approach

to catheter, 468f
in site selection, 472, 475f–476f

Hepatitides, exposure to, 138–139, 138f
Hepatitis

AIH, 2304t
chronic active, 1137
ischemic, 870
pericarditis from, 1875
transfusion and, 2530

Hepatitis A virus (HAV), 2303, 2304t
Hepatitis B antigen (HBsAg), 1726
Hepatitis B virus (HBV), 138–139, 138f, 2304t

ALF and, 2303
heart transplantation and, 1354
HIV and, 1739
kidney transplantation and, 1395
transplantation and, 1725
vaccination for, 1726

Hepatitis C virus (HCV), 138–139, 138f
ALF and, 2304
ARF and, 1739
heart transplantation and, 1354
with HIV, 1732, 1739
kidney transplantation and, 1395, 1408

Hepatitis D virus (HDV), 2304t
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Hepatobiliary disease, bleeding and, 1136–1137
Hepatobiliary drainage

catheters used in, 467
history of, 465
techniques for, 465–467, 465f–466f

Hepatobiliary iminodiacetic acid (HIDA), scan, for
cholecystitis, 463f

Hepatocellular carcinoma (HCC), 2313
Hepatopancreatobiliary (HPB), 1178–1188
Hepatopulmonary syndrome (HPS), 2317–2318

diagnostic algorithm for, 2318t
pathophysiology of, 2318t

Hepatorenal syndrome (HRS), 1185, 1375, 1858,
2313, 2383

blood volume measurement in, 293
diagnostic criteria for, 2314t
electrolytes and, 2315
pathogenesis of, 2114f
treatment for, 2315

Hepcidin, 2563
Hereditary angioedema, anaphylactic shock and,

937t
Hereditary polyposis syndrome, 2278
Herniation syndromes, neuroimaging of, 369–371,

369f–371f
Heroin, 1022, 1024
Herpangina, 1632
Herpes simplex encephalitis (HSE), 1618
Herpes simplex virus (HSV), 1608, 1710, 2304t

in ICU, 1713–1715
skin and, 2489
transfusion and, 2530
viral encephalitis and, 1711–1712

Herpes viruses
exposure to, 139–140
simplex encephalitis, 382f

Hetastarch. See Hydroxyethyl starch
Heuristics, 82–83

algorithms for, 84–85
clinical pathways in, 85
guidelines for, 83–84, 84t
lesser-known types of, 84t

HF. See Heart failure; Hemofiltration
HFD. See High-flux dialysis
HFJV. See High-frequency jet ventilation
HFO. See High-frequency oscillation
HFPV. See High-frequency percussive ventilation
HFSS. See Heart Failure Survival Score
HFV. See High-frequency ventilation
HG. See Hyperemesis gravidarum
HH. See Hepatic hydrothorax
HHM. See Humoral hypercalcemia of malignancy
HHS. See Hyperosmolar hyperglycemic nonketotic

syndrome
HHS and, 2437
HHV-6. See Human herpes virus 6
HICS. See Hospital Incident Command System
High extraction drugs, 953, 953t
High sensitivity C reactive protein (hsCRP), 1785
High-density lipoprotein (HDL), 818–819
High-efficiency particulate air (HEPA), 1414
High-flux dialysis (HFD), 2403–2404
High-frequency jet ventilation (HFJV), 2029

for BPF, 2183
High-frequency oscillation (HFO), 1193, 2029

for ARDS, 2037t, 2072–2073
for BPF, 2183
vs. controlled mechanical ventilation, 2033t
gas exchange with, 2034f
implementation of, 2032–2038
for neonates, 2032
vs. PCV, 2074f
VT with, 2032

High-frequency percussive ventilation (HFPV),
1315, 2029

High-frequency ventilation (HFV), 2029–2038
for ARDS, 2072–2073
gas exchange and, 2072
VALI and, 2072
VILI and, 2030–2032

Highly active antiretroviral therapy (HAART),
1731–1732

dosing of, 1743t–1746t
drug interactions with, 1747t–1748t

formulations of, 1743t–1746t
for HIV, 1734, 2640–2641
in ICU, 1740–1742

High-mobility group box 1 (HMGB1), 802, 802f,
859f, 861

High-molecular-weight kininogen (HK), 741
High-permeability hemofiltration (HPHF), 2404
High-pressure liquid chromatography (HPLC),

1402
High-volume hemofiltration (HVHF), 2404

for MODS, 2406
for septic shock, 2406
TNF and, 2406

Hill, J. Donald, 2081
Hindgut, 1159
Hip replacement, enoxaparin for, 2550
HIPAA. See Health Insurance Portability and

Accountability Act
Hippocrates, 813, 855
Hirschsprung disease, 2361–2362
Hirudin, 2552
Histidine-tryptophan-ketoglutarate (HTK), 1345
Histogram, 99f–100f
Histotoxic, 867
HIT. See Heparin-induced thrombocytopenia
HITTS. See Heparin-induced thrombocytopenia

thrombotic syndrome
HIV. See Human immunodeficiency virus
HK. See High-molecular-weight kininogen
HLA. See Human leukocyte antigen
HLA-DR. See Human leukocyte antigen
HLT. See Combined heart-lung transplantation
HMB CoA inhibitors, 1068
HMG Co-A. See Hydroxy-methylglutaryl

coenzyme A
HMG Co-A inhibitors, 1275, 1791–1792
HMGB1. See High-mobility group box 1
HMO. See Health maintenance organizations
HOB. See Head of bed
Hodgkin disease, 804, 1719t
Hollow viscus, perforation of, 733
Homeostasis

of acid-base physiology, 632f
after brain injury, 659
phosphate, 623
potassium, physiology of, 620

Hormones, 2411
therapy with, for LGIB, 2290

Horner syndrome, 2207
Hospital

medical advice in, signing out against, 49–50, 50t
resources, for enteral feeding, 497
treatment, for decompression sickness, 562, 563f

Hospital Elder Life Program (HELP), 1523–1524
Hospital Emergency Incident Command System

(HEICS), 2602, 2612
Hospital Incident Command System (HICS)

color coding in, 2610f
coordination with, 2611f

Hospital-acquired diarrhea, 1676
Hospital-acquired hyponatremia, prevention of,

617–618
Hospital-acquired infections, 1538t

antibiotics for, 1535–1551
Hospital-acquired pneumonia (HAP), 1666

microorganisms causing, 1666t
HP. See Hemoperfusion
HPA. See Hypothalamic-pituitary-adrenal axis
HPB. See Hepatopancreatobiliary
HPHF. See High-permeability hemofiltration
HPLC. See High-pressure liquid chromatography
HPS. See Hantavirus pulmonary syndrome;

Hepatopulmonary syndrome
HPV. See Hypoxic pulmonary vasoconstriction
HR. See Heart rate
HRS. See Hepatorenal syndrome
hsCRP. See High sensitivity C reactive protein
HSCs. See Hematopoietic stem cells
HSCT. See Hematopoietic stem cell transplantation
HSE. See Herpes simplex encephalitis
HSV. See Herpes simplex virus
HTK. See Histidine-tryptophan-ketoglutarate
HTLV. See Human T-lymphotrophic virus
HTS. See Hypertonic saline

Human chorionic gonadotropin (HCG), 1470,
2417t

Human herpes virus 6 (HHV-6), 1608, 1710
Human immunodeficiency virus (HIV)

acute respiratory failure with, 1732
anal fissures and, 1739
ARF and, 1739
associated pathogens for, 1541t
bacteremia with, 1738
bacterial pneumonia and, 1737–1738
BAL for, 1735
CAP and, 1653
cardiovascular system and, 1739–1740
colon perforation and, 1739
CSF and, 1739
diarrhea and, 1676
exposure to, 136–137, 137f
fever and, 1740
GBS and, 2234
GI tract and, 1739
HAART for, 1734, 2640–2641
HBV and, 1739
HCV and, 1732, 1739
hemorrhoids and, 1739
HF and, 1817
hyperglycemia and, 1740
hyponatremia and, 1740
in ICU, 1731–1751

control of, 1750–1751
testing for, 1747–1750
treatment strategies for, 1741f

idiopathic thrombocytopenia purpura and, 2570
IE and, 260
kidney transplantation and, 1395
lactic acidosis and, 1740
LGIB and, 2278, 2292
meningitis and, 1608–1609
metabolism and, 1740
mortality with, 1732–1734, 1733t
NE and, 2588
neurologic system and, 1738–1739
pancreatitis and, 1739
as pandemic infection, 2640–2641
PEP for, 1750
pericarditis from, 1875
peritonitis and, 1739
Pneumocystis pneumonia and, 1731, 1735–1737
respiratory system and, 1734–1738
sepsis with, 791, 1732, 1738
SIADH and, 1740
skin disorders with, 2493
TB and, 2640–2641
TMA and, 2569
transfusion and, 2526–2527, 2530
TTP and, 2569

Human leukocyte antigen (HLA), 817, 913, 2525
pancreas transplantation and, 1387

Human T-lymphotrophic virus (HTLV), 1726, 2575
transfusion and, 2530

Humidification, 2048
for COPD, 2139f
for severe asthma, 2130

Humira. See Adalimumab
Humoral hypercalcemia of malignancy (HHM),

2575–2576
Hungry bone syndrome (HBS), 2462
Hunter, John, 787
Hunter, William, 2581
HUS. See Hemolytic-uremic syndrome
HVHF. See High-volume hemofiltration
Hyaluronidase, 844
Hydralazine, 1272t, 1444

ARF and, 2671t
for HF, 1832
for hypertension, 1892t

Hydrocarbons, aspiration and, 2102
Hydrocortisone, 883, 946, 2135, 2445t

for corticosteroid insufficiency, 2445
for hypotension, 930
for septic shock, 2445
for thyroid storm, 2456t

Hydrofluoric acid, toxicity with, 1006–1007
Hydrogen cyanide, 2623t
Hydrogen ion concentration, 679–680
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Hydrogen peroxide, 799, 902
Hydrogen sulfide, HBO therapy for, 565
Hydroids, 1045–1046
Hydromorphone, 586t, 1194
γ -Hydroxybutyrate (GHB), 1025
Hydroxychloroquine, for RA, 2470t
Hydroxyethyl starch (Hetastarch), 2663t
Hydroxyl radical, 799
Hydroxy-methylglutaryl coenzyme A (HMG

Co-A), inhibitors of, 2001
Hydroxyurea, 2566

for thrombocytosis, 2573
Hyperactivity, 2245
Hyperacute rejection, 1351
Hyperaldosteronism, 2445
Hyperammonemia, 770–771
Hyperbaric oxygen (HBO), 1041, 1602

for AGE, 561, 2162
cell/tissue effects from, 557
chamber operation

in critical care, in field, 569
fire hazards in, 567–568
multiplace, 567, 567f–568f
types of, 567

intracranial pressure from, 562f
for radiation colitis, 2296
therapy

antibacterial effects from, 557–559
for carbon tetrachloride, 565
for CO, 565
complications with, 560
conditions for, 557t
for cyanide, 565
for decompression sickness, 561–562,

561f–562f
for gas embolism, 561–562, 561f–562f
for head injury, 566
history of, 556
for MI, 566
necrotizing infections for, 565–567
nitrogen gas in, 560–561
organ blood flow in, 557
oxygen toxicity in, 559–560
patient evaluation for, 570
for pulmonary edema, 570
for severe anemia, 566
for stroke, 566–567
for thermal injury, 566
trace gas in, 561

Hypercalcemia
with cancer, 2575–2579

ADH and, 2576
clinical presentation of, 2576–2577, 2576t
diagnosis of, 2577
differential diagnosis for, 2576
fluids for, 2577–2578
PTH and, 2576, 2577
treatment for, 2577–2579, 2578t

causes of, 626t
clinical manifestations of, 626
diagnostic approaches to, 626–627
of malignancy, 627
management of, 627, 627t
pathophysiology of, 626

Hypercapnia, 210t, 679
oxygen therapy and, 2053
permissive, 646
postoperative, 1099t
severe asthma and, 2118, 2130

Hypercoagulation, 2295
Hyperdynamic response, to airway management,

545
Hyperemesis gravidarum (HG), 1465
Hyperendemic infection, 2631
Hyperfibrinogenemia, 2520
Hyperfiltration theory, 727
Hyperglycemia, 976, 2423

CA and, 713
with DKA, 2430, 2435
HIV and, 1740
insulin for, 807
liver surgery and, 1184
SAH and, 1079
sepsis and, 870

septic shock and, 870
with stroke, 1270–1271
surgery and, 1564–1565
with TBI, 1249–1250
ventilation and, 1997

Hyper-IgE syndrome, anaphylactic shock and, 937t
Hyperinflation

asthma and, 2112, 2113f
auto-PEEP and, 2128f
with COPD, 2133, 2137–2138
FRC and, 2113
monitoring of, 2128
MV and, 2127
PEEPi and, 2113, 2128
pulmonary hypertension and, 1902
respiratory muscle weakness and, 1994

Hyperinsulinism, 768
Hyperkalemia

from ACE-I, 844
ARF and, 2390
causes of, 621t
heparin-induced, 621–622
management of, 621–622, 621t
medications causing, 621t
nutrition for, 2395
pathophysiology of, 621, 621t
treatment of, 622t

Hyperlipidemia
hypothyroidism and, 2459
kidney transplantation and, 1406

Hypermagnesemia
management of, 628–629
pathophysiology of, 628
risk factors for, 628–629

Hypermetabolism, stress response and, 790
Hypernatremia, 708

clinical manifestations of, 619
diagnostic approach to, 618–619
in ICU, 618
pathogenesis of, 618, 618f
preventions of, in ICU, 620
treatment of, 619–620, 620t

Hyperosmolar coma, 976
Hyperosmolar hyperglycemic nonketotic syndrome

(HHS), 2435–2437
children with, management of, 2433f
complications with, 2435t, 2437
diagnosis of, 2431t, 2436
electrolytes and, 2437
hypophosphatemia with, 2437
infection and, 2430t
insulin for, 2437
management of, 2436–2437, 2436f
MI and, 2430t
pancreatitis and, 2430t
pathogenesis of, 2431f
pathophysiology of, 2435–2436
precipitating factors in, 2430t
presentation of, 2436

Hyperosmolar hyponatremia, 615, 615f
Hyperoxia

effects of, 556
oxygen values in, 679
vasoconstriction from, 557

Hyperoxic cell death, 2051f
Hyperphosphatemia, 2284

with acute tumor lysis syndrome, 2579
clinical manifestations of, 624–625
pathophysiology of, 624

Hypersensitivity reactions, 754–755, 1748t
with abacavir, 1742
from antivenom, 1041–1042

Hypertension. See also Malignant hypertension;
Pulmonary hypertension

acute coronary syndrome and, 1896
antihypertensives for, ARF and, 2671t
aortic dissection and, 1895
cardiovascular system and, 1892
chronic portal, 467
DBP and, 1887
drugs for, 1892–1894
eclampsia and, 1896
HF and, 1889
HUS and, 1892

ICH and, 1888
in ICU, 1887–1896
intracranial, 659–660
kidney transplantation and, 1406
obesity and, 1490
pheochromocytoma and, 2449
pre-eclampsia and, 1896
with pregnancy, 1435–1436, 1441–1446, 1889
pulmonary edema and, 1895–1896
related hemorrhage, 375f
retinopathy and, 1891, 1892f
STEMI and, 1889
stroke and, 1888–1889

treatment for, 1894
surgery and, 1889
systolic blood pressure and, 1887

Hypertensive crisis, 1887
Hypertensive emergency, 1887

definition of, 1888t
drugs for, 1892t
types of, 1888t

Hypertensive encephalopathy, 1890–1891
Hypertensive urgency, 1887

definition of, 1888t
Hypertensive-related hemorrhage, noncontrast

axial CT of, 375f
Hyperthermia, 279–280, 280f, 1328–1334. See

also Malignant hyperthermia
brain injury from, 656
cocaine and, 1020
CPR and, 713
DKA and, 2430t
fever and, 1329t
HHS and, 2430t

Hyperthyroidism
AF and, 2454
cardiovascular system and, 2459
respiratory muscle weakness and, 1995
tachycardia and, 2454
thyroid storm and, 2455
TPP and, 2458

Hypertonic crystalloid, 822
Hypertonic saline (HTS), 915

for cerebral edema, 2309
for intracranial pressure, 2308

Hypertriglyceridemia, 870
Hypertrophic cardiomyopathy (HCM), 775–776,

1819
pregnancy and, 1459

Hyperuricemia, 2579–2580
management of, 2580–2581

Hyperventilation
He and, 2308
for intracranial pressure, 2202, 2308

Hyperviscosity syndrome, 2573
Hypervolemia, undetected, 291
Hypoactivity, 2245
Hypoadrenalism. See Corticosteroid insufficiency
Hypoalbuminemia, 2176

blood volume measurement in, 292
Hypoaldosteronism, causing nonanion gap

metabolic acidosis, 642
Hypocalcemia, 794

management of, 626
with pancreatitis, 2327
symptoms of, 2462t
thyroidectomy and, 2462
transfusion and, 2529

Hypocapnia, 679
Hypodermis, 2481
Hypoglycemia

with ALF, 2311
with DKA, 2435
fatty acid oxidation and, 768
management of, 769
in metabolic disease, 768–769
testing for, 768–769

Hypokalemia, 708, 981, 1164
causes of, 622, 622t
clinical manifestations of, 622
with DKA, 2435
management of, 622–623
metabolic acidosis with, 623
pathophysiology of, 622
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Hypomagnesemia, 981
causes of, 627t
clinical manifestations of, 628
with electrolyte disturbances, 628
pathophysiology of, 627–628
treatment of, 628

Hyponatremia, 1164
hypothyroidism and, 2459

asymptomatic, 616–617
causes of, 293
clinical manifestations of, 612
diagnostic approach to, 615, 615f
exercise-induced, 617
HIV and, 1740
hospital-acquired, prevention of, 617–618
hyperosmolar, 615, 615f
ICU occurrence of, 611
from impaired water excretion, 611t
pathogenesis of, 611–612, 2114f
postoperative, 617
with SAH, 1274
from SIADH, 1274

Hyponatremic encephalopathy
gender in, 614
hypoxia role in, 614–615, 614f
Na+ /K+ ATPase in, 614
risk factors for, 612–614, 613f
treatment of, 615–617, 616t

Hypoparathyroidism, 2462
Hypophosphatemia, 981, 1182–1183

cancer and, 2577
causes of, 623t
clinical manifestations of, 624
with HHS, 2437
pathophysiology of, 623–624
treatment of, 624

Hypophysis, 2411
Hypopituitarism, 925

TBI and, 2256
Hypotension

with ALF, 2310
anaphylactic shock and, 937t
cardiogenic shock and, 930
with drowning, 2093
hydrocortisone for, 930
permissive, 1108
postintubation, 545–546
with SCT, 1412
severe asthma ventilation and, 2131
systolic blood pressure and, 1249
TBI and, 1249

Hypotensive resuscitation, 910
Hypothalamic-pituitary thyroid axis, 2419–2420
Hypothalamic-pituitary-adrenal axis (HPA), 1403,

2413–2419
activity of, 2419
cardiovascular system and, 2422–2423
cytokines and, 2418–2419
pathways of, 2420f
shock and, 929
stress and, 2419

Hypothalamus, 2418f
Hypothermia, 1325–1328. See also Therapeutic

hypothermia
ALF and, 2310
bleeding and, 1134
brain injury from, 656, 658
CA and, 713–714
causes of, 1326t
classification of, 1326t
clinical syndromes with, 1326–1327
CMRO2 in, 319
coagulation and, 747
DKA and, 2430t
ECLS and, 2085
glucose and, 1327
hemorrhagic shock and, 905
hemostasis and, 1135
HHS and, 2430t
for intracranial pressure elevation, 2203
myxedema coma and, 2460
physiology during, 278
resuscitation and, 908–914
for stroke, 1268

during surgery, 1567
therapeutic

mechanism of, 278–279, 279f
systemic consequences of, 278

Hypothesis, 99
of medical literature, 107

Hypothyroidism, 2458–2461
causes of, 2459t
clinical manifestations of, 2459t
complications with, 2460
GI tract and, 2459
hyperlipidemia and, 2459
hyponatremia and, 2459
metabolism and, 2459
peristalsis and, 2459
preoperative management of, 2460–2461
respiratory muscle weakness and, 1995
respiratory system and, 2459
with SCT, 1422
treatment for, 2459–2460

Hypotonic lower esophageal sphincter, 2355
Hypoventilation, 1084
Hypovolemia, 221

echocardiography and, 237
pancreatitis and, 2327
undetected, 291

Hypovolemic shock, 813–814, 835, 893. See also
Hemorrhagic shock

anaphylactic shock and, 937t
Hypoxemia, 153, 193, 1199

acute reversible, 2476–2477
airway complications contributing to, 542, 542t
with anesthesia, 1095–1096
arterial, 676
with COPD, 2135
echocardiography and, 237
ischemic brain injury, cerebral metabolism and,

650–651, 650f, 650t
obesity and, 1498
oxygen values in, 678–679
SCD and, 2566
with TBI, 1248
VADs and, 1846

Hypoxia, 724, 942
in brain, 1251
diffusion, 1086
fetal monitoring and, 1486–1487
oxygen for, 963t
role of, in hyponatremic encephalopathy,

614–615, 614f
Hypoxic pulmonary vasoconstriction (HPV),

1086–1087, 2075

IABP. See Intra-aortic balloon pump
IAC. See Interposed abdominal compression
IAH. See Intra-abdominal hypertension
IAP. See Incident Action Plan
Iatrogenic pleural effusion, 2176
Iatrogenic pneumothorax, 2179
Iatrogenic urologic injury, 1296–1297
IBD. See Inflammatory bowel disease
Ibuprofen, for pericarditis, 1878
Ibutilide, for AF, 1867
IC. See Inspiratory capacity
ICAM-1. See Intercellular adhesion molecule-1
ICD. See Cardioverter defibrillator
ICF. See Inferior vena cava filter
ICG. See Indocyanine green
ICH. See Intracerebral hemorrhage
ICP. See Intracranial pressure; Intrahepatic

cholestasis of pregnancy
ICS. See Incident Command System
ICSH. See International Council for

Standardization in Hematology
ICU. See Intensive care unit
Idarubicin, 2591
Iddan, Gavriel, 2287
Idiopathic pulmonary fibrosis (IPF), lung

transplantation and, 1357, 1359t
Idiopathic thrombocytopenia purpura (ITP), 759,

2570
AIHA and, 2564
HIV and, 2570
platelets and, 2517

prednisone for, 2569
pregnancy and, 2570
rituximab for, 2570

Idraparinux, 2553
properties of, 2553t

IE. See Infective endocarditis
I:E. See Inspiratory/expiratory ratio
IEM. See Ineffective esophageal motility
IFN. See Interferon
Ifosfamide

genitourinary system and, 2594
toxicity of, 1412t

Ig. See Immunoglobulins
IGF-1. See Insulin-like growth factor
IGFBP-3. See Growth factor binding protein-3
IHD. See Intermittent hemodialysis
IL. See Interleukins
ILCOR. See International Liaison Committee on

Resuscitation
Ileal conduit, 1302
Ileostomy, electrolytes in, 2664t
Ileum, electrolytes in, 2664t
Ileus, 736, 1315

of small intestine, 2359–2360
IMA. See Inferior mesenteric artery
Image-guided interventional procedures, at bedside,

364–368, 365f–367f
IMH. See Intramural hematoma
Imidazole, 801
Imipenem, for N ocardia spp., 1723
Imipenem/cilastatin, 2687t

ADR with, 956
for pancreatitis, 2328

Immature defenses, in ICU, 29t
Immigrants, undocumented, 3–4
Immune complex disease, 755
Immune effector functions, 752–754
Immune reconstitution inflammatory syndrome

(IRIS), 1738
Immune response, 749, 750t
Immune system, 749

allergy and, 749–760
barbiturates and, 1094
benzodiazepines and, 1094
burn injury and, 1316
endocrine system and, 2422t, 2423
glucocorticoids and, 2443
ketamine and, 1094

Immunity, 749
anesthesia and, 1087–1089
hemorrhagic shock and, 902
inhalation agents and, 1088t
opioids and, 1090–1091

Immunodeficiency syndromes, 75t, 756t
Immunoglobulins (Ig), 753
Immunomodulating formula, 984
Immunomodulation, transfusion and, 2530–2531
Immunosuppression

contributing factors to, 1718t
corticosteroids and, 1721–1723
diarrhea and, 1676
infection and, 1717–1729
IPA and, 1702t
with kidney transplantation, 1399
with liver transplantation, 1380t
with lung transplantation, 1361
medications for, 1361t
NIPPV and, 1952
pancreas transplantation and, 1389–1390
RA and, 2472
transplantation and, 1351–1353, 1724–1728

Immunotherapy, 757–760, 758t
cytokines for, 759t
growth factors for, 759t

Impaired consciousness
with cirrhosis, 2318–2319

differential diagnosis for, 2319t
in ICU, 2205–2212

IMPDH. See Inhibitor of inosine monophosphate
dehydrogenase

Impella (Abiomed), 851, 1845f
Impetigo, 1597–1598, 2488–2489
Imuran. See Azathioprine
IMV. See Intermittent mandatory ventilation
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In situ thrombosis, with AMI, 2375
Incentive spirometer (IS), 2049
Incident Action Plan (IAP), 2601
Incident Command System (ICS), 2600–2601, 2612

critical care management and, 2602
Incident management response teams (NIRT),

2651t
Incidentaloma, 2450
Indicator dilution, for accurate blood volume

measurement, 287f
Indinavir (Crixivan), 1745t, 1749t
Indirect calorimetry, 974t
Individual patient standard, 46–47
Indocyanine green (ICG), 1186
Indomethacin, 2567
Inducible nitric oxide synthase (iNOS), 803f, 817

septic shock and, 862–863
Induction therapy, 1352–1353
Ineffective esophageal motility (IEM), 2355
Infant mortality, 11t
Infection. See also Specific infections or classes of

infections
with ALF, 2310–2311
antibiotics for, for prophylaxis, 1570–1571
of aortic graft, 1241
ARDS and, 2063t, 2077t
bacterial, 140–142

colony-forming, indifferent body sites, 399f
of biliary tract, 157–1578

surgery and, 1580–1581
with burn injury, 1319
from Candida spp., 1695–1700
catheters and, 1566–1577

complications with, in vein cannulation, 423
diagnosis of, 398, 398f
on exit-site, 398f
vascular, 398

causing hemoptysis, 511t
of central nervous system, 1605–1624

CSF and, 1610t
transplantation and, 1727–1728

with cirrhosis, 2315–2316
in CNS, 379
control of

in HCW, 133–134
historical perspective of, 133
in MCI, 2605–2606
nosocomial infections and, 133
precautions with, 133–134

airborne, 135–136
contact, 135
droplet, 135
isolation, 136t

definition of, 855
DKA and, 2430t
fever and, in ICU, 1554–1557
of head and neck, 1626–1638
HHS and, 2430t
immunosuppression and, 1717–1729
with kidney transplantation, 1404
lung transplantation and, 1365–1366
maximal sterile barriers preventing, 401–402
of musculoskeletal system, 1598–1604
necrotizing, HBO therapy for, 565–567
neuroimaging of, 379–383, 380f–382f
of respiratory system, in ICU, 1651–1670
SCD and, 2566
sepsis and, 857f
with surgery, 1564–1586
with thoracic surgery, 1201
thrombocytopenia with, 2569
transfusion and, 1564–1565, 2529–2530
transplantation and, 1724–1728, 1725t
unusual, 1754–1765
from vascular catheter, prevention of, 400–404,

401t, 403t
Infectious mononucleosis, 1634–1635
Infective endocarditis (IE), 260, 1677

acute mitral insufficiency and, 839
Duke criteria for, 261t
echocardiography and, 237
HIV and, 260
MR and, 1853
PS and, 1856

Inference, 98–99, 99f
Inferior mesenteric artery (IMA), 1159, 2281

angiography and, 2289
in vascular pathology, 484

Inferior vena cava (IVC), 684f, 1181f
anomalies in, 477
complications filtering with, 475–477
duplicated, 478f–479f
filter placement in, 480, 480f–481f
plain radiograph of, 478f–479f
vena cava filters and, 474f, 475f

Inferior vena cava filter (ICF), 2145
anesthesia for, 603–604
placement of

complications with, 452–453
fluoroscopy guided, 452, 452f
indications for, 451–452
techniques for, 452, 452f

Inflammation, 752–754
in brain, 379–383, 381f–382f
coagulation and, 2504–2507
corticosteroids for, 2423–2424
endocrine system and, 2413–2419
LPS and, 2413
mediators of, 816t
with MODS, 816f

mediators of, 798–803, 798t
sepsis and, 781–782

Inflammatory bowel disease (IBD), 2337–2342
complications with, 2341
corticosteroids for, 2341
GI tract bleeding and, 2341
NSAIDs and, 2296
pregnancy and, 2341
VTE and, 2341

Inflammatory cascade, 724–725
Infliximab (Remicade), 1723

for Crohn disease, 2290, 2296
for fulminant colitis, 2338–2339
TNF and, 2290

Influenza, 1704–1706
CAP from, 1704
diagnosis of, 1706
exposure to, 137–138
infection control of, 2637
laboratory diagnostic tests for, 2636–2637
as pandemic infection, 2634–2637
pericarditis from, 1875
prevention of, 1706
therapy for, 2637
treatment for, 1706
types of, 2634–2636
vaccination for, 1706

Informal assessment, of cognitive ability, 48
Informant Questionnaire of Cognitive Decline in

the Elderly (IQCODE), 2246
Information technology (IT)

classification of, for critical care, 127–130,
128f–129f

complex alerts in, 129–130, 129f
customization of, 128–129
investment return from, 131–132, 132t
preventing errors with, 131
risks with, 131

Informed consent
abuse/neglect and, 52
autonomy in, 44
beneficence in, 44
concepts of, 55–56
CPR and, 715
documentation of, 50, 50t
in emancipated minor exception, 52
in emergency, 52
ethical foundations in, 44
evolution of, 53
exceptions to, 51–52
forms for, patient comprehension of, 50–51
in ICU, 1112f
impossibility of, 49
justice in, 44
legal foundations of, 44–45
legal standards of, 46–47
in mature minor exception, 52
process of, 43

for research, 51
for vascular cannulation, 410

Infraclavicular technique, 417–418, 417f–418f
air bubbles in, 418f
preventing complications in, 419

Infrainguinal bypasses, 1242
Infrared aural canal thermometer, 272
Infrarenal abdominal aortic aneurysm, 1240–1241
Infusion of baclofen (ITB), for brain injury, 2259
INH. See Isoniazid
Inhalation agents

blood pressure and, 1086
GFR and, 1087
immunity and, 1088t
liver function and, 1087
organ system function and, 1086–1089
partition coefficients of, 1085t
RBF and, 1087
respiratory and circulatory effects of, 1087t
uptake and distribution of, 1084–1086, 1084t

Inhalation injury. See also Smoke inhalation
from flexible bronchoscopy, 515–516

Inhalational anthrax, 1758
treatment for, 1760t

Inhaled vasodilators, 2075–2076
Inhibitor of inosine monophosphate dehydrogenase

(IMPDH), 1402, 1423
Initiation, coagulation and, 743, 744f
Injection therapy, 2285
Injury severity score (ISS), 2678t
Innate knowledge, 82f
Inodilators, 1802
iNOS. See Inducible nitric oxide synthase; Nitric

oxide synthase
Inotropes, 826, 1210

for cardiogenic shock, 845–848
mechanisms of, 846f
for sepsis, 878–879
for septic shock, 878–879

Insect stings, 938
Insomnia, geriatrics and, 1522–1523
Inspiratory capacity (IC), 2667
Inspiratory flow waveforms, 1920–1922
Inspiratory impedance valve, 701–702
Inspiratory positive airway pressure (IPAP), 2012
Inspiratory pressure over time (P-t), 1987f
Inspiratory/expiratory ratio (I:E), 2071
Institute for Healthcare Improvement, 125

campaigns of, 87t
guidelines for, 85–87, 85t
quality components for, 86t
transforming strategies of, 87f

Institute of Medicine (IOM), 112
Institute for Professionalism and Ethical Practice at

Children’s Hospital, 39
Insular ribbon sign, 376
Insulin, 2415t, 2421, 2424t

for DKA, 2434
for HHS, 2437
for hyperglycemia, 807
outcomes with, 2438t
sepsis and, 871
septic shock and, 871
for severe sepsis, 882
for stress response, 792
TNF and, 2421

Insulin growth factor, 2415t
Insulin tolerance test (ITT), 2444, 2447
Insulin-dependent diabetes mellitus, 1382
Insulinemia, liver surgery and, 1184
Insulin-like growth factor (IGF-1), 986, 2420

ARDS and, 2065t
INT. See Internodal tracts
Integrilin. See Eptifibatide
Intensive care unit (ICU)

abdominal trauma and, 1140–1143
adolescents in, 35–36
airspace in, 355–356, 356f–359f
alveolar opacification in, 355–356, 356f
analgesic drugs in, 586–587, 586t
anesthesia in, 575–576, 578, 580

bedside, 596–599
anesthetic risk in, 577–578, 578t
anxiety in, 962t
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Intensive care unit (ICU) (Cont.)
ARF in, 2393

from drugs, 2383t
ASA classification of, 576–577, 577t–578t
assessment

in English, 40f
in medical language, 40f

asthma and, 2125–2131
behavioral disturbances in, 2245–2252
briefings in, 121
Candida spp. in, risk factors for, 1719t
capnography in, 235
cardiac risk in, 577–578, 578t
cardiovascular surgery patients in, 1203–1205,

1205t
care in, 36–37
chest radiograph analysis in, 343

of parenchymal abnormalities, 351f–359f,
352–356

children in, 35–36
care ethics for, 51–52

coagulation disorders in, 2503–2520, 2504t
communicating with family in, 34–35, 34t
computers in, 127
COPD in, 1667
coping in, 29, 31
costs in, 578
cytomegalovirus in, 1713
death in, 17
defense employed in, 30t
dependent personality in, 32–33, 32t
difficult extubation in, 548–549, 549t
discharge from, for brain injury, 2254–2261
disruptive behavior in, 28
dramatic personality in, 32t, 33–34
echocardiography in, indications for, 239t
EEG in, 326–328
effective limit setting in, 33t
emotional factors in, 48
endocrine system and, 2411–2425
ethics consultation in, 25
evoked potentials in, 328t
existential concerns in, of patient/family, 29
expertise in, 95
external factors in, 48
fever in, 1554–1560

infection and, 1554–1557
fiberoptic bronchoscopy in, 535, 535t
GI tract infection in, 1675–1681
glucose and, 2437–2439
HAART in, 1740–1742
hemodialysis in, 1244
high extraction drugs in, 953t
HIV in, 1731–1751

control of, 1750–1751
testing for, 1747–1750
treatment strategies for, 1741f

HSV in, 1713–1715
hypernatremia in, 618, 618f, 620
hypertension in, 1887–1896
hyponatremia in, 611
image-guided interventional procedures at,

364–368, 365f–367f
impaired consciousness in, 2205–2212
informed consent in, 1112f
initial family meeting in, 41t
intrahospital transport in, 150
LGIB in, 2278
lung abscess in, 1668–1669
mesenteric ischemia/infarction imaging in,

362–363, 363f
mobile, 150–151, 152t
MODS and, 793
mortality and, CKD and, 726f
narcissistic personality in, 29t, 31–32
national quality forum measures for, 124t
neurologic monitoring in, 317
neuromuscular disorders in, 2232–2241
NMBAs in, 587
obsessive personality in, 32t, 33
opioids in, 963, 963t
PAC and, 173
PAPR in, 2627
patient safety in, 120t, 578

patient transport to, 1109–1110, 1110t
personality problems in, 32t
pharmacology in, 958
platelet disorders in, 2516t
pleural effusion in, 354–355, 355f, 2171–2184

causes of, 2172t
pleural empyema in, 1669–1670
pneumonia in, 1574–1575, 1651–1667
pneumothorax in, 2178–2181

causes of, 2178t
point-of-care testing in, 387

further considerations in, 394–395
recommendations for, 388t

for poisoning, 989
PPE in, 2626–2627
preschoolers in, 36
pressure ulcers in, prevention of, 2495–2501
procedures in, 578
psychological impact of, 28–29
pulmonary emboli imaging in, 363–364,

363f–364f
quality of, parameters enhancing, 9t
rationing, distributive justice and, 22
relaxants in, 587
remote, 131
respiratory muscle weakness and, 1997–2001
respiratory system infection in, 1651–1670
school-aged children in, 36
sedation in, 584–587, 585t–586t

special problems in, 591–596, 592t–594t,
595f–596f

sepsis and, 856
septic shock and, 856–857
skin disorders in, 2488–2492, 2488t
support lines in, 343–352, 344f–352f
testing quality initiatives in, 124
thyroid disease in, 2452–2462
transducers in, 157
ultrasound in, 366–367
UTIs in, 1556, 1683–1693
VAP and, 1574–1575
vascular surgery in, 1237–1244
viral infections in, 1705t, 1713–1715
water intake/loss in, 619f

Interceed, 1169
Intercellular adhesion molecule-1 (ICAM-1), 736,

752, 804, 817
ARDS and, 2065t

Intercostal nerve block, 1195
Interfaces, 1939
Interferon (IFN), 751, 753, 1708t, 2592

shock and, 815
for thrombocytosis, 2573

Interleukins (IL), 751, 754, 782, 789, 858, 861,
1424, 2562

anemia and, 2563
ARDS and, 2064, 2065t
for cancer, 2592–2593
CPB and, 1204f
fever and, 1553
glucocorticoids and, 2423
HF and, 1823
LPS and, 2413–2414
MODS and, 801–802
RA and, 2465
septic shock and, 881
shock and, 815

Intermediate syndrome, 1001–1002
Intermittent CPAP, 1930
Intermittent hemodialysis (IHD), 2310, 2398, 2402

for ARF, 2402
for MODS, 2402
TACUREA and, 2400

Intermittent mandatory ventilation (IMV), 211,
1924–1926

for COPD, 1925
with CPAP, 1925
for drowning, 2092
triggering with, 1988f
for ventilation weaning, 2009

Intermittent pneumatic compression devices (IPC),
2145

Intermittent positive pressure breathing (IPPB),
2049

Internal jugular technique, 414–415, 414f–415f
Internal jugular vein

anatomy of, 414f
cannulation of

positioning patients for, 413–414, 414f
ultrasound for, 414

Internal ureteral stents, 1301
International Council for Standardization in

Hematology (ICSH), 287–288
International Liaison Committee on Resuscitation

(ILCOR), 698
International Study of Infarct Size (ISIS), 844
Internodal tracts (INT), 685f
Interposed abdominal compression (IAC), 704
Interpreting Medical Literature, 98
Interstitial lung disease (ILD), 2467f

RA and, 2467
Interventional radiology

anesthesia for, 603–604
in critical care unit, 455

Intestinal tonometry, 941
Intestine. See also Colon; Small intestine

blunt trauma of, 1150f
hemorrhagic shock and, 901
microcirculation of, 941
transplantation of, 1340–1341

Intoxication, 987
of patient, 28t

Intra-abdominal abscess, 1163
Intra-abdominal adhesions, 1168–1169
Intra-abdominal hypertension (IAH), 735

grading of, 1121t
Intra-aortic balloon pump (IABP), 835, 850–851,

1067–1068, 1798, 1839–1842
acute mitral insufficiency and, 1840
aortic dissection and, 1840
aortic insufficiency and, 1840
AR and, 1851
for BCI, 1118
for cardiovascular surgery patients, 1214
complications with, 1841–1842
contraindications for, 1840
indications for, 1067t, 1839–1840
MI and, 1839
myocardial contusion and, 1840
sizes of, 1841f
techniques for, 1840–1841
UA and, 1839

Intracellular space, 283
fluid concentrations and, 609

Intracerebral hemorrhage (ICH), 925, 1263f,
1271–1273

blood pressure and, 1270t
drugs for, 1272t

Glasgow coma score for, 1272–1273
hypertension and, 1888
intracranial pressure and, 1271
PET of, 652f
treatment for, 662, 1894

Intracoronary Administration of Bone
Marrow-derived Progenitor Cells in Acute
Myocardial Infarction (REPAIR-AMI),
851

Intracranial hemodynamics, cerebral blood volume
and, 654–655, 655f

Intracranial hemorrhage, neuroimaging of, 371f,
372

Intracranial hypertension, 659–660
Intracranial pressure (ICP), 1086, 1250

from air embolism, 562f
airway and, 2199
assessment of, 337
barbiturates for, 2309
in brain death, 336f
brain oxygenation and, 2201
cerebral edema and, 2307
cerebral perfusion pressure and, 2201
CSF and, 2202
DKA and, 2435
elevation of, 2195–2204
first-line therapies for, 2201–2202
hypothermia for, 2203
management algorithm for, 2199f
management of, 2199–2200
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osmotic therapy for, 2201–2202
outcomes with, 2203
steroids for, 2203
treatment algorithm for, 2200f
treatment of, 2200–2203

FES and, 1288, 2164
fever and, 2200, 2309
formula for, 2666
Glasgow coma score and, 2199
HTS for, 2308
hyperventilation for, 2202, 2308
ICH and, 1271
loop diuretics for, 1251
mannitol for, 2308
monitoring of, 333–334, 333f, 2197
NMBAs and, 1251
normal values for, 2199t
OLT and, 2307
pressure-volume curve for, 2196
seizures and, 2200–2201
TBI and, 1250–1251
three forms of, volume curves, 655f
waveforms of, 334–335, 334f

Intrahepatic cholestasis of pregnancy (ICP),
1465–1466

Intrahospital transport
adverse effects of, 144–146
air medical, in Germany, 152t
cardiocirculatory events in, 146
complications in, 144–146, 147t
between critical care areas, 144
of critically ill patients

approaches to, 153
concerns in, 150

equipment for, 148, 153
ground, using ambulance, 150–151
guidelines for, 153
of hemodynamically unstable patients, 149
of ICU patient, 150
indications for, 153
modes of, 153
monitoring in, 148–149
MRI and, 149
neurological events in, 147
of neurotrauma patients, 149
personnel involved in, 148
primary/secondary, 143
recorded adverse effects during, 151t
respiratory events in, 146–147
safety in, 153
standards of, 148–149
three phases of, 147–148
using air medical transport helicopter services, in

Germany, 152t
Intramucosal pH (pHi), 195, 806
Intramural hematoma (IMH), 259–260, 1772,

1773
Intraparenchymal hematomas (IPH), 1245,

1246
Intraperitoneal bladder injuries, 1298
Intrapleural pressure, 1933
Intrapulmonary shunt (Qs/Qt), 183–185, 184f,

299–300, 300f
calculation for, 185t

Intrathoracic obstruction, 2584
Intrathoracic pressure (ITP), 1900–1901,

1903–1904, 1985
Intravascular devices, 1574–1575
Intravascular ultrasonographic-guided

percutaneous inferior vena cava filter
placement, 452

Intravenous access, for trauma patients, 1107–1108
Intravenous agents, 1089–1094

barbiturates as, 1091
benzodiazepines as, 1093
ketamine as, 1093–1094
opioids as, 1089–1091
propofol as, 1091–1093

Intravenous fat emulsions (IVFEs), 978
Intravenous immunoglobulin (IVIG), 759, 882,

1179
for AIHA, 2564
for GBS, 2234
for myasthenia gravis, 2237

for NF, 1603
for pancreas transplantation, 1390

Intravenous infusion devices, in ventilatory care,
568

Intraventricular hemorrhage (IVH), 1246
Intraventricular thrombus, 1812
Intrinsic positive end-expiratory pressure (PEEPi),

205
correction of, 2129f
hyperinflation and, 2113, 2128

Intubation. See also Endotracheal tube;
Nasotracheal intubation

acute endotracheal tube obstruction following,
543, 544f

adjuncts, 535–537, 535t, 536f
ARDS and, 2077t
aspiration in, regurgitation and, 542–543
for asthma, 2125–2126
awake, 529–530, 530f
bronchial, 233, 543
complications after, 543–548, 544f, 545t
complications during

airway related, 542
delay, 542
trauma, 542

drug therapy for, in status asthmaticus, 603
EI, 542–543, 543f
emergent, 345f

laryngeal mask airways for, 530f
failed, 547
fiberoptic, 535t
laryngeal damage from, 547
in lower lobe, 344f
multiple attempts at, 543
nasal, complications of, 534
orotracheal, 527–532, 528f–530f
patient positioning for, 531
post

in hemodynamically unstable patients,
545t

hypotension in, 545–546
RSI, 530–531
for severe asthma, drugs for, 2126t
techniques for, 522, 522f
tracheal, 520t, 525–527, 526f–527f, 537–538

risks of, 541t
translaryngeal, 522t

Invasive bilevel ventilation. See Airway pressure
release ventilation

Invasive pulmonary aspergillosis (IPA), 1700, 1701t
AIDS and, 1702t
BMT and, 1702t
immunosuppression and, 1702t
predisposing factors to, 1702t

Invasive ventilatory support, 1959–1973
Inverse ratio ventilation (IRV), 2071–2072

formula for, 2667
Invertebrates, envenomation from, 1045–1046
Invirase. See Saquinavir
Iodine, for thyroid storm, 2456t
IOM. See Institute of Medicine
Iopanoic acid

thyroid function and, 2454t
for thyroid storm, 2456t

IPA. See Invasive pulmonary aspergillosis
IPAP. See Inspiratory positive airway pressure
IPC. See Intermittent pneumatic compression

devices
IPF. See Idiopathic pulmonary fibrosis
IPH. See Intraparenchymal hematomas
Iphosphamide, 2592
IPPB. See Intermittent positive pressure breathing
Ipratropium bromide

for asthma, 2122, 2122t
for COPD, 2135

IQCODE. See Informant Questionnaire of
Cognitive Decline in the Elderly

I/R. See Ischemia/reperfusion
IRIS. See Immune reconstitution inflammatory

syndrome
Iron, RBCs and, 2532–2533
Irreversible asthma, 2112
Irudine, for RRT, 2405
IRV. See Inverse ratio ventilation

IS. See Incentive spirometer
Ischemia. See also Limb ischemia; Mesenteric

ischemia
cardiac, 1774

chest pain and, 1783f
cerebral, 278–279, 279f

pathology of, 278–279, 279f
therapeutic window in, 279

physiology of, 662
therapeutic window for, 279

Ischemia/reperfusion (I/R), 793, 1351
Ischemic colitis, 2295–2296, 2377–2378

catecholamines and, 2296
colonoscopy for, 2296
contraceptives and, 2296
pregnancy and, 2296
sigmoidoscopy for, 2296

Ischemic heart disease, obesity and, 1490–1491
Ischemic hepatitis, 870
Ischemic penumbra, 651
Ischemic stroke, 375, 1261–1271

treatment of, 662
ISIS. See International Study of Infarct Size
Isoniazid (INH), 1615

ARF and, 2670t
Isoproterenol, 826, 1179, 1210, 1228t, 2673

for cardiac tamponade, 1881
for cardiogenic shock, 847, 848

Isosorbide dinitrate, 953t, 1832
Isovolumic relaxation time (IVRT), 245
ISS. See Injury severity score
IT. See Information technology
ITB. See Infusion of baclofen
ITP. See Idiopathic thrombocytopenia purpura;

Intrathoracic pressure
Itraconazole, 1698t, 2705t
ITT. See Insulin tolerance test
IVC. See Inferior vena cava
IVFEs. See Intravenous fat emulsions
IVH. See Intraventricular hemorrhage
IVIG. See Intravenous immunoglobulin
IVRT. See Isovolumic relaxation time

Jackson-Pratt drains, 1174, 1175
JAK2. See Janus kinase 2
Janeway lesions, 260, 2487, 2487f
Janus kinase 2 (JAK2), 2571
Japanese octopus fishing pot, 928
Jarisch-Herxheimer reaction, 1558
JCAHO. See Joint Commission on Accreditation of

Healthcare Organizations
Jefferson fracture, 383
Jehovah’s Witnesses, 2534–2535, 2535t
Jejunal feeding, 2327
Jejunostomy

percutaneous, feeding tubes in, 500–501
surgical, 501–502, 501f–502f
tubes, 498–499

Jellyfish, 1045–1046
JET. See Junctional ectopic tachycardia
Joint Commission on Accreditation of Healthcare

Organizations (JCAHO), 123–125, 124t
Journals

effective reading of, 95–96
purpose of, 95

JTB. See Justified true belief
Judicial system

critical care analysis by, 58–61
end-of-life decisions and, analysis by, 57–61
involvement of, in postlegislation, 64–67, 67t
law by, codification of, 64

Jugular pulsation, supraventricular tachycardia
and, 1864t

Jugular vein
contrast injection of, 473f–474f
tunneled dialysis catheter in, 474f

Jugular venous distention (JVD), 1880
Jugular venous oximetry, 2308
Jugular venous oxygen saturation (SjO 2 ),

2197–2198
monitoring of, 337–338
normal values for, 2199t

Jugular venous pulse (JVP), 1854–1855
Junctional ectopic tachycardia (JET), 1223
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Jurisdictional authority, with disasters, 2650
Justice, in informed consent, 44
Justified true belief (JTB), 95
Juvenile Pompe disease, 763
Juxtarenal aortic aneurysm, 1241
JVD. See Jugular venous distention
JVP. See Jugular venous pulse

Kaletra. See Lopinavir/ritonavir
Kallikrein-kinin system, 799

shock and, 817–818
Kaposi sarcoma, 1408, 1739, 1740

on skin, 2493, 2493f
KB. See Kleihauer-Betke test
Ketamine, 586t, 966, 2221t

airway management with, 524
for anxiety, 963t
in ICU, 585
immune system and, 1094
as intravenous agent, 1093–1094
for severe asthma intubation, 2126t

Ketoacidosis, 769–770. See also Diabetic
ketoacidosis

metabolic, 769–770
Ketoconazole, 801
Ketonemia, 2430
Ketones, 768
Ketorolac, 1226
Kidney. See also Chronic kidney disease

anatomy of, 721
penetrating wounds to, 1298
physiology of, 721–723
renin-angiotensin-aldosterone system and, 284
transplantation of, 1337–1338, 1338f,

1395–1408
anemia with, 1405
ATN with, 1398
CAD and, 1405–1406
cardiovascular system and, 1405–1406
cytomegalovirus and, 1403–1404, 1403t
EBV and, 1408
GI tract and, 1404–1405
HBV and, 1395
HCV and, 1395, 1408
HIV and, 1395
hyperlipidemia and, 1406
hypertension and, 1406
immunosuppression in, 1399
infection with, 1404
LGIB and, 2278
neutropenia with, 1405
obesity and, 1395
pancreatitis with, 1405
rejection in, 1398–1399, 1406–1407
thrombocytopenia with, 1405
UOP and, 1397
urology and, 1407–1408

Kidney, ureters, and bladder (KUB), 734
Kill spectrum, of antibiotics, 1653
Kindling effect, 1017
Klebsiella spp., pancreatitis and, 2328
Kleihauer-Betke test (KB), 1472
Klüver-Bucy syndrome, 2256
Km. See Membrane UF coefficient
Knee replacement, enoxaparin for, 2550
Knotted catheter, in foreign body retrieval, 483
Kramer, Peter, 2393
Krebs cycle, 2423
KUB. See Kidney, ureters, and bladder
Kupffer cells, 818, 1183
Kussmaul respirations, 2430

Labetalol, 953t, 1272t, 1444, 2673
for hypertension, 1892t, 1893
for pheochromocytoma crisis, 2451

Laboratory testing, in POCT
goals of, 389
interpreting results of, 388t
types of, 388
values of, 389–390, 389f

Labyrinthitis, 1628
β -lactam antibiotics

ARF from, 2383t
platelets and, 2518

Lactate dehydrogenase (LDH), 1160, 2326,
2563–2564

Lactate, hemorrhagic shock and, 906
Lactated Ringer (LR), 822, 2663t
Lactic acid, 172
Lactic acidosis, 640–641, 771–772, 1749t

heat stroke and, 1330
HIV and, 1740
mitochondria and, 1740
primary, 771

Lactic dehydrogenase (LDH), 1669
Lacunar strokes, 1262, 1265
LAF. See Laminar airflow
LAM-1. See Leukocyte adhesion molecule-1
Lambert-Eaton myasthenic syndrome, 2231, 2233t
Laminar airflow (LAF), 1414
Lamivudine (Epivir), 1708t, 1743t
Lamotrigine, for PTE, 2259
Landsteiner, Karl, 2523
Language barriers, in clinical decision-making,

88–89
LAP, 180
Laparoscopy

for AMI, 2374
HAL, 2333
mini, 599–600
in pregnancy, 1475, 1475t
in urology, 1295–1296

Laparotomy, 363f
for hemorrhagic shock, 909–910, 909t
indications for, 1143t
mini, 599–600

Laplace’s law, 1909, 1910f, 2070
Large granular lymphocyte syndrome (LGL), 2470,

2568
Large intestine. See Colon
Large vessel atherothrombosis, 1262
Large-bore IV catheter, 540f
Larger-bore dialysis catheter, 346f
Large-volume aerosol, 2048
Large-volume ice-cold intravenous fluid (LVICF),

1331
L-arginine, 774
Laryngeal damage, 547
Laryngeal mask airway (LMA), for

emergent/difficult intubation, 530f
Laryngeal ultrasound, extubation and, 2016
Laryngitis, 1635
Laryngoscopy

Airtraq, 536f
bradycardia from, 544
Bullard intubating, 536f
CA from, 545
direct, 551
dysrhythmias from, 544–545
equipment for, 526–527, 526f–527f, 527t
landmarks for, 521, 521f
sniffing position for, 521, 521f

Lasix, thyroid function and, 2454t
Lassa fever, 1761–1762
Late decelerations, 1481, 1483f
Latency, 327f
Latent failures, 113
Late-onset noninfectious pulmonary complications

(LONIPC), 1423
Latex allergy, 934
Lavoisier, Antoine-Laurent de, 223
Law enforcement, 1111
Law, judicially developed, codification of, 64
Laxatives, 2360
Lazy leukocyte syndrome, 1719t
LBB. See Left bundle branch
LBBB. See Left bundle branch block
LBP. See Lipopolysaccharide-binding protein
L-carnitine, 1740
LCF. See Levels of cognitive functioning scale
LCHAD. See Long-chain 3-hydroxyacl-CoA

dehydrogenase
LCMV. See Lymphocytic choriomeningitis virus
LcSSC. See Limited cutaneous systemic sclerosis
LDB. See Load-distributing band
LDH. See Lactate dehydrogenase; Lactic

dehydrogenase
LDL. See Low-density lipoprotein

LDLT. See Living donor liver transplantation
L-dopa, 2259–2260

pheochromocytoma and, 2448
Leapfrog group, 125–126
Learning from Defect (LFD), 116
LEDs. See Light-emitting diodes
Leflunomide, for RA, 2470t
LeFort fractures, 1312
Left atrial pressure, 1221t
Left bundle branch (LBB), 685f
Left bundle branch block (LBBB), 1848, 1863f,

1871f
Left lateral recumbent (LLR), 2161
Left ventricle (LV)

afterload and, 1904, 1934
aldosterone and, 1822
aneurysm of, 841, 849–850
angiotensin II and, 1822
MI and, 837–838
norepinephrine and, 1822

Left ventricular assist devices (LVADs), 850, 1835
Left ventricular ejection fraction (LVEF), 240,

1348, 1827
neurogenic shock and, 925

Left ventricular end-diastolic pressure (LVEDP),
173, 255t

DHF and, 257t
PAOP and, 178
SV and, 181f

Left ventricular end-diastolic volume (LVEDV),
867

DHF and, 257t
Left ventricular filling patterns, 256t
Left ventricular hypertrophy (LVH), 1827

AS and, 1848
PWP and, 881

Left ventricular stiffness modulus (STIFF-MOD),
257t

Left ventricular stroke work index (LVSWI), 172,
186

calculation for, 185t
formula for, 2667

Legality
foundations of, of informed consent, 44–45
of interventions, 48
standards of, of informed consent, 46–47

Legionella spp., 1722–1723
treatment for, 1722t

Lemierre syndrome, 1634
Lepirudin (Refludan), 2546–2547, 2547t
Leptin, 986
Leptomeningitis, 379, 380f
LES. See Lower esophageal sphincter
Letrozole, 2593
Leukemia, 1719t

ALL, 1423
ATLS and, 2579

basophilic, anaphylactic shock and, 937t
B-CLL, 2591
CML, 804

Leukocyte adhesion molecule-1 (LAM-1), 817
Leukocyte-reduced red blood cells, 2525, 2525t
Leukocytosis, 1162, 2573

AML and, 2573
CML and, 2573

Leukopenia, 873, 2567–2568
Leukotriene, 801, 902, 941

shock and, 815
Leukotriene modifiers, for asthma, 2124
Leuteinizing hormone-releasing hormone (LH-RH),

1292
Level of consciousness, Glasgow coma scale for,

321–322, 322t
Levels of cognitive functioning scale (LCF), 2258,

2260
Levetiracetam

for PTE, 2259
for SE, 2222

Levofloxacin, 2135, 2699t
Levosimendan, 826, 1068, 2673–2674

for cardiogenic shock, 848
Levothyroxine, 2459–2460
Lewisite, 2624t
Lexiva. See Fosamprenavir
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LFD. See Learning from Defect
LFPPV-ECCO 2 R. See Low-frequency positive

pressure ventilation with extracorporeal
CO2 removal

LGIB. See Lower gastrointestinal bleeding
LGL. See Large granular lymphocyte syndrome
LH. See Luteinizing hormone
Lhermitte’s sign, 2585
LHRH. See Leuteinizing hormone-releasing

hormone
Liaison officer, 2651
LiDCO. See Lithium dilution cardiac output
LidcoPlus, 189
Lidocaine, 707, 709, 945, 1224t, 2674

ARF and, 2671t
for decompression sickness, 564
geriatrics and, 1518
mental confusion from, 956
with propofol, 1093
for STEMI, 1802

Life expectancy, at birth, 10t
Lighted stylet, 534f
Light-emitting diodes (LEDs), 218
Lightwand, 534f
Limb ischemia, peripheral

catheter in, 492f
complications from, 489–490, 492f
diagnosis of, 489
treatment of, 489

Limit, 1960
Limited cutaneous systemic sclerosis (LcSSC),

2473
Lincomycin, esophageal injury from, 2350t
Linear kinetics, 949
Linearity, 157
Linens, 134
Linezolid, 1549, 2696t

for N ocardia spp., 1723
with vancomycin, 1663

Lipopolysaccharide (LPS), 782, 803, 858, 859f,
860f

coagulation and, 800
CSF and, 2414
IL and, 2413–2414
inflammation and, 2413
iNOS and, 2414
MIF and, 2413
NO and, 2413
TNF and, 2413

Lipopolysaccharide-binding protein (LBP), 858
Liposomal delivery, 781
Liquid aspiration, 2096
Liquid ventilation, 2076
LIS. See Locked-in syndrome; Lung injury score
Lisinopril, 1829–1830
Listeria monocytogenes, 1614, 1721–1722

as biological agent, 2620t
treatment for, 1722t

Literature. See Medical literature
Lithium, 1861t

hypercalcemia and, 2576
thyroid function and, 2454t
for thyroid storm, 2456t
toxicity from, 994–995

Lithium dilution cardiac output (LiDCO), 1116
measurement of, 165

Litigation fears, in clinical decision-making, 89
Liver. See also Hepatic

abscess of, 1580
anatomy of, 1178–1180
bilomas of, 1148f
blunt injury to, 1144–1145
burn injury to, 1315
hemorrhagic shock and, 901
injury to, postoperative management of,

1149–1150
laceration of, 361f

after motor vehicle crash, 490f
lesions on, low-density, 363f
physiology of, 1178–1180
pregnancy and, 1465–1466
surgery for, 1180–1182

ARF and, 1185
ascites and, 1187

bile leak and, 1185–1186
bilirubin and, 1183
bleeding with, 1185
coagulation and, 1183
CVP and, 1180
hyperglycemia and, 1184
insulinemia and, 1184
liver failure and, 1186–1187
mortality with, 1185
nutrition and, 1184–1185
pain management and, 1183–1184
pleural effusion and, 1187
postoperative complications with, 1185–1187
sedation and, 1183–1184
vitamin K and, 1184

transplantation of, 1338–1339, 1340f,
1373–1380

for ALF, 2311
anesthesia for, 1376
biliary tract and, 1380
blood products for, 1376–1377
cardiovascular system and, 1374
complications with, 1379–1380
electrolytes and, 1377–1378
fluids and, 1377–1378
immunosuppression in, 1380t
PVE with, 1379
rejection in, 1379–1380
survival with, 1341f
ultrasound of, 365f

Liver failure. See also Acute liver failure; Cirrhosis
bile duct surgery and, 1187
coagulation and, 2511–2512
echocardiography for, 251
hemostasis and, 2511–2512
liver surgery and, 1186–1187
nutrition for, 975
pharmacology and, 953
respiratory system and, 1374–1375

Liver function, 1183
inhalation agents and, 1087

Liver insufficiency, 243, 1131
bleeding and, 2504t

Livido reticularis, 2488
Living donor liver transplantation (LDLT), 1339
Living will, 65–66
L-lactate, 822
LLR. See Left lateral recumbent
LMA. See Laryngeal mask airway
LMWHs. See Low-molecular weight-heparins
Load-dependent relaxation, 1824
Load-distributing band (LDB), 704
Loading

HF and, 1821–1822
POB and, 204
of respiratory muscles, 207–210, 210t

POB and, 211–213
PSV and, 212–213

Lobar collapse, 1201
Lobar torsion, 1201
Lobular terminal respiratory unit, 667
Local osteolytic hypercalcemia, 2576
Locked-in syndrome (LIS), 2206, 2255
LOD. See Logistic organ dysfunction
Loeys-Dietz syndrome, 773
Logistic organ dysfunction (LOD), 795t
Lomotil. See Diphenoxylate atropine sulfate
Lomustine, toxicity of, 1412t
Long bone fractures, 794
Long QT syndrome (LQTS), 775
Long-chain 3-hydroxyacl-CoA dehydrogenase

(LCHAD), 764, 772
Longitudinal ligament, in neck, focal disruption of,

384f
Long-term care facility (LTCF), pneumonia in,

1666–1667
LONIPC. See Late-onset noninfectious pulmonary

complications
Loop diuretics

for intracranial pressure, 1251
for renal protection, 2388

Loop of Henle, 723
Loperamide, 2339
Lopinavir/ritonavir (Kaletra), 1745t

Lorazepam, 964, 1226, 2221t, 2674
cognitive impairments from, 2249–2250
conversion guide, 590t
for SE, 2220

Losartan, 1830–1831
Lovastatin, 953t
Low cardiac output syndrome (LCOS), 1228–1230

signs of, 1229t
Low T-3 T-4 syndrome, 2419
Low-density lipoprotein (LDL), 1237
Lower esophageal sphincter (LES), 2352

agents affecting, 2353t
hypotonic, 2355

Lower gastrointestinal bleeding (LGIB), 2277–2298
ABCs for, 2279
from angiodysplasia, 2294–2295
angiography for, 2288–2289
ANN for, 2291
anticoagulants and, 2282, 2294
antiplatelets and, 2294
aspirin and, 2294
CAD and, 2293
capsule endoscopy for, 2285–2286
causes of, 2279t, 2294–2297
clopidogrel and, 2294
colonoscopy for, 2284–2288
from Crohn disease, 2290
CT for, 2289
cytomegalovirus and, 2278, 2292
diagnostic tests for, 2277t
from diverticula, 2295
endoscopy for, 2279, 2283–2284, 2290–2291,

2290t
enteroscopy for, 2285–2286
estrogen for, 2279
estrogen/progesterone for, 2290
geriatrics and, 2293
HIV and, 2278, 2292
hormone therapy for, 2290
in ICU, 2278
kidney transplantation and, 2278
MI and, 2293–2294
MRI for, 2289
from neoplasm, 2296–2297
NSAIDs and, 2282
nuclear medicine for, 2288
obscure, 2292–2293, 2293t
octreotide for, 2279, 2290
oxygen for, 2281
radiation therapy and, 2282
resuscitation for, 2281
risk factors for, 2292t
scoring systems for, 2292t
severity assessment in, 2291–2292
sigmoidoscopy for, 2285
SSRIs and, 2282
thrombolytics and, 2294
tranexamic acid for, 2290
treatment for, 2277t, 2290–2291
from UC, 2290
vs. UGIB, 2277
ultrasonography for, 2289
vasopressin for, 2289

Lower, Richard, 2523
Low-frequency positive pressure ventilation with

extracorporeal CO 2 removal
(LFPPV-ECCO2 R), 2074–2075

Low-molecular-weight heparins (LMWHs), 954,
1252, 1433, 1459, 2548–2550

for acute coronary syndrome, 2545
complications with, 2550
for CRRT, 2404
dosing of, 2549–2550, 2549t
for DVT, 2543
mechanisms of, 2548–2549
for PE, 2543
properties of, 2553t
for RRT, 2405
for STEMI, 1801
vs. UFH, 2549t

LP. See Lumbar puncture
LPS. See Lipopolysaccharide
LQTS. See Long QT syndrome
LR. See Lactated Ringer
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L-selectin, 804
LTCF. See Long-term care facility
LTH. See Luteotropic hormone
L-type channel, 687, 689
L-tyrosine, 2448
Ludwig’s angina, 1632–1633
Luft, Karl Friedrich, 224
Lumbar fracture, 385f
Lumbar puncture (LP), 1609–1610, 1610t

for SE, 2217
Lundberg plateau waves, 334f
Lung

abscess of
aspiration pneumonia and, 1668
associated pathogens for, 1541t
diagnosis of, 1668
in ICU, 1668–1669
pathogens associated with, 1668, 1668t
risk factors for, 1668t
treatment for, 1668–1669

alveoli of, 667, 669
bronchial circulation in, 670
chemical stimuli on, 680
collapsed

chest radiographs of, 351f–353f, 352–353
after PAC placement, 352f–353f

dead space in, 673
flow limitation in, 673–674
gas exchange in, 676–677
gas storage in, 677–681
gas transport in, 676–677
heart and, interaction between, 1899–1904
hemorrhagic shock and, 900–901
intubation of, in lower lobe, 344f
lower right lobe collapse in, 351f
mechanics of, 671–674, 672f–673f
MODS and, 961
muscles of, 671–673, 673f
nonchemical stimuli on, 680
pressure-volume relationship in, 671–672, 673f
pulmonary vasculature of, 670
structures of, functions and, 668t
surgery of, 1054
TLC, 672, 672f
tracheobronchial tree of, 666–667, 667f
transplantation of, 1340, 1357–1369

airway and, 1365
ALI in, 1984f
Candida spp. and, 1366
CF and, 1357, 1359t
complications with, 1365–1369
COPD and, 1357, 1359t
cytomegalovirus and, 1366
disease-specific guidelines for, 1359t
emphysema in, 1984f
immunosuppression with, 1361
indications for, 1359f
infection and, 1365–1366
IPF and, 1357, 1359t
outcomes with, 1361–1365
PFTs and, 1363
recipient selection for, 1360t
rejection with, 1367–1369
types of, 1359
waiting list for, 1342f, 1358f

Lung injury score (LIS), 2062, 2062t
Lung volume, 1051–1052, 1901–1903

changes in, 672–673, 672f–673f
COPD and, 2134
position and, 673
RVD and, 1053f

Lung volume reduction surgery (LVRS), 1198
Lung-thorax compliance, 1056
Lupus anticoagulant, 2520
Lupus nephritis, 2474–2475
Luteinizing hormone (LH), 2411, 2415t

corticosteroid insufficiency and, 2444
Luteinizing hormone-releasing hormone (LHRH),

2412
NO and, 2414

Lutembacher syndrome, 1853
Luteotropic hormone (LTH), 2411
LV. See Left ventricle
LVADs. See Left ventricular assist devices

LVEDP. See Left ventricular end-diastolic pressure
LVEDV. See Left ventricular end-diastolic volume
LVEF. See Left ventricular ejection fraction
LVH. See Left ventricular hypertrophy
LVICF. See Large-volume ice-cold intravenous fluid
LVRS. See Lung volume reduction surgery
LVSWI. See Left ventricular stroke work index
Lyme disease, HF and, 1817
Lyme meningitis, 1611, 1615
Lymph nodes, 750
Lymph, pulmonary, 670
Lymphadenitis, 1636
Lymphocele, 1408
Lymphocytic choriomeningitis virus (LCMV), 1711
Lymphokines, 2562
Lymphoma, 2278

Burkitt’s, 2579
non-Hodgkin, 2579
of thyroid, 2461–2462

Lysis, vs. heparin, 2154t

MAAS. See Motor activity assessment scale
MAC. See Membrane attack complex; Monitored

anesthesia care
Macrophage, 788, 789

alveolar, 669–670
Macrophage migration inhibitory factor (MIF),

802, 859f, 2421
LPS and, 2413

Macule, 2482t
Mafenide acetate (Sulfamylon), 1321
MAG. See Myelin-associated glycoprotein
Magill forceps, 532f
Magnesium, 2674. See also Hypermagnesemia;

Hypomagnesemia
for CA, 710
diarrhea from, 2361
DKA and, 2434
for STEMI, 1802

Magnesium sulfate, for asthma, 2122t, 2123–2124
Magnetic resonance angiography (MRA), 1771
Magnetic resonance cholangiopancreatography

I(MRCP), 1171
Magnetic resonance imaging (MRI), 874, 1265

axial
fluid-attenuated inversion recovery, 371f

in bacterial meningitis, 379f
of cytoxic edema, 378f

postcontrast T1, of leptomeningitis, 380f
for coma, 2257
with diffusion, for stroke, 376
in drainage procedures, 455
of glioblastoma multiforme, 318f
intrahospital transport and, 149
for LGIB, 2289
for neuroradiologic imaging, 317
normal midline sagittal T1, of transtentorial

herniation, 370f
for pheochromocytoma, 2449–2450
postcontrast axial T1, of subfalcine herniation,

369f
in pregnancy, 1471
in renal hypernephroma, 485f

MAHA. See Microangiopathic hemolytic anemia
Mainstream capnography, 226
Major depressive disorder (MDD), 2251
Major histocompatibility complex (MHC),

751–752
Malaria, 1763–1764

criteria for, 1764t
Malignancy. See Cancer
Malignant hypertension, 1887

ACE-I and, 1888
ARB and, 1888
definition of, 1888t
etiology of, 1887–1888, 1888t
pulmonary edema and, 1888
treatment for, 1894

Malignant hyperthermia (MH), 231, 955, 955t,
1331–1334

acute therapy for, 1101t
anesthesia and, 1100–1101
clinical grading scale for, 1332t
drugs and, 1331t

fever and, 1558
signs of, 1101t

Malignant nephrosclerosis, 1891
Malignant otitis externa (MOE), 1627
Malignant spinal cord compression (MSCC),

2584–2586
corticosteroids for, 2585
radiation therapy for, 2585

Malleable stylet, for endotracheal tube, 528f
Mallory-Weiss tears, 2267, 2270, 2272
Malnutrition

ARDS and, 2077t
of hospitalized patient, 490–491
indices of, 973t
respiratory muscle weakness and, 1994–1995

Malnutrition Universal Screening Tool (MUST),
973–974

Malperfusion syndromes, 1216–1217
Mammalian target of rapamycin (mTOR),

1402–1403
Managed care, based National health programs,

12–13
Mandatory minute ventilation (MMV), 1971–1972
Mannitol, 945, 1041, 1068, 2663t

for compartment syndrome, 1287
with furosemide, 1334
for intracranial pressure, 2308
for renal protection, 2388

Mannose binding-lectin (MBL), 798
MAP. See Mean arterial pressure
MAP-ICP. See Mean arterial pressure-intracranial

pressure
Maple syrup urine disease (MSUD), 765, 770
Mapleson D bag, 520f
Marburg fever, 1761–1762
Marfan syndrome, 258, 773

acute mitral insufficiency and, 839
pregnancy and, 1458

Marseilles classification, 2326
Marshall classification, 2257
MAS. See Meconium aspiration syndrome
Masks, 134

air-entrainment, 2046–2047, 2047t
bag-valve, 519, 520f
LMA, for emergent/difficult intubation,

530f
nasal, 1939–1940
nonrebreathing reservoir, 2046
for oxygen therapy, 2046–2048
partial rebreathing reservoir, 2046

Mass casualty incident (MCI), 2599–2606
decontamination in, 2612–2614, 2622
infection control in, 2605–2606
oxygen for, 2605
personnel for, 2605
planning for, 2615t
SARS as, 2599
triage in, 2602–2604
ventilation for, 2605

Massive hemoptysis. See Hemoptysis
Massive transfusion, 910–914

bleeding and, 1137, 2504t
coagulation and, 2513–2514
complications with, 912–914, 912t
DO 2 with, 912
electrolytes and, 913
laboratory findings on, 2508t
pH and, 913
protocols for, 911–914, 912t, 1114f
survival after, 911, 911t
thrombocytopenia with, 912

Matrix metalloproteinases (MMPs), 1821
Mature defenses, in ICU, 29t
Mature minor exception, 52
Maxillary fractures, 1312
Maxillomandibular fixation (MMF), 1312
Maximal inspiratory pressure (MIP), 1193, 2008
Maximal sterile barrier, 1644
Maximum transdiaphragmatic pressure (Pdimax ),

207
Maximum voluntary ventilation (MVV), 1051,

1069f
MBL. See Mannose binding-lectin
MCA. See Middle cerebral artery
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MCAD. See Medium-chain acyl-CoA
dehydrogenase

McArdle disease, 764
MCI. See Mass casualty incident
MCS. See Minimally conscious state
MCT. See Medium-chain triglyceride
MDAC. See Multiple-dose activated charcoal
MDD. See Major depressive disorder
MDIs. See Metered dose inhalers
MDR. See Multidrug-resistant pathogens
MDRD. See Modification of Diet in Renal Disease
MDS. See Myelodysplastic syndrome
MDTA. See Medical Treatment Decision Act
Mean airway pressure (Paw), 1985

triggering and, 1988f
Mean arterial pressure (MAP), 188, 276f, 693,

695, 900f, 1247
cerebral perfusion pressure and, 2196
dopamine and, 2385f
formula for, 2666
gas embolism and, 2159
neurogenic shock and, 931
norepinephrine and, 2385f

Mean arterial pressure-intracranial pressure
(MAP-ICP), 1272

Mean body temperature, 279
Mean platelet volume (MPV), 2568
Mean pulmonary artery pressure (mPAP), 2149
Mean systemic pressure, 1903
Mean weekly urea pretreatment concentrations

(MPC), 2399
Meat tenderizers, 2346
Mechanical load, 1993
Mechanical ventilation. See Ventilation
Meckel diverticulum, 2278

radionuclide scanning for, 2288
Meconium, aspiration of, 2102–2103
Meconium aspiration syndrome (MAS), 2104
Median eminence, 2418f
Mediastinum

catheter placement in, tension component in,
347f

radiograph of, 345f
Medicaid

cutbacks from, 1
increased copayment under, 1

Medical care
advice and, signing out against, 49–50, 50t
lack of, for homeless, 3

Medical language, ICU assessment in, 40f
Medical literature

abstract for, 107
background of, 107
basic statistical concepts of, 98–102, 98t,

99f–101f, 100t, 102t
hypothesis of, 107
reading of

critical, 106
effective, 95–96
motivations for, 98

research synthesis in, 112
review, 112
study design for, 107–109
title of, 106–107

Medical profession, ethical integrity of, 60t
Medical Treatment Decision Act (MDTA),

64
Medically indigent adult program,

county-administered, 1–3
Medication error

analysis of, 114–115
description of, 114
detailed investigation of, 114
model of, 114, 114f
prevention of, 131

Medium-chain acyl-CoA dehydrogenase (MCAD),
764, 768

Medium-chain triglyceride (MCT), 984
M-EDTA. See Minocycline and EDTA
Megacolon, 1162
Meglitinides, 1007–1008
Meglumine diatrizoate (Gastrografin), 2345
MEIA. See Microparticle enzyme immunoassay
Melagatran, 2552–2553

MELAS. See Mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes

Melatonin, 2417t
MELD. See Model for End-Stage Liver Disease
Meleney’s synergistic gangrene, 1599, 1599f
Melioidosis, as biological agent, 2621t
Melker cricothyrotomy kit, 540f
Melphalan, toxicity of, 1412t
Membrane attack complex (MAC), 818
Membrane UF coefficient (Km), 2396
Membrane-sieving coefficient (SC), 2400
MEMs. See Multiple epidural metastases
Meningitis, 807, 1605–1616. See also Bacterial

meningitis; Viral meningitis
aseptic, 1606
aspiration and, 2097
associated pathogens for, 1541t
causes of, 1606t
coccidioidal, 1615
cryptococcal, 1611, 1615
CSF and, 1610–1611, 1611t
dexamethasone for, 1605
HIV and, 1608–1609
Lyme disease, 1611, 1615
nosocomial, 1557
predisposing host factors for, 1607t
prevention of, 1616
syphilitic, 1615

Mental confusion, from drugs, 955
MeOH. See Serum methanol concentration
Meperidine, 1747t
Mercury-in-glass maximum thermometer,

271–272
Mesenteric abscess, drainage procedures in, 457,

458f
Mesenteric angina, 2368
Mesenteric ischemia, 484, 485f–486f, 486, 487f,

1243, 2367–2378. See also Acute
mesenteric ischemia; Chronic mesenteric
ischemia

imaging of, 485f
-infarction, 362–363, 363f

radiographic imaging of, in ICU, 362–363,
363f

NOMI, 486f, 2375–2376
nonocclusive, 486f
pathophysiology of, 942
in vascular mesenteric pathology, 484, 486,

487f
Mesenteric lymph nodes (MLNs), 736
Mesenteric venous thrombosis, 2376–2377,

2376f
Meta-[131 ]iodobenzylguanidine (MIBG), 2450
Metabolic acidosis, 623, 639–641, 639f, 639t,

641t, 794. See also Non-anion gap
metabolic acidosis

anticipated changes in, 2665
ARF and, 2390
causes of, 639t, 2665
with COPD, 2138
diagnostic approach to, 639f
drowning and, 2094
echocardiography for, 251
HHS and, 2437
hypokalemia associated with, 623
medications and, 642–643
nonanion gap, 639–643, 641t
respiratory mixed with, 647
respiratory muscle weakness and, 2001
sodium bicarbonate and, 883
treatment of, 642

Metabolic alkalosis, 708
anticipated changes in, 2665
causes of, 643, 643t, 2665
chloride-insensitive, 643t, 644
chloride-sensitive, 643–644, 643t
classification of, 643, 643t
concomitant, diabetic ketoacidosis with,

644
fulminant colitis and, 2337
renal compensation in, 644
respiratory mixed with, 647–648
treatment of, 644, 644t

Metabolic centralization, 1486

Metabolic disease
anesthesia and, 775
hypoglycemia in, 768–769
testing for, 766–768

Metabolic hyperammonemia, 770–771
Metabolic ketoacidosis, 769–770
Metabolic stress formulas, 984
Metabolic theory, 653
Metabolism. See also Cerebral metabolism

ALF and, 2311
ARDS and, 2063t
of brain, 2196–2197
of drugs, 957
endocrine system and, 2422t, 2423
genetics and, 763–764
glucocorticoids and, 2443
of glucose, 2429–2439
hemorrhagic shock and, 899–900
HIV and, 1740
hypothyroidism and, 2459
septic shock and, 867
shock and, 908f
stroke and, 773–774

Metastatic carcinoma, 1137
Metered dose inhalers (MDIs), 2135
Metformin, 1007–1008
Methadone, 1226, 1747t
Methanol, 998
Methemoglobin, 1004t

toxicity with, 1002–1004
Methemoglobinemia, 2076
Methicillin-resistant Staphylococcus aureus

(MRSA), 140, 1537, 1566, 1652–1653,
1725

community-associated strains of, 2643–2644
control of, 2644–2645
as pandemic infection, 2641–2645
prevention of, 2643
risk factors for, 2643
worldwide prevalence of, 2642f

Methimazole (MMI), 2455
for thyroid storm, 2456t

Methotrexate
ARF from, 2383t
complications with, 2471t
for RA, 2470t
RA and, 2468

Methyldopa, ARF and, 2671t
10-Methylenetetrahydrofolate reductase

(MTHFR), 773
Methylmalonic aciduria (MMA), 773
Methylphosphonothioic acid, 2623t
Methylprednisolone, 1254, 2135, 2445t

for asthma, 2122t, 2123
for fulminant colitis, 2338

Methylxanthines, 848
for asthma, 2122t, 2124

Metoclopramide (Reglan), 232, 2353t
for gastroparesis, 2358
for intestinal ileus, 2360

Metocurine, 2674
Metoprolol (Toprol-XL), 953t, 1800, 1832

for acute coronary syndrome, 1786
ARF and, 2671t
for HF, 1831

Metoprolol in Acute Myocardial Infarction,
843

Metric prefixes, 2661t
Metronidazole, 734, 1679t, 1747t, 2307, 2702t

ARF and, 2670t
warfarin and, 2515t

Metyrosine, for pheochromocytoma, 2450
Meyer, Ricardo, 2164
MH. See Malignant hyperthermia
MHC. See Major histocompatibility complex
MI. See Myocardial infarction
MIBG. See Meta-[131 ]iodobenzylguanidine
MIC. See Minimally inhibitory concentration
Michaelis-Menten kinetics, 950
Microangiopathic hemolytic anemia (MAHA),

2510
Microdialysis, 338–339
Microparticle enzyme immunoassay (MEIA), 1402
Microspherocytes, 2563f
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Microvascular endothelium, 727
Midazolam, 953t, 964, 1226, 2221t, 2674

for severe asthma intubation, 2126t
Midazolam/triazolam, 1747t
Middle cerebral artery (MCA), 375, 377f–378f
Midgut, 1159
Midodrine, 2315
MIF. See Macrophage migration inhibitory factor
Migrated PICC, 483
Migrating motor complex (MMC), 2356–2357,

2356f
Milk alkali syndrome, hypercalcemia and, 2576
Milk, aspiration of, 2103
Miller-Fisher variant, 2233

esophageal motility disorders and, 2352
Mill-wheel murmur, 2160
Milrinone, 826, 848, 1210, 1229t, 1230
Mini Mental State Exam (MMSE), 2246,

2247
Minilaparoscopy, bedside diagnostic, 599–600
Minilaparotomy, bedside diagnostic, 599–600
Minimal plasma concentrations (Cmin ), 2669
Minimally conscious state (MCS), 2206,

2255–2256
Minimally inhibitory concentration (MIC), 2328

of ampicillin, 2328
Minimally invasive cardiac monitoring, 169
Mini-surgery, anesthesia/sedation in, 599–601
Minocycline

ARF and, 2670t
catheters coated with, 402–403, 403t
esophageal injury from, 2350t
for N ocardia spp., 1723
for RA, 2470t

Minocycline and EDTA (M-EDTA), 1644–1645
Minors, substituted judgment standard of,

62–63
Minoxidil, ARF and, 2671t
Minute ventilation (MV), 204–205, 2008

hyperinflation and, 2127
severe asthma and, 2127

MIP. See Maximal inspiratory pressure
Missouri Supreme Court, 66
Mithramycin, for hypercalcemia, 2579
Mitochondria, 682, 683f, 762

ATP and, 1740
disorders of, 766
lactic acidosis and, 1740

Mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes (MELAS),
763–764, 766

Mitomycin C, 2590, 2592
genitourinary system and, 2594

Mitoxantrone, 2591
toxicity of, 1412t

Mitral insufficiency, 1457
Mitral regurgitation (MR), 263, 1812, 1851–1853

with AS, 1857
with AF, 1852
with AR, 1857
classification of, 1852t
EF and, 1852
IE and, 1853
MS with, 1857
nitroprusside for, 1853
TEE for, 1852, 1852f

Mitral stenosis (MS), 1853–1854
with AS, 1857
with AF, 1854
with AR, 1857
ASDs and, 1853
with MR, 1857
pulmonary edema and, 1854

Mitral valve prolapse (MVP), 1853
Mivacurium, 2674
Mixed acid-base disorders, 647–648
Mixed venous oxygen content of blood (CvO 2 ),

185t, 187, 297
central v., 302f–303f
continuous monitoring of, 300–301, 301f

Mixed venous oxygen saturation (MvO 2 ), 866
Mixed venous partial pressure of CO2 (PvCO 2 ),

1995
Mixing time, for blood volume measurement, 288

MLC1, 691
MLC2, 691
MLNs. See Mesenteric lymph nodes
MMA. See Methylmalonic aciduria
MMC. See Migrating motor complex
MMF. See Maxillomandibular fixation;

Mycophenolate mofetil
MMI. See Methimazole
MMPs. See Matrix metalloproteinases
MMR. See Mumps, measles, rubella
MMSE. See Mini Mental State Exam
MMV. See Mandatory minute ventilation
Mobile intensive care unit, 150–151

equipment for, 152t
Mobin-Uddin umbrella filter, 479
Mobitz II block, 1860
Model for End-Stage Liver Disease (MELD), 468,

1186, 1339, 1373, 1374t, 2319
Modification of Diet in Renal Disease (MDRD),

1348, 1513
MODS. See Multiple organ dysfunction syndrome
MOE. See Malignant otitis externa
MOF. See Multiple organ failure
Molecular diffusion, 2072
Mollusca, envenomation from, 1046–1047
Monitored anesthesia care (MAC), 596
Monkeypox, 1762–1763
Monobactams, 2689t
Monokines, 2562
Monosodium glutamate, anaphylactic shock and,

937t
Monro-Kellie hypothesis, 1246, 2195
Moore, Francis C., 789
Moraxella catarrhalis, 2135
Morbilliform rash, 2491
Morphine, 586–587, 586t, 953t, 1194, 2674
Morris, Edwin, 813
MOST. See Multiple organ support therapy
Motilin, 2353t
Motor activity assessment scale (MAAS), 583,

584t, 962t
Motor nerve conduction studies, 2229
findings from, 2231f

Motor response
after brain injury, 657f
in Glasgow coma score, 322t

Motor unit action potentials (MUPs), 2230
Motor vehicle collisions (MVC), 1245
Moustache-style cannula, 2044
Mouthpieces, 1941
Moxifloxacin, 2135, 2699t
MPA. See Mycophenolic acid
mPAP. See Mean pulmonary artery pressure
MPC. See Mean weekly urea pretreatment

concentrations
MPS. See Mycophenolate sodium
MPV. See Mean platelet volume
MR. See Mitral regurgitation
MRA. See Magnetic resonance angiography
MRCP. See Magnetic resonance

cholangiopancreatography I
MRI. See Magnetic resonance imaging
MRSA. See Methicillin-resistant Staphylococcus

aureus
MS. See Mitral stenosis
MSCC. See Malignant spinal cord compression
MSOF. See Multiple system organ failure
MSUD. See Maple syrup urine disease
MTB. See Mycobacterium tuberculosis
MTHFR. See 10-Methylenetetrahydrofolate

reductase
mTOR. See Mammalian target of rapamycin
Mucormycosis, HBO treatment of, 566
Mucosa, of GI tract, 730
Mucositis, 1415
Mucus plug

bloody, 544f
in bronchus, 351f

Multidrug-resistant pathogens (MDR), 1538,
1564

risk factors for, 1660t
Multilumen catheters, for vein cannulation,

422–423
Multiple epidural metastases (MEMs), 2585

Multiple organ dysfunction syndrome (MODS),
730, 735f, 781, 788f, 793–809

apoptosis and, 804
ARDS and, 794, 2030, 2063
ATP and, 797
coagulation and, 800
CRBSI and, 807
cytokines and, 801–802
definition of, 796t, 856
endothelium and, 803–804
epidemiology of, 794–796
genetics and, 804
hemodynamic monitoring for, 794
HVHF for, 2406
ICU and, 793
IHD for, 2402
IL and, 801–802
inflammation and, 816f

mediators of, 798–803, 798t
initial diagnostic tests for, 793–794
lungs and, 961
NO and, 802–803
nutrition and, 807–808
PAF and, 801
prevention of, 804–808, 808t
resuscitation for, 805–806
RRT for, 2406–2407
score for, 2682t
sepsis and, 791, 806–807
SIRS and, 796
TNF and, 801
treatment for, 804–808
VAP and, 807
ventilation for, 793, 806
VO 2 and, 796–797

Multiple organ failure (MOF), 816f
Multiple organ support therapy (MOST), 2393
Multiple sample points, for blood volume

measurement, 288
Multiple sclerosis, 1994

aspiration and, 2097
Multiple system organ failure (MSOF), 172, 730,

1161
with FES, 1288
splanchnic flow and, 943

Multiple-dose activated charcoal (MDAC), 991
Mumps, 1609, 1636, 1711
Mumps, measles, rubella (MMR), 1726
MUPs. See Motor unit action potentials
Muromonab (Orthoclone, OKT3), 760,

1399–1400, 1723t
Murphy sign, 1162
Muscle relaxants, airway management with,

523–524
Muscle-specific kinase (MuSK), 2233t
Muscular dystrophy, 2233t
Musculoskeletal system

burn injury and, 1316–1317
infections of, 1598–1604

Mushrooms, toxicity with, 1009–1010
MuSK. See Muscle-specific kinase
MUST. See Malnutrition Universal Screening Tool
Mustard gas, 2624t
Mutation scanning, 762
MV. See Minute ventilation
MVC. See Motor vehicle collisions
MVO2 . See Myocardial oxygen consumption
MvO2 . See Mixed venous oxygen saturation
MVP. See Mitral valve prolapse
MVV. See Maximum voluntary ventilation
Myasthenia gravis, 759, 2227, 2231, 2233t,

2234–2238
esophageal motility disorders and, 2352
IVIG for, 2237

Myasthenic weakness, 2236t
Mycetoma, 1631, 1631f
Mycobacterium tuberculosis (MTB), 141–142
Mycophenolate mofetil (MMF), 1361t, 1402, 1423
Mycophenolate sodium (MPS), 1402
Mycophenolic acid (MPA), 1402
Mycoplasma pneumonia, 2564
Myelin-associated glycoprotein (MAG), 2233
Myelodysplastic syndrome (MDS), 1422
Myeloperoxidase deficiency, 1719t
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Myobacterium, 1636–1637
Myocardial contusion. See Cardiac contusion
Myocardial creatine kinase (CK-MB), 869, 930,

1265, 1459, 1784t, 1785
chest pain and, 1768

Myocardial depressant factor, 941
Myocardial infarction (MI), 247. See also

Non-ST-segment elevation myocardial
infarction; ST-segment elevation
myocardial infarction

abdominal pain with, 1159
acute coronary syndrome and, 1793f
cardiogenic shock and, 836

contributing factors to, 837t
CHF and, 849
classification of, 1796t
coagulation and, 2504t
colonoscopy and, 2294
complications with, 263, 839t
DKA and, 2430t
drugs for, 1806–1807
DVT and, 1812
echocardiography for, 261–263
HBO treatment of, 566
hemodynamic monitoring for, 1813
hemodynamic subsets in, 837t
HF and, 1817
HHS and, 2430t
HIT and, 2570
IABP and, 1839
LGIB and, 2293–2294
LV and, 837–838
mortality in, 837t
new definition of, 1796t
pacing indications for, 430t
pericarditis and, 1812
pregnancy and, 1459
pulmonary embolism and, 1812
RV and, 838–839
stem cells for, 851
surgery for, 848–849

risks for, 1062t
therapy trials for, 1809t–1810t
VF and, 1812–1813
VT and, 1812–1813

Myocardial ischemia, 1206–1207, 1798
Myocardial oxygen consumption (MVO 2 ), 173,

1206, 1904
Myocarditis, SLE and, 2478
Myocardium, 683
Myogenic reflex, 722
Myogenic theory, 653
Myoglobin, 1784–1785, 1784t
Myoinositol, 2307
Myonecrosis, associated pathogens for, 1543t
Myosin, 1817–1818, 1997f
Myxedema coma, 2459, 2460

bradycardia with, 2460
CHF and, 2460
hypothermia and, 2460

N2B, 691
N2BA, 691
NA. See Neuraminidase
NAA. See N-acetylaspartate
NAC. See N -acetylcysteine
Na+ -Ca+ exchanger, 687, 688, 689

hemorrhagic shock and, 897–898
N-acetylaspartate (NAA), 2257
N -acetylcysteine (NAC), 1068, 1183

for ALF, 2305
NAD. See Nicotinamide adenine dinucleotide
NADH, oxygen and, 2051
Nadolol, ARF and, 2671t
NADPH. See Nicotinamide adenine dinucleotide

phosphate
Nafamostat mesylate, for RRT, 2405
Nafcillin, ARF and, 2670t
Naftidrofuryl, esophageal injury from, 2350t
NaHCO3 . See Sodium bicarbonate
Na+ /K+ ATPase, in hyponatremic encephalopathy,

614
Na+ -K+ -ATPase pump, 687, 688
Naked DNA, 781

Naloxone, 707, 1254
Naproxen sodium, platelets and, 2518
Narcissistic personality, defenses of, in ICU, 29t,

31–32
Narcotics. See Opioids
Narrow QRS tachycardia, 1861–1869
Nasal cannula, 2044
Nasal catheter, 2043–2044
Nasal intubation, complications of, 534
Nasal masks, 1939–1940, 1940f

skin lesions by, 1940f
Nasal pillows, 1940, 1940f
Nasal septum, for pulse oximetry, 220
NASH. See Nonalcoholic steatohepatitis
Nasoduodenal feeding tubes, placement of,

499–500
Nasogastric lavage, 2267–2268
Nasogastric tube (NG), 351f, 2280–2281

for achalasia, 2355
placement of, 499, 499f

Naso-orbito-ethmoid fracture, 1311
Nasotracheal intubation

approaches to, 532
for facial trauma, 1308
techniques for, 532–534, 532f–534f
tracheostomy compared to, 600t

Natalizumab (Tysabri), 1723t, 1724
National Disaster Life Support (NDLS), 2612
National Disaster Medical System (NDMS), 2603
National health program (NHP)

funding for, 15f
impact of, on world, 9–11
managed care based, 12–13
principles of, 12
proposals for, 13
single-payer, 14–16, 15f
in United States, 9–16, 15f, 16t

National Incident Management System (NIMS),
2599, 2600f, 2612, 2650, 2651–2653

National Institute of Allergy and Infectious
Diseases (NIAID), 936

National Institute of Neurological Disorders and
Stroke (NINDS), 1268

National Institutes of Health Stroke Scale (NIHSS),
1268

National medical response teams (NMRTs), 2651t
National Nosocomial Infections Surveillance

(NNIS), 1537, 1554
National Poisoning and Exposure Database

(NPED), 987
National quality forum measures, for ICU, 124t
National Registry of Cardiopulmonary

Resuscitation (NRCPR), 698
National Response Framework (NSF), 2658
Natriuretic peptides, 2412
Natural frequency, 155
Natural killer cells (NK), 749, 790, 2561

anesthesia and, 1088
NAVA. See Neurally adjusted ventilatory assist
NCPE. See Noncardiogenic pulmonary edema
NCSE. See Nonconvulsive status epilepticus
NDLS. See National Disaster Life Support
NDMS. See National Disaster Medical System
NE. See Neutropenic enterocolitis
Near-drowning, 2088
Near-fatal asthma, 2111t, 2112
Near-infrared spectroscopy (NIRS), 166, 195, 1116

characteristics of, 338
for septic shock, 867
for shock, 830
tissue oxygen monitoring with, 196

Neck
infections of, 1626–1638
longitudinal ligament in, focal disruption of, 384f

Necrotic purpuric rash, 2486–2487, 2487f
Necrotizing fasciitis (NF), 1598–1604, 1598t,

1600f
associated pathogens for, 1543t
IVIG for, 1603
surgical intervention for, 1602t

Necrotizing infections, HBO therapy for, 565–567
Necrotizing soft tissue infection (NSTI), 1581,

1598–1604
Needle electromyography, 2230–2231

NEEP. See Negative end-expiratory pressure
Negative end-expiratory pressure (NEEP), 1913
Negative inspiratory force (NIF), 1193
Neglect, informed consent and, 52
N eisseria meningitidis, 1614, 2486
Nelfinavir (Viracept), 1745t
Neobladders, 1302
Neomycin, 2307
Neonates

HFO for, 2032
respiratory failure with, ECLS for, 2083
SvO 2 monitoring in, 307

Neoplasm, 248
hemoptysis from, 511t
LGIB from, 2296–2297

Neoplastic pericarditis, 1876
Neostigmine, 1100t
Nephrectomy, hematoma after, for renal cell

carcinoma, 362f
Nephrolithiasis, 1749t
Nephrons, 723f
Nephrostomy tubes, 1300–1301
Nephrotic syndrome, coagulation and, 2519
Nephrotoxins, ARF from, 2384
Nernst potential, 688
Nerve block, 1195
Nerve gas, 2623t
Nerve, peripheral

oxygen toxicity and, 559–560
stimulation of, 331–333, 331f–332f, 333t

Nesiritide, 1229t
Neurally adjusted ventilatory assist (NAVA), 1970,

1971f
Neuraminidase (NA), 1704
Neurogenic influences, 653
Neurogenic pulmonary edema (NPE), 1248–1249

from brain injury, 659
Neurogenic shock, 925–939. See also Cardiogenic

shock; Distributive shock
ACE-I for, 932
cardiac output and, 926f
central nervous system and, 926f
clinical manifestations of, 929–930, 930f
CVP and, 926f, 929
diagnosis of, 930–931
EF and, 925
GBS and, 925
incidence of, 925
LVEF and, 925
management of, 931–932
MAP and, 931
PAC for, 931
pathophysiology of, 925–929
PCWP and, 926f
SAH and, 926f
spinal cord injuries and, 925
subtypes of, 925
SVR and, 929
TBI and, 926f
TEE for, 925

Neuroimaging
of brain edema, 371–372, 372f
in critical care patient, for diagnosis, 368–369
of EDH, 372–373, 372f
of herniation syndromes, 369–371, 369f–371f
of infection, 379–383, 380f–382f
of intracranial hemorrhage, 371f, 372
of parenchymal hemorrhage, 374–375,

375f–376f
of SAH, 373–374, 373f–374f
of spine, 383–386, 383f–386f
of stroke, 375–379, 376f–379f
of subfalcine herniation, 369, 369f
of tonsillar herniation, 371
of transtentorial herniation, 369–371, 370f–371f

Neuroleptic malignant syndrome (NMS), 232,
992–993, 1331–1334

diagnosis of, 1334t
drugs and, 1331t
fever and, 1558

Neurologic system. See also Central nervous system
ALF and, 2305–2310
cirrhosis and, 2318–2319
events with, in intrahospital transport, 147
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Neurologic system (Cont.)
geriatrics and, 1519–1523
HIV and, 1738–1739
imaging for, in acute phase, 318t
injury to, history of, 649
monitoring of, in ICU, 317
opioids and, 1090
propofol and, 1092
RA and, 2468–2469
regulation of, 321
SLE and, 2478
surgery of, 1076–1079

Neuromuscular blocking agents (NMBAs),
961–970

CIM and, 2238
CIP and, 2238
complications with, 968
for COPD, 2140
in ICU, 587
indications for, 966t
intracranial pressure and, 1251
monitoring of, 967, 967f, 967t
recovery from, 969
respiratory muscle weakness from, 2001
reversal agents for, 1100t

Neuromuscular disorders, 2227–2241
diagnosis of, 2227–2232
electrodiagnostic features in, 2230t
in ICU, 2232–2241
localization of, 2228f
respiratory failure and, 2233t
salient features of, 2229t

Neuromuscular junction blockade, with
nondepolarizing neuromuscular blocking
agents, clinical responses and, 333t

Neurophysiologic studies, from comatose patients,
330f

Neuroradiologic imaging
CT for, 317
MRI for, 317
for neurologic disease, in acute phase, 318t

Neurosurgery, sedation during, 591
Neurotic defenses, in ICU, 29t
Neurotrauma patients, intrahospital transport of,

149
Neutropenia, 1162, 1718–1720

antibiotics for, 2567
antifungals for, 2567
ARDS and, 2567
associated pathogens for, 1541t
from chemotherapy, 2567
disease syndromes of, 1718–1719
fever and, 1718
G-CSF for, 2567
GM-CSF for, 2567
with kidney transplantation, 1405
pathogens causing, 1718–1719
presentation of, 1718–1719
with SCT, 1415

Neutropenic enterocolitis (NE), 2587–2590
appendicitis and, 2588
Felty syndrome and, 2588
G-CSF for, 2589
HIV and, 2588
management of, 2589–2590
Ogilvie syndrome and, 2588
SLE and, 2588

Neutrophil, 752, 788
anesthesia and, 1088
chemotaxis, 1719t
hemorrhagic shock and, 899
killing, 1719t
transfusion, 1720

Nevirapine (Viramune), 1744t, 1747t
New-onset diabetes after transplantation

(NODAT), 1406
New-onset respiratory muscle weakness,

1995–1996
NF. See Necrotizing fasciitis
NF-κB. See Nuclear factor κB
NG. See Nasogastric tube
NHP. See National health program
NIAID. See National Institute of Allergy and

Infectious Diseases

Nicardipine, 1272t, 2674
for hypertension, 1892t, 1893–1894

Nicotinamide adenine dinucleotide (NAD), 942
Nicotinamide adenine dinucleotide phosphate

(NADPH), 817
oxygen and, 2051

Nicotine, toxicity with, 1008
NIF. See Negative inspiratory force
Nifedipine, 1747t, 2674

for acute coronary syndrome, 1786
ARF and, 2671t

NIHSS. See National Institutes of Health Stroke
Scale

Nikolsky sign, 2482t
Nimbus hemopump, 850
Nimodipine, 2674
NIMS. See National Incident Management System
NINDS. See National Institute of Neurological

Disorders and Stroke
NIPPV. See Noninvasive positive pressure

ventilation
Nipride, 1272t
NIRS. See Near-infrared spectroscopy
NIRT. See Incident management response teams
Nitrates, 842–843

for acute coronary syndrome, 1786
for HF, 1832
for STEMI, 1800

Nitric oxide (NO), 696, 803f, 817, 1232
for ALI/ARDS, 2075–2076
for aspiration, 2104
for drowning, 2092–2093
FSH and, 2414
LHRH and, 2414
LPS and, 2413
MODS and, 802–803
NMA and, 1820
sepsis and, 862–863
vasopressin and, 2419

Nitric oxide synthase (iNOS), 797
LPS and, 2414

Nitrofurantoin, ARF and, 2670t
Nitrogen balance, 974, 974t
Nitrogen gas, in HBO, 560–561
Nitrogen mustard, 2624t
Nitroglycerin (NTG), 843, 1209, 1229t, 1230,

1272t, 2674–2675
for AS, 1848
for chest pain, 1797f
dosing of, 1790t
for hypertension, 1892t, 1893

Nitroprusside (NTP), 1229t, 1230, 2676
ARF and, 2671t
cyanide poisoning and, 1893
for hypertension, 1892t, 1893
for MR, 1853
for pheochromocytoma crisis, 2451
toxicity with, 1002

Nitrous oxide, 1085
capnography and, 228

NIV. See Noninvasive ventilation
Nizatidine, ARF and, 2671t
NK. See Natural killer cells
NMA. See N-methyl-L-arginine
NMBAs. See Neuromuscular blocking agents
NMDA. See N-methyl-D-aspartate
N-methyl-D-aspartate (NMDA), 2307
N-methyl-L-arginine (NMA), NO and, 1820
NMR. See Nuclear magnetic resonance

spectroscopy
NMRTs. See National medical response teams
NMS. See Neuroleptic malignant syndrome
NNIS. See National Nosocomial Infections

Surveillance
NNRTIs. See Nucleoside reverse transcriptase

inhibitors
NO. See Nitric oxide
N ocardia spp., 381f, 1723

treatment for, 1722t
NODAT. See New-onset diabetes after

transplantation
Nodule, 2482t
NOMI. See Nonocclusive mesenteric ischemia
Nonalcoholic steatohepatitis (NASH), 2312

Nonanion gap metabolic acidosis, 639–643
causes of, 641–642
etiologies of, 641t
treatment of, 642

Nonbicarbonate buffers, 640–641
Noncardiogenic pulmonary edema (NCPE), 2468

differential diagnosis of, 294
Nonclostridial bacterial infections, HBO treatment

of, 566
Nonconvulsive status epilepticus (NCSE), 2214

types of, 2223
Nondepolarizing neuromuscular blocking agents,

neuromuscular junction blockade in,
clinical responses and, 333t

Non-Hodgkin lymphoma, 2579
Noninfectious pulmonary infiltrates, flexible

bronchoscopy diagnosis of, 514
Noninsured people

consequences of, 2t
demographics of, 4f
status of, treatment delay from, 3

Noninvasive cardiovascular monitoring
blood flow in, 169
of emergency room patients, 167f, 168t
foundations of, 163
in head injury/brain death, 168t
hemodynamic values by, in trauma patients,

166t
information systems in, for outcome/support

therapy for, 168–169, 169f
misclassifications of, by various outcome

predictors, 168t
in motor vehicle accident patient, 167f
PAC v., 163
quantitative assessment of, as net cumulative

excess/deficit, 168
in survivor/nonsurvivor, 167–168, 167f

Noninvasive hemodynamic monitoring
arterial hemoglobin oxygen saturation in, by

pulse oximeter, 164
with central venous pressure catheters, oximeters

and, 169
conventional vital signs in, 164
of POB, 203–204

Noninvasive partial CO 2 rebreathing cardiac
output, measurement of, 166

Noninvasive positive pressure ventilation (NIPPV),
1498, 1939–1954

abdominal surgery and, 1953
A/C and, 1943
for acute respiratory failure, 1947–1951
for ARDS, 1949, 2069
for ARF, 1953
for asthma, 1947, 2126
BiPAP and, 1943
controlled mechanical ventilation and, 1943
for COPD, 1946–1947, 1948t, 2011–2012
CPAP and, 1942–1943
immunosuppression and, 1952
for OSAS, 1953
PAV and, 1943
for Pneumocystis pneumonia, 1737
PSV and, 1943
for respiratory failure, 2011–2012
thoracic surgery and, 1953
for trauma, 1953
for ventilation weaning, 2011–2012
ventilatory modes in, 1944
weaning from, 1952

Noninvasive power of breathing (POBN ), 203, 212f
COPD and, 214
extubation and, 213t
for weaning, 214

Noninvasive ventilation (NIV), 1939–1954
adverse effects of, 1954
for ARDS, 1951f
complications with, 1954
contraindications for, 1945t
for COPD, 2136–2137
ET and, 1945t
for extubation, 2020
hemodynamic monitoring and, 1946, 1946t
for pneumonia, 1951
VAP and, 2139–2140
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Nonocclusive mesenteric ischemia (NOMI), 486f,
2375–2376

Nonprofessional APCs, 753
Nonrebreathing reservoir mask, 2046
Non-small-cell lung cancer (NSCLC), acute tumor

lysis syndrome and, 2582
Non-ST-elevation acute coronary syndrome

(N-STE-ACS)
biochemical markers for, 1784–1785
invasive strategies for, 1792–1793
management algorithm for, 1788f
pathogenesis of, 1783
risk scores for, 1789t

Nonsteroidal anti-inflammatory drugs (NSAIDs),
781, 963, 1194–1195

for anaphylactic shock, 934
ARF from, 2383t
cirrhosis and, 2315
colonopathy from, 2296
complications with, 2471t
for decompression sickness, 564
diarrhea from, 2361
enteropathy from, 2296
esophageal injury from, 2350t
IBD and, 2296
LGIB and, 2282
peptic ulcer disease from, 2267
perforation and, 2296
for pericarditis, 1878
platelets and, 2518
pregnancy and, 954
RA and, 2468, 2470
toxicity from, 991–992
UGIB and, 2282

Nonstress test, 1482, 1483f
Non-ST-segment elevation acute coronary

syndrome (N-STE-ACS), management
of, 1781–1793

Non-ST-segment elevation myocardial infarction
(N-STEMI), 1775

anticoagulants for, 1790t
antiplatelets for, 1790t
definition of, 1781, 1795
epidemiology of, 1782

Nonthyroidal illness syndrome (NTIS), 2419
Nontunneled central venous catheters, 471–472
Noradrenalin, 2411

CRH and, 2412
vasopressin and, 2412

Norepinephrine, 696, 794, 1210, 1228t, 1230,
2676

for ALF, 2310
for cardiac tamponade, 1881
for cardiogenic shock, 835, 847
vs. dopamine, 878–879
LV and, 1822
MAP and, 2385f
pheochromocytoma and, 2448
for pulmonary embolism, 2153
for shock, 824–825
skin necrosis from, 2492
UOP and, 2387f

Norleucine, 1010
Norvir. See Ritonavir
Nosocomial infections

bloodstream
epidemiology of, 397–398
future work in, 404–405
importance of, 397
pathogenesis of, 398–400, 399f–400f
Staphylococcus aureus, 399–400, 400f
from vascular catheter, prevention of,

400–404, 401t, 403t
infection control and, 133

Nosocomial meningitis, 1557
Nosocomial tracheobronchitis, 1667–1668
Nothing by mouth status (NPO), extubation in, 549
Novastan. See Argatroban
NPE. See Neurogenic pulmonary edema
NPED. See National Poisoning and Exposure

Database
NPO. See Nothing by mouth status
NRCPR. See National Registry of

Cardiopulmonary Resuscitation

NRTI. See Nucleoside/nucleotide reverse
transcriptase inhibitor

NSAIDs. See Nonsteroidal anti-inflammatory drugs
NSCLC. See Non-small-cell lung cancer
NSF. See National Response Framework
N-STE-ACS. See Non-ST-elevation acute coronary

syndrome
N-STEMI. See Non-ST-segment elevation

myocardial infarction
NSTI. See Necrotizing soft tissue infection
NT-ANP. See N-terminal atrial natriuretic peptide
N-terminal atrial natriuretic peptide (NT-ANP),

1348–1349
NTG. See Nitroglycerin
NTIS. See Nonthyroidal illness syndrome
NTP. See Nitroprusside
Nuclear factor κB (NF-κB), 781
Nuclear magnetic resonance spectroscopy (NMR),

867
Nuclear medicine

for LGIB, 2288
tagged red blood cell bleeding study, 488f

Nucleoside reverse transcriptase inhibitors
(NNRTIs), 1739, 1747t

drug interactions with, 1742
Nucleoside/nucleotide reverse transcriptase

inhibitor (NRTI), 1740, 1743t–1746t
Nucleotides, 985–986
Numerical continuous, 102t
Numerical discrete, 102t
Nuremberg Code, 43, 410
Nursing

in critical care medicine, 73
handover in, between nurses, 75–77, 76f,

77t
in ventilatory care, 569

Nutcracker esophagus, 2354
Nutrition, 971–977. See also Malnutrition;

Parenteral nutrition
for ARF, 976, 2390
burn injury and, 1319–1320
in critical care medicine, 74
enteral, pros of, 495–496
geriatrics and, 1510–1512
of hospitalized patient, 490–493
for hyperkalemia, 2395
for liver failure, 975
liver surgery and, 1184–1185
MODS and, 807–808
for pediatric cardiac surgical patients,

1227–1228
routes of, 972t
for TBI, 976, 1252
transhepatic enteral feeding for, 492–493
for trauma, 1156

Nyquist, 159

OB. See Obliterative bronchiolitis
Obesity, 1489–1500

airway and, 1495–1496
analgesia and, 1499–1500
anesthesia and, 1493
aspiration and, 2098
atelectasis and, 1496, 1498–1499
cardiovascular system and, 1489–1494
COPD and, 1494
CsA and, 1494
digoxin and, 1494
ERV and, 1494
FiO 2 and, 1496
FRC and, 1496
hemodynamic monitoring and, 1496–1497
HF and, 1491
hypertension and, 1490
hypoxemia and, 1498
ischemic heart disease and, 1490–1491
kidney transplantation and, 1395
OSAS and, 1491
PAC and, 187
pancreatitis and, 2327
PDT and, 2059
PEEP and, 1496
pressure ulcers and, 2501
respiratory system and, 1494–1500

rhabdomyolysis and, 1492–1493
ventilation and, 1496
V̇/ Q̇ and, 1493
VTE and, 1495

Obesity hypoventilation syndrome (OHS), 1490,
1494

Obliterative bronchiolitis (OB), 1363
clinical features of, 2467t
RA and, 2466–2467

Obscure GI bleeding, 2292–2293, 2293t
Observation bias, 111
Obsessive personality, in ICU, 32t, 33
Obstetrics. See Pregnancy
Obstructive shock, 814–815, 835, 893
Obstructive sleep apnea syndrome (OSAS), 1494

NIPPV for, 1953
obesity and, 1491

Occupational health, 134–135
Occupational therapists, for critical care medicine,

74
Octreotide, 2676

for HRS, 2315
for LGIB, 2279, 2290

Ocular bobbing, 2207
Ocular dipping, 2207
Odontogenic infections, 1632–1633
OELM. See Optimal external laryngeal movement
Off-pump coronary artery bypass (OPCAB),

1215–1216, 1215t
Ofloxacin, 1691t
Ogilvie syndrome, 2362–2363, 2363f

NE and, 2588
β -OHB, 2434
Ohm Law, 204
OHS. See Obesity hypoventilation syndrome
Ointments, in vein cannulation, 424
OKT3. See Muromonab
Olanzapine, for brain injury, 2259
Oliguria, 794, 901, 2094

blood volume measurement in, 293
OLT. See Orthotopic liver transplantation
Omentum, 1169
Omeprazole, 2589
Oncotic pressure, 284, 284f
100,000 lives campaign, 87, 87t
One-dimensional monitoring, 169
OOH. See Out-of-hospital
Opacification

of chest, 354f–355f
extensive bilateral parenchymal, aspiration

related, in trauma patients, 358f
pleural effusion causing, 355f
pre/postoperative radiographs of, 359f

OPCAB. See Off-pump coronary artery bypass
Open abdomen, 1165, 1172–1174

management options for, 1174t
Open cricothyroidotomy, 445, 445f–446f
Open loop control, 1917–1918, 1918f
Open pneumothorax, 1107
Open reduction/internal fixation (ORIF),

1280–1281, 1312
Open system, 77
Open thoracostomy, 442f
Opioids, 1022–1024, 1194, 1322

airway management with, 523
for anxiety, 963t
classification of, 1022t
dosing algorithms for, 591f
GI tract and, 1090
half-times for, 596f
hemodynamic monitoring and, 1089–1090
in ICU, 963, 963t
as intravenous agents, 1089–1091
mental confusion from, 956
neurologic system and, 1090
pharmacodynamics for, 1089
pharmacokinetics for, 1089, 1089t
respiratory system and, 1089–1090
stress response and, 1090
toxic megacolon from, 2339
toxicity with, 1022–1023

clinical manifestations of, 1023t
withdrawal from, 1023–1024

clinical manifestations of, 1023t
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OPO. See Organ procurement organization
Oprelvekin, 2561
Op-Site roller, 1287
Optical stylet, 532f

in adjunct intubation, 536
Optimal external laryngeal movement (OELM),

526f
Oral decontamination, 106
Orbital blowout fracture, 1311
Oregon Death with Dignity Act, 25
Orellanine, 1010
Organ procurement organization (OPO), 1337,

1357, 1396
Organic acidurias, 764–765
Organs

blood flow in, in HBO, 557
solid, abscess drainage of, 458, 459f
venous oxygen saturation in, 298, 298f

ORIF. See Open reduction/internal fixation
Ornithine transcarbamylase (OTC), 765
Oronasal masks, 1940, 1941f
Oropharyngeal dysphagia

Alzheimer disease and, 2352
parkinsonism and, 2352
stroke and, 2352

Orotracheal intubation, 527–532, 528f–530f
Ortho-chlorobenzylidene malononitrile, 2624t
Orthoclone. See Muromonab
Orthopedics, 1279–1288

geriatrics and, 1515
Orthopnea, 838
Orthotopic liver transplantation (OLT), 2303

for ALF, 2311
ALF and, 2305t
for cirrhosis, 2319

indications/contraindications for, 2319t
intracranial pressure and, 2307

OSAS. See Obstructive sleep apnea syndrome
Oseltamivir, 1706, 1708t
Osler nodes, 260, 2487
Osmolality, 2664
Osmotic demyelination syndrome, 2228
Osmotic therapy, 1251

for intracranial pressure elevation, 2201–2202
Osteopenia, 2470
Osteoporosis, 2443

RA and, 2470
OTC. See Ornithine transcarbamylase
Otitis externa, 1626–1627
Otitis media, 807, 1627–1628

complications of, 1628t
Otomycosis, 1627
OUC. See Oxygen utilization coefficient
Out-of-hospital (OOH), CA and, 697, 698
Ovarian cysts, 1473
Overdamping errors, 160
Overdistention, monitoring of, 2128
Overwedging, 175, 175f
Oxandrolone, 1316
Oxcarbazepine

for brain injury, 2259
for PTE, 2259

OXIMET, 218
Oximetry. See Pulse oximetry; Venous oximetry
Oxygen. See also Hyperbaric oxygen

administration of, during recompression therapy,
556

ADP and, 2050
alveolar-arterial, tension difference, 676
arterial, 297, 320

support of, 567
for asthma, 2120
ATP and, 2050
brain and, intracranial pressure and, 2201
carriage, 677–678
CBF regulation by, CO 2 and, 653–654, 654f
debt, concepts of, 300, 300f
demand, 297
fetal monitoring and, 1479–1480
for gas embolism, 2161
for hypoxia, 963t
for LGIB, 2281
for MCI, 2605
MODS and, 793

NADH and, 2051
NADPH and, 2051
physiologic impact of, 2050–2053
for SCD, 2566
for STEMI, 1800
stores of, 678
therapy with, 2043–2053

atelectasis and, 2053
for COPD, 2135–2136
devices for, 2043–2048
hypercapnia and, 2053

toxicity
clinical effects of, 559–560
pharmacology of, 559

transport
balance, assessment of, 297–298, 298f
characteristics of, 297, 298f
monitoring of, 300
range/units/derivation terms for, 315t
SvO 2 and, 305t
variables, lactate levels and, 299f

uptake, 297
values, in hypoxemia/hyperoxia, 678–679
ventilation weaning and, 1991

Oxygen challenge test, 196, 196t
Oxygen consumption (VO 2 ), 297, 974

ARDS and, 797
MODS and, 796–797
PAC and, 171
sepsis and, 797
SvO2 and, 171, 304t

Oxygen consumption index (VO 2 I), 185t, 187
Oxygen delivery (DO2 )

concerns with, 296
in hemodynamics, in HBO, 557, 557t, 559f
hemorrhagic shock and, 897
with massive transfusion, 912
PAC and, 171
physiology of, 297
for shock, 829
splanchnic flow and, 943–944
SvO2 and, 171

Oxygen radicals, 902
Oxygen utilization coefficient (OUC), 297, 298f
Oxygenation, monitoring of, 193–197
Oxygen-free radicals, 2043
Oxygen-powered, manually triggered ventilation

devices, 701
Oxyhemoglobin dissociation curve, 708
OxyMask, 2047, 2047f
Oxyphenbutazone, warfarin and, 2515t
Oxytetracycline, 2697t
Oxytocin, 2416t

P selectin glycoprotein ligand (PSGL-1), 817
PAC. See Pulmonary artery catheter
Pace sensing determinant, for temporary pacing

catheter, 435, 435f–436f
Pacemaker cells, depolarization of, 687
Pacemaker-mediated tachycardia (PMT), 437f
Pacemakers. See also Temporary cardiac

pacemakers
conduction system and, 684–685
with electrode patch, 438f
external, unit, 432–434, 433f
pneumothorax after, 461f
syndrome, 438–439
temporary

indications for, 429, 430t
patient assessment for, 434
preparing equipment for, 434, 434f

temporary cardiac
indications for, 429, 430t
patient assessment for, 434
preparing equipment for, 434, 434f

Pacing catheters, temporary
alternative methods of, 439, 439f
choosing of, 429–432, 430t–431t, 432f–433f
complications with, 437
configurations for, 433f
pace sensing determinant for, 435, 435f–436f
placement of, 435, 435f
postinsertion care for, 435–436, 436f
troubleshooting for, 436–437, 436f–437f

unit for, 433f
venous access for, 434, 434t

Packed red blood cells (PRBCs), 911, 2271
transfusion of, 2525t, 2562

Paclitaxel, 2590
toxicity of, 1412t

PACO 2 . See Alveolar carbon dioxide tension
PaCO2 . See Partial pressure of arterial CO 2
PACU. See Postanesthesia care/recovery unit
PAD. See Physician-assisted suicide; Pulmonary

artery diastolic pressure
PAF. See Platelet-activating factor
PAF-acetylhydrolase (PAF-AH), 801
PAF-AH. See PAF-acetylhydrolase
PAH. See Pulmonary artery hypertension
PAI. See Plasminogen activator inhibitor
Pain. See also Analgesics

in abdomen
with cirrhosis, 2312–2313, 2313t
CT for, 1160–1161
imaging with, 1160
with MI, 1159
with pericarditis, 1159
syncope with, 1159
ultrasonography for, 1160

anesthesia and, 580–583, 1096
assessment of, 583–584

in ear, from HBO therapy, 569
intensity scale, 583, 603
management of

for acute coronary syndrome, 1786
for burn injury, 1321–1322
liver surgery and, 1183–1184
for STEMI, 1798–1799
for thoracic surgery, 1194–1195

practice guidelines for, 588t
sinus, from HBO therapy, 569

PAK. See Pancreas after kidney
Palliative care, 9

in end-of-life care, 24t
PALS. See Pediatric advanced life support
Pamidronate, 1317, 2578
Pancreas

collections, drainage of, 458
edematous, 361f
electrolytes in, 2664t
fistula of, 1171–1172, 1187–1188

causing nonanion gap metabolic acidosis,
641–642

hemorrhagic shock and, 901
injuries to, 1145–1146
necrosis of, 2332–2334
surgery of, 1181

complications with, 1187–1188
transplantation of, 1338, 1382–1391

anesthesia for, 1387
complications with, 1390–1391
contraindications for, 1385–1386
HLA and, 1387
imaging for, 1391
immunosuppression and, 1389–1390
indications for, 1385–1386
IVIG for, 1390
PP and, 1390
survival with, 1386f

Pancreas after kidney (PAK), 1383
Pancreas transplants alone (PTA), 1383,

1387–1388
Pancreatic amylase, for pancreatitis diagnosis, 2325
Pancreaticoduodenectomy (PD), 1181f

mortality with, 1187
Pancreatitis, 1162, 1748t, 2324–2334

alcohol and, 1159
angiography for, 2326
antacids for, 2326
antibiotics for, 2328–2329
ARDS and, 2063t
ARF and, 2327
Bacteroides spp. and, 2328
biliary disease and, 2325
biliary tract obstruction and, 2332
calcium and, 1160
Candida spp. and, 2328
cardiovascular system and, 2327
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cholelithiasis and, 1159
classification of, 2326
CT for, 731, 2325–2326
diagnosis of, 2324–2326
DIC and, 1136
DKA and, 2430t
drug-induced, 732t
Enterobacter spp. and, 2328
ERCP for, 2325
gallstones and, 733t, 2330
GNB and, 2328
gram-positive organisms and, 2328
H 2 blockers for, 2326
hemoductal, 2331
HHS and, 2430t, 2437
HIV and, 1739
hypocalcemia with, 2327
hypovolemia and, 2327
with kidney transplantation, 1405
Klebsiella spp. and, 2328
obesity and, 2327
with pentamidine, 1737
phosphorus and, 1160
pleural effusion and, 2176
Proteus spp. and, 2328
pseudoaneurysms and, 2331
pseudocysts and, 2331–2332
Pseudomonas spp. and, 2328
respiratory insufficiency and, 2327
severe, cross-sectional imaging, 358f
surgery for, 2329–2334
TPN for, 2327
treatment for, 2326–2329

Pancuronium, 968, 1226, 2676
Pandemic infection, 2631–2645

dengue fever as, 2637–2640
HIV as, 2640–2641
influenza as, 2634–2637
MRSA as, 2641–2645
SARS as, 2632–2634
TB as, 2640–2641

Panic attacks, anaphylactic shock and, 937t
Panton-Valentine leukocidin (PVL), 1653
PAO. See Periarticular ossification
PAO2 . See Partial pressure of alveolar O 2
PaO 2 . See Arterial oxygen tension; Partial pressure

of oxygen
PAOP. See Pulmonary artery occlusion pressure
Papain, 2346
Papaverine, 1166, 1179
PAPm . See Pulmonary artery pressure
PAPR. See Powered air-purifying respirator
Papule, 2482t
Paracentesis, abdominal, drainage procedures for,

461–462, 462f
Parapharyngeal space abscess, 1637–1638
Parapneumonic effusions, 2176–2177
Parasitic infections, transplantation and, 1725
Parasympathetic nervous system, 688
Parathormone, 2417t
Parathyroid hormone (PTH), 2462

ectopic, 2576
hypercalcemia and, 2576, 2577
levels of, 626–627, 626t

Parathyroid hormone-related protein (PTHrP),
2575–2576

Paravertebral nerve block, 1195
Parenchymal abnormalities, on chest radiograph, in

ICU, 351f–359f, 352–356
Parenchymal diseases, 1136–1137
Parenchymal hemorrhage, neuroimaging of,

374–375, 375f–376f
Parenchymal renal failure, 2382–2383

causes of, 2383t
Parenteral nutrition (PN), 979t. See also Total

parenteral nutrition
carbohydrate in, 980–981
complications with, 982t
cyclic, 979–980
electrolytes and, 981
fat in, 980–981
fistulas and, 1170
initiation of, 978
monitoring of, 981, 983t

for NE, 2589
PPN, 978
protein in, 980–981
transitional feeding with, 979
weaning from, 979

Parkinsonism
coma and, 2255
gait with, 804
oropharyngeal dysphagia and, 2352

Paroxysmal atrial tachycardia (PAT), 707
PARP. See Poly (ADP-ribose) polymerase
Pars distalis, 2411
Pars tuberalis, 2411
Partial pressure end-tidal carbon dioxide (PetCO 2 ),

205f
Partial pressure of alveolar O2 (PAO 2 ), 2667
Partial pressure of arterial CO 2 (PaCO 2 ), 2667

altered, consequences of, 678–679
arterial, 320

Partial pressure of impaired O2 (PIO 2 ), 2667
Partial pressure of oxygen (PaO2 ), altered,

consequences of, 678–679
Partial rebreathing reservoir mask, 2046
Partial thromboplastin time (PTT), 1131, 2166
Particulate nonobstructive aspiration, 2096
Particulate obstructive aspiration, 2096
PAs. See Plasminogen activators
PAT. See Paroxysmal atrial tachycardia
Patent foramen ovale (PFO), 256

FES and, 2163
PS and, 1856
pulmonary embolism and, 2143
TEE for, 2161
VADs and, 1846

Pathogens, in bloodstream infections, 398–400
milieu of, 399–400
types of, 399

Patient. See also Positioning patients
capacity of, 47–48, 47t
care equipment, 134
collaborative care approach to, 72f
comprehension of, of informed consent forms,

50–51
delirium of, 28t
dying, 20–21
existential concerns of, in ICU, 29
intoxication of, 28t
monitoring, in ventilatory care, 569
nutrition/malnutrition of, 490–493
-physician interaction

in ICU, 28t
understanding of, 27–28

-physician relationship, ethics model of, 45–46
placement, 134
safety of, 28t, 578
terminally ill, treatment withdrawal in, 21
wishes of, in end-of-life care, 24t

Patient care equipment, 134
Patient placement, 134
Patient Self-Determination Act (PSDA), 18
Patient transport, to ICU, 1109–1110, 1110t
Patient-triggered ventilation, 1923–1924
Pattern recognition, for diagnosis, 81–82, 83f
PAV. See Proportional assist ventilation
Paw. See Mean airway pressure
PB. See Barometric pressure
PbO2 . See Brain tissue oxygen tension
PC. See Prolonged coma
Pc. See Pulmonary capillary hydrostatic pressure
PCA. See Posterior cerebral artery
PCC. See Pulsatile cardiac component
PCI. See Percutaneous coronary intervention
PC-IRV. See Pressure controlled inverse ratio

ventilation
PCIS. See Postcardiac injury syndrome
PCM. See Protein-caloric malnutrition
PCNL. See Percutaneous nephrostolithotomy
PCP. See Phencyclidine; Pneumocystis pneumonia
PCR. See Protein catabolic rate
PCV. See Pressure-controlled ventilation
PCV+ , 1972–1973
PCWP. See Pulmonary capillary wedge pressure
PD. See Pancreaticoduodenectomy; Peritoneal

dialysis

PDE. See Phosphodiesterase
Pdi. See Transdiaphragmatic pressure
Pdimax . See Maximum transdiaphragmatic pressure
PDIRRT. See Prolonged daily intermittent RRT
PDT. See Percutaneous dilational tracheostomy
PE. See Pulmonary embolism; Push enteroscopy
PEA. See Pulseless electrical activity
Peak inflation pressure (PIP), 206f, 1922f

formula for, 2668
Peak inspiratory flow, 1979f
Peak inspiratory pressure (Ppeak), 2127–2128
Pediatric advanced life support (PALS), 308f
Pediatric cardiac surgical patient, 1218–1234

analgesia for, 1225–1227
diuretics for, 1227
electrolytes for, 1227
hemodynamic monitoring for, 1220–1222
nutrition for, 1227–1228
sedation for, 1225–1227
ventilation for, 1223–1225

Pediatric Overall Performance Category (POPC),
699

Pediatric respiratory failure, ECLS for, 2083–2084
PEEP. See Positive end-expiratory pressure
PEEPe. See Extrinsic PEEP
PEEPi. See Intrinsic positive end-expiratory

pressure
PEG. See Percutaneous endoscopic gastrostomy
PEG-ELS. See Polyethylene glycol electrolyte lavage

solution
Pelvis

fractures of, 1121–1123, 1288, 1515
hemorrhage of

evaluation of, 487, 488f
from trauma, 488
treatment of, 487–488, 490f–491f

PEM. See Protein-energy malnutrition
Pemberton sign, 2462
Pemphigus, 2482–2484, 2483f
Pendant reservoir cannula, 2044
Penetrating atherosclerotic ulcer, 1774
Penetrating wounds, 1146

of genitourinary system, 1297–1299
to kidneys, 1298

Penicillamine
complications with, 2471t
for RA, 2470t

Penicillin, 2683t–2686t
for anaphylactic shock, 934
ARF and, 2670t
mental confusion from, 956
semisynthetic, 1131, 1134
thrombocytopenia from, 2517

Penicillin-resistant pneumococci (PRP), 1652
Penrose drains, 1301
Pentamidine, 1737

pancreatitis with, 1737
for Pneumocystis pneumonia, 1736t

Pentobarbital coma, 2202–2203
PEP. See Postexposure prophylaxis
Peptic ulcer disease, 1404

causes of, 2267
endoscopy of, 2269f
from gastric acid, 2267
from Helicobacter pylori, 2267
from NSAIDs, 2267
from stress, 2267

PERCS. See Program to Enhance Rational and
Communication Skills

Percutaneous biliary interventions, 465
transhepatic, 467

Percutaneous coronary angioplasty (PTCA), 1062
Percutaneous coronary intervention (PCI),

841–842, 1782, 1802–1805, 1803f
facilitated, 1803–1804
vs. fibrinolysis, 1806f
primary, 1802, 1803f, 1804t

transport for, 1805
rescue, 1804–1805
for STEMI, mortality and, 1812f

Percutaneous cricothyroidotomy, 445, 447f
Percutaneous dilational tracheostomy (PDT), 2058,

2059
obesity and, 2059
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Percutaneous endoscopic gastrostomy (PEG), 1159
analgesia/sedation in, 601
for coma, 2254

Percutaneous feeding tubes, 498
Percutaneous fluid drainage

drainage techniques for, 456–457, 457f–458f
equipment for, 456, 456f
evaluation for, 455
image guidance for, 455–456
patient preparation for, 456
postplacement catheter care for, 458
special considerations for, 458–462, 459f–462f

Percutaneous gastrostomy
complications with, 450, 500
feeding tubes in, 500
indications for, 449
techniques for, 449–450, 449f–450f

Percutaneous inferior vena cava filter placement
complications with, 452–453
indications for, 451–452
techniques for, 452, 452f

Percutaneous insertion, of peritoneal catheter,
443–444, 444f–445f

Percutaneous jejunostomy, feeding tubes in,
500–501

Percutaneous nephrostolithotomy (PCNL), 1295,
1305

Percutaneous thoracostomy, techniques for,
441–442, 442f

Percutaneous tracheostomy
complications with, 449
indications for, 446
techniques for, 446–448, 448f–449f

Percutaneous transluminal coronary angioplasty
(PTCA), 845

mortality and, 1808f
Perfluorocarbons (PFCs), 915

for decompression sickness, 564
Perforated appendicitis, 731
Perforation

with burn injury, 1315
of colon, 1405

HIV and, 1739
of GI tract, 2594
of hollow viscus, 733
NSAIDs and, 2296

Performance arousal, 91f
Periarticular ossification (PAO), 2256
Pericardial effusion, 1879–1882, 1880f,

1881f
echocardiography for, 1881
treatment for, 1881–1882

Pericardial reserve volume, 2586
Pericardiocentesis, 1881

complications with, 451
indications for, 451
techniques for, 451, 451f

Pericarditis, 1774, 1875–1879, 1881f
abdominal pain with, 1159
bacterial infections and, 1876
cancer and, 1876
causes of, 1876t
chest pain and, 1877
clinical presentation of, 1876–1878
constrictive, 1882–1885
CT for, 1878f
diagnosis and treatment algorithm for, 1879f
ECG for, 1877f
echocardiography for, 1877f
etiology of, 1875–1876
fungal infections and, 1876
life-threatening differential diagnosis of, 1878t
MI and, 1812
neoplastic, 1876
SLE and, 1876
tests for, 1774t
treatment for, 1878–1879
tuberculous, 1876

Perichondritis, 1629
Perimortem cesarean, 1476
Perinephric abscess, 1303–1304
Peripartum cardiomyopathy (PPCM), 1435,

1458–1459
HF and, 1817

Peripheral arterial cannulation
insertion techniques for, 425–426
introduction to, 425

Peripheral limb ischemia
catheter in, 492f
complications from, 489–490, 492f
diagnosis of, 489
treatment of, 489

Peripheral nerve
oxygen toxicity and, 560
stimulation of, 331–333, 331f–332f, 333t

Peripheral parenteral nutrition (PPN), 978
Peripherally inserted central catheter (PICC), 409

complications in, 471
long-term, 425
migrated, 483
procedures of, 471
for vein cannulation, 423

Perirectal abscess, 807
Peristalsis, 2352

hypothyroidism and, 2459
Peritoneal catheter, percutaneous insertion of,

443–444, 444f–445f
Peritoneal cavity, 1158–1159
Peritoneal dialysis (PD), 2403

for children, 2407
Peritonitis, 1583–1584

associated pathogens for, 1542t
diverticulitis with, 731
HIV and, 1739
spontaneous bacterial, 2312

with cirrhosis, 2315
ventilation and, 1158

Peritonsillar abscess, 1633
Permanent pacemaker (PPM), 1509
Permissive hypercapnia, 646
Permissive hypotension, 1108
Peroxynitrite, 797
Personal protective equipment (PPE), 2625t

in ICU, 2626–2627
Personality, problems with, 28t

in ICU, 32t
Pes. See Esophageal pressure
PET. See Positron emission tomography
Petechia, 2482t
PFA-100, 741
PFCs. See Perfluorocarbons
PFO. See Patent foramen ovale
PFTs. See Pulmonary function tests
Pfund, August Hermann, 224
Pga. See Gastric pressure
PGE. See Primary generalized epilepsy
PGI2 . See Prostacyclin
PGs. See Prostaglandins
pH. See also Acid-base

arterial, acid-base balance and, 631
characteristics of, 631
coagulation and, 747
massive transfusion and, 913
SRMD and, 2274–2275
systemic, buffer concentrations and, 633–639
in volatile acidity, 636

Phagocytosis, 1088
Pharmacists, for critical care medicine, 73–74
Pharmacodynamics, 951–952, 1519

antibiotics and, 1548–1549, 1585
for opioids, 1089
of propofol, 1092

Pharmacogenetics, 775–776
Pharmacogenomics, 775–776
Pharmacokinetics, 949–951, 1517

antibiotics and, 1548–1549, 1584–1585
for opioids, 1089
of propofol, 1092

Pharmacology, 949–959
for ASI, 1254
in ICU, 958
liver failure and, 953
pregnancy and, 954
renal dysfunction and, 952–953

Pharyngitis, 1633
Phase distortion, 157
Phencyclidine (PCP), 1025–1026
Phenergan. See Promethazine

Phenobarbital, 1747t, 2221t
for brain injury, 2259
esophageal injury from, 2350t
for SE, 2220, 2222
thyroid function and, 2454t

Phenothiazine
in ICU, 585–586
mental confusion from, 956

Phenoxybenzamine, for pheochromocytoma, 2450
Phentolamine, 2676

for pheochromocytoma crisis, 2451
Phenylbutazone, 2567

warfarin and, 2515t
Phenylephrine, 879, 1210, 1228t, 1230, 2676

for shock, 826
Phenytoin, 953, 1134, 1747t, 2221t

with diazepam, for SE, 2220
DKA and, 2430t
HHS and, 2430t
for PTE, 2259
for SE, 2220
warfarin and, 2515t

Pheochromocytoma, 2445, 2448–2452
adrenalectomy and, 2451
anaphylactic shock and, 937t
catecholamines and, 2448
clinical presentation of, 2449
crisis with, 2451
CT for, 2450
diagnostic tests for, 2449–2450
epidemiology of, 2448–2449
epinephrine and, 2448
hypertension and, 2449
L-dopa and, 2448
management of, 2450–2451
MRI for, 2449–2450
pathophysiology of, 2448
pregnancy and, 2451
ultrasonography for, 2449

pHi. See intramucosal pH
Phosgene, 2624t
Phosgene oxime, 2624t
Phosphate, 2434

homeostasis, 623
for hypercalcemia, 2577
sodium administration, complications with,

624–625
Phosphocholine cytidylyltransferase (CTP), 784
Phosphodiesterase (PDE), inhibitors of, 2542

for cardiogenic shock, 835, 848
Phospholamban (PLB), 690
Phospholipase A2 (PLA2 ), 800, 942
Phospholipase C, 942
Phosphorus, pancreatitis and, 1160
Photoplethysmography (PPG), 220–222

signal processing for, 221
PHT. See Prehospital thrombolysis
Physical examination, for tracheal intubation, 537
Physician

availability of, 82
critical care medicine, 38

attending, 72–73
experience of, with vein cannulation,

complications in, 423–424
expert, 95
growth of, 5f
-patient interactions

in ICU, 28t
understanding of, 27–28

-patient relationship, ethics model of, 45–46
pattern identification by, for diagnosis, 81–82
training, communication in, barriers to, 39t

Physician-assisted suicide (PAD), 22–25, 23t–24t
eligibility for, 23t
legalization of, 23t
requests for, 25

Physicians for a National Health Program (PNHP),
14–15

Physiologic dead space volume-to-tidal volume
ratio (VD /VT ), 199, 204–205, 208t

Physiologic dead space volume-to-tidal volume
ratio (VD /VT ), PETCO 2 and, 232

PI. See Pulmonic insufficiency
PICC. See Peripherally inserted central catheter
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Pickwickian syndrome, 1490, 1494
Piggyback technique, 1378f
Ping pong, 2207
PIO 2 . See Partial pressure of impaired O 2
PIP. See Peak inflation pressure
Piperacillin, 2685t

ARF and, 2670t
Piperacillin-tazobactam, 1720
Piracetam, 2259
PIs. See Protease inhibitors
PISA. See Proximal isovelocity surface area
Pit viper envenomation, 1029–1032

severity of, 1034t
therapeutic measures for, 1034t

Pituitary, 2411. See also Hypothalamic-
pituitary-adrenal axis

adrenal insufficiency and, 870–871
PK. See Prekallikrein
PLA2 . See Phospholipase A2
Placenta abruption, 1463
Placenta previa, 1463–1464
Plague, 1756–1758

as biological agent, 2617t
Plaque, 2482t
Plaque rupture, 1774
Plasma bicarbonate (NaHCO 3 ), 793
Plasma cell dyscrasias, 2573
Plasma concentration at steady state (Cs s), 2669
Plasma packing, for blood volume measurement,

288
Plasma protein binding affinity, 957, 957t
Plasma, transfusion of, 2525–2526, 2526t
Plasma volume

maintenance, 283–284, 284f
blood volume concentrations and, 286f

measurement of, 290
whole blood volume relationship with, red blood

cell volume and, 289–290
Plasmapheresis (PP), 759, 2403

pancreas transplantation and, 1390
Plasminogen activator inhibitor (PAI), 746, 802f,

864f, 2506
Plasminogen activators (PAs), 746
Plateau pressure (Pplat), 2668
Platelet(s), 739–740, 1133–1136

aggregation tests for, 741
AIDS and, 2517
aspirin and, 1134
clopidogrel and, 1134
coagulation and, 2503
disorders of, 2516–2519

in ICU, 2516t
drugs and, 2518
hemostasis and, 2505f
NSAIDs and, 2518
purpura and, 2517
SLE and, 2517
ticlopidine and, 1134
transfusion of, 2525, 2526t

Platelet plug, 2516
Platelet-activating factor (PAF), 902

ARDS and, 2065t
MODS and, 801
sepsis and, 801
septic shock and, 881
shock and, 815

Platelet-derived growth factor, 789
Plavix. See Clopidogrel
PLB. See Phospholamban
Plethysmography, 217–222
Pleural edge, in catheter placement, 347f–348f
Pleural effusion, 344f

abdominal surgery and, 2173
ARDS and, 2173
atelectasis and, 2173
CABG and, 2174
catheter drainage of, 367f

CT of, 367f
CHF and, 2174
empyema and, 1669–1670, 2176–2177
hemothorax and, 2175
iatrogenic, 2176
in ICU, 354–355, 355f, 2171–2184

causes of, 2172t

liver surgery and, 1187
opacification from, 355f
pancreatitis and, 2176
pulmonary embolism and, 2177
RA and, 2467–2468
SLE and, 2475
thoracic surgery and, 1201
ultrasound of, 355f
uremia and, 2177–2178

Pleural pressure (Ppl), 672, 1985
PML. See Progressive multifocal

leukoencephalopathy
PMNLs. See Polymorphonuclear leukocytes
PMT. See Pacemaker-mediated tachycardia
Pmus, 202–203
PN. See Parenteral nutrition
PNES. See Psychogenic nonepileptic seizure
Pneumatics, 1914–1916
Pneumatosis intestinalis, 363f
Pneumocystis pneumonia (PCP), 1721

clinical presentation of, 1735–1736
corticosteroids for, 1736–1737
CPAP and, 1737
diagnosis of, 1736
HIV and, 1731, 1735–1737
NIPPV for, 1737
risk factors for, 1735
symptoms of, 1735
TMP-SMX for, 1736–1737
treatment for, 1722t, 1736–1737, 1736t

failure of, 1737
ventilation for, 1737

Pneumocystis spp., 1721
trimethoprim/sulfamethoxazole for, 1727

Pneumonectomy, 1054, 1054t
Pneumonia, 1582. See also Aspiration pneumonia;

Pneumocystis pneumonia;
Ventilator-associated pneumonia

ASI and, 1254
aspiration, CT of, 356f
associated pathogens for, 1541t
BOOP

clinical features of, 2467t
RA and, 2466–2467

BP, HIV and, 1737–1738
DKA and, 2430t
fractures and, 2164
from GNB, 1537
HAP, 1666
HCAP, 1539
heart transplantation and, 1354
HHS and, 2430t
in ICU, 1574–1575, 1651–1667
in LTCF, 1666–1667
Mycoplasma, 2564
NIV for, 1951
risk factors for, 1568–1569

Pneumonia severity index, 1657t
Pneumonic plague, 1757–1758

treatment for, 1759t
Pneumonitis

aspiration
antibiotics for, 2104
vs. aspiration pneumonia, 2101–2103

with SCT, 1420–1421
SLE and, 2475

Pneumoperitoneum, 1163–1164
Pneumothorax, 1196, 1201. See also Tension

pneumothorax
after cardiac pacing device placement,

461f
from catheter placement, 346f–351f
chest pain and, 1772
ET and, 2179
GBS and, 2234
iatrogenic, 2179
in ICU, 2178–2181

causes of, 2178t
management of, 2181
open, 1107
with severe asthma ventilation, 2131
in thoracentesis, 460, 461f
trauma patients and, 1106–1107
ventilation and, 2179–2180

PNHP. See Physicians for a National Health
Program

POB. See Power of breathing
POBN . See Noninvasive power of breathing
POCT. See Point-of-care-testing
Point-of-care-testing (POCT)

analytical sensitivity in, 391
assay performance for

in accuracy, 390–391
in precision, 390

high complexity testing in, 394
in ICU

analytical interferences in, 395
blood gases in, 394–395
theory of, 387

laboratory results of, 388t
values of, 389–390, 389f

moderate complexity testing in, 394
out-of-control runs in, 392
QA in, 389
quality control testing in, 391–392, 392t, 395
recommendations for, in ICU, 388t
regulatory issues in, 392–393
running tests at, 387–388, 388t

equations for, 389, 389f
goals of, 389

strengths of, 387
waived testing in, 393–394, 393t
Westgard quality control rules for, 392t

Poiseuille’s law, 695–696, 821
Poisoning, 987

from carbon monoxide, 1004–1005
from cyanide, 1002

NTP and, 1893
diagnosis of, 988–989
from heavy metals, 251
ICU for, 989

Polarizing solution, 844
Polarographic electrodes, 194
Policy

changes in, 9
competitive strategies of, 7
options of, 7–8
past, failure of, 7
public sector programs of, 8
rationing, 22

Poly (ADP-ribose) polymerase (PARP), 797, 867
Polyclonal antilymphocyte antibody, 1352, 1399
Polycythemia vera (PV), 2571–2572

diagnosis of, 2572t
Polyethylene glycol electrolyte lavage solution

(PEG-ELS), 2102, 2284, 2287
CHF and, 2284

Polymorphonuclear leukocytes (PMNLs), 817, 943,
1602, 2312

FES and, 2163
for pancreatitis diagnosis, 2325

Polymyositis, 2233t
Polymyositis-dermatomyositis, 2473
Polymyxin, 2700t
Polymyxin B, 1663
PONV. See Postoperative nausea and vomiting
POPC. See Pediatric Overall Performance Category
Population, 98
Population parameter, 98–99
Port catheters, 472
Portal decompressive procedures, 1182
Portal vein embolization (PVE), 1180, 1180f

with liver transplantation, 1379
Portal vein, puncture of, during TIPS procedure,

469, 469f–470f
Port-pocket infection, 1642
Ports, for vein cannulation, 422

long-term, 425
Posaconazole, 1698t, 1703t
Posdilution HF, 2397
Positioning patients

for femoral vein cannulation, 412–413,
412f–413f

for glottic opening, 528f
for internal jugular vein cannulation, 413–414,

414f
for intubation, 531
for subclavian vein cannulation, 415–418, 416f
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Positioning patients (Cont.)
SvO 2 monitoring in, 307
for vascular cannulation, 411

Positive end-expiratory pressure (PEEP), 176, 199,
275f, 671, 1056, 1193, 1900–1901,
1909–1911. See also Auto-PEEP;
Extrinsic PEEP; Intrinsic positive
end-expiratory pressure

for ARDS, 806, 1909
COPD and, 2136–2137, 2138–2139
drowning and, 2091–2092
formula for, 2668
FRC and, 2139f
obesity and, 1496
PAOP and, 179–180
PWP and, 881
spontaneous, 1928–1930
ventilation with, 1911

weaning and, 1991, 1993
Positive pressure ventilation, 670–671, 671f
Positron emission tomography (PET), 2257

of intracerebral hemorrhage, 652f
Postanesthesia care/recovery unit (PACU), 83,

1192
Postcardiac injury syndrome (PCIS), 2177
Post-coil embolization angiogram, of SMA, 489f
Postdilution hemofiltration, 2403
Posterior cerebral artery (PCA), 375
Posterior reversible encephalopathy syndrome

(PRES), 1890
Posterior tibial (PT), 1239
Postexposure prophylaxis (PEP), 137f–138f

for HIV, 1750
Postextubation distress, 2013–2021

airway obstruction and, 2018–2020
causes of, 2013–2014
consequences of, 2014
predictors of, 2014–2018, 2015t
respiratory therapy for, 2048–2050
T tubes and, 2015
treatment of, 2018–2021
ventilation weaning and, 2015

Postinflation hold, 1919
Postlegislation, judicial system involvement in,

64–67, 67t
Postoperative bleeding, radiographic imaging of,

361, 362f
Postoperative high-risk patients, SvO 2 monitoring

in, 307
Postoperative nausea and vomiting (PONV), 2100
Postoperative pulmonary complications (PPCs),

1054–1055
Postoperative thoracic patients, SvO2 monitoring

in, 306–307
Postpericardiotomy syndrome, 1876, 1878
Postpolypectomy bleeding, 2290t, 2296
Postprandial hypochondria, 768
Post-renal failure, 2383
Posttransplantation lymphoproliferative disorders

(PTLDs), 1369, 1399, 1408
EBV and, 1726–1727

Posttransport phase, of intrahospital transport, 148
Posttraumatic abdominal hemorrhage

examination of, 487, 488f
treatment of, 487–488, 490f–491f

Posttraumatic amnesia (PTA), 2256
Posttraumatic epilepsy (PTE), 2259
Posttraumatic stress disorder (PTSD), 2250–2251

ventilation and, 2004
Posttraumatic vasospasm, 1249
Postural changes, SvO2 monitoring in, 307
Postventricular atrial refractory period (PVARP),

437f
Potassium, 974, 2664

balance of, disorders of, 620–622, 621t–622t
DKA and, 2434
for esophageal injury, 2351
homeostasis, physiology of, 620
serum

for AF, 1207
for cardiovascular surgery patient, 1205

toxic megacolon and, 2340
Potassium chloride, 2282

esophageal injury from, 2350t

Potter, Francis, 2523
Pouisselle equation, 660f
Power, balance of, in collaborative care, 71
Power of breathing (POB), 199–214. See also

Noninvasive power of breathing
chest wall and, 201–202
ET and, 199, 201
extubation and, 213–214
inferences of, 209–210
initial therapy for, 200
loading factors and, 204
measurement of, 201
noninvasive monitoring of, 203–204
PSV and, 199, 200
respiratory muscles loading and, 211–213

Powered air-purifying respirator (PAPR), 2625t
in ICU, 2627

PP. See Plasmapheresis; Pulse pressure
PPCM. See Peripartum cardiomyopathy
PPCs. See Postoperative pulmonary complications
PPE. See Personal protective equipment
Ppeak. See Peak inspiratory pressure
PPG. See Photoplethysmography
PPI. See Proton pump inhibitors
Ppl. See Pleural pressure
Pplat. See Plateau pressure
PPM. See Permanent pacemaker
PPN. See Peripheral parenteral nutrition
Prasugrel, 1789, 1801
Prazosin, ARF and, 2671t
PRBCs. See Packed red blood cells
Prealbumin, 974
Preanesthesia care, 83
Predilution hemofiltration, 2403
Prednisolone, 2122, 2445t
Prednisone, 1361t, 1423, 2445t

for fulminant colitis, 2338
for idiopathic thrombocytopenia purpura, 2569
for Pneumocystis pneumonia, 1736t, 1737

Pre-eclampsia, 1441–1446
hypertension and, 1896
seizures with, 1444–1445

Pre-excitation syndromes, 685
Pre-excited tachycardia, 1870
Pregnancy, 1429–1438. See also Amniotic fluid

embolism
ABCs and, 1469t
ABG and, 1430–1431
ACLS and, 1461
acute abdomen in, 1468–1477
AF and, 1459
anesthesia in, 1474–1475
antiarrhythmics in, 1460
appendicitis in, 1471, 1472–1473
ARF in, 1445–1446
arrhythmia and, 1459–1460
aspiration and, 2097–2098, 2099
ATN in, 1445
biliary tract disease in, 1471
bleeding with, 1433–1434, 1463
brain death in, 1476
CAD and, 1459
carbon monoxide and, 1005
cardiovascular system and, 1431–1432,

1446–1461
cholelithiasis in, 1471
coagulation and, 1463
congenital heart disease and, 1457–1458
CPR in, 1437, 1461, 1476
CT in, 1471
CVA in, 1445
deaths from, 1430t, 1476
DIC in, 1445
domestic violence and, 1477
drug safety in, 1450t, 1451t
DVT and, 1432
FAST in, 171
FRC and, 1429
FVC and, 1431f
gallstones in, 1473
HCM and, 1459
heart transplantation and, 1460
hemodynamic changes in, 1447t
hypertension and, 1435–1436, 1441–1446, 1889

IBD and, 2341
idiopathic thrombocytopenia purpura and, 2570
ischemic colitis and, 2296
laparoscopy in, 1475, 1475t
liver and, 1465–1466
Marfan syndrome and, 1458
MI and, 1459
MRI in, 1471
NSAIDs and, 954
pharmacology and, 954
pheochromocytoma and, 2451
pulmonary edema in, 1437, 1445
pulmonary hypertension and, 1457–1458
SVT and, 1459–1460
tetralogy of Fallot and, 1458
thromboembolism and, 1432
trauma in, 1468–1477
ultrasonography in, 1470
VTE in, 1474

Prehospital thrombolysis (PHT), 1799–1800
Prehospital treatment, for decompression sickness,

562
Prekallikrein (PK), 741
Preload recruitable stroke work (PRSW), 692
Premature rupture of membrane (PROM), 1472
Premature ventricular contractions (PVCs), 708
Premenstrual asthma, 2111t
Preoperative radiograph, normal chest, 353f
Preparatory phase, of intrahospital transport,

147–148
Prerenal renal failure, 2382
PRES. See Posterior reversible encephalopathy

syndrome
Preschoolers, in ICU, 36
Preservation of life, 60t
Pressure autoregulation, 320–321
Pressure controlled inverse ratio ventilation

(PC-IRV), 2071–2072
Pressure points, 1595t
Pressure support ventilation (PSV), 211–212, 212f,

1926–1928, 1966–1968, 1967f, 1972f,
1982–1983, 1982f

for drowning, 2092
NIPPV and, 1943
POB and, 199, 200
respiratory muscles loading and, 212–213
triggering with, 1988f
for ventilation weaning, 2009–2010

Pressure ulcers, 1595–1597
associated pathogens for, 1542t
coma and, 2255
development stages for, 2496–2497
etiology of, 2496, 2500
HOB elevation for, 2497–2498
in ICU, prevention of, 2495–2501
obesity and, 2501
risk factors for, 2496
side turning for, 2498–2499
support apparatus for, 2499–2500
TBI and, 2500–2501

Pressure-controlled inverse-ratio ventilation
(PC-IRV), 1928, 1964–1965, 1965f

Pressure-controlled ventilation (PCV), 1915f, 1928,
1959, 1962–1966, 1962f, 1963f, 1981,
1981f

for ALI/ARDS, 1981, 2071
for asthma, 1981
for COPD, 1981
vs. HFO, 2074f

Pressure-induced myoglobinuria, 1492
Pressure-regulated volume control (PRVC),

1930–1931, 2072
Pressure-time waveforms, 1985
Pressure-volume curves (P-V), 1983f

in ALI/ARDS, 1986–1987
Pressure–volume loop, 692–693, 1976–1977,

1977f
with acute coronary occlusion, 695f

Pressure–volume relationship
of intracranial vault, 334f
in lungs, 671–672, 673f

Pressurization rate, 1982, 1983f
Preterm labor (PTL), 1469, 1473–1474
Prezista. See Darunavir
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Primary generalized epilepsy (PGE), 2214
Primary hemostasis, 739–741
Primary lactic acidosis, 771
Primary peristalsis, 2352
Pringle maneuver, 1180
PRL. See Prolactin
PRNs. See Pulmonary rheumatoid nodules
Proapoptotic signaling pathways, 725
Probability distribution, 98, 101f
Problem identification

in clinical decision-making, 81–82, 82f
clinical knowledge for, 81

Procainamide, 709, 1224t, 1861t, 2676
ADR with, 956
ARF and, 2671t

Prochlorperazine (Compazine), 232
Professional community standard, 46
Progesterone, 1465, 2417t
Prograf. See Tacrolimus
Program to Enhance Rational and Communication

Skills (PERCS), 39
Progression of Hope, 42t
Progressive multifocal leukoencephalopathy (PML),

1724
Prolactin (PRL), 2412, 2416t
Prolonged coma (PC), 2255
Prolonged daily intermittent RRT (PDIRRT),

2402
PROM. See Premature rupture of membrane
Promethazine (Phenergan), 232
Prone positioning

for ARDS, 2072
for drowning, 2093

Propafenone, 1224t, 1861t
Propagation, coagulation and, 743–744, 744f
Propofol, 965, 980, 1226, 2221t, 2676

airway management with, 524
for ALF, 2308
for anxiety, 963t
cardiovascular system and, 1092
for COPD, 2140
half-times for, 596f
in ICU, 585
infusion syndrome, 642–643
as intravenous agent, 1091–1093
lidocaine with, 1093
neurologic system and, 1092
pharmacodynamics of, 1092
pharmacokinetics of, 1092
respiratory system and, 1092
for severe asthma intubation, 2126t
for status epilepticus, 602

Proportional assist ventilation (PAV), 1931–1932,
1969–1970, 1970f

NIPPV and, 1943
Propranolol, 843, 1224t, 2676

for acute coronary syndrome, 1786
for agitation, 2260
ARF and, 2671t
for brain injury, 2259
geriatrics and, 1518
thyroid function and, 2454t
for thyroid storm, 2456t
for thyrotoxicosis, 2455

Propylthiouracil (PTU), 2455
for thyroid storm, 2456t

Prostacyclin (PGI2 ), 902, 2404
for RRT, 2405

Prostaglandins (PGs), 800, 1179, 2353t
HF and, 1823
shock and, 815

Prostate cancer, 1292
Prostatectomy, 1293
Prostatitis, 807, 1304, 1690–1691
Prosthetic heart valves, enoxaparin for, 2550
Prosurvival signaling pathways, 725
Protamine, 2545, 2676
Protease inhibitors (PIs), 1739, 1747t

drug interactions with, 1742
Protected specimen brush (PSB), 1574–1575, 1661

for flexible bronchoscopy, 506
quantitative cultures of, 506–507

Protein, 972, 974
in PN, 980–981

Protein C, 742, 803, 2144, 2506f
activated, 1655
pathway, 2538

Protein catabolic rate (PCR), 2398
Protein S, 742, 2144
Protein Z, 742
Protein-caloric malnutrition (PCM), 973
Protein-energy malnutrition (PEM), 1510–1511
Proteonomics, 761–776
Proteus spp., pancreatitis and, 2328
Prothrombin time (PT), 743, 745, 870, 907, 1272,

2166
warfarin and, 2551

Prothrombinase, 2503
Proton pump inhibitors (PPI), 1742, 1747t

diarrhea from, 2361
for esophageal injury, 2350
for SMRD, 2273–2274
for UGIB, 2271

PROWESS, 1655
Proximal isovelocity surface area (PISA), 263
Proximal tubule, 723
PRP. See Penicillin-resistant pneumococci
PRSW. See Preload recruitable stroke work
Pruritus, 2482t
PRVC. See Pressure-regulated volume control
PS. See Pulmonic stenosis
PSB. See Protected specimen brush
PSDA. See Patient Self-Determination Act
Pseudoaneurysms, 263

pancreatitis and, 2331
Pseudocysts, pancreatitis and, 2331–2332
Pseudomembranous colitis, 2588
Pseudomonas spp., 784, 1537, 2487

COPD and, 2135
pancreatitis and, 2328

Pseudo-obstruction, of colon, 1164
PSGL-1. See P selectin glycoprotein ligand
PSV. See Pressure support ventilation
Psychiatric medications, toxicity from, 992–995
Psychogenic nonepileptic seizure (PNES), 2216
Psychology, impact of, in ICU, 28–29
Psychosocial stressors, 28t
PT. See Posterior tibial; Prothrombin time
P-t. See Inspiratory pressure over time
PTA. See Pancreas transplants alone; Posttraumatic

amnesia
PTCA. See Percutaneous transluminal coronary

angioplasty
PtcO 2 . See Transcutaneous oxygen tension
PTE. See Posttraumatic epilepsy
PTH. See Parathyroid hormone
PTHrP. See Parathyroid hormone-related protein
PTL. See Preterm labor
PTLDs. See Posttransplantation

lymphoproliferative disorders
PTSD. See Posttraumatic stress disorder
PTT. See Partial thromboplastin time
PTU. See Propylthiouracil
Public information officer, 2651
Public sector programs, of policies, 8
Pulmonary ARDS, 2062
Pulmonary artery

rupture of, 2192
vasodilators of, 1209

Pulmonary artery catheter (PAC), 171–189, 837
arrhythmia and, 187
blood pressure and, 171
cardiac output and, 171
CI and, 171, 173
complications with, 187, 422–423
DO2 and, 171
echocardiography and, 240
HR and, 171
ICU and, 173
indications for, 172t, 173
measurement with, 173–178
for neurogenic shock, 931
noninvasive cardiovascular monitoring v., 163
obesity and, 187
PaO2 and, 171
placement of, 348f

lung collapse after, 352f–353f
proper position for, 175f

PVR and, 1204
for RVEF, 181
for sepsis, 880–881
for septic shock, 880–881
sterilization of, 421f
for SvO 2 , 183
SVR and, 1204
in vein cannulation, 420–422, 420f–421f
in venous oximetry, 301
VO2 and, 171
waveforms and, 174f, 421f

Pulmonary artery diastolic pressure (PAD), 179
Pulmonary artery hypertension (PAH), 1359t, 1374

BLT for, 1359
Pulmonary artery occlusion pressure (PAOP), 110,

173, 1206
acute mitral insufficiency and, 840
cardiogenic shock and, 835
clinical use of, 180–181
formula for, 2666
furosemide and, 1813
LVEDP and, 178
measurement of, 176f
Pc and, 178
PEEP and, 179–180

Pulmonary artery oxygen (PaO 2 ), SvO 2 and, 304t
Pulmonary artery pressure (PAPm), 693–694

changes in, 1221t
Pulmonary aspiration, 1498

pathophysiology of, 2101–2103
risk factors for, 2098t

Pulmonary capillary hydrostatic pressure (Pc),
PAOP and, 178

Pulmonary capillary wedge pressure (PCWP), 1834
neurogenic shock and, 926f

Pulmonary contusion, 1196–1197, 1197f
Pulmonary edema, 713

airway obstruction and, 2014f
with anesthesia, 1096
with ARF, 2395
with bilateral airspace opacification, 359f
with cardiogenic shock, 928–929, 1899
cardiogenic/noncardiogenic, 294
CPE, 1939, 1951

differential diagnosis of, 294
HBO therapy for, 570
heat stroke and, 1330
hypertension and, 1895–1896
malignant hypertension and, 1888
MS and, 1854
NCPE, 2468

differential diagnosis of, 294
NPE, 1248–1249

from brain injury, 659
in pregnancy, 1437, 1445
RPE, 2184
SLE and, 2476f

Pulmonary embolism (PE), 233–234, 819, 1199,
2143–2155

ABG for, 2150
anaphylactic shock and, 937t
ASI and, 1254
biomarkers for, 259t
BNP and, 2152
chest pain and, 1771–1772
coagulation and, 2504t
crystalloids for, 2153
CXR for, 2150, 2151
diagnosis of, 2152f

algorithm for, 1770f
differential diagnosis of, 2148f
DKA and, 2430t
ECG for, 2150–2151
echocardiography and, 237, 252–255
fluid resuscitation for, 2153
gas exchange in, 2149
heparin for, 2151
HHS and, 2430t
HIT and, 2569
imaging for, 259t
large filling defects in, 364f
LMWH for, 2543
massive, 364f
MI and, 1812



2752 Index

Pulmonary embolism (PE) (Cont.)
norepinephrine for, 2153
outcomes in, 2144f
pathophysiology of, 2147f, 2148f
PFO and, 2143
pleural effusion and, 2177
predisposing factors to, 1772t
radiographic imaging of, in ICU, 363–364,

363f–364f
resuscitation for, 2153–2155
risk stratification for, 2151–2153
shock with, 2151, 2153–2154
SLE and, 2477
SvO 2 monitoring in, 305
thrombolytics for, 1433, 2155
thyrotoxicosis and, 2455
urologic surgery and, 1293
from vena cava filters, 473, 476f
V/Q for, 2152

Pulmonary formulas, 984
Pulmonary function tests (PFTs), 1051–1057,

1190, 2472
lung transplantation and, 1363
pathology patterns and, 1053t

Pulmonary hypertension
congenital heart disease with, HLT for, 1359
hyperinflation and, 1902
pregnancy and, 1457–1458
right heart failure and, 1231–1233
SLE and, 2476
SvO2 monitoring in, 305
treatment of, 1232t

Pulmonary infiltrate, 1727
Pulmonary lymphatics, 670
Pulmonary oxygen toxicity, 2052–2053
Pulmonary rheumatoid nodules (PRNs), RA and,

2467
Pulmonary vascular resistance (PVR), 672, 672f,

693, 1822, 1901–1902, 2149
formula for, 2666
PAC and, 1204

Pulmonary vascular resistance index (PVRI), 186
calculation for, 185t
formula for, 2666

Pulmonary vasculature, arterial/venous circulation,
670

Pulmonary venous patterns (PVF)
TEE and, 245
TTE and, 245

Pulmonary wedge pressure (PWP), 874, 880
CHF and, 881
LVH and, 881
PEEP and, 881

Pulmonic insufficiency (PI), 1856–1857
Pulmonic stenosis (PS), 1856

ASDs and, 1856
IE and, 1856
PFO and, 1856

Pulsatile cardiac component (PCC), 220
Pulsation amplitude (AC), 217
Pulse contour cardiac output system, 166
Pulse oximetry, 193, 217–222, 219t, 308

arterial hemoglobin oxygen saturation by, in
noninvasive hemodynamic monitoring,
164

central venous pressure catheters and,
noninvasive hemodynamic monitoring
with, 169

errors with, 219–220
fetal, 1485
for gas embolism, 2161
Hb and, 218
history of, 217–218
nasal septum for, 220
sites for, 220
theory of, 218–219
tissue perfusion monitoring and, 193

Pulse pressure (PP), 1506
Pulse wave velocity (PWV), 1506
Pulse-dose oxygen delivery, 2045
Pulseless electrical activity (PEA), 697

tension pneumothorax and, 2180
Pulsus paradoxus, 1880
Pupil dilation, 2207

Pure motor hemiparesis, 1265
Purkinje fibers, 688
Purpura, 2482t
Pus, aspiration of, 2103
Push enteroscopy (PE), 2279, 2283f, 2286

ABG for, 2151
for ARF, 2286
for AVMs, 2286

Pustule, 2482t
PV. See Polycythemia vera
P-V. See Pressure-volume curves
PVARP. See Postventricular atrial refractory period
PvCO 2 . See Mixed venous partial pressure of CO 2
PVCs. See Premature ventricular contractions
PVE. See Portal vein embolization
PVF. See Pulmonary venous patterns
PVL. See Panton-Valentine leukocidin
PVR. See Pulmonary vascular resistance
PVRI. See Pulmonary vascular resistance index
PWP. See Pulmonary wedge pressure
PWV. See Pulse wave velocity
Pyelonephritis, 1691–1692

associated pathogens for, 1542t
Pyogenic arthritis, 1677
Pyomyositis, associated pathogens for, 1543t
Pyrazinamide (PZA), 1615
Pyridostigmine, 1100t
PZA. See Pyrazinamide

Q10. See Temperature coefficient
QA. See Quality assurance
QALY. See Quality adjusted life year
QBCs. See Quantitative blood cultures
Qf. See UF rate
QOL. See Quality of life
QRS complex, 707
Qs/Qt. See Intrapulmonary shunt
QT interval, 709
Quality adjusted life year (QALY), 8–9, 9t
Quality assurance (QA), 115

in POCT, 389
Quality control, in POCT, 391–392, 392t, 395
Quality of life (QOL)

with ARDS, 2063
cognitive impairments and, 2248

Quantitative blood cultures (QBCs), 1642–1643
Quantitative catheter cultures, 1643
Quantitative plasma amino acids, 767
Quetiapine

for agitation, 2260
for brain injury, 2259

Quinacrine, 945
Quinapril, 1830
Quinidine, 1861t

ARF and, 2671t
esophageal injury from, 2350t
mental confusion from, 956
thrombocytopenia from, 2569

Quinine, 1134
thrombocytopenia from, 2569

Quinlan, Karen Ann, 17, 55, 57–58, 67t
Quinolones, for plague, 1758
Quinupristin-dalfopristin, 1549
Quorum-sensing inhibitors, clinical value of, 405

RA. See Rheumatoid arthritis
RAA. See Renin-angiotensin-aldosterone system
Rabies, viral encephalitis and, 1711–1712
Race, end-of-life care and, 21
Racemic epinephrine, 2019, 2020
Radial artery, as cannulation site, 426
Radiation colitis, 2278–2279, 2296

HBO for, 2296
steroids for, 2296
sucralfate for, 2296

Radiation enteritis, 1176–1177
surgical therapy for, 1177

Radiation proctitis
endoscopy for, 2290t
steroids for, 2290
sucralfate for, 2290

Radiation therapy, 1325
for acute tumor lysis syndrome, 2583
LGIB and, 2282

for MSCC, 2585
thrombocytopenia from, 1133

Radical cystectomy, for bladder cancer, 1293
Radical retropubic prostatectomy (RRP), 1295
Radiocontrast media

ARF from, 2383t
Graves disease and, 2458
thyroid function and, 2454t, 2458

Radiocontrast nephropathy, 2384
Radiocontrast-induced nephropathy (RCIN), 2407
Radioisotopic tracers, for blood volume

measurement, 287
Radiologic dispersal devices (RDDs), 2610
Radionuclide scanning, for Meckel diverticulum,

2288
Radius of curvature (Rdi), 2114
RALP. See Robotic-assisted laparoscopic

prostatectomy
Ramsay Hunt syndrome, 1628–1629
Ramsay sedation scale, 584t, 965t, 2679t
Randomized Evaluation of Mechanical Assistance

in Treatment of Congestive Heart Failure
(REMATCH), 850

Ranitidine, 1134, 2673
ARF and, 2671t

RAP. See Right atrial pressure
Rapamycin (Sirolimus), 1353, 1361t, 1402

ARF from, 2383t
Rapid eye movement sleep (REM), 1494

geriatrics and, 1522–1523
Rapid plasma reagin (RPR), 1726
Rapid sequence intubation (RSI), 530–531,

2105–2106
Rapidly adapting receptors (RARs), 208–209
Raptiva. See Efalizumab
RARs. See Rapidly adapting receptors
Rash, 2482t
Rasmussen v. Fleming, 64
RASS. See Richmond agitation-sedation scale
Rathke pouch, 2411
Ratio of oxygenated hemoglobin to total

hemoglobin (StO 2 ), 195
Rationing policy, 22
Raynaud phenomenon, 2449
RBB. See Right bundle branch
RBBB. See Right bundle branch block
RBCs. See Red blood cells
RBF. See Renal blood flow
RCIN. See Radiocontrast-induced nephropathy
RCM. See Red cell mass
Rdi. See Radius of curvature
REA. See Restriction endonuclease analysis
Reactive hyperfibrinogenemia, 2520
Reactive O 2 species (ROS), 793, 799, 817, 1068

ARDS and, 2065t
Reasonable patient standard, 46
Rebleeding, with SAH, 1274–1275
Receiver operating characteristics (ROC), 169
β -receptor kinase (βARK), 1820
Recombinant coagulation factor VIIa (rfFVIIa),

914
Recombinant human atrial natriuretic factor

(rhANF), 2388
Recombinant human erythropoietin (rh-EPO),

2563
Recombinant human tPA (rh-tPA), 746–747
Recompression therapy

oxygen administration during, 556
U.S. Navy tables for, 563, 563f

Recruitment maneuvers (RMs), 2034
Red blood cells (RBCs), 2524–2525

anemia and, 2562
injury to, 2564–2565

iron and, 2532–2533
volume

concentrations of, 286f
maintenance of, 284
whole blood relationship to, plasma volume

and, 289–290
Red cell mass (RCM), 2571

erythrocytosis and, 2572
REE. See Resting energy expenditure
Re-expansion pulmonary edema (RPE), 2184
Refeeding syndrome, 624, 981
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Refludan. See Lepirudin
Refractory asthma, 2111t, 2112
Refractory status epilepticus, 2222–2223
Regional perfusion, 675
Regional ventilation, 675–676
Reglan. See Metoclopramide
Regulatory T cells, 751
Regurgitation. See also Aortic regurgitation; Mitral

regurgitation
aspiration and, in intubation, 542–543

Rejection
with kidney transplantation, 1398–1399,

1406–1407
with liver transplantation, 1379–1380
with lung transplantation, 1367–1369
with transplantation, 1351–1352

Relative adrenal insufficiency, 2444
Relaxants, in ICU, 587
Relaxation, 1823–1825

EDP and, 1824
EDV and, 1824

Religion, children’s critical care and, 52–53
REM. See Rapid eye movement sleep
REMATCH. See Randomized Evaluation of

Mechanical Assistance in Treatment of
Congestive Heart Failure

Remicade. See Infliximab
Remifentanil, 586, 963t
Remodeling, 1823
Renal abscess, 1303–1304
Renal blood flow (RBF), 722

ARF and, 724
inhalation agents and, 1087
septic shock and, 2387f

Renal cell carcinoma, nephrectomy for, hematoma
after, 362f

Renal compensation
in metabolic alkalosis, 644
in respiratory acidosis, 645, 645t

Renal dysfunction, Injury to the kidney, Failure or
Loss of kidney function, and End-stage
kidney disease (RIFLE), 2381, 2396

serum creatinine and, 2396f
UOP and, 2396f

Renal dysfunction, pharmacology and, 952–953
Renal excretion

of anions, 2668t
of cations, 2668t

Renal formulas, 983–984
Renal hypernephroma, MRI of, 485f
Renal injuries, 1298
Renal physiology, 721–729
Renal plasma flow (RPF), 721–722
Renal replacement therapy (RRT), 793, 2310,

2390, 2390t, 2393–2408
anticoagulants for, 2404, 2405t
for ARF, 2393, 2402
for CHF, 2407
for children, 2407
Cl with, 2400
dose of, 2397–2399, 2406
efficacy of, 2398
efficiency of, 2398
electrolytes and, 2395
indications for, 2395–2396, 2395t
intensity of, 2398
modalities of, 2396–2397
for MODS, 2406–2407
prescription for, 2399–2402

example of, 2401t
guidelines for, 2401t

for sepsis, 2406–2407
UFH for, 2404
vascular access for, 2404–2406
weaning from, 2395–2396

Renal salt wasting syndrome, differential diagnosis
of, 293–294

Renal system. See also Acute renal failure; Kidney
ARDS and, 2077t
burn injury and, 1315
drowning and, 2089, 2094
geriatrics and, 1512–1513
hypothermia and, 1326–1327
protective drugs for, 2388

RA and, 2470
surgery of, 1072–1076

Renal tubular acidosis, causing nonanion gap
metabolic acidosis, 641

Renal water handling, 610
Renin, 2417t
Renin-angiotensin system, 723
Renin-angiotensin-aldosterone system (RAA),

kidneys and, 284
ReoPro. See Abciximab
REPAIR-AMI. See Intracoronary Administration of

Bone Marrow-derived Progenitor Cells in
Acute Myocardial Infarction

Reperfusion, 1805–1806
RER. See Respiratory exchange ratio
Rescriptor. See Delavirdine
Research

biases in, 90t, 111
conclusion/discussion of, 111–112
consent for, 51
data analysis for, 109
findings in, 110–111, 110f
measures for, 109
six steps of, 98
study design for, 107–109
synthesis, 112
types of, 102–106, 103t

Reservoir cannula, 2044
Residents, of critical care medicine, 73
Residual neuromuscular blockade

anesthesia and, 1099–1100
etiology of, 1110t
recovery from, 1100t

Resistance, 1984–1985
Resource limitation, in clinical decision-making, 89
Respiratory acidemia, 210t
Respiratory acidosis, 645–645, 645t, 2118

anticipated changes in, 2665
causes of, 2666
metabolic mixed with, 647

Respiratory alkalosis
anticipated changes in, 2665
causes of, 646t, 2666
clinical presentation of, 647
metabolic mixed with, 647–648
pathophysiology of, 646–647
treatment of, 647

Respiratory compliance. See Compliance
Respiratory drive, 1992–1993
Respiratory events, in intrahospital transport,

146–147
Respiratory exchange ratio (RER), 1348
Respiratory failure. See also Acute respiratory

failure
with AFE, 2166
cirrhosis and, 2317–2318

differential diagnosis for, 2317t
CKD and, 728
ECLS for, 2081–2085
with FES, 1288
with neonates, 2083
neuromuscular disorders and, 2233t
NIPPV for, 2011–2012
pediatric, 2083–2084
postextubation distress from, 2014
with SCT, 1416–1417
V/Q and, 1908

Respiratory failure risk index, 1191t, 1192t
Respiratory frequency, VT and, 2007
Respiratory insufficiency, pancreatitis and,

2327
Respiratory muscles, 200

fatigue of, 210t, 2003
force generation of, 210f
loading of, 207–210, 210t

POB and, 211–213
PSV and, 212–213

testing of, 1056
weakness of, 1993–2003

acidosis and, 2001
alkalosis and, 2001
aspiration and, 2098
central nervous system and, 1994
classification limitations for, 2002–2003

from drugs, 2001–2002
electrolytes and, 2001
endocrine disturbances and, 1995
GBS and, 1994
hyperinflation and, 1994
ICU and, 1997–2001
malnutrition and, 1994–1995
metabolic acidosis and, 2001
new-onset, 1995–1996
sepsis and, 1996–1997
steroids and, 1998
thyrotoxicosis and, 2455
ventilator-associated, 1996

Respiratory quotient (RQ), 676, 980t, 984
Respiratory resistance. See Resistance
Respiratory sinus arrhythmia, 1901
Respiratory syncytial virus (RSV), 1706–1709
Respiratory system. See also Chronic obstructive

pulmonary disease; Lung; Pulmonary;
Severe acute respiratory syndrome

acid-base disorders in, 637f
causes of, 645–647, 645t

ARDS and, 2077t
brain injury and, 657f
burn injury and, 1314–1315
cirrhosis and, 2317–2318
cocaine and, 1020
drowning and, 2089
failure of, SvO 2 monitoring in, 306
geriatrics and, 1509–1510
HIV and, 1734–1738
hypothermia and, 1326
hypothyroidism and, 2459
infection of

diagnosis of, flexible bronchoscopy for,
513–514

in ICU, 1651–1670
in intrahospital transport, 146–147
liver failure and, 1374–1375
muscles for, 671
normal pattern of, 673
obesity and, 1494–1500
opioids and, 1089–1090
physiology, ventilation and, 670–671, 671f
propofol and, 1092
RA and, 2465–2468, 2466t
sepsis and, 869
septic shock and, 869
SLE and, 2475–2478
surgery of, 1068–1072

preoperative algorithm for, 1070f
risk factors with, 1070t

therapists, in critical care medicine, 74
Respiratory therapy, 1198

in critical care medicine, 74
for drowning, 2091–2092
for postextubation distress, 2048–2050

Response to injury, ebb flow phase of, 972t
Resting energy expenditure (REE), 788, 1511
Resting membrane potential, 687
Restriction endonuclease analysis (REA),

1679
Restriction ventilatory defects (RVD), lung volumes

and, 1053f
Resuscitation. See also Cardiopulmonary

resuscitation; Fluid resuscitation
for abdominal trauma, 1143–1144
acidosis and, 908–914
coagulation and, 908–914
for DKA, 2432–2433
from drowning, 2087–2088
for fulminant colitis, 2338
hemodynamic, for UGIB, 2270–2271
for hemorrhagic shock, 824, 903–904, 904t
hypothermia and, 908–914
for LGIB, 2281
for MODS, 805–806
for pulmonary embolism, 2153–2155
for sepsis, 874–875
for septic shock, 824, 874–875
for shock, 820–825
splanchnic flow and, 941–946
SvO2 during, 310f
for trauma, 1107, 1114–1116
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Reteplase, 2555
characteristics of, 2555t

Reticulocytes, 2563f
Retinol-binding protein, 974
Retinopathy, hypertension and, 1891, 1892f
Retrievable IVCFs (R-IVCF), 2145
Retropharyngeal space abscess, 1637
Retrovir. See Zidovudine
Retroviruses, 780
Return of spontaneous circulation (ROSC),

698
Reverse T3 , 2453
Reversible posterior leukoencephalopathy

syndrome (RPLS), 1890–1891
Revised trauma score (RTS), 2678t
Rewarming methods, 1328t
Reyataz. See Atazanavir
Reye syndrome, salicylates and, 2637
rfFVIIa. See Recombinant coagulation factor VIIa
Rhabdomyolysis, 1334

ARF with, 2384
cocaine and, 1020
drowning and, 2094
genetics and, 772
management of, 772
obesity and, 1492–1493

rhANF. See Recombinant human atrial natriuretic
factor

rh-EPO. See Recombinant human erythropoietin
Rheumatic heart disease, 260
Rheumatoid arthritis (RA), 1876, 2465–2472

airway and, 2469
obstruction of, 2465–2466

anesthesia and, 2469
aspirin and, 2468
BOOP and, 2466–2467
bronchiectasis and, 2466–2467
CAD and, 2469
cardiovascular system and, 2469
catheters and, 2472
central nervous system and, 2470
cervical spine and, 2468–2469
colchicine and, 2468
COPD and, 2471
cyclophosphamide and, 2468
cytokines and, 2465
drugs for, 2470t, 2471t

complications with, 2468t, 2471t
IL and, 2465
ILD and, 2467
immunosuppression and, 2472
methotrexate and, 2468
neurologic system and, 2468–2469
NSAIDs and, 2468
OB and, 2466–2467
osteoporosis and, 2470
pleural effusion and, 2467–2468
PRNs and, 2467
renal system and, 2470
respiratory system and, 2465–2468, 2466t
skin infections and, 2470
TNF and, 2465
treatment for, 2470–2472
vascular disease and, 2469–2470
vasculitis and, 2469–2470

Rhinoscleroma, 1629
Rhinosinusitis, 1629–1631
Rhinovirus spp., COPD and, 2135
rh-tPA. See Recombinant human tPA
Rib fractures, 1195, 1197f

geriatrics and, 1514
Ribavirin, 1708t

for biological agents, 2622t
Riboflavin. See Vitamin B2
Ribonucleic acid (RNA), 762
Richmond agitation-sedation scale (RASS),

2679t
Ricin toxin, as biological agent, 2620t
RIF. See Rifampin
Rifampin (RIF), 1615, 1747t

ARF and, 2670t
catheters coated with, 402–403, 403t
thrombocytopenia from, 2569

Rifaximin, 1679t, 2307

RIFLE. See Renal dysfunction, Injury to the kidney,
Failure or Loss of kidney function, and
End-stage kidney disease

Right atrial pressure (RAP), 1221t, 1933, 2148
Right atrium, in site selection, 472–473
Right bundle branch (RBB), 685f
Right bundle branch block (RBBB), 176
Right heart catheterization, 1116
Right heart failure, pulmonary hypertension and,

1231–1233
Right ventricle (RV)

dysfunction of, 1350–1351
failure of, 1825–1826, 1826t

VHD and, 1858
MI and, 838–839

Right ventricular ejection fraction (RVEF), 1827
PAC for, 181

Right ventricular end-diastolic volume index
(RVEDVI), 181

Right ventricular infarction and/or failure, 263,
1813

Right ventricular inflow tract (RVIT), 683f
Right ventricular stroke work index (RVSWI), 186

calculation for, 185t
formula for, 2667

Rigid fiberscopes, video-laryngoscopy and,
535–536, 536f

Rimantadine, 1706, 1708t
for influenza, 2637

Rise time, 1982
Risk, injury, failure, loss, end-stage (RIFLE), 2382f
Risperdal. See Risperidone
Risperidone (Risperdal), 232

for brain injury, 2259
Ritonavir (Norvir), 1745t, 1747t
Rituxan. See Rituximab
Rituximab (Rituxan), 1401, 1408, 1724, 2593

for AIHA, 2564
for idiopathic thrombocytopenia purpura, 2570

R-IVCF. See Retrievable IVCFs
RMs. See Recruitment maneuvers
RNA. See Ribonucleic acid
Robert T. Stafford Disaster Relief and Emergency

Management Assistance Act, 2650
Robotic-assisted laparoscopic prostatectomy

(RALP), 1295–1296
ROC. See Receiver operating characteristics
Rocky Mountain spotted fever (RMSF), 1711,

1764–1765
Rocuronium, 968, 969f, 1226, 2676
ROS. See Reactive O 2 species
ROSC. See Return of spontaneous circulation
Roth spots, 260
RPE. See Re-expansion pulmonary edema
RPF. See Renal plasma flow
RPLS. See Reversible posterior

leukoencephalopathy syndrome
RPR. See Rapid plasma reagin
RQ. See Respiratory quotient
RRP. See Radical retropubic prostatectomy
RRT. See Renal replacement therapy
RSI. See Rapid sequence intubation
RSV. See Respiratory syncytial virus
RTS. See Revised trauma score
RV. See Right ventricle
RVD. See Restriction ventilatory defects
RVEDVI. See Right ventricular end-diastolic

volume index
RVEF. See Right ventricular ejection fraction
RVIT. See Right ventricular inflow tract
RVSWI. See Right ventricular stroke work index
RWMA. See Analysis of regional wall motion
Ryanodine receptor (RyR), 686f, 689
RyR. See Ryanodine receptor

SA. See Sinoatrial node
SAA. See Serum amyloid A
Safeplex, 781
Safety, patient, 28t

collaborative for, 116–117
communication about, 119
compliance with, 115–116
cultural measure of, 116
defects in, learning from, 119

in ICU, 120t
improvement of, 116–118, 117t

protocols for, 121
testing for, 121–122
tools for, 119

initiatives, 115
in intrahospital transport, 153
measurement of, 115
mistakes in, 116
nonrate measures of, 118–119
outcome measure of, 116
principles of, 114t
process measure of, 116
science of, 113–114, 114t
simulation of, 122

SAH. See Subarachnoid hemorrhage
Salbutamol, 2120, 2122t
Salicylates

Reye syndrome and, 2637
thyroid function and, 2454t
toxicity from, 640, 991–992

hemodialysis for, 992t
warfarin and, 2515t

Saliva, electrolytes in, 2664t
Salivary gland infections, 1636
Salmonella spp., as biological agent, 2620t
Salt-wasting nephropathy, from brain injury, 659
Sample, 98

description of, 109–110
Sample selection, 103t
Sampling distribution, 98
Sampling rate, 159
SaO 2 , 217
SAP. See Systolic arterial pressure
SAPS I. See Simplified Acute Physiology Score I
Saquinavir (Invirase), 1746t
Sarcoendoplasmic reticulum calcium pump

(SERCA), 690, 1818
Sarcoidosis, 1719t

HF and, 1817
hypercalcemia and, 2576

Sarcolemma, 682, 687
Sarcomeres (SMs), 682, 683f, 690
Sarcoplasmic reticulum (SR), 682, 688f, 689, 690f,

1818
Sarin, 2623t
SARS. See Severe acute respiratory syndrome
SARs. See Slowly adapting receptors
SAS. See Sedation-agitation scale
Saturated solution of potassium iodide (SSKI), for

thyroid storm, 2456t
Satz v. Perlmutter, 63–64, 67t
SAVE. See Secondary assessment of victim end

point; Survival and Ventricular
Enlargement

SBFT. See Small bowel follow-through
SBP. See Spontaneous bacterial peritonitis; Systolic

blood pressure
SC. See Membrane-sieving coefficient
SCA. See Sudden cardiac arrest
SCD. See Sickle cell disease; Sudden cardiac death
SCDs. See Sequential compression devices
Schiavo case

history of, 55
trends of, 67–68

Schistocytes, 2563f
Schloendorff v. N ew York , 43, 67t
School-aged children, in ICU, 36
Schottmüller, Hugo, 855
SCID. See Severe combined immune deficiency
Scientific and technologic advisory and response

teams (START), 2651t
SCLC. See Small cell lung cancer
Scleroderma, 1876, 2473

skin and, 2487
SCM. See Sternocleidomastoid muscle
Scorpaenoidea, envenomation from, 1045
Scorpions, envenomation from, 1044
SCT. See Stem cell transplantation
SCUF. See Slow continuous ultrafiltration
SDD. See Selective digestive decontamination
SDH. See Subdural hematoma
SDHB. See Succinate dehydrogenase subunit B
SDHD. See Succinate dehydrogenase subunit D



Index 2755

SE. See Status epilepticus
Sea lice, 1046
Sea snakes, envenomation from, 1045
Sea urchins, envenomation from, 1047
Secondary assessment of victim end point (SAVE),

2603
Secondary hemostasis, 741–746
Secondary peristalsis, 2352
Sedation, 961–970

for asthma, 2125
in brain injury, desirable organ-specific effects in,

594f
in cardiovascular surgery patients, 1214
for COPD, 2140
drugs for

common, 592t
conscious, 593t
doses of, 589, 590t, 591f
properties of, 593, 594t
short-acting, for long-term care, 595–596

effects, on cerebral metabolism, 596f
in head injury, 591

main agents for, 597t
in ICU, 584–587, 585t–586t

special problems in, 591–596, 592t–594t,
595f–596f

intravenous technique for, 594t
liver surgery and, 1183–1184
in mini-surgery, 599–601
monitoring, in processed EEG, 326–327, 327t
for neurosurgical patient, 591
pattern of, 594
for pediatric cardiac surgical patient, 1225–1227
in percutaneous endoscopic gastrostomy, 601
practice guidelines for, 587–588, 588t
procedures/monitoring list for, 599t
protocols for, 588

daily interruption of, 588–589
scales for, 583, 584t, 603, 962t
scores for, 2679t
severe asthma and, 2130
techniques, for accessing airways, 530
in thermally injured patient, 594
during tracheostomy, 600–601, 600t

Sedation-agitation scale (SAS), 583, 603
Sedative-hypnotic drugs, for EEG, 325t
Seizures. See also Epilepsy

with AFE, 2166
alcohol withdrawal and, 1017–1018
cerebral edema and, 2310
control of, 661
intracranial pressure and, 2200–2201
with pre-eclampsia, 1444–1445
SE and, 2213–2224
with TBI, 1252
treatment for, 2218–2223
types of, 2213

Seldinger technique, 412, 417f, 551
Selection bias, 111
Selective digestive decontamination (SDD), 807,

2107
Selective serotonin reuptake inhibitors (SSRIs)

for brain injury, 2259
LGIB and, 2282
UGIB and, 2282

Selenium, 986
Semiquantitative roll-plate catheter culture, 1643
Sengstaken-Blakemore tube, 2273
Sensory nerve action potential (SNAP), 2229
Sensory nerve conduction studies, 2229
Sensory Stimulation Assessment Measure (SSAM),

2258
Seprafilm, 1169
Sepsis, 243, 782–783, 855–885, 1677. See also

Severe sepsis
abdomen and, 734–735
ACTH and, 871
aging and, 857
alcohol and, 791
with ALF, 2311
ALI/ARDS and, 2062
antibiotics for, 875–878, 1161
ARDS and, 2063
ARF and, 869, 2385

aspiration and, 2097
B lymphocytes and, 791
bilirubin and, 1160
BUN and, 873
CAD and, 791
cancer and, 791
cardiac output and, 865–866
cardiomyopathy and, 857
cardiovascular system and, 869
from catheter, 1214–1215
central nervous system and, 868–869
CIP and, 2238
cirrhosis and, 791, 857
coagulation and, 881
COPD and, 791, 857
CT of, in gallbladder, 365f
cytokines and, 861–862, 863t
death from, 790
definition of, 796t, 855
diagnosis of, 790t, 856t, 871–874
DIC and, 870
DM and, 791
echocardiography for, 251
epidemiology of, 856–858
ET for, 883
functional shunting in, 866f
fungal, 794
GBS and, 2234
genetics and, 864–865, 865t
GH and, 871
GI tract and, 869
glucose and, 2438t
from GNB, 858
hemostasis and, 863–864
HIV and, 791, 1732, 1738
hyperdynamic circulatory response of, 252
hyperglycemia and, 870
hypocalcemia associated with, 626
ICU and, 856
imaging of, 361–362, 361f
incidence of, 857f
infection and, 857f
inflammation and, 781–782, 881
inotropes for, 878–879
insulin and, 871
laboratory values for, 873t
management of, 874–883
microanatomic shunting in, 866f
MODS and, 791, 806–807
mortality from, 857–858
NO and, 862–863
organ system dysfunction from, 868–871,

868t
PAC for, 880–881
PAF and, 801
pathogenesis of, 858–863
respiratory muscle weakness and, 1996–1997
resuscitation for, 874–875
RRT for, 2406–2407
sex hormones and, 871
sites of, 1686t
sodium bicarbonate and, 883
SvO 2 monitoring in, 305, 306f
testing for, 794
Th2 and, 791
therapeutic interventions for, 884t
thyroid and, 871
vasopressin and, 2419
vasopressors for, 878–879
ventilation for, 883
VO2 and, 797

Septal abscess, 1629
Septic encephalopathy, 868
Septic microemboli, 2487
Septic shock, 193, 243, 855–885

ACTH and, 871, 883
anaphylactic shock and, 937t
antibiotics for, 875–878

indications for, 876t
with ARF, 869, 2393
associated pathogens for, 1543t
ATP and, 867
cardiac output and, 865–866, 867
cardiovascular system and, 869

central nervous system and, 868–869
CI in, 868f
confirmatory findings for, 871t
cortisol and, 870
definition of, 855–856
diagnosis of

algorithm for, 2442f
symptoms for, 871t

DIC and, 870
dopamine for, 879
echocardiography for, 251
ECLS and, 2085
functional shunting in, 866f
genetics and, 864–865, 865t
GH and, 871
GI tract and, 869
hemodynamic monitoring for, 880–881
HVHF for, 2406
hydrocortisone for, 2445
hyperglycemia and, 870
ICU and, 856–857
IL and, 881
inflammatory mediators of, 881
iNOS and, 862–863
inotropes for, 878–879
insulin and, 871
laboratory values for, 873t
management of, 874–883
metabolism and, 867
microanatomic shunting in, 866f
microorganism elements and, 860t
NIRS for, 867
organ system dysfunction from, 868–871, 868t
PAC for, 880–881
PAF and, 881
pathogenesis of, 858–863, 859f
RBF and, 2387f
respiratory system and, 869
resuscitation for, 824, 874–875
sex hormones and, 871
sources of, 878t
steroids for, 882–883
therapeutic interventions for, 884t
thyroid and, 871
TNF and, 881
vasopressin for, 871, 879
vasopressors for, 878–879

Septicemia, 855
ASI and, 1254

Septicemic plague, 1757
Septra. See Trimethoprim/sulfamethoxazole
Sequential compression devices (SCDs), 1494
Sequential organ failure assessment (SOFA), 735,

795, 795t, 2628t, 2682t
for cirrhosis, 2312t

SERCA. See Sarcoendoplasmic reticulum calcium
pump

Serotonin, 941, 2147
Serotonin release assay (SRA), 2569
Serotonin syndrome, fever and, 1558
Serum amyloid A (SAA), 818–819
Serum cortisol, 2445–2446
Serum creatinine, 873

dopamine and, 2388f
RIFLE and, 2396f
UF and, 2400

Serum glutamate oxaloacetic transaminase
(SGOT), 1160, 2326, 2372

Serum glutamic pyruvic transaminase (SGPT),
1160, 2372

Serum lactate, 873
for cardiovascular surgery patient, 1211

Serum lipase, 2325
Serum methanol concentration (MeOH), 2669
Serum potassium

for AF, 1207
for cardiovascular surgery patient, 1205

Serum thyroid-stimulating hormone, 2452–2453
Serum tri-iodothyronine, 2453
Severe acute respiratory syndrome (SARS), 1710

isolation for, 1750
as MCI, 2599
as pandemic infections, 2632–2634
prevention and control of, 2633–2634
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Severe acute respiratory syndrome (SARS) (Cont.)
symptoms of, 2633
transmission of, 2632–2633

Severe asthma, 2110–2131
bronchodilators for, 2130
clinical assessment of, 2119t
clinical presentation of, 2118
definition of, 2111t
diagnosis of, 2116
humidification for, 2130
hypercapnia and, 2118, 2130
intubation for, drugs for, 2126t
management of, 2118–2125, 2121f
MV and, 2127
pathophysiology of, 2112–2117
respiratory mechanics of, 2112–2115
sedation and, 2130
staging of, 2119t
VT and, 2127
ventilation for, 2126–2131

barotrauma with, 2131
complications of, 2130–2131
hypotension and, 2131
pneumothorax with, 2131
weaning from, 2130

Severe combined immune deficiency (SCID), 1411
Severe persistent asthma, 2111t
Severe sepsis

antibiotics for, indications for, 876t
confirmatory findings for, 871t
definition of, 855
diagnostic symptoms for, 871t
insulin for, 882
pathogenesis of, 858–863
sources of, 878t

Sex hormones
sepsis and, 871
septic shock and, 871

SGOT. See Serum glutamate oxaloacetic
transaminase

SGPT. See Serum glutamic pyruvic transaminase
Shands Hospital, fiberoptic bronchoscope at, with

associated cart, 533f
Shearing effect, 1595t
SHF. See Systolic heart failure
Shigatoxin-producing Escherichia coli (STEC),

1675
Shigella spp., as biological agent, 2620t
Shivering threshold, aging and, 277f
SHOCK. See Should We Emergently Revascularize

Occluded Coronaries for Cardiogenic
Shock

Shock, 813–830. See also Anaphylactic shock;
Cardiogenic shock; Distributive shock;
Hemorrhagic shock; Hypovolemic shock;
Septic shock; Traumatic shock

anesthesia and, 1095
ARDS and, 2063t
base deficit and, 829, 875
bicarbonate and, 830
blood volume measurement in, 292
classification of, 813–819, 814t, 835–836
coagulation cascade and, 817–818
complement cascade and, 815
cytokines and, 815–816
definition of, 813
diagnosis of, 819–820, 820t
DO 2 for, 829
dobutamine for, 826
dopamine for, 825–826
echocardiography for, 251
epinephrine for, 825
ET for, 794
hemodynamic monitoring for, 827–829
hemodynamic parameters of, 814t
HPA and, 929
IFN and, 815
IL and, 815
kallikrein-kinin system and, 817–818
leukotrienes and, 815
management of, 820–827
metabolism and, 908f
NIRS for, 830
norepinephrine for, 824–825

obstructive, 814–815, 835, 893
PAF and, 815
PGs and, 815
pharmacotherapy for, 824–827
phenylephrine for, 826
with pulmonary embolism, 2151, 2153–2154
resuscitation for, 820–825
steroids for, 827
tissue perfusion and, 193
TNF and, 815
transcutaneous oxygen for, 194
trauma and, 1113–1116
TX and, 815
vasopressin for, 827

Shock liver, 870, 2304t
ALF and, 2303

Shoelace technique, 1287
Short ACTH stimulation test, 2447
Short bowel syndrome, 1175–1176
Short-term, high-volume hemofiltration (STHVH),

2406
Should We Emergently Revascularize Occluded

Coronaries for Cardiogenic Shock
(SHOCK), 840, 845, 849

Shunt, 677
SIADH. See Syndrome of inappropriate antidiuretic

hormone
Sialyl Tn (STN), 2166
Sick euthyroid syndrome, 2461
Sick sinus syndrome, 1859
Sickle cell disease (SCD), 1719t, 2565–2566

acidosis and, 2566
cholecystitis and, 2566
clinical findings on, 2565t
complications with, 2566
dehydration and, 2566
hypoxemia and, 2566
infection and, 2566
oxygen for, 2566
stroke and, 2566
vaccination and, 2566

Sickness behavior, 789
SID. See Strong ion difference
Side turning, for pressure ulcers, 2498–2499
Sidestream capnography, 225–226, 229f
Sieving coefficient, 2397f

EBPT and, 2406
SIG. See Strong ion gap
Sigmoid volvulus, 2363
Sigmoidoscopy, 2279

for ischemic colitis, 2296
for LGIB, 2285

Signal processing, 158–159
Sildenafil, 1747t
Silent aspiration, anesthesia and, 2099–2100
Silver, platinum, and carbon (SPC), in catheters,

401, 1645
Silver sulfadiazine, 1321

chlorhexidine coated catheter with, 402
Simple triage and rapid treatment (START), 2603
Simplified Acute Physiology Score I (SAPS I), 1734,

2681t
Simulect. See Basiliximab
Simultaneous pancreas kidney transplantation

(SPK), 1339f, 1383, 1388
SIMV. See Synchronized intermittent mandatory

ventilation
Simvastatin/lovastatin, 1747t
Single labeling, F ratio and, 287–288
Single photon emission computed tomography

(SPECT), 2257
Single-lumen catheter, for vein cannulation,

422–423
Single-lung transplantation (SLT), 1359

for COPD, 1359
Single-nucleotide polymorphisms (SNPs), 762, 804
Single-payer national health programs, 14–16, 15f
Singlet oxygen, 2043
Single-ventricle physiology, 1233–1234
Sinoatrial node (SA), 684, 685f

abnormalities with, 1859
Sinus arrest, 1859
Sinus bradycardia, 1222, 1863f
Sinus pain, from HBO therapy, 569

Sinusitis, 1556, 1576, 1584
AFS, 1631
complications of, 1630t
rhinosinusitis, 1629–1631
risk factors for, 1569–1570

siRNA. See Small inhibitory RNA
Sirolimus. See Rapamycin
SIRS. See Systemic inflammatory response

syndrome
Sister Mary Joseph nodule, 1159
SjO 2 . See Jugular venous oxygen saturation
Sjögren syndrome, 2469, 2473
SJS. See Stevens-Johnson syndrome
Skew deviation, 2207
Skin

bacterial infections of, 2488–2489
Candida spp. and, 2490
CTDs and, 2487
dermatomyositis and, 2487
disorders of, 2481–2494

with AIDS, 2493
classification of, 2482t
with GVHD, 2493
with HIV, 2493
in ICU, 2488–2492, 2488t

fold, in catheter placement, 347f–348f
fungal infections of, 2490
HSV and, 2489
infections of, 1557

RA and, 2470
Kaposi sarcoma on, 2493, 2493f
necrosis of

from drugs, 2492
HIT and, 2569

puncture, distance of, from atria-caval junction,
415t

scleroderma and, 2487
SLE and, 2487
sterile preparation of, for vascular cannulation,

411
vasculitis and, 2488
viral infections of, 2489–2490
VZV and, 2489–2490, 2490f

SLC. See Sublingual capnometry
SLE. See Systemic lupus erythematosus
SLEDD. See Sustained low-efficiency daily dialysis
Sleep. See also Obstructive sleep apnea syndrome

breathing and, 680–681
disorders with, geriatrics and, 1522–1523

Slow continuous ultrafiltration (SCUF), 2402, 2403
Slow fibers, 200
Slowly adapting receptors (SARs), 208–209
slPCO2 . See Sublingual PCO 2
SLT. See Single-lung transplantation
SMA. See Superior mesenteric artery
Small bowel follow-through (SBFT), 2283f,

2289–2290, 2293
Small cell lung cancer (SCLC), 2583
Small inhibitory RNA (siRNA), 778
Small intestine

gastrointestinal motility disorders of,
2356–2360, 2364–2365

ileus of, 2359–2360
obstruction of, 466f

Small-bore tube changer, 345f
Smallpox, 1761–1762

as biological agent, 2618t
Smoke inhalation, 1314–1315, 1318–1319
Smoking, 1071

anxiety and, 2251
COPD and, 2133–2134

SMs. See Sarcomeres
Snakes

envenomation from
components of, 1037t
hospital treatment for, 1040t
outside United States, 1036–1042
prehospital management for, 1039t
in United States, 1027–1036

sea snakes, 1045
SNAP. See Sensory nerve action potential
Sniffing position, 521f
SNPs. See Single-nucleotide polymorphisms
SOAP, 796
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sOB-R. See Soluble leptin receptor
Social workers, 1111

for critical care medicine, 74
Society for Medical Decision-Making, 85
SOCS. See Suppressor of cytokine signaling
Sodium

metabolism of, after brain injury, 659
phosphate administration, complications with,

624–625
Sodium bicarbonate, 708

metabolic acidosis and, 883
sepsis and, 883

Sodium ipodate
thyroid function and, 2454t
for thyroid storm, 2456t

SOFA. See Sequential organ failure assessment
Soft tissue, urology and, 1304–1305
Solid organ abscess drainage, 458, 459f
Solubility, 1085
Soluble leptin receptor (sOB-R), 986
Solute diuresis, from excess urea load, 620
SOLVD, 1828
Soman, 2623t
Somatosensory evoked potentials (SSEP), 2211,

2212f, 2257
Somatostatin, 2326, 2415t
Sotalol, 1224t, 1861t
SPC. See Silver, platinum, and carbon
Specific immunity, 750
SPECT. See Single photon emission computed

tomography
Spectrophotometry, 183f, 301f
Spectrum bias, 2006
Spherocytes, 2563f
Spiders, envenomation from, 1042–1044
SPIKES protocol, 40t
Spinal cord. See also Acute spinal cord injury

injuries to, neurogenic shock and, 925
injury, 386, 386f
ischemia, 1216
MSCC, 2584–2586

Spine
cervical, normal, 384f
fracture of, 383
lumbar fracture in, 385f
neuroimaging of, 383–386, 383f–386f

Spirometry, 1051–1052
for COPD, 2134

Spironolactone, 1832
SPK. See Simultaneous pancreas kidney

transplantation
Splanchnic flow

DO 2 and, 943–944
MSOF and, 943
resuscitation and, 941–946

Spleen, 750
blunt injury to, 1144–1145
hemorrhagic shock and, 901
injury to

bleeding and, 1149
postoperative management of, 1149–1150

Splenectomy, 1719t
for AIHA, 2564

Splenic embolization, for hemorrhage, 488, 491f
Sponges, envenomation from, 1046
Spontaneous bacterial peritonitis (SBP), 2312

with cirrhosis, 2315
Spontaneous breathing, 1056, 1928–1930

COPD and, 2139–2140
with transport, 1933
ventilation weaning and, 2004f

Spontaneous diastolic depolarization, 687
Spontaneous PEEP, 1928–1930, 1934
Spontaneous tumor lysis syndrome (STLS), 2579
Sporadic infection, 2631
SPV. See Systolic pressure variation
Squamous epithelium, 2481
SR. See Sarcoplasmic reticulum
SRA. See Serotonin release assay
SRMD. See Stress-related mucosa damage
SSAM. See Sensory Stimulation Assessment

Measure
SSc. See Systemic sclerosis
SSI. See Surgical site infections

SSKI. See Saturated solution of potassium iodide
SSRIs. See Selective serotonin reuptake inhibitors
SSSS. See Staphylococcal scalded skin syndrome
ST segment analysis, 1486
Standards of disclosure, 46
Staphylococcal scalded skin syndrome (SSSS),

2485–2486
Staphylococcus aureus, 1537, 1614–1615. See also

Methicillin-resistant Staphylococcus
aureus; Vancomycin-resistant S. aureus

acute mitral insufficiency and, 839
as biological agent, 2620t
CRBSI and, 1646
in gallbladder, 365f
GVHD and, 1729
methicillin-resistant, 140
in nosocomial bloodstream infection, 399–400,

400f
STAR. See Suture tension adjustment reel
Starches, 823
Starling curves. See Frank-Starling curves
START. See Scientific and technologic advisory and

response teams; Simple triage and rapid
treatment

STAT head CT, 1268
State interest test, 58–60, 60t
Static compliance, 1984
Statins, for acute coronary syndrome, 1779
Statistical concepts

of medical literature, 98–102, 98t, 99f–101f,
100t, 102t

nomenclature for, 98t
techniques/tools for, 102t

Status asthmaticus, 2111t
analgesia for, 602
anaphylactic shock and, 937t
drug therapy for, for intubation, 603
flexible bronchoscopy for, 516
ventilation settings for, 2128t

Status epilepticus (SE), 2211
clinical presentation of, 2216
control of, 661
definition of, 2214
diagnosis/treatment of, 601–602
drugs for, 2220–2222
EEG for, 2216–2217, 2217f
epidemiology of, 2214
etiology of, 2214–2215
initial management of, 2220t
laboratory evaluation of, 2220t
LP for, 2217
pathophysiology of, 2215
prognosis for, 2223–2224
refractory, 2222–2223
seizures and, 2213–2224
substance abuse and, 2217
treatment for, 2218–2222

Statutory right, 64
Stavudine (Zerit), 1743t, 1749t
Steakhouse spasm, 2346–2347
Steakhouse syndrome, 2345
STEC. See Shigatoxin-producing Escherichia coli
Stem cell transplantation (SCT), 1411–1424, 2573

ABO blood types and, 1413t
ARF with, 1417
ASTAMI, 851
blood products and, 1412
cataracts and, 1423
cytomegalovirus and, 1412, 1420
diarrhea with, 1415
EBV and, 1421
electrolytes and, 1412
fertility and, 1423
fever with, 1415
growth and development with, 1422–1423
GVHD in, 1419–1422
HF with, 1417
HSCT, 1728–1729
HUS and, 1423
hypotension with, 1412
hypothyroidism with, 1422
neutropenia with, 1415
pneumonitis with, 1420–1421
respiratory failure with, 1416–1417

Stem cells, 2561
for MI, 851

STEMI. See ST-segment elevation myocardial
infarction

Sterile barriers
maximal, for reducing infection, 401–402

in vein cannulation, 423
in vascular cannulation preparation, for

skin/operator, 411
Sternocleidomastoid muscle (SCM), 199, 200,

414f, 418f
Steroid-dependent asthma, 2111t, 2112
Steroid-resistant asthma, 2111t
Steroids, 945, 1719t

for adrenal insufficiency, 932
for AIHA, 2564
for ARDS, 2067–2068
for aspiration, 2104
for asthma, 2123
DKA and, 2430t
HHS and, 2430t
for intracranial pressure elevation, 2203
for radiation colitis, 2296
for radiation proctitis, 2290
respiratory muscle weakness and, 1998
for septic shock, 882–883
for shock, 827
warfarin and, 2515t

Stevens-Johnson syndrome (SJS), 1742, 1748t,
2485

Stewart approach, 635
traditional approaches v., 636

Stewart-Hamilton equation, 182, 182f
STHVH. See Short-term, high-volume

hemofiltration
STIFF-MOD. See Left ventricular stiffness

modulus
Stingrays, envenomation from, 1044–1045
STLS. See Spontaneous tumor lysis syndrome
STN. See Sialyl Tn
StO 2 . See Ratio of oxygenated hemoglobin to total

hemoglobin
Stomach, gastrointestinal motility disorders of,

2356–2360, 2364
Stool color, 2281
Storage lesion, 2524
Storage pool disease, 1130
Storar case, 61–62
Straight blades, 532
Strain rate, 253f
Streptococcus spp., 756, 1163, 1598, 1599, 1601

CAP and, 1651
COPD and, 2135
fever and, 1553
GVHD and, 1729

Streptokinase, 746, 1169, 2554, 2676
characteristics of, 2555t

Streptomycin
for biological agents, 2622t
for plague, 1758
for tularemia, 1756

Stress
clinical decision-making and, 91
HPA and, 2419
peptic ulcer disease from, 2267
psychosocial, 28t

Stress gastritis, 1156, 1238
with TBI, 1252

Stress relaxation, 1824
Stress response, 787, 788f

anesthesia and, 1096–1098
hypermetabolism and, 790
insulin for, 792
normal, 788–790

deviation from, 790–791
opioids and, 1090
prevention and, 791–792
treatment and, 791–792

Stressors, 2412–2413
Stress-related mucosa damage (SRMD), 2273–2275
fluid resuscitation for, 2273
pathogenesis of, 2274f
pH and, 2274–2275
risk factors for, 2274t
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Striatal microdialysis-perfusate glutamate, in rats,
279f

Stroke, 1260–1275
aspiration and, 2097
cognitive impairments and, 2248
diagnosis of, 2228
dysphagia with, 1270
epilepsy and, 1261
genetics and, 772–774
geriatrics and, 1521–1522
HBO treatment of, 566–567
HIT and, 2569
hyperglycemia with, 1270–1271
hypertension and, 1888–1889

treatment for, 1894
hypothermia for, 1268
ischemic, 375, 662, 1261–1271

treatment of, 662
metabolism and, 773–774
mistaken conditions like, 1261t
MRI for, with diffusion, 376
neuroimaging of, 375–379, 376f–379f
oropharyngeal dysphagia and, 2352
SCD and, 2566
from thromboembolism, 773
vital signs and, 1268

Stroke volume (SV), 696, 930
formula for, 2666
LVEDP and, 181f

Stroke volume index (SVI), 173, 185–186
calculation for, 185t
formula for, 2666

Stroke volume variation (SVV), 188
Stroke work (SW), 692
Strong ion difference (SID), 635
Strong ion gap (SIG), 635–636
Structured lipids, 986
ST-segment elevation myocardial infarction

(STEMI), 262, 1508, 1776
abciximab for, 1801f
ACE-I for, 1802
antiplatelets for, 1800–1801
aspirin for, 1800
β -adrenergic antagonists for, 1800
CABG and, 1806

management algorithm for, 1778f
complications with, 1795–1796
definition of, 1795
differential diagnosis for, 1798t
fibrinolysis for, 1799–1800
glycoprotein receptor antagonists for, 1801
hypertension and, 1889
lidocaine for, 1802
LMWHs for, 1801
magnesium for, 1802
management of, 1795–1813, 1797t, 1808t

in emergency, 1811f
nitrates for, 1800
oxygen for, 1800
pain management for, 1798–1799
pathogenesis of, 1795–1796
PCI for, mortality and, 1812f
thienopyridines for, 1800–1801
UFH for, 1801

Stuck wires, in foreign body retrieval, 483
Study design, 107–109
Sturli, Adriano, 2523
Stylet

lighted, 534f
malleable, 528f
optical, 532f, 536

Subarachnoid hemorrhage (SAH), 925, 1077–1079,
1245, 1246, 1273–1275, 1273f

cardiogenic shock and, 926–929
complications of, 1078–1079, 1274t
CSF and, 1273
CT of, 928
electrolytes and, 1078–1079
grading system for, 1077t
hyperglycemia and, 1079
hyponatremia with, 1274
neurogenic shock and, 926f
neuroimaging of, 373–374, 373f–374f
rebleeding with, 1274–1275

severity scale for, 1273t
treatment for, 661–662, 1895
vasospasm with, 1275

Subclavian vein cannulation
anatomy for, 416f
positioning patient for, 415–418, 416f

Subdural empyema, 383
Subdural hematoma (SDH), 1245

axial noncontrast CT of, 372f, 373
Subfalcine herniation, neuroimaging of, 369, 369f
Subglottic stenosis, 2057
Sublingual capnometry (SLC), 945
Sublingual PCO 2 (slPCO2 ), 945
Sublingual tonometry, 197, 945
Substance abuse, 1015–1026, 2430t. See also

Alcohol; Cocaine
SE and, 2217

Substance P, 2065t, 2353t
Substituted judgment standard

cases of, 60–61
convincing proof for

for incapacitated adults, 61–62
for minors, 62–63

Succinate dehydrogenase subunit B (SDHB),
2448–2449

Succinate dehydrogenase subunit D (SDHD),
2448–2449

Succinylcholine, 955, 2675–2676
Sucralfate

for radiation colitis, 2296
for radiation proctitis, 2290
thyroid function and, 2454t

Sudden asphyctic asthma, 2116
Sudden cardiac arrest (SCA), 697
Sudden cardiac death (SCD), 775, 1509
Sudden catastrophic events, communication in, 41
Sufentanil, 2676
Suicide

esophageal injury and, 2350–2351
physician-assisted, 22–25, 23t–24t
prevention of, 60t

Sulfa drugs, 1134
Sulfamylon. See Mafenide acetate
Sulfasalazine, complications with, 2471t
Sulfinpyrazone, warfarin and, 2515t
Sulfite, anaphylactic shock and, 937t
Sulfonamides, 2567

ARF from, 2383t
warfarin and, 2515t

Sulfonylureas, 1007–1008
Sulfur mustard, 2624t
Superior mesenteric artery (SMA), 1159, 2281

angiogram of, 488f
angiography and, 2289
embolus of, 1165f, 1166f
post-coil embolization angiogram of, 489f
in vascular pathology, 484, 487f

Superior vena cava (SVC), 684f
catheter placement in, 344
central catheter in, 346f
drainage of, 477–478
filtering placed in, 476f

Superior vena cava syndrome (SVCS), 2581–2583
Superoxide anion, 799, 817, 902
Superoxide dismutase, 844, 1068
Supplemental oxygen (FiO 2 ), 184, 184f

obesity and, 1496
Support apparatus, for pressure ulcers, 2499–2500
Support lines, in ICU, 343–352, 344f–352f
Suppressor of cytokine signaling (SOCS), 782
Suppurative intracranial thrombophlebitis, 1624
Suppurative phlebitis, 1574
Supraglottis, 1635
Suprapubic cystostomy, 1300
Suprapubic drain placement, procedures in, 462
Suprarenal aortic aneurysm, 1241
Supraventricular tachycardia (SVT), 1222

with aberrancy, 1870
electrical cardioversion for, 707
jugular pulsation and, 1864t
pregnancy and, 1459–1460

Supreme Court, 64–67, 67t
Surfactant, 2076

for drowning, 2093

Surgery
status V category, ASA mortality rates for, 604f
Tes during, 281f

Surgical feeding tubes, 498
Surgical gastrostomy, feeding tubes for, 501
Surgical jejunostomy, feeding tubes for, 501–502,

501f–502f
Surgical site infections (SSI), 1564–1586

classification of, 1593, 1594f, 1594t
from gram-positive organisms, 1571
prevention of, 1569t
risk factors for, 1568t

Surgical tracheostomy (ST), 2058
Surrogates

critically ill children and, 53
decision-making by, 48–49
in end-of-life care, 18

Survival and Ventricular Enlargement (SAVE), 844,
1829

Survival of Patients with Acute Heart Failure in
need of Intravenous Inotropic Support
(SURVIVE), 848

SURVIVE. See Survival of Patients with Acute
Heart Failure in need of Intravenous
Inotropic Support

Surviving Sepsis Campaign, 2402, 2438t
Sustained low-efficiency daily dialysis (SLEDD),

2398, 2402
Sustiva. See Efavirenz
Suture tension adjustment reel (STAR), 1287
Suxamethonium, 2353t

sensitivity to, 955, 955t
SV. See Stroke volume
SVC. See Superior vena cava
SVCS. See Superior vena cava syndrome
SVI. See Stroke volume index
SvO 2 . See Central venous oxygen delivery; Venous

oxygen saturation
SVR. See Systemic vascular resistance
SVRI. See Systemic vascular resistance index
SVT. See Supraventricular tachycardia
SVV. See Stroke volume variation
SW. See Stroke work
Swain, Paul, 2287
Swan-Ganz catheter, 153, 432f
Sweat, electrolytes in, 2664t
Swiss cheese model, 114f
Sympathetic nervous system, 688–689
Synchronized intermittent mandatory ventilation

(SIMV), 1212, 1926, 1927f, 1970–1973,
1971f, 1972f

Syncope, with abdominal pain, 1159
Syncytiotrophoblast, 1479
Syndrome of inappropriate antidiuretic hormone

(SIADH), 659, 976, 1079
HIV and, 1740
hyponatremia from, 1274

Syphilitic meningitis, 1615
Systemic inflammatory response syndrome (SIRS),

243, 251, 730, 781, 788f, 815, 816f
ALF and, 2310
clinical parameters of, 815t
definition of, 855, 856t
FES and, 2164
with fractures, 1281
MODS and, 796

Systemic lupus erythematosus (SLE), 756, 1711,
2473–2478

BOS and, 2477
CAD and, 2478
cardiovascular system and, 2478
diagnosis of, 2474t
glomerulonephritis in, 2475, 2475t
myocarditis and, 2478
NE and, 2588
neurologic system and, 2478
pericarditis and, 1876
platelets and, 2517
pleural effusion and, 2475
pneumonitis and, 2475
pulmonary edema and, 2476f
pulmonary embolism and, 2477
pulmonary hypertension and, 2476
respiratory system and, 2475–2478
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skin and, 2487
VHD and, 2478

Systemic mastocytosis, anaphylactic shock and,
937t

Systemic sclerosis (SSc), 2473
Systemic vascular resistance (SVR), 693, 866, 929,

2148
calculation for, 185t
formula for, 2666
neurogenic shock and, 929
PAC and, 1204

Systemic vascular resistance index (SVRI), 186
formula for, 2666

Systolic arterial pressure (SAP), 276f
Systolic blood pressure (SBP), 188, 695

echocardiography and, 239–242
hypertension and, 1887
hypotension and, 1249

Systolic heart failure (SHF), 239
morphologic and function changes in, 255t
ventricular remodeling in, 254f

Systolic hypertension syndrome, 1506
Systolic pressure variation (SPV), 188, 222

T lymphocytes, 750–751, 789
anesthesia and, 1088
cytokines and, 2561
glucocorticoids and, 2423

T tube, 682, 689, 690f
biliary, 502f
postextubation distress and, 2015
for ventilation weaning, 2010–2011

T3. See Tri-iodothyronine
T3 resin uptake, 2453
T4. See Thyroxine
Tabun, 2623t
TACE. See Transarterial chemoembolization
Tachyarrhythmias, temporary cardiac pacing for,

430t
Tachycardia, 1222–1223. See also Supraventricular

tachycardia; Ventricular tachycardia
cardiogenic shock and, 930
DBP and, 242–243
hyperthyroidism and, 2454
narrow QRS, 1861–1869
pre-excited, 1870
treatment algorithm with, 712f
wide QRS, 1869–1872

Tachyphylaxis, 2579
Tacrolimus (Prograf, FK-506), 1361t, 1401,

1424
adverse effects of, 1402t
ARF from, 2383t
drug interactions with, 1401t

TACUREA. See Time-averaged blood urea
concentration

TAE. See Transcatheter arterial embolization
TAFI. See Thrombin activatable fibrinolysis

inhibitor
TAI. See Traumatic aortic imaging
Takotsubo cardiomyopathy, 928
Tamoxifen, 2593

hypercalcemia and, 2576
Tamponade. See Cardiac tamponade
TandemHeart, 850–851
TAR. See Titratable alkaline reserve
Targeted mutation analysis, 762
Taxanes, 2590, 2592
Taylor dispersion, 2072
TB. See Tuberculosis
TBG. See Thyroxine-binding globulin
TBI. See Total body irradiation; Traumatic brain

injury
TBSA. See Total body surface area
T c. See Tympanic membrane core temperature
T c-99m diethylene triamine penta-acetate (DTPA),

brain death study, 371f
TCD. See Transcranial Doppler
T-cell antigen receptors (TCRs), 751
T-cell defects, 1719t
T-cell receptor (TCR), 752
TCR. See T-cell antigen receptors; T-cell receptor
TD. See Traveler’s diarrhea
TDI. See Tissue Doppler imaging

Tdi. See Tension development
TEA. See Thoracic epidural analgesia
TEB. See Thoracic electric bioimpedance
TEE. See Total energy expenditure;

Transesophageal echocardiography
TEG. See Thromboelastogram
Tegaserod (Zelnorm), for gastroparesis, 2358
TEI. See Total ejection isovolume index
Telavancin, 1551
Temperature

in brain interactions, 319f
monitoring of

history of, 271
sensors for, 274f
sites of, 272–273
thermometers for, 271–272
thresholds for, 274f

Temperature coefficient (Q10), 319f
Temperature conversions, 2661t
Temperature-related injuries, 1325–1334
Temporal artery, as cannulation site, 426
Temporary cardiac pacemakers

American College of Cardiology/American Heart
Association classification of, 430t

for bradyarrhythmias, 430t
common pacing modes for, 431t
indications for, 429, 430t
patient assessment for, 434
preparing equipment for, 434, 434f
for tachyarrhythmias, 430t

Temporary pacing catheters
alternative methods of, 439, 439f
choosing of, 429–432, 430t–431t, 432f–433f
complications with, 437
configurations for, 433f
pace sensing determinant for, 435, 435f–436f
placement of, 435, 435f
postinsertion care for, 435–436, 436f
sensitivity testing of, 436f
troubleshooting for, 436–437, 436f–437f
unit for, 433f
venous access for, 434, 434t

TEN. See Total enteral nutrition; Toxic epidermal
necrosis

Tenase, 2503
Tenecteplase (TNK), 1799, 2555

characteristics of, 2555t
Tenofovir disoproxil fumarate (Viread), 1744t,

1749t
Tenofovir-emtricitabine (Truvada), 1744t
Tenofovir-emtricitabine-efavirenz (Atripla), 1744t
TENS. See Transcutaneous electrical nerve

stimulation
Tension component, in catheter placement, in

mediastinum, 347f
Tension development (Tdi), 2114
Tension pneumothorax, 1196, 2180–2181

with ARDS, 2180–2181
CXR for, 2180
management of, 2181
PEA and, 2180
trauma patients and, 1106–1107

Tension-time index of the diaphragm (TTdi), 207,
2003, 2004f

Terbutaline, 2122, 2122t
Terlipressin, 827

for HRS, 2315
Terminal condition, 65
Terminally ill patient

capacitated, 63–64
treatment withdrawal in, 21

Tertiary survey instrument, 1124–1125, 1125f,
1126f

Tes. See Esophageal temperature
Testicular torsion, 1292
Testosterone, 2417t
Test-referral bias, 2006
Tetracosactin, 2444
Tetracycline, 2697t

ARF and, 2670t
esophageal injury from, 2350t
for plague, 1758

Tetralogy of Fallot, 1222
pregnancy and, 1458

Texas, futile care in, 20
TF. See Tissue factor
TFPI. See Tissue factor pathway inhibitor
TGF. See Transforming growth factor
Th. See T-helpers
Thalidomide, 1424, 2593
THAM. See Tris-hydroxymethyl aminomethane
T-helpers (Th), 790, 2423

sepsis and, 791
Theophylline

for asthma, 2122t, 2124
diarrhea from, 2361
esophageal injury from, 2350t
mental confusion from, 956
for renal protection, 2388

Therapeutic hypothermia
mechanism of, 278–279, 279f
systemic consequences of, 278

Therapeutic peritoneal lavage, 2327–2328
Therapeutic plasma exchange (TPE), 2402
Therapeutic window, for ischemia, 279
Thermal injury

HBO treatment of, 566
sedation in, 594

Thermogenesis
diet-induced, 280, 281–282
fructose in, 280

Thermometers
electronic contact, 272
infrared aural canal, 272
mercury-in-glass maximum, 271–272
tympanic, 272

Thermoneutral zone, 275f
Thermoregulation

afferent input for, 273–274
anesthetics and, 277, 278f
autonomic, 273f
behavioral, 273f
central control for, 274, 274f
concentration-dependent, inhibition, 278f
control mechanisms for, 277f
efferent responses for, 274–277, 274f–278f
signaling in, 273f

Thiamine. See Vitamin B1
Thiazide diuretics, 2517

hypercalcemia and, 2576
Thiazolidinediones, 1007–1008
Thienopyridines, 1788–1789

for STEMI, 1800–1801
Thioamides, for thyroid storm, 2456t
Thiocyanate, toxicity with, 1002
Thiopental, 2676

half-times for, 596f
Thiopurine methyltransferase (TPMT), 776
Thiotepa, toxicity of, 1412t
THK-2, 2166
Thoracentesis, 2172–2173

complications of, 2183–2184
diagnostic/therapeutic, 459–461, 461f
pneumothorax in, 460, 461f
side effects during, 460
ultrasound in, 461f

Thoracic aortic dissection, 1216–1217
TEE for, 258

Thoracic electric bioimpedance (TEB), 1116
applications of, 164
in cardiac conditions, 165
cardiac output monitoring by, 164

Thoracic epidural analgesia (TEA), 1500
Thoracic surgery, 1190–1202

airway and, 1198
complications with, 1198–1200, 1199t,

1200t
infection with, 1201
NIPPV and, 1953
pain management for, 1194–1195
pleural effusion and, 1201
ventilation for, 1193t

Thoracic trauma, 1195
algorithm for, 1196f

Thoracostomy
open, 442f
percutaneous, techniques for, 441–442,

442f
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Thoracostomy (Cont.)
tube

indications for, 441
techniques for, 441–442, 442f

Thoracotomy, 904, 904t
Thoratec pVAD, 1844f
Three-compartment circulatory shock model,

2149f
Thrombin, 2147

HIT and, 2546
Thrombin activatable fibrinolysis inhibitor (TAFI),

746, 800, 864f, 2506
Thrombin inhibitors, 2551–2553
Thrombin time (TT), 745, 1131
Thrombin-sensitive factors, 742
Thrombocytopenia, 848, 1130, 2568–2571

alcohol and, 2571
ARDS and, 2077t
bleeding and, 2504t
bone marrow disorders and, 2571
in cardiovascular surgery patient, 1212
causes of, 2568t
from chemotherapy, 1133
from drugs, 2517, 2569
from heparin, 1134
with infection, 2569
with kidney transplantation, 1405
with massive transfusion, 912
from radiation therapy, 1133

Thrombocytosis, 2572–2573
treatment for, 2573

Thromboelastogram (TEG), 746, 907–908, 908f,
2167

Thromboembolism. See also Venous
thromboembolism

HHS and, 2437
pregnancy and, 1432
stroke from, 773

Thrombolysis in Myocardial Infarction (TIMI),
843, 1777, 1786

Thrombolytics, 844–845, 1268–1269, 2537–2556,
2676

for acute tumor lysis syndrome, 2583
characteristics of, 2555t
LGIB and, 2294
for pulmonary embolism, 1433, 2155

Thrombophlebitis, 807
Thrombopoietin, 2415t
Thrombospondin-1, 727
Thrombotic microangiopathy (TMA), 2565, 2570

HIV and, 2569
Thrombotic thrombocytopenia purpura (TTP),

1133, 1677, 2510–2511, 2565,
2570–2571. See also Idiopathic
thrombocytopenia purpura

coagulation and, 2504t
HIV and, 2569
laboratory findings on, 2508t

Thromboxane (TX), 800, 941
shock and, 815

Thrombus, 380, 380f
complications with, in vein cannulation,

423
Thymectomy, 2237
Thymoglobulin, 1399
Thymus, 750
Thyroid, 521f, 2411. See also Hyperthyroidism;

Hypothyroidism
β -adrenergic antagonists and, 2461
airway obstruction and, 2461–2462
disease with, in ICU, 2452–2462
drugs and, 2453–2457, 2454t, 2457
glucocorticoids and, 2461
lymphoma of, 2461–2462
radiocontrast media and, 2458
sepsis and, 871
septic shock and, 871

Thyroid function tests, 2452–2453
interpretation of, 2453t

Thyroid hormone, 1230, 2424t
Thyroid stimulating hormone (TSH), 871, 2411,

2415t, 2419, 2461
corticosteroid insufficiency and, 2444
serum, 2452–2453

Thyroid storm, 2455–2457
hyperthyroidism and, 2455
management of, 2455–2457
precipitants of, 2455t
treatment for, 2456t

Thyroidectomy, hypocalcemia and, 2462
Thyroid-stimulating hormone, 2452–2453
Thyrotoxic periodic paralysis (TPP), 2458
Thyrotoxicosis, 2454–2455

amiodarone and, 2457
cardiovascular system and, 2454
hypercalcemia and, 2576
PE and, 2455
respiratory muscle weakness and, 2455
symptoms of, 2454t
treatment of, 2455

Thyrotropin-releasing hormone (TRH), 2412
Thyroxine (T4), 2415t, 2419, 2461

free, 2452–2453
warfarin and, 2515t

Thyroxine-binding globulin (TBG), 2461
TIA. See Transient ischemic attack
Ticarcillin, 2686t

ARF and, 2670t
Ticarcillin/clavulanate, 2686t–2687t
Ticlopidine, 1131, 1788–1789, 2542

platelets and, 1134
Tidal volume (VT )

with ARDS, 1193
cognitive impairments and, 2247
dead space and, 1991
diaphragm and, 199
formula for, 2667
with HFO, 2032
respiratory frequency and, 2007
severe asthma and, 2127

Tigecycline, 1551
Time of day, in critical care, 77–78
Time to task failure, 2004f
Time-averaged blood urea concentration

(TACUREA), 2398–2399
IHD and, 2400

TIMI. See Thrombolysis in Myocardial Infarction
Tipranavir (Aptivus), 1746t, 1747t
TIPS. See Transjugular intrahepatic portosystemic

shunt
Tirofiban (Aggrastat), 1790t, 1791, 2542
Tissue blood flow, 195–196
Tissue distribution, of anesthesia, 1085–1086
Tissue Doppler imaging (TDI), 241
Tissue factor (TF), 739, 743, 2503

coagulation and, 800
TNF and, 2504

Tissue factor pathway inhibitor (TFPI), 800, 859f,
864, 2537

Tissue hypoxia, consequences of, 300, 300f
Tissue oxygen monitoring, 194–195

with NIRS, 196
Tissue perfusion

evaluation of
NIRS and, 166
transcutaneous oxygen/carbon dioxide for, 165

thoracic electric bioimpedance combined
with, 165

monitoring of, 193–197
pulse oximetry and, 193

shock and, 193
Tissue plasminogen activator (Alteplase, tPA), 802f,

818, 1264, 1268, 2676
blood pressure and, 1269t
characteristics of, 2555t
contraindications for, 1264t
inclusion criteria for, 1264t

Tissue-generated patches, 851
Tissue-type plasminogen activator (tPA), 746,

2554–2555
Title, of medical literature, 106–107
Titratable alkaline reserve (TAR), 1005
TITtot . See Total respiratory cycle time
TIVA. See Total intravenous anesthesia
Tizanidine, for brain injury, 2259
TLC. See Total lung capacity
TLRs. See Toll-like receptors
Tm. See Tropomyosin

TMA. See Thrombotic microangiopathy
TMP. See Transmembrane pressure
TMP-SMX. See Trimethoprim/sulfamethoxazole
TnC. See Troponin C
TNF. See Tumor necrosis factor
TnI. See Troponin I
TNK. See Tenecteplase
To Err Is Human: Building a Safer Health System,

123, 125
Tobramycin, 2701t

ARF and, 2670t
Tocolysis, 1473–1474
Tolbutamide, warfarin and, 2515t
Toll-like receptors (TLRs), 860

microbial ligands of, 862t
Toluene, 2567
Tonsillar herniation, neuroimaging of, 371
Tonsillitis, 1633
TOPCARE-CHD. See Transcoronary Transplant of

Progenitor Cells after MI with Chronic
Ischemic Heart Disease

Topiramate
for PTE, 2259
for SE, 2222

Toprol-XL. See Metoprolol
Torsade de pointes, 1872, 1873f
Total artificial hearts, 1214
Total body irradiation (TBI), 1411
Total body surface area (TBSA), 1313
Total ejection isovolume index (TEI), 241
Total energy expenditure (TEE), 1512
Total enteral nutrition (TEN), 975

for traumatic patients, 1156
Total intensity (DC), 217
Total intravenous anesthesia (TIVA), 596, 1493
Total lung capacity (TLC), 672, 672f, 1051, 1053,

1902f
formula for, 2668

Total parenteral nutrition (TPN), 736, 975,
1176–1177, 1641

administration of, 409
diarrhea with, 2361
DKA and, 2430t
for EBD, 733
for esophageal caustic injury, 2348
HHS and, 2430t
orders for, 977–978
for pancreatitis, 2327

Total respiratory cycle time (T I Tt ot), 201
Total T4 measurement (TT4 ), 2453
Toxic adenoma, 2455
Toxic alcohols, 998–1000
Toxic epidermal necrosis (TEN), 1742, 1748t,

2485
Toxic ingestions, anion gap acidosis associated

with, 640
Toxic megacolon, 2339–2341

antibiotics for, 2340
clinical features of, 2340
corticosteroids and, 2340
cytomegalovirus and, 2339
diagnosis of, 2340, 2340t
fluid resuscitation for, 2340
management of, 2340–2341
potassium and, 2340
predisposing factors for, 2339–2340

Toxic multinodular goiter, 2455
Toxic octopi, envenomation from, 1047
Toxic shock syndrome, associated pathogens for,

1543t
Toxic shock syndrome toxin 1 (TSST-1), 859f, 861
Toxicity, 987. See also Poisoning

with acetaminophen, 989–991
with acetylcholine, 1000–1002
with aconitine, 1009
with alcohol, 1015–1016
with antibiotics, 1547t–1548t
with antidepressants, 993–994
with antidiabetic agents, 1007–1008
antidotes for, 1014t
with antifungals, 1548t
with β -adrenergic antagonists, 997–998
with belladonna, 1008
with benzodiazepines, 993
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with carbon monoxide, 1004–1005
with CCBs, 997–998
of chemotherapy, 2590–2594
with cholinergics, 1000–1002
with cicutoxin, 1008–1009
with cocaine, 1019–1020
with cyanide, 1002
with digoxin, 995–997
with hydrofluoric acid, 1006–1007
with lithium, 994–995
with methemoglobin, 1002–1004
with mushrooms, 1009–1010
with nicotine, 1008
with nitroprusside, 1002
with NSAIDs, 991–992
with opioids, 1022–1023

clinical manifestations of, 1023t
with psychiatric medications, 992–995
with salicylates, 991–992
with thiocyanate, 1002
treatment refusal for, 1010

Toxicology, 987–1010
Toxidromes, 988t
Toxin A, 859f
Toxoplasmosis, 1727

of central nervous system, 1738–1739
tPA. See Tissue plasminogen activator
TPC. See Tracheal pressure control
TPE. See Therapeutic plasma exchange
TPG. See Transpulmonary gradient
TPMT. See Thiopurine methyltransferase
TPN. See Total parenteral nutrition
TR. See Tricuspid regurgitation
Trabeculae, 683
TRACE. See Trandolapril Cardiac Evaluation
Trace gases, in HBO, 561
Tracers, for blood volume measurement, 287
Trachea, 666
Tracheal bougies, 530f, 537
Tracheal damage, 547
Tracheal intubation

accessing airway for, 525–526
capnography for, 537
Cheney test for, 538
confirmation of, 537–538
equipment for, 526–527, 526f–527f
indications for, 520t
other devices for, 537–538
physical examination for, 537
risks of, 541t
tube sizes for, 527t

Tracheal pressure control (TPC), 209f
Tracheal tube introducer, 537
Tracheobronchial tree, 666–667, 667f
Tracheobronchitis, 1667–1668
Tracheoesophageal fistula, 1200
Tracheoinnominate fistula, 1200
Tracheostomy, 2057–2078

for airway obstruction, 2583
analgesia/sedation in, 600–601, 600t
ARDS and, 2077t
complications with, 2059
guidewire insertion in, 448f
indications for, 2057
nasotracheal intubation compared to, 600t
open vs. percutaneous, 2058
percutaneous

complications with, 449
indications for, 446
techniques for, 446–448, 448f–449f

tube, 356f
insertion of, 446f, 448f–449f
placement of, 447f

TRALI. See Transfusion-related acute lung injury
Trandolapril Cardiac Evaluation (TRACE), 844
Tranexamic acid (Cyklokapron, Transamin), 915,

1138
for LGIB, 2290

Transamin. See Tranexamic acid
Transarterial chemoembolization (TACE), 1186
Transbronchial biopsies, for flexible bronchoscopy,

507
Transcatheter arterial embolization (TAE), 2289

vs. vasopressin, 2291t

Transconjunctival probes, 194
Transcoronary Transplant of Progenitor Cells after

MI with Chronic Ischemic Heart Disease
(TOPCARE-CHD), 851

Transcranial Doppler (TCD), 1265, 1267f
for subarachnoid hemorrhage, 661
theoretical basis of, 336–337

Transcription RNA, 762
Transcutaneous electrical nerve stimulation

(TENS), 1194
Transcutaneous end-tidal carbon dioxide, 195
Transcutaneous oxygen, 193–195

cardiac output and, 196
Hb and, 196
for shock, 194
for tissue perfusion evaluation, thoracic electric

bioimpedance combined with, 165
Transcutaneous oxygen tension (PtcO 2 ), PaO 2 and,

194
Transcutaneous pacing, 438f, 439
Transdiaphragmatic pressure (Pdi), 207, 1992f,

1998f, 2003f
diaphragmatic fatigue and, 2002f

Transducer-catheter system, 161f
Transducers

calibration of, 160
design of, 157–158
future directions of, 161–162
in ICU, 157
output of

bench testing of, 156f
damping effects on, 156f

overdamping errors of, 160
properties of, 157
troubleshooting with, 159–161
underdamping errors of, 161

Transesophageal echocardiography (TEE), 165,
237–238, 1267, 1378–1379

for aortic aneurysms, 258–259
for aortic rupture, 258–259
aortic trauma and, 256–257
for AR, 1851
for gas embolism, 2161
of heart, 683f
for MR, 1852, 1852f
for neurogenic shock, 925
for PFO, 2161
PVF and, 245
for TAI, 260t
for thoracic aortic dissection, 258

Transesophageal pacing, 439, 439f
Transferrin, 974
Transforming growth factor (TGF), 754, 858, 859f

ARDS and, 2065t
Transfusion, 2523–2535. See also Massive

transfusion
ABO blood types and, 2527
for AIHA, 2564
anaphylactic shock with, 2529
ARDS and, 2063t
of cryoprecipitate, 2526, 2526t
cytomegalovirus and, 2530
fever and, 1559–1560
GVHD and, 2530
for hemorrhagic shock, 907t, 2531–2532
hepatitis and, 2530
history of, 2523
HIV and, 2526–2527, 2530
HSV and, 2530
HTLV and, 2530
hypocalcemia and, 2529
immunomodulation and, 2530–2531
infections and, 1564–1565, 2529–2530
of plasma, 2525–2526, 2526t
of platelets, 2525, 2526t
of PRBCs, 2525t, 2562
reactions with, 2527–2529, 2528t
refusal of, 2534–2535
risks of, 2526–2527, 2526t, 2527f
trauma and, 2532

Transfusion-related acute lung injury (TRALI),
901, 913–914, 2527, 2529

characteristics of, 914t
criteria for, 913t

Transhepatic enteral feeding, for nutrition,
492–493

Transient ischemic attack (TIA), 1076
Transjugular intrahepatic portosystemic shunt

(TIPS), 1182, 2273
for ascites, 2314
cirrhosis patient undergoing, 468f
contraindications for, 468
development of, 467–468
for esophageal varices, 2317
portal vein puncture during, 469, 469f–470f
success rates of, 470
toleration of, 468–469

Translaryngeal intubation, drugs/equipment for,
522t

Transmembrane pressure (TMP), 2394, 2396,
2397f

Transplantation, 1337–1346, 1719t. See also
Heart; Kidney; Liver; Lung; Stem cell
transplantation

BMT, 1702t
brain death and, 1343–1344
central nervous system infections and,

1727–1728, 1728t
cytomegalovirus and, 1725, 1726
EBV and, 1725, 1726–1727
failure to awaken after, 2210
fever and, 1727, 1728t
fungal infections and, 1725
HBV and, 1725
of heart, 1339–1340, 1347–1355

cytomegalovirus and, 1354
HBV and, 1354
HCV and, 1354
pneumonia and, 1354
pregnancy and, 1460
survival with, 1341t
waiting list for, 1341t

immunosuppression and, 1351–1353,
1724–1728

infection and, 1724–1728, 1725t
of intestine, 1340–1341
of kidneys, 1337–1338, 1338f, 1395–1408
of liver, 1338–1339, 1340f, 1373–1380
of lungs, 1340
of pancreas, 1338, 1382–1391
parasitic infections and, 1725
rejection and, 1351–1352
of stem cells, 1411–1424
TB and, 1726
vaccination and, 1726
VZV and, 1725

Transport. See also Air medical transport;
Intrahospital transport

air medical, of critically ill patients, 151–152,
152t

drowning and, 2090–2091
ground, 150–151
phase, 148
for primary PCI, 1805
spontaneous breathing with, 1933
ventilation and, 1932–1933, 1932t

Transpulmonary gradient (TPG), 1348
Transtentorial herniation, neuroimaging of,

369–371, 370f–371f
Transthoracic echocardiography (TTE), 237,

1265–1266
PVF and, 245

Transthoracic pacing, 439
Transtracheal cardiography, echocardiography and,

165
Transtracheal oxygen catheters, 2045–2046,

2046f
Transudation, rate of, 290
Transurethral resection of bladder tumor (TURBT),

1294
Transurethral resection of prostate (TURP),

1294
Transvenous pacing catheters, 431f

placement of, 435, 435f
Transverse process fracture, 384f–385f,

385
Transverse tubules. See T tube
Trastuzumab, 2591, 2593
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Trauma. See also Barotrauma; Blunt trauma; Facial
trauma

to abdomen, 1140–1156
geriatrics and, 1514–1515
ICU and, 1140–1143
resuscitation for, 1143–1144

airway and, 1105–1106
amputations with, 1243–1244
to aorta, TEE and, 256–257
ARDS and, 2063t
baro-, 569
coagulation in, 1136
cognitive impairments and, 2248
cross-sectional imaging in, 358–361, 361f
DVT and, 1156
ET for, 1113
with extensive bilateral parenchymal

opacification, aspiration related, 358f
failure to awaken with, 2210
flail chest and, 1107
geriatrics and, 1513–1515
goal-directed therapy in, 1114–1116
hemodynamic values in, noninvasive

cardiovascular monitoring of, 166t
hemorrhagic shock in, 1113–1114
heparin and, 1156
initial management for, 1104–1109
intravenous access for, 1107–1108
intubation complications in, 542
NIPPV for, 1953
nutrition for, 1156
pneumothorax and, 1106–1107
in pregnancy, 1468–1477
primary survey of, 1105–1108, 1105t
prioritization for, 1105
respiratory muscle weakness and, 1995
resuscitation and, 1107
resuscitation for, 1114–1116
scoring systems for, 2678t
secondary survey of, 1108–1109
severe head, 659–660
shock and, 1113–1116
tamponade and, 1107
TEN for, 1156
tension pneumothorax and, 1106–1107
transfusion and, 2532
triage for, 1104–1105

secondary and tertiary, 1109–1126
in urology, 1296–1299

Traumatic airway injury, from flexible
bronchoscopy, 514–515, 514t

Traumatic aortic imaging (TAI), 260t
Traumatic brain injury (TBI), 256, 925, 1245

antibiotics for, 1251–1252
coagulation and, 1136, 1250
cognitive impairments and, 2248
DVT and, 1252
failure to awaken with, 2210
fever with, 1249
geriatrics and, 1514
Glasgow coma score and, 2256
hyperglycemia with, 1249–1250
hypopituitarism and, 2256
hypotension and, 1249
hypoxemia with, 1248
intracranial pressure and, 1250–1251
neurogenic shock and, 926f
neurologic aspects of, 2256–2257
nutrition for, 976, 1252
pressure ulcers and, 2500–2501
prognosis for, 1252–1253
seizures with, 1252
stress gastritis with, 1252
ventilation for, 1248

Traumatic shock
ebb phase of, 788
flow phase of, 789
SvO 2 monitoring in, 305

Traumatic tattooing, 1309
Traveler’s diarrhea (TD), 1676
Treatment

decisions about, 55–56
delay of, from noninsured status/death, 3
right-to-refuse, 56–57

Treitz, ligament of, 350f, 351
TRH. See Thyrotropin-releasing hormone
Triage

for bioevents, 2603–2604
in MCI, 2602–2604
ventilation for, 2627t, 2628

Tricuspid regurgitation (TR), 1855–1856
Tricuspid stenosis (TS), 1854–1855
Tricyclic antidepressants, for brain injury, 2259
Triggering, 1911–1912, 1960, 1960f

auto-PEEP and, 1987–1988
with IMV, 1988f
Paw and, 1988f
with PSV, 1988f
with VCV, 1988f

Triglycerides, 986
Tri-iodothyronine (T3), 1229t, 2415t, 2419, 2461

serum, 2453
Trimethoprim/sulfamethoxazole (Septra,

TMP-SMX), 1354, 1691, 1691t, 1721,
2702t

ARF and, 2670t
for COPD, 2135
for GVHD, 1729
for N ocardia spp., 1723
for Pneumocystis pneumonia, 1736–1737, 1736t
for Pneumocystis spp., 1727
thrombocytopenia from, 2569
warfarin and, 2515t

Triple antibiotics, 1304
Triple jeopardy area, 2499
Triple-H therapy, 1275
Tris-hydroxymethyl aminomethane (THAM),

771
Trizivir. See Zidovudine-lamivudine-abacavir
Tropomyosin (Tm), 691
Troponin, 1784t, 1785t, 1817–1818
Troponin C (TnC), 686f
Troponin I (TnI), 869, 930
Truvada. See Tenofovir-emtricitabine
Trypsin, 747–748, 2324
α1 -Trypsin deficiency, COPD and, 2134t
TS. See Tricuspid stenosis
TSH. See Thyroid stimulating hormone
TSST-1. See Toxic shock syndrome toxin 1
TST. See Tuberculosis skin testing
TT. See Thrombin time
TT4 . See Total T4 measurement
TTdi. See Tension-time index of the diaphragm
TTE. See Transthoracic echocardiography
TTP. See Thrombotic thrombocytopenia purpura
T-type channel, 687
Tube compensation (TC), 1969, 1969f
Tube thoracostomy

indications for, 441
techniques for, 441–442, 442f

Tuberculosis (TB), 141–142, 248
COPD and, 2134t
HIV and, 2640–2641
hypercalcemia and, 2576
isolation for, 1750
as pandemic infection, 2640–2641
screening for, 1726
transplantation and, 1726

Tuberculosis skin testing (TST), 1724
Tuberculous pericarditis, 1876
Tubes, 1155–1156. See also Chest tube;

Endotracheal tube; Feeding tubes
nasogastric, 351f
support, 343–351, 343f–351f
tracheostomy, 356f

Tubing system, 158
Tubuloglomerular feedback, 722
Tularemia, 1755–1756

as biological agent, 2618t
treatment for, 1757t

Tumor necrosis factor (TNF), 751, 784, 789, 858,
861

antagonists of, 1723–1724
ARDS and, 2064, 2065t
CAP and, 1653
cortisol and, 2423
fever and, 1553
for fulminant colitis, 2338–2339

HF and, 1823
HVHF and, 2406
infliximab and, 2290
inhibitors of, for RA, 2470
insulin and, 2421
LPS and, 2413
MODS and, 801
RA and, 2465
septic shock and, 881
shock and, 815
TF and, 2504

Tunnel infection, 1642
Tunneled catheter

into jugular vein, 474f
long-term access of, 424
uses of, 472

TURBT. See Transurethral resection of bladder
tumor

TURP. See Transurethral resection of prostate
Twitch pressure, 1994f

in acute respiratory failure, 1995f
with COPD, 1994
FRC and, 1996f

TX. See Thromboxane
Tympanic membrane core temperature (T c), 281f
Tympanic thermometer, 271
Tyndall, John, 223
Type 2B fibers, 200
Type I epithelium, of alveolar cellular morphology,

669
Type II epithelium, of alveolar cellular morphology,

669
Type O blood, 893
Tysabri. See Natalizumab

UA. See Unstable angina
Ub. See Ubiquitin
Ubiquitin (Ub), 1997f
UC. See Ulcerative colitis
UCB. See Umbilical cord blood
UEDVT. See Upper extremity DVT
UEHB. See Uniform effective health benefits
UES. See Upper esophageal sphincter
UF. See Ultrafiltration
UF rate (Qf), 2396
UFH. See Unfractionated heparin
UGIB. See Upper gastrointestinal bleeding
Ulcerative colitis (UC), 2278, 2296, 2337

LGIB from, 2290
Ultrafiltration (UF), 2396

serum creatinine and, 2400
Ultrasound

for abdominal pain, 1160
carotid, 1265
CUS, 2146
of distended gallbladder, 366f
Doppler, 840
in drainage procedures, 455, 457f
for DVT, 1770
guidance, in vein cannulation, 424
-guided vein cannulation, literature for, 419–420
in ICU, 366–367
in internal jugular vein cannulation, 414
laryngeal, 2016
for LGIB, 2289
of liver transplant, 365f
for pheochromocytoma, 2449
of pleural effusion, 355f
in pregnancy, 1470
in thoracentesis, 461f

Ultraviolet radiation (UV), 2043
Umbilical cord blood (UCB), 1728
Umbrella insertion, anesthesia for, 603–604
Undocumented immigrants, 3–4
Unfractionated heparin (UFH), 954, 1433, 1790t,

2542–2545
for DVT, 2145
guidelines for, 2544t
vs. LMWH, 2549t
for RRT, 2404, 2405
for STEMI, 1801

Uniform effective health benefits (UEHB), 13
United States

bioterrorism and, 2612
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communication barriers in, 39t
National health programs in, 9–16, 15f, 16t

University of Florida, 533f
Unstable angina (UA), 1775, 1781

anticoagulants for, 1790t
antiplatelets for, 1790t
enoxaparin for, 2550
IABP and, 1839
management algorithm for, 1788f
principal presentations of, 1782t

UOP. See Urine output
uPA. See Urokinase-type plasminogen activator
UPET. See Urokinase PE trial
Upper airway obstruction (UAO). See Airway
Upper esophageal sphincter (UES), 2352
Upper extremity DVT (UEDVT), 2144–2145
Upper gastrointestinal bleeding (UGIB), 2267–2275

angiography for, 2268–2269, 2273
BUN and, 2268
with cirrhosis, 2316–2317
clinical presentation of, 2267
diagnosis of, 2267–2269
endoscopy for, 2268, 2271–2273, 2272f
enteral feeding and, 2275
epidemiology of, 2267
etiology of, 2268t
hemodynamic resuscitation for, 2270–2271
vs. LGIB, 2277
management of, 2270–2273
NSAIDs and, 2282
outcome predictors for, 2269–2270
PPI for, 2271
risk stratification for, 2269–2270
SSRIs and, 2282
treatment for, 2270t
vasoconstrictors for, 2271

Urate oxidase, 2581
Urban search and rescue teams (USAR), 2651t
Urea cycle disorders, 765–766
Urea load, excess, solute diuresis from, 620
Uremia, 248, 1719t

ARDS and, 2063t
coagulation and, 2519
pleural effusion and, 2177–2178

Uremic encephalopathy, 728–729
Ureteral injury, 1298
Ureterointestinal diversions, causing non-anion gap

metabolic acidosis, 641
Urethral catheters, 1688
Urethral injuries, 1297
Urgent colonoscopy, 2285
Urinary anion gap, urine ammonium concentration

on, 632, 633f
Urinary diversion, 1301–1302
Urinary drainage system, 1687–1688
Urinary excretion

acid, non-anion gap metabolic acidosis
assessment of, 641

assessing, 632–633, 633f
of fixed acids, 631–632

Urinary retention, 1291
Urinary stones, 1408
Urinary tract infections (UTIs), 1404, 1575–1576

antibiotics for, 1688–1690, 1691t
from Candida spp., 1692
from catheters, 1683–1693
definitions for, 1684t
diagnosis of, 1686–1687
DKA and, 2430t
HHS and, 2430t
in ICU, 1556, 1683–1693
management of, 1689–1692, 1690f
pathogens causing, 1686t
prevention of, 1687–1689
risk factors for, 1685

Urinary tract obstruction, 1291
Urine ammonium concentration, on urine anion

gap, 633f
Urine area N (UUN), 974
Urine, electrolytes in, 2668t, 2669t
Urine organic acids, 767
Urine output (UOP), 171, 943

for cardiovascular surgery patient, 1205, 1211
kidney transplantation and, 1397

norepinephrine and, 2387f
RIFLE and, 2396f

Urodilation, for renal protection, 2388
Urokinase, 746, 2554, 2676
Urokinase PE trial (UPET), 2154, 2154t
Urokinase-type plasminogen activator (uPA), 746
Urolithiasis, 1749t
Urology, 1291–1306

ARF and, 1305–1306
damage control in, 1299
kidney transplantation and, 1407–1408
laparoscopy in, 1295–1296
surgery in

bleeding with, 1293
DVT and, 1293
endoscopy and, 1294–1295
pulmonary embolism and, 1293

trauma in, 1296–1299
tubes and drains in, 1299–1301

Urosepsis, 1291, 1302–1305, 1685–1686
URSO. See Ursodeoxycholic acid
Ursodeoxycholic acid (URSO), 2361
Urticaria, 2491–2492
U.S. Navy tables, for recompression therapy, 563,

563f
USAR. See Urban search and rescue teams
UTIs. See Urinary tract infections
UUN. See Urine area N
UV. See Ultraviolet radiation

V waves, 178f
VA. See Venoarterial bypass
VA. See Alveolar ventilation
VAC. See Vacuum-assisted closure
Vaccination

for HBV, 1726
for influenza, 1706
SCD and, 2566
transplantation and, 1726

Vacuum-assisted closure (VAC), 1287, 1581–1582
VADs. See Ventricular assist devices
Valacyclovir, 1408, 1707t
Valganciclovir, 1707t
ValHeFT. See Valsartan Heart Failure Trial
VALI. See Ventilator-associated lung injury
VALIANT. See Valsartan in Acute Myocardial

Infarction Trial
Validity, 109
Valproate, 2221t

for agitation, 2260
for PTE, 2259
for SE, 2222

Valsalva maneuver, 470f
Valsartan, 844, 1806, 1831
Valsartan Heart Failure Trial (ValHeFT), 1831
Valsartan in Acute Myocardial Infarction Trial

(VALIANT), 844
Valvular heart disease (VHD), 247, 1847–1858

clinical signs in, 1849t
RV failure and, 1858
SLE and, 2478

Van Wassanaer, Baron, 2349
Vancomycin, 734, 1354, 1720, 2694t

ARF and, 2670t
linezolid with, 1663
for VAP, 1663

Vancomycin/heparin, 1644
Vancomycin-resistant enterococci (VRE), 141,

1566, 1725
Vancomycin-resistant S. aureus (VRSA), 858
Vanishing lung syndrome, 2475–2476
VAP. See Ventilator-associated pneumonia
VAPS. See Volume-assured pressure support
Variable decelerations, 1481, 1482f, 1482t
Variable types, 102t
Varicella-zoster virus (VZV), 1422, 1628–1629,

1709
chest pain and, 1775
isolation for, 1750
pericarditis from, 1875
of skin, 2490f
skin and, 2489–2490
transplantation and, 1725

Vasa vasorum, 1783

Vascular access, for RRT, 2404–2406
Vascular cannulation. See also Vein cannulation

analgesic drugs during, 411–412
contraindications for, 410
history of, 409
immediate concerns with, 410
indications for, 409–410
informed consent for, 410
obtaining history for, 411
peripheral arterial

insertion techniques for, 425–426
introduction to, 425

positioning patients for, 411
preparation for, 410
sterile preparation for, 411

Vascular catheter
antibiotic/antimicrobial dipped, 403t
guidewire exchange of, 403–404
infection from, 398

prevention of, 400–404, 401t, 403t
Vascular disease

of central nervous system, 1260–1275
RA and, 2469–2470

Vascular ectasias, 2294
Vascular endothelial growth factor (VEGF), 727,

789
ARDS and, 2065t
dexamethasone and, 2584–2586

Vascular markings, in catheter placement,
347f–348f

Vascular mesenteric pathology
characteristics of, 484
imaging in, 484
mesenteric ischemia in, 484, 486, 487f

Vascular surgery
in ICU, 1237–1244
SvO 2 monitoring in, 307

Vascular trauma, 1243–1244
Vasculitis, 2295, 2478

classification of, 2477t
RA and, 2469–2470
skin and, 2488

Vasoactive intestinal contractor (VIC), 1820
Vasoactive intestinal peptide (VIP), 1179
Vasoconstriction

active, 675
cutaneous, 275
heart rate before/after, 276–277, 276f
from hyperoxia, 557
thermoregulatory, 275–276

Vasoconstrictors, 941, 942t, 1209–1210
for HRS, 2315
for UGIB, 2271

Vasodilators
for HF, 1832–1833
inhaled, 2075–2076
of pulmonary artery, 1209

Vasodilatory shock. See Distributive shock
Vasogenic edema, 381f
Vasoplegia, 791
Vasopressin, 707, 708, 794, 941, 1210, 1229t,

2412, 2423, 2424t, 2676
CRH and, 2412
for LGIB, 2289
NO and, 2419
noradrenalin and, 2412
sepsis and, 2419
for septic shock, 871, 879
for shock, 827
for skin necrosis, 2492
vs. TAE, 2291t

Vasopressors, 824–826
for sepsis, 878–879
for septic shock, 878–879

Vasospasm, with SAH, 1275
VATS. See Video-assisted thoracoscopy
VC. See Vital capacity
VCO2 . See Carbon dioxide production
VCV. See Volume-controlled ventilation
Vd. See Volume of distribution
VD /VT . See Physiologic dead space volume-to-tidal

volume ratio
Vecuronium, 968, 969f, 1226, 2353t, 2676
Vegetations, echocardiography for, 260–261
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Vegetative state (VS), 2206, 2255
chronic, auditory evoked response in, 331f–332f
EEG for, 2257

VEGF. See Vascular endothelial growth factor
Vein cannulation

air embolism in, 423
alternative access routes for, 424
antimicrobial agent impregnated catheter for, 422
catheter-related infection in, complications with,

423
central, 412
complications in, physician experience with,

423–424
femoral, 412–413, 412f–413f
long-term access for, 424
maximal sterile barriers for, 423
multilumen catheters for, 422–423
ointments for, 424
PAC in, 420–422, 420f–421f
PICC for, 423
ports for, 422, 425
single-lumen catheter for, 422–423
specific considerations for, 426

complications in, 426
subclavian

anatomy for, 416f
positioning patient for, 415–418, 416f

thrombotic complications with, 423
ultrasound-guided, 424

literature for, 419–420
Vena cava filters. See also Inferior vena cava filter

characteristics of, 473, 476f
in distal sheath, 478f
for DVT, 475, 477f–478f
FDA approved, 479
IVC and, 474f, 475f
PE from, 473, 476f
recovered, 478f
in SVC, 476f
types of, 479–480

Venoarterial bypass (VA), 2082
Venom. See Envenomation
Veno-occlusive disease of the liver (VOD), 1416,

1416t
Venous access, for temporary pacing catheter, 434,

434t
Venous blood, desaturated, 677
Venous circulation, in lung, 670
Venous foot pumps (VFP), 2145
Venous gas embolism, HBO for, 561
Venous oximetry

applicability of, 308–309
clinical examples of, 309–312, 309f–312f
combined, 308
continuous, patient selection for, 296
cost effectiveness of, 307–308
essential troubleshooting procedures for, 297
immediate concerns with, 296
initial therapy, 297
limitations of, 309
monitoring of, goals of, 296
PAC in, 301
stress points for, 296

Venous oxygen saturation (SvO 2 ), 1210–1211
DO2 and, 171
examples of, 309f, 312f
formula for, 2667
Hb and, 183
interpretation of, 302–304, 303f, 304t–305t
jugular, monitoring of, 337–338
PAC for, 183
of various organs, 298, 298f
VO2 and, 171

Venous thromboembolism (VTE), 1432
diagnosis of, 1433
fondaparinux for, 2145
HIT and, 2144
IBD and, 2341
obesity and, 1495
in pregnancy, 1474
prevention of, 2143–2147
prophylaxis for, 2143–2144, 2144t
risk factors for, 1432–1433, 1432t, 2144–2145

Venous thrombosis, in PICC, 471

Venovenous bypass (VV), 2082
Ventilation, 568. See also Specific ventilation

modalities
for AGE, 2162
anatomy of, 1907–1935
for ARDS, 1909, 2069–2072
ARF and, 2386
biofeedback and, 2004
bowel obstruction and, 1158
BPF and, 2181
CA in, 569
with cardiovascular surgery patients, 1212
cardiovascular system and, 1899–1901
chamber staff considerations for, 569
chest tube management of, 568
classification of, 1911–1914
complications of, 647, 1933–1935
control of, 680

clinical disorders of, 680–681
controlled vs. assisted breaths, 1911
conventional mechanical techniques for,

1919–1928
for COPD, 1909, 1975f, 2135–2140
defibrillation in, 569
for drowning, 2092–2093
DVT and, 2144
for flexible bronchoscopy, 505–506
gastrointestinal bleeding and, 1158
gastrointestinal motility disorders and, 2359
hemodynamic monitoring and, 1934–1935
Henderson-Hasselbalch equation for, 634–635
hyperglycemia and, 1997
intravenous infusion devices in, 568
invasive support modes of, 1959–1973
with liquids, 2076
for MCI, 2605
for MODS, 793, 806
nursing in, 569
obesity and, 1496
patient dyssynchrony with, 1987–1988
patient monitoring in, 569
patient triggered, 1923–1924
for pediatric cardiac surgical patients,

1223–1225
with PEEP, 1911
peritonitis and, 1158
physics of, 1959–1960
for Pneumocystis pneumonia, 1737
pneumothorax and, 2179–2180
positive vs. negative pressure, 1911
psychological factors with, 2004
respiration physiology and, 670–671, 671f
risks with, 508t
for sepsis, 883
settings for, for status asthmaticus, 2128t
for severe asthma, 2126–2131, 2131

complications of, 2130–2131
suction, 568
for TBI, 1248
for thoracic surgery, 1193t
transport and, 1932–1933, 1932t
for triage, 2627t, 2628
waveforms of, 1974–1989
weaning from, 1991–2021

cardiovascular system and, 2003–2004
extubation and, 2013–2021
gas exchange and, 2007–2008
gastric tonometry and, 2009
IMV for, 2009
NIPPV for, 2011–2012
outcome prediction for, 2004–2009

tests for, 2007–2009
oxygen and, 1991
PEEP and, 1991, 1993
postextubation distress and, 2015
PSV for, 2009–2010
for severe asthma, 2130
spontaneous breathing and, 2004f
stages of, 1991
T tubes for, 2010–2011
trials for, 2009–2013

Ventilation/perfusion (V/Q), 229, 1908f, 1909f
active vasoconstriction, 675
ARDS and, 232–233

asthma and, 2115
capillary recruitment, 675
distribution of, 674–675
geriatrics and, 1510
mismatches in, 232–233, 232f, 676–677
in normal lung, 1907
obesity and, 1493
PETCO 2 and, 232
for pulmonary embolism, 2152
regional perfusion, 675
regional ventilation, 675–676
regulation of, 675
respiratory failure and, 1908

Ventilator(s)
computers and, 1916–1917, 1917t
control systems for, 1917–1919
design of, 1914–1919

Ventilator breaths, 1911–1914, 1960
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